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KT TS HERH—E 5B
B REANAEE—EEDRT LA

MIEFNR NI FEERF
B F B
LDA D [D] —ACC
ADD D+1 [ACC] +[D+1] —ACC
ADD D+2

ADD D+(N-1)

[ACC] +[D+2] —ACC

[ACC] + [DHN-1)] —ACC

TEFFTARIIESEAN+2

DIV #N {ACC]+N —~ACC
STA ANS [ACC) —~ANS #L (ANS HATFE R bl
THFUEK ¥ RO FHEERF
B il 3
LDA #0 0 ~ACC
LDX #0 0 =X (X AZHFFR =
M~AD > [ACC] + [DH(X)] —ACC (D AEAfhbt, X A3htd 728 12@8%?59. E.Z:EN
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v LAENILSFEE (BR) AEEHITIIL
v EA = ﬁ'_tfﬂ’.i.lt+ BR

v BEItSF:2: €f. 8H
. Bt (BRSESE) . Bt (SHSEE)

OTutS ik (mdex)
v NS FRS (IX) REAEESIE
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viESER: Add R4, R3

vE&X: Regs[R4]—Regs[R4] + Regs[R3]
O3ZBEpSk

vIESEHI: Add R4, #3

v&X: Regs[R4]<—Regs[R4] + 3
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O5EIU
viIESEEHI: Add R1, (1001)
VEX:
 Regs[R1]<—Regs[R1] + Mem[1001]
OFF=SEIES L
vigSstfl: Add R4, (R1)
vEX:
* Regs[R4]—Regs[R4] + Mem[Regs[R1]]
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vVEX:
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O{EizS it
viESsEHl: Add R4, 100(R1)
VaX:
* Regs[R4]—Regs[R4] + Mem[100+Regs[R1]]
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viES3EHl: Add R1, -(R2)
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* Regs[R2]—Regs[R2] - d
 Regs[R1]<—Regs[R1]+Mem[Regs[R2]]
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vigSsLfl: Add R3, (R1 + R2)

vaX:

* Regs[R3]<—Regs[R3] + Mem[Regs[R1]+Regs[R2]]

mE A EN

viESsEf): Add R1, 100(R2)[R3]

vaX:

« Regs[R1]—Regs[R1] + Mem[100 + Regs[R2] + Regs[R3]*d]
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O CISCEIEFEFUI RS :
v IECISCEIIRIES R Airh, KMSSHERTRIEEET. IBR

it, B20%RIESERMEREX, GiE1THEN80%, BERER,
B80%AESTE20%RIETTRIERZA &= FZ,

v CISCERESRANSERIETER 7RI RGENERE, X
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v ECISCERNIESRAETR, HFSFRIESHMERIE, ARIF
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MITIEEHERR 80X86iES ESHITIE
1 Load 22%
2 LS 52 20%
3 EbER 16%
4 Store 12%
5 nn 8%
6 5 6%
7 i 5%
8 DiFes - AfFaaBEHEZEL 4%
9 iF 1%
10 IR[o] 1%

a8 it 96%
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O Reduced Instruction Set Computer—i5iaigs SEITE

v FZRkIRE
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« SLEHECI{E RS SRI— L EpieS
- SZIEEEE ERESHHES KM
- BSFKERE, 5S$BHRL, JFupiy
- QBENE/FEIEShAEESE, BERIESHIRMFESEFSEHT
- FFRHBEYRS
v BXBEAR
o WKEEAR. BirEREA




RISCIESEEINEEE RN

ORI ERSRIIES, HiF—ER
BRHES;

O8FESHIsEN R gEE, HE—
=2 RHERASER ;
OffBE<SIKEIER;

OB FloadflistoreiR{EE S A ihaIFHEES
HelESIEMEIIESFRZah#1T.



BHARISCIES X Q) reacaksg

BS BOM | SR | BSEI | BAESEFEEE | EH/MHz
RISC-| 31 2 2 78 8
RISC-II 39 2 2 138 12

MIPS 55 3 4 16 4
SPARC 75 4 3 120-136 25-33

MIPSR3000 91 3 3 32 25

1860 65 3 4 32 50

Power PC 64 6 5 32
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CISC RISC
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BESFK A EE FK
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OC=A+BFRENE=FISSELIE LAISCING X

e | RIN=s iren EEa-r
(BT F=a-17iEeR) | (FFFes-51F=R)

PUSH A |[LOAD A |LOAD R1,A LOAD R1A
PUSHB |ADD B |ADD R3,R1,B |LOAD R2,B
ADD Store C |Store R3,C ADD R3,R1,R2
POP C Store R3,C
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di Register-Register
(a) Stack iy Accumulator icl Register-Memory () ."Ii.g IE-tn:-reg
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ORHRmER A LZIEFFSINCEEREME,
Ht RS T E 2T Fay, <A
MR ITIREY,

OB F iR EILIENGEEIESFIK,
o] AR D RSB FF 8

v JAVAENBDR BiEtEiREY
v’ StackfE L IBzEHA S E1FH?



1) BB % O temzeLxs

PUSH x stack[sp] €M][x];sp=sp-1
POP x M[x] € stack[sp];sp=sp+1
ADD  stack[sp+1]€<stack[sp]+stack[sp+1];sp=sp+1

Main |
>tore push ¢ |
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Expression (atb*c) / (d*c-e)
Reverse Polish
E (a+b*c)/(d*c-e)
a b¥*c —(atb*c)(d*c-e)/
a —(a(b*c)+)((d*c)e-)/
a+b*c & —(abc*+)(dc*e-)/
a+b*c - —abc*+dc*e-/
a+b*c e

_d*c |
at+b*c| o
.|.*

(a+b*c)/ (d*c-e)
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o

OS8RSR, FRLAERNSESREL.
vBHl: O5— 1 HFEARESHSFE—W
173 “Accumulator” , FRLAXFREEIIEFRS

“Accumulator Architectures”

- YIEDSAC (F—afFiEEERITENL, 1949) |
vidit: RBE—EEHS5FES, WMEAEIsET. ik

I8 t. FIFREEFFEF

e I1x86, 1A “extended accumulator arch”
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YIStk S

LOAD X AC&EMx]

STORE X M[x]<(AC)

ADD X AC< (AC)+ M[x]

JUMP X PC € x

JGE X if (AC) =0 then PC € x

LOAD ADR X AC<Extract addr field(M]x])
STORE ADR X Extract addr field(M[x])&€AC
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. SR & A
ITE—1NEE
LOOP LOAD N A
JGE DONE
ADD ONE
STORE N B
F1 LOAD A
F2 ADD B c
F3 STORE C
LOAD ADR F1
ADD ONE N
STORE ADR F1 ONE

LOAD ADR  F2
ADD ONE
STORE ADR F2
LOAD ADR F3

code

ADD ONE
STORE ADR F3
JUMP LOOP

DONE HLT




2) + index Register(IX) © ¥E#2&£%¢

LOAD xIX AC €& M[x+(IX)] A
ADD xIX AC<& (AC)+ M[x+(IX)]
]Zi x,IX if (IX)=0 then PC € x B
else IX € (IX)+1
LOADi xIX IX € MJx] C
LOADi N,IX ; IX=-n
LOOP JZi DONE,IX N -n
LOAD  LASTAIX ONE 1
ADD LASTB,IX A 0
STORE LASTC,IX
code
JUMP  LOOP
DONE HLT
LASTA n-1




?@)wts% . = }: \
3) HIBESSEFIBM 360 © FBAZLLxS

OIBM 360f945 S
v E—MNEFSFEMES RN
OIBM 360092214
v 32(itNEE, EFPSL
v S Z SRR
- FH. ¥F F BT
- Ede+#E. FFEF
V164 32(EMEFR, AMTEE (64(1) FREF

- AFEEE— M EASERE AR IS FRR ST SES
VIRSFIRA16MU. 32fu. 48{u=

OIBMAaYiE<SE,



BRIES

2%—IBM 360

¢" B #42 KK é

versity of Science and Technology of Chin

TR BT ——le— BARY BEAET —
gl or [ R [ R (Ry) OP (R;)) - R,
8 4 4
RX Zhk Bt
wst| OP R, | X | B D (R)OPM[(X)+(B)+D]— R,
8 4 4 4 12
RS
gl o | R [R [ B D (R) OPM[(B)+D] —R,
Strm e O ¢4 4 12
*g';ﬁ OP I B D MBPEY M [(B) + D]
8 8 4 12
- HEKE
wox|  OP L B, D B, D;
8 8 4 12 4 12

=hiEs-=hf=s

M[(Bl)"'Dl]OPM[(Bz)"'Dz]_’M[(Bl)"'Dl]



6.2. MIPSIESEE

;;*@i’#éiﬁf# ¢

nd Techn lzthl na

O MIPS:Microprocessor without Interlocked Pipeline Stages

O MIPSRIS =

v iRATAY—FIRISCSEEL:

HL RS

v HlEZFIKE16. 32, 64(uZH

O MIPSEUIE S8

R-type
reg-reg

I-type
reg-mm

v 100RFIES (Hennessyrh335%) , 32 PMBRASFEFRSR
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) addr/immediate(16 bits)

J-type

- RELTHEFRAFIRY “Bic" WIEIREA64AIMIPSIESIRE

op(6 bits)

addr(26 bits)




MIPSEFH{F:=

N¥BAZLLX S
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zero constant O

at  reserved for assembler

vO expression evaluation &

vl function results

16

23

sO

. (callee must save)

s/

callee saves

a0 arguments
al
a2
a3

24
25

t8
t9

temporary (cont’d)

26
27

kO
k1l

reserved for OS kernel

iIIN OO O W N P O

t0 temporary: caller saves

15 t7

28
29
30

gp
sp
fp

Pointer to global area

Stack pointer

frame pointer

31

ra

Return Address (HW)




MIPSIES SR oz © T8

[ RHHS
6 S S 16
R/ | 1S rt AL

T FE FRBRANGHE;
rt «rs op MHME.

LW R1,30(R2)
LW $s0,30($s1)



MIPSIESEREN: fESHER © TRz 442

y cience and Technology of China

R R#ig <
6 5 ) 5 5 6
PR rs rt rd shamt Funct

1. FERA-FHERALU #4E: rders func rt

2. HABNETERNBREETHS: s W ..

3. XNRRTFANKE/ SEs).

4. Shamt:fif2&

5. Func:@#, & Opcode B#IEENMeEDR K
ADD R1, R2, R3 SLT R1, R2, R3 (IF RS<=R3 R1=1)

ADD $s0, $s1, $s2




OF . ;K ¢
MIPSIESELY]. jEotest Q) FEAZLL X2

J RY#KS
6 26
SR 5 PC Hmuy s &

Bhit, BhitifeEsE, W\RHW (exception) 4t HBEALRE-

J hame



MIPSSFHILIEL Q) FRRZLLES

and Technology of Chi

O3ZBpSHE: I-type ... STERSHE

| op I rs I rt | Immediate |
oo = _
D ﬁ-r t-lt R 2. Register addressing %ﬁgg%ﬂt

type | op | rs | rt | rd I ce | funct | Registers
I |
|

OENESHE: I-type ... Eht St

| op | rs | rt | Address | Memory

O *Ei\j.%tjt D -type | —— | Qb_ o] vior

OfhEESHE: J-type
v 26zttt A RS2 rP‘; e PORRISAE

i, SPCRIBAMuH — >

ﬁ [

5. Pseudodirect addressing EE%

| op | Address Memory
L




MIPS}E<SEEThEE O EEE T EX:

fScience and Technology of China

o

OigiHS6. RISC/SB/IESiRIKG/fRiE
O8RZIEIES. IhFEES. 23ZHEEES
OFARiZiEIESArithmetic Logical:

vAdd, AddU, AddI, AddIU, Sub, SubU, And,

Andl, Or, Orl, Xor, Xorl, Nor, SLT, SLTU,
SLTI, SLTIU

v'SLL, SRL, SRA, SLLV, SRLV, SRAV



MIPS EAES Q) fRasLLrg
Instruction Example Meaning Comments

add add $1,$s2,$s3  $s1 =$s2 + $s3 3 operands;

subtract sub $s1,$s2,$s3 $s1 =$s2 —$s3 3 operands;

add immediate  addi $s1,$s2,100 $s1 =$s2 + 100 + constant;

add unsigned addu $s1,$s2,$s3 $s1 = $s2 + $s3 3 operands;

subtract unsigned subu $s1,$s2,$s3 $s1 = $s2 — $s3 3 operands;

add imm. unsign. addiu $s1,$s2,100 $s1 = $s2 + 100 + constant;

multiply mult $s2,$s3  Hi, Lo = $s2 x $s3
multiply unsigned multu$s2,$s3  Hi, Lo = $s2 x $s3
divide div $s2,$s3 Lo =$s2 + $s3,
= $s2 mod $s3
divide unsigned  divu $s2,$s3 Lo = $s2 =+ $s3,
= $s2 mod $s3
Move from Hi mfhi $s1 $s1 = Hi
Move fromLo  mflo $s1 $s1=Lo

64-bit signed product
64-bit unsigned product
Lo = quotient, Hi = remainder

Unsigned quotient & remainder

Used to get copy of Hi
Used to get copy of Lo



MIPS ;21515 <

NEDAZLEL XS

University of Science and Technology of China

Instruction Example Meaning Comment

and and $s1,$s2,$s3 $s1 = $s2 & $s3 3 reg. operands; Logical AND
or or $51,$s2,$s3 $s1 = $s2 | $s3 3 reg. operands; Logical OR
Xor xor $s1,$s2,$s3 $s1 = $s2 A $s3 3 reg. operands; Logical XOR
nor nor $s1,$s2,$s3 $s1 = ~($s2 |$s3)

and immediate
or immediate
xor immediate
shift left logical
shift right logical
shift left logical
shift right logical

3 reg. operands; Logical NOR
andi $51,$s2,10 $s1 = $s2 & 10 Logical AND reg, constant

ori $51,$s2,10 $s1 =$s2 |10 Logical OR reg, constant

xori $51,$52,10 $s1 = ~$s2 &~10 Logical XOR reg, constant

sll $51,$s2,10 $s1 = $s2 << 10 Shift left by constant

srl $51,$s2,10 $s1 = $s2 >> 10 Shift right by constant

sliv $s1,$s2,$s3 $s1 = $s2 << $s3 Shift left by variable

srlv $s1,$s2,$s3 $s1 = $s52 >> $s3 Shift right by variable



MIPSEARIESIT

hW&itIEN - simplicity favors regularity.
(HEREBETHE)
OFARESKEB 3 MREE GRIRIRIM)

O35 :y’ljiﬁﬂﬂg)ﬁ"\f"zslﬁlmﬂﬂ (BtREEEERY)
vl

C{i5: A=B+C

MIPSHCES: add $s0, $s1, $s2



OCcode:A=B +C + D:
E=F-A;
MIPS code:

add $t0, $s1, $s2
add $s0, $t0, $s3
sub $s4, $s5, $s0

OOperands must be registers, only 32
registers provided



MIPS £3Ei5E15S @ ronzaixs

Instruction Comment
SW $s3, 500($s4) Store word Vet 4 Memory Access:
SH $s3, 502($s2) Store half LB, LBU, LH, LHU, LW, LWL ,LWR

SB, SH, SW, SWL, SWR
SB $s2, 41($s3) Store byte

LW $s1, 30($s2) Load word

LH $s1, 40($s3) Load halfword

LHU $s1, 40($s3) Load halfword unsigned
LB $s1, 40($s3) Load byte

LBU $s1, 40($s3) Load byte unsigned

LUI $s1, 40 Load Upper Immediate (16 bits shifted left by 16)



Load and Store

OExample:
C code: A[8] = h + A[8];
MIPS code:
lw $t0, 32($s3)
add $t0, $s2, $t0
sw $t0, 32($s3)



An Example Q) ¢OAzLLxG
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swap(int v[], int k) ;

{ int temp; Assume: k->$5
temp = vI[k]
vik] = v[k+1]; V[O]->$4
v[ik+1l] = temp;

}

swap:

muli $2, $5, 4
add $2, $4, $2
lw S$15, 0($2)
lw S16, 4(S$2)
sw $16, 0($2)
sw $15, 4($2)
jr $31




X S/ é N
EHHES SRRk Lk
S
OMIPS HiEIES
1e<SEA IBSRIR (=P
] name BHEEE PC <—name + PC+4; -2?°<name <2%°
JAL name | BkEFEFHEE Regs[R31] <= PC+4;
PC <name +PC+4;-2%5<name <2%

JR  $t0 A=l PC <= Regs[$t0];
JALR $t0 FirantdbleF %% | Regs[R31]<—PC+4; PC+ Regs[$t0];




EHIHES

OMIPS S8 37i8S:

bne $t0, $t1, Label

beq $t0, $t1, Label

beqgz $t0, Label

bnez $t0, Label
OExample: if (i==j)h =i+ j;

bne $s0, $s1, Label

add $s3, $s0, $s1

Label: ....



EHIES

e MIPS unconditional branch instructions:

] label
e Example:
if (il=j)
e beq $s4, $s5, Lab1
1 ) add $s3, $s4, $s5
eee J Lab2
h=1-;

Lab1: sub $s3, $s4, $s5
Lab2: ...



%3-S FERMLCEKE O fenasxs

cswap(int v[], int k, int )

{

int temp;
if(v[k]'=v[I])
{
temp=v[k];
vik]=vIl];
v[l]=temp;
}
}

k -> $s5
I->$s6
v[0]->$s4

LitEt VK], V[L]A9tbt

23RS VIKIFOVIL]

3. VIKIFOVIL]

4. ZFHRVK]FIVIL]

muli $s2,$s5,4

add $s7,$s2,$s4

LW $s9, 0($s7)

beq $s9, $s10, Done
SW $s9, 0($s8)
Done: JR $31




k -> $5 I '>$6 V [O] ->$4 ig fmcg oﬁninﬁhnﬁuy otCl%

cswap(int v[], int k, int |) BEQIBEQzfi<
muli $s2,$s5.,4 muli $s2,$s5,4
{ muli $53,$56,4 muli $53,$56,4
add $s7,$s2,$4 add $s7,$s2,$4
Int temp; add $s8,$s3,%4 add $s8,$s3,$4
LW  $s9,($s7) LW  $s9,($s7)
if(v[k]!=v[l]) LW $s10,($s8) LW $s10,($s8)
{ BEQ $59,$s10,Label Sub $s11, $s9, $s10
temp:V[k]. SW $39,($58) BEQZ $Sll, Label
VIK]=V[I]: ’ SW $s10,($s7) SW $s9,($s8)
V[l]=temp: Label: JR $31 SW $s10,($s7)
) ’ Label: JR $31

}



6.3 X861 A%

;;;4’@4'4"2&#‘ é
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OPentiumig$ x4t (Intel x86)
vidiEER" BiEiREg" HIE—CISCRBUSSRESA

DESERBNE

VIRSFRATER, A1~129F75, Eallmes

» BISRAARELR, {F

ARNHBIE ST HITRERLIE

VIS

15k2F P OEG1FTS

O 1575 0~4FH 0-4F%

$#{F83 | Mod | RegERiRIFES
2{\ 3{i

RV | EuflS | Zehti | Bite | (IiSE | SZAMM

M 2y 3y 3fu
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a. JE EIP + displacement
4 4 8

JE Condition Displacement

b. CALL
8 32

CALL Offset

c. MOV EBX, [EDI + 45]

if equal (condition code) {EIP =name};

je name
6 11 8 8 i€ EIP ~128 <=name <EIP +128
r-m -
. —
MOV dfw postbyte Displacement jmp name IP = name
| call name SP=SP ~4;M[ SP] =EIP +5; EIP = name;
movw EBX, [ EDT +45] EBX =M[ EDI +45]
d.PUSH ESI push ESI SP=5SP-4; M[ SP] =EST

5 3 pop EDI EDI =M[SP]; SP=SP +4

add EAX, #6765 EAX =FEAX + 6765
PUSH Reg - .

test EDX, #42 Set condition code (flags) with EDX and 42
movs 1 M[EDT] =M[ESI];

e. ADD EAX, #6765 EDI =EDI +4; ESI =EST +4

4 3 1 32 B 2-39 x86 p—LHAIESHENATHEE
ADD | Reg |w Immediate

f. TEST EDX, #42
7 1 8
TEST w Postbyte Immediate

32




X86IESHISERNEI O ¢pazLLxg
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1000
900
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 -

Number of Instructions

DIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII

@ le QW
U_"} "\ M,

Year



1&&f
XSG;BAQE ¥RHAZEL*X G
E v University of Science anchchnologyotChma

Integer average

Rank S0x86 instruction { “e total executed)
| load 2%
2 conditional branch 20%
3 compare 1 6%
4 store 125
3 acld B
i and 6%
7 sub 3%
8 move register-register 4%
9 call 1 e
10 return | e

Total Qe




X865 1F28

BX
cX
DX

15 87
| Em= 5
BH BL | | e
on | ol [taEER SUERREE \
on | oL ||SEFEE
Sp HHIEH AT
= gnthaﬂ%ﬁ%% | SEHATIEEE
ST RENEraE
DI HRAT
= SRS FaE
DS PEnER B
= R Eran ’
= FrthnER BT 7 =a
tevtatt & raa

|) rraee

} THIE T aedE

S5\ =1f

N¥BAZLLX S

University of Science and Technology of China

> 18 FRE 7 aadd

R

15 0

wmg e G 0000

HIREF 58 0000
HERE T s 0000

B mEF 2 - 0000

BREu
B Eut

e

\._Y_l



Address Contents

Begin execution here —= |
iI+4 4-1nstruction
> program
i1+ 8 Add R4.R2.R3 segment
OEFEREFEZERE
v {LEBERCS
JL .
v ZUEEZDS
v MERRERSS
v MIDNEZES B | | = theprosmm
S




X867t erigisst: [Bst (@ *¥e#az&«£%g

1298:0100 0000000000 00 00 00-00 0000 000D Q00000 .

| 1298:0110 000000000000 00 00-00 000000 340087 13 .4
2345:6789 1298:0120 000000000000 00 00-0000 000000000000 .
I 1298:0120 0000000000 0000 00-0000 000000000000 .
ﬁﬁ%%ﬁ 1395:0140 0000000000 00 00 00-00 00000000 0D0D0D0O0O0 ...
1398:015000 000000000000 00-0000000000000000 ...

1398:0160 0000000000 00 00 00-0D00 000000000000 ...

1 1398:017000 000000000000 00-0000000000000000 ...

6789H g2, ° Pgr IE ZO{Jtmt]t
29BDYH | ° ﬁﬁ%*;i

- ERENEFER16f (64K)
— 8URER (ds) . fURBER (cs)
HEHRER (ss) . T RBER (es)

23 4 50 C(IOHxBEy) @ 16{3251.“:16{3‘“&*5
+ 6789 (UrBE)
29 BDY (ymiib




AH | AL | @msrrae
BH BL

|

|

|

CH | CL :
DH | DL |
SP i
|

|

|

|

|

|

|

BP
Sl
DI

2(314|516
LS & 4

SR

PATEMG:  (EU) BEBEOHMG (BIU)


../../ddd/动画1.htm

8086fr &S5 1=ex: AR E I ETER:

??Rg HIJ %* 5;’5$“ %5/ University of Science and Technology of China
3 [ ] o fom o

HEAR B BUE L H B A A AR SSHRAE,  RTHHLLE AR FRR AR SPHE &E
8086 R 4L HIMEAR R — AN Al EAECTYR, SRR HhE i AR AL

615 14 15 12 11109 8 7 6 5 4 3 2 1
OF|DF| IF | TF|SF| ZF| |AF PF| |CF|[8086/8088

1. OF: Hi#trE. SS:0000
2. DF: FHHEtrE.

3. IF: ¥ RFhRE. 4
4. TF: FaphtrE .
5. SF: FE5irE.
6. ZF: FHRE.

7. AF: HBIEEAIARE. . sp=FFEE—|>
8. PF: &EirE SS'FEFF

9\ CF: ﬁﬁ/fgzﬁbi{‘;‘go

C:\Users\Administrator>debug

-r
AX=0000 BX-0000 CX-0000 DX=0000 SP=FFEE BP=0000 S5I1-0000 DI-0000
DS=0B2D ES=0B2D SS=0B2D0 CS=0B2D IP=0160 NV UP EI PL NZ NA PO NC
0B2D:0100 7438 JZ B13A




x86iLmiESIEFIgiT Q) ¥RAzLA%S

O18<: H=ESNcR
O{piES
v DW EXF(2FT)
v PROC EXiZIE
v ENDP Z1245R
v SEGMENT ENXER
v ASSUME B3/ R iFaa it
v ENDS ERZE5R
v END iZ2F45R
OFRFAFERE (system calls) : BIOS, DOS
v BR. BE. 0. FTENHN. BdE




data SEGMENT #iEEs » seizgE 0 L S EARI A= -7-Er B
- EHEET

FEETA ¢ R db/dw E4E.

data ENDS'#4E w4t

edata SEGMENT Fin#riEer » smizE oL iEsiE A=k B
- B NET TSR A
edata ENDSEHNEE s A

code SEGMENTH.hEEr » SRRz a2z B,

ASSUME CS:code,DS:data,ES:edata ‘HikdmiERERR » dataE23EEDS » codefl2HEECS
start:MOV AX,data FimRIstart:Er— 4R » FRA3LEN » R3] BEarkl-m

MOV DS, AX TZ—R5 F—THREEMIEdatalit{Bs505. o iTas.

MOV AX,edata

MOV ES AX 'Sgi—rlRH edata-=ES

MOV AX, 4CO0REFEDR » ZrFFHT—TH&E. IEDET » E3ahiiiZ4c.
INT 21th  INT 21H $8§$ B NTHFIER

code ENDS'HRRERSETH.

END start®-1EFE% » FRERTH H startii- B I81T .



6.4 RISC-V
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O RISC-V@UCB, 2010~2014 Prof.Krste Asanovic,

Prof. David Patterson

O RISC-V: 40 integer instructions
O Rocket Chip Generator, FFiE&4b!

O Rocket: fr&E
v {8164 {iL;
v 5 fpipeline, RARKYT;

e

v IFEIMAE, ALRSHBEFREERS;

v 9% EEIEETE (Branch Prediction Buff) . 9% [ABE
(Branch History Table) . R[Dlf% (Return Address Stack)

v' Rocket Custom Coprocessor Interface (RoCCQ)

O BOOM (Berkeley Out-of-Order Machine) : {8fr&
v =8FIKH64 (i, ZIFHESEIRVELG;

v 6 RifiIkE, ELEA&EY;
O AHB-Lite buses

O ISA simulator



6.4 RISC-V W/ University of Science and Technology of China
O History for RISC-V

RISC-II RISC-1Il (SOAR)  RTSC-TV (SPUR)
1983 1984 1988

Name Comments
(Field Size) 7 bits 3 bits 5 bits
R-type funct7 | rs2 rsi funct3 rd opcode Arithmetic instruction format
l-type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsi funct3 | immed[4:0] opcode Stores
SB-type immed[12,10:5] rs2 rsi funct3 |[immed[4:1,11] opcode Conditional branch format
UJ-type immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
Utype immediate[31:12] rd opcode Upper immediate format




RISC-V Registers m

The constant value O

x1l (ra)
x2 (sp) 2 Stack pointer yes

.ﬂﬁ.ﬁ x3 (gp) 3 Global pointer yes

[ )

D XO‘ % o x4 (tp) 4 Thread pointer yes
.3 t X5-X%7 5-7 Temporaries no

O x1: @Eﬂ!’, .|t x8-X9 8-9 Saved yes

Return address (link register) yes

. = %1 0= %17 10-17 Arguments/results no

D X2. *%;E%-I- x18=x27 18-27 Saved yes
X28-%31 28-31 Temporaries no
—
D X3: élﬁl;gi-l- FIGURE 2.14 RISC-V register conventions.
This information is also found in Column 2 of the RISC-

. (=L = V Reference Data Card at the front of this book.

O x4: &iEigst

O x5 - x7, x28 - x31: IGHE=
O x8: MiFgst
O x9, x18 - x27: HEEERFAISFS

O x10 - x11: BHESE/ER
O x12 - x17: BESE



ST AR FRIRYBIF

I:IC code:
=(@+h) - O+ J);
oy JIRTEIEXT9, x20, ..., x23H

I:IComplled RISC-V code:

add x5, x20, x21
add x6, x22, x23
sub x19, x5, x6




RISC-V Fi#ss Q) FRRZLLES

and Techn lthl

O EFtzmAF FHEES R
v #H. S8, siSER
O BfY: ATHITERESEIEE
v IBEENFEERENEISFER
v IBERNSEFRFEIEMEES
O AERFRwIIE
v MBI —1N8FTS
O RISC-VERAVRIRED
v AR F R FF RIS
v MEEXIRIRT: B F AL TR
O RISC-VAERFERFHRRIFT
v IR —2ISARE




FhE=RR(FRIRYBIF

OC code:
A[12] = h + A[8];
vhiRFER1H, ARNEIHRFEX225
OCompiled RISC V code:

VMRS N R ERCS (BIMWNFRENFD)

1d X9, 64(x22)
add x9, x21, x9
sd X9, 96(x22)




RISC-V RE/ES (R EAELEE:

ience and Technology of C

funct?7 rs2 rsl funct3 rd opcode

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

Olnstruction fields
v opcode: {5
vrd:BirEFFES
vfunct3: 3{\IHEERE (3 EEAERD)
vrs1:E5—NRIRFEE 1755
vrs2: 5 _NRIRFEE 7RSS
vfunct7: 7{\uINgeRS (¥ RIE(ER)




RENESHIEIF Q¢eAzLkxg
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funct?7 rs2 rsl funct3 rd opcode
7 bits 5 bits 5bits 3 bits 5 bits 7 bits
add x9,x20,x21
0 21 20 0 9 51

0000000 | 10101 | 10100 | OO0 | 01001 | 0110011

0000 0001 0101 1010 0000 0100 1011 0011,,,, =015A04B3;

two



(P23

RISC-V IEUES (EOREEELEE

University of Science and Technology of China

Immediate rsl funct3 rd opcode
12 bits 5 bits 3 bits 5 bits 7 bits

O ;7RI ENEEFNETES
v rs1REEMUESFEES
v immediate: BEUR(FELL, BENEEMU FRYRZE
O igitE: FahEit R rRYrh
v NERETNSEIESHRIBTES, Bee—BUERA32(RYES
v SRSV AT BErBI
* 1w x14, 8(x2)

31 0
imm[11:0] rsl |func3 rd opcode

offset[11:0] | base |width| dst LOAD

000000001000 JOO0O10J010J101111]0000011
imm=+8 rsl1=2 LW rd=14 LOAD




RISC-V SEUES O FOAELL %2

University of Science and Technology of China

imm[11:5] rs2 rsl |[funct3|imm[4:0]] opcode
7 bits 5 bits 5bits 3 bits 5 bits 7 bits

O AT FEE<HS— I EPE0STU

v orsl: EiitEFeEs
v rs2: RIER{EEE RS
v immediate: JIEEMRLU FRYRZ=

v 12 PR B ATFISMNRANFER, BATRISrs1/Irs2FE
(MEARZE

sw x14, 8 (x2)
31 0
imm[11:5] | rs2 rsl |[func3fimm[4:0]] opcode

5 bits 5 bits 3 bits 5 bits
7]
et 00000000{01110{00010]010[01000{0100011
SB-type immed[12,10:5] I rs2 rsl funct3 [immed[4:1,11] |  opcode Conditional branch format -
e S off[11:5] of£[4:0]
UJ-type immediate[20,10:1,11,19:12] rd opcode Unconditional jump format — —
Utype immediate[31:12) rd opcode Upper immediate format =0 rsz2=14 rsl=2 SW = 8 STORE

— /

0000000 | 01000 combined 12-bit offset = 8
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nd Technology of Chir

ERE C Java RISC-V

FF% << << s111

%% >> >>> srli
i VAS] & & and, andi
g VEY | | or, ori
iA=L A A XOr, XOri
FEA AU ~ ~ Xori(£1)

AFI—AFREERA ZHE
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o

functé | immed rsl funct3 rd opcode
6 bits 6 bits 5 bits 3 bits 5 bits 7 bits

Oimmed: BohAUIER (AEEKTF6311)
O Z2EA
v ERBFLOEFT
vslliig<S AR (MER T3/
OZEAFZ
v aRFHLOERT
vsrliig$Sate/ EI TR ((NERTFEFAEED)
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x10

x11

X9

I — M FHRRREALH TR

visHELEN, IBEMMALS

and x9,x10,x11

00000000 00000000 00000000 60000000 00000000 00000000 00001101 11000000

00000000 00000000 00000000 00000000 00000000 00000000 00111100 OOOO0000

00000000 00000000 00000000 OOO000000 00000000 60000000 00001100 00000000
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x10

x11

X9

T AFHREEL
VIBRLATE, (SRR

or x9,x10,x11

00000000 00000000 00000000 60000000 00000000 00000000 00001101 11000000

00000000 00000000 00000000 00000000 00000000 00000000 00111100 00000000

00000000 00000000 00000000 00000000 00000000 00000000 00111101 11000000
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OEREH
VIDELEATE] (R EBAIAES

xor x9,x10,x12 // # Uz H

x10 | 00000000 00000000 00000000 60000000 OOOOO0000 00000000 00001101 11000000

x12 | 11111111 11111111 12121111 21212131 12121211 211212121 1211212131 13111111

X9 11111111 111111171 11111111 111117117 1111717111 111177271 11110010 0111111




RHRIE (D%EHES) ©

OWRFFAENFEE — P EIRERNES
v BRI T

Obeq rsl, rs2, L1

vilR(rs1 == rs2) MEEZEIFZAL1RED
Obne rsl, rs2, L1

viN&R(rs1 != rs2)NFERIREZAL1AER
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OC code:

if (i==j) f = g+h: B o

else f = g-h; T

vf, g, ... ®FE x19, x20, ...
O%13/Y RISC-V code: |

bne x22, x23, Else
add x19, x20, x21

beq x0,x0,Exit // Fo5{tHkEE
Else: sub x19, x20, x21

EX1t: .

TCYmas A bk
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OC code:
while (save[i1] == k) 1 += 1;

vVifEx22, kfEx24/h, savelyittitfEx25H
OCompiled RISC-V code:

Loop: sll1i x10, x22, 3
add x10, x10, x25
1d x9, 0(x10)
bne x9, x24, Exit
addi x22, x22, 1
beq x0, x0, Loop

EXit: ..



HAIRBasic Blocks

OERREIESHFS
ViZgBHADYZ (BFRIEERE)
vigBnxBir (BRIEEFFL)

. " SRR LURBIEARLR
LUSA T

pancad PN ) IS
B ANRAYAAT
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Oblt rsl, rs2, L1

v'if (rs1 < rs2) branch to instruction labeled L1
Obge rsl, rs2, L1

v if (rs1 >= rs2) branch to instruction labeled L1

OExample
vif(a>b)a +=1;
vainx22, b in x23
bge x23, x22, Exit // branchifb >=a

addi x22, x22, 1
Exit:



BES5ZHES O eazasLxs

O8/RFSEILLE: blt, bge
O SEELE: bltu, bgeu
OExample
vx22 = 1111 1111 1111 1111 1111 1111 1111 1111

v'x23 = 0000 0000 0000 0000 0000 0000 0000 0001
vx22 < x23 // signed

e -1 < +1

vx22 > x23 // unsigned
e +4,294,967,295 > +1
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ORISC-VEF15/¥=F/FRIBEY 7

v NARE—NF15/45/5: ST RH64EAFA
« 1b rd, offset(rsl)
« Th rd, offset(rsl)
e« lw rd, offset(rsl)

v NN TGRS/ E5/F: B RAGAAFA
e« Tbu rd, offset(rsl)
e Thu rd, offset(rsl)
e« lwu rd, offset(rsl)

VBN FH/EF/FEANRE: RIFmAmEY8/16/321{u
e sb rs2, offset(rsl)
e sh rs2, offset(rsl)
e sw rs2, offset(rsl)
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O £E2—BVN 1200 7REEE B X HE/RAERII32UE =,
qnqa]abTE?
O lui rd, constant
v E%1205 23 rd[31:12], FEY RErd[63:32]

v $Brd[11:01/5 ]
Brdl1TOIB0 14 x19, 976 // 0x003D0
0000 0000 0000 0000 | 0000 0000 0000 0000 | 0000 0000 0011 1101 0000| 0000 0000 0000

addi x19,x19,128 // 0x500

0000 0000 0000 0000 | 0000 0000 0000 0000 _ 0101 0000 0000

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
[-type immediate[11:0] rsl funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode Stores
SB-type immed[12,10:5] rs2 rsi funct3 |[immed[4:1,11] opcode Conditional branch format
UJ-type immediate[20,10:1,11,19:12 rd opcode Unconditional jump format

immediate[31:12] opcode Upper immediate format
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OS5 SE<SIEE
VIRERY. R ES1FEs. BiRtuit
OZ A n R D>
AEEIEARIS
OSBFE=\
\ [i{gfg] rs2 rs1 | funct3 [Trlr} .| opcode
imm|[12] imml[ll]

bne x10, x11, 2000 // if x10 !'=x11, go to location 2000ten = 0111 1101 0000

0 111110 01011] 01010 001 1000 0 1100111

imm([12] | imm[10:5] | rs2 rs] funct3 | imm([4:1] | imm[11]| opcode
bne M
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0533z AL, WERAATF

beq x19,x10,
13-bit immediate, imm[12:0], with value 16

OOOOOOOOlOOOO\NTdeMmmd

always zero
VER LB IOT R
It EN: FRSHREFRIF
K@%%ﬁéﬁ%%%@ﬁﬁﬁ,
(AR SUE 3204 % (RAFA
31 o [RESUR TR
[0]000000[o1010[20011]000]1000[0]1100011
imm([12]10:5] imm[4:1]11]
Name Comments
(Field Size) 7 bits 3 hits 5 bits
R-type funct? | rs2 rsi funct3 rd opcode Arithmetic instruction format
I-type immediate[11:0] rsl funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsi funct3 | immed[4:0] opcode Stores
SB-type immed[12,10:5] rs2 rsi funct3 |immed[4:1,11] opcode Conditional branch format
UJtype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
Utype immediate[31:12] rd opcode Upper immediate format
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Ojalfy B riteib{E 20 R ZRPERSEIME X
SCERIBEEE
OUJ (FCFEHEE) 1520

R imm[10:1] s | imm[19:12] rd opcode
. | _ | 5 bits 7 bits
imm{[20] imm[11]
R BB R

WIHREN: R REF R

Lk
) . — Hpg— DAIIE RS F>
jal x0, 2000 // go to location 2000ten = 0111 1101 0000 e 5 R T AL ] i

0 1111101000 O 00000000 | 00000 1101111
imm[20] | imm[10:1] | imm[11]] imm[19:12]| rd opcode
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1. Immediate addressing

immediate | rs1 |funct3| rd | op
2. Register addressing
funct7| rs2 | rs1 (funct3| rd | op Registers
| > Register
3. Base addressing
immediate | rs1 |funct3| rd | op Memory
I
Register @— [ Byte | Halfword Word Doubleword
I
4. PC-relative addressing
imm | rs2 | rs1 |funct3|imm| op Memory
| |
PC Word
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Name Comments
(Field Size) 7 bits i i 3 bits 5 bits
R-type funct? | rs2 rsi funct3 rd opcode Arithmetic instruction format
l-type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsi funct3 | immed[4.0] opcode Stores
SB-type immed[12,10:5] rs2 rsi funct3 |[immed[4:1,11] opcode Conditional branch format
UJtype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
Utype immediate[31:12] rd opcode Upper immediate format
| Sélé .
[ — b oI
v 123 ZBPER B ATFISCIRANFER, RIGrs1flrs2FRAUSAE
O SB* .

v BHEERRAEAI90 (REEBEERIBibhL) , AIRR1 3ttt
v BRIF[10:5][4:1] 5SKBI—5
v RERMAFSH, 5SE—H
O UJ3k
v BHERIRGIA0 (REEHtEEl(Ettil) | AIRam21 (it
v BUREZHSREMREESHES—H: [10:5]5SBX—8, [19:12]5U%—&
v FSluRsi, SHtRE—H
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0110011 0000000
sub 0110011 ooo 0100000
s11 0110011 001 0000000
xor 0110011 100 0000000
Riype sri 0110011 101 0000000
sra 0110011 101 0000000
Name or 0110011 110 0000000
(Field Size) 7 bits i i i and 0110011 111 0000000
Ir.d 0110011 011 0001000
Rtype funct? | rs2 rsl funct3 sc.d 0110011 011 0001100
l-type immediate[11:0] rsi funct3 1b 0000011 000 n.a.
S-type immed[11:5] rs2 rsi funct3 | im i oL L n.a.
iw 0000011 010 n.a.
SB-type immed[12,10:5] rs2 rsi funct3 |imm id 0000011 011 nia.
UlJ-type immediate[20,10:1,11,19:12] ibu 0000011 100 n.a.
U-type immediate[31:12] Thu gogoanl | 101 na.
I-type iwu 0000011 110 n.a.
addi 0010011 000 n.a.
s114 0010011 001 000000
xori 0010011 100 n.a.
srai 0010011 101 010000
add (add) 0000000 | 00011 ' 00010 ori 0010011 110 n.a.
andi 0010011 111 n.a.
sub (sub) 0100000 | 00011 | 00010 000 00 jalr 1100111 000 g
% » 2 sb 0100011 000 n.a.
s T - =7 = S—— ST = =¥ T TR TR n.a.
addi (add immediate) | 001111101000 |00010| 000 | oC = = ==
1d (load doubleword) 001111101000 | 00010 bed soiaai i) L
bne 1100111 001 n.a.
s.type Instructions i EHWE SBtype blt 1100111 100 n.a.
: bge 1100111 101 n.a.
bltu 1100111 110 n.a.
sd (store doubleword) | 0011111 00001 | 00010 bgey 1100111 | 111 na.
U-type Tui 0110111 n.a. n.a.
UJ-type jal 1101111 n.a. n.a.

FIGURE 2.18 RISC-V instruction encoding.
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Register-register
31 25 24 20 19 1514 12 11 7 6 0
R RisC-v | funct7(7) 1 rs2(5) rs1(5) funct3(3)[ rd(5) opcode(7)
31 26 25 21 20 16 15 11 10 6 5 0
R MmiPs | Op(6) | Rs1(5) | Rs2(5) | Rd(5) | Const(5) | Opx(6) |
Load
31 - 20 19 1514 1211 7 8 0
| RiSCvV | immediate(12) | rs1(5) funct3(3)|  rd(5) opcode(7) )
31 26 25 21 20 16 15 0
| MIPS | Op(6) ' Rs1(5) | Rs2(5) | Const(16)
Store
31 2524 2019 1514 1211 76 0
S RISC-V | immediate(7) | rs2(5) rs1(5) funct3(ﬂ immediate(5) opcode(7)
31 26 25 21 20 16 15 0
| mpPs | Op6) | Rsi(5) | Rs25) | Const(16) |
Branch
31 25 24 20 19 1514 12 11 7 8 0
SB RISCV |  immediate(7) | rs2(5) |  rs1(5) |funct3(3)| immediate(5) | opcode(7) |
31 26 25 21 20 16 15 0
| MIPS l Op(6) | Rs1(5) | Opx/Rs2(5) | Const(16) ‘

FIGURE 2.29 Instruction formats of RISC-V and
MIPS.



HEFRISC-VIESERINIEEIRE Q) FRRZLLES

Rocket Chip Generator flIBOOM ek i oichi

HUCBiR LRI R IR E
O Rocket Chip Generator, FFiE4b!
O Rocket: #rE

v HEEFIK64 {i;

v' 5 fpipeline, RAPERLT;

v ZIFENAE, LURESHBEFRRMERR;

v 9% EEIEETE (Branch Prediction Buff) . 9% ABE
(Branch History Table) . iR[@f% (Return Address Stack)

v Rocket Custom Coprocessor Interface (RoCC)

O BOOM (Berkeley Out-of-Order Machine) : {8fr&

v HIERFIKA64 i, SHFHESEARVE4G;
v 6 PifiIkee, ELEAGE;

Hﬁ
:

https://www2.eecs.berkeley.edu/Pubs/TechRpts/2016/EECS-2016-17.pdf
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1nAaa Zs
Rocket CI‘“F”"*g 1. AJCore Generator, FHFHpkil
. I828#%Z, F¥5Rocket-corefIBOOM
Tiled Tile2 ﬁﬂ
P00 s 1Rgean] ||| 7| L Lo 2. Bj3Cache, L1 CacheffIL2
AN wos | EE | cros |] Cache
3. CHRoCC, BIRocketfIFFRBEEN
; ; L IEESIE0], PSR Chisel S
L1toL2 Network ImREINiE:REFEFIRocket-chipHh
::1“ ; | BlCxrell 4. DATile, —PMIESEZFI—/ L1
A L c | Roce Cache (83iFgSCacheflZiiE
11| [L2s Bank —a N Cache) #3pf—4 Tile, E£Rocket-
e chipfiiBid SBSHTilellZ— 12
9Y | % (AHE%SE) MR
em""o“e“"""‘ Fleeien]l 5. EXgTileLink, J9UC BerkeleyB1T
e e RN EB%, BFEENEE,
1 Bridge d EEHIMNG
i 6. FAPeripheral, @{EAMBAFRE
; AX“:"’SS"’E" ; &% (AXI, AHB-Litef1APB) B4
-+ BRI R SRR TSI,
DRAM Speed AHB & APB
Controller 10 Device Peripherals

https:/lwww2.eecs.berkeley.edu/Pubs/TechRpts/2016/EECS-2016-17.pdf
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O BOOM (Berkeley Out-of- .

® . ,, el — | Ic_:raLtI:atle ‘
o rd e r M a c h I n e) ° E;III‘E Igache L1 égff;liglgnﬁaa;he 128bitlcycie
ags™®

v EBFRHB6A 1, ZIHESE =

Instruction Fetch & PreDecode (4 cycles)

7IRV64G; e | e
BTB* Inst Inst Inst Inst Inst Inst Inst Inst

=
: N
. (1-cycle redirect) | Fetch Buffer | =
/ 6 2 ’t 1 1 OA (32* entries) 5
”“, 7 I Gshare” BPU nst nst Tnst nst *
3-cycle redirect
Cyt
° 4*-Wide Decode
Return Address
I Stack (RAS) | Decoder Decoder Decoder Decoder
uorP HoP HOP HOP
(3]
Fetch Decode Rename Issue Register Read Execute Memory Writeback E ey -
- a N *
(4 cycles) R;”J‘:"e Di:;:lch bS Shim xecute Rename / Allocate / Retirement =N
TrrmsAe[— ] T ReQrder Buffer (128* entries) (5] (e]
IIrmsoQ = rr [
[ o) | — uopP uor uoP HOP ® g_
th, Issue Queue Floating-point Distributed Scheduler é @
L | Physical Register %
- — File
Elig Fetch \U‘J e P':F)-sg:s \\ Ny I . (1204 Fegisiam) FSL:Zi:e INT Issue Queue MEQ'\:I::UE
redictor F (¢ W, * ‘)
g e = BF Integer Physical 32* entries T il 32" entries
| = Register File
§ X2 a BRIALU (128 Registers)
P Issue Queve - = o Inip [ Port [ Port [T Port J] Port || Port ] Port [] Port |
=—— iow RF 1OP LOP LWOP 0P oP HOP oP
3 RF (3R2W) -
e e —| =3 InzrP ALU ALU ALU FPU FPUu_ || acu || acu |
ok 3 - Branch || CSRs IMul FDiv || FPTolnt || storepaa |[ store pata |
L S—rromt
. IntToFP RoCC
T DR EU*s
P— 1N

Fetch. Decode/Rename/Dispatch. Loggatess | g | StretersFarvarsig
Issue/RegisterRead. Execute. Memory.
WriteBack ' omacaa | [ e

32" KiB 8*-Wa Line Fill Buff 128bit/cycle
Load/Store | D(T:fgfe Y P1eo' Ient;ijes:a)rs !
Unit

https://docs.boom-core.org/en/latest/
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SR,
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HHIEFRISC-VHSFF
R ILIKE-A

O RIDECORE:

FERIRITRME"

FRISC-VIESERI6AFFESoC
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Dynamic Execution)

O PicoRV32 (Clifford Wolf) .

O Hammingbi

O ZERERY 910: f7EREELE]
EJ*—wmﬁ'gﬁﬁ

O FLIAIEEE:

rd E203: [E

SIVES T

R IEEE, HAMESRZRISCY
FEREFRERISC-VALIERE (RISC-V

Tom Thumb (maikmerten)
FRBEJRISC-V MCU
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Bubble sort (trace) R IR LB A

A[U] A[1] A[2] A[3] A[4]

10 @ ek
A[D] A[1] A[z Al3]

A[0] A[1] A[2] A[3] A[4] 3
g 4 19 5 3 A[n] A[l] A[z Al3]
B
Al0] A[l] A[2] A[3] Al4] Al2] A[B] A[4]
3 3 4 5 10 €)
AF] A[B] A[4]
. o=
Basic idea: All] A[2] A[3] A[4]
@) J + n— 1 (index of last element In A) S

@ If A[j] < A[j — 1]. swap both elements AE] Al2] A[3] A[4]
g J.G{_t J (g) 11: goto @ 1y > 3 @ Swap occured? (Yes, goto (1))
OtO IT a SWap OCCUrre

Alo] A[1] A2l A[3] mald
O3 3 EEETE
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