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Topic II: ISA



Fundamental Considerations in
Designing an Instruction Set
Architecture
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IESERM (ISA)

- BRFFRASEEFRANXERET /% i
software N

- —HEEHREENTIES, 81
- EERRATIATAE
- EFRRAIINESSES EIF=SES
- MESERNFHE
- B
- fEatE
- ZEMFNEREIIS S AIEEEA, LMREREE (backward) /&
— AlY E=|E): AIEFARIN A (desktops, servers, embedded applications)
- ZTRE/RE/EE . NEBERHRIT ST AR ERITEE
- H8E: HEEEEGFREFEIEEI
+ IBM 360 25— MEISASHEMS BRI

— today you can buy AMD or Intel processors that run the x86-64 ISA

— many cellphones use the ARM ISA with implementations from many
different companies including Tl, Qualcomm, Samsung, Marvell, etc
2025-3-16 3
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FAPZRISAFIHFINERISA

Application Software Application Software

System Calls System Calls

I | |

v Vv v |
Operating System | Operating System
System ISA | UserlISA System ISA User ISA

ISA > ABI
Hardware
Hardware

(a) (b)

- EERNREFAFRHE (System Interface)
— ISAEME (Instruction Set Architecture)

— ABISRE (Application Binary Interface)
- ISA: HPZRISA +iFHURISA
— FPRISA ERT R ER SN R
- fl:—:W*wSA ﬁﬁﬁ?ﬁ@ﬁﬁﬁﬂ’]’é’ﬂ (IBVEERSE) tkunhardware thread.

A key feature of

2025-3-16 4



ISARYSCIR

- ISA BEIITHSFEISENRBPRESN (M) B
— Accumulator = hardwired, unpipelined
— CISC = microcoded (HFERF)
— RISC = hardwired, pipelined (FEfhZk. /KEk)
— VLIW = fixed-latency in-order parallel pipelines ([EEE
. IS, Bk st el pipelines (LS
- JVM — software interpretation (ZR{4FERER)

- ISA IBig LRI AREIRIF RS (S2I) B

— Intel vy Bridge: hardwired pipelined CISC (x86)
machine (with some microcode support)

— Simics: Software-interpreted SPARC RISC machine
— ARM Jazelle: A hardware JVM processor
— RISC-V

2025-3-16 5



JLAN3R
1587
HiFM#
uE

Accumulator Stack
Processor Processor
| D <
> ITOPH>D |
A 4
" s \ ALU
2 <
5
Memory Memory
Load A Push A
C=A+B AddB Push B
Store C Add
Pop C

2025-3-16

Register-Memory

Processor

P
—>

Memory

Load R1, A
Add R1, B
Store R1, C

Register-Register

Processor
— &
>
D

Store
r@
[
=

I— LUﬂld:‘r
v

Memory

Load R1, A
Load R2, B
Add R3, R1, R2
Store R3, C
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ISAYAJRspecify LR Fg?

!

Instruction
Fetch

Instruction
Decode

Operand
Fetch

Execute

Result
Store

Next
Instruction

: %‘%’A?ﬁ'\?ﬁﬁﬁﬁﬁ 3. BPAN{EYR
- B ERIHIMEERIEFHE

- FRNE?

- Z/NBIREED

— T g es R FEE Al EAL?
ﬂéﬂgglﬁiﬂ’ﬁ*ﬁ_ﬂﬁlﬁf ~B] LRI

- SHtA

- EERREIFNA
* STISIRLEIRE
-+ F—=RIg<SHillL

— jumps, conditions, branches
— fetch-decode-execute is implicit!

7



BXISARNETajR
. fFiigessht
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Processor — Memory Interconnections

« Memory is viewed as a large, single-
dimension array, with an address

« A memory address iIs an index into the array

A

read addr/
write addr
Processor 232
read data Memory Addressable
locations
write data
Q: what should be

the smallest
v addressable
unit?




FhaasS

« SOFLIRNLFFIBN=EaFitzt il i omilt
- —NMFhifESittikrILAGa

— —ANFD . 2NFED. AMNFED. EBFD..
AR REENFEwordiIEN 2R

— 16fii= (Intel X86) 32fii= (MIPS)
WMAiEE32{i =, AR

- BR—N=FT, WREK, 85— 1%, —IX5H
[ -

(1) WA= ToietpREy =it (ke endian)

(2) —PNFREULUFEREHIFIA5R EFISFaE
alignment)

2025-3-16 10



=) Addressing Objects: Endianess and Alignment

+ Big Endian:  leftmost byte is word address
IBM 360/370, Motorola 68k, MIPS, Sparc, HP PA

- Little Endian: rightmost byte is word address
Intel 80x86, DEC Vax, DEC Alpha (Windows NT)

little endian byte 0
3 2 1 0
msb Isb
0 1 2 3
big endian byte 0

Big endian 4 0 0 0
0 1 2 3
Little endian| 0 0 0 4




- little endian, big endian, fE—/\=F W*I!Hg BlRFzRER

x+3 X+2 X+1

1. Little Endian byte ordering [Byte 3 [Byte 2 [ Byte 1 Byte() 32-bit Register

< Memory address X = address of least-significant byte (Intel x86)

X x+1 X+2 x+3

2. Big Endian byte ordering [Byte o |Byte 1| Byte 2 | Byte 3| 32-bit Register

< Memory address X = address of most-significant byte (SPARC)

NiBLEXxxx0015E ¥ —1=F (int) , Fhgs2P Moox004k
ELEEFRF£0000, MIBFAHSGIL:

— Little endian A=, Txxx00iBRFNHRIEFT, UMNFEBHINE2 517900
00 ff ff, Intel 80x86, DEC Vax, DEC Alpha (Windows NT)

— Big endian A Txxx00ERFHIHEREF 1, OMFHHIRE S Bl6f
ff 00 00, IBM 360/370, Motorola 68k, MIPS, Sparc, HP PA

2025-3-16 12



Byte Addresses

« Since 8-bit bytes are so useful, most architectures
address individual bytes in memory

memory: 232 bytes = 230 words

« Therefore, the memory address of a word must be
a multiple of 4 (alignment restriction)

Alignment restriction: requires
that objects fall on address thatis  Aligned
multiple of their size.

Not
Aligned



Recap: X33FIa]RT

+ MsFHRIMISIBREILEAA, MRA mod s =0 FRABRIIFT.
- RNV FHEEEFERSBESHER, FiERFRESEERSRR
T, WFARBFAIFFRIIRID I ESEFERRRIARXIGE, AR
BiEHARENY. ERERE)

Address mod 8 0 1 2 3 4 5 6 7
Byte Aligned | Aligned | Aligned [ Aligned | Aligned | Aligned | Aligned | Aligned

2 Bytes Aligned Aligned Aligned Aligned
2 Bytes Misaligned Misaligned Misaligned |Misalign
4 Bytes Aligned Aligned
4 Bytes Misaligned Misaligned
4 Bytes Misaligned Misaligned
4 Bytes Misaligned Misalign
8 Bytes Aligned
8 Bytes Misaligned




Recap: SUEH=

- SUBI: WEiRIEEIBRIART SR Itk
- Bl AIUHFNIRPIFE—FERTTAISCIrFERRLE. Bttt vs. ¥IEitE

Mode Example Meaning When used
Reqgister Add R1, R2 R1 € R1+R2 Values in registers
Immediate Add R1, 100 Rl <« Rl -+ 100 For constants
Register Indirect | Add R1, (R2) R1 € R1 + Mem(R2) R2 contains address

Displacement

Add R1, (R2+16)

R1 € R1 + Mem(R2+16)

Address local variables

Absolute Add R1, (1000) R1 < R1 + Mem(1000) Addressata
Indexed Add R1, (R2+R3) R1 € R1 + Mem(R2+R3) R2=base, R3=index

Scaled Index

Add R1, (R2+s*R3)

R1 € R1 + Mem(R2 + s*R3)

s =scale factor=2,4, or 8

R1 € R1 + Mem(R2)

i R1 € R1 + Mem(R2) Stepping through array
Post-increment | Add R1, (R2)+ R2 &€ R2 + 5 S ol antise
Pre-decrement | Add R1, ~(R2) R2 &€ R2-5 Stepping through array

s = element size

2025-3-16
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MIPS Tt 3 R 7R

1. Register addressing

op

rs rt rd

funct

Register

2. Base addressing

op

rs rt offslet

A 4

word operand

Memory

base register

3. Immediate addressing

op

rs rt operand

4. PC-relative addressing

op

rs rt offslet

word or byte operand

vy v
\1:/

Memory

vy v
\1:/

Program Counter (PC)

5. Pseudo-direct addressing

op

jump gddress

branch destination instruction

Memory

Program Counter (PC)

jump destination instruction

) A 4
<T)




Naming Conventions for Registers

$s0 callee saves

(caller can clobber)

2 $v0 expression evaluation & 23 $s7
3  $v1 function results 24 $t8 temporary (cont’d)
4 $a0 arguments 25 $t9
5 $af
6 $a2 .
7 $a3 28 $gp pointer to global area
8 $t0 temporary: caller saves 29 $sp stack pointer
(callee can clobber) 30 $fp frame pointer

5
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MIPSE ==

- MIPSHISTF=3
- 327164 IEBAEFRE (GPRs)
- RO, R1, ..., R31
- EARNEBHE TR
- ROBYEXIZZO
— 32M6AMLFREEFRS (FPRs)
- FO, F1, ..., F31
« FRTERMB2NEBEZAEL (32(1) , BAILARREMR32NUE
EFREL (6441) .
. gﬁ%%ﬂ%@%ﬁ%& (32fi) Y, RFEEIFPRII—%, HEBE—¥%
- —EASIAE T
- BRI LIS ERSEFERIREUE.
- flEN, FRNSHESRRRARFERFRREERINER.

2025-3-16 18



SFHSUHIINERRER? (BlESFaE&RIIL)

Memory indirect  spice

Scaled  spica

Register indirect  gpice

Immediate  spico

S5%

Displacement  apjca

0% 107%: 207 bl o 40% S0%: G0%
Frequency of the addressing mode

EANSPECBIEFIEVAXLEGHE LRIINEGSR :
SIS, (RIESIHERRS

2025-3-16 19



{Riz 5L

- FEPRE: (REEE (RBENKD)
40%
35%
30%
25%

Percentage of 20%
displacement 159%

10%
5%

w $1, ? ($2) i

o 1 2 3 4 5 6 7 8 9 101112 13 14 15
64bit Number of bits of displacement

Alpha Architecture with full optimization for Spec CPU2000, showing the
average of integer programs(CINT2000) and the average of floating-point
programs (CFP2000)

2025-3-16 20



Loads
mov (R1), 2

|m Floating-peint average

O Integer average

ALU operations
Addi $1, $2, 10

All instructions

21%

25%

0% 5% 10% 15% 20% 25% 30%

Alpha Architecture with full optimization for Spec CPU2000, showing the
average of integer programs(CINT2000) and the average of floating-point

programs (CFP2000)

2025-3-16
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37 RPETAY A/

45

1
\

35 !'
. A

I \ Floating-point average

40

ParcentZd

immediates | l \
k. TR B

Integer average

0 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15

Mumber of bits needed for immediate

The distribution of immediate values. About 20% were negative for CINT2000 and about 30%

were negative for CFP2000. These measurements were taken on a Alpha, where the maximum

immediate is 16 bits, for the spec cpu2000 programs. A similar measurement on the VAX,

\tlnhicq;téptported 32-bit immediates, showed that about 20% to 25% of immediates were longer
an its.

2025-3-16 Small constants are the most common 22



SUEHFTVING
- BERERNIFURBI

— RS, S RPES U, SEESEUEA T
— SPECIZREH, {EREIREl 75%--99%

+ (RIZFERIKXIIRIZIE 12 - 16 bits

— B}

EB75%-99% 3k

» M BEPEIFERRIKIRIZIE 8 -16 bits

— 0OJ7

2025-3-16

EFE50%-80% =K
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Recap: BXISARETa)ER

- IMERIRYSRBIS K

2025-3-16 24



ERFENAUZEEY, RAFOAR/N

- SR FRREMIR RSN ERRE

2_

- FRIFRE:. EERMA. ERWRIERFARL

_ R

— BFEERE

SRR,

U . RS, HRARE

l:

ST

- BERIERR . M EEUEN S PRIFR, RS

BEIZIRA!,

=]

LRGN A ERERIIFRETI

— BA: [R5, RS, #MB (2' s complement)
—ZA: IEEE 7544RE

— il BCORS/ T HiHIERz

2025-3-16
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B R PR

ASCII character = 1 byte (64-bit register can
store 8 characters

Unicode character or Short integer = 2 bytes =
16 bits (half word)

Integer = 4 bytes = 32 bits (word size on many
RISC Processors)

S.in%le-precision float = 4 bytes = 32 bits (word
size
Long integer = 8 bytes = 64 bits (double word)

Double-precision float = 8 bytes = 64 bits
(double word)

Extended-precision float = 10 bytes = 80 bits
(Intel architecture)

Quad-precision float = 16 bytes = 128 bits

2025-3-16 26



ERAEEHI R/

Double word
(64 bits)

Word
(32 bits)

28 %

O applu

H equake
Half word i

(16 bits)

Byte
(8 bits)

0% 20% 40 % 60% 80% 100%

ERTRNES: (1) WEF, MFHsEHIREREMEE
5316 (2) SIS6ARTNFIRE, BEE—RE 27



MIPSEYEHEZRI~

- BEEY
= (8f1) ¥F (161) =F (32i1) W
F (64f1)

* PR
-

ISEIFRE (32(2) WREEFERE (64141)

« F1, ¥$§E%‘$E%§A32/641QEEE§H§.
AZi EaERaSi4 RRIERZFE
aeIRRERST, RALUGE, ME()iEiEiR
32/64EHMNBINHITIEH.

2025-3-16 28



Recap: BXISARETa)ER

* FRSZISRYEME

2025-3-16 29



Operator type Examples

Arithmetic and logical Integer arithmetic and logical operations: add, subtract, and, or, multiple, divide
Data transfer Loads-stores (move instructions on computers with memory addressing)
Control Branch, jump, procedure call and return, traps

System Operating system call, virtual memory management instructions

Floating point Floating-point operations: add, multiply, divide, compare

Decimal Decimal add, decimal multiply, decimal-to-character conversions

String String move, string compare, string search

Graphics Pixel and vertex operations, compression/decompression operations

- —RRTRNESZISRI=RFAERUEIE;

-  ARTENERSR NERFASHSIEEAR, (BEfZFEFHRFAEE.

- WURBNEERNZHEEENERRA, BEIzRAZS, FENER
AIELCERL E—L R, XEHSSHIHEATENRES.

2025-3-16 30



Top 10 80x86 Instructions

° Rank instruction Integer Average Percent total executed
1 load 22%
2 conditional branch 20%
3 compare 16%
4 store 12%
5 add 8%
6 and 6%
7 sub 5%
8 move register-register 4%
9 call 1%
10 return 1%
Total 96%

° Simple instructions dominate instruction frequency

2025-3-16 31



ISAXI 1R FEREIRTLEEE

EEENEE: EE. MSHRFE
HAEK: I5SRFNTEE. HEE. S3EENHEEHE
— EEMRIT: BERENESTE
— FREM: EFI,
—- B IBSHITEER. FRES
—- HEM
« ILFTEIZEEMGERREXIFR. SN BEUEFE R T2 B THRE.

- WFTSSIEEHETRERENE, TR PSS EAREIUT
AR N TSR AT
- 1EactE
- BRI TSR
+ SN FRTESTRAERE
SRR — AR R E PR EP AR RIS
— CISCHIRISC

2025-3-16 32



CISC vs RISC

ISARITIEEIR T

— {155 TR SIS IRERLE

- 305 FHRYAA

— FEFPSEAY: CISCFORISC

CISC (Complex Instruction Set Computer)
- EE@ BUWIESTIRE, WOBEITHIESFE, RER

- %’jabfm HE BiMEFILE, ERERESHRFRS

RISC (Reduced Instruction Set Computer)
- EIE’JIT\ BN EHIESFE S, BENHEELIER R

- ik ROKIFERKEAIER, BFE (i) CPI

2025-3-16 33




Recap: BXISARETa)ER

- EHEERES

2025-3-16 34



EHIRSIE < RIS T

« PC-relative AT\, (fBXJ31i)
— 50 KR
. g&ggfn?gngﬁﬁztmnw I\ (B HFsaiE
— RERNAFE Biritit, BRHTIIEISRE
« Case or switch statements
« Virtual function or methods
« High-order functions or function pointers
« Dynamically shared libraries
— %ﬁégﬂﬂﬂﬁﬁﬂ%—%}ﬁ%ﬂ , B EFasEx

2025-3-16 35




i EiReiIt S SRe<SHIE R

25

20

Integer EW‘ Floating-point
15 / \ average
10

5%/-" X

2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 2(
Bits of branch displacement

Alpha Architecture with full optimization for Spec CPU2000, showing the average of
integer programs(CINT2000) and the average of floating-point programs (CFP2000)
&1 : shorter offsets are the most common

2025-3-16 36



EHISRIE<S

“%EF SRR RS -

S (H4T( Conditional branch) BEE(Jump). SFEEA
(Procedure calls). ;9#2iR[E](Procedure returns)

H Floating-point Average |
jump- g O Integer Average

82% !
%

0% 25% 50% 75% 100%

Frequency of branch instructions

Alpha Architecture with full optimization for Spec CPU2000, showing the average of
integer programs(CINT2000) and the average of floating-point programs (CFP2000)

Conditional branches dominate

2025-3-16 37



Recap: BkEIES

- IRIBHEEE (jump)ig<STRE Bttt S TUARILA

Rt E50HE, ALUEHEE<STm4M.
- TREBRIEILAYEE

— BIESTHI26 R ELE /e, BIREFITEEN

{2811,

- [EERBAe . RIS HIEER— 1 SR Ra iz B

ittt
- BEEERIPRThRE
— BN, BERINENEFITHEES.

— BeEEFtatis: IEBERINENTEFITELEE, EIRE

ut (BPli F—2R1g<THUBIE) IIAFFRER31,

2025-3-16

i
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MNot equal

B EE EE e EEE RS
e EE R s R R
R R ]

Equal $ %fn
Greater than or Equal % 119! : : :
] 0% : B Floating-point Average
Greater than |geof . O Integer Average

Less than or equal

Less than

He == === a-!n
&

0% 10% 20% 30°% 409% 50%

Frequency of comparison types in branches

Alpha Architecture with full optimization for Spec CPU2000, showing the average of
integer programs(CINT2000) and the average of floating-point programs (CFP2000)

Less than (or equal) conditions dominate

2025-3-16 39



Recap: 9x18< (FIFEERZ)

+ PRFHHIESHRE.
- Bl WRFEASEEOEREHE
- RIR—ALEES, RFILRMANFEEERIE.
- N BT 89
- B IESHL EEFINSEFERNEEE
R, EIRAINFESREGIEF.

+ SIZHIEITRIELL.
1 AT SR R RSP CIE AR TE

s —FRiZRFHNZES: BIURiZRNRESH
FRRERREESTHITNZ.

2025-3-16 40




Recap: BXISARETa)ER

- I5SiER

2025-3-16 41



1B IR

Variable:

Foet: [

Hybrid:

2025-3-16 42



IESTETUEIESR

- MRTIHEREER, BPAEMZE k?ﬁ@’l‘%‘\’.

- MREEEXER, EREERERS

- BEERANCPUMINNAIEIRI, HEB—NMAEE®
FlEgedEliEE

- RESTHSE/ IR, TSNS AR,
S B R ELUR SUHHER, TRRESHIRISCit
Rl

— f5l40: RISC-V By RV32IC, CERE4EER
— ARM Thumb , microMIPS

- B ERBNITIBEERNB
— fl%0 IBM ByCodePack PowerPC

2025-3-16 43



5ot

o« SHUtAIRBEIE(ERSH
- FIBIESERE32(URY

o IE(ERD H6{

» 3HIESREIL

_|§,|<é
_R%kjé
__jg'g



ESER

- G}EFFEHloadFlistoreiSS. IIRIENES,
P3RS,
. %E_ﬂiﬂ?'-ﬁiﬂﬂ 6{i, FHFIRHIZBDEEk{R
=,

6 5 5 16

o =y rs rt SLBP#Er (immediate)
0 5 6 10 11 15 16 31

2025-3-16 45



BRRIIRiES

2025-3-16

loadigS
1 F

storeig$

F

SR : Regs[rs] + immediate
MRS BCRRVEL

BENFIESEHIEL
- MBIEES
Regs[rt] < Regs[rs] op immediate

* PES

a2

BN\ 1F

EHEET1

Z=rt

Bt Regs[rs] + immediate

1]

Faarts

frtthit: PC < PC+4 + 4*immediate

46



REIES

- BIEALUIES. THEFRE/EES. &
FeRtiEeS. movelg$E

- ALUIES
— Regs([rd]«<— Regs[rs] funct Regs]rt]
- funch BRIz B2 FREE

6 5 S 5 S 6

BAEG rs rt rd sham func
0 5 6 10 11 15 16 20 21 25 26 31

2025-3-16 a7



- BiERbSES. BHMEHEERIRS. BléhE

S, REEEES

+ EXRIESH, §

6

ESFRIR26( A RRIZE,
E5SPCEHRNNAZ Rk BEERIELE

26

BRIEN

5 PC MK WBE

31




Recap: MIPSHYER{E

« MIPSIESH LA HPUASE

— load#listore (A#FIGIA]) . ALURERE.
SSHEE. 1FRIRE

2025-3-16 49



15 S 2451 I5S AR ZX

J name BEE PC 544346 name<<2

JAL name PREE H HEiE Regs[R31] «PC+4; PC ;... ¢name<<2;
((PC+4) —227) <name<< ((PC+4) +227)

JALR R3 HFEEEFH553E | Regs[R31] +PC+4; PC+ Regs[R3]

JR R5 Hirasbii PC+ Regs[R5]

BEQZ R4, name ETERSE i f (Regs[R4]== 0) PCéname ;
((PC+4) —217) <name<< ((PC+4) +217)

BNE R3, R4, name | AHEZERSX i f (Regs[R3]!= Regs[R4]) PCé¢name
((PC+4) —217) <name<< ((PC+4) +217)

MOVZ R1, R2, R3 FTERBD) i f (Regs[R3]==0) Regs[R1] & Regs[R2]

2025-3-16
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N SRR

ISATE [ERYIERE

— Class of ISA

— Memory addressing

— Types and sizes of operands
— Operations

— Control flow instructions

— Encoding an ISA

ISARYSEBY

- BRSO ESMN

Sr

- EENSUSR: FESUAR, SZESSHE R, SEsiEt s
« SPECIIHZREA, FERABNEIAZ] 75%--99%

— RIB=ZERRIA/NMOZTIE 12 - 16 bits, Ofi#E75%-99%95E Kk

— STEPECFERIOA/INRHZTE 8 -16 bits, BIHE50%-80%HIER

REEROSBIFI R

- XMEF WRHEERhE R ARSI

- HSCAMTNTIRE, EEE—MRMY

2025-3-16 51



- MIPSERHBIAIRISC IESELEY
— Stanford, 1980FEH, FEZZIIBMS01 /NEHAYSNM
— HE—/\FEASCHIER2000 (1986)
- AT, HEHUIESENEL8KIES, BRIl
(single-issued). MFFRKE
— 3053k, ZFIEMNEIL4005%IES.

- FEEYFUE:
— Load/StoreBigEry, E IHVIESFiERE S5 78 ZIBINUEX
— ALUSSIESRUEREECRE T 5758 28020 (I8 HPRVEEXiE,)
— [HETIESEMNBEEGIEZRE, KT NmERON, BETE
ERTR/KZAY5CE

2025-3-16 52



MIPS Shortcomings

- EEERPE:
— SRR RZEARISCIN G TN (590nK. BRSY. FFmke) ot
T ERUiIRLT
. JEREER (delayed branch) R SHMEIREEEFMKEILINEE, JLE
BRUIARERENSSHIBRIETX
« MIPS-IREEHEMFIKEMR (load, RS [EEATPER) RAEER
Interlocking BN ERR, BRATIHRGRAMN, (PBARE TIERER

2025-

Scheduling the Branch Delay Slot

DADD R1, R2, R3

if R2 = 0 then
Delay slot

DSUB R4, R5, R6
DADD R1, R2, R3
if R1 = 0 then

Delay slot

eeeeee

DADD R1, R2, R3

if R1 = 0 then

OR R7, R8, R9

DSUB R4, R5, R6 —-—

eeeeee

if R2 = 0 then

DADD R1, R2, R3

-

(a) From before

DSUB R4, R5, R6

DADD R1, R2, R3

if Rl = 0 then

DSUB R4, R5, RE

(b) From target

DADD R1, R2, R3

if R1 = 0 then

OR R7, R8, R9

DSUB R4, R5, R6 =-——

(c) From fall-through

53



MIPS Shortcomings

- EEHREG:
— ISAM A ETRBIAS (position-independent code,

PICO)STIFARE.

- BEENEESERMPCENSIE, EEEEENEE ST
PIC, IEBINTBRYT, BE 7 4se
« PICIRURESZS oSz, e EfMnEnIRiEE
« 2014FMIPSEHELT, Bu#t T PC-EXISFUEETRIEURE), B4

BEFIETHETThK

Please give an example instruction that is position dependent

2025-3-16 54



MIPS Shortcomings

« EETRPA:
— 16\ 7 BIEGERE T AEMmiS<E, REVERETEEH
Bie<
« 2014121Th, (RFE1/64N%RE=SIAIEYT &
o« ZRHQMANRAERAEDEIE S RIDRIFHEAETE, MAEAKEFE
5 IR
— FEPRIESER T RIS FSE (HILLO), EMETXIHE. 18
SFRE. NIBRIE, RCascisse

AL

-

2025-3-16 55



MIPS Shortcomings

— ISARIZIZRIREENMER — NRIZAVINL RS, (RBERC /I
AExA
- {Flun, BAHSZRHNERERERFRESFE, FHERN, &
SEHMIMOVIES, R R SRS R
ZIEER, EEEEIIERE
— EAWERABIFR, (REBMN BEISFsHTRER, BT RBF
R S Fas Load word left (LWL), load word right (LWR)
— (ERSIIESAMNERITFMoadFstoreSiEfEAERIIR{EIEZSE),
FHekg 7 @ EBRAVSCIL 2 MV EESEIT S 24 L.
— HIeERER/CPI BRE S ERMAIM SRS 1 E A/ NI D <.
EE%&Tﬁ?ﬂU%D%%@CMOSEEEE’\J HI, XM EESRKEEA
=)

- BRTEASE, MIPSEIFANNEREIESE, ~REEHER

2025-3-16 56



SPARC (Scalable Processor Architecture)

* Sun MicrosystemsfIEBIESE

— dN1EZBerkeley RISC-IFORISC-IE (early 1980)
— One of the most successful early commercial RISC

- SPARC VS8 (1990) FE4H4F

— R BRUSA 905FES, BRASZHFIEEE 754-1985IRERTFREN(50%%) | FPIE<S
20%%

- EEEE
_ spARc{@EQT—ﬂ%gﬁiD(regmter windows)RNNERERELJE R

The number of registers is very limited. At function calls, the registers often need to be
saved, thus very slow.

 Registers windows enable a set of registers to be swamped during function calls.

© XTRATERISCHIRR, HrasE EREFERARIERRFITIE

- BEZT5: http://icps.u-
strasbg.fr/people/loechner/public_html/enseignement/SPARC/sparcstack.html
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SPARC (Scalable Processor Architecture)

- EEA#E
~ XIEFRMS

— For signed numbers, SPARC uses one of the three condition codes- the Z, N, and V bits - to
regulate conditional branching

- IXEFMHBRTE LIS ZACE TEUMIKELRR, 18I0 T RREPIRESHETINSRI

Abbreviations Used in Instruction Descriptions

r[X] The contents of register X. The instruction descriptions view r as an array of
ints.

mem[X] The contents of memory at location X. The instruction descriptions view mem as
an array of chars.

constX Constant that fits into X bits.

z Zero condition code. The instruction descriptions view Z as an int whose value
is either 0 (FALSE) or 1 (TRUE).

N Negative condition code. The instruction descriptions view N as an int whose
value is either 0 (FALSE) or 1 (TRUE).

v oVerflow condition code. The instruction descriptions view V as an int whose
value is either 0 (FALSE) or 1 (TRUE).

C Carry condition code. The instruction descriptions view C as an int whose value
is either 0 (FALSE) or 1 (TRUE).

The condition code register on the SPARC has four bits: Z (Zero), N (Negative), C (Carry),
and V (oVerflow). The standard arithmetic operations (e.g., addition and subtraction) do no
update the bits in the condition code register. Instead, there are special operations that

update the condition code register.

Arithmetic Mnemonics (Format 3)

Add
add rsl,rsZ,rd r[rd] = rlirsl] + rlrs2];
add rsl,constl3, rd r{rd] = rlrsl] + constl3;
Add, and set condition codes
addcc rsl,rs2,rd r(rd] = rlrsl] + rlrs2];
N = r[rd]<0; Z = r[rd]==0;
V = (r[rsl]<0 & r[rs2]<0 & r[rd]>0)
| (r[rsl]l>0 & r[rs2]>»0 & r[rdl<0);
C = (r[rsl]<0 & rlrs2]1<0) | (rlrd]>0 & {(r[rsl]l<0 | rlrs21<0));
addcec rsl,ceonstl3,rd rird] = rlrsl] + constl3;
N = rird]<0; % = rlrd]l==0;
V = (r[rsl]<0 & constl3<0 & r[rd]>0)
2025-3-16 | (r[rsl]>0 & constl3>0 & r[rd]<0); 8
C = (rltsl]l<0 & constl3<0) | {(elxdl>0 & (rlrsll<0 | constl3<0)});




— loadfstoretBSPSHFeENIAIIES
. Ldigl (E%%—Xﬁﬁ%ﬁ%ﬁ%%ﬁﬁﬁﬂ?—, HBEWREBHSFEY, SR NEBEEES, BFRBA
T )
o T ERNMARERESEEERS |, FJLERMEINTEEGESZMERER MEaEIT=.

- IRBNRLERSEREGSEINERN, RAESFRX AP EEEYE L TaEREaes
- FREFRR U ESE TR X Z AN eI IERAF AT EATT, BT RotEeE
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 ISATBIS ARG A TR R B A B S R
S5, ZNSIRRAKREFRMEE, LIkl

S8 R ESSIRGS

- E—RYEFAFE{EREfetch-and-store, XXJF3CI
T I E NSRS 20

- SPARCSH{t180E(LRISCEIIANIFZ BRGNS

— ISAIZITEMEEST. iF. Am/KEAIRARZRER;

— SPARCEB 7 EIRIGEEIMFZ EXUREHEFIIEH e, XL d
PR ERERMY, TTEIFERRRAISCIR;

— MREELFFTUR (BRI

— BT SPARCRRZ EPZHIEHIRIZZ(E, RIARE BT EH T
BSOS 48 SAY &
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Alpha (DEC)

+ DECATIRISEIIIMIE20tHLCI0F(AE N 7 fitfiJRIRISC ISA, Alpha

- FATUMIERIRS AR, MOSHER. £M4E. SESEENS

— BIET6MUSHESE. HEE. STUEE. SHEEEISA

—  AlphaZEH PRSI R IRIRE E A B AER 4TS TR B TSR O (Y
KRR EHIFE) fRE (PALcode)

- EERR: REMLE, DECHIRFGZEaIAIphai# T T EEMK,

FHRINT —EARXESISENRMFTE

— ATIERERMRER, ISAKERISRAES T 801 6MIA0INEFIEE, SO FoIE
TAFSUHNERR. JTE S EREX RN AR E1ee, FINTH
SRR ST ISR IS SR — LB e S, NSRS ESITE.

— ATHERIERZAIESHELFM, Alpha B—ANIEEHREAIEHEER, X4
RETEEEATUSMETH, BRISAREN T BEROMBUAEIREENE)
MR FIRRIRAL,

— AlphafRDEBEISEES, BINERREFIMEOEDN, SHYARBHEEST
BRI
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Alpha (DEC)

- SEMRIERISC—F, RESEZRAIRENEEESET &,
2B B BRI IR =S B RH TR
- ISAESEREIEE, XEEMENSTHFREmEZERMT
« cmoveg R1, R2, R3 (if R1==0 R2 = R3)
a = max (a, b) 2 if (a>= b) {c = a}; else c=b;

— {EEEAlpha ISASHI— P EEX G Bl Ir gt HiFEE. FREE
FHRI0FARIIE TEEESEARDECIEAA, I IEHERLSE
AAlpha, HZMXATF/RLBIEEE. BEEEAlIphafYRIiRFY
HELTREYR, WEAA, BEWWTER, FHE200455hK
T Alphaf&2&sCcI
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ARMv7 (Advanced RISC Machine)

+ 32fi RISC ISA

— BB L ERR R

G, LBANUSES

BIHE CHES SR, ARMVZE— N ERRIERE, £
SRS RBERIZISA L, MIETERNHRE

SRR P TRATE,

- BT, 3R
O R B R

YFRIHIA

— ARMV7 3R KSR, 2

U35 S600+ 5%

T SRR, BI(EE

HBLEREIEIRIS ARM T FRAYZRA

o BMEEIRENAZEERE, C{AFE—LEARRIE
ISAFRZ {45755 IEEE754-2008%R

— ANZHF64A i,
H ( ARMvS 241

F 1 IX SRR

— SRR RGN T 2IEE

2025-3-16
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ARMv7 (Advanced RISC Machine)

— ARMV7Bf— 1N E4EISA, BEBREIERER16AFES,
FR7AThumb,

» ThumbZ2ARHTERFNNNIERYT, BltaERE
» Thumb-2 EZMRE TRSAIERE, (B32(AYThumb-24RY
B SEARRIISATRISS A, 1 GBI humb- 280G =
SEZARRI 614%65}3\1\,1"34\@0 SEFDRR 2o LR i — FPYRAD
18IV, fE15EERE. SERLARIRTT RSB
— ISATFE & TIFE LIS RIVEHIE,

- EFITEES(POBASUTFRZ—, XERE/ L FHTES
BB AT LA i

- EREHIR, ERITEEIREEMNIRISASRIEERT
(ARMEgThumb) BB NSA EERAJAD DS B LA ISAS
AI{EALTEES EHITHIIES!

» DXERAFMHBLUNBERESH—SESIERESEINE R,
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« 20115, ARMAEHFHIRJISA ARMvVS
— 6AMENE; IR IS TR, 32482,

WA 7 ARMV7 LIS YAy —LesF 14

- PCARBREERAIA),

- FEABEES

« MR T load-multiplefstore-multiple 5%
- FERILIA—X

+ EEMEE

— fi£

S

5 (EELARIZ> T 1RZ)

- FEVFSIARYE 288 (zero, PC, sp, program
status registers ,etc)

2025-3-16

65



— IR0 —LEiRfes, SR AKERIsubword-SIMDZEM

—IESEFINEE: 107055185, 53#i3z, sf3
Wm0, REENIEIRE) 75778

- SHEMAZEUSA—=, L%LX,J\EEFEE
5 PR S B A T

SCINRYS

— Itb5h, BEEARMVBRISIN, ARMAR

SRS

B2 F5IE4atE

- &5, MelLABIERA—E, ARMVSHE— 1 E A

HIPRIE

2025-3-16
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OpenRISC

 OpenRISCIRHZ— 1 AIEELEESIS I TIRE
— EEFHennessyflPattersonfUR R L1,
—- BERTHE. RFFNTRAOCHL.
o EFT@RA (Pease read https://riscv.org/2014/10/why-not-build-
on-openrisc/)
— OpenRISCIIBEXZERFRMEEIRITIE, MASIFRERIISA #ltgi<eE, ISAF]
SKHF P et
— [EERY32mIB5 16 EDEEE T ESEISAY B
— BH6ANIITE
— Delay slots
— FEEFEGEIES
- BEE—IENE: 2010FEXANNREER] T R IEREEC LM TR, 6414
IRABEEN(BR, IBFEAIFED, MRELIND), &£, FHi] (UCB) IAAREFM
SLFFIR, MARMENIEER OpenRISC,
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https://riscv.org/2014/10/why-not-build-on-openrisc/

EITERNN+EE, 5/RIV8086ZRH B AEICAEBN. 8=
MFREZ s LB RITIVES .
— ESMALERES 2SN, TVFERRBERITHVREEEERIx86 L, BER
JIx86FFEHY
- TSWHHNEREESRSZ: ZZRE7EIBM PG Z B EIATT Rt 2%
IREFTFHEFRSM, BB E G RERAYHEEHIEIN,; LR AR89
BIGHIERA
- BSERITREHAREBRTHNERZ—.
FE oA
— 13005%4E8S, 2SR, REEhaFes, SHtiEhFEA=, M
AMD K542t FF4, FiBtIntelZISELFERITHIMEEN, 27!
JEx86IESENFEIMEPRIRISC-MIZHIIESEE.
— ISAFFIFEIME, BA—ESUESERFE TaTE LN, MR
ﬁg}gﬁ& VMwaref9 T2 IS Za9eNS R I EMF AR 71X —
&
— ISAHYIESKENIBENFTH, 2 N01510F0, BREERIERE
EERIE =R
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— ISAEEERDIIEFFRA

— RS TZEREISAT R TIFERINRE, XN

TIRREETFFRINAE

- —EISARFE, BRERIIEANBIITEIRENG
oiR(E, ERCPLIER

- XEISARFIIFSRBANEG RN, RE
FERTEIXLSERE, x861EFLLRIS

LIRS 2N ENRME.

- &/a, 80x862—1"TH7

2025-3-16

SH/DRINE <L SehERIRYIIRE,

C
X

RERESHERE

JIX86IES T

S5ANE=E
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_ MIPS | SPARC |Alpha | ARMv7 |ARMv8 | OpenRISC | 80x86

Free and Open

64-bit Address v v v \ \ .
Compressed Instructions \ v Partial
Separate Privileged ISA \

Position-Indep. Code Partial \ \ \
IEEE 754-2008 J J
Classically Virtualizable \ \ \ \
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ISARYTOEER T
CISC vs RISC
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ISARITIEEIR T

— {155 TR SIS IRERLE

- 305 FHRYAA

— FEFPSEAY: CISCFORISC

CISC (Complex Instruction Set Computer)
- EE@ BUIESTIRE, WOBEITHIESFE, RER

- %’jabfm HE BiMEFILE, ERERESHRFRS

RISC (Reduced Instruction Set Computer)
- EIE’JIT\ B EHIES RS, BENHEELIER R

- ik ROKIFERKEAIER, BFE (i) CPI
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CISCItENISARIIThBEIRILT

- BfR: atiaSee, RIVIESKEE, LIRS RS ERE
- B MMUEE
1. BB BirEFNNCERRSITEINRAtEREERLE
— UL BT
« ERERNKE
« YERETEFRYEITATIE]
— ULEE
. é@ﬁﬁ*ﬁﬁ*ﬁ%ﬁ%‘?ﬂﬁ'fﬁ?ﬂ, KRHFERNES, HITHTENRAVESE
=54
- LERESHIES
- FHFNIEESHREFERAMESHIES
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L ERMERFRNERER (

1/2)

1) 1EeizHEE<SHITIREE

glsin(x), cos(x), SQRT(X), EEZINIITHE

WNA—& =t ES SR

P(X) = C(O)+C(1)X+C(2)X2+C(3)X3+...

2) IEEEIRIGIASSIE EI’\JI)J%*E
TEFIRSIERMEIXIES

—R-R, R-M, M- MZIE]EI’J*SZ EHYEIX R BRI
B EREEREEE, 1IBM370
— R-StackZ [EiR EHIEREXIES, BES1EIE

L S i N, A

7, a0 VAX-1

2025-3-16

74



Lt BMEFNERIRRR (2/2)

3) MRtz FIEHIE SRR
FECISCH, —IINRE T ZMiEREHIES, [ERNGEER
BTl FIEFTTiES
2. HESHESHmEFREFOURIESRER
L Bir: EEZE45/\HL-MLZ [BfNERR
UL TE=:
1) 1E@EEMAEHLFICompilersziSaiigSIhak
— Fit o ImEEF PR IESRE RS EF IR TR E]
— 1BEiEXIESRITNEE, MMMERES. FITHTEN<ENES
- EINEI18S, UERBinMeERKE, B EEFRITR
8], 4ErefmiadE]
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FORTRAN{ESHICOBOLESHEHEERETMEAAE

HE —uBE | HMhBE | IF GOTO (/O DO | CALL | H#fh
FORTRAN | 31.0 15.0 115 [105 |65 |45 (6.0 |[15.0
COBOL |42.1 7.5 191 (191 [8.46 |0.17 [0.17 |[3.4
TERER

(1) —lH{EEHEPLLAIRK, EREUREXEXIESIIEE, 6858

XRESHTHRENERESIEER AT,
(2) HitiEERR, ISTRELLHRX, WEHREafa S In

8IS
(3) SFIHSBRITRARIZE22%, 38.2% EULINIEISH)
ESMHRR LI

HILEE,

2025-3-16
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2) BRESITEINRS
éﬁ/J\H LAIMLBEYZ I,
— 85—, BEPFMBAY %9&1.:. SiTEN., EXF=s

:' BRESAETELTRmE, B

E2tRkim, FE

43, HOLISPH, PROLOGH]

EHLFOML

PIEEEIEES
3)§h;w§ﬁmmm*m LSPUES

Eﬂ—ﬂ]rl‘gm,?\%_'“%‘E-'%%TA’E%@E ﬁ'ﬁOSRZ\

/J\ E 7 z \—;E;E?LEJU j:

SERARXJOSHIIFEEE

— b BEE TYRRASA IR A

— HEREEMIR
- FEEEMEE R

- HERZMER, 552

2025-3-16
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RISCRUE NI4T/

- RISCE—MTRIBREEEITEE, EAR—HM™m. RISCE
BRI REELREPHN—1EER, BRIE, RISCGERE—
MBDRYEX

-  BHAYIRISCIS SATHEIA
- REZEFESHERREHIRTE
— SXFLoad/StoreZEts
— WEfpzkizHiZiE
— BDIESFIS U TR
- EERNHESIEIC
— EEABRIKL
- MBEBINRES, RISCHAERLEIENETNTISS:
- HFRFFREN
— THEWRKEHRITER - RERDENR
- BEMURmERAR

. HPTESFIIRITEINI CPI 2RISCRABAIELE .




RISCHIESE GRS, CISCRHN—FKIESnsiH—HRIES AT
Bk, BBAAHARISCHRITIZERANERELLCISCGAER?
ExecuteTime = CPI XICXT

IC CPI T
CISC 1 2~15 33ns~5ns
RISC 1.3~14 1.1~1.4 10ns~2ns

IC : SEFFFAITEER, RISCHRYICHELCISC £30%~40%

CPI: CISC CPI—f&{E4~622]8], RISC —B&CPI =1,
Load/Store 732

T: RISCRAERLZLIZLE, 18SE5cMRIIIGELLERE
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RISCH+4=iR > CPI

- (4T
— RTh i HlIZAE
— RDIES IS U A T AIFPSE
— (FRAEERBIV
— >XFHLoad/Store
— IBESHITEETIREZ KiK.

- RiERE: +oEBEimERER




ISARIIEEIRIT: (X553 DIRETEIFSZISIIEHRIE.
RERFETEE. FECISCHIRISCRFhRE!
— CISC (Complex Instruction Set Computer)
- Bir: BiiE<II8e, RESRIESRE, LIESRSIERE
. %ZISE % HRBMERRINN, BRSKESHmFSLIN

— RISC (Reduced Instruction Set Computer)
- Bix: BUBEIESRS, AW ALNEERBIES
« TBEFR: ROoOAKERKEIER, K (LK) CPI
=Rl RIES
BRI (JESHE)
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ISARYEH

Single Accumulator (EDSAC 1950)

Accumulator + Index Registers
(Manchester Mark I, IBM 700 series 1953)

Separation of Programming Model
from Implementatlon

.......
......

High-level Language Based Concept of a Family
(B5000 1963) (IBM 360 1964)

....

LoadiStore Architecture
(C_DC 6600, Cray 1 1963-76)

Complex Instruction Sets, CI3C
(Vax, Intel 8086 1977-80)

RISC
(Mips,Sparc, IBM RS6000, . . .1987+)

VLIW

Cydra-5 1983, Multiflow 1984,
TMSC6X 1996, Intel EPIC 1997

2025-3-16
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RISC-V ISA

+ UC Berkeley i2itHISE5AXRISCIES &
- IRITES (8SEUE) - BRRISA
- %;E%MEE&?‘E?E’\J&)\EEE%U%, RIS B SF SRR
- BERBSZMRITHIHEIREES.
- BENFELIEAR, SEMZAmE IS (FPGA) | TRSKEL
(ASIC) . &E#ICH, BEERFAIA,
— MRTERIRREEEIATVERE. BiIan:
© UURISEEEIESEE, IFEELFHRITIRE:, BRATEEIRESS,
— 35 OZHYERIC, ROOERIIIEREERIEL. MBERE/RERRYEER, I
R ER M HmRS.
- EiHESEEMERERN. FRERUBINEEESERE—EREA,
HIZNAMD Am29000. Digital Alpha, Digital VAX, Hewlett Packard

PA-RISC. Intel i860. Intel i960. Motorola 88000, LAKZilog
Z38000,

- TTEHIR
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IRANER

- BISADRLERLISAHIRI &R RERS

— ISARESH BT EER, TM%H%&—?—%D?F ERATULERR, BHEE
HIMESRHESIETT. BEBTE, AJLUETIHREX.

—- VT EESOIREITENMEE, HSHF2W B H1T
— XFF32(AN64aibuE =S |E]
« BIEEFISAY B
—- BIEEES RTINS I IES
- XIEHTEKIESEN R
- BEATIRSAEEE, AT EUNEENISAY EBIN=SE
o RHMIICIRHER B RS2
« RBARERISATISBUERISARIERZR) (1BEMIZ, BAKET)

— ERIFRPNARER ZHGECO(AB)RESMRIREE, AifcEE
ML, FRFERNISARHTSEIRMIL
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RISC-V ISARY4ERS

+ 2FHIR:
}EHBSD ‘IM .I/J:\ 71: }Eﬁ 'L .I/J:\ IIJ\\ I
Eﬁ?é LA 5%, HELSHES 1%&%)
- BRIJiRjER
— BN E MRS S TV BRI T
- PSS, kB (backward) FREREM
— A PRITREL..... (El1.6)
- RREAYIE SRR
— RV32IFIRVeAIZERATISA, AT EIEINEMIFIEAISIS
- EAHEHEH, ZTH FTEEE=
— Y EF32(IFN64ANHELEZS(8] [155 [Pases | Words | Tours to read | Weeks to read

o RISC-V 236 76,702 6 0.2
° ﬁlnl%*&#{: ARM-32 | 2736 895_,032 79 1.9
x86-32 2198 | 2,186.259 182 4.5
BE1.6: ISA{QEE}NEQI-T’J?&*E[“"ﬂfﬂ‘mana d Asanovi 7a], [Waterman and Asanovi'c 2017b],
[Intel Corporation 2016], [ARM ] @mﬁﬁmﬁiﬁlﬁﬁ%@?@ 004~ SLiA, R 40/
#. Eﬂ 1710 B —i 5.

2025-3-16 85



RISC-VFERRANE

ISA base and extensions

Name Description ‘ Version ‘ Statusl/?!
Base
RV32l | Base Integer Instruction Set, 32-bit 2N Frozen
RV32E | Base Integer Instruction Set (embedded), 32-bit, 16 registers | 1.9 Open
RV641 | Base Integer Instruction Set, 64-bit 2.0 Frozen
RV128I | Base Integer Instruction Set, 128-bit 1.7 Open
Extension

M Standard Extension for Integer Multiplication and Division 2.0 Frozen
A Standard Extension for Atomic Instructions 2.0 Frozen
F Standard Extension for Single-Precision Floating-Point 2.0 Frozen
D Standard Extension for Double-Precision Floating-Point 2.0 Frozen
G Shorthand for the base and above extensions N/A N/A
Q Standard Extension for Quad-Precision Floating-Point 2.0 Frozen
L Standard Extension for Decimal Floating-Point 0.0 Open
€ Standard Extension for Compressed Instructions 2.0 Frozen
B Standard Extension for Bit Manipulation 0.92 Open
J Standard Extension for Dynamically Translated Languages 0.0 Open
i Standard Extension for Transactional Memory 0.0 Open
P Standard Extension for Packed-SIMD Instructions 0.1 Open
Vv Standard Extension for Vector Operations 0.8 Open
N Standard Extension for User-Level Interrupts 1.1 Open
H Standard Extension for Hypervisor 04 Open

a. A Frozen parts are expected to have their final feature set and to receive only clarifications before being ratified.
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32x32-bit EERIEY

1788 (x0-x31)

- x0880

- RN _EESEF
esoJLUBH

—  Ndsoftware
convention1g

ElFfr=

2025-3-16

XLEN-:1

RV32 {ME=SIRS

Register

Symbolic

:.': T name hame Description Owner
:: 32 integer registers
:: x0 Zero Always zero
E x1 ra Return address Caller
i; X2 sp Stack pointer Callee
,::: %3 gp Global pointer
::; x4 tp Thread pointer
:ii x5 t0 Temporary / alternate return address Caller
:-ii x6-7 t1-2 Temporary Caller
::; x8 s0/fp Saved register / frame pointer Callee
%19 x9 sl Saved register Callee
:;ﬁ x10-11 | a0-1 Function argument / return value Caller
:E x12-17 | a2-7 Function argument Caller
:E x18-27 |s2-11 Saved register Callee
:iﬁ x28-31 |13-6 Temporary Caller
:ﬁ 32 floating-point extension registers
::'f fo-7 ft0-7 Floating-point temporaries Caller
e XLEN . I f8-9 fs0-1 Floating-point saved registers Callee
_pc f10-11 | fa0-1 Floating-point arguments/return values | Caller
e f12-17 | fa2-7 Floating-point arguments Caller
f18-27 | fs2-11 Floating-point saved registers Callee
f28-31 | ft8-11 Floating-point temporaries Caller




RISC-V 15$4w8

| xxxxxxxxxxxxxxaa | 16-bit (aa # 11)

XXXXXXXXXXXXXXXX | XXXXXXXXxxxxbbbl1l | 32-bit (bbb # 111)

©AXXXX | XXXXXXXXXXXXXXXX | xxxxxxxxxx011111 | 48-bit

- XXXX | XXXXXXXXXXXXXXXX | xxxxxxxxx0111111 | 64-bit

- “XXXX | XXXXXXXXXXXXXXXX | xnnnxxxxx1111111 ‘ (80+16*nnn)-bit, nnn#111

CoXXXX | xxxxxxxxxxxxxxxx | x111xxxxx1111111 | Reserved for >192-bits

Byte Address: base+4 base+2 base

Tﬁ%"’"ﬁ?
- EHitis<$E (RV32) BREEERI32-bitiES (lowest two
b|tS = 1 12)

FrE RIS R AN o R e HYAR BB 1 6-DitRI 5T
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RV32! #5518

7-bit opcode field

Reg. Source 2 Destination Reg. (but low 2 bits =11,)

Additional opcode

bits/immediate
Reg. Source 1

f x

31 30 25 24 21 20 19 15 14 12 11 8 T 6 0
funct7 rs2 rsl funct3 rd opcode | R-type
imm|[11:0] rsl funct3 rd opcode | I-type
imm[11:5] rs2 rsl funct3 imm([4:0] opcode | S-type
imm[12] | imm[10:5] rs2 rsl funct3 |imm|4:1] | imm[11] | opcode | B-type
imm[31:12] rd opcode | U-type
imm|[20] imm|[10:1] imm|[11] imm[19:12] rd opcode | J-type
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31 20 19 15 14 12 11 76 0

imm|[11:0] rsl funct3 rd opcode

12 5 3 5 7
[-immediate[11:0] sTC ADDI/SLTI[U] dest OP-IMM
[-immediate[11:0] sTC ANDI/ORI/XORI  dest OP-IMM

ADDI adds the sign-extended 12-bit immediate to register rs1. Arithmetic
overflow is ignored and the result is simply the low XLEN bits of the result.

ADDI rd, rsl, 0 isusedtoimplementtheMv rd, rsl assembler
pseudo-instruction.

2025-3-16
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31 25 24 20 19 15 14 12 11 76 0
imm|[11:5] imm [4:0] rsl funct3 rd opcode
7 5] 5] 3 5] i
0000000 shamt[4:0] src SLLI dest OP-IMM
0000000 shamt[4:0] sTC SRLI dest OP-IMM
0100000 shamt[4:0] src SRAI dest OP-IMM

Shifts by a constant are encoded as a specialization of the I-type format. The
operand to be shifted isin rs1, and the shift amount is encoded in the lower
S bits of the T-immediate field. The right shift type is encoded in bit 30.

SLLI is a logical left shift (zeros are shifted into the lower bits);

SRLI is a logical right shift (zeros are shifted into the upper bits);
SRAT is an arithmetic right shift (the original sign bit is copied into the vacated

upper bits).

2025-3-16
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31 25 24 20 19 15 14 12 11 76 0

| funct? ‘ rs2 rsl | funct3 ‘ rd | opcode |
7 5 5 3 5 7
0000000 src2 srel ADD/SLT/SLTU  dest OP
0000000 src2 srcl AND/OR/XOR dest 0]
0000000 src2 srcl SLL/SRL dest OP
0100000 src2 srcl SUB/SRA dest oP

ADD performs the addition of rs1 and rs2. SUB performs the subtraction of rs2
from rs1. Overflows are ignored and the low XLEN bits of results are written to the
destination rd.

SLT and SLTU perform signed and unsigned compares respectively, writing 1 to rd if
rsl < rs2, 0 otherwise.

AND, OR, and XOR perform bitwise logical operations.

SLL, SRIL,and SRA perform logical left, logical right, and arithmetic right shifts on
the value in register rs1 by the shift amount held in the lower 5 bits of register rs2.
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31

30

21

20

19 1211

76

imm[20)]

imm[10:1]

imm|[11]

imm[19:12]

rd

opcode

Plain unconditional jumps (assembler pseudoinstruction J) are encoded as a JAL
with rd=x0.

The jump and link (JAL) instruction uses the J-type format, where the J -
immediate encodes a signed offset in multiples of 2 bytes. The offset is sign-
extended and added to the address of the jump instruction to form the jump
target address. Jumps can therefore target a =1 MiB range.

10

offset[20:1]

Position Independent!

2025-3-16
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31 20 19 15 14 12 11 ¢k 0

imm|[11:0] rsl funct3 rd opcode
12 5) 3 3] 7
offset[11:0] base 0 dest JALR

The indirect jump instruction JALR (jump and link register) uses the I-type
encoding. The target address is obtained by adding the sign-extended 12-bit
I-immediate to the register rs1, then setting the least-significant bit of the
result to zero. The address of the instruction following the jump (pc+4) is
written to register rd. Register x0 can be used as the destination if the result is
not required.

No architecturally visible delay slots!

MIPS JalSHITEIR#E SIS, REHEME
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31

30

25 24

20 19

15 14

12500

8

7

imm(12] | imm[10:5] rs2 rsl funct3 imm[4:1] | imm|[11] opcode
1 6 ) ) 3 4 1 i
offset[12]|10:5] src2  srcl  BEQ/BNE offset[11]4:1] BRANCH
offset[12|10:5] src2  srcl BLT[U] offset[11]4:1] BRANCH
offset[12[10:5] src2  srcl BGE|U] offset[11]4:1] BRANCH

The 12-bit B-immediate encodes signed offsets in multiples of 2 bytes. The
offset is sign-extended and added to the address of the branch instruction to
give the target address. The conditional branch range is =4 KiB.

Branch instructions compare two registers. BEQ and BNE take the branch if

registers rs1 and rs2 are equal or unequal respectively.

BLT and BLTU take the branch if rs1 is less than rs2, using signed and
unsigned comparison respectively.

BGE and BGEU take the branch if rs1 is greater than or equal to rs2, using

signed and unsigned comparison respectively.

2025-3-16




Integer Load/Store Instructions

31 20 19 1514 12 11 76 0
imm|[11:0] rsl ‘ funct3 | rd | opcode | |_type
12 5 3 5 7
offset[11:0] base width dest LOAD
31 25 24 20 19 1514 12 11 76 0
| imm[11:5] | rs2 rsl | funct3 | imm[4:0] | opcode | S-type
i ) ) 3 ) 7
offset[11:5] srC base width  offset[4:0] STORE

Load and store instructions transfer a value between the registers and
memory. Loads are encoded in the I-type format and stores are s-type. The
effective address is obtained by adding register rs1 to the sign-extended 12-
bit offset. Loads copy a value from memory to register rd. Stores copy the
value in register rs2 to memory.

2025-3-16 96



RV32I miB18<mE, BMER, 1SzVE IRt RAYER FRSRRET
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31 2524 2019 1514 12 11 76
imm[31:12] rd 0110111
imm[31:12] rd 0010111
imm[20[10:1]11]19:12] rd 1101111
imm([11:0] sl 000 rd 1100111
imm{[ 12|10:5] rs2 sl 000 imm[4:1|11] 1100011
imm| 12|10:5] rs2 sl 001 imm[4:1|11] 1100011
imm|[12|10:5] rs2 rsl 100 imm[4:1|11] 1100011
imm| 12|10:5] rs2 sl 101 imm[4:1|11] 1100011
imm| 12]|10:5] rs2 sl 110 imm[4:1|11] 1100011
imm|[ 12|10:5] rs2 sl 111 imm[4:1|11] 1100011
imm([11:0] sl 000 rd 0000011
imm|[11:0] sl 001 rd 0000011
imm[ 11:0] sl 010 rd 0000011
imm[ 11:0] sl 100 rd 0000011
imm|[ 11:0] sl 101 rd 0000011
imm[11:5] rs2 sl 000 imm[4:0] 0100011
imm[ 11:5] rs2 sl 001 imm{[4:0] 0100011
imm|[11:5] rs2 sl 010 imm([4:0] 0100011
imm[11:0] rsl 000 rd 0010011
imm([11:0] sl 010 rd 0010011
imm( 11:0] rsl 011 rd 0010011
imm| 11:0] sl 100 rd 0010011
imm| 11:0] sl 110 rd 0010011
imrri[ll:'l]]I sl 111 rd 0010011

U lui
U auipc
J jal

[ jalr
B beq
B bne
B blt
B bge
B bltu
B bgeu
[lb
Ilh

I lw

I lbu
[ lhu
Ssb
8 sh
S sw
I addi
I slti

I sltiu
[ xori
I ori

I andi
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3l 2524 2019 1514 1211 76 0
' 0000000 shamt rsl 001 rd | 0010011 | 1slli
0000000 shamt rsl 101 rd 0010011 | Isrli
0100000 shamt rsl 101 rd 0010011 | I srai
0000000 rs2 rsl 000 rd 0110011 R add
0100000 rs2 rsl 000 rd 0110011 R sub
0000000 rs2 rsl 001 rd 0110011 R sll
0000000 rs2 rsl 010 rd 0110011 R slt
0000000 rs2 rsl 011 rd 0110011 Rsliu
0000000 rs2 rsl 100 rd 0110011 R xor
0000000 rs2 rsl 101 rd 0110011 | Rsrl
0100000 rs2 rsl 101 rd 0110011 R sra
0000000 rs2 rsl 110 rd 0110011 R or
0000000 rs2 rsl 111 rd 0110011 R and
0000 pred suce 00000 000 00000 0001111 | I fence
Q000 Q000 0000 00000 001 Q0000 0001111 I fence.i
000000000000 00000 00 Q0000 1110011 I ecall
000000000000 00000 000 Q0000 1110011 I ebreak
CSI sl 001 rd 1110011 I csrrw
Csr rs] 010 rd 1110011 I csrrs
Csr rs] 011 rd 1110011 I csrre
CSr Zimm 101 rd 1110011 | 1 csrrwi
CSr Zimm 110 rd 1110011 | I cssrrsi
CSr Zimm 111 rd 1110011 | I csrrci
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RISC-V 15T ER

* Instruction Fetch

* Instruction Decode

 Register Fetch

« ALU Operations

« Optional Memory Operations

- Optional Register Writeback
 Calculate Next Instruction Address
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R S 2R R

« QMBEZITEILAS \tdatapathiFEIControlerﬂﬁ*‘B

EHH HTT BRI & RISk

BiTHhZ e IERRE

Maurlce Wilkes 12 TIMERIR

THORESSRIZITHAL IR RS A= HE
5 (EDSAC-II, 1958)

'_—L|HTE’JTS'Z7I<7J<$

— datapath, ZEEUE. EARNEEEEETT
— control, I=HIEEEERE LR —ZRFERE
Control
Instruction| Contral Lines | Condition?
< ool | | |4 ™
© (] a
Q | O o 4+ >
© } < >
+ Q- + %3 < B
) £ Y _
Busy? APdress Data -

Main Memory

2025-3-16

Logic: Vacuum Tubes

Main Memory: Magnetic cores
Read-Only Memory: Diode
matrix, punched metal cards, ...
Cost: Logic > RAM > ROM
Speed: ROM > RAM
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Opcode g
- N__
LeTH =
3| @ I
17 /| o
= g RegSe_ﬁ\— )
\ :L Address
% > 0
e || L o i
g N s | D
o| | Q| do
= (o). 0 )
Q & o0 of
S| E| |«
(%p]
S| L Data Out In A
I

ImmEn l RegEﬁT

Condition?

- B -BLd

AU AALUOP

>ALdél>é
A\

Busy?
=
3 2
=
¥
A
o
13| | Main
<= Memory
S
)
=

Mem

LUEN l

MIESHIFF TR
« MA:=PC means RegSel=PC; RegW=0; Regkn=1; MALd=1

2025-3-16
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Opcode o
—N__
LT L =
s |3 LR
= (a'st
£ g RegSel — Il
\ :L Address
% > 0
IE= o 9
c 2 s D
o| | Q| do
= (o). 0 )
Q & o0 of
S| |E|| |«
(%)
< LA Data Out In
I

ImmEn l RegEn i; T

Condition?

- B -BLd

AYU /(/—ALUOp

>ALde‘l>"E«
I\

Busy?
=
3 2
=
v
A
D
1S Main
<M Memory
S
Q
=

Mem

_
C
m

%

MIE<SHIF e ERRERT:
« B:=Reg[rs2] means RegSel=rs2; RegW=0; RegEn=1; BLd=1

2025-3-16
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Opcode g
- N__
LeTH =
3| @ I
17 /| o
= g RegSe_ﬁ\— )
\ :L Address
% > 0
e || L o i
g N s | D
o| | Q| do
= (o). 0 )
Q & o0 of
S| E| |«
(%p]
S| L Data Out In A
I

ImmEn l RegEﬁT

Condition?

- B -BLd

AU AALUOP

>ALdél>é
A\

Busy?
=
3 2
=
¥
A
o
13| | Main
<= Memory
S
)
=

Mem

LUEN l

i< HE R ERRRT:

« Reg[rd]:=A+B means ALUop=Add; ALUEn=1; RegSel=rd; RegW="1

2025-3-16
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Mz RTEH) CPU

/ uPC
T

Decoder

Busy?
Opcode
Condition

Microcode ROM
(holds fixed ucode
instructions)

Control Lines

Datapath

Address

Data

Main Memory

(holds user program written in macroinstructions, e.g., x86, RISC-V)

2025-3-16
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Microcoder== (1)

Instruction Fetch: MA, A:=PC
PC:=A+4
wait for memory
IR:=Mem
dispatch on opcode

ALU: A:=Reg[rs1]
B:=Reg|rs2]
Reg[rd]:=ALUOp(A,B)
goto instruction fetch

ALUI: A:=Reg(rs1]
B:=Imml //Sign-extend 12b immediate
Reg[rd]:=ALUOp(A,B)
goto instruction fetch
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Microcode =& (2)

LW: A:=Reg[rs1]
B:=Imml //Sign-extend 12b immediate
MA:=A+B
wait for memory
Reg[rd]:=Mem
goto instruction fetch
JAL: Reg[rd]:=A // Store return address
A:=A-4 // Recover original PC
B:=ImmJ // Jump-style immediate
PC:=A+B
goto instruction fetch
Branch: A:=Reg[rs1]
B:=Reg[rs2]
if {ALUOPp(A,B)) goto instruction fetch //Not taken
A:=PC //Microcode fall through if branch taken
A:=A-4
B:=ImmB// Branch-style immediate
PC:=A+B
goto instruction fetch
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¥H ROM LI AFEFRi=H]

Opcode Cond? Busy?

- u;DC n N ]
I | Voo
\ Jf ’
Address
ROM
Data
Next uPC lControI Signals

How many address bits?
|uaddress| = |uPC|+|opcode|+ 1 + 1

How many data bits?
|data| = |uPCJ+|control signals| = |[uPC| + 18
Total ROM size = 2Ivaddress|x|datal
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Address Data
uPC Opcode Cond? Busy? | Control Lines Next pyPC
fetchO X X X MA,A:=PC fetch1
fetch1 X X 1 fetch1
fetch1 X X 0 IR:=Mem fetch2
fetch2 ALU X X PC:=A+4 ALUO
fetch2 ALUI X X PC:=A+4 ALUIO
fetch2 LW X X PC:=A+4 LWO
ALUO X X X | A:=Reg[rs1] ALU1
ALU1 X X X | B:=Reg[rs2] ALU2
ALU2 X X X | Reg[rd]:=ALUOp(A,B) fetchO

2025-3-16
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R g B R SR i bl Ees A

- BVERERB 34 common steps

- BSPAI12AH

« T—FRIESHFEESFEMES (Biadispatch)
» $it 3+12*5 = 63% S Bt nPCEE6(i

- IESIRERE

| (Opcode)5 fu, BFHIES ~18MEFIES

o fsssEagA = 2(6+5+2)x(6+18)=213x24 = ~25KiB!

2025-3-16

111



Reducing Control Store Size

« Reduce ROM height (#address bits)

— Use external logic to combine input signals
— Reduce #states by grouping opcodes

« Reduce ROM width (#data bits)

— Restrict uPC encoding (next,dispatch,wait on memory,...)
— Encode control signals (vertical pcoding, nanocoding)

112



B RISC-V MFEREH3 2

Reducing Control Store Size

Opcode fetchO |uaddress| = |UPC|+|opcode|+ 1 + 1
data| = |uPC|+|control signals
Decode | | = |UPC|+] gnals |
‘ g N\ // TOtaI ROM Size = 2|“addreSS|X|data|
_ U.PC +|1
Cond2— uPCJump Address
Busy? -4 Logic ROM
Data
WPCjump lControI Signals

HUPC jump = next | spin | fetch | dispatch | ftrue | ffalse
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UPC Jump 38

« next: increments pPC
 spin : waits for memory

- fetch : jumps to start of instruction
fetch

- dispatch : jumps to start of decoded
opcode group

- ftrue/ffalse : jumps to fetch if Cond?
true/false
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iEFFEHF s ROMFRINE

Address Data
uPC Control Lines Next uPC
fetchO MA,A:=PC next
fetch1 IR:=Mem spin
fetch2 PC:=A+4 dispatch
ALUO A:=Reg|rs1] next
ALU1 B:=Reg([rs2] next
ALU2 Reg[rd]:=ALUOp(A,B) fetch
BranchO A:=Reg[rs1] next
Branch1 B:=Reg[rs2] next
Branch?2 A:=PC ffalse
Branch3 A:=A-4 next
Branch4 B:=ImmB next
Branchb PC:=A+B fetch

2025-3-16
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25 SCI

e 5
FXEFIES

Memory-memory add: M[rd] = M[rs1] + M[rs2]

Address Data

uPC Control Lines Next uPC
MMAO MA:=Reg|rs1] next
MMA1 A:=Mem spin
MMA2 MA:=Reg|rs2] next
MMA3 B:=Mem spin
MMA4 MA:=Reg|rd] next
MMADS5 Mem:=ALUOp(A,B) spin
MMAG6 fetch

SRESHEMBE AT EEIE

HES o RS RER)
RS h T A 2 E

2025-3-16

EEE, (NMIFEESHNNAER (2

R B R S L

RSl MR
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Single-Bus Datapath for Microcoded RISC-V

Opcode g Condition? Busy?
LRy R = %

5 13 8 g 3 2
ElEregel 1~ 9 53| = 3
v 1 Address G\TI < v
bb E (90 \k\ &

<< i+ — OO v
© [ u !

LsHel |z (8] R = h 43y Main
= SE,_ 17} ken e Memory
2| | E 2 / g
2 |= AN
S| LA Data Out In  ~ - |
I I z |
ImmEn l RegEn i; T ALUEni MemEni

Datapath unchanged for complex instructions!
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Bits per pInstruction

# uinstructions

IKFEMmISAYIKIFBIRY:

55

- BEHIESHES MR ERT
- BERES (189) BEROIMES

—- WA (UR(F) WS = MiESRE (SBRESRINED

- EEMRWIEBAERBIR:

S AN

A<

- BENEERMIESRE— SURBEIR
- TEHAIEEEES R RMIAHIES
- BEKIES (59) BEESHMISS

- HE (UES) W8 = MIESEE (BFRDIINED

« Nanocoding

— IKFEHESHIEERMIESNEGS

2025-3-16

Reduce ROM width (#data bits)
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Nanocoding

FIFB B R ES A R icode
55 e.q. next-state

pnaddress |
ALUO A Reg]rs1] ucode ROM

ALUIOA Regrs1] nanoaddress

nanoinstruction ROM
data

NRERRRRE

« Motorola 68000 had 17-bit pcode containing either 10-bit
pjump or 9-bit nanoinstruction pointer
— Nanoinstructions were 68 bits wide, decoded to give 196 control signals
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M30 M40 M50 M65
Datapath width (bits) 8 16 32 64
pinst width (bits) 50 52 85 87
ucode size (K pinsts) 4 4 2.75 2.75
pstore technology CCROS| TCROS BCROS| BCROS
ustore cycle (ns) 750 625 500 200
memory cycle (ns) 1500 2500 2000 750
Rental fee (SK/month) 4 7 15 35

« Only the fastest models (75 and 95) were hardwired

2025-3-16
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[ IBM Journal, January 1961]




Microcode Emulation

+ {EIEHIBM 36055121, IBMEAliEI=
ittt s SRR R IERNERTE

* Honeywell79H200Z55#N 2=zt S ELN
( “Liberator” ), 87T —LIBM 1401ER

 IBM3biHIT T RE, 79360F51ENN T vl
AIGUES, iZGHCEERILAFEIIBM 1401 ISA,
BRXH EEIIBM 700055

— 1401 E— "B REIERE650fE1138, — =T
1401 _EEHLIE{T6 502 NMNMERF

— (650721401 E4&=#0, 14017£360_L=H1)




6027 0F\RFER 2T
- ROMELDRAME Y2

— 1‘1%%%?%# (BFE) . £F (Fio=ESs) . ROM (Z
=

— ROMAIRAMIEE Z BHNERSER TIIMIEFIES

. iﬂ?ﬁ?—}éﬂ?ﬂﬁ@%, datapathflcontrollersE{@H.
EHiE
— FrAYE<S (190 floating point) ATLATEAMB SRR S

HOfE &0

— (ZBaEHEEbugES S

- ARBESHNZESCIMISARIZESEEHHER, PRAEIRE
IR 7RSS & st mstes, FIBITEIER
XEBMiEREE
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BOFACHIRIMAEHIN

y ﬁﬁzf" RARNHEREZE 7 BERINERFEHIRINES

- EESEEH ucode BB FIEFFIVERHEL
- EEEER4IRRERTHbugSUROM I REE M hse
— =>Writable Control Store (WCS) (B1700, QMachine, Intel
432, ...)
- [EEEAXHIRERBIEEANEIR, BXROMARAMEER
ERTSTTH
- ZiESMMY. FiEskE (RAM, ROM) IKAIMOS&RARESCIH
— F¥S{ARAMSROMNZEEGEEIERE
- EERESHANHSERIESTEABIBLIEE
- MEEREEEARHEHS (pipeling, caches and buffers) ,f&
1SS AN Treg-regia$SkE T INS| ]
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Writable Control Store (WCS)

o (EAHRAMICINEFHITERE
— MOS SRAMNE] L FFNiEHIFEE—RE R
. itk BLSTEEEE/DRAM ELYISEITEiERIE2-10f2
- BEHSEbugiIERFE2REEMR

— (FERAMENAIRAMIZE IR A FI TR FHI 4
— — I BRIt T User-WCSEEIR, BN EMIAIES
« User-WCS MR E
- W\ RERETLEST
— RMES R B NR/NIWCSH
— ERPRSERAIRFEHEISREURSERIISA, MEMARBLGARK
- REMWCSHFAREFMESERESH E TN Ea
— R AP RIS (R IP R EYE
— EIEEEKRAMCISESrestartablest
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VAX 11-780 Microcode

1 PAWFUD,  't600,1205) MICRO2 1F(12)  26=May=81 1435811 VAX11/780 Microcode t PCS 01, FPLA OD, WCS122 ‘age 171
) CALL2 ,Mic (600,1205) Procedure call ¢ CALLG, CALLS .
129744 JHERE FOR CALLG OR CALLS, AFTER PROBING THE EXTENT OF THE STACK
129745
129746 =0 ’.-.----------.-----..--.-------'CALL SITE FOR MPUSH
129747 CALL,7: D.Q,AND,RCI(T2), )STRIP MASK TO BITS 11=0
6557K 0 U 11F4, 0811,2035,0180,F910,0000,0CD8 129748 CALL,J/MPUSH ?PUSH REGISTERS
129749
229750 ’---------------------.---------’RETURN FROM MPUSH
3297514 CACHE.D[LONG), JPUSH PC
6557K 7763K U 11F5, 0000,003C,0180,3270,0000,134A 129752 LABLR[SP) } BY SP
129753
129754 jereecncccrancncnnasnsennennoane
6856K 0 U 134A, 0018,0000,0180,FAF0,0200,134C 129755 CALL.8t RISPI&VA_LA=K[,8) JUPDATE 8P FOR PUSH OF PC &
129756 :
2129787 jererncunccncocnanasnnnesnnannce ] .
6856K 0 U 134C, 0800,003C,0180,FA68,0000,11F8 129758 D.R(FP) JREADY TO PUSH FRAME POINTER
129799 :
0 229760 =0 o ranconccrsnnonccasnannnennsase)CALL SITE FOR PSHSP
129761 CACHE.D[LONG], )STORE FP,
129762 LAB_R(SP], ?} GET SP AGAIN
A . 129763 SC.K[.FFFO), 1=16 TO S8C
6856K 21M U 11F8, 0000,003D,6D80,3270,0084,6CD9 129764 CALL,J/PSHSP
129765
129766 jerasncnccransrenscsnccnasnssnan)
; 129767 D.R(AP], JREADY TO PUSH AP
6856K 0 U 11F9, 0800,003C,3DFr0,2E60,0000,134D 129768 Q.ID[PSL] ? AND GET PSW FOR COMBINATIO
129769 i
129770 ,-....--.-.-----..-.--.-o-------'
129771 CACHELD(LONG]), $STORE OLD AP
: J 129772 Q.0,ANDNOT,K(.1F), $CLEAR PSW<T,N,Z,V,C>
6856K 21M U 134D, 0019,2024,8DC0,3270,0000,134E 129773 LAR.R[SP) JGET SP INTO LATCHES AGAIN
‘ 129774 :

22977% jenennoncnsannsrnscacncasnnancna) )
6856K 0 U 134E, 2010,0038,0180,F909,4200,1350 129776 PC&VALRC(T1], FLUSH,IB ? LOAD NEW PC AND CLEAR OUT
129777 ]

229778 jempesrnnennnecccnsensenssansnens )
$29779 D.DAL,SC, )PSW TO D<31116>
129780 0.RCIT2), JRECOVER MASK
1297814 8C.SC+K(,3), IPUT «13 IN SC
6856K 0 U 1350, 0D10,0038,0DC0,6114,0084,9351 129782 LOAD,IB, PC.PC+! §START FETCHING SUBROUTINE I
229783
129784 jereccnccncancacnnccnnnacsacnnnre)
329785 D.DAL,.SC, JMASK AND PSW IN D<31:03>
129786 0.RCIT4), #GET LOW BITS OF OLD SP TO Q<1:0>
6886K 0 U 13%1, 0D10,0038,F5C0,F920,0084,9352 129787 SC.SC+K[,A) : JPUT =3 IN SC
: 129788

2025:3-16
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