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Open h RISC Reference Card ®

Base Integer Instructions: RV32I and RV64I RV Privileged Instructions
Category Name | Fmt RV32I Base +RV6e4I1 Category Name | Fmt RV mnemonic
Shifts Shift Left Logical| R |SLL rd,rsl,rs2 SLLW rd,rsl,rs2 Trap Mach-mode trap return| R |MRET
Shift Left Log. Imm.| I |SLLI «rd,rsl,shamt |SLLIW rd,rsl,shamt Supervisor-mode trap return| R |SRET
Shift Right Logical| R |[SRL rd,rsl,rs2 SRIW rd,rsl,rs2 Interrupt Wait for Interrupt] R [WFI
Shift Right Log. Imm.| I |[SRLI rd,rsl,shamt |SRLIW rd,rsl,shamt MMU  Virtual Memory FENCE| R |SFENCE.VMA rsl,rs2
Shift Right Arithmetic| R |SRA  rd,rsl,rs2 SRAW rd,rsl,rs2 Examples of the 60 RV Pseudoinstructions
Shift Right Arith. Imm.| I |SRAI rd,rsl,shamt |SRAIW rd,rsl,shamt Branch = 0 (BEQ rs,x0,imm)| J |BEQZ rs,imm
Arithmetic ADD| R |aDD  rd,rsl,rs2 ADDW 1rd,rsl,rs2 Jump (uses JAL x0,imm)| J |J imm
ADD Immediate| 1 |aDDI rd,rsl,imm ADDIW rd,rsl,imm MoVe (uses aApDI rd,rs,0)| R |MV rd,rs
SUBtract| R [SUB  rd,rsl,rs2 SUBW rd,rsl,rs2 RETUMm (uses JALR x0,0,ra)| I |RET
Load Upper Imm| U |LUI  rd,imm Optional Compressed (16-bit) Instruction Extension: RV32C
Add Upper Imm to PC[{ U [AUIPC rd,imm Category Name | Fmt RVC RISC-V equivalent
Logical XOR | R |XOR rd,rsl,rs2 Loads Load Word| CL |C.LW rd’,rsl’,imm |LW rd’,rsl’,imm*4
XOR Immediate| I |XORI rd,rsl,imm Load Word SP| CI |C.LWSP rd, imm LW rd, sp, imm* 4
OR| R |OR rd,rsl,rs2 Float Load Word SP| CL |C.FLW rd’,rsl’,imm |FLW rd’,rsl’,imm*8
OR Immediate| I |[ORI rd,rsl, imm Float Load Word| CI [C.FLWSP rd,imm FLW rd,sp,imm*8
AND| R |AND rd,rsl,rs2 Float Load Double| CL |C.FLD rd’,rsl’,imm FLD rd’,rsl’,imm*16
AND Immediate| I |ANDI rd,rsl,imm Float Load Double SP| CI |C.FLDSP rd,imm FLD rd,sp, imm*16
Compare Set<| R [sLT rd,rsl,rs2 Stores Store Word | CS |C.sW rsl’,rs2’,imm |SW rsl’,rs2’,imm*4
Set < Immediate| I |SLTI rd,rsl,imm Store Word SP| CSS |C.8WSP  rs2,imm SW rs2,sp,imm*4
Set < Unsigned| R |SLTU rd,rsl,rs2 Float Store Word| CS |C.FsSW rsl’,rs2’,imm |FSW 1rsl’,rs2’,imm*8
Set < Imm Unsigned| [ |SLTIU rd,rsl,imm Float Store Word SP| CSS |C.FSWSP rs2,imm FSW rs2,sp,imm*8
Branches Branch=| B |BEQ rsl,rs2,imm Float Store Double| CS [C.FSD rsl’,rs2’,imm |FSD rsl’,rs2’,imm*16
Branch #| B |BNE rsl,rs2,imm Float Store Double SP| CSS |C.FSDSP rs2,imm FSD rs2,sp,imm*16
Branch <| B [BLT rsl,rs2,imm Arithmetic ADD| CR |[c.mDD rd,rsl ADD rd,rd,rsl
Branch 2| B |BGE ral,rs2,imm ADD Immediate| CI (C.ADDI rd,imm ADDI rd,rd,imm
Branch < Unsigned| B |BLTU rsl,rs2,imm ADD SP Imm * 16| CI [C.ADDI165P x0,imm ADDI sp,sp,imm*16
Branch = Unsigned| B |BGEU rsl,rs2,imm ADD SPImm * 4| CIW |C.ADDI4SPN rd',imm ADDI 1rd',sp,imm*4
Jump & Link JaL| J |JaL rd,imm suB| CR |c.suB rd,rsl SUB rd,rd,rsl
Jump & Link Register| I |JALR rd,rsl,imm AND| CR |c.anD rd,rsl AND rd,rd,rsl
Synch Synchthread | 1 |FENCE AND Immediate| CI |C.ANDI rd,imm ANDI rd,rd,imm
Synch Instr & Data| I |FENCE.I ORrR| CR |Cc.OR rd,rsl OR rd,rd, rsl
Environment CALL| I [EcaLL eXclusive OR| CR |C.XOR rd,rsl AND rd,rd,rsl
BREAK| [ |EBREAK MoVe| CR |C.MV rd,rsl ADD rd,rsl,x0
Load Immediate| CI [c.LI rd,imm ADDI rd,x0,imm
Control Status Register (CSR) Load Upper Imm| CI |Cc.LUI rd,imm LUI rd, imm
Read/Write| I |CSRRW rd,csr,rs1 |SHifts Shit Leit Imm| CI |C.SLLI rd,imm SLLI rd,rd,imm
Read & Set Bit| I [CSRRS rd,csr,rsl Shift Right Ari. Imm.| CI |C.SRAI rd,imm SRAT rd,rd,imm
Read & Clear Bit| I |CSRRC rd,csr,rsl Shift Right Log. Imm.| CI |C.8RLI rd,imm SRLI rd,rd,imm
Read/Write Imm| I |CSRRWI rd,csr,imm |Branches Branch=0| CB |c.BEQZ rsl’,imm BEQ rsl',x0,imm
Read & Set Bit Imm| I |CSRRSI rd,csr,imm Branch#0| CB |C.BNEZ rsl’,imm ENE rsl',x0,imm
Read & Clear Bit Inm| I |CSRRCI rd,csr,imm |[Jump Jump| CJ [c.a imm JAL  x0,imm
Jump Register| CR [c.Jr rd,rsl JALR x0,rsl,0
Jump & Link J&L| CJ [c.JaL imm JAL ra,imm
Loads Load Byte| T [LB rd,rsl, imm Jump & Link Register| CR |c.JaLr rsl JALR ra,rsl,0
Load Halfword| | |Lm rd,rsl,imm |System Env. BREAK| CI |c.EBREAK EBREAK
Load Byte Unsigned| I [LBU rd,rsl,imm +RV641 Optional Compressed Extention: RV64C
Load Half Unsigned| I |LHU rd,rsl,imm LWU rd,rsl,imm All RV32C (except c.JaL, 4 word loads, 4 word strores) plus:
Load Word| I |1LW rd,rsl,imm |LD rd,rsl, imm ADD Word (c.apow) Load Doubleword (c.nD)
Stores Store Byte | S |sB rsl,rs2,imm ADD Imm. Word (C.appiw) Load Doubleword SP (C.LDSF)
Store Halfword| S |sH rsl,rs2,imm SUBtract Word (c.suBw) Store Doubleword (c.sD)
Store Word| S |sW rsl,rs2,imm |SD rsl,rs2,imm Store Doubleword SP (C.SDSF)
32-bit Instruction Formats 16-bit (RVC) Instruction Formats
31 27 26 25 24 0 19 15 14 12 11 7 6 0 14 13 12 11109 8 7 6 5 4 3 2 1 0
R funct7 | 182 sl functd rd opcode CR funetd rd rsl ] op
I imm[11:0] sl functd rd opeode cI funct3 | imm rd;r'rsl imm op
s imm|[11:5] ] 532 rsl funet3d imm|[4:0] opcode €SS | funct3 imm a2 op
B imm[12]10:5] | 52 151 funetd | imm[4:1]11] opcode CIW ; inm rd’ op
v imm|[31:12] rd opeode cL imm rsl’ imnm rd’ op
imm[20]10:1[11]19:12] rd opcode funct3 imm sl imm =2 op
] cs funct3 offset rsl’ offset op
S:JB funct3 jump target op

RISC-V Integer Base (RV321/641). privileged. and optional RV32/64C. Registers x1-x31 and the PC are 32 bits wide in RV32I and 64 in
RV64I (20=0). RV64I adds 12 instructions for the wider data. Every 16-bit RVC instruction maps to an existing 32-bit RISC-V instruction.
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Optional Multiply-Divide Instruction Extension: RVM

Optional Vector Extension: RVV

Category Name | Fmt RV32M (Multiply-Divide) +RVE4M Name| Fmt RV32V/Re4V
Multiply MULtiply| R |MUL rd,rsl,rs2 MULW rd,rsl,rs2 ||SET Vector Len.| R |SETVL  rd,rsl
MULtiply High| R |MULH rd,rsl,rs2 MULtiply High| R |VMULH rd,rsl,rs2
MULtiply High Sign/Uns| R |MULHSU rd,rsl,rs2 REMainder| R |[VREM rd,rsl,rs2
MULtiply High Uns| R |MULHU rd,rsl,rs2 Shift Left Log.| R |VSLL rd,rsl,rs2
Divide DIvide| R |DIv rd,rsl,rs2 DIVW rd,rsl,rs2 | Shift Right Log.| R |VSRL rd,rsl,rs2
DIVide Unsigned| R |pIvu rd,rsl,rs2 Shift R. Arith.| R |vsra rd,rsl,rs2
Remainder REMainder| R |REM rd,rsl,rs2 REMW rd,rsl,rs2 LoaD| I |VLD rd,rsl,imm
REMainder Unsigned| R [REMU rd,rsl,rs2 REMUW rd,rsl,rs2 LoaD Strided| R (vLDs rd,rsl,rs2
Optional Atomic Instruction Extension: RVA LoaD indeXed| R |VLDX rd,rsl,rs2
Category Name | Fmt RV32A (Atomic) +RV64A STore| S |[vsT rd,rsl,imm
Load Load Reserved | R |IR.W rd,rsl LR.D rd,rsl STore Strided| R |vsTs rd,rsl,rs2
Store  Store Conditional| R [sc.wW rd,rsl,rs2 sC.D rd,rsl,rs2 STore indeXed| R |vsTX rd,rsl,rs2
Swap SWAP| R |BMOSWAP.W rd,rsl,rs2 AMOSWAP.D rd,rsl,rs2 AMO SWAP| R |AMOSWAP rd,rsl,rs2
Add ADD| R |aMoADD.W rd,rsl,rs2 AMOADD .D rd,rsl,rs2 AMO ADD| R |aMOADD rd,rsl,rs2
Logical XOR | R |AMOXOR.W rd,rsl,rs2 BMOXOR.D rd,rsl,rs2 AMO XOR| R |aMOXOR 1rd,rsl,rs2
AND| R |BMOAND.W rd,rsl,rs2 AMOAND.D rd,rsl,rs2 AMO AND| R |aMOAMD 1rd,rsl,rs2
OR| R [AMOOR.W rd,rsl,rs2 AMOOR.D rd,rsl,rs2 AMO OR| R |aMOOR rd,rsl,rs2
Min/Max MINimum| R |AMOMIN.W rd,rsl,rs2 AMOMIN.D rd,rsl,rs2 | AMO MINimum| R |AMOMIN rd,rsl,rs2
MAXimum| R |AMOMAX.W rd,rsl,rs2 BMOMAX .D rd,rsl,rs2 || AMO MAXimum| R |AMOMAX &rd,rsl,rs2
MINimum Unsigned| R [AMOMINU.W rd,rsl,rs2 AMOMINU.D rd,rsl,rs2 Predicate =| R |VPEQ rd,rsl,rs2
MAXimum Unsigned| R |AMOMAXU.W rd,rsl,rs2 AMOMAXU.D rd,rsl,rs2 Predicate #| R |VPNE rd,rsl,rs2
Two Optional Floating-Point Instruction Extensions: RVF & RVD Predicate <| R |VPLT rd,rsl,rs2
Category Name | Fmt RV32{F|D} (SP,DF Fl. Pt.) +RV64{F|D} Predicate =| R |VPGE rd,rsl,rs2
Move Move from Integer| R |FMV.W.X rd,rsl FMV.D.X rd,rsl Predicate AND| R |VERND rd,rsl,rs2
Move to Integer| R |FMV.X.W rd,rsl FMV.X.D rd, rsl Pred. AND NOT| R |VPAMDN rd,rsl,rs2
Convert ConVerT from Int| R |FCVT.{S[D}.W rd,rsl FCVT.{S[D}.L rd,rsl Predicate OR| R |vPOR rd,rsl,rs2
ConVerT from Int Unsigned| R |FCVT.{S|D}.WU rd,rsl FCVT.{S|D}.1U rd,rsl Predicate XOR| R |VPXOR rd,rsl,rs2
ConVerT to Int| R |FCVT.W.{S|D} rd,rsl FCVT.L.{S|D} rd,rsl Predicate NOT| R |vPNOT rd,rsl
ConVerT to Int Unsigned | R |FCVT.WU.{S|D} rd,rsl FCVT.LU.{S|D} rd,rsl Pred. SWAP| R |VPSWAP rd,rsl
Load Load| I |FL{W,D} rd,rsl,imm Calling Convention MOVe| R |VMOV rd,rsl
Store Store| S |FS{W,D} rsl,rs2,imm Register |ABI Nameg| Saver ConVerT| R |vcvT rd,rsl
|Arithmetic ADD| R |FaDD.{S|D} «rd,rsl,rs2 %0 zero - ADD| R [vmDD rd,rsl,rs2
SuBtract| R |FSUB.{S|D} rd,rsl,rs2 el ra Caller SUBtract| R |vsue rd,rsl,rs2
MULtiply| R |FMUL.{S|D} rd,rsl,rs2 x2 sp Callee| MULtiply| R |vMUL rd,rsl,rs2
Dlvide| R |FDIV.{S|D} «rd,rsl,rs2 x3 ap -— DIVide| R |vDIv rd,rsl,rs2
SQuare RooT| R |FSQRT.{S|D} rd,rsl x4 tp === SQuare RooT| R |VSQRT rd,rsl,rs2
Mul-Add Multiply-ADD| R |FMADD.{S|D} rd,rsl,rs2,rs3 x5-7 t0-2 |Caller| Multiply-ADD| R |VFMADD rd,rsl,rs2,rs3
Multiply-SUBtract| R |FMSUB.{S|D} rd,rsl,rs2,rs3 %8 s0/fp |Callee Multiply-SUB| R |VFMSUB rd,rsl,rs2,rs3
Negative Multiply-SUBtract| R |FNMSUB.{S|D} rd,rsl,rs2,rs3 %9 sl Callee| Neg. Mul.-SUB| R |VFNMSUB rd,rsl,rs2,rs3
Negative Multiply-ADD| R |FNMMADD.{S|D} rd,rsl,rs2,rs3 x10-11 a0-1 |Caller| Neg. Mul.-ADD| R |VFMMADD rd,rsl,rs2,rs3
|Sign Inject SiGN source| R |FSGNJ.{S|D} rd,rsl,rs2 x12-17 az-7 |Caller SiGN inJect| R [vsGNJ rd,rsl,rs2
Negative SiGN source| R |FSGHMJN.{S|D} rd,rsl,rs2 x18-27 s2-11 |Callee|Neg SiGN inJect| R |VSGHNJN rd,rsl,rs2
Xor SiGN source| R |FSGHJX.{S|D} rd,rsl,rs2 x28-31 t3-t6 |Caller| Xor SiGN inJect| R |VSGNJX rd,rsl,rs2
Min/Max MINimum| R |FMIN.{S|D} rd,rsl,rs2 £0-7 £t0-7 |Caller MINimum| R |vMIN rd,rsl,rs2
MAXimum| R |FMAX.{S|D} rd,rsl,rs2 f8-9 fs0-1 |Callee MAXimum| R |VMAX rd,rsl,rs2
Compare compare Float =] R [FEQ.{S|D} rd,rsl,rs2 £10-11 fa0-1 |Caller XOR| R |VXOR rd,rsl,rs2
compare Float <| R |FLT.{S|D} rd,rsl,rs2 f12-17 fa2-7 |Caller OR | R |vOR rd,rsl,rs2
compare Float | R |FLE.{S|D} rd,rsl,rs2 £18-27 fs2-11 |Calleg| AND| R |VAND rd,rsl,rs2
Categorize CLASSIfy type| R |FCLASS.{S|D} rd,rsl £28-31 ££8-11 |Caller CLASS| R |vcrass rd,rsl
Configure Read Status| R |FRCSR rd zero Hardwired zero || SET Data Conf.| R |VSETDCFG rd,rsl
Read Rounding Mode| R |FRRM rd ra Return address EXTRACT| R |VEXTRACT rd,rsl,rs2
Read Flags| R |FRFLAGS rd sp Stack pointer MERGE| R |VMERGE rd,rsl,rs2
Swap Status Reg| R |FSCSR rd,rsl ap Global pointer SELECT| R |VSELECT rd,rsl,rs2
Swap Rounding Mode| R |FSRM rd,rsl tp Thread pointer
Swap Flags| R |FSFLAGS rd,rsl t0-0,ft0-7 |Temporaries
Swap Rounding Mode Imm| I |FSRMI rd, imm s0-11,£s0-11|Saved registers
Swap Flags Imm| [ |FSFLAGSI rd, imm a0-7,fa0-7 |Function args

RISC-V calling convention and five optional extensions: 8 RV32M: 11 RV32A. 34 floating-point instructions each for 32- and 64-bit data (RV32F,
RV32D); and 53 RV32V. Using regex notation, {} means set, so FADD. {F| D} is both FADD. F and FADD. D. RV32{F|D} adds registers £0-£31,
whose width matches the widest precision, and a floating-point control and status register fcsr. RV32V adds vector registers v0-v31, vector
predicate registers vp 0-vp7, and vector length register v1. RV64 adds a few instructions: RVM gets 4, RVA 11, RVF 6, RVD 6, and RVV 0.
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r +H/Fu ¥ ¥ (Leonardo da Vinci)
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0
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12 x86 D Y D A x86 1978 80 ©° [ 2015 %, 160"
[21338 9~ F Ao, G A2015 RS
3600 D [Rodgers and Uhlig 2017T x86 D [~ 1978 |
2015 Hp~ W OA b} M MY DA i
T e W Ne 4wx8ISAW ¢ SIMD B A
The AL register is the default source and destination.
If the low 4-bits of AL register are > 9,
or the auxiliary carry flag AF = 1,
Then
Add 6 to low 4-bits of AL and discard overflow
Increment the high byte of AL
Carry flag CF = 1
Auxiliary carry flag AF = 1
Else
CF = AF = 0
Upper 4-bits of AL = 0|
1.3 x86-32 ASCII Adjust after Additior™ 888~ D A yn L M L - BCD”
- H AT Ax86 s:za 3 5~ Ne# i
b~ d0R™ & b~ sou™ b~ 836°A 6T M 3 D" v U =
b 1.6%" 4/256"A
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1 Apl= [em Zilogl [
| ¢ 80861 | owr o lTereg r
I e Foooor 1 8086 REGrE 0 32
i 0 € r64 r F 0 I 80186,80286 i386] 4861 Pentiumd *
n H Fbr

[ | Stephen P. Morse, 8086 [Morse 2017]
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w v A
1.4  SiFive v 8 RISC-V A H RISCV ~ a v
A FE310  w 2.65mml2.72mn" SiFive ¥ 2.89mmTI2.72mmA W 1846 FE310
1866 SiFive v " 3712 A
G ISA Y ISA A
[ RISC-V ISA ARM-32 ISA A ev” g
~ 16KiB~ RISC-V Rocket ~ TSMC40GPLUS™ ARM-
32 Cortex A5 A RISC-V 0.27mm? ARM-32
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Vv @ @ ISAA
Y 4 ARM-32 ISA W e D
1001Bd0A 307 ~2872¢" O#-
D n  LoaD Multiple, Increment-Address, on EQualA 5 Y Q" 6
@ TP EQ b B A - Q" PC 3 )
Ne A b
{ T 4B w 1 o3 bl
[ Ao~ x86-32 Wa enter D~ D "Wae - Ve T
W D" 2 ~A H i x86-32 D 9 '
VAA+ OAY # 47
Upa oAy 6Ay # L
B v Y
" A T YN w e '
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MEANDA IE1010000EE MEDD GOOID  MIEQTHG
4da®ae 1 ISA” @ D G ISAp Ty
v ) b) ~ CPI’ A
b CoreMark [Gal-On, Levy 2012] 100000 2 [ ARM-32
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32 n i v S a 29 2.10"A
b wua . J @ W@ v~ T w TPy
3b - ’ w Ao W " ARM-32 i T W ISA
Load Multiple oA ° 9"y 10 Py v D
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RISC-V RV32GC RISC-V RV32G ARM Thumb2 ARM-32 INTEL x86-32
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15 RV32G' ARM-3Z7 x86-32 RV32C Thumb-2 A HaISA Yy 19 W
A - a GCC SPEC CPU2006 % AL RV32C ~ Thumb-2 9
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W RV32IMAFDA [Waterman 2016]
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0 A
ISA Pages Words | Hpurs to read | Weeks to read
RISC-V 236 76,702 6 0.2
ARM-32 2736 895,032 79 1.9
x86-32 2198 | 2,186,259 182 4.5
1.6 ISA Y [Waterman and Asanovi'c 2017a] [Waterman and Asanovi'c 2017b]’

[Intel Corporation 2016] [ARM Ltd. 2014]A Ne 200ey ~ 40
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RV32i

Integer Computation Loads and Stores

add . . byte

add diat 5

{imme ia e} igd} halfword

subtract store word

and

ox immediate load {gyTe unsigned
{egcusive E}{i } = halfword [=

Eh?ﬂ L,eﬂ l°€!i°a' = Miscellaneous instructions
shift zight arithmetic immediate} fence loads & stores

shift right 1ogical fence.instruction & data
load upper immediate

— — N . k
add upper immediate to pe Enwronment{%}

set 1ess than {T : }J’C . } read & clear bit
- - immediate/ | unsigned f control status registef read & set bit {T , ;
Control transfer Tead & Erite immediat

branch/ egual I}

not equa
branch Jareater than or equall f_
- less than unsigned
jump and link /-
JHmp 2nd 2 Eegis1er}
2.1 RV32l o A " 7% c [ v RV32l DA~} - T
t @ o b A T W% _ b’ @ 3 Wa o
Ao~ %t g Y WEe D' 8y6 ba ¢pa dyds bpai EpasA
31 30 25 24 21 20 19 1514 1211 8 7 6 0
| funct7 | rs2 | rsl | Tunci3 | rd | opcode | R-type |
| imm[11:0] | rsl | funct3 | rd [ opcode | I-type |
| imm[11:3] | rs2 | rs] | funci3 | imm[4:0] | opcode | S-type |
[imm[12] | imm[10:5] | rs2 | 151 | 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
2.2 RISC-V B A 4 vT B ~ b D T 8~
(imm[x]) @ A W 3 L Dg | b A A

G Waterman  Asanovi'c 2017 22°A
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U lui
U auipc
Jjal

I jalr

B beq
B bne
B blt

B bge
B bltu
B bgeu
I'lb
I'lh

I lw

I 'lbu

I 'lhu
Ssh
Ssh
Ssw

I addi

I slti

I sltiu

I xori

I ori

I andi

I slli

I srli

I srai

R add
R sub
R sll

R slt
Rsltu

R xor
R srl

R sra
Ror

R and

| fence
| fence.i
I ecall

| ebreak
I csrrw
I csrrs

I csrre
I csrrwi
I cssrrsi
I csrrci

G [Waterman and

31 2524 2019 1514 1211 76

imm[31:12] rd 0110111
imm[31:12] rd 0010111
imm[20]10:1]11|19:12] rd 1101111
imm[11:0] rsl 000 rd 1100111
imm([12|10:5] rs2 rsl 000 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 001 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 100 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 101 imm[4:1|11] 1100011
imm[12]10:5] rs2 rsl 110 imm[4:1]11] 1100011
imm[12]10:5] rs2 rsl 111 imm[4:1]11] 1100011
imm[11:0] rsl 000 rd 0000011
imm[11:0] rsl 001 rd 0000011
imm[11:0] rsl 010 rd 0000011
imm[11:0] rsl 100 rd 0000011
imm[11:0] rsl 101 rd 0000011
imm[11:5] rs2 rsl 000 imm[4:0] 0100011
imm[11:5] rs2 rsl 001 imm[4:0] 0100011
imm[11:5] rs2 rsl 010 imm[4:0] 0100011
imm[11:0] rsl 000 rd 0010011
imm[11:0] rsl 010 rd 0010011
imm[11:0] rsl 011 rd 0010011
imm[11:0] rsl 100 rd 0010011
imm[11:0] rsl 110 rd 0010011
imm[11:0] rsl 111 rd 0010011
0000000 shamt rsl 001 rd 0010011
0000000 shamt rsl 101 rd 0010011
0100000 shamt rsl 101 rd 0010011
0000000 rs2 rsl 000 rd 0110011
0100000 rs2 rsl 000 rd 0110011
0000000 rs2 rsl 001 rd 0110011
0000000 rs2 rsl 010 rd 0110011
0000000 rs2 rsl 011 rd 0110011
0000000 rs2 rsl 100 rd 0110011
0000000 rs2 rsl 101 rd 0110011
0100000 rs2 rsl 101 rd 0110011
0000000 rs2 rsl 110 rd 0110011
0000000 rs2 rs1 111 rd 0110011
0000 pred succ 00000 000 00000 0001111
0000 0000 0000 00000 001 00000 0001111
000000000000 00000 00 00000 1110011
000000000000 00000 000 00000 1110011
csr rsl 001 rd 1110011
csr rsl 010 rd 1110011
csr rsl 011 rd 1110011
csr zimm 101 rd 1110011
csr zimm 110 rd 1110011
csr zimm 111 rd 1110011

2.3 Rv32l 5 b - b A

Asanovi'c 2017] 19.2K
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31 0
x0 / zero Hardwired zero
x1 / ra Return address
x2 / sp Stack pointer
x3 / gp Global pointer
x4 / tp Thread pointer
xb / t0 Temporary
x6 / tl Temporary
x7 / t2 Temporary
x8 / s0 / fp Saved register, frame pointer
x9 / s1 Saved register
x10 / a0 Function argument, return value
111 / al Function argument, return value
x12 / a2 Function argument
x13 / a3 Function argument
x14 / a4 Function argument
x15 / ab Function argument
xl6 / a6 Function argument
x17 / a7 Function argument
x18 / s2 Saved register
x19 / =3 Saved register
x20 / s& Saved register
x21 / sb Saved register
x22 / s6 Saved register
x23 / sT7 Saved register
x24 / =8 Saved register
x26 / =9 Saved register
x26 / s10 Saved register
x27 / sii Saved register
x28 / t3 Temporary
x29 / t4 Temporary
x30 / tb Temporary
x31 / té Temporary
32
31 0
= \
2
24 Rv32l A 3 3 RISC-V TN “spogp tp fpT G
® s0-s11" % ~ 10-t6” A~ 6 [Waterman and Asanovi'c 2017] 2.1

20.1"A
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void insertion_sort(long all], size_t n)

{

for (size_t i
long x = alil;

=1, j; 1 <mn; i++) {

for (j =1i; j > 0 & alj-1]1 > x; j--) {
aljl = alj-11;
}
aljl = x;
}
}
25:C - A i, - nY: ¢
b a a - a a A gee VY
h e q A n Y ) vy eh n A
ISA ARM-32 | ARM Thumb-2 | MIPS-32 | microMIPS | x86-32 | RV32[ | RV32[+RVC
Instructions 19 18 24 24 20 19 19
Bytes 76 46 96 56 45 76 52
26: ~ b o b) yi o A 7 w: ARM Thumb-2,
microMIPSY f Rv32C o A
Hb H RISC-Va p 1/0 b 'Ex86-32® ~ a in ins
insb” insw out out outsb b) I/OA w v * RISC-V ey
06 b "Ex86-32 2 rep movs coms scas lods 16
Y D A
29 a - RV32IT ARM-3Z2° MIPS-32 x86-32 O
! 2 RISC-V o - b ARM-32 MIPS-32 x86-32
A b A W A 25 v
% 11 C - A 26 Wa ~ e [b ISA ~
~ D A
28 211 v 7 Rv32I' ARM-32° MIPS-32  x86-32
q A i ¥ RISC-V a D~ Fb 0
A o T RISC-V a Ne 9 ARM-32 x86-32T
Yo~ % oW DA
2.10

Qi

o 1 &&George Santayana, 1905

Xl & v
L

A

inCH Y
[

]



33

274 1 T #elSA s [ D T 3
[ v VI RV32l A v b RISC-V
2)3#6 N Ve ‘ ISAAH ::7 RV32IC RISC-I [Patterson
08:803ApY q;fo_roilg? 20071 - A d (
’ . 328
. D 4 328
. 3la n 328 7 0 Y
. b HoC [ b b~
v U v - Ty O \
. y B o v D
- ‘ )
R LW - + 4 ~  PC Ne
. é D
. We 97 ¢ 4 v B~ v 328 [ 7
H D
RISC-V ¥ T ISA R NeH W (72 NeH W e b Y
Y Santayana 4SS HfF o T P b b -
~ RISC-I © T As  RISC-V W - D
5 Y oF . w D 0 A
,1y6C 0y
A3N€E L
‘ @  ERv32l FEF K
i & | w " - £y W P . 5 T
i A i T+ ) £ )
: v 2 D~ v IBM360 44 ~  Digital Equipment microVAXARV32l b
2y H G p 7 RV32I T o " e RaGT
: D D~ RV32I D A - RISC-V  ISA
"y r Tensilica Xtensa’ Fu - A D 80 DA ¢
D) W ow D" Yv | At Tensilica
Xtensa  ~ RV32IT i ISA T 6468 T
L L3, ) A

2.11

Lindy effect, 2017. URL https://en.wikipedia.org/wiki/Lindy_effect.

T. Chen and D. A. Patterson. RISC-V genealogy. Technical Report UCB/EECS-2016-6, EECS
Department, University of California, Berkeley, Jan 2016. URL
http:/Avww?2.eecs.berkeley.edu/Pubs/TechRpts/2016/EECS-2016-6.html.

W. Hohl and C. Hinds. ARM Assembly Language: Fundamentals and Techniques. CRC
Press, 2016.

K. R. Irvine. Assembly language for x86 processors. Prentice Hall, 2014.



34

D. Patterson. How close is RISC-V to RISC-1?, 2017.

A. Waterman and K. Asanovi ¢, editors. The RISC-V Instruction Set Manual, Volume I:
User-Level ISA, Version 2.2. May 2017. URL https:/riscv.org/specifications/.

http://parlab.eecs.berkeley.edu



35

RV32l (2011)
ARM-32 (1986) MIPS-32 (1986) x86-32 (1978) 0
& &€ |8B Yyl 168 8B 216P
b a ba’
e e
(RV32M)
a ‘4 a x0 £
P D a [ aw G 0a
a |’ Dy D N
b 9 ¥ (enter/leave)a ~ aw
~ push/pop™ a 9 a
/ 5T (push/pop) a ) a
B a P
) oY1
Da Db
aa |V
B o
B b
Ne D a b Ne D a a W D]
P a b DT P a @ i
DT~ I ) T 7 " b a 1]
a Ha "a DA
P b avw @ ab
@ ( W load @
4 aPC W ab D]
@ T° 1
B
a A
" b
¥ ~aPC
b
[ PCE No D a b Ne D
Ne W Q- Load DO a aload DO
" é a (AX,CX,DX, a
HI' LO Dl1,SI
) ~
b} D b}
, 32bit O | 32bit b) b) b 32B o +168
(Thumb-2 b | (microMIPS b b “r | Rv32C
U W oa uwae ISA) Waea b
ISA)
G / . 15 o - 15a@ 3le a
o ab o T 0b a
ab abw ab PC
ab a a
W bW
a 4y
T
2.7 RISC-V C D T &6 A ) ISAI n, LA
T ¥ #alSA Ne A T ne # ) -
Y€ u 7 z Tr b N F o A



36

# RV32I (19 instructions, 76 bytes, or 52 bytes with RVC)
# al is n, a3 points to al[0], a4 is i, ab is j, a6 is x
0: 00450693 addi a3,al,4 # a3 is pointer to alil
4: 00100713 addi a4,x0,1 #1i=1
Outer Loop:
8: 00b76463 bltu ad,al,l10 # if i < n, jump to Continue Outer loop
Exit Outer Loop:
c: 00008067 jalr x0,x1,0 # return from function
Continue Outer Loop:
10: 0006a803 1w a6,0(a3) # x = alil
14: 00068613 addi a2,a3,0 # a2 is pointer to alj]
18: 00070793 addi ab,a4,0 #j=1
Inner Loop:

ic: ffc62883 1w a7,-4(a2) # a7 = al[j-1]

20: 01185a63 bge a6,a7,34 # if a[j-1] <= ali], jump to Exit Inner Loop
24: 01162023 sw a7,0(a2) # aljl = alj-1]

28: ff£f78793 addi ab.,ab5,-1 # j--

2c: ffc60613 addi a2,a2,-4 # decrement a2 to point to alj]

30: fe0796e3 bmne ab,x0,1c # if j != 0, jump to Inner Loop

Exit Inner Loop:
34: 00279793 slli ab,ab,0x2 # multiply ab by 4
38: 00f507b3 add ab,al,ab # ab is now byte address oi alj]
3c: 0107a023 sw a6,0(a5) # aljl = x
40: 00170713 addi ad,ad,1 # i++
44: 00468693 addi a3,a3,4 #
48: fclffl6f jal x0,8 #

increment a3 to point to alil
jump to Outer Loop

28 ~ RV32I9 25 AVME L - " ME L n
- D~ Yi ARV32INe Ha Y afj] afj-1]A Rv32l
T TW®  ABI G P Abirisab © v G vI[p

A | G x86-327 P g RvV32C o~ & - I x 9 A

RV32IT W Ne 5 31 ARM-32  x86-32 2 DA
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# ARM-32 (19 instructiomns, 76 bytes; or 18 insns/46 bytes with Thumb-2)

# r0
0:

4:
8:
c:

10:

points to al0], rl is n, r2 is j, r3

23a03001
21530001
e1a0c000
212fffle
292d4030

mov
cmp
mov

Outer Loop:

14:
18:
1c:

e5bcd004
e1a02003
elalel0c

ldr
mov
mov

Inner Loop:

20:
24:
28:
2c:
30:
34:
Exit
38:
3c:
40:
44
48:

eb1e5004
e1550004
da000002
e2522001
e40e5004 str
lafffff9 bne
Inner Loop:

€2833001 add
1530001 cmp
e7804102 str
3afffff2 bece
e8bd8030 pop

ldr
cmp
ble

bxcs
push

subs

r3, #1

r3, ri

ip, r0

1r

{r4, r5, 1r}

r4, [ip, #4]1!
r2, r3
1r, ip

r5, [lr, #-4]
r5, rd

38

r2, r2, #1
r5, [1r], #-4
20

r3, r3, #1
r3, ri

rd,
14
{r4, r5, pc}

[x0, r2, 1s1 #2]

#

H O H

H H B

HOoH O H H H

H # H H

is i, rd is x

i=1

i vs. n (unnecessary?)

ip = al0]

don’t let return address change ISAs
save r4, rb, return address

x = al[i]
j=1
1r =

rb =

; increment ip

alj-11

compare al[j-1] vs. x
if alj-1l<=alil, jump to Exit Inmer Loop

j__
aljl =

i++
ivs. n
aljl = x

if i < n, jump to Outer Loop

alj-11
if j != 0, jump to Inner Loop

al0] (using 1lr as scratch reg)

restore r4, r5, and return address

ARM-327 AVE L

29 25T -~
” D~ a
* ARM-32 Ha vG |
A 6 Ne
BG | woA o a

A
T

G

W "A a W

€1
(U]
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# MIPS-32 (24 instructions, 96 bytes, or 56 bytes with microMIPS)
# al is n, a3 is pointer to al0], v0 is j, vl is i, t0 is x

0: 24860004 addiu a2,al.4 # a2 is pointer to alil
4: 24030001 1i vi,1 #1=1
Outer Loop:
8: 0065102b sltu vO,vli,al # set onl1 < n
c: 14400003 bnez v0,l1c # if i<n, jump to Continue Outer Loop
10: 00c03825 move a3,a2 # a3 is pointer to alj] (slot filled)
14: 03e00008 jr ra # return from function
18: 00000000 nop # branch delay slot unfilled
Continue Outer Loop:
1c: B8cc80000 1w t0,0(a2) # x = alil
20: 00601025 move vO,vl # =1
Inner Loop:
24: Bce9fffc lw tl,-4(a3) # tl1 = alj-1]
28: 00000000 nop # load delay slot unfilled
2c: 0109502a slt t2,t0,t1 # set alil < alj-1]
30: 11400005 begz t2,48 # if alj-1]<=alil, jump to Exit Inner Loop
34: 00000000 nop # branch delay slot unfilled
38: 2442ffff addiu v0,v0,-1 # j--
3c: ace90000 sw t1,0(a3) # aljl = alj-1]
40: 1440fff8 bnez v0,24 # if j !'= 0, jump to Inner Loop
44: 24e7fffc addiu a3,a3,-4 # decr. a2 to point to alj]l (slot filled)
Exit Inner Loop:
48: 00021080 s11  vO0O,v0,0x2 #
4c: 00821021 addu v0,a0,v0 # v0 now byte address oi al[j]
50: ac480000 sw t0,0(v0) # aljl = x
54: 24630001 addiu vi,v1l,1 # i++
58: 1000ffeb b 8 # jump to Outer Loop
bc: 24c60004 addiu a2,a2,4 # incr. a2 to point to alil (slot filled)
210 25T ~ MIPS-32y AVE L B VE L n
) AMIPS-32q T 2: nop D~ v AH e G
Ne " s e G v A ( D) H A Ne 3301
Y wub Ne vbwy T D v Ao ~ 5¢c ] )
addiu” W N¢ Ne D©H A
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# x86-32 (20 instructions, 45 bytes)
# eax is j, ecx is x, edx is i
# pointer to a[0] is in memory at address esp+Oxc, n is in memory at esp+0x10

0: 56 push esi # save esi on stack (esi needed below)
1: b3 push ebx # save ebx on stack (ebx needed below)
2: ba 01 00 00 00 mov edx,Oxl #1i=1
7: 8b 4c 24 Oc mov ecx, [esp+0xc] # ecx is pointer to al0]
Outer Loop:
b: 3b 54 24 10 cmp edx, [esp+0x10] # compare i vs. n
£: 73 19 jae 2a <Exit Loop> # if 1 >= n, jump to Exit Outer Loop
11: 8b 1c 91 mov ebx, [ecx+edx*4] # x = ali]
14: 89 dO mov eax,edx #j=1
Inner Loop:
16: 8b 74 81 fc mov esi,[ecxteax*4-0x4] # esi = a[j-1]
la: 39 de cmp esi,ebx # compare a[j-1] vs. x
1c: Te 06 jle 24 <Exit Loop> # if al[j-1]<=alil, jump Exit Inner Loop
le: 89 34 81 mov [ecx+eax*4],esi # aljl = alj-1]
21: 48 dec eax # j--
22: 75 f2 jne 16 <Inner Loop> # if j !'= 0, jump to Immner Loop
Exit Inner Loop:
24: 89 1c 81 mov [ecx+eax*4],ebx # aljl = x
27: 42 inc edx # oi++
28: eb el jmp b <0Outer Loop> # jump to Outer Loop
Exit Outer Loop:
2a: bb pPop ebx # restore old value of ebx from stack
2b: Be pop esi # restore old value of esi from stack
2c: c3 ret # return from function
211 25T -~ x86-329 AME L R | ME L |
- D~ A ¢ ¥ x86-32 H @ G T vB
F Ha L a A - RV32IT™ vy Ne | Hef ~n a[0]
- G o T A a n i ¢ [l On A
20 x32-86 T 7@ 7 Wea H ~ a ¢ a | ¥ x86-32 A
Axg86 He * Intel / Microsoft AT T/LinuxA 1 g * Ne
v b ° Y b RISC-V ARM-32 MIPS-32 b v A
AT T b tby T f 6 b Los: %A 6 W'
- 3 b H s M Te A AF - W B~

" r Ha LA
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R RISC-V

0 Ly . i 3 v

Ivan Sutherland
lvan Sutherland

I 1938-d e
1962 1 2
Sketchpad
i “
A
Sketchpad 7} 31
Q7
3.1 vl C wooy 3 @ T A
W p = ke b T RISC-V P T b
i A
"v\‘- \ A
P
= ;’ C program C
t foo.c
Compiller
Assembly program
foo.s
Assembler
L Object (machine language module) Library (machine language module) £
r € foo.o lib.o r e
Linker
Executable (machine language program) | ~ L
a.out |
Loader r €
31C C A9 ' A L %Ng T v oo
vy A a = Unix ) 3 7 Ne# MS-DOS T
VI3 0/ 8%A
32 P ~ Calling convention™
P Now 6@ [Patterson and Hennessy 2017]A
1. «a gle [ B
2. [P B "~ a RvV32 B8 o~
3. op o - G ’
4. P T D’
5. v O [ B = v o
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6. P B "~ a a4 9°A
w3 T b p T p 3 ®
G I W b A
RISC-V [HNnT ' b T
3+ 6 ANT " e P Tb6  No
g v~ T s W t w H Ab'P i
P P WP A We P - a i TonT oy o
T bwl ¥ spillingk [ p TAr G i -
v G b T b " b A
P Ti H AG a =~ P F vbi’
H A X a =~ B TbG AP w G v v
X 3 P D @ 3b G - 13 so¢
X A ci W v G 1 P F & bi-
¢ U o A 321 Fx RISC-V
w L o~ ABI T T G A
6 X H K
Register | ABI Name | Description Preserved across call?
x0 zero Hard-wired zero 0 —
x1 ra Return address No
x2 sp Stack pointer Yes
x3 gp Global pointer 'H —
x4 tp Thread pointer —
xb t0 Temporary/alternate link register w No /
x6-7 t1-2 Temporaries Y No
x8 s0/fp Saved register/frame pointer H Yes /
x9 s1 Saved register H Yes
x10-11 | a0-1 Function arguments/return values* | i No / W
x12-17 | a2-7 Function arguments *  { No
x18-27 | s2-11 Saved registers  H Yes
x28-31 | t3-6 Temporaries Y No
f0-7 ft0-7 FP temporaries Y No
£8-9 fs0-1 FP saved registers H Yes
f10-11 | fa0-1 FP arguments/return values [ w No
£12-17 | fa2-7 FP arguments i No
£18-27 | fs2-11 FP saved registers H Yes
£28-31 | ft8-11 FP temporaries " No
3.2RRISC-V ' A Risc-v v b” i
Ty a ABI Ne b G A k b 3 wr
G (O TR ¢ G LA 5 A
6 [Waterman and Asanovitc 2017] 201K
ABl % RV32I® ~“o Fo Al P '
entry_label:
addi sp,sp,-framesize # Allocate space for stack frame fsp €4
# by adjusting stack pointer (sp register)
sw ra,framesize-4(sp) # Save return address (ra register) B rra c

# save other registers to stack if needed
. # body of the function *
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# restore registers from stack if needed ‘|
lv ra,framesize-4(sp) # Restore return address register

addi sp,sp, framesize # De-allocate space for stack frame
ret # Return to calling point
l v [a ABl Wae® TP @ i Ne
W’ A
@M EH W e MF K
W RVREDSW 7 16@ - RISC-V' & 11 ~ 7 g
X0 [ x1588W NG W Nox @ p AT G
X v, 16 pARVI2E “p ¢ RV32IbY ~ |
A
3.3
Unix T W ~ YVAw D~ SppvA MS-DOS T 3
VI3—A
31T b b D" 0 - W
’ " ' 9 Q A D
D P2 " 4T nA 33 341 FJRISC-VN o | T
x0 w0 T: Aoyl [ ret f WeN B9
w  1diacéa o o ) 3.37°A RISC-VN bpu g x0A ~
W@ Ww 0Boe of | "~ jump™a S return"@ 6 0
branchonequaltozero™ | | buN b~ . RISCV o A
354 T C Hello World * b) 361 Ta =~ 32
33134 N DA
W ~ assemble directives™A 1l R
o\ B a Ta o b A 39
RISC-V At T 36T | '
. vacd T 9 A
. Vdlgoy st o 22 A
. VolpAl Gidey n “ I mainLA
. VABOdmpy vapodEs " v
. Vhdleoy € 4 A
. VAsagyo . (Oilp' YAbY. y A
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Pseudoinstruction Base Instruction(s) Meaning
nop addi x0, x0, O No operation
neg rd, rs sub rd, x0, rs Two’s complement
negw rd, rs subw rd, x0, rs Twao’s complement word
snez rd, rs sltu rd, x0, rs Set if # zero 0
sltz rd, rs slt rd, rs, x0 Set if < zero 7
sgtz rd, rs slt rd, x0, rs Set if > zero 1
beqz rs, offset beq rs, x0, offset Branch if = zero e 0
bnez rs, offset bne rs, x0, offset Branch if # zero 0
blez rs, offset bge x0, rs, offset Branch if < zero 1
bgez rs, offset bge rs, x0, offset Branch if > zero 1
bltz rs, offset blt rs, x0, offset Branch if < zero 1
bgtz rs, offset blt x0, rs, offset Branch if > zero 1
j offset jal x0, offset Jump
jr rs jalr x0, rs, O Jump register
ret jalr x0, x1, O Return from subroutine n
tail offset ?:;Ecxg?’ng,fizzs[zi;:ﬁ]: 0] Tail call far-away subroutine
rdinstret[h] rd c¢srrs rd, instret[h], x0 Read instructions-retired counter
rdcycle[h] rd csrrs rd, cycle[h], %0 Read cycle counter
rdtime[h] rd csrrs rd, time[h], xO Read real-time clock
csrr rd, csr csrrs rd, csr, x0 Read CSR CSR
CSIW CSTr, IS csrrw x0, csr, rs Write CSR CSR
CSIrs ¢SsIr, IS csrrs x0, csr, rs Set bits in CSR gSR
csrc csr, IS csrrc x0, csr, rs Clear bits in CSR CSR
csrwi csr, imm csrrwi x0, csr, imm Write CSR, immediate
csrsi csr, imm csrrsi x0, csr, imm Set bits in CSR, immediate
csrci csr, imm csrrci x0, csr, imm Clear bits in CSR, immediate
frcsr rd csrrs rd, fcsr, x0 Read FP control/status register
fscsr rs csrrw x0, fcsr, rs Write FP control/status register
frrm rd csrrs rd, frm, x0 Read FP rounding mode
fsrm rs csrrw x0, frm, rs Write FP rounding mode
frflags rd csrrs rd, fflags, x0 Read FP exception flags
fsflags rs csrrw x0, fflags, rs Write FP exception flags
33w 6 x0 RISC-VN bA A 3 ' RISC-V N 1 D A
"0 648 D Ov 32B~ ¢TI ht 0 32BA

Asanovitc 2017] 20.2 20.3K
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T n n M
Pseudoinstruction Base Instruction(s) Meaning
auipe rd, symbol[31:12] ] #
1lla rd, bol Load local address 0
& rd, symbo addi rd, rd, symbol[11:0] ad focatade
PIC: auipc rd, GOT[symbol][31:12] &
U
la rd, symbol 1{wld} rd, rd, GOT[symbol]l[11:0] Load address
Non-PIC: Same as 11a rd, symbol
auipc rd, symbol[31:12] A
1{blh|lwld} rd bol Load global 0 H
{blnfwld} rd, symbo 1{blhlwld} rd, symbol[11:0](xd) 0dce
auipc rt, symbol[31:12]
blhlwld} rd bol, rt Store global YH
s{olhlwld} rd, symbol, Tt = v 101} rd, symbol[11:0](rt) ore g
auipc rt, symbol[31:12] . . ] .
fl{wld} rd bol, rt Floating-point load global 6 :
{wld} rd, symbol, r f1{w|d} rd, symbol[11:0] (rt) oatng-pe e 0 H
auipc rt, symbol[31:12] SO, ) .
fs{w|d} rd, symbol, rt fs{wld} rd, symbol[11:0](rt) Floating-point store global _Y H
1i rd, immediate Mpyriad sequences Load immediate U]
mv rd, rs addi rd, rs, O Copy register o +
not rd, rs xori rd, rs, -1 One’s complement v
sext.w rd, rs addiw rd, rs, 0 Sign extend word
seqz rd, rs sltiu rd, rs, 1 Set if = zero €0 r
fmv.s rd, rs fsgnj.s rd, rs, rs Copy single-precision register ‘I“4
fabs.s rd, rs fsgnjx.s rd, rs, rs Single-precision absolute value Y oW
fneg.s rd, rs fsgnjn.s rd, rs, rs Single-precision negate \ .V
fov.d rd, rs fsgnj.d rd, rs, rs Copy double-precision register | T U
fabs.d rd, rs fsgnjx.d rd, rs, rs Double-precision absolute va]uel? . W
fneg.d rd, rs fsgnjn.d rd, rs, rs Double-precision negate 0 0
bgt rs, rt, offset blt rt, rs, offset Branch if > n
ble rs, rt, offset bge rt, rs, offset Branch if < non
bgtu rs, rt, offset bltu rt, rs, offset Branch if >, unsigned ’ 1
bleu rs, rt, offset bgeu rt, rs, offset Branch if <, unsigned ’ N7
jal offset jal x1, offset Jump and link
jalr rs jalr x1, rs, O Jump and link register
auipc x1, offset[31:12] .
11 offset Call far-away subroutine
calt orise jalr x1, x1, offset[11:0] Y !
fence fence iorw, iorw Fence on all memory and /O 'Y 1/0
fscsr rd, rs csrrw rd, fcsr, rs Swap FP control/status register, FP /
fsrm rd, rs csrrw rd, frm, rs Swap FP rounding mode . FP 1
fsflags rd, rs csrrw rd, fflags, rs Swap FP exception flags . FP 4
34bu 6 x0 RISC-VN DA la o® ~ GOTn n Z “  Global Offset
Table™ * T - A A” & " RISC-V N b o A

6 [Waterman and Asanovitc 2017] 20.2 20.3K

#include <stdio.h>
int main()

{
printf ("Hello, J%s\n", "world");
return 0;

35C Hello World I

o
=

ipvo™r
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.text # Directive: enter text section E v
.align 2 # Directive: align code to 272 bytes E 272 v
.globl main # Directive: declare global symbol main E H main
main: # label for start of main main
addi sp,sp,-16 # allocate stack frame d
SW ra,12(sp) # save return address Y
lui a0,%hi(stringl) # compute address of stringl
addi a0,a0,%lo(stringl) # stringl
lui ail,%hi(string2) # compute address of string2
addi al,al,%lo(string2) # string2
call printf # call function printf printf*
lw ra,12(sp) # restore return address
addi sp,sp,16 # deallocate stack frame
1i a0,0 # load return value O i} W
ret # return
.section .rodata # Directive: enter read-only data section E §~
.balign 4 # Directive: align data section to 4 bytes E 4
stringl: # label for first string Ty Y
.string "Hello, %s!\n" # Directive: null-terminated string E
string2: # label for second string €y 4
.string "world" # Directive: null-terminated string E
3.6 RISC-V Hello World +60ipvA~ A
00000000 <main>:
0: ££f010113 addi sp,sp,-16
4: 00112623 sw ra,12(sp)
8: 00000537 1lui a0,0x0
c: 00050513 mv a0,a0
10: 000005b7 lui al1,0x0
14: 00058593 mv al,al
18: 00000097 auipc ra,0x0
1c: 000080e7 jalr ra
20: 00c12083 1w ra,12(sp)
24: 01010113 addi sp,sp,16
28: 00000513 1i a0,0
2c: 00008067 ret
3.7RISC-V Helloworld ~ ~ +6iipp"AB 8 1c E 9 w o
"HA p " A
3.4
"H Ne » il * N » b
n n A | N 0 L
A @ G W oHW A ) D" jump and
link™ T NoA i link editor” 31T W ’
W A Unix T ~ b Vo T F OpAF b’ MS-
DOST ~ » 4 .OBJ .LIB F 8% o A
3.10 vWel RISC-V Ne 9 p v -
) DT “aHb T A e T Fr
i w ~ PIC” b v v APICT D pp
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bt n B 2 “ RV32I PC-relative branch” Y
G PICA
2 D7 @ p ~ Wwe - U= T v A
ch PTT = A A3.6'|,' H @ ~ Raasyon  AsasyosT  H @ 9
Gdsy  yasyad” A 6 Ya 32 OT Wa 328 -
RV32I W@ H DA 3.6 ' (A
3668 1 OAsyO  1d0aA 3.8 v 37T ) *
dpA: o A
000101b0 <main>:
101b0: ff010113 addi sp,sp,-16
101b4: 00112623 sw  ra,12(sp)
101b8: 00021537 lui a0,0x21
101bc: al050513 addi a0,a0,-1520 # 20al10 <stringl>
101c0: 000215b7 lui al,0x21
101c4: alch8593 addi al,al,-1508 # 20alc <string2>
101c8: 288000ef jal ra,10450 <printf>
101cc: 00c12083 1w  ra,12(sp)
101d0: 01010113 addi sp,sp,16
101d4: 00000513 1i a0,0
101d8: 00008067 ret
38 RISC-V HelloWorld A Unix T~ D SYpAIA
RISC-V @ ABl i r 6_6 F D ARV32  ABI Ne#
w ilp3Z ilp32f ilp32dAilp32 C T oint™ ~ long” pointer”
328" 7 v D a A lip32T~ a To
ilp32f T~ a TD ilp32d T~ ¥ a 3
TP A
- TP a - ISA v F D ~
5 ~A RV32I 5 ~ GCC -march=rv32i™ a ilp32 ABI' GCC
-mabi=lib32~ A { - b D W a -
RV32IFD b ilp3Z ilp32f ilp32d 1 A
ABI Yy A - ABI ISA
LT g ey 3 A "W
"W A T 0 by 7 H v }
bl A LW 3 W S
0 A
® E I linker relaxation€
i 5" jumpand link® T 208 - U [
B A ¥ o@ [ d U H, D Rt W
:UAL H o[ W n. Y - W s 9
H D] 4w A v B B H N
Y w i [ BP TA @ ) Y - G
i A = H = G oy N2KiB o * RISC-V
3wva Wan ~luiauipcH DA & N2KiB p
T 3 3 A




Directive Description
.text Subsequent items are stored in the text section (machine code). v r v g
.data Subsequent items are stored in the data section (global variables). rv 6 ¢
bss Subsequent items are stored in the bss section (global variables initial- |bss [V e0 H b ¢
’ ized to 0).
.section .foo Subsequent items are stored in the section named . foo. < .foo r
alien n Align the next datum on a 2"-byte boundary. For example, .align 2 2n r .align2
-atign aligns the next value on a word boundary.
Align the next datum on a n-byte boundary. For example. .balign 4 i
.balign n e Y Y P g n r .balign4
aligns the next value on a word boundary.
.globl sym Declare that label sym is global and may be referenced from other files. sym ©H I~ n
.string "str" Store the string str in memory and null-terminate it. Yy str fY | r
.byte bl,..., bn Store the n 8-bit quantities in successive bytes of memory. Y X Y ny 8 r
.half wi,...,wn Store the n 16-bit quantities in successive memory halfwords. Yo oX Y ny 16« r
.word wil,...,wn Store the n 32-bit quantities in successive memory words. Y X Y ny 32: r
.dword wl,...,wn Store the n 64-bit quantities in successive memory doublewords. Y X Y ny 64, r
Store the n single-precision floating-point numbers in successive mem- |
.float f1,..., fn slep &P YoX Y nyH
ory words.
Store the n double-precision floating-point numbers in successive | -
.double di,..., dn ! &1 \ Y ny b
memory doublewords. ]
.option rvc Compress subsequent instructions (see Chapter[7). 4 nr T
.option norvc Don’t compress subsequent instructions. £ nr
.option relax Allow linker relaxations for subsequent instructions. ® I linker relaxation€y
.option norelax Don’t allow linker relaxations for subsequent instructions. Fo r
.option pic Subsequent instructions are position-independent code. For fw r
.option nopic Subsequent instructions are position-dependent code. For iw r
Push the current setting of all . options to a stack. so that a subsequent i fi
.option push . . - P ’ 4 -optien nor
.option pop will restore their value.
0 ion stack. restoring all . ions ir setting a i po ;
.option pop Pop the option sF ack. restoring all . options to their setting at the time | X 2p fi .option r
of the last .option push.
3.9 RISC-V A
sp = bfff fffOpey S
Dynamic data
Static data
1000 0000pex
Text
pc = 0001 0000phey
0
3.10 RV32l 4 N p A T - v A RISCV » T
~ AY" € OXDbffffffo Vl, ’ 9 £ 0x00010000 v ’ a
M- e?® T X € 0x10000000 ’ - M- C T
malloc)® Nao ~ 2t i O A
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3.5 B
EW ~ static linking” v s 2
v A v e [ @ TwMNN p As
S da k =bug L o wa a bug
A
W3, _ HG@ a ~ dynamic linking™ Lad
W Wy A a ~ fast linking™ 7w
W A N W 2 As
@ a v we" 9 p T wy W A
* 0| | s Al b H G~ b
= War 272 D £  stubfunction”A P vep T Ve T
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B ) A
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The Hardware Software Interface. Morgan Kaufmann, 2017.

TIS Committee. Tool interface standard (TIS) executable and linking format (ELF)
specification version 1.2. TIS Committee, 1995.

A. Waterman and K. Asanovikc, editors. The RISC-V Instruction Set Manual, Volume I: User-
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[ o N "~ William of Occam 1320
4.1
RV32M RV32IT v = & DA 41 RV32M D
T421F R b A
v ATy 7! ‘
M
m
m
RV32M i ~ ~ 9" divide(div) divide unsigned(divu) I
~ A "y 0 b RV32M ¢
remainder(rem)  remainder unsigned(remuy 1 Q"9 ~ b A
mu ltiply
multiply high < 4nsigned
signed unsigned
{divide } {— . }
—_— unsigned
remainder =
41 RV32M o
31 25 24 20 19 15 14 12 11 7 6 0
0000001 rs2 sl 000 rd 0110011 R mul
0000001 rs2 sl 001 rd 0110011 R mulh
0000001 rs2 sl 010 rd 0110011 R mulhsu
0000001 rs2 sl 011 rd 0110011 R mulhu
0000001 rs2 sl 100 rd 0110011 R div
0000001 rs2 sl 101 rd 0110011 R divu
0000001 rs2 sl 110 rd 0110011 R rem
0000001 rs2 rsl 111 rd 0110011 R remu
42 RV32M b ’ D] b T o 1 ~ [Waterman and

>i’

Asanovic 2017] 19.2
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X X
W Y & & A He 328 e |
648 & Au= [We *  §4B ~ RISC-VT @8 Aﬂ“”"'ﬂ“"“e |2
o A [ 328 & " 648 T v 328" mul DA [ 328~ a2=16(2) M Alis
b " mulh o’ b " mulhu o dedn L
W e “ Wa “*7 Y mulhsu DA W DT 64 Q" Ha 32 r
B bwa o i Y RvVa2Mm H & D [ W@
648 A
- bA |F - w2 - |
Ty O 0 AR - &Y 3p Pk 328 Ty
Wi Ao ~ 43 2 3y ~ 0 A
# Compute unsigned division of a0 by 3 using multiplication.
0: aaaab2b7 lui t0,0xaaaab # t0 = Oxaaaaaaab
4: aab28293 addi t0,t0,-1365 # ="~ 232/ 1.5
8: 025535b3 mulhu al,a0,t0 #al =~ (a0 / 1.5)
c: 00154593 srli al,al,0x1 # al = (a0 / 3)
43 RV32MT & Y D 9 A G Kv n v INe ~
61 TIT k W A Yi®¥ o p k
[Granlund and Montgomery 1994]T~ y [ A
e @
) . ik PoC
Hb H . Y ° ARM-32: & DA [ W ARM i *
20 " 2005 D ¥ ARM NeA MIPS-32 3 !
" HI LO"bwué D W A Vo MIPS
TP * Dya & 7wy
AHI LO 3v v Y Ky ©® A
® E GAI+AA K
& “F 8 T OAFAAT 8 1 NA & -
TBTL & v - R - B T8 A
) & v 15%A
@® E 7 y
W 7 bHFY " O 6 fGAC 9 ARV32b w
W b trap  u woof e T 7Y
A Ty b A
@ E UAl+  OAIFA™ 1l % 2
UAI+A w Tt g OUAl - by FA s OAl+
T B b OA “BY S d OAl W UAl+ w 0 QA

Y UAl+ wME L ffffffff 1 4  QAl - bw FA
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4.2
¢ i P - . . e
I I C. Gordan Bell
vy 7 L RISC-V T8 ~ RISC-V We”
@ %o W NeRV32MA RISC-V ’ RV32MA
4.3

T. Granlund and P. L. Montgomery. Division by invariant integers using multiplication. In ACM
SIGPLAN Notices, volume 29, pages 61172. ACM, 1994.

A. Waterman and K. Asanovi ¢, editors. The RISC-V Instruction Set Manual, Volume |: User-
Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.

http://parlab.eecs.berkeley.edu
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w
RV32F RV32DE Y 0
Antoine de Saint ) owkx “ma T F LS | I ® Lr r
Exupfi ery, LA Avion I I Antoine de Saint Exupdery, LéAvion, 1940
I 1900-1944€
¥ [
5.1
RV32F RV32D Ne ~ 9 h D) Tro ’ W A
W oW T s M ) i " 328 648" DA
510 Wae RV32F RV32D o) A 521 % RV32F b
531 ¥ 3, RV32D b A M i1 9 ISAW ~ RISC-V  IEEE 754-2008
%[IEEE %o  w 2008]A
5.2
RV32F RV32Da 32a f b X Aa H h
A ‘ b @ RISC-V b9 T \ ' Na H
&2 Ty Aa H RISC-V D
h v v D ¥ O f v ¥ D G
x f H D A 541 F3 RV32D RV32F i RISC-V
ABI A
RV32F  RV32D M a f T v 32
BAL RV32IT x0b ~ fOF [ o i1 3le f
W T Wae T A
IEEE 754-2008 %o ! 33 ~ - "6 Q
v A % f ~ “ E ~ RNE'A -~ Y
L 50Aa A 55 v 00Ad L Fu T A ’ %o
A
. Hb H ARM-32  MIPS-32 32a 3 P 7  16ef
MIPS A A Hel [ 1 " H \ Ax86-32
Johri(li\ll.?(shgy | K v . a q A 80 B .
MIPS ISA X
I
® E RV32FD ¢ n i
Y Y me W ) ~ Ty 7 A
foAaTa ° ~ A ~ buw 9 Waea -

0800VA 0da” G40 0as aac "
A
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328 648 D w8k ¢ O "1 H Ax8632 Wa
v 8aD 64 8 vi b DAL RV32FD MIPS-32b ~ ARM-
32  x86-32 2 H - DA W _ A
o o p T icp v iy A
RV32F and RV32D
Floating-Point Computation Load and Store
add load | [word
subract Eloat {StOFE}{Eoubleword}
multiply =
float< diwvide |ng|e} Conversion
= . doubl _single
Square rook £loat conyert to {_ } from _ word {unagned}
minimum
maximum £loat convert to . word {ung ned}from{ slngle}
¢ double

single
£float {negmwe}multlpIH btrac1}{ doub\e} £Eloat conyert to _ single from _ double

. . float convert to . double froh . single
float move to . single from .x register - - - - — —

Other instructions

£loat sign injection negative {ﬁlngle‘ﬁ}
Comparison exclusive or .. doubl

eguals . £loat o1 ify /- single
compare float {less than {img\e } classiy double
s

. doubl
less than or equal = SOUDIE

£float move to .x register from . single

51 RV32F RV32D ) A

5.3 v - U D
¢ Rvng VF\”V32D' RISC-V H v D“Aéﬂ = 660 H O o° GAC f .
0AG™ AT I ic AC D A v %o T D ! K K Fl
" 0800 68006 GAARVA GAARVG GUIAME GUANG Gosak Gos6™ RV32F  Rv32D F T "':V32F
’ "~ GhAawA oAAaw6™ o9 A u 3 v v D" dteyA dleyvd m o
BLIBEVE 6BC6™ ° © ba Ne D W b T
v v Q- A
~ o & - é v A W D A ‘
"RISCV 13 5 6® He D é & v 0LBGOR 5LIBO6VO”
P BUAARVE GUAARGT fre BT P (o} A ¥
e b HIf & O By UIB66VE 8y 1366Y6" 6y GAARE 6y GIAARIGA
’ & -v D a & 1w D % ~ 3 Toow 7”
v H T T W A & T w D: T uH T Q & H
v H A " o W D 4@ * w R4A 52 53
v R4 R bai A
RV32F RV32D L N Do L3y o- H @
W w1 0O 60AK 60AG GiaVR G0av6 GIOVE GIOVOA
" D©D'H Ne D D ) Ne Ao~ |
Eda ~ ¢ Ne [ %Cod
008 CH 00 os ) WEGS :+ éhaw : éhaa

fiyo ¢ ¢éa %éra éh, as [ %Caa
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31 27 26 2524 2019 1514 1211 76 0
imm[11:0] rsl 010 rd 000011
imm[11:5] rs2 rsl 010 imm[4:0] | 010011
rs3 00 rs2 rsl rm rd 100001
rs3 00 rs2 rsl rm rd 100011
rs3 00 rs2 rsl rm rd 100101
rs3 00 rs2 rsl rm rd 100111
0000000 rs2 rsl rm rd 101001
0000100 rs2 rsl rm rd 101001
0001000 rs2 rsl rm rd 101001
0001100 rs2 rsl rm rd 101001
0001100 00000 rsl rm rd 101001
0010000 rs2 rsl 000 rd 101001
0010000 rs2 rsl 001 rd 101001
0010000 rs2 rsl 010 rd 101001
0010100 rs2 rsl 000 rd 101001
0010100 rs2 rsl 001 rd 101001
1100000 00000 rsl rm rd 101001
1100000 00001 rsl rm rd 101001
1110000 00000 rsl 000 rd 101001
1010000 rs2 rsl 010 rd 101001
1010000 rs2 rsl 001 rd 101001
1010000 rs2 rsl 000 rd 101001
1110000 00000 rsl 001 rd 101001
1101000 00000 rsl rm rd 101001
1101000 00001 rsl rm rd 101001
1111000 00000 rsl 000 rd 101001
52 RV32F b % D T A bW
VIS G " FHe D 126 0 § 6ig D 258w 0 nw

RV32D T HeaP 4w I @ [Watermanand Asanovic 2017] 19.2°A

| flw

S fsw

R4

R4

R4

R4

R fadd.s
R fsub.s
R fmul.s
R fdiv.s

R fsart.s
R fsani.s
R fsanin.s
R fsanix.s
R fmin.s
R fmax.s
R fcvt.w.s
R

R fmv.x.w
R feq.s

R flt.s

R fle.s

R fclass.s
R fevt.s.w
R

R fmv.w.x
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31 27 26 2524 2019 1514 1211 76 0
imm[11:0] rsl 011 rd 000011 | I fid

imm[11:5] rs2 rsl 011 imm[4:0] | 010011 | S fsd

rs3 01 rs2 rsl rm rd 100001 | R4

rs3 01 rs2 rsl m rd 100011 | R4

rs3 01 rs2 rsl rm rd 100101 | R4

rs3 01 rs2 rsl m rd 100111 | R4
0000001 rs2 rsl rm rd 101001 | R fadd.d
0000101 rs2 rsl rm rd 101001 | R fsub.d
0001001 rs2 rsl rm rd 101001 | R fmul.d
0001101 rs2 rsl m rd 101001 | R fdiv.d
0001101 00000 rsl rm rd 101001 | R fsart.d
0010001 rs2 rsl 000 rd 101001 | R fsanj.d
0010001 rs2 rsl 001 rd 101001 | R fsgnin.d
0010001 rs2 rsl 010 rd 101001 | R fsanjx.d
0010101 rs2 rsl 000 rd 101001 | R fmin.d
0010101 rs2 rsl 001 rd 101001 | R fmax.d
0100000 00001 rsl rm rd 101001 | R fevt.s.d
0100001 00000 rsl rm rd 101001 | R fevt.d.s
1010001 Rs2 rsl 010 rd 101001 | R feq.d
1010001 rs2 rsl 001 rd 101001 | R flt.d
1010001 rs2 rsl 000 rd 101001 | R fled
1110001 00000 rsl 001 rd 101001 | R fclass.d
1100001 00000 rsl rm rd 101001 | R fevt.w.d
1100001 00001 rsl rm rd 101001 | R
1101001 00000 rsl rm rd 101001 | R fmv.d.w
1101001 00001 rsl rm rd 101001 | R

53 RV32D b % D R T A He T % 159 b, .
b A7 joaivlvdo  80adVA DY 7 3 W fugeC  sugcCé. o
® & [Waterman and Asanovic 2017] 19.2°A
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63 32 31 0
03 s fdo FP Temporary
0o s B FP Temporary
05 s 6dn FP Temporary
0e s fae FP Temporary
0é s §ae FP Temporary
oh s 0ah FP Temporary
0r s 6ar FP Temporary
0e s dae FP Temporary
is s 6Aa FP Saved register
8i s oA FP Saved register
0o s 603 FP Function argument, return value
Oroto S 610 FP Function argument, return value
0ios1 S 005 FP Function argument
e s 6oe FP Function argument
0né s joé FP Function argument
0ioh s 96h FP Function argument
or s 6or FP Function argument
e s 60e FP Function argument
ds s GAs FP Saved register
Boi s oAe FP Saved register
iaa s ohé FP Saved register
G50 S GAR FP Saved register
s s 0AF FP Saved register
e s ohe FP Saved register
iaé s 6As FP Saved register
Gaafy s 6AN FP Saved register
§ar s 6Ana FP Saved register
dsie s GAwn FP Saved register
0s1s s das FP Temporary
01 s 0di FP Temporary
0ea s fana FP Temporary
0et S dari FP Temporary
32 32
54 RV32F RV32D A U 3 Raefl T ° WAA 3
3 RISC-V ¢ - L FP & ® fa0-fa7~ FPG " fs0-

fs11~ FP x © ft0-ft11” A~ 6 [Waterman and Asanovic 2017] 20.1"A
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31 87 5 4 3 1 0
Reserved Rounding Mode (frm) | Accrued Exceptions (fflags)
NV [ DZ [ OF | UF | NX
24 3 1 1 1
5.5 L A G -~ A - : E ~t gaaT
ree 000~ ; "t ortZ 001" ; W b "7 rdn 0107 ; ¥t b " rup 0117 ;¥ i
v " rmnm’ 1000A e ;" ) Y K v
o't F p" NV b ;DZ Y ;OF : UF n ;NX b
“ 6 [Waterman andAsanovic 2017] 8.2"A
‘ From
To ‘ 32b sigﬁ‘ued 32b unsigned | 32b floating | 64b floating
integer (w) integer (wu) point (s) point (d)
32b signed integer (w) - - fevt.w.s fevt.w.d
32b unsigned integer (wu) - - fecvt.wu.s | fcvt.wu.d
32b floating point (s) fevt.s.w fevt.s.wu - fevt.s.d
64b floating point (d) fevt.d.w fevt.d.wu fcvt.d.s -
56 RV32F RV32D DA I TI1 ¥ - T ¥ A
5.4
RV32F Rv32D 328 - T 328 - T 328 648 H
" g @ - y "“A 56 Yi
o1 10 D A
RV32F L3, L6 T odugec [ ¢ D" yifi
" o~ ugCi¢ A
551 1 B
RV32F  RV32D ' 3,b o e Q yi ot N 9 A
"~ IEEE 754 % W L ¢ b» ~ Ne v 0
" vz 9k
W@ i 97  Wa b L,  ~“ By p A "B
Ovib_ai ., H o
1. ~ " GAoyWA  GAGYWNG™ B rs2 T BA
2. 01 GAOYIyVR  BASYUIYVO™ “Bbr2 B 1A
3. ~ ~ GABYIGVA GABYICVE™ © B rsl  rs2 B
A
v e T ° b ¢ °~ ~ o9 T N
D~ 37 3.4"
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1. L
fhghad aAHu ::
fao a6 aAH 3t

GAGYWA a6 ak aA

Aoywo a6 ak aAA

void daxpy(size_t n, double a, const double x[], double y[])

{

for (size_t i =

0; i < n; i++) {

y[il = axx[i] + y[i];
}
}
57 C Q DAXPY
ISA ARM-32 | ARM Thumb-2 | MIPS-32 | microMIPS | x86-32 | RV32FD | RV32FD+RV32C
Instructions 10 10 12 12 16 11 11
Per Loop 6 6 7 7 6 7 7
Bytes 40 28 48 32 50 44 28
5.8 DAXPY a ISA: b} g A 1 F3 a b} vyi o A
7 ARM Thumb-Z microMIPS RV32C 5 A
2.
Oy06vA a6 aA [ GAGylUyvA ag aA aA
fy06vo a6 aA [ fsgnjndrd rs rsA
3. v’ w 0§ 0=0f 1& 1=07
GORAVA a0 aAT = GAOYICVA a6 &k aA
§ORA6 &0 aAT = AByicv6 a6 ak aAA
e b D classiffyNe D~ G0I0AAVA GOIGAAVG™ANe D
3 TAT W@ b b M1 10e T
a0 Q- v 10B AMB T W8
Ul iewu u 0A
x[rd]P H
0 flrsi]u HA
1 f[rs1] A
2 f[rs1] A
3 f[rs1] -0A
4 f[rs1] +0A
5 f[rs1] A
6 f[rs1] A
7 frs1]u +HA
8 frs1] H~ (signaling)NaNA
9 flrsl] We (quiet)NaNA
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5.6 DAXPY RV32FD ARM-32 MIPS-32 x86-32 DAXPY y
A)T(pEX”Y lJY
| a DAXPYDu % b ISA ~ 57A yi e,
O 0 6O dITTX Y " a A 58 L DAXPY @b « A
ISA 71 5 At 9 59 512 A SAXE
b 2 T - W RISC-V D Y~ RISC-V
b b) | v nei 1 ISAA o T RISC-V
Ne D ARM-32 x86-32T YY1 T oa D 2 b

>

&) E16, | 128, 1 +

k IEEE % |EEE754-2008" =9 i H V3
1w binary32  binary64A b ¥ “ ok - v 0 7
binary128A RISC-V 7% RV32Q " 1 A %o
wr L ’ LoRuH y Ty ’ Y
o p (U b Y A "M Nez A " binaryl6”
fi"H " binary256™A %  H Oa y ~ P GPU YA
NG p TA RISC-V 75 5 8 T Rv32v T°
\ LI A 5” 13 A
Ao, Tk % v uM L - 200 L No#
decimal32 decimal64  decimal128A RISC-V RV32L o G - 11
“A
5.7
" r
I I Robert Browning, 1855 hy~ - 20p 80 19 buw'E A
IEEE 754-2008 %o[|IEEE Standards Committee 2008] H = i
b A Y ~ 3 b ISAT
Ng [ T it N 9 @ A
5.8

IEEE Standards Committee. 754-2008 IEEE standard for floating-point arithmetic. IEEE
Computer Society Std, 2008.

A. Waterman and K. Asanovi ¢, editors. The RISC-V Instruction Set Manual, Volume 1:
User-Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.

http://parlab.eecs.berkeley.edu
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# RV32FD (7 insns in loop; 11 insns/44 bytes total; 28 bytes RVC)

# a0
0:
4:
8:

Loop:

10:
14:
18:
lc:
20:
24:
Exit:
28:

5.9

is n, al
02050463
00351513

00a60533

: 0005b787

00063707
00860613
00858593
72a7f7c3
fef63c27
feab14e3

00008067

is pointer to x[0], a2 is pointer to y[0], fa0 is a
beqz a0,28 # if n == 0, jump to Exit
slli a0,a0,0x3 # a0 = n*8
add a0,a2,a0 # a0 = address of x[n] (last element)
fld fa5,0(al) # fab = x[]
fld fa4,0(a2) # fad = y[]
addi a2,a2,8 # a2++ (increment pointer to y)
addi al,al,8 # al++ (increment pointer to x)
fmadd.d fab,fab,fa0,fad # fab = axx[i] + y[i]
fsd fa5,-8(a2) # y[i] = a*xx[i] + y[i]
bne a2,a0,c # if i != n, jump to Loop
ret # return
57T DAXPY Rv32Dnq AME L B G LR | ME L n
D~ A Ne 9 &3 ARM-32 X86-32 T H
D A

# ARM-32 (6 insns in loop; 10 insns/40 bytes total; 28 bytes Thumb-2)

# r0
0:
4:
8:

Loop:

10:
14:
18:
lc:
20:
Exit:
24

5.10

is n, dO
3500000
0a000006
0820180

: ecbl16b02

ed927b00
ee067b00
eca27b02
e1520000
lafffff9

el2fffle

577
H

is a, rl is pointer to x[0], r
cmp r0, #0 #
beq 24 <daxpy+0x24> #
add r0, r2, r0O, 1lsl #3 #
vldmia ri!,{d6} #
vldr d7, [r2] #
vmla.f64 d7, d6, 40 #
vstmia r2!, {47} #
cmp r2, r0 #
bne ¢ <daxpy+0xc> #
bx 1r #

DAXPY ARM-327 A b RISC-V
DAt ~ b

" DAXPY ARM-32: b

2 is pointer to y[0]
compare n to 0

if n == 0, jump to Exit

r0 = address of x[n] (last element)
d6 = x[i], increment pointer to x

a7 = ylil

d7 = a*x[i] + y[i]

y[i] = a*x[i] + y[i], incr. ptr to y
ivs. n

if i '=n, jump to Loop

return

- a

ARM-32
1
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# MIPS-32 (7 insns in loop; 12 insns/48 bytes total; 32 bytes microMIPS)

# a0 is n, al

is pointer to x[0], a2 is pointer to y[0], f12 is a

0: 10800009 beqz  a0,28 <daxpy+0x28> # if n == 0, jump to Exit
4: 000420c0 =11 a0,a0,0x3 # a0 = n*8 (filled branch delay slot)
8: 00c42021 addu a0,a2,al # a0 = address of x[n] (last element)
Loop:
c: 24c60008 addiu a2,a2,8 # a2++ (increment pointer to y)
10: d4a00000 1ldci $£0,0(al) # f0 = x[i]
14: 24a50008 addiu al,al,8 # al++ (increment pointer to x)
18: d4c2fff8 ldcl  $£2,-8(a2) # £2 = y[il
lc: 4c406021 madd.d $£0,$£2,$£12,8£0  # fO = a*x[i] + y[i]
20: 14c4fffa bne a2,a0,c <daxpy+0xc> # if i != n, jump to Loop
24: f4c0fff8 sdcl  $£0,-8(a2) # y[i]l = a*x[i] + y[i] (filled delay slot)
Exit:
28: 03e00008 jr ra # return
2c: 00000000 nop # (unfilled branch delay slot)
5.1r 57T DAXPY MIPS-329 A’ @ Ne T He "Ha DA H @
H D @3 ARM-32 x86-32T H DAb v b " v

A

# x86-32 (6 insns in loop; 16 insns/50 bytes total)

# eax is i, n is in memory at esp+0x8, a is in memory at esp+Oxc
# pointer to x[0] is in memory at esp+0xl4d

# pointer to y[0] is in memory at esp+0x18

0:

13:
15:
17:

Loo

19:
le:
24:
29:
2c:
2e:

Exi

30:
31:

H o 0=

53
8b
cb
8b
8b
85
74
31
p:

ch
c4
cbh
83
39
75
t:

5b
c3

push ebx # save ebx
4c 24 08 mov ecx, [esp+0x8] # ecx has copy of n
fb 10 4c 24 Oc vmovsd xmml, [esp+0xc] # xmml has a copy of a
5c 24 14 mov ebx, [esp+0x14] # ebx points to x[0]
54 24 18 mov edx, [esp+0x18] # edx points to y[O]
c9 test ecx,ecx # compare n to 0
19 je 30 <daxpy+0x30> # if n==0, jump to Exit
c0 Xor eax,eax # i =0 (since x~x==0)
fb 10 04 c3 vmovsd xmmO0, [ebx+eax*8] # xmm0 = x[i]
e2 f1 a9 04 c2 vfmadd213sd xmmO,xmml, [edx+eax*8] # xmm0 = a*x[i] + y[i]
fb 11 04 c2 vmovsd xmm0,xmm1, [edx+eax*8] # y[i] = axx[i] + y[il
cO 01 add eax,0x1 # i++
cl cmp ecx,eax # compare i vs n
e9 jne 19 <daxpy+0x19> # if i!=n, jump to Loop
pop ebx # restore ebx
ret # return
57T DAXPY x86-329 A @ T~ x86-32 oY
af Ne [=p -~ irsatr  f T A 2 x86-
v b S E0RA00C 006" YT v We " ¢pa 68¢05¢™A
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T 1)
€ vie F vr
I R ¥ "~ Albert Einstein™ 1933
6.1
"X A v ISA v RO 'Hr RV32A o
1 W A =& W HTy WY r-
"L " " https://en.wikipedia.org/wiki/Synchronization T '
https://zh.wikipedia.org/wiki/%E5%90%8C%E6%ADY%AS ~ é RISC-V ¢ 121
[Patterson and Hennessy 2017]A
RV32A H A b
. p 4 b" AMO”
. v G [/ » (U loadreserved / store conditional™
6.1 RV32A D T621FR b D A
add A
and
or
swa
atomic memory operation < Xor > - word
maximum
maximum unsigned
minimum
minimum unsigned |
load reserved | o4
store conditional /=™
6.1 RV32A D
31 25 24 20 19 15 14 12 11 7 6 0
00010 aq | rl 00000 rsl 010 rd 0101111 R lrw
00011 aq | rl rs2 rsl 010 rd 0101111 R sc.w
00001 aq | rl rs2 sl 010 rd 0101111 R amoswap.w
00000 aq | rl rs2 rsl 010 rd 0101111 R amoadd.w
00100 aq | rl rs2 sl 010 rd 0101111 R amoxor.w
01100 aq | rl rs2 rsl 010 rd 0101111 R amoand.w
01000 aq | rl rs2 sl 010 rd 0101111 R amoor.w
10000 aq | rl rs2 rsl 010 rd 0101111 R amomin.w
10100 aq | rl rs2 sl 010 rd 0101111 R amomax.w
11000 aq | rl rs2 rsl 010 rd 0101111 R amominu.w
11100 aq | rl rs2 sl 010 rd 0101111 R amomaxu.w
6.2RV32A D a b a .y 6 [Waterman and Asanovitc 2017]

=
©
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AMO » p T b Wa il b” w b op
v Al o QH bw P vi3bw i k A
A ~ A . A A ,
v G p UG :&J I H _DH ) D A Av G mee AMO  LRISC 1
o7 T N e G A Lt Y R H Y i
- " @ A ~w TQ" 0 :1Q Ve eH  cache
0 n A /
~ r
W H RV32A LH A b . Y T H b a A
0 wX Loy - compare-and-swap™ b
W @ T v 3 Ve T p v’ 1| N "2 @
T v e T v = A W ro b Yy
[Herlihy 1991]A
W Dv "~ ISA M Ne ) W 9T 3@
la A b tHe v [2e wa a L b
i A RV32FD Y multiply-add™ 9 7 @ b
b Ab “v G p U H @
. Ty S 63 AV NEA
Ir/sc M[a0] -
# Compare-and-swap (CAS) memory word M[aO] using lr/sc.
# Expected old value in al; desired new value in a2. #
0: 100526af lr.w a3, (a0) # Load old value # al
4: 06b69e63 bne a3,al,80 # 0ld value equals al? #
8: 18cb26af sc.w a3,a2,(a0) # Swap in new value if so
c: fe069ae3 bnez a3,0 # Retry if store failed #
. code following successful CAS goes here ... -
80: # Unsuccessful CAS. # -
# Critical section guarded by test-and-set spinlock using an AMO. 4
0: 00100293 1i t0,1 # Initialize lock value
4: 0cb5232f amoswap.w.aq t1,t0,(a0) # Attempt to acquire lock #
8: fel31lee3 bnez t1,4 # Retry if unsuccessful #
. critical section goes here ...
20: 0a05202f amoswap.w.rl x0,x0,(a0) # Release lock. #
6.3 Ha? A Wa® a v G Irw/ » (scw N b’ He? g
| amoswap.w e A
3 Lt AMO D9 | T T v G / » U
o Ty 1 AAMO o 6 IO H 3
STy HF 4 QA | Ty o 1/0 A 63
NN Ne = va 4 ° x VA
W E Y
RISC-Vi pw relaxed memory consistency model™ i
[P Ty ¥ A 62T RV32A D W @ B* 0A" Wea
B~ ai"ABA B G i o T | AMO
b’ al B4 G i | 1 bA =3

Y [Adve and Gharachorloo 1996]A
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. Hb MIPS-32 L~ MIPS ISAT v ~
wv G / p U oA
6.2
RV32A ~ * Wa RISC-V v v YA -
TWeH 1" b i ARV32A - b
A
6.3

S. V. Adve and K. Gharachorloo. Shared memory consistency models: A tutorial. Computer,
29(12):66776, 1996.

M. Herlihy. Wait-free synchronization. ACM Transactions on Programming Languages and
Systems, 1991.

D. A. Patterson and J. L. Hennessy. Computer Organization and Design RISC-V Edition: The
Hardware Software Interface. Morgan Kaufmann, 2017.

A. Waterman and K. Asanovitc, editors. The RISC-V Instruction Set Manual, Volume I: User-
Level ISA, Version 2.2. May 2017. URL +4iVASssaghoarpadsAyo0sta0daspyAsy

http://parlab.eecs.berkeley.edu
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aan 4 n
E_E.Schumacher v r | I E.F. Schumacher, 1973
I 1911-1977€ H
' FI
s 7.1
I
) e €
K 1l [ L . .
F 100 6A' y Y|r ISAv 3 9 v D 9 v vW
7 He b izae” b D~ “ - AARM MIPS 4 3
small q - VH 9 ° ARM ¥ 3 ARMThumb ThumbZ MIPS &
iS F 3, MIPS16  microMIPSA ISA u v 3 vx
. -
beautiful A i -
3 RVv32C uW ' D W % 32B RISC-V DWW
astudy of economics - . . . o
as if people mattered A 16F D7 F Y D 9 )
n_ A Q Y RV32C o1 i .
EF Schumacher [t G i ISA A 71 Rv3C D
A
wau oWl R n 4 " RISC-V 3 RVC
DA GeYW 2 v ow D4 [= 168 A
_@ W Me © 8970 AsTAw Ayy i &y (W ’
% M D 0O~ b HW T A S f D
' 4 AT RV32C 97 * W o
Q- b B " s M N " load store b7 a b
o] T Z A
_ RV32C
Integer Computation Control transfer
&dd{immediate} c.branch {EJ;tuZI ual} to zero
¢ .add immediate * 16 to stack pointer =
c.add lmmediate * i to Etack Bointeraondestructive <. jump { énd link}
c . subtract
shift Left Logical £.14mp { and link} Legister
c. <shift right arithmetic -immediate Other instruct
shift zight Logical er instructions
c.andJS— c . environment break
_ immediate} - -
c.or
c.moye
c.exclusive or
c.load {Epper immediate
Loads and Stores
— 1 d —_
c. ﬁloat} {E?oare word 4 using stack Eointer}
c. float {éf;i} doubleword {asing stack Bointer}
7. RV32C D A B o 4 c.addidspn T i D “ B A
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Benchmark ISA ARM Thumb-2 | microMIPS | x86-32 | RV32[+RVC
Insertion Sort Instructions 18 24 20 19
Bytes 46 56 45 32
Instructions 10 12 16 11
DAXPY Bytes 28 32 50 28
72 A D 0 ~ DAXPY ) n A
73 141 F3 7 DAXPY RvV32Cn A 1 2w  Rv32C
D~ v A4 b TP " b T b~
A T “p F=3b RV32C O 32 DA AT L ¥ 16
B RV32C © 328 RISC-V O A
S 7.3 ~ T W 4 - 328 RV32l
5
006p 0E€'Ca' boal
UV 168 RV32C b°
ovig B8 #~ W 000 08‘Ca'l” san
RV32C load + D v w7 W@ W@ 4 A
Ovig 73T 4eVME L ~ cli o 72 A
s Wab 737 W 10 - '
300 8a'¢a‘'de #a2 3.1,
U 168 RV32C b°
ovlg 6s°'0e # 4 000 0a'¢a‘'de” 05 o.u,
RV32C move 97 168 ~ 4 7 H @ A
b RV32C “ P W @ Ty € {
' As Ve 168 D w E 328 DA 76[ 78!
F Ty RV32C o b A b K v 328

RISC-V [ 8000 @ v 7 400 A H T
7\ 5%  ° H 100,000 @ T cache T G b

\l A

Hb H . RV32CT q 5" wiTt 9 9 A

9 15T Thumb-2 G RV32C 9 3t nb” G Load and Store
Multiple & ~f® a o ~ - F Ty b 7 AuxG
RV32G T DWW Y RV32CT ’ 1A RV32Gu 3 VY

2 9 A 6 Thumb-2 G ARM-32 ISA P Ty
He ISA ® Aux H ISA He D ' We G ARM-3Z
Wae 6 Thumb-2A RV32GC W @ Y ISA RISC-V 7 W@ A
® Ee M F RV32CK
W @ o O s D~ " W
A macrofusion = We° ~ i1 T D RISCV © _ uw ¥ D

a W A " /1" 168 RV32C © 328 RV32l D

Y
v [ g T e p i A
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7.2 RV32GC Thumb-Z° microMIPS  x86-32

7.2 v @ ISAQ - DAXPY 9 A
- A 19 RV32l oT" 12 x RV32C D~  yq
[ pw T Xope T 2pg ¢ X T v - VCIIXQ oCPA DAXPY
Lpp T TIa P[0 ¢ 0 T Qle - v PQPITT  opPA
He © b R 9 5 . W - [ ~ @
© RV32G 9 RV32GC 9 37%A [ P T
WA D IAY RV32C o A
&  ERV32C Cog K
Rv32 o RV32IC T M NeA Thumb-2 o Wae ISA” ~ 168 o
ARMVT7 T “Prb n 7 5Ap 7 Thumb-2 T  Compare and Branch on
Zerd  ARMVT T - 6 Reverse Subtarct with Carry ¢ i A microMIPS 3 b
MIPS32 AP 7 microMIPS Ne Z Rey Z »p MIPS32T 1 w

4ARISC-V T gy 2A

7.3
“n H [ r I 1 Blaise Pascal, 1656
T v W - h Niklaus Wirth 1 2w W A
RV32C RISC-V v 3 M 0 Aas M Y oW P
VTN DAp ¢ J Q
A 1 E < - 4 RISC-V q b b
D~ D A H e L b A
RISCV S @ a L 1 E ~ RV32C Ve g o A
7.4

A. Waterman and K. Asanovic, editors. The RISC-V Instruction Set Manual, Volume |: User-
Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.

http://parlab.eecs.berkeley.edu
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# RV32C (19 instructions, 52 bytes)
is i, ab is j, a6 is x
a3 is pointer to a[i]

#
#

OB O B W

# al is n, a3 points to al[0], ad
0: 00450693 addi a3,al,4
4: 4705 c.li ad,1

Outer Loop:

6: 00b76363 bltu ad,al,c
a: 8082 c.ret

Continue Outer Loop:

c: 0006a803 1w a6,0(a3)
10: 8636 c.mv a2,a3
12: 87ba c.mv ab,ad
InnerLoop:
14: ffc62883 1w a7,-4(a2)
18: 01185763 ble a7,a6,26
1c: 01162023 sw a7,0(a2)
20: 17fd c.addi ab,-1
22: 1671 c.addi a2,-4
24: fbeb c.bnez ab,14

Exit InnerLoop:

26: 078a c.slli ab,0x2
28: 97aa c.add ab,al
2a: 0107a023 sw a6,0(a5)
2e: 0705 c.addi a4,1

30: 0691 c.addi a3,4

32: bfdl c.j 6
73" Rv32Cn A12

ARV32C D9~ y o

(expands to addi a4,x0,1) i

1

if i < n, jump to Continue Outer loop

(expands to jalr x0,ra,0) return from function

x = a[i]

(expands to add a2,x0,a3) a2 is pointer to alj]
(expands to add a5,x0,ad) j = 1

a7 = a[j-1]

if a[j-1] <= a[il, jump to Exit ImnerLoop

aljl = al[j-1]

(expands to addi ab,ab,-1) j--

(expands to addi a2,a2,-4)decr a2 to point to al[j]
(expands to bne ab5,x0,14)if j!=0,jump to InnerLoop
(expands to slli ab,a5,0x2) multiply ab by 4
(expands to add ab5,a5,a0)ab = byte address of al[j]
aljl = x

(expands to addi a4,a4,1) i++

(expands to addi a3,a3,4) incr a3 to point to alil
(expands to jal x0,6) jump to Outer Loop
16B Da A T 32%A ) oy
e? T F oUop [

nA

# RV32DC (11 instructions, 28 bytes)

# a0 is n, al is pointer to x[0], a2 is pointer to y[0], fa0 is a
0: cd09 c.beqz a0,1a # (expands to beq a0,x0,1a) if n==0, jump to Exit
2: 050e c.slli a0,a0,0x3 # (expands to slli a0,a0,0x3) a0 = nx*8
4: 9532 c.add a0,a2 # (expands to add a0,a0,a2) a0 = address of x[n]
Loop:
6: 2218 c.fld fa4,0(a2) # (expands to fld fa4,0(a2) ) fab = x[]
8: 219c¢ c.fld fa5,0(al) # (expands to fld fa5,0(al) ) fad4 = y[]
a: 0621 c.addi a2,8 # (expands to addi a2,a2,8) a2++ (incr. ptr to y)
c: 05al c.addi al,8 # (expands to addi al,al,8) al++ (incr. ptr to x)
e: 72a7f7c3 fmadd.d fa5,fa5,fa0,fad # fab = axx[i] + y[i]
12: fef63c27 fsd fab,-8(a2) # y[i] = a*x[i] + y[i]
16: fea618e3 bne a2,a0,6 # if i '= n, jump to Loop
Exit:
la: 8082 ret # (expands to jalr x0,ra,0) return from function
7.4 DAXPY RvV32DCH A8 MEB © 1 2 36%A D Kl
MWE L @ ARV32C D~y o @?’ F " op
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15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
000 nzimm/|5] 0 nzimm[4:0] 01 CI c.nop
000 nzimm/|5] rs1/rd=£0 nzimm|[4:0] 01 CI c.addi
001 imm|[11]4|9:8|10]6]7|3:1]5] 01 CJ c.jal
010 imm|3] rd#0 imm|4:0] 01 Cl c.li
011 nzimm|9] 2 nzimm|[4|6|8:7|5] 01 CI c.addil6sp
011 nzimm|17] rd#{0, 2} nzimm| 16:12] 01 CI c.lui
100 nzuimm|35] 00 rs1’/rd’ nzuimm|[4:0)] 01 CI c.srli
100 nzuimm|35] 01 rs1’/rd’ nzuimm|[4:0)] 01 CI c.srai
100 imm|3] 10 rs1’/rd’ imm|[4:0] 01 CI c.andi
100 0 11 rs1’/rd’ 00 rs2’ 01 CR c.sub
100 0 11 rs1’/rd’ 01 rs2’ 01 CR c.xor
100 0 11 rs1’/rd’ 10 rs2’ 01 CR c.or
100 0 11 rs1’/rd’ 11 rs2’ 01 CR c.and
101 imm|[11]4|9:8|10]6]7|3:1]5] 01 Clc,j
110 imm[8]4:3] rsl’ imm|7:6]2:1|5] 01 CB c.beqgz
111 imm[8]4:3] rsl’ imm|7:6]2:1|5] 01 CB c.bnez
75 RV32C b " bits[1:0] =01 | ¥, D b ° 9 ) A rdb,rs1o
rs20 10@ 3278 AsAw Ay adR G [Waterman and Asanovitc 2017]
125K
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
000 p 0 00 CIW lllegal instruction
000 nzuimm[5:4(9:6|2|3] rd’ 00 CIW c.addidspn
001 uimm[3:3] rsl’ uimm[7:6] rd’ 00 CL c.Ald
010 uimm[3:3] rsl’ uimm(2]6] rd’ 00 CL c.lw
011 uimm[5:3] rsl’ uimm[2]6] rd’ 00 CL c.flw
101 uimm[3:3] rsl’ uimm[7:6] rs2’ 00 CL c.fsd
110 uimm[5:3] rsl’ uimm[2|6] rs2’ 00 CL c.sw
111 uimm[5:3] rsl’ uimm[2]6] rs2’ 00 CL c.fsw
76 RV32C b " bits[1:0]=00" + ¥, B "~ b ~ o D A rdo,rs1s rs2o
10e 8o As"Aw Ay adAR G [Waterman and Asanovitc 2017]
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15 14 13 12 110 9 8 7 6 5 4 3 2 | 0
000 nzuimm|35] rs1/rd£0 nzuimm|4:0] 10 CI c.slli
000 0 rs1/rd£0 0 10 CI c.sllio4
001 uimm[3] rd uimm[4:3(8:6] 10 CSS c.fidsp
010 uimm[5] rd#0 uimm([4:2(7:6] 10 CSS c.lwsp
011 uimm[3] rd uimm([4:2]7:6] 10 CSS c.flwsp
100 0 rs1£0 0 10 Clc.jr
100 0 rd£0 rs2#£0 10 CR c.mv
100 1 0 0 10 CI c.ebreak
100 1 rs1#£0 0 10 ClJ cjalr
100 1 rs1/rd£0 rs2#£0 10 CR c.add
101 uimm([5:3(8:6] 1s2 10 CSS c.fsdsp
110 uimm([5:2{7:6] 1s2 10 CSS c.swsp
111 uimm([5:2(7:6] 1s2 10 CSS c.fswsp
7.7 RV32C b ® bits[1:0] =10 | ¥ D b ° b D A G
[Waterman and Asanovitc 2017]  12.6&K°
Format Meaning 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
CR Register funct4 rd/rsl rs2 op
CI Immediate funct3 imm rd/rs1 imm op
CSS Stack-relative Store funct3 imm rs2 op
CIW Wide Immediate funct3 imm rd’ op
CL Load funct3 imm rsl’ imm rd’ op
CS Store funct3 imm rsl’ imm rs2’ op
CB Branch funct3 offset rsl’ offset op
CJ Jump funct3 jump target op
7.8 168 RVCA bl Aaoahn  aks 10e 3973 Ao"Aw Ay adR

G [Waterman and Asanovitc 2017]
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