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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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BB H T F R AT 100 T——RMEN 74 B F Ok e 5, P AR T —kE A (—3
75 5K ).

TEMRBRIR AR IEEZ 5, BATHIEIR RISC-V A IT{E & it-Ha 8 MH i, anf
1EIE 25 40 TR AR A F IR, KRR, Z0PH— MBS EREEN, MUEEE
BT 4, MHEEEAETH 4,

B J5 FRAT T 2N S AR XA HAY SR B BN LR 50 o B — B AR5 — S H RISC-
VILgwE S S MR, XN T R —E RIS, XA TILgE ST
%3] RISC-V L% . A, FANELFIHH ARM, MIPS Fl x86 5 M FIFEIFEF, M
R th RISC-V fEf M, PLASAS . Dk, PERETT I .

T AR, AR TN T T 50 AMUAAE, X BT —2G 6
HNERIVFE, AT R IR, FRADEETULR T K4 75 MR A, AT RR%
THRAF ISA %17 (FRATFRAFIAH TR0 D &, TSR S, Bl
AN T KM 25 B e i . W RS RS U R, A AR NIF FEIX 8 AT 35 3
53 o W& IX MG 3 AN 2 SL MG 5 A R A N 2R I B AR, BT DA R RS A AT TAS B R 1, R
EHOLEAT X T EN A REERZ U3, FATER 51 (1) 25 T 0 SORITF5 55 Re 8 I Fa /R IR AL ET
TESXABIIREF, TATNEAT S22 TIRZ AR5

M ABHTREAZHT?

FATNN G IR L4 5 thREIE AP ARk e, I ERA TR 25 51 2 B A
B EATFERSE — Mok B BT 2EM B 01 A U], HA B9 RAFR) ISA Beit
BE A FRAE . AT B HRE T — ROZ UM S, IR AT A BATE 2 51
IREZ EACHIREE S S INWE TN EA=E

FENSE
AT FR X AR EHE N BIENRISC-VINN- AR S RL, LG X% SRISC-VAURS 1)
FAMMARRGET UMEH . A EEEEHECE THRTED - MESE. WK
A, T EeA B WL T RISC-VIAH RN T 1444 F- M :  Computer Organization and Design
RISC-V Edition: The Hardware Software Interface,
XAF TS FRHE:
® ZERE—IXA T (W) MRISC-V Kk iR TR T RV32GCVAT
RV64GCV, [FINE 1 HANFENITA CE X529 E: RVI, RVM, RVA,
RVF, RVD, HEGHE [ MAETT R B IRV,
o FRAE—RMELY RICEIEEME CEMNREBEMNE —NED IR
AHIH T FrARISC-VIR 2 AR, iERK DB EERXIRLSMAFEZM. T
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K21, 4.1, 5.1. 6.1, 7.1, 8.1. 9.1. 9.2, 9.3f19.4.

o PRAERSBN —XLERIKAE— DI BOR TR R, BRIE, AKEAR IS
A RIFE A BCAT . WE2.3. 3.30 3.4, 42, 52, 53, 62, 7.6. 7.5, 7.7.
9.5F110.1, CiXLLHE A ERERAERD BT S5 A 1 FATLE TS I Bl A 8t A 4k A B 1] 1)
%)

® HRAERER—IMFARMEFNRISC-VIES R4 VR R, & aREHTH W
5 BAEARRAIEAER SR TR G S E . EFTEIRISC-VY
&\ B, e, BREBENNIESE, UARERAELSTSH,
B NIFEVFZ, BT X kA 21507,

® 5| —— LI IRIEIL IR A SO AR B HIR TR AU 2 R T
. BRI AL,

BIRAIAN TR A

AT EACE R AR, BERA ) LIRER . XA E oA AR 5o i
A, BTN H— T UETRAFRS L — AR AR . AT 7EAR S 1 5
(www.riscvbook.com) b7 i 3 1 [F7 S fRoAS Bl 15 i df iR . FRATTTSE A IEAEIX —hie
HROR I ] B RO . FRATIAR IS B st L, SR B AT T ix A 45

A5 HEEAE T R

FE20174F5 H 8 H 211 HAE_EHE2EAT IS5 /5 BRISC-VAF I 22 F, FATWIRE] 7 XX 4 —
KB R, JINNEERNITGE TS . %S 2 PattersontE 5 BT M FE &%, AT
THRREAR S R =T AT AL LT AT T 64F, BRI ETT R — AP
# . Pattersond®5 721, 2. 3. 4. 5. 6. 7. 8. 9. 11%, ZEKMANS, 1M
Watermans) [ 2B 10FFIPE KA (ARBRIHE KR, HgSE 7 BT . Watermani&
4E47 7 Armando Fox#2 it [ LaTeX T 5., fHFRATREMIH XA,

TATHE201 7AEAK T 27301 980044 MM R 2 AR su M 4 AR 2 A= g it 1 S AR BB 45 B9 il
Ao FERAN TAATR R IB G, 24201 74FE 5 R DLfS, 28— N IE ok 17201 74F 11 H 28 H
230 HEREA 2870 (1 55 LR RISCHHY 23 b I R AT .

RISC-Vs& —AMA S FIHF FLI0H PRI S o 1230 H IEAE SR X6 T8 25 ) b [F) I A2 s 08 A2 Fn 4k
118 B AR AT IF R o

Boisf

AT E KB Armando Fox, BUNIAIE /il LaTeX TE, BLECRYN 1 Ab oS TS A
R o

A TER V) R R R 25 TR e | AR I A R Y A WA, tean:
Krste Asanovi’'c, Nikhil Athreya, C. Gordon Bell, Stuart Hoad, David Kanter, John Mashey, Ivan
Sutherland, Ted Speers, Michael Taylor, Megan Wachs,....

e JATTE RS AN R AR 5 R o A s AR AE PR T THTAAS H DS ARAT BRI
SO B HF SR !

David Patterson fll Andrew Waterman

201749 A 1 H T a e )

L %E SCRV32V 2R G2 AT A AP I AR A 2 BT SE AT T AR, T DAIRATTAE P % A g g 1 IX et
B RAEBINE RV32V A A BESAH —SSiUMOSAE, 55\ B R EATR T Mo Ia R
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FEF

KRAVYAN AR —R, BN R0 7R kel B &= Z L pvH S, S a1
R ¥ EDavid Patterson#(#% CGRE LTSI A 24t Fl Andrew Waterman— 2 52 Bl [1]
{The RISC-V Reader) A . XIEFRAGE T RAVUERT—K, UL T IELE M
K EAR S R B A J5 PR S IR, $5 1 David Patterson (3% A B2 KA Al Krste
AsanovicHUE — S 1S FEAP CRE LRER . HIRIE] T HOCRIER (B2 RANZ
FB: RISC-VIIZRG) J5, AT TRgmEN— SR, Srzim ChETHEL S E
WY SRFIHERE T IXR . SRR T 2015552 R ER, SR 1T IS BRI =2 1 i R 15 3
J Tz RV, A EAEIRATA BN I KB G SR H 7, BCR N B RR A 2R S R BT A AT
R TRISC-VF G BN . X —K, PRERRISC-VHI I 1. *fPattersonZ % (HUT 2.
Oy, FRENTETEZ R EZLGE THERISC-VIIRE, R 7R L IER,

R JUVERANBMAIRISC-VE, i 5 230 —FE 5t——RISC-VR A g 4 Linux
HOEEFE Ja FRURC B B ISR AR . Fs2 b, A e IRV R 241 1R BARISC- Vil /& 4 22
“Instruction Sets Want to be Free” S FAR A AT . K RN S A NE ] DA
RAAERISC-VIR L EE AL FEAS, #nT DAGE A 25 TRISC-VI R IS RS, AT
FONTRA AT — k. X2 RREE!

TR AES Y, LinuxoBAMERHEA . BT Linux, Af1JFKPython. LLVM,
GCCE& 5 ¥ T A%, 6iEMySQL. Apache. HadoopZs KEFFIRHM:, SLi6 & A6 B AR
HHEAR, B — M AT 1504238 70 IR FR A A2 o 356 B8] F E B IR = b 1 2 S
JERER, AMUEF T BATSE LB AV AR & fE J, KK FEAR T FLE R 2l B
(T TR, 404 3-S50 R N G AE T LA H B ) Bl e DR At — AN FLERPI R FH o 7888 it
i, RISC-VA EZLinux AT EIS 5 KRG 0HHIEA . (B2 HHRISC-VILE
TETEANE I, B R B AN L T RISC-V RS A ¥t AR 2, A 3G T T EL B
FHRIP. FFIESoCE 4% .

RISC-Vit LR R Z K, HOJREEHRIEZET . fEhat R e RSP, S
— EAE RS P AOR AR, & T MAERESS JT . A SR A T A L el
JRIER, WVFFFILE e — K EA SR IE K . XA SR (RISC-VFA), &
RERCNIX 26T % - — AN/ N R

(PN
2018411 H 3 H

11 A

BER PRBEEPFIT R, ettt ELR G O EAE, KNSR REE T T
HRAE PEREEGOCET EANB S SEAR AR, A E T ARG

WEL BRI RE A, BT RO TR R S A

XUEN RGeS AL, T RFET RISC-V RIRTWITFL, B3R5 B R At LR S
REJIRE IR TR 5

e
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=r
F—E MTAEHRISC-V?
RHARLROREH X, —FIBHPZ « ik « 75 & (Leonardo da Vinci)
1.1 &8

FIRMAZL 1K IFH
(1452-1519) 2 — L X
ZEAEHIRE I,
T720m, BEZER, [REIRT
HwR—BER, MET
Z2H (RIIRTHRIR
%)

L
R 4T
oy
W

|

_ 4

HEMETHAMAT M

iz, REEREERR
BMA—EHEBRIF
. kb, RISC-V &4
= AMMNKZERETF
1B A R 3R AR
LR, SMEBAGRR
FEREEEBIFM.
RISC-V ZE44 )i 7 FF 15
Y EI B XML ISA RTE
TR IRET L T 2
BT kB IMNERAISE .
REAERWITIERET
kA, itz
RBETZA—NFK
B9 1SA FRfE.

RISC-V (“RISC five”) [ BAx2BMA— M EHRAE4ERHM SA):

EERRIE NALHE A I N i 2%, B R PR R T LR & R A 1Y
G OSEIE:N

N AZRE A & FIRAT AR R R RS S

ENAZIE RN FTE SEOHAR, AR AR 1S (FPGAD. & 4R R
(ASIC). AEHISfr, EREARRMBEHA.

BT BT S A R SRR A A 8 el e R B 5 2 e ) W L AT
KL, BRI B AR =55 5

ENZSCFE IZ AL, e IR A SRR, RO B B R e TR,
s g8 1) B H A g

ENZAERREN, FERTE S LA NIZEE . EE B, TR LT
LA — R 3, 51 1AMD Am29000. Digital Alpha. Digital VAX.

Hewlett Packard PA-RISC. Intel i860+ Intel i960. Motorola 88000 LA} Zilog

78000,

RISC-VIA A 5 AMUE T /e — AN AR R FE 4R 200 Ce A T iaa+
B, R ZHHAR TR A H A T201H 40708044, 1 HAE T & & — MR TR
LEEBEN . 5T AT FIEZEARTE, BRI SZATAT B — A &) BRI E — B M
[P E IR OX — ik vF 2 3d L e A2 A0E T30 . BET— M, Jk
BRI 542 . RISC-VE:E 2 1) B AR & PRFFRISC-VIR AR E M, U THAR 5
Hggme i Eb R e, I HEIEE 2 Tt FLinux 2 TEAE RS —REZ 0G0,
BI1.151H T RISC-VEE G 2 B KA RL L, 1B IS 1 IE B

>$50B >$5B, <$50B >$0.5B, <$5B
Google USA BAE Systems UK AMD USA
Huawei China MediaTek Taiwan Andes Technology China
IBM USA Micron Tech. USA C-SKY Microsystems  China
Microsoft  USA Nvidia USA Integrated Device Tech.  USA
Samsung  Korea NXP Semi. Netherlands | Mellanox Technology Israel
Qualcomm USA Microsemfi Corp. USA

Western Digital USA

B1.1: 20174E5 5 875 BRISC-VIFit & ERISC-VEE S MMV R RIEHBETHL . ERA
B S BB 500123878, A H AR KA EBIRT 50028 TE@ 5012k T, Ak
RSB T SMZETTEBIESZE 8. RISC-VESSAFERAMSTNAT, SEHLIAH
(Antmicro Ltd, Blockstream, Esperanto Technologies, Greenwaves TechnologiesflSiFive),
4RIEEFEL (CSEM, Draper Laboratory, ICTHllowRISC) M6 k% (ETH Zurich,
IIT Madras, National University of Defense Technology, PrincetonfllUC Berkeley). 60/~

LHPRREBHLABHMERES . BTHEZER, B www.risev.org,


http://www.riscv.org/
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1600

1200

800

400
162

Number x86 Instructions

0
1978 1982 1986 1990 1994 1998 2002 2006 2010 2014

Bl1.2: x86354HEHHAE LIRIES BN . x867E1978ETEA N 80%I84, F2015EK T 16f%,
B T1338%%4, FHEMEEK. SARFHRAXTKERERDERT. 201SEEEF/RINEE LHE
36005752 11451145 R [Rodgers and Uhlig 2017], XRIREx861HS MK HBRED T (F£19784:3)
0154E2 W) FIURMK—%. BIARFICRESTHASIER, MMELXEANTHSESHS. EUEN
EFTEREROIRE, XA KR K — 2 2 E x86 ISAMKH T SIMDHE &K LB H 17 .

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|

B1.3: x86-32 ASCII Adjust after Addition (aaa) ¥4 MR, BLAZHHIEEHEHE (BCD) R

AT ENEHE, R ROCEETE REARGENRREE. 868G = MBS, SRBTR

BARfE (aas), FEHRME (aam), MBERME (aad). BHTMHAIHREFZTRS, BIMERSHTE
BRI =R 1.6% (4/256).

1.2 L 5 E R ISA

FERREFAARITES ARSI L, BAANLEE R SFHE. ATt iZilog, EHRFLRT
—RA S, HLEARLAG086. AR ILALGE, HAIEATHALE, LFHHF . HawL
32 R R, FERAHAN, CHERF R AE, B, 80868 MIELE T T A —¢ T M3242
RIZH, RARLTATOMILEE, o LA TB L (80186,80286, 386, i486, Pentium), {24
A ERBETE,

——Stephen P. Morse, 808611284 JfifMorse 2017]



MRRAERKRE T
1A FREVEHEE) RISC-
V 1#5$, WEHRER
R AR FMATIRER
HITIRE, 1EAIREREM
—&B5Y.
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THEWUA R LG TTER G ZISA, Hiab S AL IS IR ISAY &, 1L b 4t
SEI A B . BN TR @6 69 — st R 20, IXFE L HAERTFERE I k)
FRAATY SR AT CALE B (AL B B IERIE AT . X —BR 5k [ T R R AT HT 2 A b 5%
(PE RS 5 S A BT ISA A R BERT AR IR K . wlan, 128K 7244 3 FISA
80x86MFH AR EIG I FE . IXANR AR ZEM B 7 s v OB EI19784F, 7R B8 KAEVE
i, ETIEAN AT RA=44.

XMMEG B x86-32 (FRATTH & R R32M7 I hE FRAS[1)x86)  FIREAN SLEI DA A S i ik 22
9 R AR W, RMEEATAREA & . #lin, 13458 7 x86ASCII Adjust after
Addition (aaa) 854, ZIBLH KA.

PER—ARL, R —FKEE RS AEE e A R s, ] R — e & A
PN . BEAERTRIHERE, BN E%, RERKEMER, RERDH, HYf w4
W, ZERKRmE, 44, My, LHER, BRI HRE. 8FUERRET
FEMATS B AR, RE SR UCX P T RE AT A B S XA b2, &
R IR MBS AT ) B 22 ol AN T3

RISC-VINAF FH 24k, B TET E RS MATFEI LLAL, BT MR
A UERIISARIE, BRI N] . BRI OR— DN NRVI2IMIERISA, BT —7E%
(AR . RVI2LEEER), KA. XGRS mEE, #IERGTENRANL
Gaih S RET RARME TRE M H AR, BEHESKRIE T rE AR AEY R, AR YR SRR 1 2,
PR AT DU BN B X e 2 . IXFP B R PR A RISC-V RS T #iE24k (RBEREMIHF
A TR TN AT A B3 . RISC-VR PR a8 1550 L A i LH a2l ded g 5, 3
AT DL U TR AR 2 2F T AT . R IR R )~ RERE I 2 $a S 4R B R 2 5 AE
NiETR. Bt RV32IMFD¥aRVE (RV32M), HUkSREEVR A (RV32F) FIRUKS VT
(RV32D) M4 REHINE] 1 EAh4E 24 (RV32D Hi.

AksE FHIRATRIA 2R B, RISC-VHRBEIZSR A, MiA 2 — BN A R 1 H B
F 5 R T E AR A T B RARTE QAR AR — 2D, iR N R E L A1 03T
£ RISC-VEFAU N T 135 51 J3idsnTe 4. RISC-VHE G 2222 1R E H4 IHEAE S 5
BIRNE RS, AR SRR BRI, T H LR R R RN 2
BT LTI A TR LU A U im. B AR B £ B BLTE 728 b, eI 2 nrikm,
A BAE R EISATIFE BN AR A S L 22 T 5

1.3 ISA ¥ 101

FES 4 RISC-V IXAN ISA 2, 1 TSN TR BE T ISA I PR AR S AT Z54it
AL A . IR RIPIERSI T -CRhETREARE . TOLICE 1 XN EAR, BAR
Hi 2o RISC-V fERf Ja 5745 o RO EATRISEG] . CEIRIRR I3t A i A b R I 1

® A (EjLhm)
fals e (Fe 7
PEgE CEEZH
MR B AR SCELI 201 (o IF R AN D
IR (FRED
FEFF RN G I8 — 2R RTINSk
Dy T g OLERIR “1R2 ABC —FERI 7

N TR, RIS om — L5 DUE ISA Pk ik $%. EA1IE
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BRI, 1M RISC-V 38 2 it A HI P E

FRA Ab P A R R LI, AR A Rl A EAT R R, e ATH L
B (R E T Py o B Ve 2 B 5 8. 18] 1.4 OR T RISC-V ALFRER A dm il o A%
pir L TR 70 UK

cost = f(die area®)

AR, AR, BRI L RE DI R A SRR o SORLIORER 2 AR B T AR P
HIE A S . AKERE, SR, = CEP e KL & D . TR
FET H AT AOREA ™ TE 2 AE SR R — S HA A /NIBOE o PR RN A SR B T o
bt B I

BE1.4: HSiFiveB it I BEARASHESTHWRISC-VRE. EEMWMREMRISC-VE ), HHIHKBANT
£&. FE310:%5552.65mmx=2.72mm, SiFivelllift: A>582.89mm*2.72mm. — & 55 41846 5 FE310#
1866 /7 SiFivel iR Fr, BIL37T2MEFH.

ZER AT B AR FE ISA HIfEIE I, M4/ Nseil ISA WAL ES R ~F . BATELERE 51
FATER], RISC-V ISA Lk ARM-32 ISA fiji&if3 2 . i s semm 254, FRAT 1448
AHIE R /NGEAE (16KiB) ) RISC-V Rocket 4bHE 23 A1 % I #H [ A (TSMC40GPLUS) (1) ARM-
32 Cortex A5 AbHEES AT LR, RISC-V AR A/NZE 0.27mm?, 17 ARM-32 ShRL K/ e
0.53mm?. HTHEAK—f%, ARM-32 Cortex A5 [F) kLA Z RISC-V Rocket %] 4 (22)
fif o B SRR /N RN 10%, ARG 1.2 (1.12) R ELBI4E ) o

fIvEtE 2 T A TR URE, SN 2 AR R ISA SREE/INE AT ISA
Py i it P BE AR AR BT AR AIE R 18], T E AT AT RERI R 1 &y TR KR 73 A - IX
JRA LA BB 24 o S AN T B R R B0 A AR o 1 37 1k 3 E PRI SO A

= iy A 3R 2% AT LA T
BREBENIESHEHETE
—iesRiRFHERE, WA
SEEX, BEEEN
ISA 4RFREIRImEI S
SR8, XMEARTRA
AWEE, BAER
YR RSRMAEE—
#zo



27 28 ) A0 7 88 xR N\
AEAEFEHE, EA
EEAR 5 HMHITE
& HIzHIRECHRE
ERFRABERER
FRERRORTE, Eitbfh
M FEFRBNITER
BB S B B T
MFHATAF R R

EE—1TEZ2E %
SRR EIS, Eit 1
GHz FHMIERERES
BT E ARRYRTE 9 1
ns (1 /107,

S 35 B 4 B A AT 1L
I F 1, ElJ A9 F1 BOOM
[Celio et al.2015] &
FriB R E AL TR,

BN BARNITS

MES.

S RE R K &AL R 2R
56 PR A8 4 00 2% T
DXLER, EMTEN
MR AT 90%,
FHEERTEMK N
BRIk E. IIREE
— P AL Sk Rl # Fn =
Bk,

17

R RS TR fd X AN ISA.
PLR & ARM-32 1) ISA & 24 PE 1 — AN B 41«

ldmiaeq SP!, {R4-R7, PC}

12484 X3 LoaD Multiple, Increment-Address, on EQual. ‘EHAT 5 IXEHE NI SN 6
NEAERE, B EQ &M BN A HAT. BhAk, EREEREN PC, L EHIATHL
9. HAND!

A BRI A2, B FRZE e ThREAE IR, W75 &t H b E e S A S8 H
Bl i, x86-32 F A enter 164, %R APALRAEEN— M — AR MU I FE
ITHIEE — %184 (W =5). KEZEIniEHH W& I x86-32 FR R -

push ebp # KRS AR
mov ebp, esp # EERIEE b2 iTEE!

PERE BRARZASLE ] Tk N OB AT AR 5% 0 1 E AT R AN T 8 IS RE B A i
REXS G PERERT LA N~ =R

instructions average clock cycles time time
X

instruction

program clock cycle - program

R —ANFT L) ISA A REAEREANE P IAT HE 207 T 2 T 5 2= (1) ISA, {He nl Ll
BRI B A 2 B TR A 1P 35 B 25 48 2 L AL (CPD SRR

40, 547 CoreMark i FE A7 [Gal-On, Levy 2012] (100000 V/GEM) J&5, 53] ARM-32
Cortex-A9 FTEREA

32.27 B instructions 9 0.79 clock cycles 0.71ns  18.15 secs

clock cycle  program

program instruction

R, RISC-V [ BOOM SZHLF 4 RE A

29.51 B instructions « 0.72 clock cycles 0.67ns  14.26 secs

program clock cycle program
FERXAHITH, ARM AEPEERHATHIFEQJFA L RISC-V ARPEGR Do IR INERATR 25 2
(. MR S i BT 4, BRI ISA RS MR SO FRRR. X TIXAME
J¥» RISC-V AHAEIX = AR M RIRAT 1L 10% 89008, ek S8 1T
30%HITEREI S . I R BE TV Y ISA tREAEAS H /NS, A VR EER R

instruction

BRI BRI Ry Ao 52 B (AL 43 75 T LG 2 20 20 60 FAX, BARRIL
N WS SRR 0L T AR 5 Re S HER AR, H04 — % R AR IE T BE « X T 2R TR 35,
T AEVERE AN RAS _bo) JE— R s B[] () R SE AT AR AL, TTE ISA HH AL & R Le g &, A
15 A& — A 5 Bt G o AR 25 F M SE LB 4 5 1) S8 Sk £ 4H .

R 5 F 5t MIPS-32 ISA HJ— N NBHRHIGI T 564170 3 S BURK AT H LR
A AL BEER A B N — A BT R & B2 D AERUKE b, HE AR E & Z 1 BRI+
PATHI T —2% CIR D SRIAT), 16253 BARHbE IR — 2% (WIERBAT 75330 X TE
AT — N LR K B AL B A%, 3P 60 52 52 7 P B8 5 500 /K 26— A 6 b Jo) 1 ) L 2
MIPS-32 i i 0053 SCHR AR B8 e UAE D SR A1 R — /R4 $iT R 2 B KA, BRI srSCHa 4
1R — 2482 R Z 2 WAT P27 A BR300 5 8 B 0 — Lo FH IR TN E R A

W, XA “URITTE” WHE N REEFELZRAKS (FREFFHS LR T EL
FIFE4) #) MIPS-32 AbHEZE T ai kb, &ifiik MIPS-32 #2554, i iddm 5, DLIALFE
M E (RS ISA T Z A a2, W12 ) KRS E IR, i, ©ik MIPS-
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32 RIS ARTS X (056 29 TUR 2.10).

BARBITANZN T A 8 T HE AN B) AR R — AN Re s SE R M RE R I N R LL Th &, (EAhAT]
R RAZ N 1A S S HL K Shk . i, W E—T AR, ARM-32 FIH:Al—st 1SA HA
Load Multiple 54 . X 26454 AT DA i B R SR K R BT I MERE, (BRI R RI/KEZR T
R, JRETE TP B 7 24 1 SEILHERR T 5 HAhAE 4 1T A SE Load Multiple (174t
WIATRE, MR 7 X LA B e & B k&

WA 5 BE/R e (Moore’s law) [IE4E, XA Lt AT 55 Kot i ME— IR 45202 s
EIE (FIINER >, eRILse, @AMk, EES WA E HE4 . XEWE 4
ISA 52517 B B AE D 23 8] LA AR I3 T

18 20 tHed 70 FEARAT 80 AR, MEE/REdun H R RIS, 1RDA NF AR KN
T8 AV ERD 23 6] o FH S, SR U] EE A ik 0 ST B 557 B DA D AN R AT TR 9 A3

GXAERT— 00 A RMER I AP R — D,

— A8 UL A DR A D 2 8] 1) B R 9112, ARM-32 [ ZRAG) T J sk i ot 17 DA AT 42
— 1) 32 {7 ISA H iR IN 16 L7482 R4 IRARRE K R, (EARARIE A S 7. Kk, ME—fgk
7RIS 16 FrdE4 KA —ANH ) ISA (Thumb), 2RJ5 RN 16 F7484F1 32 fiifg 4k
HEFHb—A ISA (Thumb-2), HH—MEALEB A E TR L AT A T V1B,
FE7 D2 B 1R A 2 e B — AN A AL 1 7 ikt o XA 724 BRI 2, 76 1IEH
(1) 16 Hr AN 32 frdg &b, ZALNiZAE 0.

1.4

1.37 1.34
1.26
1.2
1 0.99

1
0.8
0.6
0.4
0.2

0 T T T T 1

RISC-V RV32GC  RISC-V RV32G
(16b & 32h) (32b)

Code Size Relative to RV32GC

ARM Thumb2 ARM-32
(16b & 32b) (32b)

INTEL x86-32
(variable 8b)

E1.5: RV32G, ARM-32, x86-32, RV32CHIThumb-252 AN K/N. BB MSAL U ERBKER

HARH. XUEFRFEREMAHGCCHFERISPEC CPU2006E#:MR. SRV32CHE:, Thumb-2{4RE4EE /)

HIAR SR TAEBE AFEE I Load and Store Multiplef) ¥4 . RV32CEKA B EANT, UMAFESERV32GHES

H—%F—Beit, RV32GE & T Load and Store Multiple A R B AL I E 244 (A TF30. Bt

BN TRV32C. RV32GERRISC-VH B (RV32M, RV32F, RV32DFIRV32A) KR TAS, EMHRK
ARV32IMAFD. [Waterman 2016]

RN RN, AEAH T TR 000 i T A U/ o T A &R T B2 — N E K
IA) s PR b, IXAN A BEfE ARM ZE44)T#E Thumb A1 Thumb-2 ISA HHEBHN | — 2L 5 G
384 /NIRRT IR R/ D R A AF IR R R R, M4 7 ke (B84 DRAM
Pir b b SRAM Vi M FERETE £, s TR, AR R ISA ZEMITH B irz

LHEEEIA ARM-32 3§
% ldmiaeq EZEE
#, RALNESZE
AT LLAF ARM-32 A
Thumb/Thumb—2 FGFE
Rk,



Flan—4 15 EHH
x86-32 1§ % & lock
add dword ptr ds:

[esi+ecx*4+0x1234
5678], oxefcdab89.
Bk (7 i)
67 66 f0 3e 81 84 8e
78 56 34 12 89 ab cd
efo RES8ANFETRE?2
Ay, @17 NFEE
E R FRIFESI5RE,

TNERlE, 32 BURE,
WL fFe, 2 Mt
EHEEMERERSS
HHER. 1 FHESH
flF2C4RRE 40 BIHE

4 inc eax.

00C

19

x86-32 ISA R4 T LIRS 1 577, T PIHKIA 15 1. R RE s x86 HIXFhn]
AT K AR A S AR —E St 28 ISA (Ebfn ARM-32, RISC-V) 32 fiisE K
TRASMEE M. B8 L, R KERASMRETHENZN A H 16 781 32 7 K54
H A ISA CELin Thumb-2 FIA# A RV32C §7 R RISC-V, S0 LE). K 1.5 BR, X4
Fi e $52#R 2 32 7K, ARM-32 il RISC-V RHE LE x86-32 K 6% 9%, 14 A iF 42,
x86-32 ARIG L [T $2 it 16 70 32 7482 M ELERA (Thumb-2 1 RV32C) X 26%.

BRI FT I A A A K HR A BT ISA Al e S8 RV32C Al Thumb-2 58 %5 4%
i, A 20 4t 70 FARBTHE A x86 AT HASGCIXANR L. Ak, & EH|IE & ISA
B 1.2 799 Tl E e fl e i Esk, B0m 2080 x86-32 FR A LW U EK . Bl 1A &
— BB FATRKATE I AR, XA EE A8 UG x86 A PRI R ERERD 2]

5 T8/ T 2 A48 R AR VI i R ZE AP AR R RIS 2, RIS A AT
AT T — € B IRGF . R FEG T2 F AN EREENAES . BT,
ARM-32 5 16 Na5472%, 1M x86-32 HAE 8 4. KREHIAR ISA (845 RISC-V) #iA 324
BANZGAEA . AL, A THEZNAAE4, SIS gmAET R TAESTE &R,

G PR A G 15 5 2T R 57 — A ) R SR 7 48 — MRS 7 S B AT 3 . AT LA
B, —MBE% RISC-V fa4 &2 H— 08 FHIPAT (BB ARGH) . HIEMIRATZ AT
EEIM, ARM-32 Fll x86-32 # t5 TAR ZANIHef A BB AT (RIE AT A7 #lar ) e
A, 5 ARM-32 fil RISC-V ANF], x86-32 [IH ARSI LEAEL T UIAEAAAERS H, AL #RTE
B B o EARIAR A FINL T A7 45 IR VR s 45 A B 28 00 B v A SR DUORAIE P B 1 1) i
WA

ISA SHifx B L XK (PIC) B A, FONXFEEES RIS (S5 3.5 1),
JR RAETAEAS AR P A 3L PEARES o] DABE B AE A R Hbdk . PCAH G 43 SCRI%E Sk 2 PIC
AR E . BIRJLTHTA I ISA #RIME 5 PC F#HRM 403, 1H x86-32 A MIPS-32 44li% 15 PC
AH R I E -1k

#NFEWEER: ARM-32, MIPS-32 F1 x86-32

R —ANAIEER Sy, WA HEAS 32 USR5, 323 1T LR A SUEAT, (HEfI THE
AFRERFB D IHALE, G, RATTT ISA KRR E T 4HR. 32 Atk ARMISA
BV ZRA, F—MEAET 1986 4, RHFARALE 2005 FHIM, A ARMv7. ARM-32 i
T8 ARMVT ISA. MIPS GV 2 32 fihA, (HRATIERIZ AR, #RA4 MIPS T (“MIPS32”
R —ANEH, AR T FRATHRZ N MIPS-32 [ ISA) . B4 IR I 55— 16 Aritshik 23882 1978
FE11) 8086, H:r 80386 ISA 7 1985 £EH R F 32 firthihlt . IATH x86-32 FRiEiE & 15 1A-
32, "B x86ISA I 32 Arihbii A . % TiX 2L ISA MBI ARIB AR TELE, BATRIIRAT
HI AR AR ARE ST AN 55 TRE -

1.4 ZHHE%E

AP RISC-V ZHI O T fifid HAhiE 2%, WikRf, BHEaRINET
RISC-V HIAHZR N 1224 15[ Patterson Il Hennessy 2017].

HEAY T RV32L, B RISC-V [l E AR HIEEMFEAER 4, & RISC-V K% 0N
o B EMRE T B EPERANHANHR RISC-VILRwIEE NS, OFEHHL M —L%®



20

AT W4T . IE9RiE & BFE A 76 AU Y RISC-V 54 F1— 428 RISC-V 5 4-££41
A TR 4. XL th 45 402 SEPR I I AR R, BRI T 9 510G & /27 it iE,
[ 38 S 1A ISA 4= 4k.

FEN RN =F A 7 RISC-V WFrAED &, 4eiTdma] RIv32l fifmHeg, AR
RV32G (G A& —f):

® HPUE. FIEMIBRVE (RV32M)

® ETiE: IFAEEE (RV32F Al RV32D)

® i NE: JFTERME (RV32A)

5% 3 TGS 4 T RISC-V<ZHRZAFH Brfy RISC-V 84 (RV32G, RV64G Hl
RV32/64V) HHE,

FLEANH T ERESEY R RV32C, B2 RISC-V MMM — A6+, @i
16 ArFE A IRHINIA 32 7 RV32G FE A HIFIA, eI AR I . CgmfE7nr Lo
R KN, KR GRE 5127 R A 1E4 500 RV32C. #4 16 £ RV32C $84 ik,
32 £ RV32G 184 [RELF AR % R 752 400 /N1, X BPAETE 5 (&7 #1 RISC-V SEELH A
H45r2Z Lo

FNENHAT HEY E RVI2V. UERZMAN L4845 4% SIMD) 154 (ARM-
32, MIPS-32, x86-32) HHELIS, [AIEFRE N T ISA RHELER) 55— Mk, ek b, B
1.2 AN E] x86-32 MK 4646445 & SIMD, EH ¥ H 4184 R . RV32V HEL
KZH I ISA R, KA E@ [ & ar 4788 18w SR R BRIK R, A2 K 1 1 & Hik
ANB AR S . RV32V V& R F ML ST SIMD [ ISA %3 RISC-V & 1T BN
JR AL

FILEER T RV64G, 'E7E RISC-V ] 64 frHbhERRAS . 1E W% 255 B AR EE,
RISC-V {ZER T 55 BAR 96 27 A7 2%, RN —285 XFE KR RV32G 54, #tal L
fEHbHE 32 Ad 2N 64 £ .

FHENHT RS54, U T RISC-V Wifal kHE 5 5T LR ALES . FH P A 3 AUR
B

a —HEEANH T RISC-V 242 H Al IEfES L ed &,

B FORRA BRI —AH5, M3 A, ERETFRRINFHIINESERE., &
XY FEHEM RISC-V ISA PLK FIEBIMI A R, &4 KM 50 TR aihii . X2
RISC-V faiii 1t BRI .

XABMRE W eRl.

1.5 ZiHiE

A REAFG T kT ARE 5 A, AaRA (454 K]t LR 2 fo ATAE SR 9 A -0
LRI A, BEFEANHBEEINFERE S L ERGEAA: [H45E]RRGIRE R E®,
FE SRR E R0 9 AL P A AL R e iR iR R R AL AR R .
——4 « #fF2 (von Neumann) %, 1947
RISC-V &, iEMif, fZof, JHER ISA, el % ISA il s kA
4. RISC-V ZERIi H Ara2 ik e 7E /N BB AR 1 I A7 TE S e EAEREAT R LA . 8
K = 70 FERT AL, IXA ISA SRR &V TR ORIE B IAREA, [R5 K&K A7
A5 AIZE B IR AT HEE,  ANITAE Bh g B s AV il 5 A2 7 DK SIC PR i) B 22 i) i 48 Ry 1

SEFTHUHEMRAZRE
T+ h, XRIET 20 it
60 FE1X BT | SA B B T 4K
BRHENSRAERN
PR, AT ZHiEM, F
IEEsREAE, ™
TREEHEMER
HGE,

B - IERSERRARN
BLREEHREESR
BEIES, UETEH
TENEEWMRA
B ERERN, RE
XpREZETHM
ARIIE. ERESE—
BEFEREFITENF
WIEITHZFMHRS
B!
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2 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

E1.6: ISATMH I T BT FZHSK B [Waterman and Asanovi'c 2017a], [Waterman and Asanovi'c 2017b],
[Intel Corporation 2016], [ARM Ltd. 2014]. BE5EFERMN RS 5450E200/4N 815, S E R0
. ZET[Baumann 2017 E1HK—E %

35 FE I — BRI SCRE B RN B 1.6 B 1 AT EORT B 1A B i B ) RISC-V
ARM-32 Al x86-32 8 S EF MK/ WERIRIEEFME NS TAE, MK 8 /M, &)H
5K, ATEFAHELE ARM-32 Fif, HEEE—AH 5 x86-32 Fit. ARXENE
FFRRE, KMEBA — D ANBEE TR ARM-32 B x86-32. FHIX A HKEE &, RISC-V K

ST P ARM-32 [19=-x86-32 [-Fl=—. Sbi b, WEHTHY RN RISC-V ISA iZ A

Pl (ZWZEARD.,

EAMEN, JFER ISA T 2011 FHEH, MAEH DRSS, 2RSS
K IR 5 PR AR HE H AR B A I T e iy o o & . R LE RISC-V 1) %27
1. FEERSEIBCNTTRE, MBS T BOA, > T KA S N T o 2 i 3 B A b 2
2 AT e .

SR, RAEMEARRHS— N RGBT R SAS T B AE A R S A T gk . A
I EARRE AR B, (IR E MR Tt XA R AR ER S, 513
WIET, SHEBAMKARMEI A TR . Be SRR ISA Mfset:, mE e A Bkt
fili#8 25 BRE %O RV321E AR B AR K I A 2200 . J8 e e i sd v A R
P, RISC-V A LAFE = LA ISA 1 S .

AR — MR ST ISA 1, HAERERA RS, (RefgEs R T
RISC-V.o FRATHEFH D032 0 SRR 7 B bm ke o i B 1A 9 A Bt AR A R ARRALE

1.6 ¥ LR

ARM Ltd. ARM Architecture Reference Manual: ARMv7-A and ARMv7-R Edition, 2014.
URL http://infocenter.arm.com/help/topic/com.arm.doc.ddi0406c¢/.

A. Baumann. Hardware is the new software. In Proceedings of the 16th Workshop on Hot
Topics in Operating Systems, pages 132-137. ACM, 2017.
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Frances Elizabeth
“Fran” Allen
(1932-) #HIRFEIR
RFEIZFEATE
i smiFE=E A E
T, BIRERIT
ENNENRESR
I

SEHNFTEST RER
BIFiBEES. G,
x & OxfHffff0 £ RISC-V
FREE—X andi 8
4, {B7E MIPS-32
EHKIES (addiu A
TMHEE, RER
and), EJ MIPS Fi-
RiZ3E A1 % . ARM-32
SERM—ANFINTE
4 bic, EHIT x&
immediate PAFMEZH
REISZENZ.

23

—E RV32l: RISC-V ERliEKigdE

R IT HM AR IR B R P AR R F L BRI AR — T R R R T S i B At AL, XA AR
B 09 45 IS R R AR SR LA AR A b

Frances Elizabeth “Fran” Allen, 1981
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B 2.1 & RV321 e 25N —TTEE R R W TEEE, A FRILK 7R AR
FERER, RIS N RV 4L, XT8N E, EARENIIETHELSM
FrB AR, ARRRIN N RIZ I R R 257, FRA, FRIZTAT_Roasn Tt
B REATHT R R, i, TEFRR 7iZXIA RV321 54 slt, slti, sltu, sltiu

}{ unsigned }

AL XL CRiJLERZE - DED , BAENATERTIESS H—DHETHRE. RAK
LIE -

set less than { -

immediate

2.2 RV32I #§4#% =X,

Bl 2.2 BoR T AMIEARTE S, 02 H T 8- AR ER R KBRS, H
THRILRVEAI A load #RAER) | BUFE 4, FHT-UifF store #4ER) S B4R 4, T 2Rkt
TER B K454, T RILEDER U B A M T B &A1 ) Bie 4. B 23 HE
2.2 PR FIH T B 2.0 LT RV32I 184 HIHER .

BAfd 245 A% A BE M — 27 368 RISC-V  H V5 1 ISA &1 RE it w3 i e A Th#E
too w5k, A RA/NME, IEEANIRESAE 32 ik, XFEH 784S, ARM-
32, AN x86-32 # A VF 2 AN FMIFE M5 2, (TSRS 70 A o SE I A i &5 5%
1E R S AL FR AR W T R B R RE Pk . 28, RISC-V 844t = M arf7 as e E4, M
AR x86-32 —FF, iLURERAEEHN H M E St E— DB S MRMERAMTES =
AMAFEEEAER, AR ISA RS T IAMRIESI, Jnitdi s ILmI2 P iy Ul & 22
i —% move (2D 854, RMFHMZFFAIRMME. B=, 7E£RISC-V X T AR
L, BEREMEFARIACRFLRER L E, SWEEMISELS AT, Sl LT iaT
] EF AR o EVEZ LA ISA h, FELECHR & BRAE I 048 2 T B AR 0l H 1, 7R3
1384 T SN H I ERERL (B4, ARM-32 F1 MIPS-32) . [Klitt, N 7 HUH IERGRTE
LB BATTE BN AT RS S IR I R R AR IS R E R, 1S R BRI
WP, B0, XRS5 R, oot hnm
B IXREWRE TR KBS R LBV AF S8 /8, T LAESR SRS 2 AT dkAT .
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RV32i

Integer Computation Loads and Stores

add {7 .

— { diat

zmmedia e} g } halfword
subftract re word

and

or < - .
= 1mmed|ate} load unsigned
exclusive E}{_ halfw rd

r—_\,—*—\

Eh?ﬂ L,eﬂ l°9i°a' = Miscellaneous instructions
shift right arithmetic immediate} fence loads & stores
shift right 1ogical —

fence.instruction & data
load upper immediate

add upper immediate to pe en\r‘lronment#jrea }

set less than{ }JL } read & clear bit
immediate nsigned | control status registey read & set bit {T , ;
Control transfer Tead & Erite mmediat

branch equal
not equal

branch Jareater than or equall f_
- less than unsigned

ump and link
ump 2 {reg|s1er}

B 2.1: RV321 184 ER. EFTRENFHENEIHEERART RVI2LBS. BES (R EEHE
B R LRSS EHRBLSHARTE. £E4PTHTRE_BREMMEIINFBHAERE ML L
e B, ZEAMERFASRRAUTANMES: and, or, xor, andi, ori, xori.

3l 30 2524 20 20 1 1514 121 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

22 RISC-V #4HR. RATAAREEEHOAE (TTARER IS TSR 0B
(mmxDFF RSN LRI T . B TEARTEFHRESFAESHSIA 1 BEAPBBARPME. (=
B =T Waterman 1 Asanovi'c 2017 HIE 2.2).
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31 2524 2019 15 14 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

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

2.3: RV GHEBLAF, BIER, BARBNLROBIELBRS . (HEZET[Waterman and
Asanovi'c 2017] {5 19.2.)
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#FEIRAA: B AN J KAES

WA, /%34 (B2RAD WL MErrBAE S BRI HEAE FieiE T 1 7. BkfEHe4 4
KA W E T BRI U KRR Wi T 12 fif. B RISC-V 92br - HA DUFp LA =,
{EBATAT DA S A S A SR R

N TR A, A4 0 2 ARER RV321 454 BRIt BBk SIH0E 1) QbC
PAF DR R IR B FR 2 S R A e, XA AT Bl SR04 1 i3k
DR AEIR S, BRI WHIEHR, EURMIERAE S RIEN A w WiT %
T P9 A A 2 BB IR B ) A o

N T4 ISA B H 2R IH],  BIEAhAT RV321 fir &8 R 17 32 R4 i '
G 2 M AR\ 2 — o ZUITATE AL T RV321 R 0E, A4 I R Bt s 1

A B ERD R R AT R 2 IO RL I —REM, XL T 8B, 55, 4%11E6%), B

1D 4 2105 SRS Mk 1) /2 RS 3 1 A LAKE SR DL 2, MTTZS T 40 S RIBk G 46 4

HRMBRAETE . RISC-V i SLEDECH IR FTASHEATIEAT T — S5 (4, IR Sy RISCy Snmizdr

et RN ST B 22 58 P B A AR T I B A%, Xt TR AL T R i S A A R e 2 A 40 RV32M, RV32F
FAARFZAR? fEx— SRR E R F0GH, BRIV RISCV 5 iy F e

SAEMRFEZ AL, XFw HE R AL T HABIE A4, RISC-V A TH 4. BB A% risc-v shavREsE

PERELIE A4 B — R, # AR TR R RS 0 i R
ARM-32 844 12 SLif S Bl B R — N3, TR — N EREHA, IR

R 12 Rrr BB AR P — A i 8 A B RS R, SRIEWIEI L. HiF

(R MO 12 B ST RIRCR IS 4 LIETR 2. Vit 7 EBAE 12 fr v b B 22 45 R 1 Mok

B PUTIE A IOROR . 7E K2 e AU, ARM-32 t-+4) 52 S A VU r i 25 1] 25 11y

KBTI T HRAPAT o I3 LS8BT HE A A A5 FE A A0 i LSS 7 L AL T8 1 5 2

PE,

AT ELERITAIER QbC
BRI ORI IR, )BT TR R R I , i

FRAL LB — BRI R AP BT G 2, LT o 027 35 2 B K B 01 P 30

AR R PATI0 RS A AL B, AP SRS o 3 47 B IR 0

17 B8 0L OISR A T PP B LA B 1) B RE VU

2.3 RV32I 7%

4 51T RV321 ZFA72% LA RISC-V M FHFEF bl 11 (ABD Fire LW & 17
AR A RBEL T, FRATEEH ABI £F, MEiTERS . N T2 S
BERT AR FRREE, RV321H 3L A i E—/MATES 0 1 x0 F7d. 52
Et, ARM-32 Hf5 16 PM&7A78%, x86-32 HE N 8 MEf7ss.

BFHARNFZAL? JE & 0 Bl AL — A A7 452 RISC-V ISA REAN LT B — MR
KIHE . 56 3 =A% 36 TE 34 H 7i4% ARM-32 il x86-32 I JRAE TR A41E, XM %
AN A E PR TR, AT UL RV321 #6452 I BEAH R e, R R %15
AR NS



BRIk R EEALE
BELUSNO R B AL TR 88
ERIE ARk R IR 1B
RIFHIMEE. STl
Blek—#E, EfiEE—
RIITZ KBS KIK
SESNEMHE. AT
SELX— B AR, A0 IEEE
AT S ZER, X
MEIEREFRER L
Bid 90%. EFHITT
RIRTUN, 5SS B
HIT. RHIRIRAL IR ES
B 5 FiRkek, X
BRE 5 £i54HT
T - RIERILIEEE S
10 ZNHRIKE .
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B EEE (PC) 5& ARM-32 1] 16 NEFfEde L —, X EMEETS R TS84
HA A e R Bk . PC AR N — AN FFAE R REA: 7 S PO ASAS 52 4%, R AE HLAY ) ISA
o, A 10%-20%[1135 4 N5y 164, TE ARM-32 h, (ET5448E Al fE & K38 4. 1M
53 SCTRI A T T R AP IR R ERE 2 O EEL, 514 PCE N — A F 7 e LR kE
A s AR T —A

2.4 RV321 BE+E

P A Z5H T BTA RISC-V 84415 5., A& SRR ERS . 7EAT LR HE TR
R IIZRALNTT R, BRATEZS HISA [ — A . X AEIS LA R MBS TR T
fift RISC-V,  [FII LA 15 B RISC-V [R4R7 P an e i a2 55— 22 AR 1) B4 ISA $8 45

fA A E AR R4 (add, sub) . ##E4 (and, or, xor) , PLKIE 2.1 R A a4
(sll, srl, sra) FIHAN ISA ZEAZ . MATNEAFE IR 32 AiE, F¥s 32 (g5 Rk'E
NHFRZFA75% . RV321 I FR AL T IX 2648 & 1S RIE AR AS . F ARM-32 ANJAl, Sz B #us =2 it
RSB, XFEFIRTE, BATTURA SRR, ERNL, RADEATFE
—ANSLEPER AP subs

P27 AT DURRAE LU 45 R A A AR (B . R XM 5%, RV321 @ ft— % T
i A2 84 . RS —MNEESUN T8 MRS, Sl RS ERREN 1, BUR
0. AR, XIXAMES, A—MEMFSRA (sl FEF5RA (sltw) , 75 T4k
HE RS MG 5 B e . MR, R TR A WA SLRIBURA ) (sltd, sltiw) o IE
WAV ZE BN, B RV321 73 38 P DR AP SR as A R &, (H—285%
HERIERW R 23 T2 ML R, W T IRERIAN, mEsstiigmis 5 il Lok
slt LK b5 8l 54 18 AR 1 4 21 & 1 SR o B8 52 I 2 R IA K

2.1 TN HIPARBEOT RIS EEH TG R SEE M. o 3 E s
£ (lui) K 20 £ N ER R T A7 48 10 20 7. B (8 0T LA AR AE RS2 B 4R 1) 32
L. XFET, U 2 % 32 7 RV32l $54, f@inl#iE—A> 32 fi# . A PC mihLin
FAZEPEL (auipe) EBRAULFHB AL, (HrT LT 4§57 PC UME R W s By il i ek
HVREE . # auipe A 20 A7 RIS jalr (B WRTHED 12 AL BIE AL S, AT
A LS HAT IR BUEAT 32 7 PC MIxt k. 10 auipe In b3 indR sl a7k s 2 i 12
PESE DU RS &, AERATTRT LAYT AT AR 32 47 PC AHXT Hikik 404k -

BHARFEZA? B, RISC-V A 718075 B R HO T e . BEMR&
LU R . WAF N R E e B LA AR E S LS. R %8 B 15
FT R AT LA K E AR R, (HREEMIEHA S . ARM-32 B —MARFHEIIThEE, X
TREZHEREEIEE P —MEEE, RATUERE BT . R XL A1 A
ARARARAG, (AR A A s BN S A% . SN I, RV321 4t T SRS
IEFREN

RV32I tHAE S EARE, BATRESEEN RVE2M Y EH (ZNE4T) . 5
ARM-32 Fll x86-32 AN[A], RIfHADEE 383 A IR INTRBRIEY &, 583N RISC-V B AFH: A AT LA
IEAT, XA LAGE NN T A . MIPS-32 YE4n e vl G — R AR A7 LA K g 4
KEHIerk, DIRETERE, XATRES AT BRI B AR HAT T I gm A7 %A e 4,
MG SR . RV321 AT LA T ax Seke P IEFARE A7 48 A IR B SR A, X A
R AT AR5 T-45 RV321 454 RSB (B ILE 2.6 1)
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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
| pe |
32

B 2.4: RV321 )3 FE88. 55 3 MR T RISC-V R4, &Fi8st (sp, gp, tp, fp), RETFHER
(s0-s11) FIfHt 75 (t0-t6) E/EMIFEARE (FT[Waterman and Asanovi'c 2017] 1 2.1 AIFE
20.1),
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TR “LRIE 18 S
RISC-V k22 IEAE 5 JEH rotate 2 KA AL A4S 1F VA 1447 & RV32B 19— #57 (I
11 E),

#FEGER: FIA xor IS HEITHITERIRIE

AT LAAE AN v R 25 A7 S AR 0 A4 A Y AR A2 x1 A0 x2 FR{E. BRATRHIER]
A . fn: FEREL TR @@b=bDa), 4EH (aBb)Pc=aB(bD
0), REHCHIEEE (@@ a=0), HFHE-DHAIT (@B O =a).

XOor X1,X1,X2 # X1’ == X1°x2, X2’ == X2
XOr X2,X1,X2 # X1’ == X1°x2, X2’ == X1’""X2 == X1 X2"X2 == X1
XOr X1,X1,X2 # X1” == x1’"x2’ == X1"X2"X1 == X1"X1"X2 == X2, X2’ == X1

AR EAE L AT, RISC-V 78 L 1A 745 (A5 2 1A 18 0 7] LULER B — Ml 25 4748
PRl BEAR DA I A 7t B PR S e A

2.5 RV32I i Load #1 Store

BT HRAE 32 i (w, sw) MIINERAIZERES, B 2.1 i, RV321 SCREMEA 1+F
SRR SFEIAES (b, Ibu, 1h, Thw) FEREFIAES (sb, sh) o AR ST
77553 BN 32 M SN H A A7 4. R FARBUR I 4%, A 58 $iodls th 2 4
PRGN, XS R SR B E O SR A R IE R BT 11 32 . 1E SCARRITE RS 54
RS 7R, BN BT e L T ER 59 3 32 7.

TN AIAE i (1 S e ME— TR R R S5 12 A RUEL B B bl 27 A7 3, IXTE
X86-32 HH P FR AN AW FE T 15 [ Irvine 2014].

BHARFZA? RV32I B T ARM-32 Fl x86-32 [ 24 FhkAsC. 754, ARM-32
PO F R AR ARE T A a8, B RV321 FHER S BT AR5, RISC-
V AT DU Sl x86 FhbA . fltnn, Hgar EDBCE B E N 0 RIS x86 % A7 e Il -
HERCR AR . 5 x86-32 AN, RISC-V BARFRMMEARTE 4. # 31 NarfEa P R —ME
HERRTREE (LK 2.4) , FRifEFHEBCA AT RAI R AR (push) FHiAR (pop) AL, JF
HARSE I ISA (2 441, 5 MIPS-32 AN, RISC-V ASSCFRFAER N, (delayed load) . 5
FEIR 4y SCIBELHARBL, N T SR IIE B LRI K 2R, MIPS-32 EEEi e X T load #5415
X, load FRIEARTE load 54 MEL G AT (HZ&X T JE R HILIE K RK L,
LEIRNEHT R U GBI 2%, I RISC-V AN SCHRFIEIR N#K

ESR ARM-32 Fil MIPS-32 ZERAFAGTE P AZH 8, 4% B 1) EH SR /N T 1
X155, fHAZ RISC-V EAXANER . B IH MRS A B 75 ZR X FF IV . 5T A 515
), —FhE R E LA ISA ALK FFUI I, ARG IR A — LE R K P54 AN FR U5
i, 41 MIPS-32 111 Load Word Left #1 Load Word Right. $RT, X2 {4 %7 f7 281 154515
2, BN Iwl It H Iwr TFEXFAREATH S, AR 6 B0 25728347 5281
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o SCREARTETRKT, 53— M5 3R Lkl B BRIt 1 & SCREA N TR U5 ), XA
G 3u37 37

WFURA: FHFER

RISC-V &% T /N 7%, FNEER B SES A BT x86-32 £4E, AppleiOs,
2 Android HEE RGEFIMEK Windows for ARM #KF L6, T 5T F{XAER
B A% =7 17 Il R 75 1) [l — i SR B A S e, 2T R R —3 4 AR T

UARY

2.6 RV32I &4

RV321 ] LB A 217 28 TR LU 45 5 Ed AT 2 Skt . LLAmT DA %%
(beq) , AHHZE (bne) , KTET (bge) , BT (blt) . WEMFELEA/SE ;’ét;ggggg;;
B, RV321 RN TS A LK) : bgeu Al bltu. T R ANELE X R (KT mgmnz, @hEm
ANTEETD AT DL o] A e P N R R, BT S bl B x<y Fory>x H x>y iﬁ?ftgggﬁﬁﬁ
LRy <Xo

T RISC-V fE &K E LA F IS —— R TR FE 8L , IHSHESE
LE——LIRA 720 12 7 SERIEEREL 2, FFSYREE, REERAEEME NS ch
PC EAE RN SRk b . PC AR S0k o] H AL B G SRS, ik T BE e An #4s
MTAE GE3®E) .

BHARBEZA? W0 EFHA, RISC-V %£# T MIPS-32, Oracle SPARC 2545444
TRV IR 2y SRS . T 2514 3, BIR B 1R ARM-32 il x86-32 HSFEfH F 26
Mo ZAFEIIAAEES R 2 Bt & o s B N B — LA MIRES, XA EL P 3T Bkt
HE M. WG, BHEE T x86-32 EIFTE4: loop, loope, loopz, loopne,
loopnz.

HFERER: TERAFKEBEIA AT RIRR A
7E RV321 H il sltu tH5HEA RSB«

add ao,a2,a4 # ik 32 fii: a0 = a2 + a4

sltu a2,a0,a2 # # (a2+aq) <a2 B4 az’ =1, Hllaz’ =0
add as,a3,a5 # [l 32 f7: a5 = a3 + a5

add a1,a2,a5 # J_EAK 32 f7AHEE

#FEIRAR: 3RER PC

HTI PC AT LLEE NG auipe B U SZEIECF B B 0 SR 3K45 T x86-32, EARELHL PC,
PR BT R B, GXBETAT DAY PC HEAHERR) SR 45U FH A4 R B0RT UM HERR i3t
EURIBE BRI PC, s PC RIS A (FFEFMEHER. Wik, 341 PC
FE/HFEFE | A store, 2 load F1 2 M EkEE !




FEREOBILE
R%TF 32 M E5H
SRANERER HVAA -
BR 34 1% 72 18 A B 3R
13 32 N EHfFR 0
EAa%EO. ATIE
BEY, BOES,
BERE—LFHE
B LT A AN HE 4B EY
‘At
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WFEULER: TR ERSY

Koy BARHA) 27 # A BEHOR ARG H, Hk RISC-V AR T3 fh i h A & . A
TAFS Ik R R EARR L BRI — NN X f84: addu to, t1, t2; bltu to,

t1, overflow,

XFF RS NS, R R —MRERRT S, MR A E R R EENE G RN —%74 X
184 : addito, t1, +imm; bltto, ti, overflow.

KR TR LA RUEE L X T — R RSk, BATFEEMER A BFRm=A4
Mnfe 4, 2 HACH—MEESCY GERT, SRA RN T A —MEIES, SR .

add to, t1, t2
slti t3, t2, 0 # t3 = (t2<0)
slt t4, to, t1 # t4 = (t1+t2<t1)

bne t3, t4, overflow # # (t2<0) && (t1+t2>=t1)
# || (t2>=0) && (t1+t2<t1) M Jyii

2.7 RV321 &8s

B 2.0 Rk R AR S Gal) HAEXEIhRE. #6K F 4364 PC + 4 bk R 17
FIHbRFfEet, B IR AR ra (LB 2.4) , fF0] DU SRS 28 A .
WEERA TR (X0 B ra fEAEPRTFAAE, AT DS HEBkEE, 2R X0 INRe
Wil B —FF, jal #IH 20 frsr bk gl 2, AT S R HAMmE PC b, (#15
ES| I

B AR A I B2 A (alr) FIREREZ A& R. &) O A b2 3 & v 5
HoRIIBREL, s rT DSEI IR E (R ra fERIEF A, FH44E (X0 /ENEM
AAFEE) o Switch Al case IHAJ U HIEEBkEL, HATLMEA jalr $54, HRIZFAAE 1N X0,

BEHAANEZA? RV32I1 BT T2 R HHTES, #lin x86-32 fHE NI I
384, B Intel Itanium, Oracle SPARC #11 Cadence Tensilica 1 ) 21788 & [ o

2.8 RV32I Z*Ii

Kl 2.1 R HPIRAS AT /7 #5484 (csrre. csrrs. csrrw. csrrci. csrrsi. csrrwi),
FEIRATRT LU RA L Ty 7] — SERE P P BT RS o X TR 2L 64 frit-$as, BAT— AT BLiER 32
firo FREETHAR AR | RGN E], IR DR SAT I HE 22 H

£ RISC-V 544, ecall $84 M TIISAT I IABI AR MK, FlnRGTMA . Hilas
fii ] ebreak 452K il H A% 2 A5 .

fence 8 XM AT WLV AAE R, Qe |/ O FIANAE G il S 0T B AT 40 . AMm] I
FEXP AL B AR AL O AR, MBI EUME PR T . fence.i 184 [FE RS MEE
fite FEPAT fenced 8422 Hl, X T F—/MELFZRE, RISC-V AMRIEH TR LSRN
i 4 X 28 T DA G & B

%5 10 A4 RISC-V R 4i4H 4
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void insertion_sort(long all], size_t n)

{
for (size_t i =1, j; 1 < n; i++) {
long x = ali];
for (j =1i; j > 0 & alj-11 > x; j--) {
aljl = alj-11;
}
aljl = x;
}
}

B 2.5: CEERIMBEAHT . BREFERMEE, MAHRTFUERNHFEERTASNS: MTIEEER
U, BERNFEANER. BER, RANEFENHEE. . BELCERFR. gec ESERT L
THUASFEARIG . BATEBERAARE ARSI, BT AT BB 2 B AR

ISA ARM-32 | ARM Thumb-2 | MIPS-32 | microMIPS | x86-32 | RV32l | RV32I+RVC
Instructions 19 18 24 24 20 19 19
Bytes 76 46 96 56 45 76 52

B 2.6: MAHEFEARBLETERNIESEE U RIESKD. 8 7TELNHH ARM Thumb-2,
microMIPS DL K RV32C $4%.

FHARRZA? RISC-V i FH AL 1/ O A /215 x86-32 —#¢, [ in, ins,
insb, insw l out, out, outsb R4 KT /0. NIFFFFFH LT, RISC-V SEIL T
T, MARH x86-32 HIFESLIL T rep, movs, coms, scas, lods %5 16 25455k 1
LR R4 .

2.9 [HFHBAEFLE RV32I, ARM-32, MIPS-32 fl x86-32 154
£

BATCENHE T RISC-V AL, HUiH 75 ARM-32, MIPS-32 1 x86-32 £H
bo, BT Ry . FRATTILAE IR I B RR Y R AT — ) BRI R E . B 2.5 B T IRAN
(R FEHENR——H C SLBLRIEAHEE . B 2.6 &A%, BRE: TAESIFRIAR ISA JG,
FNHET 48 2 HON 7140

B 2.8 & 2.11 Bon T AT A R RV321, ARM-32, MIPS-32 Al x86-32 IV
IS, RESRIAF RN, RISC-V RAEHAREHSE D WIES, I EAFEZEEMAR
oA /NIER L. R RFIF, RISC-V BIELER. $AT40 32484 F1 ARM-32 F1 x86-32 i1t
REZ TR DL NFR AR S —FE, BT KEES.

2.10 &5 iE

MERRFEIENA, 2 E2FTEiEE., —George Santayana, 1905

EREMEEET
&, FAEKRB RG]
BEETXAERE
ZE, DMERFEAE



FRA& RISC-V 1551
P RIEFAE[Chen &
Patterson 2016]9 .

Lindy % R [Lin
2017] M 28 B ARk
SRR R TRHAE
S5HEWRIELL. B
ZZETRTEIME
1, RESEEE
RIETEREAC, BAEXR
S B 4 77 B [8) Rt B
K. MRXMERIZK
37, RISC ZRHJRT BEFE
REK—EBREHSZE
—MNMFEEIT .
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B 2.7 (EATES 1 S -EA ISA BUHERCRA ST 21— 281 LIRS L2

BRI ZEN, FHUiE T IR LIS HE N RV321 S it AR s . FRATHAZ i RISC-V
TN NE XM SE R ISA. F52 F, RV32I M RISC-I, & i % 41 2 £} [Patterson

201718 5L, b7 T R IX He R

KPR VAS R VIEIES 51| 0p: b Rl ]

FITE a4 350 32 ik
31N, A 32 A0TE, EATAE O R NE

JT B B EHE S AR A 2 18] (3% 2 A7 a8 B N AZ 31D
INERAFAE TN A6 755 FTCRE5 0 3/ A7y = 35 R
AR, BEMBALTE LS EA LRV A TR 4
SLRVEUS R TSR

IR BE—FPEE F AR (FFAZER+SLRI0 A PC AHXT 733
TIE R BRILTR S

— ML, HT R RSLRIEON B w A7 A 1R hr,  IXAE IR 32 A B 3w A7 as A

T M ARTR S

RISC-V I BLLLIE 1 ISA B 747> 2 — B =72 —MELJE TG, XEEr Bt
FEAFLASKER Santayana [ BIE 2 BT TSR B, (HARL NGB -
ALHE RISC-1 f8 2 S HIRAIE . 534 RISC-V G 20Kl nl ik 148 & 469 R (1 77 G218
JEEIRLE, DL G BN PO 2 (0 BRI R S SR AL IS &R R

2.11

#FEIHEA: RV321 EBE5ATE?

T B 387 MR S HS T, BT AR T s e SR A = I I . BER e AR5 3R
R PO BT A The CEFET S5 Sl T ER —Hut 4 &, i s SR
P R o TE T T B AL B AR R N S SE B (4R A B I T, IFRI AR S SRR S
184, nFE%A4ERTHIAE IBM 360 ) 44 %5 f1 Digital Equipment microVAX. RV32I f{JR[A
ZATET SRR AR R R RV321 AR S, Bk, X RV32G R
4, RV321 Ab3L88 T0 7 0 3 5 SR AT B . fEIX 7T, fdix RISC-V 1 ISA T fg2
Tensilica Xtensa, & &% NMARMHBITH. CHRESELEE 80 &&EmMiE4S. HHE
MIEAE B M PRI E A FRY B —EinEiE 4, UInEENAERF . 5 Tensilica
Xtensa L, RV32I BH FHEAEA ISA, BH 64 fidhhbiiA, HHXF B U
P B AR IR T TR Y R .

TR

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.
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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/.

HEid

http://parlab.eecs.berkeley.edu
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o E IR RV321 (2011)"%
ARM-32 (1986) MIPS-32 (1986)  x86-32 (1978) IHIZ 58 %0
FA WA T | W 20 SRR RE AU | 8 ALK 16 £ | o 8 £ 16 firfk
Brik Brik BRAE. AR | B AIER RS
BEHITRTE e b ik LR
(RV32M)
fi v TR m % | LB FHERY | TR AH | T4 x0 £
PR APAT. & | BEFSYT . — | MM A | HTERCE 0.
Ze SR, | BEREASSE | R A | SLRIBUA AT R
R OEE R 4| BuEE R (enter/leave). ¥ | SV . —Fh%k
(push/pop) - & i} A | EFHAER . &
KIZ g4 (push/pop) « & | A%IHAT. &
FERAL FeFUAE NE | A E AR EOR
7 R SRRV F
A BEAREAAN
PhFH .
IR AL HE 4ok
SEERRE A A
T B IR | TEAFMK M | o XBAMH | MHAE— %4
RS TEAFRG | A, BN | K00, BAME | eIt Bk
KEFEA T, W | AR EAR St HAe | (A &4
AH A7 4 1 FRPAEFL | W) EEES=
FEEARF . n# e e NN
Z M EAS R — K load Z Mk
SLEN%. PC & — 5. ANFEFE A
ANIEH %5 A7 A A, YRR HB
AT AL E
[ 5. STEPER
WE R s
HAFHM) . PC
A& A A7 A%
BERAEARSCEL | ¥ PCAR @ 77 | IR WIEME., | TAEMARE | AR AL
HI 5 2 Fo—BLE, | Load 384 EiRME. | M B | iBAE ., Load 54
IXFEREE THK | e BRVEAE FH B0 | (AX,CX,DX, TCHEIRAE, JEH
gKE ) HI, LO #F/7#% | DISIA ek | #9475
)
K 2] HIRME AL | G R4 E = KEHIIIEL
J] J] filh 7 [a]
VEIS NN LA 32bit 45 & | X 32bit f§ & | FRAKETH | 324048 & +16 1
(Thumb-2 & fE | (microMIPS & fE | 2 AR, 2 | Rv32C ¥ J&
R AR | O AMSLIISA) | X & — AN RR
ISA) T 1) 45
ST/t | AL 15 DNEFAEA | WAF S 0 2 X | X 15 NFFAEAS | 31 AR frds . 3L
Bz WAR B A0 | 55 ASEUU R EE | N A7 208 2 20 | 4 AT AR 55
Foo AENEL | FHEEIC. A2 | X5 ABE) | PCOAH X B E
PR R | R R s SR, | FHAER R

— BT RETH B
e

A — Ok RE
EE

0 4R 3 4
Ao S AR
o

Bl2.7: RISC-VARHIT Mt 8B T BOBR B B 38R B Ho)I 2@ it £ BIISA “fk”. &
WM RS — R PR UG MSATRIRHAT K. R, FRMEMMAER TR S IRSERER
PDAE#, B ARS8, EAEEiTHNESE, ENHpEEE.



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: fff78793 addi ab,ab,-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 # increment a3 to point to ali]

48: fclff06f jal x0,8 # jump to Outer Loop

E2.8: BAHFRIRVI2MRIBUER.5HR. TR KHIEEAD, BFRETSHHIEESR
o, RERICHESHES, BELTFLURERE. RVIASEHE SR LU HEaljfalj-1]. RV32E
REFHEE, HP—SPABITIBATEREAA. SHMISATRE, B&hdREMKE FEREDIARF
KiEFE. BARERPKT86-32, BEMFEMATIEMRVI2CHES GESHELE) F/MTHEAPHEE.
ERRVIAF F—K BN S L HLTE _ EARM-32/1x86-32 L BT B I =484
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# ARM-32 (19 instructiomns, 76 bytes; or 18 insns/46 bytes with Thumb-2)
points to al0], rl is n, r2 is j, r3

# 10
0:
4:
8:
c:

10:

e3a03001 mowv
21530001 cmp
e1a0c000 mov
212fffle bxcs
e92d4030 push

Outer Loop:

14:
18:
1c:

ebbcd004 1ldr
e1a02003 mov
elale00c mov

Inner Loop:

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

eb1e5004 1dr
1550004 cmp
da000002 ble
2522001 subs
e40eb004 str
lafffff9 bne
Inner Loop:
€2833001 add
1530001 cmp
7804102 str
3afffff2 bece
e8bd8030 pop

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

r4d, [r0, r2, 1s1 #2]

14
{r4, r5, pc}

#

#
#
#
#

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 = alil
j=1
1r = al0] (using lr as scratch reg)

; increment ip

r5 = a[j-1]
compare al[j-1] vs. x
if alj-1l<=alil, jump to Exit Inmer Loop

aljl = x
if i < n, jump to Outer Loop
restore r4, r5, and return address

B 2.9: B 25 HEAHTE ARM-32 8. TNBEHMHIELD, BEFRETAERPIZESR
B, RERICMESHS, BRERTRE. Fe. HTHFFARAR, ATHBHANTTHESR, MEZFE
H, ARM-32 KBNS REREZMERY (FREHHRE—E). BEHT M i f j B80vF
it S HE TR ST AT ERNEH T ARM-32 #1 Thumb-2, bxes & 56 1¥%E & Bl HBIKE XK
PLARFERTHIEE R 0. FAFIEEARMERR | FEME BN DD —FILBIRS, HEKbM T Lgd;

REE=HL.
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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: 8ccB80000 1w t0,0(a2) # x
20: 00601025 move vO,vl j
Inner Loop:
24: Bce9fffc lw tl,-4(a3)
28: 00000000 nop

alil

1

3+
Il

# tl = alj-1]
# 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 sl11 v0,v0,0x2 #
4c: 00821021 addu v0,a0,v0 # v0 now byte address oi al[j]
50: ac480000 sw t0,0(v0) # aljl = x
b4: 24630001 addiu vi,vi,1 # i+t
58: 1000ffeb b 8 # jump to Outer Loop
bc: 24c60004 addiu a2,a2,4 # incr. a2 to point to alil (slot filled)

E2.10: B2 50 FEAHFHIMIPS-3208% . +NHERIfbbE D, BTFRRT/SERINEES NG,
RERILRESHES, BERER. MIPS-R2RBEHE =%nopiE4, XHNTEHKE. BMRHETE
BAX, A—MRETEENER. HERLERIGHNKBSRERTEE. LEHS S HEAREER
HiE, FARNEDXLARBE, TEEPHIRSHBIIT. B, HbSAMRE—%iRES
(addiv) REFAM—HS, REBERESIIREZ)E.
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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

B 2.1 B 2.5 RN x86-32 G, TAHERIKIMIEFER D, BETFRETAHBKNIES
W, RERLCHESHS, BEAERE. HTROFER, x86-32 AN T AR REERSR S, UE
B HXEHE N AR RMH. M, AKE RV32I T USEEIFARNHENEE (o MIRH al0]H
BED), RERREENFRR. BERAT RTHRIFUER, XNTUHEMIEEGREFFER. XH
%1 20 % x32-86 I HH T MRAEF—-NFWHP LK, XEATTIMGRIERF, x86-32 MARLHAIR
Ne x86 BWANRATRICHRIB S IRA: Intel / Microsoft f1 AT& T / Linux. AV FIEKF/RiIBE:, MR
HRAEH H KHSELD, TRBESURESRY, 5 RISC-V, ARM-32 fl MIPS-32 HIEAEBURF—BL
T AT&T KIREBORFN 52 Mk GF AN THARES, FEELFITM E%). T —8EFRRK
P, XEBBARENFELFR—ANFHAE. RO EMHXAARERE, ARLEAEETE
JEHAFTR “EZ RS,
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= RISC-VILHFES

A F AR MG B IR E 1 R R R EACHE L, mARFHMRETE AR LY,

Ivan Sutherland

Ivan Sutherland
(1938-), EHRTE
1962 F & FA
Sketchpad M3k1%
BERZ, WERIT
BNERZEZR. .
Sketchpad ZE{X 3 .1 ‘E‘i 'El:
HEHRNERAR
FEAFIE.

A 3.1 2007 I\ C BT LLE SEALE ST S BRI 22 S B
56— 5 WA AR TR S ABIR, A RATE AL SHE S7E RISC-V B AL 1 1
IR .

s P\

’.ﬁ_\
‘ 1 C HaF
00.C

Compiller %1%%%

e —
Assembly program 5[ éﬁ 1‘;2 r%
foo.s

Assembler 5[%%%

X'J'%jlﬁ: Object (machine language module) Library (machine Janguage module) J_fpj[ﬁ:
(HEBIFSHEB) E —— j e (HEBFS

Linker

xR
Executable (machine language p]@ EI:M. h__ j[ ﬁ:
a.out
E 2o
Loader (MNBIBEER)

hREkER

A 3.1 M C IEARVERIFEATBTERNPR. XEMNZE FHHMTRRIS, ShRbh— PR S
R, IEBEEE. BAEXEMERAT Unix BXXHERFGL IR, 28% N MS-DOS H
#J.C, .ASM, .OBJ, .LIB fll.EXE.

3.2 RECGAAMIE (Calling convention)

bR B0 FH L R 43 6 NP Bt [Patterson and Hennessy 20177

K S Bk 21 e B Be W Uy 1) 2 A7 B

B B R BOT IR A B (EH RV321 1 jal 484

SREL R E T B SR AR OEUR, 3% R ST A48

PATRECP 4R

Wz MEAEAE R F B VT M BIRIALE, KB A AER, BEISUm A 5 R

w»ok b=
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6. R R E (EH ret 54

o T HRA RO, AR R R A (7 BT 1 1o, (R T R
BB RAE R A0 58, B TIRE 2o PO .

RISC-V 15 S48 25 17 BB A SR e AR PR M A B,
I U (A FDC S 9547 BV FUop 0 GHEE T 80 M Ao B 0905
BRI, N6 7 5 B vus (B SR A 5 4 5 . AT
AR U R S HOR R R R, 1T DL 174
WA, TS “Uith Cpillng)” SIATET. BURRESHAGERRE, w7
R A B A RATE AT, ASTERO IR 2 L.

R T ILE 0% 17, B WS RAT % B AT, 2 B FR HJ  38
S 0 R B O R RE . B K (R I A 0% 1728, D
B RS 2 47 38K FOKAS B0 5 B 7 2 A SEEE  BUE200 T
V20 2 AT ST A, R BT A R B P S (R A
TAAHIR P IE ) 27 A7 A A EIR BT AT A7 2 ] 3.2 JHH T %7 A7 43 (19 RISC-V MR/
HERIEED (ABD 44 FRE AR A 7 R L.

EXea EORMR iR HERARPRERE?
Register | ABI Name | Description Preserved across call?
%0 zero Hard-wired zero fFE4wH5 0 —

x1 ra Return address 1R [E] ik No

%2 sp Stack pointer  ¥35%t Yes

x3 gp Global pointer &5t —

x4 tp Thread pointer  ZkF2$5%t —

x5 t0 Temporary/alternate link register |25 1788 No /ZHEIES 7%
x6-7 t1-2 Temporaries &Rt & 7E8E No

x8 s0/fp Saved register/frame pointer RIFESTERE Yes /gt
x9 sl Saved register (REZHESE Yes

x10-11 | a0-1 Function areuments/return values g #=%; No /jR[E{E
x12-17 a2-7 Function arguments RESE No

x18-27 | s2-11 Saved registers {RFHTFES Yes
x28-31 | t3-6 Temporaries &Rt & 588 No

f0-7 ft0-7 FP temporaries 2 SIGRTESTE No

£8-9 fs0-1 FP saved registers ;2SR GEESF Yes

f10-11 | fa0-1 FP arguments/return values ;Z 52 #/iR[E{E No

£f12-17 | fa2-7 FP arguments FREBSH No

f18-27 | fs2-11 FP saved registers ;2 S {R1FEHFE Yes

£28-31 | ft8-11 FP temporaries ;R SIGETHE No

& 3.2 RISC-V BHRZ S5 AR IILREICR. RISC-V A RBINFFSE, MELERFERERE

WH, AT EHEHAE ABI A RNEFESR, FPRERENKRE. AHITEAZRFFESERA “HiE

HEBRENGER”, RZUKA “HERAHERFRNEER”. BRTEREE 5 B TR (X%E
¥EF[Waterman and Asanovi'c 2017] )3 20.1.)

4R ABI #U3G, FRATREB AR RV321 BREN IR T . T T A2 R B T 2k -

entry_label:
addi sp,sp,-framesize # Allocate space for stack frame EEERIEET (sp BFERE) HHCHmn
# by adjusting stack pointer (sp register)
sw ra,framesize-4(sp) # Save return address (ra register) REREHA (ra B738)
# save other registers to stack if needed IZEERGHTESER
. # body of the function Fiiik
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MRS HAM TR R KL, FEFFaRTAEA T, BB S S AEA A ok o 3 e =5 18]
KA BRI DIRE G, B 22 B3R 5 B BOHRMT R 01 A
# restore registers from stack if needed RFEUEHREFESR
lw ra,framesize-4(sp) # Restore return address register REIRMEMhilt

addi sp,sp, framesize # De-allocate space for stack frame FEjpitinzsig)
ret # Return to calling point REIEAS
HAVRPAS S FERIERIZE ABL (T, (HE e BATTRERNC G E AT
— SRR

TR RESEENIGHNFERAFLATREESHRSH?
AT XF RVRE——NRE 16 MFAR A RRAN RISC-V (15 11 &), HAf

FHETE2E x0 B x15——ER M RAE BT AE A AN — B0/ i 2R AE 2 AR AE XN TE R N o Hoe o4
TE ARG 2 AR AE T 4Y 16 D2FAERE N« RV32E B/, (BT A RV32I ANULES, H i
B G S

3.3 ILYRES

f£ Unix R4H, X—LHHAZLL.s AR, i foo.s; £ MS-DOS H1
#&.ASM.
Kl 3.1 I gm s /R FAMUAUE MALBEES BE 0% HL AR 148 2 7= 42 H RS, B ReRIE—
Loy RS, IXLR XN AE 7 L B S PR AR M 9 5 R ULIE IR A H » XRIBL AT
B B AT A (Al L SEE, FRONth s 4. B 3.3 A 3.4 B T RISC-V thiE4, A&+ ZE
3R x0 ZFAFAUAZN 0, Jaa TR A X PR E R . B, Z AT 2 ret SEBr_ B2 —Mu1E 4,
L gm a8 2> 1] jalr xo, x1, 0 KEHE (LA 3.3). KZHH RISC-V i MHT x0. K,
AN 0 TR 2B —— Wk Gump). &[E (return). 5T 0
I 4%#% (branch on equal to zero) ——1EJth4E4, &k RISC-V f5 44
Bl 3.5 N& ML) C F2/F Hello World, Zrikas/ =AM dmta 2 uiEl 3.6, HAfiiA 7K 3.2
FIR PRI 3.3, 3.4 HIthTE4 .
Hello World 72/ T RFEF TSk — L 35 T4 (assemble directives). BN IRICHnlmsS, BA
e RIS RS R SR e A PR O TR B R M . P 3.9 2
"It E B BALET RISC-V I gmTa . HAKE 3.6 FHEIMTR R

BRAER G IR IN4TED . R

# “Hello World” fE4 ® .text: HEAARILEL.

FTEY IS B B TAERVAR .alien 2: SRR 20 N
. 12D LR ign 2: JREHUIGIZ 22 FANTE

V27 = 11

.globl main: AHLRFFS “main”.

.section .rodata: #E N R iSEHE B

.balign 4: HHlEBHZ 4 755

.string “Hello, %s!\n”: @@= Ff/F4 R FERH .
.string “world”: QT FRFEE RN FRF .

HLASTEE, HiFt
MNXANER, RiEHE
E—1.

I gmasr= A un b 3.7 19 B s SO, 8 ONFRIE I ] ST AT 4R SCEF (ELF) A% 2 TIS Committee
1995].
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hig<

Efhie<

ZX

Pseudoinstruction Base Instruction(s) Meaning

nop addi x0, x0, 0O No operation Tk

neg rd, rs sub rd, x0, rs Two’s complement #MEG

negw rd, rs subw rd, x0, rs Twao’s complement word FHRYAMNG

snez rd, rs sltu rd, x0, rs Set if # zero e 0 MB L

sltz rd, rs slt rd, rs, x0 Set if < zero INF 0 BT

sgtz rd, rs slt rd, x0, rs Set if > zero KF 0 N E4L

beqz rs, offset beq rs, x0, offset Branch if = zero 390 MEER

bnez rs, offset bne rs, x0, offset Branch if # zero 1E 0 MEER

blez rs, offset bge x0, rs, offset Branch if < zero INFETF 0 NEER

bgez rs, offset bge rs, x0, offset Branch if = zero AFEF 0 NEEF

bltz rs, offset blt rs, x0, offset Branch if < zero INF 0 MEEFs

bgtz rs, offset blt x0, rs, offset Branch if > zero KF 0 N|EE#

j offset jal x0, offset Jump st

jr rs jalr x0, rs, O Jump register =Rt

ret jalr x0, x1, O Return from subroutine MNTFEi2R[E

tail offset anzpe x6, offset[31:12] Tail call far-away subroutine RBAZETEE
jalr x0, x6, offset[11:0]

rdinstret[h] rd c¢srrs rd, instret[h], x0 Read instructions-retired counter RS R S8 ES

rdcycle[h] rd csrrs rd, cycle[h], %0 Read cycle counter IREE AR e

rdtime[h] rd csrrs rd, time[h], xO Read real-time clock 15 BN SCRT BT £

csrr rd, csr csrrs rd, csr, x0 Read CSR B CSR HFss

cSTW csr, IS csrrw x0, csr, rs Write CSR 5 CSR F 788

CSIrs ¢SsIr, IS csrrs x0, csr, rs Set bits in CSR (SR HEREENM

csrc csr, Is csrrc x0, csr, Ts Clear bits in CSR (SR HF1F8E5

csrwi csr, imm csrrwi x0, csr, imm Write CSR, immediate MEIEE AN CSR

csrsi csr, imm csrrsi x0, csr, imm Set bits in CSR. immediate MENEE AL CSR

csrci csr, imm csrrci x0, csr, imm Clear bits in CSR, immediate S EN#ERR CSR

frcsr rd csrrs rd, fcsr, x0 Read FP control/status register BREL FP il RS B E e

fscsr rs csrrw x0, fcsr, rs Write FP control/status register SN FPIEHIREE o8

frrm rd csrrs rd, frm, x0 Read FP rounding mode iZE FP & \IET

fsrm rs csrrw x0, frm, rs Write FP rounding mode S FP £ \&

frflags rd csrrs rd, fflags, x0 Read FP exception flags JEBY FP fISMRRE

fsflags rs csrrw x0, fflags, rs Write FP exception flags BN\ FP fBl5MRE

B 3.3 BT x0 B RISC-V h#E4. B A B 7 X RISC-V FIhIESMESLHES. £ RVI20 H, B
UESEER 64 ALTHEEE e S BAINEEK 32 AL, 3N “h” FHEENE 32 AL, GXFKEYR T [Waterman and
Asanovi’c 2017]HF 20.2 Fi13 20.3.)
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hig< Ehihig< &X
Pseudoinstruction Base Instruction(s) Meaning
i d, bol[31:12

1lla rd, symbol Z‘;;ECIE! rcsijfms;mlgol [11:! 0] Load local address BUS Eh ittt

PIC: auipc rd, GOT[symbol][31:12] ER bt
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] % =
1{blhlwld} rd bol Load global FIESE
{blnfwld} rd, symbo 1{blnlwld} rd, symbol[11:0](rd) oad globa mHERE

auipc rt, symbol[31:12] N =

blhlwld} rd bol, rt Store global FReRE

s{olhlwld} rd, symbol, Tt = v 101} rd, symbol[11:0](rt) ore globa

auipc rt, symbol[31:12] o . . ) . — -
fl{w|d} rd, symbol, rt £1{uld} rd, symbol[11:0](rt) Floating-point load global  j$gy:2 5458

auipc rt, symbol[31:12] SO, ) . -
fs{w|d} rd, symbol, rt fs{wld} rd, symbol[11:0](rt) Floating-point store global E&?f’ﬁé%i
1i rd, immediate Myriad sequences Load immediate PEE, iLED?&
mv rd, rs addi rd, rs, O Copy register Eﬁjﬁﬁﬁ%
not rd, rs xori rd, rs, -1 One’s complement b3z

A , . ERSYRT

sext.w rd, rs addiw rd, rs, 0 Sign extend word T = ve
seqz rd, TS sltiu rd, rs, 1 Set if = zero 730 BB
fmv.s rd, rs fsgnj.s rd, rs, rs Copy single-precision register 3 BB SFER
fabs.s rd, rs fsgnjx.s rd, rs, rs Single-precision absolute value = BEHEIE
fneg.s rd, rs fsgnjn.s rd, rs, rs Single-precision negate BEMERH
fov.d rd, rs fsgnj.d rd, rs, rs Copy double-precision register HIXHE E B 7 2R

fabs.d rd, rs
fneg.d rd, rs

fsgnjx.d rd, rs, rs
fsgnjn.d rd, rs, rs

Double-precision absolute value X
Double-precision negate p

WiE R AT {E
SRR

call offset

jalr x1, x1, offset[11:0]

Call far-away subroutine

bgt rs, rt, offset blt rt, rs, offset Branch if > KT BT

ble rs, rt, offset bge rt, rs, offset Branch if < INFETRIEERS

bgtu rs, rt, offset bltu rt, rs, offset Branch if >, unsigned  FEHFEXTFHIERE

bleu rs, rt, offset bgeu rt, rs, offset Branch il <. unsigned EfHFS/NFEHETRERS

jal offset jal x1, offset Jump and link BREE HaERE

jalr rs jalr x1, rs, 0 Jump and link register ~ PREEHEERES FE
auipc x1, offset[31:12] AR F T2

fence fence iorw, iorw Fence on all memory and VO [RNfEFA /0 RS

fscsr rd, rs csrrw rd, fcsr, rs Swap FP control/status register 323 FP 355l R S H 1728
fsrm rd, rs csrrw rd, frm, rs Swap FP rounding mode e FP & ANHE
fsflags rd, rs csrrw rd, fflags, rs Swap FP exception flags 2ZH FP 5 5MERE

B 3.4 DKIT x0 SR H RISC-V 4184 . 7 la #8454 —1%, GOT RELF/ MR (Global Offset
Table), EFRIBFHEEFTIFSRBTI ML, R A B TXE RISC-V FIHNREASFESLRS. X
5K BYE T [Waterman and Asanovi’c 20173 20.2 Fi3 20.3.)

#include <stdio.h>
int main()

{

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

return 0;

K| 3.5 C iES ) Hello World 2% (hello.c),
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.text Directive: enter text section BT EARBER

.align 2 Directive: align code to 2°2 bytes IRTF: 32 272 FIRTERED

.globl main Directive: declare global symbol main }Rff: AAAZBHFE main
main: label for start of main main FFHAHRIC

addi sp,sp,-16 allocate stack frame 5Bk

sw ra,12(sp) save return address iR E ek

lui a0,%hi(stringl) compute address of V& string] Bk

addi a0,a0,%lo(stringl) stringl

lui ail,%hi(string2) compute address of V& string2 Kbk

addi al,al,%lo(string?2) string?2

call printf call function printf YR printf H3

restore return address IREIREME

deallocate stack frame Rl

load return value 0 EEUREE

return IR [E

Directive: enter read-only data section igRfF. #ARIEHIRE

lw ra,12(sp)
addi sp,sp,16
1i a0,0

ret

.section .rodata

H oH o oH HF HHFHEHEH O HHEHHFHEHEFE R

.balign 4 Directive: align data section to 4 bytes jsR#: %4 THAFEIRE
stringl: label for first string B RIRD

.string "Hello, %s!\n" Directive: null-terminated string ETRE: SEBERNTESS
string2: label for second string B A ERRD

.string "world" Directive: null-terminated string R SRR S

& 3.6 RISC-V {L4RE S I Hello World #2/5 (hello.s).

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 1lui  a1l,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

& 3.7 RISC-V HLEE S I Hello World F2/% (hello.o). A8 8 B 1c XAKIEA MM FEB R 0, HES
HHEERER. BRI SRILR T EERTR RS,

3.4 BB

HEREAR AUV & ST M3 AT i BRI et IR FETE LB 20 SRR, AT B E H g i
AEERIEARAD . BERASIEHTIG H AR RIS A A AR FINLARE 5 AR (s BUE) 25 “PHz” i
Ko HEESRXANAFRTEMIEEZ —, BT X SO IBEE H8E#:HE 4 (jump and
link) FRIBEEEE Sy . TSRS AS (link editor) FRIfETFR, & 3.1 thffix — BT 2
BB RN EE R AR . TE Unix RAH, BRI .0 J54%, fil a.out SCPF; 78 MS-
DOS i N\ S S5 4% 9.0B) BL.LIB, #iHi.EXE 1.

3.10 J&/R 7 —/N LAY RISC-V FER LA RS AN B i N AE X 3, B g s i
BN RO R A T RE P A 1Rk, (2 SE R AR GRS R B B
X R (PIC), FEIEAM TIERESA FTFK. PIC HFTA I Ta 2 HAL RIS 1 s v
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W ERANSZACHD AL B 520 . Q158 2 TRTH ., RV321 FIAHXT#42 (PC-relative branch) 4 A#
TR P52 5 T 523 PIC,

B 7484, B BAs SRR B8 —NE 53R, fE0 TARF PARSs, e FEnf e sk .
Hop s T bR S ARID AR . B 3.6 FE PR (stringt il string2) FIPFAME
1945%% (main Al printf) FTEME. HTERA 32 M IFLSHIRMERE — 32 frryHhL,
RV321 5458 T BN IR B 2648 2. W& 3.6 fs: R Anas e 2% Tui
Al addi, fRHSFRESETEEH%E auipe Al jalr. & 3.8 \Bon 71 3.7 1 B AR SCHHEERE 5 7= A 1
a.out 1.

000101b0 <main>:
101b0: ££010113 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

& 3.8 #8510 RISC-V YL23ES Hello World F25. 7 Unix R4H, BHISUEEZ R a.out.

RISC-V S 3 21> ABI, BAKEGRT F M D ¥ /g2 B /E7E. RV32 1] ABI 4354
4 ilp32, ilp32f Al ilp32d. ilp32 F/x CiBEF HEA (int), KEA (long) FI¥EE (pointer)
e 32 7, WEESRRR UL ILIF S 1 1ip32 F, F S BB A2s s,
TE ilp32f 1, BNEREIF SRV A AR i 7 ilp32d Y, UK BT j S B A VT A
A A LI

HAR, WURARIETE R AR ALIBIT M2, REAMNAF S ISA I F (D §7/& (W
53, FILESIE RV32I MY (GCC & Ti-march=rv32i), Ziffi i ilp32 ABI (GCC
I -mabi=l1ib32) . SR, YL E AL R SRS — EEMA T S, B
RV32IFD 5 ilp32, ilp32f Al ilp32d #BHE

HERE RS TAR T 1) ABL 2 R AEVCHL . R iR a8 A & TTRESCRE 2 Fl ABI AT ISA ¥ &
M4 A, (EALES Ear e ey TR LR o [RIE, — i DL IR At 5 A2 7 /D 53 1) P 1)
1B REEAR T AR PR OL T, B A S EE A e IE R, B sl r ek,
SRIGHR AL o XA IRE WAEN— BN LS — & BN BB TR (52 X 5
B RS

#NFEUERE: HEIESIAAG (linker relaxation)

BhEE RIS Gump and link) Hf 20 ALIARXTUhESR, Rl —25 484 52 8 Bk BRI
FINLE « RE IS NN INB R BB AL R TSR TE S, IRZIMEH S — & a &g 2
%7 WIS B — KM LRI 5 7R A s ) F 4, BRI i ds o Lis ey,
ST REHBAE I 258 & B o — 5% [HIRE B S BRI e A B 2 (R BE S 4655, B
DIEEE S S 2 A, BRI AEMEE .. XS FERONEER S b, & TR IET R
TR AR . B T RR WA 248, X gp $8EM£2KIB i [ M 23R Ui 1A, RISC-V §E
B AT — 2 R e B s Tui A1 auipe PigkiE4 . X tp FEEH+£2KiB JE R A L FE
SR AR U A A L AL B




REBk (HEFES D).

BiEER (2REE).

DN ik

Directive Description

.text Subsequent items are stored in the text section (machine code).

.data Subsequent items are stored in the data section (global variables).
bss Subsequent items are stored in the bss section (global variables initial-

ized to 0).

bss B2 (#IG1LA 0 MIE/EE).

.section .foo

Subsequent items are stored in the section named . foo.

& J3.foo BIER .

Align the next datum on a 2"-byte boundary. For example, .align 2

3% 2n FHXSF. .align 2 BIRFEITF.

% n FHIF. 40.balign 4 BIRFEXIFT.

-align n aligns the next value on a word boundary.

.balign n A?ign the next datum on a n-byte boundary. For example, .balign 4
aligns the next value on a word boundary.

.globl sym Declare that label sym is global and may be referenced from other files.

A sym iR A2 /N, ATAEEXHE.

.string "str"

Store the string str in memory and null-terminate it.

WFERE st EARE, TFHERE.

.byte bl,..., bn

Store the n 8-bit quantities in successive bytes of memory.

EAFPESEFME A 8 UHE.

.half wi,...,wn

Store the n 16-bit quantities in successive memory halfwords.

ERTFHEEFE 0 16 LHE.

.word wi,...,wn

Store the n 32-bit quantities in successive memory words.

ERTFHELEFE 0 4 32 LE.

.dword wi,...,wn

Store the n 64-bit quantities in successive memory doublewords.

ERFHELEFE n 1 64 LHE.

.float f1,..., fn

Store the n single-precision floating-point numbers in successive mem-
ory words.

ERFPESEME 0 NEBEZAE.

.double di,..., dn

Store the n double-precision floating-point numbers in successive
memory doublewords.

ERFHEEFE 0 MEEZ S

.option rvc

Compress subsequent instructions (see Chapler|7 |)

E45ES (WETE).

.option mnorvc

Don’t compress subsequent instructions.

TEGRES .

.option relax

Allow linker relaxations for subsequent instructions.

SRIFHEIRSFAG (linker relaxation) .

.option norelax

Don’t allow linker relaxations for subsequent instructions.

T RVFHER RN

.option pic

Subsequent instructions are position-independent code.

SHRETRNBE.

.option nopic

Subsequent instructions are position-dependent code.

SRERRNBE.

.option push

Push the current setting of all . options to a stack. so that a subsequent
.option pop will restore their value.

&R B option IR B FEAK.

.option pop

Pop the option stack, restoring all . options to their setting at the time
of the last .option push.

MAx 8 _ERFENB.option R E

B 3.9 %W RISC-V ILHRIBREF-

sp = bfff fff0pey

Stack %
Dynamic data NSEAE
Static data AR
1000 0000hex
e REBER

pc = 0001 0000pey
Reserved
0 1%%

& 3.10 RV AREFHHWALAFE. EHRHEEEhht, KELAEMik. £ RISC-V BRAHE S,
A%t (sp) A\ Oxbffffffo FFoam FTHK; PRI 0x00010000 146, BIEFHSFEREE: EPRE
BARERESEIX, EXAMIFHEBM 010000000 H4; RERFSHERX, B CESFH

mallocQORE A H, M EHK, HPREHEERE.



HEREHNREER
SR ERERF
FMALIERE, RE
A Z BRI FEFER
AR, B3,
XL MEEER A P RZ
RiERERSEE, 8
HIXHFEHE,
AMEEFREEF B
PREC IR B R 5
BEX.

0oC
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3.5 BSHERNBISERE

BTN S R4 Cstatic linking) #EAT 7 U, EREFF IS AT TP B PERTEAT 1 BEREA
In#. MEEFERERK, #E - NEIZMEF P2 T SHNAF. 7o, BN G
SE), BIMEENTERIKEHEE T bug, Rl ESEERERAR TR IRR . A bug 1
WA

N T REGRIX AN, IRV 2 28 #h & 454 (dynamic linking), &MEBHERELE
BB R R I A 2 o4z . JE SR IR A A s B4 (fast linking), [RlE H &7
A —IRENSITH . BIRFEFHIRIEAT, CH SR MR BRI ER . Hoh, R
AR TR ASSEEEE, FEARSEN AT R —.

G VA AR I ARRE AN ER S BE R AR AR AR, . AR Z A07E T, BRI H AR A2 SEBR 11
BREL, TN A =R R R AL (stub function) . fAAR BREE M AE ) — /N
IRELSE BRI R B b Bk . AL, AR — UGS, R LB SRR R A i, R
BN bE . XA S AR AR AN, iR a5 KR
SEPRESH AR R, BHIBINAET, SO SEBR 1) RO RE 2R . 5 SRR T A
A AR PR ) = 2548 2 8 .

3.6 In#EE

KUK 3.8 HIREFF BL— AT PAT SR TR SR AR THSNL I A it & Lo S8 AT, Nk
SRR N MBERIN AT, R RIe I e il WA s ” mid #RiE
ARG, HAEVL, B a.out REERGRZHUESZ —.

BN FERAL T B IE L E 2k . BE REAN EIEIBITRT, MRBIT A 35
& SRS IR, JF RSB T AR R B 58— UG, e ATins)
WA, JEHABSRER, SN IEWRIE .

3.7 &FiE

R E, REHRE—,
——XKelly Johnson, & “KISS JFEI” MMz LW, 1960

TC g #s 1) RISC-V ISA H8 N 1 60 26 thiE4, 115 RISC-V RIS 5 T35, Jf HAY
IEEEES o o — A ZF A7 2R gt A O 43 L ih v 2 D 48 2 T4 5 S8 A8 Ak 4o 2. R
¥ Quid FREFEHEEs 5o r BB (auipe) PIgkTE4, ik 1 i as Ak i as 54k
AN EBECR/ R B bk (R o A5 P AR R R AR S AL BTG OC, ek TR AR I A .
KE M TAT AR T 2 A2 ORAT A BB, inek ek 50 AR (]

RISC-V #2477 — RFITE 5 CH e Sy pLb], FRARmAs, $Emttne, JEAMERmERE
GBS P
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3.8 ¥ REME

D. A. Patterson and J. L. Hennessy. Computer Organization and Design RISC-V Edition:
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. Asanovi’'c, editors. The RISC-V Instruction Set Manual, Volume I: User-
Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.

Eid

http://parlab.eecs.berkeley.edu
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BRBH R (1452-

1519) R— I EE#HZF

R, - TIERE

B9 “ERRHEHI 77 [RIE,

EEREERZGE

st SR RE
Ja

srl ATLASIBR L 2' B9
TFFSHE. Blan,
B a2=16 (2%, F4 srli
t2,a1,4 X &< M
divu t2,a1,a2 BEIH

LESRAEE

51

BME RZEMRZEES

FIkL %, ¥EHR, —R1-RWEAIEHEE (William of Occam) |, 1320

41 &=

RV32M [r] RV321 s T B HERIEABRIETE 2. Kl 4.1 2 RV32M § R IE SN EE
T, K A2 5t T e ERE .
BRiZe EAk T 4. AT RAEAR R A R ) F
B = (BBRE — &8 + BE
B
WRRE = R x 7 + &}
R = W — (@ < BRE)
RV32M BEAH 75 IG5 A BRIETE S divide(div) ! divide unsigned(divu), ‘EfiTF
PN HAR 2288 . TEADBUIELT, P R T ERBMALNE, Ktk RV32M #24t
remainder(rem)f remainder unsigned(remu), ‘EAIEHARFAEREARE, MARK.

RV32M
multiply

multiply high < 4nsigned
signed unsigned

[divide }{— . }
—_— unsigned
remainder =

& 4.1: RV32M $E48HER

31 25 24 20 19 15 14 12 11 7 6 0
0000001 rs2 rsl 000 rd 0110011 R mul
0000001 rs2 rsl 001 rd 0110011 R mulh
0000001 rs2 rsl 010 rd 0110011 R mulhsu
0000001 rs2 rsl 011 rd 0110011 R mulhu
0000001 rs2 rsl 100 rd 0110011 R div
0000001 rs2 rsl 101 rd 0110011 R divu
0000001 rs2 sl 110 rd 0110011 R rem
0000001 rs2 sl 111 rd 0110011 R remu

& 4.2: RVI2M BMERBEGTAEIROMR, BEE, AR ERBEMBNIRMAIR ([Waterman and
Asanovic 2017] 3R 19.2 2B FIEERE D

P 2T AR T B



52

= WIRH x

EEBRIEZIE N IR, & RO A A R ORI B BE (R o B AN 32 A A e 15 21
(172 64 frfFRAR . A T IEMHAS B — N E RSB 51 64 f7F1, RISC-V i P4 3fe
PAe4 . BAGRRA 32 MM (64 ALK 32 A1) FEA mul 54, BRI 32 £, R
BRI AT SE B mulh 84 WEARBBEEFZ LA 55, HAH mulhu 484 W
R—MERFS—ANLRS, ATLLH mulhsu 84 75— &304 5E Bt 64 A A5 AHIAS 32
PLZF A7 R E SRR BT A3  4%, BTLA RV32M R E M ARIETR 4 e 81— e i
(1) 64 HLfH

XV Z AL BR AR, BRI AR BNE E . WiTikR, FRECH 2 MR ERT 5
PRyl VAR R . Sl @i g O MBI S IERR I &y 32 AT, mT MR
BB T BURRE. BN, B 43 Bor T 3 NGB TR S BRE AR .

# 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)

& 4.3: RV32M H I Sfeiz: R SR DU BORAE R AU . EE I 2 B0EE A T AR E EF AN BE o,
M FREERE, HYHBESBEANTSR. ERIEFHMERIERE A= ABBNIEIE D BB
[Granlund and Montgomery 1994] 1] DL3RF] .

BAAARRZE? KHILSK, ARM-32 HEREMLRIEES . HEH—5 ARM A3E
VEAE R 20 4FJ5 (2005 47, BRIETRA A N ARM [ BH 55 . MIPS-32 {8 FH R
A7 (HLRT LO) R FRIE AR Fa 2 HIME— H R 27 A7 85 o BARIXFP BT FMK 7 F 11 MIPS
AEFRER S A, HE RSN STE A DA R L B BRIA 45 R, X T RE 2 BRI
. HI I LO ZFA7 s th ot mAetpiREs, (FR7ETR5 2 [MV) 4 0 d E 12 .

#FEUiRA: mulhsu W FZFEEHHFESREREH

MR 75 B RECCAT S0, mulhsu F=ARRR AR, MR RS A F (B
TS SHIBIMBARE & (S RN, CRZFE/FISTRIEM TR, %
At 2 AL RESE iR T4 15%.

TR : MERSHREHMRE R

ZMABRER B NE, R HEEREREZ AT — %MK beqz 154 . RV32I A%
PKUONBRZERAET trap, DRUOAMR DO Fe 75 AT, 10 HLAE S Le R 1 rh ] DUR 25 5 K 75
REFEE. A8, BRULEHEHIKEATERE.

#NFEVRA: mulh F mulhu 7] UG B 5 R H

WE mulhu PWEERANE, WEMSEH mul #TEFSIRENASEH . 2500, %R mulh
g R (TG A5 mul 45 RS AICEE (RIS mul 455 9 IER mulh 5525 0, mul &5
B GUR mulh 25 55 N HER Y SEEEREEE),  JUAE ] mul AT RS TReER RSt .

sll ATRAHSRECA 2' B9
TFSRE. Blan,
8 a2=16(2), 4 slli
t2,a1,4 X £ESH
mul t2,a1,a2 S3|HILE

RAEME.

Xt FJLF B A By 4k 38
77, FEREERALANNE
BRZ, MRALLFER
R%.
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4.2 Z5RE

RRE, |, FEARTEWELN LA B,
——C. Gordan Bell, 2% /INU{HSHL I 444 )i

AT RN H B /NP RISC-V ACFEZS,  Feyh A1 FRVE# AN RISC-V I 55 —/N1]
EFRED I —3 5> RV32M. £ RISC-V 4b# 45K 145 RV32M.

4.3 TR

T. Granlund and P. L. Montgomery. Division by invariant integers using multiplication. In ACM
SIGPLAN Notices, volume 29, pages 61-72. 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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Antoine de Saint
Exup’ ery, L’ Avion
(1900-1944) 23%E
ERFATER, LA
EF) —BmESE.

L A,

HRIE MIPS iz —
John Mashey BJ¥is%, R
B 16 MUEEFFHR
= MIPS HY ISA i&itHh
BEMRBEEIR.

55

FRE RV32F fMl RV32D: BEEMISE ZAH

RHSRAEMEGTALR, MAARAEGT AR, EMNTREALITRE.
—Antoine de Saint Exup’ery, L’ Avion, 1940

R4 RV32F F RV32D 251, M ks £ g, MilEw S aRmE—en.
RN, AOME—FRAE T LA RS RS FE (32 A A 64 A1) ¥ZRTR4
Kl 5.1 &— RV32F F1 RV32D ¥ B4R EM KRR, K 5.2 FIH RV32F H#fEmS, K
53 %I 7 RV32D B ERS . F1JLT-Fra H AL ISA —#%, RISC-V IR\ IEEE 754-2008
7% SR HE[IEEE FrfEZE 2> 2008].

5.2 F R

RV32F Al RV32D ffi [ 32 MHALI) f A fFa8 A2 x TFfEas. fEHMA T80 E 2
SRR 2 AEBRZSAEAIG N RISC-V 5 2 b 27 A7 284 R A0 IIT o3 23 (A R A 400 1 e FH T 2 2 A
AR T AR BN TR 2, X LA AR R R . (T PR B A4 X) RISC-V $54
LM E TR, AUERINFT TR 2 RN B A EE £ 27288, EFERIHR ST
1E x Ml £ FFfran 2 Mg Eds . B 5.4 ZIH T RV32D Al RV32F 274748 SRR RISC-V
ABI i 5 [ 271748 44 Ko

WUR AL H ZR R SCHF RV32F A RV32D g, WU FRRG FE B A £ 37 A7 as MK 32
Ao 5 RV321 1) x0 AN[F], ZFFA7as 0 RAMELEH & 0, 1M2&FMATAHAM 31 /> %17
R, R AT

IEEE 754-2008 #RifEF&AL T JUANF SUS H & AR5, XA B T e 12 2 0 A 4R 5 4L
B o AR Lo LI AU 3 N BB RS (RNED. i AR AT DUIE I 7 s 4%
FI RS TFA7 A% fosr TR E . B 5.5 R T fesr HAIH THNIETL. I EFRHERTHR
MR FEARE.

FHAARFEZAE? ARM-32 Fl MIPS-32 #5FH 32 AUk V7 m A A 2B # R A 16 XL
K FE 2R A7 45 o BT AN B BB 2 A7 2 WL 21 00RE B 2 A7 2 I 22 A P 1 o x86-32 7 i BT
RBAALAZ A7 A%, TR . HEAR % H 2 80 (P EI g, Rz s 2,

#MFEULEA: RV32FD RIFERFIESHEEANER

ERRONEREN, DR A FEEL KBNS AN, Er LB EtEee . Bk
BRI fesr TEHFE G AR BEEFANTEFEWEXZENE L TENRE 1235
in fadd.s fto, fti, ft2, rtz, BHRIFESN, T fesr WM. B 5.5 FbrPH T AR A
MR K
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¥ 32 ALk 64 (IARAERUELH N 80 1, X TAFiETRS, RZIMR. x86-32 [H—A )5 S AN
T 8 AMEL) 64 AT i Z5 474 UL AR K I H/EH8 4 - 5 RV32FD Al MIPS-32 A [F], ARM-
32 Fl x86-32 M T 1RV M AV B ZF 7 a8 2 M H R Bl e 4. ME—Mfi o7 200
IR AR A BAAEEN AT, RGN AR BB R T A7, IR

RV32F and RV32D

Floating-Point Computation Load and Store
add Lload | [word
subtract Eloat =
) StOFB oubleword

multiply =

£loat{ divide - single Conversion

- doubl mgle
Sgquare root £loat convert to { } from _ word {unagned}
minimum
maximum £loat convert to . word {unmgned}from{ slngle}

| single double
foat{negauve multlply{ btrac1}{ doub\e} £Eloat conyert to _ single from _ double

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

. . Other instructions
£float move to .x register from . single

£loat sign injection negative {ﬁlngleﬁ}
Comparison exclusive or | ‘. doubl
Squais i _.single
compare float < 1less than . single float classify d
- Tecs th . double ouble
lessthan or equals) =—

& 5.1: RV32F {1 RV32D ({154 Ex.

5.3 RN, FFEMEARES

XFF RV32F #1 RV32D, RISC-V AMFMEIRS (flw, fld) MPRAFMHIES (fsw, TR, B
fsd)o ARATHN 1w A1 sw A A R FHAL AR 4% X B INBRER RIS E IR S A szmmncis5HE
(fadd.s, fadd.d, fsub.s, fsub.d, fmuls, fmuld, fdiv.s, fdiv.d), RV32F f1 RV32D ;Eﬁgﬁfé 'fgég?V;Z;
AFEFITIR (fsqrt.s, fsqrt.d) 84, BENIMAR/MEME K(ETES (fmin.s, fmin.d, &%,
fmax.s, fmax.d), XEEIFLFEAEH I AR AT R ITE DU T, 3 — XA E 2oh 4R
MEBECKAE S N H [ 37 748

VR U (Bl REaey:) fEPAT e aeidis B 5 2 L RIHAT — 2 i siiiids 4 .
AL, RISC-V $igfit /484 H T 50k MR ERUH R 5 13- 37N F (fmadd.s, fmadd.d)
Bk % (fmsub.s, fmsub.d) H="T1EH, BEHBESERESNHNEFSE. EIEAHEMN
2 5B = AN R E B T RN BUR [ A : fnmadd.s, fnmadd.d, fnmsub.s, fnmsub.d.
LG BRI - IvEide A LE BB R SR v i A A R, R, BOAEATR (R
T =p) %)\“ —K, TR IRE R IMEFR 2 W& N TR (efERike)a, RETE
IEZ G KBRS T E 2 F e A% IR 22 4 D74, MOV R4. B 52 F153 BoR
T R4, B R AEIA— AR,

RV32F M RV32D A AT 70 30482, et 7 g st EdE 4, Lihtﬁ?}%ﬁﬁ/\ﬁé
R ELE s B — AN BB A2 E N 1 5L 0: feq.s, feq.d, flt.s, flt.d, fle.s, fle.d. X
LG 4R A SO VR ALY SCHR MR TF 05 B LU FR & W0 B I 25 A 13047 0 Sk e 5l Exﬁﬁ%?’f
f1 <f2 i, M7k 2 Exit:

flt x5, f1, f2 HINE f1 < f2, W x5 = ;%50 x5 = 0
bne x5, x0, Exit #U1 x5! = o, NELFEF] Exit
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27 26 2524 20 19 15 14 76

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 152 rsl m rd 101001
0001100 00000 rsl m rd 101001
0010000 152 rsl 000 rd 101001
0010000 152 rsl 001 rd 101001
0010000 152 rsl 010 rd 101001
0010100 152 rsl 000 rd 101001
0010100 152 rsl 001 rd 101001
1100000 00000 rsl m rd 101001
1100000 00001 rsl m 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

| 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

B 5.2: RVI2F BIERBREETRAMGR, BEWE, HABHNEH. XKRE5 T —KRERB LHEE
RAIR: KR, AHNMELE 12 608 0, FENTHRIES, £ 2546080, TEF KRS,
RV32D FHIIXBHEAMLEIAN 1 (T [Waterman and Asanovic 2017]K3E 19.2),
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31 27 26 2524 2019 1514 1211 76
imm[11:0] rsl 011 rd 000011
imm[11:5] rs2 rsl 011 imm[4:0] | 010011
rs3 01 rs2 rsl rm rd 100001
rs3 01 rs2 rsl rm rd 100011
rs3 01 rs2 rsl rm rd 100101
rs3 01 rs2 rsl rm rd 100111
0000001 rs2 rsl m rd 101001
0000101 rs2 rsl m rd 101001
0001001 rs2 rsl rm rd 101001
0001101 rs2 rsl rm rd 101001
0001101 00000 rsl m rd 101001
0010001 rs2 rsl 000 rd 101001
0010001 rs2 rsl 001 rd 101001
0010001 rs2 rsl 010 rd 101001
0010101 rs2 rsl 000 rd 101001
0010101 rs2 rsl 001 rd 101001
0100000 00001 rsl m rd 101001
0100001 00000 rsl m rd 101001
1010001 Rs2 rsl 010 rd 101001
1010001 rs2 rsl 001 rd 101001
1010001 rs2 rsl 000 rd 101001
1110001 00000 rsl 001 rd 101001
1100001 00000 rsl m rd 101001
1100001 00001 rsl m rd 101001
1101001 00000 rsl m rd 101001
1101001 00001 rsl m rd 101001

| fld

S fsd

R4

R4

R4

R4

R fadd.d
R fsub.d
R fmul.d
R fdiv.d
R fsart.d
R fsgnij.d
R fsgnin.d
R fsgnix.d
R fmin.d
R fmax.d
R fevt.s.d
R fevt.d.s
R feq.d

R flt.d

R fle.d

R fclass.d
R fevt.w.d
R

R fmv.d.w
R

A 5.3: RV32D BAEBRAETHBAMR, BEE, BRARBEMELHK. XFHAEH R —EiE4SF A MU
HEEEAR . RAXHKEE fcvt.s.d fl fovt.d.s 84, MRE B —HKEAR fmv.x.w H fmv.w.x.J84
(& T [Waterman and Asanovic 2017]fJ3& 19.2).
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63 32 31 0
fo / fto FP Temporary
f1/ft1 FP Temporary
f2 / ft2 FP Temporary
f3 / ft3 FP Temporary
fq / ftq FP Temporary
f5 / ft5 FP Temporary
f6 / ft6 FP Temporary
f7 / fty FP Temporary
f8 / fso FP Saved register
fg / fs1 FP Saved register
fio / fao FP Function argument, return value
fi11 / fai FP Function argument, return value
f12 / faz2 FP Function argument
f13 / fa3 FP Function argument
fi14 / faq FP Function argument
fi5 / fas FP Function argument
f16 / fa6 FP Function argument
fi17 / fay FP Function argument
f18 / fs2 FP Saved register
fi9 / fs3 FP Saved register
f20 / fs4 FP Saved register
f21 / fs5 FP Saved register
f22 / fs6 FP Saved register
f23 / fs7 FP Saved register
f24 / £s8 FP Saved register
f25 / fs9 FP Saved register
f26 / fs10 FP Saved register
f27 / fs11 FP Saved register
f28 / ft8 FP Temporary
f29 / ftg FP Temporary
f30 / ft1o FP Temporary
f31 / ft11 FP Temporary
32 32

] 5.4: RV32F Al RV32D WERFHFH. PHETHARSAT 2 MBETERPeAUN—F. £3
EfFRET RISC-V X TEREFHNARLNE, HRT FPSRFHFH (fa0-fa7), FPLREFFHFH (fs0-
fs11) F1 FP IGH G2 (ft0-ft11) )5 HEARFEE (FETF[Waterman and Asanovic 2017|138 20.1).
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31 87 5 4 3 2 1 0
| Reserved ‘ Rounding Mode (frm) | Accrued Exceptions (fflags)
NV|DZ|OF|UF|NX

24 3 1 1 1 1
& 5.5: BRBEHARSEES. BEFFEEAERARERE. SAVEIGERRIEMEEEN (frm H
) rte, 000) ; FFTEEAN (rtz, 001) ; [A T (—o0)& A (rdn, 010) ; [@_E(+0)& A C(rup, 011) ; PAK
HBERNBRAMESA (rmm, 100). ANMBERFERERTNE LRBRAFEE FR R MERIEH
B84 DHIRE F4: NV RoRIEEERE; DZ R UE; OF 5 hi; UF Ro8 T NX RAAHEH
(ZTF[Waterman andAsanovic 2017] & 8.2).

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 -

B 5.6: RV32F fl Rv32D BE#484 . 1EFIHFIH TIREIERE, ET7 P HESN B iR SiEa8E,

5.4 F RFEHNRZ

RV32F fil RV32D SCREFELE 32 A #F 5348, 32 AR5 84k, 32 i sifll 64 £z
[V ST AT A A (XA A R, AR B 5.6 3LIREHE R
R H BRI, B TIX 10 %154

RV32F i 24 T ¥ 588 M £ 27558 (fmv.x.w) 53 x R84, LR IT
PR S (Ffmv.w.x).

5.5 HAWE 154

RV32F 1 RV32D &4t T AT EITE L, A BT 95 £ B UL - iR 4.
(IEEE 754 V% bl /5 B — P )97 HERAERT 5 0 fiai i 70 267 0, X k3K
AT T X 4R 2 )

FMRAFTENEL, ENENEERIESES 7RSO AT N fF 50
(R EUE B R T BAR A A48 4

1. FAEFSEN (fsgnj.s, fsgnj.d): 45 RMIFF S rs2 IS AL,

2. FHEFFSEEN (fsgnjn.s, fsgnjn.d): 45 RIS rs2 MRS HAA Ko

3. FAMFSREUEN (fsgnjx.s, fsgnjx.d): G5EFF SN rs1 F rs2 IR 547 F B

4

B 17 A B TECE R IR S 3R, TR S AIBSTRATIC IR AL T = FhiAr iz SO di

A (B 37 T 3.4):

ooC



61

1. HHIF ST A a
fmv.s rd, rs F3 J& fsgnj.srd, rs, rs
fmv.d rd, rs 52 /& sgnj.drd, rs, rs.

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

{
for (size_t i = 0; i < n;
y[il = axx[i] + y[i];

double y[1)
i++) {

}
¥

B 5.7:H CHREN BEEEEERAN DAXPY BEF

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 7EPIAN ISA EAEBRKIRSHEFRIG KA. BEAHTEMERKESHEU KBS EH.
% 7 N4 ARM Thumb-2, microMIPS 1 RV32C #8448,

2. 5iE:
fneg.s rd, rs W} %] fsgnjn.srd, rs, rs
fneg.d rd, rs BL4FZF] fsgnjn.drd, rs, rs.
3. #XHE (KN 0®0=0 H 181=0):
fabs.s rd, rs ik I fsgnjx.srd, rs, rs
fabs.d rd, rsp | sgnjx.d rd, rs, rs.

AN IR SR A2 classify 732884 (fclass.s, fclass.d). 73RIBSXTHHE
ARG R B, AT — SRR EEOR B VR E R0 2 T 51 10 /N7 s P 1R R 28 Ja 14
(Z R, REH AL R LS N B B2 2 IAC 10 A A — ik
BR1, HRNERERNO.

x(rd]fi | E& X
0 f[rs1]N—o0,

f [rsl]/2 GRS AL EL

f [rs1]72 S AE RS A3

frsl]-0.

frsl]z+0.
]
]
%
]
]

i
i

f [rs 1172 IE R AERIAS AL AR
f [rs 1172 IEFIHRS AL 2L
f[rs1])9+c0,

frsi
frsl

d— o | fin | o R{m E{m E{m

715 5 (signaling)NaN.
— N (quiet)NaN.

O [ XRX[ I | NN | |W (N[~
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5.6 fH DAXPY F2/7 L RV32FD, ARM-32, MIPS-32 Hl x86-32  pacvixrsska
wamixmr
RATIAESER DAXPY 1EATA I S X R ISA HATLCR (B 5.7), wblogy  (oemeesiond
FEHEY = ax X+ Y, Hh X MY RAE, a BFFE. K58 M4 T DAXPY fEJUANRE — SevemEmaisig
7 ISA T X RE IS A KO 7580, AATARRS e 5.9 % 5.12 . SAXPY.
555 2 B i NHER —FE, R RISC-V 154 S 5niH A & (1) fa sk, RISC-V A
T A MRS R KD, #HSE % 0T Hof ISA. 7EMOREIH, RISC-V ke
PAT 4 464 F ARM-32 I x86-32 HHEE AT 24 (g FHERER, LA ARG, IBARIES A T 2R

ZHENIES

ANFEULRA: 16 i, 128 RIAI+HASZHEE

&1 JG # TEEE 3% £ bsifE (IEEE 754-2008) [k T HUbS B FSURE B 2 41, B FER T JLA BT R
BB, BTN binary32 A1 binary6d. ANHEERL, BTG, B TVUMGREE, 28
binary128. RISC-V #HRIF RV32Q ¥ &SRS FrH v s =0 (IS 11 3). iZbnifk
N AR A AR A T B A BRI, TR 51T L2 L R DR E T AT
FETE N AZEAZ i, (HR BB LLIZ AN BE AT IR R 5 B0 2 K5 (binary16)
F\JCHEE (binary256). JUEBRE X IX 99 F it o FE A7k 3 B 2 XLIK, 1H GPU Ffsblf
FEEH SIS EAMREANTTF . RISC-V MHHRIZERES (5F 8 I RV3I2V) H4
PR, (R RB R SRR R R ETE A, WA SRR K br i 4R
Lo ANV, BT EFRHER RN T i HF S B i = i A =00 a2
decimal32, decimal64 Fl decimal128. RISC-V Tl RV32L $84%Y AT (L 1
EDP

5.7 ZERiE

YA,
—Robert Browning, 1855, k{4 X (S BINFIRTE 20 2 80 AKX ERFAAHL

IEEE 754-2008 ¥ 55 bx [ IEEE Standards Committee 2008]5€ X T ¥ M B 28, 11550k

FERFT R #RAE . BRI ZRAT KKFR T B AR R IOHE RS, Xt RE A A ISA i
R BB 23 T RE LA 25 e A ) AR R 20 (48 B B

5.8 ¥ REIiE

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/.

VADG}

Eid

http://parlab.eecs.berkeley.edu
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# RV32FD (7 insns in loop; 11 insns/44 bytes total; 28 bytes RVC)
is pointer to x[0], a2 is

# a0
0:
4:
8:

Loop:

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

is n, al
02050463
00351513
00a60533

: 0005b787

00063707
00860613
00858593
72a7f7c3
fef63c27
feab14e3

00008067

beqz a0,28

slli a0,a0,0x3
add a0,a2,al
f1d fab5,0(al)
f1d fa4,0(a2)
addi a2,a2,8
addi al,al,8
fmadd.d fa5,fab,fa0,fad
fsd fa5,-8(a2)
bne a2,al,c
ret

#
#
#

H HF HF HF HF H H

pointer to y[0], fa0 is a

if n
a0 =
a0 =

== 0, jump to Exit
n*8
address of x[n] (last element)

fab = x[]
fad = y[]

a2++
al++

(increment pointer to y)
(increment pointer to x)

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

y[1]
if i

= axx[i] + y[il
!= n, jump to Loop

return

Bl 5.9: & 5.7 % DAXPY ] RV32D R, -FA#EH] M THLES AN, #ETRETAESIKIES
o, RERILHEZHRS, RERERE. WEMASTHRAS8 AT ARM-32 1 X86-32 ARG {5 % Lk
4.

# ARM-32 (6 insns in loop; 10 insns/40 bytes total; 28 bytes Thumb-2)
is a, rl is pointer to x[0], r2 is pointer to y[0]

# r0
0:
4:
8:

Loop:

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

is n, dO
3500000
0a000006
0820180

: ecbl16b02

ed927b00
ee067b00
eca27b02
e1520000
lafffff9

el2fffle

cmp r0, #0
beq 24 <daxpy+0x24>
add r0, r2, r0, 1lsl #3

vldmia ri!,{d6}
vldr d7, [r2]
vmla.f64 d7, d6, dO
vstmia r2!, {47}

cmp r2, r0
bne ¢ <daxpy+0xc>
bx 1r

#

compare n to 0

# if n == 0, jump to Exit

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

# 47 = y[il

# d7 = axx[1] + y[i]

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

# if i != n, jump to Loop

# return

& 5.10: [&] 5.7 1 DAXPY ) ARM-32 /8f%. 5 RISC-V L, ARM-32 ¥ EFMEIHERTUHE
Fi%iE4. 5HAHEFAR, DAXPY £ ARM-32 EARBEEHRANAR TS
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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: d4c2f£ff8 ldci $£2,-8(a2) # £2 = y[i]
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)

B 5.11: B 5.7 1 DAXPY f MIPS-32 5. =AM XEBEFHHENMERT HHANES. REFANTE
B2 MRETHEESERT ARM-32 1 x86-32 FFI & LEHES. SBEENBAR, BEANREEE
iBRE.

# 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: 53 push ebx # save ebx
1: 8b 4c 24 08 mov ecx, [esp+0x8] # ecx has copy of n
5: cb fb 10 4c 24 Oc vmovsd xmml, [esp+0xc] # xmml has a copy of a
b: 8b 5¢c 24 14 mov ebx, [esp+0x14] # ebx points to x[0]
f: 8b 54 24 18 mov edx, [esp+0x18] # edx points to y[O]
13: 85 ¢9 test ecx,ecx # compare n to 0
15: 74 19 je 30 <daxpy+0x30> # if n==0, jump to Exit
17: 31 c0 Xor eax,eax # i =0 (since x~x==0)
Loop:
19: c5 fb 10 04 c3 vmovsd xmmO0, [ebx+eax*8] # xmm0 = x[i]
le: c4 e2 f1 a9 04 c2 vfmadd213sd xmmO,xmml, [edx+eax*8] # xmm0 = a*x[i] + y[i]
24: cb fb 11 04 c2 vmovsd xmm0,xmm1, [edx+eax*8] # y[i] = axx[i] + y[il
29: 83 c0 01 add eax,0x1 # i++
2c: 39 c1 cmp ecx,eax # compare i vs n
2e: 75 €9 jne 19 <daxpy+0x19> # if i!=n, jump to Loop
Exit:
30: 5b pop ebx # restore ebx
31: c3 ret # return

5.12: & 5.7 1 DAXPY K x86-32 f\HE. FEXMBIFH, x86-32 /B FREE S HEX HRIABIRHA
E—FBNMANBEWIER T NG, MEHLM ISA F, XETERHHFRESTFEFHN. BERNT x86-
32, NTHEEREFHE (testecx, ecx) LRI —ANEFERIEZE (xor eax,eax).
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(1879-1955), 20 it
BREZDNHZR M
R TN, EES
R K 4R
ERTH#.
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EXRE ETiHES

IR EMA L IZRERE, L RRERTHE,
——RuRAA%F « ZKWrH (Albert Einstein), 1933

6.1 &5

FAMRERCE TR T ISA XU SZ R 2 HERE, At LIRATFEIX LA X RV32A f8 4 HIE
ATRAT J9HEAT AR« D SRIRWEAS R 2 — 2 s isb 78, AT RUE — F4ERE AL B« m2 G
BHLE)” 12k (JEC4ERE il https:/en.wikipedia.org/wiki/Synchronization H'3CHhhk:
https://zh.wikipedia.org/wiki/%E5%90%8C%E6%AD%AS ) B # #E (RISC-V & RE45H)) 2.1
i [Patterson and Hennessy 2017].

RV32A A7 AR AL SR 114

® WHETHE (AMO)

® N#EARE /A% (load reserved / store conditional )

6.1 & RV32A § JRIRAIEHIREE, K 6.2 5t 1 e TR AR Sk .
RV32A
(add )

and

or

swa

atomic memory operation < Xor > word

maximum

maximum unsigned

minimum

km'ﬂimum unsigned |
and reserved } word
store conditional [~
K& 6.1 RV32A {45 ER
31 25 24 20 19 15 14 12 1 7 6 0

00010 aq | rl 00000 rsl 010 rd 0101111 R Irw
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

6.2 RV32A 18412 BEE. HAREALIR. GXTREJET [Waterman and Asanovi'c 2017]K1&

19.2.)


https://en.wikipedia.org/wiki/Synchronization
https://zh.wikipedia.org/wiki/%E5%90%8C%E6%AD%A5
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AMO F845%F WA AR BAT — DN R THAE, IR B bR ar £7 88 W B N ERAERT I N A7
e JRTFFRNAEE Z BRI FBEASPATE, NAEEA SIS A B
INELAR B AR AAFAETRE T e AT 2648 2 2 I P3RS o D3 OR B B — N I AE AMO F1 LRISC 5%
¥, AANEREAEY, HE TN EIREILT. M R 54400 BAREY EAERYE  sxnmibis,
TR, EMIETAANR NI WERAENRRY), B RS EAN 05 HWEAN—AE  EARES cache 17
0 (RIS RARTS. MRTRSHRRR
F 4 RV32A BELBEPE G HAENR 2 TR SE R A A7 72 PR R AS [5] 1458 3 55 A
YmFEiE F I R E SR e RPN T HE 10 HhE- 22 (compare-and-swap) #1E:
P — AN EF A7 T BE AN S — AN A A7 a8 I N AE B3R ) 004, SR eSS, B A
FEa B RN N AE TR BE AT S0 e . 1K R — 2k IE I R IS, Hee RS E T LLLLE
JLhitiok 52 il [Herlihy 19917,
REHIXFE— ARSI ISA BEKRTHHLE, EE—FBLSTAFRE 3 MNESHF
AL AS HbR B AE s o IREREEUNBIAN G N E] =4, SRR EHZHE e 4
K ARAABRE T2 . (RV32FD M2 BN (multiply-add) #§4H = MEREERL (HER
W] () A b AR IR S, AN R R S ) AN, InER R B A AT TR BN
1745, AEATT LSl R Rt css i (LK 6.3 1) EEia).

A Ir/sc ST R TFF M[a0]AYELER - ST AR 1F

# Compare-and-swap (CAS) memory word M[aO] using lr/sc.
# Expected old value in al; desired new value in a2. #INE B RYE
o i r G e e e s
: e ne a3,al, value equals al? 5 N
_ e : HBENEAF A
8: 18cb26af sc.w a3,a2,(a0) # Swap in new value if so o e
HIMRTANKY, BH=s

c: fe069ae3 bnez a3,0 # Retry if store failed °
. code following successful CAS goes here ... CHR- AT 2 SRR RS

80: # Unsuccessful CAS. HELE - THRAFLIN

# Critical section guarded by test-and-set spinlock using an AMO. SRS
0: 00100293 li t0,1 # Initialize lock value oot ot
4: 0cb5232f amoswap.w.aq t1,t0,(a0) # Attempt to acquire lock #RBREN S
8: fel31lee3 bnez t1,4 # Retry if unsuccessful HINRK, ARSI
. critical section goes here ... <R XA
20: 0a05202f amoswap.w.rl x0,x0,(a0) # Release lock. HERBT

A 6.3 FIZPHIWAMEIF. F— A0 FERHINBRAE Inw/EHEM sew SLHLB- AR BlE; £ /MIFE
A EFA# amoswap.w LI H F.

FANERBE AMO TR MR, EAE 2 B A RS Ol IR B 26 A7 it
LRy etk Bl el DR EARSEI S Z). AMO $544ET VO Bl E kA

RYs AT DASCLE eSS R 13 o IR T AT AR B IS, IR R VO PERE. 1 6.3

(K3 B0 7 1 ey 45 A 22 4 S 7 X

MFEULER: AFE—BMRE

RISC-V B A T N7 —BUMERAY (relaxed memory consistency model), K HAMZEFEE
BRI N AT R AT ARSI . B 6.2 i, A RV32A 18 4#H —MERN (ag) FI—A
AL (rDo aq B AL 5482 ORUEH B AR ER J5 1 A AF V5 18] T & BB 1) AMO #:
PEs 1l 8 A1 ETH8 A TRIE R BRI 2 B8 BT 0 )8 T8 0E . FHZE T REE R
HRHNE, 7 LA F[Adve and Gharachorloo 1996].
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BHARFZA?  JH4H MIPS-32 A ML, W& 175G ok MIPS ISA HinA
TINE AR A AT S

6.2 GWRiE

RV32A J&R[iE R, —4 RISC-V A2 U1 BB et & . SR, 1405z KiriH
s, —VISEmE R Z R &R R, (EANIZAR FH . RV32A IE£Wt, W2 sl s A
e

6.3 ¥ B

S. V. Adve and K. Gharachorloo. Shared memory consistency models: A tutorial. Computer,
29(12):66-76, 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. Asanovi’c, editors. The RISC-V Instruction Set Manual, Volume I: User-
Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.

i
http://parlab.eecs.berkeley.edu
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E. F. Schumacher

(1911-1977) #&EE T
—AREFEEME, FkK
AN, SEEFIES
MR, EWEIERS
MBS, WITAEDR
HAXEURZER
438 100 Kz —.

small

bea{lstiful

astudy of economics
as if people mattered

EF Schumacher

©
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BtE EMEES

NBpR %, ——E. F. Schumacher, 1973

71 &8

PARTIY ISA A T 4 ARRS K BT B 9 e T e e i s, thandsm 7 — ik
HABEPA GIAR=AD BIERNIES, WL RIEEE, 2%, ARM Ml MIPS N T RE4i/)N
A, FFriih T REETE 4, ARM &1t 7 ARM Thumb 1 Thumb 2, MIPS %6/5 %11
i 7 MIPS16 1 microMIPS. IXLEH[1) ISA AbFRAR A gm B BG 0 1 40, [RIR g in 1
I =t s L O ST RE E

RV32C K T —M#r it k. £ 584 LA —FA5MER) 32 7 RISC-V 154 ——
XIREe AR, 16 fifa 4 RN guds FEEHERS o] WL, 2 15 AL Fi 2 BT B 11 56 48 4
EATRGE . niEatdn’s 3 AL gwit 5 P2 0t T DASEAR U2 RV32C 54 s K, fhAiTRe
SRR W2 B 5 BIRR P R/ INF R Z 0 ISA FEF . & 7.1 /2 RV32C ¥R R 241
KA R IR

NT RAE— RANNFET B3 RIS R R, RISC-V ZEMITkE LBkE T RVC
P RRPMIES . FBS, TR = aWE, IRk fe & R 4620 T 16 fi. 26
—, X+ANEHAEAE (ao-a5, so-s1, sp PLK ra) 15 ARG IS HAL A7 5% 26
=, FERAME N BV EINIREEIES . —; =, SERIEUEAEIRDN, 1 H A AT
ERGE L LA B Bk, Y2 RV32C 154 RBEVT 0] IBLe 3 27 /7 o, —Luig 4k
KENEEEBINIE; JUFATA LRV B 4650 T, load A store #AF R A% A 408
B RSF R S Bum e = .

RV32C

Integer Computation

c'—ad‘d‘{immediate}

¢ .add immediate * 16 to stack pointer
c.add immediate * 4 to stack pointer nondestructive

Control transfer

equal
c .branch = to zero
i not equal -

g.jump { and ynk}

c. subtract

shift 1eft 1ogical
€. <shift right arithmetic ~immediate

shift right 1ogical

c.jump { and link} zregister

Other instructions

c.and /T . c.environment break
——— 7 immediate
c.or

C. moze
c . exclusive or

c.load {: immediate
e upper [ =

Loads and Stores

- load -
c. ﬁloat} {;tore word 4 using stack Eointer}

c. float &?ad}goubleword {asing stack Bointer}
— ore

7.1: RV32C KIIESBIR. BB KILEEERM c.addidspn ZEY RN, HERSFAFSAT E.
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Benchmark ISA ARM Thumb-2 | microMIPS | x86-32 | RV32I+RVC
I tion Sort Instructions 18 24 20 19
fisertion Sor Bytes 6 56 45 52
Instructions 10 12 16 11
DAXPY Bytes 28 32 50 28

B 7.2: AE4EESEE REEAHT N DAXPY BFHHESHNREKE.

Kl 7.3 F1 7.4 I T HEAHET A DAXPY F2/7 (1) RV32C A0S, FA1E/R 11X RV32C
B4, MG MR R T IX S R AR BRI ROR, (H2 @ X S S ARy o2 A ]

1o VERPTERS AR T 5 RV32C 184X RIS 32 (184 . Mk A h5eBFIH T 16
£7. RV32C 154 A1 32 fi7 RISC-V 154 IR % &R .

B, £ 7.3 MNP A 4 R, TEgReKE W N Y 32 £i7 RV321 #5
/Q'\:

addi a4,x0,1 #i=1
BN 71X 4 16 i RV32C 154

cliagq,1 # (AP RN addi ag,x0,1) i=1

RV32C 1] load LRI EUHE A LUicsD, 2FATE Raefs e — AN ar 22 fl— AN/ NP SL R EL
cli MVLEHASER] 7.3 A 4 AN Nk filgl, XR cli fEAMst A 2 7K.

H—AFLER 7.3 dhiht oy 10 T, T4 R

add a2,x0,a3 #a2 &fam a[jIFRE
el 71X %% 16 A2 RV32C 54

cmvaz,a3z # (AP /@K add a2,x0,a3) a2 &FEM a[jlFREr
RV32C ) move $84 HE 16 i, FNE RI5ERA /788,

UG RSB F AT BE 2% RV32C [AFAE, (H2H — M50 LAk se sl AR 42
N BPATZATH MRS AT 1 16 S138 230 N5 1 32 (7484 . & 7.6 3 7.8 41
H T RREE 2R AT DU 1) RV32C 484 G AR ERD o S /NSRRI 32 A
RISC-V AbFEZSE A 2 8000 ANTTHLES, Mt as R 2 400 M. IR BRI A /MY THH
#H G 5%k, IPAELELA 100,000 AT HEE KN A cache PIALEEES A S T

BHAARRZLE? RV32C FEAHFRECEFIRES, BN HARTE & XA B 52 ma 5K
2 9 JUE 1.5 # Thumb-2 #HXFT RV32C, FEARRESKREE EH A, 1XZ&H T Load and Store
Multiple %} Fid FE (R, FHIRE) HENFLE B AT LT A A . A T ARIERER
RV32G HFE4— X R, RV32C &G EFEEAT. 1M RV32G A T A o b B 48 1) 58
BE MM AA RS T IX R4 . BT Thumb-2 £2S2F ARM-32 /) ISA, {H ZAbHELS v] DAFE
PN ISA (B 1#e. N T FFE ISA, TEARLAUE MR 2 Ees, — HT ARM-32,
—AHF Thumb-2. RV32GC =& — AN Sl ISA, [t RISC-V Ab# 8% H i B —AMEiL % .

WFEULER: AT ABLEEMIHAEFE RV32C?

R bR B A AR AT — A B R B PN R B LA FE 2, DRI B B 1T B RO B AR AL EE AR 1)
M. macrofusion &5 —/MilF, HAP$EAMILEHE RISC-V 8446 NN K54
KHAT (BWHE ). EXFEI T, 16 A2 RV32C 841 32 fif RV32I f84 1R 4 7E — i
D07 R E 2, AT (75 P e A 8% 72 — NIl ) 11 P 58 B AR TS AR 15 58 i




©

71

7.2 RV32GC, Thumb-2, microMIPS F1 x86-32 KL%

Bl 7.2 V08 T IX DA ISA 5 s iIE N HEF Al DAXPY 217 AR K/

ERENHEFEIJEAE 19 2 RV321 #5441, 12 4 Bl 7 RV32C 164, FrbARig K
FEM19 x 4 = 76 NFHAR T 12X 2+ 7 x 4 = 52 FT, 4 724/76 = 32%. DAXPY
FEF M1 X 4 = 44N FH4EE) T8 X 2 + 3 x 4 = 2871, Hi& 716/44 = 36%.

XA ISR S 2 9 TN LS WA —8, AR, STFHEEZE
HRIFEFE, RV32G UG RV32GC R 37%. Bk BIXFPFERE K 4608, FEFE b
I — 148 2 0] DA B # RV32C F7 4

#FEIHAA: RV32C EMRM—TZHIE?

RV32 84 7E RV32IC FEILX ). Thumb-2 SZPr FA&—ANERIE ISA, 5 16 Aifg4 A
ARMv7 HRZH (HARAEE) B4, #lan, & Thumb-2 Hf Compare and Branch on
Zero, T ARMv7 HHi%H, TiXtT Reverse Subtarct with Carry M 1E {741 < . microMIPS tHAs
/& MIPS32 HIHE4E. 0, microMIPS 1154 WA S HINHEIELL 2, {HAE MIPS32 H2K
4, RISC-V H1 8 2&Tl) 2.

7.3 ZRIE

HAARTURZ B3 48, 124K %A 8 1H, ——Blaise Pascal, 1656
fl 2 T — BT AR EE R, FUILE R 2295 3 Niklaus Wirth ARG Fa 4 T — T 1wEIES .

RV32C il RISC-V B2 12494 ) LT/ MRS RS o VR 7T LOREEA TR 9B 1
rBhRIO RS . (B, DUEIL R as i C ARV g i 5 R 53 A0 G V85 2 5 = T T it
o X HLIRATBABEE =F0KKE, FRefeT RISC-V AU 5 HItk 5 S Atk % HI A E 24
GUNdES, K RAESLHR L. XMATNER A B TR AR 50 TR

RISC-V $2E M — &M AR IIHUHPRIETHEN L, RV32C Bl — MR EmvE sl

7.4 ¥R

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/.

Eid

http://parlab.eecs.berkeley.edu
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# RV32C (19 instructions, 52 bytes)

# al is n, a3 points to a[0], a4 is i, ab is j, a6 is x
0: 00450693 addi a3,a0,4 # a3 is pointer to a[i]
4: 4705 c.li ad,1 # (expands to addi a4,x0,1) i =1
Outer Loop:
6: 00b76363 bltu ad,al,c # if i < n, jump to Continue Outer loop
a: 8082 c.ret # (expands to jalr x0,ra,0) return from function

Continue Outer Loop:

c: 0006a803 1w a6,0(a3) # x = ali]
10: 8636 c.mv a2,a3 # (expands to add a2,x0,a3) a2 is pointer to al[j]
12: 87ba c.mv ab5,ad # (expands to add a5,x0,a4) j = i
InnerLoop:
14: ffc62883 1w a7,-4(a2) # a7 = a[j-1]
18: 01185763 ble a7,a6,26 # if a[j-1] <= alil, jump to Exit InmnerLoop
1c: 01162023 sw a7,0(a2) # aljl = alj-1]
20: 17fd c.addi ab,-1 # (expands to addi ab,ab,-1) j--
22: 1671 c.addi a2,-4 # (expands to addi a2,a2,-4)decr a2 to point to al[j]
24: fbeb c.bnez a5,14 # (expands to bne ab5,x0,14)if j!=0,jump to InnerLoop
Exit InnerLoop:
26: 078a c.slli ab5,0x2 # (expands to slli ab,ab,0x2) multiply ab by 4
28: 97aa c.add a5,a0 # (expands to add ab5,a5,a0)ab = byte address of al[j]
2a: 01072023 sw a6,0(ab) # aljl = x
2e: 0705 c.addi a4,1 # (expands to addi a4,a4,1) i++
30: 0691 c.addi a3,4 # (expands to addi a3,a3,4) incr a3 to point to a[i]
32: bfdl c.j 6 # (expands to jal x0,6) jump to Outer Loop

B 7.3: FAHEFHT RV32C BB, 12 2% 16 frff SRR KEREM T 32%. BRIES R MRE
ZfaAl. RV32C 154 (B cJF3k) ERAMITHEA NI, [EERICHKIESEF RNRERTEEE

Efl.

# RV32DC (11 instructions, 28 bytes)

# a0
0: cd09
2: 050e
4: 9532
Loop:
6: 2218
: 219¢
: 0621
: 0bal
: T2a7f7c3
12: fef63c27
16: fea618e3
Exit:
la:

® O

8082

c.beqz a0,1a
c.slli a0,a0,0x3
c.add a0,a2

.f1d fa4,0(a2)
.f1d fa5,0(al)
.addi a2,8
.addi al,8

0O o0 o0 o0

is n, al is pointer to x[0], a2 is pointer

to y[0], fa0 is a

# (expands to beq a0,x0,1a) if n==0, jump to Exit
# (expands to slli a0,a0,0x3) a0 = nx*8

# (expands to add a0,a0,a2) a0 = address of x[n]
# (expands to fld fa4,0(a2) ) fab = x[]

# (expands to fld fa5,0(al) ) fad4 = y[]

# (expands to addi a2,a2,8) a2++ (incr. ptr to y)
# (expands to addi al,al,8) al++ (incr. ptr to x)

fmadd.d fa5,fa5,fa0,fad # fab = a*x[i] + y[i]

fsd fab,-8(a2)
bne a2,a0,6

ret

# y[il = a*x[i] + y[il]
# if i '= n, jump to Loop

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

B 7.4: DAXPY [ RV32DC fREG. 8 T AMIBSHRIEKERER T 36%. FRIESHRE LEFK

TR PR RV32C 4 (B eI EXAMBITHERLI, HEFILRES

ApibTES
TEFEEEA
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15 14 13 12 1 10 9 8 7 6 5 4 3 2 1
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

E7.5: RV3I2CEAERSBLE (bits[1:0] = 01) FIH TR, BIEE, BHEANIBLLEHK. rd, s’
rs2’ 1B HIR 104N B & f#e%a0-a5, so-s1, spiﬂlrau (Zk@ﬂwﬁﬂ:[Waterman and Asanovi'c 2017]139%

CIW lllegal instruction
CIW c.addi4spn

12.5.)

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
000 0 0 00
000 nzuimm[5:4(9:6|2|3] rd’ 00
001 uimm[3:3] rsl’ uimm[7:6] rd’ 00
010 uimm[3:3] rsl’ uimm(2]6] rd’ 00
011 uimm[5:3] rsl’ uimm[2]6] rd’ 00
101 uimm[3:3] rsl’ uimm[7:6] rs2’ 00
110 uimm[5:3] rsl’ uimm[2|6] rs2’ 00
111 uimm[5:3] rsl’ uimm[2]6] rs2’ 00

CL cAld
CL c¢c.lw

CL c.flw
CL c.fsd

CL c.sw

CL c.fsw

E7.6: RV32CHEAERER (bits[1:0] = 00) FIH TIRLM/R, BAEW, HSEANELSEBK. rd’rs1’Ffrs2’
10N FH % F8%a0-a5, so-s1, spfira. (AERYETF [Waterman and Asanovi’c 2017]f13R
12.4.)
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15 14 13 12 1M 10 9 8 7 6 5 4 3 2 1 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 c.jalr
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

El7.7: RV32CERAIEREE (bits[1:0]1=10) FIH TR MR, BIEG, HBIRANBSEHK. (RERET
[Waterman and Asanovi'c 2017] 1% 12.6. )

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

F7.8: 16DRVCEZE S M. rd’,rs1’Mrs2’ B R 10 B & /7 #8a0-a5, so-s1, spHllra. (A
SkYE-T [Waterman and Asanovi'c 2017]%12.1.)



Seymour Cray (1925-
1996) B 1976 £ E—4
SRAEZEZEMAN, FE
EEl EEB R IhEY
BRITEM. Cray—1 B
2290 Cray-1 2—%
BRZR, BIERBERE
EhEHtRE

BiRS,

RRETHEL

1997 FHRFREE
IR (MMX) f#
SIMD iTiER. Efi
id 1999 FRTREE
SIMD # & (SSE,
Streaming SIMD
Extensions) #1 2010 £
HSREET R (AVX)
BATESMTE.

MMX HI&BEERFR
E’J M- &4 ¥1JT =

, ZICENAE

W%Fﬁ%’é@*@ﬁ%ﬂ’ﬂ
F S REREAT
TEETEREETR https:

/[www.youtube.com/wat
ch?v=paUl6B-bZEA),
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ENE @8

Kb KFE. REMARTARLE L% G, ——Seymour Cray

8.1 &5

A E BT, AR R R AT RS AR FIR TR, FRATIRR 2
WIATIE . B —NHE WA T . BIREERIEN R, (R g 2 AT P
FH o FU 5 FH BN P RTOUONE BV m B, 5 I A 8 AN 16 1o BE R

B A4 B 2 AT 220 2 B 48 4 2 408 (SIMD, - Single Instruction Multiple Data).
SIMD SAHIFIRAT & AT 64 1127 A7 85 B 70 F 24> 8 Ary 16 Ak 32 ALfEt ),
SR FHATHOF ST BRAERS SR AL T O e AR R R A . Hl A R A (55D SIMD
ﬁﬁ%%ﬁ‘] load #1l store #£47 .

TEIA 1 64 A1 27 A7 8 AT IR 7 0E i T e vEm B3+ % Ao A T8 SIMD
BEAR, SR ITRE S N O A A7 AR B TH SR 234y . BT SIMD ISA J& T3S & v FEE 1
— 0, FEHEREMDIE T THIE S E, FUkY R SIMD FA7# kG B FIK Y SIMD
fRo%. %&MD?@ Bi FEAT SIMD $5 2 HU B A5 (1) J5 SRt D IRE L ISA 7 1 T & 2
FEIZREIRT B, X — 5 RS iR RS AL S T 3R ) K
#H.,

—ANEER, FFHAATRNVE RERMER, FHBIEHEIATIHER T 2
fife R 7 IATHE RISC-V Wi H [ & 1 A2 SIMD HIFE o

WA, AT

Computation RV32V
add ) Load and Store
mulfiply
multiply high vector loa } strirded }
vector |24 vV {_0"3 indexed
- Jer %;ﬁ =
Xor Comparison
minimum equal v
maximum vector predicate not equal E}
convert less than -
cubtract greater than or equa
Eide vV and
vector < £emainder E} ) and not
- shift 1eft 1ogical — vector predicate < or
shift right arithmetic exclusive or
shift right Logical Riaas not T
- vss Miscellaneous instructions

vector sign injection {Eegative } vV
vector class.v exclusive or
veclor move. vv
wvector square root.v

add
and
or

wvector atomic memory operation< Swap {;}
Xor -

minimum
maximum

E 8.1:

set vector length

veclor extract.vs
vectormerge . vv

vector select.vv

vector set data configuration

RV32V B4 BUR. HTRATIHIEFFEERE, XMRSERBA UAMBER AT ELER

RV64V
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) B VAL A R BRI, I FR) 1) 2 B A7 e o AR IR 2 )
BAEA b, FUKEPATRIT I USSR HATIZE . AR5, MBS A5 RN A 2 2 A A
I, IR IR HONAE R AR AR AR/ SR E, A 2R SIMD H
FERAREND . BRATMSF R, a2 0 K EFB A4 B 20 7T uAst 47 69 |k KAR1EH S
&, REBIRAR GG XTI RG] DUR G BT AT R T AN 2 5 2
e b, B ] IS B S A = 32 B ) i R ) 4k . b4, a2 HE SIMD
BEM A A FE R, M H, 5 SIMD AF, [MEZEMAE THE R EIRTIAR.

] B ZE R G SIMD ZEA4BE/ MR, PRIt AImE [m) & ISA i b, Rk, Amatl
AL IR ZRE I XS . WERAVRAERN T f# n 5484, 15 52 [Hennessy and Patterson
20111/ 4 BAHS Go RV32V AT —2fjfk 1 ISA HUBrahfe. RMEIR O 7
EEEM), AT RE TR BB LR T — R

8.2 MEITHIES

K 8.1 /& RV32V R IB ML R R . RV32V gt M A & iiE, FTUAARRAE
TIEE RS E .

I TH] 55T B2 2 (R — AN BERORNT ST g 2 B AR 0 B iy A 1] 8.1 R 4R
A4k T K E RV321. RV32M. RV32F. RV32D H1 RV32A [J#lE. SN HEIESEH AL
FhEA, BARBGR TR SR BHEME (v 5%, BEFEEERA S HEM—
M (vs G4, —MrEEHERER —MEEECRA x 3 2 /788, H—1KRAM
e (Vo W, FA DAXPY 27 (WA S5 s AmE 5.7 HHY =ax X +
Yo HoXFYZER®E, afbriE. MTHE-ArREE, sl 38T 7 EV N s R a7 8.

Xof U Wk R R vk 2 R A RIS 5, AT IR S 8 1) AR A (0 28 =Rl k. Horp2g
— AN EEERR bR E, B NERE Gsv A2 BY = a — XX Rt 2 0 A X fh AR
o IXFRAR RN T INVE R FRIE ST PRIz HoR UL R 2 A1, RIHIX S48 %A .sv IRARAS . il
G (fused) FE-NNETR A = MRERL B EATE & 5 2 1) F) A bR B TR 4

4 .wvv. .vvs, .vsv fll.vss.

BHEA RS, K 8.1 208 VR E SRR . TR I A

8.3 MIEFFAHMBNERE

RV32V BN T 32 MR ETAE, ENMARCL v T3k, (HEANHEFAHRNTRED
AN 2B IR T A B 8 B A L T ) 2 A s A R/, T L T b EE 2 1)
WitE . T, RAFREE NI B A AE4 B 1 4096 A7, X2 PLiEIX 2L 32 A A)
EAAETE 16464 A0 EK, B 3203200 0K, Bi#E 64 4> 16 fick, 5K 128 /8
RITGE .

N T ERE ISA PIRFF T RBEN RIEN, MEREBSTESRRaE KA
(mvD), BPFEZEMAERSIT, MR XA M ET S 0] DU E &R mE K
fEo MEKETAE (VD ARPERERE TRETh S HNIcREE, XA THAHYEE
A& mvl RS AR . FRADEAE R0/ S PR SR mvl, vl AT 8 MR FF

A
-/

00oC

@



0oC

H TR TSRt
B)T8, RERREE
% IERIE MMX SIMD
TRYAMEES. B
RARERNENZESS
B8, XEKREREHT
SN E T3, 1BF2
ok R R ER s A
LIREIES.

A load #0 store 354
#HME—N 7 MM EFS
MAHREEE. EXT
load %M BiREHFEN
TUREBHITHER, ™
3FF store MIZFEEFE
ARAERL
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178% (vpi) BN

RV32V KH T — M ik, RSB E S mEF A AL 51 2 5E
TOAH ORI . R P TERAT R R4 2 2 BT F AT T IR SR B AN 58 JE A ) ' 2 A7 o o (8
NS FAL MBI WD M BRI R . X — SR EZE, FENEA R R E TGN
BRAFN =ZANVE SRA, ] 8.1 Frn. FRATKAEE 8.9 WESR], HIATHX AR Z ) SIMD
TR, (BT B A B4R Tt S AR5 53 BN 40 DL R 4 B2 AR
FR AR X

NAS KA T3 — MR SR AR T ] DA AR R i B A 728 HThREmT LUK BT i 1)
BEALER IO OB MR a . e, R 8 7THAS 64 AL s AL ) & 25 A7
e, ACFEERA 1024 FATHIMIE AR S AP X B AN 0, B R A A
512 75 (512/8=64 ML), KIbH mvl BN 64, RILERATATLAER], mvl 2o
1), (HEE AR E, AR E SR,

TR AR H RS AF 8 VU8 T EAE SRR RN DL R 5 51, IR sh &SRB S T %%
o Fhn, ALBERAR T LK XORE FEVE s B i T LA SRS B b, TG T S B E A R
ARE IR S o XN RIS Ab gD T e A B EORT S BRPAT (148 2 1 B

A LLA vsetdefg 84 R B M E A aRAL. K 8.2 /x T RV32V n] M M & %
R R S RV64V HIFE 288 (DLEEJLEE ). RV32V ZEK[m B s H WA PR ERA .
Rk, HfE T F32 257, YR S| RV32EV; BAf ] F64 257, fRtn 04251 51
RV32FDV. RV32V 5l N1 16 f7i% KRR F16. 05— ANSZHLREI S2FF RV32V Al RV32F,
& L2 FF F16 Al F32 2K7,

Type Floating Point Signed Integer Unsigned Integer
Width | Name vetype | Name vetype | Name vetype
8 bits - - X8 10100 | X8U 11 100
16 bits | F16 01 101 X16 10101 | X16U 11101
32 bits | F32 01 110 | X32 10110 | X32U 11110
64 bits | Fo4 01 111 Xo64 10111 | Xe4U 11111

& 8.2: RV32V HEFFHELENRE. FRNBAL=AIaR TEHE OISR, AABALE KA,
X64 1 U64 {UEM T RV64V. F16 1 F32 BE RV32F /8, F64 EE RV32F Ml RV32D. F16 £ IEEE
754-2008 16 Ar¥FE B (binaryl6). ¥ vetype WEN 00000 SZEF MR T8 . (EZET [Waterman

and Asanovic 2017]|H3E 17.4.)

#MFEUERR: RV32V AT LURIR HH#: E T3

M EZEMAL SIMD ZM XM i — AN R IR & KSR KT 1) 2 2 A7 88 2 I o
R ERER (LS FIRta . sh e Rint iRE #bh. BF RO FiE IR
b B2 IEAE AT MRS (7] B A5 A7 4, IR RS IR bR 38 75 AR N ST AR AR AT A R B
AAE . RV3I2V LIEE A H M B84 KR BTa M A e, X RS A 8B ]
CLEA [ S AA AR IPERE IR 3, XA TE M S48 2 PAT I R H R AR P T IR A4 235 SR AT A1 (1)
ST TR . B B R A AR TR RN, RN SR ARAE AR A 1 B A AR
BRI BT SO -
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8.4 [MEH Load 1 Store ¥AE

] & Load F1 Store 5 A'F [ 55 ] B 17 150 & AL B 4207 A7 72 AT HR I — 48U . i
Load F LA vid 484 rhitihik Jyiie ab ik i) U A7 (R B R A ) A A7 i o A R A7 4 1Y)
Bt R e BAR T = RN, MEKEA AR v TR E T ERN TR E. W& store
AT vid HHRAE .

i, S a0 hAEA 1024, H vo FIZEALE X32, NI vid v0, 0(a0)<2E it 1024,
1028, 1032, 1036, - HEARH v ¥ E PR

X2, TR AT . WniR el AT e e A6, BBl R
ATV i, WAHARE Tt 2 2 (A il 22 IR AT AT K/ [ B 2 AAE i 35 4 AL R
FF vids 1 vsts g Vil . T vids 5 vsts, EARA] LLUEIDK B KB NIt R KN RIAS]
5 vld fl vst MHEFIRCE, (5 vid Fl vst fRIE T ATA BFIV7 AR 2P, X a] DU E S &
MNFER e n—MEB, T8 LR RA e KUiE, fEH vid 1 vst 7] PL4g A S
K, RO PATHIIESE. HEm i vids M vsts 84K T B el MRS A5, —4
gL, H—ANEH DEFATRRALRDE K, X T ERADE KT, 2R KK
BE AT, LB MR

Bihn, % ao TR HHEEHE 1024, H a1 HATHIKER 64 775, vlds vo,
a0, a1 &KX MHHE B R IE BN AF: 1024,1088(1024 + 1 x 64),1152(1024 +
2 X 64),1216(1024 + 3 x 64), VAL, BHB|MEKETAE v SiFes . RERE
RSN R NG SR e a8

FIHATCRIE, BT BOAAE P EXN BB TEAE . AT MBI, M4
FIF vidx Fl vstx FEAER 51 5L . X LIRS — MR A E M B A4, H—ME
R AR brET A A M G, W EFARNEN TR A WA
MAEF TR TR .

i ao s E 2 bk 1024, M EFAAE vi ERTIIAN O R PR X TR
3]s 16, 48, 80, 160. vldx vo, ao, v1 2 iX Mk F o K IE BN AF: 1040 (1024 +
16) ,1072(1024 + 48),1104(1024 + 80),1184(1024 + 160). ‘B K& [al (K H iz 5+ 5 N H
PRI E A AE R e .

PA_EBRATIEFE SR BT 19 4E 9K 5] Load A Store #F A LB K Hbp, HELHETZ
Fofth Sk id I 2 51 SRR R0 10 HHE

8.5 [ EHRAEIIA K FHFAT I

BRI R AL FE S — VIR E— N B LR, Hb T o R BERYE 2 UM,
FiT AER 18 1 AL ¥R 2% ] DL R ST X S0 R . RV32G FIER AL 58 e KA 64 4, 14>
(14 1) B A A0 B TR AN B A I B E R A DU\ 64 1tz . S EKEA R
AN B BB AT (0 e R B A ARy, P b T A B K 3 2 S

5 SIMD —#f, W0/ N B0 I 0 s B0 1 7 5 AN 58 B0 i AL 5 2 L
DR, NIl R 53 4 A 64 A 3 AE 1 1a) o0 A 2 88 368 i A A B el ) B T LA 8 A 32
i1, 16 4~ 16 787 32 4™ 8 fiffEfE.

£ SIMD H1, ISA ZEHIMAE B vk B psE 1 A AN B o] DA AT R4 i e K s
AR NIRRT N L2 T, RV32V A FE#81H N 52T 7 5 05 ISA B4 12l

00oC

00C

HRS|H load tBFRA
A S (gather); 35|
B store IBEFRA K

(scatter).

0oC



H— N EFPHLX
MoOBRIEHZREE
B&RSLIAY, APAX
MEFHMR AT EE
1. Gather, scatter, LA
RiIBIRESILESH
BEFTEAEELT.
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AL EA M, T T SIMD, % 78R — (40 SIMD $5 4 ACa I, Jf
FL TSR SIMD 455, SCRRIATL 23 e R0k MR ) RV32V B AT ES, 4T L
B P S 1 A B8 AT

8.6 MEIEHKIFHIAT

— L BT HEAARE if 5 M EYMAKE T R0 3 s T — MR, X4
Fead Ak b E R EE A T3t R . B 8.1 H B il 4 A 7E P 1) 52 Bl ) 2 bR B A1
AT AR, AR A AL I EFE RS A B A — Do R TP BN 1, RZE AN 0. (S
[ri) B 2 [r) B 27 A7 o A AH R TG 3 N8 ) AT RIS 2R B 1Rl B4 A4 T DU X A . 28
AN 1 FRTGR | WA EBHEEN, N0 R RZTTRASH I EEHLE.

RV32V JyfEtdm &2t 7 8 ~®&i8E 9 A% (vpi). vpand, vpandn, vpor,
vpxor Fl vpnot 8 & 1EEA 12 [MPATZ RIS H, A R B i & % E ).

RV32V $85E vpo 8¢ vp1 fFE ¥ S E RS . B0 P e = T — A IR 14
1B, AU IX P ME W ARSI — MR E NS 1. RV32V 1 —% vpswap 84, HT
B A S ANB R A7 2 I — AP RS 3 vpo BE vpl. B 1A F A LRSS B R, 2%
BATTAT DAPRIR IS B BT 18 1 2 A A B

filtn, s im B v3 I ITAEEBUT RS VB, A A EBUT R A IR
5 RN AIARARD:

vplt.vs VpO,v3,X0 # ¥ v3 <o EILALE 1

add.vv,vpo  VvO,v1,v2 # ¥ vo HIFERS N 1 BIXT N TR BN vi+v2
X B ARG vpo WA BN o 1, BEALR N 0, F HASAE vo A RE TR
B vi fl v XN TERIA .. vo FRIF TR A SR .

8.7 HAhlm &5 4

R 7 2 TR R I i E ) A A A B 2R 48 S (vsetdefg), AR ILH
setvl, B MEKEFFH (v WEAFEEESFIR KM EKE (mvD) S RHEIME.
EFERIMER R R, CEEI AT 75 2 i 6 ) AR 212 v] DA oK ) K R
(mvD) 1817, ERE—MR/MERZTT, WAL EIER R FroER. ik, N7
AEFROEI IR TCER, FERIEHIEAERHAT setvl.

RV32V Hib A = 2548 4 7] LLRAE [ &5 A 2 H IR TR

I EIESE (vselect) #HE —ANEME (RIIME) fHERTRME, A —MEEHE
IR G R, A AE R — AN HT I 45 S ) =

# vindices /£H o 2l mvl-1 #{E, BENTHEM vsre PIEEUGER

vselect vedst, vsrc, vindices
Rk, @ v2 FIETPUAS IR 8+ 0. 4. 2, JB4 vselect vo, vi, v2 ¥ H vi I3 8 T
FE vo 3 0 DMJTER: vi ISR 0 NITHE B vO 38 1 DNJTER: vi UEE 4 Do R B
vo M 2 MU E: v A 2 NnE B vo 5 3 ML R

A (vmerge) LT M EEk$E, (H'EH m &5 W FF A4 Rk £ m) 2 2 H 2
TCER o BTSSR ) B AR YR U5 R A AR 2 NP MR B A7 2 2 — U e & 7 A . A A [ B AT
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RICEN 0, WEFHICEKH vsrer; WHEN 1, MKH vsre2.

# vpo W5 i LE vdest HHTILE i R H vsrer (B3 i AifE o)

# WJE vsre2 (FHifih 1D

vmerge,vpo vdest, vsrci, vsrc2
BRI, Wi vpo MIRTPUANTGERAE 1. 04 04 1, vi HUBTDUAN TR 1. 24 3. 4, v2 HIRTIY
ANTEHESE 100 20, 30. 40, J4 vmerge,vpo vo, vi, v2 K vo BIRTIY N IT AN 10,
2. 3. 40.

A IR S N — A E R RGBT ER, RSN RE AN R E 228 I
%:

# start & — MR E AR, HAPEEE N vsre THUTE RGN E

vextract vdest, vsrc, start
BN, fRFmEKE vl /& 64, 1 a0 EZ 32, FR4 vextract vo,vi,ao 24 vi H )5
32 ANLREHIE vo T =+ At &,

X FATR R s AIs BT, 7 LAFI R vextract $54 LLisk IH R 10 7 VAT 46 02
8o lhn, EX M EAFAASATA TR KA, 1 LA vextract ¥ A & 1) 3 0 B i 2 5
— AR AT, XA R EK SR T BEROR, BRI ET A
Izl —ke, FFRENIRAE I —f B A, BRI ERKE R 2] 1. SR
TG S5 A R 1) B A AR AR T TR A

# a0 is n, al is pointer to x[0], a2 is pointer to y[0], fa0 is a
0: 1i t0, 2<<25

4: vsetdcfg t0 # enable 2 64b F1.Pt. registers
loop:

8: setvl t0, a0 # vl = t0 = min(mvl, n)

c: vld v0, al # load vector x

10: sl1li t1, tO0, 3 # t1 = vl * 8 (in bytes)

14: vl1d vl, a2 # load vector y

18: add al, al, ti1 # increment C pointer to x by vl1*8
lc: vfmadd vi, vO, fa0, vi # vl += vO *x fa0 (y = a * x + y)
20: sub a0, a0, tO # n -= vl (t0)

24: vst vl, a2 # store Y

28: add a2, a2, t1 # increment C pointer to y by v1*8
2c: bnez a0, loop # repeat if n !'= 0

30: ret # return

& 8.3: & 5.7 DAXPY 2 RV32V i, &A HIWEHES REA RV32V KBIEHEERE L.

8.8 #T: F RV32V BBl DAXPY &FF

Kl 8.3 & T RV32V L4 5 ik DAXPY f2/F (W58 Hess 55 K 5.7), &Ai1—
WSRERE— AP IR

RV32V DAXPY P — 28 XM R HFEN N REHFFe. ©AFERN
] B AR A A ORAT x F y BFAr TR, XTI — AN 8 715 Y ISR FE T i 8. 28—
KA ER—NEE, B oFKRBOBEENEE N EFFARNEIRETAES (vefgd),

RISC-V Ry V itk
B8, RISC-V ZE49)f
EEEFRASEES
EEMEE, FAX
SIMD FEf AL FREE AT
ES MM REEE.
Ek, V AR T2
EH/MAZRF RISC I
B, hEREFXA ISA
ARHEE.



B A setvl B E B L4
BB LERE R
KF (BARERMER)
FIRES, AT v
BARTEMER n 4
TE, FREnRER

ARM-32 H—1N&H
NEON #9 SIMD # &,
BERZHENEEZ
=iES, FUEX
DAXPY REHH.

XEIDR BRI AR
EEERMPERR
T RIBA—ER 5. tnE
8.5 HIKRREF R, [E12
KEFER vl 58X
) SIMD Eid/HD
3+ RV32V ;& 5Lk
BN RGN EEEN
TEHIRIRE kL
3B n = 0 AURRIRIB I
RV32V R 27 n=0 8¢
fFEEEE L% nops —
#o

81

MIMSRAF A Fo4 BRI L7 (WK 8.2). MHEE X, W+ I 43 Bie e B 47 1 27
748, XFEA T vo Ml vi,

B BATN RV32V ALEEZR 1024 AT L T TH T RIR A 788 . P X
PIANUURS BV 5 28 (8 1) (M B A A7 28], A MR A7 95H512/8 = 641G
K, HICAC RS R B i K K E (mvD) #E N 64,

TEIR I — AR S N Nk B2 AW EMEKE . setvl #5424 mvl Al n H1 (¥
MEEN V1A to. HARZIRFZ, RIGH GBI T n, A BARID et T
PL—IRALFE 64 AME, FTLAE mvl FES A vie W% n tb mvl 7, AN S A GEE
Hox Ay BIVER, BT AIRAT RO AEE R e fa — OEAR T R R 5% R n NIt E . setvl
EEHN to, FTRAE v 1, EHHEA 10 FER S E b & 3,

ik ¢ AL FFE 4 vid & —N A& load #:E, #RIBFRE A a1 TAEENRE x 1HL
BEM x HREUE . B x 1 v AN TTER AR S vo. NIIAE AR sl Ky ) =K afe
DABGCHE A B8 B (8 719),  DMERS 5 T35 i x Al y HI484t.

Hihk 14 4bF9FE 4 (vId) BRE NAER vI DNTEEK load B v f, 42 Rk %14

(add) #Ha1F x MIFEEHEAT 763,
bl e Abf3E A R B E RIS . vimadd ¥ x (vo) FHI vl NI E TR E a
(fo) FHKFNFBIMLE y (v FRIVIANICER, BEHX v ANFERy (v,

Pl R PRI K 25 AT B A7 DA R — S A AR . fEHbE 20 4bFI$E 4 (sub)
¥n (ao) M2 v, DLCRIEARYGER P e B E S . 2 FR—%484 (vst) 4 vl
MNERG NN y B b, bk 28 K964 (add) iR y BUEHRIFEEH#E . TR
FRAFIW n (a0) REN 0, HARMAEIEIN, K2 PITHRIG—% ret $54 1R A FH
o

AR R R Z AT T, XA 10 K82 MR RIE RIS HEAT3 X 64 =
192IRVIAFHEAERI2 X 64 = 128MF N (B n /008 64). REMWERFKIELSFIH
19 RVIAEAN 13 KIEH . BATKEAE T —TES], SIMD [1iX Le 54 2 22 — MNME A

8.9 RV32V, MIPS-32 MSA SIMD F1 x86-32 AVX SIMD FJLt#¢

AR E 2] SIMD ] &AL HAAT DAXPY RPN L. W R e —F M B2 R G
AT LAE SIMD MU B A E A A (8 8L “I6R”) MIRIRFERN, HEERAR
BRENAS, WECHED a5 Hdn .

MIPS SIMD £ 83 T[]/ 8.5 &7 T DAXPY 51K MIPS SIMD %24 (MSA) fiiA. H
T MSA %1784 128 7%, FrLAEEAS MSA SIMD 54 7] DLERAE AN UK BT 28

5 RV32V AN, HFEAREKEZFFLE, MSA T EFIMITES RIGE n MELT
A, M n NEFEET, THERANTE SR niE BRSNS, B MSA 2506
B R BGAT A o ZARISAL T 8.5 fudthbik 3¢ B 4c b, REMEAKR, Hnthf
AIREN 0o FEIXFHENL T, HihbA 10 AR5 SRk = i 0GR .

U B FERIRME AT 20 S ke, M3ty 18 AbI984 (splati.d) Ht a [H1E [F]
N SIMD #7748 w2 [P, 76 SIMD W, En—AMrEEdE, BATHEELE R
% 5 5 SIMD 27 A7 2455 5% .

TEPEHA NS, Bk 1c &b 1d.d $844 y BIPIANJGER load 2] SIMD 77 f74% wo H1,
SR HFE I y MFRENEATERIG . AR5 B0 x PG load 2| SIMD #4748 w1 H. BT
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Skl 28 Ab IR A PATHEFE 7] x FREFEAT RIS, SEEAE S & HhE A 2¢ Ab ) f 5 2
OE/IIEEREN

TEIRGE A (17 3484 CIRIERAE FIWrR A y MR R B L 1y BIyEH.
RBA, MR, bk 34 A RERFE T 1) SIMD store F8 K45 RSN y N TEK

TG, RIS E n R EEATH. & o2&, HAELEMRERS PTG
— IR . e — AR AR B BT A

MIPS MSA DAXPY RIS HZ OB B T 7 6364, AT T 6 VUK FE i 745
PERT 4 T e PN KRAH 1 DMUIEM 0.5 M E#AE.

ISA MIPS-32 MSA | x86-32 AVX2 | RV32FDV
Instructions (static) 22 29 13
Bytes (static) 88 92 52
Instructions per Main Loop 7T 6 10
Results per Main Loop 2 + 64
Instructions (dynamic, n=1000) 3511 1517 163

E 8.4: & ISA [l DAXPY 84 ARG R/N. MFIH THSBE FHS), KRB, §MEFKE
SEABEERE, URBITHEAE (n=1000), # MSA K microMIPS ¥R K/ MERE] 64 F3,
RV32FDCV ¥R 40 F77,

x86 SIMD 7 84 i1 8.6 KA HHIRATAT LLE 2, Intel A4 )7 7 240 SIMD 4 J&.
SSE #" /2 T 128 {7 SIMD, #>K | xmm 77 {74 Fn] DU X Le A7 28 I HE 2 AVX 1)
—¥ra R T 256 7 SIMD, LK ymm 2788 M HAES .

Huhk 0 #1) 25 (55— HIE S MW AFH load B, TE 256 fif ymm #4745 H A1 a (1) PY4
RIAS, FEAEHEN EIERZ AT, DR n 2208 4. X3 T W% SSE 184 F1— %%
AVX 184 . (& 8.6 Mbml G SV E A IR AR

FAEH A DAXPY 0. Hilik 27 4 AVX #54 vmovapd ¥ x 1 4 Mt &
load #] ymmo . il 2¢ 4 AVX $54 vfmadd213pd ¥ a (ymm2) Ll x (ymmo)
4 NICERE 4 NEIA, Ik y B GER (FENLE RN ecxtedx*8 4b), FK 4 AN
N ymmo. $2 R oMb 32 4 AVX $54 vmovapd ¥ 4 MERAAE IR y . BEE
(1) = 2548 AT T HU S 1 st R A I 7 75 2 0 ) i B SO 3A

5 MIPS MSA KU —#FE, bk 3e il 57 Z A1) “i0%” ARIDALEE T n A2 4 HIfEEL
gL EHE T =4 SSE fi4.

x86-32 AVX2 DAXPY G FAEIA 6 Sf45 2 AT 1 12 IRBUKE BEVT A7 A1 8 i R
FIEFNNERAE . XIS FIE L 2 IRVIAFA 1 IRIB 5.

#FEIRAA: Tlliac IV HREEWM T SIMD M4RIFE Z4

T 64 NHHATHI 64 HALTF s B0 (FPU), TEEE/RER KA AT, Wiac IV THRIFHA L 100
JIANEERTT. BRI IT ) T e AP FT LAEAT 10 {2 k7 U2 (1000MFLOPS), {HE
W SEPRIR UT A R 1SMFLOPS. B IRA M 1966 EAtit (1) 800 i3 0 LFFE] T 1972 4F
3100 52570 UL HgiE 7RI 256 4 FPU 1 64 4. I H T 1965 £ B3, {8
HE| 1976 4 (Cray-1 RKAGMI—4F) A FFIHRIELBRERM . &1 882 i R4 08 % gt
HHL, N T HRIFERHEZ —[Falk 1976].
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& O
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8.10 §5RiE

e F R mEL, RIFOREALEERM,
——Jim Smith F 1994 ££7£ [ PR 1T HHUAR R AT & 00 3 B

K] 8.4 F45 T RV32IFDV, MIPS-32 MSA #il x86-32 AVX2 ] DAXPY F2 ¢ 454 %k
AFH5%. SIMD ZERFE 7 o T 1S A QRS B T8 3R 4 il A RRS 2/ A /b . MIPS-32
MSA F1 x86-32 AVX2 ARG H 1) =4r 2 Z P53 2 =& SIMD H4: IXLEEMHMARIDE 4 &
TE AT SIMD fEHHE S EEE, ZAETE n A& SIMD 257728 7 s B0 B £ B0t b 3
ES VL STvy-

Kl 8.3 HH1 RV32V AR A FE ZEX AP A 2 A, Rk SHEls T —F. 5
SIMD A, RV32V H—AMEKEAGER, AL n AE, W22 R PLTAE,
PRATRES 943 n oA O BF RV32V & LA @ . SEBR BEA4s, A RV32V R &4 1R
VI=0 I A2 H AT AT 5

H2, SIMD Fl [ AL HE 2 8] 1) 55 R 2 3 TR X RANTE TS KA. SIMD #4447 1I46 4
E RV32V £ 10 2] 20 £, FNREAS SIMD fEIALE M EBA N REE 2 3 4 Mok, A
J& RV32V ] 64 NIz . BUHMOEE AR SR G 7 ST A R 45 I B FE 2 2 M fE i

B 8.4 g RS s pEs 20 TUIIE 5.8 FR ) DAXPY kR ERA BT LSS, T
TR IR SIMD KHEAEASFARRS i 2 BRI =5 B £, (R FEH B/ NEIR . BATIBNESTE
ABCE DL 2 58 4 IR, IXECRT SIMD A7 88 1058 . 4RI, RV32V [ &/ U
KN NIERI 1.2 5 (CEIEIR 1.4 1%5), HEIEHLSHBRFRN 1/43!

R 2 B E Z AR K, AAERNTE R, ZXIHAZ SIMD Hla & 48 #) (1) i + 2
M2, B FEKE A7 a2 b S BRI SR . R MIPS-32 f1 x86-32 iX 4k
TEAEIG R UM ISA U IRAERS SIMD 2517 #% 76 B BH A5, #0821 T A e A5 11
SIMD 745 5 LHIFE 4. T H SN, 7E1F 218 SIMD ISA FifE A& —LaliE 741
%% MIPS-32 fll x86-32 54, T HFRIESHEH LA TFRIFELS B, ILHWESHEF R—
JE PRI PR 2 1 ISA v8 AR 77 i AR $H 1 e DURSZ A AT F4H . 4R vimadd213pd X FETE
%, WEREICAE B SO RE A A R E R & 2

FHEEZ R, RV32V AREBANSZ ) & 75 A7 2% B 0] FAFA 25 TR R /N2 o i 2R ) & A AR
Ky MURVI2V AL, i BAREREAHERE. GERRME T RZ KR REKAE myl
MM, RIETCR A EE ¥ F T I A7 2 [N 1024 FHTHETHE] T 4096 777, 2%
BEARE] 256 715, & 8.3 I HIACHLHBAS S50

ANIET SIMD H i ISA FR7- Fr R A, 10 BLE O ISA SR 5 el PR S RE
RV32V ISA R VR ARERAR B TH N SO FH 2 Fe A 38 VR T8 047, A s maf 7 i
B TEAS . AT LA SIMD 3R T 5 — B ISA ZERIRISEL 2 B TR 1) ISA it BRI

AN RV32V (IR ) B s34 B ARM-32, MIPS-32 Fll x86-32 &1 SIMD
RRITE AR -RERE-VERE . R E A YmAR 8] 2 MRS T KL 3, nT B2 1% A RISC-V
AU TR E .
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# a0 is n, a2 is pointer to x[0], a3 is pointer to y[0], $wl13 is a
00000000 <daxpy>:

0:
4:
8:
c:
10:
14:
18:

2405fffe
00852824
000540c0
00e81821
1030009
00c01025
78786899

Loop:

1c:
20:
24:
28:
2c:
30:
34:

78003823
2470010
78001063
24420010
7922081b
1467fffa
Tbfe3827

Fringe:

38:
3c:
40:
a4 :
48:
4c:

10a40005
0083021
d4610000
d4c00000
4c206b61
£46d0000

Done:

50:
54:

03e00008
00000000

1i

and

sll

addu
beq
move
splati.d

1d.d
addiu
1d.d
addiu
fmadd.d
bne
st.d

beq
addu
ldecl
ldcl
madd.d
sdcl

jr
nop

al,-2
al,a0,al
t0,a1,0x3
vl,a3,t0
a3,v1,38
v0,a2
$w2,$wi13[0]

$w0,0(a3)
a3,a3, 16
$w1,0(v0)
v0,v0,16
$w0,$wl, w2
vl,a3,1c
$w0,-16(a3)

al,a0,50
a2,a2,t0
$£f1,0(v1)
$£0,0(a2)

H OH H H R H

$£13,$f1,$£13,$£0

$£13,0(v1)

ra

O H OH B B R

H OB R

#

al = floor(n/2)*2 (mask bit 0)

t0 = byte address of al

vl = &y[al]

if y==&y[al] goto Fringe (t0==0 so n is 0 | 1)

(delay slot) vO0 = &x[0]
w2 = fill SIMD register with copies of a

w0 = 2 elements of y

increment C pointer to y by 2 F1.Pt. numbers
wl = 2 elements of x

increment C pointer to x by 2 F1.Pt. numbers
w0 = w0 + wl * w2

if (end of y != ptr to y) go to Loop

(delay slot) store 2 elts of y

if (n is even) goto Done

(delay slot) a2 = &x[n-1]

f1 = y[n-1]

f0 = x[n-1]

# f13 = f1 + f0 * f13 (muladd if n is odd)

y[n-1] = £13 (store odd result)
return
(delay slot)

& 8.5: & 5.7 H DAXPY ffj MIPS-32 MSA fUfig. A% 5E 8.3 H Rv32V RIBHAT AR, SIMD
RIEFR RGBT % W MIPS MSA ARESKE—#5> itk 0 2] 18> FHl T SIMD HERFHHIFER
B a, HFEFANEMWHAZETPATHR n 28 2 WK . 25 n B2 2 EHET, MIPS MSA REINE=
oy (Hudk 38 B 40) AT XMUFHBRIER . £ RV2V FAFEZXHRNAE, HANEKESHESR

vl il setvl B FERZEHKARILER T n KFTEE, NERTHELMHEL
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# eax is i, n is esi, a is xmml, pointer to x[0] is ebx, pointer to y[0] is ecx
00000000 <daxpy>:

0: 56
1: B3
2: 8b
6: 8b
a: cb
10: 8b
14: cb
18: 89
la: 83
1d: c4
23: 74
26: 31
Loop:
27: ¢b
2c: c4
32: cb
37: 83
3a: 39
3c: T2
Fringe:
Je: 39
40: 76

74
bc
ib
4c
fb
f0
[=10]
a3
19
d2

fd
a2
fd
c2
c2
a9

cb
17

FringelLoop:

42: cb
4T7: c4d
4d: cb
52: 83
5b: 39
57: 756
Done:
59: 5b
ba: be
5b: ¢3

ib
a2
fb
cO
c6
a9

24
24
10
24
12

fc
6d

28
ed
29
04

10
f1
11
01

Oc
18
4c
ic
di

18

04
a8
04

04
a9
04

24 10

d2 01

d3
04 di
d1

c3
04 c1
cl

push esi

push  ebx

mov esi, [esp+0xc] # esi =n

mov ebx, [esp+0x18] # ebx = x
vmovsd xmmi, [esp+0x10] # xmml = a
mov ecx, [esp+0xic] # ecx =y
vmovddup xmm2, xmm1 # xom2 = {a,al}
mov eax,esi

and eax,Oxfffffffc # eax = floor(n/4)=#4
vinsertf128 ymm2,ymm2,xmm2,0x1 # ymm2 = {a,a,a,a}
je 3e # if n < 4 goto Fringe

Xor edx, edx # edx = 0

vmovapd ymmO, [ebx+edx*8] # load 4 elements of x
vimadd213pd ymmO,ymm2, [ecx+edx*8] # 4 mul adds
vmovapd [ecx+edx*8],ymm0 # store into 4 elements of y
add edx,0xd

cmp edx,eax # compare to n

jb 27 # repeat loop if < n

cmp esi,eax # any fringe elements?

jbe 59 # if (n mod 4) == 0 goto Done

vmovsd xmmQ, [ebx+eax*8] # load element of x

vimadd213sd xmmO,xmmi, [ecx+eax*8] # 1 mul add

vmovsd [ecx+eax*8],xmm0 # store into element of y

add eax,0xl # increment Fringe count

cmp esi,eax # compare Loop and Fringe counts
jne 42 <daxpy+0x42> # repeat FringeLoop if != 0

pop ebx # function epilogue
pop esi
ret

K 8.6: B 5.7  DAXPY [¥] x86-32 AVX2 {015, Huht a 48 SSE #4 vmovsd & a load | 128 fif xmm1
RN —4. Hibk 14 4L SSE $84 vmovddup ¥ a EHl2] xmma KEFEE, PATETREK
SIMD 4. bk 1d &6 AVX $84 vinsertf128 M xmm1 ¥ a BHAEIA, 7E ymm2 FA K a K110
ANEIZE . Hihk 42 3] 4d = AVX $54 (vmovsd, vfmadd213sd, vmovsd) 4 mod (n, 4) #0
MR . BRI —R—ANILR R RIAT DAXPY #4E, (EHREXNRBIELFHAT T n RF-INERAE R BT
R, FHR—IR, RV32V AFEIFRNAN, BARBRKEFHFR v A setvl 8 EG A LEIEIAAIT

BT 0 AMEREBEL.



C. Gordon Bell
(1934-) R LB REZ
R0 B 7 Aoy BY AL B2
R E Rz —:
1970 FEHRMHEFIR
#£/\8) PDP-11 (16 iz
Hhiib) & EH-EE R
&, HFRZ AT 32
Rtk VAX-11(EE#l it
R .

87

EIE RV64: 64 iitlitieS

Fe Tt FAGET R Rt L — AN R R AR B89

AR HIAL AT A4S T A Gk 5 T2,
——C. Gordon Bell, 1976

9.1 &

9.1 & 9.4 5& RV32G 1§45 64 fLA RV64G 15 EMEIR. BRI, ZEU)#H#
F| 64 fi7 ISA, ISA R T DI 4 . IBAEABI T 32 Fiig A% R 7 (word), ¥
(doubleword) FIHK# H (long) A KT8 4, HAG T A 4748 (UHE PO ¥ e 64 i, AL,
RV641 H111) sub #AERZPAS 64 AL ECF A JE RV321 H1 1 32 787 . RV64 [REzL RV32
HS2br E XA BIAFE e T /&84 R AR A M S 5 RV32 HRSE AR

filtn, ¥ 9.8 1 RVe4l AR AHET 55 2 T4 27 TR 2.8 o RV321 iUABHEA

) P ARE AR EA TR BEA KN o ME— AR MBI AN i 748 2 AN B A7

X7, HUhEIE MK N7 4 (4 7735 BRI RO TH 8 (8 7). K 9.5 FIH T 9.1
F 9.4 H1 ) RV64GC T84 HIHEAFG .

R RV64L A 64 Lritiht HERAEHE KN N 64 17, 32 AR R LR v A RosE 2k
R, Rk, RVO4D FHELRET, Bl RV321 HFELFFEARE 7 —FE . B RAMB, BT5
TERSPUAE S 64 RLTE, RV6AL I FRA IINE A5 4 : addw, addiw, subw. iXLEfg
LW H AR 32 61, SRSV RIEHS AN T A4, RVe4l AFEFIANE
fi1384 (sllw, slliw, srlw, srliw, sraw, sraiw), LCL3RTS 32 [ fish LA &E 64 ik
g BT 64 M ft, RVed FRAL T IMEAAMNFIES: 1d, sd. &a, #ilf
RV321 G ToAF-5 MR I Ik 5 A& 108 4, RVedl A — N TERF 5 iRA IR N,
Z. lwu.

HF 2RI R R, RV64 75 I 7R A 36, R FEL4 454 : mulw, divw, divuw,
remw, remuw. N [ SCREN L ORI PR, RV64A RIFTA I 11 235 2 #m
T RFRRAR
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RVé64|

Integer Computation Loads and Stores

byt { }{}

(e [eed fei- ]

Miscellaneous instructions
{Emmecate Haora }

B 9.1: RV64I S ER. W TFRILH TR NEREEERMR RV64l 154, KEETET B 64 frdF
FHREIE RV64l 154, M (A€ o2 R RVedl HIFTE S

RV64M RV64A

(o

.
}{ }{&ord} ) [ {goubweword}

frmme e )

9.2: RV64M 1 RV64A 84 ER



RV64F and RV64D

Floating-Point Computation Load and Store
s

{eime Haoerons}
ey

(-G
Co st 3oy g e
@ouble}

9.3: RV64F F1 RV64D F54-B

RV64C

Integer Computation Control transfer

{mesin Hgors {
{ora ) {

{ } Other instructions

{grmecie}
e }

Loads and Stores

e {1 {aouenara}{ }
oot { }

& 9.4L: RV64C 84K
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31 27 26 2524 2019 1514 1211 76
imm[11:0] rsl 110 rd 0000011
imm[11:0] rsl 011 rd 0000011

imm[11:5] ‘ rs2 rsl 011 imm[4:0] 0100011
0000000 shamt rs1 001 rd 0010011
0000000 shamt rs1 101 rd 0010011
0100000 shamt rs1 101 rd 0010011

imm[11:0] rsl 000 rd 0011011

0000000 shamt rs1 001 rd 0011011

0000000 shamt rsl 101 rd 0011011

0100000 shamt rs1 101 rd 0011011

0000000 rs2 rs1 000 rd 0111011

0100000 rs2 rsl 000 rd 0111011

0000000 rs2 rs1 001 rd 0111011

0000000 rs2 rsl 101 rd 0111011

0100000 rs2 rs1 101 rd 0111011

RV64M Satndard Extension (in addition to RV32M)

0000001 rs2 rs1 000 rd 0111011
0000001 rs2 rs1 100 rd 0111011
0000001 rs2 rs1 101 rd 0111011
0000001 rs2 rs1 110 rd 0111011
0000001 rs2 rs1 111 rd 0111011
RV64A Satndard Extension (in addition to RV32A)
00010 aq | rl 00000 rsl 011 rd 0101111
00011 aq | rl rs2 rsl 011 rd 0101111
00001 aq | rl rs2 rsl 011 rd 0101111
00000 aq | rl rs2 rsl 011 rd 0101111
00100 aq | rl rs2 rsl 011 rd 0101111
01100 aq | rl rs2 rsl 011 rd 0101111
01000 aq | rl rs2 rsl 011 rd 0101111
10000 aq | rl rs2 rsl 011 rd 0101111
10100 aq | rl rs2 rsl 011 rd 0101111
11000 aq | rl rs2 rsl 011 rd 0101111
11100 aq | rl rs2 rsl 011 rd 0101111
RV64F Satndard Extension (in addition to RV32F)
1100000 00010 rsl rm rd 1010011
1100000 00011 rsl rm rd 1010011
1101000 00010 rsl rm rd 1010011
1101000 00011 rs1 rm rd 1010011
RV64D Satndard Extension (in addition to RV32D)
1100001 00010 rs1 rm rd 1010011
1100001 00011 rsl rm rd 1010011
1110001 00000 rsl 000 rd 1010011
1101001 00010 rsl rm rd 1010011
1101001 00011 rsl rm rd 1010011
1111001 00000 rsl 000 rd 1010011

I lwu
Id
Ssd

I slli

I srli

| srai

| addiw
I slliw

I srliw
I sraiw
R addw
R subw
R sllw
R srlw
R sraw

R mulw
R divw
R divuw
R remw
R remuw

Rlr.d

R sc.d

R amoswap..d
R amoadd.d
R amoxor.d

R amoand.d
R amoor.d

R amomin.d
R amomax.d
R amominu.d
R amomaxu.d

R fevt.ls
R fevt.lu.s
R fevt.s.|
R fevt.s.lu

R fevt.l.d
R fevt.lu.d
R fmv.x.d
R fevt.d.l
R fevt.d.lu
R fmv.d.x

& 9.5: RV64 ARSI LY BHESHNREDRER. KBRS THLAMR, BEE, BRABEME
FR(EETF [Waterman and Asanovic 2017]F)3& 19.2).
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RV64F H1 RV64D INJN 1 HEO PR S, FEREA TR 4, DU G 5 00 LV 1
HBAIRYE: fovtls, fevtld, fevtlu.s, fevtlu.d, fevt.sl, fevt.s.lu, fevt.dl, fevt.d.lu.
T8 x ZFAERRIIAE S 64 FL9E, BATTIAE v] LAORAFE XURS FE T R84, ALk RvedD 39 1
PANF LTS fmv.x.w Al fmv.w.x.

RV64 H1 RV32 Z [A] AR R R, (HRH —DMISMNEESiTES. RV64C B 1 —Lk
RV32C 54, RINFHAh—Le45 40T 64 SrHuhkn] DL 56 45 (ARAD R4 35 - RV64C T
TR EE IR (c.jal) FUEEOANE S InEAEfE 7484 (clw, c.sw, c.lwsp, c.swsp,
c.flw, c.fsw, c.flwsp Fl c.fswsp). TEABATIINIE, RV64C N 1 B8 520G 1) I ta 2

(c.addw, c.addiw, c.subw) PLEIMEALEMHENTHE4L (cld, c.sd, cldsp, c.sdsp)s

#FEULEA: RV64 ABI 614E Ip64, 1p64f Fl Ipo4d
Ip64 o C B S HIKEERI DL KL FaEr 81K 64 fi; SRR 32 fi7. 5 RV32 (L5 3 &)
AHE, EEE R d RoR L8 I7 S8

#FTIHER: RV64V EHIESER
R AASFERBUMAELE, ©5 RVI2V R4 8. ME—3s 25 75 TE 8.2
I X64 Il X64U BhAZ 74BN RV64V T, RV32V AT,

9.2 fd IR ANHEF R LB RV64 5 HoAh 64 Af ISA

1EU1 Gordon Bell TEARZE LT il, — MMM A BRIG 2D T Hibb AL B FE 7 AE
FHI N AE RN HTIEIT 32 Atk 2 A ARER, A [FEHE AR 2 M6 1 i A1 24
(1) 64 fr kit 4 [Mashey 2009].

A MIPS, 1E 1991 4F, B FTA T A7 4 LUAR P THEER AN 32 3T R & 64 FIER
0T B 64 ALRAS ) MIPS-32 164 . MIPS-64 1L 4wiE = a2 # LA 7 RE“ & JF 3k, #i4n daddu
B dsll (Z WK 9.10). TR AT DAE [F]— MR TR A 48 MIPS-32 Hil MIPS-64 454 .
MIPS-64 k% T MIPS-32 H NN AEIRAE (FLK AW 21 S J5 S2AH G 245 1)

FHEZIG, A& x86-32 FELHEAMINRK T 64 7. HEAITAILE IR sk 2= (] f R, A pL
1E x86-64 AT T — FRH ik
o HUTAFARNIEEMN 8 HEINF] 16 (r8-r15) ;
® ¥ SIMD A 7EAs IR M 8 1% 16(xmm8-xmma15) 3 His N 17 PC A< %3E T4,

DABE ff-Hh S5 -5 007 B JE R AR
® N7 PCAIEYE T, DUEE Gt S RES A B IR AR

IX L P AN T x86-32 i A HEAK A LR ) — LL i

IS R AN HET 1 x86-32 fRAS (35 2 T4 30 T R K] 2.11 H) Fil x86-64 fii A (& 9.11
) RS, FATATLAUR I x86-64 TR LM . B 64 AL ISA ¥4 A AL &7 FLfE 37 474
o, A RS x86-32 —FF, W 2B ERAFBINAEH, XKIESIIEEM 20 0D R T
15 %. RE 64 RIS HRAHEL 32 /b, (HRARRG R /N SERR FER—A741, M 45 Rk
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146 711, JEPRR T HAHERT RS LA R S 2 R 748, x86-64 WS IN T — N RTER T

ISA ARM-64 | MIPS-64 | x86-64 | RV64l | RV64I+RV64C
Instructions 16 24 15 19 19
Bytes 64 96 46 76 52
B 9.6: PIA ISA FITBAHEF KITES MR KA.  ARM Thumb-2 1 microMIPS & 32 Ar#fidk ISA,
HAER T ARM-64 F1 MIPS-64.

TR AHTE S . M x86-32 F| x86-64 “FIIFR A K EIEK T .

Nt T4, ARM B ) T [RIFE Rk ) 8 (ER AR TR E 1R x86-64 ASEE, HEIH ISA
T RERISCH 64 frdthdik. AR AHX ALK T — 281 ISA. MSk&ih—M8 ISA,
fEAF AT DL 4R K ARM-32 (VR 2 iRt A AT BB s 7 — N ISA:
® CHELA A AEAR AR 15 HnE 31,
MZF A7 R PC;
NRZHIR L TRAEEL B R 278 (r31) ;
5 ARM-32 IN[A], ARM-64 (1 A s -k a5 00 T B A 20 /N3,
ARM-64 [T ARM-32 [INEA7 il 2 A B a1 45 2
ARM-64 2[5 7 ARM-32 454 1 2 -0 AT 1% 75

ARM-32 {2855 K SRAFAE T ARM-64 85 43 S84 F 26 AF1, Fa 2 s fn B
AR T BIEAE E, &M BshiES, TR, N -SUtEaE g, DL A SRR
32 KERIFES . 4 ARM-64 ik V)2 Thumb-2 ISA, KA Thumb-2 £G&EH T 32 A
k.
5 RISC-V AfF], ARM R7E K KT R ITEK BT ISA. BIR ISA tE ARM-32 B sas/msn 508 xs6-64
Uf, (HEmE K. Fln, EAEE 1000 %54 H ARM-64 FHtK 3185 TI[ARM 2015]. ﬁ?é, éﬁ?;; zgg#rt-’fj
ifiH, EREASEURENK . BAMIELLK, ARM-64 A& T =IkY E. M ltanium 895
9.9 B AHEFER) ARM-64 1UISA KR T BT RVOAL RALEL x86-64 01, A Aty A B TR
ARM-32 5. B, oA 31 A7 as il Sisih BEMERP RIFAIRE 574, S8 FneET
T EL T PC R AT IR A ek, ARML64 HLBUEN T — R T 4 s
K 9.6 K& TR AHEFPAEAFE ISA FRIFRL B 71 4. K 9.8 £ 9.11 s T RV64I,  AMD64 H) 64 ik x86-
ARM-64, MIPS-64 Fil x86-64 HIfCHD. X PUBLACHDEEREFHE S A ROIEMINT T4 2 defiy o g e
RV32I A 51X 8 RV64I fii A 2 A 2% 5 . 26.1;;4%624181;\ ﬂ;;i Zé
MIPS-64 2| T |2 154, EERFNETEMM nop A REATIEA MR &=, ®fi1zh xs6.
KI5 SCIEIRRE . i T HOR ANy S — 2% F8 2 5ERG TT H 20 SCHR 4 1EIRAE, RV64l 752 ggogfem & Padgett
R4 5D BIMHECT RV64l, XTHA7330, ARM-64 Hl x86-64 5 E 2 TN &45 4,
BT 4 BT MR % T RV64T T 7 b SR8 4, 7T LLAL S AT — 2545 4
fHZ SIS, RV64l+ RV64C AR K/NE/NMFZ, HARERR 21E T~ — WA .

#NFUEER: ARM-64, MIPS-64 1 x86-64 NEBH &R
AT B JT & RR . AT ARM-64 S22 ARMvS, MIPS-64 & MIPS-IV 1 x86-64
= AMD64 (5K x86-64 WISt 3%, ES W E— T,
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1.4 1.35 1.34
1.23

1.2

=

0.8

0.6

0.4

Code Size Relative to RV32GC

0.2

RISC-V RV64GC RISC-V RV64G ARM-64 INTEL x86-64
(16b & 32b) (32b) (32b) (variable 8b)

& 9.7: RV64G, ARM-64 Fl x86-64 5 RV64GC HIMHXFEF K/ ILE. WAV T HLE 9.6 HERIE
FREHMTIT . ZEE 2 TP 9 TN 1.5 H 32 £ ISA ELESHUSTREA 64 A ISA BB .RV32C 105G
K5 RV64C JLPF—FALEE RV64C /N 1% . ARM-64 3%# Thumb-2 ¥6TH, F I 64 fir ISA KRR
KANHEAT RV64GC REE. WEKFEF R SPEC CPU2006 ZHEMNK, F/HH GCC %5 [Waterman

2016].

9.3 B K/

9.7 LLEL T RV64, ARM-64 Fil x86-64 [FI-F-IIAHXFARID Ko Fix MBI AR 1 328 9
U 1.5 Bt 156, RV32GC SR /NS RV64GC T4l & A H RV64GC /N 1% .
RV321 A1 RV64I A K/ NEAR#EE . 17 ARM-64 U5 EL ARM-32 CHS/ 8%, T &A
64 7L A (1) Thumb-2, B LART A $8 2 #0055 32 7K - Ktk , ARM-64 £4AS E ARMThumb-
2 ARAYK 25% o HHTI 0 1 AT ERVERS DLk BT TR 4 LA RA TR (M 75 4745, x86-64 [MARRY EL
x86-32 fRIG K 7% . K, BUFER K/ &, RV64GC BT, [ ARM-64 {15 RV64GC
K 23%, x86-64 fIGL RV64GC K 34% . F&/F K/PHIZEFWIHAIF KR, LLET RV64 Af LI
KA 4 B GAT B R R RS AL T R, B0 T LA B8 /N 4 2 R A7 R BRI AR, (1
WARREFR ML NI R IR 2

0.4 5RIE

AR SR B — AN B AR BRI, T AR TR R R SR IRE . AT A A A B SR IRE PTAL G5B,
AR RBOXEFNE, RAF A EFEOA
Seymour Cray, H—&HEITHHIREEMIT, 1976 4

FERMNEAL R T RNUAR R A I B A 59 /L VP2 2EMBUOIX AN ST . ARM-32 A
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Thumb-2 58842 32 AL 284, BT ABATTX KIUFRE P A Bl . 14 MIPS-64 Al x86-64 1XFE /] —
LG [SA 7RI 3277 N ok, {H x86-64 FFANSE ISA Heit (BTG, 1 5 iX 5 S0 2= (I, MIPS-
64 [FJRTESAARIETE . ARM-64 /2 —ANHTH KA ISA, I &SRS 2/ 2 8.

RISC-V 3z a8 T [RIN &1t 32 70 64 Ar28ty, MEZ M) ISA DAUKIR BT EAT. A H T
Bl XFF RISC-V F27 R A gm B8 dn 5 5Kk Uk, 32 1031 64 472 (8] e I8 A2 i 18 BRI, RV 641
ISA JLTPEE THA RV32I 84 . ZIWHE AT ARMAHAMNRSE R, ol DAH
RV32GCV 1 RV6AGCV Fa4-4E. BHHEENE, [FPRIFEWRE 64 (22T EA LYK
AN 32 M ERERS 2 (] PR . RV64l A R MM T E 4829, FR3l& Rve4C, X
i e ONARES KN LGB 64 7 ISA #TE /N,

AN 64 AL LRI REARIL RISC-V Wit BB, EEsaFRA 1%t 64 £ ISA HLJeAT
FAIME T 20 4, IXFEFRATRT AT LA ) SEAT A T A B v R MARA T B R HR B

#FEiHAA: RVI128
RV128 f¥l&EN RISC-V ZERIIT N EE I — AN BEETE, FAEN T BoR 128 fAriihki ISA &
FTRERT. HR, QEERBLN TH LT BRIR POt AT 204 P AR A B 1) 2 SR
(DRAM FRTE), [FIF2 5 53 AT fE 23 A8 2 B 7 6] 9 77 1 77 ok U7 R X B 7 i . B 3E A A
(Al REEN 2014138 U A 128 Aok m e 4k,  RISC-V FM#fsitaE 7 —15%
I 128 47 ISA M5 RV 128G [Waterman and Asanovic 2017]. W1 9.1 & 9.4 7R, HiiEH
BA A B2 5 M RV32 U)HE] RV64 B e & 25h. BT Mz s b 2] 128 £, #r
HIRVI28 $E&E AR T 128 fIRAMIES (F54 LM FMH Q, B AVF (quadword))
BHARIE A 64 fikA (Fa4AFH I D, S AXF (double word) ).

9.5 ¥ FEIE

I. ARM. Armv8-a architecture reference manual. 2015.

M. Kerner and N. Padgett. A history of modern 64-bit computing. Technical report, CS
Department,University of Washington, Feb 2007. URL http://courses.cs.washington.edu/cou
rses/csep590/06au/projects/history-64-bit.pdf.

J. Mashey. The long road to 64 bits. Communications of the ACM, 52(1):45-53, 2009.

A.Waterman. Design of the RISC-V Instruction Set Architecture. PhD thesis, EECS Department,
University of California, Berkeley, Jan 2016. URL http://www2.eecs.berkeley.edu/Pubs
/TechRpts/2016/EECS-2016-1.html.

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/.

J. Woodruff, R. N. Watson, D. Chisnall, S. W. Moore, J. Anderson, B. Davis, B. Laurie, P. G.
Neumann, R. Norton, and M. Roe. The CHERI capability model: Revisiting RISC in an age of risk.
In Computer Architecture (ISCA), 2014 ACM/IEEE 41st International Symposium on, pages 457—
468. IEEE, 2014.

MIPS IE £ & & .
Imagination Technologies
T 2012 FRL 1 f2E TR
W) T MIPS ISA, HIAE
HFEHEE, EREE
Ko
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# RV64I (19 instructions, 76 bytes, or 52 bytes with RV64C)
# al is n, a3 points to a[0], a4 is i, ab is j, a6 is x
0: 00850693 addi a3,a0,8 # (8 vs 4) a3 is pointer to alil
4: 00100713 1i ad,1 #i=1
Outer Loop:
8: 00b76463 bltu a4d,al,10 # if i < n, jump to Continue Outer loop
Exit Outer Loop:
c: 00008067 ret # return from function
Continue Outer Loop:
10: 0006b803 1d a6,0(a3) # (1d vs 1w) x = alil

14: 00068613 mv a2,a3 # a2 is pointer to al[j]
18: 00070793 mv ab,ad #j=1
Inner Loop:
1c: ff863883 1d a7,-8(a2) # (1d vs 1w, 8 vs 4) a7 = al[j-1]
20: 01185a63 ble a7.a6,34 # if alj-1] <= alil, jump to Exit Inner Loop
24: 01163023 s=d a7,0(a2) # (sd vs sw) aljl = al[j-1]
28: fff78793 addi ab,ab,-1 # j--
2c: ff860613 addi a2,a2,-8 # (8 vs 4) decrement a2 to point to alj]
30: fe0796e3 bnez ab,lc # if j !'= 0, jump to Inner Loop
Exit Inner Loop:
34: 00379793 sl11i ab,ab,0x3 # (8 vs 4) multiply ab by 8
38: 00f507b3 add ab,al,ab # ab is now byte address oi aljl
3c: 0107b023 =sd a6,0(ab) # (sd vs sw) al[j] = x
40: 00170713 addi a4,a4d,1 # i++
44: 00868693 addi a3,a3.8 # increment a3 to point to alil
48: fclffisf j 8 # jump to Outer Loop # continue outer loop

B 9.8: E 2.5 FHEAHFH RV64I fRIG. RVIIRIEEHEFSE 2 ZHEE 27 TWHE 2.8 FHI RV321
LHRBSEPEMU. RITEERPHFESASIL TER. BROXDNIER 8 MEHHAR 44, Fril=
FIRSHHIEHMN 4 RE T 8. THERERZL, FHMMRFE Aw) AR T IENFE ad) FHs

TfEF (sw) HIRZERR TR (sd)o
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# ARM-64 (16 instructions, 64 bytes)
# x0 points to al0], x1 is n, x2 is j, x3 is i, x4 is x

0: d2800023 mov x3, #0x1 #1=1
Outer Loop:

4: eb01007f cmp x3, x1 # compare i vs n

8: 54000043 b.cc 10 # if 1 < n, jump to Continue Outer loop
Exit Outer Loop:

c: d65f03c0 ret # return from function

Continue Outer Loop:
10: £8637804 1ldr x4, [x0, x3, 1sl #3] # (x4 ca r4) vs x = alil
14: aa0303e2 mov x2, x3 # (x2vs1r2) j=1

Inner Loop:

18: 8b020c05 add x5, x0, x2, 1sl #3
1c: £85f80a5 1ldur x5, [x5, #-8]

20: eb0400bf cmp x5, x4

24: 5400008d b.le 34

x5 is pointer to alj]

x5 = alj]

compare a[j-1] vs. x

if alj-1l<=alil, jump to Exit Immer Loop

28: £8227805 str x5, [x0, x2, 1sl #3]1 # al[jl = alj-1]

2c: £1000442 subs x2, x2, #0xl # j--

30: 54ffff41 Db.ne 18 # 1if j != 0, jump to Inmer Loop
Exit Inner Loop:

34: £8227804 str x4, [x0, x2, 1sl #3]1 # alj]
38: 91000463 add =x3, x3, #0xi1 # i+t
3c: 17Effff2 b 4 # jump to Outer Loop

Il
S

B 9.9: B 25 iR BBAHEFR ARM-64 /0%, ARM-64 JL4RIESEFRS 2 ZHE 30 WE 2.11 1
ARM-32 ILHBEAR, BR—ELFHNHLIRS. FHERU xHAEMARL a k. BFEIFHBEAZH
KT ERBAL 3 THRIEBCOyF . R 31 MR, R RENIRE AR, |
T PCARFHFH/Z—, BEWEMHH T EMIERERS. Bk, REEEREEL RV64l NS x86-
64 FRASMAR ARM-32 R,
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# M

IPS-64 (24

# al is n, a3

0
4

: 64860008
: 24030001

Outer Loop:

8

c:
10:
14:
18:

: 0065102b
14400003
00c03825
03e00008
00000000

instructions, 96 bytes)
is pointer to al0], v0 is j, v1 is i, t0 is x

daddiun
1i

sltu
bnez
move
jr
nop

Continue Outer Loop:

1c
20

: dcc80000
: 00601025

Inner Loop:

24:
28:
2c:
30:
34:
38:
3c:
40:
Exit
44:
48:
dc:
50:
54:
58:
5c:

dce9fff8
0109502a
11400005
00000000
6442ffff
fce90000
1440f££9
64eTIf18

00021018
0082102d
£c480000
64630001
1000ffec
64c60008
00000000

1d
move

1d

slt
beqz
nop
daddiu
sd
bnez
daddiu

Inner Loop:

dsll
daddu
sd
daddiu
b
daddiu
nop

az2,a0,8
vi,1

v0,vli,al
v0,1c
a3,a2
ra

a4,0(a2)
vo,vl

a5,-8(a3)
a6,ad,ab
a6 ,44

v0,v0,-1
ab,0(a3)
v0,24

a3,a3,-8

v0,v0,0x3
v0,a0,v0
a4,0(v0)
vi,vi,1

]

a2,a2,8

#

(daddiu vs addiu, 8 vs 4) a2 is pointer to ali]
i=1

setoni<n

if i < n, jump to Continue Outer Loop
a3 is pointer to al[j] (slot filled)
return from function

branch delay slot unfilled

(1d vs 1w) x = ali]

j=1

(1d vs 1w, 8 vs. 4, a5 vs t1) ab = a[j-1]

(no load delay slot) set alil < al[j-1]

if alj-1] <= a[il, jump to Exit Inner Loop
branch delay slot unfilled

(daddiu vs addiu) j--

(sd vs sw, ab vs tl) aljl = alj-1]

if j != 0, jump to Inner Loop (mext slot filled)
(daddiu vs addiu, 8 vs 4) decr a2 pointer to alj]

(dsll vs sl1l)

(daddu vs addu) v0 now byte address oi alj]

(sd vs sw) aljl = x

(daddiu vs addiu) i++

jump to Outer Loop (next delay slot filled)
(daddiu vs addiu, 8 vs 4) incr a2 pointer to alil
Unncessary(7)

B 9.10: & 2.5 TR KHENHEF I MIPS-64 050 . MIPS-64 IL4iiESTRFF 54 2 245 29 TE 2.10
MIPS-32 LB S A — AR 4. B, WT 64 MM R HBRIELEL LT _E<d”:
daddiu, daddu, dsll. 21E 9.8, HTHEAR/DN 4 ZHHME] 8 74, FEHAF=FREKHFERN4EHR
N 8. BIRE RVedl KL, WINMEIEEE, FHEBEMBRF Gw) BERTWMENFE 4d), HMEME
(sw) ZBRTHEMNTF (sd)o TG, MIPS-64 A T MIPS-32 A [{IINERFEIRAE; 24 HIL'S 5 AR ,

HKEEIHE.
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# x86-64 (15 instructions, 46 bytes)
# rax is j., rcx is x, rdx is i, rsi is n, rdi is pointer to al[0]

0: ba 01

Outer Loop:

5: 48 39
8: 73 23
a: 48 8b

a:

Inner Loop:

11:
16:
19:
1b:
1f:
22:
Exit
24:
28:
2b:
Exit
2d:

B o.11: E 2.5 FEAHEFH x86-64 A5 .

48

dc
49
Te
dc
48
75

89

8b
39
09
89
if
ed

00

2

Oc
do

44
c8

04
c8

00 00 mov edx,0xl

a7

c7 18

cT

InnerLoop:
48 89 Oc c7

48
eb

ff
ds

c2

Outer Loop:

c3

cmp
jae
mov
mov

mov
cmp
jle
mov
dec
jne
mov
inc

jmp

ret

rdx,rsi
2d <Exit Loop>
rcx, [rdi+rdx*8]
rax,rdx

r8, [rdi+rax+8-0x8]
ré,rcx

24 <Exit Loop>
[rdi+trax#*8],r8
rax

11 <Inner Loop>

[rdi+rax#*8],rcx
rdx
5 <Outer Loop>

H O H W

compare i vs. n

if i >= n, jump to Exit Outer Loop
x = alil

j=1

r8 = alj-1]

compare al[j-1] vs. x

if alj-1l<=alil,jump to Exit InnerLoop
aljl = alj-1]

j--

if j '= 0, jump to Inner Loop

aljl = x
i++

jump to Outer Loop

return from function

x86-64 ILAIAE S EF 558 2 PSS 30 T 2.11 HHH) x86-32

ICRIEFIEEAF. HH, 5 RV AF, BEHIFHEE ASFMLHK rax, rex, rdx, rsi, rdi, r8.
$£=, BEHx86-64 IMT 8 NFHFR, HAEFUKFTARBRRFATERMARNEY. £=, x86-64
154t x86-32 B, BIAVLBLSTERLEHIN 8 A1k 16 ALATEHED, A BefiAR e 2 i T
W4, P, BEWBERMEEER Gne, dec) 7F x86-32 P RFEE 1 =3, {H x86-64 TEE 3 MFT,
Bk, *FF Insertion Sort, ER x86-64 T8LH x86-32 2>, HAHEK/NAJLFS x86-32 HIF: 45 F
Fht 46 NFET .
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E+FE RV32/64 515

a5 A T SE M 89 ATHR . ——Edsger W. Dijkstra
101 &5

FIHATRIE, A FEEIGE RISC-V XTEH TR R A5 AR FTA 18 2#0 75 H
FE (R HARF ARSI R I247) Nl AREAHBFH FIRREE R 8175
AEFICIB NI 2845, (machine mode), A AN Linux, FreeBSD F1 Windows Z5#:1F R4t
PRSI IR 0 (supervisor mode) . 1% P Fh g7 5% AT Lo FH AR =0 55 B8 = O AURR
XA AR BRI RUR . AT 2R B AR 8 T DU A SR B s U B Zh e, 5F
HENER — SRR N A FHBS DiRe, B Wi AL B b Wr A AT 1O 1) ThRg. Ab3
A IE G 23 i) B EIS AT EA SR S AR AR, A FE o BrRD S B 2 4 AU 22 21 5 1y
PR AR

IRANRGUISITH (runtime) FHAE 5 40 H X LEEr B xC 0 Dy Re ke mm B2 74, i
EHIRCWRNE; CREZARSEFUES RIS A SR DhRess . BT
) RE, T gmBE ) A T I FR 7 R R 2 A — A e B . (HIERATMX—FE W E
TESRTA RISC-V X /3 DIREHI S o AHRA R GUis AT FHAE RGN EER I RE T 51 ]
DAk RS EA  .

K] 10.1 /& RISC-V FREUR A MEIER R, K 102 7 T IX LI5S EAEMS . TAR, FF
BRI 2 AR Do FEREBA, TIPS T4 (CSR) BoR T M)
HE o

A EH RV32 I RV64 B — - . — e S BB A7 2 0 KN B FeR
[H, RN T R EE, FATIIAARE XLEN RIBRBEHEF TR %E (DAL,
XfF RV32, XLEN Jy32; %FRV64, XLEN |2 64.

31 27 26 25 24 20 19 15 14 12 11 7 6 0
0001000 00010 00000 000 00000 1110011 R sret
0011000 00010 00000 000 00000 1110011 R mret
0001000 00101 00000 000 00000 1110011 R whi
0001001 rs2 rsl 000 00000 1110011 R sfence.vma

B 10.1: RISC-V #¥iiB4 KBS BR.

RV32/64 Privileged Instructions

{machine—mode

gupervisor-mode} trap return

supervisor-mode fence virtual memory address
wait £or interrupt

10.2: RISC-V f#RIBLMIESH R BMEB. HESFAMELIR. (GEH [Waterman and Asanovic 2017)
PRI 6.1.)
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10.2 FERARXRGHRIHLEER

PLEHE T (45 N M AT, M-mode) #& RISC-V 1 hart (hardware thread, 4% -
) ATRABAAT A R A BRAR 2. 72 MBS IZAT [ hart Xf A7, VO MI—2EX IS S HIC  (hardware thread 0585
BRGOR L TR TR A A R IR DU R — TR AR RISC-V s v ZUSETRE
DAZRSEEL IR PR AR 20, SEBR B R L7 RISC-V iz Hl A8 AFE M B, XRARGRATIN BOREZERSF

e 5 o BAHEARIE harts b
ERo HTHHER. ASK

BLas LR B R R ILR 4 ORI RIS I (A, RISCV f LREHBRA—S
SHAARR. HRFBRE, EHRREEIRSPITIMEE, W17 T IR i 8
Mk AT T B ERCRAEIIE 0 o 55— SR, B 536 SR A N\
L R PR I it RISC-V A SRBLREHAGIS . (RIE 54 2 B 05T 4 4 S A5 BEHBAAT T > 1T J
SRS ST THERAT (SRR T B HIT). B 103 FUH T SRS IR

FE M R IZAT W8] P RE A 2R B0 [R5 ) A0 A C FRTSRERRF
© IR FE HIE AR R RN R (BIRE A ROM). D, B
® Ui =W {EHAT ebreak 154, B HUIEEUCEE S5 A SR UL RO KA . Hothh: 9% IAL B
® REEARN FEMIT ecall TR, v,
® EEAEASFE VRN BRI AR I I A gﬁﬁ;éﬂiff@ f;’;
® EAfFARE (EARUBURAR MR R, B 0x12 1) ek s s e
amoadd.w., e
Interrupt/Exceptlon Exception Code Description
mcause[XLEN-1] | mcause[XLEN-2:0]

1 1 | Supervisor software interrupt

1 3 | Machine software interrupt

1 5 | Supervisor timer interrupt

1 7 | Machine timer interrupt

1 9 | Supervisor external interrupt

1 11 | Machine external interrupt

0 0 | Instruction address misaligned

0 1 | Instruction access fault

0 2 | Illegal instruction

0 3 | Breakpoint

0 4 | Load address misaligned

0 5 | Load access fault

0 6 | Store address misaligned

0 7 | Store access fault

0 8 | Environment call from U-mode

0 9 | Environment call from S-mode

0 11 | Environment call from M-mode

0 12 | Instruction page fault

0 13 | Load page fault

0 15 | Store page fault

&} 10.3: RISC-V REMHUTHER. FHE mcause EHABME 1, FPRERNE 0, HEFRA
PRT AR ENEARE. AEESI T REERAN A R EEEP R EE R RS
(ZR% 105 %), (GRH[Waterman and Asanovic 2017]F I3 3.6.)
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R YRS 55— 5 7 B Fe P AR 70 load A1 store, VRTTRESS 1A A4 B 10.3 ik
A AEXT T load A store Hidik 5 . JREIEMAY, B, HAEMNETFNAREREAR
SRS E s LR, — e S R A WX T AEXS SR (1 H A load F store FEAF SCHRE,
PRI A B — N DA S IR AN o PR o R0 S PR (1) b 3 S8 08 T S o A R Y, A —
RIS 55 load Fl store KA H1 XS 55 1) load 1 store. B FH AR P AHE H %A %
RHLF: BAREEEIRG, FEX SR IR U T, AR AR T R . B, AETE
1 PR RE A AL B 2% mT DA S B AE XS 5517 load A store. X APsZE b ) R 3G VAT RISC-
V RRVFAEXTF5 load Fl store 55 #H load 1 store FEHEAEAY . IXIEHE | 55 — B0 22 AL H2AK
S IR S FE IR

B ZFRRUER TR B PR AN IR . A R a9 A L AR AR A A
Hoekfbk, FEIEE FHT H—> hart W 55— hart (78 H AR S rhopR A Ab 225 1] HH AL
#)o 24 hart (IR AILLER S (— %N mtimecmp KN AFBLES 94788 ) KT sLmf 1T #as
mtime I, Sfil el SEEH IR T S Grb s sl g CRZ BN R R A
rRWE IS GIK . ASE BT & A A R A A7 S I EL 75 2 rh s i) 28 (R AN [F)
P, PRI T H AT BRI Le B AL R S T 5. i RISC-V RS 3L[F] n) 2 4n
A Ak 2 SR R B W, X R T ) 3R

10.3 HLEBL T KR H A2

SRS ZFAER (CSR) A2 MLE AT 578 Ab PRI 06 2L 7«
mtvec (Machine Trap Vector) ‘B ORAF AR AR 5 5 I AL TR 245 75 Bk 2 1tk
mepc (Machine Exception PC) ‘&5 A K A2 5755 48 2 -
mcause (Machine Exception Cause) ‘& &7~ &A= 578 IS,
mie (Machine Interrupt Enable) ‘&4 H AL T 2% H il GE AL A0 251 20 W5 1 T
mip (Machine Interrupt Pending) ‘&1t H 11 1E#E 25 Ab 3 1y 7
mtval (Machine Trap Value) ‘BEfRAF A (trap) BIFANME B Hubb @4k o H A
bk RAAREAR S BIAMFE S A L, X T HAdR R, ERIMEN 0.
mscratch (Machine Scratch) ‘& %8 B 75— A2 K/ ER
® mstatus (Machine Status) ‘BIfRAEARIHTIIERE, PLAVF 2 HARPPIRES, Wikl
10.4 7R
XLEN-1 XLEN-2 23 22 21 20 19 18 17
B 0 [TSR [ TW | TVM | MXR | SUM | MPRYV |
1 XLEN-24 1 1 1 1 1 1

16 15 14 13 12 11 109 8 7 6 5 4 3 2 1 0
[ XS | FS [MPP [ 0 [SPP[MPIE[0]SPIE | UPIE | MIE | 0] SIE | UIE |
2 2 2 2 1 1 1 1 T 1 1 11

10.4: mstatus EHPREFAE. ENAHBERNEAEE FA VI BRI EAET, BRNEBREE
R EifERE. MIE I MPIE CEERERAEFHRF MIE FIIBE). RV32 i XLEN B 32, RV6d £ 40.
(3k B [Waterman and Asanovic 2017]F {13 3.6; A < AR KUt 35S Wi ORI B 3.1 35.)

ARERZRAE MBI IB AT, AA LR B 6EA7 mstatus. MIE & 1 W A4 27
Wr sk, B PIBESEHPR S A7 45 mie PHEVE H CREREN. . IXEEA7AE mie THIGLE
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XFRET 103 g WrARED . BN, mie[ 71008 T M OB I pleb b, SRR A A A7 AR

mip

Encoding Name Abbreviation
00 User U
01 Supervisor S
11 Machine M

& 10.5: RISC-V FIBURBERABEAMTHKISID

BAMRINAR, HHERR YA . A =PRSS T AR S E— S
F&, IR mstatusMIE =1, mie[7]=1, H mip[7]=1, NIALACFEHLZE Ao .

—A> hart KAESFER, L EHIDETWT FPRA R

® RHIEAM PC HRTELE mepe ', PC 4% B N mtvec. (XTI 2HE, mepc
R FECRFE AL X T W, B8R B RAZ K E AT A E D

® RIEFH KIAILE mcause (WK 10.3 Far), H¥ mtval BEE A H A HHEDL
FHEEH TR E R E T

o EIEHIIRA A A4 mstatus F) MIE 17 & % LIS by, 4826 HT ) MIE H %
B | MPIE .

o RAFHE Z A IAURE AR B AE mstatus () MPP 38rh,  FREAURA R E SOy
M. & 10.5 278 7 MPP 3 4ahs CAnSARBRZA 2l MBS, G kb ks X
w72 I
G T B BB AT AR I N 2, TR FE S AE BT UE ] mscratch ATEEEL

A AT (B a0) AR, W, A1k mscratch L5 TR ) NI B A A7 2

(IR, ACFRRR T A Z AR S R R A B AR s 2 FH BI R B B A . AR ERITZ

Ja, W S E B IRESINE R R AR, 85 A mscratch A1 a0 524t

BN TFABRKE B EAIER AT ZAE. &5, AEEFH mret 1584 (M X

REFA MBS iR[El. mret ¥ PC % E N mepc, #id ¥ mstatus ) MPIE 15 & 15|

MIE SRR E 2 AT Pl R &, IR AR B Y mstatus ) MPP 35 ) 4E .

IXFEAIE [T — B R R (1) 10 451
10.6 7R 138G LA A FE A B op 7 A0 BEAR 7 1K) RISC-V L 2w ARG . & %

I [A] LA AR IAT T B354, ARG AR AT AT AT S5 o S S BRIR i b v i Ab B AR 7

ArRe VAR ERT, MMEES 2 Y. eadedt S, FUre bR T 1 i

R T AR . AN PR SR SR AR RS, e — AN R A — L) RISC-V Hl b

PR 7 1) e ) !

A I 7 AR AL B S 1 I AR R R B A B T e i T . 1R, mepe,
mcause, mtval il mstatus X3 G| A7 RA — DRI, AR S Al
WA AHAT — LB B0, XTSI ES R, R8s EK. Wi
o 1 R W A SRR BT LTRSS FH AR B 2 TR e B AF B R AT B N AR AR, RS TEIR HY
Z AT, AR AR TR IR A A A

B 1 A1 mret 384248, M BLRGEHRAE T 74— 184: wfi (Wait For
Interrupt). wii # AL I A H BTEA LA H B TAE, Brf e N azdt MKDFERL K,
LR f8 BEA 2 &5 403, Blmie&mip # 0. RISC-V AbFH 2% L% Fh 7 s
ZHRA, BIER| WA A B BTER T IR . A I HAEIX 4R A 241 nop SR
1o Bk, wii JBETEAEH A2 .

RISC-V & #F[E &
W, HApLIEEpkEE
&R E B 3TN A
i, MAR—M 45—
ANOZ. XS HEHER
TIEELANARES mcause
HFRE, MRT FHra
IBIRFE 4% mtval [0]i&%
Eh 1 AJEHLIEE;
REIREPERE x 3%
PC i&EJ (mtval-1 +
), MAREBEMN

mtval.

QoC



103

# save registers

csrrw a0, mscratch, a0
sw al, 0(a0)

sw a2, 4(a0)

sw a3, 8(a0)

sw a4, 12(a0)

# decode interrupt cause

csrr al, mcause

bgez al, exception
andi al, al, O0x3f

1li a2, 7

bne al, a2, otherInt

#

#
#
#
#

HOH OH OH OB

save al0; set a0 = &temp storage
save al
save a2
save a3
save a4

read exception cause

branch if not an interrupt
isolate interrupt cause

a2 = timer interrupt cause
branch if not a timer interrupt

# handle timer interrupt by incrementing time comparator

la al, mtimecmp
lw a2, 0(al)

1w a3, 4(al)

addi a4, a2, 1000
sltu a2, a4, a2
add a3, a3, a2

sw a3, 4(al)

sw a4, 0(al)

# restore registers and
lw a4, 12(a0)

lw a3, 4(a0)

lw a2, 4(a0)

1w al, 0(a0)

csrrw a0, mscratch, a0
mret

HOH OB O O OB OH R

al = &time comparator

load lower 32 bits of comparator
load upper 32 bits of comparator
increment lower bits by 1000 cycles
generate carry-out

increment upper bits

store upper 32 bits

store lower 32 bits

restore a4

restore a3

restore a2

restore al

restore a0; mscratch = &temp storage
return from handler

B 10.6; fiHH RISC-V B4 lTAEERRE . RSP ERE 7T2RKH 8 ST B mstatus.MIE 5
H; wHehh BB A mie[718H; mtvec CSR B E ARSI O Hht; 7 H mscratch
CSR E&HEBENH 16 NMEWH TRESTER NG SR k. B—8 M RET ENTESE, Taofk
£ mscratch #, a1 B aq RAEFENFY . REERE mcause RKEEFH HKH]: R mcause<0 N
Rhli, RZNUEFRSRE. MRRTE, MEZE mcause FUEMRBTET 7, WHRE, #E MERN
Bf Bl BT QSR e R BT, BRAAET R LLBEE I R 1000 MBSV ARE, FR T ANl RERE
K& 1000 M EABIZ G BE—BIKE T ao B aq fl mscratch, /5 mret 384K E
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XLEN-1 0
address|[PhysicalAddressSize-1:2]

7 6 5 4 3 2 1 0
L] 0 [ A [X[W]R|

& 10.7: PMP kbbb RIRC B AR . Mk RO, R E B E/NF XLEN-2, &AM 0.
R. WAl X AR REE. EMHETHR. A BEEREEHE PMP, Li8iET PMP RIX R Hkt
F.

31 24 23 16 15 & 7 0
[ PMP3 | PMP2 | PMPI | PMP0 | pmpcfgd

[ PMP7 | PMP6 | PMPS | PMP4 | pmpcigl

[[PMPIT | PMPIO | PMP9 | PMPS | pmpcfg2

[[PMPI5 | PMPI4 | PMPI3 | PMPI2 | pmpcfgd

RV32

63 56 55 48 47 40 39 32 31 24 23 16 15 &7 0
[ PMP7 | PMP6 | PMPS | PMP4 | PMP3 | PMP2 | PMPI | PMPO | pmpcfgd

[[PMPI5 | PMP14 | PMPI3 | PMPI2 | PMPIT | PMPIO | PMP9 | PMPS | pmpcfg2

RVo4

& 10.8: pmpcfg CSR #F PMP BEE A /F. ST RV32 (B, 16 MiBEFEREIE 44
CSR H'. XtF RVe4 (FEH), BAINSER] T H MEKHR S CSR H.

#FERIA: wii P2 F/FEEEBNSEHER

WRAEA R Wi AEH 2 (mstatus.MIE = 1) BHUT wii, SRJ5HE —AMEREH 21 45
FEAT, TACPEER B 0 52 5 AL HRR P o 5 — T, WA R AR Wi AT wfi, 3555
—AMEREA R PSR IAT, A MBS AR SAT wii ZJE AT . X AR 2
BPEHPRE A A7 mip, PLRGE T D%t 4. 5B R WA BRE P A LE, XA SR n]
LAY T AEIR - RO AS 7 BELORAT AN K R B o A7 4

10.4 RAR RS I PR SERERE =

BRPLEEA TR R ARG O AL, (HEMEM TR AU ZE# AT E
oL, BRIy MOBERT BLE gy AT . S AR IR, AREEAERTA KN
FeAUS, DN ANBE R R — 5, BEERK, MELUERIERTE. Kk, RISC-V 4t T
R R G A RE ARG O], IFHAZ B BRSO & R

ooC



TEAEE (Y IEIRE &
ERFR AR, 8
TEIERBRAELIR
HITESL.

A LR T &g H
BrE4ELS S BRR? —
NMEEZEML: WFR
M EREEEU— S
BRI E, HPEK
ZEE M ER, MAR
S =R,
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DAZIAR IEANTTAE ARES HAT R AR 4 (W1 mret) A7 MR HPRS A28 (an
mstatus), KA RVFRTIEGI RS XFERTIRA 5550, REIA—FhEsk 1AL
FRAE: AP (UBHD. xR AAE 4l X Lehfae, HE AT M R 481
i) CSR W= A ke & i . e s, U B M BRI L. @it
% mstatus.MPP BN U (W1 10.5 flz, Zif%0y 00, 2RJEHAT mret $54, HAFa] LA
MM BN U . Wil U BT AR, WHEEHIRE L4 MR

XN ARG 0 24 PR ) R Be U7 7] B SRR 7 A AE . SRBLT MO U B A
PEES HA — NS4 32 N 4Pk 47 (PMP, Physical Memory Protection) [FJIhEE, UV M 4
AABE U B DLTs ) (S A7k . PMP A48 LN HhhE 274788 BN 8 31 16 AS) Al
R E A A7 A% o X LSl B A A7 s AT AR TEEEAA S, SHPUTEIR . 24k T U Bk
PEES SR AT load BY store #AERS, Wb BT 1) PMP Hilik 27 /245 LA iRt
BERF%F PMP Hihik i, {H/NF PMP Bk i+1, U PMP i+1 [¥7C B 25 A7 28 P 1200 1) 2 75
AT LAGREE, WRARER 25 R VT IR R .

K1 10.7 BoR 1 PMP bt 5 47 3 TG B w8 AT R . B #2 CSR, Hihb 37 A3 44
N pmpaddro #| pmpaddrN, HH N+1 ZSZHH PMP M. bk 2rFas A B man, B
PMP PLDY-775 5y . e B A7 dn B R 78 78 CSR DUt B R sed#e, anf&l 10.8 Jir
o PMP HIECE H R W A X A4k, A1 6T load, store F1 fetch #:4E, i&H 75—
N A, 4ER 0 BAEHLL PMP, BN 1 EEH . PMP AL E IS SCRF AR, abn] B
£, [Waterman and Asanovic 2017]F ik T IX LT HE,

10.5 BARBIERGHI M EEH B

=R RER ) PMP 7 0 ARG SCHARE 51 77, PR E DX BRI oA
Mt T NAERYT, (B — s S PR e E AT E R R . BT PMP SRR E £
WA, R TeE e AT M IE B 2R N R - 1 H R T L X 2
TEY A HIES:, RG] Re = A AEERE AL R . 5348, PMP ASBEAT R4 S et
AR T

TR0 RISC-V AbFEES FH AL LT B A 38 FH A2 AH 8] 1 77 AL X 26 e . fg FH T
U RN AT . XA THRERI AR T a8 H A X (S BE) By, 1% —Fhal ik AR
X, B CFPRIE Unix #:4FE R 48, 4 Linux, FreeBSD Al Windows. S #xCH U x0T
PR, (HEE MK, 5 U B —#, S HFZ T i3 EA R H M B 1) CSR
64, JEHZF| PMP WIBRE] . A2 S BRI RS, N irR g S B
NN RS

BONEOLT, KA RE CARIEMARRER) Mg, $hlapi i 2)
M B S A ERAR T . {H2 Unix RGH R ZE06 /M ROZ AT S B0 NI RSt
o M B S8 AL BRAR P mT LUK S BR T m) S 8, (HIRELZAM 1 HAE 21 K 2 4
F A B RS . R, RISC-V #2417 — M ZHENLH . I L] a] DLk et ok o
W AR [R5 S e gy S A AbEE, 1T sE it MR

mideleg (Machine Interrupt Delegation, HL#% - WiZEHt) CSR =K HELL th W 24645 S
5. 5 mip fl mie —#f, mideleg H RN T ] 10.3 HAH R 0 R . i,
mideleg[5]AR.T S AT B lbr, SR Aee EAr, S BiaUHn sl R Wk A8 S Bl
(1) 5 A ERAR ST, A2 M OB 7 bR T .

ZAtes S BT e &R o) LLBE S BCI 4K Rl . sie (Supervisor Interrupt
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XLEN-1  XLEN-2 20 19 18 17
[ SD | 0 [MXR[SUM [ 0 |
1 XLEN-21 1 T
le 15 14 13 129 g 76 5 4 32 1 0
0

XS[1:0] [FS[1:0] | 0 [SPP[ 0 [SPIE[UPIE]
2 7 / b 1 1

i - I -

[SIE [ UIE]
T

2

B 10.9: sstatus CSR. sstatus & mstatus (& 10.4) K—T4, RN BEAIKAEIMLL. SIE Ml SPIE
R T BT AR RAEZ AT P Ei#RE, 2BIF mstatus ) MIE 1 MPIE. RV32 [ XLEN
N 32, RV64 4 40. (GEE[Waterman and Asanovic 2017| & 4.2; S Ak K6 HES W% SR B
#4175

Enable, W& HIifigE) A1 sip (Supervisor Interrupt Pending, W% # H Wifsib#E) CSR
#& S IR HPR S R, MA1/2& mie M mip K75, EN1EEM M BT AH F AR
JF, {HAE sie F1 sip 1 R A5 H mideleg ZEE 1) HH Wt B A A RE RS o HRLSIA 2R
(1) R WS B AL AR 24 2

M #EGE AT LUl medeleg CSR #4 [F25 5 H Ze4t4y S B MLHIZRALT-NIA 42 2
24t (2 medeleg " AN RLAN &b, T2 Bl 10.3 H R D R ifid. 51
i1, B I medeleg[15]fH 44 store page fault (store it %A BB T ) B4 S .

HER, LRRIREERZEMNN, KA EHREA 2GR EAU .
EM B NRAER RS RAEMBER N, £ S B TNEEMRERT, RIEEARKNZRIR
WHE, AlRem M Bk S BialAbs, (HkimAah U BiAab s .

S #EA LA 7 H Ab# CSR: sepc. stvec. scause. sscratch. stval il sstatus, &
AT 5 10.2 FPHA R M B CSR M IZhRE. 181 10.9 IR T sstatus ArfFas A A .
W H F IR R4S sret 5 mret AT HAMHEE, HEAEHT S B F 5 4H CSR, MA
7& M f( ) CSR.

S BEAbER B A AT 9 ©F MOBECAE T AL, Wik hart #5252 1 = HF HA B ZRIRSG
S, WREAE 2 IR A I LA R BIRAS e e, R BT S B A2 M)
CSR:

® RKAWFISMITEL I PC #iAF AN sepc, H PC #i% E N stvec.

® scause %8 10.3 R4 T RMEE, stval #d B H bbb alE e ks e =7

wHE R
® ! sstatus CSR H'f¥) SIE %, B, H SIE Z 7T B PR FE(E SPIE s
® KB IR R A (R AFAE sstatus Y SPP 38, AR5 B 4RI S 15
o

10.6 FT RE KB AF

S BIIRML T — ML RIENGZ RS, e WAL A KN TR T bk 8%
BAT NAE N IERYT o JE Ay DU, K2 8l (L load 1 store FRIAT 24k Al
PC itk #B2 R mdent . FUFRVIEENAE, AT LR RO IR 43 s sk, X
Tob R [ — AR RR A T () AR SE I . TUR R I T s AR s R b A LA L B T B
IERER U, A, THEZR 1 WREEAS RS R d ik W A S AL 15 ) v AR A 3X AN T

S R E TSR
RETFIER G B, T2
£/ ecall #5215k M
EHRIEEERTERAR
B&RIELIRERE .

ZHGAERKEEZ
# &l 3% O (Supervisor
Binary Interface)f—3%&B

S



M IBM 360 #&2! 67 FF
¥, 4 KiB X/MBITRE
BERITTETE.

Atlas BRE—BFT IR
BTSN, B3 KB X
MR (FK 6 NF
e HMNEM, fEIT
BHHMENNEESES
gAML T,

TEANERRER

T, X—RERER.

BRAIERGRIT A fLF0
D fS3RRE IS HBLE T
THBEE. EHER
A SLEBITF OS HETHR
EHmERARVER
B. EL D IRk
HiZTTHEN R AE S,

EAECHAE EHE.

Hfth RV64 HTIHFRR
RERKRAMEZR
F. Sv48 5 Sv39 JLF
#HE, {EEE#M bz
BX 2°6&, RER—
=8
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31 2019 09 87 6 5 4 3 2 10
[ PPN[I] | PPN[0] [RSW|DJ[A[G[UX]W]R]V]
12 10 2 1111111

& 10.10: — RV32 Sv32 HEH (PTE).

63 5453 28 27 19 18 109 87 6 54 3 2 10
[ Reserved | PPN[2] [ PPN[1] | PPN[O] [RSW|D]A[G[U[X[W[R]V]
10 26 9 9 2 T 1111111

B 10.11: —/ RV64 Sv39 TWEM (PTE).

U 1) A LSS () DB AL PR AS R 2 F B A2 5191 (page fault exception)
RISC-V 1535177 22 BA SvX s 44, He i X & DAy A7 () R 400t 3k () FEE
RV32 M40 T/ 58 Sv32 3CHF 4GiB [ EHEZS [R], X 2623 (A # %1 43 9 2101~ 4 MiB K/hHI E
Ro MBI —DR5 N 2191 4 KiB K/NIA R (O TUEARAD . Kk, Sv32 1
TR ABFEECN 210 PR 254 o DUER R ARSI /N2 DY 757, DRI TUR AR B 1 K/
JE 4 KiBo TURMR/NFIRENTRIR/NFE A, XM BTTF T 3 RE N AE5
[
& 10.10 SE78 T Sv32 TIE I (page-table entry, PTE) [WAiifR, MZA R4/ HIAEIT
FIT i 38«
® VIRE T EZNRIMERILSZRETN (V=1WHH. ¥ V=0, WL
B 1 DR IO R hE AR A 2 3 B R R

® R. WM X 5FRRH IR S LLEEH, 5AFIAT . WERIX =AM HRAZ 0,
HEAIEATIRIUEHE M) N — TR TREr, 75 B2 TR 1) — /N1

® UNMERZIEGZMMTmE. £ U=0, U UBRREED M, H SR
AL, #U=1, WU TREVT X AT, 1M S B RE.

® G NiR/NIXANBLS X T A BEhE S WA, B AT DU X ANME B bk 4%

Bl rEfe . X —00EH R TR THE RS MU,

A PRI E M EIR A BIEHE R AR, Z 0T 47 i) .

D {7~ A M EIEER D A7 DR TR S8R IE (B 5 N0 .

RSW B4 H#E RG], &P iifF 20

PPN G SIS, Wbl —& 7. XN TERTUE — AN s, 8
4 PPN R H: e Ja Bt () — 382 50 PPN 25 R — £ i iht.
10.10 # PPN X7 APRASFI8, - DA A ik e 48 B0 R A8 O

RV64 CHRFZ Mo TR, (HERATR A HEZWH—F, Sv39. Sv39 {f A1 Sv32 #H
A1 4 KiB KHIEET. TURIMK/NER 8 21, ATLUEATRT DA K BE b o
T PRIETUR /NG R /N—2, A B EOE S 2] 20, Ay = 2. Sv39 (1) 512
GiB Hutib =z (81 %I 50 N 2° 4 1 GIB K/ E R A EF T — D008 224 BT, 18
Sv39 HIXEEE TUK/NAN 2 MiB,  E Sv32 Hilig /. RSB TR — 2408 22> 4 KiB K/
(2L T

K 10.11 SR T Sv39 TURIMIAG 5. ©A Sv32 584 ME, RJE PPN FEyy Es 7
44 fi7, PASZHE 56 ArpEEshhl, B 226 GiB K/ EE bk 2 (6] o
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31 30 22 21 0
[MODE | ASID | PPN | RV32
| 9 2
63 60 59 44 43 0
[ MODE | ASID [ PPN | RV64
4 16 i

A 10.12: satp CSR. 3 E[Waterman and Asanovic 2017] 7 K& 4.11 1 4.12.

RV32
Value | Name | Description
0 Bare | No translation or protection.
I Sv32 | Page-based 32-bit virtual addressing.
RV64
Value | Name | Description
0 Bare | No translation or protection.
8 Sv39 | Page-based 39-bit virtual addressing.
9 Sv48 | Page-based 48-bit virtual addressing.

B 10.13: satp CSR F* MODE 545 . 3 E[Waterman and Asanovic 2017] {38 4.3.

AFEUAR: AR At {u

T Sv39 HIEHhhE T Rved B P A7 25 240, PTRERARAIIE R T 1 35 St 4. Sv39
BORMBEL, 63-39 SEEH 38 ALMEIA. R 00 L EEZ 0000 0000 0000 0000kex-
0000 _003f ffff ffffiec A1 fff ffcO 0000 0000nex-fFf I fFFfeve X PRGN X 7] 2 7] 8] B ) K
NRFA R RAE) 22 5, B LEUFIRE T 64 {03 A 45 7T LR &6 H 1)
99.999997%. NAHARTE S HIF FHIXFAN ) 25 RE A AWE? B R, BERFRK, B
AIRERTRERT 512 GiB BIMEHEZS (8] o T 2244 A B2 PSRRI 5 e 25 1 B T 48 T 3G I i
Wz W RIRATRVFRRITTE = 25 O PARRE RN BAE, T4 LA AN AT eI L A3y [ i
T A7l B K Skt o 43R 0 VR A 45 T A st ik 57 P A 50805 1™ B AR, 7R SENLA
HHELEEHN 2R

—/MY satp (Supervisor Address Translation and Protection, % & Hubik ¥4 FILRA)

(1) S BEASE RS T AEas 20 7 0 RSt Wik 10.12 fox, satp A =M% MODE 1]
PAFTJA 43 DI e B TR L 10.13 JE/R T ERIYwS. ASID (Address Space Identifier,
b7 FRRAT) S rTE i), e nT LR SRBRAS ey e, PPN FEARAF
TIRTUR M E L, & DL 4 KiB DT R/ N ALl MBI P SE — GHA S
BRI RE N satp UEEH 00, )5 S BEHIRE 7 EEVIG 40 0T 3R LLGE 2 Rk T
satp A7 a5 A
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_ VPN
31 =7 22 21 12 11 0
VA VPN[1] VPN[O] offset
Page Table
satp >
Page Table
l»| PTE ™

p| _ PTE

33 ¢ 121 ¥V o
PA PPN offset

B 10.14: Sv32 HrtihbEE SRR H B .

MTE satp FAAFAHGH T vint, S BEURT U RS H 19 B SO RE 25 DL AR 5 ] TR
(177 L4 ol . 1B 10.14 #5R T IX AN FE:

1. satp.PPN & 7~ TR MFENE, VARBL22MAH T %05, R P28 &5 i
A7 F-Hohik (satp. PPN X 4096 + VA[31: 22] x 4) [ T # I .

2. ZPTE B8 “HUURMFEN, VARLI2IGW T RS, KA B BT T
HE(PTE. PPN X 4096 + VA[21: 12] x 4)[fJH-5 5 7T £ T .

3. MY TR PPN AR M eAs (R EHEI AR 12 ME D) Ak T i
LR, WFE b hE kS (LeafPTE. PPN X 4096 + VA[11:0])

B J5 AL FR A AT B N AF IV ) . Sv39 BRI AR LT Sv32 AHIF],  IXAE T
BABORE) PTE FIE 2 IR .. AT ARERE 10.19 45 H 1 0030 i JE 1) e Bk, 7
AHUEIA 1451 40 %A R R T T 7 488 ) AR R A 0

B 7 — s LAh, FRATJLTF3E5E T RISC-V 2 LRSI T N . R IR, load
A store #AEE R B IR TRV 0], B4 55 Lo RORHPRARIERE | A BAR I AL 2 2547 FH b
#4247 GEFEFRN TLB, 4#KA Translation Lookaside Buffer) SRyg/DIXFh 4. N T
FRARIX N ZAE AR S TR, KEEEHE S A SIS 25 TUERREF— 8. X ERE W R4
ERGBEM T R, BARNEAF2ZEMRIAMATTH . S B 15— %182 Kk
XA, X% sfence.vma ZXEAALEERS, BAFATREC A 7 R, T4 LA
FH R R T e R 22 A7 . B TR ENADN LIRS, X 0T DAa/NEAF R e . — M T
rs1, ‘BARAR 1 URIRAN REHET N H B T s ST rs2, B4 T B EOTE
(R FERE A L2 R FR R AT CASID) o AR P& RS X0, (B2l 5 BN e e 22 47
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XLEN-1 12 11 10 9 8 7 6 5 4 3 2 1 0
WIRI MEIP | WIRI | SEIP | UEIP | MTIP | WIRI | STIP | UTIP | MSIP | WIRI | SSIP | USIP

WPRI MEIE | WPRI | SEIE | UEIE | MTIE | WPRI | STIE | UTIE | MSIE | WPRI | SSIE | USIE
XLEN-12 1 1 1 1 1 1 1 1 1 1 1 1

B 10.15: PLBHEFER. BEMETEN XLEN /S HE%E, HATHRAESFLER SN (mip) Ml
fEREAL (mie) CSR. RES mip F ISR B FHEBSFREAFH BT (USIP, SSIP). B8Pl (UTIP,
STIP) F4EE+ W (UEIP, SEIP) WAL REEIT % CSR bt E N ; HLMRA R EER.

XLEN-1 10 9 8 7 6 5 4 32 1 0
WIRI SEIP | UEIP | WIRI | STIP | UTIP | WIRI | SSIP | USIP
WPRI SEIE | UEIE | WPRI | STIE | UTIE | WPRI | SSIE | USIE

XLEN-10 1 1 2 1 1 2 1 1

B 10.16: BEEPEFHFR. ENREN XLEN MK/BF7%E, ATHRAERLEK T (sip) i
WifEgefr (sie) CSR.

XLEN-1 21 0
| BASE[XLEN-1:2] [ MODE |
XLEN-2 2

& 10.17: HLBMEEZE HRAE (trap-vector) FHHbEF7Z8 (mtvec il stvec) CSR. AATRALE N
XLEN Hi/55F4, ATREFERAENEE, SFmAERLE (BASE) MAEM (MODE).
BASE 3 /B A AUE 4 7% 5. MODE = 0 R FrA R F#IE PC 5B N BASE. MODE =1 &#—
bl PC % B N(BASE + (4 X cause)).

XLEN-1  XLEN-2 0
‘ Interrupt ‘ Exception Code ‘
1 XLEN-1

B 10.18: HLESFMM B cause (mcause #l scause) CSR. HAHEEHMER, CSR FHEHA—MERFH
HEHEFNARIG. UREBEHTESIE, WE Pt “BEARL” 2RESHEARE—TREIR
. [Waterman and Asanovic 2017] K% 3.6 65 B MK SRIE D] 5 MR KBt

IV  SAEBEEPAIHEREE B

sfence.vma 1V S4MAHAT 2 BT HE 4 HY hart FHIERS #0844 . 24 hart 20T 55— hart IEAEAH
FAMITIRES, B— hart 24250 F Kb 388 (A P I RE A1 S — > hart, fBRIIZPAT sfence.vma
84 XAFIEE PN TLB F7%.

10.7 &R iE

MREEY, RAEFQGEGTIFLETH Z k. 20, ZHPWGEH, mELGTIRET SR, HXGEHF
— MR LEMZ B E T — MR E R,

——Fred Brooks,Jr.,1986
Brooks f& &l R & 3k15% , L7 IBM System/360 Z 1 H LA GRLEETHEEHL BT 1K S8k AN s
X TPRIEENE) o XA 1964 FHEAEFIZEM 48K E B SVERE.
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RISC-V B BRI 2 1 A RGN oK. 20 K 1] AL 88 AR QAR
A HIRFIESCRFRILIRAN AR o BRI P AR R A7 DR TSGR SCRF T 3 A
FHRA R RGN ZAR S fR)a, M A T 0 A B A A7 52Ot 1z T It
FARAE R G 75 I R -

10.8 ¥ RBIHiE

A. Waterman and K. Asanovic, editors. The RISC-V Instruction Set Manual Volume II:
Privileged Architecture Version 1.10. May 2017. URL https://riscv.org/specifications/privileged-
isal.

http://parlab.eecs.berkeley.edu


https://riscv.org/specifications/privileged-isa/
https://riscv.org/specifications/privileged-isa/
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. Let a be satp.ppn x PAGESIZE, and let i = LEVELS — 1.
2. Let pte be the value of the PTE at address a + va.vpnl[i] x PTESIZE.

If pte.v = 0. or if pte.r = 0 and pte.w = 1. stop and raise a page-fault exception.

LS

4. Otherwise, the PTE is valid. If pte.r = 1 or pte.x = 1, go to step 5. Otherwise, this PTE is a
pointer to the next level of the page table. Leti = i — 1. If i < 0, stop and raise a page-fault
exception. Otherwise, let a = pte.ppn x PAGESIZE and go to step 2.

5. A leaf PTE has been found. Determine if the requested memory access is allowed by the pte.r,
pte.w, pte.x, and pte.u bits, given the current privilege mode and the value of the SUM and
MXR fields of the mstatus register. If not, stop and raise a page-fault exception.

6. If i > 0 and pa.ppnf[i — 1 : 0] # 0, this is a misaligned superpage; stop and raise a page-fault
exception.
7. If pte.a = 0, or if the memory access is a store and pte.d = 0, then either:
* Raise a page-fault exception, or:
* Set pte.a to 1 and, if the memory access is a store, also set pte.d to 1.
8. The translation is successful. The translated physical address is given as follows:
* pa.pgoff = va.pgoff.
« If i > 0. then this is a superpage translation and pa.ppn[i — 1 : 0] = va.vpn[i — 1 : 0].
* pa.ppn[LEVELS — 1 : {] = pte.ppn[LEVELS — 1 : i].
A 10.19: EHEBYEIIE BRI SERED . va REAKEDMIE, pa Z5H Y.

PAGESIZE &5 # 212, # Sv32 &, LEVELS =2 H PTESIZE =4; TG#E Sv39 #f, LEVELS=3 H.
PTESIZE = 8. 3 H [Waterman and Asanovic 2017] 3+ )38 4.3.2 35,



Alan Perlis ( 1922-
1900), EAESERIRIE
1B S IR B R
ER AR A — L E R E
BE (1966), 1958 &5
583t T ALGOL, X535k
FRAENGSRNIES, 8
$& C 0 Java #IEE AR
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e
~
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F+—EF RISC-V FXEWTET R

stF A M, BFAAC, FREXFRZTE, AOARERAEY, mRLTWEEE,
Alan Perlis, 1982

PL RISC-V NF:fil, /DRI PLE 8 FHAlikrIy fE.
11.1 “B” WwEY B ArEfE

B ¥ RO BAE, AFEHEA . FEEURIRAL 7B (insert, extract, and test bit fields), JiE
¥ (rotations), 7% (funnelshifts), 7 EHAFITEH (bitand byte permutations), T}
HAlS 0 fJERE 0 (count leading and trailing zeros) FIUTE B 7% (count bits set) %5,

L 112 “E” BT R: AR

N T BRGSO BT, XA T 16 AN fras. IE2N RV32E, #iRfEar
A7 2R RN I 25 A7 B R/ AE 0-15 5/ 16-31 SaXBHE > Z [ 43 ) (B 3.2).

11.3 “H” BESERYT B: XFHFEEERF (Hypervisor)

H R BORAY RN 148 AR PP AL s 3 T A A7 DAY — Ot bRl L), S e[l — &
RN BT 2 MEERGE R

114 “J” WifET E: BT FES

FHY 2 HMES M 738585, i Java A Javascript. 1X 15 5 [ 3IAS4 & ATk
W EISCRT LA 3 ISA fSCFE. (3 RIREIES (Just-In-Time) Zwik.)

11.5 “L” WY R sz s

L I H I 3 FF TEEE 754-2008 FRAERLE F-T-3E 03T AU ARGZE 5. —53E 501 i 1
T ToiE 3 tH— e F 08NS, 10,1, RV32L A5 1B H 0 AT LT A Hh
KHTR
11.6 “N” T B: BPA$Wr

N ¥ & SVFH ST R AL WA B Sh 5, B AR P SR B, MMk INEE
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TSR R, AR W BB T 3R M OB U B2 e m A RS (I 10
') A, EWEEFFR Unix BIERGH A S, 2478 Unix HETHAERN, 125
(45 5 A BEHLRIAR SRR B, 10 P 25 P ml DUR SRR SR I Jg, 7 AR v s 5% [ i o
(garbage collection barriers). % tH C(integer overflow). 7% sif# N (floating-point traps)
ESHP &S,

11.7 “P” tafEy f&: BEREIBSSHIE (Packed-SIMD) 754

P ARy T I A A7 A N, RO N EE SR ERIFAT . BRI AR S 24
TR T — i a E R AT 5 ARl B 1 vt . AN, AR BN BEIEOREEAT AT
B, 8 AR R IUMIE R AR e, BOHE RN RVV 3 €.

11.8 “Q” Y B: IUKEEFA

Q ¥ M T 754 1EEE 754-2008 FrifE[) 128 A VURE FEVTR s 464 ¥ IS5 (7 5 35 17
e AT DRl — S HORSRE  SURE P Bl DURS P A3 s . DU P37 iy R 245K RVG4IFD

11.9 Z&¥iE

B, #i,.
—FH « KT « K% (Henry David Thoreau), 19 23 4/EZK, 1854

RISC-V HAH. brdErd 7, nIReEME il DATE i & SR A 240 e 2 AT 21 e 15t
i, 153 — 20 BB ORI R BRARE DL T, — /N2 B T S 4 — AN R B R
SR G R ACiEIT, M FPGA ik sSKI R FRAR 1R 5 18 RISC-V JEAHZE 01 22 1R 4
VRIE TAEEESE Y, MATE S 6] ISA BB, E/A 215 x86-32 AFEA K
PR (EENERE 1.2). AR T, NMERZ/DY RENH T, X—Fi 31X
RPUAR A T

FA 1A RISC-V AT LAFE LRI 1] v A0 15 00 [RGB R 75 SR R g i RISC-V &
T, ERECA LA R ISA R — A R .

D O@




Coco Chanel (1883-
1971) FE LB E AR
HBlgaA, thxtHRm
fEIARIBKEEET 20
48 AR
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Mz A RISC-V #5453k

MAHR— A ERIEHE L, —Coco Chanel, 1923

ARIRFIH T RV32/641 KIFTH RS ABHia KA Y i (RVM. RVA, RVF. RVD,
RVC FI RVV) DAL AIES . R HEEARIR AR, BIE. A8 MEmPUE X
TRt UM, hociiR . RIS CIRAFAE), DR —Ikalr A BRI e oA R . 3k
AT Y IX L q 206 T4 TP 14 2 C& 288, (Han e T E 2475, 1625 RISC-
V B J5 # it [ Waterman and Asanovic 2017].

N T R E AR PR BR84S, A0 GFEO DU bR 5% T 5
—ak A%, AN EEO DT PR AL & Z TR I e — 282 o g R T 5 A,
A BT AR 2 B AR TR . B, R MBI AR AMOADD.W, X2 1% T 2R
—%484; PR E AMOMINUD, X2&iZI ) —%ES. R 2IREE
TEIX P R4 2454 : amoadd.w. adoand.d. amoadn.w. amomax.d. amomax.w-
amomaxu.d. amomaxu.w. amomin.d. amomin.w fl amominu.d.
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add rd, rsi, rs2 x[rd] = x[rs1] + x[rs2]
A (Add). R-type, RV321 and RV64L.
LS X[rs 2] BN AE2% X[rs1] Ly G5R BN x[rd]. ZWEF AR
JE% 7 X.: c.add rd, rs2; c.mv rd, rs2
31 2524 2019 1514 1211 76 0
| 0000000 | 2 | st | 000 | R4 | otioonn

addl rd, rs1, immediate x[rd] = x[rs1] + sext(immediate)
Hm 55 B 4 (Add Immediate). I-type, RV321 and RV64L.
RS ALY R SRV BN B 25 A7 4% x[rsI] L, S5REN x[rd). BIEFE ARG H
JE4 R X cli rd, imm; c.addi rd, imm; c.addil6sp imm; c.addidspn rd, imm
31 2019 15 14 1211 76 0
| immediate[ 11:0] | st | 000 [ | oo10011

addIW rd, rs1, immediate x[rd] = sext((x[rs1] + sext(immediate))[31:0])
e 52 BP 3 F (Add Word Immediate). 1-type, RV64L.
RSy R SL RO R x[rs1], FEREW Y 32 Ar, ERFSAY RINE RS AN x[rd]
RS SR H
JE4% R X c.addiw rd, imm

31 2019 1514 12 11 76 0

| immediate[11:0] | st [ 000 | 0011011

addw rd, rs1, rs2 X[rd] = sext((x[rs1] + x[rs2])[31:0])
HaF (Add Word). R-type, RV64L.
HEZFAE A x[rs2) MBI ZTFAEAS x[rs1] b, K25 FAEW N 32 f7, /75T RIS REAN x[rd].
PRS-
JE % X.: c.addw rd, rs2

31 2524 2019 1514 12 11 76 0

| 0000000 | 2 | w1 | 000 | 0111011

amoadd.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] + x[rs2])
J7. T A 3 F (Atomic Memory Operation: Add Doubleword). R-type, RV64A.
AT R THRAE: BN HEE S x[rs TR IREIEN ¢ RN tx[rs2], 18
X[rd) RN to
31 27 26 2524 2019 15 14 1211 76 0
| 00000 [ag|n| w2 | w1t | on1 | x| otonimn |
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amoadd.w rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] + x[rsz2])
JB. T % F (Atomic Memory Operation: Add Word). R-type, RV32A and RV64A.
BTN R AR B AR HEER x[rs 1] TR R ¢ EIREANFAER trx[rs2], 18 x[rd]
WNFFFAL R t.

31 27 26 25 24 2019 15 14 12 11 76 0
| 00000 |aq|r| w2 | wt | 010 | | ot0m111 |
amoand.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] & x[rs2])

BT RF Y (Atomic Memory Operation: AND Doubleword). R-type, RV64A.
HEAT AR QR TR AR A5 P AE T HE A x[rs 1] R I SUFAC A £ SEEARUFAEA ¢ Al x[rs2)
MR, 8 x[rd]%H t.

31 27 26 25 24 2019 15 14 12 11 76 0
| o100 Jaq|d| 2 | w1 [ ont | «d | otomimn |
amoand.w rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] & x[rs2])

BT FL5 (Atomic Memory Operation: AND Word). R-type, RV32A and RV64A.
AT R MR AR KA HUEER x[rs 1] TR ¢ XA FA N t A x[rs2]67 5 1)
G50, X[l BONRF ST R ¢

31 27 26 25 24 2019 15 14 12 11 76 0
| 01100 [ag|n| w2 | w1t | 010 | | otommn |
amomax.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] MAX x[rs2])

JB.F & KIF (Atomic Memory Operation: Maximum Doubleword). R-type, RV64A.
AT W R MR AR AR x[rs 1] TR ¢ EIXASFAE R ¢ F x[rs2]H
BORB)—A CFH b IAMS LD, 4 x[1d] A 1

31 27 26 25 24 2019 15 14 1211 76 0
| 10100 Jag|d| 2 | w1 [ ont | «d | otom111 |
dMOMAaX.W rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] MAX x[rs2])

J7.F 3 K F (Atomic Memory Operation: Maximum Word). R-type, RV32A and RV64A.
AT R MR AR AR x[rs 1T TR ¢ XA TN A x[rs2]HECR
PI—A CH @MY ELED, 8 x[rd| RTS8 R to

31 27 26 25 24 2019 15 14 1211 76 0

| 10100 Jag|r| w2 | st | 010 | | ot01111 |
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amomaxu.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] MAXU x[rs2])
JB.F 5 K KR F (Atomic Memory Operation: Maximum Doubleword, Unsigned). R-type,
RV64A.

AT R MR AR WA x[rs 1T TR ¢ IR ¢ F x[rs2]
BRI)—A (HERSHED, 2 x[rdi&N .

31 27 26 25 24 2019 1514 12 11 76 0
| 11100 Jag|d| 2 | w1 | ot | [ oto1111 |
dMOMaXuU.W rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] MAXU x[rs2])

JBF 55 | K F (Atomic Memory Operation: Maximum Word, Unsigned). R-type, RV32A and
RV64A.

BEAT W R SR R AR BN AR A x[rs IR0 ¢ EXASTAN ¢ F x[rs2]HECR
H—A CHERS HED, 8 x[d BN S ALY R/ .

31 27 26 25 24 2019 15 14 12 11 76 0
| 11100 Jaq|d| 2 | st [ 010 | | o011 |
amomin.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] MIN x[rs2])

J7. T 8N IF (Atomic Memory Operation: Minimum Doubleword). R-type, RV64A.
AT R MR AR AR x[rs 1] TR ¢ EIXAFAE R ¢ F x[rs2]h
BUNR—AS CHZ g fIAMS LD, 48 x[1d] A 1

31 27 26 25 24 2019 1514 12 11 76 0
| 10000 Jag|d| 2 | w1 | ot | [ oto1111 |
aMmomin.W rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] MIN x[rs2])

J7.F 8N F (Atomic Memory Operation: Minimum Word). R-type, RV32A and RV64A.
AT R MR AR AR HEEER x[rs 1T B FAE R ¢ XA FAN t A x[rs2]H RN
= CH @MY ELED, 8 x[rd | RTS8 M to

31 27 26 25 24 2019 15 14 12 11 76 0
| 10000 Jag|d| 2 | w1 | 010 | [ ot01111 |
amominu.d rd, rs2,(rs1) x[rd] = AMO64(M[x[rs1]] MINU x[rs2])

JBF A5 & ) F (Atomic Memory Operation: Minimum Doubleword, Unsigned). R-type,
RV64A.
BEAT A0 R I JE AR KA A x[rs IR BIRUFAEA ¢ fEIRXAFA N t Al x[rs2]
BUN—A (RS HEBD, 8 x[rd] N t.

31 27 26 25 24 2019 1514 12 11 76 0

| 11000 [aq|d| w2 [ w1 [ out | | ot01111 |
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amominu.w rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] MINU x[rs2])

JB.F A5 |’ K F (Atomic Memory Operation: Minimum Word, Unsigned). R-type, RV32A and
RV64A.

BT A0S R FHAE B AR R x[rs 1T FIE0N ¢ AT ¢ A x[rs2]H 80N
—A (RS HED, 18 x[d] AT ST T ¢

31 27 26 25 24 2019 15 14 12 11 76 0
| 11000 Jaq|r| w2 | kst | 010 | | ot0m111 |
amoor.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] | x[rs2])

JB T F K (Atomic Memory Operation: OR Doubleword). R-type, RV64A.
AT IR B R A AP A x[rs 1T BRI ¢ R ¢ A x[rs2]67
B R, 8 x[rd] A te

31 27 26 25 24 2019 1514 1211 76 0
| 01000 |aq|d| 2 | w1 [ ont |« | otommmn |
dMOOI.W rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] | x[rs2])

JRF F 2 (Atomic Memory Operation: OR Word). R-type, RV32A and RV64A.
A7 B0 R T4 45 2 A x[rsT)oF 709 10 SEEAS TR ¢ A x[rs2) 2R
SR, 8 X[ BONFF S ALY e 1

31 27 26 25 24 2019 15 14 12 11 76 0
| 01000 [aq|n| w2 | w1t | 010 | | otomn |
admMoswa pd rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] SWAP x[rs2])

JRFRF K% (Atomic Memory Operation: Swap Doubleword). R-type, RV64A.
AT W R MR TR BN AR x[rs 1T BIRFEA ¢ RSN x[rs2]H1H,

8 X[rd] RN to
31 27 26 25 24 2019 15 14 12 11 76 0
| 00001 [ag|n| w2 | w1t | ont | | otomnr |
dMOOI.W rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] SWAP x[rs2])

JBF F ik (Atomic Memory Operation: Swap Word). R-type, RV32A and RV64A.
AT W R MR TR BN x[rs IR RN ¢ BRRANFAR x[rs2]H{E,
X[rd|BENFFSALY E /] 1o

31 27 26 25 24 20 19 1514 12 11 76 0

| 00001 |aq|r| w2 | wt | 010 | | ol01111 |
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18410) (o) r.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] * x[rs2])

JRTFRF R (Atomic Memory Operation: XOR Doubleword). R-type, RV64A.
BEAT W R SR R A BN AR A x[rs IR BTN ¢ ERXRANFAE N ¢ I x[rs2]%
R B ZE R, 48 x[rd] RN .

31 27 26 25 24 2019 15 14 12 11 76 0
| 00100 [ag|n| w2 | w1t | ont | x| otoninn |
dMOXOI.W rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] * x[rs2])

BT FFH R (Atomic Memory Operation: XOR Word). R-type, RV32A and RV64A.
AT IR BB AR WA x[rs 1T 008 ¢ IR AR R x[rs 213507 5
BER, 8 xRS R .

31 27 26 25 24 2019 15 14 1211 76 0
| 00100 |aqg|d| 2 | st | 010 | | oo |
and rd, rs1, rs2 x[rd] = x[rs1] & x[rs2]

5 (And). R-type, RV32I and RV641.

B AR x[rs IR AF 28 X[rs2) AL 5 45 5 N x[rd]

JE24 /5 X.: c.and rd, rs2
31 2524 2019 15 14 12 11 76 0
| 0000000 | 2 | st | 11 | 0110011

andi rd, rs1, immediate x[rd] = x[rs1] & sext(immediate)
5 2 B4k (And Immediate). 1-type, RV32I and RV641.

TSNP RS BB 27 A7 2% x[rs 1 ERMERHTAL S, ZERE N x[rd].

JE4# X: caandi rd, imm

31 2019 1514 1211 76 0
| immediate[ 11:0] | st | 1 [ | oo10011

anpC rd, immediate x[rd] = pc + sext(immediate[31:12] << 12)
PC /m 2B % (Add Upper Immediate to PC). U-type, RV32I and RV641.
RSO RN 20 A7 (AR 12 A7) SCEPEUNE pe b, ZRSN x[rd].

31 12 11 76 0
| immediate[31:12] |« | ool0111
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beq rs1, rs2, offset if (rs1 == rs2) pc += sext(offset)
A8% 05 X (Branch if Equal). B-type, RV32I and RV641.

i A7 x[rs [V ZF 4748 x[rs2IWEAHEE, 382 pe BME N ST EI RS AL8 R M IRFS offset.
R4 X c.beqz rsl, offset

31 2524 2019 1514 12 11 76 0
| offset[12/10:5] | k2 | rsl | 000 |offe4:ji] | 1100011 |
beqz rs1, offset if (rs1 == 0) pc += sext(offset)

ST RIS X (Branch if Equal to Zero). 154 (Pesudoinstruction), RV32I and RV64L.
A FLN beq rs1, x0, offset.

bge rsl, rs2, offset if (rs1 = rs2) pc += sext(offset)
X TF T % & (Branch if Greater Than or Equal). B-type, RV321 and RV641.

Fiwi A X[rs I JHRMER 155 T3 A7 A% x[rs2]HME YR8 Z3EHIAMDD, 8 pe BIME BN 2T
BN AT Sy R B S offset.

31 2524 2019 15 14 12 11 76 0
| offsetf12110:5] | 12 [ st [ 101 |offsetiainy | 1100011 |
bgeu rs1, rs2, offset if (rs1 =, rs2) pc += sext(offset)

A5 KT H T84 % (Branch if Greater Than or Equal, Unsigned). B-type, RV321 and RV641.
A AT X[rs AR T8 T34 x[rs2)0ME G LR SHD, € pe BB BN A HTE
LSy RS offset.

31 2524 2019 15 14 12 11 76 0
| offset[1210:5] | rs2 | sl | 111 [ofteqaany | 1100011 |
bgez rs1, offset if (rs1 =5 0) pc += sext(offset)

X T4 TR X (Branch if Greater Than or Equal to Zero). #4454 (Pesudoinstruction),
RV32I and RV641.
AR bge rs1, X0, offset.

bgt rsi, rs2, offset if (rs1 >srs2) pc += sext(offset)
KT w9 & (Branch if Greater Than). 1 4§4-(Pesudoinstruction), RV321 and RV641.
A AA blt rs2, s, offset.

bgtu rs1, rs2, offset if (rs1 >y rs2) pc += sext(offset)
A5 K T4 % (Branch if Greater Than, Unsigned). 14 454%-(Pesudoinstruction), RV32I and
RV64l.

A[HLM bltu rs2, rs1, offset.
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bth rs1, offset if (rs2 >5 0) pc += sext(offset)
KT R % (Branch if Greater Than Zero). th#%4-(Pesudoinstruction), RV32I and RV641.
T ALA blt X0, rs2, offset.

bIe rs1, rs2, offset if (rs1 < rs2) pc += sext(offset)
WNTFF TS X (Branch if Less Than or Equal). 1454 (Pesudoinstruction), RV32I and RV641.
AL A bge rs2, rsi, offset.

bleu rs1, rs2, offset if (rs1 <, rs2) pc += sext(offset)
WNTFF T4 % (Branch if Less Than or Equal, Unsigned). h 454 (Pesudoinstruction), RV32I
and RVo641.

AL bgeu rs2, rsi, offset.

blez rs2, offset if (rs2 <; 0) pc += sext(offset)
NTHE T RIS (Branch if Less Than or Equal to Zero). th 154 (Pesudoinstruction), RV32I
and RV641.

AJHLA bge X0, rs2, offset.

blt rsi, rs2, offset if (rs1 <s rs2) pc += sext(offset)
WNF B9 & (Branch if Less Than). B-type, RV32I and RV641.

A Ar R X[rs I JME/INT 204748 x[rs2]WME (RN ZdEdIAMD), 8 pe BB BN A FTE N
ERFSALY RS offset.

31 2524 2019 15 14 12 11 76 0
| offset[12/10:5] | rs2 | wsl | 100 |ofeqanuy| 1100011 |
bltz rs2, offset if (rs1 <s 0) pc += sext(offset)

WNTFREE 9 % (Branch if Less Than Zero). 1454 (Pesudoinstruction), RV32I and RV64L.
AJFLN blt rs1, x0, offset.

bltU rsi, rs2, offset if (rs1 <yrs2) pc += sext(offset)
A5 INT W9 X (Branch if Less Than, Unsigned). B-type, RV32I and RV641.
A AT X[rs AN T 2R 748 x[rs2]WME CHM N LR SED, 8 pe BB HHTEDN
Frg iy IR offset.

31 2524 20 19 1514 12 11 76 0

| offset(12110:5] | 12 | wst [ 110 |offef4:1i17 | 1100011 |
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bne rs1, rs2, offset if (rs1 # rs2) pc += sext(offset)
T 485845 % (Branch if Not Equal). B-type, RV32I and RV641.
i fr ey x[rs VA7 x[rs2IMEAAESE, 2 pe BB SR LR 5608 R i Imfe

offset.
JE4% 75 X.: c.bnezrsl, offset

31 2524 2019 1514 12 11 76 0

| offset[12]10:5] | rs2 sl | 001 |offse4:1111) | 1100011
bnez rs1, offset if (rs1 # 0) pc += sext(offset)

T TR % (Branch if Not Equal to Zero). 1 1%4-(Pesudoinstruction), RV32I and RV64l.
41N bne rs1, x0, offset.

c.add w4, rs2 xX[rd] = x[rd] + x[rs2]
#a (Add). RV32IC and RV64IC.
¥ REIEFN add rd, rd, rs2. rd=x0 B rs2=x0 B} 3Ei%.
15 13 12 11 76 21 0
w0 | 1 [ o | w2 ] 10 |

c.addi rd, imm x[rd] = x[rd] + sext(imm)
A 2 BP 4 (Add Immediate). RV32IC and RV64IC.
¥ RN addird, rd, imm.

15 13 12 11 76 21 0

[ 000 [imms| rd imm40] | 01 |

c.addil6sp imm x[2] = x[2] + sext(imm)
Hm 16 4& L BP R B R A8 4T (Add Immediate, Scaled by 16, to Stack Pointer). RV321C and RV64IC.
¥ BN addi x2, x2, imm. imm=0 i JEk,

15 13 12 11 76 21 0

| o1l [immo1| 00010 | imm4pp7s] | 01 |

C.addi45pn rd’, uimm x[8+rd’] = x[2] + uimm
Hm 4 4% 2 B R B AX 484 (Add Immediate, Scaled by 4, to Stack Pointer, Nondestructive). RV32IC
and RV64IC.
¥ EHEAN addird, x2, uimm, HH rd=8+rd’. uimm=0 I JEV%,

15 1312 54 21 0

| 000 | uimms4@e23] | o | 00 |
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c.addiw rd, imm X[rd] = sext((x[rd] + sext(imm))[31:0])
I 5 BPECF (Add Word Immediate). RV64IC.
¥ RN addiw rd, rd, imm. rd=x0 K} .

15 13 12 11 76 21 0

| oot [immisi| v | imm[4:0] | o1 |

c.and rd, s’ X[8+1d’] = X[8+Td’] & X[8+r52’]
5 (AND). RV32IC and RV64IC.
Y RIER N and rd, rd, rs2, H.A7 rd=8+rd’, rs2=8+rs2".

15 109 76 54 21 0

| 100011 | | 1 |2 | 01 |

c.addw rq, rs2 X[8+1d’] = sext((x[8+rd’] + x[8+rs2'])[31:0])
#F (Add Word). RV6AIC.
¥ RN addw rd, rd, rs2, H A rd=8+rd’, rs2=8+rs2".

15 109 76 54 21 0

| 100111 | @ [ o1 [ w2 [ 01 |

c.andird, imm X[8+1d’] = X[8+Td’] & sext(imm)
5 5 Bp % (AND Immediate). RV32IC and RV64IC.
¥ EIER N andird, rd, imm, . rd=8+rd".

15 13 12 11 109 76 21 0

| 100 [imms1] 10 | rd | immi40] | o1 |

c.beqz rs1’, offset if (x[8+rs1’] == 0) pc += sext(offset)
F T R85 & (Branch if Equal to Zero). RV32IC and RV64IC.
¥R 3N beq rs1, x0, offset, it rs1=8+rs1’.

15 1312 109 76 21 0

‘ 110 ‘ offset[8/4:3] ‘ rsl’ ‘ offset[7:62:1|5] ‘ 01 ‘

c.bnez rs1’, offset if (x[8+4rs1’] # 0) pc += sext(offset)
TF TR % (Branch if Not Equal to Zero). RV32IC and RV64IC.
P EIEN bne rs1, x0, offset, JH! rs1=8+rs1’.

15 1312 109 76 21 0

‘ 111 ‘ offset[8]4:3] ’ rsl’ ’ offset[7:6[2:1|5] ‘ 01 ‘
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c.ebreak RaiseException(Breakpoint)
W & (Environment Breakpoint). RV321C and RV64IC.
¥ IEAHN ebreak.
15 13 12 1 76 21 0
| 100 [ 1 | 00000 00000 | 10 |
c.fld ra, uimm(rs1) f[8+rd’] = M[x[8+rs1’] + uimm][63:0]

F oM F A, (Floating-point Load Doubleword). RV32DC and RV64DC.
PRI fid rd, uimm(rs1), HH rd=8+rd’, rs1=8+rsl".
15 1312 109 76 54 21 0
| 001 | uimm[5:3] | rs1’ | uimm(76] | @ | 00 |

c.fldsp rd, uimm2) f[rd] = M[x[2] + uimm][63:0]
B AGAT AR K F B F mE (Floating-point Load Doubleword, Stack-Pointer Relative). RV32DC
and RV64DC.
¥ RN fid rd, uimm(x2).

15 13 12 11 76 21 0

‘ 001 ‘ uimm[5] ‘ rd uimm[4:3/8:6] ‘ 10 ‘

C.flw re’, uimm(rs1) f[8+rd’] = M[x[8+Ts1’] + uimm][31:0]
F & F B (Floating-point Load Word). RV32FC.
T REEAN fiw rd, uimm(rs1), ' rd=8+rd’, rs1=8+rs1".

15 1312 109 76 54 21 0

| o011 | uimm[5:3] | rs1’ | uimmi2e) | @ | 00 |

c.flwsp rd, vimm(x2) f{rd] = M[x[2] + uimm][31:0]
B AR 48 K F B FmE (Floating-point Load Word, Stack-Pointer Relative). RV32FC.
¥ RN flw rd, uimm(x2).

15 13 12 11 76 21 0

‘ 011 ‘ uimm[5] ‘ rd uimm[4:2[7:6] ‘ 10 ‘

c.fsd rs2’, uimm(rs1’) M[x[8+rs1’] + uimm][63:0] = f[8+rs2’]
F e F Btk (Floating-point Store Doubleword). RV32DC and RV64DC.
¥ RN fsd rs2, uimm(rs1), FLHT rs2=8+rs2’, rs1=8+rs1’.

15 1312 109 76 54 21 0

| 101 | wimm[5:3] | rs0 | uimm(7:6] [ 2 | 00 |
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c.fsdsp rs2, uimmix2) M[x[2] + uimm][63:0] = f[rs2]
B AG AR X F BT B (Floating-point Store Doubleword, Stack-Pointer Relative). RV32DC
and RV64DC.
PN fsd rs2, uimm(x2).

15 1312 76 21 0

| 101 | uimm[5:38:6] | rs2 | 10 |

c.fsw rs2’, uimm(rs1’) M[x[8+rs1’] + uimm][31:0] = f[8+rs2’]
F = FHBAE (Floating-point Store Word). RV32FC.
¥ RN fsw rs2, uimm(rs1), H:H rs2=8+rs2’, rs1=8+rs1’.

15 1312 109 76 54 21 0

|11 | uimm(5:3] | w1 | wimmize) | =2 | 00 |

C.fswsp rs2, uimm(x2) M[x[2] + uimm][31:0] = f[rs2]
BAG A X F R F B4 (Floating-point Store Word, Stack-Pointer Relative). RV32FC.
FRIERHN fsw rs2, uimm(x2).

15 1312 76 21 0

|t | uimm[5:27:6] | rs2 | 10 |

C.j offset pc += sext(offset)
& (Jump). RV32IC and RV64IC.
¥R IEAN jal x0, offset.

15 1312 21 0

| 101 | offset[11]4]9:8]10/6|7/3:1]5] | o1 |

C.jal offset x[1] = pc+2; pc += sext(offset)
.3E 4% (Jump and Link). RV32IC.
¥ RN jal x1, offset.

15 1312 21 0

| o001 | offset[11]419:8]10/6|7[3:1]5] | o1 |

c.jalr rs1 t = pc+2; pc = x[rs1]; x[1] = t
I G BEEAESRSE (Jump and Link Register). RV32IC and RV64IC.
T RN jalr x1, 0(rs1). 24 rs1=x0 I i,

15 13 12 11 76 21 0

100 | 1 | st | 00000 | 10 |
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c.jr rs1 pc = x[rs1]
I B B A (Jump Register). RV32IC and RV64IC.
¥ EIEAN jalr x0, 0(rs1). 24 rs1=x0 5 i,

15 13 12 11 76 21 0

| 100 | o | st [ 00000 | 10 |

c.ld v, uimmirs1) X[8+1d’] = M[x[8+Ts1’] + uimm][63:0]
W Fm# (Load Doubleword). RV64IC.
P RN I rd, uimm(rs1), HH rd=8+rd’, rs1=8+rs1".

15 1312 109 76 54 21 0

| o011 | uimm[5:3] | rs1’ | uimm76] | @ | 00 |

c.ldsp rd, uimm(x2) x[rd] = M[x[2] + uimm][63:0]
R AGH A8 X F A E (Load Doubleword, Stack-Pointer Relative). RV64IC.
JER N Id rd, uimm(x2). rd=x0 I Ei% .

15 13 12 11 76 21 0

| o1l Juimms]|  rd [ uimmi3ge] | 10 |

c.li rd, imm x[rd] = sext(imm)
S BP#m#, (Load Immediate). RV32IC and RV64IC.
¥ RN addi rd, x0, imm.

15 13 12 11 76 21 0

L o010 [imms1 | wd | imm[40] | o1 |

c.lUird, imm x[rd] = sext(imm[17:12] << 12)
1z S Bp ¥ A E (Load Upper Immediate). RV32IC and RV64IC.
VRN lhird, imm. 24 rd=x2 2% imm=0 I 3E7E,

15 13 12 11 76 21 0

Lot [immp7 | kd | imm[l6:12] | 01 |

c.lw rd’, uimm(rs1’) x[8+rd’] = sext(M[x[8+rs1’] + uimm][31:0])
FHhe#k (Load Word). RV32IC and RV64IC.
¥ RN Iw rd, uimm(rs1), HH rd=8+rd’, rs1=8+rs1’.

15 1312 109 76 54 21 0

[ 010 | wimm[5:3] | rs1 [uimmpe) | w0 [ 00 |
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C.IWSp rd, uimm(x2) x[rd] = sext(M[x[2] + uimm][31:0])
AR 448 X Fm# (Load Word, Stack-Pointer Relative). RV32IC and RV64IC.
¥ RIEAN w rd, uimm(x2). rd=x0 B .

15 13 12 11 76 21 0

| 010 [uimms)|  rd | uimm[4:27:6] | 10 |

C.MVrd, rs2 x[rd] = x[rs2]
#3) (Move). RV32IC and RV64IC.
¥R N add rd, x0, rs2. rs2=x0 B 3EiE,

15 13 12 11 76 21 0

100 | o [ | rs2 [ 10 |

C.Ol rd’, rs2’ x[8+rd’] = x[8+rd’] | x[8+rs2’]
& (OR).RV32IC and RV64IC.
VRN orrd, rd, rs2, Hrr rd=8+rd’, rs2=8+rs2".
15 109 76 54 21 0
| 100011 | @ |10 [ w22 [ 01 |

c.sd rs2’, uimm(rs1’) M[x[8+rs1’] + uimm][63:0] = x[8+rs2’]
LG ik (Store Doubleword). RV64IC.
T RN sd rs2, uimm(rsl), i rs2=8+rs2’, rs1=8+rs1’.

15 1312 109 76 54 21 0

‘ 111 ‘ uimm([5:3] ‘ rsl’ ‘ uimm|[7:6] ‘ rs2’ ‘ 00 ‘

C.SdSp rs2, uimm(x2) M[x[2] + uimm][63:0] = x[rs2]
X AG 4T 48 K F G4 (Store Doubleword, Stack-Pointer Relative). RV641C.
RN sd rs2, uimm(x2).

15 1312 76 21 0

|t | uimm[5:38:6] | rs2 | 10 |

c.slli rd, uimm x[rd] = x[rd] << uimm
S BPRE B A A5 (Shift Left Logical Immediate). RV321C and RV64IC.
P REIEIN sllird, rd, uimm.

15 13 12 11 76 21 0

| 000 [uwimms)| rd | uimm[4:0] | 10 |
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c.srai rd’, uimm x[8+rd’] = x[8+rd’] >>s uimm
SR H R LA (Shift Right Arithmetic Immediate). RV32IC and RV64IC.
PN sraird, rd, uimm, FH rd=8+rd”.

15 13 12 11 109 76 21 0

| 100 [uimmis) | 01 | r&® | uimm[40] | o1 |

c.srlira’, uimm X[8+1d’] = Xx[8+1d’] >>, uimm
SR E LA (Shift Right Logical Immediate). RV32IC and RV64IC.
YR srlird, rd, uimm, FHt rd=8+rd".

15 13 12 11 109 76 21 0

| 100 [uimms) | 00 | v’ | wimm[40] | o1 |
C.sub rd, rs2’ X[8+1d’] = X[8+rd’] - x[8+rs2’]
#. (Subtract). RV32IC and RV64IC.
VRN subrd, rd, rs2. Hth rd=8+rd’, rs2=8+rs2’. .
15 109 76 54 21 0
| 100011 | |00 [ 2| o1 |
c.subw rd’, rs2’ x[8+rd’] = sext((x[8+rd’] - x[8+rs2’])[31:0])

BF (Subtract Word). RV64IC.
Y REIEN subw rd, rd, rs2. F A rd=8+rd’, rs2=8+rs2’. .
15 109 76 54 21 0
| 100111 | |00 [ 2| o1 ]

C.SW rs2’, uimm(rs1’) M[x[8+rs1’] + uimm][31:0] = x[8+rs2’]
F 54% (Store Word). RV32IC and RV64IC.
¥ RN swrs2, uimm(rs1), H A rs2=8+rs2’, rs1=8+rs1’.

15 1312 109 76 54 21 0

| 110 | uimm[5:3] | rs1> | wimmi2e) | rs2° | 00 |

C.SWSDP rs2, uimm(x2) M[x[2] + uimm][31:0] = x[rs2]
B AGHHAR X F 4% (Store Word, Stack-Pointer Relative). RV32IC and RV64IC.
¥ RN sw rs2, uimm(x2).

15 1312 76 21 0

| 110 | uimm[s:27:6] | rs2 | 10 |
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C.XOr rd’, rs2’ x[8+rd’] = x[8+rd’] » x[8+rs2’]
53 (Exclusive-OR). RV32IC and RV64IC.
TR N xorrd, rd, rs2, A rd=8+rd’, rs2=8+rs2".

15 109 76 54 21 0

| 100011 | 0 |01 [ 22| 01 ]

call rd, symbol x[rd] = pc+8; pc = &symbol
A (Call). th454 (Pesudoinstruction), RV321 and RV64I1.
8T —& B4 RHAE (pet8) B x[rd], SRJEHE pc WoN symbol. %517 T auipc rd, offestHi,
N _E—% jalr rd, offsetLo(rd). &M T rd, ERIH x1.

CSIrrd, csr x[rd] = CSRs[csr]
LI FIRSF BB (Control and Status Register Read). th 454 (Pesudoinstruction), RV32I and
RV64I.

TEAEHPIRS AR csr BMEB N x[rd], 257 T csrrs rd, csr, x0.

CSICecsr, rs1 CSRs[csr] &= ~x[rs1]
ARIEFRIRE T HE (Control and Status Register Clear). th 454 (Pesudoinstruction), RV32I
and RV64I.

XT x[rs ] RE— N 1 BIAL, AEEHRES TS esr BIIXTRAIE S, S8 [FT esrre x0, csr,

rsl.

CSrci csr, zimm{[4:0] CSRs[csr] &= ~zimm
TR FRIEFRREF HSB  (Control and Status Register Clear Immediate). th 1§ 4
(Pesudoinstruction), RV32I and RV641.

X HALEY RIS E R R — 8 1AL, EEHRS TR cor IR NALIEE, 5%

[7]F csrrci x0, csr, zimm.

CSIIrC rd, csr, rs1 t = CSRs[csr]; CSRs[csr] = t &~x[rs1]; x[rd] =t
LB HREHIRE T H B (Control and Status Register Read and Clear). I-type, RV32I and
RV64I.
WCIEHPRS A csr PHUEN to 8 ¢ IEFFE x[sIHEA SRS RBEN cor, Lt BA
x[rd]

31 20 19 1514 12 11 76 0

| csr | et [ ot [« [ 1110011 |
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CSrrci rd, csr, zimm[4:0] t = CSRs[csr]; CSRs[csr] = t &~zimm; x[rd] = t
SRPREG AR IERIRESF B (Control and Status Register Read and Clear Immediate). 1-
type, RV32I and RV64IL.

W HIRES TR esr TIMEN 1o 8 ¢ AT ZEY RISLEIEL zimm A 548 R E N
csr, FHE t B x[rd] C(esr TAEaa e 5 AL S A

31 2019 1514 1211 76 0
| cst | zimm[4:01 | 111 |« | 1110011 |
CSIIS rd, csr, rs1 t = CSRs[csr]; CSRs[csr] =t | x[rs1]; x[rd] = t

G B2 KEF A5 (Control and Status Register Read and Set). I-type, RV32I and RV641.
CIE TR Z A cor FHMEN to 38 ¢ MIZAEAE X[ IHEAENSS R BN esr, Tt BA

x[rd] .

31 2019 15 14 12 11 76 0

| st | et | o0 | | 1110011 |
CSrrsi rd, csr, zimm[4:0] t = CSRs[csr]; CSRs[csr] = t | zimm; x[rd] = t

Z R B IR BEEFIRESF A B (Control and Status Register Read and Set Immediate). 1-type,
RV32I and RV641.
W HARES AR esr PIMEN 1o 18 ¢ AT EY RIISLEIEL zimm FABEE KRB N
csr, FHE t B x[rd] Cesr TA7A 5 5 AL S A .
31 20 19 15 14 12 11 76 0
| cst | zimm[4:0 | 110 | | 1110011 |

CSIYW rd, csr, zimm[4:0] t = CSRs[csr]; CSRs[csr] = x[rs1]; x[rd] = t
G B % REF HS (Control and Status Register Read and Write). 1-type, RV32I and RV641.
CHE RS ZF A esr PIMEN to BEFAZER x[rsIFMEB AN csr, FE t B x[rd].

31 2019 15 14 12 11 76 0

| csr | st | oot d | 1110011 |

CSrrwi rd, csr, zimm[4:0] x[rd] = CSRs[csr]; CSRs[csr] = zimm
S BPREE B RS F HE (Control and Status Register Read and Write Immediate). 1-type,
RV32I and RV641.
e HPIRES TR cor HRMERE IR x[rd]Hh, FHETARFY RISLRIEL zimm FES A
cs¥o

31 2019 15 14 12 11 76 0

| st | zimm[4:01 [ 101 | [ 1110011 |
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CSICecsr, rs1 CSRs[csr] | = x[rs1]
BLEWREFHSE (Control and Status Register Set). 14454 (Pesudoinstruction), RV32I and
RV641.

X x[rs IR EE— 0 1AL, JEEHPRS T A7 esr BRI RALE AL, 25 [F] T esrrs x0, csr,

rsl.

CSrci csr, zimm{[4:0] CSRs[csr] | = zimm
TR HELZEFRREF HSB  (Control and Status Register Set Immediate). 1 4§ 4
(Pesudoinstruction), RV32I and RV641.

X BAL I EY SRV B — A8 1 AL, R HPRS A esr MBI RALE S, 5%

[5]F csrrsi x0, csr, zimm.

CSI'W csr, rsl CSRs[csr] = x[rs1]
BEEHKEF HE (Control and Status Register Set). th 154> (Pesudoinstruction), RV32I and
RV64I.

XET x[rs TP BE—AN N 1 AL, fEESHPRES T AL cor X R B AL, Z5[R]T esrrs x0, csr,

rsl.

CSrwi csr, zimm[4'0] CSRs[csr] = zimm
TR REBEEHMNKRSESF HSB  (Control and Status Register Write Immediate). 1 4§ 4
(Pesudomstructlon), RV32I and RV641.

BT R B SLEVEURE B AN HPIRSFAFE csr 1, 55 [FT csrrwi x0, csr, zimm.

div rd, rs1, rs2 x[rd] = x[rs1] s x[rs2]
¥ ik (Divide). R-type, RV32M and RV64M.
Hz74s x[rsIIWERR UAZF A28 x[rs2)0ME, [MIZEEN, KXoy — gk #hMY, TEE5

A x[rd].

31 2524 2019 1514 12 11 76 0

| 0000001 | 2 | st | 100 | «d | o110011 |
divu rd, rsi, rs2 x[rd] = x[rs1] +u x[rs2]

T4 5 Ik i (Divide, Unsigned). R-type, RV32M and RV64M.
FZ 1728 x[rsI)MERR AT AZ 38 x[rs2]H0ME, MIFEN, BXEEMATR S, EES5A
x[rd] .

31 2524 2019 1514 12 11 76 0

| oo00001 | k2 | st | 101 | «d | o110011 |
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divuw rd, rs1, rs2 x[rd] = sext(x[rs1][31:0] +u x[rs2][31:0])
FFF 5 F R ik (Divide Word, Unsigned). R-type, RV64M.
PR AE4% x[rs IR 32 ARk ARF A4S x[rs 210K 32 07, &N, KX AN A5 5
AT S BT 32 M SN x[rd]

31 2524 20 19 1514 1211 76 0

| oo00001 | k2 | st | 101 | | o1ttorn |

divw rd, rs1, rs2 x[rd] = sext(x[rs1][31:0] +s x[rs2][31:0])
F W ik (Divide Word). R-type, RV64M.
A28 x[rs 11K 32 FIBRLEFAFAS x[rs2]AIK 32 67, M, KX Se By — il b
i, LR ST ER 32 A EA x[rd].

31 2524 2019 15 14 1211 76 0

| 0000001 | w2 | st [ 100 | «d | ottioll |

Ebreak RaiseException(Breakpoint)
BT & (Environment Breakpoint). I-type, RV32I and RV641.
ST I R T 2 SRR 2

31 2019 15 14 1211 76 0

| 000000000001 | 00000 | o000 | 00000 1110011

ecall RaiseException(EnvironmentCall)
IBA R (Environment Call). I-type, RV321 and RV64L.
I 51 AR 57 RA SR T A8

31 2019 15 14 12 11 76 0

| 000000000000 | 00000 | 000 | 00000 1110011 |

fabs.d rd, rs1 f[rd] = |f[rs1]|
TS (Floating-point Absolute Value). 1 454> (Pesudoinstruction), RV32D and RV64D.
FERURE 7 S s 1A HE BN flrd) .

&5 (AT fsgnjx.d rd, rs1, rsi.

fabs.s d, rs1 f[rd] = |f[rs1]|
F RIS (Floating-point Absolute Value). 1 454 (Pesudoinstruction), RV32F and RV64F.
O RAE EEVF S B s 1O 4B BN frd) .

%A T fsgnjx.s rd, rs1, rsl.




134

fadd.d rd, rs1, rs2 £ [rd] = f [rs1] + f [rs2]
I B B e (Floating-point Add, Double-Precision). R-type, RV32D and RV64D.
HOZFAEES (s I 1R fTrs 2170 FESURS BV S B0, 54 8 N RIS N Trd]

31 2524 20 19 1514 12 11 76 0

| 0000001 | 2 | sl | m | | 1010011

fadd.s rd, rs1, rs2 f[rd] = f [rs1] + f [rs2]
¥ ¥ B BAe(Floating-point Add, Single-Precision). R-type, RV32F and RV64F.
EEFAERS frs IR frs2]HH O BKE B2 VE BOHE N, IR N RAS A flrd).

31 2524 2019 1514 12 11 76 0

| 0000000 | 2 | w1 | m | [ 1010011

fclass.d rd, rs1, rs2 x[rd] = classifyq(f[rs1])
A ¥ &5 & (Floating-point Classify, Double-Precision). R-type, RV32D and RV64D.
O ANRIREFAER s 11T XREFEF BRSSO x[rd] e KT WIS A X[rd]
[P, 1EZ T4 folass.s /4.

31 2524 20 19 15 14 1211 76 0

| 1mio001 | 00000 | kst | 001 | | 1010011 |

fclass.s rd, rs1, rs2 x[rd] = classifys(f[rs1])
¥ B F B K (Floating-point Classify, Single-Precision). R-type, RV32F and RV64F.

M RIREFAFRS s P B L RIS 5N x[rd] o x[rd]H A BACH — 74 &
F, R

x[rd]Br | X
0 f[rsI]H—,

AR RS L
IR AL

{5 5 (signaling)NaN..
—/N % (quiet)NaN.

O |0 | I[N || B |W| N |—
-
53
[
~

31 2524 2019 1514 12 11 76 0
1110000 00000 | st | 001 | 1010011
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fevt.d.| rd, rs1, rs2 flrd] = f64s6,(x[rs1])
K E A &) WAy BT &4 - (Floating-point Convert to Double from Long). R-type, RV64D.
HEAFAEAS x[rs 11T 64 7 Z R HIAMD IR R BB AL XU B2 AL RSN fTrd] .

31 2524 20 19 1514 12 11 76 0

| 1101000 [ 00010 | st | m | [ 1010011 |
fevt.d.lu rd, rs1, rs2 flrd] = f64us4(X[rs1])
T 55 5 KA G B B iF B4 3 (Floating-point Convert to Double from Unsigned Long). R-
type, RV64D.
A7 x[rs I 64 ALTCTF5 BB OB BEVT 8, S Trd] .

31 2524 2019 1514 1211 76 0

| wotoor | o001l | st [ em | «d | 1010011 |
fevt.d.s rd, rs1, rs2 flrd] = f64y5(f[rsi])

oM B WK B B4 B (Floating-point Convert to Double from Single). R-type, RV32D and
RV64D.
TR AEAS rs 7R BRS B2 U7 AU O XURS PV B, B fTrd]

31 2524 2019 1514 12 11 76 0

| o0100001 | 00000 | st | m | | 1010011

fevt.d.W rd, rs1, rs2 f[rd] = f64s52(x[rs1])
F 6 WA B F &4 ¥ (Floating-point Convert to Double from Word). R-type, RV32D and RV64D.
HZFA7 A x[rs 11 32 17 3 AN R IR R RO N XORS V7 558, TSN fTrd]

31 2524 2019 15 14 1211 76 0

| 1totoor | 00000 | st | m |« | 1010011 |

fcvt.d.wu rd, rsi, rs2 flrd] = £64u32(x[rs1])
TFF 5 F ) N i B 4% ¥ (Floating-point Convert to Double from Unsigned Word). R-type,
RV32D and RV64D.
HEEFAE A x[rs I 32 A7 G5 B A N DR T2 8, B flrd] .

31 2524 20 19 1514 12 11 76 0

| atotoor | 00001 | kst | m [ x| 1010011
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fevt.l.d rd, rs1, 152 x[rd] = s647s4(f[rs1])
I B B8 K A 3% (Floating-point Convert to Long from Double). R-type, RV64D.
FEZFAEAS s )RR P s B A0 64 17 —HEHIAME RN 1AL, HSN x[rd]H .

31 2524 20 19 15 14 12 11 76 0

| 11000001 | 00010 | st | mm | | 1010011 |

fcvt.l.s rd, rs1, rs2 x[rd] = $64s(f[rs1])
¥R B8 KA 3% (Floating-point Convert to Long from Single). R-type, RV64F.
FEZAEAS s I RGP IT B0 64 7 —HEHIAME RN 1AL, HSN x[rd]H .

31 2524 20 19 1514 12 11 76 0

| 1100000 | 00010 | st | m | | 1010011 |
fevt.lu.d rd, rs1, rs2 x[rd] = u64s4(f[rsi])
A B B8 T 5 K A # 4% (Floating-point Convert to Unsigned Long from Double). R-
type, RV64D.
HEZFAE A Trsd ] BIRURS FEVE RUBUR AL 64 AL ERT 554, BN x[rd]H .

31 2524 2019 1514 12 11 76 0

| 1100001 | o001t | kst | em | x| 1010011
fevt.lu.s rd, rs1, rs2 x[rd] = ub4s(f[rs1])

M BF B8 T AF 5 K A # 48 (Floating-point Convert to Unsigned Long from Single). R-type,
RV64F.
R ATES sl )R SR FEVF SR AL 64 A it RIA MY KR EEEL, HE A x[rd)H s

31 2524 20 19 15 14 12 11 76 0

| 1100000 | o001t | st | mm | | 1010011 |

fcvt.s.d rd, rs1, rs2 f[rd] = £32764(f[rs1])
AE 1) A B F B4 % (Floating-point Convert to Single from Double). R-type, RV32D and
RV64D.
HEZFAE A [rsd ]H BRURS FE V7 OB A R SRS BEVE R 8L BN flrd] s

31 2524 2019 1514 12 11 76 0

| 0100000 | o000t | st | m | x| 1010011
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fovt.s.l rd,rs1, rs2 f[rd] = £32564(x[rs1])
K A &) B A5 BT B4 % (Floating-point Convert to Single from Long). R-type, RV64F.
HEEAFAEAS x[rs 11 64 A7 ZREHIAMD IR BB ALy SRS B2V AL RSN fTrd] .

31 2524 20 19 15 14 12 11 76 0

| 1101000 [ 00010 | kst | em | «d | 1010011 |

fcvt.s.lu rd, s, rs2 f[rd] = £32us4(x[rs1])
T 5 K EA & A5 B iF &5 e (Floating-point Convert to Single from Unsigned Long). R-type,
RV64F.
AT x[rs 11 1) 64 AL TCRT 5 BB N SRS BEVE )8, TR BN fTrd]

31 2524 20 19 1514 12 11 76 0

| mot000 | o001l | st [ em | «d | 1010011 |

fcvt.s.W rd, rs1, rs2 flrd] = f32s52(x[rs1])
F 1) B B F B4R 4R (Floating-point Convert to Single from Word). R-type, RV32F and RV64F.
HEZFAEA x[rs 1) 32 AL i dEfIAME R R BB EU AN SRS PRI B, BB Id) .

31 2524 2019 1514 12 11 76 0

| 101000 | 00000 | st | m |« | 1010011 |

fcvt.s.WU rd, rs1, rs2 f[rd] = £32us2(x[rs1])
G55 F & A B B4 (Floating-point Convert to Single from Unsigned Word). R-type,
RV32F and RV64F.
EAFAEA x[rs IR 32 AL TG 5 B EUE N RS PR L B flrd] .

31 2524 20 19 15 14 12 11 76 0

| 1101000 | o000t | st | m [ | 1010011

fevt.w.d rd, rs1, rs2 x[rd] = sext(s32/64(f[rs1]))
AE B iF B 6 F 4 3% (Floating-point Convert to Word from Double). R-type, RV32D and RV64D.
O RS f[rs 17 HIRURS FEF S B0 32 A —HERIAMD 2R B8, SN x[rd] .

31 2524 2019 1514 12 11 76 0

| 1100000 | 00000 | st | m | | 1010011 |
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fcvt.wu.d rd, rsi, rs2 x[rd] = sext(u32s4(f[rsi]))
G B F B8 T AF 5 F 4% 3% (Floating-point Convert to Unsigned Word from Double). R-type,
RV32D and RV64D.
TEEFAEES s ] BXURS BEVE B AN 32 A ERF 5 84, MBS x[rd] .

31 2524 20 19 1514 12 11 76 0

| 1100001 | o000t | st | m | [ 1010011

fovt.W.s rd, rs1, rs2 x[rd] = sext(s32p2(f[rs1]))
¥R F B8 F 4% ¥ (Floating-point Convert to Word from Single). R-type, RV32F and RV64F.
OB ATES s d )R FRORE FEVF S B 32 A bR NSRRI, BB x[rd)

31 2524 2019 1514 1211 76 0

| 1100000 | 00000 | 1 | mm | | 1010011 |

fcvt.wu.s rd, rs1, rs2 x[rd] = sext(u32p2(f[rsi]))
YA B F B8 R AF 5 F 4 4% (Floating-point Convert to Unsigned Word from Single). R-type,
RV32F and RV64F.
TR AE A s ]H SRS B2V mBUE N 32 R S 5448, S A x[rd].

31 2524 20 19 15 14 12 11 76 0

| 1100000 | o000t | st | m | [ 1010011

fdiv.d rd, rs1, rs2 flrd] = f{rs1] + f[rs2]
A B iF B IR ik (Floating-point Divide, Double-Precision). R-type, RV32D and RV64D.
HEZFAFER (s I 1A frs2] R BR0RS BEE RV BUHBR, IR & NS S A {Trd]

31 2524 2019 1514 12 11 76 0

| ooottor | 2 | st | m | | 1010011

fdiv.s rd, rs1, rs2 flrd] = flrs1] = f[rs2]
¥ ¥ B F IR ik (Floating-point Divide, Single-Precision). R-type, RV32F and RV64F.
R ATES s I 1A s 2170 B RS BEVE S BUR B, IR NGRS flrd].

31 2524 2019 1514 12 11 76 0

| ooott00 | 2 | st | m | «d | 1010011
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fence pred, succ Fence(pred, succ)
B % W &A= 1/0(Fence Memory and 1/0). 1-type, RV32I and RV641.
1EJG 8482 H N AEAT VO Vi AN (Bl nH A 2R FE) AT W2 8/, X484 Z il 17
Fe VO iR AMEBE] L. HRRRrR A EE 3,2,1 AT 0 72 It R T4 4N, iy, AR
5o 5l fencer, rw, A4HTTH IS JE T AU S5 ANHEF, S pred=0010 1 succ=0011
AT RIS . WSS T S5, NIFEKR fence iorw, iorw, RIXT AT Ui 71 R BATHEF

31 28 27 24 23 2019 1514 12 11 76 0

| 0000 | pred | succ | 00000 | 000 | 00000 | ooo1rir |

fence.i Fence(Store, Fetch)
[ # 4§ 4 A (Fence Instruction Stream). I-type, RV32] and RV64I.
TR A7 XIS, 0 R SRR &) L.

31 2019 1514 12 11 76 0

| 000000000000 | 00000 | o001 | 00000 0001111

feq.drd,rs1,rs2 x[rd] = f[rs1] == f[rs2]
A ¥ & AR (Floating-point Equals, Double-Precision). R-type, RV32D and RV64D.
A A AR s AT s 2]H0 IR BURS B2 17 s 8O A5, UAE x[rid] P BN 1, RZ5 0,

31 2524 2019 1514 12 11 76 0

| tot0001 | 2 | w1 [ 010 | | 1010011

feq.S rd, rs1, rs2 x[rd] = f[rs1] == f[rs2]
¥ B ¥ B AR (Floating-point Equals, Single-Precision). R-type, RV32F and RV64F.
i AT s A0 frs 2] B BRG BEVE B S, WIEE xR BN 1, RZE 0.

31 2524 2019 1514 12 11 76 0

| 1010000 | w2 | st | 00 [ x| 1010011

fld rd, offset(rs1) f[rd] = M[x[rs1] + sext(offset)][63:0]
F B A B (Floating-point Load Doubleword). 1-type, RV32D and RV64D.
MWAFHNE X[rs1] + sign-extend(offset) T BUSURG FEIF 5550 IR BN f]rd]»
JE4 5 X c.fldsp rd, offset; c.fld rd, offset(rs1)
31 2019 1514 1211 76 0
| offset[11:0] | st [ ot | k| 0000111
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fle.d rd, rs1, rs2 x[rd] = f{rs1] < f[rs2]
AE B iF BT % T (Floating-point Less Than or Equal, Double-Precision). R-type, RV32D and
RV64D.
I AATES frs ] )R XU P2V S BUNT25T flrs 2] XURS B2V A 80 IAE x[rd) TR BN 1,
250,

31 2524 2019 1514 12 11 76 0

| tot001 | 2 | st | 000 | «d | 1010011 |

fle.s rd, rs1, rs2 x[rd] = f[rs1] < f[rsz]
¥} B F BT % T (Floating-point Less Than or Equal, Single-Precision). R-type, RV32F and
RV64F.
ALY s 19 I BRE BE VT sS B0 T 55T (s 2] R SRS FEVR A 8, MIFE x]RS N 1, R
Z50.

31 2524 20 19 15 14 12 11 76 0

| 1010000 | 2 | st | 000 | | 1010011 |

fle.d rd, rs1, rs2 x[rd] = f[rs1] < f[rs2]
W ¥ &N T (Floating-point Less Than, Double-Precision). R-type, RV32D and RV64D.
1 A AFA s LT RDBORS FE I BN T s 2] H IBURS BEVF R 8, WHE x[rid) P BN 1, RS
0.

31 2524 20 19 1514 12 11 76 0

| totoool | k2 | st | o001 | «d | 1010011 |

fle.s rd, rs1, rs2 x[rd] = f[rs1] < f[rs2]
¥ B F BT (Floating-point Less Than, Single-Precision). R-type, RV32F and RV64F.
A AT (s 1T R BRORS FE I VN T frs2)TH I RS RO 8 WHE X[k BN 1, RS
OQ

31 2524 2019 1514 12 11 76 0

| 1010000 | 2 | st | 001 | | 1010011 |

ﬂW rd, offset(rs1) f[rd] = M[x[rs1] + sext(offset)][31:0]
F BB F (Floating-point Load Word). I-type, RV32F and RV64F.
MWAFHNE X[rs1] + sign-extend(offset) T BUFAE BEIF 258 IR BN f]rd]»
JE4 5 X: c.flwsp rd, offset; c.flw rd, offset(rs1)
31 2019 1514 12 11 76 0
| offset[11:0] | st | o0 [ | 0000111
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fmadd.d rd,rs1,rs2,rs3 frd] = f[rs1] X f[rs2]+f[rs3]
IAE & iF B T A (Floating-point Fused Multiply-Add, Double-Precision). R4-type, RV32D and

RV64D.

AR s IR fTrs 2] IRR0RS B2 V7 s BORE T, R R i NIIARR RN ZF AE 3 s3] FRIRURS FE

T ORI, R NS FXURS FE T EUE  ATrd)

31 27 26 2524 2019 15 14 12 11 76 0
| 3 Jo| w2 | st [ m | | 1000011 |
fmadd.s rd, rs1, rs2, rs3 f[rd] = f[rs1] X f[rs2]+f[rs3]

¥ ¥ B F & F e (Floating-point Fused Multiply-Add, Single-Precision). R4-type, RV32F and
RV64F.

ATAFAF R ATrs VR0 (s 21 F A SRS 7 OBONITRE, R A NORURI25 17 88 (s3] 1 BLAE J3
VR RVBONIN, R N5 1 O PR RS N flrd]

31 27 26 2524 2019 1514 12 11 76 0
| 3 Joo| w2 | st | m |« | 1000011 |
fmax.d rd, rs1, rs2 f[rd] = max(f[rs1], f[rs2])

A B Bk KA (Floating-point Maximum, Double-Precision). R-type, RV32D and RV64D.
HEFFAEA (s IR frs 2] BRBURS BEVE RVECH BVRKE S N f[rd]

31 2524 2019 1514 12 11 76 0

| oototor | 2 | st | 001 | «d | 1010011

fmax.s rd, rst, rs2 f[rd] = max(f[rs1], f[rs2])
oM B F B KAR (Floating-point Maximum, Single-Precision). R-type, RV32F and RV64F.
TEZFAEAS s IR frs 2] R BRE B2 V2 AP I BORAE BN ATrd]

31 2524 2019 1514 12 11 76 0

| ootot00 | 2 | w1 [ 001 | | 1010011

fmin.d rd, rs1, rs2 f[rd] = min(f[rs1], f[rs2])
WA B &R IME (Floating-point Minimum, Double-Precision). R-type, RV32D and RV64D.
TR (s IR frs 2] BBURS BEVE r B0 B BIME S N {Trd]

31 2524 2019 1514 12 11 76 0

| oototol | 2 | st [ 000 | | 1010011
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fmin.s rd, rs1, rs2 f{rd] = min(f[rs1], f[rs2])
¥ ¥ B % B A (Floating-point Minimum, Single-Precision). R-type, RV32F and RV64F.
HERFAERS (s I)F0 Trs 2] I NG FE V7 U8R B IME S A Trd]

31 2524 2019 1514 12 11 76 0

| ooto100 | 2 | sl | 000 | «d | 1010011

fmsub.d rd, rs1, rs2, rs3 f[rd] = f[rs1] X f[rs2]-f[rs3]
My B iF & TR (Floating-point Fused Multiply-Subtract, Double-Precision). R4-type, RV32D
and RV64D.

FEAFAERS s IR fTrs 2170 IR0RS BE V7 s SO, R R i N IR 25 B A2 48 Trs 3]0 R RURS
PV R, R NS UK FE T s BB N ATrd)

31 27 26 2524 2019 1514 12 11 76 0
| 3 Jor| 2 | st | em | | 1000111 |
fmsub.s rd, rs1, rs2, rs3 f[rd] = f[rs1] X f[rs2]-f[rs3]

¥ R F B M (Floating-point Fused Multiply-Subtarct, Single-Precision). R4-type, RV32F and
RV64F.

HEFAFA s ITA fTrs2] 0 B BRE LV i BT, FRRER S NHIRR 25 A7 A7 4 (s3] P IR 5K
JEVE A B N R LT RSN flrd]

31 27 26 2524 20 19 15 14 12 11 76 0
‘ rs3 ‘ 00 ‘ rs2 ‘ rsl ‘ rm ‘ rd ‘ 1000111 ‘
fmul.d rd, rs1, rs2 f[rd] = f[rs1] X f[rs2]

A B iF B (Floating-point Multiply, Double-Precision). R-type, RV32D and RV64D.
A s IR fTrs 2] P XURE FE T REUH T, 3 NSRS FZE5S R BN fTrd] .
31 2524 20 19 15 14 12 11 76 0
| oo0t001 | 2 | st | om | «d | 1010011 |

fmul.s rd, rsi1, rs2 f[rd] = f[rs1] X f[rs2]
¥ ¥ B F B (Floating-point Multiply, Single-Precision). R-type, RV32F and RV64F.
TEAFAEAS s IR frs2]HH R SRS B2V R BUM T, i NG I ARG RS R BN flrd] e

31 2524 20 19 15 14 12 11 76 0

| 0001000 | 2 | st | mm | | 1010011 |
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fmv.d rd, s f[rd] = f[rs1]
WA BiF 2ASF) (Floating-point Move). 14454 (Pesudoinstruction), RV32D and RV64D.
EEFAEAS sl [ IR0 B2 37 B 3 flrd] T, ZE[R] T fsgnj.d rd, rsi, rsl.

fmv.d.X rd, rs1, rs2 f[rd] = x[rs1][63:0]
BAE B iF B A5 F (Floating-point Move Doubleword from Integer). R-type, RV64D.
T A7 x[rs I IRIRURS BEVT s O ) 21 ATrd )

31 2524 2019 1514 12 11 76 0

| a0t | 00000 | st [ 000 | «d | 1010011 |

fmv.s rd, rs1 f[rd] = f[rs1]
SNy BF &4 (Floating-point Move). 144§ 4-(Pesudoinstruction), RV32F and RV64F.
R AT sl ] HR I K FEVR R B ) 2 frd)h, Z5[F] T fsgnj.s rd, rs1, rsl.

me.d Xrd, rs1, rs2 f[rd] = x[rs1][31:0]
¥ B F B A% ) (Floating-point Move Word from Integer). R-type, RV32F and RV64F.
TR AE A x[rs 11 I BRORS PV R B R 1 B fTrd ]

31 2524 20 19 1514 12 11 76 0

| 111000 | 00000 | kst [ 000 | 1010011

fmv.x.d rd, rs1, rs2 x[rd] = f[rs1][63:0]
WA B % &A% ) (Floating-point Move Doubleword to Integer). R-type, RV64D.
TR (Trs 117 B0URG FE V% s S B x[rd]

31 2524 2019 1514 12 11 76 0

| 1tooot | 00000 | st [ 000 | 1010011

fMV.X.W rd, rs1, rs2 x[rd] = sext(f[rs1][31:0])
¥ B F B A% ) (Floating-point Move Word to Integer). R-type, RV32F and RV64F.
HETFAE A s ]H B RS P2V RO 2 x[rd] 1, KT RV64F, K4 R T/ 59 &,

31 2524 2019 1514 12 11 76 0

| 110000 | 00000 | st [ 000 | «d | 1010011 |
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fneg.d 1 frd] = -f[rs1]
I B ¥ B BB (Floating-point Negate). 1454 (Pesudoinstruction), RV32D and RV64D.
OZFAEES frs 1 IR0 FEVF s B 5 BN flrd)H, %5[F]F fsgnjn.d rd, rsi, rs1.

fneg.s rd,rs1 f[rd] = -f[rs1]
¥ ¥R F BIUR (Floating-point Negate). 1454 (Pesudoinstruction), RV32F and RV64F.
OZFAEES s 17 B ARSIV S B JE BN flrd) ™, Z5[F]T fsgnjn.s rd, rsi, rsl.

fnmadd.d rd,rs1, rs2, rs3 frd] = f[rs1] X f[rs2]+f[rs3]
I B B IR A (Floating-point Fused Negative Multiply-Add, Double-Precision). R4-type,
RV32D and RV64D.

HEFFAEA (s IR0 frs 2] IS0 BEVE RUEUME IR, H4 25 SR B, FEH AR & NIRIARFI 27 4748 (Trs3]
HH R SURE BE V7 RUEOE N, R N R BSOS BV LS N flrd]

31 27 26 2524 2019 1514 12 11 76 0
| 3 Jor| 2 | st | m | | 1001111 |
fnmadd.s rd, rs1, rs2, rs3 f[rd] = -f[rs1]_f[rs2]-f[rs3]

¥R F B R IR A (Floating-point Fused Negative Multiply-Add, Single-Precision). R4-type,
RV32F and RV64F.

AR AF A s IR frs 2] () HRG BE V7 R BORH 3T, R 45 R IUB, IR AR 8 N BIARAN A7 45 fTrs3]
FHER SRS T BONTIN, R N R B FRS FEE RBUCE N flrd]

31 27 26 2524 2019 15 14 12 11 76 0
| 3 Joo| 2 | st | em | | 1001111 |
famsub.d rd, rs1, rs2, rs3 f[rd] = -f[rs1]_f[rs2]+f[rs3]

AE B iF B IR IR (Floating-point Fused Negative Multiply-Subtract, Double-Precision). R4-
type, RV32D and RV64D.
AR frsI 1R frs2] 0 XS FE TR B, 45 IR AR, IR AR NI 2 37 77 2
fTrs 31 IRBURG FE T R 8, 3 NS BIXURS FE VR RS N frd] o

31 27 26 2524 2019 1514 12 11 76 0

| 3 Jor| 2 | st | m | | 1001011 |
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fnmsub.s rd, rs1, rs2, rs3 f[rd] = -f[rs1] X f[rs2]+f[rs3]
¥ ¥ B F B TR IBR (Floating-point Fused Negative Multiply-Subtract, Single-Precision). R4-
type, RV32F and RV64F.
AR (s IR frs2]H0 IR BRORS BEVE SRR, B I, FRE AR & NI E T A7
fTrs 3 FRE LT U, & N R IR R S A flrd]

31 27 26 2524 20 19 15 14 12 11 76 0

| 3 Joo| w2 | st [ m | | 1001011 |

fI"CSI" rd x[rd] = CSRs[fcsr]
FERBEENIKRSF H B (Floating-point Read Control and Status Register). th 4§ 4
(Pseudoinstruction), RV32F and RV64F.

EF S EHPRSFERMEE N x[rd], ZEET csrrs rd, fesr, x0.

frflags rd x[rd] = CSRs[fflags]
F 8T TARE (Floating-point Read Exception Flags). 144> (Pseudoinstruction), RV32F and

RV64F.
O S B HEANERES N x[rd], AT csrrs rd, fflags, x0.

frrm x[rd] = CSRs[frm]
FEIRSNE X (Floating-point Read Rounding Mode). 14 15%4-(Pseudoinstruction), RV32F and
RV64F.

OV A N HE S N x[rd], Z517F csrrs rd, frm, x0.

fscsr rd, rs1 t = CSRs[fcsr]; CSRs[fcsr] = x[rs1]; x[rd] =t
F BB R REF HSB  (Floating-point Swap Control and Status Register). th 1§ 4
(Pseudoinstruction), RV32F and RV64F.

B AE A X[ JHE S NF SR HIRS TS, IR R HPREFAHRNEEES AN x[d],
L5 5T esrrw rd, fesr, rsl. rd BRIACH x0.

de rs2, offset(rs1) M[x[rs1] + sext(offset)] = f[rs2][63:0]
AE B iF B A% (Floating-point Store Doubleword). S-type, RV32D and RV64D.
V27 Trs2]H BISURG BE V7 fUBUE N N AE L x[rs 1] + sign-extend(offset)H «
JE4 5 X: cfsdsp rs2, offset; c.fsd rs2, offset(rs1)
31 2524 20 19 1514 12 11 76 0
| offset11:5] | rs2 | sl | o011 | offset[4:0] | 0100111
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fsflags rd, rsl t = CSRs[fflags]; CSRs[fflags] = x[rs1]; x[rd] =t
FEME FFARE (Floating-point Swap Exception Flags). 454 (Pseudoinstruction), RV32F
and RV64F.

A x[rs A S NF RS E ST, PR SR in EF AR EES A x[rd],
ZE[ETF esrrw rd, fflags, rs1. rd BRIA N x0.

fsgnj.d rd, rs1, rs2 f[rd] = {f[rs2][63], f[rs1][62:0]}
I B B AF 5 £ N (Floating-point Sign Inject, Double-Precision). R-type, RV32D and RV64D.
H ATrs I B RO UL S fTrs2]FF 5 IIFF S 00, SRAE — BT ISURE T 8, RS

A flrd].

31 2524 2019 15 14 12 11 76 0

| ootooor | w2 | st | 000 | rd | 1010011 |
fsgnj.s rd, rsl, rs2 f[rd] = {f[rs2][31], f[rs1][30:0]}

¥R F B AF 5 £ N(Floating-point Sign Inject, Single-Precision). R-type, RV32F and RV64F.
F flrs ITHE BTG RCEA R rs 215 BOAF 507, RIS — BT IR BRS i B, IR S

A flrd].

31 2524 2019 1514 12 11 76 0

| oot0000 | 2 | w1 | 000 | «d | 1010011 |
fsgnjn.d rd, rs1, rs2 f[rd] = {~f[rs2][63], f[rs1][62:0]}

AE B iF B S 5 BRE N (Floating-point Sign Inject-Negate, Double-Precision). R-type, RV32D
and RV64D.
H ATrs 118 BRI 08 UL K s 2] FF 5 BORF S AL IR, SRA A& — AN IR 0URS B2 7 s 8, 7K

HEHN [rd].

31 2524 2019 1514 1211 76 0

| ootoool | k2 | st | o001 | «d | 1010011 |
fsgnjn.s rd, rs1, rs2 f[rd] = {~f[rs2][31], f[rs1][30:01}

oM BF BAF 5 IR E N (Floating-point Sign Inject-Negate, Single-Precision). R-type, RV32F
and RV64F.
H ATrs 46BN RO UL S s 2] AR5 5 BORT S BUR, SRAIE — AN SRS B2 7 R 8, T
HEN f]rd].

31 2524 20 19 1514 12 11 76 0

| oot0000 | r2 | kst [ 001 | «d | 1010011 |
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fsgnjx.d rd, rs1, 152 f[rd] = {f[rs1][63] ~ f[rs2][63], f[rs1][62:0]}
I B F B 5 I 3 E N (Floating-point Sign Inject-XOR, Double-Precision). R-type, RV32D
and RV64D.
F ATrs I35 BOAE R A K s TR frs 21HIFF 5 BTS00 57 B, - SRAL & —N 7 IR BURG FEE T 1
#, PR HEA frd].

31 2524 2019 15 14 12 11 76 0

| ooto00l | w2 | w1 [ o0 | | 1010011 |

fsgnjx.s rd, rs1, rs2 f[rd] = {f[rs1][31] ~ f[rs2][31], f[rs1][30:0]}
¥ BF B IE T 7 3R 0E N (Floating-point Sign Inject-XOR, Single-Precision). R-type, RV32F
and RV64F.

F ATrs B R LK s IR s 21T S AT S 00 57 B0, SRAAE — N7 IR SRS P T A
#, IFHIEB A frd).

31 2524 2019 15 14 12 11 76 0
| 0010000 | w2 | st [ 0t0 [« | 1010011 |
fsq rtd rd, rs1, rs2 f[rd] =,/ f[rs1]

AE & iF BT 75 AR (Floating-point Square Root, Double-Precision). R-type, RV32D and RV64D.
b fTrs 1] IRURE FE VT RIS AR S AFVB N fTrd]

31 2524 2019 15 14 12 11 76 0
| otortor [ 00000 | kst | em | | 1010011 |
fsq rt.s rd, rs1, rs2 f[rd] =,/ f[rs1]

¥ B F BT Jr A (Floating-point Square Root, Single-Precision). R-type, RV32F and RV64F.
K s 17 BRE B2V U~ T AR AFE N Trd]

31 2524 20 19 15 14 12 11 76 0

| ototto0 | 00000 | st [ em | «d | 1010011 |

fsrm rd, rs1 t = CSRs[frm]; CSRs[frm] = x[rs1]; x[rd] = t
F ool AN X (Floating-point Swap Rounding Mode). 454 (Pseudoinstruction), RV32F
and RV64F.

EFFAER x[rs ) PME B N S AR GTAEA, IR B A A AR ES A x[rd],
2515 esrrw rd, frm, rsl. rd BN x0.
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fsub.d rd, rs1, rs2 f[rd] = f[rs1] - f[rs2]
I B 2R (Floating-point Subtract, Double-Precision). R-type, RV32D and RV64D.
O AEES (s I 1R fTrs 2170 FESURS FE 7% i BURIR, - F8 r AR Z S fTrd]

31 2524 20 19 1514 12 11 76 0

| oo00t01 | 2 | st | m | | 1010011

fsub.s rd,rs1, rs2 f[rd] = f[rs1] - f[rs2]
¥ ¥ R F B (Floating-point Subtract, Single-Precision). R-type, RV32F and RV64F.
O AEES (s 1R fTrs 2170 I B V7 R BURIR, R s AR Z S fTrd]

31 2524 20 19 1514 12 11 76 0

| 0000100 | 2 | w1 | m | «d [ 1010011

fSW rs2, offset(rs1) M[x[rs1] + sext(offset)] = f[rs2][31:0]
¥ B F B4 (Floating-point Store Word). S-type, RV32F and RV64F.
VBT A72s s 2] I EEAG V7 R 8O N N A7 HLHE X[ 1] + sign-extend(offset) ' -
E4 N cfswsp rs2, offset; c.fsw rs2, offset(rs1)
31 2524 2019 1514 12 11 76 0
| offet[11:5] | rs2 | rsl | 010 | offsetf4:0] | 0100111

j offset pc += sext(offset)
kA% (Jump). 1454 (Pseudoinstruction), RV32I and RV64L.
1 pc WE N LHMEI EFFSA8 R I offser, Z5[AT jal x0, offset.

jaI rd, offset x[rd] = pc+4; pc += sext(offset)
Be#HEE3E (Jump and Link). J-type, RV32I and RV641.
R — 2482 L (pe+4), SR ETE pe B N4 HIEIN ERF 54608 I offseto rd BRIN A x1.
JE2% 5 X: c.joffset; c.jal offset

31 12 11 76 0

| offset[20]10:1]11]19:12] |« | ot |
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ja Ir rd, offset(rs1) t =pc+4; pc=(x[rs1]+sext(offset))&~1; x[rd]=t
BkE ST F B R E24E (Jump and Link Register). I-type, RV321 and RV641.
8 pc WEN x[rs1] +sign-extend(offset), FEVTH H I BARAE LA 0, FHAHEE pet+4
FIME BN fTrd]. rd BRINH x1s
R4 X c.jrrsl; cjalrrsl

31 2019 1514 12 11 76 0

| offset[11:0] sl | 010 | 1100111

jl" rsl pc = x[rs1]
I BB EE (Jump Register). th 454 (Pseudoinstruction), RV32I and RV641.
8 pc WE N x[rs1], Z5[FT jalr x0, O(rs1).

la rd, symbol x[rd] = &symbol
Xt m# (Load Address). 14454 (Pseudoinstruction), RV32I and RV641.

4 symbol WHBHEIME S x[rd] o PN B RHARENT, Bl AN & Rt &R
(Global Offset Table) % . X RV32l, Z&[FETHAT auipe rd, offsetHi, A5/ Iw rd,
offsetLo(rd) ; ¥ T RV641, %5 [A]T auipc rd, offsetHi 1 Id rd, offsetLo(rd). {15 offset it K,
TG EINE bR 48 &2 M %, 26 & auipe rd, offsetHi ZXJ5 72 addi rd, rd, offsetLo.

Ib rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][7:01)
F i Ae#, (Load Byte). I-type, RV32I and RV641.
ML x[r51] + sign-extend(offset) SEE — 41, 56y REE N x[rd).

31 2019 1514 12 11 76 0

| offset[11:0] | st | 000 | | 0000011

Ibu g, offset(rs1) x[rd] = M[x[rs1] + sext(offset)][7:0]
5 F W (Load Byte, Unsigned). I-type, RV32I and RV641.
MHLHE X[751] + sign-extend(offset) LN —/NF17, SEY EESA x[rd].

31 2019 1514 12 11 76 0

| offset[11:0] | st [ 100 | | 0000011
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|d rd, offset(rs1) x[rd] = M[x[rs1] + sext(offset)][63:0]
F B, (Load Doubleword). 1-type, RV32I and RV64I.
Mtk x[rs1] + sign-extend(offset) SEEU\/NFT1, BN x[rd].
R4 X: cldsp rd, offset; c.ld rd, offset(rs1)
31 2019 15 14 1211 76 0
| offset[11:0] | st | ot [ «d | 0000011 |

|h rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][15:0])
FFm# (Load Halfword). 1-type, RV32I and RV641.
ML x[r51] + sign-extend(offset) SEIR N1, @58y RSN x[rd).

31 2019 15 14 12 11 76 0

| offset[11:0] | st [ oot | rd | 0000011

IhU rd, offset(rs1) x[rd] = M[x[rs1] + sext(offset)][15:0]
5 FFmE (Load Halfword, Unsigned). I-type, RV32I and RV641.
MHBEE x[rs1] + sign-extend(offset) SN N1, EEY RIEEN x[rd].

31 20 19 15 14 12 11 76 0

| offset[11:0] | st [ 101 | [ o000011

|| rd, immediate x[rd] = immediate
SRR EAmE (Load Immediate). th 454 (Pseudoinstruction), RV32I and RV641.

i R AT REZD 48 &% o a2 x[rd]) . 7€ RV321 A1, ‘B2 FTH#4T lui F1/5¢ addi; X
T RV641, &9 & X T4 K41 i, addi, slli, addi, slli, addi ,slli, addi.

lla rd, symbol x[rd] = &symbol
Axespht Ao # (Load Local Address). 1454 (Pseudoinstruction), RV321 and RV64L.
¥ symbol FIHHEINZE R x[rd]H - 25 [ET 44T auipe rd, offsetHi, A5 /2 addird, rd, offsetLo.

Ir.d rd, (rs1) X[rd] = LoadReserved64(M[x[rs1]])
I B AR G I F (Load-Reserved Doubleword). R-type, RV64A.
MPAE RISy x[rs TSN F1T, B x[rd], FEX A WAE P IE MR -

3] 27 26 2524 20 19 15 14 12 11 76 0

| 00010 [aq|r]| 00000 | w1 [ ot | | oto1111 |
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Ir.W rd, (rs1) x[rd] = LoadReserved32(M[x[rs1]])
h B ARG F (Load-Reserved Word). R-type, RV32A and RV64A.
MR x[rs 1) FRINEDUAS 7T, FFofid BIES AN x[rd], FERIXADWAEFIEMR
.

31 27 26 2524 2019 1514 12 11 76 0

| 00010 [aq|r| 00000 | w1 | 010 | | oto1111 |

|W rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][31:0])
F M, (Load Word). I-type, RV32I and RV64L
Mtk x[rs1] + sign-extend(offsety SLUANFT5, H A x[rd]. X T RV64l, 45 REFATHS
Ry feg.
JE45 75 K. clwsp rd, offset; c.lw rd, offset(rs1)

31 2019 15 14 1211 76 0

| offset[11:0] | st [ o0 | w 0000011

lwu rd, offset(rs1) x[rd] = M[x[rs1] + sext(offset)][31:0]
&5 F 48, (Load Word, Unsigned). I-type, RV641.
MHBEE x[r51] + sign-extend(offset) SR N1, FYRJGE N x[rd).

31 2019 1514 12 11 76 0

| offset[11:0] | st | 10 | | 0000011

lui rd, immediate x[rd] = sext(immediate[31:12] << 12)
{2 B $ A B (Load Upper Immediate). U-type, RV32I and RV641.
KR SALY 1) 20 S SLBEL immediate 7o 12 67, WK 12 M EF, B x[d]F.
JE4 5 X c.duird, imm

31 12 11 76 0

| immediate[31:12] |« | ouorin |

mret ExceptionReturn(Machine)
ME AL X % IR & (Machine-mode Exception Return). R-type, RV32I and RV64I HFALZE )
MAL AR 0 B AL R P iR 7] . ¥ pe BB N CSRs[mepe], EHEFALZR ¥ B R
CSRs[mstatus]. MPP, CSRs[mstatus]. MIE & i CSRs[mstatus]. MPIE, 3 H ¥
CSRs[mstatus]. MPIE /y 1; 3£ H., SRR 4K, K CSR [mstatus]. MPP X BN 0.
31 2524 20 19 1514 12 11 76 0
| oott000 | 00010 | 00000 | o000 | 00000 | 1110011 |
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mul rd, rsl, rs2 x[rd] = x[rs1] X x[rs2]
7 (Multiply). R-type, RV32M and RV64M.
HEFAAES x[rs2 PR B2 A7 28 x[rs]] L, FFEN x[rd]. ZBEHE ARG H

31 2524 20 19 1514 12 11 76 0

| 0000001 | k2 | st | 000 | «d | o110011 |

mulh rd, rs1, rs2 x[rd] = (x[rs1] 5 X, x[rs2]) »>¢ XLEN
# 12 % (Multiply High). R-type, RV32M and RV64M.
HERFA7E x[rs2 PREIZFAT & x[rs 1] £, #HN 2 1AM, KRN RAL S A x[rd].

31 2524 2019 1514 1211 76 0

| 0000001 | 2 | st | 001 | «d | ot10011 |

mulhsu rd, rs1, rs2 x[rd] = (x[rs1] ¢ X, x[rs2]) >, XLEN
BL A 5 5 - A 5 (Multiply High Signed-Unsigned). R-type, RV32M and RV64M.
AT x[rs 21BN ZFAFES x[rsI Ly x[rsITA 2 WIAMS, x[rs2 AR 550, Bt & iz

BN x[rd].

31 2524 2019 15 14 12 11 76 0

| oo00001 | 2 | st | 010 | | oriconn |
mulhu rd, rsi, rs2 x[rd] = (x[rs1], Xy x[rs2]) >, XLEN

B4z 44 5 (Multiply High Unsigned). R-type, RV32M and RV64M.

TG x[rs 2 BT A7 85 x[rs I b X[rs 1] x[rs21B 0 TEAT S5 KRB SN x[rd].
31 2524 2019 15 14 12 11 76 0
| oo00001 | w2 | st | on1 | | oriconn |

mulw rd, rs1, rs2 x[rd] = sext((x[rs1] x x[rs2])[31:0])
I F (Multiply Word). R-type, RV64M only.

HEFAEE x[rs2) B F 474 x[rsI] b, FeARBON 32 4, HATHFF ST RIEEAN x[rd]. 20g
SRR H o

31 2524 2019 1514 12 11 76 0
| 0000001 | k2 | st | 000 | «d | otmion |

MV rd, rs1 x[rd] = x[rs1]
#3) (Move). th¥54 (Pseudoinstruction), RV32I and RV64I.
AR x[rs 12 HI2) x[rd] T . SEBREY &Y addi rd, 1s1, 0
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Negrd, rs2 x[rd] = —x[rs2]
IR B_(Negate). 154 (Pseudoinstruction), RV32I and RV64I.
O 2 A2 x[rs 2] B HIFME F N x[rd]. SEFRET N sub rd, x0, 152,

NEZW rd, rs2 x[rd] = sext((—x[rs2])[31:0])
B3k F (Negate Word). l#54(Pseudoinstruction), RV64I only.

TR AR x[rs2)0 T 2 MUY, Z5REDN 32 7, BTSSP R BN x[rd]. K
N subw rd, x0, rs2.

nop Nothing
T4 (No operation). 1HFE4 (Pseudoinstruction), RV32I and RV64I.
¥ pe HEREBI T — %464 SZRRBY & addi x0, x0, 0.

NOt rd, rs1 x[rd] = ~x[rs1]
BB (NOT). 1384 (Pseudoinstruction), RV32I and RV64L.
R AEAS x[rs AT 1 HAMY CRIFRALEUS ED SN x[rd]. SERRBEST N xori rd, 1s1, -1,

OFr rd, rs1,rs2 x[rd] = x[rs1] | x[rs2]
B3R (OR). R-type, RV32I and RV64I.
AR x[rs 1B AF 28 x[rs2) A e, RSN x[rd].
JE 46 X: c.orrd, rs2
31 2524 2019 1514 12 11 76 0
| 0000000 | w2 | w1 [ 110 | «d | otioonn |

ori rd, rs1, immediate x[rd] = x[rs1] | sext(immediate)
2 BRI (OR Immediate). R-type, RV321 and RV64I.
O X[rs VA FF 58 RSBV immediate ¥ALELEL, 45 RE N x[rd].
JE4% R X: corrd, rs2
31 2524 2019 1514 1211 76 0
| Immediate[11:0] | 2 | w1 | 110 |« | oor0011 |

rd CYCIG rd x[rd] = CSRS[cycle]
%2 Bl 287t # & (Read Cycle Counter). fh$54 (Pseudoinstruction), RV32I and RV64L.
RS N x[rd]. SEBRYEY RN esrrs rd, cycle, x0.
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rd CyCIEh rd x[rd] = CSRs[cycleh]
%2 B #+1 # & #4% (Read Cycle Counte High). {j154 (Pseudoinstruction), RV32I only.
FERIECG R 32 M B x[rd]. SEFR#AT A esrrs rd, cycleh, x0.

rdinstret x[rd] = CSRs[instret]
132 R ARAG AT 3B (Read Instruction-Retired Counter). {154 (Pseudoinstruction), RV32I and
RV64l.

RO IR S N x[rd]. SEFR# A esrrs rd, instret, X0

rdinstreth rd x[rd] = CSRs[instreth]
2R RAG AT 3B #4% (Read Instruction-Retired Counter High). £h$§4 (Pseudoinstruction),
RV32I only.

D TERRIR L EA T 32 M E SN x[rd]. SEPR#EY RN esrrs rd, instreth, x0.

rdtime x[rd] = CSRs[time]
BB 8] (Read Time). tHFE4 (Pseudoinstruction), RV32I and RV641.
U FETN T SN x[r1d], BESER SF S, SLBREEY A esrrs rd, time, x0.

rdtimeh 4 x[rd] = CSRs[timeh]
12 BUET 18] 2342 (Read Time High). Dh$5 4 (Pseudoinstruction), RV32I only.
S HTN A2 32 ALE B x[rd], B [EHZ 51 G A 5% . SEhrid e esrrs rd, timeh, X0,

reéemrd, rsi, rs2 x[rd] = x[rs1] %, x[rs2]
K & % (Remainder). R-type, RV32M and RV64M.
x[rs11BRUA x[rs2], 171 O E N, #ALA 2 [IAMD, RECE N x[rd).

31 2524 20 19 1514 12 11 76 0

| 0000001 | 2 | st | 110 | «d [ o110011 |

remurd,rsi, rs2 x[rd] = x[rs1] %, x[rs2]
KA T #89 & 2 (Remainder; Unsigned). R-type, RV32M and RV64M.
x[rsIIBREA x[rs2], [ 0 &N, #HUALFFSEH, REEN x[rd].

31 2524 2019 1514 12 11 76 0

| o000t | k2 | kst [ 111 | «d | o110011 |
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remuw rd, rs1, rs2 x[rd] = sext(x[rs1][31: 0] %, x[rs2][31:0])
K IIF 5 2 89 & 2 F (Remainder Word, Unsigned). R-type, RV64M only.
x[rs TG 32 A2BREA x[rs2]0MK 32 A7, [H] 0 N, #HHRNERFSEH, HREWERTST R

BN x[rd].

31 2524 2019 1514 1211 76 0

| 0000001 | w2 | w1 [ 11t | «d | omionl |
remw rd, rs1, rs2 x[rd] = sext(x[rs1][31: 0] %, x[rs2][31:0])

K& F (Remainder Word). R-type, RV64M only.
X[rs TG 32 GLBR A x[rs2] MK 32 62, [ 0 &N, #MA 2 D, BREWEHF ST R

B x[rd].

31 2524 2019 1514 12 11 76 0

| oo0000t | w2 | w1 | 110 | | omionn |
ret pc = x[1]

1B W (Return). tHTE4 (Pseudoinstruction), RV32I and RV64l.
MR ] LR N jalr x0, 0(x1).

sb rs2, offset(rs1) M[x[rs1] + sext(offset) = x[rs2][7: 0]
# 3 T (Store Byte). S-type, RV32I and RV64L.
B x[rs2) FRALFZ T AEN N AEHUE X[rs 1] +sign-extend (offset) -

31 2524 20 19 1514 12 11 76 0
| offsetf11:5] | rs2 | kst | 000 | offsetf4:0] | 0100011 |
sc.d rd, rs2, (rs1) x[rd] = StoreConditonal64(M[x[rs1], x[rs2])

F A B NILF (Store-Conditional Doubleword). R-type, RV64A only.
MR N AR AL x[rs 1] EAEEINER IR, ¥ x[rs2]FF A7 8811 8 EATEE N Ztht . RN
BRI, R EFAER x[rd]TAEN 0, BIAEN—EE 0 ARG .

31 27 26 25 24 2019 1514 1211 76 0

| 00011 [aq|rn| w2 | st | o011 [« | olom111 |




156

SC.W rd, rs2, (rs1) x[rd] = StoreConditonal32(M[x[rs1],x[rs2])
%A% B N F (Store-Conditional Word). R-type, RV32A and RV64A.

WAL X[rs 1] EAFAEINELOR B, 1 x[rs 2] 7 A7 A8 P 1) 4 - B0 Nzt SR A2 AR )
[F) 2R A28 x[rd] T AEN 0, BRIAEAN—NE 0 [FE RS

31 27 26 25 24 2019 1514 12 11 76 0
| 00011 [ag|r| w2 | w1 | 010 [ «d | ol01111 |
sd rs2, offset(rs1) M[x[rs1] + sext(offset) = x[rs2][63: 0]

& ILF (Store Doubleword). S-type, RV641 only.

B x[rs2]HH ) 8 FHTAENNAE L x[rs]]+sign-extend (offset) -

R4 X c.sdsp rs2, offset; c.sd rs2, offset(rs1)
31 2524 20 19 1514 12 11 76 0
| offsetf11:5] | rs2 | sl | o1l | offset[4:0] | 0100011 |

S€eqZrd,rs1 x[rd] = (x[rs1] == 0)
% F 0 W E 4% (Set if Equal to Zero). 1/$5%(Pseudoinstruction), RV32I and RV64I.
W x[rs1155 T 0, F x[rd]E5AN 1, FUEAN 0. SEPRYEH BN sltiu rd, rs1, 1.

sext.Wrd, rs1 x[rd] = sext(x[rs1][31:0])
A 55 F 4 & (Sign-extend Word). 1}1$54(Pseudoinstruction), RV64I only.
BN X[rs IR 32 67, AFFSY e, 4RGN x[rd]. LR N addiw rd, 1s1, 0.

sfence.vma s, rs2 Fence(Store, AddressTranslation)
JE LN B B (Fence Virtual Memory). R-type, RV32I and RV641 F5tF5 4>
AR J5 252 1) R SO BB ot O B DURAF AN BT HER o 2 rs2=0 I, T Hiuhil = 1) F) 8 120
SR BFE B, AU x[rs2) bR IR AL B KB RE T HER . 2 rs1=0 I, X i bk
7 [B) P R AT RE AL A R AT HE R s 0, SO e rh A 5 AUk X [ 2 ) T T e
AT HET -

31 2524 2019 1514 1211 76 0

| oootoo1 | 2 | rst | 000 | 00000 | 1110011 |

Sth rd, rs2 x[rd] = (x[rs1] >, 0)
KT 0 N & 1% (Set if Greater Than Zero). {154 (Pseudoinstruction), RV32I and RV64I.
W x[rs2IKT 0, A x[rdIB5AN 1, HUEN 0. SEBRHET &N slt rd, x0, rs2.
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sh rs2, offset(rs1) M[x[rs1] + sext(offset) = x[rs2][15:0]
¥ F (Store Halfword). S-type, RV32I and RV641.
¥ x[rs2]PHRAL 2 DTN WAFHIYE X[ 1] +sign-extend (offset) »

31 2524 2019 1514 12 11 76 0
| offset(11:5] | 12 | sl [ 001 | offsetf4:0] | 0100011 |
SW rs2, offset(rs1) M[x[rs1] + sext(offset) = x[rs2][31: 0]

% 5 (Store Word). S-type, RV321 and RV64I.

B x[rs2)WARAL 4 DN FEN WAL X[rs1]+sign-extend (offset) .

JE4E 7 X: c.swsp rs2, offset; c.sw rs2, offset(rs1)
31 2524 20 19 1514 12 11 76 0
| offsetf11:5] | 2 | sl | 010 | offset4:0] | 0100011 |

sl rd, rs1, rs2 x[rd] = x[rs1] « x[rs2]
¥ %% £ #% (Shift Left Logical). R-type, RV32I and RV641.
fEZFAEAS x[rsITEFE x[rs216, BHIAEIEAN 0, SREN x[rd]. x[rs2]HFK 5 A7 (WSR2
RV64IL NI 2K 6 7)) BRSO EL, Hom o W pk 20 .

31 2524 2019 15 14 1211 76 0

| 0000000 | w2 | st [ 001 |« | onoorn |

slli rd, rs1, shamt x[rd] = x[rs1] « shamt
2B 3438 # £ #% (Shift Left Logical Immediate). 1-type, RV32I and RV641.
AT x[rs /2K shamt 7, = AL BIEA 0, 25 R 5 A x[rd] - X T RV32L, A 24 shamt[5]=0
I, $RA AR,
JE4 R X csllird, shamt

31 2625 2019 15 14 1211 76 0

| 000000 | shamt st | ool | rd | oor0011 |

S”lW rd, rs1, shamt x[rd] = sext((x[rs1] « shamt)[31:0])
52 BP R 3% #% 2 A% F (Shift Left Logical Word Immediate). 1-type, RV641 only.
EZFAERS x[rs IV shame B, SR BN 0, 85 REN 32 6, #ITHEMF ST RESA
x[rd)o X4 shamt[51=0 B, ¥4 ~A %1

31 26 25 20 19 1514 12 11 76 0

| 000000 | shamt | st | oot | «d | ootion |
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sllw rd, rs1, rs2 x[rd] = sext((x[rs1] « x[rs2][4:0])[31:0])
1B #f £ 4% F (Shift Left Logical Word). R-type, RV64I only.
O x[rsIK 32 A E# x[rs2]hr, THIAMEEAN 0, SRHTHF ST RESA
xX[rd]o X[rs2]HIAK 5 AARERE B AL E,  Ho i 4 2%

31 2524 20 19 1514 1211 76 0

| 0000000 | 2 | st | o001 | «d | otmon |

slt rd, rsl, rs2 x[rd] = (x[rs1] <, x[rs2])
JNTF W E 4% (Set if Less Than). R-type, RV32I and RV641.
PO x[rs )R x[rs 2R O EL, N8R x[rsI]5E/DN, W x[rkd]S N1, BUEAN 0,

31 2524 20 19 1514 12 11 76 0

| 0000000 | 2 | w1 | 010 | «d | ott0011 |

slti rd, rs1, immediate x[rd] = (x[rs1] <, sext(immediate))
T L BP N E A2 (Set if Less Than Immediate). 1-type, RV321 and RV64I.
Lea x[rs NRIE 558 FE ) immediate, WIHR x[rsITE /N, F x[rd]S5 AN 1, BUEXN 0.

31 2019 15 14 1211 76 0

| immediate[11:0] | st [ o0 | x| 0010011 |

sltiu rd, rs1, immediate x[rd] = (x[rs1] <, sext(immediate))
555 T ZBP$ W) B {2 (Set if Less Than Immediate, Unsigned). I-type, RV321 and RV64I.
LI x[rs IR FF 59 1) immediate, HWRINWNTERTSE WH x[rs 115/, 19 x[rd) 5N\
1, HWEAN 0.

31 20 19 1514 12 11 76 0

| immediate[11:0] | st [ ot |« | 0010011 |

SItU rd, rs1, rs2 x[rd] = (x[rs1] <, x[rs2])
T A5 ) F W B A% (Set if Less Than, Unsigned). R-type, RV32I and RV641.
PO x[rs I1A0 x[rs2],  PUIRESTRATERF 540, W x[rs 115/, W) x[[d]B A 1, BE AN 0,
31 2524 2019 1514 12 11 76 0
| 0000000 | 2 | st | ott | «d | o110011 |
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sltz rd, rs1 x[rd] = (x[rs1] < 0)
T 0 W] & 4% (Set if Less Than to Zero). {/i$54 (Pseudoinstruction), RV32I and RV641.
W x[rsIVNT 0, W x[dIS5AN 1, BWEN 0. SEFRY N sltrd, 151, x0.

SN€Zrd,rs2 x[rd] = x[rs2] # 0)
% T 0 W] & 4% (Set if Not Equal to Zero). 1h8% (Pseudoinstruction), RV32I and RV641.
IR x[rsIIASET 0, I x[rd] 5N 1, BUEAN 0. SEFRY &N sltu rd, x0, rs2.

Sra rd, rsi, rs2 x[rd] = (x[rs1] > x[rs2])
H R A #% (Shift Right Arithmetic). R-type, RV32I and RV64I.
B2 x[rs A x[rs21hL, ALH x[rs ISR S AIATT, S50 BN x[rd]. x[rs2]HE 5 17
(A5 2 RV641 MM 6 A1) AR B, & for 3k 2
31 2524 2019 1514 12 11 76 0
| 0100000 | w2 | st | 101 | | o1l0011 |

srai rd, rs1, shamt x[rd] = (x[rs1] > shamt)
2. B 3% 5 R A #% (Shift Right Arithmetic Immediate). I-type, RV32I and RV64L.
w7 X[rs 116 shamt 7, AL A (s EALIETS, 4R S5N x[rd]. *FT RV32I,
N2 shamt[5]=0 I 482 H R o
JE 469 ;. c.sraird, shamt

31 2625 2019 1514 12 11 76

| 010000 | shamt | w1 [ 101 | «d | ool001 |

SraiW rd, rs1, shamt x[rd] = sext(x[rs1][31:0] >4 shamt)
32 BP R H K A #% F (Shift Right Arithmetic Word Immediate). I-type, RV641 only.
O AFES x[rs 1)K 32 BLAHE shamt B, A x[rsI][31PE 7, ERIITHEFSY EES
A x[rd]. X2 shamt[5]=0 B} 1846 %K.
JE 47 X,: c.srai rd, shamt

31 26 25 20 19 1514 12 11 76

| 010000 | shamt | st | 101 | 0011011
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SraW rd, rsi1, rs2 x[rd] = sext(x[rs1][31: 0] >4 x[rs2][4:0])
H R &A% F (Shift Right Arithmetic Word). R-type, RV641 only.
A x[rs IR 32 KA H8 x[rs21hr, ZBALH] x[rsI[B1PETE, SSRBITEFST RES
A x[rd]e x[rs2]WMIK 5 R R8BI EL, a4 2 .

31 2524 2019 1514 1211 76 0

| ow00000 | 2 | st | 101 | [ o1mon |

sret ExceptionReturn(Supervisor)
& 32 AR X AP PR & (Supervisor-mode Exception Return). R-type, RV321 and RV641 #5454 .
N BE A 5] AN BEFE 7 R [B], % pe N CSRs[spec], AR AN CSRs[sstatus].SPP,
CSRs[sstatus].SIE & CSRs[sstatus].SPIE, CSRs[sstatus].SPIE 2 1, CSRs[sstatus].spp A 0.

31 2524 20 19 1514 12 11 76 0

| 0001000 | ooot0 | 00000 | o000 | ooooo | 1110011 |

srl rd, rs1, rs2 x[rd] = (x[rs1] >, x[rs2])
¥ 48 45 #% (Shift Right Logical). R-type, RV32I and RV641.
fEZAEAE x[rsITAFE x[rs216, DHIAEIEAN 0, SREN x[rd]. x[rs2]1FK 5 A7 (WSR2
RV64IL N2 6 7)) BRSO EL, Hom o W pk 20 .

31 2524 2019 15 14 12 11 76 0

| 0000000 | w2 | st | 101 | | oriconn |

srli rd, rs1, shamt x[rd] = (x[rs1] >, shamt)
7 BP #3¥ # 4 #% (Shift Right Logical Immediate). 1-type, RV32I and RV64I.
AT 2% X[rs 114 7S shamt 7, 25 H AL B IR 0, 45 5 N x[rd]. % T RV321, X 24 shamt[5]=0
I, $RA AR,
JE %75 X.: c.srlird, shamt

31 2625 2019 15 14 1211 76 0

| 000000 | shamt st | 100 | rd | oor0011 |

srliw rd, rs1, shamt x[rd] = sext(x[rs1][31: 0] >, shamt)
2. BP # 3% #5445 F (Shift Right Logical Word Immediate). 1-type, RV64I only.
AL x[rsIVEH shame B, 7SR EIEN 0, S5 REN 32 67, #ITHMF ST RESA
x[rd]o N4 shamt[51=0 B}, $84A4 2%

31 26 25 2019 15 14 12 11 76 0

| 000000 | shamt | st | 101 | «d | ootionl |
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Srlw rd, rs1, rs2 x[rd] = sext(x[rs1][31: 0] >, x[rs2][4:0])
1% 4 4 #% F (Shift Right Logical Word). R-type, RV641 only.
B x[rs 1)K 32 A x[rs2]fn, THIABEEHAN 0, SRHEITEF ST RESA
X[rd]o xX[rs2]HIK 5 AARERAE B LR, Ho v s 220

31 2524 20 19 1514 12 11 76 0

| 0000000 | w2 | w1 [ 101 | «d | ouioll |

sub rd, rsi, rs2 x[rd] = x[rs1] — x[rs2]
#.(Substract). R-type, RV32I and RV641.
x[rs 12 x[rs2], RGN x[rd]. ZBEHE A H .
JE 4% X.: c.subrd, rs2
31 2524 20 19 1514 12 11 76 0
| oto0000 | 2 | w1 [ 000 | «d | oticonr |

subw rd, rs1, rs2 x[rd] = sext((x[rs1] — x[rs2])[31:0])
.3 F (Substract Word). R-type, RV641 only.
x[rs U2 x[rs2), SEREN 3260, AT REEN x[rd). ZEEFEARNEH
JE4E A X.: c.subw rd, rs2
31 2524 20 19 1514 12 11 76 0
| 0100000 | w2 | st [ 000 | x| ononn |

tail symbol pc = &symbol; clobber x[6]
BB R (Tail call). P54 (Pseudoinstuction), RV32I and RV641.
WE pc N symbol, [FINTES x[6]. SZFRYFEN auipe x6, offsetHi A1 jalr x0, offsetLo(x6)-

wri while (noInterruptPending) idle
5 5 P T (Wait for Interrupt). R-type, RV32I and RV64I KFALFE 4 .
ARV R AL B rp I, A AR B ER AL T IR

31 2524 2019 1514 12 11 76 0

| 0001000 | ooto1 | 00000 | 000 | 00000 1110011




162

XOF rd, rs1, rs2 x[rd] = x[rs1] * x[rs2]
$t 3 (Exclusive-OR). R-type, RV32I and RV64I.
x[rs IR x[rs2| 3% 7 8Y, S5 RE5 N x[rd].
JE 46 ;. cxorrd, rs2
31 2524 20 19 1514 12 11 76 0
| 0000000 | 2 | st | 100 | «d | o110011 |

XOri rd, rs1, immediate x[rd] = x[rs1] * sext(immediate)
2 Bp & 5t K (Exclusive-OR Immediate). 1-type, RV32I and RV641.
X[rs \RIE 558 I immediate ¥4 0L 578, 45 RE5 N x[rd].
R4 X: cxorrd, rs2
31 2019 1514 1211 76 0
| immediate[11:0] | st | 100 | 0010011




