In Praise of The RISC-V Reader

This timely book concisely describes the simple, free and open RISC-V ISA that is expe-
riencing rapid uptake in many different computing sectors. The book also contains many
insights about computer architecture in general, as well as explaining the particular de-
sign choices we made in creating RISC-V. I can imagine this book becoming a well-worn
reference guide for many RISC-V practitioners.

—Professor Krste Asanovié, University of California, Berkeley, one of the four
architects of RISC-V

I like RISC-V and this book as they are elegant—brief, to the point, and complete. The
book’s commentaries provide a gratuitous history, motivation, and architecture critique.

—C. Gordon Bell, Microsoft and designer of the Digital PDP-11 and VAX-11
instruction set architectures

This handy little book effortlessly summarizes all the essential elements of the RISC-V
Instruction Set Architecture, a perfect reference guide for students and practitioners alike.

—Professor Randy Katz, University of California, Berkeley, one of the inventors of
RAID storage systems

RISC-V is a fine choice for students to learn about instruction set architecture and
assembly-level programming, the basic underpinnings for later work in higher-level lan-
guages. This clearly-written book offers a good introduction to RISC-V, augmented with
insightful comments on its evolutionary history and comparisons with other familiar ar-
chitectures. Drawing on past experience with other architectures, RISC-V designers were
able avoid unnecessary, often irregular features, yielding easy pedagogy. Although sim-
ple, it is still powerful enough for widespread use in real applications. Long ago, I used
to teach a first course in assembly programming and if [ were doing that now, I'd happily
use this book.

—1John Mashey, one of the designers of the MIPS instruction set architecture

This book tells what RISC-V can do and why its designers chose to endow it with those
abilities. Even more interesting, the authors tell why RISC-V omits things found in earlier
machines. The reasons are at least as interesting as RISC-V’s endowments and omissions.

—Ivan Sutherland, Turing Award laureate called the father of computer graphics

RISC-V will change the world, and this book will help you become part of that change.
—Professor Michael B. Taylor, University of Washington

This book will be an invaluable reference for anyone working with the RISC-V ISA. The
opcodes are presented in several useful formats for quick reference, making assembly
coding and interpretation easy. In addition, the explanations and examples of how to use
the ISA make the programmer’s job even simpler. The comparisons with other ISAs are
interesting and demonstrate why the RISC-V creators made the design decisions they did.

—Megan Wachs, PhD, SiFive Engineer
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Base Integer Instructions: RV32I and RV64I RV Privileged Instructions
Category Name | Fmt RV32] Base +RV641 Category Name | Fmt RV mnemonic
Shifts Shift Left Logicall 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 SRLW 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 rd,rsl,rs2 Jump (uses JAL x0,imm)| J [J imm
ADD Immediate| I [ADDI rd,rsl,imm ADDIW rd,rsl,imm MoVe (uses ADDI rd,rs,0)] R |MV rd,rs
SUBtract| R |SUB rd,rsl,rs2 SUBW rd,rsl,rs2 RETurn (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 |orR 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.sWSP  rs2,imm SW rs2,sp,imm*4
Set < Unsigned| R [SLTU rd,rsl,rs2 Float Store Word| CS [c.Fsw rsl’,rs2’,imm |FSW rsl’,rs2’,imm*8
Set < Imm Unsigned| I [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.aADD rd,rsl ADD rd,rd,rsl
Branch 2| B |[BGE rsl,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.ADDI16SP x0,imm ADDI sp,sp,imm*16
Branch > Unsigned| B |BGEU rsl,rs2,imm ADD SP Imm * 4| CIW |C.ADDI4SPN rd',imm ADDI rd',sp,imm*4
Jump & Link J&L| 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  Synch thread I |FENCE AND Immediate| CI [C.ANDI rd, imm ANDI rd,rd,imm
Synch Instr & Data| I |FENCE.I OR| CR [c.or rd,rsl OR rd,rd,rsl
Environment CALL| I [ecaLn eXclusive OR| CR [c.XOR rd,rsl AND rd,rd,rsl
BREAK| 1 |EBREAK MoVve| 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 [c.LUI rd, imm LUI  rd,imm
Read/Write| I |cSRRW rd,csr,rs1 [Shifts Shift Left Imm| CI |cC.SLLI rd, imm SLLI rd,rd,imm
Read & Set Bit| I [CSRRS rd,csr,rsl Shift Right Ari. Imm.[ CI |C.SRAI rd, imm SRATI rd,rd,imm
Read & Clear Bit| I [CSRRC rd,csr,rsl Shift Right Log. Imm.| CI |C.SRLI 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 Inm| I |CSRRSI rd,csr,imm Branch+0| CB |C.BNEZ rsl’,imm BNE rsl',x0,imm
Read & Clear Bit Imm| I |CSRRCI rd,csr,imm [[Jump Jump| CJ |Cc.J imm JAL %0, imm
Jump Register| CR [c.JrR rd,rsl JALR x0,rsl1,0
Jump & Link J&L| CJ |c.JaL imm JAL ra,imm
Loads Load Byte| I [LB rd,rsl,imm Jump & Link Register| CR |c.JALR rsl JALR ra,rsl,0
Load Halfword| 1 |pLH rd,rsl,imm |[System Env. BREAK| CI |c.EBREAK EBREAK
Load Byte Unsigned| I |LBU rd,rsl,imm +RV64] Optional Compressed Extention: RV64C
Load Half Unsigned| I |LHU rd,rsl,imm |LWU rd,rsl,imm All RV32C (except c.JrL, 4 word loads, 4 word strores) plus:
Load Word| I |Lw rd,rsl,imm LD rd,rsl,imm ADD Word (C.ADDW) Load Doubleword (c.LD)
Stores Store Byte| S |sB rsl,rs2,imm ADD Imm. Word (c.apptw) Load Doubleword SP (C.LDSP)
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.sDsP)
32-bit Instruction Formats 16-bit (RVC) Instruction Formats
31 27 26 25 24 20 19 15 14 12 11 7 6 0 1514 13 12 11 109 8 7 6 5 4 3 2 1 0
R funct7 [ rs2 sl funct3 rd opcode CR funct4 [ rd/rs1 Is2 op
I imm[11:0] 151 funct3 rd opcode CI funct3 | imm | rd/rs1 imm op
s imm([11:5] \ 152 sl funct3 imm[4:0] opcode CcSS | funct3 imm 152 op
B imm([12[10:5] | rs2 sl funct3 | imm[4:1]11] opcode cIw | funct3 imm rd’ op
U imm[31:12] rd opcode cL funct3 imm s1’ imm rd’ op
imm[20[10:1[11]19:12] rd opcode fanct3 imm s1’ imm 52’ op
J cs funct3 offset 11’ offset op
EJB funct3 jump target op

RISC-V Integer Base (RV321/64I), privileged, and optional RV32/64C. Registers x1-x31 and the PC are 32 bits wide in RV32I and 64 in
RV64I (x0=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) +RV64M Name| Fmt RV32V/R64V
Multiply MULtiplyl 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 Dlvide| R |DIV rd,rsl,rs2 DIVW rd,rsl,rs2 [ Shift Right Log.| R |VSRL rd,rsl,rs2
DIVide Unsigned| R [DIVU 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
Obtional 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 [LR.W rd,rsl LR.D rd,rsl STore Strided| R |vsTs rd,rsl,rs2
Store  Store Conditional| R |sc.w rd,rsl,rs2 SC.D rd,rsl,rs2 STore indeXed| R [vsTx rd,rsl,rs2
Swap SWAP|[ R |AMOSWAP.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 AMOXOR.D rd,rsl,rs2 AMO XOR| R [AMOXOR rd,rsl,rs2
AND| R [AMOAND.W rd,rsl,rs2 AMOAND.D rd,rsl,rs2 AMO AND| R [AMOAND rd,rsl,rs2
OR| R |AMOOR.W rd,rsl,rs2 AMOOR.D rd,rsl,rs2 AMO OR| R |AaMOOR 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 AMOMAX.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,DP 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 |VPAND rd,rsl,rs2
Move to Integer| R |FMV.X.W rd,rsl FMV.X.D rd, rsl Pred. AND NOT| R |VPANDN 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}.LU 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 Name| Saver ConVerT|[ R |vcvT rd,rsl
Arithmetic ADD| R |(FADD.{S|D} rd,rsl,rs2 %0 zero --- ADD| R |vADD rd,rsl,rs2
SUBtract| R |FSUB.{S|D} rd,rsl,rs2 x1 ra Caller SUBtract| R |vsuB rd,rsl,rs2
MULtiply| R |FMUL.{S|D} rd,rsl,rs2 x2 sp Callee| MULtiply| R |vMUL rd,rsl,rs2
DIvide| R |FDIV.{S|D} rd,rsl,rs2 %3 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 x5-17 to-2 |Caller Multiply-ADD| R [VFMADD rd,rsl,rs2,rs3
Multiply-SUBtract| R |FMSUB.{S|D} rd,rsl,rs2,rs3 %8 s0/fp [Calleg] 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 |FNMADD.{S|D} rd,rsl,rs2,rs3 x10-11 a0-1 [Caller|| Neg. Mul.-ADD| R |VFNMADD rd,rsl,rs2,rs3
Sign Inject SiGN source] R [FSGNJ.{S|D} rd,rsl,rs2 x12-17 a2-7 |Caller SiGN inJect| R [vsGNJ rd,rsl,rs2
Negative SiGN source| R |FSGNJN.{S|D} rd,rsl,rs2 x18-27 s2-11 |Callee||Neg SiGN inJect| R [VSGNJN «rd,rsl,rs2
Xor SiGN source| R |FSGNJX.{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 ££0-7 |Caller] MINimum| R [VMIN rd,rsl,rs2
MAXimum| R [FMAX.{S|D} rd,rsl,rs2 £8-9 £s0-1 |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 £12-17 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 £t8-11 [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 gp Global pointer SELECT| R |VSELECT rd,rsl,rs2
Swap Rounding Mode| R |FSRM rd,rsl tp Thread pointer
Swap Flags| R |FSFLAGS rd,rsl t0-6,££t0-11 [Temporaries
Swap Rounding Mode Imm| I |FSRMI rd, imm s0-11,fs0-11[Saved registers
Swap Flags Imm| I |FSFLAGSI rd, imm a0-7,£a0-7 |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 vp0O-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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eff RISC-Vel7}?

Leonardo da Vinci Simplicity is the ultimate sophistication.

(1452-1519)= 241 —Leonardo da Vinci
2 opHE, FoHA,

z77}0)4 mitE )

il 1.1 27

- RISC-V(“RISC five”)= HH Aol o] A L ZX(instruction set architecture, ISA)7} =]
& o] Zxolt}.

« 7P 22 dH"E A7 H TP wE s HFE A o277k BE

o TS Rt 2nEge] A9 gl 2O lojet oA & St sfof et

* FPGA(Field-Programmable Gate Arrays), ASIC(Application-Specific Integrated Cir-
cuits), & A28 7], X0l nlef o] B 71&2E @D 4+ glolof At

« RE tlo]ARolA 8 A ActAold G Hololof gtk ] Sof upolqzRE
(microcoded) = 3}E oto|o] E (hardwired) Ao, £2}4, Ba], T H|$=A] m}o]
majel, el i S A o] olp(issue) Sol tohA] B84 01oF gk

o Fojo] W Zlo] A E]slo] UrE(customized) 71457 2] E QA o] ol utet 7}
%715 A 9st7] f1gh o] A2 FAste & Wt AwAde A dslofF gtk

« 7|8 ISAE QP F o]0l A ¥ishA] grotof gt -8 Fa3 Z1-2 AMD Am29000,
DEC Alpha, DEC VAX, HP PA-RISC, ©1€l i860, 1€l {960, & E 22} 88000, 22! &
71 780003} Zo] I ol Zull(proprietary) ISAZ § THE-F| o] A &= QtE T

RISC-VE Al [SA(T BB o] g4 ZE-2 1970d ] T 19809 T 2|4t RISC-VE ]

= 109 ol eIz thebA 7t ob el /g 1SASHA HE5 ek RISC-VE 71 v
] Aeko] & QloiA T o] g ISATE 3 S1Ate] 2ol WA o R TEE Y



12. 2EFVS. FEFISA 3
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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 Microsemi Corp. USA
Western Digital USA

3-% 1.1: RISC-V A2€] 714 3] 9. 201749 5 A63} RISC-V YAFo| A AT v & &A= FEE o] Yot
@"ﬁ SAEL BT A ulEo A $US 50B-S x5}, 57 A S|AHE2 $US 50B v|gto] X ¢k $US 5B
Fot, Q 22 AP YL FAE Y ufE-2 $US 5B n|gto] A5t $US 0.5B o)A o|t}. o] Ao o} 25
7H %—_/.\_7] 2, 57] 2ELE ¢ (Antmicro Ltd, Blockstream, Esperanto Technologies, Greenwave Technologies, Si
Five), 47]] 8] 4 2] &4 (CSEM, Draper Laboratory, ICT, LowRISC), 67] EHﬂ_u_(ETH 99, IT nt=Eg &,
Princeton, UC ¥2g])7} ZFAt} 6071 7|3 o =22 v] =) ghof] ZHE T2 ok A Y82
www.riscv.orgS ZX.

A= th=rh RISC-V A @e] F 3= RISC-VO| 42 fAISHHA 71e4 < olf=
TF 8] 2ALHA TAAA, 94 27F LGAA 2ol A | A o2 RISC-V7}
St=glo] Zofoll A tiF-2lo] Hes edle Aot I 72 11 1104 E RISC-V
At 7 2 Wi 71 d%= UrEPH A

1.2 REY vs. ZHY ISA

Intel was betting its future on a high-end microprocessor, but that was still years away. To
counter Zilog, Intel developed a stop-gap processor and called it the 8086. It was intended
to be short-lived and not have any successors, but that’s not how things turned out. The
high-end processor ended up being late to market, and when it did come out, it was too
slow. So the 8086 architecture lived on—it evolved into a 32-bit processor and eventually
into a 64-bit one. The names kept changing (80186, 80286, i386, i486, Pentium), but the
underlying instruction set remained intact.

—Stephen P. Morse, architect of the 8086 [Morse 2017]

e ol g QAR A2 WAL FEY ISACITE Al 2E ZRANE FAT
M52 1SA 57 231 o2 5710l e RE SR B @S Ao, 7 o
e 109 Fx A g2 0 vhol ] Ho] 410 e A A E HetstA sae
4 Q=2 517) Qs 519 o] %l T2y (backwards binary-compatibility)S -8-2|5}7] €I
ofch. e AT LA 2T G RS Bl S-S W vl A vfe]
o 47t HH 45 ISAE AlRto] 2o wtet 2717143 s] S7FsHA = it Oﬂﬁ_
TI% 1.2+ 59 AHi4 I1SAS 80x86 H ol 79 5715 Holil Qi) 1978 AHE
QW 7|THE}E et A Zfo] FF o] HErt 7 Ae & 4 Tt

—_

o2 AFglo & 9I5| x86-32(x869] 32H|E F4 M| o]2)0] BE ﬁj 2 o]
ISR 717 0] AT E TRk Bk S Sof 19 130 4851 o
2h & 97 A& o] x862] ASCII Adjust after Addition(aaa) HHo]S A 06]-_71 9lth.
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19 1.2: x86 F = o] Agto] AR x86-2 1978 o] 807 P o] 2 A A5 A 2015d71A] 13387 F = o] 2 16H]
F7Fom 5] AABIA = Folth B2 ek AMd2 o] A Z: B4F o8 IR Ao
olel B2 70] o]51H o] F3-E 2015 o] 36007 H = o][Rodgers and Uhlig 201712 F A5}, o=
197861 4] 2015 Apojo 4] nkc shike] A2 We3ol7} 27h8l Alo|ck. $el o] 4 Eelo] Bl o]
A5 A Aol dld7d A= 1A BFolE A Aol 8ol A Ast= A Zo] F7Hd g2
HE-2 x86 ISAZ} SIMD F o] 2 to]e] @A HA Y-S A ds}7] W&ol

The AL register is the default source and destination.
If the low 4-bits of AL register are > 9,
or the auxiliary carry flag AF = 1,
Then
Add 6 to low 4-bits of AL and discard overflow
Increment the high byte of AL
Carry flag CF =1
Auxiliary carry flag AF = 1
Else
CF =AF =0
Upper 4-bits of AL = 0

1 1.3: x86-32 ASCII Adjust after Addition (aaa) FF o] A. aaa P o= JH7|& Ao A o]u] B2 A

BCD(Binary Coded Decimal) 2 A58 A3-& 2@ x862 WAl (aaa), Tl (aam), LA (aad)& 92 A

A8 WFOE 74T Slek. 22 & vlo|E WYolo|n 2 AAH 0= A% opeode T 16%(1/256/E
At
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A3} J5 850 hote] olshst Hlol £&8 Aotk ke T A HE dstn
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Programmability
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Isolation of Arch from Impl

Q5 so|matel
Z2AAE =gl
A57) 2 ALg5to]
=7] A= 90% 8=
A olog dzgt 4
glom mo|matelel
Z1 o]oﬂ /xl-sq-gio] 57@
¥ 4 9t 2 5717
L B
gfo]Tatel-g vl
A Aok vl AU ER
glod gk,

8 1. $J RISC-VoI7}?
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Folo] & A
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RISC-V RV32GC  RISC-V RV32G
(16b & 32b) (32b)

Code Size Relative to RV32GC
N o 0o [y

N

ARM Thumb?2 ARM-32
(16b & 32b) (32b)

INTEL x86-32
(variable 8b)

1% 1.5: RV32G, ARM-32, x86-32, RV32C, Thumb-29} A A Q] =2 73 37]. ujxat £ [SAL Ze 2
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gt

2 Aol Ao 7P} & B oz Il A= o] o] aoFs o] qirt ik
S0%0] 4] ke 2 RISC-VE] ihg %
RISC-V 217 1A%} 1.2 oA olg Hols}i 9)

322 B 52| o2 lo] 9413} RV2L, ARM-32, x86-32614 o] @ Holl] o3
) ek A Aol 17t 2o ¢ Z2 1 Al A 1SAZ 1 Asklel
SZo] 2o} $2L T 7b BAE 7147 ek, ARM-32 i x86-32 1SA9] o]0 €]
B 5L 9 B F LT Qe 19A0] DL slol RISCVE s5517] 91wt ohe

o AAGIT 5 WA B A o)gl odE ISAR WHEoll oliBae] Zr 1Y
RISC-VE Wghstel w2 Teju] S]] 582 771 913 Aolch



15 42 13
ISA Pages Words | Hours toread | Weeks to read
RISC-V 236 76,702 6 0.2
ARM-32 | 2736 895,032 79 1.9
x86-32 4898 | 2,186,259 182 45

1% 1.6: ISA v+ 9] 1 0] X 9} Tho] 4. [Waterman and Asanovié¢ 2017a], [Waterman and Asanovi¢ 2017b],
[Intel Corporation 2016], [ARM Ltd. 2014]. 15 o] 40A]7}o] off o]-@] B} 2000 E 9j=t}a 71AS o
A7t 9 3, [Baumann 2017]2] 1312] ELXo] 7|43t

15 A&

It is easy to see by formal-logical methods that there exist certain [instruction sets] that
are in abstract adequate to control and cause the execution of any sequence of operations
.. The really decisive considerations from the present point of view, in selecting an [in-
struction set], are more of a practical nature: simplicity of the equipment demanded by
the [instruction set], and the clarity of its application to the actually important problems
together with the speed of its handling of those problems.

—[von Neumann et al. 1947, 1947]

RISC-Vi= A ISA9] A42 IA & 2419, 742t B9 9, 4aste, 7Ud
RISC-V o}7|HI E 9] =3 = 71 2k A2 o A 58| 7H w2 2] 712 E—E— aF
of thofl &2 o] HE 5 sh= Aotk & olrte] 70| X Farof whet B2 24
ARg-sto] Hutgdeet ojflEelo] T2 It St EAIE 2 dstal whE F=of uj

Bt s Zofral o] £ g PG 7HA] = Wi ol Hl-8-2 BA| F-2]517] $i5ted
RISC-V ISAO A= T3k 7 &3t

ISAS] B34S & 4+ Gl 9 74A) HPEe B4l 9] Z7]0]eh 18 162 Hol Aok 91
2 279 RISC-V, ARM-32, x86-329] o] 2g wjir el 2715 Uiehich. ghef ojef 2
o] FEFY ZHY(PF U] 5U FF BAZHOZ AL The G ¥l Gt ARM-32
w12 b o] A 1] 1 x86-32% F o] A Zlo|th. o]/ B ol ARt
ARM-32 = x86-328 $H33] olsh@ 4 91 2otk ol & AA12Q) A BE AL gato]
RISC-V= ARM-329] 1 o] BT 0] 11 x86-329] Lol A LA E o] Bxrolct A4 g »
£ 3132 BPSHE RISC-V ISAQ] 20F R T Hlo]Alo] Bsteh(HE 7hE F2)

o]#3t H 45t e ISAE 20114 ZAE =T A7]|7te] ERo g 7% Aot
_‘I

o] A A 71He £ A S-S Zba) B 7| Arke] A 98 B gle.
H/d-2 RISC-V 9] &

o]z

N

S A4EA T 5 A ohe] vlgS At TR AA
% ot Hdo] FAA 7HsAE EY 4 T
dy stEglo] E2 A|AHS THE 4 gith AT E Qo] 7jdt v]-§-2 stE o] Zdt
H-8-2 37 29 5 7] f&2of QA A StEo7t FasHA T QP A 91 AT E 9o
£ 4% a5ttt AT Eg o] /e SGAA|, RER Y, 1l AT E o], T3l wol

AEEE 2TE 0] =77 astth A2 A2 Q1 ISAE 919t H4d

r%
§

John von Neumann
o g§sp 444
B34S o] F WA
2 HS o2 a7
Al TCZiOiE SR
Felo] AA o]
~Eto] AEHE E
Lolgt o} e X etk
Wit Hg o 4%
Hlog g 7jHto g
AREL 5] 3
WA I EDA=
24435 iet.

oR
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RV32I: RISC-V 7|2 A 2= [SA

Frances Elizabeth ... the only way to realistically realize the performance goals and make them accessible
“Fran” Allen (1932-)= to the user was to design the compiler and the computer at the same time. In this way
=z A3} At o] features would not be put in the hardware which the software could not use . ..

digt 149l Aoz —Frances Elizabeth “Fran” Allen, 1981

= slt, slti, sltu, sltiu Y] 7]J¢] RV32I o &
]2} -2 cfojo] 1ao] 7} ] A A 1ol 7 7
B2 3 4pd0 2 o|dfE 4 YES RS AFaE Aol B,

2.2 RV32I H&o] I

Simplicity

@ BF9). B 44 (immediate)oh A1 S 15 LEF), AS 918 S-EF), &
B-etel, 71 $X1E 913 U-EHY), B2 B8 918 I-helolth. 13 2

Cos TS AFgote] 19 2.16] Sl RV321 B0l £2] opeodes AT,
ZHAE RISC-V ISA7} 713 H1 5 G442 4 9l o] moie] 49 diste] 9 7}
betormance A SIAIE Hol2 1 ghek A AR oA A 9] ETo] 91T BE WY oje] A7) 32w E
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2.2. RV32[ @&o] o) 17

RV32|

Integer Computation Loads and Stores
add {T . } byte
mmediate =
& {load halfword
subtract store word

and

al
" . byte .
mmed ate} load unsigned
exclusive or }{L ! = halfword} 9

O
i (=]

shift 1eft Logical

_ Miscellaneous instructions
ghift zight arithmetic ;mmediate} fence loads & stores
shift zight 1ogical fence.instruction & data
load upper immediate break
add upper immediate to pc enVIronment{ }

set less than {— . }{— . } read & clear bit
- T immediate/ |unsigned | control status register{read & set bit {Immediate}
Control transfer read & write 1l

branch equal
not equal

greater than or equall [_
branch {1ess than unsigned

jump and l'nk{reglster}

29 2.1: RV32 P o] tholo] 1. WEYE FAE A%0|H 08X 02 Adste] RVIA PSS
FAUL. FBE 715 {1 1AW U 74 54 F50] BF019 ThE FRAE AL oJuldck. 1 Aol
Qe A A30] Lk of Fol A T EAGE ol BT AUE 5 et AL Auc). ol E o] 9%
gk =Y 24 9] E7k b o] 4719] W0l S E@WTh: and, or, xor, andi, ori, xori.

31 30 2524 21 20 19 15 14 1211 8 7 6 0
‘ funct7 ‘ 1s2 ‘ rsl | funct3 ] rd | opcode | R-type
‘ imm[11:0] ‘ rsl | funct3 ] rd | opcode | I-type
‘ imm[11:5] ‘ rs2 ‘ rsl [ funct3 | imm([4:0] | opcode | S-type
[imm[12] [ imm[10:5] ] 152 [ rs1 [ 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

19 2.2: RISC-V Fgo] T, JJolo] Y= 47| 519 WEL= == FH ol 3] Yo Y= HE
A7} ot B == 422 el Y HIE A (imm[x])E Ho]EE ATt 10732 Alo] FH HALH
g o] o] k7t T2 I-e}¢] Zul-& o] B A AF_5}=2] At} (Waterman and Asanovié 20179 1% 2.2

7Idt 19)
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2. RV32I: RISC-V 7] 2 == ISA

31 25 24 20 19 15 14 12 11 7
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 sl 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 rsl 111 rd 0110011
0000 pred succ 00000 000 00000 0001111
0000 0000 0000 00000 001 00000 0001111
000000000000 00000 000 00000 1110011
000000000001 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

Asanovi¢ 2017]19] & 19.2 7]4t9] 1)

U lui
U auipc
Jjal

I jalr

B beq
B bne
B blt
B bge
B bltu
B bgeu
Ilb
I1lh
Ilw
I1bu
11hu

S sb

S sh

S sw

I addi
I slti

I sltiu
I xori
Tori

I andi
I slli

I srli

I srai
R add
R sub
Rsll

R slt

R sltu
R xor
R srl

R sra
R or

R and
I fence
I fence.i
I ecall
I ebreak
I csrrw
I csrrs
I csrre
I csrrwi
I csrrsi
I csrrei

19 2.3: RV32I opcode H-2 o] g|o]ol-, opcode, W €S, 0] S8 7}A] 1 ¢)r}. ((Waterman and
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1S3 o] tjF o] Xt ARM-329t 53] x86-32+= H-2 ZW-& 7k 1L
oA 2AE TR A Tl o] | I T A} sfo]AE LA A T RHIA
%5 Aol BAI7L Hrh £ WA RISC-V B0l 52 x86-329F Zo] 47 (source)
2 2 7) (destination) 1] A4TAFE 514 911 Al 0] 2] 28 1] A4S ALY,
114 0 2 @At A A] o] FEEE HANAE F4A T AT ISA AL F A9
AAARLS 711 Belols AT, Pt B o4E o] e 1du B4
A WANAE HES] 98] M| o] B(move) B oIS AL BTt Al WA
RISC-VIA] 91719} 22718 918 el 25 S0 WARE BE WajolSel A g4 2e
7ol QoI B elols T2 Gsl] Aol i 2E Aol i) R ThE ISAS
o] A% oW ool TUA 2 U] Folol Nk BHA2 BES gt
(cll. ARM-329} MIPS-32) 44 HES Aehs}r] Slaids Fash do] Hro] st

91012 F7bslok ghet. ] WAR RISC-V o] Sl Z%] (mmediate) WEL 4 1.5
Shaol 3 Hg Bl EL AL Wajolo] HALSIHIEMSB)] Qlt. o] A FEstA Fash
Efo] 7 w20l Sl ol 2 S|4 517 Aol 4110 Bz Shgpo] Wayd 4 glA| Ak,
YT B- 9 J-E}Q] 2
ofgfef A g gtHtet o] B Z£uo] thA] o] & A Aok S 2RO el -2 WE=
27] BEoE ol 1HE S AF et J 2o thA] Flo]&& 27 sh= U o] Q]
T2 BE+= B & ol E 3]G whebA] AR = RISC-V= U] 7112] 7] o]

QA BpAors o4l o] 2Ulg 7RI Aoz AL & Al

ojEz Tz =R o2 B ST wRe] ], AE A F2 wEe] W,
w2 Yot g2 dHrAQl o= ERE Aot

e
X
-0,
4]
)
ok
)
lo
o
ol
i)
=
filo
>
oo
ot
=
7 F
wn
Q
m <
(o]
)
N
i}
|m
rr
ok
ol
fin}
o
i
i)

S

L5 RV32I opcodeS AUSHAl AT vhAgfe = BeHT 29 Sl 2719 3
Fae T4 25 Fohe 1HE d% A ZES ARgsto] o 2 W ejolA 27
& QL= SkGlTh RISC-V 2] o A4bate] HIES def 912]0flA] 3] A]
AT okt =215 WEl &5k H-8-& 7] o] 28 AHstn], o] 2= F
dlole |2 228 ThA] B3t A E T

7} 2712 o] A7} thS ol A= RISC-V7} T2 ISAE T} o] 27 th2 ] st
2 7} A& bRt 1 e} & Abo] 9] Hlw RISC-V7E £912 AlLIA A EA] 4
7 ojth. LA B4 Wk oy}t et E4of oA = of7| | E

A1

B3 AE FAE =
g g ojo =o]
FE ok A& E0] x
& Oxfffffff0= RISC-V
14 bkl ol
anai & AL,
MIPSE: A 2 S4H5]
e pAj0lnE
MIPS-329] 4= 5 7] 9]
Fgol(g52 2}
7] 93l addiu®} and)
7} = a5ttt ARM-32
= AR S A5
8] Slo &
immediate S 43 5}=
27144 bic B0}
9 a5t

ooc

Programmability

RV32M, RV32F =3}
2 A= F ] o
fj3te] BE RISC-V
+= 5 Y% opcodes
AHg-geh 2 A Ao
aeHEEAE

42 RISC-Voll A &



vho| makole £ 5
e 97 S190 71
AR LA
Al B AHg
31 glek. A
29 Y Be
EEEERLESS
Aol BAA stel o
e Aee dict
o2 S8} mzAAE
2719 S 90%
ol Aty oz
o= 4 ek 2R
o =gl Fel
£e oA 4gEnt
Z7| ufo]la 2 T2 A
Age 579 Hgeit
AN 4R e
ofm|sh 55 ]
mepelg 7HR e

| Zoll= 104 o]
Ayo] sto] el S
A}-23Hh ARM-329]
Z.2:0] ARM V8] A=
PCE H-& 2| ~E o]
A A L5t AEH, o=
AR} A5 QAT

Aolc}.

ooc

Programmability

20 2. RV32I: RISC-V 7] 2 Z 4~ ISA

ARM-329] 12V 7] 1= B0t 41471 oot 448 A4Sk Hel g
olth. 120 % SH|E HA 22 A7) 915 002 SPgo] B LA B 4u]E] 2
= B e 02%0z SHANT. DM O 55 448 A2l A9
) PGl 50) 42 Foleli oL Tk ARM-32E A% AL $19] thE o]
el FE5 U] A HEE DAAZ WS A EA) Eets 245 dae

B2 S out-of-order) ZEAA0) BAE S Z7A 7.

m 15 H|S2 A (Out-of-order) TR A A=

22§l (lock-step) T2 17 A T4l o]l 718)7} H & di 2 g olE Aa¥ohes al49] o]
el ZeAAolth. I Z2AM ] Fajt B2 T2 3l dALH ol
Al

B2 U & SR E ol wigshe X8 A G E(Register renaming)o]v. 2715
o] FAHEL MR =2 HA L 20| FAIHE SHEE 2o Aot 5haL, T A
S 2] YA 28 9 o] g2 Al HA m] A4t el of b, 27A0] {AIH A e ¢
Mz 5242 A 2H o BAREE Zolth. F7H4 Q1 o Atk S A A8 ahd, 2] A
Bl A9 78 7| (renamer), H] =212 A9 St=9o] 9] W82 S7HA I

it

2.3 RV32I A AH

713] 2.43=RISC-V ABI(Application Binary Interface)of ]3] 2% = RV32I | 2| A~} 11
o8& LhakaL ek 917] 52 1 o Ao ABI o] 82 AF§E Hlo|ck. RVA2IE
oAl elo] mz Tenel Ankel el AT Belshl BET & Qg 317he] dAA
B2} gho] 34 091 x0E ZE3l 9lch. ARM-32% 16719] #| 2| AE TS Z2E31 9131 x86-32+%
8707t Qlet!
o] &7 B A AHE 002 VA 7]= 22 RISC-V ISAS H<=8HA| 7| =8 4
= 1% 3.30= A2 A AEE 7HA AL QI

_VTL

93] 2 e Tk 3] 3suolA o] 9l 9
oL ARM-329} x86-329] 9= Hlo]E| . ol 52 TAE Ato] et B e A 5ol

oltt. Tefut RVA2GI A Qa2 A2 o)A ~E & AFgale] 417 el 4 Lt

ARM-320] 4] PCE= 167}9] #& 2|28 % ko] 1, o] 5lo] ojmlshz 2L 2]
GE VAT 4 9l BE Beolt £7] BYolE B 4 ke Aolch shte) o) At
2 PCE A1g5H solmekel A% GAS 915 Aol AR StESlo] B 22
25}7] w57 flrk. Al ISAc] A T2 1o 4 Aslale Weole] 10~20%7}
7] FOAT ARM2A S 2E Fols} ] Fols} 4 ] el pe
WG SER AEHDE WG A2} skt RErhs A ojnlgiet.
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31

x0 / zero

x1 / ra

x2 / sp

x3 / gp

x4 / tp

x5 / t0

x6 / t1

X7 / t2

x8 / s0 / fp

x9 / si

x10 / a0

x11 / al

x12 / a2

x13 / a3

x14 / a4

x15 / ab

x16 / a6

x17 / a7

x18 / s2

x19 / s3

x20 / s4

x21 / sb

x22 / s6

x23 / s7

x24 / s8

x25 / s9

x26 / s10

x27 / sii

x28 / t3

x29 / t4

x30 / tb

x31 / t6

32
31

l pc

32

21

Hardwired zero
Return address
Stack pointer
Global pointer
Thread pointer
Temporary
Temporary
Temporary

Saved register, frame pointer
Saved register
Function argument, return value
Function argument, return value
Function argument
Function argument
Function argument
Function argument
Function argument
Function argument
Saved register
Saved register
Saved register
Saved register
Saved register
Saved register
Saved register
Saved register
Saved register
Saved register
Temporary
Temporary
Temporary
Temporary

19 2.4: RV3219] HAAEE. 373 )| A hget ZRAE (sp, gp, tp, fp), BE A 2E(s0-s11), YA] HIA| A€
(t0-t6)= FHFA5}= A2l RISC-V $& foF2 At Waterman and Asanovié 201719] 13 2.13} &

20.1 7]4te] 13).



Simplicity

ooc

Programmability

Simplicity

22 2. RV32IL: RISC-V 7] 2 4 ISA

2.4 RV32I A4 AA

%2 ACJAE RISC-V @eo] LUk opeode® HFsHe BE MG 8-S A A5t
oltt. o] A3t thg A5 §AFH HolA 1] Qe 7700 ISA X ES A %
2 723 B okt £UE o elo] TR I AE LT o] ISA g
A

1% 2.10] 9l T A1 7ol (add, sub). 2] B o] (and. or, xor), Al LE 3
o](s11. sr1, sray= o] e} ito] BE ISAC| A 2 2 gl Wejol ot F At 1 g0l 5L
AAXE 2T E F 0] 328 E S AT AL 9 5 B2 A2 2ol 328 = 2HE

il
2ok RIS o]eldt wejol el thol] TS 43
ARM-329} Te] A 00 e v 247} 8
sub®| -2 A2 d g A Hct
n2 -2 B O] A boolean gf& AT & ot 1™ B¢
RV32I:= set less than 7§ 3 o1& A5 3ttt o] g ol= whef 2 i uj A7} = w A 1
AR E o A FA 2] g2 AF of] 15 1 A] g2 ol 02 2
2ol 25 9t A4 WLa] 99 5 U MAGLT 5 G A4S WiLa]
= sl 7 709 Fol( Sltlﬂ sltiu)7} QL
oh. RV321 7] F A AF Ato]o] BE IAIE AT & Q= ¥, o A AH
Z Q& = Qitt. Aty r = O]/L41‘=‘E1401 og27]
12517 Yol s1te} =2] H = o] and, or, xors AFRSF 4=

do
ot
-z
fo }o
Fat
s
2
)
w
s
£
o)
32
K
>
ﬁ
&
M

At
9 2.10) Yolgl = o] A2 AA ol o] B alet P71-S T olETh Load

upper immediate(lui)= 208 E 2F-5 S| A 2 O] 245 915F 206 Eof 2Agtet. oo
A BE A gEo7t A ﬂﬁ 7i9] 32H]E RV32I FofRto =z k= 32H|E
AeE wrEo] E £ ot 22 A © 2 Add upper immediate to PC(auipc)= Ao 55
A% 9 ool 4T 5 o 919) PCRE Polo] 2 mAL Fol] 9Ig A%H 5
WolE 2| U} auipe} jalrOlAE FR)o] e 12818 535 2tstol 320
PCAH F42 Aloj& HAY 4 Q111, auipc?} AR B A% W ojof Q= 12HE

4 EE&% 10}04 32| E PC-AH] dlo| g 4oz st

= Ab2 gt A4 4
EﬂZl*E zik %Olt‘r 2] g2 4 Oﬂﬁit‘r #*a‘ vl o B2 0| & 4HstE R
FZ HlolH HZ2dFe oldAE Aok 4 A F-2 A4he 18 7] ot ARM-32
+ AtE-=e] A4t diFEelA A F stUE AIZES 4 Sl §4S 7= 5ol
gk 7155 0] SlofAl Hole s A7F B3Fs 2] 2|9t o]H 7152 71 9] "askA] ¢lrhHohl and
Hinds 2016]. RV32Ii= A| ZE W&o Aut oo} Hastelrt.
RV32l= A1 UieAl = ZobshA] ool AT el A E14] RV32M S
ZAzx)o 8 A= o] 9lth. ARM-329} x86-32¢F Z2] A RISC-V AZLE o] Al &
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2.5. RV32I A=} ]2k 23

Ak eAlo] glol AT 4 QoA et = Pol 2718 FY 4= Uk sh=gloj =<l

o7} o ElEte MIPS-32 o] 52 A% FAL I AZES} QA d%Ho

Argstel FAL dAE Zolw, o|FA HW ojEelo] Z2 WA gl FHOE Apwsze) £A7 ISA
HA Ho g asinEo] TS YE 4 Qlrk RV32= 2] ol A4 A& A ARM v82 ALU

OHERS 7% Agksiet £ o} ¥ 7o RV321 HEo](2.68 F2)& AArer 2= qlct.  B3olelA 9=

NZE A48 27|19
m % “Bit twiddling” Y82 o] Th. ARM-329]| A A4

» . - Qi 28 oAl @ o
(12 FARD) RV32Be} 2= AT =2 o] Shge] A2 A RISC-V ARl AT o 90 o
o Mor— A .
off Ak 17 F=).

I cor W2 ESE 75 EHA Feh @

oAt 1 AALHE ARSSHA] Sl T Ze w4 Qi o] A== x13 x2 Cost
o] F& Wt 2 o Eo] 7] vt} JE: exclusive ore WE 7Hs
(a®b=02a), 2L 715(aBb)Dc=a® (bDc)), A A4(aPa = 0)0] 1, 1211

oto|dlE]El(a ® 0 = a)F 7FA 2L Qltt.

—~

xor x1,x1,x2 # x1’ == x1°x2, x2’ == x2
xor x2,x1,x2 # x1’ == x1°x2, x2’ == x1’7x2 == x17x27x2 == x1
xor x1,x1,x2 # x1”’ == x1°°x2? == x1°x27x1 == x17x1°x2 == x2, x2’ == x1

134t RISC-VE et A A oS 7HA AL QLo A di7lf Aubd 2 7F 2 332] &7
AE]Z 2Ho B &2 XOR-swapS A 9] AF85}7] ¢rit}.

2.5 RV32I AR} 27

:La 2.10|4 RV32I= 328 E | = A A9t 21 (1wt sw)= AlESh= A it oty £ o
123 25 Ql= Hlo]EQ} LY = AR (1b, 1by, 1h, 1hu)Q} HIO]|EQ} SITQJES

b 2% (sb, sh)o] Atk A& Holal itk Fo Qs Hio|ES} st fEs 32HER

G E o] FA4 2] # A AH o A7sfof ftth. F-2 lolH o] -2 A HlolE B
Jol FHeh theo] o A4 At
At BASH $E Y el #
A7) Ao 02 ol g3 328

Aot A2 91§ c
12H|E 2|5 B Sh= Zlolth. o] = x86-320] 4] ¥ 9|(displacement) F=4- %] 7 1]
H 2} citeirvine2014assembly].

Zolo] th27}? RV32I+= ARM-322} x86-320] Q1= B35
ARM-329] BE FA42]A Hh22 L E glo]g EFlofA| o T8 N
FaAHE old dlolH et tisiM = AEshR] Al AT 4= Atk RISC-Vi= 2
7Nl x86 FAaA7g WAlS BT & Qlth oS S0 2] BEO 0= AR A A

#oj7h R 32u 2o Fks}r] Aito] Hs
QU o] =0 S| E L B A7) & 2H o
o},

3
095} H
42| 7 ®FA] (addressing mode)2 #H| X AE] o & €

B

R

rﬂ ¥<>l'

RINKe)
E2 oy

rsh
o, N ]
&

Simplicity



ooc

Programmability

(8)

Cost

bltut B35 =g
BAE B sz
A 4 9A &
SurolH RE &5
Ae 2L 247t of
d BA R & 24
H| 15 7] mZol et

ooc

Programmability

Simplicity

24 2. RV32IL: RISC-V 7] 2 4 ISA

HhAl g} 7k 1S JH7ITh x86-329F= Ee] RISC-VE Hi o] AH
31709 A 2E F Shtbe AMH(TLE 24 FX)st] BE

0*—71“1:24“

5l
7
>
m{m
)J

oA = EAoH WHEA] QI push} pop o] iR o] H S
S 4 Ut} MIPS-329t= =E] RISC-VE ]9 A5 ARRSHA] et H A B

0h32] 214 £ & Wt F-8-2 P o7t gl 7o NOP g o5 v 2|5t= A
Aupd et oAl &2 of ﬂi:LEHEHJ ol

ARM-329} MIPS-32+= H| & 2|o]| A o] F7]9] ZA o] %A A=
E|7}F Hajt ¥hHof RISC-V&= 1% 7] oot v HE2 AN =5
ojul2 B stk shibe] §ALS 712 ISACA M FAH M-S ol2olA] o v
e YA = MIPS-322] Load Word Left @ Load Word Right@} ZH-& WEH H- o
FolE AlEste Aolth. Tejuf wld} lurd ©<e6] A 2|2 AF djile] 2] A

2o g woFstn g o] &AL H A AE AL EsH wrt=ct A A A b A #F
148 H= Al bt AAA Q] A= st

Mo i o

&

[SAS
Py
EE‘%}%

=
142

Lo
o>4 i of it ;‘;

411:

o [

H
T

]

]

[ AT ARt ]
RISC-V= AFolZ] o 2 z|H A ¢l 2] E oflc]o} Hlo|E A2 Hejgich nE
g, o] Z {08, F FE o]t 08, nfo] AR ATE ARME A& =L 2|E <ltjeto|)
Aty et oA s T LR HlolHE Y ER oty Hio| ER ot tfo ARt Fa st
2, difete 2 am Sl Al A FFE mAA =

it

F—?~

o

2.6 RV32I 27 27

RVA2ILE = o 2] 262 1] mste] e} A7} 2 (beq), 2
Chel(bge), T ATHALY) 1 Avks 2713 ohAjut £ 49
RV32IE 25§l 12 bgeus} bleut AZeeh. Hop i 5
R P L EL SR
]
RISC-V & o] 52 20| E O] Hj4= o] (A E| 4 28}o] E B @ ol oh55}7] S5 7

re 27} HoloRt SR 7] Fak |

o131 PCol Sjgh, PO 42
£ A st P71k 2HG ] A Y :
Too] tgr271? Yo A AF3t uie} o], RISC-VE= MIPS-32, @ 2+ SPARC, 18|11
OhE Z2A Aol A oF g E2E A Z7](delayed branch)E I} Tt Eot 27 2715 A
8517] 91%F ARM-329} x86-320] QL= 27 TEE A 9Jgic. o]d 752 WelolS rhi
Ho] ¢tEA 0 2 A x|of = o] B AFejE Z7}eljof s H]4=A] Al (out-of-order
exccution)ell 4| S|4 Aito] £t glo] B HAITEo 2 x86-329] 3 ol
(Loop, loope, 1loopz, loopne, loopnz)E A4 5F4i Tt

A ¢ttH (bne), 271t 2
L L 259l v wo|A|yt
A (A ket AL Zeh

= 3
y=y > g dulstilz >y

=

< o
=

rl
5
AN
8
il
Lo
o

lm
E
ojo
<
n(*]

1
Jrt
o
0y
gl
=

o
4
[=¢
)
=
5
o
)
=)
I¢]
=
o
o)
=
o
o)
a
N



2.7. RVAI XA FJ=m

25

mdE: 274 3 Q= dE Y QA

N ef-oF2-2 Alitob7] fiofl sltus

Ap-g-5to] RV32I0 A th-23} Zro] 4= Hrt.

add a0,a2,a4 # oI%| 32H|E HAl:
sltu a2,a0,a2 # QFOF (a2+a4) < a20|H a2’ =1, JFHZ| UOSH a2’ =0

add ab,a3,ab # A

o
=]
add al,a2,ab # A2 3

2
£
m

32H|E Gl

E 5y

a0 =

ab =
2ol 519l 32H[E HAOAM Zelst Fi2|ete] A

a2 + a4

a3 + ab

mdT: PC Q7]

A7 PCE= auipc®] U-immediate B EE 002 AA5to] A2 4= It} x86-320] 4 PCE

971 18] (o] P

‘A O]'—) =

S E5fof stot. a8 A s EAE A

V4 4197 PCS 91, AP0 2 PCS SHCAHol A Hoteh)gict. o4 8] PO
2 9171 SIaIA 1919 AR, 2909] A, 123 291 €] AR 4 I (taken jump)7h

glojof ghh

| |
R
Ao
t
o

Efod A2

AR
u

ox
b

o

]_

1o

o
2 l->
HH>

B
[
|m
4o

i
=
fu
.|
o i T
o
)

N

i e

rlr mE —10

N
-

(R e L)
N

ox
=2 o5

10 o of
QL
&

M
N
N
N

=] X

I R | (R | il
pan)
juz)
2,
) mE

t l-o[v
%0,

0
—-

ofN dr = @ o
_O'lg
T

re ooz o
e rlr

o

B

ko

rlr

add t0, tl1, t2
slti t3, t2, 0
slt t4, t0, t1

iﬂ%i

Stof, 54 &

o =
=

FAErE RS of
Al=Lo ojEstet. e gle siAle T4l
Q3 addu t0, t1, t2; bltu t0, tl, overflow).
O & MU 5T IR e LUIERS A
Q3 addi t0, t1, +imm; blt t0, t1, overflow).

| 7 AT} e Nl g4

i
=

2 4937 RISC-V
gt o) ©2] shite]

_L4
[o
i)

A 7l

2& B 349] 274891 ol st Bastet

# t3
# t4

(£2<0)
(t1+t2<t1)

bne t3, t4, overflow # overflow if (t2<0) && (ti1+t2>=t1)

# |l (t2>=0) && (t1+t2<tl)
2.7 RV32l ExA A
2 2.10] Q& 51t jump and link FHol(jal)= ¥ 715 GRATh ZRAA 55
% 21 45t7] f1off HAA] AL R B B 4 EﬂZV“E% ra(C1¥g 2.4 ZFx)o oh&
Yole] Fa PC+AE AR B2 YLE AP ML 227 R 2H R
ra ﬂi* of ¥stx] o= A2 A AE(x0)E AHERITE 2719 VA = jal 2 o Simplicity
25 ALt 916l 208 E 7] F40) 28 Fotal, B &S ofal, J18]al LA 11



HALY A= =32
ZhEot g4 g2 2l
A2HE e 2ES
7]-_’-:§]-6]-1:]- Azl
7% =% 32
7N EﬂxliEH A=z
YGEE AE2S
Q= Zolct. v
AL g3 A=

7t A= ol A2

glehs ofmer.

Simplicity

SE AL 7 3
Ago] B ol ¥
A o A7 kg A
Apo]o] e 925]

317] Qs AL

26 2. RV32IL: RISC-V 7] 2 4 ISA

ANZE PCof| Bttt

jump and link g o19] #IAAH HA(jalr)Z FASHA o8 2 o] Qltt. o] 7
ol TR ALt Far Z2AAE 2EGHAY, Bwd] YA HALHE raE
Aelstal 5241 2] A A H & thA] A2 #1228 (x0)F A Elste] T2 AR Hhehs 48
= Ak

F-olo] ThE7)? RV32lE B4t Z2A|Z] 25 P olE W o E S0] x86-3
9] enter®} leave, T+ Intel Itanium, Oracle SPARC, Cadence Tensilica®]| 4 & 2)\,‘—:—
2] E] 215 L(register windows)7} )Tt

Ou.u

2.8 RV32I 7]}

O 2.19] Q= Ao] AMe X A8 HHo]S(csrre, csrrs, csrrw, cssrrci, csrrsi,

corrv)® T2 A5 SAE wARE A 4dd] 4 B2F 4 A5 It @

A IIES G 4 9L OIS AL A A2 A B 491 20
q

(supporting execution
717] 913} ebreak

it

environment)ol] 4. @i}, CHAL H7) #08 Aof
o= Apgsict.
fence P o] ThE A Eo A Koz =

(0]
O
i)
P,
=
o,
o,
9,
FIF
>,
L
i)
A
%
ol
=t
o
=N
N
My
rlo
MY
1o
i)
ok
o lot
g, ol

29T e o A w2
A Bol2]= PEOIA ol 2 10S) 2 2] o] £714lo] S5 Gk te
o] e ole} glo|H AEH-S 57|3k3tr) RISC-VE fence.i B H o7} A= wfj7}7]
S m2A A ol vimelo] Aol F ol 742l WIEE A B
QT 1098 RISC-V A28 ol8 20,
2olo] t}27}? x86-329] in, ins, insb, insw 18] 1 out, outs, outsb, outsw T
Alo]| RISC-VE= o 28] ¥ I/O(Memory mapped I/O)E A}-g35tet. x86-322] 167 EHSH
.. thAloll HEo| E A 2ot A& AHg-oto]

LA Ao

ence.iHd

L
L

T4 W3 o] & rep, movs, coms, scas, lods, .
BAe AU

DO

9 A

,J
o

A8 A5 RV32l, ARM-32, MIPS-32, x86-32 H] 1

o] ol A RISC-V 7] 2
of HEgA AFct ol
2 A48 C2 H 419 4o
Aleet vfol & 48 aeket wolt.

I 2,88 E 13 2.117FA]= RV321, ARM-32, MIPS-32, x86-32¢] tjjst AHu}d =
T Z Ho|1 gtk Aol A R AT RISC-V M A2 27U 2.2 e 01%—%*}%6
a1, op7| el A o] F &= F7)+= -9 §AFSITE o] oA oA RISC-V 2] compare-and-execute

1S 479031 ARM-32, MIPS-32, x86-322} H] .5}
o= IS St {tth 19 2.5 MIAntA
62 ISAS O] tisto] AF < A Eof tiet g o1

-



2.10. 42 27

void insertion_sort(long al[l, size_t n)
{
for (size_t i =1, j; i < nj; i++) {
long x = alil;
for (j =1i; j > 0 && alj-11 > x; j--) {
aljl = alj-11;

}
aljl = x;

7925 ColA Y AL A AL TaW o] 2uF Y uaAFol vs gL FAE 2w sk
2.3 sk, oA o), 2eteleld] wralAl 22 Ho|e] Aol tisto] =] g ol M=tk GCC
Asflelt thg 4709 TR 2L TS AP oot A A8 Z5E A A8l 25 2]

A5t E4 15 s
ISA ARM-32 | ARM Thumb-2 | MIPS-32 | microMIPS | x86-32 | RV32I | RV32I+RVC
Instructions 19 18 24 24 20 19 19
Bytes 76 46 96 56 45 76 52

17 2.6: o5 ISAY] Hi3H A4 AP o] W o] A4} IE 7). 742 ARM Thumb-2, microMIPS, RV32C
£ dgdtt

& RES} F4et

Those who cannot remember the past are condemned to repeat it.

—George Santayana, 1905

0% 2.7 & oA gt 3 ISAOﬂH A2 WS AR sl 1782 ISA A
£ A% 77HA A =2 E AR R old 42 7HAl= A WA ISAE FAlsh=
Zo] ofUth AA & RV32IE= 125 A 01 RISC-IO| A Hf T AFd& AlS

o HIo|E FA42|A] 7153Hbyte-addressable) 32H| E 4 F-7F

- slEglolHoR 008 AAH0} Qi FAAH 07 BE 324 E 2l 317]9] 9|7

AL ¢D)

Lindy &3}Lin 2017]
= 7]&o|H ofelr] o]
o] ujf = ZIHA] 7}
71 srgo] e etriar
TRTE AJZHY] AR
thofl A1l A ZHA
4 Qg dopdol gl&
5 nlefol= o 22
Aobds A Zrt. whek
T 7Ho] f-A1 "

™ RISC o} 7| €l A =
S HFt 2F T o]

Hlelg 4 glet



Elegance

28

- 2HE H4E F 0] Boltoz Ash] SIa He SAE dA2E ) AL
550 24 shs Beol

4= A A 7FRISC-V FH-L o} 7|Hl EE0o] AA}2] RISC-V ISA9] A (RISC-1 ISAS &L
ggh o] £2 ofololE W21l ALE & Eo|otA] Wel= Santayana®] FI1E WHE 4
UA SISt ATkt RISC-V A2 144 9] 3221 ISAE YEgd SEFOE
26171 flo] AEi A 23 Folf ISAS X3 o] A1 7] 1 gt

B YW E: RV32I= Y%}
ﬂﬂﬂﬂazgzﬂﬁ%&%%i#@ﬁﬁﬂﬂ@&ﬂﬂggﬂ1 mﬂﬁzm
o Hezo|glet. Fojo] Ao o] T
= ISAC| A EAs7 . A
A

AEL o B o] sty Yol £

oo P
N
olr
o
o I
i
ot
el
rlr
pos
_O,
N
T
el
)
2 o

i?L il

m
A
ot
1=
K
=

=9

lo ju

U

o]
=
=
R=ite3
=

29

HWol= Z2 IBM 360 model 442} Digital
Equipment microVAX 2} Zro] 4=4] A& 240t RV32IE AT E Qo] &
2Eo] 9 22] 7| & golut W g5 A ThE 2R, RV32I T2 A A= RV32G9|
A ek PEolE R e R oz EfE dart qlot. ofnf RISC-VeL 7H 717ke
ISA= ¢ 2 232 5} Tensilica Xtensa©|t}. 807l o] 2 o|F
o7 7)1 B ISAE S 2 7t&5H7] e AR AAE HE ol 52 shtstel =
o]oltt. RV32I= 1 ‘%—’E‘?} 7|2 ISAE 7FA| AL Q1AL, 64H| E F4 WZd-g 7124l 94,

2~

-

L

al

o
)
m rr
N

¢ o

kﬂé

2
é
_VL
[
oo o
op
Kl
-
Ll

HAFHE G g ATt

211 27} 8}

>

Lindy effect, 2017. URL https://en.wikipedia.org/wiki/Lindy_effect.
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T A% ik
ARM-32 (1986)  MIPS-32 (1986)  x86-32 (1978) RV321 (2011)
oE A5 gA 85 [9% 34 4 PE[e9IE 2 167]E @|s0]E 9 169E AT E
Alda A Ag wA Y U 2 AEA e S 3
Al 4 LAl (RV32M)
A (A2 AAZE A A L e AE AA%H 0 I ALHE 058 1
9% 2AT WY 29 44 (98, =gw |4 peugw e
o Ad. BYB|Fels emEas|TeAa  58/|44. @b dold 7
Golel  FaAW|EWE WAT H|BH  FFolen|£AY B4, 2% A
ne. A o] 9l ter/leave). 28| gle. BT SE/5
(push/pop).  AH/ w0l pushipop). |7 EL 28 B3] 5
w2 wolo] 28T dolr| 8. 4% onERe E
e qme 4474 PA[3 g wwel Ane
snweel.  |Waol
= G RO RS L s T L o E o e D e e B o (2
SE o] wul|2aA 9 B RE o] & X 1 7= 9he). Be] ¥
of et 291A) | dAsEl o (WA ALE |3 AL, e
5247 A2 2e7) A g FFol e
GE. uE 4. A we} 2x 2 B4
1l 23], PCE ¥ A2 1. A %
PRI 3. PCE W a4 28
) ot
TFAoM P2 AALHE [ AA 27]. A A 8ol ofd #IA A A 27 e A A

SEE

PCo] 32 2 uf
ol me}ele] Zoj}

7ty

A B4 9 Al
7S $18HHI 2 LO
25| 2]

B (AX, CX, DX,
DI, SI £ 7} A3

A A=)

3% A~

AT A8 s
g3t 37

AT & s
g3E 3

D27 97][32HE  ®HHoqt

V(B ISAR
Thumb-2)

2UE  ggod
U (EE O ISAR
microMIPS)

wo]E Tg1o] 7P
FelolAlur grELe
Aelq]

o2/ [157] A AERE

Astdzy

W mEEe]

g7ol "ol |JE"  dolH.

IR Bl

FaAg wA
ey g 4
7hee

CEECEERE
o, ey gt
s 7heE

S ERECRE)
&. PCAY Hlolg
FaA4 g8 o
B g A% 7
2¢)

30T AA~H. HAE
dlo]8 7Hs. PCAY
ofe] FAAH. A
Yol Faxg A,
T2 Aol HE A
e

4

7 27: RISC-V op|HlESL %A Y B0l W A%olA g LE. $5 LEL HAY ISA “HAH5 2
slwshs Aolgleh. W&} A5 1ol A 79 ISA AR EFHch v 8, oA, A stol 9AH ge
Qs Age] BA0)7] U] A2 ZBE 5 JAT oltjo] L}EHIE Fa sttt



30

# RV32I (19 instructions, 76 bytes, or 52 bytes with RVC)

# al is n, a3 points
0: 00450693 addi
4: 00100713 addi
Outer Loop:
8: 00b76463 bltu

Exit

c:
Continue QOuter
10:
14:
18:

Outer Loop:
00008067

0006a803
00068613
00070793

Inner Loop:

lc:
20:
24:
28:
2c:
30:

Exit

34:
38:
3c:
40:
44
48:

££c62883
01185a63
01162023
£££78793
££c60613
£e0796e3
Inner Loop:
00279793
00£507b3
0107a023
00170713
00468693
fc1ff06f

jalr

Loop:

1w
addi
addi

1w
bge
sW
addi
addi
bne

s11i
add
SW
addi
addi
jal

to a[0], a4 is i, ab is j, a6 is x

a3,al,4
a4,x0,1

a4,al,10
x0,x1,0

a6,0(a3)
a2,a3,0
ab,a4,0

a7,-4(a2)
a6,a7,34
a7,0(a2)
ab,ab,-1
a2,a2,-4
ab,x0,1c

ab,ab,0x2
ab,al,ab
a6,0(ab)
a4,a4,1
a3,a3,4
x0,8

#
#

#

#

a3 is pointer to alil

i=1

if i < n, jump to Continue Outer loop
return from function

x = ali]

a2 is pointer to alj]

i=i

a7 = a[j-1]

if a[j-1] <= ali], jump to Exit Inner Loop
aljl = alj-1]

j--

decrement a2 to point to alj]

if j != 0, jump to Inner Loop
multiply a5 by 4

ab is now byte address of al[j]

aljl = x

i++

increment a3 to point to alil
jump to Outer Loop

I 2.8: 1Y 2.59) Y=Y B2 AR RVRIZE. 16752 H F471 4% YL, 1635-9] 7] A 0]
FEJ} opgol 4, o AER o] B o7t 74 th3ol 2tk RV32IE= 5 79 ALEE aljlstalj-118
7Ya717] 98l @R B2 AALE7 YA 5 B A= ABI Z2A A S22 9] xR A5kl .

2 1SA%} 93, oA HAXEE2 v o AFstal Eol A& At ZE 37]7) x86-32H 0t

AR wrde], A RVI2C(7HF F2)E AHE-5HH 1 27] Zpol+= F3 . H w9} £7](compare and

branch) & o] 52 ARM-329} x86-327} W @ 2 5h= A 9] v 2 P ol & AHE5HA] g=th
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# ARM-32 (19 instructions, 76 bytes; or 18 insns/46 bytes with Thumb-2)
# r0O points to a[0], rl is n, r2 is j, r3

0:
4:
8:
c:
10:

e3a03001 mov
e1530001 cmp
e1a0c000 mov
212fffle bxcs
€92d4030 push

Outer Loop:

14:
18:
1c:

e5bc4004 1ldr
e1a02003 mov
ela0e00c mov

Inner Loop:

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

e51e5004 ldr
e1550004 cmp
da000002 ble
2522001 subs
e40e5004 str
laffff£f9 bne
Inner Loop:

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

r3, #1

r3, ri

ip, r0

1r

{r4, r5, 1r}

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

r5, [1r, #-4]
r5, rd

38

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

r3, r3, #1
r3, ri

rd, [r0, r2, 1lsl #2]

14
{r4, r5, pc}

#

H O B H

H O H R

H OH H OH R R

H OH H HH®

is i, r4 is x

i=1

i vs. n (unnecessary?)

ip = a[o0]

don’t let return address change ISAs
save r4, r5, return address

x = al[i] ; increment ip
j=i
1r = a[0] (using lr as scratch reg)

r5 = a[j-1]
compare a[j-1] vs. x
if al[j-1]<=ali], jump to Exit Inner Loop

aljl = alj-1]

if j !'= 0, jump to Inner Loop
i++

ivs.n

aljl = x

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

3% 2.9: 39 25904 A4 FES 9% ARM-32 ZE. 16352 = F471 A% 911, 1675-2] 7] A o]
FEF g 9, o AEE o] o7t FA th& ol U2t HA AEI 2E51H ARM-32E 29 F49
A U5 S 95 IRAE F T /S 2= AT ARM-32E 19} & HIO|E F42 S5
FA2A73 §AE AHER) £7]= ARM-329} Thumb-2410] 9] ISA 7 7HsA o] Y HE, bxesE B
FAE A7) Aol HSHSIHIE (least significant bit)o]] 0-2 WA At 24 IEE jE AAAZ F9

AZ517] 9% shte] vl o P ol & HofsA|w tf 2 Rojl= 3] 3719 vl @7t ot



32 F7rels

O]

# MIPS-32 (24 instructions, 96 bytes, or 56 bytes with microMIPS)
# al is n, a3 is pointer to a[0], vO is j, vl is i, tO is x
0: 24860004 addiu a2,a0,4 # a2 is pointer to al[i]
4: 24030001 1i vi,1 #1=1
Outer Loop:
8: 0065102b sltu vO,vi,al # set oni <n
c: 14400003 bnez vO0,lc # if i<n, jump to Continue Outer Loop
10: 00c03825 move a3,a2 # a3 is pointer to a[j]l (slot filled)
14: 03e00008 jr ra #
18: 00000000 nop #
Continue Outer Loop:
lc: 8¢cc80000 1w t0,0(a2) # x ali]
20: 00601025 move vO,vl #3j =1
Inner Loop:
24: 8ce9fffc lw t1,-4(a3)
28: 00000000 nop

return from function
branch delay slot unfilled

# t1 = alj-1]

# load delay slot unfilled

2c: 0109502a slt t2,t0,t1 # set ali] < a[j-1]

30: 11400005 beqz t2,48 # if a[j-1]<=a[i], jump to Exit Inner Loop
34: 00000000 nop # branch delay slot unfilled

38: 2442ffff addiu vO,v0,-1 # j--

3c: ace90000 sw t1,0(a3) # alj] = alj-1]

40: 1440fff8 bnez vO0,24 # if j '= 0, jump to Inner Loop

44: 24e7fffc addiu a3,a3,-4 # decr. a3 to point to al[j]l (slot filled)
Exit Inner Loop:

58: 1000ffeb b 8
5c: 24c60004 addiu a2,a2,4

jump to Outer Loop
incr. a2 to point to al[i] (slot filled)

48: 00021080 s1l1  vO,v0,0x2 #
4c: 00821021 addu v0,a0,v0 # vO now byte address of al[j]
50: ac480000 sw t0,0(v0) # alj] = x
54: 24630001 addiu vi,v1l,1  # i++
#
#

2% 2.10: 23 25904 4 AL 91 MIPS-32 ZE. 16352 | 471 A& 911, 1675:2] 7] A 0]
FET}Fohgof 9, ojAEE o] FFol7t F4 thdof] L2t} MIPS-32 itb ZAo1g 58& Al 719 nop
B E ZIA L QUrk T A= A A B7] 2ol shhe A d AR otk AdE 1 Ad &%
F2UE P%% gt B ols FE 4 gtk thdol mEteE g o7t 2] B J o AR Y=
AYEBR, A B7= ZEE o o3f1517] ol FA TET & £ Sc AA] o] Y& vt} P ol(addivy=
£7] 33019 ttgof gojete £ gr ot



# 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+0xc, n is in memory at esp+0x10
0: 56 push esi # save esi on stack (esi needed below)

1: 53 push ebx # save ebx on stack (ebx needed below)
2: ba 01 00 00 00 mov edx,Oxl #i=1
7: 8b 4c 24 Oc mov ecx, [esp+0xc] # ecx is pointer to a[0]
Outer Loop:
b: 3b 54 24 10 cmp edx, [esp+0x10] # compare i vs. n
£f: 73 19 jae 2a <Exit Loop> # if i >= n, jump to Exit Outer Loop
11: 8b 1c 91 mov ebx, [ecx+edx*4] # x = ali]
14: 89 dO mov eax,edx #3j =1
Inner Loop:
16: 8b 74 81 fc mov esi,[ecxteax*4-0x4] # esi = a[j-1]
la: 39 de cmp esi,ebx # compare al[j-1] vs. x
1c: 7e 06 jle 24 <Exit Loop> # if alj-1]<=a[i],jump Exit Inner Loop
le: 89 34 81 mov [ecx+eax*4],esi # aljl = a[j-1]
21: 48 dec eax # j--
22: 75 £2 jne 16 <Inner Loop> # if j '= 0, jump to Inner 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 <Outer Loop> # jump to Outer Loop
Exit Outer Loop:
2a: bb pop 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

2 2.11: 19 2.5 4] 4¢] AE-E 913 x86-32 A E. 163452 H F47} 9Z 0] 91, 167145-2] 7] A o]
7} 8ol AT, oPAE o] WFo]7 74 Theol Lotk A2 E A} A9 glo] x86-32E AHo] 1S
% 5 e AFah A7l RV A H Ao FFE A54E 59 F =@} alo] o] ZE) g4
Wz o A9 alil¢taljlE FI5H] o 2 TS 7] 150 Scaled Indexed F42] 73 TS
ALg-3tt. 2071 2] x86-32 o] F 7/= 1HIO|E ZAo|o A o] gttt R T4 257 I 375
A=t} x86 o] A B2 o] 2] §H 5 T 7}A] B¢l Intel/Microsoft2} AT&T/Linux7} lth. of 7] o] A= Intel
syntax 5 AMg-5H=d] o] S| 14t AZe @31 TAX] ¥ A4} @ EF o 2 RISC-V,
ARM-32, MIPS-32¢} 5] Q442 <471 YR 517] f-Zolth AT& T+ o A4H79] A7} gt o] 2 | A A F
o] ¢l %E Bt A% HIo AAAT AAY Bol= E2A= 22 T2 I A= ALY A
EAlolt. B8] ot 2g8tF o7 AHAFc.



RISC-V o] Al&-2] o

Ivan Sutherland (1938-) It’s very satisfying to take a problem we thought difficult and find a simple solution. The
19624 At AxE o best solutions are always simple.
0] A8} QlE o] —Ivan Sutherland

2(GUD 2] A42HA ]
Sketchpad®] @g © 2
HFE 2= b2l 31 A7)
E%E]ﬂ Ea/ﬂ- /\/\1-_,]
A717F A A 9 312 HFEHA C TR IR Al2fsto] A8 7Hget 71 A ol = jgst= v &4
S Uehf T Qick o FelAE T2 9 u] B  uhAlet A SIS che e o,
Vg,  RISCY @4 5% ForolA olIRE} Sree ol RE A,

5% et
S Z0l= gl gubA o 2 of Al ThA| 7} ¢l Tt} Patterson and Hennessy 2017]

L otp7b A3 4 Sl 3ol w4 vl A

2. b2 HI(RV32IE] jal o] AR

3. @47} e A A% TS ol W asioh A AE & A%

4. B 2 598

5. 2&% e o] HIE 4 Sle 3ol &5 Ax gL Wi, HAAH S5 A
274 A SiA]

6. e Zr 190 of 3 YoM o EE 4 JloB R Ao 2| o Aofd Hiel
(ret AHE)

o e 52 4] §15) MSES vlme Bk HA2E e fAote 3 ohAA, 2
s ab7] isf ol 22 & A5 Abshs AL wsfof gt
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)
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C program ’
foo.c

Compiller

‘ Assembly program ’

foo.s
Assembler
‘ Object (machine language module) ’ ‘ Library (machine language module)
foo.o lib.o

Linker

Executable (machine language program)
a.out

Loader

35

Y31 Cax FEVE 49 D27k W8 3. B8 JH5e] 919 9% gL AgEol gone
TR ol A2 teol A @Al 10 2 Skl oA 2 3 S A% ALk

MS-DOS¢| t]-35}= 84}= .c, .ASM, .0BJ, .LIB, .EXEO|t}.
registers)©] 11, QX H A A= o] & BHASH= HE X AE(saved registers)2t= Z1 0|t}

Y P4E 2 F4oha Sk 2)m 247 B Ao v
]

19}

AR 7RA A e wE2of omet ALk “AW Y ShA] Al HA AH| BE
HE fAE o vk whef o] 2 o] At 2 dll 2 XA ghe v o
A "dart QU Hled AR B2 o 2E0] ol o] dH ]l Aol st
stte] gt ©F Ulofl de AALHER g5 ©F Aolo] HEHE BHE AL
Blof 2 S 2ol AAY Be HEHA] o= A HA L 22 2L F stu=
Azsforet gt et WHE g Zeshs A AEE RAEE AolER, T AL
© YA EIA LE e A vhg 4 T ok wivl] Hees HED HRUEgleBR oA
A2 e sttt 2EA4E g 2F Atolol A HIAAHE BESH] AAs) v A 2l
V\Ei A 2H it‘” E1 %"2—? A 2+ A2 2 RISC-V ABI o] &3, g+

o]
%S
.0 #0171 ABI %mﬂ A g5 A9} F2E 97 EF RV ZEO|T 9



36 3. RISC-V o]AdEz]o]
Register | ABI Name | Description Preserved across call?
x0 zero Hard-wired zero —
x1 ra Return address No
x2 sp Stack pointer Yes
x3 gp Global pointer —
x4 tp Thread pointer —
xb t0 Temporary/alternate link register No
x6-7 t1-2 Temporaries No
x8 sO/fp Saved register/frame pointer Yes
x9 sl Saved register Yes
x10-11 | a0-1 Function arguments/return values No
x12-17 | a2-7 Function arguments No
x18-27 | s2-11 Saved registers Yes
x28-31 | t3-6 Temporaries No
£0-7 £t0-7 FP temporaries No
£8-9 £s0-1 FP saved registers Yes
£10-11 | fa0-1 FP arguments/return values No
£12-17 | fa2-7 FP arguments No
£18-27 | fs2-11 FP saved registers Yes
£28-31 | ft8-11 FP temporaries No

3% 3.2: RISC-V A48 25 253 HALHE A% oA EF v2Y. RISC-VE= HALHE F8235] 7HA 2
YolA g ZEAAY HAEE AY $ESHA & Ul ABUF A5t AL 5454 43 A45A A8 5
Y HALEE G 4= Yok Z2AA 550 A BEHE HALE = TEX BE(caller saved)©| 2L
H23 3382 g2 HALEHE 05 EZ HE(callee saved) 0|2t 1 B2t} 5P s A4 £
A 2 g3 A3} ((Waterman and Asanovié 2017]12] 19 20.1 7]5te] 19)



3.3. o Eg 37

entry_label:
addi sp,sp,-framesize # IOIE (sp HR|IAEHE ZASHY

EH
=
# _E_| I]ZE_-”OI()-” :1_7}2 %H:F%H:}

s

sw ra,framesize-4(sp) # 23 FA HZ (ra A|AE)
# LoICHH ABHO| CHE HRAE A
#

Bi4:0] biC|

[=]

w4 oo A T ol A ) e B S gt B 1 g
G maopg 8 B0 SRR Bre) o] i Fol o L2 T A8 nL
B7}7 ] AHe 2 BT}

# LQSICIH AEBHOIM 2RAEESE T

lw ra,framesize-4(sp) # ElE‘l F(ra) YR|AEHE 6T

addi sp,sp, framesize # ABH OIS 25t Z7HS SliA|Stct.

ret # SE0F Ao =2 = ctCt.

o ABIS W 1EIG o 415 17] o] W ABI 7|28 o] 52 d|x| 28 ¥
B2 M o)A ol 2e) 29e 49T Bast gk

n TR BE AA 29 AN AA2HE A& olA] gt

167 S A2 B g 7P T I RISC-VE] S t| wj21el RV32ES A|Lat7] $1g1
FHLI0k ol 20 xas) ALE WSS Agolo ol A4 LH
Q4] @7 2l o] WSlo 9l Lol Al uhx|et 167h2] 2 28 o] 9lek. RV32EE ¢
ALX]5E RV321SH A5 90 B2 o} Hutelelrt A 915t e giet.

3.3 oJMZEg

Y2004 o] F0] AL foo.a5k ol B AR 2 ko] HMS-DOSE] 7
2ol ASM). 1% 31014 ol E e TS AL TRANL olsfa o]z e
s B4 IEE YA Rlo] oflef o Belo] me Tefm Ei Autle AHx
7} 83170 A4S 4 QTS S Sohe A% Tehech A Weolo] 2AT 4
A& ot= WAIQl o] F-7 0] Yo & AN FH of(pseudoinstruction)2t 1l et T1¥ 3.3
2 /& 021 x0 2| A A8 7|REO & Sh= SJApg g ojo]al, 11 3.4+= 19 2] 952 RISC-V
o olE aek T olk. of & Sof Sloll ARa ret Folo] A9 AA2E o AE
©7} jalr %0, x1, O(1% 3.3)2 thAoH= Aol ek RISC-V O] Ab 3 of tc}os

x0] ojERttt. of 2 o] & 4= Al Hiel o] 327 9] A 2 H F 5hH-E 022 SHE o]
2 DAL A AA Tre _?Ttgﬁ_ A4HHY, jump, return, 1] 31 02 2] H| W 5t= 7))
= SArg ol 2 Ag-5to] RISC-V & o] Hete A @atA1d 4= A "t

Simplicity

“Hello world” &
gL gutdo=w
AEA GAAg 2
A AeA d3st= A
WA T2 73 o|c}.
ol7lHEE HEA o
“Hello world” & 214]&F
St ‘?lﬂ = 3A

Aze ol AR
2 SAgth e
A% 2 A2 of
2982 493
S250 ol Yz
B3 A2 Fshech



3. RISC-V o4 Ea]o]

Pseudoinstruction

Base Instruction(s)

Meaning

nop
neg rd, rs
negw rd, rs

addi x0, x0, O
sub rd, x0, rs
subw rd, x0, rs

No operation
Two’s complement
Two’s complement word

snez rd, rs
sltz rd, rs
sgtz rd, rs

sltu rd, x0, rs
slt rd, rs, x0
slt rd, x0, rs

Set if # zero
Set if < zero
Set if > zero

beqz rs, offset
bnez rs, offset
blez rs, offset
bgez rs, offset
bltz rs, offset
bgtz rs, offset

beq rs, x0, offset
bne rs, x0, offset
bge x0, rs, offset
bge rs, x0, offset
blt rs, x0, offset
blt x0, rs, offset

Branch if = zero
Branch if # zero
Branch if < zero
Branch if > zero
Branch if < zero
Branch if > zero

j offset
jr rs
ret

jal x0, offset
jalr x0, rs, O
jalr x0, x1, O

Jump
Jump register
Return from subroutine

tail offset

auipc x6, offset[31:12]
jalr x0, x6, offset[11:0]

Tail call far-away subroutine

rdinstret[h] rd
rdcycle[h] rd
rdtime[h] rd

csrrs rd, instret[h], xO
csrrs rd, cyclelh], x0
csrrs rd, timel[h], x0

Read instructions-retired counter
Read cycle counter
Read real-time clock

csrr rd, csr
CSrw csr, rs
csrs csr, rs
csrc csr, rs

csrrs rd, csr, x0
csrrw x0, csr, rs
csrrs x0, csr, rs
csrrc x0, csr, rs

Read CSR

Write CSR

Set bits in CSR
Clear bits in CSR

csrwi csr, imm
csrsi csr, imm
csrci csr, imm

csrrwi x0, csr, imm
csrrsi x0, csr, imm
csrrci x0, csr, imm

Write CSR, immediate
Set bits in CSR, immediate
Clear bits in CSR, immediate

frcsr rd csrrs rd, fcsr, x0 Read FP control/status register
fscsr rs csrrw x0, fcsr, rs Write FP control/status register
frrm rd csrrs rd, frm, x0 Read FP rounding mode
fsrm rs csrrw x0, frm, rs Write FP rounding mode
frflags rd csrrs rd, fflags, x0 Read FP exception flags
fsflags rs csrrw x0, fflags, rs Write FP exception flags

3% 3.3: A= HALH x02 7|HEe 2 51 3271 2] RISC-V QA g o]. B2 A= RISC-V A A g o] Het

oPet SR FOIE Eekeich. 64| FHE TS o A2 WFole] “h” HAE AH851o] RV32Io] S 4]

RHEZ ¢-& F 9T Uyt v A& A1-8-5}o] 519] 324 EE ¢S 4= 9lrh.((Waterman and Asanovi¢ 2017]2]
I 20.29} 20.3 7]¥He] 1)
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Pseudoinstruction

Base Instruction(s)

Meaning

1la rd, symbol

auipc rd, symbol[31:12]
addi rd, rd, symbol[11:0]

Load local address

PIC: auipc rd, GOT[symbol][31:12]

la rd, symbol 1{wld} rd, rd, GOT[symbol][11:0] Load address
Non-PIC: Same as 11a rd, symbol
auipc rd, symbol[31:12]
1{blh d} rd, bol Load global
binfwld} rd, symbo 1{blhlwld} rd, symbol[11:0] (rd) oad globa
i t, bol[31:12
s{blh|w|d} rd, symbol, rt auipc rt, symboll ] Store global

s{blh|w|d} rd, symbol[11:0](rt)

f1{wld} rd, symbol, rt

auipc rt, symbol[31:12]
f1{wld} rd, symbol[11:0] (rt)

Floating-point load global

fs{wld} rd, symbol, rt

auipc rt, symbol[31:12]
fs{wld} rd, symbol[11:0](rt)

Floating-point store global

1li rd, immediate
mv rd, rs

not rd, rs
sext.w rd, rs
seqz rd, rs

Myriad sequences
addi rd, rs, O
xori rd, rs, -1
addiw rd, rs, O
sltiu rd, rs, 1

Load immediate
Copy register
One’s complement
Sign extend word
Set if = zero

fmv.s rd, rs
fabs.s rd, rs
fneg.s rd, rs
fmv.d rd, rs
fabs.d rd, rs
fneg.d rd, rs

fsgnj.s rd, rs, rs
fsgnjx.s rd, rs, rs
fsgnjn.s rd, rs, rs
fsgnj.d rd, rs, rs
fsgnjx.d rd, rs, rs
fsgnjn.d rd, rs, rs

Copy single-precision register
Single-precision absolute value
Single-precision negate

Copy double-precision register
Double-precision absolute value
Double-precision negate

bgt rs, rt, offset
ble rs, rt, offset
bgtu rs, rt, offset
bleu rs, rt, offset

blt rt, rs, offset
bge rt, rs, offset
bltu rt, rs, offset
bgeu rt, rs, offset

Branch if >
Branch if <
Branch if >, unsigned
Branch if <, unsigned

jal offset
jalr rs

jal x1, offset
jalr x1, rs, O

Jump and link
Jump and link register

call offset

auipc x1, offset[31:12]
jalr x1, x1, offset[11:0]

Call far-away subroutine

fence

fence iorw, iorw

Fence on all memory and I/O

fscsr rd, rs
fsrm rd, rs

fsflags rd, rs

csrrw rd, fcsr, rs
csrrw rd, frm, rs
csrrw rd, fflags, rs

Swap FP control/status register
Swap FP rounding mode
Swap FP exception flags

19 3.4: A2 A A x03 =3 F ¢l 287] 2] RISC-V 2JAFHF o). 1a0] H5}o] GOTX Global Offset

Table& UER] L, 54 P2 o] na o A2 Aetel 28 71A 1 Y. B2

AE RISC-V 44

g o] Mul ol g} 9 A1g o] = I FHFTH([Waterman and Asanovié 201712] E 20.29} 20.3 7]5te] 1)),

#include <stdio.h>
int main()

{

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

18 3.5: C glo]= = Hello World =213 (hello.c).



40

.text
.align 2
.globl main
main:
addi sp,sp,-16
sw ra,12(sp)
lui a0,%hi(stringl)
addi a0,a0,%lo(stringl)
lui al,%hi(string2)
addi al,al,%lo(string2)
call printf
lw ra,12(sp)
addi sp,sp,16
li a0,0
ret
.section .rodata
.balign 4
stringl:
.string "Hello, ¥%s!\n"
string?2:
.string "world"

HOHE B H OHE K HHEHHHEHHHEHHHEHHHEHR

3. RISC-V o4 Ea]o]

Directive: enter text section
Directive: align code to 272 bytes
Directive: declare global symbol main
label for start of main
allocate stack frame
save return address
compute address of

stringl
compute address of

string2
call function printf
restore return address
deallocate stack frame
load return value O
return
Directive: enter read-only data section
Directive: align data section to 4 bytes
label for first string
Directive: null-terminated string
label for second string
Directive: null-terminated string

1% 3.6: RISC-V o]A] 22 0] 2 = Hello World Z2 1% (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  a1,0x0
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

717 3.7: RISC-V 7] A o] 2 = Hello World L2 I3 (hello.o). L}Zo] F 4] o5 Hjx]5 = 67] o8
oA 1e 9A)E 4 B 0& AT Qe B4 shelo] ZgHE 2 Hlol 2 F77 M sof she BE
g0l o] ol 23t F48 7| Set.



34, &7 41

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 # 20al0 <stringl>
101c0: 000215b7 lui al,0x21
101c4: alcb8593 addi al,al,-1508 # 20alc <string2>
101c8: 288000ef jal ra,10450 <printf>
101cc: 00c12083 1w ra,12(sp)
101d40: 01010113 addi sp,sp,16
101d4: 00000513 1i a0,0
101d8: 00008067 ret

1% 3.8: P7] 39 RISC-V 7] A o] =213 Q] Hello World Z2 73, YA A AE A T 0d-& a.outo]
g Aol

I 35=C o2 2= T A Q] “Helloworld” T2 13- HolZ 1 9k Aupd
A= 117 3.290 Sl & Fof 119 333 3400 Ql= OAE F ol & ARE-SEe] 1Y 3.6
of A= odED o S A

R = AJAFohs g g ol =)
oAl 52 of| T et P o]t XV\]OPZE‘% OW:% 2 of| A| :’Eg}tﬂ °|HE ot
2 oA ARE-Sh= Bl AE 9} Hlof Bl A4S ol of] HAIEA] T2 A4

T1% 3.9= RISC-VE] ojA &2 Ao F HojErh 118 3.6004 Z]A]
t}.

=7} ole}
DEREES
=

chewt 2

rr

. align 2 CFSRE 9L FEE 2 wlolER A
* .globl main—A Y A& “main” A<

* .section .rodata—¢}7] A& o] A4 Az}

+ balign 4 o] MM S 4 tlo]ER H

e .string ‘“Hello, %s!'\n’—NULLZ El}= Ex19 A
¢ .string ‘“world”—NULLZ Ei}E= E21E A

o] 4821 ELF(Executable and Linkable Format) & ZW-S ARRSlo] 19 3.77}
Zro] m#) nkelS A AGCHTIS Committee 1995].

3.4 A
A= odo] HE wjujr; HE AL FES s Hopb= /1 nfd S He = 7
g5ty oAl EStEE Qi) 7= gto| B4 | o]u] ghEo A Ql= 7| Aol RET



42 3. RISC-V ol Eg]o]
A Ao Ek:
.text o] 9] ofo]|ll-2 text Al M of] AFHTHT|A o).
.data 0|2 9] ofo]Hll-2 data Al o] HFHHAS ¥,
‘bss ST 9] ofo[d2 bss A o] AFET0 02 2715 A AT A2,
.section .foo o] % 9] ofo|Hl-& Al o] & .fooof A HT}

th HlofEl= 2"-byte A FA . & 501, .align 2= ¢

e e = B0 g 2he FF et

‘balign n oF2 HloTE £ n-byte A ATt o 2 501, .balign 4= ¢
T A1l = 2= A gt

-globl sym glo]E syme oz AN ohE npdofl A e 4= it

.string "str" B2 strS v 2 2] o] AA6EY null 2 EUE E Sk

-byte bl,..., bn A& 5 w2 2] vRo] E of n7ff 8-bit = A )

-half wi,...,un A&E ] st Eof n7f <] 16-bit 5 A&t

-word wi,...,wn A& E v= 2 = n7f ] 32-bit -5 ARt

-dword wi,...,wn A&H v 2] gEYE] n7f 9] 64-bit =Z ).

-float f1,..., fn A& e Yo 7o) & AU BE 43S AR

.double di,..., dn 3@% 2] gEol nZf o] o]F AU BE 2HE AT

-option rvc AL ol A=ttt (Chapter 7 3H%).

.option norvc o]z o] W o]l E ¢F=EotA] =t}

-option relax o] %-o] g ojof tfsf| F# ¢hekE gt

-option norelax o] %-o] W ojof tisf| FA etE o] Y=t

-option pic o] o] o= 912 K2 F ol

-option nopic o|o] o= 91A] HH A I =T} ofth

.option push

ct
[}
o
=]
n

2
AH[o] W= .optionsd| @A BAE FAIL %9 -option
pop& 1 7k2 B g}

.option pop

2 elo A &S ek ubx et 2 option pushi@t A o] AH

o7 BE option E-LgHc}.

713 3.9: Auk RISC-V o] A2 ] A]o]
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Sp = bfff fffOpey =

Dynamic data

Static data

Text

pc = 0001 0000pey
0

% 3.10: =233} o o€ S 9] RV320 W = 8] S, 7199 SR Bo] 52 Fao| offj7} Y
F 40|t} RISC-V A X E 9 o] {2kl A A= ZQIE (sp)i bfff ff0;,.. ol A A 25}aL & (Static) d] o] €] 7}
QL ofef WFako 2 AATITH Text(L2 18 F )= 0001 oooomon/q AZstal JH oz 539
o] B &g x§3It] Static go] el HAE Ao 9|2 Zul2 X &gt} o] A oA F4L 1000 0004,
231 7} et malloc ©]4-5f| CollA] Sgd== 54 o] €l & Static B o] €] vI=2 9]¢] 9} & (heap)
olgla HEL o] 42 AHo] QI Jugko & ettt TA o g A FolHEn E?:"lﬂ‘:]’.

1000 0000pex

=
il
H
_l
l—u
I
il
ol
u
ot
f@
N ol
_“.L
I
rlr
o,
al(f
Mo
Ja
2
5=
ne
9,
%0
rlr
)
|E
ig

ERESEE
HgaE Er Fgste 2ds T st A stk A B %EL e 9 of
A

22 71 3.19 Sl o] ©A19] HAFAR o] Fol et e A Aol A F7 2] =&
-0 FFAK]. foo.0 EE libc.o)E ZE 10| 1, 22 a.out utdolrt. MS-DOS
o] 9] Y2€e .0BJ T .LIB GRS Zhe ntdo|n & EXE mHelo]c}

=

1% 3.102 AP A2 RISC-V T2 0|4 T =9} o] ¥

o] 242 Ho|y gtk YAL o] 2o FAZ A A|7]|7] 9§ BE 2 mlelo]
L 2ol 5] mz 19w gole FA42 2ok et wiek 4

T E(PIC, Position Independent Code)2t1l Jtthd 77} sfjof & A

i

A

nhel o]l Qe mE Wolo] gt H7]e} dlolelol tigt Fx7}
ol Atk AL ofu] gt 2404 AFaEo] RV32S] PC-AT] £7](PC-relative
branch) 018519 PICE W41 f 414 242 5 9 e

7 24 1}l WYl ST} ) AE o 2L s1A T k. P2 FA o] AnaA

e 9] gt RE do
At 9)

o] Bl AEME FE Wt ol]a} HojEjo] et o] Sojgich. 17 3.6& A7
2 = 7}9] glo]E] o] (stringli} string2)7} WA Y 5 /o] ZE o] Emaini}
printf) HolF1 g} 328]E FAL slite] 32H|E Weo]o] U)ot Rasjug

—_

£oll F45 wiAsloF st=dl, A& Holeol 2E Holes

ooc

Programmability



44 3. RISC-V o]4]Ez]o]

P71 RV32A Z A 2olE F F 712 o]z A sljof et Z17 3.6014 HofE
F4E 9ol luift addiE, & FAE 99 auipc®} jalrE AMES A2 & 4= ok
13 3.82 13 3.79] Q= 22 utdo] = A% a.out AL HolF 1 gt
RISC-V #utdd:= Fub D 8 A of o] upet 29 ABIE %] IRttt RV320f A
ABI= ilp32, ilp32f, ilp32d =2 Eg%%ﬂ- ilp32+= C o] A= ¥ int, long, pointer7} 2.5 32
H EQl A& ofn|stal 714 ]*Ph 25 A w7 oA A=A E
LEbdT ilp32= 5 A “H 7H T7F g dA L E = AEEo ilp32fe DA E 7

£ 42570] BE 447 YA DTG, I AR BE 457 F 2
el P Eatc k=

3% 454 AALHE ol g8 BE a4 dEAE W] Asiie 42
g B= 42 [SA 3K F B D5 @2)7F " astth 184 RV32I(GCC flag -
march=rv32i" )& 93t I =& AutAs}7] Y3l ilp32 ABI(GCC flag -mabi=ilp32’ )& A&

Sfof gt BhH o] BF 244 HH o8 2L Qe Aol BF 24de AMESH] A =&
ToFo] d Q3lthe AL 9u|shR] = gh=t}. o & E¢] RV32IFD+= ilp32, ilp32f, ilp32d 2]
W= Al ABI9F S E

F7= 2030] ABIV} 2ho|B2f2] o] e ABIS} AA|5h=A] A A9ttt Hutd
© ISA 2P} ABIC] g2 Zoh2 A1 dstE et B F-7 9] etojHej2et A= 3l&
4 Aot AA o] Sl S 2ol B §lo] £E1F€§% P A5kl A5k o] 919
adloltt. G old gl mzol He e HAIAE A5 2 Aol F7+=
Ted] 29 EA| ¢ Bhol B 2ot {51 A Lskal LA vl o gk ofl oS ARt A
SR A L) o] EAlE dirH o2 JF AFEH oA vE AFEE e Avtd (2t
Ak o gt 1Ay

t

L s
i

m 1Y% g A &Sk(relaxation)

jump and link & o]&= 204 E PC-Af
A % oIk Aukels ol g
% shel golte 2 E Tbssitt. ol A7 T4
Wﬂﬂaﬂbﬂ%ﬁﬂWGTHJ“%ﬂ%dwiﬁﬂﬂﬂ%@ﬂiaJ
o At shute] Wol2 Agele s o5 917] 2
7= 9 ool Wshrt gle wizhA] A eE 3t %”3’51% %7] —‘H?l hoh
745k Bzn old I4e 97 gojetn Red. oz

F71= dlolE 7T gpo] £2KiBUofl w3a o Y ZJAEE A& -HOH o 1 B F4
£ &9}ste] 1ui ®i= auipeE A|AT FAFSH HolE 7F tpo] £2KiBUjof 12 o

me|E-27 A4 FAE Sk

amlm:“.:

J;
ﬂ
+
>,
9,
1o
N,
i)
il
X
e,
4
H-]
20,
N
B=)
o=




3.5 HHVS. £ 27 45
3.5 A vs. T4 H7)

o] Aol A& BE P ast gojHele] F 7} FAE I AdYsty] Hofl oA Him o] A
A=e Y& F2lol diste] sttt 29 ol Bz Aoz S & 3lojA Eol
ARGEE BtolB 22| o] ¢ ol e eI a5 o e @H|7F AYSHA He A
07F 23 2tojBejP e J A uf viIg H $le Bz M7 A 5 o] gl Ao EZF
ol @ = W7t e WS AR & bl jinh

919] 5 742 BARE w5t7] SJo) el LTS 55 P At Ag s
12} 8H 914 G4 WA S o] 74 Foflof Lz el A H 3 % 2wl v, grop
A Perh AR A D JAHA Pk AL ol F RE 5EL ME P2
2 A8 52 oSl o g g WAtk X2 o] A4 v ez sk
erolnefe] g0 @A ML FADE Gy At HAL 22 5 ek ATkt urer
ofe] L Igo] FUT B2 Y eo]Lefel S AT ol Bejeo g AEL
w2 2]of G g Wit AAfshel ek

Autelest Aot DEE A4 e fArsth A B4 A mshs gale] He

B Fal g Gale] 57 :
AL A S A

3.6 =t

0% 383 22 222 AFE O A A HE A wpdo|nt. I 22 o]
Aed ) 29 AT 2 g v AAjetal AAF AR P
=9 2o 29AAel L 2] Yot a.outd AActe A2
% sheloh.
292 54 Jad 23] F9 It 7itEt o

3.7 &

ru

Keep it simple, stupid.

—LKelly Johnson, aeronautical engineer who coined the “KISS Principle,” 1960

oPlgEL fye
AA m2I%0] 54
EELDRLEE
CEERELEE

Argsto] 2 AH 4
& 24P Ay
S Al BAalo]
Ak AHgAE A0
2 Yasfobat ek
Aol A5t 4ol

R LR
ohuet 4R x21

W] H5-E et

Ze] g o)A o S
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oLl ShEslolol chat 371 vl g glo] 91719k 7] Mgk RISC-V ZES W57
915 60712] Aol 2 Thit RISC-V ISAS 23t} ThahA] RISC-V &]7] 2 €]
% SIS 008 TAHA7|= Ao o]FF Be =Lo| B dAAto] 71584t} Load
Upper Immediate(1ui)?} Add Upper Immediate to PC(auipc) B H o] & Al-&-slo] FHuted
2ot G} o7 HlolE ot g5 13 Faoll Al &5t s, PCAH B71E
o]jla].uq E];L]b. _(H;q £al7\4 = _E]ﬂ] /\]-_Q_o]— A oh;]. _‘_ ] ]_/5137]. o1o1k] /\uJ
(spill B} T B A A AE| Q] A4S ZolH ME P T} B o 5F Fobol
bRt
RISC-VE 1|82 &
A= HAUEE

L=
T

|

3.8 F7h ks
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) specifi-

cation version 1.2. TIS Committee, 1995.

A. Waterman and K. Asanovié, editors. The RISC-V Instruction Set Manual, Volume I:
User-Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.
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RV32M: ZA 7} LAl

William of Occam Entities should not be multiplied beyond necessity.

(1287-1347)2 F=9] —William of Occam, ca.1320

Atz 2 A A “Occam’s

razor’2}115}= st

2 HhH o A SaohS 4.1 /\7H

Asgetn Ryt
i

RV32ML RV32I0] A< AT 11524 HeEo]=8 2rghth. 13 4.12 RV32M 83
s ol Heke Al o7 HHSH 9l T1F 4.29]= opeodeE WAL (Ut
PRl B sl

g 1

= (B4 — vpe] ) = A5
Er
BA = B x A+ L]
L] <] = B A~ (F % A7)
RVI2ME 23590 44 eAl@ind 2591 44 hedl@ive 9308 5
A3 QAL B B A2 o] A Ak M T2 I Se] BRrk: UHAE

RV32M

multiply

insigned
signed unsigned

divide {_ _ }
remainder/ \ unsigned

1% 4.1: RV32M g o] tho]o] 1.

multiply high



4.1. 27 49
31 25 24 20 19 15 14 12 11 7 6 0

0000001 rs2 rs] 000 rd 0110011 R mul
0000001 rs2 rs] 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 rsl 110 rd 0110011 R rem
0000001 rs2 rsl 111 rd 0110011 R remu

719 4.2: RV32M opcode W ol = & o] #|o]o}-2, opcode, EH E}Q], 0] S0] ¢t} ([Waterman and Asanovié
2017]19] ¥ 19.2 7]€t9] 19).

# Compute unsigned division of a0 by 3 using multiplication.
0: aaaab2b7 lui t0,0xaaaab # t0 = Oxaaaaaaab

4: aab28293 addi t0,t0,-1365 # =~2"32 /1.5
8: 025535b3 mulhu al,a0,t0 #al =" (a0 / 1.5)
c: 00154593 srli al,al,0x1 # al = (a0 / 3)

27 4.3: AL 0198 42 1heAl SHe RVEM ZE. o] duel o] RE WA\ diste] Sahahi
A Hol7] 18] A5 47 £A4o] Wasty, A% thE A%l diste] B4 BAL o B3ka|Ach. B4 o)
%%, 193 940} B3 @AS AAsHs L2 EL [Granlund and Montgomery 1994]9] I},

AG)7} glolA RVIIME Lo 2| (rem) ok 2 gl Lol 2] (remn) W12 A F-5] 5
Ralel el 25 1A A 2E o] Es G,
FAAE D) Tt 2o,

Fo] )k S5t 154 2719 oln g Foplt her] vt Bt 5, F
Ao 320|545 FohA 640)E AE AT RISC-VOl= 4749 B4 Hol7t
SlolA R Gl B R 640)E B4 AvkE AU AT 4 Uk 3291 A

79 F(64H|E Al A7) 519] 32H| E)S A4S f1o A= muls ARERIT 64H| E
£0] 491 32| EE Q7] 918 4900 5 WA} BE 257} ek mn® AH45)
51, = A7 25 257 QIthE mulhuE AFRSHY, B 57 A2 o2 nulhsu
& A8 RV32ME g golo] A 64H] E F-& F 7H<] 326 E x| A o] AF st
bESlolE Bas A Sz Ao B4 Wl AL S ekl TR,
Jo vlo]azma Ao A% LAl AT 02 Lel datolch Sl A S
o 0 2% ATEL 20 AFAFOR FEGE Al RAT 4 Uk 02
SHUE AL A AT g TS 513 2o ALY dho]] B Hesto] 225
ZAog At dlE 501, 18 432302 Bogl= U7 E ot 2

o, m
oll

[e]
—

-~

a

o}
]

\]&

r{er

il

L b4

Ho| 1 gt
Rglo] ThE7}? ARM-32 longoll= B4 B2 QAT 114l e qirt.
M Z2A|Aq o] F2 200513717] 710] 20153 2] 52 0] 4] 9FotTh. MIPS-32

l‘:.l

AR

sr12 iz Ho gL
UAlS & 4 gk
A& 50, Tefa2=16
(2%) o]2hH srli t2,
s112 22 oL
JE 1 Qe F
AL g5 A AdE
Eo], gk a2 = 16 (2%)
2t s11i t2, al, 4
mul t2, al, a29}
ze e 4T

Performance



A9 RE T2 A A
ate] B AZE

= sARG 2.

ERRIEPEER 2

w6 H L,

Cost

50

7 Al gPoloA] EE F2AEHIS} LO)E ¢35t B4 %] 2 A2 AMEsIch
olgA AAste] 27]o) MIPSE T B34S Y 4 AAA FA T} A <]

{m
T
T

a1 o] 2 eld) ZA

AHE AHE57] S1aiAE F71 9l move W0l 5 HhE
A ofot= AHAE)E

291 A% A3517}F 5 9iek HISFLO A 28 & ot~ g
ST A B AAT e £ TS Aot

z
>
o
==
O
z—n‘
Tﬂrﬂ

LAY A=K mulh.Q} mulhue= 11,«1]0]]A1 oHZg _?_—g— =28 2 9k

A, WOt mu1ne)] Aol RE MES mul Aot 0 vEg} AT gr Ho
Qi BAL 915t mul S AT @ Wl Z 2 9 girk. 2, whe} of-atw 03} 2L} Rho

S5 ffffe. 01T

m 4% Divide-by-zero =3t A|2.5}7] Ltk

CFr7] 4] Al4-(divisor)] beqz B <E & & 7FgFF. Divide by-zeroo] jte] E¢&
ot718 Aot L2 ado] A9 glolH RVAAL MAsH) 94, 1 S A 2
ABEO|H 02 02 AL AOR $AT 4 Ytk FE AL et AL A2
9 a7} gl

B YYE: nulhsuls= HE] YE Higp— FA oA 8835tk

mulhsut 54=(multiplier) 2] 157} Q111 1]<%4(multiplicand)= 557} ¢l o) 1 F2]
9] wro] AAHEY. 5o 449 -r—]Emost—sigmficamword(—'?—i HIE. <}
o559 o2 Y Y Eicss—significantword(F2 FYE)E FS o] HE]
TR Y] AR DA o] sttt o] ol HE E FAl0 A5S U= 15% 8% &
AT,

42 A=

The cheapest, fastest, and most reliable components are those that aren’t there.

—C. Gordon Bell, architect of prominent minicomputers

gxmz e ot 7} ZF2 RISC-V niAﬂHOME =X

T. Granlund and P. L. Montgomery. Division by invariant integers using multiplication. In
ACM SIGPLAN Notices, volume 29, pages 61-72. ACM, 1994.

77} o4
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A. Waterman and K. Asanovié, editors. The RISC-V Instruction Set Manual, Volume I:
User-Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.



Antoine de Saint-
Exupéry (1900-1944)
Loy Ao T
RERE N e

u] Aol k.

Performance

RV32F9} RV32D: @Y /o] A

H 2
BHE 4 _'_14

Perfection is finally attained not when there is no longer anything to add, but when there
is no longer anything to take away.

—Antoine de Saint-Exupéry, Terre des Hommes, 1939

i Rv32Fe}RVIIDYE Wz o] ez W eo] [ Sgol AR R o] AgHTh ol¥ el

AL 55 4257 o]l 7] e B H o]F FUE (28 E9 64 E) WA
# o) 2 7keFstA] 4 7ighk. 19 516l RV32FSIRV32D 8 o] Hto] EAlA0

FEE o] giot 119 5.20)= RV32F2] opcode’} A& o] 2117, 119 5.39)+= RV32D9]
opcode”} L} 5] o] Qitt. @zl ol o R o] [SAS} u}z7}A] & RISC-V- IEEE 754-2008

B2 A7 FZ[IEEE Standards Committee 200818 =45} Q)

5.2 HE 254 @7 AH

RV32F9} RV32DE AL4E 93t x X AH jAlof] HI 9] £ |2 A 327 & A&t
AALEE HEY T YFOR FASE ol HIFLS RISC-V Yol Zuo] 7|4
B YAAE 371510 T A 2B S T AGOE BRote] dX L §F hIBS

¢

5 )2 hSel A LRAA 0] A%-2 A 4 oY) UlRelck Wajo] Wil Zbg 2
QL U]AE AL £ A 2E L loadShL storedHe A2 Bl 5T} x0} £ AA|2H]
Aol o] Hlole W4 918 Mg FHolS F7hehe Aolth 19 S4cl Ak RISC-V
ABIS| 4] 814 QL= RV32DS RV32F &2 o o] Bo] Lhad=lof glek.

grof X447 RV32FSE RVAD % o 74430 Qlek, 9 AU gojHi £ ¢
2 2€] 0] 519] 328] ETH ALGETE RV Qi x0THs Th 7] 4 28 foi 002
StEglojs o= AAso] 9A] bl the 3119 £ @A AE|9} o] Ao A1k d)]
~H 2 AFG T



52. HE 27 HXAH >3

RV32F and RV32D

Floating-Point Computation Load and Store
add {load} { word }
subtract store J \doubleword
multiply | c
|ng e onversion

float< divide

= doubl } single -
square root float convert to {— } from . word {unsigned}
minimum double
maximum float convert to . word {un&gned}fmm{ smgle}

add single double
£loat {neganve}m“"'my{ tract}{ double} £loat convert to . single from . double

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

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

£loat sign injection < Regative { sing! j
Comparison exclusive or .. doubl
gquals i float classi S'”9|e
compare float < less than {._smgle } v double
- = .double
less than or equals) =—

179 5.1: RV32F/RV32D 3 o] tholo] 14,

IEEE 754-2008 252 B35 444 AARS o] H(round)st7] 919 B 7HA] HHHE-2 A
sto o2 o] WHelE 275t At 2tolBeelE A/dsted =ae 1 7P A=
AL 7P dHr ol 2 7P 717k #4(round to nearest even)©fl o] H 3= Zlo|t-

8 Aol D A e A28 fesrol 4 AL} 19 5594 fes
H A4S BFEA 8+-5k= v|A 7 (accrued) o 21447 %

S o

b

I

TLglo] ThE7E? ARM-3291 MIPS-32= & T} 32719 & A ‘:"%
Bl & 7HAAL AR o] F AU A A8 = 16700E 7FA] AL Q)
= o F e B = AL E ol AR E AL 194
gho 2 uggiet. x86-32 BF &4y Atk HAAEE ARESH] ¢k
Ak 28 AEZ|= Hote e 93] 808|E Fo[o]A, load:= 32H|E
T ALAHE BOH| ER HB5LAL, store= L R o] ZF1-S Jth. x86-329] ¥4 H{HH 8
ol ZE#R1 64W E Hg 24 2| AE o T g o7t £71E gl RV32FD 3
MIPS-329}= T} 2 7] ARM-32 9 x86-32= 5.5 4423} A4 ]| | A€ Atolo] 27 o
2 HlolHE o5t 93t ¥ olo] Wade £E5| At o HE Lad A~
BlE AAstal 11 w2 A ohA] 4= A A8 & loadst= 2 12| AL BT = storedh=

7ol §ag ol

'J>
_!
JE
DPOW
:
jni
5 £
)
>~

FH o

lmjg
eI
o »n
&
[\

(98]
Im

I‘l[‘

]-_Q_

ol
-

l‘li‘ mlo Y

[@)
4;
I o
|m

MIPSO] 1671 2] o]%
FULE FA2HTES
7423 ek Aol
73 BT ISA o=
KTHMIPS o7 HIE 5
St 2l John Mashey).



54 5. RV32FD: gejo]& e BE 07
31 27 26 25 24 20 19 15 14 12 11 7 6 0
imm[11:0] rsl 010 rd 0000111 I flw

imm[11:5] rs2 rsl 010 imm[4:0] 0100111 S fsw

rs3 00 rs2 rsl rm rd 1000011 R4 fmadd.s
rs3 00 rs2 rsl rm rd 1000111 R4 fmsub.s
rs3 00 rs2 rsl rm rd 1001011 R4 fnmsub.s
rs3 00 rs2 rsl rm rd 1001111 R4 fnmadd.s
0000000 rs2 rsl rm rd 1010011 R fadd.s
0000100 rs2 rsl rm rd 1010011 R fsub.s
0001000 rs2 rsl rm rd 1010011 R fmul.s
0001100 rs2 rsl rm rd 1010011 R fdiv.s
0101100 00000 sl m rd 1010011 R fsqrt.s
0010000 rs2 rsl 000 rd 1010011 R fsgnj.s
0010000 rs2 rsl 001 rd 1010011 R fsgnjn.s
0010000 rs2 sl 010 rd 1010011 R fsgnjx.s
0010100 rs2 rsl 000 rd 1010011 R fmin.s
0010100 rs2 rsl 001 rd 1010011 R fmax.s
1100000 00000 rsl m rd 1010011 R fevt.w.s
1100000 00001 rsl rm rd 1010011 R fevt.wu.s
1110000 00000 rsl 000 rd 1010011 R fmv.x.w
1010000 rs2 rsl 010 rd 1010011 R feq.s
1010000 rs2 rsl 001 rd 1010011 R flt.s
1010000 rs2 rsl 000 rd 1010011 R fle.s
1110000 00000 rsl 001 rd 1010011 R fclass.s
1101000 00000 rsl rm rd 1010011 R fevt.s.w
1101000 00001 rsl rm rd 1010011 R fevt.s.wu
1111000 00000 rsl 000 rd 1010011 R fmv.w.x

219 5.2: RV32F opcode -2 3 g o] F|0]oF-L, opcode, ZHELY, 12|31 0] 52 7FA 2 gt o] 23} oh-&
9 Ato] 9] Q1R A 7}7g & Atol= RVR2DO A= 12913} 25 H|EZ} & o} 190, 128 H|EJL A& &
7l 9] g ojoll A 0] 25H H|E 7} Y Z] WP oo A= 0o]gt= A o]th([Waterman and Asanovi¢ 20172
19.2 7]4to] 7).



52. BEA4H AR AH 55
31 27 26 25 24 20 19 15 14 12 11 7 6 0
imm[11:0] rsl 011 rd 0000111 1fld
imm[11:5] rs2 rsl 011 imm[4:0] 0100111 S fsd
rs3 01 rs2 rsl rm rd 1000011 R4 fmadd.d
rs3 01 rs2 rsl rm rd 1000111 R4 fmsub.d
rs3 01 rs2 rsl rm rd 1001011 R4 fnmsub.d
rs3 01 rs2 rsl rm rd 1001111 R4 fnmadd.d
0000001 rs2 rsl rm rd 1010011 R fadd.d
0000101 rs2 rsl rm rd 1010011 R fsub.d
0001001 rs2 rsl rm rd 1010011 R fmul.d
0001101 rs2 rsl rm rd 1010011 R fdiv.d
0101101 00000 rsl rm rd 1010011 R fsqrt.d
0010001 rs2 rsl 000 rd 1010011 R fsgnj.d
0010001 rs2 rsl 001 rd 1010011 R fsgnjn.d
0010001 rs2 rsl 010 rd 1010011 R fsgnjx.d
0010101 rs2 rsl 000 rd 1010011 R fmin.d
0010101 rs2 rsl 001 rd 1010011 R fmax.d
0100000 00001 rsl rm rd 1010011 R fevt.s.d
0100001 00000 rsl rm rd 1010011 R fevt.d.s
1010001 rs2 rsl 010 rd 1010011 R feq.d
1010001 rs2 rsl 001 rd 1010011 R fit.d
1010001 rs2 rsl 000 rd 1010011 R fle.d
1110001 00000 rsl 001 rd 1010011 R fclass.d
1100001 00000 rsl rm rd 1010011 R fevt.w.d
1100001 00001 rsl rm rd 1010011 R fevt.wu.d
1101001 00000 rsl rm rd 1010011 R fevt.d.w
1101001 00001 rsl rm rd 1010011 R fevt.d.wu

19 5.3: RV32D opcode -2 F g o] #|o]o}-Z, opcode, T EFQ], 12| 2 o] F-E 7FA 2 Yt} o] T 7|9
a9 9= 28 BP0 52 @9 Holg Z g Aol ofyrh. ¢ L fmv. x. wet fmv.w.xE 7}A 1L
A= v, o] 1HL EES}A fcvt.s.d9} fevt.d.sE 7FA 2L Yth(Waterman and Asanovié 2017]2]
19.2 7]uke] 7.3,



>6 5. RV32FD: B/0]5 JUE HE 457

63 32 31 0
f0 / £tO FP Temporary
f1 / fti FP Temporary
£2 / ft2 FP Temporary
£3 / £t3 FP Temporary
f4 / ft4 FP Temporary
£5 / ftb FP Temporary
f6 / ft6 FP Temporary
£f7 / ft7 FP Temporary
£8 / £s0 FP Saved register
f9 / fsi FP Saved register
£10 / fa0 FP Function argument, return value
f11 / fal FP Function argument, return value
£12 / fa2 FP Function argument
13 / fa3 FP Function argument
f14 / fa4 FP Function argument
f15 / fab FP Function argument
£16 / fa6 FP Function argument
£17 / fa7 FP Function argument
£18 / £s2 FP Saved register
£19 / £s3 FP Saved register
£20 / fs4 FP Saved register
£21 / £sb FP Saved register
£22 / £s6 FP Saved register
£23 / £s7 FP Saved register
£24 / £s8 FP Saved register
£25 / £s9 FP Saved register
£26 / £s10 FP Saved register
£27 / fs11 FP Saved register
£28 / £ft8 FP Temporary
£29 / £t9 FP Temporary
£30 / ft10 FP Temporary
£31 / ft11 FP Temporary
32 32

1% 5.4: RV32F9} RV32D] 2% 424 dAAH. Tl AUt A AHEL 32719 o]2 AU
H R A€ 9] Q 2F IS AHE-gct. 37 o) A] FP ufj /] 5= | X A ] (fa0-fa7), FP BE H X AH (fs0-fs11),
123 FP QJA] FAAXAE (ft0-ft11)S 7|Hto 2 HE 2280 o5 RISC-V 32 7FoF-2 AW Waterman
and Asanovi¢ 201712] I 20.1 7]5to] 1),



5.3. HE £=Z LOAD, STORE, {l<= 57
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

19 5.5: 35 253 Alo] 9 AH A AH. o] A AHE= oH(rouding) RES} A T 15 B33t
o]8] REL 713 71k A2 o] Y (rte, 000 £rm), 0 BH3FO 2 o] (rtz, 001), —coZ0 2 Bl (rdn, 010), 400
%0 2 &3 (rup, 011), 7% 7171 Fd] 3t o] (rmm, ,100)0] 3ic}. o] 571 9] u] A 2] (accrued) & 2]
SHILE 2ZEROIIIA SR 1 BEES A 0159 25 £ A FFololH WA ol
Z7& 711t NVE 22343 A4, DZ= 09 2]t Y Al(Divide by Zero), OF = QHE2 ¢, UF=
AGEE ¢, NXE A4S 7} Z1th(Waterman and Asanovié 201712 719 8.2 7]4te] 19).

n U RVIZFDE oY REZ} Beo] Belz A4E 4 Ytk

4 ofgo] SEHE AL & BRI T od LEE AAT Wast e uelu
5ol Ego] ek 712 AL fesro] 54 ol HES AGSHES sH Aot 4
2 olg-e Wolo] npAe} mjpase] e Hos AUt fadd.s 10, £61, £12,
rtzi 002 ol HIch. 1% 5,59 4] oy RE9| o o] Ldsof glrt.

5.3 H= A4 load, store, A&

RISC-V= RV32F¢} RV32DE 9)5) % 7] load B ol(f1w, £1d)9}F = 7] 9] store H 3
of(£sw, £5)S A3 9Ick. o] WHo]S-L 1ush swet FAG Fa g BEoh Belol
S 7EA] AL et

T At AAK(fadd.s, fadd.d, fsub.s, fsub.d, fmul.s, fmul.d, fdiv.s,
fdiv.d)of] &£7}2 RV32F2} RV32DE= Al F(fsqrt.s, fsqrt.d)2 E3st Qo E3ot

HAA7E HANZ(fnin. s, fmin.d, fmax.s, fmax.d)E 7}X|1 Qo] B7] Yol A}
$oh4] Fa 5 9] A W AR B 2L g EL U] 2 ghE 2% 9t

U BAI L WL RE 44 LTAZL FAL £P5 24 S EE
S ettt mebA RISC-VE F 79 oA Hokal YA 58 AFsH] Ao
Al A o AALAe} B 51 Y(fmadd . s, fmadd.d) B #j=(fmsub.s, fmsub.d) Y3
o] & Als_teh T3 Al A o A4S HokAL w7 Ao w0] 25 vt e =
H A (fnmadd.s, fnmadd.d, fnmsub.s, fnmsub.d)T T} o]8|¢t HZFH FAl-TIA]
Weo152 £ HeE s 919 IEEE 754-2008 Ho] T asich. B¢ ol ¢ ¥l 1e)2
B ek Zof thA] §F fisto] TH oflshy] Bk T gt o ©h] oF Wik of gletet FXb
& UUHE A2 w3 Falix = #hol F2& witjo]al AR ghs 7HA L Q1S o
2 Aol WEA H]o] h3(mantissa) 1|2 8] Tfi-o] MAleA] glol 4 f1elo] Hrk,
ol ol 5ol vl 7] EIA 2HE " AISH] S5l R4 E2]= A 23 Fof o]
Zasioh 19 5.29F 5.30= R 29 O] QI R4 S A5kl Qlrh

& QA e 15
S R i
9 A27]& [ A=)
a7\¢ s st w3t
RV32F¢} RV32Dof =
E a5 U

Weol7t glet.

Performance



58 5. RV32FD: ttQ/o]& HU I He s
From
To { 32b signed | 32bunsigned | 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) - - fcvt.wu.s | fcvt.wu.d
32b floating point (s) fevt.s.w | fcvt.s.wu - fcvt.s.d
64b floating point (d) fevt.d.w | fcvt.d.wu fevt.d.s -

719 5.6: RV32F¢} RV32D g Eﬂ%tﬂ 9 (column)-2 47| glo]g &¢Y-& g5t (row)2 HIHA
42 dold S ekt

BE 42574 27] gego] thale] RV32ESE RV3DE T 9] 85 457 2] 2 H
Tl Al A= Al Al AE el 1 s 02 75k Hlal B o] feq.s, feq.d,

flt.s, flt.d, fle.s, fle.dE A|FSIc} o] YHol52 gér 11]01 UﬂEﬂOV}TO A

54 2700 7)9Helq F 2o S gk o] Bof o] FEE ¥

7]t

o
I
El
2
N
T
)

flt x5, f1, £2 # x5 =1 if £f1 < £2; otherwise x5 =0
bne x5, x0, Exit # if x5 !'= 0, jump to Exit

RV32F9} RV32D: 32H|E E.359)
22 AU BE A% Ao
P43 Slek. 19 5601 291 dlole] ehelzt Weke B
ol Aeky ook

RV32F= £ A AH A x2 Ho|HE &7]= fmv.x.w ol 2 89l fmv.w.x
ool A2 et

5.5 27149l BE 247 @
o}

RV32FS} RV32DE G683 gAtggoler efolnejelo] 480 588 FPol2 ATT
HOI® Heols BEA B oS IEEE 754 5 A0 EEAL HEE BAetT
22k5b] Q18 BT R 254 Hol8E BRal] $iat ol glojof 5] wjRol

I 5% 257 B3 F9(tsgnj .5, fsgnj.d): AN HE HEL 2 FEHET
2 BE 457 BT 79 S(fsgnjn.s, fsgajn.d): AT BT HEL 12 BT
H]E o] it}



5.6. DAXPYE A[-§35}o] RV32FD, ARM-32, MIPS-32, X86-32 H] 1l 59
3. 3% 44 BS F9] exclusive-or(fsgnjx.s, fsgnjx.d): 55 H|EX rs13} rs2
B35 H|E 9| XORT}
3l el elelolq #3 2L R2FY WL T LAVAARE 258 50
OJAtg ol 2 Al FH e 393|0] 2] o] 119 3.4 %),

Programmability
1. 55 23 gz A EAR

fmv.s rd,rs= fsgnj.s rd,rs,rsO]_Ti,

fmv.d rd,rs+= fsgnj.d rd,rs,rso|t}.
2. B35 dHbA:

fneg.s rd,rs+ fsgnjn.s rd,rs,rs& WE 1L

fneg.d rd,rs+= fsgnjn.d rd,rs,rs WE T}

3. AYZFOG0=09131=0022)
fabs.s rd,rs+ fsgnjx.s rd,rs,rs’} 51,
fabs.d rd,rs+= fsgnjx.d rd,rs,rs”7} Ht}

T A 5% B 253 B0l £ (fclass. s, fclass.dth 2F PHOES
8 gholHejE] o= dAd ol Ak T B olE2 29A A= HQ T
25 SO & Fx) FollAf of | A1 ot 7] fls) HlAEstaL, 11 HT%—'%E. A
4o AlA 2 9] k9] 108 E0f 2t 107] ¥|E Fof] &4] shugt 12 AR s o] gl

x[rd] 9| E | 9Jn]

0 flrsl] = —oo o]t}
flrs1] = &4 normal S=2to|tt.
flrs1] = -2 subnormal =20},
flrsl1] = —0 o]tk
flrs1] = +0 o]t
f[rs1] = %< subnormal =70t}
f[rs1] = 94> normal S=A}o|tt.
frs1] = +oc o]t}
f[rsI] = signaling NaN o]t}
flrs!] = quiet NaN o]t}

—

O 00 N N L B~ WD

56 DAXPYE AF&8to] RV32FD, ARM-32, MIPS-32, x86-32 H|

oA $% 254 WATKA(IY SHZAH DAXPYE AHgste] 222l vl g sheln
ek 2R o F FUEA X6} v Aol T ak 2TTAY = ax X +VE



60 5. RV32FD: tho/o]& FJulz HiE raz

void daxpy(size_t n, double a, const double x[], double y[])
{
for (size_t i = 0; i < n; i++) {
y[i] = a*x[i] + y[i];

}
}
1957:CE H B2% 457 453 DAXPY T2 3.
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

79 5.8: 47] ISAS 918 DAXPY®] W] /et ZE 7). YR E o a0 Aol BA Wl A
DAXPY 0]2.2 22 4511 it} 73 o] A= ARM Thumb-2, microMIPS, RV32CE A9ttt

2714 $chDouble-

precision A times X

preion AUms X Ak 18 5890 ] ZRe] ISAS 919 DAXPY 22112 o] b} volE

Plus Y). T g2

e s 71 RS0 U5k 1B 29 570 5120

Hed. 27 ol M Ak A Fofl tiRt Z-9-eF o] ©heAd ol tiste] 2P AT RISC-V HZ->
AU A2 Pl E 7L /\lj—’ o7|E|A o] I & A7]= Ao FAFst & Ao 4]
RISC-V 2] compare-and-execute 7] += ARM-322} x86-322] H Q= F A2 A REQ} E 4]
9 5 g elols} she vl e el okl 4 olv.

Simplicity

LN\ o7 Az

Performance .
Less is More.

—Robert Browning, 1855. The Minimalist school of (building) architecture adopted this
poem as an axiom in the 1980s.

IEEE 754-2008 2% 447 EZ(IEEE Standards Committee 2008]-2

EFS], A4k 7%?%}5, A= LA R R = i Rl i e e
A BRI o) ste o]21e 37 Y 4 AR BF 457 ISAL o
Aesle RE ol o A& Holaks A4S oujgitt.



5.8.

F7hekE 61

m YT J6H|E, I128H|E, A B A47 ALt
WA= EEE 5% 4574 EZ(IEEE 754-2008)< binary329} binary642f 1 B 2= the]
ol AYUL o)fo] 2 A Mz WS AYIT) binaryl28= o5 20| 7] A}
L o] 7= E2 537 ¢t RISC-V+&= RV32Q(117 #x)etal R=2a A
WA W AL ATk 2714 0% TEol A E2efu} o] £45S dne
W AR A A 4= Qo ol 272 Antd 4= QS Aoz 7|disHH ¢tE=
A2 7t 7]+= o] %l "ol wehs 919+ F 7l e] 2 7|(F A X (binaryl6)9t TE HEE
(binary256)) & A E3teh. B9 Lo 46k GPUES Wi g of ¥t U Hlo]
B2 AT Bat ofUjek AT gk RISC-VEIA o] #1512 #8 52 ol(832] RV32V)
o W HUEE Fhoke Aol W, W W HUES AUSHE TAME T FUE
271e) Welols Z7het A0ehe HAS olof k. AAWH Lol ahe 2ohe
%1 25 £4780]5) RISC-VE RVRLE W5 2 4430k A8e 471 29 A 712E
decimal32, decimal64, 18] 11 decimal128°]2t1l 2T}

5.8 27} 8t

=

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

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



62

# RV32FD (7 insns in loop; 11 insns/44 bytes total; 28 bytes RVC)
# a0 is n, al is pointer to x[0], a2 is

0: 02050463 beqz a0,28

4: 00351513 slli a0,a0,0x3

8: 00a60533 add a0,a2,a0

Loop:

c: 0005b787 fld fab5,0(al)
10: 00063707 f1d fa4,0(a2)
14: 00860613 addi a2,a2,8
18: 00858593 addi al,al,s8
1c: 72a7f7c3 fmadd.d fab,fab,fa0,fa4d
20: fef63c27 fsd fa5,-8(a2)
24: fea614e3 bne a2,al,c

Exit:
28: 00008067 ret

#
#
#

#
#
#
#
#
#
#

#

pointer to y[0], fa0 is a

if n == 0, jump to Exit

a0 = nx8

a0 = address of x[n] (last element)

fab = x[]

fad = yl]

a2++ (increment pointer to y)
al++ (increment pointer to x)
fab = axx[i] + y[i]

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

if i != n, jump to Loop

return

1% 5.9: 19 5.79] 9 DAXPYE ¢]3 RV32D FE. 16852 © =471 92, 16442 © 7|4 0]7}
o}2], 18] 31 o] Al B | o] o9} F4]0] 9t} compare-and-branch ¥ o] 2 Q15 ARM-329} x86-32
EEEPERFE EEES EQr ety

# ARM-32 (6 insns in loop; 10 insns/40 bytes total; 28 bytes Thumb-2)
# r0 is n, dO0 is a, rl is pointer to x[0], r2 is pointer to y[0]

0: e3500000 cmp r0, #0

4: 0a000006 beq 24 <daxpy+0x24>

8: 0820180 add r0, r2, r0, 1lsl #3
Loop:

c: ecb16b02 vldmia ri1!,{d6}

10: ed927b00 vldr a7, [r2]

14: ee067b00 vmla.f64 d7, d6, dO
18: eca27b02 vstmia r2!, {d7}

lc: 1520000 cmp r2, r0

20: lafffff9 bne ¢ <daxpy+0xc>
Exit:

24: el2fffle bx 1r

# compare n to O
# if n == 0, jump to Exit
# r0 = address of x[n] (last element)

d6 = x[i], increment pointer to x

a7 = yl[i]

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

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

if i != n, jump to Loop

# return

1% 5.10: 1 5.79] Y= DAXPYE 9] ARM-32 ZE. ARM-329] A5 %71 F42]4 BEE RISC-Ve}
H| 23] 5 o] FHoIE o} 4 gtk 4l 751%;} %{a} Algll{:}M-.’;ZO]lk] DAXPYE 9@ F4191 % AN 2E &=
™ @ 5}%] gfrt.
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# MIPS-32 (7 insns in loop; 12 insns/48 bytes total; 32 bytes microMIPS)
is pointer to x[0], a2 is pointer

# a0
0:
4:
8:

Loop:

10:
14:
18:
1c:
20:
24:
Exit:
28:
2c:

is n, al
10800009
000420c0
00c42021

: 24c60008

d4a00000
24a50008
d4c2ff£f8
4c406021
14c4fffa
£4c0£f£f£8

0300008
00000000

to y[0], £12 is a

beqz a0,28 <daxpy+0x28> # if n == 0, jump to Exit

sll a0,a0,0x3 # a0 = n*8 (filled branch delay slot)
addu a0,a2,a0 # a0 = address of x[n] (last element)
addiu a2,a2,8 # a2++ (increment pointer to y)

1dcl  $£0,0(al) # £f0 = x[i]

addiu al,al,8 # al++ (increment pointer to x)

ldcl  $£2,-8(a2) # £2 = y[il

madd.d $£0,$£2,$£12,$£0 # £0 = a*x[i] + yl[il

bne a2,al0,c <daxpy+Oxc> # if i != n, jump to Loop

sdcl  $£0,-8(a2) # y[i] = a*x[i] + y[i] (filled delay slot)
jr ra # return

nop # (unfilled branch delay slot)

1% 5.11: 1% 5.79] 9 DAXPY S 93 MIPS-32 FE. 4] /|9] 27] A 2% 5 T A= g43
PP ER YRk F HALH Ato] 9] TS A 25}= 582 ARM-329} x86-320] 4] WA H = H|»
FHol FAE EY & A} S AR b 2A 15 4253 A= Ad &%l -

# 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+0xc
# pointer to x[0] is in memory at esp+0x14
# pointer to y[0] is in memory at esp+0x18

o

Hh T O =

13:
15:
17:
Loop:
19:
le:
24:
29:
2c:
2e:
Exit:
30:
31:

53

8b 4c 24
cb fb 10
8b 5¢c 24
8b 54 24
85 c9

74 19

31 c0

c5 fb 10
cd e2 f1
cb fb 11
83 c0 01
39 c1
75 €9

5b
c3

08
4c
14
18

04
a9
04

24 Oc

c3
04 c2
c2

push ebx # save ebx

mov ecx, [esp+0x8] # ecx has copy of n
vmovsd xmml, [esp+0xc] # xmml has a copy of a
mov ebx, [esp+0x14] # ebx points to x[0]
mov edx, [esp+0x18] # edx points to y[O0]
test ecx,ecx # compare n to O

je 30 <daxpy+0x30> # if n==0, jump to Exit
xor eax,eax # i = 0 (since x"x==0)
vmovsd xmmO0 , [ebx+eax*8] # xmm0 = x[i]
vfmadd213sd xmmO,xmml, [edx+eax*8] # xmm0 = axx[i] + y[i]
vmovsd xmm0 ,xmm1, [edx+eax*8] # y[i] = a*xx[i] + y[i]
add eax,0x1 # it++

cmp ecx,eax # compare i vs n

jne 19 <daxpy+0x19> # if i'!'=n, jump to Loop
pop ebx # restore ebx

ret # return

19 5.12: 1 5.79] Y= DAXPYE )3 x86-32 ZE. E oA o AL t}2 ISAS 93 Z 94 4719
A57H R 28 o Q=T x86-320 &= H R e o = o] Qli= AL 2 Holx86-329] F A AHI} HEsIthe
Zo| yuisiet. £ H A 2] 9t 0F H] W (test ecx,ecx) B HAAEH 0& AA(xor eax,eax)st7] $I
x86-32 G5 HAEr]



RV32A: ofE ] w2 of

Albert Einstein (1879- Everything should be made as simple as possible, but no simpler.

1955)2 204|719] 7H% —Albert Einstein, 1933
© w5t yfstrlo|ct 1=

AFEA ol 2 Ferst

= s

AL 27 A|A T ol A 2

A7 B e gost

o EEo] HE|ZZAYE I3t ISA Lo tste] on] o]afistal lckal 74Astal
RV32A WeolSa} TAS0] RAL slA] Aweleln gt wet ojeEse] F2
& MAAS AT A e LA 9ol BhAl BRE Bat dcka Azt
™ 9]7] =] o] of(https://en.wikipedia.org/wiki/Synchronization_(computer_science)) F+= I+
A& RISC-V F- & & [Patterson and Hennessy 2017]9]| 4] “57|sH A 78 1shH"E 555}
H .

RV32A= 571315 913t 7§79 otE R A4S 7HA| 1 St

» ofEHY f| 2 2] dAH Atomic memory operation, AMO), 12|17

o o oFA 2|/ Z 71 A%} (Load reserved / store conditional, LR/SC)
7% 6.1:2 RV32A 34 W elo] Ugte] A7 BEol T 19 6.2 & T =9) o] mu
& s e

AMOS} LR/SCE 2l e L . .
AMO o] 52 W E 2o Q= ] A4kAto]| A4S ofER] 0 2 5f5hal ¢lef v e

238A AddE Wz
zaggge gt Aol FAA HALHE AR ofEHol2tE 2 WK E ¢l 2= Atolof AIHH
°]

dfpstdd stEdlelt  Edk 4 gl thE R A7 AMO Hg o]0 Hime ¢ of ] ghe
o ads S R S e A e _
L AZLR/SC)L F B0l 5 Atole] obE D] At AlFatet. o oFAA]
afolet. T oEeelA & 9ES Ax, BAA] fA 2] 12 AL, v
AEof ofobg 71 Eict. 2AAF L mEZe] Faof A dofo] iz g A2 ¥
o Fao & =8 At Aol AT B2 A 2E ] 0 231, 1]
¢ro 00] obd o 2] ZE=F et

5
%
N,
>~

e

T
2
=

~

BN
r}L
R



6.1. 27 65

RV32A

add
and
or
swa
atomic memory operation < Xoxr -word
maximum
maximum unsigned
minimum
minimum unsigned

load reserved _word
store conditional J ™

1% 6.1: RV32A o] tho]o] 1.

31 25 24 20 19 15 14 12 11 7 6 0
00010 aq | 1l 00000 sl 010 rd 0101111 Rlrw
00011 aq | 1l rs2 sl 010 rd 0101111 R sc.w
00001 aq | 1l rs2 rsl 010 rd 0101111 R amoswap.w
00000 aq | rl rs2 rsl 010 rd 0101111 R amoadd.w
00100 aq | 1l rs2 rsl 010 rd 0101111 R amoxor.w
01100 aq | 1l 182 sl 010 rd 0101111 R amoand.w
01000 aq | 1l 182 15l 010 rd 0101111 R amoor.w
10000 aq | 1l rs2 rsl 010 rd 0101111 R amomin.w
10100 aq | 1l rs2 rsl 010 rd 0101111 R amomax.w
11000 aq | rl rs2 rsl 010 rd 0101111 R amominu.w
11100 aq | 1l rs2 sl 010 rd 0101111 R amomaxu.w

19 6.2: RV32A 33 E W2 o] dlojol-g, J3E, T e¢), 183 o] & 7HA 2 it
([citeRISCVuserspec]2] X 19.2 7]9F9] 17])



Simplicity

Performance

6. RV32A: ofE1]

D
()}

i)

0] RVR2AL o} 2] @ALE okt 5 714 W48 7}
o3 2T ALE 7} At Aol

= oF9] 29| 749 ofEH] compare-and-swap AF
AR S A A i o E A A 777 A
=o] ZhH Al WA A 28 g v 2ol ole gk
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obE U] 292 0|85} 913 % % (eritical section)& 2451 -2 Kol 3 itk

RIGE: dRe dig nd

RISC-V= ZHj 5t = 2] Y 7HA] R d(relaxed memory consistency model)-2 7FA] 1 9l o]
A g 2 s W] AT &7 glo] AR HEth 19 6.2914 B RV32A
WY o E-L acquire bit(aq)2} release bit(rl)S 7}A| 11 Q= AL Ho|1l Ut} aq HIEE
23 9l ohE® QRS ThE AdES] P4 vlwel 423 @] T AMOE A
= HAE 2 BT whef rl v EVF AR o] Jlttd thE 2H =52 o] wWikd
At @A ofEd ks AR BA F Zolth o A5 gar Aot [Adve and
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RV32A% A4 o] 1, RV32A7} QITHA RISC-V Z2A| A& o ghesih. T1afut ol
EFQlo] gt uhe} Zo] BE AEo] 7Hsdt 3 waaliof shA|u B wealAll qheTh
o Akslo] RV32AE @ 75t}



6.3. F7lsks 67

# Compare-and-swap (CAS) memory word M[aO] using lr/sc.
# Expected old value in al; desired new value in a2.

0: 100526af lr.w a3, (a0l) # Load old value
4: 06b69e63 bne a3,al,80 # 01d value equals al?
8: 18ch26af sc.w a3,a2,(a0) # Swap in new value if so
c: fe069ae3 bnez a3,0 # Retry if store failed
. code following successful CAS goes here ...
80: # Unsuccessful CAS.

# Critical section guarded by test-and-set spinlock using an AMO.

0: 00100293 1i t0,1 # Initialize lock value
4: 0cbb5232f amoswap.w.aq t1,t0,(a0) # Attempt to acquire lock
8: fe031leel3 bnez t1,4 # Retry if unsuccessful

. critical section goes here ...
20: 0a05202f amoswap.w.rl x0,x0,(a0) # Release lock.

19 6.3: 71319 T oA A WA= compare-and-swap 1382 9J5] LR/SC 1r.w,sc.wS AFE31, &
HA = Fe X (mutex)E FHS}7] 919 oFE9] 2% amoswap. wE A3

6.3 7} sk

)

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.
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Code Size

Simplicity

RV32C: Q
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Small is Beautiful.
—E. F. Schumacher, 1973

7.1 A7H
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ISAE g+5afofst= FH9-2 AA =3l

RV32CE= M2 HAIHE et ZE 42 goles i) ©d 1B 32 HE
RISC-V & o|&2 § E|ofof glth Alth7}, @2 ojAl 52|t A To] 16H|E Hgol&
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= i sin RvAC Bols 2ol delAHe ojor Bt gick 18 7.1
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7.1. &74 69

RV32C

Integer Computation Control transfer

&ddﬁmmediate} c.branch qual to zero
— not equal =

c.add immediate * 16 to stack pointer
c.add immediate * 4 to stack pointer nondestructive c. jump { énd link}
c. subtract

shift Left 1ogical c.jump { and ynk} register
€. <shift right arithmetic -immediate

shift right Logical
c.and/— c.environment break
———" immediate
c.or
c.move
c.exclusive or

c.load {—
- upper

Other instructions

} immediate

Loads and Stores
- load } {— }
c. = word i i
- float}{Etore = using stack pointer.

load

c. float {;t }c_ioubleword {asing stack Eointer}
ore -

rr
ik
ru
of
ol
2
l'lllﬂ
11/(e3
4o
2
=

°
fu

19 7.1: RV32C F o] tholo] 1. §|ZE Y o] o] £~X] WEQ} c.addidspn
FAE D 2SS

o] L2 IRl A= Hol7] gh=th F4-2 RV32C g o]
z 1

addi a4,x0,1 # i =1
£ 16H]|E RV32C H&o] c.1li a4,1 # (expands to addi a4,x0,1) i = 1 &
oAl et et
RV32C =2 A7) g ol= 2R A H shuet 22 422] ghits YA sjoF st of 2.
c.li Al F == 117 73914 16714 471 2 A A 2H}o] E Zo]o|t}.

e olAl= 11 7.39] 1091 7] ol A, oAl &=

add a2,x0,a3 # a2 is pointer to alj]
£ 16H|E RV32C H o]

c.mv a2,a3 # (expands to add a2,x0,a3) a2 is pointer to alj]

= tiAlstA

RV32C move H & o]= % 7]9] X AE TS YA|GFE R 168 E dojo|t}.



Cost

70 7. RV32C: 9}= H&o]
Benchmark ISA ARM Thumb-2 | microMIPS | x86-32 | RV32I+RVC
Insertion Sort Instructions 18 24 20 19
Bytes 46 56 45 52
Instructions 10 12 16 11
DAXPY Bytes 28 32 50 28

79 7.2: 9FE ISAY|A] 4H¢] A A7 DAXPY ] B PolE3 A 37].
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mRAA AAAE RVIC §gel2 RAT 4 gAT ESoR g 78T 5
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B, 7412 23 Sl 1000007 0] £ Gle] BB o] LRAA WA S147]7k A s
H| 2 ob ke Hrolch
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73. A& 71

o] % b 2E AR & 4 Gl AR 1] Ik 1050119 17 159} e
AR Ax|ste], AN ¢ & fRe] =z ] tste] RV32G F == RV32GC ZEH
o} 2 379 o ek 212 BelEth o] ALz Zol7] gIaiAE LRl g
o4g9] ol So] RV32C Bl 7} Hofof gt

m YT RV32CE AL R EESH)?
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1 would have written a shorter letter, but I did not have the time.

—Blaise Pascal, 1656. 1= %| % 9] 7] AA AAE7] Z shUE WrE £5ixt2 B8 AL
Z=AF71e] Niklaus Wirth7} ZF410] o] 28 wha] T2 7|7 ¢1o] o] o]=2-& A7 Fir}.
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A. Waterman and K. Asanovié, editors. The RISC-V Instruction Set Manual, Volume I:
User-Level ISA, Version 2.2. May 2017. URL https://riscv.org/specifications/.
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72

# RV32C (19 instructions, 52 bytes)
points to a[0], a4

# al is n, a3

0: 00450693 addi a3,a0,4
4: 4705 c.li a4,1
Quter Loop:
6: 00b76363 bltu ad,al,c
a: 8082 c.ret
Continue Outer Loop:

c: 0006a803 1w a6,0(a3)
10: 8636 c.mv a2,a3
12: 87ba c.mv ab,ad

InnerLoop:
14: ££c62883 1w a7,-4(a2)
18: 01185763 ble a7,a6,26
1c: 01162023 sw a7,0(a2)
20: 17fd c.addi ab,-1
22: 1671 c.addi a2,-4
24: fbeb c.bnez a5,14
Exit InnerLoop:
26: 078a c.slli ab,0x2
28: 97aa c.add ab,a0
2a: 01072023 sw a6,0(ab)
2e: 0705 c.addi a4,1
30: 0691 c.addi a3,4
32: bfdl c.j 6

#
#

#

#

H OH H OH

H OH H H O H

is i, ab is j, a6 is x
a3 is pointer to alil
(expands to addi a4,x0,1) i =1

if i < n, jump to Continue Outer loop
(expands to jalr x0,ra,0) return from function

x = ali]
(expands to add a2,x0,a3) a2 is pointer to al[j]
(expands to add ab,x0,a4) j = i

a7 = alj-1]

if a[j-1] <= ali], jump to Exit InnerLoop

aljl = alj-11

(expands to addi a5,ab,-1) j--

(expands to addi a2,a2,-4)decr a2 to point to alj]
(expands to bne a5,x0,14)if j!=0,jump to InnerLoop

(expands to slli ab,a5,0x2) multiply ab by 4
(expands to add a5,ab,a0)ab = byte address of al[j]
aljl = x

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

(expands to addi a3,a3,4) incr a3 to point to al[i]
(expands to jal x0,6) jump to Outer Loop

29 7.3: 49 A B 1% RV32C TE. 127)9] 164|E B0l 31 37]2 32% &7 gtk 2 o] 9]
=2 £ ud Go] Yt 16945 B2 A5 FFRTE RVIC §FolS(c. 2 AZSHE)2 B Ao A
BAH 2 Hol gk B4 oMl Belo] 2 v o} AutAd 2 4 girt.



# RV32DC (11 instructions, 28 bytes)
# a0 is n, al is pointer to x[0], a2 is pointer to y[0], fa0 is a

0: cd09 c.beqz a0,1la # (expands to beq a0,x0,1a) if n==0, jump to Exit
2: 050e c.slli a0,a0,0x3 # (expands to slli a0,a0,0x3) a0 = n*8
4: 9532 c.add a0,a2 # (expands to add a0,a0,a2) a0 = address of x[n]
Loop:
6: 2218 c.fld fa4,0(a2) # (expands to fld fa4,0(a2) ) fab = x[]
8: 219c¢ c.fld fab,0(al) # (expands to f1ld fa5,0(al) ) fad = y[]
a: 0621 c.addi a2,8 # (expands to addi a2,a2,8) a2++ (incr. ptr to y)
c: 0Obal c.addi ai,8 # (expands to addi al,al,8) al++ (incr. ptr to x)
e: 72a7f7c3 fmadd.d fab,fab,fal,fad # fab = a*x[i] + y[i]
12: fef63c27 fsd fa5,-8(a2) # y[i] = a*x[i] + y[i]
16: fea618e3 bne a2,a0,6 # if i !'= n, jump to Loop
Exit:
la: 8082 ret # (expands to jalr x0,ra,0) return from function

=

1% 7.4: DAXPYE 9J3t RV32DC ZE. 87]2] 16H]|E HH0]E=36%2] I =5 E0c). Z gFojo| Z2 &
WA Aol gl 1635 B4 A5 SHTT RVAC FPoIS(c. 2 AFshn)e £ A4 3
Ho|A|g, B4 02 ol jlEe]o] m2 e o} Antol Ak Holx] gt

15 14 13 12 11 109 8 7 6 5 4 3 2 1 0
000 nzimm(5] 0 nzimm([4:0] 01 CI c.nop
000 nzimm[5] rs1/rd#0 nzimm(4:0] 01 CI c.addi
001 imm[11[49:8[10[6]7[3:1]5] 01 | CJcijal
010 imm|[5] rd#0 imm[4:0] 01 Clc.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 Clc.lui
100 nzuimm|5] 00 rs1’/rd’ nzuimm([4:0] 01 Cl c.srli
100 nzuimm[5] 01 rs1’/rd nzuimm[4:0] 01 CI c.srai
100 imm|[5] 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 | Clcj
110 imm[8]4:3] rs1’ imm[7:6]2:1|5] 01 CB c.beqz
111 imm[8]4:3] rs1’ imm[7:6]2:1|5] 01 CB c.bnez

1% 7.5: RV32C 3. E H(bits[1 : 0] = 01)-2 FoJo}-L, FIE, T, o] S-S Y3tk rd?, rs1?, rs2° =10
N9 G783t H A AH a0-a5, s0-s1, sp, ra?} T& Hth(Waterman and Asanovié 2017]12] & 12.5 7]4H9]
a9)).



74 271 o
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
000 0 0 00 CIW lllegal instruction
000 nzuimm[5:4|9:6/2|3] rd’ 00 CIW c.addidspn
001 uimm[5:3] rs1’ uimm[7:6] rd’ 00 CL c.fld
010 uimm[5:3] rs1’ uimm[2]6] rd’ 00 CL clw
011 uimm[5:3] rs1’ uimm[26] rd’ 00 CL c.flw
101 uimm[5:3] rs1’ uimm[7:6] rs2’ 00 CL c.fsd
110 uimm[5:3] rs1’ uimm[2]6] rs2’ 00 CL c.sw
111 uimm[5:3] rs1’ uimm[26] rs2’ 00 CL c.fsw

23 7.6: RV32C -&F.E H(bits[1 : 0] = 00) oo}, &I, T, o] 2L }AFT} rd’, rs1?, rs2 =10
712l 583t A2 H a0-a5, sO-s1, sp, raQ} I Fc}(Waterman and Asanovi¢ 2017]19] & 12.4 7]4H9]

a3).
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
000 nzuimm|[5] rs1/rd£0 nzuimm{[4:0] 10 Cl c.slli
000 0 rs1/rd#0 0 10 CI c.slli64
001 uimm(5] rd uimm([4:3]8:6] 10 CSS c.fldsp
010 uimm|5] rd#0 uimm([4:2]7:6] 10 CSS c.lwsp
011 uimm|[5] rd uimm[4:2]7:6] 10 CSS c.flwsp
100 0 rs1#£0 0 10 Clcjr
100 0 rd#0 rs2#0 10 CR c.mv
100 1 0 0 10 CI c.ebreak
100 1 rs17£0 0 10 CJ cjalr
100 1 rs1/rd£0 rs2#0 10 CR c.add
101 uimm([5:3|8:6] rs2 10 CSS c.fsdsp
110 uimm(5:2(7:6] 152 10 CSS c.swsp
111 uimm([5:2(7:6] rs2 10 CSS c.fswsp
1% 7.7: RV32C |:3.& W(bits[1 : 0] = 10)-2 #Fo]ol-2, FI &, LW, o] E-S 1} 3t} (Waterman and
Asanovié 2017]2] X 12.6 7]4t2] 19).
Format Meaning 15 14 13 1m 10 9 8 7 6 5 4 3 2 1
CR Register funct4 rd/rs1 152 op
CI Immediate funct3 imm rd/rs1 imm op
CSS Stack-relative Store funct3 imm 152 op
CIW Wide Immediate funct3 imm rd’ op
CL Load funct3 imm rsl’ imm rd’ op
CS Store funct3 imm rsl’ imm 152’ op
CB Branch funct3 offset rsl’ offset op
cJ Jump funct3 jump target op

1% 7.8: 4= 16 H|E RVC ¥ P o] X, rd’, rs1’, rs2° = 107 9] 4 # X 2 F a0-a5, s0-s1, sp, ra®}
FE HFth(Waterman and Asanovié 2017]9] 3 12.1 7]¥te] 19)).
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Seymour Cray (1925-
1996)+= 1976 of] H1 €]
TF2E A5t A%
o= JYHo B 43I
374+ ¢l Cray-19]
ol 7|8l E ALk, Cray-1&
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Performance

Isolation of Arch from Impl

00oC

Programmability

RV32V: HE]

I’m all for simplicity. If it’s very complicated I can’t understand it.

—Seymour Cray

8.1 A7

o] o A= o Ee|A ol o] FAl ALt & A Arr W HlolEof tiet glojF

HA ¥ &Y (data-level parallelism)ol| Z275-& S511 @it v g o] tE A Q1 o Aolch. 1}

o §& Z2 oA 7] 2 vigto] &1 HEH]| T2 oM ARG et 38
| T2 G olF AEE 5 443 Hlo|EHE ARSSHAL HEu|Ho] T2 73128

1
E°} I6H|E A= Hlo|H & TF Arg-ottt.
ol e THA WA A 71 & &2 A L2 = SIMD(Single Instruction Multiple Data)
o|th. SIMD&= 64H| E F| 2 AF 5 o9 8, 16, 32H|E 210 & ntE]/dste] fE 4 o= 7

Iz

SIMDE w27 §57] gla) of7|dEE 54 B0 o Be uhe AL 54
7] $l8) WA AH 0] ZL WA SIMD ISAE A4 o2 2

dlolE] Z& PAsa QLR SIMD HAAHE ST A
spAghTHE 4.8 olu] gt SIMD @745 o] 23} SIMD o] 7]

do o rr o -

9el9] A0 dole wA FBAL o857 Iat v s 6% ol o
Qhe B 0|tk & oAl RISC-Vel SIMD th4l #HE AHgsh] gl 2A4S
A At

o) FFE o o 4 AR S Bobd A1 A% el v 7| H ol ol
rh atolmetel o B A $11e ol W 2| AE oA e T&H 02 A,



8.1. 47 77
Computatl;(i)g RV32V
2= Load and Store
multiply
multiply high woctor { oad } strided }
vector |20d vv} store) | indexed
- or S -
- .VsS
xor Comparison
minimum equal v
maximum vector predicate J 20t equal vs}
convert less than -
s_ubt_ract_ greater than or equa
divide v and
vector 4 remlnder . Vs _ and not
- shift left Logical Tsv vector predicate < or
shift right arithmetic exclusive or

\shift right Logical EAAA'S not

_ add .VVS ;
vector fused {negative}@"tip'y% Etract} vsv Vvector predicate swap

— .vss
vector sign injection { negative a4
r

Miscellaneous instructions

set vector length

vector class.v exclusive o vector extract.vs
vector move. vv L‘: vector merge . vv

hA move.vv an hA

vector square root.v —_— vector select.vv
- I or mat Aata s

- v vector set data configuration
vector atomic memory operation4 SWa; { :}

xor

minimum

maximum

19 8.1: RV32V o] tholo] 13 54 eelol 2.2 o] o] Tholo] 1e-& 93] Qi RV64VO] A =

W3} glo] T2
ZLEL Sof Mg 2= AL Z2HE HE R 2E A HQl HRe] 2 A 24
e A 2E o A7 SIMDA Y FZE e Zof ofyzt #E o] Fdof 9
OH M BAEY. o|=RE & 5 %ol FFo QlZG oA BE dojef 8 Alo]E
Zo ks #ejohs Zo] HE F-x20] 4] ojr]. WE ufo]ARor|HEE Tz
o g&= W A ¢k ol E stEolE rEedor AAE 4 A, e =
=5 ARISHA] ¢h il o 21 Wl E o] 2 o] 88 4 Aok 5712 e -2+ SIMD

olth. B-2o] Mg L2 SIMDOH= gra] & ¢

=
—1- =
ZHo 22 @2 g golE 7L
Hupd

e 71$& A7 9

M| AL SIMD EE T E 2ol 4 M ISAC] ] of Exbe C2e} e
e o] ” B R U8 FEelol Zof 1ol Holck. ket of el o] ME o] oA
] Zlo] &1 Atk [Hennessy and Patterson 201119 441 2.5 GE ¢loj®at 1311

RV32VE= ISAE H’—,—ﬂ-d}-}; 7]1:]]—01. E/\-] ) 7]_1]
sl el<ote et

9loiA] efel i So] ofn] wel zo
Z7b402 gre Ao @ asit.

€ Hejn|t] o] g3
(MMX)-2 19974 9]
SIMDE 7oA
THEith 19994 9
Streaming SIMD Exten-
sions(SSE)2} 2010 of]
Advanced Vector Ex-
tensions(AVX)S =5
zdH o2 YT,
MMX 4L ¥4
& (technicolor)2] 42
S ATS P2 WA
2hele] tas WA
LEAES HAFE
MR EERE DI
wol geixA = giet

Simplicity
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8.2 M| A4t Fol
3

7% 8.1 RV32V 34 o] o] AJZh4 Edelth. RV QEge nlrels
oot 2 el iz Wajo] Flojob tholo 1aE makshAlE spth.

ol Holl e HE Aret FE 25 At WRole Mo R WY WS 7t
132 9tk 19 8.19] gl W Ho]E-2 RV32L, RV32M, RV32F, RV32Do]| Q= GAAto] A
=T 7 Wy ol TR w iAo wEt ¥ ] FRE 7HA AL ik 2
A m A4 A w2 2 vy ] AD, shute] HE A2 A oF AZEr A
£E(vx HulAD), shube] HE A2 AE 9} shue] AzEr A £2](vi HulAb),
= sho] HE 2| AE o shite] At 5 A H A AE (L vE HulAhel 97t
ATt DAXPY L2 T3H(572] 59|01 2]ofl 9= T™ 5.7) Y = ax X +Y 5 AAtsH= ol &
SolHH, X9} Y=g o] 1l = AZeto| B2 vimacc.vE o] 2 AL&SIcH WE-AZ
gt A LE ik A8l sl BEE HTE 2T YA LEHE BAISHAL, HE- A
A A4S SslA SHIE A& ARERIH. A7 A ZES] gt 8 40 YAE AR
& wij= A zePgo] =il T o] 2] o] £2= il Feebgo] At BE Aol rs2e
2] wE A AEO|AL rdi= 2] HE A AF ot

WA Al 22 B HoA ddbE2 A A w it el
m] Atk HE ¢l B o] g2 7 AL Al o3 R oS Wit (reverse) 14T
| o e
7_l

N

0

O H & e
)

2~
a
| -
1
ju

27l vr JFAFE 7 Aok oAlE 0] vrsub.vxe A5 HALH rsio]
Zhetol| A He H A AF rs2of] Bt 845 WAlsto] WE A A ol ZF 84
7]t

O 8100 2= A ditels @40 Zof s BASHA] L AL
E2p o2l 250 EAMS A E RET T HollA efelz] Attt

mr > 3

8.3 HlE Hx|AHe 54 gl

RV32Vol= vie AJ2Fshe 3270 Wl E A A H7F S7Hd ) shue] Mg 2] AH H|E 4
+ MAlottr ©h=2 3 VLENo|2t FE2tt. WlE YA AH 2 Wy gyo] o dupt B2
F@ol7t E o QleA A ghe AstE R, TeAA AAZE Dty g2 w2t
9 YR 2E ol AZE 5 = 29 AFE o gt 45 Faxof| 7]9sto VLENS 24
gttt of| & Sof wheF =2 A A7F HE H A AEE 95 10248t0] ES TIttH, &

7He] HlE A A7 4719] 64H|E @4, 87[19] 32H|E @4, 167]19] 16H|E & 4, E‘;
3279 U] E 242 770 ZE st}

W]E] ISASA W] 2] 28] 28 G5 M08 $A517] A HE] TEA AL mar-
imum vector length (VLMAX)S A4St VLMAXE Hl g XA Zo| thE T2 4|
AMoA e 2l o] HAsH] AP A 517] fls AHEE T WE 2ol YA 2E(vl)=
ST A4t 915l skl e o] @4 75 Asho] v E o] AFo] VLMAX] Hlj4=7}



8.4. HIE] =] =] ZF 79

31 30 54 21 0
| Tlegal Type (vill) | Reserved | Std.Elt. Width (vsew) [ Length Mult. (vimul) |
1 26 3 2

1% 8.2: RV32V HE 8¢ g AH, vtype. 7HF Q8% T H|E X vector length multiplier: LMUL = 2Vimul
E QIR 2 A HEEFFE Q4 ZSEW =8 x 2Vsev H]E E QI Sth /IR YZ HE ville
vtypeo] HAAG gto 2 AA = G=7] opdA] 717k @ ville] 1o]etH He] PP ol & APst=d
A =g o9 Zgos dAgict

ofd 7o Z2aHE AYL & UEF T2 T o HollA= VLMAXS} vie]

o sl A ZFA| 5] ”Uﬁh‘/}

T sA] ¢kl 5202 Mests A
o} 9 E] A4t Mol T2 T2 o QA WlE ] AE T} QAR U]

= Q4 Z(Standard element width, SEW)Q A A5} g A AE 9
L pale Wl HEo]o] 4E tiE Fo]al, o] RV32V HAlo]

’6‘}71 UH—Er o Sa5}ct 891401]/\1 Euqu 4 % SIMD =&

Ei:’-ﬂ‘ﬂﬂ“—“ﬂ Q40 £ FA o A 4 ole A 9o, RV32VE HH g
2| 2AE Q] S T dolof 2HA AASH= AL 2| A3ttt Vector length multiplier(LMUL)
< 1,2, 4, B= 88 442 4 Utk LMULO| 5715 wE #2287} Ho] Has)
2] 2 Agtel A Al HE HAAH AFAE B G805 AT 4 A Hoh
LMULe] 1 wj ®= 32709 #E 2] A8 = AM-7Hs5kal 24242 VLEN H
TF. LMULo| 84 ufjli= &= 8514 Wl ¥ 2| 2| A~ ¥|(vO0, v8, v16, v24)TF AL-8-7}5-5F
o] 8xVLEN H|E Zo|7} Ht}. ¢ 71 WlE = A3 45 Fdol d 5 1
H| i8] 2 AR 7HR] = Al A' oA A5 el Al

vtype H A A~ EE SEWSF LMUL A A 71x| 11 et 18 8.2 vtype] #o]ot-%-
2 Ho| Qitt HE o] vig AASt=vsetvl} vsetvli H H o= viype A A St

84 9E Azl A%

e A3 et 2GS She 7P 412 B9 mlR ol At E A E] e 12k vl
& TR Jlolk. el A7) Belo] vie.vi 4 A AH rsie] Qs FaolAl A2t
54 FaRH HEZ e 3= HolHE WE R AH fet BE 84
2 SEWE dlo]e] 249] 2718 4o} 2 1o] AA2E 12 HAE et 240)
MNGE AAstet e A% vse. v vie. v Hit d4bo]th

ol & Eo] WeF aoof 10245 71421 131 SEWE 32H|E R AAE o] QIttH, vie.v

ooc

Programmability



0oC

Programmability

ooc

Programmability

QA AR = EJE
gatherstil 311,
Q& AFL FTF
scattere} 1l B2t}

80 8. RV32V: Hg

v8, (20 2 1024, 1028, 1032, ..., 1024 + 4x(v1-1)o] A 32H]E @ A2 vgo] ZAat
Aol

ChAH o e ko] B AL £A 04 91 Aoleh. 7oF 9 FA0.2 A7)
o] 9 2719 Lo wAH 02
dlol] 2ol ool ek ME] TEL o]gl BIG AEefo] S(strided) HloTE] A%
vlse.ve} vsse.vR2 A LSttt vise.ve} vsse.vo]] 84 T7]|E AEZo|ER AT
Ve v} vse voh L ATHE 92 4 QAT vie. v} vse vol AL BE o] 2744
JNAS HAtER 2 vie] o Z o2 Hdor] rt. the o|f= vie.vel vse.v
£ AEste] &9 AE o] =gl dubAQl F-9-of tiste] ZE F7]¢F H o] 45 Eol
Zlolth. vlse.ve} vsse.ve A& FAE A= sl HIO|ER H AEZO|EES
AohE r22 8 5 9] 2404 A 2EE AR
AE S0l aoe] Al F4 10247} Q1AL ate]] §F P o] A7]<1 64| EZ} Qitkal 7t
Attt vise.v v8, (a0), all F4 1024, 1088, 1152, ..., 1024 + 64x(v1-1) &A =2
w2 2o Byl et vz eof A et = tlo| Bl 52 2] WE 2] AH O] @ 4-of A4
o= Mol

A7) BEIE Y dense) EE S O AL, Sasparse) ¥
2 A¥sP7] 9I9) M P olEA YolE A% vize.veh vsxe.vE AR o]
FolEollA shte] FU7] A AH = WE YR AEE 7H 7|2 ohE FEA] HA A
Dol o 2|2 F S Fhe) ek, Ageh el A AE LS S Wi o) A|A FAE AR T
5] 217028 rs20] 2 8 Aol 8] ol A 00] ohd 240 Hho]Ex 5 olF]

ol rr

=
=

=
=

>

|

a0o]| AJZF 4> 10247} Q1L WlE A AH vi2 22 4719] @40 Hio|ER & <
o~ 16, 48, 80, 160 7} 11 9kl 7FAEHA}. vize.v v0, a0, vi-S 1040(1024 + 16),
10721024 + 48), 1104(1024 + 80), 1184(1024 + 160) &=/ 0] 42 v m 2] o] Y Zo|c}.
2 elo A ¢ tlol Bl =212 WY 2 AH O] @ 4of =2} 0 2 ARt
2= o]uf i F-& QlEl A Aot 2 7ol Qg o] f & SR, JIEU A BE Fl
A0 & dlolE o] Hdote thE daeE2 Hol itk
AG7HA] el R4 272 H AA} AghS Ltk vie. vollA] “e”7} ou|sh=
o] @4 F7](element-sized)°|t}. o] P o= 2} @4xof HI5H7]| 9fs T ot H R
oF8 AA 5= SEW(standard element width)S AF&Stch RV32VE 17 77] AR <t
e 7EA AL Qlo], ZF @ 4xof k7] fio B ash v o] 2 F A Eof AR
2 So] vib.vi v]Be] 2R E A4 vl Hlo| 2 Yol A, B wE] g7 o] &
Aol SEW= 7} Hio| EE F 2 873t} vibu. vi= 227 th4lof Al 2272 ot

N8 1o

ARt 4 27] AA et Ao tisto] 84 A7) SEW A7]1E Hold 4= glal 1"



'L

8.5 WE 4% F H% 81

8.5 We A9 F HEA

1719 42 dloleE 6 64H1E011 o5 U TR AME Ayt o 22 Aol3 Y
4, B 87)0) 64 E 248 AT ShEol WY Qo7 22 AolF & Ua)
& o] o ofd o H el inge) 9 8 ARl Ee
SIMDQ} 2o] 84 Zo] Aol W & o|8 Qate] i ZAkgh weba 2 A
o] 2 T 4711¢] 64H| E rtS Alitoh= Wl Z2A|M= HdH o m S Ato]E T 8719
32H|E, 167]9] 16H]|E, 327]12] 8H|E 4tS Z|AIS 4= Qi
SIMDOJ| A= ISA o}7 || EZ} 28] Ato] 2 i HlolE] e 4te] )| 7lj4=2F 2]~
B & 84 9] 4= AATI} SIMD H A AFH Zo| T 2 2718 wjuitt SIMD B & o]
Sl 5 R 271513 SIMD Antle S WA o} shs wiol, RV32V LA iz
ol ISA == AntddE WASH " Q glo] o EFPES 7= 4 011:]— old £AA
$Ag o Qs g Badt vE Z2ANNARE 14 FAA vE Z2A A7
FUR}RVI2V eI ow HAGlo] aador A3Pd 4 QL

==

8.6 g Qare] AR A3

O:

2ol WE A4t if A Zohth #HE L2 AR BU)o] oE5h4] ol 9
At W g 4o tf5)] GRS AASH= upATE 7FA] T Qich 18 8.19f Q= AT
FEol: T WlE Ei 3 et AZtat bl o] 24 HAES s, whef 11 27
S HESHA 1, 28] ¢kow 02 Mg npAT ] ZF @ 40 220} o] 5 0] HlE] HHol:
ntATE ARRS 4= QI HE 7} 10]H Q4 i= W ditog HAad 4 ot A4S
oJe]3131 001 8.4 i7} 9T Sprhe A elalgict

RV32Vo|A Bgol= nfAa A a(S, F2AHor APHe)rE L A |
A 91 A2 A w0)2 kAT B 4 Qlck. WHols} nhazE ul. voo] gl 7t 84:0)
519] HIE(Isb)t= 1 8.4 A4to] HEHQIA ol 7] 7HZ]eh. o] vmand, vimand,
vmandnot, vmxor, vmor, vmnor, vmornot, vmxnor—= S H Z AR 98X 02 A5

©2 W 2] 2H o] H5}9] v Ee] e] Walol2 Sadt
o Sol, e d 4 2E vao] BE A% a47}&o] 44
R SR CE

vslt.vx vO0,v3,x0 # set elts of vO to 1 when elts of v3 < O

vadd.vv v4,v1,v2,v0.t # change elts of v4 to vl1+v2 under vO mask

O] _?_E—gl 75—?‘}'% v09] E}é Z_q._/'\_ _9_/\01] 10 /\‘]1’]0]-_]_ E'— 'g‘—/F‘ _9_—/1\—01] 0—%/}'—} é?l—ﬁ]—
T3 vidhveol A th-gehE 840 o2 vao] WE Ay 9 AE ettt vao] &4 T

Performance

ooc

Programmability

Performance

o g2 utA3 A
2EE 73 gle
z2aHgL g3t
HAW 2245 F sk
9F7FA 3 STk 32
H|E o] WE] B ol=
AFEZE 4= qlojA
W& o] olzgo] 7+4

=T

af2ch.

ghoF i B2 ¢ 4to]
HE ol 93|
SPArd Z2 P2
¥ej5t b5 stoketn
gk, 57 (qathen), &
Ak(scatter), I D}/\ﬂ
(mask) & o]z ¥ E

5} 7Hs gt uiJ%A
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LAL I QIth vo.t EH-L vadd.vv §F o7} v0o 2 ntAI R = ZS 7 71T

A E 11, vsetvliof A= 12H| E 2] 2 A HTH A 22 viype A A2 A2 VLMAX
£ A% vsetvldt vsetvli P ol= & ot A A A AEH 5] 0% Q5= HE 4
ol & AgT=tt rsl} VLMAXE A= WE Zo] vi& AAsH] Hrh. M4l =&
V18 S oFke] § 9148 710 T QA s L VLMAX o 27 92 3ES
QT Aol o9 FAT W Dbl rsIok VIMAX N B 2] vig e,

M2 viS Z4 A AF rdof| & 1)

vsetvl WAl AT E o7} Hupd Al7te] VLMAXE 92| F5tal vjd o] 2717}t
VLMAXoO]| Y 2= o] A gle] VLMAX F7]9] FA 2 H vjd& A2t = gt
L= HHE Ao A gteF A 2jofjokst= nlf @47 HollthH AT EQJoj= n7f 84
HEE Q5= vsetvl P o5 APSeh MAIZ 07l 84 HE E= ol 242 TS
vlg AlFd Aolth 181l YA AT E{oj= HHEE& 745k HE Pol & A8yt
oF apAE O & AT E o= nof|A] v1g W1l no] 00] H wj7}x] vhEE-5 A /gt o]
Aol A A a2 ATk Wi Eg M 2719 £2bo 2 Uil A5 sk
ol WA strip-mining©| 2}l {tth. th3 Hof|A o] F a7t 7|Hef gk A& 4 E
Zlolth.

T3FRV32VE HE HAAE YO A 2 45 T Al 7119 P olE 7HA 1L Sl

Vector register gather(vrgather)+= & HA Q2] QA HEof] YAIH Q4 ||

A ZEA Hlole HE 848 A Mz 23 HEHE QYT

# vindices holds values from O..VLMAX-1 that select elements from vsrc

vrgather.vv vdest, vsrc, vindices

uhabA ek v2o] A Y| 7 84718, 0,4, 28 71|31 QIthH, vrgather.vv v0,vl,v2e
v0o] 0HA @4 += vio] 8]A] 942 thAolal, voo] 1HA Q4= vio] ORA 8942
A AL, vo o] 2HA] @ 4= viO] 4 A @ 42 ThA| =1L, vo o] 3HA] @ 4= v1 o] 2H A
842 A @t gk QAT VLMAX-1-S 5715, t)Sals 222 9 4L 00]
.

Vector merge(vmerge)+= vrgather?} G2 9h, ofA 3 2] AE(v0)E E5) o]
A A LHE AR AR AERtt). vrgather o= wkAA A AH o wh
7ol LA HALHS ShHEFE 245 HobA A= 23 HEE At
afA T H|EZF0o]2tH vs2¢l Sl 847 22 847} E| 1 1o]2HH vslof Gl &
A2 827}t dct

[t

[¢]

o2 ol
R L



8.8. HIE ojA: RV32VS DAXPY 83

# a0 is n, al is pointer to x[0], a2 is pointer to y[0], fa0 is a

loop:
0: vsetvli t0, a0, e64,m8 # vl = t0 = min(VLMAX, n); SEW=64b; LMUL=8
4: vle.v v0, (al) # load vector x
8: slli t1, t0, 3 # t1 = vl * 8 (in bytes)
c: vle.v v8, (a2) # load vector y
10: add al, a1, t1 # increment pointer to x by v1x*8
14: vfmacc.vf v8, fa0, vO # v8 += fa0 * vO (y = a *x x + y)
18: sub a0, a0, to #n -=vl
lc: vse.v v8, (a2) # store vector y
20: add a2, a2, ti1 # increment pointer to y by v1*8
24: bnez a0, loop # repeat if n !'= 0
28: ret # return

1% 8.3: 1Y 5.7 9= DAXPYE $J3H RV32V FZE. 7] A o] RV32V 3 =7} SHAE A] g7 v &of
WA Sl

# vO element i determines whether new element i for vdest
# comes from vs2 (if vO[i][0] == 0) or vsl (if vO[i][0] == 1)

vmerge.vv vdest, vs2, vsl, v0.t

webA] TheF voo] A2 vl ZHe] 8471 1, 0, 0, 12 7FA] AL Q1AL v2o] A5 v] 7j9

{471 1,2, 3,42 71X Q10, v3e] A& Y| 7| 847} 10, 20, 30, 402 7121 QJTHH,

vmerge,vp0 v3,v2,v12] A7} v32] A& 4| /]9 24 % 10,2, 3,400] & Ao|th
Vector slide-down(vslidedown) &l o] 3 ¥lg] o] Z7FEE A|&tst= 942 = H

A ¥} 22 AE 2] Aol w2 gt

# start is scalar reg holding element starting number of vsrc

vslidedown.vx vdest, vsrc, start

oS So] greF wlE] Zo] v1o] 640]1 a07} 160]2}H vslidedown.vx v0,v1,a0= v19]
n}z]a} 487 @ A2 v0o] A|ZHEE 487 Q4o EA}st Ao|).

vslidedown T 3 o] o] Z A A AR} (binary associative operator)S ¢ 5f] ¥HE-2] gt
71 (recursive-halving approach)oﬂ whal 24 A]7]= g9 E%—% =t & =] 9H
QA AHe] BE 940] BE ALH] SJo) WO nhAg whe ch2 W 7] e o
g Wo2 %Alsto] W Fo|E WoE Folt W 22 A§ch chael 5
g g A AEE A It WE Aozt 1o] F wj7hz] §EE2] w2 HhELto) O A

g0 e 27T HE HRAE S RE 849 50] & Zolth

[*]

8.8 HIE o A]: RV32Ve] DAXPY

19 832 RV32V ojAlBEgjo] 2 H DAXPY(5% ] Q1= 590 0]x]e] 1 5.7)& Ho|1l
om, gF Wof o ©hA| Arggict. RV32V DAXPY FEof tigh ZEZJE ¢l1 b

Performance



RISC-Vo A V= "l g
T35 g FStot RISC-
Vv o]-;r] HEL- tﬂh-j

EHW Oﬂfﬂ SIMD7}
AhE 02 ALgEE
Zof il ggsh 33
o wtebA] Vo ojuj
ohA WA # 22| RISC
DT 2AE o]zl ISA7}
Hgo| 2HL =7
STk 22 ojmjgtet.
vl gl HH -‘.L_L% %=
2ol upxat 9 2
7] $1% 7191
FE7} = @5}, nol
Z7]°f 1A &= A =2g
= g7} glck.

Performance
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Al e E ZHhe ARttt A WA 9= v1d) veypes A4Sk Z0]al vtype
of tish W] AP viype BEFE 24 F(SEW)¥} 2|t #]E| Zo] 5A417](LMUL)
& 7/350] ot DAXPY+= o|F AL FF &g AolA S5 R R SEWE 64

HER A& ottt DAXPY = x@ y v 29 dR-E2 FA5H] S8l 7o WlE 4
LERto] Wgstag, of 71 WH & AR 7Hs ok LMULC] 2|tz 85 A4 sto] v 8
A e 2 AR AR Zo|t. xE] -2 vool 1ALy Bl D2 v8of| .

RV32V 2 A[AofA 5128t0] E w2 2]7} WE x| 2Efof A= o] Jlttal 7Hg st
ZH(tHg Aol A Hlalsh= F SIMD ISAF AX|5hs 7] A=), 3271 9] WE X 2F 7}
Qlormg 7ZF7Fe 16Hlo|Eo|t}. 12t LMULZ 8o|B &2 Uz 47 2] vl g2 A=
27} 12840 E = 167119 o]F FUE @40t} a4 VLMAX+= o] =ghzof tist
o] 160]t}.

vtype= AASH= Zol|l F7I=, vsetvli P ole £&E ] 27|A t= HH |
Folo] HlE ZolE ARt vsetvli Yol VLMAX®tn 5 o 2F2 & M=
vlg ZAAshl, A 2& vie t0of] HARITE Thef of ZefAlo]d WlE 7} Aot i FiEe
HEE o 4] v12 VLMAXSH 22 Zo|ch. npx] 2} yhio]] thsiAl i ghef no] VLMAXE 1
1o} Wol 2] 7] gH=thd, v1& VLMAXHL} B 24 Zo|th. o] & v 4le] x9} yo] 27]

oL UL 2k RS P

4R o) A vie.v ol 2gke} # %] 28 ate] 9 xo] F
o]t}. o] ol v ejo] i xoll A v 848 v00 R AA
BYol110E TS WOl G 4 S x5}y FEATE 571417
ehruto]lEz H HolE o] £(8)S Hdte it ot

cHZo] = vie.v P ol= W e yo] FAFH vIZIE ¢lof vz ARt
o b8 o Eﬂﬂ(add)h xo] Tt EIIE 2 Z71giet

14 x| o] )= W o7} ATo|th vimacc. vE= x(v0)2] viZf] @ A} AZ et a(fa0)
2 y(v8)2] v1Z @42F H3kAL, viZl 92 y(ve)oll thAl A4 ettt
-2 wmelof] AyE #Fstal AR =2hE o H oﬂ‘: £ #%sts Aot
18z ol Q= P G ol(sub)= o ¥l HHR o A ¢z = A4te] /2 7] 5517] $14l n(20)
2 vITHE g v Ygol(vse.v)= HIR2 y HAFE vl‘?l%ﬂ AE A%
k. 208179 Q= B P ol(add)= yoll tieh ZIEE S7HA1714L, v Wi ol Tef
n(a0)°] 0°] ofY ¥ =eht-& HHEGheh. ghef no] 0o, npA|Hf o] ret= 25 9=

A
=]
T

F

We] 720 elghe ol 107 Wejolz | 4:3HE0] 7} o] o] Holx 16
oIeHE A0 316 = 48 0L 5216 = 3295 244 lidol WA
Aolth. Aoz go] ¢ s wlme] A2at 37he] 85 454 Adte] e thg
QoA 1A S vlef o], 22 A AE 1 271 A SIMD F 2ol A 24
o4 5.6x o Lhaict.



8.9. RV32V, MIPS-32 MSA SIMD, X86-32 AVX SIMD H] i/ 85

8.9 RV32V, MIPS-32 MSA SIMD, x86-32 AVX SIMD H]x!
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8. RV32V: HJE]

ISA MIPS-32 MSA | x86-32 AVX2 | RV32FDV
Instructions (static) 22 29 11
Bytes (static) 88 92 44
Instructions per Main Loop 7 6 10
Results per Main Loop 2 4 16
Instructions (dynamic, n=1000) 3511 1517 631
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810 Z=

If the code is vectorizable, the best architecture is vector.

—Jim Smith, keynote speech, International Symposium on Computer Architecture, 1994
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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:

Loop:

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

2405fffe
00852824
000540c0
00e81821
1030009
00c01025
78786899

78003823
2470010
78001063
24420010
7922081b
1467fffa
7Tbfe3827

Fringe:

38:
3c:
40:
44 :
48:
4c:
Done:
50:
54:

10240005
00c83021
d4610000
d4c00000
4c206b61
£46d40000

03e00008
00000000

1i

and

sll

addu
beq
move
splati.d

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

beq
addu
ldci
ldci
madd.d
sdcl

jr
nop

al,-2
al,a0,al
t0,al1,0x3
v1l,a3,t0
a3,v1,38
v0,a2
$w2,$w13[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
$£1,0(v1)
$£0,0(a2)

$£13,$f1,$£13,$£0

$£13,0(v1)

ra

H OH H OHE K HH

H OB H

#

#
#

al = floor(n/2)*2 (mask bit 0)
t0 = byte address of al
vl = &yl[al]

if y==&yl[al] goto Fringe (t0==0 so n is 0 | 1)
(delay slot) vO = &x[0]
w2 = fill SIMD register with copies of a

w0 = 2 elements of y

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

increment 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 * £13 (muladd if n is odd)
y[n-1] = £13 (store odd result)

return
(delay slot)

17 8.5: 17 5.79] Q= DAXPYE €3 MIPS-32 MSA ZE. SIMD2] E7]3 oHs|=L 13 8.30] =
RV32V ZE 9} 8| w8 ] &5ttt MIPS MSA ZE9] 31 HA HE(09]4 18 2])& Ada} ¥4 aE SIMD
H A 2E o BEASEA w91 &35 FY5t7] Hof no] Fojx 28 HASH=A] A2 gt MIPS MSA I E O

A WA THE (3804 4c WA= no| 29] ¥j4=7} obd o 7P A ] F$-E o2k 13 859 Z5E dE Fo)
H A 2H v1Ft vsetvl PP o7} £3HE ] tf5te] no]
RV32Vo|A & " g gith

E4 EL H3o0lE BE gl diste] S



90 F7rels

O]

# 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 push esi

1: 53 push  ebx

2: 8b 74 24 Oc mov esi, [esptOxc] # esi =n

6: 8b 5c 24 18 mov ebx, [esp+0x18] # ebx = x

a: cb fb 10 4c 24 10 vmovsd xmml, [esp+0x10] # xmml = a

10: 8b 4c 24 1ic mov ecx, [esptOxlc] # ecx =y

14: c5 fb 12 41 vmovddup xmm?2,xmmi # xmm2 = {a,a}

18: 89 fO mov eax,esi

la: 83 e0 fc and eax,Oxfffffffc # eax = floor(n/4)*4

1d: c4 e3 6d 18 d2 01 vinsertf128 ymm2,ymm2,xmm2,0x1 # ymm2 = {a,a,a,a}

23: 74 19 je 3e # if n < 4 goto Fringe

25: 31 42 Xor edx,edx # edx =0
Loop:

27: cb fd 28 04 d3 vmovapd ymmO, [ebx+edx*8] # load 4 elements of x

2c: c4 e2 ed a8 04 d1 vfmadd213pd ymmO,ymm2, [ecx+edx*8] # 4 mul adds

32: cb5 fd 29 04 41 vmovapd [ecx+edx*8],ymm0 # store into 4 elements of y

37: 83 c2 04 add edx,0x4

3a: 39 c2 cmp edx,eax # compare to n

3c: 72 e9 jb 27 # repeat loop if < n
Fringe:

3e: 39 c6 cmp esi,eax # any fringe elements?

40: 76 17 jbe 59 # if (n mod 4) == 0 goto Done
FringeLoop:

42: c5 fb 10 04 c3 vmovsd xmmO, [ebx+eax*8] # load element of x

47: c4 e2 f1 a9 04 c1 vfmadd213sd xmmO,xmmil, [ecx+eax*8] # 1 mul add

4d: c5 fb 11 04 ci vmovsd [ecx+eax*8],xmm0 # store into element of y

52: 83 c0 01 add eax,0x1 # increment Fringe count

55: 39 c6 cmp esi,eax # compare Loop and Fringe counts

57: 75 €9 jne 42 <daxpy+0x42> # repeat FringeLoop if != 0
Done:

59: bb pop ebx # function epilogue

ba: be pop esi

5b: c3 ret

19 8.6: 19 5.79] 9= DAXPYS 93t x86-32 AVX2 T E. a ¥1A] o] 9= SSE W2 o] vmovsd: aZ 128
H|E xmm1 2] AE 9] gtof FA g}, 14 2] 9] Q1= SSE B o] vmovddup U5-¢] SIMD A4H-E 9138 a5
xmm1 9] 5 7] 9] grof] BA gt 1dA A o]l Q1= AVX H 0] vinsertf1282 xmm1e]| 9l ad] F BALE A

N Ztahe] ynn2o] a2] Y] 7] BAFE S BHEC} 42014 4a¥1 o] QL= A 2] AVX B o} (vmovsd,
vfmadd213sd, vmovsd){ mod(n,4) # 0¥ W& thEtt. IAE2 &7 A5t n FA-2A A4S £
H712] £FHE-S FHE51e] g W g @ 4o DAXPY A4LS 43fgict. thA] §F H S5hd, Wl g o] A AH
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C. Gordon Bell (1934-
)= 1970 ] TEH
Digital Equipment Cor-
poration PDP-11 (16-bit
address)@} 7 Sof gt
5 Digital Equipment
Corporation 32-bit ad-
dress VAX-11 (Virtual
Address eXtension)2] 7}
% s = Ay
7 EE-] q_z_l k] o]—;]
g % ¢ golgic.

RV64: 64H|E F=4~ g5 o]

There is only one mistake that can be made in computer design that is difficult to recover
from—not having enough address bits for memory addressing and memory management.

—C. Gordon Bell, 1976
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9.1. &7

RV64I

Integer Computation Loads and Stores

Lt { }{}

fowe (25

Miscellaneous instructions
{Ermmesote Huora }

£
e e {

f—/%\/—ﬁ

{zsoste }

93

17 9.1: RV64I 0] tholo] 13, BE 1o EAHE RV64I FH0IE TA5H] 19 AZo] 4 e 2&om
G AF Tt lu|gh BE-L 648 E P 2o A ST E S]] o] 2] RV FFefolth. o5&

(B3h) F-E-2 RVAIE 913 A 22 ool

RV64M RV64A

{ﬂord }

T

p{srses Ko}

{ } {Aoubleword}

1% 9.2: RV64Mi} RV64A 7 o] tho]o] 1.

{Aoubleword }



o4 9. RV64: 64HIE F4 o]

RV64F and RV64D

Floating-Point Computation Load and Store

e

ek (e
O st M) e

. double} . i
} Other instructions
{ . double { } { }

Compa
1% 9.3: RV64F 2} RV64D & o] tho]o] 1.
RV64C
Integer Computation Control transfer

i Haos) (
{gord } {

{ } Other instructions

{ammeaate
{arver }

Loads and Stores

L H aoumienere}{ }
Lo { }

13 9.4: RV64C H o] tholo] 1.



9.1. &7
31 25 24 20 19 15 14 12 11
imm[11:0] rsl 110 rd 0000011
imm[11:0] rsl 011 rd 0000011
imm[11:5] ‘ rs2 rsl 011 imm[4:0] 0100011
000000 shamt rsl 001 rd 0010011
000000 shamt sl 101 rd 0010011
010000 shamt rsl 101 rd 0010011
imm[11:0] rsl 000 rd 0011011
0000000 shamt sl 001 rd 0011011
0000000 shamt rsl 101 rd 0011011
0100000 shamt sl 101 rd 0011011
0000000 rs2 sl 000 rd 0111011
0100000 rs2 sl 000 rd 0111011
0000000 rs2 sl 001 rd 0111011
0000000 rs2 rsl 101 rd 0111011
0100000 rs2 sl 101 rd 0111011
RV64M Standard Extension (in addition to RV32M)
0000001 rs2 sl 000 rd 0111011
0000001 rs2 rsl 100 rd 0111011
0000001 rs2 sl 101 rd 0111011
0000001 rs2 rsl 110 rd 0111011
0000001 rs2 rsl 111 rd 0111011
RV64A Standard Extension (in addition to RV32A)
00010 aq | 1l 00000 sl 011 rd 0101111
00011 aq | rl rs2 rsl 011 rd 0101111
00001 aq | 11 rs2 sl 011 rd 0101111
00000 aq |l rs2 rsl 011 rd 0101111
00100 aq | 11 rs2 rsl 011 rd 0101111
01100 aq |1l rs2 rsl 011 rd 0101111
01000 aq | 11 182 sl 011 rd 0101111
10000 aq |11 rs2 rsl 011 rd 0101111
10100 aq |l rs2 rsl 011 rd 0101111
11000 aq | 1l 182 18l 011 rd 0101111
11100 aq |1l rs2 rsl 011 rd 0101111
RV64F Standard Extension (in addition to RV32F)
1100000 00010 sl rm rd 1010011
1100000 00011 rsl rm rd 1010011
1101000 00010 sl rm rd 1010011
1101000 00011 rsl rm rd 1010011
RV64D Standard Extension (in addition to RV32D)
1100001 00010 rsl rm rd 1010011
1100001 00011 sl rm rd 1010011
1110001 00000 rsl 000 rd 1010011
1101001 00010 sl rm rd 1010011
1101001 00011 sl rm rd 1010011
1111001 00000 sl 000 rd 1010011

95

Ilwu
I1d
Ssd
Islli

I srli

I srai

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

R mulw
R divw
R divuaw
R remw
R remuw

Rlrd

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.l
R fevt.s.lu

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

18 9.5: 712 W o] o] RV64 JI & Wit Al F g, g o] Hojopy, FIAE, W e, o] 52 vehdct
([ ?19] ¥ 19.2 7]4te] 19).
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Code Size
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th. o]F AEE £F 44 Hole et 52 WA 517] fldl longo 2 &3ttt A

AALEIL ) GIE Folm2, B4 dALHE oF HUE 45 258 ol
FAT % 1014 RV6ADONE T €] 25 257 015 ol (fnv . x. wh fuv.w. )8
F71git.

RV649} RV32 Afo] o] =1 Al Jr_]'ﬁloﬂ/q a2t doli= 4 Holth. RVe4C A=
TFE ol 5ol (4N E Faol gt T8 o ZAAZLO DR W A9 RVAC HHolS
A gt RV64C+= compressed jump and link(c. jal)Q} A4 3 E5 A4 Qe Az 9
A W5 oj(c.1w, c.sw, c.lusp, c.swsp, c.flw, c.fsw, c.flwsp, c.fswsp)S Wit 1
Z}g]of] RV64C= t] Tho| Aol= Q= i gl WiA] T3 o](c.addw, c.addiw, c.subw)
dHEHE AA H AA HEHo](c.1d, c.sd, c.ldsp, c.sdsp)E F7}5Hct.

m YU E: RV64 ABI= Ip64, Ip64f, X Ip64do|t}.

Ip64+= C 10]2] 2k=2 9 long¥t ERIE]7} 64H| E Q1S O|u|stal intE ©] %3] 32H| Eo|t}.
HulAtf 2 di= o|BA Fg 253 vi7ia7F AP E=2] 2| A|5tal, RV32¢] o a4 2t
TR F2).

B GE: RV64VE 9T B o] tho]o] 12 gith
SlFoTE £ 2% NS AEeEE RVA2Ve] St dAad
13 8.29] Q= vtype A AE Q] vill WE7}bit 6302 0|5 S Z o]t

0.2 49} AP BT THE 64H]E ISAGH Wi

Gordon Bello] o] o] A|2ko]l A o} 7] 3k ulo} Zro] 2P =9 of 7€) Ajte F4 H]E
7} B2 Fock. T2 o] 32| E F4 74 FAE Hol M7t opr | E L ISA
9] 64H|E F4 ¥]H -2 THE 7] XAt Mashey 2009].

7 A HAE= 1991d o] MIPSS T MIPSE R E A AE S T2 73 712HE 32
H|Eof| A 64H| E= S0, MIPS-32 g ofof] =2 64H|E HH-S 7150} MIPS-
64 o]AlE2]o] JY o] daddu T dslly}t Zo| RE B2} “d’2 AJZFSth( 19 9.10
Fx). 2= 22 T2 T3 o] MIPS-329} MIPS-64 T & o] & 4]o] A AR 4= Q1



0.2 449 YEL AFGE THE 6485 ISAS} H] it 97

t}. MIPS-64= MIPS-32¢] Q)= A | &F(read-after-write 2]ZE4 0 2 wlo] T g}el
222 A AR

10 2of = x86-320] SA 27} U2 wj it of7|HEVL 4 A7|5 S7HA71HA]
X86-642 B 717 27102 AL % QU 71817} 3.

o 870 A 167](x8-r15)2 A4 H A AF N4 27}
o 87} A 167} (xmm8—xmm15)=Z SIMD | 2| AE 4= Z7}

» 9]% =92 F I (Position-independent code)E T2 2 2| 5}7] 915} PC-AM] H|

ole] 444 B4 %7}

o] Ao 2 x86-329] Fufet LR Eo] RERA tho14d 4= 9)qlrt.

27l b= 33ujo] Ao A 1 2.119] Q= A A E O] x86-32 W} 117 9.119]
A= x86-64 HIHS H| WS FH-S & 4 Stk 22 ISAE= Hg 2 |E wzof
Bt o] HFE 2070914 1542 £
th & F7)= ME-2 ISAE AHgoto] 467104 4570 &2 o] 22 g o] & AH&shA T 1
Ho| ERtE ] ARt 11 o] f+= B B2 HAAHE AHEE 5 LS 2R FIE
£ RHE7] 915l x86-640| 4= M= ol & o] g HuAL HIo|EE F715)7]
wjolt}. B+t H 7 o] Foli= x86-32H T} x86-64] A F7H3TE.

THA] 10 $o]] ARM2 5 43F T4 ZAof| 2 5HA Frh x86-647F P 27} o]
o] ISAE 64H|E A& X3}ot= th4l, ARME2 A2 ISAE BHE 7] 3|2 ARE3iTh
A2 A2 o 2 ARM2 AhA Q1 ISAE THE7] $15f o] Mg ARM-329] 2 EAES
HAT 4 AU

3% g

ur

1SS A 3172 A4 A2 A Z7)

L]

o7 228 gl A PC A1
» TR ol 2 918 0ol SlEY ol o2 AA U4 AE 31 AT
ARM-3291= Se], BE ARM-64 Ho] 6] 444 A2 BE glo]8 7]} efg)
o 5t

» ARM-641= ARM-320] t}5 Ao} 44 o] A7

* ARM-64= ARM-32 ol o] =1 A3 FAda A=

ARM-64= ]3] ohZ3 22 ARM-329] & 7}2] oF-& 3

2 3, A9 5472 AL BETL PR o] Zulle] mhef o]F, 21

of, B 421 WA, EYX|e 45 I E, 18a f-Y% 2H|E

ARM-64+= Thumb-27} 32H| E F4A 20 F26F 2 2 Thumb-2 ISAZ A& 4=
RISC-Ve} &2l ARM2 ISA tjzpele] s} o A& Hd A& 2330 4

SHA| ARM-32E o} B U2 ISAC|X[FF 7] & ¢ At o & &°] ARM2 10007} ©]/d9]

ooc

Programmability

Performance

ooc

Programmability
ol€l-2 x86-64 ISAS
wstA] kot 64
HE F42 W38
ofl, Q1el-2 x86-322}
5 31=] 7] 9F= [tanium
olet ol A2
S ISAZ W,
x86-32 L2 A| A 2]

74 2= Ttanium © 2
1= Hhgo] AMD
of| A = x86-322] 64
H|E HZQl AMD64
E WAyt Ttanium-2
23 Ao e
x86-329] 64H|E F4
AlsAt2 A AMD64
ISAE o] 4= glo]
AestAT S o]
£ x86-642t1L K2}
[Kerner and Padgett
2007].
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Code Size

Performance

98 9. RV64: 64H]E F4 HFHo]
ISA ARM-64 | MIPS-64 | x86-64 | RV64l | RV64I+RV64C
Instructions 16 24 15 19 19
Bytes 64 96 46 76 52

13 9.6: 47]19] ISAS g3 A AE 9 5 go] /|42 T E 37]. ARM Thumb-29} microMIPS = 32H|E
=4 ISA0| 02 ARM-649} MIPS-640] 4 A}-23F 2= girk.

012 7HA| 1 91 ARM-64 i irel2 31855]0] 2] Zo][ARM 2015]0]}. AT}t of
AL 012 ARMG4ols A] ) 2] 19l

. ARM-64 7 == ARM-32 FE Hrtb= RV64l

£ B x86-64 B0 H 71749 BT o & So] 31719] A AE Yol A

A2 S Asty Bsk 9ot gtk 18] 1 PC} © oA gl A AEE £ shurt

ollB 2 ARM-64%= H I o] ] gl o]& ARR3lrt.

9.6 ISAC] it A A Hofl A P o] 7|42t Hiol E 45 Q oFgt o|t}. 117 9.8

oAl 9.112 RV64I, ARM-64, MIPS-64, 12|11 x86-64% ATAH F =& Ho|il it
47 Z2 0] 40 Gl B TR 2] Qs RV32 ¥ZT} RV64I B3 Aol o]
z]-o]z% KeX EO] 011:]—

MIPS-64% 2 #9197 94 A& 7] £20] Y nop
H&o]7} g Q 3}t RV64I+= compare-and-branch & & 07} Q1
Ho7t & = Q5ct. ARM-642) x86-64+= RV6419]| A= %%3?}
Qs AA DT FA424 FAo] }lojA RVedIofA= da
oj7F ZaglolA 7 A2 FR oS Al Ly v HollA
RV64I+RV64CE FA T E 3715 7k AL et

2
T
=)
<
fu)
I

re ol

Fe

N
O ol N of A

o L

—_

Rl = Mo
o
g
Hl

1o

rSL S
o,
ol

ml o 2

juy)
I
oo

R N
o P o
oL,
e
re

[e3

L2
Tlo
koo

35 ARM-64, MIPS-64 712 11 x86-64= XX ] o] ol ]t}
= 4 ™ %] © ARMv80| 2] 7} B 2= ARM-640] 1, MIPS-IV= MIPS-64, AMD64-= x86-
64(x86-642] SJALo] a4 o] Wo]A] o] Aol =g FF)olTh.

93 ZEH 7]

1% 9.79) 4= RV64, ARM-64, x86-642] A4 4 I & 37]E v wst1l 9ot o] 11
A}t 170 9= 1090129 119 1.55 v|w s E a2}k WA RV32GC T E= RV64GC2}o]
A7) vl oA T2 1% H &= o 2k B 2 7 0] F U5}t RV32I9} RV64Iof| A & -F-AFSHH-
ARM-64 7 E= ARM-32 7 E H} 8% T 2|4t Thumb-29] 64H| E F4 B A o] glo] A
2E g3go]l=32H E ol & HFolglt}. whetA] ARM-64 == ARM Thumb-2 ZEXH T}t
25% © At} x86-64 TG olof A= A2 A4t} 2 AE Y-S SHotr] fls A
A SFEE 71310 B 2 x86-64 I E= x86-32 TEHTH 7% T Ath ARM-64 1 E =




94. 4E 99

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)

1% 9.7: RV64G, ARM-64, x86-64 vs. RV64GC9] AdAH 2338 37]. o] Hlwt 19 9.6 Y= AKX}
R E EEx20 7 ZH5Y e o] T nt= 1739 gl 1050]x] 9] T 1.59] §l= 328 E ISA9]
o} %—g i 64H] E Z40|th. RV32C ZE 37] L RV64CS} A 9] Yx(1% © FF-2)3cl. ARM-643 |5
Thumb-2 4L glo B2 T2 644 E ISA9] F o] RV64C ZE 9 37|18 AFs] 575t 24
EEJ@% GCC An}gd )7} AFL-5H= SPEC CPU2006 ¥ :X]u}3[Waterman 2016]0] c}.

RV64GCHT} 23% T F.11 x86-64 == RV64GCE T} 34% 1 08 RVE4GC2| 4]
olth. 11 Apole FH 3| AX HFol A4 AL urim 95 FAIA 7| AL O 2R
B o] Aol RIS whet AuflEs Algote] vE= Ed 5 9l

i e ()

Cost
One of the problems of being a pioneer is you always make mistakes, and I never, never

want to be a pioneer. It’s always best to come second when you can look at the mistakes
the pioneers made.

—Seymour Cray, architect of the first supercomputer, 1976

= v EJ} mAlele AL ADZE 120 ol Aotk we o}y Elx 7} 18 A I\E’IIPS quhLlﬂl i%ZPE]
Az <) upure gro) onr,} ARM-32¢} Thumb-2 320]E 2.2 olglojd] 2 m 5 o B 08
2I8e 9siM = Eol HA] G=th MIPS-649F x86-649F 22 BI51 ISA= Ritel] 2 1% Imagination
ATOFIH AR x86-641 ISA A7]0] mio] ob] 31 MIPS-649] m]efic o] 2 A AJsh Techmologiest= 2017
Ao B2k} A) BTk ARM-64E A28 7 T EHSACI T, ARM-647} ot g3l &3 T
A= AlRbol FallE 2ol division& ZHore.
RISC-Vi= 32H] E o} 648 E 252 @7 AAS 1) Ao] 9|1t o A o] ISAL 27}
4o AAslor gt 3241 29} 64H]E Ajo] o] Wgho] RISC-V 22 Tafm e} #ntela
2Rt Al 718 e A2 mThe & ofUth RVOALISAE 712 o & R= RV32I
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Code Size

Elegance
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27h o4
ot AA 2 e~ 7= = Ho||gho @ RV32GCVe} RV6AGCY = o}
= olrol7| stk 54 AN 64U E T2} HFS 2UE T
a7t fitte AL 9ulstE Zo] H& $a35tt RV64l 53] RVe4Ce
o] 7hset F7to] Wol A& A 7oA AFF27T E| ik
2= RISC-V7} ARt A l2bE 71491 S71 2 640 E 25 531 Qlrt. whof o
A BFF ofol o2 WAL 4 L2 Wit ope 159 A5 W2
7] Asf 201 Sof] Aottt E- §lo] o A AFE 4 e Aot

mt

—_

o
rr
ol

o N T oR

1% o 1R ol

o Q9
%
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imsﬂ

r*é%o

17

Y
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mdE: RVI2S

RV128< th2=35] 128U E 24 ISA/} /F=sltte AL o ]71 O3 RISC-V o} 7| E S 9]
Y52l =k o2 AZgict 121} warehouse 37| 7+ E] = HFE A 2 %%2(DRAM
T Ze4] w2 a])e] 2%kl E o] g 2Rz 7kAA| & Aol 1 T2 T wima] 5
A2 LS AT 4 ot Hot SR Woodruff et al. 2014]2 $]3 128H]|E FAE
ARgsE7] f1Rt A= Q1%lEk RISC-V w742 RVI28G[?]etal F 2= A4 128H]E
ISAE YAgtE F71A ¢l Wgol= 13 9.1 13 9.4004 Hel HEe} o] RV329]
A RVO4E 7h=t]] a3t 23 7| ZA 0 2 FUsirh BE HAAEHE EIF 128H]ER
AR AL, A= RVI28 P ol 52 RE F 0] 9] 128H| E H 4 (quadwordE 917t o5
A QE AME) T U 2] 9] 64H|E H H(doubleword®] o] Fo|A DE AME) F sht=
YA STt
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I. ARM. ARMVvS8-A architecture reference manual. 2015.
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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

4: 00100713 1i
Outer Loop:

8: 00b76463 Dbltu

Exit

c:
Continue Outer
10:
14:
18:

Outer Loop:
00008067

0006b803
00068613
00070793

Inner Loop:

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

Exit

34:
38:
3c:
40:
44:
48:

££863883
01185a63
01163023
f££78793
££860613
fe0796e3
Inner Loop:
00379793
00£507b3
0107b023
00170713
00868693
fcl1ff06£

ret

Loop:

14
mv
mv

1d
ble
sd
addi
addi
bnez

s1li
add
sd
addi
addi

]

a3,al,8
a4,1

a4,al,10

a6,0(a3)
a2,a3
ab,ad

a7,-8(a2)
a7,a6,34
a7,0(a2)
ab,ab,-1
a2,a2,-8
ab,1c

ab,ab,0x3
ab,a0,ab
a6,0(ab)
a4,a4,1
a3,a3,8

8

#
#

#

H#

H O B ¥ H R

H oH B HF

(8 vs 4) a3 is pointer to ali]
i=1

if i < n, jump to Continue Outer loop
return from function

(1d vs 1w) x = alil
a2 is pointer to alj]
j=i

(14 vs 1w, 8 vs 4) a7 = al[j-1]

if a[j-1] <= al[i], jump to Exit Inner Loop
(sd vs sw) aljl = alj-1]

j--

(8 vs 4) decrement a2 to point to alj]

if j != 0, jump to Inner Loop

(8 vs 4) multiply ab by 8

ab is now byte address of al[j]
(sd vs sw) aljl = x

i++

increment a3 to point to alil
jump to Outer Loop

1% 9.8: 17 2.59] Yt 4He] S 913 RV64I FE. RV6dI o] 2] o] T2 734 305]0]A] 2] 17 2.89]

QL RV32I ol 2elofst ul§ & Apshet.

=
54 g

o Q= FZAA I Aol & Ygsta it o8 9 a7]=

o[A 4 Hj A1 8H}o| Eo] o] A A 78] P o= A4 40] 4] 82 vHAT,. o] A o] L9 2 EJ T A9 Y= A
AE HE9E AAQDE 532 F 719 Y= A (S HEHE A (sd) ez 540
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# ARM-64 (16 instructions, 64 bytes)
# x0 points to a[0], x1 is n, x2 is j, x3 is i, x4 is x

0: d2800023 mov x3, #0x1 #1i=1
Quter Loop:

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

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

c: d65f03cO0 ret # return from function

Continue Outer Loop:
10: £8637804 1dr x4, [x0, x3, 1sl #3] # (x4 ca r4) vs x = a[i]
14: aa0303e2 mov x2, x3 # (x2vsr2) j=1

Inner Loop:

18: 8b020c05 add x5, x0, x2, 1lsl #3
1c: £f85f80a5 1ldur x5, [x5, #-8]

20: eb0400bf cmp x5, x4

24: 5400008d b.le 34

x5 is pointer to al[j]

x5 = al[j]

compare al[j-1] vs. x

if al[j-1]<=ali], jump to Exit Inner Loop

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

2c: £1000442 subs x2, x2, #0x1 # j--

30: 54ffff41 b.ne 18 # if j !'= 0, jump to Inner Loop
Exit Inner Loop:

34: £8227804 str x4, [x0, x2, 1sl #3] # alj] = x

38: 91000463 add x3, x3, #0x1 i++

3c: 17£fffff2 b 4 # jump to Outer Loop

H*

3% 9.9: 1 2.59] J= 44U FEE 9% ARM-64 I =. ARM-64 ojAlEg]o] T2 72 2 FFH o]
Aol nz 23] gl 33014 9] 17 2.119] Yl ARM-32 ol 2elofs} chth. AR AH L a thAle] x2
At dold FAA4 WAL AEAS o= F22 AA A5 918 I EAA AAXHE HRET
% Slek. 317 AR 267} Qlol A Ade] AAXHE AFstAL B8 Bast ek PCE Mg AR AH 3

7} ol ol W x o] B W ol S ALg3tr}. AHAl FE ARM-32 FE Kt RV64I E= x86-64 T =9} T
EREETICS



# MIPS-64 (24

# al
0:
4:

is n, a3
64860008
24030001

OQuter Loop:

8:
c:
10:
14:
18:

0065102b
14400003
00c03825
03e00008
00000000

103

instructions, 96 bytes)
is pointer to a[0], vO is j, vl is i, tO is x

daddiu
1i

sltu
bnez
move
jr
nop

Continue QOuter Loop:

1c:
20:

dcc80000
00601025

Inner Loop:

24:
28:
2c:
30:
34:
38:
3c:
40:
Exit
44 :
48:
4c:
50:
54:
58:
bc:

dce9ff£f8
0109502a
11400005
00000000
6442ffff
£ce90000
1440f££f9
64e7fff8

1d
move

1d

slt
beqgz
nop
daddiu
sd
bnez
daddiu

Inner Loop:

000210£8
00821024
£c480000
64630001
1000ffec
64c60008
00000000

dsll
daddu
sd
daddiu
b
daddiu
nop

a2,a0,8
vi,1

vO,vl,al
v0,1c
a3,a2
ra

a4,0(a2)
vO,vl

a5,-8(a3)
a6,a4,ab
a6,44

v0,v0,-1
a5,0(a3)
v0,24

a3,a3,-8

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

8

a2,a2,8

#
#

#
#
#
#
#

(daddiu vs addiu, 8 vs 4) a2 is pointer to a[il
i=1

set on i < 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 1lw) x = alil

j=1
(1d vs 1w, 8 vs. 4, ab vs tl1) ab = a[j-1]

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

if a[j-1] <= al[i], jump to Exit Inner Loop
branch delay slot unfilled

(daddiu vs addiu) j--

(sd vs sw, ab vs t1) al[j]l = alj-1]

if j !'= 0, jump to Inner Loop (next slot filled)
(daddiu vs addiu, 8 vs 4) decr a3 pointer to alj]

(dsll vs sll)

(daddu vs addu) vO now byte address of alj]

(sd vs sw) alj]l = x

(daddiu vs addiu) i++

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

1 9.10: 19 2.59 =4 AE S 43 MIPS-64 I E. MIPS-64 o] A E&]o] =2 138 27 9] 9J+=32
H o] 2] 19 2.109] Y= MIPS-32 oj4l Ea] o] ¢} B 71%] zto]7 Qich. AR Z 64H| E Ho] e & e &2
A4ke 11 0] 5] daddiu, daddu, ds113}Zo]“d”& &It 19 9.83 Zro] A] 7 2] g ol= o] 9]
7|7t 40| X 8utO|ER AF o B 7 AF57} 40| A 8F AR = YT RV64Ie} o] o £ 9] .2 & 7] o] 9=
HAA1WE HEHE AAQLDE F 719 Y& AR (sw)2 HEHE AF(sd) 22 Folyith uix|g e &2
MIPS-649]| = read-after-write 2] &4 0 2 u}o] X a}Ql-& 2| A A|7|= MIPS-329] AA)] 2|4 &£Fo] glt}.
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O]

# x86-64 (15 instructions, 46 bytes)
# rax is j, rcx is x, rdx is i, rsi is n, rdi is pointer to a[0]
0: ba 01 00 00 00 mov edx,O0x1

Outer Loop:
5: 48 39 f2 cmp rdx,rsi # compare i vs. n
8: 73 23 jae 2d <Exit Loop> # if i >= n, jump to Exit Outer Loop
a: 48 8b Oc d7 mov rcx, [rdi+rdx*8] # x = alil
e: 48 89 40 mov rax,rdx #j=1
Inner Loop:
11: 4c 8b 44 c7 £8 mov r8, [rdi+rax*8-0x8] # r8 = a[j-1]
16: 49 39 c8 cmp r8,rcx # compare a[j-1] vs. x
19: 7e 09 jle 24 <Exit Loop> # if a[j-1]<=ali],jump to Exit InnerLoop
1b: 4c 89 04 c7 mov [rdi+rax*8],r8 # aljl = alj-1]
1f: 48 ff c8 dec rax # j--
22: 75 ed jne 11 <Inner Loop> # if j '= 0, jump to Inner Loop

Exit InnerLoop:

24: 48 89 Oc c7 mov [rdi+rax#*8],rcx # aljl = x

28: 48 ff c2 inc rdx # oi++

2b: eb d8 jmp 5 <Outer Loop> # jump to Outer Loop
Exit Outer Loop:

2d: c3 ret # return from function

Y 9.11: 19 2.59 Q=49 A S 937t x86-64 LE. x86-64 oA E o] =2 1.2 279 9+=33
o] 2] 1 2.119] Y= x86-32 o] E] o] ¢} ufj ¢ Th2rt. A WA 2 RV6dIel= 2] ¢ W2 A AHE
rax, rcx, rdx, rsi, rdi, r8i} Zro] ttE o2& 7}A 1 Qo). F HAE x86-64= 8] HAAEHS
ZAAA 22 QA0 AA LT BE MAE §A18 2 1o FofT A WAL x86-64 B ol

FIE F| A2 FF O ES Y] 913 8H|E E= 16H| EF 571510 A] x86-32 K} o] Att. o] & &
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Edsger W. Dijkstra
(1930-2002) = =2
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RV32/64 E@ 1%

Simplicity is prerequisite for reliability.
—Edsger W. Dijkstra
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A 27H4) W8 AL $18) RISC-Voll A X Pahs tgo] 24 BAgith 94 A9
DE Reols 9§ LRI FEv} A0 2 ARSI AL B (user mode)ol A
A1 FFs stk B Al A 5 ol 28 5 dprivilege) RES AR R A 7P
AT 4 Qs TES AWK B¢ B (machine mode)?} 5 WA 2525, FreeBSD,
093 YE e} 2L LR A QL §I5E 0] x| B E(supervisor mode)o]eF. A
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RV32/64 Privileged Instructions

machine-mode
supervisor-mode [ rap retum

supervisor-mode fence.virtual memory address
wait £or interrupt

1% 10.1: RISC-V £ Y F o] tho]o] 1.
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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 wfi
0001001 rs2 rsl 000 00000 1110011 R sfence.vma

1% 10.2: RISC-V Ed o] FoJol-L, ST, I E19], o] . ((Waterman and Asanovi¢ 2017]2] & 6.1
719ke] 19)
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Simplicity

Hart= hardware
thread 2] 2FA}o|th.
CEEEER LR
A A2 ALEG o]
pA =t P87 )
o o] g2 gt
AZEJo] A EE
hart 1ol 4] A3 o}
% SH(time-multiplex)
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108 10. RV32/64 EH 77

Interrupt / m 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

1% 10.3: RISC-V 9| 9]433} QI Y E ¢, mcause 9] /S H|EL JAEHE i34 12 A=
5713t A 9)3% ol dis| A& 00] AP At} F5t9] v EE 53l JIHYE Ex 4TS FE3i
sHulo] A QIE| P E} o] 2] ZE o Q%2 Sujulo| A R EJ} FAE QS it 7H55cH(10.58 F=x).
([Waterman and Asanovié 2017]2] ¥ 3.6 7|8te] 1)
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ohA
o HZ 08 o 2] 3K Access fault exceptions) 2 &2 B2 2] FA27F Y2 EFYS 2]
ol 5 wff WHAotCH ol & 5o ROM 9] 2|75} 12 A =5} 75-P).

o HiejJo]ZHZQIE o] 5K Breakpoint exceptions)S ebreaks HAYSFAHLF F4 IE

= H[o]E7} tH] 7] Eg]7]ef J]eh o et

o

79 5713} o o] M-mode & A sh= LA & At

o BAIZSI H o] o 2] 43 Illegal instruction exceptions)S 22X HoF ST E &2 54
sJo] i
. HjFY = 1 2] AF3( Misaligned address exceptions)S -8 FATF {2 272

ol 8 S

ghef of2jo] g AAlet A S s7idttte 289 due wHadud, off v
d Aot A F4 celdRel 2™ 10.30] »Yad=o] A 3 Ao
T 7HA oIt vk A AR 6] e A vRe A4t AdHer HhHE F
25 870 & Az 45 A= B2 2A Aol Aol FAsH] oH 2
£7401al 2hF ARG EA] ¢k7] wi2ol st=flolA ez X dshA] ¢hs e ARt o]
d StEdlel7t Sl Z2AACA B E A4 9 AFES Adsh] HeiME A<l 8%
27| Edste] B 22 A AA H A o] A|FLE AHESte] AnEolHom
ofgdoldshs 2 AHgsorRtth 3-8 T2 I = s &R Rkt stE o]
7F deciAle el v E w2 HE2 LAY 7Rt fE SRt e s
e ZEAIME StEACIZ B E AAe A4S AT 4 Atk old 7 &
42 TN F2E A5 7 1739] 7hol=gtelel mhat Rt A gAY o

= 5 A7 5185171 /IR RISC-Ve| 2 oJt}.
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JEHESH] 9ol dRba oz AR, the F2oke] A US2 e ZZA A TE
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HYHEE ti7d o5 427t 924 2303
St=glo] S Futet v 2] o] th=il ]l 1 E ﬁEEHJ S%L 7%l E‘rE7l ‘ﬂ%
of JEHES B A w7y S2 SHEFTT B2, 2 RISC-V A 2H
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110 10. RV32/64 B4 7%
XLEN-1 ~ XLEN-2 23 22 21 20 19 18 17
[ SD | Reserved [ TSR [TW [ TVM [ MXR [ SUM | MPRV |
1 XLEN-24 1 1 1 1 1
16 15 1413 1211 109 8 7 6 5 4 3 2 1 0

| XS [ FS [ MPP | Res. [ SPP | MPIE | Res. | SPIE [ Res. | MIE [ Res. | SIE [ Res. |
2 2 2 2 1 1 r 1 1 1 1 1 1

19 10.4: mstatus CSR. WA BET QI3 F&HV 80| gl Taedt TEAXN A Yle YT dE: 22
QEFE /935191 MIE, 12|31 o 9]/443} Fof MIES] o] 3-& §-#5l= MPIEO|th. XLEN-2 RV329]
|5} 320]31, RV649] o | A= 640]c}. [Waterman and Asanovié¢ 2017]2] 13 3.7 7]4t9] 1 (tt2 G 9]

AL BA 3.1 ZR).

XLEN-1 12 11 10 9 8 7 6 5 4 3 2 1 0
Reserved | MEIP | Res. | SEIP | Res. | MTIP | Res. | STIP | Res. | MSIP | Res. | SSIP | Res.
Reserved | MEIE | Res. | SEIE | Res. | MTIE | Res. | STIE | Res. | MSIE | Res. | SSIE | Res.

XLEN-12 1 1 1 1 1 1 1 1 1 1 1 1

3% 10.5: 14 QIE P E CSR. MY AE P Emip)9}t AHFE B/J3} H| E(mie)E 7122 1= XLEN-bit
971/227] A LE 0| mipd] Y= B W2 AFE| 2ZE Y o] Q15 HE(SSIP), Bo|H 18| J E(STIP),
23 9 JH P E(SEIP)] H-g5t= HIETHO] CSR F4F §3f £7] 7Fssta UH A= ¢7] Aol

10.3 WAl BE o 948 A2

8709] Ao} B A3 oA A E(CSR)= WAl B of 2] 35 A ele] WAl o).
» mstatus(Machine Status)= 713 10.40]| 4] Hi= 8o} Zro] th= Alef o] ¥}ojof Tl &
of 22 JAEHE A3}E 71211 9L
* mip(Machine Interrupt Pending)= @] 7|ttg] = QAT HEE (g5t 10.5).
» mie(Machine Interrupt Enable)~= T2 A A7} o]H QQE|HEE Wrol-50]al ojH 7
2 2 A8k sher] LISt 10.5).

» mcause(Machine Exception Cause)~= ©JH o] JArsto] drAl =] 72|71tk 1
2 10.6).
=

XLEN-1  XLEN-2 0
l Interrupt \ Exception Code ‘
1 XLEN-1

29 106: S 4 @ S3vko] A 9 CSR (neansed} scause). o] AHE 1] ER2] 9g10] Hi

SIMIES 7e]7] i 7} CSRo] A1tk AEYE HIEL woF ERS] 9elo] AFAER A4

AT T= BEGE thAe o HTE & 5 9 ZES Eetstar ek, 1 1030 2= ka1
EQ9] ol o dis| APt



10.3. M2 RE o F3F 2] ] 111

XLEN-1 21 0
| BASE[XLEN-1:2] |  MODE |
XLEN-2 2

19 10.7: WA 9@ mulo] A EH H g B|o]A FA CSR(mtvec?} stvec). H] g B]|o]A FA(BASE)S} Hl g
RE(MODE)2 74 E® g A4 7}2= XLEN-bit ¢]7]/2 7] #|x] A€ o|t}. BASE =] QL ghe
G/ 4ol E HA 2 FE ] of glojof gitt. MODE = 02 R.E o] 9]/33}o] PCE BASEZ AR AS
9] §ttl. MODE = 1.2 H| 578} QIE] P Eo| A PCE (BASE + (4 X cause)) 2.2 AR g}

XLEN-1 0
Trap Value register [m/s]tval
Exception PC register [m/s]epc
Scratch register for Trap Handlers [m/s]scratch
XLEN

29 10.8: 19189 9 AHAES} IHE CSR. £ g A2 H meval B stval)e BFYE F2 EE
24 A% golst 22 489 37142 E9 BE /A1 3Iek. Exception PC(nepe % sopey= AL
B9olg eItk AT %] 97 A (mscraten D sscratch) E9 BENA A4 T AR AA2LH
shtg ztt.

» mtvec(Machine Trap Vector)-2 | QJAtso] HAIFS wff T2 A A7 g 45
7423 QIek1E 10.7).

FEE 7L Qe T4 oo

» mtval(Machine Trap Value)-& o] EH =
ol 2= FAE, FHAT P o] oA /4SS 216l 1 FE o AAE, 281

» mscratch(Machine Scratch)+= E3H 3
ol glolHE 7FA| 1L Ut H 10.8).
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Simplicity

112 10. RV32/64 EH FZ%
Encoding Name Abbreviation
00 User U
01 Supervisor S
11 Machine M

1% 10.9: RISC-V Ed @A ¢} Q13 d.

* mcause= 19 10304 12 A} o] o o)/ f= o
Aol e F4a e AR e Az A4 d

.
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lE]J E L mstatus CSRO|| ¢l= MIE=00 & A Asto] H|8A = 11, MIEC] o] A
-2 MPIEO]| HEHITh.
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1, ThA] a0 mscratchot Agotal, T HAAEE LA o] groz
utz]9t o 2 HE = M-mode®] 1175+ FFoIQl mretE o835l EF2Tt mreti= P
mepc 2 4474 5}1l, mstatus MPIE W EE MIEo|| FAFsto] o7 QIEHE &3t A%
E5tal, 5 REE mstatus’ MPP W Eof 9l &= gho 2 A3ttt of et A 7]
B2 G eotA g = 4=ttt

19 10.102 o] &g wt2 = 7|22 21 gfo]H QIE|HE AEH o th g RISC-V o]

@)

H-H>‘ oL
i odle Mo

SR w5 A 1
AZEE 25D 4 ek -G ol oyl A AS=7F A7 Fet =
Az A9 19 A0
Shegh oA o

mule we 944919 TS A FUANE & 2910 AHYE
2 uholS ol Ao] vl sie). SR B4 Shute] mepe, meause, mtval, 123
mstatus CSR EALETL 9JojA = WA Qlg|HEE A5 Hid o] A AEHEQ]
o4 2k Gol#s] HEg £uEgolH o s 27149 £8o] glolk dlo|g &40 &
Fhmsieh. 449 AEPE DEAE AHAES B4 17| Qo] o)l A 2H S v
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103. mg] HE oe] g 2] 2]

# save registers

csrrw a0, mscratch, a0 #
sw al, 0(a0) #
sw a2, 4(a0l) #
sw a3, 8(a0) #
sw a4, 12(a0) #

# decode interrupt cause

csrr al, mcause #
bgez al, exception #
andi al, al, 0x3f #
1li a2, 7 #
bne al, a2, otherInt #

113

save a0; 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 #
1w 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) #

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 registers and return

1w a4, 12(a0) #
1w a3, 4(a0) #
1w a2, 4(a0) #
1w al, 0(a0) #
csrrw a0, mscratch, a0 #
mret #

% 10.10: &3 groln] JIEHE AE3

restore a4

restore a3

restore a2

restore al

restore a0; mscratch = &temp storage
return from handler

913t RISC-V ZE. QA Y E = mstatus. MIES AA5}o

AQA o & g4stE|o] It FE A= 71T Brolw] QJIE Y E= mie[7]& AR5t B3] 31,
mtvec CSRoJE& o] AE 9] F47F AR E o] Y, mscratch CSRE HAAHES A7 918 16
Ho|E 8] YA AFAE X35t HH 9 F4E AR E o] Yotk TEZE T+ 5719 HALAEHE Agst=H],
mscratcho] a0F 12| 1 R & o] al-adE HEFTE 123 A mcauseE XAISHY o 94 A&
S|4 gtet. 9HoF mcause<0 o] A QUE] P E I mcause>0 ©|H 573} o 9] Fo|ot. gref QIE] P E2}H mcause
9] 514 H|EZ} M-mode Eto]v] JIE]HEE 9| 5}= 71 A] A I et 9to} eto] o] Qe HE =}, X7t
H| 7] 9] 1000A}0] 22 B 5te] T o] JAEHET}F F O 2 tf=f 1000 Efo]H] Ato] Zof LAFSHA & Aot
opz]ato 2 o "2 1= a0-a49} mscratch A AHE BT mretE AFRSHe] g9ld 2o g EAgich
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Programmability
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Programmability

114 10. RV32/64 EH F+x%
2H 0 2 RE YA AEHE BRI
A 2702t mret G ofof] F7H= M-mode= thE T o] wii(Wait For Interrupt)E

AlEdteh wiie TR A A sfofste 837t Aol glrhs Ae deiA &/d3td <lH
HE7} ¥d((mie & mip)7#0)d wh7hA] A2 BEZ Z1QJ51A] gttt RISC-V T2 A A=
o] o5 JAHHE Wi d w7h2] 28& Wi 2e IS bt Aoz
H 212 ©<5] nopE APRIeh whebA] wiis AR OR

Atk
g
B GE: ufis JIEYHET A 08 FA3tE o] L& ol E AFTrh
ThoF QIE|HETZF A2 0 2 g4 SHmstatus MIE=1) 5| 11 /2L I HE7} dd o]
2 o wiiZh APE oA, T2AX = G ede ASe R FHmeteh v vhof Qe §
E7F A o= HEgdote] iyl S4skH JIEHET Wg H S wf wiirzh APHrh,
Z2 A A= wti ool Q= FEE A&Go)A Adtith o] ZE&= thEo] #3422 2
45171 919 mip CSR-E ARSI o] AL A4 S| A AHE Adstal BT B art
oA ol &S S8 = H sk Rt Hus JIEHE A AAE E9 4 ek
104 LHHE A AR OA AR} REQL T Al A A
WA REL Bedt U E AL AL FREH B2 AT Mmodeo] A E HE o]
ZPEZ AT glo] HZ5Hr] wRo A & 7Hhe AT 5 = AQout A g5t
oh 8209 I T AR o] A A A AV | WHishA sttt 98T 4
YonE Bt ARsht AL g 0|7 shrh T4 RISCVE Ag 4 gl 7og
HFH A AR RISt A= & gle ZEAA o] 25 HosH] et wAYSS
Azt
N 5 Qe REE B2 w0 AAH fE $4 BTE St nreve} 2
< 54 o] A3 nstatuset 22 5 CSR HF& FAof|ofTt gt} o] 2§k
F25] 47 ST 27199 58 REQ £4) 5 E(U-mode)s Mamode o] Ei
CSR2 ARE-SH Al Alegh wf 214t o] o s WAsto] o]dl S4dof gt
A& ARt 2% 2] o H U-mode®t M-mode= 1j-¢- f-AFoHA| &2+ttt M-mode
AT E9o]=mstatus.MPPE U(1¥ 10.99)| 4 e} Zo] 002 1T X o] 9]-&)=2 A5}
T A mret F o] & AP5te] U-mode= Z Y 4= et 7HeF ol @]/4= o] U-modeo] A]

HFAISHH Ao} E-2 M-mode 2 &-F] T}

AR S gl Lo AL w2 2ol 7 2o A|ghe] ojof sk M U RES
TEE Z2AAE U-mode7} oL W 28] 40 28 5 Q] M-modeo] 4| B A5}
= Physical Memory Protection(PMP)o]2} B8] = 7|52 71A| 11 Qlt}. PMP= 2 7l 9] A4
A A 2B (A7 8710l A 1670)9F t-g-oh= A4 BlA 28 = 5o glof ¢l71, 2£7], A
H5l7] 81712 59151 A L ARGHE U-modeo] Al T2 A A7} W&ol S ¢of o ALt A7



104, YHE] E AL A] AFGR} HES} L 24~ A 2] He

XLEN-1 0
l address[Physical AddressSize-1:2] ‘

TT 0 [ A [XIWIR]

3% 10.11: PMP 2 9 A7 HALE F4 HALEHE20F LEZO R FDEE 0] Y, gef 23] 471
XLEN-2 H|E £ Bt} Zchd 4§ H|E+= 00] Erh. R, W, 12X X BEE ¢7], 27], 220 AP AFS
Fojdh. AQEEPMP RES A 3]-3'-, L 9=+ PMP} ‘:H-s°l't —’r‘-—’t HALH | FE-S AP

31 24 23 16 15 8 7 0
[PMP3 | PMP2 | PMPI | PMP0 | pmpcfg0

[ PMP7 | PMP6 | PMP5 | PMP4 | pmpcfgl

[PMPIL | PMPI0 | PMP9 | PMP8 | pupcfg2

[[PMPI5 | PMP14 | PMPI3 | PMPI2 | pmpcfg3

RV32

63 56 55 48 47 40 39 32 31 24 23 16 15 8 7 0
[ PMP7 | PMP6 | PMP5 | PMP4 | PMP3 | PMP2 | PMPI | PMP0 | pmpcfgO

[PMP15 | PMP14 | PMPI3 | PMPI2 [ PMPI1 | PMPIO | PMP9 | PMPS | pmpcfg2

RV64

1% 10.12: pmpcfg CSRY] L= PMP A7 9] Flo]ok-2. RV32(S))o] tista] 16719] A7 A 2E 7} 4719
CSRe|l 7] $le}. RVed(ot)o] tiste] 27119 Z4-= | CSR| 7] Yo

= A AReH L A =T o], FAE BE PMP 4 A AF 9} H| w7t F ek whef
F47FPMP F4 i} o] AV ZThH B PMP F4 i+1 Hot ZTHH PMPi+1’s A4 &
A28 e R HIS YDA E 2GSk TEA] G o T o oS EAYR
2% 10.112 PMP 4 Bl A4 2] AH 9] glo]ob-z= Heltt. = t pmpaddr0of A
pmpaddrN O 2 Y E 54 YA AEE 74| = CSRO|THN+1-2 7 E PMPE| 7). 5
A 2] A E= PMP7} 4810 E A B SHgranularity)E 7}A] 11 QO EE 2H|E Q E&Z O g
FEEHT AA HR A8 e 1Y 10.12004 & 5 e Ax o] A3ty Hek(context
switching) & 7}&5}7] ©]3] CSRo] #5174 Soix} 9t PMPO] A4 R, W, X H|E 2
TE o] 22t AA, A%, AP e] 617 ARt Teja RE IE AL 0d0 PMPE
H| &4 sket . 1dmf E4sketeh. PMP A2 T3t thE R ES 2oty 4 4= jlom
0] 7]°5-2 [Waterman and Asanovi¢ 2017]o]| 4] 4 g stct.



M e
;“oﬁﬂ—)a:‘igé
o N
5 el
g0, 12 g M
flo

S Jo nk lb
op
ek
=
ll

H oo I > H
r Hr X oo &

M
b iy

_|,
X

o) FxHAHo=S-
moded] JEHEE
Aot N skt
o] olf= 7pstolLt.
"ok M-mode”} S-
mode S 913t FAE
PHgstehn Aeke, 1
°1E] 3 E X S-mode

7} o}y 2t M-mode 2
Ffofalgict.

116 10. RV32/64 EH 77

XLEN-1 0
Exception Delegation register [m/s]edeleg
Interrupt Delegation register [m/s]ideleg
XLEN

19 10.13: CSR 9. A3} £~-Hulo] A o &]Ae 78] 1 A HE £ CSR(medeleg, sedeleg, mideleg,
sideleg). o] 5 [m/slip H| A A€ o] H-§51= o 24 E= A HEE &P35o= v E 9A] 9 QlH AR
o Agte] EfY A 9192 EA3)sit.

XLEN-1 10 9 8 76 5 4 32 1 0
Reserved | SEIP | Res. | Res. | STIP | Res. | Res. | SSIP | Res.
Reserved | SEIE | Res. | Res. | STIE | Res. | Res. | SSIE | Res.
XLEN-10 1 1 2 1 1 2 1 1

1% 10.14: ${ulo] A QIEYE CSR. M AEHE(sip)9t AEHE B4 H|E(sie)E 7HAL A=
XLEN-bit ¢]7]/2-7] ¥ x| A E o]t}

105 At LAAAE 915 SHutol4 mE

e o mHstE )
agso 295 gk
B2 BAHG RISC-V E2 A AL Hol2] 7|4t 7H |2 ol & AH§olE A RE
Txt FAR Al o2 o]d EAE sfjZsty Tt o]d EAL A YAt
SAAA (2] 52, FreeBSD, AT =9} Z-o)E 2 QAs5t7] s AAH Ag= E4
9] ~mjHlo] %] H E(S-mode)2] M Alo]t}. S-mode= U-modeX t} B EHo| =25,
ode Hr}= tho E.S 712t} U-mode ZF0] S-mode 4 Z E ¢J|o]'= M-mode CSRT}
S A48 4 §LT PMP Aol 4 o] AL S-mode SIE|ES} o 91AHg
231, th2 A2 S-mode 7H W R 2] A|AHS Argitt
ZlExHog EH HEo} 475"0401 = o982 M-mode o 94% A== Al
o7 W7tk Unix A2H0] Qi thiiie] djoldae SIS sEaoRt A4
S-mode®]| 4] A &3t M-mode oﬂsws} FE e S-mode 2 FFS AL T = A,
o2 278l MER Qlaf R o e4F Helst melAA Het 1
o 2] 2] Y(exception delegation)& A|-5-oto] QNE]|HEQ} 5713} of ]39S M-mode
ATE o) 9415 vlo] s} Astol HE|Z 02 S-mode 1918 % 9l
mideleg(Machine Interrupt Delegation) CSRO| A o]® QIE|HEE S-modeZ ¢ U5}

ooy oE
[ rlo oo

L oE

o 5
rHI-V*i
H'U



105, Fef SGAAE 9Iek ujupo] <] 2= 117
XLEN-1 ~ XLEN-2 20 19 18 17
| SD | Reserved | MXR | SUM | Res. |
1 XLEN-21 1 1 1
16 15 14 13 129 8 76 5 4 32 1 0
XS[1:0] [ FS[1:0] | Res. | SPP [ Res. [ SPIE [ UPIE [ Res. | SIE [ UIE |
2 2 41 2 1 2 1 1

19 10.15: sstatus CSR. sstatus=mstatus?] 2RI E 10.4)0]| B2 d|o]o}-2-o] -§-A}5tt}. SIES}
SPIE+:= mstatusol|X] MIES} MPIES} -ALSHA] @A} o)A o 2135 AE P E B/43E 7R 1 Yot XLEN
2 RV329] 5} 320] 1 RV649] t] 5| 4= 640]t}. [Waterman and Asanovié 2017]9] 18 4.2 7]|4t9]
Jgolth. ohE W o] Ae] thshAL o] £ 4182 FEskeL.

A Alofreh(71E 10.13). mip?t mie Zo] midelege]l Q= ZF HIE= 17 10.390] 3=
22 Ao o e)de Z =9 t-g e ol E 501 mideleg[S]= S-mode Bto]H QIE]H
Eof tf-g-gtr}. Thef A = o] UthH S-mode Bto]H QB H E= M-mode |23 A=
27} oft 2} S-mode of| 9]/} S5 = A|o]Ho] ol & Z ot

S-modeo]] YU H A HE+= S-mode AL E o 2 aufAF S 4= 1t} sie(Supervisor
Interrupt Enable)™} sip(Supervisor Interrupt Pending) CSR-2 mie®} mip CSR(ZZH 10.14)
o] FZ52HSl S-mode CSRO|T}. M-mode&} | o]ot-2-2 2|3 midelegofl Al YA ¢l
Y Eo] oFot= HIETE sie®} sipE &l Y1l & 4= AUTh U= A 42 JIEHE]
g st B E+= 34 00|t}

M-mode= 57|35} o ]A3-S medeleg(Machine Exception Delegation) CSR(Z1
d 10.13)= ARESHY S-mode2™ 91T 4 Utk HIAUSS JEHHE AT
FFAFSEAITE, T4l medelegoll Sl HIE&= 71§ 1039 e 5718 d&ds ZE9

SRtTh & 5] medeleg[15] A2 S-modeo]| 274 H|o] 2] ZEEE AU Aol

of| @2 91 Aol o] FE o] ¥ Ed HER AlojdS A= 374 =
Zol Folstet. M-modeof| Al BAYSH= o 94382 4 M-modeof| A #] 2] Ett. S-mode
of| A BFAYS}= of 9] AFEHe 919l A o] wh2t M-mode T S-modeof| A # 2] F 5= A7
At U-modeo] 4] A 2] ¥ 2= g=t

S-modet= E 7o) of|QJAF3}F *2] CSR(scause, stvec, sepec, stval, sscratch,
sstatus)S 7}A 1 o] 1024(2H 10.75 € 19 10.8)° 4 A" St M-modeo] tjj5}
28 7158 2aahh, 19 10,1504 sstatus 37 A o] golob$-S Kol 1 glek. 4
wjuto] 4 o 9144 7] Weof sreci= mrecs} 2] 525175 Memode thA10] S-mode
of| 21738 22| CSRo||A] 2HF5htt.

o @/ &-& A 2lsl= 2= M-mode®} -~ AFSIC. ThoF hart7} o 3% A4
5}l S-modeo]] YU SHHA, 5= ¢ o]= M-mode CSR thAlo]] S-mode CSR-S AF-8-51o] H
743 S AFG A Aol 9xbA 0 2 27 Hct

S-moded] A & Efo]n]
St AT E] AHH
EE 4PHoE Ao
517 =t Al
Efolu]& A galAL}
LZEAATJIEHE
E HUY7] 95l ecall
Gl ALgslo]
M-modeof| 23ttt
ol 2nE o] 7fof
2 Supervisor Binary

Interface % J5-o|t}.

Simplicity



4KiB 0] 2= IBM
360 28l 670] 4 A=
sto] 504 5ot A8
CECR DEEDY
25 A A AREE
3KiB H|o] A (6u}o] £
912)8 7422 9iet
AR A5tz
g Flstasdon
LA A7) Fol =
wo]x] 2717} A
A WA ghohehs
e s T

118 10. RV32/64 54 7%
31 20 19 1009 87 6 543 2 10
PPN[1] [ PPN[0] [RSW[D|A[G[U[X]W]R]V]

12 10 2 11111111

19 10.16: RV32 Sv32 =] #] €|o]E A E | (PTE).

o el dgo] YR o] ] PC sepco]] HEE| I PCE stveco 2 A4t

* scause= T1% 10.39)|A4] Q1T F = Ay} Zro] o AR}t Yol o 7 AA L)1, stval
AR Fh L o o2 o2} go] B 0 E A,

UEHEE sstatus CSRO| Al SIE=02.= /A7 5to] H|&/Jo}=1l, SIES] o]
- SPIES] HEH T

o] o9/ %} EH RE= sstatus’ SPP IEO] HEHT, EA HELESE

o,

10.6  Ho]z] 7|9t 7}A} w2 g

S-models 4 Woka} v]ze] e S Bxo g Hojeks nAH 272 vzelE 1
‘ol prelshs AEAQ FHy vme AABE A gt Hol o] A8t HE o) of
o) FAGE S0 A9 AR 101D PCE Eqfslehs B2l olzele] F2a
S8} Be] Frz WakEolof = FH Folth 7bg Ak Holx] Hlo2 Lelx
high-radix £ g4ste] Be] S22 AT o] Hlol o] gl X oA
M Fa7t Be] ol sjmEo] Glx|o] sl & 4 9, wrek TEthe 1 wo]x]
A 23] AL ofE S RES A Bo] EAE U 4 ek NS e
wlo] 2|9} FHalA] ghe Ao Aot Ho] x| ZE o 2] 43 1 % Ay,

RISC-V #o] 4 41 SvXZ 9§ w3, ol7]o]4 X HER | 7hg F49] 7]
olt}. RV329] H|o] A HF2](Sv32)L 4GiB 7MY} F4 F7HS 2| Y }oq 4MiB 37]9] 210
) bo] X2 Lol Atk 2t w|7hdlo] A 4KiB(H|o] o] 7] E ge])e] 210 7 mo]
) thA] Lol Alck. whebA] $v329] o] o] -2 radix 2109] 254 Ect. wo]
Hlol2olA] 2t AEEE 4 Hho]Eo]olA Ho|x] Hlol &S 1 A 4KiBelck. o]
Hlol2o] ek} 3 Wo|x] o] A7)0t 2L AL $q0] A7} oueh. o] WA &
QAR L) B e

1% 10162 Sv32 Ho]A] o] AE(PTE)S] dojobe-e Holw 913 th32] B
£2 713 gtk @ 2&e) A A%.0 2 Ay,

OEZ _1>~i'

+ V H|EL PTES] Lhol 2] 7} 2 4314 (V=1) et} ghef V=0 o] @ PTES ot
M Fa WFL Ho]X] BES 2T



10.6. mo]=] 7]8}F 7}AF m 2] 119

370] ¥l E7} 0ol 2 01 PTEL S]] dlol 21 o2
197 gror E2o] ) moltt.
7} 484 ol A 1] ofu]gict. ot U

H|E£ o] #o

=0 o]z} U-modeo] A

U 14
L o] Hlo] x| o] 8 4= gL S-modeo]| Al 71551}, ghek U=1 ]2} U-modeo] A]
o] glo]z]of & 4= A S-modeof| A= HLE 4= gir/].

» G H[EE o] Hj5o] RE /M F4 Fbol EAf5H=A] Yeh L, shEglol 7t 5

T A AEolth. drHor FIAA o £t

- AH|EE 1 Wo] 7|7} A HES} BhAjEte 2 2|94 o] ] A Ho] gl
Urebaiet.

» D H|EL 1 50| %7} D H|E7} nhxato 2 2914 ol Foll B (S, A1) el
QLA b,

» RSW BEL LA 482

il

ol FAAH UL SFEFlo]= o] BEE FA|FH.

* PPN D E= 58 F4:0] g5l ¢ go]x] o5 7Fx] 1 §le}. wheF o] PTEZ} 2
I PPN HgH E2] 40 dRo|t} 1% ¢hrhd PPN o] %] o] &9
o @A FAE AFTeh (19 10162 T4 HE de]Eo] Ag-g Test
5t7] 915l PPNS & 7] 9] 5F9]E E & tett)

RV64= THE o] A AA-S 2| QUs)A| 1 714 &3 Sv3ouh-e A m gt} Sv39= Sv32
¢} o] 4KiB 7] o] 2|5 AHEFI. Ho]A] Hlo|E AE = 27|17} F 7} E]of 8 vf
O|ESA B 2 E2 FAE 7HE 4 Atk Fo] A HolEo] AestA Ho]A] A7|eh= =W
d& frAlot7] S1el E2 9] radixi= TLof) AF-&ohs 292 Hoj Itk Efj= 314 Zloolth
Sv399] 512GiB F4 27+ ZF 1GiBQl 20 7]7Fmo]x]= Lol it Z} 7] 7}H|o] 2] =
29 w7k o] A &2 ThA] LRo] ] AL, Sv39e]l A= Sv320 4 Ert of7h v Zh2 2 MiBo|t}.
Zt w|7}e| o] 2= 4KiBQl 27 714 #o] A & thA] LHref itk
12 10.172 Sv39 PTEQ] do]ol2S Ho]T Qith. PPN @7} 56H|E B8] 4 T
+ 28 F4 379 22 GBS 2 gst7] 9fel 44 H|[ER o & th 29 A €]5kaL Sv32
PTES} 5 U5}t

¢ OSk HZE AR

o Ag4E Ho|A &
AR5 SIS A 2

D HlEd] oz},
TR 0R AHIES
2|1 A] o] = o] Z] 7}
7178 & F o] AFEH
=2 (least-recently
used) 7}55H= AL
0S°|| =25 &t} D
H| E+= o Ho] A&
HZ AR o A
Mok shng 25 ok
(swap out)s}=4] ¢ H|

Aot A8 b

e RV64 #o] 3 3
A2 oA HolA
HolEo o B2
= z71%ch Sv48

2 5395k A | U5}
Ak 7P F 4 FRko]
299 o 231 we]7]

o] Eo] 7t A
A



120 10. RV32/64 5# 7%
63 5453 28 27 19 18 109 87 6 5 43 2 10
Reserved PPN[2] | PPN[1] | PPN[0] [RSW[DJA[G[U[X]W]R]V]
10 26 9 9 2 11111111

19 10.17: RV64 Sv39 =] Z] €|o] & A E ] (PTE).

31 30 2221 0
[MODE [ ASID | PPN | RV32
1 9 22
63 60 59 44 43 0
[ MODE | ASID [ PPN | RV64
g 16 44

1% 10.18: satp CSR. [Waterman and Asanovié¢ 2017]19] 719 4.113} 4.12 7]4te] 1.

L ALESHA] g FA HIE
Sv399] 7MY 4= RV6d A4 B A KT o] FOo B & U] 258 E= F4lo] B=
2] gaofl & Z o]t Sv39+= 63-391 T4 H|EZ} 38% HE O] FARo] B &5 45}l
ot webA Bbg st 7FAF 4= 0000_0000_0000_00004,.,—0000_003f _ffff_ffff; .
183l £££f_f£fc0_0000_0000pc,—ffff_ffff ffff ffff,.,0|Ct F Q] Ato]o] 7+A
2 E O A 27| Kok B2 2% 8 o] A e 648|E A LBV BAT = 9=
%59] 99.999997% 5 ‘dH|gI). &ff o] of RO 25H| EE T & AE-SHA] R A7 HiH 2
n2 o] 7MY F4 FIH 512GiB o)) B Q5 & FUlot R R o F|H E = 619] 58t
A& MAR L T4 B3-S F7HA 714 Aoh7] wZolt) gheF L& T o] 25H|E o] 4o
& HolHE AFsHES g, USel B & $4F 7HA7] 916 1 B EE 3|4ot=
£ F4 H|Eo| HloJE] A4S o]-8dth= A2 A7t
HhEElo] 2 @ Fr}.
S-mode CSR satp(Supervisor Address Translation and Protection)~= H| 0| A A]|AH-S
Alojgtet. 19 10.189| 4 Hol= A3} o] satps= 3709 WEE 71|43 3ty MODE
ML Wl e BT Hol7] Hlol2 Zol Atk 10,195 AL
Ho]1 9th). ASID(Address Space Identifier) BE= A &lAlglo] 1 AL AE Helo] H|-&
= E°17] 9o AHg 4= Gtk mpA|ete 2 PPN B E= 4KiB H|o|2] A7|2 Ve S E
Hol 4] Hlo] 0] B 42 7443 Slek. QA © 2 Momode AL ES o] 4802 8-
mode® Z1915}7] Hof| satpol 0a #7Fsho] #| o] & H|&/d3lstal, 12|41 LhA] S-mode

ABmEgoli Wol | Hlol2-e 44T F thi 02 AT




Al ZFsto] #jo) 7] Hlo|l &S HAste] &2 FAR AT 19 10202 ] US| % A
gt

10.6. mJo]x] Z]uF 7}AF wjH &) 121
RV32
Value | Name | Description
0 Bare | No translation or protection.
1 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.

19 10.19: satp CSRO]| 1= MODE "= 9] 174, [Waterman and Asanovié¢ 2017]9] 3 4.3 7]4ke] 1.

VPN
31 °7 22 21 T12 11 0
VA VPNI1] VPN[O] offset
Page Table
satp
Page Table
Ly PTE___H™
L PTE
33 ¢ 12 11§ 0
PA PPN offset

713 10.20: Sv32 54 W3 91 tho]o] 1.

wo] % o] satp H X AE A E/JstE o S-mode} U-mode 7Hd F Eo]x

OH, _|_4

1. satp.PPN2 3 HA] A mo]z] o] &9] H|o]A FAE 11, VA[31:22]+
A7 A QY AS A FSo] T2 A AL F4(satp. PPN x4096 + VA[31:22] x4)oﬂ
A9l = PTEE ¢+

2. 11 PTEx= 5 HA &4 mlo]z] o] B2 Ho|A FAE Z3stal 9l VA[21:12]
L = vy oA old| A2 A Z5ko] T 2 AN A=(PTE.PPNx4096 + VA[21:12] x4)o]
A2 2 Z PTEE H+=Tt



Cost

122 10. RV32/64 EH 77

3. 23 PTES| PPN =0} o)1) ozl 71 540 519] 12 W] E)L nhju}
A7 HFETh Ed] 4= LeafPTE.PPNx4096 + VA[11:0]°]t}.

N

A ZrAAE = wEe o] et Mok A2t 2 PTESH 1+
tHAIE A LS Sv39+= Sv329t A 9] Fsttt. & Ao mpA|ete] A=
Ho| x| Hlo]& FA darg]Zo] tieh eHRt A, o o4 Fs 2 tieh AHA
< o,lah- x| o] 2] Hghe] SRt 7 -9-of tiste] At

RISC-V o] A|AHle]= oA o] A o] X7 o|il oA shugt Folglr}. whof B=
of WEUW7], A, 18 z7Fe] Ho]2] gHlol&e] 2 M4 HstA Hotd, o
3F3] 52 AstAE ZoltH B A e Ao o]d RHSIEE T4
H3el 7] 4 (E 5 TLB (Translation Lookaside Buffer)2t1l B5)& AL&3) Eo]al ot 7)

|

= M

i}

F]O o

£19] H]-8-5 Zo]7] 9ol 2 ZEA A= 7419 4&4 #lo]7] Hlol&& AHE A &

A2 712] =t} wheF LA A7} wlo] 2] HlolE< HA T 7M4]= o] dlolE 7t
=t} S-mode o] BEAE d|dst| 8] 5t o Ugegﬂg— Z7}stt} sfence.vma=
2 A A iil_lf_-?ﬂﬂﬂ Ho]7] Hol&& F8WE T Ae= g, ZEAAZE A4
SHA ¥ A4 E HlE & U E gtk O ool v ok & A4 e MAE S &
Ue= F e AE A ”H7H@—’F7} UTE. 1512 H| 0] Z] ]O]*S‘Oﬂ U oH 7HE T4 B
o] HAE U=2] 74 7] 1L, 1s2= H| 0] ] Hlo| 50| M H 2| A T4 FIH AHAE

Lrebd Tt ghef x00] = mi 7R 4= B ol KT, A J g Al vl A1 A "o

T eI 2 A XA T4 HEE A4 B4
sfence.vmay= 71 PO 5 AP QL= harto]] thet T4 §Ig StEgojort Gk
[ 3t} 5huto] hart7} thE hart7} ARE-5-Q1 o] 2] Hlo] &5 ¥17
o] & Aagsfoptt Shi= F WA harto]] &2l 57| 15l A A4 harti=
ALg-sfjokat it} o] A= ZEZE TLB shootdown O & AFH ).

o o mlo

St o], sfence.vma Y
DA A HE

10.7 A¥ " M= CSR
Lol 2] CSRE m2 A 0] E4.& st
oheat 2
e Machine ISA misa CSR-E& Z2A|A F49] Z((32, 64, = 128H|E)S dHF11
ofwl ol e maehu glA] APHETH1Y 1021,

T

o
/E—DL_O_

I\

3 Eolzt Zolth A CSRE

_]>~

e Vendor ID mvendorid CSR-E F o] AZA}e] JEDEC A&z IDE AlEstth( 1
2] 10.22).

e Machine Architecture ID CSR marchid= 7]E nfo]a 2ol7|€lAE daZc).
mvendorid®} marchidE A sto] FAH nfo]| A 2ol7|HI A& 1{-61A AEetth

(19 10.23).



10.8. & 123

* Machine Implementation ID CSR mimpid+ marchido] Ql& 7] nfo] 7 2o}z |El
o] 7¢ WAL & 2 9k

« Hart ID CSR mhartid= @#] A8 =0l harto] A2 ¥ DS ikl
2 10.23).

&2 =7 CSRo|tt.

« Machine Time CSR mtime-& 64H]E A A7} 7126 o] cH 12 10.24).

* Machine Time Compare CSR mtimecmpt mtime©] o] g} L X|stAL Hold uj
DEHES TAYFTHIH 10.24).

+ 32H|E Machine @ Supervisor Counter-enable CSR(mcounteren ¥ scounteren)2
oFg-0 2 71 e B BhAol 4 sh=glo] A R U E CSRe] 71848 Alofgiet
(71 10.25).

* 317} slE4e] A% HEYE CSR(mcycle, minstret, mhpmcounter3, ...,
mhpmcounter31)2 2 Ato|Z, @ H(retired) o], 7128]1 mhpmevent3,
..., mhpmevent31 CSRE AFgsolo] T2 gy Mgt o 297 oHIEE
FIESITH

108 A=

Study after study shows that the very best designers produce structures that are faster,
smaller, simpler, clearer, and produced with less effort. The differences between the great
and the average approach an order of magnitude.

—Fred Brooks, Jr., 1986.

Brooks= E8JAF ARzo|n] LHOA TZRE Aol 2948 293 AFEQ
IBM System/360 o' 2] 2] o}7| €| E o]t} 1964\—4 TZO BLEAZE0 ]g‘—w o] M5l
=i Qlct
RISC-V 57 729] mEshs thofe Al289] B ao] 283t} H20td TAL 5
off HAl RE= e H]J‘l © 2 Hj|oju|e(bare-metal) JH| T E 28 m 7 7S 2] A3t}
271249l AL RES Bal W e] Rl 5 o 22 O B u] 0= A 264 @
ElR| 275 A At} npx[et o 2 fujuto]z] R} w|o]z] 7|8t ZHF WK 2= ddf 9

=3 AAE &5l Aol Badt 7S AT

10.9 =7} sk&5

A. Waterman and K. Asanovié, editors. The RISC-V Instruction Set Manual Volume
II: Privileged Architecture Version 1.10. May 2017. URL https://riscv.org/

specifications/privileged-isa/.

Simplicity

ooc

Programmability



124 = 7] F

XLEN-1 XLEN-2 XLEN-3 26 25

[ MXL[1:0] [ 0 Extensions[25:0]

2 XLEN-28 26

71 10.21: Machine ISA misa CSRE %] 9151 ISAS oFa] Zr}. MXL(Machine XLEN) B E L yo| g B
Ho] A 4= ISA Z-& H53H12 32H|E, 2= 64H| E, 32 128M]| E) gt} 3¢ I =t 55 S-S gyl B4
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XLEN-1

Vendor ID register (mvendorid) [ Offset
XLEN-7 7

1% 10.22: mvendorid CSR2 0] 2] JEDEC A XA} IDE A3ttt

XLEN-1 0

Machine Architecture ID register marchid
Machine Implementation ID register mimpid
Machine Hart ID register mhartid

XLEN

1% 10.23: Machine identification CSRs (marchid , mimpid, mhartid) & X ZA|X] 2] olo] a2 o}7]| €<}
F@L Adsta A APF< hart 2 =9 AHE AFer)

63

Machine Time register mtime
Machine Time Compare register mt imecmp
64

1% 10.24: Machine time CSR(ntime @ mtimecmp)-2 A]7He &3Sttt 18] 3 mtime > mtimecmp Y uf

AHYEE YAV
31 30 29 28 6 5 4 3 2 1 0
HPM31 | HPM30 [ HPM29 | | HPM5 [ HPM4 [ HPM3 [ IR [ TM [ CY |
1 1 1 23 1 1 1 11
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63 0
mcycle
minstret
XLEN-1 0
mhpmcounter3 mhpmevent3
mhpmcounter4 mhpmevent4
mhpmcounter30 mhpmevent30
mhpmcounter31 mhpmevent31
64 XLEN

1 10.26: St=90] A% 2YFE CSR (mcycle ,minstret, mhpmcounters3, ..., mhpmcounter31)Q} 17 E0]
7} E 5}+= mhpmevent3, ..., mhpmevent31 O|H E. RV320] A4t mcycle, minstret, 121 mhpmcountern
CSR-2 ¢]11 5}9] 32 H|EE w83t} HhH o mcycleh, minstreth, 18] 1 mhpmcounternh CSR-S ¢}o]

AW N =

-5t 712 € 9] 63-32 H|[ES uvHEHeiT)

. Let a be satp.ppn x PAGESIZE, and let : = LEVELS — 1.
. Let pte be the value of the PTE at address a + va.vpn|[i] x PTESIZE.
. If pte.v = 0, or if pte.r = 0 and pte.w = 1, stop and raise a page-fault exception.

. 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. Let ¢ = ¢ — 1. If ¢ < 0, stop and raise a page-fault
exception. Otherwise, let a = pte.ppn x PAGESIZE and go to step 2.

. 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.

. If ¢ > 0 and pa.ppn[i — 1 : 0] # 0, this is a misaligned superpage; stop and raise a page-fault

exception.
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.
The translation is successful. The translated physical address is given as follows:
* pa.pgoff = va.pgoff.
 If ¢ > 0, then this is a superpage translation and pa.ppn[i — 1 : 0] = va.vpn[i — 1 : 0].
* pa.ppn[LEVELS — 1 : i] = pte.ppn[LEVELS — 1 : i].

33 10.27: 7Hgo A BE F4 A& Y AA T2 . vak 7HE F4 4FH 0l pat B F4 0|
PAGESIZE A}4-= 2120|t}. Sv320] tj5to] LEVELS=29} PTESIZE=4, 5] Sv39¢] tj5}o] LEVELS=33}

PTESIZE=8°]|t}. [Waterman and Asanovi¢ 2017]2] 4.3.238 7]4te] 13.



Alan Perlis (1922-1990) Fools ignore complexity. Pragmatists suffer it. Some can avoid it. Geniuses remove it.
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Simplify, simplify.
—Henry David Thoreau, an eminent writer of the 19th century, 1854
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Simplicity is the keynote of all true elegance.
—Coco Chanel, 1923
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add rd, rsl, rs2 x[rd] = x[rs1] + x[rs2]
Add. R-type, RV32] and RV641.

Adds register x[rs2] to register x[rsI] and writes the result to x[rd]. Arithmetic overflow is
ignored.

Compressed forms: c.add rd, rs2; c.mv rd, rs2

31 25 24 20 19 15 14 12 11 76 0
| 0000000 rs2 sl [ 000 [ 0110011
addi rd, rs1, immediate x[rd] = x[rsl] + sext(immediate)

Add Immediate. I-type, RV32I and RV64l1.
Adds the sign-extended immediate to register x[rs/] and writes the result to x[rd]. Arithmetic
overflow is ignored.

Compressed forms: c.li rd, imm; c.addi rd, imm; c.addil6sp imm; c.addi4spn rd, imm

31 20 19 15 14 12 11 76 0
] immediate[11:0] sl \ 000 \ rd 0010011

add iW rd, rsl, immediate x[rd] = sext((x[rs1] + sext(immediate))[31:0])
Add Word Immediate. I-type, RV64I only.

Adds the sign-extended immediate to x[rsI], truncates the result to 32 bits, and writes the
sign-extended result to x[rd]. Arithmetic overflow is ignored.

Compressed form: c.addiw rd, imm

31 20 19 15 14 12 11 76 0
immediate[11:0] sl \ 000 \ rd 0011011
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addw rd, rs1, rs2 x[rd] = sext((x[rsi] + x[rs2])[31:0])
Add Word. R-type, RV64I only.

Adds register x[rs2] to register x[rs/], truncates the result to 32 bits, and writes the sign-
extended result to x[rd]. Arithmetic overflow is ignored.

Compressed form: c.addw rd, rs2

31 25 24 20 19 15 14 12 11 76 0
] 0000000 \ rs2 \ rsl \ 000 \ rd 0111011
amoadd.d rd, rs2, (rs1) x[rd] = AMOG4(M[x[rs1]] + x[rs2])

Atomic Memory Operation: Add Doubleword. R-type, RV64A only.
Atomically, let ¢ be the value of the memory doubleword at address x[rs/], then set that

memory doubleword to # + x[rs2]. Set x[rd] to t.

31 2726 25 24 20 19 15 14 12 11 76 0
| 00000 [agln] 2 [ w1 o | 0101111
amoadd.w rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] + x[rs2])

Atomic Memory Operation: Add Word. R-type, RV32A and RV64A.
Atomically, let ¢ be the value of the memory word at address x[rs/], then set that memory

word to ¢ + x[rs2]. Set x[rd] to the sign extension of 7.

31 2726 25 24 20 19 15 14 12 11 76 0
| 00000 lagln| w2 | w1 o010 0101111
amoand.d rd, rs2, (rs1) x[rd] = AM064(M[x[rs1]] & x[rs2])

Atomic Memory Operation: AND Doubleword. R-type, RV64A only.
Atomically, let ¢ be the value of the memory doubleword at address x[rs/], then set that

memory doubleword to the bitwise AND of ¢ and x[rs2]. Set x[rd] to t.

31 2726 25 24 20 19 15 14 12 11 76 0
01100 [ag[ri| 12 st ol |« 0101111
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amoand.w d, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] & x[rs2])
Atomic Memory Operation: AND Word. R-type, RV32A and RV64A.
Atomically, let # be the value of the memory word at address x[rs/], then set that memory

word to the bitwise AND of ¢ and x[rs2]. Set x[rd] to the sign extension of ¢.

31 2726 25 24 20 19 15 14 12 11 76 0
01100 Jagln| w2 | w1 o010 | 0101111
amomax.d rd, rs2, (rs1) x[rd] = AM064(M[x[rs1]] MAX x[rs2])

Atomic Memory Operation: Maximum Doubleword. R-type, RV64A only.

Atomically, let ¢t be the value of the memory doubleword at address x[rs/], then set that
memory doubleword to the larger of ¢ and x[rs2], using a two’s complement comparison. Set
x[rd] to t.

31 2726 25 24 20 19 15 14 12 11 76 0
10100 |agln| 2 | w1 [o011 | 0101111

amomax.W rd, rs2, (rsl) x[rd] = AMO32(M[x[rs1]] MAX x[rs2])
Atomic Memory Operation: Maximum Word. R-type, RV32A and RV64A.

Atomically, let # be the value of the memory word at address x[rs/], then set that memory
word to the larger of ¢ and x[rs2], using a two’s complement comparison. Set x[rd] to the sign

extension of ¢.

31 2726 25 24 20 19 15 14 12 11 76 0
10100 |agln| 2 | w1 [o010 [ 0101111

amomaxu.d rd, rs2, (rs1) x[rd] - AMO64(M[x[rsi]] MAXU x[rs2])
Atomic Memory Operation: Maximum Doubleword, Unsigned. R-type, RV64A only.
Atomically, let ¢t be the value of the memory doubleword at address x[rs/], then set that
memory doubleword to the larger of 7 and x[rs2], using an unsigned comparison. Set x[rd] to
t.

31 2726 25 24 20 19 15 14 12 11 76 0
11100 |ag|n| 152 st o | 0101111
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amomaxu.wW rd, rs2, (I’Sl) x[rd] = AMO32(M[x[rs1]] MAXU x[rs2])
Atomic Memory Operation: Maximum Word, Unsigned. R-type, RV32A and RV64A.
Atomically, let ¢ be the value of the memory word at address x[rs/], then set that memory

word to the larger of ¢ and x[rs2], using an unsigned comparison. Set x[rd] to the sign exten-

sion of ¢.
31 2726 25 24 20 19 15 14 12 11 76 0
11100 Jagl| w2 | st | o010 0101111
amomin.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] MIN x[rs2])

Atomic Memory Operation: Minimum Doubleword. R-type, RV64A only.

Atomically, let ¢ be the value of the memory doubleword at address x[rs/], then set that
memory doubleword to the smaller of # and x[rs2], using a two’s complement comparison.
Set x[rd] to ¢.

31 2726 25 24 20 19 15 14 12 11 76 0
10000 [agln] 2 | w1 [o11 [ « 0101111

amomin.w rd, rs2, (rs1) x[rd] = AMO32(M[x[rs1]] MIN x[rs2])
Atomic Memory Operation: Minimum Word. R-type, RV32A and RV64A.

Atomically, let ¢ be the value of the memory word at address x[rs/], then set that memory
word to the smaller of ¢ and x[rs2], using a two’s complement comparison. Set x[rd] to the

sign extension of .

31 2726 25 24 20 19 15 14 12 11 76 0
10000 |ag|ri|  rs2 sl |00 | 0101111
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amominu.d rd, rs2, (rs1)  x[rd] = AMO64(M[x[rs1]] MINU x[rs2])
Atomic Memory Operation: Minimum Doubleword, Unsigned. R-type, RV64A only.

Atomically, let ¢ be the value of the memory doubleword at address x[rs/], then set that
memory doubleword to the smaller of 7 and x[rs2], using an unsigned comparison. Set x[rd]

tor.

31 2726 25 24 20 19 15 14 12 11 76 0
11000 [ag[| w2 | w1 [o11 | « 0101111

amominu.w rd, rs2, (rs1)  x[rd] = AMO32(M[x[rs1]] MINU x[rs2])
Atomic Memory Operation: Minimum Word, Unsigned. R-type, RV32A and RV64A.

Atomically, let # be the value of the memory word at address x[rs/], then set that memory
word to the smaller of 7 and x[rs2], using an unsigned comparison. Set x[rd] to the sign

extension of ¢.

31 2726 25 24 20 19 15 14 12 11 76 0
11000 |agln| w2 | w1 [o010 [ 0101111
amoor.d rd, rs2, (rs1) x[rd] = AMOS4(M[x[rs1]] | x[rs2])

Atomic Memory Operation: OR Doubleword. R-type, RV64A only.
Atomically, let ¢t be the value of the memory doubleword at address x[rs/], then set that

memory doubleword to the bitwise OR of ¢ and x[rs2]. Set x[rd] to ¢.

31 2726 25 24 20 19 15 14 12 11 76 0
01000 [agln| w2 | w1 o011 | 0101111
aMmoor.W rd, rs2, (rsl) x[rd] = AMO32M[x[rs1]1] | x[rs2])

Atomic Memory Operation: OR Word. R-type, RV32A and RV64A.
Atomically, let ¢ be the value of the memory word at address x[rs/], then set that memory

word to the bitwise OR of ¢ and x[rs2]. Set x[rd] to the sign extension of z.

31 2726 25 24 20 19 15 14 12 11 76 0
01000 |ag|ni|  rs2 st [ 010 [ 0101111
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amoswap.d rd, rs2, (rs1)  x[rd] = AMO64(M[x[rs1]] SWAP x[rs2])
Atomic Memory Operation: Swap Doubleword. R-type, RV64A only.
Atomically, let ¢ be the value of the memory doubleword at address x[rs/], then set that

memory doubleword to x[rs2]. Set x[rd] to .

31 2726 25 24 20 19 15 14 12 11 76 0
00001 fag[n| w2 | w1 o011 | 0101111

aAMmMOoOSwWap.W rd, rs2, (rs1)  x[rd] = AMO32(M[x[rs1]] SWAP x[rs2])
Atomic Memory Operation: Swap Word. R-type, RV32A and RV64A.
Atomically, let # be the value of the memory word at address x[rs/], then set that memory

word to x[rs2]. Set x[rd] to the sign extension of 7.

31 2726 25 24 20 19 15 14 12 11 76 0
00001 Jag[n] w2 | w1 o010 | 0101111
amoxor.d rd, rs2, (rs1) x[rd] = AMO64(M[x[rs1]] " x[rs2])

Atomic Memory Operation: XOR Doubleword. R-type, RV64A only.
Atomically, let ¢ be the value of the memory doubleword at address x[rs/], then set that
memory doubleword to the bitwise XOR of ¢ and x[rs2]. Set x[rd] to .

31 2726 25 24 20 19 15 14 12 11 76 0
00100 [agln| w2 | w1 o011 | 0101111
aAMOXOr.W rd, rs2, (rsl) x[rd] = AMO32(M[x[rs1]] " x[rs2])

Atomic Memory Operation: XOR Word. R-type, RV32A and RV64A.
Atomically, let ¢ be the value of the memory word at address x[rs/], then set that memory

word to the bitwise XOR of ¢ and x[rs2]. Set x[rd] to the sign extension of 7.

31 2726 25 24 20 19 15 14 12 11 76 0
00100 |ag|ri| 152 sl |00 0101111
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and rd, rs1, rs2 x[rd] = x[rs1] & x[rs2]
AND. R-type, RV32I and RV64I.
Computes the bitwise AND of registers x[rs/] and x[rs2] and writes the result to x[rd].

Compressed form: c.and rd, rs2

31 25 24 20 19 15 14 12 11 76 0
] 0000000 rs2 sl \ 111 \ rd 0110011

a nd i rd, rs1, immediate x[rd] = x[rs1] & sext(immediate)
AND Immediate. I-type, RV32I and RV641.

Computes the bitwise AND of the sign-extended immediate and register x[rs/] and writes the
result to x[rd].

Compressed form: c.andi rd, imm

31 20 19 15 14 12 11 76 0
] immediate[11:0] rsl \ 111 \ rd 0010011

aulpcC rd, immediate x[rd] = pc + sext(immediate[31:12] << 12)
Add Upper Immediate to PC. U-type, RV32I and RV641.
Adds the sign-extended 20-bit immediate, left-shifted by 12 bits, to the pc, and writes the

result to x[rd].

31 1211 76 0
’ immediate[31:12] rd 0010111

beq rsl, rs2, offset if (rs1l == rs2) pc += sext(offset)
Branch if Equal. B-type, RV32I and RV641.

If register x[rs/] equals register x[rs2], set the pc to the current pc plus the sign-extended

offset.

Compressed form: c.beqz rsl1, offset

31 2524 20 19 15 14 12 11 76 0
| offset[12]10:5] | rs2 st | 000 | offses:1)in) 1100011
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bqu rs1, offset if (rs1 == 0) pc += sext(offset)
Branch if Equal to Zero. Pseudoinstruction, RV32I and RV64l1.
Expands to beq rs1, x0, offset.

bge rs1, rs2, offset if (rs1 >, rs2) pc += sext(offset)
Branch if Greater Than or Equal. B-type, RV32I and RV641.
If register x[rs/] is at least x[rs2], treating the values as two’s complement numbers, set the

pc to the current pc plus the sign-extended offset.

31 2524 20 19 15 14 12 11 76 0
| offset[12[10:5] | rs2 sl | 101 | offseait]1) 1100011
bgeu rs1, rs2, offset if (rsl >, rs2) pc += sext(offset)

Branch if Greater Than or Equal, Unsigned. B-type, RV32I and RV641.
If register x[rs/] is at least x[rs2], treating the values as unsigned numbers, set the pc to the

current pc plus the sign-extended offset.

31 25 24 20 19 15 14 12 11 76 0
| offser(1210:5] | rs2 sl | 111 | oftseact)g 1100011

bgez rs1, offset if (rs1 >, 0) pc += sext(offset)
Branch if Greater Than or Equal to Zero. Pseudoinstruction, RV32I and RV64I.
Expands to bge rs1, x0, offset.

bgt rsl, rs2, offset if (rsl >4 rs2) pc += sext(offset)
Branch if Greater Than. Pseudoinstruction, RV32I and RV641.
Expands to blt rs2, rs1, offset.

bgtu rsl, rs2, offset if (rsl >, rs2) pc += sext(offset)
Branch if Greater Than, Unsigned. Pseudoinstruction, RV32I and RV641.
Expands to bltu rs2, rsl, offset.
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bgtz rs2, offset if (rs2 >, 0) pc += sext(offset)
Branch if Greater Than Zero. Pseudoinstruction, RV32I and RV64I.
Expands to blt x0, rs2, offset.

ble rsl, rs2, offset if (rsl <, rs2) pc += sext(offset)
Branch if Less Than or Equal. Pseudoinstruction, RV32I and RV641.
Expands to bge rs2, rsl, offset.

bleu rsl, rs2, offset if (rs1 <, rs2) pc += sext(offset)
Branch if Less Than or Equal, Unsigned. Pseudoinstruction, RV32I and RV64I.
Expands to bgeu rs2, rsl, offset.

blez rs2, offset if (rs2 <; 0) pc += sext(offset)
Branch if Less Than or Equal to Zero. Pseudoinstruction, RV32I and RV641.
Expands to bge x0, rs2, offset.

blt rs1, rs2, offset if (rsl <s rs2) pc += sext(offset)
Branch if Less Than. B-type, RV32I and RV641.
If register x[rs/] is less than x[rs2], treating the values as two’s complement numbers, set the

pc to the current pc plus the sign-extended offset.

31 25 24 20 19 15 14 12 11 76 0
| offset[12[10:5] | rs2 s1 | 100 [ offsea:1)i) 1100011
bItZ rsl, offset if (rsl <, 0) pc += sext(offset)

Branch if Less Than Zero. Pseudoinstruction, RV32I and RV641.
Expands to blt rs1, x0, offset.
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bltu rsl, rs2, offset if (rsl <, rs2) pc += sext(offset)
Branch if Less Than, Unsigned. B-type, RV32I and RV641.
If register x[rs/] is less than x[rs2], treating the values as unsigned numbers, set the pc to the

current pc plus the sign-extended offser.

31 2524 20 19 15 14 12 11 76 0
| offset[12]10:5] | rs2 sl | 110 [ offeqatjiny | 1100011
bne rs1, rs2, offset if (rsl # rs2) pc += sext(offset)

Branch if Not Equal. B-type, RV32I and RV641.
If register x[rs/] does not equal register x[rs2], set the pc to the current pc plus the sign-
extended offset.

Compressed form: c.bnez rsl1, offset

31 2524 20 19 15 14 12 11 76 0

| offset[12[10:5] | rs2 s | 001 [offeqatjiny | 1100011

bnez rs1, offset if (rsl # 0) pc += sext(offset)
Branch if Not Equal to Zero. Pseudoinstruction, RV32I and RV641.
Expands to bne rs1, x0, offset.

C.add rd, rs2 x[rd] = x[rd] + x[rs2]
Add. RV32IC and RV64IC.
Expands to add rd, rd, rs2. Invalid when rd=x0 or rs2=x0.

15 13 12 11 76 21 0
]100\1\ rd rs2 \10\
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c.addi rd, imm x[rd] = x[rd] + sext(imm)
Add Immediate. RV32IC and RV64IC.
Expands to addi rd, rd, imm.

15 13 12 11 76 21 0

’ 000 ‘imm[S]‘ rd imm[4:0] ‘ 01 ‘

C.addllﬁsp imm x[2] = x[2] + sext(imm)
Add Immediate, Scaled by 16, to Stack Pointer. RV32IC and RV64IC.

Expands to addi x2, x2, imm. Invalid when imm=0.

15 13 12 11 76 21 0
’ 011 ‘imm[9]‘ 00010 imm[46/8:7|5] ‘ 01 ‘

c.addidspn rd, uimm x[8+rd'] = x[2] + uimn
Add Immediate, Scaled by 4, to Stack Pointer, Nondestructive. RV32IC and RV64IC.

Expands to addi rd, x2, uimm, where rd=8+rd’. Invalid when uimm=0.

15 13 12 54 21 0
| 000 | uimm[5:4/9:623] | @' | 00 |

c.addiw «d imm x[rd] = sext((x[rd] + sext(imm))[31:01)
Add Word Immediate. RV641C only.

Expands to addiw rd, rd, imm. Invalid when rd=x0.

15 13 12 11 76 21 0
] 001

imm[S]‘ rd imm[4:0] ‘ 01 ‘
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c.and rd’, rs2’ x[8+rd’] = x[8+rd’] & x[8+rs2’]
AND. RV32IC and RV64IC.
Expands to and rd, rd, rs2, where rd=8+rd’ and rs2=8+rs2’.

15 109 76 54 21 0
| o011 | o 11| w2 ot

c.addw rd’, rs2’ x[8+rd'] = sext((x[8+rd’] + x[8+rs2'1) [31:0])
Add Word. RV64IC only.
Expands to addw rd, rd, rs2, where rd=8+rd’ and rs2=8+rs2’.

15 10 9 76 54 21 0
] 100111 \ rd’ \01\ rs2/ \01\

C.andl rd’, imm x[8+rd’] = x[8+rd’] & sext(imm)
AND Immediate. RV32IC and RV64IC.

Expands to andi rd, rd, imm, where rd=8+rd’.

15 13 12 11 109 76 21 0
| 100 [immisi|[ 10 | 1 | imm4:0) | o1 |

C. bqu rs1’, offset if (x[8+rs1’] == 0) pc += sext(offset)
Branch if Equal to Zero. RV32IC and RV64IC.
Expands to beq rs1, x0, offset, where rs1=8+rs1’.

15 13 12 10 9 76 21 0

| 110 [oseusia)| 151’ | offset7:62:151 | 01 |
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c.bnez rs1’, offset if (x[8+rs1’] # 0) pc += sext(offset)
Branch if Not Equal to Zero. RV32IC and RV64IC.

Expands to bne rs1, x0, offset, where rs1=8+rs1’.

15 13 12 10 9 76 21 0

| 111 Joftsenspa3| rs1’ | offsetr7:6[2:1/5] | 01 |

C.ebrea k RaiseException(Breakpoint)
Environment Breakpoint. RV32IC and RV64IC.
Expands to ebreak.

15 13 12 11 76 21 0
100 | 1 | 00000 00000 | 10 |

c.fld uimm(rs1’) £[8+rd’] = M[x[8+rs1’] + uimm] [63:0]
Floating-point Load Doubleword. RV32DC and RV64DC.
Expands to fld rd, uimm(rs1), where rd=8+rd" and rs1=8+rs1’.

15 13 12 109 76 54 21 0

’ 001 ‘uimm[5:3]‘ rsl’ ‘uimm[7:6]‘ rd’ ‘00‘

C.ﬂdsp rd, uimm(x2) £lrd] = M[x[2] + uimm] [63:0]
Floating-point Load Doubleword, Stack-Pointer Relative. RV32DC and RV64DC.
Expands to fld rd, uimm(x2).

15 13 12 11 76 21 0
] 001

uimm[S]‘ rd uimm[4:3|8:6] ‘ 10 ‘
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c.flw uimm(rs1’) f[8+rd’] = M[x[8+rs1’] + uimm] [31:0]
Floating-point Load Word. RV32FC only.
Expands to flw rd, uimm(rs1), where rd=8+rd’ and rs1=8+rs1’.

15 13 12 109 76 54 21 0

| 011 Juimm(s:3)] rs1’ [uimmp2/6)| @’ | 00 |

c.flwsp rd, vimm(x2) £lrd] = M[x[2] + uimm] [31:0]
Floating-point Load Word, Stack-Pointer Relative. RV32FC only.
Expands to flw rd, uimm(x2).

15 13 12 11 76 21 0
’ 011 ‘uimm[S]‘ rd uimm[4:2|7:6] ‘ 10 ‘
c.fsd 2, uimm(rs1’) M[x[8+rs1’] + uwimm] [63:0] = f[8+rs2']

Floating-point Store Doubleword. RV32DC and RV64DC.

Expands to fsd rs2, uimm(rs1), where rs2=8+rs2’ and rs1=8+rs1’.

15 13 12 109 76 54 21 0

’ 101 ‘uimm[5:3]‘ rsl’ ‘uimm[7:6]‘ rs2’ ‘00‘

C.deSp rs2, uimm(x2) M(x[2] + uimm] [63:0] = f[rs2]
Floating-point Store Doubleword, Stack-Pointer Relative. RV32DC and RV64DC.
Expands to fsd rs2, uimm(x2).

15 13 12 76 21 0
| 101 | uimm(5:38:6] | rs2 | 10 |
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c.fsw rs2, uimm(rs1’) M[x[8+rs1’] + uwimm] [31:0] = f[8+rs2']
Floating-point Store Word. RV32FC only.

Expands to fsw rs2, uimm(rs1), where rs2=8+rs2’ and rs1=8+rs1’.

15 13 12 109 76 54 21 0

| 111 Juimm(s:3)] rs1 [uimmp2l6)| 152 | 00 |

C.fSWSp rs2, uimm(x2) M[x[2] + uimm] [31:0] = £ [rs2]
Floating-point Store Word, Stack-Pointer Relative. RV32FC only.

Expands to fsw rs2, uimm(x2).

15 13 12 76 21 0
| 111 | uimm(5:2/7:6] | rs2 | 10 |

C.J offset pc += sext(offset)
Jump. RV32IC and RV64IC.
Expands to jal x0, offset.

15 13 12 21 0
| 101 | offse11]49:8]10[6/7/3:1]5] | 01 |

C.Jal offset x[1] = pc+2; pc += sext(offset)
Jump and Link. RV32IC only.
Expands to jal x1, offset.

15 13 12 21 0
| 001 | offse11]49:8]10[6/7|3:1]5] | 01 |
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C.Jalr rsl t = pc+2; pc = x[rs1l; x[1] = ¢
Jump and Link Register. RV32IC and RV64IC.
Expands to jalr x1, 0(rs1). Invalid when rs1=x0.

15 13 12 11 76 21 0
100 | 1 | s 00000 | 10 |

C.Jr rsl pc = x[rsi]
Jump Register. RV32IC and RV64IC.
Expands to jalr x0, 0(rs1). Invalid when rs1=x0.

15 13 12 11 76 21 0
100 | 0 | sl 00000 | 10 |

Cld rd’, uimm(rsl’) x[8+rd’] = M[x[8+rs1’] + uimm] [63:0]
Load Doubleword. RV64IC only.
Expands to Id rd, uimm(rs1), where rd=8+rd’ and rs1=8+rs1’.

15 13 12 109 76 54 21 0

’ 011 ‘uimm[5:3]‘ rsl’ ‘uimm[7:6]‘ rd’ ‘00‘

C.|dSp rd, uimm(x2) x[rd] = M[x[2] + uimm] [63:0]
Load Doubleword, Stack-Pointer Relative. RV641C only.
Expands to Id rd, uimm(x2). Invalid when rd=x0.

15 13 12 11 76 21 0
] 011

uimm[S]‘ rd uimm[4:3]8:6] ‘ 10 ‘
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C.II rd, imm x[rd] = sext(imm)
Load Immediate. RV32IC and RV64IC.
Expands to addi rd, x0, imm.

15 13 12 11 76 21 0

’ 010 ‘imm[S]‘ rd imm[4:0] ‘ 01 ‘

C.IUl rd, imm x[rd] = sext(imm[17:12] << 12)
Load Upper Immediate. RV32IC and RV64IC.

Expands to lui rd, imm. Invalid when rd=x2 or imm=0.

15 13 12 1 76 21 0
’ 011 ‘imm[17]‘ rd imm[16:12] ‘ 01 ‘
C.IW rd’, uimm(rsl’) x[8+rd’] = sext(M[x[8+rs1’] + uimm] [31:0])

Load Word. RV32IC and RV64IC.

Expands to lw rd, uimm(rs1), where rd=8+rd’ and rs1=8+rs1’.

15 13 12 109 76 54 21 0

| 010 [uimm(s:31] rs1’ [uimmi2/6]] rd' | 00 |

c.lwsp rd, uimm(x2) x[rd] = sext(M[x[2] + uimm] [31:0])
Load Word, Stack-Pointer Relative. RV32IC and RV64IC.

Expands to lw rd, uimm(x2). Invalid when rd=x0.

15 13 12 11 76 21 0
] 010

uimm[S]‘ rd uimm[4:2|7:6] ‘ 10 ‘

C.mV d, rs2 x[rd] = x[rs2]
Move. RV32IC and RV64IC.
Expands to add rd, x0, rs2. Invalid when rs2=x0.

15 13 12 11 76 21 0
100 [ 0 | rs2 | 10 |
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C.Or rd’, rs2 x[8+rd’] = x[8+rd'] | x[8+rs2’]
OR. RV32IC and RV64IC.
Expands to or rd, rd, rs2, where rd=8+rd’ and rs2=8+rs2’.

15 10 9 76 54 21 0
| 00011 | w10 w2 o1 |

C.Sd rs2/, uimm(rsl’) M[x[8+rs1’] + uimm] [63:0] = x[8+rs2']
Store Doubleword. RV64IC only.

Expands to sd rs2, uimm(rs1), where rs2=8+rs2’ and rs1=8+rs1’.

15 13 12 109 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]
Store Doubleword, Stack-Pointer Relative. RV64IC only.
Expands to sd rs2, uimm(x2).

15 13 12 76 21 0
| 111 | uimm(5:38:6] | rs2 | 10 |

C.S”i rd, uimm x[rd] = x[rd] << uimm
Shift Left Logical Immediate. RV32IC and RV64IC.

Expands to slli rd, rd, uimm.

15 13 12 11 76 21 0
’ 000 uimm[SJ‘ rd uimm([4:0] ‘ 10 ‘
C.Ssral rd’, uimm x[8+rd’] = x[8+rd'] >>, uimm

Shift Right Arithmetic Immediate. RV32IC and RV64IC.

Expands to srai rd, rd, uimm, where rd=8+rd’.

15 13 12 11 109 76 21 0
| 100 Juimmis)| 01 | rd' | uwimm[4:0] | 01 |
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c.srli rd’, uimm x[8+rd’] = x[8+rd’] >>, uimm
Shift Right Logical Immediate. RV32IC and RV64IC.

Expands to srli rd, rd, uimm, where rd=8+rd’.

15 13 12 11 109 76 21 0
| 100 Juimmis)| 00 | rd' | uimm[4:0] | o1 |

C.Su b rd’, rs2’ x[8+rd’] = x[8+rd'] - x[8+rs2’]
Subtract. RV32IC and RV64IC.
Expands to sub rd, rd, rs2, where rd=8+rd’ and rs2=8+rs2’.

15 10 9 76 54 21 0
| w0011 | o Joo| w2 | ot

c.subw d, rs2 x[8+rd'] = sext((x[8+rd’] - x[8+rs2']) [31:0])
Subtract Word. RV641C only.
Expands to subw rd, rd, rs2, where rd=8+rd’ and rs2=8+rs2’.

15 10 9 76 54 21 0
] 100111 \ rd’ \00\ 152/ \01\

C.SW rs2, uimm(rsl’) M[x[8+rs1’] + uimm] [31:0] = x[8+rs2’]
Store Word. RV32IC and RV64IC.

Expands to sw rs2, uimm(rsl), where rs2=8+rs2’ and rs1=8+rs1’.

15 13 12 109 76 54 21 0

’ 110 ‘uimm[S:S]‘ rsl’ ‘uimm[2|6]‘ rs2’ ‘OO‘

C.SWSP rs2, uimm(x2) M[x[2] + uimm] [31:0] = x[rs2]
Store Word, Stack-Pointer Relative. RV32IC and RV64IC.

Expands to sw rs2, uimm(x2).

15 13 12 76 21 0
| 110 | uimm[5:2/7:6] | rs2 | 10 |
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C.XOr rd’, rs2 x[8+rd'] = x[8+rd'] " x[8+rs2’]
Exclusive-OR. RV32IC and RV64IC.

Expands to xor rd, rd, rs2, where rd=8+rd’" and rs2=8+rs2’.

15 10 9 76 54 21 0
100011 \ rd’ \01\ rs2/ \01\

Ca I I rd, symbol x[rd] = pc+8; pc = &symbol
Call. Pseudoinstruction, RV32I and RV641.

Writes the address of the next instruction (pc+8) to x[rd], then sets the pc to symbol. Expands
to auipc rd, offsetHi then jalr rd, offsetLo(rd). If rd is omitted, x1 is implied.

CSrr rd, csr x[rd] = CSRs[csr]
Control and Status Register Read. Pseudoinstruction, RV32I and RV641.

Copies control and status register csr to x[rd]. Expands to csrrs rd, csr, x0.

CSrcC csr, rsl CSRs[csr] &= ~x[rsi]
Control and Status Register Clear. Pseudoinstruction, RV32I and RV64I.
For each bit set in x[rs/], clear the corresponding bit in control and status register csr.

Expands to csrrc x0, csr, rsl.

CSYCI csr, zimm[4:0] CSRs[csr] &= ~zimm
Control and Status Register Clear Immediate. Pseudoinstruction, RV32I and RV641.
For each bit set in the five-bit zero-extended immediate, clear the corresponding bit in control

and status register csr. Expands to csrrci x0, csr, zimm.
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CSrrcC rd, csr, rsl t = CSRs[csr]; CSRs[csr] = t&~x[rsi]; x[rd] = ¢
Control and Status Register Read and Clear. I-type, RV32I and RV64I.
Let ¢ be the value of control and status register csr. Write the bitwise AND of ¢ and the ones’

complement of x[rs/] to the csr, then write 7 to x[rd].

31 20 19 15 14 12 11 76 0
csr \ rsl \011\ rd 1110011

CSrrci rd, csr, zimm[4:0] t = CSRs[csr]; CSRs[csr] = t&~zimm; x[rd] =
t

Control and Status Register Read and Clear Immediate. I-type, RV32I and RV641.

Let ¢ be the value of control and status register csr. Write the bitwise AND of ¢ and the ones’
complement of the five-bit zero-extended immediate zimm to the csr, then write ¢ to x[rd].

(Bits 5 and above in the csr are not modified.)

31 20 19 15 14 12 11 76 0
csr Zimm[4:0] \ 111 \ rd 1110011

CSrrsS rd, csr, rsl t = CSRs[csr]; CSRsl[csr] = t | x[rsi1]; x[rd] = ¢t
Control and Status Register Read and Set. I-type, RV32I and RV641.
Let 7 be the value of control and status register csr. Write the bitwise OR of ¢ and x[rs/] to

the csr, then write ¢ to x[rd].

31 20 19 15 14 12 11 76 0
csr rsl \ 010 \ rd 1110011
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CSrrsi rd, csr, zimm[4:0] t = CSRs[csr]l; CSRs[csr] = ¢t | zimm; x[rd] =
t

Control and Status Register Read and Set Immediate. I-type, RV32I and RV641.

Let ¢ be the value of control and status register csr. Write the bitwise OR of 7 and the five-bit
zero-extended immediate zimm to the csr, then write ¢ to X[rd]. (Bits 5 and above in the csr

are not modified.)

31 20 19 15 14 12 11 76 0
csr Zimm[4:0] \ 110 \ rd 1110011

CSrrw d, csr, rsl t = CSRs[csr]; CSRs[csr] = x[rsi]; x[rd] = ¢
Control and Status Register Read and Write. 1-type, RV32I and RV641.

Let ¢ be the value of control and status register csr. Copy x[rs/] to the csr, then write ¢ to
x[rd].

31 20 19 15 14 12 11 76 0
csr \ rsl \ 001 \ rd 1110011
CSrrwi rd, csr, zimm[4:0] x[rd] = CSRs[csr]l; CSRs[csr] = zimm

Control and Status Register Read and Write Immediate. I-type, RV32I and RV641.
Copies the control and status register csr to x[rd], then writes the five-bit zero-extended im-

mediate zimm to the csr.

31 20 19 15 14 12 11 76 0
csr Zimm[4:0] \ 101 \ rd 1110011

CS¥rS csr, rsl CSRs[csr] |= x[rsi]
Control and Status Register Set. Pseudoinstruction, RV32I and RV641.
For each bit set in x[rs/], set the corresponding bit in control and status register csr. Expands

to csrrs x0, csr, rsl.
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CSrSI csr, zimm[4:0] CSRs[csr] |= zimm
Control and Status Register Set Immediate. Pseudoinstruction, RV32I and RV641.
For each bit set in the five-bit zero-extended immediate, set the corresponding bit in control

and status register csr. Expands to csrrsi x0, csr, zimm.

CSrW csr, rsl CSRs[csr] = x[rsi]
Control and Status Register Write. Pseudoinstruction, RV32I and RV64I.

Copies x[rs] to control and status register csr. Expands to csrrw x0, csr, rsl.

CSrwI csr, zimm[4:0] CSRs[csr] = zimm
Control and Status Register Write Immediate. Pseudoinstruction, RV32I and RV641.
Copies the five-bit zero-extended immediate to control and status register csr. Expands to

csrrwi x0, csr, zimm.

dIV rd, rsl, rs2 x[rd] = x[rs1] +, x[rs2]
Divide. R-type, RV32M and RV64M.
Divides x[rsI] by x[rs2], rounding towards zero, treating the values as two’s complement

numbers, and writes the quotient to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000001 rs2 rsl \ 100 \ rd 0110011

leU rd, rsl, rs2 x[rd] = x[rs1] +, x[rs2]
Divide, Unsigned. R-type, RV32M and RV64M.
Divides x[rsl] by x[rs2], rounding towards zero, treating the values as unsigned numbers,

and writes the quotient to x[rd].

31 25 24 20 19 15 14 12 11 76 0
0000001 rs2 rsl \ 101 \ rd 0110011
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divuw rd, rs1, rs2 x[rd] = sext(x[rs1][31:0] +, x[rs2][31:0])
Divide Word, Unsigned. R-type, RV64M only.
Divides the lower 32 bits of x[rs/] by the lower 32 bits of x[rs2], rounding towards zero,

treating the values as unsigned numbers, and writes the sign-extended 32-bit quotient to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000001 rs2 rsl \ 101 \ rd 0111011

divw rd, rsl, rs2 x[rd] = sext(x[rsi][31:0] +, x[rs2] [31:0])
Divide Word. R-type, RV64M only.

Divides the lower 32 bits of x[rs/] by the lower 32 bits of x[rs2], rounding towards zero,
treating the values as two’s complement numbers, and writes the sign-extended 32-bit quo-

tient to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000001 \ rs2 sl \100\ rd 0111011

ebrea k RaiseException(Breakpoint)
Environment Breakpoint. I-type, RV32I and RV641.

Makes a request of the debugger by raising a Breakpoint exception.

31 20 19 15 14 12 11 76 0
] 000000000001 00000 \ 000 \ 00000 1110011

ecall RaiseException (EnvironmentCall)
Environment Call. I-type, RV32I and RV64I.

Makes a request of the execution environment by raising an Environment Call exception.

31 20 19 1514 1211 76 0
000000000000 00000 ‘ 000 ‘ 00000 1110011
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fabs.d rd, rsl flrd] = |f[rs1]|
Floating-point Absolute Value. Pseudoinstruction, RV32D and RV64D.
Writes the absolute value of the double-precision floating-point number in f[rs/] to f[rd].

Expands to fsgnjx.d rd, rs1, rsl.

fabs.s rd, rs £lrd] = |£[rsi]|
Floating-point Absolute Value. Pseudoinstruction, RV32F and RV64F.
Writes the absolute value of the single-precision floating-point number in f[rs/] to f[rd].

Expands to fsgnjx.s rd, rsl, rsl.

fadd.d rd, rsl, rs2 flrd] = flrs1] + flrs2]
Floating-point Add, Double-Precision. R-type, RV32D and RV64D.
Adds the double-precision floating-point numbers in registers f[#s/] and f[rs2] and writes the

rounded double-precision sum to f[rd].

31 25 24 20 19 15 14 12 11 76 0

| 0000001 rs2 sl | m | o« 1010011

fadd.s d, rs1, rs2 £lrd] = £lrs1] + f[rs2]
Floating-point Add, Single-Precision. R-type, RV32F and RV64F.
Adds the single-precision floating-point numbers in registers f[rs/] and f[rs2] and writes the

rounded single-precision sum to f[rd].

31 25 24 20 19 15 14 12 11 76 0
0000000 rs2 rsl \ rm \ rd 1010011
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fCIaSS.d rd, rsl x[rd] = classifyy(f[rsi])
Floating-point Classify, Double-Precision. R-type, RV32D and RV64D.
Writes to x[rd] a mask indicating the class of the double-precision floating-point number in

flrs1]. See the description of fclass.s for the interpretation of the value written to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1110001 00000 sl \ 001 \ rd 1010011

fCIaSS.S rd, rsl x[rd] = classify,(f[rs1])
Floating-point Classify, Single-Precision. R-type, RV32F and RV64F.
Writes to x[rd] a mask indicating the class of the single-precision floating-point number in

flrs1]. Exactly one bit in x[7d] is set, per the following table:

x[rd] bit| Meaning
0 flrsl] is —oo.
1 f[rs1] is a negative normal number.
2 f[rs1] is a negative subnormal number.
3 flrsl]is —O0.
4 flrsl] is +0.
5 f[rs1] is a positive subnormal number.
6 f[rs1] is a positive normal number.
7 flrsl] is +oo0.
8 f[rs1] is a signaling NaN.
9 f[rs1] is a quiet NaN.
31 25 24 20 19 1514 1211 76 0
1110000 00000 sl | ool [ 1010011
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fevt.d.l d, rs1 £lrd] = £64.64(x[rs1l)
Floating-point Convert to Double from Long. R-type, RV64D only.
Converts the 64-bit two’s complement integer in x[rs/] to a double-precision floating-point

number and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1101001 \00010 s \rm\ rd 1010011

fecvt.d.lu rd, rs1 flrd] = £64,5, (x[rs1])
Floating-point Convert to Double from Unsigned Long. R-type, RV64D only.
Converts the 64-bit unsigned integer in x[rs/] to a double-precision floating-point number

and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1101001 \ 00011 rsl \ rm \ rd 1010011

fCVt.d.S rd, rsl flrd] = £64;3(f[rs1])
Floating-point Convert to Double from Single. R-type, RV32D and RV64D.
Converts the single-precision floating-point number in f[rs/] to a double-precision floating-

point number and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0100001 \ 00000 sl \ rm \ rd 1010011

fcvt.d.w dd, rs1 £lrd] = £64,5 (x[rsi])
Floating-point Convert to Double from Word. R-type, RV32D and RV64D.
Converts the 32-bit two’s complement integer in x[rs/] to a double-precision floating-point

number and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
1101001 00000 rsl \ rm \ rd 1010011
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fcvt.d.wu d, rs1 £lrd] = £64,3(x[rs1])
Floating-point Convert to Double from Unsigned Word. R-type, RV32D and RV64D.
Converts the 32-bit unsigned integer in x[rs/] to a double-precision floating-point number

and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1101001 \ 00001 sl \ rm \ rd 1010011

fevt.l.d rd, rs1 x[rd] = s64 ;4 (£ [rs1])
Floating-point Convert to Long from Double. R-type, RV64D only.
Converts the double-precision floating-point number in register f[rs/] to a 64-bit two’s com-

plement integer and writes it to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1100001 \ 00010 rsl \ m \ rd 1010011

fCVt . I .S rd, rsl x[rd] = s64y32(f[rsil)
Floating-point Convert to Long from Single. R-type, RV64F only.
Converts the single-precision floating-point number in register f[rs/] to a 64-bit two’s com-

plement integer and writes it to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1100000 \ 00010 sl \ rm \ rd 1010011

fevt.lu.d rd, rst x[rd] = u6d (£ [rs1l)
Floating-point Convert to Unsigned Long from Double. R-type, RV64D only.
Converts the double-precision floating-point number in register f[rs/] to a 64-bit unsigned

integer and writes it to x[rd].

31 25 24 20 19 15 14 12 11 76 0
1100001 00011 rsl \ rm \ rd 1010011
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fevt.lu.s d, rs1 x[rd] = u6d ;s (£ [rs1l)
Floating-point Convert to Unsigned Long from Single. R-type, RV64F only.
Converts the single-precision floating-point number in register f[rs/] to a 64-bit unsigned

integer and writes it to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1100000 \00011 sl \rm\ rd 1010011

fCVt.S.d rd, rsl flrd]l = £32¢64 (f[rs1])
Floating-point Convert to Single from Double. R-type, RV32D and RV64D.
Converts the double-precision floating-point number in f[rs/] to a single-precision floating-

point number and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0100000 \ 00001 rsl \ rm \ rd 1010011

fcvt.s.l rd, rsl flrd] = £32.54 (x[rsl])
Floating-point Convert to Single from Long. R-type, RV64F only.
Converts the 64-bit two’s complement integer in x[rs/] to a single-precision floating-point

number and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1101000 \00010 sl \rm\ rd 1010011

fcvt.s.lu o, rs1 £lrd] = £32,04 (x[rsi])
Floating-point Convert to Single from Unsigned Long. R-type, RVO4F only.
Converts the 64-bit unsigned integer in x[rs/] to a single-precision floating-point number and

writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
1101000 00011 rsl \ rm \ rd 1010011




160 RISC-V INSTRUCTIONS: FCVT.S.W

fcvt.s.w rd, rs1 £lrd] = £32,32(x[rs1])
Floating-point Convert to Single from Word. R-type, RV32F and RV64F.
Converts the 32-bit two’s complement integer in x[rs/] to a single-precision floating-point

number and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1101000 00000 sl \ rm \ rd 1010011

fcvt.s.wu d rs1 £lrd] = £32,30(x[rs1])
Floating-point Convert to Single from Unsigned Word. R-type, RV32F and RV64F.
Converts the 32-bit unsigned integer in x[rs/] to a single-precision floating-point number and

writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1101000 \ 00001 rsl \ m \ rd 1010011

fCVt.W.d rd, rsl x[rd] = sext(s3264 (f[rs1l))
Floating-point Convert to Word from Double. R-type, RV32D and RV64D.
Converts the double-precision floating-point number in register f[rs/] to a 32-bit two’s com-

plement integer and writes the sign-extended result to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1100001 \ 00000 sl \ rm \ rd 1010011

fCVt.WU d rd, rsl x[rd] = sext(u32f64(flrsil))
Floating-point Convert to Unsigned Word from Double. R-type, RV32D and RV64D.
Converts the double-precision floating-point number in register f[rs/] to a 32-bit unsigned

integer and writes the sign-extended result to x[rd].

31 25 24 20 19 15 14 12 11 76 0
1100001 00001 rsl \ rm \ rd 1010011
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fcvt.w.s d, rs1 x[rd] = sext(s323 (£ [rs1]))
Floating-point Convert to Word from Single. R-type, RV32F and RV64F.
Converts the single-precision floating-point number in register f[rs/] to a 32-bit two’s com-

plement integer and writes the sign-extended result to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1100000 00000 sl \ rm \ rd 1010011

fCVt.WU.S rd, rsl x[rd] = sext(u32y3,(f[rs1l))
Floating-point Convert to Unsigned Word from Single. R-type, RV32F and RV64F.
Converts the single-precision floating-point number in register f[rs/] to a 32-bit unsigned

integer and writes the sign-extended result to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1100000 \ 00001 rsl \ rm \ rd 1010011

fdiv.d d, rs1, rs2 £lrd] = £[rsi] + flrs2]
Floating-point Divide, Double-Precision. R-type, RV32D and RV64D.
Divides the double-precision floating-point number in register f[rs/] by f[rs2] and writes the

rounded double-precision quotient to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0001101 rs2 sl \ rm \ rd 1010011

fdiv.s rd, rsl, rs2 flrd] = flrs1] + flrs2]
Floating-point Divide, Single-Precision. R-type, RV32F and RV64F.
Divides the single-precision floating-point number in register f[rs/] by f[rs2] and writes the

rounded single-precision quotient to f[rd].

31 25 24 20 19 15 14 12 11 76 0
0001100 rs2 rsl \ rm \ rd 1010011
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fence pred, succ Fence(pred, succ)
Fence Memory and I/0. 1-type, RV32I and RV64I.

Renders preceding memory and I/O accesses in the predecessor set observable to other
threads and devices before subsequent memory and I/O accesses in the successor set become
observable. Bits 3, 2, 1, and 0 in these sets correspond to device input, device output, memory
reads, and memory writes, respectively. The instruction fence r,rw, for example, orders older
reads with younger reads and writes, and is encoded with pred=0010 and succ=0011. If the

arguments are omitted, a full fence iorw, iorw is implied.

31 28 27 24 23 20 19 15 14 12 11 76 0
| 0000 | pred | suwc | 00000 | 000 | 00000 0001111

fence.l Fence(Store, Fetch)
Fence Instruction Stream. I-type, RV32I and RV64I.

Renders stores to instruction memory observable to subsequent instruction fetches.

31 20 19 15 14 12 11 76 0
] 000000000000 00000 \ 001 \ 00000 0001111

feq .d rd, rsl, rs2 x[rd] = flrs1] == f[rs2]
Floating-point Equals, Double-Precision. R-type, RV32D and RV64D.

Writes 1 to x[rd] if the double-precision floating-point number in f[rs/] equals the number in
f[rs2], and O if not.

31 25 24 20 19 15 14 12 11 76 0
] 1010001 rs2 rsl \ 010 \ rd 1010011

feq .S rd, rsl, rs2 x[rd] = flrsl] == f[rs2]
Floating-point Equals, Single-Precision. R-type, RV32F and RV64F.

Writes 1 to x[rd] if the single-precision floating-point number in f[rs/] equals the number in
f[rs2], and O if not.

31 25 24 20 19 15 14 12 11 76 0
1010000 rs2 rsl \ 010 \ rd 1010011
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fid rd, offset(rs1) frd] = M[x[rs1] + sext(offset)][63:0]
Floating-point Load Doubleword. I-type, RV32D and RV64D.

Loads a double-precision floating-point number from memory address Xx[rsI] + sign-
extend(offset) and writes it to f[rd].

Compressed forms: c.fldsp rd, offset; c.fld rd, offset(rs1)

31 20 19 15 14 12 11 76 0
] offset[11:0] rsl \ 011 \ rd 0000111

fle.d rd, rsl, rs2 x[rd] = flrs1] < f[rs2]
Floating-point Less Than or Equal, Double-Precision. R-type, RV32D and RV64D.
Writes 1 to x[rd] if the double-precision floating-point number in f[rs/] is less than or equal

to the number in f[rs2], and O if not.

31 25 24 20 19 15 14 12 11 76 0
] 1010001 rs2 rsl \ 000 \ rd 1010011

ﬂe.S rd, rsl, rs2 x[rd] = flrs1] < flrs2]
Floating-point Less Than or Equal, Single-Precision. R-type, RV32F and RV64F.
Writes 1 to x[rd] if the single-precision floating-point number in f[rs/] is less than or equal

to the number in f[rs2], and O if not.

31 25 24 20 19 15 14 12 11 76 0
] 1010000 rs2 rsl \ 000 \ rd 1010011

flt.d rd, rs1, rs2 x[rd] = flrs1] < flrs2]
Floating-point Less Than, Double-Precision. R-type, RV32D and RV64D.

Writes 1 to x[#d] if the double-precision floating-point number in f[rs/] is less than the num-
ber in f[rs2], and O if not.

31 25 24 20 19 15 14 12 11 76 0
1010001 rs2 rsl \ 001 \ rd 1010011
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flt.s rd, rsl, rs2 x[rd] = flrs1] < f[rs2]
Floating-point Less Than, Single-Precision. R-type, RV32F and RV64F.

Writes 1 to x[rd] if the single-precision floating-point number in f[rs/] is less than the number
in f[rs2], and O if not.

31 25 24 20 19 15 14 12 11 76 0
] 1010000 \ rs2 \ sl \001\ rd 1010011

ﬂW rd, ostet(rsl) flrd] = M[x[rs1] + sext(offset)][31:0]
Floating-point Load Word. I-type, RV32F and RV64F.

Loads a single-precision floating-point number from memory address x[rsI] + sign-
extend(offset) and writes it to f[rd].

Compressed forms: c.flwsp rd, offset; c.flw rd, offset(rs1)

31 20 19 15 14 12 11 76 0
] offset[11:0] rsl \ 010 \ rd \ 0000111

fmadd . d rd, rsl, rs2, rs3 flrd]l = flrs1]xf[rs2]+f[rs3]
Floating-point Fused Multiply-Add, Double-Precision. R4-type, RV32D and RV64D.

Multiplies the double-precision floating-point numbers in f[rs/] and f[rs2], adds the un-
rounded product to the double-precision floating-point number in f[rs3], and writes the

rounded double-precision result to f[rd].

31 27 26 2524 20 19 15 14 12 11 76 0
] rs3 \01 \ rs2 rsl \ m \ rd 1000011
fmadd.s d, rs1, rs2, rs3 £lrd] = f£[rsi]xf[rs2]+f[rs3]

Floating-point Fused Multiply-Add, Single-Precision. R4-type, RV32F and RV64F.
Multiplies the single-precision floating-point numbers in f[rs/] and f[rs2], adds the un-
rounded product to the single-precision floating-point number in f[rs3], and writes the

rounded single-precision result to f[rd].

31 27 26 2524 20 19 15 14 12 11 76 0
rs3 \ 00 \ rs2 rsl \ m \ rd 1000011
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fmax.d rd, rs1, rs2 £rd] = max(f[rsi], f[rs2])
Floating-point Maximum, Double-Precision. R-type, RV32D and RV64D.

Copies the larger of the double-precision floating-point numbers in registers f[rs/] and {[rs2]
to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010101 rs2 sl \001\ rd 1010011

fmaX.S rd, rsl, rs2 f[rd] = max(f([rs1], flrs2])
Floating-point Maximum, Single-Precision. R-type, RV32F and RV64F.

Copies the larger of the single-precision floating-point numbers in registers f[zs/] and {[rs2]
to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010100 \ rs2 rsl \ 001 \ rd 1010011

fm | n d rd, rsl, rs2 f[rd] = min(f[rs1], f[rs2])
Floating-point Minimum, Double-Precision. R-type, RV32D and RV64D.

Copies the smaller of the double-precision floating-point numbers in registers f[rs/] and
flrs2] to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010101 rs2 sl \ooo\ rd 1010011

fmin.s rd, rs1, rs2 £lrd] = min(flrst], flrs2])
Floating-point Minimum, Single-Precision. R-type, RV32F and RV64F.

Copies the smaller of the single-precision floating-point numbers in registers f[rs/] and f[rs2]
to f[rd].

31 25 24 20 19 15 14 12 11 76 0
0010100 rs2 rsl \ 000 \ rd 1010011
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fmsu b . d rd, rsl, rs2, rs3 flrd]l = flrs1]xf[rs2]-flrs3]
Floating-point Fused Multiply-Subtract, Double-Precision. R4-type, RV32D and RV64D.

Multiplies the double-precision floating-point numbers in f[rs/] and f[rs2], subtracts the
double-precision floating-point number in f[rs3] from the unrounded product, and writes the

rounded double-precision result to f[rd].

31 2726 2524 20 19 15 14 12 11 76 0
] rs3 \01\ rs2 rsl \ rm \ rd 1000111
fmsub.s rd, rsl, rs2, rs3 flrd]l = flrs1]xf[rs2]-f[rs3]

Floating-point Fused Multiply-Subtract, Single-Precision. R4-type, RV32F and RV64F.
Multiplies the single-precision floating-point numbers in f[rs/] and f[rs2], subtracts the
single-precision floating-point number in f[rs3] from the unrounded product, and writes the

rounded single-precision result to f[rd].

31 2726 2524 20 19 15 14 12 11 76 0
] rs3 \00\ rs2 rsl \ rm \ rd 1000111
fmul.d rd, rsl, rs2 flrd] = flrs1] x f[rs2]

Floating-point Multiply, Double-Precision. R-type, RV32D and RV64D.
Multiplies the double-precision floating-point numbers in registers f[rs/] and f[rs2] and

writes the rounded double-precision product to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0001001 rs2 rsl \ m \ rd 1010011

fmul.s rd, rsl, rs2 flrd] = flrs1] x f[rs2]
Floating-point Multiply, Single-Precision. R-type, RV32F and RV64F.
Multiplies the single-precision floating-point numbers in registers f[rs/] and f[rs2] and writes

the rounded single-precision product to f[rd].

31 2524 20 19 15 14 12 11 76 0
0001000 rs2 sl \ rm \ rd 1010011
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fmv.d o, rs1 £lrd] = £[rsi]
Floating-point Move. Pseudoinstruction, RV32D and RV64D.
Copies the double-precision floating-point number in f[rs/] to f[rd]. Expands to fsgnj.d rd,

rsl, rsl.

fmv.d.x o, rs1 £{rd] = x[rs1][63:0]
Floating-point Move Doubleword from Integer. R-type, RV64D only.

Copies the double-precision floating-point number in register x[rs/] to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1111001 00000 sl \ 000 \ rd 1010011

fmv.s dd, rs1 £lrd] = £[rs]
Floating-point Move. Pseudoinstruction, RV32F and RV64F.
Copies the single-precision floating-point number in f[rs/] to f[rd]. Expands to fsgnj.s rd,

rsl, rsl.

fmv.w.x rd, rs1 £lrd] = x[rs1][31:0]
Floating-point Move Word from Integer. R-type, RV32F and RV64F.

Copies the single-precision floating-point number in register x[rs/] to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 1111000 \ 00000 rsl \ 000 \ rd 1010011

fmv.x.d d, rs1 x[rd] = f[rs1][63:0]
Floating-point Move Doubleword to Integer. R-type, RV64D only.

Copies the double-precision floating-point number in register f[rs/] to x[rd].

31 25 24 20 19 15 14 12 11 76 0
1110001 00000 rsl \ 000 \ rd 1010011
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fmv.x.w rd, rs1 x[rd] = sext(£[rs1][31:0])
Floating-point Move Word to Integer. R-type, RV32F and RV64F.

Copies the single-precision floating-point number in register f[rs/] to x[rd], sign-extending
the result for RV64F.

31 25 24 20 19 15 14 12 11 76 0
] 1110000 \ooooo rsl \000\ rd 1010011

fneg.d rd, rsl flrd] = -flrsi]
Floating-point Negate. Pseudoinstruction, RV32D and RV64D.

Writes the opposite of the double-precision floating-point number in f[rs/] to f[rd]. Expands
to fsgnjn.d rd, rsl, rsl.

fneg.s rd, rsl flrd] = -flrsi]
Floating-point Negate. Pseudoinstruction, RV32F and RV64F.
Writes the opposite of the single-precision floating-point number in f[rs/] to f[rd]. Expands

to fsgnjn.s rd, rsl, rsl.

fnmadd.d d, rs1, rs2, rs3 £lrd] = -£[rsi]xf[rs2] - [rs3]
Floating-point Fused Negative Multiply-Add, Double-Precision. R4-type, RV32D and
RV64D.

Multiplies the double-precision floating-point numbers in f[rs/] and f[rs2], negates the result,
subtracts the double-precision floating-point number in f[rs3] from the unrounded product,

and writes the rounded double-precision result to f[rd].

31 27 26 25 24 20 19 15 14 12 11 76 0
rs3 \01\ rs2 rsl \ rm \ rd 1001111




RISC-V INSTRUCTIONS: FRCSR 169

fnmadd.s rd, rs1, rs2, rs3 flrd] = -flrs1]xf[rs2]-f[rs3]
Floating-point Fused Negative Multiply-Add, Single-Precision. R4-type, RV32F and RV64F.
Multiplies the single-precision floating-point numbers in f[rs/] and f[rs2], negates the result,
subtracts the single-precision floating-point number in f[rs3] from the unrounded product,

and writes the rounded single-precision result to f[rd].

31 27 26 2524 20 19 15 14 12 11 76 0
| 3 oo w2 sl | m [« 1001111
fn msub.d rd, rsl, rs2, rs3 flrd] = -f[rs1]xf[rs2]+f[rs3]

Floating-point Fused Negative Multiply-Subtract, Double-Precision. R4-type, RV32D and
RV64D.

Multiplies the double-precision floating-point numbers in f[rs/] and f[rs2], negates the re-
sult, adds the unrounded product to the double-precision floating-point number in f[rs3], and

writes the rounded double-precision result to f[rd].

31 27 26 2524 20 19 15 14 12 11 76 0
] rs3 \01\ rs2 sl \ rm \ rd 1001011
fl’l msub.s rd, rs1, rs2, rs3 flrd] = -flrs1]xf[rs2]+f[rs3]

Floating-point Fused Negative Multiply-Subtract, Single-Precision. R4-type, RV32F and
RV64F.

Multiplies the single-precision floating-point numbers in f[rs/] and f[rs2], negates the result,
adds the unrounded product to the single-precision floating-point number in f[rs3], and writes

the rounded single-precision result to f[rd].

31 27 26 2524 20 19 15 14 12 11 76 0
] rs3 \00\ rs2 rsl \ rm \ rd 1001011

frcsr «d x[rd] = CSRs[fcsr]
Floating-point Read Control and Status Register. Pseudoinstruction, RV32F and RV64F.

Copies the floating-point control and status register to x[rd]. Expands to csrrs rd, fcsr, x0.
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frflags rd x[rd] = CSRs[fflags]
Floating-point Read Exception Flags. Pseudoinstruction, RV32F and RV64F.
Copies the floating-point exception flags to x[rd]. Expands to csrrs rd, fflags, x0.

frrm o x[rd] = CSRs[frm]
Floating-point Read Rounding Mode. Pseudoinstruction, RV32F and RV64F.

Copies the floating-point rounding mode to x[rd]. Expands to csrrs rd, frm, x0.

fSCSI’ rd, rsl t = CSRs[fcsrl; CSRs([fcsr] = x[rsi]; x[rd] = ¢
Floating-point Swap Control and Status Register. Pseudoinstruction, RV32F and RV64F.

Copies x[rsI] to the floating-point control and status register, then copies the previous value
of the floating-point control and status register to x[rd]. Expands to csrrw rd, fcsr, rsl. If rd

is omitted, x0 is assumed.

fsd rs2, offset(rs1) Mlx[rs1] + sext(offset)] = £ [rs2] [63:0]
Floating-point Store Doubleword. S-type, RV32D and RV64D.

Stores the double-precision floating-point number in register f[rs2] to memory at address
x[rs1] + sign-extend(offset).

Compressed forms: c.fsdsp rs2, offset; c.fsd rs2, offset(rs1)

31 25 24 20 19 15 14 12 11 76 0
] offset[11:5] \ rs2 sl \ 011 \ offset[4:0] \ 0100111

fsflags rd, rs1 ¢t = CSRs[fflags]; CSRs[fflags] = x[rs1]; x[rd] = ¢
Floating-point Swap Exception Flags. Pseudoinstruction, RV32F and RV64F.

Copies x[rs] to the floating-point exception flags register, then copies the previous floating-
point exception flags to x[rd]. Expands to csrrw rd, fflags, rsl. If »d is omitted, x0 is

assumed.
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fsgnj .d rd, rs1, rs2 flrd] = {f[rs2][63], flrs1][62:0]}
Floating-point Sign Inject, Double-Precision. R-type, RV32D and RV64D.
Constructs a new double-precision floating-point number from the exponent and significand

of f[rs1], taking the sign from f[rs2], and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010001 rs2 rsl \ 000 \ rd 1010011
fsgnj.s rd, rsl, rs2 flrd] = {f[rs2][31], £[rs1]1[30:01}

Floating-point Sign Inject, Single-Precision. R-type, RV32F and RV64F.
Constructs a new single-precision floating-point number from the exponent and significand

of f[rsl], taking the sign from f[rs2], and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010000 \ rs2 rsl \ 000 \ rd 1010011

fsgnj n.d rd, rsl, rs2 flrd] = {~flrs2]1[63], flrs1][62:01}
Floating-point Sign Inject-Negate, Double-Precision. R-type, RV32D and RV64D.
Constructs a new double-precision floating-point number from the exponent and significand

of f[rs1], taking the opposite sign of f[rs2], and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010001 rs2 sl \ 001 \ rd 1010011

fsgnjn.s rd, rs1, rs2 £lrd] = {~f[rs2][31], f[rs1][30:0]}
Floating-point Sign Inject-Negate, Single-Precision. R-type, RV32F and RV64F.
Constructs a new single-precision floating-point number from the exponent and significand

of f[rsl], taking the opposite sign of f[rs2], and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
0010000 rs2 rsl \ 001 \ rd 1010011
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fsgnjx. d rd, rsl, rs2 £[rd] = {£[rs1][63] " £[rs2] [63], £lrsi][62:0]}
Floating-point Sign Inject-XOR, Double-Precision. R-type, RV32D and RV64D.
Constructs a new double-precision floating-point number from the exponent and significand

of f[rs!], taking the sign from the XOR of the signs of f[rs/] and f[rs2], and writes it to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010001 rs2 rsl \ 010 \ rd 1010011

fsgnjx. S rd, rsl, rs2 f£[rd] = {f[rs1]1[31] " £[rs2][31], £[rs1][30:0]}
Floating-point Sign Inject-XOR, Single-Precision. R-type, RV32F and RV64F.

Constructs a new single-precision floating-point number from the exponent and significand
of f[rs1], taking the sign from the XOR of the signs of f[rs/] and f[rs2], and writes it to {[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0010000 \ rs2 rsl \ 010 \ rd 1010011 \
fSC] rt.d rd, rsl flrd]l = flrsi]

Floating-point Square Root, Double-Precision. R-type, RV32D and RV64D.
Computes the square root of the double-precision floating-point number in register f[rs/] and

writes the rounded double-precision result to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0101101 00000 rsl \ m \ rd 1010011 \
fsqrt.s rd, rs1 £lrd] = vElrsil

Floating-point Square Root, Single-Precision. R-type, RV32F and RV64F.
Computes the square root of the single-precision floating-point number in register f[rs/] and

writes the rounded single-precision result to f[rd].

31 2524 20 19 15 14 12 11 76 0
0101100 00000 sl \ rm \ rd 1010011
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fsrm rd, rs1 t = CSRs[frm]; CSRs[frm] = x[rs1]l; x[rd] = t
Floating-point Swap Rounding Mode. Pseudoinstruction, RV32F and RV64F.
Copies x[rs!] to the floating-point rounding mode register, then copies the previous floating-

point rounding mode to x[rd]. Expands to csrrw rd, frm, rsl. If rd is omitted, X0 is assumed.

fsub.d rd, rs1, rs2 £lrd] = £lrs1] - f[rs2]
Floating-point Subtract, Double-Precision. R-type, RV32D and RV64D.
Subtracts the double-precision floating-point number in register f[rs2] from f[rs/] and writes

the rounded double-precision difference to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000101 rs2 rsl \ rm \ rd 1010011

fsub.s rd, rsl, rs2 flrd] = flrs1] - flrs2]
Floating-point Subtract, Single-Precision. R-type, RV32F and RV64F.
Subtracts the single-precision floating-point number in register f[rs2] from f[rs/] and writes

the rounded single-precision difference to f[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000100 \ rs2 \ rsl \rm\ rd 1010011

fSW rs2, offset(rsl) MIx[rs1] + sext(offset)] = f[rs2][31:0]
Floating-point Store Word. S-type, RV32F and RV64F.

Stores the single-precision floating-point number in register f[rs2] to memory at address
x[rs1] + sign-extend(offset).

Compressed forms: c.fswsp rs2, offset; c.fsw rs2, offset(rs1)

31 25 24 20 19 15 14 12 11 76 0
offset[11:5] rs2 rsl \ 010 \offset[4:0]\ 0100111
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J offset pc += sext(offset)
Jump. Pseudoinstruction, RV32I and RV64I.
Sets the pc to the current pc plus the sign-extended offset. Expands to jal x0, offset.

jal rd, offset x[rd] = pc+4; pc += sext(offset)
Jump and Link. J-type, RV32I and RV64l1.

Writes the address of the next instruction (pc+4) to x[rd], then set the pc to the current pc
plus the sign-extended offset. If rd is omitted, x1 is assumed.

Compressed forms: c.j offset; c.jal offset

31 12 11 76 0
| offset[20]10:1]11]19:12] rd 1101111

ja I r rd, ostet(rsl) t=pc+4; pc=(x[rsi1]+sext(offset))&~1; x[rdl=t
Jump and Link Register. I-type, RV32I and RV64I.

Sets the pc to x[rsl] + sign-extend(offset), masking off the least-significant bit of the com-
puted address, then writes the previous pc+4 to x[rd]. If rd is omitted, x1 is assumed.

Compressed forms: c.jr rsl; c.jalr rsl

31 20 19 15 14 12 11 76 0
] offset[11:0] sl \ 000 \ rd 1100111

Jr rsl pc = x[rsi]
Jump Register. Pseudoinstruction, RV32I and RV64I.
Sets the pc to x[rs1]. Expands to jalr x0, 0(rs1).

la rd, symbol x[rd] = &symbol
Load Address. Pseudoinstruction, RV32I and RV641.

Loads the address of symbol into x[rd]. When assembling position-independent code, it
expands into a load from the Global Offset Table: for RV32I, auipc rd, offsetHi then Iw rd,
offsetLo(rd); for RV641, auipc rd, offsetHi then Id rd, offsetLo(rd). Otherwise, it expands
into auipc rd, offsetHi then addi rd, rd, offsetLo.
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Ib rd, offset(rs1) x[rd] = sext(M[x[rs1] + sext(offset)][7:0])
Load Byte. I-type, RV32I and RV64l.
Loads a byte from memory at address x[rsI] + sign-extend(offset) and writes it to x[rd], sign-

extending the result.

31 20 19 15 14 12 11 76 0
] offset[11:0] \ rsl \ 000 \ rd 0000011

I b u rd, ostet(rsl) x[rd] = M[x[rs1] + sext(offset)][7:0]
Load Byte, Unsigned. I-type, RV32I and RV64I.
Loads a byte from memory at address x[rs/] + sign-extend(offset) and writes it to x[rd], zero-

extending the result.

31 20 19 15 14 12 11 76 0
] offset[11:0] rsl \ 100 \ rd 0000011

Id rd, ostet(rsl) x[rd] = M[x[rs1] + sext(offset)][63:0]
Load Doubleword. I-type, RV64I only.

Loads eight bytes from memory at address x[rs1] + sign-extend(offset) and writes them to
x[rd].

Compressed forms: c.\dsp rd, offset; c.ld rd, offset(rs1)

31 20 19 15 14 12 11 76 0
| offset[11:0] sl [ ol [ 0000011
Ih rd, offset(rs1) x[rd] = sext(M[x[rsi] + sext(offset)][15:01)

Load Halfword. I-type, RV32I and RV641.
Loads two bytes from memory at address x[rs/] + sign-extend(offset) and writes them to

x[rd], sign-extending the result.

31 20 19 15 14 12 11 76 0
offset[11:0] rsl \ 001 \ rd 0000011
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lhu rd, offset(rs1) x[rd] = Mlx[rsi] + sext(offset)] [15:0]
Load Halfword, Unsigned. 1-type, RV32I and RV64I.
Loads two bytes from memory at address x[rsl] + sign-extend(offset) and writes them to

x[rd], zero-extending the result.

31 20 19 15 14 12 11 76 0
] offset[11:0] sl \ 101 \ rd 0000011

li rd, immediate x[rd] = immediate
Load Immediate. Pseudoinstruction, RV32I and RV64I.

Loads a constant into x[rd], using as few instructions as possible. For RV32I, it expands to
lui and/or addi; for RV64I, it’s as long as lui, addi, slli, addi, slli, addi, slli, addi.

lla rd, symbol x[rd] = &symbol
Load Local Address. Pseudoinstruction, RV32I and RV641.

Loads the address of symbol into x[rd]. Expands into auipc rd, offsetHi then addi rd, rd,
offsetLo.

I r. d rd, (rsl) x[rd] = LoadReserved64(M[x[rs1]])
Load-Reserved Doubleword. R-type, RV64A only.
Loads the eight bytes from memory at address x[rs/], writes them to x[rd], and registers a

reservation on that memory doubleword.

31 2726 25 24 20 19 15 14 12 11 76 0
00010 |ag[s1] 00000 sl o | o« 0101111
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I r.W rd, (rsl) x[rd] = LoadReserved32(M[x[rs1]])
Load-Reserved Word. R-type, RV32A and RV64A.
Loads the four bytes from memory at address x[rs/], writes them to x[rd], sign-extending the

result, and registers a reservation on that memory word.

31 2726 25 24 20 19 1514 1211 76 0
| 00010 [ag[s1] 00000 st [ o010 | 0101111
IW rd, ostet(rsl) x[rd] = sext(M[x[rsl1l] + sext(offset)][31:0])

Load Word. 1-type, RV32I and RV641.
Loads four bytes from memory at address x[rs/] + sign-extend(offset) and writes them to
x[rd]. For RV64I, the result is sign-extended.

Compressed forms: c.lwsp rd, offset; c.lw rd, offset(rs1)

31 20 19 15 14 12 11 76 0
] offset[11:0] \ rsl \ 010 \ rd 0000011

IWU rd, ostet(rsl) x[rd] = M[x[rs1] + sext(offset)][31:0]
Load Word, Unsigned. I-type, RV64I only.
Loads four bytes from memory at address x[rs/] + sign-extend(offset) and writes them to

x[rd], zero-extending the result.

31 20 19 15 14 12 11 76 0
] offset[11:0] rsl \ 110 \ rd 0000011

lui rd, immediate x[rd] = sext(immediate[31:12] << 12)
Load Upper Immediate. U-type, RV32I and RV641.

Writes the sign-extended 20-bit immediate, left-shifted by 12 bits, to x[rd], zeroing the lower
12 bits.

Compressed form: c.lui rd, imm

31 12 11 76 0
immediate[31:12] rd 0110111
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mret ExceptionReturn(Machine)
Machine-mode Exception Return. R-type, RV32I and RV64I privileged architectures.

Returns from a machine-mode exception handler. Sets the pc to CSRs[mepc], the priv-
ilege mode to CSRs[mstatus]. MPP, CSRs[mstatus]. MIE to CSRs[mstatus].MPIE, and
CSRs[mstatus].MPIE to 1; and, if user mode is supported, sets CSRs[mstatus].MPP to 0.

31 25 24 20 19 15 14 12 11 76 0
] 0011000 00010 00000 \ 000 \ 00000 1110011

mUI rd, rsl, rs2 x[rd] = x[rs1] x x[rs2]
Multiply. R-type, RV32M and RV64M.

Multiplies x[rs!] by x[rs2] and writes the product to x[rd]. Arithmetic overflow is ignored.

31 25 24 20 19 15 14 12 11 76 0
] 0000001 \ rs2 rsl \ 000 \ rd 0110011
mUIh rd, rsl, rs2 x[rd] = (x[rsil] ,x, x[rs2]) >>, XLEN

Multiply High. R-type, RV32M and RV64M.
Multiplies x[rs/] by x[rs2], treating the values as two’s complement numbers, and writes the

upper half of the product to x[rd].

31 2524 20 19 15 14 12 11 76 0
] 0000001 \ rs2 rsl \ 001 \ rd 0110011

mUIhSU rd, rsl, rs2 x[rd] = (x[rs1] ,x, x[rs2]) >>, XLEN
Multiply High Signed-Unsigned. R-type, RV32M and RV64M.
Multiplies x[rsI] by x[rs2], treating x[rs1] as a two’s complement number and x[rs2] as an

unsigned number, and writes the upper half of the product to x[rd].

31 2524 20 19 15 14 12 11 76 0

0000001 rs2 sl \010\ rd 0110011




RISC-V INSTRUCTIONS: NOP 179

mulhu rd, rs1, rs2 x(rd] = (x[rsi] ,x, x[rs2]) >>, XLEN
Multiply High Unsigned. R-type, RV32M and RV64M.
Multiplies x[rs/] by x[rs2], treating the values as unsigned numbers, and writes the upper

half of the product to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000001 rs2 sl \ 011 \ rd 0110011

mu IW rd, rsl, rs2 x[rd] = sext((x[rs1] x x[rs2])[31:0])
Multiply Word. R-type, RV64M only.
Multiplies x[rs/] by x[rs2], truncates the product to 32 bits, and writes the sign-extended

result to x[rd]. Arithmetic overflow is ignored.

31 25 24 20 19 15 14 12 11 76 0
0000001 rs2 rsl \ 000 \ rd 0111011

MV rd, rsl x[rd] = x[rsi]
Move. Pseudoinstruction, RV32I and RV641.
Copies register x[rsI] to x[rd]. Expands to addi rd, rs1, 0.

neg rd, rs2 x[rd] = -x[rs2]
Negate. Pseudoinstruction, RV32I and RV641.

Writes the two’s complement of x[rs2] to x[rd]. Expands to sub rd, x0, rs2.

negw rd, rs2 x[rd] = sext((-x[rs2])[31:0])
Negate Word. Pseudoinstruction, RV64I only.
Computes the two’s complement of x[rs2], truncates the result to 32 bits, and writes the

sign-extended result to x[rd]. Expands to subw rd, x0, rs2.

nop Nothing
No operation. Pseudoinstruction, RV32I and RV64I.

Merely advances the pc to the next instruction. Expands to addi x0, x0, 0.
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not rd, rsl x[rd] = ~x[rsi]
NOT. Pseudoinstruction, RV32I and RV641.

Writes the ones’ complement of x[rs/] to x[rd]. Expands to xori rd, rs1, -1.

Or rd, rsl, rs2 x[rd] = x[rs1] | x[rs2]
OR. R-type, RV32I and RV641.

Computes the bitwise inclusive-OR of registers x[rs/] and x[rs2] and writes the result to
x[rd].

Compressed form: c.or rd, rs2

31 25 24 20 19 15 14 12 11 76 0
0000000 rs2 sl \ 110 \ rd 0110011

Orl rd, rsl, immediate x[rd] = x[rs1] | sext(immediate)
OR Immediate. I-type, RV32] and RV641.
Computes the bitwise inclusive-OR of the sign-extended immediate and register x[rs/] and

writes the result to x[rd].

31 20 19 15 14 12 11 76 0

] immediate[11:0] rsl \110\ rd 0010011

rd CyC|e rd x[rd] = CSRs[cycle]
Read Cycle Counter. Pseudoinstruction, RV32I and RV64I.

Writes the number of cycles that have elapsed to x[rd]. Expands to csrrs rd, cycle, x0.

rd CyC|eh rd x[rd] = CSRs[cycleh]
Read Cycle Counter High. Pseudoinstruction, RV32I only.
Writes the number of cycles that have elapsed, shifted right by 32 bits, to x[rd]. Expands to

csrrs rd, cycleh, x0.
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rd Instret d x[rd] = CSRs[instret]
Read Instructions-Retired Counter. Pseudoinstruction, RV32I and RV641.

Writes the number of instructions that have retired to x[rd]. Expands to csrrs rd, instret, x0.

rdinstreth x[rd] = CSRs[instreth]
Read Instructions-Retired Counter High. Pseudoinstruction, RV32I only.
Writes the number of instructions that have retired, shifted right by 32 bits, to x[rd]. Expands

to csrrs rd, instreth, x0.

I’dtlme rd x[rd] = CSRs[time]
Read Time. Pseudoinstruction, RV32I and RV64I.
Writes the current time to x[rd]. The timer frequency is platform-dependent. Expands to

csrrs rd, time, x0.

rdtimeh x[rd] = CSRs[timeh]
Read Time High. Pseudoinstruction, RV32I only.
Writes the current time, shifted right by 32 bits, to x[rd]. The timer frequency is platform-

dependent. Expands to csrrs rd, timeh, x0.

rem rd, rsl, rs2 x[rd] = x[rs1] % x[rs2]
Remainder. R-type, RV32M and RV64M.
Divides x[rsI] by x[rs2], rounding towards zero, treating the values as two’s complement

numbers, and writes the remainder to x[rd].

31 25 24 20 19 15 14 12 11 76 0
0000001 rs2 rsl \ 110 \ rd 0110011
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remu rd, rsl, rs2 x[rd] = x[rs1] %, x[rs2]
Remainder, Unsigned. R-type, RV32M and RV64M.
Divides x[rs!] by x[rs2], rounding towards zero, treating the values as unsigned numbers,

and writes the remainder to x[rd].

31 2524 20 19 15 14 12 11 76 0
0000001 rs2 rsl \ 111 \ rd 0110011

remuw rd, rsl, rs2 x[rd] = sext(x[rs1][31:0] %, x[rs2][31:0])
Remainder Word, Unsigned. R-type, RV64M only.

Divides the lower 32 bits of x[rs/] by the lower 32 bits of x[rs2], rounding towards zero,
treating the values as unsigned numbers, and writes the sign-extended 32-bit remainder to
x[rd].

31 25 24 20 19 15 14 12 11 76 0
0000001 rs2 rsl \ 111 \ rd 0111011

remw dd, rsl, rs2 x[rd] = sext(x[rs1][31:0] %, x[rs2][31:0])
Remainder Word. R-type, RV64M only.

Divides the lower 32 bits of x[rs/] by the lower 32 bits of x[rs2], rounding towards zero, treat-
ing the values as two’s complement numbers, and writes the sign-extended 32-bit remainder
to x[rd].

31 25 24 20 19 15 14 12 11 76 0
] 0000001 rs2 rsl \110\ rd 0111011

ret pc = x[1]
Return. Pseudoinstruction, RV32I and RV641.

Returns from a subroutine. Expands to jalr x0, 0(x1).
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sb rs2, offset(rs1) Mlx[rs1] + sext(offset)] = x[rs2] [7:0]
Store Byte. S-type, RV32I and RV64I.
Stores the least-significant byte in register x[rs2] to memory at address x[rsI] + sign-

extend(offset).

31 25 24 20 19 15 14 12 11 76 0
] offset[11:5] \ rs2 \ rsl \ 000 \ offset[4:0] 0100011
SC.d rd, rs2, (rsl) x[rd] = StoreConditional64(M[x[rs1]], x[rs2])

Store-Conditional Doubleword. R-type, RV64A only.
Stores the eight bytes in register x[rs2] to memory at address x[rs/], provided there exists
a load reservation on that memory address. Writes O to x[rd] if the store succeeded, or a

nonzero error code otherwise.

31 2726 25 24 20 19 15 14 12 11 76 0
00011 Jagln| w2 | w1 o011 | « 0101111
SC.W d, rs2, (rsl) x[rd] = StoreConditional32M[x[rs1]], x[rs2])

Store-Conditional Word. R-type, RV32A and RV64A.
Stores the four bytes in register x[rs2] to memory at address x[rs/], provided there exists
a load reservation on that memory address. Writes O to x[rd] if the store succeeded, or a

nonzero error code otherwise.

31 2726 25 24 20 19 1514 1211 76 0
| 00011 Jag[n] w2 | w1 Jo10| 0101111
Sd rs2, offset(rsl) M[x[rs1] + sext(offset)] = x[rs2][63:0]

Store Doubleword. S-type, RV64I only.
Stores the eight bytes in register x[rs2] to memory at address x[rs/] + sign-extend(offset).

Compressed forms: c.sdsp rs2, offset; c.sd rs2, offset(rs1)

31 25 24 20 19 15 14 12 11 76 0
offset[11:5] rs2 rsl \ 011 \offset[4:0]\ 0100011
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Squ rd, rsl x[rd] = (x[rs1] == 0)
Set if Equal to Zero. Pseudoinstruction, RV32I and RV64I.
Writes 1 to x[rd] if x[rsI] equals O, or 0 if not. Expands to sltiu rd, rs1, 1.

sext.w rd, rs1 x[rd] = sext(x[rs1][31:0])
Sign-extend Word. Pseudoinstruction, RV64I only.

Reads the lower 32 bits of x[rs/], sign-extends them, and writes the result to x[7d]. Expands
to addiw rd, rs1, 0.

Sfe nce.vima rsl, rs2 Fence(Store, AddressTranslation)
Fence Virtual Memory. R-type, RV32I and RV64I privileged architectures.

Orders preceding stores to the page tables with subsequent virtual-address translations. When
rs2=0, translations for all address spaces are affected; otherwise, only translations for address
space identified by x[rs2] are ordered. When rs/=0, translations for all virtual addresses in
the selected address spaces are ordered; otherwise, only translations for the page containing

virtual address x[rs/] in the selected address spaces are ordered.

31 25 24 20 19 15 14 12 11 76 0
] 0001001 rs2 rsl \ 000 \ 00000 1110011

Sgtz d, rs2 x[rd] = (x[rs2] >, 0)
Set if Greater Than to Zero. Pseudoinstruction, RV32I and RV64I.
Writes 1 to x[rd] if x[rs2] is greater than 0, or 0 if not. Expands to slt rd, x0, rs2.

Sh rs2, ostet(rsl) M[x[rs1] + sext(offset)] = x[rs2][15:0]
Store Halfword. S-type, RV32I and RV641.

Stores the two least-significant bytes in register x[rs2] to memory at address x[rs/] + sign-
extend(offset).

31 25 24 20 19 15 14 12 11 76 0
offset[11:5] rs2 rsl \ 001 \ offset[4:0] 0100011
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SW rs2, offset(rsl) M[x[rs1] + sext(offset)] = x[rs2][31:0]
Store Word. S-type, RV32I and RV64l1.

Stores the four least-significant bytes in register x[rs2] to memory at address x[rs/] + sign-
extend(offset).

Compressed forms: c.swsp rs2, offset; c.sw rs2, offset(rs1)

31 25 24 20 19 15 14 12 11 76 0
] offset[11:5] rs2 rsl \ 010 \offset[4:0]\ 0100011

S” rd, rsl, rs2 x[rd] = x[rs1] << x[rs2]
Shift Left Logical. R-type, RV32I and RV64I1.

Shifts register x[rs!] left by x[rs2] bit positions. The vacated bits are filled with zeros, and
the result is written to x[rd]. The least-significant five bits of x[rs2] (or six bits for RV641)

form the shift amount; the upper bits are ignored.

31 25 24 20 19 15 14 12 11 76 0
] 0000000 rs2 rsl \ 001 \ rd 0110011

slli rd, rs1, shamt x[rd] = x[rs1] << shamt
Shift Left Logical Immediate. I-type, RV32I and RV641.

Shifts register x[rsI] left by shamt bit positions. The vacated bits are filled with zeros, and
the result is written to x[rd]. For RV32I, the instruction is only legal when shamt[5]=0.

Compressed form: c.slli rd, shamt

31 26 25 20 19 15 14 12 11 76 0
000000 shamt sl \ 001 \ rd 0010011
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SI I IW rd, rsl, shamt x[rd] = sext((x[rs1] << shamt)[31:0])
Shift Left Logical Word Immediate. I-type, RV64I only.

Shifts x[rs/] left by shamt bit positions. The vacated bits are filled with zeros, the result is
truncated to 32 bits, and the sign-extended 32-bit result is written to x[rd]. The instruction is

only legal when shamt[5]=0.

31 26 25 20 19 15 14 12 11 76 0
] 000000 shamt rsl \ 001 \ rd 0011011
sllw rd, rs1, rs2 x[rd] = sext((x[rsi] << x[rs2][4:0])[31:0])

Shift Left Logical Word. R-type, RV64I only.
Shifts the lower 32 bits of x[rs/] left by x[rs2] bit positions. The vacated bits are filled with
zeros, and the sign-extended 32-bit result is written to x[rd]. The least-significant five bits of

x[rs2] form the shift amount; the upper bits are ignored.

31 25 24 20 19 15 14 12 11 76 0
] 0000000 rs2 rsl \ 001 \ rd 0111011

Slt rd, rsl, rs2 x[rd] = x[rs1] <, x[rs2]
Set if Less Than. R-type, RV32I and RV641.
Compares x[rs/] and x[rs2] as two’s complement numbers, and writes 1 to x[rd] if x[rs/] is

smaller, or O if not.

31 25 24 20 19 15 14 12 11 76 0
] 0000000 rs2 rsl \ 010 \ rd 0110011
Sltl rd, rsl, immediate x[rd] = x[rs1] <, sext(immediate)

Set if Less Than Immediate. I-type, RV32I and RV64I.
Compares x[rs/] and the sign-extended immediate as two’s complement numbers, and writes

1 to x[rd] if x[rs1] is smaller, or O if not.

31 20 19 15 14 12 11 76 0
immediate[11:0] sl \ 010 \ rd 0010011
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Sltl U rd, rsl, immediate x[rd] = x[rs1] <, sext(immediate)
Set if Less Than Immediate, Unsigned. I-type, RV32I and RV64I.
Compares x[rsI] and the sign-extended immediate as unsigned numbers, and writes 1 to x[rd]

if x[rs1] is smaller, or O if not.

31 20 19 1514 1211 76 0
’ immediate[11:0] rsl ‘ 011 ‘ rd 0010011

SItU rd, rsl, rs2 x[rd] = x[rs1] <, x[rs2]
Set if Less Than, Unsigned. R-type, RV32I and RV641.

Compares x[rs/] and x[rs2] as unsigned numbers, and writes 1 to x[rd] if x[rs/] is smaller,

or 0 if not.

31 25 24 20 19 15 14 12 11 76 0

] 0000000 rs2 rsl \ 011 \ rd 0110011
SItZ rd, rsl x[rd] = (x[rs1] <5 0)

Set if Less Than to Zero. Pseudoinstruction, RV32I and RV64I.

Writes 1 to x[rd] if x[rs1] is less than zero, or O if not. Expands to slt rd, rs1, x0.

snez rd, rs2 x[rd]l = (x[rs2] # 0)
Set if Not Equal to Zero. Pseudoinstruction, RV32I and RV64I.
Writes 0 to x[rd] if x[rs2] equals 0, or 1 if not. Expands to sltu rd, x0, rs2.

Sra rd, rsl, rs2 x[rd] = x[rs1] >>, x[rs2]
Shift Right Arithmetic. R-type, RV32I and RV641.

Shifts register x[rs/] right by x[rs2] bit positions. The vacated bits are filled with copies of
x[rs1]’s most-significant bit, and the result is written to x[rd]. The least-significant five bits

of x[rs2] (or six bits for RV64I) form the shift amount; the upper bits are ignored.

31 25 24 20 19 15 14 12 11 76 0
0100000 rs2 rsl \ 101 \ rd 0110011
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srai rd, rs1, shamt x[rd] = x[rs1] >>, shamt
Shift Right Arithmetic Immediate. I-type, RV32I and RV64I.

Shifts register x[rs/] right by shamt bit positions. The vacated bits are filled with copies of
x[rs1]’s most-significant bit, and the result is written to x[rd]. For RV32I, the instruction is
only legal when shamt[5]=0.

Compressed form: c.srai rd, shamt

31 26 25 20 19 15 14 12 11 76 0
010000 shamt rsl \ 101 \ rd 0010011

Sra |W rd, rsl, shamt x[rd] = sext(x[rs1][31:0] >>, shamt)
Shift Right Arithmetic Word Immediate. I-type, RV641 only.

Shifts the lower 32 bits of x[rsI] right by shamt bit positions. The vacated bits are filled with
copies of x[rs/][31], and the sign-extended 32-bit result is written to x[rd]. The instruction is

only legal when shamt[5]=0.

31 26 25 20 19 15 14 12 11 76 0
010000 shamt rsl \ 101 \ rd 0011011

Sraw rd, rsl, rs2 x[rd] = sext(x[rs1][31:0] >>, x[rs2][4:0])
Shift Right Arithmetic Word. R-type, RV641 only.

Shifts the lower 32 bits of x[rs/] right by x[rs2] bit positions. The vacated bits are filled with
x[rs1][31], and the sign-extended 32-bit result is written to x[rd]. The least-significant five

bits of x[rs2] form the shift amount; the upper bits are ignored.

31 2524 20 19 15 14 12 11 76 0
0100000 rs2 rsl \ 101 \ rd 0111011
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sret ExceptionReturn (Supervisor)
Supervisor-mode Exception Return. R-type, RV32I and RV64I privileged architectures.
Returns from a supervisor-mode exception handler. Sets the pc to CSRs[sepc], the privilege
mode to CSRs[sstatus].SPP, CSRs[sstatus].SIE to CSRs[sstatus].SPIE, CSRs[sstatus].SPIE
to 1, and CSRs][sstatus].SPP to 0.

31 25 24 20 19 15 14 12 11 76 0
] 0001000 00010 00000 \ 000 \ 00000 1110011

srl rd, rsl, rs2 x[rd] = x[rs1] >>, x[rs2]
Shift Right Logical. R-type, RV32I and RV641.

Shifts register x[rs/] right by x[rs2] bit positions. The vacated bits are filled with zeros, and
the result is written to x[rd]. The least-significant five bits of x[rs2] (or six bits for RV641)

form the shift amount; the upper bits are ignored.

31 25 24 20 19 15 14 12 11 76 0
] 0000000 rs2 rsl \ 101 \ rd 0110011

srhi rd, rsl, shamt x[rd] = x[rs1] >>, shamt
Shift Right Logical Immediate. I-type, RV32I and RV64I.

Shifts register x[rs/] right by shamt bit positions. The vacated bits are filled with zeros, and
the result is written to x[rd]. For RV32I, the instruction is only legal when shamt[5]=0.

Compressed form: c.srli rd, shamt

31 26 25 20 19 15 14 12 11 76 0
000000 shamt rsl \ 101 \ rd 0010011
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sr| W rd, rsl, shamt x[rd] = sext(x[rs1][31:0] >>, shamt)
Shift Right Logical Word Immediate. I-type, RV641 only.

Shifts the lower 32 bits of x[rsI] right by shamt bit positions. The vacated bits are filled with
zeros, and the sign-extended 32-bit result is written to x[rd]. The instruction is only legal

when shamt[5]=0.

31 26 25 20 19 15 14 12 11 76 0
] 000000 shamt rsl \ 101 \ rd 0011011

srlw rd, rs1, rs2 x[rd] = sext(x[rs1][31:0] >>, x[rs2] [4:0])
Shift Right Logical Word. R-type, RV64I only.

Shifts the lower 32 bits of x[rs/] right by x[rs2] bit positions. The vacated bits are filled with
zeros, and the sign-extended 32-bit result is written to x[rd]. The least-significant five bits of

x[rs2] form the shift amount; the upper bits are ignored.

31 25 24 20 19 15 14 12 11 76 0
] 0000000 rs2 sl \101\ rd 0111011

SUb rd, rsl, rs2 x[rd] = x[rs1] - x[rs2]
Subtract. R-type, RV32I and RV64I.

Subtracts register x[rs2] from register x[rs/] and writes the result to x[rd]. Arithmetic over-
flow is ignored.

Compressed form: c.sub rd, rs2

31 25 24 20 19 15 14 12 11 76 0
0100000 rs2 rsl \ 000 \ rd 0110011
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subw rd, rsi, rs2 x[rd] = sext((x[rsi] - x[rs2])[31:0])
Subtract Word. R-type, RV641 only.

Subtracts register x[rs2] from register x[rs/], truncates the result to 32 bits, and writes the
sign-extended result to x[rd]. Arithmetic overflow is ignored.

Compressed form: c.subw rd, rs2

31 25 24 20 19 15 14 12 11 76 0
] 0100000 rs2 rsl \ 000 \ rd 0111011

tail symbol pc = &symbol; clobber x[6]
Tail call. Pseudoinstruction, RV32I and RV641.

Sets the pc to symbol, overwriting x[6] in the process. Expands to auipc x6, offsetHi then
jalr x0, offsetLo(x6).

Wfl while (noInterruptsPending) idle
Wait for Interrupt. R-type, RV32I and RV641 privileged architectures.

Idles the processor to save energy if no enabled interrupts are currently pending.

31 25 24 20 19 15 14 12 11 76 0
0001000 00101 00000 \ 000 \ 00000 1110011

XOr rd, rsl, rs2 x[rd] = x[rs1] " x[rs2]
Exclusive-OR. R-type, RV32I and RV64I.

Computes the bitwise exclusive-OR of registers x[rs/] and x[rs2] and writes the result to
x[rd].

Compressed form: c.xor rd, rs2

31 25 24 20 19 15 14 12 11 76 0
0000000 rs2 sl \ 100 \ rd 0110011
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XO¥r1 rd, rsl, immediate x[rd] = x[rs1] ~ sext(immediate)
Exclusive-OR Immediate. I-type, RV32I and RV641.

Computes the bitwise exclusive-OR of the sign-extended immediate and register x[rs/] and

writes the result to x[rd].

31 20 19 15 14 12 11 76 0

immediate[11:0] sl \100\ rd 0010011
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Plato (428-348 BCE)+= Beauty of style and harmony and grace and good rhythm depend on simplicity.
Aokl 528}, A5}, 715} — Plato, The Republic.
o 7128 ge agse

1 depafol.

78015 F55 ARM-329} x86-32 TE 2 HY
Sl= B 3= RISC-Vol| 94514 = ¢k 2|4F ARM-
%5}o] RISC-VE 1|91 o] ISAZ HE
712 RISC-V FE& W&sh= o] =& F= Zolth #52 oj1 Egs FXsh= C
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571 sl 7Hs ot o FAFSHA 370 -4 9 =
19 B.19] HolH AF B¥Pole 7HE & I FA2 BAS $17F RV3219}
ARM-322] 27} 27} Apolo] A HolZrt RV321 9 ARM-32 ISAL A 4)-71%
AL Rl x86-32 ISAS] v 2] 2 A8 F4E AP of, x862 ©]-5(move) T

Simplicity o1& ARg-sh= tiAlel dlolHE 5ot
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Q1 @ato] oA LA EER] HolFErh ol & B0l HAAHE 002 WEE 31& RV32

| Description | RV32I | ARM-32 | x86-32 \
Load word 1w t0, 4(t1) ldr r0, [r1, #4] mov eax, [edi+4]
Load halfword 1h t0, 4(t1) ldrsh rO, [r1, #4] | movsx eax,WORD PTR[edi+4]
Load halfword unsigned | 1hu tO, 4(t1) | ldrh r0, [r1, #4] movzx eax,WORD PTR[edi+4]
Load byte 1b t0, 4(t1) ldrsb r0, [r1, #4] | movsx eax,BYTE PTR[edi+4]
Load byte unsigned lbu t0, 4(t1) | 1ldrb r0, [ri1, #4] movzx eax,BYTE PTR[edi+4]
Store byte sb t0, 4(t1) strb r0, [r1, #4] mov [edi+4], al
Store halfword sh t0, 4(t1) strh r0, [r1, #4] mov [edi+4], ax
Store word sw t0, 4(t1) str r0, [r1, #4] mov [edi+4], eax

% B.1: ARM-329} x86-322 ¥ g5 RV32I v 2] HT FH .
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Description RV321 ARM-32 x86-32
Zero register 1i t0, O mov r0, #0 XOr eax, eax
Move register mv t0, tl mov r0, ril mov eax, edi
Complement register not t0, ti mvn rO, ril not eax, edi
. , edi
Negate register neg t0, ti rsb r0, rl, #0 mov. eax, edi

neg eax

Load large constant

lui tO, OxABCDE
addi tO, tO, 0x123

movw r0, #0xE123
movt rO, #O0xABCD

mov eax, OxABCDE123

Move PC to register auipc t0, O 1ldr r0, [pc, #-8] call 1f

1: pop eax
Add add t0, t1, t2 add r0, r1, r2 lea eax, [edi+esi]
Add (imm.) addi tO, tO, 1 add r0, r0, #1 add eax, 1
Subtract sub t0, t0, t1 sub r0, r0, ril sub eax, edi

Set reg. to (reg=0)

sltiu tO, ti1, 1

rsbs rO, rl, #1
movcc rO, #0

XOor eax, eax
test edx, edx
sete al

Set reg. to (reg#0)

sltu t0, x0, ti1

adds rO, ri, #0
movne r0, #1

XOor eax, eax
test edx, edx
setne al

Bitwise-OR

or t0, t0, t1

orr r0, r0, ril

or eax, edi

Bitwise-AND

and t0, t0, ti

and r0O, r0, ri

and eax, edi

Bitwise-XOR

xor tO, tO0, ti

eor rO, r0O, rl

Xxor eax, edi

Bitwise-OR (imm.)

ori t0, t0, 1

orr r0, r0, #1

or eax, 1

Bitwise-AND (imm.)

andi tO0, tO0, 1

and r0O, rO, #1

and eax, 1

Bitwise-XOR (imm.)

xori t0, tO, 1

eor rO, r0, #1

xor eax, 1

Shift left

sll t0, t0, t1

1sl r0, 0, ri1

sal eax, cl

Shift right logical srl t0, t0, t1 1lsr r0, r0, ril shr eax, cl
Shift right arith. sra t0, tO, ti1 asr r0, r0, ril sar eax, cl
Shift left (imm.) slli t0, tO, 1 1sl r0, r0, #1 sal eax, 1

Shift right logical (imm.)

srli t0O, tO, 1

1sr r0, rO, #1

shr eax, 1

Shift right arith. (imm.)

srai tO, tO, 1

asr rO, r0, #1

sar eax, 1

19 B.2: ARM-32 9 x86-322 #M3HEl RV32I A& H o], 27 1] A4HA} x86-32 B o] TH-L ARM-32 &

RV3219] 37 5 @4t} ol rt v Be BFol7t 55 Basi
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196 HEZB. RISC-VE HE] Hd
[ Description RV32I ARM-32 [ x86-32 |
Branch if = beq t0, t1, foo cmp x0, rl cmp eax, osi
beq foo je foo

Branch if # bne t0, t1, foo cmp x0, rl cmp eax, osi
bne foo jne foo

. cmp rO, rl | cmp eax, esi

Branch if < blt t0, t1, foo blt foo 31 foo

Branch if > bge t0, t1, foo cmp 0, rl <?mp eax, esi
bge foo jge foo

Branch if <, bltu t0, ti1, foo cmp 10, rl cmp eax, esi
bcc foo jb foo

Branch if >, bgeu t0, t1, foo cmp 10, rl cmp eax, esi
becs foo jnb foo

Branch if =0 beqz t0, foo cmp 10, #0 Fest eax, eax
beq foo je foo

Branch if #£0 bnez t0, foo cmp 10, #0 t,GSt eax, eax
bne foo jne foo

Direct jump or tail call jal x0, foo b foo jmp foo

Subroutine call jal ra, foo bl foo call foo

Subroutine return jalr x0, 0(ra) bx 1r ret

Indirect call jalr ra, 0(t0) blx r0 call eax

Indirect jump or tail call | jalr x0, 0(t0) bx r0 jmp eax
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ARM-32 @ x86-328] 27 T= 7|5t £7]9] §Fo] 5 do] Exk.

rr

oAM= AE A 1i5 AREORIL, ARM-329 A= =] o]F W& o], Z12]al x86-32¢]
Me HRALEE AT} exclusive-ORE 510 AT} x86-32 P& o] 2] 27 m] dAtz}
Alghe 71 do] gof mule] 2 -5 shte] R olofl AAAE = AR 2 7t

2] 5ol ¥ B2 HPolE on|gitt. 7|19 g4, M, =2 9 HZE Pof (HPH
R ol Tk ISA Afolo] 1012 v,

29 B3e 27 W R 7] 121 52 Wl YAtk 203 Blo)4 27
S WpAlo] ARM-32 @ x86-321= 2719] W ejo]7} M @513 RV32IE thx] 1o B e st
o} e 29] 719 2.50 4 2.110f] e BRel Zro] T of g A of] 2|48 A ¢lof| &
E-315} 21 RISC-V 2] compare-and-execute 17| = 41Q] A Hof| A H & o] o] 7|45 ARM-32
9 x86-329] hefh 4704 AT} 54 9 W] 72 EIh

B.2 Tree Sum< AF&3F RV32I, ARM-32, 187 x86-32 H| i

1% B4k 19 B.5olA B9 A 710] ISAS Uiets] vwslr] 1) ALgshe a4 ¢ =
2agolth 44 Ee] g2 Abaste] o) Eelel A gh HEth Ealk 7)E A=
FQ1E|, E7) @ato] THEshA Théel B 4 QAT T B of4lEe] Helz
A} BEL L BolZ 4 Gloj A AHHTh FHE 9% 519 E2 o] F2 AL



% 5kl E2le] 92 AXtsty] 98w ARg-sto]

=} FHehd fupdels St A7) LES ©]

ol YA H o2 HEE-S HolZ

Hol R0 7] Apolef 7H Z Aol= %‘# APt FEo

RISC- V% iEﬂOH 37 Ell]iH% ARSI Btskr] el 1A AF 2]
gt x86-32= A AE o K-S A

] AL = 4}% 044}—% #6@%‘ = olenz Aeof 271 SR AETE A st Sete.

RISC-Vol Aot o] PAj o= A8 ZEE ZAste tiile] 542 F4o ¥

BHolE ol 88l AFstiL ettt ARM-32= Tl 4] YIS o8
1 Qe A AR LHE AEaL ol W

A AE ot B FAE 7HA o2 IAE
= 5

T FILE 73Y5t7] Qo thE ISA= 871 W g o]t E.a5hA| 9t RISC-V= 77 & of
2 A=ty 118 B.3oJA] Hole Ay} Zo] B7)E ¢l4ito] ARM-32 2 x86-32= 27]1 9]
dgol7h et v ol @l i 7 o (compare-and-branch) 2 & 4= §17] wjZo|t}. 1o
Al g ol vpmz]of tisf 1%l B.17} B.20j|A] Ho|i= Z i} Zro] RV3219F ARM-32+= 1
o 1 v g et 5ho] 2kol= x862] call¥ ret P o= YR 2 AEo] B T4
£ F4lotar 28 o2 B Fitrh v oh2 [SAo A= 137 stz ti4lel] YA H o=
T ER8} o B2 A e} (RV32I0] thofj A= raE A% 2 E+517, ARM-329 of
A= 1rs F4] E peoll H). T3t x86-32 & o2 Ao wjZjpE ddsiEg

x86-32 1 == thE ISAE= 1T = Ql= F 2o push % pop FF oI5 7HA AL Ut 37+
tlole AE o= 450l Astert

B.3

m,
rhu

ISA e o) chAg AoAel 22198 )¢ fAkstel, 74 oprle A o] e
H HZS RISC-VE 2174 0 2 § o3 4= 9lr} RISC-Vol 3274 & 2] ~E] vs. ARM-321=
167] 18] 71 x86-321= 872 7}2] 11 9]0} 4] RISC-VE o] BIBhe thaaf ] 2|t T} upa}
o 94§ o9tk 9A W4 mER 10} JBRLE ZASIL, £ T S|4
compare-and-branch g o] 7|¥to 2 27 B7|E HASI, upx|2to 2 B E H x| AHe}
B 20] o] 8L RISC-VE} 55517 AR 714 Z1o] x86-32 ISAG] A 71 A0} 742
A2 stAY Thef Hiolg AFo A AR 2t 424 HAlS 3st7] $15 RISC-
V @Eol 27ksHe A 28 @ 7 240 o Holole 4 AT o] 3 TS

w2w 7] 2xsA Het.

Performance

ooc

Programmability



198
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. RISC-V2 HE] 1o

struct tree_node {
struct tree_node x*left;
struct tree_node *right;
long value;

};

long tree_sum(const struct tree_node *node)
{
long result = O;
while (mode) {
result += tree_sum(node->left);
result += node->value;
node = node->right;
}

return result;

19 B4: ¢33 G4-E A5t o] EEoA gL tsh= C £

addi sp,sp,-16 Allocate stack frame
sw s1,4(sp)
sw s0,8(sp)

#

# Preserve sl

#
sw ra,12(sp) # Preserve ra

#

#

#

Preserve sO

1i s1,0 sum = 0
beqgz a0, .L1 Skip loop if node == 0
mv s0,a0 sO = node
.L3:
lw a0,0(s0) # a0 = node->left
jal tree_sum # Recurse; result in a0
lw  ab,8(s0) # ab = node->value
lw s0,4(s0) # node = node->right
add s1,a0,s1 # sum += a0
add si1,sl,ab # sum += ab
bnez s0,.L3 # Loop if node != 0
.L1:
mv a0,s1 # Return sum in a0l
lw s1,4(sp) # Restore si
lw s0,8(sp) # Restore sO
lw ra,12(sp) # Restore ra
addi sp,sp,16 # Deallocate stack frame
ret # Return

19 B.5: &x4 Ed 242 93 RV32I F E. compare-and-branch 3 o] (bnez) ©-&o] t}£ 27]19] ISAS
@ AT F 217} o Fo.
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push {r4, r5, r6, 1r} # Preserve regs
mov 15, #0 # sum = O
subs r4, r0, #0 # r4 = node; node == 07
beq .L1 # Skip loop if so
.L3:
1ldr r0, [r4] # r0 = node->left
bl tree_sum # Recurse; result in r0
1dr r3, [r4, #8] # r3 = node->value
ldr 14, [r4, #4] # r4 = node->right
add 15, r0, r5 # sum += r0
add 15, r5, r3 # sum += r3
cmp r4, #0 # node == 07
bne .L3 # Loop if not
LL1:
mov 10, rb5 # Return sum in rO
pop {r4, r5, r6, pc} # Restore regs and return

19 B.6: =213 E ] FA-S QI3 ARM-32 I E. HE| Y & 49} 3 P o] = THE ISA 9] H|F| ARM-329]
FEI7EEUH

push
push
xor
mov
test
je
.L3:
push
call
pop
add
mov
add
test
jne
.L1:
mov
pop
pop

1% B.7: &34 Ea] &S 9]5h x86-32 ZE.
o
=

esi

ebx

esi, esi

ebx, [esp+12]
ebx, ebx

L1

[ebx]
tree_sum
edx
esi, [ebx+8]
ebx, [ebx+4]

esi, eax
ebx, ebx
.L3
eax, esi
ebx
esi

H O OH B H R B H H OH H H

H B B H

3
L

Preserve esi
Preserve ebx
sum = 0

ebx = node
node == 07

Skip if so

Load node->left; push to stack
Recurse; result in eax

Pop old arg and discard

sum += node->value

node = node->right

sum += eax

node == 07

Loop if not

Return sum in eax
Restore ebx
Restore esi
Return

2L CHEISAS 98 T2 9 WAL 28 5 gE

Sl F ¥FoIE 7HA L Yol 714 Q1 dlole EFF o] Tt



2ot 7|

[(A]

ABI. .. .application binary interface

& oA g2

Add.................L 22,131
immediate............... 22,131
immediate word............. 131
upper immediate to PC ...... 137
word..............oiall 132

Z g7 1, caddiléspE 7 F
2, c.addidspnE o7 &7, c.addi

5o g, clis oA L, 131

mediate word 5 ¢/7] 2117, c.addiw
E oA Fa1, 131

addw...... Add word E 917 17,
caddwZ g7 1, 132

ALGOL................ooo. 126
Allen,Fran.................... 16
AMDO4 . ... 98

amoadd.d. . Atomic Memory Opera-
tion Add Doubleword = g7 ZF17,
132
amoadd.w........ Atomic Memory
Operation Add WordZ ¢17] 2F17,
132
amoand.d. . Atomic Memory Opera-
tion And Doubleword S 7] 2117,
132

amoand.w........ Atomic Memory

Operation And WordZ ¢/7] &F11,
133

amomax.d ................ Atomic
Memory Operation Maximum Dou-
bleword = g7 2F11, 133
amomax.w Atomic Memory Opera-
tion Maximum Word 2 ¢}7] &7,
133

amomaxu.d......... Atomic Mem-
ory Operation Maximum Unsigned
Doubleword = $}7] RF17, 133
amomaxu.w......... Atomic Mem-
ory Operation Maximum Unsigned
WordE M7 &1, 134
amomind................. Atomic
Memory Operation Minimum Dou-
bleword =S ¢H7] 2k, 134
AmoOMin.W................ Atomic
Memory Operation Minimum Word
= oA &1, 134

amominud ......... Atomic Mem-
ory Operation Minimum Unsigned
Doubleword & &7 2F17, 135
amominu.w......... Atomic Mem-
ory Operation Minimum Unsigned
Word = &M F17, 135

amoor.d Atomic Memory Operation
Or DoublewordE &7 2117, 135
amoor.w Atomic Memory Operation
Or WordZ ¢} k11, 135
amoswap.d . Atomic Memory Oper-

ation Swap Doubleword & §17] &}

7,136

amoswap.w....... Atomic Memory
Operation Swap Word & ¢}7] 217,
136

amoxor.d . . Atomic Memory Opera-
tion Exclusive Or Doubleword S &}
A g1, 136

AMOXOL.W . ....... Atomic Memory
Operation Exclusive Or Word & ¢}
A 1, 136

And..........oooool 22,137

immediate............... 22,137
and........ candZ g7 11, 137
andi............ .., 22,

And immediate Z &7 ZF17, c.andi
S e g, 137

application binary interface . 20, 34,
35,53

Application Specific Integrated Cir-

CUILS. ¢ ottt 2
ARM
Cortex-AS ...t 7
Cortex-A9 ... 8
DAXPY ....ooviiiiien 59
Thumb.................... 9,10
Thumb-2.................. 9,10
Tree Sum................... 197
t}% ] A (Load Multiple)....7,9
A2 NS 10
Yool A e
HolA 4. 13
AdAF 26
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FE T o 10, 98
ARMVE.. ...l 98
ASIC......... Application Specific

Integrated Circuits-& &7 &2

Atomic Memory Operation

Add

Doubleword. .............. 132

Word..........cooooiint 132
And

Doubleword. .............. 132

Word..................... 133
Exclusive Or

Doubleword. .............. 136

Word...........coooat 136
Maximum

Doubleword............... 133

Word..........c.ooooil 133
Maximum Unsigned

Doubleword............... 133

Word.........cooooiit 134
Minimum

Doubleword. .............. 134

Word.............o.oii 134
Minimum Unsigned

Doubleword. .............. 135

Word..............ooal 135
Or

Doubleword. .............. 135

Word.............c.oil 135
Swap

Doubleword............... 136

Word. ...t 136

auipc .. Add upper immediate to PC
= oA ¥, 137

[B]
Bell, C.Gordon ............ 50, 92
beq...Branch if equal& gHA g7,

cheqzE G 731, 137

beqz........oooiiiiiit 37,138
bge...... Branch if greater or equal
E A &, 138

bgeu..... Branch if greater or equal
unsigned & $H4] 27, 138
bgez........oooiiiiii 37,138
bgt. i 37,138

bgtu........ooiiiiiat 37,138
btz ..o 37,139
ble....oovviiiiiiii 37,139
bleu........oooeviiiiiin 37,139
blez.........o.oooiiiiil 37,139

blt. Branch if less thanE /74 ZF17,
139

bltu ... Branch if less than unsigned
2 87 31, 140

bne............ Branch if not equal
£ 7 &2, chnezE 9 F L,

140

bnez...................... 37,140
Branch
ifequal..................... 137
if greaterorequal ........... 138
if greater or equal unsigned. . .738
iflessthan.................. 139
if less than unsigned......... 140
ifnotequal ................. 140
Brooks, Fred ................. 123
Browning, Robert.............. 60
[C]
cxzzIH
DAXPY ......coooiiiiinn... 59
Tree Sum................... 197
AdAE 26
cadd........ add-2 o7 RF11, 140
caddi....... addiE o7 2F11, 141

c.addil6sp .. addiE ¢4 &1, 141
c.addidspn .. addiE $HA &1, 141
c.addiw 92, addiw & g7 &1, 141
c.addw . 92, addwE 7] &7, 142

cand........ and & €7 &1, 142
candi....... andiE g g1z, 142
cbeqz....... beqE ¢4 &L, 142
cbnez....... bneE ¢} 21, 143
c.ebreak .. ebreak & M 2117, 143
cfld.......... ldE g7 2Fa1, 143
cfldsp........ fldE g7 &, 143
cllw......... flwE gHA 2kl 144
cflwsp....... fiwE g &1, 144
cfsd......... fsd& ¢4 &, 144

cfsdsp....... fsdE g7 L, 144

201
cfsw........ fsw& g &L, 145
cfswsp...... fsw& ot &1, 145
ST jal 2 §7) #3145
cjal.......... jalE g7 g, 145
cjalr........ jalrZ ¢t7] 2k, 146
Clevnnnnnn. jalrE eH7] 1, 146
cld....... 92, Id& gHA &1, 146
cldsp..... 92, IdE o}A &1, 146
cliv........ addiE oM7) 2117, 147
clui.......... WiE g7 &1, 147
clw.......... IwE gHA] ki, 147
clwsp........ wE e gFal, 147
cmv........ add& e &1, 147
COTvvnnnn.. orS 817 Z1, 148
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