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Open h RISC Reference Card ®

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

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

Optional Vector Extension: RVV

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

RISC-V calling convention and five optional extensions: 8 RV32M: 11 RV32A. 34 floating-point instructions each for 32- and 64-bit data (RV32F,
RV32D); and 53 RV32V. Using regex notation, {} means set, so FADD. {F| D} is both FADD. F and FADD. D. RV32{F|D} adds registers £0-£31,
whose width matches the widest precision, and a floating-point control and status register fcsr. RV32V adds vector registers v0-v31, vector
predicate registers vp 0-vp7, and vector length register v1. RV64 adds a few instructions: RVM gets 4, RVA 11, RVF 6, RVD 6, and RVV 0.
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RV32i

Integer Computation Loads and Stores

add {: d't} byte

immediate lgd} halfword

subtract store word

and

o Tmmediate} load {Eﬂe unsigned
{eicusi\reg}{E = halfword [= g

shift 1eft logical
shift right 1ogical

load upper immediate

add upper immediate to pe

Control transfer

Miscellaneous instructions
fence loads & stores
fence.instruction & data

environment JRreak
- call

set 1less than {T . }J’C . } read & clear bit
- - immediate/ |unsigned | control status registef read & set bit - ,
- - - = immediat

branch/ equal
- not equal

branch Jareater than or equall f_
- less than unsigned

}

jump and link
21Mp 2nd 2 register

read & furite

2! RV32b A " 7% c [ “RV32BDA ~“{} _T
@ o b A T W% _ b’ @ 3 Wa o
Ao ~ - YAEe D' dyopacpadyopbadpAop
3l 30 2524 21 20 19 15 14 1211 8 7 6 0

| funct7 | rs2 | rsl | Tunci3 | rd | opcode | R-type
| imm[11:0] | rsl | funct3 | rd | opcode | I-type
| imm[11:3] | rs2 | rs] | funci3 | imm[4:0] | opcode | S-type
[imm[12] | imm[10:5] | rs2 | 151 | funct3 | imm[4:1] [ imm[11] | opcode | B-type
| imm[31:12] | rd | opcode | U-type
[ imm[20] | imm[10:1] [ imm[11] | imm[19:12] | rd | opcode | J-type
2'RI SC o A 4 vT B ~ b D T 8~
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31 25 24 20 19 15 142 11 7 6 0
imm[31:12] rd 0110111
imm[31:12] rd 0010111
imm[20]10:1]|11]19:12] rd 1101111
imm[11:0] rsl 000 rd 1100111
imm[12|10:5] rs2 rsl 000 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 001 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 100 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 101 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 110 imm[4:1|11] 1100011
imm[12|10:5] rs2 rsl 111 imm[4:1|11] 1100011
imm[11:0] rsl 000 rd 0000011
imm[11:0] rsl 001 rd 0000011
imm[11:0] rsl 010 rd 0000011
imm[11:0] rsl 100 rd 0000011
imm[11:0] rsl 101 rd 0000011
imm[11:5] rs2 rsl 000 imm([4:0] 0100011
imm[11:5] rs2 rsl 001 imm([4:0] 0100011
imm[11:5] rs2 rsl 010 imm([4:0] 0100011
imm[11:0] rsl 000 rd 0010011
imm[11:0] rsl 010 rd 0010011
imm[11:0] rsl 011 rd 0010011
imm[11:0] rsl 100 rd 0010011
imm[11:0] rsl 110 rd 0010011
imm[11:0] rsl 111 rd 0010011
0000000 shamt rsl 001 rd 0010011
0000000 shamt rsl 101 rd 0010011
0100000 shamt rsl 101 rd 0010011
0000000 rs2 rsl 000 rd 0110011
0100000 rs2 rsl 000 rd 0110011
0000000 rs2 rsl 001 rd 0110011
0000000 rs2 rsl 010 rd 0110011
0000000 rs2 rsl 011 rd 0110011
0000000 rs2 rsl 100 rd 0110011
0000000 rs2 rsl 101 rd 0110011
0100000 rs2 rsl 101 rd 0110011
0000000 rs2 rsl 110 rd 0110011
0000000 rs2 rsl 111 rd 0110011
0000 pred succ 00000 000 00000 0001111
0000 0000 0000 00000 001 00000 0001111
000000000000 00000 00 00000 1110011
000000000000 00000 000 00000 1110011
csr rsl 001 rd 1110011
csr rsl 010 rd 1110011
csr rsl 011 rd 1110011
csr zimm 101 rd 1110011
csr zimm 110 rd 1110011
csr zimm 111 rd 1110011
2'RV321 B * b~ b A

Asanovi'cl9h27]

U lui

U auipc
Jjal

| jalr

B beq
B bne
B blt

B bge
B bltu
B bgeu
I'lb

I'lh

I lw

I lbu

I lhu
Ssb
Ssh
Ssw

| addi

| slti

| sltiu

| xori

| ori

| andi

I slli

| srli

| srai
R add
R sub
Rsll

R slt
Rsltu
R xor
R srl
Rsra
Ror

R and

| fence
| fence.i
| ecall
| ebreak
| csrrw
| csrrs
| csrrc
| csrrwi
| cssrrsi
| csrrci
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31 0
x0 / zero Hardwired zero
x1 / ra Return address
x2 / sp Stack pointer
x3 / gp Global pointer
x4 / tp Thread pointer
xb / t0 Temporary
x6 / tl Temporary
x7 / t2 Temporary
x8 / s0 / fp Saved register, frame pointer
x9 / s1 Saved register
x10 / a0 Function argument, return value
111 / al Function argument, return value
x12 / a2 Function argument
x13 / a3 Function argument
x14 / a4 Function argument
x15 / ab Function argument
xl6 / a6 Function argument
x17 / a7 Function argument
x18 / s2 Saved register
x19 / =3 Saved register
x20 / s& Saved register
x21 / sb Saved register
x22 / s6 Saved register
x23 / sT7 Saved register
x24 / =8 Saved register
x26 / =9 Saved register
x26 / s10 Saved register
x27 / sii Saved register
x28 / t3 Temporary
x29 / t4 Temporary
x30 / tb Temporary
x31 / té Temporary
32
31 0
= \
2
2! RV32I A 3 3 RI S\C TN " spgptpfP G
" s TI1 x “t0% A ° e[ Waterman and As@ndavi'c 2017]

2 0"A1
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void insertion_sort(long all], size_t n)
{

for (size_t i =1, j; i < mn; i++) {
long x = ali];
for (j =1i; j > 0 & a[j-1] > x; j--) {

aljl = alj-11;

}
aljl = x;
}
}
2.6 - A i, - nY: ¢
b a a - a a Agcc VY
h e q A n Y ) vow Yy n A
ISA ARM-32 | ARM Thumb-2 | MIPS-32 | microMIPS | x86-32 | RV32I | RV32[+RVC
Instructions 19 18 24 24 20 19 19
Bytes 76 46 96 56 45 76 52
2.6° b o D) yi o A 7 w: ARM hu r2h
microMiPRV3I2® A
Hb H . RISGVa p /0 b 'Ex8632% ~ a in ins
insb™ insw  out” out” outsb b) I/OA u v * RISGV ey
0" b "Ex8632 3 rep” movs coms scas lods 16
Y D A
2. & - RV3I2ARM3I2 MI P2 x8®%2 9
! v RI S\C o - b ARMI2 MI RS2 X 832
A b A W A 2.5 =3 1
% 11 C - A 2. 60ae ~ e [b 1 SA
~ D A
2.82.11=x ~ RV3I2ARMI2 MI RS2 x 882
q A i " RI S\C a D~ Fb o X1oe v
A o T° Rl S\C a N D ARM2 x837 A incH v
Yo~ % oW DA r
2.10

a1 & & George Santayana, 1905
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2. 11

Lindy effect, 2017. URlhttps://en.wikipedia.org/wiki/Lindy_effect
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# RV32I (19 instructions, 76 bytes, or 52 bytes with RVC)
# al is n, a3 points to al[0], a4 is i, ab is j, a6 is x
0: 00450693 addi a3,al,4 # a3 is pointer to alil
4: 00100713 addi a4,x0,1 #1i=1
Outer Loop:
8: 00b76463 bltu ad,al,l10 # if i < n, jump to Continue Outer loop
Exit Outer Loop:
c: 00008067 jalr x0,x1,0 # return from function
Continue Outer Loop:
10: 0006a803 1w a6,0(a3) # x = alil
14: 00068613 addi a2,a3,0 # a2 is pointer to alj]
18: 00070793 addi ab,a4,0 #j=1
Inner Loop:

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

20: 01185a63 bge a6,a7,34 # if a[j-1] <= ali], jump to Exit Inner Loop

24: 01162023 sw a7,0(a2) # aljl = alj-1]

28: fff78793 addi ab,ab,-1 # j--

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

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

34: 00279793 slli ab,ab,0x2 # multiply ab by 4

38: 00f507b3 add ab,al,ab # ab is now byte address oi alj]

3c: 0107a023 sw a6,0(a5) # aljl = x

40: 00170713 addi ad,ad,1 # i++

44: 00468693 addi a3,a3,4 # increment a3 to point to ali]

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

218" RV3q I 2. 5AVE L - " ME L n
- D~ Yi ARV3Iiel Ha Y a j H-LARWE
1T AB G P Abir I SA ° v G vI[p

A | Gx8B2pra RV320" & - I x 9 A

RV3PIW Ne 5 ARM3 2x 882 2 DA
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# ARM-32 (19 instructiomns, 76 bytes; or 18 insns/46 bytes with Thumb-2)

# r0
0:

4:
8:
c:

10:

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

23a03001
21530001
e1a0c000
212fffle
292d4030

mov
cmp
mov

Outer Loop:

14:
18:
1c:

e5bcd004
e1a02003
elalel0c

ldr
mov
mov

Inner Loop:

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

eb1e5004
e1550004
da000002
e2522001
e40e5004 str
lafffff9 bne
Inner Loop:

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

ldr
cmp
ble

bxcs
push

subs

r3, #1

r3, ri

ip, r0

1r

{r4, r5, 1r}

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

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

38

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

r3, r3, #1
r3, ri

rd,
14
{r4, r5, pc}

[x0, r2, 1s1 #2]

#

H O H

H H B

HOoH O H H H

H # H H

is i, rd is x

i=1

i vs. n (unnecessary?)
ip = al0]

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

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

rb =

; increment ip

alj-11

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

j__
aljl =

i++
ivs. n
aljl = x

if i < n, jump to Outer Loop

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

al0] (using 1lr as scratch reg)

restore r4, r5, and return address

ARMIZ® AVE L

2'9 2.5 ~
” D~ a
“ARM32 Ha vG |
A 6 Ne
BG | woOoA » a

A
T

G

b

v

W VE

4y FHa

W "A a W
¢ ARM32 Thunrtbbxc®

€1
(U]
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# MIPS-32 (24 instructions, 96 bytes, or 56 bytes with microMIPS)
# al is n, a3 is pointer to al0], v0 is j, vl is i, t0 is x
0: 24860004 addiu a2,al.4 # a2 is pointer to alil
4: 24030001 1i vi,1 #1=1
Outer Loop:
8: 0065102b sltu vO,vli,al # set onl1 < n
c: 14400003 bnez v0,l1c # if i<n, jump to Continue Outer Loop
10: 00c03825 move a3,a2 # a3 is pointer to alj] (slot filled)
14: 03e00008 jr ra # return from function
18: 00000000 nop # branch delay slot unfilled
Continue Outer Loop:
1c: 8ccB80000 1w t0,0(a2) # x
20: 00601025 move vO,vl # ]
Inner Loop:
24: Bce9fffc lw tl,-4(a3)
28: 00000000 nop

alil
i

# tl = alj-1]
# load delay slot unfilled
2c: 0109502a slt t2,t0,t1 # set alil < alj-1]
30: 11400005 begz t2,48 # if alj-1]<=alil, jump to Exit Inner Loop
34: 00000000 nop # branch delay slot unfilled
38: 2442ffff addiu v0,v0,-1 # j--
3c: ace90000 sw t1,0(a3) # aljl = alj-1]
40: 1440fff8 bnez v0,24 # if j !'= 0, jump to Inner Loop
44: 24e7fffc addiu a3,a3,-4 # decr. a2 to point to alj]l (slot filled)
Exit Inner Loop:
48: 00021080 s11  vO0,v0,0x2
4c: 00821021 addu v0,a0,v0
50: ac480000 sw t0,0(v0)
b4: 24630001 addiu vi,v1,1
58: 1000ffeb b 8
Bc: 24c60004 addiu a2,a2,.4

v0 now byte address oi alj]

aljl = x

i++

jump to Outer Loop

incr. a2 to point to ali]l (slot filled)

2.'102.F " MI P39 AME L W VWE L n
D~ AMI P39 T 22 nop 9 v AH e G

Ne " s e G v A ( D) H A Ne 3301
Y wub Ne vbwy T D v Ao ~ 5c¢ ] )

* addiu” W N¢ Ne D©H A
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# x86-32 (20 instructions, 45 bytes)
# eax is j, ecx is x, edx is i
# pointer to a[0] is in memory at address esp+Oxc, n is in memory at esp+0x10

0: 56 push esi # save esi on stack (esi needed below)
1: b3 push ebx # save ebx on stack (ebx needed below)
2: ba 01 00 00 00 mov edx,Oxl #1i=1
7: 8b 4c 24 Oc mov ecx, [esp+0xc] # ecx is pointer to al0]
Outer Loop:
b: 3b 54 24 10 cmp edx, [esp+0x10] # compare i vs. n
£: 73 19 jae 2a <Exit Loop> # if 1 >= n, jump to Exit Outer Loop
11: 8b 1c 91 mov ebx, [ecx+edx*4] # x = ali]
14: 89 dO mov eax,edx #j=1
Inner Loop:
16: 8b 74 81 fc mov esi,[ecxteax*4-0x4] # esi = a[j-1]
la: 39 de cmp esi,ebx # compare a[j-1] vs. x
1c: Te 06 jle 24 <Exit Loop> # if al[j-1]<=alil, jump Exit Inner Loop
le: 89 34 81 mov [ecx+eax*4],esi # aljl = alj-1]
21: 48 dec eax # j--
22: 75 f2 jne 16 <Inner Loop> # if j !'= 0, jump to Immner Loop
Exit Inner Loop:
24: 89 1c 81 mov [ecx+eax*4],ebx # aljl = x
27: 42 inc edx # oi++
28: eb el jmp b <0Outer Loop> # jump to Outer Loop

Exit Outer Loop:
2a: bb pPop ebx # restore old value of ebx from stack

2b: be pop esi # restore old value of esi from stack
2c: ¢3 ret # return from function

2.'112.5 ~ x8%xn AWE L R | ME L |
- D~ A ¢ " x8%2 Ha G T vB
F Ha L a A - RV3ZT yNe | Hef ~n al 0]
- G o T A a 7] v e [ilf] A
20 x3-26 95T 7@ 7 Ve H ~ a ¢ a | " x88%2 7
Ax 86Ha “Intel [/ MTCT o/sohitnagx * Ne

l b ° b RISC ARM32 MI P32 b W A

AT T b tby T f 6 b Los: %A 6 W'

- 3 b H s M Te A AF - W B~

" r Ha LA
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R RISC-V

0 Ly . i 3 v

Il van Sut h
Il van Sutherl al

Fr193d e
19627 &
Sketpal
i “
A
Sketd hpa 3.1
Q7
3.1 =t C uoY 3t @ T A
W p T v ite b o RI S\CP T b
= A
& )
; "v\‘ N A
P
L ;,!
b, 4 C program C
t foo.c
Compiller
e —
Assembly program
foo.s
Assembler
L Object (machine language module) Library (machine language module) £
r e foo.o lib.o r €
Linker
Executable (machine language program) | ~ L
a.out
Loader r €
3. C nq ' A L i %Ng T v oo
vy A a 3 Unixop 3 7 Ne# MSDOJ

WV 3V v ) 968 B

3. P " Caillmg conventi on
P Now 6@ [Patterson and Hennessy 2017]
1. a gle [ B
2. [ P B " a R/V32I00®™
3. 0P o - G ’
4. BT D’
5. v O [ B ~ v o
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6. P B " a ao6av"A
w3 T b T » 3 ®
G I W b A
Rl S [HNnT ' b T
3+ 6 ANT " e P Tb6  No
g v~ T s W t w H Ab'P i
£ P w' P A Ve P a i Ty U]
T° bwl ¥ il Lifpg TAr P 0 i -
v G b T b " b A
P Ti H AG a =~ P F vbi’
H A X a =~ B TbG AP w G v v
X 3 P D @ 3b G - 13 so¢
X A ci W v G 1 P F & bi-
¢ U o A 3 2% Rl S
w L o" ABI T T G A
6 X H K
Register | ABI Name | Description Preserved across call?
x0 zero Hard-wired zero 0 —
x1 ra Return address No
x2 sp Stack pointer Yes
x3 gp Global pointer 'H —
x4 tp Thread pointer —
xb t0 Temporary/alternate link register w No /
x6-7 t1-2 Temporaries Y No
x8 s0/fp Saved register/frame pointer H Yes /
x9 s1 Saved register H Yes
x10-11 | a0-1 Function arguments/return values* | | No / W
x12-17 | a2-7 Function arguments *  { No
x18-27 | s2-11 Saved registers  H Yes
x28-31 | t3-6 Temporaries Y No
f0-7 ft0-7 FP temporaries Y No
£8-9 fs0-1 FP saved registers H Yes
f10-11 | fa0-1 FP arguments/return values [ w No
£12-17 | fa2-7 FP arguments i No
£18-27 | fs2-11 FP saved registers H Yes
£28-31 | ft8-11 FP temporaries " No
3. BRI S\C ' ARl s v b” i
Ty a AB INe b G A k b 3 wr
G (O TR ¢ G LA 5 A
[ Waterman and As&nAvi Ec 2017]
ABI = % RV3P®l "o ¥o Al P '
entry_label:
addi sp,sp,-framesize # Allocate space for stack frame s p €4
# by adjusting stack pointer (sp register)
sw ra,framesize-4(sp) # Save return address (ra register) B rra c

# save other registers to stack if needed
. # body of the function *

=
¢
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Wor | d

a

A W

- T bW P W
QP w N 4 '

# restore registers from stack if needed ‘|

lv ra,framesize-4(sp) # Restore return address register
addi sp,sp, framesize # De-allocate space for stack frame
ret # Return to calling point
1 v [a ABl Wa® ~ P & i Ne
W A
@M EH W e MF K
" RV3dBWar 16 ~ RI S\C & 11~ 7 g
x 0 x 1858 W NeG W Nox @ p AT G
X Yo 1 & pARV3I2E » ¢ RV3BI -~ [
A
3. 3
Uni x T~ W YV A D~ & pVvVA MSDOST ¢
v 3 A
3T b b D" 0 - W
" ' 9 Q A D
D s 7 wT mA 333 4FJRISWN o | T
x0 w0 T: Ao “HE [ ret WeN B9~
w wBoa éa° ¢ 93 A RI SN ouw g x0A ~
W@ Ww 0Boe of | ~j ufdp rettarae 0
br aoeiy ualeriol buN b~ . RIS\C o A
3.6 1 C Hel |l o> Wor T d b) 376i Ta = 3
3.83 4N DA
W assembl e "Bintectives i
o\ B a Ta o b A 39
RI S\C At T 38§ | '
Mo'¢ar q A
vVl goy o 22 A
WOapAG' Udgy ~ I maikhk
Mooadghpy' vapodas
Vidglgoy & 4 A
VA A a g(yood O p - yA - y A
A & a gGypoa-i 6~ y A
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M

Pseudoinstruction Base Instruction(s) Meaning

nop addi x0, x0, O No operation ¥

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

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

snez rd, rs sltu rd, x0, rs Set if # zero oS

sltz rd, rs slt rd, rs, x0 Set if < zero 70y

sgtz rd, rs slt rd, x0, rs Set if > zero 70y

beqz rs, offset beq rs, x0, offset Branch if = zero e 0y

bnez rs, offset bne rs, x0, offset Branch if # zero 0y

blez rs, offset bge x0, rs, offset Branch if < zero n oy

bgez rs, offset bge rs, x0, offset Branch if > zero n 150y

bltz rs, offset blt rs, x0, offset Branch if < zero no0y

bgtz rs, offset blt x0, rs, offset Branch if > zero n0y

j offset jal x0, offset Jump

jr rs jalr x0, rs, O Jump register

ret jalr x0, x1, O Return from subroutine n

tail offset ?:;Ecxg?’ng,fizzs[zi;:ﬁ]: 0] Tail call far-away subroutine '
rdinstret[h] rd c¢srrs rd, instret[h], x0 Read instructions-retired counter 0 n
rdcycle[h] rd csrrs rd, cycle[h], %0 Read cycle counter D
rdtime[h] rd csrrs rd, time[h], xO Read real-time clock 0

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

CSIW CSTr, IS csrrw x0, csr, rs Write CSR CSR

CSIrs ¢SsIr, IS csrrs x0, csr, rs Set bits in CSR CSR r

csrc csr, IS csrrc x0, csr, rs Clear bits in CSR CSR

csrwi csr, imm csrrwi x0, csr, imm Write CSR. immediate ‘A i CSR
csrsi csr, imm csrrsi x0, csr, imm Set bits in CSR, immediate ‘A r CSR
csrci csr, imm csrrci x0, csr, imm Clear bits in CSR, immediate \4 CSR
frcsr rd csrrs rd, fcsr, x0 Read FP control/status register 0 FP i/
fscsr rs csrrw x0, fcsr, rs Write FP control/status register iFP 1/
frrm rd csrrs rd, frm, x0 Read FP rounding mode O FP i

fsrm rs csrrw x0, frm, rs Write FP rounding mode i FP 0
frflags rd csrrs rd, fflags, x0 Read FP exception flags 0 Fp

fsflags rs csrrw x0, fflags, rs Write FP exception flags i FP

3% 6 x0 RISWN DA A % " RIS N b DA RV3ZI
* b 648 ) ov 328" vl hk b 328 A 6[ Wat er man

Asanovi Ec

202.021 20 A3
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T n n M
Pseudoinstruction Base Instruction(s) Meaning
auipe rd, symbol[31:12] ] #
1lla rd, bol Load local address 0
& rd, symbo addi rd, rd, symbol[11:0] ad focatade
PIC: auipc rd, GOT[symbol][31:12] &
U
la rd, symbol 1{wld} rd, rd, GOT[symbol]l[11:0] Load address
Non-PIC: Same as 11a rd, symbol
auipc rd, symbol[31:12] A
1{blh|lwld} rd bol Load global 0 H
{blnfwld} rd, symbo 1{blhlwld} rd, symbol[11:0](xd) 0dce
auipc rt, symbol[31:12]
blhlwld} rd bol, rt Store global YH
s{olhlwld} rd, symbol, Tt = v 101} rd, symbol[11:0](rt) ore g
auipc rt, symbol[31:12] . . ] .
fl{wld} rd bol, rt Floating-point load global 6 :
{wld} rd, symbol, r f1{w|d} rd, symbol[11:0] (rt) oatng-pe e 0 H
auipc rt, symbol[31:12] SO, ) .
fs{w|d} rd, symbol, rt fs{wld} rd, symbol[11:0](rt) Floating-point store global _Y H
1i rd, immediate Mpyriad sequences Load immediate U]
mv rd, rs addi rd, rs, O Copy register o +
not rd, rs xori rd, rs, -1 One’s complement v
sext.w rd, rs addiw rd, rs, 0 Sign extend word
seqz rd, rs sltiu rd, rs, 1 Set if = zero €0 r
fmv.s rd, rs fsgnj.s rd, rs, rs Copy single-precision register ‘I“4
fabs.s rd, rs fsgnjx.s rd, rs, rs Single-precision absolute value Y .
fneg.s rd, rs fsgnjn.s rd, rs, rs Single-precision negate \ .V
fov.d rd, rs fsgnj.d rd, rs, rs Copy double-precision register | T U
fabs.d rd, rs fsgnjx.d rd, rs, rs Double-precision absolute va]uel? .
fneg.d rd, rs fsgnjn.d rd, rs, rs Double-precision negate 0 0
bgt rs, rt, offset blt rt, rs, offset Branch if > n
ble rs, rt, offset bge rt, rs, offset Branch if < non
bgtu rs, rt, offset bltu rt, rs, offset Branch if >, unsigned ’ 1
bleu rs, rt, offset bgeu rt, rs, offset Branch if <, unsigned N7
jal offset jal x1, offset Jump and link
jalr rs jalr x1, rs, O Jump and link register
auipc x1, offset[31:12] .
11 offset Call far-away subroutine
calt orise jalr x1, x1, offset[11:0] Y !
fence fence iorw, iorw Fence on all memory and /O 'Y 1/ O
fscsr rd, rs csrrw rd, fcsr, rs Swap FP control/status register, FP -|-/
fsrm rd, rs csrrw rd, frm, rs Swap FP rounding mode . FP 0
fsflags rd, rs csrrw rd, fflags, rs Swap FP exception flags . FP
3. U 6 x0 RI SN DA Ja oD% ~ GO™M n Z " Gloloaf set
Table - T - A A & " RISC N b o A

6[ Water mAsaandi Ec 22.021 20 A3

#include <stdio.h>
int main()

{

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

return 0;

Hel | o

Wo'r +odd Tp v O
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.text # Directive:
.align 2 # Directive:
.globl main # Directive:
main: # label for
addi sp,sp,-16 # allocate
SW ra,12(sp) # save retu
lui a0,%hi(stringl) # compute a
addi a0,a0,%lo(stringl) # stringl
lui ail,%hi(string2) # compute a
addi al,al,%lo(string2) # string2
call printf # call func
lw ra,12(sp) # restore r
addi sp,sp,16 # deallocat
1i a0,0 # load retu
ret # return
.section .rodata # Directive:
.balign 4 # Directive:
stringl: # label for
.string "Hello, %s!\n" # Directive:
string2: # label for
.string "world" # Directive:

3. RI

DOS

S\C

3.6 RYSC He | |

00000000 <main>:
0:
4:
8:
c:

10:

14:

18:

lc:

20:

24:

28:

2c:

££010113 addi
00112623 sw
00000537 1lui
00050513 mv
000005b7 lui
00058593 mv
00000097 auipc
000080e7 jalr
00c12083 1w
01010113 addi
00000513 1i
00008067 ret

Wo™r +odi 0"P #

A Unix T° ~

b
D 4w OBJ LI"B ¥ w8 %p A
I.']

3.10 3Wwatl

v

b

~

571
PITC

) y " A
N B Ne p " b
~ B ~
HW A >}
“link ®ditior 3 T
W - ¥O4vpAa

Rl S Ne p M
“aHb T A ~ b

W v APl D

b

enter text section
align code to 272 byte

start of main mai n
stack frame 4
rn address Y
ddress of

ddress of

tion printf pri™
eturn address
e stack frame
rn value 0O 0 W

first string
null-terminated string
second string
null-terminated string

o Wo'r +odi TAV A

sp,sp,-16
ra,12(sp)
a0,0x0
a0,a0
al,0x0
al,al
ra,0x0
ra
ra,12(sp)
sp,sp, 16
a0,0

b8f[1cE o

s

declare global symbol main

sringl

ssring2

tf

enter read-only data section
align data section to 4 bytes

E fivw

E

2”2
H

mai n
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bi o B A 2 * RW PR " PCrelati Ve &ranch
G PIAC
2 D7 @ p ~ Wwe - U= T v A
ch PTT = | A A3.H;' H @ S RMagy doagy oma 0
" ldgyyaegyaod A 6 Ya 32 BT Wa 328 -
RV32I W@ H DA 3.6 N o
36 6 2 dAsyoda 3.8 = 3T ) *

d Vv p AsdA

000101b0 <main>:
101b0: ££010113 addi sp,sp,-16
101b4: 00112623 sw  ra,12(sp)
101b8: 00021537 lui a0,0x21
101bc: al050513 addi a0,a0,-1520 # 20al10 <stringl>
101c0: 000215b7 lui al,0x21
101c4: alch8593 addi al,al,-1508 # 20alc <string2>
101c8: 288000ef jal ra,10450 <printf>
101cc: 00c12083 1w  ra,12(sp)
101d0: 01010113 addi sp,sp,16
101d4: 00000513 1i  a0,0
101d8: 00008067 ret

3 8 Rl S-¢ Hel | o WoAIl &ni x T ) ovpAa
RI S\C @ ABIi r 6_¢ F D ARV 32 AB Nez
Wil p3ikpfB2il pAAP 32 C T int " long T poi ANter
328" v D & A lip32 & TO
il pf3r2 a TP il p32d a 3
TP A
- TP a - ISA v F D ~
5 ~A Rv32In " GCC -march=Zrv3&iil p32GEBI
-mabi ="Aiib 32 b D W a -
RV32ILFIDp3i2BRE i B@A 1 A
AB I Yy A - ABI | SA
p - 7 V 3 A W
"W A T W by 7 H ~ w }
bl A LW © s W S
0 A
® E Flinker @elaxation
D" jump an®@ 2@nk N W D) [
B A U@ g JH D~ RT W
VAL H o[ W n Y - W s 9
" H D W A w P By y
Y W [ bP TA a W - G
A = H ~ 6oy N2KiBp "Rl S\C
H oA a4y N2Ki Bp




Directive Description
.text Subsequent items are stored in the text section (machine code). v r v g
.data Subsequent items are stored in the data section (global variables). Frv 6 ¢
bss Subsequent items are stored in the bss section (global variables initial- [bssfv . €0 H § g
’ ized to 0).
.section .foo Subsequent items are stored in the section named . foo. efoo g
alien n Align the next datum on a 2"-byte boundary. For example, .align 2 2n r align 2 7
-atign aligns the next value on a word boundary.
Align the next datum on a n-byte boundary. For example. .balign 4
.balign n e Y Y P g n r balign 47
aligns the next value on a word boundary.
.globl sym Declare that label sym is global and may be referenced from other files. sym <¢H =N t [
.string "str" Store the string str in memory and null-terminate it. ysrpy | r
.byte bl,..., bn Store the n 8-bit quantities in successive bytes of memory. Y X Y ny 8 r
.half wi,...,wn Store the n 16-bit quantities in successive memory halfwords. Yo oX Y ny 16 r
.word wil,...,wn Store the n 32-bit quantities in successive memory words. Y X Y ny 32 r
.dword wl,...,wn Store the n 64-bit quantities in successive memory doublewords. Y X Y ny 64, r
Store the n single-precision floating-point numbers in successive mem- |
.float f1,..., fn slep &P YoX Y ny r
ory words.
Store the n double-precision floating-point numbers in successive | - “
.double di,..., dn ! &1 Y X Y nyd r
memory doublewords.
.option rvc Compress subsequent instructions (see Chapter[7). 4 nr T
.option norvc Don’t compress subsequent instructions. £ nr
.option relax Allow linker relaxations for subsequent instructions. ® Flinkeel@axatio
.option norelax Don’t allow linker relaxations for subsequent instructions. Fo r
.option pic Subsequent instructions are position-independent code. For fw r
.option nopic Subsequent instructions are position-dependent code. For iw r
Push the current setting of all . options to a stack. so that a subsequent i fi
.option push . . - P ’ 4 optionn g
.option pop will restore their value.
0 ion stack. restoring all . ions ir setting a i ;
.option pop Pop the option sF ack. restoring all . options to their setting at the time | X 2p i optiom
of the last .option push.
3.9 Rl SE A
sp = bfff fffOpey S
Dynamic data
Static data
1000 0000pex
Text
pc = 0001 0000phey
0
3. 1F\3 24 N p A T - v A RI S€ » T
AS’/(ObefffflﬁO' 9 L x000100070 ’ n
M- @?b TX £t x10000000 - M- C T

mal | ®cNe)”

e v &
.7 |

T A
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R
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A
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[ o I N " William of Occam 1320
4 .1
RV32MRV3ZI v & DA 4. 1RV32M b
T4 12F b A
v ATy 7! ‘
w
A
A
. . RV32iM ~ ~ D' di vidde (d vi de diwgi ginhed/(
Aaan A e 2 . o , o .
. T | A 7 0 b RV32M
. a%ﬂ;g‘?'é ’\’LA“ remai recherr(emai ndememu)nsilgned( Q"¢ ~ b A
A
6oaA &a Bw
r RV32M
mu ltiply
multiply high < 4nsigned
signed unsigned
{divide }{— . }
—_— unsigned
remainder =
4 RV32M
31 25 24 20 19 15 14 12 11 7 6 0
0000001 rs2 sl 000 rd 0110011 R mul
0000001 rs2 sl 001 rd 0110011 R mulh
0000001 rs2 sl 010 rd 0110011 R mulhsu
0000001 rs2 sl 011 rd 0110011 R mulhu
0000001 rs2 sl 100 rd 0110011 R div
0000001 rs2 sl 101 rd 0110011 R divu
0000001 rs2 sl 110 rd 0110011 R rem
0000001 rs2 rsl 111 rd 0110011 R remu
4 RV32M ’ D] b T o 1 “"[Waterman and

Asanovic RD.17Z] K
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X X
W Y & & A He 33 e |
648 & Au-x [Wae = 64 - RI ST Q8 ”ﬂn"'),k’*""“ef
9 A [ 328 64T Vv 32~ mul 9 A [ 33~ a2=16()i M Ad o
. . , . . . ds° 310 & n
b Nmum D] ? mulhu B iAGa  d0blda
W @ T Wa "7 Y muhsu A W DT 64 Q Hae 32 r
B bwa o i “ Y RV32MH & D [ W@

(@]
&
>

~

- bA | w2

Ty O 0 AR - &Y 3p Pk 33 Ty

Wi Ao ~ 4.3 = 3y ~ 0 A

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

4: aab28293 addi t0,t0,-1365 # =~2°32/ 1.5
8: 025535b3 mulhu al,a0,t0 #al =~ (a0 / 1.5)
c: 00154593 srli al,al,0x1 # al = (a0 / 3)
4 'BV32M & Y D 9 A G Kv n v INe ~
61 TIT k W A Yi®¥ o p k
[ Granlund and MPnygphery 1994]
Noa
R - (4 r §
Hb H . Y ~ARMB2 & bA [ @ ARM i i
20 "~ 2005 ) Ww ARM NeAMI| R3S3 !
" HlI LObuéeg D W A Vo3 MI PS
TP * Dya & I
AHI LO 3v v Y Ky ©® A
® EUAQG=+ AR K
& “F 8 T UA0FAAS v NeA & "
S R S v - S - T - A
D) & v 15486
@ E " y
W 7 bHFY " O 6 noA®ARV3IBW
Y b trap woooF pT ™ ¥
A Ty b A
® EGAG-UAGTA X 2
UAG+A w 1 a UAQ T8 bw FA 3 UAQ-
T BL 0AQ TBY T4 UAQG w UAG+ w O 0AQ

Y UAO+ wWME L ffffhfaf fuAd - bw FA
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4 . 2
¢ i P - . . e
' F CGordan Bel |l
vy 7 L Rl S\C T8 ~ RI S\C Wa®
%o W NeRV3IAM RI S\C ’ RV 3 AM
4 . 3

T. Granlund and P. L. Montgomery. Division by invariant integers using multiplicatiexCi
SIGPLAN Noticesvolume 29, pages 6I2. ACM, 1994.

A. Waterman and K. Asanovi, editorsThe RISEV Instruction Set Manual, Volume |: User
Level ISA, Version 2.May 2017. URLhttps://riscv.org/specifications/

http://parlab.eecs.berkeley.edu
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w
RV32F RV32DE \ 0
Antoine de Saint ) owkx “ma T F LS | I ® Lr r
Exupﬁery. L ' Antoine de Saint Exupoder
[ 1900 1944€
¥ [
5.1
RV32FRWDP Ne ~ 9 " D . ’ W A
W oW T s M ) i "33 68" DA
5. 1We RV32FRV32D O A 5.12§ RV32Fb ~
5.3, RV32Db A s M i1t 91SH "RISC (| EEE-20948
%[ | EE% w20 0A8]
5. 2
RV32FRV3 2D 3 f b X Aa H h
A ‘ b v RISV o T \ ' Na H
&2 Ty Aa H RI S\C o
h v v D ¥ O f v ¥ D G
x f H D A 5.14¥3 RV32DRV32F i RI1 S\
AB I A
RV32FRV32D "~ t 1 g f T v 32
BAL RV3TZI x® ~ f@ [ o i1 30 f
WY we A
| EEE-20®9 8% ' 3 - - "6 Q
v A % f ~ “ E "~ RNEA -~ Y
L d0Aa A 5.5 380Aa%=z ~ A ’ %o
A
Hb H ARMB2 MI RS2 32 P 7 laf
MIPS A A v Hael [ " HVAx 882
JolhacﬁMashley K v . a q A 8 @ .
MI PSI SA X
I
® ERV326&D n i
Y Y me W ) ~ Ty 7 A
soka ° - A - bu o Ve b -
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32 64 Db w8@ 6 U o T H Ax8B2 Ve
v 2 8aPl 6 4 yi 7 b DAL RV32FDMI RSH “ARM
32 x88%2 = H - DA W _ A
o o p T icp v “iy” A
RV32F and RV32D
Floating-Point Computation Load and Store
add load | [word
subtract Eloat {StOFE}{Eoubleword}
multiply =
float< diwvide |ng|e} Conversion
= . doubl _single
Square rook £loat conyert to {_ } from _ word {unagned}
minimum
maximum £loat convert to . word {unggned}fmm{ slngle}

| single double
£loat {negailve multlply% btrac1}{ doub\e} £Eloat conyert to _ single from _ double

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

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

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

5'RV32FRV32D o A

e RV32FRWB2DRI S\C H v D9 80®ad6nx & o 8AC
S A ¥

_>(

o K& 1 aC AC D A v [ % T D
~ 55600 R66FBAANYARATTOACYAAT © 6 ¢ aovéhe™a RY¥ 3 2 FRV 3 2
’ ~ 8AAaaAAdavad 13 v VvV D 3ligy&Fhoy Vv
BUBEHEABEVE D ba N 9 N W b T
v Q- A
L & - é w o Wowv D A
"RISMCt 3 B 6O He b ) & %" BUOGOOVIAS 6OV O
" 5 uAARVBAATR WHe b - P Q- A v
e b o[ & O "Gy US6DYRS GOy aAAGYRAMAV
’ & -v D a & 1w D % "3 oW on7”
v H - 7 W 7 A € 1 v D: " 3H T ® € H 7
v 4 A " o W D 4e * wRA 5.25.3
v R4 R el A
RV32RV32D N Do L3y o- H @
W e w1l 0O 006ADAAGA AV RATIDOTAAY O
" D©D'H Ne D D ) Ne Ao~ |
6 EBa N [ %¢'p a
604d o&dp a GOEG 1 ¢ Atk h & o9
iyo~ € %c¢ ga ¢ha “as [ %¢ oa
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31 27 26 20249 15 12 11 7 6 0
imm[11:0] rsl 010 rd 00oai1
imm[11:5] rs2 rsl 010 imm[4:0] | 010011
rs3 00 rs2 rsl rm rd 100001
rs3 00 rs2 rsl rm rd 100011
rs3 00 rs2 rsl rm rd 100101
rs3 00 rs2 rsl rm rd 100111
0000000 rs2 rsl r m rd 101001
0000100 rs2 rsl r m rd 101001
0001000 rs2 rsl rm rd 101001
0001100 rs2 rsl rm rd 101001
0001100 0000 rsl rm rd 101001
0010000 rs2 rsl 000 rd 101001
0010000 rs2 rsl 001 rd 101001
0010000 rs2 rsl 010 rd 101001
0010100 rs?2 rsl 000 rd 101001
0010100 rs?2 rsl 001 rd 101001
1100000 0000 rsl rm rd 101001
1100000 0000 rsl rm rd 101001
1110000 0000 rsl 000 rd 101001
1010000 rs?2 rsl 010 rd 101001
1010000 rs?2 rsl 001 rd 101001
1010000 rs?2 rsl 000 rd 101001
1110000 0000 rsl 001 rd 101001
1101000 0000 rsl rm rd 101001
1101000 0000 rsl rm rd 101001
1111000 0000 rsl 000 rd 101001
5!'RV32MmH % D T A bW

VIS G “FHe D 126 0 § 6ige D 2584 0 ] W

RV32[D HeP wl e[ Water mAsaandi c RIAY]

| flw
Sfsw

R4

R4

R4

R4

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

R fsart.s
R fsanj.s
R fsanin.s
R fsanijx.s
R fmin.s
R fmax.s
R fevt.w.s
R

R fmv.x.w
R feq.s

R flt.s

R fle.s

R fclass.s
R fcvt.s.w
R

R fmv.w.x

h
T
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31 27 26 220249 15 12 11 7 6 0
imm[11:0] rsl 011 rd oooaqi1 | I fld
imm[11:5] rs2 rsl 011 imm[4:0] | 010011 | Sfsd
rs3 01 rs2 rsl rm rd 100001 | R4
rs3 01 rs2 rsl rm rd 100011 R4
rs3 01 rs2 rsl rm rd 100101 | R4
rs3 01 rs2 rsl rm rd 100111 R4
00000a rs2 rsl r m rd 101001 | R fadd.d
0000101 rs2 rsl rm rd 101001 | R fsub.d
0001001 rs2 rsl r m rd 101001 | R fmul.d
0001101 rs?2 rsl rm rd 101001 | R fdiv.d
0001101 0000 rsl rm rd 101001 | R fsart.d
0010001 rs2 rsl 000 rd 101001 | R fsgnj.d
0010001 rs2 rsl 001 rd 101001 | R fsgnin.d
0010001 rs2 rsl 010 rd 101001 | R fsgnijx.d
0010101 rs2 rsl 000 rd 101001 | R fmin.d
0010101 rs2 rsl 001 rd 101001 | R fmax.d
0100000 0000 rsl rm rd 101001 | R fevt.s.d
0100001 0000 rsl rm rd 101001 | R fevt.d.s
1010001 Rs 2 rsl 010 rd 101001 | R feq.d
1010001 rs2 rsl 001 rd 101001 | R flt.d
1010001 rs?2 rsl 000 rd 101001 | R fle.d
1110001 0000 rsl 001 rd 101001 | R fclass.d
1100001 0000 rsl rm rd 101001 | R fevt.w.d
1100001 0000 rsi rm rd 101001 | R
1101001 0000 rsi rm rd 101001 | R fmv.d.w
1101001 0000 rsi rm rd 101001 | R
5'RV320D % D R T A He T % 159 b, .
b A b0gavavgavevhk s W Blugveéwdigv.Coé

a

G[ Wat er mAesaandi c

PIAZ |
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63 32 31
® s 0a FP Temporary
0 WD a FP Temporary
04 50 a FP Temporary
&s eda FP Temporary
Bs é0a FP Temporary
&s néa FP Temporary
ods fo6a FP Temporary
s €0 a FP Temporary
& s Aod FP Saegdster
ds A FP Saved registe
dozF 0D FP Fumcgiumemet ur
dow 0@ FP Fumcgiummemet ur
Gosks O FP Function argu
Goe 0@ FP Function argu
Go& o0 @ FP Function argu
Gots 0@ FAREunction ar gume
Gofs 00 FP Function argu
doe 0@ FP Function argu
dos 6 As FP Saved registe
dois A@ FP Saved registe
o Ad FP Saved registe
Fw Af FP Saved registe
s Ad FP Saved registe
e Ag FRPaved register
e AG FP Saved registe
g Ad FP Saved registe
s Ao FP Saved registe
e Ao FP Saved registe
& ss sOa FP Temporary
dis i0a FP Temporary
& 3% Hbaa FP Temporary
& 1w’ @A FP Temporary
32 32
5'/RKRV32FRV32D A U u3af T ° WAA 3
v RI S\ ¢ - L F R © f af0od7F PG " fsoO
f s"11FPx S fHfotT1 L A~ e[ Water mAsaandi c 20AT ]
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31 87 5 4 3 2 1 0
Reserved Rounding Mode (frm) | Accrued Exceptions (fflags)
NV [ DZ [ OF | UF | NX
24 3 1 1 1
5!5 L A G -~ A - : "t 8afy
rt @oo; T ritH01L W WM T rdn010; W T rudpoIlyi
vV " rmml0A ge : ) Y Kv
o't F P NV b; Dz Yy ; OF:: :; UFH® NX b
" e[ Waterman andAsa8ho®ic 2017]
‘ From
To ‘ 32b sigﬁ‘ued 32b unsigned | 32b floating | 64b floating
integer (w) integer (wu) point (s) point (d)
32b signed integer (w) - - fevt.w.s fevt.w.d
32b unsigned integer (wu) - - fecvt.wu.s | fcvt.wu.d
32b floating point (s) fevt.s.w fevt.s.wu - fevt.s.d
64b floating point (d) fevt.d.w fevt.d.wu fcvt.d.s -
5'®RV32FRV32D DA I TI%= - T ¥ A
5. 4
RV32FRV32D 33 - 323 - T 32 6 8 H
" g @ - y "A 5.6 Yi
1 10 DA
RV32F'L x () T BuaveVvel ¢ DY YT 1
" D~ 6UgVva@Av¢
5.15r B
RV32FRV32D 3b o e Q yi ot N 9 A
"I EEE 75%&0 W L ¢ b» ~ Ne v 0
TR Y o K
W@ R/ 9T Wa b L,  ~“ By p A "B
ovb_eci, . H o
1. ~ """ sAsyoRBAyuvoe B rs2 " BA
2. ~07 " sAsyuUyANBAYyUYVS T Bbrs2 B 1A
3. - " BAOYUBCAOANTIEVET B rsilrs2 ~ B
A
v e T ° b ¢ °~ ~ o9 T N
D” a 37 3.4



61

1. L '
UgVvAaBo:: 8A0D
UgVvo ahaklo:s: Ao

(@}

0y
y u

o 6I
y%&
g)n

Ao
ah

o
P =

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

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

}
}
5.7C Q DAXPY
ISA ARM-32 | ARM Thumb-2 | MIPS-32 | microMIPS | x86-32 | RV32FD | RV32FD+RV32C
Instructions 10 10 12 12 16 11 11
Per Loop 6 6 7 7 6 7 7
Bytes 40 28 48 32 50 44 28
5'®OAXPY al SA b} g A 1 F3 a b} vyi o A
7 : ARM Tha@nmbi croMIRFPAS32® A
2. )
byoovAAag 6AGYyUY &8AAAD
byoova@aAaodl fsgnjmisdsr d
3. v’ w0 0=FfQ@&1="0
00RAVAAI a&G O6AOYyUCECRAAAD
6ofAvalka® Ady u ¢ vaAak
Hae b D cladNsi @y 60035AHAVA ARy 6D
3 TAr W e b b i 1 G T
a0 Q- v 16 AMBT  wh
T ieu W OA
x[ Bd] ¥
0 fr §ul HA
1 frgi . A
2 frgi A
3 fr § 1-0A
4 frgil+ad
5 frgi , A
6 frgi , A
7 f r §ul+HA
8 f[r 41H" (si gn)NaANng
9 fr§ilve ( qeuti p A
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5.86 DAXPY RV3I2'FOARM3I2 MI P2 x 882
1 a DAXPHrw % b | SA ~ 57K yi
O OO T TX Y " a A 5.8 3, DAXPY eb
| S D Ar 1 o 5.95. 12A
b 2 T - W RI S\C O i 7 RI S\C
b b) | v neit | SM o T RI S\C
Ne o ARM2 x8& YY1 T oa D 2 b
D A
&) E16. | 128, 1 +
k | EEE % | EEE-20D8=Y i H o Vs
1 w binaryBi2naAty®4 " k - v 0 7
bi naAyRL2SSC % RV320Q 8 11 A %
wr Lo Loy v Tyw Y
o »p (008 b Y A MNez A "~ binar
f"H "~ binafA256% H Ua y ~ P GPU YA
"G p TA RISC % 5" 8 T RV32Y~
\ LI A 5” 13 A
DAD, ©k % vauM L Y 720w L Noz
eci mdlke8?2 mad 6cli mMaR 113 RV32 Db G - 11
“A
5. 7
v r
I I Robert Browning, 1855 hy~ - 20p 80 19 buw'E A
| EEE-2D09D8 %[ | EEtEan cCamds 2 Q@ &&] i
b A Y ~ 3 b | SR
Ng [ T iT N o5 % A

IEEE Standards Committee. 72008 IEEE standard for floatiRgpint arithmeticlEEE

Computer Society St@008.

A. Waterman and K. Asanovi¢, editorhe RISECV Instruction Set Manual, Volume I:
UserLevel ISA, Version 2.May 2017. URLhttps://riscv.org/specifications/

http://parlab.eecs.berkeleyied

DAXP Yy
. En 0

Asp XY
(DoubpreecAsi c
t i nXePs uYgr

\ A
SAXPRY


https://riscv.org/specifications/

63

# RV32FD (7 insns in loop; 11 insns/44 bytes total; 28 bytes RVC)

# a0 is n, al is pointer to x[0], a2 is pointer to y[0], fa0 is a
0: 02050463 beqz a0,28 # if n == 0, jump to Exit
4: 00351513 s1l1i a0,a0,0x3 # a0 = nx8
8: 00a60533 add a0,a2,a0 # a0 = address of x[n] (last element)
Loop:
c: 0005b787 fld fab,0(al) # fab = x[]
10: 00063707 fld fa4,0(a2) # fad = y[]
14: 00860613 addi a2,a2,8 # a2++ (increment pointer to y)
18: 00858593 addi al,al,8 # al++ (increment pointer to x)
lc: 72a7f7c¢3 fmadd.d fab,fab,fa0,fad # fab = axx[i] + y[i]
20: fef63c27 fsd fa5,-8(a2) # y[i] = a*xx[i] + y[i]
24: fea6l4e3 bne a2,a0,c # if i != n, jump to Loop
Exit:
28: 00008067 ret # return
5'9 5. T/TDAXPYRV3>®D AME L B e v B ME L 9
- D~ A Ne 9 HJIARMI2 X887 T H
2 A

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

# r0 is n, d0 is a, rl is pointer to x[0], r2 is pointer to y[0]
0: e3500000 cmp r0, #0 # compare n to O
4: 0a000006 beq 24 <daxpy+0x24> # if n == 0, jump to Exit
8: e0820180 add r0, r2, r0, 1sl #3 # r0 = address of x[n] (last element)
Loop:
c: ecb16b02 vldmia ri!,{d6} # d6 = x[i], increment pointer to x
10: ed927b00 vldr d7, [r2] # 47 = y[il]
14: ee067b00 vmla.f64 47, d6, dO # d7 = axx[1] + y[i]
18: eca27b02 vstmia r2!, {47} # y[i] = a*x[i] + y[i], incr. ptr to y
1c: 1520000 cmp r2, r0 #ivs. n
20: 1lafffff9 bne ¢ <daxpy+0xc> # if i != n, jump to Loop
Exit:
24: el2fffle bx 1r # return
5.'105.T’DAXPYARM3I® A bLRISC ~ ARM32 * "y
H DAt - b ~ DAXPYARMI% b 4 ¥ A
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# MIPS-32 (7 insns in loop; 12 insns/48 bytes total; 32 bytes microMIPS)

# a0 is n, al
0: 10800009
4: 000420c0
8: 00c42021

Loop:

c: 24c60008
10: d4a00000
14: 24a50008
18: d4c2fff8
lc: 4c406021
20: 14c4fffa
24: f4c0fff8

Exit:

28: 03e00008
2c: 00000000

5.'115.T7DAXPYMI P32 A3 e Ne

H

is pointer to x[0], a2 is pointer

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,al # a0 = address of x[n] (last element)
addin a2,a2,8 # a2++ (increment pointer to y)

ldc1 $£0,0(al) # f0 = x[i]

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

ldct  $£2,-8(a2) # £2 = y[i]

madd.d $£0,$£2,$£12,$f0  # £0O = a*x[i] + y[i]

bne a2,a0,c <daxpy+0xc> # if i != n, jump to Loop

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

nop # (unfilled branch delay slot)

T

5 MJARMI2 x8BX H

A

H @
DAL

# x86-32 (6 insns in loop; 16 insns/50 bytes total)
# eax is i, n is in memory at esp+0x8, a is in memory at esp+Oxc
# pointer to x[0] is in memory at esp+0xl4d
# pointer to y[0] is in memory at esp+0x18

0: 53 push
1: 8b 4c 24 08 mov
5: ¢cb fb 10 4c 24 Oc vmoved
b: 8b 5c 24 14 mov
f: 8b 54 24 18 mov
13: 85 ¢9 test
15: 74 19 je
17: 31 c0 Xor
Loop:
19: c5 fb 10 04 c3 vmovsd
le: c4 e2 f1 a9 04 c2 vfmadd213sd
24: cb fb 11 04 c2 vmovsd
29: 83 c0 01 add
2c: 39 c1 cmp
2e: 75 €9 jne
Exit:
30: 5b pop
31: c3 ret
5.'125.T/DAXPYx88%x A
i e f Ne [=p -~ i
3" v b -

ebx

ecx, [esp+0x8]
xmml, [esp+0xc]
ebx, [esp+0x14]
edx, [esp+0x18]
ecx,ecx

30 <daxpy+0x30>

eax,eax

xmm0, [ebx+eax*8]

xmmQ ,xmm1 , [edx+eax*8]
xmmQ , xmm1 , [edx+eax*8]

eax,0x1
ecx,eax

19 <daxpy+0x19>

ebx

’?H'{J

H H H R B HHE R

H B H B HH

H*

v

save ebx

ecx has copy of n
xmml has a copy of a
ebx points to x[0]
edx points to y[O]

compare n to 0

if n==0, jump to Exit

i =

x[i]

xmmO

xmmQ
y[i]
i++

compare i vs n

0 (since x~

x::O)

axx[i] + y[i]
axx[i] + y[il

if i'=n, jump to Loop

restore ebx
return
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5
A n
€ Vi« F v
.y i R ¥ " Al bert TEI9mBs3t ei n
I 187919551 20
r
g I € 6. 1
K X 2+
"X A v vl SA R 'Hr RV 32 AD
1| Y A = W’ HT Yy Wi SEE .
"L " "“"https://en. wikipedi®B.or'g/ wi ki/

https://zh.wikipedia.org/"wiki &BESWI 0 %8 QUE 6 %AD:
[Patterson and Hennessy 2017]

RV32A A b
o b~ AMO

., v G |/ » U load reserved "/ store conditional
6. 1 RY32A o 6. 2F 1 b D A

RV32A
add

B

and

I

SW
atomic memory operation < Xor > - word
- - - maximum

maximum unsigned
minimum

minimum unsigned |

1]

ioad £eserved _word
store conditional /=™

6. RV3i2 M

31 25 24 20 19 15 14 12 11 7 6 0
00010 aq | rl 00000 rsl 010 rd 0101111 R Irw
00011 aq | rl rs2 rsl 010 rd 0101111 R sc.w
00001 aq | rl rs2 sl 010 rd 0101111 R amoswap.w
00000 aq | rl rs2 rsl 010 rd 0101111 R amoadd.w
00100 aq | rl rs2 sl 010 rd 0101111 R amoxor.w
01100 aq | rl rs2 rsl 010 rd 0101111 R amoand.w
01000 aq | rl rs2 sl 010 rd 0101111 R amoor.w
10000 aq | rl rs2 rsl 010 rd 0101111 R amomin.w
10100 aq | rl rs2 sl 010 rd 0101111 R amomax.w
11000 aq | rl rs2 rsl 010 rd 0101111 R amominu.w
11100 aq | rl rs2 sl 010 rd 0101111 R amomaxu.w
6. R\BA D a b a R [ Waterman and Asanovi Ec

19.2K


https://en.wikipedia.org/wiki/Synchronization
https://zh.wikipedia.org/wiki/%E5%90%8C%E6%AD%A5
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W oy~ | SA
A b [Ha
A RV3RD Y
b
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Ir/sc M[a0] -

v 372 @
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¥
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=
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©
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mul t-a gd P 37z
K b e

6. 3V NIA

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

# Expected old value in

0:

4:
8:
c:

80:

# Critical section guarded by test-and-set spinlock using an AMO.
t0,1
amoswap.w.aq t1,t0,(a0)
t1,4

0:
4:
8:

20:

Y W

100526af
06b69e63
18cb26af
fe069ae3

1r.w
bne

sC.W
bnez

a3, (a0)
a3,al,80
a3,a2, (a0d)
a3,0

# Load old value

# 0ld value equals al?

# Swap in new value if so
# Retry if store failed

. code following successful CAS goes here ...

00100293
0cb55232f
fe031ee3d

1i

bnez

# Unsuccessful CAS.

T 1S

# Initialize lock value

# Retry if unsuccessful

. critical section goes here ...

0a05202f

amoswap.w.rl x0,x0, (a0)

amoswap.

# Release lock.

Ir ./wp

Osc. w
av

# Attempt to acquire lock

H* OH

al

r el

and

axed
RV32m
i b T
HlF 1
GhaXx achorl oo

W e

b A

£y
1996]

memory “conisi st en
B~

[

W ae

AMO

AMO LR/ Sa@
Y i

eH cache
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. Hb Ml R3B2 L~ Ml PISSHAv ~
wv G / »p U oA
6. 2
RWB2A" “Wae R S¢C v v YA -
YW e H 1P b i AR\ 2 ; b
A
6. 3

S. V. Adve and K. Gharachorl oo. S hGo nepdy t neermo r
29(1e76:,661996.

M. Her | f mye.e WaintcAC€CBMNniTzanhbsanti ons on Progr ami
System®991.

D. A. PattersonCamputlganiOz aHeinonne s8nydE dD e § iogqon R
Hardware Sof.t wMorgdmtkadfamaenn, 2017.

A. Waterman and K. Thsa dRd Si®Esct,r uecdtiitoonr sSet- Manua
Level | SA, MaysP26BaYAPDRIE AagA0aVvh&¥6s AYo0g0o00

http://parlab.eecs.berkeley.edu
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32>

>
23
A

E.F.Schumacher
[ 19111977€ H
' £

R 7.1
r
) e €
K 1l l
F 100 6 A"t Y 1 SA=x n &Y
7 Ha b s re” b D~

Small n UH 9 7 ARM
lS. ?%MIPSlr&icroA:\/II’PS | SwW
beautiful

y .
F3JLARM humblfhumb M2 P(S

v r

] D
AARM MI PuS,

¥ 3

i I E. F. Schumacher, 1973

NN

¥

A
) Rv32C 1w ) 5 \j % 32 RI S\MC DWW
astudy of economics - . . . o
asif people mattered A 16 97 F Y D09 D]
n_ A Q Y RV320T i .
EF Schumacher [ s G i 1SA A 7.1RV32C b
A
IV A s 0 4 " RI SC u RVC
DA GeYW 2 v ow D4 [w16 A
< P Va - 535h AsR0AW{ ad 1 ’
G M D 0O~ b HW T A S f D
' 4 A RV32 ®- ‘ W o
Q- b B 3 M 4 vl oadtobe g b
O 4 A
RV32C

Integer Computation

c'—ad‘d‘{immediate}

¢ .add immediate * 16 to stack pointer

c.add lmmediate * i fo Etack Bointer Bondestructive

c. subtract

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

shift right 1ogical
c.and /7~

immediate}
c.or

C. moze
c . exclusive or

c.load {: immediate
e upper [ =

Loads and Stores

- load -
< ﬁloat}{— word < using stack Eointer}

store/ ™
c. float {%oad} doubleword {asing stack Bointer}
store” = =
7! RV32C D A B b 4 c.

Control transfer

c .branch e_qual to zero
i not equal -
g.jump { and ynk}

c.jump { and link} zregister

Other instructions

c.environment break

addi 4spn” i D “ B

>
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Benchmark ISA ARM Thumb-2 | microMIPS | x86-32 | RV32[+RVC
Insertion Sort Instructions 18 24 20 19
Bytes 46 56 45 32
Instructions 10 12 16 11
DAXPY Bytes 28 32 50 28
7124 D Q ~ DAXPY D ) A
7.37.14F ~ DAXPY RV3ZAQC A 2  RV32C
D~ v A4 b TP " b T b~
A T “p F3b RV320® 32 D0A AT L3116
B RV32® 32 RI S\C o A
b 7.3 7" T W 4 v 1 32 RV32I
5
668 0é ¢ 1w b © a 1
w3 16 RV320®"
Ovig OJé&" o W 80 69g 086 & 34 100
RV32d oad D v w7 W@ W@ 4 A
ove 7.3 4eME L - c.loi 7 2 A
s We?o 7.T3 w10 - '
86dda  ¢ca#oda2 . u,
2 16 RV32@®"
Ovig O0a#¥deé wodda ¢ oome 3. 0,
RV32QOnovedr 16 ~ w 7 H @ A
b RV32C ~»p W@ Ty 0 E i
' As Ve 16 o w E 323 D9A 7.[67..8
F Ty RV320® b A b K v 33
RI S\C [ 80 @0 v 7 400 A H T
V5% ~ H 1000@ T cache T G b
\ A
_.Hb H . RV3ZC q 5" wiTt 9 9 A
9 1.T5Thu®b ¢ RV32ChH 3t nb” G Loadh3t or e
Mul tig@le 2 a o ~ ~ F Ty b 7 AuxG
RV32[G DWW ~ RV3ZAC ° 1A RV3M& V
2 9A e Thuib G ARMB2 | SA Ty
He | SA® Aux H | SA p He D “We 6 ARM2
We 6 Thu®RV32GBal | SA RI S\C 7 W@ A
® Ee M F RV3EKRKC
W @ o O s D~ " W
Amacr of ushien i1 T D RI S\C o _ w ¥ )

S W A "W 16 RV32® 323 RV32b

Y
v [ g T e p i A
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7 RV32GTCThunrbmi cr o MIxP8sB 2

7.2 = el S@a ~ DAXPY 79 A

- I 19 RV32DT 12 L RV32®" 79
[PWT X @ T wpCcg¢ X 1T vae - VCAX P oC ADAXPY
[PpPp T Tu P fvw ¢ o T q@ - vpPFrt o R

He © b R 9 1.5 W ° [ ~ @

" RV3XNG RV32gC 374 | T
WA D IAY RV320®A

» ERV32C Te K

RV3295 RV32TC MNAThu@b :: Wal | SA 16 o

ARMvVT/ “Prb n 7 5Ap 7 Thu#f Compare and

Zetr o ARMVT7 ~ G Reverse Subtiarcti Amitchr oClal R

MI PS32 A “ micr oMI RSZ Rey 2 » MI P ST3124

4ARI1 ST gy 2A

7. 3
“n H [ riiBlaise Pascal,
T v W iy h Ni k IW ugth VW A
RV32 RI S\ v 3 M 0 Aas M Y oW P
VTN DAp ¢ J Q
A 1 E 2 - 1 R SV b b
D~ D A H e L b A
RI S\C S W a L " E “ RV32CiWea g o A
7. 4

A. Waterman and K. Asanovi¢, editorhe RISEV Instructbn Set Manual, Volume |: User
Level ISA, Version 2.May 2017. URL https://riscv.org/specifications/.

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

# al is n, a3 points to a[0], a4 is i, ab is j, a6 is x

0: 00450693 addi a3,a0,4 # a3 is pointer to a[i]

4: 4705 c.li ad,1 # (expands to addi a4,x0,1) i =1
Outer Loop:

6: 00b76363 bltu ad,al,c # if i < n, jump to Continue Outer loop

a: 8082 c.ret # (expands to jalr x0,ra,0) return from function
Continue Outer Loop:

c: 0006a803 1w a6,0(a3) # x = ali]

10: 8636 c.mv a2,a3 # (expands to add a2,x0,a3) a2 is pointer to al[j]

12: 87ba c.mv ab5,ad # (expands to add a5,x0,a4) j = i

InnerLoop:

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

18: 01185763 ble a7,a6,26 # if a[j-1] <= alil, jump to Exit InmnerLoop

1c: 01162023 sw a7,0(a2) # aljl = alj-1]

20: 17fd c.addi a5,-1 # (expands to addi ab,ab,-1) j--

22: 1671 c.addi a2,-4 # (expands to addi a2,a2,-4)decr a2 to point to al[j]

24: fbeb c.bnez a5,14 # (expands to bne ab5,x0,14)if j!=0,jump to InnerLoop
Exit InnerLoop:

26: 078a c.slli ab5,0x2 # (expands to slli ab,ab,0x2) multiply ab by 4

28: 97aa c.add a5,a0 # (expands to add ab5,a5,a0)ab = byte address of al[j]

2a: 01072023 sw a6,0(ab) # aljl = x

2e: 0705 c.addi a4,1 # (expands to addi a4,a4,1) i++

30: 0691 c.addi a3,4 # (expands to addi a3,a3,4) incr a3 to point to a[i]
32: bfdl c.j 6 # (expands to jal x0,6) jump to Outer Loop

7:3°" RvV3xXC A12 16 g A9 T 3 WA D Y

ARV32®" yov ~ @ T F o~op [
nA

# RV32DC (11 instructions, 28 bytes)

# a0
0:
2:
4:

Loop:

;2218

: 219¢

: 0621

: 0bal

: T2a7f7c3
12: fef63c27
16: fea618e3

Exit:
la:

cd09
050e
9532

© O p @

8082

7'DAXPYRV32HCAS
ARV32®" y ov

MWE L @

C

C.

C

0O o0 o0 o0

.beqz a0,1a #
slli a0,a0,0x3 #
.add a0,a2 #
.f1d fa4,0(a2) #
.fld fa5,0(al) #
.addi a2,8 #
.addi a1,8 #

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

to y[0], fa0 is a

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

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

ret

# ylil
# if i '= n, jump to Loop

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

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

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

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

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

5 1

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

2 36 M
p

b Rl
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15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0

000 nzimm/|5] 0 nzimm[4:0] 01 CI c.nop

000 nzimm/|5] rs1/rd=£0 nzimm|[4:0] 01 CI c.addi

001 imm|[11]4|9:8|10]6]7|3:1]5] 01 CJ c.jal

010 imm|3] rd#0 imm|4:0] 01 Cl c.li

011 nzimm|9] 2 nzimm|[4|6|8:7|5] 01 CI c.addil6sp
011 nzimm|17] rd#{0, 2} nzimm| 16:12] 01 CI c.lui

100 nzuimm|35] 00 rs1’/rd’ nzuimm|[4:0)] 01 CI c.srli

100 nzuimm|35] 01 rs1’/rd’ nzuimm|[4:0)] 01 CI c.srai

100 imm|3] 10 rs1’/rd’ imm|[4:0] 01 CI c.andi

100 0 11 rs1’/rd’ 00 rs2’ 01 CR c.sub

100 0 11 rs1’/rd’ 01 rs2’ 01 CR c.xor

100 0 11 rs1’/rd’ 10 rs2’ 01 CR c.or

100 0 11 rs1’/rd’ 11 rs2’ 01 CR c.and

101 imm|[11]4|9:8|10]6]7|3:1]5] 01 Clc,j

110 imm[8]4:3] rsl’ imm|7:6]2:1|5] 01 CB c.beqgz

111 imm[8]4:3] rsl’ imm|7:6]2:1|5] 01 CB c.bnez

7'RV320 " bi[tls=0L 1 ¥ D b ° 9 ) Ar dr, 91
rs & 1@ 535hH A3A10AY a & G[Waterman an@O0Ag3dnovi Ec
12K5
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

000 p 0 00 CIW lllegal instruction
000 nzuimm[5:4(9:6|2|3] rd’ 00 CIW c.addidspn
001 uimm[3:3] rsl’ uimm[7:6] rd’ 00 CL c.Ald
010 uimm[3:3] rsl’ uimm(2]6] rd’ 00 CL c.lw
011 uimm[5:3] rsl’ uimm[2]6] rd’ 00 CL c.flw

101 uimm[3:3] rsl’ uimm[7:6] rs2’ 00 CL c.fsd

110 uimm[5:3] rsl’ uimm[2|6] rs2’ 00 CL c.sw

111 uimm[5:3] rsl’ uimm[2]6] rs2’ 00 CL c.fsw

7'RV320 " bi[tls=0P . F= D b ° 9 ) Ar dr, 9lrs &
1@ 5350 A3A0AY a G[Waterman an@O0Agdnovi Ec

12K 4
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15 14 13 12 110 9 8 7 6 5 4 3 2 | 0
000 nzuimm|35] rs1/rd£0 nzuimm|4:0] 10 CI c.slli
000 0 rs1/rd£0 0 10 CI c.sllio4
001 uimm[3] rd uimm[4:3(8:6] 10 CSS c.fidsp
010 uimm[5] rd#0 uimm([4:2(7:6] 10 CSS c.lwsp
011 uimm[3] rd uimm([4:2]7:6] 10 CSS c.flwsp
100 0 rs1£0 0 10 Clc.jr
100 0 rd£0 rs2#£0 10 CR c.mv
100 1 0 0 10 CI c.ebreak
100 1 rs1#£0 0 10 ClJ cjalr
100 1 rs1/rd£0 rs2#£0 10 CR c.add
101 uimm([5:3(8:6] 1s2 10 CSS c.fsdsp
110 uimm([5:2{7:6] 1s2 10 CSS c.swsp
111 uimm([5:2(7:6] 1s2 10 CSS c.fswsp
7' RV320 " bi[tls=apP.F=z D b ° b D A G
[Wat er man an@O0AF3In2&ve Ec
Format Meaning 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0
CR Register funct4 rd/rsl rs2 op
CI Immediate funct3 imm rd/rs1 imm op
CSS Stack-relative Store funct3 imm rs2 op
CIW Wide Immediate funct3 imm rd’ op
CL Load funct3 imm rsl’ imm rd’ op
CS Store funct3 imm rsl’ imm rs2’ op
CB Branch funct3 offset rsl’ offset op
CJ Jump funct3 jump target op

7:88BRVA 5

G[Wat er man

AacaAwahs

l1a

530hH A3A0AY a &
an@O0Ag3In2Avii Ec




75

n
r Fr '’ x ril Seyméuay
Seymour Cray(1925
1999 1976 ' vy
Py
Rp'f) Ll 8 l
Cray-1
[ Cray-1
iva & : - T 1 Hwu
A W @ o A “p 3 r a
Al a o i v a 8°F 16 A
i o (SI MDSingle InstrucgAion Mul
S| MDA Y 6 4 No @ 88 al1é 32 Ng
A b Y b A D 7 Ye~© ~SI MD

s

6 4 Ne A ci o MNe . Au=g SI MD
ﬂ il Y Y NeA 6 S| MDSAG

W F b &Y N S| MD 3 S| MD
1997 A =
, £ MMXE 3 5 A SI MD S| MDD O ISA:: =
S| MD r e ol ¥ W 3 0 "
1999 ) 0 A
S| MD rSSE
Streaming W @ ¥ F ] n v £ A
Exteresi 200 -
FAVE v R1 ST g b SI MD A
Lw b r
MMX
. L Computation RV32V
72 X v add Load and Store
I Y ' multiply
%0 i i _
; multiply high vector 1082 | | strided
1 o, Q and o =
vector |2ES vV store) ( indexed
¥ (ht Ep - Jor b E} =
[ [ www. youtu Xor - Comparjson
ch?v=pdZBMAB ini equal
P BR —omm . not equal Vv
maximum vector predicate { =" = vs
convert B less than -
s_ub;a ct_ greater than or equa
dividg vV and
vector JLemainder vs and not
- shift 1eft 1ogical v vector predicate < or
shift right arithmetic exclusive or
\shift right 1Logical - VVV not
- . fjadd - VVS vector predicale swap
vector fused {Eegative}ﬂumply sublract} J— hd
. .vss Miscellaneous instructions
Vector sign injection {Eegative } vv set vector length
vector class.v exclusive or veclor extract.vs
vector move. vv add vectormerge . vv
vector square root.v and vector select.vv
o°r v vector set data configuration
vector atomic memory operation< Swa {_vs - - - 7
xor
minimum
maximum
8! RV32V D A @6 ° “ e D 3" yby f e X

RV6 4V
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ay e A
RV32V W T4 b b b D b
doc oul
: Wi D A W “ ¥ @ D Ea
3@ v 8.1 A 8.9 [~ 1 A S| MD
D ~ g ° Y Yi
| A
- s Wan Ty a A w "y
O Ne A T X 7 JVHe 6 48
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Ao ~ Ty i &Y v A b W
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Yi RV64V - X "ARV32V 3 A
© a F32 " w3 [ RV32FVa F64 ~ &3 [
RWB2FRARV32V 3, 16 F1/6 W RV32VRV32F
t F1I6F32 A
Type Floating Point Signed Integer Unsigned Integer
Width | Name vetype | Name vetype | Name vetype
8 bits - - X8 10 100 X8U 11100
16 bits Fl16 01 101 X16 10 101 X1eU 11101
32 bits F32 01110 X32 10110 | X32U 11110
64 bits Fo4 01 111 Xo64 10111 X64U 11111
8 RV32V A oz N B HE Fi A
X64 U6 4 6 RV6A¥16 F32 RV32F~ F64 RV32FRV3AB161 EEE
752008 “binatAy 1866 4Cy 8 000w 0 R G[Wat er man
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8. 4 LoadSt orbe
LoadSt orbe i O p T W A
Load g06oT W o H A
"H v v T 2 0 H A store
a6 DA
b T a(d 1024 vO X32t v Ivdoo,( &0) 1024 b
102803203BF [ [ vl LA OOoC
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"H w0O 1t “H aAdowul vsiAc 2
H a

#ayos o _ gOo0PBAH o aAaow o8 o
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- aysfF aH 1a0a0aT g [ a'H 1a23a4sve |
@ "H 18283840 Haubadcays aga° @0 [FaaH Twila
223344

0 9r Ve T OH 1 H @
#A 40 aWde T T O  gAgZdH B
ad6céaadoa a606Aa° ghAao Aadaa
o - a0 64 aOv 32 Hacaaooa wag@to 03
3aH L{as [f2VweH A
G K RH "y gb6caadya A
Ao ~ H Ty gb6céaadoa Ne L[5
¥ e kv N VWANA WY H @
v[w - ' bu W b " [ 1A @
H T A T H A

# a0 is n, al is pointer to x[0], a2 is pointer to y[0], fa0 is a
0: 1i t0, 2<<2b
4: vsetdcfg t0 # enable 2 64b F1.Pt. registers
loop:
8: setvl t0, a0
c: vld v0, al
10: slli t1, t0, 3
14: vld vli, a2
18: add al, al, ti1 increment C pointer to x by vl1*8
ic: vfmadd vi, v0, fa0, vi vi += vO *x fa0 (y = a * x + y)

# vl = t0 = min(mvl, n)
#
#
#
#
#
20: sub a0, a0, tO # n -= vl (t0)
#
#
#
#
A

load vector x
tl = vl * 8 (in bytes)
load vector y

24: vst vl, a2

28: add a2, a2, ti
2c: bnez a0, loop
30: ret

store Y

increment C pointer to y by vl1*8
repeat if n !'= 0

return

8'!3 5. TTDAXPY RV 3 xV ¥ 4y RV32V D HA
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Instructions (static) 22 29 13
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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
Tbfe3827

Fringe:

38:
3c:
40:
a4 :
48:
4c:
Done:
50:
54:

10a40005
0083021
d4610000
d4c00000
4c206b61
£46d0000

03e00008
00000000

1i
and
sll

addu

beq

move

splati.d

1d.d

add

in

1d.d

add

fmadd.d

bne

iu

st.d

beq

addu

ldc
ldc

madd.d

sdc

jr
nop

1
1

1

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

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

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

$£13,$f1,$£13,$£0

$£13,0(v1)

ra

T DAXPYMI PBSMS A

AMI P8BS M

Y

H OH H H R H

O H OH B B R

H OB R

# y[n-1] =

al
t0 =

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

byte address of al

vl &y [al]

if y==&y[al] goto Fringe (t0==0 so n is 0 | 1)
(delay slot) vO0 = &x[0]

w2 = fill SIMD register with copies of a

w0 = 2 elements of y

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

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

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

(delay slot) store 2 elts of y

if (n is even) goto Done

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

f1 = y[n-1]

f0 = x[n-1]

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

# return
# (delay slot)

A 7 b 8.T3 RV3I XAV S| MD
W N o[ 18 LasiMD T f
2 A nb 2 O - MI P8SM E3
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# eax is i, n is esi, a is xmml, pointer to x[0] is ebx, pointer to y[0] is ecx
00000000 <daxpy>:

0: 56 push esi
1: b3 push  ebx
2: 8b 74 24 Oc mov esi, [esp+0xc] # 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 1c mov ecx, [esp+0xic] # ecx =y
14: ¢cb fb 12 di vmovddup xmm2,xmmi # xmm2 = {a,al}
18: 89 f0 mov eax,esi
1a: 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
26: 31 42 Xor edx, edx # edx = 0
Loop:
2T7: cb fd 28 04 d3 vmovapd ymmO, [ebx+edx#8] # load 4 elements of x
2c: c4 e2 ed a8 04 d1 vfimadd213pd ymmO,ymm2, [ecx+edx*8] # 4 mul adds
32: cb fd 29 04 41 vmovapd [ecx+edx+#8],ymm0 # store into 4 elements of y
37: 83 c2 04 add edx,0xd
3a: 39 c2 cmp edx,eax # compare to n
3c: T2 e8 jb 27 # repeat loop if < n
Fringe:
3e: 39 cb cmp esi,eax # any fringe elements?
40: 76 17 jbe 59 # if (n mod 4) == 0 goto Done
FringelLoop:
42: ¢c5 fb 10 04 ¢3 vmovsd xmmO, [ebx+eax*8] # load element of x
AT7: cd e2 f1 a9 04 ¢l1 vimadd213sd xmm0,xmml, [ecx+eax*8] # 1 mul add
4d: ¢b fb 11 04 c1 vmovsd [ecx+eax*8],xmm0 # store into element of y
§52: 83 c0 01 add eax,0xl # increment Fringe count
6b: 39 c6 cmp esi,eax # compare Loop and Fringe counts
57: 75 e9 jne 42 <daxpy+0x42> # repeat FringeLoop if != 0
Done:
59: bb pop ebx # function epilogue
ba: be pop esi
5b: 3 ret
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