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20 RISC-V 14

1. add rd, rsl1, rs2 # rd <- rsl + rs2

2. sub rd, rsi1, rs2 # rd <- rs1 - rs2

3. slt rd, rsi1, rs2 # rd <- rs1 < rs2 (signed)
4. xor rd, rsl, rs2 # rd <- rs1 * rs2

5. or rd, rsl, rs2 # rd <- rs1 | rs2

6. and rd, rs1, rs2 # rd <- rs1 & rs2

7. slli rd, rs1, shamt # rd <- rsl << shamt

8. srli rd, rs1, shamt # rd <- rsl1 >> shamt

9. srai rd, rs1, shamt # rd <- rsl >>>shamt

10. jalr rd, rs1, imm # rd <- pct4; pc <- rsl+imm
11. addi rd, rs1, imm # rd <- rs1 + imm

12. xori rd, rs1, imm # rd <- rs1 * imm

13. ori rd, rs1, imm # rd <- rs1 | imm

14. andi rd, rs1, imm # rd <- rs1 & imm

15. 1w rd, imm(rs1) # rd <- memory[rs1+imm]

16. sw rs2, imm(rs1) # memory[rsl+imm] <- rs2
17. beq rsl1, rs2, label # if (rsl==rs2) pc <- label
18. bne rsi1, rs2, label # if (rs1!=rs2) pc <- label
19. jal rd, 1label # rd <- pct+4; pc <- label
20. lui rd, imm # rd <- imm, 000000000000
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RV32I Base Instruction Set Encoding

31 25 24 20 19 15 14 12 11 7 6 0

0000000 rs2 rsl 000 rd 0110011 1. add
0100000 rs2 rsl 000 rd 0110011 2.  sub
0000000 rs2 rsl 010 rd 0110011 3. st
0000000 1s2 sl 100 rd 0110011 4. xor
0000000 rs2 rsl 110 rd 0110011 5. or
0000000 rs2 rsl 111 rd 0110011 6. and
0000000 shamt rsl 001 rd 0010011 7. sl
0000000 shamt rsl 101 rd 0010011 8. srli
0100000 shamt rsl 101 rd 0010011 9. srai
imm|[11:0] rsl 000 rd 1100111 10. jalr
imm|[11:0] rsl 000 rd 0010011 11. addi
imm[11:0] rsl 100 rd 0010011 12.  xori
imm|[11:0] rsl 110 rd 0010011 13.  ori
imm|[11:0] rsl 111 rd 0010011 14. andi
imm|[11:0] rsl 010 rd 0000011 15. 1w
imm[11:5] rs2 rsl 010 imm[4:0] 0100011 16. sw
imm|[12]10:5] rs2 rsl 000 imm[4:1|11] | 1100011 17. beq
imm[12]10:5] rs2 rsl 001 imm[4:1|11] | 1100011 18.  bne
imm([20]10:1]11]19:12] rd 1101111 19. jal
imm|[31:12] rd 0110111 20.  lui
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Jump: Cancel the Next Instruction
o— [

PC: jalr or jal

Jump Target: IF | ID | |

Target PC

PC PC

Unconditional jump
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Branch: Cancel the Next Instruction
e [——

Cancel

PC: beq or bne

Branch was taken: Target:

PC PC

Conditional branch: Branch is taken

Target

PC
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Branch is not Taken: Do not Cancel

cancel

ecancel f

pe+: - T e

Conditional branch: Branch is not taken
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F — & )\Y¥— K (Data Hazard)

F—Z NP K ADEHOREORTHEREHAT 2BAICRET ST — K

20w 7D H ERY T
| ©F | m [ Exe | MEM | WB | ;
L YR AT EXAD egfil

1 ¢t

add x4,x2,x3 | IF | x2x3 | add | | x4 4

clk

sub x6,x4,x5
clock
and x7,x7,x4

or x8,x4,x8

xor x9,x9,x4
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7 %7 VU —7F+ 7 (Forwarding)

INANAZRFS, S RDRHCEIRAL (LA 2 VDEpDE Z5)

780y MDY T

| IF | I [ EXE | MEM |[WB|
VY AZATE LD

add x4,x2,x3 [ F [0 i e el g clk

/\
sub x6,x4,x5
clock

and x7,x7,x4

or x8,x4,x8

xor x9,x9,x4 xor || X9 ]
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clock

add x4, x2,x3
sub x6, x4, x5
and x7,x7,x4

or x8,x4,x8
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fwda
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SN
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152 ‘_OL
SN
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A
clock
| IF | ID | EXE | MEM | WB |
1w x4,0(x3) [ IF [ x3 | add | MEM@/[ x4 |
sub x6,x6,x5
and x7,x7,x4
or x8,x4,x8 IF x4,x! or X
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IAT I —T+ V7 —fwda

fwda = 2’b00; // default: no hazards

if (ewreg & (erd !'=0) & (erd == rs1) & ~em2reg) begin
fwda = 2’b0@1; // select exe_alu

end else begin

if (mwreg & (mrd != @) & (mrd == rs1) & ~mm2reg) begin
fwda = 2’b10@; // select mem_alu
end else begin
if (mwreg & (mrd !'= 0) & (mrd == rs1) & mm2reg) begin
fwda = 2’b11; // select mem_lw
end
end

end
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TAT T —T+ VT —fwdb

fwdb = 2°b00; // default: no hazards

if (ewreg & (erd != 0) & (erd == rs2) & ~em2reg) begin
fwdb = 2’b0@1; // select exe_alu

end else begin

if (mwreg & (mrd != @) & (mrd == rs2) & ~mm2reg) begin
fwdb = 2’b10@; // select mem_alu
end else begin
if (mwreg & (mrd !'= @) & (mrd == rs2) & mm2reg) begin
fwdb = 2’b11; // select mem_lw
end
end

end
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NA T34y - AR—IERIT

sub x6,x4,x5

and x7,x7,x4 | IF [ x7x4 | and | | 7 |
or x8,x4,x8 | IF [ o x4x8 | ot | x8 |
xor x9,x9,x4 xor |

INA T oA V& AM—)(Stall) X5 72D, PC&
ID/S T4 - LIARANDEEAA R SIES
wpcir £ 9 %
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N TIA Y « A h—J)V — wpcir

i_rsl =i_jalr | i_beq | i_bne | i_lw | i_sw | i_addi |
i_xori | i_ori | i_andi | i_slli | i_srli | i_srai |
i_add | i_sub | i_slt | i_xor | i_or | i_and;
i_rs2 =i_beq | i_bne | i_sw |
i_add | i_sub | i_slt | i_xor | i_or | i_and;

wpcir = ~(ewreg & em2reg & (erd != 0) &
(i_rs1 & (erd == rs1) |
i_rs2 & (erd == rs2)));

wreg = (i_lui | i_jal | i_jalr | i_lw | i_addi | i_xori |

iori | i_andi | i_slli | i_srli | i_srai | i_add |

i_sub | i_slt | i_xor | i_or | i_and) & wpcir & ~ecancel;
wmem = i_sw & wpcir & ~ecancel;

wpcir 1Z 0 DR, PC L IR IZEIAZ AWV
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pl_computer.v

‘timescale 1ns/1ns
input
input
output [31:0]
output [31:0]
output [31:0]
output [31:0]
output [31:0]
// signals in
wire [31:0]
wire [31:0]
wire [31:0]
// signals in
wire [31:0]
wire [31:0]
wire [31:0]
wire [31:0]
wire [31:0]
wire
wire
wire [31:0]
wire 1
wire 1
wire [1:e]
wire
wire
wire
wire
wire
wire
// signals in
wire [31:
wire
wire
wire
wire
wire

clk;
clrn;

wres;
IF stage
pcé;

ins;

npc

ID stage
dpc;
dpc4;

bra;
jalra;
jala;

da;

db;

dd;

rd = inst[11:7];
aluc;
pesre;
wpcir;
m2reg;
wreg;
wmern;
call;
cancel;
EXE stage
epcé;

17
i
17
17
i
i
17

17
i
17

17
i
17
17
i
17
17
17
17
i
17
17
17
/1
17
17
17

17
17
1/
/1
17
17

module pl_computer (clk,clrn,pc,inst,eal,mal,wres);

clock
reset

// pipelined cpu
// plus inst mem
// and data mem

program counter

instruction in ID stage

alu or epc4 in EXE stage

eal in MEM stage

data to be written into register file

pct4 in IF stage
instruction in IF stage
next pc in IF stage

pc in ID stage

pct4 in ID stage

branch target of beq and bne instructions
jump target of jalr instruction

jump target of jal instruction

operand a in ID stage

operand b in ID stage

reg data to mem in ID stage

destination register number in ID stage
alu control in ID stage

next pc (npc) select in ID stage

pipepc and pipeir write enable

memory to register in ID stage

register file write enable in ID stage
memory write in ID stage

jalr, jal in ID stage

cancel in ID stage

pc+4 in EXE stage

operand a in EXE stage

operand b in EXE stage

reg data to mem in EXE stage

destination register number in EXE stage
alu control in EXE stage




pl_computer.v

wire em2reg; // memory to register in EXE stage

wire ewreg; // register file write enable in EXE stage
wire ewmem; // memory write in EXE stage

wire ecall; // jalr, jal in EXE stage

wire ecancel; // cancel in EXE stage

// signals in MEM stage

wire [31:0] mm; // memory data out in MEM stage

wire [31:0] md; // reg data to mem in MEM stage

wire [4:0] mrd; // destination register number in MEM stage
wire mm2reg; // memory to register in MEM stage

wire mwreg; // register file write enable in MEM stage
wire mwmem; // memory write in MEM stage

// signals in WB stage

wire [31:0] wal; // mal in WB stage

wire [31:0] wm; // memory data out in WB stage

wire [4:0] wrd; // destination register number in WB stage
wire wm2reg; // memory to register in WB stage

wire wwreg; // register file write enable in WB stage

// program counter

pl_reg_pc prog_cnt (npc,wpcir,clk,clrn, pc);

pl_stage_if if_stage (pcsrc,pc,bra,jalra,jala,npc,pc4,ins); // IF stage

// IF/ID pipeline register

pl_reg_ir fd_reg ( pc, pc4,ins, wpcir,clk,clrn, dpc,dpc4,inst);

pl_stage_id id_stage (mrd,mm2reg,mwreg,erd,em2reg,ewreg,ecancel,dpc,inst,eal,mal,mm
wrd,wres,wwreg, clk,clrn,bra, jalra, jala,pcsrc,wpcir, cancel ,wreg,
m2reg,wmem,call,aluc,da,db,dd); // 1D stage

// ID/EXE pipeline register

pl_reg_de de_reg ( cancel, wreg, m2reg, wmem, call, aluc, rd,dpc4,da,db,dd,clk,clrn

ecancel, ewreg,em2reg, ewnem,ecall,ealuc,erd,epc4,ea,eb,ed);

pl_stage_exe exe_stage (ea,eb,epc4,ealuc,ecall, eal); // EXE stage

// EXE/MEM pipeline register

pl_reg_em em_reg (ewreg,em2reg,ewmem,eal,ed,erd,clk,clrn

mwreg,mm2reg,mwmem,mal,md,mrd) ;

pl_stage_mem mem_stage (mwmem,mal,md,clk, mm); // MEM stage

// MEM/WB pipeline register

pl_reg_mw mw_reg (mwreg,mm2reg,mm,mal,mrd,clk,clrn,wwreg,wn2reg,wm,wal,wrd);

pl_stage_wb wb_stage (wal,wm,wm2reg, wres); // WB stage

endmodule




A AT (TAN - 7TOT T L)

‘timescale 1ns/1ns
module pl_instmem (a,inst);

input

output

wire [31:0] rom [0:31]; /7 (pc)

assign rom[5°he0] = 32’b00000000000000000000000010110111; // (00) main:  lui x1, @ #x1<-0

assign rom[5°h01] = 32’b00000101000000001110001000010011; // (04) ori x4, x1, 80 # x1 <- 80

assign rom[5°h@2] = 32’b00000000010000000000001010010011; // (08) addi x5, x0, 4 # x5 <-4

assign rom[5°h@3] = 32’b00000101100000000000000011101111; // (@c) call: jal x1, sum # x1 <- 0x10 (return address), call sum
assign rom[5’h04] = 32’b00000000011000100010000000100011; // (10) sw  x6, 0(x4) # memory[x4+0] <- x6

assign rom[5’ho5] = 32’b000000A0000000100010010010000011; // (14) 1w x9, 0(x4) # x6 <- memory[x4+0]

assign rom[5°he6] = 32’b01000000010001001000010000110011; // (18) sub x8, x9, x4 # x8 <- x9 - x4, pipeline stall

assign rom[5°he7] = 32’b00000000001100000000001010010011; // (1c) addi x5, x0, 3 #x5<-3

assign rom[5°he8] = 32°b11111111111100101000001010010011; // (20) loop2: addi x5, x5, -1 # x5 <= x5 -

assign rom[5’h@9] = 32’b11111111111100101110010000010011; // (24) ori x8, x5, -1 # x8 <- x5 | OxFFFfffff = oxffffffff
assign rom[5’h@a] = 32°b@1010101010101000100010000010011; // (28) xori x8, x8, @x555 # x8 <- x8 " 0x00000555 = Oxfffffaaa
assign rom[5’heb] = 32’b11111111111100000000010010010011; // (2c) addi x9, xo, -1 # x9 <- oxffFfffff

assign rom[5’hoc] = 32’b11111111111101001111010100010011; // (30) andi x10,x9, -1 # x10<- x9 & OxFFFFFfff = oxfFFffff
assign rom[5’hed] = 32’b@0000000100101010110001000110011; // (34) or x4, x10, x9 # x4 <- x10 | x9 = Oxffffffff

assign rom[5’hoe] = 32’b00000000100101010100010000110011; // (38) xor x8, x10, x9 # x8 <- x10 * x9 = 0x00000000

assign rom[5’hof] = 32’b00000000010001010111001110110011; // (3c) and x7, x10, x4 # x7 <- x10 & x4 = Oxffffffff

assign rom[5’h10] = 32’b00000000000000101000010001100011; // (40) beq x5, x@, shift # if x5 = 0, goto shift

assign rom[5’h11] = 32’b11111101110111111111000001101111; // (44) jal xe, loop2 # jump loop2

assign rom[5°h12] = 32’b11111111111100000000001010010011; // (48) shift: addi x5, x@, -1 # x5 <- OxffFfffff

assign rom[5°h13] = 32’b00000000111100101001010000010011; // (4c) slli x8, x5, 15 # x8 <= OxFFfffff << 15 = oxffff8eoe
assign rom[5’h14] = 32’b00000001000001000001010000010011; // (50) slli x8, x8, 16 # x8 <- Oxffff8000 << 16 = 0x80000000
assign rom[5’h15] = 32’b01000001000001000101010000010011; // (54) srai x8, x8, 16 # x8 <- 0x80000000 >>> 16 = Oxffffg000
assign rom[5’h16] = 32’b00000000111101000101010000010011; // (58) srli x8, x8, 15 # x8 <- Oxffff8eeo >> 15 = 0x0001ffff
assign rom[5’h17] = 32’b00000000011000100010000110110011; // (5c) slt x3, x4, x6 # x3 <- OxFFFFFfff < 0x000002ff =
assign rom[5°h18] = 32’b00000000000000000000000001101111; // (60) finish: jal x@, finish # dead loop

assign rom[5°h19] = 32’b00000000000000000000001100110011; // (64) sum:  add x6, x0, x@  # x6 <- @ (subroutine entry)

assign rom[5’h1a] = 32’b00000000000000100010010010000011; // (68) loop: 1w  x9, @(x4) # x9 <- memory[x4+0]

assign rom[5’h1b] = 32’b00000000010000100000001000010011; // (6C) addi x4, x4, 4 # x4 <- x4 + 4 (address+4)

assign rom[5’hic] = 32’b00000000100100110000001100110011; // (70) add x6, x6, x9  # x6 <- x6 + x9 (sum)

assign rom[5’h1d] = 32’b11111111111100101000001010010011; // (74) addi x5, x5, -1 # x5 <- x5 - 1 (counter--)

assign rom[5’hle] = 32’b11111110000000101001100011100011; // (78) bne x5, x@, loop # if x5 != @, goto loop

assign rom[5’h1f] = 32’b00000000000000001000000001100111; // (7c) ret x1 # return from subroutine

assign inst = rom[a[6:217; pl instmem.s.txt

endmodule



https://yamin.cis.k.hosei.ac.jp/lectures/cod/pl_instmem.s.txt

T—RXAE) (FAL - T—4)

‘timescale 1ns/1ns
module pl_datamem (addr,datain,we,clk,dataout); // data memory, ram
input clk; // clock
input we; // write enable
input [31:0] datain; // data in (to memory)
input [31:0] addr; // ram address
output [31:0] dataout; // data out (from memory)
reg [31:0] ram [0:31]; // ram cells: 32 words * 32 bits
assign dataout = ram[addr[6:2]]; // use word address to read ram
always @ (posedge clk)
if (we) ram[addr[6:2]] = datain; // use word address to write ram
integer i;
initial begin // initialize memory
for (i =0; i<32;i=1+1)
ram[i] = 0;
// ram[word_addr] = data // (byte_addr) item in data array
ram[5°h14] = 32’h00000of2; // (50) datal[e]
ram[5’h15] = 32’h0000000e; // (54) datal[1]
ram[5°h16] = 32’h00000200; // (58) datal[2]
ram[5’h17] = 32’hffffffff; // (5c) datal3]
// ram[5’h18] the sum stored by sw instruction
endmizgle pl_instmem.s.txt
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https://yamin.cis.k.hosei.ac.jp/lectures/cod/pl_instmem.s.txt

Vol — 3 Y — Registers

CTui [ oti [ addil jal Fanlell add lw ["addi [ add [ addi

DOOMFD00]D0000004 J00000008]D000000C 000000 10]D0000064 00000068 D00000EC J00000070]D0000074
D000D00D]DOCERG7 J0500e213]D0400293 058000eF 00622023 j00000333 100022483 00420213]D0930333
00000000 XE 00000050 00000004100000010 J00000050 j00000000 J00000050, 00000054
100000000 MEM 000000 50100000004 000000 10100000050 J00000000;00000050
100000000 WB /00000050 J00000004]000000 10 J000000 50100000000
00000000 00000000 00000000 00000000 00000000 00... JDO0000. .. J000000. .. JDO0000 10 DOCDO000 00.. .
100000000 J000000 10

100000000

[D0000000

[D0000000 00000050

100000000 Joooo0004

100000000

100000000

00000000

00000000

(00) main: lui (64) sum:
(04) ori (68) loop:
(08) addi (6¢)
(0c) call: jal (70)
(10) canceled (74)
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Vol — 3 Y — Registers

Cbe_Fankell Tw [ addil add [ addil bhe el Tw [ addi
DOOFD 73 ]D000007C J00000063]D00000EC {00000070]D0000074 00000073 D000007C JD0000063D00000EC
fff28293 jfe0Jd9e3 J0D0008067/D0022483 |00420213)00930333 [fff28293 jfe0298e3 JD000B067/00022483
0000002 J00000003 XE_}0000001000000054100000058 J00000 10000000002 00000010
ID0000054D00000F2 00000003 MEM 000000 1000000054 j00000058 j00000 100 0000002
{0000002 100000054 00000072 Jp0000003 _ WB _)p00000 10 j0000000e /00000058 00000 100100000002
0... J000000...]000000.. . J000000. .. j00000010 00000000 000000, .. J000000. .. j000000. . j000000. .. 0. ..
00000010

00000000

00000000

00000050 0000005 00000058

00000004 00000003 10...
00000000 JDooooDf2 jDD000100
00000000

00000000

0... J0DDDODF2 10000000E
T

bne x0, loop (74) addi
(7c) canceled (78) bne
(68) loop: 1w 0(x4) (7¢) canceled
(6c) addi x4, 4 (68) loop: 1w
(70) add X6, X9 (6¢) addi
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Vol — 3 Y — Registers

| add_[ addil bhe [carlce n [ addil add [ addil bhe [ rk

000Hd070)00000074 00000073 /0000007 100000068 ]0000006c JO0000070 00000074 100000078,)0000007c

00420213J009E0833 Jfff28293 [fe0298e3 J00008067)00022483 J00420213)00930333 Jfff28293 Jfe0298e3

00000058]0000005¢ JO00ENEE0/0000000 1 000000 10 J0000005¢ J00000060 000002 fF J00000000

1000000 1000000058 J0000005C {00MIEBD0 00000001 J000000 10100000 5¢ 0000060 00000 2FF

000000021000000 10 100000200 {0000005¢ DOINERE0010000000 1 00000010 JFFFFT  Jo0000060

00000010 00000000 00... J000000. .. j000000. . j000000. .. j00000010 00000000 000003, ., J000000...]0. ..

00000010

00000000

00000000

00000058

J0000005¢

00000002

jDD000DD1

00000100

jDoooo300

00000000

00000000

0000000

00000200

74) addi
(78) bne
(7c) canceled
(68) loop: 1w

> TEBUK AL

x6, x9
B, =1
x0, loop

o(x4)
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v alb—3Y 3 Y — Registers

[guuususﬂgunﬁ@b?Inuszzuzsxuuuzms140448433 J003002931ff28293 |fff2e413 (55544413
00000000100000080 [0MENIE0ID0000060  JFffffTar  J0000029F 100000003 000000021t |
100000000 J00000080 DoNEENE0 100000060 JHFrat JD000025F JD00000031D0000002
1000002 JD0000000 |00000080 J00dNEh00) 00000060 JOD0002FT JHTFHTer 0000023t j00000003

0... J000000...]00000010 00000000 00000000 H0000060 0000000, .. 100000010 000000. . JD00000. .. 0. .
00000010

00000000

00000000

000000&0

00000001 00000000
0... J0D0D0ZFF

00000000

00000000

j0oDo029f

JD0oD002fF

(80) canceled (1c)
(10) sw x6, 0(x4) (20) loop2:
(14) 1w x9, 0(x4) (24)
(18) sub x8, x9, x4 (28)
(1c) stall due to lw-sub (2¢)
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Vol — 3 Y — Registers

X a Jj ol addi| oti_ [ xo
DOOFD30]D0000034 J00000033]D000003C {00000040]D0000044 100000048 00000020 JD0000024]D0000023
00493 JFF4I9)3 |00956233]00954433 004573b3]00028463 [fddffo6f JFr00293 |Ff28293 Jff2e413
fffasa JFAAFCAT A 00000000 00000002)00000048 100000000 ,/00000001
(AT |ffffaaa (COOCROo MEM 100000000 FFFFAFFFF {DO000002 100000048 00000000
IDODO0OO2VFFAAFAT  [Hfffasa JArH WB 00000000 P 00000002 /00000048
0... J000000...}000000. .. JD00000. . [00000D. .. JPO0000. . j000000. .. J000000. . 000000 10 00000000 00...
00000010
00000000
00000000
00000060 hidinniil
0... j000D00D2
000002fF
00000000 M iiiaaiid
0000029f |FEFFEATE  Jfffiraaa 100000000

00000 2ff JEEFF
L

x10,x9, -1 (44)
x4, x10, x9 (48) cancel
x8, x10, x9 (20) loop2:
x7, x10, x4 (24)
x5, x0, shift (28)
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Vol — 3 Y — Registers

10000000 LFFFFFA_ Jiffffaga JAAOAEE J00000000FFFFFFf 0000000 100000048
(00000000 0000000 L {TTTTT  {Tiitaaa ATV \D0000000 JFTTHT  J00000001
00000010 0... 000000, 000000, 000000 10 00000000 00000000 FHTHTT 0... jJ0000010 00000000 00. .
00000010

00000000

00000000

fiiziinia

00DD000Z __}p0000001

D0DD0ZFF

fiisinia

00000000 00000000

x9, x0, -1 (40) beq x5, x@, shift
x10,x9, -1 (44) jal x@, loop2
x4, x10, x9 (48) canceled

x8, x10, x9 (20) loop2: addi x5, x5, -1
x7, x10, x4 (24) ori x8, x5, -1
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Vol — 3 Y — Registers

ifff2e413 {55504DH3 00493 Jfff4f513 D0956233100954433 0045730 3100028463 {fddfo6F {ff00293
00000000 I & T 00000000 ST 100000000
D0000000 ST Iﬁ:m MR 100000000 ST 00000000
1D0000048100000000 M Ifﬁ'm MR 100000000 T
00000010 00000000 00... J000000. .. j000000. ., J00000010 00000000 00000000 FFFFFHT 0...]00000010 00...
00000010

00000000

00000000

P

00000001 JDoooooon

000002fF

fivunnind

00000000 00000000

x8, x8, 0x555 (3¢) and x7,

X9, x0, -1 (40) beq x5, x0, shift
x10,x9, -1 (44) canceled

x4, x10, x9 (48) shift: addi x5, x0, -1
x8, x10, x9 (4¢) slli x8, x5, 15
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Vol — 3 Y — Registers

00000000 AT Jrfs000 |SONEMD0 WFfa000 000 1FFF 0000000 1}00000064 00000000, 00000064

100000000 VFFEFFAT_ \Frffe000 JB00NBO00ITTa000 000 Jpo000001}p00000&4}D0000000

00000010 00000000 00... J000000. .. j0000D0. . j000000. .. J000000. .. J000000. .. j00000010 00000000 00. ..
00000010

00000000
00000000
[innnand
00000000
000002fF
[iinnnand

00000000 YEFFf3000 J30000000)FFR3000 J000 1FFF

00000001

slli
(54) srai
(58) srli
(5¢) slt
(60) finish: jal

canceled
finish: jal x@, finish
canceled
finish: jal x@, finish
canceled
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v al—3Y 3 Y — Branch & Jump

| Tdi [ oti [ addil jal Fanlell add lw [ addi [ add [ addi
D00B{500}00000004 /00000008 {000000c JD00000 10}00000064 {00000068)0000006C 000000 70}00000074
00000000}000HTEb7 J0500e 21300400283 /0 58000 J00622023 J00000353 00022483 /004202 1500930333

00000000 XE 00000050 00000004100000010 J00000050 j00000000 J00000050, 00000054
100000000 MEM 000000 50100000004 000000 10100000050 J00000000;00000050
100000000 WB /00000050 J00000004]000000 10 J000000 50100000000

1
[ 1
D 13 )]

[0000000400000008 J0000000C {000000 10 J000000 1400000068 J0000006C {00000070 J00000074D0000078
1D00D0000JD0000B00 JD0000048}0000080¢ JD0DD084c JD0000D 10 JD0D0D06a J00000870 JD0000070 00000076
100000000 j00000050}p0000004)00000058)D. .. |0... J00000000}DO0000S0 J00000054]D0000008
100000000 j0000e054]p00D0000C J00000064)D00220 16 J000000E4]D0022068 J00020070]D0030878

il

B fwd D il

S0 row R

(00) main: lui x1, @ (64) sum:
(04) ori x4, x1, 80 (68) loop:
(08) addi x5, x0, 4 (6¢c)
(0c) call: jal x1, sum (70)
(10) canceled (74)
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v al—3Y 3 Y — Branch & Jump

| brie_Fankell Tw [ addi [ add [ addil bhe [carlcell Tw [ addi
DOOFD 73 ]D000007C J00000063]D00000EC {00000070]D0000074 00000073 D000007C JD0000063D00000EC
fff28293 jfe0Jd9e3 J0D0008067/D0022483 |00420213)00930333 [fff28293 jfe0298e3 JD000B067/00022483
0000002 J00000003 XE_}0000001000000054100000058 J00000 10000000002 00000010
ID0000054D00000F2 00000003 MEM 000000 1000000054 j00000058 j00000 100 0000002
{0000002 100000054 00000072 Jp0000003 _ WB _)p00000 10 j0000000e /00000058 00000 100100000002

[ 1
I
0 11 o i 1 ] J]
[0000007c 00000080 J0000006C {00000070 J00000074)00000074 {0000007c {00000080 J0000006C 00000070
1000000 58)D0000068 JD000007c J00000870 JD0DD0070JD0000076 JD0D0D058 00000068 0000007 00000870
00000002 ]FFFFffe2  JD00D00010}00000054)D0000058]D00000f= JD0D0D00ZJFFFFffe?  JD0O00D0 1000000058
IFFf20072 Jff29858 JD000B07c 00022068 JD0020070J00030878 [fff29072 JFf29858 JD000B07c 00022068

11 il

x0, loop (74) addi x5,
(7c) canceled (78) bne x5,
(68) loop: 1w 0(x4) (7¢) canceled
(6¢c) addi x4, 4 (68) loop: 1w x9,
(70) add X6, X9 (6¢) addi x4,

46/ 64
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v al—3Y 3 Y — Branch & Jump

" add_[ addil bhe [carce A EYols SMIEY: le addil bhe re

DOOFY70]D0000074 J00000073]D000007C 00000068 D000006C J00000070]D0000074)D0000073]D000007C
D0420213]D0SEdE33 [ff28293 |fe0298e3 J00008067)D0022483 j00420213]00930333 28293 |fe0298e3
DO00D058]0000005¢ J00dENIE0] 00000001 00000010 J0000005¢ j00000060 J000002fF 00000000
1000000 1000000058 J0000005C {00MIEBD0 00000001 J000000 10100000 5¢ 0000060 00000 2FF
000000021000000 10 100000200 {0000005¢ DOINERE0010000000 1 00000010 JFFFFT  Jo0000060

1
1

0 1 ] ] ]
[00000074)D0000078 j0000007c [00000080 J0000006: (00000070 00000074 /00000078 JD000007¢ 00000080

1D00D0070)D0000075 JD0000058 00000068 JD000007c JD0000870 00000070 J0000007s JD00000 5800000068

1000000 5¢ 00000 108 J00000000 JFFFfffed  JDODD0010)D000005¢ 00000050 00000308 JD0000000 JFFFFffe0

ID0020070)D0030878 Jfff29072 |fff29858 JDODDB07c JD0022068 JD0020070 00030878 JFF29072 [ff29558
i 1

x6, x9
(74) i x5, -1
(78) x0, loop
(7c) canceled
(68) loop: 1w o(x4)
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val—¥ 3 Y —Branch & Jump

[guuususﬂgunﬁ@b?Inuszzuzsxuuuzms140448433 J003002931ff28293 |fff2e413 (55544413
00000000100000080 [0MENIE0ID0000060  JFffffTar  J0000029F 100000003 000000021t |
100000000 J00000080 DoNEENE0 100000060 JHFrat JD000025F JD00000031D0000002
1000002 JD0000000 |00000080 J00dNEh00) 00000060 JOD0002FT JHTFHTer 0000023t j00000003

L

B

[ 1
2 )]
{00000034)D00000 14 J000000 18000000 1c JD000D020 {00D00024]p0000028 0000002 0000030
10000007 JD0000ES0 JD00000 10000008 1c JD0DD0420 j000008201p0000004 FFFFF80c  JD00005T0
1000000 1000000000 JD00006E {D00000E0 JD0000402]00000702 00000002 00000002 J00000000 00000554
[D00D807c JD00000S0 JD00220 1600022014 1D00484Hc 000008 1e ff2901e JFF2f022 DO044d7c

(80) canceled

(10) sw x6, 0(x4) (20) loop2:
(14) 1w x9, 0(x4) (24)

(18) sub x8, x9, x4 (28)

(1c) stall due to lw-sub (2¢)
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v al—3Y 3 Y — Branch & Jump

a X a ] el addil ori [ xo
D00TF030)00000034 J00000058 {0000003C J000000401D0000044 00000048 J00000020 }00000024}D0000028
00493 Ji4ld)3 00956233 ]00954433 [004573b3 00028463 [TddT06E 00293 128293 jileq13
fffasa JFAAFCAT A 00000000 00000002)00000048 100000000 ,/00000001
Vfffffaaa  jrrrro MEM 00000000 SFFFFFAT 00000002 j00000048 00000000
WE 00000000 T Jo0000002100000048

ALLRRRRN]

100000002 IFFFAFAT  {fffffaga AT

1

0 )] 13 i
{00000034/000000.38 |0000003¢ |00000040 00000044 00000045 |000000% J00000024 00000028 0000002

000000 1-4Hffff81a JDD000038]0D0000040 JDO0D0842JD000004E JFFFFfE04 {D0000D2c JDODD0D0HFFFE0C
IFFfffffe  Jfffffife  JDD0ODO0D0S J0... Jp... {DODODOD2 JFfffffdc  Jfffffffe  JDOOD0D0D
IF0102a JFf5002e JDD05683c 00054840 JDOD57040)D0028040 J00000020 01046 JFf2901e JF2f022
i 2 jo il
2

x10,x9, -1 (44)
x4, x10, x9 (48) cancel
x8, x10, x9 (20) loop2:
x7, x10, x4 (24)
x5, x0, shift (28)
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v al—3Y 3 Y — Branch & Jump

10000000 LIFFFFFAT  Jiffffasa A 00000000 AT 0000000 1D0000048
100000000 /0000000 LT jfititaaa AT JD0000000 WA Jo0000001

[ 1
0 ] 13 )]
[00000030)00000034 J00000038 0000003 J00000040}D0000044 {00000048 {0000004c J00000024}D0000028
1D0000570)D00000 14 Jff81a 00000038 JDO0D0040)D0000842 00000048 {804  J0000002c 00000004
ID0000 554 e |Doooonos 00000002 JD0D0D00D JFFFfffdc  JFffffffe 00000000
ID0044d7c Jfff0102a JFFS002e J0005683c JD0D54840 00057040 JD0028040 00000020 JFf0 1046 [Ff2901e

x9, x0, -1 (40) beq x5, x@, shift
x10,x9, -1 (44) jal x@, loop2
x4, x10, x9 (48) canceled

x8, x10, x9 (20) loop2: addi x5, x5, -1
x7, x10, x4 (24) ori x8, x5, -1
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v al—3Y 3 Y — Branch & Jump

ifff2e413 {55504DH3 00493 Jfff4f513 D0956233100954433 0045730 3100028463 {fddfo6F {ff00293
00000000 I & T 00000000 ST 100000000
D0000000 ST Iﬁ:m MR 100000000 ST 00000000
1D0000048100000000 M Ifﬁ'm MR 100000000 T

[ 1

0 il ] J]
[0000002¢ 00000030 J0000003400000038 J0000003c 00000040 {00000044 00000048 J0000004c 00000050
IFFFf80c_ JD0000570 J00000014)fffff81a  JDODD0038]D0000040 00000842 00000048 JFFFff804 j0000002c
IFFfffe  JDDO0DS54 e JDoooo00s jonooo002ipoooooon JFffffde e
IFf2f022 JD0044d7c JFf0102a JFF5002e JDODS5683c JD0054540 J000 57040 00028040 JD00000 20 /01046
1 i1 2 il

)] 2 il

x8, x8, 0x555 (3¢) and x7,

X9, x0, -1 (40) beq x5, x0, shift
x10,x9, -1 (44) canceled

x4, x10, x9 (48) shift: addi x5, x0, -1
x8, x10, x9 (4¢) slli x8, x5, 15
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v al—3Y 3 Y — Branch & Jump

00000000 AT Jrfs000 |SONEMD0 WFfa000 000 1FFF 0000000 1}00000064 00000000, 00000064
100000000 VFFEFFAT_ \Frffe000 JB00NBO00ITTa000 000 Jpo000001}p00000&4}D0000000

I | |
1 [ 1

0 13 ] 13 )] Ji]
[00000054)00000058 J0000005¢ {00000060 J00000064)D0000068 {00000064 00000068 J00000064]D0000068
1000000 5400000058 JD000045¢ J00000050 JD0D00E 5e JD0000060 JD0D0D06a J00000050 JD000006a 00000060
10000000 JFFFFB010 30000410 ]fFFf800 JDOD0D004HD0000000
1000298 5a 00041060 JD0045464)000 45866 JD0022062 00000060 JD0D0D0E4]00000060 JD0000054{00000060
1

canceled
(54) srai finish: jal x@, finish
(58) srli canceled
(5¢) slt finish: jal x@, finish
(60) finish: jal canceled
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RV32M (Mul/Div/Rem) Instructions

0000001 rs2 rsl 000 | rd | 0110011 mul
0000001 rs2 rsl 001 rd 0110011 mulh
0000001 rs2 rsl 010 | rd | 0110011 mulhsu
0000001 rs2 rsl 011 | rd | 0110011 mulhu
0000001 rs2 rsl 100 rd 0110011 div
0000001 rs2 rsl 101 rd 0110011 divu
0000001 rs2 rsl 110 rd | 0110011 rem
0000001 rs2 rsl 111 rd | 0110011 remu

mul rd, rs1, rs2 # rd <- rs1 * rs2 (product low, same for signed and unsigned)

mulh  rd, rs1, rs2 # rd <- rs1 * rs2 (product high of signed * signed)

mulhsu rd, rs1, rs2 # rd <- rs1 * rs2 (product high of signed * unsigned)

mulhu rd, rs1, rs2 # rd <- rs1 * rs2 (product high of unsigned * unsigned)

div rd, rs1, rs2 # rd <- rs1 / rs2 ( signed)

divu rd, rs1, rs2 # rd <- rs1 / rs2 (unsigned)

rem rd, rs1, rs2 # rd <- rs1 % rs2 ( signed)

remu rd, rs1, rs2 # rd <- rs1 % rs2 (unsigned)
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RISC-V RV32M Muse

@ “If both the high and low bits of the same product are
required, then the recommended code sequence is:
MULH[[S]U] rdh, rs1, rs2; MUL rdl, rs1, rs2 (source
register specifiers must be in same order and rdh cannot
be the same as rsl or rs2). Microarchitectures can then
fuse these into a single multiply operation instead of
performing two separate multiplies.”

@ “If both the quotient and remainder are required from the
same division, the recommended code sequence is:
DIV[U] rdq, rs1, rs2; REM[U] rdr, rs1, rs2 (rdq cannot be
the same as rs1 or rs2). Microarchitectures can then fuse
these into a single divide operation instead of performing
two separate divides.”
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RISC-V Pipelined RV32IM

wpcir mrd
posre ‘mm?re;

~am

v32m-fuse

wreg owreg mureg wwreg

teg ondreg mm2reg wmdteg
wmem ewment ‘mwmem
ecall
v32m erv3m
opeode Tusc. cluse
Tuncy aluc caluc
TuncT bimm
Lot fwdh
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RISC-V RV32M Test Program

.text

# ...

s_x_s: 1li al, ox7fffffff # (60,64) a H = oxfffffff8
1i a2, -15 # (68) b L = 0x8000000f
mulh a5, al, a2 # (6¢c) product high
mul a4, al, a2 # (70) product low, fused with mulh

u_x_u: 1i al, ox7fffffff # (74,78) a H = ox7ffffffe
1i az2, -1 # (7c) b L = 0x80000001
mulhu a5, al, a2 # (80) product high
mul a4, al, a2 # (84) product low, fused with mulhu

s_x_u: 1i al, ox7fffffff # (88,8c) a H = ox7ffffffe
1i a2, -1 # (90) b L = 0x80000001
mulhsu a5, a1, a2 # (94) product high
mul a4, al, a2 # (98) product low, fused with mulhsu
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RISC-V RV32M Test Program

signo: 1i al, ox7fffffff # (9c,ad) a Q
li a2, 3 # (ad) b R
div a5, al, a2 # (a8) div signed

0Ox2aaaaaaa
0x00000001

rem a4, al, a2 # (ac) rem signed, fused with div
signl: 1i al, oxfffffff2 # (b0) a Q = oxfffffffc

1i a2, 3 # (b4) b R = oxfffffffe

div a5, al, a2 # (b8) div signed

rem a4, al, a2 # (bc) rem signed, fused with div
unsign: 1i al, oxfffffff2 # (c0) a Q = 0x55555550

1i az, 3 # (c4) b R = 0x00000002

divu a5, al, a2 # (c8) div unsigned

—_

—_

remu a4, al, a2 # (cc) rem unsigned, fused with divu
finish: jal x0, finish # (do) dead loop
# ...
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Simulation Waveform
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Simulation Waveform
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Simulation Waveform
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signed / signed
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Simulation Waveform
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Simulation Waveform
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AEE IX (100 A% 4+ 100 £X)

o RISC-V #i—4 1 7 )L CPU, YV FH 1 2 )V CPU, /51 751> CPUD 3 DD CPU % &it L ¥ 5,
B4 7))LV CPU DY 1O 7 J&EEIE 200MHz TH 5, oD 2 DD HEILE 5L ¥ 1GHz TH D, ¥V

FHYA 2 CPU Tl

Mwl @FiE5 2780y 7434 7). Tonel IE3YA 7). KD E4YA 7N 5,

IS 754V CPU &, Wiz, BEUNSA T4 VAN NVDOFEEMHTS, 320D CPUMRD 1
75 LEFETT DL ESOETHEM (ns) ZFAELAIWN,

.text
main:
lui
addi
add
addi
loop:
1w
add
addi
addi
bne
SW
.data

array: .word

.end

X2,

%hi(array)

x4, %lo(array)
X0, x0

x0, 5

0(x4)
x2, x8
x4, 4
x5, -1
x0, loop
o(x4)

6, 5 -3,9,7,0

address of array[@]
address of array[@]
sum = @

counter = 5

load array[i] from memory
sum = sum + array[i]
address + 4

counter--

if counter != 0, go to loop

X5, MADNEFEEEL T, D—RG/ICE>THERIIND N TIA VAN VEHRTZ, T

LT, FTHZ B LRIV,
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AR IX (100 5L 4+ 100 %)

© 773y (45050 ST T4 Y CPURVBA #RATEY I 2L —Y 3 Y LI,

RV32I: Integer

@ # 73y (45050 /S FF1 Y CPURVEIM R BAEYIaL—Ya VLA,
RV32I: Integer

RV32M: Multiplication/Division (see P53)
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