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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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RISC-V CPU & A £ 1) Oa]&

B—H A1 7)VRISCVCPU+ HFAEY + T—X ATV

sc_instmem
:0] inst[ = instr[31:0]
&= pc[31:0]
= alu[31:0]
ok = sc_datamem
clrn = ———— mem[31:0]
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CPU MEM CPU MEM

(a) ML O[T — K INA (b) B— DX AT — K INA

A (Address) : 7 RL ANA
D (Data) : 7 — & /N A
DI (DataIn) : 7—4& /N A
DO (Data Out) : 7—& /N A
R/W (Read/Write) : YV — R/Z 4 M5
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SRAM
- RAM .

(Random (Static RAM)

Access DRAM SDRAM(Synchronous DRAM)

Memory) \ (Dynamic ¢ RDRAM(RAMBUS DRAM)
RAM) ,

DRDRAM(Direct RDRAM)
Memory MROM(Mask ROM)

ROM

(Read PROM(Programmable ROM)

Only EPROM(Erasable PROM)

Memory)

EEPROM(Electronic EPROM)

~ RAM Disk — FLASH Memory
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A AT (TAN - 7TOT T L)

module sc_instmem (a,inst);
input [31:0] a;
output [31:0] inst;

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

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

assign rom[5°h@1] = 32’b00000101000000001110001000010011; // (04) ori x4, x1, 80 # x1 <- 80

assign rom[5°h02] = 32’b@0000000010000000000001010010011; // (08) addi x5, x0, 4 # x5 <-4

assign rom[5°h03] = 32’b00000101100000000000000011101111; // (@c) call: jal x1, sum # x1 <- 0x10 (return address), call sum
assign rom[5’he4] = 32’b00000000011000100010000000100011; // (10) sw  x6, 0(x4) # memory[x4+0] <~ x6

assign rom[5’ho5] = 32’b00000000000000100010010010000011; // (14) Iw X9, 0(x4) # x6 <- memory[x4+0]

assign rom[5°h@6] = 32’b@1000000010001001000010000110011; // (18) sub  x8, x9, x4 # x8 <- x9 - x4

assign rom[5°ho7] = 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, Oxfff # x8 <- x5 | exffffffff = oxffffffff
assign rom[5’h@a] = 32°b@1010101010101000100010000010011; // (28) xori x8, x8, @x555 # x8 <- x8 * 0x@0000555 = Oxfffffaaa
assign rom[5’heb] = 32’b11111111111100000000010010010011; // (2c) addi x9, x0, -1 # x9 <- OxffFfffff

assign rom[5’hoc] = 32’b11111111111101001111010100010011; // (30) andi x10,x9, Oxfff # x10<- x9 & OxffFfffff = OxfFFfffff
assign rom[5’hed] = 32’b00000000100101010110001000110011; // (34) or x4, x10, x9 # x4 <- x10 | x9 = Oxffffffff

assign rom[5’h@e] = 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 = @, goto shift

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

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

assign rom[5’h13] = 32’b00000000111100101001010000010011; // (4c) s1li x8, x5, 15 # x8 <- oxffFFffff << 15 = oxffffgeoo
assign rom[5’h14] = 32’b00000001000001000001010000010011; // (50) slli x8, x8, 16 # x8 <- Oxffff8000 << 16 = 0x80000000
assign rom[5’h15] = 32’b0@1000001000001000101010000010011; // (54) srai x8, x8, 16 # x8 <- 0x80000000 >>> 16 = Oxffff8000
assign rom[5°h16] = 32’b00000000111101000101010000010011; // (58) srli x8, x8, 15 # x8 <- oxffff8eee >> 15 = OxQ001ffff
assign rom[5’h17] = 32’b00000000011000100010000110110011; // (5¢) 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, x0  # x6 <- @ (subroutine entry)

assign rom[5’h1a] = 32’b0000000000000100010010010000011; // (68) loop: 1w X9, 0(x4) # x9 <- memory[x4+0]

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

assign rom[5’h1c] = 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[6:21];

endmodule
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T—RXAE) (FAL - T—4)

module sc_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]7; // 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 (1 =0; i<32;i=1i+1)
ram[i] = 0;
// ram[word_addr] = data // (byte_addr) item in data array
ram[5°h14] = 32’h00000or2; // (50) datal@]
ram[5°h15] = 32’h0000000e; // (54) datal[1]
ram[5°h16] = 32’h00000200; // (58) datal[2]
ram[5’h17] = 32’hffffffff; // (5¢) datal3]
// ram[5’h18] the sum stored by sw instruction
end
endmodule
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‘timescale 1ns/1ns
module sc_computer_tb;
reg clk,clrn;
wire [31:0] inst,pc,aluout,memout;
sc_computer cpu (.clk(clk),
.clrn(clrn),
.instr(inst),
-pc(pe),
.alu(aluout),
.mem(memout)) ;
initial begin
#0 clrn = 0;
#0 clk =1
#1 clrn = 1;
#1399 $stop; // 1400 ns
end
always #10 clk = !clk;
endmodule
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YIial—Yyay —fHES

i [oti [addi[ jal [ add addi ["add _[addi [bne
D000DO0D]DOD00004 J00000003]D000000C {00000064]D0000063 J000000EC D0D00070 D0000074]D0000073
D000DOBZ]D500e 213 J00400293]D58000ef {00000333)D0022483 j00420213]00930333 /28293 |fe0298e3
DO00D00D]D0D00050 J00000004]D0000000 00000050 J000000541000000F2 J00000003, 00000003
100000000]000000F2 §00000000 00000000 J000000F2 00000006 00000000

1

o 13 ]

0110 Jpi00 Joooo

I
1

i3 ]

1

1 T4 Is il I6 £ T & I5 7
00000000]D0000050 j00000004]p0000010 {00000000]D00000F2 J00000054D00000F2 00000003 00000003

L
201

(00) main: (68) loop: o(x4)
(04) (6¢) x4, 4
(08) (70) x6, x9
(0c) call: (74) XS]
(64) sum: (78) x0, loop
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YIial—Yyay —fHES

addi [add [ addi [ bne addi [add [ addi [ bre
DO00D0GE]D0000DEC J00000070]D0000074 00000073 D0000063 J0000006C 00000070 D0000074]D0000073
100022483100420213 J00930333fff28293 Jfe0298e3 JD0022483 J00420213]00930333 Jfff28293 Jfe0298e3
D000D054]00000055 J00000100]p0000002 {00000002}D0000055 j0000005c 00000300 0000000 13D0000001
10000000e00000200 {00000000 00000200 SFFFFFAT 00000000

11 ]

Joooi — Ypoon
| I

1

L
13 T4 6 Is 7 I3 T & I5 7
0000000e]D0000058 J00000100]D0000002 {00000002)00000200 j0000005¢ 0000300 {0000000 100000001

(68) loop: (68) loop:
(6c) (6c)
(70) (70)
(74) 74)
(78) (78)
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YIial—Yyay —fHES

4 ok addi [add [ addi [ bne [ ret S sub [ addi
o pc DO00DOGE]D0D00DEC J00000070]D0000074 00000078 D000007C J000000 10100000014} 000000 13]D00000 1
[+ 100022433)00420213 J00930333fif28293 Jfe02983 JD0008067 j00622023 00022453 [40448433]D0300293
£ aluout 10000005 00000060 000002 00000000 JD0000000I00000010 J00000060 j00000060 J0000025f {00000003

memaut AT 100000000 j000000003D00002FF 00000000
r4
1

pesrc 1D ] ] i
1

10000 Joool o000 Joool Joo00

[ S e S
0
B

B4 wn 13 T4 6 Is 7 )] I5
o d FRFFFT 00000060 000002 Jp0000000 j00000000]00000080 00000060 jp00002ff D000029f j00000003

ST now 50 ns 0 50

(68) loop:
(6¢)
(79)
(74)
(78)
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4 dk addi [orli_[xori [addi [andi [ or [ xdr [and [ beqg [ jal
o pc 00000020)D0000024 j00000028 0000002 00000030)00000034 j00000038 0000003 j00000040, 00000044
o inst Ifff28293 Jfff2e413 §55544413]fff00493 Jfraf513 00956233 j00954433]00457.3b3 J0002846 3 fddff06F
B aluout 00000002 fitffaaa JFAAAAT PR 00000000 A 00000002]00000000

j00000000

1

Ji]

0000 0100 1011 o000 o101 0100 1011 o101 Joool Joo00
|

| I
5 B 10 T B i I3 ]
DO00O0OZFFFFFA  jfffttasa JCPCERCET  JECCRCCE 00000000 FAFFAFF__JD0000002/D0000048

(20) loop2:
(24)
(28)
(2¢)
(30)
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YIial—Yyay —fHES

4 dk addi [orli_[xori [addi [andi [ or [ xdr [and [ beqg [ jal
[+ 00000020)D0000024 j00000028 0000002 00000030)00000034 j00000038 0000003 j00000040, 00000044
o inst Ifff28293 Jfff2e413 §55544413]fff00493 Jfraf513 00956233 j00954433]00457.3b3 J0002846 3 fddff06F
B aluout 0000000 1 fitffaaa JFAAAAT PR 00000000 A 00000001,]00000000

memeut | 00000000 J00000000

1

Ji]

0000 0100 1011 o000 o101 0100 1011 o101 Joool Joo00
|

| I
5 B 10 T B i I3 ]
0000000 1FFFFFF  jfffttasa JCECERCE  JECCREC 00000000 FFFFAF__JD000000 1100000048

(20) loop2:
(24)
(28)
(2¢)
(30)
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addi [orli_[xori [addi [andi [ or xar [ and [beéq [ addi
pc 00000020)00000024 j00000028 0000002 00000030)00000034 j00000038 0000003 J00000040] 00000048
inst Ifff28293 fff2e413 §55544413]fff00493 Jff4f513 00956233 J00954433]00457303 J0002846 3100293
alueut™ 100000000 JHTTT fitffaaa JFAAAAT FHF 00000000 | Q0000000
memeut | 00000000 J00000000
B 1 [ 1
[i] {1 ]

0000 0100 1011 o000 o101 0100 1011 o101 Joool Joo00
|

| I
5 B &) 10 T B i )] I5
DO00O0OOYFFFF  jfffttasa JCPCERCT  JECCRECT 00000000 FFFFF 00000000 FrFT

z
pcsrc
wmem
aluc
birmm
alui
mareg
call
wreg
wn

d

(20) loop2: (34)
(24) (38)
(28) (3¢)
(2¢) (40)
(30) (48) shift:
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mnnnnn4cTnnnnnnsuhwnnnnnﬁqfnnnnnnﬁﬂTnnnnnnscTnnnnnnﬁn
inst 100f29413 J0 1041413 }41045413 0045413 J00622 1b3}D00000EF
aluout (3000 30000000 [fifa000 jO001fF JD0000001100000000
memout ' 00000000

[
[i ]

r4

pcsrc

wmem

aluec 1111 0111 o010 o000
himm |

alui i ]
mareg
call
wreg
wn
d

B 13 ]
IFFFf3000 JB0000000 JfFfE000 {D001FFF JD0000001}D0000064

(60) finish: , finish
(60) finish: , finish
(60) finish: j , finish
(60) finish: j , finish
(60) finish: j , finish
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i [oti [addi[ jal [ add addi ["add _[addi [bne
D000DO0D]DOD00004 J00000003]D000000C {00000064]D0000063 J000000EC D0D00070 D0000074]D0000073
D000DOBZ]D500e 213 J00400293]D58000ef {00000333)D0022483 j00420213]00930333 /28293 |fe0298e3
DO00D00D]D0D00050 J00000004]D0000000 00000050 J000000541000000F2 JD0000003{00000003
100000000]000000F2 §00000000 00000000 J000000F2 00000006 00000000
100000000 000000, .. J000000. .. 000000, .. JD0000010 000000.. . J000000. . 000000, . J00000T. . [000000. ..
100000000 00000010
100000000
100000000
00000000 00000050 0000005
00000000 00000004 00000003
100000000 Joooooof2
100000000
100000000
00000000 000000F2

[10] {Dooooo0D

Mow 38 '

(00) main: (68) loop: o(x4)
(04) (6¢) x4, 4
(08) (70) x6, x9
(0c) call: (74) XS]
(64) sum: (78) x0, loop
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4 dk addi [add [ addi [ bne addi [add [ addi [ bre
o pc DO00D0GE]D0000DEC J00000070]D0000074 00000073 D0000063 J0000006C 00000070 D0000074]D0000073
o inst 100022483100420213 J00930333fff28293 Jfe0298e3 JD0022483 J00420213]00930333 Jfff28293 Jfe0298e3
£ aluout  1D0000054)00000058 J00000100;00000002 JD0000002100000055 J0000005¢ j00000300 J0000000 100000001
£ memout D0000002]00000200 J00000000 00000200 SFFFFFAT 00000000

000000.../000000. .. j000000. .. 000000, .. j00000010 000000. . J000000.. . 000000, . J000000. . jD0000D.
[1] 00000010

00000000

00000000

00000054 00000058 |0000005¢

00000003 00000002 00000001

000000f2 jDoooo100 JDoo00300

00000000

00000000

000000F2 JD000000e jooooo2o0

00000000

(68) loop: o(x4) (68) loop: o(x4)
(6¢) x4, 4 (6¢) x4, 4
(70) x6, x9 (70) x6, x9
(74) x5, -1 (74) x5, -1
(78) x0, loop (78) x0, loop
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4 ok addi [add [ addi [ bne [ ret S sub [ addi
o pc DO00DOGE]D0D00DEC J00000070]D0000074 00000078 D000007C J000000 10100000014} 000000 13]D00000 1
[+ 100022433)00420213 J00930333fif28293 Jfe02983 JD0008067 j00622023 00022453 [40448433]D0300293
£ aluout 10000005 00000060 000002 00000000 JD0000000I00000010 J00000060 j00000060 J0000025f {00000003
£ memout (T 00000000 j000000003D00002FF 00000000

000000.../000000. .. j000000. .. 000000, .. j000000 10 00000000 00000000 000000... J000000. .. jD0000T. . .
[1] 00000010

00000000

00000000

0000005¢ 00000060

00000001 /00000000

00000300 |Do000ZFF

00000000

00000000 jo000025f

00000 200 FFFFFAT JDoooo2ff

00000000

(68) loop: o(x4)
(6¢) x4, 4
(70) x6, x9
(74) x5, -1
(78) x0, loop
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00000000 j00000000

1000000...J000000. .. {000000. .. [000000. .. J000000. . . {000000. .. J000000. .. jD00000. .. 000000 10 000000, .
00000010

00000000

00000000

00000060 I
{00000003)D0000002

000002fF

00000000 TEFFFFF
0000029F j0oD00000
000002

00000000

(20) loop2:
(24)
(28)
(2¢)
(30)
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Q0000000 J00000000

000000. .. j000000. .. 1000000 . {00000010 00000000 00000000 FHFFFHT 0...j00000010 00000000 000000. ..
00000010

Q0000000

00000000

[innnand

00000002)D0000001

000002fF

[iinnnand

00000000 joooooooo

(20) loop2:
(24)
(28)
(2¢)
(30)
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Q0000000 J00000000

000000. .. j000000. .. 1000000 . {00000010 00000000 00000000 FHFFFHT 0...j00000010 00000000 000000. ..
00000010

Q0000000

00000000

[innnand

00000001]D0000000

000002fF

[iinnnand

00000000 joooooooo

(20) loop2: (34)
(24) (38)
(28) (30)
(2¢) (40)
(30) (48) shift:
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mnnnnn4cTnnnnnnsuhwnnnnnﬁqfnnnnnnﬁﬂTnnnnnnscTnnnnnnﬁn

100f29413 01041413 }41045413}00f45413 JD0622 1b3)0000006F

[Ff3000 30000000 Jfa000 J000LfF J00000001100000000

00000000

1000000...J000000. .. 000000, .. {000000. .. J000000. . 000000 10 00000000 0000000 1 FFFFFFT FFEFTT 0000. ..
00000010

00000000

00000000 100000001
[innnand

LT

000002fF
[iinnnand

00000000FFFE000 80000000 JFFAFE000 D00 1FFF

(60) finish:
(60) finish:
(60) finish:
(60) finish:
(60) finish:
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I T ModelSim ALTERA STARTER EDITION 10.1d
Fle Edit View Add Format Tools Bookmarks Window Help File  Edit Compile Simuiste Add Memory List Tool: Layout Bookmarks
E| -+ of x| Window Ngl

B-s@-8isRBoio-AL||esantatitas

B eRed iRENT(0-AE N OHEE]

R-3-22 4[N alga B LE AL E S
FoiE-F e[ ek Qqaan

Tomigr

S| ¢ Tl AR e e
et I&ﬁmJLavnutWﬂ‘

»ll

Columniayout [211Columns vl H a-a-ga-g ‘
[l (|| RRARRD
HE Memory List

Instance
4 Jsc_computer_tbfcpu/b2v_in:
& /sc_computer_th/cpu/b2v_instzfram

[ ons to 1022005 [ sm:/sc_computer_thjmst [31:0]

P

[Now: 0ns Defta: 0 [sim: fsc_computer_th

D In the ModelSim main window, check View P Memory List (w)

(2 In the ModelSim main window, select the

Memory List window

@ Drag /sc_computer_tb/cpu/.../register and drop it to the Wave window

EDTEEYTTEE,
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00000101
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MR UREY IV I AL (C SEE)

# include <stdio.h>

int

int

mul(int x, int y){
int a, b, c;

int i; /] VR

a = x; /! WL (DT S5 NDZE)

b =vy; /1 TR (DT B ED)

c = 0; // T

for (i =0; i <16; i++) { // 16 [V RT: ‘ i
if (b &1) ==1) // TR ALY MDY 1 B 51F

c += a; // o= B o+ IR

3 //
a=a=<<1; // MRS Z/EIZ 1 EY b7 8T 5
b=b>1; // FRELIZ 1T YNV T RNT D

3 //

return(c); /1 TEERY

main(){

int x = @0xc93f;

int y = 0xebc7;

printf("0x%08x * 0x%08x = 0x%08x\n", x, y, mul(x, y));
return 0;
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) RUBEETIVITY AL (CE

= yamin@localhost:/home/yamin/lectures/cod

cat mul_by shift_add.c
# include <stdio.h>
int mul(int x, int y){
int
int i; R ]
= %3 [ MERE (WIS NDED
=¥ [ FE (D B
= B; /g
ro(i=0; i< 16; i++) { // 1e[Oigh £ ¢
if (b &1) =1) { 1" FHBTEE» B 1 HER
€ +=aj /" # = ﬁ + HEREL
a << 1 /" WERME L LEy b
b>> 1 RUESBLC 1Ey by

".Etu’n(c); /P EEIET

a

o7
b 7k

EE:)
)

Iy
El

int main(){
int x = @xc93f;
int y = @xe6c7;
printf("ex¥esx * ex¥esx = eddesx\n", x, y, mul(x, y));
return @;

gce mul_by shift_add.c -o mul_by shift_add
./mul_by_ shift_add
@x@280ac33T * @x88@8c6cy = Oxb56baafa

|
» TRBUK 2R aVEa— 2Rk L 2023 4£10 A 26 H (K)
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IROFHE T T T L% 5EHR I, Rivasm 12547 X, Verilog HDL (24 X
. ISHICHAD CPUIZEFTIEARI,

.data 0
x: .word @xc93f, Oxe6c7, 0 # MYITEEL, T, &
.text @
main: la x10, x # (00) data address
lw  x14, 0(x10) # (04) HEFEK
lw  x15, 4(x10) # (08) FEHL
mul: add x16, x0, x@ # (0c)
addi x12, x@, 16 # (10) counter
loop: # (14) FTHOm NALEY b
# (18) @ &5 go to shift
# (1c) B = B+ R
shift: # (20) B ET T b
... # (24) FHET T B
addi x12, x12,-1 # (28) counter - 1
bne x12, x0, loop # (2¢) Sff43I;
sw  x16, 8(x10)  # (30) FEZ AEV LT
finish: j finish # (34)
.end

TEBUK AL

av¥a—AkEk e
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pc = 0x0000001c: 0xc93f x Oxe6¢c7 = 0xb56b099
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2 R DFRFA
45/6=7..3

o 1 1 1 4
BEH 1 1 0 /1, 0O 1 1 0 1 BEERER

(#1520 - 1 1 0 (815155
1 0 1 0
- 1 1 0
10 0 1
- 1 1 0

S
S
—
—

Rl AR
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R — Sl SRUE (58 L)

A = PRE B=FR%2 R=F’r=0 |

ADEY NEHEYIRL E U720
Yes
| R (A S IV C WV OMEAREI CH Y, RICKNIIVCWSHEHVE R THS) |
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5l XELUH: A=1101, B=0011

w35 U 15 HafE e Rl HEBREL, P
B R A

0 WIHA{E 0011 00000 1101
RA 2/£Y 7 k 0011 00001 101
R=R-B 0011 11110 101
RITEE, 70 0011 11110 1010
R ZGICRET 0011 00001 1010
2 RAZEY T b 0011 00011 010
R=R-B 0011 00000 010
RIFEETHE Y, Bl 0011 00000 0101
3 RAZ/EY 7 b 0011 00000 101
R=R-B 0011 11101 101
RIFEH, 70 0011 11101 1010
R 2 GIZRT 0011 00000 1010
4 RA Z2/£Y 7 k 0011 00001 010
R=R-B 0011 11110 010
RITEE, G0 0011 11110 0100
R 2GRS 0011 00001 0100

TEBUK AL

aAv¥a—akEEkE (6)
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R — B SRUE (5 E)

inputs: signed [31:0] X, y;

if x is negative, a = —x;

if y is negative, b = —y;

do restoring division on a and b to get q and r;
if the signs of x and y are different, q = —q;

if x is negative, r = —r;

Examples:

7/ 2= 3. 1
7/-2=-3. 1
-7/ 2=-3..-1
-7/-2= 3..-1
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PR — Bl UL (52 L)

@ FIFTRULETIHRIRMVAIIE 225G, R=R+BZETLT
Rz LIlR 9,

@ TOHBIZ, IR UAERZ1IEY MEIZYT7 ML, BZHIL,

@ INOLDEMEZIRD LD IZFHHBIZTE S
(R+B)x2—B=2R+B

@ OF ), ERNVEAKBDIGE, TIIEL, TZI”6B %23 <K
DIz, BlRZ21EY MEIZYTZRL, THIZBZRETZ &
THHERUIEIE LN,

{#ﬁ’éﬁt:ﬁ:l,RtA%ﬁ%bfﬁml ¥y h¥7 M, R=R-B
R

B M=0,RXAZHEELTEANIEYYRMNYTZ7HM R=R+B
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5l S UH: A =1101, B= 0011

. " . Frgk AR HRbRER, P
R U 158 e = = A
0 I 0011 00000 1101
1 RA 2/ 7 b 0011 00001 101
R=R-B 0011 11110 101
RIGZEE, PO 0011 11110 1010
2 RA 2/£Y 7 b 0011 11101 010
R=R+B 0011 00000 010
RIFEE TR, i1 0011 00000 0101
3 RA Z2/£Y 7 k 0011 00000 101
R=R-B 0011 11101 101
RIFHEEL PO 0011 11101 1010
4 RA 2/ 7 b 0011 11011 010
R=R+B 0011 11110 010
RIFEE PO 0011 11110 0100
End R IZEEL, BIR +B 0011 00001 0100
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PR — 5l SIMUIEE (5 &)

inputs: signed [31:0] X, y;

if x is negative, a = —x;

if y is negative, b = —y;

do non-restoring division on a and b to get q and r;
if the signs of x and y are different, q = —q;

if x is negative, r = —r;

Examples:

7/ 2= 3. 1
7/-2=-3. 1
-7/ 2=-3..-1
-7/-2= 3..-1
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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 Fuse

@ “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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rsl
rs2
func3

clk

RV32M Fuse

mul_div

ready

b mux8
1
3
> 5
mux2 L
I
>0
> 7
1
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RISC-V RV32IM

—h
—> inst
I dl sl ;ve
) g
A P |Imem| = nb
321

Iol we 0
N M e
inst 3 ]

clk |
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RISC-V RV32M Test Program

.text

main:

s_x_s: 1li al, ox7fffffff # (00,04) a H = oxfffffff8
1i a2, -15 # (08) b L = 0x8000000f
mulh a5, al, a2 # (@c) product high
mul a4, al, a2 # (10) product low, fused with mulh

u_x_u: 1i al, ox7fffffff # (14,18) a H = ox7ffffffe
1i az2, -1 # (1c) b L = 0x80000001
mulhu a5, al, a2 # (20) product high
mul a4, al, a2 # (24) product low, fused with mulhu

s_x_u: 1i al, ox7fffffff # (28,2c) a H = ox7ffffffe
1i a2, -1 # (30) b L = 0x80000001
mulhsu a5, a1, a2 # (34) product high
mul a4, al, a2 # (38) product low, fused with mulhsu
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RISC-V RV32M Test Program

signo: 1i al, ox7fffffff # (3c,40) a Q
li a2, 3 # (44) b R
div a5, al, a2 # (48) div signed
rem a4, al, a2 # (4c) rem signed, fused with div
signl: 1i al, oxfffffff2 # (50) a Q = oxfffffffc
1i a2, 3 # (54) b R = oxfffffffe
div a5, al, a2 # (58) div signed
rem a4, al, a2 # (5¢) rem signed, fused with div
unsign: 1i al, oxfffffff2 # (60) a Q = 0x55555550
1i az, 3 # (64) b R = 0x00000002
divu a5, al, a2 # (68) div unsigned

0Ox2aaaaaaa
0x00000001

—_

—_

remu a4, al, a2 # (6¢) rem unsigned, fused with divu
finish: jal x0, finish # (70) dead loop
.end
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Simulation Waveform

@0000000 )‘nnnnnnnn }
@DDDDDDD \FTe J8000000F J00000000

11 o fo
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1300005b7 Jff58593 00300613 {02c5c7b3

100000000 JE0000000 JD0000000 JZFTFT

00000000 (7000000

00000000 } i i A S o 1 DO 13 WO CY T i YO 1 L5 72

div-rem: Ox7fff'ffff /3
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Simulation Waveform

00000048
02c5c7b3
Finiiniid
0000000,
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0000000
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1
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1050 n

divqg = Oxzaaaaaaa rem r = 0x00000001 (1em fuse)
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Simulation Waveform
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div-rem: Oxfffffff2 / 3
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Simulation Waveform

0000005 J0000005¢ JD0000080
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{D000000:
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divu-remu: Oxfffffff2 / 3
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Simulation Waveform

4 dk
o4 pc 00000068
B inst 02c5d7b3
fffffr2
0000000,
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. OxfIftrt2 / 3

00000068 Jbono006c {pooogoza
02c5d7b3 ¥02c5f733 {pooooosf
liiiiiied 00000000
0000000 100000000
[f92zaaaa Jf2555555 je4aaaaaa Jc9555555 |J92aasaaa | ) J000D0002 J00000000

1

24 75 126 127 128 123 130 JET] 132 JEE] ]

2

divu q = 0x55555550, remu r = OXOOOOOOOZ (1emu fuse)
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PREVI(ZaY 7 b 30% ARE)

ToYx s b (30% AR YA 7)o Ea—4&
sc_computer Z Hit I al—YaryLAIV, ¥
Ralb—vaviOHHIZEL T, SALGS %z E T
LTWED0, EDEIBREHANINT WD 0% B
TR UMER R U THEOHHZ ANvd Z &,

7Y a v (4500 )

Design and simulate an RISC-V CPU RV32IM that can
execute RISC-V integer instructions as well eight
multiplication and division instructions (see P42).
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