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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

aAVVa— KL 2024 4£ 11 H 7 H (K)



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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RISC-V 2V Ea—%

»1 0
ranc bra 1
npc add
p - alui|call well . jalr jalra
pc ° 12 dq »Jadd
Imem d b - 3
I Wi jal jala
1 [Restie add
H—» d
0
qb we
| dC mem 1
clk
instr imm ]?mem
——bEml— i
Tes

CPU + 55 A€V Imem + 7 — & A E Y Dmem
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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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RISC-V sc_computer O[] #%

‘timescale 1ns/Ins

module sc_computer(clk, A
B, sc_instmel
alu, :
st = instr[31:0]
mem,
pc pe[31:0]
D8 alu[31:0]
. clk =
input clk; clrn = ——= mem[31:0]
input clrn;
output [31:0] alu;
output [31:0] instr;
output [31:0] mem;
output [31:0] pc;

wire wmem;
wire [31:0] data;

sc_cpu i0 (.clk(clk),
.clrn(clrn),
.instr(instr),
.mem(mem) ,
.wmem(wmem) ,
.alu(alu),
.data(data),
.pc(pc));

sc_instmem i1 (.a(pc),
.inst(instr));

.we(wmem), // .we: signal of sc_datamem; wmem: wire of sc_computer
.clk(clk),

.addr(alu),

.datain(data),

.dataout(mem));

sc_datamem i2

~

endmodule

24 4£11 A 7 H (K)



RISC-V sc_cpu D[a]#%

‘timescale 1ns/1ns
module sc_cpu (

clk,

clrn,

instr,

mem,

wmem,

alu, a

data,

RS opeode

bH I':ncB

gfunc?_ |

input clk; 4_41_ p4 18
input clrn; npe |—>V instr
input [31:0] instr; a0 e
input [31:0] mem; o
output wmem; =5 d 7
output [31:0] alu; E“i rd
output [31:0] data;
output [31:0] pc;
wire [31:0] a; !
wire [31:0] b; Ik —

wire [3:0] aiuc;
wire [1:0] alui;

wire bimm;
wire [31:0] bra;
wire call;

wire [31:0] d;
wire  [31:0] imm;
wire [31:0] jala;
wire [31:0] jalra;
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RISC-V sc_cpu D[a]#%

wire m2reg;
wire [31:0] npc;
wire [31:0] p4;
wire [1:0] pcsrc;
wire [31:0] res;

opeode

func3

func7

gfuncT |

sl

wire wreg;
wire z;
dff32 io (
.clk(clk),
.clrn(clrn),
-d(npc), I
-a(pe)); 4 —iy
=
pc4 i1 ( nmia r_'
-pc(pc), »
-p4(pA)); B3 E ei
sc_cu i10 (
.z(z),

.func3(instr[14:121),

.func7(instr[31:25]), !
.opcode(instr[6:0]), ik
.m2reg(m2reg),

.bimm(bimm),

.call(call),

.wreg(wreg),

.wmem(wmem) ,

.aluc(aluc),

.alui(alui),

.pcsrc(pesre));

instr
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RISC-V sc_cpu D [A] &

mux2x32 111 (
.s(bimm),
.a0(data),
.al(imm),

-y(b));

mux2x32 112 (
.s(m2reg),
.a0(alu),
.al(mem),
.y(res));

alu i5 (
.a(a),

.aluc(aluc),

regfile i2 (
.we(wreg),
.clk(clk),
.clrn(clrn),
-d(d),
.rna(instr[19:151),
.rnb(instr[24:201),
.wn(instr[11:71),
-qa(a),
.gb(data));

z

opeode
Tuncs
{unc?
il i6
4a—ei 04
ape |—>V insir
pe
io0
A
e 152
m Trd
!
eIk

instr
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RISC-V sc_cpu D [A] &

mux2x32 i3 (
.s(call),
.ao(res),
.al(p4),
-y(d);

imme i4 (
.alui(alui),
.inst(instr),
Limm(imm));

mux4x32 i6 (
.a0(p4),
.al(bra),
.a2(jalra),
.a3(jala),
.s(pcsrc),
.y(npe));

branch_addr i7 (
.inst(instr),
.pc(pe),
.addr(bra));

jalr_addr i8 (
.inst(instr),
.rsi(a),
.addr(jalra));

jal_addr i9 (
.inst(instr),
.pc(pe),
.addr(jala));

endmodule

z

opeode
Tuncs
{unc?
il i6
4a—ei 04
ape |—>V insir
pe

sl

152

rd

instr
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@ ATVREIFINA RNTRINS, 1M1 ME8EY MZIZFELW

@ HIZIX, “AA4 YV - ATRVDREIFZI6FH - N1 NTHB” &
WO KU Iz S

BT 10 #EHE T O R 2 HEHETOEE

K (F08) 10° 210 = 1024

M (AAH) 10° 220 = 1048 576

G (¥7#) 10° 230 =1 073 741 824

T (57) 10" 240 =1099 511 627 776
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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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AE ) OFEFHE

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)

‘timescale 1ns/1ns
module sc_instmem (a,inst);
input [31:0] a;
output [31:0] inst;
wire [31:0] rom [0:31]; // (pc)
assign rom[5’hee] = 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°he3] = 32’b00000101100000000000000011101111; // (6c) call: jal x1, sum # x1 <- 0x10 (return address), call sum
assign rom[5°he4] = 32’b@0000000011000100010000000100011; // (10) sw  x6, 0(x4) # memory[x4+0] <- x6
assign rom[5’h@5] = 32’b@0000000000000100010010010000011; // (14) lw  x9, o(x4) # x6 <- memory[x4+0]
assign rom[5’he6] = 32’b@1000000010001001000010000110011; // (18) sub  x8, x9, x4 # x8 <- x9 - x4
assign rom[5°h@7] = 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 * 0x@0000555 = Oxfffffaaa
assign rom[5’heb] = 32°b11111111111100000000010010010011; // (2c) addi x9, x@, -1 # x9 <- OxFFFFfff
assign rom[5’hec] = 32°b11111111111101001111010100010011; // (30) andi x10,x9, -1 # x10<- x9 & OxFFFFffff = oxfFFFffff
assign rom[5’hed] = 32’b00000000100101010110001000110011; // (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 = @, goto shift
assign rom[5°h11] = 32’b11111101110111111111000001101111; // (44) jal xe, loop2 # jump loop2
assign rom[5°h12] = 32’b11111111111100000000001010010011; // (48) shift: addi x5, x0, -1 # x5 <- oxffFfffff
assign rom[5°h13] = 32’b00000000111100101001010000010011; // (4c) s11i x8, x5, 15 # x8 <- OxfFFFFfff << 15 = oxffffge00
assign rom[5’h14] = 32’b00000001000001000001010000010011; // (50) s1li x8, x8, 16 # x8 <- Oxffff8000 << 16 = 0x80000000
assign rom[5’h15] = 32’b01000001000001000101010000010011; // (54) srai x8, x8, 16 # x8 <- 0x80000000 >>> 16 = Oxffff8000
assign rom[5°h16] = 32’b00000000111101000101010000010011; // (58) srli x8, x8, 15 # x8 <- oxffff8e00 >> 15 = Ox0Q001ffff
assign rom[5°h17] = 32’b00000000011000100010000110110011; // (5c) slt x3, x4, x6 # x3 <- oxfFFFFfff < ox000002ff =
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’hic] = 32’b0000000100100110000001100110011; // (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, x0, loop # if x5 != @, goto loop
assign rom[5’h1f] = 32’b00000000000000001000000001100111; // (7c) ret x1 # return from subroutine
assign inst = rom[a[6:21]; sC instmem s.txt
endmodule =
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https://yamin.cis.k.hosei.ac.jp/lectures/cod/sc_instmem.s.txt

T—RXAE) (FAL - T—4)

‘timescale 1ns/1ns
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’h00000of?2; // (50) datale]
ram[5’h15] = 32’h0000000e; // (54) data[1]
ram[5°h16] = 32’h00000200; // (58) datal[2]
ram[5’h17] = 32’hffffffff; // (5¢c) data[3]
// ram[5’h18] the sum stored by sw instruction
end .
endmodule sc_instmem.s.txt
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https://yamin.cis.k.hosei.ac.jp/lectures/cod/sc_instmem.s.txt

F AR F

‘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 $finish; // 1400 ns
end
always #10 clk = !clk;

initial begin
$dumpfile ("sc_computer.vcd”);
$dumpvars;
end
endmodule
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YIial—Yyay —fHES

4 dk i rori [addi[ jal [add addi [add [addi [ bne
B pc 100000000]00000004 00000008 0000000c 00000064100000068 jD000006C 00000070 J00000074)D0000078
B4 inst {D00000b7)0500e213 [00400293]058000ef |00000333]00022483 J0042021300930333 11128293 |fe0298e3
£ =luout  D0000000]D0000050 {00000004] 00000000 00000050 j00000054]000000F2 J00000003]00000003
£ memout [D0000000]D00000F2 {00000000]00000000 0000002 0000000 j00000000

1
[i] 13 jo

0110 }pioo {000

iz ]

1

1

fl T I bl 3 &) |2 6 I5 7
100000000]00000050 {000000041000000 10 00000000 J000000F2 J00000054/000000F2 J000000031D0000003

|
L&l 0 ns 1] 150 ns 200

(00) main: (68) loop:
(oo o
(@c) call: 74)
(64) sum: (78)

> TEBUK AL 2024 4E 11 A 7 H (K) 18/58



[00000068]0000006¢ {00000070;00000074 00000078 J00000068 jD000006C 00000070 J00000074)D0000078

100027483]00420213 0093033328293 |fe0298e3 JD0022483 00420213)00930333 [ff28293 |fe0298e3

00000200 JFFFFFFFF 00000000

]

jooo1 — Ypooo

T 6 J5 7 &) |2 6 I5 7
10000000e 00000058 {00000100100000002 00000002100000200 j0000005¢ 00000300 0000000 1}D0000001

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

4 dk addi [add [addi [bme [ ret Sw Iw Sub [addi
B pc [00000068]0000006¢ 00000070;00000074 00000078 J0000007c j000000 10000000 14000000 1810000001
m-* inst [00022483)00420213 {00930333)ff28293 |fe0298=3 J00008067 j00622023 00022483 [40448433)D0300293
£ ¢ =luout  1D000005C 00000060 J000002FF 00000000 00000000 100000010 JD00000&C j00000060 j0000025f 00000003
£ memout [FEFT_ Jpo0000oo 100000000)000002fF j00000000

z 1
pesrc D jo 2z )]
[ 1

D000 Jjooo1 Joooo joon1 Joooo

D
I

| I
13 T 6 J5 7 o ] i5
Bt d [FFFFAFT  J00000060 J00000ZFT 00000000 00000000 j000000E0 J00000060 J000002fF J0000025f 00000003

- 1] MNow _ q'_

|
NS 550 ns B0L

(68) loop:
(6¢)
(70)
(74)
(78)
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100000020]000000240000002810000002¢ 00000030 100000034 )D0000038 0000003 100000040100000044

IFf28293 [ff2e413 |55544413/Hf00493 JFF4f513 JD0956233 J00954433]004573b3 j0002846 3 [ddF06F

00000000

0000 0100 1011 Joooo o101 o100 1011 jo101 joon1 Joooo
|

fa {10 ] il I
|Fifffaga A RO 00000000 AT {00000002100000048

(20) loop2: addi
(24) ori
(28) xori
(2¢) addi
(30) andi
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100000020]000000240000002810000002¢ 00000030 100000034 )D0000038 0000003 100000040100000044

IFf28293 [ff2e413 |55544413/Hf00493 JFF4f513 JD0956233 J00954433]004573b3 j0002846 3 [ddF06F

00000000

0000 0100 1011 Joooo o101 o100 1011 jo101 joon1 Joooo
|

fa {10 ] il
|Fifffaga A RO 00000000 AT {00000001J00000048

(20) loop2: addi
(24) ori
(28) xori
(2¢) addi
(30) andi
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100000020]00000024 00000028 000000 2¢ 00000030J00000034 00000038 000000 3¢ J000000401D0000048
[[fT28293 |[ff2e413 |55543413)f00493 |IT4fs13 J00956233 00954433 /00457303 J0002846 3] 00293

00000000

0000 0100 1011 Joooo o100 1011 jo101 joon1 Joooo
|

fa {10 ] il I fa
|Fifffaga A RO 00000000 SFFFFFAT_ J00000000 JFFFT

L oo oo o b o T
1050 ns 1150 ns

(20) loop2: addi (34) or x4,
(24) ori (38) xor x8,
(28) xori (30) and x7,
(2¢) addi (40) beq x5,
(30) andi (48) shift: addi x5,
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pc 10000004 00000050 j00000054]00000058 J0000005¢ Ioouoouso

inst 100f29413 J01041413)4104541300f45413 J006221b3)D000006F

aluout  iFFfR000 {B0D00000 JFfB000 JD001FFFF J00000001)D0000000

memaut | 00000000

i | ]

o111 D000

joo10

1111

i3 13 in

z
posrc
WMEm
aluc
bimm
alui il jo
mlreg
call
wreg
wn

d

[Ff2000 80000000 JFAFE000 000 1FFF 100000001100000064

(60) finish:
(60) finish:
(60) finish:
(60) finish:
(60) finish:

TEBUK AL AV a— AR L &G

x0, finish
x0, finish
x0, finish
x0, finish
x0, finish

2024 £ 11 A 7 H (K)
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VIial—yvay —LIVARAXR

100000000 Ionoonumxouoonoos:(uoouoonc J00000064iD0000058 0000006 {00000070 JD0000074)00000078
{D00000b7)0500e213 [00400293]058000ef |00000333]00022483 J0042021300930333 11128293 |fe0298e3

100000000 00000D. .. J000000. .. 000000, .. J00000010 00D0D0. ., 00000, .. j000000. .. 000000, .. j000000. .
100000000 00000010

{00000000

00000000

00000000 00000050 00000054
100000000 Jjo0000004 00000003

00000000 nD0o00f2
100000000

D00DO0DD

00000000 100D000f2

(00) main: i x1, (68) loop:
(04) i x4, x1, 80 (6¢)
(08) i x5, x0, 4 (70)
(@c) call: j x1, sum (74)
(64) sum: X6, x0, x0 (78)
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VIial—Yay —VIUAX

[00000068]0000006¢ {00000070;00000074 00000078 J00000068 jD000006C 00000070 J00000074)D0000078
[D0022433]00420213 [00930333)f128293 |fe0298e3 J00022483 J0042021300930333 11128293 |fe0298e3

10000000e 00000200 J00000000 100000200 JFFFFFFFE__ JD0000000

000000.../000000. .. j000000. .. j000000. .. 000000 10 000000. . J000000. .. 000000, . J000000. .. JD00000.
00000010

00000000

00000000

00000054 100000058 10000005¢

00000003 Jjoooo0002 00000001
000000F2 J00000100 00000300
00000000

00000000

[ e IDDDDD 200

(68) loop: (68) loop:
(6c) x4, 4 (9]
(70) x6, x9 (70)
74) 7B, =1 74)
(78) x0, loop (78)

y TRBUK 2R aVEa— 2Rk L 2024 4£ 11 H 7 H (K) 26/58



VIial—yvay —LIVARAXR

100000068 0000006 IDIZIDDDD?DIDDDDDDHIDDDDDD?BIDDDDDD?C 1000000 101000000 141000000 1810000001
[D0022433]00420213 [00930333)f128293 |fe0298e3 J00008067 J00622023 00022483 |40446433]00300293

[FFEFFAE 00000000 100000000)000002fF j00000000

000000.../000000. .. j000000. .. j000000. .. 000000 10 00000000 00000000 000000, .. J000000...JD00000.

00000010

00000000

00000000

0000005¢c 100000060

00000001 00000000

00000300 J000002fF

00000000

00000000

00000200 )T J000002fF
[10]"( 00000000

(68) loop: o(x4)
(6c) i , X4, 4
(70) , X6, x9
(74) i , x5, -1
(78) , X0, loop
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VIial—yvay —LIVARAXR

2 Ja
100000020]00000024 00000028 000000 2¢ 00000030100000034 100000038 {000000 3¢ J000000401D0000044
[ff28293 |[ff2e413 |55543413)T00403 |IT4f513 J00956233 00954433 00457303 j0002846 3 fdd o6t

00000000 J00000000

[000000...J000000. . J000000. .. 000000. . 000000. .. J000000. .. JD0000O. . J000000. .. J000000 10 000000, .
00000010
00000000
00000000
00000060
100000003}00000002
000002
00000000
0000025F

000002

00000000

(20) loop2: addi x10, x9
(24) ori x10, x9
(28) xori x10, x4
(2¢) addi

x0, shift
(30) andi loop2
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VIial—yvay —LIVARAXR

B4 pc

100000020]000000240000002810000002¢ 00000030 100000034 )D0000038 0000003 100000040100000044
[ff28293 |[ff2e413 |55543413)T00403 |IT4f513 J00956233 00954433 00457303 j0002846 3 fdd o6t

£ memeut 00000000 J00000000
& * reqisier 000000000000, .. J000000. .. 000000 10 00000000 00000000 FH 0... 00000010 00000000 000000. ..

[1
[
[
4
[
[E]
7
[8]
=1

00000010

00000000

00000000

fiiiissvd

00000002100000001

000002fF

FRFFFFF

00000000 joooooooo
v

B Fiifiviig

(20) loop2:

(24)
(28)
(2¢)
(30)

addi , x10, x9
ori s x10, x9
xori , , x10, x4
addi x9, , x0, shift
andi , loop2
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VIial—Yay —VIUAX

B4 pc

100000020]00000024 00000028 000000 2¢ 00000030J00000034 00000038 000000 3¢ J000000401D0000048
[[fT28293 |[ff2e413 |55543413)f00493 |IT4fs13 J00956233 00954433 /00457303 J0002846 3] 00293

£ memeut 00000000 J00000000
& * reqisier 000000000000, .. J000000. .. 000000 10 00000000 00000000 FH 0... 00000010 00000000 000000. ..

[1
[
[
4
[
[E]
7
[8]
=1

00000010

00000000

00000000

fiiiissvd

0000000110000000

000002fF

FRFFFFF

00000000 joooooooo

B Fiifiviig

(20) loop2:
(24)
(28)
(2¢)
(30)

addi (34) x4,

ori (38) xor x8, x10, x9
xori (3¢) and x7, x10, x4
addi (40) beq x5, x0, shift
andi (48) shift: addi x5, x0, -1
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VIial—yvay —LIVARAXR

B4 pc
n inst
B4 aluout

10000004 00000050 j00000054]00000058 J0000005¢ Ioouoouso

100f29413 J01041413)4104541300f45413 J006221b3)D000006F

IFFFf3000 30000000 JFFFF3000 D00 1fFFF j00000001)D0000000

£ memout 00000000
& remister 1DOO00D... JD0000O. .. J000000. .. j000000. ., 000000, .. j00000010 00000000 00000001 T FHHFHT 0000.. .

[1
[
[
4
[
[E]
7
[8]
=1

00000010

00000000

00000000

00000001

fiiiissvd

ALRRRRRN]

000002fF

e

00000000 JFFFfE000 30000000 FF000 000 1FFF

v

B Fiifiviig

TEBUK AL

(60) finish: x0, finish
(60) finish: x0, finish
(60) finish: j x0, finish
(60) finish: j x0, finish
(60) finish: j x0, finish
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VIYART 7 A INVDRILERRT D

w ] ALTERA STA o o

File Edit View Add Format Tools Bookmarks Window Help File Edit Compile Simulate Add MemoryList Tools Layout Bookmarks
= p ﬁg&“ Window

B-ogH-8 »RB0> o-AE[SERAtati dan] 8-SR 6 i RALL|0-MER|| ERE|
434228 3|Nadnboarerz s Bt es B TedEARNE W]
HoaE e wake|aqean| tat ] vefmae |

comart Blicims ]| % B-G @3]
NEEETYEEEE LY

0 [ B ey EME G
[onsto 10220ms [ sm:/sc_computer_thjinst [31:01 |lvow: ons Detta: 0 [sim: fsc_computer_to y

@ 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

EAEE T T 2024 411 A 7 H (K)



LIZAR T 7AINDWEK% KRGS

On Mac PC:

iverilog -Wall -o sc_computer sc_computer_tb.v \
sc_computer.v sc_datamem.v sc_instmem.v \
sc_cpu.v dff32.v pc4d.v sc_cu.v mux2x32.v alu.v \
regfile.v imme.v mux4x32.v branch_addr.v \
jalr_addr.v jal_addr.v

gtkwave sc_computer.vcd

— X VT gtkwave #Hj£% SST D sc_computer_tb D
ERNZH B ZMEDOREE2#HU, RRI N/ cpu %
ERT D&
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1110 (14)
Xx 1010 (10)
0000
1 110
0000
+ 1110
1 0001100 (140,

TEBUK AL
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2
s
m
o~
m
—
=
&
<
N
=3
«

AV N2 N a

whY 7843
V2 N2 N a3

[N NS
/2 N2 N Y

v hYT7 9B

o
Y
v
Y
o
2

1
|5
1
e
1
|«
TEY RV T RT3

"o
o
/A
N
N
/S
P
N

-
-

-

-

) 2

N

/7 T (DT BB (10)

/] T
/7 BB 121

/1 W fET
/!l BEEAIZ1IE
/1 W FET
/] FEEAIT
// FE

/! =T
RSl
/1 T E A

// &
/1 W (DTSN ED (14)

-

1100 // FE (128+12 = 140 = 14%10)

=N alV

C=000000020

a=00001110
0011100 // M

00010180
b & FALE Y haY o
00000000
0011100
00000101
b i FALE Y haY 1
+ g =
0111000

X

() [SEIS I O —

:ﬁ: 1 :ﬁ ___ﬁ__ 1 :ﬁ: I
bfﬁmcabﬁmcabﬁmcabﬁmcab

— o~ ™ <

O
1
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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 a, b, c;
int i; AR
a = x; [/ MEERE (S NDED
b =y; SOOFE (TS B
c ; AE
T i =@; 1 < 16; i++) { // 1e[Di&n iE4 :
((b&1) ==1) { 1 ﬁi&%?ut R O =
c +=a; " i =& + R
=a << 1 I WREREEELC LBy b
=b > 13 BHEEC 1Py 1Y)

ietu*n(c); / EEET

)
FEE

int main(){
int x = @xc93f;
int y = @xe6c?;
printf(“ex¥esx * @x¥es8x = exF@s8x\n", x, y, mul(x, v));
return @;

gce mul_by shift add.c -o mul_by_shift_add
./mul_by shift_add
0xea0aco3f * @x@esdesc? = @xbSebesto
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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

2024 411 A 7 H (4)



F’ETOT T A

pc = 0x0000001c: 0xc93f X 0xe6¢7 = 0xb56b09f9
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2 R DFRFA
45/6=7..3

o 1 1 1 e
BEH 1 1 0 /1, 0o 1 1 0 1 e ERER

(#1%#5) -1 1 0 (HE 5N )
1 0 1 0
-1 1 0
1 0 0 1
- 1 1 0

o
(=]
—_
—_

R
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Yes
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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)

2024 4£ 11 H 7 H (k)



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

TEBUK AL aAv¥a—akEEkE (6)
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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)

RO SRR R R avEa—afEk LG (6) 2024 4£ 11 H 7 H (K) 47/58



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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RISC-V RV32M Fuse

rv32m
mul_div
ready
a
b J mux8
rsl
rs2 1
func3
3
5
mux2 —> C
ol
ready ~ 0 ~
> > 7
B - 1 -
clk T
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RISC-V RV32IM

we
LafPl L ols qo—4ol 2 g alra 2
Cl pc 52 q
2 Imem b
32 : -m —
rd

Ir:‘ -l_> . aluc

1| ALU

inst Dmen:
| _>E_IE| i




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

150000567 [F58553 100613 J02c597b3 J02c58733 {B00005D7 (58593 (00613 j02c507b3 J02c58733 JB0000507
{D0000000 f80000000 J00000000 | 7FrE B0DO0000 [BO000000 0000000 | 7EFHT {B0000000
{00000 } (FFFEFFL |DOB00000 fiiiiiid 00000000
100000000 iiiiitic] 15000000 DO00000D 3
1

il 10 i1 1o
[ T B B B A R B R RO R

10000003¢ JpO000C40 J00000044 JD0000048

{B00005b7 /FT58593 00300613 J02c5c7b3

{00000000 J50000000 JD0000000 | ZFFHT

100000000 } {00000003

{D0000000 } il oW . 5. D 1 YO 1 L4

11 12 13 Ja 15 I5 iz 1B ja j10

v aoc o T e T T e T e e e e T
4 450 ns 500 ns 550 ns 0

div-rem: Ox7fffffff / 3
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Simulation Waveform

00000048

02c5c7b3

T

[

[TfTe55 |fifffcas |ITHT955 ffiii2as Hite555 |fifcasa |(1f9555 |ffJasa [fHe5555

|fffcasaa |f95355 Jii2asas |He55555

iz 13 j14 j15 j16 hivd j18 j19

j20 j21 j22 j23

I L
g 850 ns

00000048

JD0D000%: J00000050

02c5c7b3

02c5¢733 200593

T

100000000

[

Iffcaasaa J11955555 |[125aaaa {fcaaasaa |f9555555 |[2aaaaas

Jcasazaaa |

100000001

23 24 125 J26 127 j28 j29 130

div q = Ox2aaaaaaa, rem r = 0x00000001 (rem fuse)
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Simulation Waveform

[00000050 {00000054 J0000005:

IfF200553 00300613 jp2c5c7b3

100000000 ) i1
{DO00B003
55555558 JTTTHTT2

i1

5 1 ns ns 350 ns

0000005
02c5c7b3
A2

11 j12 113 14 j15 J16 hivd j18 j19 J20 j21 j22 123 j24

v e Do o T T T e T e e e e T e T e e T
5 1 15

div-rem: OXfEEEEEE2 /

s -
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Simulation Waveform

0000005 J0000005¢ {D0000060

02c5¢7b3 J02c5e733 {f200593 00300613
P2 B0000600
00000003

F5000000 )FZ000000 Je4000000 3000000 30000000 120000000 J40000000 JFHHT  itiie  jfiiic jiiite

24§25 126 27 j28 J29 130 131 j32 133 1o

5 s

1000000560 J00000064 JD0000068

[ff200593 100300613 02c5d703

100000000 ) i1
{DO00B003
10000004 FAFT2  |fffffted JFATHca (FOr92 |Hir25  (ffiiteds JAO0c9s (i92a |HT255 jiifedsa

11 12 13 Ja 15 I5 iz 1B 12 j10 Ji1

divu-remu: Oxfffffff2 / 3
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Simulation Waveform

00000058

00000003
FFifco55 Jifffazaa JIiT2555 |fifedasa (TTc9555 |(1f97aaa (1125555 |fedaaaa |(ic95555 |(f97aasa 1255555 |fedaasaa Jic955555

11 12 113 14 j15 j16 hivd j18 j19 J20 J21 j22. j23 j24

T T T T e T e e T e T e T e
2150 0 2250 ns 2350 n

Ox({Tffffff2 / 3

00000058 J0000005C J00000070
02c5d7b3 J02c5F733 JD00000GE
T2 00000000
00000003 00000000
If9Zaaa5a J[ 2555555 Je4asaaaa Jc9555555 |0/aaaaaa | ) {00000002 J00000000

j26 27 j28 j23 j30 J3L 132

" .
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ied VI (500 A& + 100 50

Hi—4% 4 7))L a V¥ a—4& sc_computer & ikt & >
Salb—raviliRIwn, YIab—ravioth
CEALT, EARMTZERITLTVLIDN. ¥DLDS
BEHENINTNDS 0% Hr TR U Z2#GR & Hi L
TP DO Z Atvd Z & (500 5.

7Y a v (4100 )

Design and simulate an RISC-V CPU RV32IM that can
execute RISC-V integer instructions as well eight
multiplication and division instructions (see P47-P57).
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