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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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~I)VF YA )V RISC-V CPU
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SIVFH A ZIVDE

—_—
1000 L 1001
AL: Arithmetic Logic
add, sub, slt, xor, or, and, slli, srli, srai, BR: BRanch
addi, xori, ori andi, lui LS: Load/Store
ST IfD: F()aD
EBR ST: STore _
\ 0100
jalr, jal
IF ey D 1w MLD ey WLD )
0000 0001 1w, sw _—Y\_ o011 0110
0010 SW
REHL: 9 ~~a/ MsT
—
[LOG,9] =4 0101
4By FESEMS E: EXE M: MEM W: WB

jalr,jal,beq,bne: 3 ¥ 7))L, lw: 534 7)), TS 41270
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i

IF

IR « mem[PC]

A < Reg[rs1]
B < Reg[rs2]

EAL
C<A+B
C<A-B
C<A<B
C<AAB
C<A|B
C<A&B
CeB<<sa
C<B>>sa
C<B>>>sa
C < A+imm
C < AAimm
C<A | imm
C« A & imm
C < imm << 12

‘WAL
Reg[rd] < C; PC < PC + 4
Reg[rd] < C;PC < PC +4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C;PC < PC +4
Reg[rd] < C;PC < PC +4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C;PC <« PC +4
Reg[rd] < C; PC < PC + 4
Reg[rd] « C; PC < PC + 4
Reg[rd] < C;PC < PC +4
Reg[rd] < C;PC < PC +4
Reg[rd] < C; PC < PC + 4

EBR
if (A==B) PC«bra; else PC—PC+4
if (A1=B) PC<bra; else PC—PC+4
Reg[rd] < PC + 4; PC « jalra
Reg[rd] < PC + 4; PC « jala

ELS

C < A +imm

MLD WLD
DR < mem|C] Reg[rd] < DR; PC « PC + 4
MST

mem[C] « B; PC < PC + 4

11 H 21 H (K)
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s =

@ wreg

» LYK - T AIIZETIAD

» 0: LIAK - T 7 A IITEZIAERN
@ wmem

» 1: AEVIZEZAD

» 0: AEVIZEIAE AL
@ m?2reg

» 1 ATYMNSFAHUZT—& % &R
» 0: ALU O H ) % 2R
@ bimm
» 1: FEAR X 7z BIME % 2R
» 0: LIYARE - 771 IVHADT — &R % iE R
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s =

@ call
» 1: PC+4 % ZEiR
» 0: ALU, F/-1%, ATV FT—X % #ER
@ pcsrc[1:0]
» 00: PC+4 % iR
» 01: DALY R A% ER
» 10: LIYAXT R A%ER
» 11 Vv T R AZER
@ alui[1:0]
» 0 0: addi, xori, ori, andi, lw 45 D A % jEIR
» 0 1: slli, srli, srai #7457 D shamt % jZER
» 10: sw 4 D RIME % ZER
» 1 1: lui fiv4y D BMHE % 3E R

TEBUK AL aAv¥a—akE ek (8) 2024 £ 11 A 21 H (K) 12/72



s =

@ aluc[3:0]
» Xx000:
x001:
x010:
1011:
x100:
x101:
0011:
0111:
1111:
x110:

vV V.V vV vV v v Vv .Y

ADD
SUB
SLT
XOR
OR
AND
SLL
SRL
SRA
LUI

(v 45:add, addi, Iw, sw)
(fir43:sub, beq, bne)
(i :slt)

(i 47 :xor, Xori)

(i 45:0r, Ori)
(fir4r:and, andi)

(v sli)

(A4 :srli)

(fin45:srai)

(fir 45 :1ui)

TEBUK AL
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s =

@ wpc

» 1: PCIZE XA

» 0: PCIZEZIAF AW
@ wir

» 1: IR IZEXAD

» 0: IRIZEZIAEFANV
@ iord

» 1: C D % E R
» 0: PC OfH % ZH

@ clk: Clock

@ clrn: Clear (Active low)

TEBUR S HAR 0 IvEa— AR #HE (8) 2024 £ 11 A 21 H (K) 14/72



an+ ( ”E\F? IEER)
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clrn
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func3
func?
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FClEE 7 (4 Y NDEF)

B25—h

m2reg

pesre

wmem
aluc
bimm
wreg
call
alui
wpc
iord

wir
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wpc pesrc
iord

opcode
func3
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> inst

pc
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RISC-V add, ori: 1. IF JRfFE

IR < mem|[PC];
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RISC-V add, ori: 2. ID JIX

1 rsl ~ ;ve
1 s2 »hnb a8

wn
| Regfile

==

qb

=
©

A < Reg|rsl];
B < Reg[rs2];
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RISC-V add, ori: 3. EAL JKAE

aluc

bimm

mpe

ALU
A, 1
RIS

C<AopB; /2%
C < A op imm;
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pesrc

wreg
RENR
[ =
4 - 2 &
> |
1
o | we
Lo ft ma gy i
5 rnb
> n 3
! Regfile
@ 7
clk

Reg[rd] < C;

PC « PC + 4;

BN R

AV a— &K
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RISC-V begq, jalr, jal: 1. IF JR7&

IR < mem|[PC];
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RISC-V begq, jalr, jal: 2. ID }kHE

1 rsl ~ ;ve
1 rs2 »hnb a8

wn
| Regfile

==

qb

=
©

A < Reg|rsl];
B < Reg[rs2];
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RISC-V begq, jalr, jal: 3. EBR IR

jal: Reg[rd] « PC + 4; PC « jala

jalr: Reg[rd] « PC + 4; PC « jalra

beq: if (A==B) PC«bra; else PC<PC+4

bne: if (A!=B) PC«bra; else PC<—PC+4
BN R

aAv¥a—akE ek (8)
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we
do

Mem

IR < mem|[PC];
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RISC-V Iw: 2. ID JRFE

1 rsl ~ X’e
1 rs2 »hnb a3

wn
Regfile

==

qb

=
©

A < Reg|rsl];
B < Reg[rs2];
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RISC-V lw: 3. ELS JRFE

mpe

3 r’ﬂ»

C « A+ imm;
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DR <« mem|C];
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RISC-V Iw: 5. WLD JkRE

pesrc

wreg

Sargw
e

—hy  w

ma g,
mbq

O"‘U
|
==
£

rd

Regfile

qb

clk ()

Reg[rd] < DR;
PC « PC + 4;
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we
do

Mem

IR < mem|[PC];
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RISC-V sw: 2. ID JkRE

1 rsl ~ ;VE
1 s2 »hnb a3

wn
Regfile

==

qb

=
©

A < Reg|rsl];
B < Reg[rs2];
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RISC-V sw: 3. ELS JKFE

mpe

3 H r’ﬂ»

C « A+ imm;
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RISC-V sw: 4. MST JRHE

pesrc

0 T

— | I—> a Wedu sl
1 e rs2

rd

clk

mem|C] « B; PC « PC + 4;
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wpc pesrc
iord

opcode
func3
func?

4 p4
> inst

pc
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SIVFH A ZIVDE

—_—
1000 L 1001
AL: Arithmetic Logic
add, sub, slt, xor, or, and, slli, srli, srai, BR: BRanch
addi, xori, ori andi, lui LS: Load/Store
ST IfD: F()aD
EBR ST: STore _
\ 0100
jalr, jal
IF ey D 1w MLD ey WLD )
0000 0001 1w, sw _—Y\_ o011 0110
0010 SW
REHL: 9 ~~a/ MsT
—
[LOG,9] =4 0101
4By FESEMS E: EXE M: MEM W: WB

jalr,jal,beq,bne: 3 ¥ 7))L, lw: 534 7)), TS 41270
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i

IF

IR « mem[PC]

A < Reg[rs1]
B < Reg[rs2]

EAL
C<A+B
C<A-B
C<A<B
C<AAB
C<A|B
C<A&B
CeB<<sa
C<B>>sa
C<B>>>sa
C < A+imm
C < AAimm
C<A | imm
C« A & imm
C < imm << 12

‘WAL
Reg[rd] < C; PC < PC + 4
Reg[rd] < C;PC < PC +4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C;PC < PC +4
Reg[rd] < C;PC < PC +4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C; PC < PC + 4
Reg[rd] < C;PC <« PC +4
Reg[rd] < C; PC < PC + 4
Reg[rd] « C; PC < PC + 4
Reg[rd] < C;PC < PC +4
Reg[rd] < C;PC < PC +4
Reg[rd] < C; PC < PC + 4

EBR
if (A==B) PC«bra; else PC—PC+4
if (A1=B) PC<bra; else PC—PC+4
Reg[rd] < PC + 4; PC « jalra
Reg[rd] < PC + 4; PC « jala

ELS

C < A +imm

MLD WLD
DR < mem|C] Reg[rd] < DR; PC « PC + 4
MST

mem[C] « B; PC < PC + 4

11 H 21 H (K)
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filfEl 2 =v k

‘timescale 1ns/Ins
module mc_cu (clk,clrn,opcode, func7,func3,z,aluc,alui,pcsrc,m2reg,bimm,call,wreg, wnem,wpc,wir,iord,state);
input clk, clrn; // clock and reset
input [6:0] opcode; // opcode
input [6:0] func7; // func7
input [2:0] func3; // func3
input 723 // for beq,bne
output reg [3:0] aluc; // alu operation control
output reg [1:0] alui; // 00: addi,...; 01: slli,srli,srai; 10: sw; 11: lui
output reg [1:0] pcsrc; // 00: pctd; 01: beq,bne; 10: jalr; 11: jal
output reg m2reg; // instruction is an lw
output reg bimm; // alu input b is an immediate
output reg call; // instruction is a jalr or jal
output reg wreg; // write regfile
output reg wmem; // memory write enable
output reg wpc; // write pc
output reg wir; // write ir
output reg iord; // select memory address
output reg [3:0] state; // state
reg [3:0] next_state; // next state
parameter [3:0] sif = 4’b000o, // IF state
sid = 4’bee01, // ID state
seal = 4’b1000, // EXE Arithmetic Logic state
sebr = 4’b0100, // EXE Branch state
sels = 4’bo010, // EXE Load/Store state
smld = 4’be011, // MEM Load state
smst = 4’bo101, // MEM Store state
swal = 4’b1001, // WB Arithmetic Logic state
swld = 4’b0110; // WB Load state
// instruction decode
wire i_lui = (opcode == 7’b0110111);
wire i_jal // add your code here
wire i_jalr = (opcode == 7’b1100111) & (func3 == 3’b000);
wire i_beq = ; // add your code here
wire i_bne = ; // add your code here

2024 4E11 H21 H (K) 36/



= b

wire i ; // add your code here
wire i ; // add your code here
wire i_ ; // add your code here
wire i_. ; // add your code here
wire i_ ; // add your code here

wire i_.
wire i_.

; // add your code here
(opcode == 7’b0010011) & (func3 == 3’b001) & (func7 == 7’b000000V) ;

wire i_ ; // add your code here
wire i_. ; // add your code here
wire i_ ; // add your code here
wire i_ ; // add your code here

wire i_.
wire i_
wire i
wire i_.

; // add your code here
; // add your code here
; // add your code here
= ; // add your code here

// control signals

always @* begin // default outputs:
aluc = 4’bx000; // alu operation: add
alui = 2’he; // select imm[11:0]
pcsrc = 2’ho; // select pc+4;
m2reg =0; // select reg c
bimm =0; // select a;
call =0; // neither jalr nor jal
wreg =0; // do not write regfile
wmem =0; // do not write memory
wpc =0; // do not write pc
wir =0; // do not write ir
iord =0; // select pc as address
next_state = sif;
case (state)
sif: begin // IF state -—-————-——- IF:
wir =1; // write IR
next_state = sid; // next state: ID
end //

202411 A 21 H (K)  37/72



Al 1= b

sid: begin //
case (1)
next_state = sebr; //
end
i_lw | i_sw: begin //
next_state = sels; //
end
default: next_state = seal; //
endcase
end
seal: begin //
aluc[0] = ; // add your code here
aluc[1] = ; // add your code here
aluc[2] = ; // add your code here
aluc[3] = i_xori | i_xor | i_srai;
bimm = ; // add your code here
aluil@] = ; // add your code here
alui[1] = ; // add your code here
next_state = swal; //
end
sebr: begin //
call = i_jalr | i_jal; //
pcsrc[@] = ; // add your code here
pcsrc[1] = ; // add your code here
aluc = 4’bx001; //
wpc =1; //
wreg =1i_jalr | i_jal; //
next_state = sif; //
end
sels: begin //
aluil1] = i_sw; //
bimm =1; //
if (i_1w) next_state = smld; //
else next_state = smst; //

ID state ---—----—- ID:

i_beq | i_bne | i_jalr | i_jal: begin // branch or jump instructions

next state: EBR

load/store instructions
next state: ELS
next state: EAL

EAL state -----—- EAL:

next state: WAL

EBR state -----—- EBR:
save pct+4
sub for beq, bne; alu does nothing for jalr, jal

write PC

save pct4

next state: IF

[ELS g o————- ELESH

aluil1:0] = 10 for sw; 00 for 1w
select imm

next state: MLD

next state: MST

2024 411 A 21 H (K)
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filfEl 2 =v k

end
smld: begin // MLD state -----—- MLD:
iord =1; // memory address = C
next_state = swld; // next state: WLD
end
smst: begin // MST state ------—- MST
iord =1; // memory address = C
wmem =1; // write memory
wpc =1; // write PC
next_state = sif; // next state: IF
end
swld: begin // WLD state ------—- WLD:
m2reg =1; // select memory data
wreg =1; // write register file
wpc =1; // write PC
next_state = sif; // next state: IF
end
swal: begin // WAL state ------—- WAL :
wreg =1; // write register file
wpc =1; // write PC
next_state = sif; // next state: IF
end // END
default: begin
next_state = sif; // default state: IF
end
endcase
end
always @ (posedge clk or negedge clrn) begin
if (!clrn) begin
state <= sif; // reset state to IF
end else begin
state <= next_state; // state transition
end
end
endmodule
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wpc pesrc
iord

opcode
func3
func?

4—1 p4
> inst

pc

sl
rs2
rd

v
¢%ﬂ
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clk inst
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RISC-V CPU & A £ 1) Oa]&

~NI)VFHT A7)V RISC-VCPU + X &V

mc_cpu

clrn =2
clk =

—= pc[31:0]
—=2 instr[31:0]
—{= maddr[31:0]
= alu[31:0]
—{=> data[31:0]

= q[3:0]
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AERY(TAN - TATITLET—X)

‘timescale 1ns/1ns
module mc_mem (addr,datain,we,clk,dataout); // instruction and data memory, ram

input clk, we; // clock, 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 [0:63]; // ram cells: 64 words * 32 bits

assign dataout = ram[addr[7:2]]; // use word address to read ram

always @ (posedge clk)
if (we) ramfaddr[7:2]] = datain; // use word address to write ram

initial begin // initialize memory
ram[6’hoe] = 32’b00000000000000000000000010110111; // (00) main: lui x1, @ #x1<-0
ram[6’h@1] = 32’b00001000000000001110001000010011; // (04) ori x4, x1, 0x80 # x1 <- 0x80
ram[6’h@2] = 32’b00000000010000000000001010010011; // (08) addi x5, x0, 4 # x5 <-4
ram[6’h@3] = 32’b00000101100000000000000011101111; // (@c) call:  jal x1, sum # x1 <- @x10 (return address), call sum
ram[6’ho4] = 32’b00000000011000100010000000100011; // (10) sw  x6, 0(x4) # memory[x4+0] <- x6
ram[6’ho5] = 32’b00000000000000100010010010000011; // (14) Iw  x9, 0(x4) # x6 <- memory[x4+0]
ram[6’he6] = 32’b01000000010001001000010000110011; // (18) sub  x8, x9, x4 # x8 <- x9 - x4
ram[6’h@7] = 32’b00000000001100000000001010010011; // (1c) addi x5, x0, 3 #x5<-3
ram[6’he8] = 32’b11111111111100101000001010010011; // (20) loop2: addi x5, x5, -1 #x5<-x5-1
ram[6’h09] = 32’b11111111111100101110010000010011; // (24) ori x8, x5, -1 # x8 <= x5 | oxFFFFffff = oxfffffff
ram[6’hea] = 32’b01010101010101000100010000010011; // (28) xori x8, x8, @x555 # x8 <- x8 * 0x@0000555 = oxfffffaaa
ram[6’hob] = 32’b11111111111100000000010010010011; // (2c) addi x9, x0, -1 # x9 <- oxfFffff
ram[6’hoc] = 32’b11111111111101001111010100010011; // (30) andi x10,x9, -1 # x10<- x9 & OxFFFFffff = oxffFfffff
ram[6’hed] = 32’b00000000100101010110001000110011; // (34) or x4, x10, x9 # x4 <- x10 | x9 = Oxffffffff
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ram[6’hoe] = 32’b00000000100101010100010000110011; // (38) xor x8, x10, x9 # x8 <- x10 * x9 = 0x00000000
ram[6’hof] = 32’b0000000010001010111001110110011; // (3c) and x7, x10, x4 # x7 <- x10 & x4 = Oxffffffff
ram[6’h10] = 32’b0000000000000101000010001100011; // (40) beq x5, x@, shift # if x5 = @, goto shift
ram[6’h11] = 32’b11111101110111111111000001101111; // (44) jal xe, loop2 # jump to loop2
ram(6’h12] = 32°b11111111111100000000001010010011; // (48) shift: addi x5, x0, -1 # x5 <= OxfFFFFfff
ram[6’h13] = 32’b00000000111100101001010000010011; // (4c) slli x8, x5, 15 # x8 <- OxFFFfffff << 15 = oxffffgeoe
ram[6’h14] = 32’b00000001000001000001010000010011; // (50) s1li x8, x8, 16 # x8 <- Oxffff8000 << 16 = 0x80000000
ram[6’h15] = 32’b01000001000001000101010000010011; // (54) srai x8, x8, 16 # x8 <- 0x80000000 >>> 16 = Oxffffge00
ram[6’h16] = 32’b00000000111101000101010000010011; // (58) srli x8, x8, 15 # x8 <- oxffff8000 >> 15 = Ox0001ffff
ram[6’h17] = 32’b00000000011000100010000110110011; // (5¢) slt x3, x4, x6 # x3 <- OxfFFFffff < 0x000002ff =
ram[6’h18] = 32’b00000000000000000000000001101111; // (60) finish: jal x@, finish # dead loop
ram[6’h19] = 32’b00000000000000000000001100110011; // (64) sum: add x6, x0, x@ # x6 <- @ (subroutine entry)
ram[6’h1a] = 32’b00000000000000100010010010000011; // (68) loop: Iw  x9, 0(x4) # x9 <- memory[x4+0]
ram[6’h1b] = 32’b00000000010000100000001000010011; // (6C) addi x4, x4, 4 # x4 <- x4 + 4 (address+4)
ram[6’h1c] = 32’b00000000100100110000001100110011; // (70) add x6, x6, x9 # x6 <- x6 + x9 (sum)
ram[6’h1d] = 32’b11111111111100101000001010010011; // (74) addi x5, x5, -1 # x5 <= x5 - 1 (counter--)
ram[6’hle] = 32’b11111110000000101001100011100011; // (78) bne x5, x0, loop # if x5 != @, goto loop
ram[6’h1f] = 32’b00000000000000001000000001100111; // (7c) ret x1 # return from subroutine
ram[6’h20] = 32’h000000f2; // (80) data[@]
ram[6’h21] = 327h0000000e; // (84) data[1]
ram[6’h22] = 32’h00000200; // (88) data[2]
ram[6’h23] = 32’hffffffff; // (8c) data[3]
ram[6’h24] = 32’h0000000o; // (90) the sum stored by sw instruction
end
endmodule
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addi
{D0D000DD 100000004 100000008
ID0000000]000000bT 108002213 J00400233
(00000000 100000030 JD0000000
pTF HID BEXE 2WB 10 11 ] ] b TF 1 TD

& * register [00000000 00000000 DDOOOODD 00000000 00000000 00000000 00000000 HODDDDD. .. JP00D00OD 000000 ..
4

[D0000000 [00000000]

[00000000

[00000000

[D0000000 100000030

[D0000000

{D0000000
{D0000000
{D0000000
{00000000

(00) main:  lui

(04)
(08)

Y =

TEBUK AL aAv¥a—akE ek (8) 2024 £ 11 A 21 H (K)

ori x4, x1, 0x80 # x1 <- 0x80
addi x5, x0, 4 # x5 <-4

44/72



00000008 J0000000c 100000064 J00000068
00400293 J058000ef J00000333

[D0000004{00000080 00000000

EEXE BTWB 10 il 14 TF {TD BEXE BWB 10
00000000 000000. .. 00000000 00000000 000000, .. JO00000 10 00000000 00000000 00000080 0000000. ..
00000000 100000010

Q0000000

00000000

00000080

00000000 100000004

00000000

00000000

00000000

00000000

00000000

(0c) call: j # x1 <- 0x10, jump to sum
(64) sum: add x6, x0, x0@ # x6 <- 0
(68) loop: 1w x9, 0(x4) # x9 <- memory[x4+Q] = Oxf2
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00000068 J00D000&C 00000070
00022483 00420213 00930333
(00000080 J00000084 100000 10000000 10400000084
1 12 13 3 OWIF 1HID BEXE EWB 1 1
00000010 00000000 00000000 000000... J00000010 00000000 00000000 000000, .. J00000010 000000, ..
00000010

00000000

00000000

00000080 00000084
00000004

00000000

00000000

00000000

00000000 |oo0000f2

addi x4, x4, 4 # x4 <- x4 + 4 = 0x84
add x6, x6, x9 # x6 <- x6 + x9 = 0Oxf2
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0Q000a70

J00000074 J00000078 J00000068

00330333

Jfff28293 Jfe0298e3

[D0D000F2

00000 1240000006 {DO000003 00000004D0000003

i3 )]

IF 1ID BEXE BWB o 1 fa o TF

Q0000010 000000, ..

00000010 00000000 00000000 000000, .. 00000010 00000000 00000000 0000008, .

Q0000010

Q0000000

Q0000000

00000084

00000004

100000003

00000000

1000000f2 |

00000000

00000000

000000f2

00000000

addi x5,
(78) bne x5,
(68) loop: 1w  x9,

> TEBUK AL

L L L L

x5, -1 #x5<-x5-1=3

x0, loop # if x5 != 0, goto loop
o(x4) # x9 <- memory[x4+0] = Oxe
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00000063 10000006C 00000070

00022483 00420213 00930333
(00000084 J0000008E {P0000 108100000 10c {0000017a
AID 2EXE ZMEM BEWB [0 11 ] ] o IF {1 ID
00000010 00000000 00000000 000000... J00000010 00000000 00000000 000000, .. J00000010 000000, ..
00000010

00000000

00000000

00000084 00000088

K]

000000f2

00000000

00000000

00D000F2 10000000e]

00000000

oo e e o oo o T ey
170 ns

addi x4, x4, 4 # x4 <- x4 + 4 = 0x88
add x6, x6, x9 # x6 <- x6 + x9 = 0x100
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00000070 JD0000074 JD0000078 JD00000ES
00930333 Jf28293 fe0298e3

[D0000100 10000010 00000011 00000002 J00000003 00000002

EEXE BWB o 1 1B ] M TF {ID B#EXE 10
00000010 000000, .. 0000010 DO0DO00D 00000000 000000. .. JDO000010 00000000 00000000 OD0000E. .
00000010

00000000

00000000

00000088

K] 00000002

000000f2 J00000100]

00000000

00000000

0000000e

00000000

220 ns

addi x5, x5, -1 # x5 <-x5-1=
(78) bne x5, x0, loop # if x5 != 0, goto loop
(68) loop: 1w x9, 0(x4) # x9 <- memory[x4+0] = 0x200
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00000063 10000006C 00000070
00022483 00420213 00930333
(00000083 J000000EC JpO000110J000001141D000018c
1 12 13 3 OWIF 1HID BEXE EWB 1 1
00000010 00000000 00000000 000000... J00000010 00000000 00000000 000000, .. J00000010 000000, ..
00000010

00000000

00000000

00000083 l0000008C
00000002

00000100

00000000

00000000

0000000 |oooooz200]

250 ns

addi x4, x4, 4 # x4 <- x4 + 4 = 0x8c
add x6, x6, x9 # x6 <- x6 + x9 = 0x300
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00000070 JD0000074 JD0000078 JD00000ES
00930333 Jf28293 fe0298e3

[D0000300 {00000500]00000202 J00000001 00000002 00000001

] JC] IF {ID BEXE #WB W0 i1 T4 o TF
00000010 000000, .. 0000010 DO0DO00D 00000000 000000. .. JDO000010 00000000 00000000 OD0000E. .
00000010

00000000

00000000

D0D000BC

00000002 0000000 1]

00000100 00000300

00000000

00000000

00000200

00000000

addi x5, x5, -1 #x5<-x5-1=1
(78) bne x5, x0, loop # if x5 != 0, goto loop
(68) loop: 1w x9, 0(x4) # x9 <- memory[x4+0] = -1
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00000068 J00D000&C 00000070

00022483 00420213 00930333
[D00000&8C 00000030 Jp0000118}000001 ic DO000350
AID 2EXE ZMEM BEWB [0 11 ] ] o IF {1 ID
00000010 00000000 00000000 000000... J00000010 00000000 00000000 000000, .. J00000010 000000, ..
00000010

00000000

00000000

D0D000BC 00000030

00000001

00000300

00000000

00000000

00000200

00000000

addi x4, x4, 4 # x4 <- x4 + 4 = 0x90
add x6, x6, x9 # x6 <- x6 + x9 = Ox2ff
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11 _Taddil 1T L I 1 _[Ibhe [ 1_T 1 _ITrd
00000070 JD0000074 JD0000078 007c
00930333 Jf28293 fe0298e3

[D00002FF {000002fe J00000000 J00000000 J0000000 1100000000

EEXE BWB o 1 1B ] M TF {ID B#EXE 10
00000010 000000, .. 0000010 DO0DO00D 0000000 000000, .. JDO000010 000A0000 00000000 000000S. .
00000010

00000000

00000000

00000050

00000001 100000000

00000300 JD00002fF

00000000

00000000

FFFFFFT

00000000

addi x5, x5, -1 # x5 <-x5-1=
bne x5, x0, loop # if x5 != 0, goto loop
ret xl # return from sum
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0000007 1000000 10/ JD000DD 14

(00008067 00622023 00022483

(00000010 00000030 j00000030 JDO0003RT 00000090
1 T4 W IF 11D W EXE jSMEM [0 i1 2 13
Q0000010 00000000 00000000 00000050 00000000 QOOD02ff 0D000000 D000D000 FHFFFFFF 00000000 000, ..
00000010

Q0000000

00000000

00000030

00000000

000002FF

00000000

00000000

fiininnii

00000000

X6, 0(x4) # memory[x4+0] <- x6
X9, 0(x4) # x6 <- memory[x4+0]
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00000014]00000018 1000000 1c
00022483 40448433 J00300293
00000050 {O00002ZFF J0000026f 00000380 {00000050 JD0000003 00000000
3 DIF H[ID ®EXE BWB 1 1 1B JC] o TF
000000. .. j00000010 00000000 00000000 0000003, .. 000000 10 00000000 00000000 000000, .. JD00000. ..
00000010
00000000
00000000
00000030
00000000
000002fF
00000000
00000000 Jjooooo2sf |
AT JOO0D02FF |
(18] oooooooo

(18) sub x8, x9, X9 - x4 = Ox26f
(1c) addi x5, xo, 3
(20) loop2: addi x5, x5, x5-1=2
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00000020 00000024 00000028
[fff28293 [ff2e413 55544413

1ID BEXE BWB o o IF 1 ID ¥ EXE
00000010 00000000 200000, .. J000000 10 00000000 00000000 0000003, .. 00000010 00000000 000000. ..
00000010

00000000

00000000

00000030

00000003 100000002)

000002fF

00000000

0000025F |FRFFFFFE |

000002fF

L L L L L L
490 s 500 nis 510 s

ori x8, x5, -1 # x8 <= x5 | oxffffffff = oxffffffff
xori x8, x8, 0x555 # x8 <- x8 * 0x00000555 = Oxfffffaaa
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andi
0000002830000002¢ 100000030

55544413 JHf00433 Jfffafs13
(FFFAATT  [fffffaaa 00000000 AT 00000000 AT T e
BWB o i1 I8 ] D TE 11D BEXE PWB 1

000000...j00000010 00000000 00000000 0000003. . 00000010 00000000 00000000 000000, .. 000000, ..
Q0000010

00000000

00000000

00000050

00000002

000002

00000000

FFFFFFFE Jfffffaaa |

000002fF JEFere |

oo oo o oo o e e e e e e e
530 s 540 550 s

56

addi x9, x0, -1 # x9 <- OxFfffffff
andi x10,x9, -1 # x10<- x9 & OxFfffff = oxfrFfffff
or x4, x10, x9 # x4 <- x10 | x9 = Oxffffffff
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L L L I xpe [ LT LI L_T at

00000034 J00000038 10000003

(00956233 J00954433 J004573b3

FEFFAAT  JFEFrCCT (e 100000000 e T
1 1B fa o IF I ID BEXE BWB 10 i ]
00000010 00000000 00000, .. 00000010 00000000 00000000 FAFFFHT 0... 00000010 00000000 000000. .
00000010

Q0000000

00000000

00000030 I
Q0000002

000002fF

Q0000000

fffffaaa Joooooooo |

570 ns 580 ns 590 ns B0

x8, x10, x9 # x8 <- x10 * x9 = 0x00000000
x7, x10, x4 # x7 <- x10 & x4 = OxFfffffff
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L [beq LI L [ 7l addi

0000003c J00000040 100000044 00000020

00457303 J00028463 Jfddfroaf Jff28293

e 10000000 100000002 100000000 00000002 00000001
] ITF H{ID MWEXE 0 11 4 o TF 1A TD ¥ EXE
000000... /0000010 00000000 00000000 FFFFFF 00000002 000Q0ZFF FAFFFFFF 00000000 FRFFFHH FAFFAHT 00...
00000010

Q0000000

00000000

fiininuii

00000002

000002FF

00000000 JFFFFFFFF |

00000000

fiininnii

L L L L L
(40) beq x5, x0, shift # if x5 = @, goto shift
(44) jal x@, loop2 # jump to loop2
(20) loop2: addi x5, x5, -1 # x5 <- x5 - 1
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00000020300000024 100000028

fff28293 Jf2e413 55544413

GWB MITF {TD BEXE BTWB W0
000000. .. j00000010 00000000 00000000 FFFFHT 0... 000000 10 00000000 00000000 FFFFFFT C...J000000. .
00000010

00000000

00000000

[iniiiis

00000002J00000001

000002fF

AT

00000000 | il

AT

oo oo o Do o o e o e o b

x8, =1 # x8 <- x5 | Oxffffffff = oxffffffff
xori x8, 0x555 # x8 <- x8 * 0x00000555 = Oxfffffaaa
addi x9, -1 # x9 <- Oxffffffff
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vIal—yv3a 18

L L[l _Jandif 1L [ [ 1[4

0000002c J00000030 00000034

[fffD0493 Jfffafs13 00956233
I00000000 AT 100000000 A A RRRRRE PARRRRNE i PARRRRNE i
1 B fa o IF [ ID BEXE BWB 0 11 1B
00000010 00000000 00000000 FAFFFFF 00000001 D00QO2FF FHFFFFT fifffasa FAFFFFFF FRFFFAAF 0000000 0000.. .
00000010

00000000

00000000

AT

00000001

000002ff

AT

ffftfaaa

PP [FEFFFfff]

[FEFFFFFf]

oo oo oo b o e e o T
590 s 700 03 710 ns

andi x10,x9, -1 # x10<- x9 & OxXFffffff = oxffffffff
or x4, x10, x9 # x4 <- x10 | x9 = Oxffffffff
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0000003400000038 10000003

00956233 J00954433 J004573b3

{FHfie 00000000 e VAT Pt e

] DIF H[ID ®EXE BWB 1 1 1B JC] o TF

00000010 00000000 00000000 FFHHT 00000001 O... 00000010 00000000 00000000 FFFFHT 00000001 0...
Q0000010

Q0000000
Q0000000
[iiuang
00000001
000002fF
[iinany

fiffaaa 100000000]
PR [FFFFFFFf]

740 ns 750 nis 7

x10, x9 # x8 <- x10 * x9 = 0x00000000
x10, x4 # x7 <- x10 & x4 = Oxffffffff
x0, shift # if x5 = @, goto shift
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00000040 J00000044 100000020 00000024
[00028463 fddffosf 28293

{D0000000 00000001 100000000 100000001 {00000000 {D0000001 00000000
AID ®EXE 10 il 14 b TF {1 TD BEXE BWB 1o
00000010 00000000 00000000 FFFFFFF 0000000 1 000002 FAFFFFT 00000000 FRFFFFFF FRFFTHH 00... J000000. ..
00000010

Q0000000

00000000

fiininuii

00000001

000002FF

fiivinuii

00000000

L L L L L
(44) i # jump to loop2
(20) loop2: addi x5, #x5<-x5-1=
(24) ori x8, # x8 <= x5 | Oxffffffff = oxffffffff
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v3ial—yrva 2l

00000024 00000028

[fff2e413 55544413

o IF I ID BEXE BWB 10
00000010 00000000 DOO000. .. J0D0000 10 00000000 DOOJ00DD FAFTHT 0... 00000010 00000000 D0000D. .
00000010
00000000
00000000
fisiiiia
00000000
000002
FREFFTT
00000000 TR | [fffffaaa_]

xori x8, x8, 0x555 # x8 <- x8 * 0x00000555 = Oxfffffaaa
addi x9, x0, -1 # x9 <- oxffffffff
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0000002¢ J00000030
00493 Jffafs13 J00956233

[D0000000 JHCFFHE  JEFAAA A VFHFFATT ST

] IF H[ID BEXE BWB 10 il 1B ] o TF

00000010 00000000 00000000 FHFFFF 00000000 000002 AT fifffaaa FAFFAAT FAFFFAH 00000000 0000,
Q0000010

00000000

00000000

it

00000000

000002FF

i

fffffaaa

PR [ FFFFFFFF]

100000034

[FFrfrfer

L L L
350 ns

360 ns

andi x10,x9, -1 # x10<- x9 & OxXFffffff = oxffffffff
or x4, x10, x9 # x4 <- x10 | x9 = Oxffffffff
xor x8, x10, x9 # x8 <- x10 * x9 = 0x00000000
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00000038 0000003 00000040

(00954433 J004573b3 Joon28463

e J00000000 JFffe TEFFFFA_ [Fffe JEFFAAT JD0000000
1ID BEXE BWB o i ] fa o IF 1 ID M EXE
00000010 00000000 000000, .. 00000010 00000000 00000000 FAFFFHT 00000000 000002 FAFFFAT 00000. ..
00000010

Q0000000

00000000

fiininuii

00000000

000002FF

fiivinuii [FFFFEFFF]

fffffaaa 100000000

fiininnii

390 ns 900 ns 510 ris

and x7, x10, x4 # x7 <- x10 & x4 = Oxffffffff
beq x5, x0, shift # if x5 = @, goto shift
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00000048 100D0004c 00000050
00028463]fff00293 J00f29413 J01041413
00000000 YA 00000000 TEFFFFEF_ JFFFe000  JFAFAA JHTra000
] i ] fa MTF HID ®EXE BTWB 0 1
00000010 00000000 00000000 FFFFFF 0... [00000010 00000000 00000000 FRFFFF f... {DO000010 000000. ..
00000010

Q0000000

00000000

fiininuii

00000000 idianaii

D0D002FF

fiivinuii

00000000

L L L
(48) shift: addi x5, # x5 <- Oxffffffff
(4¢) slli x8, # x8 <- Oxffffffff << 15 = oxffff8000
(50) s11i x8, # x8 <- OxFfff8000 << 16 = 0x80000000
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00000050 J00000054 100000058
01041413 41045413 jDDf45413

IDIF 11D BEXE IQWB o
= register | 00000010 0000C0. . J00000010 D0000000 D000000D FIFTTHY f... J000000 10 00000000 00000000 T f...
[1] 00000010
2] 00000000
(5] 00000000
4] T

5] | AT

[6] " 000002FF

7 i

[8] | fffaooo 130000000] 8000 |
5] | PR

[0 PP

g

srai x8, x8, 16 # x8 <- 0x80000000 >>> 16 = Oxffff8000
srli x8, x8, 15 # x8 <- Oxffff8000 >> 15 = 0xQ0Q1ffff
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[ g S S e R IS E

{D0D000SC J00D000&D

00f45413 {0622 1h3 1D000006F

(D00 1FFFF [FPAFFFFF JDOOOO01{000002fe 1000002 00000000

pTF HID BEXE 2WB 10 11 4 o TF 1A TD WEXE

(00000010 00000000 00000000 FRFFFHT f... J00000010 00000000 0000000 1 FFFFFFF FAFHHT 000002FF FFFHT. .
Q0000010

00000000

00000000 |00000001
[iniiiis

[iniiiis

000002fF

AT

{000 1FFFF

AT

120 ns

slt x4, x6 # x3 <= OxfFffffff < 0x000002ff = 1
(60) finish: jal finish # dead loop
(60) finish: jal finish # dead loop

> TEBUK AL avEa—akEE 2024 £ 11 A 21 H (K) 69/72



‘timescale 1ns/1ns
module dff32 (d,clk,clrn, q);
input [31:0] d;
input clk, clrn;
output reg [31:0] q;
always @(negedge clrn or posedge clk)
if (!clrn) q <= 0;
else g <= d;
endmodule

dff32.v
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‘timescale 1ns/1ns
module dffe32 (d,clk,clrn,e,q);
input [31:0] d;
input clk, clrn, e;
output reg [31:0] q;
always @(negedge clrn or posedge clk)
if (!clrn) q <= 0;
else if (e) g <= d;
endmodule

dffe32.v
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FREE VIII (100 A% + 100 &)

Q - F N CPULTAFHA /N CPURRILAELT S, B L CPUDIEY Y
JAWREUE 200MHz TH D, YIVF P+ )V CPU DY T 7 AL 1GHz TH D, ¥ FH
1 27V CPU Tk, lNw] maiE5 270y 2741 27)b, Tbnel (&3¥A 27, HEDIX4H 12
b, 220 CPUMNRDTIOT T L%ETT DL EORTHM (ns) ZFHHE LRI,

.text
main:
lui x4, %hi(array)
addi x4, x4, %lo(array)
add x2, x0, x@
addi x5, x@, 5
loop:
1w x8, 0(x4)
add x2, x2, x8
addi x4, x4, 4

address of array[0]
address of array[0]
sum = @

counter = 5

H o H R

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

H O OHE ¥ W

addi x5, x5, -1 counter--
bne x5, x@, loop if counter != @, go to loop
sw x2, 0(x4)

.data

array: .word 6, 5, -3, 9, 7, @

.end

© # 7V a3y (41008 VAFHA NIV AR ERIHEY I ALY IV LET,

AV a—AEK L 2024 4£ 11 A 21 H (K) 72/72



	コンピュータ構成と設計（８）
	コンピュータとコンピュータシステム
	20 RISC-V 命令のまとめ
	RV32I Base Instruction Set Encoding
	マルチサイクル RISC-V CPU
	マルチサイクルの実装：状態遷移図
	各状態に各命令の操作
	RISC-V マルチサイクルコンピュータ
	CPU 制御ユニットの設計
	CPU 制御ユニット
	制御信号
	制御信号
	制御信号
	制御信号
	制御ユニット設計（順序回路）
	RISC-V マルチサイクルコンピュータ
	RISC-V add, ori: 1. IF 状態
	RISC-V add, ori: 2. ID 状態
	RISC-V add, ori: 3. EAL 状態
	RISC-V add, ori: 4. WAL 状態
	RISC-V beq, jalr, jal: 1. IF 状態
	RISC-V beq, jalr, jal: 2. ID 状態
	RISC-V beq, jalr, jal: 3. EBR 状態
	RISC-V lw: 1. IF 状態
	RISC-V lw: 2. ID 状態
	RISC-V lw: 3. ELS 状態
	RISC-V lw: 4. MLD 状態
	RISC-V lw: 5. WLD 状態
	RISC-V sw: 1. IF 状態
	RISC-V sw: 2. ID 状態
	RISC-V sw: 3. ELS 状態
	RISC-V sw: 4. MST 状態
	RISC-V マルチサイクルコンピュータ
	マルチサイクルの実装：状態遷移図
	各状態に各命令の操作
	制御ユニット設計
	制御ユニット設計
	制御ユニット設計
	制御ユニット設計
	RISC-V マルチサイクルコンピュータ
	RISC-V CPU とメモリの回路
	メモリ (テスト・プログラムとデータ)
	メモリ (テスト・プログラムとデータ)
	シミュレーション1
	シミュレーション2
	シミュレーション3
	シミュレーション4
	シミュレーション5
	シミュレーション6
	シミュレーション7
	シミュレーション8
	シミュレーション9
	シミュレーション10
	シミュレーション11
	シミュレーション12
	シミュレーション13
	シミュレーション14
	シミュレーション15
	シミュレーション16
	シミュレーション17
	シミュレーション18
	シミュレーション19
	シミュレーション20
	シミュレーション21
	シミュレーション22
	シミュレーション23
	シミュレーション24
	シミュレーション25
	シミュレーション26
	dff32.v
	dffe32.v
	課題 VIII (100 点 + 100 点)

