Department of Computer Science
Course number: CSC.T341

OvEa—2imIEERE
Computer Logic Design

12. NA(TS54o70twyH N —RLE (2)
Pipelining Processor and Hazards (2)

SR [FHRIFER
Kenji Kise, Department of Computer Science
kise _at_ c.titech.ac.jp www.arch.cs.titech.ac.jp/lecture/CLD/

i AMEH 10:45-12:25, KEEH 10:45-12:25

Ver. 2023-05-22a



m_procl4 SERD/INATSA R

« add, addi, sll, srl, lw, sw, beq, bnefi FIZHIGELI-FT Oy Y (T—2T7+T—T 12 L)

« IF,ID,EX, MEM, WB DENENERT—UETBEERDNA(TSA4T0wyY.
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m_procl4 SERD/INATSA R

« m_amemory ZFFALTLSH, TOHAIMNLDRE(ZEKEEINS dmem (FRIFAAEIELTEET S.
D=8, BRAMMWFIASNS.

Mewb /*********************** Me Stage *********************************/
ExMe MEM ] WB wire [4:0] Me_op5 = ExMe_ir[6:2];
wire Me_we = (Me_op5==5'b@110@ || Me_op5==5'bo0100 || Me_op5==5'bo0000) ;

wire [31:0] Me_ldd;
m_amemory m_dmem (w_clk, ExMe_rslt[13:2], (Me_op5==5'b01000), ExMe_rrs2, Me_ldd);
always @(posedge w_clk) #5 if(w_ce) begin
MelWb_pc <= ExMe_pc;
MeWb_ir <= ExMe_ir;
MeWb_rslt <= ExMe_rslt;
MeWb_1dd <= Me_ldd;
MeWb_rd <= ExMe_rd;
end

ﬁ /*********************** wb Stage *********************************/
o N wire Wb_LW = (MeWb_ir[6:2]==5"'b00000);
% 'EI wire [31:0] Wb_rslt2 = (Wb_LW) ? MeWb_ldd : MeWb_rslt;

I ExMe_rslt \I' = o always @(posedge w_clk) #5

g s if(w_ce & & IfId ir!=32'h000f0033) r pc <= (Ex_taken) ? IdEx tpc : r_pc+4;
k= 3
12) m_amemory  |=
m_dmem = I
I 2| (32bit x 4096)
I I MeWb_rd endmodule
ExMe_rd _I
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m_procl4 SERD/INATSA R

« add, addi, sll, srl, lw, sw, beq, bnefi FIZHIGLI-FT Oy Y (T—2T7+T—T 12 L)
« IF,ID,EX, MEM,WB OFNFNERT—IETEBED/NN(TS5A40T0wyH.

« m_amemory ZFFALTULSA, TDHAMLL DR AIZEHEINS dmem [ERIEAAE)ELTEIET S.
ZDT1=, BRAMMDBFIFHSNS.

# . Slice LUTs  Slice Registers  F7 Muxes  FB Muxes Slice LUT as Logic ~ LUT as Memory  Block RAM

Hame ' " (20800) (41600) (16300)  (8150)  (8150)  (20800) (9600) Tile (50)
v m_main 1042 1445 40 20 462 894 148 4
» clk_wo _Wiz_ 0 0 0 0 0 0 0 0
dbg_hub ) 448 741 0 0 228 424 24 0
v p (m_ 14 381 292 40 20 138 257 124 4
m_dmem (m_ame 33 0 0 0 14 33 0 4
m_imem (m_ame 100 0 40 20 29 20 20 o]
m_regs (m_regfile 44 0 0 0 11 0 44 0
» vio_00 2 205 408 0 0 108 205 0 Q
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m_procl4 SERD/INATSA R

IF

IfId

AT—UIF L ID ORIDINATZA LD RAIZIE IfId_ D oiaFESRRTEFRTS.
AT—Y ID TARMSNAEIRICIE Id_ MoirFSRAZFIRT 5.

32

XNA

32

E)

r_pc m_amemory
*’I m_imem

(32bit x 4096)

If ir

r_pc[13:2]

v
.

/*********************** IF S‘tage *********************************/
wire [31:0] If ir;
m_amemory m_imem (w_clk, r_pc[13:2], 1'de, 32'de, If ir);
always @(posedge w_clk) #5 if(w_ce) begin
IfId pc <= (Ex_taken) ? @ : r_pc;

IfId ir <= (Ex_taken) ? {25'de, 7'beeleell} : If ir;
end

ﬁy /home/tu_kise/cld/2023/codel85.v
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Hazards make pipelining hard

o MRTEYLEHAVILTEITTEEVEITRANFET H. han\Y—F

(hazard) &SN

« T—A/\HY—F(data hazard)
« T—ADZRITELOFIMICE>TELENY—F

\

cm_ram[@]={7'de, 5'de, 5'do, 3'beee,
cm_ram[l] {12'd3, 5'do, 3'booo,

cm_ram[2]={12"'d4, 5'de, 3'beeo,
cm_ram[3]={7'de, 5'd5, 5'd4, 3'beeo,

5'd
5'd
5'd
5'd30

Q,
4,
5,
30

7'b0110011};
7'b0010011};
7'b0010011};
,7'b0110011};

//
//
//
//

add x0, x0,
addi x4, x0,
addi x5, x0,
add x30,x4,

I

X5

// NOP
// x4 = 3
// X5 = 4

// led = x4 + x5
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JOtwyY NS E 0BT 5-00%

ARKEEB DDA TV 2\%
\

« IF (Instruction Fetch)
ARYDNLBRTZEITIIVFT B
« ID (Instruction Decode)
MRETIA—R (@) LEMNS, LORIT7AILDIEEZHGAHT
(Operand Fetch)
« EX (Execution)
M HIRIEDEITERIXTFLADERZTIT?.
* MEM (Memory Access)
NEBETHNIL, A (T—R2AE))DARZTURIZTIERT S.
« WB (Write Back)
HWEThHNIE, FEREFLVARITF7AILIZESZIAD.

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 7



(1) m_procld SEED/INATSAUR: T—2KF D E

o MROMIZSED NOP eimaEALI=-TRI S L

CcC7/

C
e
i
—

I r_pc

r_pc[13:2]

pr\ogr\am7.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12'd3, 5'de, 3'beed, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'bA00, 5'de, 7'bA110011}; // Oc: add x0, x0, x0 // NOP
cm_ram[4]={7'd@, 5'de, 5'de, 3'beed, 5'de, 7'be110011}; // 10: add xO, x0, x@ // NOP
cm_ram[5]={7'de, 5'de, 5'de, 3'beeo, 5'de, 7'be110011}; // 14: add x0, x0, x@ // NOP
cm_ram[6]={7'de, 5’de, 5°d5, 3'beee, 5'd30,7'belleeil}; // 18: add x30,x5, x0 // led = x5
cm_ram[7]={7'de, 5'de, 5'de, 3'beed, 5'de, 7'b0110011}; // 1c: add x0, x0, x0 // NOP
IF IfId - ID TdEx EX Extie MEM Mewb  |AB
3 Id_imm w
4 % > !
: e
S~
I > T
Id_rs1 §|
f. i Id_rrs1 I IdExX_rrsl 2 s =
m_amemor = £
S armemo y ) I‘ _ Id_rs2 m_regfile q E 3 ExMe_rslt IE") gl
(32Dit x 4096) . ;I X5 (32;)_itr§(g§2) ” I IdEx_imm g 12 3 g [
= - 5| m_amemory §| J_)
S Id_rrs2 IEx 1rs2 m_dmem I
4 @ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
L | I I ExMe_rd ~ I B
18: add Wb _rslt2
X30, x5, x0 14: NOP 10: NOP @c: NOP 08: addi
x5,x0,4

<
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(1) m_procl4 SEED/INATSA R : T—2KEFD

N3

4L
a1
11

41

L M
\

IDRT—U D% 18: add x30,x5,x0 [FIELWLW PO REDE4A4ZEFHEAHT ENTES.

pr\ogr\am7.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12'd3, 5'de, 3'beed, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'beeo, 5'de, 7'be110011}; // ©c: add x@, x0, x@ // NOP
cm_ram[4]={7'de, 5'de, 5'de, 3'be0O, 5'de, 7'be110011}; // 10: add x©, x0, x0@ // NOP
CC8 cm_ram[5]={7'd@, 5'de, 5'de, 3'bee@, 5'de, 7'be116011}; // 14: add x@, x8, x@ // NOP
cm_ram[6]={7'de, 5’de, 5°d5, 3'beee, 5'd30,7'belleeil}; // 18: add x30,x5, x0 // led = x5
cm_ram[7]={7'de, 5'de, 5'de, 3'bee0, 5'de, 7'be110011}; // 1c: add x@, x0, x@ // NOP
IF IfId - ID TdEx EX Extie MEM Mewb  |AB
3 Id_imm 5
3 S b
4 [} e S
g 4 N
I > T
1d_rs1 ﬁl
fl x5~ Id_rrs1 I IdEX_rrs1 2 S s
I r_pc mﬁaniqr(:]?r(r)lry = I‘ Id_rs2 m_regfile A = > 5 ExMe_rslt I < g
— 4 S C % ;
= - 32 = m_regs > @ = -
& | (32bitx4096) k= (32bit x 32) IdEX_imm = 12 B S
= = - /5| m_amemory 2 J_)
2 ld_rrs2 IdEX_rrs2 demem I
= @ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
|| || I I ExMe_rd 'I—I
Wb _rslt2
18: add
14: NOP 10: NOP @c: NOP
x30, x5, x0

<
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(2) m_procl4 BERD/INATSAUR: LU RAZ /(78R

« ETOMIC2ED NOP simZiEALI=TRT 3 4.
o IDRT—UDd#iH 14: add x30,x5 x0 [FIELLGENL O REIDE3ZEHAHLTLES.

pr\ogr\amg.txt cm_ram[@]={7'de, 5'de, 5
cm_ram[1]={12"'d3, 5
cm_ram[2]={12"d4, 5
cm_ram[3]={7'do, 5'de, 5'
5
5
5

do, 3'be00, 5'de, 7'be110011}; // ©0: add x0, x0, X0 // NOP
de, 3'beee, 5°d5, 7'bee1e01l}; // @4: addi x5, x0, 3 // X5

do, 3'beee, 5'd5, 7'bee1ee1l}; // ©8: addi x5, x8, 4 // X5

do, 3'bee0, 5'de, 7'be110011}; // Oc: add x0, x0, x0 // NOP
de
ds
de

cm_ram[4]={7"'de, 5'do,

CC7 cm_ram[5]={7"de, 5’de,

cm_ram[6]={7'de, 5'de,

, 3'bee@, 5'de, 7'be110011}; // 10: add x@, x0, x@ // NOP
, 3'boeo, 5'd30,7'be110011}; // 14: add x30,x5, x0 // led = x5
, 3'beee, 5'de, 7'be110011}; // 18: add x@, x@, x@ // NOP

IF IfId ID TdEx EX _ExMe MEM Mewb  |AB
g | Id_imm %
. 4
I >l
1d_rs1 ﬁl
fl x5~ Id_rrsl I IdEX_rrs1 El S >
m_amemor - ® =
I r_pc = imemy ) I‘ Id_rs2 m_regfile 3 > o ExMe_rslt I E") o
= | (32bitx4096) | 32| o x5 | mCregs 9' : %] < - 2=
o) = (32bit x 32) IdEX_imm S 12 o — < X
el — // > | |
8 Id_rrs2 IEx 1rs2 m_dmem s I
- 4 ¢ I (32bit x 4096)
Id_rd I IdEX_rd I I MeWhb_rd
[ | || ExMe_rd B

Wb _rslt2

14: add 10: NOP @c: NOP 08: addi
&’ x30, X5, X0 X5,X0,4 4
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m_procl4 SERD/INATSA R

AT—UIF L ID ORIDINATZA LD RAIZIE IfId_ D oiaFESRRTEFRTS.

AT—Y ID TARMSNAEIRICIE Id_ MoirFSRAZFIRT 5.

IfId

IdEx

ID
32
Ifld_pc + 1 tpe
g | Id_imm
’)
o
S
I Id_rs1
Id_rrs1
—s Id_r52> m_regfile
= m_regs >
f—f (32bit x 32)
Id_rrs2
—>
Id_rd

IdEX_tpc

IdEx_rrsl

IdEX_imm

IdEX_rrs2
IdEX_rd

/*********************** ID Stage *********************************/
wire [4:0] Id_op5 = IfId_ir[6:2];
wire [4:0] Id_rsl = IfId _ir[19:15];
wire [4:0] Id _rs2 = IfId_ir[24:20];
wire [4:0] Id_rd IfId ir[11:7];
wire Id we = (Id_op5==5'b01100 || Id_op5==5'be0100 || Id_op5==5'bo0000d);
wire [31:0] Id_imm, Id_rrsl, Id _rrs2;
m_immgen m_immgen® (IfId_ir, Id_imm);
m_regfile m_regs (w_clk, Id rsil, Id rs2, MeWb_rd, 1°bl, Wb_rslt2,
Id_rrsl, Id _rrs2);
always @(posedge w_clk) #5 if(w_ce) begin
IdEx_pc <= (Ex_taken) ? @ : IfId pc;
IdEx_ir <= (Ex_taken) ? {25'de, 7'beel1ee11} : IfId ir;
IdEx_tpc <= IfId_pc + Id_imm;
IdEx_imm <= Id_imm;
IdEx_rrsl <= Id_rrsil;
IdEx_rrs2 <= Id_rrs2;
IdEx rd <= (Id we==0 || Ex_taken) ? @ : Id _rd; // Note
end

/home/tu_kise/cld/2023/codel85.v
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(2) L RBIT7AILIZINA 1R AD R RE BN

¢+ ETRAALIVREIBELEHRAHLLORAIBEN—HITHLEIC, ESRALEZHENT S.
Thahb, ESRATEZNA/NRTDHEIITEBEL-ED a—I)L m_rf_bypass ZRAL5.

module m regfile (w_clk, w rrl, w rr2, w wr, w we, w wdata, w_rdatal, w_rdata2);
input wire w_clk;
input wire [4:0] w_rrl, w_rr2, w_wr;
input wire [31:0] w_wdata;
input wire w_we;
output wire [31:0] w_rdatal, w_rdata2;

reg [31:0] r[0:31];

assign #8 w_rdatal = (w_rrl==0) ? 0 : r[w_rrl];

assign #8 w_rdata2 = (w_rr2==0) ? @ : r[w_rr2];

always @(posedge w_clk) if(w_we) r[w_wr] <= w_wdata;
endmodule

module m_rf _byass (w_clk, w_rrl, w_rr2, w_wr, w_we, w_wdata, w_rdatal, w_rdata2);
input wire w_clk;
input wire [4:0] w_rrl, w_rr2, w_wr;
input wire [31:0] w_wdata;
input wire w_we;
output wire [31:0] w_rdatal, w_rdata2;

reg [31:0] r[0:31];
assign #8 w_rdatal = (w_rrl==0) ? @ : (wW_rrl==w wr & w_we) ? w_wdata : r[w_rrl];
assign #8 w_rdata2 = (w_rr2==0) ? 0 : (w_rr2==w_wr & w_we) ? w_wdata : r[w_rr2];
always @(posedge w_clk) if(w_we) r[w_wr] <= w_wdata;

endmodule

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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(2) m_procl4 BERD/INATSAUR: LU RAZ /(78R

- WMHEDEIZ2MED NOP siZEALIZTAY 5L, m_rf_bypass ZAW5.
« IDRT—LMan5 14:add x30x5x0 (FELWL SR A DELAEHZEALEES.

pr\ogr\amg.txt cm_ram[@]={7'de, 5'de, 5
cm_ram[1]={12"'d3, 5
cm_ram[2]={12"d4, 5
cm_ram[3]={7'do, 5'de, 5'
5
5
5

do, 3'be00, 5'de, 7'be110011}; // ©0: add x0, x0, X0 // NOP
de, 3'beee, 5°d5, 7'bee1e01l}; // @4: addi x5, x0, 3 // X5

do, 3'beee, 5'd5, 7'bee1ee1l}; // ©8: addi x5, x8, 4 // X5

do, 3'bee0, 5'de, 7'be110011}; // Oc: add x0, x0, x0 // NOP
de
ds
de

cm_ram[4]={7"'de, 5'do,

CC7 cm_ram[5]={7"de, 5’de,

cm_ram[6]={7'de, 5'de,

, 3'bee@, 5'de, 7'be110011}; // 10: add x@, x0, x@ // NOP
, 3'boeo, 5'd30,7'be110011}; // 14: add x30,x5, x0 // led = x5
, 3'beee, 5'de, 7'be110011}; // 18: add x@, x@, x@ // NOP

IF IfId ID TdEx EX _ExMe MEM Mewb  |AB
g | Id_imm %
. 4
I >l
1d_rs1 ﬁl
fl x5~ Id_rrsl I IdEX_rrs1 El S >
m_amemor - ® =
I r_pc = imemy ) I‘ Id_rs2 m_rf_bypass 4 > i ExMe_rslt I E") o
= | (32bitx4096) | 32| o x5 | mCregs 9' : %] < - 2=
o) = (32bit x 32) IdEx_imm = 12 o — < <
3| ld_rrs2 IdEX rrs2 m_dmem - I
- 4 . I (32bit x 4096)
Id_rd I IdEX_rd I I MeWhb_rd
[ | || ExMe_rd B

Wb _rslt2

14: add 10: NOP @c: NOP 08: addi
&’ x30, X5, X0 X5,X0,4 4
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 3



(3) m_procl4 BERD/INATSA U WBIA+T—T425

« @TOMICHED NOP i ALI=-TOT 34,
« IDRT—2Ma% 10: add x30 x5 x0 (FELKGWL PR FZDESZHRALELTLES.

\

pr\ogr\amg.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12'd3, 5'de, 3'be00, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'be@0, 5'de, 7'be110011}; // Oc: add x0, x0, x@ // NOP
cm_ram[4]={7'de, 5°de, 5°d5, 3'bee@, 5'd30,7'be110011}; // 10: add x30,x5, x0 // led =
CC6 cm_ram[5]={7°d@, 5°d0, 5°d@, 3’°boed, 5’°de, 7°b0110011}; // 14: add xO, x0, x@ // NOP
IF IfId ID TdEx EX _ExMe MEM Mewb  |AB
— ()
3 Id_imm w
4 % > |
& I M
> L
I > T
1d_rs1 ﬁl
fl x5~ Id_rrs1 I IdEX_rrs1 2 S s
I r_pc maan:ri?r(r)lry = I‘ Id_rs2 m_rf_bypass 3 = > 5 ExMe_rslt I < g
= 2 = q cC —> =
& [ @2itx4096) | %7 S| x5 ] et _>I IdEx_imm 3 3 .
= = AR - rb }/2> m_amemory §| J_)
2 Id_rrs2 IEx 1rs2 m_dmem I
3 @ (32bit x 4096)
Id_rd I IdEx_rd I MeWb _rd
[ | || ExMe_rd I_I

Wb _rslt2

10: add @c: NOP 08: addi 04: addi
@7 x30, x5 , X0 X5,X0,4 X5,X0,3 44
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



(3) m_procl4 BERD/INATSA U WBIA+T—T425

« WMEDEIZHED NOP s E#iEALI-TAY S A,
c WBRT—UMNLARSTURZALVIZ DA TD—T 4995, ELWMEAZFIFATES

\

program9.txt cm_ram[@]={7'de, 5'de, 5'de, 3'beed, 5'de, 7'belleell}; // add x@, x0, x0 // NOP
cm_ram[1]={12"'d3, 5'de, 3'beeo, 5’°d5, 7'beeleell}; // addi x5, x0, 3 // x5 =3
cm_ram[2]={12"d4, 5'de, 3'be00, 5'ds, 7'bee100l1l}; // addi x5, x0, 4 /] x5 = 4
cm_ram[3]={7'de, 5'de, 5'de, 3'bee0, 5'de, 7'be110011}; // add x0, x0, x0 // NOP
CC7 cm_ram[4]={7'de, 5°de, 5°d5, 3'bee0, 5'd30,7'be110011}; // add x30,x5, x@ // led = x5
cm_ram[5]={7’de, 5’°de, 5’°de, 3’°beee, 5’°de, 7°belleell}; // add x@, x0, x0 // NOP
— IF - ID IdEx EX i MEM Mewb B
g Id_imm ®
4 3 ~_
g I Y
-~ P
|
| — -
4 El
= Id_rrs1 I IdEX_rrsil :Z] 4 \§| = s
r pc m_amemory : m_rf_bypass ) > |5 ExMe_rslt S o
"~ m_imem 7 — - - \q = = AE
©y | (@2nitx4096) | %27 3;nb_'treg;2 _>I IdEX_imin e =) s 1
= = g (CHEILER - rb }/2 m_amemory 1;’, J_)
= ld_rrs2 | 1dEx rrsp m_dmem I
= i @ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
[ 'I! I ExMe_rd I_|
Whb rslt2
16: add oc: NOP 08: addi
@a x30, x5, x0 X5,X0,4
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 15



(4) m_procl4 BERD/INAT AU MEMZ4+T—T 427
\

o WHOMIZOED NOP szt ALI-TRI S 4.

— S AN S8
e ExAT—UDaH 0c:add x30 x5 x0 [FIEELLGWL IR ADEIZHE AHLTLED.
programle.txt cm_ram[@]={7'de, 5'de, 5'de, 3'bee0, 5'de, 7'be110011}; // ©00: add x0, x0, x@ // NOP
cm_ram[1]={12"d3, 5'de, 3'beee, 5°d5, 7'beeleell}; // 04: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beed, 5'd5, 7'be010011}; // ©8: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7"'de, 5°do, 5°d5, 3'beee, 5'd30,7'bel1eell}; // oc: add x30,x5, x0 // led =
CC6 cm_ram[4]={7'de, 5'de, 5'de, 3'bee@, 5'de, 7'be110011}; // 10: add x©, x8, x0 // NOP
B IF Ifld - ID TdEx EX Fxtte MEM MeWb B
g Id_imm ®
4 :B‘ ) S !
D) I fw
3 Lb
= £
Id_rs1 3 §|
= x5 Id_rrs1 I IdEx_rrsil :Z] 3 2 s s
r_pc mr_nanjemory - Id_rs2 m_rf_bypass CJ > % ExMe_rslt 2 o
_imem 7 - = ENAR
& | @abitx4008) | 327 i x5 | i "I S P = S
) = g (CHEILER - rb 12 | m_amemory 1;’, J_)
(&) 7
g Id_rrs2 —— m_dmem I
= 3 @ (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
[ [ 'I! I ExMe_rd I_|
Wb rslt2
@c: add 08: addi @4: addi
@ x30,x5,x0 x5,x0,4 x5,x0,3
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 16



(4) m_procl4 BERD/INAT AU MEMZ4+T—T 427

o WHOMIZOED NOP szt ALI-TRI S 4. \
¢« MEMAT—UDoARI U RZALUIZCOAT—T 42079 %. ELWMEAZFIATES.

. cm_ram[@]={7'de, 5'de, 5'de, 3'beed, 5'de, 7'be110011}; 90: add x0, x0, x0 NOP
programl@.txt [6]={7'de, 5'de, 5'de, 3'b ‘do, 7'b ¥ /1 dd //
cm_ram[1]={12"d3, 5'de, 3'beee, 5°d5, 7'beeleell}; // 04: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12"d4, 5'de, 3'beed, 5'ds, 7'be01e011}; // ©8: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7"'de, 5°do, 5°d5, 3'beee, 5'd30,7'bel1eell}; // oc: add x30,x5, x0 // led = x5
CC6 cm_ram[4]={7'de, 5'de, 5'de, 3'be00, 5'dd, 7'bA110011}; // 10: add x©, x0, x0 // NOP
B IF Ifld - ID TdEx EX Fxtte MEM MeWb B
g Id_imm ®
4 2 Il
g Ui
= =
Id_rs1 3 §|
= x5~ Id_rrs1 I IdEX_rrsil —>;§] 4 2, = s
m_amemor = > . £
Ir_pC = imemy ) I‘ _ Id_rs2 m_rf_bypass 4J > ,_,’jl ExMe_rslt I é) o
& (32bitx 4096) | 32| I X5 3;)—.{‘*9;2 ‘>I E— >@ i - =
=, = >| (32bitx 32) - rb m_amemory 1;’, J_)
(&)
g 1d_rrs2 W ey rreb m_dmem I
N 3 > . (32bit x 4096)
Id_rd IdEx_rd MeWb _rd
[ [ 'I! I ExMe_rd I_|
Whb rslt2
@c: add 08: addi P4: addi

@, x30,x5,x0 x5,%0,4 X5,x%0, 3
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH 17



m_procl4 SERD/INATSA R

rrsl ERFRIZ rrs2 DI=OIZET—3%F 74T —T427 9 5.
pr\ogr\amle.txt cm_ram[©]={7'de, 5'de, 5'de, 3'beee, 5'de, 7'belleeil}; // ©o: add x@, x0, x0 // NOP
cm_ram[1]={12'd3, 5'de, 3'beed, 5°d5, 7'be010011}; // ©4: addi x5, x0, 3 // x5 = 3
cm_ram[2]={12'd4, 5'de, 3'beeo, 5'd5, 7'boeleoll}; // 08: addi x5, x0, 4 // x5 = 4
cm_ram[3]={7'de, 5°d5, 5°d5, 3'be@0, 5'd3@,7'b0110011}; // Oc: add x30,x5, X5 // led = x5 + x5
CC6 cm_ram[4]={7'de, 5'de, 5'de, 3'beeG, 5'de, 7'bA110011}; // 10: add xO, x0, X0 // NOP
IF Ifld - ID TdEx EX Fxtte MEM MeWb B
g Id_imm o
4 e S
g Ui
= > :
Id_rs1 M) =
= X5 Id_rrsl I IdEX_rrsl —>§ 4 \%I '§ g
= NE - 2
r_pc m_amemory ) 1412 | 1 rf bypass ) > | % ExMe_rslt S o
m_imem 7 - - = IdEx_imm c —=| =
I~ - R2(" = m_regs > = > 4 = .
& | (32bitx 4096) 5 X5 | (a0t 20 PN Sles o g
= = g (CHEILER z| a PO 4 m_amemory |= 3
g ld_rrs2 | Wdex rrs2 | $2]% m_dmem = I
- 3 > > (32bit x 4096)
Id_rd IdEx_rd MeWb_rd
| | 'I! I ExMe_rd I_|
Whb rslt2
@c: add 08: addi 04: addi
X360, x5, x5 x5,%0,4 X5,x%0, 3
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F—R N =KL T4 Fv—+

\ m

—— \\

« WRARNERLE X2 ZERBEOGEETHAMAITHEEIC, T—E2DXTELOFHFANAELS.

Time {in clock cycles)

value of CC1 ccz CC3 CC4
register x2 10 10 10 10
Program
execution

arder
{in instructions)

A addi x2, x0, -20 Ih_l:I:’ DM
B add x12, x2, x5 IIII—I—EFB;

C add x13, x6, x2

D add x14, x2, x2

E add x16, x5, x2

T

CC5 CCa
10/=20 =20

Req,

-y

=

@ﬁdapmd from Computer Organization and Design, Patterson & Hennessy, © 2005

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

CC7T Cca CCa
=20 =20 =20




Data Hazard and Stall

S e T ——

Time {in clock cycles) -
value of CC1 ccz cCC3 CC4 CCs cCe CC7 cca cCa
register x2 10Q 10 10 10 10/-20 —20 —2a —2a —20

Program
execution

arder
(in instructions)

A addi x2, x0, -20

B add x12, x2, x5

C add x13, x6, x2

D add x14, x2, x2

E add x16, x5, x2

T

@adapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH




4D =T 42712k BT—F/\F—F D [E]#

e

T T

Time {in clock cycles)
CCH cca cca CC4 CCs CCe

value of register x2 10 10 10 10 10/-20 -0
Value of EX/MEM: X X X —20 X X
Value of MEMANE: X X X X =20 X
Program
execution
arder
(in instructions)
- il
A addi x2, X0, -20 EI—I—“;“]:I:’ DM Reg
— 1
B add x12, x2, x5 e T_DM I
3 DM

@ﬁdapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH

C add x13, x6, x2 e
D add x14, x2, x2 =

L
E add x16, x5, x2 _ug

CC7 cCa cCca

—20 —20 —20
X X X
X X X

1
|
1

_———

O




—® -~ N —\ > NS N $
AV —T 42D 2KST—F/\F—k~ D a4
Time {in clock cycles) -
cCH cc2 cca CC4 CCs cCCa cC7 cCa cca
value of register x2 10 10 10 10 10/-20 -0 —20 20 —20
Value of EX/MMEM: X X X —20 X X X X X
“alve aof MEMAWE: X X X X —20 X X X X
Program
execution
arder
(in instructions) Me
A addi x2, x0, -20 ExMe \PM—
Ex
IdE
B add x12, x2, X5 dEx -
Id
C add x13, x6, x2 TFId W e
L —
If

D add x14, x2, x2 II,I_

E add x16, x5, x2

@@;dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



(=
et

DA D —TAVTIZEBT =3\ —FD[E

Time {in clock cycles) -
CCH cca cca CC4 CCs CCe ccTy cca cCa

value of register x2 10 10 10 10 10/-=20 -0 —20 -20 -20
Value of EX/MEM: X X X —20 X X X X X
Value of MEMAWE: X X X X —20 X X X X
Program
execution
arder
(in instructions) Wb
~1
A addi x2, x0, -20 Mewb ff —Fed!
Me
B add x12, x2, x5 ExMe

C add x13, x6, x2 IdEx

D add x14, x2, x2 rf1d e

E add x16, x5, x2
, [l

@@;dapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



4D =T 42712k BT—F/\F—F D [E]#

e _— .y, g,

Time {in clock cycles) -
CCAH CcC2 CCa3 CC4 CCs CCea [ CCa CCa
value of register x2 10 10 10 10 10/-=20 -0 —20 -20 -20
Value of EX/MEM: X X X —20 X X X X X
Value of MEMAWE: X X X X —20 X X X X
Program
execution
arder

(in instructions)

B add x12, x2, x5

C add x13, x6, x2

_———

D add x14, x2, x2

———

E add x16, x5, x2

@ﬁdapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



T+ T —T 42T TRRRTERNT—ENT—F

o O—F&HSEMNO—KRLE=T 232 ROGENESIEEICIX, TAT—T429 TET—3FWIETEAL.

o ZOIOILEHRIMNERINGENEDIZ, VIO T7@QUINAT, TEUITI)NI KT S, F=1X, 2D
FOHMEHMNETINEEIZ, N—FH9TT7EX—ILESHS.

o SEOAVTAICHE, WS TA—FLEEZROGTNEICEFENDT, CORAM—ILERET
DWEILTRLN.

Time (in clock cycles) =
CCH cc2 Ccca CC4 CCE CCa CC7 cca cCa

Program
executian
arder
(in imstructions) M M ]
- ~
A, 1660 @—Hﬂi e
— —_ =| —
= =
B add x12, x2, X5 L5 Eaan M

C add x13, X6, x2 = _E)- v g

D add x14, 2, x2 [ _D_

rE add x16, x5, x4 IE_ _d:ﬁél:

ﬁAdap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005
CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH
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RISC-V Program for the contest

/**************************
* ok
/:* progr‘am .For‘ CLD deSign Co:z:*z*;****************************/
;*:*gg B oty this code st 2023 (Version 2023-05-14a) **/
3k >k 5k >k 3k 5k 3k 5k %k %k >k k %k k %k %k k k k -
1n1tlal begin ***************************************;
cm_ram[ @] = 32'h0000003
3; // add x@
) R . cm_ram[ 1] = 32'heeees33; / Yo, o, o
QSUIT . OX017deO cm_ram[ 2] = 32'h0oooe0al3; /; add' X0, x0. 0
cm_ram[ 3] = 32'h00300a93T // add% o1 o, 3
cm_ram[ 4] = 32'h00000633{ // 2331 Xi;J o
‘ cm_ram[ 5] = 32'h©000059 5 R
. ; | .
#include <stdio.h> cm_ram[ 6] = 32'h40000413; ff R
cm_ram[ 7] = 32'h40040413; // agj% & & 100
. cm_ram[ 8] = 32'heeeE4 5 i e e o
maln() cm_ram[ 9] = 32'h0000052§{ x add% o, o, o
: cm_ram[10] = 32'heobS2023; // La1-add1 S e
. cm_ram[11] = 32'h00148493; // .S:d' S
. mem[2648]; cm_ram[12] = 32'h@e458593; // 2dd% Xi;l au s
int i= s cm_ram[13] = 327h60959cb3; st x
9, J=0, sum = 0; cm_ram[14] = 32'heeocdd3s; ff 1 o
cm_ram[15] = 32'heees8593; // Zsi' ar ot o
for(i=0: - R cm_ram[16] = 32'h9945@513f i X0, x10, 4
(J , .J<3, J++){ cm_ram[17] = 32'h00940463{ Z I:a>ddl o o L
for(i=0; i<2048; i++) { gt o i 32'nfeostoes; //  bue xe, xo, Lot
. . m_ram[19] = 32'h40000413{ B, Yo, 102
mem[l] - 1*4; cm_ram[20] = 32'h40040413{ ;; L04'ajd].' & x5, 1000
} cm_ram[21] = 32'heoeeo4ss; // :dj% Xg’ o o
o cm_ram[22] = 32'h00000 ; ot o, o
for(i=0; i<2048; i++) { e = 32'ho0052583, x L2t B0y
105 mem[i] ; cm_ram[24] = 32'h00148493{ // o o, o
} ’ cm_ram[25] = 32'hee450513; // 2L a0, a6, 8
} cm_ram[26] = 32'h00b60633; // ajgl o, X2 x
cm_ram[27] = 32'h00160613; // :dd' o a1
| - - : 3 i x12, x12, 1
e o " cm_ram[28] 32'hfff60613; i .
} p ("%d %x¥n", sum, sum); cn_ran[29] = 32'h00160613; Y e a1
cm_ram[30] = 32'h00160613f // agd]'- X2, X2 1
cm_ram[31] = 32'hfff60613; // adg]'- X2, s -
cm_ram[32] = 32'h00160613; // add]'- 2 12 1
cm_ram[33] = 32'hffe60613; // add]'- X2, s -
cm_ram[34] = 32'hfc94lae3; // g C e e e
cm_ram[35] = 32'h@15d5d33; // ni 25, o6, xoa
cm_ram[36] = 32'he01a0al3; // S; i X0, oo 1
cm_ram[37] = 32'h01140413; // adg]'- o o
/h cm_ram[38] = 32'h01240413; // de; X:J e ol
. cm_ram[39] = ! ; 5 e

ome/tu_kise/cld/2023/baseli Sen ] SR ) s o
ine/program.txt CaranfaL] = s3ineraateny /) Bne o wsih o3

cm_ram[42] = 32'h00000033; // 23 rsidiveg

cm_ram[43] = 32'h0e060f33; // add o, a3, xo

cm_ram[44] = 32'hoeefee33; // ad o e

cm_ram[45] = 32'h0000ee33; // adj o 0. X0

cm_r‘am%46] = 32'ho00o0033; // de ng o, o

cm_ram[47] = 32'h0000003 : o 0. o

3; /

CSC.T341 Computer Logic Desi cm_ram[48] = 32'he0000033; / o
gic Design, Department of Computer Sci cm_ram[49] = 32'he@000e33; i 2aa v, %, 0

p cience, TOKYO TECH = o
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I+ T—T4V T DI-ODNEER

v

\

wire [31:0] Ex_ainl = (Ex_rsl1==0) ? @ : (Ex_rsl==Me_rd & Me_we) ? ExMe_rslt : (Ex_rsl==Wb_rd & Wb_we) ? Wb_rslt2 : IdEx_rrsi;

wire [31:0] Ex_ain2 = (Ex_rs2==0) ? @ : (Ex_rs2==Me_rd & Me_we) ? ExMe_rslt : (Ex_rs2==Wb_rd & Wb_we) ? Wb_rslt2 : IdEx_rrs2;

IdEx EX ExMe MEM MeWb  |WB
ke é ~ -
Jic
N~ !
1w
L
=0
|~ =
M) &
- [
I 1dEx_rrst | >|=| Ex_ainl ~ EI '§ e
>|> . 2
. \ > | ExMe_rslt 2 o
IIdEx_lmm >@ . c > § =
a S~ 3 =
z m_amemaory ;,
IdEx_rrs2 ‘\§ Ex ain? mfdmem I
>) Bxan (32bit x 4096)
1dEX_rd MeWb _rd
I! ! ExMe_rd I_
Wh_rslt2
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m_proc20 BEEMD/\A T 54 R

add, addi, sll, srl, lw, sw, beq, bnefiFIZHIGLI=T Oy Y (T—27+T—T12 T FHY) x
IF,ID, EX, MEM, WB DZNETNERT—U LT BE5EBD /(1TS54 TatwvH

ATF—U IF & ID DD NNATSA LU ARIZIE IfId_ A oiREALHIZF AT 5.

AT—Y ID TAMSNAEEZIZIE Id_ MDIRFEDRRIZEFRAT .

IF IfId ID TdEx EX ExMe MEM Mewb B
,+\|
g Ifld_pc ) Id_tpc I IdEx_tpc
_ S
- Id_imm &
4 o !
B 5
N
Id_rs1 ~ ﬁl
= > 1d rrsl I IdEX_rrsl —>§ ﬁl '§ s
= = < . e
r_pc m_amemory - 1drs2 | 1\ rf pypass _ O > |3 ExMe._rslt S o
m_limem 7 = - - IdEx_imm q c '_>§ =
& | (32bitx 4096) | 32 ! m_regs "I = - S
] 2 (32bit x 32) ) ->L>j m_amemory |2 =
—_ — > . |
g 1d_rrs2 IdEx_rrs2| 91 jJ m_dmem s I
- > I (32bit x 4096)
Id_rd IdEx_rd MeWb_rd
I I ExMe_rd I_I

ﬁ, codel90.v (codel85.v #SZICHH TERETS)
c
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[PAPER Special Section on Parallel, Distributed, and Reconfigurable Computing, and Networking

RVCoreP: An Optimized RISC-V Soft Processor of Five-Stage

Pipelining

Hiromu MIYAZAKI'®, Student Member, Takuto KANAMORI™, Md Ashraful ISLAM', Nonmembers,

SUMMARY  RISC-V is a RISC based open and loyalty free instruction
set architecture which has been developed since 2010, and can be used for
cost-effective soft processors on FPGAs. The basic 32-bit integer instruc-
tion set in RISC-V is defined as RV32l, which is sufficient to support the
operating system environment and suits for embedded systems. In this pa-
per, we propose an optimized RV32I soft processor named RVCoreP adopt-
ing five-stage pipelining. Three effective methods are applied to the pro-
cessor to improve the operating frequency. These methods are instruction
fetch unit optimization, ALU optimization, and data memory optimization.
We implement RVCoreP in Verilog HDL and verify the behavior using
Verilog simulation and an actual Xilinx Atrix-7 FPGA board. We evaluate
IPC (instructions per cycle), operating frequency, hardware resource uti-
lization, and processor performance. From the evaluation results, we show
that RVCoreP achieves 30.0% performance improvement compared with
VexRiscv, which is a high-performance and open source RV32I processor
selected from some related works.

key words: soft processor, FPGA, RISC-V, RV32l, Verilog HDL, five-stage
pipelining

1. Introduction

and Kenji KISE'?, Member

version of a general-purpose instruction set.

Among these instruction sets, we focus on RV32I in
this paper because it is sufficient to support the operating
system environment and suits for embedded systems. RV32I
can emulate other extensions of M, F, and D, and can be
configured with fewer hardware resources than processors
supporting RV32G. Although several soft processors that
support RV32I have been released [5], they are not highly
optimized for FPGAs.

In this paper, we propose an optimized RV32I soft pro-
cessor named RVCoreP of five-stage pipelining which is
highly optimized for FPGAs. The main contributions of this
paper are as follows.

e We propose an optimized RV32I soft processor of
five-stage pipelining highly optimized for FPGAs. To
improve the operating frequency, three optimization
methods are applied to the processor. They are instruc-

CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH




RV-PC: RISC-V/N\—YF)LarE1—4% $500

« Stand-alone RISC-V computer
 Digilent Nexys A7 FPGA Board
« Pmod ps2 keyboard / PS2 keyboard
« USB wireless mouse
* Mobile battery
« VGA display
« Some cables (microUSB, VGA)

« Two acrylic plates, spacers
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« Option, ethernet connection

https://youtu.be/Kt_iXVAjXcQ
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FEETIZ. [RERRER| OBFETERLLAEEA-AL. LDEANRT s IHLERICDOVWTER. Fo. BELRI 2 —9%=HEL LT
B2 —Y0EFREELCOBERSOREEFTET 3.

BETE. FATHESTERESIEFEREZ Verilog HOLEM/ \— RO PRIMESET
N\ POz PR FECEEUTERREES I D.

U N Il—3 3 LD EEOEEISE. FPGATEE =N

=101}
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i

HiEBRE
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AL TOTy OREBRET LB T 2505
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EENEED dA=Za=o—>3xh 85MA SAaH R IE 1 EEHEE(EERD
- - v - v
BEER0#EDT

EHI & LT, 903 =207 0OES0E. 909 x1IYOFPGATR— FERAVWEEEE®SIRVET.,

K CSC.T341 Computer Logic Design, Department of Computer Science, TOKYO TECH



Syllabus (2/3)

BEE - RE
BERtE E|
ESE 31— A7 ADEFIEL A1 -9 AFLOEFERICONTEET 3,
g2 REBHRIHFEE(L) BEBHREES(1)
g3 N—FozPRHEE: HatmEs HATERORTFIERTE.
24 N—FOTFERES : IEFERE IEFEEREOELn®EET Z,
25/ BEDHEE(2) BEDETEE(2)
e N—FOzPRHREE: K<EONEERE F<EDNBEROTRZEET 3.

. . Uz e STV AF A= I
=7 UL T4 E P STILDZTA ;g/v«r#vjjﬁbxzrbﬁpc;\# FloowTER
£am RIEBHRIHERE(3) RIBEENEE(3)
$om @Sty hP—EFOF v FSERETELREERR SACBTET SRRy FLARERROW AT
F10E @Rty FF-FF0Fv  ERREREGT [SAICS T 2 EMEEREEMTIC OV TERT 3.

B11E | BEBINESB(4) RERENES(4)

. : = — ks T Fara : }
B1E Bty FF—FFSF 0 O-ER M TRSESERS SACBIERTIATTRSCARRECoL TR
#1136 | Oy UOEFRENER  EfmEEEI -y b BMREEEI v MCDWTIEET 3.
Z14ap | BEDESE(S) BIEBREIEE(S)
£15E | JOTyUOERERES: LIRYT7TILEAEY LSRG D7 AL EAEBYICDNTERT 3.

] - S wHOF— z i
=160 S AL O T Oy B DS — 8 T2 gzOJLU'(OJLD‘DtJb‘CDT LGINAICDNTIEET
Z17E | RIEBINES(s) REHRINES(6)

#8186 | TIAUILUALILTOTE Y HOFIE AN DI T Oy BOEEIC DV TERT 2,

Z19E TS mE A TSA D AMEIC DN TIEAET 3.

E20E BEDHEE(Y) BEDETEE((T)

T T TV P S S SATSANF— R EF—F T T—F 4 2FICD0T
BET3.

2Z|o2E | BIEBEINEL(S) RERINES(8)
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Syllabus (3/3)

RE

TAEYF A JE -V T3 L AR — (F). REEE (BR) D2 B3-S0 £3Et F5MR £/ T1 BiEBPiL

2E2E, AREAE

=L

a

s MOEERTTE

EETROIL L —SREMETCETZER. /\— RO PRASEEAVEILEI—SIAFAREAOGENEEET 2. BB (30%) CHME
EE 30%, F/ETa TR 20%, #iXKEAER 50%

EiEd 588

CSC.T252 : BEOEER
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