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Hazards make pipelining hard X
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Inside module m_proclO (pipelined processor)
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Inside module m_proclO (pipelined about 150MHz)

codel30.v

module m_procl® (w_clk, w_rst, r_rout, r_halt);
input wire w_clk, w_rst;
output reg [31:0] r_rout;

output reg r_halt;

reg [31:0] IdEx_rrs=0, IdEx_rrt=0, IdEx_rrt2=0; // pipe regs
reg [31:0] ExMe_rslt=0, ExMe_rrt=0; //

reg [31:0] MeWb_rslt=0; //

reg [5:0] IdEx_op=0, ExMe_op=0, MeWb_op=0; //

reg [31:0] IfId _pc=0, IdEx _pc=0, ExMe_pc=0, MeWb pc=0; //
reg [4:0] IfId_rd2=0, IdEx_rd2=0, ExMe_rd2=0, MeWb_rd2=0;//

reg IfId_w=0, IdEx_w=0, ExMe_w=0, MeWb_w=0; //
reg IfId_we=0, IdEx we=0, ExMe_we=0; //
wire [31:0] IfId_ir, MeWb_ldd; // note

/**************************** IF Stage *****************************/
reg [31:0] r_pc = 0;
wire [31:0] w_npc = r_pc + 4;
always @(posedge w_clk) begin
r_pc <= #3 (w_rst | r_halt) ? @ : w_npc;
end
m_memory m_imem (w_clk, r_pc[13:2], @, @, IfId_ir);
always @(posedge w_clk) begin
IfId_pc <= #3 r_pc;
end
/**************************** ID Stage ******************************/
IfId_ir[31:26];
IfId_ir[25:21];
IfId_ir[20:16];
IfId_ir[15:11];

wire [5:0] w_op
wire [4:0] w_rs
wire [4:0] w_rt
wire [4:0] w_rd
wire [4:0] w_rd2 = (w_op!=0) ? w_rt : w_rd;
wire [15:0] w_imm = IfId_ir[15:0];

wire [31:0] w_rrs, w_rrt, w_rslt2;

m_regfile m_regs (w_clk, w_rs, w_rt, MeWb_rd2, MeWb w, w_rslt2, w_rrs,
w_rrt);

wire [31:0] w_imm32

wire [31:0] w_rrt2

{{16{w_imm[15]}}, w_imm};
(w_op>6'h5) ? w_imm32 : w_rrt;

always @(posedge w_clk) begin
IdEx_pc <= #3 IfId _pc;
IdEx_op <= #3 w_op;
IdEx_rd2 <= #3 w_rd2;
IdEx_w <= #3 (w_op==0 || (w_op>6'h5 &% w_op<6'h28));
IdEx_we <= #3 (w_op>6'h27);
IdEx_rrs <= #3 w_rrs;
IdEx_rrt <= #3 w_rrt;
IdEx_rrt2 <= #3 w_rrt2;
end
/**************************** EX Stage ******************************/
wire [31:0] #10 w_rslt = IdEx_rrs + IdEx_rrt2; // ALU
always @(posedge w_clk) begin
ExMe_pc <= #3 IdEx_pc;
ExMe_op <= #3 IdEx_op;
ExMe_rd2 <= #3 IdEx_rd2;
ExMe_w <= #3 IdEx_w;
ExMe_we <= #3 IdEx_we;
ExMe_rslt <= #3 w_rslt;
ExMe_rrt <= #3 IdEx_rrt;
end
/**************************** MEM Stage *****************************/
m_memory m_dmem (w_clk, ExMe_rslt[13:2], ExMe_we, ExMe_rrt, MeWb_ldd);
always @(posedge w_clk) begin
MeWb_pc <= #3 ExMe_pc;
MeWb_rslt <= #3 ExMe_rslt;
MeWb_op <= #3 ExMe_op;
MeWb_rd2 <= #3 ExMe_rd2;
MeWb_w <= #3 ExMe_w;
end
/**************************** WB Stage ******************************/

assign w_rslt2 = (MeWb_op>6'h19 && MeWb_op<6'h28) ? MeWb_ldd : MeWb_rslt;

/******************************************************************/
initial r_halt = 0;
always @(posedge w_clk) if (MeWb_op=="HALT) r_halt <= 1;
initial r_rout = ©;
reg [31:0] r_tmp=0;
always @(posedge w_clk) r_tmp <= (w_rst) ? @ : (w_rs==30) ? w_rrs : r_tmp;
always @(posedge w_clk) r_rout <= r_tmp;
endmodule
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Inside module m_proclO (pipelined about 150MHz

codel30.v
module m_top (); module m_memory (w_clk, w_addr, w_we, w_din, r_dout);
reg r_clk=0; initial forever #50 r_clk = ~r_clk; input wire w_clk, w_we;
reg r_rst=0; input wire [11:0] w_addr;
input wire [31:0] w_din;
wire w_halt; output reg [31:0] r_dout;
wire [31:0] w_rout; reg [31:0] cm_ram [0:4095]; // 4K word (4096 x 32bit) memory
m_procle p (r_clk, r_rst, w_rout, w_halt); always @(posedge w_clk) begin
always@(posedge r_clk) if (w_halt) $finish; r_dout <= cm_ram[w_addr];
if (w_we) cm_ram[w_addr] <= w_din;
reg [31:0] r_cnt = 0; end
always@(posedge r_clk) r_cnt <= r_cnt + 1; initial r_dout = 0;
always@(posedge r_clk) begin #90
$write("%8d : %x %x[%x] %x %x %x | %d %x ¥n", initial begin
r_cnt, p.r_pc, p.IfId pc, p.w_op, p.IdEx pc, p.ExMe_pc, p.MeWb_pc, cm_ram[@] ={ NOP}; // nop
p.MeWb_rd2, p.w_rslt2); cm_ram[1] ={ ADDI, 5'de, 5'dl, 16'h20}; // addi $1, $o0, ox20
end cm_ram[2] ={ ADDI, 5'de, 5'd10,16'd1l}; // addi $1e, $o, 1
endmodule cm_ram[3] ={"ADDI, 5'de, 5'd11,16'd2}; // addi $11, $e, 2
cm_ram[4] ={ ADDI, 5' d0 5'd12,16'd3}; // addi $12, $0, 3
cm_ram[5] ={ ADDI, 5'de, 5'd13,16'd4}; // addi $13, %o, 4
1 : 00000004 000EAEPE[00] 0EOOEERO OEPEREO 0PAPEEE0 | © BPEEEEOO Eﬁ‘iiﬂ{?% =§‘ﬁggij E jii E.jifjig.ﬂigig ;; ngi 212: ﬁifjgﬁig
2 : 0000PLOS 0VVOVDA[08] DOPORORO POPOPERO PEEEERS | © PP cm_ram[8] ={ ADDI, 5'd12,5'd12,16'h10}; /) addi $12, $12,0x10
3 : 0000PEOC 0PPEPERS[08] VPOOOVD4 PPPOPLRO 0PEERERS | © PP cm_ram[9] ={ ADDI, 5'd13,5'd13,16'h10}; /) addi $13, $13,0x10
4 : 00000010 PPPPEROC[P8] PPEPLEOS DOPLPVR4 DOPOPERR | © BPEEEEEV cm_ram[10]={°ADD, 5'd10,5'd1, 5'd1@,11'h20}; // add $10,$10,$1
5 : 00000014 0POPPV10[08] ©POPELOC ©POPLRAS OVREER4 | 1 ©OEE20 cm_ram[11]={°ADD, 5'd11,5'd1, 5'd11,11'h20}; // add  $11,$11,$1
6 : 00000018 P0PVVV14[08] 0VOPOO10 POPRVROC 0PRSS | 10 0RERO1 cm_r‘am[12]={‘ADD, 5'd12,5'd1, 5'd12,11'h20}; // add $12,$12,%$1
7 : 0000001c 00P0PV18[08] P0PLEV14 0OPOROLE ©0PEREOC | 11 ©PEEER2 cm_ram[13]={'ADD, 5'd13,5'd1, 5'd13,11'h20}; // add  $13,$13,$1
8 : 0000020 0VPEPO1c[08] ©VPOPO18 0OOPO14 0POEEE1O | 12 ©OEEEEO3 cm_ram[14]={ HALT, 26'ho}; /) halt
9 : 00000024 00P0VV20[08] PPEVLc 0OREER1S 0OPEEOL14 | 13 00004 cm_ram[15]={ NOP}; /) nop
10 : 00000028 0000V024[08] 000020 0PVRO1c 00018 | 10 VL1l cm_ram[16]={‘NOP}; // nop
11 : 90PEPO2C P0PORV28[00] POOVRO24 PORORO20 PPEEEOlc | 11 ©OEEEV12 cm_ram[17]={" NOP}; /) nop
12 : 0000PO30 P0EERO2C[00] POPOPO28 POEORO24 PPEEEE20 | 12 ©EEEEV13 cm_ram[18]={" NOP}; /) nop
13 : 00000034 0PVRVO30[00] POEEE2C PPORO28 00VL24 | 13 ©VES14 cm_ram[19]={ NOP}; // nop
14 : 00000038 0000RO34[00] 00030 0VOLVR2C 00PLRRV28 | 10 PREVO31 end -
15 : 0P0PPO3C 0POPEE38[11] 0POEEE34 PPEEE30 PEEEV2Cc | 11 ©PES32 endmodule
16 : 0000040 0000RO3C[P0] 00038 0PVRO34 ©00RER30 | 12 V033
17 : 00000044 00000040[00] 00PCVR3C 0POVEO38 PPEVO34 | 13 000034
18 : 00000048 0000V044[00] 00V00R40 0POVRO3C PPOPVO38 | © PRVEVLO
19 : 0000PPRAC 0000V04S[00] 00V00R44 0000040 PPROOO3C | © PPPERLO
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Oty SENIBT 50D DDA TYTNDIELE

\
IF (Instruction Fetch)

AR RTEIIVFYT S

ID (Instruction Decode)

M5 TI—F (85 LGNS, LORADEEZHRA BT .
’\llli'iﬁi%\’C%éT“"'lié‘—%Féb HAHINT-LORADET—HEHEREIT.
MRDAITEIRT1—ILLZTRFBILERL, 1D ARSNT=PCIZFEihksn
A2t 9r e RLEOE THIREDTRFLRZET S, FEHNRIZLI-EE
[CIERIRFTETRLUAZPCIZEYRLT, CORT—V THIRGRZEE TSES.
EX (Execution)

MPIRIEDEITEIEITFLRADERZITD.

MEM (Memory Access)

WHETHNIE, T—2AEVFDFARZIURIZTIERT S.

WB (Write Back)
WETHNIL, HBERELIDRAZZEZTIAD.
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o HMEZ
o NIEAMAFIBATHIETHIEGHTDRGINRTEZILEDS.
o IDAT—UTHIRGFEMNTET I HEITEE.
e NIFHMHFTOHBREIZCIHAIILDAM—ILDRETS.

S i T IF ID EX MEM WB

e * - D EX MEM  WB
ST + 1 IF ID EX MEM
ST+ 2 IF D EX

@adapmd from Computer Organization and Design, Patterson & Hennessy, © 2005
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Hi#%2 . predicted-not-takenA = (Exercise)

o IRTODNIEAESZE not taken (FREAL) ELTUIEEZEDS.
o NIFFERMNATILTHNIL, RFILTAITELLLN.
o NFFEREMNHILTHNIL, 1A IILDRF LT«

Untaken 47 B 77 IF D EX MEM  WB

i+ 1 IF D EX MEM  WE

G i+ 2 IF D EX MEM  WE

i+ 3 IF ID EX MEM  WB
i+ 4 IF ID EX MEM WB
Taken 5375 IF D EX MEM  WB

i+ 1 IF idle idle idle idle

L IF D EX MEM  WE

ST +1 IF ID EX MEM  WB

GG + 2 IF ID EX MEM WB
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BB 3: predicted-takenA =

\

¢« IARTDRIKRGFZ taken (LIL) ELTUEZTEDHS. 3%
o IDRAT—UNRTLT, DIREHTET HET CITHIRRILEL TRIEZHRTE.

¢« SEZTVSHETIE, COAXDFIRILZRL.
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Hif&4 . \BIE5 I (delayed branch), MIPSHMERFE

¢ NIRAFFTDERBDEOMDBTZRITLZRIC, DIRTS. 1FAVIILOEBEZRHFOWS
1T

ETIBERDBY.
¢ HEHHERS
¢ HBEHRORTELAOHHERS

. DERITIE, RUETELROBHEET
(FRILTIE, HEREOROROTELADHS
. BERBOREOEONOBRERITUIRITHEL. SERDIZEDIRP—ILIEELHL.

=1T)

Untaken 47 6 7 IF D EX MEM WB

SHEREERT T (1 + 1) IF D EX MEM  WB

@i+ 2 IF D EX MEM  WB

T +3 IF D EX MEM WB

i+ 4 IF ID EX MEM WEB
Taken “HEL 6T 75 IF D EX MEM WB

SRR (i + 1) IF D EX MEM  WB

il IF D EX MEM WE

S + 1 IF D EX MEM WB
S+ 2 IF ID EX MEM WB

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

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



@dap‘red from Computer Organization and Design, Patterson & Hennessy, © 2005
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(a) BiESELS

A RD AR

DADD R1, R2, R3

if B2 =0 than

WEZOY b

if B2 =0 than

DADD R1, R2, A3

a— )y

(b) SO S

DSUB A4, A5, RE =+

DADD R1, R2, R3

if A1 = 0 then

WIEZOw b

DSUB R4, RS, RE

DADD R1, A2, R3

if R1 = 0 then

DSUB R4, A5, A6

) Fa—IkZIl—hH5

DADD A1, R2, R3

if A1 = 0than

EEZOY b
OR R7, R8, R9

DSUB R4, A5, R6 —=—

DADD A1, R2, R3

if A1 = 0than

OR R7, AB, A9

DSUB R4, A5, R6 =——




Inside module m_procll (pipelined processor)
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Inside module m_procll (pipelined about 100MHZz)

codel40.v

module m_procll (w_clk, w_rst, r_rout, r_halt);
input wire w_clk, w_rst;
output reg [31:0] r_rout;

output reg r_halt;

reg [31:0] IfId_pc4=0; // pipe regs
reg [31:0] IdEx_rrs=0, IdEx_rrt=0, IdEx_rrt2=0; //

reg [31:0] ExMe_rslt=0, ExMe_rrt=0; //

reg [31:0] MeWb_rslt=0; //

reg [5:0] IdEx_op=0, ExMe _op=0, MeWb_op=0; //

reg [31:0] IfId pc=0, IdEx _pc=0, ExMe_pc=0, MeWb_pc=0; //
reg [4:0] IfId_rd2=0, IdEx_rd2=0, ExMe_rd2=0, MeWb_rd2=0;//

reg IfId_w=0, IdEx_w=0, ExMe_w=0, MeWb_w=0; //
reg IfId_we=0, IdEx we=0, ExMe_we=0; //
wire [31:0] IfId_ir, MeWb_1dd; // note

/**************************** IF Stage **********************************/

wire w_taken;

wire [31:0] w_tpc;

reg [31:0] r_pc = 0;

wire [31:0] w_pcd4 = r_pc + 4;

m_memory m_imem (w_clk, r_pc[13:2], @, @, IfId_ir);

always @(posedge w_clk) begin
r_pc <= #3 (w_rst | r_halt) ? @ : (w_taken) ? w_tpc : w_pc4;
IfId_pc <= #3 r_pc;
IfId_pcd <= #3 w_pc4;

end

/**************************** ID Stage ***********************************/

wire [31:0] w_rrs, w_rrt, w_rslt2;

wire [5:0] w_op = IfId_ir[31:26];
wire [4:0] w_rs = IfId_ir[25:21];
wire [4:0] w_rt = IfId_ir[20:16];
wire [4:0] w_rd = IfId_ir[15:11];
wire [4:0] w_rd2 = (w_op!=0) ? w_rt : w_rd;
wire [15:0] w_imm = IfId_ir[15:0];

wire [31:0] w_imm32 = {{16{w_imm[15]}}, w_imm};

wire [31:0] w_rrt2 = (w_op>6'h5) ? w_imm32 : w_rrt;

assign w_tpc = IfId _pcd4 + {w_imm32[29:0], 2'h0};

assign w_taken = (w_op=="BNE && w_rrs!=w_rrt);

m_regfile m_regs (w_clk, w_rs, w_rt, MeWb_rd2, MeWb_w, w_rslt2, w_rrs, w_rrt);

always @(posedge w_clk) begin
IdEx_pc <= #3 IfId_pc;
IdEx_op <= #3 w_op;
IdEx_rd2 <= #3 w_rd2;
IdEx_w <= #3 (w_op==0 || (w_op>6'h5 && w_op<6'h28));
IdEx_we <= #3 (w_op>6'h27);
IdEx_rrs <= #3 w_rrs;
IdEx_rrt <= #3 w_rrt;
IdEx_rrt2 <= #3 w_rrt2;
end
/**************************** EX Stage ***********************************/
wire [31:0] #10 w_rslt = IdEx_rrs + IdEx_rrt2; // ALU
always @(posedge w_clk) begin
ExMe_pc <= #3 IdEx_pc;
ExMe_op <= #3 IdEx_op;
ExMe_rd2 <= #3 IdEx_rd2;
ExMe_w <= #3 IdEx_w;
ExMe_we <= #3 IdEx_we;
ExMe_rslt <= #3 w_rslt;
ExMe_rrt <= #3 IdEx_rrt;
end
/**************************** MEM Stage **********************************/
m_memory m_dmem (w_clk, ExMe_rslt[13:2], ExMe_we, ExMe_rrt, MeWb_1dd);
always @(posedge w_clk) begin
MeWb_pc <= #3 ExMe_pc;
MeWb_rslt <= #3 ExMe_rslt;
MeWb_op <= #3 ExMe_op;
MeWb_rd2 <= #3 ExMe_rd2;
MeWb_w <= #3 ExMe_w;
end
/**************************** WB Stage ***********************************/

assign w_rslt2 = (MeWb_op>6'h19 && MeWb_op<6'h28) ? MeWb_ldd : MeWb_rslt;
/*************************************************************************/
initial r_halt = 0;

always @(posedge w_clk) if (MeWb_op=="HALT) r_halt <= 1;

initial r_rout = 0;

reg [31:0] r_tmp=0;

always @(posedge w_clk) r_tmp <= (w_rst) ? © : (w_rs==30) ? w_rrs : r_tmp;
always @(posedge w_clk) r_rout <= r_tmp;

endmodule
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