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proc8: 4-stage pipelining processor

IF stage ID stage EX stage WB stage
P1 P2 w_mil P3
IFID_ir ¢
w_npc [19:15] « S
32°h4 IDIF_ir ral rd1 W_rl — — rf_"’l P3_1d
[24:2003) a2 Ir & b m11 g2
PZEE ) P3_rd > g
W n r
- m2 = | wa w_r2 — % — 2
c IP3_s & rd2 e NI ] 1><
o [ - = a
8] < .~ | !P3_b we c
Lo ; - o — wd 2| T mie
E] r am 2 o RF2 > | B
c - . — > b ml
_>1>< pc imem m5 m7 | a
r,i,s,b,u,j,1d
mo ml m3 ><gen_imm§3$> | ]
n w_imm I:I P3_rd
IFID_ir [11:7] Ls D
P1_pc + % |:
i
| P2_tpc me = [ ||
w_rt

cC1 CC2 (CC3 | CC4 | CC5 cCCe  CC7 Time

Instructions
32°hee  addi x1,x0,3 | IF | ID | EX | WB
32°he4  bne x2,x1,L | 1r | o | Ex i WB |
32°he8  addi x10,x1,5 | 1 | o | ex | w |
32°hec  addi x10,x10,1 | 1 | o | ex | w8
| 327n1e L:adai x30,x10,0 I 1F | o | ex | w |
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Why do branch instructions degrade IPC?

« The branch taken / untaken is determined in the execution stage of

\
the branch.

« The conservative approach of stalling instruction fetch until the branch
direction is determined.

ccl cc2 cc3 cc4d cc5| cc6 cc7 cc8 cc9 «cclo
1 add | IF [ 1> | EX [MEM]| wB
2. add [ IF [ 1> | EX [MEM| WB |
3. bne [ IF [ 0 | EX [MEM] WB ]
4. add Control dependency |_TF | TD | EX | MEM] WB |
5. add | IF | ID | EX |MEM| WB |
6. add [ IF [ 0 | EX [MEM| WB |
7. add [ IF [ 0 | EX [MEM] wB |

five stages pipelined processor executing instruction sequence with a branch

~ ==
! 3
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Deeper pipeline

 In conservative approach, IPC degradation will be
significant by deeper pipeline

\

ccl cc2 «cc3 cc4d cc5 cc6b cc7 | cc8 cc9 cclo ccll ccl2 ccl3 ccld
1 add | IF | b1 | ID2 | ID3 | EX | MEM| WB
2  add | IF | ID1 | ID2 | ID3 | EX | MEM| WB |
3. bne | IF | ID1 | ID2 | ID3 | EX [ MEM| WB |
4., add Control dependency | IF | ID1 | ID2 | ID3 | EX | MEM]| WB ]
5. add | IF | ID1 [ ID2 | ID3 | EX | MEM | WB |
6. add | IF | ID1 | ID2 | ID3 | EX | MEM| WB |
7. add | IF | ID1 [ ID2 | ID3 | EX | MEM |
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FLE=FFIZRDI3D%ZF 8 (prediction) 5.

» JIVFLTV S ENSIRa T ?

. DEETRLZ(32bit)

o DA

I8 AL (Taken) 73 I S A 3L (Not taken, Untaken)h 2

« Speculation assuming the prediction is true

+ No penalty by a branch instruction when the prediction hits

« Recovery when the miss is detected
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31 25 24 20 19 15 14 12 11 7 6 %]
limm[12],imm[10:5]] rs2 rsl funct3 |imm[4:1],imm[11] opcode B-type
imm[12],imm[10:5] rs2 rsil 000 imm[4:1],imm[11] 1100011 B-type beq
imm[12],imm[10:5] rs2 rsil 001 imm[4:1],imm[11] 1100011 B-type bne
imm[12],imm[10:5] rs2 rsi 100 imm[4:1],imm[11] 1100011 B-type blt
imm[12],imm[10:5] rs2 rsi 101 imm[4:1],imm[11] 1100011 B-type bge
imm[12],imm[10:5] rs2 rsl 110 imm[4:1],imm[11] 1100011 B-type bltu
imm[12],imm[10:5] rs2 rsl 111 imm[4:1],imm[11] 1100011 B-type bgeu

imm[12:2] imm[12:1] imm[12:1] {imm[12],imm[10:5],imm[4:1],imm[11]}

-10 -20 | 12°b111111101100 12°b1111110 11001

-9 -18 | 12°b111111101110 12°b1111110 11101

-8 -16 | 12°b111111110000 12°b1111111 00001

-7 -14 | 12°b111111110010 12°b1111111 00101

-6 -12 | 12°b111111110100 12°b1111111 01001

-5 -10 | 12°b111111110110 12°b1111111 01101

-4 -8 | 12°b111111111000 12°b1111111 10001

-3 -6 [ 12°b111111111010 12°b1111111 10101

-2 -4 | 12°b111111111100 12°b1111111 11001

-1 -2 [12°b111111111110 12°b1111111 11101

0 0 | 12°bo0000RR0000 12°b00000RO_00000

1 2 | 12°bP000R0LV10 12°b00000R0_00100

2 4 | 12°bo00000000100 12°b000000_01000

3 6 | 12°b0000000R0110 12°b000000_ 01100

ﬁj 4 8 | 12°b00000L0R1000 12°b000000_10000
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1 “MM[@]={12'd0e,5'de,3'h0,5'd10,7" 'h13}; // 00 addi x10,x0,0

2 "MM[1]={12'de,5'de,3'h@,5'd3,7"'h13}; // 04 addi x3,x0,0

3 “MM[2]={12'd1e@1,5'd9,3'h0,5'd1,7'h13}; // 08 addi x1,x0,101
4 "MM[3]={7'de,5'd3,5'd10,3'h0,5'd10,7"'h33}; // 0c L:add x10,x10,x3
5 °“MM[4]={12'd1,5'd3,3'h0,5'd3,7'h13}; // 10  addi x3,x3,1

6 “MM[5]={~12'd0,5'd1,5'd3,3'h1,5'b11001,7'h63};// 14 bne x3,x1,L

7 “MM[6]=32'ho0050f13; // 18  HALT

1 “MM[@]={12'de,5'de,3'he,5'd10,7"'h13}; // 00 addi x10,x0,0

2 "MM[1]={12'de,5'd9,3'h@,5'd3,7'h13}; // 064  addi x3,x0,0

3 "MM[2]={12'd1@1,5'd9,3'h0,5'd1,7"'h13}; // 08 addi x1,x0,101
4 "MM[3]={7'de,5'd3,5'd10,3'h0,5'd10,7"'h33}; // Oc L:add x10,x10,x3
5 “MM[4]={~12'd0,5'd0,5'd®,3'h1,5'b11101,7'h63};// 106 bne x0,x0,L

6 “MM[5]={12'd1,5'd3,3'h0,5'd3,7"'h13}; // 14  addi x3,x3,1

7 "“MM[6]={~12'd0,5'd1,5'd3,3'h1,5'b10001,7'h63};// 18 bne x3,x1,L

8 “MM[7]=32'ho0050f13; // 1c  HALT




H>27)L7 0% 5L Vector Add

#tdefine VSIZE 4
void vadd(long *A, long *B, long *C) {
for (i=0; i<VSIZE; i++)
Cli] += (A[i] + B[i]);

Bl| i-

0]

o

i++
A++
B++
C++
<4

v
B2 7 scoxc+(*a+*B) )

)

False l

True

wW#EoI0—o57 B3 [ eturn ]
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ST IIER TRl Branch Always

Taken(1), ST . R -
Not Taken(O) /T\lot Taken (0)  /Not Taken (0) /Not Taken (0) /Taken (1)
Bl B2 B2 B2 B2 B3
/ Taken (1) Taken (1) Taken (1) Not Taken (0)
MY RZHEM AT D5
s oy Bl
* Branch Always: &2 IR ALY
HEFHITS. B2 (7 *C=*C+(*A+*B) )
- LOBITIE, FRIRIZELT5%, e
SAFHE25% o
+ FRIDI=OHDAEIZRLEELIFLY. Fse, - i <4 Y
. A INEIS TR not taken
FRIEERSFEDEDTILALN. e
B3 taken

\
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SUTWESIRF R 2Evb VA

FL—ZTF—%

(DIFEFTRL R, DIEHER) — — — —

0040d6c5 1 0040d89c 1 / / / /

0040d6b8 1 0040d89c 1

0040d6bc 0 0040d89c 1

0040d6c5 0  0040d89c 1 s 2EwRAYAE

0040d89¢ 1 _ -

000 F 0 onodase . KEMAERY. BFHEOTIA

0040d736 0 0040d89¢c 0 s 2EVRADOUAOREIZICTE A

0040d7ab 0  0040d8a2 0 . 3

0040d7cd 0 0040d8cO 1 = FPRIOIZHDOAE)(E2E VE

0040d7f9 0  0040d8c4 0 « JREEDEFH

0040d81e 1 0040dScd 1

0040d7f9 1 0040d8c0 0

0040d81e 1 0040dSc4 1

0040d7f9 0  0040dScd 1

0040d81e 0  0040d8c0 1 S bit

0040d83d 0  0040d8c4 0

0040d86d 1  0040d8cd 0 —

0040d86d 1 0040d8e7 0

0040d86d 1 0040d923 1 ~

0040d86d 1 0040d7ab 0 Taken

0040d86d 1  0040d7cd 0 o Untaken (1) ) — — — = L Untaken (98) )~ A

0040dg6d 1 0040d7f9 0 | recietion (91} Untaken ( 3\ )
~@"”' Untaken ~

P CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo




H>27)L7 0% 5L Vector Add

Taken(1), 3\%
Not Taken(0) B3| — B3} —> (B3 —  [B2| (—

/Not Taken (0) /Not Taken (0) /Not Taken (0) / Taken (1)
Bl BE B2 BE B2 BE B2 BE B2 B3

o1 o1 o1 O O

#define VSIZE 4 B1 [ =0 }
void vadd(long *A, long *B, long *C) { l
for (i=0; i<VSIZE; i++) BE
if (A[i]<0) error_routine(); [ Error check }
C[i] += (A[i] + B[il); 1 ~
} B2 [
} *C = *C + (*A + *B)
Falsel True
, o B
sion—4557 53 eun

~ =
@ 12
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Bimodal branch predictor (ISCA 1981)

Taken(1),

B3] — B3| — B3] — B2 —
Not Taken(0) / 0 / 0 / 0 / 1
Bl BE B2 BE B2 BE B2 BE B2 B3
0 0 1 0 1 0O O
BE: O 0 0 0
B2: 1 1 1 0
s DIEFRLR(TRTSLAIVA) BIZEREZUIYEZS
= FIRTFFLRIZEYINE—VBER(PHT) DAV TIIRAEERK
s NAI—VEBRRIF2EVRADIUZDES.
Pattern History Table (PHT) e _Taken
Program n Strongly Weakly
Counter 2% entry Taken (11) Untaken Taken (10)
| |
Taken PR Untaken
n Prediction -7
a > EE— Weakly & Strongly
Untaken (01) ?Jr;caTie: Untaken (002 )
0 2 bit Untaken

Af_a'
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Bimodal branch predictor (ISCA 1981)

1 module m bimodal(w clk, w_radr, w _pred, w_wadr, w _we, w_tkn);
2 input wire w_clk, w_we;

3 input wire [4:0] w_wadr, w_radr;

4 input wire w_tkn;

5 output wire w_pred;

6 reg [1:0] mem [0©:31];

7 wire [1:0] w_data = mem[w_radr];

8 assign w_pred = w_data[l];

9 wire [1:0] w_cnt = mem[w _wadr];
10 always @(posedge w _clk) if (w_we)

11 mem[w_wadr] <= (w cnt < 3 & w tkn) ? w cnt + 1 :

12 (wecnt > 0 & 'w tkn) ? w cnt - 1 : w_cnt;
13 integer i; initial for (i=0; i<32; i=i+1) mem[i] = 1;

14 endmodule

Taken

Taken (11) Untaken Taken (10)
-~
Untaken

Weakly Taken Strongly
Untaken (01 —— -’ Untaken (00 )
Untaken "

Taken /

-
ﬁ Untaken
CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo



Direct Mapped Cache Example

 One word/block, cache size = 1K words \
Byte
3130 1312 11 210
x/ offset
Hit Tag .20 10 Data
t Index 4
Index Valid Tag Data
0
1
2
- |
1021 I
1022
1023
120 .32
S What kind of locality are we taking advantage of?

P CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo 15
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100
90
80
70
60
o0
40
30

Mispredictions Rate (%)

20
10
0

Benchmark for CBP(2004) by Intel MRL and IEEE TC uARCH.
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8KB hardware budget

O Branch Always
O 2bit counter

B Bimodal
_‘i»rl:h NN N NN EENE RSN EENE N
TYTYSTYRYSIYICLINDIY ¢
A Ao 0o oo F F F B > > > > > ©
L|_L|_L1_L|_L|_ZZZZZ§§§§§D:D:D:D:D: o
_____ 1 [ 1 1 I 1 [ 16 I W | >
N N N N N <C

16



DRAM (dynamic random access memory)

L .. TEme— T —~—

LA e S
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https://github.com/kisek/fpga_arty_a7_dram

lence TLI (

/XK main.v for Arty 39T (xcla3ht icsad? ArchlLab,
“*x DDR3 SDRAM: MT41K128MI6XX-15E for MT41K128M18JT-125 of Arty A7
.'HHH'H'#H'H'#H'H'#HH'#HH'H'HHHH'HOHHOHHOHHOHHOHHHltHH'tHH'H'!H'H'H'HC'H'L' for (int addr = @; addr < N; addr++) dram[addr] = 1;
“default_nettype none

i}:z BBFRQ%:BESL_WB¥E for IE::mt ); addr < N; addr++) sum += dram[addr]; /
“def ine DOR3_ADR_WIDTH - z
“define DOR3_BA_WIDTH s sum, s

“def ine DDR3_OM__WIDTH return @; . .
“def ine APP_ADDR_WIDTH 3 The final sum will be 33,554,432.
“def ine APP_CMD__WIDTH
“define APP_DATA_WIDTH [3:0] r_state = 0;
“def ine APP_MASK_WIDTH [31:0] r_sum = 0y
_define CMD_READ always O(posedse w_ui_clk) if (init_calib_complete)
define CHD_HRITE if (r_state==0 &% ape_rdy &% app_wdf_rdy) s
. r_app_en 1;
module msain ( w clk 24 100MHs o lodk <ign r_app_wdf_wren <= 1;
[3:0] w_led, / LED rapeond o O7 CHLRITES
[ "DOR3_DQ_ WIDTH-1 : ddr8_da, r-state -
[ DOR3_DGS_WIDTH-1 : 0] ddr3_das_n. o
[ "DDR3_DOS_WIDTH-1 : ddr3_das_p, else if (r_state==1) A/ WRITE_?
[ "DOR3_ADR_WIDTH-1 : ddr_addr, if (app_rdy & apo_wdf_rdy &% r_app_en)
[ "DDR3_BA__WIDTH-1 : ddr3_ba, r_app_en <= (;
ddr3_ras_n, r_app_wdf _wren <= 0;
ddr3_cas_n,
ddr3_ve_n, if (r_app_en==0 && r_app_wdf_wren==0)
(0401 jgrgjﬁetm r_app_addr <= r_app_addr + &;
H ro_cr_p, {= *37==25" ? :
[0:0] ddr3ck n. r_state <= (r_app_addr[27:3]==20"h1{fffff) 22 : 0
[0:0] ddr3_cke,
[0:0] ddr3_cs_n, . _
[ ".r) Lm TH-1 : ddr&dm, (‘l?!“. I]( (r,state- 2)

=

[0:0] ddr3_odt r_app_addr <= 0;

r_state =3

/ INIT_FOR_READ

sys_clk; // input clock (166.67MHz), else if (r_state==3 &3 app_rdy)
ref_clk; /f reference <« (200MHz), r_app_en <=1
sys_rst = 0; // reset (active-high) r_app_ndf_wren <= 0;
clkewiz_0 md (sys_clk, ref_clk, w_clk); r_app_cmd <= "CMD_READ;

<
[APP_ADDR_WIDTH-1 : 0] r_app_addr = 0; r_state 4;

["APP_CMD__WIDTH-1 : 0] ;_:r;;;_zzd: [;'U; else if (r_state==4)

app_wdf_wren = 0: if (app_rdv && r_app_em) r_app_en <= 0;
["APP_DATA WIDTH-1 @ 0] r_app_wdf_data = [32°h1, 32°h1, 32°h1, 32°h11; if (app_rd_data_valid)

[CAPP MASK WIDTH-1 @ 0] r_app_wdf_mask = 03 r_app_addr <= r_app_addr + 8;
r_sum <= r_sum + app_rd_data[31:0];

[ “APP_DATA WIDTH-1 : 0] app_rd_data; r_state <= (r_app_addr[27:3]==20"h1{fffff) 2 5 :
app_rd_data_val id;
app_rdy;
app_wdf_rdy;
assign w_led = {init_calib_complete, r_state[2:01];

init_cal |b,comp|ete; vio 0 viol (w_ui_clk, r_app_addr, r_sum);




