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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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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
2
3
4
5
6
7
8
9

10
11
12
13
14
15

module m_
input
input
input
output

)
reg [1:

wire [1:

assign

wire [1:

always

bimodal (

wire w_clk, w_we,

wire [4:0] w_wadr, w_radr,
wire w_tkn,

wire w_pred

0] mem [0:31];

0] w_data = mem[w_radr];
w_pred = w_data[l];

0] w.cnt = mem[w wadr];
@(posedge w _clk) if (w_we)

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

(went >0 & 'w tkn) ? wcent - 1 :

w_cnt;

integer i; initial for (i=0; i<32; i=i+l1l) mem[i] = 1;

endmodule

Taken T
aken
Strongly 4:
Taken (11) Untaken

Taken ,»

Weakly Taken
Untaken (01 —— -’
Untaken

Weakly
Taken (10)
-~
Untaken

Strongly
Untaken (00 )
“

Untaken
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SO Tas5 A

1 "“MM[@]={12'de,5'de,3'he,5'd10,7"'h13}; // @@ addi x10,x0,0
2 “MM[1]={12'de,5'de,3'h@,5'd3,7"'h13}; // 04 addi x3,x0,90
3 "MM[2]={12'd1@1,5'd9,3'he,5'd1,7'h13}; // 08 addi x1,xe,101
4 "MM[3]={7'de,5'd3,5'd10,3'h0,5'd10,7"'h33}; // @c L:add x10,x10,x3
5 °“MM[4]={12'd1,5'd3,3'h@,5'd3,7"'h13}; // 1@ 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[e] ={12'd4, 5'de, 3'ho,5'dl, 7'h13}; // 00 addi x1,x90,4
2 °"MM[1] ={12'd1e1,5'de, 3'he,5'd2, 7'h13}; // 04 addi x2,x0,101
3 “MM[2] ={12'de, 5'de, 3'he,5'd10,7'h13}; // 08 addi x10,x0,0
4 °“MM[3] ={12'de, 5'de, 3'he,5'd4 ,7'h13}; // 0c  addi x4,x0,0
5 °"MM[4] ={12'de, 5'de, 3'he,5'd3 ,7'h13}; // 10 M:addi x3,x0,0
6 “MM[5] ={12'di1, 5'd3 ,3'he,5'd3, 7'h13}; // 14 L:addi x3,x3,1
7 °“MM[6] ={12'd1l, 5'd10,3'h09,5'd10,7" 'h13}; // 18 addi x10,x10,1
8 "MM[7] ={~12'd@,5'd1,5'd3,3'h1,5'b11001,7'h63};// 1c bne x3,x1,L
9 °“MM[8] ={12'd1l, 5'd4 ,3'h9,5'd4, 7'h13}; // 20 addi x4,x4,1
10 °“MM[9] ={12'dl, 5'd10,3'h0,5'd10,7"'h13}; // 24 addi x10,x10,1
11 °"MM[10]={~12'd0,5'd2,5'd4,3'h1,5'b01001,7'h63};// 28 bne x4,x2,M
12 "MM[11]=32'heee50f13; // 2c  HALT

Af_a'
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Branch history (7 I &)

i\&‘
Taken(1),

B —> B3 — B3 — B2 —
Not Taken(0) >
/T\lot Taken (0) Not Taken (0) /Not Taken (0) Taken (1)
Bl B2 B2 B2 B2 B3
1 1 1 0

B2 577 I & FE -

1110 ?
11101 ? 32 (HC-CHCATE)

A++

111011 ? B+

C++

1110111 2 False, - = o
not taken
11101110 ? 23 True,
taken
@SC.T%B Computer Architecture, Department of Computer Science, Institute of Science Tokyo 6




Alpha 21264's hybrid branch predictor in 1996

« A hybrid of local prediction and global prediction implemented in DEC
Alpha 21264 which was the state-of-the art commercial processor.

* A choice predictor is used as a meta-predictor

Choice Prediction | BHR |

Program Counter (4,096 x 2 bit)
| |

Local History Table | gcal Prediction
(1,024 x 10bit) (1,024 x 3 bit)

"?* Global Prediction
4 096 x 2 bit
@D Prediction (4.096 x 2 bit)
C

SC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo 7




O—AIILDIEERED O—/N L5 I E FE

Taken(1), B3| —» B3| —» B3| — B2| —» \2\%

Not Taken(0) /0 /‘0 /0 /1
B1 BE| |B2 BE| |[B2 BE| |[B2 BE| B2 B3
0 1 0 1 0 1 0 O
BE: O 0 0 0
B2: 1 1 1 0

BED 77 IIx; /& & B2 77 I%k & & B2 &BE®D 77 7 FEE

0000 ? 010101000 ? b1

1110 ?

00000 ? 11101 > BE [ o }
000000 ? 111011. ] X

? ) B2 XC = *C + (XA + *
0000000 10111 > [ €= *Ct (%A B>]

? alse True
00000000 - 11101110 > B;a
o e

O—h)L 53k & FE O—NILSIRBE 5 R—/\)LoiskERE
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Gshare (TR-DEC 1993)

» JO—NIILRIREEESIERTRLREDHMAGRENICEY/NNI—VEBERRAD

ATV REVERR

\

« NA—UERREI2EVMATIE NV ADESIT, EIRSNZ2E YOV 2DEICE

L) 535 75 [R] %% 8l (bimodal £E L)

= DIRERERWVWT, FRICHALIZAV U 2EEFH

010101000 (¥ TrL T RAA)

Program
Counter ranch History
| | Register (BHR)
n m
7 l l 7 Pattern History Table (PHT)
2% entry
XOR P
n : Prediction
a > >
L

2 bit

Taken
Taken
Strongly '_ N
Taken (11) Untaken

Taken

-~
-
-

A
Weakly &
——
Untaken (01) Untaken

- Untaken

Weakly
Taken (10)

-

Strongly
Untaken (00) ~
/

v
Untaken\ -
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Gshare DB

\
» PHTOBREMNFEELTHREMNMET %%
s PCEBHRIZCESDTHESNA TR (I, A ICHIREYAFETDHDT,

NBZEHDT—TIVITHEINT S L THE DBZEERN
= DIEALIZROTLDED
s DIRFAIZIZHE>TLNSDED

Program Branch History p :
: rogram Branch Histor
Counter Register (BHR) Cougr-fter Register (BHR})’

‘/‘ i n m
7 ll 7 PHT + ll a K (1)
2™ entry Taken
XOR XOR &
n E Prediction %
Gshare Not Taken(0)

~ =
@ 10
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Bimode (MICRO 1997)

» RYZFALTRHREDEZEZRE
s DIRFILIZIRE>TULYSE D% Taken PHTIZH#&#h
s DIERRSIIZ/>TLNSE D ZEUntaken PHTIZH& K

= Choice PHT @ W %ﬂ;ts’ Branch History Program Counter

ELLDT—TILEF A T |
J oM ER

\ ¥
s AVTYIRFEIR XORP

= Choice PHT

T@mE7RLX

= laken PHT, Untaken PHT
(XS TRLRER K EFE

P

Choice PHT

Taken PHT Untaken PHT

ﬁw Prediction
CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo
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EODD Ik T HlEE

Pattern History Table

2 bit

(@) 2EwbADUAAH Prediction

Program
Counter
| |
E Prediction
. R
(b) Bimodal
PC Branch History

| | Register (BHR)

I
XOR P

Pattern History Table

Prediction

(c) Gshare

> —

™

Af_a'

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

BHR PC
F |
vy
XOR P > —
. 5 Choice PHT
—» - - -«
Taken PHT Untaken PHT
(d) Bimode T
Prediction
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T
|

FRIBE(FRIRAE)

40
8KB hardware budget B Bimodal
35
B Gshare
30 :
% O Bimode
825
(]
o
220
.0
4+
O
315
o
L
=10
5
0
T Y P Y T Y Y TYYYR TP T o
tetetEEEEESSZEZ2EEREE
ZZZZZSsSsssxaxrix >
N NHh NHh N N <

Benchmark for CBP(2004) by Intel MRL and IEEE TC uARCH.
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ARVANIN Y)Yk ke

\
o INATSAVIZNTNZEELSERN=OIZ, FHFIRGTETTY

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

K CSC.T363 Computer Architecture, Department of Computer Science, Institute of Science Tokyo 14



BTB (Branch Target Buffer)

« JzyFLTWAMmENRIRTGmHEhH ?
. SIKFETRLRA(32bit)
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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 16



Branch Target Buffer (BTB)

B . .
3130 B . 210 ofyfts?et input wire w_clk, w_we,
| | | input wire [31:0] w_adr,
Hit Tag 20 t~10 Data . 3 . -
Index ry input wire [4:0] w_wadr,
Index Valid Tag Data lnPUt W:'Lr‘e [57.9] W_Wq,
0 output wire w_hit,
1 .
2 output wire [31:0] w_dout
— )
: wire w_v;
1021 . -
1022 wire [24:0] w_tag;
1023
J<o 1= reg [57:0] mem [0:31];
e always @(posedge w_clk) if (w_we) mem[w_wadr] <= w_wd;
assign {w_v, w_tag, w_dout} = mem[w_adr[6:2]];
assign w_hit = w_v & (w_tag==w_adr[31:7]);
integer i; initial for (i=@; i<32; i=i+l) mem[i] = O;
endmodule
IF stage P1 ID stage P2 EX stage P3 WB stage
[ | IFID_ir — | ¢
w_npc [19:15] o
32°h4 IF_ir~ ral rd1 w_rl o
(24200} a2 & tbfl | m11
P2_b & N
tk P3_rd
w_tkn m2 # wa w_r2 — %
c IP3_s & rd2 03 o
- I o
NAL - e <
=5|r_ am_ | = - wd RF2 | >
3 14 5 —
1 pc imem m m7 m12
> r,i,s,b,u,j,1d W\Kmlz 93 dmem
mo ml m3 > . 7 c m9
-\ gen_1imm X
<é = :I: W imm — P2_r2 0 FN
ma — {:I m P3_rd
> btb > IFID_ir [11:7] N — P2_rd jr‘nlB D
R P1_pc +0
- P2_tpc me = [ | |
w_rt

CSC.T363 Computer Architecture, Department of Computer-Science,—Instituteof-Scienc®Tokyo
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module m_proc8s(w_clk);
input wire w_clk;

reg [31:0] P1_ir=32"h13, P1 pc=0, P2 pc=0, P3 pc=0;
reg [31:0] P2_rl1=0, P2_s2=0, P2 r2=0, P2_tpc=0;

reg [31:0] P3_alu=0, P3 1dd=0;

reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3 b=0, P3_1d=0;

ﬁ':rﬁj\mihﬁﬁ‘zﬁbfd:L\Jt%iﬁ“ reg [4:0] P2 _rd=0, P2 rsl=0, P2 rs2=0, P3 rd=0;

<

reg P1_v=0, P2 v=0, P3 v=0;

IF stage

wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
wire [31:0] w_alu, w_ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;

P1 wire w r, w i, w s, wb, wu, wij, wld, w tkn;
] reg [31:0] r_pc = 0; // ml
nnee wire w_miss = P2_b & w_tkn & P2_v;
327h4 assign w_pcin = (w_miss) ? P2 _tpc : w_npc; // mo
P2 b & assign w npc = r_pc + 32'h4; // m2
w_tkn - m_am_imem m3 (r_pc, w_ir);
s m_gen_imm m4 (P1_ir, w_imm, w_r, w_i, w_s, w_b, w u, w_j, w_1d);
a | m_RF2 m5 (w_clk, P1 ir[19:15], P1_ir[24:20], w_rl, w_r2,

P1 ir

r am_
imem

L
A
¢w_ir

[ ]

mo ml m3

A

L/ o

P3 rd, !P3.s & !P3 b & P3_v, w_rt);
assign w_tpc = P1 pc + w_imm; // mé
assign w_s2 = (!lw_r & !w b) ? w_imm :
always @(posedge w_clk) begin

{P1 v, P2 v, P3 v} <= {!w_miss,
{r_pc, P1_ir, P1 _pc, P2 pc} <= {w_pcin, w_ir, r_pc, P1 pc};
{: {P2_ri1, P2 r2, P2 s2, P2 tpc} <= {w_rl, w r2, w s2, w_tpc};

w_r2; // m7

lw_miss & P1_v, P2 _v};

{P2_r, P2_s, P2 b, P2 1d} <= {w._r, w_s, w b, w_1d};
{P2_rs2, P2 rsl, P2 rd} <= {P1 _ir[24:15], P1 ir[11:7]};
{P3_pc, P3_1d} <= {P2_pc, P2_1d};
{P3 _alu, P3 1dd, P3 rd} <= {w_alu, w_ldd, P2 rd};

end
1 "MM[@]={12'd9,5'd0,3'h0,5'd10,7 'h13}; //
2 "MM[1]={12'de,5'd9,3'h0,5'd3,7"'h13}; //
3 "MM[2]={12'd101,5'd0,3'h0,5'dl,7'h13}; //
4 "MM[3]={7'de,5'd3,5'd10,3'h0,5'd10,7"'h33}; //
5 "MM[4]={12'd1,5'd3,3'h0,5'd3,7'h13}; //
6 “MM[5]={~12'd09,5'd1,5'd3,3'hl1,5'b11001,7'h63};//
7 "MM[6]=32"ho0050f13; //

00
04
08
oc
10
14
18

addi
addi
addi

:add

addi
bne
HALT

x10,x0,0
X3,%x0,0
x1,x0,101
x10,x10, X3
X3,%x3,1
Xx3,x1,L

11
13
: P2_s2;// ml2

. [
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module m_proc8s(w_clk);
input wire w_clk;
reg [31:0] P1_ir=32'h13, P1 pc=0, P2 pc=0, P3 pc=0;
reg [31:0] P2_rl1=0, P2_s2=0, P2 _r2=0, P2 tpc=0;
reg [31:0] P3_alu=0, P3 1dd=0;
reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3_b=0, P3_1d=0;
AL =T /Z\ S = =+ N reg [4:0] P2 _rd=0@, P2 rsl=0, P2 rs2=0, P3 rd=0;
,%(\r]] mih\mij—éjt%"ﬁ‘u reg P1_v=0, P2 _v=0, P3 v=0;
wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
IF stage wire [31:0] w_alu, w_1ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;
P1 wire w_r, w i, w.s, w b, w u, w_j, w_1d, w_tkn;
] reg [31:0] r_pc = 0; // ml
wnee wire [31:0] w_ppc = 32’hc;
327h4 wire w_bp_tkn = (r_pc==32'h14);
P2 b & wire [31:0] w_truepc = (P2_v & P2 b & w_tkn) ? P2 tpc : P2 pc+4;
w_tkn - wire w_miss = P2 v & P2 b & P1 v & (P1_pc!=w_truepc);
< . assign w_pcin = (w_miss) ? w_truepc : (w_bp_tkn) ? w_ppc : w_npc;
A % .ﬁl :| assign w_npc = r_pc + 32'h4; // m2
s|5|r am_ |3 o m_am_imem m3 (r_pc, w_ir);
€ - . — > o o o q q
e pc imem {: m_gen_imm m4 (P1_ir, w_imm, w r, w i, w s, w b, w u, w_j, w_1d);
m_RF2 m5 (w_clk, P1 ir[19:15], P1 ir[24:20], w_rl, w_r2,
me  ml m3 P3 rd, !P3.s & !P3 b & P3 v, w_rt);
assign w_tpc = P1_pc + w_imm; // mé6
assign w s2 = (!'w.r & 'w b) ? w imm : w r2; // m7
always @(posedge w_clk) begin
{P1_v, P2 v, P3 v} <= {!w_miss, !w _miss & P1 v, P2 v};
{r_pc, P1 ir, P1 pc, P2 pc} <= {w_pcin, w_ir, r_pc, Pl pc};
T {P2_r1, P2_r2, P2_s2, P2_tpc} <= {w_rl, w_r2, w_s2, w_tpc};
{P2_r, P2 s, P2 b, P2 1d} <= {w.r, w.s, w b, w 1d};
{P2_rs2, P2_rsl, P2_rd} <= {P1_ir[24:15], P1_ir[11:7]};
1 "MM[@]={12'de®,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'd101,5'd0,3'h0,5'd1l,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'd®,5'd1,5'd3,3'h1,5'b11001,7'h63};// 14 bne x3,x1,L
7 "MM[6]=32"'ho0050f13; // 18 HALT

<

. [
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<

module m_proc8s(w_clk);
input wire w_clk;
reg [31:0] P1_ir=32'h13, P1 pc=0, P2 pc=0, P3 pc=0;
reg [31:0] P2_rl1=0, P2_s2=0, P2 _r2=0, P2 tpc=0;
reg [31:0] P3_alu=0, P3 1dd=0;
reg P2_r=0, P2_s=0, P2 b=0, P2_1d=0, P3_s=0, P3_b=0, P3_1d=0;
reg [4:0] P2 _rd=0@, P2 rsl=0, P2 rs2=0, P3 rd=0;
reg P1_v=0, P2 _v=0, P3 v=0;
wire [31:0] w_npc, w_ir, w_imm, w_rl, w_r2, w_s2, w_rt;
IF stage wire [31:0] w_alu, w_1ldd, w_tpc, w_pcin, w_inl, w_in2, w_in3;
P1 wire w_r, w i, w.s, w b, w u, w_j, w_1d, w_tkn;
] reg [31:0] r_pc = 0; // ml
wnee wire [31:0] w_ppc;
327h4 wire [57:0] w_btb wd = {1'bl, P2 pc[31:7], P2 tpc};
P2_b & wire w_hit;
w_tkn - m_btb mi4 (w_clk, r_pc, w_hit, w_ppc, P2_pc[6:2], P2_v & P2_b, w_btb_wd);
= . wire w_bp_tkn = (r_pc==32"'h14) & w_hit;
NS % .ﬁl 7 wire [31:0] w_truepc = (P2_v & P2 b & w_tkn) ? P2 _tpc : P2 pc+4;
=15 > am__j;{: e wire w_miss = P2 v & P2 b & P1 v & (P1 pc!=w_truepc);
e pc imem assign w_pcin = (w_miss) ? w_truepc : (w_bp_tkn) ? w_ppc : w_npc;
assign w_npc = r_pc + 32'h4; // m2
me  ml m3 m_am_imem m3 (r_pc, w_ir);
m_gen_imm m4 (P1_ir, w_imm, w_r, w_i, w_s, w b, w_u, w_j, w_1d);
m_RF2 m5 (w_clk, P1 ir[19:15], P1_ir[24:20], w_rl, w_r2,
P3 rd, 'P3 s & !P3 b & P3 v, w rt);
assign w_tpc = P1_pc + w_imm; // mé6
assign w_s2 = (!lw_r & 'w_b) ? w_imm : w_r2; // m7
T always @(posedge w_clk) begin
{P1 v, P2 v, P3 v} <= {!w_miss, !w miss & P1 v, P2 v};
{r_pc, P1_ir, P1 _pc, P2 pc} <= {w_pcin, w_ir, r_pc, P1 pc};
fRA—ed —RA—ea—NA—ea —NA—be- S 2 2 “nc};
1 "MM[@]={12'de®,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,x0,90
3 "MM[2]={12'd1e1,5'd9,3'he,5'd1l,7'h13}; // 08 addi x1,x0,101
4 "MM[3]={7'de,5'd3,5'd10,3'ho,5'd10,7"'h33}; // ©c 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'd®,5'd1,5'd3,3'h1,5'b11001,7'h63};// 14 bne x3,x1,L
7 "MM[6]=32"'ho0050f13; // 18 HALT
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Gshare branch predictor

1 module m_gshare (
2 input wire w_clk, w_we,
3 input wire [4:0] w_wadr, w_radr,
4 input wire w_tkn,
5 input wire [4:0] w_r_brh, w_w_bhr,
6 output wire w_pred
7 );
8 reg [1:0] mem [0:31];
9 wire [1:0] w_data = mem[w_radr ~ w_r _bhr];
10 assign w _pred = w _data[l];
11
12 wire [1:0] w_cnt = mem[w_wadr ~ w_w bhr];
13 always @(posedge w_clk) if (w_we)
14 mem[w_wadr » w w _bhr] <= (w.cnt < 3 & w_tkn) ? wcnt + 1 :
15 (wcnt > @ & !w tkn) ? w cnt - 1 : w _cnt;
16 integer i; initial for (i=0; i<32; i=i+l1l) mem[i] =
17 endmodule
Pattern History Table (PHT)
20 entry Taken
Program Counter % Ta_kei = Weakly
Taken (1 1)

Y

Untaken
rIM;ntaken
n .t Prediction
/ Weakly
7 |—’

— Untaken (01)

Taken
— —-—->

Untaken

Taken (10)

Strongly
Untaken (00)

Untaken
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