"#$%&'()*+,'-./0123
I"H$00& & ()Yo&)* H'HS I"HSUB #S I"#S% & (") *+%, -

HSYB&I()*H%(,-1. 41'(0&$)$!12,$3/0$4%

#$%&'()&

56!/,&673/-$36! 8$7BE3%! ;$76<! =62)$0! >8:;=?! @)$,A%! B)6</A3()! $,<! A(CB$)6! /37!
B6)D()C$,A6! E/39AF%$)6!$! B(B20$)! B)6</A3()! E/3%! -((<! A%$)$A36)/73/A7G!56!$776)3!
3%$3F%S$)6%$7! -((<! A%S$)$A36)/73/AT! @6A$276!/37! <$3$! 73)2A32)67! $)6! A(CBSA3* /3! /7
B(77/@0®{!/CBO6C6,3131,1%$)<E$)6*1$,<!/37!C/B)6</A3/(,)$367!$)6!0(EEY6$) 67!
276<I@H!1J'1$,<!(,!3%6!K,36!:6,3/2C! JISLMMMILMMO?*1+()6!$,<!+()6!'26!>L MNP !
3(<$H?'B)(A677()7'QMI"RG

|

S2)1/,8673/-$3/(,(DD6)7!$IE$H!(D!D/,</,-13%6! @673!B)6</A3()!A(,D/-2)$3/(,!D()!$!-/&6,!
%$)<E$)6! @2<-63! D()! @ (@3%b$)6$,<! 8::=G! 56! 7%(E! 3%$3!/,! C(73! A$7THZ/&6,!
6T2/&$06,3! %3F$)6! @2<-638:;=! /7! $! @6336)! B)6</A3()!/,! 36)C7! (D! H/60</,- O(E6)!
CI7B)6</A3/(,)$367G

|

561732</6<! 3%80-()/3%C/A! B)(B6)3/67! (D! 3%(76! 3E(! B)6</ABQT(DD6)! $! ESH! 3(!
/CB)(&6! 8:;=! @6H(,<! /37! ()/-/,$0! <(C/,$,A6G! 56! 3%6,!)6$7(,! (,! 8:;=! 06$),/,-!

)$36* E9B!ICSH! @6!A(,AB),!D()!C$A%/,6106$),/,-1$0-()/3%C7U!(2)!$,$GHZ)BT 767!
137/,/3/$0106%),/,-1)$36!$,<! 72@76T26,3!73$@/0/3H!$7!3%6!$BBO/AS3/(,|0(-/AlA%S,-67!(&6)!
3/C6G!56!6,<IE/3%!$1</7A277/(,!(,13%6!D6$7/@/0/3H!(D!/CBO6C6,3/,-18:;=!/,1%%$)<E$)6!
$,<!E%63%63!/7!$BBO/A$S@06!D()!$001%$)<ES$)6! @2<-637!$,<IA(,36V37G

*+&,-(&,+. !
)6</A3/,-13%61</)6A3/(,1>/71/31W3$46, X! (BH4E X?! (D!$! @)$,A%!/7 A)/3/A$0!/,1C(<6),!
B)(A677()7G! +())6A3! B)6</A3/(,7! $00(E! B)(A677()7! 3(! $&(/<! 73$007* D63A%! $ <!
7B6A20$3/&60H! 73MBEN236!/,73)2A3/(,7!$313%6! @)$, A%6<! $¥HBBOK/,-| D$736)!
B6)D()C$,A6GEN 13%)66!3$2-%3!12713%$3!/,,(&$3/&6!<$3$!173)2A32)67!$,<!7/CB06!>$D36)!
7(C6(,6! 6076! 3%/,47! $@ (23! 3%6C?! $0-()/3%C7! A(20<! $A%/6&6! 72)B)/7/,-0H O(E! C/7
B)6</A3/(,))$367!>6G-G!"LENE7CS$00!"!];! 1F%S$)@B)6</A3()2G

|

10)6$<H!<2)/,-1 Z5N 'E6!E6)6!@(3%6)6<!E/3%!3E(10/C/3$3/(, IF%$)6!8/)7313%6)6!/7!
3%6! 276! (D! 3%6! 7$32)$3/,-! A(2,36)G! 7%6! O(-/Al /,%6)/3! /,! 3%6C! <(67! (3! B6)C/3! D()!
ICC6</$36!A%$,-6!/,|<6AI7/(,|C$4/,-G!K,| D$A3I 7$32)$8(2!36) 7! A$,! @6!3%(2-%3! (D!
$717C((3%/,-13%6!<6A/7/(,7G1J()6!(D36,13%$,!,(313%/7!/716VSA30H!3%6!4/,<!(D! 7C((3%/,-!
E6!E$,3Uk2)/,-106A32)6! E6! 7$E! 6VSCBO67! (D! B)6</A3()7! 3%$3! <(!, (312761 7$32)$3/,-!
A(2,36)7! )6,<6)/,-! 2,<67/)6<* | $@)2B3! A%$,-6! /! <6A/7/ET06SL-! 3(! B(()!
B6)D()C$,A6G!'67B/36! 3%/7! (@76)&$3/(,! 7(C63/C67! $! T2/A4!)67B(,76! /7! ,66<6<G! 56!
D603!3%$3!3%6)6!/7!$!A0$77! (D! @)$, AUBTIEBTALE! $@06! 3(! B)6</A3! @6A$276! (D!
3%/717C((3%/,-G! KF%$)83%6)6! /7!, (' ESH! D()! 3%6! C(73!A2))6,3! 73$36! 3(! (&B)EY66



3%6!/,D()C$3/(,!/,1/3717$32)$3/,-1 A(2,36)Q, - SESH! E/3%(23!$<<)677/,-13%/7! A0$77!
(D!'@)$,A%67)2@7!3%6!+:_!D)(C!7(C6!B6)A6,3$-6!(DIA())6A3!B)64/A3/(,7G
|

A66176A(,<LF%$)B0/C/3$3/(,1/713%6173)2A32)6! (D!3%6!%/73()H!)6-/736)G!5/3%! (,0H!$! @/3!
B6)! B$73! @A%! 3%6)6!/7!,(1ESH! 3(13$46!/,3(1 A(,7/<6)$3/(,! %(E! /CB()3$,3! /7! 6$A%!
B$73!@)$,A%!3(13%6!<6A/7/(,13%6!B)6</A3()!, 6BT63 (G %6!3%/)<!0/C/3$3/(,1 736C7!
D)(C!3%6!D$A3!13%$3!,$32) BOEBI6 73/,-IB)(-)$C7 43%6)6!/7!C()6!3%$,!(,6!ESH!3(!
-6313(13%6! ABB! @)$,A%G! 56! 3%(2-%3! 3%$3! 3%6! )60$3/&6! /CB()3$,A6! (D! "6$A%! B)/()!
@)$,A%!/,13%6!B$3%!3%$3!3((41271%6)6a!A(20<! @6 ZBABINIBLHA3/(7G

|

59%6,! E6!</<!$!B)/()!$)3! 76$)A%! E6!D(2,<! 3%$3! $! C$ABE,/,-! $0-()/3%C! A$006<!

8= IC/-%31$<<)677!(2)!A(ABYGIK,736$<!1{BY$)&7!7/,-06!A(02C,!B)6</AZBS@06!
>6$A%! 6,3)H! /7! $! 7$32)$3/,-! A(2,36)?! 8:;=! 2768%6! B$3%! /,D()C$3/(,! 3(! C$46!
<6A/7/(,7GB()! 27! b/C6,6cX T 7/-%3QMLRK! E%$33%6H! C6$,3*!)60$3/&6!3(! (2)! 25N
A(,AB),7* E6)6! 72DD/A/6,3! 3(! C(3/&$36! 3%/7! 732<H! $7! (2)! D/,$0! E()4! /,! +(CB236)!
FH736C7!1)A%/36A32)6!1A0$77G

/,012(&,+.!

3042505.&(&,+!
S2)1/CB06C6,3$3/(,1 7/C20$367!3%6! @6%$&/()! (D!3%6!8:;=!B)6RJAR(J6<!/,| QMRG!
56! @$76<! (2)! @)$,A%! B)6</A3()! 7/C20H3/(Z5N! E/3%! $<</3/(,$01"#$%&'()*+,&!
AO0$7MCB06C6,3,-13%a8:;=!$0-()/3%CG! 56! C(</D/6<! (3%6)! %60B6)! AO$7767! 72A%! $7!
=:/3F$3+3)!$,<!=;/3Z/73()H#6-/736)13(ISAA(CC(<$36!8:;=IB)6</A3()G
|

Weight Table n*(h+1)

Wo Wi W, - ad Shift Vector
0 L ]
index 1 .,,Zbg'it History Register (h bits)
counter
) N
Index Vector
[ P
1 2 h |

8/-2)6!" d¥()6 173)2A32)67!(D'8:; B
|

8/-2)6! " 1 79%(E7 3%6! <$3$! 73)2A326H 276<! 3(! /CBO6C6,38:;=! B)6</A3()G! 56!

A)6S36BIES/-%313S@@A7/cB ! 11 | 111E%6)61Y71$!, 2C@6)!(D!6,3)/6¥6$A%!6,3)H
)6B)676,37$! @)$, AYRK! hl/713%B6/73()H! 06,-3%EA%! 6,3)H6(0< B! @/FE6/-%3! !
$,< !l IB$3TEG6/-%3T |11 |11 11 | IE%6)6!6$A%! (D! 3UEH3TE6/-%3 P6(043%6!)60$3/&6!

ICB()3$,A6! (D!3%B%73!!@)$,A%6/7!1<636)C/,/,- 3%6! B)6</A3/(FH$A%! E6/-943] /7!
| 9@/87/-,6< *7$32)$3/,-1A(2,36)@(2,</,-! 3%6!C$V/C2C!$,<!C/,/C2C!&$026!(B%6!
B6)A6B3)(G! I! 7%/D3! &6A3MRH(0<7! B$)3/$0! SAA2C20$36<! E6/-%37! (D! 3%6! B$73!



@)$,A%67106$</,-12B13(13%6!A2))6,3!@)$,AVAGB!-0(@$0!%/73()H!)6-/736)!$,<!/,<6V!
&6A3()!$)61276<13(1466B!3)$A4!(DI3%6!(23A(C67!$,<!/,<6V67!(D! IUBIBITHETG!
|

5%6,13%617/C20$3()!6,A(2,36)7!$!A(,3/(,$0! @)$,A%*1308) 2A3/(, XT+!/71%$7%6<!
1,3(16,3)H!! (D! 3%6! 3$@06G! "%6! %$7%! D2 ABK: ! /TIGN(! C$46! $! B)6</A3/(,! 3%6!
$0-()/3%CAS$0A20$367!$!B)6</ARKN26!D)(C!3%6!72C!(D!3%6! @/$7!EGISARB)H! !
$,<13%6!)2,,/,-13(3$0Y/,13%6!7%/D3BEBA@026!606C6,37!/,D/-2/BEIK D13%61B)6<HA3/(,
&$0261/710$)-6)!()!6 T280M!3%6!B)6</A3/(,WB$46,X*(3%6)E/76!W,(3!3$46,XG

|

5613%6,! ASOA203868%!/,D()C$3/(,G! e$A%! 6066, 81!/, 7%/D3! &B6A3()! /7! $<<6k! ()
72@3)$A36<! @H! EA/-%B! 3%6!A2))6,3!6,3)HBT6! (23A(C6!/7!\W3$46, X! ()BE4B, X!
)67B6A3/&60HG!"%6)6D()6* 6$A%! 606C6,3!/,! 7%/D31 &B6A3()! %6(0<7! 3%6! B$)3/$0! SAA2C20$
E6/-%313%$3!E/00! @6!2762B)6$,<!D$73*IE/3%/,!3E(IAHAGGSA%!B)6</A3(,

|

A%61E6/-%3!3$@06!/712B<$36<!(,0H!E%6,13%6!B)6</A3/(,'$,<!3%6!$A32$q! (CBA(CH!
$-)664()! E%6,! 3%6! B)6</A3/(,! &$026!/710677!3%$,! ()! 6 T2$0! BEERAE!3%)67%(0<!
<6D/,6<!/, QMREY66! 06$),/,-! 3%)67%(0<! SO0(E7! 3%6! E6/-%3! 34@RESEBE!S,<!

3)$/ 6<IC()6!(D36,!$3!3%6! @6-/,,/,-!(D!3%86%),/,-U!(3%6)E/76!3%6! E6/-%3! 3$@06! E/00!
@6!3)$/,6<!(,0HIE%6,13%6)6!/7!$BJB</A3/(,G!

|

A1 "#$%& E6! D/) 73! 2B<$36! 3%6! @/$7! BB/ 1BB8%6! A2))6,3! 6,3)k,<! 3%6,! $<g273!
E6/-%37! A())67B(,</,-! 3(! 3%6! B$73@)$,A%67! @$76<!3%6/)A())60$3/(,! 3(! 3%6!
A2))6,3! (23A(C6G! KD! 3%6! A())60$3/(,! /7! B(7/3/&6* 3% KH-98)6C6,36<*!
(3%6)E/76£6A)6C6,36<166! 766!, (E!1%(E!3%/7106$<7!3(106%),/,-*1B(7/3/&6!A())60$3/(,!
)6/,D()A6!3%6!/CB()3$,A6!$,<!,6-$3/&666CBY$7/dBB(!<(13%6! 2B<$36 1! 6,3)H!
/,< IA6T$,<!3%6!(23A(CB(D!3%6!BH7ED)$, A%6$)6!)63)/6&6<!D)(C!/,<6VI&6A3()!$,<!
-0(@$0!%/73()H!)6-/ 736y B6A3/&BBH

|

S2)1 @)$,A%! B)6</A3()! 7/C208BYA67767! (,0HI A(,</3/(,$0! @)$,A%67G! K3 BHIEH!
A(CC$,<10/,6!B$)$C 636)74?!.(-! (D! E6/-%3!13$@06!6,3)4.7"%6! , 2C@6)! (BB/-%3
@/3T$,<IN?1Z/73()H!)6-/736)106,-3%!/,| @/37 G ZIBRB!/7!3%6!B)6</A3/(,'SAATBSAH

I(.,&6!785)9!:+'17+"5)&.5%%

561 )$,! 1F%$)8! (2)! @$760/,6! B)6</A3()*! $A)(BDD3)$A67! 3(! <636)C/,6! 3%6!
A%S$)$A36)/73/AT! (D! 6$A%! 3968 BGE%S$)6SA%/68B0(E! C/7B)6</A3/(,1)$36*! 3%6,!
3%6!3)$A6!/716$7H!3(1B)6%IABIB) ! C/B)6</A3/(,)$367!72--67313%613)$A6!/71%6$)<6)!3(!
B)6</AGB2)!7$,/3H!IA%6/R6738:;=I(,! 3%6!7$CB)SAGM,<! E6!6VB6A3!3%$3!/31E(20<!
D(00(E! 3%6! 7$C6! 3)6,<! B7%$)6! -633/,-! )60$3/&60H! O(E6)! @BY6</A3/(,7! (,! 3%6!
6$7/6)! 3(! B)6</A3! 3)$A67G(BBI6)&6<! 3%$3! 8::<¥<! D(00(E! 3%/7! 3)6$4)(77 $00!
3)SAGTER)!$,16$7H!3(1B)6</A3!3)$A67!72A%!$7!0/@ TZHIBRTS, <!$) P MMI*I8:;= |
7/CI03$)! 3(LF%S$)B$A%/6863! &6)H!-((<! SAA2)$AIB)6,</,-1)60$3/&6! 3(! LF%KM()! $!
C()6!</DD/A203!3(! B)6</A3! 3)$A6IEBAEI LB, <! CAD'MMJI* 8::=16V%/@/37! 3%6! 7$C6!
3)6,<I$71LF%$)6!E%6)Ba3YB)6</A3()7!H/60<64/-%6)!C/B)6</A3/(,)$36E



/&1:6142(. !
146H!-($0!(D!(2)1732<HIE$7!3(! @6! DSIIF3S$) 65, <!-)(2,<!(2)!)67203!$)(2,<! 7(C6!
A(CC(,!D)$CEE()4!D()!A(CBS)/7(,G1"%/7!-2/<67!(2)!6VB6)/C6,3$0!B0S,!$,<13%27!E6!
B)67A)/@6!3%6!D(00(E/,-!7B6B7
¥ 100(A$36!$!763!(D))6$7(,$@06!%$)<ES$)6!@2<-637! N1 3(MW3%6!B)6</A3()7
¥ /CI3! 3%6! 0$)-6! <67/-,! 7B$SA6! 3(! $)6$7! /,! E%/AHS$)6B)676,3! /37! @673
B6)D()C$,A8
¥ /CI3! 3%6! 0$)-6! <67/-,! 7TBSA6! 3(! $)6$7! /! E%/A%! 8:;=! B)676,3! /37! @673!
B6)D()C$,A8
¥ 8()!6$A%!%$)<E$)6! @2<-63* D/)73! 76D 7! <67/-,| 7TBSA6! DREB! @673!
A(,D/-2)$3/(,7!
¥ 8()!3%6!7$C61%$)<ES$)6! @2<-63!/,|EY%/A%! 3VBF@GTEES7!D(2,<*1 76$)A%!/,!
8::=1<67/-,|17B$A6!D()!3%6! @673!A(,D/-2)$3/(,7

/100('6!+:1<+(2%!
7%61D(00(E/,-1$)6!(,6!76,36,A6!72CC$)H!(D!I6$A%!(D!(2)!-($07G

|

"$" 1) d;6!$@06!3(1/<6,3/4b$)6@ 6 73!A(,D/-2)$3/(,'D()|6$A%!%$)<E$)6! @2<-63G
"($" 1*d18()!1%$)<ES$)6! @2<-63!,(10$)-6)! 3%$, ! DEH%$)8! <636)C/,6!/D!3%6)6!/7!8:;=!
A(,D/-2)$3/(,!13%$3!/7! @6336)G

"($" 1+d!)3/A20$36!$!B)(A677!D()!%$)<E$)6!<67/-,6)7!3('A(,D/-2)6!3%6! @673!8:;=G
($" 1, dIKOB/@06*!/CB)(&6!8:;=!()/-/,$0!$0-()/3%CG

"($" -d!_,<6)73%$,<B:;=106%),/,-N$36 &

=>45',05.8%!(.;1#.(26%,%

K,! 3%/7! 76A3/(,! E6! <67A)/@)! 6VB6)/C6,37! $,<! 6VBOS/,! 3%6! )672037G! S2)!
6VB6)/C6,37! 73$)3! E/3%! D/, </,-1 3%6! @673! A(2,36)VEHBLE%S$)6$,<! 8:;=G! 56!
3%6,!D/,<!3%6! @EA$)ED()!$00!-/&6,1%$)<E$)6! @2<-63G!8()! 63A%!%$)<ES$)6! @2<-63*!
E6!A(,<2A3!6VB6)/C6,37!3(!A%6A4/D!8::=!/7!@63361B%$)K)!,(3G!56!A(,A02<6!
@H!68502$3/,-13%6!6DD6A3!(D!%$7%!D2,A3/(,!$,<!068),/,-)$36G

|

S2)1<67/-,1 7B$A7!A(,7/73! (D! N! B$)$C636)7d! 3$@06! 7/c6! >,2C@6)! (D! 6,3)/672* %/73()H!
06,-3%* $,<! A(2,36)! E/<3%G! 56! 2TB%$)6B)6</A3()*! /ICB06C6,36<! /,! Z5N! $7! $!
@$760/,6! D()! B6)D()C$,A6! A(CBS)/7(,! 7/,ABF%$)6/7! $! E6GB,(E,! 3E( D6&60
B)6</A3()!3%$3!%6$7!)60$3/&60H! G&D/(,|SAA2)SAHG!

2'()5%
56!E/00!276!3%6!D(00(E/,-! D/&61)$,<(COH! A%(76,!3)$ABVMAL 796, 9 MMJI* 1#A 9
"MMJI*I$, <1 7B%/, VEIMMJI*I$, <10/ @ T2$,328MMIG

=>45' 05.8@AB¥42+', <I7+1.&5'!C,;&8%
56!B6)D()C6<!$!<63$/06<!7323¢D/,<!$,!$BB)(B)/$36A(2,36)! E/<3AD () 1L F%$) 65, <!

8::=G IK,! 6$A%! 7633/,-1 >&$)/(27! %$)<E$)6! @2<-637?! E6! D/V6<! 3%6! 7/c6! (D! 3$@06! 6,3)H!
$,<1%/73()H!06,-3%*1$,<!&$)/6<! A(2,36)! E/<3%G!56!C6$72)6<! 3TRHE/A3/(,1)$36!



D()!6$A%! E/<3%!D)(CIL!3(!"L! @/37!E/3%!$!736B! 7/c6!(D!LG!S2)! 76 3ABH@ORIAH!
(D! g 1%, <19%/73()H106,-3%! (D! 0!$,<!"PGI56!(@76)&6<! 3% A3 @E360!
$,<18:=1)6T2/)6 !$1A6)3%/,!,2C@6)! (D! A(2,36)! @/37! 3(! $A%/6&6! SAA2)$36! B)6</A3/(,!
)6-$)<0677!(D!3$@OM!$,<!%/73()H!06,-3%G

|

8/-2)6! L1 7%(E77$CBOE)67203D)(C! 1F%S$)6! B)6</A3()! E/3%!16,3)/67! $,<! "PA@/3!

%/73()H! 06,-3%G! 56! 766! 3%SE)6SA%/6&67! %/-%6)! SAA2)SAH! E%6,! /37! ,2C@6)! (D!
A2,36)!@/37!/7'7CSOGN@/37G
!

Counter Width vs Mis-Pridiction Rate of GShare Predictor

I
=]

w
brd

“@=go-gshare

=@=mcf-gshare

w
[~

sjeng- gshare

[
=

“@=sphinx-gshare

Mis-Prediction Rate

s
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w o

libquantum-gshare

Counter Width
|

8/-2)6!L d1J/7B)6</A3/(,)$367!(D'</DD6)6,3!A(2,36)!E/<3%RYEH) B)6</A3(J51"%6!
@67BB)D()C$,AB!/7I$A%/6&E<IE/3%!E/<3%!(DILI3(h@/37G

|
8/-2)6! N! B)676,377$CB0OB)67203! (D! 8:;=! D()! 3%6! 7$C6! 7633/,-G! 56! 766! 3%$3! 8:;=!
66<71E/<B)!E6/-%3!A(2,36)!3]6,<6) I-((<!B)6</A3/(,7G"%6!(B3/C$0'&$026!$A)(77!$00!
7633/,-71$,<13)$A67!/710* E%/A%! /7! EBHEBTB)6</A3/(,1)$36! @6A(C67! 73$@06!$,<
I7$31/3710(E6731>@673?'B(/,3G
|

Counter Width vs Mis-Pridiction Rate of FPBN Predictor

“@=go-fpbn
20 =O=mcf-fpbn
sjeng-fpbn

==sphinx-fpbn

Mis-Prediction Rate

=O=art-fpbn

libquantum-fpbn

Counter Width

!
8/-2)6!Nd!J/78B)6</A3/(,)$367!(D!</DD6)6,3!A(2,36)!E/<3%7!(D!8:;=!B)6<CASK)6)6!
$)6!,(1B6)D()C$,AB!/CB)(&6C6,37!@6H(,<!$!E/<3%!(D!0!@/37G



#.(26%,%E6!DEFGI'5H1,'5%!2('<5')+1.85',:&81&80/8('5 K
e$A%!6,3)H!(D!8:;=IA(,7/737!(E¥%6! @)$,ABY$7!$,<!C203/BO6IE6/-%37!$77 (A/$36<IE/3%!
/371 1B$73! @)$,A%67G! K31 2767 3%6! 72C! (D! @/$7! B,DEBHBIBINED)$,A%67! 3(!
ASOA20$36B)6</A3/(,! &$02BY(! A())6A30H! B)6</AB)6T26,3! @)$, ATi3%66! &$026! (D!
3%6! @273 @6!0$)-6!6,(2-%!3(1(&6))/<B2C! (D! 3UEE6/-%IG!8()! 6 V$SCBOB2)6!
h17%(E7!$! 7A6,$)/(! E%6)B((! DEEA(2,36)! @/37! A$276773)6</A3/(,G! (! BO$H! (23!
3%6!6V$CBOBY2C6!3%$3! T6B%! (D!E-%3 77 LI@/3@B, A6!3%6!C$V/C2C!&$026! (D!

| 71 1$,<13%6!C/,/C2C!/71 | G!ID36)! 6V6A23/,-1;"+1;L*:N*IE6! E$,3! 3(! B)6</A3! ;h*!
E%/A%6!,$C6!$7!3%6! D)6 T26@)S$, AUS! Z(E6&6)*! 7/, AB%6! @157 |A(20<!,(3! @6!
1,A)6C6,36<! D2)3%6)! 3%$1137! &3026%,,(3! (& 6)E%60C! 3%6! SAA2C20$36<! &$026! (D!
3%6!B$73IN!@)$,A988a6!72C!(D1%/73()H!A(2,36$72);h!/7IC/7B)6</A36£G

|

;"d! DO)>/[MU/KNU/I1Z] 9'!

;Ld! D(O)>gjMUgkNUgII?9' !

Nd ! /D>VmBE|?19'!

hd! ! D()>4jMU4k"MMU4IE" !

|

8/-2)6! hd!+(,3)(0! 73)2A32)6! /! E%/A%S((!

$)(E 'A(2,36)TIA$2767!8:;=13(IC/7TB)6</AG
|
Z(E6&6)*ID()LF%$)B6$ABS@MBB)HIA(,3%/,7!(,617$32)$3/,-1A(2,36)! 7%3$)6<@H! $00!
B$73! @)$,A%6IRU6$)6)60/67! (,! 3%/7! 7/,-06! &$026! (D! 3%6! 7$32)$3/,-! A(2,36)! D()!
C$4/,-! B)6</A3/(,G! 7! $! )67203*1 0$)-6)! A(2,36)! AB$276! C/B)6</A3/(,! )$36! 3(!
1,A)6$7617/,ABY/3IE(20<13$4610(,-6)!3/C6!3(1 A%S3THED)S, A%/)6A3/(,&

=>45',05.& @B!DEFG!)+04(5;!&3I8('5 'E'5;,) &+!
A66! <67/-,1 TBSAB! D()! 3%6! 3E(! B)6</AZGTES)6S,<! 8:;=! /7! 3((1 0$)-6! 3(! 6VBO()6!
6CB/)/AS00H*! /3! /7! /,3)$A3$@06! 3(! 7/CBOH! 6,2C6)$36! $,<! 3)H! $00! B(77/@06! <67/-,!
AC@/,$3/(,7GIF%$)8%,<!8:;=1<67/-, 7! A$,|6CBO(H! </DD6)6,3! , 2C@6)! (D'6,3)/67!/,!
3%6!B)6</A385@06*!</DD6)6,3!E/<3%7!(D!3%6!7$32)$3/,-IA(2,36)7*!$,<!</DD6)6,3!%/73()H!
06,-3%7G!:(3%!B)6</A3()7!<67/-,1$07(!,66<!3(13$46!/,3(I$AA(2,3!3%6!%$)<E$)6! @2<-63G!
5/3%! 7(!C$,H! (B3/(,7! 3(! &$)H!/,1 3%6! <67/-,1 TB$AB! E6! %$<! 3(!-)(2,<! $! DEE! <67/-,!
<BA/T/(,7!3(IC$468%/71732<H!3)$A3B@06G
|
56! 7636$)<E$)6! @2<-GB"*IL*IN*10*I"P*INL*I$, <! PhT]<! ) |6$A%!D/V6<! @2<-63!E6!
E/00!76$)A%!D()!3%6 1BBERES, <!8:;=1<67/-, GleT2$3/(,!>"?!$,<I>L217%(E!%(E!E6!
673/C$36!$!1%3$)<E$)6! @2<-63LDYHS) B, <!8:=G !
|
" ORI UUHS%& | IMIHS%E | I"HSHYLE 1

"HS 1T HS%& | IMHS%E | IHS WIS | (1 HS%&( I L 11 111
|
56! 4,(E! D)(C! Z5N! $,<! (2)! B)60/C/,$)H! )672037! 3%$3LF%$)6%$7! O(E6)! C/I
B)6</A3/(,! )$36! E%6,! 0$)-6)! B)6</A3 3$@067! >C()6! 6,3)/67?! $)6! $&$/0$@06G!
7%6)6D()6!3(1D/,<!3%6! AE¥8$)6<67/-,!D()!$!D/V6<!%3$)<ES)6! @2<-63!$7!C2A%! (D!3%6!
%$)<E$)B7%(20<!@6!276<!3(IC$V/C/c6!3%6!,2C@6)!(D!@8WGT (IE 6!D/V!3%6!7/c6!
(D!7$32)$3/,-1A(2,36)! 3(IL! @/37!7/,A6! (2)! 60BJO! 732<H! 7%(E 7! 3LF$BS)6E()47!



@673! E/3%! 3BEB%G! 5/3%! 3%6! C$V/C2C! 6,3)/67!/,! %$,<! 3%6! 76$)A%! D()! 3%6! @673!
1F%$)6<67/-, IT<(,6! @H!&$)H/,-B%@/73()H! 06,-3%G! 56! %$&6!3%66!%/73()H! 06,-3%! @6!
&$)/6<! D)(C! M! 3(! NL! /,! 736B7! (D! hG! F/,A6! %/73()H! 06, 3B404@06! 6DDEAB! (,
1F%$)630$)<E$)6! @2<-63!E6!<(!,(!,66<!3(!B)6A/7T60H! A%((76!3%/7!)6-/736)! 7/c6U!/31/7!
72DD/A/6,3!3(! A%((76!$!06,-3%! 3%$3! /7! @6IEBIBHBT56!$07(14,(E! D)(C! (2)!
B)60/C/,$)H! 732<H! 3%$3! 0(,6)! %/73()H! <(67! ,(3! $<&6)760H! $DDHGS!AB)D()!
72DD/A/6,3!,2C@6)!(D!6,3)/67!>E%/A%!E6ICSWC/C67G

|

8()! 8:;=* E6! 276! 3%6! (B3/C$0!€®/3! E6/-%3! A(2,36)G! F/,A6! 8:;=! %$)<E$)6! @2<-63!
<6B6,<7!(,!@(3%!3$@06!7/c6!$,<1%/73()H!06,-3%!3%6)6!/7!$!3)$<6(DD! @63GBS,! 3%66! 3E(
E6! A%((76! 3(! 6,03)-6! (,6*! $(3%6)! C273! @6! 46B3!"0(E%66)6D()!6E A(,7/<6)6<!

2 C@6)!(D'6,3)/63(1)$,-6!D)(C! ! ' 13(11 13:1$,<ID()! 6$A%! 3$@06!7/c6! 3%6!%/73()H! 06,-3%!
171&$)/6<ID)(C'h!3(INLIE/3%!3%6!736B!7/¢6!(D!hG

|

8()! 6$A%! %$)<E$)6! @2<-63! $,<! D()! 6$3A%! (D! 3%6! D/&6! 3)$A67*! (,AQIRBHEHED673!
<67/-,\E$7!/<6,3/DI6<*IE6IA(,3)$73!/3!E/3%!83%6$312767!3%6! 7$C6! @R56E%6,!
B)(&/<6!$,$0H7/7! (DF%$)687G! 8::=! D()8%6! -/&8.%$)<E$)6! @2<-63(8%6! 6V36,3!
3%$3%5%,<(COH!A%(76!3)$A67!$)6!)6B)676,3$3/&6! (D!</&6)76!$BBO/AS3/(,7!3%6,!3%/7!
$,80H7/717%(20<!B)(&/<6!-6,6)$0!/,7/-%371/,3(13%6!3E(IB)6</A3() 7! @6%$&/()G

#.(26%,B43;5.&,:6!$5%H8&('5 1+'15()8!8(;I('5!$1;<5&M !

JO(12#343 1) d! ~(! O(E6)! 1F%$)6 C/7B6</A3/(,! )$36! /3! /7! 72DD/A/6,3! 3(! D/V! 3%6!
7$32)$3/,-1 A(2,36)! E/<3%! $3! L! 3(! h! @/37* 39653Q0! (D! 3%6!)673! (D! 3%6! %$)<E$)6!
@2<-6313(1/,A)6$7613%6!,2C@6)!(D'6,3)/67!/,13%6!B)6</A3()!3$@06G

|

563#067$14(88) dL./0&' B)34&'()*+) $1&0+B+31+,1)+316,7'&1" )$+ BER(H SO
)+BO+980+)$51%,9%+'&317)BLH#+7"$11+,1;1#) 43$*693)="657
|

A%/71/7186)/DI6<ID)(CI6VB6)/C6,3n"G

!

563#%7$14(&)aH@='&12,3+1,81)+31(,20)H&1 D)34&'()*+),$1&0+'10310189$*+),$1,81
/)3+,8>16'$5+8D),$,+,$)*066>1%$,$'4$*8'03)$%5

|

1 )()$C 71%$8B(CB!A(,3)(0!73)2A32)6!$, 8%6/p6&60! (D!A(,3)(0!,673/,-1<636)C/,67!

%(E!0(,-! (D! %/73()H! E(20<! @6,6D/3! 3%6! B)6</A3/(,! (D! $! @H AWESH7(,$@06! 3%$3!
%/73()H! 7%()36)!3%$,13%6!06&60!(D!,673/,- E(20<!,(3! @6!$@06!3(!A$B32)6!3%6!B)(-)$CX7!
A(CB0636673/,-1$,<!3%27! E(20<! (3! $A%/6&6! 3%6! 0(E67IBIFZ/A3/(,G! 5%$3! ES7!
(31A0)!3(127! @H!)6$7(,/,-1$0(,6! ES7! E%$3! (AA2) 7 E%6,!3%6!%/73()H!/710(,-6)! 3%,
3%6!,673/,-! 068BH00! /,A()B()$3/,-! 3((! C2A%! %/73()H! E()76,! 3%6! CIB)6</A3/(,!
)$360!K,!(2)!6VB6)/C6,37!>-/&6,!(,0H!3%6!3)$A67 21 E6I$A32$00H!<(!,(3!4,(E!E%$3!/7!3%6!
B)(-)$CX7! 06&@ (D! ,673/,-*! @23! E6! @60/6&6! 3%$3! E6! $00(E6<! D()! 72DD/A/6,3! %/73()H!
06,-3%)$,-6!3(!A$B32)6!13%/7!B(/,3!$,<! @6H(,<G

|

N(1732<H13%/71T2673/(,|E61)2,16VB6)/C6,37!8&5)H/,-13%6619%/73()H!06,-3%! D()!$00! @2<-63!
7/c67!$,<1 3)$A67!/,1 (2)! 6VBO()$3X><63$/06<! )672037! $)6! $&$/0$@06! /,! Ff=! $,<! 3%6!
C6%,! @6%$&/()!/7!/,!DI-2)6%56! 766!3%$3!D()!$00!13)$A67!6VAD23066! @6%$&/()!/7!



C(,(3(,/A12,3/0!$1A6)3%/,1%/73()H! 06,-3%! E%/A%! 3%6)6!/7!$,1$@)2B3! A%S$,-6! A C/7
B)6</A3/(,! )$36@H(,< !3%$3! B(/,3! BYD2,A3/(,Y7 C(,(3(,/A! $-$/,* 1,1 3%6! 7$C6!

</)6A3/(,! $7! /31 E$7! @6D()6G! ~%6! (,0H! 3)$A6! 3%$3! <(67! ,(3! 73)/A30H! D(0O(E! 3%/7!
(@76)&$3/(,1/B, [E%/A%!/7!$!3)$A6!(D!$!B)(-)$C!BOSH/,-13%6!-(I-$C6G!56!<(!, (34, (E!
/D13%6!-$C6!/7! BOSHE<! $-$/,73!$!%2C$,! @ GBWHETE |ES7!E(,! ()! 0(73*! ()!/D! $00!
@6%3$&/()7! E6)6!)$3/(,$0U! D2)3%6)C()6*! 3%/7! /7! $! -$C6! 3%$3! /7! ,(3()/(270H! %$)<! D()!
A(CB236)7!3('BOSHG!F(I7(C6!6))$3/Al @6%$&/()!AS,!@6!6VB6A36<G

|

History length

Trace 0 4 8 12 16 20 24 28 32
art 5.84 2.96 2.96 2.97 1.81 1.36 1.36 1.36 1.36
sjieng 15.01 13.77 10.73 8.52 7.69 7.35 7.35 7.35 7.35
go 2541 21.04 1992 21.08 21.20 19.62 20.87 20.74 20.61
sphinx 5.20 4.49 4.95 3.13 2.35 2.29 2.29 2.29 2.29
libquantum | 10.51 6.17 0.36 0.02 0.02 0.02 0.02 0.02 0.02
Geo.mean | 10.40 7.50 4.08 2.02 1.69 1.55 1.59 1.59 1.59

8/-2)6lid! 17%$)8C/7B)6</A3/(,))$36 " %6!)$BE6,6)$00H!K,6 9,A)6$7/,- !
D2,A3/(/(D!%/73()H!06,-38%
!
56! $07(! (DD6YD/-2)6! P3%$3! BO(37! 3%6! -6(C63)/A! C6$,! (CBIEZ/A3/(,! D()! $00!
%$)<E$)6! @2<-637!D()! 6$A%! 3)$A6G!"%6!-6(C63)/AIC6$,! (D! $00!%$)<E$)6! @2<-637!$,<!
$00!3)$A67!/7!$07(/(DD6)6<!>()$,-6!AR)&6?G
|

Mis-prediction rate as a function of
History length
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|

8/-2)6!Pd1F%$)6!B)AG3!C/7B)6</A3/(,!$7!$!D2,A3/(,/(D!%/73()H!06,-3%G!100!3)$A67!$)6!
79%(E,!$,<13%6!-6(C63)/AIC6$,!/7!B0(336<!/,1()$,-6G!-6,6)$0!3%6!B0(37!$)6!, (B
1,A)6$7/,-1D2,A3/(,/(D'%/73()H!06,-3%G
!
5 61$0ES$H7!766!3%$3%8!,2C@6)!(D!6,3)/67!/,A)6$TH$)6X2/7B)6</A3/(,!-637!
@6336)@H T7%(20<! A(C6!3(10/-%3! @H!)6$7(,/,-! 048! <$3$! 73)2A32)6!$,<! $0-()/3B6C



5 /3%!3%6!7$32)$3/,-A(2,36)!$3!/37! @673! B(/,3*| E%$3!/7!06D3!3(! (B3/C/c6!/7!3%6!,2C@6)!
(D'6,3)/67&!I1F%$)81@)$,A%67! C$B!3(1 7(C6!3$@06!6,3)H! D()! $! -/&6,£H-4873() H!
)6-/736)Gle$A%! @)$,A%!>$! AB)3$/,1:+?1C$B7!3(1(,6!()! C()6!6,3)/67G!56! 766!3%6,* 3%$3!
396! (,0H! /CBO/A$3/(,! (D! %$&/,-! C()6! 6,3)/67! 3%$,! ,66<6<! /7! $!)67(2)A6! 23/0/c$3/(,!
T2673/(,!$,<!,6&6)!$!C/7B)6</A3/(,' T2673/(,G!K,! D$A3!3%6!C()6!6,3)/67! E6BHHE6!
0677!A(00/7/(,7'E/00/(AA2)!$,<!3%EBJBZ/A3/(,))$36!A$,!(,0H!@6!0(E6)G

#.(26%,BAD+'1<,-5.1$1;<5&!.+12('<5'1&8(.L:-+1/8('5 N!:,.;!$5%& DEFGM
JO(12#343 1*81,&1 01 5)='$1 /0&(70&'1 #9(5'+1 BE17)661 >)'6(1 #++€a$1-./0&' 1
#&O$¥/1()&*+),$1"&'()*+),$039& ' (1#>11%B®, 7'&12) #&'()*+),$1&0+'E

|

8/-2)6 [ 17%(E78:;= 1C/7B)6</A3/(,))$36*172CC$)/c/,-1$00!(D!(2)!6VB6)/C6,37Gle$SA%!
AB0D!3%6!3$@06!7%(E71@#%BL IC/7B)6</A3/(,(D1F%$)85,<! 8= *17606A36<!D)(C!

$00! B(77/@06! <67/-,7! D()! 3%$3! B)6</A3()! E/3%/,! 3%6! -/&6,! @2<-63! ><63$/06<! <$3$! /7!
$&$/0$@06!/,! FI=?GIK,!3%6! 3$@06! 6$A%! 3)$A6! %$7! 3E (! A(021T- 7% 88 B(B%6!

(3%6)! D()! 8:;=! E/3%! 6$A%! 72A%! B$/)! %/-%0/-%36<! -)66,! /D! /3! %$7! 3%E9@6336)! C
B)6</A3/(,!(D!3%6!3E(*!$,<!)6<!(3%6)EI76G

|

go sjeng art sphinx libquantum |Arithmetic mean
gshare fpbn |gshare fpbn |gshare fpbn |gshare fpbn |gshare fpbn |gshare fpbn

| HW Size
1KB
2KB
4KB
8KB
16KB
32KB
64KB 2 1
mean 5.2 3| 2| |

8/-2)6![d!8:;=IC /7B)6</A3/(,)$367G!K,I$00!IA$767!@23!"1$,<!Ph!];!(X)!3)666!
8:;:=IH/60<7!@6336)!B6)D()C$,A6G

|

561766!/,13%@D/-2)6![13%$3!/,1$00!A$767! @23!3E(*18::=1H/60<7!0(EB)BA3/(,G!K,!

(,6! ( D! 3%(76! A$7671FPH <! 5,!13)$A6?! 8:=! $,<! 1F%$)6%H6! 3%6! 7$C6! @7
B)6</A3/(,))$36!"%6!(,0H!I A$76!/,|E%/A%!8::=IH/60<7!$!E()76!)$3618%%)E, ! D()!

%$)<E$)6! @2<-63! (D!"1]:1$,<! 3%H!13)$A6GE%S$)6C/ 7B)6</A3/(,! /7! "OGii\l E%/06!

8::=! H/60<7!L"GOG!IC($00! (D! (2)!3)$A67!3%6! @)$,A%67!/,1-(! E6)6! 3%6!%$)<673! 3(!
B)6</A3!D()! @ (3%H$)65, <! 8:*1 3%66!%/-96673! BY6</A3/(,! D()! $00! @2<-637! (AA2))6<!

1,1 3%$3! 3)$A6G! :H! (@76)&/,-! 3%6! <63$/06<! 6VB6)/C6,3$0! )672037! E6! 766! 3%$3! C()6!
6,3)/67! $,<! 0(,-6)! %/73()HE6)6! ,66<6<! 3(! 7(C6E%$3! (DD763! 3%6! </DD/A203H! (D! 3%6!
@)$,A%67G! 5/3%! 0/C/36<! " |;} @2<-63! %(E6&6)*! 3%6! C$V/C2C! ,2C@6)! (D! 6,3)/67!
1F%$)6A$,!SDD()<!M7! 1$,<18:;=1 (,0HI2' *1B233/,-8:;=! $0)6$<H!/,!$!</7$<&$,3$-6G!

%61 %/73()H! 06,-3%! 171 3%6! 7T6A(,<! </7$<&$,3$SB!:B(B1%6! <63$/06<! <$3$! 79%(E7!
3%$3!B8%/,13%6!A(,D/,6C6,3!(D!3%6!"1];! @2<16346$)8B6)D()C6<!/37!@673!>"0Gii\?!
E/3%!$!%/73()H!06,-3%! (D!LMG!S,!3%8!2)$867 (!,66<710(,-6)!%/73()H! @23!7/,A6!/3!
27671C203/B06!%/73()H!)6-/736)7!# (D! 3%6C! (,! 6$A%IBH?! /31 A(20<!,(3!1$DD()<!/3!
E/3%/,13%610/C/36<!@2<-63U!13%610$)-6731%/73()H!/3!A(20<!$DD()<!/7Ih* E%/A%I$<<7!3(18:;
/,D6)/()!B6)D()C$,A6G!"%/TIEST!,(3$,1/77261(,16$7/6)!3(1B)6</A3!3)$A67!<26!3(18:;=!



-6,6)$0172B6)/()/3H*1)6T2/)/,-1-6,6)$00H! C2A%!0677!6;B)£2613(13%6! 276! (D!B%6!
D2,A3/(,1/,736$<! (D! 398! ID2,A3/(,1 3(1 %$7%!/,3(!$,!6,3)HG! 19%46ID2, A3/(,! 7/CBOH!
-6,6)$367! C$,H! 6,3)/67! D()! 3%6! 7$C6! @)$,A%! >:+?! $<<)677* E%/A%1 E%A8!
1,%6)6,30H!)6T2/)61%/-%6)!,2C@6)!(D!6,3)/67G

|

8::=1/71@63B)13%$,! 1F%$)6! @6A$276!/312767!3%6!B$3%!06$</,-13(13%6!A2))6,3!@)$,A%!3(!
)6,<6)! <BA/7/(,G! e$A%! @)$,A%! (,! 3%/7! B$3%! %$7! $,! /ICB()3$,A6! E6/-%3! 3%$3! /7! 3$46,!
1,3(1A(,7/<6)$3/(,G!+(,3)$)H! 3(13%$3! LF%$)6! 2767! (,0H! $!-0(@$0! &/6E! (D! 3%6! B)(-)$C!
73$36! $,<! 6$A%! BEDRS,A%! /71)6B)676,3! @H! $! 7/,-06! @/3G! 5/3%! $! 7/,-06! @/3! %(0</,-!
C2A%!0677!/,D()C$3/(,!1F%$)6!B6)D()C$,A6!/7/,D6)/()G

|

r9661)6$7(,13%$81 1/717(1%$)<! 3(1B)6</A3* D()! QUEYS)6S, <! 8::=1/713%$3! 3%/7!/7!$!
3)$A6!(D!$!A(CB236)!B)(-)$C!BOSH/,-13%6! -5 6! 1! $C6!3%$3!/7!4,(E,13(! @6!%$)<!
D()!A(CB236)7!3(!BO$H*13%6)6!$)6!g273!3((!C$,H! (B3/(,7!3(! A%((76! D)(C!$3!6$A%! 32),G!
K,!'$,!/,36)673/,-1 3E/73 E6CSH! @6! S@OELBEE! 7(C6! A(,A027/(, 7! $@ (23! 3%6! -$CH6!
D)(C!3%6!)6720378@I@)$,A%! B)6</A3I[32<IB1%6! <63$/06672037! 7%(B%$3! $3!
C(73!"P!B$73! @)$,A%67! E$7!,66<6<! 3(! $A%/6&6! 3%6! @673! B)6</A3/(,G!K,! <636)C/,/,-!
3%6! </)6A3/(,! (D! 3%6! @)$,A%! 8:;=13$467!/,3(1 SAA(2,3! 3%6! B$3%! >B$73! @)$,A%67?! 3%$3
06<! 3(! 3%6! @)$,A%! 3%$3! /7! $@ (23! 3(! @B, E4H,56/72--673! 3%6,3%$D()! $!
A(CB236)3(! BOSH! IE600! $3! C(73! "P! B$73!32),7!,66<! 3(! @6! 3$46,! /,3(! SAA(2,3G! K3!
E(20<! @6! E()3%! 3(! 6VBA(JB $,(3%6)! 732<H/D! 3%/7! (@76)&$3/(,! A$,! 06$<! 3(! $!
A(CB236)! $0-()/3%C! 3%$3! A$,!)2,1/,1)6$7(,$@06! 3/C6! $,<! B)$HE00 ,(3! @6/,-!

B0$-26<! @H(,-6)! %/73()/6T! "%6! C(73! )6A6,3! )67203! B2@0/7%6<! D()! $! A(CB236)!
B)(-)$C!BOS$H/,-I-(1/7'D()!g6,"p'G!K,! I$)A%! LM"L! 3%6!B)(-)$C!)6$A%6<! 3%6!)$,4! (D!
<$,1P1>39%61%/-%673!/7!<$2B!3(1<(13%$3!/30%7,-I(,/LO'A()67  IQMIER

|

ID36)! <6C(,73)$3/,-! 3%$3! 8:;=! /T$SOC(73! SOESH7! @6336)! A%HS$)6! E6! $74! %(E!

C2A%! @6336)0!8/-2)YB%(E7$!-)$SB%/A$0!$, 7E6)!3(13%/ 7! T26 78/(,G

|

How much better than GShare is FPBN
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W1KB =2KB “4KB H8KB “16KB “32KB “ 64KB

I
8/-2)6!0d!:6)A6,313%$3!8:;=1/7!@6336)!3%$,! 1F%$)6G"%6!-(1$,<!7g6,-13)$A67!$)6!
c((C6<!(, V/,13%6!3(B!)/-%3IA(), 63



#.(26% , %BY +)5%%!:+'18(":1('5!;5%,<.5'%!&+!)+.:,<1'51&851$5%& ! DEFGM

56! <(! (3! B)672C6! 3%$3! 3%6! D/&6! 3)$A67! E6! 276<! )6B)676,3! $00! 3HB/AS0! 3(<SHX7!
B)(-)$C7*@23!$772C/,-13%$3!3%BP4R, /&6)76!E6!4, (E! (D YE6!B)(A66<!$7!D(00(E7G!

A1 DI,<! 3%6! @673! 8:;=! A(,D/-2)$3/{E6! A(,7/<6)6<! $00! B(77/@06! A(C@/,$3/(,7! (D!
2C@6)! (D! 6,3)/67! $,<! %/73()H! 06,-3%7G! 56! A$,! 766! /,! 3%6! <63$/0! 6VB6)/C6,37!
>$&$/0$@06!/,| Fi=?1$,<!/, D/-2)63%$3! 7%(E 7! 3%6!-6(C63)/Al C6S$,! $A)(77!$00! 3)$A67!
3%$3!8:;=! 0(E673! CAB)6</A3/(,! /7! 3)20H! $! D2,A3/[(@(3%! 3%6! ,2C@6)! (D! 6,3)/67!
$,<1%/73()H!06,-3%G!_,0148#3$)8!D()!8:;=!3(1276!$00!$&$/0$@06!%$)<ES$)6!/7!,(3!(,0H!
$IT2673/(,!(D'23/0/c$3/(,* @23!$07(1$! T2673/(,/(D!E() 76'B6)D()C$,A6!/,136)C7!(D!%/-%6)!
CI7B)6</A3/(,G!8()!6VSCBO6*!/,! D/-HE6! 766! 3%$QIR6S)<ES)6! @2<-68!]; I3 |
6,3)/67?13%6! @673 A(,D/-2)$3/(,! /7! %/73()H! 06,-3%! (D! Lh*! SA%/EREBF(,! (D!
MGh[\G! ;23! /D! E6! 276! 0(,-6)! %/73()H*! 7$H! LOCY3BF6</A3/(,! /7! MG[L\! 7(! 3%6

A(,D/-2)$3/(,! (DILhI7E-1 11 1" 1" 1@6336)G
|
VC!
2+<05.&',3( 8,0 8,%R 8,%Al 8,%A< 8,%LN 8,%LL 8,%LF 8,%U $1:<58
HETL OHAY SHS "H(& "HSI HY! Bl ) ol
HE'l SHYIG SHE) "H'O H'® "H&! #H&) "H&!
! SHER "H) | "H&& &#-1 &H#-) &HA  &#- S+, |

oA "#S! "#)*) &#HEH &HS &HM &H.1 &H
E*1 B #) &H#&
(#%)

&#'.l &#* &#™ &#(!

qQ
WU
S
X (#*! "#98 "#(! &# &#.D &#.! &#) &#.!
R
Y
AT

"H(% "#)! &#'.!

(H%. "H#(S!
Al (%! I
AU Il Il Il Il Il Il

8/-2)6!pd!8:;=IC6$,1C/7 B)6</A3/(,1)$36!$A)(77!$00!3)$A67Ge$A%!AB00!/713%6!B6)A6,3!

CI7B)6</A3/(,G"%6!@673!A(,D/-2)$3/(,7!$)6!%/-%0/-%36<!/,1)6<!D(,3G!Z$)<E$)6!
@2<-63106-6,<!17/7BOS$HBE!3%6!)/-%3G

|

$730H*E6!,(36!3%$3! E6! @60/6&6!3%$3!3%6! D/&6! 3)BAGTZE)/(B!)6B)676,3!3%6!

2,/86)76!(D!B)(-)$C7G!"%6)6D()6*!$!C()6!-6,6)$0!$,<!0677!76,7/3/&6173$36C6,3!$@ (23!

8= 1/71/,1()<6) G!K,! 8/-2)83 E6! A(2,3! E%/A%! %/73()H! 06,-3%7! B$)3/A/B$36<! /,! 3%6!

%/-%673!,2C@6)! (D! @673!A(,D/-2)$3/(,!$,<!E6! 766!3%$3! @ (3%!%/73()H!06,-3%! (D!"P!$,<!

Lh!73$,<! (231 6$A%! E/3%!3%)66! @673! A(,D/-208134:8)6D()6* /D! %$)<E$)6! @2<-63!/7!

(D!,(1A(,A6),!$,<!$! @6336)! C/B)6<//B/(,1$)6! 6AG77S)H*I A%((7/,-1%/734(DI06,-3%

Lh! AS$,! (D36,! $A%/68%® (28IM\! @6336)! B6)D()C$,AB>0(E6)! C/TB)6</A3/(,7?G! KD!

%$)<E$)6! @2<-63! /7! $! A(,AB),* E%/06! <60/&6)/,-! IM\I @6336)! /7! /CB()3$,3*! 3%6!

$@7(0236!&$026!(D!8:;=!/710(E!6,(2-%!3%$3!/3!C/-EB3I36)G!K,!3%$3! A$ 76! A%((7/,-!

$19%/73()H!06,-3%!(DILM!/7!$!-((<!<67/-,13)$<B(DDG

=>45',05.&@UB!?85!=::5)&!+:1V(%8!D1)&,+.
K,13%/7176A3/(,\E6!732<H!%(E!%$7%!D2,A3/(,|$DD6A37!3%6!$AA2)$AH! (D'3866!B)6</A3()G!
(O/-1,$0 ! 8::=1 SOE$HT! /,<6V! 3%6! 7$C6! @)$,A%! B6! 7$C6! 6,3)HAH! 27/,-1



"I IMHS%& * E%/06! 1F%$)6! 354671 /,3(! SAA(2,3-80@BH06/73() HD()/,<6V/,-!

S IHS%& ()" H(% 2G1103%(2-%18:;96%$), 7B%E$3%!%/73t)B%$3!/7106%$),6<!/7!
3%6!0(A$0! %/73()H! 3%$3! 06$<IA )| BRED)$, AYE6!3%(2-%43%$EH! $<</,-1 C()6!
1,DOC$3/(,13(13%6!/,<6V/,-| B)(A67T!/,136)C7! (D! 3%6! -0(@$0! %TBEGIAS,|6VBO()6!
$,1/CB)(&6C6,3!D()!8:;=G! 5 6//CB06C6,364$!,6E!&6)7/(,! (D!8::=! E/3%! 1 F%6$)&KY
%$7%! D2,A3/(,! $,<! A(,<2A36<! 6VB6)/C6,37! DI&B</DD6)6,3! 3)$A67G! 8()! 6$A%!
6VB6)/C6,3*! 3%EC@6)! (D! 6,3)/67! EB! &$)/6<! D)(C! 13(!! " IE%/06! EBD/V6<! 3%6!
%/73()H!06,-3%!3(I"P!@/37!$,<!A(2,36)!E/<3%!3(10G

|

8/-2)6!""1 7%(E7!3%6!/CB$A3!(D!</DD6)6,3!%$7%! D2,A3/(,7!(,!8:;=!B)6k/BB(J,0H!
B)676,3! 3%6! )62 D)(C! NI 6V$CBO6! 3)$A67! D()! 3%6! 6$76! (D! &/NZBEY (3%6)!
)672037! <(1,(3! A(,3)$</A3! (2)! A(,A027/(AB6! (@76)&6! 3%EBI=! E/3%! I"# 1%$7%!
72DD6)7! D)(C! %/-%!BJB</A3/(,! E%6,! 3$@06! 7/c6! /7! 7C$00*! @23! (23B6)D()C7! 3%6!
(O/-1,$018:;=1E  %6,13%B%@ 0BtE-637!0$)-6B

#.(26%,%BIC86!DEFG!I,&8!11/8('5!8(%8!,%!$58&5'1&8(.|&85!+' <,.(2IDEFGK

r66! $<&$,3$-6! (D8:;=! E/3%! I"# 19%$7%! /306$3B!3$467! $<&$,3$-6! (D! 3%6! B$3%!
1,DOC$3/(, 'E%/0B3!3%6!7$C6!3/CH!/,-!@2/0FIC()6!A(,36V31>%6)8(,36VIT6$,7!
3%6672037! (D! 3%6! 08@$0!@)$,A%672%6)6! $)6! C203/B06! B$3%7! 06$</,-! 3(! 3%6!
A2))6,3! @)$, AWM # /,-1 3%60(@$0! %/73()H! E/3%! :+ SO0(E7! 6$A%! @)$,A%! 3(! %$&.6!
</DD6)6,3! A(,36\8]! /37! <6AI7/(,G! 5%/06! 3%6! ()/-A$AI# N"I#$%&' 1E/00! $OEST7!
C$BI$!@)$,A%!3(13%6!7$C6!6,3)H!)6-$)<0677!(D!/37HMFBBYI76B$)$367!@)$,A%67!
@H!3%6/)!A(,36¥86!C$g()! A(73!(D!8:;=1E/3%6# V73%$E!)6T2/)67C()6 16,3)/67!3(!
$A%/6&6! 3%6! @673! SAA2)SAHG! :23! /D! 3%6! 3$@ OB!@/EE6@BH{GB/7! /713! $!
A(,A6),1$,HC()6 $,<E6!6$), (@336)!C/B)6</A3/(,)$36E

|

Mis-Prediction Rate vs Table Size for Different Hash Functions
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8/-2)6!""d1J/7 B)6</A3/(,)$36!$7!$!D2,A3/(,|(D!0(-|(D'3$@06!7/c6!(D!8:;=1E/3%!()/-/,$0!
%$7%!D2,A3/(,!><(310/,6?11B%6!/CB)(&618:;= 1>7(0/<!0/,67



=>45',05.8@QB!Z5(".,.<![(&5

5/3%! 8:;=! @6/-! $! C$A%/,6! 06$),/,-! $0-()/3%C E6! E$,3! 3(! 732<HI37 36CB()$0!
@6%$8M)%(E!D$73!/31A$,106%$), 2! A(CBS$)6!3(11F%3$)6G!IK, 3%/ 716 VIEG)AR,313%6!
2C@6)! (D! C/BB)6</A3/(,7! C$<6! @H! 3BE</A3() >3%6'HBN/7?! (&6)! 3%H$/,/,- !

0/DBAHAIBY6!@6-/,,/,-1(DB%6!3)$AB66! 7632B1D()!3%/7!6VB6)/C6,3!/7!$7!D{00(E7d
!

! '32$%#! <=1
Z51;2<-63 | "$@06!6,3)/67 | Z/73)H!.6,! | "$@06!6,3)/67| Z/73()H!.6, !
OJ; ! | 15) "P! 2'! "P!
!
100 Ty = = sjeng-gshare
\ Learning rate, Gshare vs. FPBN ::Jr‘*t“ggs;::\‘
? ==art-FPBN
80 = = go-gshare
===go-FPBN

= = sphinx3-gshare
sphinx3-FPBN

~
S}

8 = = libquantum-gshare
L T T UYL PV YUy - q g
S M 0~ TSacea ~ ==libquantum-FPBN
B S - -
O W /IVY LT NS, e e
= 50
-]
@
E /YN N N -
-------
& 40 ~ RN T s em—a =TT
s P S __— —
TN————— — =
20 V\j,,: - = —
20 —
~—-o
10 =SS ====coo__
0
0 100 200 300 400

Processed Branch Instructions |

8/-2)6!"Ld!.6%$),/,-)$36!(D!17%%$)6!$,<!8:;= Gle$A%!3)$A6!/7!<6B/A36<!/,1/37!(E,!A(0()!
E/3%!1F%$)6!k57%6<!0/,67!$,<!8:;=127/,-17(0/<G

|
K,!-6,6)$0!8:;=! $A%/6&GI0(E6)! C/7B)6</A3/(,1)$36D$7363%6$,! LF%$1B%66)6$7(, !
I713%%$8:;=! %$&6!/CCH</$36!/,D()C$3/(,!$@(23!6$A%! @)$,A%! $D36)!/3!17667!/31D()! 3%6!
D/)73!3/C6G!5%/06!3%/7!C$H! @6!$0@6/3!,(3!B6)BBA3R, BT ()6!/7!06$),6<K3/7!
C()6!3%3,!E%$3!1F%$)6!%$7! @6A$276!6$A%!@)$,A%!/7!C$BB6<!3(!1C203/B06!6,3)/67G

#)&1(213042505.&(&,+.\7+%&1],%)1%4%, +.

8)(C! 3%6! )676$)A%! B$B6)! QMLR! E6! $07(! 06$),6<! 3%$3! 8::=! /7! ICBO6C6,3$@06! /,!
%%$)<E$)6G!_,0/46! C$,H! (3%6)! CBA6! 06$),/,-1 $0-()/3%C7! 3%$3!)6T2/)6! 3((! C2A%!
)67(2)A67!3(! @6!D6$7/@06!D()!$!B)(A677()*()!3((!C$,HIAHADB7! @6D()6!$!<6A/7/(,|AS,! @6!
C$<6*18::=1/71AS0A20$3/,-1/,36)C6</$36!)672037!(,! 63A%! 736BG! 772C/,-1 3%$3! E6! $)6!
27/,-1$1 7/CB06! TA$03$)! C$A%/,6*1 8:;=1 /TEHMH7! 3E(! AHA067! SESH! D)(C!)6,<6)/,-! $!
B)6</A3/(,U!/3!,66<7!3(! AS0A20$36! (,6! B)6</A3/(,! &$026! $,<! C$46! $! B)6</A3/(,! @$76<!

(,! 3%%$3! &$026G! :)/()! E()4! QMNR! @H! 3%6! 7$C6! $23%()! (,! 3%6! :6)A6B3)(,! @)$,A%!
B)6</A3()1)6T2/)6<!,(10677!3%BIAHA067!7/,A6!6$A%!B)§LJBBL/)67!$!<(31B)(<2A3!
(D!%!B$73! @)$,A%67!$,<!3%6/)! A()67B(,</,-! E6/-%37G!8:;=173/00! 72DD6)7! D)(C! $! %/-%!
A(CB23$3/(,$0!0$36,AH! E%6,!3%6)6!/7! $BJBZ/A3/(,U! 2B<$3/,-18:;=! E6/-%3! 3$@06!



1,A2)71$3106$TIAHA067!3(1$<g273!$00!E6/-%6371)60$36<!3UaREHIRAY67G!K,!36)C! (D!
%$)<E$)6! @2<-63*(2)!6VB6)/C6,3$0!)672037! 7%(E! 3%$3!8::=1<(67!,(31)6T2/)6! C()6!
7B$A6! 3%$,! 3%6! 3)$</3/(,508$)6B)6</A3()! 3(! SA%/6&6! -((<! B6)D()CS$,A6G! 107(* /3!
%$7179%()36)!3)$/,/,-1(&6)%6$<!A(CBS$)6<BFY%$)8B)6</A3()G

7+.)21%,+!
5617/C20$36<!8:;=!:)6</A3()!$,<!A(CB$)6<!/37!B6)D()C$,AB!E/3%F%S$)8B)6</A3()G!

56! A(,<2A36<!6CB/)/A$0! 732</67!3(10/C/3! (2)! <67/-, TBSA67*$,<! D(2,<1FHHIB

E()47! @6336)! E/3%! 7C$00! A(2,36)! E/<3%*! E%/06! 8:;=! $A%/6&67! %/-%! $SAA2)$AH! E/3%! $!
0$)-6)!A(2,36)IE/<3%G!"%6! QIF-ERE)6AS,! @6! $A%/6&6<! @H! $00(A$3/,-1 3%6! C$V/C2C!
3$@06! 7/c6G! Z(E6&6)*! D()! 8:;=* E6! ,66<! 3(1 A(,7/<6)! 3%6! A(C@/,$3/(,! (D! @(3%! 3$@06!
7/c6!$,<1%/73()H! 06,-3%G! S2)1)672037! 7%(E! 3%%$3! E/3%! $! -/&6,! @2<-63*!8::=!/,1 C(73!
A$767+! (23B6)D()CIF%S$)&! B! /7! @6A$276!8::=I A(,7/<6)7! @(3%! B$3%!/,D()C$3/(,!

> 0(E!K!-(313(13%/7! @)$,A%a?! $,<!%/73()H! B$336),G! 156! A(,A02<6<! @H! 732<H/,-18:;=!
06$),/,-1)$36!%$,<!7%(E6<!3%$3!8::=!/,1-6,6)$0!%3$7! @6336)!06%),/,-1)$36! 36 %) 6!
1)6$7(,$@06! @6%$8&/()! A(,7/<6)/,-! 3%HBY%$)6,66<7! 0$)-6)! 3$@06! 7/c6! 3%$,! 8:;=*1
%6,A6!/313$467!0(,-6)! 3/C6! 3(! 3)$/,! 3%6! B)6</A3()G! K,! $<</3/(,*! E6! $07(! 732</6<! 3%6!
6DD6A3! (D! L! </DD6)6,3! %$7%! D2,A3/(,7G! 56! (@76)&6<! 3%$31BY6$)ELA%H %!
D2,A3/(,!A$,!%60B!27!H/60<7!$! @6336)!B)6</A3/048%)H1$0!8:;=1E%6,!3%6!3$@06!
7/c6!@6A(C67!0$)-6!6,(2-%G

7+.&" $1&,+.%

+9(,-1./d! 1F%$)8VB6)/C6,37*106%),/,-1)$36!6VB6)/C6,3!$,<!$,$0H7/7*1%$7%! D2,A3/(,!
$,$0H7/TG

'(0&$)$! 12,$3/0$4$d! F/C20$3/(,! ICBO6C6,3$3/(,*! A(2,36)! E/<3%! 6VB6)/C6,37! $,<!
$,$0H7/7*18:216VB6)/C6,3T5

#$%$&!"()dH676$)A%! BOS, | $,<! C(3/8$3/(HE%$)66VB6)/C6,37!$,<!$,$0H7/7*!8:;=!
6VB6)/C6,37!$,<!$, SOHTIT, <I+(CBS$)/7(, 1, 7/-%37!$,4$,$0H7/TG

|

A96618::=1/71,(31(2)!$0-()/3%CG! K3 E$7!/,86,36<! @HBJGB,6¢*! 3%6! $23%()! (D! QMLRG!
S2)!/<6$7!E6)83(!@(2,<!3%6!<67/-,| 7TB$SA6!3(! @6!$@06!3(!D/,<!3%6! @673 A(,D/-2)$3/(,7!
$,<13%6!/, A()B()$3/(,|(D!3%6b7%$7%!D2,A34(,G

[5:5'5.)5%!
QM"B$,A%!B)6</A3()G!>LM"h*IB)/0!I"?@JE)"()OALF/1!1&"1G$*>*6," ()0 G!
#63)/6&6<!"NdNh*!1B)/0!LP*ILM"h*ID)(C!
%33Bdrr6,GE/4/B6</$G()-rEr/,<6VGB%B03/306j;)$,A%sB)6</A3()t(0</<jPMN[Op[ "

|

QML'RY60!1G!b/C6,6cGILMMNG!8$7 B HB46!=62)$01:)$,A%!:)6</A3/(,G!IK,!
))(AB6</,-7!(D! 3%6!NP3%!$, 2$0!Keeerl+JIK,36),$3/(,$0!FHCB(7/2C!(,!
JIA)($)A%/36A32)6!>IK+#SINP?G!Keeel+(CB236)!F(A/63H*I5$7%/,-3(,*!'+*!_FIBIILhN
%33BdrrEEEGC/A)($)A%G()-rC/A)(NPr%3COrBRe)Ay B$73:$3%GB<D



QMNRI60!G!b/C6,6¢!$,<!+$0&/,!./,GILMM"GI'H,$C/AL)$,A%!:)6</A3/(,|E/3%!
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