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F (A,B,C) = {P(A,B,C),Q(A,B,C),R(A,B,C)} =
[P(A,B,1) = A , Q(A,B,1) = A + B , R(A,B,1) = AB];

[P(A,B,0) = A , Q(A,B, 0) = A + B , R(A,B, 0) = AB].
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3(;),.3(1>!-8#!(179-!7#.69-,-('1;!,13!'9-79-!7'$,.(-0!S(B#B*!
<0! #196#.,-(1>! -8#(.! `iJ#D9(:,$#1-! )$,;;#;! ?@AT*! '1#!
1##3;!-'!.#,$(/#!-8#!='$$'H(1>W!
J!E!)'1;-,1-!=91)-('1;!S@!,13!dT*!
J!E!<9==#.!=91)-('1;!SV_K*!G`jT*!
J!E!cF2!=91)-('1;!ScF2*!c`F2T*!
J!Q!5`b!=91)-('1;!S5`b*!`5`b*!'1#!(179-!(1:#.;('1T*!
J!Q!F2!=91)-('1;!SF2*!`F2!,13!,!;(1>$#!(179-!(1:#.;#TB!
!C'!8,:#!,!)'67$#-#! .#:#.;(<$#!)#$$! $(<.,.0*! (-! ;9==()#;!

-'!.#,$(/#!-8#!$(<.,.0!'=!.#:#.;(<$#!#6<#33(1>;!='.!#,)8!'=!
-8#! ,<':#! #D9(:,$#1)#! )$,;;#;B! K'.! (1;-,1)#*! ='.! ,! -H'J
(179-! 5`b! >,-#*! K(>9.#! O! ;8'H;! -H'! ;(67$#! .#:#.;(<$#!
#6<#33(1>;B! N(1)#! 5`b! ,13! F2! =91)-('1;! 7.'39)#!
(3#1-(),$! '9-79-! =91)-('1! :,$9#;! (1! -8.##! ),;#;! S>,39*! ZOT*!
-8#!196<#.!'=!,33#3!S>,.<,>#T!<(-;!(;!!%1:E!O"!Z!EB!!
G1! -8#! 6';-! ;-.,(>8-='.H,.3! #6<#33(1>! '=! 5`b*!

K(>9.#!OB,T*!-H'!7.(6,.0!(179-;!>#-!.#7#,-#3!,-!-8#!'9-79-*!
=.'6! H8()8! -8#0! ),1! ,$H,0;! <#! .#)':#.#3B! C8#! -8(.3*!
,1)($$,!(179-!(;!,!)'1;-,1-!SdTB!5!6'.#!=$#L(<$#!#6<#33(1>!
(;! <0! -8#! C'=='$(! >,-#*! K(>9.#! OB<T*! H8#.#! -8#! ,33(-('1,$!
)'1-.'$!(179-!0!)8,1>#;!-8#!7'$,.(-0!'=!EB!R#.#*!-8#!;,6#!
.#:#.;(<$#! >,-#! ,)-;! ,;! <'-8! 5`b! ,13! `5`b! >,-#*!
)':#.(1>! <'-8! '9-79-! 7'$,.(-(#;! '=! -8#! ;,6#! =91)-('1!
#D9(:,$#1)#!)$,;;B!!

!
!"#$%&'?)'@"+A,&'B+>&CC"6#3'/.%'89:'1*2& 
i$#,;#!1'-#!-8,-!#,)8!;9)8!#6<#33(1>!),1!1,-9.,$$0!<#!

3'1#!(1!-8#!'7-(6,$!H,0!H(-8!.#;7#)-!-'!-8#!-'-,$!196<#.!
'=! >,-#! 7'.-;B! K'.! 5`b! ,13! F2! =91)-('1! )$,;;#;*! -8#;#!
H'9$3!<#!(67$#6#1-#3!<0!OLO!<$')&;*!='.!cF2!)$,;;*!ELE!
.#:#.;(<$#! >,-#;! H'9$3! ;9==()#*! H8($#! ='.! V_KMG`j*! -8#!
@L@!>,-#;!H'9$3!<#!9;#3B!!
C8#! .#:#.;(<$#! )#$$! $(<.,.0! ),1! ,$;'! 8,:#! 6'.#!

7'H#.=9$! ,13! =$#L(<$#! .#:#.;(<$#! #6<#33(1>;*! (1)$93(1>!
)#$$;! -8,-! .#,$(/#! -H'! 3(;-(1)-! =91)-('1;! ,-! -8#(.! '9-79-;B!
K'.! ,! -H'J(179-!5`b! >,-#*! K(>9.#! P! ;8'H;! =(:#! ;(1>$#J!
,13!69$-(J'9-79-!#6<#33(1>;B!K(>9.#!PB)T!)'1-,(1;!,!39,$!
5`bMF2!>,-#*!H8($#!(1!K(>9.#!PB3T!-8#!7'$,.(-0!'=!'1#!'=!
-8#! '9-79-;! (;! )'1-.'$$#3! <0! -8#! (179-!0B! K(1,$$0*! K(>9.#!

PB#T!8,;!<'-8!7'$,.(-(#;!)'1-.'$$#3B!`'-#!-8,-!-8#!)#$$!)T!(;!
,!;7#)(,$!),;#!'=!<'-8!3T!,13!#T*!H8#.#!0!(;!,;;(>1#3!dB!!

! !
!"#$%&'D)'=&7&%3">,&'E&,,3'/.%'89:'1*2&'

C,<$#! @! )'67,.#;! -8#! =(:#! 7.'7';#3! .#:#.;(<$#!
#6<#33(1>;!'=! -8#!5`b!>,-#B!I8($#!),;#;!)TJ#T!7.':(3#!
-H'! '9-79-! =91)-('1;! (1! -8#! ;,6#! )#$$*! -8#0! ),1! =,1! '9-!
'1$0!'1#!(179-!S7,;;!'1#!(179-!-'!-8#!'9-79-TB!\#$$;!<T*!3T!
,13!#T!=9.-8#.!7.':(3#!7.'>.,66,<$#!'9-79-!(1:#.;('1B!!
0*>,&'()'E.+A*%"6#'B+>&CC"6#3'./'89:'1*2&'
\#$$!(1!K(>9.#!P! ,T! <T! )T! 3T! #T!
F9-79-!=91)-('1;! @! @! E! E! E!
F9-79-!7'$,.(-(#;! @! E! @! E! E!
G179-!7,;;#3!-'!'9-!! E! E! @! @! @!

J>!"#$#%&'()#!.#+/01)123!4566'02!
I#! 1'H! 7.#;#1-! ,! 6#-8'3! '=! <9($3(1>! -8#! .#:#.;(<$#!
(67$#6#1-,-('1;!'=!)(.)9(-;!(1!,!6,11#.!#D9(:,$#1-!-'!-8#!
)$,;;(),$! -#)81'$'>0!6,77(1>*!H8#.#! ,!V''$#,1!1#-H'.&!
(;!-'!<#!)':#.#3!<0!,!1#-H'.&!'=!>,-#;!(1!,!6,11#.!-8,-!-8#!
':#.,$$! 1#-H'.&! (;! .#:#.;(<$#B! C8#! &#0! <#1#=(-! '=! -8(;!
,77.',)8!(;! -8,-!-8#.#! (;!1'!1##3! ='.! =(13(1>!,!.#:#.;(<$#!
#6<#33(1>! 7.('.! -'! -8#! ;01-8#;(;*! ,13! ='.! 913#.-,&(1>!
)';-$0! 7#.69-,-('1! 6,77(1>! '7-(6(/,-('1;! ?QA*! ?^AB! ! G1!
)'1;#D9#1)#*! 69)8! $,.>#.! )(.)9(-;! S(1! -#.6;! '=! (179-!
)'91-T!),1!<#!).#,-#3B!
!G1!.#:#.;(<$#!-#)81'$'>0!6,77(1>!)'1;(3#.#3!8#.#*!-8#!

>',$! (;! -'!6,7!,!1'1J.#:#.;(<$#!)(.)9(-!(1-'!,!1#-H'.&!'=!
.#:#.;(<$#! )#$$;*! ;9)8! -8,-! -8#! ':#.,$$! 1#-H'.&! (;!
.#:#.;(<$#B!!C8(;!>',$!.#D9(.#;!-8#!='$$'H(1>W!!
@B `#-H'.&! 6,77(1>! 9;(1>! -8#! )$,;;(),$! 6(1(6(/,-('1!
6#-8'3;!,13!)$,;;(),$*!(..#:#.;(<$#!)#$$!$(<.,.0!%*!

EB 2#,$(/(1>! .#:#.;(<$#! #6<#33(1>! $(<.,.0! %+! '=! %*! S-8#!
$(<.,.0!),1!<#!.#9;#3!='.!6,77(1>;!'=!'-8#.!)(.)9(-;TB!

OB \':#.(1>! S.#:#.;(<$#! 6,77(1>! '=T! -8#! (..#:#.;(<$#!
1#-H'.&!=.'6!N-#7!@!<0!,!.#:#.;(<$#!)#$$!1#-H'.&!%+B!
b9.(1>!-8#!,)-9,$!.#:#.;(<$#!6,77(1>*!-8#.#!(;!,!)8'()#!

(1! ;#$#)-(1>! -8#! )#$$;*!,;!,10! .#:#.;(<$#! )#$$! .#,$(/(1>! -8#!
>(:#1!=91)-('1!=.'6!%!),1!<#!,77$(#3B!K'.!#L,67$#*!,10!'=!
-8#!Q!)#$$;!(1!K(>9.#!P!),1!<#!9;#3! ='.!6,77(1>!,1!5`b!
=91)-('1B! C8#! F2! =91)-('1! ),1! <#! (67$#6#1-#3! (1! ,!
.#:#.;(<$#! ='.6! <0! )#$$;! (1! K(>9.#! PB)J#T*! cF2! =91)-('1!
),1!<#!,)8(#:#3!<0!)#$$;!(1!K(>9.#!PB<!,13!JK(>9.#!P*!3J#TB!
5!<#--#.!cF2!#6<#33(1>*!8'H#:#.*!(;!,!ELE!C'=='$(!>,-#*!
K(>9.#!@*!7#.='.6(1>!6,77(1>!S3*?T!Jk!S3*!3⊕?TB!



G1!N-#7!O!,<':#!S)':#.(1>!7.')#;;T*!-8#!=(.;-!)'1)#.1!(;!
-'!#1;9.#!-8,-!,!.#;9$-(1>!1#-H'.&!(;!,!.#:#.;(<$#!=91)-('1!
(-;#$=B!C'H,.3;!-8(;!>',$*!H#!7.':#!-8#!='$$'H(1>!7.'7#.-0!
'=!-8#!1#-H'.&;!)'67';#3!'=!.#:#.;(<$#!>,-#;B!!
I#885! =K& D(& 3"."%$"& (*-A1+6& J& 1>& +*)*+,$?%*& "*%%,& $,&
$-,*%>&3&+*)*+,$?%*&%1:$"&>@("-$1(&$>K&
LMFanout-freeN&O3(1@-&1>&3%%&(12*,&$,&6*=-&3-&P7&
LMConnectednessN&;<*+*& $,&3&=3-<&?*-A**(&3%%&(*-A1+6&
,$:(3%,&-1&?1-<&=+$93+.&$(=@-,&3(2&1@-=@-,&1>&J7&!

H+11>K! \'1;(3#.! -8#! 7.(6,.0! '9-79-;! '=! ,! 1#-H'.&! JB!
N(1)#! ,$$! >,-#;! '=! J! ,.#! .#:#.;(<$#*! -8#! (179-;! -'! -8';#!
>,-#;!),1!<#!.#)':#.#3!=9$$0!=.'6!-8#!'9-79-;B!C8#!7.')#;;!
;-,.-;! H(-8! -8#! 7.(6,.0! '9-79-;! '=! J*! ,13! )'1-(19#;!
-8.'9>8! -8#! <,)&H,.3! -.,:#.;,$*! 9;(1>! -8#! =,)-! -8,-! #,)8!
(1-#.1,$! ;(>1,$! $(1#! S(1)$93(1>! #L-.,1#'9;! <(-;! ,33#3! (1!
.#:#.;(<$#! ;01-8#;(;T! (;! '1! ,! 7,-8! =.'6! -8#! '9-79-;B!
K9.-8#.*! ,;! -8#.#! (;! 1'! =,1'9-! -'! #:#1-9,$$0! .#D9(.#!
)'1=$()-(1>!:,$9#;*!,13!1'!)0)$#;!(1!J*!-8(;!6#,1;!-8,-!'1#!
),1! ,$H,0;! -.,:#.;#! -8#! H8'$#! 1#-H'.&! J! =.'6! ,10!
$'),-('1! -'H,.3! -8#!7.(6,.0! (179-;*!,13*! (1!)'1;#D9#1)#*!
.#)':#.! -8#! :,$9#;! '=! -8#! 7.(6,.0! (179-;B! R#1)#*! -8#!
1#-H'.&!(;!.#:#.;(<$#B! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
h#66,!@!),1!<#!3(.#)-$0!,77$(#3!-'!.#,$(/#!,!.#:#.;(<$#!

-#)81'$'>0!6,77(1>! =.'6!,1! (..#:#.;(<$#!1#-H'.&! -8,-!(;!
6,77#3! '1-'! ,1! ,)0)$()! 1#-H'.&! '=! >,-#;! =.'6! -8#! )#$$!
$(<.,.0! %B!5$$! -8,-! (;! .#D9(.#3! (;! -'! .#7$,)#! (1! -'7'$'>(),$!
'.3#.*!-8#!$(<.,.0!)#$$;!<0!-8#(.!.#:#.;(<$#!:#.;('1!=.'6!%+B!
l,)8! .#7$,)#6#1-! 69;-! 1,-9.,$$0! 6,(1-,(1! -8#!
)'11#)-#31#;;!,13!=,1'9-!)'13(-('1;!=.'6!h#66,!@B!!
C8#!#L-.,1#'9;!<(-;!),1!,)-9,$$0!<#!9;#3!-'!7.':(3#!-8#!

=,1'9-*! ,;! .#D9(.#3! <0! -8#! '.(>(1,$! (..#:#.;(<$#! 1#-H'.&B!
K'.! #L,67$#! '=! 5`b! =91)-('1*! -8#! >,.<,>#! '9-79-;!
S;(>1,$;!H!,13!I*!K(>9.#!PB,J<T*!),1!<#!9;#3!-'!=,1!'9-!-8#!
(179-;! H8()8! ,.#! 91,$-#.#3! (179-;! -'! -8#! >,-#*! '.! #:#1!
;'6#! $'>()! =91)-('1! '=! (179-;! -'! -8#! >,-#! S;(>1,$! I! (1!
K(>9.#! PB)J#TTB! G=! -8#;#! <(-;*! 8'H#:#.*! ),11'-! <#! .#9;#3!
#$;#H8#.#*! -8#1! -8#0! ,9-'6,-(),$$0! ).#,-#! #L-.,! >,.<,>#!
'9-79-;!'=!-8#!':#.,$$!)(.)9(-B!!
I(-8!#L-.,1#'9;! (179-!<(-;*! -8#!;(-9,-('1! (;! ;'6#H8,-!

3(==#.#1-B! I8($#! -8#.#! ;-($$! 1##3! -'! <#! ,! 3#3(),-#3! 7,-8!
=.'6!7.(6,.0! (179-;! -'! #,)8! ;9)8! #L-.,1#'9;! <(-*! (1! -8(;!
),;#*!h#66,!@! ;(67$0! (67$(#;! -8,-!1'! ;9)8! (179-! (;! $#=-!
3#-,)8#3!=.'6!-8#!,9>6#1-#3!;#-!'=!7.(6,.0!(179-;B!!

!
!"#$%&'F)'=&7&%3">,&'G*AA"6#'BH*+A,&'

Example! =W! 01(,$2*+& 3(& $++*)*+,$?%*& "$+"@$-& $(& O$:@+*&
Q73N7&R(&-<*&"1(,-+@"-$1(&1>&3&+*)*+,$?%*&93==$(:/&O$:@+*&
Q7?N/& *3"<& 1+$:$(3%& :3-*& $& $,& +*=%3"*2& A$-<& 3& +*)*+,$?%*&
%$?+3+.&"*%%&M23,<*2&?1C&3+1@(2&-<*&"1++*,=1(2$(:&:3-*&$N7&

;<*&"*%%,&3+*&$(-*+"1((*"-*2&,@"<&-<3-&-<*&>3(1@-&$,&6*=-&3-&
P7& O1+& -<+**& <$:<*+L>3(1@-& (12*,/& -<*& $(=@-& 3& 3(2& -<*&
1@-=@-& 1>& (12*& S& $,& +*=%$"3-*2& -<+1@:<& 3& +*)*+,$?%*&
$9=%*9*(-3-$1(& 1>& -<*& DJT& :3-*& P/& A<$%*& $(=@-& ?& A$-<&
>3(1@-&S&(**2,&-1&?*&+*=%$"3-*2&-A$"*&-<+1@:<&3&"3,"32*&1>&
-A1&+*)*+,$?%*&:3-*,&U&DJT&:3-*&P&3(2&VWE&:3-*&S7&;<*&
*C-+3(*1@,& $(=@-,& 3+*& 3%,1& 322*2& -1& *3"<&DJT& 3(2&WE&
:3-*7&',@3%%.&-<*,*&A1@%2&?*&-<*&"1(-+1%&$(=@-,/&<1A*)*+/&
A<*(& -<*.& 3+*& 3,,$:(*2& 3& >$C*2& )3%@*/& $-& $,& 2*(1-*2& $(&
O$:@+*&Q7?N&?.&3&:+1@(2*2&XdY7& &;<*&:3+?3:*&1@-=@-,&:5&
M$(&:+*.&"1%1+N&3+*&3%%&+*)*+,$?%*&:3-*&1@-=@-,&-<3-&21&(1-&
:*-&@,*2&$(&-<*&(*-A1+67&F.&"1@(-$(:&-<*&(@9?*+&1>&$(=@-/&
1@-=@-&3(2&*C-+3(*1@,&,$:(3%,&@=1(&+*)*+,$?%*&-*"<(1%1:.&
93==$(:/&A*&(1-*&-<3-&Z[7&P&<1%2,/&A$-<&D\P/&#\Q7!!

J>=>!<&&#&&'02!9,8(#%!17!LM-%50#1,&!B'-&!!
I(-8!-8#!7.'7';#3!.#:#.;(<$#!-#)81'$'>0!6,77(1>*!H#!

),1! 7.':,<$0! &1'H! -8#! 196<#.! '=! #L-.,1#'9;! <(-;!
>#1#.,-#3B!K(.;-*! -8#.#! (;!,!.#$,-('1!.#>,.3(1>! -8#!196<#.!
'=! #L-.,1#'9;! <(-;! ,13! -8#! -07#! '=! -8#! )#$$;! #67$'0#3! (1!
-8#!-#)81'$'>0!6,77(1>B!
I#885! AK& ;<*& -1-3%& (@9?*+& 1>& *C-+3(*1@,& $(=@-& ?$-,& D&
322*2& ?.& -<*& +*)*+,$?%*& -*"<(1%1:.&93==$(:& >1+& ]L$(=@-&
$++*)*+,$?%*&%$?+3+.&%&$,&*[@3%&-1&-<*&(@9?*+&1>&+*)*+,$?%*&
"*%%,&>1+&DJT&1+&WE&>@("-$1(,K&

A =# (AND /OR) &

H+11>K& 56'1>! ,$$! (..#:#.;(<$#! EJ:,.(,<$#! =91)-('1! `i!
)$,;;#;*!'1$0! -8#!5`bMF2!=91)-('1!)$,;;!>,-#;! .#D9(.#!@!
#L-.,1#'9;!(179-!<(-!39.(1>!,!.#:#.;(<$#!#6<#33(1>B!!!!!!!!
I#! ),1! <.(1>!6'.#! .#$,-('1;! <#-H##1! -8#! #L-.,1#'9;!

<(-;! ,13! -8#! (...#:#.;(<$#! >,-#! )'91-! (1! -8#! '.(>(1,$!
1#-H'.&B!577$0(1>!7.#:('9;!$#66,!-'!(3#1-(-0!=.'6!lDB!@!
7.':#;!-8#!='$$'H(1>!.#$,-('1B!!!
I#885!HK&;<*&-1-3%&(@9?*+&1>&1@-=@-&:3+?3:*&?$-,&#&$,&

G = (# inputs) + (#[ AND /OR]) − (# outputs). &
K.'6! -8(;*! H#! )'1)$93#! -8,-! -8#! ,33#3! )';-! '=! <'-8!

,1)($$,!(179-!<(-;!,13!>,.<,>#!'9-79-!<(-;!(;!39#!-'!-8#!9;#!
'=!.#:#.;(<$#!$(<.,.0!)#$$;!-8,-!.#7.#;#1-!5`b!'.!F2!>,-#;!
S(1)$93(1>! -8#(.! (1:#.;('1;! ,13! (179-! 7#.69-,-('1;TB!C8#!
196<#.! '=! #L-.,1#'9;! ;(>1,$;! ),1! <#! .#39)#3! (=! -8#!
)$,;;(),$!(..#:#.;(<$#!-#)81'$'>0!6,77(1>!),1!,:'(3!5`b!
,13!F2!>,-#;*!,13!(1;-#,3!9;#!cF2!>,-#;B!I#!H($$!=9.-8#.!
;8'H!(1!N#)-('1!PBO!-8,-!-8#!)8'()#!'=!.#:#.;(<$#!)#$$;!),1!
,$;'! .#39)#! -8#! #L-.,1#'9;! ;(>1,$! )'91-! -8.'9>8! 7,)&(1>!
'=!69$-(7$#!5`b!,13!F2!=91)-('1;B!!

J>A>!;1),-'10!-1!-/#!N501,-!O%1()#8!!

C8#!6';-!'<:('9;!'<;-,)$#!(1!3#;(>1(1>!,10!.#:#.;(<$#!
)(.)9(-! $(#;! (1! -8#! (1,<($(-0! -'! =,1!'9-! S(B#B*!3(;-.(<9-#T! -8#!
1'3#! '9-79-;! (1! -8#! 1#-H'.&! ,;! -.,3(-('1,$$0! 913#.;-''3*!
K(>9.#!]B,TB!C8#!;'$9-('1!-'!-8#!=,1'9-!7.'<$#6!;8'9$3!<#!
-8#! $#,;-! )';-$0! (1! -#.6;! '=! ,33(-('1,$! >,-#;! ,13!
,1)($$,M>,.<,>#! <(-;B!I(-8! '9.! .#:#.;(<$#! )#$$;! ,77.',)8*!
-8#!(179-;!-8,-!,.#!.#7$(),-#3!,-!-8#!)#$$!'9-79-;!,;!>,.<,>#!



<(-;! ,.#! ,! :#8()$#! -'! 7.':(3#! ,1! (1).#,;#3! ;(>1,$! =,1'9-B!
I8#1! ;9)8! ;(>1,$;! ,.#! =#3! -'! ,! .#:#.;(<$#! )#$$!
3'H1;-.#,6*! -8#1*! 97! -'! ;'6#! $(6(-,-('1;! 3(;)9;;#3!
;8'.-$0*!H#!'<-,(1!-8#(.!)'70!=.##!'=!)8,.>#!='.!=9.-8#.!9;#!
(1!-8#!1#-H'.&*!K(>9.#!]B<TB!C'!3(;-.(<9-#!S=,1!'9-T!;(>1,$!
C/!H#! -8#1!)'1;-.9)-!,!),;),3#!'=! .#:#.;(<$#!>,-#;B!h'>()!
=91)-('1!'=!#,)8!>,-#!(1!-8#!),;),3#!(;!,.<(-.,.0a!8'H#:#.*!
#,)8!>,-#!69;-!<#!),7,<$#!'=!3(;-.(<9-(1>!=9.-8#.!CB!

!
!"#$%&'I)'!*6.$2)'*J'0%*C"2".6*,K'>J'E*3L*C&'
K'.! ,$$! ;(1>$#J=91)-('1! 5`bMF2! )#$$;! (1! K(>9.#! P!

S(1)$93(1>! C'=='$(! >,-#T*! -8(;! ,77.',)8! ),1! =,1! '9-! <'-8!
;(>1,$!(179-;!-'!-8#!1#L-!)#$$*!H8($#!='.!69$-(J=91)-('1*!,;!
H#$$! ,;! cF2Mc`F2! >,-#;*! '1$0! '1#! (179-! ),1! <#!
3(;-.(<9-#3!(1!-8(;!H,0B!I8#1!<'-8!7.(6,.0!(179-;!1##3!-'!
<#!.#7$(),-#3*!(-!(;!).(-(),$!-'!3#:(;#!,!6#)8,1(;6!-'!3.(:#!
<'-8! ;9)8! (179-;! (1! -8#! =,1'9-! ),;),3#;B! C8#.#! ,.#! -H'!
),;#;!-'!)'1;(3#.!(1!#1$,.>(1>!-8#!196<#.!'=!(179-;!-'!<#!
.#7$(),-#3B!!
*5&#! =TW! ! 5! 7,)&#3*! -H'J=91)-('1*! 5`bMF2! )#$$! (;!
.#7$,)#3!<0!,!),;),3#!'=!-H'!;(67$#.!)#$$;*!'1#!='.!5`b!
,13!'1#!F2*!H(-8!-8#!7.(6,.0!(179-;!-'!-8#!;#)'13!)#$$!(1!
-8#! ),;),3#! <#(1>! 7.':(3#3! <0! '9-79-;! '=! -8#! =(.;-! '1#*!
H8()8! ),1! 1'H! =,1! '9-! <'-8! (179-;B! G1! -8(;! ),;#*! -8#!
'7-(6(/,-('1!'=!7,)&(1>!-H'!=91)-('1;*!5`b!,13!F2*!(1!,!
;(1>$#!)#$$!),11'-!<#!,77$(#3B!!
*5&#! AT! cF2! )#$$! 7.':(3#;! '1$0! '1#! >,.<,>#! <(-! -'! <#!
9;#3!,;!,!=,1'9-!'=!'1#!'=!cF2!>,-#!(179-;B!C'!,$$'H!<'-8!
(179-;!-'!<#!=,1!'9-*!H#!)'1;-.9)-!,!cF2!m=,1'9-!>,3>#-n*!
K(>9.#! ^*! H8#.#! -8#! ,33(-('1,$! .#:#.;(<$#! cF2! >,-#! (;!
(1;#.-#3!-'!.#)':#.!,13!=,1!'9-!-8#!;#)'13!'9-79-!=.'6!-8#!
cF2!>,-#B!C8(;!(;!-8#!'1$0!),;#!(1!H8()8!,1!#L-.,!>,-#!(;!
,33#3!-'!7.':(3#!-8#!=,1'9-B!!

!
!"#$%&'M)'N<='!*6.$2'1*C#&2'

I#885!JK&;<*&%*(:-<&1>&-<*&"3,"32*&%"3,"32*&+*[@$+*2&>1+&
=+1)$2$(:& >3(1@-& >1+& 3& ,$(:%*L>@("-$1(& (12*& $/& $,& %1A*+L
?1@(2*2&?.&$-,&& >3(1@-/&3(2&@==*+&?1@(2*2&?.&-<*&>3(1@-&
=%@,&-<*&(@9?*+&1>&VWE&:3-*,&$(&$-,&>3(1@-7&

fanouti ≤ lcascade ≤ fanout i+# (XOR) fanout i
&

3(2&-<*&-1-3%&%*(:-<&1>&3%%&>3(1@-&"3,"32*,&$,&?1@(2*2&?.&

fanouti ≤ Total.lcascade ≤ fanouti +# (XOR) !

H+11>K& 56'1>! .#:#.;(<$#! $(<.,.0! )#$$! #$#6#1-;*! H8#1!
5`bMF2!>,-#;!7,;;!<'-8!;(>1,$!(179-;!-'!-8#!'9-79-;*!-8#!
7,;;#3! ;(>1,$;! ),1! <#! 9;#3! ,>,(1! -8.'9>8! ,! =,1'9-!
),;),3#B!G=*!8'H#:#.*!-8#!$(<.,.0!)#$$!7,;;#;!'1$0!'1#!(179-!
-'!-8#!'9-79-*!,!$'1>#.!),;),3#!6(>8-!<#!1##3#3B!F1$0!(1!
-8#!),;#!'=!,!cF2!)#$$*!,!1#H!=,1'9-!>,-#!ScF2!>,3>#-T!
6(>8-!<#!,33#3*!8#1)#!-8#!977#.!<'913;B!!!!!!!!!!!!!!!!!!!!!!!!!!
C8#! 977#.! <'913! '1! -8#! $#1>-8! '=! -8#! ),;),3#;! (;!

.#,)8#3!'1$0!H8#1!H#!1##3! -'! =,1!'9-!<'-8! (179-;! -'!,$$!
cF2!>,-#;B!C8#! ;01-8#;(;! ),1! #L7$'(-! -8(;! =,)-*! -'! 7$,)#!
-8#!cF2!1'3#;!,-!-8#!#13!'=!-8#!=,1'9-!),;),3#;B!
F1#!;7#)(,$!),;#!-'!)'1;(3#.!(;!H8#1!,1!(1:#.-#.!G`j!

(;! 9;#3! (1! '1#! '=! -8#! =,1'9-! <.,1)8#;B! N(1)#! G`j! (;!
.#:#.;(<$#!<0!(-;#$=*!(-!8,;!'1$0!'1#!'9-79-*!-8#!=,1(1!;(>1,$!
),11'-! <#! 3(;-.(<9-#3! <#0'13! .#,)8(1>! ,1! (1:#.-#.B! C8#!
(1:#.-#.!(;! -8#1!#(-8#.!9;#3!,-! -8#!:#.0!#13!'=! -8#! =,1'9-!
),;),3#*!'.!(-!>#-;!;9<;96#3!(1!-8#!$'>()!3'H1;-.#,6B!!!!

J>H>!D5-#!O5+C'02!G6-'8'P5-'10!!
I(-8! -8#!,:,($,<($(-0!'=! -8#!)#$$;! -8,-!.#,$(/#!69$-(7$#!

=91)-('1;*! ;9)8! ,;! 5`b! ,13! F2*! -8#! .#:#.;(<$#!
-#)81'$'>0! 6,77(1>! ),1! 7#.='.6! ,1'-8#.! '7-(6(/,-('1*!
(B#B*!7,)&(1>!-H'!=91)-('1;!(1-'!,!;(1>$#!.#:#.;(<$#!$(<.,.0!
)#$$B!C8(;!'7#.,-('1!.#39)#;!-8#!-'-,$!196<#.!'=!>,-#;*!,;!
H#$$!,;!,13!-8#!196<#.!'=!>,.<,>#!<(-;B!!F1#!3'H1;(3#!(;!
-8,-!(=!6'.#!-8,1!'1#!(179-!-'!-8#!>,-#!1##3;!-'!<#!=,1!'9-*!
7,)&(1>! H($$! 3(;,<$#! -8(;! 7';;(<($(-0*! ,13! ;8'9$3! 1'-! <#!
,77$(#3!(1!-8,-!),;#*!,;!#L7$,(1#3!(1!7.#:('9;!;#)-('1B!!
I#!#L7.#;;!-8#!)'13(-('1;!='.!>,-#!7,)&(1>!(1!C,<$#!EB!

C8#!-H'!$'>()! =91)-('1;!>@!,13!>E!,.#!3#;).(<#3!H(-8!-8#(.!
F`J;#-!)9<#;!H8#.#!3*!?!(;!#(-8#.!d!'.!@*!H8($#!mJm!;-,13;!
='.!m3'1o-!),.#nB!!C8#!),;#!(1!-8#!=(.;-!.'H!),1!<#!7,)&#3!
(1! -8#! _1(:#.;,$! 5`bMF2! 2#:#.;(<$#! g,-#*! H8($#! -8#!
;#)'13!),;#!),1!<#!=(-!(1!-8#!;,6#!)#$$!7$9;!,1!(1:#.-#.*!'.*!
#:#1! <#--#.*! (1-'! ,! )#$$! (1! K(>9.#! PB3TB! G=! -8#! .#:#.;(<$#!
$(<.,.0!)'1-,(1;!,1!5`bMF2!)#$$!(1!H8()8!'1$0!'1#!(179-!
-'!,1!5`b!>,-#!(;!(1:#.-#3*!-8#1!-8#!$,;-!-H'!),;#;!=(-!(1-'!
'1#!;9)8!)#$$B!!

0*>,&'4)'O*LP"6#'0Q.'!$6L2".63'R'E$>&'=$,&3'
! >@! >E!
b(.#)-! 7,)&(1>! S)#$$! (1! (1!
K(>9.#!PB#T!

3!J!
J!?!

3?&

G1:#.-!'9-!Sb#!['.>,1!.9$#T!
S)#$$!(1!K(>9.#!PB3T!

3!p!
J!?!

3oJ!
J!?o!

G1:#.-! (179-! S)#$$! H(-8!
(1:#.-#.!<#='.#!5`b!>,-#T!!

3!p!!
J!?!

3o?!

G1:#.-! (179-M'9-79-! S)#$$!
H(-8!-H'!(1:#.-#.;T!

3!p!!
J!?&

3J!
J!?o&

Q>!LM6#%'8#0-5)!"#&,)-&!
C8#! 6#-8'3;! 3#;).(<#3! (1! -8(;! 7,7#.! 8,:#! <##1!
(67$#6#1-#3! ,;! ,! ;'=-H,.#! ,33J'1! -'! -8#! -#)81'$'>0!



6,77#.! 93=! '=! -8#! V#.&#$#0! NGN! 7.'>.,6B! I#! 9;#3!
[\`\! <#1)86,.&;*! ='.! H8()8! -8#! ;01-8#;(;! 8,;!
)'67$#-#3! (1! ;#)'13;! ='.! ,$$! <9-! -H'! 69$-(J$#:#$!
<#1)86,.&;!'1!,!PQd[R/!N91!_$-.,!ed!H'.&;-,-('1B!!
N(1)#! -8#! ,$>'.(-86!'7#.,-#;! '1! (..#:#.;(<$#! 1#-H'.&;!

,13! ,77,.#1-$0! ),1! 7.')#;;! $,.>#.! 1#-H'.&;! -8,1! '-8#.!
.#:#.;(<$#!;01-8#;(;!,$>'.(-86;*!,!3(.#)-!)'67,.(;'1!(;!1'-!
7';;(<$#B! C8#! 79.7';#! '=! -8#! #L7#.(6#1-;! H,;! -'! ,;;#;;!
-8#!;(>1(=(),1)#!'=!-8#!.#:#.;(<$#!)#$$!$(<.,.0!;#$#)-('1*!-8#!
(67,)-!'=!-8#!(1(-(,$!(..#:#.;(<$#!-#)81'$'>0!6,77(1>!,13!
-8,-!'=!7,)&(1>!,1!5`b!,13!F2!>,-#!S,13!(-;!;(1>$#J(179-!
(1:#.-#3!,13!7#.69-#3!:#.;('1;T!(1-'!,!;(1>$#!$(<.,.0!)#$$B!
!C8#! -#)81'$'>0! 6,77(1>! .#;9$-;! (1! C,<$#! O! ,.#!

.#7'.-#3! (1! -#.6;! '=! -8#! 196<#.! '=! .#:#.;(<$#! $(<.,.0!
>,-#;*! (1)$93(1>! (1:#.-#.;B! !C8#! .#:#.;(<$#! )(.)9(-! )';-! '=!
-8#!7.'7';#3!$(<.,.0!)#$$;!8,;!1'-!<##1!,;;96#3*!,;!-8(;!(;!
-#)81'$'>0! 3#7#13#1-! ,13! -8#! '<%#)-! '=! =9.-8#.! ;-93(#;!
?@EAB!I#!,$;'!7#.='.6#3!-8#!)$,;;(),$!-#)81'$'>0!6,77(1>!
,H,.#!'=!-8#!=,1'9-!$(6(-,-('1;!(1!.#:#.;(<$#!)(.)9(-;B!!
C8#! =(.;-! )'$961! S$,<#$! ,T! .#7'.-;! -8#! -'-,$! )#$$! 9;,>#!

9;(1>!,! ;6,$$!)#$$! $(<.,.0*!)'1;(;-(1>!'=!`FC*!5`b*!F2!
,13!cF2!>,-#;!H(-8!1'1J(1:#.-#3!(179-;B!G1!-8(;!),;#*!,;!
-8#! (1:#.;('1;! '=! (13(:(39,$! (179-;! ,.#! 1'-! 7.':(3#3*!
(1:#.-#.;!1##3!-'!<#!(1;#.-#3!<0!-#)81'$'>0!6,77(1>B!C8#!
,33#3!9;#!'=!91(:#.;,$!5`bMF2!>,-#*!<0!H8()8!-8#!513!
,13! F2! >,-#;! ),1! <#! 7,)&#3! (;! .#7'.-#3! (1! -8#! -8(.3!
)'$961!S&65+CTB!C8#!1#L-!-H'!)'$961;!.#7'.-!-8#!.#;'9.)#!
9;,>#! (1! -8#! ),;#! '=! =,1'9-! .#;-.()-('1! SNGN! -#)81'$'>0!
6,77(1>!H(-8!,!p>!d!'7-('1T*!)'1;(3#.#3!H(-8!,13!H(-8'9-!
-8#!>,-#!7,)&(1>B!C8#!7#19$-(6,-#!)'$961!.#7'.-;!-8#!9;#!
'=! ,! $,.>#.! S^T! )#$$! $(<.,.0! -8,-! (1)$93#;! -8#! >,-#;! ='.! ,$$!
(13(:(39,$!(179-!(1:#.;('1;B!5>,(1*!-8#!7,)&(1>!(67,)-!(;!
.#7'.-#3! (1!^=3"6B! G1! -8(;!),;#*! -8#! (179-! (1:#.;('1;!).#,-#!
,33(-('1,$!(1;-,1)#;!H8#.#!7,)&(1>!),1!8,77#1B!!

0*>,&'?)'G*AA"6#'./'GE9E'S&6LT+*%P3''

\(.)9(-! ,& ,=3"6& ,d! ,d=3"6! ^& ^=3"6&
,7#L]! ^@^! ^@Q! ^P@! ^Oe! QU@! Qe^!
\@OQQ! OE]! E^@! PQd! OeP! EP]! E@E!
\E]^d! ]@^! QeE! ^PE! ]e^! QP^! Q@P!
\OQPd! @dO^! @dd^! @dQ@! @d@P! UEe! eUQ!
\QO@Q! @P^e! @Pd@! @]d@! @PeE! @Od]! @EE@!
\]Eee! EQQQ! EE@]! E^UQ! EOQU! E@Oe! @eUU!
\^QQE! @ePe! @eOd! @U^U! @^QE! @]Od! @P^d!
(@d! E@^Q! E@dd! EEPO! E@PP! @eQ@! @^^e!
7,(.! @PP^! @OeU! @PeO! @OUU! @E]d! @E@O!
LO! ^OE! ^Od! ^QQ! ^PU! ]dO! ]d@!

R>!*10+),&'10&!50@!N,-,%#!S1%C!
C8#!H'.&!7.#;#1-#3!(1!-8(;!7,7#.!7.':(3#;!-#)81(D9#;!='.!
;01-8#;(/(1>!.#:#.;(<$0!-8#!)(.)9(-;!'=!;(/#,<$#!)'67$#L(-0!
<0!6,77(1>! -8#! '.(>(1,$! (..#:#.;(<$#! )(.)9(-! ;7#)(=(),-('1!
(1-'! ,! $(<.,.0! '=! .#:#.;(<$#! )#$$;B! _7! -'! '9.! <#;-!
&1'H$#3>#*! -8(;! (;! -8#! =(.;-! -#)81(D9#! -8,-! ,$$'H;! -8#!
.#:#.;(<$#!;01-8#;(;!'=!)(.)9(-;!;9)8!,;!69$-(J$#:#$![\`\!

<#1)86,.&;!(1!)'679-#!-(6#!-8,-!(;!)'67,.,<$#!-'!-8,-!'=!
-8#!)$,;;(),$!-#)81'$'>0!6,77(1>B!!
C'!,)8(#:#! -8(;!>',$*!H#!8,:#! (3#1-(=(#3! -8#! .9$#;! ='.!

).#,-(1>! .#:#.;(<$#! $(<.,.0! ,13! -8#! -#)81'$'>0! 6,77(1>!
7.'39)(1>!,!.#:#.;(<$#!(67$#6#1-,-('1!'=!,10!(..#:#.;(<$#!
1#-$(;-B!\.#,-#3! .#:#.;(<$#! )#$$! $(<.,.(#;! (1)$93#! 91(:#.;,$!
)#$$;! ),7,<$#! '=! 7,)&(1>! -H'! (..#:#.;(<$#! >,-#;! (1-'! ,!
;(1>$#! .#:#.;(<$#! $(<.,.0! )#$$B! I#! 8,:#! 7.':#1! -8#!
)'13(-('1;! ='.! 6,77(1>! -8#! (..#:#.;(<$#! 1#-$(;-! (1-'! ,!
1#-H'.&! '=! .#:#.;(<$#! >,-#;*! ;9)8! -8,-! -8#! .#;9$-! (;! ,!
.#:#.;(<$#! 1#-$(;-! -8,-! ':#.)'6#;! -8#! (18#.#1-! =,1'9-!
$(6(-,-('1!<0!9;(1>!#==()(#1-$0!-8#!#L-.,1#'9;!7(1;B!!!
G-! (;! =9.-8#.! ;8'H1! 8'H! -8#! (..#:#.;(<$#! -#)81'$'>0!

6,77(1>! 9;(1>! -8#! )$,;;(),$! )#$$! $(<.,.0! ),1! (67,)-! -8#!
.#;9$-B! C'! .#39)#! -8#! 196<#.! '=! #L-.,1#'9;! 7(1;*! -8#!
-#)81'$'>0! 6,77(1>! ;8'9$3! 7.#=#.! cF2! >,-#;B! F1! -8#!
'-8#.! 8,13*! -'! .#39)#! -8#! $#1>-8! '=! -8#! =,1! '9-*! -8#!
6,77(1>! ;8'9$3! =,:'.!5`bMF2!>,-#;*! '.!cF2!>,-#;! <0!
H8()8!'1$0!'1#!(179-!1##3;!-'!<#!=9.-8#.!3(;-.(<9-#3B!!
G1! =9-9.#*! ;),$,<$#! ,13! .'<9;-! -#)81'$'>0! 6,77(1>!

-#)81(D9#;! )'9$3! ,33.#;;! )$';#.! -8#! (1-#.,)-('1! <#-H##1!
>,-#! 7,)&(1>! ,13! =,1'9-! ),;),3#! 9;#*! ,;! H#$$! ,;! -8#!
#L-.,1#'9;! <(-;B!F-8#.!)(.)9(-! =#,-9.#;*! ;9)8!,;! -8#!;7##3!
,13!.#:#.;(<$#!>,-#!)';-!;8'9$3!<#!)'1;(3#.#3!,;!H#$$B!!

T>!"#7#%#0+#&!
?@A CB! C'=='$(*! mE*)*+,$?%*& 019=@-$(:n*! C#)81(),$! [#6'*!

[GCMh\NMC[J@Q@*!V';-'1*!@UedB!!
?EA jB!N8#13#*!5B!i.,;,3*!GB![,.&':!,13!qB!R,0#;*!mN01-8#;(;!'=!

2#:#.;(<$#! h'>()!\(.)9(-;n*! RZZZ&;+3(,7& 0DT& 1>& R(-*:+3-*2&
0$+"@$-,&3(2&_.,-*9,*!j'$B!EE*!`'B!]*!q91B!EddO*!77B!^@dJ^EEB!

?OA gB! b#! [()8#$(B! ! _.(-<*,$,& 3(2& W=-$9$43-$1(& 1>& T$:$-3%&
0$+"@$-,*![)Jg.,H!R($$*!@UUPB!

?PA [B5B! `(#$;#1! ,13! GBhB! \89,1>*!I@3(-@9& 019=@-3-$1(& 3(2&
I@3(-@9&R(>1+93-$1(*!\,6<.(3>#!_1(:#.;(-0!i.#;;*!Eddd!

?QA bB![,;$':!,13!gB!b9#)&*!m2#:#.;(<$#!\,;),3#;!H(-8![(1(6,$!
g,.<,>#n*! RZZZ& ;+3(,7& 0DT& 1>& R(-*:+3-*2& 0$+"@$-,& 3(2&
_.,-*9,*!j'$B!EO*!`'B!@@*!`':B!EddP*!77B!@PU^J@QdUB!

?]A bB! [,;$':*! gB! b9#)&! ,13! bB![B![($$#.*! mC'=='$(! `#-H'.&!
N01-8#;(;!H(-8! C#67$,-#;n*! RZZZ&;+3(,7!0DT&1>& R(-*:+3-*2&
0$+"@$-,&3(2&_.,-*9,*!j'$B!EP*!`'B!]*!q91B!EddQ*!77B!ed^Je@^B!

?^A iB! g97-,*! 5B! 5>.,H,$! ,13! `B! q8,*! m51! 5$>'.(-86! ='.!
N01-8#;(;! '=!2#:#.;(<$#! h'>()!\(.)9(-;n*! RZZZ&;+3(,3"-$1(,&&
1(&0DT&1>&R(-*:+3-*2&0$+"@$-,&3(2&_.,-*9,*!-'!,77#,.*!Edd]!

?eA iB! +#.1-'7=*! mN01-8#;(;! '=! [9$-(79.7';#! 2#:#.;(<$#! h'>()!
g,-#;n*!H+1"7&Z@+19$"+1&_.9=1,$@9*!N#7B!EddE*!77B!EQUJE]]B!

?UA [B!i#.&'H;&(*!iB!+#.1-'7=*!m2#>9$,.!2#:#.;(<$#!h,-#;n*!H+1"&&
Z@+19$"+1&_.9=1,$@9*!N#7B!Edd@!77B!EPQ!p!EQEB!

?@dA 5B!+8,/,6(79.! ,13!+B!2,3#)&,*! m53(,<,-()! G67$#6#1-,-('1!
'=! 2#:#.;(<$#! h'>()n*! H+1"7& !$2A*,-& R(-%7& _.9=1,$@9& 1(&
0$+"@$-,&3(2&_.,-*9,*!77B!EU@JEUP*!*EddQB!

?@@A IB! R91>*! cB! N'1>*! gB! r,1>*! qB! r,1>! ,13! [B! i#.&'H;&(*!
mF7-(6,$! N01-8#;(;! '=! [9$-(7$#! F9-79-! V''$#,1! K91)-('1;!
9;(1>! ,! N#-! '=! s9,1-96! g,-#;! <0! N06<'$()! 2#,)8,<($(-0n*!
RZZZ&;+3(,7&0DT*!-'!,77#,.B!

?@EA bB! [,;$':! ,13! [B! bB! [($$#.*! m\'67,.(;'1! '=! -8#! \';-!
[#-.();!='.!2#:#.;(<$#!,13!s9,1-96!h'>()!N01-8#;(;*!s9,1-J
i80;();!i.#7.(1-*!8--7WMM,.L(:B'.>M73=MD9,1-J78MdQ@@ddeB!!


