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'-!$&=!>CCbU=!
! N#'! F%5G&'8! -#$-! J'! $%'! (5&,+*0! +*! -#+(! F$F'%! 4$*! G'!
(-$-'9! $(! 65&&5J(d! 0+,'*! (58'! (4#'91&'! W2! 6+*9! $! 6'$(+G&'!
(4#'91&'!Wg!-#$-!95'(!*5-!9+66'%!$!&5-!6%58!W=!N#'!9+66'%'*4'!
G'-J''*! (4#'91&'(! W! $*9! Wg! 4$*! G'! 65%8$&+D'9! +*! -#'!
65&&5J+*0!J$.d!

! 9+66'%'*4'TW2WgU!h!,V!!Act!-!(V!`!(gV!-! TbU!

J#'%'!(V!+(! -#'!(-$%-! -+8'!56!$4-+,+-.!V!+*!W!$*9!(gV!+(! -#'!
(-$%-! -+8'!56!V! +*!Wg=!S5-+4'! -#$-! -#'!5*&.!J$.! -5!859+6.!
-#'! (4#'91&'! +(! ,+$! 4#$*0+*0! ,$&1'(! 56! ,$%+$G&'(! (V=! V(!
8'*-+5*'9! $G5,'2! J'! $%'! *5-! (-%+4-&.! 8+*+8+D+*0! -#'!
5GR'4-+,'! TbU2! J'! -%.! -5! $4#+','! $! 0559! ,$&1'! 56!
9+66'%'*4'TW2WgU! G.! 4#$*0+*0! -#'! ,$&1'(! 56! (V! $(! &+--&'! $(!
F5((+G&'!T&54$&&.U!-5!%'F$+%!$!,+5&$-'9!45*(-%$+*-=!



Related Works 

Q.*$8+4! (4#'91&+*0! +(! *5-! $! *'J! $%'$! $*9! -#510#! 85(-!
(4#'91&+*0!%'('$%4#!(-+&&!6541('(!5*!(-$-+4!F%5G&'8(!-#$-!95!
*5-! 4#$*0'! 5,'%! -+8'2! -#'%'! +(! $*! '*&$%0+*0! +*-'%'(-! +*!
(-19.+*0! 9.*$8+4! $(F'4-(! 56! (4#'91&+*0! Ti54R$*! >CC>U=!
N#+(!+(!8$+*&.!91'!-5!%'$&Y&+6'!(4#'91&+*0!F%5G&'8(!-#$-!$%'!
F%+8$%+&.!9.*$8+4!`!8$4#+*'(!G%'$:!95J*2!9'&+,'%+'(! $%'!
9'&$.'92! J5%:'%(! G'458'! +&&! '-4=! V(! 8'*-+5*'9! +*! -#'!
+*-%5914-+5*2!51%!85-+,$-+5*!+(!(&+0#-&.!9+66'%'*-!$*9!+-!05'(!
6%58!-#'!$%'$!56!+*-'%$4-+,'!5%!8+L'9Y+*+-+$-+,'!(4#'91&+*02!
J#'%'!J'! *''9! -5! %'F$+%!8$*1$&&.!859+6+'9! (4#'91&'(! -5!
($-+(6.!$&&!45*(-%$+*-(=!S','%-#'&'((2!-#'!1('9!-'4#*5&50.!+(!
,'%.!(+8+&$%!+*!G5-#!$%'$(=!
! N#'! (+8F&'(-! $FF%5$4#! -5! %'Y(4#'91&+*0! +(! 0'*'%$-+*0! $!
*'J!(4#'91&'!6%58!(4%$-4#2!$&(5!4$&&'9!-5-$&!%'Y(4#'91&+*0=!
N#+(!+(!-#'!G'(-!-'4#*+I1'!J#'*!-#'%'!$%'!8$*.!9+(%1F-+5*(!
+*!-#'!(4#'91&'2!G1-!+-!#$(!-#'!9+($9,$*-$0'!56!0'*'%$-+*0!$!
(4#'91&'! 458F&'-'&.! 9+66'%'*-! 6%58! -#'! 5%+0+*$&! (4#'91&'=!
_'! 6541(!85%'! 5*! &54$&! %'F$+%(! 56! -#'! (4#'91&'!J+-#! -#'!
85-+,$-+5*! -5! :''F! -#'! (4#'91&'! (+8+&$%! -5! -#'! 5%+0+*$&!
(4#'91&'=!N#'!8'-#59!56!0'*'%$-+*0!$!*'J!(4#'91&'! 6%58!
(4%$-4#! 4$*! G'! Z&54$&+D'9[! G.! %'85,+*0! (58'! '&'8'*-(!
6%58! -#'! (4#'91&'! $*9! -#'*! $99+*0! -#'8! G$4:! J+-#51-!
,+5&$-+5*! 56! 45*(-%$+*-(=! M-'%$-+,'! 3&$--'*+*0! W'$%4#! Tf99+!
'-!$&=!>CC^U! +(!$*!'L$8F&'!56!(14#!$!8'-#59!J#'%'! +*! -#'!
%'&$L$-+5*!(-'F!$&&!,+5&$-'9!T$*9!(58'!5-#'%U!45*(-%$+*-(!$%'!
%'85,'9! 6%58! -#'! F%5G&'8! T-.F+4$&&.! -#'! 9'4+(+5*(! $G51-!
-#'! 5%9'%+*0!56! $4-+,+-+'(U! $*9! -#'*! +*! -#'! 6&$--'*+*0! (-$0'!
-#'! F5((+G&'! 45*6&+4-(! +*! -#'! (4#'91&'! $%'! %'(5&,'9! G.!
$99+*0!-#'!45*(-%$+*-(!G$4:=!S$-1%$&&.2!-#'!I1'(-+5*!+(!#5J!
-5! %'&$L! -#'! (4#'91&'! -5! G'! $G&'! -5! %'(5&,'! $&&! F5((+G&'!
45*6&+4-(! T+*! -#'! 'L-%'8'!4$('2! $&&! 9'4+(+5*! 45*(-%$+*-(! $%'!
%'85,'9U=! M-'%$-+,'! 35%J$%9! W'$%4#! T7j&&'%! '-! $&=! >CCkU!
1('(! $! (+8+&$%! $FF%5$4#! G1-! +-! %'85,'(! $4-+,+-+'(!
F$%-+4+F$-+*0! +*! ,+5&$-'9! 45*(-%$+*-(! $*9! -#'*! (4#'91&'(!
-#'('! $4-+,+-+'(! $0$+*=! M-! #$(! G''*! F%5F5('9! 5%+0+*$&&.! 65%!
-+8'-$G&+*0!F%5G&'8(!J+-#!&+8+-'9!-'8F5%$&!45*(-%$+*-(!G1-!
65%! (4#'91&+*0! F%5G&'8(! J+-#! -'8F5%$&&.! 45**'4-'9!
$4-+,+-+'(!+-!8$.!%'I1+%'!%'Y(4#'91&+*0!8$*.!$4-+,+-+'(!$(!+-!
J5%:(!J+-#!F$%-+$&!45*(+(-'*-!(4#'91&'(=!N#$*:(!-5!+-'%$-+,'!
+8F%5,'8'*-(! 56! (4#'91&'(2! -#+(! $FF%5$4#! #$(! G''*!
(144'((61&&.! $FF&+'9! -5! 8+*+8$&! F'%-1%G$-+5*! F%5G&'8(!
T7//U!+*-%5914'9!+*!Ta&!W$::51-!'-!$&=!A]]BU!$*9!%'9'6+*'9!
+*!TK$%-<:!'-!$&=!>CCbU=!7//!6541('(!5*!6+*9+*0!$!(5&1-+5*!
-5!-#'!859+6+'9!F%5G&'8!J#+&'!8+*+8+D+*0! -#'!9+66'%'*4'(!
TF'%-1%G$-+5*(U!6%58!-#'!(5&1-+5*!56!-#'!5%+0+*$&!F%5G&'8=!M-!
+(! F%+8$%+&.! $*! 5F-+8+D$-+5*! F%5G&'8! J+-#! $! (F'4+6+4!
5GR'4-+,'! 61*4-+5*! 9'6+*'9! G.! -#'! 5%+0+*$&! (5&1-+5*! $*9!
#'*4'!+-!4$*!G'!(5&,'9!&+:'!5-#'%!5F-+8+D$-+5*!F%5G&'8(2!65%!
'L$8F&'!1(+*0!('$%4#!-'4#*+I1'(!TK$%-<:!'-!$&=!>CCbU=!
! N#'!$FF%5$4#!(-19+'9!+*!-#+(!F$F'%!G'&5*0(!-5!#'1%+(-+4Y
G$('9!%'F$+%!$&05%+-#8(!J#'%'!%+0#-!(#+6-!%'(4#'91&+*0!$*9!
$66'4-'9! 5F'%$-+5*! %'(4#'91&+*0! $%'! -#'! 85(-! 6%'I1'*-&.!
1('9! -'4#*+I1'(=!Right shift rescheduling TK%$*9+8$%-'! '-!
$&=! >CCCU! %'F$+%! +(! F'%65%8'9! G.! 0&5G$&&.! (#+6-+*0! $&&!
%'8$+*+*0! $4-+,+-+'(! 65%J$%9! +*! -+8'! G.! -#'! $851*-! 56!
9+(%1F-+5*!-+8'=!N#+(!+*-%5914'(!$!0$F!+*!-#'!(4#'91&'!$*9!
+-!+(!*5-!%'$&&.!$FF%5F%+$-'!65%!51%!-.F'!56!F%5G&'8=!Affected 

operations rescheduling! TVG18$+D$%! $*9! W,'(-:$! A]]^U!
%'(4#'91&'(!5*&.!-#'!$4-+,+-+'(!-#$-!$%'!9+%'4-&.!5%!+*9+%'4-&.!
$66'4-'9!G.! -#'!9+(%1F-+5*=!N#+(!#'1%+(-+4!J$(!F%5F5('9! -5!
%'F$+%! 8$4#+*'! G%'$:95J*(! G1-! +-(! 0'*'%$&+D$-+5*! 4$&&'9!
859+6+'9!V66'4-'9!fF'%$-+5*(!E'(4#'91&+*0!TW1G%$8$*+$*!
$*9!E$#'R$!>CCbU!#$(!G''*!F%5F5('9!-5!%'F$+%!5-#'%!-.F+4$&!
9+(%1F-+5*(! (''*! +*! $! R5G! (#5F=! _'! 65&&5J! -#'! +9'$! 56!
$66'4-'9! 5F'%$-+5*(! %'(4#'91&+*0! G1-! %$-#'%! -#$-! $((18+*0!
(F'4+6+4!%'F$+%!%1&'(!$*9!%'F$+%!5F'%$-+5*(!(14#!$(!+*('%-+5*!
5%!9'&'-+5*!56!$4-+,+-.2!J'!$&&5J!5*&.!(#+6-+*0!-#'!'L+(-+*0!
$4-+,+-.!+*!-+8'!G5-#!65%J$%9!$*9!G$4:J$%9=!75%'5,'%2!51%!
-'4#*+I1'(!$%'!9'(+0*'9!-5!%'F$+%!$*.!*18G'%!56!45*(-%$+*-!
,+5&$-+5*(! +*! -#'! (4#'91&'=! E'4$&&! -#$-! J'! $%'! %'F$+%+*0!
8$*1$&&.! 859+6+'9! (4#'91&'(! J+-#! 6&$J(! %$-#'%! -#$*!
%'$4-+*0! -5! +*(-$*-! 9+(%1F-+5*(! 6%58! -#'! R5G! (#5F=! O'*4'!
-#'%'!8+0#-!G'!85%'! 6&$J(! (F%'$9! +*! -#'! (4#'91&'!$*9!J'!
*''9! -5! %'F$+%! $&&! 56! -#'8!J#+&'! :''F+*0! -#'! (4#'91&'! $(!
(+8+&$%! $(! F5((+G&'! -5! -#'! 5%+0+*$&! (4#'91&'=! N#+(! $&(5!
8$:'(!51%!$FF%5$4#!9+66'%'*-!6%58!-#'!+*-'%$4-+,'!(4#'91&'!
859+6+4$-+5*! 8'-#59! F%'('*-'9! +*! TK$%%'--! $*9! W-$%G+%9!
>CCXU! -#$-! 8$+*-$+*(! (+8F&'! -'8F5%$&! 45*(-%$+*-(! T85%'!
0'*'%$&!-#$*!F%'4'9'*4'!45*(-%$+*-(U!G'-J''*!-#'!$4-+,+-+'(!
J#+&'!85,+*0!5*'!$4-+,+-.!5%!$!0%51F!56!$4-+,+-+'(=!

Re-scheduling (Repair) Algorithm 

V(!J'! $&%'$9.!8'*-+5*'92! J'! $((18'! $! -.F+4$&! (4'*$%+52!
J#'%'! -#'! #18$*! (4#'91&'%! 859+6+'(! $*! $1-58$-+4$&&.!
0'*'%$-'9! (4#'91&'! -5! %'6&'4-! G'--'%! -#'! F'41&+$%+-+'(! 56!
F$%-+41&$%! '*,+%5*8'*-=! N#'! 859+6+4$-+5*! 4$*! $66'4-! $*.!
F$%-! 56! -#'! (4#'91&+*0! F%5G&'8! +*-%5914'9! $G5,'! `! +-! +(!
F5((+G&'! -5! 4#$*0'! 91%$-+5*! 56! $4-+,+-+'(2! -#'+%! F5(+-+5*! +*!
-+8'! $*9! %'I1+%'9! %'(51%4'(2! -5! $99! 5%! 9'&'-'! F%'4'9'*4'!
45*(-%$+*-(!5%!','*!-5!$99!5%!9'&'-'!$4-+,+-+'(!$*9!%'(51%4'(!
T+*!4$('!56!4#$*0+*0!-#'!('-!56!$4-+,+-+'(2!+-!+(!*'4'(($%.!-5!
+*-%5914'! $! 9+66'%'*-! 8'$(1%'! 56! (4#'91&'! 9+66'%'*4'2! (''!
65%!'L$8F&'!TK$%-<:!'-!$&=!>CCbUU=!K.!-#'('!859+6+4$-+5*(2!
+-!+(!I1+-'!'$(.!-5!5G-$+*!$*!+*6'$(+G&'!(4#'91&'!J#'%'!(58'!
56!F%'4'9'*4'!5%!%'(51%4'!45*(-%$+*-(!$%'!,+5&$-'9!TJ'!4$&&!
-#'!,+5&$-'9!45*(-%$+*-!$! flawU=!N#510#!+-! +(!'$(.!-5!9'-'4-!
$*9! ,+(1$&+D'! -#'! ,+5&$-'9! 45*(-%$+*-(! T(''! 3+01%'! AU2! +-! +(!
6%'I1'*-&.! 85%'! 458F&+4$-'9! -5! %'F$+%! -#'8! J+-#51-!
+*-%5914+*0!5-#'%!6&$J(=!
! _'! (100'(-! $! (4#'91&'Y%'F$+%! 8'-#59! -#$-! 8+8+4(! -#'!
G'#$,+5%!56!$!#18$*!(4#'91&'%!G.!%'F$+%+*0!6&$J(!,+$!&54$&!
4#$*0'(!56!-+8'!$&&54$-+5*!56!$4-+,+-+'(!F$%-+4+F$-+*0!+*!-#'!
6&$J=!S$-1%$&&.2!-#+(!8$.!+*-%5914'!5-#'%!6&$J(!J#+4#!*''9!
-5! G'! %'F$+%'9! $*9! #'*4'! $! (.(-'8$-+4! $FF%5$4#! +(!
*'4'(($%.! -5! F%','*-! $*! +*6+*+-'! *18G'%! 56! %'F$+%(!
T%'F$+%+*0! 5*'! 6&$J! +*-%5914'(! $*5-#'%! 6&$J!J#5('! %'F$+%!
G%+*0(!G$4:!-#'!5%+0+*$&!6&$J!'-4=U=!_#+&'!(14#!$!(.(-'8$-+4!
$FF%5$4#! 8$.! G'! G5%+*0! 65%! $! #18$*2! +-! +(! '$(.! 65%! $!
458F1-'%=!N#'!(100'(-'9!8'-#59!45*(+(-(!56!-#%''!(-$0'(d!

Y 9'-'4-+*0! $*9! G%'$:+*0! &55F(! 56! F%'4'9'*4'!
45*(-%$+*-(2!

Y %'F$+%+*0!,+5&$-'9!F%'4'9'*4'!45*(-%$+*-(2!
Y %'F$+%+*0!,+5&$-'9!%'(51%4'!45*(-%$+*-(=!



!
!

!
!

3+0=!A=!P$*--!4#$%-(!,+(1$&+D$-+5*!56!,+5&$-'9!F%'4'9'*4'!

T-5FU!$*9!%'(51%4'!TG5--58U!45*(-%$+*-=!
!
K.! 859+6.+*0! -#'! ('-! 56! F%'4'9'*4'! 45*(-%$+*-(2! -#'! 1('%!
8$.!1*J+--+*0&.!+*-%5914'!$!4.4&'!G'-J''*!$4-+,+-+'(!J#+4#!
F%','*-(!'L+(-'*4'!56!-#'!6'$(+G&'!(4#'91&'=!O'*4'!-#'!6+%(-!
(-$0'!+(!9'-'4-+*0!(14#!&55F(!$*9!$(:+*0!-#'!1('%!-5!%'85,'!
(58'! F%'4'9'*4'! 45*(-%$+*-! 6%58! '$4#! (14#! &55F=! N#+(! +(!
-#'! 5*&.! (-$0'! J#'%'! 1('%! +*-'%,'*-+5*! +(! *'4'(($%.A2! -#'!
5-#'%! -J5! %'F$+%! (-$0'(! $%'! 61&&.! $1-58$-'9=!E'4$&&! -#$-! +6!
-#'%'!$%'!*5!&55F(!56!F%'4'9'*4'!45*(-%$+*-(!-#'*!$!6'$(+G&'!
(4#'91&'! $&J$.(! 'L+(-(=! M*! -#'! *'L-! ('4-+5*(! J'! 9'(4%+G'!
'$4#!(-$0'!+*!85%'!9'-$+&(=!

Loop Detection 

_'! %'F%'('*-! -#'! (4#'91&+*0! F%5G&'8! $(! $! 9+%'4-'9! 0%$F#!
P!h!Ta2lU2!J#'%'!-#'!('-!l!56!*59'(!'I1$&(! -#'!('-!Act 56!
$4-+,+-+'(! $*9! -#'%'! +(! '90'! TV2KU! +*! a! +6! $*9! 5*&.! +6!
TV"KU!!!Prec=!N#'%'! 'L+(-! (-$*9$%9!8'-#59(! 65%! 6+*9+*0!
4.4&'(!+*!0%$F#(!$*9!J'!$95F-'9!5*'!56!-#'8=!N#'!8'-#59!
+(! G$('9! 5*! %'F'$-+*0! -#'! 65&&5J+*0! -#%''! (-'F(! 1*-+&! $*!
'8F-.!0%$F#!+(!5G-$+*'9d!

A= %'F'$-'9&.! 9'&'-'! $&&! *59'(!S! 6%58! -#'! 0%$F#! (14#!
-#$-! -#'%'!+(!'+-#'%!*5!+*458+*0!'90'!Tm2SU!!!a!5%!
*5!51-05+*0!'90'! ! TS2mU!!!a\! $6-'%! -#+(! (-'F2! '$4#!
%'8$+*+*0! *59'! +*! -#'! 0%$F#! #$(! $-! &'$(-! 5*'!
F%'9'4'((5%!$*9!5*'!(144'((5%!

>= ('&'4-! $*.! *59'! 6%58! -#'! 0%$F#! TJ'! 1('! -#'! *59'!
J+-#! -#'! &$%0'(-! *18G'%! 56! (144'((5%(U! $*9! 6+*9! $!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
A
!M-!+(!F5((+G&'!-5!%$*958&.!%'85,'!(58'!F%'4'9'*4'!45*(-%$+*-!6%58!'$4#!

&55F!5%!','*!-5!8+*+8+D'!-#'!*18G'%!56!%'85,'9!F%'4'9'*4'!45*(-%$+*-(!

-5!G%'$:!$&&!&55F(2!G1-!+*!51%!5F+*+5*2!-#'!#18$*!9'4+(+5*!+(!85%'!

$FF%5F%+$-'=!

&55F!G.!9'F-#Y6+%(-! ('$%4#!05+*0! +*! -#'!9+%'4-+5*!56!
'90'(!

b= F%'('*-! -#'! &55F! -5! -#'!1('%! T+*! -'%8(!56! $4-+,+-+'(U!
$*9! %'85,'! -#'! '90'T(U! (100'(-'9!G.! -#'!1('%! T-#'!
F$%-+41&$%!F%'4'9'*4'!+(!$&(5!%'85,'9!6%58!PrecU=!

M-!+(!'$(.!-5!F%5,'!-#$-!-#'!$G5,'!8'-#59!%'85,'(!$&&!&55F(!
6%58! -#'! F%'4'9'*4'! 45*(-%$+*-(=! M*! F$%-+41&$%2! G.!Q3W! +*!
(-'F! >! J'! 81(-! 6+*9! $! &55F! G'4$1('! '$4#! *59'! #$(! $!
(144'((5%! T$6-'%! (-'F! AU! $*9! -#'%'! +(! $! 6+*+-'! *18G'%! 56!
*59'(! (5!$-! (58'! -+8'! (58'!*59'!81(-!G'!,+(+-'9! 65%! -#'!
('45*9!-+8'!(5!-#'!F$-#!G'-J''*!-#'!6+%(-!$*9!('45*9!,+(+-!
65%8(! $! &55F=!V(!J'! (-5F!J+-#! $*! '8F-.!0%$F#2! *5! &55F(!
%'8$+*!+*!-#'!0%$F#=!

Precedence Repair Techniques 

N#'!05$&!56! -#'! ('45*9!(-$0'!56! -#'! %'F$+%!$&05%+-#8! +(! -5!
%'85,'!,+5&$-+5*!56!$&&!F%'4'9'*4'!45*(-%$+*-(! TAU=!N#+(! +(!
F5((+G&'! 65%! $*.! (4#'91&'! -#$-! 95'(! *5-! 45*-$+*! &55F(! +*!
F%'4'9'*4'! %'&$-+5*(! J#+4#! +(! 'L$4-&.! -#'! (4#'91&'!
%'(1&-+*0! 6%58! -#'! 6+%(-! (-$0'! 9'(4%+G'9! +*! -#'! F%',+51(!
('4-+5*=! _'! +0*5%'! ,+5&$-+5*! 56! %'(51%4'! 4$F$4+-.!
45*(-%$+*-(!T>U!$-!-#+(!(-$0'=!
! N#'! F%'4'9'*4'! TV"KU! !! Prec! +(! ,+5&$-'9! +6!
(V!e!9V!n!(K=!N#'!(+D'!56!,+5&$-+5*!4$*!G'!9'(4%+G'9!G.!-#'!
65&&5J+*0!,$%+$G&'d!

! 9+66TV2KU!h!(V!e!9V!`!(K=!

"&'$%.2! 9+66TV2KU! +(! F5(+-+,'! +6! $*9! 5*&.! +6! F%'4'9'*4'!
TV"KU! +(! ,+5&$-'9=! N5! &54$&&.! %'F$+%! -#'! ,+5&$-'9!
F%'4'9'*4'! TV"KU! J'! 4$*! (#+6-! V! G$4:J$%9! +*! -+8'!
T9'4%'$('! (VU! 5%! (#+6-! K! 65%J$%9! +*! -+8'! T+*4%'$('! (KU! 5%!
(#+6-!-50'-#'%!V!G$4:J$%9!$*9!K!65%J$%9=!S$-1%$&&.2!+6!J'!
95! *5-! J$*-! -5! (-%'-4#! -#'! (4#'91&'! T+*4%'$('! 8$:'(F$*U!
-#'*!9'4%'$(+*0!(V!$(!814#!$(!F5((+G&'!TG1-!*5!85%'!-#$*!
45*(-%$+*-! TAU! %'I1+%'(U! +(! -#'! F%'6'%%'9!J$.! 56! %'F$+%=!N5!
6+*9! 51-! #5J! 814#! -+8'! +(! $,$+&$G&'! 65%! (#+6-+*0! V!
G$4:J$%9!J'!+*-%5914'!-#'!65&&5J+*0!,$%+$G&'d!

! 6%''f*c'6-TVU!h!(V!! +6!V!#$(!*5!F%'9'4'((5%(!
! (V!`!T!(&FTVU!e!9&FTVU!U!

+6!V!#$(!(58'!F%'9'4'((5%!$*9!&FTVU!
9'*5-'(!-#'!&$-'(-!F%'9'4'((5%!56!V!+*!
-#'!(4#'91&'\!
&FTVU!h!$%08$L!"d!T""VU!!!Prec!T("!e!9"U=!

N#'! (-%$+0#-65%J$%9! -'4#*+I1'! 56! %'F$+%+*0! $! ,+5&$-'9!
F%'4'9'*4'! 45*(-%$+*-! TV"KU! +(! (#+6-+*0! V! G$4:J$%9! $(!
814#!$(!F5((+G&'!$*9!-#'*!(#+6-+*0!K!65%J$%9!+6!*'4'(($%.=!
N#+(! 4$*! G'! 65%8$&&.! 9'(4%+G'9! G.! -#'! 65&&5J+*0!
$((+0*8'*-(d!

! (V!.!(V!`!8+*T!6%''f*c'6-TVU2!9+66TV2KU!U!
! (K!.!(V!e!9V!

"&'$%&.2! $6-'%! 8$:+*0! -#'! (100'(-'9! 859+6+4$-+5*! 56! (-$%-!
-+8'(!(V!$*9!(K2!-#'!F%'4'9'*4'!%'&$-+5*!TV"KU!+(!($-+(6+'9!
T(K!h!(V!e!9VU=!O5J','%2!95'(!+-!$&J$.(!%'$&+D'!-#'!+9'$!56!
(#+6-+*0!V!G$4:J$%9o!M6!$&&!F%'4'9'*4'!45*(-%$+*-(!T""VU!
$%'! ($-+(6+'9! -#'*! 6%''f*c'6-TVU!/! C! G'4$1('! (V!/! C!



T9'6+*+-+5*! 56! (VU! $*9! '"!! Act! (=-=! T""VU! !! Pred!!
(V!/!("!e!9"! T$445%9+*0! -5! TAUU=!O5J','%2! +6! (58'! T""VU!
+(! ,+5&$-'9! -#'*! 6%''f*c'6-TVU! p! C!J#+4#! $4-1$&&.!8'$*(!
-#$-!V! +(! (#+6-'9! 65%J$%9! T(V! +(! +*4%'$('9U!J#'*! %'F$+%+*0!
F%'4'9'*4'!TV"KU=!N5!F%','*-!-#+(!1*J$*-'9!G'#$,+5%2!+-!
+(!'*510#!-5!'*(1%'!-#$-!$&&!F%'4'9'*4'!45*(-%$+*-(!T""VU!
$%'! ($-+(6+'9! G'65%'! %'F$+%+*0! -#'! F%'4'9'*4'! 45*(-%$+*-!
TV"KU=! 75%'5,'%2! +*! (14#! $! 4$('! $&&! F%'4'9'*4'!
45*(-%$+*-(! T""VU! (-+&&! %'8$+*! ,$&+9! $6-'%! %'F$+%+*0!
TV"KU=! O'*4'2! +6! J'! %'F$+%! -#'! ,+5&$-'9! F%'4'9'*4'!
45*(-%$+*-(! +*! -#'! %+0#-! 5%9'%2! *$8'&.! 6%58! &'6-! -5! %+0#-2!
-#'*!+-!+(!'*510#!-5!%'F$+%!'$4#!,+5&$-+5*!'L$4-&.!5*4'=!c'-!
1(! $((+0*! $! 1*+I1'! +*9'L! +! -5! '$4#! F%'4'9'*4'! TV"KU2!
9'*5-'9! TV"KU+2! +*! (14#! $! J$.! -#$-! +6! J'! #$,'! -J5!
+*9'L'9! F%'4'9'*4'! %'&$-+5*(! TV"KU+! $*9! TK""UR! -#'*!
+!p!R=! M*! 5-#'%! J5%9(2! -#'! F%'4'9'*4'! %'&$-+5*(! 05+*0! -5!
4'%-$+*! $4-+,+-.! #$,'! $! (8$&&'%! +*9'L! -#$*! -#'! F%'4'9'*4'!
%'&$-+5*(! 05+*0! 6%58! -#+(! $4-+,+-.=! N#+(! 4$*! G'! '$(+&.!
%'$&+D'9! G.! (5%-+*0! 6+%(-! -#'! $4-+,+-+'(! $445%9+*0! -5! -#'!
-5F5&50+4$&!5%9'%!($-+(6.+*0!-#'!F$%-+$&!5%9'%!9'6+*'9!G.!-#'!
F%'4'9'*4'!%'&$-+5*(!T-#+(!+(!$&J$.(!F5((+G&'!$(!-#'%'!$%'!*5!
4.4&'(U! $*9! -#'*! +*9'L+*0! -#'! F%'4'9'*4'! %'&$-+5*(!
$445%9+*0!-5!-#+(!5%9'%!T(''!3+01%'!>U=!
!

!
3+0=!>=!/5((+G&'!-5F5&50+4$&!5%9'%+*0!56!F%'4'9'*4'!

45*(-%$+*-(=!
!
V6-'%! 9'6+*+*0! -#'! 5%9'%! 56! F%'4'9'*4'! %'&$-+5*(! -#'!
65&&5J+*0! F('195Y459'! PrecRep! 9'(4%+G'(! -#'! %'F$+%!
$&05%+-#8d!
!
 algorithm!/%'4E'F!

A  while!$*.!F%'4'9'*4'!+(!,+5&$-'9!do!

>! ! ! ('&'4-!,+5&$-'9!F%'4'9'*4'!TV"KU+!(14#!-#$-!+!+(!8+*+8$&!!

b! ! ! (V!.!(V!`!8+*T!6%''f*c'6-TVU2!9+66TV2KU!U!

k! ! ! (K!.!(V!e!9V!

@!  end while 

 end!/%'4E'F!

!
Proposition 1d!V&05%+-#8!PrecRep! +(!(51*9!$*9!458F&'-'!
J+-#! %'(F'4-! -5! F%5914+*0! $! (4#'91&'!J+-#51-!,+5&$-+5*!56!
F%'4'9'*4'!45*(-%$+*-(=!

Proofd! "&'$%&.2! +6! -#'! $&05%+-#8! (-5F(! -#'*! -#'%'! $%'! *5!
,+5&$-'9!F%'4'9'*4'!45*(-%$+*-(!+*!-#'!(4#'91&'!TG'4$1('!56!
-#'! 45*9+-+5*! +*! -#'! J#+&'! &55FU=! O'*4'! +-! +(! '*510#! -5!
(#5J!-#$-!-#'!$&05%+-#8!(-5F(!$6-'%!$!6+*+-'!*18G'%!56!(-'F(=!
M*! '$4#! +-'%$-+5*! -#'! $&05%+-#8! %'F$+%(! T$-! &'$(-U! 5*'!
F%'4'9'*4'! 45*(-%$+*-=! N#'! F%'4'9'*4'! %'&$-+5*(! $%'!
%'F$+%'9! +*! -#'! 5%9'%! 56! -#'+%! +*9'L'(! (5!J#'*! TV"KU+! +(!
G'+*0!%'F$+%'9!-#'*!$&&!Tm"qUR!(14#!-#$-!R!p!+!$%'!($-+(6+'9!
T#$,'! $&%'$9.! G''*! %'F$+%'9U=!75%'5,'%2! *5! (14#! %'&$-+5*!
Tm"qUR!J#'%'! R! p! +! +(! ,+5&$-'9! G.! -#'! %'F$+%! 56! TV"KU+=!

S5-'! -#$-! 5*&.! %'&$-+5*(! ! T""VU! $*9! ! TK"QU! $%'!
+*6&1'*4'9! G.! -#'! %'F$+%! 56! TV"KU! G'4$1('! J'! 4$*! 5*&.!
(#+6-! V! G$4:J$%9! $*9! K! 65%J$%9=! W$-+(6$4-+5*! 56! 5-#'%!
F%'4'9'*4'!%'&$-+5*(!+*,5&,+*0!V!5%!K2!*$8'&.!TV""U!$*9!
TQ"KU2! +(! *5-! +*6&1'*4'9! G.! -#'! %'F$+%=! V(! J'! $&%'$9.!
9+(41(('92!%'&$-+5*(!T""VU!$%'!*5-!,+5&$-'9!G.!-#'!%'F$+%=!
V445%9+*0!-5!-#'!5%9'%+*0!56!F%'4'9'*4'!%'&$-+5*(2!%'&$-+5*(!
TK"QU:! #$,'! &$%0'%! +*9'L! -#$*! TV"KU+! T:!n!+U=! M*!
(188$%.2!$6-'%!'$4#!+-'%$-+5*!56!-#'!J#+&'!&55F!J'!+*4%'$('!
+*9'L! :! (14#! -#$-!'R!#! :! Tm"qUR! +(! ($-+(6+'9! G.! $-! &'$(-!
5*'=! O'*4'2! $6-'%! $-! 85(-! m! +-'%$-+5*(2! J#'%'! m! +(! -#'!
*18G'%! 56! F%'4'9'*4'! 45*(-%$+*-(! +*! -#'! (4#'91&'! T-#'!
&$%0'(-!+*9'LU2!J'!%'F$+%!$&&!F%'4'9'*4'!%'&$-+5*(=!!!
!
V&05%+-#8! PrecRep! %'F%'('*-(! $! (-%$+0#-65%J$%9! J$.! 56!
%'F$+%+*0!F%'4'9'*4'!45*(-%$+*-(=!)*65%-1*$-'&.2!+-!4$*!(#+6-!
$4-+,+-+'(! 65%J$%9! 85%'! -#$*! *'4'(($%.! $*9! #'*4'! +-! 4$*!
+*4%'$('! 8$:'(F$*! $*9! 8$:'! -#'! (4#'91&'! &'((! 458F$4-=!
N#510#!-#'!$&05%+-#8!4$*!(#+6-!$4-+,+-.!V!G$4:J$%9!J#'*!
%'F$+%+*0! TV"KU2! +-! 4$*! (#+6-! V! $-! 85(-! $(! -#'! &$-'(-!
F%'9'4'((5%! &FTVU! 56! V! $&&5J(! T(''! -#'! 9'6+*+-+5*! 56!
3%''f*c'6-U=!O'*4'!&FTVU!8$.!G&54:!(#+6-+*0!V!G$4:J$%9!
','*! +6! -#'%'! +(! -+8'=! M*!F$%-+41&$%2! +-!8+0#-!G'!F5((+G&'! -5!
(#+6-!&FTVU!G$4:J$%9!$(!J'&&!$*9!#'*4'!-5!+*4%'$('!-#'!-+8'!
$,$+&$G&'! 65%!V! T(''!3+01%'!bU=!N5! +8F%5,'! -#+(! G'#$,+5%2!
J'! (100'(-! $! 859+6+4$-+5*! 56! -#'! %'F$+%! $&05%+-#8! 4$&&'9!
PrecRep-2!-#$-!'LF&5+-(!G'--'%!$,$+&$G&'!-+8'!5*!-#'!&'6-!56!
$4-+,+-.! V! G.! (#+6-+*0! +-! G'.5*9! -#'! #5%+D5*! 9'6+*'9! G.!
&FTVU=!
!

3+0=!b=!V&05%+-#8!PrecRep!95'(!*5-!'LF&5+-!61&&.!$,$+&$G&'!

-+8'!5*!&'6-!56!Q=!
!
N#'! +9'$! 56!PrecRep-2! $&05%+-#8! +(! -5! (#+6-! V! G$4:J$%9!
(+8+&$%&.!-5!PrecRep2!G1-!+6!-#+(!+(!*5-!'*510#!-5!($-+(6.!-#'!
45*(-%$+*-!TV"KU!T9+66TV2KU!+(!(-+&&!F5(+-+,'U!-#'*!J'!(#+6-!
V! G$4:J$%9! (&+0#-&.! 85%'2! +*! F$%-+41&$%! G.!
truncateT9+66TV2KU?>U2! J#'%'! truncateTmU! +(! -#'! 4&5('(-!
+*-'0'%! G'-J''*!m! $*9! C2! 65%! 'L$8F&'! truncateTb=^U! h! b=!
N#+(!J$.2!J'!,+5&$-'! -#'!45*(-%$+*-!T&FTVU"VU!J#+4#!4$*!
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G'!%'F$+%'9!&$-'%!G.!(#+6-+*0!&FTVU!G$4:J$%9!!$*9!(5!5*=!K.!
-#+(! F%54'((2! J'! 4$*! 'LF&5+-! G'--'%! $,$+&$G&'! -+8'! G.!
(#%+*:+*0! -#'! (4#'91&'=! _'! 5*&.! '*(1%'! -#$-! J'! 95! *5-!
,+5&$-'! -#'! 45*(-%$+*-! C! #! (V! (5! -#'! (4#'91&'! 95'(! *5-!
(-%'-4#!G'.5*9!-#'!(4#'91&'!(-$%-=!
!
 algorithm!/%'4E'FY>!

A  while!$*.!F%'4'9'*4'!+(!,+5&$-'9!do!

>! ! ! ('&'4-!,+5&$-'9!F%'4'9'*4'!TV"KU+!(14#!-#$-!+!+(!8+*+8$&!!

b! ! ! (V!.!(V!`!8+*T!6%''f*c'6-TVU2!9+66TV2KU!U!

k! ! ! (V!.!8$LT!C2!(V!`!-%1*4$-'T9+66TV2KU?>U!U!

@! ! ! (K!.!(V!e!9V!

X!  end while 

 end!/%'4E'FY>!

 
Lemma 1d! M6! $&05%+-#8! PrecRep-2! %'F$+%(! F%'4'9'*4'!
TV"KU+! -#'*! $6-'%! $! 6+*+-'! *18G'%! 56! +-'%$-+5*(2! -#'!
$&05%+-#8! %'$4#'(! $! (+-1$-+5*! J#'*! $&&! Tm"qUR! (14#! -#$-!
R!#! +! $%'! ($-+(6+'9=!75%'5,'%2! -#'! 6+*$&! (-$%-! -+8'! (V! +(! *5-!
0%'$-'%!-#$*!-#'!(-$%-!-+8'!56!V!G'65%'!%'F$+%!56!TV"KU=!

Proofd! _'! (#$&&! F%5,'! -#'! &'88$! G.! +*914-+5*! 5*! -#'!
+*9'L! 56! -#'! %'F$+%'9! F%'4'9'*4'=! 35%! +!h!A! -#'! &'88$!
-%+,+$&&.!#5&9(2!G'4$1('!-#'!F%'4'9'*4'!TV"KUA!+(!%'F$+%'9!
G.! -#'! $&05%+-#8! $*9! (V! +(! *5-! +*4%'$('9=! _#'*! -#'!
$&05%+-#8! (-$%-'9! -#'! %'F$+%! 56! F%'4'9'*4'! TV"KU+2! +! n!A2!
$&&! Tm"qUR! (14#! -#$-! R! p! +! J'%'! ($-+(6+'9=! M6! -#'('!
F%'4'9'*4'!%'&$-+5*(!$%'!(-+&&!($-+(6+'9!$6-'%! -#'!%'F$+%! -#'*!
-#'!&'88$!#5&9(=!
! V((18'!-#$-!(58'!F%'4'9'*4'!T""VU!#$(!G''*!,+5&$-'9!
G.!-#'!G$4:J$%9!(#+6-!56!V=!N#+(!8$.!#$FF'*!5*&.!$6-'%!-#'!
$((+0*8'*-!$-!&+*'!k!(5!&'-!5&9r(V!G'!-#'!,$&1'!56!(V!G'65%'!
F%54'((+*0! &+*'! k! $*9! *'Jr(V! G'! -#'! ,$&1'! 56! (V! $6-'%!
F%54'((+*0! &+*'! k=!S5-'! -#$-! +6!V! (-$%-(! $-! 5&9r(V! -#'*! *5!
F%'4'9'*4'! 45*(-%$+*-! T""VU! +(! ,+5&$-'9=!c'-! 1(! -$:'! -#'!
,+5&$-'9! F%'4'9'*4'! 45*(-%$+*-! T""VU+! J+-#! -#'! (8$&&'(-!
+*9'L! +! -#$-! J+&&! G'! %'F$+%'9! *'L-=! V445%9+*0! -5! -#'!
+*914-+5*!$((18F-+5*2!+-!+(!F5((+G&'!-5!%'F$+%!-#+(!45*(-%$+*-!
$*9!-#'!,$&1'!56!("!95'(!*5-!+*4%'$('=!O'*4'!-#'!*'J!,$&1'!
56!(V!+(!*5-!0%'$-'%!-#$*!5&9r(V!G'4$1('!5&9r(V!($-+(6+'9!-#'!
45*(-%$+*-!T""VU!$*9!("!9+9!*5-!+*4%'$('!$G5,'!+-(!5%+0+*$&!
,$&1'=! M*! -#'! ($8'! J$.2! J'! 4$*! %'F$+%! $&&! ,+5&$-'9!
F%'4'9'*4'!45*(-%$+*-(!T""VU!-5!%'$4#!-#'!(+-1$-+5*!J#'*!
$&&! Tm"qUR! (14#! -#$-! R! p! +! $%'! ($-+(6+'9! $0$+*=! N#'! 6+*$&!
,$&1'!56!(V!J+&&!*5-!G'!0%'$-'%!-#$*!5&9r(V=!
! )*65%-1*$-'&.2! -#'! 45*(-%$+*-! TV"KU+! 8$.! G'! ,+5&$-'9!
$0$+*! TJ#'*! (V! +*4%'$('(U! $*9! J'! *''9! -5! %'F$+%! +-=!
S','%-#'&'((2! 5*'! (#51&9! %'$&+D'! -#$-! 9+66TV2KU! +(! *5J!
(-%+4-&.! (8$&&'%! -#$*! +-! J$(! G'65%'! J'! %'F$+%'9! -#'!
45*(-%$+*-! TV"KU! 65%! -#'! 6+%(-! -+8'=! S5-'! -#$-! J#'*! V!
(-$%-(! $-! *'Jr(V! -#'*! -#'! 45*(-%$+*-! TV"KU! +(! ($-+(6+'9! `!
J'! %'F$+%'9! +-! -#+(! J$.=! O5J','%2! $6-'%! %'F$+%+*0! $&&!
T""VU2! -#'! ,$&1'! 56! (V! 8+0#-! +*4%'$('! $(! 814#! $(! -5!
5&9r(V! T*'Jr(V! p! 5&9r(VU! (5! -#'! *'J!
9+66TV2KU!#!5&9r(V!`!*'Jr(V=!3%58!&+*'!k!56!-#'!$&05%+-#82!
J'!4$*!(''!-#$-!*'J!9+66TV2KU!+(!$-!85(-!#$&6!56!-#'!5%+0+*$&!
9+66TV2KU=! V*.J$.2! J'! *''9! -5! %'F'$-! -#'! $G5,'! F%54'((!
$0$+*!$*9!*'L-!-+8'!9+66TV2KU!J+&&!G'!','*!(8$&&'%=!M*!-#'!
J5%(-! 4$('2!J'! (-5F!J#'*!9+66TV2KU!h!A!G'4$1('! -#'*! -#'!

$((+0*8'*-! $-! &+*'! k! 95'(! *5-! 4#$*0'! (V! $*9! #'*4'! *5!
45*(-%$+*-! T""VU! +(! ,+5&$-'9! (5!J'! %'$4#'9! -#'! (+-1$-+5*!
J#'*!$&&!Tm"qUR!(14#!-#$-!R!#!+!$%'!($-+(6+'9=!75%'5,'%2!J'!
4$*! (''! -#$-! (V! *','%! J'*-! $G5,'! 5&9r(V2! J#+4#! +(! *5-!
&$%0'%!-#$*!-#'!5%+0+*$&!,$&1'!56!(V!T5&9r(V!8$.!G'!(8$&&'%!
-#$*!(V!G'4$1('!(V!8+0#-!G'!9'4%'$('9!$-!&+*'!bU=!!!
!
Proposition 2d! V&05%+-#8! PrecRep-2! +(! (51*9! $*9!
458F&'-'! J+-#! %'(F'4-! -5! F%5914+*0! $! (4#'91&'! J+-#51-!
,+5&$-+5*!56!F%'4'9'*4'!45*(-%$+*-(=!

Proofd! M6! -#'! $&05%+-#8! (-5F(! -#'*! -#'%'! $%'! *5! ,+5&$-'9!
F%'4'9'*4'! 45*(-%$+*-(! +*! -#'! (4#'91&'! TG'4$1('! 56! -#'!
45*9+-+5*!+*!-#'!J#+&'!&55FU!(5!-#'!$&05%+-#8!+(!(51*9=!N5!
F%5,'! 458F&'-'*'((2! +-! +(! *'4'(($%.! -5! (#5J! -#$-! -#'!
$&05%+-#8! (-5F(! $6-'%! $! 6+*+-'! *18G'%! 56! +-'%$-+5*(! T%'4$&&!
-#$-! $! 6'$(+G&'! (4#'91&'! $&J$.(! 'L+(-(U=! N#'! F%'4'9'*4'!
%'&$-+5*(! $%'! %'F$+%'9! +*! -#'! 5%9'%! 56! -#'+%! +*9'L'(=!
V445%9+*0! -5! &'88$!A! $6-'%! TV"KU+! +(! %'F$+%'9! -#'*! +*! $!
6+*+-'!*18G'%!56!+-'%$-+5*(!-#'!$&05%+-#8!%'$4#'(!$!(+-1$-+5*!
J#'*!$&&!Tm"qUR!(14#!-#$-!R!#!+!$%'!($-+(6+'9=!!O'*4'2!+*!-#'!
*'L-! (-'F!J'!J+&&! G'! %'F$+%+*0! (58'! F%'4'9'*4'! T""QU:!
J#'%'!:!n! +! T+6! $*.! (14#!,+5&$-'9!F%'4'9'*4'! (-+&&! 'L+(-(U=!
V0$+*2! $445%9+*0! -5! &'88$! A! J'! 4$*! %'$4#! -#'! (+-1$-+5*!
J#'*! $&&! Tm"qUR! (14#! -#$-! R!#!:! $%'! ($-+(6+'9=! _'! 4$*!
45*-+*1'! -#+(! J$.! 1*-+&! J'! %'$4#! -#'! &$(-! +*9'L! m=! M*!
(188$%.2!$6-'%!$! 6+*+-'!*18G'%!56! +-'%$-+5*(! -#'!$&05%+-#8!
%'F$+%(!$&&!F%'4'9'*4'!45*(-%$+*-(!`!-#'!$&05%+-#8!%'$4#'(!$!
(+-1$-+5*!J#'*!$&&!Tm"qUR!(14#!-#$-!R!#!m!$%'!($-+(6+'9=! !!
!
V&05%+-#8! PrecRep-2! 'LF&5+-(! G'--'%! $,$+&$G&'! -+8'! T(''!
3+01%'! kU! G1-! +-! +(! (&5J'%! -#$*!PrecRep! 91'! -5! %'F'$-'9!
Z(#%+*:Y$*9Y(-%'-4#[! (-$0'(! $6-'%! ,+5&$-+*0! -#'! $&%'$9.!
%'F$+%'9! 45*(-%$+*-(=! N#'! 5F'*! I1'(-+5*! +(! +6! -#'! -+8'!
458F&'L+-.!56!PrecRep-2!4$*!G'!+8F%5,'9!65%!'L$8F&'!G.!
8'85%+D+*0! #5J! 814#! -+8'! +(! $4-1$&&.! $,$+&$G&'! 65%!
G$4:J$%9!(#+6-(!T-5!F%','*-!-#'!(-%'-4#!(-$0'U=!
!

D 

C 

B 

A

D 

C

B

A

!
3+0=!k=!V&05%+-#8!PrecRep-2!'LF&5+-(!G'--'%!$,$+&$G&'!-+8'!

5*!&'6-!56!Q=!
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N#'!6+*$&!(-$0'!56!-#'!F%5F5('9!%'F$+%!$&05%+-#8!45*(+(-(!56!
%'F$+%+*0! %'(51%4'! 45*6&+4-(=! E'4$&&! -#$-! $4-+,+-+'(! %'I1+%'!
65%! -#'+%!F%54'((+*0!1*$%.! %'(51%4'(\! +-! +(!F5((+G&'! -#$-! $*!
$4-+,+-.! %'I1+%'(! 85%'! -#$*! 5*'! %'(51%4'! T65%! 'L$8F&'2!
8$4#+*'2! -55&2!$*9!J5%:'%U=!N#'%'!+(!$!%'(51%4'!45*6&+4-! +6!
-J5! T5%!85%'U! $4-+,+-+'(! %'I1+%'! -#'! ($8'! %'(51%4'! $-! -#'!
($8'!-+8'=!
! 3%58! -#'! F%',+51(! (-$0'!J'! #$,'! $! (4#'91&'! -#$-! 95'(!
*5-!,+5&$-'!F%'4'9'*4'!45*(-%$+*-(!(5!+-!+(!'+-#'%!6'$(+G&'!5%!
(58'! %'(51%4'!45*(-%$+*-(!$%'!,+5&$-'9=!_'!*5J!F%'('*-!$!
-'4#*+I1'!-#$-!%'F$+%(!%'(51%4'!45*6&+4-(!J#+&'!:''F+*0!-#'!
F%'4'9'*4'! 45*(-%$+*-(! ($-+(6+'9=! N#+(! -'4#*+I1'! %'(5&,'(!
-#'! 45*6&+4-! G.! (#+6-+*0! 5*'! 56! -#'! $4-+,+-+'(! 65%J$%9! +*!
-+8'=! N#'! $&05%+-#8! ResRep! +-'%$-+,'&.! %'F$+%(! %'(51%4'!
45*6&+4-(! $*9! '$4#! -+8'! $! *'J! F%'4'9'*4'! 45*6&+4-! +(!
+*-%5914'9!-#'*!$&&!F%'4'9'*4'!45*6&+4-(!$%'!%'F$+%'9!G'65%'!
45*-+*1+*0! -5! -#'!*'L-! %'(51%4'! 45*6&+4-=!K.! (J''F+*0! -#'!
(4#'91&'! 6%58! F$(-! -5! 61-1%'! J'! %'85,'! $&&! ,+5&$-'9!
45*(-%$+*-(! T%'4$&&! -#$-! -#'%'! $%'! *5! 9'$9&+*'(! (5! $*.!
$4-+,+-.!4$*!G'!(#+6-'9!65%J$%9U=!!
!
 algorithm!E'(E'F!

A  while!$*.!45*(-%$+*-!+(!,+5&$-'9!do!

>! ! ! if!F%'4'9'*4'!+(!,+5&$-'9!then!

b! ! ! ! ('&'4-!,+5&$-'9!F%'4'9'*4'!TV"KU!J+-#!(8$&&'(-!(V!

b! ! ! else!

k! ! ! ! &'-!V2K!G'!$4-+,+-+'(!,+5&$-+*0!%'(51%4'!45*(-%$+*-!T>U!

@! ! ! ! (14#!-#$-!(V!#!(K!$*9!(V!+(!(8$&&'(-!$85*0!(14#!F$+%(!

X! ! ! end if 

^! ! ! (K!.!(V!e!9V!

B!  end while 

 end!E'(E'F!

!
Proposition 3d! V&05%+-#8!ResRep! +(! (51*9! $*9! 458F&'-'!
TF%5914'(!$!6'$(+G&'!(4#'91&'U=!

Proofd! M6! -#'! $&05%+-#8! (-5F(! -#'*! -#'%'! $%'! *5! ,+5&$-'9!
45*(-%$+*-(!+*!-#'!(4#'91&'!TG'4$1('!56!-#'!45*9+-+5*!+*!-#'!
J#+&'! &55FU! (5! -#'! 6+*$&! (4#'91&'! +(! 6'$(+G&'! $*9! -#'!
$&05%+-#8!+(!(51*9=!N5!F%5,'!458F&'-'*'((2!+-!+(!*'4'(($%.!
-5! (#5J! -#$-! -#'! $&05%+-#8! (-5F(! $6-'%! $! 6+*+-'! *18G'%! 56!
+-'%$-+5*(! T%'4$&&! -#$-! $! 6'$(+G&'! (4#'91&'! $&J$.(! 'L+(-(U=!
_'!F%5,'! -#'!F%5F5(+-+5*!G.! (#5J+*0! -#$-! -#'! *18G'%! 56!
F5((+G&'!45*6&+4-(!9'4%'$('(!$(!J'!(J''F!-#'!(4#'91&'!6%58!
F$(-!-5!61-1%'=!V-!-#'!G'0+**+*02!*5!F%'4'9'*4'!45*(-%$+*-(!
J'%'! ,+5&$-'9! (5! (58'! %'(51%4'! 45*(-%$+*-! 81(-! G'!
,+5&$-'9=! c'-! -! G'! -#'! (8$&&'(-! -+8'! (14#! -#$-! 65%! (58'!
$4-+,+-.!V!J+-#!(V!h!-!-#'%'!+(!$!,+5&$-'9!%'(51%4'!45*(-%$+*-!
T>U!G'-J''*!V!$*9!K=!N#'!45*(-%$+*-!+(!%'F$+%'9!G.!(#+6-+*0!
K!65%J$%9!-5!(-$%-!$6-'%!$4-+,+-.!V!T&+*'!^!56!-#'!$&05%+-#8U2!
J#+4#! 8$.! ,+5&$-'! (58'! F%'4'9'*4'! 45*(-%$+*-(! TK""U=!
N#'('! ,+5&$-'9! F%'4'9'*4'! 45*(-%$+*-(! J+&&! G'! %'F$+%'9! +*!
*'L-! +-'%$-+5*(! 56! -#'! $&05%+-#8! T%'F$+%+*0! F%'4'9'*4'!
45*(-%$+*-(! +(! F%'6'%%'9! -5! %'F$+%+*0! %'(51%4'! 45*6&+4-(U! G.!
(#+6-+*0! "! 65%J$%9! '-4=! M-! 8$.! #$FF'*! -#$-! 91%+*0! -#'('!
%'F$+%(! (58'! *'J! %'(51%4'! 45*6&+4-(! $%'! +*-%5914'9=!
O5J','%2!$&&!-#'('!*'J!%'(51%4'!45*6&+4-(!Z(-$%-[!$6-'%!-+8'!

-\! 65%8$&&.2! 65%! $*.! *'J! %'(51%4'! 45*6&+4-! G'-J''*!
$4-+,+-+'(!"!$*9!Q2!-!p!("!$*9!-!p!(Q!#5&9=!N#'!%'$(5*!+(!-#$-!
-#'!45*6&+4-+*0!$4-+,+-.2!($.!"2!-#$-!J$(!(#+6-'9!65%J$%9!G.!
-#'! F%'4'9'*4'! %'F$+%! (-'F(! *5J! (-$%-(! $6-'%! (V! e! 9V=! N#'!
5-#'%!$4-+,+-.!Q!81(-!(-$%-!$6-'%!-!$(!J'&&!G'4$1('!5-#'%J+('!
-#'%'! J$(! $&%'$9.! $! %'(51%4'! 45*6&+4-! G'-J''*! "! $*9! Q!
T3+01%'!@U=!
! M*! (188$%.2! $6-'%! %'F$+%+*0! -#'! %'(51%4'! 45*6&+4-!
G'-J''*!V!$*9!K!(-$%-+*0!$-!-+8'!-!$*9!ZF%5F$0$-+*0[!+-!-5!
$&&! F%'4'9'*4'! 45*(-%$+*-(2! *5! 5-#'%! %'(51%4'! 45*6&+4-!
(-$%-+*0! $-! 5%! G'65%'! -! J$(! $99'9=! V(! -#'%'! +(! $! &+8+-'9!
*18G'%! 56! %'(51%4'! 45*6&+4-(2! $6-'%! $! 6+*+-'! *18G'%! 56!
+-'%$-+5*(2! $&&! %'(51%4'! 45*6&+4-(! (-$%-+*0! $-! -! $%'! %'F$+%'9!
$*9!5*'!56!-#'!65%8'%!45*6&+4-+*0!$4-+,+-+'(!(-+&&!(-$%-(!$-! -=!
S5J! J'! 4$*! 85,'! -5! -#'! *'L-! %'(51%4'! 45*6&+4-! J#+4#!
(-$%-(! $-! -+8'! -g!n! -=! K'4$1('! -#'! *18G'%! 56! $4-+,+-+'(!
(-$%-+*0!$-!5%!$6-'%!-s!+(!(-%+4-&.!(8$&&'%!-#$*!-#'!*18G'%!56!
$4-+,+-+'(! (-$%-+*0! $-! 5%! $6-'%! -2! -#'! 8$L+8$&! *18G'%! 56!
F5((+G&'!45*6&+4-(!+(!$&(5!(8$&&'%=!N#+(!1FF'%!G51*9!4$*!G'!
(+8F&.! -#'! *18G'%! 56! $&&! F$+%(! 56! $4-+,+-+'(! (-$%-+*0! $-! 5%!
$6-'%!-=!O'*4'!G.!(#+6-+*0!65%J$%9!+*!-+8'2!-#'!1FF'%!G51*9!
5*!-#'!*18G'%!56!F5((+G&'!45*6&+4-(!9'4%'$('(!$*9!-#'%'65%'!
-#'!$&05%+-#8! %'F$+%(! $&&! 45*6&+4-(! $6-'%! $! 6+*+-'!*18G'%!56!
+-'%$-+5*(=! !!
!

!
!

3+0=!@=!W#+6-+*0!%'(51%4'(!45*6&+4-(!-5!-#'!%+0#-!+*!$&05%+-#8!

ResRep=!

Conclusions 

N#'! F$F'%! F%5F5('(! $! *5,'&! &54$&! %'F$+%! -'4#*+I1'! 65%!
45%%'4-+*0!,+5&$-'9!F%'4'9'*4'!$*9!%'(51%4'!45*(-%$+*-(! +*!
E"/W/Y&+:'! (4#'91&+*0! F%5G&'8(=! K.! 95+*0! &54$&! %'F$+%!
(-'F(2! -#'!(4#'91&'!4#$*0'(!5*&.!&54$&&.!+*! -#'!$%'$!56! -#'!
6&$J2!J#+4#!+(!-#'!8$+*!$9,$*-$0'!5,'%!%'Y(4#'91&+*0!6%58!
(4%$-4#=! 75%'5,'%2! -#'! F%5F5('9! -'4#*+I1'(! $%'! 61&&.!
$1-58$-'9!$*9!F%5G&'8!+*9'F'*9'*-!(5!+-! +(!*5-!*'4'(($%.!
-5! 9'(4%+G'! (F'4+6+4! %'F$+%! %1&'(! 65%! -#'! F%5G&'8! $(! 65%!
'L$8F&'! +*! 859+6+'9! V66'4-'9! fF'%$-+5*(! E'(4#'91&+*0!
TW1G%$8$*+$*! $*9! E$#'R$! >CCbU=! N5! %'F$+%! -#'! ,+5&$-'9!
F%'4'9'*4'!45*(-%$+*-(2!J'!4$*!(#+6-!$4-+,+-+'(!-5!&'6-!TF$(-U!
J#+4#! :''F(! -#'! (4#'91&'! 85%'! 458F$4-! +*! 458F$%+(5*!

BA

D 

       B

C

A

    D   C 

-!

old resource 
conflict 

-!

new resource 
conflict 



J+-#! E+0#-! (#+6- %'(4#'91&+*0!  TK%$*9+8$%-'! '-! $&=! >CCCU=!
c$(-! G1-! *5-! &'$(-2! -#'! F%5F5('9! 8'-#59! 4$*! %'F$+%! $*.!
*18G'%! 56! F%'4'9'*4'! $*9! %'(51%4'(! 45*6&+4-(! J#+&'! -#'!
-%$9+-+5*$&! (4#'91&'! %'F$+%! $&05%+-#8(! J5%:! J+-#! $! (+*0&'!
9+(%1F-+5*=!O'*4'!51%!8'-#59! +(! $FF%5F%+$-'! 65%! %'F$+%+*0!
(4#'91&'(! J#'%'! (','%$&! 9+(%1F-+5*(! $%'! (4$--'%'9! +*! -+8'!
$*9! 5*! %'(51%4'(2! J#+4#! +(! -.F+4$&! 65%! 8$*1$&&.!
859+6+'9?45*(-%14-'9!(4#'91&'(=!
! _'! +8F&'8'*-'9! -#'! F%5F5('9! -'4#*+I1'(! J+-#+*! $*!
+*-'%$4-+,'!P$*--!,+'J'%!T3+01%'!AU2!G1-! -#'!8$+*! 6541(!56!
-#'!F$F'%!+(!5*!-#'!65%8$&!9'(4%+F-+5*!56!-#'!-'4#*+I1'(!$*9!
5*!-#'!F%556(!56!-#'+%!(51*9*'((!$*9!458F&'-'*'((=!N#+(!+(!
4%+-+4$&! 65%! (F$4'! $FF&+4$-+5*! $(! -#'! (.(-'8! 65%8$&&.!
01$%$*-''(!($-+(6$4-+5*!56!$&&!45*(-%$+*-(=!
! V&&! F%'('*-'9! -'4#*+I1'(! 'LF&5+-! -#'! 6'$-1%'! 56! -#'!
F%5G&'8!-#$-!-#'%'!$%'!*5!9'$9&+*'(!(5!+-!+(!$&J$.(!F5((+G&'!
-5! (#+6-! -#'! $4-+,+-.! 65%J$%9! +*! -+8'=! S','%-#'&'((2! J#'*!
%'F$+%+*0!-#'!F%'4'9'*4'!45*(-%$+*-(!J'!-%+'9!-5!'LF&5+-!$&(5!
6%''! -+8'! G'65%'! -#'! $4-+,+-.2! -#$-! +(2! -5! (#+6-! $4-+,+-+'(!
G$4:J$%9=!N#'!8$+*!85-+,$-+5*!J$(! -5!:''F! -#'!(4#'91&'!
$(! 458F$4-! $(! F5((+G&'! T*5-! -5! +*4%'$('! 8$:'(F$*! $! &5-U=!
_'! F%5F5('9! -J5! $&-'%*$-+,'! %'F$+%! -'4#*+I1'(! J+-#! -#'!
-%$9'566!G'-J''*! -#'!458F$4-*'((!56! -#'!(4#'91&'!$*9! -#'!
(F''9! 56! -#'! -'4#*+I1'=! N#'! -'4#*+I1'! F%5914+*0! 85%'!
458F$4-! (4#'91&'(! 4$*! F%5G$G&.! G'! (F''9'9Y1F! G.! 1(+*0!
$99+-+5*$&! +*65%8$-+5*!91%+*0!458F1-$-+5*=!N#+(! +(!$! -5F+4!
56! 61-1%'! J5%:=! N#'! 41%%'*-! -'4#*+I1'! 65%! %'F$+%+*0!
%'(51%4'!45*6&+4-(!(#+6-(!$4-+,+-+'(!5*&.!65%J$%9!(5!$*5-#'%!
5F'*!I1'(-+5*!+(!J#'-#'%!-#'!+9'$(!6%58!F%'4'9'*4'!%'F$+%(!
TG$4:J$%9!(#+6-(U!4$*!G'!1('9!-#'%'=!

Acknowledgements.! N#'! %'('$%4#! +(! (1FF5%-'9! G.! -#'!
"D'4#! W4+'*4'! 351*9$-+5*! 1*9'%! -#'! 45*-%$4-! *5=!
>CA?C^?C>C@=!
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