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Abstract—This paper explores the problem of forming

connected topologies, in adhoc networks built on the Blue-

tooth technology. Providing connectivity, when feasible, is

the most basic requirement for any system aimed at allow-

ing devices to communicate with each other. In this paper,

we illustrate that this seemingly innocuous goal gives rise to

many significant challenges in the context of the Bluetooth

technology. The paper first provides a brief overview of

Bluetooth and its operation, and then identifies some of the

major problems the technology faces when it is used to build

adhoc networks. The paper’s contributions are in identi-

fying some basic algorithmic problems when building con-

nected Bluetooth networks, and in developing and evaluat-

ing several possible solutions capable of generating “good”

connected topologies.
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&' #,4*$ /&+#'*,1= /$#D&-*- ,4?, 13+4 ? 10?D*h%?1,*$ $#0*

0&%&,?,&#' -#*1 '#, &',$#-3+* 1&('&!+?', +#'1,$?&',1 74*'

F#$%&'( ?'- %#-&FE&'( ,#/#0#(&*1: 6#,* ,4?, ,4&1 $*S3&$*O

%*', 7?1 ?01# +#'1&-*$*- &' K!WM: @&%&0?$0E= F#$ S3*1,&#'

'3%N*$ = 7* ?01# ?113%* ,4?, &, &1 -*1&$?N0* F#$ ? N$&-(*

,# N* &'D#0D*- &' ?1 1%?00 ? '3%N*$ #F /&+#'*,1 ?1 /#11&O

N0*= 74&0* /$*1*$D&'( +#''*+,&D&,E: .4&1 &1 ? +$&,*$&#' ,4?,

7&00 N* &'+#$/#$?,*- &' 1#%* #F ,4* ?0(#$&,4%1 7* /$*1*',

&' ,4* /?/*$: H' ,4* $*1, #F ,4&1 1*+,&#'= 7* N$&*"E *V/?'-

#' 74?, ?+4&*D&'( ,4#1* #NR*+,&D*1 %*?'1 F#$ #3$ ,#/#0O

#(E F#$%?,&#' ?0(#$&,4%1:

.4* /$&%?$E F#+31 #F ,4* ?0(#$&,4%1 7* -*D*0#/ 7&00

,4*' N* ,# (*'*$?,* +#''*+,*- ,#/#0#(&*1= 74*' F*?1&N0*=

74&0* 1?,&1FE&'( ,4* -*($** +#'1,$?&', ,# 74&+4 %?1,*$1 ?$*

13NR*+,= i.e.= ? -*($** #F ?, %#1,: H' ,4?, +#',*V,= ,4* ?0O

(#$&,4%1 7&00 ?&% ?, ?'17*$&'( S3*1,&#'1 ?'- = 74&0*

?113%&'( ,4?, ,4* ?'17*$ ,# S3*1,&#' &1 1&%/0E N?1*-

#' ,4* 3//*$ N#3'- ,4?, ,4* 203*,##,4 1/*+&!+?,&#' &%O

/#1*1: H' ,4* $*1, #F ,4&1 1*+,&#'= 7* N$&*"E *V/?'- #'

74?, ?+4&*D&'( ,4#1* #NR*+,&D*1 %*?'1 F#$ #3$ ,#/#0#(E

F#$%?,&#' ?0(#$&,4%1:

;*'*$?,&'( ? +#''*+,*- ,#/#0#(E &1 ? $*?1#'?N0E +0*?$

#NR*+,&D*= N3, ,4*$* ?$* %?'E +?1*1 74*$* &, %?E '#, N*

? F*?1&N0* #NR*+,&D*: "#$ *V?%/0*= &F ,4*$* ?$* ,7# ($#3/1

#F '#-*1 13+4 ,4?, '# '#-* &' #'* ($#3/ &1 &' ,4* ,$?'1O

%&11&#' $?'(* #F ?'E '#-* &' ,4* #,4*$ ($#3/= ,4*' ,4*

,#/#0#(E 7&00 N* -&1+#''*+,*- &$$*1/*+,&D* #F 74&+4 ?0(#O

$&,4% #'* 31*1: H, &1= ,4*$*F#$*= ?01# &%/#$,?', ,# ?$,&+30?,*

,4* ?0(#$&,4%[1 (#?01 &' 13+4 +?1*1: HF (0#N?0 +#''*+,&D&,E

&1 '#, F*?1&N0* ,4*' ,4* 0#(&+?0 ,#/#0#(E 7&00 +#'1&1, #F P&1O

0?'-1Q #F '#-*1 13+4 ,4?, *?+4 &10?'- &'+03-*1 '#-*1 ,4?,

?$* 7&,4&' ,$?'1%&11&#' $?'(* #F *?+4 #,4*$= N3, '#-*1 &'

-&FF*$*', &10?'-1 +?' '#, +#%%3'&+?,*: H' ,4&1 +?1*= ,4*

#NR*+,&D* &1 ,# %&'&%&U* ,4* '3%N*$ #F &10?'-1 &' ,4* !'?0

,#/#0#(E:

6*V,= 0*, 31 *V?%&'* ,4* &%/0&+?,&#'1 #F #3$ #NR*+,&D*

#F %?V&%&U&'( +#''*+,&D&,E 7&,4&' ,4* 203*,##,4 -*1&('

+#'1,$?&',1: IN1*$D* !$1, ,4?, ?'E 203*,##,4 ,#/#0#(E

%31, 1?,&1FE 1#%* N?1&+ /$#/*$,&*1: "#$ #'*= ,4* /?$,&,&#'O

&'( #F '#-*1 &',# %?1,*$1 ?'- 10?D*1 &%/0&*1 ,4?, &, &1 -*O

1&$?N0*= ?0,4#3(4 '#, '*+*11?$E= ,4?, ,4* ($?/4 ?11#+&?,*-

7&,4 ?'E 203*,##,4 ,#/#0#(E N* ? N&O/?$,&,* ($?/4: @&%O

&0?$0E= ?1 %*',&#'*- N*F#$*= ,4* +#'1,$?&', ,4?, ? /&+#'*,

+?''#, +#',?&' %#$* ,4?' 10?D*1 &%/0&*1 ,4?, ?00 '#-*1

?11#+&?,*- 7&,4 %?1,*$1 %31, 4?D* ? -*($** 0*11 ,4?' #$

*S3?0 ,# : .4&1 ?01# &%/0&*1 ,4?, &F ?, ?'E ,&%* ,4* ,#,?0

'3%N*$ #F %?1,*$1 &1 0*11 ,4?' #'* *&(4,4 #F ,4* ,#,?0 '3%O

N*$ #F '#-*1= ,4*' +*$,?&' '#-*1 7&00 '#, N*0#'( ,# ?'E /&O

+#'*, ?'- ,431 ,4* ,#/#0#(E $*%?&'1 -&1+#''*+,*-: 2#,4

#F ,4*1* #N1*$D?,&#'1 /$#D&-* P4&',1Q ,#7?$-1 -*1&('&'(

,#/#0#(E F#$%?,&#' ?0(#$&,4%1: H' /?$,&+30?$= F#+31&'( #'

?0(#$&,4%1 ,4?, N#3'- #$ %&'&%&U* '#-* -*($**1 ?//*?$1

,# N* ? /$#%&1&'( -&$*+,&#'= 74&+4 7* *V/0#$* F3$,4*$ &'

@*+,&#'1 BH ?'- BHH:

H' ?--&,&#'= N*+?31* ?-4#+ '*,7#$81 ?$* &'4*$*',0E -&1O

,$&N3,*- 1E1,*%1= 7&,4 '#-*1 %?8&'( &'-&D&-3?0 -*+&1&#'1=

#F,*' N?1*- #' 0#+?0 &'F#$%?,&#'= 7* *V/*+, ,4?, ?'#,4*$

&%/#$,?', F?+,#$ N*1&-*1 ,4* +4#&+* #F ? $#0* ^%?1,*$ #$

10?D*` &1 when &1 ,4?, +4#&+* ?+,3?00E %?-*= i.e.= ,4* #$O

-*$ &' 74&+4 '#-*1 %?8* 13+4 -*+&1&#'1: H' /?$,&+30?$=

N*+?31* +#''*+,&D&,E N*,7**' /&+#'*,1 &1 *'13$*- ,4$#3(4

N$&-(* '#-*1 ?'- '#, ?00 ^10?D*` '#-*1 ?$* +?/?N0* #F /0?EO

&'( 13+4 ? $#0* ^,4* '#-* %31, N* ?N0* ,# P4*?$Q ,4* %?1,*$

#F *?+4 /&+#'*,`= +#''*+,&D&,E N*,7**' ,7# /&+#'*,1 %?E

N* /$*+03-*- &F ,4* +#$$*1/#'-&'( '#-* ?,,*%/,1 ,# R#&'

#'* #F ,4* /&+#'*,1 ?F,*$ ,4* /&+#'*, 4?1 N*+#%* F300= i.e.=

?0$*?-E 4?1 10?D*1: .4&1 &'-&+?,*1 ,4?, *F!+&*', ?0(#O
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$&,4%1 7&00 %#1, 0&8*0E '**- ,# ?00#7 F#$ 1#%* &,*$?,&#'1

,4?, 7&00 0*, '#-*1 %#-&FE ,4*&$ *?$0&*$ -*+&1&#'1= e.g.= NE

4?D&'( 1#%* 10?D*1 $*0&'S3&14 ,4*&$ %*%N*$14&/ &' #'* /&O

+#'*, ?'- %#D* ,# ?'#,4*$= #$ NE ?00#7&'( '#-*1 ,# +4?'(*

,4*&$ $#0* ?0,#(*,4*$ ^+4?'(* F$#% 10?D* ,# %?1,*$ #$ /#1O

1&N0E D&+*OD*$1?`: H-*',&FE&'( 74*' ?'- 4#7 ,# ?00#7 13+4

+4?'(*1 74&0* /$*1*$D&'( #$ &%/$#D&'( +#''*+,&D&,E #$

-*($** +#'1,$?&', &1 ? +4?00*'(&'( ,?18= *1/*+&?00E &' ,4*

+#',*V, #F -&1,$&N3,*- -*+&1&#'1: .4* ?//$#?+4 7* 7&00

F#00#7= &1 ,# !$1, ?$,&+30?,* ? +*',$?0&U*- ?0(#$&,4% +?/?O

N0* #F (*'*$?,&'( ? (##-h#/,&%?0 1#03,&#'= ?'- ,4*' -*O

1+$&N* 4#7 ,# ,$?'1F#$% ,4&1 +*',$?0&U*- ?0(#$&,4% &',# ?

-&1,$&N3,*- #'*: .*+4'&S3*1 F#$ +#'D*$,&'( +*',$?0&U*- ?0O

(#$&,4%1 &',# -&1,$&N3,*- #'*1 ?$* +#%%#'0E ?D?&0?N0* F#$

%?'E 1,?'-?$- ?0(#$&,4%1= e.g.= 14#$,*1, /?,4 #$ %&'&%3%

1/?''&'( ,$** KiM= ?'- 7* 7&00 ,?8* ?-D?',?(* #F ,4&1 F?+,:

5 1*+#'- &%/#$,?', ?1/*+, &' ,4* +#',*V, #F ?-4#+ '*,O

7#$81 &1 ,# ?00#7 F#$ -E'?%&+ #/*$?,&#': JE'?%&+ #/*$?O

,&#' 4?1 ,7# %?R#$ -&%*'1&#'1d ,4* ?--&,&#' ?'- -*0*,&#'

#F '#-*1 ?1 31*$1 +#%* ?'- (#= ?'- ,4* /#11&N0* %#-&!+?O

,&#'1 #F ,4* ,#/#0#(E ^+#''*+,&D&,E ($?/4` &'-3+*- NE %#O

N&0* '#-*1: J*1&('&'( ?0(#$&,4%1 ?'- /$#,#+#01 +?/?N0*

#F *F!+&*', -E'?%&+ #/*$?,&#' &1 ?' *',&$* $*1*?$+4 ?$*? &'

&,1*0F= 74*$* %*?'&'(F30 1#03,&#'1 ,E/&+?00E '**- ,# +?$*O

F300E ?++#3', F#$ #/*$?,&#'?0 +#'1,$?&',1: .4* ?0(#$&,4%1

7* /$*1*', &' ,4* /?/*$ ?$* +0*?$0E ?&%*- ?, 13//#$,&'(

-E'?%&+ #/*$?,&#'= e.g.= NE $*0E&'( #'0E #' 0#+?0 &'F#$%?O

,&#' 74*' ?,,*%/,&'( ,# #/,&%&U* +#''*+,&D&,E: T#7*D*$=

,4*$* ?$* %?'E ?1/*+,1 #F -E'?%&+ #/*$?,&#' ,4?, 7* -#

'#, *V/0#$* #$ +#'1&-*$= ?'- F#$%30?,&'( ? +#%/0*,* 1#O

03,&#' F#$ ? -E'?%&+ *'D&$#'%*', &1 ? ,#/&+ #F #'(#&'(

7#$8: \* N*0&*D* ,4?, ,4* $*130,1 #F ,4&1 /?/*$ /$#D&-*

*11*',&?0 N3&0-&'( N0#+81 F#$ -*D*0#/&'( 13+4 ? 1#03,&#':

HB: 9Ab5.AJ 9A@A59)T

H' ,4&1 1*+,&#'= 7* %*',&#' D*$E N$&*"E ? '3%N*$ #F

/$*D&#31 7#$81 ,4?, 4?D* ?01# N**' %#,&D?,*- NE ,4* '**-

,# *V,*'- ,4* 1,?'-?$- 203*,##,4 1/*+&!+?,&#'1= &F ,4*

,*+4'#0#(E &1 ,# N* 31*- F#$ N3&0-&'( ?-4#+ '*,7#$81:

.4#1* 7#$81 1/?' ,4$** %?R#$ ?$*?1 ?11#+&?,*- 7&,4 ?-O

4#+ '*,7#$81d $#3,&'(= $*1#3$+* %?'?(*%*', #$ 1+4*-30O

&'(= ?'- ,#/#0#(E F#$%?,&#': .4* 0?,,*$ N*&'( +0*?$0E ,4*

?$*? #F %#1, $*0*D?'+* ,# ,4&1 /?/*$:

H' KXM 24?(7?, et al. /$*1*', ? 1#3$+* $#3,&'( %*+4?O

'&1% F#$ 203*,##,4 1+?,,*$'*,1= i.e.= '*,7#$81 F#$%*- F$#%

,4* &',*$+#''*+,&#' #F /&+#'*,1: J?1 et al. KLM ?'- >#O

4?'1#' et al. K!XM /$*1*', -&1,$&N3,*- 1+4*-30&'( /#0&+&*1

F#$ 203*,##,4 '*,7#$81: .4* ,#/#0#(E F#$%?,&#' /$#NO

0*% 7?1 !$1, &'D*1,&(?,*- &' K!WM NE @?0#'&-&1 et al. 74#

/$*1*',*- ? -&1,$&N3,*- ,#/#0#(E +#'1,$3+,&#' 1+4*%* &'

203*,##,4 '*,7#$81: 5 N?1&+ ?113%/,&#' &' ,4* /?/*$ &1

,4?, ?00 '#-*1 ?$* 7&,4&' ,$?'1%&11&#' $?'(* #F *?+4 #,4*$=

i.e.= ,4* 3'-*$0E&'( +#''*+,&D&,E ($?/4 &1 ? F300 %*14: C'O

-*$ ,4&1 ?113%/,&#'= '#-*1 +#'-3+, ? 0*?-*$ *0*+,&#' ?0(#O

$&,4%= 74#1* 7&''*$ 8'#71 ,4* &-*',&,E #F ?00 #,4*$ '#-*1

&' ,4* '*,7#$8 ?'- 31*1 ,4&1 &'F#$%?,&#' ,# -*1&(' ,4* -*O

1&$*- ,#/#0#(E: 5 0&8*0E 0&%&,?,&#' #F ,4&1 ?//$#?+4 &1 ,4?,

&, %?E '#, 1+?0* ?1 ,4* '3%N*$ #F '#-*1 &1 0?$(*: .4&1

7?1 #'* #F ,4* %#,&D?,&#'1 F#$ &'D*1,&(?,&'( ?0,*$'?,&D*

?//$#?+4*1 &' ,4&1 /?/*$: H' ?--&,&#'= ,4* ?113%/,&#' #F

F300 $*?+4?N&0&,E 7&00 #F,*' '#, 4#0- &' %?'E 1+*'?$&#1:

.4* /?/*$ ?01# %?8*1 ? D*$E &',*$*1,&'( #N1*$D?,&#' &'

,4?, &, 14#71 ,4?, ,4* ?D*$?(* -*0?E &'D#0D*- &' 1E'+4$#O

'&U&'( ,7# '#-*1 ^,4* ,&%* 1/*', &' ,4* &'S3&$E ?'- ,4*

/?(* 1*S3*'+*1 N*F#$* ,4* '#-*1 ?$* ?N0* ,# *V+4?'(* ,4*

+0#+8 &'F#$%?,&#'` &1 &'!'&,* &F ,4* '#-*1 $*0E #' ? -*,*$O

%&'&1,&+ /?,,*$' #F ?0,*$'?,&'( N*,7**' /?(&'( ?'- /?(*-

%#-*1: .4&1 4?1 &%/#$,?', &%/0&+?,&#'1 74*' -*1&('O

&'( ,4* 1E'+4$#'&U?,&#' /$#+*-3$* ,4?, 203*,##,4 '#-*1

7&00 31* ,# -&1+#D*$ ,4*&$ '*&(4N#$1: H' K!M= j?$3N? et

al. /$*1*', P203*,$**1=Q ? 1+?,,*$'*, F#$%?,&#' ?0(#$&,4%

F#$ +?1*1 74*$* ,4* F300 $*?+4?N&0&,E ?113%/,&#' -#*1 '#,

4#0-: T#7*D*$= ,4* 203*,$** ?0(#$&,4% $*-3+*1 ,4* -*O

($** #F ,4* '#-*1 NE ? 1*$&*1 #F $*O?$$?'(*%*',1: .4*$*

&1 '# (3?$?',** ,4?, ,4*1* $*O?$$?'(*%*',1 ?+,3?00E ,*$O

%&'?,*= ?'- ,431 ,4* $*130,&'( ,#/#0#(E %?E '#, 1?,&1FE

,4* -*($** +#'1,$?&',1: H' KXYM= .?' et al. /$*1*', P.$**

@+?,,*$'*, "#$%?,&#'=Q ?' #'0&'* ?0(#$&,4% ,# N3&0- 1+?,O

,*$'*,1: T#7*D*$= &, &1 '#, +0*?$ 4#7 ,4* -*($** +#'1,$?&',1

?'- +#''*+,&D&,E ?$* 1?,&1!*-= 1&'+* #'0E ,4* $##, '#-*1 #F

*?+4 F$?(%*', ?$* ?00#7*- ,# %*$(* -&FF*$*', F$?(%*',1:

5' &',*$*1,&'( /?$, #F ,4* /?/*$ &1 ,4* /$#/#1*- %#-*0 ,#

*D?03?,* ,4* *F!+&*'+E #F ? 1+?,,*$'*, NE ?//$#V&%?,&'(

,4* ?D*$?(* +#%%3'&+?,&#' 0?,*'+E: H' K!ZM= b?7 ?'- @&3

?01# /$*1*', ? 1+?,,*$'*, F#$%?,&#' ?0(#$&,4%: .4* /$#NO

0*% #F ,#/#0#(E F#$%?,&#' 7?1 ?01# ,4* ,#/&+ #F KWM= 74*$*

7* &'D*1,&(?,*- ,4* /*$F#$%?'+* #F ? F*7 1&%/0&1,&+ ,#/#0O

#(E F#$%?,&#' ?0(#$&,4%1 F$#% ,4* 1,?'-/#&', #F +#''*+O

,&D&,E ?'- +#'D*$(*'+* ,&%*: .4* &'D*1,&(?,&#' 7?1 /$&O

%?$&0E *%/&$&+?0= i.e.= $*0E&'( #' ? -*,?&0*- 0#7O0*D*0 1&%O

30?,&#' #F ,4* 203*,##,4 /$#,#+#0= ?'- 14#7*- ,4?, ,4#1*

1&%/0*O%&'-*- ?0(#$&,4%1 +#%%#'0E $*130,*- &' -&1+#'O

'*+,*- ,#/#0#(&*1= 74*' ? +#''*+,*- #'* 7?1 ?+,3?00E

?D?&0?N0*: .4&1 !'-&'( 7?1 ?'#,4*$ %#,&D?,&#' F#$ ? %#$*

1E1,*%?,&+ &'D*1,&(?,&#' #F ,4* ,#/#0#(E F#$%?,&#' /$#NO

0*%= ?'- F#$ &-*',&FE&'( ?0(#$&,4%1 +?/?N0* #F N*,,*$ /*$O

F#$%?'+*: "&'?00E= &' K!gM= ]?$1?' et al. ?--$*11 ,4*

/$#N0*% #F -*,*$%&'&'( ?' #/,&%?0 203*,##,4 ,#/#0#(E=

N?1*- #' ?' &',*(*$ 0&'*?$ /$#($?%%&'( F#$%30?,&#' -*O

$&D*- F$#% ,4* 203*,##,4 1/*+&!+ +#'1,$?&',1: T#7*D*$=

,4* +#%/0*V&,E #F ,4* /$#/#1*- ?0(#$&,4% &1 F?&$0E 4&(4:

"3$,4*$%#$*= ,4*&$ ?//$#?+4 0*?-1 ,# ? +*',$?0&U*- #/,&O

%&U?,&#' ?0(#$&,4% 74&+4 $?&1*1 ,4* S3*1,&#' #F /$?+,&+?0

-&1,$&N3,*- &%/0*%*',?,&#':
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B: 6A.\I9_ ]IJAb 56J G9I2bA] )I]GbAaH.e

51 ? !$1, 1,*/ ,#7?$-1 ? 1E1,*%?,&+ &'D*1,&(?,&#' #F ,4*

+#''*+,&D&,E &113*= 7* F#$%30?,* ? %?,4*%?,&+?0 %#-*0

F#$ ,4* 1E1,*% #NR*+,&D*1 ?'- +#'1,$?&',1: IN1*$D* ,4?,

,4*$* +?' N* ,7# ,E/*1 #F +#%%3'&+?,&#' 0&'81 N*,7**'

?'E ,7# '#-*1: I'* &1 ? physical ^0?E*$` 0&'8 74&+4 *VO

&1,1 N*,7**' ?'E /?&$ #F '#-*1 ,4?, ?$* &' +#%%3'&+?O

,&#' $?'(* #F *?+4 #,4*$: .4* #,4*$ &1 ? logical 203*,##,4

0&'8 74&+4 *V&1,1 &F ,4* 203*,##,4 ,#/#0#(E *1,?N0&14*1 ?

+#%%3'&+?,&#' 0&'8 N*,7**' ,4* ,7# '#-*1: .4&1 4?/O

/*'1 74*' #'* '#-* &1 ? %?1,*$ ?'- ,4* #,4*$ &1 ? 10?D*

&' ,4* 1?%* /&+#'*,: )0*?$0E= ? /$*O+#'-&,&#' F#$ *V&1O

,*'+* #F ? 0#(&+?0 0&'8 N*,7**' ,7# '#-*1 &1 ,4* *V&1,*'+*

#F ? /4E1&+?0 0&'8 N*,7**' ,4*%: .4* 1+*'?$&# +?' N*

%#-*00*- NE ,7# ($?/41= ? /4E1&+?0O,#/#0#(E ($?/4 ?'-

? 0#(&+?0O,#/#0#(E ($?/4: B*$,&+*1 &' N#,4 ($?/41 $*/$*O

1*', ,4* '#-*1 &' ,4* ?+,3?0 '*,7#$8: .4* 0#(&+?0 ,#/#0#(E

($?/4 &1 ,431 ? 13NO($?/4 #F ,4* /4E1&+?0 ,#/#0#(E ($?/4:

.4* /4E1&+?0 ,#/#0#(E ($?/4 &1 (&D*'= 74&0* ,4* 0#(&+?0

,#/#0#(E ($?/4 &1 ,4* #3,/3, #F ,4* ,#/#0#(E F#$%?,&#' ?0O

(#$&,4%:

.4* 0#(&+?0 ,#/#0#(E ($?/4 %31, 4?D* +*$,?&' /$#/*$O

,&*1: 5++#$-&'( ,# ,4* 203*,##,4 1/*+&!+?,&#'= D*$,&+*1

,4?, 7&00 N* ?11&('*- ,4* $#0* #F ? %?1,*$ +?' 4?D* ? %?VO

&%3% -*($**! #F : "#$ ,4* D*$,&+*1 ,4?, 7&00 1*$D* ?1

10?D*1= &, &1 -*1&$?N0* ,4?, ,4*&$ -*($** N* 8*/, ?1 1%?00

?1 /#11&N0*: 9*(30?$ 10?D* '#-*1 4?D* ? -*($** #F #'0E

^,4* 0&'8 ,# ,4* %?1,*$`= N3, N$&-(* '#-*1 4?D* ? -*($**

*S3?0 ,# ,4* '3%N*$ #F /&+#'*,1 ,4*E /?$,&+&/?,* &': 2*O

+?31* ? N$&-(* '#-* 7&,4 ? -*($** #F = i.e.= /?$,&+&/?,&'(

&' /&+#'*,1= 7#30- $*/$*1*', ? %?R#$ N#,,0*'*+8 &' ,4*

1E1,*% ^&, 7#30- /$#D&-* D*$E /##$ +#''*+,&D&,E N*,7**'

,4#1* /&+#'*,1`= 7* ?113%* ,4?, ,4* -*($** +#'1,$?&', #F

?//0&*1 ,# ,4* N$&-(* ^10?D*` '#-*1 ?1 7*00: 501#= ?0,4#3(4

'#, '*+*11?$&0E $*S3&$*-= &, &1 -*1&$?N0* ,4?, &, N* ? N&/?$O

,&,*X ($?/4 1&'+* ,4* D*$,*V 1*, +?' *?1&0E N* /?$,&,&#'*- &'

%?1,*$1 ?'- 10?D*1 ?'- ,4* 0#(&+?0 0&'81 +#''*+, %?1,*$1

,# 10?D*1 ?'- D&+*OD*$1?:

)#''*+,&D&,E &1 ,4*' -**%*- F*?1&N0* &F ,4*$* *V&1,1

? +#''*+,*-Z 13NO($?/4 #F ,4* /4E1&+?0 ,#/#0#(E ($?/4

74&+4 1?,&1!*1 ,4* -*($** +#'1,$?&', ^%?V&%3% -*($** #F

`: .4* #NR*+,&D* &1 ,# !$1, -*,*+, 74*,4*$ +#''*+,&D&,E

&1 F*?1&N0*: HF +#''*+,&D&,E &1 F*?1&N0*= ,4*' ,4* ?&% &1 ,#

+#'1,$3+, ? +#''*+,*- 0#(&+?0 ,#/#0#(E ($?/4 74&+4 1?,&1O

!*1 ,4* -*1&$*- +#'1,$?&',: HF +#''*+,&D&,E &1 '#, F*?1&N0*=

,4*' ?'E 0#(&+?0 ,#/#0#(E ($?/4 7&00 +#'1&1, #F P&10?'-1Q

#$ +#%/#'*',1g: H' ,4&1 +?1* ,4* #NR*+,&D* &1 ,# %&'&%&U*

.4* -*($** #F ? D*$,*V &1 ,4* '3%N*$ #F *-(*1 #$&(&'?,&'( F$#% ,4*

D*$,*V:

5 N&/?$,&,* ($?/4 &1 #'* 74*$* ,4* D*$,*V 1*, +?' N* /?$,&,&#'*- &'

,7# 1*,1 13+4 ,4?, ,4*$* &1 '# *-(* +#''*+,&'( ,4* D*$,&+*1 &' ,4* 1?%*

1*,:

5 ($?/4 &1 +#''*+,*- &F ,4*$* &1 ? /?,4 N*,7**' ?'E ,7# '#-*1:

5 +#%/#'*', #F ? ($?/4 &1 ? +#''*+,*- 13NO($?/4 74&+4 +?' '#,

,4* '3%N*$ #F +#%/#'*',1 &' ,4* 0#(&+?0 ,#/#0#(E ($?/4:

6#,* ,4?, ? +#''*+,*- 0#(&+?0 13N($?/4 *V&1,1 &F ?'-

#'0E &F ,4* /4E1&+?0 ,#/#0#(E ($?/4 4?1 ? 1/?''&'( ,$**L=

74&+4 1?,&1!*1 ,4* -*($** +#'1,$?&',1 #F ? 0#(&+?0 ,#/#0O

#(E ($?/4: .4&1 &1 N*+?31* ? 1/?''&'( ,$** #F ?'E ($?/4

&1 +#''*+,*-: 501# '#,* ,4?, &, &1 N&/?$,&,* K!YM: .431= &F ?

1/?''&'( ,$** #F ,4* /4E1&+?0 ,#/#0#(E ($?/4 1?,&1!*1 ?00

,4* +#'1,$?&',1 #F ? 0#(&+?0 ,#/#0#(E ($?/4= ,4*' &, F#$%1

? F*?1&N0* &'1,?'+* #F ? 0#(&+?0 ,#/#0#(E: .4* +#'D*$1* &1

,$&D&?00E 1**' ,# N* ,$3*: .4* /?$,&,&#' 74&+4 4?1 ? %?V&O

%3% -*($** 0*11 ,4?' #$ *S3?0 ,# 7&00 N* +4#1*' ?1 ,4*

%?1,*$ 1*,= 74&0* ,4* #,4*$ 7&,4 ? /#,*',&?00E 0#7*$ %?V&O

%3% -*($** 7&00 +#'1,&,3,* ,4* 10?D*hN$&-(* 1*,: \* F#+31

#' +#'1,$3+,&'( ? 1/?''&'( ,$** #F ,4* /4E1&+?0 +#''*+,&DO

&,E ($?/4= 74&+4 1?,&1!*1 ,4* -*($** +#'1,$?&',1:

b*, ,4* -*($** #F ? 1/?''&'( ,$** N* ,4* %?V&%3% -*O

($** #F &,1 D*$,&+*1: .4* +4?00*'(* &1 ,4*' ,# +#'1,$3+, ?

1/?''&'( ,$** 7&,4 -*($** 0*11 ,4?' #$ *S3?0 ,# = &F #'*

*V&1,1: 5 1/?''&'( ,$** 7&,4 -*($** #$ 0*11 *V&1,1 &F

?'- #'0E &F ,4* %?V&%3% -*($** #F ? 1/?''&'( ,$** &' ?

($?/4 &1 3//*$ N#3'-*- NE ?'- -*+&-&'( ,4&1 &1 ?' 6GO

4?$- /$#N0*% KkM: H, F#00#71 ,4?, deciding whether con-

nectivity is feasible and constructing a connected logical

topology graph which satisfies the desired constraints is

an NP-hard problem for a general physical topology.

.4* ?N#D* $*130, '#, 7&,41,?'-&'(= /#0E'#%&?0 ,&%*

?0(#$&,4%1 ?$* ?D?&0?N0* &' +*$,?&' /$?+,&+?0 1+*'?$&#1=

74*$* ?--&,&#'?0 +#'1,$?&',1 ?$* &%/#1*- #' ,4* 3'-*$0EO

&'( '*,7#$8 ($?/4 ^@*+,&#' BH`: "3$,4*$%#$*= 7* 14#7

4#7 ,4#1* /#0E'#%&?0 ,&%* ?0(#$&,4%1 +?' N* *V,*'-*-

,# /$#D&-* *F!+&*', 4*3$&1,&+1 &' (*'*$?0 1+*'?$&#1 ^@*+O

,&#'1 BHH ?'- BHHH`: ]?'E #F ,4*1* ?0(#$&,4%1 ?$* +*',$?0O

&U*- &' '?,3$*= N3, ,4* N?1&+ &',3&,&#' N*4&'- ,4*1* %#,&O

D?,*1 ? F300E -&1,$&N3,*- ?'- -E'?%&+ ?//$#V&%?,&#' ^@*+O

,&#' Ha`:

BH: .IGIbI;e "I9]5.HI6 5b;I9H.T]@ "I9

6IJA@ \H.T HJA6.H)5b GI\A9 bABAb@ H6 5

JH]A6@HI65b Gb56A

H' ,4&1 1*+,&#'= 7* ?//$#?+4 ,4* +#''*+,&D&,E /$#N0*%

3'-*$ +*$,?&' 1&%/0&FE&'( ?113%/,&#'1 74&+4 7* -*1+$&N*

?'- R31,&FE '*V,:

!` 6#-*1 +#'1,&,3,* /#&',1 &' ? ,7#O-&%*'1&#'?0 /0?'*:

.4&1 ?113%/,&#' &1 R31,&!*- &F ,4* ,$?'1+*&D*$1 ?$*

?, 1&%&0?$ 4*&(4,1= ?'- ?//0&*1 ,# 1*D*$?0 ($#3'-

N?1*- +&D&0&?' ?'- %&0&,?$E +#%%3'&+?,&#' '*,O

7#$81= 74&0* $30&'( #3, ?//0&+?,&#'1 74&+4 &'D#0D*

?&$ ,# ($#3'- +#%%3'&+?,&#':

N* *V/?'-*- ?'E F3$,4*$ 74&0* $*,?&'&'( +#''*+,&D&,E= i.e.= ?--&,&#' #F

? '#-* &' ? +#%/#'*', $*%#D*1 ,4* +#''*+,&D&,E:

5 1/?''&'( ,$** &1 ? +#''*+,*- 13N($?/4 74&+4 -#*1 '#, 4?D* ?

+E+0* ?'- 1/?'1 ?00 D*$,&+*1 &' ,4* ($?/4:
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3X

3Z

3g3L
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D

"&(: X: \* *V/0?&' &',3&,&D*0E 74E &' ? +#%/0*,* ($?/4 7&,4 *-(*

7*&(4,1 *S3?0&'( ,4* A3+0&-*?' -&1,?'+* N*,7**' ,4* +#$$*1/#'-&'(

D*$,&+*1= ,4* -*($** #F ? ]@. &1 '# %#$* ,4?' : )#'1&-*$ ? +#%O

/0*,* ($?/4 7&,4 D*$,&+*1 : 5113%* ,4?, D*$,*V &' ?

]@. 4?1 -*($** b*, &,1 '*&(4N#$1 &' ,4* ]@. N* 6#,*

,4?, ,4* A3+0&-*?' -&1,?'+* N*,7**' /?&$ &1 0*11 ,4?' ,4* -&1O

,?'+* N*,7**' #$ .431 ,4* ]@. 7&00 &'+03-* ,4* *-(*

$?,4*$ ,4?' #$

X` 500 '#-*1 4?D* ,4* 1?%* ,$?'1%&11&#' $?'(*: .4&1

4?//*'1 &F ,4* /$#/?(?,&#' +#'-&,&#'1 ?$* 0?$(*0E

1&%&0?$ ,4$#3(4#3, ,4* '*,7#$8 ?'- '#-*1 4?D* ,4*

1?%* %?V&%3% ,$?'1%&11&#' /#7*$ 0&%&,?,&#' ?'-

1&%&0?$ $*+*/,&#' +?/?N&0&,&*1: b*, ,4&1 ,$?'1%&11&#'

$?'(* N* 3'&,1: C'-*$ ,4&1 ?113%/,&#'= ? /4E1&O

+?0 0&'8 *V&1,1 N*,7**' ?'E ,7# '#-*1 &F ?'- #'0E &F

,4*&$ A3+0&-*?' -&1,?'+* &1 3//*$ N#3'-*- NE

C'-*$ ,4*1* ?113%/,&#'1= ,4* ,&%* +#%/0*V&,E #F ,4*

+#''*+,&D&,E /$#N0*% N*+#%*1 '#7 /#0E'#%&?0: .4* F#0O

0#7&'( 0*%%? /$#D&-*1 ,4* +#$'*$1,#'* F#$ -*1&('&'( ?

1&%/0* /#0E'#%&?0 +#%/0*V&,E -&1,$&N3,*- -E'?%&+ ?0(#O

$&,4% 74&+4 (*'*$?,*1 ? +#''*+,*- 0#(&+?0 ,#/#0#(E 74*'O

*D*$ +#''*+,&D&,E &1 F*?1&N0*:

Lemma 1: )#''*+,&D&,E &1 F*?1&N0* &F ?'- #'0E &F ,4*

/4E1&+?0 ,#/#0#(E ($?/4 &1 +#''*+,*-: 5 %&'&%3%

7*&(4,*- 1/?''&'( ,$** ^]@.` &' ,4* /4E1&+?0 ,#/#0#(E

($?/4= 7&,4 ,4* 7*&(4, #F ?' *-(* *S3?0&'( ,4* A3+0&-*?'

-&1,?'+* N*,7**' ,4* '#-*1= &1 ? +#''*+,*- 0#(&+?0 ,#/#0O

#(E ($?/4 74&+4 1?,&1!*1 ?00 ,4* -*1&$*- +#'1,$?&',1:

\* !$1, /$*1*', ,4* F#00#7&'( $*130, #N,?&'*- NE ]#'%?

et. al. K!iM 74&+4 7* 7&00 31* &' /$#D&'( ,4&1 0*%%?:

Proposition 1: )#'1&-*$ ? +#%/0*,*i ($?/4 7&,4 '#-*1

+#$$*1/#'-&'( ,# /#&',1 &' ,4* -&%*'1&#'?0 /0?'* ?'-

,4* 7*&(4, #F ,4* *-(*1 N*&'( ,4* A3+0&-*?' -&1,?'+* N*O

,7**' ,4*%: 5'E %&'&%3% 7*&(4,*- 1/?''&'( ,$** &'

13+4 ? ($?/4 4?1 -*($** 0*11 ,4?' #$ *S3?0 ,# :

Proof of Lemma 1: @** 5//*'-&V:

5' &',3&,&#' N*4&'- ,4&1 $*130, &1 /$#D&-*- &' !(3$* X:

6*V,= 7* +#'1&-*$ ,4* +?1* 74*' +#''*+,&D&,E &1 '#,

F*?1&N0*: .4&1 4?//*'1 #'0E 74*' ,4* /4E1&+?0 ,#/#0#(E

($?/4 &1 -&1+#''*+,*-: .4* #NR*+,&D* &' ,4&1 +?1* &1 ,# +#'O

1,$3+, ? 0#(&+?0 ,#/#0#(E ($?/4 7&,4 ,4* %&'&%3% '3%N*$

#F +#%/#'*',1: .4* F#00#7&'( 0*%%? (&D*1 ,4* N?1&1 F#$

,4* /$#+*-3$* 7* F#00#7:

5 ($?/4 &1 +#%/0*,* &F &, 4?1 *-(*1 N*,7**' ?'E /?&$ #F D*$,&+*1:

Lemma 2: .4* 13NO($?/4 #F ,4* /4E1&+?0 ,#/#0#(E

($?/4 +#'1&1,&'( #F ,4* %&'&%3% 7*&(4,*- 1/?''&'( ,$**1

&' *?+4 +#%/#'*', #F ,4* /4E1&+?0 ,#/#0#(E ($?/4 &1 ? 0#(O

&+?0 ,#/#0#(E ($?/4 7&,4 ,4* %&'&%3% '3%N*$ #F +#%/#O

'*',1:

Proof of Lemma 2: @** 5//*'-&V:

It follows from the results in Lemmas 1 and 2 that con-

structing a minimum weighted spanning tree in the physi-

cal topology graph will provide a logical topology graph

which (a) is connected if connectivity is feasible and (b)

consists of minimum number of components if connectivity

is not feasible. H, &1 &',*$*1,&'( ,# #N1*$D* ,4?, ? +*',$?0O

&U*- %&'&%3% 7*&(4,*- 1/?''&'( ,$** +#'1,$3+,&#' ?0(#O

$&,4% 4?1 ? +#%/0*V&,E #F #'0E &F ,4* /4E1&+?0

,#/#0#(E ($?/4 4?1 0&'81 ?'- '#-*1k= 74*$*?1 ,4*

+#'1,$3+,&#' #F ,4* 0#(&+?0 ,#/#0#(E ($?/4 &1 6GO4?$- &'

,4* (*'*$?0 +?1* ^i.e.= 7&,4#3, ,4* ?113%/,&#'1 %?-* &'

,4&1 1*+,&#'`:

.4* -*1&(' #F ? 0#(&+?0 ,#/#0#(E &1 '#, +#%/0*,*

7&,4#3, ?11&('&'( %?1,*$h10?D*hN$&-(* $#0*1 ,# ,4* '#-*1:

@&'+* ? %&'&%3% 7*&(4,*- 1/?''&'( ,$** &1 ? N&/?$,&,*

($?/4= ?'- ?00 '#-*1 4?D* -*($** 0*11 ,4?' #$ *S3?0 ,#

?'E #'* /?$,&,&#' +?' N* 1*0*+,*- ?1 ,4* %?1,*$ 1*,= ?'-

,4* #,4*$ /?$,&,&#' ?1 ,4* 10?D* 1*,: 5 /&+#'*, +#'1&1,1 #F

? %?1,*$ ?'- ,4* '#-*1 74&+4 4?D* ? 0&'8 7&,4 ,4* %?1,*$

&' ,4* 1/?''&'( ,$**: 5'E '#-* &' ,4* 10?D* 1*, 7&,4 -*O

($** %#$* ,4?' #'* &1 ? N$&-(*: HF ? N$&-(* '#-* 4?1 0&'81

7&,4 '#-*1 ,4*' &, 1*$D*1 ?1 ? N$&-(* N*,7**'

,4* /&+#'*,1 74#1* %?1,*$1 ?$* 51 %*',&#'*-

N*F#$*= ? '#-* 14#30- '#, 1*$D* ?1 ? N$&-(* &' ? 0?$(* '3%O

N*$ #F /&+#'*,1= i.e.= ,4* -*($** #F ,4* N$&-(* '#-*1 14#30-

N* %&'&%&U*- ?1 F?$ ?1 /#11&N0*: .4* 10?D* 1*, +?' ,4*' N*

+4#1*' 7&,4 ,4&1 #NR*+,&D*: ]#$* F#$%?00E= 0*, ,4* -*($**

#F ? /?$,&,&#' N* ,4* %?V&%3% -*($** #F ?'E D*$,*V &' ,4*

/?$,&,&#': .4* /?$,&,&#' 7&,4 ,4* 1%?00*1, -*($** +?' N*

+4#1*' ?1 ,4* 10?D* 1*,:

\* '#7 /$*1*', ? '3%N*$ #F *V/*$&%*',?0 *D?03?,&#'1

,4?, 7*$* +?$$&*- #3, ,# *V/0#$* ,4* +4?$?+,*$&1,&+1 #F ,4*

,#/#0#(&*1 +$*?,*- NE ,4* ]@. ?0(#$&,4%= ?1 7*00 ?1 ?

+#3/0* #F #,4*$ 1&%/0* ?0(#$&,4%1: .4* %#,&D?,&#' F#$

,4#1* *V/*$&%*',1 ?'- F#$ &'D*1,&(?,&'( ?--&,&#'?0 ?0(#O

$&,4%1 N*1&-*1 ,4* ]@. ?0(#$&,4%= 7?1 ,# *V?%&'* ,4*

?+,3?0 -*($**1 #F '#-*1 &' ,4* (*'*$?,*- ,#/#0#(E: .4&1 &1

?00 ,4* %#$* &%/#$,?',= ?1 74&0* ,4* ]@. ?0(#$&,4% (3?$O

?',**1 ,4?, ,4* $*130,&'( ,#/#0#(E %**,1 ,4* -*($** +#'O

1,$?&', #' ? %?1,*$= &, -#*1 '#, *V/0&+&,0E ,?8* &',# ?++#3',

,4* '**- ,# 8**/ ,4* -*($** #F N$&-(* '#-*1 ?1 1%?00

?1 /#11&N0*: .4* *V/*$&%*',1 ?$* -&$*+,*- ,#7?$-1 -*,*$O

%&'&'( 74*,4*$ ,4* -*($** (3?$?',** &1 +#'1*$D?,&D*= i.e.=

?00 '#-*1 ,E/&+?00E 4?D* ? %3+4 1%?00*$ -*($** ,4?' = #$

74*,4*$ N$&-(*1 *'-O3/ N*0#'(&'( ,# %30,&/0* /&+#'*,1 &'

.4* ,&%* +#%/0*V&,E #F ? -&1,$&N3,*- ]@. ?0(#$&,4% &1

?'- ,4* +#%%3'&+?,&#' +#1, &1 %*11?(*1 KiM:



k

%#1, +?1*1: \* &'D*1,&(?,* ,#/#0#(&*1 (*'*$?,*- NE ,4$**

-&FF*$*', ?0(#$&,4%1d

!` .4* ]@. ?0(#$&,4%= 74&+4 (&D*1 (3?$?',**1 #' ,4*

%?V&%3% -*($**:

X` 5 -*/,4 !$1, 1*?$+4 ^J"@` N?1*- 1/?''&'( ,$**

,#/#0#(E +#'1,$3+,&#' ?0(#$&,4%:

Z` 5 N$*?-,4 !$1, 1*?$+4 ^2"@` N?1*- 1/?''&'( ,$**

,#/#0#(E +#'1,$3+,&#' ?0(#$&,4%:

.4* J"@^2"@` N?1*- ?0(#$&,4%1 +#'1,$3+, J"@^2"@`

1/?''&'( ,$**1= ?'- 13N1*S3*',0E ,4* %?V&%3% -*($**

/?$,&,&#' &1 +4#1*' ?1 ,4* %?1,*$ 1*,: 2#,4 ?0(#$&,4%1 +?,*$

,# -&1,$&N3,*- ?'- -E'?%&+ #/*$?,&#'1: T#7*D*$= '*&,4*$

/$#D&-*1 ?'E ?'?0E,&+?0 (3?$?',** #' ,4* %?V&%3% -*($**

#F ? '#-*:
H' #$-*$ ,# *D?03?,* ,4* /*$F#$%?'+* #F ,4*1* ?0(#O

$&,4%1= 7* +#'1&-*$ '*,7#$81 #F ,7# ,E/*1 &' #3$ *V/*$O

&%*',1: .4* !$1, ,E/* +#'1&1,1 #F '#-*1 3'&F#$%0E -&1O

,$&N3,*- &' ? 1S3?$* #F 1&U* ! 3'&,: .4* 1*+#'- ,E/* +#'O

1&1,1 #F ? Q+031,*$*- ,#/#0#(EQ #F ,4$** 1*/?$?,* +031,*$1

#F '#-*1: .4* /#1&,&#'1 #F ,4* +*',*$1 #F ,4* +031,*$1 ?$*

1*0*+,*- $?'-#%0E &' ,4* 1S3?$* #F 1&U* !: 5 '#-* %?E

N*0#'( ,# #'* #F ,4* ,4$** +031,*$1= #$ &, %?E '#, N*0#'(

,# ?'E +031,*$ ?, ?00: .4*1* g *D*',1 ?$* ,?8*' ,# N* *S3&O

/$#N?N0*: HF ? '#-* N*0#'(1 ,# ? +031,*$ ,4*' &, &1 3'&F#$%0E

-&1,$&N3,*- &' ,4* +031,*$ 1S3?$* ^#F 1&-* Y:g` ?$#3'- ,4*

+031,*$ +*',*$= *01* &,1 /#1&,&#' &1 3'&F#$%0E -&1,$&N3,*- &'

,4* #$&(&'?0 1S3?$* #F 1&U* ! 3'&,: "#$ *?+4 #F ,4*1* ,7#

,E/*1 #F '*,7#$81= 7* *D?03?,* ,4* /*$F#$%?'+* #F ,4* ?0O

(#$&,4%1 7&,4 -&FF*$*', '3%N*$ #F '#-*1 ?'-

,7# -&FF*$*', ,$?'1%&11&#' $?-&& ^ ?'- 3'&,1`: .4*

$*130,1 4?D* N**' ,?N30?,*- &' .?N0* HH ^3'&F#$% -&1,$&N3O

,&#'` ?'- .?N0* HHH ^+031,*$*- -&1,$&N3,&#'`: .4* 1E%N#01

31*- &' ?00 ,?N0*1 &' ,4&1 /?/*$ 4?D* N**' *V/0?&'*- &' .?O

N0* H:

6 63%N*$ #F 6#-*1

- ,$?'1%&11&#' $?-&31 #F *?+4 '#-*

] ]?V&%3% -*($** #F ,4* %?1,*$1

5D*$?(* -*($** #F ,4* N$&-(*1

]?V&%3% -*($** #F ,4* N$&-(*1

.52bA H

bA;A6J "I9 @C2@AlCA6. AaGA9H]A6.5b 9A@Cb.@

.4* ]@. ?0(#$&,4% (*'*$?,*1 ,#/#0#(&*1 74*$* ,4*

%?1,*$1 ?'- ,4* N$&-(*1 4?D* 0#7 %?V&%3% -*($**1: \*

#N1*$D* ,4?, ,4* %?V&%3% -*($** #F N$&-(*1 &1 N*,7**'

?'- 74&+4 &1 13N1,?',&?00E 0#7*$ ,4?' ,4* ?'?0E,&+?0

(3?$?',** #F F#$ ?00 '#-*1: 51 *V/*+,*-= ,4* %?V&%3%

-*($** #F N#,4 %?1,*$1 ?'- N$&-(*1 ?$* 4&(4 &' ,#/#0#O

(&*1 (*'*$?,*- NE 2"@: .4&1 &1 N*+?31* ,4* N?1&+ +#'O

1,$3+,&#' 1,*/ #F ,4* ?0(#$&,4% &1 (*?$*- ,#7?$-1 (*'*$?,O

&'( PN314EQ ,$**1= 74&+4 +0*?$0E +#',$&N3,*1 ,# (*'*$?,&'(

-m

6 XL LY !YY

2"@

]@.

J"@

-m

6 XL LY !YY

2"@

]@.

J"@

.52bA HH

6IJA JA;9AA@ I" 2"@= ]@. 56J J"@ "I9 .TA XOJ )5@A

\H.T C6H"I9] 6IJA JH@.9H2C.HI6 56J I6A GI\A9 bABAb

-m

6 XL LY !YY

2"@

]@.

J"@

-m

6 XL LY !YY

2"@

]@.

J"@

.52bA HHH

6IJA JA;9AA@ I" 2"@= ]@. 56J J"@ "I9 .TA XOJ )5@A

\H.T )bC@.A9AJ 6IJA JH@.9H2C.HI6 56J I6A GI\A9 bABAb

,$**1 #F D*$E 4&(4 -*($**: .431 ,4* 2"@ N?1*- ?0(#$&,4%

+?' '#, N* 31*- P?1 &1:Q .4* J"@ ?0(#$&,4% &' +#',$?1,

4?1 ? N?1&+ +#'1,$3+,&#' 1,*/ ,4?, 8**/1 '#-* -*($**1 %&'O

&%?0 F#$ ?1 0#'( ?1 /#11&N0*= ?'- 7* ,4*$*F#$* *V/*+,*-

&,1 /*$F#$%?'+* ,# N* %3+4 N*,,*$: H'-**-= &, ?+,3?00E ?,O

,?&'1 10&(4,0E 0#7*$ -*($**1 ,4?' ]@. F#$ N#,4 %?1,*$1

?'- 10?D*1= *D*' ,4#3(4 &, -#*1 '#, /$#D&-* ?'E ?'?0E,&+?0

(3?$?',**: .431= ?0,4#3(4 #'* +?' *?1&0E +#'1,$3+, *V?%O

/0*1 &' 74&+4 J"@ F?&01 ,# /$#D&-* ? 0#7 -*($** 1/?''&'(

,$**= 7* *V/*+, ,4?, &' %#1, /$?+,&+?0 1+*'?$&#1= ,4* -*O

($** #F ,4* ,$** /$#-3+*- NE J"@ 7&00 4?D* 0#7*$ -*($**

,4?' ,4?, #F ?' ]@. ?0(#$&,4%: 5'#,4*$ ?-D?',?(* #F 31O

&'( ,4* J"@ ?0(#$&,4% &1 ,4?, ,4*$* &1 '# '**- ,# /*$F#$%

?'E /#7*$ +#',$#0 &' #$-*$ ,# +?0+30?,* ^#$ $?'8` ,4* A3O



W

+0&-*?' -&1,?'+*1 N*,7**' ,4* +#%%3'&+?,&'( '#-*1: \*

?01# '#,* ,4?, ,4* -*($** &' ,4* +?1* #F 2"@ -*/*'- 4*?DO

&0E #' ,4* '3%N*$ #F '#-*1 ?'- #' ,4* ,$?'1%&11&#' $?O

-&31: I' ,4* +#',$?$E= ,4* -*($**1 #N,?&'*- NE ,4* ]@.

?0(#$&,4% ?'- NE J"@ ?//*?$ ,# N* $#N31, ,# ,4* +4#&+* #F

,4*1* /?$?%*,*$1:

HF ?00 '#-*1 4?D* 0#7 -*($**1= ,4*' ,4* *'- ,# *'- /?,4

N*,7**' +*$,?&' '#-*1 %?E N* 0#'(= ?'- ,4&1 %?E '#, N*

-*1&$?N0* F$#% -*0?E +#'1&-*$?,&#'1: .431 #'* %?E 7&14

,# 4?D* 1#%*74?, 0?$(*$ /&+#'*,1 ^-*1&$*- /&+#'*, 1&U* +?'

N* ? -*1&(' /?$?%*,*$`: .4&1 +?001 F#$ ?0(#$&,4%1 74&+4

+?' ,3'* ,4* -*($** #F %?1,*$1 ,# ? +*$,?&' -*1&$*- D?03*=

?'- -*($** #F N$&-(*1 ,# ? -&FF*$*',= ?'- /#11&N0E 0#7*$

D?03*: 6#'* #F ,4* ?0(#$&,4%1 1,3-&*- &' ,4&1 1*+,&#' ?0O

0#7 31 ,# -&1,&'(3&14 N*,7**' %?1,*$1 ?'- 10?D*1 ?'- 1*O

0*+,&D*0E -*+$*?1* ,4* -*($**1 #F ,4* N$&-(*1 F3$,4*$= #'+*

,4* 3'&D*$1?0 -*($** +#'1,$?&', #F &1 1?,&1!*-: H' ,4* '*V,

,7# 1*+,&#'1= 7* /$#/#1* ?0(#$&,4%1 74&+4 +?' ?++#%O

%#-?,* 13+4 ? -&1+$&%&'?,#$E ,$*?,%*',= ?'- %#$* &%/#$O

,?',0E= ?$* +?/?N0* #F (*'*$?,&'( +#''*+,*- ,#/#0#(&*1 &'

+?1*1 74*$* ,4* ?113%/,&#'1 #F ,4&1 1*+,&#' -# '#, 4#0-=

i.e.= 4&(4*$ -&%*'1&#'?0&,E ?'- $*0?V*- /#7*$ 0*D*01 ?1O

13%/,&#'1:

BHH: .IGIbI;e "I9]5.HI6 5b;I9H.T]@ "I9

6A.\I9_@ \H.T 6IJA@ H6 JH]A6@HI65b @G5)A

H' ,4&1 1*+,&#'= 7* +#'1&-*$ '*,7#$81 7&,4 '#-*1 0#O

+?,*- &' ? -&%*'1&#'?0 1/?+*: \* 1,&00 ?113%* ,4?, *DO

*$E '#-* 4?1 ,4* 1?%* +#%%3'&+?,&#' $?'(*: H' *FF*+,= 7*

$*0?V ,4* -&%*'1&#'?0 ?113%/,&#' %?-* &' ,4* /$*D&#31

1*+,&#'1:

\* F#+31 #' -*1&('&'( ? ,#/#0#(E 74*$* ? '#-* -#*1

'#, 4?D* -*($** %#$* ,4?' ^i.e.= ? %?1,*$ +?' '#, 4?D*

%#$* ,4?' 10?D*1 ?'- ? N$&-(* /?$,&+&/?,*1 &' ?, %#1,

/&+#'*,1`: 9#N&'1 et. al.K!kM 14#7*- ,4?, ,4* -*($** #F ?

%&'&%3% 7*&(4,*- 1/?''&'( ,$** +?' N* ?1 0?$(* ?1

.431 3'0&8* ,4* -&%*'1&#'?0 +?1* ? ]@. N?1*- ?0(#O

$&,4% &1 '#, (3?$?',**- ,# 1?,&1FE ,4* -*($** +#'1,$?&', #F

,4* %?1,*$1: .4* /$#N0*% '**-1 ,# N* &'D*1,&(?,*- &' ,4*

F$?%*7#$8 #F ? %&'&%3% -*($** 1/?''&'( ,$**= N3, ?1 -&1O

+311*- &' @*+,&#' B ,4&1 &1 ?' &'1,?'+* #F ?' 6GO+#%/0*,*

/$#N0*%: \* 7&00 &'D*1,&(?,* 4*3$&1,&+1 ?'- ?//$#V&%?O

,&#' ?0(#$&,4%1 F#$ ,4&1 /3$/#1*:

\* !$1, &'D*1,&(?,* ,4* /*$F#$%?'+* #F ? %&'&%3%

7*&(4,*- 1/?''&'( ,$** &' ,4&1 +?1*: 51 N*F#$*= 7* +#'O

1&-*$ ,4* /4E1&+?0 ,#/#0#(E ($?/4: .4* *-(* 7*&(4,1

?$* A3+0&-*?' -&1,?'+*1 N*,7**' ,4* +#$$*1/#'-&'( '#-*1:

6#-*1 +#'1,$3+, ? %&'&%3% 7*&(4,*- 1/?''&'( ,$** 7&,4

,4* 8'#70*-(* #F ? $*0?,&D* #$-*$&'( #F ,4* 7*&(4,1 #F ,4*

0&'81 #$&(&'?,&'( F$#% ,4* '#-*1: .4* %?V&%3% -*($**

/?$,&,&#' &1 +4#1*' ?1 ,4* %?1,*$ 1*,: \* *V/*$&%*',?00E

&'D*1,&(?,* ,4* -*($**1 #F ,4* %?1,*$1 ?'- ,4* N$&-(*1 F#$

,4&1 ?0(#$&,4%: H' ?--&,&#' 7* ?01# 1,3-E ,4* /*$F#$%?'+*

#F J"@ ?'- 2"@ N?1*- 1/?''&'( ,$**1 &' ,4&1 $*(?$-:

.4* '*,7#$8 &' ,4* ZO-&%*'1&#'?0 1+*'?$&# &1 +#'O

1,$3+,*- ?1 F#00#71d 7* !$1, -&1,$&N3,* ,4* '#-*1 #' ?

/0?'* *V?+,0E ?1 -*1+$&N*- &' ,4* XO-&%*'1&#'?0 +?1*:

.4*' 7* ?11&(' ? UO+##$-&'?,* ,# *?+4 '#-*= 74&+4 &1

3'&F#$%0E -&1,$&N3,*- N*,7**' Y ?'- Y:Z 3'&,1: .4&1

0*?-1 ,# ,7# -&1,&'+, +?1*1d '#-*1 3'&F#$%0E -&1,$&N3,*-

&' -&%*'1&#'?0 +3N#&-1 ^3'&F#$% ,#/#0#(E` ?'- '#-*1

-&1,$&N3,*- &' -&%*'1&#'?0 +031,*$1 ^+031,*$*- ,#/#0O

#(E`: .4* $*130,1 4?D* N**' ,?N30?,*- &' .?N0* HB ^3'&O

F#$% -&1,$&N3,&#'` ?'- .?N0* B ^+031,*$*- -&1,$&N3,&#'`:

-m

6 XL LY !YY

2"@

]@.

J"@

-m

6 XL LY !YY

2"@

]@.

J"@

.52bA HB

6IJA JA;9AA@ I" 2"@= ]@. 56J J"@ "I9 .TA ZOJ )5@A

\H.T C6H"I9] 6IJA JH@.9H2C.HI6 56J I6A GI\A9 bABAb

-m

6 XL LY !YY

2"@

]@.

J"@

-m

6 XL LY !YY

2"@

]@.

J"@

.52bA B

6IJA JA;9AA@ I" 2"@= ]@. 56J J"@ "I9 .TA ZOJ )5@A

\H.T )bC@.A9AJ 6IJA JH@.9H2C.HI6 56J I6A GI\A9 bABAb

.4* &',*$*1,&'( ,4&'( ,# '#,* &1 ,4?, ?0,4#3(4 #'* +#30-

*V/*+, ,4?, ,4* ?0(#$&,4%1 7#30- $*130, &' 1/?''&'( ,$**1



n

#F %3+4 0?$(*$ -*($** ,4?' ,4*E -&- &' ,4* XO-&%*'1&#'?0

1+*'?$&#= ,4&1 &1 '#, ,4* +?1*: 50,4#3(4 '*&,4*$ J"@ '#$

,4* ]@. ?0(#$&,4% /$#D&-* $*?1#'?N0* ?'?0E,&+?0 (3?$?'O

,**1 #' ,4* %?V&%3% -*($** #F ,4* $*130,&'( 1/?''&'(

,$**= &' N#,4 +?1*1 ,4* -*($** &1 %3+4 0*11 ,4?' k ^,4* 203*O

,##,4 -*($** +#'1,$?&',`: 2"@ /$#-3+*1 ,#/#0#(&*1 7&,4

4&(4*$ -*($**1: \* ?01# '#,* ,4?, ?1 &' ,4* XO-&%*'1&#'?0

+?1*= ,4* -*($**1 &' ,4* +?1* #F 2"@ -*/*'- 4*?D&0E #' ,4*

'3%N*$ #F '#-*1 ?'- #' ,4* ,$?'1%&11&#' $?-&31= 74&0* ,4*

-*($**1 #N,?&'*- NE ,4* ]@. ?'- J"@ ?0(#$&,4%1 $*%?&'

1&%&0?$ F#$ -&FF*$*', '3%N*$1 #F '#-*1:

6#'* #F ,4* ?0(#$&,4%1 /$*1*',*- 1# F?$ (&D*1 ?'E ?'O

?0E,&+?0 (3?$?',** #' ,4* -*($**1 #F ,4* '#-*1 &' ,4*

-&%*'1&#'?0 +?1*: H' ?--&,&#'= '#'* #F ,4*1* 4?1 ,4* /#O

,*',&?0 #F +#',$#00&'( ,4* -*($**1 #F ,4* %?1,*$1 ?'- ,4*

N$&-(*1 -&FF*$*',&?00E ^*D*' F#$ ,4* -&%*'1&#'?0 +?1*`:

51 -&1+311*- N*F#$*= ,4&1 7&00 N* *11*',&?0 &F 7* ?$* '#,

1?,&1!*- 7&,4 P?'EQ +#''*+,*- ,#/#0#(E 74&+4 1?,&1!*1

,4* -*($** +#'1,$?&',1= N3, '**- ,# &%/#1* #,4*$ /*$F#$O

%?'+* +#'1&-*$?,&#'1 0&8* -*0?E etc. 6#7 7* /$*1*', ?

,#/#0#(E -*1&(' /$#+*-3$* N?1*- #' ?' ?//$#V&%?,&#' ?0O

(#$&,4% 74&+4 &1 (3?$?',**- ,# (*'*$?,* ? 1/?''&'( ,$**

7&,4 -*($** ?, %#1, #'* %#$* ,4?' ,4* %&'&%3% /#11&O

N0* D?03* &' ?'E ?$N&,$?$E ($?/4K!!M= ?'- 74&+4 /$#D&-*1 ?

P8'#NQ ,# ,3'* ,4* -*($**1 #F %?1,*$1 ?'- N$&-(*1 -&FF*$O

*',&?00E: \* *V/0?&' ,4* ?'?0E,&+?0 (3?$?',**1 &' ,4&1 +?1*

%#$* F#$%?00E: b*, ,4* -*($** #F ,4* 1/?''&'( ,$** (*'*$O

?,*- NE ,4&1 ?0(#$&,4% N* .4*' ?'E #,4*$ 1/?''&'( ,$**

7&00 4?D* ? %?V&%3% -*($** #F #$ %#$*: H' ,4* 203*O

,##,4 +#',*V,= ,4&1 %*?'1 ,4?, &F ,4*' ?'E +#''*+,*-

0#(&+?0 ,#/#0#(E 7&00 4?D* ?, 0*?1, #'* %?1,*$ 7&,4 %#$*

,4?' 10?D*1 #$ #'* N$&-(* /?$,&+&/?,&'( &' %#$* ,4?' /&O

+#'*,1 74&+4 D&#0?,*1 ,4* -*($** +#'1,$?&',1= ?'- ?1 13+4

+#''*+,&D&,E &1 '#, F*?1&N0*: HF ,4*' +#''*+,&D&,E

&1 F*?1&N0*= ?'- ,4* 1/?''&'( ,$** (*'*$?,*- NE ,4&1 ?0(#O

$&,4% &1 ? D?0&- 0#(&+?0 ,#/#0#(E: HF ,4*' +#''*+,&DO

&,E %?E #$ %?E '#, N* F*?1&N0*= ?'- ?'E +#''*+,*- 0#(&+?0

,#/#0#(E 7&00 4?D* ?, 0*?1, #'* /&+#'*, 7&,4 10?D*1: .431

,4* P($?E ?$*?Q 74*$* ,4&1 ?0(#$&,4%%?E F?&0= ?'- E*, +#'O

'*+,&D&,E N* F*?1&N0* &1 F#$ #'0E #'* D?03* #F

\* -*'#,* ,4&1 ?0(#$&,4% ?1 ,4* P]J@.Q ?0(#$&,4%: \*

/$*1*', ?' *V?%/0* &0031,$?,&'( ]J@. &' "&(3$* Z: \* -*O

1+$&N* &, '*V,= ?113%&'( ,4?, ,4* /4E1&+?0 ,#/#0#(E ($?/4

&1 +#''*+,*-: I,4*$7&1*= +#''*+,&D&,E &1 '#, F*?1&N0* ?'-

,4* ?0(#$&,4% #/*$?,*1 #' *?+4 +#%/#'*', #F ,4* /4E1&+?0

,#/#0#(E ($?/4: .4* N?1&+ ?//$#?+4K!!M &1 ,# 1,?$, 7&,4

?'E 1/?''&'( ,$**= ?'- $*/0?+* *-(*1 F$#% D*$,&+*1 #F 4&(4

-*($** 7&,4 ,4#1* F$#% D*$,&+*1 #F 0#7 -*($**:

!` "&'- ?'E 1/?''&'( ,$** #F ,4* /4E1&+?0 ,#/#0#(E

($?/4:

X` J*,*$%&'* ,4* %?V&%3% -*($** #F 1/?''&'( ,$**

Z` ]?$8 ?00 D*$,&+*1 #F -*($** ?'- ?1 PN?-:Q

3

D

7

V

"&(: Z: \* *V/0?&' ,4* #/*$?,&#' #F ,4* ]J@. ?0(#$&,4% &' ,4&1 !(3$*:

b*, ]J@. ?0(#$&,4% 1,?$, 7&,4 ,4* 1/?''&'( ,$** 14#7' &' ,4* !(3$*:

6#-* 4?1 -*($** 74&0* ?00 #,4*$ '#-*1 4?D* -*($** 0*11 ,4?' @#=

'#-* &1 %?$8*- ?1 [N?-[= ?'- ?00 #,4*$ '#-*1 ?$* %?$8*- ?1 [(##-[

^1&'+* ,4*&$ -*($** &1 0*11 ,4?, `: 6#7 ,4* ?0(#$&,4%

+#'1&-*$1 ,4* +E+0* (*'*$?,*- 74*' *-(* &1 ?--*- ,# ,4* ,$**:

.4* -*($** #F '#-* +?' '#7 N* $*-3+*- NE &'+03-&'( *-(* &'

,4* ,$** ?'- -*0*,&'( #'* #F ,4* *-(*1 #$

)#'1&-*$ ? oF#$*1,Q N?- D*$,&+*1 ^? F#$O

*1, &1 ? +#00*+,&#' #F -&1+#''*+,*- ,$**1`: .4* D*$O

,&+*1 &' ?$* %?$8*- P(##-:Q

g` \4&0* ,4*$* &1 ?' *-(* +#''*+,&'( ,7# -&FF*$*',

+#%/#'*',1 #F

?` )#'1&-*$ ,4* +E+0* (*'*$?,*- NE 1/?''&'(

,$** ,#(*,4*$ 7&,4 HF 4?1 ? D*$,*V #F

-*($** -*'#,* ,4* *-(* &' &'+&-*', #'

?1 3/-?,* ?1 F#00#71d

?'- (# ,# 1,*/ ^X`:

N` ]?$8 ?00 PN?-Q D*$,&+*1 &' ?1 (##-: C/-?,*

NE +#%N&'&'( ,4* +#%/#'*',1 ?0#'( ,4* +EO

+0* ?'- ,4*1* '*70E %?$8*- D*$,&+*1 &',# ?

1&'(0* +#%/#'*',:

L` I3,/3, ,4* !'?0 ,$**

]J@. $3'1 &' /#0E'#%&?0 ,&%*K!!M= W

&,P?0%#1,Q &-*',&!*1 74*,4*$ +#''*+,&D&,E &1 F*?1&N0* ?'-

(*'*$?,*1 ? +#''*+,*- 0#(&+?0 ,#/#0#(E &F +#''*+,&D&,E &1

F*?1&N0* &' %#1, #F ,4* +?1*1: \* 31* ,4* 7#$- P?0%#1,Q

N*+?31* ?1 %*',&#'*- N*F#$* &F ,4* ]J@. #3,/3, ,$** 4?1

-*($** ,4*' +#''*+,&D&,E %?E N* F*?1&N0*= 74&0* ,4* #3,O

/3, ,$** D&#0?,*1 ,4* 203*,##,4 -*($** +#'1,$?&', #' %?1O

,*$1: 6*V,= 7* *V/*$&%*',?00E 1,3-E 4#7 #F,*' ,4* #3,/3,

,$** 4?1 -*($** = ?'- 7* ?01# +#'1&-*$ ,4* *FF*+, #F -*O

($** +#'1,$?&',1 #' ,4* 10?D*1: "#$ ,4&1 /3$/#1* 7* !$1,

*V?%&'* ,4* /*$F#$%?'+* #F ]J@. &' ,4&1 $*(?$-: 9*O

+?00&'(= ]J@. +4##1*1 ,4* 1/?''&'( ,$** /?$,&,&#' 7&,4

0#7*$ -*($** ?1 ,4* 10?D*hN$&-(* 1*,: \* *V?%&'* ,4* -*O

($** #F '#-*1 &' ,4&1 1*,: \* +#'1&-*$ ,4* 3'&F#$% ?'- ,4*

+031,*$*- ,#/#0#(&*1 -*1+$&N*- N*F#$* &' ,4&1 1*+,&#': .4*

$*130,1 4?D* N**' ,?N30?,*- &' .?N0* BH ^3'&F#$% -&1,$&N3O

]#$* /$*+&1*0E= ,4* $3' ,&%* &1 74*$* &1

,4* &'D*$1* #F 5+8*$%?''[1 F3'+,&#'= ?'- ($#71 10#70E: "#$ ?00 /$?+,&O

+?0 /3$/#1*1= +?' N* ,$*?,*- ?1 ? +#'1,?',:



!Y

,&#'` ?'- .?N0* BHH ^+031,*$*- -&1,$&N3,&#'`: .4* $*130,1

14#7 ,4?, ?00 '#-*1 4?D* -*($**1 N*,7**' ?'- ^+0#1*$

,# ,4?' `:

6#7 7* -&1+311 4#7 #'* +?' *V,*'- ]J@. ,# +#'O

,$#0 ,4* -*($**1 #F ,4* %?1,*$1 ?'- N$&-(*1 -&FF*$*',&?00E:

IN1*$D* ,4?, ,4* ]J@. ?0(#$&,4% $*-3+*1 ,4* %?V&%3%

-*($** #F ,4* '#-*1 ?1 %3+4 ?1 /#11&N0*: T#7*D*$= ,4*

#NR*+,&D* &1 1#%*74?, -&FF*$*', '#7: The goal is to first

satisfy a degree constraint of say for all vertices (where

is the desired maximum number of slaves in a piconet),

and subsequently preferentially reduce the maximum de-

gree of the bridges to the desired value ( ). 9*-3+&'( ,4*

-*($** #F ?00 '#-*1 3'&F#$%0E '**- '#, ?,,?&' ,4&1: ]J@.

-*+$*?1*1 ,4* -*($**1 #F ?00 D*$,&+*1 3'&F#$%0E= ?'- N#,4

%?1,*$1 ?'- N$&-(*1 4?D* -*($**1 +0#1* ,# &' ,4* $*130,O

&'( ,#/#0#(E:

\* /$#+**- ?1 F#00#71d ]J@. 1,?$,1 7&,4 ,4* 1/?''&'(

,$** (*'*$?,*- NE 2"@= 74&+4 (*'*$?,*1 1/?''&'( ,$**1 #F

0?$(* -*($**1: 6#,* ,4?, ,4* ,$**1 (*'*$?,*- NE J"@ #$

]@. +?' '#, N* 31*- ?1 1,?$,&'( /#&',1 ?1 ,4*1* /$#D&-*

0#7 -*($**1 ^ #$ ` F#$ N#,4 %?1,*$1 ?'- 10?D*1: ]J@.

&1 ?00#7*- ,# ,*$%&'?,* 74*' ,4* %?V&%3% -*($** &1 $*O

-3+*- ,# ^,4* -*1&$*- /&+#'*, 1&U*`: H%/#1&,&#' #F ,4*

F#00#7&'( ,*$%&'?,&'( +#'-&,&#' &' 1,*/ X 7&00 1*$D* ,4*

/3$/#1*d HF ,*$%&'?,*: \* -*'#,* ,4&1 %&'#$ %#-&!O

+?,&#' #F ]J@. ?1 Q]O]J@.:Q H,1 /*$F#$%?'+* &1 14#7'

&' .?N0*1 BH ?'- BHH:

6#7 7* /$#/#1* ?' *V,*'1&#' #F ]J@.= 74&+4 7* +?00

AO]J@. F#$ $*-3+&'( ,4* -*($**1 #F ,4* N$&-(*1 1*0*+O

,&D*0E: .4&1 ?0(#$&,4% 1,?$,1 7&,4 ,4* 1/?''&'( ,$** (*'O

*$?,*- NE ,4* ]O]J@. ?0(#$&,4%= ?'- 13N1*S3*',0E $*O

-3+*1 ,4* -*($**1 #F ,4* N$&-(*1 7&,4#3, &'+$*?1&'( ,4?,

#F ,4* %?1,*$1 N*E#'- ,4* -*($** +#'1,$?&', #F .4* N?O

1&+ -&FF*$*'+* N*,7**' ]J@. ?'- AO]J@. &1 ,4?, &' AO

]J@. ,4* -*($** +#'1&-*$?,&#'1 31*- F#$ %?$8&'( 10?D*

'#-*1 PN?-Q ?$* -&FF*$*', F$#% ,4#1* F#$ %?$8&'( %?1,*$

'#-*1 PN?-=Q ?'- ,4* *-(* $*/0?+*%*', &1 31*- ,# -*+$*?1*

,4* -*($**1 #F N$&-(*1 #'0E= #'+* ,4* #D*$?00 -*($** +#'O

1,$?&', #F &1 1?,&1!*- NE ,4* ]O]J@. ?0(#$&,4%: .4*

/1*3-#+#-* F#$ AO]J@. &1 14#7' N*0#7d

!` @,?$, 7&,4 ,4* #3,/3, #F ,4* ]O]J@. ?0(#$&,4%=

.4* /?$,&,&#' 7&,4 ? 0?$(*$ %?V&%3% -*($** &1 ,4*

%?1,*$ 1*, ?'- ,4* #,4*$ /?$,&,&#' &1 ,4* 10?D*hN$&-(*

1*,: )#'1&-*$ ,4* /4E1&+?0 ,#/#0#(E ($?/4 7&,4

*-(*1 N*,7**' ,4* %?1,*$ ?'- 10?D* 1*,1 #'0E ^i.e.=

*0&%&'?,* ?00 %?1,*$ ,# %?1,*$ ?'- 10?D* ,# 10?D*

0&'81`:

X` J*,*$%&'* ,4* %?V&%3% -*($** #F '#-*1 &' ,4*

10?D* 1*, #F 1/?''&'( ,$** HF ,*$%&'?,*:

Z` ]?$8 ?00 %?1,*$ '#-*1 #F -*($** ?'- 10?D* '#-*1

#F -*($** ?'- ?1 PN?-:Q )#'1&-*$ ? oF#$*1,Q

N?- D*$,&+*1 : .4* D*$,&+*1 &' ?$*

%?$8*- P(##-:Q
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ZOJ )5@A \H.T C6H"I9] 6IJA JH@.9H2C.HI6 56J I6A

GI\A9 bABAb

g` \4&0* ,4*$* &1 ?' *-(* +#''*+,&'( ,7# -&FF*$*',

+#%/#'*',1 #F

?` )#'1&-*$ ,4* +E+0* (*'*$?,*- NE 1/?''&'(

,$** ,#(*,4*$ 7&,4 HF 4?1 ? 10?D* '#-*

#F -*($** -*'#,* ,4* *-(* &' &'+&-*', #'

?1 3/-?,* ?1 F#00#71d

?'- (# ,# 1,*/ ^X`:

N` ]?$8 ?00 PN?-Q D*$,&+*1 &' ?1 (##-: C/-?,*

NE +#%N&'&'( ,4* +#%/#'*',1 ?0#'( ,4* +EO

+0* ?'- ,4*1* '*70E %?$8*- D*$,&+*1 &',# ?

1&'(0* +#%/#'*',:

L` I3,/3, ,4* !'?0 ,$**

\* &'D*1,&(?,* ,4* /*$F#$%?'+* #F AO]J@. *V/*$&O

%*',?00E &' #$-*$ ,# R3-(* &,1 *F!+&*'+E &' !'* ,3'&'(

,4* ,#/#0#(E: .4* *V/*$&%*',?0 *D?03?,&#' &1 '*+*11?$E

?1 ,4*$* &1 '# ?'?0E,&+?0 (3?$?',** ,4?, ,4* -*1&$*- %?1,*$

?'- N$&-(* -*($**1 7&00 &'-**- N* ?,,?&'*-: \* +#'1&-*$

,4* 3'&F#$% ?'- ,4* +031,*$*- ,#/#0#(&*1 -*1+$&N*- N*F#$*

&' ,4&1 1*+,&#': \* !$1, 1*, ?'- '*V, +#'1&-*$

.4* $*130,1 4?D* N**' ,?N30?,*- &' .?N0* BH

^3'&F#$% -&1,$&N3,&#'` ?'- .?N0* BHH ^+031,*$*- -&1,$&N3O

,&#'`: .4* $*130,1 F#$ ?'- 14#7 ,4?, ,4*

%?V&%3% -*($** #F %?1,*$1 &1 *V?+,0E .4* %?V&%3%

-*($**1 #F N$&-(*1 &1 N*,7**' ?'- ?'- ,4* ?D*$?(* -*O

($**1 #F N$&-(*1 ?$* N*,7**' ?'- .4* $*130,1 F#$

?'- 14#7 ,4?, ,4* %?V&%3% -*($** #F %?1,*$1 &1

*V?+,0E .4* %?V&%3% -*($**1 #F N$&-(*1 &1 *V?+,0E

?'- ,4* ?D*$?(* -*($** #F N$&-(*1 &1 N*,7**' ?'- \*

+#'+03-* ,4?, ,4* ?0(#$&,4% &1 ?//$#V&%?,&'( &,1 #NR*+,&D*

F?&$0E 7*00:
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]J@.

]O]J@.

AO]J@.^k=Z`
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.52bA BHH

6IJA JA;9AA@ I" ]J@.= ]O]J@. 56J AO]J@. "I9 .TA

ZOJ )5@A \H.T )bC@.A9AJ 6IJA JH@.9H2C.HI6 56J I6A

GI\A9 bABAb

.4* #/*$?,&#' #F N#,4 ]J@. ?'- AO]J@. &'-&+?,*1

,4?, ,4* +#%/3,?,&#'1 *11*',&?00E $*0E #' 0#+?0 &'F#$%?O

,&#'= ?'- ?1 13+4 7* *'D&1&#' ? $*0?,&D*0E 1&%/0* *V,*'1&#'

F#$ #/*$?,&#' &' ? -&1,$&N3,*- 1+*'?$&#: T#7*D*$= ,4* *V?+,

%*11?(* *V+4?'(* 1+*'?$&# '**- ,# N* -*1&('*- F#$ ,4&1

/3$/#1*: 501#= *V?%&'&'( ,4* *F!+&*'+E #F ,4* ?0(#$&,4%

&' ? -E'?%&+ 1+*'?$&#= 74*$* ,#/#0#(E +4?'(*1 +#',&'3O

#310E $*%?&'1 ?' &',*$*1,&'( ,#/&+ F#$ F3,3$* &'D*1,&(?,&#':

BHHH: .IGIbI;e "I9]5.HI6 5b;I9H.T]@ "I9

6A.\I9_@ \H.T 6IJA@ \H.T ]Cb.HGbA GI\A9

bABAb@

6#7 7* ?113%* ,4?, -&FF*$*', '#-*1 4?D* -&FF*$*',

,$?'1%&11&#'h$*+*/,&#' $?'(*1: 51 1/*+&!*- NE ,4* 203*O

,##,4 1/*+&!+?,&#'= -*D&+*1 ?$* +0?11&!*- &' ,4$** /#7*$

+0?11*1: .4*1* +#$$*1/#'- ,# %?V&%3% #3,/3, /#7*$1 #F

!YY%\= X:L%\ ?'- !%\= ?'- ,$?'10?,* ,# ,$?'1%&11&#'

$?'(*1 #F ?//$#V&%?,*0E !YY%= !Y% ?'- !Y+% $*1/*+O

,&D*0E: \* -# '#, *V/*+, ,4?, /#7*$ +0?11 Z ^i.e. !%\ #$

!Y+% $?'(*` 7&00 /$#D* ,# N* /?$,&+30?$0E 31*F30 &' /$?+,&O

+?0 ?//0&+?,&#'1: .4*$*F#$* 7* 7&00 F#+31 #' ,4* /$#N0*%

#F 4?D&'( ,7# -&FF*$*', ,$?'1%&11&#' $?'(*1= '?%*0E !Y

%*,*$1 ?'- !YY %*,*$1:

"&$1, +#'1&-*$ ,4* 1&%/0* +?1* 74*$* ,4* '#-*1 ?$*

/#&',1 &' -&%*'1&#'?0 /0?'*: \* F3$'&14 ? +#3',*$O

*V?%/0* &' "&(3$* g ,# 14#7 ,4?, '#-*1 &' ? %&'&%3%

7*&(4,*- ,$** &' ,4* /4E1&+?0 ,#/#0#(E ($?/4= 74*$* ,4*

7*&(4, #F ?' *-(* &1 ,4* A3+0&-*?' -&1,?'+* N*,7**' ,4*

+#$$*1/#'-&'( '#-*1 +?' 4?D* -*($** #$ %#$*: .431

? ]@.ON?1*- 0#(&+?0 ,#/#0#(E -*1&(' ?0(#$&,4% '**- '#,

1?,&1FE ,4* -*($** +#'1,$?&',1 #' ,4* %?1,*$: 51 &' @*+O

,&#' BHH= 7* '**- ,# $*D*$, ,# ,4* %&'&%3% -*($** 1/?'O

'&'( ,$** F$?%*7#$8= 74&+4 &1 ?' 6GO+#%/0*,* /$#N0*%:

.431= 7* *V?%&'* ,4* /*$F#$%?'+* #F 4*3$&1,&+1 ?'- ?/O

/$#V&%?,&#' ?0(#$&,4%1 &' ,4&1 +?1*: .4* '*,7#$8 ,#/#0O

#(E &1 (*'*$?,*- &' ,4* 1?%* 7?E ?1 &' ,4* /$*D&#31 /?$,1=

7&,4 ,4* F#00#7&'( -&FF*$*'+*: 6#7 ? '#-* &1 ?11&('*- ?

,$?'1%&11&#' $?-&31 #F 7&,4 /$#N?N&0&,E Y:L ?'- ? ,$?'1O

%&11&#' $?-&31 #F 7&,4 /$#N?N&0&,E Y:L: \* &'D*1,&(?,*

F#$ ,7# -&FF*$*', D?03*1 #F

D

7

V

%

3

^Y=Y`

^!Z=XY`

^XY=Z`

^L=Y`

^!Z=L`

"&(: g: \* /$#D&-* ? +#3',*$ *V?%/0* ,# *1,?N0&14 ,4?, ? ]@. &' ?

/4E1&+?0 ,#/#0#(E ($?/4 +?' 4?D* -*($** %#$* ,4?' &F '#-*1 4?D*

,7# -&FF*$*', /#7*$ 0*D*01: .4* !(3$* 14#71 +*$,?&' '#-*1 &' ? ,7#

-&%*'1&#'?0 /0?'* ?'- &'-&+?,*1 ,4*&$ +##$-&'?,*1: @3//#1* ,4* ,$?'1O

%&11&#' $?'(* #F '#-*1 %= D ?'- 3 &1 %*,*$1= 74&0* ,4?, #F ?00 #,4*$

'#-*1 &1 !Y %*,*$1: .431 *-(*1 ?'- ?$* '#, &'+03-*- &'

,4* /4E1&+?0 ,#/#0#(E ($?/4 1&'+* ,4* D*$,&+*1 ^ ` 4?D* ? -&1O

,?'+* ($*?,*$ ,4?' %*,*$1: @&%&0?$0E '#-*1 ?'- 4?D* ? -&1,?'+*

#F %#$* ,4?' %*,*$1 ?'- ,431 *-(* &1 '#, &' ,4* /4E1&+?0

,#/#0#(E ($?/4: .4* !(3$* ^1#0&- 0&'*1` 14#71 ,4* ]@. &' ,4&1 +?1*:

6#-* 4?1 ? -*($**

\* *V?%&'* ,4* /*$F#$%?'+* #F ]@.= J"@ N?1*-

1/?''&'( ,$**= 2"@ N?1*- 1/?''&'( ,$**= ]J@. ?'- AO

]J@.: H'+&-*',?00E= ,4* ?'?0E,&+?0 (3?$?',**1 -*1+$&N*-

F#$ ]J@. &' ,4* /$*D&#31 1*+,&#'= 4#0- F#$ ?$N&,$?$E

($?/41= ?'- ?1 13+4 ?//0E &' ,4&1 +?1* ?1 7*00: .431= ,4*

%?V&%3% -*($** #F ,4* #3,/3, 1/?''&'( ,$** #F ]J@.

&1 ?, %#1, #'* %#$* ,4?' ,4* %&'&%3% /#11&N0* D?03*:

T*'+*= ]J@. 1?,&1!*1 ,4* %?1,*$ -*($** +#'1,$?&',1 %#1,

#F ,4* ,&%*1 ^/$#D&-*- +#''*+,&D&,E &1 F*?1&N0*`: .4* $*O

130,1 4?D* N**' ,?N30?,*- &' .?N0*1 BHHH ?'- Ha: .4* ,?O

N0*1 -*%#'1,$?,* ,4?, ]@.= J"@ ?'- ]J@. 1?,&1FE ,4*

-*($** +#'1,$?&', #F ,4* %?1,*$1: H' F?+, ,4* -*($**1 #F

%?1,*$1 ?$* 7*00 N*0#7 F#$ ?00 ,4$** ?0(#$&,4%1: 2$&-(*1

4?D* -*($**1 N*,7**' ?'- &' ?00 ,4$** ?0(#$&,4%1: J*O

($**1 #F '#-*1 ?$* 1#%*74?, 0*11 F#$ J"@ ?'- ]J@. ?1

+#%/?$*- ,# ]@.:

AO]J@. &1 -&$*+,*- ,#7?$-1 ?,,?&'&'( ,#/#0#(&*1 74*$*

,4* %?V&%3% -*($** #F %?1,*$1 &1 ^ ` ?'- ,4* %?VO

&%3% -*($** #F N$&-(*1 &1 ^ `: .?N0*1 BHHH ?'- Ha

14#7 ,4?, ,4* -*($** #F ,4* %?1,*$1 &1= ?1 -*1&$*-= *V?+,0E

= 74&0* N$&-(*1 4?D* -*($**1 N*,7**' ?'- : )#'1&-O
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*$&'( ,4?, ,4* ?0(#$&,4% 4?1 ? ,7#OF#0- #NR*+,&D* ^$*-3+O

&'( ,4* -*($** #F ,4* N$&-(*1 ?'- !'*O,3'&'( ,4* -*($**1

#F %?1,*$1 ?'- N$&-(*1 ?$#3'- 1/*+&!*- '3%N*$1` &, /*$O

F#$%1 $*?1#'?N0E 7*00: .4* %?V&%3% -*1&$*- -*($** #F

N$&-(*1 7?1 1*, ,# Z ?'- &, 7?1 7*00 ?//$#V&%?,*- NE AO

]J@.: 501#= ,4* %?V&%3% -*($** #F ,4* %?1,*$1 7?1 1*,

,# k= ? +#'1,$?&', ,4?, 7?1 *?1&0E 1?,&1!*-:

6#7= 7* +#'1&-*$ ,4* %#$* (*'*$?0 +?1* 74*$* '#-*1

?$* /#&',1 &' -&%*'1&#'?0 1/?+*: )0*?$0E -*,*$%&'&'(

+#''*+,&D&,E ?'- -*1&('&'( ? 0#(&+?0 ,#/#0#(E &1 ? 4?$-*$

/$#N0*% &' ,4&1 +?1*= ?'- 13N1*S3*',0E ,4* /$*D&#31 +#%O

/0*V&,E $*130, ?//0&*1: \* 1,3-E ,4* /*$F#$%?'+* #F ?00

,4* /$*D&#310E %*',&#'*- ?0(#$&,4%1 N*0#7: .4* $*130,1

4?D* N**' ,?N30?,*- &' .?N0* a ^3'&F#$% -&1,$&N3,&#'` ?'-

.?N0* aH ^+031,*$*- -&1,$&N3,&#'`:

.4* /*$F#$%?'+* #F ,4* ?0(#$&,4%1 &' ,4&1 %#$* (*'*$?0

XO/#7*$O0*D*0 ZO-&%*'1&#'?0 1+*'?$&# &1 1&%&0?$ ,# ,4?, #F

/$*D&#31 +?1*1: 5(?&'= J"@ ?'- ]@. 13++**- &' $*-3+&'(

,4* -*($**1 #F N#,4 %?1,*$1 ?'- 10?D*1 ,# D?03*1 N*,7**'

?'- ^7&,4 J"@ ?,,?&'&'( 10&(4,0E 0#7*$ -*($**1`= 74&0*

]J@. ?+4&*D*1 *D*' 0#7*$ -*($**1 ^*S3?0 ,# &' %#1,

+?1*1`: H' ,4&1 +?1* ,4* #NR*+,&D* #F ,4* AO]J@. 7?1 ,#

?,,?&' ,#/#0#(&*1 74*$* ,4* %?V&%3% -*($** #F %?1,*$1

&1 ^ ` ?'- ,4* %?V&%3% -*($** #F N$&-(*1 &1

^ `: .4* $*130,1 14#7 ,4?, ,4&1 #NR*+,&D* &1 %#1,0E

?,,?&'*-= 7&,4 #'* *V+*/,&#' 74*$* ,4* %?V&%3% -*($**

#F ,4* N$&-(*1 &1
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.TA ZOJ )5@A \H.T )bC@.A9AJ 6IJA JH@.9H2C.HI6 56J .\I

GI\A9 bABAb@

Ha: 5 "Cbbe JH@.9H2C.AJ 56J Je65]H)

5b;I9H.T]

H' ,4&1 1*+,&#'= 7* *V,*'- ,4* /$*D&#31 ?//$#?+4*1 ,# ?

-&1,$&N3,*- ?'- -E'?%&+ 1*,,&'(:

5 %&'&%3% 7*&(4,*- 1/?''&'( ,$** +?' N* +#'1,$3+,*-

NE -&1,$&N3,*- +#%/3,?,&#' ?, ,4* '#-*1= e.g.= G$&%[1 ?0O

(#$&,4% KgM F#$ +#'1,$3+,&'( %&'&%3% 7*&(4, 1/?''&'(

,$**1 +?' N* -&1,$&N3,&U*- KiM: 5 '#-* #'0E '**-1 ,# 8'#7

?' #$-*$&'( #F ,4* 7*&(4,1 #F &,1 &'+&-*', *-(*1: H' ,4*

203*,##,4 1*,,&'(= ? '#-* ?+S3&$*1 ,4&1 8'#70*-(* 74&0*

1E'+4$#'&U&'( 7&,4 &,1 '*&(4N#$1: J3$&'( ,4&1 ,&%*= ?

'#-* +?' %*?13$* ,4* 1&('?0 1,$*'(,4 #F ,4* 1E'+4$#'&U?O

,&#' %*11?(*1 1*', NE &,1 '*&(4N#$1: HF ?00 '#-*1 ,$?'1%&,

,4*1* %*11?(*1 ?, ,4* 1?%* /#7*$ 0*D*0= ,4* 1&('?0 7&00 N*

1,$#'(*$ F#$ ? '*&(4N#$ 74&+4 &1 +0#1*$:

.4* 1?%* #N1*$D?,&#' 4#0-1 F#$ ?--$*11&'( ? -E'?%&+

1+*'?$&#: "#$ *V?%/0*= '*7 '#-*1 %?E R#&' ?'- *V&1,&'(

'#-*1 %?E 0*?D* ,4* 1E1,*%: 6#-*1 %?E N* +#',&'3#310E

#' ,4* %#D*= ?'- ,431 ,4* '*&(4N#$ 1*, ?'- ,4* A3+0&-*?'

-&1,?'+*1 N*,7**' '*&(4N#$1 +4?'(*: .431 ,4* 1/?''&'(

,$** '**-1 ,# N* 3/-?,*- &' $*1/#'1* ,# ,4*1* ,#/#0#(E ?0O

,*$?,&#'1: .4*$* ?$* *F!+&*', ?0(#$&,4%1 F#$ -E'?%&+ 3/O

-?,* #F 1/?''&'( ,$**1 KZM= K!nM:

T#7*D*$= ,4* +#%/0*V&,E #F ? -&1,$&N3,*- ?'- -E'?%&+

D*$1&#' #F ,4* ]@. ?0(#$&,4% +?' N* F?&$0E 4&(4: H' ,4*

-&1,$&N3,*- &%/0*%*',?,&#'= '#-*1 ?$* &'&,&?00E 1&'(0*,#'1=

?'- ,4*E ($?-3?00E %*$(* ,# F#$% F$?(%*',1 74&+4 ?(?&'

%*$(* 1# ?1 ,# E&*0- ? ]@.: .4* %*$(*$ +?' N* ,4$#3(4

&'+031&#' #F certain *-(*1 &' ? (&D*' 1*S3*'+*= 1# ?1

,# ?D#&- +E+0&+&,E= ?'- /$*1*$D* ,4* ]@. /$#/*$,E: 51

? $*130,= '#-*1 '**- ,# %?&',?&' ?'- N$#?-+?1, ? F$?(O

%*', HJ= ?'- &'F#$%?,&#' #' ,4*&$ #3,(#&'( *-(*1= &' #$O

-*$ ,# *'?N0* ? -&1,$&N3,*- -*+&1&#' #F 74&+4 *-(*1 ,# 1*O

0*+, ^1** KZM= KiM F#$ ?--&,&#'?0 &%/0*%*',?,&#' -*,?&01`:

.4&1 %#,&D?,*1 ,4* +#'1&-*$?,&#' #F 1&%/0*$ -&1,$&N3,*- ?0O

(#$&,4%1 ,4?, $*0E #' 4*3$&1,&+1: H' #,4*$ 7#$-1= 7* &'D*1O

,&(?,* 1#03,&#'1 ,4?, %?E '#, N* (3?$?',**- ,# (*'*$?,* ?

]@.= N3, %?E #FF*$ ? F?D#$?N0* ,$?-*O#FF N*,7**' /*$F#$O

%?'+* ?'- +#%/0*V&,E:

.4* ?0(#$&,4% 7* &'D*1,&(?,* &1 N?1*- #' ,4* F#00#7&'(

0#+?0 &'F#$%?,&#' N?1*- 4*3$&1,&+ F#$ 1*0*+,&'( *-(*1d @,?$,

7&,4 ?' *%/,E 0#(&+?0 ,#/#0#(E: )#'1&-*$ ,7# '#-*1 5

?'- 2 ?'- ,4* *-(* 52 R#&'&'( ,4*%: J$?7 ? +&$+0* 7&,4

5 ?1 &,1 +*',*$ ?'- $?-&31 52: 501#= -$?7 ?'#,4*$ +&$+0*

7&,4 2 ?1 &,1 +*',*$ ?'- $?-&31 25: HF ,4*$* &1 '# #,4*$

'#-* &' ,4* &',*$1*+,&#' #F ,4* ,7# +&$+0*1= ,4*' ?-- ,4*

*-(* 52: HF 1#%* '#-* ) 0&*1 &' ,4* &',*$1*+,&#' #F ,4*

+&$+0*1= ,4*' *-(* 52 &1 '#, ?--*- ^1** !(3$* L`:

2

)

5

-

"&(: L: A-(* 52 7&00 N* ?--*- ,# ,4* ($?/4 #'0E &F '# #,4*$ '#-* 0&*1

&' ,4* 14?-*- ?$*?: H' ,4&1 +?1*= 1&'+* '#-* ) 0&*1 &' ,4* &',*$1*+,&#' #F

,4* X +&$+0*1= *-(* 52 7&00 '#, N* ?--*- ,# ,4* ($?/4:

6#,* ,4?, ? '#-* ) &1 &' ,4* &',*$1*+,&#' #F ,4* ,7# +&$O

+0*1 &F ?'- #'0E &F : H' #,4*$ 7#$-1=

? '#-* ) 0&*1 &' ,4* &',*$1*+,&#' #'0E 74*' &,1 A3+0&-*?'

-&1,?'+*1 ,# N#,4 5 ?'- 2 ?$* 1%?00*$ ,4?' 52: .4&1 +?'

N* -*,*$%&'*- NE /#7*$ %*?13$*%*',1 ?'- 13N1*S3*', &'O

F#$%?,&#' &',*$+4?'(*: HF 13+4 ? '#-* ) &1 -&1+#D*$*- ?FO

,*$ ,4* *-(* 52 4?1 N**' ?--*- ,# ,4* ($?/4= ,4*' ,4&1

*-(* +?' N* -$#//*-: IN1*$D* ,4?, ,4&1 -#*1'[, ?FF*+, ?'E

#,4*$ *-(* ?--&,&#'1 #$ -*0*,&#'1 &' ,4* $*1, #F ,4* ($?/4:

.4*$*F#$*= ,4* -*+&1&#' #F 74*,4*$ ,# ?-- ?' *-(* #$ '#,

&1 N?1*- 1#0*0E #' 0#+?0 &'F#$%?,&#': T*'+*= ,4*$* &1 '#

'**- ,# N$#?-+?1, ?'E &'F#$%?,&#' ,4$#3(4#3, ,4* ($?/4

?'- ,4*$* &1 '# '**- ,# %?&',?&' *-(* #$ '#-* 1,?,*1: .4&1

+0*?$0E $*-3+*1 ,4* '3%N*$ #F *V+4?'(*- %*11?(*1 ?1 7*00

?1 ,4* +#%/0*V&,E #F ,4&1 ?0(#$&,4% 74*' +#%/?$*- ,# ,4*

-&1,$&N3,*- ]@. ?0(#$&,4%: .4&1 ?0(#$&,4% ,$&*1 ,# ?/O

/$#V&%?,* ,4* ]@.= ?'- &' ,4?, +#',*V, &, &1 7#$,4 '#,&'(

,4?, ,4* $*130,&'( ($?/4 7&00 N* ? 13/*$1*, #F ,4* ]@.:

Lemma 3: .4* ($?/4 (*'*$?,*- NE ,4* ?N#D* %*'O

,&#'*- 4*3$&1,&+ (*'*$?,*1 ? ,#/#0#(E ,4?, &1 ? 13/*$1*,



!g

#F ,4* ]&'&%3% \*&(4, @/?''&'( .$** ^i.e. ,4* ,#/#0#(E

(*'*$?,*- NE ,4* ]@. ?0(#$&,4%`:

Proof of Lemma 3: @** 5//*'-&V:

@&'+* ,4* ?//0&+?,&#' #F ,4* ?N#D* %*',&#'*- 4*3$&1,&+

7&00 $*130, &' &'+031&#' #F %#$* *-(*1 ,4?' &' ,4* ]@.=

,4* $*130,&'( ($?/4 7&00 '#, '*+*11?$&0E 4?D* ? -*($** #F

0*11 ,4?' : 23, ?1 7* 7&00 1** 0?,*$ #'= &, #'0E +#',?&'1

? F*7 %#$* *-(*1 ,4?' ,4* ]@.= ?'- ?1 ? $*130,= ? '#-*

7&00 313?00E '#, 4?D* ? -*($** *V+**-&'( L: 6#,* ?01# ,4?,

1&'+* ,4* $*130,&'( ($?/4 '**- '#, N* N&/?$,&,*= ,4&1 ?0(#O

$&,4% %&(4, ?01# 0*?- ,# '#-*1 ,4?, 4?D* ,# ?113%* N#,4

,4* $#0* #F ? %?1,*$ ^#F ,4*&$ /&+#'*,` ?'- #F ? 10?D* ^#F

1#%* #,4*$ /&+#'*,`= 74&+4 %?E '#, N* -*1&$?N0*= ,4#3(4

'#, /$*+03-*- NE ,4* 1,?'-?$-1:

.4* #D*$?00 ?0(#$&,4% 7#$81 ?1 F#00#71d "&$1, ,4* ,7#

'#-*1 -*+&-* ^N?1*- #' ,4* ?N#D* %*',&#'*- 4*3$&1,&+

?'- #' ,4*&$ -*($**1n` 74*,4*$ ,# F#$% ? +#''*+,&#' #$

'#,: .4*'= ,4*E 4?D* ,# -*+&-* #' ,4*&$ $#0*1 ?1 %?1,*$1

?'-h#$ 10?D*1= ?++#$-&'( ,# ,4* F#00#7&'( $30*1 ^1&%&0?$ ,#

KWM`d

!` HF N#,4 '#-*1 ?$* 3'?11&('*-= ,4*' ,4* #'* 7&,4 ,4*

4&(4*1, HJ N*+#%*1 ,4* %?1,*$= ?'- ,4* #,4*$ N*O

+#%*1 ,4* 10?D*:

X` HF N#,4 '#-*1 ?$* %?1,*$1= ,4*' ,4* '#-* 7&,4 ,4*

0#7*1, HJ N*+#%*1 ,4* 10?D* #F ,4* '#-* 7&,4 ,4*

4&(4*1, HJ ^i.e. ,4* '#-* 7&,4 ,4* 0#7*1, HJ &1 '#7

N#,4 ? %?1,*$ ?'- ? 10?D*`:

Z` HF N#,4 '#-*1 ?$* 10?D*1= ,4*' ,4* '#-* 7&,4 ,4*

4&(4*1, HJ N*+#%*1 ,4* %?1,*$ #F ,4* '#-* 7&,4 ,4*

1%?00*1, HJ ^i.e. ,4* '#-* 7&,4 ,4* 4&(4*1, HJ &1 '#7

N#,4 ? %?1,*$ ?'- ? 10?D*`:

g` HF N#,4 '#-*1 ?$* N#,4 %?1,*$1 ?'- 10?D*1 ^'#,*- ?1

]h@ '#-*1` ,4*' ,4* '#-* 7&,4 ,4* 0#7*1, HJ R#&'1

,4* #,4*$ '#-*[1 /&+#'*, ?1 ? 10?D*:

L` "&'?00E= &F #'* '#-* &1 ? %?1,*$ ?'- ,4* #,4*$ &1 ?

10?D*= ,4*' ,4* 10?D* 1&%/0E R#&'1 ,4* %?1,*$[1 /&O

+#'*,:

\* 31* ,4$** -&FF*$*', %*,$&+1 ,# *D?03?,* ,4* /*$F#$O

%?'+* #F ,4&1 ?0(#$&,4% D&? 1&%30?,&#': .4* !$1, #'* &1 ,4*

'3%N*$ #F *-(*1 &' ,4* $*130,&'( ($?/4 ^74&+4 &1 ? %*?O

13$* #F 4#7 +0#1* &, &1 ,# ? ]@.!Y`: .4* 1*+#'- %*?13$*

&1 ,4* ?D*$?(* -*($** #F ,4* '#-*1 ?'- ,4* ,4&$- %*?13$*

&1 ,4* '3%N*$ #F '#-*1 ,4?, ?113%* ? -3?0 $#0* ^i.e. '#-*1

,4?, ?$* N#,4 %?1,*$1 ?'- 10?D*1`: H' ?00 13N1*S3*', 1&%3O

0?,&#'1= ,4* 1+?0&'( F?+,#$ 7?1 1*, ,# = %*?'&'( ,4?, ,4*

1&%30?,&#' ?$*? &1 NE : .4* $*130,1 F#$ !D* -&FF*$O

*', ,#/#0#(&*1 ?$* ,?N30?,*- ?1 14#7' N*0#7: H' ,4* ,?N0*1=

6 1,?'-1 F#$ ,4* '3%N*$ #F 6#-*1= A F#$ ,4* '3%N*$ #F

*-(*1= F#$ ,4* '3%N*$ #F '#-*1 7&,4 -*($** *S3?0 ,# =

]h@ F#$ ,4* '3%N*$ #F -3?0 $#0* '#-*1 ?'- F#$ ,4*

5 0&'8 &1 '#, ?--*- &F #'* #F ,4* &'+&-*', '#-*1 4?1 ? -*($** #F

9*+?00 ,4?, F#$ ?' ?$N&,$?$E +#''*+,*- ($?/4 #F 6 '#-*1= ,4* ]@.

+#',?&'1 *V?+,0E 6O! *-(*1:

?D*$?(* -*($** #F -3?0 $#0* '#-*1:

.#/#0#(E 63%: #F )031,*$ )031,*$ .?N0*

+031,*$1 /$#N: $?-&31^%`

C'&F#$% Y Y KY Y YM aHH

)031,*$*- ! Z Y:kL KW W WM aHHH

)031,*$*- X Z Y:kL Kg i WM aHB

)031,*$*- Z Z Y:XL KW W WM aB

)031,*$*- g Z Y:XL Kg i W M aBH

6 A ]h@

!YY !!W:L W:X gn:k ZW:n Z:X Y:YYg !k:Z X:k

LYY i!n:Z XZ:n XZZ:L XXX:k !n:n Y:YZ ng:k X:k

!YYY !XLY:X Zn:W gi!:! gLW:Y g!:Y Y:Yi !nZ:i X:k

.52bA aHH

C6H"I9] .IGIbI;e

6 A ]h@

!YY !!g:n !Y:W LY:! Zi:Z X:L Y:YYZ !i:Y X:i

LYY i!Z:W Xi:! XZW:k X!i:W !W:g Y:YX nZ:Z X:k

!YYY !XgX:L gZ:Z gik:k ggn:i Zn:Z Y:Yk !nY:W X:k

.52bA aHHH

)bC@.A9AJ .IGIbI;e !

6 A ]h@

!YY !!Z:W !!:W LY:W Zg:k X:i Y:YYk !L:i X:i

LYY i!Y:g Xk:i Xg!:i X!X:n !k:k Y:X n!:W X:k

!YYY !XZk:k gL:W gk!:i ggZ:n ZW:L Y:YL !Wn:! X:k

.52bA aHB

)bC@.A9AJ .IGIbI;e X

6 A ]h@

!YY !!W:! W:W gn:i ZW:g Z:X Y:YY! !i:n X:k

LYY i!W:Z Xg:! XZg:i XX!:n !n:Z Y:YZ ng:W X:k

!YYY !Xgn:! gY:g gi!:W gLk:X gY:i Y:YL !nZ:! X:k

.52bA aB

)bC@.A9AJ .IGIbI;e Z

"$#% ,4* 1&%30?,&#' $*130,1 7* +#'+03-* ,4?, ?1 F?$ ?1

,4* -*($** +#'1,$?&', &1 +#'+*$'*-= ,4* ?0(#$&,4% /*$F#$%1

D*$E 7*00: 5//$#V&%?,*0E #F ,4* '#-*1 4?D* -*($**

*S3?0 ,# = 0*11 ,4?' 4?D* -*($** *S3?0 ,# ?'- '#

'#-*1 4?D* -*($** #F %#$* ,4?' : 51 F#$ ,4* '3%N*$ #F



!L

6 A ]h@

!YY !!k:Z n:! LY:X Zk:W X:n Y:YYX !i:n X:i

LYY i!i:g Xg:W XZi:L X!n:k !W:n Y:YX nZ:k X:k

!YYY !Xgi:n g!:X gig:! gLg:g gY:X Y:YL !nX:X X:k

.52bA aBH

)bC@.A9AJ .IGIbI;e g

*-(*1= F#$ ($?/41 #F '#-*1= ,4*$* ?$* ?N#3, %#$*

*-(*1 ,4?' &' ,4* ]@.= ?'- F#$ ($?/41 #F ?'-

'#-*1 7* 1** ,4?, ,4* '3%N*$ #F ?--&,&#'?0 *-(*1 1?,3O

$?,*1 ?, ?N#3, %#$* *-(*1 ,4?' &' ,4* ]@.: "&'?00E=

F#$ ($?/41 #F '#-*1 ?N#3, #F ,4#1* '#-*1 4?D*

? -3?0 $#0* ^%?1,*$ ?'- 10?D*` ?'- ,4&1 '3%N*$ 1**%1 ,#

1?,3$?,* ?, ?N#3, F#$ ($?/41 #F ?'- '#-*1:

H, &1 7#$,4 '#,&'( ,4?, ,4* -*($** #F ,4#1* [-3?0 $#0*[ '#-*1

&1 ?N#3, = %*?'&'( ,4?, ,4*E ?$* %?1,*$1 #F #'* /&O

+#'*, ?'- 10?D*1 &' *&,4*$ #'* #$ ,7# %#$* /&+#'*,1: )?1*1

74*$* ,4*E ?$* 10?D*1 &' %#$* ,4?' ,7# /&+#'*,1 ?$* F?&$0E

$?$*:

;&D*' ,4* $*130,1 %*',&#'*- ?N#D*= ,4* 1&%/0&+&,E #F

,4&1 ?0(#$&,4% %?8*1 &, ?//*?0&'( F#$ /$?+,&+?0 &%/0*%*'O

,?,&#'1: H, $*%?&'1 ,# *D?03?,* ,4* ,$?-*#FF N*,7**' ? 1&%O

/0*$ ,#/#0#(E F#$%?,&#' ?0(#$&,4% ?'- ,4* /*$F#$%?'+*

^,4$#3(4/3,= -*0?E= etc.` #F ,4* $*130,&'( ,#/#0#(E: @/*+&FO

&+?00E= 7* /0?' ,# &'D*1,&(?,* ,4* &%/?+, #' /*$F#$%?'+* #F

4?D&'( '#-*1 7&,4 ? -3?0 $#0* &' ? 203*,##,4 1*,,&'(: .4*

/*$F#$%?'+* #F ,4* $*130,&'( ,#/#0#(E 7&00 ,4*' N* +#%O

/?$*- ,# ,4?, #F ? ,#/#0#(E (*'*$?,*- NE ,4* %#$* +#%/0*V

]@.ON?1*- ?0(#$&,4%1:

a: )I6)bC@HI6

.# 13%%?$&U*= ,4&1 /?/*$ 4?1 /$*1*',*- ? '3%N*$ #F

?0(#$&,4%&+ $*130,1 ?&%*- ?, ,4* /$#N0*% #F ,#/#0#(E F#$O

%?,&#' &' 203*,##,4 '*,7#$81: \* 4?D* 14#7' ,4?, ,4*

]@. ?0(#$&,4% &1 ,4* #'0E #'* ,4?, &1 (3?$?',**- ,# ?3O

,#%?,&+?00E 1?,&1FE ?00 -*($** +#'1,$?&',1 &' ,4* XOJ 1+*O

'?$&# 7&,4 #'* /#7*$ 0*D*0: T#7*D*$= ?1 1&%30?,&#'1 4?D*

14#7'= *D*' ,4#3(4 '# ?'?0E,&+?0 (3?$?',**1 ?$* ?D?&0?N0*=

&' /$?+,&+* ,4* -*($** +#'1,$?&', &1 ?01# *?1&0E %*, NE ,4*

J"@ ?0(#$&,4% &' ,4* = ?'- ,4* ,7# /#7*$

0*D*0 1+*'?$&#1: "$#% ? 1&%/0* +#''*+,&D&,E 1,?'-/#&',

J"@ 1?,&1!*1 ,4* -*($** +#'1,$?&',1 F#$ N#,4 %?1,*$1 ?'-

N$&-(*1: H' ?--&,&#'= &, 4?1 +*$,?&' N*'*!,1 '#, /$#D&-*- NE

#,4*$ ?0(#$&,4%1: H, -#*1 '#, 31* ,4* A3+0&-*?' -&1,?'+*1

?'- ,4*$*F#$* -#*1 '#, $*S3&$* ?'E /#7*$ +#',$#0: J"@

$3''&'( ,&%* &1 ?01# 1%?00*$ ,4?' ,4?, #F ]@. #$ ]J@.=

?'- !'?00E &, &1 D*$E *?1E ,# &%/0*%*',: T#7*D*$= F$#% ?

-*0?Eh,4$#3(4/3, /#&', #F D&*7 &, '**- '#, ?07?E1 N* ,4*

+?1* ,4?, %&'&%?0 -*($**1 F#$ N#,4 %?1,*$1 ?'- 10?D*1 &1

-*1&$?N0*: .4&1 %#,&D?,*- ,4* &',$#-3+,&#' #F ,4* AO]J@.

?0(#$&,4%= 74&+4 /$#D&-*- 31 7&,4 ,4* %*?'1 F#$ ,3'&'(

,4* -*($**1 #F N#,4 %?1,*$1 ?'- N$&-(*1= ?'- ,4*$*F#$*

+#',$#00&'( ,4* 1,$3+,3$* #F ,4* $*130,&'( '*,7#$8: ;&D*'

,4* 0&8*0E -&F!+30,E #F +#'1,$3+,&'( -&1,$&N3,*- D*$1&#'1

#F ,4* ?N#D* ?0(#$&,4%1= 7* ?01# &'D*1,&(?,*- ? 4*3$&1,&+O

N?1*- -&1,$&N3,*- ?0(#$&,4% ,4?, /*$F#$%1 D*$E 7*00 ?1 F?$

?1 ,4* +#'1,$?&',1 #F ,4* 203*,##,4 ,*+4'#0#(E ?$* +#'O

+*$'*-: H' F3,3$* 7#$8= 7* /0?' ,# F3$,4*$ *V/0#$* ,4*

,$?-*O#FF #FF*$*- NE ,4* -&FF*$*', ?0(#$&,4%1 1,3-&*- &' ,4&1

/?/*$: .4&1 7&00 +?$$&*- #3, 31&'( ? -*,?&0*- 1&%30?,&#' #F

,4* 203*,##,4 1,?+8= 74&+4 7&00 ?00#7 31 ,# /$*+&1*0E *%O

30?,* ,4* #/*$?,&#' #F D?$&#31 ?0(#$&,4%1 &' ?' #/*$?,&#'?0

203*,##,4 *'D&$#'%*',:

5GGA6JHa

Proof of Lemma 1: )0*?$0E ? '*+*11?$E +#'-&,&#' F#$

+#''*+,&D&,E ,# N* F*?1&N0* &1 ,4?, ,4* /4E1&+?0 ,#/#0#(E

($?/4 &1 +#''*+,*-: \* 7&00 14#7 ,4?, ,4&1 +#'-&,&#' &1

13F!+&*', ?1 7*00: 5113%* ,4?, ,4* /4E1&+?0 +#''*+,&DO

&,E ($?/4 &1 +#''*+,*-: )#'1&-*$ ? '*7 ($?/4 F#$%*- NE

?--&'( *-(*1 N*,7**' ?00 /?&$1 #F '#-*1 &' ,4* /4E1&+?0

+#''*+,&D&,E ($?/4: .4&1 ($?/4 &1 $*F*$$*- ,# ?1 ,4* +#%O

/0*,&#' #F ,4* /4E1&+?0 +#''*+,&D&,E ($?/4: .4* 7*&(4,1

#F ,4* '*7 *-(*1 *S3?0 ,4* A3+0&-*?' -&1,?'+* N*,7**'

,4* '#-*1: .4* /4E1&+?0 ,#/#0#(E ($?/4 &1 ? 13NO($?/4

#F ,4&1 +#%/0*,&#' ($?/4 +#'1&1,&'( #F ?00 *-(*1 #F ,4*

+#%/0*,&#' ($?/4 7&,4 7*&(4, 0*11 ,4?' )0*?$0E ,4&1

($?/4 1?,&1!*1 ,4* +#'-&,&#'1 #F G$#/#1&,&#' ! ?'- ,431

,4* -*($** #F ?'E %&'&%3% 1/?''&'( ,$** &' ,4&1 ($?/4 &1

0*11 ,4?' #$ *S3?0 ,# NE G$#/#1&,&#' !: 5'E %&'&%3%

7*&(4,*- 1/?''&'( ,$** &' ,4* /4E1&+?0 ,#/#0#(E ($?/4 &1

?01# ? %&'&%3% 7*&(4,*- 1/?''&'( ,$** &' ,4* +#%/0*,&#'

($?/4: .4&1 F#00#71 F$#% ,4* F#00#7&'( F?+,1d ^?` ?00 *-(*1

&' ,4* +#%/0*,&#' ($?/4 7&,4 7*&(4, 0*11 ,4?' ? +*$,?&'
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