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Z[\ ]\^\_`ab \cd `e fgh dhfi j ]khgcl d[\ _fmd
n\fhm o [fm lh\fd_n gcjh\fm\] d[\ ]\cmgdn `e fghp
jhfed gc d[\ fghmafj\ o fc] j`cl\mdg`c `c b fq `h
fgha`hdm r sc]\\] o `c b fcn fgha`hdm o d[\ dft g
`a\hfdg`c `e fghjhfed u\dv\\c afhwgcl a`mgp
dg`cm fc] hkcvfnm o jfkm\m ]\_fnm r Z[\ ah`up
_\b gm gcjh\fm\] un d[\ ]\^\_`ab \cd `e [kum r
sc d[gm fhdgj_\ o f dft g `adgb gmfdg`c d``_ k mp
gcl f x\c\dgj y _l`hgd[b gm gcdh`]kj\] fc]
d\md\] `c z`gmmn {[fh_\m |\ xfk__\ y gha`hd r
Z[\ d``_ jfc [\_a j[``mgcl d[\ u \md dft gvfnm
d` h\]kj\ d[\ dgb \ ma \cd eh`b d[\ lfd\ d` d[\
hkcvfn `h d[\ hkcvfn d` d[\ lfd\ o h\ma \jdgcl
d[\ m\afhfdg`c v gd[ `d[\h fghjhfed r sd jfc f_m`
[\_a j[``mgcl `c\ vfn dft gvfnm h\lfh]gcl d`
dhfi j fc] v gc] o fc] f_m` b\fmkhgcl d[\ gb p
afjd `e `a \cgcl f c\v dft gvfn `h j_`mgcl fc
\tgmdgcl dft gvfnr }gbk_fdg`cm fh\ ah\m\cd\]
`c f `c\ ]fn dhfi j fd ~fhgm z`gmmnr |\_fnm
fh\ j`hh\_fd\] d` d[\ dhfi j ]\cmgdn `c d[\
fgha`hd r

� ��VW���YV���

|\^\_`ab \cd `e [kum [f^\ l\c\hfd\] c\v ah`u_\b m e`h
lh`kc] `a\hfdg`cm o fm f__ fghjhfed fh\ d\c]gcl d` b`^\
fd d[\ mfb \ dgb \ `c d[\ fgha`hd r Z[km o c\v ]\_fnm
fh\ gcdh`]kj\] `c b fq `h fgha`hdm ]k\ d` lh`kc] j`cp
l\mdg`c r y gha`hd ]\mglc\hm fh\ d\bad\] d` ukg_] c\v
dft gvfnm d` h\]kj\ j`cl\mdg`c fc] gbah`^\ d[\ \i p
jg\cjn `e lh`kc] `a\hfdg`cm o ukd un d[\ b`b\cd o c`
d``_ jfc [\_a d[\b d` b \fmkh\ d[\ \i jg\cjn `e d[\gh
j[`gj\m r
y m b fcn h\m\fhj[ ah`q \jdm fh\ j`cj\cdhfd\] `c ]\jgp
mg`c b fwgcl d``_m e`h fghmafj\ j`cdh`__\hm o _gdd_\ v`hw

[fm u \\c ]`c\ `c lh`kc] j`cdh`_ r Z[\ �������
ah`q \jd ]\^\_`a \] un d[\ ���� gm f [\f^n m`edvfh\
d[fd vfm c`d ]\mglc\] d` lg^\ fcn f]^gj\ d` lh`kc]
j`cdh`__\hm r Z[\ ���� ah`q \jd vfm ]\^\_`a \] un d[\
��� fc] ����� d` [\_a jkhh\cd fgha`hd efjg_gd g\m d`
`a \hfd\ b`h\ \i jg\cd_nr � fcn \�`hdm v\h\ j`cj\cp
dhfd\] `c gbah`^gcl d[\ gce`hb fdg`c m[fhgcl `e d[\
]g�\h\cd `a \hfd`hm `c d[\ lh`kc] r Z[\ ��� ah`q \jd
��s|y� ���� `c_n e`jkm\m `c gbah`^gcl d[\ a \he`hb fcj\
`e ]\afhdkh\ `a \hfdg`cm o v gd[`kd dfwgcl gcd` fjj`kcd
d[\ dftg ah`u_\b r Z[\ ����� ah`q \jd ��xh`���� gm ]\p
^\_`a\] un Z[\ ~h\md`c xh`ka r Zhfq \jd`hn `adgb gmfp
dg`c afhd_n \t gmdm fc] gd km\m c`dg`cm `e h\fj[fu_\ lfd\m r
Z[\ j`c� gjd ]\d\jdg`c fc] h\m`_kdg`c gm c`d ]\^\_`a \] r
  gcf__no f j`ba`c\cd `e d[\ ��¡��¢£ ah`q \jd o ]\p
^\_`a\] un d[\ �¤¡¥ scmdgdkd\ `e   _gl[d xkg]fcj\ o
e` jkm\m `c d[\ yZ{¦ph\_fd\] dhfi j a_fccgcl mnmd\b m
e`h fgha`hd b`^\b \cdm o ukd ]`\m c`d gcdh`]kj\ fcn `ap
dgb gmfdg`c d``_ d` dft g fghjhfed r
sc d[ gm fhdgj_\ o f dft g `adgb gmfdg`c d``_ gm gcdh`]kj\]
fc] d\md\] `c z`gmmn {[fh_\m |\ xfk__\ y gha`hd r Z[\
d``_ j[``m\m d[\ u\md dhfq \jd`hn d` h\]kj\ d[\ dgb \
ma\cd eh`b d[\ lfd\ d` d[\ hkcvfn `h d[\ hkcvfn d`
d[\ lfd\ o h\ma \jdgcl d[\ m\afhfdg`c v gd[ `d[\h fghjhfed r
sd jfc f_m` [\_a j[``mgcl `c\ vfn dftgvfnm h\lfh]gcl
d` dhfi j fc] v gc] o fc] f_m` b \fmkhgcl d[\ gbafjd
`e `a \cgcl f c\v dftgvfn `h j_`mgcl fc \tgmdgcl dft gp
vfnr Z[\ ah`u_\b gm gcdh`]kj\] fc] b`]\__\] gc d[\
§hmd afhd r Z[\ ]g�\h\cd f_l`hgd[b m km\] d` m`_^\ d[\
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ah`u_\b fh\ ]\dfg_\] gc afhd Ý r Z[\ _fmd afhd lg^\m
d[\ h\mk _dm `e f ek__ mgbk_fdg`c `c f `c\ ]fn dhfi j `c
z`gmmn ygha`hd r

Þ ßW�T àáâ â��áàà��ã

Z[\ ah`u_\b gm d` §c] e`h \fj[ fghjhfed fc `adgb f_ afd[
eh`b gdm afhwgcl d` f lg^\c hkcvfn [`_]gcl a`mgdg`c `h
eh`b gdm hkcvfn \t gd d` gdm afhwgcl o fc] h\ma\jd f lg^\c
m\afhfdg`c u\dv\\c fghjhfed r
yc `adgb f_ afd[ jfc [f^\ ]g�\h\cd ]\§cgdg`cm fm e`h
\tfba_\ d[\ _\cld[ `e d[\ afd[ `h d[\ d`df_ dftggcl
dgb \ r ä`_]gcl `c f dftgvfn jfc u\ b`h\ `h _\mm a \p
cf_gmgcl d[fc gcjh\fmgcl d[\ _\cld[ `e d[\ afd[ r sd jfc
u\ j[\fa\h d` [`_] fd d[\ afhwgcl a`mgdg`c d[fc `c f
dft gvfnr
sd jfc u\ u\dd\h o e`h \tfba_\ o d` _\cld[\c m_gl[d_n d[\
h`kd\m `e dv` fghjhfed d[fc d` b fw\ `c\ fghjhfed vfgd
f _`cl dgb \ r Z[\h\e`h\ f l_`uf_ `adgbkb jhgd\hgf v g__
[f^\ d` u\ ]\§c\] gc d[\ e`__`v gcl r ä`v\^\h o d[\ akhp
a`m\ `e d[gm fhdgj_\ gm c`d d` ]gmjkmm d[\ j[`gj\ `e mkj[
jhgd\hgf o v[gj[ ]\a\c] `c b fcn ]g�\h\cd efjd`hm h\p
_fd\] d` d[\ fgha`hd l\`b \dhno d[\ dhfi j o fc] fgh_gc\m
ah\e\h\cj\m r r r
ån d[\ vfno gd gm ækgd\ ]gi jk_d d` ah\]gjd v gd[ f
l``] fjjkhfjn d[\ ekdkh\ a`mgdg`cm `e fghjhfed `c dft gp
vfnm r   ghmd `e f__ o d[\ \tfjd ]\afhdkh\ dgb \ gm l\c\hf__n
wc`vc `c_n f e\v b gckd\m gc f]^fcj\ �bfcn efjd`hm
jfc jfkm\ ]\_fnm� o fc] d[\ \tfjd _fc]gcl dgb \ ]\a\c]m
`c d[\ hkcvfn m\æk\cjgcl r y b`]\__gcl d[fd jfc fep
e`h] d[\m\ kcj\hdfgcdg\m gm c\j\mmfhn gc `h]\h d` ukg_]
f h\f_gmdgj d``_ r
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Z[\ fgha`hd gm ]\§c\] un f lhfa[ ç _gcwm h\ah\m\cd dft gp
vfn m\lb \cdm v[\h\fm c`]\m fh\ dft gvfn gcd\hm\jdg`cm
`h j`cc\jdg`cm o afhwgcl o [`_]gcl a`mgdg`cm o fc] hkcp
vfn \tgdm r   glkh\ Ý h\ah\m\cdm d[\ lhfa[ `e z`gmmn
fgha`hd r Z[\ lhfa[ gm `u^g`km_n j`cc\jd\] r y | gq wmdhf
f_l`hgd[b �y�è�é� jfc u\ km\] d` j`bakd\ d[\ b gcgp
bkb _\cld[ eh`b fcn c`]\ `e d[\ lhfa[ d` \^\hn afhwp
gcl o [`_]gcl a`gcd o `h hkcvfn \t gd r yc ê ë f_l`hgd[b
�~\f�ì� jfc fm v\__ u \ km\] d` j`bakd\ d[\ b gcgbkb
_\cld[ eh`b fcn c`]\ `e d[\ lhfa[ d` \^\hn afhwgcl o
[`_]gcl a`gcd `h hkcvfn \t gd o dfwgcl gcd` fjj`kcd d[\
_gb gdfdg`cm gc d\hb m `e dkhcgcl hfd\ r Z[\h\e`h\ o \tdhf
dgb \ gm f]]\] ]\a\c]gcl `c d[\ dkhcgcl hfd\ �m\\ §lkh\
í� r
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 glkh\ íç y]]gdg`cf_ ]\_fn fm f ekcjdg`c `e d[\ dkhcgcl
fcl_\
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sc `h]\h d` b gc gb gm\ d[\ ]\_fnm fc] \cmkh\ d[\ m\afhfp
dg`cm o d[\ afd[ `e fghjhfed jfc u\ b`]g§\] o `h fghjhfed
jfc [`_] a`mgdg`c fd d[\gh afhwgcl o `c dftgvfnm `h fd
d[\ [`_]gcl a`gcd u \e`h\ dfwgcl `� r Zv` fghjhfed fh\
gc j`c�gjd ge d[\ ]gmdfcj\ u \dv\\c d[\b gm _\mm d[fc ïð
b \d\hm fd \^\hn dgb \ o \tj\ad `c d[\ afhwgcl a`mgdg`c `c
v[gj[ d[gm ]gmdfcj\ jfc u\ h\]kj\] r sc `h]\h d` [f^\
mgba_\ b fc`\k^h\m o `c_n `c\ [`_]gcl `h]\h m[`k_] u \
lg^\c d` d[\ ag_`d fd f dgb \ �mdfhdgcl fd ñò fc] \c]gcl
fd ñ� � r Z[\ afd[ m[`k_] f_m` h\ma \jd m`b \ j`cmdhfgcdm ç
dkhcgcl fcl_\m fh\ _gb gd\] un d[\ fghjhfed a\he`hb fcj\ o
fc fghjhfed m[`k_] c`d km\ d[\ mfb \ dft gvfn dv gj\ gc
d[\ mfb\ ]gh\jdg`c o d[\h\ jfcc`d c`d u \ b`h\ d[fc `c\
fghjhfed `c f hkcvfn fd d[\ mfb \ dgb \ r r r sc `h]\h d`
mgba_gen d[\ ah`u_\b o fghjhfed fh\ mkaa`m\] d` [f^\
j`cmdfcd ma\\] \tj\ad v[\c d[\n dkhc r
y _d\hcfd\ afd[m _\cld[\cgcl d[\ dhfq \jd`hn _\mm d[fc
f j\hdfgc ]gmdfcj\ jfc u\ j`bakd\] v gd[ f mgba_\
åhfcj[ fc] å`kc] f_l`hgd[b �äZ�ó� r
  glkh\ Ý lg^\m fc \tfba_\ `e d[\ m[`hd\md afd[ jf_p
jk _fd\] u\dv\\c f hkcvfn \t gd fc] f lfd\ r Z[\ ìïô
f_d\hcfd\ afd[m _\cld[\cgcl d[\ dhfq \jd`hn _\mm d[fc
óðð b \d\hm fh\ f_m` h\ah\m\cd\] r
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ym d[\ fghjhfed ekdkh\ a`mgdg`c m fc] b`^\b \cdm fh\ c`d
wc`vc v gd[ f l``] fjjkhfjno gd gm c\j\mmfhn d` h\lkp
_fh_n ka]fd\ d[\ mgdkfdg`c o \^\hn ÷ b gckd\m e`h \tfb p
a_\ r ån d[\ mfb\ dgb \ o _``wgcl f _`cl a\hg`] f[\f] gm
c`d a`mmgu_\ fm ah\]gjdg`cm fh\ c`d l``] \c`kl[ r {`cp
m\æk\cd_n f dgb \ v gc]`v øù ú ÷ gm ]\§c\] r
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alternate paths

shortest path
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 glkh\ é ç Z gb \ v gc]`v

èc_n fghjhfed fhhg^ gcl `h dfwgcl `� gc d[\ dgb \ v gc]`v
v g__ u\ j`cmg]\h\] r Z[\ dgb \ v gc]`v v g__ u\ m[ged\]
\^\hn ÷ b gckd\m o d[\ ah`u _\b h\j`cmg]\h\] fc] f c\v
`adgb gmfdg`c a\he`hb \] r y m fc fghjhfed b fn dft g b `h\
d[fc øù b gckd\m o d[\ [`hgü`c \�\jd ah`u_\b jfc fap
a \fh r sc]\\] o fm v\ `c_n _``w fd fghjhfed ]khgcl d[\ øù
a\hg`] o f j`c�gjd b fn faa\fh f e\v m\j`c]m fed\h d[\
\c] `e d[\ øù a\hg`] v gd[`kd u \gcl ]\d\jd\] r sc `h]\h
d` ah\^\cd d[\ `adgb gmfdg`c ah` j\mm eh`b ukg_]gcl m`p
_kdg`c d[fd v`k_] c`d u\ fjj\adfu_\ fd d[\ c\td m[ged o
d[\ dgb \ v gc]`v gm gcjh\fm\] `e ý m\j`c]m ]khgcl d[\
`adgb gmfdg`c ah` j\mm �m\\ §lkh\ é� r

þ ÿSU X�� à�á� V� Sÿ��
sc d[ gm afa\h o j_fmmgjf_ x\c\dgj y _l`hgd[b m fc] û^`p
_kdg`cfhn {`bakdfdg`c ahgcjga_\m mkj[ fm ]\mjhgu \] gc
d[\ _gd\hfdkh\ �x`_�� o � gj�Ý� fh\ km\] r Z[\ f_l`hgd[b
gm km\] \^\hn ÷ b gckd\m `c d[\ ah`u_\b ]\§c\] gc
m\jdg`c Ý ré r

D QG ,!3! (3 -%3- '

|khgcl \fj[ `adgb gmfdg`c ah`j\mm o \fj[ fghjhfed dhfp
q \jd`hn gm ]\mjhgu \] un é ckbu\hm �� o ñò o ñ� � r � gm d[\
ckbu\h `e d[\ afd[ ç fm ]\dfg_\] gc m\jdg`c Ý rÝ o f__
d[\ f_d\hcfd\ afd[m _\cld[\cgcl d[\ fghjhfed dhfq \jd`hn
_\mm d[fc m`b\ ]gmdfcj\ jfc u\ gcgdgf__n j`bakd\] fc]
m`hd\] r Z[\ fghjhfed b fn [`_] a`mgdg`c fd ñò fc] h\p
mkb \ dft g fd ñ� �ge ñò � ñ� o d[\ fghjhfed ]`\m c`d md`a� r
� [\c � fghjhfed fh\ mgbk_dfc\`km_n dftggcl o d[\ ah`up
_\b gm ]\§c\] un é� ^fhgfu_\m r

D QK 4 $3"'(( 6-"%3$*"

Z[\ §dc\mm ekcjdg`c bkmd \cmkh\ d[fd f m`_kdg`c v gd[p
`kd fcn j`c�gjd gm f_vfnm u \dd\h d[fc f m`_kdg`c v gd[ f
j`c�gjd r {`cm\æk\cd_n gd vfm ]\jg]\] d[fd d[\ §dc\mm
`e f m`_kdg`c v gd[`kd j`c�gjd m[`k_] u \ _\mm d[fc �� fc]
d[\ §dc\mm `e f m`_kdg`c v gd[ f j`c� gjd b`h\ d[fc �� rZ[\ ]g�\h\cd j`c�gjdm u\dv\\c \fj[ afgh `e fghjhfed jfc
u\ gc gdgf__n j`bakd\] gc f �� �� � b fdhgt �m\\ dfu_\ í� r
y j`c�gjd ]khgcl é dgb \ md\am u\dv\\c fghjhfed � fc]
	 m\dm \_\b \cdm �� 
 	 � fc] �	 
 �� d` é r û _\b \cd �� 
 �� gm
§ __\] v gd[ d[\ dhfq \jd`hn _\cld[\c gcl ]k\ d` d[\ afd[
j[`m\c fc] [`_]gcl dgb \ �ñ� � ñò � r
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Zfu_\ íç   gdc\mm bfdhgt

� mgcl d[\ §dc\mm b fdhgt 
� o gd gm a `mmgu_\ d` j`bakd\
d[\ §dc\mm ^f_k\ fm e`__`v m ç
se d[\ b fdhgt gm ]gfl`cf_ ç

� � í
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í
í � ����ò 
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û_m\ ç
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Z[\ j`c�gjd h\m`_kdg`c ah`u_\b gm afhdgf__n m\afhfu_\
fm ]\§c\] gc �|y�� o |y��ï� r sc `h]\h d` gcjh\fm\ d[\
ah`ufug_gdn `e ah`]kjgcl j[g_]h\c v gd[ f u\dd\h §dc\mm
d[fc d[\gh afh\cdm o ahgcjga_\m faa_g\] gc �|y��� v\h\
faa_g\] r  `h \fj[ fghjhfed � `e f a`ak_fdg`c \_\b \cd o
f _` jf_ §dc\mm �� ^f_k\ gm ]\§c\] fm d[\ mkb `e d[\
��� _gc\ �`h j`_kbc� `e d[\ §dc\mm bfdhgt �\tj\ad d[\
]gfl`cf_ \_\b \cd� r

�� � �� �� � 
 � � 
 	
Z[\ jh`mm`^\h `a \hfd`h gm ah\m\cd\] `c d[\ §lkh\ ì r
  ghmd dv` a`ak_fdg`c \_\b \cdm fh\ hfc]`b _n j[`m\c r
 `h \fj[ afh\cd ê fc] � o §dc\mm ê � fc] � � `e fghjhfed
� fh\ j`bafh\] r se ê � � � � � o d[\ j[ g_]h\c v g__ dfw\
fghjhfed � `e afh\cd ê r se �� � ê � o d[\ j[g_]h\c v g__ dfw\
fghjhfed � `e afh\cd � r se ê � � � � j[g_]h\c hfc]`b _n
j[``m\ fghjhfed ê � `h � � `h \^\c f j`bugcfdg`c `e ê �fc] � � r
D QO 1 -3!3$*" *8 ' !3* 
 `h \fj[ jfc]g]fd\ d` bkdfdg`c o afhfb\d\hm `e fc fghp
jhfed [f^gcl `c\ `e d[\ v`hmd _` jf_ §dc\mm fh\ b`]g§\]
�� 
 ñò 
 ñ� � r se \^\hn j`c�gjd gm m` _^\] o fc fghjhfed gm hfcp
]`b _n j[`m\c fc] gdm afhfb \d\hm j[fcl\] r
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 glkh\ ì ç {h`mm`^\h `a \hfd`h

Z[\ jh`mm`^\h fc] bkdfdg`c `a\hfd`hm fh\ æk gd\ ]\p
d\hb gcgmdgj fd d[\ u\lgccgcl u\jfkm\ d[\h\ fh\ b fcn
j`c�gjdm d` m`_^\ r Z[\n e` jkm `c b fwgcl e\fmgu _\ m`_kp
dg`cm r � [\c d[\ m`_kdg`cm v gd[`kd j`c� gjd faa\fh gc
d[\ a`ak_fdg`c o d[\n u\j`b \ _\mm ]\d\hb gcgmdgj r

D QO QG C�! $";
Z[\ ah`u_\b gm ^\hn j`bugcfd`hgf_ fc] b fn [f^\ b fcn
_`jf_ `adgb f r sc `h]\h d` ah\^\cd d[\ f_l`hgd[b eh`b
f ah\b fdkh\ j`c^\hl\cj\ o d[\ m[fhgcl ah` j\mm gcdh`p
]kj\] un � gc fc] x\hb fn ��x�é� gm km\] r Z[\ j`b p
a_\t gdn `e d[gm m[fhgcl ah` j\mm [fm d[\ lh\fd f]^fcdfl\
d` u\ gc � _`l �� � �gcmd\f] `e � � e`h j_fmmgjf_ m[fhgcl� ge
� gm d[\ mgü\ `e d[\ a`ak_fdg`c r
y ]gmdfcj\ u \dv\\c dv` j[h`b`m`b \m bkmd u \ ]\§c\]
d` gba_\b \cd f m[fhgcl ah` j\mm r |\§cgcl f ]gmdfcj\
u \dv\\c dv` m\dm `e � dhfq \jd`hg\m gm c`d ^\hn mgba_\ r
sc d[\ \ta\hgb \cdm o d[\ e` __`v gcl ]gmdfcj\ gm km\] gcp
dh`]kj\] ç

� �ê 
 � � � � �� ò !"# $ "% $ !�
"# $ �h\ma "% $ � gm d[\ ��� fghjhfed afd[ _\cld[ `e j[h`b`p
m`b \ ê �h\ma � � r y m d[\ afd[m fh\ m`hd\] fjj`h]gcl d`
d[\gh _\cld[ o d[\ ]gmdfcj\ gcjh\fm\m v gd[ d[\ ]g�\h\cj\
`e _\cld[m r

D QF :".$"; % $3' $!

ym dgb \ d` m`_^\ f ah`u _\b gm _gb gd\] o d[\ ckbu\h `e
l\c\hfdg`cm gm _gb gd\] o fm e`__`v m ç fm _`cl fm c` f^fg_p
fu _\ m`_kdg`c gm e`kc] o d[\ ckbu\h `e l\c\hfdg`c gm _gb p
gd\] d` íðð r Z[\ f_l`hgd[b gm md`aa\] Ýð l\c\hfdg`cm

fed\h d[\ §hmd fjj\adfu_\ m`_kdg`c �v gd[ c` h\b fgcgcl
j`c�gjd � gm e`kc] r

& '(� áW�â á�VXà WáU� àVU

Z[\ \ta\hgb \cdf_ h\mk_dm ah\m\cd\] gc d[gm m\jdg`c [f^\
u\\c j`bakd\] v gd[ h\f_ � gl[d a _fcm `c f j`ba_\d\ ]fn
fd z`gmmn y gha`hd �� fn ÝÝ�) í���� r |khgcl d[fd ]fno
m`b \ fghjhfed _fc] o `d[\h fghjhfed dfw\ `� fc] m`b \
fghjhfed _fc] fc] dfw\ `� r y ghjhfed fh\ fmmglc\] d`
d\hb gcf_m fjj`h]gcl d` d[\ fgh_gc\ d[\n u\_`cl d` �e`h
\tfba_\ fc ygh  hfcj\ � gl[d gm fmmglc\] d` z`gmmn Ý� r
� [\c dfwgcl `� `h _fc]gcl o fghjhfed fh\ hfc]`b _n fmp
mglc\] `c\ `e d[\ dv` hkcvfnm r Z[\n fh\ m\æk\cj\]
`c hkcvfnm \^\hn b gckd\ kmgcl d[\ §hmd gc §hmd `kd
ahgcjga_\ r
Z[h\\ [na`d[\m\m fh\ ]`c\ ç

* gc d[\ + !".*î �58 *3�'($(, o dfwgcl `� fc]
_fc]gcl fghjhfed fh\ hfc]`b _n f__` jfd\] u`d[ hkcp
vfnm r

* gc d[\ +.'3' î $"$(3$% �58 *3�'($(, o dfwgcl `�
fc] _fc]gcl fghjhfed fh\ f__` jfd\] d[\ hkcvfn d[fd
b gcgb gm\m d[\ ]gmdfcj\ d` d[\ f__` jfd\] afhwgcl r

* gc fc +î $..+' �58 *3�'($(, o dfwgcl `� fghjhfed
fh\ hfc]`b _n f__` jfd\] u`d[ hkcvfnm fc] _fc]gcl
fghjhfed fh\ f__` jfd\] d[\ hkcvfn d[fd b gcgb gm\m
d[\ ]gmdfcj\ d` d[\ afhwgcl r

Z[\ d[h\\ [na`d[\m\m fh\ d\md\] v gd[ d[\ l\c\dgj f_p
l`hgd[b r Z[\ _fmd [na`d[\m\m gm d\md\] v gd[ f ípd`pc
mdhfd\ln d[fd km\m fc ê ë f_l`hgd[b ç fghjhfed fh\ m`hd\]
fjj`h]gcl d` d[\gh dgb \ `e ]\afhdkh\ `h fhhg^f_ o \fj[
fghjhfed dhfq \jd`hn gm d[\c `adgb gm\] j`cmg]\hgcl ah\^gp
`km fghjhfed dhfq \jd`hn fm f j`cmdhfgcd r

O QG &! !î'3' (
* øù � íÝ-�
* ý � ÷ � é-�
* ~`ak_fdg`c mgü\ ç éðð

* �ft ckbu\h `e l\c\hfdg`cm ç íðð

* {h`mm`^\h hfd\ ç ïð.
* �kdfdg`c hfd\ ç íó.
* }\_\jdg`c ahgcjga_\ ç md` j[fmdgj h\b gc]\h v gd[`kd

h\a_fj\b \cd



0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50 60

to
ta

l d
el

ay
 (s

ec
on

ds
)

number of aircraft on taxiways

middle assumption - 1 to n method (A*)
deterministic assumption - global method (AG)

middle assumption - global method (AG)
random assumption - global method (AG)

 glkh\ ó ç Z`df_ ]\_fn fm f ekcjdg`c `e d[\ ckbu\h `e fghjhfed `c dft gvfnm r

äna`d[\mgm b \fc ]\_fn b ftgbkb ckbu\h `e fghjhfed
 !".*î Lõ2 M Ýóó óó
.'3' î $"$(3$% Lõ2 M í�� ì�
î $..+' Lõ2 M í�ó ìï
î $..+' Lê ë M Ýôí ìó

Zfu_\ Ý ç � \fc ]\_fn fc] b ftgbkb ckbu\h `e fghjhfed e`h d[\ ]g�\h\cd [na`d[\m\m

O QK <*î8! $"; G03*0" 3* 3�' ;+*R!+ (3 !3';5

 glkh\ ó lg^\m d[\ b \fc ]\_fnm fm f ekcjdg`c `e d[\
ckbu\h `e fghjhfed b`^gcl `c d[\ dftgvfnm e`h d[\ ]gep
e\h\cd [na`d[\m\m r Z[\ í d` c b \d[`] kmgcl fc ê ë f_p
l`hgd[b ah`]kj\m b`h\ ]\_fnm d[fc d[\ l_`uf_ b \d[`]
kmgcl d[\ x\c\dgj y _l`hgd[b o v[fd\^\h d[\ j[`m\c [np
a`d[\mgm r
Zfu_\ Ý lg^\m e`h d[\ ]g�\h\cd [na`d[\m\m d[\ b \fc
d`df_ ]\_fn fc] d[\ b ftgbkb ckbu\h `e fghjhfed mgp
bk_dfc\`km_n b`^gcl r
Z[\ b g]]_\ [na`d[\mgm �xy� a\cf_gm\m _\mm fghjhfed
d[fc d[\ `d[\h [na`d[\m\m fc] f mb f__\h ckbu\h `e
fghjhfed fh\ b`^gcl fd f dgb \ r Z[\ hfc]`b [na`d[\mgm�xy � o v[gj[ gm ah`ufu_n b`h\ gc fjj`h]fcj\ v gd[ h\f_p
gdn �d[\ afhwgcl a`mgdg`c ]`\m l\c\hf__n c`d gc�k\cj\

d[\ hkcvfn f__` jfdg`c � o gm b `h\ a \cf_gmgcl �\fj[ fghp
jhfed gm ]\_fn\] í b gckd\ b`h\� r Z[\ ípd`pc mdhfd\ln
gm b`h\ a \cf_gmgcl e`h f ckbu\h `e fghjhfed d[fd gm c`d
ugll\h o v[gj[ jfc u\ \ta_fgc\] un d[\ v\fwc\mm `e d[\
mdhfd\lnr

O QD õ'"'3$% !+;* $3�î '9 %$'"%5

sc `h]\h d` `um\h^\ d[\ xy \i jg\cjno §lkh\ ï lg^\m
d[\ ckbu\h `e l\c\hfdg`cm h\æk gh\] un d[\ xy fm f
ekcjdg`c `e dgb \ r d[\ ]g�\h\cd a \fwm faa\fhgcl fd ô o
� o íð o íí fb fc] ó ab fh\ d[\ dhfi j a\fwm r   glkh\
ô m[`v m d[\ j`hh\_fdg`c u\dv\\c d[\ ckbu\h `e l\c\hp
fdg`c h\ækgh\] un d[\ xy fc] d[\ ckbu\h `e b `^gcl
fghjhfed `c d[\ lh`kc] r
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 glkh\ ï ç �kbu\h `e l\c\hfdg`cm �hfc]`b mdhfd\ln� fm f ekcjdg`c `e dgb \
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 glkh\ ô ç �kbu\h `e l\c\hfdg`cm �hfc]`b mdhfd\ln� fm f ekcjdg`c `e d[\ ckbu\h `e b `^gcl fghjhfed
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Z[gm ah\_gb gcfhn v`hw [fm m[`vc d[fd gd vfm a`mmgu_\
d` ukg_] f dft gvfn f]^gm\h gc `h]\h `adgb gm\ d[\ fghjhfed
lh`kc] dhfi j `c ugl fgha`hdm mkj[ fm z`gmmn {[fh_\m
]\ xfk__\ r se b fcn [na`d[\m\m [f^\ u\\c mgba_g§\]
gc `h]\h d` e` jkm `c d[\ f_l`hgd[b o gd jfc u\ c`dgj\]
d[fd d[\ b`]\__gcl jfc u\ gbah`^\] gc `h]\h d` dfw\
gcd` fjj`kcd ]g�\h\cd ma \\]m o kcj\hdfgcdg\m `c ma\\]m
\dj rrr v gd[`kd j[fclgcl d[\ f_l`hgd[b gdm\_e r  khd[\h
v`hw v g__ e` jkm `c d[\m\ gbah`^\b \cdm r x\c\dgj y _l`p
hgd[b m fh\ ^\hn \i jg\cd `c d[\ ah`u _\b fm d[\n m\fhj[
d[\ l_`uf_ `adgbkb `e d[\ ah`u _\b v[\h\fm f ]\d\hp
b gc gmdgj f_l`hgd[b mkj[ fm fc ê ë f_l`hgd[b jfc `c_n
h\fm`cfu_n u \ km\] v gd[ f ípd`pc mdhfd\lno v[gj[ gm
^\hn a``h r

5 á1áWá�YáU

�y�è�é� zf^gc]hf 6 r y[kq f o Z[`b fm 7 r � flcfcdg o
fc] 8fb \m å r èh_gc r 9 :;<=>? @ A=<BC DE :F
=>GC H AI =>J;EK B LMN HOO AJPL;J=MB r ~ h\cdgj\
äf__ o í��é r

�|y��� � r |khfc] fc] 8 r � r y __g`d r x\c\dgj
jh`mm`^\h `a \hfd`h e`h afhdgf__n m\afhfu_\
ekcjdg`cm r sc Q >=P::NJMI B =R ;E : ;E J>N LMMSLAT:M:;JP Q >=I >LKK JMI U=MR :>:MP:o í��� r

�|y� �ï� � gj` _fm |khfc] o 8\fcp� fhj y __g`d o fc]
8`m\a[ �`fg__\m r ykd`b fdgj fghjhfed j`c� gjd
h\m`_kdg`c kmgcl l\c\dgj f_l`hgd[b m r sc Q >=F
P::NJMI B =R ;E : VGKO=BJSK =M HOO AJ:N U=K F
O S;JMI C QE JALN:AO E JLr y{� o í��ï r

�x`_��� | rû x`_]u\hl r T:M:;JP H AI =>J;EKB JM
V:L>PE C WO ;JK JX L;J=M LMN Y LPE JM : Z:L>MF
JMI r z\f]gcl �y y]]gm`c �\m_\no í��� r

�xh`��� Z[\ ~h\md`c xh`ka r DHHY [:R :>:MP: Y LMF
SLAr Z[\ ~h\md`c xh`ka o í��� r

�äZ�ó� z\gc\h ä`hmd fc] ä`fcl Zknr TA=\LA
WO ;JK JX L;J=MC ] :;:>K JMJB;JP HOO >=LPE :B r
}ahgcl_\h o í��ó r

�s|y� ��� y rä s]hgm o å |\_jfgh\ o s ycflc`mdfwgm o � r|
äf__ o 8 r~ {_fhw\ o z r8 äfcmb fc o û  \h`c o
fc] y rz è]`cg r èum\h^fdg`cm `e |\afhdkh\
~h` j\mm\m fd 7`lfc y gha`hd d` }kaa`hd d[\
|\^\_`ab \cd `e |\afhdkh\ ~_fccgcl Z``_m r
sc ^MN _VH`a S>=O : H J> D>Lb P Y LMLI :F
K :M; [ c ] V:K JML> o èh_fc]` o |\j\bu\h
í��� r

�� gj�Ý� d �gj[f_\v gjü r T:M:;JP LAI =>J;EK B e ] L;L
V;>SP;S>:B f a g=AS;J=M Q >=I>LKB r }ahgcl\hp
^\h_fl o í��Ý r

�~\f�ì� 8k]\f ~\fh_ r h :S>JB;JPB r y]]gm`cp�\m_\no
í��ì r s}å� ç ðpÝð ípðóó�ìpó r

��x�é� i gf`]`cl � gc fc] �`\_ x\hbfnr y efmd
l\c\dgj f_l`hgd[b v gd[ m[fhgcl mj[\b \ kmp
gcl j_kmd\h fcf_nmgm b \d[`]m gc bk_dgb `]f_
ekcjdg`c `adgb güfdg`c r sc { rz r z\\^\m
z r  ry _uh\j[d fc] � r{ r }d\\_\ o \]gd`hm o jM
O >=P::NJMI B =R ;E : H >;Jk PJLA 9 :S>LA 9 :;B
LMN T:M:;JP H AI =>J;EK jM;:>ML;J=MLA U=MF
R :>:M P:C jMB\>SP? HSB;>JLr }ahgcl\hpl\h_fl o
í��é r


