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1-5!BC(&D(+?E&DGIS?F"4 1,GBC(& %&H#5I @);J(+=KC L6(5M H
2-&,?#()1$+N %,#;"-9HGIS?F"4 1,GBC(&HKC L6(5M=;J(+)#5I @H
3-1$+N &,?#(GIS,=J(+?#( *%5O89 1,GBC(&

PQ,)%& R)%,SLJ,T9:4/5/88R)%,SLJ,T9 U+)VW:2/8/88

12345
(+.D. XYHM+Z[\B9 '(/)(+. ,D1&,#',#DJ,C]=^(+N %& ,>_/9H`S *(5S==S(+H( *] %,?M,# %& (%)aE &,a!&+.^(+aN *,aN$&)a\H'(

&,K9)( b)`S @==9 c5d<9 +H&53.eM ^(+N *,N$&H)\H+FS f(5C( '()g;3h^(+aN *,N$&Pa#((+a. LaED.a=^(+aN *,,a>DD(%(&

1+N,>D*'$W %(&=P#( 1;3 &,-"B.( %&)95-A9 LJ,T9 @HeM ^(+N *,N$& c,dY *(5"i L./H,"O9 +.D@)(aQ+F9 ^(+N *,N$&H1;a3

P#(.(+.D()eM *,N$& /%5j"9 @H)LD1 (  eM *,N$& $H   k5\F9 )LD 1 (Q+F9H/       9 1&(& l+3 ,-C] m(+n?#( 15<C $ H  &53 .  @=a"o2>

  *,BC  ;3 ;>(5M 1&(&  ( LE ) 9 c5p%,p @H ,>&+.%,E ;C(5SDC($(+Q H;3,. L?3(&  .)\Hq-9 '(  +S),>&+.%,E @D*] / ) @?Q,2> %$&= C5a?8H %& 

 P#( ^(+N .  & Z%,Oi L.)+G/    ;OS '( 1&,A?#( ,. ) . Z[=     J$( ^(+N $ ^(+N *,N$& @= 9 LH   ,>%$& *(5SD 2> =C5?8H   /(%    *5"E ,S LE) %& ,-C] @?Q,

 d. ^(+N=    1&5. %(53& %, L. /P#( ,>%$& D $( )+8D ;OS ) &+E X .;.)@ #$=   d. Xr,d9 XY L8= 1&,# %,    ;3 ;>(5M +S . 2> %$&=C5?8H  ,a>&+.%,ED 

C($(+QH    1'5Y %& GIS      C,\9 Z,i[I( ,. sOS+9 t58i $ H &%(&  .   9 L826 *] '(H    *(5S  L.Y(+IH d9 = %& + X2Y $  ;9 /XTC)+) Z(+.,n9 /*(+<. P

L\O3 $ D,> ',N $ u+. $ c] &+E 1%,3( .( %&)9' @=L"/&%59 LC52C D\p5E Hi(;.( U$% LE H( %& ) *] %& LJ,T9 @ L. (+6(1;9]%&C = _ 1&%$]

P#( 1;3.  

  
   6)32 17,* %& :$( %$& /^(+N *,N$& /^(+N)+8D2> %$& /=C5?8HY(+I /H+A# .  
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* LOS,\9 1;"d)5C 1;""E :M /*(+-S =J$ *,.,=+KF)vi(9 wI,TS /=LBTC 1;\BC(& /&,9(&+ %(&+.DKC L6(5M 1,GBC(& =;J(+)#5I @H  
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1-=>2?>   
        0,a# %& +8)$( (% ^(+N t5-A91736     1(% l+aI ,a.     Ha8Y

  XW L8xd9 D(+.              La. LaE /&+aE Lar(%( y+OdaG=C5E D,a>
    PaQ,) LFa#5S v)%;aS)Ore 1990, Barnett 2005 .( %&

 ̂ (+I( D,=C&  P=F:$ /,9     PJ,Y $ ,>       &5a6$ HaC($(+Q D,>
   H9 LE P#( L?3(&   C] *(5S       1+aN Lai52!9 ,a. (% ,-   ,a>1  $ 

0,)  ,>2 0;9   &+E D',# .   1+aN /0,az9 D(+.   Ha9 ,a>   ;a"C(5S
*,BC   Z,9;M _E(+9 1;">&    0,) $ /HC,#%   1(% ,>    0,KS( D,>

;"3,. ,-C] *,=9.  
 D(+aa. ,aa) $ /^(+aaN Z[\Baa9 '( HaaM+. XaaY D(+aa.

1&,#    D',#   H9 /^(+N %& ,>_=J,C]       *] %& (% HS(+==`S *(5S
L.               c5da<9 ,a-C] '( Ha\) ^(+aN *,N$& LE /&%$] &56$
H9  &53 .       ̂ (+N *,N$& D$% +. HA8?n9 Z,T=T<S *5"E,S

P#( 1;3 t,!C( *] D,>&+.%,E $ .Vidyasagar (2003) 
           '( 1&,A?a#( ,. /^(+N *,N$& @?Q,) D(+. (% D+O6 H3$%

  aaaar(%( *] Haaaa?M%& {)+S,aaaa9 Paaaa#( 1&+aaaaE L .  
Hongyang (2008) $ ^(+aaaN *,aaaN$& '( *(+aaaG)& $ 

|8z9    D;".            La"=-. +=da9 HaY(+I D(+a. ;a=T9 HC5aJ&
1&+E 1&,A?#( ;C( .Hu (2008)  *(+G)& $  ̂ (+aN *,N$& '(
 X2Y L\O3         0;a9 D(+a. /D+-a3 XaTC$      7a=Q(+S D',a#

1&+E 1&,A?#( D+-3 ;C(.  
         %& 1&,A?a#( D(+a. (;a?.( HaeM ^(+N *,N$& t5-A9

aaN^(+ *'$ D,aa>     PaaQ,) LFaa#5S $ ;aa3 &,-"Baa=W %(&
)Caldwell 1961, Knodel 1969, Anez et al. 1996 .(

     1;)( *(5"i L. HeM ^(+N *,N$&     D(+. D(  Z[\B9 XY
                Pa#( 1;a3 &,-"Ba=W _a=C D'(5a9 0,a) $ La}5I &56$

)Winter, 2002 .(Winter (2002) D(+. ^(+N *,N$& '( 
0;9       M+ap La")_> D',#      aY(+I %& ,a>     _a=C +=da9 H

P#( 1&+E 1&,A?#( .  
            @a)( %& 1;a3 Lar(%( 1;)( D,"O9 HeM ^(+N *,N$&

  LJ,T9P#( .            *,aN$& q=>,aA9 LaJ,T9 @a)( t$&  an. %&
        P#( 1;3 1&(& ~=:5S X9,E %5I L. HeM ^(+N .  n.

          &%(& �,Ka?M( *] 1;)( D,"O9 $ *,N$& c,dY L. t5# .
         *,aN$& /^(+aN @=. X);OS HGC5Gp  n. @)( %&    D,a>  

M   *,N$& $ *] He         1;a3 ~)+BaS *] k5\F9 HeM D,>
P#( .            D,a>&+.%,E '( HaM+. &%5a9 %& t%,a-p  n. %&

       ;a3 ;a>(5M PO<a4 LJ,T9 @)( %& 1;3 Lr(%( q=>,A9 . '(
/L826          X);aOS $ ^(+N %& HC5?8=2> D,>%$& D,>&+.%,E 

     D+8)$( D,>%$& L. *]      Ha#%+. k5\F9 HeM *,N$& %&
H9  &53 .   LC52C q!"W  n. %&    D(     Lar(%( 0;9 LE D&%59

            1&(& ~=a:5S P#( 1;3 (+6( *] %& b=T<S @)( %& 1;3
             La!=?C La. +aM] XKaQ /Pa),-C %& $ �;3 ;>(5M    D+a=N

H9 �,K?M( ;.,). 1 2  
  

2-@AB +,'- "%-*! @C%D> 3   
  ^(+NG Li52!9        LAJ�9 $& X9,3 D()N,E (   %& LE P#(

 *]NLaai52!9    1+aaN '( H-S,aaC $ H>,aa"?9 D(  $ ,aa>E 
Li52!9  (        1+aN @=a. Ha)$&$& Z,I,OS%( '( D   Pa#,> .N  / 

 1+N Li52!9       $ ^(+N %& ,>E   0,a) Li52!9       ̂(+aN D,a>
 P#()Boundy, 1999 .(  
H9            ,a. HQ(+N /HeM ^(+N *,N$& LE &(& *,BC *(5S
HN�)$ P#( +)' D,> :  

 HaaN�)$1 :^(+aaN D$% +aa. qaa> *,aaN$& f5aaC @aa)(  D,aa>
P-6     P-6+=� q> $ %(&   t,!C( %(&    ,a9( �P#( HC;3  %& 

P-6 f5C b=T<S @)( P#( +jC;9 *] %(&.  
  HN�)$2 :             %& 1+aN 7a) /La=J$( ^(+N %& 0,) +> D('( L.

   HeM *,N$&)LD (     &%(& &5a6$ *]LD G( N E )! 
)Winter 2002 .(  

  HN�)$3 :       05I L. D,>+=d9 H9,2S D('( L.2   ^(+N %& 
/L=J$(              LaE &%(& &5a6$ *] HaeM *,N$& %& 0,) 7) 
P-6    Pa#( L=J$( ^(+N +=d9 D,?#(% %& *]  . Ha"F) :

D,>+=d9 L. 05I2 %& L=J$( ^(+NLDE ! )X\3 1.(  
  HN�)$4 : 0,) *'$          '( HF.,S ,. /^(+N HeM *,N$& %& ,>

0,) *'$ D$% H9 LO#,<9 L=J$( ^(+N %& ,> &53.  

                                                           
1. Node 
2. Arc 
3. Linear Dual graph 
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 X\31 . L=J$( ^(+N),M �C%D+?dE ( *] HeM *,N$& 1(+2> L.

)H\B9 �C%(  

  =3EF2-1:        05I L. +=d9 +> D('( L. k "! 2  7) /
     05I L. +�,"?9 +=d9k  1       &5a6$ *] HeM *,N$& %&

 &%(&)Winter, 2002 .(  
  05aaI Laa. D,>+=daa9 &(;aaFS2 (% Laa=J$( ^(+aaN %& 

H9      & *(5S D$% '( *(5S     m(+n?#( *] Z%$,!9 {)+S,9 t$
&+E .   Z%$,!9 {)+S,9A     ̂(+N %& / G       +a)' Z%5a4 La. 

H9 g)+FS &53 :  
 1+N +N(    D,>G   ,. nV ,V ,..., V1 2     /&5a3 1&(&  ),2C 

     Hd)+S,9 *] Z%$,!9 {)+S,9n×n      La)(%& LE P#( ijA 
     0,) &(;FS ,. P#( +.(+. *]     LE H),>iv    L. (% jv   XKa?9 

P#( 1&+E.  
Winter (2002)    D(+a. (% HaeM ^(+aN *,N$& 1;)( 

          H.,)+=da9 %& ^(+aN Z[\Ba9 H�F. +. *;9] br,Q    ,a>
   q?)%5GJ( (+)' �P#( 1&+E Lr(%(     *5ao2> H.,)+=da9 D,a>

 H2C (+?d!)(&     ̂(+N D$% +. ;"C(5S      D(%(& LE H),>  La}5I
  D'(59 0,) $    ;C53 (+6( ;C( .        Pa#( @a\29 /@a)( +. 1$[i

        HaY(+I Z,i5a:59 $ Xr,da9 '( H\) H.,)+=d9 f5:59
             ;a9 LeTC $& @=. +=d9 05I sTQ ,-C] %& LE ;3,. +A#

 ;3,OC +jC .  /0,z9 *(5"i L.       ;)+=G. +jC %& (% D+G3&+N 
            $ ;"E f$+3 (% &5M Z+Q,d9 LeTC 7) '( &%(& ;K} LE

  ,. '( ;F.          &&+aN ',. 0$( LeTC L. +G)& LeTC ;"p '( ;)&' .
       Ha2C (% H8r,da9 @=a"p H.,)+=d9         '( 1&,A?a#( ,a. *(5aS

      &(& t,!C( L=J$( ^(+N %& (+?d!)(& q?)%5GJ( .     +ajC La. ,9(
Winter (2002)H9 HeM ^(+N *,N$& /  1(% ;aC(5S   Ha8Y

   ;3,. X\B9 @)( D(+. .1(%        D(+a. HeM ^(+N *,N$& XY
Xr,d9 @)( '( HM+. X\3 %& 2P#( 1;3 1&(& *,BC .  

  
3-@AB +,'- "%-*! .%/0   

       1+N &(;FS /HeM ^(+N *,N$& HN�)$ @=9$& b.,e9    ,a>
    0,) &(;FS +.(+. *,N$& %&       Pa#( L=J$( ^(+N %& ,> .  7a")(

        da9 /*] *,aN$& L. ^(+N X);OS L8xd9x    %& k5a\F9 L8
  H9 L?Q+N +jC     H9 �+Q H"F) �&53      &5a659 ^(+N &&+N
   *,N$& /L=J$(            %& LaE �;a3,. 05a-!9 ^(+aN 7a) HeM

          &5a2C ;a>(5M �% L=J$( ^(+N @==FS L8xd9 ,. L!=?C .  ,a.
        Ha9 X\a3 *,N$& c,dY /L=J$( ^(+N m(+n?#(     $ &+a=N

H9        HOJ,a6 $ D&+.%,aE v),a?C La. *] '( 1&,A?a#( ,. *(5S
;=#%.  

 ,. ^(+N *,N$& +N(LD*] /&53 1&(&  ),2C  1,N :  
 Le.(%)1(  

mLD ... LD LD  # # # # 1  
  nLD LD ... LD# # #1 2  

  

  
 X\32 . ^(+N Z[\B9)D+?dE,M �C% (1(% $ (+?d!)(& q?)%5GJ( D(+.  *] HeM *,N$& XY)H\B9 �C% (  

S*,BC   $ f$+3 LeTC 1;">&t*,BC   P#( +A# *,),W LeTC 1;">&)Winter, 2002.(  

2

1 3
a  b  
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  !!"#$% %&)1( 'LD $(!!) *+!!,- '&.!!/.0 1 LD1 
 '*2 3!!"4 *+!!)5&LD2 3!!"4 *+!!)5& LD1 'iLD 

    3!"4 *+)5&iLD  1  6!7$  .LD 1        !8 6!7$ 3!9$() 
     .0 1$() (#$(# *2 3"4 *+)5&    :;5$ &./)   3!<=>LD  (

67$ .LD 2           (!#$(# *2 3!"4 *+!)5&  !8 6!7$ 39$() 
LD 1    5 67$ iLD         *2 3!"4 *+)5&  8 67$ 39$() 
 (#$(#iLD !167$ .  

  /0123-1 :  - ?$@$  #        A.!B +!# (:C!0 (k i" !1 '
(i )" 1      :;5$ 1$() %& LD       A.B +# (D+<E0 (:C0 F> '

k-I %& iLD&%$& &./5  .  
3#45! :    30 *+)5& 3)G>5 H:0.7 @$     #  8 I:J$&   ?$@$

      1$() %& 5& A.B  # (:C0 (-     A+> F>  :;5$ )     !# (:C!0
 F> A.B (        &%$& &.!/5 *2 3!"4 *+!)5& %& .  'H>$(#+!<#
 (:C!!!0k ke ,e ,e ,...,e ,e 1 2 3 1  !!!:;5$ 1$(!!!) %& LD  

 (:C!!0 +!!# (D+!!<E0ke ,e ,..., e  
1 1 1
1 2 1 %& LD1 ' +!!# (D+!!<E0

 (:C!!!!!0ke ,e ,..., e  
2 2 2
1 2 2 %& LD2 +!!!!!# (D+!!!!!<E0 5 

i i i
k ie ,e ,..., e  1 2 %& iLD67$  .(D+<K H>$ %& :  

  
   k k ke e ,e ,e e ,e ,e e ,e   # # #1 1 1

1 1 2 2 2 3 1 1  
e e ,e e ,e ,e # #2 1 1
1 1 2 1 2 3  

e e ,e e ,e ,e# #2 1 1
2 2 3 2 3 4  

   k k k k k ke e ,e e ,e ,e     # #2 1 1
2 2 1 2 1  

i
ie e ,e ,..., e !#2 2 3 2' i

i ie e ,e ,e ,e ! #1 1 2 1  
i
k i k i k i ke e ,e ,..., e   !# 1  

  
  /0123-2 :          A.!B +!# (:C!0 (- ?$@$  #k " 1  %& 

iLD A.!!B +!!# (D+!!<E0 (:C!!0 F!!> 'k !1 %& iLD  1 
%$& &./5&.  
3#45! :         *+)5& L.7 3)G>5  #  /.K +# M:J  :NO H>$

P+QR$               (!- ?$@$  !# 3!)G>5 H!>$ S!QB $(>@ '67$ 3JTU
                *+!)5& %& A+!> F!>  !:;5$ 1$(!) %& 5& A.B  # (:C0

   &%$& &./5 *2 3"4 .           *+!)5& %& A+!> (!- ?$@$  !# VW
                &.!/5  !:;5$ 1$(!) %& 5& A.!B  !# (:C!0 F!> 3"4

6U$& T-$.4.  
  

 ' 0$&$ %&  $TE#$      X$(YE!7$ Z.[J LD1   ?5% @$ LD  5 
LD 1 ?5% @$ LD 3!!0 Z&$& \(!!U   %& V]!!7 5 &.!!U

       (!!8^  _`C!0 H!>$ ?+!-&(#%+8 @$ 3!4(# '?T!=# a!Y#
TU T-$.4 .  

  
3-1- 6!)789! iLD :! iLD  1  

     3)G>5 F,8  # 6,CO H>$ %&       3!"4 1$() *+)5& ?+-
        X$(YE!7$ Z.[J 'ZTU &+> ?+>+NO 5LDi    ?5% @$ iLD  1 

   3!0 Z&$& \(U   &.!U .        *2 X$(YE!7$ 3bJ.!bc 5 d!e$(0
67$ P%.f H>T# :  

1-              &$T!=K '1$(!) *+!)5& L5& 3!)G>5  !#  /.K +#
Z()  ?+- LDi  30 X$(YE7$   &.U .    (!#$(# %$Tg0 H>$

A+> &$T=K +#  ?+-iLD  167$ .  
2-  A+> &$T=K    ?+-iLD         @$ L.!7 3!)G>5  #  /.K +# 

 !!>$%& h.!!,i0 ?5%   V>(K+!!0 L5& *$.!!K ?+!!-
 P%5+i0iLD  1 #  30 67& T>2. 

3-          :N!O  !#  !/.K +#2-1   5 3-2         !#  !/.K +!# 5 
Z()      A+> ?+jEJ$ 5 $TE#$ ?+-     %& +-iLD  1   5 $TE#$ '

 %& A+> (- ?+jEJ$iLD30 kYl0  &&() . 
 HU5% ?$(#            (!>@ A+!m0  # 'ZTU (8^ de$(0 *TU (K

 T:<8  /.K .       :;5$ 1$()  8 T:<8 n(9LD    ZTU Z&$& 
 67$) doU3( *2 %&  8 '  

G {N, E}   N (n ,n , n , n ),# # 1 2 3 4  
E {(n , n ), (n , n ), (n , n ), (n ,n ), (n ,n )}# 1 2 1 3 2 1 2 2 4 1

    :;5$ 1$()(LD )  67$  .  doU3      $% 1$(!) H>$ a>+,J 
30 *+lJ T-& .  

  

  
 doU3 . :;5$ 1$()  

n1  
n3  

n4  
n2  
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n

n

n
n

V

V

V
V

2

V

V

V

V

V

V

V

V

           !_e(0 S!QB $T!E#$ '1$(!) *+!)5& I:7(K ?$(#   1'  
  Z(!) &$T=K       1$(!) ?+!-LD1     3!0  Q!7+[0 $%    I:!<8 . @$

           (!#$(# +!jJ2 &$T!=K *+!)5& L5& 3)G>56     !# Z(!)     6!7&
30  T>2 .      A+!> &$T!=K L5&  _e(0 %&       1$(!) ?+!-LD1  @$ 

    !>$%& h.,i0 ?5%           P%5+!i0 V>(K+!0 L5& *$.!K ?+!-
 1$()LD 30 X$(YE7$  &&() .  

  

A   A

$ % $ %
& ' & '
& ' & '# #
& ' & '
& ' & '
( ) ( )

1 2

1 1 1 1 1
1 1 1 1 1

1 1 1
1 1 1

   
   

     
     

  

  

    i:EJ %&LD1     &$T!=K  # 10      6!U$& T!-$.4 A+!>  .
   Z() *&(8 kYl0 ?$(#           %& A+!> (!- ?+jEJ$ 5 $TE#$ ?+-

LD1     :NO SQB 3-2 30            %& A+!> (!- ?$@$  #  8 I:J$&
LD1      A.B  # (:C0 F> 2   %& LD       V!W p&%$& &.!/5 

        %& A+> (- ?$(#  8 67$ 39+8LD   A+> (b>& '     8 3>+-
              Z&.!# (!qJ &%.!0 A+!> ?+jEJ$ Z() (#$(# +jJ2 ?$TE#$ Z()

67$'  &&() 3>+7+<U  .         %& T!>+# '&.!U 6!9+> ?&%.0 ()$
LD1               5 (!qJ &%.!0 A+!> +# (D+<E0 Z() 5& H:# A+> F> 

    &&() I7% ZTU 3>+7+<U A+> .     1$() %& 'A+m0 *$.<r  #
  doU3          A+!> ?+!jEJ$ Z(!) *.!c '(n ,n )1 2     Z(!) (!#$(# 

   A+> ?$TE#$(n , n )2 4      %& T>+# VW '67$ LD1    A+!> F> 
 Z(!!!) @$V n n*1 1 2  !!!# V n n*6 2 4  &.!!!U I!!!7%   

)*    67$ *&.# (D+<E0 (bJ+:#  .(  doU4    3>+!jJ 3/5(4
30 *+lJ $% T-& .  

 30 3Ee$%  # A+e   a:!W d!e$(0 %$(oK +# *$.K    !Es)
  ?5%LD1 YE7$     'ZT!U X$(LD2         (!b>& P%+!Qr  !# +!> 

    3!"4 *+)5&LD1     &(!8 X$(YE!7$ $%  .   do!U5  'LD2 
 ?5% @$ ZT!!U X$(YE!!7$LD13!!0 *+l!!J $%  T!!-& . H!!>$

  30 $% de$(0   5 &$&  !0$&$ Z$.Y;& &$T=K  # *$.KLD  ?+!-
t%M# V>TJ$ +# &(8 X$(YE7$ $% (K .  

  
3-2- 6!)789! 1- LDi  !" #$ LDi  

       !"#$ %!"&'(! )*+, -./iLD  1    012 3! iLD   42*#5 
  65 2!"7 6(2"8  4"9$ .        :; %!"&'#(! 6<,*#<= 1 >#/!"5

?(! @2*A BCD8 :  
  

1(            !D#EF G:.#$14 H14 6#$IC1 J#8 J#K*F .8  -.#C 4    0.#L
iLD  1 J8    65 ?(4          )"#$ 4!D#EF "#8!"8 J#M DC;    0.#L

iLD?(!  .  
  

2(          J9N7 1 :.$14 H*( 6$IC1 J8 JK*F .83-2 )"$    0.L
 24 -.C "L 0.O',! 1 !D'8!iLD  1J8  65 ?(4 DC;.  

     )4!4 :.P,  !"$ G"'P98 B99QF 0!"8     >R#S 24 )DS 
6         J#9T1!  !"$ JRUC! V"W .8 !2 (LD )       "#X, 24 G?#(! 

DC"9<8 .  
  
  
  
  
  
  
  
  
  
  
  

 >RS4 ."X, 42*5 6YZ  !"$ :.$14  
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 >RS5 .J9T1!  !"$ GH14 J[/"5 :.$14  

  

  
 >RS6 . J9T1!  !"$(LD )   

!            J#M ?#(! \&P#5 -1! J#[/"5 ]Q^LD 1   B#C! 
 0!2!4  !"$6 -.C ))"$ 4!DEF J8  0.LLD  (?(! . 

!     )"$ H14 J[/"5 JC._ "8         0.#O',! 1 !D#'8! 0.L6   -.#C 
   65 \&P5 !2  !"$  `9UM .   ?#OK  !"$ 24     "#L G2!4

               J#M ?#(! 6#Ua9E5 0.#O',! 1 !D#'8! )"#$ 0!2!4 -.C
J8   :.bL c[9(1    65 \&P5 .L   4*#S .   G !"#$ 012 3!  
  

     J9N7 J8 JK*F .8 3-2      6YZ :.$14 H*( 6$IC1 1 
       3! 6'71 def5 JM ?(! \&P5V1     ?b#( J8 V2 

            -.#C 0.#O',! )"#$ DC.8 G42!4 4*K1 -.C gCV1  24 
LD 1     )"$ .8 "8!"8      -.#C 0!D#'8!V2   24 LD 1   .#8 
DS .            G44"#$ %!"&'#(! 4*#K*5 h#8!12 65.#bF "#$!
:; ?S!4 `9L!*Z ).$ :  
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E :.P,         1 -.C 6,.C._ )"$ )DUL4S :.P,      )"#$ )DUL4
 ?(! -.C 0!D'8! .65 `L .iUC! 24  "8 >/!"5 2!"RF .8 :!*F

  !"##$ 012 6##K1"Z(LD ) 1 GLD  jCD##,! .##8 0.##L
B9C._ 4"M %!"&'(! !2 "F.  
  

4-&).+,"&2   
4-1-        ". 89/:;<=() +=6:> ?*@AB LD     "!. C:, 

 ".  +<*!$LD 1  
D*+EB :       )"$ JbL 3! JM ?(! 0214 6,*'[9bL 214    0.#L

   2*Qk 2!"RF :1D8  !"$ DUM  .        -.#C J#, 6,*#'[9bL 214 24
65 2!"RF         "#Z; 1 -1! )1"#$ l#K J#'QT! # )"#$ J#, 1 4*S

)Haggkvist, 1981 .( JbL 3! JM ?(! 0214 0"[C1! 214
-.C     DUM 2*Qk  !"$ 0.L .      42!D#, 02!"RF -.C 0"[C1! 214

)"$ 6T1 65 .L  D,*S 2!"RF DU,!*F)Kenneth, 2006 .(  
  24GIS      #8 3.9, 02.9m8 42!*5 24      0.#L214 B9#9EF J

    42!4 4*K1 6,*'[9bL 1 0"[C1! .  G-.f5 :!*Uk J8    B9#S.5 
nbK     1 021;/       6#5 6F2*#A 24 J#T.83 >b      65.#bF D#,!*F
JT.83              "9m#5 2!"#RF :1D#8 !2 o"OS gC 24 4*K*5 0.L

)!2 JRQ##S J##M D##UM n##bK  214 0!2!4 o"O##S :; 0.##L
 DS.8 0"[C1! .        6#5 6F2*#A 24 6p'm#_ B9#UpbL    D#,!*F
 J5., 65.bF  .L      2*Qk :1D8 !2 4*Z 0      J#8 02!"#RF "9m5 3!

    >b/ JRQS JM D,.("8 Dqr5        :; 24 01 JM 0"OS >r,1
65 ?M"/ DS.8 6,*'[9bL 214 0!2!4 GDUM.  

             g#C 24 0"#[C1! 214 4*#K1 0!"8 6W.M 1 H3s t"S
 ?OK  !"$         -.#C 4!D#EF J#M ?(! BC! 2!4   1 04121 0.#L

DUS.8 "8!"8 )"$ "L 24 6K1"Z .)!2 :*UM.F .5! >/ 6EY7 
         )DP, :.98  !"$ 24 6,*'[9bL 214 4*K1 \9&PF 0!"8

?##(! .)!2 >##/      u*##, 3! :*UM.##F J[vm##5 B##C! 0.##L  
Np-complete ?(! )4*8 )Garey, 1983 .( >w.m5Np-

complete    )!2 JM DU'mL 6[w.m5         :.#53 J8 3.9, .O,; >/
          6#[9Z x!*#K y6'(24 :*53; BR9T G42!4 6,s*^ 2.9m8

   H.i,! nC"(65 4*S .C     J#8 J'm8!1 1  1"E5 >w.m5 3! 6R
    )214 )DUS1"W J[vm5 G6,*'[9bL 214       6#RC JM ?(! 4"$

 6bCD7 3!     J#U9O8 >w.m5 BC"F     J#8 03.#(     6#5 2.b#S   D#C; .
)!2  u*##, 3! l##9, J[vm##5 B##C! >##/Np-complete ?##(! 

)Eppstein, 2003 .()!2 >/     B#C! 0!"#8 :*UM.#F JM 6C.L
  )DS Jw!2! J[vm5       d.'Qm, x!*K z[{! GD,!  x*Z)    d.#51lT J#,

JU9O8 (   65 "8 24 !2  D,"9$ .       `'C2*#<T! 1 g#9',| `'C2*#<T!
)!2 BC! 3! 42*5 14 J=2*5 >/ DU'mL .L.  

  !"##$ 24 6,*##'[9bL 214 4*##K1 42*##5 24  l##9, .##L
           1 65*#bk ?T./ H!DM }9L .5! ?(! )DS :.98 6C.C.N7

 D,2!D, 6E5.K .      6#5 .C.N#7 BC! J[bK 3!        J9N#7 J#8 :!*#F
  o!"#C4)Deleon, 1999 (     J##8 41D#+5 J#M 4"#M )2.#S!
 !"$ L  ?(! ~.Z 0. .     65 )4!4 :.P, �&8 BC! 24   4*S

 65 JM         !"$ 24 6,*'[9bL 214 :!*FLD     214 012 3! !2
   24 0"[C1!LD 1       )!2 z9F"F BC! J8 1 4"M %!"&'(!    >#/

 !"###$ 24 J[vm###5 B###C! ?###OK 0.###L ?###T./ 3! 2!4   
Np-complete  65 %2.Z   44"$ .      :.P#, G"#<C4 @2.#Qk J8

 65 )4!4            24 6,*#'[9bL "9m#5 J#M 4*#SLD     214 J#8 G
 24 0"[C1!LD 165 -D8  44"$.  
F&::AG$ : J9N##7 ]##Q^ "##8 ds1!3-2 3! J##'W"$"8 J##M 

          "9m5 "L 0!3! J8 G?(! 6YZ  !"$ :.$14 H*( 6$IC1
   -*^ J8k " 1   24 LD        -*^ J8 :; .8 "�.U'5 0"9m5 G

k #1  24LD 142!4 4*###K1  .  214 �###C"EF ]###Q^"8
       .#8 6#W!"$ "$! G6,*'[9bLN       6,*#'[9bL 214 0!2!4 )"#$ 
      -*^ J8 0214 DC.8 GDS.8N   24 ;     D#S.8 J'#S!4 4*#K1 :

)"$ JbL 3! JM     g#C # "#Z; 1 -1! )"$ lK # .L    2*#Qk 2.#8
DUM .     J9N7 ]Q^ "8 j_3-2        214 B#C! .#8 "�.U'5 "9m5 
  24LD 1    -*^ J8N #1  4*8 DL!*Z  .  H14 6#$IC1 ]Q^

         24 )"$ "L 0!3! J8 :*= G6YZ :.$14LD      -.#C g#C 
  24LD 1            c#bL 3! J#M 6,*#'[9bL 214 j_ G42!4 4*K1 
)"$     24 .LLD        -.C JbL 3! d!"�.U'5 G?(! )4"M 2*Qk     .#L
  24LD 1  65 2*Qk     DUM .        G�#C"EF ]#Q^ "#8 J#M .#i,; 3!

    -.C JbL 3! JM 0214   24 .L    65 2*Qk  !"$ gC      214 D#UM
65 @.Q�! J9N7 H3s t"S BC!"8.U8 G?(! 0"[C1! 4*S.  

         >RS J8 t*8"5 -.f5 Gz[Y5 :DS BS12 0!"87  !2 
 D###C"9<8 "###X, 24 .  >R###S  !"###$ 247- 214 �###T!

V V V V V V V1 2 4 5 6 3 1    ?(! 6,*'[9bL 214 n7!124  . "$!
 >R##S  !"##$ 24 4*##K*5 6,*##'[9bL 2147- .##8 !2 �##T!

.C-          >R#S  !"$ 24 :; "�.U'5 0.L7-  0.#K x    02!�#$
?S!4 `9L!*Z G`9UM :  
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 >RS7 .�T! ( J9T1!  !"$(LD ) x G ( :; �*RE5 :.$14(LD ) 1  

  
(V n n ,   V n n ,    V n n ,   V n n ,$ $ $ $1 1 2 2 2 1 3 4 1 4 1 3  
V n n ,    V n n )$ $5 3 2 6 2 4  
V V V V V V V n n n n n n n n$1 2 4 5 6 3 1 1 2 1 3 2 4 1 2  

:.bL  *^    6#5 JX/e5 JM 2        24 6,*#'[9bL 214 G4*#S
LD -.##C 65.##bF G   24 4*##K*5 0.##LLD 1 "##8 24 !2 
65  4"9$ .     24 214 BC! j_LD 1      >CD#QF 0"[C1! 214 J8 
65  4*S .          214  !"#$ g#C JRUC! 0!"8 H3s t"S BC!"8.U8

 !4 6,*#'[9bL  6##YZ :.##$14 J##M ?#(! :; GD##S.8 J'##S
           214 :!*#', "$! !"C3 �DS.8 J'S!4 0"[C1! 214 :; �*RE5

   24 0"[C1!6b, d.UvbY5 G?W.C �*RE5 6YZ :.$14  :!*F
          )"#$ 65.#bF 3! JM ?W.C J9T1!  !"$ 24 0214      2*#Qk .#L

DUM .  
  65 :.P, -./          ?(! H3s .OUF J, t"S BC! JM `9L4

   ?mL `L 6W.M JR[8 . 65 V"W  UM  24 J#M `9LD 1 214 
    :; 1 42!4 4*K1 0"[C1!    65 :.P, ).$       24 d.#b'/ JM `9L4

   !"$LD      42!4 4*K1 6,*'[9bL 214 gC  .BC!     !"$ 2.8
  >RS7-   DC"9<8 "X, 24 !2 x . :.#bL     J#X/e5 J#M 2*#^
65  G4*S            #EF !"#C3 G?#(! 0"[C1! 214 0!2!4  !"$ BC! 4!D
-.C               ?#(! "#8!"8 :; )"#$ "#L 24 6K1"Z 1 04121 0.L .

n n n n n n n1 2 1 3 2 4 1        ?#(!  !"$ BC! 24 0"[C1! 214 gC  .
               65.#bF 0!3! J#8 :.#$14 H*#( 6#$IC1 ]Q^ JM .i,; 3!

 J8 0.L"9m5           :.$14 24 "9m5 ?OK 24 -.C gC G14 -*^
              )"#$ .#8 !2 s.#8 0"#[C1! 214 G42!4 4*#K1 :; 6YZ   0.#L

 "�.U'5 24 :;LD 65 BCl<C.K  `9UM .  

(n n n V V , n n n V V , n n n V V ,$ $ $1 2 1 1 2 2 1 3 2 4 1 3 2 4 5  
n n n V V ,   n n n V V )$ $3 2 4 5 6 2 4 1 6 3  
n n n n n n n V V V V V V$1 2 1 3 2 4 1 1 2 4 5 6 3  

:.bL         6#5 J#X/e5 J#M 2*#^        24 0"#[C1! 214 G4*#S
LD 1         24 6,*#'[9bL "9m5 gC .8 "�.U'5 LD    ?#(! 

   )"$ 65.bF >5.S JM   65 .L  4*S .      "9m#5 0!D#'8! )"$ "$!
              214 J#8 >CD#QF 6,*#'[9bL "9m#5 G44"#$ 2!"RF .O',! 24

  DS DL!*Z 6,*'[9bL .    )"#$ 3! JM ?(! :; "5! BC! J53s
            4*Z BC! JM DS.8 J'S!4 4*K1 -.C gC -1! )"$ J8 "Z;
              :.#$14 H*#( 6#$IC1 ]#Q^ "#8 !"C3 G?(! 6OCD8 0"5!

 $ 6YZ        J#8 0.L"9m#5 65.#bF 0!3! J8  !"      24 14 -*#^
            3! 1 42!4 4*K1 :; 6YZ :.$14 24 -.C gC J9T1!  !"$

     "9m#5 JM .i,;n n n4 1 2      !"#$ 24 LD 1    G42!4 4*#K1 
         -.#C :; .#8 "�.#U'5 j_V V3 1       :; 6#YZ :.#$14 24 

(LD )  ?#####S!4 D#####L!*Z 4*#####K1  . BC!"8.#####U8
V V V V V V V1 2 4 5 6 3 1        J#9T1!  !"#$ 24 6,*'[9bL 214 

?(!.  
        J#M 6F2*#A 24 G)D#S :.98 zT.Y5 ]Q^"8 GBC!"8.U8
          :; GD#S.8 J'S!D, 0"[C1! 214  !"$ gC �*RE5 :.$14

?##S!4 D##L!*&, 6,*##'[9bL 214  !"##$ . "##$! B9##UpbL
    [C1! 214  !"$ �*RE5 :.$14      !"$ :; GDS.8 J'S!4 0"

 214 .##8 "�.##U'5 J##M 4*##8 D##L!*Z 6,*##'[9bL 214 0!2!4
     ?(! :; �*RE5 :.$14 24 0"[C1! .     "#$! JM ?(! `[m5
        24 0"[C1! 214 gC 3! "'P98 :!*'8LD 1  :; G?W.C     ).#$
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LD            !"#$ %!&#'( )*'!+,-.& /0$ 12 3# 4+5-6  .  7!6
          /$ )*'!+,-.& /0$ $#%!89 :4!;2$ </=>?LD      =!6 4!6#46 

 /$ @4!!,20# /0$ $#%!!89LD 1 !!A#  . /$  !!A# B!!C.D
LD 1   E4F =2 E4F            7+!"#$ $'!G0 7!H'I J=2 @#/#$ )2=&
  %K"=6)  LC"8 .(  7H'I B-KM $'G0       /0$ N'!OPD =6 )2=&

0#$/#%* QH=K9 @4,2 .  
            @#4!6 E%!" 7R#/# S0/ /$ 7T $/#$ $'G0 U=CD# B2#

  V#4W+A#LD 1        J'I 76 )2=&4-XD :7-Y0# Z#4F @0/ 3# 
2            )Y=2 =O*[ @#3# 76 7-Y0# Z#4F /$ 7T %"=6 7+"#$ $'G0 

  %"=6 7+"#%* $'G0 .      LC!" /$ 7,\XD B2#9    E$#$ U=5!* 
   !A# E%" .  +] :B2#46=!K6     /$ @4-X!D ^=!.LD 1  $'!G0 

    )!.* 7T  "#$ %&#'(           Z#4!F /$ #/ U[ 4_=!K+D U#'!9B 
  LC"9  `=2  .         %!&#'( E$#$ a-!b'9 7T ),]#4D N=c*# =6

 )D :%"            $4!T d=!K+G# e!-* )Y=.+]# LC5D B2# 3# U#'9 .
%K+X& =OK2# :N3f L]#4D :  

1.     V#4W+A# 3# ghLD 1    E/=!60$ :7!-Y0# Z#4F @0/ 3#
     )D 7>A=iD #/ U[ )j( U=F0$    J=2 =9 k-KT    7T )2=&

          )!j( U=!F0$ 76  >X* 7-Y0# Z#4F /$LD 1   k!T 
  %*'" lW5D :%*$'6 .        LC!" /$ :J=!mD U#'K? 769 :

     3# 7C*[ 3# ghLD 1         :$'!" 7!+`4F )!j( U=!F0$ 
 )D lW5D   7T $$4F    Z#4!F A       )Y=!2 $'!>.T n-!& 

 Z#4F 0 $/#%*B J=2 V V2 1$/#$ kT #/  .  
  

  
 LC"8 .LD 1%"=6 7+"#$ 7o,]  A# BC.D pM  .A Z#4F @0/ 3# E%" V#4W+A# .  

  
  

  
 LC"9 . Z#4FB Z#4F 3# J=2 12 A $/#$ 4+.T )1V2V( =D# :1-LD A# U=XC2 =O*[ .  
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2.    J=2 7CK2# 3# gh           /$ :%*%!" lW5!D $'!>.T @=!&
LD 1      )D d=W+*# )?'* 76 @4,20# /0$      /0$ 7T $'"

J=2 :7-Y0# Z#4F /$ U[ =6 4_=K+D  46 /$ #/ $'>.T @=&
$4-;* .            3# /'!>? N%!? q4!" U$4T 7`=b# =6 /=T B2#
J=2 &   k+2/';Y# 76 $'>.T @=        /0$ B+`=!2 $'!G'D @=&
,20#   LmD @4Fleury   N=c*# )+]#/ 76     A# )*%" .  7!6

      J=!2 U'M :J=mD U#'K?V V n n n!2 1 2 1 2    Z#4!F /$ 
B   LC" 9           7!6 @4!,20# /0$ 7!T  A# N3f : A# kT 

      LD=" 7T $'" d=W+*# @'i*n n n2 1 2  $'5!* .  ̂rm!D
 @4!!,20# /0$n n n n n n n1 2 1 3 2 4 1 7!!T  !!A# s!!A=KD 

 )*'!!+,-.& 4-X!!D =!!6 4_=!!K+DV V V V V V1 2 4 5 6 3 
 7!!!!-Y0# Z#4!!!!F /$ U[ )*'!!!!+,-.& /0$ 0  !!!!A#

V V V V V V V1 2 4 5 6 3 1  A#  .    @4,20# /0$ U#'+* 4F#
  /$LD 1      J=!2 7!T $4T #%-h      4!6 /$ #/ $'!>.T @=!&

 U[ :$4-;*            %!&#'W* )*'!+,-.& /0$ 7!-Y0# Z#4!F E=F
"#$  .  

  
4-2-)/0 12!)3   

U=.&            7!6 )!j( Z#4!F U=F0$ :%" U=-6 7T /'I    /'!tKD
 E#/ 7R#/#            E%!" $=OK5!-h 4P!A )]#4I LR=XD @#46 ),]
   !A#)Winter, 2002 .(     u!i6 B!2# 3# @$46/=!T 7!*'.*
)D          $4!` 4P!A )]#4I 7,.G 3# 0 v%"=6 /'9 )]#4I %*#'9

  )D 7T @4;"$4F            )!w=( 7!jo* 3# #/ $'!( 4PA %&#'(
 T x04"             7!jo* 7!6 4;2$ 7jo* %KM 3# %2$3=6 3# gh 0 %K

 $$4F3=6 J0# .   ).* #/ ),R=XD B-KM    k+2/';Y# =6 U#'9    @=!&

E=9'T           #4!23 :$4T L] #4+Xc2#$ k+2/';Y# LmD 4-XD B249
            U=!CD# =!OK9 U=!De.& </'!w 76 #4+Xc2#$ k+2/';Y# /$

  $/#$ $'!G0 %yoD 12 0 z%>D 12 )`48D .  /$ B-!K{.&
k+2/';Y#   4-XD @=&         7!T E4!F 12 76  5F3=6 U=CD# )6=2

          $/#%!* $'G0  A# E$4T /'>? U[ 3# ^r>H 4-XD .  U'KT=!9
   :),R=XD B-KM L] @#46      3# )+!A$ </'w 76 #/ =&4-XD

)D |2489 L>H   %!*$4T)Davies et al., 2001 .(  B!2# /$
      )D E$#$ U=5* @$=OK5-h @';Y# $46/=T }W6  $'" .  e!-*

      '+6 %2=" 7T %" %&#'( E$#$ U=5*    )2=&4-X!D B-KM U#
   k+2/';Y# N=c*# =6 #/       /$ #4+Xc2#$ U'{.& )6=24-XD @=&

 Z#4!!F U=!!F0$(LD )1 49f=!!6 =!!2 0 )LD2 :LD3 0  (...
 $4T V#4W+A# .          U=5!*  !A# N3f #%!+6# :/'tKD B2# @#46

   )D 7T $'" E$#$   XD U#'9    7!6 4_=!K+D 4-       3# E%!D[  !A$
    /$ #4+Xc2#$ e-Y=*[LD1    /$ #/ LD    X!G      $4!T '!G0 .

          J=!2 U30 %!2=6 #%+6# :s,jD B2# U$#$ U=5* @#46     /$ =!&
LD1     J=2 U30 @0/ 3# #/    $4!T V#4W+A# 7-Y0# Z#4F @=& .

 J=2 U30   4& =&  )D @e-M          Lo+X!D $'( B2# 0 %"=6 %*#'9
    J=2 U30 /=-8D x'* 3#   A=& .        :)!A/46 0 ~!-oi9 3# g!h

         4!23 L2%!>9 �6=!9 |!2489 =!6 /=!T B!2# 7T %" lW5D
N=c*#    A# )*%" .E   : 1e   0 2e J=2       LC" Z#4F @=&1   %*#

 0wU=5*   A=O*[ U30 E%K&$.  
 7j6#/)2(  E e eW W W! "1 2  
  LC"10  4& U30     J=!2 3# 12           0 7!-Y0# Z#4!F /$ =!&

      3# E$=P+A# =6 7T #/ U[ U=F0$ 7j6#/)2( 7!6     E%!D[  !A$
)D U=5* : A# %&$.  

  

  
 LC"10 .J=2 4& U30 E#4.& 76 )j( Z#4F U=F0$  



 ",  4 5#&,)*"#6 ' 7!)8  #8', 9#:2GIS 

   ! " #$ %&'(GIS$ )*$+  
 , $ ,-(   , $ .!-/0   !-121388  

11 

         @#4+X!c2#$ k+2/'!;Y# �2=+* B-6 q=>9/# 7CK2# @#46
      k+2/'!;Y# 7!c-+* :$'" lW5D U[ U=F0$ 0 7-Y0# Z#4F

  9 @#46 #4+Xc2#$)D=. E4F        J0%G /$ Z#4F U=F0$ @=&1 
 A# E%" E$/0[.  

          0 7!-Y0# Z#4F /$ #4+Xc2#$ k+2/';Y# �2=+* )A/46 =6
   )D lW5D :U[ U=F0$        )!D )!+]#/ 76 7T $'"     3# U#'!9
   E=9'T :Z#4F U=F0$ @0/           #/ 7!-Y0# Z#4!F /$ 4-X!D B249

 $4T V#4W+A# .        E%" E$#$ a-b'9 423 J=mD /$ 7,\XD B2#
 A# :   k-KT �4`  E=9'T B+`=2 7T        E4!F 3# 4-XD B2491n 

 E4F 764n%"=6 4t* %D 7-Y0# Z#4F /$ :   
1.      )!C2 #%!+6# Z#4F U=F0$ /$ 7>A=iD B2# N=c*# @#46

 J=2 3#       76 E%" k+( @=&1n  )D #/      k-6=!2)    J=!2 ^rm!D
2E .(  

2.    J=2 N0$ Z#4F /$ z%>D 7c-+* /$2E)  E4F =6 4_=K+D
2V ( A# .         3# 7!T  !A# )Y=2 k& %yoD4n   x04!"

         A# 12 7,]4D )G04( |Y=WD 0 E%")    J=!2 ^rm!D
3E .( 

3. E=9'T       J=2 3# 4-XD B2492E)     E4F =6 4_=K+D2V (  7!6
 J=!!23E)   E4!!F =!!6 4_=!!K+D3V ( 3# E$=P+!!A# =!!6 #/

      7!6 Z#4F U=F0$ /$ #4+Xc2#$ k+2/';Y#      E%!D[  !A$
)D 7>A=iD  k-KT) 7c-+*E E E E !2 1 6 3 20 .( 

4. E4F     & 4A 0$ @=&   J=2 3# 12 4      7!6 4-XD /$ =&     !A$
)D B2e;2=G 7-Y0# Z#4F @0/ 3# #/ E%D[ k-KT :  

E E E E n n n n n!2 1 6 3 2 1 2 4 1  
5.               3# #/ =!O+*# 0 #%!+6# E4F 0$ 7T  A# )`=T : 2=O* /$

76 4-XD )K82 :k-KT Z�] E%D[  A$ :  

n n n !   !1 2 4 20 4 8 8  
U=.&     )D 7t]rD 7T /'I    76 7c-+* :$'"   %D[  A$ E

 7!!6 7!!c-+* =!!6 S0/ B!!2# 3#   /$ U[ @#4!!6 E%!!D[  !!A$  
  LC"11          )D=!.9 @#4!6 #/ #4+Xc2#$ k+2/';Y# 7c-+* 7T 
E4F )D U=5* 7-Y0# Z#4F @=&  A# 46#46 :%&$ .  

U=.&           k+2/'!;Y# 3# 7T )2=&4-XD :%" E%2$ 7T 7*'F
   /$ #4+Xc2#$LD1 76    )D  A$   )D :%K2[     4mT#%!] %!K*#'9 

    J'!!I 7!!6 )2=!!&/0$ LD=!!"2 /$ LD  %*'!!" ) /0$
n n n2 1 2 .( /$ )6=24-X!!D 4!!F#LD  g2%!!*# @#/#$ @=!!&

            /$ U[ 7!c-+* ^=.,X!D :$4!-F N=!c*# 49f=6LD    LD=!" 
   �/e6 J'I =6 )2=&/0$    %" %&#'( 49 .      4!t* 7!6 B2#46=!K6

)D    %A/    )D S0/ B2# 3# 7T       U'!{.& ),R=XD @#46 U#'9
  0 /0$ U$#$ �/ U=CD# U[ /$ 7T ! 4;"$4F 4PA )]#4I

B2%KM $'G0 %yoD   !  A# �4jD )6=24-XD /$ U=De.&
   E4F #423 v$4T E$=P+A#     )D /#4C9 7T )2=&   )D %*'"   %K*#'9

U=5* P,+WD @=&%yoD E%K&$)%K"=6  .  
  

5- 5,"-; <=>#?;   
 E'!!i* }!!W6 B!!2# /$E$=!!-h );*'!!;M 0  Z#%!!&# @3=!!A

  7*'.* /$ :~-oi9    @#    A# E%" a2459 @$/'D .  B2# @#46
   U=+A/=.-6 3# @$#%89 /'tKD         U#'!K? 7!6 U#4O9 4O" @=&

E4F      E=!9'T 0 :Z#4F @=&           =!O*[ B-!6 @=&4-X!D B24!9  7!6
J=2 U#'K? E%" 7+`4F 4t* /$ Z#4F @=& %*# .4T� 76 N3f  

  

 J0%G1 .4+Xc2#$ k+2/';Y# 7c-+*E4F )D=.9 @#46 # Z#4F U=F0$ @=&  
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       U=+A/=.-6 B-6 @=&4-XD 3# )(46 =OK9 7T  A#      7!6 =!&
  76 )6=W+*# </'w   J=2 U#'K?          7!+`4F 4!t* /$ Z#4!F @=&

E%" %*# . LC" /$ 78Y=jD $/'D 7ojKD12)D E%2$  $'".  

 LC!!!"13  B+`4!!!F 4!!!t* /$ 3# L!!!w=] Z#4!!!F 
U=+A/=.-6       E=9'T 0 :E4F U#'K? 76 =&   XD B249  B-!6 @=&4-

)D U=5* #/ J=2 U#'K? 76 =O*[ %&$ .  
  

  
 LC"11 .E4F )D=.9 @#46 #4+Xc2#$ k+2/';Y# �2=+* 7-Y0# Z#4F @=&  

  

  
 LC"12 .U=+A/=.-6 3# @$#%89 )*=CD  -8H'D E#4.& 76 :U#4O9 4O" 75o*  U[ kOD @=&  

  

a 

bc

d 

e
f

 

  
 LC"13 .U=+A/=.-6 3# Lw=] Z#4F E=9'T 0 :E4F U#'K? 76 =&  B249J=2 U#'K? 76 7C>" @=&4-XD  
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 )D J=]         U=+!A/=.-6 7.& 3# 7T #/ @/0$ k-&#'(    =!&
           J0# U=+!A/=.-6 76 @/#4C9 J=2 $'G0 U0%6 0 E$4T /'>?

k-6=-6 : A# 7+5F3=6.  
U=!!.&    /0$ U=!!.& /0$ B!!2# :%!!" U=!!-6 7!!T /'!!I

  A# )*'+,-.& .         #%!+6# :7,\X!D B2# 76 U$#$ d#'G @#46
LD 1    )D kA/ #/ Z#4F    k-!KT .   LC!"14 LD 1   B!2# 

    )!D U=5* #/ Z#4F   %!&$.  U=!.&          LC!" /$ 7!T /'!I14 
 )D 7t]rD      Z#4!F :$'"LD 1     !A# @4!,20#  .   3# g!h

     LC" Z#4F U=F0$ 7>A=iD14 J=2 :      /#4H 76 $'>.T @=&
%*%" lW5D 423 :  

Fa : be : ca : de : df 0 fc   

 76 B2#46=K6         Z#4!F /$ )*'+,-.& /0$ l-W59 /'tKD
       /$ @4!,20# /0$ %2=6 :7-Y0#LD 1   7!6 #/    7!*'F     B-!-89 @#

   J=2 B2# 7T $4T        $4!-;* 46 /$ #/ $'>.T @=& .    B!2# @#4!6
     LC" k+2/';Y# 3# /'tKD15   )!D E$=P+A#    $'!" .   B!2# /$

 k+2/';Y#LEJ=2 7?'.cD U=.&  @=&%K+X& $'>.T  :  
 $ k+2/'!!!!!;Y# @#4!!!!!G# 3# g!!!!!h/0 @4!!!!!,20# 

)m,n,m,m,m,s,m (76            4-X!D =!6 J$=!8D 7!T %D[  A$
  )*'+,-.&)a,b,c,f,e,d (     !A# 7-Y0# Z#4F /$ .   U'!Mda 

 �4D3 /$J=2  gh : X-* $'>.T @=&)a,b,c,f,e,d,a ( 12
  A# 7-Y0# Z#4F /$ )*'+,-.& /0$) LC"16 .(  

  
  

  
 LC"14 . Z#4FLD 1 LC" Z#4F 3# E%" V#4W+A# 13  

  

  
 LC"15 . Z#4F /$ @4,20# /0$ V#4W+A# @#46 E%" E$=P+A# k+2/';Y#LD 1  
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a 

bc 

d 

e

f

  
  !"16 .#$ %&'()*+, -./ #*0.1 2134 -/ 5(6-'701 81 9:;< =>/  

  

   -./ ?@613$AB$)a,b,c,f,e,d,a (       81 #CD =C>1 E3*FC;
 +*$ G6  %; H.3" IA(>-A    /'"        %;AC+J 81 -'CKL 81 MN .

IA(>-A+*$           #C$ ?E-13C!J IA(C>-A+*$ 81 @("O4 I.:$ ?A,
  %;8A$ P.1 IA(>-A+*$  //34 .IA+,       ?:C" #QRS; #D -'T

     %; U.- @61 81 9/AV(>1 A$    I1'J     213C4 -/ %&'()*+, -./
   /3CD W13X(>1 /A68 =Y. 23Z I.:$ 1- #*0.1 .  U.- @C61

   #!K" 5[R \61]^1 A$     %+& /-'_3$ %)!`; #$ ]*&    :CBD .
     -/ %&'C()*+, -./ @(^AC6 E13$ #D %a;Ab 5(6-'701 AcBJ

  213C4 %;A+J              %;AC+J ?=C>1 #(C"1/ /'Cb. I'BDACJ AC,
           @*C$ 81 Md> . ?W13X(>1 1- 2134 -/ /'b'; EA,3*F;

        %C; #K>Ae; 1- 2134 -/ %&'()*+, -./ Ac&<   :CBD .  #C(K01
    IA;8 -A*F$ U.- @61 fA+)F;     $ . =>1 3$     3TAC_ @*C+, #

91-               H'C& 81 I'CBD ACJ 2134 -/ %&'()*+, -./ @(^A6  R
   gAF;Np_complete =C>1 9/'$ .   E/AcB`C*N U.- AC$ 

   91- 5*(F&1'J ?#0Ah; @61          213C4 -/ #)iFC; @61 E13$ %)R
=cb 5*BD #g1-1 -1/ .  
  

5- !"#$   %&"'  
          213C4 IAC4./ jAFR =FX& ?3kAR #0Ah; j'l-Al -/

   34 IA4./ EABK;3$ %m_ #$ 21        E13C$ E'CY E-1]$1 I1'BL
          W13X(C>1 9'e& Md> . 9:" 9/Ac& AB$ %&A!; nAK>Ae;

IA4./           =C>1 9:C6/34 o63`J I< p'!a; . %01'(; EA, .
  %; E/AcB`*N E'701           . AC,]*0A&< 81 E-A*FC$ 3(FC$ :&1'J

=F$-AD     /3C*4 -13Y A, .         -./ /'Cb. @*C*aJ ?#C)+b I< 81
#)iF; #D =>1 %&'()*+, > %4:*q*N A$ E1#$ =X  -A+"

%;  %; . ?:6< IA4./ jAFR 81 9/AV(>1 A$ 1- I< I1'J   . AC,
          rX`C; ?213C4 G6 81 p'!a; %m_ IA4./ W13X(>1
            EAC,-./ %;AC+J  6:KJ @61 %T #D s*J3J @61 #$ t/3D
           IAC4./ -/ E3C)6.1 EA,-./ #$ #*0.1 2134 -/ %&'()*+,

%;  6:KJ I< p'!a; %m_ :&'".  
   IA4./ 81 9/AV(>1 A$   m_ EA,  %; 2134 %     gAF; I1'J

            /3CD  CR 1- #C*0.1 213C4 -/ 3VC> %R13T .    @C61 E13C$
       %; #D /'" 9/1/ IA`& =>1 u8v ?-'QB;    EA,3*F; I1'J

   #$ EA,3*F; A$ 3wAB(;       13(FC[61/ 5(6-'701 81 9:;< =>/
         /3CD #KC>Ae; #*0.1 2134 -/ ?1- %m_ 2134 IA4./ -/ .

          C" o63`CJ #0Ah; @61 -/ #)iF; @61 uA[&1 %7&'7l: . 81
              GC6 81 @(^3C4 p'!a; %m_ IA4./ -A$ 3, A$ #D A[&<

  934 /1:aJ 2134    PA6 . A,     %; \,AD I< EA,     3Q& #$ ?:$A6
%;       %C; 9:61 @61 #D :>-    91- :C&1'J        E13C$ %KC>AB;  CR

   #!K" 2134 I/3D Gl'D      934 81  !`(; 5*QL EA,    AC,
PA6 . :"A$ /A68 -A*F$ EA, .  
  

6-()*+,   
  

Anez, J., delaBarra, I., Perez., B., 1996, Dual 
Graph Representation of Transport 
Networks, Transportation Research 30(3), 
209-216. 

Barnett, H.J., 2005, Early Writings on Graph 
Theory: Euler Circuits and The Konigsberg 
Bridge Problem; An Historical Project, 



 -. /0 %*1.&)-*2 3 45&' /*'3. 6*78GIS 

   ! " #$ %&'(GIS$ )*$+  
 , $ ,-(   , $ .!-/0   !-121388  

15 

Colorado State University– Pueblo Pueblo, CO 
81001 – 4901. 

Boundy, J.A. and U.S.R. Murty, 1999, Graph 
Theory with Applications, ISBN: 964-6761-
57-7. 

Caldwell, T., 1961, On Finding Minimum Routes 
in a Network with Turn Penalties 
Communications of the ACM, 4(2) 107-108. 

Davies, N., Cheverst, K., Mitchell, K., Efrat, A., 
2001, Using and Determining Location in a 
Context Sensitive Tour Guide, IEEE 
Computer Journal, 34(8), 35-41. 

DeLeon, M., 1999, A Study of Sufficient 
Conditions for Hamiltonian Cycles, 
Department of Mathematics and Computer 
Science, Seton Hall University, South Orange, 
New Jersey 07079, U.S.A.  

 Eppstein, D., 2003, The Traveling Salesman 
Problem for Cubic Graphs, In Proc. 8th 
Worksh. Algorithms and Data Structures, 
Dehne F., Sack J.-R. Smid M., (Eds.), No. 
2748 in Lecture Notes in Computer Science, 
Springer-Verlag, pp. 307–318. 

Garey, M.R., Johnson, D.S., 1983, Computers and 
Intractability: A Guide to the Theory of NP-
Completeness, New York: W. H. Freeman. 

Haggkvist, R. and Nicoghossian, C.G., 1981, A 
Remark on Hamiltonian Cycles, J. 
Combinat, Theory B30, 118-120. 

Hu. M.B., Jiang, R., Wu, Y.H., Wang, W.X., and 
Wu. Q.S., 2008, Urban Traffic from the 

Perspective of Dual Graph, The European 
Physical Journal B - Condensed Matter and 
Complex Systems, Springer Berlin / 
Heidelberg, ISSN 1434-6028 (Print) 1434-
6036 (Online), 127-133. 

Kenneth, R., 2006, Discrete Mathematics And Its 
Applications, Mcgraw-hill Science/ engineering/ 

math,  ISBN 0-07-288008-2. 

Knodel, W., 1969, Graphentheoretisehe 
Methoden und ihre Anwendungen 
Okonometrie und Unternehmensfbrschung, 
13 Springer, Berlin. 

Ore, O., 1990, Graphs and Their Uses, new 
mathematical library(34), the mathematical 
association of america. 

Vidyasagar, M., 2003, An Algebraic Method for 
Finding a Dual Graph of a Given Graph, 
Circuits Theory, IEEE Transactions on 
[legacy, pre - 1988], Volume: 17, 434 – 436, 
ISSN:  0018-9324. 

Winter, S., 2002, Route Specifications with a 
Linear Dual Graph, Symposium on Geospatial 
Theory, Processing and Applications, Ottawa. 

Winter, S., 2002, Modeling Costs of Turns in 

Route Planning, Geoinformatica, 345-361, 

Kluwer Academic Publishers, ISSN: 1384-
6175. 

Yan, H., Wang, H., Chen, Y. &  Dai, G., 2008, 
Path Planning based on Constrained 
Delaunay Triangulation, IEEE, Intelligent 
Control and Automation, 5168 - 5173 ISBN: 
978-1-4244-2113-8. 

  


