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� ��
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�
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�	 �
 �� �
 	  �� �
 ��

05-

– . . 36��� � �� � � �� �� �
05�� . 

�� � � 2007-2008�� . 

 
. 

!� � � � �"# � � � � � �$% & % � '( ) � � � � � � � & � –

�
.

'
.

�
.
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�
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�	 �
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 ��

05-

•
•

– ( )
–
–

–

•
•
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

• (undirected) 
–

• (directed)
–

•
–

• (network) 
–

• % & � � � , � � � ) � � � �� ) � � , � �� ��



4

� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

• (tree) 
– � � � � �� � � � �� � � � ( � % � � �

• (spanning tree)
– � � � � � � �% # � �� � � � � � � � � � �� � � � ( � % � � �
– � � � � �� % � � � �% � � � � , � � � � � � � # � � � ��� � � �( �	 ) � # � � � �

-1 � � % # �
•

–

� � � � � � �% # � � � � � ' �( � �� �� � (minimally
connected)

– �� � � � � � � � � � � � � # � � % �� �� �� � % �� � 
 �� � � � � � � � � � � � �% � � �
– o� � �� � &� �� � � � % & � �� � � # � � �( � � � �� �� � � �( � � � � � �� & �

•
– �( � � � �� � � # � � � � �� � � �( �	 ) � (minimum

spanning tree)



5

� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•

, 
(cutset) - . 

•

– � � �� � �� � �� � �� � � �� � � � � �( � �( ( � �
–

� � # � � � # � � � �, �� � �� � &� �� � � � % & � �� � ��( � � � �� � � � � �( � � � � � �� & � . 

•

, (cut).

�� � �� � �� � �� �� � 	
 �� �� :
{(A,C), (B,D)} �� {(C,E),(D,E),(E,F)}� �� � � �� �� � �  � � � � �   � � �� � �� . �� � �� � �� � �� � � � � �� {C,D} � � � � � � � � � � � � �
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

• � �� � � � � � � � � �� (sparse) � � � )� ( � � �	 ) � �� � � � �� � � � � � � � � �� � � 0.
–

�� �� � � � �� � �	 � 
� �� �� � �� � ���� �� �� � 
� � �� �� � � � � �� � �� �� � � � � �� � � � � � �� � � �	 � �� � �� � � �
.

•

�� � % �� � �% � � �
–

� � � � � � �� � � �� � � � � �� �� � � 	 � ��� � � � � � � 
�
1 

�� � � �� � �� � ���� �� �� �� �� � �� � �� � �� �� � � �� �� � � � � �� �� � �� � � � � � � � � ��� � � � � �� � � � � � �� � � � � 
� � � � ��
. 

–

 � � � � � � � � � �� � �  � �� � �
, 

� !" #-$% &' () (in degree) 

* !+ #-$% &' () (out degree) � � � � � � � �� � � � � �� �� � � � � � � �� �� � � 	 � �� �� � �	 � 
�
+1 

�
-1 

� � � � �� �� � �

.

,-. /0 1, 2 -3 4. 45 67 2 8 43 93 . 1: 0 ; 93 , 2: 1< . =-> =3 ?3 4. > 93
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�	 �
 �� �
 	  �� �
 ��

05-

�3 4 2 4: �< / 4< � ,7 . / � 1 0 > =� : � ; 1
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
– ;

– ;
• (minimal) 

–

'� � # � � � � � � � � � � � % �� ) � � � � � �� � ( � �� � � �� � �� � � � � # �% � � � . 

•
, 

– , 
, 
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
– : 

•
(Breadth First Search). 
– �� � � � # � � �� � � � � �� � � � � � � � % � � � � � � �� � � � � �� � � � � �� � � �� ) � � ��

•
(Depth First Search)
– ) � � � � � �� � � � �	 ) � � �� � � ) � � �( � � � ):         

A, B, E, F, I, J, K, L, C, D, G, H
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
– : 

–
– Prim Kruskal

• Kruskal
– , 
–
–
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Kruskal

1.

�� � � � � � � � � � � # � � � �� � � � � �( � � � % � � T
2.

� � � � � � # � � � � � �( � � � �� � � � � � � C (

# � � � � � � � � � � � # � � � � ) 
3.

� 
 �� � � � � �( �� � � � � � % # � �� � � � � �( � � � � � � % � � � � � � � � � � � (E) � � 
 � � � % � � � � � � � � # � � � % � � � � % � � � � � � �� � � � �� � � � � � � � � � � � � �� �� � � � � � � � � �	 � � � � �
4.

� � � % �� � � % & � � � � # � � � � � � � � � � �� � � � �� � � � � � � � � C, � �� �� � � �� � � �� � � �� � $
.� � � % �� � � % & � �� � � � � # � � � � � � � � � � �� � � � �� � � � � � � � � C � �� �� � � � � �� � �� � � .

5.

$� � & % � � � 3 � � � 4 �� � � � ( � % � � � �� � � � % # � � � � � C � � � � � � # � � � % �� �# � � � � �� � � � � �
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Kruskal

3 � $ * ' % , �% + �� ( ' � " � � #� % �' ��" � ' � #� % ' 	 � � $
 � �)
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Kruskal

4 � $ * ' % , " � � � � � � " � � & 	� �% � � � % �' !)�% ' � � ( � 	 � �� $
 � �� ) � � � � � � 	) ( ' #) � 	�� � � �% � � �� � �� 	' �
 � � " � �� � � �' % � �) .� 	 	 �% � 
 � �� �� � � !� � � � � � � % ' � � � �� 	 �% � ( � #) �% �� 	 �% �� � � �% ' 	 � � " 	 � �
 � � � " & * � � ) % �' �� .
(1,2) 	 (2,3) 	 (4,5) 	 (6,7) 	 (1,4) 	 (4,7)
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Prim.

–

��� % � � � � � � � # � � � # � � � � % � % �� � � � � & � � � � � &
•

� �� � �� � � �� � � � � � � � � � � �� � � � � �
.

–

� ) % � � � � � � � # � � � � � �( � � � � � � � � # � � � �( �� � � � � � % # � � � � � � � � � �
–

�� � � � ( � % � �� � � (loop) � � � � � � � � �� � �� # � � � � �� � � � � � � � � � � �� � � � � # � � � � �� � # � � � � �
•

� � � � � � � � � � �� � �� 
 � � � � � � � � �� �  ���  � � � � � �	 � ��  �� � � ��
–

� �� �� � � ) % �� � � � % & � �( � � � �� � � � � �� � � � � � � � � � � � �( � ) �� � ��� � � � # � � % �� � � � � � & � � � � # � � � � � % � % �� � � � � � & � � � � � � # � � � � �.
–

' � � � � & � ) � ) � � � % & � ( � � � � ) � � � � � � & � ) �� � � # � � � �
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
–

�� �� �� �� Prim vs Kruskal:

•

�
Kruskal

�� �� # ( � � � � ) � (A, C), � ) � (B, D), � ) �
(C, E), 

�� � � # � � � � � � � ) � (A, E) �� � � � & � � ) � � � � �� � � � � ( � % � � ) � (A, C) � � � � ) � (C, E) � � � # � � � �& � ) �� � ( � � � �
, 

�� �� # ( � � � � ) � (A, B) � � � �� )� � � # � � �� �� �� � % � � � � � �
–

�� � � � � � �� � � � � �� � � ��� � �� � � � � � �� � � � � � �	� �� � �� 	 � � � �� �� ��  �� � � �� � �� � � �� �� 	
• O Prim, � � 
 � � � � � � � � � � � � �� � �% � � �

, 

�� � ��� � � � � � � � � �% � � � � � � # � � � � �, � � � �� ) � � � # � � ���� � � % � � � � ( � % �� � � � � � � C, E, B � � � D 
• � Prim �� � �� � # � � � � � � � � � � # � � � � % � � �� Kruskal

–
�� � � � �	 � �� � �� �� � �� � � � � � � � � �� �� ��� � �

.
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� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

• (Shortest
path)
– , 

.
–

• � � � � �� � � � � �� � � � � � � � � � � � � � � � � � � � � � � ) � �� � � � % �� �� �� �% �� � 
 � � �� � � � � � � % � � �
• � � � � � � � � � � � � � # � �� � � �� � � � ) � �� � � � % �� �� �� � � � �� � � �� � � � # � � �( � � � � � � � � �% � � � � � � � � � � � � � �



17

� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
– � 
 �� � � �� � � # � � � � � � � � � � � � � � � � � � � � � � G=(V,E), 
–

� � � � � � � % &

e � � � � � & � � � �� � E, 

# � � � # � � � � � �� ce. 
•

� � �� �	

, 

� � ��� �� � �� � � � � � ��
, 

� � � ��� � 	
, 

�
.

�
. 

–

� �� # � � � � � � �� � � % � � � , u1

� � � uk, 

�� �� �� � �� 	 � 
 � � � �� �� � �
P=u1e1u2e2...uk−1ek−1uk, 

�� � � ui

� � & � � � �� � V, � � � ei

� � & � � � �� � E � �� � � � � � � � � � �% � � � � �� � � � � � � ei

� � � � � % % �� # � � � � �� � % �� �� �� � :
– � � � � � � � � � �% �

s � � � % �� �� � � � � � � � � 
 � � � � � � � � � � � �� � � % � � u1

� � �� � � � ( & � � � �� �� uk

# � � � � �� � � � �( � � � �� �� � � ) � � � ) � � � �� ) � � w(p).
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� ��
–

� ��
36 – 2007/2008

��
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�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
– (nested)
– k 

i j, (i, 
j) (i,k) 

(j,k) . 
– T

:
d ij = mink(dik + dkj)

– dxy
x y.
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� ��
–

� ��
36 – 2007/2008

��
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�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Dijkstra

– -
. 

–
r . 

–
. 

–

.
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 �� �
 	  �� �
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05-

•
• Dijkstra
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�
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 �� �
 	  �� �
 ��

05-

•
• Dijkstra
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–
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�
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Dijkstra
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�
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Dijkstra
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–
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�
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Dijkstra
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–
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�
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Dijkstra
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–

� ��
36 – 2007/2008

��
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�
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Dijkstra



27

� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Bellman-Ford

–

�� � � # � � � % � �� � � � � % � �� 1 � �� � � � � �% � �� � � � � � � �% � �
(destination) � � � � 
 �� � � � � % � � � � � � �( ) % � �� � �� � �% � � � � � � � � � �% �� � � � �% �� �� � � � � � � � � � � � � � �% � � � � � � � �� � � % � � 1.

–

�� � � # � � � % � �� � �� � � � � � � � �( � � � �� �� # � � % �� �� �� � � � � � � � � � � % � �� � �� � �� � � � � � � �% �
. 

–

� � � � � � % � �� � dij=

� � hn � � � �� � � ) � � � � � � % & � (i, j) � � � � �� � � & � � ��� �� � � � � �
– To � � � � �% �� � � � % �� �� �� � � � � # � � � � % � � i � � � � � �� � �% � � 1, % � � ��� � � � � � � �% � �� � � � % �� �� �� � � � � � # � � � h 

& ( � � �� � � �� � � % # � � � � � � # � � �� � �� � � � �� � �% � � 1 % �� � % �� � � � �
, � � ( � �� � � � � � � �% �� � � � ( �

h) % �� �� �� �
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� ��
–

� ��
36 – 2007/2008

��
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�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•

• Bellman-Ford
– � � �� � � & � ) � �� ( � � � � ) � (relaxation).

– � � � � � � � � � �� ) � �� ( � � � � ) % �� � � � % & �
(u, v)

�� � � % � � � � � � � � �( � � � � � � � � � � � � �% �� � � �% �� �� �� � � � �� � �� � �% � � v % � � ) � % �� � � �� ) � ) % # � � � � � � �% � � � u
–

� � � � �% ) � ) � �� � � � � � �( � � � � � �� �� � � � � � � � � % �� � � � � % �� �� � � � � �� � � � � � � � � �� � � % # �� �� �� � � � � � � % � �
–

� � ) � (� ), ) � � # � � � �� � � � �% ) � ) � � �� � � � � � � � �% �� � � � � % �� �� � � � � �� �� � �� v � �� � � 9, �� � ) � � � � �� � � � ) � � � �% ) � ) � �� � �� u � �� � � 5 � � � � �� � �� � � � ) � � � % & � (u,v) � �� � � 2 

–

�� � � � � � # � � �� , � � 9 % � � � � � � � � � � � � � � � �� � � � � % � � ) � � � % &
5+2=7.
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 � � � � � � � � � � � �� � � � �� � � � � �� � � � �� �� � � 	
1 

� � � � � �� � �� � � � 	
.
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 � � � � � � � � � � � �� � � � �� � � � � �� � � � �� �� � � 	
2 

� � � � 	 � �� � � � � � � 	
.
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 � � � � � � � � � � � �� � � � �� � � � � �� � � � �� �� � � 	
3

� � � � 	 � �� � � � � � � 	
.
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– � � ) � � % �� � � � � � � � % % � � � � � � � � � % % � � � �% � � �� � � �� � ( � � � � � �� � � �( ) % � � � � � �% �� � � � � % �� �� � � � � � �� � 	� � �� � �� �� � 	 
 � ���� � � � � � � � �

–

� % # � � � � � � � ) � � % �� � � � � � �� � � � � � � � � �� � ) �
–

� �� � � � � � G=(V,E) 

# �� � C(v,w) � � � � � � � � ) � � � % & � (v,w)
–

� � � � � � � # � � � � � % � � � � � � � � �
1 

# � � |V|. 
� )( � � &

: V={ v1,v2 ,...,v|

�
| } 

–

� �� � Vk

� � � � � �( � � � � k � � �� � � � � % � � �� � V
•

�� � �  �
:V �={ v1,v2 ,...,vk } 

–

� �� � Pk(v,w) � � � � � � � % �� � � � % �� �� �� � � � �
v � � � � w � � � � � # � � �� � �% �� � � � � � � � � � � � � # � � � � Vk, 

� �� �� � � � � � � �� � � � � # � � � � % �� �� �� �

–

� )( � � & � � % �� �� �� � Pk(v,w) � �� � � � ) � % � � � & � : { v1,v2 ,...,w } �� � �� � � � � � Vk
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–

� �� � Dk(v,w) � � % & � � � � � � % �� �� � � � � �
Pk(v,w)

•

�� � � � � � � ���

Pk(v,w) 

� � � � � �	 � �� �� 
 � � �� �� � ��� � �
.

–

� � � � �� , V0=

�

, � � % �� �� �� �� P0

� �� � � � � � � � � � # � � � � � � � � � � G
•

� � � � ��

D0

� 
� � �� � � � �� ��
P0

�� �� �� �� � � � � �� � � � � � � 
� � � � �� � ��
G.

–

�

Floyd �� �( � � � � � � � �� � � � � � � � � � � � �� � � �� D0, D1, D2, …. D|V|. 

–

� � � � � �� � � � � � �� � � � � �� � � �� Di

� � � � � � � �� � � � % �� �� �� �� % ��� � � � % � � � � � � �% � � � � �� � � � � �( � Vi. 

–

� � � � �� Vi+1=Vi U {vi+1}, 

� � � � � �� � � � � � � � �� � � � # � �� � � � �� �� Di+1

% � � � � � � � � � � � � � � � � � �� � � �� � � � �� Di

( � % � �� �� � � � � � �	 ) % �� � � � % �� �� �� ��� � � � � # � � �� � � � � � � � �� � �% � � vi+1.
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� �� � � � � � � � � � � � �% � � � (v,w) � � � � � �� �� � � � � � � � � �� � � � � � Di(v,w) 
(� � � � � � � � � � �� � � � � � � � �% �� � � � % �� �� �� � � � � � �� � � % � � v �� �� �% � � w � � � �� � � % � � �( � � � � � vi+1) 

% � � � � � � � � �% �
Di(v,vi+1)+Di(vi+1,w) (� � � � � � � � � � �� � � � � � � � �% �� � � � % �� �� �� � � � �� � v �� � w � � � � � # � � �� � � � � � � � vi+1. 

�� � � , � � Di+1

� � �( � � � � �� � � � �� 
 & � :

– � � � � � ) � �� � � � �� � � ) � ) � ( � � � � � % � � �� � � # � � � � � � �� % � � � � � � � # � � �� �� � � � � n×n ( n � ( & � �� � �% � � � � � � � � �). 
– � � � � � � � % % & � � � � � � � �� � # � � � �% � � � � �� ) � �� � �� � � � � � � �� � �� &( )� � � � � � � �� � � � � ) % � �� � � � % � � � �% � �

. 
–

� � � � � � � � � � � � % & % �� � 
 � � ) % � � � � � � �� ) � �� � � � � � ) % � � � �� � � % � � � �% � �
, � � � � �� � � � � � �� �� � �� � � �� � �� � � �� ) � � # � ) (i, j)
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% � � � � *�% �
 " �% " �� �� % �%� � � �� � � ' 	� ��� ( ' $ ��

(predecessor)

% � � � � () � �� % �% )% � � " �
 " 	 #�' 	 �% + � � (' $ #� . 

� �� ( ' $ � � " � * � � )% � % �% � � " � � ��� � � � � � " ' � � ) (to) � � � ( ' $ � � � �% ' ' * )% � % �% � � " � � ��% � 	 � � � � 	) (from).
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� !%�% �
 " �% " �� �� % �%� � � �� � � ' 	� ��� ( ' $ ��

(predecessor)

�� & 	 # � * " �� ' 	 � ��� ( ' $ � B #)	� � � 
 ' 	" � � (' $ �, � � � � ' !) " � � ) & !" 	 � )
(

�
, D) �% � (C, D)� �� � �� % �%% � �
 � �� �
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• Floyd % �& 	 # � � & � ��#)	� � � 
 ' 	" � � � �� ( ' $ � � C, D �% � E � � � � � � � �� �� � � � � �%� �� % � 	) :
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�� �� �� � � ��	 � 
 � � 	 � � � � �� �� � �� �� �� � � � �  � � � � � � � � �� � � � 

r� � �� �� � � � � s � �  � � � �� � � �

d � �  � � � �� � �� � � � � �� �	 � � �� � � � � �� � � � � � � �  � � � � � �  � � � � � � � � � � � �� � � � � � 	 � � � � � � � � �� � 
� � � �

–

� � � � 
� �� � � � � � �	 � � � � � � � � � �
lij

	 � � � � � � �� � 	 � �� � � � � � 	 � � � � � �
cij.

–

� �  � � � �� � � � � � � �  � � � �� � �� � � � � � � � � �  � �� � � � � � � � �� � � �  � � � � � � � � � s � � � d � � � � � � � �  � � � � � � � �� �� � � � � � �� � � 	 �	 ��� � � �  � � � � � � � �� � � � 

r. 

–

� � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � �
r

–

� � � � � � � � � � � � � � � � � � � 	 � � � � � 
� � � � � � �  ��  �� � �� � � � � � �� � � �� � � � � �	 � � � � � � � � � � 
� � �
(< cij

� � � 	 � � �
i,j)
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–

 � � � �� � � � � �� � � � �  � � � �
s-d (

� � �� �� � � � � � �  � � � �� � � �
) 

	 � �� � �  � �� � � � � � � � � � �� �  � �� � � � � � � � � � � � � � � � � � �  � � � � � � ��� � � �  � �� � �� � � � 
 � � � �� � � � � �	 � � � � � �
•

� � � � �� � � � � � � � � � � � � � - � �� � � � � � � � � � � (max flow - minimum
cut) � � � Ford- Fulkerson: 
–

� 
 � �� � �� �� �
S-D (� � 	 �� � � � � �� � 	� � �� � �� � � �� � �� � 
 	

) � 	� � �� � �� �
 � 	 �� 
 � � � � � � � �� � 	 � � �� � � � �� � �� � �� � �� 
 � � S-D.
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• Ford-Fulkerson

– : 
–

s d 
• f < c � �� �( �� � � � � � % # � � � �� � �� � � � � � � �% �

(forward arcs) � � �
• f > 0 � � �( �� � � � � � % # � � � � � � �� ) � � � � � � � � � � ) � (backward arcs) 

– A , 
. 

–
•

�� � � � � �� � ( # � �� � � � � � � � & � � &
(� . �., f=0). 

– : 
• � � � 	 � � �� � � �� , �� � � 
 �� � � 
 � � �� � � �� , 
 � - �� � � 
 �� � � 
 � � �� � � �� . 
•

�� � � � � �( � � � � � � % � � � � �� � � � � � �� �� � � # � �
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Ford-Fulkerson -

–

� �� �	 � � �� �� � � � �  � � � � �� � � � �� �	 � � �
(-,

�
(s)=

�
).

–

� � ��	 � � �� �

: 

�  �  � � � 	 �� � � �
x 

� �
-

� �� � � � � � � �� �	 � � �
. 

•

� � �� � �� � � �� � �� �� �
(z±,

�
(x)). 

–

� � � � � � � � � � �� � � � � � � � 	 �� � � � �
(

� � � � � �� � 	 � � �
), y, 

	 � � � � � 
 �� �� � � � �	 �

f(x, y) < c(x, y, 

� � � � � � � �� � � � � �� � 	 � � � �
(x+, 

�
(y)) 

� � ��(y) = min( �(x), c(x, y) - f(x, y))
•

�� � � � � �� � � � � � �� 
 � � � � � �� � � � �� � �� � � �� �� � �� � � �� ��
. 

–

�� � � � � � � � � �  � � � � � � � � � 	 �� � � � � (� � � � � �� � 	 � � �), y, 	 � �� � � 
 �� f(y, x) > 0, � � � � � � � �� � � � � �� � 	 � � � � (x-, �(y)), 

� � ��(y) = min( �(x), f(y, x))
–

� � 	 �� � � � y 

� � � � � 
 �� � �   � � � � � �� � 	 � � � 	 � � � � � �� � � � � � . 
–

�  � � � � 	 �� � � � x 
� � � � � �� � � � � �� �	 � � � 	 � � � �� � � � � �. 

–

� � � � ��	 � � �� � � � � � �� � � � �� � � � � � �� � � � � � � � � � � �� �	 � � � � � � � � � � �� � � � 	 � � � � � � � � � � �- � �� � � � � � � � � � � � � � � � � � � � � � � � � ��	 � � � � � � 
 � �� � � �� � 	 � � � �



44

� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•
• Ford-Fulkerson - ( )

–

�  � � � �� � � � � � � ��  � � �� � � � �� � 	 � � �
(y±,

�
(t)). 

–

� � � � �  � � � � � 	 �  � � � � � �� �	 � � � � � � � � �
y+, 

� � �� �
f(y,t) � �� �	 � � �� � � � � � � � � � � � �� �

f(y,t)+

�
(t) 

�� �� � � �� �	 � � � �� �
f(t,y) � �� �	 � � �� � � � � � � � � � � � �� �

f(t,y)-

�
(t). 

–

� � � � � �� � �� �, � 	 �� � � � x � � � �� �� �� � � � � � �� � � � � � �� � � � � � : 
• � �� ) �� � � # � � � � � � �� � � (x+, �(y)) ) � � % &

f(x, y) � � � � � � � � �� � � � � % � � ) �
f(x, y) + �(t). 

•

� � � ) �� � � # � � � �� � � (x-, �(y)) ) � � % &
f(y, x) � � � � � � � � �� � � � � % � � ) � f(y, 

x)- �(t). 
–

� � � � � � � � 
 �  � ��  � �� �� �
, 

� � � � � �� � � � � � � �	 � �  �� � � � �� � � � � �� � � � � � � 	 �� � �
x 

	 � � � � � � � �� � � � � �� � � �� � � � � �� �� � � � ��� �� � � � �
. 

� � � � � �  ��  �� � � � � � �� � � � 
 � � � � � � �� �	 � � � � 	 � � � �� � � �� �  � � � � � � � � � � � � � � �
.
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 ��

05-

•
• Ford-Fulkerson –� �� � �� � � � � �  (c(x,y)) �  � �� � � � � �

(f(x,y)).�  � �� � � � � � � �
 �� �� � � � � � � 	  � � �� � � �� � � � � � � �� (s, x, y, t).

�
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 	  �� �
 ��

05-

•
• Ford-Fulkerson -

� �� � � � � � �
 � � � � � �� � � � � ��  � � �� � � 	� � � �� ��
 �  � � � � � � �� � �  �� � � �� � � �� � � �� �� �� �
 � �� � � � �  �� � � � � � �� � � � �  � � � � � � 2

� � � �  � �� �

� �
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 �� �
 	  �� �
 ��

05-

•
• Ford-Fulkerson -�

� � � � � � 2

� � � �  � �� �
� � � � � � � � � � � � � � �� �

, �� � � 	� � � �� � � �  �� � � 
 � � �� � � � 
 � .

�
� � � � ��  �

-

� � � � 	� � � � �� �� � � ��
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 �� �
 	  �� �
 ��

05-

•
• Ford-Fulkerson -

� � � � � � � � � �� � � �� � � � � � ��  � 	 �� � � �  � �� �� �� �
 � �� � � � �  �� � � � � � �� � � � � 
� � � � �� 	 � � �  � � � �  �  �� � � � � �� � � � � � � � � � � �  � � � � � � � �� � � � � � � 	  (= �(t)) � � �� � �� � � � � � �  � � � �� �� � � � � � �  �� � �

(s, (y, x), t).
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�	 �
 �� �
 	  �� �
 ��

05-

•
• Ford-Fulkerson -� �� � �� � �  � � � � � � � �  � �� � � � � � �  � � � � �� � �  ,  � ��� � �� � � � � �� �

, � � � � � � � � �� 	�  � � �� �� � ��  �� �
(x, t), � � � � � � � � � �� �  � � � � � � � � �� 1 ( � � � � � � � �  f(x,t) � �� � � � 2). � � �� � � �  � � 	  � �� � � � � � x � � � 	 �� �� � �� � � 	� � � �� � � � �� �� �� (x,y) � � � � � � � � � � � �� � � �  � � � �, � � � � � � � � �� �� � �� �� � � � � �� 1 ( � � � � � � � �  f(x,y) � �� � � � 0). 

� � ���� � 
 � ��  , � � �� �
 �  �� � � � � � � � y, �  � � � � 	 �� �� � �� � �� � �� � � � � � �� � �  � � � � �� � � �� 	�  � � �� �� � ��  �� �
(s,y) � �� � � � � � � � � �� � � �  � � �� �� , � � � � � � � � � � � � � � � � � � � � �� 1 ( � � � � � � � �  f(s,y) � �� � � � 2). � � � �� � , �  � � �� � � � � � 
 � �  � � � � � �  � � � � � � , � �� �  � �� � � � � � � �
 � � � � � � � � � � � ��  � � � � � � � � � � � � �� � �� � � � � � ��  � � � �� �  � � �� � � �� �� � 
 � � � �� � � � �� �
 � � �� �
 � �� .

�
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 ��

05-

•
•

–

' � � �( ) % � � � � % � � � � � � � � �% � �� � % # � � � � � � � � � � �- � # � � � � �
• Constrained Minimum Spanning Tree – CMST

–

! � � � � � � � � � ) � � % �� � � ) � � � � � �� �� � � ) % # � �� Kruskal

–

� �� � � �� ( ) �� � �
–

�� & � � � �� ) � � � � � � # � � �� � ( � � � � � % � � � � ( � � � � ) � � � % & �
–

�� � ( # � � � � ) � � � ( � � � � ) � � � � � & � � % & � � � � � � � # � � � % # � � � � � & � � �� � �� � � � � � � � � � � � � � �
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�
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�	 �
 �� �
 	  �� �
 ��

05-

•
• – Kruskal

•

� � � �	 � � � � � � � � ��
= 1, 

� ��� �� � � � � �	
W=3

•

� �� � �� �� � �� �� � � � �	
(1, 3), (1, 2) 

� ��
(0, 1),

� � �� � � � ���� � �
(

� � � � � � � � � � � � � � � ��
MST)

•

�� � � � �	
(2, 4)

� ��
(3, 5) (

� � � � � � �� � 
� �� � �
MST) � � � � � � �� �� � �� � �� 


W=3

• O 

� � � � �	 � � � � �� � �� � � �� � � �� 	
(4, 5)

� ��
(4, 0). 

•

 � � � �� � � � � �� �	 � �� � ��
41

•

� � � � � �� �  �� � � � � � �� � � � � � �� � � �� �� 	
–

�
. �. [(0, 1), (1, 3), (0, 2), (2, 4), (4, 5)] � � � � � �� � 36.
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 	  �� �
 ��

05-

•
–

" &	 ) � � � �� � ) � � �� � �� � � �� � % �� � � � � � � � � � � � & � � � � � � � ( � � � � �� ��� � � � � � � �

–

�� � � � � � � � � � � � � �� � � � � � � # � � % �� �� �� �� � �� � ) � � 
 �� ) � # � ) � ) � ) �� � � � � ) �

–

�� � � � � �

•

� � � � � � � � �
•

� 
 � � �� � � � � � � 	 � � � � 
�
•

� � �� � � � � � � �� � � � �  � �� 	
–

� � � � �
 � � � �,  � � � ��  , �� �
–

�� � ( � � & % � � � � ) � � � � & � �� � � � � � � ) �
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�	 �
 �� �
 	  �� �
 ��

05-

•

• – flooding
–

� � � � � � % � � � �� # ( � � � � � � � � � � � � � � � # � � � � � � # ( � � � � � �( � � � � � � �� � �� �� ��

–

� �� � �� � � � � � � � ) � � � % � � � � � �� � � � � � � � �� �( � � �� � � � � � � �
–

' � � � � � � �% �� � # � � ) � � � � ( � � � � �� � � � � � � � � � � � � # � � � �� � � � � � � �
• Time-to-leave

•

� � � � � � � �� � � � �� �� � �� � ��� �� � �� �
–

'( � �� # � � ) % � � �
•

� �� �� � � �� � � � � � � 	 � �� � � � � � � �� � � � � �� � �� 	
•

� � � �� � � � � �� � � � � � � � �
–

! � � �� # � � ) % �
•

�� � � � � � � � � � � �� �
–

� � � � � �� � � � 
�
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 	  �� �
 ��

05-

•

•
–

� � � � � � � �� # � � � � � � �% �� � �� � � � % & � � �� � � � � � � � � �� � � � � � � �% � �
–� � �� ) � �� �

–

��� � � � �� � � # � � �� � � � % # � � �� � �� � � � �� � � � � � � ) � � � ( � � � � �� �
–

� �� � �� � � � � � � � ) � � � % � � � � � �� � � � � � � � �� �( � � �� � � � � � � �
–

'( � �� # � � ) % � � �
•

� �� �� � � �� � � � � � � 	 � �� � � � � � � �� � � � � �� � �� 	
•

� � � �� � � � � �� � � � � � � � �
–

! � � �� # � � ) % �
•

�� � �� �� � �� �� � � � � �� 	 � � � � � � �	  � �� � �
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�	 �
 �� �
 	  �� �
 ��

05-

•

�� � �� � � � 	 � � � �� 
 � � 	 �� �� �
•

� � � � � � & � � �% �( � � ) � )

–

� � � � � � � 
 ) � � � � � % � �� �� � � � � ) � � � �� � � � � � � % & � �� & � � �� ��
–

� � � & � � � � � � ( ( � � �� � �� � � � �� �
–

� �� � � � � � � ) �� � � # � � � � � �� � � � � � � � �� � � % � � j �� �� i � � �( � � � � �� � � )
Dj = Di + Li + Lij

• Di: 

� � � �	 � �� � � � �� � � � � � � � � � � � �
i

• Li: 

� � �� �	 � � � � ��
i

• Lij: 

� � � �	 � � � � � 	 � � �
j 

��
i

–

�� �( �� � � � � � 
 � � � # � � � � � � % & � � �� � � � 1, � �� � � � �% �( � � ) � )�( � � � �� � � � ) % �� � �
–

�� � � � � � 
 � � � # � � � � � � % & � � �� � � � , � �� � � � �% �( � � ) � ) �( � �� �� � �� � �� � � �
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 ��

05-

•

�� � �� � � � 	 � � � �� 
 � � 	 �� �� �
•

' � � �� � % � �� � � & � � � % �( � � ) � )
–

� � % � � � ) � ) � � � �( � � ��
–

$ � � � �� �� (% & � �� ) 

� � � 
 � � � � � � � � % � � � � � 
 � � � � % � � �� � � � � �% �
–

�� � � � � ) � ( ) � � � � � �� � � � % � � � ) � ) � � �( ( # � � � � # � � � � � � � )
–

� � � � �� � % � �� � � & � � �% �( � � ) � ) � � � � � � � � � � � �� ) � ) � � � �� � � �� � � � �% # � � � % �� �� � � � � � . 

–

�� ) � � � �� � � � � � � � � ) � � � � � � � �% � � � � � � � � � � � �� � � � � � � � ) % # � ) � �� �% ) � � �� �( � �% � � � � & � � � % �( � � ) � )
•

� � � � � � 
 �� �� � � � � � �� 	
•

�� � � � � � 
 �� � � �� � 
�
• �

� � � � � � � � �� � �� � ��
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• next hop
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• % # � � � � � % & � � % � � � � � � � � � �� �� � � � � � � �% �

– , 
, 
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�� � �� � � � 	 � � � �� 
 � � 	 �� �� �
•

�( � � � � � % � � � � � � ( � � ) � � � & �
–

' � � � � � � � � �% �� � �� � � �% � � � � � � � � � �� � � � � � � ) � � � �
-

� � � �- � �- � � � ��( � � � �� ) � � � � �� # � ) � )
•

��  � � �� � 	 � � 	 � � � � � �� � �	 � �� � �� � �� � �� � � 	 � � � � �� 	 � � � � � � � � 	� �� � �� 	

–

� �� ) � ) �% �� � � � �� � � � � � 
 � � � ) � � , % & � ) � � � �� � � � � � � � � �% ) % # � �
�

M/M/1

–

� � � � � � % � � � � � �� # � ) � ) % �� � ( � � � � � � % �� & � ( � � � � � � �� � 
 � � �� � �� � )

–

� �� � rij ) � � � �� ) � ) � �� % �� � � � � � � �� ) � ) � � � � k � � � �� � # � � % �� � � � 
 � � �% � � � � ) � � � �� ) � � ck. 

� # ( � � % � �( � � � �� �� � � ) � ) $� 2 1 0 . 47 dij

� . 4 � 0 < / �: � < � < = � 8 =5 /7 5 � = �� =7 5



59

� ��
–

� ��
36 – 2007/2008

��
. 

�
. 

�	 �
 �� �
 	  �� �
 ��

05-

•

•

– = *

– dij:

p , tk
k ijp rij p.

–
fk k
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