
 

A

UN
V

E�

R
IT

S
I�

S�P
R

E
E

S

M
I

AT

S
N

LINEAR TIME ALGORITHMS FOR
LAYOUT OF GENERALIZED
TREES

Ari Juutistenaho

DEPARTMENT OF COMPUTER
SCIENCE
UNIVERSITY OF TAMPERE

REPORT A-1994-6



UNIVERSITY OF TAMPERE
DEPARTMENT OF COMPUTER SCIENCE
SERIES OF PUBLICATIONS A
A-1994-6, MARCH 1994

LINEAR TIME ALGORITHMS FOR LAYOUT OF
GENERALIZED TREES

Ari Juutistenaho

University of Tampere
Department of Computer Science
P.O. Box 607
FIN-33101 Tampere, Finland

ISBN 951-44-3528-1
ISSN 0783-6910



� � � � � � � � 	 � 
 � � � � � � � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � �� � � �  ! � � � " � � # � � � # � �
� $ 	 � � � � �

% & ' ( ) & ( * + , - . * / ) 0 1 2 3 ' 4 * ) 4 0 5 6 & . ( , . 0 0 2 7 3 , 8 4 & . 3 & / ) 0 6 2 3 9 0 : 4 0 . , 3 ; 0 2 < = 8 3 2 - & - 0 . 3 ' ; ) + : 0 2 ) 3 ' 0 & ., 3 1 0 & ) > * . 3 , 8 1 2 ? * . , 8 0 ) & ( * + , * ? 2 + ; 8 , . 0 0 2 < = 7 * & ) > * . 3 , 8 1 2 & . 0 - . 0 2 0 ' , 0 : @ , 8 0 ? 3 . 2 , * ' 0 ; . 0 & , 0 2 &) & ( * + , 3 ' & 2 3 1 - ) 0 7 & ( A & ' : , 8 0 2 0 ; * ' : * ' 0 1 & B 0 2 3 , ' & . . * 7 0 . <

C D E F G H I J K L G M I F
� � � � � � � � � � N � � � � � � O � � � � �  � � � � � � � � � � � O � � � � � � � � � � � � � � P  � Q � � R � S � � � � � � � � � � SO � � � � � P � � � � � � � � � � � # � � � � � � � � � � � � � � � � � O � � O � � � � � � O � � � � � � � � � � � S � � � � � � �   � �N O � � O � � T � � � � � � O � � �  U � � � � O � � � � � � P � � � � � � � S � � � � � � � � � #
V � � � � N � � � � � � S � � S � � � � � � � � N � � � � � S � � N � � � � � � � �   � S � � � � � � � � � � � � � � � � � N O � �W � � S � � � � � �  � N � � � �  � � W � � U � � � # � O � � � � � � � � � � � � � � � � � � � � S � � N � � U �  U � � � � O � �N O � � O � � � � � � �  � � � � S � � � � � � � � � � O � �  U � � � � O � � � 
 � S � � � � �  # X 
 Y Y Z # � O � �  U � � � � O �� � � � � � � � � � �  � � � � � � � � U � � � � �  � R � S � � � � � �  � � � � � � � � � � P � � � O �  � � � � � � � � � � � �� � � � � N � � � � � � � P  � #
$  � � � � O X $  Z � � � � � � � � � � � � �  U � � � � O � � O � � � � � � � � � � � � � S � � N � � U � � O � � � � � � � � � �  � � �  �N � S � O � � � � � � � P  � � P � � O � � �  U � � � � O � � � � � �  � � � � � # V � � �   � N � � � � � � S � � �  � � � � �� � � � �  U � � � � O � � O � � � � P � � � S � � $  � � � � O [ � �  U � � � � O � � � S � O � � � � W � � � � � � � � � � O � � � � � � N � U � � N � � O � O � � � � � � � �  U � � � � O � � � S � � W � � � � � � � � � N � � #

\ D ] I F ^ _ F G M I F `

 � S � � � � �  # X 
 Y Y Z � � � � � S � � � O � � � � � � � S � � N � � U � � � � � � � � � � � ! �  � � � � � �  � � � � � � � � � � �� � � Q � � � � � � � � � � � � � � � � S � � �  � � � � � � � � � � � � � � � # � � � � � O � � � � � � � � � � � O � � � � � � � � �� � � � � � � � � � � � � S � � P � a � � b � � � � � � U  � � c � O � � S � � � � � � � �  � � #
� � � O � d e f g g h d f e d i j k l j m h i j � O � � � � � � � Q � O �  S � �  � � � � � � O � � � � � � � � � � � � � � � � S P � � � � � P � � N � � � � O � P � a � � � � � S � O � S � � � O � � � � � � � � a � � � � � � � � � � � � S P � � � � � � � � � S � Q� � � � � � � � � V � U � � � n #



o

p h q r s l t u v e f g g h d f e v i j k l j m h i j� O � m h w x i k l s d i j k l j m h i j S � � � � � � � � � � � O � �  � � � � � �  � � � P � � � � � � U � � U � O � � O �  S � � �� � � � � � � � a � � � O � � � � � � � � �   � � � O � � � R � � � �   � # 
 � � O � � � � � � � � � � �   � P � � � � � � � O �  S � � � #� O � � � � S � � � � � � � � � � S � � V � U � � � o #

p h q r s l y u z h w x i k l s v i j k l j m h i j

� � � O � h j d e r g h i j d i j k l j m h i j � O � P � a � � � � O �  S � � � � � � S � � O � P � a � � � � � � � � � � � � � � � �V � U � � � { #

p h q r s l | u } j d e r g h i j v i j k l j m h i j

� O � �  U � � � � O � � O � � S � � N � �  � � � � � � � � O � � � �  � � � � � � � � � � � � � � � � � � P � � � � P  � � � �S � � N � � U � O � � � � Q � � � � � � � � � � � � � � � � � O � �  � � � � � �  � � � � � � � � � � � � � � � � � N � � � � � � � � �V � U � � � � o � � S { # � O � � � � � � � � � P  � � � � O � �  U � � � � O � � �  � �  � � � � � � � � � � � S � � � � � � ! � O �� O �  S � � � � � � � P �  � � � � � S � � � O � � � � � � � � �   � � � O � � � R � � � �   � ~ � � S � O � � � � � � � P �� � � � U O � � � � � � � � � O � � � � � � � � � � � #

� D � _ � � H � � M F � � � � I H M G � �
� O � �  U � � � � O � N � � � � � � � � O � � � � � P � � � S � � � O � �  U � � � � O � � � 
 � S � � � � �  # X 
 Y Y Z #$ � � O �  U � � � � O � � O � � S  � � � � � � � � � N � � O S � � � � � � � � � � R � � � � � S � O � � � � �  � � � � � P � � � � S� � S � � N � � � � � � � � O � � � �  � � � � � � � � � � � � � � � �  � O � � U O � O � � � � � U � �  � � � � � �   � N � O �� � � Q � � � � � � � � � � � � � � # 
 � S � � [ � �  U � � � � O � � � � � � P �  � � � � S P � � � � � � � � � � � � S  � � � � � � � O �� O �  S � � � � � � O � � � � � � � � �   � � � O � � � R � � � �   � � P � � � � � �  U � � � � O � S � � N � �  � � � � � � � � � �W � � S � � � � � � � � S  � � � � � � � O � � O �  S � � � O � � � R � � � �   � #
� � � � � � � � O � �  U � � � � O � � � T � � � � � � O � � � � � � � � O � � � R � � � �  � � S � � � � � � �  S � � � � � � � �P � � N � � � � O � P � a � � b � � � � S � � c � � � S � O � � � � � � � O � N � S � O � � O � O � � U O � � � � S � O �� � � � � � b � a � � � � � � � � O � � � � � c � � � � � � O � � � � � a � � P � � � � � � S � � � S #



{

 � � � � � O � S � � S � � � S � S � � � � � N � � � � � � ! � O � � � � � � �  U � � � � O � � �  � �  � � � � � O � � � � � S � Q� � � � � � � � O � P � a � � � � � S � O � � � � � � S � � � S � � N � � O �  � � � � � #
� O � � N � � � � � � � � � � � O �  � � � � � � � � � � � � � N � � � � S � O � � �   � N � � U S � � � � � � � � � O � � � Q� � a b 
 a � � �  � � �  � � � � � � � � � � � � U � � � � �  � � � � � � � V � U � � � � � � � U � � � � � � � � � � � � O � Q� � � c #
N N � S � O � � � O � P � a b � � x s � � � � y x s y � c� O � � U O � � � � O � P � a b � e x � � � � e y x � y � c� N � S � O � � � O � � � P � � � � b � d x f � � � d y x f y � cR O � � U O � � � � O � � � P � � � � b � � x f � � � � y x f y � c� �  � � O � O � � � R � � � �  S � � � � � � � � � � O �  � � � Q � � � � � � � � � � � � O � � � P � � � � � � � � � O �  � � � Q� � � � � � � � � � � � O � � � P � � � � � � � O � � � � � � � b � d y Q � � � � � � O � � � � � � a $ ~ � �  � � �� � � � O � � � � � � a � c� �  � � O � � � � � � � �  S � � � � � � � � � � O �  � � � Q � � � � � � � � � � � � O � � � P � � � � � � � � � O �  � � � Q � � �� � � � � � � � � O � � � P � � � � � � � O � � � � � � � b � d y Q d � c�  � O � O � � � R � � � �  S � � � � � � � � � � O �  � � � Q � � � � � � � � � � � � O � P � a � � � � � O �  � � � Q � � �� � � � � � � � � O � � � P � � � � b � d y Q e y � � � d Q e � c #

Root

L
M

A B

N

c l m

r
d

m2
c2

l2

e

e2
r2

d2

a

a2

z2 z

b

p h q r s l � u � f � i r m i � f m s l l

� O � � � O � � � � �  � � � � � � � �  � �  � � � S � N � � � � S � O � � �   � N � � U � � �  S � � � � � !
U � � � � � � � � O � � O �  S � � �O � O � N � � � � O � � �  � � � � � � � �  � �  � � � S � � � � � � �  � R � S �
 Y  � � � � � � O � � S U � � � � � O � � O �  S � � � #

� � U � � � O � � �  � � � � � N � � S � � � � � � � O � � � � � a � � � � � � � # � � �  U � � � � O � n � � O � � � O � �� �  � � � � � � � �  � �  � � � S b � � � � � S � a n � � � � � � � � � � � � � � � � � � � � O � �  U � � � � O � c # � O � �N � W � � N � O � � �  � � � � � � S R � � � � � � O � O �  S � N � � � � � �  � �  � � � � O � � � � � � O � � � � � � � #� � � O � � � � � � � � � � � � � � N � � � O � � � O � � � P � � � � b  � W � � O � � � � � � a � � � V � U � � � � c � � O �� � � � � � � � � � P � � � � � � � S ~ � � O � � N � � � b  � W � � O � � � � � � a $ � � V � U � � � � c � O � � O �  S � � �� � � � P �  � � � � � S � � � O � � � O � � � � � � � � O � � � � � � � � � � O � � � � � # � O � � � � � � � � � � � � � � � O �� � � � � � � � � � � S � � U � � � O � � � � � S � � � � � O � � � � � � #



�

� � � � � � � �   ¡ ¢ � �  � �  � � � � U � O � � � � � S � � � � � � � � � O � P � a � � � � � O � � � � � � � � � #
� � � � � ! �  � � � £ Y � � � � � � � � � � N � � O U � O � 
  � N � � S � U � � � � # � � � � � ! �  � � � £ Y � � � � � � � � � � N � � O � � R � � �  � � � �  � � � S �  � � S � � � S #

¤ � ¥ ¦ � § � ¨ ¨ © ª « ¬  ¨ � � ¨ ® � � ¯ � ° ¬
� � � � U � � � � � � �

←
� � � � � � � � O � � � � � � � � � � � S �

←
� � � � � � � � � � a � � £ Y #± ¨ ² ¨ ³ � ´ µ � � � � � � O � � S  � S � � ¨ ¦� �  � 	 � P � � � � b � � � � � � � � c #

� � � � U � N
←

� � � S �
←

� � a � � � � � � a � � � O � £ Y #¶ ¦ � � � b � � � � � � � � c #� O � � � � � � a N � � � O � � � � � � � � O � � � � � #
¤ ³ � · ¸ ¥ ¹ � � ¨ ¨ ©  ¬  ¨ � � ¨ ® º ¥ ¦ ¯ ¨ ¨ ¦ ¬ � ¦ � ¨ � ¨ � ° ¬´ µ � � � �  � � � � � ¨ ¦

� � � � U � �
→

�
←

�
→

N � � S �
→

R
←

�
→

� #» � ¯ ¨
� � � � U � 	 a

←
Q S a ~ 	 �

←
S � ¼ �

→
� ~

� � � � � � �
←

� ~ � ½ � � � �
←

� ~ � � S Y ½ � � � �
←

� � � ½ ¾ � � #� � � S  � �   � O � � O �  S � � � !
� � � � U � 	 a

←
	 a ¼ S a ~ � O �  S

→
� �  �

←
	 a � � S � O �  S

→
� �  �

← 
	 � #´ µ � O �  S O � � � � � P � � � O � � S  � S � � ¨ ¦� �  � 	 � P � � � � b � � � � � � � � c #

� � � � U � 	 a
←

	 a ¼ � O �  S
→

� #� � S � � � � � � � � � � � Y ½ � � � � � � S � ½ � � � � #
� � � � U � �

→
R

←
	 � ¼ � � a � #´ µ b 	 a ¿ � £

→
N c � � ¨ ¦

� � � � U � �
→

�
←

	 a � � S �
→

�  
← 

b � ½ � � � � ¼ Y ½ � � � � Q �
→

N c À o #» � ¯ ¨
� � � � U � �

→
�

←
�

→
N #� � � S  � �   � O � � O �  S � � � !� S S b £

→
N Q 	 a c À o � � � O �  S

→
� �  � #

� � � � U � � � � � � �
←

� � � � � � Q n � � S � � � W � O � � � � � � a O � � S  � S #

« ¨     ³ ¡ ¢ � � z � � � � � � � N O � � � r � � S Á � � � � O �  S � � � � � k � � O � � �  U � � � � O � n � �  � � Q � � � � � �  � � � � � � � � � � � � � �   � O � � � � � � � � � � � z � � � � � S � � � � � � N � � O � O � � �   � N � � U� � � � � � � � � � !
n c � O � P � a � � � � � O � � � � � � � � � S � � � � � � � �  � � #o c � O �  � � � Q � � � � � � � � � � � � � O � P � a � � � � r � � S Á O � � � � O � � � � � � Q � � � � S � � � � �� O � � � �  � � U � � � O � � � O � � Q � � � � S � � � � � � � � O �  � � � Q S � N � � � � � � � � � � O � P � a � � k #{ c � � � O � a Q � � � � S � � � � � � � � O � � � U O � Q � � � � � � � � � � � � O � P � a � � r � � � � �   � � � O � � � O �a Q � � � � S � � � � � � � � O �  � � � Q � � � � � � � � � � � � O � P � a � � k � � O � � � O � a Q � � � � S � � � � � � �� O � � � U O � Q � � � � � � � � � � � � O � P � a � � � � � O � � � � � a � � � O � � � P � � � � r � � � � �   � �



Â

� O � � � O � a Q � � � � S � � � � � � � � O �  � � � Q � � � � � � � � � � � � O � P � a � � � � � O � � � � � a � � � O �� � P � � � � k #Ã � � � µ ¢ � O � � � � � � � � � n � � � � � � � � � O � � � � � � � � � � � o � � S { � � � � � � � # $ � � � � � � Ä � � � � � Q� � U � � S � �  � � � � � � � O � � r
→ Å l e Æ � Á

→ Å l e Æ � Ä � # $ � � � � � � r
→ Å l e Æ � � � � � � � � � � � O �� �  � � � � � � � � � � � � � � � r � � k � � � � � � � � � U O � � � � � � � � O � � Ä � ¿ � � N O � � O � � � P � � � � �� � � � � � � ¿ � � � S k

→
l ¿ � #

� � r � � O � � S  � S P � � � � � Á � � O � � Á
→ Å l e Ç � r

→ Å l e Ç ¼ � � ¼ r
→

f # � O � � � � � � � � � {� �   � N � � � � � � O � � � � � � O � � r
→

f � � � � � � � � � � � O � N � S � O � � � O � � � P � � � � � � r #
� � � � � � � � � � � � � � � � � � O � � � � � a � � � � � � � � � � # � �  � 	 � P � � � � b k c � � W � � � � � � � � � � �
� � � P � � � � � �  � �  � � � � � � � � � � O � � � � � � a k � � S � � � � � � O S � � � � � S � � � � � k #
� � � � � �  U � � � � O � n O � � � � S � � � S � O � � � �  S � � � � O � � � � � � � � � � N � � � � � � � �  � S � � N � O � � � � � � � � � O � � � � � � N O � � O � � S � � � P � �  U � � � � O � o b � � � � � S � a o � � � � � � � � � � � � � � � � �� � � O � �  U � � � � O � c #

a b

c de

f

p h q r s l È u É g f Ê w e l � s f Á h j q

� � � � � O � � � � O � � � S � � N � � U � � � � � S � � � � ! � � � N $ � a � ¾ � � � � � � Y � � � � � # � � � � �S � � � � � � � � � � N � � O V � U � � � Â O � N � � � � � � O � � � � � � � � S � � � � # � � e � � S m � � � � O � a Q � � S� Q � � � � S � � � � � � � � � O � � � � � � f � � � S � � Á � � S Ë � � � � O � N � S � O � � S O � � U O � � � � O � P � af � d � � � O � � � � � N $ � a b e Ì m Ì Á Ì Ë c S � � N � � O � � P � a # � O �  � � � l � � � � P � S � � N � P � � O �� � � � � S � � � � �   � ¾ � � � � � b l � Ì l � c � Y � � � � � b � � Ì � � c #

� � � � � � � �   Í ¢ � � � N � � U � O �  � � � � � � � � O � � � � � #
� � � � � ! �  � � � � � � � � � � � � � � � � S � � � S P � �  U � � � � O � n # � � � � � ! �  � � � � � � � � O � � � � � � #
Î � ³ Ï § � ¨ ¨ ©  ¬ � � ¨ � � � � � µ � � ¨ � � ¨ ¨ ° ¬¾ � � � � � b �

→
�  ¼ b �

→
N c À o � � c #� � � N 	 � P � � � � b � � � � � c #Î � ³ Ï ¸ ¥ ¹ � � ¨ ¨ ©  ¬  ¨ � � ¨ ® º ² ® Ð ² Ñ ¬ � ¦ � ¨ � ¨ � ° ¬

� � � � U � a o
←

� a ¼ �
→

� �  � ~ � a
←

� a ¼ �
→

� �  � ¼ �
→

�  � � S
� �

←
� � ¼ �

→
� �  � #Y � � � � � b � a ¼ b �

→
N c À o � � � c ~ � � � N $ � a b � a � � � � �

→
N � �

→
� c #� � � S  � �   � O � � O �  S � � � !¾ � � � � � b � a ¼ b �

→
N c À o � � � ¼ �

→
� c #� � � N 	 � P � � � � b � O �  S � a o � � � c #



Ò

« ¨     ³ Í ¢ �  U � � � � O � o S � � N � �  � � � � � � � � O � � � � Q � � � � � � � � � � � � � � � �  � � � � � � � � � #
Ã � � � µ ¢ � � � N 	 � P � � � � � �  � �  � � � � � O � � P � �  � � � � � � � S � � � � � � � � � � � � � � a � � � � U � � � � �  � Q� � � � � � � � S � � � � � � � � S � O � � P � �  � � � � � � � S � � � � � � � � � � � � � � � � � # $ � � � � � � � O � � � � � � S � � �S � � N � � O � P � a � � � � � S � � U � � � O � � P � �  � � � � � � � S � � � � � � � � O � P � a � �  � � � � � S � � � O � � � U O ��  � � � # ¾ � � � � � P � U � � � � O � � S U � � � � O � � � � � � � � � � O � P � � � � � � � � O � � � � � � � � � � S

Y � � � � � � � S � � � � � � O � � � � � � � � � � O � � � � � � � O � � O �  S #
� � V � U � � � Ò N � � � � � � � � �  � � � � � S � � N � P � �  U � � � � O � n � � S �  U � � � � O � o # $  � � � � O� � � � � � � � � N � �  U � � � � O � � � O � � � � � � � � � � � � S � � N � � U � � O � � � � � � � � � �  � � �  � N � S � O � � SO � � U O � � � � � � � � P  � � P � � � � � O � � � � � � �  b j Ë c � � � � � N O � � � � O � � � � � � � Ë � � � � � � � O � U O #� � � O � � �   � N � � U � � � � � � � N � � � � � � � � � � �  U � � � � O � � O � � � � W � � � O �  � � � � � � � �  U � Q� � � O � n � � � � � N � � � � � � U � �  �  � � � � � � � � � #

Paul

Kar l

Q
Kevin

Adam

Oscar

a

b

d

f c

e

x

Kate

A

B C

y

James

Ursula

Jane

Jake

Vivian

X

Y Z

z

p h q r s l Ó u z s l l e f � i r m

Ô D Õ � Ö M F � G � _ × � Ø I K G � � H H I � _ H
� O � � N � P � U � � N � � O $  � � � � O [ � � � � � � �  U � � � � O � � � S � � W � � � � � � O � � U � � � � � � � N �� � � � � � � � � � � � �  U � � � � O � { b � � � � � S � a { � � � � � � � � � � � � � � � � � � � � O � �  U � � � � O � c� O � � � � � � � O � � � � �  � � � �  U � � � � O � n � � S � � � � � � � � O � � � � � � � � �  � � � $  � � � � O [ � � � � � ��  U � � � � O � X $  � � # Ù o n Z � P � � � �  � � � � � � � � � # � O � � � Ú � � S � � � S � � � � � U � � � $  � � � � O [ �� � � � � �  U � � � � O � � � � O � � � � � � � � � � � � � O � � � � � � � � � � � � � � � P � � � � � � � # � � N O � � � �   � N � N �� O � N � O � � � � � � � � � � � P  � � � � � � � � � W � � N  � S U � � � � O � � � R � � � � � O � � � � � � � � � # � � P �� P  � � � � � � � O � � W � � N  � S U � � N � � � � � � � � � � � � � � � � � � � � � O � � P � � � � � � � � � O � � � O � � � � � � � � S � � � � � S � � � � � � S � � � � O � � � O � � � U O � � � � � S � � � � � S � � � � #
	 � � � � � � � O � � Á � � � O � � � � � � � � O � � S  � S � O �  S � � k � � S Á � � � � � � O � � � � � � � O �  S � � k Û� O � � � � � � � � � O b Å k c � � �   � S � O � s h q Ë m w f m Ë � � k � � � � � � � � � � O � � � U O � � � � � O � � S  � S � � � Q
� � � � � � � � O � � � P � � � � � � k � � � S � O � � � � � � S � � � b � Á c � � �   � S � O � e l � m w f m Ë � � k � � � � Q
� � � � � � O �  � � � � � � � � � � � � � � � � � � O � � � P � � � � � � Á # b 
 a � � �  � � � � � � � O � � � � U � � � � � �V � U � � � Ü # c � � � � � O � � � � U � � � � � � � S � O � � � � O � � N � W � � N b � � � S � � � b Å k � � Á c c � � O �



Ü

� � � � � � � S � � � � � � � P � � N � � � � O � � # � � � � � � � � � � O � � � P � � � � � � Á � � � O �  � � � � �� O � � � O � � � N � � � � � � � S � � � � � � � � � � � � � O � � � �  � � � S � � � � � S � � � � � � � S � � � � � � �P � � N � � � � O � P � a � � # � O � � � � � P � S � � � � � � O � � �   � N � � U N � � !

w→RelX = w→RelX - mindist(
� � � Y N ) + dx

� � � O � � � � � � � � O � � � � � � � O �  S � � � � � � � � � � � � � � � � P � � � � � � � � S � � � # $ � � � S � � � � � � O � �� � � � � O � � � � � � � � � U O � � � � O � � � O � � � � � � � N � � � �  S � � � � � � � � O �  � � � � � � O � � � O �� O �  S N � � O # � � � �  � � � S � � � � O � � � � O � � � � O � � � � � � � # � O � � O � � � � � � � # U # � � V � U � � � ÜN O � � N � O � � S  � � O � � � � � � � � � f Ì m Ì � Ì d � � � S l #
�  U � � � � O � { � � � � � � � � � � � # � � � O � � � � � � a O � � � O �  S � � � � N � � � � S � � O � � � � � � O � � � � � S � �� � � � � � � � � O � � � � O � � � � O � � � � � � � # V � � � O � � � � � � � � � � N � � � � � � � S � � � � O � � � � O � � k� � S Å k � � � O � � � � N � O � � S  � � � O �  S � � k # � � � � � � � O � � � O � � � � O � � � � O � � � � � � � � � � �

� � � � � � � � P � � � � � � � � S � k � � � � � �  N � � � � O �  � � � � � � O � � � O � � � � � � � O �  S � � � � � � Å k�  N � � � � O � � � U O � � � � O � � � O �  � � � � O �  S #
� � � � � � � O � � � O � S � � � O � � � O � � � � O � � � O � � P � �  � � �  � � � � � � � � � � O � P � � � � � � � � O �  � � �� � � � � a � � � O � � � � O # � O � � � � � � � � � � W � � S � � � � � S � � � � U � � � � � � � � � � ! � O � � � � � � a � � � O ��  S � � � � O �  S � � O � � � U O � � � � O � � S � � � � � � � O �  � � � � � � O � � S � � � � � � � � � O � � � � O � � � � � �� T � �  S � � � O # � � � � � � � O � � S � � � O b Å k c � S � � � O b � k c P � � � � � � Å k � � � � � � � � � O � � � U O � Q
� � � � � � � � � � � � � � � � P � � � � k � � � S � k � � � � � � � � � O �  � � � � � � � � � � � � � � � P � � � � k # � O �
� � � O � O � � � � � � � � � O � � � � �  � � � � � � � � a #
� � S � � � O b Å k c � S � � � O b � Á c � � O � � � k S � � � � � � � O � � U � � � S Å Á � � �  � S � � U k P � � � � � �
� O � � � N Å k # � O � � � � S � � � � � � � � � � S � � V � U � � � Ü b Å k � Ý � � � � P � � Þ � � k � Ý � � � � � Þ �
� Á � Ý N � � � S Þ � Å Á � Ý N � S Þ � � � S � O � � � N Å k � Ý � � N � S Þ c #  �  � � � � � � � O � � W � � S � �
� � � � � � � � � � � � O � � � � O � � k � � S Å k S � � � � O � � � � O � � � � �  � � � � � � � � a #

v

t

a

u

f

b

c

w

e

d
p h q r s l ß u � l w m Ë à Å k á â � l w m Ë à � Á á

� � S � � � O b Å k c ¿ S � � � O b � Á c � � O � � � k S � � � � � � � O � � U � � � S � O � � � N Å k � � � � � � � � Å Á� � S � O � � � � � � � � � � � � � Å k N O � � � S � � � O � � � � U � � � � � � � O � � � O � S � � � O � � Å Á # � O � � � �
S � � � � � � � � � � S � � V � U � � � Ù � N O � � � � � � U � � �   � Å k � Ý � � � � P � � � � Þ � � � S � � � � � � � S � � � � U

Å k � Ý � � N � S � � � � Þ #



Ù

v

t

a

u

f

b

c

w

e

d

p h q r s l ã u � l w m Ë à Å k á ä � l w m Ë à � Á á

� � S � � � O b Å k c å S � � � O b � Á c � � O � � Å Á � � �  � S � � U k P � � � � � � � O � � � N Å k � � S � O �
� � N � k � � � � � � � � � O � �  S Y k � � S � O � � � � � � � � � � � � � � Á N O � � � S � � � O � � � � U � � � � � �
� O � � � O � S � � � O � � � k # � O � � � � S � � � � � � � � � � S � � V � U � � � æ � N O � � � � � � U � � �   � � k �

Ý � � � � � Þ � � � S � � � � � � � S � � � � U � k � Ý � � � � � � S Þ #

v

t

a

u

f

b

c

w

e

d
p h q r s l ç u � l w m Ë à Å k á è � l w m Ë à � Á á

� � � � � � � � � P  � � � � � W � � O �  � � � � � � � � � � N � � � � V � U � � � Ü � � S V � U � � � Ù � P � � � � � � �V � U � � � æ # � O � � � � � � � � O � � � � � � � � � � � � � � � � � � � � � � P  � � � ! � O � P � a � � � � � � � � Q� � � � � �  � � � � �  � � � � � P �  � � � � � S � � � � � S � � O � S � � N � � U � � � � # � O � � � � � � P  � � � � � �S � � � � � � � � � � S � � V � U � � � n � #

v

t

f b

c
u

w

e d

a

p h q r s l t é u z l Ê w i s f s � ê k l s e f w w h j q



æ

� O � � � O � � � � O � � � � � S Å Á � � � � � � � � � � S � � O � � � P � � � � � � � � � � � S � � � O �  � � � � �
� O � � � O � S � � � � � � � P � � N � � � � � � � � � � � l � � S � � � � � � � � �  ~ P � � � O � � � � � � � � � f � � S r � � �� � � �  � � � � � U � � � �  � O � � � � O � � Á � � S Å k � � � � � � � � � � S # $ � � � � � � � � � S � � � b Å k � � Á c � �
� � U � � � � � � � O � � � P � � � � Á � � � O � � � � � � S � � � O � � � U O � � � � O � � � O � S � � � � � � � � � � �  � � U �� � � � U O #
� � � � � � � � � � � � � � � �  � � � � � � � � � N � � O � O � � � � � � a d # � O � � � O � � � � O � � � � � S Å m � � �
� � � � � � � S � � � � � � � � � O � P � a � � � � � � � a d � �  � � � � � S � � � � � S � � O � S � � N � � U � � � � # � O � � � Q� � � � � � � O � � � S � � � O � �  U � � � � O � � � O � � � � � � � � � O � � � � O � k � � � � � � � � � � S � � � O �  � � �
P � � S � � � � � O � S � � N � � U � � � � � � � S � O � N O �  � � � � � � � � � P � � � � � S � � � O � � � U O � � � �� � � � � � � � � #
� � W � � � � O � � � � � � � � �  � a � � �  � � � � � � N � � � � U � � O � � � U O � O � N O �  � � � � O � �  � P � Q� � � � N � S �  � � � � � # � � � � � � S � a � � � � � � � � � � N � � � � S � � � � � � � � � � � � � � � # V � � � a � � �  � �N O � � N � � S S � O � � � � � � a � � � � k � � V � U � � � æ � � O � � � � � � � P � � � � � � � � � � � � O �  � � �
� � � � � � � k � N O � � O � � � � S � � � S � � � � � � � � � � # V � � � O � � � � � � � � � � � � N O � � N � � � � � �

� � P � � � � � N � � � S � � � � �  � � O �  � � � � � � � � � � O � � � � O � � � � � � � O � � � � � # � O � � � � � � � � � �� � � O � � � � � � � � � O � � � � O � N �   P � � � S � � � S N O � � � O � � � � � � � � � � � � � � � � S #
�  U � � � � O � { � � � S � � O � � P � �  � � � � � � � S � � � � � � � �  � � � Q � � � � � � � � � � � � � O � � � � � � � � � # $ � Q� � � � � � � � O � � � � � a � � � � � � � U O � � � � O � � S � � �  � � � � � � O � N � � � � S � S � � � � � � � � S � � �� � � � � � � � � � � � � � � � � � � � � � � O # Y � � ë � � � O ë P � � � � � � � � � � � � � � � � � S N � � O � O � � �   � N Q� � U � � �  S � !
� � a � � � � � � � � � � � O � � � a � � � � O£ a � � � � � � � � � � O � � � � � � S � � � O � � � � � � aS � N � � � Q � � � � S � � � � � � � � O � P � � � � �� � U O � � � Q � � � � S � � � � � � � � O � � � U O � P � � S � � � � � � � Q � � � � S � � � � � � � � O �  � � � P � � S � �¾ � � � S � O � N � O � N � � � O � O � � � P � � � � � � � O � � � � � � a O � � P � � � � � � � S

� � � � � � � �   ì ¢ ¾ � W � � U � O �  � � � � � � � � � � N � � � � � � U � � � O � #
� � � � � ! �  � � � � � � � � � � � � � � � � S � � � S P � �  U � � � � O � n # � � � � � ! �  � � � � � � � � � � � � � � N � � O  � � � � � � � � � � S � � � S #
í ³ � � � Ï § � ¨ ¨ ©  ¬ � � ¨ � � � � � µ � � ¨ � � ¨ ¨ ° ¬
� � � � U � � � U O � î � � O

←
� � N î � � O b � c � � S Y � � � î � � O

←
� � N î � � O b � c #î � � � � Y � � � � � U O � � � � � U O � î � � O � � S Y � � � Y � � � � � Y � � � î � � O #

� � � � U � ¾ � a � � � � O
←

�
→

R ¼ S � #� � � � � N 	 � P � � � � b � � U O � î � � O � Y � � � � � U O � � Y � � � î � � O � Y � � � Y � � � � � � ¾ � a � � � � O � n c #¾ � � � � � � � � � O � � � O � � � U O � � O � � � � � � � � � � � � � � � � � S � � O � � � � � #� �  î � � O b � � U O � î � � O � � � Y c ~ � �  î � � O b Y � � � î � � O � � � Y c #
í ³ � � � Ï ¸ ¥ ¹ � � ¨ ¨ © ± � � � � Ã ³ � � Ð « ³ ¯ � ± � � � � Ð « ¨ µ � Ã ³ � � Ð « ³ ¯ � « ¨ µ � ¬ Ã ³ � � º  ¬ ª ¨ � � ¨ ® ºï ³ ® Î ¨ ² � � ¬ ´ ¦ � ¨ � ¨ � º ¤ ³ � ð ¬ ´ ¦ � ¨ � ¨ � ° ¬
� � � � U �  N � � � U O �

←
� � N î � � O b � c � � S  N � Y � � �

←
� � N î � � O b � c #î � � � �  N � Y � � � � � �  N � � � U O � � � S  N � Y � � � Y � �  N � Y � � � #

� � � � U �  N � � � � � O
←

 N � � � U O �
→

S � N � � #



n �

´ µ � � � � � � �  � � � � � ¨ ¦
� � � � U � � � � � �

←
� #� � � S  � �   � O � � O �  S � � � � � � !

� � � � U � � � � � �
←

� � � � � ¼ n #� � � � � N 	 � P � � � � b  N � � � U O � �  N � Y � � � � �  N � Y � � � �  N � Y � � � Y �� O �  S �  N � � � � � O � � � � � � c #¾ � � � � � � � O � � � S S  � � � � � � � O �  S � � � � � S U � � ¾ � � � S #� S S ¾ � � � S � � �
→

� #´ µ b �
→

� å �
→

N c � � ¨ ¦
� � � � U � �

→
�

←
�

→
N #» � ¯ ¨ � S S ¾ � � � S � � �

→
�  �  N � � � U O �

→
¾ � � � S �  N � Y � � �

→
¾ � � � S #	 � P � � � � � ¾ � � � S � � � �  N � � � U O �

→
� � a �

→
¾ � � � S � � S N � Y � � �

→
� � a �

→
¾ � � � S #

� � � � U �  N � Y � � � V � S
←

 N � Y � � � � � S V � � � � � � S �  
←

� � U O � î � � O
→

� � a � #´ µ b � � � S ¿ n c � � ¨ ¦
¾ � � � � � � �

←
� � � � � � � î � � O � b V � � � � � � S �  �  N � Y � � � V � S c #� S S ¾ � � � � � � � � �  N � � � U O �

→
¾ � � � S �  N � Y � � �

→
¾ � � � S � �

→
� �  � #

� � � � U � V � � � � � �  
←

� � U O � î � � O
→

� � a � � � S � � U O � î � � O
→

� � a �
←

 N � � � U O � #´ µ b � � � S � n c � � ¨ ¦� � S � � � � � U O � î � � O � Y � � � � � U O � � Y � � � î � � O � Y � � � Y � � � � � S ¾ � a � � � � O #» � ¯ � µ b  N � � � � � O � ¾ � a � � � � O c � � ¨ ¦
� � � � U � Y � � � � � U O �

← 
 N � Y � � � � #» � ¯ � µ b  N � � � � � O å ¾ � a � � � � O c � � ¨ ¦	 � P � � � � � ¾ � � � � � � � � � � � V � � � � � � S �  

→
¾ � � � S #

� � � � U �  N � Y � � � �
→

� � a �
←

V � � � � � � S �  #» � ¯ � µ b  N � � � � � O ¿ ¾ � a � � � � O c � � ¨ ¦
� � � � U � ¾ � a � � � � O

←
 N � � � � � O ~ Y � � � Y � � �

→
� � a �

←
 N � Y � � � V � S ~

Y � � � � � U O �
← 

 N � Y � � � � ~ Y � � � Y � � �
← 

 N � Y � � � Y #
� �  î � � O b V � � � � � �  � V � � � � � � S �  c ~ � �  î � � O b  N � Y � � � �  N � Y � � � V � S c #

¤ �   ² ³ � ¨ Ã ³ � � ¯ © ñ ³ ¦ ð � ¨ ð Ð ¶ ¦ � ³ ¦ ð � ¨ ð ¬ ² ³ � � ° ¬ � ¦ � ¨ � ¨ � ¬
� � � � U � Y � � � 	 � � � � � U O � 	

←
� #

� � � � U � ¾ � � � � � �
←

� � � ½ ¾ � � #ò � � � ¨ b � � � S  � S å ¿ � � Y c ³ ¦ ð b � � O � � S  � S å ¿ � � Y c ð �
� � � � U � Y � � � $

←
� � � S  � S

→
� � U O � � ¼ � � � S  � S

→
¾ � � � S ¼ Y � � � 	 � � #

� � � � U � � � U O � $
←

� � O � � S  � S
→

 � � � � ¼ � � O � � S  � S
→

¾ � � � S ¼ � � U O � 	 #´ µ b � � � S  � S
→

S � N � � å � � O � � S  � S
→

S � N � � c � � ¨ ¦� S S Y � � � 	 � � � � � � � S  � S
→

¾ � � � S #
� � � � U � Y � � � 	 � �

←
� � � S  � S

→
¾ � � � S #

� � � � U � � � � S  � S
←

� � � S  � S
→

� � a � #



n n

» � ¯ � µ b � � � S  � S
→

S � N � � ¿ � � O � � S  � S
→

S � N � � c � � ¨ ¦� S S � � U O � 	 � � � � O � � S  � S
→

¾ � � � S #
� � � � U � � � U O � 	

←
� � O � � S  � S

→
¾ � � � S #

� � � � U � � � O � � S  � S
←

� � O � � S  � S
→

� � a � #» � ¯ ¨ S � P � � O � � � � � � � � � � S � � � � � � �  � � � #
¾ � � � � � �

←
¾ � � b ¾ � � � � � � � � � U O � $ Q Y � � � $ c #´ µ b � � � S  � S å ¿ � � Y c � � ¨ ¦� S S Y � � � 	 � � � � � � � S  � S

→
¾ � � � S #´ µ b � � O � � S  � S å ¿ � � Y c � � ¨ ¦� S S � � U O � 	 � � � � O � � S  � S

→
¾ � � � S #± ¨ � ¥ � ¦ b Q ¾ � � � � � � c #

í ¨ Ï Ã ³ � � ©  ¬  ¨ � � ¨ ® ° ¬ ² ¬ ² ³ � � ¬� � � � � � � � � � � � � � � � #
� � � � U � �

→
£ a

←
� ~ �

→
S � N � �

←
�

→
� � ¼ �

→
� ¼ S � ~

�
→

 � � � �
←

�
→

� � ~ �
→

� � U O � �
←

�
→

� � ¼ �
→

N ¼ S a ~
�

→
¾ � � � S

←
� ~ �

→
� � a �

←
� � Y #± ¨ � ¥ � ¦ b � c #

Î ¨ � Ã ³ � � © ó � � ¯ � Î ¨ � Ð ó � � ¯ � ¶ ¦ ð ¨ � ¬ ² ³ � � ° ¬ò � � � ¨ b b V � � � � � �  å ¿ V � � � � � � S �  c � � S b V � � � � � �  å ¿ � � Y c c ð �
� � � � U � � �  

←
V � � � � � �  #

� � � � U � V � � � � � �  
←

V � � � � � �  
→

� � a � #V � � � � O � � � � � � � � � �  #

« ¨     ³ ì ¢ �  U � � � � O � { N � � W � � � � � � � �  � # � � � � � � � � � � �  � a � � � � �  � � � � � #
Ã � � � µ ¢ � � � O � � � � � � S � � � � � � � � N 	 � P � � � � � � O � � � � � � a � � � � � � S � � � � � � � U O � � � � �� O �  S O � � P � � � � � � � S # $ � � � � � � � O � � �  � � � � �  � � � � � � � � � � � O � � O �  S � � � � � � O � � �� � � � � � � O � � U � � � O � � O �  S � � � � � � � P � � � S � � � S � � � � # � O � � � � � � S � � � � � � � � � � î � � O �� � S � � � � � O �  � � � � � � � � � � � � � � � a P � � � � � � O � � � � � � � � � � � � U � � � � O � � � U O � O � � � � O �� � � �  � � � O � � � � � O � � � � S � � � � S � � � S � � O � � � � � � � � S � � � � � � � P � � N � � � � O � � #V � � �   � � � O �  � � � � � � � � � S � � � � � � � � S � � � S � � � � #

� O � � � � � � S � � � � � � � � � � î � � O � � � � � � � � O � N � � � O � O � � � � � � a � � � P � � � � � S # � � N � � � � � O å ¾ � a � � � � O � � O � � � O � � � � �  � � � � � P � � � P � � � � � � S � � � � � O � � � � � � �  S� � � � � � � O � � � U O � � � � O � � � O � � � O � � �   � N � � U � � � � � � � �  S P � � � � � � � �  � � � S � � � S # � �� O � � � S � � � O � � � � � � S � � � � � � � � N � � � � � � O � � �  � � � � � � � � � S � � � � � � � � � O � � � � � � � � � � � �� � � � � � � � P � � � O � � P � �  � � � � � � � S � � � � � � � � � � � � � � S � � � S # � O � � � � � P � S � � �  � � � � � � � � � � � � � � � #

 � � O � � � � � a � � � � � � � � S � � � � N O � � N � � � � � � � � O � � � � O � # � � � � � U � O � � � � � � � � N � � � � � � �� N � � � � � � � � � � � O � � � � � � O � � � � � a # � � j � � � O � � � � P � � � � � � � � � � � � � N � � O � N � O � � � O �� � � �  � � � P � � � � � � � � � � � � � O � � � � � � � � � O � � � � O � � �  b j c #

 � � O � � � � � � � O � � � � O � � � O � � S  � S � � � � N O � � � � � � � � � � � � S � � S � � � � N O � � � � � �S �  � � � S # 
 � � O � � � � � � � � S � � � S � � � � � � � � � � N O � � � � � � O �  S � � � � � � O � � S  � S � � � � � � �



n o

� � � � N O � � � � � � � � � � � � � � � � � � � � � S � � � S � � � � � � � � � � N O � � � O � � � � O � O � � � P � � �� � � � � � � S #
� O � � � � � � S � � � � � � � � � � î � � O � b Å k � � Á c O � � S  � � O � � � � O � � � � �  � � � O � � � � � O � �
� � S � # � � � O � � � � � � O � O � � � ô � � � � � � � O � � � � P � � � � � � � � � � � � � � �

≤
ô # � � � � � � O � � � � Q� � � � � � � � �   � O � O � � S  � S � � � � � � � � O � � � � O � � � � S �  � � � S � � a � � � � � � � � O � � � � � P �� � � � � � � S  � � � � � � O � � � � � ë V � � � � � � S �  ë � � Å k � � S � � � O b Å k c ¿ S � � � O b � Á c � � � � O �

� � � � ë  N � Y � � � V � S ë � � � k � � S � � � O b Å k c å S � � � O b � Á c # 	 � � O � � � � � � � � � � � O � � � �
� � � �   � � � � � � � S � � � � � � � � � � � � � � � � # V � � � � � O � O �  S � O � � � � � � P � � � � � � � � � O � � O � ��  � � � S � P � � � � � � � � � S � � S N �   P � � P  � � � P � � � � � � � S  � � � � # 	 � � O � � � � � � P � | j � � � Q
� � � � � � � � � � � j � � � � � � � � #

� � �  U � � � � O � o U � � � � � � � � � � � O � � � � �  � � � � �  U � � � � O � { � � � S � � N � �  � � � � � � O � � � � � � Q� � � � � � � � N � � � O � � � O �  � � � � � S � � N � N � � O � O � � � � �  � � � � �  U � � � � O � { # � � V � U � � � n nN � O � � � � � � � � � N � �  � � � � � � � � � O � � � � � � O � N � � � V � U � � � Ò # � � � O � � �   � N � � U � � � Q� � � � N �  � � � � � � � � � � � O � � � � � � � S  � � W O � N N �   � � �  � � � � � � � � � � � O � � � � � T � � � � Q� � � � � #

Paul

Kar l

Q
Kevin

Adam

Oscar

a

b

d

f c

e

x

Kate

A

B C

y

James

Ursula

Jane

Jake

Vivian

X

Y Z

z

p h q r s l t t u õ f s s i Á l s m s l l e f � i r m

ö D ÷ � I _ ` L � ø ` L H M G _ H M �
$  � � � � O X $  Z  � � � � � O � � �   � N � � U Ü � � � � O � � � � � � � � � � � � �  � � � � � !

n # 	 � P  � � U � � � � � � � � � O � �  S O � � � � O � � � � � � � S U � � �  � U � � S O � � � R � � � �   � #
o # 	 � P  � � U � � � � � � � � � O � �  S P � S � � N � � � � O � � � � �  � � � Q � � Q � � U O � � � S � � � � � O � � � � U � � �  � � S � � #
{ # î � � � � � � � � � � � � � � O � �  S P � � � � � � � S � � � � � O � � � � � � � � � � O � � �  � � � � � � � � � S� � U O � � � � � � O �  S � � � #



n {

� # � � � � � � � S � � �  � U � � �  � � � � � � � � � U � � O � �  S P � S � � N � � � � � �  � � � � � � � � � � � � O� � O � � � � � S � � � P � � � � � O � �  S P � S � � N � � � � O � � � � � N � � � � � � � � � � N O � � � � �� � � � � � � � � � � � � � #
Â # � � � S U � Ú � � � � � U � O � � � � � � � � � � O � P � � � � � � � � � � � � � a N � � O � O � � � � � � � � � � O �� � � � � � � O �  S � O � �  S � � � � � � � � � � O � � � � � O � S U � � � � � � � � a #

Ò # �   � � � � � � � � � O � � � O � � � � � � � � � � � O � �  S P � � � � � � � � � S O � � � R � � � �   � P � � �  � � � � �S � � � � � � � w ¿ � #
Ü # 
 � � O � � � � � a � O � �  S P � � � � � � � � � S � � � � � � �   � � � � � � � � � � � � � � P � � a � � �  � � S � � Q� � � � � ù # � � � � � � � � � � � � � � � � � � � � S � �  � � � � � � � � a � � � � P � � Q � � � � � S S � � �  � � �� O � � ù � O � �  S P � � � �  � � �  � � � � O �  � � � O � � U O � #

$  � � � � O [ � �  U � � � � O � � � � � � � � �  � � � � � � O � � � � � � � �   � � T � � � � � � � � � n Q Ü # �  U � � � � O �n � � S �  U � � � � O � o � � � � � �  � � � � � � � O � � � � � � �   � � � O � � � � � � � � � � � � a � � � � { # � O � � � � Q� � a � � � � � � � � S � � � � � O � � � � � � � � � � O �  � � � P � � S � � � � � � �  � � � � � � � � O �  S � � S � O � � � U O �P � � S � � � � � � � � � U O � � � � � � O �  S � N O � � O  � � � � � � � � � T � � � � � � � � � � � O � � � � � � � � � � O �� � � � � � � � � � �  � � � � � � � � � S � O � � � � � � � � � � � � � � U O � � � � � � O �  S � � � #
� O � � � � � � � N � �  � � � � � � � � � � O � � � � � $  � � � � O [ � � � � � � � � � � � � O � N � S � �  � � � � � � � a � � � �� � � � � � � � O � � � � � � N � �  � � � � � � � � � � � � � � � � � �  � � � � � � � � � �  N � � � � � � � � � � � � �  #

ú _ û _ H _ F L _ `
X $  Z � # $  � � � � O � � � � � O � � � �  � � � � � � � U � � � � �  � R � S � � � � � � Ä i � m Á f s l x ü s f d m h d l f j �ý � w l s h l j d l � Í ì � Ù n Ü Q Ù o Ü b n æ æ { c #
X 
 Y Y Z î # 
 � S � � � � # Y � � � � S � # Y � � � � N � � � � � S � � N � � U � � � � � � � � � � � � } j m l s j f m h i j f eþ i r s j f e i � v i Ê w r m f m h i j f e ÿ l i Ê l m s � � É w w e h d f m h i j g � ª � � ¢ ì Ð í � ¢ Í � n { { Q n Â {b n æ æ { c #

APPENDIX 1: C CODE FOR ALGORITHM 1

/* These appedices differ in some situations
    from the algorithms they are based on */

/* CalcSubtree calculates the demand of space for the subtree
   and updates the count of the unhandled vertices.
   It goes the vertices of the subtree in the depth-first order.
*/
void CalcSubtree( V, Unseen )
struct vertex *V;
int *Unseen;
{

edgenode *Edge_1,  /* pointer to the beginning */
*Edge_i; /* of the list */

vertexnode   *u;
int Sx, Sy, S, maxy = 0;
int leftest = INT_MAX, rightest = 0;
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if (V->g == 0) {  /* a leaf  */
V->a = V->w;
V->z = V->e;

     } else {
       Edge_1 = Edge_i = V->EdgeList;
       Sx = -dx; Sy = dy + V->e;
       do {

if (!(Edge_i->EndVertexChild)) { /* edge to */
 Sx += dx;    /* child */

u = Edge_i->ToVertex;
u->RelX = Sx;
u->RelY = Sy;

        if (u->h > -1)
         CalcSubtree(u, Unseen);
        Sx += u->a;
        maxy = ( u->z > maxy) ? u->z : maxy
        if ( leftest > (u->RelX + u->Xl))
        leftest = u->RelX + u->Xl;
        if ( rightest < (u->RelX + u->Xl + u->w))
        rightest = u->RelX + u->Xl + u->w;
        } /* else edge to V's parent */

    Edge_i = Edge_i->Next;
        } while (Edge_i != Edge_1);
        V->z = Sy + maxy;
         if (Sx >= V->w) {
        V->a = Sx;
        V->Xl = (rightest + leftest - V->w) / 2;
        } else {
        /* The width of the parent is larger than

the one of the children. */
        /* So the children are located

in the middle of the area */
       Edge_1 = V->EdgeList;
       Edge_i = Edge_1;

do {
        if (!(Edge_i->EndVertexChild)) { /* edge to

V's child */
        S = (V->w - Sx)/2;
         Edge_i->ToVertex->RelX += S;
        }

    Edge_i = Edge_i->Next;
    } while (Edge_i != Edge_1);

        V->a = V->w;
        }
    }
    (*Unseen)--;
    V->h--; /* mark the vertex handled */
    MaxY = (V->z > MaxY) ? V->z : MaxY;
    MaxX = (V->a > MaxX) ? V->a : MaxX;
}

/* CountTree calculates the layout according to Algorithm 1  */
boolean CountTree( VertexList )
vertexnode **VertexList;

{   vertexnode *V, *FirstV, *Root;
int *UnseenVs;

    V = *VertexList;
    *UnseenVs = VertexCount;



n Â

    /* Because the order of the vertices is not known,
       we must go through the whole tree.
       If the vertex has been handled, V->h = -1.
       Else the values of the whole subtree are calculated: */
   do {

if (V->h > -1)
    CalcSubtree(V, UnseenVs);

       V = V->Next;
} while (*UnseenVs > 0);

     /* The values of the root remain zeros */

 *VertexList = V->Prev; /* Let the VertexList point */ 
V = V->Prev; /* to the root */

}

APPENDIX 2: C CODE FOR ALGORITHM 2

static void DrawSubtree(Root, px, py)
vertexnode *Root;
int px, py;
{

vertexnode *v;
edgenode   *e, *e1;
int x2;

v = Root;
px += v->RelX;
py += v->RelY;
x2 = px;
px += v->Xl;
LineTo( px + (v->w)/2, py ); /* edge from the parent */
DrawBox( px, py, v->w, v->e );

if (v->Name)
DrawTrName( px, py, v->e, v->Name);

if (Root->g > 0) {
e = e1 = v->EdgeList;

 do {
          if (!(e->EndVertexChild)) {
         MoveTo( px + (v->w)/2, py + v->e );

/* edge to the child */
    DrawSubtree(e->ToVertex, x2, py);
  }
  e = e->Next;
 } while (e != e1);
}

}

static void HandleTreeVertices(VertexList)
vertexnode *VertexList;
{

vertexnode *v;
v = VertexList;
MoveTo( v->CX + v->Xl +(v->w)/2, 0 );
DrawSubtree(v, 0, 0);

}
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APPENDIX 4: C CODE FOR ALGORITHM 3

/* Paths goes through the tree according to Algorithm 3 */
void Paths( tree )
vertexnode *tree;
{

pathnode *lp, *rp, *ll, *lr;
int MD;

ll =lp  = NewPath(v);
lr =rp = NewPath(v);
MD = tree->z + dy;
NarrowSubtree(rp, &lr, lp, &ll, tree, &MD, 1);
ll = lr = (pathnode *)NULL;
DeletePath( rp, lr); DeletePath( lp, ll);

}

/* NarrowSubtree makes the subtree narrower */
void NarrowSubtree( RightPath, LastRight, LeftPath, LastLeft,

v, MaxDepth, Card)
pathnode *RightPath, **LastRight; /* Right path of the par */
pathnode *LeftPath, **LastLeft; /* Left path of the parent */
vertexnode  *v; /* the root of the subtree */
int *MaxDepth; /* old maximal depth */
int Card; /* = n for the n:th child */
{

pathnode *OwnRight, *OwnLeft, *OwnLastL, *OwnLastR;
pathnode *FirstDel, *FirstUndel, *OwnLeftFUd;
vertexnode  *u; /* child */
edgenode *e;
int OwnDepth, Movement = 0, count = 0;
int NewPlace, OldPlace, PlaceMoves;
pathnode *FirstChild, *LastChild;

/* Own paths are made */
OwnLastL = OwnLeft  = NewPath(v);
OwnLastR = OwnRight = NewPath(v);
OwnDepth = OwnRight->downY;

/* The subtrees of the children are handled: */
if (v->g > 0) {

e = v->EdgeList;
do {

      if (e->EndVertexChild)
e = e->Next;

count++; u = e->ToVertex;
NarrowSubtree( OwnRight, &OwnLastR, OwnLeft, 

&OwnLastL, u, &OwnDepth, count);
e = e->Next;

} while (count < v->g);
OldPlace   = 2 *(OwnLeft->leftX + OwnLeft->Moved);
FirstChild = OwnLeft->Next;
LastChild  = OwnRight->Next;
NewPlace   = (FirstChild->leftX + FirstChild->Moved +

 LastChild->rightX + LastChild->Moved -
dx - v->w);

PlaceMoves = (NewPlace - OldPlace)/2;
v->a += PlaceMoves;
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if (v->a < v->w)
v->a = v->w;

else {
v->Xl += PlaceMoves;
OwnRight->Moved += PlaceMoves;
OwnLeft->Moved += PlaceMoves;
OwnRight->Next->Moved -= PlaceMoves;
OwnLeft->Next->Moved -= PlaceMoves;

}
}

/* If not 1st child, the paths are compared */
if (Card > 1)

Movement = Compare(RightPath->Next, OwnLeft);
/*and the subtree is moved */
OwnRight->Moved += Movement;
OwnLeft->Moved += Movement;
v->RelX += Movement;

/* The paths are updated and unneeded items are deleted */
FirstDel = RightPath->Next;
RightPath->Next = OwnRight;
OwnLeftFUd = (pathnode *)NULL;
FirstUndel = (pathnode *)NULL;

if (Card == 1) {
*LastRight = OwnLastR;
LeftPath->Next = OwnLeftFUd = OwnLeft;
*LastLeft = OwnLastL;
*MaxDepth = OwnDepth;

} else if (OwnDepth == *MaxDepth) {
*LastRight = OwnLastR;

} else if (OwnDepth < *MaxDepth) {
FirstUndel = FirstDel;
while (FirstUndel->downY <= OwnDepth)

FirstUndel = FirstUndel->Next;
FirstUndel->Moved -= Movement;
OwnLastR->Next = FirstUndel;

} else if (OwnDepth > *MaxDepth) {
OwnLeftFUd = OwnLeft;
*LastRight = OwnLastR;
while (OwnLeftFUd->downY <= *MaxDepth)

OwnLeftFUd = OwnLeftFUd->Next;
(*LastLeft)->Next = OwnLeftFUd;
*LastLeft = OwnLastL;
*MaxDepth = OwnDepth;

}

DeletePath( FirstDel, FirstUndel);
DeletePath( OwnLeft, OwnLeftFUd);

}

/* Compare compares the paths h and unh and returns the value
how much the path unh can be moved. */
int Compare(h, unh)
pathnode *h, *unh;
{ pathnode *Handled, *Unhandled, *DeepItem;

int leftBorder, rightBorder;
int MinDist = INT_MAX, LeftSum = 0, RightSum = 0;
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Handled = h; Unhandled = unh;

while ((Handled != (pathnode *)NULL) &&
  (Unhandled != (pathnode *)NULL)) {

 leftBorder = Handled->rightX + Handled->Moved +
LeftSum;

 rightBorder = Unhandled->leftX + Unhandled->Moved +
RightSum;

if (Handled->downY < Unhandled->downY) {
Handled->Moved += LeftSum;

 LeftSum = Handled->Moved;
Handled = Handled->Next;

} else if (Handled->downY > Unhandled->downY) {
 Unhandled->Moved += RightSum;
 RightSum = Unhandled->Moved;
 Unhandled = Unhandled->Next;

} else   {
Handled->Moved += LeftSum;

 Unhandled->Moved += RightSum;
 LeftSum = Handled->Moved;
 RightSum = Unhandled->Moved;
 Handled = Handled->Next;

Unhandled = Unhandled->Next;
}
if (MinDist > rightBorder - leftBorder)

MinDist = rightBorder - leftBorder;
}
/* Update the last item: */
if (Unhandled != (pathnode *)NULL)

Unhandled->Moved += RightSum;
if (Handled != (pathnode *)NULL)

Handled->Moved += LeftSum;
return( 0 - MinDist);

}

/* NewPath creates a new path item that points to V */
pathnode *NewPath( V )
vertexnode *V;
{ pathnode    *pp;

pp = (pathnode *) malloc( sizeof( pathnode ) );
if (pp != (pathnode *)NULL) {

pp->Next       = (pathnode *)NULL;
pp->Vx         = V; pp->Moved = 0;
pp->downY = V->CY + V->e + dy;
pp->leftX = V->CX + V->Xl;
pp->rightX = V->CX + V->Xl + V->w + dx;

}
return (pp);

}

/* DeletePath deletes the path items FirstDel..(FirstUndel-1) */
void DeletePath( FirstDel, FirstUndel)
pathnode *FirstDel, *FirstUndel;
{ pathnode *Del;

while (FirstDel != FirstUndel) {
Del = FirstDel;
FirstDel = FirstDel->Next;
free( Del);

}
}


