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There are two methods for creating freeform surfaces in HP
PE/SolidDesigner: blending and lofting. This article describes the basics
of lofting. The geometry engine, which implements the lofting functionality,
uses a single-data-type implementation for its geometric interface, but
takes a multiple-data-type, hybrid approach internally.

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

��� ����.+(#�$2(&-$1�2� *$1-$+� %4-"3(.- +(38� ".-2(232� .%� 2$59

$1 +� ,.#4+$2� 3' 3� ".,,4-(" 3$� 3'1.4&'� 6$++9#$%(-$#� (-3$19

% "$2�� 24//.13$#� !8� +.&(" +� "+ 22� #$%(-(3(.-2�  -#� '($1 1"'($2�

�-� �(&����� %.1� $7 ,/+$�� 3'$� &$.,$31("� # 3 � (-3$1% "$� %.1� 3'$

3./.+.&8� $-&(-$� �3'$� �..+$ -� $-&(-$�� 2$$�  13("+$�� / &$� �	�

".-2(232� .%� 3'1$$� ! 2("� $+$,$-32� �/.(-32�� "415$2��  -#� 2419

% "$2��  -#� 3'$� ".11$2/.-#(-&� 43(+(38� %4-"3(.-2� +(*$� (-3$12$"9

3(.-2�� �'(2� 3$"'-(04$� , *$2� (3� $ 28� 3.�  ##� -$6� %4-"3(.- +(38�

�.1� $7 ,/+$�� (-31.#4"(-&� -$6� &$.,$318� # 3 � 38/$2� (2� )423�  

, 33$1� .%� #$+(5$1(-&�  ++� ,$,!$1� %4-"3(.-2� .%� 3'$� &$.,$31("

(-3$1% "$� %.1� 3'$� -$6� &$.,$318� 38/$�

�'$� (,/+$,$-3 3(.-� .%� 24"'�  � ".-"$/3� +..*2� 2(,/+$�� !43

1$ +(38� ' 2� 2'.6-� 3' 3� (3� 3 *$2�  � +.3� .%� $%%.13� 3.� *$$/� 3'$� (-9

3$1% "$� "+$ -�  -#� 3.�  5.(#� "./8(-&�  -#� ".-5$13(-&� # 3 �� �'(2

(2� $2/$"( ++8� 314$� %.1� # 3 � ' 5(-&� ".--$"3(.-2� .-� !.3'� 2(#$2

.%� 3'$� (-3$1% "$�� 24"'�  2� /($"$2� .%�  � "415$� .1� "415$2� .-�  

241% "$�

���� 	�������� ������

�-� #$2(&-(-&�  � ".,/+$3$+8� -$6� (,/+$,$-3 3(.-� .%� 3'$� &$.9

,$31("� *$1-$+� %.1�  � 2.+(#� ,.#$+$1� .-$� ' 2�  � "' -"$� 3.�  5.(#

3'$� /1.!+$,2� .%� .+#$1� (,/+$,$-3 3(.-2�� �' 3�  1$� 3'$� 1$ +

/1.!+$,2� .%� $7(23(-&� (,/+$,$-3 3(.-2�� �'$1$�  1$� 36.� %4-# 9

,$-3 +�  //1. "'$2� ������ +(!1 1($2�  -#� '8!1(#� ,$3'.#2�

������ +(!1 1($2� ' 5$� .-+8� .-$� # 3 � 38/$� ������� .1� -.-9

4-(%.1,� 1 3(.- +� �92/+(-$2�� �'(2� # 3 � 38/$� " -� 1$/1$2$-3�  ++

 - +83("2� �+(*$� /+ -$2�� "8+(-#$12�� 2/'$1$2�� $3"��� $7 "3+8�� �'(2

,$ -2� 3' 3� ".,/+$7� %1$$%.1,� 241% "$2�  2� 6$++�  2� 2(,/+$

 - +83("2�  1$� 1$/1$2$-3$#� 6(3'� .-$� 2(-&+$� # 3 � 2314"341$�� �'$

&$.,$31(" +� /1.!+$,2� .-+8� ' 5$� 3.� !$� 2.+5$#� %.1� 3'(2� 2(-&+$

38/$�� �'(2� 2.4-#2� /1.,(2(-&�� !43� (3� 341-2� .43� 3' 3� 3'$�  +&.9

1(3',("� 23 !(+(38� #.$2� -.3� 2 3(2%8� 3'$� 1$04(1$,$-32� .%� ��

Geometric Interface

Topology
Engine

Geometry
Engine

�������� �'$� ��� ����.+(#�$2(&-$1� 3./.+.&8�  -#� &$.,$318� $-&(-$2

".,,4-(" 3$� 3'1.4&'�  � 6$++9#$%(-$#� &$.,$31("� (-3$1% "$�

Library Encapsulator

Analytic Geometry Package (AGP)

B-Spline/NURBS Library (SISL)

�������� ��� ����.+(#�$2(&-$1� &$.,$318� $-&(-$�

(a)

(b)

�������� � �� �� +.%3$#� 241% "$�� �!�� �.%3(-&� .1(&(- 3$#� (-� 2'(/� #$2(&-�



��� � � � � � � � �%50$'3� 	�� �'8-'55=�#%,#3&� �063/#-

(a)

(b)

Lofting Direction

Lofting Direction

�������� �1'%+(:+/)� 5*'� 5#/)'/5� 130(+-'�� #� ,+/&� 0(� 7'%503� (+'-&

#-0/)� #� %637'�� +/(-6'/%'4� 5*'� 4*#1'� 0(� #� 463(#%'�

����0-+&�'4+)/'3�� �/� #&&+5+0/�� 5*'� 1'3(03.#/%'� +4� 1003�

'41'%+#--:� 8*'/� #/#-:5+%� 463(#%'4� �3'13'4'/5'&� #4� �!����

#3'� +/5'34'%5'&�

�:$3+&� .'5*0&4� #3'� 64'&� +/� 5*'� ��� �������� ,'3/'-� ��0.6=

-64��� �--� 1044+$-'� )'0.'53:� &#5#� 5:1'4� #3'� #7#+-#$-'�� #/&

%-'7'3� 41'%+#-� %#4'� *#/&-+/)� 3'46-54� +/� *+)*� 1'3(03.#/%'��  *'

&+4#&7#/5#)'� +4� 5*#5� 5*'� +/530&6%5+0/� 0(� #� /'8� &#5#� 5:1'� +4� #/

'/03.064� '((035�� �/� #&&+5+0/�� 5*'� �0.6-64� ,'3/'-� &0'4/�5

&+45+/)6+4*� %-'#/-:� '/06)*� $'58''/� )'0.'53:� #/&� 5010-0):�

40� $6+-&+/)� /'8� (6/%5+0/#-+5:� 0/� 5*+4� ,'3/'-� %#/� $'� 7'3:

%6.$'340.'� #/&� '3303=130/'�

�/� ��� ����0-+&�'4+)/'3� 8'� 53+'&� 50� %0.$+/'� 5*'� #&7#/5#)'4

0(� $05*� #1130#%*'4��  *'� #&7#/5#)'� 0(� #� �!���� -+$3#3:� �0/'

&#5#� 5:1'�� +4� 3'#-+;'&� +/� 5*'� %-#44� *+'3#3%*:� 0(� ��� ����0-+&=

�'4+)/'3�� 5*'� )'0.'53+%� +/5'3(#%'� ,/084� 0/-:� 10+/54�� %637'4�

#/&� 463(#%'4�� �03� 5*'� +/5'3/#-� )'0.'53:� 4536%563'� 5*'� *:$3+&

.'5*0&� 8#4� %*04'/�� �#5#� 5:1'4� +/%-6&'� #/#-:5+%� 5:1'4

�1-#/'�� 41*'3'�� %:-+/&'3�� %0/'�� 50364��� 4'.+#/#-:5+%� 5:1'4

�1#3#--'-� 48'15� �=41-+/'�� 416/� �=41-+/'��� �=41-+/'4�� #/&

�!���� #4� #/� '95'/4+0/� 0(� �=41-+/'4�

�������� �6-5+1-:� %0//'%5'&� %637'4�

�4� 4*08/� +/� �+)��
�� ��� ����0-+&�'4+)/'3�4� )'0.'53:� '/)+/'

%0/4+454� 0(� 5*3''� 1#354�� 5*'� -+$3#3:� '/%#146-#503�� 5*'� #/#-:5+%

)'0.'53:� 1#%,#)'� ������� #/&� 5*'� �=41-+/'��!���� -+$3#3:

�������

 *'� -+$3#3:� '/%#146-#503� &'-+7'34� .#/:� %0/7'/+'/%'� (6/%=

5+0/4� (03� 5*'� )'0.'53+%� +/5'3(#%'� #/&� '/463'4� +54� +/5')3+5:�� �--

(6/%5+0/4� &'#-+/)� 8+5*� )'0.'53:� *#7'� 50� 1#44� 5*306)*� 5*'

)'0.'53+%� +/5'3(#%'��  *'� 0/-:� '9%'15+0/� +4� #� 4.#--� 1#35� 0(� 5*'

$-'/&+/)� #-)03+5*.�� 8*+%*� (03� 1'3(03.#/%'� 3'#40/4� $:1#44'4

5*'� -+$3#3:� '/%#146-#503� #/&� %#--4� ����� &+3'%5-:�

 *'� ���� 8#4� &'7'-01'&� $:� ��!���� �5&�� 0(� �#.$3+&)'�

�/)-#/&� #/&� ����� 8#4� &'7'-01'&� $:� 5*'� �'/5'3� (03� �/&6453+'=

(034,/+/)� 0(� �4-0�� �038#:�

������� 	���
�� �������

 *'3'� #3'� 580� .'5*0&4� (03� %3'#5+/)� (3''(03.� 463(#%'4� +/� ��

����0-+&�'4+)/'3�� $-'/&+/)� #/&� -0(5+/)��  *'� 3'.#+/&'3� 0(

5*+4� #35+%-'� &'4%3+$'4� 5*'� $#4+%4� 0(� -0(5+/)�

�0(5+/)� .'#/4� 5*'� �'9#%5�� +/5'310-#5+0/� 0(� #� 4'5� 0(� 10+/54� 03

%637'4� $:� #� 4.005*� %637'� 03� 463(#%'�� �+)���� 4*084� '9#.1-'4

0(� -0(5+/)�� �0(5+/)� 03+)+/#5'&� +/� 4*+1� &'4+)/� #/&� 8#4� 64'&� #

-0/)� 5+.'� $'(03'� %0.165'34� 8'3'� +/7'/5'&�

 *'� .#5*'.#5+%#-� 40-65+0/� 0(� 5*+4� 130$-'.� -'#&4� 50� 5*'� &'(+=

/+5+0/� 0(� 41-+/'4��  *'3'� #3'� .#/:� 41-+/'� 5:1'4�� '#%*� *#7+/)

+54� 41'%+(+%� #&7#/5#)'4� #/&� &+4#&7#/5#)'4��  *'� .045� %0..0/

41-+/'� 5:1'4� #3'� �<;+'3� 41-+/'4�� �=41-+/'4�� #/&� �!����

�03� ���� #11-+%#5+0/4� 5*'� .045� )'/'3#-� 41-+/'4� #3'� �!����

4+/%'� 5*':� %#/� 3'13'4'/5� #/#-:5+%4� '9#%5-:��  *+4� %#/� $'� +.=

1035#/5� 8*'/� +5� %0.'4� 50� +/5'34'%5+0/4� 0(� 41-+/'4� #/&� #/#-:5+%

463(#%'4�� �=41-+/'4� #3'� �!���� 8+5*� #--� 8'+)*54� '26#-� 50� 	�

 *':� #3'� .03'� 45#$-'� #/&� (#45'3� +/� +/5'34'%5+0/4� $65� %#//05

3'13'4'/5� #/#-:5+%4� �'9%'15� 5*'� 1-#/'�� '9#%5-:�� �=41-+/'4� #3'

.#&'� 61� 0(� #� 4'26'/%'� 0(� �<;+'3� 1+'%'4�� %0//'%5'&� #%%03&=

+/)� 50� 5*'+3� %0/5+/6+5:� #5� 5*'� 53#/4+5+0/� 10+/54�� "'� 80/�5� )0

+/50� &'5#+-� %0/%'3/+/)� 41-+/'� .#5*'.#5+%4� *'3'� 4+/%'� 5*'3'� +4

#$6/&#/5� -+5'3#563'� 0/� 5*+4� 501+%�	�


�/� #&&+5+0/� 50� 5*'� 163'� +/5'310-#5+0/� 0(� 10+/54� #/&� %637'4�

-0(5+/)� #--084� 5*'� &'(+/+5+0/� 0(� 5#/)'/5� 130(+-'4� #5� '#%*� ��



�&61%(4� 	��� �(9.(66=�$&-$4'� �1740$.� � � � � � � ��

Match Points

Match Points

Match Points

��
�����  (2$4$/(6(4,<,0*� 574)$&(5� %;� 52(&,);,0*� /$6&+,0*� 21,065

10� ',))(4(06� ,0276� &748(5�

&748(�� �� 6$0*(06� 241),.(� ,5� $� -,0'� 1)� 8(&614� ),(.'� $.10*� 6+(

*,8(0� &748(�� $5� 5+190� ,0� �,*����� �16+� 6+(� ',4(&6,105� $0'� 6+(

.(0*6+5� 1)� 6+(� 6$0*(065� ,0).7(0&(� 6+(� 5+$2(� 1)� 6+(� 574)$&(�

�0� 24$&6,&$.� $22.,&$6,105� 6+(� 75(4� 014/$..;� 9$065� 61� ,06(4=

21.$6(� 016� 10.;� $� 5(4,(5� 1)� 5,0*.(� &748(5� %76� $.51� $� 5(4,(5� 1)

/7.6,2.;� &100(&6('� &748(5�� $5� 5+190� ,0� �,*���� �14� 6+,5� 274=

215(� ��� ���!1.,'�(5,*0(4� &100(&65� 6+(� ,0&1/,0*� 241),.(5� 61

$� 5,0*.(� �=52.,0(� &748(�� �6� ,5� 016� 4(37,4('� 6+$6� $� 241),.(� %(

5/116+�� ,6� 10.;� 0(('5� 61� %(� ��� &106,07175� �&.15('��� "+(� ��

.1&$6,105� ,0� 6+(� 241),.(5� .$6(4� &144(5210'� 61� ('*(5� ,0� 6+(

&1/2.(6(� /1'(.�

�0� $'',6,10� 61� 6$0*(06� 241),.(5�� 6+(� 2$4$/(6(4,<$6,10� 1)� 6+(

,0276� &748(5� ,5� $016+(4� ,/2146$06� )$&614� '(6(4/,0,0*� 6+(

5+$2(� 1)� 6+(� .1)6('� 574)$&(�� �0� ��� ���!1.,'�(5,*0(4�� 2$4$/(=

6(4,<$6,10� &$0� %(� ,0).7(0&('� %;� 52.,66,0*� 6+(� ,0276� &748(5� $6

$4%,64$4;� 21,065� �/$6&+� 21,065�� $0'� '(),0,0*� ',))(4(06� .(0*6+

4$6,15� ,0� 6+(� 57%5(37(06� 241),.(5� ��,*������ #,6+,0� $� &748(� 5(*=

/(06�� ��� ���!1.,'�(5,*0(4� 64,(5� 61� &4($6(� $� 2$4$/(6(4,<$6,10

$&&14',0*� 61� 6+(� &+14'� .(0*6+� 1)� 6+(� &748(� �&+14'$.� 2$4$/(=

6(4,<$6,10��

��
����� �.15('� �2(4,1',&�� 574)$&(� &4($6('� 75,0*� .1)6,0*�

Edge
Loop

Face

Vertex

vx2

vx1

e4

vx4 e3 vx3

e2

vx2e1
vx1

l1

l2

��
����� "121.1*,&$.� (.(/(065�� 8(46(:�� ('*(�� .112�� )$&(�

�6� ,5� $.51� 2155,%.(� 61� &4($6(� &.15('� �2(4,1',&�� 574)$&(5� 75,0*

.1)6,0*�� �0� 6+,5� &$5(� 6+(� ),456� $0'� .$56� 241),.(5� $4(� ,'(06,&$.

��,*�����

	��
�

�()14(� (:2.$,0,0*� +19� 6121.1*;� ,5� $66$&+('� 61� 6+(� .1)6

*(1/(64;�� 51/(� '(),0,6,105� $4(� 0(('('� �5((� �,*�����

• �� 8(46(:� .,(5� 10� $� ��� 21,06� $0'� &$0� %(� 8,(9('� $5� 6+(� &140(4

1)� $� )$&(�

• �0� ('*(� ,5� $� %170'('� 2146,10� 1)� $� 52$&(� &748(�� "+(� %170'5

$4(� *,8(0� %;� 691� 8(46,&(5�

• �� .112� 4(24(5(065� $� &100(&6('� 2146,10� 1)� 6+(� %170'$4;� 1)� $

)$&(� $0'� &105,565� 1)� $� 5(37(0&(� 1)� ('*(5�

• �� )$&(� ,5� $� %170'('� 2146,10� 1)� $� *(1/(64,&� 574)$&(� ,0� 52$&(�

"+(� %170'$4;� ,5� 4(24(5(06('� %;� 10(� 14� /14(� .1125� 1)

('*(5�

�,8(0� $� �=52.,0(� 574)$&(� 1%6$,0('� )41/� 6+(� 52.,0(� .,%4$4;

75,0*� 6+(� 241),.(� ,06(421.$6,10� /(6+1'�� 6121.1*;� +$5� 61� %(

%7,.6� 10� 6+,5� 574)$&(� 61� *(6� $� .1)6� %1';�� �5� $� %170'$4;� )14� 6+(

)$&(�� $� .112� &105,56,0*� 1)� )174� ('*(5� ,5� &4($6('� ��,*������ "+(

('*(5� .,(� 10� 6+(� ),456� $0'� .$56� ,06(421.$6,10� &748(5� �(	� $0'

(��� $0'� 10� 6+(� .()6� $0'� 4,*+6� %170'$4,(5� 1)� 6+(� �=52.,0(

574)$&(� �(
� $0'� (����

"+(� ,06(421.$6,10� 241),.(5� '10�6� +$8(� 61� &105,56� 1)� 10.;� 10(

&748(� 2(4� 241),.(�� �14� /14(� &1/2.(:� 5+$2(5� ',))(4(06� &748(5

&$0� %(� &1/%,0('� ,0� $� 241),.(�� �6� ,5� 0(&(55$4;� 61� *(0(4$6(� $

)$&(� )14� ($&+� /$6&+,0*� 5(6� 1)� &748(5�� �0(� 9$;� 61� '1� 6+,5� ,5

61� 75(� .1)6,0*� 61� &4($6(� $� �=52.,0(� 574)$&(� )14� ($&+� /$6&+,0*

5(6� $0'� 6+(0� %7,.'� 6+(� $224124,$6(� )$&(5� 10� 6+(5(� 574)$&(5�

�(&$75(� 6+(4(� ,5� 01� (:$&6� 52(&,),&$6,10� 1)� +19� 6+(� .()6� $0'

4,*+6� %170'$4,(5� 1)� 6+(5(� �=52.,0(� 574)$&(5� 5+17.'� .11-� 6+(4(

/$;� %(� *$25� %(69((0� 6+(� )$&(5� ��,*��	�$��� "+,5� 917.'� .($'

Interpolation Curves

e3

e2

e1

e4

��
����� �7,.',0*� 6121.1*;� 10� $� �=52.,0(� 574)$&(� %;� &4($6,0*� $

%170'$4;� &105,56,0*� 1)� )174� ('*(5�



��� � � � � � � � ��,(��*� ���
� ��/%�,,3���$�*�� �(-*'�%

,(� �'� "%%� �%� �(�1�� +"'��� �%%� '�" !�(*"' � ����+� "'� �� �(�1� !�.�

,(� +!�*�� �� �(&&('� �� ��� �!�'� ,!�*�� �*��  �)+� ��,/��'� ,!�

����+� '(� �(&&('� �� �� ��'� ��� �(-'�� �'�� ",� "+'�,� )(++"�%�� ,(

 �'�*�,�� �� .�%"�� �(�1��

�(� �%"&"'�,��  �)+�� ,!�� �-*.�+� "'� ('�� )*(�"%�� �*�� #("'��� ,�&3

)(*�*"%1� �'�� ('%1� ('�� %(�,� +-*����� "+�  �'�*�,���� �!"+� 3+)%"'�

+-*����� ,!�'� "+� +)%",� "',(� �))*()*"�,�� )�*,+� �,� ,!�� +,�*,� �'�

�'�� )("',+� (�� ,!�� "',�*)(%�,"('� �-*.�+�� �!�� ����+� �*�� ,!�'

�-"%,� ('� ,!�� +)%",� +-*����+�� �!"+� �'+-*�+� ,!�,� ,!�*�� "+� '(�  �)

��,/��'� ,!�� ����+�

�(� &�,�!� ,!�� �(**��,� �-*.�+� (*� ,!�� �(**��,� )(*,"('+� (�� ,!�

�-*.�+� ",� "+� '���++�*1� ,!�,� �%%� �-*.�+� "'� �� &�,�!"' � +�,� !�.�

,!�� +�&�� )�*�&�,�*� "',�*.�%�� �!"+� "+� �'+-*��� �1� *�)�*�&�,�*3

"2"' � �%%� �-*.�+� ��%(' "' � ,(� ,!�� +�&�� &�,�!"' � +�,� ,(� ,!�

+�&�� ��*�",*�*1�� )�*�&�,�*� "',�*.�%�� ��,�*� ,!"+� �%%� �-*.�+� (�� �

)*(�"%�� �*�� #("'��� �'�� ,!�� #("'��� �-*.�+� ,!�'� �-,(&�,"��%%1

!�.�� ,!�� +�&�� )�*�&�,�*� "',�*.�%�

�� .�%"�� +(%"�� �(�1� &-+,� ��+�*"��� �� �%(+��� .(%-&��� �(*� ,!"+

*��+('� ('%1� �%(+��� "',�*)(%�,"('� )*(�"%�+� �*�� -+���� �*(&

,!�+�� ,!�� %(�,"' � ���"%",1� /"%%�  �'�*�,�� ����+� �(*&"' � �� ,-���

/!"�!� +,"%%� !�+� ,/(� ()�'� �'�+� ��" ������� �(*� ���!� (�� ,!�� ,/(

(a)

(b)

Gap Between Faces

Common Edge

��������� ���� �%%� �%� �(�1� /",!�  �)+� ��,/��'� ����+�� ���� �!�� +1+,�&

 �'�*�,�+� �� �(&&('� �� �� ,(� �%"&"'�,��  �)+�

Top Face

Bottom Face

��������� �(�,"' �  �'�*�,�+� �� ,-���� �'�����+� �*�� ������ ,(� &�$�� �

+(%"�� �(�1�

�'�+� �� )%�'�*� ����� "+� ������� �!�(*�,"��%%1� ,!�+�� ,()� �'�� �(,3

,(&� ����+� ��'� %"�� ('� �'1� ,1)�� (�� +-*����� �+� %(' � �+� ,!�� �"*+,

�'�� %�+,� "',�*)(%�,"('� )*(�"%�+� %"�� ('� ,!�� *�+)��,".�� +-*����+�

������� ��� ��� �
������	�������

�!�� +)%"'�� %"�*�*1� �%%(/+� �*�",*�*1� 	�� �-*.�+� "'� +)���� �+� "'3

,�*)(%�,"('� )*(�"%�+� �(*� %(�,"' �� �(� +"&)%"�1� ,!�� "')-,� )*(��++

�(*� ,!�� -+�*�� ('%1� )%�'�*� )*(�"%�+� �*�� �%%(/��� "'� ,!�� �-**�',

*�%��+��� �!�+�� )%�'�*� )*(�"%�+� ��'� ��+"%1� ���  �'�*�,��� "'� �

/(*$)%�'�� -+"' � ��� �*��,"('� &�,!(�+�� �%%� /(*$)%�'�+� �('3

,�"'"' � ,!�� )*(�"%�+� �*��  �,!�*��� "'� �� ��	������� 
���� �!�� -+�*

+)��"�"�+� /!"�!� +�,� (�� �-*.�+� +!(-%�� &�,�!� "'� %(�,"' �� �"���*3

�',� &�,�!"' � +)��"�"��,"('+� /"%%� )*(�-��� �"���*�',� %(�,� *�+-%,+

��" �������

���-+�� ,!�� +)%"'�� %"�*�*1� ('%1� ����),+� 3+)%"'�� �-*.�+� �+

"',�*)(%�,"('� �-*.�+� ,!�� �'�%1,"�� �-*.�+� "'� ,!�� )*(�"%�+� !�.�

,(� ��� �))*(0"&�,��� �1� 3+)%"'�+�� �'(,!�*� *��+('� �(*� ,!"+� "+

,!�� ��(.�3&�',"('��� #("'"' � (�� �-*.�+� "'� �� )*(�"%�� ,(� (�,�"'

('%1� ('�� 3+)%"'�� +-*������

Matching Set Matching Set

��������� �!�' "' � %(�,� *�+-%,+� �1� +)��"�1"' � �"���*�',� +�,+� (�

&�,�!"' � �-*.�+�



��,(��*� ���
� ��/%�,,3���$�*�� �(-*'�%� � � � � � � ��

Tangent at Vertex Constant Direction Constant Angle

�
	������ ��#'!� ,�'!�',� �('�#,#('+� ,(� �"�'!�� ,"�� +"�)�� ( � �� �(�1�

���� �1� �� #'#'!� �� ,�'!�',� �#*��,#('� ,(� ('�� (*� &(*�� .�*,#��+� #'� ,"�

)*( #%��� ���� �1� +)��# 1#'!� �� �('+,�',� �#*��,#('�  (*� ,"�� �',#*�� )*( #%��

���� �1� +)��# 1#'!� �'� �'!%�� �,� ('�� )(#',� ( � ,"�� )*( #%��� �"#+� �'!%�� #+

$�),� �('+,�',� �%('!� ,"�� �',#*�� )*( #%��

'(,"�*� )(++#�#%#,1�  (*� #' %-�'�#'!� ,"�� +"�)�� ( � ,"�� %( ,� �(�1

#+� ,(� ���� ,�'!�',� �('�#,#('+�� �'� ��� ����(%#���+#!'�*� ,"�*�

�*�� ,"*��� �#  �*�',� &�,"(�+�  (*� �(#'!� ,"#+� ��#!���	��

• �� #'�� �� ,�'!�',� �#*��,#('� ,(� ('�� (*� &(*�� .�*,#��+� #'� ,"�

)*( #%��

• �)��# 1� �� �('+,�',� �#*��,#('�  (*� ,"�� �',#*�� )*( #%��

• �)��# 1� �'� �'!%�� �,� ('�� )(#',� ( � ,"�� )*( #%��� �"#+� �'!%�� #+

$�),� �('+,�',� �%('!� ,"�� �',#*�� )*( #%��

�(*� ,()(%(!1� �*��,#('�� �+)��#�%%1�  ���� !�'�*�,#('�� ,"�� �-*.�+

-'��*'��,"� ,"�� �(-'�#'!� ��!�+� ( � ,"��  ���+� "�.�� ,(� ��� ��3

,�*&#'���� ����-+�� ,"�� %( ,#'!� �%!(*#,"&+� ('%1� !�'�*�,�� ('�

�3+)%#'�� +-* ����� ,(� !�,� �� )*()�*%1� �(''��,��� ,-��� ,"#+� +-*3

 ���� "�+� ,(� ��� +)%#,� +(&�"(/�� ����-+�� ,"�� +#'!%�� �-*.�+� ('

,"�� )*( #%�+� "�.�� �%*���1� ���'� *�)�*�&�,�*#2��� ,(� ,"�� +�&�

)�*�&�,�*� #',�*.�%�  (*� �(**��,� &�,�"#'!�� ,"#+� $'(/%��!�� ��'

��� -+��� ,(� +)%#,� ,"�� �3+)%#'�� +-* ���� �(**��,%1�� �"�� �(-'�3

�*#�+� ( � ,"�� +)%#,� +-* ���� �%%� %#�� ('� �
���	����	��� ��	�
� ( � ,"�

%( ,� +-* ����� '� #+()�*�&�,*#�� �-*.�� #+� �� �-*.�� ('� �� +-* ���

,"�,� "�+� �� �('+,�',� -� (*� .� )�*�&�,�*� .�%-��� �'� (-*� ��+�� ,"�

%( ,� �#*��,#('� #+� ,"�� .3)�*�&�,�*� �#*��,#('� ( � ,"�� +-* ����� �"#+

&��'+� ,"�,� ,"�� %� ,� �'�� *#!",� �(-'��*1� �-*.�+� ( � ,"��  ���+

�*�� .3#+()�*�&�,*#�� �-*.�+�� �)%#,,#'!� ,"�� +-* ���� �%('!� ,"�

(a) (b)

(c) (d)

Cut through Top Face

Change of Convexity
Point Needed for

Blend

�
	������ ��� ����(%#���+#!'�*� �"��$+�  (*� .�*#(-+� )*()�*,#�+� ,"�,� +(%#�� �(�#�+� +"(-%�'�,� "�.��� ���� ��% 3#',�*+��,#'!� �(�1�� ���� ��'#+"#'!

'(*&�%+� (*� ��*#.�,#.�+�� ���� �',�*+��,#('� /#,"� ,"�� ,()� (*� �(,,(&�  ����� ���� �"�'!�� ( � �('.�0#,1� �,� �'� ��!��



��� � � � � � � � ��0+�!.� 	���� �!3(!007���'�. � �+1.*�(

27,�.�)!0!.� 2�(1!/� +"� 0$!� /0�.0� ,+%*0/� �* � !* ,+%*0/� +"� 0$!

%*0!.,+(�0%+*� �1.2!/� 3%((� .!/1(0� %*� 0$!�  !/%.! � /1�/1."��!/�

�$!� ! #!/� �.!�0! � +*� 0$!/!� 27%/+,�.�)!0.%�� �1.2!/� �.!

�(3�5/� �+))+*� 0+� 03+� *!%#$�+.%*#� "��!/�

����!���� �������� �!��� 	��������

�.+)� �� )�0$!)�0%��(� ,+%*0� +"� 2%!3� 0$!� %*0!.,+(�0%+*� 0�/'

0$�0� �+*/0%010!/� (+"0%*#� %/� "%*%/$! � 3$!*� 0$!� �7/,(%*!� /1."��!

%/� �.!�0! �� �.+)� �� ���� 1/!.�/� ,+%*0� +"� 2%!3� 0$!� 3+.'� %/� +*(5

,�.0%�((5� "%*%/$! �� �$!� .!�/+*� %/� 0$�0� %0� 2!.5� +"0!*� $�,,!*/

0$�0� �� (+"0! � �+ 5� �+*0�%*/� �7/,(%*!� /1."��!/� 0$�0� .!,.!/!*0

�*�(50%��(� /1."��!/�� )+/0(5� ,(�*!/� �* � �5(%* !./�� �� ���� 1/!.

3�*0/� 0+� .!�+#*%6!� 0$!/!� �*�(50%�/� %*� (�0!.� ,.+�!//!/� "+.� !�/7

%!.� �+*0.+(� %*� )�*1"��01.%*#�� ��0�� /%6!�� %*0!./!�0%+*� ,!."+.7

)�*�!�� �* � /0��%(%05� �.!� )1�$� �!00!.� 3$!*�  !�(%*#� 3%0$� �*�7

(50%�/� .�0$!.� 0$�*� �,,.+4%)�0! � #!+)!0.5�� �+.� 0$!/!� .!�/+*/

�� �(!2!.� �*�(50%��  !0!�0%+*� �(#+.%0$)� %/� %),(!)!*0! � %*� ��

����+(% �!/%#*!.� 3$%�$� .!,(��!/� 0$!� �7/,(%*!� /0.%,/� �5

�*�(50%�/� �"0!.� 0$!� �7/,(%*!� �.!�0%+*� �* � �!"+.!� 0$!� "%*�(

0+,+(+#5� %/� �1%(0�

�$!� �(#+.%0$)� %/� ��/! � +*� 0$!� #!+)!0.5� +"� 0$!� %*,10� ,.+"%(!/�

�"� �1.2!/� +"� 0$!� /�)!� 05,!� �.!� )�0�$! � 0$!� ��/%��  !"%*%0%+*/

+"� 0$!/!� �1.2!/� �.!� �+),�.! � �"+.� !4�),(!�� 0$!� �!*0!.� +"� �

�%.�(!�� %0/� .� %1/�� %0/� /0�.0%*#� ,+%*0�� !0����� �$!*�� /0�.0%*#� ".+)

0$!� "%./0� 03+� ,.+"%(!/�� �� �+..!/,+* %*#� �*�(50%�� /1."��!� %/

�1%(0�� �*� 0$!� *!40� /0!,/� 0$!� +0$!.� �1.2!/� �(+*#� 0$!� ,.+"%(!/� �%*

0$!� (+"0�  %.!�0%+*�� �.!� !4�)%*! � 0+� /!!� 3$!0$!.� 0$!5� "%0� 0$%/

/1."��!�� �"� 0$!5�  +�� 0$!� �+..!/,+* %*#� �7/,(%*!� /0.%,� %/

!4�$�*#! � �* � 0$!� *!%#$�+.%*#� 0+,+(+#%��(� %*"+.)�0%+*� %/

� +,0! �� �$%/� %/�  +*!� "+.� !��$� �1.2!� %*� 0$!� ,.+"%(!� (++,�

�%*�!� 0$!� �(#+.%0$)� %/� ��/! � +*� 0$!� ,.+"%(!/� �* � *+0� +*� 0$!

(+"0! � �7/,(%*!� /1."��!� %0� %/� !40.!)!(5� "�/0� �* � 0�'!/� (!//� 0$�*

	�� +"� 0$!� 0%)!� .!-1%.! � "+.� 0$!� (+"0%*#� +,!.�0%+*�

�������� �����

�+"0%*#� %/� �� ,+3!."1(� 0++(� "+.� �.!�0%*#� ".!!"+.)� /1."��!/� %*

��� ����+(% �!/%#*!.�� �*� 0$!� +0$!.� $�* �� 0$!.!� %/� ��  �*#!.

+"� �.!�0%*#� /1."��!/� 0$�0� �.!� *+0� )�*1"��01.��(!� +.� 0$�0� $�2!

,.+,!.0%!/� 0$�0� ��*� ��1/!� ,.+�(!)/� %*� (�0!.� +,!.�0%+*/�� �+.

0$%/� .!�/+*�� ��� ����+(% �!/%#*!.� �,,(%!/� !40.�� �$!�'/� 0+

!*/1.!� 0$�0� 0$!� .!/1(0� +"� (+"0%*#� %/� �� �(!�*� �+ 5�� �$!/!

��������� �.%((� �.!�0! � 1/%*#� �� /,!�%�(� ��� ����+(% �!/%#*!.� �+)7

)�* � 0+�  !"%*!� �� /!0� +"� ,�.�((!(� 3+.',(�*!/�� !��$� 01.*! � �5� �

#%2!*� �*#(!� �.+1* � �*� �4%/� +.0$+#+*�(� 0+� 0$!� ��/!� 3+.',(�*!�

��������� �,.%*#� �.!�0! � 1/%*#� 0$!� 3+.',(�*!� %*�(%*! � �+))�* �

�$!�'/� 0�'!� !40.�� 0%)!�� *+.)�((5� )+.!� 0$�*� 0$!� �.!�0%+*� +"

0$!� /1."��!� %0/!("�� ��� ����+(% �!/%#*!.� 0$!.!"+.!� +""!./� �

�100+*� +*� 0$!� 1/!.� %*0!."��!� 0+� /3%0�$� +""� 0$!/!� �$!�'/�� �0

)�'!/� /!*/!� 0+� /3%0�$� 0$!� 0!/0/� +""� %*� 0$!� /1."��!�  !/%#*

,$�/!�� �+.� 0$!� "%*�(� ���!,0�*�!�� $+3!2!.�� %0� %/� .!�+))!* ! 

0$�0� 0$!� 0!/0/� �!� .1*�� /%*�!� �� �+..1,0� )+ !(� ��**+0� �!

.!,�%.! � (�0!.�

�*� 0$!� "+((+3%*#� !4�),(!/� 3!� /$+3� 0$!� 2�.%+1/� ,.+,!.0%!/� �

/+(% � )+ !(� /$+1( *�0� $�2!�� ��� ����+(% �!/%#*!.� �$!�'/� �((

+"� 0$!)� �* � .!&!�0/� 0$!� (+"0%*#� +,!.�0%+*� %"� �0� (!�/0� +*!� +"

0$!)� �,,!�./�� �*� 0$!� ,.!2%!3� )+ !�� 0$!� 1/!.� ��*� !4�)%*!

0$!� +�&!�0� 0+� "%* � 0$!� .++0� ��1/!� "+.� 0$!� ,.+�(!)�� �$!� "+.�% 7

 !*� ,.+,!.0%!/� �.!

• �� /!("7%*0!./!�0%*#� �+ 5� ��%#��	
��

• ��*%/$%*#� *+.)�(/� +.�  !.%2�0%2!/� ��%#��	
��

• �*0!./!�0%+*� 3%0$� 0$!� 0+,� +.� �+00+)� "��!� ��%#��	
��

• �$�*#!� +"� �+*2!4%05� �0� �*� ! #!� ��%#��	
 ��� �$%/� 0!/0� %/� �(7

3�5/�  +*!� �* � !*/1.!/� 0$�0� 0$!� /,!�%"%�� ! #!� ��*� �!

�(!* ! � (�0!.�� ��� ����+(% �!/%#*!.� 3%((� %*/!.0� �� 0+,+(+#%��(

2!.0!4� �0� 0$!� ,(��!� 3$!.!� 0$!� �+*2!4%05� �$�*#!/��

��������� 
 ��������� ����� �������

�$!� )+/0� �.%0%��(� ,+%*0� %*� 1/%*#� (+"0%*#� %/� 0$!� ,.+,!.�  !"%*%7

0%+*� +"� 0$!� ,.+"%(!/� �* � 0$!� 3+.',(�*!/�� �0� 01.*/� +10� 0$�0� %*

)�*5� .!�(7(%"!� �,,(%��0%+*/� 0$!� ,.+"%(!/�  +� *+0� 2�.5� �0� �((

�!�#��� $!(%��(� �+*/0.1�0%+*/�� +.� +*(5� �� (%00(!�� ��� ����+(% �!7

/%#*!.� /1,,+.0/� 0$!/!� /1."��!� �(�//!/� �5� +""!.%*#� /,!�%�(

Bad Tangent Condition

��������� �+/%0%+*%*#� 0++� )�*5� ,.+"%(!/� +2!.� 0++� /$+.0� ��  %/0�*�!

.!/1(0/� %*� �� 3�25� /1."��!�



��-(��+� �
� ��0%�--5���$�+�� �(.+'�%� � � � � � � ��

�(&&�'�,� -(� �+��-�� ,�+"�,� (�� 0(+$)%�'�,� "'� -!�� 	�� ,)����

�!�,�� �(&&�'�,� %�-� -!�� .,�+� ���"'�� �� ,�-� (�� )�+�%%�%� 0(+$5

)%�'�,�� ���!� -.+'��� �2� ��  "/�'� �' %�� �+(.'�� �'� �1",� (+-!( 5

('�%� -(� -!�� ��,�� 0(+$)%�'��� ��#��-,� %"$�� �+"%%,� ��'� ��

�+��-��� /�+2� ��,"%2� ��" ���
��

�,"' � -!�� 40(+$)%�'�� "'�%"'���� �(&&�'�� ���"'�,� �� ,�-� (�

0(+$)%�'�,� �-� �'� �' %�� -(� -!�� ��,�� 0(+$)%�'��� �!",� ",� �� 0�2

-(� �+��-�� ,)+"' ,� �'�� (-!�+� !�%"��%� ,!�)�,� ��" ������

�!�,�� ,)��"�%� �(&&�'�,� �(� '(-� !�%)� "'� �%%� ,"-.�-"(',�� �(&�5

-"&�,� -!�� �(&)%�-�� 0(+$)%�'�� ,�-� !�,� -(� ��� ���"'��� �2

!�'��� ��+�� "-� ",� "&)(+-�'-� -(� $'(0� ,(&�� ��,"�� ��!�/"(+� (�

-!�� %(�-"' � �% (+"-!&� -(� �/("�� ,.�,�*.�'-� )+(�%�&,� 0"-!� -!�

�((%��'� -()(%( 2� �' "'��� ��-�'� %(�-"' � ",� '(-� .,��� -(� �+��-�

�� �(&)%�-�%2� '�0� �(�2� �.-� -(� �.-� (��� ,(&�� �1",-"' �  �(&�5

-+2� �%(�-� +�&(/��� (+� -(� �"%%�  �),� �%(�-� ������ �!�� &(,-� "&)(+5

-�'-� )+()�+-2� (�� %(�-"' � -!�� .,�+� &.,-� $��)� "'� &"'�� ",� -!�-

-!�� ,.+����� ,-�+-,� (,�"%%�-"' � "�� -((� &�'2� �('�"-"(',� �)+(�"%�,�

-�' �'�2� �('�"-"(',�� �+�� ,)��"�"��� ('� -((� ,!(+-� �� �",-�'���

(a)

(b)

Viewing from
this Direction

Viewing from
this Direction

with Zoom

Zoom

�
	������ ���� �'� �+��-"' � �� !�%"��%� ,!�)�� �(''��-��� -(� �� �2%"'�+"��%

,!��-�� "�� -!�� !�%"1� ��,�� )+(�"%�� -(.�!�,� -!�� �2%"'��+� �� '('&�'.���5

-.+��%�� )�+-� +�,.%-,� ,"'��� -!�� �+���(+&� !�%"1� (,�"%%�-�,� �+(.'�� -!�

�2%"'��+� ,.+������ ���� ��� -!�� !�%"1� ��,�� )+(�"%�� �.-,� "'-(� -!�� �2%"'��+� �

%"--%�� -!�� (,�"%%�-"' � ,.+����� %"�,� �(&)%�-�%2� "',"��� -!�� �2%"'��+� �'�

-!�� .'"�"��-"('� (�� -!�� -0(� �(�"�,� 0"%%� 2"�%�� -!�� �1)��-��� +�,.%-�

�!�� -�+&� 4,!(+-�� &��',� ,!(+-� +�%�-"/�� -(� -!�� -(-�%� (�#��-� ,"3��

�(,"-"('"' � -�'� )+(�"%�,� (/�+� �� �",-�'��� (�� ���� &"%%"&�-�+,

��.,�,� '(� )+(�%�&,�� �("' � -!�� ,�&�� (/�+� �� �",-�'��� (�� ('�

&"%%"&�-�+� �+��-�,� �'� �0�.%� ,.+������ �!�� ,�&�� ",� -+.�� �(+� -!�

�(&)%�1"-2� (�� -!�� )+(�"%�,� �'�� -!�� 0�2� -!�� )+(�"%�,� �!�' �

�+(&� ('�� 0(+$)%�'�� ,�-� -(� �'(-!�+� ��" ������

(a)

(b)

(c)

General Sweep

Skinning

Capping

�
	�� ���� ���� �0��)"' �� ���� �$"''"' �� ���� ��))"' �



��� � � � � � � � �#2."%0� ����� �%5+%229�!#*!0$� �.30-!+

�.0� 2()1� 0%!1.-�� .-%� 1(.3+$� -%4%0� 207� 2.� !//0.6),!2%� .2(%0

'%.,%207� 31)-'� +.&2)-'� )-� #.,")-!2).-� 5)2(� !� �..+%!-� ./%0!9

2).-�� �2� )1� ,3#(� 1!&%0� 2.� #0%!2%� 2(%� +.&2� 2..+� ".$7� !� +)22+%� ")'9

'%0� 2.� '%2� #+%!0� )-2%01%#2).-1� +!2%0�� �(%� %6!,/+%� .&� �)'���

)++3120!2%1� 2()1�� �(%� 2!1*� )1� 2.� #0%!2%� !� (%+)#!+� 1(!/%� #.-9

-%#2%$� 2.� !� #7+)-$0)#!+� 1(!&2�� �(%� 85.0*/+!-%� )-#+)-%$�� #.,9

,!-$� )1� 31%$� 2.� /.1)2).-� 2(%� /0.&)+%1� &.0� 2(%� +.&2�� �&� 2(%� "!1%

/0.&)+%� 2.3#(%1� 2(%� #7+)-$%0� 2(%� 3-)&)#!2).-� .&� 2(%� +.&2%$� ".$7

!-$� 2(%� #7+)-$%0� 5)++� 0%13+2� )-� !� -.-,!-3&!#230!"+%� /!02� 1)-#%

2(%� &0%%&.0,� (%+)6� .1#)++!2%1� !0.3-$� 2(%� #7+)-$%0� 130&!#%

��)'���!��

�.5%4%0�� )&� 2(%� /0.&)+%� #321� )-� !� +)22+%� 2(%� .1#)++!2)-'� 130&!#%

5)++� +)%� #.,/+%2%+7� )-1)$%� 2(%� #7+)-$%0� !-$� 2(%� 3-)&)#!2).-� .&

".2(� ".$)%1� 5)++� 7)%+$� 2(%� %6/%#2%$� 0%13+2�� !1� 1(.5-� )-

�)'���"�

�		���

�.&2)-'� )-� ��� ����.+)$�%1)'-%0� )1� !� /.5%0&3+� 2..+� 2(!2� %-9

!"+%1� 2(%� ���� 31%0� 2.� #0%!2%� 4!0).31� &0%%&.0,� 1(!/%1� 5)2()-

!� 1.+)$� ,.$%+�� �(%� ,!)-� 2!1*� "%)-'� 1.+4%$� "7� 2(%� 31%0� )1� 2(%

./2),!+� 1%+%#2).-� .&� 2(%� /0.&)+%1� !-$� #+%4%0� /.1)2).-)-'� .&� 2(%

5.0*/+!-%1� )-� 2(%� 
�� 1/!#%��  )2(� !� +)22+%� %6/%0)%-#%� 2.� '!)-

&!,)+)!0)27� 5)2(� 2(%� "%(!4).0� .&� 2(%� 130&!#%� )-2%0/.+!2).-� !+9

'.0)2(,1�� ,!-7� $%1)'-� 2!1*1� #!-� "%� $.-%� )-� !� 1(.02� 2),%�

�.5%4%0�� 1.,%� 2!1*1� !0%� #3,"%01.,%� .0� -%!0+7� ),/.11)"+%

31)-'� +.&2)-'�� "32� !0%� %!1)+7� $.-%� 31)-'� .2(%0� ��� ����.+)$9

�%1)'-%0� #!/!")+)2)%1�� �-� %+%#20.,%#(!-)#!+� !-$� ,%#(!-)#!+

%-')-%%0)-'� 2(%1%� 2!1*1� )-#+3$%� ,!)-+7� 1*)--)-'�� #!//)-'�

!-$� 15%%/)-'�� �5%%/)-'� ��)'�� ��!�� )1� 0%+!2%$� 2.� +.&2)-'� 1)-#%

)2� ,%!-1� #0%!2)-'� !� 130&!#%� "7� 15%%/)-'� !� /0.&)+%� !+.-'� !-

!0")20!07� 
�� #304%�� �*)--)-'� ��)'�� ��"�� )1� 2(%� 2!1*� .&� $%&)-)-'

!� 1,..2(� 130&!#%� 2(0.3'(� !� -%2� .&� 
�� #304%1�� �!//)-'

��)'����#�� ,%!-1� 2(%� 0%/+!#%,%-2� .&� !� #+.1%$� +../� .-� !� ".$7

"7� 1.,%� 1,..2(�� 2!-'%-2)!++7� #.--%#2%$� 130&!#%�� )2� )1� !� 13"9

#+!11� .&� 1*)--)-'�� �+2(.3'(� 2(%1%� &3-#2).-!+)2)%1� !0%� 2(%� #+!19

1)#!+� $.,!)-� .&� 130&!#%� ,.$%+)-'� 1712%,1� 2(%� ./%-� !0#()2%#9

230%� .&� ��� ����.+)$�%1)'-%0� 0%!$)+7� !##.,,.$!2%1� 2(%)0

),/+%,%-2!2).-�

������
���

��� ��� ��� �!0)-�� ������� ��
� �����	��� ���� �����������
�
� ��������	

������� �#!$%,)#� �0%11�� ���

	�� ��� $%�..0�� �� ���	��	��� ���
�� ��� ��������� �//+)%$� �!2(%,!2)#!+

�#)%-#%1� -.�� 	��� �/0)-'%0�� ����


