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Abstract 
 

 

NPR (Non Photo-Realistic) is an important issue in Computer Graphics. It can present in a 

totally different style from realistic methods. In this paper, we takes the advantage of 3D NPR 

system in color presentation, and apply stroking merge and sketch-based modeling to synthesizing 

art works with volumetric effect, such as: oil-painting pigments with impasto style, relief sculpture, 

clay relief and so on. 

As one of the characteristic features of 3D model oriented NPR, the geometric information is 

extracted from 3D models for calculating the appearance properties of each stroke. These important 

and useful clues include silhouette, distance, and skeleton structure of objects. Through our 

prototype system, several common skills of creating art works are simulated for rendering 3D scene. 

As shown in the experiment results, our 3D NPR system creates interesting and vivid oil-painting, 

clay relief liked images. 

 
Key Words: Computer Graphics, Non-Photorealistic Rendering, Stroking Merge, Sketch-Based 

Modeling, Oil Painting, Impasto, Clay Relief, Relief Sculpture, pigment.
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� * ûrUV Ú � [ w r 9 : (Bone)@Y# ' ê 
 � \ ] �� ^ '  d V . î ?

0 1 � � ³¥34 ��9 ª «ø +  

Õ F X-file c Y �� � ¥ � i _ � . (non-unique) - . �°! # | a � � x

` 8 %´ Y �d ê � � S �á�ö � �û a b j j J å + à � � Ô ñ+�¥)

� j � ] F K 1 2 å + �á�̀ � � O �9 Ð æ c � � ¢ Data Adapter�ö X-file

Õ d � j 
 c / K 1 2 á9� j ; <  

� n öm n c� # Ò F e V � � / � Ò Y � � f �iöÃ X ê ¥ I ' Ö &-

. f Õ ' Ö & � f Î� �  c o p Ü Z � � � � Ã X � � � 9 : � � @ 

(A) Y �� � (Vertices Data)�Õ F Maya / 3DsMax 
 c X-file Y �� � Aj

i # _ � . j � 6� a � E � j g h +I ^ ú Replace Table � 7  Index ª /

� � ©ç� � � öi # _ � . 9 Y �� � i V Vertices List  

(B) ' Ö Í � � (Triangle Data)� 7 + HÍ Replace Table +I Ò F ¯ Offset 

Table Î� j � j � ç� 	 V � Index List  

(C) FrameRoot� U Ä Bone 9 V Ì ê ¥ +I Bone 
 � \ ] r� P � � @  

(D) MeshRoot� U Ä $ % � ) 9' ê � � DMaterialrFrameTransMatrixr

Mesh NamerUV@Triangle List B Õ K w � ; Îé*' ê � �   

+ � � Y é9 X-file k # � K � ) � j W�X-file Adapter l m 
 c + È �

) � j  � ) 9 : 9# � öB C Vertex � n ª / 9 Matrix  
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$. 2 &' \ ] � �  

 

¥ # $ � � Ò F � � � � �ö n � ¢ g o 9 Z-Buffer ; < Î U Ä ' ê � j �

`+ � n þ ¥ � � � � � � � � H U Ä | a � � ç9 � ) � � �+ O � ^ � ¡

* � � % p ® ; �  

� � � � 4 � ¢ f � µ � q r H9 � S�4 � � � 8 Ü # ,� K 9 [ w �Y

# + s 	 ræ È rMN r34 D * @ 

S Ä Î�� n | Õ � �  (Projection) o p ö'( � ) � � � ú � +� � � �

H�� ç - á 2 t ¡ i N (Rasterization) o p ö� ) H b � � Y �� � [ w 
 c /

q r H � � [ w �� ç³' Ö & i N �iöH 6 � d '( � ) ' ê � � i V � �

� � c � ¢ Ý b �E HD�& 21 

 

 

� �  21 - ` a b & c d �  

 
 

$. &' � � - � � + ^ _  
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$% 2 &' ` � a b c � X  

 

| a � � ç�� n u � á H34 � � �(Seed)�� � �� ø / � � � 9 Mesh

� � ³MN ��R34 * û(Stroke Vector)�� Seed � � ? Ò F ½ 8(Contour)

v   W�K ( � 9 s 	 wv Û�?34 * û x ½ 89� ÷o * v � � JÀ © � �  

+�& 22 ¥ 6 ��c x N �¥Ä 3O �� 3 � � y µ 34 * ûo * � � À

� z � %a b c° � � � j� Ò F HW � � { | � � 6 D�� � ø Á W°3

4 } a ë ' (Contour)� � � ÷ ù HW� � � { | � �  

  

� �  22 - e f g h i j � X  Seed c d �  

 

$. 2 &' � � � �  

 

� ³ m n ¾ � Õ $ %Ò F < / �? � : ` � � W�� ñ¥Ò F -   rMN <

/ � # j� Ä 3 , �< Ä 39Ó ~ �«û6ç , �ñS � J # {�� ¥Ò F ½

8�{¥MN � � | �  K 1 2 c Ñ áÒ F ½ 8³¥Ä 3 , � B C ñS 

6 � 1 2 c�� � 34 o � ¥` � � Ò F c u � á H seed�@ + 2 Ô rseed
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x Ò F ½ 8 ' U ê L�% seed � U î34 9 * û� seed ¥ u � á H� � +©

¯ i � 6ç , ��¥ � � � 6 +Ò F ½ 8³Ä 3 , ��ñ++ seed x Ò F ½ 8

÷9' U � � ¥ � ï ; < � ¢ seed s 	 w+ s 	 B áÎ B C � � Ò F W9,

� 

seed s 	 ����¥é seed � ¯ , S   ½ 8�© > ? > ? �   s 	 � �J

À © Ã s 	 � �Õ F [ � Õ F Mj R� 39 - . �LE � � 3� W � # � ¶ %

Â 34 * P 9 � � ¥f ³%0 ] 34 �� n +6 � ; < W 34 s 	 ¥ � � �6

U 34 � æ X y ³ 

5 6�ø s 	 ��U � # seed � } ��� s 	 � = � � � h é* seed c

Dç� 7 + 34 * û� % � � x � ù 6 ¥ 1.618 9 � q � ù 6 o é° � Seed

x  M Seed � o é # ' f W Ã ö � Seed � ¥� Ã X D+ 	 } � £ ��I ! #

seed � o é x � h � 9� o é ' f ¥ | + d ê 	 » � � ��I seed A # � t

Ã X ¥ |   UV D�& 23 � ß  

 

� �  23 - k l i j m n  

 
 
$; &' � � S T - R �  

 

$% 2 &' ^ _ � �  

 

� # Seed | a æÃ ç� . B C ! � × 96ç , �Jø� � � 34 ç� T á

� � � � O �c � �é � �(Mathematical morphology)9 closing à �Îé*� �
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  34 Ö ¯  S Ä Î� @ á½ 8 � é(Contour Extraction) o p ö W � Ã X � � �

a 34 Ö ¯ ½ 8 � × � å é%�Ð Ä � d � � 34 	 � � / W�á UV D�

& 24 

 

      

  

� �  24 - i j � Q o p q r s  

 
 

$. 2 &' d R e > L M  

 

5 6�öH� ¢ d ê cé*½ 8 � � 	 V N × . � � � ' Ö é(Constrained 

Delaunay Triangulation – CDT)�iö � # ½ 8 � ¥ N × ë (Constraint Edge)�� ç

� � � � ' Ö ¡ h � � @ ø � é% ½ 8 � ' Ö é³à � 

S Ä Î�¥Ü é* � ½ 89 9 : (Spine)�j � 6ö � # ' Ö & � � æ È æ

È G Ã D Ä � � 

' Ö ) È é - .  

T - Terminal � ' Ö &H# � ¢ N × ë  

S - Sleeve � ' Ö &H# � ¢ N × ë  

J - Junction � ' Ö &H ! # N × ë  
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@ Î�ø / Ä � G Ã ` W ' Ö &H j c ÷  � 

' Ö ) È é y ³ 

T j j c � 1 ÷   

S 
j c � ¢ Õ � N × ë cD� � I � � � N × ë cD�9÷   

(Non-Constraint Edge Center to Non-Constraint Edge Center) 

J 
Õ ' Ö &cD� � I' ¢ � N × ë 9cD 

(Triangle Center to Non-Constraint Edge Center) 

� � ' Ö &. h æ È x é* 9 : ÷ � ÷ç; � D�& 25 

ö  

� �  25 - t u Tv � w s x y z  

é* 9 : ÷ç�Ä � d J � � � � (Mesh Generation) � / ¥Ü ) � / ç9

� � � � , �j n J 6ö T È ' Ö &O 
 ¡ / è é' Ö é(Triangle Fan)� Ã �

ç � ³ � � � j � � � (Interpolation)W� ü / $ % = > j � 9 � �  


 ¡ è é' Ö é d ê D Ä � 

1. � T È ' Ö é � � � � (Internal) D � (Traverse)�é' Ö &Hë � �

� a 9 � N × ë � × ¥�� �+ � � N × ë cD¥ � Di � � � 

� k 6 � D � a 9� Y � � X � o p ` � � � �  

a) ° � �ö � � N × ë � 8 �i ² � � �  ' � 9' Ö é�	 }

o � 9 � � � q  
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2. � � Ö ¯ � q y ³� A � I " / Ä �  c� Â F ¥ | � 

a) � � � q W� $ # � ¢ +H9 Y � � ` Ö ¯ � � ð � T È ' Ö

é 

i. �,ç � ¢ { Ã 9 � N × ë cD�� j c ÷  Io � � #

+ D � ' Ö & Y �H 

b) ð � J È ' Ö é 

i. � J È ' Ö &9	 D� j c � ÷Io � � # + D � a 9'

Ö & Y �H 

 

� 	 Ð ê x ; < D�& 26 

 

� �  26 - { | } Tv � ~ �  

^ ú . è é' Ö &ç� S Ä ÎJ � � ë 9 � c (Edge Swap) 

Chen[20] K %̂ � n J O Á � � c9 � ¢ ' Ö é j � # � ¢ ë � � S ½ 8÷

x 9 : ÷� � + � � 9 Delaunay ' Ö ¡ ç � # � ] Ô � j P + ì C … U � N �

� � � ë ì c …_ñ+�`^ ú � � © � �� n 6 n ö0 Å j � P ì C 9' Ö

& � � ë 9 ì c  

¥Ü � � 0¢ d ê �n ö0 Å j � P ì C 9' Ö & � %Îf � ç� $ �0
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Å j � P ì C 9' Ö & � ! A` J È ' Ö &9 � ¯ ñ+�� n ö @ U F + � �

	 j æ È i; < � ¢ TrSrJ@ w � � � ç� J È ' Ö é � � D �  

d ê D Ä � 

1. ø + Y � � û x ) � � k D � o * � 

a. ' Ö &H# � ¢ 9 : �x � ¢ ½ 8�O � � (External) D �  

b. ' Ö &H# � ¢ 9 : �x � ¢ ½ 8�O � � (Internal) D �  

2. ø D � o * � ú % � �÷³ Line Walk�ö # � w � � 9' Ö & � t Â

Î� � ß 0 Å ' Ö &A n J � � ë 9 � c (Edge Swap) 

3. ö D � a 9' Ö &+   � 9 o p U Ä Â Î� � # w � . 9' Ö &ç�

ø6� 6%(FIFO)9, � � � ë 9 � c  

+ � ë � c b � � n + ¡ µ o p � �  � � � j Ä ` � 1 J È ' Ö &� =

+ Æ P c ! # ë � � � c W . { | UV D�& 27 

 

� �  27 - � � � (Edge Swapping) c d �  

 � # ' Ö &A � � . ç�S Ä ÎJ � � d Û9 : ÷5 6�� n ` � � ¢

9 : ÷�H£ ¢ � £ �é � �I � ¢ ½ 8�9 � Q > ?  ³�Û × UV D�& 

28 
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� �  28 - � y z � � � � \ � � � c d �  

Francesco[9] K %ø Igarashi[21] o � � S é � Q  ³Û × ç�� ` 9 : ÷H

W � ý þ � � $ � G ñ� D Ä �c�9 : ÷O � N �R ¤ N ��" n x ½ 8�

� ÷9÷  � ûj� E �D�& 29 cB | õ B Ï � � N �9½ 8 � ÷%¥ ¥

÷�� ¤ N �9÷ � ¥�÷ ¦ %�LE � � Q > ? � � a � � ü / 9 : ÷§Û§

Rr ý þ � 9� � 

 

� �  29 - � � � � � � � �� � � � � � y z c d �  

F U 0¢ ¢ ! �Francesco[9] K %  ¤ N 9 : ÷�Û × éV ú �(incident)I

½ 8�9 Y � � Q > ? 0 o � `é�W n ³� � d D � � � . / `++ W �

� o � ì µ �� S é  ' � � ¢ W Û9 9 : �³Û × � Q e < �  � $ ¨ ¢ 9

: ÷Û × AR F � ¯ � S �W�Ã é  ' � � � Q Û × Ä �¥ � � ç9 ; � �

B +Ï � ` 9 : ÷H � � W ¥ � � D�& 30 
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� �  30 - � � w y z c d �  

é. 9 : ÷Û × ç�S Ä @ U � # x 9 : ÷ # � ÷9 ë � � Û × � � � Û

× �� Ñ á © � ª p µ V D�& 31� 9 : ÷O Û × ¥ o � é � Q > ? � � ,

� ¯ 9Û × ¥ « �c¯ � / � @æç � � V � j �� � � j �W�7 + 34 U

îI [ � � w H�ö� � HMN � � i V � Y � � �i�� � ¢ Y �9� * û�

+ O � � W � %Îç � � P 34 î # 9� � 

 

� �  31 - � � � o p q � � h � � � N �   � ¡ % �  

d ê I+�̈ � ø34 Ö ¯ W � % U î934 � � ¥ O � � � � �,ç @
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� � e f ? � � �   ¡ h �  

 

$; 2 &' e > f g h  

 

¥ O �   ¡ �� n Ñ á Belyaev[4]9 � � à ³ (Umbrella operator) � � U

V D�& 32� e < � � à � p 9 � � ¬ × x  ' � � q � Q > ? # ê   

 

� �  32 - ¢ � £ (� � c d �  

��o p D Ä �  

 

 

p Á c¥ � � ¬ × ª � �� wv ��� E �   ¡ ç � � 9 ¬ × v �JÀ ©

� � + �   ¡ ¥� ¡ µ b � �L Õ � E ¡ µ a b cjk � � � ¢ Y �x  � S

�9 � �w 

| Õ � E9 � � ©ç� . B *� i # 	 � ?W �   ?34 � �  
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�� �
 � � � � � � �  
 
$% &' i j � k  

 

K r 4 � n  H � f ® n : 9 g ³�R6 � h � 9 G � � %ª «��+I K 1 2

h � 9 � � \ ] � , , d V ª «ù W  

� / , , �� W� Ñ á Gouraud Shadding � � B ´ �i � H 2 Ô / | R Stencil 

Shadowing 3 � � / � � �> O � � % � P � f £ ¤ 4 c9 � ³ ; � D Ä �  � 

 

� �  33 - 8 ¤ ¥ ¦ !( 
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� �  34 - 8 - U V § ¨ © ª �  

 

 

� �  35 - 8 - U « ¬ /  S © ª ®� 
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� �  36 - 8 - U « ¬ /  S © ª ®; 

 

 

� �  37 - 8 - U « ¬ /  S © ª ®T 
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� �  38 - 8 - U « ¬ /  S © ª ®¯ 

 

 

� �  39 - 8 - U « ¬ /  S © ª ®° 
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� �  40 - ± ²  - U V § ¨ © ª �  

 

 

� �  41 - ± ²  - U « ¬ /  S © ª ®� 
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� �  42 - ± ²  - U « ¬ /  S © ª ®; 

 

 

� �  43 - ± ²  - U « ¬ /  S © ª ®T 
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� �  44 - ± ²  - U « ¬ /  S © ª ®¯ 

 

 

� �  45 - ± ²  - U « ¬ /  S © ª ®° 
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$. &' l m n o + D p  

 

¥Ü ¯ ° K 1 2 c d %h � 9/ � �� n � � Ü � Ò¢ £ ¢ £ �  H � ] B ´

� x 	 � � � � � � / 9�� W � 1 � = �Ï �� ç i h % x Ç l , � P 9 h & 

± ¢ � \ # 	 � � 
 � � �7 9 � � b × r g ³ k l È ) 9 � A @� � \ D t 

¢ £ � R Æ X 24Ò ² ! � � D Ä �  �  

³ Y � (Ë) - ¢ £ W ! ³ h E �  

! ´  h &  

1 
� � � à  

14E 
� à  
10E 

µ * F � à  
0E 

j� à  
0E 

� � j� à  
0E 

2 
¶ 3�  

0E 
¾ ¿ �  

0E 
` a b ^  

10E 
[ �  
14E 

CG � �  
0E 

3 
� � � à  

4E 
� à  
7E 

µ * F � à  
5E 

j� à  
6E 

� � j� à  
2E 

 
³ Y {( 
 � ) - ¢ £ W ! ³ h E �  

! ´  h &  

1 
� � � à  

14E 
� à  
9E 

µ * F � à  
1E 

j� à  
0E 

� � j� à  
0E 

2 
¶ 3�  

0E 
¾ ¿ �  

0E 
` a b ^  

10E 
[ �  
14E 

CG � �  
0E 

3 
� � � à  

4E 
� à  
9E 

µ * F � à  
3E 

j� à  
6E 

� � j� à  
2E 

 

W ! ³ h ·D Ä  

³ Y � W ! ³ h · 

! ´  h &  

1 58.3% 41.7% 0.0% 0.0% 0.0% 

2 0.0% 0.0% 41.7% 58.3% 0.0% 

3 16.7% 29.2% 20.8% 25.0% 8.3% 
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³ Y { W ! ³ h · 

! ´  h &  

1 58.3% 37.5% 4.2% 0.0% 0.0% 

2 0.0% 0.0% 41.7% 58.3% 0.0% 

3 16.7% 37.5% 12.5% 25.0% 8.3% 

 

`³ Y � Ð Ò��Ä � cB +Ï � 1 � = U F � � ³� # $ 9 	 � � 
 7 %# �

* 9 ¯ ¸ � � ¢ � � � ³� � � [ � W�B +Ï � 
 * � [ � x � ` a ^ _ 9� o

� � W ¹ � C ù 6  

³ Y � (Ë) � �  

�
�
�
�
�
� �
� �
� �
� �

� � 	 
 � �  �

� � � � � � �

 

� � � � � � � �

� � �

� � �

� � �  

� �

! " # �
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`³ Y {Ð Ò�e � D � ³ Y � 9 ² ! � � 1 � = % 
 * � ³³ Y 9 	 � � 


� � �  | õ 9 
 * � � ³ � [ � � ` a ^ _ 9� e � W ¹ � C ù 6  

³ Y {( 
 � ) � �  

�
�
�
�
�
� �
� �
� �
� �

� � 	 
 � �  �

� � � � � � � �

 

 

� � � � � � � �

� � �

� � �

� � �  

� �

! " # �

 

| a f º ù U ç* Ò 1 � = � E � à � ¬ � ³� # $ 9 	 � 7 �0 7 | | Õ K f

� h � � � / 9 � ³� i # 	 � � 
 � � 9 

� � � ¬ i # 	 � 7 9 � ³` 1 � = Ï Î�� � ³ k l � t F [ � � ` a b ^ ©

¯ i ! # | õ ? � � | » � ç � ¥�`ë Î� ³H# j J U F 0 Å [ � Mj � = `

a b ^ l h � $ H³ � � 6 D�� ³ l h r34 rMj @�J � ¡ * 9 ¼ ½ � " n

î # 9 - . �+® ¨ � ) 1 � = | * æ � [ � ³ Y x ` a b ^ ³ Y ¯ 9| õ � �  
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+ � �� n U F [ � 9 Ç � ¾ � � � � ¬ . � 9 � ³O# � 	 x � n J� ¾ ` a

©È 9 b ^ ¾ � � f � 9Ò F `� n áÎ³ � � 9f � / � c�w 9Ò A¥j� �

n 9 f � Ò F 0U F 1 � = Î 7 e � � ¢ � À M n U [ � x ¾ ` a 9 � k 9	 J ñ

Sñ+�`ç � 9� ³H® ¨ � ö� � 9 h � ¿ § � i # � n 9Ò F HrH I � �

¢ m n  
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  �� �
 � � � � �  !  
 

K 1 2 � P '( � ) ¥ � - � � � / � å + R34 ^ � UV ��á = B +ö g �

^ � 9'( � ) Õ 
 c r	 % / � # \ ] � � = ¶ ` a ^ _ � 
 � � 9³ Y ` ¢ £

9 2 ( Ä �� n * â K 1 2 d %h � 9 * � � ¡ � ³³ Y 9 	 � � 
 7 �� ¡ � � �

/ � 9 G � á à O^ d V g ³ ª « � � é µ g ³ = _� d V �á = ` g ³a b cj�

Ì Í 9 ª «ø +  

¥ O ç � � d V � � � 9 � ³�` 	 � � � r� � �   b × @ Í & Y# $ %B +

7 � 9? o  

5 6r	 � � � W Ñ éÈ ¶ � S � Mj I� � H o p Î³Mj 9 Å * �+ o p

ij. = � P � f Ò �� ) �W ¡ Ó 9> � � � Y# Ð 7 À çLV 6 DMj ûrM

j 9 ¾ p ûr3 : 9> � rÄ 39 o * rMj 9 ¿ � rMj K P @ Ò �- . « 9 � o �

+ O � ¡ * 9 � � ; �  

S µ �� ) K ( ` 	 %W  K ( 9 �   × Y# Ð 7 � �° � � � d LV {E � Í

Á   F U � ¢ � � � � ] × 9 � � 9 $ �' â B + @ � � d 9 7 î � � 9� 
 � �  

° � 9 : H 6 ¢ ! �j k � ������ � 4 � ¢ 	 �9 J 5 �e � � � d Â j

Þ a 0 1 Î 2 ( g ³ ® n 9B � .  

ö  
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