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

+�,.-
/10.2325460.718:9 ;<8:->=@?BAC2D-&EF=1G

HJI.KML$NFO�PQL

R.SDTBU�T�VXW$Y3Z3W�[@\^]`_XW$Z3a$Y3VXWM\`_cb$ZCbMd�Wfe^Tg\hbMdjikb$_cZQ\`el_cZCmMUon�W$Z

S3WqpFTre^_cs�Tutjvxw�yqz{_XZJ\`S3T}|.bM]`e~\•nqW$e^T•€)‚3Yƒ\�\`S3_ce�_ce�]„W…]`T�V†[B_†d
T�pFTg]

b$‚3e^Tg]`p•Tq‡h_cZ<iƒ]„W$ng\`_cn�T$ˆŠ‰‹T}ngb•Œ
i•W…]`T!\`SD]`T�T}iD]`bQ‡ƒY3ng\`_cb•ZƒŽ••QY3W$Vc_†\:[

U�T�VXW$Y3Z3W�[B\^]`_XW$ZDa•YDV‘W…\`_cb•ZfiD]`b$a$]„W$Œ
e•b$Z’e^b•Œ
Tl“ ]`TqW$V†Ž”|.bM]`VX‡�•–e^Tg\`e

bMd–ikb•_cZ—\`e{V†[D_cZDa�b•ZhbM]�Z3TqW…]�˜…U™e^YD]^dšW$n�Tge�ˆ

› œM•

L$N—ž&Ÿ� 
PQL•¡¢ž

•

£}¤$¥ƒ¤M¦š§D¨�©šª�«¬«ƒ§•§k­f¨�®g§ƒ«D®g¯ƒ°J±�²”§ƒ®
³D£´£r¤M¦x¯ƒµ�ª�¯F¶B·�®g©š¯ƒª�«ƒµ�¦š¯Q¸

·�©š§ƒª’©x±j¯<­k©º¹J»…µ�¦º·r¯ƒª�­f©š°¬¨)§ƒ®�·g¯ƒªD·•¨�¯Q®�·r§Q²�»M§ƒ°¬¨�µ�·g¯—·g©š§ƒª�¯ƒ¦

«ƒ¤M§D°¬¤…·g®�¶ƒ¼¾½�¿�§Àª�¤M¿�»…§k­k¤•±…Á!·gÂ�¤Ã£r¤M¦x¯Qµ�ª�¯F¶À²”µ�ª�»…·�©š§ƒªÄ§ƒ²

Å

Â�¤M¿�»�Â•µ�Æ)Ç ±fÈ�É•ÊkËFÌÎÍQÏÐ¯ƒª�­ÒÑ�Ó•Ô•Ë—Õ•Ö�ËDÉC×1ÍƒÓDÊ�ËDÊ�Ø—×�ÉÄ²”µ�ª�»q¸

·�©š§ƒª@§Q²!·gÂ�¤BÙ•Ú3Û•ÜÃ¦š©šÝ�®�¯Q®g¶ ÞXßMà•Á>®g¤M¨�®g¤$±�¤Mª3·l¯’ª�¤M¿á±„·g¯Qª�­�¯Q®�­

§Q²�â3µ�¯Q¦š©º·`¶Q¼}ã5¤6¤…ä�¯Q°¬©šª�¤�·gÂ�¤M©š®r¨�¤$®„²”§D®�°J¯ƒª�»…¤ƒÁ)¯Qª�­å·�Â�¯Q·j§ƒ²

¯QªÄ§ƒ¦x­k¤$®¬¨�®g§ƒ«ƒ®�¯Q°åÁ•æŠ¦x¯Q®gÆ•±�§ƒª&Ç ±u×•Õ�Ô3Ô�Á!§ƒªç±�¤…·�±J§ƒ²�¨)§ƒ©šª3·g±

¿!Â�©x»�ÂÄ¦º©š¤f§Dªç§ƒ®‹ª�¤•¯Q®B·`¿Š§ƒ¸~­k©š°¬¤$ª�±„©š§Dª�¯Q¦�±„µ�®„²¢¯D»…¤$±B©šªÐè�é—¼

½�Â�©x±l±�¨�¤•»…©x¯Q¦�»M¯D±„¤B©x±l©š°¬¨)§ƒ®�·g¯ƒªD·l©ºªC¯Q¨�¨�¦š©x»M¯Q·�©š§ƒª�±
±„µ�»�Âê¯ƒ±

®�¤•»…§ƒª�±`·g®�µ�»…·�©šª�«!±�µ�®„²¢¯D»…¤•±)²”®�§D°�¨)§ƒ©šª3·�»…¦š§Dµ�­�±–¯Qª�­
¯Qª�­�°¬¤•±„Âk¸

©ºª�«u·gÂ�®�¤$¤…¸^­k©š°¬¤Mª�±�©š§ƒª�¯ƒ¦�±�§ƒ¦š©x­�±M¼

ë

µ�®hì�®g±„·¬«ƒ§3¯Q¦�©x±u·g§@¨�®�§—¥•©x­k¤å±„§D°¬¤J²”§D®�°J¯ƒ¦�¤$¥•©š­�¤Mª�»M¤

²”§ƒ®‹·�Â�¤îí†²”§ƒ¦šÆ•¦š§ƒ®g¤QÇ�§DÝ�±„¤$®�¥—¯Q·�©š§ƒª™·gÂ�¯—·f±�µ�»�Â�£r¤M¦x¯Qµ�ª�¯F¶ê·�®g©‘¸

¯Qª�«Dµ�¦x¯—·�©š§Dª�±•Â�¯F¥D¤l¦š©šª�¤•¯Q®�±„©šïM¤ƒ¼J½�Â�©x±r§DÝ�±�¤M®g¥F¯Q·�©š§ƒªJð`µ�±`·g©ºì�¤$±

·�Â�¤$©º®!µ�±„¤
©šª‹¨�®g¯D»q·g©š»M¤
¯Qª�­BÂ�¯ƒ±•¨�®�§D°¬¨k·�¤•­<®g¤$»M¤Mª3·�·�Â�¤$§ƒ®g¤…·g©‘¸

»M¯Q¦D®�¤•±„µ�¦‘·�±…ñ1·gÂ�¤�£r¤M¦x¯Qµ�ª�¯F¶•·�®g©x¯Qª�«Dµ�¦x¯—·g©º§Dª!§Q²�®�¯Qª�­�§ƒ°Ð¨)§ƒ©šª3·g±

§ƒª�¯C»…§Dª3¥D¤…äÄ¨)§ƒ¦š¶3·�§ƒ¨)¤ÃÂ�¯ƒ±‹¦š©ºª�¤$¯Q®B±„©šïM¤êÞ ò•à•Áj²”§ƒ®’¯êíc¿�¤M¦š¦º¸

±�¯ƒ°¬¨�¦š¤$­1Ç•ì�äk¤$­å±�°¬§•§Q·�Â‹±„µ�®„²¢¯D»…¤�·�Â�¤M®g¤j©x±!¯ƒª‹µ�¨�¨�¤$®•Ý)§ƒµ�ª�­

§Q²róhô”õ&ö�÷�øFù<Þ ú—à•Á�¯ƒª�­@²”§D®l¯Qª•¶5õ.Á>·�Â�¤$®�¤B©x±u¯5ícÝ�¯D­ ±„µ�®„²¢¯D»…¤QÇ

¿!Â�©x»�ÂB©x±}íc¿Š¤$¦º¦º¸^±�¯ƒ°¬¨�¦š¤$­1Ç3Ý�µk·}«D©š¥ƒ¤$±�¯¬â3µ�¯D­k®g¯Q·�©x»j£}¤$¦š¯ƒµ�ª�¯F¶

·�®g©š¯ƒª�«ƒµ�¦š¯Q·�©š§ƒª’Þ û—à:¼

ë

µ�®‹±�¤$»M§ƒª�­Ä«D§D¯ƒ¦}©x±¬·g§î©x­k¤Mª3·g©‘²”¶C·�Â�¤ÃÝ)§Q·„·g¦š¤Mª�¤•»�Æ•±<©šª

»…µ�®g®�¤$ª3·
©š°¬¨�¦š¤M°¬¤$ª3·g¯—·g©š§ƒª�±M¼–æŠ§DªD·g®g¯ƒ®�¶j·g§r§Dµ�®.¤…äk¨�¤•»q·�¯—·�©š§Dª�±…Á

¿Š¤Àì�ª�­Ò·gÂ�¯—·ü·�Â�¤C¨�§D©ºª3·Ã¦š§k»M¯Q·�©š§ƒªÒ±�µ�Ý�®g§ƒµk·g©šª�¤ ­k§•¤$±üª�§Q·

­k§ƒ°¬©šª�¯Q·�¤Š·�Â�¤•®gµ�ª�ª�©ºª�«�·�©š°¬¤�§ƒª6·�Â�¤•±„¤}¨�®g¯D»q·g©š»$¯Q¦•¤…ä�¯ƒ°¬¨�¦š¤$±MÁ

¯Qª�­’©šª�±„·�¤•¯ƒ­‹·gÂ�¤u°¬§3±`·}©š°¬°¬¤•­k©x¯—·�¤
»�Â�¯ƒ¦š¦º¤$ª�«ƒ¤
±�¤M¤$°J±�·�§BÝ�¤

·�Â�®�¯ƒ±�Â�©šª�«�¼™ý{©š§ƒª¾Þ þ—à}§Qÿ1¤M®�±¬±„§D°¬¤<¤$¥3©x­k¤$ª�»…¤‹·gÂ�¯—·���«D§•§•­��

©ºª�±„¤$®„·g©º§DªJ§ƒ®�­k¤$®�©šª�«3±Š»$¯Qªå¯Q¦š¦š¤M¥•©x¯—·�¤•·�Â�®�¯ƒ±�Â�©šª�«�¼

������	

N—ž�
�N—O
� K��
½�Â�¤>·�Â�®�¤$¤{¨�®g§ƒ«ƒ®�¯Q°J±1¯ƒ¦º¦ƒµ�±„¤�·�Â�¤�§ƒ¨k¸

·�©š°J¯Q¦{¯ƒª�­@¤$¯D±„©š¦š¶’©š°¬¨�¦š¤M°¬¤Mª3·g¤$­f®�¯Qª�­k§ƒ°¬©šïM¤•­f©šª�»M®�¤$°¬¤Mª3·g¯ƒ¦

¯Q¦š«ƒ§D®�©º·�Â�°�Þ ³—à:Á�¿!Â�©š»�Âå¯ƒ­�­�±•¨)§ƒ©šª3·g±�§Dª�¤
Ý•¶B§Dª�¤
©šª‹®�¯Qª�­k§ƒ°

����������������� �"!�#"$%�'&)( *+*-,/.103254�67032�2985:;�<85:<=/> ?@�A� �"B�CD��>E��85:

&;�5��:;��85��FE�5:G&;�H> >E�JI/K�L�F �MC

NPO

�H�;8�����QR�H:��S�5?�*)��QT�����A�P�T�'UHFE�H:;U � KJV�W)L;�RX/:�F Y3� ��K�F �1#Z�5?+W[� \'8�K

85�/=/�;KA��F :

]
O

�H�;8�����QR�H:��S�5?�*)��QT�����A�P�T�'UHFE�H:;U � KJV�W)L;�RX/:�F Y3� ��K�F �1#Z�5?+W[� \'8�K

85�/=/�;KA��F :

§D®g­�¤M®!¿!Â�©š¦š¤�°J¯Q©šª3·g¯Q©šª�©šª�«u·�Â�¤l£}¤$¦š¯ƒµ�ª�¯F¶¬·g®�©x¯ƒª�«ƒµ�¦x¯Q·�©š§ƒª–¼_^~²

¿�¤Ã¯D±�±�µ�°¬¤‹·�Â�¯Q·J·�Â�¤ü£r¤M¦x¯Qµ�ª�¯F¶À·�®g©x¯Qª�«Dµ�¦x¯—·�©š§Dª ©x±<¯Q¦š¿�¯F¶k±

§ƒ²
¦š©šª�¤•¯Q®�±„©šïM¤ƒÁ�·�Â�¤Mªa`
bdc1egfDhib�j5kdfAc�b;eÃô”ì�ª�­k©šª�«¬¿!Â�¤$®�¤�·g§J¯ƒ­�­

¯fª�¤M¿ ¨)§ƒ©šª3·ml)ù�©x±
·�Â�¤<§ƒª�¦º¶ü§ƒ¨)¤M®�¯—·g©º§Dª5·�Â�¯Q·l©x±�ª�§ƒ·hóhô„ß•ù

¤Mäk¨�¤•»q·�¤•­ü·�©š°¬¤h¨�¤$®
©ºª�±„¤$®„·g©º§Dª–¼onDÕ�Ô•Ô‹µ�±�¤$±u¯‹·�Â�¤$§ƒ®g¤…·�©x»$¯Q¦š¦š¶

§D¨k·�©š°J¯ƒ¦�óhô¢¦º«ŠõÎùå­�¯—·�¯Ä±`·g®�µ�»q·�µ�®�¤ÄÞ ³—à:Á�¿!Â�©x»�Â�©x±‹°¬¤M°¬§D®�¶

©šª3·�¤$ª�±�©º¥D¤Q¼qpkÉ•Ê�ËFÌ&ÍQÏîµ�±„¤•±B¯C±„©š°¬¨�¦š¤Ãóhô¢õ�r„÷�ø—ùGs�t[um`�vPkde�w;v

x

kdh y‹±„·�®�¯—·�¤$«ƒ¶ Þ z—à:¼êÙ•Ú3Û•ÜÄÑ�Ó•Ô3ËQÕ•Ö�ËDÉî×–ÍƒÓDÊ�ËƒÊ�Ø—×�ÉÃµ�±�¤$±h¯

²”¤$¿�¦º¤$¥ƒ¤$¦š±l§Q²
©šª3·�¤$®�°¬¤•­k©x¯—·�¤‹£}¤$¦x¯Qµ�ª�¯F¶ ·�®g©š¯ƒª�«ƒµ�¦š¯Q·�©š§ƒª�±<Þ {—à

¯D±�¯f±�¤$¯ƒ®g»�Â@±`·g®�µ�»q·�µ�®�¤ƒÁ>±�§ƒ°¬¤M·�Â�©šª�«‹¦š©šÆƒ¤¬¯f±�Æ3©š¨@¦š©x±`·$¼å½�Â�©x±

©x±uÆ3ª�§—¿!ªÀ·�§üÝ�¤‹§ƒ¨k·g©š°J¯Q¦{©šªCúƒ£�Á>Ý�µk·h©šªî³ƒ£uÁ
·�Â�¤$®�¤B©š±lª�§

·gÂ�¤M§D®�¤M·�©x»M¯ƒ¦�®g¤$±�µ�¦º·M¼

|
OkL$O�K

�

L$K O

•

Ÿ

	~}

OkL�•~ž�N;�€�
½�Â�¤ Ï3Ê�Ë�•
‚QÖ ­�¯Q·g¯

ô„ßQ¼Xò °¬©š¦š¦š©º§Dª(¨)§ƒ©šª3·g±�ùÀ©x±À²”®g§ƒ° ·gÂ�¤

Å

·g¯Qª�²”§ƒ®�­á³ƒ£

Å

»M¯ƒªk¸

ª�©ºª�«„ƒ!¤M¨)§D±�©º·�§ƒ®g¶Q¼…^~·@»…§ƒ°¬¤•±å²”®g§ƒ° ¯�æŠ¶•Ý�¤$®�¿�¯Q®g¤À®g¯ƒª�«ƒ¤

±g»M¯ƒª�ª�¤$®�†5©‘·ê»…§ƒª3·�¯Q©šª�±Àª�§D©x±„¤ç¯ƒª�­ ©x± ¥ƒ¤$®�¶ ª�§ƒª�¸:µ�ª�©‘²”§D®�°å¼

‡[ˆ

Ñ ô`ß�z�‰kÁ Š�Š�ŠC¨�§D©ºª3·�±gùB©x±‹²”®�§D° ¯™¨�®g§Q·g¤M©šªÐ¤$¦º¤•»q·g®�§Dª¾­k¤$ªk¸

±�©º·`¶á©x±„§ƒ¸~±�µ�®�²¢¯ƒ»M¤QÁü±�¤M¦š¤$»…·�¤•­ ¥•©x¯ °J¯Q®�»�Â�©šª�« »Mµ�Ý)¤$±M¼ ‹gŒg•

ô�‰ƒú�‰•ÁEŠ�Š�Š5¨)§ƒ©šª3·g±�ùJ¯ƒª�­€‹gŒ•Žçô•ú °¬©š¦º¦š©š§ƒªC¨�§D©šªD·�±gù¬¿Š¤$®�¤f§DÝk¸

·�¯Q©šª�¤•­(Ý•¶ ¯Q¨�¨�¦š¶3©šª�«�Ý�µk·�·�¤M®J•�¶ ±�µ�Ý1­k©š¥•©š±�©š§ƒªÒ·g§Ò±„µ�»�Â ¯Qª

©x±�§Q¸^±„µ�®„²¢¯D»…¤QÁ §Dª�»…¤á¯ƒª�­ ·`¿!©š»M¤QÁ™®�¤•±„¨)¤$»…·�©š¥ƒ¤$¦š¶QÁ ·g§�«D¤…· ¯

±�°¬§•§Q·gÂ ¯ƒª�­Ò­k¤$ª�±„¤C¨�§D©šªD·Ã±�¤…·$¼’‘>äk¨)¤M®g©š°¬¤Mª3·g±å§DªÒ§Q·�Â�¤M®

­�¯—·g¯Ä±�¤…·�±f±�Â�§—¿Š¤•­ ±„©š°¬©š¦x¯Q®<®g¤$±�µ�¦º·g±’¯ƒª�­Ò»M¯ƒª Ý�¤î±�¤M¤$ª(¯—·

“M“M“R”

Ø[•

”

Õ
–�Ó�—�Ë�•

”

ÓƒÏƒÕ�˜•Õ)•QÓDÊg•�˜
•MÕ•Ö
•ƒ×�Ó3Ó[˜QÏkÓ•Ô3Ë—Õ3Ö�ËDÉ�¼h½�©º°h¸

©šª�«@­k§•¤$±Jª�§Q·J©šª�»M¦ºµ�­k¤<ì�¦º¤™^Jš

ë

¯Qª�­ê¯ƒ¦š¦�¤Mäk¨�¤$®�©š°¬¤Mª3·�±6¯ƒ®�¤

­�§ƒª�¤
©šªœ›&©šª•µkä<§Dªå¯ƒª™^^ªD·g¤M¦
ý.¤Mª3·�©šµ�°•^J^P^
ô�zDûd{ož9Ÿ}ï•ù�¿!©º·�Â

‰�ßƒß�ž ƒ¢¡£ž@¼

¤ ¥
�

K• 

}

L$K

¡}¦š¦Î§Q²Š§ƒµ�®j­�¯—·�¯ƒ±�¤…·g±r¨�®g§k­kµ�»…¤•­’¦š©šª�¤$¯ƒ®„¸^±„©šï$¤$­J£r¤M¦x¯Qµ�ª�¯F¶<·g®�©º¸

¯ƒª�«ƒµ�¦š¯Q·�©š§ƒª�± ¯Qª�­á·�Â�¤ ±�©ºï$¤Ð§ƒ²ü¯Q¦š¦‹©ºª3·g¤M®g°¬¤$­k©x¯—·g¤ç£}¤$¦x¯Qµk¸

ª�¯F¶@·�®g©š¯ƒª�«ƒµ�¦š¯Q·�©š§ƒª�±�¿�¯D±l¦š©šª�¤•¯Q®$¼î½�Â�¤åª3µ�°lÝ)¤M®h§Q²�£}¤$¦x¯Qµk¸

ª�¯F¶•·�¤M·�®�¯QÂ�¤•­k®�¯!»…®g¤$¯—·g¤$­gšQ­k¤$±„·�®g§—¶ƒ¤•­•¨)¤M®�©ºª�±„¤$®„·g©º§Dªr¯F¥D¤M®�¯Q«ƒ¤•­

¯ƒÝ�§Dµk·�ú3ò�šQú�Šr¯ƒª�­6·�Â�¤r¯F¥ƒ¤$®g¯ƒ«ƒ¤�®g¯Q·�©š§�§Q²1·�Â�¤}ª•µ�°6Ý�¤$®>§Q²Î£r¤…¸

¦x¯ƒµ�ª�¯F¶�·�¤M·�®�¯QÂ�¤•­k®�¯�·�§!·gÂ�¤{ª•µ�°6Ý�¤$®&§Q²•©šª�¨�µk·Î¨)§ƒ©šª3·g±&©š±Î¯QÝ)§ƒµk·

ûQ¸`ò•¼

Å

¤M¤G¦
©š«ƒµ�®g¤lßƒ¼

½�Â�¤¬±�Â�¯Q¨)¤6§Q²�·gÂ�¤h§—¥ƒ¤$®g¯ƒ¦º¦�¨�¤$®„²”§D®�°J¯ƒª�»…¤u¨�®�§ƒì�¦š¤u§ƒ²�¯Q¦š¦

·gÂ�¤Ä¨�®g§ƒ«D®g¯ƒ°J±f¿�¯ƒ±À±�©º°¬©š¦x¯Q®$ñ ª�¤•¯Q®�¸:¦š©šª�¤•¯Q®Ã®gµ�ª�ª�©ºª�«Ð·g©º°¬¤

µ�ªD·g©š¦l°¬¤$°¬§ƒ®g¶Ð©x±f¤Mäk»M¤M¤•­k¤$­1Á¬¯—·@¿!Â�©x»�Â(¨)§ƒ©šª3·Ã·gÂ�®g¯D±„Â�©ºª�«

§k»$»…µ�®�±…¼

Å

¤$¤9¦
©º«Dµ�®g¤åúk¼„^~·¬·�§•§ƒÆî¯ƒÝ�§Dµk·§{�Š�Šü±�¤$»M§ƒª�­�±6²”§ƒ®

Ù•Ú3Û•ÜÄÑ�Ó•Ô3ËQÕ•Ö�ËDÉî×–ÍƒÓDÊ�ËƒÊ�Ø—×�ÉB¯ƒª�­Ã¯ƒÝ�§Dµk·�³•‰dŠ‹±„¤•»…§Dª�­�±}²”§ƒ®

È�É•Ê�ËFÌ&ÍQÏå·g§ü»M§ƒ°¬¨�µk·g¤¬·�Â�¤B£r¤M¦x¯Qµ�ª�¯F¶Ã·g®�©x¯Qª�«ƒµ�¦x¯—·g©š§ƒª’²”§D®6¯

°¬©š¦š¦š©š§ƒª6¨�§D©ºª3·�±…¼

ý.§D©ºª3·Ã¦š§k»M¯Q·�©š§ƒª ·g©š°¬¤ ²”§ƒ®g°J±5¯Ð±�©º«Dª�©ºì�»M¯ƒª3·MÁlÝ�µk·Àª�§Q·

§—¥D¤M®g¿!Â�¤M¦š°¬©šª�«
²”®�¯ƒ»…·�©š§ƒªå§ƒ²
·gÂ�¤u§—¥D¤M®�¯Q¦š¦–®gµ�ª�ª�©šª�«h·g©º°¬¤ƒ¼

Å

¤M¤



0

2e+06

4e+06

6e+06

8e+06

1e+07

1.2e+07

1.4e+07

0 500000 1e+06 1.5e+06 2e+06

N
um

be
r 

of
 T

et
ra

he
dr

a

Number of Points

b2

dragon

b1

mtd

0

2e+06

4e+06

6e+06

8e+06

1e+07

1.2e+07

1.4e+07

0 500000 1e+06 1.5e+06 2e+06

N
um

be
r 

of
 T

et
ra

he
dr

a

Number of Points

b2

dragon

b1

mtd

¦�©š«Dµ�®�¤Òßƒñ ½�Â�¤Ðª•µ�°6Ý�¤$® §Q²Ã£r¤M¦x¯ƒµ�ª�¯F¶(·g¤…·g®g¯ƒÂ�¤$­k®�¯Ò¨)¤M®

ª3µ�°lÝ)¤M®�§Q².©šª�¨�µk·!¨)§ƒ©šª3·g±!¯D­�­k¤$­–¼

0

200

400

600

800

1000

0 500000 1e+06 1.5e+06 2e+06

T
im

e(
se

co
nd

s)

Number of Points

pyramid
hierarchy

hull

¦�©š«Dµ�®�¤ úkñ nDÕ�Ô•Ô�Á Ù•Ú3Û3ÜçÑ�Ó•Ô•ËQÕ•Ö�ËDÉê×–ÍƒÓDÊkËDÊ�Ø—×�É�Á ¯Qª�­

ÈkÉ•Ê�ËFÌÎÍ—Ï�Ý)¤M«D©šª}·gÂ�®g¯D±„Â�©ºª�«�¯ƒ®�§Dµ�ª�­lß•ú�ŠkÁEŠ�Š�Š�ÁƒßQÁEŠ�Š�ŠkÁEŠ�Š�ŠkÁM¯Qª�­

ßQÁEz�Š�Š�Á Š�Š�ŠŠ¨�§D©šªD·�±…ÁF®g¤$±�¨�¤•»q·�©š¥D¤M¦š¶Q¼+nDÕ�Ô•Ô�·�©š°¬©šª�«�²”§ƒ®

‡[ˆ

Ñ�­�¯—·�¯kÁ

Ù3Ú3Û•ÜÄÑ�Ó•Ô•Ë—Õ•Ö�ËDÉC×1ÍƒÓDÊ�ËDÊ�Ø—×�É�˜—ÈkÉ•Ê�ËFÌÎÍFÏ�²”§D®R‹gŒ�Žh­�¯—·g¯�¼

¦�©š«Dµ�®�¤�³k¼

½�©š°¬¤ ¨)¤M® ¥ƒ¤M®�·�¤Mä ©šª�±�¤M®�·�©š§ƒª ¿�¯ƒ± »M§ƒª�±�©x±`·g¤Mª3·�²”§ƒ®

ÈkÉ•Ê�ËFÌÎÍ—ÏoÝ�µk·Ò¥—¯Q®g©š¤$­�²”§D®ÒÙ3Ú3Û•ÜÄÑ�Ó•Ô•Ë—Õ•Ö�ËDÉC×1ÍƒÓDÊ�ËDÊ�Ø—×�É)¼

Ù3Ú3Û•ÜÄÑ�Ó•Ô•Ë—Õ•Ö�ËDÉC×1ÍƒÓDÊ�ËDÊ�Ø—×�ÉjÂ�¯ƒ±.°J¯ƒª3¶
§D¨k·�©š§Dª�±�²”§ƒ®{¯Q®g©º·�Âk¸

°¬¤…·�©x»l§ƒ¨k·g©š°¬©ºï•¯—·g©º§Dª)†Î­k©ºÿ1¤M®g¤Mª3·�»�Â�§ƒ©x»…¤•±j¿Š¤$®�¤hÝ)¤$±„·�²”§ƒ®�­k©º²x¸

²”¤M®g¤Mª3·•­�¯—·�¯ƒ±�¤…·g±M¼

Å

¤M¤G¦
©š«ƒµ�®�¤ {�¼

HBP��

•

ž��

}��

Ÿ 
g�

�
•

L•Kd�
ã5¤�¯Q®g¤á¥D¤M®g¶ «D®g¯Q·�¤…²”µ�¦ ·�§

æŠ¦š¯ƒ®�Æk±�§ƒª’²”§D®j×•Õ�Ô•Ô�Á–·�§

Å

Â�¤M¿�»�Â•µ�Æ’²”§ƒ®�¯‹¨�®g¤…¸~®g¤M¦š¤$¯D±„¤6»…§ƒ¨•¶

§Q²>È�É•Ê�Ë•ÌÎÍQÏ�Á)¯ƒª�­å·�§å½�¤M©š¦š¦š¯ƒµ�­å¯Qª�­üý{©š§ƒªå²”§D®j¯B¨�®g¤…¸~®�¤$¦š¤$¯ƒ±�¤

¥ƒ¤M®�±�©º§DªJ§Q².Ù•ÚDÛ•ÜÄÑ�Ó•Ô•ËQÕ3Ö�ËDÉê×–ÍƒÓƒÊ�ËDÊ�Ø—×kÉ)¼

¥
�

•

�

N

�
•

P

�

K

���	�

R.SDT�

�����J|.T�‚De^_c\`T$ˆ������������������ �"!��

�

˜

�

Urˆ#�.\^\„W$Vc_¬WMZ•‡%$•Ž¢Ujˆ'&�b•_ce^e^b•ZDZ•WM\qˆ(

b$Œ
i3VcT	)ƒ_†\:[ bMdJ\`S3T

U�T�VXW$Y3Z3W�[l\^]`_XW$ZDa•YDV‘W…\`_cb•Z¬b$dÎikb$_XZ—\`e{b•ZhW�e^Œ
b—b$\`She^Yƒ]^dxW$ngT•ˆ

*hWMZQY3e^ng]`_ciD\q€�v¢˜"+"+

�

z„ˆ

�

m

�#,

ˆ-

V‘W…]/.Qe^b•Z�€

,

ˆ0*6TgS3VcS3bM]`Z‹WMZ•‡21•ˆ03ƒT�_X‡ƒT�Vxˆ043b•Yƒ]�]`T�e^YDVc\`e

b$Zl]„WMZ•‡Db$Œ
_cs�Tq‡l_cZDng]`T�Œ
T�Z—\„W$V�n�b$Z3e~\^]`Y3n�\`_Xb$Z3e�ˆ�5
687:9<;=7 >�?A@CB

0

10

20

30

40

50

60

70

80

90

0 40000 80000 120000 160000

T
im

e(
se

co
nd

s)

Number of Points

pyramid
pyramid-locate

hull
hull-locate

¦
©š«ƒµ�®�¤6³kñ�½Î§ƒ·g¯ƒ¦>¨�§D©ºª3·
¦š§k»M¯—·g©š§ƒª’·g©º°¬¤l¥k±…¼h·�Â�¤h·�§Q·�¯Q¦.·g©º°¬¤

²”§D®�×•Õ�Ô•Ôh¯ƒª�­¬È�É•Ê�ËFÌ&ÍQÏ6§ƒª

‡[ˆ

ÑB­�¯—·�¯

0

100

200

300

400

500

600

700

0 200000 400000 600000 800000 1e+06

T
im

e(
m

ill
is

ec
on

ds
)

Number of Points

pyramid (b-2)

hierarchy (dragon)

hierarchy (b-2)

pyramid (dragon)

¦
©š«ƒµ�®�¤ {�ñ ½�©º°¬¤ ®�¤•âDµ�©º®g¤$­"¨)¤M®�ß'Š�Š�Š�©šª�±�¤M®�·�©š§ƒª�±…ÁÄ§ƒª

Ï3Ê�Ë�•
‚—ÖJ¯Qª�­o‹gŒ•Žl­�¯—·g¯�Á•²”§ƒ®ŠÈ�É3Ê�ËFÌÎÍQÏl¯ƒª�­<Ù•Ú3Û•ÜÄÑ�Ó3Ô•ËQÕ•Ö�ËƒÉ

×–ÍƒÓDÊ�ËƒÊ�Ø—×�ÉlÝ)¤…²”§D®�¤j·gÂ�¤M¶<·�Â�®�¯ƒ±�Â–¼

D
?A@FE�G�HJIK7�L/MON�HP7�QSR0@CB�7�6 BT?OMU9/V�W�X�LUICB/9:?OLY7 >[Z�7�HJI\NK?]B	6

E�9TM]B	Q�9^Bg€�v

�:_"_

˜•z„ˆ

� `"�'a

ˆ�U�T�pQ_cVcVcTg]`e�ˆcb:Œ
iƒ]`bMp•Tq‡ê_cZ3ng]`TgŒ
T�Z—\„W$Vr]„WMZ•‡ƒb•Œ
_cs�Tq‡™U�T�Ž

V‘WMY3Z3Wq[l\^]`_XW$Z3a$Y3VXWM\`_cb$Z�ˆ�5
687:9<;d7�>�?A@CB'egf"?A@hECG"HiIK7�L/MON�Hj7�Q

Z�7�HJI\NK?UV�?OMO7�Q�V�W=klB�7�H#BT?O6mGM€

�

+"nMŽ

���:o

€–v

�T_�_�p

z„ˆ

� o<�

1}ˆq�}ˆ�UŠ|>[—Tg]sr�_ca•SDTg]^Ž•‡D_cŒ
T�Z3e^_cb$Z•W$Vut�bM]`b•ZDb•_¬‡ƒ_‘WMa$]„WMŒ
e

_XZ5VX_cZDTqWM]uT	)ƒikT�ng\`T�‡ü\`_cŒ
T•ˆdvcMOLm9T6�BT?]BwV�Q�xyZ�7�HiI\NK?UV�?OMU7�Q�V�W

klB�7�H#BT?O6mGcnKz m

`

m<{—m�n�|Q€Îv

�:_"_K�

z„ˆ

�

n

�

$3ˆ~}–]`_cn^.Qe^b$Z�ˆ€•�_cn�T
ikb•_cZ—\•e^Tg\`e•nqWMZåS•WqpFT�Z3W$e~\•[BU�T�VXW$Y3Z3W�[

\^]`_‘WMZ3a$Y3VXWM\`_cb•ZDe�ˆ•5‚6 7:9<;
7�>q?A@KBue�ƒ�?A@„X�Z�…†ECG"HiIK7�L/MON�H‡7�Q

Z�7�HJI\NK?UV�?OMO7�Q�V�W=klB�7�H#BT?O6mGM€–v¢˜"+"+

�

z„ˆ

�

|

�

*Bˆ���b•Vc_cZuW$Z3‡ˆrrˆ�•�Wƒˆ

a

Zj\`S3T{WqpFT�]„W$a•T�n�b$Œ
i3VcT	)ƒ_†\:[}b$d�m$UŠŽ

t�bM]`b•Z3b$_�‡ƒ_‘WMa$]„WMŒ
elbMd!]„W$Z•‡ƒb•Œ ikb•_cZ—\`eub•Z@n�b$ZQpFT	)üikb•V†[QŽ

\`b•ikT�e�ˆ=5‚6 7:9<;Je"‰g?A@ŠZ�V"Q�V�x�MOV�Q‹Z�7�QT>TB	6�B	Q�9mB27�QFZ�7"HJI\NK?UV�Œ

?OMU7�Q�V�W=klB�7�HqBT?O6^GM€–v¢˜�+�+�+Fz„€•iDi

�

˜"|:{

�

m

o

ˆ

� p��

}{ˆŽ•1ˆd*Y• Y3nm.FT•€
b„ˆd3DW$_XWMe�€�W$Z•‡•&Šˆ‚‘�SQY�ˆ=4•W$e~\
]„WMZ•‡Db$Œ
_cs�Tq‡

ikb•_cZ—\–Vcb—nqWM\`_cb•Z�|{_†\`SDb•YD\&iƒ]`T�iD]`b—ngT�e^e^_cZ3a�_cZr\•|.bMŽ)WMZ•‡!\`SD]`T�T�Ž

‡D_cŒ
T�Z3e^_cb$Z•W$VkU�T�VXW$Y3Z3W�[
\^]`_‘WMZ3a$Y3VXWM\`_cb•ZDe�ˆ-5‚6 7:9<;•e"‰�?A@uX�Z�…

E�G�HJIK7�L/MON�H’7�QYZ�7�HiI\NK?UV�?OMU7�Q�V�WdklB�7�HqBT?O6^GM€–v

�:_"_

nFz

� _��

3�ˆC•Î_cb$Z�ˆ\•1T�]`e^b•Z•WMV)n�b$Œ
ŒjYDZ3_cnqWM\`_cb$Z�ˆ


