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Abstract

In this work, an approach for reconstructing 3D objects from layered spatial data points is presented.

These data points are sampled at the surface of a 3D object using a 3D scanning system. In the �rst

part, two algorithms for reconstructing triangle meshes from scanned objects are compared against each

other showing di�erent behavior concerning the quality and the number of reproduced triangles of the

approximated model. Second, in order to allow fast visualization of the geometry, the mesh is optimized

in respect of its number of triangles in a way that preserves the contour of the object.
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5HJDUGLQJ�WKH�GLJLWDO�LPDJH�DQDO\VLV�SURFHVV��)LJXUH�����WKLV�ZRUN�LV�VHWWOHG�DURXQG�WKH��2EMHFW�0RGHO��VWHS�

,Q�WKLV�VWDJH��DIWHU�KDYLQJ� LPSURYHG�LPDJH�TXDOLW\��H[WUDFWHG� LPDJH� IHDWXUHV�DQG�VHJPHQWHG�UHJLRQV�DQG

VSHFLILF�SDUWV�ZH�ZDQW�WR�H[WUDFW�PRGHOV�RI�WKH�REMHFWV�GHSLFWHG�ZLWKLQ�WKH�GLJLWDO�LPDJH��)URP�WKH�SRLQW�RI

WKH� �'� 9LVLRQ� ILHOG� RI� UHVHDUFK�� WKLV� FDQ� EH� VHHQ� DV� D� JHQHUDWLRQ� RI� WKUHH�GLPHQVLRQDO� JHRPHWULF

UHSUHVHQWDWLRQV�RI�WKH�LPDJH�PRGHOV��6SDWLDO�GDWD�UHWULHYHG�IURP�D��'�VFDQQLQJ�V\VWHP�LV�RQH�SRVVLEOH�ZD\

RI�VDPSOLQJ�D�VXUIDFH��XVLQJ�DSSUR[LPDWHG�SRLQWV�RUJDQL]HG� LQ�FURVV� VHFWLRQV��7KH� ILHOG�RI�DSSOLFDWLRQ� LV

ZLGH� VSUHDG� DQG� FRYHUV� DUHDV� VXFK� DV� PHGLFDO� VFDQV� �L�H�� FRPSXWHU� WRPRJUDSK\� �&7�� DQG� PDJQHFW

UHVRQDQFH��05��VFDQV��RU�WKH�LQGXVWULDO�SURGXFW�GRPDLQ�ZKHUH�PHFKDQLFDO�SDUWV�DUH�GHVLJQHG�E\�VHULHV�RI

FURVV�VHFWLRQV�

$ORQJ�ZLWK�SURSHU�YLVXDOL]DWLRQ�WHFKQLTXHV��FUXFLDO�LPSURYHPHQWV�DW�PDQ\�WDVNV�DUH�DFKLHYHG�ZKHUH�D

�'�UHSUHVHQWDWLRQ�IDFLOLWDWHV�ZRUN��L�H��WH[WXULQJ��FRORU�FRGLQJ�RI�YDULRXV�SDUWV�VKRZLQJ�GLIIHUHQW� IHDWXUHV�

WKH�SRVVLELOLW\�RI�URWDWLRQ�RU�RI�KLGLQJ�FRYHULQJ�SDUWV�RI�WKH�REMHFW
V�VXUIDFH�WR�JDLQ�DQ�LQVLJKW�LQWR�KLGGHQ

VWUXFWXUHV��� &RQFUHWH� ILHOGV� RI� DSSOLFDWLRQ� DUH�� WKUHH�GLPHQVLRQDO� VXUIDFHV� RI� WKH� DQDWRP\� WKDW� RIIHU� D

YDOXDEOH� PHGLFDO� WRRO�� 7KH\� KHOS� SK\VLFLDQV� WR� XQGHUVWDQG� WKH� FRPSOH[� KXPDQ� DQDWRP\�� SURYLGH� D

IXQGDPHQWDO� EDVH� IRU�RUJDQL]LQJ�PHGLFDO�RSHUDWLRQV�� DQG� VXSSRUW� WKH� GHWHFWLRQ� RI� DQRPDOLHV� LQVLGH� WKH

KXPDQ�ERG\��$QRWKHU�ILHOG�RI�LQWHUHVW�FRYHUV�WKH�VXUYHLOODQFH�RI�VSHFLILF�IHDWXUHV�RI�REMHFWV��)RU�H[DPSOH�

ZKLOH�VXUYH\LQJ�KXPDQ�VNXOOV��WKH�GHSWK�RI�WKH�RUELWDO�FDYLW\�PLJKW�EH�RI�LQWHUHVW�ZKLFK�LV�VLPSOLILHG�E\�D

VRSKLVWLFDWHG� �'� YLVXDOL]DWLRQ�� $Q� LQFUHDVLQJ� QXPEHU� RI� FRPSDQLHV� DGYHUWLVH� IRU� DQG� VHOO� WKHLU� �KDSWLF�

SURGXFWV�LQ�HOHFWURQLF�PHGLD��$ERXW�WHQ�SHUFHQW�RI�WKH�)RUWXQH�����FRPSDQLHV�XVH�RU�GHYHORS�LQWHUDFWLYH

YLUWXDO� ZRUOGV� IRU� VHYHUDO� HFRQRPLF� SXUSRVHV�� OLNH� FXVWRPHU� VXSSRUW�� DGYHUWLVLQJ�� SUHVHQWDWLRQV� RU

HGXFDWLRQ��>��@���&RQVLGHU� WKH� LPSDFW� LQ�ERWK�� WKH�FXVWRPHU
V�DQG� WKH�SURGXFHU
V�EHQHILW� LI�SURGXFWV�DUH

SUHVHQWHG� DV� DQ� DFFXUDWH� �'�PRGHO� RQ�� IRU� H[DPSOH�� WKH� ,QWHUQHW�� )XUWKHUPRUH�� LQ� PDQ\� EUDQFKHV� RI

HGXFDWLRQ�� DQ� LQWHUDFWLYH� VSDWLDO�PRGHO�PD\� VWLPXODWH� WKH� OHDUQLQJ� SURFHVV�� *HQHUDOO\�� HYHU\ZKHUH� UHDO

LOOXVWUDWLYH�PDWHULDO� LV� QRW� DYDLODEOH�RU� DIIRUGDEOH�� D�TXDOLWDWLYH� HOHFWURQLF� YLVXDOL]DWLRQ�PLJKW� UHSODFH� WKH

H[LVWHQFH�RI�D�UHDO�REMHFW�

)LJXUH���²�'LJLWDO�,PDJH�3URFHVVLQJ�3LSHOLQH

7KLV�ZRUN�GHDOV�ZLWK�WKH�JHRPHWULF�WKUHH�GLPHQVLRQDO�UHFRQVWUXFWLRQ�RI�REMHFWV�LQ�D�VFHQH��$�VFDQQLQJ

V\VWHP� GHOLYHUV� VSDWLDO� GDWD� SRLQWV� DORQJ� FRQWRXUV� RI� FURVV� VHFWLRQV�� 7KHVH� SURILOHV� �RU� FURVV� VHFWLRQV�

GHVFULEH�WKH�FRQWRXU�RI�DQ�REMHFW�DW�D�FHUWDLQ�OHYHO��,Q�VLPSOH�FDVHV��VHFWLRQV�DUH�RUGHUHG�E\�WKH�DOWLWXGH�RQ

DQ\� D[LV�� RU� WKH\� DUH� GLVWLQJXLVKHG� E\� WKH� GHJUHH� RI� URWDWLRQ� GXULQJ� D� URWDWLRQDO� VFDQQLQJ� SURFHVV�� ,Q

JHQHUDO��WKH\�UHSUHVHQW�WKH�SRLQWV�RI�LQWHUVHFWLRQ�IURP�DQ\�SODQH�ZLWK�RQH��RU�VHYHUDO��REMHFW�V��

7KH�JRDO�RI� WKH�SUHVHQWHG�DOJRULWKPV� LV� WR� UHFRQVWUXFW�D� WKUHH�GLPHQVLRQDO� UHSUHVHQWDWLRQ�RXW�RI��'

SURMHFWLRQV�RI�UHDO�REMHFWV��7KH�SURFHVV�RI�JDLQLQJ�VSDWLDO�GDWD�LV�EDVHG�RQ�WKH�´VKDSH�IURP�VWUXFWXUHG�OLJKWµ

PHWKRG��GHVFULEHG�LQ�>��@��/DVHU�OLQHV�DUH�SURMHFWHG�RQWR�WKH�REMHFW��DIWHUZDUGV�WKHVH�OLQHV�DUH�GHWHFWHG�LQ

WKH� LPDJH�� DQG� ILQDOO\�� YHUWLFHV� DUH� WUDQVIRUPHG� EDFN� WR� VSDWLDO� GDWD� XVLQJ� WULDQJXODWLRQ�� $V� IRU� RXU

HQYLURQPHQW�� WKLV� SURFHGXUH� LV� GHVFULEHG� LQ� >��@� DQG� >��@�� 7KLV� DSSURDFK� LV� VHSDUDWHG� LQWR� WZR� SDUWV

DFFRUGLQJ�WR�WKH�ZRUNIORZ�RI�WKH�UHFRQVWUXFWLRQ�SURFHVV��GHSLFWHG�LQ�)LJXUH���
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,Q�6HFWLRQ����WKH�VXUIDFH�RI�WKUHH�GLPHQVLRQDO�REMHFWV�LV�JHRPHWULFDOO\�UHFRQVWUXFWHG�E\�WULDQJXODWLRQ�RI

WKH�LQSXW��VFDQQHU��GDWD��7ZR�DOJRULWKPV��FURVV�VHFWLRQ�DQG�PDUFKLQJ�FXEHV�WULDQJXODWLRQ��DUH�FRPSDUHG

DJDLQVW�HDFK�RWKHU��VKRZLQJ�GLIIHUHQW�EHKDYLRU�FRQFHUQLQJ�WKH�TXDOLW\�DQG�WKH�DPRXQW�RI�WULDQJOHV�RI� WKH

UHFRQVWUXFWHG� REMHFWV�� 7KHVH� WZR� DSSURDFKHV� ZHUH� FKRVHQ� DPRQJ� RWKHUV� �>�@�� >�@� DQG� >�@��� VLQFH� WKH\

SURILW�IURP�WKH�FKDUDFWHULVWLFV�RI�WKH�LQSXW�GDWD��L�H��LW
V�RUJDQL]DWLRQ�LQ�OD\HUV�

)LJXUH���²�:RUNIORZ�RI�WKH�5HFRQVWUXFWLRQ�3URFHVV

6HFWLRQ���GHVFULEHV�WKH��RSWLRQDO��PHVK�RSWLPL]DWLRQ�VWHS�GXULQJ�WKH�UHFRQVWUXFWLRQ�SURFHVV��)RU� WKLV

WDVN�� DQ� DOJRULWKP� LV� FKRVHQ� ZKLFK� DOORZV� FRQWURO� RI� WKH� JHRPHWULF� GHIRUPDWLRQ� RI� WKH� PRGHO� ZKLOH

UHGXFLQJ� WKH� QXPEHU� RI� WULDQJOHV� EDVHG� RQ� D� JUDGLHQW� FULWHULRQ�� &RPSDUHG� ZLWK� RWKHU� VLPSOLILFDWLRQ

DOJRULWKPV� �>��@�� DQG� OHYHO�RI�GHWDLO� �/2'��DSSUR[LPDWLRQV� �>��@�� >�@��� WKLV� DSSURDFK�DOORZV�DQ�HIILFLHQW

RSWLPL]DWLRQ�RI�WKH�PRGHO�ZKLOH�JLYLQJ�WKH�SRVVLELOLW\�WR�FRQWURO�WKH�FRPPLWWHG�HUURU�

� 5(&216758&7,21�2)�*(20(75,&�2%-(&76

7KLV�VHFWLRQ�VKRZV�DQ�DSSURDFK�IRU�JHRPHWULFDOO\�UHFRQVWUXFWLQJ�DQ�REMHFW��WULDQJOH�PHVK��RXW�RI�VFDWWHUHG

VSDWLDO�GDWD�SRLQWV�IURP�WKH�VXUIDFH�RI�WKH�REMHFW�GHOLYHUHG�E\�D�VHTXHQWLDO�VFDQQLQJ�V\VWHP��6XSSOLHG�ZLWK

WKH�NQRZOHGJH�RI�WKH�RULJLQ�DQG�WKH�FKDUDFWHULVWLFV�RI�WKH�VDPSOHG�GDWD�SRLQWV�WKDW�GHILQH�WKH�VXUIDFH�RI�WKH

VFDQQHG�REMHFW�LQ�OD\HUV��D�JHQHUDO�GHILQLWLRQ�RI�D�VFDQQHU�PHVK�FDQ�EH�JLYHQ�DV�IROORZV��)LJXUH����

)LJXUH���²�'HILQLWLRQ�RI�6FDQQHU�0HVK��$���&URVV�6HFWLRQ��%��DQG�&RQWRXU��&�
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$�VFDQQHU�PHVK��)LJXUH��$��LV�EXLOW�XS�E\�D�VHULHV�RI�FURVV�VHFWLRQV��7KH�URXWH�RQ�ZKLFK�WKH�VFDQQLQJ

SODQH�ZDV�PRYHG�RYHU�WKH�REMHFW�LPSOLFLWO\�GHWHUPLQHV�WKH�RUGHU�RI�WKH�FURVV�VHFWLRQV��)RU�VRPH�VFDQQLQJ

SURFHGXUHV��WKLV�RUGHU�LV�VLPSO\�JLYHQ�DORQJ�DQ�D[LV��ZLWK�UHVSHFW�WR�URWDWLRQDO�FURVV�VHFWLRQV��WKH�RUGHU�RI

WKH�VHULHV�LV�HTXLYDOHQW�WR�WKH�GHJUHH�RI�URWDWLRQ�

1H[W�� D� FURVV� VHFWLRQ� �)LJXUH� �%�� FRPELQHV� D� VHW� RI� SODQDU� FRQWRXUV� UHWULHYHG� E\� WKH� LQWHUVHFWLRQ

EHWZHHQ�WKH�VFDQQLQJ�SODQH�DQG�WKH�REMHFW�DW�D�FHUWDLQ�OHYHO��7R�NHHS�WKH�DSSURDFK�DV�JHQHUDO�DV�SRVVLEOH�

WKLV� OHYHO� RI� DEVWUDFWLRQ� LV� QHHGHG� WR� DOORZ� WKH� UHSUHVHQWDWLRQ� RI� PXOWL�FRQWRXUHG� REMHFWV� RU� VFHQHV

FRQWDLQLQJ�VHYHUDO�REMHFWV�

)LQDOO\��D�FRQWRXU� �)LJXUH��&�� LV�D�SODQDU�SRO\JRQ�GHVFULELQJ�WKH�VKDSH�RI�RQH�REMHFW·V�FRQWRXU�DW�D

FHUWDLQ�OHYHO�ZKHUH�WKH�QRGHV�RI�WKH�SRO\JRQ�DUH�RUGHUHG�HLWKHU�FORFN�ZLVH�RU�FRXQWHU�FORFN�ZLVH�

,Q�6HFWLRQ������D�PHWKRG�IRU�WULDQJXODWLQJ�SODQDU�SRO\JRQV�LV�GHVFULEHG��7KLV�DOJRULWKP�LV�XVHG�WR�IXOILOO

WKUHH�GLIIHUHQW�WDVNV�

•  5HFRQVWUXFWLRQ� RI� WKH� VXUIDFH� RI� WKH� WRS� DQG� ERWWRP� OHYHO� FURVV� VHFWLRQ� RI� D� VFDQQHU

PHVK��LI�D�FORVHG�VXUIDFH�RI�WKH�REMHFW�LV�GHVLUHG�

•  7KH�GHVFUHWL]LQJ�VWHS�RI� WKH�PDUFKLQJ�FXEHV� �WKH�DOJRULWKP�IRU� WHVWLQJ�ZKHWKHU�D�SRLQWV

OLHV� LQVLGH� RU� RXWVLGH� D� SRO\JRQ�� FDQ� EH� VSHHG� XS� LI� WKH� SRO\JRQ� LV� VHSDUDWHG� LQWR

�FRQYH[��WULDQJOHV��6HFWLRQ������

•  :KLOH� RSWLPL]LQJ� WKH� PHVK�� ZH� ZLOO� QHHG� D� WULDQJXODWLRQ� DOJRULWKP� WKH� WUDQVIRUP� D

SRO\JRQ�EDFN�LQWR�D�WULDQJXODWHG�UHSUHVHQWDWLRQ��VHFWLRQ����

6HFWLRQ�����SUHVHQWV�D�PHWKRG�IRU�WKH�UHFRQVWUXFWLRQ�RI�WKH�VXUIDFH�EHWZHHQ�WR�DGMDFHQW�SURILOHV��EDVHG

RQ�D�ORFDO�DQJOH�FULWHULRQ��)LQDOO\��6HFWLRQ������GHVFULEHV�WKH�PDUFKLQJ�FXEHV�WULDQJXODWLRQ�DOJRULWKP�DQG�LWV

DELOLW\�WR�SURFHVV�PXOWL�FRQWRXU�REMHFWV�

��� 3RO\JRQ�7ULDQJXODWLRQ

$V� LOOXVWUDWHG� LQ� )LJXUH� ��� SRO\JRQ� WULDQJXODWLRQ� LV� RI� FHQWUDO� FRQFHUQ� GXULQJ� WKH� UHFRQVWUXFWLRQ� SURFHVV�

6HYHUDO� VWUDWHJLHV� VHUYLQJ� WKLV� SXUSRVH� DUH� GHVFULEHG� IRU� H[DPSOH� LQ� >��@�� )RU� VHOHFWLQJ� DQ� DSSURSULDWH

DOJRULWKP�� OHW�XV� ILUVW�FRQVLGHU� WKH�GHPDQGV�RI�RXU� ILHOG�RI�DSSOLFDWLRQ��1R�D�SULRUL�NQRZOHGJH�DERXW� WKH

QDWXUH�RI�WKH�SRO\JRQ�FDQ�EH�DVVXPHG��WKDW�LV��WKH�DOJRULWKP�KDV�WR�ZRUN�RQ�DQ\�NLQG�RI�SRO\JRQ��FRQYH[

DQG�FRQFDYH���1HYHUWKHOHVV�� UHJDUGLQJ� WKH�PRGH�RI�RSHUDWLRQ�RI� WKH� VFDQQLQJ�SURFHVV�� LW� LV�DVVXUHG� WKDW

VXFK�D�SRO\JRQ�LV�IUHH�RI�LQWHUVHFWLRQ��)LJXUH��$���VLQFH��LQ�RUGHU�WR�SURGXFH�D�VHOI�LQWHUVHFWLQJ�SRO\JRQ��WKH

VFDQQLQJ� VHQVRU� PXVW� EH� DEOH� WR� VDPSOH� WKH� VXUIDFH� WKURXJK� WKH� ERG\� RI� WKH� REMHFW� �)LJXUH� �%��

)XUWKHUPRUH��ZH�GR�QRW�DOORZ�WKH�FUHDWLRQ�RI�QHZ�YHUWLFHV�RQ�WKH�SRO\JRQ�FRQWRXU�RU�LQVLGH�WKH�SRO\JRQ�WR

NHHS�WKH�YLVXDOL]DWLRQ�FRVW�DV�ORZ�DV�SRVVLEOH�

$ %
)LJXUH���²�$��WKH�VFDQQLQJ�GHYLFH�VDPSOHV�WKH�VXUIDFH�RI�WKH�REMHFWV��QR�SRO\JRQ�ZLWK�LQWHUVHFWLRQ

%��:RXOG�UHVXOW�LQ�LQWHUVHFWLQJ�SRO\JRQ��EXW�LPSRVVLEOH�EHFDXVH�WKH�VFDQQLQJ�GHYLFH�FDQQRW�VDPSOH�WKURXJK�WKH�REMHFW

2XU�KHXULVWLF�DSSURDFK�LV�FDOOHG��VPDOOHVW�LQQHU�DQJOH�ILUVW��ZKLFK�KROGV�WKHVH�GHPDQGV��7KH�DOJRULWKP

V\VWHPDWLFDOO\�FXWV�RII�WULDQJOHV�IURP�WKH�SRO\JRQ�FKRRVLQJ�WKH�SRLQW�ZLWK�WKH�VPDOOHVW�LQQHU�DQJOH�WR�EH�WKH

RQH�WR�EH�UHPRYHG�IURP�WKH�SRO\JRQ�FRQWRXU�DIWHU�EXLOGLQJ�D�WULDQJOH�ZLWK�LWV�SUHGHFHVVRU�DQG�VXFFHVVRU

QRGH��6LQFH�WKH�SRO\JRQ�LV�IUHH�RI�LQWHUVHFWLRQV��QHLWKHU�DGGLWLRQDO�IDFHV�GHIRUP�WKH�FRQWRXU�RI�WKH�PRGHO�

QRU� YHUWLFHV� DUH� GURSSHG� ZLWKRXW� EHLQJ� D�PHPEHU� RI� D� IDFH�� )LJXUH� �� VXEVHTXHQWO\� GHSLFWV� WKH� ZKROH

WULDQJXODWLRQ�SURFHVV�IRU�D�VLPSOH�SRO\JRQ��,Q�HDFK�VWHS��WKH�QRGH�ZLWK�WKH�VPDOOHVW�LQQHU�DQJOH��EROGHG��LV

VHOHFWHG�DQG�VSDQV�XS�D�QHZ�WULDQJOH��GDUN�VKDGHG��
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&RQVLGHULQJ� WKH�FRVW�RI� WKLV�DOJRULWKP��FDOFXODWLRQ� WLPH� IRU�1��
�1���� LQQHU�DQJOHV� �ZKHUH�1� LV� WKH

WRWDO�QXPEHU�RI�YHUWLFHV�LQ�WKH�SRO\JRQ��1!����1�LQQHU�DQJOHV�DUH�LQLWLDOO\�FDOFXODWHG��$GGLWLRQDOO\���
�1���

FDOFXODWLRQV�DUH�QHHGHG�EHFDXVH�DIWHU�HDFK�FUHDWLRQ�RI�D�QHZ�WULDQJOH����LQQHU�DQJOHV�PXVW�EH�UHFDOFXODWHG

�DV�ORQJ�DV�WKH�SRO\JRQ�FRQWDLQV�PRUH�WKDQ���YHUWLFHV���)XUWKHUPRUH��WKH�RYHUKHDG�IRU�VHDUFKLQJ�1���WLPHV

WKH�VPDOOHVW�DQJOHV�LQ�D�VHW�RI�
2

1)(n*n − �YHUWLFHV�LV�QHHGHG��Q 1�������WKH�QXPEHU�RI�FXUUHQW�QRGHV�IRUPLQJ

WKH�SRO\JRQ��1!���

)LJXUH���'�VKRZV�WKH�UHVXOW�RI�WKH�SRO\JRQ�WULDQJXODWLRQ�DOJRULWKP�DSSOLHG�RQ�WKH�FRQWRXU�SRO\JRQ�RI

WKH�FHUHEURVSLQDO�IOXLG�VHJPHQWHG�IURP�D�&7�VFDQ��ZKHUH�ZH�FDQ�QRWLFH�D�GUDZEDFN�RI�WKLV�DOJRULWKP��WKH

RFFXUUHQFH�RI� ORQJ� WULDQJOHV�ZLWK�DQ�DFXWH�DQJOH��7KLV� LQIOXHQFHV� WKH�YLVXDOL]DWLRQ�RI� WKH�JHRPHWU\� VLQFH

VXFK�WULDQJOHV�PD\�SURGXFH�DOLDVLQJ�HIIHFWV�GXULQJ�UHQGHULQJ��VKDGLQJ���7R�RYHUFRPH�WKLV��WKH�SRO\JRQ�UH�

WLOLQJ�VWUDWHJ\�SURSRVHG�LQ�>��@�PD\�EH�XVHG�

� � �

� � �

� � �

)LJXUH���²�6WHSV�GXULQJ�SRO\JRQ�WULDQJXODWLRQ��,Q�HDFK�VWHS��D�QHZ�WULDQJOH��GDUN�VKDGHG��LV�FUHDWHG�DURXQG�WKH

SRO\JRQ�QRGH�VKRZLQJ�WKH�VPDOOHVW�LQQHU�DQJOH��EROGHG��

��� 7ULDQJXODWLRQ�EHWZHHQ�&URVV�6HFWLRQV

:KHQ�H[DPLQLQJ�FURVV�VHFWLRQ�WULDQJXODWLRQ��WKH�DFWXDO�SUREOHP�FDQ�EH�IRUPXODWHG�DV�IROORZV�>�@��IRU�WKH

ERWWRP� DQG� WRS� OHYHO� FURVV� VHFWLRQV�� UHFRQVWUXFW� WKHLU� VXUIDFH� E\� DSSO\LQJ� WKH� SRO\JRQ� WULDQJXODWLRQ

DOJRULWKP� GHVFULEHG� LQ� 6HFWLRQ� ����� $IWHUZDUGV�� IRU� DQ\� SDLU� RI� DGMDFHQW� FURVV� VHFWLRQV�� ILQG� D� VHW� RI

WULDQJOHV� �WULDQJOH�IDQ�� ZKLFK� DSSUR[LPDWH� WKH� VXUIDFH� EHWZHHQ� WKHVH� SRO\JRQV� ZLWK� D� PLQLPDO� HUURU

DFFRUGLQJ� WR� WKH� UHDO� VXUIDFH� RI� WKH� REMHFW�� )XUWKHUPRUH�� WKH� ODWWHU� SUREOHP� FDQ� EH� VSOLW� XS� LQWR� WKH

IROORZLQJ�WZR�VXE�SUREOHPV��ILUVW��DQ�LQLWLDO�SDLU�RI�YHUWLFHV��3L�DQG�4L��KDV�WR�EH�IRXQG�LQ�RUGHU�WR�GHILQH�D

VWDUW�IRU�WKH�WULDQJXODWLRQ�SURFHVV��GHVFULEHG�LQ�6HFWLRQ��������6HFRQG��IRU�D�JLYHQ�SDLU�RI�YHUWLFHV�3M�DQG�4M�

WKH�QH[W�SRLQW��3M���RU�4M����PXVW�EH�GHWHUPLQHG�WR�GHILQH�D�WULDQJOH�RI� WKH�VXUIDFH�� WRJHWKHU�ZLWK�3L�DQG

4L���VKRZQ�LQ�6HFWLRQ�������

����� 'HWHUPLQDWLRQ�RI�7ULDQJXODWLRQ�6WDUW�9HUWLFHV

7KH�VHOHFWLRQ�FULWHULRQ�IRU�WKH�WZR�YHUWLFHV�IRUPLQJ�WKH�LQLWLDO�SDLU�RI�WKH�WULDQJXODWLRQ�DOJRULWKP�PXVW�QRW

EH�XQGHUHVWLPDWHG��VLQFH�WKH�TXDOLW\�RI� WKH�ZKROH� WULDQJXODWLRQ�SURFHVV�GHSHQGV�RQ� WKHVH�VWDUWLQJ�SRLQWV

�DQ�LQFRQYHQLHQW�SDLU�ZLOO�UHVXOW�LQ�GLVWRUWHG�WULDQJOHV�LQ�WKH�WULDQJOH�IDQ���$�FRQYHQLHQW�LQLWLDO�SDLU�VKRXOG�EH

VLPLODU� IURP� YDULRXV� SRLQWV� RI� YLHZ�� 7KDW� LV�� WKH\� KDYH� WR� VKRZ� VLPLODU� IHDWXUHV� LQ� UHVSHFW� ZLWK� WKHLU

SRO\JRQV��&DQGLGDWH�IHDWXUHV�DUH�WKH�SRVLWLRQ�RI�WKH�YHUWH[��WKH�GLUHFWLRQ�RI�WKH�HGJHV�FRQQHFWLQJ�D�YHUWH[

ZLWK�LWV�QHLJKERULQJ�YHUWLFHV�RU�WKH�GLUHFWLRQ�RI�D�YHUWH[�WR�WKH�FHQWURLG�RI�LWV�SRO\JRQ�

7KH�GLUHFWLRQ�IURP�WKH�FHQWURLG��&��WR�D�SRLQW�LV�D�VWDEOH�IHDWXUH�LI�WKH�GLVWDQFH�IURP�WKH�SRLQW�WR�WKH

FHQWURLG� LV� ODUJH� �)LJXUH�����$FWXDOO\�� ERWK�� WKH�GLUHFWLRQ�DQG� WKH� GLVWDQFH��KDYH� WR�EH� FRQVLGHUHG�ZKHQ

GHWHUPLQLQJ�WKH�LQLWLDO�SDLU�
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/HW�8L�DQG�9L�EH�YHFWRUV�IURP�WKH�FHQWURLG�WR�D�SRLQW�RI�WKH�SRO\JRQ·V�FRQWRXU�LQ�WKH�ORZHU�DQG�XSSHU

FURVV�VHFWLRQ��1RZ��WKH�LQLWLDO�SDLU��3L��4M��LV�VHOHFWHG�VXFK�WKDW�WKH�LQQHU�SURGXFW�RI�WKH�YHFWRUV�8L
9M� LV�D

PD[LPXP��7KHQ� LW� LV� JXDUDQWHHG� WR� ILQG�DQ� LQLWLDO� SDLU�ZLWK� VLPLODU� IHDWXUHV�� L�H�� SHDNV� DQG�GLUHFWLRQ� RI

HGJHV� WR� QHLJKERULQJ� SRO\JRQ� QRGHV�� 7KH� DFWXDO� VHOHFWLRQ� ZRUNV� DV� IROORZV�� ILUVW�� LQ� RQH� FRQWRXU� WKH

SRO\JRQ�QRGH�ZLWK�WKH�ODUJHVW�GLVWDQFH�WR�WKH�FHQWURLG�LV�GHWHUPLQHG��IRU�H[DPSOH�4L�LQ�)LJXUH����

z

x

y

)LJXUH���²�6HOHFWLRQ�RI�WKH�LQLWLDO�SDLU�IRU�FURVV�VHFWLRQ�WULDQJXODWLRQ

$IWHUZDUGV��LQ�RUGHU�WR�ILQG�WKH�PHPEHU�RI�WKH�LQLWLDO�SDLU�LQ�WKH�DGMDFHQW�FRQWRXU��ZH�REYLRXVO\�FDQQRW

VHDUFK�WKURXJK�DOO�RI�WKH�QRGHV�LQ�WKH�ODWWHU�FRQWRXU��VLQFH�WKH�PD[LPXP�PLJKW�OLH�LQ�D�SRVLWLRQ�ZKHUH�WKH

UHVXOWLQJ�WULDQJOH�PD\�EH�XQXVDEOH�GLVWRUWHG��7KHUHIRUH�WKH�GLUHFWLRQ�RI�YHFWRU�9L�LV�WDNHQ�LQWR�DFFRXQW�DQG

IRU� WKH� VHDUFK� IRU� WKH�PD[LPXP�RI� WKH� LQQHU� SURGXFW�� RQO\� QRGHV� O\LQJ� LQ� D� VLPLODU� GLUHFWLRQ� DV�4L� DUH

UHJDUGHG�

����� 6HOHFWLRQ�RI�WKH�1H[W�9HUWH[

$VVXPH�WKDW�WKH�WULDQJXODWLRQ�SURFHVV�KDV�VWRSSHG�DIWHU�WKH�ODVW�VWHS�OHDYLQJ�3L�DQG�4L�WR�EH�WKH�SRLQWV�WKDW

DUH�XVHG�IRU�EXLOGLQJ�WKH�QH[W� WULDQJOH� LQ�WKH�REMHFW
V�VXUIDFH��1RZ�HLWKHU�RI� WKH�WZR�YHUWLFHV�3L���RU�4L��

FRXOG� EH� VHOHFWHG� DV� WKH� WKLUG� SRLQW� LQ� WKH� WULDQJOH�� ,I� 3L��� ZRXOG� EH� VHOHFWHG�� WKH� WULDQJOH� 3L4L3L��� LV

JHQHUDWHG�DQG�WKH�UHVXOWLQJ�SDLU�IRU�WKH�QH[W�WULDQJXODWLRQ�VWHS�LV�3L���DQG�4L�

)LJXUH�����)LQGLQJ�QH[W�YHUWH[

$Q� LQWXLWLYH� FULWHULRQ� IRU� WKLV� VHOHFWLRQ�PLJKW� EH� WKH� OHQJWK� EHWZHHQ� WKH� QH[W� SDLU�� HLWKHU� 3L��4L� RU

3L4L����&KRRVLQJ�WKH�WULDQJOH�ZLWK�WKH�PLQLPXP�DUHD�VHHPV�WR�EH�PRUH�QDWXUDO�VLQFH�WKH�RULJLQDO�VXUIDFH�LV

DSSUR[LPDWHG�VPRRWKHU�UDWKHU�WKDQ�ZLWK�ODUJHU�WULDQJOHV��$V�IRU�WKH�VLWXDWLRQ�LQ�)LJXUH����3L��4L�LV�OHVV�WKDQ

3L4L���DQG�3L�4L�3L���LV�GHVLJQDWHG�WR�EH�SURFHVVHG�QH[W��OHDYLQJ��3L���4,��WKH�QH[W�SDLU�

+RZHYHU��D�FULWHULRQ�EDVHG�RQ�OHQJWK�RQO\��PLJKW�IDLO�WR�UHSURGXFH�D�QDWXUDO�ORRNLQJ�VXUIDFH��HVSHFLDOO\

ZKHQ�WKH�KRUL]RQWDO�SRVLWLRQ�RI�WKH�YHUWLFHV�LV�TXLWH�GLIIHUHQW��5HJDUGLQJ�WKH�WULDQJXODWLRQ�SURFHVV�LQ�)LJXUH

���ZKHUH�WKH�FXUUHQW�SDLU�LV�3L�DQG�4L�DQG�WKH�[�FRRUGLQDWH�RI�SRLQW�3L�LV�ODUJHU�WKDQ�WKH�RQH�RI�4L��1RZ�WKH

OHQJWK�RI�3L���DQG�4L�PLJKW�EH�VKRUWHU�WKDQ�3L�DQG�4L���DQG�3L4L3L���ZRXOG�EH�VHOHFWHG�DV�WKH�QH[W�WULDQJOH�

1HYHUWKHOHVV��EHFDXVH�RI�WKH�GHYLDWLRQ�RI�WKH�GLUHFWLRQ�EHWZHHQ�3L3L���DQG�4L4L����D�PRUH�QDWXUDO�ZD\�IRU
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DSSUR[LPDWLQJ�WKH�RULJLQDO�VXUIDFH�LV�WKH�VHOHFWLRQ�RI�4L��� LQVWHDG�RI�3L����DOWKRXJK�WKH�UHVXOWLQJ�WULDQJOH
V

DUHD�LV�ODUJHU��,Q�IDFW��GHVSLWH�WKH�OHQJWK�RI�WKH�QH[W�SDLU��WKH�GLIIHUHQFH�RI�GLUHFWLRQ�LV�WDNHQ�LQWR�DFFRXQW�

/HW�WKH�GLIIHUHQFH�LQ�GLUHFWLRQ�EHWZHHQ�3L3L���DQG�4L��4L�EH�GHQRWHG�E\�α L�DQG�WKH�RQH�EHWZHHQ�3L��3L�DQG

4L4L���EH�GHQRWHG�E\�βL�

)LJXUH���²�6HOHFWLRQ�RI�QH[W�YHUWH[

1RZ��WKH�VHOHFWLRQ�DOJRULWKP�LQ�WKH�FDVH�RI�3L��4L���3L4L���GHWHUPLQHV�WKH�QH[W�SDLU�DV�IROORZV�

,I� FRV�α L�!�W VHOHFW�3L��

2WKHUZLVH��LI FRV�βL�!�W VHOHFW�4L��

HOVH VHOHFW�3L��

ZKHUH�W�LV�D�WKUHVKROG�

:LWK� WKH� WKUHVKROG� SDUDPHWHU� W� ZH� DUH� DEOH� WR� KDQGOH� WKH� GLIIHUHQFH� EHWZHHQ� WKH� FXUYDWXUH� RI� WKH

ORZHU�DQG�XSSHU�FURVV�VHFWLRQ�DQG�FDUH�IRU�SHDNV�LQ�FRQFDYH�SRO\JRQV��7KH�UHVXOWV�VKRZ�D�PRUH�QDWXUDO

DSSUR[LPDWLRQ�RI�WKH�VXUIDFH�DOWKRXJK�WULDQJOHV�PLJKW�EHFRPH�ODUJHU�

)LJXUH���²�0XOWL�FRQWRXU�6FDQQHU�0HVK

6R�IDU��WKLV�DOJRULWKP�SURGXFHV�DFFXUDWH�WULDQJXODU�PHVKHV��1HYHUWKHOHVV��FRQVLGHU�WKH�VFDQQHU�PHVK�LQ

)LJXUH����2EYLRXVO\��ZH� ODFN� LQIRUPDWLRQ�DERXW� WKH� LQQHU�YHUWLFHV�RI� WKH� ORZHU�FRQWRXU��ZKLFK�EXLOG� WKH

VXUIDFH�DORQJ�ZLWK�WKH�LQQHU�YHUWLFHV�RI�WKH�XSSHU��VPDOOHU��FRQWRXUV��7KDW�LV��ZH�QHHG�D�GLIIHUHQW�DSSURDFK

WR�RYHUFRPH�WKLV�SUREOHP�ZLWK�XQHTXDO�PXOWL�FRQWRXUHG�REMHFWV�

��� 0DUFKLQJ�&XEHV�7ULDQJXODWLRQ

$V� RXWOLQHG� DERYH�� RQH� GUDZEDFN� FRQFHUQLQJ� WKH� WULDQJXODWLRQ�ZLWK� WKH� DQJOH� FULWHULRQ� DSSURDFK�� LV� LWV

LQDELOLW\� WR�KDQGOH�PXOWL�FRQWRXUHG�VWUXFWXUHV� LQ�DQ�HDV\�PDQQHU��8QIRUWXQDWHO\�� VLQFH� UHDO�ZRUOG�REMHFWV

DUH�VLQJOH�FRQWRXU�SULPLWLYHV�UDUHO\��WKLV�WKURZV�XS�WKH�QHHG�IRU�FRPSOH[�KDQGOLQJ�RI�VXFK�VWUXFWXUHV��H�J�

FRPELQLQJ�VLPSOH�REMHFWV�WR�VKDSH�D�PRUH�FRPSOH[�PRGHO��7KH�0DUFKLQJ�&XEHV�DOJRULWKP��LQWURGXFHG�E\

:LOOLDP�(��/RUHQVHQ�DQG�+DUYH\�(��&OLQH��>��@���ZDV�GHVLJQHG�WR�H[WUDFW�VXUIDFH� LQIRUPDWLRQ�IURP�D��'



- ���

ILHOG� RI� YDOXHV� DQG� WR� RYHUFRPH� WKHVH� GLIILFXOWLHV�� ,Q� RUGHU� WR� VKRZ� WKH� PHWKRG� RI� ZRUN�� ILUVW� D� WZR�

GLPHQVLRQDO�HTXLYDOHQW�RI�WKLV�DSSURDFK�LV�SUHVHQWHG��ZKLFK�LV�DOVR�NQRZ�DV��0DUFKLQJ�6TXDUHV��DQG�PLJKW

EH�XVHG�IRU�WULDQJXODWLRQ�RI�SRO\JRQV��DQG�DIWHUZDUGV�WKH�SURFHGXUH�LV�H[SDQGHG�LQWR��'�

$ % & ' (

)LJXUH����²�6WHSV�GXULQJ�0DUFKLQJ�6TXDUHV�7ULDQJXODWLRQ

*LYHQ�D�SODQDU�SRO\JRQ��)LJXUH���$���WKH�REMHFW
V�FRRUGLQDWH�V\VWHP�LV�GLVFUHWL]HG�ZLWK�D�UHJXODU�JULG�

7KLV� LV� FDOOHG� WKH� UHVROXWLRQ� RI� WKH�0DUFKLQJ� 6TXDUHV� DOJRULWKP� RU� WKH� QXPEHU� RI� VWHSV� WKH� VTXDUH�ZLOO

�PDUFK�� DORQJ� HDFK� D[LV� WKURXJK� VSDFH� �)LJXUH� ��%��� $IWHUZDUGV�� HDFK� FRUQHU� RI� HYHU\� JULG� HOHPHQW� LV

H[DPLQHG�ZKHWKHU�LW�OLHV�LQVLGH�RU�RXWVLGH�WKH�SRO\JRQ��)LJXUH���&��

1RZ��IURP�D�ORRNXS�WDEOH�WKH�DOJRULWKP�H[WUDFWV�WKH�LQIRUPDWLRQ�IRU�HDFK�RI�WKH����SRVVLEOH�FDVHV�IRU

WKH�FRUQHU�PDWFKLQJ� WKH�QXPEHU�DQG�SRVLWLRQ�RI� IDFHV� �LI�DQ\��ZKLFK� UHSUHVHQWV� WKH�XQGHUO\LQJ�SRO\JRQ

EHVW��+RZHYHU��WKHVH����SRVVLELOLWLHV�FDQ�EH�UHGXFHG�E\�URWDWLRQ��PLUURULQJ�DQG�LQYHUVLRQ�WR�D�VHW�RI�IRXU

SRVVLEOH�FDVHV��VKRZQ�LQ�)LJXUH�����)LQDOO\��WKH�VRXUFH�SRO\JRQ�EHFRPHV�WULDQJXODWHG�OLNH�JLYHQ�LQ�)LJXUH

��'��1HYHUWKHOHVV��WKLV�WULDQJOH�VHW�ORRNV�OLNH�D�WRR�URXJK�DSSUR[LPDWLRQ�RI�WKH�RULJLQDO�FLUFOH�UDWKHU�WKDQ�D

VRSKLVWLFDWHG�PRGHO��7KDW�LV��EHFDXVH�VR�IDU��D�'LVFUHWH�0DUFKLQJ�6TXDUH�DOJRULWKP�ZDV�DSSOLHG��)RU�VRPH

WDVNV��WKLV�PD\�EH�D�VDWLVI\LQJ�UHVXOW�EHFDXVH�RI�H[HFXWLRQ�WLPH�FRQVLGHUDWLRQV�

)LJXUH����²�/RRNXS�7DEOH�IRU�0DUFKLQJ�6TXDUHV

2QH�REYLRXV�PHWKRG�WR�LPSURYH�WKH�DFFXUDF\�RI�WKH�PRGHO�LV�WR�LQFUHDVH�WKH�UHVROXWLRQ�RI�WKH�UDVWHU�

EXW�WKLV�ZLOO�OHDG�WR�DQ�H[SRQHQWLDO�LQFUHDVH�RI�WULDQJOHV��$�KLJKHU�TXDOLW\�PHVK�ZLWK�WKH�VDPH�QXPEHU�RI

IDFH�FDQ�EH�JDLQHG�E\�DSSO\LQJ� LQWHUSRODWLRQ�LQVLGH�WKH� ORRNXS�VTXDUH��&RQVLGHU�VTXDUH�$� LQ�)LJXUH����

&RUQHUV� �� DQG��� OLH� LQVLGH� WKH� REMHFW
V� FRQWRXU�� �� DQG��� GR�QRW��$V� D� ILUVW� VWHS�� WKH� �PDUFKLQJ� VTXDUH�

VXJJHVWV� WR� JHQHUDWH� IDFH�D� DQG�E�ZKLFK� GHVFULEH� WKH� DFWXDO� VKDSH�RI� WKH� SRO\JRQ� LQ� WKH� FXUUHQW� UDVWHU

VTXDUH�XQVDWLVIDFWRU\��VTXDUH�%��

)LJXUH����²�(GJH�LQWHUSRODWLRQ�LQVLGH�D�0DUFKLQJ�6TXDUH��EROGHG�HGJHV�LQGLFDWH�PHPEHUVKLS�RI�FRQWRXU�OLQH�
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6LQFH�ZH�NQRZ�WKH�UHDO�FRRUGLQDWHV�RI�3L�DQG�3L���RI�WKH�RULJLQDO�SRO\JRQ��ZH�DUH�DEOH�WR�LQWHUSRODWH

WKH�FRRUGLQDWHV�RI� WKH�YHUWLFHV�β��DQG�β��RI� IDFH�E�DQG�α��RI� IDFH�D�DORQJ�WKH�VTXDUH
V�HGJHV� LQ�RUGHU� WR

REWDLQ�D�PRUH�DFFXUDWH�DSSUR[LPDWLRQ��VTXDUH�&�LQ�)LJXUH������)LJXUH���(�VKRZV�D�WULDQJOH�PHVK�JDLQHG

E\�WKH�LQWHUSRODWLQJ�0DUFKLQJ�6TXDUHV�DOJRULWKP�DSSOLHG�WR�WKH�SRO\JRQ�LQ�)LJXUH���$�

1RZ��KDYLQJ�ZRUNHG�RXW�WKH�EDVLF�PHFKDQLVP�LQ�WZR�GLPHQVLRQV�ZH�FDQ�FRQVLGHU�D�WKLUG�GLPHQVLRQ�

2EYLRXVO\�� WKH� IRUPHU� VTXDUHV� WXUQ� LQWR� FXEHV�� JLYLQJ� ULVH� WR���� SRVVLEOH� FDVHV� IRU� LQVLGH�RXWVLGH� FRUQHU

FRPELQDWLRQV��ZKLFK�FDQ�EH�UHGXFHG� WR����EDVH�FODVVHV��VKRZQ� LQ�)LJXUH�����+HUH�� WKH�FXEH� �PDUFKHV�

WKURXJK� REMHFW� VSDFH� UHWXUQLQJ� D� VXUIDFH� DSSUR[LPDWLQJ� VHW� RI� WULDQJOHV�� $JDLQ�� LQWHUSRODWLRQ� RI� YHUWH[

FRRUGLQDWHV�LPSURYHV�WKH�TXDOLW\�RI�WKH�PRGHO�LQFUHDVLQJO\��,I�SRVVLEOH��LQWHUSRODWLRQ�LV�GRQH�DORQJ�DOO�WKUHH

D[LV��,Q�VRPH�FDVHV��OLNH�FDVH���LQ�)LJXUH�����WKHUH�LV�QR�H[LVWLQJ�UHIHUHQFH�SRLQW�IRU�WKH�]�D[LV�DQG�WKHUHIRUH

WKH�SRLQW�GLYLGLQJ�WKH�HGJH�LQ�WKH�PLGGOH�LV�XVHG�

7KH�PRVW�SRZHUIXO�IHDWXUH�RI�WKH�0DUFKLQJ�&XEH�DOJRULWKP�LV�LWV�HDVLQHVV�WR�KDQGOH�FRPSOH[�PRGHO�

DOWKRXJK� WKH� UHVXOWV� DUH� OHVV� DFFXUDWH� WKDQ� XVLQJ�� IRU� H[DPSOH�� FURVV� VHFWLRQ� WULDQJXODWLRQ�� 7KH� PRVW

DJJUDYDWLQJ�GUDZEDFN�LV�WKH�RFFXUUHQFH�RI�KXJH�VHWV�RI�WULDQJOHV�

)LJXUH����²�0DUFKLQJ�&XEH�&DVHV

� 0(6+�237,0,=$7,21

0RGHOLQJ�DQG�VFDQQLQJ�V\VWHPV�FRPPRQO\�JLYH�ULVH�WR�WULDQJOH�PHVKHV�RI�KLJK�FRPSOH[LW\��2Q�WKH�RWKHU

KDQG��WULDQJXODWLRQ�DOJRULWKPV��VXFK�DV�WKH�0DUFKLQJ�&XEHV�DOJRULWKP��SHUIRUP�D�VWUDLJKWIRUZDUG�SURFHVV

RQ�WKHLU�LQSXW�GDWD�DQG�WHQG�WR�UHVXOW�LQ��W\SLFDOO\�KHDYLO\��RYHU�WHVVHOODWHG�PHVKHV��6XFK�PHVKHV�WKURZ�XS

SUREOHPV�FRQFHUQLQJ� UHQGHULQJ��VWRULQJ�DQG� WUDQVPLVVLRQ�GXH� WR� WKH�HQRUPRXV�QXPEHU�RI� WULDQJOHV� WKH\

DUH�EXLOW�RI��6LQFH�WKH�SXUSRVH�RI�PHVKHV�UHFRQVWUXFWHG�IURP�VFDQV�W\SLFDOO\�OLHV�LQ�WKH�ILHOG�RI�REVHUYDWLRQ

DQG�VXUYHLOODQFH�� WKH�PXVW�DOORZ�WR�EH� UHQGHUHG�� URWDWHG�RU�VFDOHG��QHDUO\�� LQ� UHDO� WLPH� WR�DOORZ�HIILFLHQW

ZRUN��7KHUHIRUH��GHFLPDWLRQ�RI�WULDQJOHV�LQ�D�WULDQJXODU�PHVK�LV�UHTXLUHG�

2QH� DSSURDFK� WR� VSHHG� XS� UHQGHULQJ� LV� WR� UHSODFH� D� FRPSOH[� REMHFW� E\� D� OHYHO� RI� GHWDLO� �/2'�

DSSUR[LPDWLRQ��7KHVH�SURSRWLRQV�DURVH�LQ�WKH�ILHOG�RI�FRPSXWHU�JUDSKLF�ZKHUH�WKH\�DUH�HPSOR\HG�WR�DOORZ

UHDO�WLPH�UHQGHULQJ�RI�D�VFHQH��6RPH�UHFHQW�ZRUN�ZDV�GRQH�E\�>�@��>�@��>�@�DQG�>�@�

+RZHYHU��WRZDUGV�RXU�ILHOG�RI�DSSOLFDWLRQ�RI�WKH�UHVXOWLQJ�PRGHO��ZKHUH�LW�LV�FUXFLDO�WR�JDLQ�D�SUHFLVH

UHSUHVHQWDWLRQ� UDWKHU� WKDQ� JXDUDQWHH� D� KLJK� DQG�RU� IL[HG� IUDPH� UDWH� ZKLOH� UHQGHULQJ�� WKHVH� /2'

DSSUR[LPDWLRQV�VKRZ�D�VHYHUH�GUDZEDFN��)LJXUH�����$���%���WKH\�PLJKW�FKDQJH�ERWK��WKH�JHRPHWULFDO��$�

DQG� WRSRORJLFDO� �%�� IHDWXUHV� RI� WKH� PRGHO�� $V� IRU� WKH� JHRPHWULFDO� DVSHFW�� QR� UHOLDEOH� PHDVXUH� IRU� WKH

UHVXOWLQJ� FRQWRXU� FKDQJH� FDQ� EH� JLYHQ�� 7KH� WRSRORJLFDO� WUDQVIRUPDWLRQV� FDQ� UHVXOW� LQ� FRQYHUWLQJ� QRQ�

PDQLIROG�PHVKHV� LQWR�PDQLIROG� FRXQWHUSDUWV�� ,Q� IDFW�� D� WULDQJOH� UHGXFWLRQ� IXQFWLRQ� KDV� WR� EH� IRXQG� WKDW

SUHVHUYHV�ERWK��WKH�QRQ�PDQLIROG�SURSHUW\�DQG�WKH�FRQWRXU�RI�WKH�LQSXW�PRGHO�
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,Q� >��@�� D�PHWKRG� IRU� UHGXFLQJ� WKH� VXUIDFH� GHVFULSWLRQ� RI� WULDQJXODWHG�PRGHOV� E\� DGDSWDWLRQ� WR� WKH

REMHFW�FRQWRXU� LV�SUHVHQWHG��7KH�HUURU�EHWZHHQ� WKH�RULJLQDO�DQG� WKH�VLPSOLILHG�PHVK� LV�PHDVXUHG�E\� WKH

GHYLDWLRQ�RI� WKH� VSDWLDO� FXUYDWXUH�� 7KLV� DOORZV� DSSUR[LPDWLRQV� IURP�D�PRGHO� ZKHUH� RQO\� UHGXQGDQF\� LV

UHPRYHG��L�H��WULDQJOHV�ZLWK�HTXDO�QRUPDO�YHFWRUV�DUH�PHUJHG��XS�WR�PHVKHV�VKRZLQJ�D�VLPLODU�FRQWRXU�OLNH

WKHLU�RULJLQDO�

)LJXUH����²�2ULJLQDO�'UDJRQ�0HVK�ZLWK��������WULDQJOHV�DQG�RQH�/2'�DSSUR[LPDWLRQ�ZLWK��������WULDQJOHV

*HQHUDOO\��WKLV�DSSURDFK�VSOLWV�LQWR�IRXU�VWHSV�

♦  &UHDWLRQ�RI�)UHH�3RO\JRQV��GXULQJ�WKLV�VWHS��D�UHJLRQ�JURZLQJ�SURFHVV�LV�SHUIRUPHG��)RU�HDFK

WULDQJOH�RI�WKH�REMHFW·V��ZKLFK�LV�QRW�DOUHDG\�D�PHPEHU�RI�DQ\�UHJLRQ��H[DPLQH�LWV�QHLJKERUV�DQG

DGG�WKHP�WR�WKH�VDPH�UHJLRQ��LI�WKH�IROORZLQJ�WZR�FRQGLWLRQV�KROG�

•  (DFK�WULDQJOH�RI�D�UHJLRQ�PXVW�KDYH�D�FRPPRQ�HGJH�ZLWK�DQRWKHU�WULDQJOH�RI�WKH�VDPH�UHJLRQ�

•  )RU�HDFK�SDLU�RI� WULDQJOHV�RXW�RI�RQH� UHJLRQ�� WKH�DQJOH�EHWZHHQ� WKHLU� QRUPDO� YHFWRUV� LV� OHVV

WKDQ�D�VSHFLILHG�WKUHVKROG�α�

7KH�WKUHVKROG�α�SDUDPHWHU�GHWHUPLQHV�WKH�FXUYDWXUH�RI�D�UHJLRQ��8VLQJ�D�VPDOO�YDOXH�IRU�α�
WKH�UHJLRQ�LV�QHDUO\�SODQDU��$FFRUGLQJ�WR�DQ�LQFUHDVLQJ�YDOXH�RI�α��WKH�UHJLRQ�ZLOO�EH�PRUH�FXUYHG

DQG� WKH� ILQDO�DSSUR[LPDWLRQ�ZLOO�EHFRPH�URXJK�� ,I�α�HTXDOV�]HUR�� WKH�RSWLPL]HG�PRGHO�RQO\�ZLOO

HUDVH� UHGXQGDQF\� LQ� WKH�RULJLQDO�PHVK�� L�H��RQO\�FRSODQDU� WULDQJOHV�ZLOO�PHUJH� WR� IRUP�D� UHJLRQ�

UHVXOWLQJ�LQ�WKH�PRVW�DFFXUDWH�VLPSOLILHG�PHVK�

♦  3URMHFWLRQ� RI� 3RO\JRQV�� LQ� RUGHU� WR� PDNH� UH�WULDQJXODWLRQ� SRVVLEOH� LQ� WKH� ODVW� VWHS� RI

RSWLPL]DWLRQ��SURMHFWLQJ�D�UHJLRQ�RQWR�D�SODQH�LV�UHTXLUHG��7KH�SURMHFWLRQ�SODQH�LV�GHILQHG�E\�DQ

DYHUDJH� QRUPDO� YHFWRU�� ZKLFK�� DFFRUGLQJ� WR� >�@�� FDQ� EH� FDOFXODWHG� DV� IROORZV�� /HW� P� EH� WKH

QXPEHU�RI�QRGHV�LQ�D�SRO\JRQ�3��9L� ��[L��\L��]L��EH�D�QRGH�DQG�M�WKH�VXFFHVVRU�LQGH[�RI�L��M L����L

��P���DQG�M� ���ZLWK�L� �P����7KH�DYHUDJH�QRUPDO�YHFWRU�RI�3�LV�GHILQHG�E\

∑
=

+−=
m

1i

jijix )z)(zy(yN �� ∑
=

+−=
m

1i

jijiy )x)(xz(zN �� ∑
=

+−=
m

1i

jijiz )y)(yx(xN ���

,I�WKH�SURMHFWHG�UHSUHVHQWDWLRQ�LV�QRW�IUHH�RI�LQWHUVHFWLRQ��WKH�UHJLRQ�LV�OHIW�RXW�RI�FRQVLGHUDWLRQ

DQG�FDQQRW�EH�RSWLPL]HG�

♦  'HOHWLQJ� 9HUWLFHV� IURP� WKH� 3RO\JRQ� &RQWRXU�� DQRWKHU� SRVVLELOLW\� IRU� RSWLPL]DWLRQ� LV� WKH

HOLPLQDWLRQ� RI� YHUWLFHV� IURP� WKH� SRO\JRQ� FRQWRXU� WKDW� IRUP� D� OLQH� ZLWK� WKHLU� SUHGHFHVVRU� DQG

VXFFHVVRU�QRGHV��%\�GHOHWLQJ�VXFK�D�SRLQW��WKH�PRGHO�LV�GHFLPDWHG�E\�RQH�IDFH��,I�IRU�DOO�P�UHJLRQV

FRQWDLQLQJ� D� SRLQW� 3� WKH� FRQGLWLRQ� DERYH� LV� YDOLG�� WKH� RSWLPL]DWLRQ� VDYHV� P� WULDQJOHV� DQG

DGGLWLRQDOO\�GHFUHDVHV�WKH�QXPEHU�RI�YHUWLFHV�RI�WKH�PHVK�E\�RQH�

♦  5HWULDQJXODWLRQ�� ILQDOO\�� UHWULDQJXODWLRQ�RI� WKHVH� IUHH�SRO\JRQV�ZLWK� WKH�DOJRULWKP�SUHVHQWHG� LQ

6HFWLRQ�����WUDQVIRUPV�DOO�UHJLRQV�EDFN�WR�D�KRPRJHQRXV��WULDQJXODWHG�VXUIDFH�

A B
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� 5(68/76

)LJXUH���$�'�UHSUHVHQW�WKH�UHVXOW�IURP�WKH�SRO\JRQ�WULDQJXODWLRQ�DOJRULWKP�IURP�6HFWLRQ�����DSSOLHG�WR�D

SRO\JRQ�RI�WKH�FHUHEURVSLQDO�IOXLG�VHJPHQWHG�IURP�D�&7�VFDQ�LPDJH��7KH�RULJLQDO�SRO\JRQ�FRQVLVWV�RI����

SRO\JRQ�QRGHV��WKH�WULDQJXODWHG�PHVK�FRQWDLQV�RI�����WULDQJOHV��VLQFH�QR�QHZ�YHUWLFHV�DUH�JHQHUDWHG�

3LFWXUH�%�DQG�(�LQ�)LJXUH����GHPRQVWUDWHV�WKH�FURVV�VHFWLRQ�DOJRULWKP�GHVFULEHG�LQ�6HFWLRQ������7KH

LQSXW�GDWD�DUH�WZR�DGMDFHQW�FURVV�VHFWLRQV�RI�DQ�DQWLTXH�YDVH�JDLQHG�E\�D�URWDWLRQDO�VFDQQLQJ�SURFHGXUH�

)LJXUH���&�VKRZV�WKH�ZLUHIUDPH�PRGHO�RI�D�ZRUNSLHFH�FRQWDLQLQJ�D�KROH�LQ�RUGHU�WR�GHPRQVWUDWH�WKH

DELOLW\� RI� WKH� PDUFKLQJ� FXEHV� DOJRULWKP� WR� KDQGOH� PXOWL�FRQWRXUHG� REMHFWV�� 6LQFH� WKLV� UHFRQVWUXFWLRQ

PHWKRG� XVXDOO\� GHOLYHUV� DQ� RYHU�WHVVHOODWHG� �UHGXQGDQW�� VXUIDFH� GHVFULSWLRQ�� WKH� RSWLPL]DWLRQ� DOJRULWKP

SUHVHQWHG�LQ�6HFWLRQ���UHGXFHV�WKH�QXPEHU�RI�WULDQJOHV�IURP�������YHUWLFHV��������IDFHV�WR����YHUWLFHV����

IDFHV�ZLWK�D�QRUPDO�YHFWRU�WKUHVKROG�RI���GHJUHHV��)LJXUH���)��

6LQFH�RQH�VSHFLDO�LVVXH�RI�RXU�DSSURDFK�LV�WKH�WKUHH�GLPHQVLRQDO�UHFRQVWUXFWLRQ�RI�DUFKHRORJLFDO�ILQGV

�>��@�DQG�>��@���)LJXUH���*�/�SUHVHQWV�LPDJHV�RI��'�UHFRQVWUXFWLRQ�RI�VXFK�REMHFWV�

�YHUWLFHV �IDFHV UHFRQVWUXFWLRQ�WLPH� RSWLPL]DWLRQ�WLPH

)LJXUH����*	- ������ ������ �����VHF Q�D

)LJXUH����+	. ������ ������ �����VHF Q�D

)LJXUH����,	/ ����� ������ Q�D ������VHF

� &21&/86,21

7KH� VFDQQHU�PHVK� UHFRQVWUXFWLRQ� DOJRULWKPV�SUHVHQWHG� LQ� WKLV�ZRUN� VKRZ�GLIIHUHQW� EHKDYLRU� FRQFHUQLQJ

DELOLW\�RI�KDQGOLQJ�LQSXW�GDWD��PRGHO�DFFXUDF\��DQG�SHUIRUPDQFH��7KH�DFWXDO�JRDO�RI�UHFRQVWUXFWLRQ��L�H��WKH

ILHOG�RI�DSSOLFDWLRQ�RI�WKH�PRGHO��GHWHUPLQHV�WKH�XVDJH�RI�D�SURSHU�DOJRULWKP��&URVV�VHFWLRQ�WULDQJXODWLRQ

RIIHUV� D� IDVW�� DFFXUDWH� VXUIDFH� UHFRQVWUXFWLRQ� RQ� LWV� LQSXW� GDWD� EXW� ODFNV� WKH� DELOLW\� WR� KDQGOH� PXOWL�

FRQWRXUHG�REMHFWV�SURSHUO\��7KH�0DUFKLQJ�&XEHV�$OJRULWKP�SURYLGHV�D�IDVW��VWUDLJKWIRUZDUG�WUHDWPHQW�RI�LWV

LQSXW�GDWD��EDVHG�RQ�D�ORFDO�GHFLVLRQ�FULWHULRQ���JUHHG\��DOJRULWKP���,W�FDQ�EH�DSSOLHG�WR�SDUDOOHO�H[HFXWLRQ

HDVLO\� DQG� QHHG� QR� DVVXPSWLRQV� DERXW� WKH� REMHFWV�� 3UREOHPV� RFFXU� UHODWLQJ� WR� HQRUPRXV� QXPEHU

UHFRQVWUXFWHG�WULDQJOHV�DQG�LWV�OHVV�SUHFLVH�UHFRQVWUXFWHG�VXUIDFH��GXH�WR�GLVFUHWL]LQJ�DQG�LQWHUSRODWLRQ��7KH

IRUPHU�SUREOHP�FDQ�EH�VROYHG�E\�D�PHVK�RSWLPL]HU��OLNH�WKH�1RUPDO�2SWLPL]HU��ZKLFK�VLPSOLILHV�DQ�REMHFW

ZKLOH�SUHVHUYLQJ�LWV�FRQWRXU��FRQVHUYDWLYH�VHWWLQJV��RU�DOORZV�WR�FRQWURO�WKH�HUURU�FRPPLWWHG�WR�WKH�FRQWRXU

RI� WKH� REMHFW�� $GGLWLRQDOO\�� WR� JDLQ� SODWIRUP�LQGHSHQGHG� PRGHOV�� RXU� LPSOHPHQWDWLRQ� GHOLYHUV� 950/

PRGHOV�RI� WKH� UHFRQVWUXFWHG�REMHFWV��)RU�DQ\� IXUWKHU�ZRUN��ZH�FRXOG�FRQVLGHU� WDNLQJ� WKH�REMHFW·V� WH[WXUH

LQWR�DFFRXQW��ZKLOH�WULDQJXODWLQJ�DQG�RSWLPL]LQJ�WKH�LQSXW�FURVV�VHFWLRQV�

                                                          
��3HUIRUPDQFH�PHDVXUHPHQWV�UHODWH�WR�D�6*,�2�����0K]�5������Z����0%�5$0
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)LJXUH����²�5HFRQWUXFWLRQ�UHVXOWV
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� $&.12:/('*(0(176

7KLV�ZRUN�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�ZLWKRXW�WKH�JXLGDQFH��LGHDV��DGYLFH��DQG�VXSSRUW�RI

5REHUW�6DEODWQLJ�
IRU�VWHDG\�VXSHUYLVLRQ�DQG�UHYLHZLQJ�WDVNV�DQG�PRUDO�VXSSRUW�

&KULVWLDQ�0HQDUG�
IRU�LQLWLDOO\�PDNLQJ�WKLV�ZRUN�SRVVLEOH�DQG�VXSHUYLVLRQ�

+RUVW�%LVFKRI�
IRU�WHFKQLFDO�JXLGDQFH�ZLWK�.KRURV�DQG�3RVWVFULSW�DQG�SURYLGLQJ�DZDNHQLQJ�FRIIHH�

DQG�PDQ\�RWKHU�SHRSOHV�DW� WKH�3DWWHUQ�5HFRJQLWLRQ�DQG� ,PDJH�3URFHVVLQJ�*URXS�DQG�FROOHDJXHV�DW� WKH

9LHQQD�8QLYHUVLW\�RI�7HFKQRORJ\�IRU�WKHLU�HQGOHVV�GLVFXVVLRQV�DQG�UHIUHVKLQJ�LGHDV�
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� 5()(5(1&(6

>�@�-��&RKHQ��$��9DUVKQH\��'��0DQRFKD��*��7XUN��+��:HEHU��3��$JDUZDO��)��%URRNV��DQG�:��:ULJKW�

�6LPSOLILFDWLRQ� (QYHORSHV��� ,Q� &RPSXWHU� *UDSKLFV� �6,**5$3+� 
��� 3URFHHGLQJV�� $QQXDO

&RQIHUHQFH�6HULHV���SDJHV����������$XJXVW������

>�@�0��*DUODQG�DQG�3��6��+HFNEHUW���6XUIDFH�6LPSOLILFDWLRQ�8VLQJ�4XDGULF�(UURU�0HWULFV���,Q�&RPSXWHU

*UDSKLFV� �6,**5$3+� 
��� 3URFHHGLQJV�� $QQXDO� &RQIHUHQFH� 6HULHV��� SDJHV� ��������� $XJXVW

�����

>�@�)��6��+LOO��&RPSXWHU�*UDSKLFV��0DFPLOOLDQ�3XEOLVKLQJ�&RPSDQ\��1-�������

>�@�'�*��+ROPHV�DQG�'�'��6Q\GHU���7KH�JHQHUDWLRQ�RI�XQVWUXFWXUHG�WULDQJXODU�PHVKHV�XVLQJ�'HODXQD\

WULDQJXODWLRQ��� ,Q�3URFHHGLQJV�RI� WKH�6HFRQG�&RQIHUHQFH�RQ�*ULG�*HQHUDWLRQ� LQ�&RPSXWDWLRQDO

)OXLG�'\QDPLFV��3LQHULGJH�3UHVV��6ZDQVHD�������

>�@�+��+RSSH���(IILFLHQW� ,PSOHPHQWDWLRQ�RI�3URJUHVVLYH�0HVKHV���7R�DSSHDU� LQ�&RPSXWHUV�*UDSKLFV�

�����

>�@� +�� +RSSH�� 7�� 'H5RVH�� 7�� 'XFKDPS�� -�� 0F'RQDOG�� DQG� :�� 6WXHW]OH�� �0HVK� 2SWLPL]DWLRQ��� ,Q

&RPSXWHU� *UDSKLFV� �6,**5$3+� 
��� 3URFHHGLQJV�� $QQXDO� &RQIHUHQFH� 6HULHV��� SDJHV� ������

$XJXVW������

>�@�+��+RSSH��7��'H5RVH��7��'XFKDPS��-��0F'RQDOG��DQG�:��6WXHW]OH���6XUIDFH�5HFRQVWUXFWLRQ�IURP

8QRUJDQL]HG� 3RLQWV��� ,Q�&RPSXWHU�*UDSKLFV� �6,**5$3+� 
��� 3URFHHGLQJV�� $QQXDO� &RQIHUHQFH

6HULHV���SDJHV���������������

>�@� $�� .OLQJHUW� DQG� :�� 6WUDXE�� �$� 5REXVW� DQG� (IILFLHQW� 7ULDQJXODWLRQ� $OJRULWKP� IRU� &RQWRXUV� RQ

3DUDOOHO�3ODQHV���,Q�5HSRUW�������� ,QVWLWXW� I�U�%HWULHEV��XQG�'LDORJV\VWHPH��8QLYHUVLWlW�.DUOVUXKH�

�����

>�@� -��2��/DFKDXG�DQG�$��0RQWDQYHUW�� �9ROXPHWULF� 6HJPHQWDWLRQ� XVLQJ�+LHUDUFKLFDO�5HSUHVHQWDWLRQ

DQG�7ULDQJXODWHG�6XUIDFH��� ,Q�5HVHDUFK�5HSRUW�1R��������(FROH�1RUPDOH� 6XSpULHXUH� GH� /\RQ�

�����

>��@�&��/LVND�� �5REXVWH�XQG�$GDSWLYH��'�%LOGJHZLQQXQJ�PLWWHOV�/DVHUOLFKW���7R�DSSHDU� LQ�7HFKQLFDO

5HSRUW�����,QVWLWXWH�IRU�$XWRPDWLRQ��3DWWHUQ�5HFRJQLWLRQ�DQG�,PDJH�3URFHVVLQJ�*URXS��7HFKQLFDO

8QLYHUVLW\�9LHQQD�������

>��@�:��(��/RUHQVHQ�DQG�+��(��&OLQH���0DUFKLQJ�&XEHV��$�+LJK�5HVROXWLRQ��'�6XUIDFH�&RQVWUXFWLRQ

$OJRULWKP��� ,Q� &RPSXWHU� *UDSKLFV� �6,**5$3+� 
��� 3URFHHGLQJV�� $QQXDO� &RQIHUHQFH� 6HULHV��

SDJHV����������-XO\������

>��@�&��0HQDUG� DQG�5�� 6DEODWQLJ�� �3LFWRULDO� DQG��G�'DWD�$FTXLVLWLRQ� RI� $UFKDHRORJLFDO� )LQGV� �� WKH

%DVLV�IRU�$XWRPDWLF�&ODVVLILFDWLRQ���,Q�+��.DPHUPDQV�DQG�.��)HQQHPD���(GV���,QWHUIDFLQJ�WKH�3DVW�

&RPSXWHU� $SSOLFDWLRQV� DQG� 4XDQWLWDWLYH� 0HWKRGV� LQ� $UFKDHRORJ\� �� &$$���� /HLGHQ�� 1R�� ���

SDJHV����������$QDOHFWD�3UDHKLVWRULFD�/HLGHQVLD�������

>��@� -�� 3RSRYLF� DQG� +�� +RSSH�� �3URJUHVVLYH� 6LPSOLFLDO� &RPSOH[HV��� ,Q� &RPSXWHU� *UDSKLFV

�6,**5$3+�
���3URFHHGLQJV��$QQXDO�&RQIHUHQFH�6HULHV���SDJHV����������$XJXVW������

>��@�)��3��3UHSHUDWD�DQG�0��,��6KDPRV��&RPSXWDWLRQDO�*HRPHWU\��6SULQJHU�9HUODJ��1HZ�<RUN������

>��@�:��-��6FKURHGHU��-��$��=DUJH��DQG�:��(��/RUHQVHQ���'HFLPDWLRQ�RI�7ULDQJOH�0HVKHV���,Q�&RPSXWHU

*UDSKLFV��6,**5$3+�
���3URFHHGLQJV��$QQXDO�&RQIHUHQFH�6HULHV���SDJHV��������-XO\�����



- ����

>��@�<��6KLUDL���7KUHH�'LPHQVLRQDO�'HVFULSWLRQ�DQG�5HSUHVHQWDWLRQ���,Q�7KUHH�'LPHQVLRQDO�&RPSXWHU

9LVLRQ��6SULQJHU�9HUODJ��SDJHV���������������

>��@�*��7XUN�� �5H�7LOLQJ� 3RO\JRQDO� 6XUIDFHV��� ,Q�&RPSXWHU�*UDSKLFV� �6,**5$3+� 
��� 3URFHHGLQJV�

$QQXDO�&RQIHUHQFH�6HULHV���SDJHV��������-XO\������

>��@� )�� :LOPHU�� 8�� 7LHGH� DQG� .�� +�� +|KQH�� �5HGXNWLRQ� GHU� 2EHUIOlFKHQEHVFKUHLEXQJ� GXUFK

$QSDVVXQJ� DQ� GLH�2EMHNWIRUP��� ,Q� 6�� )XFKV� DQG� 5�� +RIIPDQQ� �(GV����0XVWHUHUNHQQXQJ� �����

,QIRUPDWLN�DNWXHOO��SDJHV����������6SULQJHU�9HUODJ�������

>��@�7�� 6SHUOLFK�� ´,Q� �'�XP�GLH�:HOWµ�� ,Q� F·W� ²�PDJD]LQ� I�U� FRPSXWHU� WHFKQLN�� SDJHV� �������+HLVH

9HUODJ�������



- ����

$SSHQGL[�$ ��,03/(0(17$7,21�'(7$,/6�

$�� ,PSOHPHQWDWLRQ

$OO�WDVNV��$QJOH�&ULWHULD�7ULDQJXODWRU��0DUFKLQJ�&XEHV�7ULDQJXODWRU��1RUPDO�2SWLPL]HU��DQG��'&RQYHUWHU�

KDYH�EHHQ�LPSOHPHQWHG�DQG�WHVWHG�XQGHU�WKH�.KRURV�&DQWDWD�9LVXDO�3URJUDPPLQJ�(QYLURQPHQW�YHU�����

UXQQLQJ�RQ�6*,�,UL[�����DQG�/LQX[��������XVLQJ�&���DQG�WKH�VWDQGDUG�WHPSODWH�OLEUDU\��67/���$V�D�EDVH

IRU�DOO�WKUHH�WDVNV��D�.KRURV�&���OLEUDU\��*HRP�'/LE��KDV�EHHQ�FUHDWHG�SURYLGLQJ�D�FODVV�KLHUDUFK\�IRU

JHQHULF� JHRPHWULF� REMHFWV� �PHVKHV�� FURVV� VHFWLRQV�� FRQWRXUV�� YHUWLFHV�� IDFHG� PHVKHV��� LQSXW� DQG� RXWSXW

FRQVWUDLQWV��ILOH�UHDGHUV�DQG�ZULWHUV��DQG�DGPLQLVWUDWLYH�SXUSRVHV��SHUIRUPDQFH�PHDVXUHPHQWV���%DVHG�RQ

WKLV� OLEUDU\��HDFK�WDVN�GHILQHV� LWV�RZQ�WDVN�FODVV��ZKLFK�UHDOL]HV� LWV�YHU\�VSHFLILF�DOJRULWKP��)RU�DQ\� IXWXUH

ZRUN�GHDOLQJ�ZLWK��'�JHRPHWU\�WKLV�OLEUDU\�VKRXOG�EH�D�VROLG�EDVH�WR�VWDUW�ZLWK�DQG�WKDQNV�RI�WKH�REMHFW�

RULHQWHG�SDUDGLJP�DQ\�IXQFWLRQDOLW\�FDQ�EH�HDVLO\�DGGHG�

$�� 8VDJH�RI�7DVNV

$OO� WDVNV�DUH� ORFDWHG� LQ� WKH� �0HVK%XLOGHU��PHQX� LWHP� LQ� WKH�.KRURV� �*O\SKV��PHQX��7KHUH�\RX�FDQ� ILQG

WKUHH� VXEFDWHJRULHV� ��7ULDQJXODWLRQ��� �2SWLPL]DWLRQ�� DQG� �&RQYHUWHUV��� IRU� WDVNV� UHDOL]LQJ� WULDQJXODWLRQ�

PHVK�RSWLPL]DWLRQ�DQG�PRGHO� ILOH� IRUPDW�FRQYHUVLRQ�DOJRULWKPV��)RU�DQ\�VDPSOH�PRGHO� ILOHV�DQG�VDPSOH

.KRURV�ZRUNVSDFHV�EH�VXUH�WR�VHH�WKH��0HVKEXLOGHU��DOLDV�

$���� $QJOH�&ULWHULRQ�7ULDQJXODWRU

7KLV�WDVN�LPSOHPHQWV�WKH�FURVV�VHFWLRQ�WULDQJXODWLRQ�DOJRULWKP�GHVFULEHG�LQ�6HFWLRQ�����

)LJXUH������$QJOH�&ULWHULD�7ULDQJXODWRU�8VHU�,QWHUIDFH



- ����

'HVFULSWLRQ�RI�WDVN�SDUDPHWHU�

1DPH 'HVFULSWLRQ
,QSXW��&URVV�6HFWLRQ� ,QSXW�GDWD�WR�WKH�WULDQJXODWLRQ�SURFHVV��SURILOH�ILOH�IRUPDW��VHH�$����

2XWSXW��)DFH�0RGHO� 2XWSXW�GDWD�RI�WKH�WULDQJXODWLRQ�SURFHVV��PHVK�ILOH�IRUPDW��VHH�$����

2XWSXW��.JHRP2EM� 2XWSXW�GDWD�RI�WKH�WULDQJXODWLRQ�SURFHVV��.KRURV�JHRPHWU\�ILOH�IRUPDW�

IRU�GLUHFW�XVH�DV�LQSXW�IRU�WKH�.KRURV�5HQGHUHU

2XWSXW��6WDWXV)LOH� 2XWSXW�RI�WULDQJXODWLRQ�VWDWLVWLFV��WLPH�FRQVXPSWLRQ��QXPEHU�RI�IDFHV�

YHUWLFHV�

$QJOH�7KUHVKROG $QJOH�7KUHVKROG�SDUDPHWHU�GHVFULEHG�LQ������

&URVV6HFWLRQ�7\SH 'HWHUPLQHV�ZKHWKHU�FRQWRXUV�DUH�DVVXPHG�WR�EH�RSHQ���XQFRQQHFWHG

&6���RU�FORVHG���FRQQHFWHG�&6���SRO\JRQV

%RXQGLQJ�&6�DUH �WULDQJXODWHG��²�ERWWRP�DQG�WRS�OHYHO�FURVV�VHFWLRQ�ZLOO�EH�WULDQJXODWHG

�QRQ�WULDQJXODWHG��²�ERWWRP�DQG�WRS�OHYHO�FURVV�VHFWLRQ�ZLOO�UHPDLQ

XQWULDQJXODWHG

$���� 0DUFKLQJ�&XEHV�7ULDQJXODWRU

7KLV�WDVN�LPSOHPHQWV�WKH�0DUFKLQJ�&XEHV�$OJRULWKP�GHVFULEHG�LQ�6HFWLRQ�����

)LJXUH������0DUFKLQJ�&XEHV�7ULDQJXODWRU�8VHU�,QWHUIDFH

'HVFULSWLRQ�RI�WDVN�SDUDPHWHU�

1DPH 'HVFULSWLRQ

,QSXW��&URVV�6HFWLRQ� ,QSXW�GDWD�WR�WKH�WULDQJXODWLRQ�SURFHVV��SURILOH�ILOH�IRUPDW��VHH�$����

2XWSXW��)DFH�0RGHO� 2XWSXW�GDWD�RI�WKH�WULDQJXODWLRQ�SURFHVV��PHVK�ILOH�IRUPDW��VHH�$����

2XWSXW��.JHRP2EM� 2XWSXW�GDWD�RI� WKH� WULDQJXODWLRQ�SURFHVV� �.KRURV� JHRPHWU\� ILOH� IRUPDW�

IRU�GLUHFW�XVH�DV�LQSXW�IRU�WKH�.KRURV�5HQGHUHU

2XWSXW��6WDWXV)LOH� 2XWSXW� RI� WULDQJXODWLRQ� VWDWLVWLFV� �WLPH� FRQVXPSWLRQ�� QXPEHU� RI� IDFHV�

YHUWLFHV�

��RI�&XEHV 5HVROXWLRQ�RI�WKH�0DUFK�&XEHV�5DVWHU

7KH����RI�&XEHV��SDUDPHWHU�GHWHUPLQHV�WKH�QXPEHU�RI� UDVWHU�HOHPHQWV� LQ�[�DQG�\�GLUHFWLRQ

DFFRUGLQJ�WR�WKH�REMHFW
V�ERXQGLQJ�ER[��7KH�UDVWHU�HOHPHQW�ZLGWK�LQ�]�GLUHFWLRQ�LV�LPSOLFLWO\�JLYHQ

E\�WKH�GLVWDQFH�EHWZHHQ�WZR�DGMDFHQW�FURVV�VHFWLRQV�



- ����

$���� 1RUPDO�2SWLPL]HU

7KLV� WDVN� LPSOHPHQWV� WKH� 0HVK� 2SWLPL]DWLRQ� $OJRULWKP�� XVLQJ� D� QRUPDO� YHFWRU� FULWHULRQ�� GHVFULEHG� LQ

6HFWLRQ���

)LJXUH������1RUPDO�2SWLPL]HU�8VHU�,QWHUIDFH

'HVFULSWLRQ�RI�WDVN�SDUDPHWHU�

1DPH 'HVFULSWLRQ

,QSXW��&URVV�6HFWLRQ� ,QSXW�GDWD�WR�WKH�WULDQJXODWLRQ�SURFHVV��SURILOH�ILOH�IRUPDW��VHH�$����

2XWSXW��)DFH�0RGHO� 2XWSXW�GDWD�RI�WKH�WULDQJXODWLRQ�SURFHVV��PHVK�ILOH�IRUPDW��VHH�$����

2XWSXW��.JHRP2EM� 2XWSXW�GDWD�RI�WKH�WULDQJXODWLRQ�SURFHVV��.KRURV�JHRPHWU\�ILOH�IRUPDW�

IRU�GLUHFW�XVH�DV�LQSXW�IRU�WKH�.KRURV�5HQGHUHU

2XWSXW��6WDWXV)LOH� 2XWSXW�RI�WULDQJXODWLRQ�VWDWLVWLFV��WLPH�FRQVXPSWLRQ��QXPEHU�RI�IDFHV�

YHUWLFHV�

$QJOH�7KUHVKROG 1RUPDO�9HFWRU�$QJOH�7KUHVKROG�GHVFULEHG�LQ��

$���� �'�*HRPHWU\�)LOH�&RQYHUWHU

7KLV�WDVN�LV�WR�SURYH�FRQYHUVLRQ�RI��'�JHRPHWU\�ILOH�IRUPDWV�WR�IDFLOLWDWHV�ZRUN�ZLWK�GLIIHUHQW�UHQGHULQJ�DQG

YLVXDOL]DWLRQ�V\VWHPV�

'HVFULSWLRQ�RI�WDVN�SDUDPHWHU�

1DPH 'HVFULSWLRQ
,QSXW�)LOH ,QSXW�GDWD�WR�WKH�WULDQJXODWLRQ�SURFHVV��SURILOH�ILOH�IRUPDW��VHH�$����

2XWSXW�)LOH 2XWSXW�GDWD�RI�WKH�WULDQJXODWLRQ�SURFHVV��PHVK�ILOH�IRUPDW��VHH�$����

,QSXW�*HRPHWU\�)RUPDW 6SHFLILHV�WKH��'�,QSXW�)LOH�)RUPDW

2XWSXW�*HRPHWU\�)RUPDW 6SHFLILHV�WKH��'�2XWSXW�)LOH�)RUPDW

6R�IDU��ILYH�GLIIHUHQW��'�JHRPHWU\�ILOH�IRUPDWV�DUH�VXSSRUWHG�

•  )DFH�0RGHO�0HVK�)LOH��GHVFULEHG�LQ�6HFWLRQ�$��

•  .KRURV�LQWHUQDO��'�JHRPHWU\�ILOH�IRUPDW

•  6LPSOH�5DZ��'�IRUPDW��L�H��OLVW�RI�QLQH�FRRUGLQDWHV�RI�D�WULDQJOH�SHU�OLQH

•  �'�6WXGLR�PHVK�ILOH�IRUPDW

•  950/�����IRUPDW



- ����

)LJXUH����²��'�)LOH�)RUPDW�&RQYHUWHU�8VHU�,QWHUIDFH

$�� 'HVFULSWLRQ�RI�3URILOH�)LOH�)RUPDW

$� SURILOH� ILOH� FRQWDLQV� DOO� �'� GDWD� ZKLFK� LV� QHHGHG� E\� WKH� WULDQJXODWLRQ� DOJRULWKP� WR� UHFRQVWUXFW� D

WULDQJXODWHG��'�PHVK�IURP�WKH�REMHFW�ZKLFK�ZDV�VFDQQHG�LQ��7KH��'�GDWD�LV�VHSDUDWHG�E\�VHFWLRQV��L�H��WKH

FURVV�VHFWLRQ�NH\ZRUG��VHFWLRQ���ZKHUH�D�VHFWLRQ�UHSUHVHQWV�D�FURVV�VHFWLRQ�RI�WKH�VFDQQHG�REMHFW��$�VHFWLRQ

PXVW�FRQWDLQ�DW�OHDVW�RQH�FRQWRXU��RWKHUZLVH�WKHUH�DUH�QR�YHUWLFHV�LQ�WKH�FRQWRXU�WKH�EHJLQQLQJ�RI�WKH�ILUVW

FRQWRXU� LV� DVVXPHG� E\� WKH� FURVV� VHFWLRQ� NH\ZRUG� DQG� DQ\� DGGLWLRQDO� FRQWRXUV� DUH� VHSDUDWHG� E\� WKH

FRQWRXU�GHOLPLWHU� �FRQWRXU����$�FRQWRXU��SRO\JRQ�� LV�GHILQHG�E\�WKH�YHUWLFHV� LW�FRQWDLQV�DQG� WKH\�KDYH� WR

DSSHDU�HLWKHU� LQ�FORFN�ZLVH�RU� FRXQWHU� FORFN�ZLVH�RUGHULQJ��&RPPHQWV� DUH� LQGLFDWHG� E\� WKH� ���� V\PERO

ZKLFK�DVVLJQV�WKH�UHVW�RI�WKH�OLQH�WR�EH�D�FRPPHQW��&RPPHQWV�PD\�RFFXU�DW�DQ\�WLPH�DIWHU�WKH�ILOH�KHDGHU

VWULQJ�

/DQJXDJH�'HILQLWLRQ

7KH�SURILOH�ILOH�IRUPDW�JUDPPHU��3))*��LV�GHILQHG�DV�IROORZV�

PFFG :=
(
  { PROFILEFILE, FILEHEADER, FILEBODY, COMMENT, SECTION, CONTOUR,
    VERTICES, VERTEX, TEXT, COORD, LETTER, DIGIT },
  { "pro", "#", "section", "contour", "." },
  ℘ ,
  PROFILEFILE
)

℘  :=
{
  PROFILEFILE ⇒  FILEHEADER FILEBODY
  FILEHEADER  ⇒  "pro"
  FILEBODY    ⇒  [COMMENT] SECTION {SECTION}
  COMMENT     ⇒  "#" TEXT [COMMENT]
  SECTION     ⇒  "section" [COMMENT] VERTICES [CONTOUR]
  CONTOUR     ⇒  "contour" [COMMENT] VERTICES
  VERTICES    ⇒  VERTEX [COMMENT] {VERTICES}
  VERTEX      ⇒  COORD COORD COORD
  TEXT        ⇒  {LETTER | DIGIT}
  COORD       ⇒  DIGIT {DIGIT} ["." {DIGIT}]
  LETTER      ⇒  a-z | A-Z
  DIGIT       ⇒  0-9

}
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$�� 'HVFULSWLRQ�RI�WKH�0HVK�)LOH�)RUPDW

$�PHVK� ILOH� LV�JHQHUDWHG�E\�RQH�RI� WKH� WULDQJXODWLRQ� WDVNV�DQG�VHUYHV�DV� LQSXW�RI� WKH�PHVK�RSWLPL]DWLRQ

WDVN��7KLV� VSHFLDO�PHVK� ILOH� IRUPDW� LV� QHHGHG� VLQFH�� IRU� WKH�PHVK�2SWLPL]HU� WDVN� WR� EH�PRUH� HIILFLHQW�� LW

TXLFNO\� KDV� WR� UHVWRUH� QHLJKERUKRRG� UHODWLRQV� EHWZHHQ� IDFHV� ZKLFK� FDQQRW� EH� VDWLVILHG� EH� WKH� .KRURV

*HRPHWU\�2EMHFW��)XUWKHUPRUH�� WKLV� FRPPRQ�VLPSOH�PHVK� ILOH� IRUPDW�FDQ�EH�XVHG� WR� LPSRUW� WKH�PRGHO

JHRPHWU\�LQWR�DQ\�RWKHU��'�PRGHOLQJ�SURJUDP�

)LUVW�� WKH� ILOH�KHDGHU� �PHVK��GHWHUPLQHV� WKH� W\SH�RI� ILOH�� IROORZHG�E\� WKH� OLVW�RI�YHUWLFHV�RI� WKH�PHVK�

ZKLFK�DUH�GHWHUPLQHG�E\�WKUHH�FRRUGLQDWH�YDOXHV�DQG�ILQDOO\�WKH�OLVW�RI�IDFHV�LV�GHQRWHG��$�IDFH�LV�VLPSO\

GHILQHG�E\�WKUHH�LQGLFHV�RI�YHUWLFHV��$JDLQ��FRPPHQWV�PD\�RFFXU�DW�DQ\�WLPH�DIWHU�WKH�ILOH�KHDGHU�VWULQJ�

/DQJXDJH�'HILQLWLRQ

7KH�PHVK�ILOH�IRUPDW�JUDPPDU��0))*��LV�GHILQHG�DV�IROORZV�

MFFG :=
(
  { MESHFILE, FILEHEADER, FILEBODY, FACE, FACES, COMMENT, VERTICES, VERTEX, TEXT,
    INDEX, COORD, LETTER, DIGIT },
  { "mesh", "#", "v", "f", "." },
  ℘ ,
  MESHFILE
)

℘  :=
{
  MESHFILE   ⇒  FILEHEADER FILEBODY
  FILEHEADER ⇒  "mesh"
  FILEBODY   ⇒  [COMMENT] VERTICES FACES
  COMMENT    ⇒  "#" TEXT [COMMENT]
  VERTICES   ⇒  VERTEX [COMMENT] {VERTICES}
  VERTEX     ⇒  "v" COORD COORD COORD
  FACES      ⇒  FACE [COMMENT] {FACES}
  FACE       ⇒  "f" INDEX INDEX INDEX
  TEXT       ⇒  {LETTER | DIGIT}
  INDEX      ⇒  DIGIT {DIGIT}
  COORD      ⇒  DIGIT {DIGIT} ["." {DIGIT}]
  LETTER     ⇒  a-z | A-Z
  DIGIT      ⇒  0-9
}

$�� ,QVWDOODWLRQ

2Q�DQ\�8QL[�V\VWHP��SURYLGLQJ�D�$16,�&�&���FRPSDWLEOH�&���FRPSLOHU��&&�RU�JFF�J����DQG�DQ�$16,

LPSOHPHQWDWLRQ�RI�WKH�67/��UXQQLQJ�D�.KRURV�����HQYLURQPHQW��VLPSO\�XQ]LS�DQG�XQWDU�WKH�GLVWULEXWLRQ�ILOH

DQG� DGG� D� WRROER[� UHIHUHQFH� WR� WKH� WRS� OHYHO�PRXQW� SRLQW� RI� WKH� XQWDUHG� DUFKLYH�� $IWHUZDUGV�� UHFUHDWH

,PDNHILOHV�DQG�0DNILOHV�DQG�GR�D��PDNH�LQVWDOO��


