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Abstract

There are several methods for volumetric scene analysis. This research focuses on

real-time optimization of the ray-driven projector for forward and backward projec-

tions in the application of medical x-ray imaging. One of the current methods used by

Computed Tomography systems to produce 3D medical images is the mathematical

calculation of the line integral to simulate X-ray physics combined with Jacobi itera-

tions, termed the Joseph method of discrete projection[1]. The proposed method is to

expand upon the ray-driven model and precompute a sparse matrix of voxel to pixel

relations. The transfer of a computational barrier to memory is only recently viable

in real-time due to GPU hardware advances. The parallelization potential means that

the mathematical operations can be precomputed and, with the utilization of modern

GPU memory transfer protocols, cycled through for Jacobi iterations that rely on a

sparse matrix of operations. Thus, the theoretical potential of the proposed method is

twofold. First, the mathematical kernel operations become matrix operations which is

already a deeply studied optimization problem, and second, the precomputation of an-

gular information allows for more complex data compression. The second half of the

research focuses on the extent to which algebraic convergence can improve by utilizing

a high-resolution input matrix while still operating under the constraints of real-time.

And with a final exploration of application to higher resolution reconstructions. This
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paper focuses on determining an optimal balance between algebraic reconstruction

convergence, image quality, and time for a precomputed matrix.
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,Q�UHDO�WLPH�DSSOLFDWLRQ�RQH�RI�WKH�PRVW�IXQGDPHQWDO�DVSHFWV�RI�DQ\�DOJRULWKP�LV�WKH�WLPH

QHHGHG�WR�ILUVW�SURGXFH�DQ�LQLWLDO�RXWSXW��DQG�VHFRQGO\��WKH�WLPH�QHHGHG�WR�FRPSOHWH�WKH

SURFHVV��7KH�UD\�GULYHQ�SURMHFWRU�LV�FXUUHQWO\�XVHG�LQ�PHGLFDO�LPDJH�UHFRQVWUXFWLRQ�DV�LW

LQFRUSRUDWHV�ORFDOL]HG�PHPRU\�DFFHVV�DQG�D�QDWXUDO�SDUDOOHO�VWUXFWXUH��ERWK�RI�ZKLFK

LPSURYH�WKH�WLPH�HIILFLHQF\�RI�WKH�UHVXOWLQJ�UHFRQVWUXFWLRQ��$SSO\LQJ�WKH�SURFHVV�WR�DQ

LWHUDWLYH�DOJRULWKP�WR�JHQHUDWH�D�YROXPH�RYHU�VHTXHQWLDO�IRUZDUG�DQG�EDFN�SURMHFWLRQV

PDQGDWHV�HYHQ�VWULFWHU�WLPH�UHVWUDLQWV�IRU�XVH�LQ�RSHUDWLQJ�SURFHGXUHV��7KH�PLQLPL]DWLRQ

RI�GHOD\V�LQ�WKH�RSHUDWLQJ�URRP�LV�FULWLFDO�WR�LQIRUP�WKH�VXUJHRQ�RI�FRPSOLFDWLRQV�DV�VRRQ

DV�SRVVLEOH�DQG�PD[LPL]H�VXFFHVV�UDWH��7KXV��WKH�QHFHVVLW\�IRU�RSWLPL]DWLRQ�LV

LQVWUXPHQWDO�WR�WKH�GHYHORSPHQW�RI�LWHUDWLYH�UHFRQVWUXFWLRQ�LQ�D�PHGLFDO�VHWWLQJ�

%$&.*5281'

7KH�GLVWDQFH�SURMHFWRU�LV�D�PRUH�UHFHQW�UHQGLWLRQ�RI�WKH�UD\�GULYHQ�SURMHFWRU�>�@�

7KH�UD\�GULYHQ�SURMHFWRU�LQLWLDOL]HV�UD\V�VWDUWLQJ�DW�WKH�VRXUFH�SRVLWLRQ�DQG�SURMHFWV

WKURXJK�WKH�YROXPH�XVLQJ�WKH�SURMHFWLRQ�PDWUL[�DW�WKDW�DQJOH��)RU�WKH�IRUZDUG�SURMHFWLRQ

WKLV�UD\�DFFXPXODWHV�WKH�YR[HO�YDOXHV�WR�WKH�SURMHFWLRQ�SODQH�DQG�IRU�WKH�EDFN�SURMHFWLRQ

UHWUDFHV�WKH�SURMHFWLRQ�SDWK�WR�SODFH�YR[HO�GHQVLWLHV�LQWR�WKH�YROXPH��7KLV�LWHUDWLYH

SURFHVV�RI�IRUZDUG�DQG�EDFN�SURMHFWLRQ�UHVXOWV�LQ�DSSUR[LPDWH�GHQVLW\�SODFHPHQW�EDVHG

RQ�WKH�LQWHQVLW\�RI�[5D\V�LQ�WKH�LQLWLDO�SURMHFWLRQV�>�@��7KH�UD\�GULYHQ�PHWKRG�VXIIHUV

IURP�VHYHUDO�NH\�SUREOHPV�IRU�LPDJH�TXDOLW\��1DPHO\��WKH�QXPEHU�RI�UD\V�LV�GLUHFWO\

FRUUHODWHG�WR�SUHFLVLRQ�RI�GHQVLW\�SODFHPHQW�DQG�LQYHUVHO\�FRUUHODWHG�WR�WKH�WLPH�QHHGHG

WR�JHQHUDWH��7KDW�LV��D�FRUUHFW�VFHQH�UHFRQVWUXFWLRQ�UHTXLUHV�H[WHQVLYH�FRPSXWDWLRQ�DQG

WKXV�LV�QRW�LGHDO�IRU�WLPH�OLPLWHG�RSHUDWLRQV��6HFRQGO\��WKH�UD\�GULYHQ�PHWKRG�VXIIHUV�IURP
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D�ORVV�RI�LQIRUPDWLRQ�IURP�DQJOHG�UD\V��7KLV�LV�D�GLUHFW�UHVXOW�RI�WKH�UHGXFWLRQ�RI�UD\V�IRU�D

WLPH�LQWHQVLYH�SURFHVV��$V�WKH�UD\V�RULJLQDWH�IURP�D�VRXUFH��E\�QHFHVVLW\�WKH�UD\�GHQVLW\

GHFUHDVHV�WKH�FORVHU�WR�WKH�SURMHFWLRQ�SODQH��DOVR�UHODWLYH�WR�WKH�GLVWDQFH�RI�WKH�VRXUFH�WR

WKH�SURMHFWLRQ�SODQH��,Q�RUGHU�WR�UHGXFH�WKLV�LPSDFW�WKH�RSHUDWLRQ�RI�VSODWWLQJ�ZDV

LQWURGXFHG��6SODWWLQJ�LQWHUSRODWHV�YR[HO�YDOXHV�LQ�DQ�DUHD�RI�GLPLQLVKLQJ�FRQWULEXWLRQ

DURXQG�WKH�SURMHFWHG�UD\�>�@��+RZHYHU�WKLV�DGGV�HYHQ�IXUWKHU�FRPSXWDWLRQ�WR�DQ�DOUHDG\

FRPSXWDWLRQDO�LQWHQVLYH�SUREOHP��'LVWDQFH�GULYHQ�SURMHFWRUV�LQKHUHQWO\�SURGXFH�D�VLPLODU

UHVXOW�WKURXJK�DUHD�FDOFXODWLRQV�ZLWKRXW�DGGLQJ�WR�WKH�DOJRULWKPLF�FRPSOH[LW\��7KH�VSODWW

IRU�WKH�GLVWDQFH�GULYHQ�SURMHFWLRQ�RFFXUV�ZLWK�WKH�SURMHFWLRQ�RI�WKH�SRLQWV�WR�WKH�SURMHFWLRQ

SODQH�WKXV�H[SDQGLQJ�WKH�LQIOXHQFH�RI�D�VLQJOH�YR[HO�DFURVV�D�UHJLRQ�RI�WKH�GHWHFWRU��$

VHFRQG�VROXWLRQ�WR�UD\�GULYHQ�SUREOHPV�LV�WR�SURMHFW�IURP�WKH�SODQH�EDFN�WR�WKH�VRXUFH�DQG

WKXV�FRQFHQWUDWH�UD\V�LQ�ORFDO�DUHDV��7KH�VHFRQG�PHWKRG�JDLQV�WKH�EHQHILW�RI�YLVLELOLW\�WR

UHJLRQDO�HIIHFWV�RQ�WKH�SURMHFWLRQ�SODQH�EXW�IXQGDPHQWDOO\�LV�MXVW�WKH�LQYHUVH�RI�WKH

RULJLQDO�DQG�VWLOO�VXIIHUV�IURP�VLPLODU��DOEHLW�LQYHUWHG��SUREOHPV��7KXV��LQ������%UXQR�'H

0DQ�DQG�6DPLW�%DVX�LQWURGXFHG�GLVWDQFH�GULYHQ�SURMHFWLRQV�>�@��7KH�GLVWDQFH�GULYHQ

SURMHFWRUV�RSHUDWH�XQGHU�VLPLODU�FRQGLWLRQV�ZLWK�WKH�UHODWLRQ�EHWZHHQ�YROXPH�DQG

SURMHFWLRQ�SODQHV��,QVWHDG�RI�WUDFLQJ�UD\V�WKH�GLVWDQFH�GULYHQ�PHWKRG�RSHUDWHV�E\

SURMHFWLQJ�HDFK�]�OD\HU�RI�YR[HOV�RQWR�WKH�SURMHFWLRQ�SODQH�DQG�WKHQ�FDOFXODWLQJ�RYHUODS

DQG�ZHLJKWV�DFFRUGLQJO\�>�@��7KH�PDWKHPDWLFDO�SURFHGXUH�IRU�WKH�RSHUDWLRQ�EHFRPHV

LQGHSHQGHQW�RI�YR[HO�ORFDWLRQ��+RZHYHU��IRU�WKH�IRUZDUG�SURMHFWLRQ�LQ�SDUWLFXODU��WKH

GLVWDQFH�GULYHQ�PHWKRG�VXIIHUV�IURP�WKH�QHFHVVLW\�RI�EUDQFKLQJ�LQ�WKH�NHUQHO�GXH�WR�HDFK

YR[HO�DIIHFWLQJ�YDU\LQJ�SL[HOV�RI�WKH�SURMHFWLRQ�SODQH��7KLV�EUDQFKLQJ�RSHUDWLRQ�UHGXFHV

ZDUS�HIILFLHQF\�DQG�XOWLPDWHO\�VORZV�GRZQ�WKH�HQWLUH�SURFHVV��7R�UHVROYH�WKLV�D
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EUDQFKOHVV�PHWKRG�ZDV�SURSRVHG�E\�XWLOL]LQJ�WKH�6XPPHG�$UHD�7DEOH��6$7���7KLV

PHWKRG�SUHFRPSXWHV�WKH�SURMHFWLRQV�DV�DQ�6$7�LQ�D�FXPXODWLYH�VXPPDWLRQ�DQG�WKHQ�XVHV

WKH�FRPSXWDWLRQ�WR�HIILFLHQWO\�FDOFXODWH�DUHD�RYHUODS�IRU�UHJLRQ�FDOFXODWLRQ��7KH�GLVWDQFH

GULYHQ�SURMHFWLRQ�WR�WKH�SODQH�LV�FRPSXWHG�DQG�WKH�HUURU�UHVXOW�FDOFXODWHG�IURP�WKH�6$7

SURMHFWLRQ�VXEWUDFWLRQ��7KH�DUHD�YDOXH�FDQ�WKHQ�EH�FDOFXODWHG�E\�VXEWUDFWLRQ�RSHUDWLRQV�

7KURXJK��ERWWRP�ULJKW�����WRS�OHIW�����WKH�WRS�ULJKW���WRS�OHIW�����ERWWRP�OHIW���WRS�OHIW�

ZKLFK�VLPSOLILHV�WR�%5���75���%/���7/�>�@��7KXV�WKH�DUHD�SURMHFWLRQ�FDOFXODWLRQ�FDQ�EH

GRQH�ZLWKRXW�ORRSLQJ�RYHU�WKH�LQIOXHQFH�UHJLRQ�IRU�ZHLJKW�FDOFXODWLRQ��0RUH�UHFHQW�ZRUN

KDV�PRYHG�DZD\�IURP�WKH�RSWLPL]DWLRQ�RI�WKH�GLVWDQFH�SURMHFWRU�LQ�IDYRU�RI�DOWHUQDWLYH

DSSURDFKHV�VXFK�DV�PDFKLQH�OHDUQLQJ�>�@�DQG�GHQRLVLQJ�WHFKQLTXHV�VXFK�DV�WRWDO�YDULDWLRQ

>�@��<HW��WKH�SURSRVHG�ZRUN�LV�VWLOO�UHOHYDQW�DV�PRVW�DSSURDFKHV�DUH�VWLOO�FHQWHUHG�DURXQG

WKH�IXQGDPHQWDOV�RI�WKH�IRUZDUG�DQG�EDFNZDUG�LWHUDWLYH�PHWKRG�>���@��1RWDEO\��WKH

GLVWDQFH�GULYHQ�6$7�PHWKRG�VWLOO�UHTXLUHV�FRPSXWDWLRQ�RI�WKH�6$7�DW�HYHU\�LWHUDWLRQ�VWHS�

,QGHSHQGHQW�RI�WKH�PHWKRG��ZKDW�WKH�LWHUDWLYH�SURFHVV�VHHNV�WR�DFKLHYH�LV�D

UHODWLRQ�EHWZHHQ�WKH�[�UD\�SURMHFWLRQV�DQG�WKH�YROXPH�RYHU�ZKLFK�WKH�SURMHFWLRQV�ZHUH

JHQHUDWHG��%\�IRUPLQJ�D�UHODWLRQ��WKH�SURMHFWLRQV�DUH�LWHUDWLYHO\�FRPSDUHG�DJDLQVW�WKH

UHODWLRQDO�HUURU�LQ�RUGHU�WR�FRQYHUJH�WR�D�VROXWLRQ��7KXV��WKH�JRDO�RI�WKLV�SDSHU�LV�WR

SURSRVH�WKDW�DQ\�PHWKRG�FDQ�EH�SUHFRPSXWHG�WR�IRUP�D�UHODWLRQDO�PDWUL[��RU�SURMHFWLRQ

RSHUDWRU��ZKLFK�FDQ�WKHQ�EH�DSSOLHG�WR�WKH�SURMHFWLRQV��7KLV�PDWUL[�LV�E\�GHILQLWLRQ�VSDUVH

DV�QRW�HYHU\�YR[HO�LQWHUDFWV�ZLWK�HYHU\�SURMHFWLRQ�SL[HO��7KH�UHODWLRQDO�GLVWULEXWLRQ�GRHV

YDU\�EHWZHHQ�PHWKRGV��WKH�UD\�GULYHQ�PHWKRG�LV�QRWDEO\�VSDUVHU�WKDQ�WKH�GLVWDQFH�GULYHQ

PHWKRG�GXH�WR�WKH�ORFDOLW\�RI�UD\V�YHUVXV�WKH�]�OHYHO�GLIIXVLRQ�RI�WKH�GLVWDQFH�GULYHQ

PHWKRG��7KH�JHQHUDWHG�SURMHFWLRQ�RSHUDWRU�FDQ�WKHQ�EH�DSSOLHG�WKURXJK�PDWUL[�YHFWRU
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PXOWLSOLFDWLRQ�PHWKRGV�ZKLFK�KDYH�EHHQ�LQWHQVLYHO\�VWXGLHG��)XUWKHUPRUH��WKH

FRQVWUXFWHG�PDWUL[�FRPSUHVVLRQ�WHFKQLTXHV�DUH�DOVR�FULWLFDO�WR�WKH�DSSOLFDWLRQ��7KH�IXOO

PDWUL[�VL]H�RI�D�SURMHFWLRQ�RSHUDWRU�PDWUL[�KDV�D�QXPEHU�RI�URZV�HTXDO�WR�WKH�QXPEHU�RI

YR[HOV�LQ�WKH�GHVLUHG�RXWSXW�YROXPH�DQG�D�QXPEHU�RI�FROXPQV�HTXDO�WR�WKH�LQSXW

SURMHFWLRQ�VL]H��)RU�D�YROXPH�RI�VL]H����[���[����YHUVXV�D�SURMHFWLRQ�VL]H�RI����[���

DQG�D�IORDW�UHSUHVHQWDWLRQ�WKH�WRWDO�VL]H�LV�DSSUR[LPDWHO\����WHUDE\WHV��6XEVHTXHQWO\��WKH

DSSOLFDWLRQ�RI�VXFK�D�PDWUL[�LV�LQIHDVLEOH�LQ�WHUPV�RI�VWRUDJH�DQG�PHPRU\�WUDQVIHU�WLPH�

)RUWXQDWHO\��WKH�PDMRULW\�RI�VXFK�D�PDWUL[�LV�FRPSRVHG�RI�]HUR�YDOXHV��$V�QRWHG��WKLV�LV

HVSHFLDOO\�WKH�FDVH�ZLWK�WKH�UD\�SURMHFWLRQ�PHWKRG�DV�UD\�WUDYHUVDO�WKURXJK�D�YROXPH

OHDYHV�WKH�YDVW�PDMRULW\�RI�WKH�YROXPH�LUUHOHYDQW�WR�WKH�OLQH�LQWHJUDO��7KXV��PDWUL[

FRPSUHVVLRQ�WHFKQLTXHV�PXVW�EH�DSSOLHG�LQ�RUGHU�IRU�WKH�DSSOLFDWLRQ�RI�WKH�SURMHFWLRQ

RSHUDWRU�WR�EH�WHQDEOH��&XUUHQW�PDWUL[�FRPSUHVVLRQ�WHFKQLTXHV�LQFOXGH�WKH�&RRUGLQDWH

)RUPDW��&22���&RPSUHVVHG�6SDUVH�5RZ��&65��DQG�GHULYHG�&RPSUHVVHG�6SDUVH�&ROXPQ

�&6&��LPSOHPHQWDWLRQV��(//3$&.��DV�ZHOO�DV�PRUH�DGYDQFHG�FRPSUHVVLRQ�DOJRULWKPV�

$OO�RI�WKHVH�FRPSUHVVLRQ�DOJRULWKPV�RQO\�IXQFWLRQ�ZLWK�WKH�DVVXPSWLRQ�WKDW�WKH�QXPEHU

RI�QRQ�]HUR�FRPSRQHQWV�LQ�D�PDWUL[�LV

VLJQLILFDQWO\�OHVV�WKDQ�WKH�WRWDO�VL]H�RI

WKH�PDWUL[��RQ�WKH�RUGHU�RI����WR���

SHUFHQW�]HUR�YDOXHG�ZHLJKWV�

&RRUGLQDWH�IRUPDW�LV�WKH�VLPSOHVW

LPSOHPHQWDWLRQ�RI�PDWUL[�FRPSUHVVLRQ

ZLWK�WKH�GLUHFW�VDYLQJ�RI�FROXPQ��URZ�

DQG�YDOXH�LQIRUPDWLRQ��)RU�HYHU\�YDOXH

�



LQ�WKH�LQSXW�PDWUL[�WKH�FRUUHVSRQGLQJ�FROXPQ�DQG�URZ�LV�VWRUHG��7KXV��WKH�FRPSUHVVLRQ

UHGXFHV�D�ODUJH�VSDUVH�PDWUL[�IURP�VL]H�P
Q�WR��QXPEHU�RI�QRQ�]HUR

FRPSRQHQWV�
�ZHLJKW�UHSUHVHQWDWLRQ�LQ�E\WHV�����QXPEHU�RI�QRQ�]HUR

FRPSRQHQWV�
��
FROXPQ�DQG�URZ�UHSUHVHQWDWLRQ�VL]H�LQ�E\WHV���7KH�&65�PHWKRG�WDNHV

WKH�&22�FRPSUHVVLRQ�D�VWHS�IXUWKHU��7KH�QRQ�]HUR�YDOXHV�DUH�VWRUHG�LQ�D�OLVW�ZLWK�WKH

FRUUHVSRQGLQJ�FROXPQ�LQGH[�IRU�&65��7KH�URZ�LQIRUPDWLRQ�LV�FRPSUHVVHG�LQ�D�VHULHV�RI

SRLQWHUV�LQGLFDWLQJ�WKH�VWDUW�RI�HDFK�URZ��7KXV�WKH�VL]H�LV�IXUWKHU�FRPSUHVVHG�WR��QXPEHU

RI�QRQ�]HUR�FRPSRQHQWV�
�ZHLJKW�UHSUHVHQWDWLRQ�LQ�E\WHV�����QXPEHU�RI�QRQ�]HUR

FRPSRQHQWV�
�FROXPQ��UHSUHVHQWDWLRQ�VL]H�LQ�E\WHV����Q�
��URZ�UHSUHVHQWDWLRQ�LQ�E\WHV��

7KH�(//3$&.��(//��IRUPDW�LV�DQRWKHU�PHWKRG�WR�FRPSUHVV�VSDUVH�PDWULFHV�>��@�

0DWUL[�GDWD�LV�DOLJQHG�WR�D�PDWUL[�FRQVLVWLQJ�RI�DOO�QRQ�]HUR�HOHPHQWV��ZLWK�QRQ�HTXDO

HOHPHQW�URZV�SDGGHG��7KH�FRUUHVSRQGLQJ�FROXPQ�LQGLFHV�DUH�DOLJQHG�WR�D�PDWUL[�RI

LGHQWLFDO�GLPHQVLRQV�

7KHUH�DUH�PDQ\�PRUH�FRPSUHVVHG�IRUPDWV�WKDQ�WKH�WKUHH�SUHVHQWHG

LQ�WKLV�SDSHU��:KLOH�PRUH�DGYDQFHG�FRPSUHVVLRQ�WHFKQLTXHV�PD\

RIIHU�DGGLWLRQDO�DGYDQWDJHV��FRPSUHVVHG�VSDUVH�URZ�DQG�FROXPQ

LPSOHPHQWDWLRQV�ZHUH�VHOHFWHG�IRU�ERWK�VLPSOLFLW\�LQ�LPSOHPHQWDWLRQ

DQG�DOLJQPHQW�RI�GDWD�VWUXFWXUHV��7KH�UD\�GULYHQ�PHWKRG�SURGXFHV

URZV�WKDW�KDYH�HTXLYDOHQW�QXPEHUV�RI�QRQ�]HUR�HOHPHQWV�DV�HDFK�UD\

VWHS�DORQJ�WKH�UD\�RULJLQDWLQJ�DW�VRPH�SL[HO��X�Y��IHWFKHV�WKH

HTXLYDOHQW�QXPEHU�RI�HOHPHQWV��7KHUHIRUH��WKHUH�LV�QR�VLJQLILFDQW

DGYDQWDJH�WR�XVLQJ�D�EORFNHG�FRPSUHVVLRQ�PHWKRG�
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6HFRQGO\��IRU�HIILFLHQW�XWLOL]DWLRQ�RI�WKH�SURMHFWLRQ�RSHUDWRU�WKH�RSWLPL]DWLRQ�RI

YHFWRU�PXOWLSOLFDWLRQ�PXVW�EH�LQWURGXFHG��7KH�PDLQ�VWUDWHJ\�HPSOR\HG�LV�WKH�XWLOL]DWLRQ�RI

ZDUS�PHPRU\�FRDOHVFLQJ��:LWK�WKH�XWLOL]DWLRQ�RI�&65�IRUPDW�IRU�$�DQG�WKH�FRUUHVSRQGLQJ

&6&�IRUPDW�IRU�$7��DOO�RSHUDWLRQV�RFFXU�RQ�D�FDVFDGLQJ ZDUS�LQGH[�DUFKLWHFWXUH�VXFK�WKDW

WKH�PHPRU\�DFFHVV�IRU�D�ZDUS�RI����WKUHDGV�LV�FRDOHVFHG�DORQJ�WKH�JLYHQ�D[LV��(DFK

WKUHDG�EORFN�RI����LV�JLYHQ�WKH�WDVN�RI�FRPSXWLQJ�WKH�RXWSXW�YDOXH�DW�VRPH�URZ�LQGH[�

0DWUL[�YHFWRU�PXOWLSOLFDWLRQ�FDQ�EH�UHSUHVHQWHG�ZLWK�WKH�IROORZLQJ�FRPSXWDWLRQ��HDFK

RXWSXW�URZ�R>Q@�LV�WKH�UHVXOW�RI�WKH�VXPPDWLRQ�RI�WKH�LQSXW�YHFWRU�DW�URZ�P�PXOWLSOLHG�E\

WKH�FRUUHVSRQGLQJ�PDWUL[�YDOXH�DV�URZ�P��FROXPQ�Q��H�J�

𝑜[𝑛] =
𝑖=0

𝑛

∑ 𝑀[𝑛][𝑚] * 𝑉[𝑚]

7KLV�SRVHV�WKH�XQLTXH�*38�LPSOHPHQWDWLRQ�SUREOHP�RI�PHPRU\�DFFHVV��7KH�PRVW

HIILFLHQW�XWLOL]DWLRQ�RI�PHPRU\�UHDG�RFFXUV�DORQJ�WKH�ZDUS�VXFK�WKDW�HDFK�WKUHDG�ZLWKLQ�D

ZDUS�UHDGV�DW�DQ�RIIVHW�RI�FRQWLQXRXV�PHPRU\>�@��7KDW�ZD\�WKH�LQVWUXFWLRQ�PXOWLSURFHVVRU

FDQ�HIILFLHQWO\�DFFHVV�GDWD�IRU�WKH�HQWLUH�ZDUS��7KH�ZDUS�FRDOOHVFHQFH�SDLUV�ZLWK�WKH�&65

FRPSUHVVLRQ�VLQFH�WKH�QXPEHU�RI�HOHPHQWV�SHU�URZ�UHPDLQV�FRQVWDQW�DQG�WKHUH�LV�QR

PXOWLSURFHVVRU�GHOD\�GXH�WR�EUDQFKLQJ��)LQDOO\��WKH�NHUQHO�RSHUDWLRQ�PXVW�SHUIRUP�D�ZDUS

UHGXFWLRQ�IRU�HDFK�RI�WKH�LQGLYLGXDO�VXPPDWLRQV�DORQJ�WKH�VXEVHFWLRQV��7KLV�FDQ�EH

SHUIRUPHG�ZLWK�WKH�&8'$�ZDUS�OHYHO�LQVWUXFWLRQ�VHWV�

0(7+2'6

5HJDUGOHVV�RI�ZKHWKHU�WKH�PHWKRG�LV�UD\�GULYHQ�RU�GLVWDQFH�GULYHQ��D�SURMHFWLRQ�LV�D

VXPPDWLRQ�IRU�HYHU\�SL[HO�RYHU�D�VHULHV�RI�ZHLJKWV�PXOWLSOLHG�E\�FRUUHVSRQGLQJ�YR[HOV�

�



0

𝑖

∑ 𝑤
𝑥
𝑥

𝑖
= 𝑦

𝑢𝑣

7KH�ZHLJKWV�DQG�FRUUHVSRQGLQJ�YR[HO�ORFDWLRQV�FDQ�EH�SUHFRPSXWHG�DW�NQRZQ�DQJOHV

UHVXOWLQJ�LQ�D�VSDUVH�PDWUL[�WKDW�VXEVHTXHQW�DFTXLVLWLRQV�RI�[�UD\�GDWD�XWLOL]H�WR�TXLFNO\

FRPSXWH�D�SURMHFWLRQ��)RU�WKLV�SDSHU��RQO\�WKH�UD\�GULYHQ�PHWKRG�ZDV�XVHG�WR�SUHFRPSXWH

D�SURMHFWLRQ�RSHUDWRU��7KH�UD\�GULYHQ�PHWKRG�ZDV�VHOHFWHG�DV�LW�DFFHQWXDWHV�WKH�EHQHILW�RI

VSDUVH�PDWUL[�PXOWLSOLFDWLRQ��:KLOH�ERWK�DUH�YLDEOH�FRQVWUXFWV��WKH�GLVWDQFH�GULYHQ

PHWKRG�LQFUHDVHV�WKH�GHQVLW\�RI�YR[HO�SL[HO�UHODWLRQV�DQG�VR�ZRXOG�UHTXLUH�IXUWKHU

LQYHVWLJDWLRQ�LQ�FRPSUHVVLRQ�WHFKQLTXHV�WR�DSSO\��7KH�LQIUDVWUXFWXUH�ZDV�WR�ILUVW

SUHFRPSXWH�WKH�PDWUL[�DQG�WKHQ�SDUDOOHOL]H�WKH�&8'$�FRPSXWDWLRQ�E\�SHUIRUPLQJ�WKH

ZDUS�OHYHO�FRPSXWDWLRQ�UHGXFWLRQ�DV�H[SODLQHG�DERYH��7KH�IXOO�SURMHFWLRQ�RSHUDWRU�PDWUL[

ZDV�FRPSXWHG��DQG�&65

FRPSUHVVLRQ�ZDV�DSSOLHG��7KH

FRPSXWHG�PDWUL[�ZDV�ORDGHG�LQWR

JOREDO�*38�PHPRU\�DQG�DSSOLHG

WR�LQSXW�SURMHFWLRQV��7KH�SURMHFWRU

PDWFK�ZDV�YHULILHG�YHUVXV�D

FRQVWDQW�YDOXH�LQSXW�SURMHFWLRQ

VWDFN�DQG�VXEVHTXHQWO\�IURP

VLPXODWHG�&7�VFDQV��7KH

VLPXODWLRQ�&7�VFDQV�ZHUH

JHQHUDWHG�E\�DSSO\LQJ�WKH�-RVHSK

PHWKRG�RI�SURMHFWLRQ�WR�&7

FRPSXWHG�YROXPH��)LJXUH����

�



7KH�VHFRQG�VWDJH�RI�WKH�LQYHVWLJDWLRQ�FRQFHUQHG�WKH�DSSOLFDWLRQ�RI�PXOWL�LWHUDWLRQ

SURMHFWLRQ�RSHUDWRUV��7KH�SUHFRPSXWDWLRQ�RI�WKH�ILUVW�VWDJH�FDQ�EH�H[SDQGHG�WR�LQFOXGH�WKH

YR[HO�SL[HO�UHODWLRQV�RI�WKH�QWK�LWHUDWLRQ�E\�WKH�FRPSXWHG�IRUPXOD

DQG�DSSOLHG LQ�WKH�VDPH�PDQQHU�DV�D�VLQJOH�LWHUDWLRQ�𝑀 =
𝑓=1

𝑛

∑ 𝐶
𝑓
λ𝑓𝐴𝑇(𝐴𝐴𝑇)𝑓−1 𝑥

𝑛
= 𝑀𝑔

��7R�JHQHUDWH�WKH�SUHFRPSXWDWHG�ZHLJKWV��WKH�PXOWL�LWHUDWLRQ�PDWUL[�JHQHUDWLRQ�ZDV

JHQHUDOL]HG�LQWR�D�VHULHV�RI�FROXPQ�YHFWRU�PXOWLSOLFDWLRQV��7KDW�LV��WR�DFKLHYH�D�PDWUL[

JHQHUDWLRQ�RI� ��WKH�FROXPQ�PXOWLSOLFDWLRQ�LV�DSSOLHG𝑀 =
𝑓=1

𝑛

∑ 𝐶
𝑓
λ𝑓𝐴𝑇(𝐴𝐴𝑇)𝑓−1

UHFXUVLYHO\��7KH�EDVH�FDVH�LV�$7��DQG�HDFK�VXEVHTXHQW IRUPXOD�LQGH[�LV�HLWKHU�D�&65

DSSOLFDWLRQ�RU�D�&6&�DSSOLFDWLRQ�YHUVXV�WKH�UHFXUVLYHO\�JHQHUDWHG�FROXPQ��$�FROXPQ�DW

LWHUDWLRQ L LV�FRPSXWHG�IURP�WKH�VWRUHG�SURMHFWLRQ RSHUDWRU�PDWUL[�PXOWLSOLHG�E\�WKH

SUHYLRXV�FROXPQ�IRU�VRPH�IRUPXOD�)�FRQVLVWLQJ�RI�D�VHULHV�RI RSHUDWLRQV�𝐴𝑇𝐴

0BL� 𝐹
𝑖
𝑀

𝑖−1

7KXV��DOO�PDWUL[�RSHUDWLRQV�FDQ�EH�UHGXFHG�WR�D�VHULHV�RI�PDWUL[�YHFWRU�RSHUDWLRQV�DQG

RSWLPL]HG��)XUWKHUPRUH��WKH�VSDFH�FRPSOH[LW\�UHTXLUHV�RQO\�WKH�PDWUL[�$�DQG�D�FROXPQ

YHFWRU�LQ�PHPRU\�DW�DQ\�JLYHQ�WLPH��7KH�PDLQ�EHQHILW�RI�SUHFRPSXWLQJ�PXOWLSOH

LWHUDWLRQV�LV�IURP�VXEVHTXHQW�FRPSUHVVLRQ�PHWKRGV�WKDW�FDQ�EH�DSSOLHG�QRW�RQO\�DORQJ

ZLWK�GDWD�FRUUHODWLRQV�IURP�WKH�UD\�SURMHFWLRQ�GHULYDWLRQ�EXW�DOVR�DORQJ�WKH�LWHUDWLRQ

GLPHQVLRQ�WR�PD[LPL]H�WKH�HIILFLHQF\�RI�GDWD�XWLOL]DWLRQ��7KXV�IRU�VRPH�JLYHQ�DSSOLFDWLRQ

RI ��WKH�UHODWLYH�GDWD�FRPSOH[LW\�FDQ�EH GUDPDWLFDOO\�UHGXFHG�IURP�WKH�SUHYLRXV𝑥
𝑛

= 𝑀𝑔

VLQJOH�LWHUDWLRQ�SURMHFWLRQ�RSHUDWRU�$��7KH�FRPSUHVVLRQ�WHFKQLTXH�DSSOLHG�ZDV�D

WKUHVKROGLQJ�RI�WKH�PDWUL[�0��7KH�ZHLJKWV�EHORZ�WKH�WKUHVKROG�YDOXH�DUH�ELQQHG�E\�DQJOH

�



LQGH[�DQG�DSSOLHG�DV�D�VHFRQGDU\�VWHS�LQ�WKH�LWHUDWLRQ�SURFHVV��7KH�PDWUL[�PXOWLSOLFDWLRQ

WKHQ�EHFRPHV�WKH�PXOWLSOLFDWLRQ�RI�WKH�FULWLFDO�FRPSRQHQWV�YHUVXV�WKH�SURMHFWLRQ�GDWD�SOXV

WKH�ELQQHG�LQIRUPDWLRQ�YHUVXV�WKH�ELQQHG�SURMHFWLRQ�GDWD�

𝑥
𝑛

= 𝑀
𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝑔 + 𝑉
𝑏𝑖𝑛𝑛𝑒𝑑

𝑔
𝑏𝑖𝑛𝑛𝑒𝑑

 

7KH�PDMRULW\�RI�LQIRUPDWLRQ�LQ�VXEVHTXHQW�LWHUDWLRQV�LV�FRPSRVHG�RI�VPDOO�QHJDWLYH

ZHLJKWV�YHUVXV�DQJXODU�SHDNV��)LJXUH�����7KH�DQJXODU�SHDNV�DUH�PDLQO\�FRPSRVHG�RI�WKH

LQLWLDO�$7�LQIRUPDWLRQ�DQG�UHILQHG�E\�VXEVHTXHQW�LWHUDWLRQ�UHGXFWLRQV�IURP�RWKHU

UD\�GULYHQ�GDWD��7KXV��E\�WKUHVKROGLQJ�WKH�PDWUL[��WKH�GHQVLW\�LQIRUPDWLRQ�LV�SUHVHUYHG�

DQG�WKH�DSSOLFDWLRQ�RI�D�FRPSUHVVHG�ELQQHG�ZHLJKW�YHUVXV�SURMHFWLRQ�GDWD�UHLQWURGXFHV�WKH

UHPDLQLQJ�VXEWUDFWLRQ�FRPSRQHQWV��7KLV�LV�FULWLFDO�IRU�HPSW\�VSDFH�GHQVLW\�SODFHPHQW�DV

WKH�SURMHFWLRQ�GDWD�ZLOO�VXEWUDFW�WKH�DGGLWLRQDO�LQIRUPDWLRQ�YHUVXV�WKH�LQLWLDO�HVWLPDWH�RI

GHQVLW\�IURP�WKH�SUHFRPSXWHG�JHRPHWULF�SURMHFWLRQ�RSHUDWRU�

7KH�WKLUG�H[SDQVLRQ�DGGUHVVHG�LQ�WKLV�SDSHU�LV�WKH�DSSOLFDWLRQ�RI�WKH�DFFHOHUDWLRQ�WR

PHDQLQJIXO�YROXPHV�WKURXJK�D�PXOWL�UHVROXWLRQ�DSSURDFK��:KLOH�*38�UHVRXUFHV�OLPLWHG

WKH�PDWUL[�FRPSXWDWLRQ�FDSDELOLW\�WR�UHODWLYHO\�VPDOO�YROXPHV�LQ�VWDJH����VWDJH��

�



SHUIRUPHG�DQ�XSVFDOH�DQG�VHHG�DSSOLFDWLRQ�WR�YROXPHV�ZLWK�WKH�IROORZLQJ�DSSOLFDWLRQ�RI

WKH�LQ�OLQH�DSSURDFK��7KH�XSVFDOLQJ�ZDV�SHUIRUPHG�LQ�D�WULOLQHDU�PDQQHU�DQG�LQWURGXFHG�WR

WKH�-DFREL�LWHUDWLRQV�

5(68/76

7KH�WHVWLQJ�ZDV�GRQH�XWLOL]LQJ�1YLGLD
V�YLVXDO�SURILOHU IRU�VSHHG

RSWLPL]DWLRQV��ZLWK�WKH�EDVH�FDVH�EHLQJ�WKH�RULJLQDO�GLVWDQFH�GULYHQ�SURMHFWRU�PHWKRG�DQG

WKH�VHFRQG�FDVH�EHLQJ�WKH�DWWHPSWHG�RSWLPL]DWLRQ�XVLQJ�SUHFRPSXWDWLRQ��7KH�V\VWHP

FRQILJXUDWLRQ�ZDV�DQ�,QWHO�L�������;�����*%

''5��5$0��8EXQWX���������/76�ZLWK�NHUQHO

YHUVLRQ������������JHQHULF��&8'$������ZLWK

1YLGLD�GULYHU������������DQG�FRPSLOHG�ZLWK

GLVWULEXWHG�QYFF�YHUVLRQ�������7KH�ZHLJKWV��UHDG�

DQG�ZULWH�LQGLFHV�ZHUH�VWRUHG�LQ�DQ�LQLWLDO�NHUQHO

SUHFRPSXWDWLRQ�VWDJH��ZLWK�WKH�IRUZDUG�SURMHFWRU

NHUQHO�FRPSXWDWLRQ�DQDO\]HG�DIWHUZDUG��7KH�IRUZDUG�SURMHFWRU�ZDV�UXQ��������WLPHV�IRU

ERWK�WKH�DWWHPSWHG�RSWLPL]DWLRQ�DQG�WKH�RULJLQDO��SURGXFLQJ�WKH�VDPH�UHVXOWV�IRU�D�YROXPH

FRQVLVWLQJ�RI�RQHV�IRU�D�VLQJOH�DQJOH�DV�VKRZQ�E\�)LJXUH���DQG�VHFRQGO\�WR�WKH�VLPXODWHG

&7�SURMHFWLRQV���7KH�UHVXOWLQJ�SURMHFWLRQ�ZDV�PDWFKHG�IRU�ERWK�PHWKRGV��+RZHYHU��WKH

WLPLQJ�VKRZHG�WKDW�WKH�DWWHPSWHG�RSWLPL]DWLRQV�VORZHG�WKH�NHUQHO�GRZQ�IURP

DSSUR[LPDWHO\�����WR�����QDQRVHFRQGV��7KXV��WKH�DFFHVV�WLPH�IRU�UHDGLQJ�LQ

SUH�FDOFXODWHG�YDOXHV�DQG�SHUIRUPLQJ�WKH�DWRPLF�DGGLWLRQ�RQWR�WKH�SURMHFWLRQ�SODQH

XOWLPDWHO\�RFFXSLHG�PRUH�WLPH�WKDQ�SHUIRUPLQJ�WKH�PDWKHPDWLFDO�RSHUDWLRQV��0HPRU\

FRQVXPSWLRQ�YHUVXV�YROXPH�FRPSXWDWLRQ�VL]H�ZDV�DQ�DGGLWLRQDO�SUREOHP�

��



)LJXUH���GLVSOD\V�WKH�FRPSXWDWLRQ�WLPH�RI�D�VLQJOH�LWHUDWLRQ�IRU�WKH�GLUHFW�PDWUL[�RSHUDWRU

PHWKRG�YHUVXV�WKH�LQ�OLQH�UD\�SURMHFWRU��7KH�DSSOLFDWLRQ�RI�WKH�IXOO�PDWUL[�SHUIRUPV�ZRUVH

WKDQ�WKH�LQ�OLQH�PHWKRG�IRU�DOO�H[SHULPHQWDO�UHVROXWLRQV��)XUWKHUPRUH��DV�VHHQ�LQ�ILJXUH���

WKHUH�DUH�VLJQLILFDQW�WLPH�FRPSXWDWLRQ�LQFUHDVHV�LQ�WZR�UHJLRQV�IRU�WKH�GLUHFW�PDWUL[

PHWKRG��7KH�ILUVW�UHJLRQ�LV�GXH�WR�WKH�H[FHHGLQJ�RI�*38�FDFKH�VWUHDPOLQH�FDSDELOLWLHV�DQG

WKH�VXEVHTXHQW�XVH�RI�JOREDO�*38�PHPRU\��7KH�VHFRQG�GUDPDWLF�LQFUHDVH�LV�ZLWK�WKH

LQWURGXFWLRQ�RI�XQLILHG�&8'$�PHPRU\��DV�WKH�JOREDO�PHPRU\�OLPLW�ZDV�H[FHHGHG�IRU�WKH

XWLOL]HG�*38�DUFKLWHFWXUH��7KH�WRWDO�VL]H�RI�WKH�XQFRPSUHVVHG�SURMHFWLRQ�RSHUDWLRQ�PDWUL[

��



EHFDPH�XQWHQDEOH�IRU�UDSLG�PHPRU\�XWLOL]DWLRQ��7KXV��D�GLUHFWHG�DSSURDFK�RI

FRPSUHVVLRQ�ZDV�UHTXLUHG�ZLWK�D�IXUWKHU�FRPSUHVVLRQ�DQG�WLPH�RSWLPL]DWLRQ�RI�XWLOL]LQJ

PXOWLSOH�LWHUDWLRQV�LQ�D�VLQJOH�VWHS��:LWK�WKH�LQWURGXFWLRQ�RI�PDWUL[�ELQQLQJ��WKH�RYHUDOO

WLPH�WR�FRQYHUJHQFH�ZDV�UHGXFHG�YHUVXV�WKH�LQ�OLQH�PHWKRG��)LJXUH����ZKLOH�PDLQWDLQLQJ

LPDJH�TXDOLW\��7KH�UHODWLYH�FRQYHUJHQFH�FULWHULD�DOVR�UHPDLQHG�FRQVLVWHQW�ZLWK�ERWK

VROXWLRQV�FRQYHUJLQJ�WR�DSSUR[LPDWHO\�WKH�VDPH�SRLQW��)LJXUH����

)RU�WKH�WKLUG�VWDJH�RI�WKH�SURMHFW��WKH�YROXPHV�SURYLGHG�E\�WKH�LQ�OLQH�PHWKRG�ZHUH

DSSOLHG�WR�D�KLJKHU�UHVROXWLRQ�-DFREL�LWHUDWLRQ�DV�D�VHHG��7KH�YROXPHV�ZHUH�ILUVW

XSVDPSOHG�WKURXJK�WKH�XVH�RI�&8'$�WH[WXUH�UHVRXUFHV�DQG�WKHQ�DSSOLHG�DV�DQ�LQSXW�IRU

WKH�WUDGLWLRQDO�-DFREL�LWHUDWLRQ�DOJRULWKP��7KLV�UHVXOWHG�LQ�D�UHODWLYH�LPSURYHPHQW�LQ�WKH

VWDUWLQJ�SRLQW�IRU�WKH�VHHGHG�PHWKRG��%RWK�FRQYHUJHG�DSSUR[LPDWHO\�WR�WKH�VDPH�SRLQW�LQ

WKH�HUURU�SURMHFWLRQV��+RZHYHU��WKH�VHHGHG�LQSXW�UHDFKHG�ERWK�D�ORZHU�WKUHVKROG�DQG

VLPLODU�ILQDO�FRQYHUJHQFH�LQ�OHVV�WLPH��)LJXUH����

��



&21&/86,216

7KH�GLUHFW�DSSOLFDWLRQ�RI�WKH�IXOO�SURMHFWLRQ�RSHUDWRU�PDWUL[�ZDV�SURYHQ�WKURXJK�PHPRU\

PRGHO�SUHGLFWLRQV�DQG�DSSOLFDWLRQ�WR�EH�VORZHU�WKDQ�WKH�WUDGLWLRQDO�-DFREL�LWHUDWLRQ

PHWKRG��7KH�GLUHFW�LQ�OLQH�PHWKRG�RI�D�VLQJOH�SURMHFWLRQ�RSHUDWRU��HYHQ�ZLWK�&65

FRPSUHVVLRQ�DQG�RSWLPL]HG�PDWUL[�YHFWRU�PXOWLSOLFDWLRQV��GLG�QRW�DFKLHYH�IDVWHU�UHVXOWV

WKDQ�WKH�WUDGLWLRQDO�PHWKRG��7KLV�UHTXLUHG�WKH�LQYHVWLJDWLRQ�RI�IXUWKHU�PDWKHPDWLFDO

FRPSUHVVLRQ�WHFKQLTXHV�WR�RYHUFRPH�WKH�PHWKRG�DFFHVV�LVVXHV��7KH�ELQQLQJ�RI�VPDOO

ZHLJKWV�UHVXOWHG�LQ�D�VLJQLILFDQW�UHGXFWLRQ�LQ�RYHUDOO�PDWUL[�VL]H�ZLWK�PLQLPDO�LPSDFW�RQ

LPDJH�TXDOLW\�DQG�FRQYHUJHQFH��7KH�UHGXFWLRQ�LQ�PDWUL[�VL]H�RIIHUHG�D�UHGXFWLRQ�LQ

FRPSXWDWLRQ�WLPH��HVSHFLDOO\�ZKHQ�DSSOLHG�WR�D�PXOWL�LWHUDWLRQ�PRGHO��)LQDOO\��WKH�VHHG

PHWKRG�VKRZV�SURPLVH�IRU�WKH�GLUHFW�DSSOLFDWLRQ�RI�WKH�LQ�OLQH�PHWKRG�WR�SURGXFWLRQ

V\VWHPV��)XUWKHU�LQYHVWLJDWLRQ�LV�VWLOO�SRVVLEOH�LQ�WKH�XWLOL]DWLRQ�RI�WKH�LQ�OLQH�PHWKRG�WR

ODUJHU�YROXPHV�ZLWK�PRUH�VRSKLVWLFDWHG�FRPSUHVVLRQ�WHFKQLTXHV��)XUWKHU�ZRUN�ZRXOG

QHHG�WR�LPSURYH�XSRQ�WKH�PDWUL[�JHQHUDWLRQ�HIILFLHQF\�RU�KDYH�DFFHVV�WR�PRUH�*38

��



LQIUDVWUXFWXUH�DV�WKH�SUHGLFWHG�WLPH�WR�FRPSXWH�D�VLQJOH�SURMHFWLRQ�RSHUDWRU�DW

���[���[����YROXPHV��DQG�D�IRXU�VWHS�PXOWL�LWHUDWLRQ�ZRXOG�WDNH�DSSUR[LPDWHO\�WKUHH

ZHHNV�ZLWK�WKH�*38�UHVRXUFHV�XWLOL]HG�LQ�WKLV�SDSHU�

��



5()(5(1&(6

>�@�3��0��-RVHSK��$Q�,PSURYHG�$OJRULWKP�IRU�5HSURMHFWLQJ�5D\V�WKURXJK�3L[HO�,PDJHV�

,(((�7UDQVDFWLRQV�RQ�0HGLFDO�,PDJLQJ�������1RY��������SS�����������GRL�

��������70,��������������

>�@�/LX��5XL�	�)X��/LQ�	�'H�0DQ��%UXQR����������*38�%DVHG�%UDQFKOHVV

'LVWDQFH�'ULYHQ�3URMHFWLRQ�DQG�%DFNSURMHFWLRQ��,(((�7UDQVDFWLRQV�RQ�&RPSXWDWLRQDO

,PDJLQJ��33���������������7&,��������������

>�@�%��'H�0DQ�DQG�6��%DVX���'LVWDQFH�GULYHQ�SURMHFWLRQ�DQG�EDFNSURMHFWLRQ�� �����,(((

1XFOHDU�6FLHQFH�6\PSRVLXP�&RQIHUHQFH�5HFRUG��1RUIRON� 9$��86$��������SS�

����������YRO����GRL����������1660,&��������������

>�@�'X��<���<X��*���;LDQJ��;� HW�DO� *38�DFFHOHUDWHG YR[HO�GULYHQ�IRUZDUG�SURMHFWLRQ�IRU

LWHUDWLYH�UHFRQVWUXFWLRQ�RI�FRQH�EHDP�&7� %LR0HG�(QJ 2Q/LQH ��� ���������

KWWSV���GRL�RUJ���������V����������������

>�@�0��=ZLFNHU��+��3ILVWHU��-��YDQ�%DDU�DQG�0��*URVV���(:$�VSODWWLQJ���LQ ,(((

7UDQVDFWLRQV�RQ�9LVXDOL]DWLRQ�DQG�&RPSXWHU�*UDSKLFV� YRO�����QR�����SS����������

-XO\�6HSW��������GRL����������79&*��������������

KWWS���KKRSSH�FRP�UHFXUVLYH�SGI

>�@�&KHQ��*DR\X��HW�DO���$LU1HW��)XVHG�DQDO\WLFDO�DQG�LWHUDWLYH�UHFRQVWUXFWLRQ�ZLWK�GHHS

QHXUDO�QHWZRUN�UHJXODUL]DWLRQ�IRU�VSDUVH䇲GDWD�&7�� 0HGLFDO�SK\VLFV ������������

����������

>�@�=KDQJ��=KHQJ��HW�DO���'LUHFWLRQDO�WY�DOJRULWKP�IRU�LPDJH�UHFRQVWUXFWLRQ�IURP

OLPLWHG�DQJXODU�UDQJH�GDWD�� 0HGLFDO�,PDJH�$QDO\VLV ���������������

>�@�*H\HU��/XFDV�/���HW�DO���6WDWH�RI�WKH�DUW��LWHUDWLYH�&7�UHFRQVWUXFWLRQ�WHFKQLTXHV��

5DGLRORJ\ ����������������������

��
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>�@ %DNKRGD��$OL��HW�DO���$QDO\]LQJ�&8'$�ZRUNORDGV�XVLQJ�D�GHWDLOHG�*38�VLPXODWRU��

�����,(((�,QWHUQDWLRQDO�6\PSRVLXP�RQ�3HUIRUPDQFH�$QDO\VLV�RI�6\VWHPV�DQG�6RIWZDUH�

,(((�������

>��@�+DUXQ��+��+���HW�DO���7KH�LQIOXHQFH�RI�LWHUDWLYH�UHFRQVWUXFWLRQ�OHYHO�RQ�LPDJH�TXDOLW\

DQG�UDGLDWLRQ�GRVH�LQ�&7�SXOPRQDU\�DQJLRJUDSK\�H[DPLQDWLRQV�� 5DGLDWLRQ�3K\VLFV�DQG

&KHPLVWU\ �������������������

>��@�*ULPHV��5RJHU�*���'DYLG�5��.LQFDLG��DQG�'DYLG�0��<RXQJ� ,73$&.�����XVHU
V

JXLGH��&HQWHU�IRU�1XPHULFDO�$QDO\VLV��8QLY��������

>��@�.��&KRR��:��3DQOHQHU�DQG�%��-DQJ���8QGHUVWDQGLQJ�DQG�2SWLPL]LQJ�*38�&DFKH

0HPRU\�3HUIRUPDQFH�IRU�&RPSXWH�:RUNORDGV��������,(((���WK�,QWHUQDWLRQDO

6\PSRVLXP�RQ�3DUDOOHO�DQG�'LVWULEXWHG�&RPSXWLQJ��0DUVHLOOH��)UDQFH��������SS�

���������GRL����������,63'&���������

>��@�$O�.KDUXVL��,EUDKLP��DQG�'DYLG�:��:DONHU���/RFDOLW\�SURSHUWLHV�RI��'�GDWD

RUGHULQJV�ZLWK�DSSOLFDWLRQ�WR�SDUDOOHO�PROHFXODU�G\QDPLFV�VLPXODWLRQV�� 7KH�,QWHUQDWLRQDO

-RXUQDO�RI�+LJK�3HUIRUPDQFH�&RPSXWLQJ�$SSOLFDWLRQV ����������������������

>��@�%HOO��1DWKDQ��DQG�0LFKDHO�*DUODQG� (IILFLHQW VSDUVH�PDWUL[�YHFWRU�PXOWLSOLFDWLRQ�RQ

&8'$��9RO�����1R�����1YLGLD�7HFKQLFDO�5HSRUW�195���������� 1YLGLD�&RUSRUDWLRQ�

�����

��



1DPH�RI�&DQGLGDWH� -DUHG�*UHHQ

%LUWK�GDWH� -XO\���������

%LUWK�SODFH� 6DOW�/DNH�&LW\��8WDK

$GGUHVV� �����&RORQLDO�'ULYH

6DOW�/DNH�&LW\��8WDK�������

��


