
$�6HDUFK�0HWKRG�LQ�.QRZOHGJH�%DVHG�6\VWHPV
XVLQJ�(XFOLGHDQ�6SDFH�1RUP���$Q�$SSOLFDWLRQ
WR�'HVLJQ�RI�5RERW�*ULSSHUV�
9�&��0RXOLDQLWLV��$��-��'HQWVRUDV�	�1��$��$VSUDJDWKRV
8QLYHUVLW\�RI�3DWUDV��0HFKDQLFDO�(QJLQHHULQJ�DQG
$HURQDXWLFV�'HSDUWPHQW���������3DWUDV��*UHHFH�
(�PDLO��PRXOLDQ��GHQWVRUD��DVSUDJ�#PHFK�XSDWUDV�JU

$EVWUDFW

7KLV�SDSHU�SUHVHQWV�D�VHDUFK�PHWKRG�WKDW�XVHV�QRQ�GHWHUPLQLVWLF�NQRZOHGJH��7KH
PHWKRG� XVHV� WKH� PDWKHPDWLFDO� FRQFHSW� RI� 1RUPHG� 6SDFHV�� DQG� SDUWLFXODUO\�� D
VXEVHW� RI� WKH� Q�GLPHQVLRQDO� (XFOLGHDQ� VSDFH� ZLWK� QRUP�� 7KH� QRUP� GHWHUPLQHV
ZKHWKHU� D� IHDVLEOH� VROXWLRQ� FRXOG� EH� WUDQVIRUPHG� WR� D� ILQDO� VROXWLRQ� RI� WKH
SUREOHP�RU�QRW��7KH�PDLQ�FKDUDFWHULVWLFV�RI�WKLV�PHWKRG�DUH�WKH�IDVW�VHDUFK�RI�WKH
IHDVLEOH� VROXWLRQV��TXDOLWDWLYH�DQG�TXDQWLWDWLYH�DVVLJQPHQWV�RI� WKH� VROXWLRQV� DQG
WKH� LQFUHDVH�RI� WKH� IOH[LELOLW\� RI� WKH� NQRZOHGJH�EDVHG� V\VWHP��7KH� TXDQWLWDWLYH
DVVLJQPHQW�LV�DFKLHYHG�E\�XVLQJ�WKH�(XFOLGHDQ�QRUP��DQG�WKH�TXDOLWDWLYH�RQH�E\
XVLQJ�OLPLWV�RI�WKH�VWDWH�VSDFH�EDVHG�RQ�QRUPV��$Q�DSSOLFDWLRQ�RI�WKLV�PHWKRG�LQ�D
NQRZOHGJH�EDVHG� V\VWHP� LV� SUHVHQWHG� IRU� WKH� FRQFHSWXDO� GHVLJQ�RI� JULSSHUV� IRU
KDQGOLQJ�IDEULFV�ZLWK�URERWV�

�� ,QWURGXFWLRQ

$FFRUGLQJ� WR�5LFK�	�.QLJKW��� HYHU\�VHDUFK�PHWKRG�FDQ�EH�YLHZHG�DV� D
WUDYHUVDO�RI�D�WUHH�VWUXFWXUH�LQ�ZKLFK�HDFK�QRGH�UHSUHVHQWV�D�SUREOHP�VWDWH
DQG�HDFK�DUF�UHSUHVHQWV�D�UHODWLRQVKLS�EHWZHHQ�WZR�VWDWHV��7KHUH�DUH�WZR
EDVLF�VHDUFK�DOJRULWKPV�

¡� 'HSWK�ILUVW�VHDUFK�
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¡� %UHDGWK�ILUVW�VHDUFK�

$� KHXULVWLF� LV� D� WHFKQLTXH� WKDW� LPSURYHV� WKH� HIILFLHQF\� RI� D� VHDUFK
PHWKRG�� SRVVLEO\� VDFULILFLQJ� FODLPV� RI� FRPSOHWHQHVV��� 6RPH� ZHOO�
HVWDEOLVKHG�KHXULVWLF�WHFKQLTXHV�DUH�WKH�QH[W�

¡� *HQHUDWH�DQG�WHVW�
¡� +LOO�FOLPELQJ
¡� %HVW�ILUVW�VHDUFK�
¡� 3UREOHP�UHGXFWLRQ�
¡� &RQVWUDLQW�VDWLVIDFWLRQ�
¡� 0HDQV�HQGV�DQDO\VLV�

7KHVH� WHFKQLTXHV� DUH� FDOOHG� ZHDN�PHWKRGV�� EHFDXVH� ZKHQ� DSSOLHG� WR� D
SDUWLFXODU� SUREOHP�� WKHLU� HIILFDF\� LV� KLJKO\� GHSHQGHQW� RQ� WKH� ZD\� WKH\
H[SORLW� GRPDLQ�VSHFLILF� NQRZOHGJH�� ,Q� DGGLWLRQ�� DOO� WKH� KHXULVWLF
WHFKQLTXHV�DUH�GHSHQGHQW�RQ�WKH�TXDOLW\�RI�WKH�KHXULVWLF� IXQFWLRQ��ZKLFK
PDSV�IURP�SUREOHP�VWDWH�GHVFULSWLRQV�WR�PHDVXUHV�RI�GHVLUDELOLW\��XVXDOO\
UHSUHVHQWHG�DV�QXPEHUV��7KH�PDLQ�UHDVRQ��ZKLFK�PDNHV�DOO�WKHVH�PHWKRGV
XVHOHVV� E\� WKHLU� RZQ�� LV� WKDW� WKH\� FDQ� GHDO� RQO\� ZLWK� VLQJOH� WDVNHG
SUREOHPV�

7KH� DERYH� WHFKQLTXHV� DUH� FRPPRQO\� XVHG� ZLWK� NQRZOHGJH�EDVHG
V\VWHPV��+HXULVWLF�VHDUFK�PHWKRGV�XVLQJ�IX]]\�QXPEHUV�DUH�XVHG�IRU�WKH
UHSUHVHQWDWLRQ� RI� WKH� HYDOXDWLRQ� RI� WKH� SUREOHP� VWDWH��� 'H� 0DWKHOLQ�
HW�DO����XVH�%D\HVLDQ�HVWLPDWLRQ�WKHRU\�DQG�IX]]\�ORJLF�LQ�RUGHU�WR�GHULYH
NQRZOHGJH�FRPELQDWLRQ�UXOHV�IRU�KHXULVWLF�VHDUFK�DOJRULWKPV�

*HUPDQ�	�*HUPDQRYLFK��SUHVHQWHG�D�V\VWHP�IRU�VROYLQJ�SUREOHPV�EDVHG
RQ�WKH�FRQFHSW�RI�LQWHJUDWLRQ�RI�ZHDN�PHWKRGV�RI�VHDUFKLQJ�IRU�D�VROXWLRQ
DQG�QRQ�DOJRULWKPLF�SURJUDPPLQJ�PHWKRGV��6WHZDUW��GHYHORSV�D�KHXULVWLF
VHDUFK� DOJRULWKP� WKDW� GHWHUPLQHV� WKH� QRQ�GRPLQDWHG� VHW� RI� VROXWLRQ
JUDSKV�IRU�D�PXOWLREMHFWLYH�$1'�25�JUDSK��7KLV�DOJRULWKP�XVHV�VHWV�RI
YHFWRU�YDOXHG�KHXULVWLF�HVWLPDWHV�WR�JLYH�JXLGDQFH�WR�WKH�VHDUFK�

$FFRUGLQJ�WR�.DLQ]�	�.DLQGO���WKH�VWDWLF�HYDOXDWLRQ�IXQFWLRQV�RI�KHXULVWLF
VHDUFK�DOJRULWKPV�DUH�WKRVH�WKDW�PDNH�XVH�RI�WKH�NQRZOHGJH�DSSOLHG�WR�WKH
JLYHQ�VWDWH�EXW�QRW�UHVXOW�JHQHUDOO\� LQ� WKH�VWDWH�VSDFH��QHLWKHU�WKH�VHDUFK
JXLGHG� E\� WKH� HYDOXDWLRQ� QRU� H[WUD� VHDUFK� OLNH� ORRN�DKHDG�� 7KH� DXWKRUV
SURSRVH�D�QHZ�DSSURDFK�WKDW�XWLOL]HV�GLIIHUHQFHV�RI�NQRZQ�FRVWV�DQG�WKHLU
KHXULVWLF� IXQFWLRQV� IURP� D� JLYHQ� HYDOXDWLRQ� WR� LPSURYH� RWKHU� KHXULVWLF
HVWLPDWHV�IURP�WKLV�IXQFWLRQ��G\QDPLF�HYDOXDWLRQ�IXQFWLRQ��
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3HUQHHO�� HW�DO���� XVHG� WKH� IX]]\� ORJLF� WKHRU\� LQ� RUGHU� WR� EXLOG� D� VSHFLILF
GHFLVLRQ�PDNLQJ� V\VWHP� IRU� KHXULVWLF� VHDUFK� DOJRULWKPV�� 7ZR
RSWLPL]DWLRQ�PHWKRGV�ZHUH� FUHDWHG�� E\� WKH� XVDJH� RI� JHQHWLF� DOJRULWKPV
DQG�QHXUDO�QHWZRUNV��WR�LPSURYH�WKH�V\VWHPV�DSSURDFK�

,Q�WKLV�SDSHU��D�QHZ�VHDUFK�PHWKRG�LV�SUHVHQWHG��,W�LV�D�FRPELQDWLRQ�RI�DQ
H[KDXVWLYH�VHDUFK�PHWKRG�DQG�RI�D�KHXULVWLF�IXQFWLRQ�WR�ILQG�WKH�VHW� WKDW
FRQWDLQV� ILQDO� VROXWLRQV� RI� WKH� SUREOHP�� 7KH� KHXULVWLF� IXQFWLRQ� LV� WKH
(XFOLGHDQ� QRUP�� ,W� GHWHUPLQHV� ZKHWKHU� D� IHDVLEOH� VROXWLRQ� FRXOG� EH
WUDQVIRUPHG� WR� D� ILQDO� VROXWLRQ� RI� WKH� SUREOHP� RU� QRW�� )LUVW�� WKH� VHW� RI
IHDVLEOH�VROXWLRQV�IRU�HDFK�K\SRWKHVLV�LV�GHILQHG��E\�XVLQJ�DQ�H[KDXVWLYH
PHWKRG��1H[W�� WKH�KHXULVWLF�PHWKRG� LV� ILUHG� LQ�RUGHU� WR� ILQG�DOO� WKH� ILQDO
VROXWLRQV� WR� WKH� VHW�RI�K\SRWKHVHV�E\�FRPELQDWLRQ�RU�QRW�RI� WKH� IHDVLEOH
RQHV��$Q�DSSOLFDWLRQ�RI�WKLV�PHWKRG�LQ�WKH�GHYHORSPHQW�RI�D�NQRZOHGJH�
EDVHG� V\VWHP� LV� SUHVHQWHG� IRU� WKH� FRQFHSWXDO� GHVLJQ� RI� JULSSHUV� IRU
KDQGOLQJ�IDEULFV�ZLWK�URERWV��$Q�H[WHQGHG�H[DPSOH�RI�WKH�H[SHUW�V\VWHP
LV��DOVR��LQFOXGHG�

�� +HXULVWLF�PHWKRG�DQDO\VLV

7KH� SUREOHP� XQGHU� FRQVLGHUDWLRQ� KDV� PXOWLSOH� K\SRWKHVHV�� 7KLV� PHDQV
WKDW� DOO� WKH� K\SRWKHVHV� PXVW� EH� IXOILOOHG� VLPXOWDQHRXVO\� E\� RQH� RU� D
FRPELQDWLRQ� RI� JHQHUDO� LGHDV�� FDOOHG� FRQFOXVLRQV� WKDW� LQFRUSRUDWH
FRQILGHQFH� GHJUHHV�� 3UREOHPV� OLNH� WKLV� DUH� YHU\� FRPPRQ��)RU� H[DPSOH�
ZKDW�VKRXOG�EH�WKH�FRPELQDWLRQ�RI�PHGLFLQHV�LQ�D�SDWLHQW��ZKLFK�VXIIHUV
IURP�WKH�HIIHFWV�RI�D�FXULRXV�GLVHDVH"�$QRWKHU�H[DPSOH�IURP�WKH�ILHOG�RI
HQJLQHHULQJ�� LQ� RUGHU� WR� MXVWLI\� WKH� QHHG� RI� WKH� GHYHORSPHQW� RI� WKLV
PHWKRG�� LV� WKH�FRQFHSWXDOL]DWLRQ�RI�JULSSHUV� IRU�KDQGOLQJ� IDEULFV�� ,Q� WKH
HDUO\���V�� WKH�DSSDUHO� LQGXVWU\�VWDUWHG�LPSRUWLQJ�URERWV� LQ�SURGXFW� OLQHV�
7KH� ILUVW� JULSSHUV� PDQXIDFWXUHG� ZHUH� PDGH� IRU� SDUWLFXODU� MREV�� IRU
H[DPSOH��VHSDUDWLRQ�RI�D�SO\�IURP�D�VWDFN��'XULQJ�WKH�ODVW�\HDUV��JULSSHUV
DUH� DEOH� WR� DFFRPSOLVK� PRUH� WKDQ� RQH� MRE�� H�� J�� VHSDUDWLRQ�� SODFLQJ� RU
DVVHPEOLQJ��EXW�QRW�DOZD\V�VXFFHVVIXOO\�

7KH�UXOHV�RI�D�NQRZOHGJH�EDVHG�V\VWHP�PD\�EH�RI�WKH�IRUP�
,I�K\SRWKHVLV�7KHQ�FRQFOXVLRQ���F¼ >���@�!�

ZKHUH�
F��GHJUHH�RI�FRQILGHQFH�

)RU�H[DPSOH�
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,I�K\SRWKHVLV�QR����7KHQ�FRQFOXVLRQ�QR����
��
F !�

�������������FRQFOXVLRQ�QR����
��
F !

$FFRUGLQJ� WR� WKH� DERYH� JHQHUDO� UXOH� IRUP�� LQ� D� SUREOHP� ZLWK� PXOWLSOH
K\SRWKHVHV� D� PDWUL[� ZLWK� WKH� GHJUHHV� RI� FRQILGHQFHV� EHWZHHQ� WKH
K\SRWKHVHV� DQG� FRQFOXVLRQV� ZLOO� EH� SURGXFHG�� (DFK� FROXPQ�� LQ� WKLV
PDWUL[�� UHSUHVHQWV� D� FHUWDLQ� FRPELQDWLRQ� RI� FRQFOXVLRQV�� DQG� FRQVLVWV� D
IHDVLEOH�VROXWLRQ�WR�WKH�SUREOHP�XQGHU�FRQVLGHUDWLRQ��7KH�PDWUL[�KDV�WKH
IRUP�RI�WDEOH���

7DEOH� ��� 'HJUHHV� RI� FRQILGHQFH� RI� FRQFOXVLRQV� LQ� FRQQHFWLRQ� ZLWK
K\SRWKHVLV�

&RQFOXVLRQ��&��1R�
+\SRWKHVLV�1R� � � « P

�
��
F ��

F «
P�

F

�
��
F ��

F «
P�

F

� � � � �

Q
�Q

F
�Q

F «
QP
F

,Q�WDEOH���� $F LM ¼ ��ZKHUH� [ ]���� =°º $$ �

���������DQG��L ��«��Q��M ��«�P�

7KH�FROXPQV�RI�WKH�PDWUL[�FDQ�EH�FRQVLGHUHG�DV�YHFWRUV�
L

& �LQ�WKH�VSDFH
Q$9 = ��$�PHDVXUH�RI�WKLV�VSDFH�FDQ�EH�WKH�QRUP� ��Ä ��ZKLFK�LV�GHILQHG

IRU�D�YHFWRU� ( )
Q��

[�����[�[X = �DV����

�

�

Q

�L

�

L
[X ä

ä
å

ã
Ô
Ô
Õ

Ó
= Ò

=

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

7KH� QRUP� LQ� WKLV� FDVH� FDQ� EH� FRQVLGHUHG� DV� WKH� KHXULVWLF� IXQFWLRQ�� 7KH
QRUP�KDV��DOZD\V��SRVLWLYH�UHDO�YDOXHV��7KH�PD[LPXP�QRUP�LQ�WKH�VSDFH
9�FRUUHVSRQGV�WR�WKH�YHFWRU�

Q
( ��ZKLFK�KDV�DOO�LWV�HOHPHQWV�HTXDO�WR���

( ) Q���������(
Q

== �����������������������������������������

7KH� QRUP� VKRZV� KRZ� FORVH� LV� D� YHFWRU� WR�
Q

( �� ZKLFK� KDV� WKH� ELJJHVW
QRUP��DQG�LV�WKH�EHVW�VROXWLRQ�WR�WKH�SUREOHP�
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4XDOLWDWLYH�DVVLJQPHQWV��IURP�WKH�UDQJH�RI�YDOXHV�³JRRG´��³PHGLXP´�DQG
³EDG´�FDQ�EH�PDGH�WR�WKH�YHFWRUV��)RU�WKLV�SXUSRVH�WKUHH�UXOHV�DUH�XVHG�

��� ,I�
�L

& #� �7KHQ�YHFWRU�
L

& �LV�³JRRG´�

��� ,I�
�L�

& ## << �7KHQ�YHFWRU�
L

& �LV�³PHGLXP´�

��� ,I�
�L

& #� �7KHQ�YHFWRU�
L

& �LV�³EDG´�

ZKHUH��
L

& �LV�DQ�Q�GLPHQVLRQDO�YHFWRU��7KH�OLPLWV�
�
# �DQG�

�
# ��PD\�JHW�WKH

QH[W�YDOXHV�

�Q
��
(I

-

=# �DQG� �Q
��
(I

-

=# ������������������������������

GHILQH� WZR� VSKHURLGV� LQ� WKH� Q�GLPHQVLRQDO� VSDFH�� ( )
�

�� # � DQG� ( )
�

�� # �
UHVSHFWLYHO\����$V�D�FRQVHTXHQFH�WKH�UXOHV�FDQ�EH�ZULWWHQ�DV�

��� ,I� ( )
�

Q

L
��$& #-¼ �7KHQ�

L
& �LV�³JRRG´�

��� ,I� ( ) ( )( ) Q

��L
$����& µ-¼ ## �7KHQ�

L
& �LV�³PHGLXP´�

��� ,I� ( ) Q

�L
$��& µ¼ # �7KHQ�

L
& �LV�³EDG´�

7KH� UHJLRQV� ZKLFK� DUH� GHILQHG� E\� WKHVH� UXOHV� DUH� LOOXVWUDWHG� IRU� D� WZR
GLPHQVLRQDO�SUREOHP�LQ�ILJ����$V�VROXWLRQV�RI�WKH�SUREOHP�DUH�FRQVLGHUHG
DOO�WKH�YHFWRUV�WR�ZKLFK�D�³JRRG´�YDOXH�KDV�EHHQ�DVVLJQHG��,W�LV�SUHVXPHG
WKDW�WKH�YHFWRUV�LQ�WKH�PDWUL[�DUH�VRUWHG�IURP�WKH�OHIW�WR�WKH�ULJKW�E\�WKHLU
QRUP�YDOXH�

7KH�
L
I �� L ����DUH�IDFWRUV�ZKLFK�DUH�GHILQHG�E\� WKH�GHVLJQHU�DQG�VSHFLI\

KRZ�VWULFW�DUH�WKH�FULWHULD�IRU�WKH�VHOHFWLRQ�RI�ILQDO�VROXWLRQV��7KHVH�IDFWRUV
PD\�JHW�WKH�IROORZLQJ�YDOXHV�

[ ]���I

�
(

(
��I

�

�Q

Q

�

¼

ç
ç
ç

è

æ

Ô
Ô
Ô

Õ

Ó

¼
-

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

7KH�
�
I �IDFWRU�HQVXUHV�WKDW�WKH�YHFWRUV�GR�QRW�KDYH�]HUR�YDOXHV��$�YHFWRU

ZLWK� DW� OHDVW� RQH� ]HUR� YDOXH� LQ� WKLV� PHWKRG� LV� D� SDUWLDO� VROXWLRQ� �ZLWK
DVVLJQPHQW�³EDG´�RU�³PHGLXP´��RI�WKH�SUREOHP��7KLV�MXVWLILHV�WKH� ORZHU
ERXQG�RI�WKLV�IDFWRU��)RU�H[DPSOH��FRQVLGHU�D�WKUHH�GLPHQVLRQDO�SUREOHP
ZLWK�D�IHDVLEOH�VROXWLRQ����������7KLV�YHFWRU�KDV� WKH�VDPH�QRUP�ZLWK� WKH

YHFWRU�
�

( ��ZKLFK�LV�WKH�EHVW�VROXWLRQ�LQ�DQRWKHU�SUREOHP����GLPHQVLRQDO
SUREOHP���6R��WKH�YHFWRU���������FDQQRW�EH�DVVLJQHG�DV�³JRRG´��7KH�XSSHU
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ERXQG� VWULFWO\� GHILQHV� WKH� ³JRRG´� YHFWRUV� DV� WKRVH��ZKLFK� DUH� WKH� VDPH
ZLWK�

Q
( �

7KH�
�
I � IDFWRU� SOD\V� D� UHJXODWLQJ� UROH�� ,W� VWRSV� WKH� DOJRULWKP� ZKHQ� LW

VHDUFKHV�IRU�ILQDO�VROXWLRQV�LQ�FDVH�WKDW�RQO\�³EDG´�YHFWRUV�DUH�OHIW�

7KH� OLPLWV�
L

# �� L ���� QHHG� D� VOLJKW� PRGLILFDWLRQ� LQ� WKH� FDVH� RI� RQH�
GLPHQVLRQDO�SUREOHP��7KHVH�OLPLWV�WDNH�YDOXHV�LQ�WKH�ERXQGV�

( ]
[ ]D��

���D

�

�

¼

¼

#

#
�����������������������������������������������������

ZKHUH� ( )���D¼ �

)LJXUH����5HJLRQV�RI�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�DVVLJQPHQWV�

)RU�H[DPSOH��LQ�ILJ����LI�
�

�

�

(

(
I = ��WKHQ�WKH�RQO\�YHFWRUV�ZLWK�YDOXH�HTXDO

WR� ³JRRG´� DUH� WKRVH� WKDW� UHDFK� WKH� SRLQW� ������� ,I� �I
�
= �� WKHQ�� RQO\� WKH

YHFWRUV�������DUH�FRQVLGHUHG�DV�³EDG´�

,Q� VRPH� FDVHV�� QHZ� VROXWLRQV� FDQ� EH� REWDLQHG� E\� FRPELQDWLRQ� RI

SUHH[LVWLQJ� IHDVLEOH� VROXWLRQV�� 7KH� QHZ� ILQDO� VROXWLRQ� � 1& ��� XVLQJ
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IHDVLEOH� VROXWLRQV�
L

& �� FDQ� EH� FUHDWHG� DV� IROORZV� �DVVXPLQJ� WKDW� WKH
YHFWRUV�KDYLQJ�WKH�ELJJHVW�QRUP�DUH�VRUWHG�IURP�WKH�OHIW�WR�WKH�ULJKW��

( ) ( )
NQ��M�NNM

&GLP������N

F�����F�FPD[N1&
�

+

ä

å

ã

Ô

Õ

Ó

=

= ��������������������������������

ZKHUH��WKH�M�WK�YHFWRU�KDV�³PHGLXP´�QRUP�

7KH� QDWXUDO� PHDQ� RI� WKDW� LV� WKDW�� ZKHQ� WKH� M�WK� YHFWRU� FDQQRW� PDWFK� D

SDUWLFXODU� K\SRWKHVLV�� VRPH� RWKHU� ZLOO�� ,I� WKH� QHZ� YHFWRU� 1& � LV� QRW

DIIHFWHG� E\�
�M&
+
�� WKHQ� WKH� YHFWRU� �M&

+
� LV� UHMHFWHG� DQG� WKH� PHWKRG

FRQWLQXHV�XS�WR�WKH�ODVW�FROXPQ��7KH�QHZ�FRQFOXVLRQ��WR�EH�FRQVLGHUHG�DV
VROXWLRQ��PXVW�VDWLVI\�WKH�ILUVW�UXOH�RWKHUZLVH�LW�LV�UHMHFWHG�DQG�WKH�PHWKRG

VWRSV�IRU�WKH�SDUWLFXODU�YHFWRU� M& ��+RZHYHU��WKH�DOJRULWKP�FRQWLQXHV�XQWLO

WKH�YHFWRU� M& �JHWV�D�³EDG´�DVVLJQPHQW�DQG�WKH�PHWKRG�VWRSV�

7KH� DERYH� PHWKRG� ZDV� WHVWHG� LQ� 0$7/$%� ���� DQG� LPSOHPHQWHG� LQ
.DSSD� 3�� &�� ������ IRU� D� NQRZOHGJH�EDVHG� V\VWHP� IRU� WKH� GHVLJQ� RI
JULSSHUV�IRU�KDQGOLQJ�QRQ�ULJLG�PDWHULDOV�

�� $Q�LOOXVWUDWLYH�H[DPSOH

$�NQRZOHGJH�EDVHG�V\VWHP�IRU�WKH�GHVLJQ�RI�JULSSHUV�IRU�KDQGOLQJ�QRQ�
ULJLG�PDWHULDOV�ZDV�XVHG�DV�DQ�DSSOLFDWLRQ��$V� LW�ZDV�PHQWLRQHG�EHIRUH�
WKHUH� H[LVW� D� ORW� RI� FRQFHSWV� IRU� JULSSHUV�� ZKLFK� DUH� XVHG� LQ� DSSDUHO
LQGXVWU\�� 7KHVH� JULSSHUV� ZHUH�� LQLWLDOO\�� FRQVWUXFWHG� IRU� LPSOHPHQWLQJ
SDUWLFXODU�MREV��7KH�FXUUHQW�WUHQG�LV�WR�PDQXIDFWXUH�JULSSHUV��ZKLFK�XQGHU
WKH�VDPH�FRQFHSW��PD\�DFFRPSOLVK�GLIIHUHQW�WDVNV��7KH�H[LVWLQJ�JULSSHUV�
WKDW� SURYLGHG� NQRZOHGJH� IRU� JHQHUDWLQJ� WKH� NQRZOHGJH� EDVH�� GR� QRW
SUHVHQW�WKH�VDPH�HIILFLHQF\�IRU�GLIIHUHQW�WDVNV��'ODERKD���(LLFKL��HW��DO����
.HPS��HW��DO�����0RQNPDQ�	�6KLPPLQ����3DUDVFKLGLV��HW��DO�����7D\ORU����

,Q�RUGHU�WR�PDNH�WKH�FRQFHSWXDOL]DWLRQ�RI�JULSSHUV�HDVLHU�WZR�NQRZOHGJH�
EDVHG�V\VWHPV�ZHUH�GHYHORSHG��$�FRQYHQWLRQDO�RQH�DQG�RQH�EDVHG�RQ�WKH
SUHVHQW�DSSURDFK��0RUH�LQIRUPDWLRQ�DERXW�WKH�NQRZOHGJH�DFTXLVLWLRQ�DQG
WKH� GHYHORSPHQW� RI� WKH� FRQYHQWLRQDO� NQRZOHGJH�EDVHG� V\VWHP� FDQ� EH
IRXQG�LQ�0RXOLDQLWLV��HW��DO����

7KH�EDVLF�IHDWXUHV�RI�WKH�WZR�V\VWHPV�DUH�
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¡� &RQFHSWXDOL]DWLRQ� RI� WKH� JULSSHU�� WKH� FRQWURO� VWUDWHJ\�� WKH� VHQVLQJ
UHTXLUHPHQWV�DQG�WKH�DX[LOLDU\�HTXLSPHQW�

¡� 'HWHUPLQDWLRQ�RI�ILQDO�VROXWLRQV�
¡� 'HWHUPLQDWLRQ�RI�RSWLPXP�VROXWLRQ�DFFRUGLQJ�WR�D�QXPEHU�RI�FULWHULD�

�7KLV� LV� SRVVLEOH� E\� DSSO\LQJ� VSHFLILF� FULWHULD� HPHUJLQJ� IURP� WKH
NQRZOHGJH�DYDLODEOH�IRU�WKH�FXUUHQW�FDVH��

0RUH� VSHFLILF�� WKH� FRQYHQWLRQDO� NQRZOHGJH�EDVHG� V\VWHP� XVHV� IRXU
FULWHULD� WR� GHWHUPLQH� WKH� RSWLPXP� VROXWLRQ� �PDLQWHQDQFH�� UHOLDELOLW\�
UHSHDWDELOLW\�DQG��F\FOH�WLPH���7KH�FXUUHQW�NQRZOHGJH±EDVHG�V\VWHP�XVHV
ILYH�� 7KH� H[WUD� FULWHULRQ� LV� WKH� QRUPDOL]HG� QRUP�� 7KHVH� FULWHULD� DUH
ZHLJKWHG� E\� WKH� GHVLJQHU�� ,Q� DGGLWLRQ�� WKH� FXUUHQW� NQRZOHGJH�EDVHG
V\VWHP� KDV� WKH� DELOLW\� RI� PXOWLOHYHO� SUHVHQWDWLRQ� RI� WKH� VROXWLRQV
VRPHWKLQJ�WKDW�LV�PHDQLQJOHVV�IRU�WKH�FRQYHQWLRQDO�RQH�

,Q�WKH�IROORZLQJ��D�PXOWLWDVNHG�SUREOHP�LV�SUHVHQWHG�DV�DQ�H[DPSOH��7KH
VDPH�LQSXWV�DUH�XVHG�LQ�ERWK�V\VWHPV�
5HTXLUHG�7DVN��6HSDUDWLRQ�3ODFLQJ�RI�D�IDEULF�PDWHULDO�
6WDWXV�RI�0DWHULDO��)UHH��IUHH�IURP�DERYH�DQG�IUHH�IURP�WKH�HGJH��

%\� VWDUWLQJ� D� QHZ� UHDVRQLQJ� WKH� GHVLJQHU� LV� DVNHG� WR� LQSXW� PRUH� GDWD�
$VVXPH��IRU�WKH�SUHVHQW�FDVH��WKDW�WKLV�GDWD�DUH�
0DWHULDO¶V�LGHQWLW\��&RWWRQ
0DWHULDO¶V�WKLFNQHVV������PP
0DWHULDO¶V�SRURVLW\�����
0DWHULDO¶V�VXUIDFH��6PRRWK
0DWHULDO¶V�GHQVLW\��+LJK
0DWHULDO¶V�PROHFXODU�ZHLJKW��+LJK
0DWHULDO¶V�ZHLJKW��+LJK
0DWHULDO¶V�WH[WXUH��.QLWWHG
0DWHULDO¶V�VWDWXV�RI�ILEHUV��&OLQJHG
(QYLURQPHQW��'XVW

$FFRUGLQJ� WR� WKH� DERYH� GDWD�� WKH� FXUUHQW� NQRZOHGJH�EDVHG� V\VWHP
SURGXFHV�HLJKW�IHDVLEOH��ILJ�����WDEOH����DQG�VHYHQ�ILQDO�VROXWLRQV���ILJ����
WDEOH� ���� 7KH� FRHIILFLHQWV� RI� OLPLWV� WKDW� DUH� XVHG� LQ� RUGHU� WR� REWDLQ� WKH
IHDVLEOH� VROXWLRQV�DUH� �I

�
= � DQG� ���I

�
= ��$� ILQDO� VROXWLRQ� LV� FRQVLGHUHG

RQH�WKDW�LWV�YDOXH�RI�FRQILGHQFH�LV�³JRRG´��$�IHDVLEOH�VROXWLRQ�FRXOG�EH�D
ILQDO�RQH��DV�FDQ�EH�VHHQ�IURP�ILJ����

7KH�ILUVW�WZR�IHDVLEOH�VROXWLRQV��DGKHVLYH�DQG�YDFXXP��DUH�ILQDO�VROXWLRQV
WR� WKH� SUREOHP�� 7KH� QH[W� IHDVLEOH� VROXWLRQV� DUH� DVVLJQHG� DV� ³PHGLXP´�
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7KH\�PXVW�EH�FRPELQHG�ZLWK�HDFK�RWKHU�LQ�RUGHU�WR�XSJUDGH�WKHLU�YDOXHV�
7KH�PHWKRG�VWDUWV�ZLWK�WKH�IHDVLEOH�VROXWLRQ�QR�����FODPS���,W�FRPSDUHV�LW
ZLWK�WKH�QH[W�IHDVLEOH�VROXWLRQ��IUHH]LQJ���$V�LW�FDQ�EH�VKRZQ�LQ�WDEOH���
WKH�IHDVLEOH�VROXWLRQ�QR����LV�UHGXQGDQW�IRU�QR�����VR�LW�LV�H[FOXGHG��$OO�WKH
IHDVLEOH�VROXWLRQV�IURP�QR����WR�QR����DUH�UHGXQGDQW�IRU�QR�����:KHQ�WKH
PHWKRG�UHDFKHV�VROXWLRQ�QR�����D�QHZ�YHFWRU�LV�FRQVWUXFWHG�ZLWK�YDOXHV�

( ) ( ) ( )( ) ( )�����1&N&�N&PD[N1& �
��

���N

�

=Ë=
=

���������������������

7KLV�YHFWRU�KDV�³JRRG´�DVVLJQPHQW��VR�LW�LV�D�ILQDO�VROXWLRQ��7KH�PHWKRG
FRQWLQXHV� ZLWK� IHDVLEOH� VROXWLRQ� QR�� �� DQG� JRHV� RQ�� :KHQ� LW� UHDFKHV
IHDVLEOH� VROXWLRQ� QR�� �� LW� VWRSV� EHFDXVH� WKHUH� LVQ¶W� DQ\� RWKHU� WR� EH
FRPELQHG�� $OO� WKH� ILQDO� VROXWLRQV� DUH� VKRZQ� LQ� WDEOH� ��� ,I� D� IHDVLEOH
VROXWLRQ�KDG�D�³EDG´�DVVLJQPHQW��ZKHQ�WKH�VHDUFK�PHWKRG�UHDFKHG�LW� WKH
DOJRULWKP� ZRXOG� EH� VWRSSHG�� ,W� LV� PHDQLQJOHVV� WR� VHDUFK� IRU� JRRG
VROXWLRQV�LQ�D�VHW�RI�EDG�VROXWLRQV�

)LJXUH����)HDVLEOH�VROXWLRQV�

7KH� RSWLPXP� VROXWLRQ� FDQ� EH� IRXQG� E\� XVLQJ� WKH� ILYH� FULWHULD�� DV� LW� LV
PHQWLRQHG� DERYH��$Q�RSWLPL]DWLRQ� WHFKQLTXH�ZDV� XVHG�ZLWK� WKH�ZHLJKW
FRHIILFLHQWV�JLYHQ�EHORZ�DQG�WKH�UHVXOWV�DUH�VKRZQ�LQ�ILJ����

l� 0DLQWHQDQFH������
l� 5HOLDELOLW\����
l� 5HSHDWDELOLW\������
l� &\FOH�WLPH������
l� 1RUPDOL]HG�1RUP�RI�'HJUHH�RI�&RQILGHQFH����
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7DEOH����&HUWDLQW\�YDOXHV�RI�IHDVLEOH�VROXWLRQV�

6HSDUDWLRQ 3ODFLQJ
�� $GKHVLYH � �
�� 9DFXXP � �
�� &ODPS � �
�� )UHH]LQJ � �
�� $LUMHW � �
�� 3LQ � �
�� 3LQFK � �
�� (OHFWURDGKHVLYH ��� ���

)LJXUH����)LQDO�VROXWLRQ�QR����RI�WKH�GHVLJQ�SUREOHP�

7DEOH����)LQDO�VROXWLRQV�

)LQDO�6ROXWLRQV
�� $GKHVLYH
�� 9DFXXP
�� &ODPS (OHFWURDGKHVLYH
�� )UHH]LQJ (OHFWURDGKHVLYH
�� $LUMHW (OHFWURDGKHVLYH
�� 3LQ (OHFWURDGKHVLYH
�� 3LQFK (OHFWURDGKHVLYH
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)LJXUH����2SWLPL]DWLRQ�GHJUHH�RI�WKH�ILQDO�VROXWLRQV�

7KH�FRQYHQWLRQDO�NQRZOHGJH�EDVHG�V\VWHP�ZRXOG�JLYH�RQO\�WZR�VROXWLRQV
ZLWK� IHDVLEOH� FRQFHSWV�� QDPHO\�� DGKHVLYH� DQG� YDFXXP� DQG� QR
FRPELQDWLRQV� ZRXOG� EH� DFKLHYHG�� 6R�� WKH� SUREOHP� FRXOG� EH� VROYHG
SDUWLDOO\�

����'LVFXVVLRQ�RI�UHVXOWV�

,Q�WKH�DERYH�H[DPSOH��WKH�TXDOLW\�RI�WKH�ILUVW�WZR�IHDVLEOH�VROXWLRQV��ILJ�
���LV�FRQVLGHUHG�DV�³JRRG´��6R��WKHVH�WZR�VROXWLRQV�DUH�ILQDO�VROXWLRQV�RI
RXU�SUREOHP��7KH�RWKHU�ILYH�ILQDO�VROXWLRQV�ZHUH�FUHDWHG�E\�FRPELQDWLRQ
RI� WKH� IHDVLEOH� VROXWLRQV�� ZKLFK� DUH� QRW� ³JRRG´�� 7KH� RSWLPXP� GHFLVLRQ
GHSHQGV�RQ�WKH�SULRULW\�RI�WKH�ILYH�FULWHULD�WKDW�DUH�GHILQHG�E\�WKH�GHVLJQHU
�ILJ�����

$V�LW�FDQ�EH�VHHQ�LQ�ILJ�����WKH�VROXWLRQ�LV�D�PXOWLJULSSHU��ZKLFK��DV�IDU�DV
LW�LV�NQRZQ�LW�GRHVQ¶W�H[LVW�FRPPHUFLDOO\��6R��IRU�WKDW�FDVH��VRPH�RULJLQDO
GHVLJQ� LV�QHHGHG��$V�DQ� DOWHUQDWLYH�� HLWKHU� WZR� URERWV�HDFK�RQH�ZLWK� LWV
RZQ� JULSSHU�� FDQ� EH� XVHG� RU� RQH� URERW� HTXLSSHG� ZLWK� D� PDJD]LQH
SURYLGLQJ�WKH�SURSHU�JULSSHU�WR�WKH�URERW�

&RPSDUHG� ZLWK� WKH� SUHYLRXV� YHUVLRQ� RI� WKH� NQRZOHGJH�EDVHG� V\VWHP�
ZKLFK� FRXOG� JLYH� RQO\� WZR� IHDVLEOH�� QRQ�ILQDO� VROXWLRQV�� WKH� FXUUHQW
NQRZOHGJH�EDVHG� V\VWHP� SURYHV� WR� EH� PRUH� IOH[LEOH�� ,Q� WKH� ODWWHU�
LQWHUDFWLRQV�RFFXU�EHWZHHQ� WKH�GHVLJQHU�DQG� WKH�SURSRVHG�V\VWHP�LQ� WKLV
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SDUWLFXODU� DQG� FULWLFDO� SRLQW�� ,I� WKH� QXPEHU� RI� WKH� ILQDO� VROXWLRQV� LVQ¶W
HQRXJK�� WKH� GHVLJQHU� FDQ� LQFUHDVH� WKH� UHJLRQ� RI� WKH� DFFHSWHG� ILQDO
VROXWLRQV�XVLQJ�WKH�

L
I ��L ����IDFWRUV�DQG�YLFH�YHUVD�

�� &RQFOXVLRQV�

,Q�WKLV�SDSHU��D�VHDUFK�PHWKRG�IRU�D�NQRZOHGJH�EDVHG�V\VWHP�LV�SUHVHQWHG�
7KH�PHWKRG�XVHV�WKH�WKHRU\�RI�(XFOLGHDQ�6SDFH�ZLWK�QRUP��7KH�PHWKRG
ZRUNV�LQ�PXOWLSOH�K\SRWKHVLV�SUREOHPV�DV�ZHOO�DV�LQ�VLQJOH�RQH�SUREOHPV
ZLWK� VOLJKW� PRGLILFDWLRQV�� ,W� FRPELQHV� TXDOLWDWLYH� DQG� TXDQWLWDWLYH
UHSUHVHQWDWLRQ� RI� VROXWLRQV� LQ� RUGHU� WR� PDNH� WKH� LQWHUDFWLRQ� ZLWK� WKH
GHVLJQHU�FRPSOLDQW��,Q�DGGLWLRQ��LW�LV�PRUH�IOH[LEOH�VLQFH�WKH�GHVLJQHU�FDQ
FKDQJH�WKH�OLPLWV�WKDW�GHILQH�WKH�VROXWLRQV��7KH�QRUP�WKDW�WKH�PHWKRG�XVHV
FDQ�EH�XVHG� WR� IRUPXODWH� D� FULWHULRQ� IRU� IXUWKHU� VHOHFWLRQ�RI� WKH�RSWLPDO
VROXWLRQ�RI�WKH�SUREOHP�VRPHWKLQJ�WKDW�GRHVQ¶W�H[LVWV�LQ�WKH�FRQYHQWLRQDO
NQRZOHGJH�EDVHG� V\VWHP��7KH� DGYDQWDJHV� RI� WKH� SURSRVHG�PHWKRG�PD\
FRQWULEXWH�WRZDUGV�PRUH�UHOLDEOH�NQRZOHGJH�EDVHG�V\VWHPV��HVSHFLDOO\�LQ
WKH�ILHOG�RI�GHVLJQ�

$FNQRZOHGJHPHQWV�

7KLV�UHVHDUFK� LV�D�SDUW�RI�ZRUN� IRU� WKH�SURMHFW� IXQGHG�E\� WKH�(8� LQ� WKH
,1&2�&23(51,&86� SURJUDP�� ,1&2�&23� ��������� ³+20(5�
+DQGOLQJ�RI�QRQ�ULJLG�PDWHULDOV�ZLWK�URERWV´�

5HIHUHQFHV�

>�@� 5LFK� (��� .�� .QLJKW�� $UWLILFLDO� ,QWHOOLJHQFH�� 0F*UDZ�+LOO�� 86$�
�����

>�@� -XQJKDQQV� $��� &�� 3RVWKRII�� 0�� 6FKORVVHU�� 6HDUFK� ZLWK� IX]]\
QXPEHUV��3URF��RI�WKH������,(((�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�)X]]\
6\VWHPV��SS����������������

>�@� 'H�0DWKHOLQ�0��� &�� 3HUQHHO��0�� $FKHUR\�� %D\HVLDQ� HVWLPDWLRQ� YV
IX]]\� ORJLF� IRU� KHXULVWLF� UHDVRQLQJ�� ����� ,(((� ,QWHUQDWLRQDO
&RQIHUHQFH�RQ�)X]]\�6\VWHPV��SS����������������
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>�@� *HUPDQ� 2�� 9��� *HUPDQRYLFK�� (�� ,��� 7HFKQRORJLFDO� V\VWHP� IRU� WKH
KHXULVWLF� VHDUFK� IRU� D� VROXWLRQ�� -RXUQDO� RI� &RPSXWHU� DQG� 6\VWHPV
6FLHQFHV�,QWHUQDWLRQDO������SS����������������

>�@� 6WHZDUW� %�� 6��� 2YHUYLHZ� RI� D� PXOWLREMHFWLYH� KHXULVWLF� VHDUFK
DOJRULWKP� IRU� $1'�25� JUDSKV�� 3URFHHGLQJV� RI� WKH� ,(((
LQWHUQDWLRQDO�&RQIHUHQFH� RQ� 6\VWHPV�0DQ� DQG�&\EHUQHWLFV�� ��� SS�
��������������

>�@� .DLQ]� *��� +�� .DLQGO�� '\QDPLF� LPSURYHPHQWV� RI� KHXULVWLF
HYDOXDWLRQV�GXULQJ�VHDUFK��3URFHHGLQJV�RI�WKH�QDWLRQDO�FRQIHUHQFH�RQ
$UWLILFLDO�,QWHOOLJHQFH�����SS����������������

>�@� 3HUQHHO� &��� -�0�� 5HQGHUV�� 0�� $FKHUR\�� 2SWLPL]DWLRQ� RI� IX]]\
H[SHUWV�V\VWHPV�XVLQJ�JHQHWLF�DOJRULWKPV�DQG�QHXUDO�QHWZRUNV��,(((
7UDQVDFWLRQV�RQ�)X]]\�6\VWHPV�����SS����������������

>�@� .UH\V]LJ� (��� ,QWURGXFWRU\� IXQFWLRQDO� DQDO\VLV� ZLWK� DSSOLFDWLRQV�
-RKQ�:LOH\�	�6RQV��&DQDGD�������

>�@� 'ODERKD�,���$UH�URERWV�SDUW�RI�WKH�IXWXUH�DW�DSSDUHO�SODQWV"�$SSDUHO
ZRUOG������SS��������������

>��@�(LLFKL�2���2��+LGHKLNR��$��+LWRVKL��$��1REXUX�5RERW� KDQG�ZLWK� D
VHQVRU�IRU�FORWK�KDQGOLQJ��-RXUQDO�RI�WKH�7H[WLOH�0DFKLQHU\�6RFLHW\
RI�-DSDQ������SS��������������

>��@�.HPS�'��5���*��(��7D\ORU��3��0��7D\ORU��$��3XJK��$�VHQVRU\�JULSSHU
IRU�KDQGOLQJ�WH[WLOHV��5RERW�*ULSSHUV��SS����������������

>��@�0RQNPDQ� *�� -��� &�� 6KLPPLQ�� 3HUPDWDFN� DGKHVLYHV� IRU� URERW
JULSSHUV��$VVHPEO\�$XWRPDWLRQ������SS��������������

>��@�3DUDVFKLGLV� .��� 1�� )DKDQWLGLV�� 9�� 9DVVLOLDGLV�� 9�� 3HWULGLV�� =�
'RXOJHUL�� /�� 3HWURX�� *�� +DVDSLV�� $� URERWLF� V\VWHP� IRU� KDQGOLQJ
WH[WLOH� PDWHULDOV�� ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 5RERWLFV� DQG
$XWRPDWLRQ��SS������������������

>��@�7D\ORU� 3�� 0��� $� WRROER[� RI� JDUPHQW� KDQGOLQJ� WHFKQLTXHV�� ,((
&ROORFXLXP� RQ� ,QWHOOLJHQW� DXWRPDWLRQ� IRU� SURFHVVLQJ� QRQ�ULJLG
SURGXFWV��6DYR\�3ODFH��(QJODQG��SS����������������
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>��@�0RXOLDQLWLV� 9�� &��� $�� -�� 'HQWVRUDV�� 1�� $�� $VSUDJDWKRV�� $
NQRZOHGJH�EDVHG� V\VWHP� IRU� FRQFHSWXDO� GHVLJQ� RI� JULSSHUV� IRU
KDQGOLQJ�IDEULFV��6XEPLWWHG�IRU�SXEOLFDWLRQ�LQ�$UWLILFLDO�,QWHOOLJHQFH
IRU�(QJLQHHULQJ�'HVLJQ��$QDO\VLV�DQG�0DQXIDFWXULQJ�������

>��@�/HIVFKHW]� 6��� 'LIIHUHQWLDO� HTXDWLRQV�� *HRPHWULF� WKHRU\�� 'RYHU
3XEOLFDWLRQV�,QF���1HZ�<RUN�������
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