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$EVWUDFW²5HFHQW�DGYDQFHV� LQ� WHFKQLTXHV� IRU� WHVWLQJ�JUDSKLFDO�
XVHU� LQWHUIDFHV� �*8,V�� HQDEOHG� WR� GHYHORS� ZRUNIORZ� PRGHOV�
DQG�VXFFHVVIXOO\�HPSOR\�WKHP�WR�JHQHUDWH�ODUJH�QXPEHUV�RI�WHVW�
FDVHV� E\� GHILQLQJ� QHZ� WHVW� DGHTXDF\� FULWHULD� DQG� RSWLPL]LQJ�
WHVW� VXLWHV� IRU� LQFUHDVLQJ� WKH� WHVW� HIILFLHQF\�� 7KH� NH\� WR� WKH�
VXFFHVV� RI� WKHVH� HYHQW�IRFXVHG� WHFKQLTXHV�� HVSHFLDOO\� HYHQW�
IORZ�JUDSKV�DQG�HYHQW�VHTXHQFH�JUDSKV��LV�WKDW�WKH\�SULPDULO\�
IRFXV� RQ� WKH� LQSXW� VSDFH�� DQG�PRGHO� WKH� ZRUNIORZ� LQ� VLPSOH�
WHUPV��,I�QHFHVVDU\��WKH\�FDQ�DOVR�EH�DXJPHQWHG�WR�PRGHO�PRUH�
FRPSOH[� V\VWHPV� DQG� SURFHVVHV� WR� DGDSW� WR� WKH� QHHGV� RI� WHVW�
HQJLQHHUV��:H�QRZ�SRVLW�WKDW�ZH�FDQ�H[WHQG�WKHVH�WHFKQLTXHV�WR�
DOVR�GRPDLQV�RWKHU�WKDQ�*8,V�WR�FUHDWH�D�JHQHUDO�HYHQW�GULYHQ�
SDUDGLJP�IRU�WHVWLQJ�

.H\ZRUGV�PRGHOLQJ�� WHVWLQJ�� HYHQW�� VWDWH�� HYHQW�FHQWULF��
GLUHFWHG�JUDSK

,���,1752'8&7,21�±�:+<�(9(17�25,(17$7,21"

6\VWHPDWLF�WHVWLQJ�LV�DQ�HQJLQHHULQJ�DFWLYLW\�WKDW�UHTXLUHV�
WKH�WHVW�SURFHVV�SRVVHVV�IROORZLQJ�NH\�IHDWXUHV�>�@>�@�

� 3UHGLFWDELOLW\� LV� WKH� DELOLW\� WR� REWDLQ� NQRZQ� WKH�
FKDUDFWHULVWLFV�RI�D�EHKDYLRU� LQ� UHVSRQVH� WR�JLYHQ� LQSXW��
&RQVWUXFW� D� VHW� RI� WHVW� FDVHV� ZKLFK� FRQVLVW� RI� RUGHUHG�
SDLUV� RI� LQSXWV� DQG�� EDVHG� RQ� WKH� GHILQHG� RUDFOH�V���
GHULYH� WKH� H[SHFWHG� UHDFWLRQ� RU� EHKDYLRU� �H�J��� RXWSXWV��
VXFFHVVIXO� FRPSOHWLRQ� RI� WHVW� VHTXHQFH� H[HFXWLRQ�� HWF���
RI� WKH� V\VWHP� XQGHU� WHVW� �687�� XVLQJ� WKH� PRGHO� RU�
VSHFLILFDWLRQ�IRU�FRYHULQJ�WKH�JLYHQ�RSHUDWLRQDO�SURILOH�
� &RQWUROODELOLW\�LV�WKH�DELOLW\�WR�HVWDEOLVK�D�VSHFLILF�
EHKDYLRU� LQ� D� V\VWHP� E\� XVLQJ� WKH� LQSXWV�� $SSO\� WKH�
JHQHUDWHG� WHVW� FDVHV� WR� H[HUFLVH� WKH� 687� LQ� RUGHU� WR�
SURGXFH�D�VSHFLILF�EHKDYLRU�
� 2EVHUYDELOLW\� LV� WKH� DELOLW\� WR� GHWHUPLQH� WKH�

FKDUDFWHULVWLFV� RI� D� EHKDYLRU� LQ� D� V\VWHP�E\� FRQWUROOLQJ�
WKH� LQSXWV� DQG� REVHUYLQJ� LWV� RXWSXWV�� %DVHG� RQ� WKH�
H[HFXWHG� HYHQWV�� FKHFN� WKH� EHKDYLRU� RI� WKH� 687� WR�
FRPH� WR� DQ� XQDPELJXRXV� GHFLVLRQ�ZKHWKHU� WKH� WHVW� KDV�
VXFFHHGHG�RU�IDLOHG�
7KH� VXP� RI� SUHGLFWDELOLW\�� FRQWUROODELOLW\�� DQG�

REVHUYDELOLW\� RI� WKH� WHVW� SURFHVV� OHDGV� WR� LWV� PRQLWRULQJ�
FDSDELOLW\�WKDW�KHOSV�ZLWK�PHDVXULQJ�WKH�JUDGH�RI� WHVWDELOLW\�
RI� WKH� 687�� 0RQLWRULQJ� UHTXLUHV� D� PRGXODU� DQG� ORRVHO\�
FRXSOHG� VWUXFWXUH� RI� WKH� 687�� ZKLFK� PXVW� EH� GHVLJQHG�

FDUHIXOO\�� FRQVLGHULQJ� WKH� DSSURSULDWH� HQJLQHHULQJ�PHWKRGV�
DQG�SULQFLSOHV��H�J���³'HVLJQ�IRU�7HVWDELOLW\´�>�@�

(YHQWV� DUH� HVVHQWLDO� IRU� IXOILOOLQJ� PRQLWRULQJ�
UHTXLUHPHQWV�� DQG� WKXV� HQDEOLQJ� V\VWHPDWLF� WHVWLQJ��
7KH\� DUH� H[WHUQDOO\� SHUFHSWLEOH�� FRQWUDU\� WR� ³VWDWHV´��
ZKLFK� DUH� LQWHUQDO� WR� WKH� 687�� DQG� WKXV� QRW� QHFHVVDULO\�
REVHUYDEOH��� $OVR�� HYHQWV� WKDW� EHORQJ� WR� WKH� LQSXW� VSDFH�
HQDEOH� FRQWUROODELOLW\� RI� WKH� WHVW� SURFHVV�� EHFDXVH� WKH\� DUH�
XVHG�WR�LQGXFH�VSHFLILF�EHKDYLRUV��)XUWKHUPRUH��HYHQW�EDVHG�
DSSURDFKHV� VXSSRUW� WKH� SUHGLFWDELOLW\� RI� WKH� WHVW� SURFHVV��
VLQFH�WKH�H[SHFWHG�EHKDYLRU�FDQ�EH�GHULYHG�

,Q� WKH� FRQWH[W� RI� WKLV� SDSHU�� ZH� XVH� WKH� WHUP� HYHQW� WR�
PHDQ�D�GLVFUHWH�DFWLRQ��PHVVDJH��VLJQDO��HWF��WKDW�PD\�FDXVH�
D�FKDQJH�WR�WKH�VWDWH�RI�DQ�XQGHUO\LQJ�V\VWHP��:H�IHHO�WKDW�
WKLV� LV� LPSRUWDQW� IRU�XV� WR�FODULI\�DV� WKH� WHUP�HYHQW� LV�XVHG�
GLIIHUHQWO\�DFURVV�GLIIHUHQW�ILHOGV��

7KH� VLPSOLFLW\� DQG� HIILFLHQF\� RI� HYHQW�EDVHG� WHVWLQJ�
DSSURDFKHV� DUH� H[SORLWHG� LQ� YDULRXV� ZRUNV�� H�J��� DV� XVLQJ�
HYHQW�IORZ� JUDSKV� �()*V�� DQG� WKHLU� GHULYDWHV� IRU� *8,�
WHVWLQJ�>�@>�@��DQG�LQ�D�EURDGHU�VHQVH��HYHQW�VHTXHQFH�JUDSKV�
�(6*V��>�@>�@��%RWK�DSSURDFKHV��DQG�WKHLU�GHULYDWLYHV��VHUYH�
DV� HYHQW�RULHQWHG�� IRUPDO� DEVWUDFWLRQV� IRU� WHVW� VSHFLILFDWLRQ�
DQG� LPSOHPHQWDWLRQ� ODQJXDJHV� VXFK� DV� 2$6,6� >�@>�@� DQG�
77&1� >�@�� HQDEOLQJ� WKH� XVH� RI� PDWKHPDWLFDO� PHWKRGV��
$OWKRXJK�� VXFK�ZRUNV�GHPRQVWUDWH� WKH�VXFFHVV�DQG�H[SODLQ�
WKH� VLJQLILFDQFH� RI� HYHQW�EDVHG� DSSURDFK� IRU� WHVWLQJ�� WKH�
VXJJHVWHG�HYHQW�EDVHG�PRGHOV�WHQG�WR�ILQG�OLPLWHG�DWWHQWLRQ�
FDXVHG�E\�YDULRXV�DVSHFWV�DQG�WKXV�QHHG�H[WHQVLRQ�WR�ZLGHQ�
WKHLU� XVDJH� DQG� UHDFK� D� EURDGHU� DFFHSWDQFH� WKDQ� VROHO\� LQ�
*8,�WHVWLQJ�

,Q�PRGHO�EDVHG�WHVWLQJ��PRVW�RI�WKH�UHFRJQL]HG�UHVHDUFK�
ZRUN� LV� EDVHG� RQ� VWDWH�EDVHG� PRGHOV�� VXFK� DV� 80/� VWDWH�
GLDJUDPV�>�@�DQG�RWKHU�JUDSKLFDO�PRGHOV��H�J���>�@>�@>��@>�@
>��@>�@>��@>�@>��@>��@�� 3UHFLVHO\� REVHUYHG�� KRZHYHU�� VXFK�
PRGHOV�RSHUDWH�RQ�³RXWSXWV´� WKDW�DUH�H[WHUQDOO\�SHUFHSWLEOH�
DQG� FRQVLGHUHG� DV� VHPDQWLF� DXJPHQWDWLRQ� RI� WKH� DUFV� WKDW�
FRQQHFW� VWDWHV�� 7KXV�� LQ� WKH� HQG� WKHVH� RXWSXWV� UHSUHVHQW�
HYHQWV��³6WDWHV´�FDQQRW�EH�REVHUYHG�DQG�FRQWUROOHG�GLUHFWO\�
IURP� RXWVLGH� RI� WKH� 687�� DV� WKH\� DUH� FRQWUROOHG� LQGLUHFWO\�
YLD�HYHQW�VHTXHQFHV��7KHUHIRUH��VWDWH�EDVHG�PRGHOV�IXQFWLRQ�
QRW� GXH� WR� WKHLU� VWDWH� RULHQWDWLRQ�� EXW� WKDQNV� WR� WKHLU�
SUR[LPLW\�WR�HYHQW�RULHQWDWLRQ�

$W� WKLV� SRLQW�� RQH� FDQ� DUJXH� WR� XVH� VWDWH�EDVHG�PRGHOV�



DQG� SHUIRUP� PRGHO�WR�PRGHO� WUDQVIRUPDWLRQV� WR� REWDLQ�
DQ� HYHQW�EDVHG� PRGHO�� +RZHYHU�� LQ� PRGHO�EDVHG� WHVWLQJ�
SUDFWLFH�� RQH� WHQGV� WR�PDNH� GLIIHUHQW� VLPSOLILFDWLRQV� EDVHG�
RQ� WKH� VHOHFWHG� UHSUHVHQWDWLRQ� DQG� OLPLWDWLRQV�� 9DULRXV�
IDFWRUV�� OLNH� LQGLYLGXDO�SUHIHUHQFHV�� WLPH�EXGJHW�FRQVWUDLQWV�
DQG�V\VWHP�FKDUDFWHULVWLFV��DOVR�DIIHFW�WKHVH�VLPSOLILFDWLRQV��
7KXV�� LQ� SUDFWLFH�� DQ� HYHQW�EDVHG� PRGHO� REWDLQHG� XVLQJ�
PRGHO�WR�PRGHO� WUDQVIRUPDWLRQV� LV� H[SHFWHG� WR�EH�GLIIHUHQW�
IURP� DQRWKHU� RQH� EXLOW� FRPSOHWHO\� XVLQJ� HYHQW�FHQWULF�
DSSURDFK�� 7KHUHIRUH�� LQ� PDQ\� FDVHV�� WKH� GLIIHUHQW� IRFXVHV�
RI� WKH� UHSUHVHQWDWLRQV� DUH� UDWKHU�PRUH� LPSRUWDQW� WKDQ� WKHLU�
HTXLYDOHQFH�

7KLV� SDSHU� OD\V� RXW� D� JHQHUDO� VFKHPH� RI� HYHQW�EDVHG�
WHVWLQJ��LQ�WHUPV�RI�WHVW�VHTXHQFHV��WKH�SURFHVV�RI�JHQHUDWLQJ�
WKRVH� WHVW� VHTXHQFHV�� HWF�� �6HFWLRQ� ,,��� ,W� DOVR� H[SODLQV� WKDW�
WKH� H[LVWLQJ� DSSURDFKHV� IRU� WHVWLQJ� RI� *8,V� >�@>�@>�@>�@�
DUH�VXFFHVVIXO�SULPDULO\�GXH� WR� WKHLU�HYHQW�GULYHQ�DSSURDFK�
WR� WHVWLQJ� DQG� GHYLVH� D� EDVLF� HYHQW�EDVHG� PRGHO� WKDW� KDV�
WKH� SRWHQWLDO� WR� FUHDWH� DEVWUDFWLRQV� WR� PRGHO� YDULRXV� RWKHU�
GRPDLQV� E\� SHUIRUPLQJ� SURSHU� H[WHQVLRQV� �6HFWLRQ� ,,,��� ,Q�
DGGLWLRQ��H[DPSOHV�DUH�RXWOLQHG�LQ�RUGHU� WR�GHPRQVWUDWH� WKH�
XVH� RI� WKH� GLVFXVVHG� H[WHQVLRQV� DQG� WKHLU� FKDUDFWHULVWLFV�
�6HFWLRQ� ,9��� 7KH� SDSHU� FRQFOXGHV� ZLWK� D� OLVW� RI� DVSHFWV�
DQG� LGHDV� WR� VSHFXODWH� IRU� IXUWKHU� UH�FDVWLQJ� HYHQW�EDVHG�
PRGHOLQJ��6HFWLRQ�9��

,,��(9(17�%$6('�02'(/,1*

%DVLFDOO\�� DQ� HYHQW� LV� DQ� H[WHUQDOO\� REVHUYDEOH�
SKHQRPHQRQ�� VXFK� DV� DQ� HQYLURQPHQWDO� VWLPXOXV� RU� D�
V\VWHP�UHVSRQVH��SXQFWXDWLQJ�GLIIHUHQW�VWDJHV�RI�WKH�V\VWHP�
DFWLYLW\�� ,W� LV� FOHDU� WKDW� VXFK� D� UHSUHVHQWDWLRQ� GLVUHJDUGV�
WKH� GHWDLOHG� LQWHUQDO� EHKDYLRU� RI� WKH� V\VWHP� DQG�� KHQFH�� LV�
HQDEOHV�WKH�FUHDWLRQ�RI�UHODWLYHO\�PRUH�DEVWUDFW�DQG�VLPSOHU�
UHSUHVHQWDWLRQV� FRPSDUHG� WR�� H�J��� VWDWH� WUDQVLWLRQ� GLDJUDPV�
�67'V��� RU� ILQLWH�VWDWH� DXWRPDWD� �)6$���$� VLPSOH� H[DPSOH�
RI�VXFK�DEVWUDFWLRQV�LV�HYHQW�VHTXHQFH�JUDSKV��(6*V��
�

�D��$Q�(6*�

�E��$Q�HTXLYDOHQW�)6$�

)LJXUH���� 5HODWLRQVKLS�EHWZHHQ�(6*V�DQG�)6$�

%ULHIO\� VSHDNLQJ�� DQ� (6*� LV� D� GLJUDSK� DQG� PD\� EH�
WKRXJKW�RI�DV�DQ�RUGHUHG�SDLU�

0� ��α��(�� ���
ZKHUH�α� LV� D� VHW� RI� QRGHV� XQLTXHO\� ODEHOHG� E\� VRPH� LQSXW�
V\PEROV� �DOVR� GHQRWHG� KHUH� E\� α�� DQG� (� D� QRQ�HPSW\�
UHODWLRQ�RQ�α��ZLWK�HOHPHQWV�LQ�(�UHSUHVHQWLQJ�GLUHFWHG�DUFV�
EHWZHHQ�WKH�QRGHV�LQ�α�

)LJXUH��� VKRZV�DQ�(6*�DQG�D� UHODWHG�)6$��2EYLRXVO\��
WKLV� LPSOLHV� WKDW�� JLYHQ� D� QHHG�� WKH� UHOHYDQW� )6$� FDQ� EH�
UHFRYHUHG� IURP� WKH�(6*�RU��PRUH�DFFXUDWHO\�� WKH�(6*�FDQ�
EH�UHILQHG�LQWR�DQ�HTXLYDOHQW�)6$�LQ�DQ�DSSURSULDWH�PDQQHU��
7KHVH�FRQYHUVLRQV�DUH�GRQH�E\�LQWHUSUHWLQJ�(6*V�DV�0RRUH�
OLNH�PDFKLQHV� >��@>��@�� DQG� )6$V� DV�0HDO\�OLNH�PDFKLQHV�
>��@>��@��+RZHYHU��WKH�FDVH�RI�HPSW\�VWULQJ��DQG�WKH�LQLWLDO�
DQG� ILQDO� VWDWHV� VKRXOG� EH� WUHDWHG� FDUHIXOO\�� )XUWKHUPRUH��
RQH�PD\�QHHG�WR�XVH�LQGH[LQJ�>�@>�@�WR�DVVLJQ�D�XQLTXH�ODEHO�
WR�HDFK�HYHQW�LQ�WKH�JUDSK�

(6*V� DUH� DOVR� FRPSDUDEOH� WR� 0\KLOO� JUDSKV� >��@>��@
�� ZKLFK� DUH� XVHG� DV� FRPSXWDWLRQ� VFKHPHV� >��@>��@�� RU� DV�
V\QWD[�GLDJUDPV��H�J���DV�XVHG�LQ�>��@>��@>��@>��@�WR�GHILQH�
WKH�V\QWD[�RI�3DVFDO�� VHH�DOVR� WKH�HDUO\�XVDJH�RI� WKH�QRWLRQ�
HYHQW� VHTXHQFHV� >��@>��@�� 7KH� GLIIHUHQFH� EHWZHHQ� 0\KLOO�
JUDSKV�DQG�(6*V�LV�WKDW�WKH�V\PEROV��ZKLFK�ODEHO�WKH�QRGHV�
RI�DQ�(6*��DUH� LQWHUSUHWHG�KHUH�QRW�PHUHO\�DV�V\PEROV�DQG�
PHWD�V\PEROV�RI�D� ODQJXDJH��EXW�DV�RSHUDWLRQV�SXW� WRJHWKHU�
LQ�DQ�HYHQW�VHW�

(YHQW� IORZ� JUDSKV� �()*V�� DUH� DQRWKHU� H[DPSOH� RI�
FRPPRQO\� XVHG� HYHQW�EDVHG� DEVWUDFWLRQV�� 7KH\� DUH�
SULPDULO\�GHVLJQHG�IRU�*8,�PRGHOLQJ�DQG�WHVWLQJ��7KHUHIRUH��
WKH\�DUH�HQULFKHG�E\�VHPDQWLFV�VSHFLILF�WR�*8,V��(YHU\�()*�
FDQ� EH� WUDQVIRUPHG� WR� DQ� HTXLYDOHQW� (6*� E\� WDNLQJ� DZD\�
WKH�DGGLWLRQDO�VHPDQWLFV�WKDW�LV�XVHG�WR�GLIIHUHQWLDWH�WKH�*8,�
HYHQWV�� DQG� DQ\� (6*� FDQ� EH� WUDQVIHUUHG� WR� DQ� HTXLYDOHQW�
()*�E\�LQFOXVLRQ�RI�WKH�UHTXLUHG�VHPDQWLFV��>�@>�@

,Q�WKH�UHVW��ZH�EDVH�RXU�GLVFXVVLRQ�RQ�(6*V��EHFDXVH��IRU�
HYHQW�EDVHG�PRGHOLQJ�� WKH\� DUH� WKH� ³PRVW� 6SDUWDQ´� �LQ� WKH�
VHQVH�WKH\�QHHG�WKH� ORZHVW�DPRXQW�RI�PRGHOLQJ�PHDQV�DQG�
UHVRXUFHV��� 1HYHUWKHOHVV�� WKH\� SRVVHVV� D� VXIILFLHQW� DPRXQW�
RI�VHPDQWLFV�VR�WKDW�WKH\�FDQ�EH�XVHG�QRW�RQO\�IRU�PRGHOLQJ�
VSHFLILF� W\SHV� RI� V\VWHPV�� OLNH� *8,V�� EXW� DOVR� RWKHU� SUR�
DFWLYH�� UH�DFWLYH� RU� LQWHU�DFWLYH� V\VWHPV�� 8VXDOO\�� WKH\�
ZLOO� EH� DXJPHQWHG� XVLQJ� SURSHU� VHPDQWLFV� DQG� DGGLWLRQDO�
IHDWXUHV� WR� HQDEOH� PRGHOLQJ� RI� UHDO�OLIH� V\VWHPV�� 6HFWLRQ�
,,,� �([WHQVLRQV�� ZLOO� H[SODLQ� DQG� GHPRQVWUDWH� KRZ� VXFK�
DXJPHQWDWLRQV�FDQ�EH�FDUULHG�RXW�

$��7HVWLQJ�'LIIHUHQW�%HKDYLRUV
$V�LPSOLHG�E\�'HILQLWLRQ������(6*V�DUH�VLPSO\�GLUHFWHG�

JUDSKV�ZKHUH�QRGHV�DUH�LQWHUSUHWHG�DV�HYHQWV��DQG�DUFV�IRUP�
D� ³IROORZV� UHODWLRQ´� DQG� WKXV� UHSUHVHQW� HYHQW�VHTXHQFHV�
�PRUH� SUHFLVHO\� HYHQW�SDLUV� RU� ��VHTXHQFHV��� )RU� NHHSLQJ�
WKH� YLHZ� DV� VLPSOH� DV� SRVVLEOH�� WKHUH� LV� QR� GLVWLQFWLRQ�
EHWZHHQ�GLIIHUHQW�W\SHV�RI�HYHQWV��2QH�LV�RQO\�LQWHUHVWHG�LQ�
HYHQWV�DQG�WKHLU�VHTXHQFHV�

,Q� WHVWLQJ� SUDFWLFH�� LW� LV� YHU\� FRPPRQ� WR� LPSRVH�
DGGLWLRQDO�FRQVWUDLQWV�RQ�(6*V��7KHVH�FRQVWUDLQWV�JHQHUDOO\�



HDVH� WKH� SURFHVVLQJ� RI� WKH� HYHQW�EDVHG�PRGHO� DQG� LQFUHDVH�
RU�HQVXUH�WKH�XVHIXOQHVV��6RPH�H[DPSOHV�RI�VXFK�FRQVWUDLQWV�
DUH�JLYHQ�EHORZ�

� 7KH�VHW�RI�VWDUW�DQG�ILQLVK�HYHQWV�LQ�DQ�(6*�DUH�QRQ�
HPSW\�

� (DFK�HYHQW�LQ�DQ�(6*�LV�UHDFKDEOH�IURP�DW� OHDVW�RQH�
VWDUW�HYHQW��DQG�DW� OHDVW�RQH�ILQLVK�HYHQW� LV�UHDFKDEOH�
IURP�HDFK�HYHQW�

$Q� (6*�PRGHO� RI� D� V\VWHP� GHILQHV� D� VHW� RI� EHKDYLRUV�
WR� ZKLFK� WKH� V\VWHP� VKRXOG� FRQIRUP� EDVHG� RQ� WKH� HYHQWV��
7KXV�� LW� LV�SRVVLEOH� WR� WHVW� IRU�SRVLWLYH�� L�H���GHVLUDEOH��YDOLG�
RU�H[SHFWHG��DQG�QHJDWLYH��L�H���XQGHVLUDEOH��LQYDOLG�RU�IDXOW\��
EHKDYLRUV�>�@>�@��ZKLFK�DUH�EULHIO\�GHILQHG�DV�IROORZV�

� 3RVLWLYH�7HVWLQJ��7HVWLQJ�ZKHWKHU�WKH�V\VWHP�LV�GRLQJ�
ZKDW�LW�LV�VXSSRVHG�WR�GR�

� 1HJDWLYH�7HVWLQJ��7HVWLQJ�ZKHWKHU� WKH� V\VWHP� LV� QRW�
GRLQJ�ZKDW�LW�LV�QRW�VXSSRVHG�WR�GR�

3RVLWLYH� WHVWLQJ� LV� SHUIRUPHG� E\� JHQHUDWLQJ� DQG� XVLQJ�
HYHQW� VHTXHQFHV� WKDW� LQGXFH� D� GHVLUDEOH� EHKDYLRU� VSHFLILHG�
E\� WKH� (6*� DV� WHVW� FDVHV�� $� SRVLWLYH� WHVW� FDVH� VXFFHHGV�
LI� WKH� REVHUYHG� EHKDYLRU� PDWFKHV� WKH� H[SHFWHG� EHKDYLRU��
2WKHUZLVH��LW�IDLOV�

$Q� H[DPSOH� RI� VXFK� D� WHVW� FDVH� LV� D� FRPSOHWH� HYHQW�
VHTXHQFH��&(6��WKDW�UHDOL]HV�D�ZDON�WKURXJK�WKH�V\VWHP��L�H���
D�&(6� LV�D�VHTXHQFH�RI�HYHQWV�ZKLFK�VWDUWV�DW�D�VWDUW�HYHQW�
DQG�HQGV�DW�D�ILQLVK�HYHQW�

6RPH�H[DPSOHV�RI�&(6V�JHQHUDWHG�IURP�WKH�(6*�PRGHO�
LQ�)LJXUH��� DUH� >� F� @�� >� F� [� F� @� DQG� >� [� F� [�S�� @��1RWH� WKDW�
HYHQWV�>�DQG�@�DUH�SVHXGR�VWDUW�DQG�ILQLVK�HYHQWV�ZKLFK�DUH�
XVHG�WR�PDUN�WKH�UHDO�VWDUW�DQG�ILQLVK�HYHQWV�LQ�WKH�PRGHO�

1HJDWLYH� WHVWLQJ� LQWHQGV� WR� H[HUFLVH� DQ� XQGHVLUDEOH�
EHKDYLRU�DQG�FRQILUP�WKDW�WKH�V\VWHP�GRHV�QRW�GLVSOD\�VXFK�
D�EHKDYLRU��7R�GR�WKLV��GHSHQGLQJ�RQ�QHJDWLYH�EHKDYLRUV� WR�
EH� WHVWHG�� RQH� FDQ� FUHDWH� D� VLQJOH� IDXOW\�PRGHO� FRQWDLQLQJ�
XQGHVLUDEOH� EHKDYLRUV� �RU� XVH� PXOWLSOH� IDXOW\� PRGHOV��� $�
QHJDWLYH� WHVW� FDVH� IDLOV� LI� WKH� REVHUYHG� EHKDYLRU� GRHV� QRW�
PDWFK�WKH�EHKDYLRU�GHULYHG�IURP�WKH�RULJLQDO�PRGHO�

$� IDXOW\�FRPSOHWH�HYHQW� VHTXHQFH� �)&(6�� FDQ�EH�JLYHQ�
DV�DQ�H[DPSOH�IRU�D�QHJDWLYH� WHVW�FDVH��7KH�ODVW� WZR�HYHQWV�
LQ� D� )&(6� DUH� FDOOHG� D� IDXOW\� HYHQW� SDLU� �)(3��� $Q� )(3�
VSHFLILHV� DQ� XQGHVLUDEOH� VHTXHQFH� RI� HYHQWV� WKDW� LV� QRW�
LQFOXGHG�LQ�WKH�(6*�PRGHO�RI�WKH�V\VWHP��7KH�LQLWLDO�SDUW�RI�
D�)&(6�FRQVLVWV�RI�D�YDOLG�VHTXHQFH�RI�HYHQWV�WKDW�DUH�XVHG�
WR�UHDFK�WKH�)(3�DQG�H[HUFLVH�LW�

6RPH� H[DPSOHV� RI� )&(6V� JHQHUDWHG� IURP� WKH� (6*� LQ�
)LJXUH���DUH�>�[�S��F�@��>�F�[�S��[�@��DQG�>�[�F�S��[�S��S��@
��)LQDO�HYHQW�SDLUV�LQ�)&(6��L�H����S��F����S��[��DQG��S��S����
DUH�)(3V�WKDW�DUH�QRW�LQFOXGHG�LQ�WKH�(6*�PRGHO�

%��(6*�0RGHOLQJ�(QDEOH�7HVW�6XLWH�2SWLPL]DWLRQ�
&(6V� DQG� )&(6V� IRUP� WHVW� VHTXHQFHV� �WHVW� FDVHV�� WKDW�

FDQ�EH�SXW�WRJHWKHU�WR�IRUP�WHVW�VXLWHV��0HDQLQJIXO�DGHTXDF\�
FULWHULD� FDQ� EH� GHILQHG� IRU� FRYHUDJH� RI� WHVW� VHTXHQFHV� RI�
GLIIHUHQW�OHQJWK��:HOO�VWXGLHG�DOJRULWKPV�IURP�JUDSK�WKHRU\�
KHOS�WR�VROYH�RSWLPL]DWLRQ�SUREOHPV�HQFRXQWHUHG�

)RU� D� WKRURXJK� SRVLWLYH� WHVWLQJ� RI� (6*V�� N�VHTXHQFH�
FRYHUDJH�FULWHULRQ��N≥���FDQ�EH�XVHG��7KLV�FULWHULRQ�HQWDLOV�
WKH� FRYHUDJH� RI� HYHQW� VHTXHQFHV� RI� IL[HG� OHQJWK� N�� 7R� GR�
WKLV��RQH�FDQ�WUDQVIRUP�WKH�XQGHUO\LQJ�JUDSK�WR�FRQVWUXFW�DOO�

GHVLUDEOH� HYHQW� VHTXHQFHV� WR�EH� FRYHUHG��&(6V�RI�PLQLPDO�
WRWDO� OHQJWK�DQG�RU�PLQLPDO�QXPEHU�FDQ�EH�JHQHUDWHG��7KLV�
SUREOHP� LV� D� GHULYDWLRQ� RI� WKH� &KLQHVH� 3RVWPDQ� 3UREOHP�
�&33�� WKDW� DWWHPSWV� WR� ILQG� WKH� VKRUWHVW� SDWK� RU� F\FOH� LQ� D�
JUDSK�E\�YLVLWLQJ�HDFK�DUF�>��@>��@�

7R� WHVW� IRU� QHJDWLYH� EHKDYLRU�� )(3� FRYHUDJH� FULWHULRQ�
FDQ�EH�XVHG��7KH�)(3V�DUH� LQVHUWHG� LQWR� WKH�(6*�DQG� WKHQ�
VKRUWHVW� SDWKV� DUH� FRPSXWHG� LQ� RUGHU� WR� JHQHUDWH� )&(6V�
FRYHULQJ� WKH� )(3V�� 7KH� QXPEHU� RI� )&(6V� IRU� QHJDWLYH�
WHVWLQJ� LQFUHDVHV�ZLWK� LQFUHDVLQJ�QXPEHU�RI�YHUWLFHV�VLQFH� _
)&(6_� �_9_����_(_�

&��(YHQWV�+HOS�5HDFK�D�+LJK�*UDGH�RI�7HVWDELOLW\
,Q� WKH� OLJKW� RI� WKH� QRWLRQV� LQWURGXFHG� LQ� WKH� SUHYLRXV�

VHFWLRQV�� LW� FDQ� EH� VHHQ� WKDW� XVLQJ� VLPSOH� VWUXFWXUH� RI�
(6*V� LV� VXIILFLHQW� WR� HPSOR\� UREXVW� WHVWLQJ� VWUDWHJLHV�
WKDW� XVH� JUDSK�EDVHG� WHVW� JHQHUDWLRQ� DOJRULWKPV� WKDW� DUH�
PDWKHPDWLFDOO\� VRXQG� DQG� HIILFLHQW�� )XUWKHUPRUH�� VXFK�
D� VLPSOLVWLF� DSSURDFK� LV� QHFHVVDU\�� EHFDXVH� LW� NHHSV� WKH�
DQDO\]DELOLW\� DW� D�PDQDJHDEOH� OHYHO� DQG� WKH� RYHUDOO� WHVWLQJ�
SURFHVV�SUDFWLFDO�

7KXV�� (6*�PRGHOLQJ� HQDEOHV� WKH� WHVW� SURFHVV� WR� IXOILOO�
WKH� UHTXLUHPHQWV� RI�PRQLWRULQJ� FDSDELOLW\� DV� LQWURGXFHG� DW�
WKH�EHJLQQLQJ�RI�6HFWLRQ�,�>�@�

� 3UHGLFWDELOLW\��&RQVWUXFW� WKH�VHW�RI� WHVW�FDVHV� WKDW�
LQFOXGHV�DOO� W\SHV�RI� LQWHUDFWLRQ�VHTXHQFHV�� L�H���SRVLWLYH�
WHVW�FDVHV�OLNH�&(6V�DQG�QHJDWLYH�WHVW�FDVHV�OLNH�)&(6V��
WR� H[HUFLVH� GHVLUDEOH� RU� XQGHVLUDEOH� EHKDYLRU�� DQG� WR�
SURGXFH�WKH�GHVLUHG�V\VWHP�UHVSRQVHV�DQG�HUURU�ZDUQLQJ�
PHVVDJHV��UHVSHFWLYHO\�
� &RQWUROODELOLW\�� ,QSXW� SRVLWLYH� DQG� QHJDWLYH� WHVW�

FDVHV� WR� WUDQVIHU� WKH� V\VWHP� LQWR�D� OHJDO�RU� LOOHJDO� VWDWH��
UHVSHFWLYHO\�
� 2EVHUYDELOLW\�� %\� GHILQLQJ� SURSHU� WHVW� RUDFOHV�

�EDVHG� RQ� FRPSOHWLRQ� RI� WHVW� VHTXHQFH� H[HFXWLRQ� RU�
REVHUYHG� RXWSXWV��� &(6V� DQG� )&(6V� FDQ� HIIHFWLYHO\�
EH� REVHUYHG� WR� FKHFN� WKH� V\VWHP� EHKDYLRU� WR� HQDEOH� D�
GHFLVLRQ�ZKHWKHU�DQ�H[SHFWHG��GHVLUDEOH�V\VWHP�UHVSRQVH�
LV� SURGXFHG�� RU� D� IDXOW\�� XQGHVLUDEOH� HYHQW� DULVHV�� ,Q�
WKH� ODWWHU� FDVH�� D� UHVSRQVH� OLNH� DQ� HUURU� PHVVDJH� RU�
ZDUQLQJ�LV�LQYRNHG��SURYLGHG�WKDW�DQ�H[FHSWLRQ�KDQGOLQJ�
PHFKDQLVP�H[LVWV�

,,,��(;7(16,216
:H� SRVLW� WKDW� PXFK� RI� RXU� ZRUN� RQ� *8,� WHVWLQJ� FDQ�

EH� H[WHQGHG� WR� RWKHU� HYHQW�GULYHQ� VRIWZDUH�� 7KLV� VHFWLRQ�
FODVVLILHV� GLIIHUHQW� W\SHV� RI� (6*� H[WHQVLRQV� EDVHG� RQ� WKH�
V\QWD[�RI�WKH�QRGHV�LQFOXGHG�LQ�WKH�JUDSKV�

,Q� WKH� FRQWH[W� RI� RXU� FODVVLILFDWLRQ�� RQH�VRUWHG�
H[WHQVLRQV�XVH� D� VLQJOH�� XQLIRUP� V\QWD[� IRU� WKH�QRGHV�� WKDW�
LV�� GHSOR\�RQO\�RQH�NLQG�RI� QRGHV� �UHSUHVHQWHG�E\� FLUFOHV���
0DQ\�VRUWHG� H[WHQVLRQV� LQFOXGH� QRGHV� RI� GLIIHUHQW� W\SHV��
XVLQJ�DGGLWLRQDO�V\QWD[�IRU�UHSUHVHQWLQJ�GLIIHUHQW�PHDQLQJV��
L�H���IRU�HQULFKLQJ�WKH�VHPDQWLFV�RI�WKH�EDVLF�(6*�

$��2QH�6RUWHG�([WHQVLRQV
2YHU� WKH� \HDUV�� QHHGV� IRU� YDULRXV� V\VWHPDWLF� IDFLOLWLHV�

KDYH�DULVHQ�WR� LQFUHDVH� WKH�H[SUHVVLYH�SRZHU�RI� WKH�PRGHOV�
XVHG� LQ� V\VWHP�VRIWZDUH� HQJLQHHULQJ�� 7KH� QHZ� IDFLOLWLHV�



KDYH� VRPHWLPHV� FRPH� DV� H[WHQVLRQV� WR� WKH� H[LVWLQJ�
PRGHOV� �H�J��� VLPLODU� WR� GHULYDWLRQ� RI� WLPHG� DXWRPDWD�
IURP� ILQLWH� VWDWH� DXWRPDWD��� EXW� LQ� JHQHUDO�� FRPSOHWHO\�
QHZ� UHSUHVHQWDWLRQV� KDYH� EHHQ� LQWURGXFHG� WR� PHHW� WKHVH�
VSRQWDQHRXV�QHHGV��H�J���SURFHVV�DOJHEUD��RU�80/��

7KXV�� LW� LV� SRVVLEOH� WR� H[WHQG� (6*V� LQ� GLIIHUHQW� ZD\V�
E\� FRQVLGHULQJ� WKH� DIRUHPHQWLRQHG� IRUPDO� UHSUHVHQWDWLRQV�
LQWURGXFHG� RYHU� WKH� \HDUV�� ZKLOH� VWULYLQJ� WR� NHHS� WKH�
DGYDQWDJHV� RI� WKH� RQH�VRUWHG� HYHQW�EDVHG� UHSUHVHQWDWLRQ��
H�J��� XVDJH� RI� VRXQG� PDWKHPDWLFDO� PHWKRGV�� PRVWO\� EDVHG�
RQ� WKH� UHVXOWV� RI� WKH� JUDSK� WKHRU\�� IRUPDO� ODQJXDJHV��
DQG� DXWRPDWD� WKHRU\�� IRU� PRGHO� DQDO\VLV� DQG� WHVW� VXLWH�
RSWLPL]DWLRQ�
�

)LJXUH���� ([WHQVLRQV�RI�(6*V�

,Q�WKH�IROORZLQJ��WKH�EDVLF�(6*�QRWLRQ�LV�VHPL�IRUPDOO\�
H[WHQGHG�ZLWK�GLIIHUHQW�WUDLWV�WR�EH�XVHG�LQ�GLIIHUHQW�GRPDLQV�
IROORZLQJ�)LJXUH����2QO\�WKH�VWUXFWXUHG�(6*V�KDYH�DFWLYHO\�
EHHQ�HPSOR\HG� LQ� WKH�SUDFWLFH��3XVKGRZQ�(6*V�KDYH�EHHQ�
GHULYHG� IURP� SXVKGRZQ� DXWRPDWD� �DV� (6*V� ZHUH� GHULYHG�
IURP� ILQLWH� VWDWH� DXWRPDWD��� DQG� WKH� UHVW� RI� WKH� H[WHQVLRQV�
ZHUH�GLVFXVVHG�LQ�>��@�EXW�KDYH�QRW�EHHQ�SXEOLVKHG�EHIRUH�

1RWH�WKDW�RQH�FDQ�FRPELQH�WKH�WUDLWV�LQ�)LJXUH���WR�GHULYH�
DQG�XVH�(6*�PRGHOV� VXFK�DV� ³VWUXFWXUHG� WLPHG� ,2�(6*V´��
7KHUHIRUH�� )LJXUH� �� LV� VXSSRVHG� WR� RQO\� KLJKOLJKW� WKH�
WUDLWV� QRW� DOO� WKH� SRVVLEOH� FRPELQDWLRQV��(YHQ� LI� WKLV� ILJXUH�
VXJJHVWV� D� VHPDQWLF�KLHUDUFK\��ZH�QRWH� WKDW�PRUH� WKHRUHWLF�
ZRUN�LV�QHFHVVDU\�WR�IRUPDOO\�UHDVRQ�WKH�H[LVWHQFH�RI�VXFK�D�
KLHUDUFK\�
���6WUXFWXUHG�(6*V

�

)LJXUH���� 6WUXFWXUHG�(6*�

6WUXFWXUHG�(6*�HQDEOHV�IXUWKHU�UHILQHPHQW�RI�WKH�QRGHV�
LQ�DQ�(6*�VR�WKDW�D�QRGH�FDQ�UHSUHVHQW�D�FRPSRVLWH�EHKDYLRU�
WKDW� UHTXLUHV� SUHVHQFH� RI� PXOWLSOH� HYHQWV�� L�H��� WKH� QRGH�
LV� D� FRPSRVLWH� HYHQW�� )RU� H[DPSOH�� LQ� )LJXUH� ��� WKH� QRGH�
IROORZLQJ�HYHQW�³D´�UHSUHVHQWV�DQRWKHU��VXE��(6*�

1DWXUDOO\�� LW� LV� SRVVLEOH� WR� PDNH� RWKHU� W\SHV� RI�
VWUXFWXULQJ� DV� ORQJ� DV� WKH� HOHPHQWV� RI� WKH� VWUXFWXUHG� QRGH�
DUH�FRPSDWLEOH�ZLWK�WKH�QRWLRQ�RI�HYHQW��$Q�H[DPSOH�RI�VXFK�
VWUXFWXULQJ�LV�WKH�LQWHJUDWLRQ�RI�GHFLVLRQ�WDEOHV�>��@>��@�
���,QSXW�2XWSXW�(6*V��,2�(6*V�

�

)LJXUH���� ,QSXW�RXWSXW�(6*�

7KH�EDVLF�(6*V�GR�QRW�GLIIHU�EHWZHHQ�GLIIHUHQW�W\SHV�RI�
HYHQWV�� L�H��� XVHU� LQSXWV� DQG� V\VWHP�RXWSXWV� DUH� UHSUHVHQWHG�
E\� WKH� VDPH� NLQG� RI� QRGHV�� ,Q� FDVH� WKH� GRPDLQ� QHHGV� D�
GLIIHUHQWLDWLRQ�EHWZHHQ�LQSXWV�DQG�RXWSXWV��RQH�FDQ�DXJPHQW�
WKH�VHPDQWLFV�QRGHV�E\�DGGLWLRQDO�V\PEROV��H�J���E\�³�´�IRU�
LQSXWV� DQG� ³"´� IRU� RXWSXWV�� OHDGLQJ� WR� LQSXW�RXWSXW� (6*V�
�)LJXUH����
���&RPPXQLFDWLQJ�(6*V

�

)LJXUH���� &RPPXQLFDWLQJ�,2�(6*�

7KH� QH[W� OHYHO� OHDGV� WR� FRPPXQLFDWLQJ� ,2� (6*� WKDW�
FRPELQHV� ,2� (6*� ZLWK� VHQGHU�UHFHLYHU� VWUXFWXUH�� 7KLV� LV�
LPSRUWDQW� IRU� UHSUHVHQWDWLRQ� RI� V\QFKURQL]DWLRQ� RI� SDUDOOHO�
EHKDYLRUDO� (6*� PRGHOV�� ,Q� )LJXUH� ��� WKH� GDVKHG� DUFV�
UHSUHVHQW�WKH�FRPPXQLFDWLRQV�
���4XLHVFHQW�(6*V
4XLHVFHQW� ,2�(6*� LQFOXGHV� WKH� HYHQW� į� IRU�

UHSUHVHQWDWLRQ� RI� QR� DFWLRQV� RU� RXWSXWV� RI� WKH� V\VWHP��
4XLHVFHQFH�LV�LPSRUWDQW�IRU�FRQWLQXDWLRQ�RI�WKH�XVHU�DFWLRQV�
DIWHU�GHWHUPLQLQJ�WKDW�WKHUH�LV�QR�RXWSXW�IURP�WKH�V\VWHP��$Q�
H[DPSOH�LV�JLYHQ�LQ�)LJXUH���
�

)LJXUH���� 4XLHVFHQW�,2�(6*�

���7LPHG�(6*V
�

)LJXUH���� 7LPHG�,2�(6*�

7KH�WLPHG�(6*V�DUH�XVHG�WR�GHILQH�DQ�HYHQW�EDVHG�PRGHO�
ZLWK�UHVSHFW�WR�WLPH��L�H���D�WLPHG�EHKDYLRU�LV�GHILQHG��VR�WKDW�
H[HFXWLRQ� RI� DQ� HYHQW� LV� DOVR� GHSHQGHQW� RQ� WLPH�� 7LPH� LV�
TXDQWLILHG�XVLQJ�ș�DV� WKH�WLFN�IRU� WLPH�SHULRG��DQG�LQWHUYDOV�
IRU�WLPH�OLPLWV�
���3XVKGRZQ�(6*V

�

)LJXUH���� 3XVKGRZQ�(6*�

,Q� SXVKGRZQ� (6*V�� WKH� (6*� PRGHO� FRPHV� ZLWK�
D� VWDFN� FRPSRQHQW�� $� VHTXHQFH� RI� VWDFN� RSHUDWLRQV� LV�
SHUIRUPHG� ZKHQ� DQ� HYHQW� LV� H[HFXWHG�� 7KH� H[HFXWLRQ� RI�



WKH� HYHQW� LV� VXFFHVVIXO� LI� DQG� RQO\� LI� WKH� UHODWHG� VHTXHQFH�
RI� VWDFN� RSHUDWLRQV� LV� DOVR� VXFFHVVIXO�� +HUH�� IRU� WKH� VDNH�
RI� VLPSOLFLW\�� ZH� DVVXPH� WKDW� WKHUH� DUH� RQO\� WKUHH� VWDFN�
RSHUDWLRQV�DYDLODEOH�

� SXVK� ±� S�[��� :ULWHV� V\PERO� [� WR� WKH� WRS� RI� WKH�
VWDFN��7KLV�RSHUDWLRQ�LV�DOZD\V�VXFFHVVIXO�

� SRS� ±� T��� RU� T�[��� 5HDGV� DQG� GHOHWHV� WKH� SHHN�
HOHPHQW� [� IURP� WKH� VWDFN�� T��� IDLOV� LI� WKH� VWDFN� LV�
HPSW\�� DQG� T�[�� IDLOV� LI� WKH� VWDFN� LV� HPSW\� RU� WKH�
SHHN�HOHPHQW�LV�QRW�[�

� SHHN�±�U���RU�U�[���5HDGV�WKH�SHHN�HOHPHQW�IURP�WKH�
VWDFN���U���IDLOV�LI�WKH�VWDFN�LV�HPSW\��DQG�U�[��IDLOV�LI�
WKH�VWDFN�LV�HPSW\�RU�WKH�SHHN�HOHPHQW�LV�QRW�[�

7KLV�LV�WKH�YHU\�EHJLQQLQJ��WKH�ILUVW�VWHS�WR�GHILQH�D�QHZ�
VHW�RI�PRGHOV�WKDW�DUH�XQLIRUP�LQ�WKH�VHQVH�WKDW�WKH\��L��DUH�
HYHQW�FHQWULF��DQG��LL��FRQVLVW�RI�RQH�VRUWHG�QRGHV�±�LQVWHDG�
RI� D� EURDG� YDULHW\� RI� V\PEROV� WKDW� DUH� WLPH�FRQVXPLQJ� WR�
OHDUQ��DQG�RSHQ�IRU�FRQIXVLRQV��DQG�ILQDOO\��LLL��HQDEOH�XVDJH�
RI� VRXQG� PDWKHPDWLFDO� WHFKQLTXHV�� H�J��� UHVXOWLQJ� IURP�
JUDSK�WKHRU\��WR�IRUP�DOJRULWKPV�DQG�SHUIRUP�RSWLPL]DWLRQV��
VXEMHFW�WR�YDULRXV�UHVRXUFHV��HIILFLHQWO\�

%��0DQ\�6RUWHG�([WHQVLRQV
0DQ\� VRUWHG� H[WHQVLRQV� WR�(6*�PRGHOV� HPSOR\V� VHW� RI�

WUDLWV� ZKLFK� DUH� TXLWH� GLIIHUHQW� IURP� WKH� RQHV� LQWURGXFHG�
LQ�)LJXUH��� �6HFWLRQ� ,9�$���*HQHUDOO\�� WKHVH� WUDLWV�DUH�YHU\�
DSSOLFDWLRQ�VSHFLILF�

7KH� EHVW� H[DPSOHV� RI�PDQ\�VRUWHG� H[WHQVLRQV� RI� (6*V�
DUH� ()*V�� ZKHUH� WKH� QRGHV� KDYH� GLIIHUHQW� V\QWD[� DQG�
VHPDQWLFV� IRU�PRGHOLQJ�RI�*8,V��)RU�H[DPSOH�� LQ� WKH�()*�
LQ� )LJXUH� ��� WKH� GLDPRQG�QRGH� LV� D� PHQX�RSHQ� HYHQW�� WKH�
GRXEOH�FLUFOH�QRGH� LV� D� UHVWULFWHG�IRFXV� HYHQW�� UHFWDQJOH�
QRGHV� DUH� WHUPLQDWLRQ� HYHQWV� DQG� FLUFOH�QRGHV� DUH� V\VWHP�
LQWHUDFWLRQ�HYHQWV�
�

)LJXUH���� $Q�H[DPSOH�()*�

)RU� PRUH� VRSKLVWLFDWHG� HYHQW�FHQWULF� PRGHOLQJ�� VHYHUDO�
YDULDWLRQV� RI� ()*V� KDYH� EHHQ� FUHDWHG� LQ� UHFHQW� ZRUN�� ����
(YHQW� ,QWHUDFWLRQ� *UDSKV� �(,*V�� >��@>��@� WKDW� UHSUHVHQW� D�
VXEVHW�RI�HYHQWV�LQ�WKH�V\VWHP��DQG�KHQFH��DUH�PRUH�FRPSDFW�
DQG� VFDODEOH�� ���� (YHQW� 6HPDQWLF� ,QWHUDFWLRQ� *UDSKV�
�(6,*V��>��@>��@�WKDW�PRGHO�D�VXEVHW�RI�³IROORZV´�UHODWLRQV�
±�EHWZHHQ�HYHQWV� WKDW�KDYH�VKRZQ�WR� LQWHUDFW�DW�D�VHPDQWLF�
OHYHO�� DQG� ���� 3UREDELOLVWLF� ()*V� �3()*V�� >��@>��@� WKDW�
IRUP�%D\HVLDQ�QHWZRUNV�DQG�Q�JUDP�0DUNRY�PRGHOV�

,9��(;$03/(6

,Q� WKLV� VHFWLRQ�� ZH� SURYLGH� VRPH� H[DPSOHV� RQ� KRZ�
WKH� GLVFXVVHG� H[WHQVLRQV� WR� (6*V� FDQ� EH� XVHG�� )RU� WKH�

VDNH�RI� VLPSOLFLW\�DQG�FODULW\��ZH�FRQVLGHU� D� VLPSOH�RQOLQH�
FRQIHUHQFH�LQLWLDWLRQ�H[DPSOH�

,Q� WKH� H[DPSOH�� WKHUH� LV� D� XVHU� HQWLW\� ZKLFK� ZRXOG�
OLNH� WR� SDUWLFLSDWH� LQ� D� VSHFLILF� RQOLQH� FRQIHUHQFH�� (DFK�
XVHU� ORJV� LQ� WKH� V\VWHP�� PDNHV� D� MRLQ� UHTXHVW� DQG� ZDLWV�
IRU� WKH� DFFHSWDQFH�� $IWHU� WKH� DFFHSWDQFH� LV� UHFHLYHG�� WKH�
XVHU� EHFRPHV� D� SDUWLFLSDQW� LQ� WKH� FRQIHUHQFH��2I� FRXUVH�� D�
UHTXHVW� FDQ� DOVR� EH� GHFOLQHG� GXULQJ� LQLWLDWLRQ�� ,Q� WKLV� FDVH�
WKH�XVHU�LV�DOORZHG�PDNH�DQRWKHU�UHTXHVW�

7KHUH� LV� DOVR� DQ� DGPLQLVWUDWRU� HQWLW\� ZKLFK� DFFHSWV� RU�
GHFOLQHV� WKH� SDUWLFLSDWLRQ� UHTXHVWV� DQG� GHWHUPLQHV� ZKLFK�
XVHUV�DUH�DOORZHG�WR�WDNH�SDUW�LQ�WKH�FRQIHUHQFH�

�

)LJXUH�����%DVLF�(6*�IRU�/RJLQ�LQWHUIDFH�

$V�DOUHDG\�PHQWLRQHG�LQ�6HFWLRQ�,��GXULQJ�PRGHOLQJ��WKH�
DEVWUDFWLRQ� OHYHO� LV�TXLWH� LPSRUWDQW�DQG�DOORZV� WKH� WHVWHU� WR�
FUHDWH� GLIIHUHQW� PRGHOV� WR� WHVW� IRU� GLIIHUHQW� SXUSRVHV�� )RU�
H[DPSOH��RQH�FDQ�FUHDWH�DQG�XVH��EDVLF��(6*�LQ�)LJXUH����WR�
PRGHO�WKH�HYHQWV�DQG�WKHLU�VHTXHQFHV�LQ�XVHU�ORJLQ�VFHQDULR�

'XULQJ� ORJLQ� SURFHVV�� D� XVHU� HQWHUV� XVHU� LG� DQG�
SDVVZRUG� SDLU� LQ� DQ\� RUGHU�� 7KH� VLJQ� LQ� LV� DFWLYDWHG��
LI� RQO\� ERWK� XVHU� LG� DQG� SDVVZRUG� DUH� HQWHUHG��
)XUWKHUPRUH��DIWHU�VLJQ�LQ�LV�H[HFXWHG��LW�FDQ�HLWKHU�VXFFHHG�
RU�IDLO��,Q�FDVH�RI�IDLOXUH��LI�SDVVZRUG�LV�ZURQJ�WKHQ�XVHU�
RQO\� QHHGV� WR� HQWHU� D� QHZ� SDVVZRUG�� +RZHYHU�� LI� XVHU�
LG� LV�ZURQJ�ERWK�XVHU� LG�DQG�SDVVZRUG�QHHG� WR�EH�HQWHUHG�
DJDLQ�

,Q� )LJXUH� ���� HYHQW� ³R´� RSHQV� WKH� ORJLQ� LQWHUIDFH��
ZKHUH� HYHQWV� ³X´� DQG� ³S´� DUH� IRU� HQWHULQJ� WKH�XVHU� LG� DQG�
SDVVZRUG�� UHVSHFWLYHO\�� $OVR�� HYHQW� ³V´� FRUUHVSRQGV� WR�
VLJQ� LQ� HYHQW��1RWH� WKDW�PXOWLSOH� LQVWDQFHV�RI� ³X´� DQG� ³S´�
HYHQWV�DUH�XVHG�WR�OHDYH�RXW�LQIHDVLEOH�HYHQW�VHTXHQFHV��)RU�
H[DPSOH�� ³X�´�FDQQRW�EH� IROORZHG�E\�³V´��ZKHUH� DV� ³X�´�
FDQ�EH��)XUWKHUPRUH��WKHVH�HYHQWV�DUH�LQGH[HG��RU�UHQDPHG��
WR�SUHYHQW�FRQIXVLRQ�DQG�DVVXUH�XQLTXHQHVV�

1RZ�ZH�ZLOO�XVH�WKLV�H[DPSOH�WR�GHPRQVWUDWH�VRPH�RQH�
VRUWHG�DQG�PDQ\�VRUWHG�(6*�H[WHQVLRQV�

$��2QH�6RUWHG�([WHQVLRQ�([DPSOHV
+HUH�� ZH� JLYH� H[DPSOHV� IRU� RQH�VRUWHG� H[WHQVLRQV�

LQWURGXFHG�LQ�6HFWLRQ�,,,�$�XVLQJ�WKH�(6*�LQ�)LJXUH����
��� 6WUXFWXUHG� (6*� XVLQJ� 'HFLVLRQ� 7DEOH��1RWH� WKDW� WKH�

(6*� LQ� )LJXUH� ��� WDNH� WKH� RUGHU� RI� HQWHULQJ� ³X´� DQG� ³S´�
HYHQWV� LQWR� DFFRXQW� ZKLOH� PRGHOLQJ�� +RZHYHU�� LI� WKHUH�
DUH� WRR� PDQ\� RI� VXFK� HYHQWV� LQ� D� V\VWHP�� WKH� QXPEHU� RI�
RUGHULQJV� JURZV� YHU\� IDVW�� 7KHUHIRUH�� RQH� PD\� FKRRVH� WR�
LJQRUH� WKH� RUGHU� WKDW� WKH� GDWD� LV� HQWHUHG�� ,Q� VXFK� FDVHV��



GHFLVLRQ� WDEOHV� FDQ� EH� XVHG� WR� VWUXFWXUH� DQG� VLPSOLI\� WKH�
(6*��)LJXUH����GHPRQVWUDWHV�VXFK�DQ�(6*�IRU� WKH�(6*�LQ�
)LJXUH����

,Q� )LJXUH� ���� ³XS´� UHSUHVHQWV� WKH� HYHQW� IRU� HQWHULQJ�
XVHU� LG� DQG� SDVVZRUG�� 7KH� GHFLVLRQ� WDEOH� VXJJHVWV� WKDW�
HYHQW�³V´�IROORZV�HYHQW�³XS´�LI�DQG�RQO\�LI�ERWK�HYHQW�³X´�
DQG�HYHQW�³S´�DUH�SHUIRUPHG��

�

)LJXUH����� 6WUXFWXUHG�(6*�IRU�/RJLQ�LQWHUIDFH�

���,QSXW�2XWSXW�(6*��,W�LV�FOHDU�WKDW�WKH�(6*�LQ�)LJXUH����
FRQWDLQV� QR� LQIRUPDWLRQ� RQ� V\VWHP� RXWSXWV�� L�H��� LW� LQGH[HV�
DQ�HYHQW�EDVHG�RQ� WKH�VHW�RI� V\VWHP�HYHQWV� WKDW�FDQ� IROORZ�
LW��7KHUHIRUH��LW�FDQ�RQO\�EH�XVHG�WR�JHQHUDWH�WHVW�VHTXHQFHV�
DQG�LQ�FRPELQDWLRQ�ZLWK�QRQ�RXWSXW�EDVHG�WHVW�RUDFOHV��H�J���
VHTXHQFH�EDVHG�RU�ODQJXDJH�EDVHG�WHVW�RUDFOHV�

:KHQ�RXWSXWV�DUH�DOVR�LQFOXGHG��WKH�H[LVWLQJ�QRGHV�PD\�
JURZ�DQG�IXUWKHU�LQGH[LQJ�PD\�EHFRPH�QHFHVVDU\��)LJXUH����
GHPRQVWUDWHV�WKH�,2�(6*�IRU�ORJLQ�LQWHUIDFH�

�

)LJXUH����� ,2�(6*�IRU�/RJLQ�LQWHUIDFH�

,Q�)LJXUH�����³"´�DUH�XVHG� WR� ODEHO� LQSXW�HYHQWV�DQG�³�
´�DUH�XVHG�WR�ODEHO�RXWSXW�HYHQWV��0RVW�RI�WKH�RXWSXW�HYHQWV�
DUH� RI� WKH� IRUP� ³�O�8H3H�8Z3Z�´�� +HUH�� ³O´� VLJQLILHV�
ORJLQ� LQWHUIDFH�� ³8´� VLJQLILHV� XVHU� LG� DQG� ³3´� VLJQLILHV�
SDVVZRUG�� $OVR�� ³8H3H´� VLJQLILHV� ZKHWKHU� XVHU� LG� DQG�
SDVVZRUG� DUH� HQWHUHG� RU� QRW�� ,W� FDQ� WDNH� WKH� YDOXHV� RI�
�����������DQG���� �H�J���8H3H ���PHDQV� WKDW�ERWK�XVHU�
LG� DQG� SDVVZRUG� DUH� HPSW\�� ZKHUHDV� 8H3H ��� VKRZV�
WKDW� WKH\� DUH� HQWHUHG��� )XUWKHUPRUH�� ³8Z3Z´� FDQ� RQO\� WDNH�
WKH�YDOXHV�RI������������� DQG� VKRZV� LI� WKHUH� LV� D�ZDUQLQJ�
PHVVDJH� RQ� XVHU� LG� RU� SDVVZRUG�� RU� QRW� �H�J��� LI�
8Z3Z ���� WKHUH� LV� D� ZDUQLQJ� PHVVDJH� RQ� XVHU�LG�� DQG�

LI�8Z3Z ����DQ�LQFRUUHFW�SDVVZRUG�LV�XVHG���7KHUH�LV�DOVR�D�
VLQJOH�RXWSXW�FDOOHG�³�M�L�´�ZKLFK�VLJQLILHV�WKDW�WKH�ORJLQ�
LV�VXFFHVVIXO�DQG�LQLWLDO�MRLQ�LQWHUIDFH�LV�GLVSOD\HG�

�

)LJXUH�����$QRWKHU�EDVLF�(6*�IRU�/RJLQ�LQWHUIDFH�

)LJXUH� ��� GHPRQVWUDWHV� WKDW� H[SOLFLW� LQFOXVLRQ� RI�
RXWSXWV�WHQGV�WR�LQFUHDVH�WKH�FRPSOH[LW\�RI�WKH�(6*�PRGHO�
�KRZHYHU� SURYLGHV� D� PRUH� SUHFLVH� DQG� FRPSOHWH� SLFWXUH���
7KHUHIRUH��RQH�FDQ�XVH�WKH�(6*�LQ�)LJXUH����WR�JHQHUDWH�WHVW�
VHTXHQFHV�DQG�WKH�(6*�LQ�)LJXUH����WR�GHULYH�WKH�H[SHFWHG�
RXWSXWV�IRU�WKHVH�VHTXHQFHV��2I�FRXUVH��RQH�FDQ�DOVR�FKRRVH�
QRW� LQFOXGH� WKH� RXWSXWV� H[SOLFLWO\� LQ� WKH�PRGHO� EXW� LQVWHDG�
DVVRFLDWH��RU�HPEHG��WKHP�WR��RU�LQWR��HDFK�HYHQW�LQ�WKH�(6*�
PRGHO��,Q�WKLV�FDVH��WKH��EDVLF��(6*�LQ�)LJXUH����FDQ�DOVR�EH�
XVHG�

1RWH� WKDW�� VLQFH�RXWSXWV� DUH� DOVR� FRQVLGHUHG� LQ� DGGLWLRQ�
WR�HYHQW�VHTXHQFHV�� WKH�(6*�LQ�)LJXUH���� LV�TXLWH�GLIIHUHQW�
IURP� WKH� (6*� LQ� )LJXUH� ���� )RU� H[DPSOH�� ³V´� LV� LQGH[HG�
�� WLPHV� �³V��� ³V�´� DQG� ³V�´��� EHFDXVH� HDFK� RI� WKHP� KDV�
D� GLIIHUHQW� RXWSXW� DQG� FDQ� EH� IROORZHG� E\� GLIIHUHQW� VHW� RI�
HYHQWV��)RU�VLPLODU�UHDVRQV��HYHQWV�³X�´�DQG�³S�´�DUH�DOVR�
LQFOXGHG�LQ�WKLV�EDVLF�(6*�
���6WUXFWXUHG�(6*�XVLQJ�6XE�(6*��1RZ�XVLQJ�RQH�RI�WKH�

ORJLQ� (6*V� SUHVHQWHG� DERYH�� ZH� FDQ� FRQVWUXFW� FRQIHUHQFH�
LQLWLDWLRQ� (6*� IRU� D� XVHU�� )LJXUH� ��� GHPRQVWUDWHV� WKH�
FRUUHVSRQGLQJ�VWUXFWXUHG�,2�(6*�

�

)LJXUH����� 6WUXFWXUHG�,2�(6*�IRU�XVHU�LQLWLDWLRQ�

,Q� )LJXUH� ���� ³O´� UHIHUV� WR� WKH� ,2� (6*� IRU� ORJLQ�
LQWHUIDFH� �)LJXUH� ����� 7KHUHIRUH�� LW� LV� D� FRPSRVLWH� HYHQW��
)XUWKHUPRUH�� ³"U´� LV� WKH� HYHQW� IRU� PDNLQJ� WKH� UHTXHVW�
IRU� SDUWLFLSDWLQJ� LQ� D� FRQIHUHQFH�� 7KHUH� DUH� WZR� SRVVLEOH�
RXWSXWV�� ³�M�G�´� IRU� D� GHFOLQHG� DQG� ³�M�D�´� IRU� DQ�
DFFHSWHG� UHTXHVW��8SRQ� DFFHSWDQFH�� WKH� LQLWLDWLRQ� RI� D� XVHU�
HQGV�

$V�GHPRQVWUDWHG�E\�WKH�(6*�LQ�)LJXUH�����QRW�RQO\�EDVLF�
(6*V�EXW� DOVR� ,2�(6*V� �DQG�RWKHU� W\SHV�RI�(6*V�� FDQ�EH�



VWUXFWXUHG�
���&RPPXQLFDWLQJ�(6*��1RWH�WKDW�WKH�LQLWLDWLRQ�RI�D�XVHU�

GRHV�QRW�VROHO\�GHSHQG�RQ�ZKDW�D�XVHU�GRHV��LW�DOVR�GHSHQGV�
RQ� WKH� UHVSRQVH�RI� WKH�FRQIHUHQFH�DGPLQLVWUDWRU��7KXV��RQH�
PD\�QHHG� WR� FRQVLGHU� WKH�XVHU� DQG� DGPLQLVWUDWRU�EHKDYLRUV�
WRJHWKHU��)RU�WKLV�SXUSRVH��FRPPXQLFDWLQJ�,2�(6*V�FDQ�EH�
XVHG��)LJXUH����GHPRQVWUDWHV�VXFK�DQ�(6*�

�

)LJXUH�����&RPPXQLFDWLQJ�,2�(6*�IRU�XVHU�LQWLWDWLRQ�

,Q� )LJXUH� ���� WKH� WRS� (6*� LV� IRU� WKH� XVHU� VLGH� DQG� WKH�
ERWWRP�(6*�LV� IRU� WKH�DGPLQLVWUDWRU�VLGH��$Q�DGPLQLVWUDWRU�
ORJV� LQ� OLNH� D� XVHU� E\� SHUIRUPLQJ� HYHQW� ³O�´� �)LJXUH� �����
+RZHYHU�� DIWHU� ORJJLQJ� LQ�� WKH� DGPLQLVWUDWRU� SURFHVVHV� WKH�
FRQIHUHQFH� SDUWLFLSDWLRQ� UHTXHVWV� �³S´��� DQG� DFFHSWV� �³�
D´�� RU� GHFOLQHV� �³�G´�� WKHP��7KHUHIRUH�� LQSXWV� WR� WKH� XVHU�
LQLWLDWLRQ�DUH�QRW�RQO\�FRQWUROOHG�E\�WKH�XVHU�EXW�DOVR�E\�WKH�
DGPLQLVWUDWRU�� )XUWKHUPRUH�� VRPH� RXWSXWV� RI� XVHU� LQLWLDWLRQ�
DUH� REVHUYHG� E\� WKH� DGPLQLVWUDWRU�� )RU� WKLV� UHDVRQ�� VRPH�
LQSXW� DQG� RXWSXW� HYHQWV�� ZKLFK� DUH� LQWHUQDO� IURP� D� XVHU¶V�
SHUVSHFWLYH��DUH�PDGH�H[SOLFLW�

,Q� WKH� (6*� LQ� )LJXUH� ���� WKH� RXWSXW� HYHQW� ZKLFK� LV�
QRW� GLUHFWO\� REVHUYDEOH� E\� WKH� XVHU� LV� ³�Z´�� ,W� UHSUHVHQWV�
D� UHTXHVW� PHVVDJH� VHQW� E\� XVHU� WR� WKH� DGPLQLVWUDWRU��
)XUWKHUPRUH�� WKH� LQSXW� HYHQWV� ZKLFK� DUH� FRQWUROOHG� E\� WKH�
DGPLQLVWUDWRU�DUH�³"[´�DQG�³"\´��7KHVH�HYHQWV�DUH�DFWLYDWHG�
DIWHU�UHFHLYLQJ��UHVSHFWLYHO\��D�GHFOLQDWLRQ�RU�DQ�DFFHSWDQFH�
IURP�WKH�DGPLQLVWUDWRU��

�

)LJXUH�����4LHVFHQW�,2�(6*�IRU�XVHU�LQLWLDWLRQ�

��� 4XLHVFHQW� (6*�� 1RWH� WKDW� )LJXUH� ��� DOVR� VKRZV� XV�

WKDW� LQ� DEVHQFH� RI� D� IXQFWLRQLQJ� DGPLQLVWUDWRU�� WKHUH� LV�
QR� UHVSRQVH�� 7KHUHIRUH�� HYHQWV� ³"[´� RU� ³"\´� FDQ� QRW�
FRPPHQFH��,Q�VXFK�FDVHV��WR�VSHFLI\�WKH�ODFN�RI�DFWLRQV�DQG�
RU� RXWSXWV�� RQH� FDQ� XVH� TXLHVFHQW� (6*V�� )LJXUH� ��� VKRZV�
VXFK�DQ�(6*��)RU�VLPSOLFLW\��LW�RXWOLQHV�WKH�ODFN�RI�UHVSRQVH�
IURP� XVHU� SHUVSHFWLYH� ZLWKRXW� LQFOXGLQJ� WKH� DGPLQLVWUDWRU��
7KHUHIRUH�� LW� LV� GHULYHG� IURP� WKH� (6*� LQ� )LJXUH� ��� �QRW�
)LJXUH�����

,Q�)LJXUH�����HYHQW�³į´�VLJQLILHV�WKDW�³"U´�LV�D�TXLHVFHQW�
HYHQW��L�H���DIWHU�D�MRLQ�UHTXHVW�LV�SHUIRUPHG��WKHUH�PLJKW�EH�D�
ODFN�RI�UHVSRQVH��LQSXW�RU�RXWSXW�HYHQWV���,Q�WKLV�FDVH��XVHU�LV�
UHTXLUHG�WR�ORJ�LQ�DQG�WU\�WR�PDNH�D�MRLQ�UHTXHVW�RQFH�DJDLQ�
��� 7LPHG� (6*�� ,Q� SUDFWLFH� TXLHVFHQFH� FDQ� EH� UHDOL]HG�

RU� KDQGOHG� XVLQJ� WLPH�RXWV�� )RU� H[DPSOH�� DIWHU� SHUIRUPLQJ�
D� MRLQ� UHTXHVW�� RQH� FDQ�ZDLW� IRU� D� VSHFLILHG� WLPH� DQG� WKHQ�
HLWKHU�SHUIRUP�DQRWKHU�MRLQ�UHTXHVW�RU�FRQWLQXH�ZLWK�WKH�QH[W�
VWHS�LI�WKHUH�LV�D�UHVSRQVH�IURP�WKH�DGPLQLVWUDWRU�

�

)LJXUH����� 7LPHG�,2�(6*�IRU�XVHU�LQLWLDWLRQ�

,Q� )LJXUH� ���� DIWHU� SHUIRUPLQJ� D� MRLQ� UHTXHVW�� D� WLPH�
RXW� HYHQW� LV� H[HFXWHG�� $IWHU� ³�ș´� WLPH�� LI� WKHUH� LV� QR�
UHVSRQVH� IURP� WKH� DGPLQLVWUDWRU� ³"U´� LV� SHUIRUPHG� DJDLQ��
2WKHUZLVH�� GHSHQGLQJ� RQ� WKH� W\SH� RI� UHVSRQVH� �GHFOLQDWLRQ�
RU�DFFHSWDQFH���HLWKHU�³�M�G�´�RU�³�M�D�´�IROORZV�
��� 3XVKGRZQ� (6*�� $VVXPH� WKDW� RXU� /RJLQ� LQWHUIDFH�

ZKRVH�EDVLF�(6*�PRGHO�LV�JLYHQ�LQ�)LJXUH����FRQWDLQV�JR�
EDFN�HYHQWV� XVLQJ� ZKLFK� WKH� XVHU� LV� DOORZHG� WR� WDNH� EDFN�
SUHYLRXVO\� SHUIRUPHG� HYHQWV�� DQG� VR� JR�EDFN�� 7KH� (6*�
H[WHQVLRQV�PHQWLRQHG�VR� IDU�DUH�QRW� VWURQJ�HQRXJK� WR� IXOO\�
FDSWXUH� VXFK� EHKDYLRUV�� EHFDXVH� DQ� DGGLWLRQDO� FRPSRQHQW��
L�H���D�VWDFN��LV�UHTXLUHG�WR�NHHS�WKH�WUDFN�RI�SUHYLRXV�HYHQWV��
)LJXUH� ��� GHPRQVWUDWHV� D� SXVKGRZQ� (6*� PRGHO� ZKHUH�
WRJHWKHU� ZLWK� HDFK� HYHQW� D� VHTXHQFH� RI� RSHUDWLRQV� DUH�
SHUIRUPHG�RQ�WKH�VWDFN�LQ�RUGHU�WR�NHHS�RU�UHVWRUH�SUHYLRXV�
HYHQWV�

,Q�)LJXUH����� WKHUH�DUH�DGGLWLRQDO�³E´�HYHQWV�ZKLFK�DUH�
FDOOHG� DV� JR�EDFN� HYHQWV�� (DFK� QRQ� JR�EDFN� HYHQW� H[FHSW�
SHUIRUPV�D�SXVK�RSHUDWLRQ�WR�NHHS�WUDFN�RI�HYHQWV��DQG�HDFK�
JR�EDFN� HYHQW� SHUIRUPV� WZR� VXEVHTXHQW� SRS� RSHUDWLRQV� WR�
FDQFHO�WKH�SUHYLRXVO\�SHUIRUPHG�HYHQW��)RU�H[DPSOH��DVVXPH�
WKDW� HYHQW� ³X�´� LV� H[HFXWHG� DIWHU� HYHQW� ³S�´�� ,Q� WKLV� FDVH��
WKH� SHHN� HOHPHQW� LQ� WKH� VWDFN� LV� ³X�´� DQG� WKH� VHFRQG� RQH�
LV� ³X�´�� 7KXV�� RQH� FDQ� RQO\� H[HFXWH� ³E�´� WR� UHWXUQ� EDFN�
WR� WKH�QRQ�JR�EDFN� HYHQW�ZKLFK� FRPHV�EHIRUH� WKH� ODVW� QRQ�
JR�EDFN� HYHQW� ³X�´�� ³E�´DQG� ³E�´� FDQ� QRW� EH� H[HFXWHG�



EHFDXVH� WKHLU� UHODWHG� VWDFN�RSHUDWLRQV� IDLO�� DQG�³E�´�� ³E�´�
DQG� ³E�´� FDQ� QRW� EH� H[HFXWHG� EHFDXVH� WKHUH� DUH� QR� HGJHV�
IURP�³X�´�WR�WKHVH�JR�EDFN�HYHQWV�

�

)LJXUH����� 3XVKGRZQ�(6*�IRU�/RJLQ�LQWHUIDFH�

��� (6*�:6&� ±� $� &RPELQHG� ([WHQVLRQ�� )LQDOO\�� LQ�
RUGHU� WR� GHPRQVWUDWH� KRZ� WKH� VHW� RI� WUDLWV� JLYHQ� LQ� )LJXUH�
�� FDQ� EH� FRPELQHG� �DQG� H[WHQGHG�� WR� EXLOG� D� QHZ� PRGHO�
WKDW� PHHWV� WKH� QHHGV� RI� D� VSHFLILF� W\SH� RI� DSSOLFDWLRQ�� ZH�
IRFXV�RQ�WKH�DGPLQLVWUDWRU�DVVXPLQJ�WKDW�LW�LV�D�ZHE�VHUYLFH�
�FRPSRVLWLRQ���)LJXUH����GHPRQVWUDWHV�(6*�:6&�>��@>��@�
PRGHO�IRU�WKH�DGPLQLVWUDWRU�

�

)LJXUH����� (6*�:6&�PRGHO�IRU�DGPLQLVWUDWRU�ZHE�VHUYLFH�

,Q� WKH� DGPLQLVWUDWRU�ZHE� VHUYLFH�PRGHO� �)LJXUH� ����� DQ�
HYHQW�FDQ�EH�HLWKHU�SXEOLF�RU�SULYDWH��GHSHQGLQJ�RQ�ZKHWKHU�
LW� FDQ� EH� SHUIRUPHG� RU� REVHUYHG� E\� WKH� XVHU� GLUHFWO\��
7KHUHIRUH��³"´�DQG�³�´�DUH�XVHG�WR�ODEHO�SXEOLF�DQG�SULYDWH�
LQSXW�HYHQWV��DQG�³�´�DQG�³�´�DUH�XVHG� WR� ODEHO�SXEOLF�DQG�
SULYDWH� RXWSXWV� HYHQWV�� UHVSHFWLYHO\�� +HUH�� ILUVW�� WKH� XVHU�
PDNHV� D� UHTXHVW� WR� WKH� DGPLQLVWUDWRU� ZHE� VHUYLFH� �³"U´���
/DWHU�� LI� WKH�XVHU� LG�IRUPDW� LV�YDOLG�� WKH�VHUYLFH�YHULILHV� WKH�
XVHU��³�Y´���H�J���LW�FDQ�FDOO�DQRWKHU�ZHE�VHUYLFH�WR�GR�WKLV��
,I� WKH� YHULILFDWLRQ� LV� VXFFHVVIXO� �³�V´��� WKH� VHUYLFH� UHWXUQV�
DQ�DFFHSWDQFH�UHVSRQVH��³�D´���,I�LW�IDLOV��³�I´���WKH�VHUYLFH�
UHWXUQV� GHFOLQDWLRQ� UHVSRQVH� �³�G´��� $OVR�� WKH� VHUYLFH�
UHWXUQV�LQYDOLG�XVHU�LG�UHVSRQVH��³�L´��XSRQ�D�UHTXHVW�ZLWK�
LQYDOLG�XVHU�LG�

%��0DQ\�6RUWHG�([WHQVLRQV
+HUH�� ZH� JLYH� H[DPSOHV� IRU� PDQ\�VRUWHG� H[WHQVLRQV�

LQWURGXFHG�LQ�6HFWLRQ�,,,�%�XVLQJ�WKH�(6*�LQ�)LJXUH����
���()*��/HW�XV�DVVXPH� WKDW�RXU� ORJLQ� LQWHUIDFH� LV�D�*8,�

ZKHUH�³R´�RSHQV�WKH�ORJLQ�LQWHUIDFH�DQG�³V´�FORVHV�LW��$OVR��
ZKLOH�HQWHULQJ�D�XVHU�LG�RU�D�SDVVZRUG�WKH�XQGHUO\LQJ�V\VWHP�
PDNHV� FKHFNV� LQ�RUGHU� WR� HQDEOH�RU� GLVDEOH� HYHQW� ³V´�� DQG�
SHUIRUPLQJ� ³V´� FORVHV� WKH� ORJLQ� LQWHUIDFH� LQWHUDFWLQJ� ZLWK�
WKH� V\VWHP�� ,Q� WKLV� FDVH�� WKH� (6*� LQ� )LJXUH� ��� JHWV� VRPH�
V\QWDFWLFDO� FKDQJHV� GHSHQGLQJ� RQ� WKH� VHPDQWLFV� RI� HDFK�
HYHQW�UHVLGLQJ�LQ�LW��DQG�)LJXUH����LV�FRQVWUXFWHG�

�

)LJXUH����� ()*�IRU�/RJLQ�LQWHUIDFH�

,Q� )LJXUH� ���� ³R´� LV� D� PHQX� RSHQ� HYHQW�� DQG� WKXV�
UHSUHVHQWHG� XVLQJ� D� GLDPRQG�VKDSHG� QRGH�� 7KH� UHPDLQLQJ�
HYHQWV� DUH� DOO� V\VWHP� LQWHUDFWLRQ� HYHQWV� DQG� WKH\� DUH�
UHSUHVHQWHG�XVLQJ�FLUFOH�QRGHV��1RWH� WKDW� ³V´� LV�JLYHQ� LQ� D�
FLUFOH�QRGH��DOWKRXJK�LW�LV�DOVR�D�WHUPLQDWLRQ�HYHQW��
��� (,*�� ,Q� *8,� WHVWLQJ�� RQH� RIWHQ� FKRRVHV� WR� IRFXV� RQ�

V\VWHP� LQWHUDFWLRQ� DQG� WHUPLQDWLRQ� HYHQWV� �DVVXPLQJ� WKDW�
RWKHU� HYHQWV� DUH� QRW� IDXOW�SURQH��� DQG� LQWHUDFWLRQV� EHWZHHQ�
WKHP��)RU�WKLV�SXUSRVH��(,*V�FDQ�EH�XVHG��)LJXUH����VKRZV�
WKH�(,*�RI�WKH�()*�LQ�)LJXUH����

�

)LJXUH����� (,*�IRU�/RJLQ�LQWHUIDFH�

1RWH� WKDW�� LQ� WKH�(,*� LQ�)LJXUH� ���� DUFV� GR� QRW� IRUP� D�
IROORZV�UHODWLRQ�DQ\PRUH��7KH\�VLPSO\�VKRZ�WKDW�DQ�HYHQW�LV�
UHDFKDEOH�IURP�RQH�DQRWKHU��)RU�H[DPSOH��DUF�³�S���V�´�GRHV�
QRW�H[LVW�LQ�WKH�()*��)LJXUH������+RZHYHU��VLQFH�WKHUH�LV�D�
SDWK�IURP�³S�´�WR�³V´��LW�LV�LQFOXGHG�LQ�WKH�(,*��)LJXUH�����

2QH� FDQ� DOVR� PDNH� IXUWKHU� H[WHQVLRQV�� )RU� H[DPSOH��
E\� DQDO\]LQJ� XVDJH� SURILOHV�� LW� LV� SRVVLEOH� WR� DVVLJQ� VRPH�
ZHLJKWV�RU�SUREDELOLWLHV�WR�WKH�HYHQWV�DQG�EXLOW�QHZ�PRGHOV�
OLNH�3()*V�WR�HPSOR\�GLIIHUHQW�WHVW�JHQHUDWLRQ�DOJRULWKPV�
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%DVHG�RQ�VRXQG�UHVXOWV�RI� UHVHDUFK�DQG�H[SHULHQFH�� WKLV�

SDSHU�DLPV�WR�SURPRWH�HYHQW�FHQWULF�PRGHOV�DQG�WDNHV�D�ILUVW�
VWHS�WR�HQDEOH�WKHLU�XVH�LQ�WHVWLQJ�RI�YDULRXV�GLIIHUHQW�W\SHV�
RI�V\VWHPV��7R�GR�WKLV��D�EDVLV�PRGHO�ZKLFK�DOORZV�WKH�XVH�
RI� PDWKHPDWLFDO�� VRXQG� PHWKRGV� LV� HVWDEOLVKHG� RXWOLQLQJ�
WKH� PDMRU� EHQHILWV�� DQG� VRPH� H[HPSODU\� H[WHQVLRQV� DUH�
SUHVHQWHG� ZLWKRXW� DQ\� PDMRU� RU� VLJQLILFDQW� V\QWDFWLFDO�
FKDQJHV�ZKLOH�DOVR�FRQVLGHULQJ�WKH�SUDFWLFDO�DVSHFWV�

$OVR�� QRWH� WKDW� WKH� WUDGLWLRQDO� IORZ� JUDSK� PRGHO� RI�
FRPSXWHU� SURJUDPV� LV� DOVR� DQ� HYHQW� PRGHO�� ZKHUH� WKH�
HYHQWV�DUH�WKH�H[HFXWLRQV�RI�WKH�VWDWHPHQWV�RU� OLQHDU�EORFNV�
RI� VWDWHPHQWV�� 7KHUHIRUH�� WKH� WUDGLWLRQDO� DGHTXDF\� FULWHULD�
�LQFOXGLQJ� FRQWURO� IORZ� FRYHUDJH� DQG� GDWD� IORZ� FRYHUDJH�
FULWHULD�� FDQ� EH� HDVLO\� DGDSWHG� IRU� PRUH� JHQHUDO� FRQWH[W�
RI� VRIWZDUH� WHVWLQJ�� ,Q� DGGLWLRQ�� IXUWKHU� UHVHDUFK� FRXOG� EH�
GLUHFWHG� WR� PRUH� FRPSOLFDWHG� VLWXDWLRQV� RI� HYHQW�GULYHQ�
V\VWHPV�� VXFK� DV� GLVWULEXWHG� WHVWLQJ� DUFKLWHFWXUHV� DQG�
WHVWLQJ� FRQFXUUHQW� DQG� QRQ�GHWHUPLQLVWLF� V\VWHPV�� ,Q� VXFK�
VLWXDWLRQV��LW�PD\�EH�SRVVLEOH�WR�UHJDUG�PRGHOV�VXFK�DV�3HWUL�
1HWV�DV�HYHQW�EDVHG�PRGHOV��7KXV��DGHTXDF\�FULWHULD�FDQ�EH�
GHILQHG� IRU� VXFK� PRGHOV� DQG� WHFKQLTXHV� IRU� JHQHUDWLRQ� RI�
WHVW�FDVHV�FDQ�EH�DGDSWHG�IRU�WKHP�

,Q� WKH� IXWXUH�� LQ� DGGLWLRQ� WR� DSSO\LQJ� RXU� HYHQW�FHQWULF�
YLHZ� WR� LQGXVWULDO� SURMHFWV� LQ� YDULRXV� RWKHU� GRPDLQV�� ZH�
SODQ�WR�VWXG\�WKH�FRQVWUDLQWV�LQ�UHDO�OLIH�V\VWHPV�IRU�WKH�XVH�
RI� SURSRVHG� H[WHQVLRQV� �VXFK� DV� LQSXW� VSDFH�� RXWSXW� VSDFH��
QXPEHU�RI�HYHQWV��FRPSOH[LW\��HWF���DQG�PDNH�LPSURYHPHQWV�
IRU�SUDFWLFDO�XVH�
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