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6RIWZDUH WHVWLQJ IRUPV DQ LQWHJUDO SDUW RI WKH VRIWZDUH GHYHORSPHQW OLIH F\FOH� 6LQFH WKH REMHFWLYH RI
WHVWLQJ LV WR HQVXUH WKH FRQIRUPLW\ RI DQ DSSOLFDWLRQ WR LWV VSHFLILFDWLRQ� D WHVW ³RUDFOH´ LV QHHGHG WR
GHWHUPLQH ZKHWKHU D JLYHQ WHVW FDVH H[SRVHV D IDXOW RU QRW� 8VLQJ DQ DXWRPDWHG RUDFOH WR VXSSRUW WKH
DFWLYLWLHV RI KXPDQ WHVWHUV FDQ UHGXFH WKH DFWXDO FRVW RI WKH WHVWLQJ SURFHVV DQG WKH UHODWHG PDLQWHQDQFH
FRVWV� ,Q WKLV SDSHU� ZH SUHVHQW D QHZ FRQFHSW RI XVLQJ DQ DUWLILFLDO QHXUDO QHWZRUN DV DQ DXWRPDWHG
RUDFOH IRU D WHVWHG VRIWZDUH V\VWHP� $ QHXUDO QHWZRUN LV WUDLQHG E\ WKH EDFNSURSDJDWLRQ DOJRULWKP RQ D
VHW RI WHVW FDVHV DSSOLHG WR WKH RULJLQDO YHUVLRQ RI WKH V\VWHP� 7KH QHWZRUN WUDLQLQJ LV EDVHG RQ WKH
³EODFN�ER[´ DSSURDFK� VLQFH RQO\ LQSXWV DQG RXWSXWV RI WKH V\VWHP DUH SUHVHQWHG WR WKH DOJRULWKP� 7KH
WUDLQHG QHWZRUN FDQ EH XVHG DV DQ DUWLILFLDO RUDFOH IRU HYDOXDWLQJ WKH FRUUHFWQHVV RI WKH RXWSXW SURGXFHG
E\ QHZ DQG SRVVLEO\ IDXOW\ YHUVLRQV RI WKH VRIWZDUH� :H SUHVHQW H[SHULPHQWDO UHVXOWV RI XVLQJ D WZR�
OD\HU QHXUDO QHWZRUN WR GHWHFW IDXOWV ZLWKLQ PXWDWHG FRGH RI D VPDOO FUHGLW DSSURYDO DSSOLFDWLRQ� 7KH
UHVXOWV DSSHDU WR EH SURPLVLQJ IRU D ZLGH UDQJH RI LQMHFWHG IDXOWV�

.H\ZRUGV� $XWRPDWHG VRIWZDUH WHVWLQJ� 0XWDWLRQ WHVWLQJ� %ODFN�ER[ WHVWLQJ� $UWLILFLDO QHXUDO QHWZRUNV

� ,1752'8&7,21

7KH PDLQ REMHFWLYH RI VRIWZDUH WHVWLQJ LV WR GHWHUPLQH KRZ ZHOO WKH HYDOXDWHG DSSOLFDWLRQ FRQIRUPV WR
LWV VSHFLILFDWLRQV� 7ZR FRPPRQ DSSURDFKHV WR VRIWZDUH WHVWLQJ DUH EODFN�ER[ DQG ZKLWH�ER[ WHVWLQJ�
:KLOH WKH ZKLWH�ER[ DSSURDFK XVHV WKH DFWXDO FRGH RI WKH WHVWHG SURJUDP WR SHUIRUP LWV DQDO\VLV� WKH
EODFN�ER[ DSSURDFK FKHFNV WKH SURJUDP RXWSXW DJDLQVW WKH LQSXW ZLWKRXW WDNLQJ LQWR DFFRXQW LWV LQQHU
ZRUNLQJV >��@�

6RIWZDUH WHVWLQJ LV GLYLGHG LQWR WKUHH VWDJHV� JHQHUDWLRQ RI WHVW GDWD� DSSOLFDWLRQ RI WKH GDWD WR WKH
VRIWZDUH EHLQJ WHVWHG� DQG WKH HYDOXDWLRQ RI WKH UHVXOWV� 7UDGLWLRQDOO\� VRIWZDUH WHVWLQJ ZDV GRQH
PDQXDOO\ E\ D KXPDQ WHVWHU ZKR FKRRVHV WKH WHVW FDVHV DQG DQDO\]HV WKH UHVXOWV >�@� +RZHYHU� GXH WR WKH
LQFUHDVH LQ WKH QXPEHU DQG VL]H RI WKH SURJUDPV EHLQJ WHVWHG LQ SUHVHQW GD\� WKH EXUGHQ RI WKH KXPDQ
WHVWHU LV LQFUHDVHG DQG DOWHUQDWLYH� DXWRPDWHG VRIWZDUH WHVWLQJ PHWKRGV DUH QHHGHG� :KLOH DXWRPDWHG
PHWKRGV DSSHDU WR WDNH RYHU WKH UROH RI WKH KXPDQ WHVWHU� WKH LVVXHV RI UHOLDELOLW\ DQG WKH FDSDELOLW\ RI WKH
VRIWZDUH WHVWLQJ PHWKRG VWLOO QHHG WR EH UHVROYHG >��@� 7KXV� WHVWLQJ LV DQ LPSRUWDQW DVSHFW LQ WKH GHVLJQ
RI D VRIWZDUH SURGXFW�

%RWK WKH ZKLWH�ER[ DQG EODFN�ER[ DSSURDFKHV WR VRIWZDUH WHVWLQJ DUH QRW ZLWKRXW WKHLU OLPLWDWLRQV� 9RDV
	 0F*UDZ ������ QRWH WKDW SUHVHQW GD\ VRIWZDUH V\VWHPV DUH WRR ODUJH WR EH WHVWHG E\ WKH ZKLWH�ER[
DSSURDFK DV D VLQJOH HQWLW\� LQVWHDG ZKLWH�ER[ WHVWLQJ WHFKQLTXHV ZRUN DW WKH VXEV\VWHP OHYHO� 2QH RI WKH
OLPLWDWLRQV RI WKH ZKLWH�ER[ WHVWLQJ DSSURDFK LV WKDW LW LV QRW FDSDEOH RI DQDO\]LQJ FHUWDLQ IDXOWV� RQH RI
ZKLFK LV WHVWLQJ IRU PLVVLQJ FRGH >��@� 7KH PDLQ SUREOHP DVVRFLDWHG ZLWK WKH EODFN�ER[ DSSURDFK LV WR
JHQHUDWH WHVW FDVHV WKDW DUH PRUH OLNHO\ WR GHWHFW IDXOWV >��@�

�)DXOW�EDVHG WHVWLQJ� LV WKH WHUP XVHG WR UHIHU WR PHWKRGV WKDW EDVH WKH VHOHFWLRQ RI WHVW GDWD RQ WKH
GHWHFWLRQ RI VSHFLILF IDXOWV >��@ DQG LV D W\SH RI ZKLWH�ER[ DSSURDFK DV LW LV XVLQJ WKH FRGH RI WKH WHVWHG
SURJUDP >��@� 0XWDWLRQ DQDO\VLV LV D IDXOW�EDVHG WHFKQLTXH WKDW JHQHUDWHV PXWDQW YHUVLRQV RI WKH
SURJUDP WKDW LV EHLQJ WHVWHG >�@� $ WHVW VHW LV DSSOLHG WR HYHU\ PXWDQW SURJUDP DQG LV HYDOXDWHG WR
GHWHUPLQH ZKHWKHU WKH WHVW VHW LV DEOH WR GLVWLQJXLVK EHWZHHQ WKH RULJLQDO DQG PXWDQW YHUVLRQV�

$UWLILFLDO QHXUDO QHWZRUNV �$11� KDYH EHHQ XVHG LQ WKH SDVW WR KDQGOH VHYHUDO DVSHFWV RI VRIWZDUH
WHVWLQJ� ([SHULPHQWV KDYH EHHQ FRQGXFWHG WR HYDOXDWH WKH HIIHFWLYHQHVV RI JHQHUDWLQJ WHVW FDVHV FDSDEOH
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RI H[SRVLQJ IDXOWV>�@� WR XVH SULQFLSOH FRPSRQHQWV DQDO\VLV WR ILQG IDXOWV LQ D V\VWHP >�@� WR FRPSDUH WKH
FDSDELOLWLHV RI QHXUDO QHWZRUNV WR RWKHU IDXOW H[SRVLQJ WHFKQLTXHV >�� �@� DQG WR ILQG IDXOWV LQ IDLOXUH GDWD
>�@�

,Q WKLV SDSHU� ZH SUHVHQW D QHZ DSSOLFDWLRQ RI QHXUDO QHWZRUNV DV DQ DXWRPDWHG ³RUDFOH´ IRU D WHVWHG
V\VWHP� $ PXOWL�OD\HU QHXUDO QHWZRUN LV WUDLQHG RQ WKH RULJLQDO VRIWZDUH DSSOLFDWLRQ E\ XVLQJ UDQGRPO\
JHQHUDWHG WHVW GDWD WKDW FRQIRUP WR WKH VSHFLILFDWLRQV� 7KH QHXUDO QHWZRUN FDQ EH WUDLQHG ZLWKLQ D
UHDVRQDEOH DFFXUDF\ RI WKH RULJLQDO SURJUDP WKRXJK LW PD\ EH XQDEOH WR FODVVLI\ WKH WHVW GDWD ����
FRUUHFWO\� ,Q HIIHFW� WKH WUDLQHG QHXUDO QHWZRUN EHFRPHV D VLPXODWHG PRGHO RI WKH VRIWZDUH DSSOLFDWLRQ�
:KHQ QHZ YHUVLRQV RI WKH RULJLQDO DSSOLFDWLRQ DUH FUHDWHG DQG ³UHJUHVVLRQ WHVWLQJ´ LV UHTXLUHG� WKH WHVWHG
FRGH LV H[HFXWHG RQ WKH WHVW GDWD WR \LHOG RXWSXWV WKDW DUH FRPSDUHG ZLWK WKRVH RI WKH QHXUDO QHWZRUN� :H
DVVXPH KHUH WKDW WKH QHZ YHUVLRQV GR QRW FKDQJH WKH H[LVWLQJ IXQFWLRQV� ZKLFK PHDQV WKDW WKH
DSSOLFDWLRQ LV VXSSRVHG WR SURGXFH WKH VDPH RXWSXW IRU WKH VDPH LQSXWV� $ FRPSDULVRQ WRRO WKHQ PDNHV
WKH GHFLVLRQ ZKHWKHU WKH RXWSXW RI WKH WHVWHG DSSOLFDWLRQ LV LQFRUUHFW RU FRUUHFW EDVHG RQ WKH QHWZRUN
DFWLYDWLRQ IXQFWLRQV� )LJXUH ��� SUHVHQWV WKH RYHUYLHZ RI WKH SURSRVHG WHVWLQJ PHWKRGRORJ\�

,QSXW
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$UWLILFLDO 1HXUDO
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2XWSXW &RUUHFW

1HWZRUN

2XWSXW

$FWXDO

2XWSXW

)LJXUH ��� 0HWKRG 2YHUYLHZ

8VLQJ DQ $11�EDVHG PRGHO RI WKH VRIWZDUH� UDWKHU WKDQ UXQQLQJ WKH RULJLQDO YHUVLRQ RI WKH SURJUDP PD\
EH DGYDQWDJHRXV IRU D YDULHW\ RI UHDVRQV� )LUVW� WKH RULJLQDO YHUVLRQ PD\ EHFRPH XQXVDEOH� GXH WR D
FKDQJH LQ WKH KDUGZDUH SODWIRUP RU LQ WKH 26 HQYLURQPHQW� $QRWKHU XVDELOLW\ SUREOHP PD\ EH
DVVRFLDWHG ZLWK D WKLUG�SDUW\ DSSOLFDWLRQ KDYLQJ DQ H[SLUHG OLFHQVH RU RWKHU UHVWULFWLRQV� 6HFRQG� PRVW
LQSXWV DQG RXWSXWV RI WKH RULJLQDO DSSOLFDWLRQ PD\ EH QRQ�FULWLFDO DW D JLYHQ VWDJH RI WKH WHVWLQJ SURFHVV
DQG� WKXV� XVLQJ D QHXUDO QHWZRUN IRU DQ DXWRPDWHG PRGHOLQJ RI WKH RULJLQDO DSSOLFDWLRQ PD\ VDYH D
VLJQLILFDQW DPRXQW RI FRPSXWHU UHVRXUFHV� 7KLUG� VDYLQJ DQ H[KDXVWLYH VHW RI WHVW FDVHV ZLWK WKH RXWSXWV
RI WKH RULJLQDO YHUVLRQ PD\ EH LQIHDVLEOH IRU UHDO�ZRUOG DSSOLFDWLRQV >��@� )LQDOO\� WKH RULJLQDO YHUVLRQ LV
QHYHU JXDUDQWHHG WR EH IDXOW�IUHH DQG FRPSDULQJ LWV RXWSXW WR WKH RXWSXW RI D QHZ YHUVLRQ PD\ RYHUORRN
WKH FDVHV� ZKHUH ERWK YHUVLRQV GR QRW IXQFWLRQ SURSHUO\� 1HXUDO QHWZRUNV SURYLGH DQ DGGLWLRQDO
SDUDPHWHU DVVRFLDWHG ZLWK HYHU\ RXWSXW� WKH DFWLYDWLRQ IXQFWLRQ� ZKLFK� DV ZH VKRZ EHORZ� FDQ EH XVHG
WR HYDOXDWH WKH UHOLDELOLW\ RI WKH WHVWHG RXWSXW�

6HFWLRQ � GHVFULEHV WKH EDFNJURXQG PDWHULDO RQ QHXUDO QHWZRUNV DQG LWV HIIHFWLYHQHVV ZKHQ XVHG DV D
PRGHO RI D UHDO V\VWHP� 6HFWLRQ � SUHVHQWV D GHVFULSWLRQ RI WKH SURSRVHG WHVWLQJ PHWKRGRORJ\� 6HFWLRQ �
GHVFULEHV WKH FUHGLW FDUG DSSURYDO V\VWHP WKDW LV EHLQJ XVHG LQ RXU H[SHULPHQW DV ZHOO DV WKH FRQVWUXFWLRQ
DQG WKH WUDLQLQJ RI WKH PXOWL�OD\HU QHXUDO QHWZRUN� 6HFWLRQ � SUHVHQWV WKH UHVXOWV RI WKH H[SHULPHQW



�

FRQGXFWHG WR HYDOXDWH WKH HIIHFWLYHQHVV RI XVLQJ D QHXUDO QHWZRUN DV DQ DXWRPDWHG ³RUDFOH�´ 6HFWLRQ �
VXPPDUL]HV RXU FRQFOXVLRQV�

� %$&.*5281' 0$7(5,$/ 21 1(85$/ 1(7:25.6

$UWLILFLDO QHXUDO QHWZRUNV �$11V� DUH GHVLJQHG WR UHVHPEOH WKH VWUXFWXUH DQG LQIRUPDWLRQ�SURFHVVLQJ
FDSDELOLWLHV RI WKH EUDLQ >�@� 7KH DUFKLWHFWXUDO FRPSRQHQWV RI D QHXUDO QHWZRUN DUH FRPSXWDWLRQDO XQLWV
VLPLODU WR WKH QHXURQV RI WKH EUDLQ� $ QHXUDO QHWZRUN LV IRUPHG IURP RQH RU PRUH OD\HUV RI WKHVH
QHXURQV ZKRVH LQWHUFRQQHFWLRQV KDYH DVVRFLDWHG V\QDSWLF ZHLJKW� (DFK QHXURQ LQ WKH QHWZRUN LV XVHG WR
SHUIRUP FDOFXODWLRQV WKDW FRQWULEXWH WR WKH RYHUDOO OHDUQLQJ SURFHVV� RU WUDLQLQJ� RI WKH QHWZRUN� 7KH
QHXURQ LQWHUFRQQHFWLRQV DUH DVVRFLDWHG ZLWK V\QDSWLF ZHLJKWV WKDW VWRUH WKH LQIRUPDWLRQ FRPSXWHG GXULQJ
WKH WUDLQLQJ RI WKH QHWZRUN� 7KH QHXUDO QHWZRUN LV WKXV D PDVVLYH SDUDOOHO LQIRUPDWLRQ SURFHVVLQJ
V\VWHP WKDW XWLOL]HV GLVWULEXWHG FRQWURO WR OHDUQ DQG VWRUH NQRZOHGJH DERXW LWV HQYLURQPHQW�

7KH WZR LQKHUHQW IDFWRUV WKDW LQIOXHQFH WKH VXSHULRU FRPSXWDWLRQDO DELOLW\ RI WKH QHXUDO QHWZRUN DUH LWV
SDUDOOHO GLVWULEXWHG GHVLJQ DQG LWV FDSDELOLW\ WR H[WUDSRODWH WKH OHDUQHG LQIRUPDWLRQ WR \LHOG RXWSXWV IRU
LQSXWV QRW SUHVHQWHG GXULQJ WUDLQLQJ �JHQHUDOL]DWLRQ�� 7KHVH FKDUDFWHULVWLFV RI WKH QHXUDO QHWZRUN DOORZ
FRPSOH[ SUREOHPV WR EH VROYHG� 'DWD PLQLQJ� SDWWHUQ UHFRJQLWLRQ� DQG IXQFWLRQ DSSUR[LPDWLRQ DUH VRPH
RI WKH WDVNV WKDW DUH FDSDEOH RI EHLQJ SHUIRUPHG E\ QHXUDO QHWZRUNV�

,Q RXU PHWKRG� WKH WUDLQHG QHXUDO QHWZRUN LV XVHG WR SURGXFH D SDUWLFXODU RXWSXW ZKHQ SUHVHQWHG ZLWK DQ
LQSXW VLJQDO� 'XULQJ WKH WUDLQLQJ VWDJH� WKH V\QDSWLF ZHLJKWV RI WKH QHWZRUN DUH XSGDWHG E\ SUHVHQWLQJ D
VHW RI WUDLQLQJ H[DPSOHV WR WKH WUDLQLQJ DOJRULWKP� (DFK H[DPSOH LV RUJDQL]HG DV D SDLU RI WZR YHFWRUV�
RQH IRU WKH LQSXWV DQG WKH VHFRQG IRU WKH RXWSXWV� 2QH HSRFK LV FRQFOXGHG ZKHQ WKH HQWLUH VHW RI
H[DPSOHV LV SUHVHQWHG WR WKH QHXUDO QHWZRUN� 7KXV� WKH QHXUDO QHWZRUN HPSOR\V DQ LQSXW�RXWSXW PDSSLQJ
PHFKDQLVP DQG LV H[SHFWHG WR JHQHUDOL]H ZKHQ SUHVHQWHG ZLWK QHZ H[DPSOHV� 2QH SRVVLEOH SUREOHP
WKDW PD\ DULVH GXULQJ WKH WUDLQLQJ RI WKH QHWZRUN LV WKDW WKH QHWZRUN HUURU PD\ FRQYHUJH WR D ORFDO
PLQLPXP >�@� 5HWUDLQLQJ WKH QHWZRUN ZLWK D GLIIHUHQW VHW RI LQLWLDO ZHLJKWV LV RQH VROXWLRQ WR RYHUFRPH
WKLV SUREOHP�
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)LJXUH ��� 6WUXFWXUH RI D 1HXURQ

7KH FRPSXWDWLRQDO FRPSRQHQWV RU QHXURQV RI WKH QHWZRUN DUH HDFK FRPSRVHG RI WKUHH HOHPHQWV� D VHW
RI Q V\QDSWLF ZHLJKWV� RQH IRU HDFK LQWHUFRQQHFWLRQ� DQ DGGHU WKDW ZLOO EH XVHG WR FRPELQH WKH LQFRPLQJ
LQSXW VLJQDOV ZLWK WKH V\QDSWLF ZHLJKWV� DQG DQ DFWLYDWLRQ IXQFWLRQ DOVR NQRZQ DV D VTXDVKLQJ IXQFWLRQ DV
LW IRUFHV WKH RXWSXW WR KDYH D YDOXH ZLWKLQ D VSHFLILHG UDQJH� )LJXUH ��� LOOXVWUDWHV WKH VWUXFWXUH RI D
QHXURQ� ,I WKH LQSXW VLJQDO WR QHXURQ L LV [M� WKH V\QDSWLF ZHLJKW DVVRFLDWHG ZLWK WKH LQWHUFRQQHFWLRQ
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EHWZHHQ WKH LQSXW VLJQDO DQG WKH QHXURQ LV GHQRWHG ZLM� 7KH VHW RI LQSXW VLJQDOV PXOWLSOLHG ZLWK WKH VHW RI
WKH V\QDSWLF ZHLJKWV LV OLQHDUO\ FRPELQHG� 7KH UHVXOWLQJ YDOXH LV WKHQ XVHG WR FDOFXODWH WKH RXWSXW RI WKH
DFWLYDWLRQ IXQFWLRQ� W\SLFDOO\ D VLJPRLG IXQFWLRQ �VKRZQ LQ )LJXUH ���� ZLWK D UDQJH EHWZHHQ ��� DQG ���
WKDW FRQVHTXHQWO\ JHQHUDWHV WKH QHXURQ RXWSXW VLJQDO \L�
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)LJXUH ��� 6LJPRLG )XQFWLRQ

$ PXOWL�OD\HU IHHGIRUZDUG QHXUDO QHWZRUN FRQVLVWV RI DQ LQSXW OD\HU RI QRQ�FRPSXWDWLRQDO XQLWV �RQH IRU
HDFK LQSXW�� RQH RU PRUH KLGGHQ OD\HUV RI FRPSXWDWLRQDO XQLWV DQG DQ RXWSXW OD\HU RI FRPSXWDWLRQDO
XQLWV� %DFNSURSDJDWLRQ LV WKH VWDQGDUG WUDLQLQJ PHWKRG WKDW LV DSSOLHG WR PXOWL�OD\HU IHHGIRUZDUG
QHWZRUNV� 7KH DOJRULWKP FRQVLVWV RI SDVVLQJ WKH LQSXW VLJQDO IRUZDUG DQG WKH HUURU VLJQDO EDFNZDUG
WKURXJK WKH QHWZRUN� ,Q WKH IRUZDUG SDVV RQH LQSXW YHFWRU LV SUHVHQWHG WR WKH LQSXW OD\HU DQG WKH LQSXW
VLJQDO LV ILOWHUHG IRUZDUG WKURXJK WKH VXEVHTXHQW OD\HUV RI WKH QHWZRUN WR JHQHUDWH D VHW RI RXWSXWV� 7KH
QHWZRUN RXWSXWV DUH FRPSDUHG ZLWK WKH DFWXDO RXWSXWV RI WKH WUDLQLQJ H[DPSOH DQG DQ HUURU VLJQDO LV
JHQHUDWHG� ,Q WKH EDFNZDUG SDVV� WKH V\QDSWLF ZHLJKWV DUH XSGDWHG XVLQJ WKH OHDUQLQJ FRQVWDQW DFFRUGLQJ
WR WKH HIIHFW WKH\ KDYH LQ JHQHUDWLQJ WKH LQFRUUHFW RXWSXWV �LI WKH QHWZRUN RXWSXW PDWFKHV WKH DFWXDO
RXWSXW� WKH HUURU VLJQDO KDV QR HIIHFW LQ DGMXVWLQJ WKH V\QDSWLF ZHLJKWV�� )LJXUH ��� GHPRQVWUDWHV WKH
SDVVLQJ RI VLJQDOV WKURXJK D QHXUDO QHWZRUN DQG WKH VWUXFWXUH RI D PXOWL�OD\HU QHWZRUN� 7KH SUHVHQWDWLRQ
RI WUDLQLQJ H[DPSOHV WR WKH QHWZRUN LV UHSHDWHG XQWLO WKH QHWZRUN LV VWDELOL]HG DQG QR PRUH DGMXVWPHQWV
DUH UHTXLUHG IRU WKH V\QDSWLF ZHLJKWV RU WKH PD[LPXP QXPEHU RI HSRFKV KDV EHHQ UHDFKHG�

7KH WUDLQLQJ RI D QHXUDO QHWZRUN E\ EDFNSURSDJDWLRQ LV DOVR YLHZHG DV D JUDGLHQW GHVFHQW VHDUFK WR ILQG
WKH V\QDSWLF ZHLJKWV WKDW ZLOO \LHOG WKH JOREDO PLQLPXP HUURU >�@� +RZHYHU� WKH HUURU VXUIDFH RI D PXOWL�
OD\HU QHWZRUN PD\ FRQWDLQ ORFDO PLQLPD WKDW PD\ FDXVH WKH QHWZRUN WUDLQLQJ WR FRQFOXGH SUHPDWXUHO\�
2QH ZD\ WR RYHUFRPH WKLV SUREOHP RI HUURU FRQYHUJHQFH LV WR UHWUDLQ WKH QHWZRUN ZLWK WKH VDPH GDWD DQG
D GLIIHUHQW VHW RI LQLWLDO V\QDSWLF ZHLJKWV�

,Q RXU VRIWZDUH WHVWLQJ H[SHULPHQWV� ZH XVH D ��RI�Q HQFRGLQJ RI RXWSXWV� ZKHUH HDFK RXWSXW XQLW RI D
QHXUDO QHWZRUN UHSUHVHQWV D SRVVLEOH YDOXH RI WKH RXWSXW YDULDEOH� 7KH RXWSXW XQLW KDYLQJ WKH KLJKHVW�
YDOXHG DFWLYDWLRQ IXQFWLRQ �³WKH ZLQQLQJ RXWSXW´� LV WDNHQ DV WKH QHWZRUN SUHGLFWLRQ IRU WKH RXWSXW RI WKH
WHVWHG SURJUDP� $V LQGLFDWHG E\ >�@� WKH GLIIHUHQFH EHWZHHQ WKH RXWSXWV FDQ EH XVHG DV D PHDVXUH RI WKH
FRQILGHQFH LQ WKH QHWZRUN SUHGLFWLRQ�

$V WKH QXPEHU RI LQSXW DQG RXWSXW XQLWV DUH IL[HG DFFRUGLQJ WR WKH GDWD XVHG WR WUDLQ WKH QHWZRUN� WKH
QXPEHU RI XQLWV SHU DGGLWLRQDO KLGGHQ OD\HU DQG WKH QXPEHU RI KLGGHQ OD\HUV XVHG KDYH WR EH GHWHUPLQHG�
/LNHZLVH� WKH OHDUQLQJ FRQVWDQW DQG WKH QXPEHU RI HSRFKV DOVR KDYH WR EH GHFLGHG XSRQ� 7KHVH IRXU
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YDULDEOHV DUH XVHG DV �WXQLQJ NQREV� WR ILQH�WXQH WKH SHUIRUPDQFH RI WKH QHWZRUN DQG WR PLQLPL]H WKH
ILQDO PLVFODVVLILFDWLRQ HUURU�
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)HHGIRUZDUG RI LQSXW VLJQDO
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2XWSXW

/D\HU

)LJXUH ��� 6WUXFWXUH RI D 0XOWL�OD\HU 1HWZRUN DQG 6LJQDO 3URSDJDWLRQ 7KURXJK WKH 1HWZRUN

0XOWL�OD\HU IHHGIRUZDUG QHXUDO QHWZRUNV DUH FDSDEOH RI VROYLQJ JHQHUDO DQG FRPSOH[ SUREOHPV DQG WKH
EDFNSURSDJDWLRQ WHFKQLTXH LV FRPSXWDWLRQDOO\ HIILFLHQW DV D WUDLQLQJ PHWKRG >�@� ,Q WKLV SDSHU� ZH XVH
WKH PXOWL�OD\HU QHWZRUN WUDLQHG E\ EDFNSURSDJDWLRQ WR VLPXODWH D FUHGLW DSSURYDO DSSOLFDWLRQ�

� '(6&5,37,21 2) 7+( 7(67,1* 0(7+2'2/2*<

2XU WHVWLQJ PHWKRGRORJ\ FDQ EH YLHZHG DV D EODFN�ER[ DSSURDFK� ,Q WKH WUDLQLQJ SKDVH �VHH )LJXUH ������
WKH LQSXW YHFWRU �WHVW FDVH� IRU HDFK WUDLQLQJ H[DPSOH LV JHQHUDWHG UDQGRPO\� VXEMHFW WR WKH VSHFLILFDWLRQV
RI WKH WHVWHG SURJUDP� (DFK LQSXW YHFWRU LV WKHQ SURYLGHG DV DQ LQSXW WR WKH RULJLQDO YHUVLRQ RI WKH WHVWHG
SURJUDP� ZKLFK VXEVHTXHQWO\ JHQHUDWHV D FRUUHVSRQGLQJ RXWSXW YHFWRU� 7KH LQSXW DQG WKH RXWSXW YHFWRUV
RI WKH SURJUDP DUH XVHG IRU WUDLQLQJ WKH QHXUDO QHWZRUN� 7KH WUDLQHG QHXUDO QHWZRUN FDQ SHUIRUP WKH
IXQFWLRQ RI DQ DXWRPDWHG �RUDFOH� >��@ IRU WHVWLQJ WKH VXEVHTXHQW YHUVLRQV RI WKH SURJUDP �D SURFHVV
NQRZQ DV ³UHJUHVVLRQ WHVWLQJ´��

,Q WKH HYDOXDWLRQ SKDVH �VHH )LJXUH ����� HDFK WHVW FDVH LV SURYLGHG DV DQ LQSXW YHFWRU WR D QHZ YHUVLRQ RI
WKH WHVWHG SURJUDP DQG WR WKH WUDLQHG $11� )RU HDFK LQSXW YHFWRU� WKH FRPSDULVRQ WRRO FDOFXODWHV WKH
DEVROXWH GLVWDQFH EHWZHHQ WKH ZLQQLQJ $11 RXWSXW DQG WKH FRUUHVSRQGLQJ YDOXH RI WKH DSSOLFDWLRQ
RXWSXW� $OO WKH RXWSXWV DUH QXPEHUV EHWZHHQ ]HUR DQG RQH� 7KH FRPSXWHG GLVWDQFH LV WKHQ SODFHG LQWR
RQH RI WKUHH LQWHUYDOV GHILQHG E\ WZR WKUHVKROG YDOXHV LQ WKH >�� �@ UDQJH� ,I WKH QHWZRUN SUHGLFWLRQ DQG
WKH DSSOLFDWLRQ RXWSXW DUH LGHQWLFDO DQG WKH FRPSXWHG GLVWDQFH IDOOV LQWR WKH LQWHUYDO EHWZHHQ ��� DQG WKH
ORZ WKUHVKROG �WKH GLVWDQFH LV YHU\ VPDOO�� WKLV PHDQV WKDW WKH QHWZRUN SUHGLFWLRQ PDWFKHV WKH SURJUDP
RXWSXW DQG ERWK RXWSXWV DUH OLNHO\ WR EH FRUUHFW� ,Q WKLV FDVH� WKH FRPSDULVRQ WRRO UHSRUWV WKDW WKH
SURJUDP RXWSXW LV FRUUHFW� 2Q WKH RWKHU KDQG� LI WKH QHWZRUN SUHGLFWLRQ LV GLIIHUHQW IURP WKH DSSOLFDWLRQ
RXWSXW DQG WKH GLVWDQFH EHWZHHQ RXWSXWV LV YHU\ ODUJH �IDOOV LQWR WKH LQWHUYDO EHWZHHQ WKH KLJK WKUHVKROG
DQG ����� D SURJUDP IDXOW �LQFRUUHFW RXWSXW� LV UHSRUWHG E\ WKH FRPSDULVRQ WRRO� ,Q ERWK FDVHV� WKH
QHWZRUN RXWSXW LV OLNHO\ WR EH FRUUHFW DQG LW LV UHOLDEOH HQRXJK WR HYDOXDWH WKH FRUUHFWQHVV RI WKH
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DSSOLFDWLRQ RXWSXW� +RZHYHU� LI WKH GLVWDQFH LV SODFHG LQWR WKH LQWHUYDO EHWZHHQ WKH ORZ WKUHVKROG DQG
WKH KLJK WKUHVKROG� WKH QHWZRUN RXWSXW LV FRQVLGHUHG XQUHOLDEOH� ,Q WKH ODVW FDVH� WKH FRPSDULVRQ WRRO
UHSRUWV D SURJUDP IDXOW RQO\ LI WKH QHWZRUN SUHGLFWLRQ LV LGHQWLFDO WR WKH DSSOLFDWLRQ RXWSXW�

7HVWHG 3URJUDP

�PD\ FRQWDLQ IDXOWV�

/HJDO 7HVW &DVHV

�UDQGRPO\ JHQHUDWHG�

1HXUDO 1HWZRUN

7UDLQLQJ

3URJUDP 2XWSXW

7UDLQHG

1HWZRUN

7UDLQLQJ 3KDVH

)LJXUH ���� 2YHUYLHZ RI WKH 7UDLQLQJ 3KDVH

7HVWHG 3URJUDP

�PD\ FRQWDLQ IDXOWV�

6HW RI

7HVW &DVHV

$XWRPDWHG 2UDFOH

�7UDLQHG 11�

3URJUDP

2XWSXW
'HFLVLRQ�

2XWSXW (UURQHRXV

RU

2XWSXW &RUUHFW

(YDOXDWLRQ 3KDVH

,QSXW

,QSXW

&RPSDULVRQ

7RRO

3URJUDP

2XWSXW

)LJXUH ���� 2YHUYLHZ RI WKH (YDOXDWLRQ 3KDVH

7KH FRPSDULVRQ WRRO LV HPSOR\HG DV DQ LQGHSHQGHQW PHWKRG RI FRPSDULQJ WKH UHVXOWV IURP WKH QHXUDO
QHWZRUN DQG WKH UHVXOWV RI WKH IDXOW\ YHUVLRQV RI WKH FUHGLW DSSURYDO DSSOLFDWLRQ� $Q REMHFWLYH DXWRPDWHG
DSSURDFK LV UHTXLUHG WR HQVXUH WKDW WKH UHVXOWV KDYH QRW EHHQ DIIHFWHG E\ H[WHUQDO IDFWRUV� 7KLV LQ HIIHFW
UHSODFHV WKH KXPDQ WHVWHU ZKR PD\ EH ELDVHG E\ KDYLQJ SULRU NQRZOHGJH RI WKH RULJLQDO DSSOLFDWLRQ�

7KH WRRO XVHV WKH RXWSXW RI D QHXUDO QHWZRUN DQG WKH RXWSXW RI WKH WHVWHG DSSOLFDWLRQ� 7KH GLVWDQFH
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EHWZHHQ WKH RXWSXWV LV WDNHQ DV WKH DEVROXWH GLIIHUHQFH EHWZHHQ WKH YDOXH RI WKH ZLQQLQJ QRGH IRU HDFK
RXWSXW DQG WKH FRUUHVSRQGLQJ YDOXH LQ WKH DSSOLFDWLRQ� 6LQFH D VLJPRLG DFWLYDWLRQ IXQFWLRQ LV XVHG WR
SURYLGH WKH QHWZRUN RXWSXWV� WKH DFWLYDWLRQ YDOXH RI WKH ZLQQLQJ RXWSXW QRGHV LV D QXPEHU EHWZHHQ ���
DQG ���� 7KH FRUUHVSRQGLQJ YDOXH RI WKH DSSOLFDWLRQ RXWSXW LV HTXDO WR ��� LI WKH SUHGLFWHG DQG WKH
DFWXDO RXWSXWV DUH LGHQWLFDO� 2WKHUZLVH� LW LV HTXDO WR ���� 7KXV� WKH GLVWDQFH FRYHUV D UDQJH EHWZHHQ ���
DQG ��� DQG ZH XVH WKLV YDOXH WR GHWHUPLQH ZKHWKHU WKH IDXOW\ DSSOLFDWLRQ KDV JHQHUDWHG DQ LQYDOLG RU
FRUUHFW UHVXOW�

)DXOW\ $SSOLFDWLRQ 2XWSXW
&RUUHFW :URQJ

$11 2XWSXW &RUUHFW
�

7UXH 3RVLWLYH
�

7UXH 1HJDWLYH

:URQJ
�

)DOVH 1HJDWLYH
�

)DOVH 3RVLWLYH

7DEOH ��� (DFK 2XWSXW KDV D 'HILQHG &DWHJRU\

7DEOH ��� GLVSOD\V WKH IRXU SRVVLEOH FDWHJRULHV ZKHUH HDFK RXWSXW FDQ EH SODFHG� 6LQFH WKH $11 LV RQO\
DQ DSSUR[LPDWLRQ RI WKH DFWXDO V\VWHP� VRPH RI LWV RXWSXWV PD\ EH LQFRUUHFW� 2Q WKH RWKHU KDQG� WKH
WHVWHG DSSOLFDWLRQ LWVHOI PD\ SURGXFH HUURUV� ZKLFK LV WKH PDLQ UHDVRQ IRU WKH WHVWLQJ SURFHVV� ,I WKH
$11 RXWSXW LV FRUUHFW ZKLOH WKH RXWSXW RI WKH WHVWHG DSSOLFDWLRQ LV ZURQJ� WKH HYDOXDWLRQ RI WKH
FRPSDULVRQ WRRO LV FODVVLILHG WR EH D WUXH QHJDWLYH RU D FDWHJRU\ RI �� L�H� WKH GHWHUPLQDWLRQ WKDW WKH
RXWSXW RI WKH DSSOLFDWLRQ LV DQ DFWXDO HUURU� 6LPLODUO\� WKH UHPDLQLQJ WKUHH FODVVLILFDWLRQV UHSUHVHQW WKH
RWKHU SRVVLELOLWLHV IRU WKH RXWSXW FDWHJRUL]DWLRQ� (DFK RXWSXW DULVLQJ IURP WKH QHXUDO QHWZRUN DQG WKH
WHVWHG SURJUDP LV HYDOXDWHG LQ WKLV IDVKLRQ� $OWKRXJK ZH DUH PDLQO\ LQWHUHVWHG LQ ILQGLQJ WKH ZURQJ
RXWSXWV �FDWHJRULHV � DQG ��� ZH DOVR QRWH WKDW WKHUH LV QR YLVLEOH GLIIHUHQFH ZKHQ WKH QHWZRUN RXWSXW LV
WKH VDPH DV WKH RXWSXW RI WKH WHVWHG SURJUDP �FDWHJRULHV � DQG ��� &DWHJRULHV � DQG � DUH DOVR VLPLODU LQ
WKDW UHJDUG DV HLWKHU WKH QHWZRUN RXWSXW LV FRUUHFW RU WKH WHVWHG SURJUDP RXWSXW LV FRUUHFW ZLWK WKH IRUPHU
EHLQJ PRUH OLNHO\� 7KH $11 LV WUDLQHG WR VLPXODWH WKH RULJLQDO DSSOLFDWLRQ� KRZHYHU LW LV QRW FDSDEOH RI
FODVVLI\LQJ WKH RULJLQDO GDWD RQH KXQGUHG SHUFHQW FRUUHFWO\ GXH WR WKH SUREOHP RI HUURU FRQYHUJHQFH
GLVFXVVHG LQ 6HFWLRQ �� ,Q WKH QH[W VHFWLRQ� ZH VKRZ WKDW GHVSLWH WKLV VHHPLQJ GLVDGYDQWDJH WKH
SHUFHQWDJH RI LQFRUUHFWO\ FODVVLILHG RXWSXWV LV PLQRU FRPSDUHG WR WKH RYHUDOO GDWD VHW VL]H� 7KXV� ZH DUH
LQWHUHVWHG LQ WKH FDVHV ZKHUH WKH WHVWHG DSSOLFDWLRQ RXWSXW LV ZURQJ� FDWHJRULHV � DQG � XVLQJ WKH QRWDWLRQ
RI 7DEOH ���� :KHQ WKH RXWSXWV DUH FRPSDUHG ZLWK RQH DQRWKHU� WKH\ DUH WKH HLWKHU WKH VDPH RU GLIIHUHQW�
&RQVHTXHQWO\� FDWHJRULHV � DQG � KDYH WR EH GLVWLQJXLVKHG IURP RQH DQRWKHU E\ WKH FRPSDULVRQ WRRO� D
VLPLODU VHSDUDWLRQ LV UHTXLUHG IRU FDWHJRULHV � DQG �� 7KXV� WKH QHHG IRU FDOFXODWLQJ WKH GLVWDQFH LV
MXVWLILHG�

&RPSDULVRQ RI RXWSXWV
6DPH 'LIIHUHQW

%LQDU\

x %RWK FRUUHFW

x %RWK ZURQJ

x $11 FRUUHFW

x )DXOW\ DSSOLFDWLRQ
FRUUHFW7\SH RI

2XWSXW
&RQWLQXRXV

x %RWK FRUUHFW

x %RWK ZURQJ

x $11 FRUUHFW

x )DXOW\ DSSOLFDWLRQ
FRUUHFW

x %RWK :URQJ

7DEOH ��� 3RVVLELOLWLHV RI )DXOW 7\SHV
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7KH WZR W\SHV RI RXWSXWV DUH KDQGOHG GLIIHUHQWO\ E\ WKH FRPSDULVRQ WRRO� DV WKHUH DUH IRXU SRVVLEOH
VLWXDWLRQV IRU WKH ELQDU\ RXWSXW DQG ILYH IRU WKH FRQWLQXRXV RXWSXW� 7KH DQDO\VLV RI WKH FRQWLQXRXV RXWSXW
GLIIHUV LQ RQH SDUW ZLWK UHVSHFW WR WKH ELQDU\ RXWSXW� :KHQ ERWK WKH $11 RXWSXW DQG WKH IDXOW\
DSSOLFDWLRQ DUH GLIIHUHQW� WKH $11 RXWSXW PD\ EH FRUUHFW� WKH IDXOW\ DSSOLFDWLRQ RXWSXW PD\ EH FRUUHFW RU
LQ WKH FDVH RI D FRQWLQXRXV RXWSXW� WKH\ ERWK PD\ EH ZURQJ� ZKHUHDV RQO\ WZR VLWXDWLRQV DUH SRVVLEOH IRU
WKH ELQDU\ RXWSXW �VHH 7DEOH ����� ,Q RXU H[SHULPHQW �VHH QH[W VHFWLRQ�� WKH YDOXHV RI ERWK WKH ORZ DQG
WKH KLJK WKUHVKROG IRU HDFK W\SH RI RXWSXW ZHUH REWDLQHG H[SHULPHQWDOO\ WR \LHOG WKH EHVW RYHUDOO IDXOW
GHWHFWLRQ UHVXOWV�

� '(6&5,37,21 2) 7+( (;3(5,0(17

7KH GHVLJQ RI WKH H[SHULPHQW LV VHSDUDWHG LQWR WKUHH SDUWV� RQH IRU WKH VDPSOH DSSOLFDWLRQ� RQH IRU WKH
QHXUDO QHWZRUN� DQG WKH RWKHU IRU WKH FRPSDULVRQ WRRO WKDW FDOFXODWHV WKH GLVWDQFH EHWZHHQ WKH WZR
RXWSXWV �6HH )LJXUH ����� 7KH VSHFLILFDWLRQ DQG WKH DOJRULWKP IRU D FUHGLW FDUG DSSURYDO DSSOLFDWLRQ DUH
XVHG WR SURYLGH WKH QHFHVVDU\ IRUPDW RI WKH LQSXW DQG RXWSXW DWWULEXWHV DQG WKH SODFHPHQW RI WKH LQMHFWHG
IDXOWV� 7KH GHVLJQ RI WKH QHXUDO QHWZRUN LV DOVR SDUWLDOO\ GHSHQGHQW RQ WKH LQSXW�RXWSXW IRUPDW RI WKH
DSSOLFDWLRQ� KRZHYHU� WKH WXQLQJ NQREV IRU WUDLQLQJ WKH QHXUDO QHWZRUN ZHUH PDQXDOO\ GHWHUPLQHG E\
WULDO DQG HUURU� )LJXUHV ��� DQG ��� SUHVHQW WKH IORZ RI WKH SURFHVV IROORZHG LQ WKH H[SHULPHQW� ,Q WKH
WUDLQLQJ SKDVH� WKH LQSXW GDWD IRU WKH WUDLQLQJ RI WKH QHXUDO QHWZRUN DQG WKH WHVWHG SURJUDP LV JHQHUDWHG
UDQGRPO\� 7KH LQSXW GDWD LV IHG VLQJXODUO\ WR WKH WHVWHG SURJUDP DV DQ LQSXW YHFWRU WKDW JHQHUDWHV DQ
RXWSXW YHFWRU IRU HDFK WUDLQLQJ H[DPSOH� 7KXV� WKH VHW RI LQSXW YHFWRUV DQG RXWSXW YHFWRUV DUH SDVVHG DV
LQSXW WR WKH WZR�OD\HU QHXUDO QHWZRUN� ZKLFK LV WUDLQHG XVLQJ WKH EDFNSURSDJDWLRQ DOJRULWKP� ,Q WKH
HYDOXDWLRQ SKDVH D PXWDWHG YHUVLRQ RI WKH WHVWHG SURJUDP LV FUHDWHG E\ PDNLQJ RQH FKDQJH DW D WLPH WR
WKH RULJLQDO SURJUDP� 7KH WHVWLQJ GDWD LV WKHQ SDVVHG WR ERWK WKH QHXUDO QHWZRUN DQG WKH WHVWHG SURJUDP�
7KH RXWSXWV IURP ERWK WKH WHVWHG SURJUDP DQG WKH WUDLQHG QHWZRUN DUH WKHQ SURFHVVHG E\ WKH FRPSDULVRQ
WRRO WKDW PDNHV D GHFLVLRQ RQ ZKHWKHU WKH RXWSXW RI WKH WHVWHG SURJUDP LV HUURQHRXV RU FRUUHFW�

7KH SURFHVV WKDW WKH H[SHULPHQW IROORZV EHJLQV ZLWK WKH JHQHUDWLRQ RI WHVW FDVHV� 7KH LQSXW DWWULEXWHV DUH
FUHDWHG XVLQJ WKH VSHFLILFDWLRQ RI WKH SURJUDP WKDW LV EHLQJ WHVWHG ZKLOH WKH RXWSXWV DUH JHQHUDWHG E\
H[HFXWLQJ WKH WHVWHG SURJUDP� 7KH GDWD XQGHUJRHV D SUHSURFHVVLQJ SURFHGXUH LQ ZKLFK DOO FRQWLQXRXV
LQSXW DWWULEXWHV DUH QRUPDOL]HG �WKH UDQJH LV GHWHUPLQHG E\ ILQGLQJ WKH PD[LPXP DQG PLQLPXP YDOXHV
IRU HDFK DWWULEXWH� DQG WKH ELQDU\ LQSXWV DQG RXWSXW DUH HLWKHU DVVLJQHG D YDOXH RI � RU �� 7KH FRQWLQXRXV
RXWSXW LV WUHDWHG LQ D GLIIHUHQW PDQQHU DQG WKH RXWSXW RI HDFK H[DPSOH LV SODFHG LQWR WKH FRUUHFW LQWHUYDO
VSHFLILHG E\ WKH UDQJH RI SRVVLEOH YDOXHV DQG WKH QXPEHU RI LQWHUYDOV XVHG� 7KH SURFHVVHG GDWD LV XVHG
DV WKH GDWD VHW IRU WUDLQLQJ WKH QHXUDO QHWZRUN� 7KH QHWZRUN SDUDPHWHUV DUH GHWHUPLQHG EHIRUH WKH
WUDLQLQJ DOJRULWKP EHJLQV� 7KH WUDLQLQJ RI WKH QHWZRUN LQFOXGHV SUHVHQWLQJ WKH HQWLUH GDWD VHW IRU RQH
HSRFK DQG WKH QXPEHU RI HSRFKV IRU WUDLQLQJ LV DOVR VSHFLILHG� 7KH EDFNSURSDJDWLRQ WUDLQLQJ DOJRULWKP
FRQFOXGHV ZKHQ WKH PD[LPXP QXPEHU RI HSRFKV KDV EHHQ UHDFKHG RU WKH PLQLPXP HUURU UDWH KDV EHHQ
DFKLHYHG� 7KH QHWZRUN LV WKHQ XVHG DV DQ ³RUDFOH´ WR SUHGLFW WKH FRUUHFW RXWSXWV IRU WKH VXEVHTXHQW
UHJUHVVLRQ WHVWV� $V H[SODLQHG LQ 6HFWLRQ � DERYH� WKH FRPSDULVRQ WRRO XVHV ERWK WKH GDWD IURP WKH RUDFOH
DQG WKH WHVWHG SURJUDP WR HYDOXDWH ZKHWKHU WKH RXWSXW RI WKH ODWWHU LV ZURQJ RU FRUUHFW�

'HVLJQ RI WKH FUHGLW FDUG DSSURYDO SURJUDP

7KH VDPSOH SURJUDP WKDW LV EHLQJ WHVWHG LQ WKLV H[SHULPHQW LV D VPDOO FUHGLW DSSURYDO DSSOLFDWLRQ� 7KH
DSSOLFDWLRQ FDQ EH FRQVLGHUHG UHSUHVHQWDWLYH RI D ZLGH UDQJH RI EXVLQHVV DSSOLFDWLRQV� ZKHUH D IHZ
FULWLFDO RXWSXWV GHSHQG RQ D ODUJH QXPEHU RI LQSXWV� 7KH WUDLQLQJ GDWD WKDW LV XVHG WKURXJKRXW WKLV SDSHU
LV UDQGRPO\ JHQHUDWHG XVLQJ WKH VSHFLILFDWLRQ RI WKH DSSOLFDWLRQ DQG WKH GHVFULSWLRQ RI WKH DWWULEXWHV� $
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PRUH GHWDLOHG GHVFULSWLRQ DQG WKH W\SH RI HDFK DWWULEXWH FDQ EH YLHZHG LQ 7DEOH ��� DQG 7DEOH ���
SURYLGHV D VDPSOH GDWD VHW� (DFK UHFRUG LQFOXGHV QLQH LQSXW DWWULEXWHV DQG WZR RXWSXW DWWULEXWHV �RQH
ELQDU\� RQH FRQWLQXRXV��

1DPH RI WKH DWWULEXWH 'DWD 7\SH $WWULEXWH 7\SH 'HWDLOV

6HULDO ,' 1XPEHU LQWHJHU ,QSXW XQLTXH IRU HDFK FXVWRPHU

&LWL]HQVKLS LQWHJHU ,QSXW �� $PHULFDQ
�� 2WKHUV

6WDWH LQWHJHU ,QSXW �� )ORULGD
�� RWKHU VWDWHV

$JH LQWHJHU ,QSXW �����

6H[ LQWHJHU ,QSXW �� )HPDOH
�� 0DOH

5HJLRQ LQWHJHU ,QSXW ��� IRU GLIIHUHQW UHJLRQV LQ 86

,QFRPH &ODVV LQWHJHU ,QSXW � LI LQFRPH S�D� � ���N
� LI LQFRPH S�D� ! ���N
� LI LQFRPH S�D� ! ���N
� LI LQFRPH S�D� ! � ��N

1XPEHU RI GHSHQGHQWV LQWHJHU ,QSXW ���

0DULWDO VWDWXV LQWHJHU ,QSXW �� 6LQJOH
�� 0DUULHG

&UHGLW DSSURYHG LQWHJHU 2XWSXW �� 1R
�� <HV

$PRXQW LQWHJHU 2XWSXW ! �

7DEOH ��� ,QSXW $WWULEXWHV RI WKH 'DWD

6HULDO ,'

1XPEHU
&LWL]HQVKLS 6WDWH $JH 6H[ 5HJLRQ

,QFRPH

&ODVV

1XPEHU RI

'HSHQGHQWV

0DULWDO

6WDWXV

&UHGLW

$SSURYHG
$PRXQW

� � � �� � � � � � � ���

� � � �� � � � � � � ����

� � � �� � � � � � � �

� � � �� � � � � � � ����

� � � � � � � � � � �

� � � �� � � � � � � ���

� � � �� � � � � � � �

� � � �� � � � � � � ����

� � � �� � � � � � � ����

�� � � �� � � � � � � ����

7DEOH ��� 6DPSOH 'DWD 8VHG 'XULQJ 7UDLQLQJ �EHIRUH 3UHSURFHVVLQJ�

)RU H[DPSOH� FXVWRPHU � RI 7DEOH ��� LV QRW DQ $PHULFDQ FLWL]HQ� GRHV QRW OLYH LQ )ORULGD� LV �� \HDUV RI
DJH� LV PDOH� OLYHV LQ UHJLRQ �� KDV DQ DQQXDO LQFRPH JUHDWHU WKDQ ���� ��� DQG LV VLQJOH ZLWK RQH
GHSHQGHQW� &UHGLW KDV EHHQ DSSURYHG IRU WKLV FOLHQW IRU DQ DPRXQW RI ������ 6LQFH D QHXUDO QHWZRUN FDQ
EH WUDLQHG RQO\ RQ QXPHULF YDOXHV� DOO FDWHJRULFDO DWWULEXWHV �FLWL]HQVKLS� VWDWH� HWF�� ZHUH FRQYHUWHG WR
QXPHULF IRUP� 7KH WUDLQLQJ GDWD FRQVLVWV RI ��� UHFRUGV �WHVW FDVHV�� WKH DGGLWLRQDO ���� WHVW FDVHV XVHG
IRU HYDOXDWLQJ WKH PXWDWHG YHUVLRQV RI WKH RULJLQDO DSSOLFDWLRQ DOVR IROORZ WKH VDPH IRUPDW� 7KH VHFRQG
GDWD VHW LV ODUJHU WKDQ WKH ILUVW WR HQVXUH WKDW WKHUH ZDV VXIILFLHQW GDWD WR ILQG IDXOWV LQ WKH WHVWHG SURJUDP�
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�� ,I ��5HJLRQ   �� __ �5HJLRQ   ���
�� &UHGLW /LPLW  �
�� (OVH
�� ,I �$JH � ���
�� &UHGLW /LPLW  �
�� (OVH
�� ,I �&LWL]HQVKLS   ��^
�� &UHGLW /LPLW  ���� � ���� 
 ,QFRPH &ODVV
�� ,I �6WDWH   ��
��� ,I ��5HJLRQ   �� __ �5HJLRQ   ��
��� &UHGLW /LPLW  &UHGLW /LPLW 
 ����
��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW 
 ����
��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW 
 ����
��� ,I �0DULWDO 6WDWXV   ��
��� ,I �1XPEHU RI GHSHQGHQWV ! ��
��� &UHGLW /LPLW  &UHGLW /LPLW � ��� 
 1XPEHU RI 'HSHQGHQWV

��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW � ���
��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW � ����
��� ,I �6H[   ��
��� &UHGLW /LPLW  &UHGLW /LPLW � ���
��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW � ����
��� `
��� (OVH^
��� &UHGLW /LPLW  ���� � ��� 
 ,QFRPH &ODVV
��� ,I �0DULWDO 6WDWXV   ��
��� ,I �1XPEHU RI GHSHQGHQWV ! ��
��� &UHGLW /LPLW  &UHGLW /LPLW � ��� 
 1XPEHU RI 'HSHQGHQWV

��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW � ���
��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW � ���
��� ,I �6H[   ��
��� &UHGLW /LPLW  &UHGLW /LPLW � ���
��� (OVH
��� &UHGLW /LPLW  &UHGLW /LPLW � ���
��� `
��� ,I &UHGLW /LPLW  �
��� &UHGLW $SSURYHG  �
��� (OVH
��� &UHGLW $SSURYHG  �

)LJXUH ��� $OJRULWKP IRU WKH &UHGLW &DUG $SSURYDO $SSOLFDWLRQ

$ GHWDLOHG GHVFULSWLRQ RI WKH DSSOLFDWLRQ ORJLF LV QHFHVVDU\ IRU WKH UHDGHU WR XQGHUVWDQG WKH W\SH RI IDXOWV
WKDW DUH LQMHFWHG LQWR WKH DSSOLFDWLRQ WKRXJK WKLV ORJLF ZDV ³KLGGHQ´ IURP WKH EDFNSURSDJDWLRQ WUDLQLQJ
DOJRULWKP� 7KH DOJRULWKP WKDW WKH DSSOLFDWLRQ IROORZV FDQ EH IRXQG LQ )LJXUH ���� 7KH VWUXFWXUH RI WKH
DSSOLFDWLRQ FRQVLVWV RI D VHULHV RI OD\HUHG FRQGLWLRQDO VWDWHPHQWV� 7KLV SURYLGHV WKH RSSRUWXQLW\ WR
H[DPLQH WKH HIIHFWV RI WKH IDXOWV RYHU D UDQJH RI SRVVLELOLWLHV� 7KH W\SHV RI IDXOWV WKDW KDYH EHHQ LQMHFWHG
LQ RXU H[SHULPHQW FRQVLVW RI PLQRU FKDQJHV WR WKH FRQGLWLRQDO VWDWHPHQWV� 7KHVH LQFOXGH D FKDQJH LQ
RSHUDWRU DQG D FKDQJH LQ WKH YDOXHV XVHG LQ WKH FRQGLWLRQDO VWDWHPHQWV� 6HYHUDO DVVXPSWLRQV DUH PDGH
ZKHQ DSSO\LQJ WKH IDXOWV WR WKH DSSOLFDWLRQ� 2QO\ RQH FKDQJH LV PDGH DW D WLPH DQG WKH IDXOW LV HLWKHU D
VLJQ FKDQJH RU DQ HUURU LQ WKH QXPHULFDO YDOXH XVHG LQ WKH FRPSDULVRQ� &RQVHTXHQWO\� WKH DQDO\VLV RI
WKH RXWSXWV ZDV FRQGXFWHG LQGHSHQGHQWO\ RI HDFK RWKHU� 7DEOH ��� SURYLGHV D OLVWLQJ RI WKH GHWDLOV IRU WKH
LQMHFWHG IDXOWV�

'HVFULSWLRQ RI WKH QHXUDO QHWZRUN

7KH EDFNSURSDJDWLRQ QHXUDO QHWZRUN XVHG LQ WKLV H[SHULPHQW LV FDSDEOH RI JHQHUDOL]LQJ WKH WUDLQLQJ GDWD�
KRZHYHU WKH QHWZRUN FDQQRW EH DSSOLHG WR WKH UDZ GDWD DV WKH DWWULEXWHV GR QRW KDYH XQLIRUP



��

SUHVHQWDWLRQ� 6RPH LQSXW DWWULEXWHV DUH QRW QXPHULF DQG LQ RUGHU IRU WKH QHXUDO QHWZRUN WR EH WUDLQHG RQ
WKH WHVW GDWD� WKH UDZ GDWD KDV WR EH SUHSURFHVVHG DQG DV WKH YDOXHV DQG W\SHV GLIIHU IRU HDFK DWWULEXWH LW
EHFRPHV QHFHVVDU\ WKDW WKH LQSXW GDWD LV QRUPDOL]HG� 7KH YDOXHV RI WKH FRQWLQXRXV DWWULEXWH YDU\ RYHU D
UDQJH ZKLOH WKHUH DUH RQO\ WZR SRVVLEOH YDOXHV IRU WKH ELQDU\ DWWULEXWH �� RU ��� 7KXV IRU WKH QHWZRUN WR
EH DEOH WR SURFHVV WKH GDWD XQLIRUPO\� WKH FRQWLQXRXV LQSXW DWWULEXWHV KDYH WR EH QRUPDOL]HG WR D QXPEHU
EHWZHHQ � DQG �� 7KH GDWD LV SUHSURFHVVHG E\ QRUPDOL]LQJ WKH YDOXHV IRU DOO WKH LQSXW DWWULEXWHV
DFFRUGLQJ WR WKH PD[LPXP DQG PLQLPXP SRVVLEOH YDOXHV IRU HDFK DWWULEXWH� 7KH RXWSXW DWWULEXWHV ZHUH
SURFHVVHG LQ D GLIIHUHQW PDQQHU� ,I WKH RXWSXW DWWULEXWH ZDV ELQDU\� WKH WZR SRVVLEOH QHWZRUN RXWSXWV DUH
� DQG �� 2Q WKH RWKHU KDQG� FRQWLQXRXV RXWSXWV FDQQRW EH WUHDWHG LQ WKH VDPH ZD\� VLQFH WKH\ FDQ WDNH
DQ XQOLPLWHG QXPEHU RI YDOXHV� 7R RYHUFRPH WKLV SUREOHP� ZH KDYH GLYLGHG WKH UDQJH �IRXQG E\ XVLQJ
WKH PD[LPXP DQG PLQLPXP SRVVLEOH YDOXHV� RI WKH FRQWLQXRXV RXWSXW LQWR WHQ HTXDO�VL]HG LQWHUYDOV DQG
SODFHG WKH RXWSXW RI HDFK WUDLQLQJ H[DPSOH LQWR WKH FRUUHFW LQWHUYDO �D YDOXH EHWZHHQ � DQG ���

7KH DUFKLWHFWXUH RI WKH QHXUDO QHWZRUN LV DOVR GHSHQGHQW RQ WKH GDWD� ,Q WKLV H[SHULPHQW� ZH XVHG HLJKW
QRQ�FRPSXWDWLRQDO LQSXW XQLWV IRU WKH HLJKW UHOHYDQW LQSXW DWWULEXWHV �WKH ILUVW LV QRW XVHG DV LW LV D
GHVFULSWRU IRU WKH H[DPSOH� DQG WZHOYH RXWSXW FRPSXWDWLRQDO XQLWV IRU WKH RXWSXW DWWULEXWHV� 7KH ILUVW
WZR RXWSXW XQLWV DUH XVHG IRU WKH ELQDU\ RXWSXW� )RU WKH SXUSRVHV RI WUDLQLQJ� WKH XQLW ZLWK WKH KLJKHU
RXWSXW YDOXH LV FRQVLGHUHG WR EH WKH �ZLQQHU�� 6LPLODUO\ WKH UHPDLQLQJ WHQ XQLWV DUH XVHG IRU WKH
FRQWLQXRXV RXWSXW� 7KH LQLWLDO V\QDSWLF ZHLJKWV RI WKH QHXUDO QHWZRUN ZHUH REWDLQHG UDQGRPO\ DQG
FRYHUHG D UDQJH EHWZHHQ ±��� DQG ���� ([SHULPHQWLQJ ZLWK WKH QHXUDO QHWZRUN DQG WKH WUDLQLQJ GDWD� ZH
FRQFOXGHG WKDW RQH KLGGHQ OD\HU ZLWK WZHQW\�IRXU XQLWV ZDV VXIILFLHQW IRU WKH QHXUDO QHWZRUN WR
DSSUR[LPDWH WKH RULJLQDO DSSOLFDWLRQ WR ZLWKLQ D UHDVRQDEOH DFFXUDF\� $ OHDUQLQJ UDWH RI ��� ZDV XVHG
DQG WKH QHWZRUN UHTXLUHG ���� HSRFKV WR SURGXFH D ��� � PLVFODVVLILFDWLRQ UDWH RQ WKH ELQDU\ RXWSXW DQG
��� � IRU WKH FRQWLQXRXV RXWSXW� )LJXUH ��� VKRZV WKH QXPEHU RI HSRFKV YV� WKH FRQYHUJHQFH RI WKH
HUURU�
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7KH UHVXOW RI DSSO\LQJ WKH IDXOWV DUH GLVSOD\HG LQ 7DEOHV ���� ��� DQG ���� 7KH ILUVW WZR WDEOHV GLVSOD\

UHVXOWV IRU WKH ELQDU\ RXWSXW �FUHGLW DSSURYHG�� 7DEOH ��� VXPPDUL]HV WKH UHVXOWV IRU WKH HUURU UDWH DV D

IXQFWLRQ RI WKH WKUHVKROG YDOXHV DQG 7DEOH ��� GLVSOD\V WKH UHVXOWV IRU WKH PLQLPXP DYHUDJH HUURU UDWH�

7KH ODVW WDEOH VXPPDUL]HV WKH UHVXOWV IRU WKH PLQLPXP HUURU UDWH RI WKH FRQWLQXRXV RXWSXW �FUHGLW
DPRXQW�� 7KH WDEOHV LQFOXGH WKH LQMHFWHG IDXOW QXPEHU �VHH 7DEOH ����� WKH QXPEHU RI FRUUHFW RXWSXWV DQG

LQFRUUHFW RXWSXWV DV GHWHUPLQHG E\ WKH �RUDFOH�� DQG WKH SHUFHQWDJHV IRU WKH FRUUHFW RXWSXWV FODVVLILHG DV

EHLQJ LQFRUUHFW DQG LQFRUUHFW RXWSXWV FODVVLILHG DV EHLQJ FRUUHFW� 7KH SHUFHQWDJHV ZHUH REWDLQHG E\

FRPSDULQJ WKH FODVVLILFDWLRQ RI WKH �RUDFOH� ZLWK WKDW RI WKH RULJLQDO YHUVLRQ RI WKH DSSOLFDWLRQ� 7KH
RULJLQDO YHUVLRQ LV DVVXPHG WR EH IDXOW�IUHH DQG LV XVHG DV D FRQWURO WR HYDOXDWH WKH UHVXOWV RI WKH

FRPSDULVRQ WRRO� 7KH EHVW WKUHVKROGV ZHUH FKRVHQ WR PLQLPL]H WKH RYHUDOO DYHUDJH RI WZR HUURU UDWHV�

$V FDQ EH YHULILHG IURP 7DEOH ���� WKH ELQDU\ RXWSXW ZDV DIIHFWHG E\ DQ LQMHFWHG IDXOW RQO\ LQ � IDXOW\

YHUVLRQV RXW RI �� GXH WR WKH VWUXFWXUH RI WKH DSSOLFDWLRQ� WKH ILUVW RXWSXW LV RQO\ DIIHFWHG E\ WKH ILUVW WZR

FRQGLWLRQV LQ WKH SURJUDP� )RU WKLV UHDVRQ� RQO\ ILYH LQMHFWHG IDXOWV DUH SUHVHQWHG LQ 7DEOHV ��� DQG ����

,Q 7DEOH ���� WKH DYHUDJH HUURU UDWHV ZHUH REWDLQHG E\ YDU\LQJ WKH WKUHVKROG YDOXHV IRU WKH FODVVLILFDWLRQ
RI WKH ELQDU\ RXWSXW� 7DEOH ��� VKRZV WKH ORZHVW HUURU UDWH REWDLQHG DV D IXQFWLRQ RI WKH WKUHVKROGV�

&RPSDULQJ WKH RYHUDOO DYHUDJH HUURU UDWHV LQ 7DEOHV ��� WR WKH PLQLPXP YDOXH LQ 7DEOH ���� WKHUH LV QRW

PXFK RI D GLIIHUHQFH EHWZHHQ WKHP� +RZHYHU� LQ FRPSDULQJ WKH YDOXHV IRU HYHU\ VHW RI WKUHVKROG YDOXHV

LQ 7DEOH ���� WKH LQGLYLGXDO HUURU SHUFHQWDJHV YDU\ IRU HDFK IDXOW�
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7DEOH ��� VXPPDUL]HV WKH UHVXOWV IRU WKH FRQWLQXRXV RXWSXW� 'XH WR WKH LQFUHDVHG FRPSOH[LW\ LQYROYHG LQ

HYDOXDWLQJ WKH FRQWLQXRXV RXWSXW� WKHUH LV D VLJQLILFDQW FKDQJH LQ WKH FDSDELOLW\ RI WKH QHXUDO QHWZRUN WR
GLVWLQJXLVK EHWZHHQ WKH FRUUHFW DQG WKH IDXOW\ WHVW FDVHV� WKH PLQLPXP DYHUDJH HUURU RI ���� DFKLHYHG

IRU WKH ELQDU\ RXWSXW YV� WKH PLQLPXP DYHUDJH HUURU RI ����� IRU WKH FRQWLQXRXV RXWSXW� $Q DWWHPSW WR

YDU\ WKH WKUHVKROG YDOXHV DOVR GLG QRW UHVXOW LQ DQ HYLGHQW FKDQJH WR WKH RYHUDOO DYHUDJH SHUFHQWDJH RI

HUURU IRU WKH FRQWLQXRXV RXWSXW�
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 �����

� &21&/86,216

,Q WKLV H[SHULPHQW� ZH KDYH XVHG D QHXUDO QHWZRUN DV DQ DXWRPDWHG ³2UDFOH´ IRU WHVWLQJ D UHDO
DSSOLFDWLRQ DQG DSSOLHG PXWDWLRQ WHVWLQJ WR JHQHUDWH IDXOW\ YHUVLRQV RI WKH RULJLQDO SURJUDP� :H WKHQ

XVHG D FRPSDULVRQ WRRO WR HYDOXDWH WKH FRUUHFWQHVV RI WKH REWDLQHG UHVXOWV EDVHG RQ WKH DEVROXWH

GLIIHUHQFH EHWZHHQ WKH WZR RXWSXWV�

7KH QHXUDO QHWZRUN LV VKRZQ WR EH D SURPLVLQJ PHWKRG RI WHVWLQJ D VRIWZDUH DSSOLFDWLRQ SURYLGHG WKDW

WKH WUDLQLQJ GDWD KDV D JRRG FRYHUDJH RI WKH LQSXW UDQJH� 7KH EDFNSURSDJDWLRQ PHWKRG RI WUDLQLQJ WKH

QHXUDO QHWZRUN LV D UHODWLYHO\ ULJRURXV PHWKRG FDSDEOH RI JHQHUDOL]DWLRQ DQG RQH RI LWV SURSHUWLHV HQVXUHV
WKDW WKH QHWZRUN FDQ EH XSGDWHG E\ OHDUQLQJ QHZ GDWD� $V WKH VRIWZDUH� WKDW WKH QHWZRUN LV WUDLQHG WR

VLPXODWH LV XSGDWHG� VR WRR FDQ WKH WUDLQHG QHXUDO QHWZRUN OHDUQ WR FODVVLI\ WKH QHZ GDWD� 7KXV� WKH

QHXUDO QHWZRUN LV FDSDEOH RI OHDUQLQJ QHZ YHUVLRQV RI HYROYLQJ VRIWZDUH�

7KH EHQHILWV DQG WKH OLPLWDWLRQV RI WKH DSSURDFK SUHVHQWHG LQ WKLV SDSHU QHHG WR EH IXOO\ VWXGLHG RQ

DGGLWLRQDO VRIWZDUH V\VWHPV LQYROYLQJ D ODUJHU QXPEHU RI LQSXWV DQG RXWSXWV� +RZHYHU� DV PRVW RI WKH

PHWKRGRORJ\ LQWURGXFHG LQ WKLV SDSHU KDV EHHQ GHYHORSHG IURP RWKHU NQRZQ WHFKQLTXHV LQ DUWLILFLDO
LQWHOOLJHQFH� LW FDQ EH XVHG DV D VROLG EDVLV IRU IXWXUH H[SHULPHQWDWLRQ� 2QH SRVVLEOH DSSOLFDWLRQ FDQ

LQFOXGH JHQHUDWLRQ RI WHVW FDVHV WKDW DUH PRUH OLNHO\ WR FDXVH IDXOWV� 7KH KHXULVWLF XVHG E\ WKH FRPSDULVRQ

WRRO PD\ EH PRGLILHG E\ XVLQJ PRUH WKDQ WZR WKUHVKROGV RU DQ RYHUODS RI WKUHVKROGV E\ IX]]LILFDWLRQ�

7KH PHWKRG FDQ EH IXUWKHU HYDOXDWHG E\ LQWURGXFLQJ PRUH W\SHV RI IDXOWV LQWR D WHVWHG DSSOLFDWLRQ�
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7KLV ZRUN ZDV SDUWLDOO\ VXSSRUWHG E\ WKH 86) &HQWHU IRU 6RIWZDUH 7HVWLQJ XQGHU JUDQW QR� ������������

5()(5(1&(6

�� &� $QGHUVRQ� $� YRQ 0D\UKDXVHU� 5� 0UD]� 2Q WKH 8VH RI 1HXUDO 1HWZRUNV WR *XLGH 6RIWZDUH

7HVWLQJ $FWLYLWLHV� 3URFHHGLQJV RI ,7&
��� WKH ,QWHUQDWLRQDO 7HVW &RQIHUHQFH� 2FWREHU ������ �����
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