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$EVWUDFWLRQ

:KLOH WKH FRYHUDJH�GULYHQ IXQFWLRQDO YHULILFDWLRQ LV JHWWLQJ

SRSXODU� D IDVW DQG FRQYHQLHQW FRYHUDJH PHDVXUHPHQW WRRO LV

QHFHVVDU\� ,Q WKLV SDSHU� ZH SURSRVH D QRYHO DSSURDFK IRU

IXQFWLRQDO FRYHUDJH PHDVXUHPHQW EDVHG RQ WKH 9&' ILOHV SURGXFHG

E\ WKH VLPXODWRUV� 7KH XVDJH IORZ RI WKH SURSRVHG GXPSILOH�EDVHG

FRYHUDJH DQDO\VLV LV PXFK HDVLHU DQG VPRRWKHU WKDQ WKDW RI H[LVWLQJ

LQVWUXPHQWDWLRQ�EDVHG FRYHUDJH WRROV� 1R SUH�SURFHVVLQJ WRRO LV

UHTXLUHG DQG QR H[WUD FRGH ZLOO EH LQVHUWHG LQWR WKH VRXUFH FRGH�

0RVW LPSRUWDQWO\� WKH IOH[LELOLW\ LQ FKRRVLQJ FRYHUDJH PHWULFV DQG

PHDVXUHG FRGH UHJLRQV LV LQFUHDVHG� 2QO\ RQH VLPXODWLRQ UXQ LV

QHHGHG IRU DQ\ NLQG RI FRYHUDJH UHSRUWV� %\ FRQGXFWLQJ VRPH

H[SHULPHQWV RQ UHDO H[DPSOHV� LW VKRZV YHU\ SURPLVLQJ UHVXOWV LQ

WHUPV RI WKH SHUIRUPDQFH DQG WKH DFFXUDF\ RI FRYHUDJH UHSRUWV�

�� ,QWURGXFWLRQ

'XH WR WKH LQFUHDVLQJ FRPSOH[LW\ RI PRGHUQ FLUFXLW GHVLJQ�

YHULILFDWLRQ KDV EHFRPH WKH PDMRU ERWWOHQHFN RI WKH HQWLUH GHVLJQ

SURFHVV� 8QWLO QRZ� WKH IXQFWLRQDO YHULILFDWLRQ LV VWLOO PRVWO\ GRQH

E\ VLPXODWLRQ ZLWK D PDVVLYH DPRXQW RI WHVW SDWWHUQV� 'XULQJ

VLPXODWLRQ� DQ LPSRUWDQW TXHVWLRQ LV RIWHQ DVNHG� $UH ZH GRQH \HW"

,Q PRVW FDVHV� WKH TXDOLW\ RI WKH WHVW PDLQO\ GHSHQGV RQ WKH

GHVLJQHU¶V XQGHUVWDQGLQJ RI WKH GHVLJQ DQG LV QRW PHDVXUDEOH�

7KHUHIRUH� PRUH REMHFWLYH PHWKRGV� ZKLFK SHUIRUP D TXDQWLWDWLYH

DQDO\VLV RI VLPXODWLRQ FRPSOHWHQHVV >�� �@ ZLWK VRPH ZHOO�GHILQHG

IXQFWLRQDO FRYHUDJH PHWULFV� DUH SURSRVHG DQG UDSLGO\ JHWWLQJ

SRSXODU� :LWK WKH FRYHUDJH UHSRUWV� WKH GHVLJQHUV FDQ IRFXV WKHLU

HIIRUWV RQ WKH XQWHVWHG DUHDV DQG JUHDWO\ UHGXFH WKH YHULILFDWLRQ WLPH�

$OWKRXJK ���� FRYHUDJH FDQQRW JXDUDQWHH D ���� HUURU�IUHH

GHVLJQ� LW SURYLGHV D PRUH V\VWHPDWLF ZD\ WR JDXJH WKH

FRPSOHWHQHVV RI WKH YHULILFDWLRQ SURFHVV�

)RU WKLV SXUSRVH� D ORW RI IXQFWLRQDO FRYHUDJH PHWULFV >�� �@ DUH

SURSRVHG WR YHULI\ WKH GHVLJQV ZULWWHQ LQ +'/� $OWKRXJK VR PDQ\

GLIIHUHQW PHWULFV KDYH EHHQ SURSRVHG� QRW D VLQJOH PHWULF LV

SRSXODUO\ DFFHSWHG DV WKH RQO\ FRPSOHWH DQG UHOLDEOH PHWULF�

7KHUHIRUH� GHVLJQHUV RIWHQ XVH PXOWLSOH PHWULFV WR HYDOXDWH WKH

FRPSOHWHQHVV RI D VLPXODWLRQ� ,Q RUGHU WR JHW WKRVH FRYHUDJH UHSRUWV�

DQ H[WUD WRRO LV UHTXLUHG EHVLGHV WKH VLPXODWRU� 6HYHUDO FRPPHUFLDO

WRROV >�� �� �@ IRU +'/ FRGH FRYHUDJH DUH QRZ DYDLODEOH� ,Q WKRVH

DSSURDFKHV� WKH\ LQVHUW VRPH VSHFLDO 3/, �3URJUDPPLQJ /DQJXDJH

,QWHUIDFH� >�@ WDVNV LQWR WKH VRXUFH FRGH DQG UH�UXQ WKH VLPXODWLRQ

DJDLQ WR REWDLQ WKH FRYHUDJH� 7KH W\SLFDO XVDJH IORZ RI WKRVH

LQVWUXPHQWDWLRQ�EDVHG WRROV LV VKRZQ LQ )LJXUH ��

)URP )LJXUH �� ZH FDQ VHH VRPH LQFRQYHQLHQFH H[LVWLQJ LQ WKLV

XVDJH IORZ� )LUVW� D SUH�SURFHVVLQJ WRRO VKRXOG EH H[HFXWHG EHIRUH

WKH VLPXODWLRQ WR LQVHUW 3/, WDVNV� ,W IRUFHV WKH XVHUV WR FKDQJH WKHLU

RULJLQDO GHVLJQ IORZ IRU FRYHUDJH DQDO\VLV� 6HFRQG� D ORW RI 3/,

WDVNV ZLOO EH LQVHUWHG LQWR WKH VRXUFH FRGH� ,W LQFXUV KLJK RYHUKHDG

7KLV ZRUN ZDV VXSSRUWHG LQ SDUW E\ 129$6 6RIWZDUH ,QFRUSRUDWLRQ DQG 5�2�&� 1DWLRQDO

6FLHQFH &RXQFLO XQGHU *UDQW 16&��������(��������� 86 3DWHQW SHQGLQJ� �����������

9HULORJ

&RGH

6LPXODWRU ZLWK

VSHFLDO 3/,

&RYHUDJH

5HSRUW

*8, RU

7H[W

,QVWUXPHQWHG

&RGH

PRGLILHG

+'/ FRGH

8VHU�5HTXLUHPHQW

�PHWULFV� UHJLRQ«�

,QVWUXPHQWDWLRQ

7RRO

VORZHU

VLPXODWRU

SUH�SURFHVVLQJ

)LJXUH � � 8VDJH IORZ RI LQVWUXPHQWDWLRQ�EDVHG WRROV�

RQ ERWK FRGH VL]H DQG VLPXODWLRQ SHUIRUPDQFH� 7KLUG� EHFDXVH WKH

3/, URXWLQHV DUH FRPSLOHG ZLWK WKH VLPXODWRU� WR UXQ WKH FRYHUDJH

DQDO\VLV UHTXLUHV DQ H[WUD VLPXODWLRQ UXQ� 0RVW LPSRUWDQWO\� WKH\

KDYH OHVV IOH[LELOLW\ LQ FKRRVLQJ GLIIHUHQW FRYHUDJH PHWULFV DQG

PHDVXUHG FRGH UHJLRQV� %HFDXVH WKH FRYHUDJH GDWD WKH\ FDQ REWDLQ

GHSHQG RQ ZKHUH WKH 3/, WDVNV DUH SXW� WKH XVHUV ZKR ZDQW WR VHH

DQRWKHU FRYHUDJH UHSRUWV IRU GLIIHUHQW PHWULFV RU GLIIHUHQW FRGH

UHJLRQV KDYH WR UH�UXQ WKH SUH�SURFHVVLQJ WRRO DQG WKH ORQJ

VLPXODWLRQ DJDLQ�

,Q WKH GHEXJJLQJ SKDVH� WKH GHVLJQHUV RIWHQ DVN WKH VLPXODWRU WR

JHQHUDWH D YDOXH FKDQJH GXPS �9&'� ILOH >�@ IRU SRVW�SURFHVVLQJ

VXFK DV WKH ZDYHIRUP YLHZHUV� 7KLV ILOH UHFRUGV HYHU\ YDOXH FKDQJH

RI VHOHFWHG YDULDEOHV GXULQJ VLPXODWLRQ VR WKDW ZH PD\ EH DEOH WR

UHFRYHU WKH H[HFXWLRQ VWDWXV IURP LW� ,I WKH FRYHUDJH GDWD FRXOG EH

REWDLQHG IURP WKH GXPSILOHV� WKH XVDJH IORZ RI WKH FRYHUDJH

DQDO\VLV ZLOO EH PXFK HDVLHU DQG VPRRWKHU DV VKRZQ LQ )LJXUH ��

1R SUH�SURFHVVLQJ WRRO LV UHTXLUHG VR WKDW WKH GHVLJQ IORZ FDQ EH

NHSW WKH VDPH DV XVXDO� ,Q DGGLWLRQ� QR H[WUD FRGH LV LQVHUWHG VR WKDW

WKH RYHUKHDG RQ FRGH VL]H DQG VLPXODWLRQ WLPH FDQ EH HOLPLQDWHG�

0RVW LPSRUWDQWO\� WKH IOH[LELOLW\ LQ FKRRVLQJ FRYHUDJH PHWULFV DQG

PHDVXUHG FRGH UHJLRQV LV LQFUHDVHG� 2QO\ RQH VLPXODWLRQ UXQ LV

QHHGHG IRU DQ\ NLQG RI FRYHUDJH UHSRUWV EHFDXVH DOO RI WKHP FDQ EH

GHULYHG IURP WKH VDPH GXPSILOHV�

9HULORJ

&RGH

9HULORJ

6LPXODWRU
'XPSILOHV

&RYHUDJH

$QDO\]HU

8VHU�5HTXLUHPHQW

�PHWULFV� UHJLRQ«�

&RYHUDJH

5HSRUW
*8, RU

7H[W

QRUPDO VLPXODWRU

)LJXUH � � 8VDJH IORZ RI GXPSILOH�EDVHG DQDO\VLV�

%DVHG RQ WKLV REVHUYDWLRQ� ZH SURSRVH D QRYHO DSSURDFK WR

PHDVXUH IXQFWLRQDO FRYHUDJH IURP GXPSILOHV LQ WKLV SDSHU� %\

FDUHIXOO\ FRQVLGHULQJ WKH IHDVLELOLW\� ZH FDQ KDQGOH DOPRVW DOO

GHVFULSWLRQV DFFHSWHG E\ WKH VLPXODWRUV LQ WKLV DSSURDFK� 7KH



H[SHULPHQWV RQ UHDO H[DPSOHV VKRZ YHU\ SURPLVLQJ UHVXOWV LQ WHUPV

RI WKH SHUIRUPDQFH DQG WKH DFFXUDF\ RI FRYHUDJH UHSRUWV�

7KH UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG DV IROORZV� )LUVW� WKH

+'/ PRGHO ZH XVH LQ RXU DOJRULWKP LV GHVFULEHG LQ 6HFWLRQ �� 7KH

RSHUDWLRQV RI RXU GXPSILOH�EDVHG FRYHUDJH DQDO\VLV DOJRULWKP DUH

SUHVHQWHG LQ 6HFWLRQ �� ,Q 6HFWLRQ �� ZH VKRZ VRPH H[SHULPHQWDO

UHVXOWV ZLWK ILYH UHDO GHVLJQV� )LQDOO\� WKH FRQFOXVLRQV DQG IXWXUH

ZRUNV DUH JLYHQ LQ 6HFWLRQ ��

�� +'/ 0RGHOLQJ

8QWLO QRZ� PRVW +'/ VLPXODWRUV DUH VWLOO EDVHG RQ WKH

HYHQW�GULYHQ DSSURDFK� 7KHUHIRUH� LW LV FRQYHQLHQW WR PRGHO WKH

+'/ GHVLJQV DV VRPH LQWHUDFWLQJ HYHQWV� ,Q WKLV ZRUN� ZH H[WHQG

WKH HYHQW JUDSK LQ >�@ WR D ��' HYHQW JUDSK� ZKLFK LV D GLUHFWHG

JUDSK *�9� (� ZLWK KLHUDUFK\� DQG XVH LW WR EH WKH +'/ PRGHO�

,Q RXU PRGHO� DQ HYHQW LV GHILQHG DV WKH ODUJHVW XQLW RI D +'/

SURJUDP WKDW ZLOO EH H[HFXWHG DWRPLFDOO\ GXULQJ VLPXODWLRQ� L�H�� WKH

FRGH LQ DQ HYHQW ZLOO EH H[HFXWHG GXULQJ RQH VWHS RI DQ

HYHQW�GULYHQ VLPXODWLRQ� (DFK YHUWH[ Y ∈ 9 LQ WKH HYHQW JUDSK

UHSUHVHQWV DQ HYHQW LQ WKH +'/ GHVLJQV ZLWK VRPH SRVVLEOH FKLOG

QRGHV FKLOG�Y� ∈ 9� ZKLFK DUH JHQHUDWHG E\ Y� ,Q +'/ SURJUDPV� LI

WKH FRGH RI DQ HYHQW M LV SXW LQWR DQRWKHU HYHQW L DQG VHSDUDWHG E\

DQ # � ZDLW RU GHOD\ VWDWHPHQW ��G�� WKH HYHQW M FDQ EH UHJDUGHG DV

EHLQJ JHQHUDWHG E\ WKH HYHQW L RQFH WKH HYHQW L LV H[HFXWHG� 7KRVH

FKLOG QRGHV DUH JHQHUDWHG WHPSRUDULO\ DQG ZLOO EH GHOHWHG DIWHU

H[HFXWHG� (DFK GLUHFWHG HGJH H�L� M� ∈ (� ZKHUH L DQG M ∈ 9�

UHSUHVHQWV WKDW WKH HYHQW M LV WULJJHUHG E\ WKH HYHQW L� ,Q +'/

SURJUDPV� LI WKHUH DUH DQ\ YDULDEOHV LQ WKH VHQVLWLYLW\ OLVW RI HYHQW M

EHLQJ WKH OHIW�KDQG�VLGH YDULDEOHV RI WKH DVVLJQPHQWV LQ WKH HYHQW L �

ZH VD\ HYHQW M LV WULJJHUHG E\ WKH HYHQW L�

,Q RUGHU WR H[SODLQ WKH HYHQW JUDSK PRUH FOHDUO\� DQ H[DPSOH RI

WKH HYHQW JUDSK IRU D VPDOO 9HULORJ SURJUDP LV VKRZQ LQ )LJXUH ��

7KH H[DPSOH VKRZQ LQ )LJXUH ��D� FDQ EH SDUWLWLRQHG LQWR ILYH

HYHQWV� 7KHLU UHODWLRQVKLS LV EXLOW LQ WKH HYHQW JUDSK VKRZQ LQ

)LJXUH ��E�� 7KH GDVKHG DUURZV UHSUHVHQW WKHLU KLHUDUFKLFDO

UHODWLRQVKLS� DQG WKH VROLG RQHV UHSUHVHQW WKHLU WULJJHULQJ

UHODWLRQVKLS� (DFK YHUWH[ LQ WKH HYHQW JUDSK KDV WZR URZV� 7KH

XSSHU URZ LV WKH WULJJHULQJ FRQGLWLRQ RI WKLV HYHQW� DQG WKH ORZHU

URZ LV WKH H[HFXWDEOH FRGH RI WKLV HYHQW� %HFDXVH WKH HYHQW JUDSK

PD\ EH FKDQJHG G\QDPLFDOO\� ZH RQO\ VKRZ WKH HYHQW JUDSK DW

�WLPH  �
�
� $W �WLPH  �� (� DQG (� DUH H[HFXWHG� 7KHQ (�� DQG

(�� DUH JHQHUDWHG UHVSHFWLYHO\ DW �WLPH  �
�
DV VKRZQ LQ )LJXUH

��E�� (�� ZLOO EH H[HFXWHG DIWHU D FRQVWDQW GHOD\ ZKHQ (� LV

H[HFXWHG� VR ZH VHW LWV WULJJHULQJ FRQGLWLRQ DV WKH DEVROXWH WLPH WKDW

LW ZLOO EH H[HFXWHG� %HFDXVH HYHQW (�� KDV QRW EHHQ H[HFXWHG \HW DW

WKDW WLPH� LW LV QRW VKRZQ LQ )LJXUH ��E��

PRGXOH H[DPSOH �

UHJ FON�
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HQG

HQGPRGXOH
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(��

(�

(��

)LJXUH � � �D� $ 9HULORJ SURJUDP� �E� 7KH HYHQW JUDSK DW WLPH �
�
�

,Q WKLV VLPSOH H[DPSOH� ZH FDQ GLUHFWO\ VKRZ WKH H[HFXWDEOH

FRGH RI HDFK HYHQW LQ WKH HYHQW JUDSK� +RZHYHU� LQ UHDO FDVHV� WKH

H[HFXWDEOH FRGH RI DQ HYHQW FRXOG EH YHU\ FRPSOH[� 7KHUHIRUH� ZH

XVH WKH VWDWHPHQW WUHH WR UHWDLQ WKH FRPSOH[ DFWLRQV RI HDFK HYHQW�

$ VWDWHPHQW WUHH LV D URRWHG� GLUHFWHG JUDSK ZLWK YHUWH[ VHW 1

FRQWDLQLQJ WZR W\SHV RI YHUWLFHV� $ QRQWHUPLQDO YHUWH[ Q KDV RQH RU

PRUH FKLOGUHQ FKLOG�Q� ∈ 1� $ WHUPLQDO YHUWH[ Q� ZKLFK UHSUHVHQWV

WKH WHUPLQDO EORFN LQ WKH +'/ FRGHV� KDV QR FKLOGUHQ EXW D VHW RI

DVVLJQPHQWV� ZKLFK DUH UHFRUGHG LQ DFWLRQ�Q�� 7KH HQWHULQJ

FRQGLWLRQV RI HDFK YHUWH[ Q DUH UHFRUGHG LQ FRQG�Q��

�� 'XPSILOH�%DVHG &RYHUDJH $QDO\VLV

��� 9DOXH &KDQJH 'XPS )LOHV

9DOXH FKDQJH GXPS �9&'� ILOHV >�@ UHFRUG HYHU\ YDOXH FKDQJH

RI VHOHFWHG YDULDEOHV GXULQJ VLPXODWLRQ� :LWK WKH 9&' IHDWXUH� ZH

FDQ VDYH WKH YDOXH FKDQJHV RI VHOHFWHG YDULDEOHV IRU DQ\ SRUWLRQ RI

WKH GHVLJQ KLHUDUFK\ GXULQJ DQ\ VSHFLILHG WLPH LQWHUYDO� 7KH 9&'

IRUPDW LV D YHU\ VLPSOH $6&,, IRUPDW� %HVLGHV VRPH VLPSOH

FRPPDQGV ZKLFK GHILQH WKH SDUDPHWHUV XVHG LQ WKH ILOH� WKH IRUPDW

LV EDVLFDOO\ D WDEOH RI WKH YDOXHV RI YDULDEOHV ZLWK WLPLQJ

LQIRUPDWLRQ� %HFDXVH WKH 9&' ILOHV NHHS DOO WKH YDOXH LQIRUPDWLRQ

GXULQJ VLPXODWLRQ� WKH\ DUH ZLGHO\ XVHG LQ PDQ\ WRROV IRU

SRVW�SURFHVVLQJ VXFK DV WKH ZDYHIRUP YLHZHUV�

��� 'XPSILOH�%DVHG &RYHUDJH $QDO\VLV

6LQFH WKH GXPSILOHV UHFRUG HYHU\ YDOXH FKDQJH RI VHOHFWHG

YDULDEOHV� LI ZH UHDG D GXPSILOH IURP WKH EHJLQQLQJ RI LW� ZH FDQ

REWDLQ WKH YDOXH RI HDFK YDULDEOH UHFRUGHG LQ WKH GXPSILOH DW DQ\

VSHFLILF WLPH� 7KHQ ZH FDQ H[DFWO\ NQRZ ZKLFK FRGH KDV EHHQ

H[HFXWHG DQG ZKDW WKH H[HFXWLRQ FRXQW LV DFFRUGLQJ WR WKH

GXPSILOHV ZLWK SURSHUO\ VHOHFWHG YDULDEOHV� %\ XVLQJ WKHVH VWDWLVWLFV�

WKH FRGH FRYHUDJH FDQ EH HDVLO\ FDOFXODWHG ZLWKRXW UXQQLQJ WKH

VLPXODWLRQ DJDLQ�

$OWKRXJK WKH RSHUDWLRQV UHTXLUHG IRU RXU '8&$

�'8PSILOH�EDVHG &RYHUDJH $QDO\VLV� DOJRULWKP DUH YHU\ VLPLODU WR

WKRVH LQ D VLPXODWLRQ� WKH FRPSOH[LW\ LV PXFK ORZHU EHFDXVH PDQ\

RSHUDWLRQV FDQ EH VNLSSHG� ,Q FRYHUDJH DQDO\VLV� WKH PDMRU FRQFHUQ

LV WR GHFLGH ZKLFK FRGH LV H[HFXWHG� QRW WKH YDOXH RI HDFK YDULDEOH�

7KHUHIRUH� WKH RSHUDWLRQV ZKRVH UHVXOWV GR QRW FKDQJH WKH FRQWURO

IORZ DUH VNLSSHG� $V D UHVXOW� RQO\ D IHZ RSHUDWLRQV KDYH WR EH

HYDOXDWHG DJDLQ LQ RXU '8&$ DOJRULWKP� DQG WKH FRPSXWLQJ

FRPSOH[LW\ FDQ EH VLJQLILFDQWO\ UHGXFHG�

����� 9DULDEOH 6HOHFWLRQ

$V GHVFULEHG DERYH� QRW DOO LQIRUPDWLRQ LV UHTXLUHG WR GHFLGH

ZKLFK SDUW RI FRGH LV H[HFXWHG� ,Q RUGHU WR LPSURYH WKH HIILFLHQF\

RI RXU '8&$ DOJRULWKP� DQ DQDO\VLV VKRXOG EH SHUIRUPHG ILUVW WR

ILQG WKH VHW RI YDULDEOHV WKDW DIIHFW WKH GHFLVLRQV� $FWXDOO\� WKH\ DUH

HLWKHU WKH YDULDEOHV DSSHDULQJ LQ WKH WULJJHULQJ FRQGLWLRQV RI HDFK

YHUWH[ LQ WKH HYHQW JUDSK RU WKH HQWHULQJ FRQGLWLRQ RI HDFK YHUWH[ LQ

WKH VWDWHPHQW WUHHV� 7KLV YDULDEOH VHOHFWLRQ RSHUDWLRQ DOVR SURYLGHV

WKH FDSDELOLW\ RI SDUWLDO FRYHUDJH DQDO\VLV� ,I WKH XVHU¶V FRQFHUQ LV

RQO\ WKH FRGH FRYHUDJH RI D SDUW RI WKH HQWLUH FRGH� ZH FDQ VHOHFW

RQO\ WKRVH YDULDEOHV UHTXLUHG IRU WKLV SDUW RI FRGH VR WKDW WKH

DQDO\VLV WLPH FDQ EH IXUWKHU UHGXFHG�

����� 5XQQLQJ $QDO\VLV

$IWHU FRQGXFWLQJ WKH YDULDEOH VHOHFWLRQ VWHS� ZH FDQ VWDUW

FRYHUDJH DQDO\VLV E\ WUDFLQJ WKH FKDQJHV RI WKHVH VLJQDOV LQ WKH

GXPSILOHV� ,Q RUGHU WR H[SODLQ WKH WUDFH RSHUDWLRQ PRUH FOHDUO\� DQ

H[DPSOH LV VKRZQ LQ )LJXUH �� *LYHQ D YDOXH FKDQJH RI D VLJQDO LQ



WKH GXPSILOHV� ZH ILUVW ILQG WKH IDQRXWV RI WKLV VLJQDO� ZKLFK DUH WKH

FRGH DIIHFWHG E\ WKLV FKDQJH� DQG WKHQ SXW PDUNV RQ WKH DVVRFLDWHG

SRVLWLRQV LQ WKH HYHQW JUDSK DQG WKH VWDWHPHQW WUHHV� ,I WKH DIIHFWHG

FRGH LV WKH WULJJHULQJ FRQGLWLRQ RI D YHUWH[ LQ WKH HYHQW JUDSK� ZH

PDUN LW DV ³7ULJJHUHG´� LI WKH DIIHFWHG FRGH LV WKH HQWHULQJ FRQGLWLRQ

RI D YHUWH[ LQ WKH VWDWHPHQW WUHHV� ZH PDUN LW DV ³0RGLILHG´� :LWK

WKRVH PDUNV� ZH FDQ DYRLG D ORW RI GXSOLFDWH FRPSXWDWLRQV�

FON

DOZD\V # � SRVHGJH FON � EHJLQ

LI � UHVHW �

RXW�  � �

HOVH LI � HQE �

RXW�  LQ �

HOVH

RXW�  GDWD �

HQG

VLJQDOV

FKDQJH

LI �UHVHW�
PDUN WKH DIIHFWHG

FRQGLWLRQV LQ WKH

HYHQW JUDSK DQG

VWDWHPHQW WUHHV

7

0

0

7 � 7ULJJHUHG

0 � 0RGLILHG

DOZD\V # � QHJHGJH FON � EHJLQ

LI � HQE �

RXW�  � �

HOVH

RXW�  � �

HQG

HQE

DOZD\V #�SRVHGJH FON� DOZD\V #�QHJHGJH FON�

LI �HQE�

LI �HQE�

RXW� 

GDWD

RXW� 

LQ

RXW� 

�

RXW�

 �

RXW�

 �

ILQG WKHLU IDQRXWV LQ WKH VRXUFH FRGH

)LJXUH � � $Q LOOXVWUDWLRQ RI WKH VLJQDO FKDQJH WUDFLQJ�

$IWHU DOO WKH VLJQDO FKDQJHV DW WKH VDPH WLPH DUH SURFHVVHG� ZH

FDQ WUDYHUVH WKH VWDWHPHQW WUHHV RI WKH WULJJHUHG HYHQWV WR GHFLGH

ZKLFK FRGH LV H[HFXWHG� :KLOH WUDYHUVLQJ GRZQ WKH VWDWHPHQW WUHHV�

LI WKH FXUUHQW YHUWH[ LV PDUNHG DV PRGLILHG� WKH UHVXOW RI LWV HQWHULQJ

FRQGLWLRQ PD\ KDYH EHHQ FKDQJHG DQG KDV WR EH HYDOXDWHG DJDLQ WR

GHFLGH ZKLFK SDWK WR JR� LI QRW� ZH FDQ XVH WKH SUHYLRXV UHVXOW WR

HOLPLQDWH XQQHFHVVDU\ FRPSXWLQJ� 7KHQ WKH XVHG PDUNV VKRXOG EH

FOHDUHG IRU WKH XVH RI QH[W ODEHOLQJ SURFHVV� 7KH FRQGLWLRQ

HYDOXDWLRQ RI WKH YHUWLFHV WKDW DUH PDUNHG DV PRGLILHG EXW QRW LQ WKH

WUDYHUVLQJ SDWKV LV DOVR VNLSSHG EHFDXVH LW LV XQQHFHVVDU\ QRZ� 7KH

³0RGLILHG´ ODEHOV RI WKHVH YHUWLFHV DUH NHSW XQWLO WKH\ DUH ILQDOO\ LQ

WKH WUDYHUVLQJ SDWKV�

����� &RQFXUUHQW (YHQWV

7\SLFDOO\� WKHUH DUH D ORW RI FRQFXUUHQW HYHQWV LQ D +'/

SURJUDPV� ,Q HYHQW GULYHQ VLPXODWRUV� WZR HYHQWV PD\ RFFXU DW WKH

VDPH VLPXODWLRQ WLPH XQLW ZLWK D ³GHOWD GHOD\´ DSDUW� 7KH\ ZLOO EH

H[HFXWHG VHTXHQWLDOO\ HYHQ WKRXJK WKH\ VKRXOG RFFXU DW WKH VDPH

WLPH XQLW� +RZHYHU� WKH ³GHOWD GHOD\´ LV LJQRUHG ZKLOH UHFRUGHG LQ

WKH GXPSILOH� ,I ZH FDQQRW UHFRYHU WKLV VHTXHQWLDO UHODWLRQVKLS� ZH

PD\ XVH WKH ZURQJ YDOXHV ZKLOH UHIHUHQFLQJ WKH YDOXHV RI YDULDEOHV�

)RU WKLV SXUSRVH� ZH NHHS WKH WULJJHULQJ LQIRUPDWLRQ LQ WKH

HGJHV RI WKH HYHQW JUDSK� ,I DQ HGJH H[LVWV EHWZHHQ WZR HYHQWV� WKH\

PXVW KDYH D GHOWD GHOD\ LQ EHWZHHQ� 7KHQ ZH FDQ HDVLO\ UHFRYHU WKH

H[HFXWLRQ VHTXHQFH EHWZHHQ HYHQWV E\ SHUIRUPLQJ D EUHDG�ILUVW

VHDUFK �%)6� RQ WKH VXEJUDSK FRPSRVLQJ RI WULJJHUHG HYHQWV� 7KH

YDOXH RI HDFK YDULDEOH LQ DQ HYHQW ZLOO EH XSGDWHG DIWHU WKH

HYDOXDWLRQ RI WKLV HYHQW LV FRPSOHWHG� ,Q RWKHU ZRUGV� DOO YDOXH

UHIHUHQFHV ZLOO WDNH WKH YDOXH MXVW EHIRUH HYDOXDWLQJ WKLV HYHQW� ,W

PDNHV WKH ODWHU HYHQWV WDNH WKH XSGDWHG YDOXH HYHQ LI WKH\ DUH LQ WKH

VDPH VLPXODWLRQ WLPH XQLW EXW ZLWK GHOWD GHOD\V�

����� 1RQ�%ORFNLQJ $VVLJQPHQWV

,Q +'/ SURJUDPV� ZKLOH D QRQ�EORFNLQJ DVVLJQPHQW � !� LV

H[HFXWHG� LWV HIIHFW GRHV QRW DSSHDU XQWLO WKH HQG RI WKLV WLPH XQLW�

7KDW PHDQV DOO WKH EORFNLQJ DVVLJQPHQW � � ZLOO EH H[HFXWHG SULRU

WR WKH QRQ�EORFNLQJ DVVLJQPHQWV HYHQ WKH\ DUH ORFDWHG DIWHU WKH

QRQ�EORFNLQJ DVVLJQPHQWV LQ WKH +'/ FRGH� ,W FDQ EH YLHZHG DV LI

WKH VLPXODWRU GLYLGHV RQH WLPH XQLW LQWR WZR VHTXHQWLDO SDUWV� 7KH

EORFNLQJ DVVLJQPHQWV DUH LQ WKH ILUVW SDUW� DQG WKH QRQ�EORFNLQJ

DVVLJQPHQWV DUH LQ WKH VHFRQG SDUW� 7KHUHIRUH� ZH XVH D WZR�SDVV

WUDYHUVDO WR WUDYHUVH WKH HYHQW JUDSK� 7KH ILUVW WUDYHUVDO RQO\

KDQGOHV WKH EORFNLQJ DVVLJQPHQWV� DQG WKH QRQ�EORFNLQJ

DVVLJQPHQWV DUH KDQGOHG LQ WKH VHFRQG WUDYHUVDO� 7KHQ DOO WKH LVVXHV

LQWURGXFHG E\ QRQ�EORFNLQJ DVVLJQPHQWV FDQ EH UHVROYHG�

����� :DLW 6WDWHPHQWV

,I WKHUH DUH ZDLW RU # VWDWHPHQWV LQ WKH +'/ SURJUDP� VRPH

HYHQWV ZLOO DSSHDU DV HPEHGGHG LQ DQRWKHU HYHQW� 7DNLQJ WKH

9HULORJ SURJUDP VKRZQ LQ )LJXUH � DV DQ H[DPSOH� HYHQW (�� LV

HPEHGGHG LQ WKH VWDWHPHQW WUHH RI HYHQW (� LQ WKH LQLWLDO HYHQW

JUDSK� ,Q RWKHU ZRUGV� HYHQW (� KDV QR FKLOG QRGH DW WKH EHJLQQLQJ�

2QFH HYHQW (� LV WULJJHUHG DQG WKH HPEHGGHG HYHQW (�� LV IRXQG LQ

WKH WUDYHUVLQJ SDWK RI LWV VWDWHPHQW WUHH� HYHQW (�� LV JHQHUDWHG DV D

FKLOG QRGH RI HYHQW (� DV VKRZQ LQ )LJXUH ��E�� 7KLV NLQG RI HYHQWV

LV JHQHUDWHG WHPSRUDULO\ DQG ZLOO EH GHOHWHG DIWHU H[HFXWHG� $V

HYHQW (�� DSSHDUV� HYHQW (� FDQQRW EH H[HFXWHG XQWLO HYHQW (�� LV

FRPSOHWHG� 7KHUHIRUH� DQ H[WUD VWHS VKRXOG EH SHUIRUPHG WR FKHFN

WKH H[LVWHQFH RI FKLOG QRGHV ZKLOH VHDUFKLQJ IRU WKH WULJJHUHG

HYHQWV LQ WKH HYHQW JUDSK� ,I FKLOG QRGHV H[LVW� WKLV HYHQW FDQQRW EH

H[HFXWHG XQWLO DOO WKH FKLOG HYHQWV DUH FRPSOHWHG�

����� &RYHUDJH 5HSRUW

$IWHU WUDYHUVLQJ WKH GXPSILOHV� ZH FDQ REWDLQ WKH VWDWLVWLFV RQ

ZKLFK FRGH LV H[HFXWHG DQG ZKDW WKH H[HFXWLRQ FRXQW LV� +RZHYHU�

WKHUH DUH PDQ\ GLIIHUHQW FRYHUDJH PHWULFV ZKLFK UHTXLUH GLIIHUHQW

FRYHUDJH UHSRUWV� 7KHUHIRUH� D SRVW�SURFHVVLQJ VWHS LV DGGHG WR

JHQHUDWH WKH UHSRUWV IRU WKH XVHU�VSHFLILHG FRYHUDJH PHWULFV� 0RVW

RI WKH FRYHUDJH UHSRUWV FDQ EH HDVLO\ REWDLQHG IURP WKRVH VWDWLVWLFV

ZLWK OLWWOH FRPSXWDWLRQ RYHUKHDG� 7KLV IHDWXUH SURYLGHV WKH

FDSDELOLW\ RI VZLWFKLQJ WKH UHSRUW IRU GLIIHUHQW FRYHUDJH PHWULFV

HDVLO\� 7KH XVHUV ZKR ZDQW WR VHH WKH FRYHUDJH UHSRUW RI DQRWKHU

FRYHUDJH PHWULF ZLWK WKH VDPH LQSXW SDWWHUQV GR QRW KDYH WR

UH�LQVHUW 3/, WDVNV DQG UH�UXQ WKH ORQJ VLPXODWLRQ DJDLQ�

����� '8&$ $OJRULWKP

,Q RUGHU WR JLYH D VXPPDU\ RI WKH DERYH WHFKQLTXHV� WKH RYHUDOO

SVHXGR FRGH RI RXU '8&$ DOJRULWKP LV VKRZQ LQ )LJXUH ��

'8&$ �KGOBFRGH + � GXPSBILOH ' � VHOHFWHGBFRYHUDJH &� ^

�� DQDO\]H WKH VRXUFH FRGH DQG EXLOG WKH HYHQW JUDSK

(YHQWB*UDSK ' &RGH$QDO\VLV�+� �

�� WUDYHUVLQJ WKH GXPSILOH

IRU HDFK WLPH FKDQJH W LQ ' ^

�� ILQG H[HFXWHG FRGHV E\ WKH HYHQW JUDSK

6WDWV ' ([HFXWHG&RGH�(YHQWB*UDSK � W� �

IRU HDFK VLJQDO FKDQJH V DW WLPH W LQ ' ^

�� PDUN QRGHV LQ WKH HYHQW JUDSK DQG VWPW WUHHV

0DUN7UHH�(YHQWB*UDSK � V � W� �

`

`

�� JHQHUDWH FRYHUDJH UHSRUW IRU VHOHFWHG FRYHUDJH

*HQ5HSRUW�6WDWV � &� �

`

)LJXUH � � 7KH SVHXGR FRGH RI '8&$ DOJRULWKP�



�� ([SHULPHQWDO 5HVXOWV

$FFRUGLQJ WR WKH SURSRVHG DOJRULWKP� ZH LPSOHPHQW D SURWRW\SH

'8&$ LQ &�� ODQJXDJH� 7R FRQGXFW H[SHULPHQWV� ZH DSSOLHG

'8&$ WR ILYH UHDO GHVLJQV ZULWWHQ LQ 9HULORJ +'/� 7KH GHVLJQ

VWDWLVWLFV DUH JLYHQ LQ 7DEOH �� 7KH QXPEHU RI OLQHV DQG WKH QXPEHU

RI EDVLF EORFNV >�@ LQ WKH RULJLQDO +'/ FRGH DUH JLYHQ LQ WKH

FROXPQV OLQHV DQG EORFNV UHVSHFWLYHO\� 7KH QXPEHU RI QRGHV LQ WKH

HYHQW JUDSK LV JLYHQ LQ WKH FROXPQ HYHQWV� 7KH GHVLJQ ,6'1�/� LV

DQ ,6'1 OHYHO�� UHFHLYHU� 7KH GHVLJQ 3&38 LV D VLPSOH ���ELW

'/; &38 ZLWK ��VWDJH SLSHOLQH� 7KH GHVLJQ 'LYLGHU LV DQ ���

GLYLGHU ZLWK LQSXW DQG RXWSXW ODWFKHV� 7KH GHVLJQ 0(3 LV D EORFN

PDWFKLQJ SURFHVVRU IRU PRWLRQ HVWLPDWLRQ� 7KH GHVLJQ 03& LV D

SURJUDPPDEOH 03(*�,, V\VWHP FRQWUROOHU�

'HVLJQ OLQHV EORFNV HYHQWV

,6'1�/� ��� ��� ��

3&38 ��� ��� ��

'LYLGHU ��� �� ��

0(3 ���� ��� ���

03& ���� ��� ���

7DEOH � � 'HVLJQ 6WDWLVWLFV�

7KH H[SHULPHQWDO UHVXOWV RI '8&$� ZKLFK DUH REWDLQHG RQ D

���0+] 8OWUD6SDUF ,, ZLWK WKH VLPXODWRU 9HULORJ�;/ ������� DUH

VKRZQ LQ 7DEOH � DQG 7DEOH �� ,Q 7DEOH �� ZH GHPRQVWUDWH WKH

SHUIRUPDQFH RI '8&$� 7KH FROXPQ YHFWRUV JLYHV WKH QXPEHU RI

UDQGRP YHFWRUV XVHG IRU VLPXODWLRQ� 7KH &38 WLPH UHTXLUHG IRU

SXUH VLPXODWLRQ DQG FRYHUDJH DQDO\VLV DUH JLYHQ LQ WKH FROXPQV

VLPXODWLRQ DQG DQDO\VLV UHVSHFWLYHO\� 7KH JDLQHG VSHHGXS UDWLR�

ZKLFK LV GHILQHG DV �VLPXODWLRQ � DQDO\VLV�� LV JLYHQ LQ WKH FROXPQ

VSHHGXS� ,Q 7DEOH �� ZH VKRZ WKUHH NLQGV RI PHDVXUHG FRYHUDJH

GDWD DQG WKH DFFXUDF\ RI WKRVH UHVXOWV� %HFDXVH UDQGRP SDWWHUQV DUH

XVHG LQ WKRVH H[SHULPHQWV� WKH FRYHUDJH PD\ QRW YHU\ JRRG� %XW LW

GRHV QRW DIIHFW WKH DFFXUDF\ RI RXU WRRO�

$V VKRZQ LQ 7DEOH �� RXU '8&$ WDNHV OHVV WLPH WKDQ

VLPXODWLRQ RQ DYHUDJH� ,Q RWKHU ZRUGV� ZH FRXOG KDYH EHWWHU

SHUIRUPDQFH WKDQ LQVWUXPHQWDWLRQ�EDVHG WRROV EHFDXVH DQ

H[WUD VLPXODWLRQ UXQ LV RIWHQ QHFHVVDU\ LQ WKRVH WRROV VR WKDW

WKH VSHHGXS UDWLR LV VXUHO\ VPDOOHU WKDQ �� )RU WKH ODUJHU FDVHV�
ZH FDQ REWDLQ D JRRG VSHHGXS UDWLR EHFDXVH D ORW RI RSHUDWLRQV FDQ

'HVLJQ YHFWRUV VLPXODWLRQ DQDO\VLV VSHHGXS

,6'1�/� ������ ����� V ����� V ����

3&38 ������ ����� V ����� V ����

'LYLGHU ������ ����� V ����� V ����

0(3 ������ ����� V ����� V ����

03& ������ ����� V ����� V ����

DYHUDJH ����

7DEOH � � ([SHULPHQWDO UHVXOWV RI '8&$�

'HVLJQ 6WDWHPHQW

&RYHUDJH

'HFLVLRQ

&RYHUDJH

(YHQW

&RYHUDJH

$FFXUDF\

,6'1�/� �� � �� � ��� � ��� �

3&38 �� � �� � ��� � ��� �

'LYLGHU �� � �� � ��� � ��� �

0(3 �� � �� � ��� � ��� �

03& �� � �� � ��� � ��� �

7DEOH � � 7KH FRYHUDJH GDWD REWDLQHG LQ WKH H[SHULPHQWV�

EH VNLSSHG LQ WKH FRYHUDJH DQDO\VLV� )RU WKH VPDOOHU FDVHV� WKH

QXPEHU RI RSHUDWLRQV UHTXLUHG LQ VLPXODWLRQ LV UHODWLYHO\ VPDOO�

7KHUHIRUH� WKH QXPEHU RI VNLSSHG RSHUDWLRQV LV DOVR VPDOO VXFK WKDW

WKH VSHHGXS LV QRW REYLRXV� ,Q DGGLWLRQ� WKH 9HULORJ VLPXODWRU LV D

ZHOO�GHYHORSHG FRPPHUFLDO WRRO ZKLFK KDV EHHQ JUHDWO\ RSWLPL]HG

IRU VSHHG� ,I RXU SURWRW\SH FDQ EH FDUHIXOO\ RSWLPL]HG E\

H[SHULHQFHG HQJLQHHUV� ZH WKLQN WKH VSHHGXS ZLOO EH EHWWHU�

�� &RQFOXVLRQV DQG )XWXUH :RUNV

,Q WKLV SDSHU� ZH SURSRVHG D QRYHO DSSURDFK IRU IXQFWLRQDO

FRYHUDJH PHDVXUHPHQW LQ +'/� 7KH XVDJH IORZ RI WKH SURSRVHG

GXPSILOH�EDVHG FRYHUDJH DQDO\VLV FDQ EH PXFK HDVLHU DQG VPRRWKHU

WKDQ WKDW RI H[LVWLQJ LQVWUXPHQWDWLRQ�EDVHG FRYHUDJH WRROV� 1R

SUH�SURFHVVLQJ WRRO LV UHTXLUHG LQ RXU XVDJH IORZ VR WKDW WKH GHVLJQ

IORZ FDQ EH NHSW WKH VDPH DV XVXDO� ,Q DGGLWLRQ� QR H[WUD FRGH LV

LQVHUWHG VXFK WKDW WKH RYHUKHDG RQ FRGH VL]H DQG VLPXODWRU

SHUIRUPDQFH FDQ EH HOLPLQDWHG� 0RVW LPSRUWDQWO\� WKH IOH[LELOLW\ LQ

FKRRVLQJ FRYHUDJH PHWULFV DQG PHDVXUHG FRGH UHJLRQV LV LQFUHDVHG�

2QO\ RQH VLPXODWLRQ UXQ LV QHHGHG IRU DQ\ NLQG RI FRYHUDJH UHSRUWV

EHFDXVH DOO RI WKHP FDQ EH GHULYHG IURP WKH VDPH GXPSILOHV� 7KH

H[SHULPHQWV RQ UHDO H[DPSOHV VKRZ YHU\ SURPLVLQJ UHVXOWV�

,Q WKLV SDSHU� WKH SURSRVHG DOJRULWKP LV GHVLJQHG IRU PHDVXULQJ

WKH H[HFXWLRQ�EDVHG FRYHUDJH PHWULFV VXFK DV WKH VWDWHPHQW

FRYHUDJH DQG WKH GHFLVLRQ FRYHUDJH� +RZHYHU� LW GRHV QRW PHDQ

WKDW WKH YDOXH�EDVHG FRYHUDJH PHWULFV VXFK DV WKH )60 FRYHUDJH

DQG WKH WRJJOH FRYHUDJH FDQQRW EH PHDVXUHG� $FWXDOO\� WKRVH

FRYHUDJH PHWULFV FDQ EH REWDLQHG IURP WKH VDPH GXPSILOHV LQ PXFK

HDVLHU ZD\V� %HFDXVH WKH GXPSILOHV UHFRUG WKH YDOXHV RI YDULDEOHV�

LI ZH UHWULHYH WKH YDOXHV RI WKH GHVLUHG YDULDEOHV� VXFK DV WKH VWDWH

YDULDEOHV RI D )60� IURP WKH GXPSILOHV� ZH FDQ HDVLO\ REWDLQ WKRVH

FRYHUDJH GDWD� 7KHUHIRUH� PHDVXULQJ FRYHUDJH IURP WKH GXPSILOHV

FRXOG EH D SUDFWLFDO VROXWLRQ IRU PRVW H[LVWLQJ FRYHUDJH PHWULFV�

$OWKRXJK WKLV DOJRULWKP FDQ KDQGOH DOPRVW DOO GHVFULSWLRQV

DFFHSWHG E\ WKH VLPXODWRU� LW PD\ VWLOO IDLO ZKHQ WKHUH LV QRW HQRXJK

LQIRUPDWLRQ LQ WKH GXPSILOHV� 7KH GHVLJQHUV RIWHQ GXPS DOO

LQIRUPDWLRQ LQWR WKH GXPSILOHV LQ WKH GHEXJJLQJ SKDVH� EXW WKH\

RIWHQ GXPS RQO\ SRUWLRQV RI YDULDEOHV LQ WKH LQWHJUDWLRQ SKDVH WR

VDYH VLPXODWLRQ WLPH� ,Q WKLV VLWXDWLRQ� ZH QHHG DQRWKHU WHFKQLTXHV

WR UHFRYHU WKH RWKHU UHTXLUHG LQIRUPDWLRQ IURP H[LVWLQJ GDWD VXFK

WKDW WKH FRYHUDJH DQDO\VLV FDQ VWLOO EH SHUIRUPHG� 'HYHORSLQJ VXFK

WHFKQLTXHV DQG LQWHJUDWLQJ WKRVH WHFKQLTXHV LQWR WKH SURSRVHG

FRYHUDJH DQDO\VLV DOJRULWKP LV D VXEMHFW RI RXU IXWXUH ZRUNV�
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