
+RXVHKROG�(QHUJ\�&RVW�2SWLPL]DWLRQ�8VLQJ

'HHS�5HLQIRUFHPHQW�/HDUQLQJ

$XWKRUV�
$QQD�7HUHNKRYD
-DGH�)DQJ

/XQG�8QLYHUVLW\�6FKRRO�RI�(FRQRPLFV�DQG�0DQDJHPHQW
0DVWHU¶V�'HJUHH�7KHVLV����+(�&UHGLWV��6SULQJ�����
6XEMHFW��'$%1�����0DVWHU�(VVD\�,
3URJUDP��0DVWHU�RI�6FLHQFH�LQ�'DWD�$QDO\WLFV�DQG�%XVLQHVV�(FRQRPLFV
6XSHUYLVRU� .U]\V]WRI�3RGJyUVNL

https://canvas.education.lu.se/courses/16294/users/9069


$FNQRZOHGJHPHQWV
)LUVW� ZH ZLVK WR H[SUHVV RXU JUDWLWXGH IRU RXU WKHVLV VXSHUYLVRU .U]\V]WRI 3RGJyUVNL IRU KLV FRQWLQXRXV

VXSSRUW� IHHGEDFN� DQG H[SHUWLVH� :H ZHUH RIWHQ VWHHUHG ULJKW E\ .U\V¶V ZLVGRP DQG ZH WKDQN KLP IRU KLV

SDWLHQFH DQG IRFXV� :H ZRXOG DOVR OLNH WR WKDQN RXU FDVHPDNHU 6DUD 0RULF] IRU WKH JHQHURXV DPRXQWV RI

WLPH� HIIRUW� DQG VXSSRUW VKH KDV JLYHQ XV� +HU SRVLWLYH DWWLWXGH DQG WUXH EHOLHI LQ XV PDGH LW D EOHVVLQJ IRU

XV�WR�ZRUN�ZLWK�6HQVDWLYH�

�



$EVWUDFW
7KLV WKHVLV DLPV WR DGGUHVV WKH ULVLQJ HQHUJ\ FRVWV E\ XVLQJ ,R7 WHFKQRORJ\ DQG UHLQIRUFHPHQW OHDUQLQJ�

:H XVH KLVWRULFDO VHQVRU GDWD WR ILW D GHHS UHLQIRUFHPHQW OHDUQLQJ PRGHO WKDW LV FDSDEOH RI RSWLPL]LQJ WKH

FRQWURO RI D KHDWLQJ V\VWHP LQ D ZD\ WKDW PLQLPL]HV HQHUJ\ FRVWV� ZKLOH PDLQWDLQLQJ D FRPIRUWDEOH LQGRRU

WHPSHUDWXUH� 7KLV PRGHO�IUHH DSSURDFK XVHV QHXUDO QHWZRUNV WR VLPXODWH WKH WKHUPRG\QDPLF EHKDYLRU RI

DQ H[LVWLQJ EXLOGLQJ� PDNLQJ LW PRUH FRVW�HIIHFWLYH WKDQ XVLQJ EXLOGLQJ VLPXODWLRQ VRIWZDUH� 8VLQJ WKH

ILQDO�'HHS�4�1HWZRUN�PRGHO��D�FRVW�UHGXFWLRQ�RI�XS�WR�����ZDV�DFKLHYHG�

.H\ZRUGV� (QHUJ\ RSWLPL]DWLRQ� GHHS UHLQIRUFHPHQW OHDUQLQJ� VHQVRU GDWD� QHXUDO QHWZRUN� LQGRRU

KHDWLQJ��'41��HQHUJ\�FRVWV

�



$EEUHYLDWLRQV
'5/���'HHS�UHLQIRUFHPHQW�OHDUQLQJ

'41���'HHS�4�1HWZRUN

))11���)HHG�IRUZDUG�QHXUDO�QHWZRUN

,R7���,QWHUQHW�RI�7KLQJV

0/���0DFKLQH�OHDUQLQJ

5/���5HLQIRUFHPHQW�OHDUQLQJ

511���5HFXUUHQW�QHXUDO�QHWZRUN

60+,���6ZHGLVK�0HWHRURORJLFDO�DQG�+\GURORJLFDO�,QVWLWXWH��ZHDWKHU�LQVWLWXWH�

�



$FNQRZOHGJHPHQWV �

$EVWUDFW �

$EEUHYLDWLRQV �

���,QWURGXFWLRQ �
����%DFNJURXQG �
����)RUPXODWLQJ�WKH�(QHUJ\�&RVW�2SWLPL]DWLRQ�3UREOHP �
����2ULJLQDO�'DWDVHW �
����5HVHDUFK�'HVLJQ�DQG�0RGHO�6WUXFWXUH �
����$LP�DQG�&RQWULEXWLRQ�WR�.QRZOHGJH �
����5HVXOWV �
����6HFWLRQ�2XWOLQH �

���/LWHUDWXUH�5HYLHZ�DQG�7KHRUHWLFDO�)UDPHZRUN �
����'DWD�JDWKHULQJ�0HWKRGV ��
����0RGHO�EDVHG�YV��0RGHO�IUHH�$SSURDFKHV ��
����3HUIRUPDQFH�6WXGLHV�%DVHG�RQ�'HHS�5HLQIRUFHPHQW�/HDUQLQJ ��

���'5/�5HVHDUFK�'HVLJQ�DQG�0HWKRGRORJ\ ��
����$SSOLFDWLRQ�RI�'5/�RQ�(QHUJ\�&RVW�2SWLPL]DWLRQ ��
����5HVHDUFK�0HWKRGRORJ\ ��

������2YHUYLHZ ��
������'DWD�&ROOHFWLRQ�DQG�6HOHFWLRQ ��
������1HXUDO�1HWZRUNV�IRU�,QGRRU�7HPSHUDWXUH�(VWLPDWLRQ ��
������&XVWRP�5HLQIRUFHPHQW�/HDUQLQJ�(QYLURQPHQWV ��

(QYLURQPHQW�DQG�$JHQW ��
6WDWHV�DQG�$FWLRQV ��
(SLVRGHV�DQG�5HZDUGV ��

������'HHS�5HLQIRUFHPHQW�/HDUQLQJ�6HWXS ��
����6RXUFH�&ULWLFDO�&RQVLGHUDWLRQ ��

���(PSLULFDO�5HVXOWV�IURP�'5/�0RGHOV ��
����5HZDUG�$QDO\VLV ��
����$FWLRQ�$QDO\VLV ��
����,QGRRU�7HPSHUDWXUH�$QDO\VLV ��
����&RVW�$QDO\VLV ��

���'LVFXVVLRQ�DQG�&ULWLFDO�5HIOHFWLRQ ��

���&RQFOXVLRQ ��

5HIHUHQFHV ��

�



���,QWURGXFWLRQ

����%DFNJURXQG
$V FOLPDWH FKDQJH LQFUHDVHV LQ XUJHQF\� WKH QHHG IRU HQHUJ\ FRQVHUYDWLRQ KDV HTXDOO\ LQFUHDVHG� ,Q
6ZHGHQ� DURXQG ��� RI HQHUJ\ FRQVXPSWLRQ E\ FRPPRGLWLHV JRHV WR WKH UHVLGHQWLDO DQG VHUYLFHV VHFWRU�
ZLWK ��� RI WKDW FRQVXPSWLRQ EHLQJ XVHG SULPDULO\ IRU KHDWLQJ �(QHUJLP\QGLJKHWHQ� ������ $OWKRXJK
HOHFWULFLW\ XVDJH KDV GHFOLQHG VLQFH ���� �(QHUJLP\QGLJKHWHQ� ������ FRQWLQXRXV HIIRUWV DUH QHHGHG WR
VXVWDLQ WKDW WUHQG� ,Q DGGLWLRQ� GHVSLWH WKH GHFOLQH LQ HOHFWULFLW\ XVDJH� DV FDQ EH VHHQ LQ )LJXUH �� HQHUJ\
SULFHV DUH KLWWLQJ QHZ KLJKV UHJXODUO\� OHDGLQJ WR WKH VHDUFK IRU PRUH VWULQJHQW HQHUJ\ FRQVHUYDWLRQ
PHWKRGV LQ RUGHU WR NHHS FRVWV GRZQ IRU FRQVXPHUV� ,Q 6ZHGHQ� FRQVXPHU HQHUJ\ SULFHV FKDQJH E\ WKH
KRXU� OHDGLQJ WR KLJKHU FRVWV ZKHQ GHPDQG LV KLJK� DQG YLFH YHUVD� 'XH WR WKLV� HQHUJ\ FRVWV IRU
KRXVHKROGV FRXOG EH UHGXFHG QRW RQO\ E\ FRQVHUYDWLRQ EXW DOVR E\ XVLQJ HQHUJ\ DW RSWLPDO SHULRGV RI
WLPH�

)LJXUH����&KDQJLQJ�HQHUJ\�SULFHV�IURP�GLIIHUHQW�HQHUJ\�VRXUFHV�LQ�6ZHGHQ�IURP�����������

,Q WKLV SDSHU� GHHS UHLQIRUFHPHQW OHDUQLQJ PRGHOV ZLOO EH EXLOW ZLWK WKH REMHFWLYH RI RSWLPL]LQJ HQHUJ\
FRVWV IRU DQ H[LVWLQJ UHVLGHQWLDO EXLOGLQJ� 7KH ORQJ�WHUP YLVLRQ LV WKDW E\ RSWLPL]LQJ WKH FRVW RI HOHFWULFLW\
LQ D VLQJOH KRXVHKROG� HQHUJ\ XVDJH FDQ EH VSUHDG PRUH HYHQO\ WR UHGXFH WKH WRWDO JULG ORDG RI WKH
QHLJKERUKRRG� ZKLFK FDQ OHDG WR EHWWHU HQHUJ\ FRQVHUYDWLRQ RYHUDOO� :LWK GDWD PDGH DYDLODEOH E\ ,QWHUQHW
RI 7KLQJV �,R7� VHQVRUV SODFHG LQ D VLQJOH�GZHOOLQJ KRXVH ORFDWHG LQ /XQG� 6ZHGHQ� D GHHS UHLQIRUFHPHQW
PRGHO LV DSSOLHG WR XQGHUVWDQG KRZ WKH DJHQW FDQ KHOS ORZHU HQHUJ\ FRVWV E\ WXUQLQJ WKH KHDWLQJ V\VWHP
RQ RU RII DW RSWLPL]HG WLPHSRLQWV ZKLOH PDLQWDLQLQJ D FRPIRUWDEOH LQGRRU WHPSHUDWXUH� 7KH DJHQW� ZKLFK
UHSUHVHQWV WKH PRGHO� UHSODFHV WKH QRWLRQ RI WKH SHUVRQ ZKR ZRXOG RWKHUZLVH FRQWURO WKH KHDWLQJ V\VWHP�
7KH XVH RI KLVWRULFDO VHQVRU GDWD LV PRUH FRVW�HIIHFWLYH FRPSDUHG WR WKH DOWHUQDWLYH RI EXLOGLQJ D VSHFLILF
WKHUPRG\QDPLF PRGHO RI LQGLYLGXDO EXLOGLQJV� WKXV PDNLQJ WKH SURSRVHG PHWKRG PRUH VFDODEOH DQG
TXLFNHU�WR�LPSOHPHQW�

�



����)RUPXODWLQJ�WKH�(QHUJ\�&RVW�2SWLPL]DWLRQ�3UREOHP
5HLQIRUFHPHQW OHDUQLQJ �5/� LV D PDFKLQH OHDUQLQJ WHFKQLTXH WKDW GLIIHUV LQ DLP IURP WUDGLWLRQDO
VXSHUYLVHG RU XQVXSHUYLVHG OHDUQLQJ� $V GHSLFWHG LQ )LJXUH �� 5/ GRHV QRW VHHN WR PDNH SUHGLFWLRQV RQ
IXWXUH GDWD� \HW UDWKHU DLPV WR WDNH RSWLPDO DFWLRQV EDVHG RQ WKH FXUUHQW VWDWH RI WKH HQYLURQPHQW� :KHQ LW
FRPHV WR D W\SLFDO 5/ SUREOHP� DQ DJHQW LQWHUDFWV ZLWK WKH HQYLURQPHQW E\ REVHUYLQJ HQYLURQPHQW VWDWHV
DQG SHUIRUPV DFWLRQV WKDW DOWHU WKH HQYLURQPHQW ZLWK WKH XOWLPDWH REMHFWLYH RI PD[LPL]LQJ WKH FXPXODWLYH
UHZDUG �0HWHOOL� ������ $GGLWLRQDOO\� LQVWHDG RI QHHGLQJ D SUHGHILQHG GDWDVHW IRU DOJRULWKP WUDLQLQJ� 5/
UHTXLUHV FRQWLQXRXV IORZ RI IHHGEDFN IURP WKH HQYLURQPHQW WR WKH DJHQW EDVHG RQ WKH UHVXOWV RI HYHU\
DFWLRQ PDGH� ,Q WKLV ZD\� 5/ XVHV D 0DUNRY GHFLVLRQ SURFHVV WKDW UHOLHV RQO\ RQ WKH UHVXOWLQJ FXUUHQW VWDWH
RI WKH HQYLURQPHQW LQ RUGHU WR FKRRVH WKH QH[W DFWLRQ �0HWHOOL� ������ )LQDOO\� D UHZDUG LV JLYHQ EDVHG RQ
WKH�UHVXOW�RI�WKH�DFWLRQ�WDNHQ�E\�WKH�DJHQW��DQG�WKH�PRGHO�IXQFWLRQV�WR�PD[LPL]H�WKH�WRWDO�UHZDUG�HDUQHG�

)LJXUH����0DLQ�GLIIHUHQFHV�EHWZHHQ�VXSHUYLVHG��XQVXSHUYLVHG��DQG�UHLQIRUFHPHQW�OHDUQLQJ�

$ PDMRU EHQHILW RI 5/ LV WKH IDFW WKDW QR ODUJH GDWDVHWV DUH UHTXLUHG WR WUDLQ WKH PRGHO� 7KLV FDQ EH TXLWH
DGYDQWDJHRXV WR WKH UHDO�OLIH VHWWLQJ RI HQHUJ\ RSWLPL]DWLRQ LQ H[LVWLQJ GZHOOLQJV VLQFH LW UHPRYHV WKH QHHG
IRU D ORQJ GDWD FROOHFWLRQ SHULRG IRU HDFK LQGLYLGXDO EXLOGLQJ� ,QVWHDG� LGHDOO\� D UHLQIRUFHPHQW OHDUQLQJ
PRGHO ZRXOG EH DEOH WR UHDG WKH FXUUHQW WHPSHUDWXUHV LQ WKH EXLOGLQJ WR PDNH D GHFLVLRQ DERXW DQ DFWLRQ�
PHDVXUH WKH DFWXDO UHVXOWLQJ WHPSHUDWXUH DIWHU WKH DFWLRQ KDV EHHQ WDNHQ� PDNH D QHZ GHFLVLRQ DIWHU WKDW�
DQG VR IRUWK� +RZHYHU� VLQFH D UHDO�OLIH WHVWLQJ HQYLURQPHQW FRXOG QRW EH VHW XS ZLWKLQ WKH OHQJWK RI WKLV
VWXG\��D�SUHGLFWLRQ�RI�UHVXOWLQJ�WHPSHUDWXUHV�LV�PDGH�LQVWHDG�

,Q WKH DEVHQFH RI D UHDO�OLIH WHVWLQJ HQYLURQPHQW� WHPSHUDWXUH SUHGLFWLRQV DUH UHTXLUHG IRU WKH
UHLQIRUFHPHQW OHDUQLQJ PRGHOV WR EH WUDLQHG LQ D FXVWRP UHLQIRUFHPHQW OHDUQLQJ HQYLURQPHQW� ,Q WKLV
WKHVLV� WKH FXVWRP HQYLURQPHQW GHILQHV KRZ WKH LQGRRU WHPSHUDWXUH RI WKH KRXVH FKDQJHV EDVHG RQ WKH
GHFLVLRQV PDGH E\ WKH 5/ DJHQW� 6SHFLILFDOO\� RQFH WKH PRGHO GHFLGHV ZKHWKHU WKH KHDWLQJ V\VWHP VKRXOG
EH RQ RU RII� WKH VWDWH ZLWKLQ WKH HQYLURQPHQW LV XSGDWHG ZLWK D QHZ LQGRRU WHPSHUDWXUH� 7KHUHIRUH� WR ILQG
WKHVH QHZ WHPSHUDWXUHV� GLIIHUHQW QHXUDO QHWZRUNV WKDW SUHGLFW UHVXOWLQJ LQGRRU WHPSHUDWXUHV ZHUH EXLOW�

�



+RZHYHU� LW LV LPSRUWDQW WR QRWH WKDW WKHVH QHXUDO QHWZRUNV DUH QRW LQKHUHQWO\ D SDUW RI UHLQIRUFHPHQW
OHDUQLQJ PRGHOV� EXW DUH RQO\ XVHG LQ WKLV VWXG\ WR VXEVWLWXWH IRU OLYH WHPSHUDWXUH UHDGLQJV RU FRPSOH[
WHPSHUDWXUH�PRGHOLQJ�

)LQDOO\� WR LQFUHDVH WKH RSWLPL]DWLRQ RI 5/ PRGHOV� GHHS UHLQIRUFHPHQW OHDUQLQJ �'5/� LV DSSOLHG� 7KLV
PHDQV WKDW WKH GHHS OHDUQLQJ SURFHVV LV DGGLWLRQDOO\ EXLOW LQWR WKH 5/ PRGHO LWVHOI DQG LPSDFWV KRZ WKH
DJHQW GHFLGHV RQ WKH QH[W DFWLRQ� %\ XVLQJ D QHXUDO QHWZRUN WR HVWLPDWH ZKLFK DFWLRQ PD[LPL]HV WKH
UHZDUG��WKH�'5/�DJHQW�LV�DEOH�WR�GHWHUPLQH�RSWLPDO�DFWLRQV�

7KH GDWD WKDW ZLOO KHOS JXLGH WKH SUHGLFWLRQV LQ WKH FXVWRP HQYLURQPHQW ZDV FROOHFWHG E\ VHQVRU VWULSV
PRXQWHG LQ D UHVLGHQWLDO KRPH LQ /XQG� 6ZHGHQ� 7KHVH VHQVRUV ZHUH SURGXFHG E\ 6HQVDWLYH $%� DQG WKH
GDWD KDYH EHHQ FROOHFWHG DQG SURYLGHG E\ WKH FRPSDQ\ DV ZHOO� 7KH VHQVRU VWULSV DUH DWWDFKHG WR NH\
SRLQWV ERWK LQGRRUV DQG RXWGRRUV� DQG FRPPXQLFDWH XVLQJ HLWKHU /RQJ 5DQJH :LGH $UHD 1HWZRUN
�/R5D:$1��RU�=�ZDYH�WHFKQRORJ\�

����2ULJLQDO�'DWDVHW
7KH GDWD XVHG LQ WKLV VWXG\ DUH ODUJHO\ JDWKHUHG E\ VHQVRUV LQ D VLQJOH GZHOOLQJ KRPH� 7KH RULJLQDO GDWDVHW
ZDV SURYLGHG E\ 6HQVDWLYH $%� LQ ZKLFK KRXUO\ REVHUYDWLRQV ZHUH WDNHQ EHWZHHQ 2FWREHU ��� ����� WR
$SULO ��� ����� IRU D WRWDO RI ������ REVHUYDWLRQV �D WRWDO RI ��� GD\V� RYHU WKH SHULRG RI �� PRQWKV� 7KH
YDULDEOHV�IURP�WKH�RULJLQDO�GDWDVHW�DUH�OLVWHG�LQ�7DEOH���EHORZ�

9DULDEOH 'HVFULSWLRQ

'DWH�	�7LPH 'DWH�DQG�WLPH�RI�HDFK�KRXUO\�REVHUYDWLRQ

2XWGRRU�WHPSHUDWXUH�PHDVXUHG�E\�VHQVRU 7KH�KRXUO\�RXWGRRU�WHPSHUDWXUH�LQ��&��PHDVXUHG�E\�WKH
RXWGRRU�VHQVRU

2XWGRRU�WHPSHUDWXUH�IURP�WKH�ZHDWKHU�VHUYLFH 7KH�KRXUO\�RXWGRRU�WHPSHUDWXUH�LQ��&��SURYLGHG�E\�WKH
6ZHGLVK�ZHDWKHU�VHUYLFH��60+,�

+HDWLQJ�VZLWFK�VWDWXV 3URSRUWLRQ�RI�KRXU�WKDW�WKH�KHDWLQJ�V\VWHP�ZDV�WXUQHG
RQ

%DWKURRP��$P\¶V�URRP��NLWFKHQ��/LQH¶V�URRP��JXHVW
URRP��OLYLQJ�URRP��HQWUDQFH�WHPSHUDWXUHV

7KH�KRXUO\�LQGRRU�WHPSHUDWXUH�SHU�URRP�LQ�WKH�KRXVH�LQ
�&

(OHFWULFLW\�SULFH 7KH�KRXUO\�SULFH�RI�HOHFWULFLW\�LQ�(XUR�0:K

&XPXODWLYH�HOHFWULFLW\�FRQVXPSWLRQ 7KH�YDOXH�WDNHQ�IURP�WKH�FRQVXPSWLRQ�PHWHU�DW�WKDW
KRXU��PHDVXUHG�LQ�N:K

7DEOH����9DULDEOHV�RI�WKH�RULJLQDO�GDWDVHW�IURP�6HQVDWLYH�$%�

7KH GDWD KDYH EHHQ FOHDQHG DQG WUDQVIRUPHG IRU IXUWKHU DQDO\VLV� 7KH KHDWLQJ VZLWFK VWDWXV KDV EHHQ
FKDQJHG WR WKH ELQDU\ YDULDEOH IRUPDW IURP WKH RULJLQDO GHFLPDO YDOXH� ,Q DGGLWLRQ� WKH DYHUDJH RI DOO
VHYHQ LQGRRU WHPSHUDWXUH VHQVRU YDOXHV KDV EHHQ FDOFXODWHG WR KDYH RQH RYHUDOO LQGRRU WHPSHUDWXUH YDOXH

�



IRU WKH EXLOGLQJ� 7KLV FRQGHQVHG IRUP RI WKH GDWDVHW ZDV XVHG IRU WUDLQLQJ QHXUDO QHWZRUNV WKDW ZHUH
UHVSRQVLEOH�IRU�XSGDWLQJ�WKH�UHVXOWLQJ�WHPSHUDWXUH�LQ�WKH�FXVWRP�HQYLURQPHQW�

����5HVHDUFK�'HVLJQ�DQG�0RGHO�6WUXFWXUH
7KH DLP RI WKLV VWXG\ LV WR H[SORUH ZKHWKHU D GHHS UHLQIRUFHPHQW PRGHO FDQ EH EXLOW WR RSWLPL]H HQHUJ\
FRVWV ZKLOH PDLQWDLQLQJ D FRPIRUWDEOH LQGRRU WHPSHUDWXUH� 7KXV� WKH PDLQ UHVHDUFK TXHVWLRQ LV WKH
IROORZLQJ�

54��&DQ�D�GHHS�UHLQIRUFHPHQW�PRGHO�ORZHU�WKH�HQHUJ\�FRVW�RI�D�KRXVHKROG"

7KH PRGHO SURSRVHG WR DGGUHVV WKLV UHVHDUFK TXHVWLRQ FRQVLVWV RI VHYHUDO FRPSRQHQWV WKDW DUH LOOXVWUDWHG LQ
)LJXUH �� 7KH PDLQ DVSHFW RI WKH PRGHO LV WKH GHHS UHLQIRUFHPHQW OHDUQLQJ HOHPHQW GHSLFWHG LQ EOXH�
ZKHUHLQ WKH DJHQW VWULYHV WR ILQG WKH RSWLPDO DFWLRQV WR WDNH ZLWKLQ D JLYHQ HQYLURQPHQW WR PD[LPL]H WKH
UHZDUG� 7KH QHXUDO QHWZRUN IRU LQGRRU WHPSHUDWXUH HVWLPDWLRQ LV D VHSDUDWH HOHPHQW WKDW SOD\V D UROH RI D
³KRXVH´�VLPXODWRU�LQ�XSGDWLQJ�WKH�'5/�HQYLURQPHQW��EXW�LV�QRW�DQ�LQKHUHQW�SDUW�RI�WKH�'5/�PRGHO�

)LJXUH����$�YLVXDOL]DWLRQ�RI�KRZ�HDFK�FRPSRQHQW�LQ�WKH�HQWLUH�PRGHO�LQWHUDFWV�ZLWK�HDFK�RWKHU��1RWLFH�WKDW
WKH�QHXUDO�QHWZRUN�IRU�WHPSHUDWXUH�HVWLPDWLRQ�H[LVWV�RXWVLGH�RI�WKH�UHLQIRUFHPHQW�PRGHO��DQG�LV�QRW

LQKHUHQWO\�D�SDUW�RI�WKH�5/�PHWKRG�

�



����$LP�DQG�&RQWULEXWLRQ�WR�.QRZOHGJH
0DQ\ VWXGLHV WKDW IRFXV RQ HQHUJ\ FRVW RSWLPL]DWLRQ XVH VRIWZDUH�EDVHG EXLOGLQJ VLPXODWRUV WR GHWHUPLQH
PHWKRGV IRU HQHUJ\ UHGXFWLRQ� +RZHYHU� DSDUW IURP EHLQJ FRVWO\� WKHVH PHWKRGV UHTXLUH WKH NQRZOHGJH RI
D PXOWLWXGH RI SDUDPHWHUV LQ RUGHU WR FUHDWH D SURSHU WKHUPRG\QDPLF PRGHO� ,Q DGGLWLRQ� VXFK PRGHOV
RIWHQ IRFXV RQ KRZ WKH EXLOGLQJ ZDV RULJLQDOO\ SODQQHG WR RSHUDWH DQG PD\ QRW UHIOHFW UHDO�OLIH XVDJH�
7KHUHIRUH� WKLV VWXG\ ZLOO FRQWULEXWH WR WKH ERG\ RI NQRZOHGJH E\ SURSRVLQJ WKH XVH RI KLVWRULFDO VHQVRU
GDWD DQG QHXUDO QHWZRUNV IRU WKH VLPXODWLRQ RI WKH WKHUPRG\QDPLFV EHKDYLRU RI WKH EXLOGLQJ� 7KH XVH RI
VHQVRU GDWD ZLOO DOORZ IRU FRVW UHGXFWLRQ VLQFH WKH GDWD FDQ EH FROOHFWHG PXFK HDVLHU DQG ZLOO HQDEOH D
IDVWHU�VHWXS�WKDW�ZRXOG�SURYLGH�WKH�UHTXLUHG�VFDODELOLW\�

)XUWKHUPRUH� WKLV VWXG\ ZLOO DGRSW WKH PRGHO�IUHH DSSURDFK WR HQHUJ\ RSWLPL]DWLRQ E\ XVLQJ GHHS
UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV� ZKLFK W\SLFDOO\ UHTXLUH QR KLVWRULFDO GDWD IRU WKH DJHQWV WR EH WUDLQHG�
7KH PDLQ FRQWULEXWLRQ LQ WKLV DVSHFW LV WKH SURSRVHG K\EULG PHWKRG ZKHUH WKH DJHQW LV WUDLQHG LQ WKH
FXVWRP UHLQIRUFHPHQW OHDUQLQJ HQYLURQPHQW WKDW LV LQGLUHFWO\ SURYLGHG ZLWK KLVWRULFDO VHQVRU GDWD� 6XFK D
K\EULG DSSURDFK KHOSV WR RYHUFRPH WKH REVWDFOH RI QRW KDYLQJ DFFHVV WR WKH UHDO�OLIH EXLOGLQJ RU VLPXODWLRQ
ZKHUH�WKH�FKDQJHV�LQ�WKH�FRQGLWLRQV�FDQ�EH�REVHUYHG�LQ�UHDO�WLPH�

����5HVXOWV
)RU WKH KRXVH VWXGLHG LQ WKLV WKHVLV� WKH KHDWLQJ V\VWHP LV NQRZQ WR FRQVXPH ��N:K SHU KRXU ZKHQ WKH
V\VWHP LV RQ� 8QGHU WKLV DVVXPSWLRQ� WKURXJKRXW WKH OHQJWK RI WKH VWXGLHG KHDWLQJ SHULRG� ZKLFK ZDV
2FWREHU ���� WR $SULO ����� WKH WRWDO FRVW RI HOHFWULFLW\ ZDV ¼������ 8VLQJ WKH ILQDO '5/ PRGHOV� WKH
DYHUDJH WRWDO FRVW RI HOHFWULFLW\ ZDV UHGXFHG WR ¼������ 7KLV LQGLFDWHV WKDW WKH PRGHO ZDV DEOH WR SURGXFH
DQ�RYHUDOO�FRVW�VDYLQJ�RI�DSSUR[LPDWHO\�����

����6HFWLRQ�2XWOLQH
7KH VXEVHTXHQW VHFWLRQV ZLOO LQFOXGH WKH IROORZLQJ� 6HFWLRQ � H[SORUHV H[LVWLQJ OLWHUDWXUH WKDW LV UHOHYDQW
WR WKH WKHRUHWLFDO DQG PHWKRGRORJLFDO DVSHFWV RI WKLV VWXG\� 6HFWLRQ � GHWDLOV WKH HPSLULFDO VHWWLQJ DQG
RYHUDOO UHVHDUFK GHVLJQ� 6HFWLRQ � H[SODLQV WKH UHVXOWV IURP WKH '5/ PRGHO� 6HFWLRQ � GLVFXVVHV WKHVH
UHVXOWV ZLWK WKH UHIHUHQFH WR WKH DIRUHPHQWLRQHG OLWHUDWXUH� 6HFWLRQ � SURYLGHV D VXPPDU\ DQG FRQFOXVLRQ
RI�WKH�WKHVLV��DV�ZHOO�DV�VRPH�OLPLWDWLRQV�RI�WKLV�VWXG\�

�



���/LWHUDWXUH�5HYLHZ�DQG�7KHRUHWLFDO�)UDPHZRUN
(QHUJ\ XVDJH PRGHOLQJ KDV EHHQ D ZHOO�VWXGLHG ILHOG� ZKHWKHU ZLWK WKH LQWHQWLRQ RI UHGXFLQJ FRVWV RU
FRQVXPSWLRQ� 7KH PHWKRGRORJLHV KDYH HYROYHG ZLWK WKH WHFKQRORJLFDO FDSDELOLWLHV RI WKH ILHOG� UHDFKLQJ
QHZ SRVVLELOLWLHV ZLWK WKH FXUUHQW VWDWH�RI�WKH�DUW� 7KH UHVHDUFK GHVLJQ SURSRVHG LQ WKLV SDSHU LV EDVHG RQ
KLVWRULFDO VHQVRU GDWD� QHXUDO QHWZRUNV IRU WHPSHUDWXUH SUHGLFWLRQV� DQG GHHS UHLQIRUFHPHQW OHDUQLQJ
DOJRULWKPV���DOO�GLIIHUHQW�WHFKQRORJLFDO�DVSHFWV�WKDW�KDYH�GHYHORSHG�WR�WKHLU�FXUUHQW�IRUP�RYHU�WKH�\HDUV�

����'DWD�JDWKHULQJ�0HWKRGV
+LVWRULFDOO\� WKH FDOFXODWLRQ RI HQHUJ\ RSWLPL]DWLRQ KDV EHHQ FRQGXFWHG XVLQJ IRUPXODV IRU KHDWLQJ DQG
FRROLQJ� XVDJH FXUYHV� DQG FRVW IXQFWLRQV �/|I 	 7\ERXW� ����� ZLWK GDWD OHVV JUDQXODU WKDQ ZKDW LV
DYDLODEOH WRGD\� 7KH ODFN RI XELTXLW\ RI VHQVRUV PHDQW WKDW GDWD KDG WR EH FROOHFWHG PRUH PDQXDOO\�
$GGLWLRQDOO\� SURFHVVHV VXFK DV UHFRUGLQJ KRXUO\ LQGRRU DQG RXWGRRU WHPSHUDWXUHV ZRXOG WDNH D ORW PRUH
PDQ�KRXUV DQG FRXOG SRWHQWLDOO\ FRQWDLQ KXPDQ HUURUV DQG LUUHJXODULWLHV� 7KLV PHDQW WKDW PDQ\ VWXGLHV
ZHUH�EDVHG�RQ�VLPXODWHG�GDWD��SURGXFHG�XVLQJ�EXLOGLQJ�VSHFLILFDWLRQV�

7KH XVDJH RI VLPXODWHG GDWD ZDV ULIH ZLWK LPSHUIHFWLRQV� GXH WR LQSXW YDULDEOHV EHLQJ OHVV WDLORUHG IRU
UHDO�ZRUOG XVDJH SDWWHUQV� DQG PRUH IRU HQJLQHHULQJ� DUFKLWHFWXUDO QHHGV� RU UHJXODWRU\ FHUWLILFDWLRQ� 0DQ\
SDSHUV VRXJKW WR LPSURYH WKH SURFHVV RI FUHDWLQJ VLPXODWHG HQHUJ\ XVDJH PRGHOV �(LVHQKRZHU HW DO��
������ LQFOXGLQJ ZKDW NLQG RI YDULDEOHV ZRXOG EH QHFHVVDU\ WR FUHDWH D PRUH UHDOLVWLF VLPXODWLRQ� 7RGD\� D
ODUJH QXPEHU RI VWXGLHV XVH (QHUJ\3OXV� D VRIWZDUH VSHFLILFDOO\ EXLOW IRU ZKROH�EXLOGLQJ HQHUJ\ PRGHOLQJ
�%(0�� ZKLFK XVHV KXQGUHGV RI LQSXWV WR SURYLGH VLPXODWHG GDWD� DQG PRGHOV HQHUJ\ FRQVXPSWLRQ EDVHG
RQ�SK\VLFV�EDVHG�HTXDWLRQV�

7KRXJK PDQ\ VWXGLHV VWLOO XVH VLPXODWHG GDWD� WKH\ DUH RIWHQ EDVHG RQ GDWD JDWKHUHG E\ VHQVRUV LQ WKH ILUVW
SODFH �/LVVD HW DO�� ������ $V WKH FRVW RI VHQVRUV GHFUHDVHG� WKHLU SUROLIHUDWLRQ EHFDPH PRUH ZLGHVSUHDG�
DQG LW KDV EHFRPH HDVLHU WR JDWKHU UHDOLVWLF GDWD� 5HVHDUFK KDV VKRZQ WKDW HYHQ FKDQJLQJ WKH SODFHPHQW RI
VHQVRUV FRXOG OHDG WR EHWWHU HQHUJ\ RSWLPL]DWLRQ DQG WKDW DXWRPDWHG FRQWURO RI EXLOGLQJ HOHPHQWV EDVHG RQ
KXPDQ EHKDYLRU LV VXFFHVVIXO LQ ORZHULQJ HQHUJ\ FRQVXPSWLRQ �6HPEURL] HW DO�� ������ 6LPLODUO\� WKLV
WKHVLV XVHV KLVWRULFDO VHQVRU GDWD LQVWHDG RI SXUHO\ VLPXODWHG GDWD WR PRGHO WKH WKHUPRG\QDPLFV EHKDYLRU
RI�WKH�EXLOGLQJ�ZLWKRXW�FRPSOH[�SK\VLFDO�FKDUDFWHULVWLFV�

����0RGHO�EDVHG�YV��0RGHO�IUHH�$SSURDFKHV
7KH FRVW RI ,R7 GHYLFHV KDV EHHQ GHFUHDVLQJ� PDNLQJ WKHP PRUH DIIRUGDEOH DQG DYDLODEOH IRU KRXVHKROG
XVH� PDNLQJ D UHJXODU KRPH �VPDUW�� 7KXV� JUHDWHU XVDJH RI VXFK GHYLFHV DOORZHG IRU PRUH DFFXUDWH DQG
WLPHO\ GDWD FROOHFWLRQ RI GLIIHUHQW GDWD SRLQWV LQ WKH KRXVHKROG� ZKLFK LQ WXUQ� HQFRXUDJHG PRUH UHVHDUFK
JURXSV WR XWLOL]H WKH FROOHFWHG GDWD WR DGGUHVV GLIIHUHQW RSWLPL]DWLRQ SUREOHPV� %HWWHU GDWD FROOHFWLRQ
URXWLQHV DORQJVLGH WKH JURZLQJ GRPDLQ RI NQRZOHGJH LQ GLIIHUHQW PDFKLQH OHDUQLQJ WHFKQLTXHV KDV
UHVXOWHG LQ LQFUHDVHG LQWHUHVW LQ DSSO\LQJ DGYDQFHG PDFKLQH OHDUQLQJ WHFKQLTXHV IRU HQHUJ\ PDQDJHPHQW�
ZKLFK DOORZHG IRU EHWWHU UHVXOWV LQ WHUPV RI HQHUJ\ VDYLQJV FRPSDUHG WR PDQXDOO\ FRQWUROOHG PHWKRGV
�6HPEURL]�HW�DO���������

��



2YHUDOO� WKH H[LVWLQJ VWXGLHV RQ HQHUJ\ FRVW DQG HQHUJ\ FRQVXPSWLRQ RSWLPL]DWLRQ W\SLFDOO\ IDOO LQWR RQH RI
WKH WZR FDWHJRULHV� RQHV WKDW IROORZ D PRGHO�EDVHG DSSURDFK DQG WKH RWKHUV WKDW WDNH D PRGHO�IUHH
DSSURDFK� $V <X HW DO� ������ H[SODLQ� WKH PRGHO�EDVHG DSSURDFK LV FUHDWHG XVLQJ WKH LQIRUPDWLRQ DERXW
WKH WKHUPDO G\QDPLFV RI WKH EXLOGLQJ HQYLURQPHQW� ZKLFK UHTXLUHV FUHDWLQJ D PRGHO RI WKH EXLOGLQJ
V
WKHUPDO G\QDPLFV� 2Q WKH RWKHU KDQG� D PRGHO�IUHH DSSURDFK FDQ EH SXUVXHG ZLWKRXW WKH FRPSOH[ GDWD
UHTXLUHG IRU EXLOGLQJ D WKHUPRG\QDPLF PRGHO� &RPSDUHG WR WKH PRGHO�EDVHG DSSURDFK� WKH PRGHO�IUHH
DSSURDFK RYHUFRPHV WKH FKDOOHQJH RI GHYHORSLQJ D FRPSOH[ DQG FRVWO\ WKHUPDO G\QDPLFV PRGHO RI WKH
EXLOGLQJ VLQFH WKH PDFKLQH OHDUQLQJ DOJRULWKP FDQ EH FRQVWUXFWHG ZLWKRXW WKLV LQIRUPDWLRQ �<X HW DO��
������ 7KXV� ZLWK UHFHQW DGYDQFHPHQWV LQ PDFKLQH OHDUQLQJ WHFKQLTXHV� IXUWKHU ZLGHVSUHDG XVH RI
PRGHO�IUHH�DSSURDFKHV�FDQ�EH�H[SHFWHG�

9DULRXV PRGHO�EDVHG PRGHOLQJ PHWKRGV KDYH EHHQ LPSOHPHQWHG ZLWK WKH LQWHQWLRQ RI PLQLPL]LQJ FRVW RU
HQHUJ\ FRQVXPSWLRQ� (LVHQKRZHU HW DO� ������ IRXQG WKDW XVLQJ D 6XSSRUW 9HFWRU 0DFKLQH ZLWK D *DXVVLDQ
NHUQHO� D ��� DQQXDO HQHUJ\ UHGXFWLRQ FRXOG EH DFKLHYHG� $QRWKHU VWXG\ XVHG 5DQGRP )RUHVWV WR VDYH
����� LQ FRROLQJ HQHUJ\ XVHG �%�QQLQJ HW DO�� ������ 7KH SDUWLFOH VZDUP RSWLPL]DWLRQ PHWKRG LV DOVR
ZLGHO\ XVHG LQ WKLV GRPDLQ� ZLWK RQH VWXG\ DFKLHYLQJ ��� LQ +9$& HQHUJ\ VDYLQJV �%DUEHU 	 .UDUWL�
������ 6XIILFH WR VD\� WKHUH DUH PDQ\ DGYDQFHG PRGHO�EDVHG WHFKQLTXHV WKDW VKRZ VLJQLILFDQW UHVXOWV� EXW
WKH\ UHTXLUH WKH FROOHFWLRQ RI KXQGUHGV RI GDWD YDULDEOHV LQ RUGHU WR DFFXUDWHO\ PRGHO WKH EXLOGLQJ
EHKDYLRU�

2QH H[DPSOH RI D PRGHO�IUHH DSSURDFK LV UHLQIRUFHPHQW OHDUQLQJ� ,W FDQ EH FRQVLGHUHG D ³WULDO�DQG�HUURU´
PDFKLQH OHDUQLQJ PHWKRG VLQFH WKH UHLQIRUFHPHQW OHDUQLQJ DJHQW ³OHDUQV´ WKH RSWLPDO DFWLRQ VWUDWHJ\ E\
WU\LQJ YDULRXV DFWLRQV DQG WKHQ UHFHLYLQJ IHHGEDFN RQ WKH UHVXOWV �=KDQJ 	 /DP� ������ $V /LVVD HW DO�
������ IXUWKHU HODERUDWH� UHLQIRUFHPHQW OHDUQLQJ UHTXLUHV QR SULRU NQRZOHGJH RI WKH HQYLURQPHQW VLQFH WKH
DOJRULWKP FDQ OHDUQ WKH RSWLPDO SROLF\ E\ LQWHUDFWLQJ ZLWK WKH HQYLURQPHQW LWVHOI DQG WKHQ FKRRVLQJ
DFWLRQV EDVHG RQ SDVW H[SHULHQFHV� 0DUNRY GHFLVLRQ SURFHVV DQG LWV SURSHUWLHV DUH XVHG WR FUHDWH D PRGHO
RI WKH HQYLURQPHQW �0DVRQ 	 *ULMDOYD� ������ 2QFH WKH DJHQW OHDUQV KRZ WR GHFLGH RQ WKH EHVW DFWLRQ WR
WDNH IRU D JLYHQ VWDWH EDVHG RQ WKH UHZDUG IXQFWLRQ� WKH RSWLPDO SROLF\ LV FRQVWUXFWHG� /LVVD HW DO� ������
IXUWKHU OLQN UHLQIRUFHPHQW OHDUQLQJ DQG HQHUJ\ PDQDJHPHQW E\ VXJJHVWLQJ WKDW WKH UHZDUGV VWUXFWXUH FRXOG
EH EDVHG RQ SHUIRUPLQJ FHUWDLQ DFWLRQV ZKHQ WKH FRQGLWLRQV RI WKH HQYLURQPHQW DUH IDYRUDEOH� VXFK DV
ZKHQ WKH FRVW RI HQHUJ\ LV ORZ� 7KLV DSSURDFK FRXOG KHOS UHGXFH FRVWV DV PXFK DV SRVVLEOH ZLWKLQ WKH VHW
ERXQGDU\�RI�WKH�FRPIRUWDEOH�LQGRRU�WHPSHUDWXUHV�

0RGHO�IUHH DSSURDFKHV RIIHU JUHDW IOH[LELOLW\ ZKHQ WKH HQWLUH PRGHO RI WKH HQYLURQPHQW LV QRW DYDLODEOH�
KRZHYHU� UHLQIRUFHPHQW OHDUQLQJ�EDVHG PHWKRGV DW WLPHV FDQ EH XQVWDEOH �<X HW DO�� ������ 7KLV LVVXH KDV
EHHQ KDQGOHG E\ FRPELQLQJ UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV ZLWK GHHS QHXUDO QHWZRUNV� ZKLFK UHVXOWHG
LQ JUHDWHU HIILFDF\ RI 5/ PHWKRGV WR DQ H[WHQW WKDW WKH\ DUH QRZ XVHG LQ WDVNV LQYROYLQJ FRPSXWHU YLVLRQ
DQG VHOI�GULYLQJ FDUV �0DVRQ 	 *ULMDOYD� ������ 6XFK D FRPELQDWLRQ RI UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV
ZLWK GHHS QHXUDO QHWZRUNV LV FDOOHG GHHS UHLQIRUFHPHQW OHDUQLQJ �'5/�� ,Q '5/� D GHHS OHDUQLQJ PRGHO
DFWV DV D IXQFWLRQ DSSUR[LPDWRU IRU WKH UHLQIRUFHPHQW OHDUQLQJ DJHQW �=KDQJ 	 /DP� ������ ,QWHUHVWLQJO\�
GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV EHFDPH PRUH ZLGHVSUHDG DIWHU 0QLK HW DO� ������ VXFFHVVIXOO\
SUHVHQWHG WKHLU DELOLW\ WR SOD\ WKH $WDUL YLGHR JDPHV DW WKH KXPDQ OHYHO �=KDQJ 	 /DP� ������ ,Q DGGLWLRQ�
GXH WR LWV IOH[LELOLW\ DQG HIILFLHQF\ RYHU WUDGLWLRQDO PRGHO�EDVHG DSSURDFKHV� PRUH UHVHDUFK LV JRLQJ WR EH
IRFXVHG RQ UHLQIRUFHPHQW OHDUQLQJ DQG LWV DSSOLFDWLRQV� DV LV LQ WKH FDVH ZLWK DXWRQRPRXV EXLOGLQJ HQHUJ\

��



PDQDJHPHQW� ZKHUH GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV DUH H[SHFWHG WR NHHS JURZLQJ �0DVRQ 	
*ULMDOYD� ������ 7KXV� LW FDQ EH FRQFOXGHG WKDW GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV KDYH D ORW RI
SRWHQWLDO�ZKHQ�LW�FRPHV�WR�VROYLQJ�HQHUJ\�RSWLPL]DWLRQ�SUREOHPV�RI�GLIIHUHQW�NLQGV�

)XUWKHUPRUH� VSHFLILF WR WKLV WKHVLV
V SXUVXLWV� WKH XVH RI KLVWRULFDO GDWD ZDV PRWLYDWHG E\ WKH UHVHDUFK
FRQGXFWHG E\ 1DWDOH HW DO� ������� ZKHUH WKH QHXUDO QHWZRUNV ZHUH XVHG WR FUHDWH D VLPXODWLRQ
HQYLURQPHQW� LQ ZKLFK GHHS UHLQIRUFHPHQW OHDUQLQJ DJHQWV ZHUH WUDLQHG WR FRQWURO WKH WHPSHUDWXUH RI D
EXLOGLQJ ]RQH� 7KH UHVHDUFKHUV
 PHWKRG GHSHQGHG H[FOXVLYHO\ RQ SDVW KLVWRULFDO GDWD� ZKLFK ZDV XVHG WR
ILW SK\VLFDOO\ FRQVLVWHQW QHXUDO QHWZRUNV WKDW WKHQ XSGDWHG WKH UHLQIRUFHPHQW OHDUQLQJ PRGHO¶V
HQYLURQPHQW� 7KLV DOORZHG WKHP WR DYRLG WKH FRPSOH[ GHVLJQ VWDJH RI SK\VLFV�EDVHG PHWKRGV ZKLOH
UHPDLQLQJ SK\VLFDOO\ FRQVLVWHQW ZLWK UHVSHFW WR WKH FRQWURO LQSXWV �1DWDOH HW DO�� ������ 6LPLODUO\� WKLV
WKHVLV XVHV QHXUDO QHWZRUNV WR VLPXODWH WKH WKHUPRG\QDPLFV EHKDYLRU RI WKH GZHOOLQJ� ZKLFK LV WKHQ XVHG
LQ�D�FXVWRP�UHLQIRUFHPHQW�OHDUQLQJ�HQYLURQPHQW�

����3HUIRUPDQFH�6WXGLHV�%DVHG�RQ�'HHS�5HLQIRUFHPHQW�/HDUQLQJ
,Q WKH FRQWH[W RI DXWRQRPRXV EXLOGLQJ HQHUJ\ PDQDJHPHQW� 4�OHDUQLQJ KDV EHFRPH RQH RI WKH PRVW
ZLGHVSUHDG UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV EHFDXVH RI LWV FRQYHQLHQW SURSHUWLHV RI EHLQJ RII�SROLF\ DQG
PRGHO�IUHH �0DVRQ 	 *ULMDOYD� ������ 7KLV DOORZV 4�OHDUQLQJ DOJRULWKPV WR ILQG WKH EHVW FRXUVH RI DFWLRQ
JLYHQ WKH FXUUHQW VWDWH LQGHSHQGHQWO\ RI WKH DJHQW
V DFWLRQV VLQFH WKLV LV DQ RII�SROLF\ OHDUQLQJ SURFHVV� $V
/LVVD HW DO� ������ UHPDUN� LQ WKH UHDO�ZRUOG VFHQDULRV ZLWK VFDUFH LQIRUPDWLRQ DERXW WKH HQYLURQPHQW� WKH
4�OHDUQLQJ PHWKRG FDQ EH XVHIXO EHFDXVH RI LWV FDSDELOLW\ RI PDNLQJ SUHGLFWLRQV LQFUHPHQWDOO\� ,Q
4�OHDUQLQJ� WKH YDOXHV RI HDFK VWDWH�DFWLRQ SDLU DUH H[SUHVVHG LQ D WDEOH FDOOHG D 4�WDEOH� \HW WKHUH LV D
VFDODELOLW\ LVVXH ZLWK WKLV DSSURDFK ZKHQ WKH QXPEHU RI VWDWHV DQG DFWLRQV LQFUHDVHV �0DVRQ 	 *ULMDOYD�
������ ,Q RUGHU WR DGGUHVV VXFK OLPLWDWLRQV� D FRPPRQ VROXWLRQ LV WR UHSODFH WKH 4�WDEOH ZLWK D IXQFWLRQ
DSSUR[LPDWRU� VXFK DV D QHXUDO QHWZRUN� DV ZDV GHVFULEHG LQ WKH '5/ PHWKRG� 7KH LQSXW WR WKH QHXUDO
QHWZRUN LQ WKLV FDVH LV WKH VWDWH RI WKH HQYLURQPHQW DQG WKH RXWSXW LV WKH 4�YDOXH IRU HDFK DFWLRQ� 7KXV� WKH
XVH RI QHXUDO QHWZRUNV DOORZV IRU VFDODELOLW\ DQG HIILFLHQF\ ZKHQ KDQGOLQJ SDUWLFXODUO\ ODUJH VWDWH VSDFHV
�0DVRQ�	�*ULMDOYD��������

$V YDULRXV UHVHDUFK SDSHUV VXJJHVW� RQH RI WKH DUHDV RI EXLOGLQJ HQHUJ\ PDQDJHPHQW� LQ ZKLFK
UHLQIRUFHPHQW OHDUQLQJ KDV EHHQ VXFFHVVIXOO\ XVHG LV KHDWLQJ� YHQWLODWLRQ� DQG DLU FRQGLWLRQLQJ �+9$&�
FRQWURO� ,Q WKHLU RYHUYLHZ RI UHFHQW OLWHUDWXUH RQ HQHUJ\ PDQDJHPHQW IRFXVHG RQ +9$&� 0DVRQ 	
*ULMDOYD ������ RXWOLQH WKDW WKH W\SLFDO HQYLURQPHQW VWDWHV IRU WKH UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV
LQFOXGH IDFWRUV OLNH WLPH RI GD\� RXWGRRU WHPSHUDWXUH� LQGRRU WHPSHUDWXUH� ZHDWKHU IRUHFDVW� DQG
RFFXSDQF\� DQG W\SLFDO UHLQIRUFHPHQW OHDUQLQJ DFWLRQV LQFOXGH WHPSHUDWXUH VHW SRLQWV� DLUIORZ FRQWURO� DQG
KHDWLQJ RU FRROLQJ FRQWURO� ,Q DGGLWLRQ� WKH UHZDUGV DUH W\SLFDOO\ FRPSXWHG EDVHG RQ HQHUJ\ FRVW� WKHUPDO
FRPIRUW��RU�WKHLU�FRPELQDWLRQ��0DVRQ�	�*ULMDOYD��������

2QH H[DPSOH RI KRZ 4�OHDUQLQJ FDQ EH DSSOLHG WR WKH RSWLPL]DWLRQ RI +9$& V\VWHPV FDQ EH IRXQG LQ WKH
VWXG\ FRQGXFWHG E\ &KHQ HW DO� ������� ZKHUH D PRGHO�IUHH 4�OHDUQLQJ DSSURDFK ZDV XWLOL]HG WR PDNH
RSWLPDO FRQWURO GHFLVLRQV IRU +9$& DQG ZLQGRZ V\VWHPV LQ RUGHU WR PLQLPL]H ERWK HQHUJ\ FRQVXPSWLRQ
DQG WKHUPDO GLVFRPIRUW� $IWHU FRQGXFWLQJ WKH UHOHYDQW FDVH VWXGLHV LQ 0LDPL DQG /RV $QJHOHV� WKH DXWKRUV
QRWHG D VXSHULRU SHUIRUPDQFH RI UHLQIRUFHPHQW OHDUQLQJ FRQWURO� 7KHLU PRGHO DFKLHYHG ��� DQG ���

��



ORZHU +9$& V\VWHP HQHUJ\ FRQVXPSWLRQ� DQG ��� DQG ��� ORZHU GLVFRPIRUW GHJUHH KRXUV FRPSDUHG WR
KHXULVWLF FRQWURO� ZKLFK UHTXLUHG NQRZLQJ WKH VSHFLILFDWLRQV RI LQGLYLGXDO EXLOGLQJV� 7R IXUWKHU LOOXVWUDWH
WKH LPSOHPHQWDWLRQ RI GHHS UHLQIRUFHPHQW OHDUQLQJ� LW LV QHFHVVDU\ WR KLJKOLJKW WKH ���� VWXG\ FRQGXFWHG
E\ :HL HW DO�� LQ ZKLFK WKH DXWKRUV XWLOL]HG DQ DUWLILFLDO QHXUDO QHWZRUN WR DSSUR[LPDWH WKH 4�YDOXH WKDW
HVWLPDWHV WKH FRQWURO DFWLRQV� 7KXV� WKH GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP DSSOLHG WR WKH GDWD�GULYHQ
+9$&�FRQWURO�UHVXOWHG�LQ�PRUH�HIIHFWLYH�FRVW�UHGXFWLRQ�WKDQ�WKH�FRQYHQWLRQDO�4�OHDUQLQJ�PHWKRG�

,Q DGGLWLRQ WR +9$& FRQWURO RSWLPL]DWLRQ SUREOHPV� UHLQIRUFHPHQW OHDUQLQJ FDQ EH DSSOLHG WR ZDWHU KHDWHU
RSWLPL]DWLRQ SUREOHPV DV ZHOO VLQFH WKH\ FRQVXPH D VLJQLILFDQW DPRXQW RI HQHUJ\ DV ZHOO� $V 0DVRQ 	
*ULMDOYD ������ SRLQW RXW� ZKHQ LW FRPHV WR WKH REMHFWLYH RI UHGXFLQJ HQHUJ\ FRVWV E\ FRQWUROOLQJ WKH
ZDWHU KHDWHU
V XVDJH� WKH W\SLFDO VWDWH YDULDEOHV LQFOXGH WKH WLPH RI GD\� FXUUHQW ZDWHU WHPSHUDWXUH� DQG
IRUHFDVWHG XVDJH� 7KH DFWLRQ WKDW WKH UHLQIRUFHPHQW OHDUQLQJ DJHQW PDNHV LV QRUPDOO\ WR WXUQ WKH KHDWHU RQ
RU�RII��DQG�WKH�UHZDUG�JLYHQ�WR�WKH�DJHQW�LV�WKH�HOHFWULFLW\�FRQVXPSWLRQ��0DVRQ�	�*ULMDOYD��������

,Q FRQWUDVW WR WKH SUHYLRXV PRGHO�IUHH DSSURDFKHV H[DPLQHG� LW LV LPSRUWDQW WR GLVFXVV WKH ���� VWXG\ GRQH
E\ .D]PL HW DO�� LQ ZKLFK D PRGHO�EDVHG UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP ZDV XVHG WR RSWLPL]H WKH
HQHUJ\ HIILFLHQF\ RI KRW ZDWHU SURGXFWLRQ� ,QWHUHVWLQJO\� LQ WKLV SDUWLFXODU VFHQDULR� D PRGHO�EDVHG
DSSURDFK ZDV XWLOL]HG VLQFH WKH PRGHO�IUHH FRQWUROOHUV ZRXOG QHHG PRUH GDWD WR DFKLHYH WKH VDPH
SHUIRUPDQFH OHYHO� 2YHUDOO� WKH DXWKRUV FRQFOXGHG WKDW D PRGHO�EDVHG FRQWUROOHU ZDV DEOH WR UHGXFH WKH
HQHUJ\ FRQVXPSWLRQ E\ DOPRVW ��� IRU D VHW RI �� 'XWFK KRXVHV ZLWK QR ORVV RI RFFXSDQW FRPIRUW� ZKLFK�
LI H[WUDSRODWHG WR D \HDU� KDV WKH SRWHQWLDO WR UHGXFH KRXVHKROG HQHUJ\ FRQVXPSWLRQ E\ XS WR ��� N:K
�.D]PL�HW�DO���������

,Q DGGLWLRQ WR GHDOLQJ ZLWK VWDQGDORQH SUREOHPV RI +9$& RU ZDWHU KHDWHU FRQWUROV� UHLQIRUFHPHQW OHDUQLQJ
PHWKRGV FDQ EH XVHG WR VROYH D FRPSOH[ VHW RI SUREOHPV UHODWHG WR WKH FRQWUROV RI WKH KRPH HQHUJ\
PDQDJHPHQW V\VWHPV� 6XFK V\VWHPV RIWHQ LQFOXGH PXOWLSOH DSSOLDQFHV� OLJKWLQJ� SKRWRYROWDLFV �39�� DQG
EDWWHULHV �0DVRQ 	 *ULMDOYD� ������ 2I FRXUVH� WKLV LV D PXFK PRUH FRPSOH[ UHLQIRUFHPHQW OHDUQLQJ
SUREOHP� LQ ZKLFK PXOWLSOH HOHPHQWV QHHG WR EH FRQVLGHUHG LQ RUGHU WR UHGXFH WKH RYHUDOO HQHUJ\
FRQVXPSWLRQ� 7KH VWDWHV IRU WKH UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP LQ WKLV FDVH JHQHUDOO\ FRQVLVW RI WKH WLPH
RI GD\� WHPSHUDWXUH LQIRUPDWLRQ� HOHFWULFLW\ SULFHV� JULG ORDG� DQG WKH FXUUHQW XVDJH VWDWH RI WKH YDULRXV
DSSOLDQFHV PHDQZKLOH WKH DFWLRQV DYDLODEOH DUH VLPLODU WR SUHYLRXVO\ GLVFXVVHG SUREOHPV� ZKLFK LV WXUQLQJ
D�GHYLFH�RU�DQ�DSSOLDQFH�LQ�WKH�V\VWHP�RQ�RU�RII��0DVRQ�	�*ULMDOYD��������

7KH XVH RI GHHS UHLQIRUFHPHQW OHDUQLQJ FDQ EH IXUWKHU LOOXVWUDWHG E\ WKH VWXG\ FRQGXFWHG E\ /LVVD HW DO�
������� LQ ZKLFK D '5/ DOJRULWKP ZDV XVHG IRU LQGRRU DQG GRPHVWLF KRW ZDWHU WHPSHUDWXUH FRQWURO ZLWK
WKH DLP RI UHGXFLQJ HQHUJ\ FRQVXPSWLRQ E\ RSWLPL]LQJ WKH XVDJH RI 39 HQHUJ\ SURGXFWLRQ� 7KH UHVXOWV RI
WKH VWXG\ GHPRQVWUDWHG WKDW WKH SURSRVHG GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP FRPELQHG ZLWK WKH
G\QDPLF VHWSRLQW DFKLHYHG RQ DYHUDJH �� RI HQHUJ\ VDYLQJV FRPSDUHG WR D UXOH�EDVHG DOJRULWKP� UHDFKLQJ
XS WR ��� RI VDYLQJV RYHU WKH VXPPHU SHULRG� ZLWKRXW FRPSURPLVLQJ WKH FRPIRUW WHPSHUDWXUHV �/LVVD HW
DO�� ������ 0RUHRYHU� WKH DXWKRUV RI WKH VWXG\ SRLQWHG RXW WKDW WKH UHQHZDEOH HQHUJ\ FRQVXPSWLRQ ZDV
���� KLJKHU IRU WKH GHHS UHLQIRUFHPHQW OHDUQLQJ PRGHO FRPSDUHG WR WKH UXOH�EDVHG� ZKLFK VXJJHVWHG WKDW
OHVV�HQHUJ\�ZDV�FRQVXPHG�IURP�WKH�JULG�

��



7R FRQFOXGH� WKHUH DUH DGGLWLRQDO UHVHDUFK VWXGLHV WKDW H[DPLQH KRZ WKH DSSOLFDWLRQ RI UHLQIRUFHPHQW
OHDUQLQJ ZLWKLQ WKH LQGLYLGXDO GZHOOLQJ FDQ EH EHQHILFLDO IRU HQHUJ\ RSWLPL]DWLRQ DQG WKH ORDG RI WKH HQWLUH
JULG� 7KHUHIRUH� 0DVRQ 	 *ULMDOYD ������ VXJJHVW WKDW EDVHG RQ WKH FXUUHQW VWXGLHV� WKHUH LV D KLJK
SRWHQWLDO IRU XWLOL]LQJ UHLQIRUFHPHQW OHDUQLQJ PHWKRGV WR VLJQLILFDQWO\ UHGXFH WKH HOHFWULFLW\ FRVWV IRU WKH
JULG�

��



���'5/�5HVHDUFK�'HVLJQ�DQG�0HWKRGRORJ\

����$SSOLFDWLRQ�RI�'5/�RQ�(QHUJ\�&RVW�2SWLPL]DWLRQ
7KH RYHUDUFKLQJ JRDO RI WKLV WKHVLV LV WR H[SORUH KRZ D GHHS UHLQIRUFHPHQW OHDUQLQJ PRGHO FDQ EH
LPSOHPHQWHG LQ RUGHU WR FRQWURO D KHDWLQJ V\VWHP LQ D ZD\ WKDW ZRXOG RSWLPL]H HQHUJ\ FRVWV ZKLOH
PDLQWDLQLQJ FRPIRUWDEOH LQGRRU WHPSHUDWXUHV� 'HYLDWLQJ IURP WKH PRUH WUDGLWLRQDO DQG FRVWO\ HQJLQHHULQJ
WHFKQLTXHV� ZKLFK UHTXLUHG D SK\VLFDO PRGHOLQJ RI WKH EXLOGLQJ
V WKHUPRG\QDPLFV� WKLV VWXG\ WDNHV DQ
DSSURDFK WKDW XWLOL]HV VHQVRU�EDVHG GDWD LQVWHDG WR VXSSOHPHQW WKH UHLQIRUFHPHQW OHDUQLQJ VHWXS� 7KH DLP
EHKLQG WKLV PHWKRGRORJ\ LV WR FUHDWH D PRGHO WKDW FDQ EH IOH[LEOH HQRXJK WR EH VFDOHG WR RWKHU EXLOGLQJV
ZLWKRXW H[WHQVLYH GDWD UHTXLUHPHQWV DQG WKDW LV OHVV FRVWO\ WR LPSOHPHQW� ,GHDOO\� D PRGHO FRXOG EH HDVLO\
ILW WR H[LVWLQJ EXLOGLQJV ZLWK VLPSOH VHQVRUV EHLQJ WKH RQO\ UHTXLUHPHQW� FRPSDUHG WR VLPXODWLRQ�EDVHG
PHWKRGV�WKDW�UHTXLUH�WKH�SK\VLFDO�DVSHFWV�RI�WKH�EXLOGLQJ�WR�EH�PRGHOHG�

7R�FRQFOXGH��WKH�UHVHDUFK�TXHVWLRQ�IRU�WKLV�VWXG\�LV�DV�IROORZV�

54��&DQ�D�GHHS�UHLQIRUFHPHQW�PRGHO�ORZHU�WKH�HQHUJ\�FRVW�RI�D�VLQJOH�KRXVHKROG"

����5HVHDUFK�0HWKRGRORJ\

������2YHUYLHZ
,Q RUGHU WR ILQG D VROXWLRQ IRU WKH HQHUJ\ FRVW RSWLPL]DWLRQ SUREOHP VSHFLILHG DQG DQVZHU WKH UHVHDUFK
TXHVWLRQ� VHYHUDO FRPSRQHQWV ZHUH UHTXLUHG WR EXLOG D FXVWRP GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP�
)LUVW� D QHXUDO QHWZRUN ZDV EXLOW EDVHG RQ WKH KLVWRULFDO VHQVRU GDWD IURP WKH GZHOOLQJ IRU WKH SXUSRVH RI
SUHGLFWLQJ WKH UHVXOWLQJ LQGRRU WHPSHUDWXUH EDVHG RQ LQGRRU DQG RXWGRRU WHPSHUDWXUHV DQG WKH FXUUHQW
VWDWXV RI WKH KHDWLQJ V\VWHP� %RWK IHHGIRUZDUG DQG UHFXUUHQW QHXUDO QHWZRUN W\SHV ZHUH XVHG WR EXLOG WZR
VHSDUDWH�'5/�PRGHOV�

1H[W� D FXVWRP UHLQIRUFHPHQW OHDUQLQJ HQYLURQPHQW ZDV EXLOW XVLQJ WKH 2SHQ$, *\P SDFNDJH�:LWKLQ WKH
FXVWRP HQYLURQPHQW� WKH VWDWHV� DFWLRQV� DQG UHZDUGV RI WKH PRGHO ZHUH VSHFLILHG� 2QFH WKH FXVWRP
HQYLURQPHQW�ZDV�EXLOW��WKH�UHLQIRUFHPHQW�OHDUQLQJ�PRGHO�ZDV�UHDG\�WR�EH�WUDLQHG�

/DVWO\� D 'HHS 4�1HWZRUN DOJRULWKP ZDV HPSOR\HG E\ FRPELQLQJ WKH UHVXOWLQJ 4�/HDUQLQJ UHLQIRUFHPHQW
OHDUQLQJ DOJRULWKP ZLWK D GHHS QHXUDO QHWZRUN� VR WKDW WKH RSWLPDO DFWLRQV FRXOG EH IRXQG� 7KH VWHSV
LQYROYHG�LQ�WKH�FXVWRP�GHHS�UHLQIRUFHPHQW�OHDUQLQJ�SURFHVV�DUH�GHSLFWHG�E\�$OJRULWKP���

��



������'DWD�&ROOHFWLRQ�DQG�6HOHFWLRQ
7KH GDWDVHW FRQVLVWHG RI KRXUO\ REVHUYDWLRQV WDNHQ EHWZHHQ ����� RI 2FWREHU ��� ����� WR ����� RI $SULO
��� ����� IRU D WRWDO RI ������ REVHUYDWLRQV ���� GD\V� RYHU WKH SHULRG RI �� PRQWKV� 7KH GDWDVHW ZDV
SURYLGHG E\ 6HQVDWLYH $%� D FRPSDQ\ ORFDWHG LQ /XQG� 6ZHGHQ� 6HQVDWLYH $% SULPDULO\ SURGXFHV VHQVRU
VWULSV IRU FRQVXPHU DQG FRPPHUFLDO XVH� DQG DOVR RIIHUV D 'LJLWDOL]DWLRQ ,QIUDVWUXFWXUH 0DQDJHPHQW
6\VWHP �'L06� WKDW VXSSRUWV WKH RUJDQL]DWLRQ RI VPDUW KRPH GHYLFHV� 7KH VHQVRUV ZHUH SODFHG LQ VHYHUDO
ORFDWLRQV DURXQG D VSHFLILF UHVLGHQWLDO KRPH ORFDWHG LQ /XQG� 6LQFH WKHVH VHQVRUV KDYH EHHQ LQ SODFH IRU
VHYHUDO \HDUV� WKH DXWKRUV RI WKLV VWXG\ ZHUH QRW LQYROYHG LQ WKH FROOHFWLRQ RI WKH GDWD� 6LPLODUO\� WKH GDWH
UDQJH RI WKH VHQVRU GDWD ZDV OLPLWHG WR WKH DPRXQW RI WLPH WKH VHQVRUV KDG SK\VLFDOO\ EHHQ DWWDFKHG WR WKH
EXLOGLQJ� +RZHYHU� WKH VHOHFWLRQ RI YDULDEOHV SURYLGHG ZDV DJUHHG XSRQ DW WKH FRPPHQFHPHQW RI WKH
WKHVLV�

7R SUHSDUH WKH GDWDVHW WR EH XVHG� VHYHUDO GDWD ZUDQJOLQJ WDVNV ZHUH PDGH DQG VRPH YDULDEOHV ZHUH
UHPRYHG��7DEOH���GHWDLOV�WKH�ILQDO�YDULDEOHV�ZLWKLQ�WKH�GDWDVHW�

9DULDEOH 'HVFULSWLRQ

'DWH�	�7LPH 'DWH�DQG�WLPH�RI�HDFK�KRXUO\�REVHUYDWLRQ

2XWGRRU�WHPSHUDWXUH�IURP�WKH�ZHDWKHU�VHUYLFH 7KH�KRXUO\�RXWGRRU�WHPSHUDWXUH�LQ��&�IURP�WKH�KRXVH
DUHD�SURYLGHG�E\�WKH�60+,

+HDWLQJ�VZLWFK�VWDWXV %LQDU\�YDULDEOH�LQGLFDWLQJ�ZKHWKHU�WKH�VZLWFK�ZDV��RQ
RU�RII�IRU�WKH�PDMRULW\�RI�WKH�KRXU��! ����LV�RQ�

$YHUDJH�LQGRRU�WHPSHUDWXUH 7KH�KRXUO\�DYHUDJH�RI�DOO�LQGRRU�WHPSHUDWXUHV�LQ��&

(OHFWULFLW\�SULFH 7KH�KRXUO\�SULFH�RI�HOHFWULFLW\�LQ�(XUR�0:K

7DEOH����9DULDEOHV�ZLWKLQ�WKH�ILQDO�YHUVLRQ�RI�WKH�GDWDVHW�XVHG�

��



)RU WKH LQGRRU WHPSHUDWXUHV� VHQVRUV ZHUH SODFHG LQ VHYHQ ORFDWLRQV WKURXJKRXW WKH KRPH� DQG KDYH WKXV
JDWKHUHG YDULRXV WHPSHUDWXUHV� )LJXUH � VKRZV ER[SORWV RI WKH WHPSHUDWXUHV LQ WKH GLIIHUHQW URRPV� )RU
WKLV VWXG\� WKH DYHUDJH LQGRRU WHPSHUDWXUH ZDV WDNHQ DFURVV DOO URRPV HDFK KRXU WR SURGXFH D VLQJOH
LQGRRU�WHPSHUDWXUH�UHDGLQJ�

)LJXUH����%R[SORWV�RI�WKH�WHPSHUDWXUH�UHDGLQJV�LQ�HDFK�ORFDWLRQ�DV�JDWKHUHG�E\�VHQVRUV�

7KH RXWGRRU WHPSHUDWXUHV ZHUH JDWKHUHG E\ D VLQJOH VHQVRU SODFHG RXWVLGH RI WKH GZHOOLQJ� $V FDQ EH VHHQ
LQ )LJXUH �� FRPSDUHG WR WKH RXWGRRU WHPSHUDWXUHV SURYLGHG E\ WKH 60+, IRU WKH VDPH WLPH IUDPHV� WKH
VHQVRU GDWD YDOXHV ZHUH� RQ DYHUDJH� ORZHU E\ �����&� PHDQLQJ WKDW WKH UHDGLQJ LV YHU\ DFFXUDWH�
+RZHYHU� GXH WR WKH OLPLWHG DYDLODELOLW\ RI WKH RXWGRRU VHQVRU GDWD� ZKLFK VWDUWHG LQ 2FWREHU ���� LQVWHDG
RI 2FWREHU ����� WKH RXWGRRU ZHDWKHU GDWD IURP WKH 60+, ZDV XVHG LQVWHDG DQG WKH RXWGRRU VHQVRU GDWD
ZDV�UHPRYHG�

)LJXUH����6HQVRU�YV�:HDWKHU�6HUYLFH�0HDVXUHPHQWV�RI�2XWGRRU�7HPSHUDWXUH�

��



7R IXUWKHU XQGHUVWDQG WKH RXWGRRU WHPSHUDWXUH IOXFWXDWLRQV� )LJXUH � EHORZ VKRZV WKH DYHUDJH
WHPSHUDWXUH�SHU�PRQWK�IURP�2FWREHU������WR�$SULO������

)LJXUH����$YHUDJH�RXWGRRU�WHPSHUDWXUH�HDFK�PRQWK�IURP�2FWREHU������WR�$SULO������

,Q DGGLWLRQ� WKH HOHFWULFLW\ SULFHV ZHUH JDWKHUHG LQ RUGHU WR EH DEOH WR FRPSDUH WKH DFWXDO FRVW LQFXUUHG E\
WKH KHDWLQJ V\VWHP WKURXJKRXW WKH FKRVHQ GDWH UDQJH ZLWK WKH SURSRVHG FRVW JLYHQ E\ WKH RXWSXW IURP WKH
PRGHOV��$V�VHHQ�LQ�)LJXUH����WKH�HOHFWULFLW\�SULFH�KDV�FRQWLQXHG�LWV�XSZDUG�WUHQG�IURP�)LJXUH���

)LJXUH����$YHUDJH�SULFH�RI�HOHFWULFLW\��LQ�(XUR�SHU�0:K��SHU�PRQWK�

��



7KH PDQXDO VZLWFK FRQWUROV RI WKH KRXVH RULJLQDOO\ LQGLFDWHG WKH SURSRUWLRQ RI WKH KRXU ZKHUHLQ WKH
KHDWLQJ V\VWHP ZDV WXUQHG RQ� 7R VLPSOLI\ WKH LQSXW IURP GHFLPDO WR ELQDU\� WKH YDOXHV KDYH EHHQ
WUDQVIRUPHG WR � LI WKH KHDW ZDV RQ IRU KDOI DQ KRXU RU PRUH� DQG � LI OHVV WKDQ KDOI DQ KRXU� 7KH PHDQ
DFWLRQ ZRXOG WKHQ LQGLFDWH WKH DYHUDJH SURSRUWLRQ RI WLPH WKDW WKH KHDWLQJ V\VWHP LV RQ GXULQJ D JLYHQ
WLPHIUDPH� )RU H[DPSOH� LI WKH PHDQ DFWLRQ DW ����� LV ���� LW ZRXOG LQGLFDWH WKDW WKH KHDWLQJ V\VWHP ZDV
WXUQHG RQ ��� RI WKH KRXU� RU DOWHUQDWLYHO\ WKDW RXW RI DOO WKH ����� YDOXHV ��� RI WKHP VKRZHG WKH
KHDWLQJ V\VWHP EHLQJ RQ� ,Q )LJXUH � WKH PHDQ DFWLRQ DFURVV DOO KRXUV RI WKH GD\ LV VKRZQ LQ FRQMXQFWLRQ
ZLWK WKH DYHUDJH HOHFWULFLW\ SULFH WKURXJKRXW WKH GD\� ,W LV FOHDU WKDW WKH HOHFWULFLW\ SULFHV DUH KLJKHVW ZKHQ
XVDJH�LV�DOVR�KLJK��VKRZQ�E\�WKH�PHDQ�DFWLRQ�EHLQJ�RYHU�����DW�DURXQG�������DQG�������

)LJXUH����(OHFWULFLW\�SULFH�DQG�PHDQ�DFWLRQ�SHU�KRXU�

)URP WKH H[SORUDWLRQ RI WKH DYDLODEOH GDWDVHW� LW FDQ EH FRQFOXGHG WKDW FRQVLGHULQJ D VWURQJ WUHQG LQ WKH
LQFUHDVH RI HOHFWULFLW\ SULFHV DQG WKH IDFW WKDW WKH ELG SULFHV DUH WKH KLJKHVW GXULQJ WKH SHDN KRXUV� WKHUH LV
D�QHHG�IRU�D�PHWKRG�WKDW�ZRXOG�KHOS�UHGXFH�WKH�FRVW�RI�HOHFWULFLW\�LQ�WKH�KRXVHKROG�

������1HXUDO�1HWZRUNV�IRU�,QGRRU�7HPSHUDWXUH�(VWLPDWLRQ

,Q WKLV WKHVLV� WKH LGHDV IRU WKH XVH RI KLVWRULFDO VHQVRU GDWD ZHUH JUHDWO\ LQVSLUHG E\ WKH VWXG\ GRQH E\
1DWDOH HW DO� ������ VLQFH LW XVHG KLVWRULFDO GDWD WR WUDLQ SK\VLFDOO\ FRQVLVWHQW QHXUDO QHWZRUNV XVHG LQ
VLPXODWLRQ HQYLURQPHQWV LQ RUGHU WR DVVHVV WKH SHUIRUPDQFH RI '5/ DJHQWV IRU ]RQH WHPSHUDWXUH FRQWURO�
7KXV� WKH IHHG�IRUZDUG DQG UHFXUUHQW QHXUDO QHWZRUNV LQ WKLV VWXG\ DUH DOVR WUDLQHG RQ WKH KLVWRULFDO GDWD
FROOHFWHG XVLQJ VHQVRUV� %\ OHDUQLQJ IURP SDWWHUQV LQ WKH VHQVRU GDWD� WKH QHWZRUN VLPXODWHV WKH LQGRRU

��



WHPSHUDWXUH EHKDYLRU RI WKH GZHOOLQJ GXULQJ GLIIHUHQW VHDVRQV� WKXV DYRLGLQJ WKH PDQXDO PRGHOLQJ RI WKH
SK\VLFDO SURSHUWLHV RI WKH EXLOGLQJ� 7KLV DSSURDFK ZDV WDNHQ WR FLUFXPYHQW WKH QHHG IRU OLYH
LPSOHPHQWDWLRQ RI WKH UHLQIRUFHPHQW OHDUQLQJ PRGHO GLUHFWO\ LQ WKH GZHOOLQJ LQ TXHVWLRQ� +DG OLYH
WHPSHUDWXUH UHDGLQJV EHHQ DYDLODEOH WR WKH 5/ PRGHO� WKHQ WKLV QHXUDO QHWZRUN FRPSRQHQW IRU WHPSHUDWXUH
HVWLPDWLRQ�ZRXOG�QRW�KDYH�EHHQ�QHFHVVDU\�

$IWHU WKH QHXUDO QHWZRUN LV WUDLQHG RQ KLVWRULFDO GDWD DQG KDV ³OHDUQHG´ WKH W\SLFDO EHKDYLRU RI WKH KRXVH¶V
WHPSHUDWXUH FKDQJHV� LW LV XVHG LQ WKH UHLQIRUFHPHQW OHDUQLQJ HQYLURQPHQW IRU WKH SXUSRVH RI PDNLQJ D
SUHGLFWLRQ RI WKH LQGRRU WHPSHUDWXUH EDVHG RQ WKH HQYLURQPHQW VWDWH �LQGRRU WHPSHUDWXUH DQG RXWGRRU
WHPSHUDWXUH PHWULFV� DQG WKH DFWLRQ WDNHQ E\ WKH DJHQW� 7KXV� WKH QHXUDO QHWZRUN KHOSV WR VLPXODWH D
UHDO�WLPH EHKDYLRUDO UHDFWLRQ RI WKH GZHOOLQJ EDVHG RQ WKH HQYLURQPHQW FRQGLWLRQV DQG WKH DFWLRQ� ZKLFK
WKH�DJHQW�GHFLGHG�WR�WDNH�

)RU WKLV VWXG\� ERWK D IHHG�IRUZDUG QHWZRUN DQG D UHFXUUHQW QHXUDO QHWZRUN ZHUH XVHG IRU WKH WHPSHUDWXUH
SUHGLFWLRQ ZLWKLQ WKH FXVWRP 5/ HQYLURQPHQW� 6SHFLILFDOO\� WZR GLIIHUHQW 5/ PRGHOV ZHUH EXLOW� RQH 5/
PRGHO ZDV EXLOW ZLWK D IHHG�IRUZDUG QHXUDO QHWZRUN� DQG WKH RWKHU 5/ PRGHO ZDV EXLOW XVLQJ D UHFXUUHQW
QHXUDO QHWZRUN� 7KHVH WZR 5/ PRGHOV DQG WZR QHXUDO QHWZRUNV XVH WKH VDPH GDWDVHW� EXW WKHLU UHVXOWV DUH
LQGHSHQGHQW�RI�HDFK�RWKHU�

7KH IHHG�IRUZDUG QHXUDO QHWZRUN ZDV WUDLQHG RQ IRXU LQSXWV� VZLWFK VWDWXV� RXWGRRU WHPSHUDWXUH� LQGRRU
WHPSHUDWXUH IURP WKH SDVW � KRXU� DQG WKH LQGLFDWRU YDULDEOH IRU WKH PRQWK �H�J� 6HSWHPEHU LV ��� 7KH
VWUXFWXUH RI WKH QHWZRUN ZDV UHODWLYHO\ VLPSOH DV LW FRQWDLQV DQ LQSXW OD\HU� RQH KLGGHQ OD\HU� DQG DQ RXWSXW
OD\HU� )RU WKH KLGGHQ OD\HU� WKH 5HFWLILHG /LQHDU 8QLW �5H/8� ZDV FKRVHQ DV WKH DFWLYDWLRQ IXQFWLRQ�
IROORZHG E\ WKH RXWSXW OD\HU ZLWK RQH RXWSXW� HVWLPDWHG LQGRRU WHPSHUDWXUH� 7KH VXPPDU\ RI WKH VWUXFWXUH
RI WKH QHWZRUN EXLOW XVLQJ 7HQVRU)ORZ DQG .HUDV SDFNDJHV DQG LWV SDUDPHWHUV FDQ EH IRXQG LQ WKH )LJXUH
��EHORZ�

)LJXUH����6XPPDU\�RI�WKH�IHHG�IRUZDUG�QHXUDO�QHWZRUN�XVHG�IRU�LQGRRU�WHPSHUDWXUH�HVWLPDWLRQ�

7R DFFRXQW IRU WKH KHDWLQJ VHDVRQ DQG DFKLHYH D EHWWHU SK\VLFDO FRQVLVWHQF\ LQ SUHGLFWLRQV� WKH PRGHO ZDV
WUDLQHG RQ WKH VXEVHW RI GDWD FRYHULQJ 6HSWHPEHU ���� WR $SULO ���� ZLWK D WRWDO RI ����� REVHUYDWLRQV�
$IWHU�����HSRFKV��WKH�WHVW�PHDQ�DEVROXWH�HUURU�DFKLHYHG�ZDV�������PHDVXUHG�LQ��&��

��



6LQFH WKH QDWXUH RI WKH GDWDVHW LV VHTXHQWLDO� D UHFXUUHQW QHXUDO QHWZRUN ZDV DOVR EXLOW WR PRGHO D PRUH
DFFXUDWH WKHUPRG\QDPLFV EHKDYLRU RI WKH EXLOGLQJ� 6LQFH WHPSHUDWXUH FKDQJHV RIWHQ WUHQG LQ D VWHDG\
GLUHFWLRQ DV WKH GD\V ZDUP WKH VSDFHV DQG WKH QLJKWV FRRO� WKLV DVSHFW QHHGV WR EH FRQVLGHUHG IRU
SUHGLFWLQJ WKH LQGRRU WHPSHUDWXUH UHTXLUHG IRU WKH FXVWRP HQYLURQPHQW� 7KH QHWZRUN FRQVLVWHG RI VL[
OD\HUV SUHVHQWHG LQ )LJXUH �� EHORZ� 7KH PRGHO XVHV /RQJ 6KRUW�7HUP 0HPRU\ 1HWZRUN �/670�� ZKLFK
LV�D�YDULDWLRQ�RI�D�UHFXUUHQW�QHXUDO�QHWZRUN�XVHIXO�LQ�SUHGLFWLQJ�WKH�ORQJ�VHTXHQFHV�RI�GDWD�

)LJXUH�����6XPPDU\�RI�WKH�UHFXUUHQW�QHXUDO�QHWZRUN�XVHG�IRU�LQGRRU�WHPSHUDWXUH�HVWLPDWLRQ�

6LQFH WKH /670 ZDV XVHG� WKH PRGHO ZDV WUDLQHG RQ WKH IXOO GDWDVHW FRYHULQJ 2FWREHU ��� ���� WR $SULO
��� ���� ZLWK D WRWDO RI ������ REVHUYDWLRQV� 7KH QHWZRUN KDG D ��GD\ ORRNEDFN SHULRG ����
REVHUYDWLRQV���$IWHU����HSRFKV��WKH�WHVW�PHDQ�DEVROXWH�HUURU�DFKLHYHG�ZDV�������PHDVXUHG�LQ��&��

7KHUHIRUH� LQ RUGHU WR DYRLG FRPSOH[ DQG FRVWO\ SK\VLFV�EDVHG PRGHOLQJ� VXFK DV FUHDWLQJ D
WKHUPRG\QDPLF PRGHO RI WKH EXLOGLQJ� WKLV VWXG\ ZLOO XVH ERWK IHHG�IRUZDUG DQG UHFXUUHQW QHXUDO
QHWZRUNV WR HVWLPDWH WKH LQGRRU WHPSHUDWXUH EDVHG RQ KLVWRULFDO VHQVRU GDWD FROOHFWHG� 6XFK DQ DSSURDFK
ZLOO QRW RQO\ DLG LQ H[WHQGLQJ WKH PRGHO WR RWKHU W\SHV RI GZHOOLQJV DQG EXLOGLQJV� EXW DOVR ZLOO VSHHG XS
WKH�LPSOHPHQWDWLRQ�SURFHVV�LI�WKH�GDWD�FROOHFWLRQ�VHQVRUV�KDYH�EHHQ�SUHYLRXVO\�LQVWDOOHG�

������&XVWRP�5HLQIRUFHPHQW�/HDUQLQJ�(QYLURQPHQWV

(QYLURQPHQW�DQG�$JHQW
5HLQIRUFHPHQW OHDUQLQJ VHWXS UHTXLUHV DQ HQYLURQPHQW DQG DQ DJHQW ZKLFK LQWHUDFW ZLWK RQH DQRWKHU� 7KH
DJHQW� IRU ZKRP WKH HQYLURQPHQW LV LWV �KRPH ZRUOG�� LV DEOH WR LQWHUDFW ZLWK WKH HQYLURQPHQW E\
FRPSOHWLQJ VRPH DFWLRQV� KRZHYHU� LWV DFWLRQV FDQQRW LQIOXHQFH WKH UXOHV RU G\QDPLFV JRYHUQLQJ WKH
HQYLURQPHQW �0HWHOOL� ������ 7KH DJHQW UHFHLYHV LQIRUPDWLRQ DERXW WKH FXUUHQW VWDWH RI WKH HQYLURQPHQW
DQG SHUIRUPV DQ DFWLRQ� 7KLV DFWLRQ PDNHV WKH HQYLURQPHQW WUDQVLWLRQ WR D QHZ VWDWH� ,Q DGGLWLRQ� WKH

��



HQYLURQPHQW DOVR VHQGV D UHZDUG VLJQDO WR WKH DJHQW� ZKLFK VHUYHV DV IHHGEDFN ZKHWKHU WKH DFWLRQ WDNHQ
ZDV�EHQHILFLDO�RU�QRW��0HWHOOL��������

7R IXUWKHU H[HPSOLI\� D ZLGHO\ XVHG HQYLURQPHQW IRU GHYHORSLQJ $, DJHQWV IRU $WDUL ���� JDPHV VXFK DV
3RQJ �VHH )LJXUH ���� %UHDNRXW� 6SDFH,QYDGHUV� 6HDTXHVW� DQG %HDP 5LGHU LV WKH $UFDGH /HDUQLQJ
(QYLURQPHQW NQRZQ DV $/( �0QLK HW DO�� ������ )RU LQVWDQFH� WKLV HQYLURQPHQW ZDV XVHG E\ 0QLK HW DO�
EDFN LQ ���� ZKHQ WKH\ SUHVHQWHG WKH ILUVW GHHS OHDUQLQJ PRGHO WR VXFFHVVIXOO\ OHDUQ FRQWURO SROLFLHV
GLUHFWO\�IURP�KLJK�GLPHQVLRQDO�VHQVRU\�LQSXW�XVLQJ�UHLQIRUFHPHQW�OHDUQLQJ�

:LWK DQ LQFUHDVHG SRSXODULW\ RI UHLQIRUFHPHQW OHDUQLQJ PHWKRGV�
WKHUH ZDV D QHHG IRU D WRRONLW IRU FUHDWLQJ DQG FRPSDULQJ
UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV� 2SHQ$, *\P FDQ EH FRQVLGHUHG
VXFK D WRRONLW ZLWK LWV RSHQ�VRXUFH LQWHUIDFH IRU UHLQIRUFHPHQW
OHDUQLQJ WDVNV �2SHQ$,� ������ 2SHQ$, *\P QRW RQO\ RIIHUV DQ
DOUHDG\ SUHGHILQHG VXLWH RI HQYLURQPHQWV� OLNH $WDUL� ZKLFK KDV EHHQ
LQWHJUDWHG ZLWK WKH $UFDGH /HDUQLQJ (QYLURQPHQW� EXW DOVR DOORZV
IRU FXVWRPL]DWLRQ RI WKH HQYLURQPHQWV� 7KLV IOH[LELOLW\ ZLWKLQ DQ
LQWHUIDFH LV KHOSIXO ZLWK EHQFKPDUNLQJ DQG VWDQGDUGL]DWLRQ� DQG
PDNHV LW HDVLHU IRU UHVHDUFKHUV DQG GHYHORSHUV WR UHSURGXFH UHVXOWV
�2SHQ$,��������

6LQFH WKHUH LV QR SUHGHILQHG VXLWH RI HQYLURQPHQWV DYDLODEOH IRU
DGGUHVVLQJ WKH SUREOHP RI WKLV WKHVLV� D FXVWRP UHLQIRUFHPHQW
OHDUQLQJ HQYLURQPHQW ZDV EXLOW XVLQJ WKH 2SHQ$, *\P SDFNDJH LQ
3\WKRQ� ,Q DGGLWLRQ� 6WDEOH %DVHOLQHV� D VHW RI LPSURYHG
LPSOHPHQWDWLRQV RI 5HLQIRUFHPHQW /HDUQLQJ DOJRULWKPV EDVHG RQ
2SHQ$, %DVHOLQHV� ZHUH XVHG WR WDNH DGYDQWDJH RI FRPPRQ FRGH
VW\OH DQG WR VLPSOLI\ WKH FRGH� $Q DJHQW LQ WKLV FDVH LV VLQJOH DQG
DUWLILFLDO� UHSUHVHQWLQJ WKH PRGHO ZKLFK LV EHLQJ GHVLJQHG DQG� WKXV�
UHSODFLQJ WKH FRQFHSW RI WKH SHUVRQ ZKR ZRXOG PDQXDOO\ FRQWURO WKH
VWDWH�RI�WKH�KHDWLQJ�V\VWHP�E\�WXUQLQJ�LW�RQ�RU�RII�

6WDWHV�DQG�$FWLRQV
(YHU\ VFHQDULR DQ DJHQW IDFHV LQ WKH HQYLURQPHQW LV D VWDWH� )RU LQVWDQFH� LQ WKH UHVHDUFK VWXG\ FRQGXFWHG
E\ /LVVD HW DO� ������ RQ GHHS UHLQIRUFHPHQW OHDUQLQJ IRU KRPH HQHUJ\ PDQDJHPHQW V\VWHP FRQWURO� WKH
VWDWH�VSDFH V FRQVLVWHG RI RXWGRRU DQG LQGRRU WHPSHUDWXUH ��&�� GRPHVWLF KRW ZDWHU WDQN WHPSHUDWXUH ��&��
SKRWRYROWDLF SURGXFWLRQ �N:�� DQG KRXU RI WKH GD\� +RZHYHU� LQ WKLV WKHVLV WKH VWDWH V VHWXS LV VLPLODU WR
WKH RQH GHVFULEHG LQ WKH UHVHDUFK FRQGXFWHG E\ 1DWDOH HW DO� ������� ZKHUH WKH VWDWH V REVHUYHG E\ WKH
DJHQWV DW HDFK WLPH VWHS ZDV FRPSRVHG RI WKH LQSXW IHDWXUHV RI WKH SK\VLFDOO\ FRQVLVWHQW QHXUDO QHWZRUNV�
VXFK DV ]RQH WHPSHUDWXUHV �RI WKH FRQWUROOHG DQG QHLJKERULQJ URRP�� DPELHQW FRQGLWLRQV �WHPSHUDWXUH DQG
VRODU LUUDGLDWLRQ�� DQG WLPH LQIRUPDWLRQ� 7KXV� LQ WKLV HQYLURQPHQW� WKH VWDWH V REVHUYHG E\ WKH DJHQW LV
FRPSULVHG�RI�WKH�LQSXW�IHDWXUHV�RI�WKH�QHXUDO�QHWZRUNV�GLVFXVVHG�LQ�6HFWLRQ�������

��



1H[W� LW LV QHFHVVDU\ WR VSHFLI\ WKH DFWLRQV WKDW FDQ EH WDNHQ E\ WKH DJHQW� 7KHVH DFWLRQV DUH WKH DJHQW¶V
PHWKRGV� ZKLFK DOORZ LW WR LQWHUDFW DQG DOWHU WKH HQYLURQPHQW� DQG� WKHUHIRUH� WUDQVIHU EHWZHHQ WKH VWDWHV�
7KH GHFLVLRQ RI ZKLFK DFWLRQ WR WDNH LV PDGH E\ WKH SROLF\ ʌ� ZKLFK FDQ EH YLHZHG DV D SUHVFULSWLRQ RU D
VWUDWHJ\ LQGLFDWLQJ ZKLFK DFWLRQ D WR WDNH LQ HYHU\ VWDWH V �0HWHOOL� ������ ,Q WKLV VWXG\� WKH DFWLRQ VSDFH LV
GLVFUHWH��PHDQLQJ�WKH�DJHQW�FDQ�HLWKHU�WXUQ�RQ�RU�WXUQ�RII�WKH�KHDWLQJ�V\VWHP�

(SLVRGHV�DQG�5HZDUGV
$Q HSLVRGH FRPSULVHV DOO VWDWHV EHWZHHQ WKH ILUVW DQG WKH ODVW VWDWH RI WKH HQYLURQPHQW� DQG WKH DJHQW¶V
JRDO LV WR PD[LPL]H WKH WRWDO UHZDUG LW REWDLQV GXULQJ DQ HSLVRGH� )XUWKHUPRUH� HDFK HSLVRGH FDQ EH
FRQVLGHUHG DV D VHSDUDWH ³URXQG RI WKH JDPH´ IRU WKH DJHQW ³WR SOD\´� 7KH VHOHFWHG HSLVRGH GXUDWLRQ LQ
YDULRXV UHVHDUFK VWXGLHV GHSHQGV RQ WKH VLPXODWLRQ VHWXS DQG WKH KHDWLQJ V\VWHP� )RU H[DPSOH� LQ WKH
UHVHDUFK VWXG\ FRQGXFWHG E\ /LVVD ��HW DO� ������� WKH HSLVRGH GXUDWLRQ LV � PRQWKV �IURP 0D\ WR
'HFHPEHU�� DIWHU ZKLFK WKH HSLVRGH LV ILQLVKHG DQG WKH HQYLURQPHQW LV UHVWDUWHG ������� +RZHYHU� LQ WKHLU
UHVHDUFK VHWXS RI WKH UDGLDQW KHDWLQJ V\VWHP� =KDQJ 	 /DP ������ PDGH WKH GXUDWLRQ RI RQH WUDLQLQJ
HSLVRGH WKUHH PRQWKV �IURP -DQXDU\ WR 0DUFK� LQ RUGHU WR DFFRXQW IRU WKH KHDWLQJ VHDVRQ� 7KXV� EDVHG RQ
WKH DYDLODELOLW\ RI KLVWRULFDO GDWD DQG WR DFFRXQW IRU WKH KHDWLQJ VHDVRQ� LQ WKLV VWXG\ WKH VHOHFWHG HSLVRGH
OHQJWK�LV�IURP�2FWREHU��VW�������WR�$SULO���WK�������

7KH ILQDO VWHS LQ FRQILJXULQJ WKLV FXVWRP HQYLURQPHQW LV WR FUHDWH DQ DSSURSULDWH UHZDUG IXQFWLRQ� $
UHZDUG LV D QXPHULFDO YDOXH UHFHLYHG E\ WKH DJHQW IURP WKH HQYLURQPHQW DV D GLUHFW UHVSRQVH WR WKH DJHQW¶V
DFWLRQV� $V ZDV PHQWLRQHG HDUOLHU� WKH PD[LPL]DWLRQ RI WKH WRWDO UHZDUG LV WKH XOWLPDWH JRDO RI WKH DJHQW
GXULQJ WKH HSLVRGH� 7KH UHZDUGV FDQ EH GHVLJQHG WR VXLW GLIIHUHQW SXUSRVHV� )RU H[DPSOH� D UHZDUG FDQ EH
SRVLWLYH LI WKH DJHQW
V DFWLRQ KDV EHHQ KHOSIXO LQ DFKLHYLQJ WKH JRDO� QHJDWLYH ZKHQ D FHUWDLQ VLWXDWLRQ
QHHGV WR EH GHWHUUHG� RU ]HUR� SRVVLEO\ LQGLFDWLQJ D VWDWXV�TXR �)XFKLGD� $XQJ 	 6DNXUDJL� ������ 7KH
UHZDUG IXQFWLRQ IRU WKLV VWXG\ KDV EHHQ LQVSLUHG E\ UHVHDUFK FRQGXFWHG E\ 1DWDOH HW DO� ������ DQG :HL HW
DO� ������� VLQFH ERWK WRRN LQWR DFFRXQW WKH WRWDO SHQDOW\ RI WHPSHUDWXUH YLRODWLRQV� ,Q DGGLWLRQ� WKH UHZDUG
IXQFWLRQ GHVLJQHG E\ :HL HW DO� ������ FRQVLGHUV WKH HQHUJ\ FRVW RI WKH FRQWURO DFWLRQ� %RWK VWXGLHV XVH
QHJDWLYH�UHZDUGV�VLQFH�WKH�GHHS�UHLQIRUFHPHQW�OHDUQLQJ�DOJRULWKP�ZLOO�WU\�WR�PD[LPL]H�WKH�WRWDO�UHZDUG�

7KHUHIRUH� DV VKRZQ LQ WKH UHZDUG HTXDWLRQ EHORZ� WKH GHHS UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP LQ WKLV VWXG\
ZLOO DWWHPSW WR REWDLQ DV KLJK RI D UHZDUG DV SRVVLEOH �FORVHVW WR ��� WKXV EDODQFLQJ WKH REMHFWLYH RI
PLQLPL]LQJ HQHUJ\ FRVW ZLWK WKH JRDO RI PDLQWDLQLQJ WKH WHPSHUDWXUH ZLWKLQ WKH GHVLUHG FRPIRUW UDQJH
����& WR ���&�� 6LQFH WKH HOHFWULFLW\ SULFH LV JLYHQ LQ (XUR�0:K DQG WKH KRXUO\ XVDJH LV PHDVXUHG LQ
N:K��WKH�SULFH�LV�VFDOHG�GRZQ�E\������
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������'HHS�5HLQIRUFHPHQW�/HDUQLQJ�6HWXS

7KH ILQDO DVSHFW RI WKLV FXVWRP GHHS UHLQIRUFHPHQW OHDUQLQJ PRGHO LV WR ³XSJUDGH´ IURP WKH RUGLQDU\
UHLQIRUFHPHQW OHDUQLQJ SURFHVV WR GHHS UHLQIRUFHPHQW OHDUQLQJ SURFHVV� $V ZDV SUHYLRXVO\ PHQWLRQHG� LW
ZDV 0QLK HW DO� IURP 'HHS0LQG 7HFKQRORJLHV ZKR ILUVW LQWURGXFHG WKH XVH RI GHHS QHXUDO QHWZRUNV LQ
4�OHDUQLQJ�EDFN�LQ������

4�OHDUQLQJ LV D PRGHO�IUHH DQG DQ RII�SROLF\ UHLQIRUFHPHQW OHDUQLQJ PHWKRG� ZKLFK FUHDWHV D PDWUL[ FDOOHG
4�WDEOH ZLWK 4�YDOXHV� ZKLFK DUH DQ HVWLPDWLRQ RI KRZ EHQHILFLDO LW LV WR WDNH D SDUWLFXODU DFWLRQ DW D
SDUWLFXODU VWDWH �0DVRQ 	 *ULMDOYD� ������ $Q DJHQW FDQ ³UHIHU WR´ WKLV 4�WDEOH �VHH )LJXUH ��� WR
PD[LPL]H LWV UHZDUG LQ WKH ORQJ UXQ� 7KLV DSSURDFK LV RQO\ SUDFWLFDO IRU VPDOOHU HQYLURQPHQWV ZLWK DFWLRQ
DQG VWDWHV VSDFHV ERWK EHLQJ GLVFUHWH� DQG FDQ HDVLO\ EHFRPH LQIHDVLEOH DV WKH QXPEHU RI VWDWHV DQG DFWLRQV
LQFUHDVHV��/LVVD�HW�DO���������

)LJXUH�����6DPSOH�4�WDEOH�FRQWDLQLQJ�4�YDOXHV��LQ�ZKLFK�WKH�PD[LPXP�H[SHFWHG�IXWXUH�UHZDUG�IRU�HDFK
DFWLRQ�DW�HDFK�VWDWH�LV�GLVSOD\HG�

&RPELQLQJ UHLQIRUFHPHQW OHDUQLQJ ZLWK DQ DUWLILFLDO QHXUDO QHWZRUN WR UHSODFH WKH 4�WDEOH LV NQRZQ DV
'HHS 5HLQIRUFHPHQW /HDUQLQJ RU 'HHS 4 1HWZRUN �'41� �0DVRQ 	 *ULMDOYD� ������ 6LQFH DUWLILFLDO
QHXUDO QHWZRUNV DUH XQLYHUVDO IXQFWLRQ DSSUR[LPDWRUV� RQH RI WKH SRVVLEOH VROXWLRQV WR WKH GLPHQVLRQDOLW\
FXUVH LV WR UHSODFH WKH 4�WDEOH E\ XVLQJ DQ DUWLILFLDO QHXUDO QHWZRUN WR HVWLPDWH WKH 4�YDOXHV �/LVVD HW DO��
������ $V FDQ EH VHHQ LQ )LJXUH ��� WKLV DSSURDFK FDQ PDQDJH ODUJHU VWDWH�DFWLRQ VSDFHV� WKXV EULQJLQJ
PRUH�SRVVLELOLWLHV�ZKHQ�ZRUNLQJ�ZLWK�D�ODUJHU�QXPEHU�RI�YDULDEOHV�DQG�REVHUYDWLRQV�

��



)LJXUH�����'HHS�4�/HDUQLQJ�$SSURDFK

,Q WKLV VWXG\� WKH DFWLRQ VSDFH XVHG LV GLVFUHWH DQG FRQVLVWV RI RQO\ WZR DFWLRQV �RQ RU RII�� KRZHYHU� WKH
VWDWH�VSDFH�LV�FRQWLQXRXV��7KXV��WKHVH�FRQGLWLRQV�UHTXLUH�WKH�XVH�RI�WKH�'HHS�4�1HWZRUN��'41��DSSURDFK�

7KH WZR GHHS UHLQIRUFHPHQW OHDUQLQJ PRGHOV � RQH XVLQJ IHHG�IRUZDUG QHXUDO QHWZRUN DQG WKH RWKHU XVLQJ
UHFXUUHQW QHXUDO QHWZRUN IRU LQGRRU WHPSHUDWXUH HVWLPDWLRQ � DUH FUHDWHG XVLQJ .HUDV 5/ SDFNDJH�
+RZHYHU� LQ RUGHU WR EH DEOH WR FRPSDUH ERWK PHWKRGV� WKH VWUXFWXUH RI WKH QHXUDO QHWZRUN XVHG LQ WKH
'41 LV WKH VDPH DQG LV GLVSOD\HG LQ )LJXUH �� EHORZ� 7KH DFWLYDWLRQ IXQFWLRQ LV 5HFWLILHG /LQHDU 8QLW
�5H/8���DQG�WKH�RXWSXW�OD\HU�FRQWDLQV�WZR�RXWSXWV�UHSUHVHQWLQJ�DOO�SRVVLEOH�DFWLRQV�

)LJXUH�����'HHS�4�1HWZRUN�8VHG�

1H[W� XVLQJ .HUDV 5/ SDFNDJH JXLGHOLQHV� D '41 DJHQW ZDV FUHDWHG� ,QVWHDG RI XVLQJ D ᶭ�ᬅᬏᬃᬃᬂᬖ SROLF\ DV
ZDV VXJJHVWHG E\ /LVVD HW DO� ������ WR DGGUHVV WKH H[SORUDWLRQ DQG H[SORLWDWLRQ GLOHPPD� WKH %ROW]PDQQ
SROLF\ ZDV XVHG� 5HLQIRUFHPHQW OHDUQLQJ SURFHVV LV SODJXHG E\ WKH H[SORUDWLRQ DQG H[SORLWDWLRQ GLOHPPD
EHFDXVH WKH DJHQW QHHGV WR EDODQFH EHWZHHQ H[SORULQJ WKH HQYLURQPHQW IXUWKHU LQ RUGHU WR ILQG QHZ ZD\V
WR JDLQ UHZDUGV DQG H[SORLWLQJ SUHYLRXV NQRZOHGJH E\ DGKHULQJ WR SDWKV WKDW KDYH KLVWRULFDOO\ OHG WR
UHZDUGV �%H\HU HW DO�� ������ &RPSDUHG WR WKH SRSXODU ᶭ�ᬅᬏᬃᬃᬂᬖ DSSURDFK� ZKLFK FRPELQHV D JUHHG\
PHWKRG ZLWK RFFDVLRQDO UDQGRP GHFLVLRQV ZLWK SUREDELOLW\ ᶭ� WKH %ROW]PDQQ SROLF\ ZDV XVHG EHFDXVH LW

��



LQYROYHV VHOHFWLQJ DQ DFWLRQ ZLWK ZHLJKWHG SUREDELOLWLHV EDVHG RQ H[SHFWHG UHZDUGV �0DVDGHK� :DQJ 	
.DPDO��������

,Q DGGLWLRQ� WKH VHTXHQWLDO PHPRU\� ZKLFK LV XVHG E\ WKH '41 DJHQW WR VWRUH LQIRUPDWLRQ DERXW WKH
HQYLURQPHQW
V VWDWHV� DFWLRQV� DQG UHZDUGV� KDV EHHQ VSHFLILHG WR VWRUH WKH DJHQW
V H[SHULHQFHV IRU WKH
OHQJWK RI � HSLVRGHV� %RWK '5/ PRGHOV DUH WUDLQHG RQ WKH VXEVHW RI WKH GDWD UHSUHVHQWLQJ WKH KHDWLQJ
VHDVRQ��ZKLFK�LV�2FWREHU��VW�������WR�$SULO���WK��������2YHUDOO��HDFK�PRGHO�ZDV�WUDLQHG�IRU���HSLVRGHV�

����6RXUFH�&ULWLFDO�&RQVLGHUDWLRQ

7KH GDWD FROOHFWHG IRU WKLV VWXG\ ZDV SURYLGHG E\ 6HQVDWLYH $%� D SULYDWH OLPLWHG FRPSDQ\ ORFDWHG LQ
6ZHGHQ� 6SHFLILFDOO\� WKH LQGRRU WHPSHUDWXUHV DQG KHDWLQJ VZLWFK DFWLRQV ZHUH PHDVXUHG E\ VHQVRUV EXLOW
E\ 6HQVDWLYH� WKH RXWGRRU WHPSHUDWXUHV ZHUH FROOHFWHG IURP WKH 6ZHGLVK 0HWHRURORJLFDO DQG +\GURORJLFDO
,QVWLWXWH �60+,�� DQG WKH HOHFWULFLW\ SULFHV ZHUH JDWKHUHG IURP 1RUG 3RRO $6� 7KH ODWWHU VRXUFHV FDQ EH
FRQVLGHUHG KLJKO\ WUXVWZRUWK\ DQG DFFXUDWH� $V WKH VHQVRU GDWD ZHUH QRW UHFRUGHG ZLWK DFDGHPLF
VWULQJHQF\ LQ PLQG� WKHUH PD\ EH HUURQHRXV YDOXHV LQ UHFRUGLQJ� UHSRUWLQJ� RU FROODWLQJ� /DVWO\� WKH DXWKRUV
GHFODUH�WKDW�WKH�UHVXOWV�RI�WKLV�VWXG\�KDYH�QRW�EHHQ�LQIOXHQFHG�E\�WKH�FROODERUDWLRQ�ZLWK�6HQVDWLYH�$%�

��



���(PSLULFDO�5HVXOWV�IURP�'5/�0RGHOV
7KH�DLP�RI�WKLV�VWXG\�ZDV�WR�DGGUHVV�WR�PDLQ�UHVHDUFK�TXHVWLRQ�

54��&DQ�D�GHHS�UHLQIRUFHPHQW�PRGHO�ORZHU�WKH�HQHUJ\�FRVW�RI�D�VLQJOH�KRXVHKROG"

,Q RUGHU WR LQYHVWLJDWH WKLV� WZR VHSDUDWH '5/ PRGHOV ZHUH EXLOW ZLWK WKH DLP RI UHGXFLQJ HQHUJ\ FRVWV�
7KH ILUVW PRGHO XVHG D IHHG�IRUZDUG QHXUDO QHWZRUN �))11� WR PDNH WKH WHPSHUDWXUH SUHGLFWLRQV XVHG LQ
WKH FXVWRP HQYLURQPHQW� DQG WKH VHFRQG 5/ PRGHO XVHG D UHFXUUHQW QHXUDO QHWZRUN �511� WR PDNH WKH
VDPH SUHGLFWLRQ� ,Q RUGHU WR VSHFLILFDOO\ LVRODWH WKH DELOLW\ RI WKH 5/ DJHQW WR DIIHFW LQGRRU WHPSHUDWXUHV
WKURXJK KHDWLQJ �L�H� QRW WKURXJK FRROLQJ� VLQFH WKH V\VWHP LQ WKH KRXVH LV QRW FDSDEOH RI WKDW�� WKH '5/
PRGHOV ZHUH UXQ RQ DQ HSLVRGH RQO\ IURP 6HSWHPEHU ���� WR $SULO ����� 2YHUDOO� HDFK PRGHO ZDV WUDLQHG
IRU���HSLVRGHV�

$GGLWLRQDOO\� WR DFFRXQW IRU WKH UHFXUUHQW QHXUDO QHWZRUN QHHGLQJ D GHVLJQDWHG SHULRG RI WLPH WR EH
WUDLQHG� OHDGLQJ WR DFWLRQV VWDUWLQJ PLG�PRQWK� WKH ILQDO DFWLRQV DQG HQHUJ\ FRVW RXWSXWV FRQVLGHUHG ZHUH
WDNHQ IURP 2FWREHU ���� WR $SULO ���� DFURVV DOO WKUHH VFHQDULRV� WKH KLVWRULFDO LQIRUPDWLRQ DERXW PDQXDO
FRQWURO RI WKH KHDWLQJ� '5/ XVLQJ IHHG�IRUZDUG QHXUDO QHWZRUN IRU LQGRRU WHPSHUDWXUH SUHGLFWLRQV� DQG
'5/�XVLQJ�UHFXUUHQW�QHXUDO�QHWZRUN�IRU�LQGRRU�WHPSHUDWXUH�SUHGLFWLRQV�

7KH�UHVXOWV�ZLOO�EH�HYDOXDWHG�XVLQJ�WKH�IROORZLQJ�IRXU�DVSHFWV�
�� 7RWDO�FXPXODWLYH�UHZDUG�DFKLHYHG�GXULQJ�HDFK�HSLVRGH
�� 0HDQ�DFWLRQ�RI�WKH�'5/�DJHQW�GXULQJ�HDFK�HSLVRGH
�� ,QGRRU�WHPSHUDWXUH�FRQWURO
�� 2YHUDOO�HQHUJ\�FRVW�VDYLQJV

2YHUDOO� LW ZDV VKRZQ WKDW WKH '5/ DJHQW ZDV DEOH WR ORZHU QRW RQO\ HQHUJ\ FRVWV EXW DOVR HQHUJ\
FRQVXPSWLRQ��ZKLOH�PDLQWDLQLQJ�WKH�DSSURSULDWH�LQGRRU�WHPSHUDWXUHV�

����5HZDUG�$QDO\VLV
6LQFH WKH DJHQW KDV DQ REMHFWLYH WR PD[LPL]H WKH WRWDO UHZDUG DFFXPXODWHG SHU HSLVRGH� FRQVLGHULQJ WKH
VSHFLILHG UHZDUG IXQFWLRQ ZKLFK DFFRXQWV IRU ERWK HOHFWULFLW\ SULFH DQG FRPIRUW WHPSHUDWXUH YLRODWLRQV� LW
ZRXOG EH SUHIHUUHG WR KDYH D WRWDO HSLVRGH UHZDUG DV FORVH WR � DV SRVVLEOH� 7KH FORVHU WKH UHZDUG LV WR ��
WKH�ORZHU�ZRXOG�EH�WKH�RYHUDOO�HQHUJ\�FRVW�RI�WKH�HSLVRGH�
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$V FDQ EH VHHQ LQ WKH 7DEOH � EHORZ� HDFK )11� DQG 511�EDVHG '5/ PRGHO KDG � WUDLQLQJ HSLVRGHV ZLWK
����� DQG ����� VWHSV UHVSHFWLYHO\ WR DFFRXQW IRU WKH KHDWLQJ VHDVRQ� ,W FDQ EH VHHQ WKDW ERWK DOJRULWKPV
PDQDJHG WR DFKLHYH D TXLWH VLPLODU UHZDUG� +RZHYHU� WKH '5/ DOJRULWKP ZKLFK XVHG 511 SHUIRUPHG
UHODWLYHO\�EHWWHU�E\�DFKLHYLQJ�DQ�DYHUDJH�UHZDUG�RI���������

��



7DEOH����6XPPDU\�RI�VWHSV��UHZDUGV��DQG�PHDQ�DFWLRQ�IRU�HYHU\�HSLVRGH�IRU�ERWK�'5/�PRGHOV�ZLWK�))11
DQG�511�WHPSHUDWXUH�SUHGLFWLRQ�PRGHOV�

,Q DGGLWLRQ� WKH '5/ DOJRULWKP ZKLFK XVHG ))11 KDG D ODUJHU YDULDELOLW\ RI FXPXODWLYH UHZDUGV SHU
HSLVRGH� ,WV VWDQGDUG GHYLDWLRQ RYHU � HSLVRGHV ZDV ���� ZKHUHDV WKH VWDQGDUG GHYLDWLRQ RI WKH UHZDUG
ZKHQ 511 ZDV XVHG ZDV ����� LQGLFDWLQJ WKDW WKH '5/ PRGHOV XVLQJ 511 ZHUH DEOH WR ILQG DQ RSWLPDO
FRPELQDWLRQ�RI�DFWLRQV�IDVWHU�DQG�PRUH�UHOLDEO\�

����$FWLRQ�$QDO\VLV

7KH DFWLRQ VSDFH LQ WKH FXUUHQW SUREOHP VHWWLQJ LV GLVFUHWH� ZLWK � LQGLFDWLQJ WKDW WKH KHDWLQJ VKRXOG EH
WXUQHG RII DQG � LQGLFDWLQJ WKDW WKH KHDWLQJ LV WXUQHG RQ� /RRNLQJ DW WKH VXP RI DOO DFWLRQV JLYHV WKH WRWDO
KRXUV WKDW WKH KHDWLQJ V\VWHP LV RQ RYHU WKH JLYHQ HSLVRGH� DQG LQ WKLV ZD\ LQGLFDWHV ZKDW WKH WRWDO HQHUJ\
FRQVXPSWLRQ ZRXOG EH� 7DEOH � VKRZV WKH WRWDO KRXUV RI KHDW FRQVXPSWLRQ IRU ERWK PRGHOV DFURVV DOO
HSLVRGHV��2Q�DYHUDJH��WKH�'5/�DJHQWV�ZHUH�DEOH�WR�GHFUHDVH�WKH�WRWDO�HQHUJ\�FRQVXPSWLRQ�E\��������

7DEOH����7RWDO�KRXUV�RI�KHDWLQJ�XVHG�DFURVV�HDFK�HSLVRGH�DQG�WKH�SHUFHQW�GHFUHDVH�IURP�WKH�PDQXDOO\
FRQWUROOHG�KRXUV�

��



%\ WDNLQJ DQ DYHUDJH RI WKH DFWLRQV GXULQJ DQ HQWLUH HSLVRGH� WKH DPRXQW RI WLPH WKH KHDWLQJ ZDV RQ
GXULQJ DQ HSLVRGH FDQ EH VHHQ� ZKLFK VKRZV WKH SURSRUWLRQ RI HQHUJ\ XVHG� )RU LQVWDQFH� LI WKH PHDQ
DFWLRQ RI DQ HSLVRGH ZDV ���� LW ZRXOG LQGLFDWH WKDW WKH KHDWLQJ ZDV RQ IRU H[DFWO\ KDOI WKH WLPH DFURVV WKH
HQWLUH HSLVRGH� $OWKRXJK WKH UHZDUG IXQFWLRQ IRU WKH '5/ ZDV QRW WXQHG IRU RSWLPL]LQJ WKH PHDQ DFWLRQ
�L�H� UHGXFLQJ XVDJH DV PXFK DV SRVVLEOH�� LW LV VWLOO LQWHUHVWLQJ WR VHH WKDW WKH PRGHOV ZHUH DEOH WR UHGXFH
HQHUJ\�FRQVXPSWLRQ�RYHUDOO�FRPSDUHG�WR�WKH�PDQXDO�FRQWURO�

)RU UHDGDELOLW\� WKH YDOXHV KDYH EHHQ WUDQVIRUPHG WR SHUFHQWDJH YDOXHV LQGLFDWLQJ WKH SHUFHQWDJH RI WLPH
WKDW WKH KHDWLQJ V\VWHP ZDV RQ� $ VXPPDU\ RI WKH PHDQ DFWLRQ IRU WKH ODVW HSLVRGH DQG DQ RYHUDOO DYHUDJH
DUH SUHVHQWHG LQ 7DEOH �� 2YHUDOO� LW FDQ EH REVHUYHG WKDW WKH '5/ PRGHO XVLQJ 511 KDG D KLJKHU RYHUDOO
PHDQ DFWLRQ FRPSDUHG WR WKH PRGHO XVLQJ ))11� %RWK DOJRULWKPV VWDUW ZLWK D UHODWLYHO\ VPDOO YDOXH RI
PHDQ DFWLRQ �DURXQG ���� DQG WKHQ UHDFK WKH YDOXH RI DURXQG ��� LQ WKH ODVW WUDLQLQJ HSLVRGH� 6LQFH ERWK
DOJRULWKPV KDYH VLPLODU VHWWLQJV WKDW EDODQFH H[SORUDWLRQ DQG H[SORLWDWLRQ� WKH FKDQJHV LQ PHDQ DFWLRQV DUH
TXLWH�VLPLODU�

,Q RUGHU WR VWXG\ WKH UHVHDUFK TXHVWLRQ IURP GLIIHUHQW DVSHFWV� LW LV LQWHUHVWLQJ WR ORRN DW WKH GLIIHUHQFH
EHWZHHQ DFWLRQV WDNHQ E\ D SHUVRQ YHUVXV WKH '5/ DOJRULWKPV� )RU WKH SXUSRVH RI FRPSDULVRQ� RQO\ WKH
DFWLRQV�RI�WKH�ODVW�WUDLQLQJ�HSLVRGH�DUH�WDNHQ�

7DEOH����0HDQ�DFWLRQ�SHU�PRQWK�IRU�HSLVRGH���

$V FDQ EH VHHQ LQ 7DEOH �� ZKHQ LW FRPHV WR WKH '5/ DOJRULWKP XVLQJ ))11� WKH SHUFHQWDJH RI WLPH SHU
PRQWK WKDW WKH KHDWLQJ V\VWHP ZDV RQ ZDV DQ DYHUDJH RI ������ LQVWHDG RI ������ ZKHQ LW ZDV
FRQWUROOHG PDQXDOO\� 6LPLODUO\� WKH '5/ PHWKRG XVLQJ 511 KDG DQ DYHUDJH RI ������� ,Q D VLPXODWHG
HQYLURQPHQW RI WKH GZHOOLQJ DFURVV DOO KHDWLQJ PRQWKV ERWK '5/ PHWKRGV ZHUH DEOH WR NHHS WKH VZLWFK
WLPH�UHODWLYHO\�VWDEOH�DURXQG�WKH�VDPH�YDOXH�FRPSDUHG�WR�WKH�KXPDQ�DFWLRQ�

����,QGRRU�7HPSHUDWXUH�$QDO\VLV
.HHSLQJ WKH LQGRRU WHPSHUDWXUH ZLWKLQ D EDQG RI ���& WR ���& ZDV RQH RI WKH PDLQ JRDOV RI WKH '5/
DJHQW� 7KH UHVXOWV VKRZ WKDW WKH ILQDO '5/ PRGHO ZDV DEOH WR UHPDLQ LQ WKLV WHPSHUDWXUH UDQJH WKURXJKRXW
HYHU\ HSLVRGH� $FURVV WKH VL[ HSLVRGHV� WKH DYHUDJH LQGRRU WHPSHUDWXUH IRU WKH '5/ PRGHOV ZLWK ))11
ZDV ������&� DQG WKH DYHUDJH WHPSHUDWXUH IRU WKH '5/ PRGHOV ZLWK 511 ZDV ������&� )LJXUH �� VKRZV

��



D ER[ SORW RI LQGRRU WHPSHUDWXUHV UHVXOWLQJ IURP WKH PDQXDO FRQWURO DQG WKH GLIIHUHQW '5/ DJHQWV IRU RQH
RI�WKH�HSLVRGHV��,W�LV�DSSDUHQW�WKDW�WKH�UDQJH�RI�WHPSHUDWXUHV�LV�PXFK�VPDOOHU�IRU�WKH�'5/�PRGHOV�

)LJXUH�����%R[�SORW�VKRZLQJ�WKH�LQGRRU�WHPSHUDWXUH�GLVWULEXWLRQ�RI�WKH�PDQXDO�FRQWURO��))11�'5/
PRGHO��DQG�511�'5/�PRGHO�

7KH LQGRRU WHPSHUDWXUHV RI WKH '5/ PRGHOV¶ �WK HSLVRGH FDQ DOVR EH VHHQ FRPSDUHG WR WKH PDQXDO
FRQWUROOHG WHPSHUDWXUHV LQ )LJXUH �� DQG )LJXUH ��� ,Q HDFK JUDSK� WKH WHPSHUDWXUH WUHQG FDQ EH VHHQ WR
GHFUHDVH VOLJKWO\ XQWLO -DQXDU\ EHIRUH LW ULVHV DJDLQ WRZDUGV 0D\� UHIOHFWLQJ WKH VHDVRQDO FKDQJHV RI ZLQWHU
DQG VSULQJ� 8VLQJ WKH '5/ DJHQW� WKH LQGRRU WHPSHUDWXUH LV PDLQWDLQHG DW D VWHDGLHU UDWH FRPSDUHG WR WKH
IOXFWXDWLRQV IURP PDQXDOO\ FRQWUROOLQJ WKH KHDWLQJ V\VWHP� 7KLV FRXOG EH LQWHUSUHWHG WR PHDQ WKDW WKH
'5/ PRGHO ZDV PRUH VXFFHVVIXO LQ PDLQWDLQLQJ DQ HYHQ WHPSHUDWXUH FRPSDUHG WR PDQXDOO\ WXUQLQJ WKH
KHDW RQ DQG RII� &RQWUDVWLQJO\� WKLV FRXOG DOVR EH GXH WR WKH QHXUDO QHWZRUNV¶ SUHGLFWLRQV RI LQGRRU
WHPSHUDWXUH QRW EHLQJ DV HUUDWLF DV WKH DFWXDO WHPSHUDWXUH PHDVXUHPHQWV� 1RQHWKHOHVV� LW LV FOHDU WKDW WKH
'5/�PRGHO�LV�VXFFHVVIXO�LQ�NHHSLQJ�WKH�WHPSHUDWXUHV�ZLWKLQ�WKH�GHVLUHG�WHPSHUDWXUH�EDQG�

)LJXUH����DQG�����0RGHO�WHPSHUDWXUHV�IRU�(SLVRGH���SORWWHG�DJDLQVW�WKH�DFWXDO�WHPSHUDWXUHV�

��



����&RVW�$QDO\VLV
7KH PDLQ DLP RI WKLV VWXG\ ZDV WR VHH ZKHWKHU WKH '5/ DJHQW FRXOG GHFUHDVH HOHFWULFLW\ FRVWV� $FURVV DOO
HSLVRGHV� LW ZDV IRXQG WKDW WKH DJHQWV ZHUH DEOH WR DFKLHYH DQ DYHUDJH FRVW VDYLQJV RI ������ ZLWK WKH
))11 '5/ PRGHO� DQG ������ ZLWK WKH '5/ PRGHO XVLQJ 511 FRPSDUHG WR WKH PDQXDO DFWLRQV RI WKH
KRPHRZQHU� )RU HYHU\ PRQWK� D UHGXFWLRQ LQ FRVW ZDV VXFFHVVIXOO\ DFKLHYHG� ZKLFK PHDQV WKDW WKH '5/
DJHQW ZDV DEOH WR PDLQWDLQ WKH LQGRRU KHDW ZKLOH PLQLPL]LQJ FRVW� 7DEOH � VKRZV WKH WRWDO FRVWV SHU PRQWK
LQ HSLVRGH �� DV ZHOO DV WKH SHUFHQW GHFUHDVH WKDW ZDV DFKLHYHG EHWZHHQ WKH '5/ PRGHOV DQG WKH PDQXDO
FRQWURO� $FURVV WKH PRGHOV� WKH ORZHVW PRQWKO\ SHUFHQWDJH GHFUHDVH ZDV ����� DQG WKH KLJKHVW DFKLHYHG
PRQWKO\ GHFUHDVH ZDV ������� 7KH '/5 PRGHO XVLQJ ))11 ZDV DEOH WR ORZHU FRVWV PRUH WKDQ WKH 511
'5/ PRGHO� 7KLV FRXOG EH GXH WR WKH GLIIHUHQFHV LQ KRZ ZHOO WKH 11 ZHUH DEOH WR DFFXUDWHO\ XSGDWH
UHVXOWLQJ�WHPSHUDWXUHV��1RQHWKHOHVV��WKH�FRVW�VDYLQJV�ZHUH�DSSDUHQW�DFURVV�ERWK�PRGHOV�IRU�HYHU\�HSLVRGH�

7DEOH����7KH�PRQWKO\�KHDWLQJ�FRVWV�IRU�HDFK�PRGHO�LQ�HSLVRGH���

��



���'LVFXVVLRQ�DQG�&ULWLFDO�5HIOHFWLRQ
,Q RUGHU WR FULWLFDOO\ DVVHVV WKH UHVXOWV DFKLHYHG LQ WKLV WKHVLV� ILUVW� LW LV LPSRUWDQW WR EHQFKPDUN WKHP
DJDLQVW WKH RWKHU UHVHDUFK SURMHFWV PHQWLRQHG LQ WKH /LWHUDWXUH 5HYLHZ VHFWLRQ� 7KLV WKHVLV ZDV DEOH WR
VKRZ WKDW GHHS UHLQIRUFHPHQW OHDUQLQJ� FRPELQHG ZLWK VHQVRU GDWD XVHG IRU LQGRRU WHPSHUDWXUH
VLPXODWLRQ� LV D SURPLVLQJ PHWKRG RI DFKLHYLQJ HQHUJ\ FRVW VDYLQJV WKURXJK KHDWLQJ V\VWHP FRQWURO� 7KH
RYHUDOO DYHUDJH FRVW VDYLQJV RI ��� DQG HQHUJ\ VDYLQJV RI ��� LV LQ OLQH ZLWK PDQ\ SUHYLRXV VWXGLHV
PHQWLRQHG� VXFK DV .D]PL HW DO� ������ ZLWK ��� HQHUJ\ VDYLQJV� /LVVD HW DO� ������ ZLWK D KLJK RI ���
VDYLQJV� DQG &KHQ HW DO� ������ ZLWK EHWZHHQ ��� DQG ��� VDYLQJV� 6LPLODU WR 1DWDOH HW DO� ������ ZKR
DOVR XVHG KLVWRULFDO GDWD SDLUHG ZLWK D QHXUDO QHWZRUN LQ RUGHU WR FRQGXFW WKH FXVWRP HQYLURQPHQW� WKH
VKDUHG�SRVLWLYH�UHVXOWV�DUH�D�ERRQ�WR�WKLV�VSHFLILF�PHWKRGRORJ\�

0RUHRYHU� LW LV QHFHVVDU\ WR KLJKOLJKW WKH FRQVHTXHQFHV RI HPSOR\LQJ IHHG�IRUZDUG DQG UHFXUUHQW QHXUDO
QHWZRUNV IRU LQGRRU WHPSHUDWXUH HVWLPDWLRQ� ,W LV HVVHQWLDO WR QRWH WKDW FRPSDUHG WR 1DWDOH HW DO� ������
ZKR XVHG D VSHFLILFDOO\ WXQHG SK\VLFDOO\�FRQVLVWHQW QHXUDO QHWZRUN IRU WKHLU LQGRRU WHPSHUDWXUH
SUHGLFWLRQV� WKH ))11 DQG 511 XVHG LQ WKLV VWXG\ DUH QRW DV DFFXUDWH� DQG FRXOG KDYH SRWHQWLDOO\ FDXVHG
WKH UHVXOWV WR EH PRUH RQ WKH RSWLPLVWLF VLGH� 1HYHUWKHOHVV� WKH UHVXOWV IURP WKH '5/ DJHQW VWLOO LQGLFDWH
WKDW GHHS UHLQIRUFHPHQW OHDUQLQJ LV D YLDEOH PHWKRG IRU HQHUJ\ FRVW DQG FRQVXPSWLRQ RSWLPL]DWLRQ�
$GGLWLRQDOO\� WKH XVDJH RI KLVWRULFDO VHQVRU GDWD LQWURGXFHV D QHZ OHYHO RI IOH[LELOLW\ ZKHQ LW FRPHV WR WKH
PRGHO�IUHH�PHWKRGRORJ\�

2I FRXUVH� WKH VWXG\ FRQGXFWHG LQ WKLV WKHVLV FRXOG EH WDNHQ IXUWKHU WR WKH UHDO WHVW HQYLURQPHQW RI WKH
DFWXDO GZHOOLQJ LQ /XQG� 6ZHGHQ� 7KH UHDO�ZRUOG XVH RI D WUDLQHG '5/ DJHQW VXFK DV WKH RQH LQ WKLV VWXG\
FRXOG EH DOWHUHG ZLWK PLQLPXP PRGLILFDWLRQV WR DFFHSW D OLYH UHDGLQJ RI WKH UHVXOWLQJ WHPSHUDWXUH DW D VHW
WLPH LQWHUYDO DQG PDNH D QHZ GHFLVLRQ EDVHG RQ WKDW� 7KLV DSSURDFK� LQ WXUQ� ZRXOG DYRLG WKH QHFHVVLW\ RI
SUHGLFWLQJ WKH UHVXOWLQJ WHPSHUDWXUH DQG DOORZ WKH '5/ DJHQW WR GLUHFWO\ LQWHUDFW ZLWK WKH UHDO
HQYLURQPHQW�

)XUWKHUPRUH� WKH UHVXOWV RI WKLV VWXG\ QHHG WR EH FRQVLGHUHG LQ FRQMXQFWLRQ ZLWK WKH UHZDUG IXQFWLRQ WKDW
ZDV FRQVWUXFWHG� ,Q WKLV SDUWLFXODU VFHQDULR ZLWK D VLQJOH GZHOOLQJ� WKH UHZDUG IXQFWLRQ ZDV GHVLJQHG
VSHFLILFDOO\ WR PLQLPL]H WKH FRVW RI HQHUJ\ ZKLOH UHVSHFWLQJ WKH GHVLUHG LQGRRU FRPIRUW WHPSHUDWXUHV�
+RZHYHU� WKH REMHFWLYH RI WKH UHLQIRUFHPHQW OHDUQLQJ DOJRULWKP FDQ EH SRWHQWLDOO\ PDGH PRUH FRPSOH[ E\
DGGLQJ RWKHU SDUDPHWHUV OLNH HQHUJ\ FRQVXPSWLRQ� WKH SHQDOW\ IRU HQHUJ\ XVH� RU DGGLWLRQDO VFDOLQJ� 7KH
UHZDUG IXQFWLRQ DOVR DGGV IOH[LELOLW\ LQ WKDW LW ZRXOG EH HDV\ WR WZHDN SDUDPHWHUV VXFK DV WDUJHW
WHPSHUDWXUH�WR�VXLW�WKH�QHHGV�RI�HDFK�LQGLYLGXDO�KRXVHKROG�

6LPLODUO\� WKH VWDWHV RI WKH HQYLURQPHQW LQ WKLV VWXG\ ZHUH PRWLYDWHG E\ WKH DYDLODELOLW\ RI YDULDEOHV LQ WKH
GDWDVHW SURYLGHG E\ 6HQVDWLYH $%� DQG ZHUH QDUURZHG GRZQ WR RXWGRRU WHPSHUDWXUH� LQGRRU WHPSHUDWXUH�
DQG WKH VWDWXV RI WKH KHDWLQJ V\VWHP� +RZHYHU� WKH PRGHO FDQ EH HQULFKHG E\ DGGLQJ VXSSOHPHQWDU\
SDUDPHWHUV OLNH KHDWLQJ V\VWHP UHDGLQJV� IRUHFDVWHG HQHUJ\ XVDJH� RWKHU ZHDWKHU SDUDPHWHUV� OLNH
SUHFLSLWDWLRQ DQG ZLQG VSHHG� RWKHU VHQVRU UHDGLQJV� OLNH RSHQ ZLQGRZ LQGLFDWRU RU GZHOOLQJ RFFXSDQF\�
DQG JULG ORDG� $GGLWLRQDOO\� WKH FRQWURO DFWLRQV WKDW ZHUH XVHG LQ WKH PRGHOV GHVFULEHG LQ WKLV WKHVLV ZHUH
FKDQJHG IURP GHFLPDO YDOXHV WR ELQDU\ WR VLPSOLI\ WKH PRGHO VWUXFWXUH DQG HDVH WKH FRPSXWDWLRQDO ORDG�

��



ZKLFK OHG WR WKH DFWLRQ VSDFH EHLQJ GLVFUHWH� +RZHYHU� FKDQJLQJ WKH DFWLRQ VSDFH WR FRQWLQXRXV� E\
PDNLQJ WKH FRQWURO DFWLRQ UHSUHVHQW WKH IUDFWLRQ RI WKH KRXU WKDW WKH V\VWHP KDV WR EH RQ� FRXOG SRWHQWLDOO\
OHDG�WR�EHWWHU�DFFXUDF\�RI�WKH�UHVXOWV�DQG�DGGLWLRQDO�FRVW�DQG�HQHUJ\�VDYLQJV�

)LQDOO\� WKH ODVW LWHP WR UHPDUN RQ LV WKH FKRVHQ PRGHO�IUHH DSSURDFK� ,Q WKLV WKHVLV� WKH PRGHOV ZHUH EXLOW
XVLQJ WKH 'HHS 4�1HWZRUN PHWKRG VLQFH WKH DFWLRQ VSDFH ZDV GLVFUHWH DQG WKH VWDWH VSDFH ZDV FRQWLQXRXV�
+RZHYHU� RWKHU PRGHO�IUHH UHLQIRUFHPHQW OHDUQLQJ DOJRULWKPV FDQ EH FRQVLGHUHG� VXFK DV 'HHS
'HWHUPLQLVWLF 3ROLF\ *UDGLHQW �''3*�� $V\QFKURQRXV $GYDQWDJH $FWRU�&ULWLF �$�&�� RU 3UR[LPDO 3ROLF\
2SWLPL]DWLRQ �332�� 7R FRQFOXGH� DV LQ DQ\ PDFKLQH OHDUQLQJ SUREOHP� WKHUH DUH PXOWLSOH PRGHO DVSHFWV
WR�EH�FRQVLGHUHG�DQG�YDULRXV�SDUDPHWHUV�WR�EH�WXQHG�

��



���&RQFOXVLRQ
5HLQIRUFHPHQW OHDUQLQJ KDV KLVWRULFDOO\ RIWHQ EHHQ XVHG LQ JDPLQJ DQG RWKHU YLUWXDO HQYLURQPHQWV� +HUH�
ZH KDYH VKRZQ WKDW LW FDQ DOVR EH XVHG RQ UHDO�ZRUOG GDWD� DQG KDYH VXFFHVVIXOO\ DQVZHUHG WKH TXHVWLRQ DV
WR ZKHWKHU D '5/ DJHQW FDQ OHDUQ WR ORZHU HQHUJ\ FRVWV� 7KH GHSDUWXUH IURP UHJXODU PDFKLQH OHDUQLQJ LQ
QHHGLQJ ODUJH DPRXQWV RI GDWD LV SURYLGHG E\ WKH IOH[LELOLW\ RI WKH FXVWRP HQYLURQPHQW LQ UHLQIRUFHPHQW
OHDUQLQJ��7KLV�SURYLGHV�D�ULJRURXV�EDVH�IRU�WKH�5/�PRGHO�WR�WHVW�RXW�GHFLVLRQV�DQG�ILQG�WKH�EHVW�DFWLRQV�

2Q WKH RWKHU KDQG� WKH GHSHQGHQFH RI UHLQIRUFHPHQW OHDUQLQJ PRGHOV RQ WKH FXVWRP HQYLURQPHQW
LQWURGXFHV VRPH FKDOOHQJHV� 7KH FXVWRP HQYLURQPHQWV EXLOW LQ WKLV VWXG\ UHO\ RQ QHXUDO QHWZRUNV WR
XSGDWH WKH FXUUHQW VWDWH RI WKH HQYLURQPHQW� 6LQFH WKLV QHXUDO QHWZRUN FRQWDLQV RQO\ D IHZ YDULDEOHV� WKHUH
LV D SRVVLELOLW\ WKDW WKH HQYLURQPHQW LV QRW DV UREXVW DV LW FRXOG EH� ,Q IXUWKHU UHVHDUFK� LPSURYLQJ WKH
SHUIRUPDQFH RI WKLV QHXUDO QHWZRUN FRXOG OHDG WR D EHWWHU 5/ PRGHO� $OWHUQDWLYHO\� WKH QHXUDO QHWZRUN
FRXOG EH IRUJRQH E\ DOORZLQJ WKH FXVWRP HQYLURQPHQW WR EH XSGDWHG GLUHFWO\ E\ OLYH VHQVRU UHDGLQJV� ,Q
WKLV ZD\� WKH 5/ PRGHO ZRXOG KDYH LPPHGLDWH DFFHVV WR WKH UHVXOWV RI LWV DFWLRQV� PDNLQJ IRU D PRUH
UREXVW�PRGHO�

7KLV VWXG\ KDV H[SORUHG WKH SRVVLELOLWLHV IRU UHLQIRUFHPHQW OHDUQLQJ WR EH XVHG LQ FRQMXQFWLRQ ZLWK VHQVRU
GDWD LQ D ZD\ WKDW ZRXOG LGHDOO\ EH PRUH VFDODEOH DQG ZLGHO\ DSSOLFDEOH WR H[LVWLQJ EXLOGLQJV� %\
DGRSWLQJ WKH PRGHO� QRW RQO\ ZRXOG WKH KRXVHKROG HQHUJ\ FRVWV JR GRZQ� EXW WKH RYHUDOO HQHUJ\
FRQVXPSWLRQ FRXOG DOVR EH UHGXFHG� ,I D VLPLODU UHVXOW FRXOG EH UHSOLFDWHG DFURVV WKH ERDUG� D FRVW
UHGXFWLRQ RI ��� DQG XVDJH UHGXFWLRQ RI ��� ZRXOG PDNH IRU VLJQLILFDQW VDYLQJV RQ D PDFUR OHYHO�
$OWKRXJK�ORIW\��RXU�UHVHDUFK�VKRZV�WKDW�WKH�PHWKRGRORJ\�KROGV�SURPLVH�IRU�HQHUJ\�RSWLPL]DWLRQ�SUREOHPV�

��



5HIHUHQFHV
%DUEHU� .� $� 	 .UDUWL� 0� ������� $ 5HYLHZ RI 2SWLPL]DWLRQ %DVHG 7RROV IRU 'HVLJQ DQG &RQWURO RI %XLOGLQJ
(QHUJ\�6\VWHPV� 5HQHZDEOH�DQG�6XVWDLQDEOH�(QHUJ\�5HYLHZV� YRO�����

%H\HU� /�� 9LQFHQW� '�� 7HERXO� 2�� *HOO\� 6�� *HLVW� 0�� 	 3LHWTXLQ� 2� ������� 08/(;� 'LVHQWDQJOLQJ ([SORLWDWLRQ
IURP�([SORUDWLRQ�LQ�'HHS�5/��$U;LY�H�SULQWV

%�QQLQJ� )�� +XEHU� %�� +HHU� 3�� $ERXGRQLD� $�� /\JHURV� -� ������� ([SHULPHQWDO 'HPRQVWUDWLRQ RI 'DWD 3UHGLFWLYH
&RQWURO�IRU�(QHUJ\�2SWLPL]DWLRQ�DQG�7KHUPDO�&RPIRUW�LQ�%XLOGLQJV� (QHUJ\�DQG�%XLOGLQJV��YRO�����

&KHQ�<�� 1RUIRUG� /�.�� 6DPXHOVRQ� +�:�� 	 0DONDZL� $� ������� 2SWLPDO &RQWURO RI +9$& DQG :LQGRZ 6\VWHPV
IRU�1DWXUDO�9HQWLODWLRQ�WKURXJK�5HLQIRUFHPHQW�/HDUQLQJ� (QHUJ\�DQG�%XLOGLQJV��YRO�������SS���������

(LVHQKRZHU� %�� 2¶1HLOO� =�� 1DUD\DQDQ� 6�� )RQREHURY� 9� $�� 	 0H]Lü� ,� ������� $ 0HWKRGRORJ\ IRU 0HWD�PRGHO
%DVHG�2SWLPL]DWLRQ�LQ�%XLOGLQJ�(QHUJ\�0RGHOV� (QHUJ\ DQG�%XLOGLQJV��YRO������SS���������
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