
$EVWUDFW

(YHU\ \HDU� H[FDYDWLRQ SURMHFWV FDXVH FRVWO\ LQIUDVWUXFWXUH GDPDJH WKDW DI�
IHFWV FRQYHQLHQFH DQG OLYHOLKRRGV RI PDQ\ SHRSOH LQ 1RUZD\� 7KH SXUSRVH
RI WKLV UHSRUW LV WR H[SORUH WKH SRVVLELOLW\ RI SUHGLFWLQJ WKH RXWFRPH RI QHZ
SURMHFWV XVLQJ PDFKLQH OHDUQLQJ� 'HSHQGLQJ RQ WKH DFFXUDF\ DQG SUREDELOLW\
WKDW D SURMHFW OHDGV WR VWULNH GDPDJH� VDIHW\ PHDVXUHV FDQ EH LPSOHPHQWHG
WR GHFUHDVH WKDW ULVN� ZLWK WKH JRDO WKDW D PDFKLQH OHDUQLQJ PRGHO ZLOO VHUYH
DV D ULVN DVVHVVPHQW WRRO IRU IXWXUH SURMHFWV� )RU LW WR EH SRVVLEOH WR WUDLQ
PDFKLQH OHDUQLQJ PRGHOV� *HRPDWLNN $6 KDV SURYLGHG D KXJH EDFNORJ RI
PHWDGDWD DERXW SDVW H[FDYDWLRQ SURMHFWV DQG WKHLU RXWFRPHV�
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6DPPHQGUDJ

*UDYHVNDGHU IRUnUVDNHU KYHUW nU NRVWEDUH VNDGHU Sn LQIUDVWUXNWXU VRP SnYLUNHU
OHYHEU¡GHW RJ VNDSHU XOHPSHU IRU PDQJH UXQGW RP L 1RUJH� )RUPnOHW PHG
GHQQH UDSSRUWHQ HU n XWIRUVNH PXOLJKHWHQ WLO n IRUXWVL XWIDOOHW WLO IUHPWLGLJH
SURVMHNWHU YHG EUXN DY PDVNLQO ULQJ� $YKHQJLJ DY Q¡\DNWLJKHW RJ VDQQV\Q�
OLJKHW IRU DW HW SURVMHNW YLO I¡UH WLO JUDYHVNDGHU� YLO GHW NXQQH LPSOHPHQWHUHV
VLNNHUKHWVWLOWDN IRU n PLQVNH ULVLNRHQ� GHWWH PHG HW PnO RP DW HQ PDVNLQ�
O ULQJVPRGHOO YLO NXQQH EUXNHV VRP HW ULVLNRYXUGHULQJ YHUNW¡\ IRU JUDYHVNDGHU
L IUHPWLGHQ� )RU n NXQQH WUHQH PDVNLQO ULQJVPRGHOOHQH KDU *HRPDWLNN $6
JLNN WLOJDQJ WLO HQ VWRU PHQJGH PHWDGDWD IUD WLGOLJHUH JUDYHVSURVMHNWHU PHG
JUDYHVNDGHXWIDOO�
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3UHIDFH

7KLV SURMHFW LV D FROODERUDWLRQ EHWZHHQ WKH DXWKRUV RI WKLV DUWLFOH DQG *H�
RPDWLNN $6� LQ DQ HIIRUW WR UHGXFH WKH DPRXQW RI VWULNH GDPDJH WKDW RF�
FXUV� *HRPDWLNN SURYLGHV VROXWLRQV IRU XWLOLW\ FRPSDQLHV� FRQWUDFWRUV� DQG
SXEOLF DXWKRULWLHV WKDW KHOS FRRUGLQDWH H[FDYDWLRQ SURMHFWV� 7KLV LV GRQH
WR PD[LPL]H WKH VDIHW\ RI FRQWUDFWRUV DQG PLWLJDWH LQIUDVWUXFWXUH GDPDJH�
*HRPDWLNN¶V FRUH SURGXFW LV D FRPSUHKHQVLYH PDSSLQJ RI DOO XQGHUJURXQG
LQIUDVWUXFWXUH LQ WKH FRXQWULHV LW RSHUDWHV� 7KLV XQGHUSLQV DQ HQG�WR�HQG
WHFKQRORJ\ SODWIRUP WKDW PDQDJHV WKHVH SUH�GLJ FKHFNV DQG FRPSOHPHQWDU\
ZRUNIORZV VXFK DV VLWH LQVSHFWLRQ� GDPDJH UHVROXWLRQ� DQG QHWZRUN PRQLWRU�
LQJ�

7KH UHDVRQ IRU ZDQWLQJ WR UHGXFH WKLV LV WKDW HYHU\ WLPH WKHUH LV DQ DFFL�
GHQW� WKHUH DUH KXJH FRVWV WR VRFLHW\� 7KLV FDQ EH D ILQDQFLDO FRVW RU WKH FRVW
RI ORVLQJ DFFHVV WR FULWLFDO LQIUDVWUXFWXUH VXFK DV HOHFWULFLW\� WKH LQWHUQHW� RU
ZDWHU�

7KH DXWKRUV WKDQN RXU DGYLVRU 'RQQ 0RUULVRQ DW 1718 IRU SURYLGLQJ IHHG�
EDFN DQG JXLGDQFH WKURXJKRXW WKH SURMHFW�

:H ZRXOG DOVR OLNH WR WKDQN *HRPDWLNN IRU SURYLGLQJ WKLV SURMHFW DQG JLYLQJ
XV DFFHVV WR WKHLU RIILFH VSDFH DQG UHVRXUFHV� :H HVSHFLDOO\ ZDQW WR WKDQN
7RU $QGUHDV $DVHE¡ DQG (VSHQ %UDJHUKDXJ DW *HRPDWLNN IRU EHLQJ KHOSIXO
LQ DQVZHULQJ TXHVWLRQV DQG GLVFXVVLQJ WKH GDWD VHW DQG SUREOHPV DORQJ WKH
ZD\�

7URQGKHLP� ����������

&DWR %DNNHQ 9LFWRULD %OLFKIHOGW

0DKPRXG +DVDQ 6KDZLVK
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$VVLJQPHQW WH[W

$UEHLGVWLWWHO� 0DVNLQO ULQJ LQQHQIRU JUDYHVNDGHIRUHE\JJLQJ

+HQVLNWHQ PHG RSSJDYHQ�
9L ¡QVNHU n VH KYLONH PXOLJKHWHU PDVNLQO ULQJ NDQ JL RVV IRU n IRUXWVH VMDQVHQ
IRU DW HQ JUDYHVNDGH YLO VNMH LIP HW JUDYHSURVMHNW�

.RUW EHVNULYHOVH DY RSSJDYHIRUVODJ�
6RP ODQGVGHNNHQGH DNW¡U LQQHQ JUDYHPHOGLQJVWMHQVWH L 1RUJH� 6YHULJH RJ
)LQODQG VLWWHU YL PHG JRGH GDWD Sn JUDYHSURVMHNWHU RJ KYLONH SURVMHNWHU VRP
KDU JLWW VNDGH Sn HNVLVWHUHQGH LQIUDVWUXNWXU � JUDYHVNDGH� 9L ¡QVNHU n VH
RP YL YHG KMHOS DY PDVNLQO ULQJ NDQ EUXNH GLVVH GDWDHQH WLO n IRUXWVH RP
HW JUDYHSURVMHNW YLO I¡UH WLO JUDYHVNDGH RJ Sn GHQ PnWHQ VHWWH LQQ WLOWDN VRP
JM¡U DW VMDQVHQ IRU DW GHW EOUL JUDYHVNDGHU�

8WI\OOHQGH NRPPHQWDUHU WLO KYD RSSJDYHQ JMHOGHU�
*HRPDWLNNJUXSSHQ KnQGWHUHU FLUND ��� ��� JUDYHKHQYHQGHOVHU L 1RUJH� 6YHULJH
RJ )LQODQG nUOLJ� 9L PRWWDU LQIRUPDVMRQ RP JUDYHSURVMHNWHW IUD HQWUHSUHQ¡U
RJ JLU HQWUHSUHQ¡UHU LQIRUPDVMRQ RP KYLONHQ LQIUDVWUXNWXU VRP OLJJHU L EDNNHQ�
,QIRUPDVMRQHQ JLHV EnGH YHG XWVHQGLQJ DY LQIUDVWUXNWXUNDUW RJ YHG I\VLVN RS�
SO\WWLQJ DY LQIUDVWUXNWXUHQ L DUEHLGVRPUnGHW�
(Q JUDYHVNDGH HU HQ VNDGH Sn HNVLVWHUHQGH LQIUDVWUXNWXU LIP JUDYLQJ� 'HWWH
NDQ I¡UH WLO ERUWIDOO DY VWU¡P� YDQQ HOOHU EUHGEnQG KRV VOXWWEUXNHUH�
'HWWH SnI¡UHU RVV VRP VDPIXQQ EHW\GHOLJH NRVWQDGHU KYHUW nU� *UDYHVNDGHU
ODJUHV RJVn L YnUW V\VWHP RJ HU NQ\WWHW WLO HQ JUDYHKHQYHQGHOVHU� 'HWWH HU
JRGH WHVWVHWW IRU XWSU¡YLQJ DY $,�PRGHOOHU�
'HW HU P\H PHWDGDWD NQ\WWHW WLO HQ JUDYHKHQYHQGHOVH� (NVHPSOHU Sn GHW HU
WLG� XWI¡UHU� NRPPHQWDUIHOW� W\SH LQIUDVWUXNWXU L RPUnGHW� VW¡UUHOVH RVY� 9L
¡QVNHU n VH RP PDQ YHG EUXN DY $, NDQ ILQQH RP GHW HU QRHQ VDPPHQKHQJ
PHOORP PHWDGDWD RJ VMDQVHQ IRU DW LQIUDVWUXNWXU EOLU VNDGHW LIP SURVMHNWHW�
'HW HU RJVn DNWXHOW n EUXNH HNVWHUQH NLOGHU VRP I� HNV Y UHW Sn VNDGHGDJHQ�
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/LVW RI )LJXUHV

� 0DFKLQH OHDUQLQJ EUDQFKHV>�@ � � � � � � � � � � � � � � � � � � � � �
� &RQIXVLRQ PDWUL[ IRU ELQDU\ FODVVLILFDWLRQ ZLWK ´HYHQW´ DQG ´QRQ�

HYHQW �́ 7KH FHOOV LQ WKH WDEOH LQGLFDWH WKH QXPEHU RI WUXH SRVL�
WLYHV �73�� IDOVH SRVLWLYH �)3�� WUXH QHJDWLYH �71� DQG IDOVH QHJ�
DWLYH �)1�>�@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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�� K\SHU�SDUDPHWHUV IRU UHVDPSOHG (;&/8'(' GDWDVHW PRGHOV� � � ��
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HOV� $OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ � � � � ��
�� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG 727$/B5$7,2 GDWDVHW PRG�

HOV� $OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ � � � � ��
�� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG 5$7,2 GDWDVHW PRGHOV�

$OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ � � � � � � ��
�� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG .20081(B'800,(6 GDWDVHW

PRGHOV� $OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ � ��
�� QHXUDO QHWZRUN VWUXFWXUH IRU WKH (;&/8'(' GDWDVHW� � � � � � � ��
�� QHXUDO QHWZRUN VWUXFWXUH IRU WKH 727$/B5$7,2 GDWDVHW� � � � � � ��
�� QHXUDO QHWZRUN VWUXFWXUH IRU WKH 5$7,2 GDWDVHW� � � � � � � � � � ��
�� QHXUDO QHWZRUN VWUXFWXUH IRU WKH .20081(B'800,(6 GDWDVHW� ��
�� 3UHFLVLRQ�5HFDOO FXUYH ZLWK $8& VFRUH IRU PRGHOV WUDLQHG RQ UH�

VDPSOHG GDWDVHWV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
�� 3UHFLVLRQ�5HFDOO FXUYH ZLWK $8& VFRUH IRU PRGHOV WUDLQHG RQ QRQ�

UHVDPSOHG GDWDVHWV � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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/LVW RI 7DEOHV

� ([DPSOH RI WKH GDWDVHW ZLWK FROXPQV DQG WKHLU YDOXHV� 7KLV
WDEOH RQO\ FRQWDLQV GXPP\ GDWD � � � � � � � � � � � � � � � � � � ��

� 7DEOH RI WKH GDWDVHWV XVHG LQ WKH SURMHFW� ,QFOXGHG LV WKH HQ�
FRGLQJ DQG WKH WRWDO QXPEHU RI IHDWXUHV� :KHUH� '9(� 'XPP\
YDULDEOH HQFRGLQJ� 07(� 0HDQ WDUJHW HQFRGLQJ� &� &RXQW RI LQ�
TXLULHV IRU HDFK FDWHJRU\� GURSSHG� 7KH IHDWXUH ZDV GURSSHG
IURP WKH GDWDVHW� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� WDEOH VKRZLQJ WKH WRWDO QXPEHU RI PRGHOV� WKHLU W\SHV DQG WKH
GDWDVHW WKH\ ZHUH WUDLQHG RQ� � � � � � � � � � � � � � � � � � � � � ��

� 5HVXOW 3HUFHQWDJH VFRUHV WDEOH IRU 7KH UHVDPSOHG GDWDVHWV� 7KHUH
DUH ILYH HYDOXDWLRQ VFRUHV� 3UH� SUHFLVVLRQ� 5HF�UHFDOO� )��
52&�52& $8&� DQG $&&� DFFXUDF\� � � � � � � � � � � � � � � � � ��

� 5HVXOW 3HUFHQWDJH VFRUHV WDEOH IRU QRW UHVDPSOHG GDWDVHWV� 7KH
PRGHOV ZHUH WUDLQHG XVLQJ WKH FRVW�VHQVLWLYH OHDUQLQJ WHFKQLTXH�
DQG WKHQ WHVWHG RQ HDFK RI WKH GDWDVHWV� 7KHUH DUH ILYH HYDOX�
DWLRQ VFRUHV� 3UH� SUHFLVVLRQ� 5HF�UHFDOO� )�� 52&�52& $8&�
$&&� DFFXUDF\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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� ,QWURGXFWLRQ

6WULNH GDPDJHV SXW D KXJH WROO RQ WKH FRPPXQLW\� VR WKHUH LV D PDVVLYH LQ�
FHQWLYH WR DYRLG WKHP� *HRPDWLNN KDYH GRQH LQWHUQDO DQDO\VLV RI WKHLU GDWD�
KRZHYHU WKH\ KDYH QRW PDQDJHG WR UHDFK DQ\ FRQFOXVLRQV� 7KLV LV ZK\ RXU
DVVLJQPHQW LV WR ILJXUH RXW D ZD\ WR XVH PDFKLQH OHDUQLQJ WR SUHGLFW ZKHWKHU
D SURMHFW ZLOO KDYH DQ DFFLGHQW RU QRW�

0DFKLQH OHDUQLQJ KDV DQG LV EHLQJ XVHG IUHTXHQWO\ LQ DQDO\]LQJ DQG LQWHU�
SUHWLQJ GDWD� ,W¶V HVSHFLDOO\ HIILFLHQW ZKHQ WKH DPRXQW RI GDWD LV ODUJH� 7KLV
LV ZK\ PDFKLQH OHDUQLQJ ZDV FKRVHQ DV D WRRO WR VROYH WKLV SUREOHP� DV WKHUH
DUH KXJH DPRXQWV RI GDWD DYDLODEOH�

'XH WR WKH QDWXUH RI WKH SURMHFW ZKHUH IDOVH SRVLWLYHV GRQ¶W UHDOO\ PDWWHU�
WKH\ ZLOO EH WUHDWHG DV SHUPLVVLEOH�

7KLV SDSHU ZLOO EH WDNLQJ D ORRN DW ZKLFK PDFKLQH OHDUQLQJ PRGHOV FDQ EH
XVHG WR SUHGLFW VWULNH GDPDJHV DQG ZKLFK PRGHOV DUH PRVW VXLWHG WR WKLV
WDVN�

��� 5HVHDUFK 4XHVWLRQ

7KH WLWOH RI WKH %DFKHORU 7KHVLV LV ³0DFKLQH OHDUQLQJ IRU SUHYHQWLRQ RI VWULNH
GDPDJH´ ZLWK WKH SXUSRVH RI UHVHDUFKLQJ DQG GHYHORSLQJ D 0/ PRGHO WKDW ZLOO
KHOS WR DVVHVV WKH ULVN RI H[FDYDWLRQ SURMHFWV� ,Q RXU WKHVLV� ZH ZLOO ORRN DW
KRZ DQG ZKDW WHFKQLTXHV WR XVH WR SUHSURFHVV WKH GDWD VHW DQG WKHQ FUHDWH
D 0/ PRGHO WR FODVVLI\ WKH RXWFRPH� 6RPH RI WKH FKDOOHQJHV WKDW ZH KDYH
WR IDFH LQ SUHSURFHVVLQJ DUH KRZ WR KDQGOH D GDWDVHW ZLWK PL[HG GDWD W\SHV�
LPEDODQFHG GDWD� PLVVLQJ YDOXHV� DQG KXJH DPRXQWV RI GDWD� +RZHYHU� WKH
FKDOOHQJHV GXULQJ WKH GHYHORSPHQW RI WKH PRGHO DUH WR GHWHUPLQH ZKLFK
PRGHO LV WKH PRVW VXLWDEOH IRU RXU REMHFWLYH DQG GDWD DQG ZKLFK HYDOXDWLRQ
PHWULFV WR XVH� &KRRVLQJ HYDOXDWLRQ PHWULFV ZLOO EH GRQH ZLWK FRQVLGHUDWLRQ
RI *HRPDWLNN¶V UHFRPPHQGDWLRQ WR XVH UHFDOO DV DQ HYDOXDWLRQ PHWULF� 7KLV
OHG WKH WHDP WR IRUPXODWH WKH IROORZLQJ UHVHDUFK TXHVWLRQ�

How can machine learning be used for risk assessment of
excavation projects?

��� 5HSRUW 6WUXFWXUH

:H ZLOO EHJLQ E\ SUHVHQWLQJ JHQHUDO LQIRUPDWLRQ DERXW PDFKLQH OHDUQLQJ DQG
LWV LQWULFDFLHV� IROORZHG E\ WKH PHWKRGRORJ\ XVHG WR ZRUN RQ WKH SURMHFW�
7KHQ ZH ZLOO GLVFXVV WKH SURMHFW DQG SUHVHQW RXU UHVXOWV DQG FRQFOXVLRQ�

7KLV UHSRUW LV VWUXFWXUHG LQWR WKH IROORZLQJ FKDSWHUV�

�



� ,QWURGXFWLRQ � 7KLV FKDSWHU LQWURGXFHV WKH SURMHFW� ,W JLYHV D GHVFULS�
WLRQ RI WKH UHVHDUFK TXHVWLRQ RI WKLV SDSHU� DFURQ\PV DQG DEEUHYLDWLRQV
DQG D JORVVDU\�

� %DFNJURXQG DQG 7KHRU\ � 7KLV FKDSWHU H[SODLQV UHOHYDQW WKHRU\ DQG
JLYHV EDFNJURXQG WR WKH IROORZLQJ FKDSWHUV�

� 0HWKRG DQG 7HFKQRORJ\ � 7KLV FKDSWHU GHVFULEHV WKH SURFHVV DQG
PHWKRGRORJ\ EHKLQG WKH SODQQLQJ DQG H[HFXWLRQ RI WKH H[SHULPHQWV�
)XUWKHUPRUH� LW JLYHV DQ RYHUYLHZ RYHU FKRLFHV RI WHFKQRORJ\ IRU WKLV
SURMHFW�

� 5HVXOWV � ,Q WKLV FKDSWHU WKH UHVXOWV IURP WKH H[SHULPHQWV DUH SUH�
VHQWHG�

� 'LVFXVVLRQ � 7KLV FKDSWHU GLVFXVV WKH UHVXOWV DJDLQVW WKH UHVHDUFK
TXHVWLRQ�

� &RQFOXVLRQ DQG )XWXUH ZRUN � ,Q WKLV FKDSWHU D FRQFOXVLRQ IRU WKH
ZRUN RI WKLV SDSHU LV SUHVHQWHG DQG LW SURYLGHV VXJJHVWLRQV IRU IXWXUH
ZRUN WR EH GRQH UHODWHG WR WKLV SURMHFW�

� %URDGHU LPSDFW � 7KLV FKDSWHU JRHV LQWR WKH HQYLURQPHQWDO� VRFLDO DQG
HWKLFDO LPSDFWV RI WKLV SURMHFW�

��� $FURQ\PV DQG $EEUHYLDWLRQV

$,  DUWLILFLDO LQWHOOLJHQFH
$11  $UWLILFLDO 1HXUDO 1HWZRUN
$3,  DSSOLFDWLRQ SURJUDPPLQJ LQWHUIDFH
$8&  $UHD 8QGHU 7KH &XUYH
&8'$  FRPSXWH XQLILHG GHYLFH DUFKLWHFWXUH
&38  FHQWUDO SURFHVVLQJ XQLW
(0.  (PHUJHQF\ 0HGLFDO &RPPXQLFDWLRQ
)3  )DOVH 3RVLWLYH
)1  )DOVH 1HJDWLYH
*38  JUDSKLFV SURFHVVLQJ XQLW
.11  .�1HDUHVW 1HLJKERXUV
.3,  NH\ SHUIRUPDQFH LQGLFDWRU
0/  PDFKLQH OHDUQLQJ
35  SUHFLVLRQ�UHFDOO 690  6XSSRUW 9HFWRU 0DFKLQH
73  7UXH 3RVLWLYH
71  7UXH 1HJDWLYH
:6/  :LQGRZV 6XEV\VWHP IRU /LQX[
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��� *ORVVDU\

6WULNH GDPDJH�  DFFLGHQWDO GDPDJH RQ DQ\ W\SH RI XQGHUJURXQG LQIUDVWUXF�
WXUH� IRU H[DPSOH� HOHFWULF FDEOH� ZDWHU SLSH� JDV SLSH RU VHZDJH OLQHV�

�VRXUFH � 3ULYDWH FRPPXQLFDWLRQ ZLWK *HRPDWLNN

�



� %DFNJURXQG DQG 7KHRU\

7KLV FKDSWHU ZLOO SUHVHQW WKH WKHRUHWLFDO FRQFHSWV DQG NQRZOHGJH EHKLQG WKH
PHWKRGV DQG WHFKQLTXHV WKDW DUH QRUPDOO\ XVHG IRU VLPLODU REMHFWLYHV� 6RPH
RI WKH PHWKRGV SUHVHQWHG EHORZ ZHUH XVHG LQ WKLV WKHVLV� ZKLOH RWKHUV ZHUH
QRW� HLWKHU GXH WR WKH ODFN RI WLPH RU GXH WR EHLQJ LUUHOHYDQW LQ RXU SDUWLFXODU
FDVH�

��� $UWLILFLDO ,QWHOOLJHQFH

$FFRUGLQJ WR 6WDQIRUG SURIHVVRU -RKQ 0F&DUWK\� >�@ RQH RI WKH IRXQGHUV RI
WKH GLVFLSOLQH RI DUWLILFLDO LQWHOOLJHQFH� $, LV WKH ILHOG RI PDNLQJ LQWHOOLJHQW PD�
FKLQHV� DQG VLQFH PRGHUQ PDFKLQHV UXQ RQ FRPPDQGV IURP SURJUDPV� WKHQ
$, LV E\ H[WHQVLRQ� WKH ILHOG RI PDNLQJ LQWHOOLJHQW FRPSXWHU SURJUDPV�
,QWHOOLJHQFH RULJLQDOO\ ZDV D WUDLW H[FOXVLYHO\ IRU OLYLQJ FUHDWXUHV� EXW ZLWK $,
GHYHORSPHQW PDFKLQHV DUH JHWWLQJ FRQVWDQWO\ PRUH LQWHOOLJHQW DQG FDSDEOH�
$, LV RIIHULQJ LPSURYHPHQWV DQG HYHQ EUHDNWKURXJKV LQ PDQ\ VHFWRUV� UDQJ�
LQJ IURP PHGLFLQH>�@ WR DXWRQRPRXV GULYLQJ�>�@

:KLOH VRPH $, V\VWHPV DUH FRPSOHWHO\ EDVHG RQ KXPDQ UHDVRQLQJ� $V LQ
D SURJUDPPHU ZULWLQJ DQ DOJRULWKP WR WKH WXQH RI LI ;� GR \� 2WKHUV DUH
PDGH WR VHOI�OHDUQ DQG LPSURYH� ZKLFK LV WKH ILHOG RI 0DFKLQH /HDUQLQJ�

��� 0DFKLQH /HDUQLQJ

0DFKLQH OHDUQLQJ LV WKH ILHOG RI EXLOGLQJ V\VWHPV WKDW LPSURYH WKHPVHOYHV
ZLWK H[SHULHQFH� 0DFKLQH OHDUQLQJ LV D SDUW RI $,� EXW XQOHVV WKH $, SURJUDP
UHOLDEO\ OHDUQV IURP H[SHULHQFH� LW LV QRW 0/� 3URIHVVRU 7RP 0� 0LWFKHOO IURP
&DUQHJLH 0HOORQ 8QLYHUVLW\ JDYH D PRUH IRUPDO GHILQLWLRQ�>�� S� �@
³���ZH VD\ WKDW D PDFKLQH OHDUQV ZLWK UHVSHFW WR D SDUWLFXODU WDVN 7� SHUIRU�
PDQFH PHWULF 3� DQG W\SH RI H[SHULHQFH (� LI WKH V\VWHP UHOLDEO\ LPSURYHV
LWV SHUIRUPDQFH 3 DW WDVN 7� IROORZLQJ H[SHULHQFH (�´

,Q VRPH ILHOGV 0/ LV DOUHDG\ WKH EHVW ZD\ WR GHYHORS VRIWZDUH� 6RPH RI
WKHVH ILHOGV DUH�

� %LJ OHYHO RI FRPSOH[LW\� :KHQ WKH VROXWLRQ UHTXLUHV DOJRULWKPV WRR FRP�
SOH[ IRU D KXPDQ WR UHDOLVWLFDOO\ PDNH� VXFK DV VSHHFK UHFRJQLWLRQ DQG
FODVVLI\LQJ LPDJHV� ,W LV HDV\ IRU D KXPDQ WR XQGHUVWDQG VSHHFK� EXW LW
LV KDUG WR ZULWH DQ DOJRULWKP WKDW GRHV WKDW UHOLDEO\�

� FRQVWDQW DGDSWDWLRQ� :KHQ VRIWZDUH QHHGV WR FRQVWDQWO\ DGDSW WR QHZ
LQIRUPDWLRQ� VXFK DV D UHFRPPHQGDWLRQ V\VWHP WKDW UHFRPPHQGV EDVHG
RQ FKDQJLQJ VSHQGLQJ KDELWV DQG FKDQJLQJ LQWHUHVWV� 2U VSDP HPDLO ILO�
WHUV WKDW KDYH WR IODJ QHZ W\SHV RI VSDP HPDLO� $Q HPDLO VSDP ILOWHU

�



IURP ���� PLJKW KDYH D KDUG WLPH IODJJLQJ VSDP HPDLO LW KDV QRW VHHQ
EHIRUH� OLNH VSDP DERXW ELWFRLQV�

0/ KDYH IRXU PDLQ EUDQFKHV DV VKRZQ LQ WKH ILJXUH EHORZ�

)LJXUH �� 0DFKLQH OHDUQLQJ EUDQFKHV>�@

����� 6XSHUYLVHG /HDUQLQJ

6XSHUYLVHG OHDUQLQJ LV W\SLFDOO\ WKH WDVN RI PDFKLQH OHDUQLQJ WR OHDUQ D IXQF�
WLRQ WKDW PDSV DQ LQSXW WR DQ RXWSXW EDVHG RQ VDPSOH LQSXW�RXWSXW SDLUV>�@�
6XSHUYLVHG OHDUQLQJ DOJRULWKPV ZLOO DQDO\]H WKH WUDLQLQJ GDWD DQG WKHQ SUR�
GXFH DQ LQIHUUHG IXQFWLRQ ZKLFK LV XVHG IRU PDSSLQJ QHZ H[DPSOHV� ,W LV WKH
PRVW LPSRUWDQW PHWKRGRORJ\ LQ PDFKLQH OHDUQLQJ�

����� 8QVXSHUYLVHG /HDUQLQJ

8QVXSHUYLVHG OHDUQLQJ DQDO\]HV XQODEHOHG GDWDVHWV ZLWKRXW WKH QHHG IRU KX�
PDQ LQWHUIHUHQFH� L�H�� D GDWD�GULYHQ SURFHVV>�@� ,Q XQVXSHUYLVHG OHDUQLQJ
WKHUH LV QR VSHFLILF RXWSXW SURYLGHG� LQVWHDG RQH ZLOO WU\ WR LQIHU VRPH XQ�
GHUO\LQJ VWUXFWXUH IURP WKH LQSXWV>�@�

����� 6HPL�6XSHUYLVHG

6HPL�VXSHUYLVHG OHDUQLQJ FDQ EH GHILQHG DV D K\EULGL]DWLRQ RI WKH DERYH�
PHQWLRQHG VXSHUYLVHG DQG XQVXSHUYLVHG PHWKRGV� DV LW RSHUDWHV RQ ERWK
ODEHOHG DQG XQODEHOHG GDWD>�@� 6HPL�VXSHUYLVHG OHDUQLQJ DOJRULWKPV ZLOO DW�
WHPSW WR LPSURYH WKH SHUIRUPDQFH LQ RQH WKH WZR WDVNV E\ XWLOL]LQJ GDWD
JHQHUDOO\ DVVRFLDWHG ZLWK WKH RWKHU>�@�

�



����� 5HLQIRUFHPHQW /HDUQLQJ

5HLQIRUFHPHQW OHDUQLQJ LV D W\SH RI PDFKLQH OHDUQLQJ DOJRULWKP WKDW HQDEOHV
VRIWZDUH DJHQWV DQG PDFKLQHV WR DXWRPDWLFDOO\ HYDOXDWH WKH RSWLPDO EH�
KDYLRXU LQ D SDUWLFXODU FRQWH[W RU HQYLURQPHQW WR LPSURYH LWV HIILFLHQF\>�@�

��� 0DFKLQH /HDUQLQJ 0RGHOV

����� 5DQGRP )RUHVW

5DQGRP IRUHVW LV D PDFKLQH OHDUQLQJ PHWKRG IRU FODVVLILFDWLRQ DQG UHJUHV�
VLRQ� ,W LV D FRPSXWDWLRQDOO\ HIILFLHQW WHFKQLTXH WKDW RSHUDWHV TXLFNO\ RYHU
ODUJH GDWDVHWV>�@� $ UDQGRP IRUHVW LV FRPSULVHG RI UDQGRP WUHHV ZKLFK DUH
GUDZQ DW UDQGRP IURP D VHW RI SRVVLEOH WUHHV ZLWK UDQGRP DWWULEXWHV DW HDFK
QRGH� 5DQGRP WUHHV FDQ EH JHQHUDWHG HIILFLHQWO\ DQG FRPELQHG LQWR ODUJH
VHWV OHDGLQJ WR JHQHUDOO\ DFFXUDWH PRGHOV>�@�

$OJRULWKP � %DVLF 5DQGRP )RUHVW>�� S� ���@
6HOHFW WKH QXPEHU RI PRGHOV WR EXLOG� m
IRU i = 1 to m GR
*HQHUDWH D ERRWVWUDS VDPSOH RI WKH RULJLQDO GDWD
7UDLQ D WUHH PRGHO RQ WKLV VDPSOH
IRU eachsplit GR
5DQGRPO\ VHOHFW k(< P ) RI WKH RULJLQDO SUHGLFWRUV
6HOHFW WKH EHVW SUHGLFWRU DPRQJ WKH k SUHGLFWRUV DQG SDUWLWLRQ WKH GDWD

HQG IRU
8VH W\SLFDO WUHH PRGHO VWRSSLQJ FULWHULD WR GHWHUPLQH ZKHQ D WUHH LV FRP�
SOHWH �EXW GR QRW SUXQH�

HQG IRU

����� 6XSSRUW 9HFWRU 0DFKLQH

$ VXSSRUW YHFWRU PDFKLQH LV D FRPSXWHU DOJRULWKP WKDW OHDUQV E\ H[DPSOH WR
DVVLJQ ODEHOV WR REMHFWV>�@� 7KLV PDFKLQH OHDUQLQJ DOJRULWKP LV PRVWO\ XVHG
IRU SDWWHUQ UHFRJQLWLRQ� 7KH 690 DOJRULWKP LV D VXSHUYLVHG W\SH RI PDFKLQH
OHDUQLQJ DOJRULWKP ZKLFK WDNHV D VHW RI WUDLQLQJ H[DPSOHV ZKLFK HDFK EHORQJ
WR RQH RI PDQ\ FDWHJRULHV DQG EXLOGV D PRGHO WKDW SUHGLFWV WKH FDWHJRU\ RI
QHZ H[DPSOHV>��@�

����� .�1HDUHVW 1HLJKERUV

7KH N�QHDUHVW QHLJKERXUV DOJRULWKP LV D VXSHUYLVHG OHDUQLQJ PHWKRG� ,W LV
XVHG IRU FODVVLILFDWLRQ DQG UHJUHVVLRQ� ,Q .�11� D GDWDEDVH LV VHDUFKHG IRU
WKH PRVW VLPLODU HOHPHQWV WR WKH JLYHQ TXHU\� DQG WKH VLPLODULW\ LV GHILQHG
E\ D GLVWDQFH IXQFWLRQ>��@�

�



����� ;*%RRVW

;*%RRVW�H;WUHPH *UDGLHQW %RRVWLQJ� LV DQ RSHQ�VRXUFH OLEUDU\ ZKLFK SUR�
YLGHV UHJXODUL]LQJ JUDGLHQW ERRVWLQJ� ;*%RRVW LV DQ LPSOHPHQWDWLRQ RI D
JHQHUDOL]HG ERRVWLQJ DOJRULWKP WKDW KDV EHFRPH H[WUHPHO\ SRSXODU GXH WR
LWV H[FHOOHQW SUHGLFWLYH SHUIRUPDQFH>��@� 7KH GUDZEDFNV WR ;*%RRVW LV WKDW
LW FDQ EH YHU\ WLPH FRQVXPLQJ WR UXQ�

������� *UDGLHQW %RRVWLQJ
*UDGLHQW ERRVWLQJ LV D YHU\ LPSRUWDQW WRRO ZKHQ LW FRPHV WR VXSHUYLVHG OHDUQ�
LQJ ZKLFK SURYLGHV VWDWH RI WKH DUW SHUIRUPDQFH RQ FODVVLILFDWLRQ� UHJUHVVLRQ
DQG UDQNLQJ WDVNV>��@�

����� $UWLILFLDO 1HXUDO 1HWZRUN

$UWLILFLDO QHXUDO QHWZRUNV DUH YHU\ SRSXODU QRZDGD\V DQG DUH XVXDOO\ XVHG LQ
GHHS OHDUQLQJ SURMHFWV� 7KH\ DUH WUDLQHG WR VROYH D SDUWLFXODU WDVN� 1HXURQV
DUH RUJDQL]HG LQWR JURXSV FDOOHG OD\HUV DQG FRQQHFWHG WR HDFK RWKHU SUHFLVHO\
WR IRUP D QHWZRUN>��@� ,I WKH QXPEHU RI OD\HUV LV KLJK� WKHQ WKH $11 LV
GHILQHG DV GHHS�

��� &RVW�6HQVLWLYH /HDUQLQJ

&RVW�6HQVLWLYH OHDUQLQJ LV D W\SH RI OHDUQLQJ LQ GDWD PLQLQJ WKDW WDNHV WKH
PLVFODVVLILFDWLRQ FRVWV LQWR FRQVLGHUDWLRQ>��@� 7KLV DSSURDFK LV YHU\ FRPPRQ
LQ GDWDVHWV ZKHUH WKH FODVV GLVWULEXWLRQV RI GDWD DUH KLJKO\ LPEDODQFHG�

��� (YDOXDWLRQ 0HWULFV

(YDOXDWLRQ PHWULFV KHOS PHDVXUH WKH SHUIRUPDQFH RI D 0/ PRGHO� 7KHUH DUH
PXOWLSOH HYDOXDWLRQ PHWULFV WR FKRRVH IURP� DQG WKH FKRLFH RI ZKLFK WR XVH
ZKHQ DVVHVVLQJ DQ 0/ VROXWLRQ GHSHQGV RQ WKH FKRLFH RI .3,V�

����� &RQIXVLRQ PDWUL[

7KH FRQIXVLRQ PDWUL[ LV RQH RI WKH PRVW SRSXODU PHWKRGV WR PHDVXUH WKH
HIILFDF\ RI D FODVVLILFDWLRQ SUREOHP>��@� ,W LV D WZR�GLPHQVLRQDO WDEOH YLVX�
DOL]LQJ WKH FODVVLILFDWLRQ SHUIRUPDQFH RI D FODVVLILHU DV VHHQ LQ )LJXUH �� ,W LV
LQGH[HG LQ RQH GLPHQVLRQ E\ WKH WUXH RU REVHUYHG FODVV RI DQ REMHFW DQG E\
WKH SUHGLFWLRQ RI WKH FODVV LQ WKH RWKHU�

7UXH SRVLWLYHV DUH GHILQHG DV SRVLWLYH VDPSOHV WKDW DUH FRUUHFWO\ FODVVLILHG�
$ WUXH QHJDWLYH RFFXUV ZKHQ D VDPSOH RI D QHJDWLYH FODVV LV FRUUHFWO\ FODVVL�
ILHG E\ WKH PRGHO� )RU FODVVLILFDWLRQ PRGHOV ZLWK WZR FODVVHV� LW PDNHV WZR
W\SHV RI HUURUV� 7KH\ DUH IDOVH SRVLWLYHV DQG IDOVH QHJDWLYHV� )DOVH SRVLWLYHV�
DOVR NQRZQ DV W\SH � HUURUV� RFFXU ZKHQ VDPSOHV RI D QHJDWLYH FODVV KDYH

��



LQFRUUHFWO\ EHHQ FODVVLILHG DV SRVLWLYH� )DOVH QHJDWLYHV� RU W\SH � HUURUV DV
WKH\ DOVR DUH NQRZQ DV� RFFXU ZKHQ D VDPSOH RI WKH SRVLWLYH FODVV KDV EHHQ
ZURQJO\ FODVVLILHG DV QHJDWLYH>��@�

)LJXUH �� &RQIXVLRQ PDWUL[ IRU ELQDU\ FODVVLILFDWLRQ ZLWK ´HYHQW´ DQG ´QRQ�
HYHQW �́ 7KH FHOOV LQ WKH WDEOH LQGLFDWH WKH QXPEHU RI WUXH SRVLWLYHV �73�� IDOVH
SRVLWLYH �)3�� WUXH QHJDWLYH �71� DQG IDOVH QHJDWLYH �)1�>�@

7KH HYDOXDWLRQ PHWULFV GHVFULEHG EHORZ DUH DOO EDVHG RQ WKH YDOXHV IURP
WKH FRQIXVLRQ PDWUL[�

����� $FFXUDF\ VFRUH

$FFXUDF\ LV GHILQHG E\

Accuracy =
TP + TN

TP + FP + FN + TN
���

DQG LV D UHSUHVHQWDWLRQ RI KRZ PDQ\ SUHGLFWLRQV ZHUH PDGH FRUUHFWO\>��@�

����� 3UHFLVLRQ

3UHFLVLRQ LV GHILQHG DV
Precision =

TP

TP + FP
���

DQG LV WKH UDWLR RI WUXH SRVLWLYHV GLYLGHG E\ WKH WRWDO QXPEHU RI SRVLWLYHV
SUHGLFWHG>��@�

����� 5HFDOO

5HFDOO LV GHILQHG DV RI WKH WRWDO RI DOO SRVLWLYH HYHQWV� KRZPDQ\ ZHUH FRUUHFWO\
FODVVLILHG� DQG LV JLYHQ E\ WKH IRUPXOD

Recall =
TP

TP + FN
���

>��@

��



����� )��6FRUH

)��6FRUH LV D FRPELQDWLRQ RI SUHFLVLRQ DQG UHFDOO DQG VROYHV WKH GLOHPPD
RI KDYLQJ WR FKRRVH WKH .3, �L�H�� KLJKHU UHFDOO RU KLJKHU SUHFLVLRQ� ZKHQ
FRPSDULQJ PRGHOV>��@� ,W LV GHILQHG DV

F1 Score =
2 ∗ (Precision ∗Recall)

Precision+Recall
���

DQG LV WKH KDUPRQLF PHDQ RI SUHFLVLRQ DQG UHFDOO� ZKLFK LV D NLQG RI QXPHULFDO
DYHUDJH� 7KLV PHDQV WKDW D PRGHO ZLWK D KLJK )��6FRUH KDV ERWK JRRG
SUHFLVLRQ DQG JRRG UHFDOO>��@�

����� 52& 	 $8&

9HUGKDQ HW DO�>��@ GHILQH WKH UHFHLYHU RSHUDWLQJ FKDUDFWHULVWLF RU 52& DV D
SORW EHWZHHQ 735 �WUXH SRVLWLYH UDWH� DQG )35 �IDOVH SRVLWLYH UDWH�� VHH )LJXUH
�D IRU DQ H[DPSOH� ZKHUH 735 LV WKH VDPH DV UHFDOO �� DQG )35 LV FDOFXODWHG
XVLQJ WKH UHVSHFWLYH IRUPXOD

FPR =
FP

TN + FP
���

,Q UHDO OLIH� WKHUH DUH ILQLWH SDLUV RI 735 DQG )35 FRRUGLQDWHV WR SORW WKH 52&
FXUYH� DQG PLJKW QRW ORRN DV VPRRWK DV )LJXUH�D� $V WKH FXUYH LV RQO\ DQ
DSSUR[LPDWLRQ� LW ZLOO UHDOLVWLFDOO\ ORRN PRUH OLNH WKH SORW LQ )LJXUH�E�

)LJXUH �� ([DPSOH RI JUDSKV LOOXVWUDWLQJ 52& FXUYH DQG $8&>��� S� ��@

:H FDQ JHQHUDOO\ VD\ WKDW D PRGHO LV EHWWHU WKDQ DQRWKHU LI LW WRWDOO\ HQFORVHV
WKH RWKHU PRGHO¶V 52& FXUYH� LQ WKH FDVH ZKHUH WKHUH DUH LQWHUVHFWLRQV EH�
WZHHQ WKH FXUYHV� QR PRGHO LV JHQHUDOO\ EHWWHU WKDQ WKH RWKHU� $ ZD\ RI
HYDOXDWLQJ WKH SHUIRUPDQFH RI WZR GLIIHUHQW PRGHOV ZKHQ WKH 52& FXUYH LV
RYHUODSSLQJ LV E\ XVLQJ WKH $UHD 8QGHU WKH 52& FXUYH �$8&�� ,W LV LOOXVWUDWHG
LQ )LJXUH�D E\ WKH VKDGHG DUHD XQGHU WKH 52& FXUYH� $8& LV DSSUR[LPDWHG

��



E\ WKH IRUPXOD VWDWHG LQ >��@ DV

AUC =
1

2

m−1∑

i=1

(xi+1 − xi)(yi + yi+1) ���

ZKHUH x1 = 0 DQG xm = 1� DQG LV FDOFXODWLQJ WKH VXP RI DUHDV EHWZHHQ HDFK
VWHS DORQJ WKH FXUYH DV LOOXVWUDWHG LQ )LJXUH �E� >��� SS� ��±��@

��� 3UHFLVLRQ�5HFDOO $8&

3UHFLVLRQ�5HFDOO $8& LV WKH FDOFXODWHG DUHD XQGHU D FXUYH� ZKHUH WKH FXUYH
LV GHILQHG E\ D WUDGH�RII EHWZHHQ GLIIHUHQW DVSHFWV RI SHUIRUPDQFH DV WKH
WKUHVKROG DSSOLHG WR WKH PRGHOV SUHGLFWLRQV YDULHV>��@� 35�$8& YDULHV RQ D
VFDOH IURP ]HUR WR RQH ZLWK UDQGRP SHUIRUPDQFH HTXDO WR VDPSOH SUHYDOHQFH
LQ WKH IRFDO GDWDVHW>��@�

��� &URVV�YDOLGDWLRQ

&URVV�YDOLGDWLRQ LV D GDWD UHVDPSOLQJ WHFKQLTXH XVHG WR DFFHVV WKH JHQHU�
DOL]DWLRQ DELOLW\ RI SUHGLFWLYH PRGHOV DQG WR SUHYHQW RYHUILWWLQJ >��@� 7KH
WHFKQLTXH ZRUNV E\ VSOLWWLQJ WKH GDWD LQWR . VWUDWLILHG VXEVHWV� WKHQ LW WUDLQV
WKH PRGHO N WLPHV XVLQJ N�� VXEVHWV DQG WHVWV RQ WKH ODVW VXEVHW� (DFK VXE�
VHW JHWV XVHG DV D WHVW VHW RQFH� WKH DYHUDJH RI WKH N WHVWLQJ VFRUHV LV XVHG
DV WKH HYDOXDWLRQ UHVXOW�

)LJXUH �� ,OOXVWUDWLRQ VKRZLQJ GDWD VSOLWWLQJ IRU �� IROG FURVV YDOLGDWLRQ�>���
S� ��@

��� 5H�VDPSOLQJ WHFKQLTXHV

:KHQ \RX DUH GHDOLQJ ZLWK DQ LPEDODQFHG GDWDVHW� \RXU UHVXOWV DUH OLNHO\ WR
EH LQDFFXUDWH� :KLFK LV ZK\ WKHUH DUH PXOWLSOH UH�VDPSOLQJ PHWKRGV DYDLO�
DEOH� 7KHUH DUH WKUHH PHWKRGV RI UH�VDPSOLQJ� \RX KDYH RYHUVDPSOLQJ� XQ�
GHUVDPSOLQJ DQG PHWKRGV ZKLFK FRPELQH WKH WZR�

��



����� 2YHUVDPSOLQJ

2YHUVDPSOLQJ LV JHQHUDOO\ WKH PRVW IUHTXHQWO\ XVHG UH�VDPSOLQJ PHWKRG�
2YHUVDPSOLQJ ZRUNV E\ UDLVLQJ WKH ZHLJKW RI WKH PLQRULW\ FODVV E\ HLWKHU
UHSOLFDWLQJ PLQRULW\ FODVV VDPSOHV� RU FUHDWLQJ QHZ RQHV� 7KHUH DUH PXOWL�
SOH GLIIHUHQW RYHUVDPSOLQJ PHWKRGV� +HUH ZH ZLOO JR RYHU WZR RI WKH PRVW
SRSXODU RQHV�

� 5DQGRP2YHU6DPSOHU� 7KLV PHWKRG ZLOO LQFUHDVH WKH VL]H RI WKH GDWDVHW
E\ UHSOLFDWLQJ H[LVWLQJ VDPSOHV� 7KH PDLQ SRLQW RI WKLV PHWKRG LV WKDW LW
GRHV QRW FUHDWH QHZ VDPSOHV� DQG WKH YDULHW\ RI WKH VDPSOHV GRHV QRW
FKDQJH >��@�

� 6027(� 7KLV LV D PHWKRG WKDW LQFUHDVHV WKH QXPEHU RI PLQRULW\ VDP�
SOHV E\ JHQHUDWLQJ QHZ VDPSOHV� 7KH DOJRULWKP WDNHV VDPSOHV IURP WKH
IHDWXUH VSDFH IRU HDFK WDUJHW FODVV DQG LWV QHDUHVW QHLJKERXUV� DQG WKHQ
WDNHV WKH IHDWXUHV IURP WDUJHW FDVH DQG LWV QHLJKERXUV DQG FRPELQHV
WKHP LQWR QHZ VDPSOHV >��@� 1HZ VDPSOHV JHQHUDWHG IURP WKLV PHWKRG
DUH QRW FRSLHV RI H[LVWLQJ VDPSOHV�

����� 8QGHUVDPSOLQJ

8QGHUVDPSOLQJ ZRUNV E\ UHPRYLQJ VDPSOHV IURP WKH PDMRULW\ FODVV XQWLO WKH
GDWDVHW LV EDODQFHG HQRXJK� :KHQ D GDWDVHW LV YHU\ LPEDODQFHG� LWV XVXDOO\
UHDOLVWLF WR DVVXPH WKDW PDQ\ VDPSOHV DUH UHGXQGDQW� +RZHYHU WKHUH LV
DOZD\V D ULVN RI UHPRYLQJ UHOHYDQW GDWD >��@�

� 5DQGRP8QGHU6DPSOHU� 7KLV PHWKRG ZLOO UHGXFH WKH VL]H RI WKH GDWDVHW
E\ UHPRYLQJ VDPSOHV IURP WKH PDMRULW\ FODVV E\ UDQGRP� 7KLV LV WKH
ULVN\ SDUW RI XVLQJ XQGHUVDPSOLQJ DV \RX PD\ ORVH FULWLFDO GDWD�

� (GLWHG1HDUHVW1HLJKERXUV� 7KLV PHWKRG DSSOLHV D QHDUHVW�QHLJKERXUV
DOJRULWKP DQG HGLWV WKH GDWDVHW E\ UHPRYLQJ VDPSOHV WKDW GR QRW DJUHH
´HQRXJK´ ZLWK WKHLU QHLJKERXUKRRG >��@�

����� &RPELQHG 6DPSOLQJ

2YHUVDPSOLQJ DQG XQGHUVDPSOLQJ HDFK KDYH GLIIHUHQW DGYDQWDJHV DQG GLV�
DGYDQWDJHV� %\ FRPELQLQJ WKH WZR� \RX FDQ JDLQ WKH EHQHILWV DQG GUDZEDFNV
RI ERWK PHWKRGV >��@�

� 6027((11 7KLV LV RQH RI WKH PRVW XVHG UHVDPSOLQJ PHWKRGV ZKLFK
FRPELQHV 6027( DV WKH RYHUVDPSOLQJ PRGHO� DQG (11�(GLWHG1HDUHVW1HLJKERXU�
DV WKH XQGHUVDPSOLQJ PRGHO�

��� )HDWXUH HQJLQHHULQJ

)HDWXUH HQJLQHHULQJ LV WKH SURFHVV RI FRQYHUWLQJ UDZ REVHUYDWLRQ LQWR XVHIXO
IHDWXUHV WR EH XVHG LQ 0/� ,W XVHV VWDWLVWLFDO WHFKQLTXHV WR DFKLHYH LW¶V JRDOV�

��



����� 'XPP\ 9DULDEOHV (QFRGLQJ

,W LV DQ HQFRGLQJ WHFKQLTXH ZKLFK PDSV HDFK XQLTXH FDWHJRU\ WR D YHFWRU
WKDW KDV ELQDU\ YDOXHV � RU �� 7KH YHFWRU FRQWDLQV WKH � LI WKH LQVWDQFH LV D
SDUW RI WKLV FDWHJRU\ DQG � LI LW LV QRW�>��@

����� 0HDQ 7DUJHW (QFRGLQJ

,W LV DQ HQFRGLQJ PHWKRG ZKHUH HDFK FDWHJRU\ & LQ WKH IHDWXUH ; LV UHSODFHG
E\ WKH D UDWLR 5 FDOFXODWHG ZLWK UHJDUGV WR WKH WDUJHW <� ,Q RXU FDVH WKH WDUJHW
IHDWXUH LV ELQDU\ Y ε[0, 1]� 7KH UDWLR IRU ELQDU\ WDUJHWV LV WKH QXPEHU RI SRVLWLYH
LQVWDQFHV RI WR WKH WRWDO QXPEHU RI LQVWDQFHV RI WKH VSHFLILHG FDWHJRU\� >��@

R =
number of instances where X = C and Y = 1

number of instances where X = C
���

� 0HWKRG DQG 7HFKQRORJ\

7KLV FKDSWHU LV EDVHG RQ WKH WKHRU\ SUHVHQWHG LQ &KDSWHU � DQG SURYLGHV
DQ RYHUYLHZ RI WKH PHWKRGRORJ\ EHKLQG WKH H[SHULPHQWV FRQGXFWHG� ,W DOVR
FRYHUV WKH FKRLFH RI WHFKQRORJLHV XVHG WR H[HFXWH WKH H[SHULPHQWV�

��� 3URFHVV

,Q WKLV VHFWLRQ� ZH GHVFULEH WKH SURFHVV SULRU WR WKH LPSOHPHQWDWLRQ RI PD�
FKLQH OHDUQLQJ PRGHOV DQG WKH UHVXOWLQJ H[SHULPHQWV�

����� 'DWD

7KH GDWD XVHG LQ WKLV SURMHFW ZHUH SURYLGHG E\ *HRPDWLNN $6 DQG FRQWDLQHG
D ODUJH DPRXQW RI UDZ GDWD IURP PRUH WKDQ ��� ��� SUHYLRXV LQTXLULHV� ,W
FRQWDLQHG IHDWXUHV ZLWK FDWHJRULFDO DQG QXPHULFDO GDWD�

7KH GDWDVHW FRQWDLQHG VHQVLWLYH LQIRUPDWLRQ DQG SUHYHQWHG XV IURP EULQJLQJ
LW RXWVLGH RI WKHLU RIILFHV� 'XH WR WKH FXUUHQW VLWXDWLRQ UHJDUGLQJ &RYLG���
UHVWULFWLRQV DW WKH EHJLQQLQJ RI WKH SURMHFW ZH ZHUH XQDEOH WR DFFHVV WKH
UHDO GDWDVHW� 7KHUHIRUH� WKH\ DOVR SURYLGHG D VPDOOHU GHPR GDWDVHW FRQWDLQ�
LQJ IDNH GDWD WKDW UHSOLFDWHG WKH IRUPDW RI WKH UHDO GDWDVHW� :H XVHG WKLV
WR IDPLOLDUL]H RXUVHOYHV ZLWK WKH VWUXFWXUH RI WKH GDWD DQG WKH GDWD W\SHV�
7KURXJKRXW WKH HDUO\ SKDVHV RI WKH SURMHFW� ZH FRQWLQXRXVO\ GLVFXVVHG WKH
GDWDVHW ZLWK *HRPDWLNN DQG ZH HQGHG XS ZLWK LWHUDWLQJ WKURXJK D IHZ GLI�
IHUHQW YHUVLRQV RI WKH GDWDVHW DV WKLQJV ZHUH GLVFRYHUHG ZKLOH DQDO\]LQJ WKH
GDWD�

6KRUW VXPPDU\ RI WKH IHDWXUHV�

� KHQYHQGHOVHBLG� D XQLTXH LG IRU HDFK LQTXLU\�

��



KHQYHQGHOVHBLG SDYLVWBGDWR JUDYHVNDGHBGDWR KDVWHVDN
� ���������� ����� 86$11
� ���������� ����� ���������� ����� 6$11
� ���������� ����� 6$11
� ���������� ����� ���������� ����� 6$11
� ���������� ����� 6$11

JUDYHG\EGH NRPPXQHBLG RUJDQLVDVMRQBLG EOLQGDUEHLG
� ��� ��� 86$11
�� �� ����� 86$11
���� �� ����� 86$11
� �� ����� 86$11
� �� ��� 86$11

JUXQQERULQJ EHURUWHBIDJRPUDDGHU DUHDO
86$11 ^´�I�I�W�I�I�I�I�I�I�I�I�I�´` ���
86$11 ^´�W�I�I�I�I�I�I�I�I�I�I�I�´` ��
86$11 ^´�W�I�I�I�I�I�I�I�I�I�I�I�´` ��
86$11 ^´�W�I�I�I�I�I�I�I�I�I�I�I�´` ���
86$11 ^´�W�I�I�I�I�I�I�I�I�I�I�I�´` ����

SRO\JRQ
32/<*21������������ ���������� ���������� ���������� ����������
���������� ���������� �����������
32/<*21������������ ���������� ���������� ���������� ����������
���������� ���������� �����������
32/<*21������������ ���������� ���������� ���������� ����������
���������� ���������� �����������
32/<*21������������ ���������� ���������� ���������� ����������
���������� ���������� �����������
32/<*21������������ ���������� ���������� ���������� ����������
���������� ���������� �����������

KDUBJUDYHVNDGH SDDYLVHU KDUBPDVNLQNRQWUROO
� � �
� � �
� � �
� � �
� � �

VNDGHSXQNW QHWWHLHUBLGV
^������������������������`

32,17��������� ������������ ^����`
^����`

32,17��������� ������������ ^����`
^����`

7DEOH �� ([DPSOH RI WKH GDWDVHW ZLWK FROXPQV DQG WKHLU YDOXHV� 7KLV WDEOH
RQO\ FRQWDLQV GXPP\ GDWD

��



� SDDYLVWBGDWR� WKH GDWH DQG WLPH RI ZKHQ WKH *HRPDWLNN ILHOG DJHQW
ZHQW RQ D VLWH LQVSHFWLRQ�

� JUDYHVNDGHBGDWR� WKH GDWH DQG WLPH RI ZKHQ WKH VWULNH GDPDJH RF�
FXUUHG�

� KDVWHVDN� %RROHDQ VKRZV ZKHWKHU WKH SURMHFW KDG WR EH DGGUHVVHG
TXLFNO\�

� JDYHG\SGH� WKH GHSWK RI WKH H[FDYDWLRQ�GULOOLQJ�

� NRPPXQHBLG� WKH LG RI PXQLFLSDOLW\ ZKHUH WKH SURMHFW WDNHV SODFH�

� RUJDQLVDVMRQBLG� WKH LG RI WKH FRQWUDFWRU ZKLFK VXEPLWWHG WKH SURMHFW�

� EOLQGDUEHLG� %RROHDQ VKRZV ZKHQ WKH SURMHFW KDYH GULOOLQJ XQGHU WKH
JURXQG�

� JUXQQERULQJ� %RROHDQ VKRZV LI WKH SURMHFW LV D GULOOLQJ SURMHFW�

� EHURUWHBIDJRPUDDGHU� D OLVW RI %RROHDQ WKDW VKRZV ZKLFK LQIUDVWUXF�
WXUH W\SH WKH SURMHFW LV ZRUNLQJ RQ� 7KH OLVW LV� 9$B1HWW� (OBQHWW�
7HOHBILEHUBNDEHOBWY� )MHUQYDUPH� *UXQQERULQJ� $QQHW� *DVVOHGQLQJ� 9HL�
*MHUGH� $XWRYHUQ� %\JJBDQOHJJ� 'UHQHULQJ�

� DUHDO� WKH WRWDO DUHD RI WKH SURMHFW VLWH�

� SRO\JRQ� 870 =RRQH ��1 FRRUGLQDWHV WKDW VKRZV D SRO\JRQ UHSUHVHQ�
WDWLRQ RI WKH SURMHFW VLWH�

� KDUBJUDYVNDGH� %RROHDQ WKDW VKRZV ZKHWKHU WKHUH ZDV D VWULNH GDP�
DJH�

� SDDYLVHU� LG RI *HRPDWLNN ILHOG DJHQW WKDW ZHQW RQ VLWH LQVSHFWLRQ�

� KDUBPDVNLQNRQWUROO� %RROHDQ WKDW VKRZV ZKHWKHU WKH SURMHFW ZLOO XVH
PDFKLQHV WKDW XWLOL]H FRRUGLQDWHV IRU H[WUD SUHFLVLRQ�

� VNDGHSXQNW� WKH 870 =RRQH ��1 FRRUGLQDWH RI ZKHUH WKH VWULNH GDP�
DJH RFFXUUHG�

� QHWWHLHUBLGV� D OLVW RI LGV RI WKH LQIUDVWUXFWXUH ZLWKLQ D FHUWDLQ UDGLXV
RI WKH SURMHFW VLWH�

����� 5HVHDUFK

)ROORZLQJ WKH DFTXLVLWLRQ RI WKH GDWD� ZH FRQWLQXHG WR ORRN IRU UHOHYDQW UH�
VHDUFK WKDW ZH FRXOG XVH DV D EDVH IRU WKH H[SHULPHQWV� *HRPDWLNN LQIRUPHG
XV WKDW QR SUHYLRXV UHVHDUFK KDG EHHQ GRQH LQ WKLV ILHOG�� +RZHYHU� ZH GLG
RXU RZQ OLWHUDU\ VHDUFK DQG ZHUH XQDEOH WR ILQG DQ\ UHVHDUFK GLUHFWO\ UHODWHG
WR WKH XVH RI PDFKLQH OHDUQLQJ WR PDNH ULVN DVVHVVPHQWV RQ WKH FKDQFH RI

�3ULYDWH FRPPXQLFDWLRQ ZLWK *HRPDWLNN

��



VWULNH GDPDJH� :H WKHUHIRUH KDG WR UHVROYH WR UHVHDUFK ZLWKLQ UHODWHG ILHOGV�
ZLWK WKH VDPH W\SH RI SUREOHP WR VROYH� H�J� GLVHDVH SUHGLFWLRQ RU IUDXGX�
OHQW FUHGLW FDUG SUHGLFWLRQ� 7KH UHVHDUFK SKDVH ZDV FRQFHQWUDWHG DURXQG WKH
EHJLQQLQJ RI WKH SURMHFW� EXW VRPH UHVHDUFK ZDV GRQH ODWHU� LI QHZ WRSLFV RI
UHOHYDQFH ZDV GLVFRYHUHG�

����� 'DWD $QDO\VLV

'XH WR WKH ODUJH DPRXQW RI UDZ GDWD� DQG WR JHW EHWWHU NQRZOHGJH RI LW� FRQ�
GXFWLQJ D GDWD DQDO\VLV ZDV QHFHVVDU\� 7KH DQDO\VLV SURYLGHG LQVLJKW LQWR
WKH GLVWULEXWLRQ RI WKH YDOXHV LQ WKH GLIIHUHQW FROXPQV� 7KLV JDYH XV NQRZO�
HGJH DERXW ZKDW QXPHULFDO IHDWXUHV KDG WR EH VWDQGDUGL]HG RU QRUPDOL]HG�
,W DOVR SURYLGHG LQIRUPDWLRQ DERXW ZKLFK IHDWXUHV FRQWDLQHG FDWHJRULFDO GDWD
DQG WKH GLVWULEXWLRQ RI LW� 7KLV KHOSHG LQ WKH GHFLVLRQ RI ZKHWKHU WR KDYH RQH
KRW HQFRGLQJ RU LI VRPH RWKHU IHDWXUH HQJLQHHULQJ VKRXOG EH DSSOLHG� 'XULQJ
WKH DQDO\VLV� LW ZDV GLVFRYHUHG WKDW WKH WDUJHW FODVVHV ZHUH YHU\ KHDYLO\ LP�
EDODQFHG� ZLWK D GLVWULEXWLRQ RI ������ RI LQTXLUHV ZLWK RXW VWULNH GDPDJH
DQG ����� ZLWK VWULNH GDPDJH� 7KH GLVWULEXWLRQ LV LOOXVWUDWHG LQ )LJXUH ��
7KLV UHVXOWHG LQ KDYLQJ WR WDNH PRUH FRQVLGHUDWLRQ ZKHQ SLFNLQJ RXW PRGHOV
ZH ZDQWHG WR LPSOHPHQW LQ WKH H[SHULPHQWV� DQG KDYLQJ WR H[SORUH GLIIHUHQW
RSWLRQV LQWR KRZ GHDOLQJ ZLWK LPEDODQFHV GDWDVHWV�

)LJXUH �� 'LVWULEXWLRQ RI WDUJHW FODVVHV

7DEOH � LOOXVWUDWHV DQ H[FHUSW RI KRZ WKH UDZ GDWDVHW ORRN OLNH� ,W LV D GDWDVHW
FRQWDLQLQJ IDEULFDWHG GDWD� EXW ZLWK WKH VDPH VWUXFWXUH DQG GDWD IRUPDWV

��



DV WKH RULJLQDO GDWDVHW� (DFK URZ FRQWDLQV LQIRUPDWLRQ DERXW DQ LQTXLU\ UH�
FHLYHG E\ *HRPDWLNN� ZKHUH ´KDUBJUDYHVNDGH´ LV WKH WDUJHW FODVV� DQG WKH
RWKHU FROXPQV DUH SRWHQWLDO IHDWXUHV�

)LJXUH � VKRZV WKH GLVWULEXWLRQ RI DUHD VL]HV SHU LQTXLU\� )URP WKLV ILJXUH ZH
FDQ VHH WKH H[LVWHQFH RI RXWOLHUV� DQG WKDW WKH DUHD IHDWXUH VKRXOG EH VFDOHG�

)LJXUH �� 'LVWULEXWLRQ RI VLWH DUHD VL]HV�

)LJXUHV �� �� DQG � VKRZ WKH GLVUXSWLRQ LQTXLUHV SHU ILHOG DJHQWV� PXQLFL�
SDOLW\� DQG RUJDQLVDWLRQ�FRQWUDFWRU UHVSHFWLYHO\� WKH ILJXUHV VKRZ ZKDW LV
H[SHFWHG� WKDW LQTXLUHV DUH QRW GLVWULEXWHG HYHQO\� 7KLV ZLOO KDYH DQ LPSOL�
FDWLRQ RQ ZKLFK HQFRGLQJ WHFKQLTXH ZH XVH IRU WKHVH FDWHJRULFDO IHDWXUHV�

)LJXUH �� VKRZV WKH GLVWULEXWLRQ RI WKH QXPEHU RI LQIUDVWUXFWXUHV DURXQG
SURMHFW VLWHV� ,W PLJKW SURYH XVHIXO WR PDNH D IHDWXUH RI WKLV LQIRUPDWLRQ�

$IWHU IXUWKHU DQDO\VLV� LW ZDV GLVFRYHUHG WKDW VRPH RI WKH IHDWXUHV ZHUH QRW
XVHIXO IRU RXU FDVH� 7KHVH IHDWXUH ZHUH KHQYHQGHOVHBLG� JUDYVNDGHBGDWR�
DQG SRO\JRQ� KHQYHQGHOVHBLG LV D XQLTXH LG IRU HDFK SURMHFW� JUDYVNDGHBGDWR
DQG SRO\JRQ ZKHUH QRW XVHG� ,W ZDV DOVR GLVFRYHUHG WKDW JUXQQERULQJ ZDV
UHGXQGDQW DV LW ZDV DOVR DYDLODEOH LQ EHURUWHBIDJRPUDDGHU�

��



)LJXUH �� 'LVWULEXWLRQ LQTXLUHV SHU ILHOG DJHQW�

)LJXUH �� 'LVWULEXWLRQ RI LQTXLUHV SHU PXQLFLSDOLW\�

��



)LJXUH �� 'LVWULEXWLRQ RI LQTXLUHV SHU RUJDQLVDWLRQ�

)LJXUH ��� GLVUXSWLRQ RI QXPEHU RI LQIUDVWUXFWXUHV DURXQG SURMHFW VLWHV�

��



��� ([HFXWLRQ

7KLV FKDSWHU ZLOO H[SODLQ KRZ WKH H[SHULPHQWV ZHUH LPSOHPHQWHG LQ WKLV
SURMHFW� ,W ZLOO DOVR H[SODLQ WKH VFLHQWLILF PHWKRG WKDW ZDV IROORZHG�

)LJXUH �� VKRZV D VLPSOLILHG GHSLFWLRQ RI WKH SURFHVV VWHSV WKURXJKRXW WKLV
SURMHFW�

)LJXUH ��� 6LPSOLILHG RYHUYLHZ RI WKH SURFHVV VWHSV WKURXJKRXW WKH SURMHFW�

����� ([SHULPHQWDWLRQ 3URFHVV

'XULQJ WKH SODQQLQJ SKDVH� WKH WHDP FKRVH WR IROORZ WKH K\SRWKHWLFR�GHGXFWLYH
PHWKRG LOOXVWUDWHG LQ ILJXUH �� GXULQJ WKH H[HFXWLRQ SKDVH�

7KH K\SRWKHWLFR�GHGXFWLYH PRGHO LV XVHG WR VFLHQWLILFDOO\ H[SORUH D UHVHDUFK
TXHVWLRQ� 7KH PRGHO IROORZV WKH VWHSV EHORZ�

� 0DNH DQ REVHUYDWLRQ�

� 8VH WKH REVHUYDWLRQ WR PDNH D UHVHDUFK TXHVWLRQ

� )RUPXODWH D K\SRWKHVLV EXLOW RQ WKH REVHUYDWLRQ DQG UHVHDUFK TXHVWLRQ�
:KHUH WKH K\SRWKHVLV VKRXOG EH IDOVLILDEOH�

� 'HGXFH SUHGLFWLRQV EDVHG RQ WKH K\SRWKHVLV�

��



� 3HUIRUP H[SHULPHQWV DURXQG WKH SUHGLFWLRQV�

� &ROOHFW WKH UHVXOW RI WKH H[SHULPHQWV�

� (YDOXDWH WKH K\SRWKHVLV LQ OLJKW RI WKH UHVXOWV REWDLQHG�

7KLV PRGHO LV XVXDOO\ UXQ LQ F\FOHV ZKHUH DIWHU HYHU\ HYDOXDWLRQ \RX UHWXUQ
WR WKH K\SRWKHVLV VWHS� PDNH D QHZ SUHGLFWLRQ DQG UXQ WHVWV WR WU\ DQG IDOVLI\
WKH SUHGLFWLRQ�

7KH H[SHULPHQWDWLRQ PDGH GXULQJ WKH SURMHFW DLPHG WR XWLOL]H WKH +\SRWKHLFR�
GHGXFWLYH PHWKRG WR JDLQ HPSLULFDO VXSSRUW IRU RXU K\SRWKHVLV� 7KH PHWKRG
ZDV KHOSIXO LQ VWUXFWXULQJ WKH H[SHULPHQWV� HVSHFLDOO\ VLQFH ZH KDG D EURDG
UHVHDUFK TXHVWLRQ DURXQG ´KRZ´ WR XVH PDFKLQH OHDUQLQJ LQ WKLV VSHFLDO FDVH�
:H WULHG WR IRUPXODWH K\SRWKHVHV DURXQG WKH GLIIHUHQW 0/ PRGHOV DQG SUHSUR�
FHVVLQJ WHFKQLTXHV� DQG WKHQ IDOVLI\ WKHP� 7KH H[SHULPHQWV ZHUH FRQGXFWHG
DQG WKH UHVXOWV ZHUH ORJJHG DQG HYDOXDWHG LQ RUGHU WR FRPH WR D FRQFOXVLRQ
LQ WKH HQG�

)LJXUH ��� +\SRWKHWLFR�GHGXFWLYH PRGHO ,OOXVWUDWLRQ� >��@

����� 'DWD 3UHSRVVHVVLQJ

$V VWDWHG LQ VXEVHFWLRQ ����� ZH KDG D ELJ GDWDVHW FRQWDLQLQJ D EDFNORJ RI
SURMHFW LQTXLULHV� 7KH GDWDVHW KDG D YDULHW\ RI IHDWXUHV� VHH WDEOH ��

)HDWXUHV KHQYHQGHOVHBLG� JUDYVNDGHBGDWR� DQG SRO\JRQ� DQG WKH UHGXQGDQW
IHDWXUH JUXQQERULQJ ZHUH GURSSHG IURP WKH GDWDVHW� 7KHUH ZHUH DOVR D UHO�
DWLYHO\ VPDOO QXPEHU RI LQVWDQFHV WKDW KDG PLVVLQJ YDOXHV� 7KHVH LQVWDQFHV
ZHUH DOVR GURSSHG�

��



)HDWXUH H[WUDFWLRQ DQG HQJLQHHULQJ WHFKQLTXHV ZHUH LPSOHPHQWHG WR H[WUDFW
VRPH XVHIXO IHDWXUHV DQG LPSURYH WKHP�

� )URP IHDWXUH SDYLVWBGDWR� �� ELQDU\ IHDWXUHV ZHUH H[WUDFWHG� � UHSUH�
VHQWLQJ ZKLFK GD\ RI WKH ZHHN WKH ILHOG DJHQW LQVSHFWHG WKH VLWH� DQG
�� UHSUHVHQWHG ZKLFK PRQWK WKH LQVSHFWLRQ WRRN SODFH�

� )URP IHDWXUH QHWWHLHUBLGV D QHZ FRQWLQXRXV IHDWXUH ZDV H[WUDFWHG� WKH
IHDWXUH UHSUHVHQWHG WKH QXPEHU RI LQIUDVWUXFWXUHV ZLWKLQ D FHUWDLQ UD�
GLXV IURP WKH SURMHFW VLWH�

� )HDWXUH EHURUWHBIDJRPUDDGHU ZDV VSOLW LQWR �� ELQDU\ IHDWXUHV UHSUH�
VHQWLQJ WKH �� LQIUDVWUXFWXUH W\SHV�

� )RXU FRQWLQXRXV IHDWXUH UHSUHVHQWLQJ FRXQW RI LQTXLULHV IRU HDFK FDWH�
JRU\ ZHUH H[WUDFWHG IURP WKH FDWHJRULFDO IHDWXUHV NRPPXQHBLG� RUJDQ�
LVDVMRQBLG� SDDYLVHU� DQG QHWWHLHUBLGV� VHH WDEOH � ZKLFK VKRZV ZKHUH
WKH\ ZHUH XVHG�

� %LQDU\ IHDWXUHV KDVWHVDN� EOLQGDUEHLG� DQG JUXQQERULQJ ZKLFK ZHUH UHS�
UHVHQWHG LQ VWULQJV ´6$11´�´86$11´ ZHUH UHSODFHG E\ QXPEHU UHSUH�
VHQWDWLRQ ´�´�´�´�

� )HDWXUH HQFRGLQJ� %RWK 7DUJHW 0HDQ (QFRGLQJ DQG 'XPP\ 9DULDEOH
(QFRGLQJ ZHUH XVHG RQ WKH FDWHJRULFDO YDULDEOHV LQ WKH GDWDVHW� 6HH
WDEOH ��

� 6FDOLQJ� VFDOLQJ WHFKQLTXH ZDV XVHG RQ IHDWXUH DUHDO� 7KH FRXQW IHD�
WXUHV VHH WDEOH � ZHUH VFDOHG DV ZHOO�

5HVDPSOLQJ WHFKQLTXHV ZHUH XVHG WR PLWLJDWH WKH HIIHFW RI GDWD LPEDODQFH LQ
WKH GDWDVHW� 6027((1 &RPELQHG VDPSOLQJ WHFKQLTXH UHVDPSOHG WKH WUDLQ�
LQJ VHW RI HDFK GDWDVHW� 7KH UHVDPSOHG WUDLQLQJ VHW ZDV IHG WR WKH PRGHO�

'XH WR WKH KLJK QXPEHU RI XQLTXH YDOXHV LQ WKH IRXU FDWHJRULFDO IHDWXUHV
NRPPXQHBLG� RUJDQLVDVMRQBLG� SDDYLVHU� DQG QHWWHLHUBLGV� :H GHFLGHG WR
PDNH IRXU GDWDVHWV� (DFK RQH KDV GLIIHUHQW YDULDWLRQ RI GXPP\ YDULDEOH HQ�
FRGLQJ DQG�RU PHDQ WDUJHW HQFRGLQJ� VHH WDEOH ��

����� 7UDLQLQJ 0RGHOV

6L[ 0/ PRGHO W\SHV ZHUH XVHG LQ WKLV SURMHFW� 7KH VWDUW ZDV PDLQO\ ZLWK
VLPSOHU PRGHOV N�QHDUHVW QHLJKERUV� DQG VXSSRUW YHFWRU PDFKLQH� 7KHQ ZH
H[SHULPHQWHG ZLWK SURJUHVVLYHO\ PRUH FRPSOH[ PRGHOV� 0DLQO\ UDQGRP IRU�
HVW� JUDGLHQW ERRVWHG WUHHV� DQG QHXUDO QHWZRUN�

(DFK PRGHO¶V K\SHU�SDUDPHWHUV ZHUH WXQHG WR JHW WKH EHVW UHVXOW SRVVLEOH�

��



)HDWXUH 'DWDVHW

(;&/8'(' 5$7,2 727$/B5$7,2 .20081(B'800,(6

QHWWHLHUBLG '9( '9( 07( 	 & '9(

NRPPXQHBLG GURSSHG 07( 	 & 07( 	 & '9(

SDDYLVHU GURSSHG 07( 	 & 07( 	 & 07( 	 &

RUJDQLVDVMRQVBLG GURSSHG 07( 	 & 07( 	 & 07( 	 &

)HDWXUH FRXQW ��� ��� �� ���

7DEOH �� 7DEOH RI WKH GDWDVHWV XVHG LQ WKH SURMHFW� ,QFOXGHG LV WKH HQFRGLQJ
DQG WKH WRWDO QXPEHU RI IHDWXUHV� :KHUH� '9(� 'XPP\ YDULDEOH HQFRG�
LQJ� 07(� 0HDQ WDUJHW HQFRGLQJ� &� &RXQW RI LQTXLULHV IRU HDFK FDWHJRU\�
GURSSHG� 7KH IHDWXUH ZDV GURSSHG IURP WKH GDWDVHW�

&RVW�VHQVLWLYH WUDLQLQJ ZDV LPSOHPHQWHG IRU WKH PRGHOV WKDW VXSSRUWHG LW�
DORQJ ZLWK FRVW�LQVHQVLWLYH WUDLQLQJ ZLWK UHVDPSOHG GDWD� 7DEOH >�@ VKRZV
WKH PRGHO FRXQW� (DFK 0/ PRGHO W\SH H[FHSW QHXUDO QHWZRUN ZDV WUDLQHG
RQ IRXU SDUDPHWHU FRPELQDWLRQV IRU HDFK GDWDVHW� 7KH DLP ZDV WR JHW WKH
EHVW SRVVLEOH UHVXOW IRU HDFK RI WKH HYDOXDWLRQ PHWULFV� 1HXUDO QHWZRUN RQ
WKH RWKHU KDQG RQO\ FKDQJHG WKH VWUXFWXUH GHSHQGLQJ RQ WKH VKDSH RI WKH
LQSXW IHDWXUH YHFWRU� 7KLV OHDG WR QHXUDO QHWZRUN RQO\ KDYLQJ � PRGHOV� RQH
IRU HDFK GDWDVHW�

������� +\SHUSDUDPHWHU WXQLQJ
3DUDPHWHU WXQLQJ ZDV LPSOHPHQWHG E\ VXSSO\LQJ D OLVW RI YDOXHV IRU HDFK
K\SHU�SDUDPHWHU DQG WKHQ LWHUDWLQJ RYHU SDUDPHWHU YDOXH FRPELQDWLRQV� $OO
WKH PRGHOV ZHUH WUDLQHG RQ HYHU\ FRPELQDWLRQ RI K\SHUSDUDPHWHUV� 7KURXJK�
RXW WKH WXQLQJ SURFHVV DOO LQFUHDVHV LQ HYDOXDWLRQ PHWULF VFRUHV ZHUH ORJJHG
DORQJ ZLWK WKH K\SHU�SDUDPHWHUV WKDW OHDG WR WKH LQFUHDVH� 7KH UHVXOWV ZHUH
ORJJHG DQG HYDOXDWHG DIWHUZDUG� 3DUDPHWHU WXQLQJ ZDV GRQH IRU ERWK FRVW�
VHQVLWLYH DQG FRVW�LQVHQVLWLYH OHDUQLQJ�

������� &RVW�VHQVLWLYH WUDLQLQJ
&RVW�VHQVLWLYH WUDLQLQJ ZDV XVHG ZLWK ;*%RRVW FODVVLILHU� ;*%RRVW UDQGRP
IRUHVW� DQG QHXUDO QHWZRUN PRGHO� 7KLV WUDLQLQJ ZDV GRQH ZLWK WKH RULJLQDO
QRQ�UHVDPSOHG GDWDVHWV� 7KH PRGHOV WDNH WKH FODVV ZHLJKW DV D SDUDPHWHU�
WKH FODVV ZHLJKW SDUDPHWHU ZDV DOVR LQFOXGHG LQ WKH K\SHU�SDUDPHWHU WXQLQJ
SKDVH� WKH UHVXOWV ZHUH ORJJHG DQG HYDOXDWHG� 7KH VXSSRUW YHFWRU PDFKLQH
PRGHO VXSSRUWHG FRV�VHQVLWLYH OHDUQLQJ� EXW ZH UDQ LQWR LVVXHV EHFDXVH RI
KDUGZDUH OLPLWDWLRQV� 7KXV� 69& FRVW�VHQVLWLYH OHDUQLQJ ZDV QRW LQFOXGHG LQ
WKLV UHSRUW�

��



PRGHOV
'DWDVHW 1R� RI PRGHOV IRU HYHU\ HYDOXDWLRQ

PHWULF RQ HYHU\ GDWDVHW5HVDPSOHG 1RW UHVDPSOHG
.11 � � ��
5DQGRP
)RUHVW

� � ��

69&
OLQHDU

� � ��

;*%RRVW
&ODVVLILHU

� � ��

;*%RRVW
5DQGRP
)RUHVW

� � ��

1HXUDO
1HWZRUN

� � �

7RWDO QR� RI PGRHOV ���

7DEOH �� WDEOH VKRZLQJ WKH WRWDO QXPEHU RI PRGHOV� WKHLU W\SHV DQG WKH
GDWDVHW WKH\ ZHUH WUDLQHG RQ�

����� $QDO\]LQJ PRGHO SHUIRUPDQFH

0RGHO SHUIRUPDQFH HYDOXDWLRQ EHJDQ ZLWK HYDOXDWLQJ EHVW VFRUHV IRU DOO WKH
PRGHO IURP K\SHUSDUDPHWHU WXQLQJ SKDVH� $QDO\]LQJ WKHVH VFRUHV ZDV GRQH
PDQXDOO\ DIWHUZDUG� :H ZHQW ZLWK *HRPDWLNN¶V UHFRPPHQGHG HYDOXDWLRQ
PHWULF ´UHFDOO´ DV WKH PDLQ PHWULF WR IRFXV RQ� DORQJ ZLWK RWKHU XVHIXO HYDO�
XDWLRQ PHWULFV VXFK DV ´SUHFLVLRQ �́ ´I� �́ ´52& $8& �́ DQG ´DFFXUDF\ VFRUHV �́
$IWHU HYDOXDWLQJ WKH EHVW VFRUHV� ZH EXLOW D WRWDO QXPEHU RI ��� PRGHO HDFK
ZLWK GLIIHUHQW K\SHU�SDUDPHWHUV RU VWUXFWXUH� 6HH WDEOH ������

��� 5ROHV DQG :RUN 'LVWULEXWLRQ

6KDZLVK DQG %OLFKIHOGW GLG DOO WKH ZRUN UHODWHG WR WKH FRGLQJ LQ WKLV SURMHFW�
7KH\ DOVR FRQWULEXWHG WR PRVW VHFWLRQ RI WKLV UHSRUW� %DNNHQ FRQWULEXWHG ZLWK
SDUWV RI GRFXPHQWDWLRQ WKURXJKRXW WKLV SURMHFW� ,Q WKLV SDSHU KH SURYLGHG
WR VHFWLRQV RI WKH WKHRU\ FKDSWHU DQG VRPH PLQRU FRQWULEXWLRQV HOVHZKHUH�

��� &KRLFH RI WHFKQRORJ\

,Q WKLV VHFWLRQ ZH ZLOO SURYLGH DQ RYHUYLHZ RI WKH WHFKQRORJLHV XVHG WR LP�
SOHPHQW WKH H[SHULPHQWV GHVFULEHG LQ &KDSWHU �

����� +DUGZDUH

:H ZHUH ILUVW SURYLGHG ZLWK D VWDWLRQDU\ FRPSXWHU� EXW LW ZDV TXLFNO\ UHSODFHG
E\ D +3 (OLWH%RRN ��� *� ODSWRS� DV WKH 5D]RU &RUH ; ZDV RQO\ FRPSDWLEOH
ZLWK 7KXQGHUEROW �� DQG WKH VWDWLRQDU\ GLG QRW KDYH RQH�

��



7KH ODSWRS KDG ��� *% RI GLVN VSDFH DQG FRQWDLQHG DW ILUVW ��*% RI UDP�
EXW ZH UDQ RXW RI PHPRU\ WU\LQJ WR UXQ WKH PRGHOV� DQG ZDV ODWHU SURYLGHG
DQRWKHU ��*%� LQ WRWDO ��*%�

������� &8'$�FRPSDWLEOH *38
*HRPDWLNN SURYLGHG D 5D]RU &RUH ; ZLWK D &8'$�FRPSDWLEOH 19,',$ *H)RUFH
*7; ���� *38� 7KLV PDGH LW SRVVLEOH WR ZULWH FRGH XVLQJ OLEUDULHV� OLNH 5DSLGV�
WKDW PDNH LW UXQ LQ SDUDOOHO RQ WKH *38 LQVWHDG RI WKH &38� WKXV GUDVWLFDOO\
LQFUHDVLQJ WKH SURFHVVLQJ VSHHG RI WKH 0/ PRGHOV�

����� 2SHUDWLQJ V\VWHP

7KH WHDP ZDV DEOH WR FKRRVH WKH RSHUDWLQJ V\VWHP RQ WKH ODSWRS SURYLGHG
E\ *HRPDWLNN� ,Q WKH EHJLQQLQJ WKH WHDP GHFLGHG WR JR IRU :LQGRZV �� DV
LW ZDV WKH RQH PRVW XVHG E\ DOO� /DWHU RQ� DIWHU HQFRXQWHULQJ LVVXHV ZLWK
UXQQLQJ WKH 5DSLGV�OLEUDU\ LQ :LQGRZV DQG RQ :6/� WKH WHDP GHFLGHG WR
PLJUDWH WR 8EXQWX ������

����� 3URJUDPPLQJ ODQJXDJH DQG OLEUDULHV

7KH WHDP FKRVH 3\WKRQ � DV SURJUDPPLQJ ODQJXDJH DV LW LV ZLGHO\ XVHG LQ
PDFKLQH OHDUQLQJ DQG KDV DQ H[WHQVLYH VHW RI OLEUDULHV UHODWHG WR WKH ILHOG
RI 0/� ,W ZDV DOVR FRQYHQLHQW WKDW LW LV HDV\ WR XVH� DQG WKH WHDP KDG SULRU
NQRZOHGJH�

������� 3DQGDV
3DQGDV� LV DQ RSHQ�VRXUFH OLEUDU\ WKDW SURYLGHV VLPSOH DQG VWUDLJKWIRUZDUG
GDWD VWUXFWXUHV DQG GDWD DQDO\VLV WRROV� ,W ZDV XVHG WR SUHIRUP GDWD SUHSUR�
FHVVLQJ DQG GDWD PDQLSXODWLRQV RQ WKH GDWDVHW�

������� 5DSLGV
5DSLGV� LV D FROOHFWLRQ RI RSHQ�VRXUFH VRIWZDUH OLEUDULHV WKDW LV FRPSDWLEOH
ZLWK &8'$� 7KH 5DSLGV &X0/ DQG &X') $3,� ZKLFK ZH PDLQO\ XVHG� PLUURUV
WKH VFLNLW�OHDUQ DQG 3DQGDV OLEUDULHV� 7KLV PDGH LW YHU\ FRQYHQLHQW WR XVH�
DV ZH ZHUH DOUHDG\ IDPLOLDU ZLWK WKHP�

������� ;*%RRVW
;*%RRVW� LV D OLEUDU\ WKDW LPSOHPHQWV 0/ DOJRULWKPV XQGHU WKH *UDGLHQW
%RRVWLQJ IUDPHZRUN� DQG SURYLGHV RSWLPL]HG GLVWULEXWHG JUDGLHQW ERRVWLQJ�
7KLV OLEUDU\ LV DOVR FRPSDWLEOH ZLWK &8'$�FDSDEOH *38V�

�3DQGDV � https://pandas.pydata.org/docs/index.html#
�5DSLGV � https://rapids.ai/index.html
�;*%RRVW � https://xgboost.readthedocs.io/en/stable/

��



������� 7HQVRU)ORZ
7HQVRU)ORZ�LV DQ RSHQ VRXUFH HQG�WR�HQG SODWIRUP IRU GHYHORSLQJ DQG WUDLQ�
LQJ 0/ PRGHOV� ,W SURYLGHV D YDULHW\ RI WRROV� UHDG\�WR�XVH GDWDVHWV DQG
OLEUDULHV� 7HQVRU)ORZ ZDV FKRVHQ WR GHYHORS WKH QHXUDO QHWZRUN DV PHPEHUV
RI WKH WHDP KDG SUHYLRXV H[SHULHQFH XVLQJ LW�

������� .HUDV
.HUDV� LV D OLEUDU\ WKDW UXQV RQ WRS RI 7HQVRU)ORZ� SURYLGLQJ D GHHS OHDUQLQJ
$3,� ,W ZDV GHYHORSHG ZLWK DQ HPSKDVLV RQ HQDEOLQJ IDVW H[SHULPHQWDWLRQ
DQG EHLQJ VLPSOH� IOH[LEOH� DQG SRZHUIXO WR XVH� 7KLV $3, ZDV FKRVHQ E\ WKH
WHDP DV LW LV VLPSOH WR XVH DQG VRPH RI WKH PHPEHUV KDG SUHYLRXV H[SHULHQFH
XVLQJ LW�

������� 6FLNLW�OHDUQ
6FLNLW�OHDUQ� LV DQ RSHQ�VRXUFH PDFKLQH OHDUQLQJ OLEUDU\� ,W ZDV XVHG WR JHW
PHWULFV IURP WKH 0/ PRGHOV DQG WR RSWLPL]H SDUDPHWHUV RI DOO EXW WKH QHXUDO
QHWZRUN PRGHO�

������� ,PEDODQFHG�OHDUQ
,PEDODQFHG�OHDUQ� LV D IUHH OLEUDU\� SURYLGLQJ WRROV IRU KDQGOLQJ FODVVLILFDWLRQ
ZLWK LPEDODQFHG FODVVHV� 7KH OLEUDU\ LV UHO\LQJ RQ DQG LV IXOO\ FRPSDWLEOH
ZLWK VFLNLW�OHDUQ� ,W ZDV XVHG WR UXQ GLIIHUHQW UH�VDPSOLQJ WHFKQLTXHV RQ WKH
GDWDVHW�

������� -XS\WHU 1RWHERRN
-XS\WHU 1RWHERRN�� HQDEOHV WKH XVHU WR FRPELQH FRGH ZLWK ULFK WH[W� DQG
ZDV XVHIXO IRU XV WR YLVXDOL]H DQG FRPPHQW RQ VWDWLVWLFV IURP DQDO\VLQJ WKH
GDWDVHW�

������� 0DWKSORWOLE
0DWKSORWOLE�� LV D OLEUDU\ IRU YLVXDOL]LQJ GLIIHUHQW SORWV� VWDWLF DQG DQLPDWHG�
7KLV LV D ZHOO�NQRZQ DQG IUHH OLEUDU\ DQG ZDV XVHG WR YLVXDOL]H UHVXOWV IURP
WKH GDWD DQDO\VLV� WR EHWWHU YLHZ VWDWLVWLFV RI WKH UDZ GDWD�

�������� 6HDERUQ
6HDERUQ�� LV D 3\WKRQ OLEUDU\ IRU VWDWLVWLFDO GDWD YLVXDOL]DWLRQ DQG LV EDVHG RQ
PDWKSORWOLE� ,W LV HDV\ WR XVH EHFDXVH RI LWV KLJK�OHYHO LQWHUIDFH DQG PDNHV LW
VWUDLJKWIRUZDUG WR SURGXFH YLVXDOO\ SOHDVLQJ JUDSKV ZLWKRXW WRR PXFK ZRUN�

�7HQVRU)ORZ � https://www.tensorflow.org/
�.HUDV � https://www.tensorflow.org/api_docs/python/tf/keras
�6FLNLW�OHDUQ � https://scikit-learn.org/stable/
�,PEDODQFHG�OHDUQ � https://imbalanced-learn.org/stable/
��-XS\WHU � https://jupyter.org/
��0DWKSORWOLE � https://matplotlib.org/
��6HDERUQ � https://seaborn.pydata.org/index.html

��



����� +\SHUSDUDPHWHUV DQG 6WUXFWXUH

0RGHO VWUXFWXUH DQG K\SHUSDUDPHWHUV DUH VHSDUDWHG LQWR HLJKW WDEOHV� WZR
IRU HDFK GDWDVHW� DQG IRXU ILJXUHV ZKLFK VKRZ WKH QHXUDO QHWZRUN PRGHO
VWUXFWXUH IRU HDFK GDWDVHW� 7DEOHV ��� ��� ��� DQG �� VKRZ K\SHU�SDUDPHWHUV
IRU WKH UHVDPSOHG GDWDVHWV PRGHOV� 7DEOHV ��� ��� ��� DQG �� VKRZ K\SHU�
SDUDPHWHUV IRU WKH QRQ UHVDPSOHG GDWDVHWV PRGHOV� )LJXUHV ��� ��� ��� DQG
�� VKRZ WKH QHXUDO QHWZRUN VWUXFWXUH IRU WKH � GDWDVHWV�

)LJXUH ��� K\SHU�SDUDPHWHUV IRU UHVDPSOHG (;&/8'(' GDWDVHW PRGHOV�

��



)LJXUH ��� K\SHU�SDUDPHWHUV IRU UHVDPSOHG 727$/B5$7,2 GDWDVHW PRGHOV�

��



)LJXUH ��� K\SHU�SDUDPHWHUV IRU UHVDPSOHG 5$7,2 GDWDVHW PRGHOV�

��



)LJXUH ��� K\SHU�SDUDPHWHUV IRU UHVDPSOHG .20081(B'800,(6 GDWDVHW
PRGHOV�

��



)LJXUH ��� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG (;&/8'(' GDWDVHW PRGHOV�
$OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ

)LJXUH ��� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG 727$/B5$7,2 GDWDVHW PRG�
HOV� $OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ

��



)LJXUH ��� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG 5$7,2 GDWDVHW PRGHOV� $OVR
VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ

)LJXUH ��� K\SHU�SDUDPHWHUV IRU QRQ UHVDPSOHG .20081(B'800,(6
GDWDVHW PRGHOV� $OVR VKRZV WKH QXPEHU RI N�IROGV IRU FURVV�YDOLGDWLRQ

��



)LJXUH ��� QHXUDO QHWZRUN VWUXFWXUH IRU WKH (;&/8'(' GDWDVHW�

)LJXUH ��� QHXUDO QHWZRUN VWUXFWXUH IRU WKH 727$/B5$7,2 GDWDVHW�

��



)LJXUH ��� QHXUDO QHWZRUN VWUXFWXUH IRU WKH 5$7,2 GDWDVHW�

)LJXUH ��� QHXUDO QHWZRUN VWUXFWXUH IRU WKH .20081(B'800,(6 GDWDVHW�

��



� 5HVXOWV

7R HYDOXDWH WKH SHUIRUPDQFH RI WKH PRGHOV� ZH KDG D IRFXV RQ UHFDOO� EXW
ZHUH VWLOO LQWHUHVWHG LQ VHHLQJ WKH UHVXOWV RI RWKHU SHUIRUPDQFH PHWULFV IRU
FRPSDULVRQ� 7KLV ZDV GRQH WR JHW D PRUH DFFXUDWH DQG QXDQFHG SLFWXUH RI
WKH SHUIRUPDQFH RI WKH PRGHOV RQ WKH GLIIHUHQW GDWDVHWV�

)LJXUH ��� 3UHFLVLRQ�5HFDOO FXUYH ZLWK $8& VFRUH IRU PRGHOV WUDLQHG RQ UH�
VDPSOHG GDWDVHWV

��� 5HVXOWV IURP DOO PRGHOV

7DEOHV � DQG ��� VKRZ HYDOXDWLRQ PHWULFV VFRUHV IRU WKH PRGHOV WKDW ZHUH
WUDLQHG RQ UHVDPSOHG DQG QRW UHVDPSOHG GDWDVHWV UHVSHFWLYHO\� )RU HYHU\ 0/
PRGHO W\SH H[FHSW IRU QHXUDO QHWZRUN� ZH WHVWHG WKH IRXU K\SHU�SDUDPHWHU
FRPELQDWLRQV WKDW JRW WKH EHVW VFRUHV ZKHQ SDUDPHWHU WXQLQJ� ,Q WKH FDVH
RI WKH PRGHOV UXQ RQ UHVDPSOHG GDWDVHWV� ZKHQ ZH WULHG WR WHVW WKH K\SHU�
SDUDPHWHU FRPELQDWLRQV RQ .20081(B'800,(6 GDWDVHW� ZH UDQ LQWR LV�
VXHV FDXVHG E\ KDUGZDUH OLPLWDWLRQV� 7KXV� ZH RQO\ KDYH WKH EHVW VFRUH
LQ HDFK HYDOXDWLRQ PHWULF EXW QRW WKH UHVW RI WKH VFRUH IRU WKH SDUDPHWHU
FRPELQDWLRQV� ,Q WKH FDVH RI PRGHOV WUDLQHG RQ QRQ�UHVDPSOHG GDWDVHWV�
$OO WKH PRGHOV ZHUH WUDLQHG XVLQJ WKH &RVW�VHQVLWLYH WHFKQLTXH� DQG %RWK
WKH ;*%RRVW FODVVLILHU DQG ;*%RRVW UDQGRP IRUHVW PRGHOV¶ WHVW VFRUHV ZHUH
FURVV�YDOLGDWHG�

)LJXUHV �� DQG �� VKRZ WKH SORWV DQG VFRUH YDOXHV RI WKH SUHFLVLRQ�UHFDOO
$8&� 7KH ILUVW ILJXUH VKRZV $8& UHVXOWV IRU WKH PRGHOV WUDLQHG RQ WKH UHDVP�

��



)LJXUH ��� 3UHFLVLRQ�5HFDOO FXUYH ZLWK $8& VFRUH IRU PRGHOV WUDLQHG RQ QRQ�
UHVDPSOHG GDWDVHWV

SOHG GDWDVHWV� 7KH VHFRQG ILJXUH KDYH WKH $8& UHVXOWV RI WKH PRGHOV WUDLQHG
RQ WKH QRQ UHVDPSOHG GDWDVHWV� 7KH ILUVW ILJXUH GRHV QRW KDYH DQ\ VFRUH IRU
WKH PRGHOV WUDLQHG RQ WKH .20081(B'800,(6 GDWDVHW DV ZH ZHUH IDFHG
ZLWK WKH VDPH KDUGZDUH OLPLWDWLRQV� 7KH VHFRQG ILJXUH RQO\ KDV QHXUDO QHW�
ZRUN PRGHO WUDLQHG RQ .20081(B'800,(6�

� 'LVFXVVLRQ

7KH UHVXOWV LQ FKDSWHU �� DV ZH FDQ VHH LQ 7DEOH �� DUH PLVVLQJ VRPH YDOXHV�
7KLV LV GXH WR LVVXHV ZLWK KDUGZDUH UHVWULFWLRQ DQG WKHUHIRUH QRW EHLQJ DEOH
WR ILQLVK WUDLQLQJ PRGHOV EHFDXVH RI RXW�RI�PHPRU\ HUURUV� 'XH WR D VWULFW
SULYDF\ SROLF\� WKH WHDP KDG WR NHHS WKH GDWDVHW LQ *HRPDWLNN¶V RIILFHV DQG�
WKHUHIRUH� XVH WKH KDUGZDUH SURYLGHG� %HFDXVH RI WKDW ZH ZHUH XQDEOH WR
JHW FRPSOHWH UHVXOWV IRU NRPPXQHBGXPPLHV

$W WKH EHJLQQLQJ RI WKH SURMHFW� ZH GLVFXVVHG VWULNH GDPDJH LQ ERWK RIIL�
FLDO PHHWLQJV DQG XQRIILFLDO PHHWLQJV ZLWK *HRPDWLNN WR XQGHUVWDQG ZKDW
D VWULNH GDPDJH LV DQG ZKDW WKH FDXVHV RI VWULNH GDPDJH DUH� *HRPDWLNN
LQIRUPHG WKH WHDP WKDW VWULNH GDPDJH KDV WZR PDLQ FDXVHV� $ERXW ��� RI
WKH FDVHV DUH FDXVHG E\ KXPDQ RSHUDWRU HUURU� 7KH RWKHU �� � LV FDXVHG E\
PHDVXUHPHQW HUURU E\ WKH HTXLSPHQW XVHG WR ILQG XQGHUJURXQG LQIUDVWUXF�
WXUH RU LQDFFXUDWH PDSSLQJ RI LQIUDVWUXFWXUH ZKHQ WKH\ ZHUH EXULHG LQ WKH
JURXQG�

��
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:H REVHUYHG YDOXHV LQ WKH SUHFLVLRQ�UHFDOO FXUYH�� IRU WKH N11 PRGHOV ZKHUH
LW ORRNV OLNH FDOFXODWLRQV DUH PLVVLQJ FRPSDUHG WR WKH VKDSH RI WKH RWKHU PRG�
HOV� :H DUH QRW ���� VXUH RI WKH FDXVH� EXW WKLQN LW KDV WR GR ZLWK WKH SURE�
DELOLW\ HVWLPDWHV RI N11 UHWXUQLQJ SUREDELOLWHV ZLWK LQWHUYDOV RI ��QXPEHU RI
QHLJKERXUV� 6LQFH WKH SUHFLVLRQ�UHFDOO FXUYH PHWKRG LQ 6NOHDUQ UHWXUQV YDO�
XHV EDVHG RQ WKH QXPEHU RI XQLTXH SUREDELOLWLHV IURP WKH GDWDVHW DQG WKH
QXPEHU SUREDELOLWLHV UHWXUQHG LQ N11 LV VHW WR EH ZLWKLQ D FHUWDLQ UDQJH� WKH
RGG VKDSH RI WKH JUDSK PDGH VHQVH� &RPSDULQJ WKH RWKHU PHWULFV UHWULHYHG
IURP WKH N11 PRGHO� WKH KLJK 35�$8& GRHV QRW PDNH VHQVH DQG ZH FKRVH
WR GLVUHJDUG WKH UHVXOWV JLYHQ E\ WKH SUHFLVLRQ�UHFDOO FXUYH IRU WKH N11PRGHO�

/RRNLQJ DW WKH UHVXOWV LQ 7DEOH � RYHU WKH PRGHOV WUDLQHG RQ UHVDPSOHG GDWD
WKH EHVW SUHIRUPLQJ PRGHO RQ UHFDOO RYHUDOO LV UDQGRP IRUHVW� IROORZHG E\ N11
DQG ;*%RRVW UDQGRP IRUHVW QRW IDU EHKLQG� )URP 7DEOH ��� ZKHUH WKH PRGHOV
ZHUH WUDLQHG RQ WKH GDWDVHW QRW UHVDPSOHG� EXW E\ XVLQJ FRVW�VHQVLWLYH WUDLQ�
LQJ� ;*%RRVW UDQGRP IRUHVW PRGHO SUHIRUPHG WKH EHVW ORRNLQJ DW UHFDOO� 5H�
IOHFWLQJ RQ RXU UHVXOW IURP WKH DQJOH RI KRZ WR KDQGOH GDWD LPEDODQFH� :H KDG
WZR WHFKQLTXHV ZH WULHG� UHVDPSOLQJ WKH GDWD DQG FRVW�VHQVLWLYH OHDUQLQJ� ,I
ZH WDNH WKH HYDOXDWLRQ PHWULF RI 5HFDOO� ZH ILQG WKH EHVW SHUIRUPDQFH LV
ZLWK UHVDPSOLQJ� 7KH 5DQGRP IRUHVW PRGHO WUDLQHG RQ .20081(B'8PPLHV
JRW D UHFDOO VFRUH RI ���� EXW VLQFH ZH FRXOG QRW UXQ WKH WHVW RQ WKH PRGHO
ZLWK WKH K\SHU�SDUDPWHUV DIWHU SDUDPHWHU WXQLQJ� DQG WKH VHFRQG EHVW UH�
FDOO VFRUH LV QRW VR IDU RII ���� ZH FKRRVH WR GLVUHJDUG WKH ��� VFRUH� 7KH
��� VFRUH FDPH IURP WKH ;*%RRVW UDQGRP IRUHVW PRGHO WUDLQHG ZLWK FRVW�
VHQVLWLYH OHDUQLQJ RQ QRQ UHVDPSOHG GDWD� WKH VHFRQG EHVW ZLOO EH IURP WKH
VDPH PRGHO WUDLQHG RQ QRQ UHVDPSOHG GDWD DV ZHOO� 2WKHU WKDQ 5HFDOO ZH
FDQ ORRN RQ )� VFRUH RU SUHFLVLRQ�UHFDOO $8&� 7KH KLJKHVW YDOXH IRU ERWK RI
WKH PHWULFV LV OHVV WKDQ ���� 6WLOO� WKH KLJKHVW )� VFRUH FDPH IURP ;*%RRVW
PRGHO WUDLQHG XVLQJ FRV�VHQVLWLYH OHDUQLQJ RQ QRQ UHVDPSOHG GDWDVHW�

,Q UHJDUGV WR WKH LVVXH RI QRQ ELQDU\ FDWHJRULFDO IHDWXUHV LQ GDWDVHWV� :H
SODQHG WR WHVW WZR HQFRGLQJ WHFKQLTXH� '9( DQG 07(� 7KH SODQ ZDV RULJLQDOO\
WR PDNH � GDWDVHWV� ZKHUH RQH RI WKHP ZLOO RQO\ KDYH '9( XVHG RQ WKH QRQ
ELQDU\ FDWHJRULFDO IHDWXUHV� 7KLV :DV SURYHQ WR QRW SRVVLEOH EHFDXVH RI WKH
KDUGZDUH OLPLWDLRQV� 7KH UHVXOWLQJ GDWDVHW DIWHU HQFRGLQJ ZDV VR ELJ WKDW
WKH RSHUDWLQJ V\VWHP FRXOG QRW KROG LW LQ PHPRU\ WR ILQLVK WKH SUHSURFHVV�
LQJ� :H WKHQ GHFLGHG WR PDNH IRXU GDWDVHWV LQVWHDG ZLWK YDU\LQJ YDULDWLRQ
RI '9( WR 70( DSSOLHG�

&KHFNLQJ WKH UHFDOO PHWULF VFRUH� DQG GLVUHJDUGLQJ WKH ��� LQ UHVDPSOHG
.20081(B'800,(6� :H ILQG WKH VHFRQG EHVW VFRUH LV ��� D WLH EHWZHHQ
WKUHH GDWDVHWV .20081(B'800,(6� 5$7,2 DQG 727$/B5$7,2� 7KH\ KDYH
�� '9(� � 07(� � �� '9(� � 07(�� DQG �� '9(� � 07(� UHVSHFWLYHO\� 7ZR KDYH
D FRPELQDWLRQ DQG RQH RQO\ KDYH 07(� 7KLV SRLQWV WR WKDW WKH RGGV RI JHWWLQJ

��



D EHWWHU UHVXOWV ZKHQ XVLQJ D FRPELQDWLRQ RI ERWK WHFKQLTXH DUH KLJKHU�

&RQVLGHULQJ WKH TXHVWLRQ RI ZKLFK LV WKH EHVW 0/ PRGHO IRU RXU REMHFWLYH�
,I ZH FKHFN WKH UHFDOO YDOXHV ZH ILQG WKH HYHQ LI ZH GLVUHJDUG WKH ��� VFRUH
RI WKH UDQGRP IRUHVW PRGHO� ZH VWLOO ILQG WKDW DOO RI WKH EHVW UHFDOO UHVXOWV DUH
IURP WUHH 0/ PRGHOV� 5DQGRP )RUHVW JHWWLQJ �� DQG ;*%RRVW UDQGRP IRUHVW
JHWWLQJ � RXW RI WKH � EHVW UHFDOO VFRUHV IRU WKH GDWDVHWV�

2Q WKH RWKHU KDQG LI ZH FKHFN WKH SUHFLVLRQ�UHFDOO $8& VFRUHV LQ ILJXUHV
�� DQG ��� DQG ZH GLVUHJDUG ZH GLVUHJDUG N11 PRGHO VFRUHV� :H VWLOO ILQG
WKDW WUHH 0/ PRGHOV DUH RXWSHUIRUPLQJ WKH UHVW� :H UDQ WKH WHVW RQ � RI WKH
GDWDVHWV� DV KDUGZDUH OLPLWDWLRQ SUHYHQWHG WKH WHVW IURP UXQQLQJ RQ ERWK
.20081(B'800,(6 UHVDPSOHG DQG QRQ UHVDPSOHG GDWDVHWV� 2XW RI WKH �
GDWDVHWV¶ WKH EHVW $8& YDOXHV ZHUH� UDQGRP IRUHVW JRW RQH RI WKH EHVW VFRUHV�
;*%RRVW JRW WZR DQG ;*%RRVW 5DQGRP IRUHVW JRW WKUHH� 7KLV PDNHV LW FOHDU
WKDW WUHH 0/ PRGHOV DQG VSHFLDOO\ GHFLVLRQ ERRVWHG WUHHV VKRZ SURPLVLQJ
UHVXOWV IRU RXU REMHFWLYH�

:H VXVSHFWHG WKDW WKH QHXUDO QHWZRUN PRGHO ZDV RYHUILWWLQJ� 7KH PRGHO
VKRZHG JRRG UHFDOO VFRUHV RQ DQG RII GXULQJ WUDLQLQJ� EXW WKHVH UHVXOW GLG
QRW WUDQVODWH WR JRRG UHFDOO VFRUHV RQ WKH WHVW VHW� 7R FRPEDW WKDW ZH LPSOH�
PHQWHG PHDVXUHV VXFK DV GURSRXW OD\HUV� HDUO\ VWRSSLQJ DQG ZH GHFUHDVHG
WKH FRPSOH[LW\ RI WKH PRGHO E\ GHFUHDVLQJ WKH QXPEHU RI QRGHV DQG QXPEHU
RI OD\HUV� :H JRW VRPHZKDW EHWWHU UHVXOW DIWHU WKLV� EXW VWLOO QRW DV JRRG DV
VRPH RI WKH RWKHU PRGHOV�

7KH UHVXOWV VKRZ WKDW LW LV GLIILFXOW WR DFKLHYH ERWK KLJK UHFDOO DQG KLJK SUHFL�
VLRQ� /RRNLQJ DW )LJXUH �� DQG )LJXUH �� ZH FDQ VHH WKDW DOO YDOXHV IRU $8&
DUH UHODWLYHO\ ORZ� ZLWK ����� EHLQJ WKH KLJKHVW IRU ;*%RRVW FODVVLILHU ZLWK
5$7,2 GDWDVHW RQ QRQ�UHVDPSOHG GDWD� 6WLOO� LW LV QRW SUHIRUPLQJ GUDVWLFDOO\
EHWWHU WKDQ DQ\ RI WKH RWKHU PRGHOV� :H FDQ DOVR VHH IURP 7DEOH � DQG 7DEOH
��� WKDW ZKHUH UHFDOO LV KLJK SUHFLVLRQ LV ORZ DQG YLFH YHUVD�

� &RQFOXVLRQ DQG )XWXUH ZRUN

��� &RQFOXVLRQ

7KH PDMRU IRFXV RI WKLV UHSRUW ZDV WR H[SORUH LI PDFKLQH OHDUQLQJ FRXOG EH
XVHG WR SUHGLFW LI D VWULNH GDPDJH ZLOO RFFXU� ,Q RUGHU WR GHWHUPLQH WKLV WKH
IROORZLQJ UHVHDUFK TXHVWLRQ ZDV IRUPXODWHG�

How can machine learning be used for risk assessment of
excavation projects?

)URP ZKDW ZH IRXQG LQ WKH UHVXOWV DQG GLVFXVVHG LQ &KDSWHU �� WKHUH DUH QR

��



PRGHO DQG GDWDVHW FRPELQDWLRQ IURP WKH H[SHULPHQWV H[HFXWHG WKDW FOHDUO\
RXW�SUHIRUPV DQRWKHU� 6WLOO� WKHUH DUH VRPH SURPLVLQJ UHVXOW� WKH UDQGRP
IRUHVW PRGHOV SUHIRUPHG ZHOO RQ ERWK WKH UHVDPSOHG DQG QRQ�UHVDPSOHG
GDWDVHW� 7KH ERRVWHG WUHHV KDYH D JRRG SHUIRUPDQFH ZKHQ WUDLQHG RQ QRQ
UHVDPSOHG GDWDVHWV� 6WLOO� HYHQ WKH EHVW SHUIRUPHU UDQGRP IRUHVW [JERRVW�
KDV ��� UHFDOO DQG RQO\ �� SUHFLVLRQ� 7KLV PHDQV WKDW IRU HYHU\ RQH WUXH
SRVLWLYH WKH PRGHO LV LGHQWLI\LQJ� �� IDOVH SRVLWLYHV DUH PLVLGHQWLILHG� 7KLV
ZLOO OHDG WR ZDVWLQJ WKH UHVRXUFHV WKDW DUH PHDQW WR PLWLJDWH VWULNH GDPDJHV
RQ WKH IDOVH SRVLWLYHV� :KHQ LW FRPHV WR WKH SHUIRUPDQFH RI WKH GLIIHUHQW
GDWDVHWV� WKHUH LV QR RQH SUHIRUPLQJ VLJQLILFDQWO\ EHWWHU WKDQ WKH RWKHU� 7KLV
FDQ SRVVLEO\ KDYH VRPHWKLQJ WR GR ZLWK WKH GDWD QRW IXOO\ UHSUHVHQWLQJ WKH
UHDO ZRUOG� DQG WKDW WKH GDWD LV QRW UHIOHFWLQJ DOO WKH YDULDEOHV OHDGLQJ WR D
VWULNH GDPDJH KDSSHQLQJ�

��� )XWXUH ZRUN

$V WKHUH LV QR SUHYLRXV UHVHDUFK RQ WKH WRSLF RI WKLV SDSHU� WKHUH LV VWLOO
PXFK WR H[SORUH� )LUVW� LQFOXGLQJ GLIIHUHQW GDWD LV DQ RSWLRQ WKDW VKRXOG EH
FRQVLGHUHG� 2WKHU GDWD WKDW FRXOG EH LQFOXGHG DUH ZHDWKHU FRQGLWLRQV RU
WHPSHUDWXUH� RQ RU DURXQG WKH GD\ RI VWULNH GDPDJH RFFXUULQJ RU WKH GD\
RI GHWHFWLRQ� ,Q D SUDFWLFDO DSSOLFDWLRQ RI WKH PDFKLQH OHDUQLQJ PRGHO LQ
WKH IXWXUH� ZHDWKHU IRUHFDVWV FRXOG EH XVHG LQ PDNLQJ ULVN DVVHVVPHQWV�
VDPH DV ZHDWKHU REVHUYDWLRQV ZRXOG EH XVHG LQ WKH WUDLQLQJ RI WKH PRGHO�
7RSRJUDSKLFDO GDWD RI WKH WHUUDLQ RU GDWD RQ WKH W\SH RI JURXQG XQGHU WKH
VXUIDFH RI ZHUH WKH SURMHFW LV KDSSHQLQJ LV DOVR DQ RSWLRQ WKDW FRXOG EH
H[SHULPHQWHG RQ� 7KLV ZDV GLVFXVVHG ZLWK *HRPDWLNN DW WKH EHJLQQLQJ RI
WKH SURMHFW� DV WKHLU GDWD DQDO\VHV KDG JLYHQ VRPH LQGLFDWLRQV WKDW ZHDWKHU
PLJKW EH D IDFWRU LQWR FDXVLQJ VWULNH GDPDJHV� (DFK LQTXLU\ LQ WKH GDWDVHW
DOVR FRQWDLQV LQIRUPDWLRQ RQ *36 FRRUGLQDWHV RI WKH DUHD� ZKLFK PDNHV LW
SRVVLEOH WR LPSOHPHQW GDWD EDVHG RQ JHRJUDSK\� 'XH WR WKH VFRSH RI LP�
SOHPHQWLQJ H[WHUQDO GDWD VXFK DV WKLV� LW ZDV GHFLGHG QRW WR EH LPSOHPHQWHG�

6HFRQG� ZH KDYH RQO\ H[SORUHG VRPH VXSHUYLVHG OHDUQLQJ PRGHOV� 2WKHU
VXSHUYLVHG PDFKLQH OHDUQLQJ PRGHOV� H�J ORJLVWLFV UHJUHVVLQJ FRXOG EH FRQ�
VLGHUHG� ,PSOHPHQWLQJ VRPHWKLQJ OLNH WHUP IUHTXHQF\�LQYHUVH GRFXPHQW
IUHTXHQF\ �WI�LGI� RQ RUJDQL]DWLRQ LG LV VRPHWKLQJ WKDW ZDV GLVFXVVHG DV D
SRVVLEOH VROXWLRQ� LQVWHDG RI RQH�KRW�HQFRGLQJ� WR GHDO ZLWK WKH H[WHQW RI
XQLTXH YDOXHV LQ WKDW FROXPQ� 6HPL�VXSHUYLVHG RU VHOI�VXSHUYLVHG OHDUQLQJ
FRXOG DOVR EH DSSOLHG WR LPEDODQFHG GDWD>��@ DQG PLJKW \LHOG EHWWHU UHVXOWV�
DV VXSHUYLVHG OHDUQLQJ KDV VR IDU QRW VKRZQ JUHDW UHVXOWV�

/DVWO\� ZH GLG QRW DSSO\ DQ\ IHDWXUH VHOHFWLRQ RU IHDWXUH H[WUDFWLRQ WHFK�
QLTXHV RWKHU WKDQ WKRVH DOUHDG\ LPSOHPHQWHG LQ DQ\ RI WKH PRGHOV XVHG�
7KLV LV VRPHWKLQJ WR FRQVLGHU LPSOHPHQWLQJ�

��



7KHUH DUH DOVR D IHZ WKLQJV ZH ZHUH QRW DEOH WR LPSOHPHQW RU WU\ RXW GXH WR
KDUGZDUH� VRIWZDUH� RU WLPH OLPLWDWLRQV� 7KHVH DUH WKLQJ WKDW FRXOG EH WULHG
RXW LQ IXWXUH ZRUN� 2QH WKLQJ ZH ZHUH XQDEOH WR GR ZDV WR UXQ WKH PRGHOV
RQ D GDWDVHW ZLWK NRPPXQHBLG RQH�KRW�HQFRGHG DV ZH GLG QRW KDYH ODUJH
HQRXJK PHPRU\ RQ WKH FRPSXWHU SURYLGHG� $OVR� ZH XVHG VRPH IHDWXUH HQ�
JLQHHULQJ WR WUDQVIRUP DOO FDWHJRULFDO IHDWXUHV� DQG UDQ DOO PRGHOV RQ WKRVH
GDWDVHWV� 6RPH RI WKH PRGHOV ZH XVHG FDQ KDQGOH FDWHJRULFDO GDWD� DQG LW
LV DQ RSWLRQ WR WU\ RXW�

$QRWKHU LQWHUHVWLQJ WRSLF WKDW FDQ EH H[SORUHG LV ZKHWKHU IHDWXUH VHOHFWLRQ
VKRXOG EH LPSOHPHQWHG EHIRUH RU DIWHU UH�VDPSOLQJ� :H RQO\ KDG WKH WLPH
WR LPSOHPHQW UH�VDPSOLQJ� EXW LW ZRXOG EH LQWHUHVWLQJ WR VHH LI WKH RUGHU RI
IHDWXUH VHOHFWLRQ DQG UH�VDPSOLQJ ZRXOG KDYH DQ DIIHFW RQ WKH UHVXOW DV LW
VHHPV WR YDU\ IURP FDVH WR FDVH>��@�

:H RQO\ LPSOHPHQWHG D YHU\ VLPSOH QHXUDO QHWZRUN PRGHO� DQG GLG QRW GR
D ORW RI RSWLPL]DWLRQ� 7KLV FRXOG EH WR IXUWKHU H[SORUH WU\LQJ RXW GLIIHUHQW
RSWLPL]HUV DQG ILQH�WXQLQJ WKH OHDUQLQJ UDWH DQG OD\HUV RI WKH PRGHO�

� %URDGHU LPSDFW

7KH XVH RI PDFKLQH OHDUQLQJ WR SUHYHQW VWULNH GDPDJH LV D QHZ ILHOG RI UH�
VHDUFK DQG LV VWLOO IDU IURP EHLQJ XVHG LQ WKH UHDO ZRUOG� 7KLV UHSRUW SURYLGHV
RQO\ D EULHI RYHUYLHZ RI VRPH RI WKH SRVVLELOLWLHV� 1HYHUWKHOHVV� ZH NQRZ
WKDW SUHYHQWLQJ VWULNH GDPDJHV ZLOO KDYH D KXJH LPSDFW RQ VRFLHW\ RQ PXO�
WLSOH DUHDV�

)URP D UHSRUW>��@ SXEOLVKHG E\ WKH 1RUZHJLDQ 0LQLVWU\ RI /RFDO *RYHUQPHQW
DQG 0RGHUQL]DWLRQ� UHVHDUFK KDV EHHQ GRQH LQWR WKH VRFLR�HFRQRPLF FRQVH�
TXHQFHV RI VWULNH GDPDJHV� 7KHUH WKH\ HVWLPDWHG WKH GLUHFW UHSDLU FRVW RQ
WKH HOHFWULFDO JULG WR EH ���� PLOOLRQV 12. \HDUO\>��� S� ��@� ,Q DGGLWLRQ LQGL�
UHFW FRVW �H�J� ORVV RI LQFRPH DQG FRVW UHODWHG WR SRVWSRQHPHQW RI SURMHFW��
DQG .,/(>��@ �&RVW RI (QHUJ\ 8QVHUYHG�� DOVR LPSDFW WKH WRWDO HFRQRPLFDO
FRVWV UHODWHG WR GDPDJH RQ WKH HOHFWULFDO JULG� )RU GDPDJH WR WKH HOHFWULFDO
FRPPXQLFDWLRQ JULG� WKH FRVW LV HVWLPDWHG WR EH HYHQ KLJKHU� 'DOHQ HW DO�
GLG DQ DQDO\VLV RI �� UHDO�ZRUOG FDVHV UHODWLQJ WR GDPDJH RQ WKH HOHFWULFDO
FRPPXQLFDWLRQ JULG DQG HVWLPDWHG D WRWDO FRVW RI ��� PLOOLRQ 12. \HDUO\�
2QO\ ORRNLQJ DW WKH FRVWV RI WKHVH WZR H[DPSOHV� ZH FDQ VHH WKDW EHLQJ DEOH
WR PLQLPL]H VWULNH GDPDJH E\ D IHZ SHUFHQW ZRXOG VDYH WKH VRFLHW\ IRU D
VXEVWDQWLDO ILQDQFLDO DPRXQW \HDUO\�

7KHUH DUH DOVR QRQ�ILQDQFLDO FRQVHTXHQFHV UHODWHG WR VWULNH GDPDJHV� 6R�
FLDO FRVWV>��� S� ��@� VXFK DV DQ LQFUHDVH LQ WUDIILF� DQG LQFUHDVHG SROOXWLRQ
RU QRLVH� KDYH DQ LPSDFW RQ SHRSOHV KHDOWK DQG WKH HQYLURQPHQW� $QRWKHU
H[DPSOH ZKLFK FRXOG SRVH D JUHDW ULVN WR SHRSOHV KHDOWK LV LI WKH PRELOH QHW�

��



ZRUN LV WR EH GDPDJHG DQG XQDYDLODEOH� :H KDYH H[DPSOHV>��@>��@ ZKHUH
WKH (0. KDV EHHQ XQDYDLODEOH WR WKH SXEOLF IRU SHULRGV RI WLPH� $ ZRUVW FDVH
VFHQDULR ZRXOG EH LI WKH SXEOLF ZDV XQDEOH WR UHDFK HPHUJHQF\ VHUYLFHV GXH
WR WKH ORVV RI PRELOH VHUYLFH DQG D ORVV RI OLIH KDSSHQHG EHFDXVH RI WKH LQDELO�
LW\ WR DFFHVV PHGLFDO VHUYLFH RU WKH ILUH GHSDUWPHQW� 7KHUHIRUH� GHFUHDVLQJ
VWULNH GDPDJHV DQG DV D UHVXOW SRVVLEO\ GHFUHDVLQJ SRVVLEOH GRZQWLPH RI WKH
(0. FRXOG KHOS VDYH OLYHV�

7KH GDWDVHW ZH ZRUNHG ZLWK FRQWDLQHG LGV WKDW FDQ EH PDSSHG WR LQGLYLGXDO
SHRSOH RU FRPSDQLHV� :KHQ XVLQJ PDFKLQH OHDUQLQJ ZLWK GDWD FRQWDLQLQJ
SHUVRQDO LQIRUPDWLRQ� VRPH HWKLFDO TXHVWLRQV DULVH� :H KDYH WR EH DZDUH RI
SRWHQWLDO ELDV LQ PDFKLQH OHDUQLQJ� ,I QRW FDUHIXO PDFKLQH OHDUQLQJ PRGHOV
FDQ SXW IDOVH DFFXVDWLRQ RQ DQ LQGLYLGXDO RU FRPSDQ\� ,Q WKH FDVH ZLWK ULVN
DVVHVVPHQW RI VWULNH GDPDJHV� LW FRXOG SRWHQWLDOO\ IDOVHO\ DFFXVH D FRPSDQ\
RI EHLQJ KLJK ULVN� ZKLOH WKH DFWXDO FDXVH RI WKH KLJKHU ULVN PLJKW EH GXH WR
D IDFWRU QRW FRQWULEXWHG E\ WKH FRPSDQ\ RU GHWHFWRU�
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