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1DPH RI &DQGLGDWH� =KX <XH

0DWULF 1R� ��������
1DPH RI 'HJUHH� 0DVWHU RI ,QGXVWULDO (OHFWURQLFV DQG &RQWURO (QJLQHHULQJ

7LWOH RI 3URMHFW �³WKLV :RUN´�� 2&7$1( 180%(5 35(',&7,21 )25

*$62/,1( %/(1'6 86,1* &2192/87,21 1(85$/ 1(7:25.

)LHOG RI 6WXG\� $UWLILFLDO ,QWHOOLJHQFH

, GR VROHPQO\ DQG VLQFHUHO\ GHFODUH WKDW�

��� , DP WKH VROH DXWKRU�ZULWHU RI WKLV :RUN�
��� 7KLV :RUN LV RULJLQDO�
��� $Q\ XVH RI DQ\ ZRUN LQ ZKLFK FRS\ULJKW H[LVWV ZDV GRQH E\ ZD\ RI IDLU

GHDOLQJ DQG IRU SHUPLWWHG SXUSRVHV DQG DQ\ H[FHUSW RU H[WUDFW IURP� RU
UHIHUHQFH WR RU UHSURGXFWLRQ RI DQ\ FRS\ULJKW ZRUN KDV EHHQ GLVFORVHG
H[SUHVVO\ DQG VXIILFLHQWO\ DQG WKH WLWOH RI WKH :RUN DQG LWV DXWKRUVKLS KDYH
EHHQ DFNQRZOHGJHG LQ WKLV :RUN�

��� , GR QRW KDYH DQ\ DFWXDO NQRZOHGJH QRU GR , RXJKW UHDVRQDEO\ WR NQRZ WKDW
WKH PDNLQJ RI WKLV ZRUN FRQVWLWXWHV DQ LQIULQJHPHQW RI DQ\ FRS\ULJKW ZRUN�

��� , KHUHE\ DVVLJQ DOO DQG HYHU\ ULJKWV LQ WKH FRS\ULJKW WR WKLV :RUN WR WKH
8QLYHUVLW\ RI 0DOD\D �³80´�� ZKR KHQFHIRUWK VKDOO EH RZQHU RI WKH
FRS\ULJKW LQ WKLV :RUN DQG WKDW DQ\ UHSURGXFWLRQ RU XVH LQ DQ\ IRUP RU E\ DQ\
PHDQV ZKDWVRHYHU LV SURKLELWHG ZLWKRXW WKH ZULWWHQ FRQVHQW RI 80 KDYLQJ
EHHQ ILUVW KDG DQG REWDLQHG�

��� , DP IXOO\ DZDUH WKDW LI LQ WKH FRXUVH RI PDNLQJ WKLV :RUN , KDYH LQIULQJHG
DQ\ FRS\ULJKW ZKHWKHU LQWHQWLRQDOO\ RU RWKHUZLVH� , PD\ EH VXEMHFW WR OHJDO
DFWLRQ RU DQ\ RWKHU DFWLRQ DV PD\ EH GHWHUPLQHG E\ 80�

&DQGLGDWH¶V 6LJQDWXUH 'DWH�

6XEVFULEHG DQG VROHPQO\ GHFODUHG EHIRUH�

:LWQHVV¶V 6LJQDWXUH 'DWH�

1DPH�

'HVLJQDWLRQ�
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$%675$&7

:LWK WKH GHYHORSPHQW RI LQIRUPDWLRQ WHFKQRORJ\� WKH GHYHORSPHQW RI QHXUDO QHWZRUN

SOD\V DQ LPSRUWDQW UROH LQ WKH SUHGLFWLRQ RI YDULRXV VLWXDWLRQV LQ UHDO OLIH� $W SUHVHQW�

WKHUH DUH PDQ\ SUHGLFWLRQ DOJRULWKPV EDVHG RQ PDFKLQH OHDUQLQJ� $FFRUGLQJ WR WKH

������ UXOH� IRU EXLOGLQJ PDFKLQH OHDUQLQJ PRGHOV� ��� RI WKH WLPH LV VSHQW RQ ILQGLQJ�

FOHDQLQJ� DQG RUJDQL]LQJ GDWD� ZKLOH WKH UHPDLQLQJ ��� IRU WUDLQLQJ RI WKH PDFKLQH

OHDUQLQJ PRGHO� 0DFKLQH SHUIRUPDQFH OHDUQLQJ PRGHOV GHSHQG WR D ODUJH H[WHQW RQ WKH

GDWD TXDOLW\ XVHG WR WUDLQ WKH PRGHO� 7KHUHIRUH� GDWD SUHSURFHVVLQJ LV ZLGHO\ FRQVLGHUHG

WR EH RQH RI WKH PRVW FULWLFDO VWDJH LQ WKH ZKROH SURFHVV� ,Q WKLV SURMHFW WKUHH FRPPRQO\

XVHG DOJRULWKPV DUH XVHG IRU WKH SUHGLFWLRQ RI RFWDQH QXPEHU IRU JDVROLQH EOHQGV� ZKLFK

GHVFULEHV WKH EHKDYLRU RI WKH IXHO LQ WKH HQJLQH DW ORZHU WHPSHUDWXUHV DQG VSHHGV� DQG LV

DQ DWWHPSW WR VLPXODWH DFFHOHUDWLRQ EHKDYLRU� 7KHVH WKUHH DOJRULWKPV DUH EDFN

SURSDJDWLRQ �%3�� UDGLDO EDVLV IXQFWLRQ �5%)� DQG ([WUHPH OHDUQLQJ PDFKLQH �(/0�

DOJRULWKP� 6LPXODWLRQ VWXG\ RQ SHUIRUPDQFH RI WKHVH DOJRULWKPV KDYH EHHQ FDUULHG RXW

ZLWK WKH DYDLODEOH GDWDEDVHV� 6LPXODWLRQ UHVXOWV VKRZ WKDW 5%) DOJRULWKP JLYHV WKH EHVW

SHUIRUPDQFH�

.H\ ZRUGV� 0DFKLQH /HDUQLQJ� 3UHGLFWLRQ 0HWKRG� &RQYROXWLRQ 1HXUDO 1HWZRUN

�&11�� 2FWDQH 1XPEHU 3UHGLFWLRQ�Univ
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ya
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$%675$.

'HQJDQ SHUNHPEDQJDQ WHNQRORJL PDNOXPDW� SHQJHPEDQJDQ UDQJNDLDQ QHXUDO

PHPDLQNDQ SHUDQDQ SHQWLQJ GDODP PHUDPDONDQ SHOEDJDL VLWXDVL GDODP NHKLGXSDQ Q\DWD�

3DGD PDVD LQL� WHUGDSDW EDQ\DN DOJRULWPD UDPDODQ EHUGDVDUNDQ SHPEHODMDUDQ PHVLQ�

0HQXUXW �SHUDWXUDQ ������ XQWXN PHPEDQJXQ PRGHO SHPEHODMDUDQ PHVLQ� ��� PDVD

GLKDELVNDQ XQWXN PHQFDUL� PHPEHUVLKNDQ� GDQ PHQJDWXU GDWD� VHPHQWDUD ��� VLVDQ\D

XQWXN ODWLKDQ PRGHO SHPEHODMDUDQ PHVLQ� 3UHVWDVL PRGHO SHPEHODMDUDQ PHVLQ EDQ\DN

EHUJDQWXQJ SDGD NXDOLWL GDWD \DQJ GLJXQDNDQ XQWXN PHODWLK PRGHO� 2OHK LWX�

SHPSURVHVDQ GDWD VHFDUD PHOXDV GLDQJJDS VHEDJDL VDODK VDWX SHULQJNDW \DQJ SDOLQJ

NULWLNDO GDODP NHVHOXUXKDQ SURVHV� 'DODP SURMHN LQL WLJD DOJRULWPD \DQJ SDOLQJ ELDVD

GLJXQDNDQ WHODK GLJXQDNDQ XQWXN PHUDPDONDQ ELODQJDQ RNWDQ XQWXN FDPSXUDQ SHWURO�

\DQJ PHQJJDPEDUNDQ WLQJNDK ODNX EDKDQ EDNDU GDODP PHVLQ SDGD VXKX GDQ NHODMXDQ

\DQJ OHELK UHQGDK� GDQ PHUXSDNDQ XVDKD XQWXN PHQVLPXODVLNDQ SHULODNX SHFXWDQ� 7LJD

DOJRULWPD WHUVHEXW DGDODK SHQ\HEDUDQ VHPXOD �%3� IXQJVL DVDV UDGLDO �5%)� GDQ

DOJRULWPD SHPEHODMDUDQ PHVLQ WHUODPSDX �(/0�� .DMLDQ VLPXODVL PHQJHQDL SUHVWDVL

DOJRULWPD LQL WHODK GLODNXNDQ GHQJDQ PHQJJXQDNDQ SDQJNDODQ GDWD \DQJ VHGLD DGD�

+DVLO VLPXODVL PHQXQMXNNDQ EDKDZD UDQJNDLDQ QHXUDO 5%) PHPEHUL NHSXWXVDQ \DQJ

SDOLQJ PHPXDVNDQ�

.DWD�NDWD NXQFL� 3HPEHODMDUDQ 0HVLQ� .DHGDK 5DPDODQ� 5DQJNDLDQ 1HXUDO .RQYROXVL

�&11�� 5DPDODQ 1RPERU 2NWDQD�
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)LUVWO\� , ZRXOG OLNH WR WKDQN P\ VXSHUYLVRU� $VVRF� 3URI� ,U� 'U� &KRZ &KHH 2QQ IRU KLV

JXLGDQFH LQ FRPSOHWLQJ WKLV SURMHFW� )URP WLPH WR WLPH� KH RIIHUHG WKRXJKWIXO DGYLFH DQG

JXLGDQFH WR JHW WKH MRE GRQH� :LWKRXW KLV JXLGDQFH� SURIHVVLRQDO NQRZOHGJH DQG SDWLHQW

DWWLWXGH� WKLV UHVHDUFK SURMHFW ZRXOG QRW KDYH EHHQ SRVVLEOH�

1H[W� , ZRXOG OLNH WR WKDQN P\ IHOORZ FRXUVH IHOORZV IRU WKHLU HQFRXUDJHPHQW� ZKLFK

SURYHG WR EH WKH GULYLQJ IRUFH IRU PH WR FRPSOHWH WKLV UHVHDUFK� , ZDV SOHDVHG ZLWK WKHLU

LQSXW DQG PHWKRGRORJ\� HVSHFLDOO\ LQ XVLQJ *RRJOH WR ORRN XS GDWD DQG EXLOG QHXUDO

QHWZRUN PRGHOV IRU PDFKLQH OHDUQLQJ�

, DOVR ZDQW WR WKDQN P\ IDPLO\ IRU WKHLU VXSSRUW WKURXJKRXW WKH \HDU� 7KHLU JHQWOH

WUHDWPHQW WR PH LQ OLIH� WKHLU JHQHURXV ILQDQFLDO VXSSRUW DQG WKHLU HQFRXUDJHPHQW ZKHQ ,

PHHW GLIILFXOWLHV DOO JLYH PH WKH PRWLYDWLRQ WR PRYH IRUZDUG�

/DVW EXW QRW OHDVW� , ZRXOG OLNH WR JLYH VRPH FUHGLW WR WKH DXWKRUV RI DOO WKH MRXUQDOV

DQG SURMHFWV WKDW , FDQQRW PHQWLRQ KHUH� , FRXOG QRW PDNH WKLV UHVHDUFK UHVXOW ZLWKRXW WKH

NQRZOHGJH RI WKH SUHGHFHVVRUV� 7KH VFLHQWLILF UHVHDUFK DFKLHYHPHQWV WKH\ KDYH PDGH

WLPH DQG DJDLQ KDYH PDGH PH KDYH D GHHSHU XQGHUVWDQGLQJ RI PDQ\ SUREOHPV LQ WKH

ILHOG RI PDFKLQH OHDUQLQJ DQG WKHLU ZRUN LV YHU\ LPSRUWDQW WR KHOS PH EHWWHU XQGHUVWDQG

WKLV SURMHFW�
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$EVWUDFW���������������������������������������������������������������������������������������������������������������������������� LLL

$EVWUDN����������������������������������������������������������������������������������������������������������������������������� LY

$FNQRZOHGJHPHQWV����������������������������������������������������������������������������������������������������������� Y

7DEOH RI &RQWHQWV������������������������������������������������������������������������������������������������������������� YL

$EEUHYLDWLRQV����������������������������������������������������������������������������������������������������������������� YLLL

&+$37(5 �� ,1752'8&7,21���������������������������������������������������������������������������������� �

��� %$&.*5281'���������������������������������������������������������������������������������������������������������

��� 352%/(0 67$7(0(17����������������������������������������������������������������������������������������

��� 027,9$7,21���������������������������������������������������������������������������������������������������������� �

��� 2%-(&7,9(6�������������������������������������������������������������������������������������������������������������

��� 25*$1,=$7,21 2) 7+( 7+(6,6�����������������������������������������������������������������������

&+$37(5 �� /,7(5$785( 5(9,(:���������������������������������������������������������������������� �

��� 29(59,(: 2)0$&+,1( /($51,1*��������������������������������������������������������������

����� $UWLILFLDO 1HXUDO 1HWZRUN������������������������������������������������������������������������������������������

��� &/$66,&$/ 0$&+,1( /($51,1* $/*25,7+06������������������������������������ ��

��� %3 $57,),&,$/ 1(85$/ 1(7:25.���������������������������������������������������������������

����� 3ULQFLSOH DQG $OJRULWKP RI %3 $UWLILFLDO 1HXUDO 1HWZRUN���������������������������������������

����� 0DWKHPDWLFDO 0RGHO RI %3 1HXUDO 1HWZRUN������������������������������������������������������������

��� 5%) $57,),&,$/ 1(85$/ 1(7:25.���������������������������������������������������������� ��

����� 3ULQFLSOH DQG $OJRULWKP RI 5%) $UWLILFLDO 1HXUDO 1HWZRUN���������������������������������� ��

����� 0DWKHPDWLFDO 0RGHO RI 5%) 1HXUDO 1HWZRUN������������������������������������������������������� ��

��� (/0 $57,),&,$/ 1(85$/ 1(7:25.�����������������������������������������������������������
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����� 3ULQFLSOH DQG $OJRULWKP RI (/0 $UWLILFLDO 1HXUDO 1HWZRUN��������������������������������� ��

����� 0DWKHPDWLFDO 0RGHO RI (/0 1HXUDO 1HWZRUN������������������������������������������������������ ��

&+$37(5 �� 5(6($5&+0(7+2'2/2'<�������������������������������������������������������� ��

��� 0$7/$% ,03/(0(17$7,21�������������������������������������������������������������������������� ��

����� 0DWKHPDWLFDO 0RGHO RI 1HXUDO 1HWZRUN������������������������������������������������������������������

����� &RUUHODWLRQ )XQFWLRQ RI 5%) 1HXUDO 1HWZRUN������������������������������������������������������� ��

��� 1(85$/ 1(7:25. 3$5$//(/ 23(5$7,21�������������������������������������������� ��

����� %3 1HXUDO 1HWZRUN IRU 1RQOLQHDU IXQFWLRQ )LWWLQJ��������������������������������������������������

����� 5%) 1HXUDO 1HWZRUN IRU 1RQOLQHDU IXQFWLRQ )LWWLQJ��������������������������������������������� ��

��� 2&7$1( 180%(5 35(',&7,21 2) *$62/,1( %/(1'6����������������������� ��

����� 3UREOHP )RUPXODWLRQ������������������������������������������������������������������������������������������������

����� 'HVLJQ�����������������������������������������������������������������������������������������������������������������������

����� 5HDOL]DWLRQ�������������������������������������������������������������������������������������������������������������� ��

��� 3$5$0(7(56 6(/(&7,21���������������������������������������������������������������������������������

��� (/0 1(85$/ 1(7:25.������������������������������������������������������������������������������������

����� ,QWHUSUHWDWLRQ )XQFWLRQ������������������������������������������������������������������������������������������� ��

����� 6LPXODWLRQ 6HWWLQJV���������������������������������������������������������������������������������������������������

����� 5HDOL]DWLRQ�������������������������������������������������������������������������������������������������������������� ��

&+$37(5 �� 5(68/76 $1' ',6&866,21 ���������������������������������������������������������� ��

&+$37(5 �� &21&/86,216����������������������������������������������������������������������������������� ��

5()(5(1&(6�������������������������������������������������������������������������������������������������������������� ��
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$%%5(9,$7,216

,%0 � ,QWHUQDWLRQDO %XVLQHVV 0DFKLQHV &RUSRUDWLRQ

,27 � ,QWHUQHW RI 7KLQJV

,7 � ,QIRUPDWLRQ 7HFKQRORJ\

$, � $UWLILFLDO ,QWHOOLJHQFH

0/ � 0DFKLQH /HDUQLQJ

'/ � 'HHS /HDUQLQJ

%3 � EDFN SURSDJDWLRQ

5%) � 5DGLDO %DVLV )XQFWLRQ

(/0 � ([WUHPH /HDUQLQJ 0DFKLQH
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&+$37(5 �� ,1752'8&7,21

��� %DFNJURXQG

3HWUROHXP DQG LWV SURGXFWV DUH FRPSOH[ PL[WXUHV� $FFXUDWH DQDO\VLV RI WKHVH FRPSOH[

PL[WXUHV KDV DOZD\V EHHQ D FKDOOHQJLQJ WDVN LQ WKH SHWUROHXP LQGXVWU\� ,Q UHFHQW \HDUV�

VSHFWUDO DQDO\VLV KDV EHFRPH D QHZ PHWKRG IRU WKH LGHQWLILFDWLRQ RI FRPSOH[

FRPSRQHQWV DQG KDV DWWUDFWHG ZLGHVSUHDG DWWHQWLRQ�

1HDU LQIUDUHG VSHFWURVFRS\ �1,5� LV ZLGHO\ XVHG LQ WKH FRPSRQHQW SUHGLFWLRQ RI

SHWUROHXP DQG LWV SURGXFWV� ,Q WHUPV RI JDVROLQH RFWDQH QXPEHU SUHGLFWLRQ� VRPH

OLWHUDWXUHV KDYH DFFXUDWHO\ SUHGLFWHG JDVROLQH RFWDQH QXPEHU E\ XVLQJ QHDU�LQIUDUHG

VSHFWURVFRS\ DQG PXOWLSOH OLQHDU UHJUHVVLRQ PRGHO EDVHG RQ ��� JDVROLQH VDPSOHV

�4XLQODQ� -�5������� 7KH WUDGLWLRQDO RFWDQH QXPEHU PHDVXUHPHQW PHWKRGV RI JDVROLQH

LQFOXGLQJ WKH UHVHDUFK RFWDQH QXPEHU �521� DQG WKH PRWRU RFWDQH QXPEHU �021��

+RZHYHU� WKHVH PHWKRGV PD\ QRW VXLWDEOH IRU SURGXFWLRQ FRQWURO DQG RQOLQH WHVWLQJ GXH

WR KLJK FRVW DQG ORQJ FRPSXWDWLRQDO GHOD\�

,Q WKLV SURMHFW� WKH RFWDQH QXPEHU RI JDVROLQH LV SUHGLFWHG XVLQJ QHXUDO QHWZRUN

DOJRULWKP �%UDGOH\�3� ������ 7KLV PHWKRG LV FKRVHQ EHFDXVH RI LWV DFFXUDWH SUHGLFDWLRQ

DQG VRPH RWKHU LPSRUWDQW IHDWXUHV� )LUVW� WKH QHXUDO QHWZRUN LV VXLWDEOH WR EH XVHG IRU

FKDUDFWHUL]DWLRQ RI FRPSOH[ V\VWHPV� 6HFRQG� QHXUDO QHWZRUN KDV VWURQJ VHOI�DGDSWLYH

DELOLW\� 7KLUG� WKH QHXUDO QHWZRUN DOJRULWKP XVHV RIIOLQH OHDUQLQJ� VR LW FDQ EH VDLG WKDW

RQOLQH SUHGLFWLRQ FDQ EH GRQH LQ UHDO�WLPH PDQQHU ZLWK PDOO SURFHVVLQJ GHOD\ �4XLQODQ�

-�5������� /DVW EXW QRW OHDVW� WKH VHOHFWLRQ RI SUHGLFWRUV RI WKH QHXUDO QHWZRUN LV IOH[LEOH�

DQG DQ\ GDWD WKDW LV FRQVLGHUHG WR EH UHODWHG WR WKH SUHGLFWLRQ FDQ EH LQFOXGHG DV WKH

LQSXW YHFWRU�
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��� 3UREOHP 6WDWHPHQW

)RUHFDVWLQJ LQYROYHV DOO DVSHFWV RI SHRSOH
V ZRUN DQG OLIH� 3HRSOH KDYH QRWLFHG WKH

SUREOHP RI SUHGLFWLRQ VLQFH DQFLHQW WLPHV� )RU PDQ\ FHQWXULHV� PDQ\ VFKRODUV KDYH SXW

IRUZDUG PDQ\ WKHRULHV DQG PRGHOV RQ SUHGLFWLRQ� $ JRRG SUHGLFWLRQ PHWKRG FDQ KHOS

SHRSOH WR PDNH D PRUH DFFXUDWH XQGHUVWDQGLQJ RQ WKH GHYHORSPHQW WUHQG RI IXWXUH

HYHQWV DQG SURYLGH JXLGDQFH IRU IXWXUH EHKDYLRUV � :LWK WKH SURJUHVV RI VRFLDO VFLHQFH

DQG WHFKQRORJ\� SHRSOH DUH IDFLQJ PRUH DQG PRUH SUREOHPV UHODWHG WR SUHGLFWLRQ �%OXP�

$�� /� /DQJOH\� 	 3� ������ ,Q WKLV SURMHFW ZH WDFNOH RQH RI WKH PDMRU SUHGLFWLRQ

SUREOHP LQ WKH RLO DQG JDV LQGXVWU\� ZKLFK LV LQYROYHG LQ WKH SUHGLFWLRQ RI UHVHDUFK

RFWDQH QXPEHU �521� LQ JDVROLQH EOHQGV�
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��� 0RWLYDWLRQ

)RUHFDVW LV SHRSOH
V H[SHFWDWLRQ� HVWLPDWLRQ� DQDO\VLV� MXGJPHQW DQG VSHFXODWLRQ RI WKH

IXWXUH GHYHORSPHQW RI REMHFWLYH WKLQJV� )RUHFDVWLQJ LV EDVHG RQ WKH DVVXPSWLRQ WKDW

SDWWHUQV GUDZQ IURP SDVW H[SHULHQFH RU GDWD ZLOO UHSHDW LQ WKH IXWXUH�

$V WKH VD\LQJ JRHV� �WR EH SUHSDUHG IRU D UDLQ\ GD\�� D GHFLVLRQ PDNHU PXVW PDNH D

PDMRU GHFLVLRQ EDVHG RQ DV DFFXUDWH D SUHGLFWLRQ DV SRVVLEOH RI IXWXUH HYHQWV� RWKHUZLVH

LW ZLOO EH D UDQGRP� DLPOHVV� FOXHOHVV DFWLRQ� )RUHFDVWLQJ LV YHU\ LPSRUWDQW LQ PDQ\

DVSHFWV� VXFK DV RUJDQL]DWLRQ� PDQDJHPHQW DQG GHFLVLRQ PDNLQJ� EHFDXVH WKH JUDVS DQG

HYDOXDWLRQ RI IXWXUH HYHQWV DIIHFW WKH GHFLVLRQ�PDNLQJ SURFHVV� 7KH ILHOGV FRYHUHG

LQFOXGH SROLWLFV� HFRQRP\� KLVWRU\� HFRORJ\� FXOWXUH� HGXFDWLRQ� SHRSOH
V SV\FKRORJ\�

VRFLDO PRUDOLW\ DQG VR RQ �:DQJ )HL� <DQJ 6KHQJWLDQ� 'LQJ -LDQOL� :HL <DQJ� *H

;LDQJ\X� 	 /LDQJ -LQJ� ������ ,Q WKLV SURMHFW� 7KH UHDVRQ IRU UHVHDUFK 2FWDQH 1XPEHU

LV REYLRXV� 2FWDQH QXPEHU SOD\V D YHU\ LPSRUWDQW UROH LQ WKH FRPSRVLWLRQ RI JDVROLQH�

DQG LW FDQ EH XVHG WR HYDOXDWH WKH TXDOLW\ RI JDVROLQH� *RRG TXDOLW\ JDVROLQH KDV YHU\

OLWWOH GDPDJH WR WKH LQWHUQDO PDFKLQHU\ RI FDUV� ZKLFK LV YHU\ KHOSIXO LQ RXU FKRLFH RI

JDVROLQH�
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��� 2EMHFWLYHV

7KH PDLQ DLP RI WKLV SURMHFW LV WR VWXG\ WKH DELOLW\ RI PDFKLQH OHDUQLQJ PHWKRGV LQ

SUHGLFWLQJ WKH RFWDQH QXPEHU LQ JDVROLQH EOHQGV� :LWK WKLV LQ PLQG� WKH IROORZLQJ

REMHFWLYHV DUH IRUPXODWHG�

�� 7R PRGHO D SUHGLFWLRQ PHWKRG XVLQJ PDFKLQH OHDUQLQJ DOJRULWKP WR GHWHUPLQH WKH

RFWDQH QXPEHU LQ JDVROLQH EOHQGV�

�� 7R FRPSDUH WKH SHUIRUPDQFH RI YDULRXV PDFKLQH OHDUQLQJ PRGHOV�
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��� 2UJDQL]DWLRQ RI WKH 7KHVLV

7KH WKHVLV KDV ILYH FKDSWHUV� ,Q WKH ILUVW FKDSWHU� D EULHI LQWURGXFWLRQ WR WKLV UHVHDUFK

SURMHFW LV PDGH� 7KH VHFRQG FKDSWHU UHYLHZV WKH SUHGLFWLYH PHWKRGV RI QHXUDO QHWZRUNV

XVLQJ PDFKLQH OHDUQLQJ� &KDSWHU WKUHH GHVFULEHV WKH PHWKRGRORJ\� HPSKDVL]LQJ RQ WKH

DULWKPHWLF XVHG DV ZHOO DV WKH SUHGLFWLRQ PHWKRGV� GDWD VHWV� DQG SHUIRUPDQFH LQGLFDWRUV�

&KDSWHU IRXU SUHVHQWV WKH VLPXODWLRQ UHVXOWV DQG D FRPSUHKHQVLYH GLVFXVVLRQ LV DOVR

JLYHQ� )LQDOO\� FRQFOXVLRQ LV JLYHQ LQ FKDSWHU ��
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&+$37(5 �� /,7(5$785( 5(9,(:

��� 2YHUYLHZ RI 0DFKLQH /HDUQLQJ

0DFKLQH OHDUQLQJ LV D GDWD DQDO\VLV PHWKRG WKHRU\� DQG LW KDV EHHQ LQYROYHG LQ PDQ\

ILHOGV� VXFK DV SUREDELOLW\ DQG VWDWLVWLFV WKHRU\ �&KHQ .� ������ ZKLFK LV ZLGHO\ XVHG�

2Q WKH RWKHU KDQG� DSSUR[LPDWLRQ WKHRU\ LV DOVR D YHU\ UHSUHVHQWDWLYH WKHRU\� 0DFKLQH

OHDUQLQJ LV WKH NH\ WHFKQRORJ\ FRUH RI DUWLILFLDO LQWHOOLJHQFH� 7R EH VSHFLILF� PDFKLQH

OHDUQLQJ LV QRW D QHZ WKHRU\� LW KDV EHHQ ZLGHO\ XVHG GHFDGHV DJR E\ SUHGHFHVVRUV� VXFK

DV %D\HV DQG RWKHUV�

5HVHDUFK RQ PDFKLQH OHDUQLQJ KDV PDGH JUHDW SURJUHVV� $W WKH EHJLQQLQJ� PDFKLQH

OHDUQLQJ VWXGLHV WKH H[HFXWLYH DELOLW\ RI WKH V\VWHP� �:DQJ )HL� <DQJ 6KHQJWLDQ� 'LQJ

-LDQOL� :HL <DQJ� *H ;LDQJ\X� 	 /LDQJ -LQJ� ������ PDLQO\ E\ FKDQJLQJ WKH H[HFXWLRQ

HQYLURQPHQW RI WKH PDFKLQH DQG FKDQJLQJ WKH FRUUHVSRQGLQJ SHUIRUPDQFH SDUDPHWHUV WR

GHWHFW WKH GDWD IHG EDFN E\ WKH V\VWHP� VR DV WR VWXG\ WKH H[HFXWLYH DELOLW\ RI WKH

PDFKLQH� VR WKDW WKH V\VWHP ZLOO FKRRVH DQ RSWLPDO HQYLURQPHQW WR H[HFXWH WKH WDVN�

/DWHU� UHVHDUFKHUV LPSODQWHG WKH NQRZOHGJH RI YDULRXV ILHOGV LQWR WKH V\VWHP� DQG

XVHG WKH NQRZOHGJH RI JUDSK VWUXFWXUH DQG LWV ORJLFDO VWUXFWXUH WR GHVFULEH WKH V\VWHP�

�&KHQ .� ����� � VR WKDW WKH PDFKLQH FRXOG VLPXODWH KXPDQ OHDUQLQJ� 7KLV KDV KDG VRPH

VXFFHVV� EXW WKH V\VWHP FDQQRW OHDUQ PRUH LQ�GHSWK NQRZOHGJH �:DQJ )HL� <DQJ

6KHQJWLDQ� 'LQJ -LDQOL� :HL <DQJ� *H ;LDQJ\X� 	 /LDQJ -LQJ� ������ VR LW KDV JUHDW

OLPLWDWLRQV� 7KH UHVHDUFKHUV WKHQ OHDUQHG WKH FRQFHSWV LQGLYLGXDOO\� ([WHQG WR PXOWLSOH

OHDUQLQJ� WKDW LV� GHYHORS IURP VLQJOH OHDUQLQJ WR LQWHJUDWHG OHDUQLQJ� DQG LQWHJUDWHG

OHDUQLQJ ZLWK SUDFWLFDO DSSOLFDWLRQ� 7KHUH DUH PDQ\ UHSUHVHQWDWLYH ZRUNV RI IDPRXV

VFKRODUV LQ WKLV SHULRG� VXFK DV 0RVWRZ
V WHDFKLQJ DQG OHDUQLQJ� /DQJOH\
V %DFRQ 3ODQ

DQG LWV LPSURYHPHQW SODQ� HWF �/L +HORQJ� <X +DLER� :DQJ &KXQ\X� /LX -LD� :DQJ

;LQJ\XDQ� 	 <XDQ -LQVKXDL HW DO� ������
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����� $UWLILFLDO 1HXUDO 1HWZRUN

$UWLILFLDO 1HXUDO 1HWZRUN �$11� LV D QHZ LQIRUPDWLRQ SURFHVVLQJ V\VWHP� ,WV

PHFKDQLVP FDQ EH XQGHUVWRRG DV WKH GHYHORSPHQW RI KXPDQ EUDLQ VWUXFWXUH DQG DFWLYLW\

PHFKDQLVP� ,W
V D SDWWHUQ VLPLODU WR KRZ RXU QHXURQV DQG QHUYHV SURSDJDWH� :KDW ZH

FDOO WKH DUWLILFLDO QHXUDO QHWZRUN PRGHO� LW LV D FRUQHUVWRQH IRU PRVW VFKRODUV WR

XQGHUVWDQG WKH KXPDQ EUDLQ QHXUDO QHWZRUN� DQG WKHQ XVH SK\VLFDO DQG PDWKHPDWLFDO

YHULILFDWLRQ PHWKRGV WR DEVWUDFW SURFHVVLQJ� HVWDEOLVK WKH PRGHO LQ WKH GLUHFWLRQ RI

LQIRUPDWLRQ SURFHVVLQJ� �:DQJ )HL� <DQJ 6KHQJWLDQ� 'LQJ -LDQOL� :HL <DQJ� *H

;LDQJ\X� 	 /LDQJ -LQJ� ������ LW FDQ VLPXODWH WKH DUWLILFLDO QHXUDO QHWZRUN�0DQ\ RI WKH

FKDUDFWHULVWLFV RI WKH KXPDQ EUDLQ UHIOHFW VRPH RI WKH FKDUDFWHULVWLFV RI WKH KXPDQ PLQG�

7KH FKDUDFWHULVWLFV RI WKH RUJDQL]DWLRQDO VWUXFWXUH LQFOXGH SDUDOOHO SURFHVVLQJ�

GLVWULEXWHG VWRUDJH� DQG IDXOW WROHUDQFH� 6R FDOOHG DUWLILFLDO QHXUDO QHWZRUNV� 7KHUH DUH

PDQ\ FRPELQDWLRQV RI FRQQHFWLRQV� VLPSOH RU FRPSOH[ FRQQHFWLRQV� 7KH HOHPHQW

IHDWXUHV PDVVLYHO\ SDUDOOHO SURFHVVLQJ� UHVXOWLQJ LQ D KLJKO\ GHYHORSHG QRQOLQHDU V\VWHP

WKDW FDQ UXQ LQ SDUDOOHO ZLWK LWV SHHUV� 7KH SDUDOOHOLVP LQ VWUXFWXUH PDNHV WKH LQIRUPDWLRQ

VWRUDJH RI QHXUDO QHWZRUN LQHYLWDEO\ DGRSW WKH GLVWULEXWHG PRGH� WKDW LV� WKH LQIRUPDWLRQ

LV QRW VWRUHG LQ D SDUW RI WKH QHWZRUN� EXW GLVWULEXWHG LQ DOO WKH FRQQHFWLRQ ULJKWV RI WKH

QHWZRUN �:DQJ )HL� <DQJ 6KHQJWLDQ� 'LQJ -LDQOL� :HL <DQJ� *H ;LDQJ\X� 	 /LDQJ -LQJ�

������ 7KH LQKHUHQW SDUDOOHOLVP DQG GLVWULEXWLRQ RI QHXUDO QHWZRUNV PDNH LW VSDWLDOO\

GLVWULEXWHG DQG WHPSRUDOO\ SDUDOOHO LQ LQIRUPDWLRQ VWRUDJH DQG SURFHVVLQJ� 7KHVH WZR

FKDUDFWHULVWLFV PDNH WKH QHXUDO QHWZRUN KDYH JRRG IDXOW�WROHUDQW DELOLW\� :KHQ VRPH

QHXURQV LQ WKH QHWZRUN DUH GDPDJHG� WKH RYHUDOO SHUIRUPDQFH RI WKH V\VWHP ZLOO QRW EH

DIIHFWHG�

2Q WKH RWKHU KDQG� ZKHQ WKH LQSXW RI IX]]\� LQFRPSOHWH RU GHIRUPHG LQIRUPDWLRQ� WKH

QHXUDO QHWZRUN FDQ UHVWRUH WKH FRPSOHWH PHPRU\ WKURXJK DVVRFLDWLRQ� VR DV WR UHDOL]H

WKH FRUUHFW LGHQWLILFDWLRQ RI LQFRPSOHWH LQSXW LQIRUPDWLRQ� $ELOLW\ FKDUDFWHULVWLFV� VHOI �
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OHDUQLQJ� VHOI � RUJDQL]DWLRQ DQG VHOI � DGDSWDELOLW\� :H DOO VD\ WKDW D QHXUDO QHWZRUN LV

DGDSWLYH� DQG ZKDW ZH PHDQ E\ DGDSWLYH LV WKDW LW FKDQJHV LWV SHUIRUPDQFH LQ WKH IDFH RI

DQ XQH[SHFWHG VLWXDWLRQ �+H 4LQJ� /L 1LQJ� /XR :HQMXDQ� 	 6KL =KRQJ]KL� ������ RU D

FKDQJHG HQYLURQPHQW� DQG ZKDW D QHXUDO QHWZRUN OHDUQV E\ LWVHOI� LV ZKHQ VRPH H[WHUQDO

HQYLURQPHQW FKDQJHV� $IWHU D ORQJ WLPH RU D SHULRG RI WLPH� :LWK WUDLQLQJ DQG VHOI�

UHJXODWLRQ� KH ZDV DEOH WR UHDGMXVW WKH VWUXFWXUH DQG SDUDPHWHUV RI WKH QHWZRUN VWUXFWXUH

�:DQJ )HL� <DQJ 6KHQJWLDQ� 'LQJ -LDQOL� :HL <DQJ� *H ;LDQJ\X� 	 /LDQJ -LQJ� ������

VR WKDW WKH GHVLUHG RXWSXW FDQ EH JHQHUDWHG IRU WKH JLYHQ LQSXW� 8QGHU WKH H[WHUQDO

VWLPXODWLRQ� WKH QHUYRXV V\VWHP DGMXVWV WKH V\QDSWLF FRQQHFWLRQV EHWZHHQ QHXURQV

DFFRUGLQJ WR FHUWDLQ UXOHV� DQG JUDGXDOO\ FRQVWUXFWV WKH QHXUDO QHWZRUN� ZKLFK LV WKH

VHOI�RUJDQL]DWLRQ RI WKH QHWZRUN� 7KH EDVLF IXQFWLRQV RI QHXUDO QHWZRUN 1HXUDO QHWZRUN

KDV DVVRFLDWLYH PHPRU\� QRQOLQHDU PDSSLQJ� FODVVLILFDWLRQ DQG UHFRJQLWLRQ�

2SWLPL]DWLRQ FDOFXODWLRQ� DQG WKH FKDUDFWHULVWLFV RI WKH NQRZOHGJH SURFHVVLQJ ILYH

W\SHV RI LQWHOOLJHQFH� WKH IRFXV LV RQ WKH ILUVW WZR DVVRFLDWLYH PHPRU\ IXQFWLRQ� WR QHXUDO

QHWZRUN FDQ VWRUH LQIRUPDWLRQ DQG DGDSWLYH OHDUQLQJ PHFKDQLVP LQ DGYDQFH WUDLQLQJ

�&KHQ .� ������ QHYHU FRPSOHWH LQIRUPDWLRQ DQG QRLVH LQWHUIHUHQFH WR UHFRYHU WKH

RULJLQDO QRQOLQHDU PDSSLQJ IXQFWLRQ� FRPSOHWH LQIRUPDWLRQ UHIHUV WR WKH QHXUDO QHWZRUN

FDQ WKURXJK WR WKH V\VWHP LQSXW DQG RXWSXW VDPSOH RI DXWRPDWLF H[WUDFWLRQ RI OHDUQLQJ�

0DSSLQJ UXOHV WR ILW DUELWUDULO\ FRPSOH[ QRQOLQHDU IXQFWLRQV ZLWK DUELWUDU\ DFFXUDF\� �+H

4LQJ� /L 1LQJ� /XR :HQMXDQ� 	 6KL =KRQJ]KL� ������

+DQGOLQJ 7KH SHDN SHULRG EHJDQ ZLWK WKH ILUVW LQWHUQDWLRQDO DFDGHPLF FRQIHUHQFH RQ

DUWLILFLDO QHXUDO QHWZRUN LQ ����� DQG WKH UHVHDUFK DQG DSSOLFDWLRQ RI DUWLILFLDO QHXUDO

QHWZRUN ZDV UDSLGO\ XSVXUJH DOO RYHU WKH ZRUOG� $UWLILFLDO QHXUDO QHWZRUN LV GLYLGHG LQWR

IHHG�IRUZDUG QHWZRUN DQG IHHGEDFN QHWZRUN DFFRUGLQJ WR QHWZRUN VWUXFWXUH� )HHG�

IRUZDUG QHWZRUNV DUH IHG IURP LQSXW� $ QHWZRUN VWUXFWXUH WKDW SURFHVVHV LQIRUPDWLRQ
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OD\HU E\ OD\HU IURP HDFK KLGGHQ OD\HU WR WKH RXWSXW OD\HU�+H 4LQJ� /L 1LQJ� /XR

:HQMXDQ� 	 6KL =KRQJ]KL� ������ )HHGEDFN QHWZRUN FRPSXWLQJ XQLW FDQ UHFHLYH LQSXW

IURP WKH RXWVLGH ZRUOG� DQG LW FDQ RXWSXW WR WKH RXWVLGH ZRUOG�

7KH GHWHUPLQDWLRQ RI QHXUDO QHWZRUN IUDPHZRUN LV JHQHUDOO\ GLYLGHG LQWR WKLV VWHSV�

�� 'HVLJQ RI QHXUDO QHWZRUN VWUXFWXUH

�� 'HWHUPLQDWLRQ RI WKH QXPEHU RI QHXURQV

�� 'HWHUPLQDWLRQ RI QHXUDO QHWZRUN OHYHOV� LQFOXGLQJ WKH GHWHUPLQDWLRQ RI WKH QXPEHU

RI QRGHV LQ WKH LQSXW OD\HU� KLGGHQ OD\HU DQG RXWSXW OD\HU

�� &RQQHFWLRQ RI QHWZRUN XQLWV

�� 'HWHUPLQDWLRQ RI HQHUJ\ IXQFWLRQ DQG FORVHG YDOXH RI QHXUDO QHWZRUN�

7KH H[SORVLYH LQFUHDVH RI GDWD LQ PRGHUQ VRFLHW\ LV D IHDWXUH RI WKH HUD RI ELJ GDWD� ,W

KDV YDULRXV W\SHV RI GDWD� ZKLFK ZLOO EH FRQVWDQWO\ DQDO\]HG DQG DQDO\]HG WKURXJK

PDFKLQH OHDUQLQJ QHXUDO QHWZRUN� �+H 4LQJ� /L 1LQJ� /XR :HQMXDQ� 	 6KL =KRQJ]KL�

������ VXFK DV LPDJH VHPDQWLF QHWZRUN GDWD� HWF� ZKLFK LV LQ WKH HQYLURQPHQW ZH OLYH LQ

QRZ� :LWK WKH DGYHQW RI WKH HUD RI ELJ GDWD� PDFKLQH OHDUQLQJ HIILFLHQF\ LV YHU\ KLJK

DQG KDV EHFRPH WKH PDLQ GULYLQJ IRUFH�,WV SUDFWLFDO DSSOLFDWLRQV DUH PDLQO\ GLYLGHG LQWR

WKH IROORZLQJ�

��� 0DFKLQH OHDUQLQJ EDVHG RQ OHDUQLQJ VWUDWHJLHV

7KHUH DUH PDLQO\ WZR NLQGV RI PDFKLQH OHDUQLQJ�'HGXFWLYH OHDUQLQJ� DQDORJ\

OHDUQLQJ� HWF �&KHQ .� ������ 7KHUH LV DOVR WUDGLWLRQDO PDFKLQH OHDUQLQJ EDVHG RQ

QXPHULFDO DQDO\VLV WR FKRRVH WKH DSSURSULDWH PDWKHPDWLFDO PRGHO DQG SDUDPHWHUV� 8VH
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WKH DSSURSULDWH OHDUQLQJ DOJRULWKP WR WUDLQ WKH LQSXW VDPSOH GDWD� DQG WKHQ DQDO\]H DQG

SUHGLFW WKH WUDLQHG PRGHO�

��� 0DFKLQH OHDUQLQJ EDVHG RQ OHDUQLQJ VW\OHV

0DFKLQH OHDUQLQJ EDVHG RQ OHDUQLQJ PRGH LQFOXGHV VXSHUYLVHG OHDUQLQJ�

XQVXSHUYLVHG OHDUQLQJ� UHLQIRUFHPHQW OHDUQLQJ DQG VR RQ� 6XSHUYLVHG OHDUQLQJ UHIHUV WR

LQSXW� 7KHUH DUH VXSHUYLVRU\ VLJQDOV LQ WKH GDWD� DQG WKH IXQFWLRQ RU QHXUDO QHWZRUN LV

XVHG DV WKH EDVLV IXQFWLRQ PRGHO IRU LWHUDWLYH FDOFXODWLRQ� �4XLQODQ� -�5������ DQG

ILQDOO\ D IXQFWLRQ MXQFWLRQ LV REWDLQHG�8QVXSHUYLVHG OHDUQLQJ PHDQV WKDW WKHUH LV QR

VXSHUYLVHG VLJQDO LQ WKH LQSXW GDWD� ,W LV D FODVVLILFDWLRQ OHDUQLQJ PHWKRG� DQG WKH UHVXOWV

REWDLQHG DUH FDWHJRULHV�5HLQIRUFHPHQW OHDUQLQJ LV D OHDUQLQJ PHWKRG ZKLFK LV FDUULHG

RXW E\ PHDQV RI VWDWLVWLFV RU G\QDPLF SURJUDPPLQJ ZLWK UHZDUG DQG SXQLVKPHQW VLJQDOV

DV LQSXW�

��� 'DWD EDVHG PDFKLQH OHDUQLQJ

7KHUH DUH WZR NLQGV RI PDFKLQH OHDUQLQJ EDVHG RQ GDWD IRUP� VWUXFWXUHG OHDUQLQJ DQG

XQVWUXFWXUHG OHDUQLQJ� 6WUXFWXUHG OHDUQLQJ LV D SURFHVV LQ ZKLFK OHDUQLQJ PRGHOV DUH

REWDLQHG WKURXJK QXPHULFDO FDOFXODWLRQ RU V\PEROLF GHGXFWLRQ EDVHG RQ VWUXFWXUHG

GDWD�6XFK DV QHXUDO QHWZRUN OHDUQLQJ� VWDWLVWLFDO OHDUQLQJ� GHFLVLRQ WUHH OHDUQLQJ� UXOH

OHDUQLQJ DQG VR RQ�8QVWUXFWXUHG OHDUQLQJ UHIHUV WR WDNLQJ XQVWUXFWXUHG GDWD DV LQSXW

�&KHQ .� ����� VXFK DV H[SODQDWRU\ OHDUQLQJ DQG WH[W PLQLQJ� ,PDJH PLQLQJ� :HE

PLQLQJ DQG VR RQ�

,Q DGGLWLRQ� WKH DSSOLFDWLRQ VFHQDULRV RI PDFKLQH OHDUQLQJ DUH YHU\ ZLGH� DQG HDFK

VFLHQFH DQG WHFKQRORJ\ ILHOG FDQ MRLQ PDFKLQH OHDUQLQJ PHWKRGV WR LPSOHPHQW� ZKLFK

DUH FRPPRQ LQ WKH IROORZLQJ ILHOGV RI VFLHQFH DQG WHFKQRORJ\�
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��� 'DWD DQDO\VLV DQG PLQLQJ

'DWD DQDO\VLV DQG GDWD PLQLQJ UHIHU WR WKH GDWD SURFHVVLQJ WHFKQRORJ\ WKDW FROOHFWV

GDWD WKURXJK YDULRXV GHYLFHV RU VHQVRUV DQG PDNHV DQDO\VLV DQG MXGJPHQW RQ WKH

FROOHFWHG GDWD� 0DFKLQH OHDUQLQJ LWVHOI QHHGV D ODUJH DPRXQW RI GDWD WR GR WKH VXSSRUW�

WKURXJK WKH VWXG\ RI GDWD VDPSOHV WR JHW D PRGHO �%OXP� $�� /� � /DQJOH\� 	 3� ������

VR WKDW WKH QHZ GDWD FDQ EH TXLFNO\ SURFHVVHG� 'DWD DQDO\VLV DQG PLQLQJ LQWHJUDWH

PDFKLQH OHDUQLQJ DOJRULWKPV DQG GDWD DFFHVV� XVH PDFKLQH OHDUQLQJ WR FRQGXFW UDSLG

VWDWLVWLFV� DQDO\VLV DQG GLVFRYHU\ RI PDVVLYH GDWD� DQG DW WKH VDPH WLPH XVH GDWD DFFHVV

WHFKQRORJ\ WR UHDOL]H HIILFLHQW UHDGLQJ DQG ZULWLQJ RI GDWD� 0DFKLQH OHDUQLQJ KDV

HQGRZHG FRPSXWHUV ZLWK SRZHUIXO FDSDELOLWLHV LQ ELJ GDWD SURFHVVLQJ� PDNLQJ WKHP

LUUHSODFHDEOH LQ WKH ILHOG RI GDWD DQDO\VLV DQG PLQLQJ�

��� 3DWWHUQ UHFRJQLWLRQ

0RGHO LV WKH FRUH NQRZOHGJH V\VWHP H[WUDFWHG IURP SURGXFWLRQ DQG OLYLQJ H[SHULHQFH�

3DWWHUQ UHFRJQLWLRQ LV WKH UHSUHVHQWDWLRQ RI WKLQJV RU SKHQRPHQD� ,W LV YHU\ XVHIXO IRU

ZKDW ZH NQRZ DV SDWWHUQ UHFRJQLWLRQ� ZKLFK LV XVXDOO\ XVHG IRU LPDJH VSHHFK� 7KH

DQDO\VLV SURFHVVLQJ DQG VSHHFK FODVVLILFDWLRQ� EXW DOVR WKH FRPPXQLFDWLRQ FRPSXWHU WR

DVVLVW LQ WKH GLDJQRVLV RI GDWD PLQLQJ� 0DFKLQH OHDUQLQJ LV D SURFHVV LQ ZKLFK D PDFKLQH

ORRNV IRU DQG H[WUDFWV VRPH UXOHV IURP NQRZQ HPSLULFDO GDWD LQ D FHUWDLQ ZD\ �%OXP� $��

/� � /DQJOH\� 	 3� ������ DQG WKHQ WKH UXOHV H[WUDFWHG FDQ EH XVHG WR MXGJH VRPH

XQNQRZQ WKLQJV� 3DWWHUQ UHFRJQLWLRQ LV WR LQSXW D YDULHW\ RI IHDWXUH GHVFULSWLRQV WR WKH

PDFKLQH� VR WKDW WKH PDFKLQH FDQ MXGJH XQNQRZQ WKLQJV�

��� 'DWD VHFXULW\

'DWD VHFXULW\ LV DQ LQFUHDVLQJO\ VHULRXV SUREOHP� 7DNLQJ PDOZDUH DV DQ H[DPSOH�

,VUDHOL ILUP 'HHS /HDUQLQJ 7HFKQRORJ\ SRLQWV RXW WKDW WKH FRGH RI HDFK QHZ PDOZDUH LV
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XVXDOO\ ��� WR ��� VLPLODU WR WKH ROG YHUVLRQ� VR DV ORQJ DV WKH OHDUQLQJ PRGHO FDQ WHOO�

7KH UHPDLQLQJ � WR �� SHUFHQW RI FRGH FKDQJHV SUHGLFW ZKLFK ILOHV DUH PDOZDUH�

0DFKLQH OHDUQLQJ FDQ DOVR OHDUQ SDWWHUQV LQ ZKLFK GDWD LV DFFHVVHG LQ WKH FORXG WR UHSRUW

DQRPDOLHV� 0DFKLQH OHDUQLQJ KDV DOVR SURYHG YDOXDEOH LQ WUDYHO VHFXULW\� HIIHFWLYHO\

UHGXFLQJ IDOVH SRVLWLYHV DQG ILQGLQJ WKLQJV WKDW KXPDQ VHFXULW\ DJHQWV DW DLUSRUWV�

VWDGLXPV� FRQFHUWV� DQG VR RQ PLJKW PLVV� ,W FDQ JUHDWO\ VSHHG XS WKH VHFXULW\ SURFHVV�

DQG DW WKH VDPH WLPH LPSURYH SHRSOH
V VDIHW\ DW LPSRUWDQW HYHQWV�

��� +HDOWK FDUH

0DFKLQH OHDUQLQJ LV DEOH WR SURFHVV PRUH LQIRUPDWLRQ DQG GLVFRYHU PRUH SDWWHUQV

WKDQ KXPDQV� &RPSXWHU�DVVLVWHG GLDJQRVWLF WHFKQRORJ\ �&$'� FDQ EH XVHG WR VWXG\

HDUO\ PDPPRJUDPV RI ZRPHQ ZLWK EUHDVW FDQFHU� ,Q �� SHUFHQW RI EUHDVW FDQFHU FDVHV�

WKH FRPSXWHU FDQ LGHQWLI\ WKH GLVHDVH D IXOO \HDU EHIRUH LW LV RIILFLDOO\ GLDJQRVHG� ,Q

DGGLWLRQ� PDFKLQH OHDUQLQJ FDQ EH XVHG WR XQGHUVWDQG ULVN IDFWRUV IRU ODUJH JURXSV RI

GLVHDVHV� $Q DOJRULWKP GHYHORSHG E\ 0(' FDQ SUHGLFW DYRLGDEOH KRVSLWDOL]DWLRQ LQ

SDWLHQWV ZLWK GLDEHWHV E\ LGHQWLI\LQJ � YDULDEOHV� 0DFKLQH OHDUQLQJ FDQ DOVR EH XVHG IRU

HDUO\ GUXJ GLVFRYHU\� 'UXJ GLVFRYHU\ DQG GHYHORSPHQW LV D YHU\ H[SHQVLYH DQG WLPH�

FRQVXPLQJ ZRUN�0DFKLQH OHDUQLQJ FDQ DOVR EH XVHG WR PDLQWDLQ HOHFWURQLF KHDOWK

UHFRUGV� 7KH PDLQ HIIHFW LV WR VLPSOLI\ WKH SURFHVV� VDYH WLPH� HIIRUW DQG 0RQH\�

��� 6PDUW FLW\

0DFKLQH OHDUQLQJ LV DOVR SOD\LQJ D ELJ UROH LQ WKH FRQVWUXFWLRQ RI VPDUW FLWLHV� ,Q WKH

FDVH RI WUDIILF� PDFKLQH OHDUQLQJ FDQ KHOS WR HVWLPDWH DUHDV WKDW PD\ EH FRQJHVWHG EDVHG

RQ GDLO\ H[SHULHQFH� :KHQ D XVHU ERRNLQJV DQ RQOLQH FDU�KDLOLQJ VHUYLFH� WKH DSSOLFDWLRQ

ZLOO HVWLPDWH WKH SULFH RI WKH WULS� DQG LQ WKH VKDULQJ VHUYLFH� XVHV PDFKLQH OHDUQLQJ WR

PLQLPL]H GHWRXUV� 2Q WKH FLW\ YLGHR VXUYHLOODQFH V\VWHP� WKH FXUUHQW YLGHR VXUYHLOODQFH
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V\VWHP LV GULYHQ E\ DUWLILFLDO LQWHOOLJHQFH� ZKLFK FDQ GHWHFW FULPH EHIRUH LW KDSSHQV�OHDUQ�

$ JRRG PRGHO ZRXOG KDYH GHWHFWHG XQXVXDO EHKDYLRXU DQG DOHUWHG SROLFH RIILFHUV�

SRWHQWLDOO\ DYHUWLQJ DQ DFFLGHQW�,Q DGGLWLRQ� ZKHQ WKHVH DFWLYLWLHV DUH UHSRUWHG DQG

FRXQWHG DV UHDO LQFLGHQWV� WKH GDWD ZLOO KHOS LPSURYH WKH PRQLWRULQJ VHUYLFH V\VWHP�

ZKLFK LV VXSSRUWHG E\ PDFKLQH OHDUQLQJ RQ WKH EDFN HQG�
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��� &ODVVLFDO 0DFKLQH /HDUQLQJ $OJRULWKPV

&ODVVLFDO PDFKLQH OHDUQLQJ DOJRULWKPV PDLQO\ LQFOXGH�

��� 'HFLVLRQ WUHH DOJRULWKP

'HFLVLRQ WUHH DOJRULWKP LV D NLQG RI VXSHUYLVHG OHDUQLQJ DOJRULWKP� DQG VXSHUYLVHG

OHDUQLQJ LV WKDW HDFK LQSXW VDPSOH KDV DQ DWWULEXWH RU FDWHJRU\ DV D ODEHO� WKURXJK

OHDUQLQJ WR JHW D FODVVLILHU� 'HFLVLRQ WUHH LV D JUDSKLFDO PHWKRG IRU LQWXLWLYHO\ UXQQLQJ

SUREDELOLW\ DQDO\VLV WR JHW PDSSLQJ UHVXOWV� ,W KDV IDVW RSHUDWLRQ VSHHG DQG KLJK DFFXUDF\�

GRHV QRW QHHG SDUDPHWHU DVVXPSWLRQ DQG LV VXLWDEOH IRU KLJK�GLPHQVLRQDO GDWD� EXW LW LV

SURQH WR RYHU�ILWWLQJ DQG LJQRUHV WKH FRUUHODWLRQ EHWZHHQ DWWULEXWHV�

��� 1DLYH %D\HV DOJRULWKP

7KH 1DLYH %D\HV DOJRULWKP LV D FODVVLILFDWLRQ DOJRULWKP LQ ZKLFK WKH FODVVLILHU DVVXPHV

WKDW HDFK IHDWXUH JHQHUDWHV SUREDELOLW\ LQGHSHQGHQWO\ DQG WKHUH LV QR FRUUHODWLRQ

EHWZHHQ IHDWXUHV� 1DWLYH %D\HV DOJRULWKPV UHTXLUH UHODWLYHO\ OLWWOH WUDLQLQJ� EXW IHDWXUHV

PXVW EH IRXQG EHIRUH PDNLQJ SUHGLFWLRQV� ,QGLYLGXDO SUREDELOLW\ GLVWULEXWLRQ SDUDPHWHUV�

EXW WKLV FDQ XVXDOO\ EH GRQH TXLFNO\ DQG ZLWK KLJK DFFXUDF\� 6R 1DLYH %D\HV FODVVLILHUV

DUH YHU\ XVHIXO LQ KLJK GLPHQVLRQDO GDWD�

��� 6XSSRUW YHFWRU PDFKLQH DOJRULWKP

7KH VXSSRUW YHFWRU PDFKLQH DOJRULWKP ILUVW QHHGV WR WUDQVIRUP WKH VSDFH LQWR KLJKHU

GLPHQVLRQV DQG WKHQ WDNH WKH RSWLPDO OLQHDU FODVVLILFDWLRQ VXUIDFH LQ WKH QHZ FRPSOH[

VSDFH� 7KH SUREOHP LV WUDQVIRUPHG LQWR D OLQHDU VHSDUDEOH SUREOHP E\ WKH KROGLQJ YHFWRU

PDFKLQH� ZKLFK JUHDWO\ VLPSOLILHV WKH FRPPRQ FODVVLILFDWLRQ DQG UHJUHVVLRQ SUREOHPV�

+RZHYHU� WKH DOJRULWKP FRQVXPHV WRR PXFK FRPSXWLQJ UHVRXUFHV ZKHQ IDFLQJ ODUJH
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WUDLQLQJ VDPSOHV� VR LW LV GLIILFXOW WR FDUU\ RXW ODUJH�VFDOH WUDLQLQJ DQG LV QRW VXLWDEOH IRU

PXOWL�SDUWLWLRQLQJ .LQG RI D SUREOHP�

��� $UWLILFLDO QHXUDO QHWZRUN DOJRULWKP

$UWLILFLDO QHXUDO QHWZRUN DOJRULWKP LV FRPSRVHG RI LQGLYLGXDO XQLWV FRQQHFWHG WR HDFK

RWKHU� HDFK XQLW LV VLPLODU WR D OLQHDU FRPELQDWLRQ RI IXQFWLRQV� 7KH $OJRULWKPV QHHG WR

KDYH D OHDUQLQJ UXOH WR OHDUQ� :KHQ WKH QHWZRUN PDNHV PLVWDNHV LQ MXGJPHQW� LW FDQ

UHGXFH WKH SRVVLELOLW\ RI PDNLQJ PLVWDNHV WKURXJK OHDUQLQJ� $UWLILFLDO QHXUDO QHWZRUN

DOJRULWKPV KDYH D JRRG DSSOLFDWLRQ LQ WKH ILHOG RI KLJKHU SHUIRUPDQFH UHTXLUHPHQWV� EXW

LW LV YHU\ GLIILFXOW LI WKH QHXUDO QHWZRUN KDV SUREOHPV� )LQGLQJ WKH SUREOHP LV GLIILFXOW

DQG WLPH�FRQVXPLQJ� DQG WKH DOJRULWKP UHTXLUHV PLOOLRQV RI ODEHOHG VDPSOHV�

��� 'HHS OHDUQLQJ

'HHS OHDUQLQJ LV WR OHDUQ WKH LQKHUHQW ODZV RI VDPSOH GDWD� ZKLFK DUH XVHG WR PRGHO DQG

GLYLGH WH[W� LPDJH� VRXQG DQG RWKHU GDWD ,W LV RI JUHDW KHOS LQ VSHHFK DQG LPDJH

UHFRJQLWLRQ� DQG LWV DFWXDO UHVXOWV DUH IDU EHWWHU WKDQ WKRVH RI RWKHU SUHYLRXV WHFKQRORJLHV�

$ FRPSXWHU
V QHXUDO QHWZRUN UHTXLUHV KXJH DPRXQWV RI GDWD WR WUDLQ D EDVLF VNLOO� ZKLOH

WKH KXPDQ PLQG LV KLJKO\ DEVWUDFW� 6R LW WDNHV D FRPSXWHU WR UHFRJQL]H D FDW E\ ORRNLQJ

DW D SLFWXUH RI WKRXVDQGV RI FDWV� DQG HYHQ D FKLOG KDV WKH VDPH DELOLW\ WR ORRN DW D FDW

WZR RU WKUHH WLPHV� 7KH ILQDO SRLQW LV WR H[SODLQ WKH �GHSWK� RI GHHS OHDUQLQJ� ZKLFK LV

WKH QXPEHU RI OD\HUV \RX JR IURP WKH �LQSXW OD\HU� WR WKH �RXWSXW OD\HU�� WKH QXPEHU RI

OD\HUV RI �KLGGHQ OD\HUV�� 7KH PRUH OD\HUV \RX KDYH� WKH GHHSHU WKH EHQFK�7KHUHIRUH�

WKH PRUH FRPSOH[ WKH VHOHFWLRQ SUREOHP LV� WKH PRUH OD\HUV RI GHSWK DUH QHHGHG�
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��� %3 $UWLILFLDO 1HXUDO 1HWZRUN

����� 3ULQFLSOH DQG $OJRULWKP RI %3 $UWLILFLDO 1HXUDO 1HWZRUN

7KHUH DUH PDQ\ PRGHOV DQG DOJRULWKPV RI DUWLILFLDO QHXUDO QHWZRUN� DPRQJ ZKLFK

WKH QHXUDO QHWZRUN RI HUURU EDFN WUDQVPLVVLRQ WUDLQLQJ DOJRULWKP LV RQH RI WKH PRUH

ZLGHO\ XVHG DW SUHVHQW� 7KH DOJRULWKP LV SURSRVHG E\ WKH JURXS IRXQGHG E\ ;LDQ HWF�

ZKLFK EHORQJV WR WKH �WHDFKHU� W\SH QHXUDO QHWZRUN VWUXFWXUH� DQG FDUULHV RQ D GHWDLOHG

DQDO\VLV RI WKH HUURU EDFN SURSDJDWLRQ DOJRULWKP RI WKH PXOWL�OD\HU SHUFHSWURQ ZLWK

QRQOLQHDU FRQWLQXRXV IXQFWLRQ� DQG UHDOL]HV WKH LGHD RI PXOWL�OD\HU QHWZRUN� QDPHO\

QHWZRUN� 0XOWLSOD\HU IHHG�IRUZDUG QHXUDO QHWZRUN UHIHUV WR QHXUDO QHWZRUN� WKDW
V VKRUW

IRU LW� DQG WKDW
V E\ IDU� 9HU\ ZLGH UDQJH RI DSSOLFDWLRQV�1HXUDO QHWZRUNV� 7KH PRGHO LV

JHQHUDOO\ GLYLGHG LQWR WKUHH SDUWV� QDPHO\ LQSXW LPSOLHG RXWSXW� 7KH KLGGHQ OD\HU PD\

LQFOXGH SDUWLFXODUO\ PDQ\ OD\HUV�

%3 QHXUDO QHWZRUN� IRU H[DPSOH� FRQVLVWV RI WZR SURFHVVHV� ,QYROYLQJ WKH IRUZDUG

WUDQVPLVVLRQ RI QHUYH VLJQDOV� 7KHUH
V HUURU UHWXUQ�,Q WKH SURFHVV RI IXUWKHU SURSDJDWLRQ�

VDPSOHV ZLOO EH SURFHVVHG HYHU\ WLPH WKH\ SDVV WKURXJK WKH KLGGHQ OD\HU� 2QFH LW
V GRQH�

LW JRHV IURP WKH LQSXW WR WKH RXWSXW OD\HU� 7KHUHIRUH� LI WKH UHVXOW RI WKH RXWSXW OD\HU LV

GLIIHUHQW IURP WKH H[SHFWHG UHVXOW� WKHQ WKH HUURU ZLOO EH EDFN�SURSDJDWHG WR WKH LQSXW

SDUW� 7KLV LQSXW LV WKH ZD\ LW SURSDJDWHV XS OD\HU E\ OD\HU�

7R HDFK QHXURQ WR SLFN XS WKH HUURU VLJQDO DQG FRUUHFW WKH HUURU� 7KURXJK WKH

FRQWLQXRXV LWHUDWLRQ RI IRUZDUG SURSDJDWLRQ DQG EDFN SURSDJDWLRQ� WKH ZHLJKW LV

DGMXVWHG FRQVWDQWO\� DQG ILQDOO\ WKH VLJQDO HUURU FDQ UHDFK DQ DFFHSWDEOH GHJUHH RU UHDFK

WKH SUHVHW OHDUQLQJ WLPHV� 7KDW LV� �SRVLWLYH GLUHFWLRQ RI OHDUQLQJ� HUURU� UHYHUVH GLUHFWLRQ�

DOWHUQDWH WUDLQLQJ� HUURU FRQYHUJHQFH �SURFHVV� WKLV OHDUQLQJ UXOH LV FDOOHG� JHQHUDOL]HG

UXOH ��
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)LJXUH ��� %3 QHXUDO QHWZRUN PRGHO

)LJXUH ��� %3 QHXURQ IXQFWLRQ H[SUHVVLRQ
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$ %3 PRGHO ZLWK 5 LQSXWV LV VKRZQ LQ WKH ILJXUH� 7KH SURGXFW RI WKH LQGHSHQGHQW

YDULDEOH DQG WKH FRUUHVSRQGLQJ ZHLJKW YHFWRU RI HDFK JURXS RI LQSXWV SOXV WKH

LOOXVWUDWLRQ YDOXH LV SXW LQWR LWV WUDQVIHU IXQFWLRQ� WKDW LV� WKH WUDQVIHU IXQFWLRQ I�[� LV

XVXDOO\ D GLIIHUHQWLDEOH PRQRWRQH LQFUHDVLQJ IXQFWLRQ� ,I WKH RXWSXW OD\HU RI %3 QHXUDO

QHWZRUN DGRSWV 6LJPRLG W\SH IXQFWLRQ� WKHQ WKH RXWSXW RI QHWZRUN LV OLPLWHG WR >��� ��@�

DQG WKH QHWZRUN LV XVHG� :KHQ WKH OLQHDU IXQFWLRQ SXUHOLQ LV WKH WUDQVIHU IXQFWLRQ RI WKH

RXWSXW OD\HU� WKH RXWSXW FDQ WDNH DQ\ YDOXH�7KHUHIRUH� 6LJPRLG W\SH IXQFWLRQ LV RIWHQ

XVHG LQ WKH KLGGHQ OD\HU WR WUDQVIHU WKH LQWHUPHGLDWH UHVXOWV� ZKLOH 3XUHOLQ W\SH WUDQVIHU

IXQFWLRQ LV XVHG LQ WKH ILQDO RXWSXW OD\HU WR H[WHQG WKH UDQJH RI WKH RXWSXW�

)LJXUH ����6HYHUDO WUDQVIHU IXQFWLRQV FRPPRQO\ XVHG LQ %3 QHXURQV

7KH %3 QHXUDO QHWZRUN LV FXUUHQWO\ ZLGHO\ XVHG� PDLQO\ EHFDXVH RI WKH PXOWL�OD\HU

VHQVLQJ GHYLFH� +DV WKH IROORZLQJ IXQFWLRQV�

�F� 1RQ�OLQHDU PDSSLQJ FDSDELOLW\

$ ODUJH QXPEHU RI SDWWHUQ PDSSLQJV FDQ EH VWRUHG DQG OHDUQHG� WKH SDWWHUQ VKRXOG

LQFOXGH LQSXW DQG RXWSXW� DQG GRHV QRW QHHG WR XQGHUVWDQG KLV PDWKHPDWLFDO H[SUHVVLRQV�

2QO\ QHHG WR SURYLGH D ODUJH QXPEHU RI VDPSOH PRGHOV WR FRPH LQ� OHDUQLQJ DQG WUDLQLQJ

FDQ FRPSOHWH WKH QRQOLQHDU PDSSLQJ IURP WKH LQSXW VSDFH WR WKH RXWSXW VSDFH�

�E� *HQHUDOL]DWLRQ DELOLW\
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7KH VR�FDOOHG JHQHUDOL]DWLRQ DELOLW\ PHDQV WKDW WKH QHXUDO QHWZRUN FDQ FRUUHFWO\ PDS

IURP WKH LQSXW SODFH WR WKH LQSXW WR WKH RXWSXW SODFH� 7KLV DELOLW\ LV FDOOHG PXOWL�OD\HU

SHUFHSWLRQ� $ NLQG RI JHQHUDOL]DWLRQ DELOLW\ $IWHU ZH WUDLQ WKH VDPSOHV H[WUDFWHG� WKH

UHODWLRQVKLS RI WKH QRQ�OLQHDU PDSSLQJ LV VWRUHG LQ WKH HYLGHQFH RI WKH PDVVHV�

�F� )DXOW WROHUDQFH�

7KH ELJJHVW DGYDQWDJH LV ZKHQ WKH LQSXW FDXVHV D ODUJH QXPEHU RI HUURUV� D ODUJH QXPEHU

RI HUURUV RU D VLQJOH HUURU GXH WR YDULRXV IDFWRUV� 7KURXJK WKH DGMXVWPHQW RI WKH ZDUUDQW

PDWUL[� VWDWLVWLFDO IHDWXUHV FDQ DOVR EH H[WUDFWHG IURP D ODUJH QXPEHU RI VDPSOHV� 6R WKLV

UHIOHFWV WKDW WKH FRUUHFW ODZ FRPHV IURP WKH HQWLUH VDPSOH� DQG WKH HUURU RI D VLQJOH

VDPSOH ZLOO QRW DIIHFW WKH DGMXVWPHQW RI WKH ZHLJKW PDWUL[�

����� 0DWKHPDWLFDO PRGHO RI %3 QHXUDO QHWZRUN

$ W\SLFDO QHXUDO QHWZRUN FRQVLVWV RI WKUHH SHUFHSWURQ OD\HUV� LQFOXGLQJ LQSXW OD\HU�

KLGGHQ OD\HU DQG RXWSXW OD\HU� /HW WKH LQSXW YHFWRU EH�

7KH RXWSXW YHFWRU RI WKH RXWSXW OD\HU LV�

7KH RXWSXW YHFWRU RI KLGGHQ OD\HU LV�

7KH H[SHFWHG RXWSXW YHFWRU LV �
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7KH ZHLJKW PDWUL[ EHWZHHQ WKH LQSXW OD\HU DQG WKH KLGGHQ OD\HU LV H[SUHVVHG DV�

7KH FROXPQ YHFWRU 9 LV WKH ZHLJKW YHFWRU FRUUHVSRQGLQJ WR WKH -7+ QHXURQ LQ WKH

KLGGHQ OD\HU� 7KH ZHLJKW PDWUL[ EHWZHHQ KLGGHQ OD\HU DQG RXWSXW OD\HU 'HQRWHG E\ :�

)RU WKH RXWSXW OD\HU WKHUH LV�

)RU WKH KLGGHQ OD\HU WKHUH LV�

,Q WKH DERYH WZR IRUPXODV� WKH WUDQVIHU IXQFWLRQ I�[� LV XQL�SRODU 6LJPRLG IXQFWLRQ�

:KHQ WKH QHWZRUN RXWSXW LV GLIIHUHQW IURP WKH H[SHFWHG RXWSXW� WKHUH LV DQ RXWSXW

HUURU� ZKLFK LV GHILQHG DV IROORZV�

7KH DERYH HUURU GHILQLWLRQ LV H[WHQGHG WR WKH KLGGHQ OD\HU DV IROORZV�
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)XUWKHU H[SDQGHG WR WKH LQSXW OD\HU DUH�

7KH HUURU VLJQDO FDQ EH REWDLQHG E\ GHULYDWLRQ�

7KH ZHLJKW DGMXVWPHQW IRUPXOD RI QHXUDO QHWZRUN OHDUQLQJ DOJRULWKP LV�
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��� 5%) $UWLILFLDO 1HXUDO 1HWZRUN

����� 3ULQFLSOH DQG $OJRULWKP RI 5%) $UWLILFLDO 1HXUDO 1HWZRUN

7KH IXOO QDPH RI 5%) QHWZRUN LV UDGLDO EDVLV IXQFWLRQ� ZKLFK LV D QHXUDO QHWZRUN

DOJRULWKP� ,W LV FRQVWUXFWHG EDVHG RQ WKH DSSUR[LPDWLRQ WKHRU\� 7KLV NLQG RI QHWZRUN

OHDUQLQJ LV HTXLYDOHQW WR ILQGLQJ D EHVW ILWWLQJ YDOXH LQ D PXOWL�GLPHQVLRQDO VSDFH� $QG

LQ WKLV ZKROH RSHUDWLRQ SURFHVV� WKH HUURU ZLOO EH SURSDJDWHG EDFN WR WKH LQSXW SDUW DQG D

QHXUDO QHWZRUN IXQFWLRQ RI HDFK QRGH� ,Q WKH UDGLDO EDVLV IXQFWLRQ� JHQHUDOO\ RQO\ D IHZ

QHXURQV DUH XVHG WR GHWHUPLQH WKH RXWSXW� 5%) QHXUDO QHWZRUN� PDLQO\ XVHG IRU� 3ULFH

SUHGLFWLRQ IXQFWLRQ DSSUR[LPDWLRQ DQG LGHQWLILFDWLRQ SUREOHPV� VR LW LV VXLWDEOH IRU

VWXG\LQJ D SUHGLFWLRQ PRGHO RI WKLV DUWLFOH� 7KH FRUH LGHD RI WKH UDGLDO EDVLV IXQFWLRQ

QHXUDO QHWZRUN LV WKDW WKH PRVW EDVLF LV WR XVH 5%) DV D KLGGHQ HOHPHQW� ,Q WKLV ZD\� D

KLGGHQ OD\HU VSDFH FDQ EH IRUPHG� DQG WKHQ WKH LQSXW YHFWRU FDQ EH WUDQVIRUPHG LQ WKH

KLGGHQ OD\HU VSDFH� &RQYHUW LW WR D KLJK�GLPHQVLRQDO VSDFH� ZKLFK LV FRQILUPHG LQ WKLV

ZD\� 7KH FHQWUDO SRLQW RI %) LV WKDW , FDQ VWLOO GHWHUPLQH WKH PDSSLQJ UHODWLRQVKLS�

��� ,Q WKH QHXUDO QHWZRUN VWUXFWXUH RI 5%)� 7KH DQDO\VLV UHVXOWV LQFOXGH WKH KLGGHQ

OD\HU RI WKH LQSXW OD\HU DQG WKH RXWSXW OD\HU� 7KHQ IURP LQSXW WR KLGLQJ� WKH FRQYHUVLRQ

LV D QRQ�OLQHDU FRQYHUVLRQ� 7KH FRQYHUVLRQ IURP KLGGHQ WR RXWSXW VSDFH LV D OLQHDU

FRQYHUVLRQ� 6R 5%) LV D IHHG�IRUZDUG QHXUDO QHWZRUN ZLWK D VLQJOH KLGGHQ OD\HU� 7KH

5%) QHXUDO QHWZRUN LV VKRZQ LQ WKH IROORZLQJ ILJXUH�Univ
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)LJXUH ����7RSRORJLFDO VWUXFWXUH GLDJUDP RI 5%) QHXUDO QHWZRUN

7KH ILUVW LQSXW OD\HU� FRPSRVHG RI VLJQDO VRXUFH QRGHV� LW RQO\ SOD\V WKH UROH RI GDWD

LQIRUPDWLRQ WUDQVPLVVLRQ� DQG GRHV QRWKLQJ IRU LQSXW LQIRUPDWLRQ WUDQVIRUP� 7KH VHFRQG

KLGGHQ OD\HU� DV PDQ\ QRGHV DV QHHGHG�7KH KLGGHQ OD\HU QHXURQ NHUQHO IXQFWLRQ �DFWLRQ

IXQFWLRQ� LV D *DXVVLDQ IXQFWLRQ� ZKLFK LV D ORJDULWKPLF LQSXW (QWHU WKH LQIRUPDWLRQ WR

FDUU\ RQ WKH WUDQVIRUPDWLRQ RI VSDFH PDSSLQJ� 7KH WKLUG RXWSXW OD\HU UHVSRQGV WR WKH

LQSXW SDWWHUQ� 7KH IXQFWLRQ RI WKH RXWSXW OD\HU QHXURQ LV D OLQHDU IXQFWLRQ RI WKH KLGGHQ

OD\HU� 7KH RXWSXW LQIRUPDWLRQ RI WKH QHXURQ LV OLQHDUO\ ZHLJKWHG DQG RXWSXW DV WKH RXWSXW

UHVXOW RI WKH ZKROH QHXUDO QHWZRUN�

����� 0DWKHPDWLFDO 0RGHO RI 5%) 1HXUDO 1HWZRUN

,W LV WKH FRUH LGHD RI 5%) QHXUDO QHWZRUN WR WDNH UDGLDO EDVLV IXQFWLRQ DV WKH PDSSLQJ

IXQFWLRQ RI KLGGHQ OD\HU QHXURQV� �%OXP� $�� /�� /DQJOH\� 	 3� ������ 7KH VSHFLILF

VWUXFWXUH RI WKH QHXURQ LV VKRZQ LQ WKH ILJXUH� ,W FDQ EH IRXQG IURP WKH ILJXUH WKDW WKH

5%) DFWLYDWLRQ IXQFWLRQ WDNHV WKH (XFOLGHDQ GLVWDQFH EHWZHHQ LQSXW YHFWRU DQG ZHLJKW

DV WKH IXQFWLRQ LQSXW�
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WKH ZHLJKW�

; LV WKH LQSXW YHFWRU RI QHXUDO QHWZRUN�

7KH IROORZLQJ IRUPXOD LV (XFOLGHDQ GLVWDQFH�

7KH JHQHUDO IRUP RI *DXVVLDQ IXQFWLRQ LV�

7KH (XFOLGHDQ GLVWDQFH EHWZHHQ WKH LQSXW YHFWRU ; DQG WKH ZHLJKW YHFWRU : LV VROYHG DV

IROORZV�

)LJXUH ����5DGLDO EDVLV QHXURQ PRGHO
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��� (/0 $UWLILFLDO 1HXUDO 1HWZRUN

����� 3ULQFLSOH DQG $OJRULWKP RI (/0 $UWLILFLDO 1HXUDO 1HWZRUN

1HXUDO QHWZRUN KDV EHHQ DQ LPSRUWDQW WRRO IRU SDWWHUQ UHFRJQLWLRQ DQG V\VWHP

LGHQWLILFDWLRQ VLQFH LWV DSSHDUDQFH� :LWK WKH GHHSHQLQJ RI WKHRUHWLFDO UHVHDUFK� PRUH

NLQGV RI QHXUDO QHWZRUNV DQG FRUUHVSRQGLQJ LPSURYHPHQW PHWKRGV KDYH EHHQ SXW

IRUZDUG FRQWLQXRXVO\� 7KHVH QHXUDO QHWZRUNV DUH VXLWDEOH IRU VROYLQJ GLIIHUHQW SUREOHPV

DFFRUGLQJ WR WKHLU RZQ FKDUDFWHULVWLFV� 7KH ([WUHPH OHDUQLQJ PDFKLQH EHORQJV WR D NLQG

RI VLQJOH�KLGGHQ /D\HU )HHG�IRUZDUG 1HXUDO 1HWZRUN �61 WUDGLWLRQDO )HHGIRUZDUG

1HXUDO 1HWZRUN� LQFOXGLQJ %3� 5%� HWF� ZKLFK LV JHQHUDOO\ EDVHG RQ JUDGLHQW GHVFHQW

PHWKRG IRU WUDLQLQJ� 7KH WUDLQLQJ VSHHG RI WKLV WUDLQLQJ PHWKRG KDV DOZD\V EHHQ

FULWLFL]HG� ,W LV GLIILFXOW WR VHOHFW WKH OHDUQLQJ VWHS VL]H� HDV\ WR IDOO LQWR WKH ORFDO

PLQLPXP YDOXH� PXOWLSOH LWHUDWLRQV ZDVWH WLPH DQG VR RQ� $OWKRXJK PDQ\ VFKRODUV KDYH

SURSRVHG D YDULHW\ RI TXLFN PHWKRGV� WKH FXPEHUVRPH LPSURYHPHQW ORVHV WKH RULJLQDO

VLPSOLFLW\ RI WKH DOJRULWKP DQG LQFUHDVHV WKH FRPSOH[LW\ RI WKH DOJRULWKP

+XDQJ *XD QJELQ SRLQWHG RXW LQ KLV UHVHDUFK RQ 6/)1 WKDW� IRU D OLPLWHG GDWD

WUDLQLQJ VHW� DQ 6/)1 QHXUDO QHWZRUN ZLWK 1 QRGHV DQG D ZLUHOHVV GLIIHUHQWLDEOH

H[FLWDWLRQ IXQFWLRQ LQ DQ\ LQWHUYDO FDQ DSSURDFK DUELWUDU\ OLQHDU DQG QRQOLQHDU IXQFWLRQV

ZLWK ]HUR HUURU� ,Q IDFW� WKLV WKHRU\ VKRZV WKDW IRU 6/)1� WKH OHDUQLQJ DELOLW\ LV QR ORQJHU

DIIHFWHG E\ WKH LQSXW ZHLJKWV RI WKH QHWZRUN DQG WKH WKUHVKROG RI KLGGHQ OD\HU QRGHV�

DQG WKHUH LV QR QHHG WR WUDLQ WKH LQSXW ZHLJKWV WKURXJK FXPEHUVRPH WUDLQLQJ DOJRULWKPV�

,Q WKLV FDVH� 6/)1 LV VLPSOLILHG LQWR D OLQHDU V\VWHP� QDPHO\ (/0� 7KH LQSXW ZHLJKWV

RI (/0 DQG QRGH SDUDPHWHUV RI WKH KLGGHQ OD\HU DUH UDQGRPO\ VHOHFWHG� DQG WKH

HVWDEOLVKPHQW DQG WUDLQLQJ RI WKH QHXUDO QHWZRUN LV FRPSOHWHG RQO\ E\ VROYLQJ WKH

SVHXGR LQYHUVH RI WKH KLGGHQ OD\HU RXWSXW ZHLJKWV WR REWDLQ WKH RXWSXW ZHLJKW

PDWUL[�([SHULPHQWV VKRZ WKDW 7KH DGDSWLYH DELOLW\ DQG JHQHUDOL]DWLRQ DELOLW\ RI (/0
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DUH YHU\ JRRG� &RPSDUHG ZLWK %3 QHXUDO QHWZRUN DQG 5%) QHXUDO QHWZRUN� LW KDV WKH

DELOLW\ RI IDVWHU OHDUQLQJ� WUDLQLQJ DQG DSSUR[LPDWLRQ�

5HDOLW\ RQO\ KDV WKH DELOLW\ WR UHGXFH HUURU� (/0 LV DUWLILFLDO LQWHOOLJHQFH�)LHOG

PDFKLQH OHDUQLQJ LQ DQ DUWLILFLDO QHXUDO QHWZRUN PRGHO� LV D VROXWLRQ� LV D VLQJOH KLGGHQ

OD\HU RI D IHHG�IRUZDUG QHXUDO QHWZRUN DOJRULWKP� )RU D WUDGLWLRQDO QHXUDO QHWZRUN \RX

KDYH WR VHW D ORW RI SDUDPHWHUV� 8VLQJ D ODUJH QXPEHU RI SDUDPHWHUV IRU WUDLQLQJ� LW FDQ

EH VHW XS LQWR D QHWZRUN VWUXFWXUH� ZKLFK LV DOVR YHU\ FRPSOH[� (/0 QHXUDO QHWZRUN�

WKHUH LV QR QHHG WR VHW RWKHU SDUDPHWHUV� $QG LW
V YHU\ HDV\ WR XVH� 7KH ZHLJKWV DUH

UDQGRPO\ JHQHUDWHG DQG GR QRW QHHG WR EH DGMXVWHG� QRU GR WKH\ QHHG WR EH DGMXVWHG

WKURXJKRXW WKH H[HFXWLRQ� ZKLFK UDGLFDOO\ VSHHGV XS WKH FRPSXWDWLRQ

)LJXUH ���˖(/0 DUWLILFLDO QHXUDO QHWZRUN PRGHO
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����� 0DWKHPDWLFDO 0RGHO RI (/0 1HXUDO 1HWZRUN

)RU 1 GLIIHUHQW VDPSOHV �[� W�� ZKHUH˖

7KH PDWKHPDWLFDO PRGHO RI 6/)1 LQ ZKLFK WKH QXPEHU RI QRGHV LQ WKH KLGGHQ OD\HU LV

0 DQG WKH H[FLWDWLRQ IXQFWLRQ LV J�[� LV�

,QSXW ZHLJKW RI FRQQHFWLQJ WKH LWK KLGGHQ OD\HU QRGH�

2XWSXW ZHLJKWV RI FRQQHFWLQJ , KLGGHQ OD\HU QRGHV�

7KH H[FLWDWLRQ IXQFWLRQ * �[� FDQ EH �6LJPRLG�� �6LQH�� HWF�

7KH DERYH HTXDWLRQ LQ PDWUL[ IRUP FDQ EH ZULWWHQ DV�Univ
ers

iti 
Mala

ya
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(�:� UHSUHVHQWV WKH VXP RI WKH VTXDUHV RI HUURUV EHWZHHQ WKH H[SHFWHG YDOXH DQG WKH

DFWXDO YDOXH� DQG WKH DERYH SUREOHP FDQ EH FRQYHUWHG LQWR WKH ZHLJKW RI VROYLQJ WKH

RSWLPDO VROXWLRQ �WR PLQLPL]H (�:� �

7KH PDWKHPDWLFDO H[SUHVVLRQ FDQ EH ZULWWHQ DV�

:KHUH +� LV FDOOHG WKH 0RRUH�3HQURVH JHQHUDOL]HG LQYHUVH RI WKH KLGGHQ OD\HU RXWSXW

PDWUL[ +� 7KHUHIRUH� WKH DOJRULWKP RI H[WUHPH OHDUQLQJ PDFKLQH LV JLYHQ D WUDLQLQJ

VDPSOH�

$QG WKH H[FLWDWLRQ IXQFWLRQ * �[� DQG WKH QXPEHU RI KLGGHQ OD\HU QRGHV LV 0�

��� 5DQGRPO\ VHOHFW ZHLJKW , DQG ELDV�
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��� &DOFXODWH WKH KLGGHQ OD\HU RXWSXW PDWUL[

��� &DOFXODWH WKH RXWSXW ZHLJKW˖

7KH FODVVLILFDWLRQ E\ (/0 FDQ DFKLHYH JRRG UHDO�WLPH DQG DFFXUDF\�
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&+$37(5 �� 5(6($5&+0(7+2'2/2*<

��� 0$7/$% LPSOHPHQWDWLRQ RI %3 1HXUDO 1HWZRUN DQG 5%) 1HXUDO

1HWZRUN

����� 0DWKHPDWLFDO 0RGHO RI 1HXUDO 1HWZRUN

��� 1(:))� %3 QHXUDO QHWZRUN SDUDPHWHU VHWWLQJ IXQFWLRQ

)XQFWLRQ� %XLOG D %3 QHXUDO QHWZRUN

1HW  QHZ)) �3� 7� 6� 7)� %7)� %/)� 3)� ,3)� 23)� '')�

3� ,QSXW GDWD PDWUL[ �WKH LQSXW YHFWRU RI WKH WUDLQLQJ VHW LV D PDWUL[ FRPSRVHG RI

FROXPQV�

7� 2XWSXW GDWD PDWUL[ �PDWUL[ IRUPHG E\ WKH H[SHFWHG YHFWRU RI WKH WUDLQLQJ VHW DV D

FROXPQ�

6� 1XPEHU RI KLGGHQ ODPLQDWHG QRGHV

7I� 1RGH WUDQVIHU IXQFWLRQ� LQFOXGLQJ KDUG OLPLWLQJ WUDQVIHU IXQFWLRQ KDUGOLP�

V\PPHWULF KDUG OLPLWLQJ WUDQVIHU IXQFWLRQ KDQGOHV� OLQHDU

%/)� 1HWZRUN OHDUQLQJ IXQFWLRQ� LQFOXGLQJ %3 OHDUQLQJ UXOH OHDUQLQJ DQG %3

OHDUQLQJ UXOH OHDUQHG WKDW GULYHV TXDQWLW\ LWHPV�

3)� 3HUIRUPDQFH DQDO\VLV IXQFWLRQ� LQFOXGLQJ PHDQ DEVROXWH HUURU SHUIRUPDQFH

DQDO\VLV IXQFWLRQ 0$( DQG PHDQ VTXDUH HUURU SHUIRUPDQFH DQDO\VLV IXQFWLRQ 06(�

,3)� 7KH LQSXW KDQGOHU IXQFWLRQ�

23)� 7KH RXWSXW KDQGOHU IXQFWLRQ�

'')� 9HULI\ WKH GDWD SDUWLWLRQ IXQFWLRQ�

,Q JHQHUDO� WKH ILUVW � SDUDPHWHUV DUH VHW LQ WKH SURFHVV RI XVH� DQG WKH ODVW �

SDUDPHWHUV DUH WKH GHIDXOW SDUDPHWHUV RI WKH V\VWHP�

��� 7UDLQ� %3 QHXUDO QHWZRUN WUDLQLQJ IXQFWLRQ

)XQFWLRQ� %3 QHXUDO QHWZRUN LV WUDLQHG ZLWK WUDLQLQJ GDWD�
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>QHW� WU@ WUDLQ�QHW� ;� 7� 3L� $L�

1(7� 1HWZRUN WR EH WUDLQHG

;� ,QSXW GDWD PDWUL[

7� 2XWSXW GDWD PDWUL[

3,� ,QLWLDOL]HV LQSXW OD\HU FRQGLWLRQV

$,� ,QLWLDOL]HV RXWSXW OD\HU FRQGLWLRQV

1(7� 7UDLQHG 1HWZRUN

75� 5HFRUG WKH WUDLQLQJ SURFHVV

*HQHUDOO\� WKH ILUVW WKUHH SDUDPHWHUV DUH VHW LQ WKH SURFHVV RI XVH� DQG WKH ODVW WZR

SDUDPHWHUV DUH WKH GHIDXOW SDUDPHWHUV RI WKH V\VWHP�

��� 6LP� %3 QHXUDO QHWZRUN SUHGLFWLRQ IXQFWLRQ

)XQFWLRQ IXQFWLRQ� WKH WUDLQHG %3 QHXUDO QHWZRUN LV XVHG WR SUHGLFW WKH IXQFWLRQ

RXWSXW�

<  6LP �1HW� ;�

1(7� 7UDLQHG 1HWZRUN�

;� ,QSXW GDWD�

<� 1HWZRUN IRUHFDVW GDWD�

����� &RUUHODWLRQ )XQFWLRQ RI 5%) 1HXUDO 1HWZRUN

��� QHZUE

7KLV IXQFWLRQ FDQ EH XVHG WR GHVLJQ DQ DSSUR[LPDWH UDGLDO EDVLV QHWZRUN� ,WV

LQYRFDWLRQ IRUPDW LV�

>QHW�WU@ QHZUE�;� 7� *2$/� 635($'� 01� ')�

:KHUHLQ� ; LV DQ 54 GLPHQVLRQDO PDWUL[ FRPSRVHG RI 4 JURXS RI LQSXW YHFWRUV� 7

LV WKH 64 GLPHQVLRQ FRPSRVHG RI WDUJHW FODVVLILFDWLRQ YHFWRUV RI JURXS 4 0DWUL[� *RDO

LV 0HDQ 6TXDUHG (UURU *RDO� ZKLFK GHIDXOWV WR ���� 6SUHDG LV WKH H[SDQVLRQ VSHHG RI

Univ
ers

iti 
Mala

ya



��

UDGLDO EDVLV IXQFWLRQ� ZKLFK GHIDXOWV WR �� 0Q LV WKH PD[LPXP QXPEHU RI QHXURQV�

ZKLFK GHIDXOWV WR 4� ') LV WKH QXPEHU RI QHXURQV DGGHG EHWZHHQ WZR GLVSOD\V� ZKLFK

GHIDXOWV WR ��� 1HW LV WKH UHWXUQ YDOXH� DQ 5%) QHWZRUN LV WKH UHWXUQ YDOXH� WU LV WKH

UHWXUQ YDOXH� WKH WUDLQLQJ UHFRUG XVHV QHZUE�� WR FUHDWH 5%) QHWZRUN LV D SURFHVV RI

FRQWLQXRXV WULDO� LQ WKH SURFHVV RI FUHDWLRQ� QHHG WR LQFUHDVH WKH QXPEHU RI QHXURQV LQ

WKH PLGGOH OD\HU FRQWLQXRXVO\� XQWLO WKH RXWSXW HUURU RI WKH QHWZRUN PHHWV WKH SUHVHW

YDOXH�

��� QHZUEH��

7KLV IXQFWLRQ LV XVHG WR GHVLJQ DQ H[DFW UDGLDO EDVLV QHWZRUN� ZKRVH FDOO IRUPDW LV

QHW QHZUEH �;� 7� 625($'�� :KHUH ; LV DQ 54 GLPHQVLRQDO PDWUL[ FRPSRVHG RI 4

JURXS RI LQSXW YHFWRUV� 7 LV WKH 64 GLPHQVLRQ FRPSRVHG RI WDUJHW FODVVLILFDWLRQ YHFWRUV

RI JURXS 4 0DWUL[� 6SUHDG LV WKH H[SDQVLRQ VSHHG RI WKH UDGLDO EDVLV IXQFWLRQ� ZKLFK

GHIDXOWV WR �� 8QOLNH QHZUE��� QHZUEH�� FDQ TXLFNO\ DQG HUURU�IUHH GHVLJQ D UDGLDO EDVLV

QHWZRUN EDVHG RQ GHVLJQ YHFWRUV� 6XLWDEOH IRU WKH FDVH RI D VPDOO QXPEHU RI LQSXW

YHFWRUV�

��� UDGEDV��

7KLV IXQFWLRQ LV WKH UDGLDO EDVLV WUDQVIHU IXQFWLRQ� ,WV LQYRFDWLRQ IRUPDW LV

$ UDGEDV�1�

,QIR UDGEDV�FRGH�

:KHUH� 1 LV WKH 64 GLPHQVLRQ PDWUL[ RI WKH LQSXW �FROXPQ� YHFWRU� $ LV WKH UHWXUQ

PDWUL[ RI WKH IXQFWLRQ� ZKLFK LV RQH�WR�RQH FRUUHVSRQGLQJ WR 1� (DFK HOHPHQW LQ 1 LV

REWDLQHG E\ $ UDGLDO EDVLV IXQFWLRQ� ,QIR  UDGEDV�FRGH� PHDQV UHWXUQ DFFRUGLQJ WR WKH

FRGH YDOXH� 'LIIHUHQW LQIRUPDWLRQ DERXW IXQFWLRQV� ,QFOXGH�
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'HULYH ����� 5HWXUQ WKH QDPH RI WKH GHULYDWH IXQFWLRQ�

2XWSXW ���� UHWXUQV WKH LQSXW UDQJH�

$FWLYH ����� UHWXUQV D UDQJH RI DYDLODEOH LQSXWV
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��� 1HXUDO 1HWZRUN 3DUDOOHO 2SHUDWLRQ

7KH 0$7/$% SDUDOOHO FRPSXWLQJ WRROER[ FDQ SDUDOOHOL]H WKH QHXUDO QHWZRUN VLPXODWLRQ

FDOFXODWLRQ� WKXV UHGXFLQJ WKH FRPSXWLQJ WLPH� 7KH LPSOHPHQWDWLRQ RI URZL]DWLRQ LV WR

VSOLW WKH ZKROH WUDLQLQJ GDWD VHW LQWR GLIIHUHQW ZRUNHUV RI WKH �PXOWL�FRUH� FRPSXWHU� DQG

WKH RSHUDWLRQ RI WKH ZKROH GDWD VHW� �%OXP� $�� /�� /DQJOH\� 	 3� ������ 7KH FDOFXODWHG

UHVXOW LV WKH FDOFXODWHG YDOXH RI DOO WKH PHUJHG ZRUNHUV� )RU SDUDOOHO RSHUDWLRQ RI QHXUDO

QHWZRUN� LW LV QHFHVVDU\ WR RSHQ 0DWODE3RRO ILUVW� DQG VHW 8VH3DUDOOHO SDUDPHWHU LQ

QHXUDO QHWZRUN WUDLQ DQG 6,0 IXQFWLRQ�

����� %3 1HXUDO 1HWZRUN IRU 1RQOLQHDU )XQFWLRQ )LWWLQJ

7KH ILUVW VWHS LV GDWD VHOHFWLRQ DQG QRUPDOL]DWLRQ� ���� VHWV RI GDWD RI WKH IXQFWLRQ DUH

UDQGRPO\ REWDLQHG DFFRUGLQJ WR WKH QRQOLQHDU IXQFWLRQ HTXDWLRQ� DQG WKH GDWD DUH VWRUHG

LQ WKH GDWD�PDW ILOH �DIWHU GRZQORDGLQJ DQG FRS\LQJ WR WKH FXUUHQW GLUHFWRU\ RI

0$7/$%�� ZKHUH LQSXW LV WKH IXQFWLRQ LQSXW GDWD DQG RXWSXW LV WKH IXQFWLRQ RXWSXW

GDWD� ���� GDWD ZHUH UDQGRPO\ VHOHFWHG IURP WKH LQSXW DQG RXWSXW GDWD DV WKH QHWZRUN

WUDLQLQJ GDWD DQG ��� JURXSV DV WKH QHWZRUN WHVW GDWD� DQG WKH GDWD ZHUH QRUPDOL]HG�
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7KH VHFRQG VWHS LV WR HVWDEOLVK DQG WUDLQ %3 QHXUDO QHWZRUN

%3 QHXUDO QHWZRUN LV FRQVWUXFWHG DQG WUDLQHG ZLWK WUDLQLQJ GDWD� VR WKDW WKH QHWZRUN

FDQ SUHGLFW WKH RXWSXW RI QRQOLQHDU IXQFWLRQ�

7KH WKLUG VWHS LV %3 QHXUDO QHWZRUN SUHGLFWLRQ� 7KH WUDLQHG %3 QHXUDO QHWZRUN LV

XVHG WR SUHGLFW WKH RXWSXW RI QRQOLQHDU IXQFWLRQ�
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7KH IRXUWK VWHS LV WKH UHVXOW DQDO\VLV� 7KH ILWWLQJ DELOLW\ RI %3 QHXUDO QHWZRUN LV

DQDO\]HG E\ WKH SUHGLFWHG RXWSXW DQG H[SHFWHG RXWSXW RI %3 QHXUDO QHWZRUN�
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����� 5%) 1HXUDO 1HWZRUN IRU 1RQOLQHDU )XQFWLRQ )LWWLQJ

7KH ILUVW VWHS LV WR HVWDEOLVK WKH H[DFW 5%) QHXUDO QHWZRUN ILWWLQJ DQG REVHUYH WKH ILWWLQJ

HIIHFW
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7KH VHFRQG VWHS HVWDEOLVKHV WKH $SSUR[LPDWH 5%) QHXUDO QHWZRUN ILWWLQJ
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��� 2FWDQH 1XPEHU 3UHGLFWLRQ IRU *DVROLQH %OHQGV

����� 3UREOHP )RUPXODWLRQ

2FWDQH QXPEHU LV WKH PRVW LPSRUWDQW TXDOLW\ LQGH[ RI JDVROLQH� 7UDGLWLRQDO ODERUDWRU\

WHVWLQJ PHWKRGV KDYH SUREOHPV VXFK DV ODUJH VDPSOH FRQVXPSWLRQ� ORQJ WHVW F\FOH DQG

KLJK FRVW� DQG DUH QRW VXLWDEOH IRU SURGXFWLRQ FRQWURO� (VSHFLDOO\ IRU RQOLQH WHVWLQJ� WKH

QHDU LQIUDUHG VSHFWURVFRS\ �1,5� GHYHORSHG WKLV \HDU� DV D IDVW DQDO\VLV PHWKRG� LV QRW

VXLWDEOH IRU SURGXFWLRQ FRQWURO� ,W KDV EHHQ ZLGHO\ XVHG LQ DJULFXOWXUH� SKDUPDF\�

ELRFKHPLVWU\� SHWUROHXP SURGXFWV DQG RWKHU ILHOGV� ,WV DGYDQWDJHV DUH QRQGHVWUXFWLYH

WHVWLQJ� ORZ FRVW� QR SROOXWLRQ� RQOLQH DQDO\VLV� PRUH VXLWDEOH IRU SURGXFWLRQ DQG FRQWURO

QHHGV�

)LJXUH ����1HDU ,QIUD�UHG 6SHFWUXP RI �� 6DPSOHV

����� 'HVLJQ

$FFRUGLQJ WR WKH UHTXLUHPHQWV LQ WKH SUREOHP GHVFULSWLRQ� WKH PRGHO HVWDEOLVKPHQW DQG

SHUIRUPDQFH HYDOXDWLRQ RI %3 QHXUDO QHWZRUN DQG 5%) QHXUDO QHWZRUN DUH UHDOL]HG�

ZKLFK FDQ EH GLYLGHG LQWR WKH IROORZLQJ VWHSV LQ JHQHUDO�

�� *HQHUDWH D WUDLQLQJ VHW�WHVW VHW
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,Q RUGHU WR HQVXUH WKDW WKH HVWDEOLVKHG PRGHO KDV JRRG JHQHUDOL]DWLRQ DELOLW\� WKH

WUDLQLQJ VHW VDPSOHV DUH UHTXLUHG WR EH ODUJH HQRXJK DQG KDYH JRRG UHSUHVHQWDWLYHQHVV�,W

LV JHQHUDOO\ EHOLHYHG WKDW LW LV DSSURSULDWH IRU WKH QXPEHU RI VDPSOHV LQ WKH WUDLQLQJ VHW

WR DFFRXQW IRU ���a��� RI WKH WRWDO QXPEHU RI VDPSOHV� DQG WKH UHPDLQLQJ ���a��� RI WKH

VDPSOHV LQ WKH WHVW VHW� $QG WU\ WR PDNH WKH GLVWULEXWLRQ ODZ RI VDPSOHV RI WUDLQLQJ VHW

DQG WHVW VHW DSSUR[LPDWHO\ WKH VDPH�

�� &UHDWH�WUDLQ %3 QHXUDO QHWZRUN

7KH HVWDEOLVKPHQW RI %3 QHXUDO QHWZRUN QHHGV WR GHWHUPLQH WKH VWUXFWXUH RI WKH

QHWZRUN� WKDW LV� WKH IROORZLQJ SDUDPHWHUV QHHG WR EH GHWHUPLQHG� WKH QXPEHU RI LQSXW

YDULDEOHV� WKH QXPEHU RI KLGGHQ IXQFWLRQ OD\HUV� WKH QXPEHU RI QHXURQV DW HDFK OD\HU�

DQG WKH QXPEHU RI RXWSXW YDULDEOHV� $V FDQ EH VHHQ IURP WKH SUREOHP GHVFULSWLRQ� WKH

QXPEHU RI LQSXW YDULDEOHV LV ��� DQG WKH QXPEHU RI RXWSXW YDULDEOHV LV �� 7KHUH LV RQH

KLGGHQ OD\HU �ZKLFK FDQ DSSUR[LPDWH DQ\ QRQOLQHDU IXQFWLRQ�� 7KH QXPEHU RI KLGGHQ

OD\HU QHXURQV KDV D JUHDW LQIOXHQFH RQ WKH SHUIRUPDQFH RI %3 QHXUDO QHWZRUN� ,I WKH

QXPEHU RI KLGGHQ OD\HU QHXURQV LV VPDOO� WKH QHWZRUN FDQQRW DGHTXDWHO\ GHVFULEH WKH

UHODWLRQVKLS EHWZHHQ RXWSXW DQG LQSXW YDULDEOHV�2Q WKH FRQWUDU\� LI WKHUH DUH PRUH

QHXURQV LQ WKH KLGGHQ OD\HU� WKH OHDUQLQJ WLPH RI WKH QHWZRUN ZLOO EH ORQJHU� DQG HYHQ

WKH SUREOHP RI RYHU�ILWWLQJ ZLOO DSSHDU� *HQHUDOO\� WKH PHWKRG WR GHWHUPLQH WKH QXPEHU

RI QHXURQV LQ WKH KLGGHQ OD\HU LV EDVHG RQ WKH HPSLULFDO IRUPXOD� DQG WKH LQIOXHQFH RI

GLIIHUHQW QXPEHU RI QHXURQV LQ WKH KLGGHQ OD\HU RQ WKH PRGHO SHUIRUPDQFH LV FRPSDUHG�

VR DV WR PDNH WKH VHOHFWLRQ�$IWHU WKH QHWZRUN VWUXFWXUH LV GHWHUPLQHG� WKH QHWZRUN FDQ

EH WUDLQHG E\ VHWWLQJ UHOHYDQW WUDLQLQJ SDUDPHWHUV �VXFK DV WUDLQLQJ WLPHV� OHDUQLQJ UDWH�

HWF���

�� &UHDWH�WUDLQ 5%) QHXUDO QHWZRUN
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:KHQ FUHDWLQJ 5%) QHXUDO QHWZRUN� WKH LQIOXHQFH RI VSUHDG YDOXH RQ QHWZRUN

SHUIRUPDQFH VKRXOG EH FRQVLGHUHG�,Q JHQHUDO� WKH ODUJHU WKH YDOXH RI VSUHDG� WKH

VPRRWKHU WKH ILWWLQJ RI WKH IXQFWLRQ ZLOO EH� +RZHYHU� DQ H[FHVVLYHO\ ODUJH 635($'

YDOXH ZRXOG UHTXLUH D YHU\ ODUJH QXPEHU RI QHXURQV WR DFFRPPRGDWH UDSLG FKDQJHV LQ

WKH IXQFWLRQ� 2Q WKH FRQWUDU\� LI WKH VSUHDG YDOXH LV WRR VPDOO� LW PHDQV WKDW PDQ\

QHXURQV DUH QHHGHG WR DGDSW WR WKH VORZ FKDQJH RI WKH IXQFWLRQ� OHDGLQJ WR SRRU QHWZRUN

SHUIRUPDQFH�

�� 6LPXODWLRQ WHVW

$IWHU WKH PRGHO LV HVWDEOLVKHG� WKH LQSXW YDULDEOHV RI WKH WHVW VHW DUH VHQW LQWR WKH

PRGHO� DQG WKH RXWSXW RI WKH PRGHO LV WKH FRUUHVSRQGLQJ SUHGLFWLRQ UHVXOW�

�� 3HUIRUPDQFH HYDOXDWLRQ

7KH JHQHUDOL]DWLRQ DELOLW\ RI WKH PRGHO FDQ EH HYDOXDWHG E\ FDOFXODWLQJ WKH HUURU

EHWZHHQ WKH SUHGLFWHG YDOXH DQG WKH UHDO YDOXH RI WKH WHVW VHW� 2Q WKLV EDVLV� IXUWKHU

UHVHDUFK DQG LPSURYHPHQW FDQ EH FDUULHG RXW�

����� 5HDOL]DWLRQ

7KH ILUVW VWHS LV WR JHQHUDWH WKH WUDLQLQJ VHW�WHVW VHW� 6SHFWUDO DQG RFWDQH GDWD RI WKH ��

VDPSOHV DUH VWRUHG LQ WKH VSHFWUDBGDWD�0DW ILOH� ZKLFK FRQWDLQV WZR YDULDEOH PDWULFHV�

VSHFWUDO GDWD RI WKH VDPSOH ZLWK �� URZV DQG ��� FROXPQV IRU 1,5 DQG RFWDQH GDWD ZLWK

�� URZV DQG � FROXPQ IRU 2FWDQH� +HUH� WKH WUDLQLQJ VHW DQG WHVW VHW DUH JHQHUDWHG E\

UDQGRP PHWKRGV� �� VDPSOHV DUH UDQGRPO\ JHQHUDWHG DV WKH WUDLQLQJ VHW DQG WKH

UHPDLQLQJ �� VDPSOHV DV WKH WHVW VHW� 7KH SURFHGXUH LV DV IROORZV�
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��� 'XH WR WKH UDQGRPQHVV JHQHUDWHG E\ WKH WUDLQLQJ VHW�WHVW VHW� WKH UHVXOWV RI HDFK UXQ

PD\ EH GLIIHUHQW�

��� 7KH IXQFWLRQ UDQGRP�Q� LV XVHG WR JHQHUDWH D UDQGRP VHTXHQFH RI SRVLWLYH

LQWHJHUV RI OHQJWK Q� 7KH VHFRQG VWHS LV WR FUHDWH�WUDLQ %3 QHXUDO QHWZRUN DQG VLPXODWLRQ

WHVW� 7KH XVH RI 0$7/$% QHXUDO QHWZRUN WRROER[ IXQFWLRQV FDQ EH FRQYHQLHQW IRU %3

QHXUDO QHWZRUN FUHDWLRQ� WUDLQLQJ DQG VLPXODWLRQ WHVW� IROORZV� &UHDWH 5%) QHXUDO

QHWZRUN DQG VLPXODWLRQ WHVW� 7KH XVH RI 0$7/$% QHXUDO QHWZRUN WRROER[ IXQFWLRQV�

FDQ EH FRQYHQLHQW IRU 5%) QHXUDO QHWZRUN FUHDWLRQ� WUDLQLQJ DQG VLPXODWLRQ WHVW� 7KH

SURFHGXUH LV DV IROORZV�
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7KH IRXUWK VWHS LV SHUIRUPDQFH HYDOXDWLRQ

$IWHU WKH VLPXODWLRQ WHVW RI %3 QHXUDO QHWZRUN DQG 5%) QHXUDO QHWZRUN� WKH

JHQHUDOL]DWLRQ DELOLW\ RI WKH QHWZRUN FDQ EH HYDOXDWHG E\ FDOFXODWLQJ WKH GHYLDWLRQ

EHWZHHQ WKH SUHGLFWHG YDOXH DQG WKH UHDO YDOXH� 7ZR HYDOXDWLRQ LQGH[HV DUH DGRSWHG�

ZKLFK DUH UHODWLYH HUURU ( DQG GHWHUPLQDWLRQ FRHIILFLHQW �5 UHVSHFWLYHO\� DQG WKHLU

FDOFXODWLRQ IRUPXODV DUH UHVSHFWLYHO\
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7KH VPDOOHU WKH UHODWLYH HUURU LV� WKH EHWWHU WKH PRGHO SHUIRUPDQFH LV� :LWKLQ WKH

UDQJH RI >���@� WKH FORVHU WKH FRHIILFLHQW LV WR �� WKH EHWWHU WKH ILWWLQJ SHUIRUPDQFH RI WKH

PRGHO� RWKHUZLVH� WKH FORVHU LW LV WR �� WKH ZRUVH WKH ILWWLQJ SHUIRUPDQFH RI WKH PRGHO�

7KH SURFHGXUH LV DV IROORZV�

%3

5%)
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)LJXUH ����1HXUDO 1HWZRUN 7UDLQLQJ

6WHS � 'UDZLQJ

,Q RUGHU WR REVHUYH DQG DQDO\]H WKH UHVXOWV PRUH LQWXLWLYHO\� WKH UHVXOWV DUH SUHVHQWHG

LQ WKH IRUP RI SLFWXUHV� 7KH SURFHGXUH LV DV IROORZV�
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��� 1HWZRUN 3DUDPHWHUV 6HOHFWLRQ

7KH QXPEHU RI KLGGHQ OD\HU QHXURQV KDV D JUHDW LQIOXHQFH RQ WKH SHUIRUPDQFH RI %3

QHXUDO QHWZRUN� ,I WKH QXPEHU RI KLGGHQ OD\HU QHXURQV LV VPDOO� WKH QHWZRUN FDQQRW

DGHTXDWHO\ GHVFULEH WKH UHODWLRQVKLS EHWZHHQ RXWSXW DQG LQSXW YDULDEOHV� 2Q WKH FRQWUDU\�

LI WKHUH DUH PRUH QHXURQV LQ WKH KLGGHQ OD\HU� WKH OHDUQLQJ WLPH RI WKH QHWZRUN ZLOO EH

ORQJHU� DQG HYHQ WKH SUREOHP RI RYHU�ILWWLQJ ZLOO DSSHDU� *HQHUDOO\� WKH PHWKRG WR

GHWHUPLQH WKH QXPEHU RI QHXURQV LQ WKH KLGGHQ OD\HU LV EDVHG RQ WKH HPSLULFDO IRUPXOD�

DQG WKH LQIOXHQFH RI GLIIHUHQW QXPEHU RI QHXURQV LQ WKH KLGGHQ OD\HU RQ WKH PRGHO

SHUIRUPDQFH LV FRPSDUHG� VR DV WR PDNH WKH VHOHFWLRQ� 6SHFLILF PHWKRG� :KHQ WKH

QXPEHU RI QHXURQV LQ WKH KLGGHQ OD\HU ZDV �a��� WKH SURJUDP UDQ �� WLPHV DQG WKH

DYHUDJH YDOXH RI WKH FRUUHVSRQGLQJ GHWHUPLQDWLRQ FRHIILFLHQW �5 ZDV REWDLQHG� 7KH

QXPEHU RI KLGGHQ OD\HU QHXURQV FRUUHVSRQGLQJ WR WKH PD[LPXP PHDQ YDOXH LV WKH EHVW

FKRLFH� )RU 5%) QHXUDO QHWZRUN� JHQHUDOO\ VSHDNLQJ� WKH JUHDWHU WKH YDOXH RI VSUHDG� WKH

VPRRWKHU WKH ILWWLQJ RI WKH IXQFWLRQ ZLOO EH� +RZHYHU� DQ H[FHVVLYHO\ ODUJH 635($'

YDOXH ZRXOG UHTXLUH D YHU\ ODUJH QXPEHU RI QHXURQV WR DFFRPPRGDWH UDSLG FKDQJHV LQ

WKH IXQFWLRQ� 2Q WKH FRQWUDU\� LI WKH VSUHDG YDOXH LV WRR VPDOO� LW PHDQV WKDW PDQ\

QHXURQV QHHG WR DGDSW WR WKH VORZ FKDQJH RI WKH IXQFWLRQ� OHDGLQJ WR SRRU QHWZRUN

SHUIRUPDQFH� 6SHFLILF PHWKRGV� :KHQ VSUHDG YDOXHV DUH �����������:KHQ ��� DQG �� WKH

SURJUDP UXQV �� WLPHV� DQG WKH DYHUDJH YDOXH RI WKH FRUUHVSRQGLQJ GHWHUPLQDWLRQ

FRHIILFLHQW �5 LV REWDLQHG� 7KH VSUHDG YDOXH FRUUHVSRQGLQJ WR WKH PD[LPXP DYHUDJH

YDOXH LV WKH EHVW FKRLFH �SURJUDPPHG P\VHOI WR ILQG WKH EHVW YDOXH� DQG GUHZ WKH VSUHDG

YDOXH �� WKH JUDSK RI GHWHUPLQLQJ FRHIILFLHQW�
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��� (/0

����� ,QWHUSUHWDWLRQ )XQFWLRQ

1$5*,1� 1$5*,1 LV DQ DEEUHYLDWLRQ RI �QXPEHU RI LQSXW DUJXPHQWV�� :KHQ \RX

GHILQH D IXQFWLRQ LQ 0$7/$%� ZLWKLQ WKH ERG\ RI WKH IXQFWLRQ� WKH PDUJLQ LV WKH

IXQFWLRQ XVHG WR GHWHUPLQH WKH QXPEHU RI LQSXW YDULDEOHV� 7R JHW KHOS LQIRUPDWLRQ IRU

WKLV IXQFWLRQ� W\SH +HOS 1DUJLQ RU 'RF 1DUJLQ LQ WKH 0$7/$% FRPPDQG ZLQGRZ�

3,19� )LQG WKH SVHXGR LQYHUVH PDWUL[

6LQ�KDUGOLP� 7KH IXQFWLRQ KDUGOLP�1�� JLYHQ WKH LQSXW YHFWRU PDWUL[ 1 RI WKH

QHWZRUN� UHWXUQV WKH RXWSXW YHFWRU PDWUL[ $ IRU WKDW OD\HU� ,I WKH HOHPHQW LQ 1 LV JUHDWHU

WKDQ RU HTXDO WR ]HUR� WKH YDOXH UHWXUQHG LV /� 2WKHUZLVH LW
V �� 7KDW LV WR VD\� LI WKH

QHWZRUN LQSXW UHDFKHV WKH WKUHVKROG� WKHQ WKH RXWSXW RI WKH KDUG�OLPLWLQJ WUDQVPLVVLRQ

IXQFWLRQ LV �� 2WKHUZLVH� LW LV ��

&XVWRP IXQFWLRQ GHVFULSWLRQ�
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(OP3UHGLFW�
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����� 6LPXODWLRQ

��5DQGRP DVVLJQPHQW RI QRGH SDUDPHWHUV� $W WKH EHJLQQLQJ RI WKH FDOFXODWLRQ� QRGH

SDUDPHWHUV DUH LQGHSHQGHQW RI LQSXW GDWD DQG WKHLU SDUDPHWHUV DUH UDQGRPO\ JHQHUDWHG�

�� &DOFXODWH WKH RXWSXW PDWUL[ RI KLGGHQ OD\HU� LQSXW WKH WUDLQLQJ GDWD DV WKH QXPEHU

RI URZV ILUVW� DQG WKHQ VHW WKH QXPEHU RI KLGGHQ QRGHV DV WKH QXPEHU RI FROXPQV

��6ROYH RXWSXW ZHLJKWV� )RU (/0 DOJRULWKP� WKH PRVW LPSRUWDQW DQG NH\

VLJQLILFDQFH LV WR VROYH WKH RXWSXW ZHLJKWV� EHFDXVH VROYLQJ WKH RXWSXW ZHLJKWV FDQ

PLQLPL]H WKH HUURU IXQFWLRQ�

��,Q WKH HYDOXDWLRQ SDUW� WKH HUURU YDOXH FDQ EH IRXQG� DQG WKH JHQHUDOL]DWLRQ DELOLW\ RI

WKH PRGHO FDQ EH HYDOXDWHG E\ PHDVXULQJ WKH HUURU YDOXH� VR DV WR FRQGXFW IXUWKHU LQ�

GHSWK VWXG\ DQG LPSURYH WKH VWXG\
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����� 5HDOL]DWLRQ

7KH ILUVW VWHS LV WR JHQHUDWH WKH WUDLQLQJ VHW�WHVW VHW�

6SHFWUDO DQG RFWDQH QXPEHU GDWD RI �� VDPSOHV DUH VWRUHG LQ WKH VSHFWUDBGDWD�PDW ILOH�

ZKLFK FRQWDLQV WZR YDULDEOH PRPHQWV$UUD\� 1,5 LV WKH VDPSOH VSHFWUDO GDWD RI �� URZV

DQG ��� FROXPQV� 2FWDQH LV WKH RFWDQH QXPEHU GDWD RI �� URZV DQG � FROXPQ� +HUH� WKH

WUDLQLQJ VHW DQG WHVW VHW DUH JHQHUDWHG E\ UDQGRP PHWKRG� �� VDPSOHV DUH UDQGRPO\

JHQHUDWHG DV WKH WUDLQLQJ VHW DQG WKH UHPDLQLQJ �� VDPSOHV DV WKH WHVW VHW� 7KH SURFHGXUH

LV DV IROORZV�

7KH VHFRQG VWHS LV GDWD QRUPDOL]DWLRQ�

Univ
ers

iti 
Mala

ya



��

7KH WKLUG VWHS

&UHDWH�WUDLQ QHXUDO QHWZRUNV DQG VLPXODWLRQ WHVWV� 7KH XVH RI 0$7/$% QHXUDO

QHWZRUN WRROER[ IXQFWLRQV� \RX FDQ IDFLOLWDWH WKH FUHDWLRQ DQG WUDLQLQJ RI (/0 QHXUDO

QHWZRUN� $QG VLPXODWLRQ WHVW� 7KH UHOHYDQW WUDLQLQJ SDUDPHWHUV FDQ EH VHW EHIRUH

WUDLQLQJ� RU WKH\ FDQ EH VHW E\ GHIDXOW� 7KH SURFHGXUH LV DV IROORZV�

7KH IRXUWK VWHS

3HUIRUPDQFH HYDOXDWLRQ

'UDZLQJ� ,Q RUGHU WR REVHUYH DQG DQDO\]H WKH UHVXOWV PRUH LQWXLWLYHO\� WKH UHVXOWV DUH

SUHVHQWHG LQ WKH IRUP RI SLFWXUHV� 3URFHGXUH LV DV IROORZV

Univ
ers

iti 
Mala

ya



��

)LJXUH ����&203$5,621 2) 35(',&7,21 5(68/76�(/0�Univ
ers

iti 
Mala

ya



��

&+$37(5 �� 5(68/76 $1' ',6&866,21

6LQJOH KLGGHQ /D\HU )HHG�IRUZDUG 1HXUDO 1HWZRUN� 6/)1 KDV EHHQ ZLGHO\ XVHG LQ

PDQ\ ILHOGV EHFDXVH RI LWV JRRG OHDUQLQJ DELOLW\� +RZHYHU� VRPH LQKHUHQW

VKRUWFRPLQJV RI WUDGLWLRQDO OHDUQLQJ DOJRULWKPV �VXFK DV %3 DOJRULWKP� HWF�� KDYH

EHFRPH WKH PDLQ ERWWOHQHFN UHVWULFWLQJ LWV GHYHORSPHQW� 0RVW IHHG�IRUZDUG QHXUDO

QHWZRUNV DGRSW JUDGLHQW GHVFHQW PHWKRG� ZKLFK PDLQO\ KDV WKH IROORZLQJ

VKRUWFRPLQJV�

$� 6ORZ WUDLQLQJ�

%� ,W LV HDV\ WR IDOO LQWR WKH ORFDO PLQLPXP SRLQW DQG FDQQRW UHDFK WKH JOREDO

PLQLPXP�

&� 6HQVLWLYH VHOHFWLRQ RI OHDUQLQJ UDWH�

7KH ([WUHPH /HDUQLQJ PDFKLQH LV D QHZ DOJRULWKP IRU 6/)1� 7KH DOJRULWKP

UDQGRPO\ JHQHUDWHV WKH FRQQHFWLRQ YDOXH EHWZHHQ LQSXW OD\HU DQG KLGGHQ OD\HU DQG

WKH WKUHVKROG YDOXH RI KLGGHQ OD\HU QHXURQV� DQG WKH XQLTXH JOREDO RSWLPDO VROXWLRQ

FDQ EH REWDLQHG E\ VHWWLQJ WKH QXPEHU RI KLGGHQ OD\HU QHXURQV ZLWKRXW DGMXVWPHQW LQ

WKH WUDLQLQJ SURFHVV� &RPSDUHG ZLWK WUDGLWLRQDO WUDLQLQJ PHWKRGV� WKLV PHWKRG KDV WKH

DGYDQWDJHV RI IDVW OHDUQLQJ VSHHG DQG JRRG JHQHUDOL]DWLRQ SHUIRUPDQFH� 7KH (/0

QHWZRUN WUDLQLQJ SURFHVV LV YHU\ VLPSOH� %XW VWXGLHV KDYH VKRZQ WKDW� ,Q RUGHU WR

FRPSDUH DQG DQDO\]H WKH SUHGLFWLRQ DFFXUDF\ RI VWHS E\ VWHS OLQHDU UHJUHVVLRQ DQG

QHXUDO QHWZRUN DOJRULWKP� ZH VHOHFWHG D FDVH IURP WKH GDWD OHYHO DQDO\VLV DQG

(9,(:6 DSSOLFDWLRQ VHUYHU HGLWHG E\ 3URIHVVRU <L 'DQKXL� 7KLV FDVH VKRZV WKH OHYHO

RI YHKLFOH JDVROLQH FRQVXPSWLRQ �LQ WKRXVDQGV RI JDOORQV� DQG YHKLFOH RZQHUVKLS ;�

�LQ XQLWV� LQ WKH 8QLWHG 6WDWHV IURP ���� WR ����� PRWRU YHKLFOH JDVROLQH UHWDLO SULFH

;� �XQLW� 86 �� JDOORQ�� SRSXODWLRQ QXPEHU ;� �XQLW� WKRXVDQG SHRSOH� DQG *13
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*13;� �XQLW� 86 �� ELOOLRQ�� 0XOWLSOH OLQHDU UHJUHVVLRQ PHWKRGV DUH UHTXLUHG WR

UHJUHVVLRQ ILW WKH UHODWLRQVKLS EHWZHHQ 40* DQG 02%� 30*� 323 DQG *13� 7KLV LV

D W\SLFDO FDVH RI YLRODWLQJ WKH FRQGLWLRQ RI PXOWLSOH OLQHDU UHJUHVVLRQ� ZLWK

PXOWLFROOLQHDULW\� KHWHURVFHGDVWLFLW\ DQG DXWRFRUUHODWLRQ� 6WHSZLVH UHJUHVVLRQ ZDV

DGRSWHG WR HOLPLQDWH LWV LQIOXHQFH DV IDU DV SRVVLEOH� 0$7/$% QXPHULFDO FDOFXODWLRQ

VRIWZDUH ZDV XVHG WR REWDLQ WKH VWHSZLVH UHJUHVVLRQ HTXDWLRQ DV IROORZV� 7KH YDULDEOH

RI SRSXODWLRQ QXPEHU LV GHOHWHG IURP WKH VWHSZLVH UHJUHVVLRQ HTXDWLRQ� LQGLFDWLQJ

WKDW WKLV YDULDEOH LV UHGXQGDQW� 7KH SUHGLFWLRQ LV PDGH E\ XVLQJ WKH UHJUHVVLRQ

HTXDWLRQ� 8VLQJ WKH 0$7/$% QHXUDO QHWZRUN WRROER[� WKH DERYH WKUHH NLQGV RI

QHXUDO QHWZRUN LQWHOOLJHQW DOJRULWKP FDQ EH YHU\ FRQYHQLHQW WR DFKLHYH� ZULWH WKH

FRUUHVSRQGLQJ FDOFXODWLRQ SURJUDP� WKH RULJLQDO GDWD QRUPDOL]DWLRQ� ZLWK < DV WKH

RXWSXW YDULDEOH� ;�� ;�� ;�� ;� DV WKH LQSXW YDULDEOH�

%3 QHXUDO QHWZRUN �KLGGHQ OD\HU ��� 5%) UDGLDO EDVLV QHXUDO QHWZRUN �H[SDQVLRQ

FRHIILFLHQW � VPRRWK �� DQG H[WUHPH OHDUQLQJ PDFKLQH QHWZRUN �KLGGHQ OD\HU �� ZHUH

XVHG WR ILW WKHVH GDWD UHVSHFWLYHO\� 'XULQJ QHWZRUN WUDLQLQJ� WKH ILUVW �� GDWD ZHUH

XVHG IRU WUDLQLQJ� DQG WKH ODVW � GDWD ZHUH XVHG IRU WHVWLQJ� &RPSDULVRQ RI WKH IRXU

SUHGLFWHG YDOXHV LV VKRZQ LQ )LJXUH ���� DQG FRPSDULVRQ RI WKH UHODWLYH HUURUV RI WKH

IRXU SUHGLFWLRQ PHWKRGV LV VKRZQ LQ )LJXUH ����Univ
ers

iti 
Mala

ya
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7LPH 7KH UHDO YDOXH %3 SUHGLFWLRQ

UHODWLYH HUURU

5%) IRUHFDVW

UHODWLYH HUURU

(/0 IRUHFDVW

UHODWLYH HUURU

)LJXUH ���� %3 � 5%)� (/0 SUHGLFWLRQ HUURU FRPSDULVRQ
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$FFRUGLQJ WR WKH WDEOH� ZH FDQ JHW WKH OLQH FKDUW DV VKRZQ LQ WKH ILJXUH EHORZ

)LJXUH ����&RPSDULVRQ RI WKH IRXU SUHGLFWHG YDOXHV

)LJXUH ��� &RPSDULVRQ RI WKH UHODWLYH HUURUV RI WKH IRXU SUHGLFWLRQ PHWKRGV
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7KHRUHWLFDOO\� LW KDV EHHQ SURYHG WKDW 5%) QHWZRUN FDQ DSSUR[LPDWH DQ\ QRQOLQHDU

IXQFWLRQ ZLWK DQ\ DFFXUDF\ XQGHU WKH FRQGLWLRQ RI HQRXJK KLGGHQ OD\HU QRGHV DQG KDV

WKH PRVW JHQHUDO IXQFWLRQ DSSUR[LPDWLRQ DELOLW\� ,Q DGGLWLRQ� LW KDV IDVW FRQYHUJHQFH

VSHHG� VWURQJ DQWL�QRLVH DQG UHSDLU FDSDELOLWLHV� LI WKH 5%) QHWZRUN KDV HQRXJK KLGGHQ

QRGHV DQG VXIILFLHQW OHDUQLQJ FRQGLWLRQV� LW FDQ LQILQLWHO\ DSSUR[LPDWH DQ\ QRQOLQHDU

IXQFWLRQ ZLWK DUELWUDU\ SUHFLVLRQ� DQG LW KDV WKH DELOLW\ WR DSSUR[LPDWH IXQFWLRQV� ,Q

DGGLWLRQ� WKH FRQYHUJHQFH VSHHG RI 5%) GHWHUPLQHV WKH VWUHQJWK RI DQWL�QRLVH DQG UHSDLU

FDSDELOLWLHV� 7KH IDVWHU WKH FRQYHUJHQFH� WKH VWURQJHU WKH DQWL�QRLVH DQG UHSDLU

FDSDELOLWLHV� ,Q WHUPV RI UHDOLW\ DQG WKHRU\� %RWK WKH 5%) IXQFWLRQ DQG WKH %3 QHXUDO

QHWZRUN FDQ XVH DQ\ SUHFLVLRQ WR DSSURDFK DQ\ QRQ�OLQHDU IXQFWLRQ� EXW WKH RQO\

GLIIHUHQFH LV WKH H[FLWDWLRQ IXQFWLRQ XVHG� VR WKH SHUIRUPDQFH RI WKH DSSUR[LPDWLRQ LV

DOVR GLIIHUHQW� 6RPH VFKRODUV KDYH SURYHG WKDW 5%) LV WKH DSSUR[LPDWH EHVW LQ

FRQWLQXRXV IXQFWLRQ� EXW %3 QHWZRUN LV QRW� $QRWKHU SRLQW ZRUWK QRWLQJ LV WKDW WKH

WUDLQLQJ WLPH UHTXLUHG E\ WKH %3 QHWZRUN LV YHU\ ORQJ� 6R LW LV HDV\ WR IDOO LQWR D ORFDO

RSWLPXP� 0RUHRYHU� D QRGH LQ WKH KLGGHQ OD\HU RI WKH %3 QHXUDO QHWZRUN LV GHSHQGHQW

RQ H[SHULPHQWV� HPSLULFDO H[SHULPHQWV DQG H[SHULPHQWDO FDOFXODWLRQV� VR LW LV GLIILFXOW WR

REWDLQ WKH RSWLPXP� +RZHYHU� WKH 5%) QHWZRUN RYHUFRPHV WKH DERYH VKRUWFRPLQJV�

7KH OHDUQLQJ DQG WUDLQLQJ VSHHG RI WKH ORFDO DFWLYDWLRQ IXQFWLRQ LV WKRXVDQGV RI WLPHV

KLJKHU WKDQ WKDW RI WKH %3 QHXUDO QHWZRUN� $QG WKH QXPEHU RI QRGHV LQ WKH KLGGHQ OD\HU

KDV EHHQ GHWHUPLQHG GXULQJ WUDLQLQJ� VR LWV FRQYHUJHQFH LV HDVLHU WR JXDUDQWHH WKDQ %3�

VR WKH JOREDO RSWLPDO VROXWLRQ FDQ EH REWDLQHG�
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,Q WKLV SURMHFW� WKUHH GHHS OHDUQLQJ PHWKRGV� QDPHO\ %3 QHXUDO QHWZRUN� 5%) UDGLDO

QHWZRUN DQG (/0 H[WUHPH OHDUQLQJ PDFKLQH� DUH XVHG WR SUHGLFW WKH RFWDQH QXPEHU LQ

JDVROLQH EOHQGV� 7KH ILQGLQJV RI WKLV UHVHDUFK SURMHFW DUH�

�� $IWHU GDWD ILWWLQJ DQG WHVWLQJ� 5%) QHXUDO QHWZRUN KDV KLJKHU SUHGLFWLRQ DFFXUDF\

WKDQ RWKHU DOJRULWKPV� 5%) QHXUDO QHWZRUN KDV WKH EHVW SUHGLFWLRQ HIIHFW LQ WHUPV RI

SUHGLFWLRQ DFFXUDF\� IROORZHG E\ %3 QHXUDO QHWZRUN DQG VWHSZLVH OLQHDU UHJUHVVLRQ�

(/0 H[WUHPH OHDUQLQJ PDFKLQH KDV WKH ZRUVW SUHGLFWLRQ HIIHFW��

�� 7KHRUHWLFDOO\� (/0 H[WUHPH OHDUQLQJ PDFKLQH QHWZRUN VKRXOG KDYH EHWWHU SUHGLFWLRQ

HIIHFW RQ %3 RU 5%)� EXW DV PHQWLRQHG DERYH� (/0 QHWZRUN LV VWURQJO\ GHSHQGHQW RQ

WKH QXPEHU RI KLGGHQ OD\HU QRGHV� DQG WKH FORVHU LW LV WR WKH QXPEHU RI WUDLQLQJ VDPSOHV�

WKH EHWWHU� +RZHYHU� RQO\ � KLGGHQ OD\HU QRGHV DUH VHOHFWHG KHUH� VR WKH SUHGLFWLRQ HIIHFW

LV QRW DV JRRG DV 5%) QHWZRUN ZLWK WKH VDPH QXPEHU RI KLGGHQ QRGHV�

�� 2Q WKH RWKHU KDQG� LW FDQ EH IRXQG IURP WKH SUHGLFWLRQ JUDSK RI WKH VLPXODWLRQ MXVW

DERYH WKDW WKH SUHGLFWLRQ UHVXOW SURGXFHG E\ XVLQJ 5%) QHXUDO QHWZRUN LV REYLRXVO\

EHWWHU WKDQ WKDW RI WKH RWKHU WZR NLQGV RI ILWWLQJ�

7KLV VWXG\ LV RQO\ EDVHG RQ D W\SLFDO FDVH RI YLRODWLRQ RI PXOWLSOH OLQHDU UHJUHVVLRQ�

$OWKRXJK WKH QHXUDO QHWZRUN PHWKRG KDV DFKLHYHG D VDWLVIDFWRU\ DSSOLFDWLRQ HIIHFW LQ

WKLV FDVH� WKH XQLYHUVDOLW\ RI WKLV UHVHDUFK UHVXOW UHPDLQV WR EH IXUWKHU GLVFXVVHG� LW LV

SUHFLVHO\ EHFDXVH RI WKH VKRUWFRPLQJV RI WKH WUDGLWLRQDO PHWKRGV WR SURGXFH D YDULHW\ RI

LQWHOOLJHQW ELRQLF DOJRULWKPV� DQG LWV DSSOLFDWLRQ LV IDU EHWWHU WKDQ WKH WUDGLWLRQDO PHWKRG�

, EHOLHYH WKDW ZLWK WKH GHHSHQLQJ RI UHVHDUFK DQG DSSOLFDWLRQ� LQWHOOLJHQW DOJRULWKP ZLOO

JHW D JUHDWHU DQG ZLGHU VSDFH IRU GHYHORSPHQW DQG DSSOLFDWLRQ�
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$IWHU WKDW� ZLOO FRQWLQXH WR FDUU\ RXW IRU PRUH UHVHDUFK LQ QHXUDO QHWZRUNV IRU SUHGLFWLQJ�

P\ FXUUHQW ZRUN LV IDU WR PHHW WKH QHHGV LQ WKH GHYHORSPHQW RI QHXUDO QHWZRUN QRZ� LQ

WKH IXWXUH , ZLOO FRQWLQXH WR VWXG\ PRUH GLIIHUHQW QHXUDO QHWZRUN LQ WKH SUHGLFWLRQ RI WKH

SHUIRUPDQFH� WKHQ DFTXLUH D PRUH SRZHUIXO DQG PRUH FRQYLQFLQJ UHVXOWV�
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5()(5(1&(6

%UDGOH\� 3� ������� 7KH XVH RI WKH DUHD XQGHU WKH URF FXUYH LQ WKH HYDOXDWLRQ RI PDFKLQH
OHDUQLQJ DOJRULWKPV� 3DWWHUQ 5HFRJQLWLRQ� ������ ����������

+H 4LQJ� /L 1LQJ� /XR :HQMXDQ� 	 6KL =KRQJ]KL� ������� 2YHUYLHZ RI PDFKLQH
OHDUQLQJ DOJRULWKPV XQGHU ELJ GDWD�3DWWHUQ 5HFRJQLWLRQ DQG $UWLILFLDO
,QWHOOLJHQFH� �������� ��������

0LWFKHOO� 7� 0� � ������� 0DFKLQH /HDUQLQJ� 0F*UDZ�+LOO�

4XLQODQ� -� 5� � ������� 3URJUDP IRU PDFKLQH OHDUQLQJ�

%OXP� $�� /� � /DQJOH\� 	 3� ������� 6HOHFWLRQ RI UHOHYDQW IHDWXUHV DQG H[DPSOHV LQ
PDFKLQH OHDUQLQJ� $57,),&,$/ ,17(//,*(1&( �$067(5'$0�
(/6(9,(5��

%L +XD� /LDQJ +RQJOL� 	 :DQJ -XH� ������� 5HVDPSOLQJ 0HWKRG DQG 0DFKLQH
/HDUQLQJ�&KLQHVH -RXUQDO RI &RPSXWHU 6FLHQFH ����� ������

=KX -� 	 +X :%� ������� $ UHYLHZ RI WKH IURQWLHUV RI %D\HVLDQ PDFKLQH
OHDUQLQJ�&RPSXWHU 5HVHDUFK DQG 'HYHORSPHQW� ������ ������

:DQJ )HL� <DQJ 6KHQJWLDQ� 'LQJ -LDQOL� :HL <DQJ� *H ;LDQJ\X� 	 /LDQJ -LQJ�
�������(QYLURQPHQWDO 6HQVLWLYH 9DULDEOH 2SWLPL]DWLRQ DQG 0DFKLQH /HDUQLQJ
$OJRULWKP IRU 3UHGLFWLRQ RI 6RLO 6DOLQLW\ LQ 2DVLV�7UDQVDFWLRQV RI WKH &KLQHVH
6RFLHW\ RI $JULFXOWXUDO (QJLQHHULQJ� ������� ��������

&DL :+� ������� 3UHGLFWLRQ RI R]RQH FRQFHQWUDWLRQ LQ DLU XVLQJ PDFKLQH OHDUQLQJ
PHWKRG�&KLQD (QYLURQPHQWDO 0DQDJHPHQW� ������ ������

/L +HORQJ� <X +DLER� :DQJ &KXQ\X� /LX -LD� :DQJ ;LQJ\XDQ� 	 <XDQ -LQVKXDL HW DO�
������� )DXOW 3UHGLFWLRQ 0HWKRG DQG 6\VWHP RI ,QWHOOLJHQW (OHFWULFLW\ 0HWHU
%DVHG RQ 0DFKLQH /HDUQLQJ� &1���������$�

=KRX 6 <� /XR :� +XDQJ %� ������� 'LVFXVVLRQ RQ WKH SUHGLFWLRQ PHWKRG RI FRDO DQG
JDV RXWEXUVW VWUHQJWK E\ PDFKLQH OHDUQLQJ�6KDQGRQJ &RDO 6FLHQFH DQG
7HFKQRORJ\� �������� ������������

4L &KRQJ� &KHQ 4LXVRQJ� =KDQJ 4LQOL� 7DQJ ;LDROLQ� :DQJ +DR� 	 )HQJ <DQ� HW DO�
������� $ 0HWKRG IRU 3UHGLFWLQJ 6WUHQJWK 3DUDPHWHUV RI )LOOLQJ 0DWHULDOV 8VLQJ
0DFKLQH /HDUQLQJ� &1���������$�

&KHQ .� ������� $ PHWKRG IRU SUHGLFWLQJ EDFWHULDO RXWHU PHPEUDQH SURWHLQV EDVHG RQ
PDFKLQH OHDUQLQJ� &1���������$�

%XFKZDORZ� ,� %�� DQG %|FNHU� :� ������� ,PPXQRKLVWRFKHPLVWU\� EDVLFV DQG PHWKRGV�
%HUOLQ� 6SULQJHU 9HUODJ�

-RUGDQ� 0� ,� � 	 0LWFKHOO� 7� 0� ������� 0DFKLQH OHDUQLQJ� WUHQGV� SHUVSHFWLYHV� DQG
SURVSHFWV� 6FLHQFH� ���������� ��������
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.HOOHUPDQQ� .� ,� � (% )RPDORQW� 0DLQLHUL� 9� � 3DGRYDQL� 3� � 5RVDWL� 3� � 	 6KDYHU�
3� � HW DO� ������� 7HPSHUDWXUH &RPSHQVDWLRQ 0RGHOLQJ RI ,QIUDUHG 0HWKDQH
'HWHFWRU %DVHG RQ %3 DQG 5%) 1HXUDO 1HWZRUN� 3URFHHGLQJV RI WKH 6HFRQG
,QWHUQDWLRQDO 6\PSRVLXP RQ 7HVW $XWRPDWLRQ 	 ,QVWUXPHQWDWLRQ�9RO����

.HOOHUPDQQ� .� ,� � (% )RPDORQW� 0DLQLHUL� 9� � 3DGRYDQL� 3� � 5RVDWL� 3� 	 6KDYHU�
3� � HW DO� ������� 7HPSHUDWXUH &RPSHQVDWLRQ 0RGHOLQJ RI ,QIUDUHG 0HWKDQH
'HWHFWRU %DVHG RQ %3 DQG 5%) 1HXUDO 1HWZRUN� 3URFHHGLQJV RI WKH 6HFRQG
,QWHUQDWLRQDO 6\PSRVLXP RQ 7HVW $XWRPDWLRQ 	 ,QVWUXPHQWDWLRQ�9RO����

.HOOHUPDQQ� .� ,� � (% )RPDORQW� 0DLQLHUL� 9� � 3DGRYDQL� 3� � 5RVDWL� 3� � 	 6KDYHU�
3� � HW DO� ������� 7HPSHUDWXUH &RPSHQVDWLRQ 0RGHOLQJ RI ,QIUDUHG 0HWKDQH
'HWHFWRU %DVHG RQ %3 DQG 5%) 1HXUDO 1HWZRUN� 3URFHHGLQJV RI WKH 6HFRQG
,QWHUQDWLRQDO 6\PSRVLXP RQ 7HVW $XWRPDWLRQ 	 ,QVWUXPHQWDWLRQ�9RO����

=KDQJ� ;� 5� � )DQJ� &� /� � :DQJ� =� %� � 	 +DL�7DR� 0� $� � ������� 3UHGLFWLRQ RI
XUEDQ EXLOW�XS DUHD EDVHG RQ UEI QHXUDO QHWZRUNüüFRPSDUDWLYH DQDO\VLV ZLWK
ES QHXUDO QHWZRUN DQG OLQHDU UHJUHVVLRQ� 5HVRXUFHV DQG (QYLURQPHQW LQ WKH
<DQJW]H %DVLQ�

=KX� :������� &RQVWUDLQHG ([WUHPH /HDUQLQJ 0DFKLQH� $ QRYHO KLJKO\ GLVFULPLQDWLYH
UDQGRP IHHGIRUZDUG QHXUDO QHWZRUN� ,QWHUQDWLRQDO -RLQW &RQIHUHQFH RQ 1HXUDO
1HWZRUNV� ,(((�

=&. 6LHZ� ������� ([WUHPH OHDUQLQJ PDFKLQH� WKHRU\ DQG DSSOLFDWLRQV�
1HXURFRPSXWLQJ�

+XDQJ� *� %� � 	 6LHZ� &� .� � ������� ([WUHPH OHDUQLQJ PDFKLQH� 5%) QHWZRUN FDVH�
&RQWURO� $XWRPDWLRQ� 5RERWLFV DQG 9LVLRQ &RQIHUHQFH� ����� ,&$5&9 ���� �WK�
,(((�
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