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.DPUDQ .DULPL DQG +RZDUG -� +DPLOWRQ

'HSDUWPHQW RI &RPSXWHU 6FLHQFH

8QLYHUVLW\ RI 5HJLQD

5HJLQD� 6DVNDWFKHZDQ

&DQDGD 6�6 �$�

^NDULPL� KDPLOWRQ`#FV�XUHJLQD�FD

(�&�����	 � 'HFLVLRQ WUHHV DUH XVHIXO WRROV IRU FODVVLILFDWLRQ DQG SUHGLFWLRQ SXUSRVHV� DQG KDYH EHHQ DSSOLHG

PRVWO\ WR GDWD WKDW LV YRLG RI DQ\ H[SOLFLW QRWLRQ RI WLPH� 7KLV FRYHUV PDQ\ DSSOLFDWLRQ DUHDV ZKHUH WKH GDWD LV

DERXW SRSXODWLRQV RI WKH VDPH HQWLWLHV� EXW LV QRW VXLWDEOH IRU FDVHV ZKHUH WKHUH LV D WHPSRUDO UHODWLRQ DPRQJ WKH

GDWD� 2QH FDVH LV ZKHQ ZH DUH JDWKHULQJ GDWD DERXW D VLQJOH V\VWHP RYHU WLPH� ,Q WKLV SDSHU ZH XVH D WR\ GRPDLQ

WR VKRZ KRZ IODWWHQLQJ VXFK GDWD E\ PHUJLQJ FRQVHFXWLYH UHFRUGV LQWR D VLQJOH RQH HQDEOHV D FODVVLILHU VXFK DV

&��� WR EH XVHG IRU UXOH GLVFRYHU\ RYHU WLPH� &��� GRHV QRW XQGHUVWDQG WLPH� VR DOO WHPSRUDO LQIRUPDWLRQ LV ORVW LQ

WKH RXWSXW� ,Q WKLV SDSHU ZH SURSRVH WR LQFOXGH WLPH LQ GHFLVLRQ WUHHV DQG UXOHV GHULYHG IURP WKHP� :H KDYH

PRGLILHG SDUWV RI WKH &��� 5HOHDVH � SDFNDJH WR PDNH WLPH H[SOLFLW DQG JHQHUDWH WHPSRUDO UXOHV DQG GHFLVLRQ

WUHHV� :H VKRZ WKDW EXLOGLQJ D WHPSRUDO GHFLVLRQ WUHH LV DQ LQVWDQFH RI VROYLQJ D &RQVWUDLQW 6DWLVIDFWLRQ 3UREOHP�

:H ILQDOO\ VKRZ KRZ WHPSRUDO UXOHV RU WHPSRUDO GHFLVLRQ WUHHV FDQ EH LQWHUSUHWHG DV SODQV IRU URERWV ZLWK VHQVRUV

DQG DFWXDWRUV� 6XFK SODQV WHOO XV ZKDW WR GR DW HDFK WLPH VWHS� DQG ZKDW WR H[SHFW LQ WKH IROORZLQJ WLPH VWHS�

�� +���
�#���
�
$ GHFLVLRQ WUHH XVHV D VHW RI FRQGLWLRQ DWWULEXWHV WR GHWHUPLQH WKH YDOXH RI D GHFLVLRQ DWWULEXWH E\ SHUIRUPLQJ D

VHULHV RI WHVWV� 0DQ\ H[DPSOHV RI FRQGLWLRQ DQG GHFLVLRQ DWWULEXWHV DUH VDYHG LQ GDWD UHFRUGV DQG IHG WR WKH

GHFLVLRQ WUHH JHQHUDWRU� 'HFLVLRQ WUHHV KDYH EHHQ XVHG LQ GLIIHUHQW DSSOLFDWLRQV OLNH FODVVLILFDWLRQ DQG UXOH

JHQHUDWLRQ� ,Q PRVW FDVHV� WKH\ KDYH EHHQ XVHG WR SURFHVV GDWD JHQHUDWHG IURP SRSXODWLRQV RI HQWLWLHV OLNH SDWLHQWV�

FDUV� IORZHUV� DQG VR RQ >�� ��@� ,Q VXFK FDVHV WKHUH LV QR WHPSRUDO RUGHU DPRQJ WKH GDWD UHFRUGV� &HQVXV GDWD IRU

H[DPSOH� LV JDWKHUHG DW QHDUO\ WKH VDPH WLPH IURP GLIIHUHQW SHRSOH� +RZHYHU� VRPHWLPHV ZH ZDQW WR VWXG\ D

VLQJOH HQWLW\ RYHU WLPH� ,Q WKLV FDVH WKH GDWD FRPH IURP D VLQJOH VRXUFH� DQG ZH ZDQW WR GLVFRYHU WUHQGV DQG UXOHV

WKDW H[LVW RYHU WLPH�

2QH LQWHUHVWLQJ H[DPSOH LV D URERW WKDW LQWHUDFWV ZLWK LWV HQYLURQPHQW WKURXJK D VHULHV RI VHQVRUV DQG DFWXDWRUV�

7R EH DEOH WRPDNH SODQV� LW QHHGV WR NQRZ KRZ LWV FXUUHQW DFWLRQV DIIHFW WKH HQYLURQPHQW LQ WKH IXWXUH� 7KH UHVXOWV

RI DQ DFWLRQ VXFK DV �PRYH� ZLOO EH NQRZQ WR LW ODWHU� 7KLV NLQG RI SUREOHP LV HQFRXQWHUHG LQ DQ\ VLWXDWLRQ ZKHUH

WKHUH LV D GHOD\ EHWZHHQ SHUIRUPLQJ DQ DFWLRQ DQG REVHUYLQJ WKH UHVXOWV RI WKDW DFWLRQ� 7KLV PDNHV WKH SDVVDJH RI

WLPH DQ LPSRUWDQW FRQVLGHUDWLRQ�

,Q WKLV SDSHU ZH SURSRVH WR PDNH WLPH H[SOLFLW LQ ERWK GHFLVLRQ WUHHV DQG WKH UXOHV JHQHUDWHG IURP WKHP� 6HFWLRQ

� LQWURGXFHV D WR\ GRPDLQ ZKHUH WKHUH LV D WHPSRUDO RUGHU DPRQJ WKH GDWD� ,Q 6HFWLRQ � ZH VKRZ KRZ D GHFLVLRQ

WUHH
V RXWSXW FDQ EH LQWHUSUHWHG DV D VHW RI WHPSRUDO UXOHV ZLWKRXW WKH QHHG IRU DQ\ FRQVLGHUDWLRQ RI WLPH LQ WKH

SURFHVV RI EXLOGLQJ WKH WUHH� 6HFWLRQ � SURSRVHV WKDW ZH EXLOG D WHPSRUDO GHFLVLRQ WUHH ULJKW IURP WKH EHJLQQLQJ

DQG VKRZV WKDW WKLV LV D &RQVWUDLQW 6DWLVIDFWLRQ 3UREOHP >��@� 6HFWLRQ � JLYHV DQ H[DPSOH RI WKH XVHIXOQHVV RI D

WHPSRUDO UXOH RU WHPSRUDO GHFLVLRQ WUHH DV D SODQ� 6HFWLRQ � FRQFOXGHV WKH SDSHU�

�� ����
��������
7HPSRUDO GDWD DSSHDU LQ PDQ\ DSSOLFDWLRQ DUHDV >��@� $V DQ H[DPSOH� VXSSRVH D URERW FDQ VHQVH YDULDEOH [ IURP

WKH HQYLURQPHQW DQG VHW YDULDEOH D WR DIIHFW WKH HQYLURQPHQW� [ FRXOG GHQRWH WKH SRVLWLRQ RI WKH URERW DORQJ D



�

VLQJOH D[LV� DQG D FRXOG GHQRWH RQH RI WKH WZR DFWLRQV / DQG 5� IRU PRYLQJ WR WKH OHIW RU WR WKH ULJKW UHVSHFWLYHO\�

:H REVHUYH QHZ YDOXHV IRU D DQG [ DQG FUHDWH D UHFRUG �D� [! RI WKHLU YDOXHV DW HYHU\ WLPH VWHS� 7KLV JURXSLQJ RI

HYHQWV KDV EHHQ GRQH LQ >��@ WRR� ZKHUH WKH SKUDVH 0XOWLSOH 6WUHDPV RI 'DWD LV XVHG WR GHVFULEH VLPXOWDQHRXV

REVHUYDWLRQV� ,Q RWKHU DSSOLFDWLRQV VXFK UHFRUGV FRXOG EH FRQVLGHUHG WR IRUP WLPH VHULHV >�@� ,Q RXU FDVH ZH FDQ

DVVXPH WKDW D LV GHWHUPLQHG UDQGRPO\� ZKLOH [ LV GHWHUPLQHG IURP WKH HQYLURQPHQW� 7KH URERW FDQ KDYH D WUDLQLQJ

SKDVH GXULQJ ZKLFK VXFK GDWD LV FROOHFWHG�

1RW PXFK FDQ EH GLVFRYHUHG E\ XVLQJ WKHVH UHFRUGV� EHFDXVH GLVFRYHULQJ WKH HIIHFWV RI WKH FXUUHQW DFWLRQ RQ WKH

FXUUHQW SRVLWLRQ UHTXLUHV KDYLQJ DFFHVV WR WKH UHFRUGV WKDW DUH JHQHUDWHG ODWHU� 7R SURYLGH DOO WKH UHOHYDQW

LQIRUPDWLRQ WRJHWKHU� ZH IODWWHQ WKH GDWD E\ SODFLQJ FRQVHFXWLYH UHFRUGV LQ D VLQJOH UHFRUG� 7KH QXPEHU RI UHFRUGV

WKDW DUH PHUJHG LV FDOOHG WKH WLPH ZLQGRZ VL]H� :H DOVR UHQDPH WKH DWWULEXWHV LQ WKH IODWWHQHG UHFRUG VR DV WR DYRLG

QDPH FODVKHV� )LJXUH ��D� JLYHV DQ H[DPSOH RI WKH RULJLQDO UHFRUGV� ZKHUH WLPH PRYHV IURP WRS WR ERWWRP� ,Q

)LJXUH ��E� ZH KDYH IODWWHQHG WKH UHFRUGV LQ )LJXUH ��D� XVLQJ D ZLQGRZ VL]H RI �� ,Q WKH IODWWHQHG UHFRUGV� WLPH

SDVVHV IURP OHIW WR ULJKW DV ZHOO DV IURP WRS WR ERWWRP�

7LPH 6WHS �D� [! 7LPH 6WHS �D�� [�� D�� [�!

� �/� �! �� � �/� �� 5� �!

� �5� �! �� � �5� �� 5� �!

� �5� �! �� � �5� �� 5� �!

� �5� �!

D E

)LJXUH �� 5HFRUGV RI WKH DJHQW
V SRVLWLRQ DQG DFWLRQ

1RWLFH WKDW ZLWK WKH H[FHSWLRQ RI WKH ILUVW DQG ODVW UHFRUGV� HDFK UHFRUG DSSHDUV WZLFH LQ WKH IODWWHQHG UHFRUGV�

RQFH DV WKH VHFRQG SDUW �WKH HIIHFW�� DQG WKHQ DV WKH ILUVW SDUW �WKH FDXVH�� 7KH ZLQGRZ VL]H GHSHQGV RQ WKH GRPDLQ�

$VVXPLQJ WLPH SDVVHV LQ GLVFUHWH VWHSV� LI DQ LQWHUDFWLRQ DPRQJ WKH DWWULEXWHV WDNHV W WLPH VWHSV WR VKRZ LWV UHVXOWV�

WKHQ ZH VKRXOG XVH D ZLQGRZ VL]H RI DW OHDVW W� $ GRPDLQ H[SHUW VKRXOG GHWHUPLQH WKH DSSURSULDWH YDOXH RI W�

:H ZLOO XVH &��� >��@ DV RXU GHFLVLRQ WUHH DQG UXOH JHQHUDWRU� ,W FRQVLGHUV WKH ODVW YDOXH LQ D UHFRUG WR EH WKH

GHFLVLRQ DWWULEXWH �RU WKH FODVV� DV LW LV FDOOHG E\ &����� ,Q WKH H[DPSOHV LQ WKLV SDSHU ZH DUH LQWHUHVWHG LQ

SUHGLFWLQJ WKH QH[W YDOXH RI [� DQG WKDW LV ZK\ LW FRPHV ODVW� )HHGLQJ WKH IODWWHQHG UHFRUGV WR &���� ZH JHW UXOHV RI

WKH IRUP >�@� LI ^�[�  �� $1' ��D�  5�` WKHQ �[�  ���

.DULPL DQG +DPLOWRQ >�@ KDYH XVHG 85$/ >��@� D VLPXODWRU IRU D PRUH FRPSOH[ $UWLILFLDO /LIH >�@ GRPDLQ� WR

JHQHUDWH WHVW GDWD� DQG HPSOR\HG &��� WR H[WUDFW WKH NLQG RI UXOHV PHQWLRQHG LQ WKH SUHYLRXV SDUDJUDSK� 7KHUH LW

ZDV VKRZQ WKDW &���
V DELOLW\ WR SUXQH WKH LUUHOHYDQW DWWULEXWHV DQG FRPH XS ZLWK UXOHV WKDW PDGH VHQVH ZHUH JRRG�

+RZHYHU� LWV JHQHUDWHG UXOHV GLG QRW UHIOHFW WKH WHPSRUDO RUGHULQJV RI WKH GRPDLQ� )RU H[DPSOH LW KDG WR EH NHSW LQ

PLQG WKDW [� UHSUHVHQWHG WKH VDPH WKLQJ DV [�� EXW DW WKH QH[W WLPH VWHS�

-� ����
�����#��&
7HPSRUDO UXOHV KDYH XVXDOO\ EHHQ GLVFRYHUHG E\ DVVRFLDWLRQ PLQLQJ >��� ��@� EXW WKH H[DFW WLPLQJ RI HYHQWV LV

RIWHQ ORVW LQ WKH RXWSXW� ,Q WKH SUHYLRXV VHFWLRQ� WLPH FRPSOHWHO\ GLVDSSHDUHG IURP WKH RXWSXW� EHFDXVH ZH

FRQFHDOHG WKH SDVVDJH RI WLPH DPRQJ WKH REVHUYHG UHFRUGV E\ IODWWHQLQJ WKHP DQG WKXV ORVW WHPSRUDO LQIRUPDWLRQ�

7KLV DOORZHG D GHFLVLRQ WUHH EXLOGHU OLNH &��� WR GLVFRYHU UXOHV RYHU WLPH� EXW WKHUH ZDV QR H[SOLFLW QRWLRQ RI WLPH

LQ WKH UHVXOWV�

:H FDQ UHYHUVH WKH HIIHFWV RI IODWWHQLQJ E\ EULQJLQJ EDFN WKH FRQFHSW RI WLPH LQ WKH JHQHUDWHG UXOHV� )RU H[DPSOH�

ZH FDQ LQWHUSUHW WKH UXOH LQ 6HFWLRQ � DV VD\LQJ� LI ^$W 7LPH �� �[  �� $1' �D  5�` WKHQ $W 7LPH �� �[  ���

1RWLFH KRZ ZH FKDQJHG WKH DWWULEXWH QDPHV EDFN WR WKHLU RULJLQDO IRUP DQG DGGHG DQ $W 7LPH SKUDVH ZKHQ ZH

ZHUH DERXW WR HQFRXQWHU D DWWULEXWH DW DQRWKHU WLPH VWHS� 7LPH LQ HDFK IODWWHQHG UHFRUG LV PHDVXUHG UHODWLYH WR WKH

VWDUW RI WKH UHFRUG�



-

$ GHFLVLRQ WUHH JHQHUDWRU OLNH &��� DVVXPHV WKDW DOO WKH FRQGLWLRQ DWWULEXWHV DUH DYDLODEOH DW WKH VDPH WLPH� 7KH

UHVXOWLQJ GHFLVLRQ WUHH FDQ XVH WKHVH FRQGLWLRQ DWWULEXWHV LQ DQ\ RUGHU� DQG VR PLJKW FKDQJH WKHLU WHPSRUDO RUGHU WR

PDNH VKRUWHU WUHHV� $V ZH MXVW VDZ� ZH FDQ XVH &��� WR JHQHUDWH UXOHV IURP IODWWHQHG UHFRUGV DQG WKHQ PRGLI\ WKH

UXOHV WR EULQJ EDFN WHPSRUDO RUGHU� 6XSSRVH ZH KDYH WKH UXOH LI ^�D�  �� $1' �D�  �� $1' �D�  ��` WKHQ �E  

�� WKDW FRPHV IURP IODWWHQHG UHFRUGV� ,Q JHQHUDO� ZH SHUIRUP WKH IROORZLQJ VWHSV WR PDNH LW D WHPSRUDO UXOH�

�� 5HRUGHU WKH DUJXPHQWV LQ WKH UXOH� VR WKDW WKH DWWULEXWHV DSSHDU LQ WKH VDPH WHPSRUDO RUGHU DV WKHLU UHVSHFWLYH

UHFRUGV� )RU H[DPSOH� LI LQ WKH IODWWHQHG UHFRUG D� DSSHDUV LQ WKH VHFRQG UHFRUG� ZKLOH D� DQG D� DSSHDU LQ WKH

ILUVW UHFRUG� WKHQ WKH UXOH EHFRPHV�

LI ^�D�  �� $1' �D�  �� $1' �D�  ��` WKHQ �E  ���

�� $GG �$W 7LPH Q�� EHIRUH WKH DWWULEXWHV WKDW KDSSHQ DW WLPH VWHS Q LQ WKH IODWWHQHG UHFRUG� ,I WKH ODVW FRQGLWLRQ

DWWULEXWH DQG WKH GHFLVLRQ DWWULEXWH RFFXU DW GLIIHUHQW WLPH VWHSV� ZH DGG DQ �$W 7LPH Q�� EHIRUH WKH GHFLVLRQ

DWWULEXWH� ,QWXLWLYHO\� WKLV FDQ EH FRQVLGHUHG WKH UHYHUVH RI WKH IODWWHQLQJ RSHUDWLRQ� 7KH UXOH QRZ EHFRPHV�

LI ^$W 7LPH �� �D�  �� $1' �D�  �� $1' $W 7LPH �� �D�  ��` WKHQ $W 7LPH �� �E  ���

�� 1RZ FKDQJH WKH DWWULEXWH QDPHV EDFN WR WKHLU RULJLQDO IRUPV EHIRUH WKH\ ZHUH IODWWHQHG� 7KLV PLJKW FRQYHUW

RXU H[DPSOH UXOH WR�

LI ^$W 7LPH �� �D�  �� $1' �D�  �� $1' $W 7LPH �� �D�  ��` WKHQ $W 7LPH �� �D�  ���

'HSHQGLQJ RQ WKH GRPDLQ� VRPH PD\ RSW WR LQWHUSUHW VXFK WHPSRUDO UXOHV DV FDXVDO UHODWLRQV� HYHQ WKRXJK WKH

WHUP VHHPV WR RYHU XVHG >�@� ,Q RXU WR\ GRPDLQ IRU H[DPSOH� ZH FDQ FDOO WKH FXUUHQW [ SRVLWLRQ DQG WKH FXUUHQW

DFWLRQ DV WKH FDXVHV IRU WKH QH[W [ SRVLWLRQ� ,Q D GRPDLQ ZLWK FDXVDO UHODWLRQV� WKH WLPH ZLQGRZ VL]H LV WKH

PD[LPXP DPRXQW RI WLPH GXULQJ ZKLFK ZH VXVSHFW DQ HYHQW FDQ FDXVH HIIHFWV�

:H KDYH PRGLILHG F���UXOHV� D SURJUDP LQ WKH &��� 5HOHDVH � SDFNDJH WKDW JHQHUDWHV UXOHV IURP GHFLVLRQ WUHHV�

WR RXWSXW WHPSRUDO UXOHV� ,W FDQ QRZ KDQGOH IODWWHQHG UHFRUGV DV LQSXW� 7KH XVHU FDQ VSHFLI\ WKH QXPEHU RI UHFRUGV

LQYROYHG LQ WKH IODWWHQLQJ SURFHVV YLD D QHZ RSWLRQ �7 �7LPH ZLQGRZ�� IRU H[DPSOH� XVLQJ 
�7 �
 ZRXOG EH

DSSURSULDWH IRU WKH WHPSRUDO GDWD RI 6HFWLRQ �� 7KH F���UXOHV SURJUDP WKHQ JHQHUDWHV WKH UXOHV DV XVXDO� EXW EHIRUH

RXWSXWWLQJ WKHP� LW VRUWV WKH GHFLVLRQ DWWULEXWHV RI HDFK UXOH DFFRUGLQJ WR WKHLU WLPH RI RFFXUUHQFH� ,W WKHQ SULQWV RXW

WKH UXOHV� DORQJ ZLWK WKH WHPSRUDO LQIRUPDWLRQ DV RXWOLQHG LQ WKH H[DPSOH UXOHV JLYHQ DERYH� 8VLQJ WKH QHZ

F���UXOHV SURJUDP GRHV QRW UHTXLUH PRGLI\LQJ WKH UHVW RI WKH &��� SDFNDJH�

7KHUH LV QR QHHG WR UHQDPH WKH DWWULEXWHV RI WKH IODWWHQHG UHFRUGV EHIRUH IHHGLQJ WKHP WR WKH PRGLILHG F���UXOHV

SURJUDP� &��� GRHV QRW FDUH DERXW DWWULEXWH QDPHV �LW GLIIHUHQWLDWHV DPRQJ WKH GHFLVLRQ DWWULEXWHV E\ XVLQJ WKHLU

SRVLWLRQ LQ WKH LQSXW�� DQG WKH WHPSRUDO LQIRUPDWLRQ DW WKH RXWSXW GLVDPELJXDWHV WKH UHVXOWV� VR WKHUH ZLOO QRW EH

DQ\ QDPH FODVKHV LQ WKH WHPSRUDO UXOHV�

*� ��������������&�
��1�'�� 
,Q WKH SUHYLRXV VHFWLRQ ZH FKDQJHG WKH UXOHV JHQHUDWHG IURP D QRUPDO GHFLVLRQ WUHH VR WKDW LW LQFOXGHG

LQIRUPDWLRQ DERXW WKH SDVVDJH RI WLPH� $QRWKHU DSSURDFK WR WKH SUREOHP LV WR EXLOG D WHPSRUDO GHFLVLRQ WUHH LQ WKH

ILUVW SODFH� ,Q D WHPSRUDO GHFLVLRQ WUHH WKH GHFLVLRQ DWWULEXWHV DUH HQFRXQWHUHG LQ WKHLU FRUUHFW WHPSRUDO RUGHU DV WKH

WUHH LV WUDYHUVHG IURP WKH URRW GRZQ�

,Q D QRUPDO GHFLVLRQ WUHH� WKH FRQGLWLRQ DWWULEXWHV PD\ EH XVHG LQ D GLIIHUHQW RUGHU WKDQ WKH RQH GHWHUPLQHG E\

WKH LQSXW ILOHV� 7KLV LV GRQH WR PDNH WKH WUHH VKRUWHU� EXW LQ D WHPSRUDO GRPDLQ PDNHV LW LPSRVVLEOH WR WUDYHUVH WKH

WUHH DV GDWD DUH JDWKHUHG� DV LQ JHQHUDO ZH KDYH WR ZDLW IRU DOO UHFRUGV WR EH DYDLODEOH� ,Q WKH SUHYLRXV VHFWLRQ IRU

H[DPSOH� ZH GLG QRW KDYH WKH YDOXH RI D� EHIRUH D�� 7KLV SRLQW LV LOOXVWUDWHG LQ )LJXUH � IRU D ZLQGRZ VL]H RI ��

)LJXUH��� $W OHIW� D QRUPDO GHFLVLRQ WUHH KDV WR ZDLW IRU DOO WKH UHFRUGV LQ WKH ZLQGRZ� $W ULJKW� D WHPSRUDO WUHH XVHV WKH

UHFRUGV IRU GHFLVLRQ PDNLQJ DV VRRQ DV LW HQFRXQWHUV WKHP�

'HFLGH
'HFLGH



*

+HUH HDFK ER[ UHSUHVHQWV DQ XQIODWWHQHG UHFRUG� DQG WLPH SDVVHV IURP OHIW WR ULJKW� 2Q WKH OHIW ZH VHH WKH

VLWXDWLRQ LQ RUGLQDU\ GHFLVLRQ WUHHV� ZKHUH ZH KDYH WR ZDLW IRU XS WR WKUHH UHFRUGV EHIRUH ZH FDQ VWDUW WUDYHUVLQJ

WKH WUHH EHFDXVH ZH KDYH WR JR EDFN DQG IRUWK EHWZHHQ WKH DWWULEXWHV LQ WKH � UHFRUGV ZKLOH GRLQJ VR� 2Q WKH ULJKW�

ZH XVH HDFK UHFRUG DV ZH VHH LW� :H DUH VXUH WKDW RQFH ZH DUH SDVW D UHFRUG �ZKHWKHU ZH XVHG WKH DWWULEXWH LQ LW RU

QRW�� ZH ZLOO QHYHU JR EDFN WR LW� ,Q RWKHU ZRUGV� OLNH WHPSRUDO UXOHV� WLPH QHYHU JRHV EDFN LQ D WHPSRUDO GHFLVLRQ

WUHH�

/LNH D WHPSRUDO UXOH� D WHPSRUDO GHFLVLRQ WUHH DOORZV IRU UHDO�WLPH GHFLVLRQ PDNLQJ E\ HQVXULQJ WKDW ZH XVH WKH

DWWULEXWHV LQ WKH WUHH LQ WKHLU RULJLQDO WHPSRUDO RUGHU� 1RUPDO GHFLVLRQ WUHH EXLOGHUV UDQN WKH FRQGLWLRQ DWWULEXWHV

DFFRUGLQJ WR KRZ VXLWDEOH WKH\ ZLOO EH IRU H[SDQGLQJ WKH WUHH DW HDFK VWHS� )RU D WHPSRUDO GHFLVLRQ WUHH� WKH

DWWULEXWHV VKRXOG EH UDQNHG DFFRUGLQJ WR WKHLU WHPSRUDO RUGHU DV ZHOO DV WKHLU VXLWDELOLW\ IRU H[SDQGLQJ WKH WUHH�

7KH FRQGLWLRQ DWWULEXWHV WKXV KDYH WR EH SDUWLWLRQHG DFFRUGLQJ WR WKHLU WLPH RI HQFRXQWHU� :H FDQ SDUWLWLRQ WKH

FRQGLWLRQ YDULDEOHV DFFRUGLQJ WR WKHLU WHPSRUDO RUGHU� 6R DWWULEXWHV WKDW DUH HQFRXQWHUHG LQ WLPH VWHS L RI WKH

IODWWHQHG UHFRUGV JR LQWR VHW 7L� ,Q RXU WR\ GRPDLQ� IRU H[DPSOH� ZH KDYH WZR VHWV 7�  ^[�� D�` DQG 7�  ^[�� D�`

FRUUHVSRQGLQJ WR WKH WZR WLPH VWHSV� ,I DW D QRGH RI WKH WUHH D FRQGLWLRQ DWWULEXWH IURP WKH VHW 7L LV XVHG� WKHQ WKH

FKLOGUHQ RI WKDW QRGH FDQ RQO\ XVH FRQGLWLRQ DWWULEXWHV IURP WKH VHWV 7M �M t L�� HYHQ LI GRLQJ VR PDNHV WKH WUHH VXE�

RSWLPDO� $Q H[DPSOH WHPSRUDO GHFLVLRQ WUHH LV VKRZQ LQ WKH ULJKW SDUW RI )LJXUH ��

)LJXUH �� $ QRUPDO GHFLVLRQ WUHH DW OHIW DQG D WHPSRUDO GHFLVLRQ WUHH DW ULJKW� 2QO\ GHFLVLRQ DWWULEXWHV DUH VKRZQ�

%XLOGLQJ D WHPSRUDO GHFLVLRQ WUHH LV D &RQVWUDLQW 6DWLVIDFWLRQ 3UREOHP� ZKHUH WKH FKRLFH RI RQH DWWULEXWH OLPLWV

WKH IXWXUH FKRLFHV LQ WKDW EUDQFK RI WKH WUHH� 7KH JUHHG\ PHWKRG XVHG E\ &��� ZLOO QRW ZRUN SURSHUO\ EHFDXVH

FKRRVLQJ D FRQGLWLRQ DWWULEXWH DW DQ\ WLPH VWHS SUHYHQWV XV IURP XVLQJ DWWULEXWHV LQ SUHYLRXV WLPH VWHSV� 7KLV

PHDQV WKDW VRPH FKRLFHV RI WKH QRUPDO &��� DOJRULWKP FRXOG UHVXOW LQ D YHU\ EDG GHFLVLRQ WUHH� EHFDXVH ZH PD\

UXQ RXW RI DYDLODEOH FRQGLWLRQ DWWULEXWHV� $V LV QRUPDO LQ FRQVWUDLQW VDWLVIDFWLRQ SUREOHPV� WKLV ZRXOG UHTXLUH XV WR

EDFNWUDFN XS WKH WUHH EUDQFKHV DQG FKRRVH RWKHU FRQGLWLRQ DWWULEXWHV�

7KLV QHZ RSWLPL]DWLRQ SUREOHP LV FRPELQDWRULDO LQ QDWXUH� DQG RQH FDQ XVH KHXULVWLFV WR OLPLW WKH VL]H RI WKH

VHDUFK VSDFH LI QHHGHG� )RU H[DPSOH� VLQFH ZH NQRZ WKH WUHH WKDW RXU XQPRGLILHG DOJRULWKP FDQ SURGXFH �WKH RQH

EXLOW ZLWK QR UHJDUG IRU WHPSRUDO RUGHULQJV�� ZH FDQ VWRS WKH VHDUFK LQ WKH VSDFH RI WHPSRUDO WUHHV DV VRRQ DV ZH

ILQG D WUHH WKDW LV �FORVH HQRXJK� WR WKLV WUHH� $QRWKHU KHXULVWLF LV WR VHDUFK IRU D PD[LPXP DPRXQW RI WLPH� DQG

UHWXUQ WKH EHVW WUHH IRXQG ZLWKLQ WKDW WLPH OLPLW�

:H KDYH PRGLILHG WKH F��� SURJUDP �&���
V GHFLVLRQ WUHH EXLOGHU� WR FRQVLGHU WKH WHPSRUDO RUGHU ZKLOH EXLOGLQJ

WKH WUHH� $V LQ WKH F���UXOHV SURJUDP� D QHZ RSWLRQ �7 LV DGGHG IRU WKH XVHU WR VSHFLI\ WKH WLPH ZLQGRZ VL]H� ,W VWLOO

UDQNV WKH GHFLVLRQ DWWULEXWHV DV XVXDO� EXW RQFH DQ DWWULEXWH IURP D FHUWDLQ WLPH VWHS LV XVHG� LW GLVUHJDUGV DOO

DWWULEXWHV IURP SUHYLRXV WLPH VWHSV� 2XU LPSOHPHQWDWLRQ GRHV QRW SHUIRUP EDFNWUDFNLQJ� 7KH WHVW UHVXOWV KDYH EHHQ

DV H[SHFWHG� WUHHV HLWKHU GR QRW FKDQJH� EHFDXVH WHPSRUDO RUGHU LV DOUHDG\ VDWLVILHG� RU WKH\ JHW VPDOOHU ZKLOH WKH

HUURU UDWH LQFUHDVHV� EHFDXVH &��� QRZ UHIUDLQV IURP XVLQJ VRPH RI WKH GHFLVLRQ DWWULEXWHV� 7R VHH WKH HIIHFWV RI

WKH WLPH ZLQGRZ RI WKH JHQHUDWHG WUHH� ZH LQWHUSUHWHG WKH GDWD LQ D /HWWHU 5HFRJQLWLRQ GDWDEDVH >�@ DV EHLQJ

WHPSRUDO� 7KH GDWD FRQVLVWV RI ������ UHFRUGV WR FODVVLI\ WKH OHWWHUV RI WKH (QJOLVK DOSKDEHW� 7KHUH DUH �� FRQGLWLRQ

DWWULEXWHV WKDW DUH DFWXDOO\ VHHQ DOO DW WKH VDPH WLPH� +RZHYHU� ZH FRXOG ORRN DW WKH GDWD DV LI GLIIHUHQW SDUWV ZHUH

JHQHUDWHG DW FRQVHFXWLYH WLPH VWHSV� 7KH UHVXOWV DUH VKRZQ LQ ILJXUH �� ZKHUH D WLPH ZLQGRZ RI � UHVXOWV LQ &���
V

QRUPDO EHKDYLRU EHFDXVH DOO DWWULEXWHV DUH DVVXPHG WR EH SURGXFHG DW WKH VDPH WLPH�

7�

7�

7�

7�

7�
7�
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Figure 4. The effects of the time window on the size and accuracy of the tree.

,Q DOO WKH FDVHV WKH GDWD UHPDLQ WKH VDPH� DQG RQO\ WKHLU LQWHUSUHWDWLRQ FKDQJHV� ,Q RWKHU ZRUGV� LQ HDFK FDVH ZH

FRQVLGHU GLIIHUHQW FRQGLWLRQ DWWULEXWHV WR KDYH KDSSHQHG DW WKH VDPH WLPH� )RU H[DPSOH� ZLWK D WLPH ZLQGRZ RI ��

HDFK � QHLJKERULQJ DWWULEXWHV DUH VXSSRVHG WR EHORQJ WR WKH VDPH WLPH VWHS� :LWK D WLPH ZLQGRZ RI �� WKHUH DUH �

FRQGLWLRQ DWWULEXWHV DW HDFK WLPH VWHS� ZLWK WKH ODVW WLPH VWHS FRQWDLQLQJ RQO\ � FRQGLWLRQ DWWULEXWH� 7KH VL]H DQG

WKH TXDOLW\ RI WKH WUHH FKDQJH DV WKH WLPH ZLQGRZ FKDQJHV� EHFDXVH WKH FRQGLWLRQ DWWULEXWHV ZLOO PRYH IURP RQH

WLPH VWHS WR DQRWKHU� ,QFUHDVLQJ WKH WLPH ZLQGRZ EH\RQG �� �WKH QXPEHU RI FRQGLWLRQ DWWULEXWHV� KDV QR HIIHFW RQ

WKH UHVXOWV� 7KHUH LV D VPDOO LQFUHDVH LQ WKH TXDOLW\ RI WKH WUHH ZKHQ JRLQJ IURP D WLPH ZLQGRZ RI � WR �� 7KLV LV

EHFDXVH WKH UHDUUDQJLQJ RI WKH DWWULEXWHV WKDW UHVXOWV IURP WKH FRQVLGHUDWLRQ RI WLPH KDV KHOSHG WKH DOJRULWKP�

7KH RUGHULQJ RI WKH QRGHV LV WKH PDLQ GLIIHUHQFH EHWZHHQ D QRUPDO DQG D WHPSRUDO GHFLVLRQ WUHH� ,W LV DOVR

SRVVLEOH WR PDNH WKH WLPH VWHS RI HDFK QRGH LQ WKH WUHH H[SOLFLW E\ UHWDLQLQJ WKH LQGH[ L RI WKH VHW 7L ZKHUH WKH

DWWULEXWH FRUUHVSRQGLQJ WR WKDW QRGH ZDV FKRVHQ IURP� 'RLQJ WKLV PDNHV LW XQQHFHVVDU\ WR UHQDPH WKH DWWULEXWHV� DV

QDPH FODVKHV DUH SUHYHQWHG WKURXJK WKH XVH RI WKH WLPH VWHS YDOXHV� 7HPSRUDO UXOHV FDQ UHDGLO\ EH JHQHUDWHG IURP

VXFK GHFLVLRQ WUHHV� EHFDXVH WKH UHRUGHULQJ RI DWWULEXWHV KDV DOUHDG\ EHHQ GRQH�

$IWHU WKH WUHH LV EXLOW� ZH FDQ XVH LW WR SURFHVV GDWD� :LWK D ZLQGRZ VL]H RI W� ZH QHHG W GLIIHUHQW LQVWDQFHV RI WKH

GHFLVLRQ WUHH ZRUNLQJ LQ SDUDOOHO� 7KH VDPH UHFRUG LV FRQVLGHUHG WR EH DW GLIIHUHQW WLPH VWHSV LQ HDFK GHFLVLRQ WUHH

LQVWDQFH� 7KLV LV GHSLFWHG LQ )LJXUH � IRU WKH FDVH RI D ZLQGRZ RI VL]H �� +HUH WLPH PRYHV IURP OHIW WR ULJKW�

)LJXUH �� 7KUHH FRQVHFXWLYH UHFRUGV EHLQJ XVHG E\ WKUHH GHFLVLRQ WUHHV�

2� ����
�����#��&���������&�
������&��&�3���&
7HPSRUDO VHTXHQFHV DUH RIWHQ FRQVLGHUHG WR EH SDVVLYH LQGLFDWRUV IRU WKH SUHVHQFH RI WHPSRUDO VWUXFWXUH LQ GDWD

>�� �� ��� ��@� EXW ZKHQ WKHUH DUH FDXVDO UHODWLRQV LQ WKH GRPDLQ� D WHPSRUDO GHFLVLRQ WUHH RU WHPSRUDO UXOH FDQ EH

LQWHUSUHWHG DV D SODQ� $V DQ H[DPSOH� LI WKH GDWD UHFRUGV DUH SURGXFHG E\ D URERW ZLWK D VHW RI DFWXDWRUV� $� DQG D

VHW RI VHQVRUV� 6� WKHQ VRPH RI WKH GHFLVLRQ DWWULEXWHV LQ D GHFLVLRQ WUHH DUH XQGHU WKH URERW
V FRQWURO� ZKLOH RWKHUV

DUH QRW� 6XSSRVH WKH OHDYHV RI WKH WUHH UHSUHVHQW D DWWULEXWH IURP 6� ,Q WKH H[DPSOH JLYHQ LQ 6HFWLRQ �� ZH KDYH $  

^D` DQG 6  ^[`� ,Q VXFK FDVHV� PDNLQJ WLPH H[SOLFLW LQ D WHPSRUDO UXOH RU D WHPSRUDO GHFLVLRQ WUHH DOORZV WKHP WR

EH LQWHUSUHWHG DV SODQV WKDW FDQ EH IROORZHG RYHU WLPH WR UHDFK D JRDO�
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:H ZLOO VKRZ WKDW D WHPSRUDO UXOH JHQHUDWHG DXWRPDWLFDOO\ IURP D URERW
V REVHUYDWLRQV RI LWV HQYLURQPHQW FDQ EH

FRQVLGHUHG D SODQ WKDW DOORZV WKH UH�JHQHUDWLRQ RI WKH VDPH UHVXOWV� 7KH LGHD RI D UXOH EHLQJ DQ H[HFXWDEOH HQWLW\ LV

QRW QHZ� ,W DSSHDUV LQ >��@ IRU H[DPSOH� ZKHUH UXOHV DUH FRQVLGHUHG ORJLF SURJUDPV LQ D VLWXDWLRQ FDOFXOXV GRPDLQ�

$V LQ >�@� LQ PDQ\ FDVHV D URERW
V SODQV DUH ZULWWHQ E\ GRPDLQ H[SHUWV� ,Q ZKDW IROORZV ZH PDNH WLPH FRPSOHWHO\

H[SOLFLW LQ D SODQ� DQG PDNH D FOHDU GLVWLQFWLRQ EHWZHHQ ZKDW DQ DJHQW FDQ GR WKURXJK LWV DFWXDWRUV �LQSXW WR D ORJLF

SURJUDP� DQG ZKDW LW FDQ H[SHFW LQ UHWXUQ �WKH ORJLF SURJUDP
V RXWSXW� DW HDFK WLPH VWHS� +HUH WKH SODQV DUH

JHQHUDWHG DXWRPDWLFDOO\ IURP WKH URERW
V SUHYLRXV REVHUYDWLRQV� 1RWLFH KRZ D ORJLF SURJUDP DQG D URERW
V

SHUVSHFWLYHV DUH UHYHUVHG� DV D URERW
V RXWSXWV WR LWV DFWXDWRUV EHFRPHV D ORJLF SURJUDP
V LQSXW� DQG WKH VDPH

UHYHUVDO KDSSHQV IRU WKH URERW
V VHQVRUV� 7KLV LV EHFDXVH D ORJLF SURJUDP H[HFXWHV WKH UXOHV� ZKLFK JLYHV LW WKH UROH

RI WKH HQYLURQPHQW�

:H FRQVLGHU WKH URERW
V JRDO WR EH FKDQJLQJ LWV HQYLURQPHQW� ,Q RWKHU ZRUGV� LW ZDQWV WR VHW D DWWULEXWH IURP 6 WR

D VSHFLILF YDOXH� 7R GR WKLV WKH DJHQW FDQ FKRRVH DSSURSULDWH UXOHV� RU EUDQFKHV RI WKH WUHH WKDW OHDG WR WKH GHVLUHG

UHVXOW� DQG WKHQ XVH WKH DWWULEXWHV IURP VHW $ DW HDFK WLPH VWHS WR JHW FORVHU WR WKH JRDO�

$WWULEXWHV IURP 6 DUH UHJDUGHG DV H[HFXWLRQ FRQWH[W IRU DWWULEXWHV IURP $� $W HDFK WLPH VWHS� WKH URERW FDQ YHULI\

LI WKH SODQ LV VXFFHHGLQJ RU QRW E\ FRPSDULQJ WKH DFWXDO FRQWH[W DWWULEXWHV IURP LWV VHQVRUV DJDLQVW WKHLU YDOXHV DV

SUHGLFWHG E\ WKH GHFLVLRQ WUHH RU UXOH� ,I WKH\ PDWFK� LW DSSOLHV WKH SURSHU YDOXHV WR LWV DFWXDWRUV DV QHHGHG� DQG

JRHV WR WKH IROORZLQJ WLPH VWHS� ,I WKH REVHUYDWLRQV GR QRW PDWFK WKH H[SHFWDWLRQV� WKHQ WKH URERW FRXOG WU\ WR ILQG

DQRWKHU UXOH WKDW OHDGV WR WKH JRDO DQG FRQWLQXH IURP WKHUH� 7KH SODQ IDLOV LI QR VXFK UXOH FDQ EH IRXQG� ,Q WKH

H[DPSOH LQ 6HFWLRQ �� LI WKH URERW LV FXUUHQWO\ DW �[  �� DQG WKH JRDO LV WR JR WR �[  ��� LW DSSOLHV WKH DFWLRQ �Dm

5�� ,I WKLV GRHV QRW UHVXOW LQ D FKDQJH LQ WKH URERW
V SRVLWLRQ �PD\EH WKH ZKHHOV DUH VWXFN� WKHQ LW FRXOG WU\ �Dm 5�

DJDLQ�

,Q VLWXDWLRQ FDOFXOXV ZH KDYH WKH VDPH W\SH RI SODQV� :H SHUIRUP DQ DFWLRQ LQ D VLWXDWLRQ �FRQWH[W� DQG PRYH WR

WKH QH[W VLWXDWLRQ >��@� %XW ZLWK D SXUH VLWXDWLRQ FDOFXOXV DSSURDFK ZH PD\ KDYH GLIILFXOW\ ILQGLQJ RXW ZKLFK

DWWULEXWHV DUH WKH LPSRUWDQW RQHV LQ D WUDQVLWLRQ �WKLV LQIRUPDWLRQ VKRXOG XVXDOO\ EH HQFRGHG LQ WKH SODQ E\ D

GRPDLQ H[SHUW�� &��� ZLWK WHPSRUDO PRGLILFDWLRQV FDQ EH XVHG DV D WRRO WR LGHQWLI\ UHOHYDQW FRQGLWLRQ DWWULEXWHV

DQG JHQHUDWH SODQV IURP REVHUYDWLRQV >�@� ,Q JHQHUDO� ZH UHSUHVHQW D WHPSRUDO UXOH DV� &VQ�� � W�� W�� « WQ ZKHUH

HDFK RI WKH WL LV GHILQHG DV� WL { &VL� &DL� +HUH Q LV WKH WLPH ZLQGRZ XVHG LQ WKH IODWWHQLQJ SURFHVV�

&VL UHSUHVHQWV D VHW RI UHDGLQJV RI UHOHYDQW VHQVRU DWWULEXWHV DW WLPH VWHS L� 7KH DWWULEXWHV LQ &VL DUH D VXEVHW RI WKH

DWWULEXWHV LQ 6� 2QH H[DPSOH IURP 6HFWLRQ � LV &V�  ^�[  ��`� &DL LV D VHW RI YDOXH DVVLJQPHQWV IRU WKH DFWXDWRUV DW

WLPH VWHS L� /LNH &VL� WKH DWWULEXWHV LQ &DL DUH D VXEVHW RI WKH DWWULEXWHV LQ $� )RU WKH GDWD LQ 6HFWLRQ � ZH FRXOG KDYH

&DL  ^�D m /�`� (DFK RI WKH &VL DQG &DL FDQ EH HPSW\� ZKLFK PHDQV WKDW QRWKLQJ ZLOO EH FKHFNHG� RU GRQH�

UHVSHFWLYHO\� DW WLPH VWHS L� 7KH UHOHYDQF\ RI WKH DWWULEXWHV LQ HDFK WL FRXOG EH GHWHUPLQHG DXWRPDWLFDOO\ E\ &����

:KLOH IROORZLQJ D UXOH� DW HDFK WLPH VWHS L� WKH FRQGLWLRQV LQ &VL VKRXOG EH FKHFNHG ILUVW� ,I WKH\ DOO KROG� WKH

DVVLJQPHQWV LQ &DL DUH DSSOLHG� DQG WKH URERW PRYHV WR WKH QH[W WLPH VWHS� 6LQFH WLPH LV PHDVXUHG UHODWLYH WR WKH

VWDUW RI WKH UXOH� WKH URERW PD\ EH IROORZLQJ PRUH WKDQ RQH UXOH DW WKH VDPH WLPH DQG LW PD\ EH DW D GLIIHUHQW WLPH

VWHS LQ HDFK UXOH�

6RPHWLPHV WKHUH LV QR FDXVDOLW\ UHODWLRQ DPRQJ WKH FRQVHFXWLYH WLPH VWHSV� ,Q RWKHU ZRUGV� IROORZLQJ D UXOH XS

WR WL �L � Q� GRHV QRW JXDUDQWHH WKDW &VL�� ZLOO EH YDOLG� ,Q VXFK FDVHV WL LV UHDG DV� LQ FDVH WKH FRQGLWLRQV LQ &VL KROG�

GR &DL� ,Q RWKHU WLPHV WKHUH LV D FDXVDO UHODWLRQ DPRQJ WKH FRQVHFXWLYH WLPH VWHSV� DQG DIWHU VWHS L RQH FDQ H[SHFW WR

VHH &VL�� WR KROG EHIRUH DSSO\LQJ &DL��� +HUH WL LV UHDG DV� &VL LV H[SHFWHG WR KROG� DQG LI WKLV LV LQGHHG WUXH� WKHQ GR

&DL�

4� �
���#��� ������'&
'HFLVLRQ WUHHV KDYH WUDGLWLRQDOO\ EHHQ JHQHUDWHG ZLWK QR UHJDUG IRU WLPH� 7KLV UHIOHFWV WKH FRPPRQ IRUP RI GDWD

XVHG LQ PDQ\ DSSOLFDWLRQV� EXW GRHV QRW LQFOXGH GRPDLQV ZLWK D QHHG IRU H[SOLFLW UHSUHVHQWDWLRQ RI WLPH� )ODWWHQLQJ

PDNHV WLPH LPSOLFLW DQG DOORZV D SURJUDP OLNH &��� WR EXLOG GHFLVLRQ WUHHV DQG H[WUDFW UXOHV IURP GDWD WKDW VSDQ

WLPH� )ODWWHQLQJ FDQ EH SHUIRUPHG DV D SUHSURFHVVLQJ SKDVH� DQG HQDEOHV XV WR XVH WRROV WKDW GR QRW FRQVLGHU WKH

SDVVDJH RI WLPH� 7KH QHJDWLYH VLGH HIIHFW LV WKDW WKH QRWLRQ RI WLPH GLVDSSHDUV LQ WKH UHVXOWV� ,Q WKLV SDSHU ZH
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SURSRVHG WKDW ZH FRPSOHPHQW WKH IODWWHQLQJ SURFHVV E\ PDNLQJ WLPH H[SOLFLW LQ ERWK WKH GHFLVLRQ WUHHV DQG WKH

UXOHV JHQHUDWHG IURP WKHP� $V ZH KDYH VKRZQ� WHPSRUDO UXOHV FDQ HDVLO\ EH JHQHUDWHG IURP RUGLQDU\ GHFLVLRQ

WUHHV E\ UHRUGHULQJ DQG� LI QHHGHG� UHQDPLQJ RI WKH DWWULEXWHV� 1RWKLQJ QHHGV WR EH FKDQJHG LQ WKH WUHH�EXLOGLQJ

DOJRULWKP� %XLOGLQJ D WHPSRUDO GHFLVLRQ WUHH� RQ WKH RWKHU KDQG� LV D &RQVWUDLQW 6DWLVIDFWLRQ 3UREOHP� 6XFK

GHFLVLRQ WUHHV FDQ EH UHJDUGHG DV SODQV LI WKH UXOHV LQYROYH D VHW RI REVHUYHG DWWULEXWHV DQG D VHW RI DFWLRQV XQGHU

WKH DJHQW
V FRQWURO WKDW FDQ DIIHFW WKH REVHUYHG DWWULEXWHV�

7KH PRGLILHG F���UXOHV DQG F��� SURJUDPV UHWDLQ EDFNZDUG FRPSDWLELOLW\� DQG WKHLU RXWSXW LV XQFKDQJHG ZKHQ

WKH QHZ RSWLRQ LV QRW XVHG� 7KH PRGLILFDWLRQV DUH DYDLODEOH LQ WKH IRUP RI D SDWFK ILOH WKDW FDQ EH DSSOLHG WR

VWDQGDUG &��� 5HOHDVH � VRXUFH ILOHV� ,W FDQ EH GRZQORDGHG E\ FRQWDFWLQJ WKH DXWKRUV RU IURP

KWWS���ZZZ�FV�XUHJLQD�FD�aNDULPL�GRZQORDGV�KWPO

��"������&
>�@ $JUDZDO 5� DQG 6ULNDQW 5�� 0LQLQJ 6HTXHQWLDO 3DWWHUQV� 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 'DWD

(QJLQHHULQJ �,&'(�� 7DLSHL� 7DLZDQ� 0DUFK �����

>�@ %ODNH� &�/ DQG 0HU]� &�-�� 8&, 5HSRVLWRU\ RI PDFKLQH OHDUQLQJ GDWDEDVHV

KWWS���ZZZ�LFV�XFL�HGX�aPOHDUQ�0/5HSRVLWRU\�KWPO� ,UYLQH� &$� 8QLYHUVLW\ RI &DOLIRUQLD� 'HSDUWPHQW RI

,QIRUPDWLRQ DQG &RPSXWHU 6FLHQFH� �����

>�@ %RZHV� -�� 1HXIHOG� (�� *UHHU� -� (� DQG &RRNH� -� $�� &RPSDULVRQ RI $VVRFLDWLRQ 5XOH 'LVFRYHU\ DQG

%D\HVLDQ 1HWZRUN &DXVDO ,QIHUHQFH $OJRULWKPV WR 'LVFRYHU 5HODWLRQVKLSV LQ 'LVFUHWH 'DWD� 3URFHHGLQJV RI WKH

7KLUWHHQWK &DQDGLDQ $UWLILFLDO ,QWHOOLJHQFH &RQIHUHQFH �$,
������ 0RQWUHDO� &DQDGD� �����

>�@ %HUQGW� '�-� DQG &OLIIRUG� -�� )LQGLQJ 3DWWHUQV LQ 7LPH 6HULHV� $ '\QDPLF 3URJUDPPLQJ $SSURDFK� $GYDQFHV

LQ .QRZOHGJH 'LVFRYHU\ DQG 'DWD 0LQLQJ� 8�0� )D\\DG� *� 3LDWHWVN\�6KDSLUR� 3� 6P\WK� HW DO� �HGV��� $$$,

3UHVV� 0,7 3UHVV� SS� �������� �����

>�@ )UHHGPDQ� '�� DQG +XPSKUH\V� 3�� $UH WKHUH $OJRULWKPV WKDW 'LVFRYHU &DXVDO 6WUXFWXUH"� 7HFKQLFDO 5HSRUW

���� 'HSDUWPHQW RI 6WDWLVWLFV� 8QLYHUVLW\ RI &DOLIRUQLD DW %HUNHOH\� �����

>�@ *XUDOQLN� 9�� :LMHVHNHUD� '� DQG 6ULYDVWDYD� -�� 3DWWHUQ 'LUHFWHG 0LQLQJ RI 6HTXHQFH 'DWD� 3URFHHGLQJV RI WKH

)RXUWK ,QWHUQDWLRQDO &RQIHUHQFH RQ .QRZOHGJH 'LVFRYHU\ 	 'DWD 0LQLQJ �.''����� �����

>�@ .DULPL� .�� DQG +DPLOWRQ� +� -�� )LQGLQJ 7HPSRUDO 5HODWLRQV� &DXVDO %D\HVLDQ 1HWZRUNV YV� &���� 7KH ��WK

,QWHUQDWLRQDO 6\PSRVLXP RQ 0HWKRGRORJLHV IRU ,QWHOOLJHQW 6\VWHPV �,60,6
������ &KDUORWWH� 1RUWK &DUROLQD�

2FWREHU �����

>�@ /HYHVTXH� +� -�� 5HLWHU� 5�� /HVSpUDQFH� <�� /LQ� )�� DQG 6FKHUO� 5�� *2/2*� $ /RJLF 3URJUDPPLQJ /DQJXDJH

IRU '\QDPLF 'RPDLQV� -RXUQDO RI /RJLF 3URJUDPPLQJ� ��� SS� ������ �����

>�@ /HY\� 6�� $UWLILFLDO /LIH� $ 4XHVW IRU D 1HZ &UHDWLRQ� 3DQWKHRQ %RRNV� �����

>��@ /LQ )�� DQG 5HLWHU� 5�� 5XOHV DV $FWLRQV� $ 6LWXDWLRQ &DOFXOXV 6HPDQWLFV IRU /RJLF 3URJUDPV� -RXUQDO RI

/RJLF 3URJUDPPLQJ 6SHFLDO ,VVXH RQ 5HDVRQLQJ DERXW $FWLRQ DQG &KDQJH� �������� SS� �������� �����

>��@ 0DQQLOD� +�� 7RLYRQHQ� +� DQG 9HUNDPR� $� ,�� 'LVFRYHULQJ )UHTXHQW (SLVRGHV LQ 6HTXHQFHV� 3URFHHGLQJV RI

WKH )LUVW ,QWHUQDWLRQDO &RQIHUHQFH RQ .QRZOHGJH 'LVFRYHU\ DQG 'DWD 0LQLQJ� SS� �������� �����

>��@ 1DGHO� %� $�� &RQVWUDLQW 6DWLVIDFWLRQ $OJRULWKPV� &RPSXWDWLRQDO ,QWHOOLJHQFH� 1R� �� �����

>��@ 2DWHV� 7� DQG &RKHQ� 3� 5�� 6HDUFKLQJ IRU 6WUXFWXUH LQ 0XOWLSOH 6WUHDPV RI 'DWD� 3URFHHGLQJV RI WKH

7KLUWHHQWK ,QWHUQDWLRQDO &RQIHUHQFH RQ 0DFKLQH /HDUQLQJ� SS� ��� � ���� �����
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