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/LVW RI )LJXUHV

��� 73, VFKHPD DQG GDWD� � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3DWWHUQ �OH VFKHPD DQG GDWD� � � � � � � � � � � � � � � � � � � � � � � � �
��� 7UDQVLW SRVLWLRQ GDWD IRU ,QWHUVWDWH �� � � � � � � � � � � � � � � � � � � ��
��� 7UDQVLW SRVLWLRQ GDWD IRU 6WDWH 5RXWH ��� � � � � � � � � � � � � � � � � ��
��� 7UDQVLW SRVLWLRQ QRUPDOLW\ WHVW IRU ,��� � � � � � � � � � � � � � � � � � � ��
��� 7UDQVLW SRVLWLRQ QRUPDOLW\ WHVW IRU 6WDWH 5RXWH ��� � � � � � � � � � � � ��
��� 3RVLWLRQ� VSHHG� DFFHOHUDWLRQ DQG MHUN HVWLPDWHV IRU D YHKLFOH RQ 5RXWH

��� WUDYHOLQJ RQ ,��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3RVLWLRQ� VSHHG� DFFHOHUDWLRQ DQG MHUN HVWLPDWHV IRU D YHKLFOH RQ 5RXWH

��� WUDYHOLQJ RQ 65���� � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� (UURU FRYDULDQFH IRU WUDYHO RQ ,��� � � � � � � � � � � � � � � � � � � � � ��
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LL



$EVWUDFW

3HUIRUPDQFH PRQLWRULQJ LV DQ LVVXH RI JURZLQJ FRQFHUQ ERWK QDWLRQDOO\ DQG LQ

:DVKLQJWRQ 6WDWH� 7UDYHO�WLPHV DQG VSHHGV KDYH DOZD\V EHHQ RI LQWHUHVW WR WUDYHOHU�

LQIRUPDWLRQ UHVHDUFKHUV� EXW DV D NH\ PHDVXUH LQ SHUIRUPDQFH PRQLWRULQJ� WKLV LQWHUHVW

LV QRZ JUHDWHU WKDQ HYHU� ,Q WKLV SURMHFW� ZH XVH WUDQVLW YHKLFOHV DV SUREHV DQG GH�

YHORS D IUDPHZRUN IRU PRGHOLQJ WKH WLPH VHULHV WKDW DULVH IURP VDPSOLQJ WUDQVLW YHKLFOH

ORFDWLRQV DV D IXQFWLRQ RI WLPH� 7KHVH VDPSOHV RI YHKLFOH ORFDWLRQ DUH REWDLQHG IURP

WKH .LQJ &RXQW\ 0HWUR $XWRPDWLF 9HKLFOH /RFDWLRQ �$9/� V\VWHP� $Q RSWLPDO �O�

WHU PHWKRG LV GHYHORSHG WKDW HVWLPDWHV VSHHG DV D IXQFWLRQ RI VSDFH DQG WLPH� ,Q

WKLV ZRUN� DQ RSWLPDO VROXWLRQ IRU WKH VWDWH YHFWRU� FRQWDLQLQJ WKH YDULDEOHV VSHHG DQG

SRVLWLRQ� LV SRVVLEOH DW HDFK VWHS XVLQJ WKH .DOPDQ �OWHU UHVXOW� 7KLV W\SH RI �OWHU

VROXWLRQ UHTXLUHV WKH FUHDWLRQ RI D PRGHO IRU WKH SURFHVV� LQ WKLV FDVH� D UHODWLRQVKLS

EHWZHHQ ORFDWLRQ DQG WLPH IRU WKH YHKLFOHV DQG WKH FUHDWLRQ RI D PHDVXUHPHQW PRGHO

WR DFFRXQW IRU PHDVXUHPHQW HUURUV� )XUWKHU� WKH XVH RI VXFK IRUPDOLVP GHSHQGV XSRQ

WKH DVVXPSWLRQ WKDW WKH GHYLDWLRQV RI WKH DFWXDO V\VWHP IURP WKH LGHDOL]HG PRGHO DUH

LQGHHG QRUPDOO\ GLVWULEXWHG� 7KH HUURUV LQ WKH PHDVXUHPHQW PRGHO DUH WDNHQ GLUHFWO\

IURP WKH VSHFL�FDWLRQ GRFXPHQWV IRU WKH RSHUDWLRQ RI WKH $9/ V\VWHP� 7KHVH SHU�

IRUPDQFH VSHFL�FDWLRQV UHTXLUH UHODWLYHO\ FORVH WROHUDQFHV RQ WKH HUURUV LQ WKH DFWXDO

YHKLFOH ORFDWLRQ IRU D VLQJOH VDPSOH �H�J�� ���IW�� .QRZLQJ WKH PHDVXUHPHQW SURSHUWLHV�

D OLQHDU UHODWLRQVKLS EHWZHHQ SRVLWLRQ DQG WLPH ZDV SRVWXODWHG IRU WKH PRGHO RI YHKLFOH

PRWLRQ� 7KLV� LQ H�HFW� VXJJHVWV D FRQVWDQW YHORFLW\ PRGHO IRU VXEVHWV RI WKH WUDYHO SDWK

ZKHUH WKH GHYLDWLRQV IURP WKLV PRGHO DUH LGHQWL�HG DV SDUW RI WKH UDQGRPQHVV LQKHUHQW

LQ WKH SURFHVV �H�J�� VWRSSLQJ DQG VWDUWLQJ DUH H�HFWLYHO\ QRLVH�� 7KLV LV UHDVRQDEOH

EDVHG RQ WKH LQIUHTXHQW DQG LUUHJXODU PDQQHU LQ ZKLFK WKH $9/ V\VWHP VDPSOHV WKH

SRVLWLRQ RI WKH YHKLFOHV �H�J�� ��� PLQXWHV EHWZHHQ VDPSOHV� UHODWLYH WR WKH DFWXDO PR�

WLRQ RI WKH WUDQVLW YHKLFOH� ,W ZDV IXUWKHU SRVWXODWHG WKDW D YHKLFOH WULS RYHU WKH VDPH

URXWH DW WKH VDPH WLPH RI GD\ EXW RQ GL�HULQJ GD\V LV DQ HQVHPEOH UHDOL]DWLRQ RI RQH

SURFHVV� :LWK WKHVH SRVWXODWHV� WKH PRGHO ZDV DSSOLHG DJDLQVW GDWD IURP ERWK IUHHZD\V

DQG DUWHULDOV WR WHVW WKH DVVXPSWLRQ WKDW WKH GHYLDWLRQ RI WKH GDWD IURP WKH PRGHO LV



QRUPDOO\ GLVWULEXWHG� $ .ROPRJRURY�6PLUQRY GLVWULEXWLRQ PHPEHUVKLS WHVW ZDV XVHG

WR YDOLGDWH WKH QRUPDOLW\ RI WKH VWDWLVWLFV RI WKH UHVLGXDO GL�HUHQFHV EHWZHHQ WKH GDWD

DQG WKH OLQHDU DSSUR[LPDWLRQ� ,Q PRVW UDQJHV RI WUDYHO� WKH UHVXOWLQJ SUREDELOLW\ RI

GLVWULEXWLRQ PHPEHUVKLS �H�J�� WKH SUREDELOLW\ RI EHLQJ QRUPDOO\ GLVWULEXWHG ZLWK WKH

PHDQ DQG YDULDQFH SUHGLFWHG� LV RQ WKH RUGHU RI ���� LQGLFDWLQJ WKDW WKH DVVXPSWLRQ RI

QRUPDOO\ GLVWULEXWHG HUURUV LV LQGHHG D JRRG RQH� >�@
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%DFNJURXQG

0DQ\ UHVHDUFKHUV DQG SXEOLF DJHQFLHV ZRXOG OLNH DFFHVV WR LPPHGLDWH�UHDO�WLPH DQG

KLVWRULF WUDYHO�WLPHV DQG VSHHGV LQ PDMRU XUEDQ FRUULGRUV� KRZHYHU� FRUULGRU WUDYHO�

WLPH LV GL�FXOW WR HVWLPDWH DFFXUDWHO\� DQG LQGXFWDQFH ORRSV WKDW HVWLPDWH VSHHG H[LVW

RQO\ LQ OLPLWHG ORFDWLRQV� 7KHUH DUH VHYHUDO WHFKQLTXHV WKDW FDQ EH XVHG WR HVWLPDWH

WUDYHO�WLPH DQG VSHHG� HDFK ZLWK LWV RZQ VWUHQJWKV DQG OLPLWDWLRQV� 7KH WZR WHFKQLTXHV

RI LQWHUHVW KHUH DUH�

� 7KH XVH RI LQGXFWDQFH ORRS VXUYHLOODQFH GDWD� 7KLV WHFKQLTXH GLUHFWO\ HVWLPDWHV RU
GHULYHV VSHHGV IURP RWKHU PHDVXUHV DQG WKHQ LQWHJUDWHV WKHVH SRLQW PHDVXUHPHQWV

RYHU VSDFH� :KLOH WKLV LV D UHDGLO\ DYDLODEOH GDWD VRXUFH RQ IUHHZD\V LQ FLWLHV

VXFK DV 6HDWWOH� LW UHTXLUHV DVVXPSWLRQV DERXW WKH YDOLGLW\ RI VSHHG HVWLPDWHV DV

ZHOO DV DERXW WUD�F EHKDYLRU RYHU ORQJ VWUHWFKHV RI IUHHZD\ EHWZHHQ WKH SRLQW

PHDVXUHPHQWV� $GGLWLRQDOO\� WKHUH DUH YHU\ IHZ LQGXFWDQFH ORRS GDWD VWDWLRQV RQ

DUWHULDO URDGV�

� 7KH XVH RI SUREH YHKLFOHV� 3UREH YHKLFOH WHFKQLTXHV DUH XVHG WR HVWLPDWH WKH
GXUDWLRQ RI DFWXDO WULSV IRU D VLQJOH YHKLFOH� 7KLV WHFKQRORJ\ LV W\SLFDOO\ D YHU\

OLPLWHG VRXUFH RI GDWD EHFDXVH FRQWLQXRXVO\ DYDLODEOH WUDYHO�WLPH DQG VSHHG HVWL�

PDWHV IURP D YDULHW\ RI ORFDWLRQV UHTXLUHV D ODUJH QXPEHU RI SUREH YHKLFOHV�

7KH 0HWUR .LQJ &RXQW\ $9/�HTXLSSHG WUDQVLW �HHW� ZKLFK KDV RQ WKH RUGHU RI ����

YHKLFOHV RSHUDWLQJ VLPXOWDQHRXVO\� FDQ SRWHQWLDOO\ SURYLGH WKH YHU\ ODUJH SRRO RI SUREH

YHKLFOHV QHFHVVDU\ WR PDNH D SUREH YHKLFOH VWUDWHJ\ YLDEOH� 7KH H[LVWLQJ 0HWUR $9/
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V\VWHP LV EDVHG RQ XVLQJ RGRPHWU\ DQG �[HG URXWHV WR GHWHUPLQH WKH SRVLWLRQ RI D

WUDQVLW YHKLFOH� 7KLV V\VWHP ZDV GHVLJQHG WR EH XVHG IRU FRPPDQG DQG FRQWURO E\ WKH

WUDQVLW DJHQF\ GLVSDWFKHUV� /HYHUDJLQJ WKLV V\VWHP WR HVWLPDWH WUDYHO�WLPH UHTXLUHV D

FOHDU XQGHUVWDQGLQJ RI WKH RSHUDWLRQ RI WKH XQGRFXPHQWHG $9/ V\VWHP DQG WKH HUURUV

LQKHUHQW LQ WKH GDWD GHULYHG IURP WKH V\VWHP� )RU H[DPSOH� WKH GDWD DYDLODEOH IURP

WKH $9/ V\VWHP GR QRW LQFOXGH YHKLFOH SRVLWLRQ� 9HKLFOH SRVLWLRQ PXVW EH FDOFXODWHG

E\ FRPELQLQJ LQIRUPDWLRQ IURP WKH YHKLFOH �H�J�� GLVWDQFH WUDYHOHG�� LQIRUPDWLRQ IURP

WKH WUDQVLW DJHQF\ �H�J�� WKH �[HG URXWHV WUDYHOHG E\ HDFK PHPEHU RI WKH �HHW�� DQG

GLJLWDO PDSV� 6LQFH WKRVH GDWD DERXW HDFK YHKLFOH DUH XSGDWHG DSSUR[LPDWHO\ HYHU\

PLQXWH� PXOWLSOH REVHUYDWLRQV RI D WUDQVLW YHKLFOH
V ORFDWLRQ PXVW EH FRPELQHG WR FUHDWH

D VWDWLVWLFDOO\ FRUUHFW HVWLPDWRU RI FRUULGRU VSHHGV DQG WUDYHO�WLPHV� 7KLV EHFRPHV DQ

RSWLPDO HVWLPDWLRQ SUREOHP LQ WKH IDFH RI YDU\LQJ HUURUV LQ WKH SRVLWLRQ HVWLPDWH� 7KLV

SUREOHP LV DGGUHVVHG KHUH XVLQJ RSWLPDO �OWHU IRUPDOLVP ZLWK D V\VWHP PRGHO WR GH�

VFULEH WKH WLPH VHULHV SURGXFHG E\ WKH $9/ V\VWHP DV D YHKLFOH WUDYHOV D SUHGHWHUPLQHG

URXWH�

7KH 7UDQV1RZ FRPSRQHQW RI WKLV SURMHFW IRFXVHV RQ IUHHZD\ FRUULGRU VSHHGV DQG

WUDYHO�WLPH HVWLPDWHV� )UHHZD\ FRUULGRU WUDYHO�WLPH LV RQH RI WKH SULQFLSOH WRROV XVHG

E\ ORFDO SODQQLQJ DJHQFLHV� HYHQ WKRXJK LW LV GL�FXOW WR REWDLQ DFFXUDWH YDOXHV� )XU�

WKHU UHODWLQJ WKH REVHUYHG WUDYHO EHKDYLRU RI WUDQVLW FRDFKHV WR WKH VSHHG HVWLPDWHV

WKDW FRPH IURP LQGXFWDQFH ORRS WHFKQRORJ\ UHPDLQV D FKDOOHQJH� 0HWUR .LQJ &RXQW\

WUDQVLW YHKLFOHV DUH DOORZHG WR WUDYHO DV IDVW DV WUD�F ZLWKRXW UHJDUG WR VFKHGXOH RQ

WKH IUHHZD\ �HDUO\ DUULYDOV DUH PDGH XS E\ OD\RYHUV�� DQG� DV VXFK� WKH\ DUH D SRWHQ�

WLDOO\ ODUJH �HHW RI XQFRQVWUDLQHG SUREH YHKLFOHV� +RZHYHU� WKHVH VDPH YHKLFOHV DUH DOVR

XQFRQVWUDLQHG LQ WKHLU FKRLFH RI WUDYHO ODQH� 7KLV ODQH XQFHUWDLQW\ DQG WKH SRVLWLRQ

HVWLPDWH HUURUV PHQWLRQHG DERYH PDNH HVWLPDWLQJ FRUULGRU VSHHGV DQG WUDYHO�WLPHV� DV

ZHOO DV UHFRQFLOLQJ WKHVH HVWLPDWHV ZLWK RWKHU VHQVRU WHFKQRORJLHV �H�J�� ORRSV DQG SUREH

DXWRV�� D GL�FXOW SUREOHP�

,Q WKLV UHSRUW� ZH SUHVHQW WKH XVH RI LUUHJXODUO\ VDPSOHG SRVLWLRQV RI SUREH YHKLFOHV

WR HVWLPDWH URDGZD\ WUD�F FRQGLWLRQV� 3UREH YHKLFOH WHFKQLTXHV DUH VRPHWLPHV XVHG

WR HVWLPDWH WKH GXUDWLRQ RI DFWXDO WULSV IRU D VLQJOH YHKLFOH DQG IURP WKLV LQIHU FRUULGRU

WUDYHO FRQGLWLRQV� 7KLV WHFKQRORJ\ LV W\SLFDOO\ D YHU\ OLPLWHG VRXUFH RI GDWD EHFDXVH
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FRQWLQXRXVO\ DYDLODEOH WUDYHO WLPH DQG VSHHG HVWLPDWHV IURP D YDULHW\ RI ORFDWLRQV UH�

TXLUHV D ODUJH QXPEHU RI SUREH YHKLFOHV� +RZHYHU� WKH 0HWUR .LQJ &RXQW\ DXWRPDWLF

YHKLFOH ORFDWLRQ �$9/� HTXLSSHG WUDQVLW �HHW KDV RQ WKH RUGHU RI ���� YHKLFOHV RSHU�

DWLQJ VLPXOWDQHRXVO\ DQG FDQ SRWHQWLDOO\ SURYLGH D YHU\ ODUJH SRRO RI SUREH YHKLFOHV�

7KH H[LVWLQJ 0HWUR $9/ V\VWHP LV EDVHG RQ XVLQJ RGRPHWU\ DQG �[HG URXWHV WR GH�

WHUPLQH WKH SRVLWLRQ RI D WUDQVLW YHKLFOH� )RU H[DPSOH� WKH GDWD DYDLODEOH IURP WKH

$9/ V\VWHP GRHV QRW LQFOXGH YHKLFOH SRVLWLRQ� 9HKLFOH SRVLWLRQ PXVW EH FDOFXODWHG E\

FRPELQLQJ LQIRUPDWLRQ IURP WKH YHKLFOH �H�J�� GLVWDQFH WUDYHOHG�� LQIRUPDWLRQ IURP WKH

WUDQVLW DJHQF\ �H�J�� WKH �[HG URXWHV WUDYHOHG E\ HDFK PHPEHU RI WKH �HHW�� DQG GLJLWDO

PDSV� 6LQFH WKRVH GDWD DERXW HDFK YHKLFOH DUH XSGDWHG LUUHJXODUO\� EXW DSSUR[LPDWHO\

HYHU\ PLQXWH� PXOWLSOH REVHUYDWLRQV RI D WUDQVLW YHKLFOH
V ORFDWLRQ PXVW EH FRPELQHG

WR FUHDWH D VWDWLVWLFDOO\ FRUUHFW HVWLPDWRU RI FRUULGRU VSHHGV DQG WUDYHO WLPHV� 7KLV

EHFRPHV DQ RSWLPDO HVWLPDWLRQ SUREOHP LQ WKH IDFH RI YDU\LQJ HUURUV LQ WKH SRVLWLRQ

HVWLPDWH�
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'DWD &ROOHFWLRQ� 5HGXFWLRQ DQG
$QDO\VLV

7KH ,76 %DFNERQH� FUHDWHG DV SDUW RI WKH 6HDWWOH 6PDUW 7UHN 0RGHO 'HSOR\PHQW ,QL�

WLDWLYH� LV XVHG WR REWDLQ WKH UHDO�WLPH WUDQVLW YHKLFOH LQIRUPDWLRQ� 7KH ,76 %DFNERQH

LV D VHW RI SURWRFROV DQG SDUDGLJPV GHVLJQHG WR WLH ,76 DSSOLFDWLRQV WRJHWKHU� DQG LQ

WKLV FDVH� LV XVHG WR H[WUDFW LQIRUPDWLRQ IURP .LQJ &RXQW\ 0HWUR 7UDQVLW
V DXWRPDWLF

YHKLFOH ORFDWLRQ V\VWHP� 5HSUHVHQWDWLYH :HE SDJHV WKDW GRFXPHQW WKH LGHDV DQG VRIW�

ZDUH WKDW PDNH XS WKH ,76 %DFNERQH FDQ EH IRXQG LQ $SSHQGL[ $� 7KH %DFNERQH

SDJHV SURYLGH D VHW RI VRIWZDUH WKDW FDQ EH GRZQORDGHG DQG XVHG WR REWDLQ WKH $9/

GDWD DV SURGXFHG E\ 0HWUR
V $9/ V\VWHP� ,Q DGGLWLRQ� ?SDWWHUQ �OHV� WKDW UHSUHVHQW

WKH URXWHV WUDYHOHG E\ WKH WUDQVLW YHKLFOHV ZHUH REWDLQHG IURP 0HWUR 7UDQVLW�

��� 'DWD &ROOHFWLRQ

7KH VWDWLF DQG G\QDPLF WUDQVLW GDWD DUH ERWK REWDLQHG XVLQJ WKH ,QWHUQHW� 7KH VWDWLF

GDWD LV FRPSULVHG RI SDWWHUQ �OHV DQG WLPH SRLQW �OHV WKDW DUH IWS
G IURP 0HWUR 7UDQVLW�

7KHVH �OHV FRQWDLQ D UHSUHVHQWDWLRQ RI WKH VSDWLDO URXWH RYHU ZKLFK DQ LQGLYLGXDO WUDQVLW

YHKLFOH WULS ZLOO WUDYHO�

����� 6WDWLF 'DWD

7KUHH WLPHV SHU \HDU 0HWUR PDNHV PDMRU FKDQJHV WR WKLV GDWD� 7KHVH FKDQJHV DUH DV D

UHVXOW RI VFKHGXOH FKDQJHV DQG KDSSHQ LQ )HEUXDU\� -XQH� DQG 6HSWHPEHU� (YHU\ RWKHU
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ZHHN WKHUH DUH PLQRU XSGDWHV WR WKLV GDWD� 7KH GDWD IURP 0HWUR WKDW LV UHOHYDQW WR WKLV

SURMHFW FRPHV LQ WKH IRUP RI WZR $6&,, �OHV� SDWWHUQ�GDW DQG WSL�GDW� 7KH IROORZLQJ

LV D GHVFULSWLRQ RI WKH VFKHPD IRU HDFK RI WKHVH �OHV�

WSL�GDW � 73, VWDQGV IRU WLPHSRLQW LQWHUYDO �RU WLPHSRLQW LQWHUFKDQJH�� 73,V DUH

D GLUHFWLRQDO SDWK EHWZHHQ WZR WLPHSRLQWV� 7KHUH LV D VWDUWLQJ WLPHSRLQW� VRPH SRLQWV

LQ EHWZHHQ �FDOOHG VKDSH SRLQWV�� DQG DQ HQGLQJ WLPHSRLQW� 7KH WSL�GDW �OH� RU WDEOH�

FRQWDLQV DOO RI 0HWUR
V WSLV� $ 73, LV UHSUHVHQWHG DV D VHW RI URZV ZLWK WKH VDPH WSL LG

YDOXH� 7KHUH LV D XQLTXH WSL LG IRU HDFK 73,� 7KH �UVW URZ RI WKH 73, LV WKH VWDUWLQJ

WLPHSRLQW� DQG WKH ODVW URZ LV WKH HQGLQJ WLPHSRLQW� 7KHUH LV D IURP WS FROXPQ DQG D

WR WS FROXPQ IRU HYHU\ URZ� 7KH GLVWDQFH FROXPQ LV WKH GLVWDQFH IURP WKH VWDUW RI WKH

WSL� 7KH VHTXHQFH FROXPQ LV WKH LQGH[ RI WKDW URZ RI WKH WSL ��� �� �� ����� 7KH VFKHPD

DQG GDWD IRU WSL LG �������� LV VKRZQ LQ )LJXUH ����

1DPH 7\SH 0HDQLQJ
WSL LG LQW XQLTXH LGHQWL�HU IRU D WSL
VHTXHQFH LQW LQGH[ RI VKDSH SRLQW
[ FRRUG GRXEOH VWDWH SODQH �:$ 1RUWK =RQH� [ FRRUGLQDWH
\ FRRUG GRXEOH VWDWH SODQH �:$ 1RUWK =RQH� \ FRRUGLQDWH
GLVWDQFH GRXEOH GLVWDQFH IURP WKH VWDUW RI WKH WSL
IURP WS LQW VWDUWLQJ WLPHSRLQW
WR WS LQW HQGLQJ WLPHSRLQW

WSL�GDW IRU WSLBLG� ��������
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)LJXUH ���� 73, VFKHPD DQG GDWD�

SDWWHUQ�GDW� $ SDWWHUQ LV WKH SDWK WKDW D URXWH ZLOO IROORZ� $ SDWWHUQ LV DQ

RUGHUHG VHW RI 73,
V� 7KLV �OH FRQWDLQV DOO RI 0HWUR
V SDWWHUQV IRU SD\�VHUYLFH URXWHV

�



EXW GRHV QRW LQFOXGH GHDG�KHDGV �QRQ VHUYLFH WULSV�� $ SDWWHUQ LV UHSUHVHQWHG DV WKH VHW

RI URZV ZLWK WKH VDPH SDWWHUQ LG YDOXH� 7KHUH LV D XQLTXH SDWWHUQ LG IRU HDFK SDWWHUQ�

DQG WKHUH LV D SDWWHUQ IRU HDFK URXWH� 7KH GH�QLWLRQ RI WKH VFKHPD IRU SDWWHUQ�GDW LV

VKRZQ LQ )LJXUH ����

1DPH 7\SH 0HDQLQJ
SDWWHUQ LG VWULQJ XQLTXH LGHQWL�HU IRU D SDWWHUQ
SDWWHUQ VHT LQW LQGH[ RI WSL LQ WKLV SDWWHUQ
WSL OHQJWK GRXEOH OHQJWK RI WKH WSL LQ WKLV URZ
WSL LG ORQJ XQLTXH LGHQWL�HU IRU WSL
IURP WSQDPH VWULQJ VWDUWLQJ WLPHSRLQW QDPH IRU WKLV URZ
V WSL
WR WSQDPH VWULQJ HQGLQJ WLPHSRLQW QDPH IRU WKLV URZ
V WSL
WR WS LQW HQGLQJ WLPHSRLQW IRU WKLV URZ
V WSL

SDWWHUQ�GDW IRU URXWH �
��������_�_�������_��������_/. :$6+ ( 0$'521$ '5_�� $9 ( 81,21 67_����_����
��������_�_�������_��������_�� $9 ( 81,21 67_�� $9 ( 81,21 67_����_����

)LJXUH ���� 3DWWHUQ �OH VFKHPD DQG GDWD�

����� '\QDPLF 'DWD

7KH VHFRQG W\SH RI GDWD XVHG LQ WKLV H�RUW LV WKH G\QDPLF WUDQVLW YHKLFOH ORFDWLRQ GDWD

IURP 0HWUR
V $XWRPDWLF 9HKLFOH /RFDWLRQ �$9/� 6\VWHP� 7R REWDLQ WKLV GDWD� WKH ,76

%DFNERQH LV XVHG ZLWK IUHHO\ DYDLODEOH VRIWZDUH ORFDWHG DW�

KWWS���ZZZ�LWV�ZDVKLQJWRQ�HGX�EDFNERQH�

,QFOXGHG LQ WKLV VRIWZDUH DUH WZR FOLHQWV QDPHG 6GG)ODVK DQG 6GG)LOWHU WR IDFLOLWDWH

LQWHUDFWLRQV ZLWK WKH GDWD VWUHDP� 7KHVH WZR DSSOLFDWLRQV DUH XVHG WR FROOHFW DQG

DQDO\]H WKH WUDQVLW GDWD� 6GG)ODVK LV D MDYD FOLHQW GLVWULEXWHG ZLWK WKH LWV�DSS SDFNDJH�

7KH FOLHQW OLVWHQV WR WKH 6GG VHUYHU DW SRUW ���� DQG JLYHV RXW D FRQWLQXRXV VWUHDP

RI $9/ GDWD� 6GG)LOWHU� D 3HUO SURJUDP� SDUVHV WKH VWUHDP RI $9/ GDWD DQG RXWSXWV

$9/ GDWD IURP VHOHFWHG URXWHV�

6GG)ODVK� 6GG)ODVK LV DQ IWS�OLNH FOLHQW WKDW R�HUV D FRPPDQG�OLQH LQWHUIDFH

WR LQVSHFW DQ\ 6'' VWUHDP� ,WV RXWSXW FDQ EH GLUHFWHG LQWR D �OH RU LQWR DQ\ RWKHU

�



SURJUDP IRU �OWHULQJ RU DQDO\VLV� )LOHV FRQWDLQLQJ RXWSXW IURP 6GG)ODVK DQG QDPHG

ZLWK WKH VX�[ �FVY FDQ EH RSHQHG GLUHFWO\ E\ DQ\ SURJUDP WKDW FDQ UHDG WH[W �OHV� ,W

LV LQYRNHG E\ W\SLQJ�

MDYD LWV�DSS�6GG)ODVK >�VWUHDP@ KRVWQDPH SRUW >WDEOH@

7KLV DSSOLFDWLRQ SULQWV D WDEOH IURP DQ 6'' VWUHDP WR VWDQGDUG RXWSXW LQ D WDEXODU

IRUPDW �FRPPD VHSDUDWHG� ZLWK FROXPQ KHDGHUV RQ WKH �UVW OLQH�� 7KH GHIDXOW EHKDYLRU

LV WR SULQW WKH URZV RI GDWD DYDLODEOH IURP D VLQJOH 6'' IUDPH DQG WKHQ WHUPLQDWH� 7KLV

QRQ�VWUHDPLQJ EHKDYLRU LV XVHIXO IRU FKHFNLQJ WKH VWDWXV RI D VWUHDP HLWKHU IURP WKH

FRPPDQG OLQH RU LQ RWKHU RQ�GHPDQG VLWXDWLRQV VXFK DV FJL VFULSWV�

7KH WDEOH SDUDPHWHU LV RSWLRQDO� DQG LI RPLWWHG� D OLVW RI WKH WDEOHV DYDLODEOH LQ WKH

6'' VWUHDP ZLOO EH SULQWHG� :KHQ WKH WDEOH SDUDPHWHU LV VSHFL�HG� LW FDQ QDPH D

WDEOH ZKRVH GDWD RULJLQDWHV LQ HLWKHU WKH &RQWHQWV RU 'DWD IUDPH RI WKH 6'' VWUHDP�

0RUH WKDQ RQH WDEOH FDQ EH VSHFL�HG� LQ ZKLFK FDVH WKH GDWD IRU HDFK ZLOO EH SULQWHG�

VHSDUDWHG E\ D EODQN OLQH�

,I WKH ?�VWUHDP� SDUDPHWHU LV VSHFL�HG� WKH SURJUDP GRHV QRW WHUPLQDWH� EXW LQVWHDG

NHHSV OLVWHQLQJ IRU LQFRPLQJ GDWD IUDPHV DQG SULQWLQJ WKH QHZ URZV RI GDWD LW �QGV LQ

HDFK RQH� ,Q WKLV PRGH� WKH WDEOH RU WDEOHV VSHFL�HG PXVW RULJLQDWH LQ WKH 6'' 'DWD

IUDPH� ,I RQO\ D VLQJOH WDEOH LV VSHFL�HG� WKH FROXPQ KHDGHUV ZLOO RQO\ EH SULQWHG RQFH�

6GG)LOWHU� 6GG)LOWHU LV D SURJUDP GHVLJQHG WR H[DPLQH WKH RXWSXW RI 6GG)ODVK

DQG UHWDLQ RQO\ WKRVH OLQHV WKDW PDWFK XVHU�VSHFL�HG FULWHULD� 2WKHU �OWHU XWLOLWLHV VXFK

DV JUHS �RQ 8QL[� DQG �QGVWU �RQ :LQGRZV 17� FDQ RIWHQ EH XVHG MXVW DV H�HFWLYHO\�

EXW 6GG)LOWHU DOORZV WKH LQGLYLGXDO FROXPQV RI GDWD LQ HDFK URZ WR EH H[DPLQHG DQG

XVHG LQ DQ DUELWUDU\ H[SUHVVLRQ� $Q LQWHUSUHWHU IRU WKH 3HUO ODQJXDJH� YHUVLRQ ��� RU

JUHDWHU� LV UHTXLUHG WR UXQ 6GG)LOWHU� 7KH FRPPDQG WR UXQ VGG�OWHU LV�

SHUO VGGILOWHU�SO FULWHULRQ ���

(DFK FULWHULRQ LV D 3HUO H[SUHVVLRQ LQYROYLQJ WKH FROXPQ QDPHV LQ WKH LQSXW 6''

VWUHDP� ZKLFK LV UHDG IURP VWDQGDUG LQSXW� 6GG�OWHU H[SHFWV LQSXW VLPLODU WR WKDW

SURGXFHG E\ 6GG)ODVK �FRPPD�VHSDUDWHG� ZLWK FROXPQ QDPHV RQ WKH �UVW OLQH��

�



)RU H[DPSOH� WR YLHZ WKH SURJUHVV RI DOO EXVHV FXUUHQWO\ VHUYLQJ 0HWUR 5RXWH ���

W\SH�

MDYD LWV�DSS�6GG)ODVK VWUHDP VGG�LWV�ZDVKLQJWRQ�HGX ���� DYO GDWD _

SHUO 6GG)LOWHU�SO VYF URXWH   ��

8VLQJ WKHVH WZR SURJUDPV� WKH $9/ GDWD LV FROOHFWHG DQG �OWHUHG IRU IXUWKHU XVDJH�

7KH $9/ GDWD VWUHDP IRUPDW LV�

9HKLFOH ,'� 'DWH 7LPH� 3DWWHUQ ILOH� /DVW 6LJQSRVW�

'LVWDQFH )URP 6LJQSRVW� 'LVWDQFH IURP VWDUW

��� 'DWD 5HGXFWLRQ

6HYHUDO VWHSV DUH WDNHQ WR UHRUJDQL]H WKH GDWD SULRU WR DQDO\VLV�

�� 7KH GDWD LV VRUWHG DFFRUGLQJ WR GL�HUHQW SDWWHUQV�

�� 7KH SDWWHUQ�VRUWHG GDWD LV WKHQ VRUWHG DFFRUGLQJ WR UXQV DORQJ WKH SDWWHUQ RQ

GL�HUHQW GD\V�

�� 7KH GDWH�VRUWHG GDWD LV WKHQ VRUWHG DFFRUGLQJ WR GL�HUHQW UXQV DORQJ WKH SDWWHUQ

RQ WKH VDPH GD\�

�� 7KH WULS�VRUWHG GDWD LV WKHQ VWULSSHG WR FRQWDLQ WLPH LQ VHFRQGV DQG GLVWDQFH LQ

IHHW� 7KLV ZDV GRQH WR IDFLOLWDWH DQDO\VLV LQ 0DWODE�

7KH GDWD LV WKHQ DUFKLYHG IRU IXWXUH DQDO\VLV�

��� 'DWD $QDO\VLV

$ OLQHDU UHODWLRQVKLS EHWZHHQ SRVLWLRQ DQG WLPH ZDV SRVWXODWHG IRU WKH PRGHO RI YHKLFOH

PRWLRQ� 7KLV� LQ H�HFW� VXJJHVWV D FRQVWDQW YHORFLW\ PRGHO IRU VXEVHWV RI WKH WUDYHO SDWK

ZKHUH WKH GHYLDWLRQV IURP WKLV PRGHO DUH LGHQWL�HG DV SDUW RI WKH UDQGRPQHVV LQKHUHQW

LQ WKH SURFHVV �H�J�� VWRSSLQJ DQG VWDUWLQJ DUH H�HFWLYHO\ QRLVH�� 7KLV LV UHDVRQDEOH EDVHG

RQ WKH IDFW WKDW WKH $9/ V\VWHP VDPSOHV WKH SRVLWLRQ RI WKH YHKLFOHV LQIUHTXHQWO\ �H�J��

��



��� PLQXWHV EHWZHHQ VDPSOHV� UHODWLYH WR WKH DFWXDO PRWLRQ RI WKH WUDQVLW YHKLFOH� 7KH

OLQHDU UHODWLRQVKLS EHWZHHQ WLPH DQG VSDFH LV TXDQWL�HG E\ HVWLPDWLQJ SDUDPHWHUV IRU

WKH OLQHDU PRGHO�

����� $VVXPSWLRQV

,Q WKLV ZRUN LW LV DOVR SRVWXODWHG WKDW D YHKLFOH WULS RYHU WKH VDPH URXWH DW WKH VDPH

WLPH RI GD\ EXW RQ GL�HULQJ GD\V LV DQ HQVHPEOH UHDOL]DWLRQ RI WKH VDPH SURFHVV� 7KH

GDWD FRQWDLQLQJ WKH WLPH DQG SRVLWLRQ LQIRUPDWLRQ IRU D SDUWLFXODU WULS RQ GL�HUHQW GD\V

DORQJ WKH VDPH SDWWHUQ �OH LV DPDOJDPDWHG WR HVWLPDWH WKH SDUDPHWHUV IRU WKH OLQHDU

�W RYHU WKH GDWD� ,W LV LPSRUWDQW WR QRWH WKDW LQ WKLV PRGHO WKHUH DUH WZR REVHUYHG

TXDQWLWLHV� SRVLWLRQ DQG WLPH� 7KLV LPSOLHV WKDW WKHUH DUH WZR GHSHQGDQW YDULDEOHV DQG

QR LQGHSHQGHQW YDULDEOH� ,Q WKLV FDVH� UHJUHVVLRQ WHFKQLTXHV DUH QRW DSSOLFDEOH DQG WKH

SDUDPHWHUV DUH HVWLPDWHG XVLQJ WKH IROORZLQJ DSSURDFK�

�� 7KH DUWHULDO GDWD DQG IUHHZD\ GDWD DUH VHSDUDWHG XVLQJ LQIRUPDWLRQ IURP WKH

SDWWHUQ �OHV�

�� $ OLQHDU UHJUHVVLRQ LV SHUIRUPHG RQ WKH GDWD WR JHW WKH LQLWLDO HVWLPDWHV IRU WKH

SDUDPHWHUV�

�� 7KH GDWD LV WKHQ GH�WUHQGHG WR FRPSXWH WKH YDULDQFH LQ SRVLWLRQ DQG WLPH�

�� 7KH YDULDQFH� DQG WKH SDUDPHWHUV IURP WKH OLQHDU UHJUHVVLRQ� DUH XVHG LQ WKH

DOJRULWKP SUHVHQWHG LQ WKH QH[W VHFWLRQ WR HVWLPDWH WKH SDUDPHWHUV IRU WKH K\�

SRWKHVL]HG OLQHDU PRGHO IRU WKH $9/ GDWD�

����� 0D[LPXP /LNHOLKRRG )LW $OJRULWKP IRU 'HSHQGDQW 9DUL�

DEOHV

7KH JHQHUDO IRUP IRU WKH PRGHO LV

W  I�[� D� E�� �����

:H K\SRWKHVL]H WKDW WKLV UHODWLRQVKLS LV OLQHDU� DQG WKH OLQHDU PRGHO LV ZULWWHQ

W  D[� E� �����

��



8QOLNH VWDQGDUG OLQHDU UHJUHVVLRQ SUREOHPV ZKHUH WKHUH LV D FRQWURO YDULDEOH �H�J�� [�

DQG DQ REVHUYHG YDULDEOH �H�J�� W�� WKLV PRGHO KDV WZR REVHUYHG YDULDEOHV �H�J�� [� W� DQG

QR FRQWURO YDULDEOH�

7KH PD[LPXP OLNHOLKRRG PHWKRGRORJ\ LV FKRVHQ RYHU WKH VLPSOHU OLQHDU UHJUHVVLRQ

EDVHG RQ WZR REVHUYDWLRQV� �� WKH REVHUYDEOHV XVHG LQ HVWLPDWLQJ WKH SDUDPHWHUV �D� E�

DUH VWDWLVWLFDO TXDQWLWLHV DQG �� WKH VWDWLVWLFV DW HDFK HVWLPDWH DUH LQGHSHQGHQW RI WKH

RWKHU HVWLPDWHV� 7KHVH WZR FRQGLWLRQV YLRODWH WKH DVVXPSWLRQV QHFHVVDU\ WR XVH D VLP�

SOH UHJUHVVLRQ WHFKQLTXH� 7KH IROORZLQJ GHYHORSPHQW SURYLGHV D PD[LPXP OLNHOLKRRG

PHWKRGRORJ\ IRU HVWLPDWLQJ WKH SDUDPHWHUV RI RXU PRGHO LQ WKH FRQWH[W RI RXU REVHUY�

DEOHV�

7KH GHYLDWLRQ RI D PHDVXUHPHQW IURP WKH OLQHDU PRGHO LV ZULWWHQ DV

(UURU � �L  WL � W�[L� D� E�� �����

:H DSSUR[LPDWH WKHVH HUURUV DV EHLQJ QRUPDOO\ GLVWULEXWHG VR WKDW WKH SUREDELOLW\

GHQVLW\ IXQFWLRQ FDQ EH ZULWWHQ DV

I���� [L� WL� D� E�  

�
�� L

H[S

��
����

¥
WL � \�[L� D� E�

 L

��� 
� � �����

ZKHUH  L LV WKH VWDQGDUG GHYLDWLRQ RI WKH HUURUV �L� 1RZ� LI [L DQG WL DUH XQFRUUHODWHG

LQ WKH FOXVWHU RI PHDVXUHPHQWV IRU WKH LWK VLWH�

 �L   �WL � D� �[L
�����

DQG ZKHQ ZH VXEVWLWXWH ��� LQWR HTXDWLRQ ��� ZH JHW�

I��L�  
�

��� �WL � D� �[L
�� �

�H[S

�
���
�
�
�WL � D[L � E��

 �WL � D� �[L

�
� �����

$ OLNHOLKRRG IXQFWLRQ IRU WKHVH VWDWLVWLFV LV ZULWWHQ DV

/��� D� E�  
1<
L �

I��L� D� E�� �����

��



0D[LPL]LQJ WKLV OLNHOLKRRG IXQFWLRQ LV HTXLYDOHQW WR PLQLPL]LQJ WKH QHJDWLYH RI LWV ORJ

ZLWK UHVSHFW WR WKH SDUDPHWHUV� DQG VR WKH EHVW HVWLPDWH RI WKH SDUDPHWHUV VDWLV�HV

#

#D
��OQ�/��� D� E��  � �����

#

#E
��OQ�/��� D� E��  �� �����

7KLV UHVXOWV LQ FRXSOHG QRQOLQHDU HTXDWLRQV� 7KH LQWHUFHSW WHUP �E� LV ZULWWHQ

E  

1;
L �

WL � D[L
 �WL � D� �[L

1;
L �

�

 �WL � D� �[L

� ������

7KH H[SUHVVLRQ UHVXOWLQJ IURP HTXDWLRQ ��� LV

1;
L �

D [L

$
 

1;
L �

�$%[L � �D%
� �[L

$�
� ������

ZKHUH

$   �W � D� �[L

%  WL � D[L � E

GRHV QRW UHVXOW LQ D FORVHG IRUP H[SUHVVLRQ IRU WKH FRH�FLHQW D� (TXDWLRQV ���� DQG

���� DUH VROYHG LWHUDWLYHO\ IRU WKH SDUDPHWHUV D DQG E� 7KLV LV GRQH XVLQJ D 1HZWRQ
V

PHWKRG�

$Q H[DPSOH RI WKH �WWLQJ SURFHVV IRU GDWD IURP ,�� LV VKRZQ LQ )LJXUH ���� DQG DQ

H[DPSOH UHVXOW IURP 65��� LV VKRZQ LQ )LJXUH ����

����� 6WDWLVWLFV DQG 'LVWULEXWLRQ 0HPEHUVKLS 7HVW

:H XVH WKH .ROPRJRURY�6PLUQRY �.6� WHVW WR HVWDEOLVK WKDW WKH GHYLDWLRQV RI WKH $9/

GDWD IURP WKH OLQHDU PRGHO DUH QRUPDOO\ GLVWULEXWHG� 7KH .6 WHVW VWDWLVWLF ' LV WKH

PD[LPXP DEVROXWH GL�HUHQFH EHWZHHQ WZR FXPXODWLYH GLVWULEXWLRQV� $ ODUJH YDOXH RI

WKH VLJQL�FDQFH OHYHO RI WKLV VWDWLVWLF LQGLFDWHV WKDW WKH WZR FXPXODWLYH GLVWULEXWLRQV

DUH WKH VDPH�

��
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Pattern 30101031 on I5 for 2 months

)LJXUH ���� 7UDQVLW SRVLWLRQ GDWD IRU ,QWHUVWDWH ��

7KH HUURU LQ WKH OLQHDU PRGHO LV �L  WL�I�[L� D� E�� 'DWD SRLQWV LQ ���� IRRW LQWHUYDOV

RQ WKH ,�� FRUULGRU DUH XVHG� DQG WKH GHYLDWLRQ RI WKH GDWD SRLQWV IURP WKH OLQHDU PRGHO

LV FRPSXWHG� 7KH PHDQ DQG YDULDQFH RI WKH GHYLDWLRQV DUH WKHQ FRPSXWHG� DQG WKH

UHIHUHQFH QRUPDO FXPXODWLYH GLVWULEXWLRQ � �3 �[�� LV FRQVWUXFWHG� 7KH OLVW RI GDWD SRLQWV

LV FRQYHUWHG WR DQ XQELDVHG HVWLPDWRU RI WKH FXPXODWLYH GLVWULEXWLRQ �61�[�� ZKLFK LV

WKH IUDFWLRQ RI WKH GDWD SRLQWV WR WKH OHIW RI D JLYHQ YDOXH RI [�

7KH .�6 VWDWLVWLF ' LV

'  PD[
�D�[�E

M �3 �[�� 61 �[�M ������

DQG LV FRPSXWHG XVLQJ WKH H[SHULPHQWDO UHVXOWV� 7KH VLJQL�FDQFH OHYHO RI WKH VWDWLVWLF�

��
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Pattern 30101031 on SR99 for 2 months

)LJXUH ���� 7UDQVLW SRVLWLRQ GDWD IRU 6WDWH 5RXWH ���

JLYHQ E\ >�@� LV

3UREDELOLW\�' ! REVHUYHG�  4.6

�
>
S
1 � ���� � ���� 

S
1 @'

�
� ������

ZKHUH 1 LV WKH QXPEHU RI GDWD SRLQWV EHLQJ FRQVLGHUHG DQG

4.6���  �
�;
M �

����M��H��M���� ������

/DUJH YDOXHV RI WKH VLJQL�FDQFH OHYHO RI WKH SUREDELOLW\ LQGLFDWH WKDW WKH WZR GLVWULEX�

WLRQV DUH WKH VDPH� 7KH VDPH SURFHGXUH LV UHSHDWHG IRU WKH DUWHULDO UHJLRQ ZKHUH GDWD

SRLQWV IRU HYHU\ ��� IHHW DUH XVHG�

��



([DPSOHV RI WKH UHVXOWV RI WKH QRUPDOLW\ WHVW RYHU WKH ,�� IUHHZD\ SRUWLRQ RI WKH

SDWK RI WKH YHKLFOH RQ VHUYLFH 5RXWH ��� DUH VKRZQ LQ )LJXUH ���� DQG UHVXOWV IRU VHUYLFH

5RXWH ��� RQ WKH 65��� DUWHULDO DUH VKRZQ LQ )LJXUH ����
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Interstate 5

)LJXUH ���� 7UDQVLW SRVLWLRQ QRUPDOLW\ WHVW IRU ,���

����� .DOPDQ �OWHU

,Q WKLV SURMHFW� D IUDPHZRUN IRU PRGHOLQJ WKH WLPH VHULHV DULVLQJ IURP WKH $9/ V\VWHP

ZDV GHYHORSHG DQG DQ RSWLPDO �OWHU PHWKRG ZDV XVHG WR HVWLPDWH VSHHG DV D IXQFWLRQ

RI VSDFH DQG WLPH� 7KH VWDWH YHFWRU IRU WKLV PRGHO FRQWDLQV WKH SRVLWLRQ �[�� WKH VSHHG

�V�� WKH DFFHOHUDWLRQ �D�� DQG WKH MHUN �M��

;  

�
����
[
Y
D
M

�
���� � ������
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State Route 99

)LJXUH ���� 7UDQVLW SRVLWLRQ QRUPDOLW\ WHVW IRU 6WDWH 5RXWH ���

7KH SURFHVV PRGHO IRU WKLV VWDWH YHFWRU LV XSGDWHG WHPSRUDOO\� DQG WKHVH XSGDWHV

FRQWDLQ DQ DGGLWLYH QRUPDO UDQGRP HUURU �Z��

;N��  $;N � ZN� ������

)XUWKHU� WKH PHDVXUHPHQW YHFWRU �=� FRQVLVWV RI WKH REVHUYHG SRVLWLRQ �]� DQG WLPH RI

REVHUYDWLRQ �W�

=  
�
¡
]

�
� ������

7KH PHDVXUHPHQW PRGHO LV

=N  +N;N � YN� ������

ZKHUH ZN UHSUHVHQWV WKH HUURUV LQ WKH PHDVXUHPHQW SURFHVV� :LWK WKLV SUREOHP GH�
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V $9/�HTXLSSHG �HHW

DV SUREH YHKLFOHV� ,Q WKLV SURMHFW� WKDW XVHV WUDQVLW YHKLFOHV DV SUREHV� D IUDPHZRUN IRU

PRGHOLQJ WKH WLPH VHULHV DULVLQJ IURP WKH $9/ V\VWHP LV GHYHORSHG� DQG DQ RSWLPDO

�OWHU PHWKRG LV XVHG WR HVWLPDWH VSHHG DV D IXQFWLRQ RI VSDFH DQG WLPH� ,Q WKLV ZRUN�

DQ RSWLPDO VROXWLRQ IRU WKH VWDWH YHFWRU� FRQWDLQLQJ WKH YDULDEOHV VSHHG DQG SRVLWLRQ� LV

SRVVLEOH DW HDFK VWHS XVLQJ WKH .DOPDQ �OWHU UHVXOW� 7KLV W\SH RI �OWHU VROXWLRQ UHTXLUHV

WKH FUHDWLRQ RI D PRGHO IRU WKH SURFHVV� LQ WKLV FDVH� D UHODWLRQVKLS EHWZHHQ ORFDWLRQ

DQG WLPH IRU WKH YHKLFOHV� DQG WKH FUHDWLRQ RI D PHDVXUHPHQW PRGHO WR DFFRXQW IRU

PHDVXUHPHQW HUURUV� )XUWKHU� WKH XVH RI VXFK IRUPDOLVP GHSHQGV XSRQ WKH DVVXPSWLRQ

WKDW WKH GHYLDWLRQV RI WKH DFWXDO V\VWHP IURP WKH LGHDOL]HG PRGHO DUH LQGHHG QRUPDOO\

GLVWULEXWHG� 7KH HUURUV LQ WKH PHDVXUHPHQW PRGHO DUH WDNHQ GLUHFWO\ IURP WKH VSHFL�FD�
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Release 2.0.0 Beta 6

Self Describing Data Java Support

1. Overview

The wide variety of remote sensors used in Intelligent Transportation Systems (ITS) applications
(loops, probe vehicles, radar, cameras, etc.) has created a need for general methods by which data
can be shared among agencies and users who own disparate computer systems. The content and
makeup of this data can change over time without the data provider notifying the users. For
example, a traffic management center may have a set of inductance loops that provide data for
Independent Service Providers (ISP) and other centers. The operators of this center may arbi-
trarily change the number, order, and/or type of sensors (e.g. substitute radar for loops) in the data
they are transmitting. To be able to continuously use such data, changes need to propagate auto-
matically to any downstream users.

To share data with time-varying features requires that both the sender and the recipient of the
data agree on a protocol to define the contents and meaning of the data. This protocol must allow
the source of the data to communicate changes to the downstream users while preserving the
meaning of the data. The software components of the package distributed here provide such a
protocol in the form of a general transfer mechanism called self-describing data (SDD). An SDD
transfer consists of a Data Dictionary followed by a continuous stream of raw sensor data (see
Figure 1). The Data Dictionary leverages the power of conventional data description languages,
specifically a subset of SQL92, to describe the meta-data properties of the subsequent sensor data
stream. An SDD transfer ends either when a new data dictionary is received or when the transport
protocol used to deliver the SDD is interrupted. The software in this package has been used to
provide data feeds for a wide variety of ITS products and is applicable to a variety of data types
and sensors.

Figure 1:  Self-Describing Data Transfer data stream

2. Introduction

The Self-Describing Data (SDD) applications programming interface (API) of the ITS Backbone
is depicted in Figure 2. The overall backbone design includes transmitters, operators, and receiv-
ers, stacked into three functional layers: Domain, SDD, and Frame, as shown in Figure 2. The
software in this current release implements only the receiver portion of the API. The receiver
software included is represented schematically by the SDD 2.0.0 column to the right of the
Receivers in Figure 2. The software included is based in an object oriented paradigm, wherein
the data types indicated in Table 1 are accessed using the associated callbacks, also identified in

Data Dictionary Data DataData
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Table 1. In the callback model, classes register to be notified of events from event sources. When
the event source produces an event, the callback methods in the registered classes are executed
with the event as a parameter. The mapping of the various data types into the layered API model
in Figure 2 is represented in Table 1.

Table 1. The API callbacks and data types.

The ItsFrame data type is a transport delivery construct used to pass serialized data between the
transmitter and the receivers. These frames contain data encoded using the ASN.1 basic encoding
rules (BER) and represent the various entities depicted in Figure 1. (For more information see
both the SDD article (http://www.its.washington.edu/pubs/sdd.pdf) and report (http://
www.its.washington.edu/pubs/sdd_report.pdf).)

The ItsFrameReceiver (see Figure 2) is a class that receives data from a network socket connec-
tion and produces ItsFrame events. It is initialized and connected to an SDD data source using a
host name and data port number. Once the connection has been established, a number of
ItsFrame objects are transmitted to the receiver. These are validated, serialized, and made avail-
able to registered classes via the itsFrameReceived callback method (see Figure 2), which takes
an ItsFrame as input.

The SDD layer produces four individual types of data:

� Schema:  an object containing an SQL2 compliant data-definition language describing the
data stream as a collection of tables.

� Contents:  an object containing meta-data values to be inserted into one or more of the
tables defined by the Schema.

epyTataD leveLIPA kcabllaC ssalC

emarFstI emarF devieceRemarFstI revieceRemarFstI

amehcS DDS devieceRamehcS revieceRddS

stnetnoC DDS devieceRtnetnoC revieceRddS

rotcartxE DDS devieceRrotcartxE revieceRddS

)waR(ataD DDS devieceRataD revieceRddS

ataDdetcartxE niamoD devieceRataDdetcartxE revieceRddS
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� Extractor:  a compressed JAVA jar file containing a data factory class that can convert the
raw binary into tabular objects defined by the data tables (those tables ending with
“_DATA”) in the Schema.

� Data:  the raw binary data.

The SddReceiver receives ItsFrames via the itsFrameReceived callback from its internal
ItsFrameReceiver. The receiver parses the ITS frame using the frame parser and expands the two
BER packets contained in the frame. The first packet in an ITS frame contains a serial number - a
17-character timestamp with the format ‘yyyymmddhhmmssmmm’ (a four-digit year designation,
followed by a two-digit month, a two-digit date, a two-digit hour, a two-digit minute, a two-digit
second, and a three-digit millisecond). The serial number is used in the receiver to maintain state
and relate meta-data to data. The second BER packet in the ItsFrame contains the SDD data type
packet, which contains either meta-data (Schema, Contents, and Extractor) or binary data.

Figure 2: SDD Application Programming Interface

The serial number and the Sdd packet are packaged into an SDD event and passed back via one
of the four SDD callbacks specified in Figure 2. The SDD Receiver monitors the SDD events
and their associated serial numbers to maintain state. There are specific relationships between the
serial numbers and the individual data types: (1) Schemas and Extractors must have the same
serial number, (2) Contents and Data must have the same serial numbers, and (3) the Contents/
Data serial numbers must be greater-than-or-equal-to the Schema/Extractor serial numbers.

To obtain the data, the user must register listeners for the various callbacks. Registered listeners
will produce output in the sequence: Schema, Contents, Extractor events, followed by a stream of
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Data events, where every event in the data stream will have the same serial number as the current
Contents until a new Contents arrives as part of a new Data Dictionary. See Table 1 for the Sdd
event callbacks.

The domain level of the API allows users to access Extracted Data. Extracted Data is the result of
expanding the raw binaries into tabular objects corresponding to the data tables defined in the
Schema. These events are produced in the SddReceiver by taking the latest Extractor and apply-
ing it to each of the Data events in the incoming stream. The domain level callback, in Figure 2,
for Extracted Data is extractedDataReceived.

3. Installing SDD2.0.0b6

First, make sure you’ve installed the 1.1.6 release of the Java Development Kit. To test this, type
“java -version.” If this command does not return the string “java version 1.1.6,” download the
JDK at:

http://www.javasoft.com/products/jdk/1.1/index.html.

The Zip file for the beta release of the SDD Receiver can be found at:

ftp://ftp.its.washington.edu/pub/mdi/SDD/v2.0.0/sdd2.0.0b6.zip

The URL above will work from a web browser; if you use anonymous FTP, ftp to
ftp.its.washington.edu and get the file:

pub/mdi/SDD/v2.0.0/sdd2.0.0b6.zip

� Unzip this file in a local directory, for example, c:\sdd. You will find a “lib” folder that
contains a file called its.zip. This file contains java classes and source code. It does not
need to be unzipped to run the SDD Receiver; you can use it as is.

� Add c:\sdd\lib\its.zip to your classpath environment variable.

Windows users may wish to create batch files to set the classpath and run the example programs
all at once. This helps prevent problems caused by editing your global classpath. A batch file to
run the basic receiver would look like this:

REM Run the SDD Receiver
set classpath=c:\sdd\lib\its.zip
java its.app.SddAutoExtractReceiver

The other example program, SddDatabaseReceiver, requires a JDBC driver from your database
vendor. Whatever package the vendor distributes must be on your classpath. So a batch file to run
SddDatabaseReceiver would look like:
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REM Run the SDD Database Receiver
set classpath=c:\sdd\lib\its.zip;c:\oracle\lib\classes111.zip
java its.app.SddDatabaseReceiver

where “c:\oracle\lib\classes111.zip” is the name of the JDBC driver distributed by Oracle to
access an Oracle database. If you are using a different type of database, contact the vendor for
information about access through JDBC.

4. Running the Examples

Two example applications have been provided for the user’s benefit. The first,
SddAutoExtractReceiver, allows the user to connect and get data from any Sdd data source. To
run this application, first make sure your classpath contains its.zip, as described in Section 3.
Next, issue the command:

java its.app.SddAutoExtractReceiver

The following control panel will appear. At this time TMS Loop data is available at port 8411,
and Automatic Vehicle Location (AVL) data is available at 8412.

The user is required to set the host and port for the SDD data source (8411=TMS, 8412=AVL).
This application produces output files containing the Schema, Contents, Extractor, Data, and
ExtractedData. The user can specify which of these files to produce. In all cases, new files will be
created every time a new serial number instance arrives. Data and ExtractedData files can be
appended or overwritten. If append is specified for the binary Data, a log file is created, indicat-
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ing the date, Binary Large Object (BLOB) size, and offset into the file, to allow the user to
reconstruct the data parcels.

The second application, SddDatabaseReceiver, loads Schema, Contents, and ExtractedData
directly into a database, leveraging Java’s JDBC capabilities. To run this application, a database
engine with remote access capability and its corresponding jdbc driver is required. The driver
must be installed on the client machine. Consult the driver’s documentation to obtain the neces-
sary class name and URL.

To run this application, verify that your classpath includes its.zip, as described in Section 3, and
the jdbc driver’s classes as well. Type:

java its.app.SddDatabaseReceiver

The panel below should appear.

Specify the SDD data source host and port, as well as the jdbc class and URL descriptions. Then
specify the user name and password. The application contains several examples of class name
and URL templates from Oracle and Sybase. If your database/driver is from a different vendor,
please consult your documentation to obtain the appropriate class and URL formats. A meta-data
toggle informs the application whether to try and load the Schema and Contents into the data-
base. When this toggle is set to off, only extracted data is loaded (the meta-data is ignored). The
time it takes to load extracted data will vary with the number of required inserts, the speed of the
database host, and the speed of the connection from the client running the application to that
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host. If the ExtractedData events arrive faster than the host can insert them, “overflowing” events
will be dropped. Note also that the transmitted Schema does not contain state information. This
will be critical against a time-varying data stream like TMS, where the BLOB contains readings
from a variety of sensors, whose type and position within the BLOB is determined by the con-
tents of the “LOOPS” table. Since the TMS schema cannot accommodate differing contents, the
arrival of new sensor type and offset information will corrupt the existing instantiation. This
makes SddDatabaseReceiver more of an example than a general application. It is currently the
responsibility of the parties receiving the data to handle these state transitions in their own
data models!

Both demo applications produce SddReceiverLog.txt files that document reception of various
SDD events by the underlying SddReceiver.

5. Recompiling the Source Code

Java programmers interested in recompiling the provided source code will need to unzip its.zip.
The top-level “its” package contains the “SQL,” “backbone,” “element,” “io,” and “util” pack-
ages. All of these packages contain classes used by the receiver demos. To recompile the classes,
delete all the class files and regenerate them with the java tools of your choice.

6. Release Notes

SDD Java API Release 2.0.0 beta 6

09/02/98

Overview

In this release, SDD parsing functionality is enabled in the receivers. The receiver will exit if it
detects a poorly-formed schema or contents frame. This is an important step towards enabling
creation of SDD transmitters for new data sources.

Bugs fixed

� In the receiver, when a new data frame arrives, it is passed to the extractor along with an
“offset table” that describes where to find the data for each sensor. This offset table comes
from the contents frame. In the case of traffic data, the offset inforamation is in the table
called LOOPS. When a new contents frame arrives, the offset table should be regener-
ated, but in former releases it was not. So, the extracted data might not have been correct
after the receiver had been running long enough to receive an updated contents frame.

� When the receiver performs automatic data extraction, error messages would appear if
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table names in the schema or contents were not all upper case identifiers. Code in the
SQL package has been updated to properly perform case-insensitive comparisons.

Other changes

� The two receiver implementations, SddAutoExtractReceiver and SddDatabaseReceiver,
are now part of the its.app package. Once its.zip is on the classpath, the receivers are run
using the command “java its.app.SddAutoExtractReceiver.”

� The its.zip file in the lib directory  now contains the classes formerly distributed in
runtime.zip. It also contains the source code formerly distributed in src.zip.

SDD Java API Release 2.0.0 beta 5

03/1/98

� Changes to the Event Model. The 1.0 event model contained separate callbacks for
SchemaEvent, Content(s)Event, DataEvent, ExtractorEvent, and SerialNumberEvent.
These events, residing in its.backbone.sdd, all extended SddEvent. There was no explicit
tie between the serial number event and its underlying SDD event - an important omis-
sion. 1.0 did not have any way of accessing exceptions thrown by SddReceiver. The 2.0
event model remedied this problem by modifying SddEvent to take a serial number as
one of its constructor arguments. This SN can subsequently be accessed via the
getSerialNumber method. These changes were propagated to the sub class events:
SchemaEvent, ContentEvent, ExtractorEvent, DataEvent, and ExtractedDataEvent, all of
which extend SddEvent in its.backbone.sdd. 2.0 dropped the ambiguous
SerialNumberEvent, SerialNumberListener, and its callback method,
serialNumberReceived. The other events retained their older constructors, but these were
deprecated to alert the users to the change. 2.0 added the domain level
ExtractedDataEvent and its listener, ExtractedDataListener. The 2.0 event model was also
enhanced to include exception handling. Registered observers can now catch exceptions
thrown in SddReceiver by evoking the event’s getException method in the overloaded
callback routine. If an exception is produced by the SddReceiver, getException will cause
it to be thrown in the callback. Code that ran against the old 1.0 callbacks will need to be
modified as follows:

1. Remove all references to serial number events, listeners, and callbacks.
2. To obtain serial number information, access the other events and evoke their

getSerialNumber methods.

To utilize SddReceiver exceptions, see the example below for schema callback:
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public void schemaReceived(SchemaEvent event) {
try {

event.getException(); // will throw exception if one was produced
// other code

}catch(Exception e) {
// handle the exception

}
}

� The SddReceiver has two new event callbacks: extractorReceived and
extractedDataReceived. Both  stem from a technology that leverages the JAVA
ClassLoader capabilities. The former returns an extractor, a JAR formatted collection of
class files containing a DataFactory, that allows  the receiver to decode BLOB data into
structured classes that emulate populated schema tables (see
its.backbone.domain.DataFactory hyperlink). Since each data flow contains its own
extractor, the receiver will be able to perform the decoding for all available Sdd data
types. The latter callback returns those extracted structures, freeing users from having to
perform the decoding themselves. We feel that this generic, domain independent capabil-
ity will greatly enhance the ease-of-use of SDD.

� New applications (see Section 3). Our applications in the its.app package (especially
SddAutoExtractReceiver) provide users with a simple tool that will allow them to con-
nect to and configure incoming data from all available SDD data sources.

� A new its.SQL package, containing classes and methods that allow users to program and
manipulate data at the schema level, including JDBC interactions against their DB host.

� Extensive, revised JAVADOC documentation describing the API and its packages.

� New, simplified directory organization that emulates a more conventional JAVA structure.
The release provides all the class files in one easy-to-install zip file.
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