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$SSURYDO
7KLV WKHVLV KDV EHHQ SUHSDUHG RYHU WKH FRXUVH RI ILYH PRQWKV DW *UD]SHU 7HFKQRORJLHV
$S6� ZLWK VXSHUYLVLRQ RI WKH 6HFWLRQ IRU 9LVXDO &RPSXWLQJ� 'HSDUWPHQW RI $SSOLHG 0DWK�
HPDWLFV DQG &RPSXWHU 6FLHQFH� DW WKH 7HFKQLFDO 8QLYHUVLW\ RI 'HQPDUN� '78� LQ SDUWLDO
IXOILOPHQW IRU WKH GHJUHH 0DVWHU RI 6FLHQFH LQ 0DWKHPDWLFDO 0RGHOOLQJ DQG &RPSXWDWLRQ�

,W LV DVVXPHG WKDW WKH UHDGHU KDV D EDVLF NQRZOHGJH LQ WKH DUHDV RI OLQHDU DOJHEUD� PXOWL�
YDULDEOH FDOFXOXV� GHHS OHDUQLQJ� FRPSXWHU YLVLRQ DQG VRIWZDUH HQJLQHHULQJ�

-RUJH 6LQWHV )HUQiQGH] � V������
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$EVWUDFW
+XPDQ 3RVH (VWLPDWLRQ LV D WDVN LQ WKH ILHOG RI FRPSXWHU YLVLRQ WKDW LQYROYHV LGHQWLI\LQJ
DQG FDSWXULQJ WKH SRVLWLRQV DQG RULHQWDWLRQV RI WKH KXPDQ ERG\� 7KLV LV W\SLFDOO\ GRQH
E\ SUHGLFWLQJ WKH ORFDWLRQV RI VSHFLILF NH\SRLQWV� VXFK DV KDQGV� KHDG� DQG HOERZV� LQ DQ
LPDJH� +XPDQ 3RVH (VWLPDWLRQ KDV YDULRXV DSSOLFDWLRQV LQ GLIIHUHQW LQGXVWULHV� LQFOXGLQJ
URERWLFV� DXJPHQWHG UHDOLW\� JDPLQJ� DFFHVVLELOLW\� VSRUWV� DQG VHFXULW\�

*UD]SHU 7HFKQRORJLHV $S6� WKH SDUWQHU IRU WKLV WKHVLV� LV ZRUNLQJ RQ GHYHORSLQJ D UHDO�WLPH
�' KXPDQ SRVH HVWLPDWLRQ V\VWHP XVLQJ D PXOWLFDPHUD VHWXS� 7KH SULPDU\ DSSOLFDWLRQ RI
WKLV V\VWHP LV LQ WKH ILHOG RI VHFXULW\� +RZHYHU� RQH RI WKH PDLQ FKDOOHQJHV LQ LPSOHPHQWLQJ
WKLV V\VWHP LV WKH UHTXLUHPHQW RI PXOWLSOH FDPHUDV WR YLHZ WKH VDPH VFHQH IURP GLIIHUHQW
DQJOHV� 7KLV UHVWULFWLRQ OLPLWV WKH XVDELOLW\ RI WKH V\VWHP� HVSHFLDOO\ LQ VHFXULW\ DSSOLFDWLRQV
ZKHUH LW LV XQOLNHO\ WR KDYH PRUH WKDQ RQH RU WZR FDPHUDV SRLQWLQJ DW WKH VDPH ORFDWLRQ
DW WKH VDPH WLPH�

7KH DLP RI WKH SUHVHQW WKHVLV LV WR VWXG\ ZKHWKHU ZH FDQ LPSURYH WKH �' SRVH HVWLPDWLRQ
LQ WKHVH FDVHV E\ LQFRUSRUDWLQJ NQRZOHGJH DERXW IRRW FRQWDFW� 7R GR VR� ZH ZLOO DFTXLUH
DQ ,R7�FRQQHFWHG VROH SDLU WKDW FDQ PDNH SUHVVXUH PHDVXUHPHQWV� DQG LQFRUSRUDWH LW LQWR
*UD]SHU¶V FXUUHQW YLGHR DFTXLVLWLRQ VHWXS�

'XULQJ WKH FRXUVH RI WKH WKHVLV� ZH GHVLJQHG D UHOLDEOH� VWDEOH� DQG DXWRPDWHG GDWD DF�
TXLVLWLRQ VHWXS� HQDEOLQJ *UD]SHU WR HDVLO\ UHFRUG KLJK�TXDOLW\ GDWDVHWV ZLWK WKH SRWHQWLDO
WR REWDLQ V\QFKURQL]HG JURXQG WUXWK VROH SUHVVXUH VLJQDOV� :H SURYH WKH IHDVLELOLW\ RI
SUHGLFWLQJ VROH SUHVVXUH EDVHG RQ WKH SRVH XVLQJ GHHS OHDUQLQJ WHFKQLTXHV� )LQDOO\� ZH
VKRZ KRZ VROH FRQWDFW FDQ HQKDQFH WKH SHUIRUPDQFH RI D SRVH GHWHFWRU LQ VFHQDULRV ZLWK
IHZHU FDPHUDV�

7KHVH UHVXOWV RIIHU D VWURQJ SURRI RI FRQFHSW IRU IXWXUH $, VROXWLRQV DQG GHPRQVWUDWH WKH
SRWHQWLDO RI WKLV WHFKQLTXH IRU IXUWKHU GHYHORSPHQW DQG DGYDQFHPHQW�
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$FNQRZOHGJHPHQWV
, WKDQN P\ VXSHUYLVRU� 6LDYDVK� IRU KLV JXLGDQFH� VXSSRUW� DQG HQFRXUDJHPHQW WKURXJKRXW
WKLV SURMHFW�

, ZRXOG DOVR OLNH WR WKDQN WKH *UD]SHU WHDP IRU WKHLU H[SHUWLVH� SDWLHQFH� RSHQQHVV� DQG
VHQVH RI KXPRU� 7KH\ KDYH EHHQ LQYDOXDEOH LQ KHOSLQJ PH VWD\ IRFXVHG DQG PRWLYDWHG
WKURXJKRXW WKLV WKHVLV�

, ZRXOG OLNH WR WKDQN P\ SDUHQWV IRU DOZD\V EHLQJ WKHUH� VXSSRUWLQJ PH LQ DQ\ GHFLVLRQ ,
WDNH� DQG EHLQJ UHVSRQVLEOH IRU SUHWW\ PXFK HYHU\ VXFFHVV LQ P\ OLIH�

7KDQNV WR -RVp 3DEOR� 6HUJLR� -XDQ� <DVPLQD� .ODUD� (OYLUD� /XLV� DQG 9LFHQWH� %HFDXVH�
IRU VRPH UHDVRQ� WKH\ NHHS EHLQJ P\ IULHQGV�

$QG WKDQNV WR $QD IRU PDNLQJ PH D EHWWHU SHUVRQ�
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� ,QWURGXFWLRQ �

� %DFNJURXQG �

� �' SRVH HVWLPDWLRQ �
��� 3LQKROH FDPHUD PRGHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� �' SRVH HVWLPDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� �' WULDQJXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 2QH�FDPHUD �' SRVH HVWLPDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � �

� 'DWD $FTXLVLWLRQ ��
��� 5DZ GDWD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3UHSURFHVVLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQW SLSHOLQH ��
��� *URXQG WUXWK DQQRWDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3RVH HVWLPDWLRQ PRGXOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3RVWSURFHVVLQJ PRGXOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0HWULFV PRGXOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6ROH SUHVVXUH HVWLPDWLRQ ��
��� ,QSXW GDWD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /DEHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7UDLQLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQWV DQG UHVXOWV ��
��� 'DWD DFTXLVLWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6ROH SUHVVXUH SUHGLFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ([SHULPHQW SLSHOLQH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��

%LEOLRJUDSK\ ��

$ $SSHQGL[� &RGH OLVWLQJV ��
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/LVW RI )LJXUHV
��� 6FKHPD RI WKH SLQKROH FDPHUD PRGHO >��@� � � � � � � � � � � � � � � � � � � �
��� ,QWULQVLF DQG H[WULQVLF FDPHUD FDOLEUDWLRQ IURP WKH FDPHUD SRLQW RI YLHZ � � � �
��� %OD]H3RVH �� NH\SRLQW WRSRORJ\ DV &2&2 �FRORUHG ZLWK JUHHQ� VXSHUVHW � �
��� 'LDJUDP VKRZLQJ WKH LQWXLWLRQ EHKLQG RXU WULDQJXODWLRQ DOJRULWKP� � � � � � � �
��� 2QH�FDPHUD �' SRVH HVWLPDWLRQ DWWHPSW� IURP WKH YLHZ LQ �D�� � � � � � � � �

��� 3LFWXUH RI WKH LQWHULRU RI D *UD]SHU FDPHUD� 7KH 1YLGLD -HWVRQ� 86% FDPHUD
DQG SRZHU VXSSO\ DUH YLVLEOH LQ WKH LPDJH� � � � � � � � � � � � � � � � � � � � ��

��� 6HQVRU LQVROHV SLFWXUH DQG RXWOLQH ZLWK VHQVRU SRVLWLRQV� � � � � � � � � � � � ��
��� 6FUHHQVKRW RI WKH 0RWLFRQ 2SHQ*R $QGURLG DSS� � � � � � � � � � � � � � � � ��
��� 6FUHHQVKRW RI WKH PDQXDO V\QFKURQL]DWLRQ DSS� � � � � � � � � � � � � � � � � ��

��� 'LDJUDP RI WKH H[SHULPHQW SLSHOLQH EXLOGLQJ EORFNV � � � � � � � � � � � � � � ��
��� 6FUHHQVKRW RI *UD]SHU¶V DQQRWDWLRQ WRRO� � � � � � � � � � � � � � � � � � � � � ��

��� )UDPHV RI D VHTXHQFH RI �� IUDPHV H[WUDFWHG IURP WKH GDWDVHW� GHSLFWLQJ
D ZDONLQJ VNHOHWRQ� WRJHWKHU ZLWK WKH FRUUHVSRQGLQJ SUHVVXUH ODEHOV� � � � � ��

��� 3LFWXUH RI WKH XQILQLVKHG ZRRGHQ IORRU LQ 5HIVKDO¡HQ � � � � � � � � � � � � � ��
��� 6FUHHQVKRW RI WKH 0RWLFRQ 2SHQ*R $SS� KLJKOLJKWLQJ WKH IDXOW\ VHQVRUV LQ

UHG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /RVV DQG DFFXUDF\ GXULQJ WUDLQLQJ RQ WKH VLPSOH GDWDVHW� � � � � � � � � � � ��
��� /RVV DQG DFFXUDF\ RYHU HSRFKV GXULQJ WUDLQLQJ ZLWK GDWD DXJPHQWDWLRQ� � � ��
��� /RVV DQG DFFXUDF\ RYHU HSRFKV DGGLQJ /� UHJXODUL]DWLRQ� � � � � � � � � � � ��
��� 9DOLGDWLRQ ORVV DQG DFFXUDF\ RYHU HSRFKV IRU WKH EDVHOLQH PRGHO RQ WKH

GLIIHUHQW UXQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 9DOLGDWLRQ ORVV DQG DFFXUDF\ RYHU HSRFKV IRU WKH 6ROH1HW PRGHO RQ WKH

GLIIHUHQW UXQV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0RGHOV RXWSXW YV� WUXH ODEHO RQ WKH WHVW UHFRUGLQJ� VKRZLQJ D SHUVRQ ZDONLQJ� ��
��� 0RGHOV RXWSXW YV� WUXH ODEHO RQ WKH WHVW UHFRUGLQJ� VKRZLQJ D SHUVRQ JHWWLQJ

XS IURP VLWWLQJ RQ WKH IORRU� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ WKH WHVW

UHFRUGLQJ IURP � FDPHUDV ZLWK 33 2IIOLQH� � � � � � � � � � � � � � � � � � � � ��
���� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ WKH WHVW

UHFRUGLQJ IURP � FDPHUDV ZLWK 33 2QOLQH� � � � � � � � � � � � � � � � � � � � ��
���� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ WKH WHVW

UHFRUGLQJ IURP � FDPHUDV ZLWK 33 2IIOLQH� � � � � � � � � � � � � � � � � � � � ��
���� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ WKH WHVW

UHFRUGLQJ IURP � FDPHUDV ZLWK 33 2QOLQH� � � � � � � � � � � � � � � � � � � � ��
���� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ RQH RI WKH

WUDLQLQJ UHFRUGLQJV IURP � FDPHUDV ZLWK 33 2IIOLQH� � � � � � � � � � � � � � � ��
���� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ RQH RI WKH

WUDLQLQJ UHFRUGLQJV IURP � FDPHUDV ZLWK 33 2QOLQH� � � � � � � � � � � � � � � ��
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� ,QWURGXFWLRQ
+XPDQ 3RVH (VWLPDWLRQ LV D WDVN LQ WKH ILHOG RI FRPSXWHU YLVLRQ WKDW LQYROYHV LGHQWLI\LQJ
DQG FDSWXULQJ WKH SRVLWLRQV DQG RULHQWDWLRQV RI WKH KXPDQ ERG\� 7KLV LV W\SLFDOO\ GRQH
E\ SUHGLFWLQJ WKH ORFDWLRQV RI VSHFLILF NH\SRLQWV� VXFK DV KDQGV� KHDG� DQG HOERZV� LQ DQ
LPDJH� +XPDQ 3RVH (VWLPDWLRQ KDV YDULRXV DSSOLFDWLRQV LQ GLIIHUHQW LQGXVWULHV� LQFOXGLQJ
URERWLFV� DXJPHQWHG UHDOLW\� JDPLQJ� DFFHVVLELOLW\� VSRUWV� DQG VHFXULW\�

*UD]SHU 7HFKQRORJLHV $S6� WKH SDUWQHU IRU WKLV WKHVLV� LV ZRUNLQJ RQ GHYHORSLQJ D UHDO�WLPH
�' KXPDQ SRVH HVWLPDWLRQ V\VWHP XVLQJ D PXOWLFDPHUD VHWXS� 7KH SULPDU\ DSSOLFDWLRQ RI
WKLV V\VWHP LV LQ WKH ILHOG RI VHFXULW\� +RZHYHU� RQH RI WKH PDLQ FKDOOHQJHV LQ LPSOHPHQWLQJ
WKLV V\VWHP LV WKH UHTXLUHPHQW RI PXOWLSOH FDPHUDV WR YLHZ WKH VDPH VFHQH IURP GLIIHUHQW
DQJOHV� 7KLV UHVWULFWLRQ OLPLWV WKH XVDELOLW\ RI WKH V\VWHP� HVSHFLDOO\ LQ VHFXULW\ DSSOLFDWLRQV
ZKHUH LW LV XQOLNHO\ WR KDYH PRUH WKDQ RQH RU WZR FDPHUDV SRLQWLQJ DW WKH VDPH ORFDWLRQ
DW WKH VDPH WLPH�

7KH DLP RI WKH SUHVHQW WKHVLV LV WR VWXG\ ZKHWKHU ZH FDQ LPSURYH WKH �' SRVH HVWLPDWLRQ
LQ WKHVH FDVHV E\ LQFRUSRUDWLQJ NQRZOHGJH DERXW IRRW FRQWDFW� 7R GR VR� ZH ZLOO DFTXLUH
DQ ,R7�FRQQHFWHG VROH SDLU WKDW FDQ PDNH SUHVVXUH PHDVXUHPHQWV� DQG LQFRUSRUDWH LW LQWR
*UD]SHU¶V FXUUHQW YLGHR DFTXLVLWLRQ VHWXS�

:H ZLOO LQYHVWLJDWH LQ ZKLFK ZD\ FDQ SUHVVXUH UHDGLQJV EH LQFRUSRUDWHG LQWR *UD]SHU¶V
SRVH GHWHFWLRQ� DQG GHVLJQ D WHVW HQYLURQPHQW WR FKDUDFWHUL]H WKH LPSURYHPHQWV� )XU�
WKHUPRUH� ZH ZLOO GHVLJQ DQG WUDLQ VHYHUDO PDFKLQH OHDUQLQJ PRGHOV LQ D VXSHUYLVHG IDVK�
LRQ� WR WU\ WR SUHGLFW WKHVH SUHVVXUH YDOXHV IURP WKH SRVH LWVHOI� 7KLV ZD\� ZH VWXG\ WKH
SRVVLELOLW\ RI UHPRYLQJ WKH GHSHQGHQF\ RQ WKH VROH VHQVRUV� DOORZLQJ RXU SURSRVDOV WR EH
LQFRUSRUDWHG LQWR D UHDO�OLIH DSSOLFDWLRQ�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV �



� %DFNJURXQG
+XPDQ �' 3RVH (VWLPDWLRQ KDV VHHQ VLJQLILFDQW SURJUHVV LQ WKH UHFHQW \HDUV� GULYHQ E\
WKH DGYDQFHPHQWV LQ FRPSXWHU YLVLRQ DQG GHHS OHDUQLQJ WHFKQLTXHV� ,Q WKLV FKDSWHU� ZH
SURYLGH DQ RYHUYLHZ RI WKH VWDWH�RI�WKH�DUW WHFKQLTXHV IRU KXPDQ �' SRVH HVWLPDWLRQ IURP
�' LPDJHV�

7KHUH DUH GLIIHUHQW DSSURDFKHV RQ KRZ WR UHSUHVHQW WKH KXPDQ ERG\ VWUXFWXUH LQ WKH
OLWHUDWXUH� WKH VNHOHWRQ�EDVHG PRGHO� FRPPRQO\ XVHG LQ �' KXPDQ SRVH HVWLPDWLRQ >�@
DQG QDWXUDOO\ H[WHQGHG WR �'� ,W FRQWDLQV PDQ\ NH\SRLQWV LQ VSHFLILF MRLQWV RI WKH KXPDQ
ERG\ DQG FRQQHFWV WKH DGMDFHQW RQHV XVLQJ HGJHV� 7KLV VWUXFWXUH LV WKH RQH *UD]SHU
XVHV� VLQFH WKHLU IRFXV LV RQ XQGHUVWDQGLQJ WKH SHUVRQ¶V SRVLWLRQ� DQG WKHUHIRUH LW ZLOO EH
WKH RQHV ZH ZLOO ZRUN ZLWK LQ WKLV WKHVLV� 0RUH UHFHQW ZRUNV XVH D WULDQJXODWHG PHVK WR
UHSUHVHQW WKH KXPDQ VNLQ >�@ RU WKH PRUH UHFHQWO\ SURSRVHG VXUIDFH�EDVHG PRGHO >�@�

$V SHU GDWDVHWV� +XPDQ���0 >�@ DQG +XPDQ(YD >�@ DUH WKH VWDQGDUG IRU �' KXPDQ SRVH
HVWLPDWLRQ� ERWK DFTXLUHG ZLWK D PRWLRQ FDSWXUH V\VWHP DQG UHSUHVHQWLQJ GLIIHUHQW FRP�
PRQ VFHQDULRV� ZDONLQJ� MRJJLQJ� JHVWXULQJ� VPRNLQJ� WDONLQJ RQ WKH SKRQH��� >�@ SURYLGHV
DQ H[WHQVLYH OLVW RI DOO WKH GLIIHUHQW GDWDVHWV�

7KH DGYHQW RI GHHS OHDUQLQJ KDV UHYROXWLRQL]HG WKH ILHOG RI KXPDQ �' SRVH HVWLPDWLRQ�
7KH DSSURDFKHV FDQ EH GLYLGHG LQ WZR FDWHJRULHV� GLUHFW �' SRVH HVWLPDWLRQ� WULHV WR
SUHGLFW �' FRRUGLQDWHV RI MRLQWV GLUHFWO\ IURP LQSXW LPDJHV YLD �' KHDWPDSV >�@� RU OLIWLQJ
IURP �' WR �' SRVH� LQVSLUHG E\ WKH UDSLG GHYHORSPHQW RI �' KXPDQ SRVH HVWLPDWLRQ
DOJRULWKPV >�@� 7KLV ODWWHU DSSURDFK LV WKH RQH *UD]SHU LV WDNLQJ� VLQFH LW LV PXFK OHVV
FRPSXWDWLRQDOO\ H[SHQVLYH DQG WKHLU VROXWLRQ LV VXSSRVHG WR UXQ UHDO�WLPH�

2Q WKH WRSLF RI LQFRUSRUDWLQJ IRRW FRQWDFW LQIRUPDWLRQ LQWR �' SRVH HVWLPDWLRQ� ZH IRXQG
VRPH DUWLFOHV� >�@ SURSRVHG D QHWZRUN DUFKLWHFWXUH WR GHWHFW JURXQG FRQWDFW HYHQWV IURP
�' NH\SRLQW HVWLPDWLRQV WR UHGXFH IRRW DUWLIDFWV� +RZHYHU� WKH\ UHO\ VROHO\ RQ HVWLPDWHV
IURP WKH LPDJHV WKHPVHOYHV� DQG QRW RQ UHDO JURXQG WUXWK GDWD� 0RUHRYHU� >��@ WDFNOHV
WKH �' SRVH HVWLPDWLRQ SUREOHP GRLQJ D SK\VLFV EDVHG PRGHO RI WKH KXPDQ ERG\ DQG
WKHUHIRUH LQIHUULQJ NQRZOHGJH DERXW IRRW FRQWDFW LQGLUHFWO\� +RZHYHU� WKLV VHWXS LV PRUH
FRPSOH[ WKDQ WKH RQH SURSRVHG E\ *UD]SHU� ZKLFK UHTXLUHV WR EH UXQ UHDO�WLPH��

)RU VROH�SUHVVXUH VHQVRUV� *UD]SHU UHYLHZHG VHYHUDO FRPPHUFLDO RSWLRQV� FRQVLGHULQJ
IDFWRUV VXFK DV LQWUXVLYHQHVV� SURGXFW TXDOLW\� HDVH RI LQWHJUDWLRQ LQWR WKH GDWD DFTXLVLWLRQ
SLSHOLQH� DQG FRVW� $IWHU D GHPR ZLWK 0RWLFRQ 2SHQ*R VROHV >��@ DQG 6HQVRULD VPDUW
VRFNV >��@� *UD]SHU FKRVH WKH IRUPHU DV WKH 6'. ZDV PRUH VXLWDEOH IRU LWV LQWHJUDWLRQ LQ
WKH GDWD DFTXLVLWLRQ SLSHOLQH� DQG VLQFH WKH VHQVRUV KDYH WR EH VKDUHG DPRQJ GLIIHUHQW
DFWRUV� VROHV VHHPHG EHWWHU WKDQ VRFNV IRU WKLV SXUSRVH�

� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



� �' SRVH HVWLPDWLRQ
3RVH HVWLPDWLRQ LV D IXQGDPHQWDO SUREOHP LQ FRPSXWHU YLVLRQ� ZLWK QXPHURXV DSSOLFDWLRQV
LQ ILHOGV VXFK DV DXJPHQWHG UHDOLW\� URERWLFV� DQG KXPDQ�FRPSXWHU LQWHUDFWLRQ� 7KLV FKDS�
WHU SURYLGHV D FRQGHQVHG RYHUYLHZ RI WKH DSSURDFK ZH KDYH WDNHQ RQ WKH WRSLF� H[SORULQJ
KRZ WR HVWLPDWH WKH �' SRVHV RI KXPDQV IURP �' LPDJHV�

��� 3LQKROH FDPHUD PRGHO
%HIRUH IRFXVLQJ RQ SRVH HVWLPDWLRQ� ZH WKLQN H[SODLQLQJ WKH SLQKROH FDPHUD PRGHO LV DS�
SURSULDWH� 7KH QRWDWLRQ ZH ZLOO XVH LV H[WUDFWHG IURP >��@� 7KLV PRGHO GHVFULEHV D FDPHUD
WKDW SURMHFWV VFHQH �' SRLQWV LQWR WKH LPDJH SODQH WKURXJK D SHUVSHFWLYH WUDQVIRUPDWLRQ�
:H KDYH WZR VHWV RI FRRUGLQDWH D[HV� WKH ZRUOG FRRUGLQDWHV XW � YW � DQG ZW � DQG WKH
FDPHUD FRRUGLQDWHV XC � YC � DQG ZC � 7KH ODWWHU VLW DW WKH FDPHUD� KDYLQJ XC DQG YC
SDUDOOHO WR WKH FDPHUD SODQH DQG ZC SHUSHQGLFXODU� )LJXUH ��� GHSLFWV WKH WZR VHWV RI
FRRUGLQDWHV DQG WKH UHODWLYH FDPHUD SODQH LQ EOXH� ZKHUH WKH LPDJH JHWV SURMHFWHG� 7ZR
DGGLWLRQDO VHWV RI �' FRRUGLQDWHV DUH VLWWLQJ LQ WKH UHODWLYH FDPHUD SODQH� x DQG y LQ ZRUOG
XQLWV �LQ RXU FDVH PHWHUV�� DQG u DQG v LQ SL[HO YDOXHV� 1RWLFH WKDW WKHLU RULJLQ LV QRW LQ WKH
VDPH SRVLWLRQ� WKH ILUVW SDLU¶V RULJLQ VLWV ZKHUH WKH RSWLFDO D[LV LQWHUVHFWV WKH SODQH� ZKLOH
WKH ODWWHU VLWV DW WKH WRS OHIW FRUQHU RI WKH LPDJH IUDPH�

7KH KRPRJHQHRXV WUDQVIRUPDWLRQ EHWZHHQ ZRUOG FRRUGLQDWHV DQG FDPHUD FRRUGLQDWHV LV
HQFRGHG E\ WKH H[WULQVLF SDUDPHWHUV� D WUDQVODWLRQ DQG URWDWLRQ PDWUL[ [R|t]� ,I ZH KDYH D
SRLQW LQ ZRUOG FRRUGLQDWHV �PW � ZH FDQ H[SUHVV LW IURP FDPHUD FRRUGLQDWHV �PC� E\�
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7R SURMHFW �' SRLQWV H[SUHVVHG LQ WKH FDPHUD FRRUGLQDWH V\VWHP WR �' SL[HO FRRUGLQDWHV�
ZH XVH WKH FDPHUD LQWULQVLF PDWUL[� FRPSRVHG RI WKH IRFDO OHQJWKV fx DQG fy H[SUHVVHG LQ
SL[HO XQLWV� DQG WKH SULQFLSDO SRLQW (cx, cy)� XVXDOO\ FORVH WR WKH LPDJH FHQWHU�

s
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ZKHUH s LV D VFDOLQJ FRQVWDQW� LQ WKLV FDVH HTXDO WR ZC � :H ORRVH RQH GLPHQVLRQ E\ GRLQJ
WKLV WUDQVIRUPDWLRQ� )LJXUH ��� GHSLFWV KRZ DQ\ SRLQW RQ WKH UHG OLQH ZLOO EH SURMHFWHG WR
WKH VDPH (u, v) SRVLWLRQ� :H RQO\ NQRZ WKLV VFDOLQJ FRQVWDQW ZKHQ ZH SDVV IURP FDPHUD
WR SL[HO FRRUGLQDWHV� 7U\LQJ WR GR WKH RSSRVLWH� WKH VFDOLQJ FRQVWDQW LV XQNQRZQ DQG ZH
HQFRXQWHU D SHUVSHFWLYH SUREOHP� ZH GRQ¶W NQRZ KRZ IDU DZD\ WKDW SRLQW LV LQ UHDOLW\�

$GGLWLRQDOO\� OHQVHV XVXDOO\ KDYH VRPH UDGLDO DQG WDQJHQWLDO GLVWRUWLRQ� DQG ZH FRPSHQ�
VDWH IRU LW ZLWK WKH KHOS RI VRPH PRUH FDPHUD SDUDPHWHUV� :H IROORZ WKH VDPH SURFHGXUH
DV WKH UHFRPPHQGHG RQH LQ 2SHQ&9¶V GRFXPHQWDWLRQ >��@�

,Q SUDFWLFH� WKH LQWULQVLF DQG H[WULQVLF FDPHUD SDUDPHWHUV DUH HVWLPDWHG ZLWK WKH KHOS RI
FKHFNHUERDUG SDWWHUQV� 7KH LQWULQVLF FDPHUD SDUDPHWHUV DUH VSHFLILF IRU HDFK FDPHUD�
VR ZH QHHG WR FDOLEUDWH WKH FDPHUDV LQGLYLGXDOO\� )LJXUH ���D VKRZV D FDOLEUDWLRQ URXWLQH
GHYHORSHG E\ *UD]SHU DQG XVHG LQWHUQDOO\ IRU HVWLPDWLQJ WKH LQWULQVLF FDPHUD SDUDPHWHUV�
7KH ILVKH\H GLVWRUWLRQ RI WKH OHQV LV YLVLEOH LQ WKH LPDJH� )RU WKH H[WULQVLF SDUDPHWHUV� HYHQ
WKRXJK HDFK FDPHUD KDV LWV RZQ� ZH QHHG WR FDOLEUDWH DOO FDPHUDV VLPXOWDQHRXVO\� :H GR
VR E\ SODFLQJ D ELJ FKHFNHUERDUG SDWWHUQ RQ WKH IORRU� LQ D SRVLWLRQ ZKHUH DOO FDPHUDV FDQ
VHH LW� DQG UXQQLQJ DQ 2SHQ&9 URXWLQH WR VHW WKH ZRUOG FRRUGLQDWHV DW D VSHFLILF ORFDWLRQ
LQ WKH SDWWHUQ DQG FDOFXODWH HDFK FDPHUD¶V H[WULQVLF SDUDPHWHUV �VHH ILJXUH ���E��

�D� ,QWULQVLF FDOLEUDWLRQ URXWLQH �E� ([WULQVLF FDOLEUDWLRQ

)LJXUH ���� ,QWULQVLF DQG H[WULQVLF FDPHUD FDOLEUDWLRQ IURP WKH FDPHUD SRLQW RI YLHZ
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��� �' SRVH HVWLPDWLRQ
:H GHFLGHG WR DSSURDFK �' KXPDQ SRVH HVWLPDWLRQ E\ HVWLPDWLQJ WKH �' SRVH XVLQJ
PXOWLSOH FDOLEUDWHG FDPHUDV DQG WKHQ WULDQJXODWLQJ LW� 7KLV LV WKH PHWKRG *UD]SHU XVHV
ZKHQ DQQRWDWLQJ UHFRUGLQJ GDWD VLQFH� SURYLGHG HQRXJK FDPHUD DQJOHV� LV YHU\ DFFXUDWH�
*UD]SHU KDV GHYHORSHG LWV RZQ SRVH HVWLPDWLRQ QHWZRUNV� EXW ZH ZLOO XVH RQH RI WKH VWDWH�
RI�WKH�DUW QHWZRUNV IRU WKLV WKHVLV� :H GHFLGHG WR XVH *RRJOH¶V 0HGLD3LSH %OD]H3RVH >��@
IRU VHYHUDO UHDVRQV�

)LUVW WKH VNHOHWRQ WRSRORJ\� 8QOLNH RWKHU PRGHOV� %OD]H3RVH RXWSXWV WZR NH\SRLQWV SHU
IRRW� KHHO DQG WRH� ZKLFK LV YHU\ FRQYHQLHQW IRU RXU XVH FDVH� 3OXV� XVLQJ RII�WKH�VKHOI
VRIWZDUH PDNHV RXU ZRUN PRUH UHSURGXFLEOH� )XUWKHUPRUH� 0HGLDSLSH LV OLFHQVHG XQGHU
WKH $SDFKH /LFHQVH ���� D SHUPLVVLYH OLFHQVH WKDW DOORZV IRU FRPPHUFLDO XVH� PRGLILFDWLRQ�
DQG SDWHQW XVH� )RU WKLV UHDVRQ� *UD]SHU KDG DOUHDG\ LQWHJUDWHG WKLV VNHOHWRQ W\SRORJ\
LQWR LWV VRIWZDUH VWDFN� DOORZLQJ XV WR XVH LWV GDWD DQQRWDWLRQ VRIWZDUH ZLWKRXW DQ\ PRG�
LILFDWLRQV� )LQDOO\� %OD]H3RVH KDV EHHQ GHVLJQHG WR DFKLHYH UHDO�WLPH SHUIRUPDQFH RQ
PRELOH SKRQHV XVLQJ &38 LQIHUHQFH� VR LW LV IDVW ZKHQ UXQ RQ SRZHUIXO FRPSXWLQJ SODW�
IRUPV�

0HGLD3LSH %OD]H3RVH H[SDQGV WKH VWDQGDUG &2&2 WRSRORJ\ RI �� NH\SRLQWV >��@ WR ���
LQFOXGLQJ NH\SRLQWV LQ KDQGV� IDFH� DQG IHHW� 7KH %OD]H3RVH VNHOHWRQ WRSRORJ\ LV GHSLFWHG
LQ ILJXUH ���� 7KH PRGHO ZRUNV LQ WZR VWHSV� ILUVW LW ORFDWHV WKH SRVH UHJLRQ�RI�LQWHUHVW
�52,� ZLWKLQ D IUDPH DQG WKHQ XVHV D SRVH GHWHFWRU WR SUHGLFW WKH ORFDWLRQ RI DOO �� SRVH
NH\SRLQWV RQ WKH 52,� 2Q VXEVHTXHQW IUDPHV� WKH 52, LV HVWLPDWHG ZLWK D WUDFNHU EDVHG
RQ WKH SUHYLRXV IUDPH¶V SRVH NH\SRLQWV� UHGXFLQJ WKH FRPSXWDWLRQDO FRVW� 7KH ILUVW SDUW RI
WKH QHWZRUN LV RQO\ UH�UXQ RQ IUDPHV ZKHUH WKH NH\SRLQWV FDQQRW EH IRXQG RQ WKH HVWLPDWHG
52,�

)LJXUH ���� %OD]H3RVH �� NH\SRLQW WRSRORJ\ DV &2&2 �FRORUHG ZLWK JUHHQ� VXSHUVHW

:H XVHG WKH %OD]H3RVH *+80 )XOO QHWZRUN IRU DOO �' SRVH HVWLPDWLRQV LQ WKLV WKHVLV�
ZLWK DOO WKH GHIDXOW SDUDPHWHUV� 7KH RXWSXW IURP WKH QHWZRUN LV D OLVW RI SRVH ODQGPDUNV�
HDFK FRQVLVWLQJ RI�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV �



� x DQG y FRRUGLQDWHV QRUPDOL]HG WR [0, 1] E\ WKH LPDJH ZLGWK DQG KHLJKW� UHVSHFWLYHO\�
IURP ZKLFK ZH FDQ FDOFXODWH WKH u DQG v YDOXHV�

� z UHSUHVHQWV D GHSWK HVWLPDWH RI HDFK NH\SRLQW� WDNLQJ WKH KLSV¶ PLGSRLQW DV WKH
RULJLQ� 7KH 0HGLDSLSH GRFV VWDWH WKDW WKH PDJQLWXGH RI z XVHV URXJKO\ WKH VDPH
VFDOH DV x� ZKLFK LV QRW HQWLUHO\ FOHDU�

� visibility� $ YDOXH LQ [0, 1] LQGLFDWLQJ WKH OLNHOLKRRG RI WKH ODQGPDUN EHLQJ YLVLEOH
�L�H� QRW RFFOXGHG� LQ WKH LPDJH�

��� �' WULDQJXODWLRQ
8VLQJ PXOWLSOH �N � FDPHUDV� D �' SRVH FDQ EH HVWLPDWHG E\ WULDQJXODWLQJ NH\SRLQWV� :H
FDQ DVVXPH WKDW WKH FDPHUDV DUH V\QFKURQL]HG� 6R� ERWK IUDPHV LQ HDFK FDPHUD¶V YLGHR
IHHG FRUUHVSRQG WR WKH VDPH PRPHQW LQ WLPH� /DWHU� LQ FKDSWHU �� ZH ZLOO H[SODLQ KRZ ZH
DFKLHYH WKH V\QFKURQL]DWLRQ LQ SUDFWLFH� :H WKHQ WULDQJXODWH IUDPH E\ IUDPH E\ GRLQJ WKH
IROORZLQJ�

)LJXUH ���� 'LDJUDP VKRZLQJ WKH LQWXLWLRQ EHKLQG RXU WULDQJXODWLRQ DOJRULWKP�

(YHU\ NH\SRLQW LQ WKH VNHOHWRQ LV WUDFNHG VHSDUDWHO\� )LJXUH ��� LOOXVWUDWHV WKH VLWXDWLRQ
ZKHQ WULDQJXODWLQJ RQH NH\SRLQW� DQG LW ZLOO KHOS WKH UHDGHU XQGHUVWDQG WKH LQWXLWLRQ EHKLQG
RXU �' WULDQJXODWLRQ PHWKRG� 2QO\ RQH FDPHUD LV GHSLFWHG IRU WKH VDNH RI VLPSOLFLW\� 6LQFH
ZH NQRZ WKH FDPHUD¶V LQWULQVLF SDUDPHWHUV� ZH FDQ REWDLQ WKH SRVLWLRQ RI WKH NH\SRLQW LQ
WKH UHODWLYH FDPHUD SODQH LQ FDPHUD FRRUGLQDWHV �IURP [XC , YC , ZC ]�� pray GHSLFWV WKH
GLUHFWLRQ RI WKLV YHFWRU� ,I WKH VHWXS ZHUH SHUIHFW� HDFK FDPHUD¶V OLQH ZRXOG LQWHUVHFW LQ WKH
UHDO SRVLWLRQ RI WKH NH\SRLQW�

+RZHYHU� VLQFH RXU VHWXS KDV PXOWLSOH VRXUFHV RI HUURU� WKH FDPHUD PDWULFHV DQG WKH
OHQV FDOLEUDWLRQ DUH HVWLPDWHG� SRLQWV FDQ EH RFFOXGHG DQG WKH SRVH GHWHFWLRQ PRGHO LV
LPSHUIHFW WKH OLQHV ZLOO WKHUHIRUH QRW LQWHUVHFW� :H FDQ VROYH WKLV SUREOHP JHRPHWULFDOO\
E\ ILQGLQJ WKH FORVHVW SRLQW WR DOO OLQHV�

� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



:H ZDQW WR REWDLQ pray LQ ZRUOG FRRUGLQDWHV� ,I ZH WUDQVODWH WKH NH\SRLQW YHFWRU IURP
FDPHUD FRRUGLQDWHV WR ZRUOG FRRUGLQDWHV ZH ZLOO REWDLQ YHFWRU Q� :H FDQ ILQDOO\ VXEWUDFW
WKH FDPHUD SRVLWLRQ IURP ZRUOG FRRUGLQDWHVQ DQG� DIWHU QRUPDOLVLQJ� ZH REWDLQ pray� 7KH
FDPHUD SRVLWLRQ LV WKH �WK FROXPQ RI WKH LQYHUVH H[WULQVLF PDWUL[�

:H FDQ QRZ REWDLQ DQ RUWKRQRUPDO VHW RI FRRUGLQDWHV WKURXJK *UDP�6FKLPGW RUWKRQRU�
PDOL]DWLRQ� pperp1 DQG pperp2� :LWK WKLV RUWKRQRUPDO EDVLV� RQH FDQ VHH WKDW WKH SURMHFWLRQ
RI P RQWR WKH SODQH IRUPHG E\ pperp1 DQG pperp2 LV WKH VDPH DV WKH SURMHFWLRQ RI Q� ,Q
RWKHU ZRUGV� LI ZH KDG YHFWRUV P DQG Q H[SUHVVHG LQ WKLV QHZ EDVLV ZLWKRXW WUDQVODWLQJ�
WKHLU YHFWRU FRPSRQHQWV LQ WKH GLUHFWLRQ RI pperp1 DQG pperp2 ZRXOG EH WKH VDPH� 6LQFH ZH
NQRZ WKH FRPSRQHQWV RI WKHVH YHFWRUV LQ ZRUOG FRRUGLQDWHV� ZH NQRZ WKH URWDWLRQ PDWUL[
WKDW FRUUHVSRQGV WR WKLV WUDQVIRUPDWLRQ�

/HW XV FDOO q WKH URWDWHG Q YHFWRU� DQG ZULWH WKH IROORZLQJ OLQHDU V\VWHP RI HTXDWLRQV� pxray pyray pzray
pxperp1 pyperp1 pzperp1
pxperp2 pyperp2 pzperp2
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:H NQRZ WKLV V\VWHP GRHVQ¶W KDYH D VROXWLRQ� VLQFH WKH ILUVW OLQH LV VLPSO\ ZURQJ� :H
ZLOO DGGUHVV WKLV LVVXH VKRUWO\� )RU QRZ� ZH FDQ ZULWH D VLPLODU V\VWHP IRU DOO FDPHUDV LQ
WKH VFHQH� (DFK FDPHUD ZLOO KDYH LWV RZQ pray� pperp1� pperp2� DQG q� IROORZLQJ WKH VDPH
SURFHGXUH PHQWLRQHG DERYH� 7KH ZRUOG VHW RI FRRUGLQDWHV LV XQLTXH� VLQFH WKH FDPHUDV
DUH FDOLEUDWHG� 7KHQ� ZH FDQ ZULWH WKHP DOO WRJHWKHU LQ DQ RYHUGHWHUPLQHG OLQHDU V\VWHP
RI WKH IRUP Ax = b�
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,I WKH VHWXS ZDV SHUIHFW� ZH FRXOG UHPRYH WKH ILUVW URZ RI HDFK FDPHUD¶V WULSOHW� DQG WKH
V\VWHP ZRXOG KDYH RQH XQLTXH VROXWLRQ� 6LQFH WKDW LV QRW WKH FDVH� WKH V\VWHP ZLOO KDYH
QR VROXWLRQ� +RZHYHU� ZH FDQ ILQG DQ HVWLPDWH XVLQJ:HLJKWHG /HDVW 6TXDUHV� :H VHW WKLV
YHFWRU RI ZHLJKWV ZLWK D � LQ WKH ILUVW OLQH RI HDFK FDPHUD¶V V\VWHP WR DYRLG WKHVH ZURQJ
OLQHV IURP FRQWULEXWLQJ WR WKH VROXWLRQ� )RU WKH RWKHU ZHLJKWV� ZH SURSRVH WR XVH HDFK
FDPHUD¶V visibility IRU WKH NH\SRLQW WKDW LV EHLQJ WULDQJXODWHG� 7KDW ZD\ WKH VROXWLRQ
ZLOO EH FORVHU WR WKH FDPHUDV WKDW KDYH D EHWWHU HVWLPDWH RI WKH NH\SRLQW�

+RZHYHU� WKLV PHWKRG EUHDNV ZKHQ WKH NH\SRLQW FDQ RQO\ EH VHHQ IURP RQH FDPHUD� 7KHQ�
WKH :/6 VROXWLRQ ZLOO MXVW EH WKH YHFWRU Q� )RU WKLV UHDVRQ� ZH DGGHG WKH FRQGLWLRQ WKDW
HDFK NH\SRLQW VKRXOG EH YLVLEOH IURP DW OHDVW WZR FDPHUDV ZLWK D visibility RI 0.5 LQ
RUGHU WR WULDQJXODWH�
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��� 2QH�FDPHUD �' SRVH HVWLPDWLRQ
:H DOVR DSSURDFKHG WKH RQH�FDPHUD �' SRVH HVWLPDWLRQ SUREOHP LQ WKLV WKHVLV� ZKLFK UH�
TXLUHV D GLIIHUHQW DSSURDFK WKDQ WULDQJXODWLRQ� 2XU SURSRVDO LV FRPELQLQJ WKH SVHXGR�'
RXWSXW IURP %OD]H3RVH� WRJHWKHU ZLWK IRRW FRQWDFW NQRZOHGJH� WR REWDLQ D �' SRVH HVWL�
PDWLRQ� :H ZLOO GHVFULEH RXU DSSURDFK DQG PHQWLRQ WKH VHYHUDO SUREOHPV ZH UDQ LQWR LQ
WKLV VHFWLRQ�

)RU HYHU\ IUDPH LQ WKH YLGHR� ZH JLYH HDFK IRRW¶V KHHO DQG WRH D VFRUH EDVHG RQ WKHLU
visibility DQG WKH SUHVVXUH HDFK FKDQQHO UHFHLYHG� DQG WKHQ VHOHFW WKH RQH ZLWK WKH
KLJKHVW VFRUH� 6LQFH ZH NQRZ WKDW WKLV MRLQW LV LQ FRQWDFW ZLWK WKH JURXQG� ZH NQRZ LW
LV FRQWDLQHG LQ WKH JURXQG SODQH� 6R� WKH UHDO SRVLWLRQ RI WKH NH\SRLQW ZRXOG VLW DW WKH
LQWHUVHFWLRQ RI WKH NH\SRLQW OLQH ZLWK WKH JURXQG IORRU� 7KLV SRLQW LV NQRZQ� DQG ZH FDQ
WKHQ ILQG WKH VFDOLQJ FRQWDFW s�

2I FRXUVH� WKLV RQO\ VROYHV WKH VFDOLQJ SUREOHP IRU WKDW VSHFLILF NH\SRLQW� DQG ZH UHO\ RQ
KRZ JRRG WKH SVHXGR��' SUHGLFWLRQ DFWXDOO\ LV� +HUH LV ZKHUH ZH HQFRXQWHUHG WKH LVVXH�
:H FRXOG QRW ILQG D JRRG ZD\ WR XVH WKH PRGHO¶V z HVWLPDWLRQ� 7KH GRFXPHQWDWLRQ LV
QRW FOHDU RQ KRZ WKLV RXWSXW VKRXOG EH XVHG� :H WULHG VHYHUDO LQWHUSUHWDWLRQV� DQG QRQH
\LHOGHG D UHDVRQDEOH�ORRNLQJ VNHOHWRQ� ,Q RUGHU WR KDYH VR� LW ZDV QHHGHG WR GLYLGH E\ DQ
DUELWUDU\ FRQVWDQW ZH FRXOG QRW DUJXH IRU�

2Q WRS RI WKDW� WKH RXWSXW ZDV DOZD\V WLOWHG DW URXJKO\ WKH VDPH DQJOH DV WKH FDPHUD� ,W
DOPRVW VHHPV OLNH WKH PRGHO ZDV H[SHFWLQJ WKH FDPHUD WR EH ORRNLQJ LQ D KRUL]RQWDO GLUHF�
WLRQ� SDUDOOHO WR WKH JURXQG� )LJXUH ��� GHSLFWV WKLV EHKDYLRXU� +HUH� ZH UDQ %OD]H3RVH RQ
YLHZ ���D DQG XVHG WKH PHWKRG GHVFULEHG DERYH WR FDOFXODWH WKH �' SRVH� :KHQ YLHZLQJ
IURP ���E WKLV WLOWLQJ EHKDYLRXU EHFRPHV HYLGHQW�

:H FRXOG QRW ILQG DQ HDV\ ZD\ DURXQG WKLV LVVXH� 2QH SRVVLEOH DOWHUQDWLYH ZDV� ILUVW�
WLOWLQJ WKH RXWSXW RXUVHOYHV� ZKLFK SRVHG WKH TXHVWLRQ� FDQ ZH EH VXUH WKH WLOWLQJ LV FRQVLV�
WHQW DQG LW GHSHQGV VROHO\ RQ WKH FDPHUD SRVLWLRQ" +RZ GR ZH NQRZ LI ZH DUH WKH RQHV
FDXVLQJ WKH LVVXH E\ PLVLQWHUSUHWLQJ KRZ WKLV GHSWK HVWLPDWH VKRXOG EH XVHG" $QRWKHU
ZD\ ZDV SLFNLQJ D VWDWH�RI�WKH�DUW PRGHO OLNH 0H75$EV >��@� ZKLFK DOVR XVHV WKH FDPHUD
PDWULFHV DV DQ LQSXW WR WKH PRGHO DQG FODLPV WR SURYLGH D EHWWHU �' SRVH HVWLPDWLRQ IURP
RQO\ RQH DQJOH� +RZHYHU� LW ODFNV DOO WKH EHQHILWV WKDW PDGH XV FKRRVH %OD]H3RVH LQ WKH
EHJJLQLQJ� $OWHUQDWLYHO\� ZH FRXOG KDYH FDOFXODWHG WKH �' SRVH E\ WULDQJXODWLQJ IURP DOO
HLJKW FDPHUDV� SURMHFW WKLV VNHOHWRQ LQWR HDFK �' FDPHUD DQG XVH WKLV DQQRWDWLRQV WR WUDLQ
0HGLD3LSH¶V PRGHO IXUWKHU LQ RUGHU WR FRUUHFW WKH WLOWLQJ EHKDYLRXU�

(YHQ WKRXJK ZH WKLQN VRPH RI WKHVH RSWLRQV ZRXOG KDYH ZRUNHG� VRPH ZHUH IDU IURP
WKH VFRSH RI WKH WKHVLV� DQG VRPH RWKHUV ZHUH GHHPHG WRR WLPH�FRQVXPLQJ� 7KXV� ZH
GHFLGHG WR OHDYH WKH RQH�YLHZ FDVH DQG IRFXV RQ WKH VHYHUDO�FDPHUD VFHQDULR IRU WKH UHVW
RI WKH WKHVLV�

� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



�D� 9LHZ IURP WKH FDPHUD UXQQLQJ WKH PRGHO�

�E� 6LGH YLHZ RI WKH �' RXWSXW� VKRZFDVLQJ WKH WLOWLQJ LVVXH�

)LJXUH ���� 2QH�FDPHUD �' SRVH HVWLPDWLRQ DWWHPSW� IURP WKH YLHZ LQ �D��
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� 'DWD $FTXLVLWLRQ
,Q WKLV FKDSWHU� ZH ZLOO SUHVHQW WKH GDWD DFTXLVLWLRQ VHWXS XVHG IRU WKLV WKHVLV DQG WKH
FRQVLGHUDWLRQV PDGH WR GHVLJQ LW� 7KH SLSHOLQH KDV EHHQ GHVLJQHG WR EH PRGXODU� IOH[LEOH�
DQG IDVW WR ZRUN ZLWK� DOORZLQJ IRU HDV\ LQWHJUDWLRQ RI IXWXUH DGGLWLRQDO VHQVLQJ GHYLFHV� ,W
FRQVLVWV RI WZR VWDJHV� UDZ GDWD DFTXLVLWLRQ DQG SUHSURFHVVLQJ�

,Q RUGHU WR FRQGXFW RXU H[SHULPHQWDO ZRUN� ZH QHHG D GDWDVHW RI YLGHRV RI D VLQJOH SHUVRQ
SHUIRUPLQJ D VHW RI DFWLYLWLHV �VWDQGLQJ� ZDONLQJ� UXQQLQJ� MXPSLQJ� UHFRUGHG IURP VHYHUDO
DQJOHV ZLWK GLIIHUHQW FDPHUDV� 7KH YLGHR WLPHVWDPSV QHHG WR EH V\QFKURQL]HG DFFXUDWHO\
VLQFH WKH YLGHR IUDPHV ZLOO EH XVHG WR WULDQJXODWH WKH �' VNHOHWRQ RI WKH SHUVRQ LQ WKH
VFHQH� /XFNLO\ IRU XV� *UD]SHU ZDV VWDUWLQJ WR EXLOG D YLGHR ULJ LQ 5HIVKDO¡HQ WR UHFRUG
WKHLU RZQ SRVH GHWHFWLRQ GDWDVHWV ZKHQ ZH LQLWLDWHG WKH FROODERUDWLRQ� VR ZH ZHUH LQYROYHG
ZLWK WKH UHFRUGLQJ SURFHVV IURP WKH EHJLQQLQJ� $SDUW IURP WKH YLGHR IHHGV� ZH QHHG VRPH
GDWD RQ WKH IRRW FRQWDFW� 7KH SHUVRQ LQ WKH VFHQH ZLOO ZHDU D SDLU RI VROHV ZLWK LQWHJUDWHG
SUHVVXUH VHQVRUV ZKLOH SHUIRUPLQJ WKH DFWLYLWLHV�

6LQFH WKH QDWXUH RI WKH WZR FDSWXULQJ PHWKRGV �YLGHR DQG SUHVVXUH� LV YHU\ GLIIHUHQW� VR
LV WKHLU DFTXLVLWLRQV DQG WKHUH LV OLWWOH LQWHUSOD\ EHWZHHQ WKHP� :H ZLOO GHVFULEH WKHP
VHSDUDWHO\ LQ WKH IROORZLQJ VHFWLRQV RI WKLV FKDSWHU�

��� 5DZ GDWD
����� 9LGHR
7KH YLGHR ULJ FRQVLVWV RI D IODW ZRRGHQ IORRU RI ��[�� PHWHUV� ZLWK VFDIIROGLQJ DURXQG
LW ZKHUH WKH OLJKWLQJ DQG FDPHUDV DUH SODFHG� *UD]SHU KDV GHYHORSHG LWV RZQ FDPHUDV
XVLQJ DQ 1YLGLD -HWVRQ ;DYLHU 1; >��@ ZLWK D 86% FDPHUD� (DFK FDPHUD LV DQ HPEHGGHG
GHYLFH UXQQLQJ /LQX[� SRZHUHG WKURXJK 3R(� 7KH FDPHUD DQG LWV FRPSRQHQWV FDQ EH VHHQ
LQ LPDJH ����

)LJXUH ���� 3LFWXUH RI WKH LQWHULRU RI D *UD]SHU FDPHUD� 7KH 1YLGLD -HWVRQ� 86% FDPHUD
DQG SRZHU VXSSO\ DUH YLVLEOH LQ WKH LPDJH�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



7KH FDPHUDV DUH FDOLEUDWHG LQGLYLGXDOO\ ZLWK WKH KHOS RI D FKHFNHUERDUG SDWWHUQ WR GH�
WHUPLQH WKHLU LQWULQVLF SDUDPHWHUV DQG FRUUHFW IRU OHQV GLVWRUWLRQ� 7KHVH FDOLEUDWLRQ SD�
UDPHWHUV DUH VSHFLILF WR HDFK FDPHUD DQG DUH QRW H[SHFWHG WR FKDQJH XQOHVV VRPHWKLQJ
XQH[SHFWHG KDSSHQV� RQO\ LI WKH\ UHFHLYH D KLW RU WKH OHQV PRYHV� %HIRUH UHFRUGLQJ� WKH
FDPHUDV DUH FDOLEUDWHG EHWZHHQ WKHP E\ VHWWLQJ D ELJ FKHFNHUERDUG SDWWHUQ LQ WKH FHQWHU
RI WKH VFHQH� HQVXULQJ LW FDQ EH VHHQ IURP DOO DQJOHV� 7KH RULJLQ RI ZRUOG FRRUGLQDWHV LV
VHW ZLWK WKH FKHFNHUERDUG SDWWHUQ� DQG HDFK FDPHUD HVWLPDWHV LWV H[WULQVLF SDUDPHWHUV�

7KH VHWXS FRQVLVWV RI � FDPHUDV FRQQHFWHG WKURXJK D VZLWFK WR D FHQWUDO FRPSXWHU� WKH ULJ
VHUYHU� (DFK FDPHUD UXQV D 3UHFLVLRQ 7LPH 3URWRFRO �373� >��@ GDHPRQ WKDW V\QFKURQL]HV
LWV FORFN ZLWK WKH FHQWUDO FRPSXWHU¶V FORFN� ZKLFK UXQV WKH 373 VHUYHU� $ 8, DSSOLFDWLRQ
OHWV WKH XVHU YLVXDOL]H WKH FDPHUDV¶ IHHG� VHW VRPH FDPHUD SDUDPHWHUV �VXFK DV H[SRVXUH
WLPH DQG JDPPD FRUUHFWLRQ�� DQG VWDUW WKH UHFRUGLQJ SURFHVV�

(DFK FDPHUD UHFRUGV DW �� ISV DQG VDYHV WKH UDZ LPDJH IUDPHV LQ 5*% IRUPDW WR LWV ORFDO
KDUG GLVN� 2QFH LW KDV GRQH UHFRUGLQJ� WKH FHQWUDO VHUYHU GRZQORDGV DQG VWRUHV HDFK
VHTXHQFH RI IUDPHV�

����� 6ROHV

)LJXUH ���� 6HQVRU LQVROHV SLFWXUH DQG RXWOLQH ZLWK VHQVRU SRVLWLRQV�

*UD]SHU DFTXLUHG D SDLU RI VHQVRU LQVROHV >��@ WR JDWKHU GDWD RQ IRRW SUHVVXUH� D FRP�
PHUFLDO VROXWLRQ WKDW LQFOXGHV �� SUHVVXUH VHQVRUV DQG DQ DFFHOHURPHWHU SHU IRRW� )LJXUH
��� VKRZV WKH RXWOLQH RI WKH VROHV DQG WKH VHQVRU SRVLWLRQV� (DFK VROH LV SRZHUHG E\
D UHFKDUJHDEOH FRLQ FHOO DQG LV FRQQHFWHG WKURXJK %OXHWRRWK /RZ (QHUJ\ WR DQ $QGURLG
SKRQH� 0RWLFRQ SURYLGHV D SKRQH DSS� VHH LPDJH ���� WKDW FDQ EH XVHG WR FRQWURO WKH VROH
SDLU� 7KH\ UHFRUG DW ��� +] DQG FDQ EH VHW WR UHFRUG GLUHFWO\ LQ WKHLU ORFDO PHPRU\� 7KH
UDZ PHDVXUHPHQWV FDQ WKHQ EH WUDQVIHUUHG WR D FRPSXWHU XVLQJ WKH SKRQH DSS� JHWWLQJ D
FVY ILOH ZLWK DOO WKH GLIIHUHQW FKDQQHOV WLPHVWDPSHG�

7KH UHFRUGLQJ SURFHVV LV HQWLUHO\ VHSDUDWH IURP WKH YLGHR SURFHVV� PDNLQJ LW HDV\ WR LQWH�
JUDWH ZLWK *UD]SHU¶V V\VWHP� +RZHYHU� WKLV VHSDUDWLRQ DOVR LQWURGXFHG VRPH FKDOOHQJHV
LQ WHUPV RI V\QFKURQL]DWLRQ� ZKLFK HQGHG XS EHLQJ WULFN\ WR VROYH� $IWHU FRQWDFWLQJ 0RWL�
FRQ� WKH\ LQIRUPHG XV WKDW WKH SKRQH DSS XVHV WKH SKRQH¶V FORFN IRU WLPHVWDPSLQJ ZKHQ
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)LJXUH ���� 6FUHHQVKRW RI WKH 0RWLFRQ 2SHQ*R $QGURLG DSS�

WKH DFTXLVLWLRQ VWDUWV� 7KLV ZDV D SUREOHP VLQFH WKH SKRQH FORFN UXQV LQGHSHQGHQWO\ IURP
WKH VHUYHU¶V FORFN� DQG ZH VRPHKRZ QHHGHG WR V\QFKURQL]H WKHP�

6LQFH ERWK WKH ULJ VHUYHU DQG WKH SKRQH XVH WKH 1HWZRUN 7LPH 3URWRFRO �173� PXFK OHVV
SUHFLVH WKDQ 373� >��@ WR VHW WKHLU FORFNV� RXU ILUVW WU\ ZDV VHWWLQJ WKH VHUYHU WR V\QF WR WKH
VDPH 173 VHUYHU DV WKH SKRQH� 5HFRUGLQJ WKLV ZD\ UHVXOWHG LQ DQ RIIVHW RI ��� VHFRQGV�
ZLWK PXFK LQFRQVLVWHQF\�

,Q RUGHU WR XVH WKLV VROXWLRQ� RQH ZRXOG QHHG WR V\QFKURQL]H WKH WZR IHHGV PDQXDOO\� :H
GHYHORSHG D VPDOO S\WKRQ DSS WKDW DOORZHG PDQXDOO\ V\QFKURQL]LQJ WKH WZR IHHGV� 7KH
DSS DOORZV WKH XVHU WR SOD\�SDXVH WKH YLGHR DQG VHOHFW DQ\ IUDPH LQ WKH YLGHR XVLQJ WKH
ERWWRP VOLGHU� :KHQ SDXVHG� WKH XVHU FDQ PRYH IUDPH E\ IUDPH� $W WKH VDPH WLPH� WKH
UDZ VROHV VLJQDO LV VKRZQ DW WKH ERWWRP� 7KH DSS OHWV WKH XVHU DGG WLPH RIIVHWV WR WKH
VROHV VLJQDO XQWLO WKH\ EHFRPH V\QFKURQL]HG� 7KHQ� WKH XVHU FDQ VDYH WKH RIIVHW WR WKH
VROHV ILOH� $ VFUHHQVKRW RI WKH DSS LV VKRZQ LQ LPDJH ���� -XPSLQJ DW WKH EHJLQQLQJ RI
WKH YLGHR DQG IDOOLQJ RQ ERWK IHHW� RQH KDG D VWHS�IXQFWLRQ�OLNH VLJQDO RQ WKH SUHVVXUH WKDW
FRXOG EH XVHG WR DGMXVW LW GRZQ WR WKH VDPH IUDPH RI HUURU�

+RZHYHU� WKLV VROXWLRQ SRVHV VHYHUDO REYLRXV LQFRQYHQLHQFHV� )LUVW� WKH SHUVRQ QHHGV WR
MXPS DW WKH EHJLQQLQJ RI HYHU\ WDNHQ UHFRUGLQJ� RU WKH DGMXVWPHQW ZLOO EH OHVV SUHFLVH� 2QH
PXVW JR PDQXDOO\ WKURXJK HDFK YLGHR� ZKLFK SRVHV DQ LQFRQYHQLHQFH DQG DQ DGGLWLRQDO
VRXUFH RI HUURU� 7KLV VROXWLRQ ZDV XQDFFHSWDEOH VLQFH *UD]SHU LQWHQGHG WR LQFRUSRUDWH
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)LJXUH ���� 6FUHHQVKRW RI WKH PDQXDO V\QFKURQL]DWLRQ DSS�

WKH VROH SUHVVXUH LQ WKHLU UHFRUGLQJ VHWXS� 7KH V\QFKURQL]DWLRQ KDG WR EH GRQH SURJUDP�
PDWLFDOO\�

,W WXUQV RXW WKDW VHWWLQJ WKH FORFN PDQXDOO\ LQ DQ $QGURLG SKRQH LV D UHVWULFWHG RSHUDWLRQ
EHFDXVH RI VHFXULW\ UHDVRQV� DQG LW FDQQRW EH GRQH XQOHVV WKH GHYLFH LV URRWHG� 7R WKLV
HQG� *UD]SHU DFTXLUHG D FKHDS ;LDRPL 5HGPL �$� DQG ZH SURFHHGHG WR URRW LW� 2QFH
LW ZDV URRWHG� ZH ILUVW WULHG UXQQLQJ D 373 GDHPRQ RQ WKH SKRQH� MXVW OLNH WKH FDPHUDV�
IRU ZKLFK ZH LQVWDOOHG 7HUPX[� D WHUPLQDO HPXODWRU� +RZHYHU� WKH QHWZRUN LQWHUIDFH RQ
WKH SKRQH GRHV QRW VXSSRUW KDUGZDUH RU VRIWZDUH WLPHVWDPSLQJ� VR 373 ZDV RXW RI WKH
SLFWXUH� 7KH QH[W DWWHPSW ZDV XVLQJ 173� :H VHW DQ 173 VHUYHU UXQQLQJ RQ WKH ULJ VHUYHU
DQG WKH SKRQH WR V\QFKURQL]H WR LW WKURXJK 173� 7KLV ZD\� ZH EURXJKW WKH RIIVHW GRZQ WR
����� VHFRQGV� EXW WKH RIIVHW ZDV VWLOO SUHWW\ LQFRQVLVWHQW� ZKLFK PDGH WKH VROXWLRQ D ELW
EHWWHU WKDQ WKH SUHYLRXV RQH EXW VWLOO XQXVDEOH�

:H K\SRWKHVL]HG WKDW WKH VRXUFH RI LQFRQVLVWHQF\ ZDV WKH V\QFKURQL]DWLRQ EHLQJ FRQ�
GXFWHG RYHU D :L)L QHWZRUN� ,Q RUGHU WR DGGUHVV WKLV LVVXH� ZH GHFLGHG WR DWWHPSW V\Q�
FKURQL]DWLRQ WKURXJK 86%� 7KH $QGURLG 'HEXJ %ULGJH �$'%� RIIHUV D ZD\ WR DFFHVV WKH
$QGURLG SKRQH¶V VKHOO IURP D FRPSXWHU� :LWKLQ WKH $QGURLG VKHOO� WKHUH LV D ELQDU\ FDOOHG
dateZKLFK� DFFRUGLQJ WR LWV GRFXPHQWDWLRQ� VKRXOG DOORZ IRU WLPH VHWWLQJ ZLWK PLFURVHFRQG
SUHFLVLRQ� +RZHYHU� LQ SUDFWLFH� LW FRXOG RQO\ IXQFWLRQ ZLWK VHFRQGV DQG ZRXOG SURGXFH
DQ HUURU ZKHQ DWWHPSWLQJ WR XVH D PRUH SUHFLVH VHWWLQJ�

+RZHYHU� DQ HQYLURQPHQW YDULDEOH LV DYDLODEOH LQ /LQX[ DQG $QGURLG VKHOOV� EPOCHREALTIME�
WKDW SURYLGHV WKH V\VWHP FORFN ZLWK D UHVROXWLRQ RI PLFURVHFRQGV� :H GLVFRYHUHG WKDW
WKLV YDULDEOH REWDLQV WKH WLPH IURP D NHUQHO IXQFWLRQ� gettimeofday� DQG D FRUUHVSRQGLQJ
settimeofday DOVR H[LVWV� ZKLFK VXSSRUWV PLFURVHFRQGV� :H GHYHORSHG WZR VWUDLJKWIRU�
ZDUG & SURJUDPV WR DFFHVV DQG VHW WKH SKRQH¶V WLPH XVLQJ WKHVH IXQFWLRQV� 7KH SURJUDPV
UHWXUQ DQG DFFHSW D 8QL[ WLPHVWDPS ZLWK D GHFLPDO YDOXH� 7KH FRGH RI ERWK SURJUDPV�
get_time.c DQG set_time.c� DUH LQFOXGHG LQ WKH DSSHQGL[ $ IRU UHIHUHQFH� ,W VKRXOG EH
QRWHG WKDW WKH VHWWHU IXQFWLRQ GRHV QRW LQFOXGH DQ\ FKHFNV� DQG WKH FRQVHTXHQFHV RI VHW�
WLQJ D QHJDWLYH WLPH DUH XQNQRZQ� 7KH WZR SURJUDPV ZHUH FRSLHG WR WKH $QGURLG SKRQH
DQG FRPSLOHG XVLQJ 7HUPX[ DQG WKH *18 & &RPSLOHU �JFF� YHUVLRQ DYDLODEOH WKURXJK LWV
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SDFNDJH PDQDJHU�

2QFH FRPSLOHG� WKH H[HFXWDEOH VLWV LQ WKH SKRQH DQG FDQ EH UXQ IURP 7HUPX[ DQG RXU FRP�
SXWHU ZKHQ FRQQHFWHG YLD $'%� +RZHYHU� ZH REVHUYHG D GHOD\ ZKHQ ZULWLQJ WKH WLPH RQ
WKH SKRQH GLUHFWO\ IURP WKH FRPSXWHU� 7KXV ZH LPSOHPHQWHG D EDVK VFULSW WKDW FRPSXWHV
DQ HVWLPDWH RI WKH URXQG WULS WLPH RI WKLV RSHUDWLRQ E\ VHWWLQJ DQG UHDGLQJ VHYHUDO WLPHV
DQG FRPSHQVDWHV IRU WKH GHOD\� DVVXPLQJ WKDW WKH RSHUDWLRQ RI UHDGLQJ WLPH LV QHJOLJLEOH
YV� VHWWLQJ LW� 7KH EDVK VFULSW LV DOVR DYDLODEOH WR WKH UHDGHU LQ WKH DSSHQGL[ $�

:H WHVWHG WKLV V\QFKURQL]DWLRQ PHWKRG H[SHULPHQWDOO\� DQG DOO WKH WULDOV VKRZHG WKDW WKH
VROH VLJQDO FRQVLVWHQWO\ ODJJHG E\ DSSUR[LPDWHO\ �� PLOOLVHFRQGV� 8SRQ IXUWKHU DQDO\VLV�
LW ZDV GHWHUPLQHG WKDW WKH SKRQH DSS LQWURGXFHG WKH GHOD\ GXULQJ WKH WLPHVWDPSLQJ RI WKH
UHFRUGLQJ VWDUW� +RZHYHU� DV WKH GHOD\ ZDV FRQVWDQW LQ WLPH� WKH FRPSHQVDWLRQ ZDV HDV\
WR LPSOHPHQW� XOWLPDWHO\ DOORZLQJ IRU VXFFHVVIXO V\QFKURQL]DWLRQ RI WKH VLJQDOV GRZQ WR WKH
VDPH IUDPH�

,Q FRQFOXVLRQ� DVVXPLQJ WKH FDPHUDV KDYH DOUHDG\ EHHQ FDOLEUDWHG RQH E\ RQH IRU HVWL�
PDWLQJ WKHLU LQWULQVLF SDUDPHWHUV� WKH ILQDO DFTXLVLWLRQ PHWKRG FRQVLVWV RI � VWHSV�

�� &DOLEUDWH DOO FDPHUDV WR ILQG WKH VHW RI ZRUOG FRRUGLQDWHV LQ WKH FKHFNHUERDUG SDWWHUQ
DQG HVWLPDWH HDFK FDPHUD¶V H[WULQVLF SDUDPHWHUV�

�� 6\QFKURQL]H WKH SKRQH¶V FORFN WR WKH FRPSXWHU ZKHUH WKH 373 VHUYHU LV UXQQLQJ� ,Q
RXU FDVH� WKH VDPH PDFKLQH LV XVHG DV D FDPHUD UHFRUGLQJ VHUYHU�

�� 5HFRUG VHYHUDO YLGHRV XVLQJ WKH 0RWLFRQ DSS WR VLJQDO WKH VROHV ZKHQ WR VWDUW DQG
VWRS WKH DFTXLVLWLRQ�

�� 2QFH GRQH� GRZQORDG WKH YLGHRV WR WKH UHFRUGLQJ VHUYHU DQG GXPS WKH VROHV FVY
ILOHV LQ WKH VHUYHU� 7KLV GDWD WKHQ JHWV DXWRPDWLFDOO\ FRSLHG WR D FHQWUDO ILOH�VWRULQJ
VHUYHU VR LW FDQ EH DFFHVVHG IURP DQ\ FRPSXWHU LQ WKH *UD]SHU QHWZRUN�

��� 3UHSURFHVVLQJ
����� 9LGHR
7KH UDZ 5*% IUDPHV DUH DW WKLV VWHS FRUUHFWHG IRU OHQV GLVWRUWLRQ DQG H[SRUWHG WR PS�
XVLQJ K��� HQFRGLQJ� \LHOGLQJ HLJKW V\QFKURQL]HG YLGHRV LQ PS� IRUPDW� 7KHUH LV DQ DG�
GLWLRQDO MVRQ ILOH WKDW VWRUHV PHWDGDWD RI WKH UHFRUGLQJ� QR� RI SDUWLFLSDQWV� ODEHOV RQ ZKDW
WDVNV WKH\ DUH SHUIRUPLQJ� H[WULQVLF DQG LQWULQVLF FDPHUD SDUDPHWHUV� DQG WLPHVWDPSV RI
HDFK IUDPH LQ WKH UHFRUGLQJ�

����� 6ROHV
$V IRU WKH VROHV� WKH UDZ GDWD KDV D FDSWXUH IUHTXHQF\ RI ��� +]� IDU VXSHULRU WR WKH �� ISV
RI WKH YLGHR� 7KLV QXPEHU RI PHDVXUHPHQWV SHU VHFRQG ZRXOG OHW XV REVHUYH FKDQJHV LQ
SUHVVXUH ZLWK D IUHTXHQF\ RI XS WR �� +] �1\TXLVW WKHRUHP�� ZKLFK LV DQ RUGHU RI PDJQLWXGH
DERYH KXPDQ ERG\ PRYHPHQW� 7DSSLQJ D IRRW WR D PHWURQRPH VHW DW ��� ESP LV DV TXLFN
DV LW JHWV� DQG WKLV ZRXOG MXVW EH � +]� $OVR� WKH PHDVXUHPHQWV GR QRW FRUUHVSRQG WR DQ\
VSHFLILF YLGHR IUDPH VLQFH WKH\ GR QRW KDSSHQ VLPXOWDQHRXVO\�

)RU WKLV UHDVRQ� ZH GHFLGHG WR XQGHUVDPSOH WKH VROHV VLJQDO� )RU HDFK YLGHR IUDPH�
ZH LQWHUSRODWHG WKH YDOXH RI HDFK FKDQQHO OLQHDUO\ IURP WKH WZR FORVHVW UHDO VROHV VDP�
SOHV� :H LQLWLDOO\ WULHG MXVW SLFNLQJ WKH QHDUHVW YDOXH� +RZHYHU� ZH REVHUYHG WKDW� IRU YHU\
UDSLG HYHQWV OLNH NLFNLQJ VRPHWKLQJ RU VWRPSLQJ DQG UDLVLQJ D IRRW YHU\ IDVW� RQH FRXOG EH
XQOXFN\ ZLWK WKH LQWHUSRODWLRQ DQG HQG XS ZLWK WKHVH HYHQWV GLVDSSHDULQJ IURP WKH ILQDO
VLJQDO� ,Q WKHVH HGJH FDVHV� OLQHDU LQWHUSRODWLRQ ZRXOG DW OHDVW GHWHFW VRPH SUHVVXUH� DQG

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



WKXV ZH GHFLGHG WR XVH WKLV PHWKRG LQ WKH ILQDO SLSHOLQH� $IWHU XQGHUVDPSOLQJ� WKH GDWD LV
VDYHG LQ D MVRQ ILOH�

7KH 0HGLDSLSH VNHOHWRQ ZH XVH IRU SRVH GHWHFWLRQ �VHH FKDSWHU �� KDV WZR NH\SRLQWV SHU
IRRW� RQH LQ WKH KHHO DQG RQH LQ WKH WRH� 6R� WR JHW DQ HVWLPDWH RI WKH SUHVVXUH RQ HDFK
NH\SRLQW ZH WDNH D PHDQ RI UHDGLQJV� WKH PHDQ RI VHQVRUV � WR � ZLOO DFFRXQW IRU WKH KHHO�
DQG WKH PHDQ RI VHQVRUV � WR �� ZLOO DFFRXQW IRU WKH WRH� VHH ILJXUH ����

)LQDOO\� VLQFH WKLV SUHVVXUH HVWLPDWH GHSHQGV RQ WKH ZHLJKW RI WKH ZHDUHU� ZH QHHGHG WR
QRUPDOL]H WKH VLJQDO� :H REVHUYHG WKDW WKURXJK RXU FDSWXUHG UHFRUGLQJV� WKH SUHVVXUH
GLVWULEXWLRQ RQ WKH WRHV GLIIHUHG IURP WKH RQH RQ WKH KHHOV� 7KH WRH FKDQQHOV FRQVLVWHQWO\
UHFHLYHG PRUH SUHVVXUH WKDQ WKH KHHO RQHV� 7KXV� ZH GHFLGHG WR VWDQGDUGL]H WKHP VHS�
DUDWHO\�

:H WDNH ERWK OHIW DQG ULJKW WRH FKDQQHOV DQG VXP WKHP� 7KHQ� ZH ILQG WKH PHDQ SUHVVXUH
DORQJ WKH HQWLUH UHFRUGLQJ DQG KDOI LW� :H ILQDOO\ QRUPDOL]H E\ GLYLGLQJ HDFK FKDQQHO E\
WKLV YDOXH� :H QRUPDOL]H WKH KHHO FKDQQHOV LQ WKH VDPH ZD\� %\ QRUPDOL]LQJ WKLV ZD\� D
YDOXH RI � URXJKO\ FRUUHVSRQGV WR D TXDUWHU RI WKH SUHVVXUH ZKHQ WKH SHUVRQ LV UHVWLQJ�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV ��



� ([SHULPHQW SLSHOLQH
:H ZLOO QRZ GLVFXVV WKH SLSHOLQH ZH GHVLJQHG WR FRQGXFW WKH H[SHULPHQWV LQ WKLV WKHVLV�
2XU SXUSRVH LV WR VKRZ WKDW LQFRUSRUDWLQJ NQRZOHGJH DERXW IRRW FRQWDFW FDQ LPSURYH WKH
�' SRVH HVWLPDWLRQ ZKHQ IHZHU FDPHUDV DUH LQYROYHG� $V PHQWLRQHG LQ WKH LQWURGXFWLRQ�
NQRZOHGJH DERXW IRRW FRQWDFW XQORFNV WKH SRVVLELOLW\ RI SHUIRUPLQJ WKH WDVN IURP RQO\ RQH
FDPHUD DQJOH DQG LPSURYLQJ WKH VHYHUDO�FDPHUD FDVH�

,Q WKH IROORZLQJ VHFWLRQV� ZH ZLOO VKRZ WKH GLIIHUHQW FRPSRQHQWV RI WKH SLSHOLQH DQG KRZ
WKH\ ZRUN WRJHWKHU� 7KH\ DUH GHVLJQHG LQ D PRGXODU ZD\ WKDW DOORZV FKDQJLQJ WKHP
TXLFNO\� )LJXUH ��� VKRZV D GLDJUDP RI WKH H[SHULPHQW SLSHOLQH�

Video feeds (8 cameras)

Pose estimation
module

Grazper video annotation

2D Pose 3D Pose
Smoothing

Skeleton statistics
Contact estimation

Ground truth

Video feed subset
(2-3-4 cameras)


Post-processing
module

Soles data

Estimation

Metrics
module


)LJXUH ���� 'LDJUDP RI WKH H[SHULPHQW SLSHOLQH EXLOGLQJ EORFNV

��� *URXQG WUXWK DQQRWDWLRQ
)LUVW� ZH QHHG VRPH DQQRWDWLRQV RQ WKH YLGHRV� :H QHHG D �' VNHOHWRQ WKDW DFWV DV
JURXQG WUXWK WR KDYH UHIHUHQFH SRLQWV WR FRPSDUH RXU SURSRVHG PHWKRGV¶ SHUIRUPDQFH�
:H ZLOO XVH *UD]SHU¶V DQQRWDWLRQ WRRO �ILJXUH ���� WR DFKLHYH LW� 7KH\ XVH WKLV WRRO LQWHUQDOO\
WR DQQRWDWH DOO WKHLU UHFRUGLQJV DQG WUDLQ WKHLU RZQ �' SRVH HVWLPDWLRQ PRGHOV� *UD]SHU
GHYHORSHG WKLV VROXWLRQ� VR ZH ZLOO GHVFULEH LW VKRUWO\ ZLWKRXW SURYLGLQJ PXFK GHWDLO VLQFH
LW LV RXW RI WKH VFRSH RI WKLV WKHVLV�

7KH WRRO H[WUDFWV D �' SRVH DV GHVFULEHG LQ FKDSWHU �� FRPSXWLQJ D �' SRVH HVWLPDWLRQ
LQ HDFK FDPHUD YLHZ DQG WKHQ WULDQJXODWLQJ D �' VNHOHWRQ XVLQJ WKH H[WULQVLF FDPHUD
SDUDPHWHUV� 6LQFH WKH WULDQJXODWLRQ LV GRQH IUDPH E\ IUDPH� WKH UHVXOWLQJ VNHOHWRQ LV
RIWHQ WUHPXORXV� )RU WKLV UHDVRQ� WKH\ VPRRWK WKH VNHOHWRQ LQ WKH WHPSRUDO GRPDLQ XVLQJ
D .DOPDQ ILOWHU� /DWHU� WKH\ SHUIRUP VRPH VNHOHWRQ VWDWLVWLFV� FDOFXODWH WKH ERQHV¶ OHQJWK
DQG HVWLPDWH FRQWDFW SRLQWV EDVHG RQ WKH YHORFLW\ DQG SRVLWLRQ RI VSHFLILF NH\SRLQWV� DQG
UHFDOFXODWH WKH VNHOHWRQ HQIRUFLQJ WKHVH FRQVWUDLQWV�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



)LJXUH ���� 6FUHHQVKRW RI *UD]SHU¶V DQQRWDWLRQ WRRO�

7KH UHVXOW LV D VNHOHWRQ WKDW ORRNV PXFK PRUH QDWXUDO DQG UHDOLVWLF� ZLWK VPRRWK PRYH�
PHQWV� $OVR� DV WKH �' SRVH LV HVWLPDWHG IURP � GLIIHUHQW FDPHUD DQJOHV� WKH ORFDWLRQ RI
WKH NH\SRLQWV LV YHU\ DFFXUDWH� DQG WKHUH DUH KDUGO\ DQ\ RFFOXVLRQV� PDLQO\ ZKHQ GHDO�
LQJ ZLWK RQO\ RQH SHUVRQ LQ WKH VFHQH� *UD]SHU¶V DQQRWDWLRQ WRRO DOVR DOORZV PDQXDOO\
DQQRWDWLQJ SDUWLFXODU IUDPHV ZKHQ WKH DXWRPDWLF DQQRWDWLRQ IDLOV�

1H[W� ZH ZLOO GHVFULEH WKH GLIIHUHQW EXLOGLQJ EORFNV RI WKH H[SHULPHQW SLSHOLQH LQ GHWDLO� ,W
LV ZRUWK PHQWLRQLQJ WKDW HYHU\ RXWSXW RI HYHU\ EXLOGLQJ EORFN KDV EHHQ GHVLJQHG WR EH
FRPSDWLEOH ZLWK *UD]SHU¶V YLGHR DQQRWDWLRQ WRRO� 7KLV DOORZV XV WR YLVXDOL]H HYHU\ RXWSXW
HDVLO\ DQG KDV EHHQ RI JUHDW KHOS ZKHQ EXLOGLQJ LW DQG LQWHUSUHWLQJ WKH UHVXOWV�

��� 3RVH HVWLPDWLRQ PRGXOH
7KLV EORFN VHOHFWV D VXEVHW RI FDPHUDV DQG UXQV WKHP WKURXJK WKH SURFHVV GHVFULEHG LQ ��
+RZHYHU� GXH WR WKH UHGXFHG QXPEHU RI FDPHUDV� RFFOXVLRQV DUH WR EH H[SHFWHG� DQG LQ
VRPH IUDPHV� D SDUWLFXODU NH\SRLQW PD\ RQO\ EH YLVLEOH IURP RQH FDPHUD DQJOH� 7KLV PD\
UHVXOW LQ LQFRPSOHWH �' VNHOHWRQV VLQFH RXU WULDQJXODWLRQ VFULSW UHTXLUHV HDFK NH\SRLQW WR
EH YLVLEOH ZLWK D FHUWDLQ OHYHO RI FRQILGHQFH IURP DW OHDVW WZR FDPHUDV�

7KH RXWSXW RI WKLV EORFN ZLOO EH D VHTXHQFH RI �' VNHOHWRQV� RQH SHU IUDPH� ZLWK WKH �'
SRVLWLRQ � D FRQILGHQFHPDVN �� LI FRXOG WULDQJXODWH� � LI QRW� IRU HDFK NH\SRLQW� UHSUHVHQWHG
LQ D �' PDWUL[ RI �� E\ ��

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV ��



��� 3RVWSURFHVVLQJ PRGXOH
7KH SRVWSURFHVVLQJ PRGXOH WDNHV WKH EDVH �' VNHOHWRQ IURP WKH SRVH HVWLPDWLRQ PRGXOH
DQG PRGLILHV LW� LQFRUSRUDWLQJ NQRZOHGJH IURP IRRW FRQWDFW� HLWKHU E\ WDNLQJ WKH FDSWXUHG
VROH VLJQDO RU HVWLPDWLQJ LW� :H ZLOO GLVFXVV KRZ ZH HVWLPDWH WKH SUHVVXUH VLJQDO ODWHU LQ
FKDSWHU �� /HW XV IRFXV RQ KRZ ZH XVH WKH VLJQDO WR PRGLI\ WKH �' VNHOHWRQ�

:H EXLOW WZR GLIIHUHQW PRGXOHV� 3RVW3URFHVVRU 2IIOLQH �33 2IIOLQH�� PHDQW WR SURFHVV WKH
VNHOHWRQV KDYLQJ DFFHVV WR WKH ZKROH UHFRUGLQJ� DQG 33 2QOLQH� WR RQO\ ORRN EDFN LQ WLPH
VR WKDW LW FRXOG SRWHQWLDOO\ EH XVHG LQ RQOLQH DSSOLFDWLRQV�

����� 33 2IIOLQH
7KLV PRGXOH WDNHV WKH HQWLUH VROHV VHTXHQFH� WKH YDOXH RI SUHVVXUH DW HDFK IRRW¶V KHHO
DQG WRH� DQG WKUHVKROGV LW E\ D SDUDPHWHU WR ELQDU\ FODVVLI\ WKH VLJQDO� ZKHWKHU WKHUH LV
FRQWDFW RU QRW� $IWHU� ZH ILQG WKH GLIIHUHQW VHTXHQFHV RI FRQWLQXRXV FRQWDFW RI HDFK RI WKH
NH\SRLQWV LQ WKH YLGHR�

%DVHG RQ WKH DVVXPSWLRQ WKDW IHHW GR QRW PRYH ZKHQ WKHUH LV FRQWDFW� ZH WDNH HDFK VH�
TXHQFH RI FRQWDFW RI HYHU\ NH\SRLQW DQG FRPSXWH WKH DYHUDJH �' SRVLWLRQ RI WKH NH\SRLQW
GXULQJ WKH HQWLUH VHTXHQFH� :H WKHQ UHSODFH WKH SRVLWLRQ RI VDLG NH\SRLQW ZLWK WKH DYHU�
DJH SRVLWLRQ LQ HYHU\ IUDPH LQ WKH VHTXHQFH� .H\SRLQWV WKDW FRXOG QRW EH WULDQJXODWHG DUH
QRW LQFOXGHG LQ WKLV FDOFXODWLRQ�

,W LV HDV\ WR LPDJLQH HGJH FDVHV ZKHUH WKLV SRVWSURFHVVLQJ PHWKRG ZRXOG EUHDN� YLGHRV
ZKHUH D SHUVRQ LV VOLGLQJ RU RQ D VNDWHERDUG� 7KRVH FDVHV KDYH IRRW FRQWDFW� EXW WKH
IHHW GR PRYH� +RZHYHU� WKH PRGXOH FRXOG EH H[SDQGHG WR DFFRXQW IRU WKHP� RQH FRXOG
PRQLWRU WKH YHORFLW\ RI WKH NH\SRLQW DQG RQO\ DFW DW SRLQWV ZKHUH WKH YHORFLW\ LV FORVH
WR �� :H WULHG WKLV DSSURDFK EXW HQFRXQWHUHG DQRWKHU LVVXH� $V WKH WULDQJXODWLRQ LQ WKH
SRVH HVWLPDWLRQ LV GRQH IUDPH E\ IUDPH� WKH �' VNHOHWRQ PD\ IOLFNHU� OHDGLQJ WR LQDFFXUDWH
YHORFLW\ HVWLPDWHV DQG FRPSURPLVLQJ WKH HQWLUH SRVWSURFHVVLQJ� $ VROXWLRQ WR WKLV SUREOHP
ZRXOG EH WR VPRRWK WKH VNHOHWRQ� VLPLODU WR WKH ZD\ *UD]SHU GRHV IRU DQQRWDWLQJ GDWD�
+RZHYHU� DV ZH GHHPHG WKH LPSOHPHQWDWLRQ RI .DOPDQ ILOWHUV DV RXW RI WKH VFRSH RI WKLV
WKHVLV� ZH GHFLGHG WR OHDYH WKH SRVWSURFHVVLQJ PHWKRG DV LW LV�

����� 33 2QOLQH
7KLV PRGXOH ZRUNV WKH VDPH ZD\ DV 33 2IIOLQH� :H ILUVW WKUHVKROG WKH VLJQDO DQG ILQG WKH
FRQWDFW VHTXHQFHV IRU HDFK NH\SRLQW� 7KHQ JR WKURXJK DOO WKH VHTXHQFHV DQG FRPSXWH
WKH PHDQ SRVLWLRQ RI WKH NH\SRLQW LQ WKH VHTXHQFH� +RZHYHU� LQ WKLV FDVH� ZH RQO\ WDNH LWV
PHDQ E\ ORRNLQJ EDFNZDUG LQ WLPH� +HQFH� WKH SRVLWLRQ RI WKH NH\SRLQW ZLOO QRW EH FRQVWDQW
WKURXJKRXW WKH VHTXHQFH�

7KLV SRVW�SURFHVVRU FRXOG EH VHW XS WR ZRUN RQOLQH� 2I FRXUVH� LQ WKLV H[SHULPHQW� ZH DUH
MXVW UHFUHDWLQJ LW� 7KH RQOLQH VHWXS ZRXOG RQO\ PDNH VHQVH ZKHQ HVWLPDWLQJ WKH SUHVVXUH
YDOXH LI ZH DOVR XVH DQ RQOLQH PRGHO IRU GRLQJ VR� 3UHVVXUH SUHGLFWLRQ ZLOO EH GLVFXVVHG
LQ PRUH GHWDLO LQ FKDSWHU ��

1RWLFH WKDW ERWK SRVW�SURFHVVRUV RQO\ DIIHFW WKH SRVLWLRQ RI WKH � NH\SRLQWV LQ WKH IHHW�
:H KDYH UHVWULFWHG RXUVHOYHV WR WKLV VLPSOH FDVH EHFDXVH RI WLPH FRQVWUDLQWV� +RZHYHU�
WKH SRWHQWLDO RI WKLV DSSURDFK FDQ EH PXFK PRUH VLJQLILFDQW� &RPELQLQJ WKHVH SRVW�
SURFHVVRUV ZLWK VRPH NQRZOHGJH DERXW WKH OHQJWK RI ERQHV� RQH FRXOG DOVR UHFDOFXODWH
WKH SRVLWLRQ RI WKH ZKROH ORZHU SDUW RI WKH ERG\ DQG PDNH LW OHVV IOLFNHULQJ� \LHOGLQJ D PRUH
UHDOLVWLF RXWSXW LQ WKH ZKROH VNHOHWRQ�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



��� 0HWULFV PRGXOH
7KLV ODVW PRGXOH LV ZKHUH WKH �' VNHOHWRQ UHVXOW RI WKH SRVWSURFHVVLQJ LV FRPSDUHG DJDLQVW
WKH JURXQG WUXWK �' VNHOHWRQ� :H KDYH XVHG VHYHUDO PHDVXUHV WKURXJKRXW WKH GHYHORS�
PHQW RI WKLV WKHVLV� 6RPH PLJKW QRW EH WKDW LQWHUHVWLQJ IURP D UHVXOWV SRLQW RI YLHZ� EXW
WKH\ KDYH KHOSHG LQ WKH GHEXJJLQJ SURFHVV� 7KHVH PHDVXUHV LQFOXGH�

� %LDV � 9DULDQFH� $YJ� DEVROXWH GLIIHUHQFH RI WKH GLVWDQFH IURP WKH SUHGLFWHG VNHOHWRQ
WR WKH JURXQG WUXWK DQQRWDWLRQ RYHU WLPH DQG SHU NH\SRLQW� $OVR� WKH YDULDQFH RI WKLV
PHWULF�

� 5RRW 0HDQ 6TXDUHG (UURU �506(�� WKH VTXDUHG URRW RI WKH PHDQ VTXDUHG GLIIHUHQFH
RI WKH SUHGLFWHG DQG WKH WUXH VNHOHWRQV�

� 3HUFHQWDJH RI &RUUHFW .H\SRLQWV �3&.�� GHWHFWHG NH\SRLQWV DUH PDUNHG DV FRUUHFW
LI WKH GLVWDQFH EHWZHHQ WKH SUHGLFWHG DQG WUXH MRLQW LV ZLWKLQ D SDUWLFXODU VHOHFWHG
WKUHVKROG� :H WDNH WKH DYHUDJH RYHU WKH QXPEHU RI IUDPHV IRU HDFK NH\SRLQW�

� &ORXG SRLQWV� $ IDFHW JULG RI �[� SORWV� ZKHUH ZH YLVXDOL]H WKH GLVWDQFH YHFWRU EH�
WZHHQ WKH JURXQG WUXWK DQG WKH SUHGLFWHG VNHOHWRQ RQ WKH GLIIHUHQW FRPELQDWLRQV RI
WKH [� \� DQG ]�D[LV�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV ��



� 6ROH SUHVVXUH HVWLPDWLRQ
6ROH SUHVVXUH HVWLPDWLRQ FRQVWLWXWHV WKH FULWLFDO HOHPHQW RI WKLV 0DVWHU¶V WKHVLV� ,I ZH
FDQQRW SUHGLFW LW� WKH JDLQV EURXJKW ZLWK IRRW FRQWDFW NQRZOHGJH ZLOO EH UHOHJDWHG WR WKH
UHFRUGLQJ FDVH� ZKHUH WKH SHUVRQ LQ WKH VFHQH LV ZHDULQJ WKH VHQVRU LQVROHV� ,Q WKLV FKDS�
WHU� ZH GHVFULEH RXU DSSURDFK WR SUHSDULQJ WKH GDWD� GHVLJQLQJ WKH PRGHOV� DQG WUDLQLQJ
WKHP�

��� ,QSXW GDWD
2XU PRGHO VKRXOG EH DEOH WR WDNH LQIRUPDWLRQ IURP WKH VFHQH DQG SUHGLFW ZKHWKHU WKHUH
LV IRRW FRQWDFW RU QRW� 7KHUH DUH VHYHUDO RSWLRQV IRU ZKDW WKH LQSXW GDWD VKRXOG ORRN OLNH�

2QH DSSURDFK FRXOG EH XVLQJ WKH YLGHR IUDPHV DV LQSXW� GHVLJQLQJ WKH PRGHO ILUVW WR GHWHFW
WKH SHUVRQ LQ WKH LPDJH DQG GHWHUPLQH ZKHWKHU WKH SHUVRQ LV WRXFKLQJ WKH JURXQG� ,I D
SHUVRQ ZHUH WR WDFNOH WKLV SUREOHP� KDYLQJ WKLV NLQG RI LQSXW ZRXOG EH WKH HDVLHVW� (YHQ
LQ FDVHV ZKHUH WKH SHUVSHFWLYH PLJKW SURGXFH VRPH FRQIXVLRQ� RQH FDQ XVH DGGLWLRQDO
LQIRUPDWLRQ OLNH WKH KDLU¶V SRVLWLRQ RU WKH FORWKHV¶ PRYHPHQW WR GHWHUPLQH WKH FRQWDFW�
+RZHYHU� RQH ZRXOG QHHG DQ H[WHQVLYH DQQRWDWHG GDWDVHW� ZLWK YDULDELOLW\ RQ WKH SHUVRQ
SHUIRUPLQJ WKH WDVN� WKH FORWKHV WKH\ DUH ZHDULQJ� WKH SHUVSHFWLYH RI WKH FDPHUDV� DQG
WKH VFHQDULR IRU WKH WUDLQHG PRGHO WR EH JHQHUDOL]DEOH WR DQ\ RWKHU VFHQH� 7KLV DSSURDFK
ZDV QRW IHDVLEOH� DV ZH GLGQ¶W KDYH WKH WLPH RU PHDQV WR FUHDWH VXFK D GDWDVHW LQ WKLV
WKHVLV¶ VSDQ�

8VLQJ WKH VNHOHWRQ RXWSXW IURP WKH SRVH HVWLPDWLRQ LV D EHWWHU RSWLRQ VLQFH LW LV PRUH
LQGHSHQGHQW RI WKHVH GHWDLOV� 7KH VNHOHWRQ IHDWXUHV ZLOO VWLOO YDU\ IURP SHUVRQ WR SHUVRQ�
EXW WKHVH GLIIHUHQFHV IUDPH D PXFK HDVLHU SUREOHP IRU DUWLILFLDO LQWHOOLJHQFH WR OHDUQ WKDQ
WKH SUHYLRXV RQH� 2QH FRXOG XVH WKH �' SRVH RXWSXW IURP 0HGLDSLSH DQG WKH FDPHUD
SDUDPHWHUV DV LQSXW WR WKH PRGHO� 7KLV VROXWLRQ ZRXOG DOVR EH XVHIXO LQ WKH RQH�FDPHUD
FDVH�

6LQFH ZH DUH OLPLWLQJ RXUVHOYHV WR WKH VHYHUDO�FDPHUD FDVH LQ WKLV WKHVLV� ZH FDQ XVH
WKH WULDQJXODWHG �' SRVH LQ ZRUOG FRRUGLQDWHV GLUHFWO\� 7KLV KDV WKH DGGHG EHQHILW WKDW
WKH VDPH IUDPH FDQ EH WULDQJXODWHG IURP GLIIHUHQW VXEVHWV RI FDPHUDV� ZKLFK ZRXOG� LQ
HVVHQFH� EH WKH VDPH SRVH� +RZHYHU� WKLV \LHOGV D VOLJKWO\ GLIIHUHQW VNHOHWRQ� ZLWK GLIIHUHQW
MRLQWV PLVVLQJ GXH WR RFFOXVLRQ� 7KLV VRUW RI MLWWHU LQ WKH GDWDVHW EHQHILWV WKH PRGHO WR OHDUQ
>��@� PDNLQJ RXU PRGHO PRUH UHVLOLHQW WR PLVVLQJ MRLQWV� 6LQFH WKHVH WULDQJXODWLRQV DUH
KLJKO\ FRUUHODWHG� LW LV FUXFLDO WR HQVXUH WKH\ GR QRW HQG LQ ERWK WKH WUDLQLQJ DQG YDOLGDWLRQ
VHW� 7KLV ZLOO EH DGGUHVVHG DJDLQ LQ VHFWLRQ ���� ZKHUH ZH GLVFXVV WKH WUDLQLQJ VHWXS�

:H GHFLGHG WR ZRUN ZLWK D VXEVHW RI IRXU FDPHUDV RXW RI WKH HLJKW ZH KDYH DYDLODEOH� 7KLV
JLYHV XV D WRWDO RI

(
8
4

)
= 70 GLIIHUHQW �' VNHOHWRQV IURP D VLQJOH YLGHR� :H GHFLGHG WR VSOLW

WKH YLGHR LQ VHTXHQFHV RI seq_length QXPEHU RI IUDPHV� D K\SHUSDUDPHWHU WKDW ZLOO QHHG
WXQLQJ LQ WKH WUDLQLQJ SKDVH� /DWHU� ZH QRUPDOL]H WKH LQSXW E\ WDNLQJ WKH PHDQ SRVLWLRQ
RYHU IUDPHV RI WKH VNHOHWRQ¶V ´FHQWHU RI PDVV´� WKH PHDQ SRVLWLRQ RI DOO �� NH\SRLQWV� 7KLV
ZD\� ZH QRUPDOL]H WKH LQSXW DURXQG � EXW VWLOO NHHS WKH UHODWLYH PRYHPHQWV GXULQJ WKDW
VHTXHQFH� ZKLFK DUH QHHGHG WR SUHGLFW VROH FRQWDFW� )LJXUH ��� VKRZV � IUDPHV RXW RI D
QRUPDOL]HG VHTXHQFH RI ��� ZLWK D VNHOHWRQ ZDONLQJ�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



��� 0RGHOV
:H SURSRVH WZR PRGHO DUFKLWHFWXUHV WR WDFNOH WKLV WDVN� $ VLPSOH PRGHO PHDQW WR DFW
DV D EDVHOLQH� DQG D PRUH PRGHUQ DUFKLWHFWXUH� VXLWHG WR ZRUN ZLWK WLPH�VHULHV GDWD� ,W LV
LPSRUWDQW WR QRWH WKDW GHWDLOV VXFK DV WKH QR� RI KLGGHQ OD\HUV DQG WKHLU VL]HV KDYH FKDQJHG
GXULQJ WKH H[SHULPHQWDWLRQ DQG WDEOHV ��� DQG ��� RQO\ VKRZFDVH RXU ILQDO FKRLFHV�

����� %DVHOLQH
$ IHHG�IRUZDUG QHXUDO QHWZRUN DV GHVFULEHG LQ >��@� ,W VLPXOWDQHRXVO\ WDNHV WKH HQWLUH
IODWWHQHG VHTXHQFH RI IUDPHV� D YHFWRU RI seq_length×33×4� :H XVH VL[ IXOO\ FRQQHFWHG
KLGGHQ OD\HUV� GLPLQLVKLQJ LQ VL]H� :H XVH D 5HFWLILHG /LQHDU 8QLW �5H/8� DV DQ DFWLYDWLRQ
IXQFWLRQ >��@� H[FHSW LQ WKH RXWSXW ZKHUH ZH XVH D K\SHUEROLF WDQJHQW� :H XVH WKLV WR
PDWFK WKH RWKHU PRGHO¶V RXWSXW� GHVFULEHG LQ WKH IROORZLQJ VXEVHFWLRQ� 7DEOH ��� VKRZV
WKH PRGHO¶V DUFKLWHFWXUH LQ PRUH GHWDLO�

/D\HU 7\SH 6L]H

,QSXW seq_length [ �� [ �
� )XOO\�FRQQHFWHG ����

5H/8
� )XOO\�FRQQHFWHG ����

5H/8
� )XOO\�FRQQHFWHG ���

5H/8
� )XOO\�FRQQHFWHG ���

5H/8
� )XOO\�FRQQHFWHG ���

5H/8
� )XOO\�FRQQHFWHG seq_length [ �

WDQK
2XWSXW seq_length [ �

7DEOH ���� %DVHOLQH PRGHO DUFKLWHFWXUH

����� 6ROH1HW
*LYHQ WKH WHPSRUDO QDWXUH RI RXU GDWDVHW� ZH GHFLGHG WR XVH D 5HFXUUHQW 1HXUDO 1HWZRUN
�511� DV WKH PRGHO IRU VROH SUHVVXUH HVWLPDWLRQ� PRUH VSHFLILFDOO\� DQ DUFKLWHFWXUH EDVHG
RQ WKH XQLGLUHFWLRQDO *DWHG 5HFXUUHQW 8QLW �*58� >��@� 7KH *58 KDV D JDWLQJ PHFKDQLVP
WKDW KHOSV WKH QHWZRUN UHPHPEHU WHPSRUDO GHSHQGHQFLHV E\ UHXVLQJ LWV SUHYLRXV RXWSXWV
LQ WKH FRPSXWDWLRQ RI D QHZ RQH� ,Q HDFK IRUZDUG SDVV� WKH *58 FRPSXWHV WKH IROORZLQJ
RSHUDWLRQ�

zt = σ
(
W (z)xt + U (z)ht−1

)
,

rt = σ
(
W (r)xt + U (r)ht−1

)
,

h′t = tanh
(
W (h)xt + rt ⊙ U (h)ht−1

)
,

ht = zt ⊙ ht−1 + (1− zt)⊙ h′t.

xt GHQRWHV WKH OD\HU LQSXW DW D JLYHQ WLPH t� DQG ht WKH RXWSXW� DOVR UHIHUUHG WR DV KLGGHQ
VWDWH� 7KH\ FDQ KDYH GLIIHUHQW VL]HV� DQG WKXV hidden_size LV D GHVLJQ FKRLFH� zt DQG rt
GHQRWH WKH XSGDWH DQG WKH UHVHW JDWHV� UHVSHFWLYHO\� ERWK YHFWRUV RI OHQJWK hidden_size�
: GHQRWHV WKUHH GLIIHUHQWPDWULFHV RI ZHLJKWV IRU WKH LQSXW� ZLWK VL]H hidden_size×input_size�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV ��



ZKLOH 8 GHQRWHV WKUHH VTXDUH PDWULFHV RI VL]H hidden_size×hidden_size� σ GHQRWHV WKH
VLJPRLG IXQFWLRQ DQG⊙ WKH +DGDPDUG SURGXFW� FRPPRQO\ UHIHUUHG WR DV WKH HOHPHQW�ZLVH
SURGXFW� (DFK QHZ RXWSXW ht LV FDOFXODWHG ZLWK WKH LQSXW xt DQG WKH SUHYLRXV RXWSXW ht−1�
ZKLFK DOORZV WKH QHWZRUN WR OHDUQ WHPSRUDO SDWWHUQV� ,W LV ZRUWK UHPDUNLQJ WKDW WKH RXWSXW
RI WKH *58 LV D K\SHUEROLF WDQJHQW� ZKLFK SURGXFHV DQ RXWSXW EHWZHHQ �� DQG ��

2XU SURSRVHG DUFKLWHFWXUH FRQVLVWV RI VHYHUDO OD\HUV RI *58V� DOVR GLPLQLVKLQJ LQ VL]H�
(DFK IUDPH LV IHG RQH E\ RQH DV DQ LQSXW� DQG HDFK OD\HU ZLOO XVH LWV SUHYLRXV RXWSXW WR
FDOFXODWH WKH QHZ RXWSXW� 7KH DUFKLWHFWXUH LV GHVFULEHG LQ WDEOH ����

/D\HU 7\SH 6L]H

,QSXW �� [ �
� *58 ����
� *58 ���
� *58 ��
� *58 ��
� *58 �
2XWSXW �

7DEOH ���� 6ROHQHW PRGHO DUFKLWHFWXUH

��� /DEHOV
$IWHU WKH SURFHVV GHVFULEHG LQ VHFWLRQ ������ ZH REWDLQ D UHDGLQJ RI DYHUDJH SUHVVXUH LQ
WKH OHIW KHHO� OHIW WRH� ULJKW KHHO� DQG ULJKW WRH� PDWFKLQJ WKH YLGHR IUDPHV DQG QRUPDOL]LQJ
VR WKH\ DUH LQGHSHQGHQW RI WKH ZHLJKW RI WKH SHUVRQ� $ UHDGLQJ RI � URXJKO\ FRUUHVSRQGV
WR HDFK FKDQQHO¶V SUHVVXUH LQ D UHVWLQJ VWDQGLQJ SRVH� $OUHDG\ E\ ZDONLQJ� WKHUH DUH
PRPHQWV ZKHUH PRVW RI WKH ZHLJKW LV DSSOLHG WR RQH RI WKH FKDQQHOV� \LHOGLQJ D YDOXH RI �
RU � RQ WKLV VFDOH� :KHQ MXPSLQJ DQG IDOOLQJ RQ RQH IRRW� WKLV YDOXH FDQ HYHQ UHDFK ��� ,Q
WKH SUHYLRXV VHFWLRQ� ZH KDYH VHHQ WKDW ERWK SURSRVHG PRGHOV KDYH DQ RXWSXW UHVWULFWHG
WR WKH [−1, 1] GRPDLQ� VR VRPH PRGLILFDWLRQ PXVW EH WDNHQ EHIRUH ZH FDQ XVH WKHP�

2QH SRVVLEOH DSSURDFK LV PRGLI\LQJ WKH QHWZRUN� E\ FKDQJLQJ WKH ODVW DFWLYDWLRQ IXQFWLRQ
WR EH VRPHWKLQJ GLIIHUHQW WKDQ D K\SHUEROLF WDQJHQW� IRU H[DPSOH� D 5H/8� 7KLV VWHS LV
HDV\ WR GR LQ WKH EDVHOLQH PRGHO� EXW RQ WKH *58� WKDW FKDQJH FRPSURPLVHV WKH ZKROH
VWUXFWXUH RI WKH ODVW OD\HU DQG ZRXOG KXUW WUDLQLQJ� $QRWKHU SRVVLELOLW\ LV DGGLQJ D VLPSOH
OLQHDU OD\HU WR OHW WKH PRGHO OHDUQ WKH VFDOLQJ�

+RZHYHU� VLQFH ZH ZLOO XVH WKLV PRGHO WR SUHGLFW ZKHWKHU WKHUH LV FRQWDFW� ZH DUH QRW VR
LQWHUHVWHG LQ LI WKH YDOXH RI WKH SUHVVXUH LV � RU �� VLQFH ZH DUH JRLQJ WR FODVVLI\ ERWK LQ
WKH VDPH JURXS DIWHU WKUHVKROGLQJ� 1HYHUWKHOHVV� ZH DUH LQWHUHVWHG LQ WKH ILUVW PRPHQWV
RI FRQWDFW� ZKHUH WKH VLJQDO LV VPDOOHU WKDQ �� DQG WKH WUDQVLWLRQ EHWZHHQ FRQWDFW DQG
QR FRQWDFW WDNHV SODFH� )RU WKLV UHDVRQ� DSSO\LQJ WKH K\SHUEROLF WDQJHQW WR WKH SUHVVXUH
VLJQDO PDGH VHQVH� VDWXUDWLQJ WKH PRPHQWV ZLWK QR FRQWDFW DQG FRQWDFW WR �� DQG ��
UHVSHFWLYHO\� DQG RQO\ IRFXVLQJ RQ WKH DUHD RI LQWHUHVW EHWZHHQ WKHVH WZR� 7KDW LV WKH
DSSURDFK ZH GHFLGHG WR WDNH� VFDOLQJ WKH VLJQDO E\ WZR FRQVWDQWV a DQG b WKDW ZHUH IRXQG
H[SHULPHQWDOO\ WU\LQJ GLIIHUHQW YDOXHV DQG LQVSHFWLQJ WKH UHVXOWLQJ VLJQDOV�

y′t = tanh (a · yt + b) , ∀t ∈ [0, seq_length],

ZKHUH a = 3.5 DQG b = −2.5� $ VDPSOH RI WKH UHVXOWLQJ VLJQDOV FDQ EH VHHQ LQ ILJXUH ����
ZKHUH WKH YDOXHV VDWXUDWH DW �� DQG �� EXW NHHS WKH WUDQVLHQWV ZKHQ WKH EDODQFH FKDQJHV
IURP WKH KHHO WR WKH WRH�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV



��� 7UDLQLQJ
:H VSOLW WKH GDWD LQWR WKUHH VHWV IRU WUDLQLQJ DQG YDOLGDWLQJ WKH PRGHOV� WUDLQLQJ� YDOLGDWLRQ
DQG WHVW� :H VHW DVLGH RQH VSHFLILF YLGHR IRU WKH WHVW VHW� XVH WKH UHVW RI WKH UHFRUG�
LQJV IRU WUDLQLQJ DQG YDOLGDWLRQ� DQG VSOLW WKHP� OHDYLQJ ��� RI WKH FKXQNV LQ WKH WUDLQLQJ
VHW� $W WKLV VWHS� ZH HQVXUH WKDW DOO WKH GLIIHUHQW FDPHUD WULDQJXODWLRQV RI D VHTXHQFH
IDOO LQWR WKH VDPH VHW� 2WKHUZLVH� ZH ZRXOG KDYH VHTXHQFHV LQ WKH YDOLGDWLRQ VHW SUDF�
WLFDOO\ HTXDO WR RWKHUV WKH PRGHO ZDV WUDLQHG ZLWK� SHUYHUWLQJ DQ\ YDOLGDWLRQ PHWULF� :H
GHFLGHG WR XVH 0HDQ 6TXDUHG (UURU DV WKH ORVV IXQFWLRQ DQG WUDLQ WKH PRGHOV XVLQJ $GDP
>��@� D JUDGLHQW�EDVHG RSWLPL]DWLRQ DOJRULWKP� DQG WUDLQ ERWK PRGHOV IRU VHYHUDO HSRFKV�
IHHGLQJ WKH LQSXW VHTXHQFHV LQ EDWFKHV� 7KH K\SHUSDUDPHWHUV WKDW FDQ EH VHW DUH WKXV
seq_length� no_epochs� batch_size DQG WKH LQLWLDO learning_rate�

+DOIZD\ WKURXJK WKH H[SHULPHQW SKDVH� ZH GHFLGHG WR DGG GDWD DXJPHQWDWLRQ LQ RXU WUDLQ�
LQJ VHWXS WR SUHYHQW RYHUILWWLQJ� )ROORZLQJ WKH DGYLFH LQ >��@ DQG >��@� ZH FUHDWHG DQ DXJ�
PHQWRU PRGXOH WKDW� LI HQDEOHG� WDNHV WKH VHTXHQFH EHIRUH LW LV IHG WR WKH PRGHO LQ WKH
WUDLQLQJ ORRS DQG URWDWHV LW E\ D UDQGRP DPRXQW DURXQG WKH < D[HV DQG DGGV VRPH UDQ�
GRP MLWWHU WR HYHU\ MRLQW LQ WKH VNHOHWRQ LQ HYHU\ IUDPH� 7KHVH UDQGRP WUDQVODWLRQ YDULDQFHV
DUH DOVR K\SHUSDUDPHWHUV�
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)LJXUH ���� )UDPHV RI D VHTXHQFH RI �� IUDPHV H[WUDFWHG IURP WKH GDWDVHW� GHSLFWLQJ D
ZDONLQJ VNHOHWRQ� WRJHWKHU ZLWK WKH FRUUHVSRQGLQJ SUHVVXUH ODEHOV�
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� ([SHULPHQWV DQG UHVXOWV
,Q WKLV FKDSWHU� ZH ZLOO GHVFULEH WKH H[SHULPHQWV FDUULHG RYHU WKH GHYHORSPHQW RI WKLV
WKHVLV� 7KH PHWKRGRORJ\ KDV EHHQ GHVFULEHG LQ FKDSWHUV �� � DQG � DQG SUHVHQWHG ZLWK
D FOHDU VHSDUDWLRQ RI WKH GLIIHUHQW WDVNV DQG WKH GLIIHUHQW PRGXOHV WKDW WDFNOH HDFK WDVN�

,W LV ZRUWK PHQWLRQLQJ WKDW� LQ UHDOLW\� WKH SURJUHVV KDV EHHQ PRUH FRQYROXWHG� DQG DOO WKUHH
SDUWV KDYH EHHQ JURZLQJ VLPXOWDQHRXVO\� PDNLQJ LW KDUG WR GHVFULEH WKH H[SHULPHQWV LQ
WKH RUGHU WKH\ ZHUH FRQGXFWHG� 'DWD DFTXLVLWLRQ ZDV WKH VWDUWLQJ SRLQW� EXW ZH VWDUWHG
ZRUNLQJ RQ WKH H[SHULPHQW SLSHOLQH IURP WKH ILUVW PRPHQW ZH JRW VRPH V\QFKURQL]HG GDWD�
,W ZDV RQO\ ZKHQ WKH V\QFKURQL]DWLRQ SUREOHPV LQ WKH GDWD DFTXLVLWLRQ ZHUH VROYHG WKDW
ZH VWDUWHG ZRUNLQJ RQ SUHVVXUH HVWLPDWLRQ� DW ZKLFK SRLQW WKH H[SHULPHQW SLSHOLQH ZDV
SUHWW\ DGYDQFHG� +RZHYHU� ZH FRXOG QRW FRQGXFW WKH ILQDO H[SHULPHQWV ZLWKRXW WKH WUDLQHG
PRGHOV� VR ZH ILQLVKHG WKDW SDUW EHIRUH UXQQLQJ WKH ILQDO H[SHULPHQWV�

,QVWHDG� ZH ZLOO SUHVHQW HDFK SDUW� IRFXVLQJ RQ PDNLQJ WKHP FOHDU WR WKH UHDGHU� H[SODLQLQJ
WKH SXUSRVH RI HDFK VWHS DQG WKH REWDLQHG UHVXOWV� )LUVW� ZH ZLOO IRFXV RQ GDWD DFTXLVLWLRQ�
WKHQ VROH SUHVVXUH HVWLPDWLRQ� DQG ILQDOO\ RQ WKH H[SHULPHQW SLSHOLQH UHVXOWV�

)LJXUH ���� 3LFWXUH RI WKH XQILQLVKHG ZRRGHQ IORRU LQ 5HIVKDO¡HQ

��� 'DWD DFTXLVLWLRQ
7KH GLIIHUHQW FKDOOHQJHV SUHVHQWHG UHJDUGLQJ V\QFKURQL]DWLRQ DQG WKH ILQDO ZRUNLQJ VWDWH
RI WKH GDWD DFTXLVLWLRQ SLSHOLQH KDYH EHHQ GLVFXVVHG WKRURXJKO\ LQ FKDSWHU �� +RZHYHU�
ZH KDYH QRW DGGUHVVHG DOO WKH SUREOHPV RI GLIIHUHQW QDWXUHV ZH HQFRXQWHUHG LQ WKLV SKDVH�
,W LV RIWHQ RYHUORRNHG KRZ FRPSOLFDWHG LW FDQ EH WR DFTXLUH D TXDOLW\ GDWDVHW� HVSHFLDOO\ DW
D WLPH ZKHQ ZH FDQ ILQG KLJK�TXDOLW\� FXUDWHG GDWDVHWV UHDG\ WR EH XVHG LQ D FVY ILOH IURP
ZHEVLWHV OLNH .DJJOH�

$V PHQWLRQHG LQ WKH FKDSWHU� *UD]SHU¶V LGHD ZDV WR EXLOG D UHFRUGLQJ ULJ LQ 5HIVKDO¡HQ�
&RSHQKDJHQ� IURP VFUDWFK� VWDUWLQJ LQ DQ HPSW\ LQGXVWULDO ZDUHKRXVH WR UHFRUG WKHLU
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GDWDVHWV� 0DQ\ SUREOHPV DURVH� VXFK DV EXLOGLQJ D IODW ��[�� PHWHU ZRRGHQ IORRU� VFDI�
IROGLQJ DURXQG WKH VWDJH WR KROG WKH FDPHUDV DQG OLJKWV� VHWWLQJ XS WKH ZKROH QHWZRUN�
UHFRUGLQJ VHUYHU� VROH LQWHJUDWLRQ� GHOD\V LQ PDWHULDO GHOLYHULHV� SUREOHPV ZLWK OHDNLQJ
SLSHV� ILJXULQJ RXW ZLWK ODZ\HUV WKH VLPSOHVW OHJDO ZD\ WR EH DEOH WR KDYH VRPHRQH UHFRUGHG
LQ GDWDVHWV IRU FRPPHUFLDO SXUSRVHV� DQG D ORQJ OLVW RI HWFHWHUDV� $OO WKHVH LQFRQYHQLHQFHV
HOLPLQDWHG WKH SRVVLELOLW\ RI EULQJLQJ SHRSOH LQ WR UHFRUG DW WKH WLPH RI WKH WKHVLV� 6R� ZH
KDG WR UHVRUW WR UHFRUGLQJ ZLWK SHRSOH IURP *UD]SHU ZKHQHYHU SRVVLEOH� /DWH 1RYHPEHU
DQG 'HFHPEHU ���� ZHUH WZR PRQWKV ZKHQ WKH WHPSHUDWXUHV LQ &RSHQKDJHQ GURSSHG D
ORW� UHDFKLQJ ����&� ZKLFK DOVR PDGH UHFRUGLQJ GLIILFXOW�

7R WRS WKLV XS� WKH ILUVW VHQVRU LQVROHV 0RWLFRQ SURYLGHG ZHUH IDXOW\ DQG EURNH EHIRUH ZH
FRXOG WDNH WKH UHFRUGLQJV QHHGHG IRU WKH WKHVLV� $OPRVW RQH�WKLUG RI WKH SUHVVXUH VHQVRUV
VWRSSHG ZRUNLQJ� )LJXUH ��� VKRZV D VFUHHQVKRW ZKHUH WKH IDXOW\ VHQVRUV DUH KLJKOLJKWHG�
7KLV FRPSURPLVHG WKHPHWKRG IRU REWDLQLQJ RQH FKDQQHO RI DYHUDJH SUHVVXUH SHU KHHO DQG
WRH GHVFULEHG LQ FKDSWHU �� HVSHFLDOO\ LQ WKH ULJKW IRRW� :H FKDQJHG WKH FRPSXWDWLRQ WR
XVH RQO\ WKH ZRUNLQJ VHQVRUV�

)LJXUH ���� 6FUHHQVKRW RI WKH 0RWLFRQ 2SHQ*R $SS� KLJKOLJKWLQJ WKH IDXOW\ VHQVRUV LQ UHG�

7KH ILQDO GDWDVHW FRQVLVWV RI VHYHQ YLGHRV� RQH DQG D KDOI WR WZR PLQXWHV ORQJ HDFK�
UHFRUGHG IURP � V\QFKURQL]HG FDPHUDV DQG ZLWK D SHUVRQ ZHDULQJ WKH VHQVRU LQVROHV�
6L[ RI WKHVH UHFRUGLQJV ZHUH PDGH ZLWK IDXOW\ VROHV� ,Q WRWDO� ZH UHFRUGHG WKUHH SHRSOH
SHUIRUPLQJ DFWV OLNH ZDONLQJ� UXQQLQJ� VLWWLQJ LQ D FKDLU� RU HYHQ GRLQJ VRPH DFUREDWLFV�
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��� 6ROH SUHVVXUH SUHGLFWLRQ
1RZ ZH ZLOO GHVFULEH WKH SURFHVV RI WUDLQLQJ WKH PRGHOV IRU VROH SUHGLFWLRQ� 7KH GHWDLOV RI
KRZ ZH WUHDW WKH UHFRUGLQJV LQ RUGHU WR REWDLQ WKH GDWDVHW ZH ZLOO XVH IRU WUDLQLQJ KDYH DO�
UHDG\ EHHQ GLVFXVVHG LQ FKDSWHU �� 7KH ILQDO GDWDVHW FRQVLVWV RI VHTXHQFHV RI seq_length
IUDPHV IURP D WRWDO RI � GLIIHUHQW UHFRUGLQJV� ZLWK D QRUPDOLVHG �' VNHOHWRQ RQ WKHP� DQG
WKH SUHVVXUH VLJQDO IRU HDFK NH\SRLQW LQ WKH IHHW�

����� 6LPSOH GDWDVHW
:H VSOLW WKH GDWDVHW LQ WZR� WUDLQLQJ DQG YDOLGDWLRQ� NHHSLQJ ��� RI WKH VHTXHQFHV LQ WKH
WUDLQLQJ VHW� :H NHHS D VHSDUDWH UHFRUGLQJ DV D WHVW VHW� LQ RUGHU WR WHVW WKH ILQDO PRGHO ZLWK
VHTXHQFHV WKDW DUH DV XQFRUUHODWHG DV SRVVLEOH� DQG WR KHOS XV YLVXDOL]H WKH EHKDYLRXU RI
RXU QHWZRUN LQ D IXOO UHFRUGLQJ�

,W LV LPSRUWDQW WR UHPDUN WKDW ZH WULHG RXW GLIIHUHQW PRGHO FRPSOH[LWLHV� VRPH WKDW ZRXOG
QRW OHDUQ IRU EHLQJ WRR VLPSOH� VRPH WKDW ZRXOG RYHUILW YHU\ HDVLO\� XQWLO ZH IRXQG D JRRG
FRPSURPLVH ZLWK WKH PRGHO DUFKLWHFWXUHV GHVFULEHG LQ WDEOHV ��� DQG ����

:H SLFN 06( DV RXU ORVV IXQFWLRQ� DQG ZH WUDLQ WKH QHWZRUNV IRU ��� HSRFKV� SDVVLQJ
WKURXJK WKH HQWLUH WUDLQLQJ VHW LQ HDFK HSRFK� $IWHU HDFK WUDLQLQJ HSRFK� ZH FKHFN RQ WKH
YDOLGDWLRQ VHW� WR PRQLWRU RYHUILWWLQJ� $IWHU WU\LQJ RXW GLIIHUHQW K\SHUSDUDPHWHUV� ZH SLFNHG
D seq_length RI �� IUDPHV� D batch_size RI ��� DQG DQ LQLWLDO learning_rate RI 10−3�
:H DOVR PRQLWRU WKH DFFXUDF\� E\ XVLQJ D WKUHVKROG RQ ERWK SUHGLFWHG DQG UHDO ODEHOV ZH
FKRVH WR EH �� $W HYHU\ VWHS RI WUDLQLQJ� ZH FKDQJHG WKLV K\SHUSDUDPHWHUV DURXQGV LQ
VHDUFK RI D EHWWHU RSWLRQ� EXW ZH FRQVLVWHQWO\ IRXQG WKH\ ZHUH D SUHWW\ JRRG FKRLFH DQG
NHSW FRPLQJ EDFN WR WKHP�

)LJXUH ��� VKRZV WKH ORVV DQG DFFXUDF\ HYROXWLRQ IRU ERWK WUDLQLQJ DQG YDOLGDWLRQ IRU ERWK
PRGHOV� /RRNLQJ DW WKH WUDLQLQJ ORVV FXUYH� LW LV FOHDU WKDW ERWK PRGHOV DUH OHDUQLQJ� 7KH
YDOLGDWLRQ ORVV LV KRZHYHU QRW JRLQJ GRZQ DW DOO� LQGLFDWLQJ WKDW WKH PRGHO LV RYHUILWWLQJ�
:HLUGO\ HQRXJK� WKLV GRHVQ¶W KDYH D QHJDWLYH HIIHFW LQ YDOLGDWLRQ DFFXUDF\� MXVW VHHPV WR
VWDJQDWH� :H VXVSHFW WKLV EHKDYLRXU LV FDXVHG E\ WKH ORZ DPRXQW RI GDWD ZH DUH ZRUNLQJ
ZLWK� DQG KRZ FRUUHODWHG LW LV� 6R� ZH GHFLGHG WR LPSOHPHQW VRPH DXJPHQWDWLRQV LQ WKH
WUDLQLQJ GDWD�
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)LJXUH ���� /RVV DQG DFFXUDF\ GXULQJ WUDLQLQJ RQ WKH VLPSOH GDWDVHW�
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����� $XJPHQWHG GDWD
7KH PHWKRG IRU SHUIRUPLQJ GDWD DXJPHQWDWLRQ LV H[SODLQHG LQ VHFWLRQ ���� :H SHUIRUP
URWDWLRQV E\ D UDQGRP DQJOH RI WKH VHTXHQFHV DQG DGG MLWWHU WR HDFK NH\SRLQW LQ HYHU\
IUDPH EHIRUH IHHGLQJ WKHP LQ WR WKH PRGHO LQ WKH WUDLQLQJ SKDVH� 7KH ORVV DQG DFFXUDF\
FXUYHV GXULQJ WUDLQLQJ RQ WKH DXJPHQWHG GDWD DUH VKRZQ LQ ILJXUH ����

7KH LPSDFW RI GDWD DXJPHQWDWLRQ LV FOHDU ZKHQ ORRNLQJ DW WKH YDOLGDWLRQ ORVV� UHLQIRUFLQJ
RXU SUHYLRXV K\SRWKHVLV� WKH FXUUHQW PRGHO DUFKLWHFWXUHV FRXOG OHDUQ PXFK PRUH LI ZH
KDG PRUH GDWD� 7UDLQLQJ IRU PRUH WKDQ ��� HSRFKV ZRXOG DJDLQ FDXVH RYHUILWWLQJ� 6R� ZH
WULHG D ODVW DWWHPSW WR SUHYHQW WKLV RYHUILWWLQJ� E\ DGGLQJ /� UHJXODUL]DWLRQ�

����� $XJPHQWHG GDWD � /� ZHLJKW UHJXODUL]DWLRQ
:H DGGHG /� UHJXODUL]DWLRQ RQ WKH QHWZRUN ZHLJKWV� :H IRXQG LW ZRXOG ZRUN EHVW ZLWK
D SDUDPHWHU RI 10−5 IRU WKH EDVHOLQH� DQG 5 · 10−6 IRU 6ROH1HW� 7KH UHVXOWV DUH VKRZQ LQ
ILJXUH ����

(YHQ WKRXJK LW PD\ VHHP� E\ WKH YDOLGDWLRQ ORVV FXUYH� WKDW WKH PRGHOV DUH QRW OHDUQLQJ
FRUUHFWO\� WKH DFFXUDF\ WHOOV D GLIIHUHQW VWRU\� 7KH UHJXODUL]HG VROHQHW SHUIRUPV EHWWHU WKDQ
WKH SUHYLRXV RQH� ZKLOH WKH EDVHOLQH UHPDLQV EHLQJ SUDFWLFDOO\ WKH VDPH�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV
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,Q ERWK ILJXUH ��� DQG ILJXUH ���� ZH FDQ VHH WKDW ZH JHW WKH PRVW SRVLWLYH HIIHFW IURP
DXJPHQWLQJ WKH GDWD� :HLJKW UHJXODUL]DWLRQ KHOSV D ELW LQ VROHQHW� EXW QRW WKDW PXFK RQ
WKH EDVHOLQH� :H VWURQJO\ WKLQN WKLV D VLJQ ZH ZRXOG QHHG PRUH GDWD�

7R ILQDOL]H� ZH UXQ WKH WUDLQHG PRGHOV IURP WKH WKUHH GLIIHUHQW PHWKRGV RQ WKH WHVW VHW�
\LHOGLQJ WKH ILQDO UHVXOWV VKRZQ LQ WDEOH ���� 2YHUDOO� ZH FDQ DIILUP WKDW ERWK PRGHOV DUH� LQ
IDFW� OHDUQLQJ WR SUHGLFW WKH VROH SUHVVXUH YDOXHV IURP WKH SRVH� +RZHYHU� WKH YDOXHV RI WKH
ORVV DUH DQ RUGHU RI PDJQLWXGH KLJKHU WKDQ WKH RQHV ZH ZHUH REWDLQLQJ RQ WKH YDOLGDWLRQ
VHW� 7KLV LQGLFDWHV WKDW WKH WUDLQLQJ DQG YDOLGDWLRQ VHWV� HYHQ WKRXJK WKH\ FRQWDLQ GLIIHUHQW
VHTXHQFHV� DUH QRW WKDW XQFRUUHODWHG ZLWKLQ WKHP� 7KLV PDNHV VHQVH� WKH\ FRPH IURP WKH
VDPH YLGHR DQG KDYH WKH VDPH SHUVRQ RQ WKHP�

1HWZRUN 7UDLQLQJ PHWKRG /RVV �06(� $FFXUDF\ ���

%DVHOLQH
6LPSOH ���� ����
$XJPHQWHG ���� �����
$XJPHQWHG � UHJXODUL]HG ����� ����

6ROH1HW
6LPSOH ����� �����
$XJPHQWHG ����� �����
$XJPHQWHG � UHJXODUL]HG ����� �����
7DEOH ���� 7HVW UHVXOWV RI WKH WUDLQHG PRGHOV�

/HW XV QRZ VHH KRZ WKH RXWSXW RI ERWK PRGHOV DFWXDOO\ ORRNV OLNH RQ WKH WHVW VHW� )LJXUHV
��� DQG ��� VKRZ WKH SUHGLFWHG RXWSXW YV WKH UHDO SUHVVXUH RI WKH ULJKW KHHO SUHVVXUH
FKDQQHO RI ERWK PRGHOV� 7KH ILUVW ILJXUH VKRZFDVHV D SHUVRQ ZDONLQJ� ZKLOH WKH RWKHU RQH
D SHUVRQ JHWWLQJ XS IURP VLWWLQJ LQ WKH JURXQG�

/RRNLQJ DW ILJXUH ���� LW¶V FOHDU WKDW WKH PRGHO KDV OHDUQW VXFFHVVIXOO\ WKH WDVN RI ZDONLQJ�
EHVLGHV VRPH ZHLUG DUWLIDFWV LQ WKH EDVHOLQH PRGHO WKDW FRXOG EH FDXVHG E\ WKH ZD\ ZH
DUH IHHGLQJ WKH GDWD LQWR WKH PRGHO� 7KH RXWSXW IURP 6ROH1HW LV UHPDUNDEO\ FORVH WR WKH
UHDO VLJQDO ZLWK D VPRRWK RXWSXW� ZKLFK ZH DWWULEXWH WR WKH *58 DUFKLWHFWXUH�

+RZHYHU� ILJXUH ��� WHOOV XV D GLIIHUHQW VWRU\� :KHQ WKH PRGHO LV IHG D WDVN LW KDVQ¶W VHHQ
EHIRUH� OLNH VRPHRQH VWDQGLQJ� WKH RXWSXW LV MXVW DV EDG DV UDQGRP QRLVH� HYLGHQFH RI RXU
SUHYLRXV VXVSLFLRQ� RXU GDWDVHW LV WRR QDUURZ� DQG ZH ZRXOG QHHG D ELJJHU SRRO RI GLIIHUHQW
WDVNV UHFRUGHG LQ RUGHU WR REWDLQ D PRGHO WKDW FRXOG EH XVHG LQ D UHDO�OLIH DSSOLFDWLRQ� 2QH
FDQ HYHQ QRWLFH D ZDYH�OLNH EHKDYLRXU LQ WKH VROHQHW RXWSXW WKDW PDWFKHV WKH ZDONLQJ
IUHTXHQF\� VKRZLQJ WKDW RXU PRGHO LV RYHUILWWLQJ RQ WKDW VSHFLILF WDVN�

+RZHYHU� FRQVLGHULQJ WKH VPDOO DPRXQW RI GDWD ZH KDG� WKH IDFW WKDW LW ZDV DFTXLUHG LQ�
KRXVH XVLQJ RXU SLSHOLQH DQG WKH VLPSOLFLW\ RI WKH SURSRVHGPRGHOV� ZH FRQVLGHU WKLV UHVXOW
D VRXQG VXFFHVV� :H KDYH VXFFHVVIXOO\ SURYHG WKDW HVWLPDWLQJ WKH VROH SUHVVXUH IURP
WKH �' SRVH LV QRW RQO\ IHDVLEOH� EXW DOVR ZLWKLQ UHDFK IRU *UD]SHU ZLWK WKHLU FXUUHQW VHWXS�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV ��
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��� ([SHULPHQW SLSHOLQH
$IWHU VKRZLQJ LQ ODVW VHFWLRQ WKDW VROH SUHVVXUH HVWLPDWLRQ IURP SRVH LV SRVVLEOH� LW LV WLPH
WR ILQDOO\ LQFRUSRUDWH WKH 6ROH1HW PRGHO LQWR WKH H[SHULPHQW SLSHOLQH GHVFULEHG LQ FKDSWHU
� DQG REWDLQ WKLV WKHVLV¶ ILQDO UHVXOWV�

7KH SXUSRVH RI WKHVH H[SHULPHQWV LV WR VKRZ WKDW E\ LQFRUSRUDWLQJ NQRZOHGJH DERXW IRRW
FRQWDFW� HLWKHU D UHDO VLJQDO IURP WKH LQVROH VHQVRUV RU D SUHGLFWLRQ IURP 6ROH1HW� ZH FDQ
LPSURYH WKH SRVH GHWHFWLRQ DOJRULWKP FXUUHQWO\ XVHG E\*UD]SHU LQ WKH IHZHU�FDPHUD FDVH�
)RU WKLV SXUSRVH� ZH ZLOO WDNH WKH WHVW UHFRUGLQJ DQG VHOHFW D QXPEHU RI FDPHUDV� :H ZLOO
WKHQ XVH HDFK SRVVLEOH FRPELQDWLRQ RI FDPHUDV WR REWDLQ D �' SRVH RXW RI HDFK RI WKHP�
7KHQ� ZH ZLOO PRGLI\ WKH RXWSXW SRVH ZLWK E\ XVLQJ 33 2IIOLQH DQG 33 2QOLQH� ERWK XVLQJ
WKH UHDO VROH VLJQDO DQG WKH HVWLPDWHG RQH WR PRGLI\ WKH SRVH� :H ZLOO WKHQ FRPSDUH WKH
RXWSXW WR WKH UHDO JURXQG WUXWK �' SRVH� REWDLQHG ZLWK *UD]SHU¶V DQQRWDWLRQ WRRO�

6LQFH ZH DUH XVLQJ DOO SRVVLEOH FRPELQDWLRQV RI FDPHUDV� DQG ZH ZHUH UXQQLQJ WKH H[�
SHULPHQW SLSHOLQH RQ DOO YLGHRV� WKH FRPSXWDWLRQDO FRVW RI WKLV RSHUDWLRQ ZDV UDWKHU KLJK�
DQG VRPH H[SHULPHQWV FRXOG WDNH XS WR ��� KRXUV� 6LQFH ZH ZHUH DOVR VHWWLQJ VRPH K\�
SHUSDUDPHWHUV LQ WKH WULDQJXODWLRQ URXWLQH �PLQLPDO visibility IURP � FDPHUD DQJOHV�
VHH VHFWLRQ ���� DQG RQ WKH SRVWSURFHVVLQJ PRGXOHV �WKUHVKROG RQ WKH VROHV VLJQDO�� ZH
QHHGHG WR WXQH WKHP DQG UXQ WKH SLSHOLQH VHYHUDO WLPHV� ZKLFK HQGHG XS WDNLQJ D ORQJ
WLPH�

7KLV HQFRXUDJHG XV WR UHZULWH WKH SLSHOLQH LQ D PRUH HIILFLHQW PDQQHU� LQFRUSRUDWLQJ D
FDFKLQJ V\VWHP WKDW HOLPLQDWHG XQQHFHVVDU\ UHFDOFXODWLRQV DQG ZURWH WKH WULDQJXODWLRQ
SDUW PDNLQJ XVH RI 3\WKRQ¶V PXOWLSURFHVVLQJ PRGXOH� VLQFH WKH WULDQJXODWLRQ WDVN FDQ EH
SDUDOOHOL]HG DQG ZH KDG D ���WKUHDG &38 WKDW ZDV QRW EHLQJ XVHG� 7KLV KHOSHG UHGXFH
WKH UXQQLQJ WLPH RI WKH SLSHOLQH� DQG DOORZHG XV WR REWDLQ WKH IROORZLQJ UHVXOWV�

:H FDQ REVHUYH LQ ERWK ILJXUH ���� DQG ����� WKH HIIHFW RI WUHDWLQJ D WULDQJXODWHG VNHOHWRQ
IURP � FDPHUDV ZLWK 33 2IIOLQH DQG 33 2QOLQH UHVSHFWLYHO\ RQ WKH WHVW UHFRUGLQJ� (DFK
SORW VKRZV WKH HIIHFW RI XVLQJ QR SRVWSURFHVVRU� WKH SRVWSURFHVVRU ZLWK WKH UHDO SUHVVXUH
VLJQDO� DQG WKH SRVWSURFHVVRU ZLWK WKH HVWLPDWHG SUHVVXUH VLJQDO E\ 6ROH1HW� :H VKRZ
WKH DYHUDJH ELDV SHU NH\SRLQW WKURXJKRXW WKH HQWLUH UHFRUGLQJ DQG WULDQJXODWHG IURP DOO
SRVVLEOH FRPELQDWLRQV RI � FDPHUDV� :H DUH H[FOXGLQJ WKH 3&. DQG 506( SORWV RXW RI
WKH UHVXOWV� VLQFH LQ WKH HQG WKH\ GR QRW DGG DQ\ UHOHYDQW LQIRUPDWLRQ WKDW FDQQRW EH VHHQ
LQ WKH ELDV�VWDQGDUG GHYLDWLRQ SORW�

2YHUDOO� ZH REVHUYHG YHU\ OLWWOH GLIIHUHQFH IURP XVLQJ 332IIOLQH RU 332QOLQH DV D SRVWSUR�
FHVVRU� :H FDQ QRWLFH VRPH LPSURYHPHQW ERWK LQ WKH HUURU� DQG LQ WKH VWDQGDUG GHYLDWLRQ
RI VDLG HUURU ZKHQ JRLQJ IURP WKH WULDQJXODWHG VLJQDO WR XVLQJ WKH SRVWSURFHVVRU ZLWK WKH
UHDO VROH VLJQDO� +RZHYHU� WKH SRVWSURFHVVLQJ VHHPV WR EUHDN ZKHQ XVLQJ WKH SUHGLFWRU�
7KLV EHKDYLRXU ZDV H[SHFWHG WKRXJK� JLYHQ KRZ SRRUO\ WKH SUHGLFWLQJ PRGHO SHUIRUPHG
LQ WDVNV OLNH WKH RQH LQ ���E�

�� *XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV
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%RWK RXU SRVWSURFHVVRUV VHHP WR KDYH D SRVLWLYH LPSDFW ZKHQ PRGLI\LQJ WKH WULDQJXODWHG
SRVH IURP � FDPHUDV� :H ZLOO QRZ LQVSHFW WKH RSSRVLWH FDVH� ZKHQ WULDQJXODWLQJ IURP ��
7KH UHVXOWV DUH VKRZQ LQ ILJXUH ���� DQG ����� ,Q WKLV FDVH� WKH WULDQJXODWLRQ LV LWVHOI PXFK
FORVHU WR WKH JURXQG WUXWK VNHOHWRQ� DQG WKH SRVWSURFHVVLQJ GR QRW SURYLGH D FRQVLVWHQW
LPSURYHPHQW� 7KLV DOVR DOLJQV ZLWK RXU H[SHFWDWLRQV� VROH GDWD LV XVHIXO LQ WKH FDVH ZKHUH
OHVV FDPHUDV DUH LQYROYHG�
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6LQFH WKH EHKDYLRXU RI ERWK SRVWSURFHVVLQJPRGXOHV ZDV YHU\ FKDRWLF ZKHQ XVLQJ 6ROH1HW�
ZH GHFLGHG WR UXQ DQ H[SHULPHQW ZLWK D UHFRUGLQJ WKDW WKH PRGHO KDG VHHQ GXULQJ WUDLQLQJ
ZLWK � FDPHUDV� WR SHUIRUP D VDQLW\ FKHFN� 7KLV ZD\ ZH FDQ PDNH VXUH WKH UHDVRQ EHKLQG
WKLV EHKDYLRXU LV LQ IDFW� QRW KDYLQJ HQRXJK GDWD LQ WKH WUDLQLQJ SLSHOLQH� 7KH UHVXOWV DUH
VKRZQ LQ ILJXUHV ���� DQG ����� +HUH� ZH FDQ REVHUYH QRW RQO\ WKDW WKH SRVWSURFHVVRU
KHOSV� EXW WKDW WKH SUHGLFWRU DSSURDFKHV WKLV VROXWLRQ� $JDLQ� VLQFH ZH DUH XVLQJ � FDP�
HUDV WKH SRVWSURFHVVRU ZDV H[SHFWHG WR KHOS� $QG� VLQFH WKH PRGHO KDV EHHQ WUDLQHG RQ
VRPH RI WKH VHTXHQFHV DQG YDOLGDWHG RQ RWKHUV� ZH H[SHFW LW WR DSSURDFK WKH UHVXOW IRU
WKH UHDO RQH� EXW QRW TXLWH EH WKHUH�

le
ft_

to
e

rig
ht

_t
oe

le
ft_

he
el

rig
ht

_h
ee

l0.00

0.01

0.02

0.03

0.04

0.05

0.06

m

2_cams
2_cams_PP_Offline
2_cams_PP_Offline_Predictor

�D� %LDV

le
ft_

to
e

rig
ht

_t
oe

le
ft_

he
el

rig
ht

_h
ee

l0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

m

2_cams
2_cams_PP_Offline
2_cams_PP_Offline_Predictor

�E� 6WDQGDUG GHYLDWLRQV

)LJXUH ����� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ RQH RI WKH
WUDLQLQJ UHFRUGLQJV IURP � FDPHUDV ZLWK 33 2IIOLQH�

le
ft_

to
e

rig
ht

_t
oe

le
ft_

he
el

rig
ht

_h
ee

l0.00

0.01

0.02

0.03

0.04

0.05

0.06

m

2_cams
2_cams_PP_Online
2_cams_PP_Online_Predictor

�D� %LDV

le
ft_

to
e

rig
ht

_t
oe

le
ft_

he
el

rig
ht

_h
ee

l0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

m

2_cams
2_cams_PP_Online
2_cams_PP_Online_Predictor

�E� 6WDQGDUG GHYLDWLRQV

)LJXUH ����� $YHUDJH HUURU DQG VWDQGDUG GHYLDWLRQ RI WKH HUURU SHU NH\SRLQW LQ RQH RI WKH
WUDLQLQJ UHFRUGLQJV IURP � FDPHUDV ZLWK 33 2QOLQH�

*XLGLQJ �' +XPDQ 3RVH (VWLPDWLRQ XVLQJ )HHW 3UHVVXUH 6HQVRUV ��



� &RQFOXVLRQ
:H EHOLHYH WKH ZRUN LQ WKLV WKHVLV WR EH DQ RYHUDOO VXFFHVV� 7KURXJK WKH FRXUVH RI WKH
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$ $SSHQGL[� &RGH OLVWLQJV
JHWBWLPH�F
#include <stdio.h>
#include <sys/time.h>

int main(void)
{

struct timeval tv;
struct timezone tz;
gettimeofday(&tv, &tz);
printf("%d.%d\n", tv.tv_sec, tv.tv_usec);
return 0;

}

VHWBWLPH�F
#include <stdio.h>
#include <stdlib.h>
#include <sys/time.h>

void set_time(time_t seconds, suseconds_t microseconds);

void set_time(time_t seconds, suseconds_t microseconds)
{

struct timeval tv;
tv.tv_sec = seconds;
tv.tv_usec = microseconds;
settimeofday(&tv, NULL);

}

int main(int argc, char *argv[])
{

int seconds, microseconds;
sscanf(argv[1], "%d.%d",&seconds, &microseconds);
set_time(seconds, microseconds);
return 0;

}
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FKHFNBWLPHBUHVHW�VK
#!/bin/bash
# Checks the offset between phone's and computer's clock every second.

while true
do

phone_time=$(adb shell "su -c '/data/data/com.termux/files/home/time/get_time'")
current_time=$(date +"%s.%6N")
diff=$(echo $phone_time-$current_time | bc)

echo "[$(date -d @$current_time)] Offset: $diff" | tee -a log
sleep 1

done

V\QF�VK
#!/bin/bash
# Program for synchronizing a phone's clock to a computer.
# Needs to have set_time.c and get_time.c compiled on the phone.
# It calculates the offset of writing and getting the time on the
# phone doing several trials (5 by default) and then writes the time
# compensating it (assuming that get_time is negligible against set_time).

# Seconds to send the start acquisition signal from the phone to the soles.
phone_to_soles_delay=0.05

n=${1:-5}
echo "Synchronizing! Estimating offset with $n iterations" | tee -a log.txt

path="/data/data/com.termux/files/home/time" # path to set_time and get_time
offset=0 # Variable that will store the running avg of the offset
num_accepted=0

while [ $num_accepted -lt $n ]
do

# Writing and reading the current time
current_time=$(date +"%s.%6N")
adb shell "su -c '$path/set_time $current_time'"
phone_time=$(adb shell "su -c '$path/get_time'")
current_time=$(date +"%s.%6N")
# Calculate difference
diff=$(echo $phone_time-$current_time | bc)

# Only accept negative diffs. Sometimes adb takes longer to read the time from the
# phone and returns a great positive diff, which makes no sense
if (( $(echo "$diff < 0" | bc -l) ))
then

offset=$(echo "($num_accepted * $offset + $diff)/($num_accepted+1)"| bc -l)
num_accepted=$(($num_accepted+1))
# Print out
echo "[$(date -d @$current_time)] It. $num_accepted. \
Offset: $diff. Running avg: $offset" | tee -a log.txt
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fi
sleep 1

done

# Write compensating the offset
current_time=$(date +"%s.%6N")
offseted_time=$(echo "$current_time - $offset + $phone_to_soles_delay" | bc)
adb shell "su -c '$path/set_time $offseted_time'"
echo "[$(date -d @$current_time)] Synced!" | tee -a log.txt

./check_time_reset.sh
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