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8VLQJ )HDWXUHV IURP D %LOLQJXDO $OLJQPHQW 0RGHO LQ
7UDQVOLWHUDWLRQ 0LQLQJ

7DNDDNL )XNXQLVKL
'RVKLVKD 8QLYHUVLW\

$QGUHZ )LQFK
1,&7

6HLLFKL <DPDPRWR
'RVKLVKD 8QLYHUVLW\

(LLFKLUR 6XPLWD
1,&7

HLLFKLUR�VXPLWD#QLFW�JR�MS

$EVWUDFW

,Q WKLV SDSHU ZH SUHVHQW D QRYHO PHWKRG IRU
VHOHFWLQJ WUDQVOLWHUDWLRQ ZRUG SDLUV IURP
D VHW RI FDQGLGDWH ZRUG SDLUV ZKHQ PLQ�
LQJ IRU WUDLQLQJ GDWD� 2XU PHWKRG UH�
OLHV RQ D %D\HVLDQ WHFKQLTXH WKDW VLPXOWD�
QHRXVO\ FR�VHJPHQWV DQG IRUFH�DOLJQV WKH
ELOLQJXDO VHJPHQWV� 7KH %D\HVLDQ PRGHO
VWURQJO\ UHZDUGV WKH UH�XVH RI IHDWXUHV DO�
UHDG\ SUHVHQW LQ LWV PRGHO� UHVXOWLQJ LQ D
YHU\ FRPSDFW DQG HIILFLHQW PRGHO� 2XU
LGHD UHOLHV RQ WKH DVVXPSWLRQ WKDW JHQ�
XLQH WUDQVOLWHUDWLRQ SDLUV FDQ EH GHULYHG
E\ XVLQJ ELOLQJXDO VHTXHQFH SDLUV DOUHDG\
SUHVHQW LQ WKH PRGHO� RU DW ZRUVW E\ LQWUR�
GXFLQJ D YHU\ VKRUW XQREVHUYHG SDLU LQWR
WKH GHULYDWLRQ� :H DVVXPH WKDW LQFRU�
UHFW SDLUV DUH OLNHO\ WR KDYH ODUJHU FRQ�
WLJXRXV VHJPHQWV WKDW DUH FRVWO\ WR IRUFH�
DOLJQ ZLWK RXU PRGHO� :H XVH IHDWXUHV
GHULYHG IURP WKH FR�VHJPHQWDWLRQ �DOLJQ�
PHQW� RI WKH FDQGLGDWH SDLU LQ FRPELQDWLRQ
ZLWK RWKHU KHXULVWLF IHDWXUHV WR WUDLQ D FODV�
VLILHU WR ODEHO ZKHWKHU RU QRW WKH FDQGLGDWH
SDLU LV D JHQXLQH WUDQVOLWHUDWLRQ SDLU� 7R
HYDOXDWH RXU DSSURDFK ZH XVHG WKH DOO GDWD�
WUDFNV IURP WKH ���� 1DPHG�HQWLW\ :RUN�
VKRS �1(:6������ 2XU UHVXOWV VKRZ WKDW
WKH QHZ IHDWXUHV ZH SURSRVH DUH SRZHU�
IXOO\ SUHGLFWLYH� HQDEOLQJ RXU DSSURDFK WR
DFKLHYH OHYHOV RI SHUIRUPDQFH RQ WKLV WDVN
WKDW DUH FRPSDUDEOH WR WKH VWDWH RI WKH DUW�

� ,QWURGXFWLRQ

)RU VRPH ODQJXDJH SDLUV� HVSHFLDOO\ WKRVH WKDW XVH
WKH VDPH RU YHU\ VLPLODU FKDUDFWHU VHWV� QDPHG HQ�
WLWLHV DUH FRPPRQO\ XQFKDQJHG LQ WKH SURFHVV RI

WUDQVODWLRQ EHWZHHQ WKH ODQJXDJHV� )RU H[DPSOH
WKH WHUP µ0LFKDHO -DFNVRQ¶ LV XVHG DV LV LQ WKH (Q�
JOLVK� *HUPDQ DQG ,WDOLDQ ODQJXDJHV� +RZHYHU�
LQ ODQJXDJHV WKDW GR QRW VKDUH WKH VDPH ZULWLQJ
V\VWHP� VXFK H[SUHVVLRQV DUH WUDQVFULEHG LQWR WKH
UHVSHFWLYH QDWLYH ZULWLQJ V\VWHP� XVXDOO\ LQ VXFK
D PDQQHU DV WR SUHVHUYH WKH SKRQHWLFV DV IDU DV
SRVVLEOH� 6R IRU H[DPSOH� LQ -DSDQHVH WKH QDPH
ZRXOG EH WUDQVFULEHG LQWR WKH NDWDNDQD DOSKDEHW DV
マイケル・ジャクソン �0$�,�.(�58・-,�<$�.8�
62�1�� 7KH IRUP LQ SDUHQWKHVHV LV D URPDQL]HG
�UǀPDML� IRUP RI WKH SUHFHGLQJ -DSDQHVH FKDUDFWHU
VHTXHQFH LQ -DSDQHVH VFULSW �NDWDNDQD�� ZKHUH HDFK
URPDQ FKDUDFWHU RU FKDUDFWHU SDLU FRUUHVSRQGV WR
D VLQJOH FKDUDFWHU LQ WKH -DSDQHVH ZULWLQJ V\VWHP�
DQG IXUWKHUPRUH FRUUHVSRQGV YHU\ FORVHO\ WR WKH
(QJOLVK SKRQHWLFV RI WKH FKDUDFWHU VHTXHQFH� :H
ZLOO FRPH EDFN WR WKLV FRUUHVSRQGHQFH LQ WKH QH[W
VHFWLRQ� 7KLV SURFHVV RI WUDQVFULSWLRQ IURP RQH ODQ�
JXDJH LQWR DQRWKHU� XVXDOO\ EDVHG RQ SKRQHWLFV� LV
NQRZQ DV WUDQVOLWHUDWLRQ�
7UDQVOLWHUDWLRQ PLQLQJ LV WKH SURFHVV RI REWDLQ�

LQJ OLVWV RI ELOLQJXDO ZRUG SDLUV �ZH ZLOO UHIHU WR
WKHVH DV WUDQVOLWHUDWLRQ SDLUV� DXWRPDWLFDOO\� WKDW
LV SDLUV RI ZRUGV WKDW DUH WUDQVOLWHUDWLRQV RI HDFK
RWKHU LQ SDUDOOHO RU FRPSDUDEOH FRUSRUD� 7KHPLQHG
ZRUG SDLUV KDYH PDQ\ DSSOLFDWLRQV� IRU H[DPSOH DV
GDWD IRU WUDLQLQJ D WUDQVOLWHUDWLRQ JHQHUDWLRQ V\V�
WHP� IRU WKH HQKDQFHPHQW RI WKH ELOLQJXDO GLFWLR�
QDU\ RI D PDFKLQH WUDQVODWLRQ V\VWHP WR LPSURYH
OH[LFDO FRYHUDJH� DQG LQ TXHU\ WHUP WUDQVODWLRQ IRU
FURVV�ODQJXDJH LQIRUPDWLRQ UHWULHYDO�

� 3UHYLRXV :RUN

7KH ILHOG RI WUDQVOLWHUDWLRQ PLQLQJ LV FXUUHQWO\ EH�
LQJ DFWLYHO\ UHVHDUFKHG DQG WKHUH LV D ZHDOWK RI SUH�
YLRXV UHVHDUFK �%ULOO HW DO�� ����� /HH DQG &KDQJ�
����D� %LODF DQG 7DQDND� ����� 7VXML DQG.DJHXUD�
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����� 2K DQG ,VDKDUD� ����� -LDPSRMDPDUQ HW
DO�� ����� 'DUZLVK� ����� .KDSUD HW DO�� �����
1DEHQGH� ����� 1RHPDQ DQG0DGNRXU� ������ DQG
UHFHQWO\ D VKDUHG WDVN LQ WKH ���� $&/1DPHG (Q�
WLWLHV :RUNVKRS �1(:6����� �.XPDUDQ DQG /L�
������
2QH FRPPRQ VWUDWHJ\ WR GHWHUPLQH FURVV�

OLQJXDO SKRQHWLF VLPLODULW\ EHWZHHQ ZRUGV LV WR
WUDQVFULEH WKHP LQWR WKH URPDQ DOSKDEHW DQG WKHQ
XVH FKDUDFWHU OHYHO VLPLODULW\ PHDVXUHV WR FRPSDUH
WKHP� IRU H[DPSOH QRUPDOL]HG HGLW GLVWDQFH �-L�
DPSRMDPDUQ HW DO�� ������ ,Q SUDFWLFH WKLV VHHPV WR
EH DQ HIIHFWLYH WHFKQLTXH� LQ WKH SUHYLRXV H[DPSOH�
LW LV HDV\ WR VHH WKDW WKH URPDQL]HG VWULQJ µPDLNHUX
ML\DNXVRQ¶ ZLOO EH UHDVRQDEO\ FORVH LQ WHUPV RI HGLW
GLVWDQFH WR WKH (QJOLVK µPLFKDHO MDFNVRQ¶� EXW YHU\
OLNHO\ WR EH GLVWDQFHG IURP RWKHU (QJOLVK VWULQJV
WKDW LW LV QRW D WUDQVOLWHUDWLRQ RI�
$ ODUJH DGYDQWDJH RI WKHVH DSSURDFKHV LV WKDW

WKH\ FDQ RIWHQ EH GHYHORSHG ZLWKRXW WKH QHHG WR
FROOHFW D WUDLQLQJ FRUSXV� 2Q WKH RWKHU KDQG� D SR�
WHQWLDO GUDZEDFN RI WKHVH PHWKRGV LV WKDW WKH\ DUH
ODQJXDJH GHSHQGHQW LQ QDWXUH� VLPSO\ EHFDXVH WKH\
UHO\ RQ D ODQJXDJH VSHFLILF URPDQL]DWLRQ VFKHPH�
)XUWKHUPRUH� SHUIRUPDQFH ZLOO GHSHQG RQ WKH SDU�
WLFXODU URPDQL]DWLRQ VFKHPH FKRVHQ� DQG RIWHQ
WKHUH DUH VHYHUDO WR FKRRVH IURP� LQ DGGLWLRQ WR
EHVSRNH URPDQL]DWLRQ VFKHPHV WKDW PLJKW EH GH�
YLVHG IRU WKLV WDVN �IRU H[DPSOH� GHOHWLQJ GLDFULW�
LFV DQG SHUIRUPLQJ FKDUDFWHU VXEVWLWXWLRQV LQ (X�
URSHDQ ODQJXDJHV �-LDPSRMDPDUQ HW DO�� ������� ,Q
-DSDQHVH� IRU H[DPSOH� WKHUH DUH WKUHH PDLQ FRP�
SHWLQJ V\VWHPV IRU URPDQL]LQJ -DSDQHVH NDQD FKDU�
DFWHUV� WKH +HSEXUQ� .XQUHL�VKLNL 5ǀPDML� DQG
1LKRQ�VKLNL 5ǀPDML� URPDQL]DWLRQ V\VWHPV�
2QH ZD\ WR HOLPLQDWH WKLV ODQJXDJH GHSHQGHQF\

LV WR EXLOG D WUDQVOLWHUDWLRQ JHQHUDWLRQ V\VWHP WR
WUDQVGXFH D WUDQVOLWHUDWHG VWULQJ LQWR WKH RWKHU ODQ�
JXDJH� DQG WKHQ XVH D KHXULVWLF RSHUDWLQJ DW WKH
FKDUDFWHU OHYHO WR PHDVXUH WKH VWULQJ�VLPLODULW\ EH�
WZHHQ WKH WZR FKDUDFWHU VHTXHQFHV� 7KLV DSSURDFK
LV WDNHQ E\ �1RHPDQ DQG 0DGNRXU� ����� ZKR XVH
DQ )67 WR JHQHUDWH D VHW RI FDQGLGDWH WUDQVOLWHUD�
WLRQV DQG DQ )6$ WR DFFHSW WKRVH WKDW FDQ EH XVHG
WR IRUP WUDQVOLWHUDWLRQ SDLUV� 7KH DSSURDFK LV DOVR
XVHG LQ WKH JHQHUDWLRQ�EDVHG PRGHOV RI �-LDPSR�
MDPDUQ HW DO�� ������ ZKHUH IRUZDUG DQG EDFNZDUG
JHQHUDWHG WUDQVOLWHUDWLRQV DUH FRPSDUHG E\ HGLW GLV�
WDQFH DJDLQVW WKH FRUUHVSRQGLQJ VWULQJV LQ WKH RWKHU
ODQJXDJHV� D VFRUH FRQVLVWLQJ RI ZHLJKWHG HGLW GLV�
WDQFHV RI WKHVH FRPSDULVRQV LQ ERWK GLUHFWLRQV ZDV
XVHG WR FODVVLI\ WKH FDQGLGDWH WUDQVOLWHUDWLRQ SDLU�

2WKHU H[DPSOHV RI WKH XVH RI WKLV DSSURDFK LQFOXGH�
�/HH DQG &KDQJ� ����E� 7VXML DQG .DJHXUD� ������
$ VHFRQG DGYDQWDJH RI DSSURDFKHV WKDW GR QRW

UHTXLUH D V\VWHP IRU SKRQHWLFDOO\ WUDQVFULELQJ D
ODQJXDJH LV WKDW WKHVH DSSURDFKHV FDQ KDQGOH QRQ�
SKRQHWLF WUDQVFULSWLRQV LI QHFHVVDU\� )RU H[DPSOH�
WKH ZRUGV µSHUVRQDO FRPSXWHU¶ ZRXOG LQ -DSDQHVH
EH WUDQVFULEHG LQWR µ3$�62�.2�1¶� D FRQWUDFWLRQ
RI WKH RULJLQDO ZRUG SDLU� 7KH WUDQVFULSWLRQ RI
-DSDQHVH NDQML LQWR WKHLU UǀPDML UHDGLQJV LV DQ�
RWKHU H[DPSOH FRPPRQO\ HQFRXQWHUHG LQ UHDO�
ZRUOG -DSDQHVH QDPHG HQWLW\ WUDQVODWLRQ�
7KH DSSURDFK ZH WDNH LQ WKLV SDSHU LV D GL�

UHFW DSSURDFK WKDW GRHV QRW UHO\ RQ DQ LQWHUPHGL�
DWH UHSUHVHQWDWLRQ� EXW UDWKHU D GLUHFW JUDSKHPH�
WR�JUDSKHPH PDSSLQJ EHWZHHQ WKH ODQJXDJHV� :H
XVH D JHQHUDWLYH PRGHO GLUHFWO\ WR DVVHVV ZKHWKHU
WZR VWULQJV FRQVWLWXWH D WUDQVOLWHUDWLRQ SDLU DQG
DYRLG WKH QHFHVVLW\ WR H[SOLFLWO\ JHQHUDWH VWULQJV LQ
HLWKHU ODQJXDJH� 7KLV W\SH RI DSSURDFK ZDV WDNHQ
E\ �/HH DQG &KDQJ� ����E�� ZKR XVH D QRLV\ FKDQ�
QHO PRGHO WR DVVHVV WUDQVOLWHUDWLRQ SDLU FDQGLGDWHV�
2XU DSSURDFK GLIIHUV IURP WKHLUV LQ WKH %D\HVLDQ
PRGHO WKDW ZH HPSOR\� %D\HVLDQ PRGHOV VXFK
DV WKH RQH ZH XVH KDYH EHHQ VXFFHVVIXOO\ DSSOLHG
WR WUDQVOLWHUDWLRQ JHQHUDWLRQ �)LQFK DQG 6XPLWD�
����� +XDQJ HW DO�� ����� DQG RIIHU VHYHUDO EHQ�
HILWV� SULPDULO\ WKH WHFKQLTXH KDV WKH DELOLW\ WR
WUDLQ PRGHOV ZKLOVW DYRLGLQJ RYHU�ILWWLQJ WKH GDWD�
DQG FDQ W\SLFDOO\ FRQVWUXFW FRPSDFW PRGHOV WKDW
KDYH RQO\ D VPDOO QXPEHU RI ZHOO�FKRVHQ SDUDPH�
WHUV� 2XU V\VWHP IXUWKHU GLIIHUV IURP WKHLUV LQ WKDW
RXU XQGHUO\LQJ JHQHUDWLYH WUDQVOLWHUDWLRQ PRGHO LV
EDVHG RQ WKH MRLQW VRXUFH�FKDQQHO PRGHO �/L HW DO��
������ DQG LV V\PPHWULF ZLWK UHVSHFW WR VRXUFH DQG
WDUJHW ODQJXDJH�
,Q WKH QH[W VHFWLRQ ZH ZLOO EULHIO\ GHVFULEH

WKH 'LULFKOHW SURFHVV PRGHO WKDW GULYHV WKH FR�
VHJPHQWDWLRQ SURFHVV WKDW XQGHUSLQV RXU WHFK�
QLTXH� :H WKHQ SUHVHQW WKH PHWKRGRORJ\ ZH XVH
WR H[SORLW IHDWXUHV IURP VDPSOHV WDNHQ IURP WKLV
WUDLQLQJ SURFHVV WR GHWHUPLQH ZKHWKHU WZR ZRUGV
FRQVWLWXWH D WUDQVOLWHUDWLRQ SDLU� 1H[W ZH GHVFULEH
WKH VHW RI H[SHULPHQWV ZH SHUIRUPHG WR LQYHVWLJDWH
WKH HIIHFWLYHQHVV RI RXU V\VWHP RQ GDWD IURP DOO WKH
1(:6���� VKDUHG WDVNV RQ WUDQVOLWHUDWLRQ PLQLQJ�
DQG DOVR RQ D VLPLODU (QJOLVK�-DSDQHVH FRUSXV WKDW
ZH FRQVWUXFWHG� DQG SUHVHQW RXU UHVXOWV LQ WKH IRO�
ORZLQJ VHFWLRQ� )LQDOO\� ZH FRQFOXGH DQG RIIHU
VRPH GLUHFWLRQV IRU IXWXUH UHVHDUFK�
7KURXJKRXW WKH SDSHU ZH XVH WKH IROORZLQJ

DFURQ\PV DV VKRUWKDQG IRU WKH YDULRXV ODQJXDJHV�
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$U $UDELF� (Q (QJOLVK� &K &KLQHVH� +L +LQGL�
-D -DSDQHVH� 5X 5XVVLDQ� 7D 7DPLO�

� 8VLQJ )HDWXUHV IURP $OLJQPHQW

2XU DOLJQPHQW PRGHO LV EDVHG RQ D 'LULFKHW SUR�
FHVV PRGHO� D VWRFKDVWLF SURFHVV GHILQHG RYHU D
VHW S �LQ RXU FDVH� WKH VHW RI DOO SRVVLEOH ELOLQJXDO
VHTXHQFH�SDLUV� ZKRVH VDPSOH SDWK LV D SUREDELO�
LW\ GLVWULEXWLRQ RQ S� )RU EUHYLW\ ZH SURYLGH RQO\
D EULHI GHVFULSWLRQ RI WKH DOLJQPHQW PRGHO� IRU D
IXOO GHVFULSWLRQ� WKH UHDGHU LV UHIHUUHG WR �)LQFK DQG
6XPLWD� ������

��� 'LULFKOHW 3URFHVV 0RGHO
,QWXLWLYHO\� WKH 'LULFKOHW SURFHVV PRGHO KDV WZR ED�
VLF FRPSRQHQWV� D PRGHO IRU JHQHUDWLQJ DQ RXW�
FRPH WKDW KDV DOUHDG\ EHHQ JHQHUDWHG DW OHDVW RQFH
EHIRUH� DQG D VHFRQG PRGHO WKDW DVVLJQV D SURE�
DELOLW\ WR DQ RXWFRPH WKDW KDV QRW \HW EHHQ SUR�
GXFHG� 7R HQFRXUDJH WKH UH�XVH RI PRGHO SDUDP�
HWHUV� WKH SUREDELOLW\ RI JHQHUDWLQJ D QRYHO ELOLQ�
JXDO VHTXHQFH�SDLU LV FRQVLGHUDEO\ ORZHU WKHQ WKH
SUREDELOLW\ RI JHQHUDWLQJ D SUHYLRXVO\ REVHUYHG
VHTXHQFH SDLU� 7KH SUREDELOLW\ GLVWULEXWLRQ RYHU
WKHVH ELOLQJXDO VHTXHQFH�SDLUV �LQFOXGLQJ DQ LQIL�
QLWH QXPEHU RI XQVHHQ SDLUV� LV OHDUQHG GLUHFWO\
IURP XQODEHOHG GDWD E\ %D\HVLDQ LQIHUHQFH RI WKH
KLGGHQ FR�VHJPHQWDWLRQ RI WKH FRUSXV�
0RUH IRUPDOO\� WKH XQGHUO\LQJ VWRFKDVWLF SUR�

FHVV IRU WKH JHQHUDWLRQ RI D FRUSXV FRPSRVHG RI
ELOLQJXDO SKUDVH SDLUV γ LV XVXDOO\ ZULWWHQ LQ WKH
IROORZLQJ IURP�

G|α,G0 ∼ DP (α, G0)

(Vk, Wk)|G ∼ G ���

* LV D GLVFUHWH SUREDELOLW\ GLVWULEXWLRQ RYHU WKH
DOO ELOLQJXDO VHTXHQFH�SDLUV DFFRUGLQJ WR D 'LULFK�
OHW SURFHVV SULRU ZLWK EDVH PHDVXUH G0 DQG FRQ�
FHQWUDWLRQ SDUDPHWHU α� 7KH FRQFHQWUDWLRQ SDUDP�
HWHU α > 0 FRQWUROV WKH YDULDQFH RI G� LQWXLWLYHO\�
WKH ODUJHU α LV� WKH PRUH VLPLODU G0 ZLOO EH WR G�
)RU WKH EDVH PHDVXUH G0 WKDW FRQWUROV WKH JHQ�
HUDWLRQ RI QRYHO VHTXHQFH�SDLUV� ZH XVH WKH MRLQW
VSHOOLQJ PRGHO GHVFULEHG LQ �)LQFK DQG 6XPLWD�
������ WKDW DVVLJQV H[SRQHQWLDOO\ VPDOOHU SUREDELO�
LWLHV ZLWK LQFUHDVLQJ VRXUFH�WDUJHW VHTXHQFH OHQJWK�

����� 7KH *HQHUDWLYH 0RGHO
7KH JHQHUDWLYH PRGHO LV JLYHQ LQ (TXDWLRQ � EH�
ORZ� 7KH HTXDWLRQ DVVLJQHV D SUREDELOLW\ WR WKH kWK

ELOLQJXDO VHTXHQFH�SDLU (Vk, Wk) LQ D GHULYDWLRQ RI
WKH FRUSXV� JLYHQ DOO RI WKH RWKHU VHTXHQFH�SDLUV
REVHUYHG VR IDU (V−k, W−k)� +HUH −k LV UHDG DV�
³XS WR EXW QRW LQFOXGLQJ k´�

p((Vk, Wk))|(V−k, W−k)) =

N((Vk, Wk)) + αG0((Vk, Wk))
N + α

���

,Q WKLV HTXDWLRQ� N LV WKH WRWDO QXPEHU RI ELOLQ�
JXDO VHTXHQFH�SDLUV JHQHUDWHG VR IDU� N((Vk, Wk))
LV WKH QXPEHU RI WLPHV WKH VHTXHQFH�SDLU (Vk, Wk)
KDV RFFXUUHG LQ WKH KLVWRU\�

��� $OLJQPHQW
%\ UHSHDWHGO\ VFRULQJ ELOLQJXDO VHTXHQFH SDLUV
ZLWK WKH SUREDELOLW\ IURP(TXDWLRQ �� WKH DOJRULWKP
LV DEOH WR FR�VHJPHQW DQG DOLJQ VRXUFH DQG WDU�
JHW JUDSKHPH VHTXHQFHV WKURXJK DQ LWHUDWLYH SUR�
FHVV RI %D\HVLDQ LQIHUHQFH XVLQJ *LEEV VDPSOLQJ�
7KH WUDLQLQJ SURFHGXUH LV EDVHG RQ DQ H[WHQVLRQ
RI WKH IRUZDUG ILOWHULQJ EDFNZDUG VDPSOLQJ DOJR�
ULWKP �0RFKLKDVKL HW DO�� ����� ZKLFK LV WRR FRP�
SOH[ WR GHVFULEH LQ IXOO KHUH� EXW LV FRYHUHG LQ GHWDLO
LQ �)LQFK DQG 6XPLWD� ������
$Q H[DPSOH RI DQ DOLJQHG JUDSKHPH VHTXHQFH

SDLU� WKH RXWSXW RI UXQQLQJ WKLV 'LULFKOHW SURFHVV
PRGHO RQ WKH ELOLQJXDO GDWD� LOOXVWUDWHG LQ )LJ�
XUH �� *LYHQ VXFK DQ DOLJQPHQW RI VRXUFH DQG
WDUJHW JUDSKHPH VHTXHQFHV� LW LV SRVVLEOH WR SHU�
IRUP JHQHUDWLRQ E\ PRQRWRQLF FRQFDWHQDWLRQ RI
JUDSKHPH VHTXHQFH SDLUV WR IRUP ZRUGV� DV LQ WKH
MRLQW�VRXUFH FKDQQHO PRGHOV RI �/L HW DO�� ������
7KH SUREDELOLW\ RI JHQHUDWLQJ D ELOLQJXDO ZRUG SDLU
LV JLYHQ E\ WKH SURGXFW RI WKH SUREDELOLWLHV RI WKH
ELOLQJXDO JUDSKHPH VHTXHQFH�SDLUV WKDW JHQHUDWH LW�
2XU LGHD LV EXLOW RQ WKH DVVXPSWLRQ WKDW WKH EHW�
WHU DEOH RXU PRGHO LV WR JHQHUDWH D ELOLQJXDO ZRUG
SDLU� WKH PRUH OLNHO\ LW LV WKDW WKH ZRUG SDLU LV D
WUDQVOLWHUDWLRQ SDLU WKDW ZH ZRXOG OLNH WR PLQH� :H
XVH WKH 'LULFKOHW SURFHVV PRGHO WR FR�VHJPHQW DQG
DOLJQ WKH GDWD� H[WUDFW IHDWXUHV IURP WKLV VHJPHQ�
WDWLRQ �H[SODLQHG LQ WKH QH[W VHFWLRQ� DQG XVH WKHP
WR WUDLQ D 6XSSRUW 9HFWRU 0DFKLQH �690� �&RUWHV
DQG 9DSQLN� ����� WR FODVVLI\ WKHP DV FRUUHFW RU
LQFRUUHFW WUDQVOLWHUDWLRQ SDLUV�

��� )HDWXUH 6HW
)LJXUH � VKRZV WKH ELOLQJXDO VHJPHQWDWLRQ DQG
DOLJQPHQW WRJHWKHU ZLWK WKH VFRUHV IRU HDFK VHJ�
PHQW IRU WKH FDQGLGDWH SDLU $1'25,<88 �LQ
-DSDQHVH� DQG µDQGUHZ¶ LQ (QJOLVK� 7KH VFRUHV LQ
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アン
a

an

ド
do

リュー
riyuu

d roid

Japanese
Character Sequence

English
Character Sequence

Model Score: 0.034 0.012 10e-12

)LJXUH �� $ FR�VHJPHQWDWLRQ RI WKH WUDQVOLWHUDWLRQ ZRUG�SDLU FDQGLGDWH µDQGRUL\XX¶ �-DSDQVHVH WUDQVOLWHU�
DWLRQ RI WKH (QJOLVK µDQGUHZ¶� DQG µDQGURLG¶ LQ (QJOLVK� 7KH ILJXUH VKRZV WKH FR�VHJPHQWDWLRQ WRJHWKHU
ZLWK WKH SUREDELOLWLHV RI HDFK VHJPHQW� ,W FDQ EH VHHQ WKDW WKH VHJPHQWV µDQ¶ �-DSDQHVH�� µDQ¶ �(QJOLVK��
DQG µGR¶ �-DSDQHVH� DQG µG¶ �(QJOLVK� ERWK UHFHLYH KLJK SUREDELOLWLHV IURP WKH PRGHO� ZKHUHDV WKH VHJ�
PHQW µUL\XX¶ �-DSDQHVH� DQG µURLG¶ LQ WKH (QJOLVK UHFHLYHV D YHU\ ORZ SUREDELOLW\ IURP WKH PRGHO EHFDXVH
VRXUFH DQG WDUJHW JUDSKHPH VHTXHQFHV DUH ORQJ� DQG WKLV SDLULQJ KDV QRW EHHQ REVHUYHG LQ WKH FRUSXV�

f1 f2 f3 f4
logprob

numsegs
|t|
|s|

|sbad|+|tbad|
|s|+|t| minprob

7DEOH �� 7KH IHDWXUH VHW XVHG E\ WKH 690 WR FODV�
VLI\ FDQGLGDWH WUDQVOLWHUDWLRQ SDLUV�

WKH ILJXUH IRU HDFK RI WKH ELOLQJXDO FKDUDFWHU VH�
TXHQFH SDLUV DULVH GLUHFWO\ IURP DSSO\LQJ (TXD�
WLRQ �� ,Q WKLV H[DPSOH WKH FDQGLGDWH SDLU LV
QRW D WUDQVOLWHUDWLRQ SDLU� EXW QRQHWKHOHVV WKH SDLU
FRPHV TXLWH FORVH WR EHLQJ D WUDQVOLWHUDWLRQ SDLU
EHFDXVH WKH\ VKDUH D FRPPRQ VXEVWULQJ DV D SUH�
IL[� ,W ZRXOG EH SRVVLEOH WR XVH DQ\ RI D QXP�
EHU RI IHDWXUHV GHULYHG IURP WKH DOLJQPHQW DQG
WKH FRUUHVSRQGLQJ VFRUH� )RU H[DPSOH� XVLQJ WKH
ORJ�SUREDELOLW\ LWVHOI ZRXOG EH SRVVLEOH� EXW LW LV
VWURQJO\ GHWHUPLQHG E\ VHTXHQFH OHQJWK� DQG WKHUH�
IRUH QRW GLUHFWO\ FRPSDUDEOH DFURVV OHQJWKV ZLWK�
RXW PRGLILFDWLRQ�
7KH %D\HVLDQ PRGHO LV DEOH WR DOLJQ WKH FRUUH�

VSRQGLQJ SDUWV RI WKHVH WZR ZRUGV XVLQJ ELOLQJXDO
VHTXHQFH SDLUV WKDW KDYH EHHQ REVHUYHG D QXP�
EHU RI WLPHV LQ WKH WUDLQLQJ FRUSXV� 7KH QRQ�
FRUUHVSRQGLQJ VXEVHTXHQFHV RI WKHVH WZR ZRUGV
ZLOO QRW KDYH EHHQ REVHUYHG LQ WKH GDWD DQG WKH
%D\HVLDQ PRGHO WKHUHIRUH PXVW LQWURGXFH D FRVWO\
QHZ IHDWXUH LQWR LWV PRGHO WR JHQHUDWH WKHP� ,Q
RXU PRGHO� WKH FRVW RI LQWURGXFLQJ D QHZ IHD�
WXUH LQFUHDVHV H[SRQHQWLDOO\ ZLWK WKH OHQJWKV RI
WKH VRXUFH DQG WDUJHW FRPSRQHQWV �VHH �)LQFK DQG
6XPLWD� ������� 7KH IHDWXUHV �GHVFULEHG LQ GHWDLO
EHORZ� ZH ZLOO XVH LQ RXU H[SHULPHQWV DUH EDVHG
RQ WZR EDVLF K\SRWKHVHV� 7KH ILUVW LV WKDW WKH DOLJQ�
PHQW VFRUHV IRU EDG FDQGLGDWH SDLUV DUH OLNHO\ WR EH
ORZHU WKDQ VFRUHV IRU JRRG FDQGLGDWH SDLUV RI WKH

VDPH OHQJWK�
2XU VHFRQG K\SRWKHVLV LV EDVHG RQ WKH SURFHVV

RI IRUFHG DOLJQPHQW ZKLFK FR�VHJPHQWV WKH FDQGL�
GDWH SDLU SLHFH E\ SLHFH� 8QREVHUYHG SLHFHV W\SL�
FDOO\ KDYH H[WUHPHO\ ORZ SUREDELOLW\ DQG DUH WKHUH�
IRUH YHU\ FRVWO\ WR LQWURGXFH LQWR WKH VHJPHQWD�
WLRQ K\SRWKHVHV� $V D FRQVHTXHQFH WKH PRGHO ZLOO
EH GULYHQ WR JHQHUDWH DV PXFK DV SRVVLEOH RI WKH
VHTXHQFH SDLU E\ UH�XVLQJ WKH KLJKHU SUREDELOLW\
SLHFHV WKDW KDYH DOUHDG\ EHHQ REVHUYHG� 2XU DV�
VXPSWLRQ LV WKDW WKH SURSRUWLRQ RI WKH VHTXHQFH SDLU
WKDW FDQQRW EH JHQHUDWHG XVLQJ PRGHO IHDWXUHV RE�
VHUYHG LQ WKH GDWD ZLOO EH D JRRG LQGLFDWRU DV WR
ZKHWKHU RU QRW WKH SDLU LV D FRUUHFW WUDQVOLWHUDWLRQ
SDLU�
:H XVHG D WRWDO RI � IHDWXUHV LQ RXU 690

FODVVLILHU� WKHVH DUH VKRZQ LQ 7DEOH �� )HDWXUH
f1 LV EDVHG RQ WKH ILUVW RI WKH WZR DVVXPSWLRQV
DERYH� )HDWXUH f2 LV D VLPSOH OHQJWK�EDVHG KHXULV�
WLF ZKLFKZDV H[SHFWHG WR EH JHQHUDOO\ XVHIXO� )HD�
WXUH f3 LV GHVLJQHG WR FDSWXUH WKH LGHD XQGHUSLQ�
QLQJ WKH VHFRQG RI WKH WZR K\SRWKHVHV DERYH� WKDW
LV� ZKDW SURSRUWLRQ RI WKH FDQGLGDWH SDLU FDQQRW
PRGHOHG GLUHFWO\ E\ WKH IHDWXUHV OHDUQHG E\ WKH
'LULFKOHW SURFHVV PRGHO� f4 IRFXVHV RQ WKH VFRUH
RI WKH ZHDNHVW SDUW RI WKH GHULYDWLRQ�
,Q 7DEOH �� logprob LV WKH ORJ SUREDELOLW\

RI WKH VDPSOHG GHULYDWLRQ RI WKH WZR JUDSKHPH
VHTXHQFHV� DFFRUGLQJ WR RXU JHQHUDWLYH PRGHO�
numsegs LV WKH QXPEHU RI ELOLQJXDO VHJPHQWV
XVHG LQ WKLV GHULYDWLRQ� minprob LV WKH ORJ SURE�
DELOLW\ RI WKH VHJPHQW ZLWK WKH ORZHVW SUREDELO�
LW\ LQ WKH GHULYDWLRQ� |s| DQG |t| DUH WKH OHQJWKV
�LQ JUDSKHPHV� RI WKH VRXUFH DQG WDUJHW ZRUGV UH�
VSHFWLYHO\� |sbad| � |tbad| LV WKH WRWDO QXPEHU RI
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JUDSKHPHV LQ ERWK VRXUFH DQG WDUJHW� WKDW DUH LQ
EDG VHJPHQWV� +HUH E\ EDG VHJPHQW ZH PHDQ D
ELOLQJXDO VHJPHQW WKDW KDV QRW EHHQ REVHUYHG LQ WKH
WUDLQLQJ FRUSXV DQG WKXV LV RQO\ UHFHLYLQJ D FRQWUL�
EXWLRQ IURP WKH EDVH PHDVXUH FRPSRQHQW RI RXU
'LULFKOHW SURFHVV PRGHO �D EDG VHJPHQW LV LOOXV�
WUDWHG LQ )LJXUH � DV WKH ULJKWPRVW VHJPHQW LQ WKH
VHTXHQFH��

� ([SHULPHQWDO (YDOXDWLRQ

��� &RUSRUD

)RU RXU H[SHULPHQWV ZH XVHG GDWD IURP DOO WUDFNV
RI WKH 1(:6 ���� 1DPHG (QWLW\ :RUNVKRS �.X�
PDUDQ HW DO�� ����E� .XPDUDQ HW DO�� ����D� .X�
PDUDQ DQG /L� ������ $ FRPSOHWH GHVFULSWLRQ RI
WKLV VKDUHG WDVN LV JLYHQ LQ �.XPDUDQ HW DO�� ����E�
DQG WKH UHVXOWV IRU DOO RI WKH �� V\VWHPV HYDOXDWHG
LV SUHVHQWHG LQ �.XPDUDQ HW DO�� ����D��
2XU H[SHULPHQWV ZHUH QRW SDUW RI WKH RIIL�

FLDO 1(:6���� VKDUHG WDVN� EXW XVHG WKH VDPH
GDWD VHWV� 7KH WUDLQLQJ GDWD IRU WKLV WUDFN FRQ�
VLVWHG RI WLWOH�SDLUV RI LQWHUODQJXDJH OLQNV EHWZHHQ
ZLNLSHGLD DUWLFOHV� 7KHVH WLWOHV DUH QRLV\ LQ WKH
VHQVH WKDW WKH\ FDQ EH VHTXHQFHV RI ZRUGV� RQO\
VRPH RU HYHQ QRQH RIZKLFKPD\ EH WUDQVOLWHUDWLRQV
RI HDFK RWKHU� 7KH SURSRUWLRQ RI FRUUHFW WUDQVOLWHUD�
WLRQ SDLUV WR LQFRUUHFW SDLUV LQ WKH WUDLQLQJ GDWD ZDV
XQNQRZQ� ,Q DGGLWLRQ� ���� µVHHG¶ SDLUV RI FOHDQ
GDWD ZHUH SURYLGHG� 7KH VHHG SDLUV FRQWDLQHG RQO\
RQH ZRUG IRU HDFK ODQJXDJH DQG DOO ZHUH SRVLWLYH
H[DPSOHV RI WUDQVOLWHUDWLRQ SDLUV� QR QHJDWLYH H[�
DPSOHV ZHUH LQFOXGHG LQ WKH VHHG GDWD�
)RU HYDOXDWLRQ� WKH SDUWLFLSDQWV ZHUH H[SHFWHG

WR PLQH WUDQVOLWHUDWLRQ SDLUV IURP WKH IXOO WUDLQLQJ
VHW� $ VHW RI DSSUR[LPDWHO\ ���� LQWHUODQJXDJH
OLQNV �HDFK JLYLQJ ULVH WR �� � RU PRUH WUDQVOLWHU�
DWLRQ SDLUV� ZDV UDQGRPO\ VDPSOHG IURP WKH WUDLQ�
LQJ GDWD� DQG QRW GLVFORVHG WR WKH SDUWLFLSDQWV�
,Q RXU H[SHULPHQWV ZH XVHG WKH VDPH GDWD DQG
WKH VDPH SUHFLVLRQ�UHFDOO�I�VFRUH HYDOXDWLRQ PHW�
ULFV WKDW ZHUH XVHG LQ WKH RIILFLDO UXQV IRU WKH
1(:6���� ZRUNVKRS �UHIHU WR �.XPDUDQ HW DO��
����D� IRU IXOO GHWDLOV��

��� 7KH 0LQLQJ 3URFHVV

$ IORZFKDUW LOOXVWUDWLQJ WKH HQG�WR�HQG SURFHVV WKDW
ZDV XVHG LQ RXU H[SHULPHQWV WR PLQH WUDQVOLWHUDWLRQ
SDLUV LV VKRZQ LQ )LJXUH �� $V FDQ EH VHHQ IURP WKH
ILJXUH� WKH SURFHVV VWDUWV ZLWK WKH %D\HVLDQ DOLJQ�
PHQW RI WKH ODUJH FRUSXV RI QRLV\ WLWOH�SDLUV�
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)LJXUH �� 7KH PLQLQJ SURFHVV XVHG LQ RXU H[SHUL�
PHQWV�

��� 1HJDWLYH ([DPSOHV

1R QHJDWLYH H[DPSOHV ZHUH SURYLGHG IRU WKLV WDVN�
�-LDPSRMDPDUQ HW DO�� ����� RYHUFDPH WKLV LVVXH E\
JHQHUDWLQJ WKHLU RZQ VHW RI QHJDWLYH H[DPSOHV� :H
SURSRVH D QRYHO DSSURDFK WKDW FUHDWHV D VHW RI QHJ�
DWLYH H[DPSOHV E\ H[SORLWLQJ WKH QDWXUDO FOXVWHULQJ
WKDW LV LQGXFHG E\ WKH IHDWXUHV GHULYHG IURP RXU
%D\HVLDQ PRGHO �VHH )LJXUH ��� 7KLV LV GHVFULEHG
LQ WKH IROORZLQJ VHFWLRQ� :H ODWHU FRPSDUH WKLV DS�
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Log probability of the least likely segment
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)LJXUH �� $ VFDWWHU SORW RI WZR IHDWXUHV GHULYHG
IURP WKH PRGHO VFRUHV RI WKH WUDLQLQJ GDWD VHW IRU
WKH (QJOLVK�5XVVLDQ WDVN� 1HJDWLYH H[DPSOHV ZHUH
VHOHFWHG IURP WKH VKDGHG DUHD�

SURDFK WR WZR RWKHU VWUDWHJLHV EDVHG RQ WKRVH HP�
SOR\HG LQ �-LDPSRMDPDUQ HW DO�� ����� LQ WKH H[SHU�
LPHQWDO VHFWLRQ�

����� 0RGHO�EDVHG VHOHFWLRQ
)LJXUH � VKRZV D VFDWWHU SORW RI WZR SODXVLEOH IHD�
WXUHV RYHU WKH (Q�5X WUDLQLQJ GDWD VHW� 7KH ILUVW
IHDWXUH �YHUWLFDO D[LV� LV WKH DULWKPHWLF PHDQ RI WKH
ORJ�SUREDELOLWLHV RI HDFK RI WKH VHJPHQWV� 7KLV DY�
HUDJLQJ DOORZV VHTXHQFHV RI GLIIHULQJ OHQJWKV WR EH
FRPSDUHG� 7KH VHFRQG IHDWXUH �KRUL]RQWDO D[LV� LV
WKH ORJ�SUREDELOLW\ RI WKH OHDVW SUREDEOH VHJPHQW
LQ WKH VHTXHQFH� $V FDQ EH VHHQ IURP WKH SORW� WKH
VHFRQG IHDWXUH LQ SDUWLFXODU SDUWLWLRQV WKH GDWD VHW
TXLWH FOHDQO\ LQWR WZR FOXVWHUV� ����� RI WKH VHHG
GDWD �SORWWHG RQ WKH JUDSK LQ D OLJKWHU VKDGH �UHG��
OLH LQ WKH XSSHU ULJKW�KDQG FOXVWHU�
:H VHOHFW QHJDWLYH H[DPSOHV� E\ PHDQV RI

WKUHVKROGV RQ WKHVH IHDWXUHV� 7KH WKUHVKROGV XVHG
WR JDWKHU QHJDWLYH H[DPSOHVZHUH VHW XVLQJ WKH VHHG
GDWD E\ FKRRVLQJ WKH ORZHVW YDOXHV RI DQ\ VHHG GDWD
SRLQWV DV WKH WKUHVKROGV� 7KLV SURFHVV LV LOOXVWUDWHG
YLVXDOO\ LQ )LJXUH �� WKH QHJDWLYH VDPSOHV EHLQJ
H[WUDFWHG IURP WKH ORZHU�OHIW FOXVWHU �LQ WKH VKDGHG
DUHD RI WKH JUDSK�� 7KH WKUHVKROGV XVHG IRU DOO ODQ�
JXDJH SDLUV DUH JLYHQ LQ 7DEOH �� WRJHWKHU ZLWK WKH
QXPEHU RI QHJDWLYH H[DPSOHV WKDW ZHUH FROOHFWHG�
:H XVHG WKHVH QHJDWLYH VDPSOHV WRJHWKHU ZLWK WKH
SURYLGHG VHHG VHQWHQFHV �NQRZQ WR EH SRVLWLYH H[�
DPSOHV� WR WUDLQ DQ 690 FODVVLILHU ��

�,Q WKHVH H[SHULPHQWV ZH XVHG WKH SXEOLFO\ DYDLODEOH
690�OLWH FODVVLILHU KWWS���VYPOLJKW�MRDFKLPV�RUJ
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)LJXUH �� $ JUDSK VKRZLQJ WKH WUDGH�RII EHWZHHQ
SUHFLVLRQ DQG UHFDOO DQG LWV HIIHFW RQ WKH )�VFRUH IRU
WKH (QJOLVK�5XVVLDQ WDVN�

����� 2WKHU DSSURDFKHV
)ROORZLQJ �-LDPSRMDPDUQ HW DO�� ����� ZH LQYHV�
WLJDWHG WZR RWKHU PHWKRGV RI JHQHUDWLQJ QHJDWLYH
H[DPSOHV� 7KHVH PHWKRGV FUHDWH D ODUJH VHW RI LQ�
FRUUHFW FDQGLGDWHV E\ SDLULQJ HDFK VRXUFH VHTXHQFH
LQ WKH VHHG GDWD� ZLWK HYHU\ WDUJHW VHTXHQFH H[FHSW
WKH FRUUHFW WDUJHW� ,Q WKH ILUVW PHWKRG RI VHOHFWLQJ
QHJDWLYH H[DPSOHV� WKLV ODUJH VHW RI FDQGLGDWHV LV
UHGXFHG WR D VPDOOHU VHW E\ ILOWHULQJ RXW WKRVH FDQ�
GLGDWHV LQ ZKLFK WKH VRXUFH DQG WDUJHW VHTXHQFHV
DUH QRW SKRQHWLFDOO\ VLPLODU� 3KRQHWLF VLPLODULW\
EHLQJ PHDVXUHG DV XVLQJ WKH ORQJHVW FRPPRQ VXE�
VHTXHQFH UDWLR �/&65� RI WKH URPDQL]HG IRUPV� ,Q
RXU H[SHULPHQWV ZH DGMXVWHG WKLV WKUHVKROG VR WKDW
WKH VDPH QXPEHU RI QHJDWLYH VDPSOHV ZHUH JHQHU�
DWHG LQ HDFK FDVH ������� VDPSOHV�� 7KLV DSSURDFK
JHQHUDWHV QHJDWLYH H[DPSOHV WKDW DUH VLPLODU WR WKH
SRVLWLYH H[DPSOHV� DQG LW FDQ EH DUJXHG WKLV LV DG�
YDQWDJHRXV IRU WUDLQLQJ D GLVFULPLQDWRU�
7KH VHFRQG DSSURDFK VLPSO\ WDNHV D UDQGRP

VDPSOH IURP WKH ODUJH VHW RI FDQGLGDWHV� 7KLV DS�
SURDFK JHQHUDWHV VDPSOHV WKDW PRUH FORVHO\ DS�
SUR[LPDWH WKH VLPLODULW\ RI H[DPSOHV LQ WKH UHDO
GDWD� 5HVXOWV XVLQJ HDFK RI WKHVH PHWKRGV DQG DOVR
RXU PRGHO�EDVHG DSSURDFK DUH VKRZQ LQ )LJXUH ��

��� 5HVXOWV

)LJXUH � SUHVHQWV WKH UHVXOWV RI RXU PDLQ H[SHUL�
PHQW� 6LQFH WKH PL[WXUH RI SRVLWLYH DQG QHJDWLYH
H[DPSOHV LQ WKH WHVW GDWD LV QRW NQRZQ a priori�
ZH SURYLGH UHVXOWV IURP RXU V\VWHP IRU D UDQJH RI
YDOXHV RI WKH FODVVLILFDWLRQ WKUHVKROG RQ WKH RXW�
SXW RI WKH 690� 7KLV JLYHV SUHFLVLRQ�UHFDOO FXUYHV
IRU HDFK RI WKH VWUDWHJLHV IRU JHQHUDWLQJ QHJDWLYH
H[DPSOHV� RXU SURSRVHG DSSURDFK� WKH DSSURDFK
EDVHG RQ /&65� DQG WKH DSSURDFK EDVHG RQ UDQ�
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(Q�$U (Q�&K (Q�+L (Q�-D (Q�5X (Q�7D
$YHUDJH ������ ������ ����� ������ ���� ������
0LQLPXP ������ ������ ������ ������ ����� ������
1XPEHU ��� ���� ��� ��� ���� ���

7DEOH �� 7KUHVKROGV RQ HDFK RI WKH WZR IHDWXUHV XVHG �$YHUDJH DQG 0LQLPXP VHJPHQW SUREDELOLW\� WR
REWDLQ WKH QHJDWLYH H[DPSOHV IRU HDFK ODQJXDJH SDLU� WRJHWKHU ZLWK WKH QXPEHU RI QHJDWLYH H[DPSOHV
H[WUDFWHG DW WKHVH WKUHVKROGV�
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)LJXUH �� 7KH SUHFLVLRQ DQG UHFDOO RI RXU SURSRVHG PHWKRG IRU DOO ODQJXDJH SDLUV�

GRP VDPSOLQJ� 7KH SUHFLVLRQ�UHFDOO�I�VFRUH WUDGH�
RII IRU (Q�5X LV VKRZQ LQ )LJXUH �� )RU WKH EDVH�
OLQH ZH SORW D SRLQW IRU WKH SUHFLVLRQ DQG UHFDOO RI
WKH WRS�UDQNHG V\VWHP LQ WKH 1(:6���� WUDQVOLW�
HUDWLRQ VKDUHG WDVN WR UHSUHVHQW WKH FXUUHQW VWDWH
RI WKH DUW� 7KH JUDSK RQ WKH ERWWRP ULJKW VKRZV
VLPLODU UHVXOWV RQ D QHZ (QJOLVK�-DSDQHVH WDVN WKDW
ZH FRQVWUXFWHG LQ D VLPLODU PDQQHU WR WKH 1(:6
ZRUNVKRS WDVNV�

,W LV FOHDU WKDW WKH UHVXOWV RQ (QJOLVK WR &KLQHVH
DUH DQRPDORXV� 7KH UHVXOWV RQ WKLV WDVN ZHUH YHU\
GHSHQGHQW RQ WKH VWUDWHJ\ IRU FKRRVLQJ QHJDWLYH

H[DPSOHV DQG RQO\ WKH UDQGRP VDPSOLQJ WHFKQLTXH
ZDV HIIHFWLYH� 7KH (QJOLVK�&KLQHVH WDVN GLIIHUV
IURP WKH RWKHU ODQJXDJH SDLUV LQ WZR LPSRUWDQW UH�
VSHFWV� )LUVWO\� LQ WKH GDWD DV VXSSOLHG IRU WKH WDVN
WKHUH LV QR VHJPHQWDWLRQ LQIRUPDWLRQ RQ WKH &KL�
QHVH VLGH� RWKHU ODQJXDJHV FRQWDLQHG ZRUG ERXQG�
DULHV� :H ZRXOG QRW H[SHFW WKLV WR SRVH SUREOHPV
IRU RXU WHFKQLTXH ZKLFK SHUIRUPV XQVXSHUYLVHG
VHJPHQWDWLRQ RI ERWK VRXUFH DQG WDUJHW GXULQJ WKH
DOLJQPHQW SURFHVV� 7KH VHFRQG UHVSHFW LQ ZKLFK
WKLV ODQJXDJH SDLU GLIIHUV LV WKDW WKH JUDSKHPH YR�
FDEXODU\ VL]H LV PXFK ODUJHU IRU &KLQHVH WKDQ IRU
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WKH RWKHU ODQJXDJHV� :H EHOLHYH WKLV LV WKH FDXVH
RI WKH DQRPDORXV UHVXOW� DQG WKDW WKH ODUJHU YR�
FDEXODU\ VL]H UHTXLUHV D ODUJHU DPRXQW RI WUDLQLQJ
GDWD WR EXLOG PRGHOV WKDW FDQ IXQFWLRQ HIIHFWLYHO\�
&KRRVLQJ VLPLODU H[DPSOHV� E\ XVLQJ WKH SURVHG
WHFKQLTXH RU WKH WHFKQLTXH EDVHG RQ /&65� ZLOO
UHGXFH WKH YDULHW\ RI NDQML VHHQ LQ WKH QHJDWLYH H[�
DPSOHV� DQG WKLV FRXOG KDQGLFDS WKH PRGHOV ZKHUH
WKH GDWD VL]H LV WRR VPDOO�
2Q DOO WKH RWKHU ODQJXDJH SDLUV� RXU SURSRVHG

VWUDWHJ\ IRU VHOHFWLQJ QHJDWLYH H[DPSOHV SHUIRUPV
DV ZHOO DV� RU EHWWHU WKDQ WKH RWKHU VWUDWHJLHV� 2I WKH
RWKHU WZR VWUDWHJLHV� WKH PHWKRG EDVHG RQ /&65
LV JHQHUDOO\ WKH WKH EHWWHU DSSURDFK� 0RUHRYHU�
RXU UHVXOWV VKRZ WKDW RXU V\VWHP LV DEOH WR RI�
IHU SHUIRUPDQFH FRPSDUDEOH WR WKH VWDWH�RI�WKH�
DUW EDVHOLQH V\VWHPV RQ WKHVH ODQJXDJH SDLUV� )RU
WKH (QJOLVK�$UDELF DQG (QJOLVK�7DPLO WDVNV LQ SDU�
WLFXODU� RXU VWUDWHJ\ IRU VHOHFWLQJ QHJDWLYH H[DP�
SOHV RIIHUV KLJKHU VFRUHV LQ WHUPV RI ERWK SUHFL�
VLRQ DQG UHFDOO WKDQ WKH RWKHU VWUDWHJLHV� 2XU DS�
SURDFK W\SLFDOO\ PDNHV HUURUV RQ VHTXHQFH SDLUV
WKDW DUH JHQXLQH EXW FRQWDLQ QRYHO VXE�VHTXHQFHV
RI JUDSKHPHV IRU ZKLFK RXU PRGHO KDV QR FRUUH�
VSRQGLQJ VHTXHQFH SDLU� )HDWXUH f3 LQ RXU PRGHO
ZDV GHVLJQHG WR DGGUHVV WKLV LVVXH E\ EDODQFLQJ
HYLGHQFH IURP WKH OHQJWKV RI WKH µEDG¶ VHJPHQWV
LQ WKH SDLUV DJDLQVW HYLGHQFH IURP WKH OHQJWKV RI
WKH µJRRG¶� 7KH LGHD EHLQJ WKDW DQ XQREVHUYHG VH�
TXHQFH SDLU ZLWKLQ D PXFK ODUJHU FRQWH[W RI RE�
VHUYHG VHTXHQFH SDLUV LV OLNHO\ WR EH D FRUUHFW EXW
QRYHO DOLJQPHQW� UDWKHU WKDQ DQ LQFRUUHFW DOLJQ�
PHQW� 1RQHWKHOHVV VRPH HUURUV RI WKLV W\SH UHPDLQ�
EXW WKH IUHTXHQF\ RI W\SH RI HUURU FDQ EH H[SHFWHG
WR GHFUHDVH ZLWK WUDLQLQJ VHW VL]H�
:H FUHDWHG D QHZ WDVN IRU RXU H[SHULPHQWV EDVHG

RQ (QJOLVK�-DSDQHVH GDWD� 7H[W IURP WKH WLWOHV RI
:LNLSHGLD LQWHU�ODQJXDJH OLQNV ZDV XVHG DV WKH
GDWD WR EH PLQHG� DQG ZH XVHG D VHW RI (QJOLVK�
.DWDNDQD SDLUV IURP WKH SXEOLFO\ DYDLODEOH ('LFW
GLFWLRQDU\ � WR FUHDWH WKH VHHG GDWD� ���� SDLUV RI
LQWHUODQJXDJH OLQNV ZHUH XVHG� ���� RI ZKLFK ZHUH
KDQG�DQQRWDWHG DV FRUUHFW RU LQFRUUHFW WUDQVOLWHUD�
WLRQ SDLUV DQG XVHG DV WHVW GDWD� ���� VHHG SDLUV
ZHUH VHOHFWHG UDQGRPO\ IURP WKH ELOLQJXDO GLFWLR�
QDU\� 7KH SUHFLVLRQ DQG UHFDOO FXUYHV IRU WKH (Q�
-D WDVN DUH VKRZQ LQ )LJXUH �� 7KH UHVXOWV VKRZ
WKDW PLQLQJ -DSDQHVH FDQ EH SHUIRUPHG UHDVRQDEO\
HDVLO\� UHODWLYH WR WKH ODQJXDJH SDLUV XVHG LQ WKH
1(:6���� WDVNV� $OO WHFKQLTXHV IRU FKRRVLQJ

�KWWS���ZZZ�FVVH�PRQDVK�HGX�DX�∼MZE�HGLFW GRF�KWPO

QHJDWLYH H[DPSOHV ZHUH HIIHFWLYH KHUH� RXU SUR�
SRVHG DSSURDFK DQG WKH /&65 DSSURDFK VOLJKWO\
RXWSHUIRUPLQJ UDQGRP VDPSOLQJ� 7KH (QJOLVK�
-DSDQHVH SUHFLVLRQ�UHFDOO LQGLFDWH WKDW WKH DXWR�
PDWLF PLQLQJ RI (QJOLVK�-DSDQHVH WUDQVOLWHUDWLRQ
SDLUV VKRXOG EH IUXLWIXO� :H EHOLHYH LW ZRXOG EH
SRVVLEOH WR PLQH (QJOLVK�-DSDQHVH SDLUV DW KLJK�
OHYHOV RI SUHFLVLRQ DQG UHFDOO� ,Q RXU H[SHUL�
PHQWV� IRU H[DPSOH� FORVH WR ���� SUHFLVLRQ FDQ
EH DFKLHYHG ZKLOVW VWLOO PDLQWDLQLQJ ��� UHFDOO�

� &RQFOXVLRQ

,Q WKLV SDSHU ZH KDYH SUHVHQWHG D QRYHO DSSURDFK
WR LGHQWLI\LQJ WUDQVOLWHUDWLRQZRUG SDLUV IRU WUDQVOLW�
HUDWLRQ PLQLQJ EDVHG RQ IHDWXUHV GHULYHG IURP D
%D\HVLDQ SURFHVV WKDW VLPXOWDQHRXVO\ FR�VHJPHQWV
DQG IRUFH�DOLJQV JUDSKHPH VHTXHQFHV ZLWKLQ WKH
ZRUGV� 2XU DSSURDFK LV VLPSOH DQG V\PPHWULFDO
ZLWK UHVSHFW WR WKH WZR ODQJXDJHV LQYROYHG� DQG
ZLOO RSHUDWH RQ JUDSKHPH VHTXHQFHV LQ WKH QDWLYH
VFULSWV RI WKH ODQJXDJHV LQYROYHG� ,W LV QRW GHSHQ�
GHQW RQ WKH H[LVWHQFH RI D PHWKRG IRU URPDQL]�
LQJ HLWKHU ODQJXDJH� )XUWKHUPRUH� RXU PHWKRG SHU�
IRUPV DXWRPDWLF FR�VHJPHQWDWLRQ RI ERWK VRXUFH
DQG WDUJHW VHTXHQFHV� HOLPLQDWLQJ DQ\ UHTXLUHPHQW
IRU ODQJXDJH VSHFLILF VHJPHQWDWLRQ VFKHPHV�
:H HYDOXDWHG RXU DSSURDFK RQ DOO RI WKH WUDQVOLW�

HUDWLRQ PLQLQJ WUDFNV RI WKH 1(:6���� 1DPHG
(QWLW\ :RUNVKRS VKDUHG WDVN� 2XU V\VWHP LQ VSLWH
RI LWV VLPSOLFLW\� DFKLHYHG SHUIRUPDQFH FRPSDUD�
EOH WR WKH VWDWH RI WKH DUW V\VWHPV RQ WKLV WDVN� LQ�
GLFDWLQJ WKH IHDWXUHV GHULYHG IURP WKH %D\HVLDQ
IRUFHG DOLJQPHQW DUH VWURQJO\ SUHGLFWLYH LQ FODV�
VLI\LQJ WUDQVOLWHUDWLRQ SDLUV� 7KLV SDSHU DOVR FRQ�
WULEXWHV D QHZ VHW RI UHVXOWV RQ DQ (QJOLVK�-DSDQHVH
GDWD VHW ZH FRQVWUXFWHG LQ D VLPLODU PDQQHU WR WKH
1(:6 ZRUNVKRS GDWDVHWV� 2XU UHVXOWV LQGLFDWH
WKDW PLQLQJ (QJOLVK�-DSDQHVH WUDQVOLWHUDWLRQ SDLUV
VKRXOG EH SRVVLEOH DW KLJK OHYHOV RI SUHFLVLRQ DQG
UHFDOO XVLQJ WKH WHFKQLTXHV SURSRVHG LQ WKLV SDSHU�
,Q IXWXUH UHVHDUFK ZH ZRXOG OLNH WR H[WHQG WKH

VFRSH RI RXU ZRUN WR LQWHJUDWH LW LQWR D EURDGHU
IUDPHZRUN WR EH XVHG IRU PLQLQJ QDPHG HQWLW\
SDLUV �LQFOXGLQJ EXW QRW OLPLWHG WR WUDQVOLWHUDWLRQ
SDLUV� WKDW ZLOO EH XVHG WR LPSURYH D QDPHG HQWLW\
WUDQVODWLRQ V\VWHP� DQG LQWHJUDWH WKLV LQWR DQ HQG�
WR�HQG PDFKLQH WUDQVODWLRQ V\VWHP� ,Q DGGLWLRQ ZH
LQWHQG WR HQKDQFH WKH %D\HVLDQPRGHO XVHG WR DOLJQ
WKH JUDSKHPH VHTXHQFHV�
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5HIHUHQFHV
6ODYHQ %LODF DQG +R]XPL 7DQDND� ����� ([WUDFWLQJ
WUDQVOLWHUDWLRQ SDLUV IURP FRPSDUDEOH FRUSRUD� ,Q ,Q
3URFHHGLQJV RI WKH $QQXDO 0HHWLQJ RI WKH 1DWXUDO
/DQJXDJH 3URFHVVLQJ 6RFLHW\� -DSDQ�

(ULF %ULOO� *DU\ .DFPDUFLN� DQG &KULV %URFNHWW�
����� $XWRPDWLFDOO\ KDUYHVWLQJ NDWDNDQD�HQJOLVK
WHUP SDLUV IURP VHDUFK HQJLQH TXHU\ ORJV�

&RULQQD &RUWHV DQG 9ODGLPLU 9DSQLN� ����� 6XSSRUW�
YHFWRU QHWZRUNV� ,Q 0DFKLQH /HDUQLQJ� SDJHV
���±����

.DUHHP 'DUZLVK� ����� 7UDQVOLWHUDWLRQ PLQLQJ ZLWK
SKRQHWLF FRQIODWLRQ DQG LWHUDWLYH WUDLQLQJ� ,Q 3UR�
FHHGLQJV RI WKH ���� 1DPHG (QWLWLHV :RUNVKRS�
SDJHV ��±��� 8SSVDOD� 6ZHGHQ� -XO\� $VVRFLDWLRQ
IRU &RPSXWDWLRQDO /LQJXLVWLFV�

$QGUHZ )LQFK DQG (LLFKLUR 6XPLWD� ����� $ %D\HVLDQ
0RGHO RI %LOLQJXDO 6HJPHQWDWLRQ IRU 7UDQVOLWHUDWLRQ�
,Q 0DUFHOOR )HGHULFR� ,DQ /DQH� 0LFKDHO 3DXO� DQG
)UDQF̧RLV <YRQ� HGLWRUV� 3URFHHGLQJV RI WKH VHYHQWK
,QWHUQDWLRQDO :RUNVKRS RQ 6SRNHQ /DQJXDJH 7UDQV�
ODWLRQ �,:6/7�� SDJHV ���±����

<XQ +XDQJ� 0LQ =KDQJ� DQG &KHZ /LP 7DQ� �����
1RQSDUDPHWULF %D\HVLDQ 0DFKLQH 7UDQVOLWHUDWLRQ
ZLWK 6\QFKURQRXV $GDSWRU *UDPPDUV� ,Q $&/
�6KRUW 3DSHUV�� SDJHV ���±����

6LWWLFKDL -LDPSRMDPDUQ� .HQQHWK 'Z\HU� 6KDQH
%HUJVPD� $GLW\D %KDUJDYD� 4LQJ 'RX� 0L�<RXQJ
.LP� DQG *U]HJRU] .RQGUDN� ����� 7UDQVOLWHUDWLRQ
JHQHUDWLRQ DQG PLQLQJ ZLWK OLPLWHG WUDLQLQJ UH�
VRXUFHV� ,Q 3URFHHGLQJV RI WKH ���� 1DPHG (QWLWLHV
:RUNVKRS� SDJHV ��±��� 8SSVDOD� 6ZHGHQ� -XO\�
$VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV�

0LWHVK .KDSUD� 5DJKDYHQGUD 8GXSD� $� .XPDUDQ� DQG
3XVKSDN %KDWWDFKDU\\D� ����� 3U � UT � ST�
7UDQVOLWHUDWLRQ PLQLQJ XVLQJ EULGJH ODQJXDJH�

$ .XPDUDQ DQG +DL]KRX /L� HGLWRUV� ����� 3URFHHG�
LQJV RI WKH ���� 1DPHG (QWLWLHV :RUNVKRS� $VVRFL�
DWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV� 8SSVDOD� 6ZH�
GHQ� -XO\�

$ .XPDUDQ� 0LWHVK 0� .KDSUD� DQG +DL]KRX /L�
����D� 5HSRUW RI QHZV ���� WUDQVOLWHUDWLRQ PLQLQJ
VKDUHG WDVN� ,Q 3URFHHGLQJV RI WKH ���� 1DPHG (QWL�
WLHV :RUNVKRS� SDJHV ��±��� 8SSVDOD� 6ZHGHQ� -XO\�
$VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV�

$ .XPDUDQ� 0LWHVK 0� .KDSUD� DQG +DL]KRX /L�
����E� :KLWHSDSHU RI QHZV ���� VKDUHG WDVN RQ
WUDQVOLWHUDWLRQ PLQLQJ� ,Q 3URFHHGLQJV RI WKH ����
1DPHG (QWLWLHV :RUNVKRS� SDJHV ��±��� 8SSVDOD�
6ZHGHQ� -XO\� $VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQ�
JXLVWLFV�

&KXQ�-HQ /HH DQG -DVRQ 6� &KDQJ� ����D� $FTXL�
VLWLRQ RI HQJOLVK�FKLQHVH WUDQVOLWHUDWHG ZRUG SDLUV

IURP SDUDOOHO�DOLJQHG WH[WV XVLQJ D VWDWLVWLFDO PD�
FKLQH WUDQVOLWHUDWLRQ PRGHO� ,Q 3URFHHGLQJV RI WKH
+/7�1$$&/ ���� :RUNVKRS RQ %XLOGLQJ DQG XVLQJ
SDUDOOHO WH[WV� GDWD GULYHQ PDFKLQH WUDQVODWLRQ DQG
EH\RQG � 9ROXPH �� +/7�1$$&/�3$5$//(/ ¶���
SDJHV ��±���� 6WURXGVEXUJ� 3$� 86$� $VVRFLDWLRQ
IRU &RPSXWDWLRQDO /LQJXLVWLFV�

&KXQ�-HQ /HH DQG -DVRQ 6� &KDQJ� ����E� $FTXL�
VLWLRQ RI HQJOLVK�FKLQHVH WUDQVOLWHUDWHG ZRUG SDLUV
IURP SDUDOOHO�DOLJQHG WH[WV XVLQJ D VWDWLVWLFDO PD�
FKLQH WUDQVOLWHUDWLRQ PRGHO� ,Q 3URFHHGLQJV RI WKH
+/7�1$$&/ ���� :RUNVKRS RQ %XLOGLQJ DQG XVLQJ
SDUDOOHO WH[WV� GDWD GULYHQ PDFKLQH WUDQVODWLRQ DQG
EH\RQG � 9ROXPH �� +/7�1$$&/�3$5$//(/ ¶���
SDJHV ��±���� 6WURXGVEXUJ� 3$� 86$� $VVRFLDWLRQ
IRU &RPSXWDWLRQDO /LQJXLVWLFV�

+DL]KRX /L� 0LQ =KDQJ� DQG -LDQ 6X� ����� $ MRLQW
VRXUFH�FKDQQHO PRGHO IRU PDFKLQH WUDQVOLWHUDWLRQ� ,Q
$&/ ¶��� 3URFHHGLQJV RI WKH ��QG $QQXDO 0HHWLQJ
RQ $VVRFLDWLRQ IRU &RPSXWDWLRQDO /LQJXLVWLFV� SDJH
���� 0RUULVWRZQ� 1-� 86$� $VVRFLDWLRQ IRU &RPSX�
WDWLRQDO /LQJXLVWLFV�

'DLFKL 0RFKLKDVKL� 7DNHVKL <DPDGD� DQG 1DRQRUL
8HGD� ����� %D\HVLDQ XQVXSHUYLVHG ZRUG VHJ�
PHQWDWLRQ ZLWK QHVWHG SLWPDQ�\RU ODQJXDJH PRGHO�
LQJ� ,Q $&/�,-&1/3 ¶��� 3URFHHGLQJV RI WKH -RLQW
&RQIHUHQFH RI WKH ��WK $QQXDO 0HHWLQJ RI WKH $&/
DQG WKH �WK ,QWHUQDWLRQDO -RLQW &RQIHUHQFH RQ 1DW�
XUDO /DQJXDJH 3URFHVVLQJ RI WKH $)1/3� 9ROXPH ��
SDJHV ���±���� 0RUULVWRZQ� 1-� 86$� $VVRFLDWLRQ
IRU &RPSXWDWLRQDO /LQJXLVWLFV�

3HWHU 1DEHQGH� ����� 0LQLQJ WUDQVOLWHUDWLRQV IURP
ZLNLSHGLD XVLQJ SDLU KPPV� ,Q 3URFHHGLQJV RI WKH
���� 1DPHG (QWLWLHV :RUNVKRS� SDJHV ��±��� 8S�
SVDOD� 6ZHGHQ� -XO\� $VVRFLDWLRQ IRU &RPSXWDWLRQDO
/LQJXLVWLFV�

6DUD 1RHPDQ DQG $PJDG 0DGNRXU� ����� /DQJXDJH
LQGHSHQGHQW WUDQVOLWHUDWLRQ PLQLQJ V\VWHP XVLQJ IL�
QLWH VWDWH DXWRPDWD IUDPHZRUN� ,Q3URFHHGLQJV RI WKH
���� 1DPHG (QWLWLHV :RUNVKRS� SDJHV ��±��� 8SS�
VDOD� 6ZHGHQ� -XO\� $VVRFLDWLRQ IRU &RPSXWDWLRQDO
/LQJXLVWLFV�

-RQJ�+RRQ 2K DQG +LWRVKL ,VDKDUD� ����� 0LQLQJ WKH
ZHE IRU WUDQVOLWHUDWLRQ OH[LFRQV� -RLQW�YDOLGDWLRQ DS�
SURDFK� ,Q 3URFHHGLQJV RI WKH ���� ,(((�:,&�$&0
,QWHUQDWLRQDO &RQIHUHQFH RQ :HE ,QWHOOLJHQFH� :,
¶��� SDJHV ���±���� :DVKLQJWRQ� '&� 86$� ,(((
&RPSXWHU 6RFLHW\�

.HLWD 7VXML DQG .\R .DJHXUD� ����� $XWRPDWLF JHQ�
HUDWLRQ RI MDSDQHVH�HQJOLVK ELOLQJXDO WKHVDXUL EDVHG
RQ ELOLQJXDO FRUSRUD� -� $P� 6RF� ,QI� 6FL� 7HFKQRO��
������±���� 0D\�
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