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6H\HG +DPLGUH]D 0RKDPPDGL DQG $OH[DQGHU .DLQ

&HQWHU IRU 6SRNHQ /DQJXDJH 8QGHUVWDQGLQJ� 2UHJRQ +HDOWK 	 6FLHQFH 8QLYHUVLW\� 3RUWODQG� 25� 86$

$%675$&7
7KHUH DUH WZR W\SHV RI YRLFH FRQYHUVLRQ �9&� V\VWHPV� JHQHUDWLYH
DQG WUDQVPXWDWLYH� $ JHQHUDWLYH 9& V\VWHP W\SLFDOO\ XVHV D FRP�
SDFW SDUDPHWUL]DWLRQ RI VSHHFK DQG PDSV LQSXW WR RXWSXW SDUDPHWHUV
GLUHFWO\� KRZHYHU� WKH UHODWLYH ORZ GLPHQVLRQDOLW\ RI WKH XQGHUO\LQJ
VSHHFKPRGHO UHGXFHV TXDOLW\� 2Q WKH RWKHU KDQG� D WUDQVPXWDWLYH 9&
V\VWHP PRGLILHV KLJK�GLPHQVLRQDO IHDWXUHV RI D KLJK�ILGHOLW\ VSHHFK
PRGHO� OHDYLQJ FULWLFDO GHWDLOV XQPRGLILHG� 7ZR YHUVLRQV RI WUDQV�
PXWDWLYH 9& DSSURDFK DUH LPSOHPHQWHG DQG FRPSDUHG WR D JHQHUD�
WLYH 9& DSSURDFK� 7KH UHVXOWV VKRZ WKDW WKH LPSOHPHQWHG WUDQVPX�
WDWLYH 9& LV VLJQLILFDQWO\ EHWWHU FRPSDUHG WR JHQHUDWLYH 9& LQ WHUPV
RI TXDOLW\� 7KH GLIIHUHQFH EHWZHHQ WKH WZR 9& PHWKRGV UHJDUGLQJ
UHFRJQLWLRQ VFRUHV DUH LQVLJQLILFDQW�
,QGH[ 7HUPV� YRLFH FRQYHUVLRQ� VSHHFK WUDQVIRUPDWLRQ� IUHTXHQF\
ZDUSLQJ

�� ,1752'8&7,21
6SHDNHU UHFRJQL]DELOLW\ DQG VSHHFK TXDOLW\ DUH WZR LPSRUWDQW FRQ�
FHUQV IRU YRLFH FRQYHUVLRQ V\VWHPV� ZKLFK GLJLWDOO\ SURFHVV D VRXUFH
VSHDNHU¶V XWWHUDQFH WR VRXQG DV LI D WDUJHW VSHDNHU KDG VSRNHQ
LW� ,PSURYHPHQWV LQ VSHFWUDO TXDOLW\ DUH HVSHFLDOO\ UHTXLUHG IRU
KLJK�ILGHOLW\ WDVNV VXFK DV PRYLH GXEELQJ RU LQWHUSUHWLYH VHUYLFHV�
�3URVRGLF DVSHFWV RI YRLFH FRQYHUVLRQ DUH RXWVLGH RI WKH VFRSH RI WKLV
SDSHU�� 7KH OHYHO RI TXDOLW\ IRU WKHVH W\SHV RI WDVNV LV W\SLFDOO\ QRW
DFKLHYDEOH ZLWK UHODWLYHO\ FRPSDFW� SROH�]HUR PRGHOV RI VSHHFK� EXW
LQVWHDG QHFHVVLWDWH KLJK�GLPHQVLRQDO PRGHOV� VXFK DV WKRVH EDVHG RQ
VLQH�ZDYHV >�@� +RZHYHU� WKHVH FRPSOH[ PRGHOV KDYH SDUDPHWHUV
RI UHODWLYHO\ KLJK GLPHQVLRQDOLW\� PDNLQJ LW GLIILFXOW WR WUDLQ D PDS�
SLQJ IXQFWLRQ WKDW SUHGLFWV WDUJHW SDUDPHWHUV IURP VRXUFH SDUDPHWHUV�
XVLQJ UHODWLYHO\ IHZ WUDLQLQJ GDWD�

$Q DOWHUQDWLYH DSSURDFK WR SUHGLFWLQJ KLJK�GLPHQVLRQDO RXWSXW
SDUDPHWHUV GLUHFWO\ IURP LQSXW SDUDPHWHUV LV WR PRGLI\ WKH KLJK�
GLPHQVLRQDO LQSXW SDUDPHWHUV� LQ HIIHFW XVLQJ D PRUH FRQVWUDLQHG
PDSSLQJ UHTXLULQJ IHZHU SDUDPHWHUV� :H ZLOO UHIHU WR WKH ILUVW
PHWKRG DV JHQHUDWLYH� DQG WR WKH VHFRQG PHWKRG DV WUDQVPXWDWLYH�
,Q WKLV SDSHU� ZH SURSRVH WZR WUDQVPXWDWLYH PHWKRGV DQG HYDOXDWH
WKHP ZKLOH DOVR FRPSDULQJ WR D JHQHUDWLYH PHWKRG�

7KH SDSHU LV RUJDQL]HG DV IROORZV� )LUVW� ZH IRUPDOO\ LQWURGXFH WKH
NH\ FRQFHSWV RI JHQHUDWLYH DQG WUDQVPXWDWLYH YRLFH FRQYHUVLRQ �6HF�
WLRQ ��� 7KHQ ZH GHWDLO WKH PHWKRGV RI WKH SURSRVHG YRLFH FRQYHUVLRQ
LPSOHPHQWDWLRQ �6HFWLRQ ��� IROORZHG E\ D SHUFHSWXDO HYDOXDWLRQ E\
WZR OLVWHQLQJ WHVWV �6HFWLRQ ��� EHIRUH FRQFOXGLQJ �6HFWLRQ ���

�� .(< &21&(376
*LYHQ SDUDOOHO �VDPH�FRQWHQW�� FRQFDWHQDWHG XWWHUDQFH ZDYHIRUPV
srctrain[t] DQG trgtrain[t]� ZH ILUVW H[WUDFW GHVLUHG IHDWXUHV X̃Ns×d

DQG ỸNt×d� ZKHUH Ns DQG Nt UHSUHVHQW WKH QXPEHU RI VRXUFH DQG

7KLV PDWHULDO LV EDVHG XSRQ ZRUN VXSSRUWHG E\ WKH 1DWLRQDO 6FLHQFH
)RXQGDWLRQ XQGHU *UDQW 1R� ��������

WDUJHW IUDPHV� UHVSHFWLYHO\� DQG d LV WKH GLPHQVLRQDOLW\ RI WKH IHDWXUH
YHFWRUV� 7KHQ�N IUDPHV RI WLPH�DOLJQHG IHDWXUHVXtrain

N×d DQG Y train
N×d

DUH FRQVWUXFWHG� XVLQJ HLWKHU G\QDPLF WLPH ZDUSLQJ �'7:� >�@ RU
NQRZOHGJH RI WKH SKRQHPH ERXQGDULHV� DQG VXEVHTXHQW LQWHUSRODWLRQ
LQ WKH IHDWXUH GRPDLQ� �0DQ\ DSSURDFKHV H[LVW WKDW RYHUFRPH WKH UH�
TXLUHPHQW RI SDUDOOHO GDWD >H� J� �� �@� EXW ZLWKRXW ORVV RI JHQHUDOLW\
ZH ZLOO XVH WLPH�DOLJQHG IHDWXUHV LQ WKLV SDSHU�� :HZLOO QRZ FRQWUDVW
WKH JHQHUDWLYH ZLWK WKH WUDQVPXWDWLYH DSSURDFK�

���� *HQHUDWLYH DSSURDFK
&ODVVLFDOO\� GXULQJ WUDLQLQJ� ZH ILQG WKH RSWLPDO SDUDPHWHU VHW

λ∗ = DUJPLQ
λ

E
(
Y train,F(Xtrain,λ)

)
���

ZKHUH F (·,λ) LV D IHDWXUH PDSSLQJ IXQFWLRQ ZLWK SDUDPHWHUV λ� DQG
E LV DQ DSSURSULDWH HUURU IXQFWLRQ LQ WKH FKRVHQ IHDWXUH GRPDLQ� 'XU�
LQJ FRQYHUVLRQ� ZH DUH JLYHQ D QHZ LQSXW VRXUFH ZDYHIRUP srctest[t]
DQG LWV IHDWXUHVXtest DUH PDSSHG E\ HYDOXDWLQJ

F(Xtest,λ∗) = Ŷ test, ���

DQ DSSUR[LPDWLRQ RI WKH WDUJHW IHDWXUHV IURP ZKLFK WKH ILQDO FRQYHU�
VLRQ ZDYHIRUP LV FRPSXWHG�

3UHYLRXV ZRUNV KDYH H[SORUHG YDULRXV LPSOHPHQWDWLRQ GHWDLOV�
)RU H[DPSOH� W\SHV RI VSHHFK IHDWXUHV LQFOXGHG IRUPDQW IUHTXHQ�
FLHV >�@� OLQH VSHFWUDO IUHTXHQFLHV �/6)� >�@� DQG FHSVWUDO IHDWXUHV >�@�
7\SHV RI PDSSLQJ IXQFWLRQV LQFOXGHG YHFWRU TXDQWL]DWLRQ �94� >�@�
IX]]\�94 >�@� PXOWLYDULDWH UHJUHVVLRQ >��@� DUWLILFLDO QHXUDO QHW�
ZRUNV >�@� UHJUHVVLYH *DXVVLDQ PL[WXUH PRGHOV >�� ��� ��@� VXSSRUW
YHFWRU PDFKLQHV >��@� DQG WUDMHFWRU\ PRGHOV >��� ��@�

���� 7UDQVPXWDWLYH DSSURDFK
:KHQ WKH IHDWXUH GLPHQVLRQ d LV ODUJH �d > 100�� DV LV WKH FDVH
ZKHQ XVLQJ KLJK�TXDOLW\ YRFRGHUV VXFK DV WKH KDUPRQLF PRGHO RI
VSHHFK� WUDLQLQJ EHFRPHV GLIILFXOW GXH WR WKH ODUJH QXPEHU RI SDUDP�
HWHUV WR EH HVWLPDWHG� DQG WKH ODUJH DPRXQW RI WUDLQLQJ GDWD UHTXLUHG�
7R DGGUHVV WKLV SUREOHP� OHW XV FRQVLGHU D V\VWHP ZKHUH ZH KDYH
KLJK�GLPHQVLRQDO IHDWXUHV Xtrain

↑ DQG Y train
↑ � 'XULQJ WUDLQLQJ� ZH

FDOFXODWH WKH RSWLPDO SDUDPHWHU VHW
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ZKHUHG(·,λ) LV DQ RSHUDWLRQ WKDW WUDQVPXWHV LWV LQSXWXtrain
↑ DFFRUG�

LQJ WR SDUDPHWHUV λG � OHDYLQJ FULWLFDO GHWDLOV RI LWV LQSXW XQFKDQJHG�
,Q RWKHU ZRUGV� G LV FRQVWUDLQHG LQ VXFK D ZD\ WKDW LWV SRVVLEOH RXW�
SXWV DUH FRQJUXHQW ZLWK WKH W\SHV RI FKDQJHV RQH H[SHFWV D SULRUL
ZKHQ FRQYHUWLQJ RQH YRLFH LQWR DQRWKHU� 7UDQVPXWDWLRQ SDUDPHWHUV
λ∗
G FDQ EH SUHGLFWHG IURP D VHFRQG� ORZ�GLPHQVLRQDO IHDWXUH YHFWRU

Xtrain
↓ XVLQJ D PDSSLQJ IXQFWLRQ H(Xtrain
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�D� )UHTXHQF\ ZDUSLQJ IXQFWLRQ �\HOORZ� DQG LWV SLHFH�ZLVH OLQHDU
SDUDPHWUL]DWLRQ �JUHHQ�� *UHHQ FLUFOHV UHSUHVHQW WKH ³NQRWV´ RU FKDQJH�SRLQWV
RI WKH SLHFH�ZLVH OLQHDU VHJPHQWDWLRQ� 7KH QR�ZDUS OLQH �EODFN� LV DGGHG IRU
UHIHUHQFH�

�E� 6RXUFH �EOXH� DQG WDUJHW �UHG� PDJQLWXGH VSHFWUD �VROLG OLQHV�� DQG WKHLU
FRUUHVSRQGLQJ /3& VSHFWUD �EOXH DQG UHG GDVKHG OLQHV�� <HOORZ OLQHV DUH WKH
UHVXOW RI DSSO\LQJ WKH IXOO �\HOORZ� RU SDUDPHWHUL]HG ZDUSLQJ IXQFWLRQ �JUHHQ�
WR WKH VRXUFH /3& �GDVKHG� DQG RULJLQDO �VROLG� VSHFWUD�

)LJ� �� ([DPSOH RI VSHFWUDO ZDUSLQJ RI RQH IUDPH�

)LQDOO\� GXULQJ FRQYHUVLRQ� ZH HYDOXDWH

G
(
Xtest

↑ ,H(Xtest
↓ ,λ∗

H)
)
= Ŷ test

↑ . ���

7KHUH DUH IHZ H[DPSOHV RI WKH WUDQVPXWDWLYH DSSURDFK LQ WKH OLW�
HUDWXUH� )RU H[DPSOH� 9DOEUHW HW DO� >��@ ZHUH WKH ILUVW WR PRGLI\
WKH VSHFWUXP E\ G\QDPLF IUHTXHQF\ ZDUSLQJ �'):�� 6XQGHUPDQQ HW
DO� DQG (UUR HW DO� >��� �@ SHUIRUPHG D FRQVWUDLQHG IUHTXHQF\ ZDUSLQJ
VLPLODU WR YRFDO WUDFW OHQJWK QRUPDOL]DWLRQ� )LQDOO\� (UUR HW DO� >��@
XVHG IRUPDQW IUHTXHQFLHV WR FDOFXODWH D PRUH GHWDLOHG ZDUSLQJ IXQF�
WLRQ� DQG DGGHG D JDLQ PRGLILFDWLRQ IXQFWLRQ� *RGR\ HW DO� >��@ SUR�
SRVHG DPSOLWXGH VFDOLQJ WR PRGLI\ JDLQ�

�� 75$16087$7,9( 92,&( &219(56,21 0(7+2'6
7KH NH\ LGHD EHKLQG WKH SURSRVHG WUDQVPXWDWLRQ DOJRULWKPV LV WR OHW
VSHFWUDO ZDUSLQJ DQG DPSOLILFDWLRQ WDNH WKH UROH RI G� RSHUDWLQJ RQ
KLJK�GLPHQVLRQDO VLQXVRLGDO SDUDPHWHUV X↑ DQG Y↑� $ SUREDELOLV�
WLF� SLHFH�ZLVH OLQHDU PDSSLQJ IXQFWLRQ �ZLWK SDUDPHWHUV λH� WDNHV
WKH UROH RI H� SUHGLFWLQJ D SDUDPHWUL]DWLRQ λG RI WKH ZDUSLQJ DQG
DPSOLILFDWLRQ IXQFWLRQV� :H GHWDLO WZR YHUVLRQV RI WKH SURSRVHG DO�
JRULWKP� RQH GHULYLQJ WKH ZDUSLQJ IXQFWLRQ EDVHG RQ G\QDPLF IUH�
TXHQF\ ZDUSLQJ RI WKH OLQHDU SUHGLFWLYH FRGHG �/3&� VSHFWUXP �DQG
XVLQJ FHSVWUDO IHDWXUHV DV X↓�� WKH RWKHU GHULYLQJ WKH ZDUSLQJ IXQF�
WLRQ EDVHG RQ IRUPDQW�IUHTXHQFLHV �DQG XVLQJ WKHP DOVR DVX↓��

���� '):�/3&�EDVHG WUDQVPXWDWLRQ
'XULQJ WUDLQLQJ� ZH ILUVW FRPSXWHG SLWFK�V\QFKURQRXV VSHFWUDO
IHDWXUHV EDVHG RQ PDQXDOO\ FRUUHFWHG *ORWWDO &ORVXUH ,QVWDQFHV
�*&,V� E\ HQFRGLQJ VRXUFH DQG WDUJHW ZDYHIRUPV XVLQJ D KDUPRQLF
YRFRGHU >��@� :H HPSOR\HG D +DUPRQLF FRGHU EHFDXVH RI LWV KLJK
ILGHOLW\� D UHV\QWKHVL]HG ZDYHIRUP LV W\SLFDOO\ SHUFHSWXDOO\ LQGLVWLQ�
JXLVKDEOH IURP DQ XQSURFHVVHG ZDYHIRUP� +DUPRQLF DQDO\VLV UHVXOWV
LQ D )� YDOXH DQG D YDULDEOH QXPEHU �GHSHQGHQW RQ )�� RI KDUPRQLF
DPSOLWXGHV DQG SKDVHV SHU IUDPH� 7KH IUDPH IHDWXUHV ZHUH WKHQ WLPH�
DOLJQHG XVLQJ HLWKHU '7: RU NQRZOHGJH RI SKRQHPH ERXQGDULHV� DQG
QHDUHVW�QHLJKERU LQWHUSRODWLRQ� 7KHQ� IRU HDFK IUDPH� ZH UHVDPSOH
WKH VRXUFH DQG WDUJHW PDJQLWXGH VSHFWUD XVLQJ ��� SRLQWV RQ WKH 0HO

VFDOH >��@� XVLQJ VSOLQH LQWHUSRODWLRQ� )LJXUH �E VKRZV FRUUHVSRQG�
LQJ H[DPSOH VRXUFH DQG WDUJHW PDJQLWXGH VSHFWUD�

6HFRQG� ZH IODWWHQHG ERWK WKH VRXUFH DQG WKH WDUJHW PDJQLWXGH
VSHFWUD E\ UHPRYLQJ WKHLU UHVSHFWLYH VSHFWUDO WLOWV� DQG FDOFXODWHG D
ORZ�RUGHU /3& UHSUHVHQWDWLRQ RI WKHP �VHH )LJXUH �E�� :H WKHQ XVHG
D '): DOJRULWKP WR FRPSXWH WKH RSWLPDO SDWK WKDW DOLJQV WKH /3&
VRXUFH DQG WDUJHW PDJQLWXGH VSHFWUD� $Q H[DPSOH ZDUSLQJ IXQF�
WLRQ LV VKRZQ LQ )LJXUH �D� 6LQFH ZH ZLVK WR SUHGLFW WKLV IXQFWLRQ�
D FRPSDFW SDUDPHWUL]DWLRQ RI LW ZDV QHHGHG� :H VHOHFWHG D SLHFH�
ZLVH OLQHDU VHJPHQWDWLRQ DSSURDFK� FDOFXODWHG E\ RSWLPL]LQJ D OLQHDU
LQWHUSRODWLRQ DW �� HYHQO\�VSDFHG IUHTXHQFLHV �VHH )LJXUH �D�� UHVXOW�
LQJ LQ ³NQRWV´ ZLWK JOREDOO\ FRQVWDQW x� DQG YDULDEOH y�FRRUGLQDWHV�
:H WKHQ DSSOLHG WKH SDUDPHWUL]HG ZDUSLQJ IXQFWLRQ WR WKH PDJQLWXGH
VSHFWUXP DQG WKH XQZUDSSHG SKDVH VSHFWUXP WR FDOFXODWH WKH ZDUSHG
VSHFWUXP� WKH UHVXOWV RI ZKLFK DUH VKRZQ LQ )LJXUH �E�

7KLUG� ZH FRPSXWHG WKH VSHFWUDO GLIIHUHQFH� UHIHUUHG WR DV WKH JDLQ
IXQFWLRQ� EHWZHHQ WKH ZDUSHG VSHFWUXP DQG WKH WDUJHW VSHFWUXP DQG�
DQDORJRXVO\ WR WKH ZDUSLQJ IXQFWLRQ� SDUDPHWUL]HG LW XVLQJ D SLHFH�
ZLVH OLQHDU VHJPHQWDWLRQ DSSURDFK DW �� HYHQO\ VSDFHG IUHTXHQFLHV�
DQ H[DPSOH RI WKLV LV VKRZQ LQ )LJXUH �D� 7KH ZDUSHG DQG DPSOLILHG
VSHFWUXP LV REWDLQHG E\ DGGLQJ WKH SDUDPHWUL]HG JDLQ IXQFWLRQ WR WKH
SUHYLRXVO\ FDOFXODWHG ZDUSHG PDJQLWXGH VSHFWUXP� WKH UHVXOW RI WKLV
FDQ EH VHHQ LQ )LJXUH �E�

)LQDOO\� ZH WUDLQHG WZR LQGHSHQGHQW UHJUHVVLYH -RLQW�'HQVLW\
*DXVVLDQ 0L[WXUH 0RGHOV �-'*00� >�@ ZLWK WKUHH PL[WXUH FRPSR�
QHQWV �IXOO FRYDULDQFH� HDFK WR SUHGLFW WKH ZDUSLQJ DQG JDLQ IXQFWLRQ
SDUDPHWHUV IURP ��WK�RUGHU FHSVWUDO IHDWXUHV� 6LQFH ERWK WKH ZDUS�
LQJ DQG JDLQ IXQFWLRQ SDUDPHWHUV KDG FRQVWDQW x�FRRUGLQDWHV RI WKHLU
NQRWV� RQO\ y�FRRUGLQDWHV QHHGHG WR EH SUHGLFWHG�

'XULQJ FRQYHUVLRQ� ZH JHQHUDWHG ERWK WKH KLJK�GLPHQVLRQDO KDU�
PRQLF IHDWXUHV DQG WKH ORZ�GLPHQVLRQDO FHSVWUDO IHDWXUHV� 8VLQJ WKH
ODWWHU� WKH WUDLQHG -'*00V SUHGLFWHG WUDQVPXWDWLRQ SDUDPHWHUV IRU
ERWK WKH ZDUSLQJ DQG WKH JDLQ IXQFWLRQV� WKH UHVXOWV RI ZKLFK ZHUH DS�
SOLHG WR WKH KDUPRQLF IHDWXUHV� DQG IURP ZKLFK WKH ILQDO FRQYHUVLRQ
ZDYHIRUP ZDV FRPSXWHG� )LJXUH � VKRZV DQ H[FHUSW RI DQ H[DPSOH
FRQYHUVLRQ� 3LWFK DQG GXUDWLRQ FKDQJHV ZHUH LPSOHPHQWHG ZLWKLQ
WKH KDUPRQLF YRFRGHU IUDPHZRUN�
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�D� *DLQ IXQFWLRQ �\HOORZ� DQG LWV SLHFH�ZLVH OLQHDU SDUDPHWUL]DWLRQ �JUHHQ�
XVLQJ �� ³NQRWV´ �JUHHQ FLUFOHV�� 7KH ]HUR�JDLQ OLQH �EODFN� LV DGGHG IRU UHI�
HUHQFH�

�E� 6RXUFH �EOXH�� WDUJHW �UHG�� DQG ZDUSHG DQG DPSOLILHG VRXUFH �JUHHQ� PDJ�
QLWXGH VSHFWUD�

)LJ� �� ([DPSOH RI VSHFWUDO DPSOLILFDWLRQ RI RQH IUDPH�

���� )RUPDQW�EDVHG WUDQVPXWDWLRQ
,Q WKH IRUPDQW�EDVHG LPSOHPHQWDWLRQ� WKH VSHFWUDO ZDUSLQJ IXQF�
WLRQ ZDV EDVHG RQ WKH ILUVW IRXU VRXUFH DQG WDUJHW IRUPDQW IUHTXHQ�
FLHV >VLPLODU WR ��@� REWDLQHG E\ DXWRPDWLF IRUPDQW WUDFNLQJ >��� ��@�
,Q WKLV VFHQDULR� WKH x�FRRUGLQDWH RI WKH ZDUSLQJ NQRWV LV DOUHDG\
NQRZQ �WKH VRXUFH IRUPDQW IUHTXHQFLHV�� DQG WKH y�FRRUGLQDWHV �FRU�
UHVSRQGLQJ WR WKH WDUJHW IRUPDQW IUHTXHQFLHV� RI NQRWV KDG WR EH SUH�
GLFWHG IURP WKH VRXUFH IRUPDQW IUHTXHQFLHV� UHVXOWLQJ LQ D FRPSDFW
�→��GLPHQVLRQDO PDSSLQJ�

7KH ILQDO ZDUSLQJ IXQFWLRQ ZDV FRQVWUXFWHG E\ VXEWUDFWLQJ DQG
DGGLQJ D FRQVWDQW EDQGZLGWK RI ��� +] WR ERWK WKH x� DQG WKH y�
FRRUGLQDWH RI HDFK RI WKH IRXU NQRWV� ZKLOH VSHFLDOO\ KDQGOLQJ VLWX�
DWLRQV ZKHUH WKHVH IUHTXHQFLHV RYHUODSSHG� WKXV� WKH ILQDO ZDUSLQJ
IXQFWLRQ KDV �� NQRWV �DGGLQJ UHTXLUHG NQRWV DW ]HUR DQG RQH DW D
PD[LPXP IUHTXHQF\�� 7KLV DSSURDFK HQVXUHG WKDW UHJLRQV DURXQG
D IRUPDQW� ZKLFK FDUU\ LPSRUWDQW EDQGZLGWK LQIRUPDWLRQ� ZHUH QRW
DGYHUVHO\ DIIHFWHG E\ D ZDUSLQJ IXQFWLRQ WKDW GRHV QRW KDYH D VORSH
FORVH WR RQH LQ WKDW UHJLRQ�

6LQFH WKLV LPSOHPHQWDWLRQ DOUHDG\ UHTXLUHG NQRZOHGJH RI IRUPDQW
IUHTXHQFLHV� ZH DOVR XVHG VRXUFH IRUPDQWV IUHTXHQFLHV WR SUHGLFW y�
FRRUGLQDWHV RI WKH JDLQ NQRWV UHTXLUHG WR UHFRQVWUXFW WKH JDLQ IXQF�
WLRQ� REYLDWLQJ WKH QHHG IRU FHSVWUDO IHDWXUHV�
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:H XVHG �� +DUYDUG VHQWHQFHV >��@ VSRNHQ E\ WZR PDOH �0�� 0��
DQG WZR IHPDOH VSHDNHUV �)�� )�� DV VSHHFK PDWHULDO �VDPSOLQJ UDWH
RI �� N+]�� :H UHVWULFWHG WKH VHW RI SRVVLEOH FRQYHUVLRQ WR WZR
FURVV�JHQGHU �0�→)�� )�→0�� DQG WZR LQWUD�JHQGHU �0�→0��
)�→)�� FRQYHUVLRQV� IRU D WRWDO RI IRXU GLIIHUHQW FRQYHUVLRQV� :H
XVHG �� RI WKH VHQWHQFHV WR WUDLQ WKH WZR YDULDWLRQV RI WUDQVPXWD�
WLYH FRQYHUVLRQ PHWKRGV DQG RQH JHQHUDWLYH V\VWHP� � VHQWHQFHV
ZHUH XVHG DV D GHYHORSPHQW VHW� )RU WKH JHQHUDWLYH V\VWHP� ZH
WUDLQHG D -'*00 WR PDS ��WK�RUGHU /6) VRXUFH SDUDPHWHUV WR VDPH�
RUGHU /6) WDUJHW SDUDPHWHUV� LQ DQ LPSXOVH�QRLVH�H[FLWHG /3& DQDO�
\VLV�V\QWKHVLV IUDPHZRUN� 6LQFH LWV LQWURGXFWLRQ� WKH -'*00 PDS�
SLQJ SDUDGLJP KDV KDG PDQ\ H[WHQVLRQV DQG UHILQHPHQWV >H� J� ��@�
EXW VLQFH ZH XVHG WKH VDPH EDVLF PHWKRGV IRU DOO WKUHH V\VWHPV� WKHLU
SHUIRUPDQFH FDQ EH YLHZHG DV UHODWLYH� $OO WKUHH FRQYHUVLRQ V\VWHPV

LQFRUSRUDWHG D EDVLF SURVRG\ FRQYHUVLRQ DSSURDFK� ZKLFK LQFOXGHG
PRGLI\LQJ WKH VRXUFH¶V )� PHDQ DQG YDULDQFH� DV ZHOO DV WKH DYHUDJH
VSHDNLQJ UDWH WR PDWFK WKH WDUJHW¶V SURVRG\ VWDWLVWLFV�

:H FUHDWHG WKH IROORZLQJ ILYH VWLPXOXV FRQGLWLRQV IURP WKH UH�
PDLQLQJ �� WHVW VHQWHQFHV� QDWXUDO ZDYHIRUP �1$7�� '):�/3&�
EDVHG WUDQVPXWDWLYH FRQYHUVLRQ �'):�� IRUPDQW�EDVHG WUDQVPXWD�
WLYH FRQYHUVLRQ �)25�� /6)�EDVHG JHQHUDWLYH FRQYHUVLRQ �*(1��
DQG /6) YRFRGHU UHV\QWKHVLV �/6)�� $IWHU FUHDWLRQ� DOO VWLPXOL ZHUH
ORXGQHVV�QRUPDOL]HG XVLQJ DQ $�ZHLJKWHG >��@ 506 PHDVXUH�

���� 6SHDNHU UHFRJQLWLRQ WHVW
7R HYDOXDWH FRQYHUVLRQ SHUIRUPDQFH� ZH FRQGXFWHG D VDPH�
GLIIHUHQFH VSHDNHU UHFRJQLWLRQ WHVW >��@� ,Q WKLV WHVW� OLVWHQHUV KHDU
WZR XWWHUDQFHV $ DQG % ZLWK GLIIHUHQW FRQWHQW� DQG DUH WKHQ DVNHG WR
LQGLFDWH ZHWKHU WKH\ WKRXJKW WKDW $ DQG % ZHUH VSRNHQ E\ WKH VDPH
RU E\ WZR GLIIHUHQW VSHDNHUV� XVLQJ D ILYH�SRLQW VFDOH FRQVLVWLQJ RI
�� �GHILQLWHO\ VDPH�� �� �SUREDEO\ VDPH�� � �XQVXUH�� �� �SUREDEO\
GLIIHUHQW�� DQG �� �GHILQLWHO\ GLIIHUHQW�� :H FRQVLGHUHG WKH IROORZLQJ
ILYH VWLPXOXV SDLUV� 1$7�1$7� 1$7�'):� 1$7�)25� 1$7�*(1�
DQG 1$7�/6)� 7KH ILUVW SDLU PHDVXUHG KXPDQ SHUIRUPDQFH DV D UHI�
HUHQFH� WKH PLGGOH SDLUV PHDVXUHG FRQYHUVLRQ SHUIRUPDQFH� DQG WKH
ODVW SDLU PHDVXUHG WKH GHJUDGDWLRQ GXH WR XVLQJ D FRPSDFW SDUDPHWULF
YRFRGHU�

7KH OLVWHQLQJ H[SHULPHQW ZDV FDUULHG RXW XVLQJ $PD]RQ 0HFKDQ�
LFDO 7XUN >��@� 7KH H[SHULPHQW ZDV DGPLQLVWHUHG WR �� OLVWHQHUV� DOO
RI ZKRP KDG DSSURYDO UDWLQJV RI DW OHDVW ���� (DFK OLVWHQHU MXGJHG
�� VHQWHQFH SDLUV� �� WULDOV IRU HDFK RI WKH IRXU FRQYHUVLRQV� 'XULQJ
WKHVH �� WULDOV� � WULDOV ZHUH XVHG IRU HDFK RI WKH � FRQGLWLRQV� (DFK
WHVW VHQWHQFH ZDV XVHG H[DFWO\ IRXU WLPHV� 7KH SUHVHQWDWLRQ RUGHU
ZDV UDQGRPL]HG� EXW WKH VHQWHQFH SDLU DVVLJQPHQWV UHPDLQHG IL[HG�
+DOI RI WKH SDLUV LQYROYHG WKH ³VDPH´ VSHDNHU �WKH FRQYHUVLRQ DQG
WKH WDUJHW�� DQG WKH RWKHU KDOI LQYROYHG WKH VRXUFH VSHDNHU IRU LQWUD�
JHQGHU FRQYHUVLRQV� DQG WKH DOWHUQDWH VSHDNHU RI WKH VDPH JHQGHU IRU
FURVV�JHQGHU FRQYHUVLRQ�

5HVXOWV DUH SUHVHQWHG LQ 7DEOH �� $ WZR�WDLO t�WHVW VKRZ DQ VWDWLVWL�
FDOO\ LQVLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH 1$7�)25 DQG 1$7�*(1
�p = 0.24�� 7KH LQWHUHVWLQJ UHVXOW LV WKH PDVVLYH GLIIHUHQFH EHWZHHQ
1$7�)25 DQG 1$7�*(1 LQ ³VDPH´ DQG ³GLII´ FRQGLWLRQV� ,Q WKH
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)LJ� �� 6RXUFH �ILUVW SDQHO�� FRQYHUVLRQ �VHFRQG SDQHO�� DQG WDUJHW �WKLUG SDQHO� WLPH�DOLJQHG WR WKH VRXUFH IRU FRPSDULVRQ SXUSRVHV RQO\�
VSHFWURJUDPV� DV ZHOO DV FRUUHVSRQGLQJ ZDUSLQJ �IRXUWK SDQHO� DQG JDLQ �DGGHG E\ DQ DUELWUDU\ YDOXH IRU YLVXDOL]DWLRQ� �ILIWK SDQHO� SDUDPHWHU
WUDMHFWRULHV IRU WKH /3&�EDVHG FRQYHUVLRQ� IRU WKH XWWHUDQFH ³PHVK ZLUH´�

1$7� 1$7 '): )25 *(1 /6)
VDPH ���� ����� ����� ���� ����
GLII ����� ����� ����� ����� �����
DOO ���� ������ ���� ���� ����

7DEOH �� $YHUDJH VSHDNHU UHFRJQLWLRQ WHVW UHVXOWV �VWDQGDUG GHYLDWLRQ
LV EHWZHHQ ��� WR ���� IRU GLII� VDPH DQG DOO FRQGLWLRQV�

³GLII´ FRQGLWLRQ� )25 JHWV D EHWWHU VFRUH� FRPSDUHG WR WKH ³VDPH´
FRQGLWLRQ ZKHUH )25 UHVXOW LV IDU ZRUVH WKDQ *00� ,W VHHPV WKDW
EHFDXVH RI WKH ORZHU GHJUHH RI IUHHGRP LQ '): DQG )25 �RQO\ IUH�
TXHQF\ ZDUSLQJ DQG JDLQ PRGLILFDWLRQ�� LW LV QRW YHU\ FDSDEOH RI KDY�
LQJ YDULRXV NLQGV RI PDSSLQJV�

���� 4XDOLW\ SUHIHUHQFH WHVW
7R HYDOXDWH FRQYHUVLRQ VSHHFK TXDOLW\� ZH FRQGXFWHG D FRPSDUDWLYH
PHDQ RSLQLRQ VFRUH �&026� WHVW� ,Q WKLV WHVW� OLVWHQHUV KHDU WZR XW�
WHUDQFHV $ DQG % ZLWK WKH VDPH FRQWHQW DQG WKH VDPH VSHDNHU EXW
WZR GLIIHUHQW FRQGLWLRQV� DQG DUH WKHQ DVNHG WR LQGLFDWH ZHWKHU WKH\
WKRXJKW %ZDV EHWWHU RU ZRUVH WKDQ$� XVLQJ D ILYH�SRLQW VFDOH FRQVLVW�
LQJ RI �� �PXFK EHWWHU�� �� �VRPHZKDW EHWWHU�� � �VDPH�� �� �VRPH�
ZKDW ZRUVH�� �� �PXFK ZRUVH�� :H FRQVLGHUHG WKH IROORZLQJ IRXU
VWLPXOXV SDLUV� )25�*(1� '):�*(1� *(1�1$7� )25�1$7� 7KH
ILUVW WZR SDLUV FRPSDUH FRQYHUVLRQV GLUHFWO\ DJDLQVW HDFK RWKHU� DQG
WKH ODVW WZR PHDVXUH FRQYHUVLRQ TXDOLW\ FRPSDUHG WR QDWXUDO ZDYH�
IRUPV�

7KH SUHIHUHQFH WHVW ZDV FDUULHG RXW LGHQWLFDOO\ WR WKH VSHDNHU
UHFRJQLWLRQ WHVW� H[FHSW HDFK WHVW VHQWHQFH ZDV XVHG H[DFWO\ WZR
WLPHV� DQG WKH RUGHU RI $ DQG % ZHUH UDQGRPL]HG IRU HDFK WULDO� $

)25�*(1 '):�*(1 *(1�1$7 )25�1$7
DOO ���������� ��������� ��������� ���������

7DEOH �� $YHUDJH SUHIHUHQFH WHVW UHVXOWV �VWDQGDUG GHYLDWLRQ LQ SDUHQ�
WKHVHV��

WRWDO RI �� OLVWHQHUV HYDOXDWHG WKH UHVXOWV�
5HVXOWV DUH SUHVHQWHG LQ 7DEOH �� 7KH UHVXOWV LQGLFDWH WKH VXSHUL�

RULW\ RI WKH )25 FRPSDUHG WR *(1 LQ WZR ZD\V� )LUVW LV WKH GLUHFW
FRPSDULVRQ LQ ZKLFK )25 LV SLFNHG PRUH� $OVR FRPSDUHG WR 1$7�
)25 LV SLFNHG PRUH RIWHQ WKDQ *(1� '):PHWKRG LV SLFNHG OHVV EH�
FDXVH RI WKH DXGLEOH MXPSV GXULQJ SDUDPHWHU HVWLPDWLRQ ZKLFK UHVXOWV
LQ D ORZHU TXDOLW\� 7KH WZR�WDLO t�WHVW VKRZV D VWDWLVWLFDOO\ VLJQLIL�
FDQFH GLIIHUHQFH EHWZHHQ )25�1$7 DQG*(1�1$7 �t(188) = 2.24�
p = 0.026��

�� &21&/86,21
9& PHWKRGV FDQ EH FDWHJRUL]HG LQ WZR JURXSV� JHQHUDWLYH DQG WUDQV�
PXWDWLYH� *HQHUDWLYH PHWKRGV WU\ WR PDS LQ D FRPSDFW SDUDPHWHUV
VSDFH� $ V\QWKHVLV ILOWHU LV WKHQ IROORZHG WR V\QWKHVL]H WKH RXWSXW�
7UDQVPXWDWLYH PHWKRGV WU\ WR PRGLI\ KLJK�GLPHQVLRQDO SDUDPHWHUV
WR NHHS WKH ILQH�GHWDLOV RI WKH VSHFWUXP� 7KH UHVXOWV VKRZHG WKDW
WUDQVPXWDWLYH PHWKRGV KDYH VLJQLILFDQWO\ KLJKHU TXDOLW\ VFRUH ZLWK
DOPRVW WKH VDPH UHFRJQLWLRQ VFRUH� 7KH GLIIHUHQFH EHWZHHQ UHFRJQL�
WLRQ UHVXOWV RI 1$7�)25 LQ ³GLII´ DQG ³VDPH´ FRQGLWLRQV VKRZHG WKDW
)25 LV QRW FKDQJLQJ WKH VSHDNHU LGHQWLW\ YHU\ PXFK� 7KLV PD\ EH
EHFDXVH WKH FXUUHQW WUDQVPXWDWLYH PHWKRGV KDYH OLPLWHG PRGLILFDWLRQ
SRVVLELOLWLHV� $GGLQJ WR WKH GHJUHH RI IUHHGRP RI FDQ EH D SRVVLELOLW\
WR LPSURYH WKH UHFRJQLWLRQ VFRUH�
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�� 5()(5(1&(6

>�@ 7KRPDV )� 4XDWLHUL� 'LVFUHWH�WLPH VSHHFK SURFHVVLQJ� SULQFL�
SOHV DQG SUDFWLFH� 3UHQWLFH�+DOO� �����

>�@ +� 6DNRH DQG 6� &KLED� ³$ G\QDPLF SURJUDPPLQJ DSSURDFK WR
FRQWLQXRXV VSHHFK UHFRJQLWLRQ�´ LQ 3URFHHGLQJV RI WKH 6HYHQWK
,QWHUQDWLRQDO &RQJUHVV RQ $FRXVWLFV� ����� YRO� �� SS� ��±���

>�@ $� 0RXFKWDULV� -� 9DQ GHU 6SLHJHO� DQG 3� 0XHOOHU� ³1RQ�
SDUDOOHO WUDLQLQJ IRU YRLFH FRQYHUVLRQ E\ PD[LPXP OLNHOLKRRG
FRQVWUDLQHG DGDSWDWLRQ�´ LQ $FRXVWLFV� 6SHHFK� DQG 6LJQDO 3UR�
FHVVLQJ� ����� 3URFHHGLQJV��,&$663¶���� ,((( ,QWHUQDWLRQDO
&RQIHUHQFH RQ� ,(((� ����� YRO� �� SS� ,±��

>�@ '� (UUR� $� 0RUHQR� DQG $� %RQDIRQWH� ³,1&$ DOJRULWKP IRU
WUDLQLQJ YRLFH FRQYHUVLRQ V\VWHPV IURP QRQSDUDOOHO FRUSRUD�´
$XGLR� 6SHHFK� DQG /DQJXDJH 3URFHVVLQJ� ,((( 7UDQVDFWLRQV
RQ� YRO� ��� QR� �� SS� ���±���� �����

>�@ 0� 1DUHQGUDQDWK� +� $� 0XUWK\� 6� 5DMHQGUDQ� DQG %� <HJQD�
QDUD\DQD� ³7UDQVIRUPDWLRQ RI IRUPDQWV IRU YRLFH FRQYHUVLRQ
XVLQJ DUWLILFLDO QHXUDO QHWZRUNV�´ 6SHHFK &RPPXQLFDWLRQ� YRO�
��� QR� �� SS� ���±���� �����

>�@ $� .DLQ DQG 0� 0DFRQ� ³6SHFWUDO YRLFH FRQYHUVLRQ IRU WH[W�
WR�VSHHFK V\QWKHVLV�´ LQ 3URFHHGLQJV RI ,&$663� 0D\ �����
YRO� �� SS� ���±����

>�@ '� (UUR� (� 1DYDV� DQG ,� +HUQDH]� ³,WHUDWLYH 006( HVWLPDWLRQ
RI YRFDO WUDFW OHQJWK QRUPDOL]DWLRQ IDFWRUV IRU YRLFH WUDQVIRUPD�
WLRQ�´ LQ 3URF� ,QWHUVSHHFK� �����

>�@ 0� $EH� 6� 1DNDPXUD� .� 6KLNDQR� DQG +� .XZDEDUD� ³9RLFH
FRQYHUVLRQ WKURXJK YHFWRU TXDQWL]DWLRQ�´ LQ 3URFHHGLQJV RI
,&$663� ����� SS� ���±����

>�@ .� 6KLNDQR� 6� 1DNDPXUD� DQG 0� $EH� ³6SHDNHU DGDSWD�
WLRQ DQG YRLFH FRQYHUVLRQ E\ FRGHERRN PDSSLQJ�´ LQ &LUFXLWV
DQG 6\VWHPV� ������ ,((( ,QWHUQDWLRQDO 6\PSRLVXP RQ� ,(((�
����� SS� ���±����

>��@ +� 9DOEUHW� (� 0RXOLQHV� DQG -� 3� 7XEDFK� ³9RLFH WUDQVIRUPD�
WLRQ XVLQJ 362/$ WHFKQLTXH�´ 6SHHFK &RPPXQLFDWLRQ� YRO�
��� QR� �� SS� ���±���� �����

>��@ <� 6W\OLDQRX� 2� &DSSp� DQG (� 0RXOLQHV� ³&RQWLQXRXV SURE�
DELOLVWLF WUDQVIRUP IRU YRLFH FRQYHUVLRQ�´ ,((( 7UDQVDFWLRQV
RQ 6SHHFK DQG $XGLR 3URFHVVLQJ� YRO� �� QR� �� SS� ���±����
0DUFK �����

>��@ 7� 7RGD� $� :� %ODFN� DQG 7RNXGD .�� ³6SHFWUDO FRQYHUVLRQ
EDVHG RQ PD[LPXP OLNHOLKRRG HVWLPDWLRQ FRQVLGHULQJ JOREDO
YDULDQFH RI FRQYHUWHG SDUDPHWHU�´ LQ 3URFHHGLQJV RI ,&$663�
����� SS� �±���

>��@ 5� /DVNDU� )� 7DOXNGDU� 5� %KDWWDFKDUMHH� DQG 6� 'DV� ³9RLFH
FRQYHUVLRQ E\ PDSSLQJ WKH VSHFWUDO DQG SURVRGLF IHDWXUHV XVLQJ
VXSSRUW YHFWRU PDFKLQH�´ $SSOLFDWLRQV RI 6RIW &RPSXWLQJ� SS�
���±���� �����

>��@ 7� 7RGD� $� :� %ODFN� DQG .� 7RNXGD� ³9RLFH FRQYHUVLRQ EDVHG
RQ PD[LPXP�OLNHOLKRRG HVWLPDWLRQ RI VSHFWUDO SDUDPHWHU WUD�
MHFWRU\�´ ,((( 7UDQVDFWLRQV RQ $XGLR� 6SHHFK� DQG /DQJXDJH
3URFHVVLQJ -RXUQDO� YRO� ��� QR� �� SS� ����±����� 1RYHPEHU
�����

>��@ +� =HQ� <� 1DQNDNX� DQG .� 7RNXGD� ³&RQWLQXRXV VWRFKDVWLF
IHDWXUH PDSSLQJ EDVHG RQ WUDMHFWRU\ +00V�´ $XGLR� 6SHHFK�
DQG /DQJXDJH 3URFHVVLQJ� ,((( 7UDQVDFWLRQV RQ� YRO� ��� QR�
�� SS� ���±���� �����

>��@ '� 6XQGHUPDQQ� +� 1H\� DQG +� +RJH� ³97/1�EDVHG FURVV�
ODQJXDJH YRLFH FRQYHUVLRQ�´ LQ $XWRPDWLF 6SHHFK 5HFRJQLWLRQ
DQG 8QGHUVWDQGLQJ� ����� $658¶��� ���� ,((( :RUNVKRS RQ�
,(((� ����� SS� ���±����

>��@ '� (UUR DQG $� 0RUHQR� ³:HLJKWHG IUHTXHQF\ ZDUSLQJ IRU
YRLFH FRQYHUVLRQ�´ LQ 3URF� ,QWHUVSHHFK� ����� SS� ����±�����

>��@ (� *RGR\� 2� 5RVHF� DQG 7� &KRQDYHO� ³9RLFH FRQYHUVLRQ XVLQJ
G\QDPLF IUHTXHQF\ ZDUSLQJ ZLWK DPSOLWXGH VFDOLQJ� IRU SDUDO�
OHO RU QRQSDUDOOHO FRUSRUD�´ $XGLR� 6SHHFK� DQG /DQJXDJH 3UR�
FHVVLQJ� ,((( 7UDQVDFWLRQV RQ� YRO� ��� QR� �� SS� ����±�����
0D\ �����

>��@ <� 6W\OLDQRX� -� /DURFKH� DQG (� 0RXOLQHV� ³+LJK�TXDOLW\
VSHHFK PRGLILFDWLRQ EDVHG RQ D KDUPRQLF�QRLVH PRGHO�´ LQ
3URFHHGLQJV RI (85263((&+� ����� YRO� �� SS� ���±����

>��@ 6�6� 6WHYHQV� -� 9RONPDQQ� DQG (% 1HZPDQ� ³$ VFDOH IRU
WKH PHDVXUHPHQW RI WKH SV\FKRORJLFDO PDJQLWXGH SLWFK�´ 7KH
-RXUQDO RI WKH $FRXVWLFDO 6RFLHW\ RI $PHULFD� YRO� �� QR� �� SS�
���±���� �����

>��@ 'DYLG 7DONLQ� ³6SHHFK IRUPDQW WUDMHFWRU\ HVWLPDWLRQ XVLQJ
G\QDPLF SURJUDPPLQJ ZLWK PRGXODWHG WUDQVLWLRQ FRVWV�´ 7KH
-RXUQDO RI WKH $FRXVWLFDO 6RFLHW\ RI $PHULFD� YRO� ��� QR� 6��
SS� 6��±6��� �����

>��@ .� 6M|ODQGHU DQG -� %HVNRZ� ³:DYH6XUIHU ² DQ RSHQ VRXUFH
VSHHFK WRRO�´ LQ 3URF� RI ,&6/3� ����� SS� ���±����

>��@ -�3� (JDQ� ³$UWLFXODWLRQ WHVWLQJ PHWKRGV�´ 7KH /DU\QJRVFRSH�
YRO� ��� QR� �� SS� ���±���� �����

>��@ %�&�-� 0RRUH� $Q ,QWURGXFWLRQ WR WKH 3V\FKRORJ\ RI +HDULQJ�
$FDG� 3UHVV� �����

>��@ $� .DLQ� +LJK 5HVROXWLRQ 9RLFH 7UDQVIRUPDWLRQ� 3K�'� WKH�
VLV� 2*, 6FKRRO RI 6FLHQFH 	 (QJLQHHULQJ DW 2UHJRQ +HDOWK 	
6FLHQFH 8QLYHUVLW\� �����

>��@ 0� %XKUPHVWHU� 7� .ZDQJ� DQG 6� '� *RVOLQJ� ³$PD]RQ¶V PH�
FKDQLFDO WXUN ² D QHZ VRXUFH RI LQH[SHQVLYH� \HW KLJK�TXDOLW\�
GDWD"�´ 3HUVSHFWLYHV RQ 3V\FKRORJLFDO 6FLHQFH� YRO� �� QR� ��
SS� �±�� -DQXDU\ �����
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