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*� 1� .LP� <� 6� /HH� 0� +� &KR� ,� 6� .R� :� 1DPNXQJ

3RKDQJ $FFHOHUDWRU /DERUDWRU\� 3267(&+

6DQ ��� +\RMD�GRQJ� 1DP�JX� 3RKDQJ �������� .RUHD

'� :� /HH� +� '� .LP

3K\VLFV 'HSDUWPHQW� 3XVDQ 1DWLRQDO 8QLYHUVLW\�

�� &KDQJMHRQ�GRQJ� .HXPMHRQJ�NX� 3XVDQ �������� .RUHD

6� .R� .� +� .LP� 6� +� 3DUN

3K\VLFV 'HSDUWPHQW� 8OVDQ 8QLYHUVLW\�

6DQ ��� 0XJH ��GRQJ� 1DP�JX� 8OVDQ �������� .RUHD

'� 6� .LP� -� +� /HH

'HSDUWPHQW RI 3K\VLFV (GXFDWLRQ� 7DHJX 8QLYHUVLW\�

.\XQJVDQ� .\XQJEXN �������� .RUHD

7� 5R� <� .� 0LQ

3K\VLFV 'HSDUWPHQW� 'RQJD 8QLYHUVLW\�

��� +DGDQ�GRQJ� 6DKD�JX� 3XVDQ �������� .RUHD

:H SUHVHQW WKH FXUUHQW VWDWXV RI 3RKDQJ 1HXWURQ )DFLOLW\� ZKLFK LV WKH SXOVHG QHXWURQ IDFLOLW\� EDVHG

RQ WKH ���0H9 HOHFWURQ OLQHDU DFFHOHUDWRU FRPSOHWHG RQ 'HF������ :H KDYH SUHSDUHG WKH ���P WLPH�RI�

IOLJKW SDWK� D 7D�WDUJHW V\VWHP� DQG WKH 'DWD $FTXLVLWLRQ 6\VWHP� 0HDQZKLOH ZH KDYH PHDVXUHG WKH WRWDO

FURVV�VHFWLRQV RI '\ DQG +I VDPSOHV DW WKH 5HVHDUFK 5HDFWRU ,QVWLWXWH� .\RWR 8QLYHUVLW\ DQG WKH QHXWURQ

FDSWXUH FURVV�VHFWLRQV RI
���
'\ LVRWRSH DW 5HVHDUFK /DERUDWRU\ IRU 1XFOHDU 5HDFWRUV� 7RN\R ,QVWLWXWH RI

7HFKQRORJ\ ERWK LQ -DSDQ� :H DOVR ZHUH SDUWLFLSDWHG WKH H[SHULPHQW DW WKH ����P IOLJKW SDWK RI WKH ,%5���

SXOVHG QHXWURQ VRXUFH RI -RLQW ,QVWLWXWH RI 1XFOHDU 5HVHDUFK LQ 'XEQD� 5XVVLD�

�� ,QWURGXFWLRQ

,Q RUGHU WR VXSSRUW WKH DFWLYH QXFOHDU SRZHU GHYHORSPHQW SURJUDP DQG WKH QXFOHDU 5	'

DSSOLFDWLRQ� WKH .RUHD $WRPLF (QHUJ\ 5HVHDUFK ,QVWLWXWH �.$(5,� GHFLGHV WR HVWDEOLVK WKH QXFOHDU GDWD

SURMHFW >�@� ,WV PDLQ JRDOV DUH WR HVWDEOLVK D QXFOHDU GDWD V\VWHP� WR FRQVWUXFW WKH LQIUDVWUXFWXUH IRU WKH

QXFOHDU GDWD SURGXFWLRQV DQG HYDOXDWLRQV� DQG WR GHYHORS D KLJKO\ UHOLDEOH QXFOHDU GDWD V\VWHP� 7R EXLOG WKH

LQIUDVWUXFWXUH IRU WKH QXFOHDU GDWD SURGXFWLRQ� .$(5, ZDQWV WR EXLOG DQ LQWHQVH SXOVHG QHXWURQ VRXUFH E\

XWLOL]LQJ DFFHOHUDWRU IDFLOLW\� WHFKQRORJ\ DQG PHQ� SRZHU DW WKH 3RKDQJ $FFHOHUDWRU /DERUDWRU\ �3$/�� :H

SURSRVHG WKH 3RKDQJ 1HXWURQ )DFLOLW\ �31)�� ZKLFK FRQVLVWV RI D ����0H9 HOHFWURQ OLQDF� D ZDWHU�FRROHG

7D WDUJHW� DQG DW OHDVW WKUHH GLIIHUHQW WLPH�RI�IOLJKW �72)� SDWKV >�@� 7KH ����0H9 HOHFWURQ OLQDF ZDV

GHVLJQHG DQG FRQVWUXFWHG EDVHG RQ H[SHULHQFHV REWDLQHG IURP FRQVWUXFWLRQ DQG RSHUDWLRQ RI WKH ��*H9

OLQDF DW 3$/�

:H SUHVHQW WKH VWDWXV RI WKH SXOVHG QHXWURQ IDFLOLW\� DQG DFWLYLWLHV RQ WKH QXFOHDU GDWD SURGXFWLRQ�

�� 7KH 6WDWXV RI 3RKDQJ 1HXWURQ )DFLOLW\

���� &RQVWUXFWLRQ RI HOHFWURQ OLQDF

:H KDYH FRQVWUXFWHG DQ HOHFWURQ OLQDF IRU WKH YDULRXV 5	' DFWLYLWLHV RI WKH QHXWURQ IDFLOLW\ E\

XWLOL]LQJ WKH H[LVWLQJ FRPSRQHQWV DQG LQIUDVWUXFWXUHV DW 3$/ RQ 'HFHPEHU ���� >�@� 7KH OLQDF FRQVLVWV RI D

WKHUPLRQLF 5)�JXQ� DQ DOSKD PDJQHW� IRXU TXDGUXSROH PDJQHWV� WZR 6/$&�W\SH DFFHOHUDWLQJ VHFWLRQV� D

TXDGUXSROH WULSOHW� DQG D EHDP�DQDO\]LQJ PDJQHW DV VKRZQ LQ )LJ� �� :H KDYH XVHG D WKHUPLRQLF 5)�JXQ



LQVWHDG RI D WULRGH JXQ� ZKLFK LV GLIIHUHQW IURP WKH ����0H9 OLQDF IRU WKH QHXWURQ IDFLOLW\� 7KH 5)�JXQ LV

D RQH�FHOO FDYLW\ ZLWK D ��PP�GLDPHWHU WXQJVWHQ GLVSHQVHU FDWKRGH� 7KH 5)�JXQ SURGXFHV HOHFWURQ EHDPV

ZLWK DYHUDJH FXUUHQW RI ��� P$� D SXOVH OHQJWK RI ��µV� DQG DERXW ��0H9 HQHUJ\ >�@� 7KH DOSKD PDJQHW LV

XVHG WR PDWFK WKH ORQJLWXGLQDO DFFHSWDQFH IURP WKH JXQ WR WKH ILUVW DFFHOHUDWLQJ VHFWLRQ� $Q HOHFWURQ PRYHV

DORQJ DQ µα¶�VKDSHG WUDMHFWRU\ LQ WKH DOSKD PDJQHW� DQG WKH EHQG DQJOH LV �����
R

� $ KLJK�HQHUJ\ HOHFWURQ

KDV D ORQJHU SDWK OHQJWK WKDQ D ORZ�HQHUJ\ HOHFWURQ� WKXV� WKH OHQJWK RI WKH HOHFWURQ EHDP LV QHLWKHU

OHQJWKHQHG QRU VKRUWHQHG LQ WKH EHDP WUDQVSRUW OLQH IURP WKH JXQ WR WKH ILUVW DFFHOHUDWLQJ VHFWLRQ� )RXU

TXDGUXSROH PDJQHWV DUH XVHG WR IRFXV WKH HOHFWURQ EHDPV LQ WKH EHDP WUDQVSRUW OLQH IURP WKH JXQ WR WKH ILUVW

DFFHOHUDWLQJ VHFWLRQ� 7KH TXDGUXSROH WULSOHW LQVWDOOHG LQ EHWZHHQ WKH ILUVW DQG WKH VHFRQG DFFHOHUDWLQJ

VHFWLRQV LV XVHG WR IRFXV WKH HOHFWURQ EHDPV GXULQJ WKH WUDQVSRUW WR WKH H[SHULPHQWDO EHDP OLQH DW WKH HQG RI

WKH OLQDF� 7KUHH EHDP�FXUUHQW WUDQVIRUPHUV �%&7� DQG WKUHH EHDP�SURILOH PRQLWRUV DUH LQVWDOOHG WR PRQLWRU

WKH EHDP TXDOLW\ GXULQJ WKH EHDP RSHUDWLRQ� 7KH EHDP�DQDO\]LQJ PDJQHW DW WKH HQG RI WKH OLQDF KDV D

EHQGLQJ DQJOH RI �� GHJUHH DQG D ]HUR SROH�IDFH URWDWLRQ�

7KH HOHFWURQ OLQDF LV ORFDWHG LQVLGH D WXQQHO EHVLGH WKH 3/6 ��*H9 OLQDF� 7KH EXLOGLQJ KDV WKUHH

OHYHOV� WKH WXQQHO LQ � P EHORZ JURXQG OHYHO� WKH NO\VWURQ JDOOHU\ LV RQ WKH JURXQG IORRU� DQG XWLOLWLHV�

LQFOXGLQJ WKH DLU�FRQGLWLRQ DQG WKH DLU KDQGOLQJ XQLWV� DUH RQ WKH VHFRQG IORRU� 7KHUH LV ��P�WKLFN FRQFUHWH

VKLHOG EHWZHHQ WKH WXQQHO FHLOLQJ DQG WKH NO\VWURQ JDOOHU\�

$IWHU WKH 5)�FRQGLWLRQLQJ RI WKH DFFHOHUDWLQJ VWUXFWXUHV DQG WKH ZDYH�JXLGH QHWZRUN� ZH

SHUIRUPHG WKH EHDP DFFHOHUDWLRQ WHVW >�@� 7KH PD[LPXP 5) SRZHU IURP D 6/$& ���� NO\VWURQ ZDV

UHDFKHG WR �� 0:� 7KH 5) SRZHU IHG WR WKH 5)�JXQ ZDV � 0:� 7KH EHDP DFFHOHUDWLRQ H[SHULPHQW

ZDV SHUIRUPHG DIWHU DQ\ EUHDNGRZQ KDG GLVDSSHDUHG WKURXJK WKH 5) VWUXFWXUHV� 7KH EXQFKHG HOHFWURQ

EHDP DW WKH DOSKD PDJQHW ZDV DFFHOHUDWHG LQ WKH DFFHOHUDWLQJ VHFWLRQV DQG WUDQVSRUWHG WR WKH HQG RI WKH

OLQDF� 7KH PD[LPXP HQHUJ\ LV �� 0H9 XS WR QRZ ZKLFK LV VWLOO ORZHU WKDQ WKH WDUJHW YDOXH� 7KH PHDVXUHG

EHDP FXUUHQWV DW WKH HQWUDQFH RI WKH ILUVW DFFHOHUDWLQJ VWUXFWXUH DQG DW WKH HQG RI OLQDF DUH ��� P$ DQG ��

P$� UHVSHFWLYHO\� 7KH OHQJWK RI HOHFWURQ EHDP SXOVH LV ��� µV DQG WKH SXOVH UHSHWLWLRQ UDWH LV �� +]�

7KH PHDVXUHG HQHUJ\ VSUHDG LV ±�� DW PLQLPXP� 7KH HQHUJ\ VSUHDG ZDV UHGXFHG ZKHQ RSWLPL]LQJ WKH

5) SKDVH RI WKH 5)�JXQ DQG WKH PDJQHWLF ILHOG VWUHQJWK RI WKH DOSKD PDJQHW�

���� 72) )DFLOLW\

7KH GHVLJQ RI WKH WDUJHW V\VWHP LV GRQH XVLQJ WKH 0& VLPXODWLRQ FRGHV� (*6� DQG 0&13�� 7KH

WDUJHW V\VWHP� ����FP LQ GLDPHWHU DQG ����FP LQ OHQJWK� LV FRPSRVHG RI WHQ VKHHWV RI 7D SODWH� DQG WKHUH LV

�����FP ZDWHU JDS EHWZHHQ WKHP� LQ RUGHU WR FRRO WKH WDUJHW HIIHFWLYHO\ DV VKRZQ LQ )LJ� � >�@� 7KH

HVWLPDWHG IORZ UDWH RI WKH FRROLQJ ZDWHU LV DERXW � OLWHUV SHU PLQXWH LQ RUGHU WR PDLQWDLQ EHORZ ��
R

&�

7KH KRXVLQJ RI WKH WDUJHW LV PDGH RI WLWDQLXP� 7KH FRQYHUVLRQ UDWLR REWDLQHG IURP 0&13� FRGH IURP D

����0H9 HOHFWURQ WR QHXWURQV LV ����� DV VHHQ LQ )LJ� �� )URP WKH )LJ� �� ZH FDQ VHH WKH QHXWURQ \LHOG SHU

N: EHDP SRZHU DW WKH WDUJHW LV ���×���� Q�VHF� ZKLFK LV DERXW ���� ORZHU WKDQ WKH FDOFXODWHG YDOXH EDVHG

RQ WKH 6ZDQVRQ¶V IRUPXOD >�@�

7KH SXOVHG QHXWURQ IDFLOLW\ EDVHG RQ WKH HOHFWURQ OLQDF LV D XVHIXO WRRO IRU KLJK�UHVROXWLRQ

PHDVXUHPHQW RI PLFURVFRSLF QHXWURQ FURVV VHFWLRQV ZLWK WKH 72) PHWKRG� ,Q WKH 72) PHWKRG� WKH HQHUJ\

UHVROXWLRQ RI QHXWURQV GHSHQGV RQ WKH 72) SDWK OHQJWK� 6LQFH ZH KDYH WR XWLOL]H WKH VSDFH DQG WKH

LQIUDVWUXFWXUHV LQ WKH ODERUDWRU\� 72) SDWKV DQG H[SHULPHQWDO KDOOV DUH SODFHG SHUSHQGLFXODU WR WKH HOHFWURQ

OLQDF� :H FRQVWUXFWHG D ���P ORQJ 72) SDWK SHUSHQGLFXODU WR WKH HOHFWURQ OLQDF DV VKRZQ LQ )LJ� ��

:LWK WKLV� WKH WHVW RI WKH 7D�WDUJHW V\VWHP DQG D GDWD DFTXLVLWLRQ V\VWHP ZLOO EH SHUIRUPHG�

�� $FWLYLWLHV RQ 1XFOHDU 'DWD 3URGXFWLRQ

6LQFH WKHUH ZDV QR QXFOHDU GDWD SURGXFWLRQ IDFLOLW\ LQ .RUHD� WKHUH ZDV QR DFWLYLW\ XQWLO WKH

QXFOHDU GDWD SURMHFW ZDV ODXQFKHG LQ ����� 6LQFH WKHQ� WKH FROODERUDWLRQ JURXS IRU QXFOHDU GDWD SURGXFWLRQ

ZDV RUJDQL]HG IURP VHYHUDO XQLYHUVLWLHV LQ .RUHD DQG MRLQHG VRPH H[SHULPHQWV LQ WKH YDULRXV QHXWURQ

IDFLOLWLHV LQ WKH ZRUOG� :H KDYH PHDVXUHG WKH FDSWXUH FURVV�VHFWLRQV >�@ DQG WKH WRWDO FURVV�VHFWLRQV >�@ RI

QDWXUDO '\ DQG +I VDPSOHV LQ WKH HQHUJ\ UHJLRQ IURP ����� H9 WR �� NH9 ���� NH9� E\ XVLQJ WKH QHXWURQ

72) PHWKRG DW WKH �� 0H9 HOHFWURQ OLQHDU DFFHOHUDWRU RI WKH 5HVHDUFK 5HDFWRU ,QVWLWXWH� .\RWR 8QLYHUVLW\�

:H DOVR KDYH PHDVXUHG WKH FDSWXUH FURVV VHFWLRQV IRU
���

7K >��@ DW WKH ����P IOLJKW SDWK RI WKH ,%5���

SXOVHG QHXWURQ VRXUFH RI -RLQW ,QVWLWXWH RI 1XFOHDU 5HVHDUFK �-,15� LQ 'XEQD� 5XVVLD� 7KH FDSWXUH FURVV�



VHFWLRQV RI
���

'\ LVRWRSH >��@ ZDV PHDVXUHG E\ XVLQJ SXOVHG QHXWURQV SURYLGHG IURP WKH ��� 09 3HOOHWURQ

$FFHOHUDWRU RI WKH 5HVHDUFK /DERUDWRU\ IRU 1XFOHDU 5HDFWRUV DW WKH 7RN\R ,QVWLWXWH RI 7HFKQRORJ\� :H

KDYH SODQHG WR PHDVXUH WKH FDSWXUH FURVV VHFWLRQV IRU
���

'\ DQG
���

'\ LVRWRSH VDPSOHV DW .855, LQ WKLV

\HDU� 7KHUH LV DOVR D GLVFXVVLRQ ZLWK 3URI� 0� %DED WR MRLQ DQ H[SHULPHQW DW WKH 7RKRNX 8QLYHUVLW\ ��� 09

'\QDPLWURQ IDFLOLW\ LQ WKLV \HDU LQ RUGHU WR JHW H[SHULHQFHV�

$V H[SODLQHG RQ WKH SUHYLRXV VHFWLRQ� WKH\ KDYH FRPSOHWHG WR FRQVWUXFW D ���P 72) IDFLOLW\ DW

3$/� $IWHU FKHFNLQJ WKH UDGLDWLRQ OHYHO DURXQG WKH 72) IDFLOLW\ DQG WKH OLQDF� WKH\ ZRXOG OLNH WR PHDVXUH

WKH DQJXODU GLVWULEXWLRQV DQG HQHUJ\ VSHFWUD RI SKRWRQHXWURQV IURP 7D�WDUJHW V\VWHP ZLWK WKH DFWLYDWLRQ

PHWKRG DQG WKH 72) PHWKRG� )URP WKH QH[W \HDU� WKH\ ZRXOG OLNH WR PHDVXUH WRWDO FURVV�VHFWLRQV IRU WKH

ZHOO�NQRZQ VDPSOHV ZLWK 72) PHWKRG�

�� 6XPPDU\ DQG 'LVFXVVLRQ

7KH QXFOHDU GDWD SURMHFW ZDV ODXQFKHG E\ .$(5, IURP ���� LQ RUGHU WR VXSSRUW QXFOHDU 5	'

DFWLYLWLHV� PHGLFDO DQG LQGXVWULDO DSSOLFDWLRQV� :H KDYH FRQVWUXFWHG DQG WHVWHG D WHVW�OLQDF IRU WKH SXOVHG

QHXWURQ IDFLOLW\ E\ XWLOL]LQJ WKH H[LVWLQJ FRPSRQHQWV DQG LQIUDVWUXFWXUHV DW 3$/� 7KH FKDUDFWHULVWLFV RI

DFFHOHUDWHG HOHFWURQ EHDPV DUH DERXW �� 0H9 RI HQHUJ\� �� +] RI UHSHWLWLRQ UDWH� ��� µV RI SXOVH ZLGWK DQG

DERXW �� P$ RI SHDN FXUUHQW� :H PDGH D ���P 72) SDWK SHUSHQGLFXODU WR WKH WHVW�OLQDF LQ RUGHU WR WHVW D

7D�WDUJHW V\VWHP DQG D GDWD DFTXLVLWLRQ V\VWHP�

:H KDYH MRLQHG WZR IDFLOLWLHV WR JHW H[SHULHQFHV IRU FURVV VHFWLRQ PHDVXUHPHQWV DW .855, LQ

-DSDQ DQG DW -,15 LQ 5XVVLD� ,Q WKHVH IDFLOLWLHV� ZH KDYH PHDVXUHG WKH FDSWXUH DQG WKH WUDQVPLVVLRQ FURVV

VHFWLRQV IRU YDULRXV VDPSOHV� 7KHUH DUH DOVR VHYHUDO DFWLYLWLHV IRU GDWD HYDOXDWLRQV DW .$(5, ZLWK

LQWHUQDWLRQDO FROODERUDWRUV�

7KH ZRUNVKRS IRU QXFOHDU GDWD SURGXFWLRQ DQG HYDOXDWLRQ ZDV KHOG RQ $XJXVW � DQG �� ���� DQG

$XJ� �� DQG ��� ���� DW 3$/� 7KH DLP RI WKH ZRUNVKRS ZDV WR UHYLHZ UHFHQW SURJUHVV� H[FKDQJH LGHDV DQG

VHDUFK IXWXUH GLUHFWLRQV LQ WKH QXFOHDU GDWD SURGXFWLRQ DQG HYDOXDWLRQ� 'XULQJ WKHVH ZRUNVKRSV� ZH

GLVFXVVHG YDULRXV VXEMHFWV RQ WKH QXFOHDU GDWD SURGXFWLRQ DQG HYDOXDWLRQ�

5HIHUHQFHV

>�@ 0LQLVWU\ RI 6FLHQFH DQG 7HFKQRORJ\ RI .RUHD ������� ³���� 5HTXHVW IRU 3URMHFW RQ /RQJ� 7HUP

1XFOHDU 5	' 3URJUDP�´

>�@ *� 1� .LP� HW DO�� ³3URSRVHG 1HXWURQ )DFLOLW\ XVLQJ ����0H9 HOHFWURQ OLQDF DW 3RKDQJ $FFHOHUDWRU

/DERUDWRU\�´ 3URFHHGLQJV RI ,QWHUQDWLRQDO &RQIHUHQFH RQ 1XFOHDU 'DWD IRU 6FLHQFH DQG 7HFKQRORJ\

�0D\ ������ ����� 7ULHVWH� ,WDO\�� ��� �������

>�@ *� 1� .LP� HW DO�� -� $FFHO� 3ODVPD 5HV� � ������ ��

>�@ +� 6� .DQJ� *� 1� .LP� 0� +� &KR� :� 1DPNXQJ� DQG .� +� &KXQJ� ,((( 7UDQV� 1XFO� 6FL� ��� ����

�������

>�@ +� 6� .DQJ HW DO�� ³%HDP $FFHOHUDWLRQ 5HVXOW RI 7HVW /LQDF�´ 3URFHHGLQJV RI WKH )LUVW $VLDQ 3DUWLFOH

$FFHOHUDWRU &RQIHUHQFH �0DU� ������ ����� 7VXNXED� -DSDQ�� ��� �������

>�@ :� <� %DHN HW DO�� ³'HVLJQ RI WKH 3KRWRQHXWURQ 7DUJHW IRU 3XOVHG 1HXWURQ 6RXUFHV DW 3$/�´

3URFHHGLQJV RI :RUNVKRS IRU 1XFOHDU 'DWD 3URGXFWLRQ DQG (YDOXDWLRQ �$XJ� ���� ����� 3RKDQJ�

.RUHD� �������

>�@ :� 3� 6ZDQVRQ� ³5DGLRORJLFDO 6DIHW\ $VSHFWV RI WKH 2SHUDWLRQ RI (OHFWURQ /LQHDU $FFHOHUDWRUV�´

,$($ 7HFKQLFDO 5HSRUWV 1R� ��� �������

>�@ +� -� &KR HW DO�� -� RI .RUHDQ 3K\VLFDO 6RFLHW\� �� ������ ����

>�@ +� -� &KR HW DO�� ³0HDVXUHPHQW RI 1HXWURQ 7RWDO &URVV�6HFWLRQV IRU '\ DQG +I LQ WKH (QHUJ\ 5HJLRQ

IURP ����� H9 WR ��� 0H9�´ WR EH SUHVHQWHG LQ WKLV 6\PSRVLXP�

>��@ :� <� %DHN� HW DO�� ³,QYHVWLJDWLRQ RI γ�PXOWLSOLFLW\ 6SHFWUD DQG 1HXWURQ &DSWXUH &URVV 6HFWLRQV RI ���

7K LQ

WKH HQHUJ\ UHJLRQ ���� H9���� H9�´ 3URFHHGLQJV RI :RUNVKRS RQ 1XFOHDU 'DWD 3URGXFWLRQ DQG

(YDOXDWLRQ� $XJXVW ���� ����� 3RKDQJ� .RUHD�

>��@ +� '� .LP HW DO�� ³0HDVXUHPHQW RI &DSWXUH &URVV�6HFWLRQV DQG &DSWXUH γ�UD\ 6SHFWUD RI ���

'\�´ WR EH

VXEPLWWHG IRU .RUHDQ 3K\VLFDO 6RFLHW\ 0HHWLQJ �2FW� ������ ����� %XN\XQJ 8QLY�� .RUHD� �������
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