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$EVWUDFW� $Q H[SHULPHQWDO VWXG\ ZDV FRQGXFWHG WR LQYHVWLJDWH WKH EHKDYLRU RI HFFHQWULF OLJKWZHLJKW
DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV� 7KLV VWXG\ DLPV DW YHULI\LQJ WKH YDOLGLW\ RI VXFK W\SH RI
FRQFUHWH LQ FRPSRVLWH FRQVWUXFWLRQ DQG FKHFNLQJ WKH DGHTXDF\ RI WKH $,6&�/5)' DQG WKH %ULWLVK %ULGJH
&RGH %6 ���� VSHFLILFDWLRQV LQ SUHGLFWLQJ WKH FROXPQ VWUHQJWK� 6L[WHHQ IXOO�VFDOH SLQ HQGHG FROXPQV
VXEMHFWHG WR XQLD[LDO EHQGLQJ DERXW WKH PDMRU D[LV LQ V\PPHWULFDO VLQJOH FXUYDWXUH ZHUH WHVWHG�

.H\ ZRUGV� FROXPQV� FRPSRVLWH FROXPQV� HQFDVHG FROXPQV� OLJKWZHLJKW FRQFUHWH�

�� ,QWURGXFWLRQ

'XULQJ WKH SDVW IHZ GHFDGHV� VHYHUDO FRPSRVLWH FROXPQV RI GLIIHUHQW LQJUHGLHQWV KDYH EHHQ XVHG

SDUWLFXODUO\ LQ WKH FRQVWUXFWLRQ RI WDOO EXLOGLQJV� 2QH RI WKH FRPPRQ DQG SRSXODU SDWWHUQV RI VXFK

FROXPQV LV WKH HQFDVHG VWHHO SURILOH� 7KLV V\VWHP FRPELQHV WKH ULJLGLW\ DQG IRUPDELOLW\ RI UHLQIRUFHG

FRQFUHWH ZLWK WKH VWUHQJWK DQG VSHHG RI FRQVWUXFWLRQ DVVRFLDWHG ZLWK VWUXFWXUDO VWHHO WR SURGXFH DQ

HFRQRPLF VWUXFWXUH� 7KH UHDVRQ IRU VXFK VRXQG SHUIRUPDQFH LV WKH PXWXDO UHVLVWDQFH RI ERWK WKH

FRQFUHWH DQG WKH VWHHO VHFWLRQ LQ WKH FRPSRVLWH FROXPQV �+XQDLWL ������ 7KH FRQFUHWH XVHG IRU HQFDVLQJ

WKH VWUXFWXUDO VWHHO VHFWLRQ QRW RQO\ LQFUHDVHV LWV VWUHQJWK DQG VWLIIQHVV� EXW DOVR LW DFWV DV ILUHSURRILQJ� ,Q

UHFRJQLWLRQ RI WKH SUDFWLFDOLW\ RI VXFK FRQVWUXFWLRQ WHFKQLTXH� PRVW LQWHUQDWLRQDO FRGHV SURYLGH

SURYLVLRQV IRU GHWHUPLQLQJ WKH FDSDFLW\ RI VXFK FROXPQV� 0RUHRYHU� WKH GXFWLOLW\ DQG HQHUJ\ DEVRUSWLRQ

FDSDFLWLHV DV ZHOO DV WKH KLJK LPSDFW UHVLVWDQFH ZHUH EHKLQG WKH H[WHQVLYH XVH RI VXFK PHPEHU LQ

VHLVPLF ]RQHV�

&RQFUHWH�HQFDVHG FRPSRVLWH FROXPQV KDYH QRW UHFHLYHG WKH VDPH OHYHO RI DWWHQWLRQ DV VWHHO RU

UHLQIRUFHG FRQFUHWH FROXPQV� 3DVW VWXGLHV RQ FRPSRVLWH FROXPQV KDYH PRVWO\ FRQFHQWUDWHG RQ VKRUW

VSHFLPHQV DQG WKLV OHDG WR PHWKRGV IRU FDOFXODWLQJ WKHLU XOWLPDWH ORDGV� ZKLFK PD\ VHULRXVO\

�$VVLVWDQW 3URIHVVRU
Á3URIHVVRU
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RYHUHVWLPDWH WKH ORDG FDUU\LQJ FDSDFLW\� ,Q UHFHQW \HDUV� UHVHDUFK RQ FRPSRVLWH FROXPQV ZLWK VWHHO

VKDSHV HQFDVHG LQ QRUPDO FRQFUHWH KDV GHDOW ZLWK WKH EHKDYLRU RI ERWK VKRUW DQG ORQJ FROXPQV�

&RQVHTXHQWO\� WKH SK\VLFDO WHVWV RQ OLJKWZHLJKW FRQFUHWH VHHP WR EH UDUH LQ OLWHUDWXUH�

5HGXFLQJ WKH VHOI�ZHLJKW RI D VWUXFWXUH LV XQGRXEWHGO\ FRQVLGHUHG DQ DGYDQWDJH LI QRW D QHFHVVLW\ LQ

VRPH FDVHV� 8VLQJ OLJKWZHLJKW FRQFUHWH LV RQH ZD\ RI D DFKLHYLQJ VXFK UHGXFWLRQ� ,Q DGGLWLRQ WR UHGXFLQJ

VWUHVVHV WKURXJK WKH OLIHWLPH RI WKH VWUXFWXUH� GXH WR XVLQJ VPDOOHU HOHPHQWV� WKH WRWDO ZHLJKW RI PDWHULDOV WR

EH KDQGOHG GXULQJ FRQVWUXFWLRQ LV DOVR UHGXFHG� ZKLFK FRQVHTXHQWO\ LQFUHDVH SURGXFWLYLW\� )XUWKHUPRUH�

OLJKWZHLJKW FRQFUHWH RIIHUV EHWWHU WKHUPDO LQVXODWLRQ DQG EHWWHU ILUH SURWHFWLRQ WKDQ RUGLQDU\ FRQFUHWH� 7KH

/RDG DQG 5HVLVWDQFH )DFWRU 'HVLJQ �/5)'� ��� SHUPLW XVLQJ VWUXFWXUDO OLJKWZHLJKW FRQFUHWH IRU HQFDVLQJ

VWHHO SURILOHV� EXW ZLWK D FKDUDFWHULVWLF F\OLQGHU FRPSUHVVLYH VWUHQJWK� IF
� RI QRW OHVV WKDQ �� 03D� 2WKHU

FRGHV VXFK DV WKH %ULWLVK 6WDQGDUG FRGH RI SUDFWLFH IRU GHVLJQ RI FRPSRVLWH EULGJHV �%6 ����� ��� GRHV QRW

SHUPLW WKH XVH RI FRQFUHWH RWKHU WKDQ RUGLQDU\ FRQFUHWH RI D GHQVLW\ OHVV WKDQ ���� NJ�P� ZLWK D ���GD\

FXEH FRPSUHVVLYH VWUHQJWK� IFX� RI QRW OHVV �� 03D IRU FRQFUHWH�HQFDVHG VHFWLRQV�

7KLV VWXG\ LV DLPHG DW LQYHVWLJDWLQJ H[SHULPHQWDOO\ WKH EHKDYLRU RI HFFHQWULF OLJKWZHLJKW DJJUHJDWH

FRQFUHWH�HQFDVHG FROXPQV LQ RUGHU WR YHULI\ WKH YDOLGLW\ RI VXFK W\SH RI FRQFUHWH LQ FRPSRVLWH FRQVWUXFWLRQ

DQG WR FKHFN WKH DGHTXDF\ RI WKH DSSOLFDEOH SURYLVLRQV VXFK DV WKH /5)'� DQG WKH %ULGJH &RGH %6 ���� LQ

SUHGLFWLQJ WKH VWUHQJWK RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV� 7KH VWXG\ ZDV FDUULHG

RXW RQ VL[WHHQ IXOO�VFDOH SLQ�HQGHG FROXPQV VXEMHFWHG WR XQLD[LDO EHQGLQJ DERXW WKH PDMRU D[LV DQG D[LDO

FRPSUHVVLYH ORDG LQ V\PPHWULFDO VLQJOH FXUYDWXUH� :LWK WKH DLP RI FRPSDULVRQ� QLQH RI WKH FROXPQV ZHUH

HQFDVHG LQ OLJKWZHLJKW DJJUHJDWH FRQFUHWH� WKUHH LQ QRUPDO FRQFUHWH� ZKLOH IRXU ZHUH WHVWHG DV EDUH VWHHO

FROXPQV� (PSKDVLV ZDV SODFHG RQ WKH IDLOXUH PRGHV� ORDG�GHIOHFWLRQ DQG PRPHQW�WKUXVW�FXUYDWXUH

UHODWLRQVKLSV DV ZHOO DV ERQG FKDUDFWHULVWLFV� VOLSSDJH� DQG FUDFNV LQ FRQFUHWH� &RPSDULVRQV EHWZHHQ

H[SHULPHQWDO DQG GHVLJQ UHVXOWV REWDLQHG E\ /5)'� DQG %6 ���� SURYLVLRQV ZLOO EH FRQGXFWHG�

�� 7HVW SURJUDP

7KH YDULDEOHV LQYHVWLJDWHG LQ WKLV VWXG\ FDQ EH VXPPDUL]HG DV IROORZ�

�� &ROXPQ KHLJKW RI � DQG � PHWHUV�

�� 7KH HTXDO HQG HFFHQWULFLWLHV RI WKH DSSOLHG ORDG DERXW WKH PDMRU D[LV DW WKH FROXPQ HQGV ZHUH

�� PP DQG �� PP�

�� /LJKWZHLJKW DJJUHJDWH FRQFUHWH VWUHQJWKV RI ����� ����� DQG ��� 03D� DQG QRUPDO ZHLJKW FRQFUHWH

ZLWK FRPSUHVVLYH VWUHQJWK RI ���� 03D ZHUH XVHG LQ WKH WHVWV�

�� 6WUXFWXUDO VWHHO UDWLR WR JURVV FROXPQ DUHD� $V � $J� RI �� DQG ���

$OO FROXPQV ZHUH RI WKH VDPH FRQFUHWH FURVV�VHFWLRQDO GLPHQVLRQV RI ��� × ��� PP� UHLQIRUFHG ZLWK

�φ �� PP ORQJLWXGLQDO VWHHO FRUQHU EDUV� DQG ODWHUDO WLHV φ �#��� PP RQ FHQWHUV� 0DWHULDO DQG

VHFWLRQDO SURSHUWLHV RI WKH FROXPQ VSHFLPHQV DUH OLVWHG LQ 7DEOH � DQG WKHLU JHRPHWU\ LV LOOXVWUDWHG LQ

)LJ� �� 7KH WHVWV ZHUH FDUULHG RXW XVLQJ WKH XQLYHUVDO WHVWLQJ PDFKLQH DW WKH VWUXFWXUDO ODERUDWRU\ RI

-RUGDQ 8QLYHUVLW\ RI 6FLHQFHV DQG 7HFKQRORJ\� (DFK FROXPQ VSHFLPHQ ZDV SODFHG LQ D YHUWLFDO SRVLWLRQ

DQG WHVWHG XQGHU LQFUHPHQWDO PRQRWRQLF ORDGLQJ LQ D ���� N1 FDSDFLW\ 0�����5' XQLYHUVDO WHVWLQJ

PDFKLQH IURP '$57(& /LPLWHG DV LOOXVWUDWHG LQ )LJ� ��

7KH EDVLF PDWHULDOV XVHG WR EXLOG WKH IXOO�VFDOH FROXPQ VSHFLPHQV ZHUH OLJKWZHLJKW DJJUHJDWH

FRQFUHWH� QRUPDO ZHLJKW FRQFUHWH� ORQJLWXGLQDO VWUXFWXUDO VWHHO +�VKDSHG VHFWLRQ� GHIRUPHG ORQJLWXGLQDO

UHLQIRUFLQJ EDUV� DQG PLOG VWHHO ODWHUDO WLHV� $OO FROXPQ VSHFLPHQV ZHUH FDVW KRUL]RQWDOO\ LQVLGH D

IRUPZRUN PDGH RXW RI �� PP WKLFN SUHFXW SLHFHV RI SO\ZRRG XVLQJ HOHFWULFDO PL[HU DQG FRPSDFWHG
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ZLWK D �� PP YLEUDWRU URG� 6HYHUDO WULDO PL[HV ZHUH DWWHPSWHG RQ WKH QRUPDO DQG WKH OLJKWZHLJKW

DJJUHJDWH FRQFUHWH EHIRUH REWDLQLQJ WKH RQH WKDW ZRXOG EH WKH PRVW DSSURSULDWH ZLWK UHVSHFW WR WKH

FRPSUHVVLYH VWUHQJWK DQG WKH GHQVLW\ IRU WKH ILQDO VSHFLPHQV� &RQFUHWH PL[ SURSRUWLRQ� DYHUDJH FXEH

VWUHQJWK� VOXPS WHVW UHVXOWV� DQG FRQFUHWH GHQVLW\ ZHUH JLYHQ LQ 7DEOH �� 7KUHH VWDQGDUG ��� PP FXEH

VSHFLPHQV ZHUH WDNHQ IURP HDFK FRQFUHWH PL[� DQG WHVWHG IRU FRPSUHVVLRQ DW WKH WLPH RI WHVWLQJ WKH

FROXPQ VSHFLPHQV LQ D ���� N1 FDSDFLW\ �0���� 6HUYR�K\GUDXOLF� XQLYHUVDO WHVWLQJ PDFKLQH�

0RUHRYHU� VHYHUDO WHQVLRQ WHVWV RQ FRXSRQV FXW IURP WKH +�VHFWLRQ ZHUH FDUULHG RXW WR GHWHUPLQH WKH

\LHOG VWUHVV RI WKH VWHHO� 6RPH RI WKH FRXSRQV ZHUH WDNHQ IURP WKH ZHE RWKHUV IURP WKH IODQJHV� ,Q

DGGLWLRQ� IRXU VWXE FROXPQV� FXW IURP WKH +�VHFWLRQ RI KHLJKW HTXDOV WKUHH WLPHV WKHLU ZLGWK

DFFRUGLQJ WR WKH 665& ������ UHTXLUHPHQWV� ZHUH WHVWHG IRU FRPSUHVVLRQ DQG WKHLU DYHUDJH UHVXOWV

DUH OLVWHG LQ 7DEOH ��

)LJ� � &ROXPQ JHRPHWU\ DQG FURVV�VHFWLRQDO SURSHUWLHV

)LJ� � *HQHUDO YLHZ RI WKH WHVWLQJ PDFKLQH



%HKDYLRU RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV ���

���� ,QVWUXPHQWDWLRQ DQG H[SHULPHQWDO GDWD DFTXLVLWLRQ

'HIOHFWLRQV DW WKH PLG KHLJKW LQ WKH GLUHFWLRQ RI WKH PDMRU D[LV ZHUH PHDVXUHG E\ D GLDO JDXJH RI ����

PP SUHFLVLRQ� ZKLOH LQ WKH GLUHFWLRQ RI WKH PLQRU D[LV ZHUH PHDVXUHG E\ PHDQV RI D /LQHDU 9DULDEOH

'LVSODFHPHQW 7UDQVGXFHU �/9'7�� $[LDO GHIRUPDWLRQV DJDLQVW WKH DSSOLHG ORDG ZHUH UHFRUGHG DQG

SORWWHG RQ WKH ;�< SORWWHU RI WKH '$57(& WHVWLQJ PDFKLQH�

&RQFUHWH VWUDLQV ZHUH HYDOXDWHG E\ PHDQV RI WZR OLQHDU YDULDEOH GLVSODFHPHQW WUDQVGXFHUV �/9'7V�

FHQWHUHG YHUWLFDOO\ DW PLG�KHLJKW RI FRPSUHVVLRQ DQG WHQVLRQ IDFHV RI HDFK VSHFLPHQ ZLWK D JDXJH OHQJWK RI

��� PP DV VKRZQ LQ )LJ� �� )RXU HOHFWULFDO VWUDLQ JDXJHV ZHUH XVHG� RQH DW HDFK RI WKH IRXU IODQJH WLSV RI WKH

+�VHFWLRQ DW PLG�KHLJKW RI FROXPQ �� DV VKRZQ LQ )LJ� �� )RU WKH RWKHU ILIWHHQ FROXPQV WZR VWUDLQ JDXJHV

ZHUH DWWDFKHG DW WKH FHQWHU RI HDFK IODQJH RI WKH +�VHFWLRQ DOVR DW WKH FROXPQ PLG�KHLJKW�

&UDFN JURZWK RQ WKH WHQVLRQ VLGH RI WKH FRQFUHWH FRYHU ZDV DOVR PRQLWRUHG GXULQJ WKH WHVWV�

6HSDUDWLRQ EHWZHHQ WKH FROXPQ HQG SODWHV DQG WKH DWWDFKHG FRQFUHWH ZDV DOVR QRWLFHG WR PRQLWRU DQ\

ORFDOL]HG ORVV RI ERQG EHWZHHQ WKH WZR PDWHULDOV� ,Q DGGLWLRQ� IDLOXUH PRGHV ZHUH REVHUYHG DQG

UHFRUGHG GXULQJ HDFK WHVW�

���� ([SHULPHQWDO SURFHGXUH

7KH ORDG ZDV DSSOLHG HFFHQWULFDOO\ WR FDXVH EHQGLQJ DERXW WKH PDMRU D[LV LQ VLQJOH FXUYDWXUH �HTXDO

7DEOH � 'HWDLOV RI FRQFUHWH PL[HV
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HQGV HFFHQWULFLW\�� (DFK RQH RI WKH FROXPQ VSHFLPHQV ZDV ORDGHG FRQWLQXRXVO\ E\ D ���� N1 FDSDFLW\

XQLYHUVDO WHVWLQJ PDFKLQH DQG REVHUYDWLRQV ZHUH PDGH DW HDFK ORDG VWDJH WR GHWHFW WKH LQLWLDWLRQ RI DQ\

YLVLEOH FUDFNV RQ WKH WHQVLOH IDFHV RI WKH VSHFLPHQ� RU FRQFUHWH VSDOO�RII RU EXFNOLQJ RI WKH UHLQIRUFLQJ

EDUV� 9DOXHV RI WKH DSSOLHG ORDG DJDLQVW ODWHUDO GLVSODFHPHQWV ZHUH UHFRUGHG GLJLWDOO\ GXULQJ WHVWLQJ�

ZKLOH� VWUDLQV� DQG /9'7V UHDGLQJV ZHUH FROOHFWHG E\ WKH GDWD DFTXLVLWLRQ V\VWHP� /RDGLQJ UDWH ZDV

HLWKHU ��� RU ��� N1�VHF XS WR DERXW ��� RI H[SHFWHG IDLOXUH ORDG� DQG WKHQ WKH PRGH RI ORDGLQJ ZDV

FKDQJHG WR GLVSODFHPHQW FRQWURO ZLWK D GLVSODFHPHQW UDWH RI ���� PP�VHF� 7KH WHVW ZDV WHUPLQDWHG

ZKHQ WKH UHLQIRUFLQJ EDUV KDG EHHQ EXFNOHG DQG WKH VSDOO RI FRQFUHWH FRYHU KDG WDNHQ SODFH ZKHUHDV WKH

ORDG GHFUHDVHG WR DERXW ������ RI LWV XOWLPDWH YDOXH�

�� 7HVW UHVXOWV DQG GLVFXVVLRQ

([SHULPHQWDO REVHUYDWLRQV RI WKH WHVWHG VSHFLPHQV DQG UHFRUGHG GDWD DUH XWLOL]HG LQ WKLV VHFWLRQ WR

H[SODLQ DQG GHVFULEH WKH EHKDYLRU RI OLJKWZHLJKW FRQFUHWH�HQFDVHG FROXPQV VXEMHFWHG WR D[LDO ORDG DQG

HTXDO HQG PRPHQWV DERXW WKH PDMRU D[LV�

���� )DLOXUH PRGHV RI FROXPQ VSHFLPHQV

7KH W\SH RI IDLOXUH PRGH REVHUYHG IRU DOO FRPSRVLWH FROXPQ VSHFLPHQV GXULQJ WHVWLQJ ZDV W\SLFDOO\

WKDW RI FUXVKLQJ RI FRQFUHWH RQ WKH FRPSUHVVLRQ IDFH RI WKH FROXPQ ZLWK VRPH QRWLFHDEOH FUDFNLQJ RQ

WKH WHQVLOH IDFH� 7KH ILUVW VWDJH DOZD\V FRUUHVSRQGV WR \LHOGLQJ LQ WKH FRPSUHVVLRQ IODQJH RI WKH +�

VHFWLRQ� 7KH VWUDLQ LQ WKH VWHHO IODQJH DW WKH WHQVLOH ]RQH ZDV QH[W WR UHDFK \LHOGLQJ� $ FRQWLQXRXV

GHWHULRUDWLRQ LQ FROXPQ VWLIIQHVV ZDV REVHUYHG� )LQDO FROODSVH ZDV DFFRPSDQLHG E\ VSDOOLQJ RI FRQFUHWH

LQ WKH FRPSUHVVLRQ ]RQH DV VKRZQ LQ )LJ� �� 7KLV LPPHGLDWHO\ UHVXOWHG LQ EXFNOLQJ EHWZHHQ WLHV RI WKH

)LJ� � /RFDWLRQV RI HOHFWULFDO VWUDLQV JDXJHV DQG /9'7V

)LJ� � (OHFWULFDO VWUDLQ JDXJHV DWWDFKHG WR WKH IODQJH WLSV RI WKH K�VWHHO VHFWLRQ IRU FROXPQ �� �%HIRUH FDVWLQJ
FRQFUHWH�



%HKDYLRU RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV ���

ORQJLWXGLQDO UHLQIRUFHPHQW EDUV DW WKH FRPSUHVVLRQ FRUQHUV� UHGXFLQJ WKH FROXPQ WR D PHFKDQLVP� 6WHHO

FROXPQV IDLOHG GXH WR \LHOGLQJ LQ WKH FRPSUHVVLRQ IODQJH RI WKH +�VHFWLRQ DQG VWUDLQV LQ WKH VWHHO IODQJH

DW WKH WHQVLRQ ]RQH ZDV QH[W WR UHDFK \LHOG� 7KH ILUVW VLJQ RI GDPDJH WR FRQFUHWH RFFXUUHG DW ORDGV QRW

OHVV WKDQ ��� RI WKH IDLOXUH ORDG LQ DOO WKH WHVWV� 6HULRXV VSDOOLQJ DQG FUXVKLQJ RI FRQFUHWH OXPSV DOZD\V

RFFXUUHG DW� RU EH\RQG� IDLOXUH ORDGV�

,W ZDV H[SHFWHG WKDW VHYHUH GDPDJH GXH WR IDLOXUH ZLOO RFFXU DW PLG�KHLJKW LQ DOO FROXPQV EHFDXVH DOO

FROXPQV ZHUH WHVWHG LQ VLQJOH FXUYDWXUH� L�H�� HTXDO HQG HFFHQWULFLWLHV� 6RPH VSHFLPHQV VKRZHG GLIIHUHQW

EHKDYLRU� WKDW LV� IDLOXUH WRRN SODFH QHDU WKH ERWWRP HQG SODWH RI WKH FROXPQ� 7KLV SUHPDWXUH FUXVKLQJ RI

WKH FRQFUHWH QHDU WKH ERWWRP HQG SODWH LV SRVVLEO\ GXH WR D PLVDOLJQPHQW RI WKH WRS DQG ERWWRP

HFFHQWULFLWLHV WKDW FRXOG KDYH FUHDWHG DQ XQV\PPHWULFDO SLQQHG�HQGHG FRQGLWLRQ� )XUWKHUPRUH� ZKDWHYHU

WKH UHDVRQ IRU WKLV W\SH RI IDLOXUH LW KDG QR DGYHUVH HIIHFW RQ WKH ORDG�FDUU\LQJ FDSDFLW\ RI WKHVH FROXPQV�

���� /RDG FDUU\LQJ FDSDFLW\

7KH H[SHULPHQWDO IDLOXUH ORDGV RI WKH WHVWHG FROXPQV DUH JLYHQ LQ 7DEOH � DQG DUH FRPSDUHG ZLWK WKH

SUHGLFWHG ORDGV� DV FDOFXODWHG E\ WKH /5)'� DQG WKH %6 ����� $OWKRXJK QR PDWHULDO VDIHW\ IDFWRUV ZHUH

WDNHQ LQWR DFFRXQW LQ WKH FDOFXODWLRQV� WKH H[SHULPHQWDO IDLOXUH ORDGV ZHUH DOZD\V ZHOO LQ H[FHVV RI WKH

HVWLPDWHG YDOXHV� $ FDUHIXO H[DPLQDWLRQ RI 7DEOH � VKRZV WKH IROORZLQJ�

�� 7KH GHVLJQ SURYLVLRQV RI WKH SUHVHQW FRGH SURFHGXUH /5)' DV ZHOO DV %6 ���� DUH IRXQG WR EH

DGHTXDWH WR SUHGLFW WKH VWUHQJWK RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV�

�� 7KH SUHGLFWHG FROXPQ VWUHQJWKV XVLQJ WKHVH WZR PHWKRGV DUH RQ WKH FRQVHUYDWLYH VLGH DQG DUH LQ

UHDVRQDEOH DJUHHPHQW ZLWK WKH WHVW UHVXOWV� 7KH DYHUDJH UDWLR RI WKH XOWLPDWH ORDG FDSDFLW\ REWDLQHG

E\ $,6&�/5)' &RGH WR WKH H[SHULPHQWDO ORDG FDUU\LQJ FDSDFLW\ �3/5)' � 1H  ������ LV QHDUO\ WKH

VDPH RU VOLJKWO\ ORZHU WKDQ WKDW REWDLQHG E\ %ULGJH &RGH %6 ���� �1%6 �1H  �������

�� 7KH ORDG FDUU\LQJ FDSDFLW\ RI WKH EDUH VWHHO VHFWLRQ LQFUHDVHG E\ WKH FRQFUHWH HQFDVHPHQW E\ DERXW

���� IRU /:$& FODVV $ DQG ���� IRU /:$& FODVV %� DV LQGLFDWHG E\ FRPSDULQJ FROXPQV �� �� ��

�� �� DQG � LQ 7DEOH ��

�� 7KH ORDG FDUU\LQJ FDSDFLW\ LV LQYHUVHO\ SURSRUWLRQDO WR WKH HFFHQWULFLW\ RI WKH DSSOLHG ORDG DV

LQGLFDWHG E\ FRPSDULQJ FROXPQV ��� ��� DQG �� RI �� PP HFFHQWULFLW\ ZLWK FROXPQV � DQG � RI

�� PP HFFHQWULFLW\� 7KH ORDG FDUU\LQJ FDSDFLW\ RI FROXPQV �� DQG �� ZDV ���� RQ DYHUDJH RI

WKDW RI FROXPQV � DQG ��

)LJ� � )DLOXUH PRGH RI FROXPQV �� DQG ��
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%HKDYLRU RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV ���

�� 7KH HIIHFW RI FROXPQ KHLJKW RQ WKH ORDG FDUU\LQJ FDSDFLW\ ZDV YHU\ VPDOO DV LQGLFWHG E\ FRPSDULQJ

FROXPQV � DQG � RI � P KHLJKW WR FROXPQV � DQG � RI � P KHLJKW�

�� 7KH HIIHFW RI VWHHO UDWLR RQ WKH ORDG FDUU\LQJ FDSDFLW\ RI WKH FRPSRVLWH FROXPQ ZDV VLJQLILFDQW�

ZKHUH �� LQFUHDVH LQ VWHHO UDWLR FDXVHV DQ LQFUHDVH LQ WKH ORDG FDUU\LQJ FDSDFLW\ E\ DERXW ��� DV

LQGLFDWHG E\ FRPSDULQJ FROXPQV � DQG �� DQG ZDV DERXW ��� IRU FROXPQV � DQG ���

�� 7KH VWUHQJWK RI WKH FROXPQ HQFDVHG LQ OLJKWZHLJKW DJJUHJDWH FODVV ³$´ UHDFKHV ��� DQG FODVV ³%´ UHDFKHV

��� RI WKH VWUHQJWK RI FROXPQV HQFDVHG LQ QRUPDO FRQFUHWH DV LQ WKH FDVH RI FROXPQV ��� ��� DQG ���

���� 6WUDLQV

7KH ORDG�VWUDLQ UHVSRQVH ZDV UHFRUGHG GXULQJ WKH WHVWV IRU DOO FROXPQ VSHFLPHQV LQ VWHHO DQG FRQFUHWH DW

WKH FROXPQV PLG�KHLJKW� /RDG�VWUDLQ FXUYHV RI FROXPQV �� �� ��� DQG �� DUH LOOXVWUDWHG LQ )LJ� �� 6WUDLQV IRU

WKH UHVW RI WKH FROXPQV DUH VLPLODU WR WKRVH SUHVHQWHG LQ )LJ� �� 7KH VWHHO \LHOG VWUDLQV ZKLFK ZHUH REWDLQHG

IURP WKH FRXSRQ WHQVLOH WHVWV �7DEOH �� YDULHG EHWZHHQ ����� � DQG ����� DQG WKH FRQFUHWH XOWLPDWH

VWUDLQV ZHUH EHWZHHQ ����� DQG ����� 1RQH RI WKH WHVWHG FROXPQV WKDW IDLOHG DW WKH PLG�KHLJKW UHDFKHG

WKH \LHOG VWUDLQ DW ORDGV OHVV WKDQ ��� RI WKH IDLOXUH ORDG� ,W FDQ EH VHHQ IURP WKH ORDG�VWUDLQ UHVXOWV IRU

FROXPQV �� �� �� ��� ��� ��� ��� ��� DQG ��� ZKLFK IDLOHG DW WKH PLG�KHLJKW� WKDW WKH VWUDLQV UHDFKHG WKH \LHOG

VWUDLQ DQG WKH XOWLPDWH FRQFUHWH VWUDLQ DW FRPSUHVVLRQ VLGH� ZKLOH WKH VWUDLQV LQ WKH VWHHO IODQJH DW WKH

WHQVLRQ ]RQH ZDV QH[W WR UHDFK \LHOGLQJ� ,Q DGGLWLRQ� IRU DOO FROXPQV� QRQH RI WKH WHQVLRQ VWHHO IODQJHV

UHDFKHG WKH \LHOG VWUDLQ DW IDLOXUH� WKLV LV SRVVLEO\ GXH WR WKH ORZ PRPHQW FRPSDUHG WR WKH D[LDO ORDG�

7KH FRPSRVLWH DFWLRQ ZDV DOVR FRQILUPHG E\ SORWWLQJ WKH VWUDLQV PHDVXUHG LQ VWHHO DQG FRQFUHWH

DFURVV WKH FROXPQ VHFWLRQ DW WKH PLG�KHLJKW� 6WUDLQ GLVWULEXWLRQ DW WKH PLG�KHLJKW VHFWLRQ RI FROXPQV ��

�� DQG ��� DW VHYHUDO ORDG OHYHOV� DUH VKRZQ LQ )LJ� �� 7KH OLQHDU VWUDLQ GLVWULEXWLRQ DFURVV WKH VHFWLRQ ZDV

PDLQWDLQHG XS WR RYHU ��� RI WKH IDLOXUH ORDG� DERYH ZKLFK WKH VWUDLQ LQ VWHHO DQG FRQFUHWH GLG QRW

)LJ� � 6WUDLQV LQ VWHHO DQG FRQFUHWH DW PLG�KHLJKW RI FROXPQV �� �� ��� DQG ��



��� $EEDV 0� $O�6KDKDUL� <DVVHU 0� +XQDLWL� DQG %DVVDP $EX *KD]DOHK

H[KLELW VLPLODU OLQHDU UHODWLRQVKLSV� 6WUDLQ GLVWULEXWLRQ IRU WKH UHVW RI WKH FROXPQV DUH VLPLODU WR WKRVH

SUHVHQWHG LQ )LJ� ��

���� /DWHUDO GHIOHFWLRQV

/DWHUDO GHIOHFWLRQV LQ WKH GLUHFWLRQV RI WKH PDMRU DQG WKH PLQRU D[HV DW PLG�KHLJKW RI FROXPQV �� �� ��

��� ��� DQG �� ZHUH SORWWHG DJDLQVW WKH DSSOLHG ORDG DV VKRZQ LQ )LJ �� $OO FROXPQV ZHUH WHVWHG XQGHU

PDMRU D[LV EHQGLQJ DQG VKRZHG YHU\ VPDOO GHIOHFWLRQV LQ WKH PLQRU D[LV GLUHFWLRQ HVSHFLDOO\ IRU

FRQFUHWH�HQFDVHG FROXPQV� 7KHVH GHIOHFWLRQV ZHUH YHU\ VPDOO DQG VWDUWHG WR LQFUHDVH DW ORDGV PRUH WKDQ

��� RI WKH IDLOXUH ORDG IRU EDUH VWHHO FROXPQV� ZKLOH IRU FRQFUHWH�HQFDVHG FROXPQV� VWDUWHG WR LQFUHDVH

EH\RQG IDLOXUH ORDG� )RU OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FROXPQV� WKH GHIOHFWLRQV DERXW WKH

PDMRU D[LV ZHUH YHU\ VPDOO DW ORZ ORDGV DQG VWDUWHG WR LQFUHDVH DW ORDGV EHWZHHQ �� DQG ��� RI WKH

IDLOXUH ORDG� ,W FDQ EH VHHQ IURP WKH ILJXUHV� WKDW FROXPQV HQFDVHG LQ OLJKWZHLJKW DJJUHJDWH FRQFUHWH

H[KLELWHG OHVV ODWHUDO GHIOHFWLRQ WKDQ WKRVH LQFDVHG LQ QRUPDO FRQFUHWH DQG WKH EDUH VWHHO FROXPQV� 7KH

VWHHO UDWLR KDV LQVLJQLILFDQW HIIHFW RQ WKH ODWHUDO GHIOHFWLRQV IRU FROXPQV RI VWHHO UDWLR RI �� DQG IRU

FROXPQV RI VWHHO UDWLR RI ��� 7KH HIIHFW RI FROXPQ KHLJKW ZDV VLJQLILFDQW� ORQJHU FROXPQV H[KLELWHG PRUH

GHIRUPDWLRQV� /DWHUDO GHIOHFWLRQV IRU WKH UHVW RI WKH FROXPQV DUH VLPLODU WR WKRVH SUHVHQWHG LQ )LJ� ��

���� $[LDO VKRUWHQLQJ

7KH ORDG�D[LDO VKRUWHQLQJ UHVXOWV ZHUH UHFRUGHG IRU FROXPQV �� �� �� ��� ��� ��� DQG ��� DQG WKHVH DUH

LOOXVWUDWHG IRU ERWK /:$& DQG QRUPDO FRQFUHWH�HQFDVHG FROXPQV LQ DGGLWLRQ WR WKH EDUH VWHHO FROXPQV

LQ )LJ� �� 7KH ORDG�D[LDO VKRUWHQLQJ FXUYHV ZHUH XVHG LQ DVFHUWDLQLQJ WKH RQVHW RI \LHOGLQJ RI HDFK WHVW�

WRJHWKHU ZLWK WKH GHWHUPLQDWLRQ RI WKH XOWLPDWH ORDG RI HDFK LQGLYLGXDO PHPEHU� ,W FDQ EH VHHQ IURP WKH

ILJXUHV WKDW WKH D[LDO VKRUWHQLQJ LQFUHDVH VORZO\ ZLWK WKH LQFUHDVH LQ WKH ORDG XS WR IDLOXUH WKHQ LW

LQFUHDVH IDVWHU ZLWK WKH ORDG GHFUHDVH HVSHFLDOO\ IRU EDUH VWHHO FROXPQV� /RDG�D[LDO VKRUWHQLQJ IRU WKH

UHVW RI WKH FROXPQV DUH VLPLODU WR WKRVH SUHVHQWHG LQ )LJ� ��

���� 0RPHQW�WKUXVW�FXUYDWXUH UHODWLRQVKLS

7KH PRPHQW�WKUXVW�FXUYDWXUH UHODWLRQVKLSV ZHUH GHWHUPLQHG IURP WKH VWUDLQ GLVWULEXWLRQ DFURVV WKH

)LJ� � 0LG�KHLJKW VWUDLQ GLVWULEXWLRQ DFURVV WKH VHFWLRQ DW GLIIHUHQW 1�1
X
� UDWLRV IRU FROXPQV �� �� DQG ��



%HKDYLRU RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV ���

FROXPQ VHFWLRQ DW PLG�KHLJKW� 3ORWV RI WKH PRPHQW�WKUXVW�FXUYDWXUH IRU FROXPQV �� �� �� ��� ��� ��� DQG

�� DUH SUHVHQWHG LQ )LJ� ��� 0RPHQW�WKUXVW�FXUYDWXUH IRU WKH UHVW RI WKH FROXPQV DUH VLPLODU WR WKRVH

SUHVHQWHG LQ )LJ� ��� 7KH FXUYDWXUH YDOXH DW HDFK ORDG OHYHO ZDV GHWHUPLQHG E\ WDNLQJ WKH DYHUDJH RI WKH

WZR VWUDLQ YDOXHV RQ HDFK VWHHO IODQJH DQG FRQFUHWH VWUDLQV DW WKH FRPSUHVVLRQ DQG WHQVLRQ IDFHV� DV

IROORZ�

DQG

KHQFH

ZKHUH

φ WKH FXUYDWXUH LQ UDGLDQ�PP�

\ WKH GLVWDQFH IURP H[WUHPH ILEHU WR WKH QHXWUDO D[LV�

φ
ε

F

\
����=

\ K
ε

F

ε
F

ε
W

+
��������������=

φ
ε

F
ε

F
+
K

���������������=

)LJ� � /RDG�ODWHUDO GHIOHFWLRQ FXUYHV DERXW PDMRU DQG PLQRU D[HV DW PLG�KHLJKW RI FROXPQV �� �� �� ��� ��� DQG ��

)LJ� � /RDG YHUVXV D[LDO VKRUWHQLQJ RI FROXPQV �� �� �� ��� ��� ��� DQG ��



��� $EEDV 0� $O�6KDKDUL� <DVVHU 0� +XQDLWL� DQG %DVVDP $EX *KD]DOHK

εF VWUDLQ LQ PRVW FRPSUHVVHG ILEHU LQ FRQFUHWH�

εW VWUDLQ LQ H[WUHPH FRQFUHWH ILEHU LQ WHQVLRQ�

K FROXPQ RYHUDOO GHSWK�

7KH H[SHULPHQWDO PRPHQW� 0[� LV JLYHQ E\�

0[  3H�H[ � X�

ZKHUH

3H H[SHULPHQWDO DSSOLHG ORDG�

H[ HFFHQWULFLW\ RI WKH DSSOLHG ORDG DERXW WKH PDMRU D[LV�

X GHIOHFWLRQ GXH WR WKH DSSOLHG ORDG�

,W FDQ EH VHHQ IURP WKH FXUYHV WKDW WKH VWLIIHQLQJ HIIHFW RI WKH OLJKWZHLJKW FRQFUHWH HQFDVHPHQW LV

KLJKHU IRU ORZ HFFHQWULFLWLHV DQG DV WKH HFFHQWULFLW\ LQFUHDVHV� WKH FXUYDWXUH GHFUHDVHV� 7KLV LV EHFDXVH

DV WKH HFFHQWULFLW\ LQFUHDVH D ODUJH DUHD RI FRQFUHWH ZLOO EH VXEMHFWHG WR WHQVLRQ DQG KHQFH FUDFNHG� WKXV

FDXVLQJ D UHGXFWLRQ LQ WKH VWLIIHQLQJ HIIHFW RI WKH FRQFUHWH� 7KH LQFUHDVH LQ VWHHO UDWLR FDXVHV D VOLJKW

LQFUHDVH LQ FXUYDWXUH� )RU WKH VDPH VWHHO UDWLR� DV WKH FROXPQ KHLJKW LQFUHDVHV WKH FXUYDWXUH LQFUHDVHV�

&RPSRVLWH FROXPQV H[KLELW OHVV GXFWLOLW\ WKDQ WKH EDUH VWHHO FROXPQV� )XUWKHUPRUH� OLJKWZHLJKW FRQFUHWH�

HQFDVHG FROXPQV KDYH ORZHU FXUYDWXUH WKDQ QRUPDO FRQFUHWH�HQFDVHG FROXPQV DV LQGLFDWHG LQ )LJ� ���

���� 6HSDUDWLRQ DQG ERQG

6HSDUDWLRQ EHWZHHQ WKH FRQFUHWH DQG WKH FROXPQ HQG SODWHV ZDV REVHUYHG LQ VRPH VSHFLPHQV

WKURXJKRXW WKH WHVW HVSHFLDOO\ DW KLJK ORDG OHYHOV �PRUH WKDQ ��� RI WKH IDLOXUH ORDG�� 7KH VHSDUDWLRQ

RFFXUUHG DW WKH WHQVLRQ VLGH DQG ZDV YHU\ VPDOO �OHVV WKDQ � PP� LQ FROXPQV ZLWK �� PP HFFHQWULFLW\

DQG EHWZHHQ � WR � PP LQ FROXPQV ZLWK �� PP HFFHQWULFLW\�

���� &UDFNV

,W ZDV QRWLFHG WKDW FUDFNV GHYHORSHG TXLWH HDUO\ LQ WKH ORQJ FROXPQV HQFDVHG E\ /:$& DQG VXEMHFWHG

)LJ� �� 0RPHQW�WKUXVW�FXUYDWXUH UHODWLRQVKLS DERXW PDMRU D[LV DW PLG�KHLJKW IRU FROXPQV �� �� �� ��� ��� ��� DQG ��



%HKDYLRU RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV ���

WR ODUJH HFFHQWULFLWLHV� +RZHYHU� LQ QR FDVH GLG WKH FUDFNV VHHP WR DIIHFW WKH ORDG FDUU\LQJ FDSDFLW\ RI

WKH FROXPQV� &ROXPQV RI � P KHLJKW DQG ODUJH HFFHQWULFLW\ RI �� PP �FROXPQV �� �� �� DQG �� VKRZHG

PLQRU KDLUOLQH FUDFNV DW D ORDG UDWLR RI DERXW ������ RI WKH IDLOXUH ORDG RQ WKH WHQVLRQ VLGHV RI WKH

VSHFLPHQV� %H\RQG WKH PD[LPXP ORDG OHYHO� PDMRU FUDFNV VWDUWHG WR DSSHDU RQ WKH WHQVLRQ VLGHV RI WKH

VSHFLPHQV DW ORFDWLRQV QHDU WKH PLGGOH RI WKH FROXPQV� $V WKH D[LDO ORDG VWDUWHG WR GURS DQG WKH ODWHUDO

GLVSODFHPHQW LQFUHDVHG� FRQFUHWH RQ WKH FRPSUHVVLRQ VLGHV RI WKH FROXPQ VWDUWHG WR VSDOO RII�

)XUWKHUPRUH� FROXPQV RI � P KHLJKW DQG ODUJH HFFHQWULFLW\ RI �� PP �FROXPQV �� �� ��� DQG ��� VKRZHG

PLQRU KDLUOLQH FUDFNV DW D ORDG UDWLR RI DERXW ������ RI WKH IDLOXUH ORDG RQ WKH WHQVLRQ VLGHV RI WKH

VSHFLPHQV� 6LJQV RI FRQFUHWH FUXVKLQJ VWDUWHG WR DSSHDU RQ WKH FRPSUHVVLRQ VLGHV RI WKH VSHFLPHQV DW D

ORDG OHYHO QHDU WKH PD[LPXP ORDG� ,Q DGGLWLRQ� IRU FROXPQV HQFDVHG LQ OLJKWZHLJKW DJJUHJDWH FRQFUHWH

ZLWK � P KHLJKW DQG ORZ HFFHQWULFLW\ RI �� PP� FUDFNV ZHUH REVHUYHG DW ORDG UDWLR RI ������ RI WKH

IDLOXUH ORDG DV LQ FROXPQV ��� ��� ��� DQG ���

�� &RQFOXVLRQV

7KH WHVW UHVXOWV KDYH VKRZQ WKDW OLJKWZHLJKW FRQFUHWH HQFDVHPHQW VLJQLILFDQWO\ HQKDQFHV WKH ORDG

FDUU\LQJ FDSDFLW\ RI WKH VWHHO VHFWLRQV EXW LWV GXFWLOLW\ LV GHFUHDVHG� )XUWKHUPRUH� OLJKWZHLJKW FRQFUHWH

FROXPQV RI VPDOO ORDG HFFHQWULFLW\� UHDFKHG EHWZHHQ ��� DQG ��� RI WKH ORDG FDUU\LQJ FDSDFLW\ RI

QRUPDO FRQFUHWH FROXPQV� ZKLOH IRU ODUJH HFFHQWULFLW\� WKH FDSDFLWLHV DUH DOPRVW LGHQWLFDO� 0RUHRYHU�

OLJKWZHLJKW FRQFUHWH FDQ SURYLGH SHUIHFW ERQG WR VWHHO VHFWLRQV XS WR IDLOXUH� 7KH VWUXFWXUDO VWHHO UDWLR WR

JURVV FROXPQ DUHD KDV DOVR D VLJQLILFDQW HIIHFW RQ WKH ORDG FDUU\LQJ FDSDFLW\ RI WKH FRPSRVLWH FROXPQ� $

FKDQJH LQ VWHHO UDWLR IURP �� WR �� FDXVHV DQ LQFUHDVH LQ WKH ORDG FDUU\LQJ FDSDFLW\ WKDW UHDFKHG ����

,W LV DOVR GHPRQVWUDWHG WKDW� WKH GHVLJQ SURYLVLRQV RI WKH SUHVHQW FRGH SURFHGXUHV� /5)' DV ZHOO DV %6

���� DUH IRXQG WR EH DGHTXDWH WR SUHGLFW WKH VWUHQJWK RI OLJKWZHLJKW FRQFUHWH�HQFDVHG FRPSRVLWH

FROXPQV� &ROXPQ VWUHQJWK SUHGLFWLRQV XVLQJ WKHVH WZR PHWKRGV DUH RQ WKH FRQVHUYDWLYH VLGH DQG DUH LQ

UHDVRQDEOH DJUHHPHQW ZLWK WKH WHVW UHVXOWV� $OWKRXJK TXDOLW\ FRQWURO RI OLJKWZHLJKW DJJUHJDWH FRQFUHWH

LV VRPHZKDW GLIILFXOW� LW LV VWLOO YDOXDEOH LQ FHUWDLQ FDVHV WR UHSODFH RUGLQDU\ FRQFUHWH E\ OLJKWZHLJKW

DJJUHJDWH FRQFUHWH GXH WR LWV JRRG SHUIRUPDQFH DQG GLVWLQFW DGYDQWDJHV�

5HIHUHQFHV

$O�6KDKDUL� $� ������� ³%HKDYLRU RI OLJKWZHLJKW FRQFUHWH�HQFDVHG FRPSRVLWH FROXPQV´� 3K� '� 7KHVLV� 8QLYHUVLW\
RI -RUGDQ� $PPDQ� -RUGDQ�

$PHULFDQ ,QVWLWXWH RI 6WHHO &RQVWUXFWLRQ ������� /RDG DQG 5HVLVWDQFH )DFWRU 'HVLJQ 6SHFLILFDWLRQ IRU 6WUXFWXUDO
6WHHO %XLOGLQJV �$,6&�/5)'�� &KLFDJR� ,OOLQRLV�

(XURSHDQ &RPPLWWHH IRU 6WDQGDUGL]DWLRQ� �(XURFRGH �� ������� 'HVLJQ RI &RPSRVLWH 6WHHO DQG &RQFUHWH 6WUXFWXUHV�
3DUW �� *HQHUDO 5XOHV DQG 5XOHV IRU %XLOGLQJ� %UXVVHOV� %HOJLXP�

)XUORQJ 5�:� ������� 6WHHO�&RQFUHWH &RPSRVLWH &ROXPQV ,,� ,Q� 1DUD\DQDQ 5� �HGLWRU�� 6WHHO�&RQFUHWH &RPSRVLWH
6WUXFWXUHV� 6WDELOLW\ DQG 6WUHQJWK� (OVHYLHU $SSOLHG 6FLHQFH 3XEOLVKHUV /7'� /RQGRQ�

+XQDLWL� <� 0� ������� ³&RPSRVLWH DFWLRQV RI IRDPHG DQG OLJKWZHLJKW DJJUHJDWH FRQFUHWH´� -RXUQDO RI 0DWHULDOV
LQ &LYLO (QJLQHHULQJ� $6&(� ����� ��������

+XQDLWL� <� 0� ������� ³6WUHQJWK RI FRPSRVLWH VHFWLRQV ZLWK IRDPHG DQG OLJKWZHLJKW FRQFUHWH´� -� 0DWHU� LQ &LYLO
(QJ�� $6&(� ����� ������

1HYLOOH� $� 0� ������� 3URSHUWLHV RI &RQFUHWH� �WK� HGLWLRQ� 3UHQWLFH +DOO� /RQGRQ�
665& ������� &RPSRVLWH &ROXPQV DQG 6WUXFWXUDO 6\VWHPV� ,Q� *DODPERV� 7� 9� �HGLWRU�� *XLGH WR 6WDELOLW\



��� $EEDV 0� $O�6KDKDUL� <DVVHU 0� +XQDLWL� DQG %DVVDP $EX *KD]DOHK

'HVLJQ &ULWHULD IRU 0HWDO 6WUXFWXUHV� �WK HGLWLRQ� -RKQ :LOH\ 	 6RQV� ,QF� 1HZ <RUN�
6DZ� +� 6� DQG /LHZ� -� 5� ������� ³$VVHVVPHQW RI &XUUHQW PHWKRGV IRU WKH GHVLJQ RI FRPSRVLWH FROXPQV LQ
EXLOGLQJV´� -RXUQDO RI &RQVWUXFWLRQDO 6WHHO 5HVHDUFK� �����������

6KDNLU�.KDOLO� +� ������� 6WHHO�&RQFUHWH &RPSRVLWH &ROXPQV ,� ,Q� 1DUD\DQDQ 5� �HGLWRU�� 6WHHO�&RQFUHWH &RPSRVLWH
6WUXFWXUHV� 6WDELOLW\ DQG 6WUHQJWK� (OVHYLHU $SSOLHG 6FLHQFH 3XEOLVKHUV /7'� /RQGRQ�

6KDULI� 5� /� ������� ³7KH XVH RI SR]]RODQV IRU OLJKWZHLJKW FRQFUHWH LQ MRUGDQ´� 'LUDVDW� -� 3XUH DQG $SSO� 6FLHQFHV�
8QLYHUVLW\ RI -RUGDQ� ;9���� �������

6PLWK� '� *� (� ������� ³&RPSRVLWH FROXPQV ZLWK OLJKWZHLJKW FRQFUHWH FDVLQJ´� 7KH 6WUXFWXUDO (QJLQHHU� ��$����
��������

9LGHOD� &� DQG /üSH]� 0� ������� ³0L[WXUH SURSRUWLRQLQJ PHWKRGRORJ\ IRU VWUXFWXUDO VDQG OLJKWZHLJKW FRQFUHWH´�
$&, 0DWHULDOV -RXUQDO� ������ 0D\�-XQH� ��������

9LUGL� .� 6� $QG 'RZOLQJ� 3� -� ������� ³7KH XOWLPDWH VWUHQJWK RI FRPSRVLWH FROXPQV LQ ELD[LDO EHQGLQJ´� 3URF�
,QVWQ� &LYLO (QJLQHHUV� 3DUW �� ��� 0DU� ��������

1RWDWLRQ

$U � DUHD RI ORQJLWXGLQDO UHLQIRUFHPHQW
$V � DUHD RI WKH VWHHO VKDSH
EI � EUHDGWK RI VWHHO IODQJH RI +�VHFWLRQ
G � RYHUDOO GHSWK RI WKH +�VHFWLRQ
H[ � HFFHQWULFLW\ RI WKH DSSOLHG ORDG DERXW WKH PDMRU D[LV
IFX � FKDUDFWHULVWLF ���GD\ FXEH FRPSUHVVLYH VWUHQJWK RI FRQFUHWH
IU\ � QRPLQDO \LHOG VWUHQJWK RI UHLQIRUFHPHQW
I\ � \LHOG VWUHQJWK RI VWHHO VKDSH
IF
 � FRQFUHWH F\OLQGHU FRPSUHVVLYH VWUHQJWK
K � FROXPQ RYHUDOO GHSWK
, � PRPHQW RI LQHUWLD RI WKH VWHHO VKDSH
0X � UHTXLUHG IOH[XUDO VWUHQJWK �/5)'�&��
0X � XOWLPDWH PRPHQW RI UHVLVWDQFH �%6 �����
0X[H � H[SHULPHQWDO PLG�KHLJKW PRPHQW DERXW WKH PDMRU D[LV DW IDLOXUH
0[H � H[SHULPHQWDO PLG�KHLJKW PRPHQW DERXW WKH PDMRU D[LV
1%6 � XOWLPDWH ORDG SUHGLFWHG E\ %6 ����
1H � H[SHULPHQWDO IDLOXUH ORDG
1X � VTXDVK ORDG
3H � H[SHULPHQWDO DSSOLHG ORDG
3/5)' � XOWLPDWH ORDG SUHGLFWHG E\ /5)'
3QR � QRPLQDO D[LDO VWUHQJWK RI VWXE FROXPQ �/5)'�
U � UDGLXV RI J\UDWLRQ RI WKH VWHHO VKDSH
WI � DYHUDJH WKLFNQHVV RI WKH IODQJH RI D VWHHO VHFWLRQ
WZ � DYHUDJH WKLFNQHVV RI WKH ZHE RI D VWHHO VHFWLRQ
X � H[SHULPHQWDO PLG�KHLJKW GHIOHFWLRQ DERXW WKH PDMRU D[LV
[ � VXEVFULSW UHODWLQJ V\PERO WR VWURQJ D[LV EHQGLQJ
\ � VXEVFULSW UHODWLQJ V\PERO WR ZHDN D[LV EHQGLQJ� RU WKH GLVWDQFH IURP H[WUHPH ILEHU WR WKH QHXWUDO D[LV
= � SODVWLF VHFWLRQ PRGXOXV RI WKH VWHHO VHFWLRQ
εF RU εFF � VWUDLQ LQ PRVW FRPSUHVVHG ILEHU LQ FRQFUHWH
εW RU εFW � VWUDLQ LQ H[WUHPH FRQFUHWH ILEHU LQ WHQVLRQ
εVF � VWUDLQ LQ PRVW FRPSUHVVHG ILEHU LQ VWHHO
ε\ � \LHOG VWUDLQ RI VWHHO
εU\ � \LHOG VWUDLQ RI UHLQIRUFHPHQW
αF � FRQFUHWH FRQWULEXWLRQ IDFWRU
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