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Abstract

From roads to roofs, homes to high-rises, my inspiration is the promise
of building cyber-physical infrastructure for human interaction and enabling
smart city applications. Unfortunately, there are several challenges in achiev-
ing this vision, due to the end of Moore’s law, Dennard scaling, and our lim-
ited views on how computing systems are manufactured. To date, device
manufacturing has focused primarily on miniaturization—packing the most
functionality in the smallest form factor, despite our physical infrastructure
being much larger in scale. We need to think creatively, design devices in
new form factors (made in structural forms like walls, tables, facades, etc.)
and materials of various kinds (e.g., those with extreme mechanical strength)
that make up our built environments. There remain several challenges at
the nexus of device power, form factor, and scale for designing our cyber-
physical infrastructure.

In this dissertation work, | introduce “computational infrastructure mate-
rials” that enable us to build energy-efficient sensing, actuation, and com-
munication in networked physical infrastructure (e.g., buildings, sidewalks)
forms. Specifically, | look at how to enable our infrastructure materials (e.g.,
concrete, wood, composites) to do computation: (1) as they bear large force
(4000 Ibs) (2) enable battery-free sensing and activity recognition at long
distances ( 70km), (3) actuate large-structures in response to user interac-
tion, and (4) enable battery-free wireless communication. Additionally, |
offer insights from the field about developing and deploying multi-modal
tactile guidance surfaces. They contribute to an understanding of how com-
putational infrastructure materials can support application areas such as ac-
cessibility.

Taken together, the capabilities introduced this thesis enable a range of
applications in the built environment, such as digital buildings, accessibility,
and ultimately towards creating sustainable and resilient cyber-physical in-
frastructure for human interaction. Finally, | summarize the contribution of
this thesis and propose several future research efforts.
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6SHFWURJUDP VKRZLQJ WKH YLEUDWLRQ UHVSRQVH YDU

WLYLWLHV RQDQ LQVWUXPHQWHG WDEOH &|RORU YDULD

LQWHQVLW\ PDJQLWXGH

)DEULFDWLRQ 3URFHVV IRU $FWLYH & HPHQW 7DEOH LQFO;
LQJD &1& PLOO $ DWWDFKLQJWKHILEHU LQVHUWLRQ K
LQVHUWLQJ WKH RSWLFDO ILEHUV & SODFLQJWKH)%* 6]
FDVWLQJFHPHQW LQWR WKHPROG ( DQG WKHILQLVKHG
2SWLFDO )LEHU ,QVHUWHU DQG &XWWHU $VVHPEO\ $ LQ
GHVLJQ VRIWZDUH &

$ J)UHTXHQF\UHVSRQVHV IRU GLIIHUHQW PDWHULDOV VX
KDPPHU H[FLWDWLRQ 1RWH WKHFKDQJHV LQ IUHTXHQF\ |
WHULDO % 6KRZV &RPELQHG FODVVLILFDWLRQ DFFXUL
YDU\LQJ GLVWDQFH :HREVHUYH WKDW ZLWK GLVWDQFHV
QRW DQ DSSUHFLDEOH GHFUHDVH LQ SHUIRUPDQFH RI RXL
6SHFWURJUDP VKRZLQJ WKH IRRWVWHS GHWHFWLRQ DW L
WKUHH VHQVRUV N )%* $ DFFHOHURPHWHU % DQG VXU
1RWH WKDW WKH )%* FDQ FOHDUO\ GHWHFW PDQ\ Rl WKH I
LV QR YLVLEOH UHVSRQVH IURP WKH RWKHU WZR VHQVRUV
)DEULFDWLRQ 3URFHVV IRU $FWLYH :DOO $)%* VHQVRU 1
DQJXODU PROG FRQWDLQLQJDQ LQMHFWHG ILEHU RSWLF
FDVW LQWR WKH PROG % $ UHJLRQ RIDQ H[LVWLQJ GU\
UHSODFHG ZLWK WKH FDVW VWUXFWXUH & * )LQDOO\ W
RSWLFDO ILEHUV LV WHVWHG DQG UHYHDOV WKH PHVVDJH
$ YDULHW\ RI VXUIDFH JHVWXUHV VXFK DV D NQRFN $ W
FDQ EH UHOLDEO\ GHWHFWHG LQ GLVFUHWH ORFDWLRQV |
VSHFWURJUDPV

$SSOLFDWLRQV RI WKH $FWLYH :DOO $Q LQWHUDFWLYH F
WLRQ XVHV JHVWXUH LQSXW DQG YLVXDO IHHGEDFN WR JX
QHHG WRJR $' $ SDVVLYH ZRUNVKRS DEWLYLW\ UHEFRJ
VHQVHV ZKDW WRROV DUH EHLQJ XVHG (* DQG ZDUQV X
SHUVRQ HQWHUV WKH VKRS DUHD WR HQKDQFH ZRUNVKRS
$FWLYH ZDOO FODVVLILEDWLRQ DFEXUDF\IRU JHVWXUHV
WLFLSDQWYV 7KH OHIW FRQIXVLRQ PDWUL[VKRZV SHUIRU
LQLGHQWLI\LQJFRPPRQ ZDOO JHVWXUHVY NQRFN WDS D!
WLFLSDQWYV 7KH ULJKW FRQIXVLRQ PDWUL[ VKRZV SHUI
ZDOOLQLGHQWLI\LQJWDS ORFDWLRQV DFURVV SDUWLF
&RQIXVLRQ PDWULFHV IRU YDULRXV HYHQWV RQ WZR LQW
VKRZV SHUIRUPDQFH RIHPEHGGHG FRIIHH WDEOH XQLW L«
DFWLYLWLHV % VKRZV SHUIRUPDQFH RIWKHDFWLYH ZD
VKRS DFWLYLWLHYV

$SSOLFDWLRQV RI WKH DFWLYH WDEOH LQFOXGLQJ DFWL
WLRQVRQDQGDURXQG WKHWDEOH $ ( DQGDJHVWXUH E|
XVHV WDS VZLSH DQG NQRFN DV LQSXW FRQWURO IRU D
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JLEHU:LUH )DEULFDWLRQ ZRUNIORZ D 'SULQWLQJRI FI
FXLW LQVHW VKRZV 6(0 LPDJH RI WKH FDUERQ ILEHUV ER
WKH UHVLQ PDWUL[ E /DVHU HWFKLQJ RI HSR[\ WR H[SRYV
LQVHW VKRZV UHVXOWV RI ODVHU HWFKLQJ F 'ULOOLQJF
ZLWK HOHFWURQLF FRPSRQHQW SLQV G 'HSRVLWLRQRIV
FDUERQ ILEHU LQVHW VKRZV FDUERQ ILEHUV DUH FRDWH (
DQG H 30DFHPHQW RIWKH FRPSRQHQWV

D 6KRZV F\OLQGULFDO YLD SULQWHG EHWZHHQ WUDFHYV (
DFWHUL]DWLRQ WHVW EHWZHHQ OD\HUV

D 6KRZV WKH VOLGHUV IDEULFDWHG ZLWK )LEHU:LUH :H
VLIQ YDU\LQJ WKH FDSDFLWRU SODWHDUHD E 6KRZV WKF
1RWHWKDW SULQWV RIDOO SULQWHG H[DPSOHV KDYH EHF
ORQ EDVH ZLWK EODFN FDUERQ ILEHUV WR PDNH PDWHULIL
F 6KRZV WKH FKDUDFWHUL]DWLRQ RIFDSDFLWDQFH YV Gl
RXUVOLGHUDFURVYVY WKH GHYLFH

D 6KRZV WKH URWDU\ HQFRGHUV IDEULFDWHG ZLWK )LEF
FOXGHV SDUWLDOO\ILOOHG FDUERQ ILEHU LQ VHPL FLUF
ZLWK FDUERQ ILEHU E 6KRZV WKH DVVHPEO\ RI WKH HQF
FKDUDFWHUL]DWLRQ RIFDSDFLWDQFH YV DQJOHRIRXU U

$ XVHU KROGLQJD IXOO ERG\ELNH KDQGOH EDU ZLWK HPE
FLUFXLWU\DQG WRXFKFRQWUROV E 6KRZVWKHWRS YLH
SRQHQWY SODFHG RQ WRS RI WKH FLUFXLW F 6KRZV DQ |
HOHFWURQLF FRPSRQHQWYV ZKLFKLQFOXGH KHDGOLJKW
WRXFK FRQWUROV SULQWHG VOLGHU $UGXLQR 1DQR PL
WRXFK VHQVLQJ ERDUG DQG PRELOH SKRQH FDVLQJ G ¢
WKDW JRLQWR WKH KDQGOH EDU FLUFXLWU\ SULQWHG RY
QHFWHG E\ YLDV

D 6KRZVWKHJROIFOXEZLWKD XVHUE 6KRZV WKHH[SORC
ZLWK5)GXLQR DQG DFFHOHURPHWHU F 6KRZV WKH WRS'Y
VDPSOH G 6KRZV WKH GURS EDOO LPSDFW WHVW RI WKH J
+DQGOH %DU 6WUHQJWK 7THVWLQJI| 6KRZV WKH IDEULFDW
WZR ILEHU WUDFHVY HPEHGGHG ZLWK D Q\ORQ OD\HU LQ W
WKH FDSV WKDW JR ZLWK WKH EXWWRQV ZKLFK DUH DOVR
ILEHU

D $ XVHU KROGLQJDQLQWHUDFWLYH JDPHFRQWUROOHU
WKDW KHOS SOD\D S6XSHU ODULRT JDPH ZLWK WKH /(' PDV
H[SORGHG YLHZ RI DOO WKH FRPSRQHQWY WKDW DUH KR X
FRQWUROOHUL H /('PDWUL[ 5HVLVWRUV $UGXLQR 1DQ
VHQVLQJ ERDUG F 6KRZV WKH FRPSRQHQWY SODFHG LQ
YLHZ G 6KRZV PXOWLSOH OD\HUV Rl FDUERQ ILEHU FLUF
HOHFWULFDO FRPSRQHQWY DQG FDSDFLWLYH VHQVLQJ W
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D $JHRGHVLEFGRPHWKDW GHSOR\VLWVHOIXSRQLQIODW
DFWXDWLRQ DQG DFRXVWLF VHQVLQJ WR RSHQ LWV GRRU
E DFDQRS\ZLWK D FRQWUROODEOH YHQHWLDQ EOLQG Y
D SRUWDEOH WDEOH LQIODWHG RQ GHPDQG YLD D SUHV V)
RI RXU VWUXFWXUHV KDYH HPEHGGHG DEFWXDWLRQ DQG V
UDQJHRILQWHUDFWLRQV HJ DXVHUSHUIRUPVDNQREN
GRRUDQG WKH GRRU VZLQJV RSHQ

D $Q RYHUYLHZ RIDQ LQWHUDFWLYH JHRGHVLF GRPH ZL
DQGVHQVRUVHPEHGGHGDVD SDUW RIWKHVWUXFWXUH
RIFRQWDFW PLFURSKRQHV WKDW DUH XVHG WR GHWHFW
I[UHTXHQF\ XOWUDVRQLF DFRXVWLF VHQVLQJ WKH YDULR
IRUGRRUDQGZLQGRZV GHSOR\HG E 2YHUYLHZRILQWHI
WXUHZLWKDQHPEHGGHGFDSDFLWLYHVHQVRUIRUFRQW!
WDEOH ZLWK HPEHGGHG SUHVVXUH VHQVLQJIRU GHSOR\F

6KRZV D XVHU FRQQHFWLQJD SQHXPDWLF SLSH D DQG W|
LWVHOI E WKHVWUXFWXUHLVIXOO\GHSOR\HG F DQG W

D VKRZV D XVHU SHUIRUPLQJ D NQRFNJHVWXUHDQG RXU
XVHU LQSXW E VKRZV WKH GRRU RSHQLQJIRU WKH XVHL
XVHU SHUIRUPLQJD VTXHH]H JHVWXUH G VKRZV WKH ZL
UROOLQJ XS LQ UHVSRQVH H VKRZV D XVHU SHUIRUPLQ.
VKRZV WKH OLJKWLQJ VZLWFKHG RQLQVLGH WKH GRPH

8VLQIJVZHSWIUHTXHQF\ XOWUDVRQLFDFRXVWLF VHQVLQ
LGHQWLI\D QXPEHURIJHVWXUHYVY ZKHQ SHUIRUPHG RQ RX
EHUV 1RWH WKDW WKH IUHTXHQF\ UHVSRQVHY DERYH UL
UHJLRQ GLVSOD\HG LQ WKH IDU ULJKW RI WKH ODSWRS VF

D THFKQLFDO GUDZLQJRIRXUFDSDFLWLYHVOLGHU LPS(
LOWR WKHLQIODWDEOHPHPEHU E VKRZV D XVHU EHJLQ(
WKH PHPEHU F VKRZV WKH YLVXDOL]J]HG RXWSXW RQ D (
H 2XU SUHVVXUH VHQVLQJ LPSOHPHQWDWLRQ DV D XVHI
LQIODWHG PHPEHUDQG WKH SUHVVXUH LV YLVXDOL]HG R

D UROOLQJEHQGDFWXDWRULPSOHPHQWDWLRQV E WZI
2XULQIODWHG WHQGRQ GULYH G 2XUUROOLQJEHQGDF
KDOlI UROOLQJXSRQLQIODWLRQ

$ ZDON WKURXJK RI RXU LQWHUDFWLYH FDQRS\ ZLWK D X
DQRG FRQWUROOLQJWKHEOLQGV YLD D VZLSHJHVWXUH F
H I

$ GHSOR\DEOH WDEOH ZLWK D XVHU WULJJHULQJ WKH VW
WLRQ ZLWK DQ HPEHGGHG SUHVVXUH VHQVRU

D 2XUFXVWRPL]HG KHDW VHDOLQJ SULQWHU :RUNLQJ FI
LQJLURQ FDQ EH VHHQ WKURXJK LQVHW E -RLQWYV PDG|
PHPEHUV ZLWK YHOFUR KRRN DQG ORRS F ([SORGHG YLI
WLRQ RI WKHLQOHW YDOYH V\VWHP

[LY



6KRZV YDULRXV XVHU VNHWFKHV RILOQWHUDFWLYHGHSOR
DGHSOR\DEOH YHVW WKDW FDQ FXVWRPILW XSRQLQSXW
FKDLUZLWKDGMXVWDEOH VWRUDJHFORVHWF VKRZV DF
UHVW G VKRZV YDULRXV RWKHULQWHUDFWLYH GHSOR\DE

D &RPSUHVVLRQ WHVWLQJRIDQLQIODWHG WUXVV PHPE!
WHVWLQJPDFKLQH E 6KRZVORDGLQJYVDSSOLHG SUHV
HOHPHQWY XQGHU FRPSUHVVLYH ORDG F )($DQDO\VLYV
WLRQ RIRXUWUXVVIUDPHV IURP XQGHIRUPHG VWDWH G
WLRQ RI FPIURP WRS DQG FDQRS\ VKRZV D GHIOHFWLR
WLS RI WKH URRI

6KRZV WKH PDQXIDFWXULQJ SURFHVV IRU FRPSXWDWLRC
FURVV ODPLQDWHG SO\RIDUHODWLYHO\VRIW ZRRG ZLWk
SLHJRHOHFWULF HQHUJ\ KDUYHVWHU

6KRZV YDULRXV HQHUJ\ KDUYHVWLQJPHFKDQLVPV WKDW
SOLHV RI FURVV ODPLQDWHG ZRRG

6KRZV HQHUJ\ KDUYHVWLQJ VWRUDJH DQG XOWUD ORZ
VWUXFWHG ZLWK WXQQHO GLRGH

6KRZV FXUUHQW YV YROWDJH DQG WKH SRZHU YV YROWDJ
WXQQHO GLRGH LQ WKH UHJLRQ RILQWHUHVW

$ KRXUVSHFWUXP GDWDIRU 0+] 0+] 7KHGRWWHG L
FDWHV TXLWH SDUWV RI WKH VSHEWUXP WKDW FDQ EH XV+
3RZHU VSHFWUXP RI RXU RVFLOODWRU SHDN DW P GLVW
VLIQDOLQ WKH O0+]EDQG DWD SHDNELDVLQJSRZHU RI
6KRZV KDQGKHOG LQWHUDFWLYHLQSXW FRQWURO GHYLF
LQJWKH NQREE\ GHJUHHV VHQGV D ZLUHOHVV HYHQW
6KRZVLQWHUDFWLYHGUDZHU WKDW KDUYHVWV SRZHU IU
WR VHQG D ZLUHOHVV LQWHUDFWLYH HYHQW

6KRZV LQWHUDFWLRQV ZLWK D GRRU KDQGOH WKDW KDL
PHFKDQLFDO DFWLRQ WR VHQG D ZLUHOHVV LQWHUDFWLY
6KRZV HIDPSOH REMHFWV GUDZHU GRRU KDQGOH DQG L
PDGHRIFRPSXWDWLRQDO ZRRG ZLWK HQYLVLRQHG HPEH
DWLRQ PHFKDQLVPV

D 6KRZV IORRU SODQ Rl KRXVH WHVWHG WUDQVPLVVLR
UHSUHVHQWHG E\ UHG GRWV E 6KRZV WHVWLQJ UDQJH |
EXLOGLQJLQ WZR SDUNLQJ ORWV ORFDWHG IHHW DQG

$ 6KRZV WZR JXLGDQFH VXUIDFHV LQWHUVHFWLQJ ZLWK
7DLZDQ % VKRZV D JXLGDQFH VXUIDFH OHDGLQJ WR VW
LQ %HLMLQJ &KLQD & VKRZV ,QFRUUHFW SRVLWLRQLC
FURVVZDON 3DULV )UDQFH DOO H[DPSOH LPDJHV UHIHU
6KRZV PRVW FRPPRQO\XVHG WDFWLOH JXLGDQFH VXUIDF
LIDWLRQ

[Y



6KRZVD ZHEDSSOLFDWLRQ 8, IRUFXVWRP SODQQLQJRI Wt
DXGLR SURPSWV 7KLVDSSOLFDWLRQLVUXQQLQJRQD ZH
DXGLR SURPSWV WR XVHUV SKRQH

$ 6KRZV 'SULQWDEOHWH[WXUHVDQGDWKHUPRIRUPHU
% 6KRZV JXLGDQFH VXUIDFHVY LQWHU ORFNHG ZLWK HDF|
HOHFWURQLFV DVHQVRUWRPDNH WKHWLOHV PXOWL PR

6KRZVDSSURDFKWR IRUEXLOGLQJLQWHUDFWLYH FRPSX
ELQLQJNPDWHULDOV PDQXIDFWXULQJ FRPSXWHU DUFK
DFWLYHFDSDELOLWLHVDQGDSSO\LQJWR YDULRXV DUHD
JXWXUH DUHDV ZRUWK H[SORULQJDUH VKRZQLQ D UHG GR

[YL



OMWX SJ 8EFPIW

5HVLVWDQFH FKDUDFWHUL]DWLRQ WHVWYV

&RQIXVLRQ PDWUL[ LQ SHUFHQWDJHV IRU RXU FURVV XV
WUDVRQLF DFRXVWLF VHQVLQJ XVHU VWXG\ 2XU PRGHO Z
XVHUDQG WHVWHG ZLWK SDUWLFLSDQWYV IRU wuLDO
REWDLQHG DQ RYHUDOO DFFXUDF\ RI

JUHTXHQF\ RIHQFRXQWHUV ZLWK FRPPRQ VXUIDFH WH[W X

[YLL



[YLLL



'LETXIV

-RXVSHYGXMSR

3ZIVZMI]

7TKH EXLOW HQYLURQPHQW RU WKH EXLOW ZRUOG UHIHUV WR\
SURYLGHV WKH VHWWLQJ IRU KXPDQ DFWLYLW\ LQFOXGLQJ K
VLGHZDONVY RSHQ VSDFHV WUDQVSRUWDWLRQ RSWLRQV DQ(
RXU GDLO\ OLYHV LQ EXLOGLQJV DQG EXLOW HQYLURQPHQWYV
GHPRQVWUDWHG EHQHILWY WR PDNLQJ RXU EXLOW HQYLURQP
OLYLQJ SHUVRQDO KHDOWK VXVWDLQDELOLW\ HQHUJ\ HIILFI
RIOLIH

4XLWH XQGHQLDEO\ VHQVRUV DQG WKH ,QWHUQHW RI 7KLQJV
JHQHUDWLRQ TVPDUWTEXLOWHQYLURQPHQWY 7KHFXUUHQW |
VRUV WR EH ZLGHO\ GHSOR\HG VHQVH DQG UHOD\LQIRUPDWL
DzZD\ +RPHRZQHUV DUH LQFUHDVLQJO\LQFOLQHG WR XSJUDGHF
HQYLURQPHQW E\LQYHVWLQJLQ VPDUW KRPH WHFKQRORJLHYV
VXFK DGYDQFHV LWLV SUHGLFWHG WKDW FRQVXPHU ,QWHUQH
VHYHUDO ELOOL®Q BN LV BDOVR SUHGLFWHG WKDW WKH HFRQRP
RI 7KLQJV WHFKQRORJ\ZLOO UHDFK @WW®OERQBBERE\,R7 SHY
ZLOO EH GHSOR\HG E\ 6LPLODUO\ LQ DORQH D UHFRUG
OLRQ N RI VPDUW VSHDNHUV VXFK DV $SSOH +RPH3RG *RRJOH
ZHUH VR@G *KLOH WKHUH DUH PDQ\ SURPLVLQJDSSOLFDWLRQV
HUV UHODWLQJ WR XVHU PDLQWHQDQFH SULYDF\ HWF KDYH I
DEDQGRQPHQW DQG XOWLPDWHO\ OHVW@®ZLGHVSUHDG XVH >

7KHDSSOLFDWLRQVRILQWHOOLJHQW HQYLURQPHQWYV DOVR YI
)L J 2QH RI WKH YLWDO SULQFLSOHV E\ ZKLFK LQWHOOLJH
GLJLWL]HXVHUDEWLYLWLHVDQGPRYHPHQWY 7KLV SULQFLSO
RQWRSRIDZLGH YDULHW\RIDFWLYLWLHVLQ EXLOWHQYLURQI

> @LQ



T7KH PRVW SURIRXQG WHFKQRORJLHY DUH WKRVH WKDW G
WKHPVHOYHV LQWR WKH IDEULF RI HYHU\GD\ OLIH XQWLO V
IURP LW T >:HLVHU @

,Q KLV VHPLQDO DUWLFOH T&RPSXWHU IRUWKH VW FHQWXU\ T
RI XELTXLWRXV FRPSXWLQJ L H FRPSXWLQJZLOO EHFRPH SH
LQD FRQQHFWHG ZRUOG OXFK RI KLV FRQFHSW RI XELTXLWRX
SXWLQJPHOWLQJ LQWR WKH EDFNJURXQG SDVVLYHO\ ZLWKR X!
WRGD\QV WHFKQRORJLHVY EHDU D UHVHPEODQFH WR :HLVHUQV
RI KLV YLVLRQ KDV FRPH WR IUXLWLRQ )RU H[DPSOH WRGD\Q'
TVPDUWT DQG WKH\ FDQ FRQWLQXRXVO\PRQLWRU LQKDELWD(
YLGH FRQWH[WXDO DZDUHQHVV

3HUYDVLYH VPDUW ,R7 GHYLFHV DUH XELTXLWRXV LQ RXU EXI
FRPSXWDWLRQDOO\ FDSDEOH RI FRQWUROOLQJ OLJKWYV KHDW
ZKHWKHU ZH ZDWFK WRR PXFK GLIJILWDO FRQWHQW DW QLJKW V
HJ ZDWHU OHDNDJH SRZHU IDLOXUH IRU KRPH VDIHW\ DPR
HUFLVH WR LPSURYH OLIHVW\OH GHFLVLRQV ODQ\RIWKHVH Gt
LQIRUPDWLRQ HQDEOLQJFRPSXWDWLRQIURPDFHQWUDO ORF

$OWKRXJIK PDQ\ UHDVRQV KHOSHG UHDOL]H :HLVHUQV YLVLRQ
FDQWO\FRQWULEXWHG WR LW )LUVW WKHLGHD E\)H\QPDQ Wi
QRW QHHG WR EH @R DO FXHGLUHFWO\ FRQWULEXWHG WR WKH F
WURQLFV DQG FRPSXWDWLRQDO FRPSRQHQWYVY WKDW DUH DYD
WDONLQ @ KHDGYRFDWHG IRUFRPSXWHUVFLHQWLVWY WR WEK
FRPSXWLQJHOHPHQWY 7R PRUH VXFFLQFWO\FDSWXUH KLV WK

T EXWWKHUHLY SOHQW\RIURRP WR PDNH WKHP VPDOOHU
FDQ VHH LQ SK\VLFDO ODZ WKDW VD\VFRPSXWHU HOHPHQW
PRXVO\VPDOOHU WKDQ WKH\DUH QRZ )RU LQVWDQFH WK

DWRPV LQ GLDPHWHU DQG FLUFXLWYV VKRXOG EH IHZ WKI
DFURVV T

7TRGD\ QDQRWHFKQRORJ\ XOWLPDWHO\ UHDOL]JHG )H\QPDQQV Y
WLRQ ODERUDWRULHVY PDGH LW SRVVLEOH WR PLQLDWXUL]H HC

6 XEVHTXHQWO\ WKHVHFRQG UHODWHG LGHD WKDW IXUWKHUH
RI 7KLQJV ,R7 D ZRUG FRLQHG E\ .HYLQ $VKWRQ DQG WKH LG
VKHQIH@GWKURXJIK TWKLQJVoN KRWMWKEDRRQHHULQJ DUWLFOH
DGYRFDWHG IRUHQGRZLQJ HYHU\GD\ REMHFWYVY OLNH DODUP
WOHV ZDVKLQJPDFKLQHV HWF ZLWK WKHDELOLW\WR FRQQ
ZRXOGPDNHLWHDVLHUIRUFRQQHFWHGREMHFWV WR ZRUNLQ
EHKDYLRU VHW E\ WKH XVHU 7KH SURSRVHG LGHD HQDEOHYV K|
OLJKWV VZLWFKHV DQG HYHU\GD\ REMHFWV FRQQHFWHG WR
ILIXUH ZRXOG KHOS UHGXFH WKH FRVW DQG FRPSOH[LW\ RI EX
KRPH KHDOWK FDUH DQG SURYLGH PDQ\DSSOLFDWLRQV



‘'HVSLWH WKHVH HDUO\ LGHDYV ZHDUH YHU\IDUDZD\IURP DFKLI
DQG TKXPDQ DVSHFWVT VXFK DV UHGXFLQJ FRIQLWLYH DWWH
FRPSXWHUV HWF Rl :HLVHUQV YLVLRQ 7R GDWH RXU GHYLI
LOQOWHIJUDWHG ZLWK WKHHQYLURQPHQW SRZHU KXQJU\ DQG QF
PDWHULDOV WKDW ZH VHH DURXQG XV ‘HQHHG WR WKLQN PRU
PDNH JHQXLQHO\ XELTXLWRXV FRPSXWLQJGHYLFHV

.Q $ERZG@ DUJXHG IRU FRPSXWDWLRQDO PDWHULDOV DV I
WR EH IXUWKHU VWXGLHG WR FRPSOHWH :HLVHUQV YLVLRQ +H
LPSRUWDQFH Rl WKUHH FRUH DUHDV LQ GHVLJQLQJ FRPSXWHU
DQGWKHIRUPIDFWRU 7KHUHDVRQLQJEHKLQG WKHFRUHDUHD
ODZ>@ DQG PRUHVLIJQLILFDQWO\'HQQDUG VFDOLQJKDV DOUF
RXU GHYLFHV ZLOO UHPDLQ SRZHU KXQJU\

'KLOHDGGUHVVLQJWKRVH FRUHFRQFHUQV ZHDOVR QHHG WR
FRQWH[W LQ ZKLFK FRPSXWDWLRQDO PDWHULDOV DUH GHSOR\F}
DOLW\WKH\PD\HQDEOHWRKHOS XVHUV )YRUH[DPSOH ZHVSHQ
EXLOW HQYLURQPHQW VR KRZWKHEXLOW HQYLURQPHQW LV T
FRQVLGHULQJWKDW ZHVSHQGD VLJQLILFDQW DPRXQW RIRXU ¢
LV PDGH XS RILQIUDVWUXFWXUH PDWHULDOV WKHUHIRUH LW
DQG IXQFWLRQDOLW\LQYROYHG LQ PDNLQJ WKHP FRPSXWDWLTF

,Q VKRUW LQ WKLV WKHVLV ZH DUH LQWHUHVWHG LQ DVNLQJ
YLVLRQ RI XELFRPS EH EHWWHU UHDOL]J]HG ENLQYHQWLQJ FRPS
IRXQG LQIUDVWUXFWXUH PDWHULDOV LQ WKH EXLOW HQYLURQ
ZHVKRXOG EHWWHU LOWHJUDWH WKHP ZKHUH ZH VSHQG PRVW

7KLV WKHVLVY DLPVWRDGGUHVV WKHVH FKDOOHQJHV E\ SURSR"
PDWHULDOV IRUWKHE EXLOWHQYLURQPHQW &RPSXWDWLRQDO
SRZHU LQWHJUDWHG VHQVLQJ FRPPXQLFDWLRQ DQG DFWXDYV
IRUPV HJ EXLOGLQJV IRUSXUSRVHIXO DSSOLFDWLRQV $SS
WLRQDO LQIUDVWUXFWXUH PDWHULDOV DUH VPDUW VWUXFW X!
DFWLYLW\UHFRJQLWLRQ VWUXFWXUHY DFFHVVLELOLW\ LQWI
JHQF\GLVDVWHU UHVSRQVHVHWWLQJVDQGVPDUWDUFKLWHEFYV
,R7 GHYLFHV URERWLF FRQVWUXFWLRQ DQG PXFK PRUH

[1]'"'LEPPIRKIW

*SVQ JEGXSV

7TKHJRDO RI PDNLQJD FRPSXWHU GLVDSSHDU KDSSHQV LQ WZR
SK\VLFDO GLVDSSHDUDQFH $OWKRXJK WKHVH WZR DUH LQWHL
HQW 7KHDUWLIDFWY FDQ EH ODUJH ZLWK PHQWDO GLVDSSHDL
DVFRPSXWHUV EHFDXVH SHRSOHGLVFHUQ WKHPDVLQWHUDFW
RI\PRYHV PHQWDOO\ LQWR WKHEDFNJURXQG 2Q WKH RWKHU |



JLIXUHG6KRZV D ODUN :HLVHUV FRQFHSW RI XELTXLWRXV FRPSX
s HUR[ 3S3DUF ZRUN ZLWK TOLYH ERDUGVT TSDGVT TDFWLYH ED
LQIRUPDWLRQ GLVSOD\E (YROXWLRQRIFRPSXWLQJGHYLFH IF

UHIHUV WR WKH PLQLDWXUL]DWLRQ RIGHYLFHV DQG WKHLU LQ
HJ LQFORWKHV VR WKDW\RXGR QRW YLVXDOO\VHH WKHP D(

8QIRUWXQDWHO\ HYHQ ZLWK GHFDGHV RI DGYDQFHPHQW LQ H
JUDWLRQ RI FRPSXWHUV ZLWK HYHU\GD\ DUWLIDEWV UHPDLQV
WHUDFWLYHDQG XELTXLWRXV GHYLFHV SULPDULO\UHO\RQ FR
VWUDWHY )RULQVWDQFH GHYLFH PDQXIDFWXULQJLV KHDY L
DVDUHVXOW WKHGHYLFHV ZHKDYH IRUXELTXLW\DUH PDLQO\
DQG VPDUWZDWFKHYV LQ WKDW RUGHU RI PLQLDWXUL]DWLRQ V
PDQXIDFWXULQJDQG HOHFWURQLFV HPSKDVL]H SDENLQJ WKH |
HVW RI IRUP IDFWRUV 7KH FULWLFDO TXHVWLRQLV LIZH ORRN
ZDOOV WDEOHV HWE VHH)LJ RUWKHPDWHULDOV WKH\ DU
UHVSRQGLQJFRPSRQHQWY QHHG WREHHPEHGGHG LQ VPDOOH !
PDWHULDOV"

'HYLFHV KDYH PDLQO\EHHQ XQGHUH[SORLWHG LQ WHUPV RI WK
PDGH 7KHUHIRUH WKHIRUPIDFWRU DIIRUGDQFHY DQGIXQFW
URQPHQWPDWHULDOVKDYHQHYHUEHHQ XWLOL]JHG WR WKH IXC
PDQXIDFWXUH LQWHUDFWLYH GHYLFHV ZLWK HI[WUHPH IOH[LEL
FKDQLFDO VWUHQJIJWK ZKLFKFDQ KDQGOH VHYHUDO WKRXVDQ!

,QZHUHIHUEDFNWRRULJLQDO YLVLRQ :HLVHULOOXVWUDWHYV
SRUWDEOH FRPSXWHUYV

T3IDGVGLIITHUIURPFRQYHQWLRQDO SRUWDEOHFRPSXWHUYV
SRUWDEOH FRPSXWHUV IJRHYHU\ZKHUH ZLWK WKHLU RZQHU
FDUULHG IURP SODFHWR SODFHLVDIDLOXUH 3DGV DUHLQ



SXWHUV T DQDORJRXVWRVFUDS SDSHU WKDWFDQEHJUDE
WKH\KDYHQRLQGLYLGXDOL]JHGLGHQWLW\RULPSRUWDQFH
DUHDO GHVN 6SUHDG PDQ\ HOHFWURQLF SDGV DURXQG RC
VSUHDG RXW SDSHUV > @ 6SUHDG WKH PDQ\SDUWYV RI WK
RXWLQIURQW RI\RXWR ILW ERWK WKH WDVNDQG WKH UHD|
UDWKHU WKDQ WR ILW WKH OLPLWDWLRQV RI &57 JODVVEOR

7TRGD\QV UHDOLW\ LV YHU\ GLITHUHQW XELTXLWRXV FRPSXWHL
SKRQHVY DQGODUJHGLVSOD\V DUHSHUVRQDO H[SHQVLYH QR
GLVSOD\ GHYLFHV 7KH\UDUHO\VXSSRUW WKH VDPH DITRUGDQ
RWKHU SK\VLFDO REMHFWYV VXFK DV ZDOOV WDEOHV HWF OR!
VXEVHW RI GHYLFH IRUP IDFWRUV DYDLODEOH IRU XVH LQ WKH
OLPLWYV WKHVHW RIDSSOLFDWLRQVHQDEOHG E\QRYHO IRUP I]
WKUHH VFUHHQV DQG VWDUH DW WKHP DOO WKH WLPH WR SHUF

, Q WKLV WKHVLYVY ZHIRFXVRQWKHIRUPIDFWRUDQGPDWHULDO
PDGH SDUWLFXODUO\LQIUDVWUXFWXUHPDWHULDOV XVHG IRU
IDFHW IRUHQJLQHHULQJ XELFRPS GHYLFHYV

4S[IV 7IRWMRK GLEPPIRKIW MR XLIFYMPXIRZM

+HDY\IRFXVRQPLQLDWXUL]DWLRQDQG SDFNDJLQJPHDQV WKD
LQ PDVVLYH TXDQWLWLHY WR HQDEOH LQWHUDFWLYLW\ LQ WK
ZDONV HWEF VFDOHV VHH )LJ WR DFK@ HYHKLYHDANWVEX O WRN
DGHQVH QHWZRUN RI VHQVRUV GHSOR\HG LQ WKH EXLOW HQYL
PDLQWHQDQFH LISRZHUHGE\EDWWHULHY DQGFRVWYV O0XFKR
EDWWHU\ SRZHU ZKLFK KDV WZR VLIJQLILFDQW LPSOLFDWLRQV
EXUGHQ WRZDUG PDLQWHQDQFH ZKHQ ,R7 GHYLFHV DUH GHSOR
YLURQPHQWY O6HFRQG EDWWHULHY KDYH KLIK HQYLURQPHQV
SURMHFWHG WR KDYH PRUH WKDQ ELOOLRQ FRQQHFWHG ,R7
,R7GHYLFHFRQVXPHYV P: %/( RISRZHUDQG UXQV IRU KRXU
WKLV DPRXQWYV WRHQRXJKEDWWHU\ZDVWHWRIL@O (PSLUH 6

ORUHRYHU ZKHQ VHQVRUV DUH GHSOR\HG WKH DHVWKHWLE IX
LV UDUHO\FRQVLGHUHG OHDGLQJWRFOXQN\DQGLQFRQVLVW
WKH EXLOW HQYLURQPHQW )RU VHDPOHVV LQWHJUDWLRQ LQ
DQ LQWHJUDO SDUW RI WKH PDQXIDFWXUHG VWUXFWXUH DQG
WHUQDOO\DWWDFKHG DQG H[SRVHG 7UDGLWLRQDO HOHFWUF
VXSSRUW HPEHGGLQJ LQWR QRYHO PDWHULDOV DQG PDNLQJ W
GLIILFXOW )RU H[DPSOH FHPHQW EHJLQV LQ D ZHW DQG FDX
H[RWKHUPLF UHDFWLRQ GXULQJFXULQJ PDNLQJ WKH HPEHGG
6LPLODUO\ ZKHQ WH[WLOH PDWHULDOV DUH XVHG WR IDEULFD
QHHG WR EH KLJKO\ IOH[LEOHDQG GHSOR\DEOH VXSSRUWLQJt
ULJLG HOHFWURQLFV DUH KDUGHU WR LQWHJUDWH 6HQVLQJD
FRQGLWLRQV RI XVH LQ WKH EXLOW HQYLURQPHQW IRUP IDFWHF



FDGHV VXQVKDGHV SDYHPHQWY QHDU ZDWHU HWF $SSURD!
WR SK\WVLFDO HQYLURQPHQWDO FRQGLWLRQV )RULQVWDQFH
FRXQWHU ZDWHU VSODVKLQJ IURP NLWFKHQ XVH RU D ZDOO R
ZHDWKHU VQRZ UDLQ HWF DV ZHOO DV H[SDQVLRQ DQG FRQV
PLJKW IDFH FRQVWDQW LPSDFW IURP IRRWVWHSV RUD FDQRS\
DQGWZLVWV ZKLOHVHQVLQJ RUREMHFWV VXFKDVELNHKDQGC
IRUFHV ZKLOH EHLQJ XVHG

)LQDOO\ HQDEOLQJVHQVRUL]DWLRQRIIRUPIDFWRUVLQWKHE
PHDQV VXSSRUWLQJKXPDQLQWHUDFWLRQRQDODUJHU VFDOH
DVZDOOV QHHG WR HQDEOH VHQVLQJDFURVV ODUJHDFFRPSDQ

7KLVWKHVLVIREXVHVRQWKHSRZHUDQG VHQVLQJSDUDGLJPV'
WR EH HQHUJ\ HIILFLHQW DQG PDWHULDOV XVHG IRU WKH EXLO
IRUVHQVLQJ

WGXYEXMSR GLEPPIRKIW MR XLIFYMPXIRZMVSEK

$FWXDWLRQLQ GHYLFHVY KDV GHPRQVWUDWHG EHQHILWYV LQ DL
PXQLFDWLRQLQ +&, %DUULQJ WKH H[FHSWLRQ RI HIRVNHOHW
JLHV ULJKW QRZ DFWXDWLRQPDLQO\IRFXVHVRQVXSSRUWLAQ.,
VFDOHT :HKDYHSDLGOHVVDWWHQWLRQWRFUHDWLQJLQWHU
ZHPLIJKWFDOOD T TURRPT VFDOH RUODUJHU RULQDEXLOW HC

7TKHUH DUH PDQ\ FKDOOHQJHV ZKHQ WKLQNLQJ DERXW DFWXD
2IWHQ VWUXFWXUHYVY ZH VHH DURXQG XV DUH EXLOW DQG WKH(
UHWURILWWHG ZLWK FXVWRP DFWXDWLRQ HJ DXWRPDWHG C
VRUV ZLWKULJLGFRQYHQWLRQDO PDWHULDOV ,IDFWXDWRU\
IDFDGHV VWUXFWXUHV HWF WKH\PXVWEHODUJH VXSSRUW
PDGH ZLWK HYHU\GD\ PDWHULDOV )RU H[DPSOH WKHUH LV D Q
ODUJH H[SDQVLRQ UDWLRVDQG PHFKDQLVPV GHVLIJQHG WR FR(
DVVWLIIQHVV DQG IOH[LELOLW\ ,Q WKLV WKHVLV ZRUN ZH IRF
WKH EXLOW HQYLURQPHQW ZLWK XQFRQYHQWLRQDO PDWHULD

T MVIPIWWGSQQYRMGEXMSRGLEPPIRKIWMR XLI

7RGD\ DOPRVW RI ZLUHOHVV FRPPXQLFDWLRQ LV FDUULHG F
HQYLURQPHQW /LNH ZDWHU JDV DQG HOHFWULFLW\ ZLUHOHI
PRVW IXQGDPHQWDO XWLOLWLHV LQ WKH EXLOW HQYLURQPHQ'
FRPPXQLFDWLRQV RFFXU YLD SRZHUHG IL[HG ZDOO GHYLFHV R
LHVY %HVLGHV EHLQJSRZHU KXQJU\ PDQ\RIWRGD\QV ZLUHOH\
LQ ER[HG IRUP IDFWRUV WKH\DUH IDUUHPRYHGIURP PDWHULD
IDFWRUV ZLWK ZKLFK ZH DV KXPDQV LQWHUDFW HYHU\ GD\ )R
FHLOLQJV ZDOOV HWF GRQRWLPEXHDQ\DFWLYHRUSDVVLY



,QWHJUDWLQJVXFKZLUHOHVV FRPPXQLFDWLRQIXQFWLRQDOL"
ZLOO UHTXLUH VROYLQJ FKDOOHQJHV LQ PDQXIDFWXULQJDQG
SUDFWLFHV RI KRZ LQIUDVWUXFWXUH LV EXLOW DUH FKDQJLQ
WXUHPDWHULDOV WKDW DUHVXVWDLQDEOH SUH IDEULFDWHG
7KLV DOORZVHQG XVHUVWRHPEHG LQWHUDFWLYH ZLUHOHVV |
VHWWLQJV PRUH VFDODEO\ ,Q DGGLWLRQ WR LQWHJUDWLRQ F
KHUH LV WR ILJXUH RXW KRZ WR SRZHU VXFK ZLUHOHVV PDWH L
PHQW LV HQGRZHG ZLWK SRZHU VRXUFHV VXFK DV QDWXUDO V:
DQG KXPDQ NLQHWLF HQHUJ\ $OWKRXJK VXFK VRXUFHV RI SRZ}
DUH FKDOOHQJHV LQ KDUYHVWLQJ SRZHU HQHUJ\ GHQVLW\ V)
KXPDQ XVH

7KLY WKHVLV IRFXVHVY RQ ZLUHOHVV FRPPXQLFDWLRQ HQDEO
VRXUFHVDQG GHHSHULQWHJUDWLRQLQWRLQIUDVWUXFWXUH

%GGIWW XS (MKMXEP *EFVMGEXMSR 1EGLMRIV] |

"HDYLQJ FRPSXWDWLRQLQWRDEXLOWHQYLURQPHQW PHDQV L
WR TGLIJLWDOO\ PDNH WKH EXLOW HQYLURQPHQWT L H KDYLC(
PHQW WKH EXLOWHQYLURQPHQW ZLWK IDEULFDWHG REMHFWYV

$FFHVV WR QHZ GLJLWDO PDQXIDFWXULQJ FDSDELOLWLHV HV
FDOO\LQFUHDVHG RYHU WKH \HDUV 7RGD\ ORZ FRVW ' SULQ\

7KHUH DUH VHYHUDO UHDVRQV IRUWKH LQFUHDVHG DFFHV"
H[SLUDWLRQ RI NH\ HDUO\ GLJLWDO PDQXIDFWXULQJ SDWHQW\
NH\ 'SULQWLQJ @DWHODWHG WR IXVHG GHSRVLWLRQ PRGHOOL
WR WKH GHPRFUDWL]DWLRQ RI WKH WHFKQRORJ\ BHFRQG GX
LQJ WHFKQRORJ\ ZH FDQ GUDZ DQG PRGHO PDQ\ GHVLJQV RQ W
‘LWK D SXVK RI D EXWWRQ ZH FDQ UHDOL]H WKH GLJLWDO GH\
DIWHU FRPSXWDWLRQ ORUHRYHU DSSURDFHKH\ @ X M B/VSSIU QW
LQJ 'SULQWLQJ HWF KDYHGHPRQVWUDWHG WKHDGYDQWDJ
DFFHVVLEOH GLJLWDO HOHFWURQLF IDEULFDWLRQ PHWKRGYV
OHYHO RI FXVWRPL]DWLRQ LQ WKH SUL@& W3 YHODI EW E R Q HE) S/
WUXP RI XVHUV :H FDQ FUHDWH IXOO\ IXQFWLRQDO LQWHUDFV
FRPSXWHUVTHQYLVLRQHG E\ :HLVHU ZLWK HPEHGGHG FLUFXLW
DEXWWRQ

KLOH VXFK SURPLVLQJWHFKQRORJLFDODGYDQFHPHQWY H[LYV
GLIJLWDO IDEULFDWLRQ PDFKLQHU\DQG SODWIRUPV )RU H[DP:
MHFWVDUHPDGHDUHVWLOO SUHWW\OLPLWHG VRIDU PDWHU]
RQORZ HQG GLIJLWDO IDEULFDWLRQ PDFKLQHY :HVHHD ZLGH
HQYLURQPHQW OLNHFRQFUHWH FHPHQW FRPSRVLWHV SODYV
DFFHVVLEOH WR DYHUDJH XVHUV IRU FRPSXWHU FRQWUROOHG
VLIHRIREMHFWY VXSSRUWHG E\ WKH IDEULFDWLRQ PDFKLQHYV
PDQ\RIRXUVXUIDFHV ZDOOV DQGIDFDGHV LQ WKHEXLOW HQY



PRGLI\LQJ WKHP GHPDQGV DQ LQYHVWLIJDWLRQ LQWR DFFHVV|
FKLQHU\ 6LPLODUO\ FXVWRP WRROLQJDQG VRIWZDUH VXSSRL
WLYHHOHPHQWY LQ WKHPLGGOHRISULQW SURFHVVHYV

'SQTYXEXMSREP -RIJIVEWXVYGXYVI 1EXIV
SYI WXMSRW 'SRXVMEFYXMSRW

7TDNLQJLQWR DFFRXQW WKH FKDOOHQJHV RXWOLQHG LQ WKH S
RXWOLQH NH\WKHVLVY UHVHDUFK TXHVWLRQV DQG D EULHI GHV
WLRQV DQG GHVLIJQ VSDFHHQDEOHG E\ WKH WKHVLV

‘H WDNH D PDWHULDO DQG PDQXIDFWXULQJ GULYHQ DSSURDF
WLRQHG NH\FKDOOHQJHV ‘HHQJLQHHU LQWHUDFWLYH GHYLF
EXLOWHQYLURQPHQW DQG FRPSXWDWLRQDO FDSDELOLWLHYV
SRUWD ZLGH YDULHW\RI KXPDQ LQWHUDFWLRQV :HFDOO RXU
WUXFWXUH PDWHULDOVT VLQFH ZH ZRUN ZLWK PDWHULDOV LQ \
FHPHQW SODVWHU FRPSRVLWHV ZRRG HWF HQDEOLQJORZ
LQJ FRPPXQLFDWLRQ DQG DFWXDWLRQ LQ GHYLFHYV PDQXIDF
IRUP IDFWRUYV

7TKHPDLQ FRQWULEXWLRQ RI WKLY WKHVLV LV WR WDFNOH WKH

X54 )YRUPIDFWRU :KDW IRUP IDFWRUV DQG GHVLJQ VSDFH «
HQYLURQPHQW HQDEOH"

X54 6HQVLQJ 3RZHU +RZ WR HQDEOH URRP VFDOH VHQVL
PHQW ZKLOH SRZHULQJ VHQVRUV LQ D EDWWHU\ [UHH VXVW

X54 $FWXDWLRQ +RZWRHQDEOHWKHEXLOWHQYLURQPHQ
VHOI GHSOR\"

X54 &RPPXQLFDWLRQ +RZFDQLQIUDVWUXFWXUH PDWHULI
QLFDWH ZLUHOHVVO\ZLWK WKH EXLOW HQYLURQPHQW DQG

X54 $FFHVV WR IDE PDFKLQHU\ :KDW FXVWRP GHYLFHV VKR
ODUJH VFDOH GHYLFHVDQG PDFKLQHV WKDW ZRUN ZLWK LC

JLUVW WKLV WKHVLVY HQDEOHV D ZLGH YDULHW\ RI IRUP IDFW
)L J IRULQVWDQFH ZDOOV WDEOHV WKHHQWLUH VWUXFW >
SURGXFWV ZLWK VWUXFWXUDO PDWHULDOV OLNHELNHKDQGOF
DSSURDFKHYV $00 WKHVH LQWHUDFWLYH IRUPV WLJKWO\ LQW
WLRQ DQG DFWXDWLRQ IXQFWLRQDOLW\WR EHLQWHUDFWLYF
SURSRVHG FRPSXWDWLRQDO LQIUDVWUXFWXUH PDWHULDOV L
QRW WDFNOHG E\ WKH WKHVLV LVDOVR VHHQ LQ WKH ILIXUH

6HFRQG WKLV WKHVLV RITHUV VHQVLQJ DSSURDFKHV IRU VHDF
WLRQ $V GLVFXVVHG HDUOLHU WKH FULWLFDO FKDOOHQJH KH



JLIXUH $ UDQJH RI EXLOW HQYLURQPHQW IRUP IDFWRU LQWHU
FRPSXWDWLRQDO LQIUDVWUXFWXUH PDWHULDOV

JLIXUH6KRZV WKH GHVLJQ VSDFHWDFNOHG E\WKHFRPSXWDW.L
DOVDSSURDFK VR IDU DUH KLIKOLIJKWHG LQ JUHHQ

FRQVLGHUDWLRQV ZKLOH SURYLGLQJUREXVWQHVV IRU KDUVK
LQWURGXFHG LQ WKLV WKHVLY DEKLHYH WKH JRDO RI GHHSHU |
SURSHUWLHV RIPDWHULDOV WR WUDQVPLW VLJQDOV WR VXSSF
OHQJH WR ZKLFK WKLV WKHVLY FRQWULEXWHV LV HQDEOLQJ O
VHQVRUV LQ D EDWWHU\ IUHH VXVWDLQDEOH PDQQHU

7TKLUG RXUDSSURDFKHVY ORRNDWHPEHGGLQJPHFKDQLVPV LQ
SRUWODUJH VFDOHDFWXDWLRQLQEXLOWHQYLURQPHQW VWU

JRXUWK KLV WKHVLV FRQWULEXWHY EDWWHU\ IUHH ZLUHOHVV
WDLQDEOH EXLOW HQYLURQPHQW PDWHULDO VXFKDV ZRRG

)LQDOO\ WKH WKHVLV FRQWULEXWHY D UDQJH RI PDFKLQHU\ L
WKDW KHOS XVHUV ZRUN ZLWK EXLOW HQYLURQPHQW PDWHULL
7TKH LOQWURGXFHG IDEULFDWLRQ DSSURDFK DOVR HQDEOHYV XV
WXUHV WKDW DUH ODUJHU LQ VFDOH ZKLOH VXSSRUWLQJ WKH H
HOHPHQWY OLNHVHQVRUV DFWXDWLRQ PHFKDQLVPV HWF G?



(SGYQIRXWXVYGXYVI

,Q WKHIROORZLQJWZRFKDSWHUV ,ZLOO UHYLHZ SULRU ZRUN
DWLQJLQWHUDFWLYH FRPSXWDWLRQDO PDWHULDOV IRU WKH &
VFULEH 2SWLVWUXFWXUHVY D PHWKRG IRUPDQXIDFWXULQJ FR
VFDOH SK\WLFDO VWUXFWXUHV VXFK DV ZDOOV WDEOHV IXUQL
WLFDO DSSURDFK &RPPRQ LQIUDVWUXFWXUH PDWHULDOV FR
PDWLFDOO\HPEHGGHG ZLWK RSWLFDO ILEHUV WR SURYLGH LQ"
VHQVLQJ LQ VWUXFWXUHV )XUWKHU WKH SURMHFW GHPRQVW
DQ\ ORFDO SRZHU LQ VWUXFWXUHV GRFDUVRPOMKM GRDH W B R XM
&KDSWHU GHVFULEHV)LEHUZLUH GHPRQVWUDWHY P\DSSURD
FRPSRVLWHV D VWUXFWXUDO PDWHULDO ZLWK LQKHUHQW VHQ
SXWDWLRQDO LQIUDVWUXFWXUH PDWHULDOV HQDEOH WKH ID
UREXVW REMHFWVY WKDW FDQ UHPDLQ LQWHUDFWLYH ZKLOH E
OEV &KDSWHU VXPPDUL]J]HV LQWHUDFWLYH GHSOR\DEOH VW
VXSSRUW WKH FUHDWLRQ RI URRP VFDOH EXLOW HQYLURQPHOQ
DQG JHRGHVLF GRPHVY WKDW FDQ VHOI GHSOR\DQG SURYLGH L
FDSDELOLWLHVY HQJLQHHUHG ZLWKLQ PDWHULDOV &KDSWHU
DQHZ ZRRG IDEULFDWLRQ PHWKRG WKDW HQDEOHV ZLUHOHVYV
EDWWHULHY )XUWKHU ZKHQ REMHFWV VXFK DV GUHVVHUV G
DUHPDQXIDFWXUHG ZLWK FRPSXWDWLRQDO ZRRG KXPDQ NLQF
GUDZHUV SRZHUV WKH XQGHUO\LQJFLUFXLWU\WRVHQGEDWW
WHU H[DPLQHV WKHILUVW DSSOLFDWLRQ RIFRPSXWDWLRQDO
LQJ WKH DFFHVVLELOLW\ RI QRQ YLVXDO QDYLJDWRUV 7KH Sl
ILHOG DERXW KRZ WR SUDFWLFDOO\GHSOR\FRPSXWDWLRQDO
DSSOLFDWLRQ GRPDLQ OLNHDFFHVVLELOLW\WKURXJK PXOWL
QDOO\ LQ &KDSWHU ZH ZLOO FRQFOXGH WKH GLVVHUWDWLR
WKHVLV DQG GLUHFWLRQV IRU IXWXUH ZRUN



'LETXIV

6IPEXIH ;SVO

2XU ZRUN UHODWHV WR VHYHUDO DUHDV RI DFWLYH UHVHDUFK
'LIJLWDO IDEULFDWLRQ WHFKQLTXHYVY LQ DUFKLWHFWXUH &LYL
FRPPXQLFDWLRQ /DUJH VFDOH VHQVLQJ DQG ODWHULDO WH
RYHUHDFKRIWKHVHWRSLFVLQ GHSWK

OEVKI WGEPIHMKMXEP JEFVMGEXMSR XI

7TKHUH DUHDQ DUUD\ RI WHFKQLTXHV IRU ODUJH VFDOH GLJLWI

QLTXHV DUH LQVSLUHG E\ OLWHUDWXUH IURP DUFKLWHFWXUH

JRULHYV $GGLWLYHPDQXIDFWXULQJ $0 6 XEWUDFWLYHP
SRERWLF PDQLSXODWLRQ

YWHHMXMZI QERYJEGXYVMRK

$0 WHFKQLTXHV IRUDUFKLWHFWXUH IRFXVHV RQ OD\HU E\ OD\}
ODUJHVEFDOH 7KHUHDUHQRZPDQ\SURFHVVHVDQG WHFKQROR
IRUP RIPDQXIDFWXULQJ WKHUDQJHRIPDWHULDOV KDV H[SDQ
PHWDOV FOD\ FHPHQW FRPSRVLWHV HWF 7UDGLWLRQDO FDL
XS WR SURGXFH ODUJH VFDOH IDEULFDWHG REMHFWV WKLV S
$UHD $GGLWLYH ODQXIDFV@X DIQWIL W KMV SHPRQVWUDWHG EHQF
VFDOH SRO\PHUV DQG FRPSRVLWHV 5HVHDUFKHUV KDYH PDQ X
FDU® %$$0 KRZHYHU LV SURQH WR LQWHUODPLQDU VWUHQJ\
'SULQWLQJ YRLG IRUPDWLRQ DQG UHVHDUFKHUV K& YH WUL
'LWK WKH YDW SKRWRSRO\PHUL]DWLRQ WHFKQLTXH WKH FXUL
DQG WKH SURFHVV LWVHOIFDQ EHVSHG XSWRLQFUHDVH WKH S
> @ 3KRWRSRO\PHUL]DWLRQ WHFKQLTXHV WKDW ZRUN D\
GHYHORSHG 2WKHUDUFKLWHFWXUDO VFDOH WHFK®@ IDTX3V LQF
FRQFUHWH SU@ QWILFXID®YH ERWK H{WUXVLRQ EDVHG SURFHVVHV
PDWHULDOV ,Q FRQWRXUFUDIWLQJ WKHPRUWDUPL[WXUH K\C



QR]JIOHFDSDEOHRIPRWLRQDORQJWKUHHD[HV )RUDPRUH WKF
IRULQIUDVWUXFWXUH FRQVWUXFWLRQ ZH UHIHU WR >

IYEXVEGXMZI QERYJEGXYVMRK HMKMXEP GEW.

/DUJH VFDOH VXEWUDFWLYHPDQXIDFWXULQJZLWK &1& PLOOLC
GXFLQJ PHVKHV DQG LQOD\V PDGH RXW RI ZRRG IRDP (36 RU
HWF 7KHVH SURGXFWV FDQ ODWHU EH XVHG IRU FXVWRP IRUP
FRQFUHWH DV LW FXUHV )RU LQVWDQFH WKH 6@ HIMHFTEKW URFEN E
PRUH WKDQ IRUPZRUN LQOD\V WR EH FXVWRP PLOOHG 6LPL
ZLWK WKHR WRZHUE\5HLVHU DQG @PHPHRWRAIE 'KEWLRUPZR
SURGXFHG XQLTXHVWUXFWXUDO IDFDGHY :KLOHPDQ\JHRPHW
IRUPZRUN &1& PLOOLQJDQG VXEWUDFWLYHPDQXIDFWXULQJR
LQWHQVL@ W QG XQVXVWDLQDEOH GXHWR WKHVLQJOH XVH QDW
QHQWYV 1HZHU WHFKQLTXHV H[DPLQH VWD\ LQ SODFH IRUPZRL
IRUUHLQIRUFHPHQWY DV ZHOO DV VXSSRUWLQJ IRUPZRUN )RU
SURFHVVLQWURGXFHGIDWLRPEODUO\ NQ LGVIWHDNDEKYAGS IRU VW
SODFH IRUPZRUN LQ ODUJH VFDOH VWUXFWXUHV 2WKHU DSSU
IUDPHZRUN ZKHUH WHPSRUDU\ VWUXFW XUH @ DXWH Q'JSWR ERWWHLGF
DUPVDQG FRQFUHWHDQG RWKHU FHPHQW EDVHG FRPSRVLWH |

6SFSXMG QERMTYPEXMSR

TKHWKLUG DSSURDFKWR DUFKLWHFWXUH IDEULFDWLRQ LV WR
WR VXSSRUW GLJLWDO PDQXIDFWXULQJOLNHEHQGLQJ IROGLC
ODUJH VFDOHV )RU H[DPSOH *UDd DDIER DRIV REKEXHOGLQJ ID
HIWUXGLQJ ILODPHQW LQ 'VSDFH XVLQJ URER@ LV D SRA\R MGHLIPWY
ZKHUH IUHHIRUP IDEULFDWLRQ ZDV DFKLHYHG XVLQJ D URERW
SULQWLQJ OLQ@BEXMH\GPRELOH URERWY WR SULQW DORQJD GU!
WKHIRXQGDWLRQ IRRWSULQW RIEXLOGLQJV D @QR@ MWK RJHRWXK
FRRSHUDWLYH URERWLF PDQXIDFWXULQJ SURFHVVHV WKDW DL
DQG VWUXFWXUDO HOHPHQWYV XVLQJ ZHDYLQJDQG IUHHIRUP S

:KLOH WKHVH DUH WKUHH PDMRU SDUDGLJPV LQ DUFKLWHFWXI
ZRUNDQG DSSO\LQJ FRPSXWDWLRQDO PHWKRGV URERWLFV D
WRPIRUPZRUN /HVVDWWHQWLRQLY SDLG WRZDUGV LQWHJUD
WURQLFV RUIXQFWLRQDO PDWHULDOV WRZDUGV FUHDWLQJLQ
WR KXPDQV

*EFVMGEXMSR SITEWWMZIVSSQ 7TGEPI WXVYGX

$ IJURZLQJ QXPEHU RI UHVHDUFKHUV LQ WKH +&, FRPPXQLW\ DQ
VWDUWHG LQYHVWLIDWLQJKRZWRVFDOH XSIDEULFDWLRQ SU
DIJHXVHUV 2QHERG\RIZRUNORRNV WRJXLGHKXPDQ ZRUNHUV



KDQG KHOG WRROV DQG IHHGEDFN )RU K DOKEQGHG<IRXKDLQG Z RiWUWN
HUV ZLWK SURMHFWLRQ PDSSLQJDQG KDQG KHOG GLVSHQVHU
DV WKH SULPDU\ FRQVWUXFWLRQ PDWHULDO 6LPLODUO\ LQW
> @KXPDQ ZRUNHUV ZHUH JXLGHG WR GLITHUHQW ORFDWLRQV
HPEHGGHG LQ WKH VWUXFWXUH LWVHOI

2WKHU UHVHDUFKHUV KDYH VWXGLHG KRZ WR HQDEOH XVHUV V
VWUXFWXUHV SULQW DQG DVVHPEOH WKHP XVLQJ GHVNWRS
DO >@ GHVLJQHG &KRSSHU DQ LQWHUDFWLYH VIVWHP WKDW (
'REMHFW LQWR VPDOOHU SDUWV VR WKDW HDFK SDUW ILWV LQ
' SULQWHU 7UX@WNDP ¥\VWHP WKDW HQDEOHV XVHUV WR FUF
WUXVVHV SULQW MRLQW FRQQHFWRUV DQG DVVHPEOH WKHP »
DQG IRUPLQJWKHLPSRUWDQW PRWLYDWLRQ | R WMDRNMHUZRRAX\F K 6L
PDFKLQHU\ DQG GHVLJQ SULPLWLYHV IRU IDEULFDWLQJ KXPDC
VLQJOH FRPSRQHQW

*EFVMGEXMSR SI MRXIVEGXMZI WXVYGXYVIW MF

SHFHQW UHVHDUFK LQ ODUJH VFDOH VWUXFWXUH IDEULFDWLR
DFWLYH DSSOLFDWLRQV )RUQAGWWRQ¥VWUDWAY 2DOO WUHDW
DQGFRUUHVSRQGLQJVHQVLQJKDUGZDUH WRWXUQ SDVVLYH Z!
XVLQJ HOHFWULF ILHOG VHQVLQJ Rl QH D@ HE\QREEEMOHPMWXW HWWX WAR)
DWH ODUJH VFDOH WUXVV EDVHG VWUXFWXUHY WKDW DFWXDYV
IURP WKHVH SURMHFWY W KRZHYHU SODFHV DJUHDWHU IRF:
LOQOWHUDFWLYH URRP VFDOH VWUXFWXUHYV RIB BRQ@REWHWEX LSO\
WHU HWF $GGLWLRQDOO\ ZH VKRZ KRZ RXU IDEULFDWLRQ SL
VHQVLQIJDSSURDFK FUHDWH VPDUW LQIUDVWUXFWXUH IRU URF

OEVKI 7TGEPIWIRWMRKETTVSEGLIW MR F®

'EQIVEW

7TKHUH DUH PDQ\ WHFKQLTXHV XVLQJ FDPHUDV WR HQDEOH VHCQC
URQPHQW 7KH PRVW SRSXODU WHFKQLTXH® DZKRER BRRXIWIEHE K
D GDWDEDVH RI FRRNLQJ DFWLYLWLHVY DQG XVHG VXSHUYLVHC
WLYLWLHVY DW VFDOH 6LPLODUO\ PRUH UHFHQW GHHS OHDUQ
EDVHG DSSURD@® KHDWH GHSOR\HG FRPSXWHU YLVLRQ DW VFDOH
VHW RI XVHU DFWLYLWLHV DW VFDOH 'HHS OHDUQLQJDSSURDF
GDWD KHQFH FRPSXWHU YLVLRQ UHVHDUFKHUYV KDYH DOVR ZF
ODUJH VFDOHDFWLYLW)\ UHF RXQUIOMDRQVEBWD Y HWAG>P DFKLQH C
EHXVHGIRUWKHGHWHFWLRQ RIVLPSOH F@ DWQ\GH\D O WHVSR VH. UM
> @ +XPDQ SRZHUHG FDPHUD EDVHG V\VW® ZX VXK K DS/O-RA @ V
KXPDQV LQ WKHORRSIRUODEHOLQJGDWD DQG ERRWVWUDSSL
SURYHG WKH UHFRJQLWRRIR D PAPWDHIWMVGHWHFEFWLRQ LQ WKH |



7KH\ KDYH DOVR PDGH WKH GHSOR\PHQW RI VXFK VA\VWHPV PRL
EOHIRUDYHUDJH XVHUV WR VHW XS DV VHQVRU IHHGV 6LPLOI
ORZ UHVROXWLRQ WKHUPDO FDPHUDV WR UHFRJQL]JH KXPDQ D
WLRQ#@ OXFK RI WKH UHVHDUFK RQ FDPHUD EDVHG DFWLYLW
PRYHGLQWR SURGXFWV DQG DUH VWDUWHG WR EH RRPRBUFLD(
=HQVRWY >)RU D PRUH FRPSUHKHQVLYH UHYLHZ RI FDPHUD ED
UHIHU W@& >KH VLIJQLILFDQW GUDZEDFNV RI FDPHUD EDVHG OD
DUH WKHLU HITHFWV RQ SULYDF\DQG WKHLU LQWHJUDWLF
SRQHQWV RUHOHFWURQLFV DIITHFWLQJ IRUP IDFWRUV LQ SODF
HUDV GHSOR\HG LQ EXLOW HQYLURQPHQWYV KRPHV FLWLHV |
FULWLFLVP GXH WR RIWHQ GLVFORVLQJ PRUH LGHQWLILDEOH
WKDQ QHHGH®>2IWHQ WKHVH SHUFHSWLRQV DIITHFW DGRSWLI
XVH

IMGVSTLSRIW %GGIPIVSQIXIVW

$QRWKHU FRPPRQ DSSURDFKWR VHQVLQJLQDEXLOWHQYLURQ
DFFHOHURPHWHUYV DV VHQVRUV 3UHYLRXV UHVHDUFK KDV GH
JHQHUDO LQWH @DFWZIRQ® BV GHWHFWLRQ DQG RU PH@B®VXUHPH
GULQNL@JBUXVKLQJ @& HADWKEQJ KRQE@DMWOOLQ@ >IXQVKRWYV >

DQG PXFKPR@H ¥ KHUH KDV EHHQ UHFHQW FRPPHUFLDO VXFFHV\
WRR VXFKDV *RRJOH +RPH 6LUL DQG $OH[D 7KHVH SURGXFW)
VPDUW VSHDNHUV ZLWK PLFURSKRQHYV 7HFKQLTXHV WR WHDF
DFWLYLWAR KY¥H DOVR EHHQ LQWURGXFHG +RZHYHU WKHUH D
GUDZEDFNV ZLWK ERWK PLFURSKRQH DFFHOHUDWRU WKHVH
WHU EDVHG DSSURDFKHV DUH QDUURZEDQGZLGWK OLPLWHG D!
VSHFLILF IUHTXHQFLHV DQG UHVSRQVHV DUH EHWWHU LQ WKRV
PLFURSKRQHVY KDYH D UHODWLYHO\ ZLGHU EDQGZLGWK EXW DU
UDQJH RI IUHTXHQFLHV DQG E\ WKH GLVWDQFH WR ZKLFK VRXQ
LVVXHVY UHODWLQJ WR PLFURSKRQHV DUH SULYDF\LVVXHV VLP
PDQ VSHHFK ZKLFKPLJKW FRQWDLQ VHQVLWLYHLQIRUPDWLRC
DFWDV SRLQW VHQVLQJDSSURDFK ZKHUH PXOWLSOHRIWKHP D
IRUVHQVLQJ ORUH LPSRUWDQWO\ LQWHJUDWLQJ HPEHGGL
EXLOW HQYLURQPHQW IRUP IDFWRUV SRVHV FKDOOHQJHV RI W
PDWHULDOV FHPHQW SODVWHU HWF DQG WKHLU FRUUHVSR(

-RIVEWXVYGXYVI QIHMEXIH WIRWMRK

ORVW UHODWHG WR WKLV WKHVLY DUH DSSURDFKHV RIWUDQVII
LQWR VHQVRUV 7KLV ERG\ RI ZRUN H[DPLQHV XVHU DFWLYLWL
RQ VLIJQDOV WKDW DUH SURSDJDWHG WKURXJK WKH EXLOW HQY
RQ EXLOGLQJ I@ RRUYJIJ®OH SRLQW VHQVLQJ PHWKRGV KDYH VKR
ZDWHU FRQVXPSW@LRQHFWULFDO HYHQW@RDGR WKW @ RYHHWP B Q
RILQGLYLGXDOV ZLWKLQDEXLOGL GEDWBE R\ WDLLEDIIRBURH/\KHU



UHFHQWO\ DVLQJOH SOXJ DQG SOD\GHYLFHZLWKPXOWLSOH"
YDULHW\ RIDFWLYLWLHYV ZLWKLQ D URRR®2 DDRQE ZR AHDYIFHOBHFIHI |
DQHWZRUNRIVXFKGHYLFHVY DFURVV PXOWLSOH URRPYV >

ORUH JHQHUDOO\ KXPDQ DFWLYLW\ UHFRJQLWLRQ KDV EHHQ I
ODUJH DUHD VHQVLQJ WHFKQLTXHV 6RPH FRPPRQ DSSURDFK}
> @ ODUJH VXUIDFH VHQVLQJ HOHFWURQLFV LQFOXGLQJ LQN
DQG 5) DQWH@QMIV WKH VKHOI /,'$5@V HFQ¥RBRBSKRQH FDSWXUHG
WLF HYHQW®>SUHVVXUH VHQ\@ QU@P®WXUIDFH YLEUDWLRQ VH
DFFHOHURPHWHUV DQG RUJHRSKR@HV >

SHVHDUFKHUV KDYHDOVRH[DPLQHG KRZWR VFDOHLQWHUDFW|
IUDVWUXFWXUH )RUH[DPS@H RRBNMWMGW\WIXRFZHWR HVWLPDWH DQ
HQW SRVHV RI XVHUVRQ WKHIORRU XVLQJ)RXULHU WUDQVIRUF
DFDPHUD ORFDWHG EHORZ WKH | @RRWH G MWF®LQ/RHOBAODY HU U D (
RSHUDWLQJ SDUDOOHO WR D ZDOOQV VXUIDFH WeR S3UHRWH BEW & D (
DQLQWHUDFWLYHFRQWH[W IRFXVODVHU SURMHFWHG IORRU W
HUDV WR WUDFN XVHUVQ SRVLWLRQV DQG SRVHV

2WKHU VHQVLQJDSSURDFKHVY UHODWHG WR LQIUDVWUXFWXUH
ZLWK URRP VFDOH REMHFW YV @X RK DVSZIQIGRZY @ \WRE ®HHUS R U P
DFRXVWLF WLPH RI DUULYDO VHQVLQJ@ CRRRINUIGFBIY WY YWR D!
ZDOOV WR EHFRPH VPDUW LQIUDVWUXFWXUH DQG SHUIRUP FR
ILHOG WRPRJUDSK\ QHDU D ZDOO DXJPHQWHG ZLWK D SDLQWH
VHQVLQJRIHOHFWURPDJQHWLF QRLVHLQ D VSDFH

2S 4S[IVERHPS[ TS[IV[MVIPIWW WIRWMF

IRZSRZHURU QR SRZHUZLUHOHVV VHQVLQJKDVHPHUJHGDV DYV
IUHH SDUDGLJPIRUWUDFNLQJXVHUDFWLYLWLHVLQURRP VFDC(
DUH PDQ\ zD\V WR LPSOHPHQW VXFK ZLUHOHVYV DFWLYLW\ UHF
WKHVHH[LVWLQJ PHWKRGYV WKHUHDUHWKUHHPDLQ ZD\V WR V
ZLUHOHVYVY VHQVLQJ 7KHVH DUH SDVVLYH FRPSOHWHO\ QR SF
YHVWHG DQG DFWLYHUDGLR WHFKQLTXHV SRZHUHG H IR F
WKHVH GRPDLQV

AEWWMZI FEGOWGEXXIV XIGLRMUY W

7R HPSRZHU VPDUW HYHU\GD\ FRQQHFWHG REMHFWYV WR LQWH
GLR IUHTXHQF\ LGHQWLILFDWLRQ 5)," WHFKQLTXHV 5)," WHF
VSHFLDOL]HG UHDGHUV HPLWWLQJ UDGLR ZDYHV WR SRZHU 5)
WUDQVPLW LQIRUPDWLRQ RQWR VLIQDOV EDFNVFDWWHU UHI
SDVVLYHWHFKQLTXHVY DUH QRZGHYHORSHGLQWR JHQHUDO S’
QHFWHG ZLWK VBQVIRQU *VHG IRU DFWLYLW\ GHWHFWLRQ LQ Z



> @ 6LPLODUO\ DQRWKHU ERG\ RI ZRUN KDV DOVR (
HQWLUH REMHFWV WKDW UHIOHFW VLJQDOV SDVVLYH@\ IRU VI
GHPRQVWUDWHG SDSHU EDVHG REMHFWYV DQG PHFKDQLVPV W]
> @ @ XVHG SDSHU PLFURSKRQHVY WR WUDQVPLW DX@LR SDV\
XVHG '"SULQWHG PHFKDQLVPV WR EXLOG IXOO REMHFWYV WKD\
RIDQHQG XVHU 7KHVH WHFKQLTXHV KRZHYHU VXIIHU I[URP U
ZLWK PXOWLSOH ZDOOV FRPLQJLQ EHWZHHQ WKHP 7KH VHQV|
PDQG WKHUH LV OLQH RI VLIKW RSHUDWLRQ UHVWULFWLRQV
WKHVH DUH QRW VXLWDEOH IRULQWHUDFWLYH GHYLFHV WKDW
EXLOGLQJV VLGHZDONV HWEF

71QM TEWWMZI FEGOWGEXXIV XIGLRMUY W

6HPL SDVVLYHEDFNVFDWWHU WHFKQLTXHV UHO\RQ EDWWHU\
WURO WKH SURFHVYV E\ ZKLFK WKH\ UHIOHFW LQIRUPDWLRQ RQ
URQPHQW 6HYHUDO VI\VWHPV ORRNDW XVLQJVXFKPHFKDQLVPF
> @ RUWRHQDEOH DJHQHUDO SXUSRVH VHQVLQJ ODWIRU
7TKHVH DSSOLFDWLRQV KDYHDOVRHQDEOHG FDSDELO@WLHYV V X
EDWWHU\ IUHH RDWKDW\VV>>OO ZRUN ZLWK KDUYHVWHG SRZHU DQ((
PRVWRIWKHVHDSSOLFDWLRQV RI'VHPL SDVVLYH WHFKQLTXHV

P QRQHRI WKHVH WHFKQLTXHV VXSSRUW GLVWDQFHYV EH\F
ORRNHG DW VXSSRUWLQJ ORQJHU UDQJH EDFNVFDWWHU XVLQ
/IR5D %DFNVFDWWHU @& NKIS@G RUWV>XS WR P RI EDFNVFDWWH
UHDGHU 6LPLODUO\ UHIOHFWLRQ DPSOLILHUV VXFK DV WXQ (
EDFNVFDWWHU VHQVRUV WK D \@ DRQUNHYWA Q EERIFHWBQEHBG XS WR

NP NP UDQ®&H ¥KH ODVW VHW RIEDFNVFDWWHU ZRUN WKDW F
URRP EXLOGLQJ VFDOH LV UHOHYDQW WR WKLV WKHVLYV ZRUN
PHQW VFDOHYV

GXMZIVEHMS XIGLRMUYIW

$FWLYH UDGLR WHFKQLTXH PHWKRGV VXSSRUW WKH JHQHUDW
UDWHO\DQG XVLQJ WKHP WR GHWHFW VHQVH SKHQRPHQD KDS.
FDUULHU ZDYHV %XLOW HQYLURQPHQWY DUH VXUURXQGHG E
‘L)L VLIJQDOV WKDW FRQWLQXRXVO\ WUDQVPLW DQG UHFHLYH
ERG\ RI ZRUN KDV H[DPLQHG KRZ WR OHYHUDJH :L)L VLJQDOV
> @ UHVSLUDWLRQHPRWLBQGLTXL@VHWF 7KHUH LV DOVR DQ
VLYH ERG\ RI ZRUN RQ XVLQJ DPELHQW :L)L VLJQDOV IRU LQGR
> @ $00 WKLV ZRUN FDQ EH EURDGO\ FDWHJRUL]HG D\
IUHH QRW UHTXLULQJ WKH HQG XVHU WR FDUU\ VRPHWKLQJ |
RQ KXPDQ DFWLYLWLHY UDWKHU WKDQ LQVWUXPHQWHG REMHF
PHQW )LQDOO\UHVHDUFKHUV KDYH DOVR XVHG DFWLYH UDGD
LIDWLR@ >SRVWXUH @ QD/Q@ REMHFW LG H@ WAK HEBIW.VRID R P S U |
KHQVLYH VXUYH\ Rl UDGDU E D& HRBUWPHRAKHQ G AXWDL O HG DQDO\V L)



UDGDU EDVHG DFWLYH UDGLR WHFKQLTXHV DOVR ZRUN ZLWKLC
PXOWLSDWK HIITHFWV ORVW DFWLYH UDGLR WHFKQLTXHV VXII
WHQV RI PLOOLZDWWY DQG RIWHQ LQ WKH EXLOW HQYLURQ
DOO WKH VHQVLQJ ORFDWLRQV +HQFH UHFHQW VHW RI WHFK
HQW FDUULHU OHVV WUDQVPLV\@ R@W HEKIH. WKHIW R FFZ ORZ S
$&/7 UDGLR WHFKQLTXHV VKRZ H[FLWLQJ SRVVLELOLWLHV WKH
LQWHJUDWLQJ VHYHUDO FRPSRQHQWY RI UDGLR WUDQVPLVVL
WHQQDH VXEVWUDWH PDWHULDOV LQ QRYHO IRUP IDFWRUV
LQWR IXOO\ IDEULFDWHG REMHFWYV WKDW ZRUN DW EXLOW HQ)\
RQ FRQWULEXWLRQV LQ WKH ORZ SRZHU VSDFH WKDW WLJKWO\
VHYHUDO FRPSXWH DQG UDGLR WUDQVPLVVLRQ HOHPHQWYV Ol
HWFE

(MKMXEP WIRWSV ERHEGXYEXMSR JEFVN

$ ZLGH UDQJH RI OLWHUDWXUH LQ +&, KDV ORRNHG DW KRZ WHF
VHQVRUVDQG HOHFWURQLF FLUFXLWY ,Q RUGHU WR WLJKWO\ |
WKHOLWHUDWXUH LV HVVHQWLDO WR XQGHUVWDQG WKH WHFK

(MKMXEP WIRWSVIJEFVMGEXMSR XIGLRMUYIW

$V RQO\D IHZH[DPSOH® LOQWDRGXFHG D VRIWZDUH DQG KDUG ZI
ULFDWH FXVWRP WRXFK VHQVRUV XVLQJFRSSHU WDSHDQGD Y
> @ GHPRQVWUDWHG WKH FDSDELOLW\ Rl SULQWLQJ FLUFXLW
E\PRGLI\LQJWKH SULQWHU WR GHSRVLW VLOYHU LQN DQG WKH
&LUFXLW VVBLEQWURG XFHG D PHWKRG IRUDWWDFKLQJHOHFWU
DUHD VWLFNHUV WKDW DUH | Q&H K\VEHIEHD Q L HHNUBBKWO WHF K QLT X H \
GHVLJQVRQ SDSHUDQG DOORZGHVLJQHUV WR FXVWRPL]HDQG
ZLGJHWY OLNH VOLGHU UDGLR EXWWRQ H@ A QROURIBSKHW V) DQI+
WHFKQLTXH WR FUHDWH RQH RII SULQWHG FLUFXLW ERDUGV Z|
DGKHVLYH VWDFNHG RQ WRS RI F® $ MW RECXTHG DWHIESULFDWLF
WR GHVLJQ DQG 'SULQW FDSDFLWLYH WRXFK VHQVRUYV

2WKHU ZRUN LQ WKH +&, FRPPXQLW\ KDV IDEULFDWHG IOH[LEOF
HPEHGGHG LQWR GHIRUPDEOH ' ® R WEGRREMIBFMOWR VRIW F
OLNH VSRQ@&\BORWKHU DSSURDFK H[DPLQHV LPSUHJQDWLQJ H
SDUWLFOHV WR FUHDWH SLHER WBHHS@¥GYHIP REQWRDWHY KRZ VH
PDWHULDOV OLNHOLTXLG PHWDODQG FRQGXFWLYHIRLOFDQE
DFWXDWHG FRPSRVLWHY WR FUHDWH VHQVRUV LQ 3'06 FRPPRC
EHU DW KDQG VFDOH 6LPLO@UIDRBHYRPRBIKKDQJIHY LQ DLU
FDQ EH VHQVHG LQ KHDW VHDOHG LQIODWDEOH REMHFWV ,Q W
KDYHH[SORUHG HPEHGGLQJFRQGXFWLYH WH[WLOHV LQWR RW
FUHDWH VHQVLQJ RSSRUWXQLWLHY RQ DQGDURXQG WKH ERG\



JLIXUHG6KRZV WKHIRFXV RIGLJLWDO VHQVRU IDEULFDWLRQ W

%URDGO\ WKHVH WHFKQLTXHV XWLO@]NL'BOLQBAMIKI BXWWLQJ

@ RULQNMHW SULQWL@ 2WKHUV IDEULFDWLRQ WHFKQL
FKHPLFDO HW&FKYBUKHQ SULQWLQJ > @ VLOLFRQ PROG FDV
> @ VSUD\LQJ® DQG IUHHKDQG GUBZKRYKB EHHQ XVHG
WR FUHDWH YDULRXV W\SHV Rl VH® VRQWHQ@DEGLVSO@\V >
DQG PRELOH GHYLFH WRXFK VR HHQ H[WHQVLRQV >

+RZHYHU DOO WKHVH DSSURDFKHV UHO\ RQ PDWHULDOV OLNH
LWHG WR SULQWLQJVXEVWUDWHY WKDW DUH QRW VWUXFWXUD
GLPHQVLRQV 2QH QRWDEO® HKEARWHRGUNVEHY VHYHUDO VHQV
ZLWK WKH KHOS Rl 'SULQWHG PHWDO SDUWV EXW QRW SULQW
ORRNHG LOQWR LQYHVWLJDWLQJ WKH YHUVDWLOLW\ RI HPEHGZC
VXUIDFI@® KRZHYHU WKLV DOVR KDV VRPH SURFHVVLQJ OLPLW
GLS WKHDXJPHQWHG REMHFW LQ D ZDWHU WDQN $ PRUH UHFHC
> @ XVHV D GU\WUDQVIHU PHWKRG WKDW GRHVY QRW QHHG WR C

2XU IRFXV LQ WKLV WKHVLV LV FRPSOHPHQWDU\ WR WKH H[LV
GLJLWDO IDEULFDWLRQ RI VHQVRUV RQ WKH EXLOW HQYLURQP
HWF VXLWDEOH IRUEXLOWHQYLURQPHQW IRUP IDFWRUV WKEC
ORDG LPSDFW EHDULQJ VWUXFWXUHY OLNH ZDOOV WDEOHV F
QLTXHV IURP FLYLO DQG DUFKLWHFWXUDO HQJLQHHULQJ GRPD
FOXGHUHVHDUFKE\6ROLPODWWMRBOVHY RQ HOHFWULI\LQJFHPF
FDUERQ QDQREODFN HPEHGGLQJUREXVWRSWLFDOVHQVRUV L
EXLOGL@WRPSRVLWH DLUFUDIW ZLQ@ PRQGWRQL®/RULQJ ORD
ZLQG HQHUJ\ WXUEL@ HBE®DGBNVOG\ LQ ZRUNLQJ ZLWK FRPSRVLYV
DUH PHFKDQLFDOO\VWURQJ UHVHDUFKHUV KDYH ORRNHG DW
LOQWHUFRQQHFWV @X OIQEEQLUMMHBWEIJDWHG KRZWKHVH QRYHO L



LQWHUIDFHG ZLWK FRQYHQW LR Q D@ ¥WUW PX [ MW@®& W KIHSHILD) K W YOLDI D
FDUERQ ILEHUV WR IDEULFDWH HOHFWURFKHPLFDO FDSDFLWR
WKH FRQWDFW DUHD LQ SRWHQWLRPHWHUYV @D>F® UBR @ HHEQ U E
H[SORUHG IRU VOLGLQJ FRQWDFW (OHFWURPDJQHWLF (0 DS¢
GXFHG FDUERQ ILEHU FRPSRVLWH PDWHULDOV KDYH DOVR EHH
RI GLSROH DQW® @ DPWRVWULS @ QWIBHDPHFW URPDJQHW®@LF DEVR
7KH NH\LQJUHGLHQW WR HQDEOH WKH SRVVLELOLW\ RI XVLQJ
DSSOLFDWLRQV LV WKH FRQGXFWLYLW\ DQG VKLHOGLQJ HIIHF
ZHOO GRFXPHIDWHKB HOHFWULFDO UHVLVWLYLW\RIFDUERQ ILE
FP GHSHQGLQJRQWKHOQXPEHURIILEHUVSHUXQLWDUHDDQG C
XVHG ,Q PRVW HOHFWULFDO DSSOLFDWLRQV WKH HSR[\ FRDW
FDUERQ ILEHUV )RU H[DPSO® VHRQHGNVDKDW WKH FRQWDFW U
FDUERQ ILEHU FRPSRVLWHV FRXOG EH EURXJKW GRZQ WR  RKF
HSR[\ WKHQ GHSRVLWLQJVLOYHU

‘KLOH PDQ\ RI WKHVH WHFKQLTXHV H[LVW LQ FRQYHQWLRQDO H
WR SURJUDPPDWLFDOO\OD\GRZQIXQFWLRQDOO\PDWHULDOYV
HWF ZLWK 'SOLRUIWQRRCQD WRQYRSHQHG XS SRVVLELOLWLHYV IR
IXQFWLRQDO EXLOW HQYLURQPHQW IRUP IDFWRU GHYLFHV ZLW
7KLVWKHVLVIRFXVHVRQWKDW SRVVLELOLW\E\ORRNLQJDW G|
DQG PHWKRGV IRUHQDEOLQJFRPSXWDWLRQDO EXLOGLQJPDW

(MKMXEPJEFVMGEXMSR SIJEGXYEXSVW MR ,'-

5HFHQWO\ DZLGH YDULHW\RI +&, UHVHDUFKHUV KDYH VWDUW
FDODQG PDWHULDO SURSHUWLHY WRHQDEOH GHVLJQHUV WR |
WLYH GHYLFHV OHWDPDWHALDRO®HWNFKDDWHRMGRZ WR GHVLIQ W
FURVWUXFWXUHRIDQ REMHFW FRPSXWDWLRQDOO\LQ RUGHU V
LFDO PRYHPHQW ,Q IROORZ XS ZRUN GLJLW GBOLR:FKDADLLITD/DHF
KRZ WR IDEULFDWH VLPSOH QRQ HOHFWURQLF FRPSXWDWLRQL
PHFKDQLVP IRUVLJQDO SURSDJDWLR @ BQG DR QYWY \WLRRY KA @ 8
WR IDEULFDWH PLFURQ VFDOH KDLU OLNHVWUXFWXUHV XVLQJ
RI JHRPHWULHY WKDW FDQ ODWHU EH XWLOL]JHG IRU ERWK SDV
> @LQWURGXFHGELRORJLF DV\VWHP WKDW OHWV GHVLJQHU
XVLQJEDFWHULD WKDW UHVSRQGV WR KXPLGLW\ 2WKHU VKDSF
+&, LQFOXGHEL VWULS WKH U® R S®WMWAF® D \N F@ X DRUR QWH G

SDSHU DFWXMmMVNBQWXPDWLF GULYHQ VKDSH FKDQJL@JERQWHUII
RORJLFDO PDWH U@ DO\G>GLIJLWDO PDWHULDOV HQDEOHG E\ HOH

> @

KLOH WKHVH DGYDQFHVY DUH KHOSIXO IRUDFWXDWLRQLQ KDQ
DSSURDFKHV KDYHQRW ORRNHG DW URRP VFDOH RU EXLOW HQ
LQVSLUDWLRQDO UHVHDUFK IURP DUFKLWHFWXUH KDV ORRNHC
DIHZ VXFKDV WKH OXVFOH "M@ ZHKNLFEKRMMAINRS XFHG D WDOO R
WRZHU PDGH ZLWK DOXPLQXP DQG SQHXPDWLF PXVFOHV WKDW



OHDQ DQG PRYH WRZDUGV SHR SOV DDHRWHKHRRBFRMHFW WKDW
WKH ORFDWLRQ DQG SRVLWLRQRID SHUVRQLQ D URRP DQG FKEL
WXUDO IRUP IDEULF EDVHG RQ SRVLWLRQ 7KH 2SHQ &ROXPC
ORRN DW DFWXDWLQJ FROXPQV RU VWUXFWXUDO VXSSRUW ED'
ORJLFDO GDWD 7KHVH ZRUNV FRQYHUW GDWD LQWR SK\VLFD:
VSDFHV 0DQ\PHFKDQLFDO DFWXDWRUV LQ D@FXEW BNWXOUD®
VFDOHJHQHUDO SXUSRVHVKDSH FKDQJLQJLQIRUPDWLRQGLV
SOLPHQWY WKHVH DSSURDFKHV E\ IRFXVLQJ RQ LQWHJUDWLAQ.
GLUHFWO\DQG XVLQJHQHUJ\VRXUFHV IURP WKH EXLOW HQYLU



'LETXIV

1] % TTVSEGL

7KLV FKDSWHU VXPPDUL]JHV WKHIRXUIXQGDPHQWDO DSSURDF
FRPSXWDWLRQDO LQIUDVWUXFWXUH PDWHULDOV WR IDEULFDW
HQYLURQPHQW IRUP IDFWRUV )LUVW ZH ORRN DW IRUP IDFWI
HQYLURQPHQW WRGD\ WKHPDWHULDOV ZLWK ZKLFK WKH\ DUH
GHYLFHIXQFWLRQDOLW\FDQEHHQDEOHG E\WLJKWO\FRXSOLC
WLRQDO IXQFWLRQ 6HFRQG RXUDSSURDFK ORRNV DW XVLQJ
DQRDORJDSSURDFKHVY WKDW DUH D PRUH HQHUJ\ HIILFLHQW IF
EHWWHU PDWHULDO LQWHJUDWLRQ DQG F SURYLGH EHWWHU
QRYDWLRQLQGLJLWDO IDEULFDWLRQPDFKLQHU\DQG WKH XQC
WR HQDEOH WKH YLVLRQ RI FRPSXWDWLRQDO LQIUDVWUXFW X!
WXDWLRQ DSSURDFKHVY WKDW DUH LQWHUHVWLQJ DQG EHWWH
IDFWRUYV

*YRGXMSREP MRXIVEGXMZISENIGXW [MX
JSVQJIJEGXSVW

, QWHUDFWLYHVWUXFWXUDOIRUPVFDQHQDEOHFRPSOHWHO\ C
WLIKWO\LQWHJUDWHG ZLWK PDWHAH © B H D JMELIHLRM LCHOWW LQD E \
WKHEXLOW HQYLURQPHQW WKDW DUH LQVWUXPHQWHG ZLWK F
OLVW WKHFDSDELOLWLHV HQDEOHG ZLWK VXFK IRUP IDFWRUYV

1IGLERMGEP WXVIRKXL GIQIRKNNSGAFQODOW WXMWXFWXUHV LQ WKH
PHQW DUH ORDG EHDULQJ DQG FDQ VXSSRUW D IHZ WKRXVDQG
PDWHULDOV RI VXFK HIWUHPHO\ KLJK PHFKDQLFDO VWUHQJWK
MHFWY ZDOOV ELNHKDQGOHEDU JROIFOXE WDEOHV HWF '\
WKH RUGHU RI WKRXVDQG VOREIVS DXQQECGWHPDLQ LQGAVHUDFWLYH >

JOFIHHMRK PMKLX TMTIW JSV HMWTPEHWIERHKMROANETXHMERMDV Z
DQG WDEOHV VHPHDAR ZLWK VWUXFWXUDO PDWHULDOV FDQ EH



J)LIXUH (PEHGGHG ILEHU RSWLF LQSXW VHQVRUV DQG GLVSOD\'
SDELOLWLHVY WR URRP VFDOH REMHFWYV

SLSHYVDQG WKHUHIRUHFDQ EH XVHG DV GLVSOD\VDQG IRULQW

7IRWMRK EGVSWW PEVKI EVIEW MR XLDBYMN R X URZMINS R QFRXDV Z
DQG WDEOHV VPMBMAHZLWK VWUXFWXUDO PDWHULDOV WKDW VSI
EXLOGLQJLQ WKHEXLOWHQYLURQPHQW FRXOGEHWXUQHG LQ)
DVLQWHUDFWLY® GHYLFHV >

4SVXEFMPMX] HITPS]JEFMPMX] ERH /MY K\FBEAGHMA ERGXKPNE &M 8 RJ
D SRUwWDELOLWN L H WKHDELOLW\WRPRYHODUJH VFDOH RE
GHSOR\DELOLW\ L H WKHDELOLW\WR EHFRPHDYDLODEOH R(
RIODUJH VFDOH VWUXFWXUDO IRUPV WKDW@HVSRQG WR KXPD

,EVZIWXMRK LYQER OMRIXMG EGXMSR JSAXPBEXQXNWYIQHWILW DRAVMLA
DUH SHUYDVLYH LQ WKH EXLOW HQYLURQPHQW VXFK DV ZDON
WXUQLQJ GRRUNQREYV SXOOLQJ NLWFKHQ GUDZHUV UHIULJHI
TKHVH VWUXFWXUDO IRUPIDFWRUV LQ WKHEXLOWHQYLURQPH
ORZ FRVW FRPSXWDWLRQDO PDWHULDOV WKDW KDUYHVW HQH
EDWWHU\ IUHH VXVWDLQDEOH LQWHUDFWLRQV

STXMGEP GSQTYXI QEXIVMEP WIRWMRK |
EREPSK[MVIPIWWETTVSEGLIW

0O\WVHFRQGDSSURDFKUHODWHVY WRWKLQNLQJDERXW QHZFRPS
WKDW DUH QRQ VLOLFRQ SKRWRQLFRUXQFRQYHQWLRQDO VHI
HIILFLHQW@ DQG DUH EDVHG LQ WKH DQDORJGRPDLQ DQG DUH
LQWHJUDWLRQ ZLWK LQIUDVWUXFWXUHPDWHULDOVDQG WKHE
UHDVRQV IRU FRQVLGHULQJ VXFK DSSURDFKHV :KHQ ZH WKLQ
DQ HQRUPRXV QXPEHU RI VHQVRUV QHHG WR EH GHSOR\HG WR
WHUDFWLYH 7KHUHIRUH WKH HQHUJ\ UHTXLUHG WR UXQ DQG
GUDPDWLFDOO\ %\ WKLQNLQJRIPRUH HQHUJ\ HIILFLHQW WHF
VRUV FDQ RSHUDWH VXVWDLQDEO\ ZH FRXOG PDNH LW D UHDOL
HQYLURQPHQW VFDOH

)LUVW D SURPLVLQJ DYHQXH LV WR ORRN DW RSWLFDO VHQVL
> @ %UDJJJUDWLQJVHQVRUV FRXOG EHGHSOR\HG XS WR N |



JLIXUH D $ JHRGHVLF GRPH WKDW GHSOR\V LWVHOI XSRQ LQIC
DFWXDWLRQ DQG DFRXVWLF VHQVLQJ WR RSHQ LWV GRRUV DQ
ZLWK D FRQWUROODEOH YHQHWLDQ EOLQG YLD FDSDFLWLYH V
RQ GHPDQG YLD D SUHVVXUH VHQVLWLYH FRQWURO $00 RI W
DFWXDWLRQDQG VHQVLQJWKDW VXSSRUWDUDQJHRILQWHUDI
JHVWXUH RQ WKH GRPHQV GRRUDQG WKH GRRU VZLQJV RSHQ

UXQ ZLWKRXW EDWWHULHV OXOWLWXGHV RIVXFKVHQVRUV
RSWLFDO ILEHUDQG UXQ IRUDV ORQJDV WKH VWUXFWXUH OLY
WLRQDO DGYDQWDJH RI EHLQJ GHHSO\LQWHJUDWHG ZLWK PDW
KDUVK HPEHGGLQJ DQG XVH FRQGLWLRQV $OWKRXJK WKH SRZ
SHUIRUPHG DW WKH HQG SRLQW Rl WKH RSWLFEDO ILEHU DUH F}
DQG SURPLVLQJ@ MMOOWINUH ORRNLQJ DW FKLS VFDOH LQWHU I
HQHUJ\ HIILFLHQW SKRWRQLFDSSURDFKHV 7KHVH SKRWRQLF\
EHQHILWY HYHQ RQ WKH WU@QVDWODQWLF VFDOH >

6HFRQG WR WLIJKWO\ LOQOWHJUDWH VHQVRUV ZLWK WKH IRUP I
PRGLI\ PDWHULDOV WR DFW DV VHQVRUV DQG WUDQVGXFHUV
FRXOG EH RSWLPL]HG IRU KLJKHU FRQGXFWLYLW\ RUDFW DV W
RUXOWUDVRQLFZDYHV ,Q E®W & MWXAR IIEHWH V UgD 72 HVOXRURHNVH>S
DWH[SORLWLQJH[LVWLQJPDWHULDO VWUXFWXUHV WR HQDEO|
PRGLILHG WKHVXUIDFHPRUSKRORJ\RIFDUERQ ILEHUFRPSRVL
FRQGXFWHOHFWULFDO VLIQDOV ZLWK ORZ ORVV 6LPLODUO\ 1
IOH[LEOH WUXVV PDWHULDOV RI WKH LQIODWDEOH VWUXFWXU
XOWUDVRQLF ZDYHV SHUWXUEHG E\ KXPDQ LQWHUD®WHRQ )LC
ORRNHG DW FDVWLQJ VHQVRUV LOQWR ULJLG PDWHULDOV WKD\
YLEUDWLRQV WR WKH VHQVRU

7KLUG ZH HQDEOH XOWUD ORZ SRZHU ORQJ UDQJH DFWLYH ZL
LQJ WXQQHO GLRGHV 7XQQHO GLRGHV DUH DWWUDFWLYH QR
GHPRQVWUDWH TXDQWXP WXQQHOLQJ HIIHFW DQG FDQ EH H[S!
IUHTXHQF\ WUDQVPLVVLRQ FLUFXLWU\ 7XQQHO GLRGHV WHQG
EXGJHWZDWWY GXH WR WKH XVH RI *D$V ZKLFK DUH IXQFWLR(
WKDW KDYH VL[ WLPHVY PRUH HOHFWURQ PRELOLW\WKDQ VLOLF
FDQW LPSOLFDWLRQV IRUWKH IXWXUH RI HQHU@\ZH WIKFR $\§ WFDR
DQG 5) FKLSV :H XVH WKHVH WXQQHO GLRGH WUDQVPLWWHU\
WLRQDO ZRRG &KMIMHW LQWURGXFH D QHZ ZRRG IDEULFDWLR(
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