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Abstract

Electroreduction of CO, into high-valued chemicals is a promising way to reduce CO, emissions while
simultaneously producing bulk chemicals currently produced from fossil-fuel feedstocks. The down-
side of this process is that conversion rates are low, meaning the resulting product stream is a complex
gas mixture consisting primarily of reactants and by-products and a relatively small amount of product.
This study focuses on the development of a new downstream separation process to capture ethylene
from a mock-up reaction mixture (mole fractions C,H,/CO,/CO/H,/H,0 : 20/55/15/15/5), based on low
driving forces and suitable for application in a 100kW test case within the e-Refinery. An extensive
literature study of numerous separation techniques for gases was conducted and adsorption was cho-
sen as the most suitable option. After screening of various adsorbents, active carbon was selected as
the most potential sorbent. Based on a selectivity analysis, the primary focus was on the behaviour of
C,H4/CO, on active carbon. Using a simple, custom-build set-up, transient breakthrough experiments
were performed for this gas mixture and the resulting selectivity for an equivolume feed, yielded a lower
separation performance than expected based on the ideal adsorption solution theory, respectively a
selectivity of 1.5-1.7 versus 3.2-3.5. Additionally a theoretical model was developed using MATLAB,
which described the velocity profile inside the adsorber column and could qualitatively predict break-
through behaviour. Further analysis led to the conclusion that for a more accurate quantitative match
between experimental and numerical results, isotherm parameters should be obtained from the same
type of active carbon. Ultimately this technique could be used to increase the ethylene content in
a CO,-bearing stream and pave the way for a new, energy-efficient method to obtain hydrocarbons,
ethylene in this case, from an electrolyzer cell.

Keywords: Adsorption, ethylene capture, breakthrough times, activated carbon, separation technology,
e-Refinery, numerical model, velocity variation
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WLRQ PHWKRG ZRXOG HOLPLQDWH WKH QHHG IRUWKH WKLUG LQGXVWU!

$OWHUQDWLYH B3BURGXFWLRQ 5RXWH

&RQWUDU\ WR RWKHU FRPPRQ ELQDU\ JBY PLEN XD W& ¥ % F@ D& & +

&+ &+ > @ @+@® WKH &2 PL[WXUHLV VLIQLILFDQWO\OHVV VWXGLHG
WKH+& &2 PL[WXUH SOD\V DQ HVYVHQWLDO UROH LV LQ WKH HIIOXHQW RI
2&0 UHDFWLRQ 7KLV LV DQRWKHU SDWKZD\ WKDW LV XVHG IRU SURG
ZD\DQG LW LV EDVHG RQLQWRMHWKOOKOH ZLWK VLGH SURGXFWYV HWKDQ
K\GURJHQ 7KHPRWLYDWLRQ IRUXVLQJPHWKDQH IHHGVWRFN LV WKDW
UHQHZDEOH RSWLRQV VXFK DV ELRJ® R UWRP RPILEKDVEFZDRRMHVY LV LQW F
WR FRPSDUH WHBH\GXF®2RQ SDWKZD\ DV ERWK DUH XSFRPLQJ WHFKQRO
WR EH SURYHG LQ LQGXVWU\ EHFDXVH Rl SRRU HWK\OHQH FRQYHUVLRC
DO\WW OL@IW@PKD> 7ZR LPSRUWDQW GLIIHUHQFHYV EHWZHHQ WKH UHQH
EHREVHUYHG )LUVWO\ 2&0 GHSHQGV RQ D FRQVWDQW VXSSO\RI ELRJI
VLDO DV ODQG XVHG IRUDJULFXOWXUH FRXOG EH UHSODFHG IRU FKHP
HITOXHQW FRQWDLQV WZR PRUH OLJKW K\GURFDUERQ JDVHV QHJOHFV
DQG HWKID@BHEHFDXVH RI WKH ORZ FRQYHUVLRQ RYHU RI PHWKDQH L
WXUH DIWHU UHDFWLRQ DV ZHOO DV HWKDQH DV VLGH SURGXFW 7KH Ul
XVLQJ FRQYHQWLRQDO VFUXEELQJDQG GLVWLOODWLRQ PHWKRGV EHI
SURGXFWVY QHHG WR EH UHF\FOHG WR PLQLPLVH ZDVWH VWUHDPV DQG
LQJ WKLV SURFHVV HFRQRPLFDO®@\ X®H D& YDQN RIHERDEFWYRDA|HU [UF
DVHSDUDWLRQ SHUVSHFWLYHLVVXEVWDQWLDO DVWKHJDV SKDVH UH

*RDOVDQG UHVHDUFK TXHVWLRQ

JREXV RI WKLV WKHVLY DQG LWV UHVHDUFK TXHVWLRQ LV ILQGLQJ D G|
UHGXFWLRQ FHOO ZKLFK FDSWXUHV HWK\OHQH ZKLOH XVLQJ PLQLPDC
SURGXFW 7R KHOSDQVZHU WKLV TXHVWLRQ WKLY WKHVLV LV VXEGLYL
WKRURXJK OLWHUDWXUH RI YDULRXVY VHSDUDWLRQ WHFKQLTXHV DQG L
GHVFULEHG DQG DLPVWRILQG WKHRQHZLWK PRVW SRWHQWLDO ,Q FK



*RDOVDQG UHVHDUFK TXHVWLRQ

DGVRUSWLRQ ZLOO EH H[DPLQHG IXUWKHU DQG YDULRXY VRUEHQW PDWHU
FDSDELOLWLHV &KDSWHU GLVFXVVHVDQH[SHULPHQWDO VHW XSWR GHW|
ZLOOFRYHUH[SHULPHQWDO ZRUN ZHUH WKH FKRVHQ PDWHULDO LV XVHG L
DQG WKHEHKDYLRXU 2 PLOWXUB RQ DFWLYHFDUERQLVLQYHVWLIDWHG &l
DWKHRUHWLFDO PRGHO RI WKH H[SHULPHQWY ZKLFK FDQ EH XVHG LQ D ODW
WLRQ EDVHG VHSDUDWLRQ SURFHVYVY 7KLV WKHVLV ZLOO ILQLVK E\JLYLQJV
WKHUHFRPPHQGDWLRQV WR IXUWKHU GHVLIQ DQG GHYHORS D GRZQVWUHD



[ILWHUDWXUH UHVHDU

, QWURGXFWLRQ 3K\WLFDO SURSHUWLHYV

6HOHFWLRQ RI D VXLWDEOH DQG HIILFLHQW VHSDUDWLRQ SURFHVYV LV
IXO 7KLV FKDSWHU LV GHGLFDWHG WR HYDOXDWLQJ FXUUHQW VHSDUD
IRUWKHPRFN XS UHDFWRU HITOXHQW 3RVVLEOH RSWLRQV WKDW DUH
PHWKRGRORJLHY PHPEUDQH WHFKQRORJLHV VXUIDFH VHSDUDWLRQV
FRPLQJVHFWLRQV 7KHORZ FRWRH&SBVIRFEX B DWW HXH WR WKH KLIK NLQHYV
& & FRXSOLQJVWHS ZLOO LQFUHDVH WKHDPRXQW RIUHDFWDQWYV DQG
VHSDUDWLRQ SURFHVV @PRUBGRREREDPOO\ WKH GHVLUH WR IRFXV RQ OF
JLHV PDNHVILQGLQJD VROXWLRQ D FKDOOHQJLQJ WDVN

,QDEOHWKH SK\VLFDO SURSHUWLHV RIWKHJDV SKDVHFRPSRQHQWYV RI\
LQVSHFWLRQ RI WKH NLQHWLF GLDPHWHU QRUPDO ERLOLQJSRLQW SR
LWLVKDUGWRLGHQWLI\DFOHDUKDQGOH ZKLFKFDQHDVLO\VEHH[SORL
WKH PL[WXUHLQD VLQJOH XQLW RSHUDWLRQ GVHZAKAOW BCAHRXQY DY D WH\W
&2 &DSWXULQJRIDVSHFLILFJDV LQ VLPLODU PL[WXUHV LV SRVVLEOH
WKLV FRXOG EH WKH /HZRV VKIHGEMWMWILQEWLYH N RQ HWKLH GLLIORPCHHVHRIPRHI G
+2> @ 3HUIRUPLQJVXFKDQRSHUDWLRQ ZLWK HWK\OHQH DV WDUJHW
SK\VLFDO SURSHUWLHYV ZKLOH DOVR DGKHULQJ WR WKH ORZ GULYLQJ I
DFFRPSOLVKHG EHIRUH

$QRWKHU FRPSOLFDWLRQ OLHV LQ WKH OD UQHWMKRR XMWVPR [ \M WUWKKNO B @ HRI
WRIJHWKHU IRU URXJKO\ RI WKH PLIWXUH PHDQLQJ WKHLU FKDUDFW
FKRRVLQJ WKH VHSDUDWLRQ VA\VWHP %RWK JDVHV KDYH ORZ ERLOLQJ
KLIK SRODUL]DELOLW\DQG QR GLSROH PRPHQW

7DEOH 3K\WLFDO SURSHUW\ GDWD >

&RPSRXQG PROHEXRGOMLF1IRUPDO 3RODUL]DEEIROQOMWN 4XDGUXSROH

ZHLIJKW GLDPHWHARLOLQJ? > %¢ PRPHQW PRPHQW

>] PRO@ c SRLQW .FP@ > »A SHU> A SHU

HViE P HVEP @
& +
&2
&2

+ 2




6HOHFWLRQ FULWHULD

6HOHFWLRQ FULWHULD

+DYLQJPHOQWLRQHG WKLY ODFNRIDVXLWDEOH KDQGOH WKLV FKDSWHU ZL
VHSDUDWLRQ WHFKQLTXHV WR GHWHUPLQH WKH PRVW SURPLVLQJRQH ZKL
SURFHVVUHTXLVLWHYV %HIRUHHPEDUNLQJLQWRDKXJHFDPSDLJQ WR LGHC
IRUWKHIXOOPL[WXUH WKH\DUHDFFHVVHGEDVHG XSRQDIHZFULWHULD WF
FDQGLGDWH 7KRVHLQFOXGH

t$ FRQVLGHUDEOH DPRXQW RI LQIRUPDWLRQ VKRXOG EH DYDLODEOH LQ
DQG RUSURFHVYV

$f7KHWHFKQRORJ\VKRXOG EH HWK\OHQH VHOHFWLYH IRU WKHJLYHQ UHD

F([SHULPHQWDO WHVWLQJFDQ EH SHUIRUPHG RQ D VPDOO VFDOHDQG FD!
N: HOHFWURO\]HU FHOO

$f7KH SURFHVV VKRXOG RSHUDWH DW ORZ GULYLQJIRUFHY LQ RWKHU ZRL
ORZ

%HVLGHYVY WKHVH FULWHULD WKH VI\VWHP LV SUHIHUDEO\ DEOH WR GHDO Z
FRPSOLFDWLRQ RI ZDWHU YDSRU SUHVHQW IRU PRVW VA\VWHPV LW LV DVVX
FRQGHQVHU *RDOLV QRW WR GHVLJQ RUV\QWKHVLVH QHZ PDWHULDOV QR
FDPSDLJQ WR WHVW WKH VHSDUDWLRQ FDSDFLW\ RI XQSURYHQ PDWHULDO
DUH SDUWLDOO\ SURYHQIRU D SDUW RI WKHPRFN XS UHDFWRU HIITOXHQV

,Q WKH IROORZLQJ VHFWLRQ VRPH ZHOO NQRZQ VHSDUDWLRQ WHFKQLTXHYV
DQG PHPEUDQHVY WHFKQRORJLHV DV ZHOO DV PRUH XQSURYHQ RSWLRQV ZLC
GLVEXVVHG

$EVRUSWLRQ

$EVRUSWLRQ EDVHG VHSDUDWLRQLVYEDVHG RQUHODWLYHVROXELOLW\TV I
OLTXLG SKDVH PHDQLQJVRPHFRPSROQHQWV JHW HQULFKHGLQ WKHEXON D’
VWD\V LQ WKHJDV SKDVH FUHDWLQJD VSOLW :LWKLQ DEVRUSWLRQ WKUH
SK\WLFDO FKHPLFDODQG LRQLFOLTXLG DEVRUSWLRQ

SK\VLFDO DEVRUSWLRQ
3K\ WVLFDO DEVRUSWLRQ LV EDVHG RQ WKH SULQFLSOHV RI +HQU\fVY ODZ PHI
LVDIXQFWLRQ RI SDUWLDO SUHVVXUH DQG WHPSHUDW XaJ H/AOHF® SRV QRW
XSWDNH LV KLIKHU DW KLJK SDUWLDO SUHVVXUHV SUHVVXULVLQJRUKHDW
FRQVXPHUV PDNLQJSK\WLFDODEVRUSWLRQJHQHUDOO\XQHFRQRPLFDO ZK
XQGHU @ 7RUHIJHQHUDWH WKHDEVRUEHQW KHDW LV DSSOLHG SUHVVXU
ERWK

&RPPHUFLDO SURFHVVHV LQFOXGH WKHS5HFWLVRO SURFHVV ZLWK PHWKDQF
RSHUDWLRQ WKH 823 VHOH[RO SURFHVYV ZKLFK XVHV GLPHWK\O HWKHU DQ
DQG KDV RYHU RSHUDWLRQDO SODQWV ZRUOGZLGH 2WKHU SURFHVVHV L
6XOLQRO SURBHYWY HMKHVH SURFHVVHY KDYHLQ FRPPRQ WKDW WKH\DUH PD
DFLGJIJDVHV6 X226 WR XSJUDGH QDWXUDO JDV SXULI\)LVFKHUWURSYV HIIO)>

&KHPLFDO DEVRUSWLRAQ
&KHPLFDODEVRUSWLRQLV FKDUDFWHULVHG E\DFKHPLFDO UHDFWLRQ EHW
FRPSRQHQW WR IRUP D ZHDNO\ERQGHG LQWHUPHGLDWH 7KHVROYHQW LV |
IDYRXUVWKHIRUPDWLRQRIWKLVLQWHUPHGLDWHDQGLVWKHUHIRUHRIWH
LQWKHIHHG LY ORZRUSDUWLDO SUHVVXUHV DUHORZ :LWKLQ FKHPLFDO D
UHYHUVLEOH DQG LUUHYHUVLEOH DEVRUSWLRQ ,Q UHYHUVLEOH DEVRUSW
KHDWRU SUHVVXUH FKDQJHYVY LQ WKHVHFRQG FDVHWKHERQGHGLQWHUPHC(



ILWHUDWXUH UHVHDUFK DC

FRPPRQO\DSSOLHG ZKHQ WKHDPRXQW WREHDGVRUEHG LV VPDOODQG
> @

%RWK FKHPLFDODQG SK\VLFDO DEVRUSWLRQLV XVXDOO\SHUIRUPHG L(
YHQWLVIHGDWWKHWRSDQGJDVIORZVIURP WKHERWWRPDQG LV DEVH
VROYHQW OHDYHV IURP WKH ERWWRP DQG LV RIWHQ WKHUPDOO\ UHJI
QRZ UHFRYHUHG DQG UHPRYHG ZKLOH WKH DGVRUEHQW L@WF\FOHG EDF!

&KHPLFDO DEVRUSWLRQ LV H[WARYWXH®E\ YAKHG HRR W2 D YHU\ PDWXUH
KDV EHHQ FRPPHUFLDOLVHG IRUPDQ\GHFDGHV $UJXDEO\WKH PRVW LI
UHPRYDO RV&®RJIJDONDQRDOPLQHV WKLVLQFOXGHV SULPDU\ VHFRQGD!
K\GUR[\O JURXS IRUH[DPSOHORQRHWKDQRODPLQH 0($ GLHWKDQROL
RUF\FOLFDRAQ&VPKH 0($ SURFHVV LVH[SORLWHG E\QXPHURXV VXSSOL
$QODJHQEDX DQG 5DQGDOO *@ 7THFKQRORJLHV >

,RQLF OLTXLGYV
,RQLF/LTXLGV ,/V DUHVDOW VROXWLRQV WKDW DUHLQ OLTXLGIRUP X
f& DQG FRQVLVW PDLQO\RI LRQV DQG VKRUW OLYHG HOHFWURQV SI
ORZ YDSRU SUHVVXUH KLJK SRODULW\ ZLGH OLTXLG UHJLR® ®RRG WK
JVDUHXVHGLQ PDQ\DSSOLFDWLRQV LQ YDULRXVILHOGYVY KRZHYHU OLF
FRPPHUFLDOLVDWLRQ WKHVDPHLY REVHUYHG IRU VHSDUDWLRQ DSSO

,/V FDQ ERWK EH XVHG DV D FKHPLFDO DQG SK\VLFDO DEVRUEHQW )RU
WKH VROXELOLW\ DUH WKH IUHH YROXPH DQG WKH VL]H Rl ,@v £/ ZHOO
WKRQ\VHW DO PHDVXUHG WKHHIITHFW RI YDULRXYV ,/\VR® WKHBEPRE®XELW)L G
&2 HWKV\OHQH DQG YDULRXV RWKHUJDVHV 7KH\FRQFOXGHG WKDW FD
&2 VROXELOLW\DQGDQLRQV GR SOD\DUROH ZKHUHIRUWKH>71 1@ DQ
$GGLWLRQDOO\LW ZDV UHSRUWHG WKDW JDVHV ZLWK ODUJH GLSROH R
IRUP RWKHU ERQGY L H K\GURJHQ ERQGY KDYH WKH KLJKHVW DIILQLW
JDVHV UHODWHG DFFXUDWHO\ ZLWK WKHLU SRODUL]DELOLW\ 7KLV UH
PRFN XS UHDFWRU B! IKRXROW BQ! + > @

&KHPLFDO DEVRUSWLR@B@ XVHRWGHSRUWHG E\ %DWHV HW DO ZKR FU
OLTXLG 76,/ ZKLFKLVD, WDLOHU PDGHIRUVSHFLILFFKDUDFWHULVW
DEOH WR DEVRWX&2APLODU HIILFLHQF\DV H[LVWLQJDEVRUEHQW VRO X\
LV WKDW DV REVRUEHG WKH YLVFRVLW\ RI WKH IOXLG LQFUHDVHV DQG
GLIILFX@VWOWHUQDWLYHO\ WR WKLY SUREOHP &DPSHU HW DO PL[HG FF
0($ '($ ZLWK WKH URRP WHPSHUDWXUH ,/ 7KLV ZD\ WKH DEVRUEHQW
HIITHFWLYHO\ FRLOWPOWH RZY FRQGLWLRQV DQG SURFHVVHV $GYDQWDJ!
WLRQV LV WKDW WKH\ SK$WDWHVHAPSDBIWOL2VLHY DQG EHKDYLRXU EXW C
76,/ KLJK YLVFRVLW\ DQG SXUHDONDQRDOPLQHV VRORWGRQY WROK ML
GHJUDGDWLRQ F®UURVLRQ >

$OWHUQDWLYHO\ RSWLRQV PD\ OLH LQ WKH ROHILQ SDUDIILQ VHSDUD
WKLV VHFWLRQ DV PHQWLRQHG LQ WKH LQWURGXFWLRQ 7KH XQVDWX
RI GRQDWAHFWURQV FRQWUDU\WR VDWXUDWHG SDUDIILQV ZKRVH HC
ELWDOV 7KLV PDNHV ROHILQV HVVHQWLDOO\ /HZLV DFLGV ZKLFK DUH I
IRUH[DPSODH®I&X @ 6XQ HW DO LQYHVWLJDWHG D QRYHO FRSSHU , E
PHPEUDQH 6,/0 7KLV 6,/0LV D SRO\YLQ\OLGHQH IOXRULGH PLEFURSRU
./ FRQVLVWLQJ RI &X&0 DQG EXW\O PHWK\OLPLGD]ROLXP FKORULGH
HWK\OHQH SHUPHDELOLW\DQG SHUPVHOHFWLYLW\ FRXOG EH FRQWURC
DUDWLR RI WZR WKH KLIJKHVW SHUPHDELOLW)\ D@ G 63.HPU P\DHIOUHHFWAHLDAUL FAK\
SRUWHG IRU SRO\WXOIRQH 361 DV\PPHWULFDO SRURXV KROORZ ILEHU"

SEPLP@>%) @ Q EXW\O PHWK\O LPLGD]JROLXP WHWUDIOXRURERUDWH >EPLP@
ELV WULIOXRURPHWK\OVXOIRQ\O LPLGH



&U\RIJHQLF VHSDUDWLRQ WHFKQLTXHYV

p7 [\GLDJUDP E3 [\GLDJUDP ([SHULPHQWDO GDWD REWDLQHC
JDKDPD HW@O >

JLIXUH 9DSRXU OLTXLG HTXLOLEULD IRUELQDU\HWK\OHQHDQG FDUERQ GLR[LGH PL[WXUH
5RELQVRQ HTXDWLRQ RI VWDWH XVLQJ $VSHQ 30XV VRIWZDUH

$J12DQG $I%WWROXWLRQV LQ YDULRXV ,/ ZLWK LPLGD]JROLXP DQG SKRVSKRC(
RI'WKHRULJLQDO HWK\OHQH LQ D HWK\OHQH HWKD@H UDWLR ZDV UHF

&RQFOXVLRQ RQDEVRUSWLRQ EDVHG WHFKQRORJLHYV

1XPHURXV H[DPSOHV ZHUHJLYHQRILQGXVWULDO VFUXEELQJLQVWDOODWL
WLRQ IRUKBRRRYDO VWUDWHILHYVY KRZHYHU QRQ RI WKHP PHW WKH FULWHULD
FRXUVH WKLY GRHVY QRW PHDQ WKDW RQH VWHS HWK\OHQH FDSWXUH XVLQ
LQ WKH OLJKW RI RXUJRDO WR QRW HPEDUN RQ DQ HI[SHULPHQWDO HQGHDY
FRQWLQXH LQ WKLV ILHOG DQG VHDUFK IRU D VXLWDEOH VROYHQW $Q DOW
SURFHVV ZKHVHJI&E&PRYHG XVLQJ DEVRUSWLRQ IURP RI WKH UHDFWLRQ PL[W
IURP ZKLFK HWK\OHQH FDQ PRUH HDVLO\EH LVRODWHG

$OVR IRULRQLF OLTXLGY VXEVWDQWLDO DPRXRMSRIXUWHHY H D WHUHY WRQG XKV
VSHFLILFJDV PLIWXUH DUH WKH VROXELOLWLHV RI YDULRXV JDVHV LQ ,/V U
ZDV WKDW VROXELOLW\RI HWK\OHQH LV VLPSOH LQWHUPHGLDWH ZLWK UHV
WXUHDQG WKHUHIRUH GRHV QRW SURYLGH XV ZLWK WKH GHVLUHG KDQGOH

,RQLF OLTXLGVY SURYLGH XV ZLWK D SDUDGLJP DV WKBUHKWULAKFBPQERHLRQ V
XVHG ELQDU\ RU WHUQDU\ V\VWHP V¥ DQLGY} XK VWH. \EDHFMRIPEH@DWLRQV EHW.
WKHP RQH FRXOG DUJXH WKDW RQH RI WKHP SURYLGHV DJRRG RSWLRQ IRU
QRW WKH VFRSH RI WKHVLYV

&S&U\RIJHQLF VHSDUDWLRQ WHFKQLTXHYV

1R H[DFW GHILQLWLRQ H[LVWV ZKHQ WKH FU\RJHQLF WHPSHUDWXUH UDQJH
JLQV ZKHQ VR FDOOHG SHUPRDHWHRQ WIMNHW IR OLTXHI\DURXQG + f& 7KHU
JDVHV WR WKHVH ORZ WHPSHUDWXUHV LV WKDW SKDVH FKDQJHV VWDUW R
IRUPHG EDVHG RQ GLIIHUHQFHV LQ FRQGHQVDWLRQ DQG VXEOLPDWLRQ SRL
R[\JHQ DQG QUWURJBQH REWDLQHG LQ DL&@ RHSTUDBH RRSWXUHG IURP 10XF
JDVHV ZLWK SXULW\ D @G WHFHRHHHDP SOHV LQGLFDWH WKH SRVVLELOL
TXDOLW\SURGXFW &U\RJHQLFVHSDUDWLRQ PHWKRGV DUH QRW OLPLWHG \
WKH FU\RJHQLF SDFNHG EHG DQWL VXEOLPDWLRQ SURFHVV &RQWUROOHC
FHVV RULPSOHPHQWDWLRQ @ VWLUOLQJFRROHUV >



ILWHUDWXUH UHVHDUFK DC

&U\RJHQLF 'LVWLOODWLRQ

7TKHILUVW PHWKRG WKDW FRPHV WR PLQG ZKHQ VHSDUDWLQJ DW FU\RJ
WLRQ ,WVSULQFLSOHLVEDVHGRQWKHUHODWLYHYRODWLOLWLHVRI\
WKH HIITHFWLYH YDSRU SUHVVXUHV WR HIWUDFW RQHRU VHYHUDO FRPS
RI' FU\RJHQLF GLVWLOODWLRQ DUH ZHOO NQRZQ DQG LV WKHUHIRUH F
KLIK PDWXULW\ RI WKH SURFHVV QR QHHG WR LQWURGXFH DGGLWLRQ
KLIK SXULW\ SURGXFWV FRPELQHG ZLWK @ L QWPIDVOFXRNNHHMVROI\ DUCRVGRX W
VHSDUDWLRQ WHFKQLTXHIRUWKHWSOLWWLQJRIK\GURFDUERQYV >

,QVSHFWLQJWKH VWDQGDUG ERLOLQDSRELQWVLRI PP &R B S/RION G OV D)
OHQH KDV WKH PLGGOH ERLOLQJSRLQW DQG WKHUHIRUH GRHV QRW SUR
FDSWXUH RIHWK\OHQH $GGLWLRQDOO\ W i&H YIDUBHR XIUY)B Q TOQLIGSHT X LO O L
YLHZLQJ WKHVH GLDJUDPV LW LVUHHOLW® U W KRIUGARIHE2 QFH LQ ERLOL!
PDNLQJ LW HQHUJ\ LQWHQVLYH WR REWDLQ D KLJK SXULW\ HWK\OHQH |
FUHDVH WKH SURFHVV FRPSOH[LW\ 6W+QNHO HW DO UHSRUW D SURFF
LQ D 2&0 UHDFWLRQ PL[WXUWD QGIWKHBWRREBYVYV FRQVLVWYV RI D SXULILFI
VHFWLRQ ,Q WKH SXUL I LLARDWHARRYYHHBFXWLLROQY 20 ($ EDVHG DEVRUSWLRQ X
DUDWLRQ VWDJH RQH RUPXOWLSOH GLVWLOODWLRQ FROXP@V DRUH X VI
UHGXFH WKH HQHUJ\ UHTXLUHPHQWY B6DOHUQR HW DO XVH D WHFKQLT
OLTXLG IUDFWLRQV DUH VSOLW LQ D GHFDQWHU DQG VXEVHTXHQWO\ I}
XPQ WKHUHVXOWLVD GURS L@ U$O WIHHYDW MY FROWWWASWD HW DO PRG
IHDVLELOLW\ RI XVLQJ/1*DV FROG VRXUFH IRUWKH GLVWLOODWLRQ RI
QRRWKHU H[WHUQDO FRROLQJZDV UHTXLUHG +RZHYHUEHFDXVH RI WK
WR 1* WKLV PHWKRG LV RQO\IDYRUDEOH ZKHQ /1* FROG HQHUJ\ LV REW
SURFHW >

'HVSLWH DOO RI WKH SUHYLRXVO\PHQWLRQHG SURFHVVHV WKH KXJH VV
SOHPHQWHG LQ WKH H 5HILQHU\ LV VWLOO WKH FRQVLGHUDEOH HQHUJ)\
PLIWXUH WR D SRLQW ZKHUH FRPSRQHQWY VWDUW FRQGHQVLQJ ,W LV

RIRSHUDWLQJ@& RMMMHGXFH WKLY DPRXQW HQHUJ\HIILFLHQW VROX\
FRPSUHVVLRQ DQ@FRRAOUADY¥LQJIO\ VIQHUILVWLF SWRF ISVUR FOIRXY G QDK
ILFDWLRQ 7KH ODWWHU HYHQ UHSRUWHG WKDW XVLQJ WKHLU RSWLPL
JDLQRIRYHU FRXOG E® WHDLFPKSIRAUWDQW VLGHQRWH LV WKH UHTXLUHC
XFW SUHIHUDEO\SURGXFW LV XVHG ORFDOO\RU WUDQVSRUWHG WKUR
QRW XQFRPPRQ IRUHWK\OHQH WR EH VWRUHG LQ VXUIDFH UHIULJHUDW
DW FU\RJHQLF WHPSHUDWXUHY PDNLQJWKHHFRQRPLFFDVH V& URQJH

6WLUOLQJ FRROHUYV

7KH EDVLF SULQFLSOH RS 6WLUOLQJ &RROHUV LV EDVHG RQ WKH UHYH
WR EH FRROHG WR YHU\ ORZ WHPSHUDWXUHV ,WV EDVLF RSHUDWLRQ L
D F\FOH WKH SKDVHV DUH GHVFULEHG E\ 6RQJ HW DO DV H[SDQVLR(
UHIULJHUDWLRQ XQGHU D FRQVWDQW YROXPH FRQGLWLRQ FRPSUH\

KHDWLQJ XQGHUD FRQVWDQW YROXPHFRQGLWLRQ $GYDQWDJHV RI"
HIILFLHQF\ VPDOO VL]H DQG WKH\ DUH RQO\@ HDK.ID PE R KROQQH & B 6 \W B ROD
LWVHOI QRW D VHSDUDWLRQ PHWKRG EXW D WRRO WKDW FDQ EH XVHG
DO SURSRVHFRDBWXUH SURFHVV EDVHG RQ 6WLUOLQJ &RROHUV FRPELQ
DQ HIILFLHQW PHWKRG WR GHVXBO@P DRZHQNQGH DB WXDMW &KLYV FRQFH S\
SURYHQ RQ ODEVFDOH XVLQJIDEQA®RDD PG [ SHBRW VFDOH RU LQGXVWL
KDYHEHHQ UH®BRUWHG >

&U\RIJHQLF 3DFNHG %HG
7TXLQLHUHWDO SURSRVHG D BRYWXRRPEXR/AMHMWOQ ZRLFK HITHFWJL&E HO\ U
ZDWHUDQG FDSWXUHV WKH SHUPDQHQW JDVHV 7KLV SDFNHG EHG FRQV
LVFRROHG XVLQJH[FHVV FROG GXW\ WKDW LVDYDLODEOH @V DHLIOWHILE
FRQFHSW LV EDVHG RQ WKH GHVXEOL DOMELR @ DHUGHI GHH HUHQRY &§2RQ WYV
FROQGHQV2GUHMDWH WKH HTXLOLEULXP WHPSHUDWXUH DQG VXEVHTXHQ



&U\RIJHQLF VHSDUDWLRQ WHFKQLTXHYV

LQJ &2RUPV DQG FUHDWHV WKH VHFRQG HTXLOOLEULXP WHPSHUDWXUH 7Kl
FRQGHQVDWLRQDQG GHVXEOLPDWLRQV UHDFKHV DPD[LPXP GHSHQGLQJR
EHG WKLV SUHYHQWYV SOXJJLQJRU XQDFFHSWDEOH SUHVVRUHKGWRS LQ WK
FRQFHSW SURYHG WR EH VXFFHVYRXDQEZ DPMRXDBRDQWDJIH RI WKLV SURF
WKDW ZDWHU LV UHPRYHG LQ WKH VDPH XQLW RSHUDWLRQ UHPRYLQJ WKH
$GGLWLR®QQRDOEHHQ DGGHG WR WKH PL[WXUHDQG WKH WRWDO PL[WXUH KD!
WKHO($ EDVHG DEVRUSWLRQ SURFHVV RUD®36%$ VHSDUDWLRQ SURFHVYV >

$OWKRXJK WKLY PHWKRG UHPRYHV ZDWHU DQG FDUERQ GLR[LGH IURP WKH .
JDV PL[WXUH LW GRHY QRW SURYLGH D VLQJOH XQLW RSHUDWLRQ ZKLFK F
RSHUDWLRQ VWHS ZRXOG EH UHTXLUHG $QRWKHU GRZQVLGH RI WKLV PHWK
RI/1*JDV ZKHQ WKLV LV QRW WKHFDVHDUHIULJHUDWLQJV\VWHP LV UHTXL!
FRQVXPSW@R®GGLWLRQDOO\ WKLY SURFHVV KDV QRW EHHQ SURYHQ LQLQG
VPDOO VFDOH H[SHULPHQWY PDNLQJWKH FU\RJHQLF SDFNHG EHG QRW D YL

&RQWUROOHG JUHH]H =RQH
7KH &RQWUROOHG )UHH]H =RQH &)= WHFKQRORJ\LVRULJLQDOO\LQWHQGF
UHVHUYHV ZKLFK PD\ FRQWIDL@QGXS W/ RQG &XVW EH UHPRYHG WR PDNH LW V.
IRUWUDQVSRUWDWLRQ@ QKER CEXWIWLREBRGW RDERAY QRUPDO GLVWLOODYV
GLIILFXOWWYRR2\ SURQH WR IUHH]JLQJDQG EORFNLQJWKHF FROXPQ $V D VRC
WKHLGHD WR GHGLFDWH D VSHFLILF JRQHDQORKH 6 RROXPUHHRH BX V2D QG IDO
WR D PHOW WUD\DQG FDSWXUH WKH DFLGLFJDVHV LQ DVLQJOH VHSDUDWL
WKH VROLGLILFDWLRQ WHPSHUDWXUH E\ IHHGLQJ KHDW WKURXJK ZDUP YD
RI WKH FRO@P@&@> 7KLV LGHD FRXOG EH HIWHQGHG WR PXOWL FRPSRQHQW
FRPSRQHQWY DUH ITUMHTHKE RXKIWKRRQRWHQW LQ WKH SURSRVHG UHDFWRU HIIO
W\A\SH RI GLVWLOODWLRQ LQWHUHVWLQJ 'RZQVLGH KRZHYHU RI WKLV PHWK
PHWKDQH VHSDUDWLRQ DQG 1IRUWKURS HW DO PHQWLRQ WKDW KLJKHU FR
& ZLOO HQG XS LOWWUHD&2D QG WKXV PDNLQJD VHFRQG VH®DUDWLRQ VWHS

$OWHUQDWLYH FU\RJHQLF PHWKRGYV
$V DOWHUQDWLYH WR WKH SUHYLRXVO\ PHQWLRQHG PHWKRGYVY WKH IROORZ
&2 FDSWXUH RIFRDO ILUHG SRZHU SODQWDQG ZHUH LQYHVWLJDWHG DV YLI

$QWL VXEOLPDWLRQ $Q6X SURFHVV

7KLV PHWKRG GHVFULEHG E\ &0RGLF HW DO LV EDVHG RQ WKH VLPLODU S
SDFNHG EHG WKDW LV WKH G H\Y XEOH@DHVILR QR HXAHIW WKD VW &G LUHEWO\ WR V
KHDW H[FKDQJHU ZLWK DV PDLQ DGYDQWDJH WKDW W®H RKDWSRIRKNMUYRQ FD
FRQVLVWV RIILYH VWDJHV ,Q WKH ILUVW VWDJH PRLVWXUH LV UHPRYHG D
WKH VHFRQG VWDJH FROG HQHUJ\ LV UHWULHYHG IURP WKH RXWIORZLQJ VW
WKLUG VWDJH WKH JDV PL{WXUH LV IXUWKHU FRROHG XVLQJD LQWHJUDWHC
VLVWV Rl WKH BRWWDHIRRDQJHUV ZHKNWGHWXE®R2PDWHG ,Q WKH. M.IWK VWDJF
UHFRYHUHG ,Q WKLV VI\VWHP ZDWHU VKRXOG EH UHPRYHG WR SUHYHQW XQ
WKH IRXUWK VWDJH WKLV LQ FRQWUDVW ZLWK WKH FU\RJHQLF SDFNHG EHG
VXEVWDQWLDO SUHVVXUH GURS GLITHUHQFHV $QRWKHRIQFWRSXHDWLRQ L
H[FKDQJHU OLPLWY WKH DPRXQW RI KHDW WUDQVIHU WR WKH JDV PL[WXUH Q
FRPSOLFDWLRQ LV WKDW WKH | UHW QS MOHPHSGW RW X WH/ FSIDIPW LD O SUHVV X U |
WXUH WKHORZHU WKH GHVLUHG WK O ERHUF WEW WHR SRIQ BW&UH RI1 WKH KH
VKRXOG EHDQG WKHPRUHHQHUJ\LV UHTXLUHG

&U\R&HOO SURFHVYV
,Q WKH &U\R&HOO SURFHVV IOXH JDV LV GHK\GUDWHG FRROHG XVLQJ RXWIC
&2 IUHH]LQJ SRLQW ,Q WKH QH[W VWHS LW LV H[SDQGHG XVLQJD-RXOH 7KR

JRUGHWDLOHG LQIRUPDWLRQ RQ WKH SURFHVV WKHUHDGHU LV UHIH@UHG WR WKH RULJLQDO
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GHVLIQHG &U\R&HOO FROXPQ DV D WKUHH 8§ ¥ DWHHF R YWHUHIKS W HWKRHOH REWA)
FROXPQ KHDWHG E\ WKH UHERLOHU DQG UHPRYHG DV D OLTXLG $W Wt
SUHVVHG WR VWRUDJH RUV@OH VSHFLILFDWLRQV >

%RWK SURFHVVHV DUH LQWHQGHGHFRG® FBUIHMURPHI® KRHUI®Y HV RU XSJUDG
DQG FRXOG SURYH XVHIXO ZKHDPBEXQWFL@Q WWHKIPREN XS UHDFWRU HIITOX
SXULWQEHG WR EH UHF\FOHG 7KHLPSOHPHQWDWLRQ ZRXOG KRZHYHU
HWK\OHQH FDSWXUH

&RQFOXVLRQ RQ FU\RJHQLF VHSDUDWLRQ PHWKRGV
7TKHDGYDQWDJHV RI FU\RJHQLFGLVWLOODWLRQDUHWKHKLIJKUHFRYH!I
WHFKQRORJ\ PDNHVLWD YLDEOHRSWLRQIRUWKLY VHSDUDWLRQ SURF
RIWKH2&0UHDFWRUHIITOXHQW VKRZWKDW FU\RJHQLFGLVWLOODWLRQ
UHDFWLRQ PLIWXUH PRFN XSPL[WXUHLQFOXGLQJPHWKDQHDQG HWKTE
VIQHUJLVWLF VFKHPHY SURFHVV LQWHQVLILFDWLRQ RU XVLQJ PRUH X
HQHUJ\GHPDQGV FDQ EH GHFUHDVHG

$OWHUQDWILWHHHOIL &2 RU VXEOLPDWLRQ PHWKRGY DUH FRQVLGHUHG WK
UDQJHG EHWZHHQ ODEVFDOH DQG SLORW VFDOH DQG ZHUH7KMNVPHO\ GH
PHWKRGVY ZRXOG UHGXFH WIKHWRR PQWRIU&2DQG ZRXOG PDNH VHSDUD\V
WKHP SURYLGHG SHUVSHFWLYH RIREWDLQLQJ KLJK SXULW\HWK\OHQH
DGGLWLRQDO VHSDUDWLRQ VWHSYV

ODLQLVVXHZLWK FU\RJHQLF GLVWLOODWLRQLV WKHLQKHUHQW QHHG
DQG RQH FRXOG ZRQGHU LI WKLV ILWV WKH JUHHQ FKDUDFWHU RI WKH
HWK\OHQHZLWK UHVSHFWWR WKHPL[WXUHGRHVY QRWDOORZIRUDRQH
FROXPQV DUHUHTXLUHG IRUSURGXFWUHWULHYDO $QLPSRUWDQW VL
LPSOHPHQWDWLRQ VLWH FROG HQHUJ\ LV DYDLODEOH IRU H[DPSOH Wk
EH FDSWXUHG RSHUDWLRQDO FRVWY ZRXOG GHFUHDVH VXEVWDQWLD (
WKHUHIRUH LW LV DVVXPHG LQ WKLV WKHVLV WKDW VXFK FROG HQHUJ
QHHGV WR EH FRROHG LQ LWV HQWLUHW\

$GVRUSWLRQ

$GVRUSWLRQLVWKHQDWXUDOWHQGHQF\RIPROHFXOHV WR FROOHFW I
VWUHQJIJWK LV XQLTXH IRUHYHU\DGVRUEHQW DGVRUEDWH FRPELQDWL
UDWLRQ WHFKQLTXH ORVW RI WKH WLPH WKHELQGLQJLY ZHDNHU WKI
UHODWLYH PLOG DGDSWDWLRQ@ Q7¥UR AHHWHRR/QELWILW QVV>WKH EDVLYV
VWDJHV ILUVW WKHDGVRUSWLRQ SKDVH ZKHUH D PLIWXUH RIJDVHV L
DGVRUEHG VSHFLHV LV FDSWXUHG E\WKHDGVRUEDWHDQG WKH VHFRQ
E\D FKDQJH LQ SUHVVXUH SUHVVXUH VZLQJDGVRUSWLRQ RU WHPSHU
DQG WKHDGVRUEHQW EHG LV UHJHQHUDWHG 7KHILUVW LQGXVWULDO
1 2 VSOLWWLQJ DLU GU\LQJRULQ K\GURJHQ SXULILFDWLRQ 1RZDGD)
JHU SURFHVVHV ZLWK WKH ODUJHVW K\GURJHQ SXULILFDWLRQ XQLWYV I
UDWHV XS WR WRQQHV2SVKHGMSSOLFDWLRQV WKDW DUH FXUUHQWO\
FDUERQ GLR[LGHUHFRYHU\RUQDWXUDO JDV SXULILFDWLRQ )RUH[DPS
$VVRFLDWHYV ,QF DUHLQ RSHUDWLRQ ZLWK RYHU XQLWV WRGD\ 7KH
obQeGILOOJDYVY GLIHVWHU JDV FRDOEHG PHWKDQHDQG QDWXUDO JDV
VWUHDP FRQWDLQLQQOHWHR®@Y %2

6LPLODU WR DEVRUSWLRQ WZR W\SHV RI DGVRUSWLRQ WA\SLFDOO\ RFF
ZHDN 9DQ GHU :DDOV DWWUDFWLRQ IRUFHV DQG DUH FKDUDFWHULVHG

N-PROH 7KLV W\SHRIVRUSWLRQ LVUHYHUVDEOHDQG PROHFXOHV DI
PROHFXOH EXWDUHIUHHWR WUDYHO RYHU WKH VXUIDFH &KHPLFDO E|
LVLGHQWLILHG EA\D PXFK VWURQJHU ERQGYV VXFK DV FRYDOHQW RU HC
WKDOS\ERQG DUFPR@E DQNG DUH LU WBH YHKUWYLIHOMHY HUVLELOLW\N LY D PDN



$GVRUSWLRQ

ZKHQ XVHG IRU EXON VHSDUDWLRQV DV WKHDGVRUEHQW ZLOO QHHG UHSO
SURFHVV DQG LQFUHDVLQJ WKH RSHUDWLRQDO FRVWYV 7KH QH[W VHFWLRQ
IHFWLYHO\ FDSWXUH HWK\OHQH

J)LOQGLQJDQ HWK\OHQH VHOHFWLYH KDQGOH

ODWHULDOV RIWHQ XVHG DVDGVRUEHQW LQFOXGH DFWLYDWHG FDUERQ Pt}
WLYDWHG DOXPLQ@®D ¥HRODHKMBERNRXQW RI GLVSHUVLRQ IRUFHV D PROHFXOH -
DGVRUEHQW LV GHSHQGHQW RQ PROHFXODU ZHLJKW SUHVHQFHRIIXQFWLF
KDORJHQV SRODUL]DELOLW\DQG WKH PLFUDRESRIUWVFRIQNEKHRER/AHUIGY H @ WIHR
HWK\OHQH IERR&VE2DUH QRQ SRODU PROHFXOHV ZLWK ODUJH HXMKGUXSROH P
OHQH 8VLQJVXUIDFHPRGLILFDWLRQV RUORFDOO\LQWURGXFHG FKDUJHV
PHWDO VLWHV LQO02)VY WKHDEVRUEHQW VWUXFWXUHFDQEHDGDSWHGLQ V
DFWRQ WKHTXDGURSROH PR P HDQAWGRA LHWDKW 6l QI RRUH&QW LD O@/ HEOUDWLRQ K
FXOWNOLHVLQILQGLQJD VXLWDEOH QHWZRUN WKDW LV DEOH WR VHOHFWL
&2 RURWKHU VSHFLHVY LQ WKH PL[WXUH

JRUH[DPSOH *DUFtD HW DO UHSRUWHG WKH G\QDPLF DGVRUSWLRQ H[SHUL|
6LHYH 06 RQDPLQL SODQW VFDOHIRU WKH VHSDUDWLRQ SURFHVV IRU WK
RIHWK\OHQ®W &RWKHU VSHFLHVY LQ WKH  PL[WXUHZHUHUHSRUWHGDQG LW ZI
ERWK&QG &Z2DV VLIQLILFDQW LQ RWKHU ZRUGV QR VXLWDEOH KDQGOH IRU
7R REWDLQ DJRRG HWsKOOWM QHKKE D XWKRUYVY SURSRVHG WR XVHDPLQH EDVHG
&2 > @

$OWHUQDWLYHO\ %DFKPDQ HW DO VRXJKW WR ILQG D KDQGOH E\ XVLQJ SR
IUDPHZRUNV 7KHLULGHD ZDV WR XVHDIUDPHZRUN ZLWK RSHQ PHWDO VLW
WURSRVLWIEDIAMIHRIG LQIJDELOLW\RIWKHFRRUGLQDWLQJ@ HVQDMOKMIVWH IR U
FROQWH[W WKH DXWKRUV IRXQG RI WKH LQYGREMGIRIDWHEW POQVHYHLO®VIIH J 0
WKDWRQ@REGF GLG QRW H[KLELW D SDUWLFXODUO\ODUJHDIILQLW\ WRZDU
KRZHYHU GLG KDYH WKH UHODWLYH ODUJHVW DIILQLW\ WRZDUGV HWK\OHQ
VHOHFWLYLW\ IRU WKLV FRPSRXQBEB GRE ®R DXRBBYHQRALIJKHU VHOHFWLYLW\
UHSRUWHG KRZHYHU HWK\OHQH &2 VHOHFWLYLW\ ZB\GREGFWRWHLQIRZHU |
DSSUR[LPDWHO\ DQG UHVSHFWLYHO\ 7KHVH FDOFXODWLRQV ZHUH YHU
DQG VLPXODWLRQV DQCGPSEREGIIE WKBWSODEOH RI KLIK VHOHF@&LYH HWK\OHQ

'LVDGYDQWDJH RIWKH SUHYLRXVO\PHQWLRQHG DGVRUEHQWYV LV WKDW WK
LWLQJ XS VFDOLQJ FDSDELOLWLHVY =DQGYRRUW HW DO UHFHQWO\ LQYH\
VFUHHQHG FRPPHUFLDOO\DYDLODEOHDGVRUEHQVEWY DRI QH © HFWALLHHVH WX \ C
WKHLUUHVHDUFK WKHDXWKRUV H[DPLQHG FDWLRQ H[FKDQJHG JHROLWHYV
FDUERQ $& WR WHVW DGVRUSWLRQ FDSDELOLWLHYV 8VLQJLGHDO DGVRUSES
VHH VHFWLRMXH VHOHFWLYLW\ RI WKH&ERLODWEG AW MWXRIHE& G IRUDOO DGVRU
I[IURP WKHVH UHVXOWV LW ZDV REVHUYHG W KOHMOHHRWDILYWHYQ & 3Q & D YV HNUKH Gk
VHOHFWLYH WKH UHPDLQGHU VKRZHG QR VLIJQLILFDQW H[WUD DGVRUSWLR
ZHUH YHULILHGLQWUDQVLHQW EUHDNWKURXJKH[SHULPHQWV DQG VLPXOD
UDWLRV )RWPR @DWLR RI WKUHH D EUHDNWKURXJK WLPH RI PLOQXWHYV IRU
FRPSDUHG WR PLQXMWHLIROIWMLQ)IJ WKH SUHIHUDEOH DGVRUSWLRQ RI HWK\O
ZLWK WKH FDOFXODWLRQV

'"HVRUSWLRQ ZDV LQYHVRMDIUDMHGIBWYLW QDRUPDO SUHVVXUGHREVSESUYHG ZD®
WLRQ ZzDV VXEVWDQWLDOO\ IDVWHU WKHQ HWK\OHQH+G &¥ RIDWNIRRR)I WKH D

FRPSDUDEOH UDWLR DV WKH PRFN XS UHDFWRU HIITOXHQW DIWHU PLQ’
FRXOGEHREWDLQHG 1RH[SHULPHQWV ZLWK K\GURJHQ RUFDUERQPRQRJ[LC(

P GREGF GLR[LGR EHQJHQHGLFDUER[\ODWH
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&RPSDULVRQ WR WKHIUXLW LQGXVWU\
,Q DQ H{WHQVLYH UHYLHZ .HOOHU HW DO GHVFULEH HWK\OHQH DV WK
KDV WKHUHIRUH VLJQLILFDQW HIIHFW RQ JURZWK DQG GHYHORSPHQW C
FHQWUDWLRQV DOUHDG\ KDYH LQIOXHQFH FRQWUROOLQJ HWK\OHQH F
SURGXFW ORVVHV DQG LQVXUH D IUHVK SURGXFW 7KH PRVW ZLGHO\ XV
SHUPDQJDQDWH EDVHG VFUXEEHUV ZKLFK R[LGHV HWK\OHQH LQWR FL
RWKHUPHWKRGY WKH XVH RI]HROLWHV DQG FDUERQ EDVHG DGVRUEHQ
FHQWUDWLRQV 21 WKH UHSRUWHG JHROLWHV PRUGHQLWH 1D ZDV WKH
FRXOG EH UHJHQHUDWHG XVLQJ PLFUR ZDYH KHDWHG ZDWHU (WK\OHC
WKH R[LGDWLRQ FDSDFLW\ RI WKH SRWDVVLXP SHUPDQJD QW HE XWVHG
FRXOG EH UHJH@HUPGGL®WERQDOO\ %DLOpPpQ HW DO GHVFULEH WKH XV
IRUHWK\OHQH FRQWURO DQG FRXOG GHSHQGLQJ RQ WXB F& RELKMILR Q
JDVHV WHPSHUDWXUH KXPLGLW\ REWDLQ VLPLODU HWK\OHQ® XSWDN
> @ 7KHLQYROYHPHQW RI HWK\OHQH LQ IUXLW ULSHQLQJDQG LQ WK
FRPSDUHERWK DQG WKH SRVVLELOLW\WR XVH $& DVDGVRUEHQW LV LQ

(I"HFW RIDFWLYDWHG FDUERQ RQ RWKHU VSHFLHYV
TRIXUWKHU LQYHVWLIJDWH WKH SRVVLELOLW\RI $& DVDGVRUEHQW WK
OHQH DQG WKH RWKHU YDULRXV VSHFLHV LQ WKH PL[WXUH ZDV GHWHL
DGVRUEHQW KRZHYHU DGVRUSWLRQ HIIHFWV RI ZDWHU YDSRU RQ $& F
H[SODLQHG E\ WKH SUHVHQFH RI IXQFWLRQDO JURXSV RQ WKH VXUIDFH
VLWHYV 'HSHQGLQJRQ WKHDPRXQW RIITXQFWLRQDO JURXSV RU WKH FR
WKLV HIITHFW FDQ FRPSHWH DQG GLVUXSW DGVRUSW®RQ RI WKH RULJLQ

([SHULPHQWDO DGVRUSWLRQ HTXLOOLEULD RI SXUH K\GURJHQ DQG FD
LQYHVWLIDWHG WR UHODWH WKHLWKSWB NH WXRONWYEE @ ki QIEHKYBEHEDGEHI2AU
LPHQWDO GDWD KDYHEHHQ HIWUDFWHG IURP WKH RU@IDQBX B ¥ 8 HEUH Kl
ILWWHG XVLQJ D WHPSHUDWXUH GHSHQGHQW GXDO WRNVHX/D@QW B WIDUNVRF
FRPSDUH WKHLU XSWDNH 2EVHUYHG LV WKDW IRUVLPLODU FRQGLWLRC
WDNHV IRUWKHVDPHVSHFLH WKLV HIITHFW FDQ EHH[SODLQHG E\ WKH G
DUHDDQG VXUIDFH®KHdKLVWWODbY IHDW LV REVHUYHG E\=DQGYRRUW HW |
EUHDNWKURXJK H[SHULPHQWY RQ |JHROLWHV DQG $& &RQWUDU\ WR ]JHI
XODWLRQV ZLWK H[SHULPHQWYVY DQG WKH\ H[SODLQHG WKLV SRRU TXDQ
VLPXODWLRQV ZHUH REWDLQHG IURP D GLIIHUHQW NLQG RI $& WKDQ WK
>@ 1HYHUWKHOHVV FDQLWEHREVHUYHG WKDW IRUWKHJLYHQ $& W\S
OLNHO\ KDV OLPLWHG HITHFW RQ HWK\OHQH XSWDNH &DUERQPRQRI[LGHE
RQ HWK\OHQH FDSWXUH VKRXOG EHLQYHVWLJDWHG

(INMHFW RRRPSOH[DWLRQ DQG HI[DPSOHYV
FRPSOH[DWERGBMNRBERQGLQJ LV D VSHFLDO NLQ@®RBEEWDQG \ ® IZE PHIWWD IOH
ZLWK D OLJDQGDQG DUHDEOHWRUHOHDVH HJ EDFNGRQDWLRQ HOHI
DQDQWLERQGLQJRUELWDORIWKHOLJDQGDQGLVIRUH[DPS@H\HHQ L
JLIXUHWKLV LV JUDSKLFDOO\GLVSOD\HG VHHQ LV KRZWKAMRWRUWDWD O
%HFDXVH RI WKH UHO IRWEY.M®MLRIXKOHILQY DGVRUEHQWY ERGWDLQL

T>PRO®J
&+ &2 &2 + $& W\SH VXSSOLHU 5HI
) ) IRULW % > @
A A ~ 7\SH %3/ PHVK® >
A ) ) A &DOJRQ &R > @
A A A 1&RPPHUFLD® f@
7DEOH /IRDGLQJ RI YDULRXV FRPSRXQGYV RQWR GLIIHUHQWADBWI-HFI-H)GBMGBWH\,GSQWQW

GXDOVLWH WHPSHUDWXUH GHSHQGHQW /DQJPXLU PRGHO



$GVRUSWLRQ

JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RIDQ RO

ZLWK WUDQVLWLRQPWWXMHRXWVLGHYV RUELWDO E
ZLWK WKH ERQGLQJ RUELWDO RIBRKHGPHWDO VHFR
FRQVLVWLQJ RI WKH RXWVLGH HOHFWURQV LQ G R
WKH HPSW\ DQWREEQ®WIDDIRI H'K\OHQH >

ERQGLQJDUH FRPPRQO\LQYHVWLIJDWHG LQ ROHILQ SDUDIILQ VHSDUDWLRC
VHOHFWLYLW\IRU ROHILREBIWKHB LQFRPXSHUDWHG LQ DQ DGVRUEHQW IUL
UHVXOW LQ DGVRUSWLRQ HQWKDOSLHV RI RYHU N- PRO 'RZQVLGH RI WK
PD\SURYHWR EH TXLWHIF KIXQU BQLIQIMWM WRZDUGY HWK\OHQHFDQ DOVR EH H
FDUERQ GLR[LGH PLIWXUHV WZR H[DPSOHV DUHJLYHQ EHORZ

=KRXHWDO VWXGLHG WKHGHHS UHPRYDO RIHWK\OHQH RI B RMUERQ GLRJL
&2 FRPSDULQJ 1D<DQG +< ]HRODWGNVIEHE® K $HROLWHY 7KH\UHSRUWHG W
RIWZR W\SHVY RIDGVRUSWLRQ VLWHV IRU WKH PRGLILHG JHROLWHYVY WKH Z
XQPRGLILHG]HROLWHV DQG WKHVWURQJVLWHWFAKILFHK IUW VK H FROUHE & HLAHA
DGVRUSWLRQ VLWHVY VWURQJFRPSHWLWLRD@HGELW R WHUHEHRZHHYHKWKAQHSD D
DUH SULPDULO\ FDSWXUHG E\ WKH VWURQJ PRUH VHOHFWLYH DGVRUSWLR(
VLWHY RFFXUV DW DURXQG f& ZKLOH IRUWKH VWURQJ VLWHY GHVRUSW
SURJUDPPHG GHVRUSWLRQ WKH DXWKRUV ZHUH DE@H YRR WHOHR /S RHION B D
PLIWXUH 9&&2 +H HW DO UHSRUWHG WKH PHWDOIRUJDQLF IUDPHZRUN
ULFDWHG E\ FRSSHU WHWUDIOXRURERUDWH DQG TXLQROLQH FDUER[\OLF
ZLWK JUHDW VHOHFWLYLW\ ,$67 FDOFXODWLRQV VKRZHG VHOHFWLYLW\ RI
'Y7 FDOFXODWLRQVLWZDV REVHUYHG ) KDWBUPGE WQRRNFEHW Z\HHRXWKH PR
DQG WKHIUDPHZRUN DQG WKDW LQ WKLV FDVH WKH KLJK VHOHFWLYLW\ FD
ULQJPDNHV LW GLIILFXOW IRUHWK\OHQH W& FRKHW)HI B VD S OW ¥ MWEKGILIFUIMDWP Hi 2
ZLWK SURSHU XVHRI PHWDO FRPSOH[HVY DGVRUEHQWY FDQ EH WXQHG WR V
LQWHUHVWLQJIRU WKH XSJUDGH WRZDUGV KLJK JUDGH HWK\OHQH

&RQFOXVLRQ RQ DGVRUEHQW WHFKQRORJLHYV
J)LQGLQJD VXLWDEOH DGVRUEHQW FDSDEOH RI VHOHFWLYHO\ FDSWXULQJ H
WKH SRWHQWLDO DGYDQWDJHV DUH FOHDU VLPSOH HTXLSPHQW SURFHVV
ORZHQHUJ\UHTXLUHPHQWY 3RVVLEOHDGVRUEHQW RSWLRQV LQFOXGH DF
PHWDO RUJDQLFIUDPHZRUNYV ZKLFKFDQEHWDLORUHG WR PHHW VSHFLILF
LW\ TXDGUXSROH PRPHQW GLSROH PRPHQW RIHWK\OHQHDQG FDUERQ GL
DGVRUEHQW VHHP HPYGRHGW DOEGQREGF ZHUH UHSRUWHG WR KDYH JRRG V
WRZDUGV HWK\OHQH EHLQJ DQG PHG/BEG W LDYONOR KZBK\HSCPEMOMGB HF W L Y
LW\ RI DSSUR[LPDWHO\ $GGLW LR QDG $MIUHDH/S RUL\R B G WEBO®N B X RR G
ERQGLQJFDSDELOLWLHY ZLWK HWK\OHQH WKHVH FDSDELOLWLHV DUH XVH!
OHQH DQG &2

%HVLGHV WKHVHO02)VDQG ]JHROLWHY DFWLYHFDUERQZDVDOVRUHSRUWHG
ULXP WRZDUGV HWK\OH@H&D D UDRILHEWABHY KDYLQJD FDOFXODWHG ,$67 V
WR 7KLVLVQRWDV KLIKDVWKHFXVWRPPDGHDGVRUEHQWY KRZHYHU G
ZLGHO\DYDLODEOH DQG FKHDS EHLQJDGYDQWDJHRXV ZKHQ ODUJHU VFDO
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L
U

R QH WRIDH FXIDHRIUW PHPEUDQHV LQ|
VFABBBEEDPEREPORFU\WWDOV *UH
QW SRO\PHUL® PHPEUDQHYV >

D;X HW DO
VLHYHV ]H
EUDQH®@ >
JLIXUH (WK\OHQH HWKDQH VHSDUDWLRQ SHUIRUPDQFH IRU YDULRXV W\SHV RI PHPEU|
WKH XSSHU ERXQG IRU SRO\PHULF PROHFXOHYV

WUDQVLHQW GHVRUSWLRQ H[$H&2Z PH RWXWHRI L ELLE DBWWRRKDPWLERZD LV IDV
WKDQ HWKV\OHQH GHVRUSWLRQ PKDWQGRYRUEKSOIMCGDDWMUWEOR RRPQHDUO\ !
FDQEHUHFRYHUHG ,QWHUHVWLQJO\D VLPLODU IHDW LV FXUUHQWO\ VI
WKH RUJDQRSKLOLFLW\RI $& LV XVHG WR HIITHFWLYHO\FDSWXUH HWK\O

OHPEUDQH 7THFKQRORJ\

OHPEUDQH VHSDUDWLRQ LY EDVHGRQ WKHUHODWLYH SHUPHDELOLW\ R
EDVHG RQ WKH SK\VLFDO RUFKHPLFDO SURSHUWLHV RIWKHJDV 7KH PD
DUDWLRQLV WKHSUHVVXUH GLITHUHQFH WKDW LV SUHVHQW DFURVYV Wk
XELOLW\DQG SHUPHDELOLW\ WKH SHUPHDEOH PROHFXOHY SHUPHDWE
PROHFXOHY UHWHQWDWH VWD\RQ WKHIHHG VWUHDP VLGH 7KH VSHF
JUHDW LPSRUWDQFH LQ WKHGHVLIJQ RIDPHPEUDQH VHSDUDWLRQ XQL)
> @ @

,QGXVWULDODSSOLFDWLRQVRIPHPEUDQHVLQFOXGHIRUH[DPSOH WKH
XQLWV LQVWDOOHG ZRUOGZLGH +FDB@E 2BWHUHPBRURIUKP D K\GURFD
RU WKH &\QDUDS OHPEUDQH 8QLWYV XQLWYV LQVWDOOHG ZRUOGZLGH
&2 IURP K\GURFDUERQ JDV VWUHDP DQG LV HYHQ FDSDEOH RI KDQGOLQ
+\GURJHQ XSJUDGLQJ IDFLOLWLHYV XVLQJ WKH 823 3BRO\WHSE OHPEUDQ
ZRUOGZLGH DUH FDSDEOH RI SURGXFLQJD WR K\GURJHQ SURGXF\
UHDFKLQJ WKH LQLWLDO @V B HVKRH PHDQVHUDLOVDSYDQWDJHV RI PHPEUD((
FOXGHLWY ORZFDSLWDO DQG RSHUDWLQJ FRVWY WKH SRVVLELOLW\R
VKHHWY +RZHYHU WKH WHFKQRORJ\LV RIWHQ QRW HFRQRPLFDO IRU \
SURGXFW

JRUJDV VHSDUDWLRQ DWUDGH RIILVRIWHQ HQFRXQWHUHG EHWZHHQ
WHULDO DQG ZLOO FKDUDFWHULVH WKH SHUIRUPDQFH RI WKH ILQDO SL
IORZ WKURXJK WKH PHPEUDQH RUUHGXFH WKH SUHVVXUH GURS RYHU \
LW\GHFUHDVHVY DV PROHFXOHV FDQ GLIIXVH PRUH HDVLO\ WKURXJK WK
SHUPHDELOLW\ D KLJKHU VHOHFWLYLW\ LV RIWHQ) VHH{H FKUWHLIWKHDS
2 1 VHOHFWLYLW\LY GLVSOD\HG RQ WKH\ D[LVDQG SHUPHDELOLW\ RQ
SHU ERXQGDU\ H[LVW IRU PDQ\ SRO\PHULF PHPEUDQHYVY DQG WR RYHUFF
UHVHDUFK

'LWKLQ PHPEUDQH JDV VHSDUDWLRQ YDULRXY PHPEUDQH PDWHULDOV



OHPEUDQH 7THFKQRORJ\

EUDQHVY LQRUJDQLF PHPEUDQHYVY OHWDO RUJDQLF IUDPHZRUN PHPEUDQHYV
VRPH RWKHU PD&HULDOV >

SRO\PHULF OHPEUDQHYV
3RO\PHULF PHPEUDQHVY DUH HITWHQVLYHO\ XVHG LQLQGXVWU\IRU WKHLU O
FDWLRQV DQG VRPH HIDPSOHVY LQFOXGH VLOLFRQH UXEEHU SRO\FDUERQD
> @ 7\SLFDOO\ WKH\ DUH GLYLGHG LQWR JODVV\ RU UXEEHU\ SRO\PHUV C
WHPSHUDWXUH RI WKH PDWHULDO 5XEEHU\ PHPEUDQHV FRQVLVW RI ORQJ
ZKHQ WKH VWUHVV LV UHOHDVHG WKH PHPEUDQH ZLOO UHWXUQ WR LWV RU|
RWKHUKDQG FRQVLVWRUULJLG FKDLQV WKDW ZLOO EUHDN ZKHQ WHQVLRQ
KDYHJRRG VHSDUDWLRQ FKDUDFWHULVWLFV HJ KLIJKVHOHFWLYLW\ FRP
LVH[SODLQHG E\WKH SUHVHQFH RIOHVV IUHH YROXPH ZLWKLQ WKH FKDLQV
LVREVHUYHG 7KLV HIIHFW LV RONRIGHYVBOIKH® KRBEHU\ SRO\PHUV DUH UHS
PRUH VLIQLILFDQWO\LQ WKHERWWRPULJKW FRUQHU D®G DQG JODVV\SRO!

,QRUJDQLF PHPEUDQHYV
,QRUJDQLFPHPEUDQHVY FRQWDLQ W\SLFDOO\R[LGHVY PHWDOV RUHOHPHQW]|
PHPEUDQHV WKH\ DUH PRUH GXUDEOH VKRZ OHVV SODVWLILFDWLRQ DQG
DQG GLVWULEXWLRQ 7KH\DUH W\SLFDOO\ FKDUDFWHULVHG EDVHG RQ Wk
GHQVH QP DQG PDFURSRURXV ! QP 7KHPLFURSRURXV UDQJH SRUH
DQG QP LVLQWHUHMNQG®IGRBRRUERQ VHSDUDWLRQV ([DPSOHV LQFOXG
DQG FDUERQ PROHFXODU@ L¥®Y HRULOBDPSOH 6DOLQDY HW DO GHVFULEH W
SHUIRUPDQFH &06 WKDW ZDV S\UROLVHG EHWZHHQ WHPSHUDWXUHV Rl  DQ
FDSDEOH RI HWK\OHQH FDSWXUH LQ D ELQDU\ HTXLPRODU HWK\OHQH HWKE
DW EDUDQG ZKLFK FODLPHG WR EH WKH KLJKHVW WR GDWH OROHFXODU V
DQG KLJK SHUPHDELOLW\ EXW KDYH QRW EHHQ S@R @XFHG DW LQGXVWULDO

J)DFLOLWDWHG WUDQVSRUW PHPEUDQHYV
)DFLOLWDWHG PHPEUDQHVY KDYHD VSHFLDODJHQWV LQFRUSRUDWHG LQWR
DQGUHYHUVHOVELQG ZLWK WKH WDUJHW PROHFXOH SURYLGLQJDQDGGLW

ZzD\ IRUD GHFHQW SHUPHDELOLW\ YHU\ KLJKVHOHFWLYLHV RI KDYH EHH(
PLIWXUd@ BQG RI IRUSURS\OH@®H7/BUREVDQPHKLHYHG IRUH[DPSOH E\ LPSOHPF

VLOYHU LRQV LQWR D SRO\PHULF PHPEUDQH ZKLFK DUH FDEREGRMWR IRUP L
ROHILQYLMHHI ,Q DUHFHQW SDWHQW LW ZDV VKRZQ WKDW IRULQFUHDVHG
WKH PHPEUDQH D KLJKHU SHUPHDELOLW\DQG VHOHFWLYLW\ ZDV REVHUY H(

P SHUPHDWH VW& HRPSWDFWLVH KRZHYHU WKHVHPHPEUDQHYV ZHUH IRX(
GXULQJORQJHU FRQWL@XRXV RSHUDWLRQ >

3LORWVFDOH 2&0 SURFHVVHYV

3RO\$FWLYHPHPEUDQH D FRPPHUFLDO EORFNFRSRO\PHU LV SURGXFHG RQ
LQWR PHPEUDQH PRGXOHV E\ ®U L Q \WKHQLQ SWORWFDOH LQYHVWLIJDWLRQV
FDSDELOLW\RIWKLV PHPEUDRMMK ABRSWXK\UGHBRFRYERQVZBEF FRQFOXGHG

WKDW WKH PHPEUDQH ZDV VWDEOH IRU ORQJHU SHULRGV XQGHU FRQWLQXR
FDUERQ GLR[LGH IURP K\GURFDUERQV ZLWK JRRG VHOHFWLYLW\ WRZDUGYV F
ZDUGV HWK\OHQH +RZMHYRY WKHR&2 DW EDUIHHG SUHVVXUH DQG DW
SUHVVXUH LQGLFDWH WKDW D K\EULG VHSDUDWLRQ VA\VWHP WKH DXWKRU\
QHHGHG WR PLQLPLVH ORVVHV %HVLGHY HWK\OHQH ORVVHV WKURXJK WKH
VR DQRWKHU PHPEUDQH VWDJH ZRXOG EH UM TSGGH® MRRO D ®G X B A KOFOGAM H W
SRUWHG D "VWURQJ VZHOO IZ&LER KDXHD BH RD W2 Y H H&HH FAM @ B FVWKLY &\ DV

&2 SDUWLDO SUHVVXUHV LQFUHDVH PHDQLQJWKDW @URFHVV SUHVVXUH U]

&RPSDUDEOH UHVXOWYVY ZHUH VHHQ LQ SLORW VFDOH WHVWYV E\6WXQNHO HV
WR VWXGEFDESWXUHLQ 2&80 UHDFWRU HIITOXHQWDQG WKHHIIHFW RIHWK\OHQH
SRO\HWK\OHQH R[LGH 3(2 SRO\GLPHWK\OHVLOR[DQH 3'06 DQG PDWULPL



ILWHUDWXUH UHVHDUFK DC

WKH KLIKH¥W &HOHFWLYLW\ RI ZDV IRXQGIRU 3, +RZHYHU LQ WKHL
ZDV IRXQG WKDW IRDSW&XPH HWK\OHQH ORVVHV ZRXOG EHLQ WKH UDQ
SLORW H[SHULPHQWY WKH\ DLPHG R RIF DHSHAGX RIQKWVILY MRLIQM KRG &/ X&2/ H

TXHQWO\LPSOHPHQW DQ DPLQH EDVHG DEVRUSWLRQ VWHS 7KLV ZD\ X
SUHYHQWHGRWK FDVHV VKRZ WKDW IRU FRPPHUFLDO PHPEUDQHY ORV\

20HILQ SDUDIILQ VHSDUDWLRQV
20HILQ SDUDIILQ VHSDUDWLRQV DUH QRWRULRXVO\GLIILFXOW WR DFKL
DQG DUH FRQYHQWLRQDOO\ SHUIRUPHG XVLQJ GLVWLOODWLRQ 2Q WI
SDWHQWY KDYH EHHQ SXEOLVKHG RQ K\GURFDUERQ PHPEUDQH VHSDUD
WKHLQWHUHVW LQ HQKDQFLQJH[LVWLQJ PHPE&DQHV DQG FRPPHUFLDC

+RX HW DO SXEOLVKHG D FRPSUHKHQVLYH UHYLHZ ZHUH WKH ODWHVW
ILQ VHSDUDWLRQV DQG RYHU GLIIHUHQW W\SHV RI PHPEUDQHYV DUH L
YLHZ WKH\ GLVFRYHUHG WKDW WKH VHOHFWLYLW\ SHUPHDELOLW\ EDU
SOLFDWLRQV 6HSDUDWLRQ RFFXUV HLWKHU WKURXJK FKHPLFDO LQWH
WKRXJK GHQVH SRO\PHUV DQG DOWHUQDWLYHO\WKURXJK VLHYLQJ PRC
SURSULDWH SRUH VL]JHV DQG VKDSHV )URP D PDWHULDO SRLQW RI YL}
VHHQ HJ GHQVHDQG SRURXV PHPEUDQHV 'HQVH PHPEUDQHV FRQVL
PHU DUH GLIIXVLRQ EDVHG DQG DUH WKHUHIRUH OLPLWHG E\ WKH VH(
VROXWLRQ SRURXV PDWHULDOV ZLWK PLFURSRUHV H J 02)V JHROLW!
GHVLJQKG YRUERWK SRLQWV RIYLHZ 02)VDUHREWDLQLQJVLJIQLILEDQ)
PHPEUDQHV FDQ EH YDULHG LQ RUJDQLF OLQNHU PROHFXOHV FUHDWL
WHUQDO FDYLWLHV DQG@ K AR LIEQ® WKHQIGWDO HWK\OHQH VHOHFWLYH F
QRQ HTXLOLEULXP PROHFXODU G\QDPLFDQG')7 VLPXODWLRQV ,Q WKH
IRXQG WR EHVXSHULRUUHODWLYH WR WKHRWKHU UHSRUWHG PHPEUDC
D&+ &+ VHOHFWLYW\ RI VHHIWKHHH@VWDU LQ

OHWDO RUJDQLFIUDPHZRUN PHPEUDQHYV

,QWURGXFWLRQ RIPHWDO RUJDQLFIUDPHZRUNV 02)V LQWR PHPEUDQ
LV REWDLQLQJDQ LQFUHDVLQJDPRXQW RIDWWHQWLRQ GXH WR SURSH
DQG JRRG VHOHFWLYLW\WRZDUGYV VPDOO RUFKLUDO PROHFXOHV %DF|
EUDQHV FRQVLVWLQJRIO02)VGLVSHUVHG LQWR D SRO\LPLGH SRO\PHU St
RIDURXQG 7KHPHPEUDQHVGREGEVRGBRERE®F 1QDQRFU\WWDOV ZHUH DC
KDYHJUHDWHU HWK\OHQH VHOHFGREIGW\ RGBRQVLYMNVIQIJRHDWHU SHU|
DQG LQFUHDVHG GXUDELOLW\ DOO RSHUDWLQIXDER Y Hb M\KIHGHS/S\M K LE/RLX
FUHDVHG VHSDUDWLRQ SHUIRUPDQFH WKHDXWKRUVUHSRUWHG VXSSU
PRELOH SRO\PHU FKDLQV WKDW DUH EHLQJ GLVVROYHG E\WKH SHQHW U
LQJVHOHEWLYLW\ 7KH SRO\PHU PHPEUDQHYV ZHUH DEOH WR KDQGOH KL
PDNLQJ WKHP DSSOLFDEOH IRU VHSDUDWLRQV SUHYLRXVO@L QIKAFHV V1
VDPH JURXS DOVR UHSRUWHG D VROGREGFU PIBYREBR GEOSDEOH RI KL,
VHOHFWLYH HWK\OHQH FDSWXUH |UR&2D P L7[KHWH FIRQRFL § WPIO&2F R X O
LQFRUSRUDWHG LQWR PHPEUDQHV W® ERRVW HWK\OHQH FDSWXUH >

&RQFOXVLRQ RQ PHPEUDQHV

OHPEUDQH EDVHG VHSDUDWLRQ LV D PDWXULQJ WHFKQLTXH WKDW LV L
DSSOLFDWLRQVDUH I IRUHOBWXOHERANXR JDV ELRIJDVDQG QDWXUDO J
JHQ FDSWXUH $GYDQWDJHV RI PHPEUDQH WHFKQRORJ\LQFOXGH ORZF
QR PRYLQJ SDUWYV PRGXODU XS VFDOLQJDQG WKH ODFN RI SKDVH FKD
DUHLWYV VHQVLWLYLW\WR IRXOLQJ SODVWLILFDWLRQ RUFRPSDFWLRQ
E\SUHVVXUH RUWHPSHUDWXUH HITHFWV DQG D VHOHFWLYLW\ SHUPHDLE

7TRILQGDQ HWK\OHQH VHOHFWLYHPHPEUDQHY WKUHH W\SHV RIPHPEUD
RUJDQLFDQG IDFLOLWDWHG WUDQVSRUW PHPEUDQHYV 7R TH[DPLQH VF
WKH 2&0 SURFHVV DQG ROHILQ SDUDIILQ VHSDUDWLRQ SURFHGXUHYV ZF
RXWIORZ FRPSRVLWLRQV



2ZWKHU WHFKQRORJLHYV

3RO\PHULF PHPEUDQHV DUH WKH VLPSOHVW W\SHRIPHPEUDQHH[DPLQHG D!
ELOLW\DQG ORZFRVWYV KRZHYHU HWK\OHQH VHOHFWLYH SURFHVVHV DUH V
UHDFWRU HITOXHQW XVLQJ PHPEUDQHY PDWULPLGH ZDV WKH PRVW VXLWDE
GLR[LGH VHOHFWLYLW\RI EXW ZD VY HSQRMUOD WVIRRWDH/AXFE WREVHTXHQW
VHSDUDWLRQ VWHS ZDV SURSRVHG $OWHUQDWLYHO\ 3RO\$FWLYH PHPEUD
RI &2IURP D K\GURFDUERQ VWUHDP PHWKDQH HWK\OHQH EXW HWK\OHQH
UDQJH RI DOVRLQGLFDWLQJPXOWLSOH VWDJHV RUDGGLWLRQDO VHSDL
WKH SURFHVV HFRQRPLFDO 3RO\PHULF PHPEUDQHV DOVR KDYH WKH WHQG
LW\ SHUPHDELOLW\OLQH PDNLQJLQGXVWULDO DSSOLFDWLRQV OLPLWHG
IDFLOLWDWHG WUDQVSRUW PHPEUDQHYV ZKLFK LQFOXGH FDUERQ PROHFX(
IUDPHZRUNV DUH XVHG 3\UROLVHG FDUERQ PROHFXODU VLHYHV DUH DEOF
ELOLW\ EXWFXUUHQWO\DUH OLPLWHGO\DYDLODEOH RQ FRPPHUFLDO VFD(

JURP ERWK D PDWHULDO DV D VHSDUDWLRQ SRLQW RI YLHZ WKH WXQH DELOI
ZD\WRRYHUFRPHWKHVHOHFWLYLW\ SHUPHDELOLW\ERXQG E\WXQLQJVL]H
DIILQLW\ DQG FDQ WKHUHIRUH VSHFLILFDOO\ EH GHVLJQHG WR EH HWK\OH
&R P GREGF DQGOGREGF GLVSHUVHG LQWR D SRO\PHU SKDVH SURYHG WR\LH
ZLWK UHVSHFWLYHO\KLJK VHOHFWLYLW\RUKLJK SHUPHDELOLW\ $Q DOWH U
ZKLFK FDQ IRUP D ER QRUELWK W RHROHILQV FPUH WIPIDQLRID V PRRIUVSRUDWHG LQ\
D SRO\PHU PDWUL[ DQG EH XVHG DV IDFLOLWDWHG PHPEUDQHV WR LPSURY
EHZRUWKZKLOH WR XVH VLPXODWLRQV WR ILQG WKH LGHDO PDWHULDO WR
ERXQGDU\

2WKHU WHFKQRORJLHYV

5HDFWLYH VHSDUDWLRQ
%\ XVLQJ D UHDFWDQW WKH SURSHUWLHYV Rl HWK\OHQH FDQ EH FKDQJHG L
FDQWO\HDVLHU 20LJRPHUL]DWLRQ ZRXOG EHWKH ILUVW RSWLRQ WKDW FR
WKH ERLOLQJ SRLQW RI WKH FDUERQ FKDLQ ZRXOG LQFUHDVH WR WKH SRL
HYHQ OLTXHILHY DW URRP WHPSHUDWXUH L¥LSR QWHIH HVBKRQH@H D O\VW YV
H[DPSOH WLWDQLXP ,,, R[LGHRU FKURPLXP 9, R@E GHR MR B U R G XWFKILYRFD\HH\
RWKHU JDVHV LQ WKH PL[WXUH ZRXOG IRXO WKH FDWDO\VW PDNLQJWKLV VYV
KLJKHUROHILQ SURFHVV 6+23 LVXVHG WR SURGXFHOLQHDUEUDQFKHG RO
UHSHDWLQJ&XQLWYV >

*UDI HW DO GHVFULEH D FRPELQHG SURFHVV IRUWKH R[LGDWLYH FRXSOLQ
RIEHQ]JHQH WR WKH LQWHUPHGLDWH HWK\OEHQ]JHQH XVLQJ =60 &RQYHUYV
IRUUHDFWRU WHPSHUDWXUHV EHWZHHQ DQG f& 1RHIIHFW ZLWK RWKH
&2 &+ &+ DQG2 ZDVREVHUYHGDQG ZDWHUHYHQ KDG D SRVLWLYHHIIHFW F
> @ 7KHOLTXLG HWK\OEHQ]HQH FDQ HDVLO\EH UHFRYHUHG IURP WKH JDV |
RUGLVWLOODWLRQ 7KHHWK\OEHQ]HQHFDQEH XVHGDVLQWHUPHGLDWH L
VROG DV VXFK 2WKHUZLVHD GHDON\ODWLRQ SURFHGXUH LQ WKLV FDVH RU
LIDWLRQ ZRXOG EH UHTXLUHG ZKLFK W\SLFDOO\ RFFXUV XQGHU KLJK WHP
XVLQJ FDWD@ \VWNVV>DGGLWLRQDO SURFHVV VWHS ZRXOG VLIJQLILFDQWO\ LC
FRVWYV

+LIK WHPSHUDWXUH ORRSLQJ
+LJK WHPSHUDWXUH VROLG ORRSLQJ LV D WHFKQLURKM IFRMP RIMHVXDE G WAR F
EDVHG RQ WKH UHDFWLRQ RI FD\CR LXWPPRE D@REDZIIOMKK &P]HG EHG UHDFWRU RSH
DURXQG f& WKHOHDQDEVRUEHQW FRIQBLIFRDW ODRVFRWWR &/WR &2VWULSSI
7KLV FROXPQ RSHUDWHV DW DURXQG f& WR UHFRYH$GQBEURIENXFRID S XL
WKLV WHFKQLTXH.N WK WHKIDMQW2O\ VHSDUDWHG IURP RWKHU FRPSRQHQWYV LQ
EHUHWURILWWHG LQWR H[LVWLQJLQIUDVWUXFWXUHDQG WKHDEVRUEHQW
'RZQVLGHV LQFOXGH WKH KLJK RSHUDWLQJ WHPSHUDWXUHY PHDQLQJ HIIL
LPSOHPHQWHG WR NHHS HQHUJ\ UHTXLUHPHQWY WR D PLQLPXP $OVR WKH
LQLQGXVWU\N ZLWKDIHZ SLORW SODQWYV BH I$QIWKIREX DKDW KH VW WM FB Q HTWKR G L
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&2 ZLWK KLJK SXULW\ LW GRHVY QRW SURYLGH DQ HWK\OHQH VHOHFWLY
VWHSVY ZRXOG EH UHTXLUHG $OVR QR LQIRUPDWHL R&2LYN@G/IBQ WMXEHOH R
SURFHVV

+\EULG WHFKQRORJLHYV
&RPELQLQJGLIITHUHQW WA\SHV RI VHSDUDWLRQ WHFKQLTXHV LV DQ HIILF
DVLQIJOH WHFKQLTXH $OVR XVLQJ VSHFLILF WHFKQLTXHY WKH GLIIHU
FDQEHWDUJHWHG PRUH HIILFLHQWO\

6HYHUDO RSWLRQV ZHUH DOUHDG\ VXJJHVWHG EHIRUH IRU H[DPSOH 6
VHW XSIRUHWK\OHQHFDSWXUHRID 2&0JDV PLIWXUHFRQVLVWLQJRID
VRUSWLRQ DQG GLVWLOODWLRQ 7KHUHVXOWLQJK\EULG VA\VWHP \LHO
FRPSDUHG WR WKH RUJL@QD®EDRUHIDYVWIHEHRW DO LPSOHPHQWHG D FU\RJF
FHVV DV DQ DOWHUQDWLYH IRUD GLVWLOODWLRQ FROXPQ IRU WKH XS.
UHGXFWLRQ ZDV DFKLHYHG FRPELQHG ZLWK@ K\ &H VY FPHW K BQH) WHHAFRAY!
DGVRUSWLRQZLWKWDLOHUPDGHDGVRUEHQWV FDQEHDQDOWHUQDWL
SHFLDOO\DV LPSXULWLHVY FRPPRQO\UHPRYHG YLD GLVWLOODWLRQ D
IRUWKHUHPRYDO RIWUDFHLPSXULWLHYV $K\EULGVHW XSZHUHEXONT
VRUSWLRQ PHPEUDQHWHFKQRORJLHVDQGIXUWKHU SXULILHG@LWKDG

+\EULG WHFKQRORJLHV ZLOO YDVWO\ LQFUHDVH WKH QXPEHU RI SURF
FHVVHV FRQVLVW RIPXOWLSOH WHFKQRORJLHY KRZHYHU LQ WKLV FDV
ODWHU EHH[SDQGHG WR D K\EULG VFKHPH

6HOHFWLRQ SURFHVYV

6HOHFWLRQ FULWHULD
,QWKHEHILQQLQJ RI WKLV VHFWLRQ IRXUVHOHFWLRQ FULWHULD ZHU
HILVWLQJ VHSDUDWLRQ WHFKQRORJLHVDQGILQG WKHRQHPRVW VXLW
WHULD DUH VKRUWO\UHSHDWHG EHORZ

t$ FRQVLGHUDEOH DPRXQW RI LQIRUPDWLRQ LV DYDLODEOH LQ OLW
SURFHVV

f7KH WHFKQRORJ\VKRXOG EH HWK\OHQH VHOHFWLYH IRUWKHJLYHQ

F([SHULPHQWDO WHVWLQJFDQ EH SHUIRUPHG RQD VPDOO VFDOH DQC
HITOXHQW RI D N: HOHFWRO\]HU FHOO

f7KH SURFHVV VKRXOG RSHUDWH DW ORZ GULYLQJIRUFHV LQ RWKHU
ORZ

%\PHDQV RIDQ RYHU YIDHZD B L¥HHRKIQRORJI\5HDGLQHVV /HYHOV DQG WKH .
WHFKQLTXH LV FKRVHQ DQG GHYHORSHG IXUWKHU LQWR DQ VXLWDEOH
WKHH 5HILQHUVIUDPHZRUN

75/ H{SODQDWLRQ
JLUVW LQWURGXFHG E\1$63% LQ WKH V 7THFKQRORJ\5HDGLQHVV /HYH
WKHPDWXULW\RIDWHFKQRORJ\DQG SURYLGHD XQLIRUP TXDQWLWDW
> @ @ )RUDSSOLFDWLRQLQFKHPLFDOVHSDUDWLRQ SURFHVVHV DQD
LOQDEOH 7KLVVFDOHLVEDVHGRQ FRQWLQXRXVQHVV RISURFHVVHYV SRZ
LWLV FXUUHQWO\DSSOLHG

(YHQ ZLWK WKHVH VWUDLJKWIRUZDUG JXLGHOLQHYVY DVVHVVLQJHYHU\
DVGLVFUHSDQW UHSRUWLQJPHWKRGV RULQGXVWULDO FRQILGHQWLD:
OLPLWDWLRQVRI75/ VXFKDVDFWXDOLQGXVWULDOUHOHYDQFHRU WK
ZLWK DSSURSULDWHQHVY DUHLPSRUWDQW WR NHHS LQ WKH EDFN RI \F



6HOHFWLRQ SURFHVYV

7TDEOH 7THFKQRORJ\5HDGLQHVV /HYHOV 75/ DSSOLHG WR FKH®LFDO VHSDUDWLRQ SURFHV\

75/ 3RZHU XVHDJH &RPPHQW

75/ EDVLF SULQFLSOHV REVHUYHG

75/ EDVLF SURFHVV GHVLJQ

75/ HI[SHULPHQWDO SURRIRIFRQFHSW

75/ N: FRQWLQXRXV ODEVFDOH H[SHULPHQWYV

75/ + 0: SLORW VFDOHH[SHULPHQWY DW LQGXVWULDO FRQGLWLR
75/ + O0: SURWRW\SH GHPRQVWUDWLRQ VWHDG\VWDWH RSHUDWL
75/ I 0: VIVWHP GHPRQVWUDWLRQLQ RSHUDWLRQDO HQYLURQPHC
75/ FRPSOHWH VA\VWHP DQG RSHUDWLRQDODW LQGXVWULDO"
75/ IXOO\ SURYHQ VA\VWHP FRPSHWLWLYHO\XVHG LQ WKH ILH

FRUUHFWO\ WKLV VFDOHFDQDLGLQ VHOHFWLRQRIDVHSDUDWLRQ SURFH"
XVHG WR VHH ZKLFK WHFKQRORJLHY KDYHGHYHORSHG VLJQLILFDQWO\RYH

75/ TDEOH
,Q WKLY WDEOH WKH LQYHVWLIJDWHG WHFKQRORJLHV DUH VXPPDULVHG LQ
WKH FRUUHVSRQGLQJ 75/ QXEBHWBBVWKBHR®RVW LPSRUWDQW FRPPHQWYV UF
SOHPHQWDWLRQLQ WKHH UHILQHU\DQG WRZDUGYV HWK\OHQH FDSWXUH

7TDEOH 2YHUYLHZ RI WKH VFUHHQHG WHFKQRORJLHY ,QFOXGHG DUH WKH UHSRUWHG DSE¢
FRPPHQWY UHJDUGLQJ LPSOHPHQWDWLRQ 2 3 VHSDUDWLRQ&RORIEE& KEFUDBDSIODWHSDUDWLR
2&80 VHSDUDWLRQ 2[LGDWLYHFRXSOLQJRIPHWKDQH VHSDUDWLRQ

6HSDUDWLRQ 5HSRUWHG 75/ &RPPHQWYV

SURFHVV DSSOLFDWLRQ
$EVRUSWLRQ
3K\VLFDO &2 FDSWXUH KLJK HQHUJ\UHTXLUHPHQW
&2 VHOHFWLYH
&KHPLFDO &2 FDSWXUH SHIHQHUDWLRQ UHTXLUHV VLJQLILFDQW

(IWHQVLYHO\ X VARG MRXIUSH?

,RQLF OLTXLG &2 FDSWXUH
2 3 VHSDUDWLRQ

/JLPLWO\SURYHQ LQ LQGXVWU\
ODQ\FRQILIXUDWLRQV SRVVLEOH
(WK\OHQH VHOHFWLYH ,/ DUH YHU\ QRYHC

+H H | |

&U\RJHQLF PHWKRGYV
'LVWLOODWLRQ3 VHSDUDWLRQ ¥+ ODWXUH WHFKQRORJ\ KLIJK SXULW\SURG
2&0 VHSDUDWLRQ ¥ +LJK HQHUJ\ UHTXLUHPHQWYVY ¥ 6HOHFWL
IRU &&+ PLIWXUH IRUIOREW2RQV

6WLUOLQJ FRROWMHSDUD&LRQ ¥+ 1RW VWDQG DORQH PHWKRG
¥ IRSLORWVFDOHH[SHULPHQWYVY UHSRUW

&U\RJHQLF +2DQG I GHPRYHVBQG 2VLPXOWDQHRXVO\ QR HWHK
SDFNHG EHG &2 FDSWXUH OHQH FDSWXUH

+ 8QHFRQRPLFDO ZLWKRXW FKHDS FROG VF
&RQWUROOHG&2 DQG VRXU T 8SIUDGHRIGLVWLOODWLRQ FROXPQ WR |

IUHH]H JRQH JDV FDSWXUH + & K\GURFDUERQV HQWBGNXSHDPE 2

$GVRUSWLRQ

36$ 76 LQ &2 FDSWXUH

JHQHUDO + XSJUDGLQJ
1* XSJUDGLQJ

(WK\OHQH VHOHFWLYH IRU SDUWLFXODU

t
t IRZHQHUJ\UHTXLUHPHQW

OHWDO RUJDQRL¥VHSDUDWLRQ ¥ +LIJKO\WXQHDEOH WR VSHFLILF QHHGV
IUDPHZRUNYV 2&0 VHSDUDWLRQ ¥+ &RPSOLFDWHG VI\QWKHVLY SURFHGXUF
=HROLWHYV FRPPHUFLDO PDWHULDOYV

$FWLYH FDUERXDP VHSDUDWLRQ + (WK\OHQH VHOHFWLYH
¥ &KHDS DQG FRPPHUFLDOO\DYDLODEOH




ILWHUDWXUH UHVHDUFK DC

OHPEUDQH 7THFKQRORJ\
3RO\PHULF &2 VHSDUDWLRQ % :LGHO\DYDLODEOH
PHPEUDQHV ¥ &RQVLGHUDEOH HWK\OHQH ORVVHYV
LQJIJHQHUDO ¥ 6WURQJ VHOHFWLYLW\ SHUPHDELOL'
$GYDQFHG 2 3 VHSDUDWLRQ ¥ ,PSOHPHQWDWLRQ RI 02)V FUHDWH
3RO\PHULF 2&0 VHSDUDWLRQ SURSHUWLHY HJ EHLQJHWK\OHQH VI
PHPEUDQHYV ¥ 6\QWKHVLY PRUH FRPSOLFDWHG

¥ )RXOLQIJDQG GHJUDGDWLRQ LVVXHYV
J)DFLOLWDWH@ 3 VHSDUDWLRQ ¥ +LJKO\ROHILQ VHOHFWLRRBVH J XVL(
WUDQVSRUW ¥ QFUHDVH VHOHFWLYLW\ZLWKRXW O
PHPEUDQHV ¥ OLPLWHG VWDELOLW\DQG GXUDELOL

¥

s

S

" ORUJDQLF 2 3 VHSDUDWLRQ ¥ ORUHGXUDEOH OHVV SODVWLILFDW|
PHPEUDQHV ,QGXVWULDO XVH LV OLPLWHG EHFD
UHSDUDWLRQ SURFHGXUHYV
2WKHU
SHDFWLYH VER®LIJRPHULVDWLR® 8QWHVWHG UHYHUVLELOLW\ WR HWK'
DUDWLRQ $ON\ODWLRQ ZLWK EHQ]JHQH
+LJK WHPSHUDR2 FDSWXUH T QKHUHOW&WXUHIURP RWKHU FRPSR
WXUH ORRSLQJ HWK\OHQH FDSWXUH
$ +LJK WHPSHUDWXUHVDQGDGYDQFHC
UHTXLUHG

SHVXOW

%DVHG RQWKHDYDLODEOHLQIRUPDWLRQ WKHFKRLFHZDVPDGH WR IXU
DUDWLRQ SURFHVVDVLWPHHWY WKHPRVW FULWHULD 7KRVHFULWHUL
DGVRUEHQWV WKH DELOLW\WR WHVW DW ODEVFDOH ZLWKRXW WKH QH
VHW XSV $GGLWLRQDOO\DGVRUSWLRQ EDVHG SURFHVVHV FDQ EH FRC
VXPLQJDQG KDV EHHQ SURYHQ RQ YDULRXV VFDOHV LQ LQGXVWU\ 'HSH
WKH 75/ RIWKHVH SURFHVVHV UDQJHV EHWZHHQ WKH GLVFRYHU\ SKDVH
GHPRQVWUDWLRQ DQG GHSOR\PHQW SKDVH IRU L QFEXSWWKWLHD D K L@W RVAH:

7KLV WHFKQLTXH ZLOO EHLQYHVWLIJDWHG IXUWKHU LQ WKH QH[W FKD S
VHOHFWLYH DGVRUEHQWY ZLOO EH GRQH DQ H[SHULPHQWDO VHW XS
D FRUUHVSRQGLQJ PRGHO ZLOO EH FUHDWHG WR LPSURYH DQG KHOS 7
VHSDUDWLRQ SURFHVYVY SURFHVYV



$GVRUSWLRQ 7KHRU\ 6FU
6HOHFWLR

7KLV FKDSWHU LV GHGLFDWHG WRILQGLQJD VXLWDEOHDGVRUEHQW FDSDE
WKHIXQGDPHQWDOV RIDGVRUSWLRQ HTXLOOLEULD DQG RWKHU LPSRUWDQ
UDWLRQ WHFKQRORJLHV DUHGHVFULEHG 0D Q DRD@NKRHYEHUWR I3 IUMDPL\HW DIAHH
DQG WKHUHIRUHDOVR XVHIXO IRU ODWHU ZRUN

)XQGDPHQWDOV RIDGVRUEHU GHVLJQ

.QHDEHO GHVFULEHV WKUHH W\SHV RI FRQVLGHUDWLRQV ZKLKK DUH XVHG
WKRVHLQFOXGH

$GVRUEHQW SURSHUWLHV
TKHIXQGDPHQWDO FRQFHSWV RIDGVRUEHQWY DUHFRPSULVHG RI EXW QRMW
HVWLPDWLRQ ,$67DQG VHOHFWLYLW\FDOFXODWLRQV PDVVWUDQVIHUHIII
SUHVVXUH GRS >

$SSOLFDWLRQ UHYLHZ
JRUWKHDSSOLFDWLRQ RI WKH VI\IVWHP FRQVLGHUDWLRQV VKRXOG EH PDGF
WKH W\SH RI UHIHQHUDWLRQ WHFKQLTXH FRUUHVSRQGLQJ HQHUJ\UHTXLL
WKHDGVRUEHQW PDWHULDO IRUIRXOLQJ DJLQJDQG VZHOOLQJ

BURFHVV GHVLJQ
JLQDOO\ WKH HTXLSPHQW DQG LOQWHJUDWLRQ RI WKH VA\VWHP DUH WR EH FF
IL[IHG IOXLGL]HG EHG JHRPHWU\RI WKHEHG FROXPQ W\SHV DQG LQVLGH
IDFWRUV DV VDIHW\ VAVWHP IUDPHZRUN PDLQWHQDQFH RU VWDUW XS VKX!

7TKHVH FRQFHSWVY DQG WKHLU HITHFWV ZLOO EH GLVFXVVHG LQ WKH IROOR
FRQVLGHUDWLRQVDUHLPSRUWDQW WKLV WKHVLV ZLOOIRFXV SUHGRPLQD
SWWHPSWHG ZLOO EHWR GLVFXVV DV PDQ\RIWKHGHVLIJQIDFWRUV WRILQG
VHOHFWLYHO\FDSWXUHDQG SURGXFH KLJK SXULW\HWK\OHQH

$GVRUEHQW 6FUHHQLQJ

,Q WKLY VHFWLRQ YDULRXVY DGVRUEHQWYV DUH LQYHVWLIJDWHG DQG WKHLU
WKH PDLQ IRFXVY OLHV RQ WKHLU HWK\OHQH FDSWXUH DELOLWLHV ,Q WKL
DV WKHRUHWLFDO VHOHFWLYLW\ VIQWKHVLYV GLIILFXOW\ VWDELOLW\ DQ
VXLWDEOHFDQGLGDWH 7KHDGVRUEHQW RIFKRLFHZLOO EHH[DPLQHG IXU\
XS QXPHULFDODQG H[SHULPHQWDO DQDO\VLV



$GVRUSWLRQ 7KHRU\ 6FUHHQLQJ D

&RPPRQDGVRUEHQWY WKDWDUHVHHQLQLQGXVWULDO JDV VHSDUDWL
02)V DFWLYDWHG FDUERQ VLOLFDWHV DQG D@ XRLSHUR P H®W H) BK D}
DOO RI WKHVH ZRXOG UHTXLUH FRQVLGHUDEOH H[SHULPHQWDO HIIRUYV
VXEVWDQWLDO OLWHUDWXUH GDWD DY DL O DEXCH RV MAHIQR WLYYTHUR.REXWY Y
IRUWKHVHDGVRUEHQWYV LV SURYLGHG DQG DUHEULHIO\H[SODLQHG LC

*HQHUDO $GVRUEHQWYV

$FWLYDWHG FDUERQ DQG VLOLFDWHDGVRUEHQWV DUH FRPPBRWO LQG)>
YDWHG FDUERQ ZDV GHVFULEHG DV JRRG SRWHQWLDO FDQGLGDWH IRU
LGDEOHLY HIWHQGHG IXUWKHU DVVHSDUDWLRQ SRWHQWLDO RI RWKHU
DUHH[DPLQHG DQG LQFOXGHERQPLOVEXWH RYZE @D DO @&& + PL[WXUHV
7TKHDGGLWHL RRDMREKUFH UHVXOWHG LQFRPSDUDEOH ,$67 VHOHFWLYLW\
WKDW GLITHUHQW $& W\SHV FDQ KDYH VLPHEORY \SHRIS R U ZIRKPOH: EGIHL D PL
EXWDW WKH WLPH RI ZULWLQJ WKLV GDWD ZD&2XQDW R U6 XBYH. DYCHA ML
DQG\LHOGHG D VHOHFWLYLW\ EHWZHHQ * GHSHQGLQJ RQ WKH PROI
SK\WWLFDO SURSHUW+ HDQESHSWEBE K@ KR XVO\ D GHFHQW VHSDUDWLRQ SRW
DQG &2 FRXOG EH H[SHFWHG KRZHYHU RQO\H[SHULPHQW\DEIMXYHUWELI\ V
$& LV PDUIJLQDO DQG WKLWLY YHOHEWGYEAW\RI RYHU

6LOLFD JHOV DUH K\GURSKLOLF LQ QDWXUH DQG WKHUHIRUH VXLWDECGC
QDWXUDO JDVHRRYDO IURP RUJDQ@F VRDWIRQWNV>VLOLFD JHO JHQHUD
IRUDONHQH FDSWXUH DQG LV QRW PHQWLRQHG LQ H[LVWLQJ OLWHUDW
LQYHVWLIJDWHG IXUWKHU

=HROLWHYV

=HROLWHVY DUH DOXPLQRVLOLFDWH FU\VWDOOLQH VWUXFWXUHVY RULJL
GXFHG WR EH XVHG DV FRPPHUFLDO DGVRUEHQWY 7KH\JHQHUDOO\ FR
RI VL[ ZLQGRZV ZKLFK FDQ LPELEH D ODUJH QXPEHU RI JXHVW PROHFX
GHWHUPLQHG E\QHJDWLYHO\FKDUJHG DOXPLQLXP DWRPV.WKDW DUH E
DQG PRUH DQG WKH VLIHRIWKHZLQGRZDSHUWXUHV LV GHSHQGHQW R
UDQJH IURP cW®R TKHVHFDWLRQV DUH ORRVHO\ERXQG WR WKH VWU X
ZLWK LWV HQYLURQPHQW E\ FRQWDFWLQJ WKH ]JHROLWH WR D VROXWLR
WKH 1D<*]HROLWH E\ H[SRVLQJ LW WR GLOXWH VROXWLRQV FRQWDLQL¢
WXQHDEOH WR PHHW VSHFLILF QHHGY @XFK DV HWK\OHQH FDSWXUH >

7KH SULPDU\ VWUXFWXUH RI |[HROLWH VDRRD yXIMW W R | ZNH. W Kl DK\IG D M © H5H
LOQOWR YDULRXV JHRPHWULFDO VKDSHVY VXFKDV FXEHV RURFWDKHGUD
DWRPVDQG VLIHRIWKHZLQGRZV GHSHQGY EHVLGHV FDWLRQV RQ WKH
ORWRIJHROLWH VWUXFWXUHV HI[LVW EXWRQO\WKHRQHV FRPPRQ IRU .
DVW\SHS$ ; DQ@ <$©0 W\SHVY DUH EXLOG IURP WKH VDPH VRGDOLWH FD.
EHWZHHQ WKHVH W\SHV LV WKHLU VSDFLDO RULHQWDWLRQ DQG WKH O
IRXU PHPEHU ULQJ)VWUXAWXKBDUQFWHULVWLF IRU W\SH $]HROLWHYV DC
IRUW\SH ; DQG < 6HFRQG PDLQ FKDUDFWHULVDWLRQLV WKHORFDWLRC
VSUHDG RYHU SRVLWLRQV, ,,DQG,,, LOGHFUHDVLQJRUGHU RIOLNHO
E\KDYLQJ D KLJKHU 6L $OUDWLRLQ WKHI@DPHZRUN W\SLFDOO\ = >

$V PHQWLRQHG E\LQFRUSRUDWLRQ RI GLIITHUHQW W\SHV RI FDWLRQV
IRUH[DPSOH E\ HIFKKD&K . QBHVXOWLQJI LQ W\SH > @$ |HROLWH ZLWK DQ
WXUH RI ¢ GXH WR WKHOPQVUBDGIWRHUHIRUH GXEEHG $ ]JHROLWH $0OV
FKDUJH RILLRQY PHDQWUHDUHSODFHG E\ RQH FDWLRQ \LHOGLQJ D ELJJI
\LHOGLQJ >&D@%$ RUd $gHRICOMHO* DSHUWXUH VLIHVDUH FRQWUROOHG
RU =60 ]J]HROLWHV )RU HWK\OHQH DQG FDUERQ GLR[LGH VHSDUDWLR
WRR VPDOO DSHUWXUHYV ZLOO NLQHWLFDOO\ EORFN ERWK PROHFXOHYV
JHROLWH ZKLOHIRUWRRODUJHDSHUWXUHFDQ OHDG WR FR DGVRUSW
VLWHVY WKDW ELQG VSHFLILFDOO\WR HWK\OHQHFDQ KHOSLQFUHDVH V|
WR ERQG LWV VLOYHU PHWDO ZLWK HWKERIQGH \E\HFOREPLSQIH]) C5W R Q \RU QM K



$GVRUEHQW 6FUHHQLQJ

JLIXUH 6WUXFWXUHDQG SRVLWLRQV RI FDWLRQV LQ JHROLWH IRXU PHPEHU SULVPV W\SH $
< OHIW 5RPDQ QXPEHUV LQGLEDWH FDWLRQV VLWHV >

RI ODMRU GUDZEDFN Rl WKLV JHROLWH LV WKH GHFUHDVLQJ VHOHFWLY
F\FOHV =DQGYRRUW HW DO PHQWLRQHG WKLV PLJKW EH GXH WR UHGXFWLF
VLOYHU LRQV EORFNLQJW®H SRUH HQWUDQFHYV >

$OWHUQDWLYH WR WKHVH FRPPRQ JHROLWHV WKH\FDQ EH PRGLILHG ZLWK
SRUWHG WKDW 1D<]JHROLWHV H[SRVHG WR VROXWLRQV RIJURXS,PHWDOV Z1
ZLWKRXW ORVLQJ LWV FU@ WIKQ U IZON ¥ WDXEWREBH WR DGVRUE HWK\OHQH
1D< LV QRW ,GHQWGNBROSW&RQ SHUIRUPDQFH ZDV FRQVLGHUDEO\LPSURYH
VLOYHU LRQV LQ 1D< DQ® +< ]JHROLWHYV >

JURP WKH VFUHHQLQIEIQDOWEANMWBRQFOXGHG WKDW QRQ RI WKH LQYHVWL.
ROLWHYV ZDV DEOH WR VHOHFWLYHO\ FDSWXUH HWK\OHQH DQG WKHUHIRUH
PRGLILHG JHROLWHYV ZHUH RQO\ WHVWHG IRUWKHLU HWK\OHQH DGVRUSWLF
SHUIRUPDQFH LQ UHDFWLRQ PL[WXUHV WKHUHIRUH WKHVH PRGLILHG JHRO|

OHWDO 2UJDQLF )UDPHZRUNYV
7TKHWKLUG PDMRU JURXS RIDGVRUEHQWV IRUJDVY VHSDUDWLRQ DUH PHWDC
FRYHUHG HIWHQVLYHOO02)XY WHFYWAIR® IRU JDV PLIWXUHV VLPLODU WR WKH W
HITOXHQW DUH VFDUFH ORVW GBEBIEFV DYJWHSRUQVHG E\ WKH JURXS OHG E\
DW %HUNHOH\ _QWHUHVWLQJ WR PHQWLRQ LV WKH 4F &X 02) UHSRUWHG E
VHOHFWLYH LW LV DEOH WR HIITHFWLYHO\ UHPRE H W R YOHRXMHXPHD UDEF WV R QM |
ZKLFKLQWXUQ PLIJIKWEH NH\WR REWDLQ SRO\PHUJUDGH HWK\OHQH

2YHUYLHZ RIVFUHHQHG VRUEHQW PDWHULDOV

7TDEOH 6FUHHQLQJRIDGVRUEHQWYV IRUVHOHFWLYH HWK\OHQH FDSWXUH

$GVRUEHQW W\DH[WXUH Xt IRWHYV 5HI

*HQHUDO $GVRUEHQWYV
$FWLYH EDUERQ

$& 3LWWVEXUdK &=Z& LLL > @

$& ) & + &2 LLL + 6LPLODU VHSDUDWLRQ SR&HQWLDO FR
SDUHG WR $&

$& 1RULW % &2 LLL > @

$& &DOJRQ &R+ & LLL £+ ODUJLQP®WDNH E\ $& > @

7DEOH &RQWLQXHG RQ QH[W SDJ



$GVRUSWLRQ 7TKHRU\ 6FUHHQLQJ D

7DEOH FRQWLQXHG IURP SUHYLRXV SDJH
$GVRUEHQW W\DH[WXUH Xt IRWHV 5HI
6LOLFDWHYV +\GURFDUERQ + f 8VHG DV GHVLFFDQW > @

+\GURFDUEBRQ +
=HROLWH $GVRUEHQWYV

>.@% $ JHROLWH+ 1 t 3RUHV DUH WR VPDOO BR@HWK\OF
FDSWXUH
>1D@$ $ JHROBWH &2 t &2VHOHFWLYH > @
>1D@$% $ JHROBRWHS&+ t .LQHWLF OLPLWDWLRQWVBRZDUGYV
&+ 1 OHQH
>&D@% $ JHROBRWH&?2 1 t 60RZGHVRUSWLRQ RI HWKAOHQH
&+ &2 t )XOO\UHFRYHUDEOH
1 &R DGVRYDW& &2
>&D@% $ JHRORWH &2 + 6HOHFWLYLW\ GHSHQGH@®W RQ P
IUDFWLRQ
>$J@% ]JHROLWH& + &2 LY '+ 8QVWDEOHDIWHU PXOW+%S@H F\FOF
&+ &+ 1 t 6BWURDRQWHUDFWLRQ EHWZHHQ
&2 ROHILQVDQG WUDQVLWLRQ PHWDOV
>&D@; ; JHROLWH &% t 1IRQ VHOHFWLYH WRZDU@V @QHLWKF
VSHFLH
>ID@%$ ; JHROLWH &2& LLL f &2VHOHFWLYH > @ >@
t %HKDYHV QRQ LGHDOO\
>1D@< JHROLWHS& + &2 t 1IRQ VHOHFWLYH > @
=60 & + &2 LLLt 6L $O UDWLR RI DQS @QDO
\WHG
t 6BHOHFWLYLW\GHSHQGHQW RQ 6L $
WLR
ORGLILHG =HROLWH $GVRUEHQWYV
$J12 1D< & + &2 t $JVLWHV IRUP VWURQUJF&HPLFDO
ERQG ZLWK HWK\OHQH
$J12 +< & + &2 t $JLRQV RQ +< VKRZ EHWW®U VWD

ELOLW\ FRPSDUHI®WR $J12
I %YRWK $J 1D< +<]HROLWHV DUH FD
SDEOH RI GHHS UHPRYDO RI &
&2 EHDULQJVWUHDP
1D<PRGLILHG ZLWKJURXSQPI%HWDOV

1D< JHROLWH& + + 6WDQGDUG JHROLWH QRW VXVFHS)
WR HWK\OHQH .
1D< JHROLWH + t %HVW DGVRUSWLRQ 6axHd ®r FOWL
DQG &2 LQWHUDFWLRQV
5E 1D< ]JHROLWH & + 3RRUHU DGVRUSWLRQ GXH WR OD
VLIHRI 8RQV
&V 1D< ]JHROLWH & + /DUJH &RQV FDXVH EORENDJHYV

Rl &2 DGVRUSWLRQ VLWHYV
OHWDO 2UJDQLF )UDPHZRUN $GVRUEHQWV

0 P GREGF X XYt
0 0J & + &+ + &R FDSWXUHV &2
0 00Q &+ + &2 + 6XLWDEOH IRUVHOHFWLYH HWK\OH
&2 FDSWXUH > @
0 )H + BQVWDEOH LQ DLU
0 &R $ (IITHFWLYH IRU QR ORZ &2 IHHGYV
0 1L $ (IIHFWLYH IRU QR ORZ &2 IHHGV

7DEOH &RQWLQXHG RQ QHJ\



$GVRUEHQW 6HOHFWLRQ

7DEOH FRQWLQXHG IURP SUHYLRXV SDJH

$GVRUEHQW W\SH[WXUH X L 1RWHYV 5HI

4F &X & + &2 ! THVWHG IRUGHHS UHPRX GD R
&2 &+ 9 9

LBHOHFWLYHO\RI FRPSRXQG DLW AR YH@Q DLW WKHY RUWVKH DGVRUEHQW
LVVHOHFWLYH WR FRPSRXQG

L 4RWH WKDW DOO DFWLYH FDUERQ W\SHV DUH GLIITHUHQW DQG FDQQRW VLI
LhbDVHG RQ ,$67 SUHGLFWLRQV

YSHOHFWLYLWLHV IRUELQDU\ HTXLPRODU PL[WXUHV %DVHG RQ ,$67 SUH(
YOD[LPXP YROXPHBRG&RUSWLRQAKHAFPRGLILHG 1D<]HROLWHV ZHUH VIQWKHYV
LRQ HIFKDQJH FRQFHQWUDWLRQV RQO\WKHKLJKHVW DGVRUSWLRQ YRO]
L HOHFWLYLW\FDOFXODWHG IURP H[SHULPHQWDO EUHDNWKURXJK GDWD :

BQLQYHVWLIDWHG 2SWLRQV
,QWKHSUHYLRXV VHFWLRQV PRUH SURYHQ RSWLRQV DUHGLVFXVVHG ZKLF
&+ DQG DW OHDVW DQG RQH RWKHU FRPSRQHQW RI WKH UHDFWLRQ PL[WXU
EXWDOVR IRU]HROLWHY RSWLRQV OLHLQ XQH[SORUHG RSWLRQV $ VWDUYV
RIVSOLWWLQJ OLJKW K\ GURFDUERQ JDVHV RUROHILQ SDUDIILQ VHSDUDWL

1XPHURXV H[DPSOHV H[LVW IRUH[DPSOH 30RQND HW DO UHSRUW 6%02) |
WR VS DIO\GE&K\GURFDUERQV DQG DGGLWLRQDOO\WKH VDPH JURXS DOVR VW
OHFWLYHO\ FLRWX&H RR[WXUHKD>KRZHYHU WKH\ GLG QRW UHSRUW KRZ WKL)
ZRXOG SHUIRUP KRUPDLBWVXUH $OVR &KHQ HW DO ZKR SURSRVH D SDFNHG EH
HQW VRUEHQW EHGV LQ VHULHV ZKLFK FDSWRB X WAHMWAD WRH L H® & HQHK DH
SURGXFW IURP WKH UHVSHFWLY HOT XWIDIRGDN DOL [KRUBHSRUW WKH URE X V)

7-7 FDSDEOH RI VHOHFWLYHO\ FDSWXULQJ HWdD QHWHULED B WH.\R R VO H Q@ RIPW
D & &+ &+ PL[WXUHDQG WKXV SURGXFLQJ KI@ KDW KK U H{ FDAPPKS\OHW B WUH 0,/
&U 63> @ 02) JH® RU 3%) $62 @ IRUHWK\OHQH HWKDQH VHSDUDWL

7KHVH H[DPSOHV PD\ ORRN SURPLVLQJLQ UHJDUG RI SURGXFLQJKLJK SXULV
IHUHQFHY EHWZHHQ DONDQHY 1D ®MO\QBYHWIBUE2,K\GURSKRELF QR FDUERQ\O
VPDOO QR TXDGUXSOH PRPHQW DUH VLJQLILFDQW 7KLV PHDQV WKDW PDYV
OHQH VHOHFWLYHIRUROHILQ SDUDIILQ P [ V&2 WPHYWKD\HYR W Z B\ EFOVWFW R M Q ¢
WKHVH PDWHULDOV LV WR XVHLVRWKHUP GDWD DQG FDOFXODWH WKH ,$67 V
WKLV GDWD LV YHU\ RIWHQ QRW DYDLODEOH DOWHUQDWLYHO\ WKH PDWHL
DQG EUHDNWKURXJK H{SHULPHQWY KDYH WR EH SHUIRUPHG

$GVRUEHQW 6HOHFWLRQ

,PSRUWDQW FKDUDFWHULVWLFV WKDW ZHUH ORRNHG IRULQ WKH VFUHHQH
FDSWXUHHWK\OHQH LQGXVWULDOO\UHOHYDQWDQG HDVLO\DFFHVVLEO|
$OVR NHHSLQJLQPLQG WKHVHOHFWER/Q FDWMIBUIDDUEIRVH BW LRQFKRVHQ DV |
WR EH H[DPLQHG IXUWKHU 6RPH RI WKH JHQHUDO DGYDQWDJHV RI $& RYHU
UHJHQHUDELOLW\ LW LV HDVLO\ DYDLODEOH DQG SURGXFLEOH FKHDS LQ
VLIQLILFDQW GRZQVLGH RI $& LV WX M HUGHHOMMWLLIYLMAO\ BREIBFLDOO\ FRPSDUHC
SURGXFHG 02)V

$GVRUSWLRQ (TXLOLEULD

&ODVVLILFDWLRQ RI ,VRWKHUPV
7KH ,83%$& XVHV D JHQHUDO FODVVLILFDWLRQ RI DGYIRWSWLRRHMRWKHUPYV
FKDUDFWHULVDWLRQ LY EDVHG RQ SRUH VLIHV DQG JDV DGVRUSWLRQ EHKIL
FURSRURXV PDWHULDOV W\SH ,, IRUSRO\PROHFXODU DGVRUSWLRQ LQ QR
vy, LVVHHQ ZKHQ VRUEDWH VXUIDFHLQWHUDFWLRQV DUH ZHDNHU WKHQ VR



$GVRUSWLRQ 7TKHRU\ 6FUHHQLQJ D

JLIXUH ,833& FODVVLILFDWLRQ RIDGVRUSWLRQ LVRWKHUPV @RU W\SH ,9DQG 9 K\VWH

DQG 9 DUH VLPLODU WR W\SHV ,, DQG,,, EXWIRUPDFURSRURXV RU PHV
9,LVPRUH UDUHDQG UHSUHVHQWY VWHSZLVH PXOWL OD\HU DGVRUSW
FODVVLILFDWLRQ WKDW LV VHHQ LQIDYRXUDEOHLVRWKHUPV 7\SHV,
DQG XQIDYRXUDEOH LVRWKHUPYV 7\SHV ,,, D@G>¥@ D@ WKKHHFRHIIDYYLHRLXW X
WKHFRQFDYH LV IXQGDPHQWDO IRUWKH GHVLIJIQ DV LWGHVFULEHV WK
DIDYRXUDEOH LVRWKHUP WKH GLUHFWLRQ LV IURP JDV WR VROLG SKD\
ZRUWK\ LV WKDW IRU GHVRUSWLRQ WKH ERXQGDU\ FRQGLWLRQV DUH U
EHFRPH XQIDYRK®UDEOMYSHY ,9DQG 9D K\VWHUHVLY ORRSLV REVHUYH
GHVRUSWLRQ WDNH GLITHUHQW SDWKzZD\V 7KH H[DFW QDWXUH RI WKLYV
ZLWKLQNERWWOH SRUHJHRPHWU\DQG WKH QXFOHDWLR® PHFKDQLVP |

,Q WKH GHYHORSPHQW RI DGVRUSWLRQ EDVHG VHSDUDWLRQ JHQHUDO
DUHXVHGDQGDUHWKHUHIRUH WKLY WKHVLV LV OLPLWHG WR WKHVH W)
DGVRUSWLRQRIZDWHU RQ FDUERQ VXUIDFHV ZKLFK @ BEDWHJRULVHG

, VRWKHUP ORGHOV
7R GHVFULEH WKH DGVRUSWLRQ RI JDVHV RQWR DQ DGVRUEHQW LVRW}
PRGHOVPDWKHPDWLFDOO\GHVFULEHWKHDPRXQWRIDGVRUEDWH WKD
RI SUHVVXUH IRUD JLYHQ WHPSHUDWXUH $\DZHL HW DO GHVFULEH L
LVRWKHUP PRGHOV UDQJLQJ IURP RQH WR ILYH SDUDPHWHUV ZLWK HD
DSSOLFDWLRQ@DRWHWEH GHVLJQ SXUSRVH RI WKLV WKHVLV RQO\ D VH
WKHLU HWHQVLRQV ZLOO EH H[SODLQHG LQ IROORZLQJ VHFWLRQV 7
IDQJPXLU JUHXQGOLFK 727+ DQG /DQJPXLU )UHX®GOLFK 6,36 PRGHO\

JLQHDU LVRWKHUP

7KH OLQHDU DGVRUSWLR® PRBHDPIMWKHRGEO DQG UHVHPEOHYV +HQU
SURSRUWLRQDO WR WKH SDUWLDO SUHVVXUH RI WKHDGVRUEDWH JDV
DGVRUEDWH PL[WXUHV IRUORZSDUWLDO SUHVVXUHVDQG ZKHQ SDUWLI
> @ $GYDQWDJH RI WKLY PRGHO LV WKDW OLQHDULW\DOORZV IRU DQI
RI DGVRUEHU FROXPQ KRZHYHU LQ UHDOLW\ WKLY PRGHO EHFRPHV LQ
WUDWLRQV DV LW NHHSV LQFUHDVLQJ LQGHILQLWHO\ QRW WDNLQJ LC
VLGHV LQFUHDVHG FRPSXWHU SRZHU PDNHV VROYLQJQRQ OLQHDU V\VV
LVRWKHUPV PRGHO FDQ HDVLO\ EH XVHG

/IDQJPXLULVRWKHUP

7KH ODQJPXLU PRGHO LVEDVHG RQ PRQROD\HU VXUIDFHFRYHUDJH DQG
WLRQ DV UHYHUVLEOH SURFHVVHV WLV EDVHG RQ WKHDVVXPSWLRQ)\
IODW DGVRUEHQW VXUIDFH ZKHUH D FOHDU GLVWLQFWLRQ EHWZHHQ |
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IDQIJPXLU )UHXQGOLFKLVRWKHUP ZDV LQWURGXFHG

/IDQIJPXLU)UHXQGOLFKLVRWKHUP

7KH /DQJPXLU )UHXQGOLFKRU 6,36 PRGHO LV EDVHG RQ WKHLGHD WKDW DG
FRUGLQJWRDQH[SRQHQWLDO IRUP EDVHG RQ WKH KHDW RIDGVRUSWLRQ D
JHQHRXV VXUIDFHV 7KH DGGUWYWERPDW WD D DIPHWMHUOLPLW ZKHQ WKH SUHV V)
KLIJK>@ )RUORZSUHVVXUHV WKHLVRWKHUP UHGXFHV WR WKHVWDQGDUG )
SHUIRUPDQFH LQ WKLV UHJLRQ 7KLV PRGHO LV FRPPRQO\ XVH@ WR GHVFUL
> @ 7RRYHUFRPH WKH ZHDNQHVV LQ WKH ORZ SUHVVXUH UHJLRQ WKH 727+

7TRWK LVRWKHUP

7KH 7RWK LVRWKHUP LVHPSLULFDOO\GHULYHGIURP WKHPRQROD\HU EDVH
EHWZHHQ H[SHULPHQWDODGVRUSWLRQ VSHFWUDDQG LWV DQWLFLSDWHG L
LV GHVFULEHG EUWKHWHKHU MKLY HTXDWLRQ UHGXFHVY WR WKH /DQJPXLU LV
PRUH LW GHYLDWHYV IURP XQLW\ WKH V\VWHP FDQ EH FKDUDFWHULVHG DV Kl
WR GHVFULEH DGVRUSWLRQ EHKDYLRXU®RU@RZDQG KLIK SUHVVXUHYV >

I1XPEHU RI SDUDPHWHUV DQG PXOWL VLWH FRYHUDJH

7KH SDUDPHWHUV LQ WKHLVRWKHUP PRGHOV GHVFULEHG DERYH DUH GHW F
6LQFH DOO PRGHOV DUH QRQ OLQHDU OLQHDU LVRWKHUP EHLQJ WKH REYL
PHWKRG LV DSSOLHG ZKLFK FDQ KDYH D ODUJH QXPEHU RI LQGHSHQGHQW
DPRXQW RI SDUDPHWHUV LQ WKH ILWWLQJ HTXDWLRQ WKH HUURU ZLWK GD
DWZR SDUDPHWHU PRGHO ZLOO JHQHUDOO\ ZLOO KDYH D ODUJHU HUURU F
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GHSHQGLQJ RQ WKH W\SH RI IXQFWLRQ DQG W\SH RI GDWD 2Q WKH RWK
LQFUHDVHVY LQ D IXQFWLRQ WKH SDUDPHWHUV ZL@O O®VH DVKHALU SKRW
GDWD ZLOO EH SURQH WR PHDVXUHPHQW HUURU DQG LQFUHDVLQJ WKH
VWDQGDUG GHYLDWLRQ KRZHYHUFRXOGDOVRLQGXFHRYHUILWWLQJD
LQJLQWHUPHGLDWH GDWD SRLQWYV ,Q RWKHU ZRUGV WKH QRL&H LQ Wk
7KLV HIITHFW LV IRUH[DPSOH VHHQLV& W K H UIPVKW L Q J R/IKWI KpH 3882 W -EW K H U P
+HUH WKH SDUDPHWHUV WKDW ZHUH IRXQG LQ WKH ILWWLQJ SURFHGXU}
ORZ SUHVVXUH UHJLRQ FDXVHG E\RYHUILWWLQJRIWKHRULJLQDO LVR

$QRWKHU PHWKRG WR LQFUHDVH WKH QXPEHU RI SDUDPHWHUYV ZLWKR)>
VLGHUWKHH[LVWHQFHRIPXOWLSOHDGVRUSWLRQ VLWHV RQWKHDGVR
HIWHQVLRQ FDQEHLQWURGXFHG WRDFFRXQW IRUWKHVHPXOWLSOH D
WHUPV FDQ EHLPSOHPHQWHG WR WKHLVRWKHUP HTXDWLRQ ZKHUH HLC
DGVRUEHQW DGVRUEDWH ERQGLQJ VLWH ,Q WKLV PRGHO JDV PROHFX
VLWHVY DQG WKHQ WKHOHVV IDYRXUDEOH VLWHYVY 7KHUHDO QXPEHU RI
YHU\ ODUJH EXW LQ SUDFWLFH WZR W\SHV RI VLWHYV ZaL OXX D ¥ FEXXDDOMH. M
PRGHO LVLPSOHPHQWHG IRUWKH /DQJPXLUDQG/7DROPIXLU JUHXQGOLF

THPSHUDWXUH GHSHQGHQFH RILVRWKHUP PRGHO

([SHULPHQWDO DGVRUSWLRQ HTXLOOLEULD WKDW DUH UDQJHG RYHU D
UDPHWHUV WKDW DUH PDGH WHPSHUDWXUH GHSHQGHQW E\LPSOHPHQ\
LH PH[3 WY 7KLV WHUP DOVR FRQWDLQV WKH DFWLYDWLRQ HQHUJ\
LQWHUDFWLRQ HQHUJ\UHTXLUHG IRUWKHDGVRUEDWH WR VWDUW ELQ
IRUWKH HTXLOOLE WMKPFRQVNY D@ W@

(UURUDQDO\VLYV

7R GHWHUPLQH WKH TXDOLW\ RI D JLYHQ ILW RIWHQ DQ HUURU DQDO\VL
QRQ OLQHDU LVRWKHUP LQWR OLQHDU HTXDWLRQV ZKLFK DOORZV IRU
GHSHQGHQW DQG LQGHSHQGHQW YDWULD BONRMKKM PRIMPKRG LV XVHG V
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) 0,7,mDQ6& 97;# 7KLV VLPSOH UHJUHVVLRQ KDV KRZHYHU WKH GLVE
VWUXFWXUH LV VXVFHSWLEOH WR FKDQJ@ G X WRRWKKLND AW DVX\DI R UPRROM
LVRWKHUP PRGHOV KDYH IRUPV WKDW FDQQRW EH OLQHDUL]HG FDXVLG
PRUH VXLWDEOH 7KHVH QRQ OLQHDU UHJUHVVLRQ PHWKRGV DUH EDV
WZHHQ GDWD DQG SUHGLFWHG LVRWKHUP YDOXHY 6HYHUDO PHWKRGYV
PHQWLRQ VHYHQ GLIIHUHQW PHWKRGV IRU H[DPSOH 6XP RI 6TXDUH (UU
'"HYLDWLRQ PH@®KRGV >

7KHILW TXDOLW\RIDVSHFLILFLVRWKHUPDQGLWY FRUUHVSRQGLQJGD
GHYLDWLRQ LVR QE7XDWLRMQ@Q+HWH,DQG thj~DUH UHVSHFWLYHO\ WKt
VXUHG H[SHULPHQWDO YDOXH DQG WKH FDOFXODWHG YDOXH E\ WKH U]
PDGHEHWZHHQLVRWKHUP PRGHOV WKDW DUH GHSHQGHQW RQ WHPSHU
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WKHHUURUDQDO\WLY GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ 6HFRQ(
G\QDPLFDOO\FRQVLVWHQW WKLV PHDQV ZKHQ WKH SUHVVXUH JRHV
OLQHDU OHDQLQJWKHLVRWKHUP DGKHUHV WR +HQU\TV ODZ WKHUH



, VRWKHUP GDWDDQG SDUDPHWHU HVWLPDWLRQ

LQFUHDVLQJ SUHVVXUH ,Q RWKHU ZRUGV WKHVROLG SKDVHKDV DILQLWHI
WKHUHIRUH RQO\D ILQLWH DPRXQW RIJDV FDQ EHDGVRUEHG $Q H[DPSOH
D)UHXQGOLFK LVRWKHUP R WKIRIRWPFUHDVLQJ SUHVVXUH WKH GHULYDW
VKRXOG DOZD\VEH SRVLWLYH 7KLV LVWRHQVXUH WKDW WKHDPRXQW DGV
LQJSUHVVA@JHKLUGO\ WKHDSSOLFDELOLW\RIWKHJLYHQ PRGHO VKRXOG I
WKHJLYHQ UDQJH LV VXLWDEOH IRUWKHJLYHQ DSSOLFDWLRQ WKH LVRYV
LPSOHPHQWHG ZLWKRXW LQFUHDVLQJ WKH FRPSXWDWLRQDO HITRUW VXEV
VWDQGDUGLVHG DOJRULWKPV VKRXOG EH DEOH WR SURGXFH SK\WLFDO FR:
DV LQLWLDO FRQGLWLRQV VKRXOG KDYH QR LQIOXHQFH RQ WKH UHVXOWLQ
LQVHQVLWLYH SDUDPHWHUYV VKRXOG EHDYRLGHG

, VRWKHUP GDWD DQG SDUDPHWHU HVWLPDWLRQ

$FWLYDWHG FDUERQ LVRWKHUP GDWD

,Q FRQWUDVW WR RWKHU DGVRUEHQWY HDFK VSHFLILF DFWLYH FDUERQ W
SURGXFWLRQ SURFHVV DQG LV VLHYHG WR REWDLQ DVSHFLILF SDUWLEOH V
DQG PDVV WUDQVIHU SURSHUWLHVY WKLV PDNHV FRPSDULQJLVRWKHUPYV RI
VHYHQ VSHFLHV RI DFWLYDWHG FDUERQ DUH H[DPLQHG FRQWDLQLQJDW Of
XS UHDFWLRQ PL[WXUH DQ RYHOMLHZFOXKGHGHIRQLWKLY RYHUYLHZ LV WKH S
DQG VSHFLILF VXUIDFH DUHD 7KH SDUWLFOH VL]JHUDQJHV IURP VPDOO |
LQ OHQJWK PHVK DQG WKH % (7 VXUIDFH DUHD LV EHWZHHQ W\SLFDO YDO
)LQDOO\WKH HTXLOLEULXP GDWD UDQJH RI WKH XQDU\LVRWKHUP H[SHULPH
DUH VHHQ WKH WHPSHUDWXUH DW DPELHQW DQG VOLJKWO\ DERYH DPELHC
DO EHLQJWKHH[FHSWLRQ DQG SUHVVXUH UDQJLQJIURP WR DW OHDVW

1IRWHZRUWK\LV WKDW D QRQ RIWKHDYDLODEOH VRXUFHV FRQWDLQHG WKH
WKH VHSDUDWLRQ SRWHQWLDO RI SDUWV RI WKH UHDFWLRQ PL[WXUH FRXO

5HVXOWV RIGDWD ILWWLQJDQG SDUDPHWHU HVWLPDWLRQ
$00 GDWD VHWV ZHUH ILWWHG XVLQJ WKH SUHYLRXVO\GHVFULEHG GXDO VL
6,36 LVRWKHUPV 7KH SDUDPHWHUV DUH IRXQG XVLQJ WKH /HYHQEHUJ 0DU
LQ 0$7/$% H J XVLQJ WKH BEXQIOWE LS Q MKIERDUDPHWHUV DQG SORWV LQ
QRUPDOLVHG VWDQGDUG G HYISDM)ICR @ DIVHIG R Y AMKH@ UJIXPHQWYV LQ VHEWL
WKH GXDO VLWH /DQJPXLU PRGHO SURYHG WR WKH PRVW VXLWDEOH 7KH P
VLWH /DQJPXLU )UHXQGOLFK PRGHO ZDV WKDW VRPH SDUDPHWHUV LQ WKH
VTIXDUHV DOJRULWKP DQG LQ VRPH FDVHV RYWUH W@QEQJ ZDV REVHUYHG L |

6RPHJIJHQHUDO QRWHV UHJDUGLQJ WKH GDWD ILWWLQJ

+6LQFH QR WDEXODWHG GDWD ZDV DYDLODEOH WKH LVRWKHUP GDWD IU
H[WUDFWHG IURP JUDSKLFDO GDWD X\aLQJIKEBEWB FXWHBF VRIWXDRY H HWKR
LQKHUHQWO\ SURQH WR HUURU DQG WKLV LV UHIOHFWHG LQ D KLJKHU V\
FOHDUO\ YIHKQ E@UH G

t, QFDVH RMRWKHUP GDWD WKH VLQJOH VLWH PRGHO\LHOGHG EHWWHU L
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,$67 PHWKRGRORJ\DUH JLYHQ LQ WKH QH[W VHFWLRQ

,GHDO $GVRUEHG 6ROXWLRQ 7KHRU\ ,$67
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TXDQWLILHG XVLQJ WKH5HDO $GVRUEHG@sROXWLRQ 7KHRU\ 5%67 >
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