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Devwudfw� D qryho txdqwlwdwlyh phdvxuh ri lpd0
jh hqkdqfhphqw lv frqvlghuhg1 Wklv phdvxuh lv uh0
odwhg zlwk frqfhswv ri wkh Zhehu*v odz ri wkh kx0
pdq ylvxdo v|vwhp1 Wklv duwlfoh dovr r�huv d qhz
fodvv ri wkh iuhtxhqf| grpdlq edvhg sdudphwulf lp0
djh hqkdqfhphqw dojrulwkpv iru wkh remhfw ghwhf0
wlrq dqg ylvxdol}dwlrq1 D qxpehu ri h{shulphqwdo
uhvxowv lv looxvwudwhg wkh shuirupdqfh ri wkhvh dojr0
ulwkpv1 Sduwlfxoduo| wkh txdqwlwdwlyh phdvxuh kdv
khoshg wr vhohfw +dxwrpdwlfdoo|, rswlpdo surfhvvlqj
sdudphwhuv= wkh ehvw sdudphwhuv dqg wudqvirup1
Wkh frpsdudwlyh dqdo|vlv ri wudqvirupv edvhg lpd0
jh hqkdqfhphqw dojrulwkpv lv ghvfulehg1

Nh|zrugv= Iuhtxhqf| grpdlq hqkdqfhphqw/
pdjqlwxgh0uhgxfwlrq/ ylvxdol}dwlrq1

Y� YA|iNa�W|�NA

Lw lv zhoo nqrzq wkdw wkh lpdjh hqkdqfhphqw lv d
sureohp0rulhqwhg surfhgxuh dqg wkh jrdo ri wkh lpd0
jh hqkdqfhphqw lv wr lpsuryh wkh ylvxdo dsshdudqfh
ri wkh lpdjh/ ru wr surylgh %ehwwhu% wudqvirup uhs0
uhvhqwdwlrq iru ixwxuh dxwrpdwhg lpdjh surfhvvlqj1
Pdq| phwkrgv sursrvhg wr hqkdqfh lpdjh duh edvhg
rq jud|0ohyho klvwrjudp prgl�fdwlrq ^4`/ ^5`/ zkloh
rwkhu phwkrgv duh edvhg rq orfdo frqwudvw wudqviru0
pdwlrq dqg hgjh dqdo|vlv ^6`/ ^9`/ ru wkh %joredo% hq0
wurs| wudqvirupdwlrq ^:`1 Wkdw lv gxh wr wkh devhqfh
ri jhqhudo vwdqgdug iru lpdjh txdolw| zklfk frxog eh
xvhg dv d ghvljq fulwhuld iru lpdjh hqkdqfhphqw dojr0
ulwkpv ^;`1

Lw lv idfw wkdw wkhuh lv qr jhqhudo xqli|lqj wkhru|
ri lpdjh hqkdqfhphqw1 Phwkrgv ri lpdjh hqkdqfh0
phqw whfkqltxhv fdq eh jhqhudoo| fodvvl�hg lqwr wzr
fdwhjrulhv= vsdwldo grpdlq phwkrgv/ zklfk rshudwh
gluhfwo| rq sl{hov dqg iuhtxhqf| +wudqvirup, grpdlq
phwkrgv1 Wkh dqdo|vlv ri wkh h{lvwlqj wudqvirup edvhg
lpdjh hqkdqfhphqw whfkqltxhv ^<`/ ^43` vkrzv wkdw lw lv
gl�fxow wr vhohfw rswlpdo surfhvvlqj sdudphwhuv/ dqg
wkhuh lv qr h�flhqw phdvxuh wkdw fdq eh vhuyhg dv d
exloglqj fulwhulrq iru lpdjh hqkdqfhphqw1 Wkh vrox0

wlrq ri wkh odvw wdvn lv yhu| lpsruwdqw hvshfldoo| zkhq
wkh lpdjh hqkdqfhphqw surfhgxuh lv xvhg dv d suh0
surfhvvlqj vwhs iru rwkhu lpdjh surfhvvlqj whfkqltxhv
vxfk dv wkh ghwhfwlrq/ uhfrjqlwlrq/ dqg ylvxdol}dwlrq1

Wklv sdshu ghvfulehv qhz txdqwlwdwlyh phdvxuhv
ri lpdjh hqkdqfhphqw dqg qryho iuhtxhqf| grpdlq
edvhg lpdjh hqkdqfhphqw phwkrgv iru wkh remhfw gh0
whfwlrq dqg ylvxdol}dwlrq1

YY� �jBt�ij Nu �6B}j jA�BAWj6jA|

Zkhq dqdo|}lqj wkh vljqdov dqg v|vwhpv/ lw lv xvh0
ixo wr pds gdwd iurp wkh wlph grpdlq lqwr dqrwkhu
grpdlq +wkh iuhtxhqf| grpdlq,1 Wkh edvlf fkdudfwhu0
lvwlfv ri d frpsoh{ zdyh duh wkh dpsolwxgh dqg skdvh
vshfwud1 Vshfli|lqj dpsolwxgh vshfwuxp lv dq lpsru0
wdqw frqfhsw iru frpsoh{ zdyhv1 Iru h{dpsoh/ dq dp0
solwxgh vshfwuxp frqwdlqv lqirupdwlrq derxw wkh hq0
huj| frqwhqw ri d vljqdo dqg wkh glvwulexwlrq ri wkh
hqhuj| dprqj wkh gl�huhqw iuhtxhqflhv/ zklfk lv riwhq
xvhg lq pdq| dssolfdwlrqv1

Wkh lpsuryhphqw lq lpdjhv diwhu hqkdqfhphqw lv
riwhq yhu| gl�fxow wr phdvxuh1 D surfhvvhg lpdjh fdq
eh vdlg wr kdyh ehhq hqkdqfhg ryhu wkh ruljlqdo lpdjh
li lw doorzv wkh revhuyhu wr ehwwhu shufhlyh wkh ghvludeoh
lqirupdwlrq lq wkh lpdjlqj1 Lq lpdjhv/ wkh lpsuryhg
shufhswlrq lv gl�fxow wr txdoli|1 Wkhuh lv qr xqlyhuvdo
phdvxuh zklfk fdq vshfli| erwk wkh remhfwlyh dqg vxe0
mhfwlyh ydolglw| ri wkh hqkdqfhphqw phwkrg ^44`1 Lq
sudfwlfh/ pdq| gh�qlwlrqv ri wkh frqwudfw phdvxuh duh
xvhg ^5`1 Iru h{dpsoh/ wkh orfdo frqwudvw sursrvhg e|
Jrugrq dqg Udqjd||dq ^45` zdv gh�qhg e| wkh phdq
jud| ydoxhv lq wzr uhfwdqjxodu zlqgrzv fhqwhuhg rq
d fxuuhqw sl{ho1 Edjkgdq dqg Qhjudwh ^46` sursrvhg
dqrwkhu gh�qlwlrq ri wkh orfdo frqwudvw edvhg rq wkh
orfdo hgjh lqirupdwlrq ri wkh lpdjh/ lq rughu wr lp0
suryh wkh �uvw phqwlrqhg gh�qlwlrq1 Xvh ri vwdwlvwlfdo
phdvxuhv ri jud| ohyho glvwulexwlrq phdvxuhv ri orfdo
frqwudvw hqkdqfhphqw +iru h{dpsoh/ phdq/ yduldqfh
ru hqwurs|, kdyh qrw ehhq sduwlfxoduo| phdqlqjixo iru



pdpprjudp lpdjhv ^47`1 D qxpehu ri lpdjhv/ zklfk
fohduo| looxvwudwhg dq lpsuryhg frqwudvw/ vkrzhg qr
frqvlvwhqf|/ dv d fodvv/ zkhq xvlqj wkhvh vwdwlvwlfdo
phdvxuhphqwv1 D phdvxuh sursrvhg lq ^5`/ zklfk kdv
juhdwhu frqvlvwhqf| wkdq wkh vwdwlvwlfdo phdvxuhv/ lv
edvhg rq wkh frqwudvw klvwrjudp1

Lqwxlwlyho|/ lw vhhpv uhdvrqdeoh wr h{shuw wkdw d
lpdjh hqkdqfhphqw phdvxuh ydoxhv dw jlyhq sl{hov
vkrxog ghshqg vwurqjo| rq wkh ydoxhv dw sl{hov wkdw
duh forvh e| zhhno| rq wkrvh wkdw duh ixuwkhu dzd| dqg
dovr wklv phdvxuh kdv wr uhodwhg zlwk kxpdq ylvxdo
v|vwhp1 Lq rxu gh�qlwlrq/ zh zloo xvh d prgl�fdwlrq
ri Zhehu*v dqg Ilvkhu*v odzv1 Lq lpdjh hqkdqfhphqw
phdvxuh gh�qlwlrq zh zloo dovr xvh wkh zhoo nqrzq hq0
wurs| frqfhsw1 Lq ^48`/ Zhehu hvwdeolvkhg d ylvxdo
odz/ dujxhg wkdw wkh kxpdq ylvxdo ghwhfwlrq ghshqgv
rq wkh udwlr/ udwkhu wkdq gl�huhqfh ri oljkw lqwhqvlwlhv1
Wkh Zhehu gh�qlwlrq ri frqwudvw zdv xvhg wr phdvxuh
wkh orfdo frqwudvw ri d vlqjoh remhfw1 Ihfkqhu*v odz ^49`
sursrvhg wkh iroorzlqj uhodwlrqvkls ehwzhhq wkh oljkw
lqwhqvlw| i+{> |, dqg euljkwqhvv=
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lv d frqvwdqw/ i ����� dqg i ��� � uhvshfwlyho| duh
wkh pd{lpxp dqg plqlpxp oxplqdqfh ydoxhv +zlwklq
d vpdoo zlqgrz,1

Ohw dq lpdjh {+q> p, eh vsolw lqwr n 	 n 
 eorfnv
z �
� � +l> m, ri vl}hv o 	 � o 
 > dqg ohw dqg i�j eh d jlyhq
fodvv ri ruwkrjrqdo wudqvirupv xvhg iru lpdjh hqkdqfh0
phqw zlwk hqkdqfhphqw sdudphwhuv +ru/ yhfwru sd0
udphwhu, �> �> dqg � wr eh irxqg1 Zh gh�qh wkh ydoxh
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+5,
zkhuh L ���� � � �
� � +�, dqg L �������� ��� � +�, uhvshfwlyho| duh wkh
plqlpxp dqg pd{lpxp ri wkh lpdjh [+q> p, lqvlgh
wkh eorfn z �
� � > diwhu surfhvvlqj wkh eorfn e| � wudqv0
irup edvhg hqkdqfhphqw dojrulwkp1 Wkh ixqfwlrq " lv
wkh vljq ixqfwlrq/ "+{, @ {> ru "+{, @ �{> ghshqglqj
rq wkh phwkrg ri hqkdqfhphqw xqghu wkh frqvlghu0
dwlrq1 Wkh ghflvlrq ri dgglqj wklv ixqfwlrq kdv ehhq
grqh diwhu wkh vwxg| ydulrxv h{dpsohv ri hqkdqfhphqw
e| wudqvirup phwkrgv xvlqj wkh gl�huhqw frh�flhqwv
F ! +s> v,> l @ 4> 5> 6= Wklv zloo eh ghvfulehg lq wkh iro0
orzlqj vhfwlrq1

Gh�qlwlrq 4= HPH lv fdoohg d phdvxuh ri hqkdqfh0
phqw/ ru phdvxuh ri lpsuryhphqw1

Wr gh�qh dqrwkhu lpdjh hqkdqfhphqw phdvxuh/ zh
zloo xvh wkh zhoo nqrzq hqwurs| frqfhsw1 Jlyhq dq
lpdjh hqkdqfhphqw wudqvirup �> zh gh�qh d phdvxuh
hohphqw dv
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Gh�qlwlrq 5= Wkh txdqwlw|

HPHH @ pd{��������� "+HPH+�,, +7,

lv fdoohg d phdvxuh ri hqkdqfhphqw e| hqwurs|1
Gh�qlwlrq 6= Wkh ehvw +rswlpdo, wudqvirup uhodwlyh

wr wkh phdvxuh ri hqkdqfhphqw/ HPH/ lv fdoohg d
wudqvirup � " vxfk wkdw HPH+� " , @ HPH= Wkh lpd0
jh hqkdqfhphqw dojrulwkp edvhg rq wklv wudqvirup lv
fdoohg dq rswlpdo lpdjh lpsuryhphqw wudqvirup0edvhg
hqkdqfhphqw dojrulwkp1
Vlploduo|/ uhodwlyh wr wkh phdvxuh ri hqkdqfhphqw e|
hqwurs|/ zh gh�qh wkh ehvw +rswlpdo, wudqvirup � " >
vxfk wkdw HPHH+� " , @ HPHH> dqg dq rswlpdo lp0
djh lpsuryhphqw wudqvirup0edvhg hqkdqfhphqw e| hq0
wurs| dojrulwkp1 Wkhvh wzr gh�qlwlrqv uhvxow lq gl�hu0
hqw rswlpdo wudqvirupv1 Dw suhvhqw/ erwk gh�qlwlrqv
ri wudqvirup � " iru wkh ehvw wudqvirup0edvhg hqkdqfh0
phqw ri lpdjh zloo eh frqvlghuhg htxdoo| rswlpdo1

D1 Hqkdqfhphqw lq wkh iuhtxhqf| grpdlq

Lpdjh hqkdqfhphqw lq wkh iuhtxhqf| grpdlq lv
vwudljkwiruzdug1 Rqh vlpso| shuirup wkh wudqvirup
ri dq lpdjh wr eh hqkdqfhg/ wkhq pdqlsxodwhg zlwk
wkh wudqvirup frh�flhqwv/ dqg shuirup wkh lqyhuvh ru0
wkrjrqdo wudqvirup1 Lpdjh wudqvirupv jlyh wkh vshf0
wudo lqirupdwlrq derxw wkh lpdjh/ e| ghfrpsrvlwlrq ri
wkh lpdjh lqwr vshfwudo frh�flhqwv wkdw fdq eh prgl0
�hg +olqhduo| ru qrq0olqhduo|,/ iru wkh sxusrvhv ri hq0
kdqfhphqw dqg ylvxdol}dwlrq1

Ohw [+s> v, eh wudqvirup frh�flhqwv/ iru h{dpsoh
wkh frh�flhqwv ri wkh wzr0glphqvlrqdo glvfuhwh Irxulhu
wudqvirup +50G GIW,/

I +s> v, @

#%$ 	[
& � "

#%$ 	[

��� "
{ & � � h

$(' 
�)+* &�,�- �/.�021 #

s> v @ 3 = +Q � 4,> m @
s

�4=

+8,

Wkh sduwlfxodu fdvh ri wklv wudqvirup lv wkh 50G glv0
fuhwh frvlqh +qrq0vhsdudeoh, wudqvirup +GFW,/ frh�0
flhqwv ri zklfk duh gh�qhg dv iroorzv=
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Zh dovr frqvlghu wkh 50G glvfuhwh Kdgdpdug wudqv0
irup +GKW,/ zklfk lv gh�qhg dv iroorzv=
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zkhuh wkh nhuqho ri wkh rqh0glphqvlrqdo GKW lv ri wkh
irup=

d+s> q, @ +�4,
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dqg s ! > q ! uhvshfwlyho| duh wkh lwk elwv lq wkh elqdu|
uhsuhvhqwdwlrq ri qxpehuv s dqg q= Phwkrgv ri idvw
dojrulwkpv iru frpsxwlqj wkh deryh 50G wudqvirupv
fdq eh irxqg lq ^4;`/ ^4<`1

Dqdo|}lqj wkh h{lvwlqj wudqvirup0edvhg hqkdqfh0
phqw dojrulwkp +�0urrwlqj dqg pdjqlwxgh uhgxfwlrq
phwkrgv ^7`/ ^8`/ ^43`,/ zh �qg d frpprq dojrulwkp/
zklfk hqfrpsdvvhv doo ri wkhvh whfkqltxhv1 Wkh df0
wxdo surfhgxuh ri wkh vljqdo2lpdjh hqkdqfhphqw yld
dq lqyhuwleoh wudqvirup frqvlvwv ri wkh iroorzlqj vwhsv=

Vwhs 4, shuirup wkh ruwkrjrqdo wudqvirup>
Vwhs 5, pxowlso| wkh wudqvirup frh�flhqwv [, � . e|

vrph idfwruv/ R, � . >
Vwhs 6, shuirup wkh lqyhuvh ruwkrjrqdo wudqvirup1

Wkh iuhtxhqf| rughuhg v|vwhp0edvhg phwkrg fdq
ehh uhsuhvhqwhg dv

{ $ [ $ R � [ $ W
$ 	
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zkhuh R lv dq rshudwru dssolhg rq wkh frh�flhqwv
[+s> v,= Ohw wkh hqkdqfhphqw rshudwru R eh ri wkh
irup [+s> v, � F+s> v,> zkhuh wkh odwwhu lv d uhdo ixqf0
wlrq ri wkh pdjqlwxgh ri wkh frh�flhqwv/ l1h1 F+s> v, @
i+m[ m,+s> v,= F+s> v, pxvw eh uhdo ehfdxvh zh rqo| zlvk
wr dowhu wkh pdjqlwxgh lqirupdwlrq/ qrw wkh skdvh lq0
irupdwlrq1 Lq wkh iudphzrun ri wklv frqvwudlq/ zh kdyh
vhyhudo srvvlelolwlhv iru F+s> v,> zklfk fdq r�hu pxfk
idu juhdwhu �h{lelolw|=

4, F+s> v,
	

@ frqvwdqw +zkhq � @ 3 wkh hqkdqfh0
phqw suhvhuyhv doo frqvwdqw lqirupdwlrq,>

5, F 	 +s> v, @ F+s> v,
	 m[+s> v,m 
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Ghqrwlqj e| �+s> v, � 3 wkh skdvh ri wkh wudqvirup
frh�flhqw [+s> v,> zh fdq zulwh

[+s> v, @ m[+s> v,m h{s^m�+s> v,` +43,

zkhuh m[+s> v,m lv wkh pdjqlwxgh ri wkh frh�flhqwv1
Udwkhu wkdq dsso| wkh hqkdqfhphqw rshudwru R gl0
uhfwo| rq wkh wudqvirup frh�flhqwv [+s> v,/ zh zloo

lqyhvwljdwh wkh rshudwru zklfk lv dssolhg rq wkh prgx0
ohv ri wkh wudqvirup frh�flhqwv/

R+[,+s> v, @ R+m[m,+s> v, h{s^m�+s> v,`= +44,

Zh dvvxph wkh hqkdqfhphqw rshudwru R+m[m, wdnhv
rqh ri wkh irupv F ! +s> v,m[+s> v,m> l @ 4> 5> 6> dw hyhu|
srlqw +s> v,=

Lq sudfwlfh/ wkh frh�flhqw 3 � � ? 3=<< lv xvhg lq
F 	 +s> v, iru lpdjh hqkdqfhphqw1 Wkh rswlpdo ydoxh ri
� lv lpdjh ghshqghqw dqg vkrxog eh dgmxvwhg lqwhu0
dfwlyho| e| wkh xvhu ^43`1 Rqh fdq dvn= Zkdw duh wkh
rswlpdo ydoxhv ri �> �> dqg �B Fdq rqh fkrrvh �> �>

dqg � dxwrpdwlfdoo|B Zkdw lv wkh ehvw hqkdqfhphqw
iuhtxhqf| rughuhg v|vwhpB Zkdw lv wkh rswlpdo vl}h
ri wkh wudqvirup/ QB

Vhohfwlrq ri sdudphwhuv1 Vxssrvh wkh wudqvirup
edvhg hqkdqfhphqw dojrulwkp ghshqgv rq wkh sdudp0
hwhuv �> �> dqg �> ru yhfwru +�> �> �,> l1h1 � @ � 
 � � � 	 1

Gh�qlwlrq 7= Ohw � eh wkh ehvw +rswlpdo, wudqv0
irup1 Wkh ehvw +rswlpdo, �0wudqvirup0edvhg hqkdqfh0
phqw lpdjh yhfwru sdudphwhu +�> �> �, lv fdoohg d
sdudphwhu +� " > � " > � " , vxfk wkdw HPH+� 
�� � � � � 	�� , @
HPH=

Li wkh phdvxuh ri pdjh lpsuryhphqw lv gh�qhg e| hq0
wurs| dffruglqj wr Htv1 6 dqg 7/ wkhq zh xvh wkh frq0
glwlrq HPHH+� 
 � � � � � 	 � , @ HPHH lq Gh�qlwlrq 71
Lw vkrxog eh qrwhg wkdw wkh zlqgrz vl}h fdq eh dovr
lqfoxghg lq wkh yhfwru � dv d sdudphwhu ri rswlpdo
hqkdqfhphqw1 Zh vkrxog qrwh lq dgglwlrq/ wkdw do0
wkrxjk doo deryh gh�qlwlrqv duh edvhg rq wkh frqfhsw
ri hqkdqfhphqw ri dq lpdjh/ hdfk lpdjh lv frqvlghuhg
dv d uhdol}dwlrq ri d udqgrp surfhvv1 Wkhuhiruh/ wkh
phdvxuh ri lpdjh hqkdqfhphqw frxog eh frqvlghuhg
ryhu doo udqgrp lpdjhv/ zklfk ohdgv wr wkh gl�fxow
sureohp ri �qglqj d joredo ehvw +rswlpdo, wudqvirup
� +ru yhfwru sdudphwhu, iru wkh jlyhq udqgrp surfhvv1

Wkh iroorzlqj sureohpv kdyh ehhq lqyhvwljdwhg=
Krz wr ghvljq wkh ehvw lpsuryhphqw wudqvirup0edvhg
lpdjh hqkdqfhphqw dojrulwkp/ dqg krz wr ghvljq
wkh ehvw �0wudqvirup0edvhg hqkdqfhphqw lpdjh yhf0
wru sdudphwhu +�> �> �,B

YYY� .!Vji�6jA|B, ijt�,|t

Zh shuiruphg d qxpehu ri h{shulphqwv lq rughu
wr hydoxdwh wkh hqkdqfhphqw dojrulwkp iru 40G dqg
50G vljqdov1 Iru pruh fodulw|2ylvlelolw|/ zh ghprq0
vwudwh wkh h{shulphqwdo uhvxowv iru 50G vljqdov vxfk
dv %prrq% soxv %forfn% lpdjh1 Zh xvh wkuhh fodvvhv
ri dojrulwkpv/ qdpho|/ wkh wudqvirup edvhg hqkdqfh0
phqw dojrulwkpv yld rshudwruv F � +s> v,> n @ 4> 5> 6 uh0
vshfwlyho|1 Wkh �uvw fodvv vkrzv krz wr fkrlfh wkh



ehvw rshudwru sdudphwhu +ru/ wkh ehvw hqkdqfhphqw
dojrulwkp, iru wkh jlyhq wudqvirup1 Wkh vhfrqg fodvv
vkrzv krz wr fkrlfh wkh ehvw lpdjh hqkdqfhphqw
wudqvirup iru wkh jlyhq lpdjh1

Lq rughu wr hqkdqfh rxu lpdjhv ehiruh sdvvlqj wkhp
wkurxjk d ylvxdol}dwlrq dojrulwkp/ zh uhgxfh wkh pdj0
qlwxgh lqirupdwlrq ri wkh lpdjh zkloh ohdylqj wkh
skdvh lqirupdwlrq lqwdfw1 Vlqfh wkh skdvh lqirupd0
wlrq lv pxfk pruh vljql�fdqw wkdq wkh pdjqlwxgh lq0
irupdwlrq lq wkh ghwhuplqdwlrq ri hgjhv/ uhgxflqj wkh
pdjqlwxgh surgxfhv ehwwhu hgjh ghwhfwlrq fdsdelol0
wlhv1 Wklv phwkrg dovr whqgv wr uhgxfh pruh wkh orz0
iuhtxhqf| frpsrqhqwv wkdq wkh kljk0iuhtxhqf| frp0
srqhqwv +erwk wkh orz0iuhtxhqf| frpsrqhqwv/ zklfk
duh dvvrfldwhg zlwk vkdus hgjh/ dqg kljk0iuhtxhqf|
frpsrqhqwv/ zklfk duh dvvrfldwhg zlwk wkh hgjh hoh0
phqwv,1

Wkh %forfn% lpdjh zdv wdnhq dv wkh ruljlqdo/
{+q> p,> dqg wkh %prrq% lpdjh zdv vxshulpsrvhg1
Wklv uhvxowv lq dq loohjleoh lpdjh/ dv vkrzq lq Iljxuh 41
Wkh uhvxow/ e[+s> v,> lv dq hqkdqfhg lpdjh/ zklfk fdq
qrz eh sdvvhg wkurxjk d ylvxdol}dwlrq dojrulwkp1 Wr
fkrrvh wkh ehvw lpdjh hqkdqfhphqw wudqvirup iru wkh
jlyhq lpdjh/ zh xvhg gl�huhqw wudqvirupv dqg ydu|0
lqj sdudphwhuv � dqg � uhvshfwlyho| lq wkh lqwhuydov
^3> 5` dqg ^3> 4`> dqg dqdo|}hg wkh 60G vxuidfh ri wkh
phdvxuh iru wkh Irxulhu phwkrg1 Wkh gl�huhqfhv eh0
wzhhq wkh phdvxuhv kdv ehhq dovr revhuyhg/ zkhq wkh
Irxulhu/ Kdgdpdug/ dqg frvlqh wudqvirupv duh xvhg
iru hqkdqfhphqw1 Wkh uhvxowv ri wkh Irxulhu wudqvirup
edvhg lpdjh hqkdqfhphqw iru wkh erxqgdu| sdudph0
whuv vkrz wkdw elj ydoxhv ri � eulqj wr wkh holplqdwlqj
ri wkh kljkhu iuhtxhqflhv rq wkh lpdjh vshfwuxp/ dqg
wkh rshudwru R zrunv dv wkh �owhu ri orz iuhtxhqflhv1
Rssrvlwh/ wkh vpdoo ydoxhv ri � lqfuhdvh wkh lpdjh
hqkdqfhphqw1

Wkh hqkdqfhphqw phdvxuh ri wkh ruljlqdo lpdjh
vkrzq lq Ilj1 4 lv 7=8/ ru HPH � +[, @ 7=8> zkhuh L lv
wkh lghqwlfdo wudqvirup1 Iljxuh 5 vkrzv wkuhh fxuyhv
ghvfulehg wkh phdvxuh ri wkh hqkdqfhphqw/ zkhq ds0
so|lqj wkh Irxulhu/ Kdgdpdug/ dqg frvlqh wudqvirupv1
Wkh fxuyhv kdyh wzr pd{lpxpv/ dw srlqwv � 	 @ 3=<5
dqg � 
 @ 3=9/ zkhuh wkh pd{lpxp phdvxuh lv sur0
ylghg e| wkh Irxulhu wudqvirup1 Wkh h{shulphqwdo uh0
vxowv vkrz wkdw wkh sdudphwhu � 	 fruuhvsrqgv wr wkh
ehvw ylvxdo hvwlpdwlrq ri hqkdqfhphqw1 Wkh hqkdqfh0
phqw e| wkh wudqvirupv duh yhu| forvhg ehwzhhq wkhvh
wzr h{wuhph srlqwv1 Iljxuh 6 looxvwudwhv wkh hqkdqfh0
phqw ri wkh ruljlqdo lpdjh yld �0urrwlqj edvhg rq wkh
wudqvirupv zkhq � @ 3=<5=

Wr fkrrvh wkh ehvw rshudwru sdudphwhu/ wkh hq0

EME=5.44

(a)

EME=6.78

(b)

EME=4.45

(c)

Ilj1 41 Olqhdu frpelqdwlrq ri wkh forfn +d, dqg prrq +e,
lpdjhv/ zklfk uhvxowv lq dq loohjleoh lpdjh +f,1

kdqfhg lpdjhv kdyh ehhq dqdo|}hg e| ydu|lqj sdudp0
hwhu �> zkhq xvlqj wkh Irxulhu wudqvirup/ Kdgdpdug
wudqvirup/ dqg frvlqh wudqvirup1 Wkh orj0pdjqlwxgh
uhgxfwlrq xvlqj F 
 +s> v, vhuyhg wr hqkdqfh wkh hgjhv
durxqg uhjlrqv lq wkh lpdjh1

YX� �NAW,�t�NA

D qhz fodvv ri %iuhtxhqf| grpdlq% edvhg vlj0
qdo2lpdjh hqkdqfhphqw dojrulwkpv +pdjqlwxgh uh0
gxfwlrq/ orj0pdjqlwxgh uhgxfwlrq/ lwhudwlyh pdjql0
wxgh/ dqg orj0uhgxfwlrq }rqdo pdjqlwxgh whfkqltxh/
hwf1, kdyh ehhq vwxglhg dqg dssolhg iru ghwhfwlrq dqg
ylvxdol}dwlrq remhfwv zlwklq wkh lpdjh1 Wzr txdqwlwd0
wlyh phdvxuhv ri vljqdo2lpdjh hqkdqfhphqw zhuh suh0
vhqwhg1 Wkhvh phdvxuhv duh uhodwhg zlwk frqfhswv ri
wkh Zhehu*v odz ri wkh kxpdq ylvxdo v|vwhp1 Lw khosv
wr fkrrvh +dxwrpdwlfdoo|, wkh ehvw +rswlpdo, sdudph0
whuv dqg wudqvirup iru lpdjh hqkdqfhphqw1

Zh kdyh lpsuryhg xsrq wkh fxuuhqw pdjqlwxgh uh0
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Ilj1 51 �0urrwlqj e| wkh 50G Irxulhu/ frvlqh/ dqg
Kdgdpdug wudqvirupv1

gxfwlrq whfkqltxhv dqg ghvljq qhz rqh1 Wkh zlgh
udqjh ri fkdudfwhulvwlfv fdq eh rewdlqhg iurp d vlq0
joh wudqvirup e| ydu|lqj hqkdqfhphqw sdudphwhuv1
Wkh sursrvhg dojrulwkpv duh vlpsoh iru ghvljq/ zklfk
pdnhv wkhp sudfwlfdo1 D qxpehu ri h{shulphqwdo uh0
vxowv looxvwudwh wkh shuirupdqfh ri wkhvh dojrulwkpv1
Wkh frpsdudwlyh dqdo|vlv ri wudqvirupv edvhg lpdjh
hqkdqfhphqw dojrulwkpv kdv ehhq ghvfulehg/ wrr1
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