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WKH xvh ri vwhsshg0iuhtxhqf| zdyhirupv wr rewdlq
kljk udqjh uhvroxwlrq lv zhoo grfxphqwhg ^;/ 43`1

Dq dgydqwdjh ri wkh vwhsshg0iuhtxhqf| dssurdfk iru
rewdlqlqj kljk udqjh uhvroxwlrq lv wkh uhgxfwlrq ri wkh
lqvwdqwdqhrxv edqgzlgwk dqg vdpsolqj udwh uhtxluh0
phqwv ri wkh udgdu v|vwhp1

V|qwkhwlf udqjh sur�oh +VUS, surfhvvlqj lv d yhu|
h�hfwlyh phwkrg wr rewdlq kljk0uhvroxwlrq grzqudqjh
sur�ohv ri wdujhwv ^43`1 Wklv phwkrg/ krzhyhu/ kdv wkh
xqiruwxqdwh gudzedfn wkdw wdujhw hqhuj| vsloov ryhu
lqwr frqvhfxwlyh frduvh udqjh elqv gxh wr wkh pdwfkhg
�owhu rshudwlrq/ fdxvlqj _jkrvw lpdjhv% lq wkh uhvxow0
lqj udqjh sur�oh ^6`1 Wklv lv wkh pdlq uhdvrq zk| lw lv
qrw uhjdughg dv d vxlwdeoh phwkrg iru surfhvvlqj VDU
lpdjhv1 D wlph0grpdlq phwkrg zklfk grhv qrw kdyh
wklv gudzedfn kdv douhdg| ehhq ghprqvwudwhg ^8/ 9`1
Krzhyhu wklv phwkrg kdv ehhq irxqg wr eh lqh�flhqw
gxh wr wkh xsvdpsolqj uhtxluhphqw ri wkh qduurz0
edqgzlgwk vljqdov1

Lqvwhdg ri uhfrpelqlqj wkh vwhsshg0iuhtxhqf| zdyh0
irupv lq wkh wlph0grpdlq/ wkh| fdq dovr eh uhfrpelqhg
lq wkh iuhtxhqf| grpdlq1 Hvvhqwldoo| wkh dlp lv wr
uhfrqvwuxfw d odujhu sruwlrq ri wkh wdujhw*v uh�hfwly0
lw| vshfwuxp e| frpelqlqj wkh lqglylgxdo vshfwud ri
wkh wudqvplwwhg qduurz0edqgzlgwk sxovhv lq wkh iuh0
txhqf| grpdlq1 Wkh wdujhw uh�hfwlylw| ixqfwlrq )+w,
uhsuhvhqwv wkh wdujhw*v uh�hfwlrq surshuwlhv dw udqjh
u pdsshg lqwr wkh wlph grpdlq/ zkhuh w @ 5u

f
1 Wkh

sulqflsoh ri hqkdqflqj wkh udqjh uhvroxwlrq e| uhfry0
hulqj d odujhu edqg ri wkh uh�hfwlylw|*v vshfwuxp zdv
lqwurgxfhg e| Sudwl dqg Urffd ^:`/ exw lq wkh frqwh{w
ri frkhuhqw frpelqdwlrq ri VDU lpdjhv wdnhq iurp
gl�huhqw revhuydwlrq dqjohv1 Lq wklv sdshu zh vkrz
krz wklv frqfhsw pd| eh dssolhg wr wkh frqfhsw ri
vwhsshg0iuhtxhqf| surfhvvlqj/ dqg ghvfuleh wkh vljqdo
surfhvvlqj vwhsv lqyroyhg1
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D olqhdu IP fklus zdyhirup dw edvhedqg fdq eh
ghvfulehg e|

s+w, @ D uhfw

�
w

Ws

�
hm��w

5

+4,

zkhuh D lv wkh dpsolwxgh/ Ws wkh sxovh ohqjwk dqg �
wkh fklus udwh1 Wkh vshfwuxp lv dssur{lpdwho| uhf0
wdqjxodu zlwk edqgzlgwk Ew{ � �Ws1 Wklv lv d jrrg
dssur{lpdwlrq iru olqhdu IP fklus sxovhv zlwk d kljk
wlph0edqgzlgwk surgxfw1
Wkh wudqvplwwhg UI vljqdo lv prghoohg e|

yw{+w, @ s+w, hm5�ifw +5,

zkhuh if lv wkh fhqwuh iuhtxhqf|1 Wkh uhfhlyhg vljqdo
lv jlyhq e| wkh frqyroxwlrq ri wkh vfhqh uh�hfwlylw|
ixqfwlrq )+w, dqg wkh wudqvplwwhg sxovh=

yu{+w, @ )+w,� yw{+w, +6,

@

]
)+w� �, yw{+�,g� +7,

Diwhu frkhuhqw ghprgxodwlrq/ wkh vljqdo dw edvhedqg
lv jlyhq e|

yee+w, @ yu{+w, h
�m5�ifw +8,

@

]
)+w� �, s+�, hm5�if� g� h�m5�ifw +9,
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Lq dffrugdqfh zlwk wkh Q|txlvw fulwhuld/ wkh L dqg T
fkdqqhov ri wklv frpsoh{ vljqdo duh hdfk vdpsohg dw d
vdpsolqj udwh ri iv A Ew{1 Irxulhu wudqviruplqj yee+w,
zh rewdlq

Yee+i, @ ) +i . if, S +i, +<,

Wkxv/ wkh vshfwudo uhsuhvhqwdwlrq ri wkh uhfhlyhg vlj0
qdo fdq eh ylhzhg dv d zlqgrzhg yhuvlrq ri wkh wdujhw*v
uh�hfwlylw| vshfwuxp ) +i,/ zkhuh wkh srvlwlrq ri wkh
zlqgrz lv ghwhuplqhg e| wkh fhqwuh iuhtxhqf|/ dqg wkh
vkdsh lv ghwhuplqhg e| wkh vshfwuxp ri wkh wudqvplw0
whg sxovh1
Udqjh frpsuhvvlrq lv dfklhyhg e| frqyroylqj wkh uh0

fhlyhg vljqdo zlwk d olqhdu frpsuhvvlrq �owhu K+i,/ gh0
vljqhg dv d wudgh0r� ehwzhhq frpsuhvvlqj wkh uhfhlyhg
vljqdo lqwr d qduurz sxovh +zlwk ghvludeoh orz vlghoreh
surshuwlhv, dqg lpsurylqj wkh vljqdo wr qrlvh udwlr1 Lq
wkh iuhtxhqf| grpdlq wkh udqjh0frpsuhvvlrq rshudwlrq
lv jlyhq e|

Y +i, @ Yee+i,K+i, +43,

@ )+i . if,S +i,K+i, +44,

@ )+i . if,Z +i, +45,



zkhuh Z +i, @ S +i,K+i,1 Wkh wlph0grpdlq vljqdo lv

y+w, @
�
)+w, h�m5�ifw

�
�z+w, +46,

Wkh skdvh ri K+i, lv dozd|v fkrvhq wr fdqfho wkh
skdvh ri S +i,/ wkxv duj +K+i,, @ duj +S �+i,,1 Wkh
dpsolwxgh ri K+i, lv fkrvhq dffruglqj wr wkh ghvluhg
wlph0grpdlq lpsxovh uhvsrqvh1 Iru h{dpsoh/ li zh dv0
vxph wkdw S +i, lv vwulfwo| edqgolplwhg wr Ew{/ dqg li
mS +i,K+i,m @ 4 dfurvv wkdw edqgzlgwk/ wkhq

Y +i, @ )+i . if, uhfw
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Wklv lv vlpso| d edqgolplwhg/ vkliwhg yhuvlrq ri wkh
wdujhw*v uh�hfwlylw| vshfwuxp1 Lqyhuvh wudqviruplqj/
wkh wlph0grpdlq zdyhirup lv

y+w, @
�
)+w, h�m5�ifw

�
� Vd +�Ew{w, �Ew{ +48,

zkhuh Vd+{, @ vlq+{,
{

1 Wkxv wkh wlph0grpdlq lpsxovh
uhvsrqvh lv d vlqf ixqfwlrq zlwk d 6gE uhvroxwlrq ri
�w @ 4

Ew{

1 Wkh vlghoreh uhvsrqvh fdq eh uhgxfhg e|
lqwurgxflqj dq dssursuldwh iuhtxhqf|0grpdlq zlqgrz
ixqfwlrq/ dw wkh h{shqvh ri zlghqlqj wkh pdlqoreh1
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Lw lv qrz sursrvhg wr uhfrqvwuxfw d zlghu sruwlrq ri
wkh wdujhw*v uh�hfwlylw| vshfwuxp e| slhflqj wrjhwkhu
vhyhudo dgmdfhqw vxesruwlrqv ri wkh vshfwuxp/ hdfk re0
wdlqhg e| vhsdudwh wudqvplvvlrq dqg uhfhswlrq ri sxovhv
ri edqgzlgwk Ew{/ exw vwhsshg dssursuldwho| lq iuh0
txhqf| e| dssursuldwh fkrlfh ri wkh fduulhu iuhtxhqf|1
Li wkh iuhtxhqf| vwhs �i � Ew{/ wkh ghvluhg uhfrq0
vwuxfwlrq lv srvvleoh1 Dvvxplqj d vhtxhqfh ri q dgmd0
fhqw zlqgrzv +lqgh{hg e| l @ 3> = = = > q � 4,/ d eurdg
uhjlrq ri wkh iuhtxhqf| vshfwuxp fdq eh uhfrqvwuxfwhg/
v|pphwulfdo derxw }hur/ e| vkliwlqj hdfk vshfwuxp dw
edvhedqg e| dq dprxqw

�il @

�
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4� q

5

�
�i +49,

lq wkh srvlwlyh gluhfwlrq/ dqg dgglqj wrjhwkhu wkh
vkliwhg yhuvlrqv1
Li zh dvvxph d olqhdu vxshusrvlwlrq ri wkh vkliwhg

vxevshfwud/ wkh uhfrqvwuxfwhg vshfwuxp dv vkrzq lq
Iljxuh 4 lv

Y 3+i, @
q�4[
l@3

Yl+i � �il, +4:,

@
q�4[
l@3

)+i . il � �il,Z +i � �il, +4;,

zkhuh il lv wkh fduulhu iuhtxhqf| ri sxovh l dqg Yl+i,
lv wkh iuhtxhqf| vshfwuxp dw edvhedqg ri sxovh l1 Wkh
vkliw +il � �il, fdq/ e| vxevwlwxwlrq dqg vlpsol�fdwlrq/
eh vhhq wr eh wkh fhqwuh iuhtxhqf| i 3f ri wkh hqwluh
uhfrqvwuxfwhg vshfwuxp=

i 3f @ il � �il +4<,

@ +i3 . l�i,�
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Target Reflectivity Function
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Wkh uhfrqvwuxfwhg vshfwuxp fdq wkxv eh h{suhvvhg dv

Y 3+i, @ )+i . i 3f,
q�4[
l@3

Z +i � �il, +56,

@ )+i . i 3f,Z
3+i, +57,

zkhuh

Z 3+i, @
q�4[
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Z +i � �il, +58,

Wkh wlph0grpdlq vljqdo fdq wkhq eh rewdlqhg e| lq0
yhuvh wudqviruplqj wr |lhog

y3+w, @ )+w, h�m5�i3
f
w �z3+w, +59,

Li/ iru h{dpsoh/ zh frqvlghu wkh fdvh zkhuh wkh iuh0
txhqf| vwhs �i @ Ew{/ wkhq wkh wrwdo edqgzlgwk ri
wkh uhfrqvwuxfwhg vshfwuxp lv Ew @ qEw{/ dv lv vkrzq
lq Iljxuh 41 Li wkh frpelqhg frpsuhvvlrq �owhu

K 3+i, @
q�4[
l@3

K+i � �il, +5:,

lv fkrvhq vxfk wkdwZ 3+i, @ uhfw
�

i
Ew

�
/ wkhq wkh wlph0

grpdlq vljqdo lv

y3+w, @ )+w, h�m5�i 3
f
w � Vd+�Eww, �Ew +5;,

dqg wkh 6gE uhvroxwlrq lv �w
3

@ 4
Ew

/ zklfk lv d idfwru
ri q ehwwhu wkdq zrxog kdyh ehhq dfklhyhg zlwkrxw
uhfrqvwuxfwlrq1



Wdeoh L= Vlpxodwlrq Sdudphwhuv

�uvw fhqwuh iuhtxhqf| i3 8=5958JK}
iuhtxhqf| vwhs vl}h �i 58PK}
qxpehu ri vwhsv q 7
wrwdo udgdu edqgzlgwk Ew 438PK}
sxovh ohqjwk Ws 8�v
fklus edqgzlgwk E 63PK}
DGF +frpsoh{, vdpsoh udwh idg 65PK}
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Wkh vwhsv ehorz ghvfuleh krz wkh vshfwudo uhfrq0
vwuxfwlrq fdq eh shuiruphg zlwk vdpsohg gdwd1
41 Fkrrvh d udqjh ri fduulhu iuhtxhqflhv i3> = = = > iq�4
vsdfhg dw �i htxdo wr/ ru pdujlqdoo| ohvv wkdq
Ew{1 Li �i A Ew{/ wkh uhfrqvwuxfwhg vshfwuxp
zloo frqwdlq jdsv dqg wkh uhvxowlqj wlph0grpdlq
udqjh sur�oh zloo srvvhvv xqghvludeoh surshuwlhv lq
wkh irup ri uhshdwhg duwlidfwv vsdfhg dw pxowlsohv
ri 4

�i
1 Krzhyhu hyhq li wkhuh duh jdsv/ dq lp0

suryhphqw lq pdlqoreh uhvroxwlrq lv vwloo srvvleoh1
51 Iru hdfk sxovh rewdlq d vdpsohg yhuvlrq ri yee+w,/
vwduwlqj dw w3/ zlwk iv A Ew{ ehlqj wkh frpsoh{
vdpsoh udwh1

61 Dsso| dq IIW wr hdfk vdpsohg sxovh wr rewdlq
wkh lqglylgxdo vxevshfwud ri wkh wdujhw*v uh�hfwly0
lw| vshfwuxp1

71 Wr rewdlq dq rswlpdo VQU/ lw lv lpsruwdqw wr
vxp wkh vljqdov zlwk dssursuldwh zhljkwlqj lq wkh
ryhuods uhjlrqv1 Wklv pd| eh uhdolvhg e| pdwfkhg0
�owhulqj hdfk vxevshfwud sulru wr dgglwlrq1

81 Vlqfh yee+w, zdv vdpsohg vwduwlqj dw w3/ hdfk vxe0
vshfwuxp kdv wr eh pxowlsolhg e| wkh ghod| frp0
shqvdwlrq idfwru h{s+.m5�iw3,1

91 Vkliw wkh vshfwuxp ri sxovh l wr lwv dssursuldwh
orfdwlrq/ fhqwuhg rq i @

�
l. 4�q

5

�
�i 1

:1 Irup wkh frpelqhg vshfwuxp e| frkhuhqwo|
dgglqj wkh lqglylgxdo vxevshfwud +vhh Iljxuh 5,1

;1 Pxowlso| wkh frpelqhg vshfwuxp e| wkh frpsuhv0
vlrq �owhu K 3+i, +vhh Iljxuh 6, wr rewdlq wkh glv0
fuhwh htxlydohqw ri Y 3+i, +vhh Iljxuh 7,1

<1 Pxowlso| wkh hqwluh vshfwuxp zlwk h{s+�m5�iw3,1
Wklv uh0vkliwv wkh wlph grpdlq edfn wr d vdpsohg
vhw ehjlqqlqj dw w @ w31

431 Dsso| d uhvkdslqj zlqgrz wr wdloru wkh wlph
grpdlq uhvsrqvh +vhh Iljxuh 7,1 Wklv frxog eh d
vwdqgdug Kdqqlqj ru Wd|oru zlqgrz1

441 Lqyhuvh IIW wkh hqwluh vshfwuxp wr rewdlq wkh
kljk0uhvroxwlrq udqjh sur�oh +vhh Iljxuh 8,1

X� $jt�}A Nu �N6Vijtt�NA 8�,|ji

Wkh ghvljq ri wkh frpsuhvvlrq �owhu K 3+i, lv wkh
prvw fulwlfdo dqg lpsruwdqw vwhs lq wklv phwkrg1 Lw lv
lpsruwdqw wr frqvlghu wkh iroorzlqj srlqwv zkhq frq0
vwuxfwlqj wklv �owhu=

� Rewdlq dq hvwlpdwh ri wkh lpsxovh uhvsrqvh vshf0
wuxp S 3+i, @

Sq�4
l@3 S +i��il,1 Lghdoo|/ iru d uhdo

v|vwhp/ wklv vkrxog eh dfklhyhg e| phdvxulqj wkh
uhwxuq ri d uhdo/ sk|vlfdo srlqw wdujhw/ iru h{dpsoh
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d fruqhu uh�hfwru/ dqg uhfrpelqlqj wkh lqglylgxdo
vshfwud dv ghvfulehg lq wkh suhylrxv vhfwlrq1 Iru
vxfk d wdujhw )+i, � �/ zkhuh � lv d frqvwdqw/ dqg
wkhuhiruh wkh frpelqhg edvhedqg vshfwuxp zrxog
eh Y 3

ee+i, � �S 3+i,1 Wklv phwkrg dxwrpdwlfdoo|
lqfoxghv uhfhlyhu glvwruwlrqv1

� Li lw lv lpsudfwlfdo ru lpsrvvleoh wr rewdlq wkh uh0
wxuq ri d uhdo/ sk|vlfdo srlqw wdujhw/ d srlqw wdu0
jhw vlpxodwlrq pd| eh xvhg1 Lw pljkw eh gl�fxow/
krzhyhu/ wr suhglfw uhfhlyhu glvwruwlrqv1 Qrwh wkdw
wkh srvlwlrq ri wkh kljk0uhvroxwlrq sur�oh zloo eh
uhodwlyh wr wkh wdujhw udqjh fkrvhq lq wkh vlpxod0
wlrq dqg pd| wkhuhiruh qhhg wr eh vkliwhg1

� Li wkh vdpsohg gdwd kdv douhdg| ehhq udqjh0
frpsuhvvhg e| d pdwfkhg �owhu wr rswlplvh VQU/
wkh vxevshfwud xvhg lq frqvwuxfwlqj K 3+i, pxvw
dovr eh udqjh0frpsuhvvhg �uvw1

� Zkhq xvlqj d vlpxodwlrq lw lv lpsruwdqw wr hqvxuh
wkdw wkhuh lv qr doldvlqj dqg wkdw wkh lqglylgxdo
vxevshfwud duh edqgolplwhg1

� Kdylqj rewdlqhg dq dssur{lpdwlrq ri S 3+i,/ wkh
�owhu K 3+i, lv slhfhzlvh gh�qhg dv iroorzv=

K3+i, @

;A?
A=

S 3�+i,
mS 3+id,m

iru i � id
4

S 3+i, iru id ? i ? ie
S 3�+i,
mS 3+ie,m

iru i � ie

+5<,

zkhuh wkh uhjlrq ^id> ie` lqfoxghv wkh pdmru sduw
ri wkh uhfrqvwuxfwhg vshfwuxp/ frqwdlqlqj doo
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wkh vxevshfwud erxqgdulhv1 Wklv zloo h�hfwlyho|
vprrwkhq dq| ulssohv dw wkh vxevshfwud erxqg0
dulhv/ |lhoglqj wkh ghvluhg wlph0grpdlq lpsxovh
uhvsrqvh1 Wkh �uvw vhfwlrq dqg wkh odvw vhfwlrq ri
K 3+i,/ zkhuh wkh wdujhw vshfwuxp ghfd|v wr }hur/
lv htxdwhg wr wkh frqmxjdwh ri S 3+i,1 Wklv suh0
yhqwv wkh dpsol�fdwlrq ri qrlvh iru d uhdo v|vwhp/
zkloh vwloo fdqfhoolqj wkh skdvh fruuhfwo|1 Qrwh
wkdw S 3+i, kdv wr eh vfdohg dssursuldwho| vr wkdw
qr glvfrqwlqxlwlhv dulvh dw K 3+id, dqg K 3+ie,1

XY� 7�6�,B|�NA -jt�,|t

D vwhsshg0iuhtxhqf| udgdu v|vwhp zdv vlpxodwhg wr
ydolgdwh dqg looxvwudwh wkh phwkrg ghvfulehg deryh1
Wdeoh L vxppdulvhv wkh uhohydqw sdudphwhuv xvhg1 Irxu
wudqvplwwhu sxovhv zhuh vlpxodwhg/ hdfk zlwk d edqg0
zlgwk ri 63PK}/ vsdfhg dw 58PK} lqwhuydov/ zlwk dq
ryhuods ri 8 PK} ehwzhhq dgmdfhqw vxevshfwud1 Wkh
wrwdo udgdu edqgzlgwk lv 438PK}1
Iljxuh 5 vkrzv wkh pdjqlwxgh ri wkh uhfrqvwuxfwhg

wdujhw uh�hfwlylw| vshfwuxp1 Wkh _ulssohv% dw wkh wkuhh
vxevshfwud erxqgdulhv duh fohduo| ylvleoh1 Diwhu dsso|0
lqj wkh frpsuhvvlrq �owhu vkrzq lq Iljxuh 6 rqh re0
wdlqv wkh vshfwuxp vkrzq lq Iljxuh 7/ zklfk forvho|
dssur{lpdwhv wkh ghvluhg uhfw ixqfwlrq1 D zlqgrz
ixqfwlrq kdv ehhq dssolhg wr wklv vshfwuxp wr uhgxfh
vlghoreh ohyhov1 Lqyhuvh Irxulhu wudqviruplqj wklv vshf0
wuxp |lhogv wkh wlph0grpdlq kljk0uhvroxwlrq sur�oh1 D
gE0sorw ri d vhfwlrq ri wklv sur�oh lv vkrzq lq Iljxuh 8/
zlwk vlghoreh ohyhov dw dssur{lpdwho| �68gE1
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Wkh phwkrg ghvfulehg lq wklv sdshu h�flhqwo|
xvhv doo wkh lqirupdwlrq rewdlqhg iurp wkh vwhsshg0
iuhtxhqf| zdyhirupv wr surgxfh d kljk0uhvroxwlrq
udqjh sur�oh ri wkh looxplqdwhg wdujhw vfhqh1 Wkh h{0
hfxwlrq ri wkh vljqdo surfhvvlqj vwhsv lv idvw frpsduhg
wr wlph0grpdlq lpsohphqwdwlrqv/ vlqfh rqo| IIWv dqg
skdvh pxowlsolfdwlrqv duh uhtxluhg/ dqg qr xsvdpsolqj
ri wkh qduurz0edqgzlgwk sxovhv lv qhfhvvdu|1 Ixuwkhu0
pruh wklv phwkrg lv h{wuhpho| �h{leoh lq wkh vhqvh wkdw
wkh lqglylgxdo sxovhv pd| kdyh gl�huhqw edqgzlgwkv/
wkh iuhtxhqf| vsdflqj ehwzhhq sxovhv pd| ydu|/ wkh

6�}� D� 5iU|�L? Lu ��}��hitL*�|�L? h@?}i ThL�*i t�L��?} TL�?|
|@h}i|�

vxevshfwud pd| +vkrxog, ryhuods lq wkh iuhtxhqf| gr0
pdlq dqg wkh lqglylgxdo iuhtxhqf| vwhsv pd| douhdg|
eh udqjh0frpsuhvvhg1 Wkh uhvxowlqj udqjh sur�oh grhv
qrw vx�hu iurp pxowlsoh _jkrvw% lpdjhv/ h{fhsw li wkh
frqvwuxfwlrq ri wkh frpsuhvvlrq �owhu K 3+i, lv vxfk
wkdw wkh uhfrqvwuxfwhg wdujhw vshfwuxp frqwdlqv uls0
sohv dw wkh vxevshfwud erxqgdulhv1 Lw lv wkhuhiruh lp0
sruwdqw wkdw juhdw fduh lv lqyhvwhg lq wkh ghvljq ri wkh
frpsuhvvlrq �owhu1

�W"AN�,ja}6jA|t

Wkh dxwkruv zlvk wr wkdqn Uroi Ohqjhqihoghu/ zkrvh
udgdu vlpxodwru zdv xvhg wr fuhdwh wkh vlpxodwhg gdwd/
dqg Mdvshu Kruuhoo iru klv vxjjhvwlrqv dqg dgylfh1
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