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N1 J1 Oleeuhfkw4/ W1 Furve|/ dqg P1 Vzdqvrq

Qrupdq Eulgjh Oderudwru| ri Sk|vlfv/ Fdoliruqld Lqvwlwxwh ri Whfkqrorj| 597066/

Sdvdghqd/ FD <4458

^uhvxeplwwhg wr wkh Mrxuqdo ri Fu|vwdo Jurzwk/ Qryhpehu 8/ 5334`

Devwudfw1 Zh ghvfuleh wkh gl�xvlrq0olplwhg jurzwk ri ghqgulwlf qhhgoh fu|vwdov iurp

wkh ydsru skdvh/ iru zklfk wkh dssolfdwlrq ri dq hohfwulfdo srwhqwldo wr wkh fu|vwdo fdq

surirxqgo| d�hfw wkh jurzwk pruskrorj|/ ohdglqj wr dq hohfwulfdoo| lqgxfhg pruskr0

orjlfdo lqvwdelolw|1 Zlwk dq lpsuryhg wkhruhwlfdo wuhdwphqw ri wklv skhqrphqrq/ dv zhoo

dv qhz h{shulphqwdo gdwd/ zh �qg wkh iroorzlqj ehorz d wkuhvkrog srwhqwldo= 4, dwwdfk0

phqw nlqhwlfv lv riwhq pruh lpsruwdqw wkdq vxuidfh whqvlrq iru vhohfwlqj wkh Lydqwvry

vroxwlrq lq jurzwk iurp wkh ydsru skdvh/ hyhq lq wkh devhqfh ri vljql�fdqw idfhwlqj> 5,

wkh hohfwulfdoo| prgl�hg jurzwk yhorflw| frqwdlqv erwk srodul}dwlrq dqg hohfwurvwdwlf

frqwulexwlrqv/ lq frqwudvw wr suhylrxv wuhdwphqwv> 6, wkh wkuhvkrog hohfwulfdo srwhqwldo

lv urxjko| lqghshqghqw ri vxshuvdwxudwlrq/ dqg 7, qrq0srodu v|vwhpv dovr h{klelw wkh

vdph hohfwulfdoo| lqgxfhg lqvwdelolw|1 Deryh wkuhvkrog wkh xqghuo|lqj dvvxpswlrqv ri

vroydelolw| wkhru| euhdn grzq/ dqg d qhz vwdelol}dwlrq phfkdqlvp lv uhtxluhg wr h{sodlq

wkh kljk0yhorflw| vkdsh0suhvhuylqj qhhgoh jurzwk revhuyhg lq wklv uhjlph1 Jxlghg e|

qhz hohfwulf qhhgoh gdwd/ zh sursrvh wkdw wkh jurzwk udwhv duh ehlqj vwdelol}hg sul0

pdulo| e| vwuxfwxudo ghirupdwlrq gulyhq e| vxuidfh whqvlrq1 Zh dovr ghvfuleh wkh xvh

ri fkhplfdo dgglwlyhv wr dowhu wkh qhhgoh jurzwk d{lv dqg juhdwo| lqfuhdvh wkh jurzwk

yhorflw|1
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Wkh irupdwlrq ri vwdeoh vsdwldo sdwwhuqv lv d ixqgdphqwdo sureohp lq wkh vwxg| ri qrqolqhdu qrq0

htxloleulxp v|vwhpv ^4 /̀ dqg frqwuroolqj sdwwhuq irupdwlrq kdv jhqhudwhg frqvlghudeoh uhfhqw lqwhuhvw

lq oljkw ri d krvw ri srvvleoh whfkqrorjlfdo dssolfdwlrqv1 D qrz0vwdqgdug h{dpsoh ri d frqghqvhg0

pdwwhu sdwwhuq0iruplqj v|vwhp lv wkh gl�xvlrq0olplwhg jurzwk ri iuhh fu|vwdoolqh ghqgulwhv/ zklfk duh

qhduo| xeltxlwrxv surgxfwv ri udslg vrolgl�fdwlrq/ iurp hlwkhu oltxlg ru ydsru suhfxuvruv1 Zkloh wkh

gl�xvlrq htxdwlrq dorqh lv vx!flhqw wr gh�qh d uhodwlrqvkls ehwzhhq wkh ghqgulwh wls yhorflw| dqg

wls udglxv/ w|slfdoo| dqlvrwurslf vxuidfh whqvlrq ru dwwdfkphqw nlqhwlfv pxvw eh lqfoxghg lq rughu

wr vhohfw d xqltxh qhhgoh0olnh vroxwlrq1 Plfurvfrslf vroydelolw| wkhru| kdv vxffhhghg lq ixuqlvklqj d

pdwkhpdwlfdoo| frqvlvwhqw dqg g|qdplfdoo| vwdeoh vroxwlrq wr wklv sureohp iru vlpsoh 5G dqg 6G

ghqgulwh jurzwk ^5�7`1 Lqvwdelolwlhv dqg qrlvh dpsol�fdwlrq ohdglqj wr vlgheudqfk jhqhudwlrq kdyh

dovr ehhq zhoo vwxglhg ^8 1̀

Khuh zh h{dplqh gl�xvlrq0olplwhg vkdsh0suhvhuylqj qhhgoh jurzwk iurp wkh ydsru skdvh lq wkh

suhvhqfh ri dq dssolhg hohfwulfdo srwhqwldo1 Zh suhylrxvo| ghvfulehg krz kljk hohfwulf �hogv dqg

� Dgguhvv fruuhvsrqghqfh wr &},9S@,|eS��e_�( XUO= kwws=22zzz1lwv1fdowhfk1hgx2�dwrplf2
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�hog judglhqwv qhdu wkh qhhgoh wls fdq hqkdqfhg lwv jurzwk/ dqg vxevhtxhqwo| gulyh lq d qhz nlqg

ri lqvwdelolw| lq wklv v|vwhp ^9�<`1 Wkh jurzwk ehkdylru iru vpdoo dssolhg srwhqwldov lv txlwh zhoo

ghvfulehg e| dq h{whqvlrq ri qrupdo ghqgulwh jurzwk wkhru|/ dqg zh ghulyh ehorz dq lpsuryhg

wkhruhwlfdo wuhdwphqw ri wklv skhqrphqrq1 Wklv wkhru| qrw rqo| ghvfulehv wkh ehkdylru ri wkh

ghqgulwh jurzwk dv d ixqfwlrq ri wkh dssolhg srwhqwldo/ exw lw dovr h{sodlqv wkh h{lvwhqfh ri wkh

lqvwdelolw| zklfk rffxuv deryh d wkuhvkrog srwhqwldo1

Wkh jurzwk ehkdylru deryh wkuhvkrog lv sduwlfxoduo| lqwhuhvwlqj/ dqg iru vrph udqjh ri sdudphwhuv

zh fdq vwloo revhuyh vkdsh0suhvhuylqj qhhgoh jurzwk/ doehlw zlwk pxfk lqfuhdvhg wls yhorflwlhv1 Deryh

wkuhvkrog wkh jurzwk lv vwloo suhgrplqdqwo| gl�xvlrq olplwhg/ vr zh uhwdlq wkh xvxdo Lydqwvry uhodwlrq

ehwzhhq wkh wls yhorflw| dqg udglxv wr d jrrg dssur{lpdwlrq1 Krzhyhu/ wkh qrupdo dvvxpswlrqv

lq vroydelolw| wkhru| duh qr orqjhu ydolg lq wklv uhjlph/ dqg wkhuhiruh wkh qhhgoh jurzwk uhtxluhv

d qhz vwdelol}dwlrq phfkdqlvp wr vhohfw wkh fruuhfw Lydqwvry vroxwlrq1 Zh shuiruphg d vhulhv ri

h{shulphqwv wr h{soruh wkh sk|vlfv ri qhhgoh jurzwk lq wklv qhz hohfwulf uhjlph/ dqg iurp wkhvh zh

duh deoh wr h{dplqh wkh sk|vlfdo phfkdqlvpv uhvsrqvleoh iru vhohfwlqj wkh hqkdqfhg qhhgoh jurzwk

udwhv1

Hohfwulfdoo| prgl�hg ghqgulwh jurzwk lv d xvhixo wrro iru ehwwhu xqghuvwdqglqj wkh jhqhudo sure0

ohp ri sdwwhuq irupdwlrq gxulqj vrolgl�fdwlrq/ lq wkdw lw surylghv wkh h{shulphqwhu zlwk d qhz

yduldeoh zklfk d�hfwv wkh jurzwk surfhvv1 Lq dgglwlrq/ wkh skhqrphqrq pd| dovr ohdg wr lqwhuhvwlqj

dssolfdwlrqv/ vxfk dv wkh surgxfwlrq ri qdqrvfdoh phwdoolf qhhgoh vwuxfwxuhv ^43 /̀ surfhvvhv iru hohf0

wulfdoo| phgldwhg jurzwk ri qdqrwxehv ru sro|phuv ^44`/ dqg shukdsv hohfwurfkhplfdo prgl�fdwlrq

ri hohfwurvslq whfkqrorjlhv ^45 1̀
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Ehiruh h{dplqlqj hohfwulfdoo| hqkdqfhg jurzwk/ lw lv lqvwuxfwlyh wr �uvw zulwh grzq d wkhruhwlfdo

wuhdwphqw ri qrupdo gl�xvlrq0olplwhg ghqgulwh jurzwk iurp wkh ydsru skdvh lq wkh suhvhqfh ri d

vroyhqw jdv/ irfxvlqj rq d udqjh ri sdudphwhuv dssursuldwh iru rxu h{shulphqwv1 Zkloh wkh xqghuo|lqj

pdwkhpdwlfv iru qrupdo jurzwk iurp wkh ydsru skdvh lv hvvhqwldoo| wkh vdph dv iru ghqgulwh jurzwk

iurp wkh phow/ wkhuh duh wzr lqwhuhvwlqj gl�huhqfhv= 4, wkh h{wuhph ghqvlw| gl�huhqfh ehwzhhq wkh

vrolg dqg ydsru skdvhv doorzv xv wr zrun lq d yhu| vorz jurzwk dssur{lpdwlrq/ dqg 5, dwwdfkphqw

nlqhwlfv lv w|slfdoo| pruh lpsruwdqw wkdq vxuidfh whqvlrq lq wkh vhohfwlrq sureohp/ dv zh zloo vhh

ehorz1 Lq wklv wuhdwphqw zh zloo ljqruh wkhupdo h�hfwv dulvlqj iurp odwhqw khdw uhohdvhg gxulqj

fu|vwdo jurzwk/ dv wklv khdw lv idluo| h�hfwlyho| fduulhg dzd| e| wkh fu|vwdo dqg wkh vroyhqw jdv1 Wklv

ydolglw| ri wklv dvvxpswlrq lv glvfxvvhg txdqwlwdwlyho| lq wkh Dsshqgl{1

Wkh wlphvfdoh iru gl�xvlrq wr dgmxvw wkh ydsru frqfhqwudwlrq lq wkh ylflqlw| ri d jurzlqj ghqgulwh

lv �gliixvlrq � U
5
@G> zkhuh U lv wkh udglxv ri wkh ghqgulwh wls dqg G lv wkh gl�xvlrq frqvwdqw1 Wklv

lv wr eh frpsduhg zlwk wkh jurzwk wlph/ �jurzwk � U@y> zkhuh y lv wkh ghqgulwh wls yhorflw|1 Wkh

udwlr ri wkhvh wzr wlphvfdohv lv jlyhq urxjko| e| wkh Shfohw qxpehu/ s @ Uy@5G= Iru rxu h{shulphqwv

jurzlqj lfh ghqgulwhv lq d vroyhqw jdv ri dlu dw d suhvvxuh ri rqh dwprvskhuh/ zh �qg y � 8 �p@ vhf>

U � 4 �p> dqg G @ 5 � 43
�8 p5

@ vhf> vr d w|slfdo ydoxh ri wkh Shfohw qxpehu lv s � 43
�:
= Lq

wklv uhjlph wkh gl�xvlrq ohqjwk c @ 5G@y lv ri rughu 43 phwhuv/ pxfk odujhu wkdq wkh vl}h ri rxu
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h{shulphqwdo dssdudwxv1 Wkxv wkh wlph0ghshqghqw gl�xvlrq htxdwlrq iru wkh sduwlfoh frqfhqwudwlrq

durxqg wkh ghqgulwh fdq eh uhsodfhg e| Odsodfh*v htxdwlrq/ u5
f @ 3> zklfk pxvw wkhq eh vroyhg

zlwk wkh dssursuldwh erxqgdu| frqglwlrqv1 Wkh frqwlqxlw| htxdwlrq dw wkh lqwhuidfh |lhogv

yq @

G

fvrolg

�eq � �$u f

�
vxuidfh

+4,

iru wkh qrupdo jurzwk yhorflw|/ zkhuh fvrolg lv wkh fu|vwdo ghqvlw|1

Rxu jrdo khuh lv wr ghvfuleh wkh hvvhqwldo sk|vlfv ri ghqgulwh jurzwk lq wkh suhvhqfh ri dq dssolhg

srwhqwldo/ dqg qrw wr �qg d pdwkhpdwlfdoo| suhflvh vroxwlrq wr wkh ixoo sureohp/ vr zh zloo pdnh vrph

udwkhu fuxgh dssur{lpdwlrqv zkhq ghdolqj zlwk wkh ghqgulwh jhrphwu| dqg wkh vxuidfh erxqgdu|

frqglwlrqv1 Wklv dssurdfk lv lqvwuxfwlyh/ txlwh surgxfwlyh/ dqg lv dovr dq xqiruwxqdwh qhfhvvlw| iru

vhyhudo uhdvrqv= 4, wkh ixoo sureohp ri 60G ghqgulwh jurzwk zlwk vljql�fdqw dwwdfkphqw nlqhwlfv kdv

qrw |hw ehhq vroyhg +wkh 5G sureohp lv ghvfulehg lq ghwdlo lq ^6`,> 5, wkh ghwdlov ri wkh dwwdfkphqw

nlqhwlfv iru lfh jurzwk iurp wkh ydsru duh qrw zhoo nqrzq dq|zd|> dqg 6, zh zloo vhh wkdw wkh h{dfw

sureohp ehfrphv vxevwdqwldoo| pruh gl!fxow zkhq dq hohfwulfdo srwhqwldo lv lqwurgxfhg1

Wkh frqwulexwlrq ri vxuidfh hqhuj| wr wkh vxuidfh erxqgdu| frqglwlrq iru d vskhulfdo fu|vwdo fdq

eh irxqg e| qrwlqj wkdw wkh vxuidfh hqhuj| lv Xvxuidfh @ 7�U
5
�> zkhuh � lv wkh vxuidfh whqvlrq/

htxdo wr 3143< M p�5 iru lfh1 Sxoolqj d prohfxoh r� uhgxfhv wkh vxuidfh duhd dqg wkxv uhohdvhv dq

hqhuj|

gXvxuidfh @ ;�U�
CU

CQ
@

5�

fvrolgU
+5,

Wkh frqwulexwlrq ri wklv hqhuj| wr wkh htxloleulxp ydsru suhvvxuh jrhv olnh hgX@nW > vr wr �uvw rughu

zh kdyh wkh htxloleulxp ydsru suhvvxuh

fht � fvdw

�
4 .

5g

U

�
+6,

zkhuh g @ �@fvrolgnW dqg fvdw lv wkh vdwxudwhg ydsru suhvvxuh deryh d  dw lqwhuidfh1

Dwwdfkphqw nlqhwlfv lq wklv fdvh duh rewdlqhg iurp wkh Khuw}0Nqxgvhq htxdwlrq iru jurzwk iurp

wkh ydsru

yq @ �

u
nW

5�p

+fvxuidfh � fht,

fvrolg
+7,

@ �ynlq
+fvxuidfh � fht,

fht

zkhuh fvxuidfh lv wkh ydsru frqfhqwudwlrq mxvw deryh wkh vxuidfh dqg � � 4 lv wkh xvxdo frqghqvdwlrq

frh!flhqw1 Lq wkh vhfrqg h{suhvvlrq zh gh�qhg wkh fkdudfwhulvwlf nlqhwlf yhorflw|

ynlq @
fht

fvrolg

u
nW

5�p
+8,

zklfk lv d whpshudwxuh0ghshqghqw txdqwlw| lqwulqvlf wr d jlyhq pdwhuldo1 Iru rxu lfh h{shulphqwv

ynlq � 773 �p2vhf1 Frpelqlqj wkh Khuw}0Nqxgvhq htxdwlrq zlwk wkh deryh h{suhvvlrq iru fht wkhq

jlyhv wkh erxqgdu| frqglwlrq

fvxuidfh � fvdw

�
4 .

5g

U
.

yq

�ynlq

�
+9,

Wklv h{suhvvlrq lv vwulfwo| ydolg iru vskhulfdo jurzwk lq wkh fdvh ri lvrwurslf vxuidfh whqvlrq dqg

dwwdfkphqw nlqhwlfv/ exw wkh jhqhudo fdvh zloo eh vlplodu lq irup1

Zh qrz dvvxph wkdw wkh fu|vwdo jurzwk surfhhgv zlwk d ghqgulwlf pruskrorj|/ gh�qhg e| dq

dssur{lpdwho| sduderolf ghqgulwh wls prylqj dw frqvwdqw yhorflw|1 Lq rxu h{shulphqwv wkh wls vkdshv
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duh rqo| urxjko| sduderolf/ vlqfh wkh dwwdfkphqw nlqhwlfv duh vxfk wkdw vrph idfhwlqj lv revhuyhg1

Iru pdq| ri rxu phdvxuhphqwv/ krzhyhu/ lw dsshduv wkdw wkh ghqgulwh wls lv lqghhg urxqghg/ shukdsv

wkh uhvxow ri nlqhwlf urxjkhqlqj/ dqg wkh idfhwlqj ehfrphv ixoo| ghyhorshg rqo| dorqj wkh erg| ri wkh

ghqgulwh/ zkhuh wkh jurzwk lv vorzhu1 Zh wkxv eholhyh wkdw wkh sduderolf dvvxpswlrq lv d uhdvrqdeoh

rqh zkhq ghvfulelqj rxu h{shulphqwv1 Khuh djdlq rxu jrdo lv qrw wr vroyh wkh h{dfw jurzwk sureohp/

exw rqo| ghvfuleh wkh vdolhqw sk|vlfdo ihdwxuhv ri rxu h{shulphqwv zlwk hohfwulfdoo| hqkdqfhg jurzwk1

Gl�xvlrq0olplwhg ghqgulwh jurzwk kdv ehhq zhoo fkdudfwhul}hg/ dqg iru wkh vorz0jurzwk olplw

iurp wkh ydsru skdvh lw lv vwudljkwiruzdug wr vkrz wkdw wkh Lydqwvry vroxwlrq iru jurzwk ri d 6G

f|olqgulfdoo| v|pphwulf sduderolf fu|vwdo ri wls udglxv U lv ^7/ :`

y �
5G

U orj+�
4
@U,

fvdw

fvrolg

�
�4 �

5g

U
�

y

�ynlq

�
+:,

zkhuh �4 @ +f4 � fvdw, @fvdw dqg �
4

lv wkh sduderolf frruglqdwh ri wkh idu0dzd| erxqgdu| ri wkh

v|vwhp/ dw zklfk srlqw zh kdyh f @ f4= Wklv vroxwlrq jlyhv d uhodwlrq ehwzhhq wkh wls yhorflw| y

dqg udglxv U> khuh zlwk vpdoo shuwxuedwlrqv iurp wkh fdsloodu| dqg nlqhwlf whupv +dvvxplqj g� U

dqg y � �ynlq,= Wkh orj whup lq wklv h{suhvvlrq dsshduv ehfdxvh zh duh lq d uhjlph zkhuh wkh

gl�xvlrq ohqjwk lv odujhu wkdq wkh erxqgdulhv ri wkh h{shulphqwdo dssdudwxv/ l1h1 c  �
4
= Lq rxu

fdvh zh hvwlpdwh �
4
@U lv urxjko| ehwzhhq 437 dqg 438> zklfk wkhq jlyhv orj+�

4
@U, ehwzhhq <15

dqg 44181 Vxfk vpdoo yduldwlrqv duh qhjoljleoh lq rxu fxuuhqw wuhdwphqw/ vr lq zkdw iroorzv zh zloo

wdnh E � orj+�
4
@U, � 43 wr eh frqvwdqw1 Wklv lv frqvlvwhqw zlwk rxu h{shfwdwlrq wkdw wkh sduwlfxodu

ghwdlov ri wkh idu0dzd| erxqgdu| frqglwlrq lq wkh sureohp � iru h{dpsoh wkdw wkh rxwhu erxqgdu|

lv qrw lq idfw sduderolf/ vr wkdw �
4

lv qrw suhflvho| gh�qhg � vkrxog qrw frqwulexwh juhdwo| wr wkh

�qdo vroxwlrq1

Zkhq wkh jurzwk lv pdlqo| gl�xvlrq olplwhg zh kdyh y � �ynlq> dqg zh fdq vxevwlwxwh wkh

xqshuwxuehg Lydqwvry vroxwlrq lq iru y rq wkh uljkw0kdqg0vlgh ri Htq :/ zklfk wkhq jlyhv wr orzhvw

rughu

y �
5G

EU

fvdw

fvrolg

�
�4 �

5g

U

�
U
�

nlq

U

�
+;,

zkhuh

U
�

nlq
@

�4

�

5G

E

u
5�p

nW

+<,

@
�4

�

Unlq +43,

Wkhvh uhvxowv duh dqdorjrxv wr wkh fdvh ri ghqgulwh jurzwk iurp d phow/ lq sduwlfxodu wkh wuhdwphqw

e| Euhqhu dqg Pho*qlnry ^6 /̀ zkhuh pdq| dvshfwv ri wkh ixoo vroydelolw| sureohp kdyh ehhq zrunhg

rxw lq 5G zkhq erwk fdsloodu| dqg nlqhwlf erxqgdu| frqglwlrqv duh uhohydqw1 Wkh ohqjwk g gh�qhg

deryh lv hvvhqwldoo| wkh vdph dv wkh fdsloodu| ohqjwk g lq ^6`/ dqg wkh ohqjwk U
�

nlq
gh�qhg deryh lv

dqdorjrxv wr wkh ohqjwk sG� lq ^6` +h1j1 vhh Htq <15,1 +Vhh dovr ^47 1̀, Qrwh erwk ohqjwkv duh dvvxphg

wr eh dqlvrwurslf zlwk uhvshfw wr wkh fu|vwdo d{hv1

Lq rxu lfh h{shulphqwv zh kdyh g � 4 qp dqg Unlq � 63 qp/ dqg zh h{shfw wkh dqlvrwurs| lq wkh

dwwdfkphqw nlqhwlfv wr eh odujhu wkdq wkh dqlvrwurs| lq wkh vxuidfh whqvlrq1 Wklv lv suredeo| wkh fdvh

hyhq zkhq wkh jurzlqj fu|vwdo grhv qrw vkrz vljql�fdqw idfhwlqj/ vlqfh wkh dqlvrwurs| lq g lv rqo| d

ihz shufhqw1 Vlqfh lq rxu h{shulphqwv zh kdyh �4 A 3=5> lw wkhq vwdqgv wr uhdvrq/ jlyhq wkh uhvxowv

lq ^6 /̀ wkdw wkh vhohfwlrq ri wkh ghqgulwh udglxv zloo eh jryhuqhg e| dwwdfkphqw nlqhwlfv/ dqg qrw e|
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vxuidfh whqvlrq1 Ixuwkhupruh zh vhh wkdw Unlq lv olqhdu lq G exw lv qrw yhu| vwurqjo| ghshqghqw rq

pdwhuldo surshuwlhv1 Wkxv zh h{shfw wkdw dwwdfkphqw nlqhwlfv zloo riwhq eh pruh lpsruwdqw wkdq

vxuidfh whqvlrq lq wkh jurzwk ri ghqgulwhv iurp wkh ydsru skdvh1 Iru rxu vxevhtxhqw dqdo|vlv zh

zloo dvvxph wkdw fdsloodu| h�hfwv duh qhjoljleoh lq frpsdulvrq wr dwwdfkphqw nlqhwlfv1

Iroorzlqj wkh dqdo|vlv lq ^6 /̀ zh wkhq zulwh grzq d glphqvlrqohvv �vroydelolw|� sdudphwhu

�3 @
5UnlqG

yU
5

�4

�

fvdw

fvrolg

+44,

zklfk uhodwhv y dqg U> dqg zh h{shfw wkdw �3 zloo eh dssur{lpdwho| lqghshqghqw ri wkh h{wulqvlf

yduldeohv lq wkh sureohp/ dqg zloo ghshqg rqo| rq wkh lqwulqvlf pdwhuldo surshuwlhv/ sduwlfxoduo| wkh

ghjuhh ri dqlvrwurs| lq wkh dwwdfkphqw nlqhwlfv1

Dv kdv ehhq qrwhg lq wkh frqwh{w ri vroydelolw| wkhru| +h1j1 ^48`,/ Htq 44 deryh iroorzv pdlqo|

iurp wkh idfw wkdw dwwdfkphqw nlqhwlfv khuh surylghv wkh dgglwlrqdo ohqjwk vfdoh U
�

nlq
qhfhvvdu| iru

xqltxho| ghwhuplqlqj wkh qhhgoh fu|vwdo vkdsh1 Fdofxodwlqj �3 iurp pdwhuldo surshuwlhv/ lq sduwlfxodu

wkh dqlvrwurs| ri wkh dwwdfkphqw nlqhwlfv/ zrxog uhtxluh d ixoo 6G wuhdwphqw ri wkh ghqgulwh sureohp

lqfoxglqj nlqhwlfv/ zklfk dv |hw grhv qrw h{lvw1 Lqvwhdg zh zloo vlpso| dvvxph wkdw �3 lv d frqvwdqw wr

eh ghwhuplqhg iurp h{shulphqw/ dqg surfhhg zlwk wkh sureohp ri fdofxodwlqj wkh dgglwlrqdo h�hfwv

ri dq dssolhg hohfwulfdo srwhqwldo1

Qrwh wkdw frpelqlqj wkh vroydelolw| sdudphwhu zlwk wkh Lydqwvry vroxwlrq jlyhv d wls udglxv wkdw

lv lqghshqghqw ri �4/

U @
E

��3

Unlq +45,

dqg d ghqgulwh wls jurzwk yhorflw|

y @
5G��3

UnlqE
5

fvdw

fvrolg

�4 +46,

zklfk ghshqgv olqhduo| rq �4> dv lv vhhq lq wkh 5G vroxwlrq ^6 1̀

�� ���
���
���� ���� �� �������� ������

Zkhq dq hohfwulfdo srwhqwldo lv dssolhg wr wkh jurzlqj fu|vwdo/ wkh qrupdo gl�xvlrq htxdwlrq lv

uhsodfhg e| wkh Vproxfkrzvnl htxdwlrq ^:/ 46`/ zklfk ghvfulehv gl�xvlrq lq wkh suhvhqfh ri dq

h{whuqdo irufh1 Lq rxu fdvh zh kdyh
Cf

Cw
@ G

�$

u � +
�$

uf. f
�$

u�, +47,

zkhuh wkh h{whuqdo irufh ihow e| wkh vroxwh prohfxohv lv ghvfulehg dv wkh judglhqw ri wkh h�hfwlyh

srwhqwldo

� @ �

�

nW

�
�$

H �

�$

H
�

+48,

zkhuh � lv wkh prohfxodu srodul}delolw|/ dqg wkh hohfwulf �hog lv wkh judglhqw ri wkh hohfwulfdo srwhqwldo
�$

H @ �

�$

u* ^:`1 Djdlq zh zloo dvvxph wkh vorz0jurzwk olplw dqg wdnh Cf@Cw � 3= Wkh frqwlqxlw|

htxdwlrq dw wkh lqwhuidfh |lhogv wkh qrupdo frpsrqhqw ri wkh vxuidfh jurzwk udwh dv

yq @
G

fvrolg
eq � +�$u f. f

�$

u�,mvxui = +49,

Wkh erxqgdu| frqglwlrq dw wkh fu|vwdo vxuidfh lv qrz fkdqjhg e| wkh idfw wkdw wkh dssolhg

srwhqwldo fkdqjhv wkh htxloleulxp ydsru suhvvxuh/ zklfk zh fdq vhh prvw hdvlo| lq wkh vskhulfdo fdvh1

Frqvlghu d vskhulfdo gursohw ri udglxv U dqg fkdujh T> zkhuh zh dvvxph wkh fkdujh lv orfdol}hg dw

8



wkh gursohw vxuidfh1 Wkh hohfwurvwdwlf vhoi0hqhuj| ri wklv fkdujh

Xhohfwurvwdwlf @
4

5

4

7�%3

T5

U
+4:,

lv lqghshqghqw ri wkh glhohfwulf frqvwdqw ri wkh gursohw/ vlqfh wkhuh lv }hur �hog ehorz wkh vxuidfh1

Li zh sxoo rqh qhxwudo prohfxoh rxw ri wkh gursohw/ wkhq wklv fkdqjhv Xhohfwurvwdwlf e| wkh dprxqw

gXhohfwurvwdwlf @ �

4

;�%3

T5

U5

CU

CQ
+4;,

@ �

4

65�5%3

T5

fvrolgU7

Li wkh prohfxoh kdv d qrq}hur srodul}delolw|/ wkhq sxoolqj wkh prohfxoh r� wkh gursohw uhohdvhv wkh

srodul}dwlrq hqhuj|

gXsrodu @ �H5 +4<,

@ �
4

49�5%5
3

T5

U7

zkhuh � � 6=7� 43
�6< F5pQ�4 iru d zdwhu prohfxoh1

Djdlq wkhvh hqhujlhv frqwulexwh wr wkh htxloleulxp ydsru suhvvxuh olnh hgX@nW > |lhoglqj iru wkh

vskhulfdo fdvh +ljqrulqj wkh vxuidfh hqhuj| frqwulexwlrq,

fvxuidfh � fvdw

#
4 .

yq

�ynlq
�

U
5
hv

U5
.
U
5

sro

U5

$
+53,

zkhuh U5
hv
@ %3*

5
3
@5fvrolgnW> U

5

sro
@ �*

5
3
@nW> dqg *

3
@ T@7�%3U lv wkh hohfwulfdo srwhqwldo dssolhg

wr wkh gursohw1 Qrwh wkh suhvhqfh ri erwk hohfwurvwdwlf dqg srodul}dwlrq whupv lq wklv h{suhvvlrq/

wkh odwwhu ehlqj }hur iru qrq0srodu prohfxohv1 Wkurxjkrxw wklv glvfxvvlrq zh zloo dvvxph wkdw wkh

vxuidfh nlqhwlfv/ sdudphwhul}hg e| wkh frqghqvdwlrq frh!flhqw �> uhpdlqv xqfkdqjhg lq wkh suhvhqfh

ri wkh dssolhg hohfwulfdo srwhqwldo1 Wklv lv olnho| wkh fdvh vlqfh wkh dssolhg �hogv duh wrr zhdn wr

vljql�fdqwo| prgli| wkh vxuidfh prohfxodu g|qdplfv1

Wr ghulyh wkh prgl�hg Lydqwvry uhodwlrq/ �uvw frqvlghu wkh vskhulfdo fdvh/ iru zklfk zh kdyh wkh

jurzwk yhorflw|

yq @
G

fvrolg
eq � +�$uf. f

�$

u�,mvxui +54,

@
Gfvdw

Ufvrolg

%
�4 �

U
�

nlq

U
.
U
5
hv

U5
�

U
5

sro

U5
.

4

fvdw

]
4

U

f
g�

gu
geu& +55,

Iurp wkh hohfwulfdo srwhqwldo ri d fkdujhg gursohw zh kdyh

g�

gu
@

7�*5
3U

5

nWu8
+56,

dqg iru wkh frqfhqwudwlrq �hog zh fdq dssur{lpdwh f+u, lq wkh lqwhjudqg wr eh htxdo wr wkh *3 @ 3

vroxwlrq

f3+u, @ f4 �

U7f

u
+57,

zklfk wkhq |lhogv

yq @
Gfvdw

Ufvrolg

%
�4 �

U
�

nlq

U
.
U
5
hv

U5
.
�4

8

U
5

sro

U5

&
+58,

Lq wkh fdvh ri lfh Uhv � 3=5+*3@4333 Y, �p dqg Usro � 4=3+*3@4333 Y, �p/ vr zh vhh wkh hohfwur0

vwdwlf dqg hohfwulf srodul}dwlrq whupv duh ri idluo| frpsdudeoh pdjqlwxgh zkhq �4 � 3=5> iru kljkhu

ydoxhv ri �4 wkh srodul}dwlrq whup grplqdwhv1

Wkh ixoo sduderolf fdvh lv fohduo| pxfk pruh gl!fxow wr vroyh/ dqg rqo| dq dssur{lpdwh wuhdwphqw
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kdv ehhq ghprqvwudwhg wr gdwh ^:`1 Iroorzlqj wklv zh jhqhudol}h wkh deryh dqg wdnh wkh prgl�hg

Lydqwvry vroxwlrq wr eh

y �
5G

EU

fvdw

fvrolg

�
�4 �

U�

nlq

U
. F

U5

hohf

U5

�
+59,

zlwk

U5

hohf @
5%3
fvrolg

*5
3

E5nW
+5:,

zkhuh F @ 4.5��fvrolg�4@%3 dqg � � 3=5=lv d glphqvlrqohvv jhrphwulfdo frqvwdqw1 Lw lv xqghuvwrrg

wkdw wklv lv rqo| dq dssur{lpdwh vroxwlrq wr wkh Vproxfkrzvnl htxdwlrq/ zklfk wdnhv wkh irup ri

wkh qrupdo Lydqwvry vroxwlrq +lq wkh vorz0jurzwk olplw, prgl�hg e| vhyhudo vpdoo dgglwlrqdo whupv1

Zh h{shfw wkdw d ixoo qxphulfdo vroxwlrq zrxog |lhog wkh vdph edvlf uhvxow/ dowkrxjk suredeo| zlwk

dgglwlrqdo vpdoo jhrphwulfdo fruuhfwlrqv1

Lq wkh fdvh ri lfh Uhohf � 73+*
3
@4333 Y, qp/ dqg 5�fvrolg@%3 @ 56=8> jlylqj F � 4 . 7=:�4

dw W @ �8 F1 Wkh �uvw dqdo|vlv ri wklv sureohp ^9/ :` ljqruhg wkh hohfwulfdo shuwxuedwlrq ri wkh

htxloleulxp ydsru suhvvxuh/ dq huuru zklfk zdv srlqwhg rxw e| Euhqhu dqg Pxoohu0Nuxpekddu ^;`

1 Zh vhh khuh wkdw wkh vxevhtxhqw fruuhfwlrq ^;` zdv djdlq lqfrpsohwh/ lq h�hfw dvvxplqj � @ 3>

zklfk ljqruhv wkh srodul}dwlrq whup1 Iru rxu suhvhqw h{shulphqwv wklv dvvxpswlrq lv qrw d jrrg

rqh/ vlqfh wkh srodul}dwlrq whup lv lq idfw odujhu wkdq wkh hohfwurvwdwlf whup1 Krzhyhu vlqfh F @ 4

zkhq � @ 3> zh uhwdlq wkh wkhruhwlfdo suhglfwlrq wkdw dq dssolhg srwhqwldo zloo dovr d�hfw ghqgulwh

jurzwk iurp qrq0srodu prohfxohv ^; 1̀

Wkh hohfwulfdo shuwxuedwlrq fdq eh lqfrusrudwhg lqwr wkh vroydelolw| uhodwlrq e| gh�qlqj wkh

prgl�hg ohqjwk Ufrpe � U�

nlq � FU5

hohf@U> dqg djdlq dvvxplqj wkdw wklv lv wkh dgglwlrqdo ohqjwk

vfdoh qhfhvvdu| iru xqltxho| ghwhuplqlqj wkh wls udglxv1 Wklv wkhq |lhogv wkh qhz vroydelolw| uhodwlrq

�3 �
5U�

nlqG

yU5

fvdw

fvrolg

�
4� F

U5

hohf

U�

nlqU

�
+5;,

Li wkh vhfrqg whup lq wkh sduhqwkhvhv lv � 4> zh h{shfw wkdw �3 zloo djdlq eh urxjko| frqvwdqw1

Ixuwkhupruh/ wdnlqj Uhohf @ 3> zh wkhq vhh wkdw wkh ydoxh ri �3 pxvw htxdo wkdw rewdlqhg lq wkh

devhqfh ri dq dssolhg srwhqwldo1 Frpelqlqj wklv zlwk wkh prgl�hg Lydqwvry uhodwlrq wkhq |lhogv d

txdgudwlf htxdwlrq iru wkh wls udglxv ^9`

U5
�U3U.

FU3

U�

nlq

U5

hohf @ 3 +5<,

zkhuh U3 lv wkh wls udglxv zkhq Uhohf @ 3=

Wkh vroxwlrq ri wkh txdgudwlf htxdwlrq iru vpdoo Uhohf lv

U � U3

�
4�

F

U�

nlqU3

U5

hohf

�
+63,

dqg

y � y3

�
4 .

F

U�

nlqU3

U5

hohf

�
+64,

Dv Uhohf lqfuhdvhv/ wkh wls udglxv ghfuhdvhv xqwlo d olplw lv uhdfkhg zkhq Uhohf @ Uhohf>wkuhvk @

+U�

nlqU3@7F,
4@5

> dw zklfk srlqwU @ Uwkuhvk @ U3@5 dqg y @ ywkuhvk � 5y3=QrwhU
5

hohf>wkuhvk@U
5

wkuhvk @

U�

nlq@U3F lv dozd|v � 4 lq rxu lfh h{shulphqwv/ zklfk vxssruwv wkh dvvxpswlrqv ohdglqj wr Htq

591 Vlqfh U3 lv lqghshqghqw ri �4> U
�

nlq � �4> dqg F � �4 zkhq grplqdwhg e| srodul}dwlrq hi0

ihfwv/ vr zh h{shfw Uhohf>wkuhvk zloo eh lqghshqghqw ri �4= Htxlydohqwo| zh h{shfw wkdw wkh dssolhg

hohfwulfdo srwhqwldo dw wkuhvkrog zloo eh lqghshqghqw ri �4=

Wkh txdgudwlf htxdwlrq deryh kdv qr uhdo urrwv zkhq Uhohf A +U�

nlqU3@7F,
4@5

/ lqglfdwlqj wkdw

:



wkh deryh prgl�hg vroydelolw| wkhru| fdqqrw eh xvhg iru odujh Uhohf> ru htxlydohqwo| zkhq *3 lv deryh

vrph wkuhvkrog srwhqwldo *wkuhvk= Wkh odfn ri uhdo urrwv lqglfdwhv wkdw deryh d wkuhvkrog srwhqwldo

qhlwkhu vxuidfh whqvlrq qru dwwdfkphqw nlqhwlfv fdq vwdelol}h wkh wls udglxv/ dw ohdvw qrw lq wkh xvxdo

vhqvh ri vroydelolw| wkhru|1 Dw wklv srlqw wkh wls h{shulhqfhv uxqdzd| jurzwk dv U $ 3 xqghu wkh

lq xhqfh ri wkh Pxoolqv0Vhnhund lqvwdelolw| +khuh hqkdqfhg e| hohfwulf irufhv,1 Wkh wls yhorflw| wkxv

lqfuhdvhv xqwlo lw lv vwdelol}hg e| vrph rwkhu phfkdqlvp/ zklfk zh glvfxvv ixuwkhu ehorz1

Dowkrxjk wkh deryh wuhdwphqw iru hohfwulfdoo| hqkdqfhg jurzwk lv yhu| pxfk lqfrpsohwh/ prvw

ri wkh wkhruhwlfdo xqfhuwdlqw| kdv ehhq lqfrusrudwhg lqwr wkh vlqjoh sdudphwhu �3= Wdnlqj wkh qh{w

wkhruhwlfdo vwhs/ dqg suhglfwlqj �3 iurp pdwhuldo sdudphwhuv/ dsshduv wr eh dq h{fhhglqjo| gl!fxow

wdvn1 Ixuwkhupruh/ txdqwlwdwlyh frpsdulvrq ri �3 zlwk phdvxuhphqwv zrxog uhtxluh d ghwdlohg

nqrzohgjh ri wkh dqlvrwurs| ri wkh dwwdfkphqw nlqhwlfv/ zklfk zrxog eh lwvhoi gl!fxow wr dwwdlq1 Lq

vslwh ri wkhvh sureohpv/ pdq| dvshfwv ri hohfwulfdoo| prgl�hg ghqgulwh jurzwk fdq eh phdvxuhg dqg

frpsduhg zlwk wkh uhvxowv deryh1

!� �"��������� ���� ��������� ����� ���� �����

Zh shuiruphg d vhulhv ri h{shulphqwv xvlqj lfh wr revhuyh qrupdo dqg hohfwulfdoo| prgl�hg ghqgulwh

jurzwk iurp wkh ydsru skdvh1 Lfh lv d frqyhqlhqw pdwhuldo wr zrun zlwk lq wkdw lw kdv d kljk ydsru

suhvvxuh/ iuhh}hv dw dq hdvlo| dffhvvleoh whpshudwxuh/ dqg lw irupv ghqgulwhv uhdglo|1 Lfh kdv dovr

ehhq yhu| zhoo vwxglhg/ vr pdq| ri lwv pdwhuldo surshuwlhv duh zhoo fkdudfwhul}hg1 Fohduo| ghqgulwhv

jurzq iurp wkh ydsru skdvh ri rwkhu pdwhuldov vkrxog h{klelw d vlplodu ehkdylru/ dv glfwdwhg e|

wkhruhwlfdo frqvlghudwlrqv1

Hohfwulfdo h�hfwv lq wkh jurzwk ri lfh fu|vwdov iurp wkh ydsru zdv �uvw ghvfulehg e| Pdvrq dqg

frooderudwruv ^<`/ dqg zh suhylrxvo| ghvfulehg dgglwlrqdo ghwdlov ri wkh ehkdylru ri lfh ghqgulwhv

jurzwk dv d ixqfwlrq ri wkh dssolhg hohfwulfdo srwhqwldo ^9�; 1̀ Wkh h{lvwhqfh ri d wkuhvkrog srwhqwldo

zdv hvwdeolvkhg lq wkhvh phdvxuhphqwv/ dqg wkh wls yhorflw| dv d ixqfwlrq ri *
3
ehorz wkuhvkrog zdv

irxqg wr eh lq jrrg vhpl0txdqwlwdwlyh djuhhphqw zlwk wkh deryh wkhru|1 Zh kdyh qrz h{whqghg

wkhvh revhuydwlrqv e| phdvxulqj ghqgulwh wls yhorflwlhv dv d ixqfwlrq ri vxshuvdwxudwlrq �4 dv zhoo

dv *3> dqg kdyh pdgh pdq| phdvxuhphqwv deryh wkh wkuhvkrog srwhqwldo/ zkhuh d gl�huhqw wls

vwdelol}dwlrq phfkdqlvp lv uhtxluhg1

Rxu h{shulphqwv zhuh shuiruphg lq dlu dw dwprvskhulf suhvvxuh/ xvlqj d yhuwlfdo gl�xvlrq fkdpehu

zlwk d zlgwk dqg ghswk ri 53 fp dqg d khljkw ri 63 fp1 Wkh erwwrp ri wkh fkdpehu zdv w|slfdoo|

khog dw W @ �83 F/ dqg wkh vxshuvdwxudwlrq frxog eh fkdqjhg e| dgmxvwlqj wkh xsshu whpshudwxuh/

zklfk zdv w|slfdoo| durxqg W @ 73 F ^: 1̀ Fu|vwdov zhuh jurzq rq wkh hqg ri d wklq zluh sodfhg lqvlgh

wkh fkdpehu iurp wkh erwwrp/ wr zklfk dq hohfwulfdo srwhqwldo frxog eh dssolhg1 Vxshuvdwxudwlrq

zdv ghwhuplqhg xvlqj d frpelqdwlrq ri gl�xvlrq prgholqj dqg iurvw0srlqw phdvxuhphqwv/ dqg zh

hvwlpdwh dq ryhudoo vfdolqj xqfhuwdlqw| lq rxu uhsruwhg �4 ri urxjko| 	63 shufhqw1

Fu|vwdov jurzq dw W @ �48 F h{klelwhg d fodvvlf ghqgulwlf pruskrorj| zlwk jurzwk dorqj wkh

d0d{lv/ dv lv vkrzq lq Iljxuh 4+d,1 Wkhvh ghqgulwhv kdyh dq rxw0ri0sodqh wklfnqhvv ri rqo| vrph whqv

ri plfurqv +wklfnhu idu dzd| iurp wkh jurzlqj wlsv,/ jryhuqhg e| vwurqj idfhwlqj ri wkh edvdo sodqhv1

Lw dsshduv/ krzhyhu/ wkdw wkh idfhwlqj rqo| ehfrphv hvwdeolvkhg vrph glvwdqfh dzd| iurp wkh wls/

;



dqg wkdw wkh vrolg vxuidfh yhu| qhdu wkh wls lv qrw idfhwhg1 Wkh wls udglxv frxog qrw eh uhvroyhg

e| rxu orqj0glvwdqfh rswlfdo plfurvfrs|/ dqg wkxv zh frxog rqo| sodfh dq xsshu olplw ri U 1 5 �p

iurp gluhfw revhuydwlrqv +vhh Iljxuh 4,1 Wls yhorflwlhv iru wkhvh ghqgulwhv zhuh revhuyhg wr lqfuhdvh

dssur{lpdwho| olqhduo| zlwk �4 dv vkrzq lq Iljxuh 5+d,1 Dw wkh orzhu vxshuvdwxudwlrq ohyhov zh

revhuyhg vwurqjhu idfhwlqj ri wkh sulvp sodqhv qhdu wkh ghqgulwh wlsv/ zklfk fruuhvsrqghg wr wkh

ghyldwlrq iurp wkh olqhdu uhodwlrqvkls dw vpdoo �4 vhhq lq Iljxuh 5+d,1

Fu|vwdov jurzq dw W @ �8 F h{klelwhg dv|pphwulfdo vlgheudqfklqj/ dv lv vkrzq lq Iljxuh 4+e,1

Dw wkhvh kljk vxshuvdwxudwlrq ohyhov wkh jurzwk yhfwru zdv w|slfdoo| glvsodfhg iurp wkh f0d{lv/ dv

vkrzq lq Iljxuh 4+e,/ zlwk odujhu dqjxodu glvsodfhphqwv wrzdug wkh d0d{lv revhuyhg iru odujhu �41

Djdlq lw dsshduhg wkdw wkh uhjlrq qhdu wkh qhhgoh wls zdv qrw idfhwhg/ dqg djdlq zh frxog sodfh

dq xsshu olplw ri U 1 5 �p iurp gluhfw revhuydwlrqv1 Zh phdvxuhg wls yhorflwlhv zklfk lqfuhdvhg

olqhduo| zlwk �4> dv vkrzq lq Iljxuh 5+e,1

Iru rxu phdvxuhphqwv dw erwk W @ �8 F dqg 048 F zh vhh wkdw wkh qrupdo +*3 @ 3, ghqgulwh

vkdshv zhuh rqo| urxjko| sduderolf/ vr wkh Lydqwvry vroxwlrq lv rqo| dq dssur{lpdwh rqh/ dqg rxu

dqdo|vlv deryh fdq rqo| eh dssolhg lq dq dssur{lpdwh vhqvh1 Qhyhuwkhohvv rxu gdwd dw erwk 08 F

dqg 048 F fohduo| vkrz wls jurzwk zklfk lv dssur{lpdwho| olqhduo| ghshqghqw rq �4> dv h{shfwhg

zkhq nlqhwlf h�hfwv suhgrplqdwh ryhu wkh vxuidfh hqhuj| ^6 1̀ Iru wkh 048 F ghqgulwhv wkh srlqwv duh

urxjko| �w e| y @ 8�4 �p2vhf/ iru zklfk wkh Lydqwvry vroxwlrq |lhogv U3 � 4=5 �p lqghshqghqw ri

�4 ryhu wklv udqjh1 Wkh uhodwlrq

U3 @
E

��3
Unlq +65,

wkhq jlyhv ��3 � 3=58= Vlploduo|/ wkh 08F gdwd duh uhdvrqdeo| zhoo �w e| y @ <=8�4 �p2vhf> jlylqj

U3 � 4=8 �p ryhu wklv udqjh ri �4/ dqg ��3 � 3=5=

Dsso|lqj d vpdoo hohfwulfdo srwhqwldo +ehorz wkuhvkrog, wr wkh jurzlqj fu|vwdov uhvxowhg lq wls

yhorflwlhv wkdw lqfuhdvhg zlwk lqfuhdvlqj *3/ dqg jurzwk pruskrorjlhv wkdw zhuh hvvhqwldoo| xq0

fkdqjhg iurp wkrvh dw }hur srwhqwldo/ dv zh uhsruwhg hduolhu ^9/ :`1 Lq doo fdvhv zh revhuyhg d

zhoo0gh�qhg wkuhvkrog srwhqwldo/ eh|rqg zklfk wkh fu|vwdo jurzwk zdv txdolwdwlyho| gl�huhqw1 Zh

wdnh wklv wkuhvkrog srwhqwldo wr eh wkh vdph dv zdv fdofxodwhg lq wkh suhylrxv vhfwlrq1 Dw W @ �48

F zh w|slfdoo| revhuyhg wkh wls0vsolwwlqj skhqrphqrq ghvfulehg lq ^:` zkhq wkh srwhqwldo uhdfkhg

lwv wkuhvkrog ydoxh/ vr qr wls yhorflwlhv zhuh pdgh deryh wkuhvkrog dw wklv whpshudwxuh1 Dw W @ �8

F zh xvxdoo| revhuyhg d idvw0jurzlqj �hohfwulf qhhgoh� pruskrorj| deryh wkuhvkrog/ zklfk h{kle0

lwhg qr vlgheudqfklqj dqg d frqvwdqw wls yhorflw|1 Iljxuh 6 vkrzv dq h{dpsoh ri wkh hohfwulf qhhgoh

pruskrorj|/ iru wkh fdvh zkhq wkh qhhgoh jurzwk zdv dorqj wkh f0d{lv ri wkh lfh fu|vwdo1

Iljxuh 7 vkrzv wkh wls yhorflwlhv dv d ixqfwlrq ri *3 dw ydulrxv �4 iru qhhgoh jurzwk dw 08 F/

vkrzlqj erwk wkh ydoxh ri wkh wkuhvkrog srwhqwldo dw hdfk �4 dqg wkh hohfwulf qhhgoh yhorflwlhv deryh

wkuhvkrog1 Zh revhuyhg d wkuhvkrog srwhqwldo ri *3 � 4333 yrowv zklfk zdv urxjko| lqghshqghqw ri

�4> frqvlvwhqw zlwk wkh deryh wkhruhwlfdo h{shfwdwlrqv1 Rxu dqdo|vlv wkhq lpsolhv Uhohf>wkuhvk � 73

qp/ dqg frpelqlqj wklv zlwk U3 @ 4=8 �p/ dqg F � 8=: +dw �4 @ 4, zh �qg U�

nlq @ Unlq�4@� @ 57

qp dw �4 @ 4> ru � � 4= D kljk ydoxh ri wkh frqghqvdwlrq frh!flhqw lv dovr vxjjhvwhg e| wkh qhhgoh

pruskrorj|/ zklfk vkrzv olwwoh idfhwlqj qhdu wkh qhhgoh wlsv1 Wkh pruh judgxdo yhorflw| wudqvlwlrq

zlwk lqfuhdvlqj �4 lv qrw h{sodlqhg e| rxu prgho1

Dowkrxjk wkh hohfwulf qhhgohv wkdw juhz deryh wkuhvkrog zhuh hvvhqwldoo| ihdwxuhohvv lq wkhlu
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pruskrorj|/ wkh qhhgoh jurzwk surfhhghg dorqj gl�huhqw fu|vwdo d{hv/ zklfk frxog hdvlo| eh glvfhuqhg

e| uhprylqj wkh hohfwulfdo srwhqwldo dqg revhuylqj wkh vxevhtxhqw qrupdo jurzwk/ dv ghprqvwudwhg

lq Iljxuh 61 Lq fohdq dlu dw W @ �8 F wkh qhhgoh jurzwk zdv w|slfdoo| qrw dorqj d sulqflsdo fu|vwdo

d{lv/ olnh wkh jurzwk ri qrupdo qhhgohv vkrzq lq Iljxuh 4+e,1 Lw lv wkh jurzwk udwhv ri wkhvh �fohdq

dlu� hohfwulf qhhgohv wkdw duh sorwwhg lq Iljxuh 7 dqg Iljxuh 5+f,1

Lqwhuhvwlqjo|/ zh irxqg wkdw wudfh fkhplfdo dgglwlyhv lq wkh dlu frxog kdyh d gudpdwlf h�hfw rq

wkh hohfwulf qhhgoh jurzwk/ hyhq zkhq wkh frqfhqwudwlrq ohyho zdv wrr orz wr surgxfh dq| shufhswleoh

fkdqjh lq qrupdo fu|vwdo jurzwk1 Lq sduwlfxodu/ fkhplfdo dgglwlyhv frxog lqgxfh wkh hohfwulf qhhgoh

jurzwk wr eh dorqj wkh lfh f0d{lv/ dqg vxfk qhhgohv juhz dssur{lpdwho| irxu wlphv idvwhu wkdq hohfwulf

qhhgohv lq fohdq dlu/ dv lv vkrzq lq Iljxuh 5+f,1 Zh irxqg wkdw d qxpehu ri fkhplfdo dgglwlyhv dw wkh

433 ssp ohyho surgxfhg wkhvh udslgo| jurzlqj qhhgohv/ lqfoxglqj ydulrxv dofrkrov dqg dflgv/ dv zhoo

dv fkorurirup/ {|ohqhv/ phwk|ohqh fkorulgh/ dqg hyhq jdvrolqh ydsru1 Dfhwlf dflg zdv sduwlfxoduo|

h�hfwlyh hyhq dw frqfhqwudwlrqv dv orz dv 4 ssp/ zklfk surgxfhg hvvhqwldoo| qr fkdqjh lq wkh

qrupdo fu|vwdo jurzwk1 Lw dsshduv olnho| wkdw wkh dgglwlyhv duh frqfhqwudwhg e| wkh hohfwulf �hogv

dqg judglhqwv qhdu wkh qhhgoh wls/ wkhuhe| hqkdqflqj wkh fkhplfdo h�hfwv1

Iurp wkh vxshuvdwxudwlrq ghshqghqfh dw *3 @ 5333 yrowv +vhh Iljxuh 5+f,, zh lqihu wls udgll ri

U
�
� 693 qp iru fohdq dlu hohfwulf qhhgohv xvlqj wkh Lydqwvry uhodwlrq/ djdlq lqghshqghqw ri �4=

Lq wkh suhvhqfh ri fkhplfdo dgglwlyhv/ wkh kljkhu hohfwulf qhhgoh yhorflwlhv lpso| U
�
� <3 qp dw

*
3
@ 5333 yrowv/ dovr urxjko| lqghshqghqw ri �4=

Lq d vhsdudwh h{shulphqw/ zh h{dplqhg wkh hohfwulf jurzwk skhqrphqrq iru d qrq0srodu prohfxodu

vrolg e| h{dplqlqj wkh jurzwk ri lrglqh fu|vwdov iurp wkh ydsru/ djdlq lq d vroyhqw jdv ri dlu dw

d suhvvxuh ri rqh dwprvskhuh ^53`1 Dw d vxshuvdwxudwlrq ri �4 � 3=4 zh rewdlqhg wkh uhvxowv

vkrzq lq Iljxuh 81 Udslg qhhgoh jurzwk deryh d wkuhvkrog srwhqwldo ri *
3
� 4333 yrowv zdv djdlq

fohduo| revhuyhg1 Wkh frqvlghudeoh vfdwwhu lq wkh gdwd deryh wkuhvkrog pd| kdyh uhvxowhg iurp

frpshwlwlrq ehwzhhq jurzlqj ghqgulwhv/ dowkrxjk wkh vfdwwhu dw *
3
@ 3 zdv pxfk orzhu1 Wkhvh gdwd

surylgh txdolwdwlyh vxssruw ri wkh deryh wkhru|/ dqg fohduo| yhuli| wkdw wklv hohfwulfdoo| lqgxfhg

pruskrorjlfdo lqvwdelolw| lv suhvhqw lq qrq0srodu v|vwhpv1
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Zkhq wkh dssolhg hohfwulfdo srwhqwldo *3 lv juhdwhu wkdq wkh wkuhvkrog ydoxh *wkuhvk> wkh fu|vwdo

jurzwk dw �8 F fkdqjhv deuxswo| lqwr wkh udslgo| jurzlqj �hohfwulf qhhgoh� pruskrorj| ghvfulehg

deryh1 D qrwdeoh ihdwxuh ri hohfwulf qhhgohv lv wkdw wkh| h{klelw vkdsh0suhvhuylqj jurzwk zlwk

frqvwdqw wls yhorflwlhv/ dqdorjrxv wr qrupdo gl�xvlrq0olplwhg ghqgulwh jurzwk1 Zh vhh iurp wkh

glvfxvvlrq deryh/ krzhyhu/ wkdw wkh wkhruhwlfdo pdfklqhu| ghyhorshg wr ghvfuleh qrupdo ghqgulwh

jurzwk fdq qr orqjhu eh dssolhg lq wkh uhjlph ri hohfwulf qhhgoh jurzwk/ vlqfh dw vpdoo wls udgll wkh

hohfwulf h�hfwv ryhuzkhop wkh qrupdo vwdelol}dwlrq phfkdqlvpv1 Wkxv zh pxvw dgguhvv dqhz wkh

txhvwlrq ri zkdw sk|vlfdo phfkdqlvp vwdelol}hv wkh jurzwk ri hohfwulf qhhgohv/ ru htxlydohqwo| zkdw

phfkdqlvp vhohfwv wkh fruuhfw Lydqwvry vroxwlrq1

Wkh �uvw vwhs zh fdq wdnh lq wklv gluhfwlrq lv wr uxoh rxw vhyhudo srvvleoh fdqglgdwh phfkdqlvpv1

Wkh odwhqw khdw jhqhudwhg e| wkh frqghqvlqj prohfxohv dsshduv wr eh lqdghtxdwh iru vwdelol}lqj wkh
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wls jurzwk/ xvlqj wkh frqvlghudwlrqv lq wkh Dsshqgl{1 Wkh fdofxodwhg whpshudwxuh lqfuhdvh lv erwk

vpdoo dqg urxjko| sursruwlrqdo wr yU> dqg lv wkhuhiruh lqghshqghqw ri wkh wls udglxv U wr orzhvw

rughu1 Wkxv dowkrxjk wls khdwlqj zloo lqfuhdvh wkh vdwxudwlrq ydsru suhvvxuh/ dqg wkxv vorz wkh

qhhgoh jurzwk voljkwo|/ lw grhv qrw dsshdu wkdw wklv phfkdqlvp olplwv wkh hohfwulf qhhgoh jurzwk1

Ixuwkhu hylghqfh iru wklv vwdwhphqw frphv iurp wkh jurzwk gdwd dw 5333 yrowv/ zklfk vkrz d olqhdu

ghshqghqfh ri jurzwk yhorflw| rq �4= Vlqfh wls khdwlqj lqfuhdvhv zlwk �4> rqh zrxog h{shfw vorzhu

jurzwk wkdq lv revhuyhg dw wkh kljkhu vxshuvdwxudwlrq ohyhov1

Vlqfh zh duh dsso|lqj d kljk yrowdjh wr wkh jurzlqj qhhgoh fu|vwdo/ dqg wkh udglxv ri fxuydwxuh

ri wkh wls lv dv vpdoo dv <3 qp/ zh pxvw dovr frqvlghu �hog hplvvlrq dv dq U0ghshqghqw vrxufh ri wls

khdwlqj wkdw pd| vwdelol}h wkh wls jurzwk1 Iurp wkh Irzohu0Qrugkhlp uhodwlrq ^4<`
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zkhuh D lv wkh hplvvlrq duhd/ h lv wkh hohfwurq fkdujh/ k lv Sodqfn*v frqvwdqw/ Z lv wkh pdwhuldo

zrun ixqfwlrq/ H lv wkh vxuidfh hohfwulf �hog/ dqg ph lv wkh hohfwurq pdvv1 Xvlqj Z @ 7=7 hY
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@U, @ 43= Dvvxplqj d srzhu S � L*
3
lv ghsrvlwhg dw wkh

qhhgoh wls +olnho| dq ryhuhvwlpdwh,/ dqg dvvxplqj wkh vdph vlpsoh wkhupdo frqgxfwlrq prgho xvhg lq

wkh Dsshqgl{/ zh hvwlpdwh wkdw wls khdwlqj ehfrphv vljql�fdqw iru L ) 43�44 D1 Lfh frqgxfwdqfh lv

kljk hqrxjk ^4:` wkdw vxfk orz fxuuhqwv surgxfh d qhjoljleoh yrowdjh gurs dorqj d qhhgoh/ vxssruwlqj

rxu dvvxpswlrq ri d frqvwdqw hohfwulfdo srwhqwldo dorqj wkh qhhgoh1

Zh phdvxuhg wkh fxuuhqw hplwwhg iurp jurzlqj qhhgoh fu|vwdov/ dqg irxqg wkhuh zdv d frqvlg0

hudeoh ghshqghqfh rq wkh vljq ri wkh dssolhg srwhqwldo1 Iru *
3
@ 5333 yrowv zh irxqg L ? 4 sD

xqghu prvw flufxpvwdqfhv dqg L � 4 sD iru fkhplfdoo| phgldwhg jurzwk +zlwk frqvlghudeoh vfdwwhu

lq wkh odwwhu phdvxuhphqwv,1 Iru *
3
@ �5333 yrowv zh phdvxuhg L � 4 � 6 sD zlwkrxw dgglwlyhv

dqg L � 43 sD zlwk dgglwlyhv +djdlq zlwk frqvlghudeoh vfdwwhu,1 Wkhvh ydoxhv duh frqvlvwhqw zlwk

wkh Irzohu0Qrugkhlp uhodwlrq/ jlyhq wkh xqfhuwdlqw| lq wkh ydulrxv sdudphwhuv1 Zkhq L ) 43 sD zh

revhuyhg wkdw wkh qhhgoh jurzwk vorzhg vxevwdqwldoo|/ dqg wkh wls yhorflwlhv ehfdph txlwh yduldeoh

iurp qhhgoh wr qhhgoh1

Zh frqfoxgh iurp wkhvh uhvxowv wkdw �hog hplvvlrq sod|v d vljql�fdqw uroh lq rxu h{shulphqwv zlwk

hohfwulf qhhgoh jurzwk zkhq *3 @ �5333 dqg wkh fu|vwdov duh jurzq lq wkh suhvhqfh ri fkhplfdo

dgglwlyhv/ zklfk uhvxowv lq vl}deoh fxuuhqwv1 Lq doo rwkhu uhjlphv lw dsshduv �hog hplvvlrq grhv qrw

olplw wkh qhhgoh jurzwk1 Zlwkrxw fkhplfdo dgglwlyhv/ ru zkhq wkh phdvxuhg fxuuhqwv zhuh ehorz 4

sD/ wkh qhhgoh jurzwk udwhv zhuh revhuyhg wr eh wkh vdph +wr 	48 shufhqw, iru srvlwlyh dqg qhjdwlyh

dssolhg srwhqwldov1

Kdylqj holplqdwhg wkhupdo dqg �hog hplvvlrq phfkdqlvpv/ zh sursrvh wkdw wkh gl�xvlrq0olplwhg

hohfwulf qhhgoh jurzwk lv vwdelol}hg e| wkh glplqlvkhg vwuxfwxudo lqwhjulw| ri wkh pdwhuldo zkhq iruphg

lqwr dq h{wuhpho| vkdus wls1 Wkdw lv/ wkh qhhgoh wls udglxv ehfrphv vr vpdoo wkdw lwv vrolg vwuxfwxuh
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lv vxemhfw wr ghirupdwlrq gulyhq e| vxuidfh whqvlrq ryhu wlphvfdohv frpsdudeoh wr wkh fu|vwdo jurzwk

wlph � U@y= Wkhuh lv frqvlghudeoh xqfhuwdlqw| lq rxu xqghuvwdqglqj ri wkh vwuxfwxudo surshuwlhv ri

lfh/ sduwlfxoduo| iru vxfk h{wuhpho| vpdoo fu|vwdov/ zklfk pdnhv ghwdlohg fdofxodwlrqv gl!fxow ^4:`

1 Vxuidfh phowlqj fhuwdlqo| vhwv d orzhu erxqg rq wls udglxv/ vlqfh vxuidfh phowlqj lv nqrzq wr

surgxfh d txdvloltxlg od|hu dw wkhvh whpshudwxuhv/ zklfk olnho| kdv yhu| olwwoh uhvlvwdqfh wr vkhdu

vwuhvvhv1 Wkh lfh txdvloltxlg od|hu kdv d wklfnqhvv ri urxjko| 53 qp dw W @ �8 F ^4; /̀ zklfk lv qrw

lqvljql�fdqw frpsduhg wr wkh wls udgll lqihuuhg iurp rxu phdvxuhphqwv1

Dowkrxjk wklv prgho lv erwk vshfxodwlyh dqg gl!fxow wr txdqwli|/ lw grhv h{sodlq wkh idfw wkdw

lq rxu phdvxuhphqwv wkh wls udglxv U
� lv hvvhqwldoo| lqghshqghqw ri �4 dqg *3 lq wkh hohfwulf

jurzwk uhjlph +dw ohdvw deryh d �40ghshqghqw wudqvlwlrq uhjlrq> vhh Iljxuh 7,1 Deryh wkh wkuhvkrog

srwhqwldo wkh wls udglxv ghfuhdvhv wr wkh srlqw wkdw vwuxfwxudo ghirupdwlrqv ehfrph dq lpsruwdqw

lq xhqfh1 Wklv pxvw rffxu dw vrph pdwhuldo0ghwhuplqhg vl}h vfdoh/ vr zh zrxog h{shfw wkdw wkh

qhz wls udglxv zrxog ghshqg pdlqo| rq pdwhuldo surshuwlhv/ dqg zrxog qrw ghshqg vwurqjo| rq

vxshuvdwxudwlrq ru wkh dssolhg srwhqwldo/ dv lv revhuyhg1 Wkh fkdqjh lq U
� lq wkh suhvhqfh ri

dgglwlyhv frxog eh h{sodlqhg e| wkh vwurqjo| dqlvrwurslf vwuxfwxudo surshuwlhv ri lfh/ vlqfh wkh prvw

udslg jurzwk revhuyhg lv iru f0d{lv qhhgohv/ ru e| fkhplfdoo| lqgxfhg fkdqjhv lq vxuidfh whqvlrq1

(� ���
	�����

Lq vxppdu|/ zh kdyh h{dplqhg wkh ghwdlohg sk|vlfv ri hohfwulfdoo| hqkdqfhg gl�xvlrq0olplwhg ghq0

gulwlf qhhgoh fu|vwdo jurzwk iurp wkh ydsru skdvh1 Zkhq dq dssolhg srwhqwldo lv ehorz d wkuhvkrog

ydoxh/ zh duh deoh wr dghtxdwho| uhsurgxfh wkh phdvxuhg qhhgoh jurzwk yhorflw| y+�4> *3, xvlqj dq

hohfwulfdo h{whqvlrq ri vroydelolw| wkhru|1 Rqh lqwhuhvwlqj ihdwxuh ri wklv wkhru|/ zklfk lv frq�uphg

e| rxu h{shulphqwv/ lv wkdw wkh qhhgoh wls vhohfwlrq lv jryhuqhg e| dwwdfkphqw nlqhwlfv lq wklv uhjlph1

Ixuwkhupruh zh h{shfw wkdw dwwdfkphqw nlqhwlfv zloo riwhq eh pruh lpsruwdqw wkdq vxuidfh whqvlrq

lq wkh gl�xvlrq0olplwhg jurzwk ri ghqgulwhv iurp wkh ydsru skdvh/ dv orqj dv wkh vxshuvdwxudwlrq lv

idluo| kljk1

Wkhru| dqg h{shulphqw dovr uhyhdo wkh h{lvwhqfh ri d wkuhvkrog srwhqwldo/ eh|rqg zklfk wkh qhhgoh

jurzwk h{klelwv d pruskrorjlfdo lqvwdelolw|1 Ixuwkhupruh zh vhh wkdw wkh wkuhvkrog srwhqwldo *wkuhvk

lv urxjko| lqghshqghqw ri �4 iru kljko| srodu prohfxohv1 Ilqdoo|/ zh h{shulphqwdoo| frq�uphg

wkh wkhruhwlfdo suhglfwlrq ^;` wkdw dq dssolhg srwhqwldo zloo d�hfw ghqgulwh jurzwk iurp qrq0srodu

prohfxohv/ zklfk olnhzlvh h{klelw d pruskrorjlfdo lqvwdelolw| deryh vrph *wkuhvk=

Zh dovr h{dplqhg lq vrph ghwdlo wkh yhu| lqwhuhvwlqj fdvh ri hohfwulf qhhgoh jurzwk zkhq *3 A

*wkuhvk/ dv wklv lv d qhz sk|vlfdo uhjlph lq zklfk wkh qrupdo dvvxpswlrqv ri vroydelolw| wkhru| duh

qrw ydolg/ dqg d qhz phfkdqlvp lv uhtxluhg wr vwdelol}h wkh jurzwk1 Rxu phdvxuhphqwv zlwk lfh

vxjjhvw wkdw hohfwulf qhhgoh jurzwk lq wklv v|vwhp lv xvxdoo| qrw olplwhg e| wkh h�hfwv ri odwhqw khdw

ghsrvlwlrq ru �hog hplvvlrq/ dqg zh sursrvh wkdw vwuxfwxudo ghirupdwlrq ri wkh qhhgoh wls lv wkh

olnho| vwdelol}dwlrq phfkdqlvp1

Dgglwlrqdo h{shulphqwv zlwk rwkhu pdwhuldov zrxog ixuwkhu hoxflgdwh wkh skhqrphqrq ri hohfwulf

qhhgoh jurzwk1 Lq sduwlfxodu/ vlqfh lfh lv d uhodwlyho| vriw pdwhuldo ^4: /̀ wkhvh lqyhvwljdwlrqv vxjjhvw

wkdw kdughu pdwhuldov frxog |lhog pxfk vkdushu wlsv1 Uhodwhg h{shulphqwv zlwk uhiudfwru| phwdov

45



kdyh surgxfhg hohfwulf qhhgoh fu|vwdov zlwk qdqrphwhu0vfdoh wlsv ^43`1 Zh eholhyh wkdw dgglwlrqdo

uhvhdufk lqwr hohfwulfdoo| hqkdqfhg jurzwk frxog srwhqwldoo| ohdg wr xvhixo dssolfdwlrqv1

)� *������" + ,������������ �� -������ �.�
��

Gl�xvlrq0olplwhg ghqgulwlf jurzwk iurp wkh ydsru skdvh lv d grxeoh gl�xvlrq sureohp/ vlqfh lq

sulqflsoh zh pxvw frqvlghu erwk sduwlfoh gl�xvlrq wr wkh jurzlqj fu|vwdo dqg wkhupdo gl�xvlrq wr

uhpryh wkh khdw jhqhudwhg e| frqghqvdwlrq dw wkh vrolg2ydsru lqwhuidfh1 Lq frqvlghulqj wklv mrlqw

gl�xvlrq sureohp lw lv xvhixo wr �uvw h{dplqh wkh vskhulfdo fdvh/ zklfk fdq eh hdvlo| vroyhg h{dfwo|

lq wkh vorz0jurzwk olplw1 Ehjlqqlqj zlwk Odsodfh*v htxdwlrq iru erwk wkh sduwlfoh frqfhqwudwlrq �hog

f+u, dqg wkh whpshudwxuh glvwulexwlrq W +u,> zh �qg d jurzwk yhorflw|
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U
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zklfk lq wxuq surgxfhv d whpshudwxuh lqfuhdvh
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Khuh7f @ f4�fvxuidfh dqg7W @ Wvxuidfh�W4> � lv wkh odwhqw khdw ri frqghqvdwlrq shu xqlw pdvv/

� lv wkh vrolg pdvv ghqvlw|/ dqg �vroyhqw lv wkh wkhupdo frqgxfwlylw| ri wkh vxuurxqglqj phglxp1

Frpelqlqj wkhvh |lhogv wkh jurzwk udwh

y @
G

U

fvdw

fvrolg

�4

4 . "
3

+6:,

zlwk �4 @ +f4 � fvdw,@fvdw> zkhuh fvdw lv hydoxdwhg dw W4> dqg

"3 @
g oq+fvdw,

gW

G��

�vroyhqw

fvdw

fvrolg
+6;,

lv d sdudphwhu zklfk ghshqgv rqo| rq pdwhuldo surshuwlhv dqg wkh gl�xvlrq frqvwdqw1 Lq wkh fdvh

ri rxu lfh h{shulphqwv/ +4@fvdw,+gfvdw@gW , � 3=4 N�4> G @ 5 � 43
�8 p5

@vhf/ � @ 5=; � 43
9 M2nj/

�vroyhqw @ �dlu � 3=358 Z p�4 N�4> � @ <4: nj2p6 dqg fvdw@fvrolg � 43�9> jlylqj "3 � 3=5 dw

W @ �8 F1 Zh vhh wkh pdlq h�hfw ri wkhupdo wudqvsruw lv dq h�hfwlyh uhvfdolqj ri �4 e| derxw 53

shufhqw1

Wkh ixoo sduderolf fdvh lv ri frxuvh pxfk pruh gl!fxow wr vroyh/ exw d ixoo vroxwlrq lv qrw

qhfhvvdu| wr h{dplqh wkh hvvhqwldo wkhupdo h�hfwv1 D fuxgh exw dghtxdwh prgho lv wr dvvxph wkh

ghqgulwh jurzwk wr eh d vhpl0lq�qlwh urg zlwk udglxv htxdo wr wkh ghqgulwh wls udglxv U/ zlwk khdw

ehlqj ghsrvlwhg rq wkh hqg ri wkh urg ^:`1 Wkh udwh dw zklfk odwhqw khdw lv ghsrvlwhg urxjko| lv
�

Tlqsxw� ��U
5
y�> zkhuh y lv wkh ghqgulwh wls yhorflw|/ dqg khdw frqgxfwlrq dorqj wkh urg fduulhv

khdw dzd| iurp wkh hqg dw d udwh bTurg � N4�vrolg+�U
5,7W@O> zkhuh 7W @ Wwls � Wdpe lv wkh

whpshudwxuh gl�huhqfh ehwzhhq wkh hqg ri wkh urg dqg wkh dpelhqw phglxp/ N4 lv d glphqvlrqohvv

jhrphwulfdo idfwru ri rughu xqlw|/ dqg O lv wkh h�hfwlyh glvwdqfh iurp wkh hqg ri wkh urg zkhuh wkh

urg whpshudwxuh dssurdfkhv wkh dpelhqw whpshudwxuh1 Zh h{shfw N4 A 4 iru wkh sduderolf fdvh/

vlqfh wkh frqgxfwlrq grzq d sduderolf qhhgoh zrxog eh juhdwhu wkdq iru d vwudljkw urg1 Ilqdoo|/ khdw

frqgxfwlrq lqwr wkh dpelhqw phglxp fdq eh vroyhg iru wkh fdvh ri dq lq�qlwh f|olqgulfdo urg/ zklfk

jlyhv bTdlu � �vroyhqwO7W 1
Lq vwhdg| vwdwh zh pxvw kdyh

�

T
lqsxw�

�

T
urg�

�

T
vroyhqw> zklfk jlyhv O � N4� +�vrolg@�vroyhqw,

4@5
U>
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dqg zh qrwh wkdw vlqfh �vrolg  �vroyhqw zh kdyh O U= Wklv wkhq jlyhv

7W � 4

N4

yU��s
�vrolg�vroyhqw

+6<,

dqdorjrxv wr Htq 691 Frpelqlqj wklv zlwk wkh Lydqwvry uhodwlrq iru yU jlyhv d prgl�hg Lydqwvry

uhodwlrq

y � 5G

EU

fvdw

fvrolg

�4

4 . "
+73,

zkhuh khuh

" @
5

EN4

g oq+fvdw,

gW

G��s
�vrolg�vroyhqw

fvdw

fvrolg
+74,

Iru wkh fdvh ri rxu lfh h{shulphqwv zh kdyh �vrolg � 5=7 Z p�4 N�4 dqg zh hvwlpdwh " 1 43�6
=

Zh fdq frqfoxgh iurp wklv dqdo|vlv wkdw iru rxu h{shulphqwv wkh wkhupdo shuwxuedwlrq wr wkh

Lydqwvry vroxwlrq lv yhu| vpdoo/ phdqlqj wkdw wkh ghqgulwh jurzwk lv ehlqj olplwhg sulpdulo| e|

sduwlfoh gl�xvlrq/ dqg qrw e| wkhupdo gl�xvlrq1 Lqfoxglqj wkh shuwxuedwlrqv iurp vxuidfh whqvlrq

dqg dwwdfkphqw nlqhwlfv |lhogv

y � 5G

EU

fvdw

fvrolg

�
�4

4 . "
� 5g

U
� y

�ynlq

�
+75,

lq sodfh ri Htq :1 Vlqfh " lv erwk yhu| vpdoo dqg lqghshqghqw ri U> zh h{shfw wkdw wkhupdo h�hfwv

dovr frqwulexwh yhu| olwwoh wr wkh vhohfwlrq ri wkh ghqgulwh yhorflw|/ dv zrxog eh glfwdwhg e| d ixoo

vroydelolw| wkhru|1 Zh qrwh/ krzhyhu/ wkdw g@U dqg y@ynlq duh dovr idluo| vpdoo/ dqg rxu wkhupdo

dqdo|vlv lv txlwh fuxgh1 Wkxv lw lv frqfhlydeoh wkdw iru rxu h{shulphqwdo sdudphwhuv wkhupdo h�hfwv

gr sod| vrph uroh lq wkh vhohfwlrq sureohp/ dowkrxjk zh eholhyh lw lv d qhjoljleoh rqh1

/� 0������
��

^4` Iru uhylhzv vhh H1 Ehq0Mdfre/ Frqw1 Sk|v1 6;/ 538 +4<<:,> Frqw1 Sk|v1 67/ 57: +4<<6,> M1 V1

Odqjhu/ lq Fkdqfh dqg Pdwwhu= Ohv Krxfkhv Vhvvlrq [OYL +Hovhylhu= Qhz \run/ 4<;:,> K1

Pxoohu0Nuxpekddu/ lq Pdwhuldov Vflhqfh dqg Whfkqrorj|= d Frpsuhkhqvlyh Wuhdwphqw +U1 Z1

Fdkq hw do1/ hgv, +YFK= Zhlqkhlp/ 4<<4,> P1 F1 Furvv dqg S1 F1 Krkhqehuj/ Uhy1 Prg1 Sk|v1

98/ ;84 +4<<6,1

^5` H1 Euhqhu/ Sk|v1 Uhy1 Ohww1 :4/ 6986 +4<<6,> D1 Ndupd dqg Z1 M1 Udssho/ Sk|v Uhy1 Ohww1 ::/

7383 +4<<9,1

^6` H1 D1 Euhqhu dqg Y1 L1 Pho*qlnry/ Dgy1 Sk|v1 73/ 86 +4<<4,1

^7` \1 Vdlwr/ Vwdwlvwlfdo Sk|vlfv ri Fu|vwdo Jurzwk +Zruog Vflhqwl�f= Vlqjdsruh, +4<<9,/ dqg uhihu0

hqfhv wkhuhlq1

^8` H1Euhqhu/ G1 Whpnlq/ Sk|v1 Uhy1 H 84/ 684 +4<<8,1

^9` N1 J1 Oleeuhfkw dqg Y1 P1 Wdqxvkhyd/ Sk|v1 Uhy1 Ohww1 ;4/ 4:9 +4<<;,1

^:` N1 J1 Oleeuhfkw dqg Y1 P1 Wdqxvkhyd/ Sk|v1 Uhy1 H 8</ 6586 +4<<<,1

^;` H1 D1 Euhqhu dqg K1 Pxoohu0Nuxpekddu/ Sk|v1 Uhy1 Ohww1 ;6/ 49<; +4<<<,> N1 J1 Oleeuhfkw dqg

Y1 P1 Wdqxvkhyd/ Sk|v1 Uhy1 Ohww1 ;6/ 49<< +4<<<,1

^<` M1 W1 Eduwohww/ D1 S1 ydq ghq Khxydo/ dqg E1 M1 Pdvrq/ ]1 dqjhz1 Pdwk1 Sk|v1 47/ 8<<0943
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+4<96,1

^43` I1 Rnx|dpd/ Msq1 M1 Dsso1 Sk|v1 55/ 578 +4<;6,> I1 Rnx|dpd/ Dsso1 Sk|v1 D 5:/ 8: +4<;5,1

^44` G1 W1 Froehuw dqg U1 H1 Vpdooh|/ Fduerq 66/ <54 +4<<8,1

^45` \1 P1 Vklq/ P1 P1 Krkpdq/ P1 S1 Euhqqhu/ J1 F1 Uxwohgjh/ Dsso1 Sk|v1 Ohww1 :;/ 447< +5334,1

^46` V1 Fkdqgudvhnkdu/ Uhy1 Prg1 Sk|v1 48/ 4 +4<76,1

^47` D1 D1 Fkhuqry/ Prghuq Fu|vwdoorjudsk| LLL/ Vsulqjhu Vhu1 Vro1 Vw1 Yro1 69/ +Vsulqjhu0Yhuodj,

+4<;7,1

^48` G1 D1 Nhvvohu/ M1 Nrsoln/ dqg K1 Ohylqh/ Dgy1 Sk|v1 6:/ 588 +4<;;,1

^49` Z1 Z1 Pxoolqv dqg U1 I1 Vhnhund/ M1 Dsso1 Sk|v1 67/ 656 +4<96,> M1 V1 Odqjhu/ Uhy1 Prg1 Sk|v1

85/ 4 +4<;3,1

^4:` Y1 I1 Shqwuhqnr dqg U1 Z1 Zklwzruwk/ Sk|vlfv ri Lfh +R{irug Xqlyhuvlw| Suhvv= R{irug, +4<<<,1

^4;` Edvhg rq jodqflqj lqflghqfh [0ud| gl�udfwlrq/ K1 Grvfk/ D1 Ohlg/ dqg M1 K1 Elojudp/ Vxui1 Vfl1

65:/ 478 +4<<8,> rwkhu revhuydwlrqdo whfkqltxhv lqglfdwh vxevwdqwldoo| gl�huhqw txdvloltxlg od|hu

wklfnqhvvhv ^4: 1̀

^4<` U1 K1 Irzohu/ dqg O1 Qrugkhlp/ Surf1 U1 Vrf1 Orqgrq Vhu1 D/ 44</ 4:6 +4<5;,> wklv vshfl�f irup

fdph iurp kwws=22hpdlo1rsw0vfl1dul}rqd1hgx2vxppdulhv2WrggbUxvnhoo2iqsdshu2iq441kwp1

^53` P1 Vzdqvrq/ Fdowhfk Xqghujudgxdwh Uhvhdufk Mrxuqdo 4/ 7; +5334,1
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Iljxuh 41 +d, W|slfdo lfh fu|vwdo ghqgulwh jurzq dw 048 F/ zklfk jurzv dorqj wkh fu|vwdo d0d{lv dqg
h{klelwv txdvl0v|pphwulfdo vlgheudqfklqj1 +e, W|slfdo 08 F lfh fu|vwdo ghqgulwh/ vkrzlqj dv|pphw0
ulfdo vlgheudqfklqj1 Khuh wkh vlgheudqfkhv duh doljqhg urxjko| dorqj wkh f0d{lv1 Vfdoh eduv duh 533
plfurqv orqj iru erwk �jxuhv1 Lqvhwv vkrz uhjlrqv qhdu wkh jurzlqj wlsv h{sdqghg 7{1
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Iljxuh 51 Wls yhorflwlhv ri jurzlqj lfh qhhgohv/ dv d ixqfwlrq ri ydsru vxshuvdwxudwlrq1 +d, Ghqgulwhv
jurzq dw W @ �48 F/ zlwk qr dssolhg srwhqwldo> +e, Qhhgoh0olnh fu|vwdov jurzq dw W @ �8 F/ djdlq

zlwk qr dssolhg srwhqwldo> +f, vrolg vtxduhv= ywls iru hohfwulf qhhgohv jurzq dw W @ �8 F zlwk dq

dssolhg srwhqldo ri 5333 yrowv> rshq flufohv= ywls@7> iru qhhgohv jurzq dw W @ �8 F dqg 5333 yrowv/
exw lq wkh suhvhqfh ri ydsrurxv fkhplfdo dgglwlyhv1 Wkhvh dgglwlyhv zhuh xvhg wr surprwh jurzwk

dorqj wkh f0d{lv/ wkxv uhvxowlqj lq pxfk idvwhu jurzlqj qhhgohv1

4:



Iljxuh 61 +d, W|slfdo hohfwulf qhhgoh jurzwk dorqj wkh fu|vwdo f0d{lv dw 08 F/ zklfk zdv lqgxfhg xvlqj
fkhplfdo dgglwlyhv +vhh wh{w,1 +e, Vxevhtxhqw jurzwk dw 048 F/ diwhu uhprylqj wkh dssolhg hohfwulfdo

srwhqwldo1 Sodwhv jurzlqj rq wkh qhhgoh hqgv lqglfdwh wkh fu|vwdo rulhqwdwlrq1 Wkh vfdoh edu lv 633

plfurqv orqj1

4;
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Iljxuh 71 Wls yhorflwlhv dv d ixqfwlrq ri dssolhg srwhqwldo dqg vxshuvdwxudwlrq �4> iru lfh qhhgohv
jurzq dw W @ �8 F1 Krul}rqwdo grwwhg olqhv zhuh gudzq wkurxjk wkh �uvw dqg odvw gdwd srlqwv wr

jxlgh wkh h|h1

4<
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Iljxuh 81 Wls yhorflwlhv ri jurzlqj lrglqh qhhgoh fu|vwdov dv d ixqfwlrq ri wkh dssolhg hohfwulfdo

srwhqwldo1 Hdfk srlqw uhsuhvhqwv wkh phdvxuhphqw ri d vlqjoh qhhgoh1 Dowkrxjk wkh gdwd vkrz frq0
vlghudeoh vfdwwhu/ wkhuh lv fohduo| d odujh yhorflw| lqfuhdvh deryh d wkuhvkrog ri �4333 yrowv/ yhuli|lqj

wkh h{lvwhqfh ri wklv pruskrorjlfdo lqvwdelolw| iru qrq0srodu prohfxodu v|vwhpv1
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