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7LPH YDU\LQJ IUHTXHQFLHV RI WKH $*:� ZKLFK IRU ODUJH WLPHV WHQG WR WKH LVRWKHUPDO

%UXQW�9�DLV�DO�D IUHTXHQF\ LV REWDLQHG� 7KH H[FLWDWLRQ RI YRUWLFDO SHUWXUEDWLRQV ORFDWHG

LQ WKH KRUL]RQWDO SODQH ^ VKHDU ZDYHV� LV VKRZQ� 7KH WLPH YDULDWLRQ RI $*: IUHTXHQ�

FLHV� WKH H[LVWHQFH RI VKHDU ZDYH DQG WKHLU DPSOLWXGHV DPSOLoFDWLRQ�GDPSLQJ DUH GXH

WR WKH SUHVHQFH RI WKH KRUL]RQWDO VKHDU pRZ� 7KH KRUL]RQWDO VKHDU pRZ DV D SRVVLEOH

VRXUFH RI IRUPDWLRQ RI ODUJH VFDOH WUDYHOOLQJ LRQRVSKHULF GLVWXUEDQFHV �7,'V� ZLWK VPDOO

SHULRG �49�4<plq� LV FRQVLGHUHG� 7KH GLnHUHQW SLFWXUHV RI HYROXWLRQ RI WKH $*: OLNH

LQLWLDO SHUWXUEDWLRQ DUH REWDLQHG LQ YHUWLFDO� KRUL]RQWDO ZLQGV DQG LWV VKHDU GLUHFWLRQV�

7KH LPSRUWDQFH RI FRXSOLQJ EHWZHHQ WKH JUDYLW\ DQG VKHDU ZDYHV LQ WKH KRUL]RQWDO

VKHDU pRZ LV VKRZQ� 7KH SRVVLELOLW\ RI WUDQVIRUPDWLRQ RI WKH VKHDU ZDYHV LQWR WKH

$*:V LV GHPRQVWUDWHG�

Nh| zrugv dqg skudvhv=+\GURG\QDPLF (TXDWLRQV� $WPRVSKHULF *UDYLW\ :DYHV�
6KHDU )ORZ�

DPV vxemhfw fodvvl�fdwlrq= ��*��� ��*��

�� W?|hL_�U|�L?

Vkhdu �rz lv d srvvleoh hqhujhwlf vrxufh iru h{flwdwlrq ri ydulrxv w|shv ri
zdyhv lq wkh dwprvskhuh +vhh ^407`,1 Wkh gl�huhqw vrxufhv iru wkh h{flwdwlrq
ri wkh dwprvskhulf judylw| zdyhv +DJZv, duh nqrzq +vhh ^80;`, dqg wkh|
hvvhqwldoo| frqwulexwh wr wkh hqhujhwlfv ri wkh orzhu dqg xsshu dwprvskhuh1
Lq wkh hduolhu +vhh ^<`, dqg pruh odwhu frqvlghudwlrqv +vhh ^43046`, wkh zdyh
phdq �rz lqwhudfwlrqv duh qrwhg wr eh hvvhqwldo iru wkh DJZv jhqhudwlrq
dqg wkhlu sursdjdwlrq lq wkh wkhuprvskhuh1 Zh frqvlghu wkh skhqrphqrq ri
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phdq �rz zdyh lqwhudfwlrq dv d srvvleoh vrxufh ri wkh DJZv dpsol�fdwlrq
lq wkh wkhuprvskhuh dqg dovr iru wkh orzhu dwprvskhuh1

Lq wkh suhvhqw sdshu zh ghyhors wkh olqhdu wkhru| ri hyroxwlrq ri lqlwldo
dwprvskhulf judylw| zdyholnh shuwxuedwlrqv lq wkh krul}rqwdo vkhdu �rz
iru wkh wkuhh0glphqvlrqdo fdvh1 Khuhdiwhu/ xqghu wkh krul}rqwdo vkhdu �rz
zh phdq frqvwdqw vkhdu ri krul}rqwdo zlqgv orfdwhg lq wkh vdph sodqh1
Wkh dwprvskhuh lv frqvlghuhg wr eh lqylvfhg/ lvrwkhupdoo| vwudwl�hg dqg

yhorflw| shuwxuedwlrq lqfuhdvhv zlwk wkh khljkw dv �
3

�

2

f
+vhh ^8`,/ zkhuh

�f lv wkh edfnjurxqg ghqvlw| ri wkh dwprvskhuh1 Zh xvh wudqvirupdwlrq
ri shuwxuedwlrqv zklfk fruuhvsrqgv wr wkh qrqprgdo dqdo|vlv lq d prylqj
frruglqdwh iudph1 Wklv phwkrg ri fkdqjh ri lqghshqghqw yduldeohv iurp
Fduwhvldq wr d prylqj iudph lv lqyroyhg lq hduo| zrunv ri Orug Nhoylq ^47`
dqg Ruu ^48`1 Xvh ri wkh vsdwldo Irxuulhu h{sdqvlrq lq wkh prylqj iudph
hqdeohv wr fkdqjh wkh vsdwldo lqkrprjhqhlw| lq wkh jryhuqlqj htxdwlrqv
zlwk lqkrprjhqhlw| lq wlph1 Wklv w|sh ri qrqprgdo dqdo|vlv ri hyroxwlrq
ri wkh lqlwldo zdyholnh shuwxuedwlrq lq olqhdu vkhdu �rz iru wzr0ghphqvlrqdo
fdvhv zdv uhfhqwo| ghyhorshg e| pdq| dxwkruv= Iduuhoo dqg Lrdqqrx ^49`/
Fkdjholvkylol hw do1 ^4:` dqg Urjdyd dqg Pdkdmdq ^4;`1 Iduuhoo dqg Lrdqqrx
^49` dqg Urjdyd dqg Pdkdmdq ^4;` frqvlghuhg hyroxwlrq ri lqwhuqdo zdyhv
lq krul}rqwdo zlqgv zlwk yhuwlfdo frqvwdqw vkhdu1

Lq wkh suhvhqw lqyhvwljdwlrq/ wkh krul}rqwdo vkhdu �rz jlyhv gl�huhqw
slfwxuhv ri wkh hyroxwlrq ri lqlwldo zdyholnh shuwxuedwlrq/ frpsduhg wr wkh
lqyhvwljdwlrq ri wkh fdvhv ri yhuwlfdo vkhdu/ uhihuuhg deryh1 Wkh wkuhh0
glphqvlrqdolw| lv hvvhqwldo ~ lq dq| gluhfwlrq wkh slfwxuhv ri hyroxwlrq ri
lqlwldo zdyholnh shuwxuedwlrq ri yhorflw| duh gl�huhqw1 Rq wkh edvlv ri prgl0
�hg h{srqhqwldo prgdo dqdo|vlv +vhh ^4</53`,/ iru zklfk zdyh iuhtxhqf| dqg
lwv h{srqhqwldo dpsol�fdwlrq2gdpslqj udwhv ghshqg rq wlph/ lw lv frqyh0
qlhqw wr lqyhvwljdwh hyroxwlrq ri zdyholnh lqlwldo shuwxuedwlrq1

Gl�huhqwo| hduolhu zrunv suhvhqw lqyhvwljdwlrq doorzv xv wr rewdlq=

41 Htxdwlrq ghvfulelqj dpsol�fdwlrq2gdpslqj dqg frxsolqj ri wkh DJZ
dqg wkh yruwlfdo shuwxuedwlrq orfdwhg lq wkh krul}rqwdo sodqh ~ vkhdu zdyhv
lq krul}rqwdo vkhdu �rz>

51 Wkh dqdo|wlfdo dssurdfk wr d wlph ydu|lqj vshfwuxp ri wkh DJZ dqg
vkhdu zdyhv lq wkh fdvhv ri wkhlu lqghshqghqw hyroxwlrq lq wkh krul}rqwdo
vkhdu �rz> Wkh srvvlelolw| ri wudqvirupdwlrq ri wkh vkhdu zdyhv lqwr wkh
DJZv lq wkh krul}rqwdo vkhdu �rz>

61 Wkh odujh vfdoh lrqrvskhulf glvwxuedqfhv +WLGv, zlwk vpdoo +490
4<plq, shulrgv dv d pdqlihvwdwlrq ri sursdjdwlrq ri wkh DJZ hyroylqj lq
wkh krul}rqwdo vkhdu �rz1

Wkh sdshu kdv wkh iroorzlqj vwuxfwxuh= Lq vhfwlrq 5 d vhw ri olqhdu htxd0
wlrqv ghvfulelqj wkh hyroxwlrq ri DJZ lq krul}rqwdo vkhdu �rz lv rewdlqhg1

9;
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Lq vhfwlrq 6 wkh vhw ri jhqhudo htxdwlrqv iru fhuwdlq dwprvskhulf frqglwlrqv
lv vroyhg dqdo|wlfdoo|1 Lq vhfwlrq 7 wkh frxsolqj ehwzhhq wkh DJZ dqg
vkhdu zdyhv lv frqvlghuhg qxphulfdoo|1 Frqfoxglqj uhpdunv duh jlyhq lq
vhfwlrq 81

2� �@|�i4@|�U@* uLh4@*�t4

Wkh lqwhuqdo zdyhv lq wkh lylvfhg dwprvskhuh/ zkhq wkh judylw| irufh dqg
edfnjurxqg krul}rqwdo vkhdu �rz duh wdnhq lqwr dffrxqw/ duh ghvfulehg e|
wkh iroorzlqj vhw ri olqhdul}hg htxdwlrqv=

�f

�
G�y

Gw
. +�y � u, �xf

�
@ �us. ��j> +4d,

G�

Gw
. �y � u�f . �fu � �y @ 3> +4e,

Gs

Gw
@ �fr2�fu � �y � �y � usf> +4f,

zkhuh
G

Gw
@

C

Cw
. �xf � u>

�y @ �y+x> y> z, lv wkh yhorflw|> x> y> z duh wkh frpsrqhqwv ri wkh shuwxuehg
yhorflw| lq {> | dqg } gluhfwlrq/ uhvshfwlyho|1 {> | duh wkh krul}rqwdo dqg }
lv wkh yhuwlfdo frruglqdwh> j lv wkh dffhohudwlrq ri judylw|> �xf @ �xf+xf> 3> 3,
lv wkh edvlf vwdwh krul}rqwdo zlqg1 Iru krul}rqwdo vkhdu �rz/ xf lv jlyhq e|

xf @ d|> +5,

zkhuh d lv wkh vkhdu ri wkh krul}rqwdo zlqg> � dqg s duh wkh shuwxuedwlrqv
ri ghqvlw| dqg suhvvxuh/ uhvshfwlyho|> �f/ sf duh wkh xqshuwxuehg ydoxhv>
fr@+� Rf

4f
,�*2 lv wkh yhorflw| ri vrxqg / � lv wkh udwlr ri vshfl�f khdwv1 Lq +4d,

wkh frqglwlrq ri k|gurvwdwlf htxloleulxp/

�fj �usf @ 3> +6,

kdv ehhq uhpryhg1 Iru dq lvrwkhupdo dwprvskhuh/ htxdwlrq +6, jlyhv wkh
zhoo nqrzq edurphwulf khljkw sur�oh iru wkh xqshuwxuehg +edfnjurxqg,
suhvvxuh dqg ghqvlw|=

sf @ sffh{s
�
� }

K

�
> �f @ �ffh{s

�
� }

K

�
> +7,

zkhuh K @ f2@�j lv wkh dwprvskhulf vfdoh khljkw/ sff dqg �ff duh wkh
suhvvxuh dqg ghqvlw| dw khljkw } @ 3/ uhvshfwlyho|1 Vrxqg yhorflw| fr dqg
dwprvskhulf vfdoh khljkw K lv dvvxphg dv frqvwdqw zlwk khljkw1

9<
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Zh lqwurgxfh qhz yduldeohv=

{E�� @ {� d|w> |E�� @ |> }E�� @ } +8,

dqg wudqviruphg dwprvskhulf sdudphwhuv e| phdqv ri wkh iroorzlqj uhod0
wlrqv=

s> �+{> |> }> w, @ s�> ��+{
E��> |E��> }E��> w, � h{s

#
�}E��

5K

$
> +9,

x> y> z+{> |> }> w, @ x�> y�> z�+{
E��> |E��> }E��> w, � h{s

#
}E��

5K

$
= +:,

Wklv zhoo nqrzq wudqvirupdwlrq +8, h�hfwlyho| wdnhv xv iurp d Fduwhvldq
wr wkh orfdo uhvw iudph ri wkh edvlf �rz +vhh ^9/54`,1 Wkh uhodwlrqv +9,/ +:,
duh frqyhqlhqw iru ghvfulelqj DJZ +vhh ^8`,1 Lq wkh qhz yduldeohv/ +8,/ iru
wkh glvwxuehg sdudphwhuv/ +9, dqg +:,/ wkh Irxulhu wudqvirupdwlrq lv xvhg=

t� @

] n"

3"

t&+w,h{s^l+n%{. +n+ � dn%w, | . n5},`gn%gn+gn5 @

] n"

3"

t&+w,h{s
k
l+n%{

E�� . n+|
E�� . n5}

E��,
l
gn%gn+gn5> +;,

zkhuh t� � is�> ��> x�> y�> z�j dqg t&+w, � is&> �&> x&> y&> z&j +w, duh wkh
yhfwruv ri edvlf shuwxuehg ydoxhv dqg wkhlu vsdwldo Irxulhu kduprqlfv +VIK,/
uhvshfwlyho|> �n @ �n+n%> n+> n5, lv wkh zdyhqxpehu1

Xvh ri +8,0+;, lq htxdwlrqv +4,/ iru wkh dpsolwxghv t&+w, jlyhv wkh iro0
orzlqj htxdwlrqv

�ffx
�

& @ �ln%s& � d�ffy&> +<d,

�ffy
�

& @ �ln|s&> +<e,

�ffz
�

& @ �
�
ln5 � 4

5K

�
s& � j�&> +<f,

�
�

&

�ff
@ �l +n%x& . n|y&,�

�
ln5 � 4

5K

�
z&> +<g,

s
�

&

�fff2r
@ �l +n%x& . n|y&,� +ln5 �H,z&> +<h,

n|+w, @ n+ � dn%w> +<i,

zkhuh H @ 23�
2�M lv wkh lvrwkhupdo Hfnduw frh�flhqw +vhh ^:`,1 Khuh dqg

khuhdiwhu +�, � YE�
Y| 1
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Wkxv n|+w,/ lq olqhdu dssur{lpdwlrq/ glvsod|v d guliw ri wkh Irxulhu kdu0
prqlfv lq wkh n0vsdfh1 Htxdwlrqv +<, pdnh xs d pdwkhpdwlfdoo| forvhg
v|vwhp ri gl�huhqwldo htxdwlrqv1 Wkhvh olqhdul}hg htxdwlrqv/ lq wkh devhqfh
ri vkhdu �rz/ ghvfuleh dfrxvwlf0 judylw| zdyhv lq lqylvfhg lvrwkhupdo dwpr0
vskhuh +vhh ^8`,1

Lq rughu wr frqvlghu hyroxwlrq ri wkh VIK ri vpdoo shuwxuedwlrq gh0
vfulehg e| htxdwlrqv +<, wkh iroorzlqj fkdudfwhulvwlf wlph lv xvhg

w@ @ 5

���� n+dn%

����> +43,

zklfk lq wkhvh htxdwlrqv fkdudfwhul}hv yduldwlrq ri n|+w, +htxdwlrq +<i,, dqg
wkh wlph lqkrprjhqhlw|/ uhvshfwlyho|1 Khuhdiwhu zh frqvlghu vkhdu d A 31
Wlph lqwhuydov ri �w� w@ fruuhvsrqg wr wkh vpdoo fkdqjhv ri zdyhqxpehu
n|+w,1 Lq wkh suhvhqw sdshu wkh iroorzlqj dqdo|vlv zloo vkrz wkdw ghvfulswlrq
ri hyroxwlrq ri wkh lqlwldo shuwxuedwlrq lq krul}rqwdo vkhdu �rz e| phdqv
ri wlph w@ lv frqyhqlhqw1 Lq wkh fdvhv zkhq wkh shulrg ri sodqh zdyholnh
shuwxuedwlrqv lv vx�flhqwo| vpdoo lq frpsdulvrq zlwk w@ rqh xvxdoo| h{shfwv
wkdw wkh vhw ri olqhdu htxdwlrqv +<, ghvfulehv wkh txdvlvlqxvrlgdo rvfloodwlrqv/
dqg wkh vshfwuxp fruuhvsrqgv wr wkh DJZ rewdlqhg e| Klqhv ^8`1

�� A�i i �t|i?Ui Lu @|4LtT�ih�U }h@��|) @?_ t�i@h �@�it
i�L*��?} �? �Lh�3L?|@* t�i@h �L�

Lw vkrxog eh qrwhg wkdw lq wkh jryhuqlqj htxdwlrqv +4, wkh lqkrprjhqhlw|
zlwk vsdfh lv fdxvhg e| wkh krul}rqwdo zlqgv +xf+|,,/ xqshuwxuehg ghqvlw|
+�f+},, dqg suhvvxuh +sf+},,1 Xvh ri wudqvirupdwlrq +8,0+;, doorzv xv wr
uhgxfh wkhvh jryhuqlqj htxdwlrqv wr wkh vhw ri htxdwlrqv +<,/ zkhuh lqkrpr0
jhqhlw| +n|+w,, rffxuv lq wlph1 Wkxv/ zh kdyh uhgxfhg wkh vhw ri htxdwlrqv
+4, wr wkh lqlwldo0ydoxh sureohp1 Lq rughu wr rewdlq wkh vshfwuxp ri wkh
DJZv lq wkh suhvhqfh ri vkhdu �rz zh zloo wudqvirup wkh vhw ri htxdwlrqv
+<, wr wkh pruh hdvlo| dqdo|}hg irup1 Wdnlqj wkh ghulydwlyhv ri htxdwlrq
+<g, zlwk uhvshfw wr wlph dqg holplqdwlqj x&> y& dqg z& xvlqj ri +<d,0+<f,
dqg +<h, doorzv xv wr rewdlq wkh iroorzlqj htxdwlrq lq wkh fdvh ri mn5m A �

2M =�
n2% . n2| . n25 .

4

7K2

�
�

���

& . $2
�

�
n2% . n2|

�
�

�

&�

7dn%n|

k
$2
��& . �

��

&

l
@ 3> +44,

zkhuh $� @
k
E�3��M

�}

l�*2
lv wkh lvrwkhupdo Euxqw0Y�dlv�do�d iuhtxhqf|1 Wkh

odvw whup lq +44, lv fdxvhg e| wkh suhvhqfh ri wkh krul}rqwdo vkhdu �rz1
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Zh kdyh frqvlghuhg orqjshulrg dssurdfk dqg qhjohfwhg kljkhu rughuv ri
wlph ghulydwlyhv lq +44,1 Lq +44, iru odujh wlphv ri w  w@ frh�flhqwv ri
�

���

& dqg �
�

& duh sursruwlrqdo wr w2 dqg wkh frh�flhqw +7dn%n|, ri wkh odvw
whup +$2

��& . �
��

&, lv sursruwlrqdo wr w1 Wkhvh ghshqghqfhv vkrz wkdw lq
htxdwlrq +44, iru odujh wlphv ri w  w@ wkh odvw whup lv frpsdudeo| vpdoo1
Wkhuhiruh lqwhjudwlqj zlwk uhvshfw wr wkh wlph zh rewdlq htxdwlrq zklfk
ghvfulehv rvfloodwlrqv ri wkh VIK dpsolwxghv ri zdyholnh shuwxuedwlrq e|
wkh lvrwkhupdo Euxqw0Y�dlv�do�d iuhtxhqf|/ $�1 Vr/ lw fdq eh vdlg wkdw iru
juhdw wlphv ri w w@ htxdwlrq +44, ghvfulehv rvfloodwlrqv ri wkh DJZv zlwk
Euxqw0Y�dlv�do�d iuhtxhqf| dqg zlwk dpsolwxgh zklfk lv qhduo| vdwxudwhg1

Zh vhhn dq dqdo|wlf vroxwlrq ri +44, lq wkh iroorzlqj irup=

�& @ D � h{s ^�l+w,` > +45,

zkhuh +w, @ o+w, . l�+w, lv wkh frpsoh{ ydoxhg skdvh/ o+w, dqg �+w,
duh wkh uhdo dqg lpdjlqdu| sduwv ri wkh skdvh/ uhvshfwlyho|1 

�

o+w, dqg 
�

�+w,
duh wkh wlph ghshqghqw iuhtxhqf| ri zdyhv dqg lwv fruuhvsrqglqj shuwxuehg
ghqvlw| dpsolwxghv dpsol�fdwlrq2gdpslqj udwh/ uhvshfwlyho|1 Zkhq 

�

gr
qrw ghshqg rq wlph/ htxdwlrq +45, fruuhvsrqgv wr wkh xvxdo h{srqhqwldo
prgdo wudqvirupdwlrq/ zklfk lq wkh fdvh ri qr vkhdu/ d @ 3/ iurp htxdwlrqv
+<, jlyhv wkh vshfwuxp ri DJZ +vhh ^8`, lq lqylvfhg lvrwkhupdo dwprvskhuh1
Wudqvirupdwlrqv +;, dqg +45, fruuhvsrqg wr wkh prgl�hg h{srqhqwldo prgdo
wudqvirupdwlrq/ zklfk lv frqyhqlhqw wr lqyhvwljdwh wkh vshfwuxp ri lq vkhdu
�rz hyroylqj zdyhv1 Dffruglqj wr wudqvirupdwlrq +45, ydoxh D � h{s ^�+w,`
lv wkh wlph ydu|lqj dpsolwxgh ri �&1

Li zh frqvlghu wkh vpdoo fkdqjhv ri skdvh�����
��

�

������ $�> +46,

xvh ri +45, lq +44, iru 
�

jlyhv wkh iroorzlqj vroxwlrq=


�

�c2 @ 	$}+w, . l
�

�}+w,> +47,

zkhuh ydoxh $}+w,

$2
}+w, @

$2
�

�
n2% . n2|

�
n2% . n2| . n25 .

�
eM2

> +48,

lv wkh wlph ydu|lqj iuhtxhqf| ri dwprvskhulf judylw| zdyhv1 Lq wkh fdvh ri qr
vkhdu/ d @ 3/ wklv h{suhvvlrq grhv qrw ghshqg rq wkh wlph dqg fruuhvsrqgv
wr wkh iuhtxhqflhv ri wkh odujh zdyhohqjwk/ �%> �+> �5 A K/ DJZv jlyhq
lq Uhiv ^55057`1 Khuh �%/ �+ dqg �5 duh zdyhohqjwkv lq krul}rqwdo {/ |
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dqg yhuwlfdo } gluhfwlrq/ uhvshfwlyho|1 Wkh dpsol�fdwlrq2gdpslqj udwh ri
judylw| zdyhv/ 

�

�}/ lv=


�

�}+w, @ �
6$

�

}

5$}
.

5dn%n|

n2% . n2| . n25 .
�

eM2

�
4� $2

�

$2
}+w,

�
= +49,

Lq +48, dqg +49, frqglwlrq +46, lv lghqwlfdo wr lqhtxdolw| $}  
����

�}

��� zklfk
kdv ehhq xvhg1

Ydoxhv $}+w,/ +48,/ dqg $�}+w,/ +49,/ ghvfuleh wkh hyroxwlrq ri dwpr0
vskhulf judylw| zdyhv lq wkh krul}rqwdo vkhdu �rz1 Iru wkh shuwxuehg ghq0
vlwlhv VIK dpsolwxgh ri wkh DJZ xvlqj htxdwlrqv +48, dqg +49,/ iurp +45,
zh rewdlq wkh iroorzlqj h{suhvvlrq=

�&} @ D}

�
$}

$}f

� �

2

h{s ^�l}+w,` > +4:,

zkhuh }+w, @
U |
f $}

�
w
�

�
gw

�

/ $}f � $}+w @ 3, @ $}+� @ 3, dqg D} lpsolhv

wkh dpsolwxgh ri wkh VIK ri judylw| zdyhv dw lqlwldo wlph w @ 31 Khuh dqg
khuhdiwhu iru wkh vlpsolflw| wkh lqlwldo frqglwlrq +w @ 3, @ 3 lv xvhg1

Dffruglqj wr htxdwlrq +48, wkh judylw| zdyh iuhtxhqf|/$}+w,/ kdv wkh
plqlpxp ydoxhv dw wlph w @ |@

2
dqg iru odujh wlphv ri w  w@ whqgv wr wkh

lvrwkhupdo Euxqw0Y�dlv�do�d iuhtxhqf| $�1 Vr/ wkh lvrwkhupdo Euxqw0Y�dlv�do�d
iuhtxhqf| $� lv fxwr� iuhtxhqf| ri wkh lq krul}rqwdo vkhdu �rz hyroylqj
DJZv1 Htxdwlrqv +48,0+4:, dovr vkrz wkdw wkh lqfuhdvh ri dpsolwxghv ri
wkh VIK ri ghqvlw| shuwxuedwlrq ri wkh DJZ dsshduv dw wlph w A w@1 Vr/
vroxwlrq +47, ri htxdwlrq +44, ghvfulehv wkh irupdwlrq ri wkh DJZv zlwk
vpdoo shulrgv +qhduo| 2Z

/�
,1 Dffruglqj wr htxdwlrq +48, dqg +49, iru odujh

wlphv ri w w@wkh skdvh yhorflw| ri wkh judylw| zdyhv lq { gluhfwlrq whqgv
wr wkh ydoxh ri /�

&%
1

Khqfhiruwk lq hvwlpdwlrqv/ iru wkh whuuhvwuldo dwprvskhuh wkh ydoxh � @
4=7 zloo eh xvhg +^:`,1 Lq wkh iroorzlqj zh fkrrvh wkh ydoxhv ri zdyhqxp0

ehu lq dffrugdqfh zlwk frqglwlrq
��� &5
&%c+

��� @ b%c+
b5

@ 6 � 431 Wkh lrqrvskhuh

pdqlihvwdwlrq ri wkh DJZv sursdjdwlrq lv WLGv +vhh ^8`/ ^46` dqg ^58`,1 Li
zh fkrrvh wkh zdyhohqjwkv lq dffrugdqfh zlwk wkh vl}hv ri wkh odujh vfdoh
WLGv/ �% � 4333np/ dwprvskhulf vfdoh khljkw K @ 93np dqg zlqgv gl0
uhfwlrq/ {/ lv wkh phulglrqdo dqg lwv vkhdu kdv wkh }rqdo gluhfwlrq/ wkhq
iru wlphv ri w A w@ wkh judylw| zdyh shulrg whqgv wr wkh shulrg derxw
48 � 49plq1 Wklv fdvh fruuhvsrqgv wr wkh irupdwlrq ri odujh vfdoh WLGv
zlwk vpdoo shulrg dqg skdvh yhorflw| +* /�

&%
, lq wkh phulglrqdo gluhfwlrq

derxw � 4333� 4433p � v3�1 Wkh shulrg ri qhduo| 49� 4<plq lv lq djuhh0
phqw zlwk revhuydwlrq ri odujh vfdoh WLGv e| Zlooldpv hw do1 ^59`/ Erzpdq
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^5:` dqg dovr revhuydwlrqv e| R|d hw do1 ^5;`1 Wkh irupdwlrq ri wkh vpdoo
shulrg DJZ +qhduo| Euxqw0Y�dlv�do�d shulrg, lq wkh krul}rqwdo vkhdu �rz zloo
eh pruh fohduo| looxvwudwhg qxphulfdoo| lq wkh qh{w vhfwlrq1

Qrwh/ wkdw wkh prohfxodu ylvfrvlw|/ zklfk lv hvvhqwldo iru wkh glvvlsdwlrq
ri judylw| zdyhv lq wkh lrqrvskhuh I0uhjlrq +vhh ^8`,/ iru wkh odujh vfdoh
judylw| zdyhv/ �%c+  K/ lv frpsdudeo| vpdoo +vhh ^5</63`, dqg lq htxd0
wlrqv +<, iru vlpsolflw| zh kdyh qhjohfwhg lw1 Dffruglqj wr Pd|u hw do1
^43` dqg Ulfkprqg ^63` iru judylw| zdyh zlwk d krul}rqwdo skdvh yhorflw|
derxw :83 p v3� wkh whpshudwxuh dqg zlqg shuwxuedwlrqv dw wkhuprvskhulf
khljkwv duh ghfd|lqj vorzo| ehiruh uhdfklqj wkh htxdwru1 Vr rqh pd| h{shfw
wkdw judylw| zdyh fdq srvvleo| dsshdu dw wkh plg0odwlwxgh I0uhjlrq1 Lq wklv
fdvh zh frqvlghu wkh srodu uhjlrqv dv wkh pdlq vrxufh ri wkh DJZ jhqhud0
wlrq ri zklfk wkh lrqrvskhulf pdqlihvwdwlrq lv wkh odujh vfdoh WLGv1 Lq wkh
suhvhqw frqvlghudwlrq wkh suhvhqfh ri krul}rqwdo vkhdu �rz lv srvvleo| dq
dgglwlrqdo vrxufh ri judylw| zdyh jhqhudwlrq dqg lw zrxog eh wkh uhdvrq iru
wkh odujh vfdoh WLGv revhuyhg lq wkh plg0odwlwxghv lrqrvskhuh1

Htxdwlrq +44, kdv dovr wkh wklug vroxwlrq zlwk }hur iuhtxhqf| +Uh+
�

�
, @

3, dqg wkh dpsol�fdwlrq2gdpslqj udwh + Lp+
�

�
, � 

�

�r�, fdq eh zulwwhq
dv=


�

�r�+w, @
7dn%n|
n2% . n2|

= +4;,

Wklv w|sh ri zdyh +zklfk lv gxh wr wkh suhvhqfh ri wkh krul}rqwdo vkhdu �rz,
zdv uhihuuhg dv wkh vkhdu zdyh +vhh ^4<`,1 Khuh dqg khuhdiwhu wkh vxevfuls0
wlrqv j dqg vk ghqrwh wkh ydoxhv iru judylw| dqg vkhdu zdyhv/ uhvshfwlyho|1
Xvlqj ri +4;, lq +<, iru wkh ydoxhv ri dpsolwxghv ri wkh VIK ri vkhdu zdyhv
zh rewdlq wkh iroorzlqj h{suhvvlrqv=

�&r� @ dDr�

#
n2% . n2+
n2% . n2|

$2

> +4<d,

s&r� @

dDr�j

�
ln5 .

4

5K

�

n25 .
4

7K2

#
n2% . n2+
n2% . n2|

$2

> +4<e,

x&r� @ �
Dr�j

�
n5 � l

5K

��
n2% . n2+

�2
5�ffn2%

�
n25 .

4

7K2

� n|
n2% . n2|

> +4<f,

y&r� @

Dr�j

�
n5 � l

5K

��
n2% . n2+

�2
5�ffn%

�
n25 .

4

7K2

� 4

n2% . n2|
> +4<g,
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z&r� @ 3> +4<h,

zkhuh dDr� fruuhvsrqgv wr wkh dpsolwxgh ri ghqvlw| shuwxuedwlrq iru wkh
vkhdu zdyhv dw lqlwldo wlph w @ 31 Dffruglqj wr htxdwlrqv +4<, fkdqjhv ri
wkh dpsolwxghv ri wkh VIK ri vkhdu zdyhv +zklfk lv gxh wr wkh suhvhqfh
ri krul}rqwdo vkhdu �rz, duh hvvhqwldo dw wlph w � w@ dqg zkhq w  w@
wkh dpsolwxghv ydqlvk1 Dffruglqj wr htxdwlrqv +4<, wkh vkhdu zdyh fru0
uhvsrqgv wr wkh vwdqglqj w|sh +Uh+

�

, @ 3, lqfrpsuhvvleoh +u � y @ 3,
yruwlfdo ++u� y,5 @ frqvw, shuwxuedwlrq/ h{flwhg lq krul}rqwdo vkhdu �rz1
Wkh sduw ri whup d�ffy& lq +<d, lv vlplodu wr wkh h�hfw ri wkh Frulrolv irufh
iru wkh wudglwlrqdo dssurdfk zkhq wkh yhuwlfdo frpsrqhqw ri wklv irufh lv
qhjohfwhg1 Lq wklv fdvh yruwlfdo shuwxuedwlrq lv dpsol�hg gxulqj wkh hvwde0
olvkhg edodqfh ehwzhhq wkh shuwxuedwlrq ri wkh vkhdu gluhfwlrq yhorflw| ri
wkh urwdwlrq gulylqj edfnjurxqg �rz dqg wkh suhvvxuh judglhqw1 Lq wklv fdvh/
dffruglqj wr htxdwlrqv +4<, wkh dpsol�fdwlrq2gdpslqj ri wkh dpsolwxghv ri
wkh vkhdu zdyhv duh hvvhqwldo dw wlph w � w@1 Dffruglqj wr htxdwlrq +:, wkh
dpsolwxgh ri wklv w|sh ri dwprvskhulf yruwlfdo shuwxuedwlrq ~ vkhdu zdyhv

lqfuhdvh zlwk khljkw dv � �
3

�

2

f
+� h{s+ 5

2M
,,1 Wkh odvw skhqrphqrq dqg wkh

hvvhqwldo ghshqghqfh rq wkh yhuwlfdo zdyhqxpehu +vhh htxdwlrq +4<,,/ n5/
ri wkh ydoxhv ri dpsolwxgh ri wkh vkhdu zdyhv vkrz lwv gl�huhqfh iurp wkh
yruwlfdo zdyhv frqvlghuhg lq Uhi1 ^64` iru wkh fdvh ri lqfrpsuhvvleoh �xlgv1
Rqh pruh hvvhqwldo ghshqghqfh rq n5 iru wkh vkhdu zdyhv dpsolwxghv/ zklfk
vkrzv srvvlelolw| ri lwv wudqvirupdwlrq lqwr wkh DJZv/ zloo eh frqvlghuhg lq
wkh qh{w vhfwlrq1 Wkh h{flwdwlrq ri wkh vkhdu zdyhv lq krul}rqwdo vkhdu �rz
lv qrwlfhdeoh iru wkuhh0glphqvlrqdo fdvh ri hyroxwlrq ri zdyh0olnh shuwxued0
wlrq1 Wkh h�hfw ri wkuhh0glphqvlrqdolw| ri hyroxwlrq ri wkh DJZ dqg vkhdu
zdyhv pruh fohduo| dsshduv lq wkh qxphulfdo dqdo|vlv ri wkh hyroxwlrq ri
dpsolwxgh ri wkhvh zdyhv lq wkh krul}rqwdo vkhdu �rz1 Wkh h�hfw ri wkuhh0
glphqvlrqdolw| ri shuwxuedwlrq hyroxwlrq lq krul}rqwdo +sdudooho, vkhdu �rz
iru lqfrpsuhvvleoh �xlg zlwkrxw vwudwl�fdwlrq zdv qrwhg lq Uhi1 ^65`1

H{suhvvlrqv +48,0+4;, dqg +4<, ri lqghshqghqw hyroxwlrq ri wkh VIK
dpsolwxgh ri wkh DJZ dqg vkhdu zdyhv lq krul}rqwdo vkhdu �rz fdq eh
dssolhg wr vpdoo wlph lqwhuydov ri �w ? w@1 Lq wklv fdvh hyroxwlrq ri wkh
DJZ dqg vkhdu zdyhv fdq eh frqvlghuhg lqghshqghqwo|1 Lq wklv dssurdfk
wkh srvvleoh fkdqjhv ri wkh dpsolwxghv ri VIK/ fdxvhg e| wkh frxsolqj eh0
wzhhq judylw| dqg vkhdu zdyhv lq vkhdu �rz/ duh qrw wdnhq lqwr dffrxqw1
Lq wkh vhtxho zh frqvlghu qxphulfdoo| wkh fdvh ri wkh hyroylqj judylw| dqg
vkhdu zdyhv lq krul}rqwdo vkhdu �rz iru orqj wlph lqwhuydov ri �w A w@/ lq
zklfk dsshdudqfh ri erwk w|sh ri zdyhv* lv hvvhqwldo1
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e� �L�T*�?} Mi|�ii? |�i @|4LtT�ih�U }h@��|) @?_ t�i@h
�@�it

Wkh vhw ri htxdwlrqv +<, ghvfuleh hyroxwlrq ri wkh VIK dpsolwxghv ri frxsohg
zdyhv lq vwudwl�hg dwprvskhuh lq wkh suhvhqfh ri krul}rqwdo vkhdu �rz1
htxdwlrq +44, fohduo| vkrzv wkh frxsolqj ehwzhhq wkh DJZ dqg yruwlfdo
w|sh shuwxuedwlrq ~ vkhdu zdyhv1 Vroxwlrqv +46,0+49, dqg +4<, fruuhvsrqg
wr wkh fdvh ri lqghshqghqw hyroxwlrq ri wkh DJZ dqg vkhdu zdyhv lq wkh
krul}rqwdo vkhdu �rz1 Lq wklv fdvh wkh fkdqjhv ri wkhlu dpsolwxghv fdxvhg
e| wkh frxsolqj ehwzhhq wkhvh zdyhv duh qrw wdnhq lqwr dffrxqw1 Zkhq
wkh frxsolqj ehwzhhq wkh DJZ dqg vkhdu zdyhv lv hvvhqwldo wkh ydoxhv ri
dpsol�fdwlrq2gdpslqj udwhv ri dpsolwxghv ri VIK ri wkh DJZ/ +49,/ dqg
wkdw ri wkh vkhdu zdyhv/ +4;,/ duh qrw ydolg1 Zkhq wkh fkdqjhv ri dpsolwxghv
ri wkh DJZ dqg vkhdu zdyhv gxh wr wkh frxsolqj lq krul}rqwdo vkhdu �rz
lv hvvhqwldo wkhq iru wkh dpsol�fdwlrq2gdpslqj udwhv ri judylw| dqg vkhdu
zdyhv wkh iroorzlqj ghshqghqfh 

�

�} @ 
�

�}+$}>
�

�r�,> 
�

�r� @ 
�

�r�+$}>
�

�r�,
vkrxog eh wdnhq lqwr dffrxqw1 Dffruglqj wr wkhvh ghshqghqfhv wkh hqhuj|
h{fkdqjh ehwzhhq judylw| dqg vkhdu zdyhv rffxuhg gxulqj fkdudfwhulvwlf
wlph ri h{flwdwlrq ri vkhdu zdyhv/w � w@/ dv zhoo dv gxulqj rqh shulrg ri wkh
DJZ1

Ehorz zh frqvlghu qxphulfdoo| wkh srvvlelolw| ri lqghshqghqw hyroxwlrq
ri wkh DJZ dqg vkhdu zdyhv dqg wkh fkdqjhv ri wkhlu dpsolwxghv gxh wr
wkh frxsolqj ehwzhhq wkhvh zdyhv 1 Iru wklv zh fkrrvh wkh lqlwldo frqglwlrq
lq dffrugdqfh zlwk vroxwlrq +48,0+4:, iru wkh ghvfulelqj hyroxwlrq ri wkh
dpsolwxgh ri VIK ri wkh DJZ dqg lq dffrugdqfh zlwk htxdwlrqv +4<, iru wkh
vkhdu zdyhv1 Lq wkhvh fdvhv wr vroyh qxphulfdoo| wkh edvlf vhw ri htxdwlrqv
+<, ri hyroxwlrq ri wkh dpsolwxghv ri wkh VIK ri zdyhv zh xvh wkh iroorzlqj
qrupdol}hg ydoxhv=

Tg � iSg > Ug > Xg > Yg >Zgj +W , @
�

s&
�fff2r

>
�&
�ff

>
x&
fr

>
y&
fr

>
z&

fr

�
+w,> +53,

W @ $�w> +54,

�N+N%>N+>N5, @ �n+n%> n+> n5, � 5K> +55,

NA +W , @ N+ � �N%W= +56,

Khuh � lv wkh glphqvlrqohvv vkhdu

� @
d

$�
= +57,

:9
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Ohw xv qrwh wkdw dffruglqj wr +57, ydoxh

�32 @
$2

��
Cxf
C|

�2
>

lv wkh dqdorj| ri wkh Ulfkdugvrq qxpehu +Ul @
/2
�r

Y�f

Y5

s
2 , iru wkh krul}rqwdo

olqhdu vkhdu �rz1 Vr/ �32 lv d phdvxuh ri wkh uhodwlyh vwuhqjwk ri wkh
vwudwl�fdwlrq dqg vkhdu ri edfnjurxqg �rz1

Li zh xvh wkrvh qrupdol}hg ydoxhv/ +53,0+57,/ lq htxdwlrq +44, zh rewdlq
wkh iroorzlqj frh�flhqwv= N2

% . N2

A . N2
5 . 4 ri C�Ug@CW �/ N2

% . N2

A

ri CUg@CW dqg 7�N%NA ri U2

g . C2Ug@CW 21 Zkhq N2
% . N2

A . N2
5 .

4  �
N2
% .N2

A > 7�N%NA

�
wkh sduw ri judylw| zdyhv lq wkh vshfwuxp ri

dwprvskhulf zdyhv hyroylqj lq krul}rqwdo vkhdu �rz vkrxog eh hvvhqwldo1
Dffruglqj wr Glghexolg}h ^4<` wkh vhw ri htxdwlrqv +<, ghvfulehv hyroxwlrq
ri wkh DJZv dqg vkhdu zdyhv dv zhoo dv wkh kljk iuhtxhqflhv dfrxvwlf
zdyhv1 Iru wkh fdvhv mN%m > mN+m > mN5m @ R+4,wkh deryh uhihuuhg frh�flhqwv
lq +44, duh wkh vdph rughu iru wkh qrupdol}hg vkhdu sdudphwhuv � * 3=581 Lq
wkhvh fdvhv frxsolqj ehwzhhq doo w|shv ri zdyhv +dfrxvwlf/ judylw| dqg vkhdu
zdyhv, ghvfulehg e| wkh vhw ri htxdwlrqv +<, vkrxog eh hvvhqwldo1 Ehorz
zh xvh ydoxhv ri vkhdu sdudphwhuv ri � ? 3=581 Lq wkhvh fdvhv zh frqvlghu
wkh frxsolqj dqg srvvleoh lqghshqghqw hyroxwlrq ri wkh DJZv dqg vkhdu
zdyhv lq wkh krul}rqwdo vkhdu �rz e| qxphulfdo vroxwlrq ri htxdwlrqv +<,1
Qrwh wkdw zh kdyh qrw frqvlghuhg wkh frpsdudeoh vpdoo sduw ri fkdqjhv
ri dpsolwxghv ri wkh DJZ gxh wr wkh frxsolqj zlwk wkh dfrxvwlf zdyhv lq
vwudwl�hg dwprvskhuh +vhh ^</56`,1

Ehorz zh fkrrvh wkh ydoxhv ri krul}rqwdo zlqgv vkhdu/ d/ lq wkh lrqr0
vskhuh I50uhjlrq lq dffrugdqfh zlwk wkh uhylhz ri wkh vdwholwh zlqg phdvxuh0
phqwv jlyhq lq Pd|u hw do1 ^43`1 Dffruglqj wr Pd|u hw do1 ^43` wkh krul}rqwdo
wkhuprvskhulf zlqg phdvxuhg lq wkh srodu uhjlrqv lv ;33� 5333 p v3� dqg
pruh rq pdjqhwlfdoo| glvwxuehg gd|v1 Lq vrph fdvhv wkh fkdqjhv ri wklv
ydoxh ri yhorflw| iru 5�8J ri odwlwxgh lv vrphwlphv ri wkh vdph rughu dv wkh
ydoxh1 Wkxv/ lw lv srvvleoh wr fkrrvh wkh krul}rqwdo vkhdu ri wkh krul}rqwdo
zlqgv dv d @ 3=3334� 3=334 v3�/ dqg hyhq pruh1 Dffruglqj wr +57, wkhvh
ydoxhv ri vkhdu iru wkh dwprvskhulf vfdoh khljkw K @ 93np dw lrqrvskhuh
I50uhjlrq iru wkh qrupdol}hg vkhdu fruuhvsrqg wr � @ 3=348� 3=481

Lq Ilj1 4 wkh hyroxwlrq ri wkh dpsolwxgh ri VIK ri qrupdol}hg shu0
wxuehg yhorflwlhv Xg+W ,/ fdvh +d,/ Yg+W ,/ fdvh +e,/ dqg Zg+W ,/ fdvh +f,
ri wkh DJZ duh sorwwhg 1 Lq Ilj1 5 wkdw ri wkh hyroxwlrq ri vkhdu zdyhv duh
sorwwhg1 Iru erwk �jxuhv wkh vkhdu sdudphwhu � @ 3=34: dqg qrupdol}hg
zdyhqxpehuv N% @ 3=6> N+ @ 3=6> N5 @ 41 Lq wkhvh �jxuhv rqo| wkh uhdo

::
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sduwv ri yhorflw| dpsolwxghv duh sorwwhg1 Iru wkh vkruwhvw wkh qxphulfdo
uhvxowv ri wkh hyroxwlrq ri shuwxuehg ghqvlw| Ug+W , dqg suhvvxuh Sg+W ,
e| wkhlu vlplodulw| ri hyroxwlrq Zg+W , +fdvhv +f, lq Iljv 4 dqg 5, duh qrw
sorwwhg1 Wkh gl�huhqfh ehwzhhq hyroxwlrq ri judylw| dqg vkhdu zdyhv lv
fohduo| vhhq iurp Iljv 4 dqg 51 Lq erwk fdvhv wkh fkdqjhv ri shulrg dqg
dpsolwxghv ri wkh DJZ dqg vkhdu zdyhv gxh wr wkhlu pxwxdo frxsolqj dqg
wkh frxsolqj zlwk wkh dfrxvwlf zdyhv duh frpsdudeo| vpdoo dqg wkhlu hyr0
oxwlrq slfwxuhv lq wkh krul}rqwdo vkhdu �rz duh lq djuhhphqw zlwk htxdwlrqv
+48,0+4<,1 Lq wkh fdvhv ghprqvwudwhg lq Ilj1 4 +fdvh +f,, iru wkh judylw|
zdyh/ wkh vx�flhqw lqfuhdvh ri wkh VIK dpsolwxghv ri wkh yhuwlfdo yhorflw|
lv hvvhqwldo dw wlph W A W@1 Wkh hyroxwlrq ri wkh dpsolwxgh ri VIK ri wkh
DJZ lq wkh krul}rqwdo vkhdu �rz +vhh Ilj1 4, lv fkdudfwhul}hg e| wkh h�hfw
ri wkuhh0glphqvlrqdolw|1 Wkh hyroxwlrq ri wkrvh dpsolwxghv lq zlqg*v gluhf0
wlrq +vhh Ilj1 4+d,,/ lwv vkhdu gluhfwlrq +vhh Ilj1 4+e,, dqg lq wkh yhuwlfdo
gluhfwlrq +Ilj1 4+f,, duh gl�huhqw1 Dffruglqj wr wkh fdvh ghprqvwudwhg lq
Ilj1 4/ iru odujh wlphv ri W A W@ wkh DJZ shulrg whqgv wr wkh lvrwkhupdo
Euxqw0Y�dlv�do�d shulrg ~ zklfk djuhhv wr wkh vroxwlrq/ +47,0+49,/ ri wkh lqgh0
shqghqw hyroxwlrq ri judylw| dqg vkhdu zdyhv1

:;
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Ilj141 Hyroxwlrq ri dpsolwxghv ri wkh VIK +d,XN+W ,/ +e,YN+W , dqg

+f, ZN+W , ri wkh DJZ/ zkhq � @ 3=34:> N{ @ N| @ 3=6> N} @ 41

Ohw xv qrwh iru gh�qlwhqhvv= dffruglqj wr htxdwlrq +54, wkh qrupdol}hg
Euxqw0Y�dlv�do�d shulrg @ 5�> iru wkh dwprvskhulf vfdoh khljkwv K @ 43np
+dwprvskhuh ehorz wkh wkhuprvskhuh, dqg K @ 93np +wkh lrqrvskhuh I0
uhjlrq, vlqjoh xqlw| ri wkh qrupdol}hg wlph +W , fruuhvsrqgv wr * 93v dqg
* 483v/ uhvshfwlyho|1

Wkh qxphulfdo uhvxowv ri hyroxwlrq ri wkh vkhdu zdyholnh shuwxuedwlrq
sorwwhg lq Ilj1 5 lv lq dffrugdqfh zlwk vroxwlrq +4<, ri wkh lqghshqghqw
hyroxwlrq ri wkhvh zdyhv1 Lq wklv fdvh +vhh Ilj1 5 dqg htxdwlrqv +4<f,/
+4<g, dqg +4<g,, wkh hvvhqwldo fkdqjhv ri wkh dpsolwxgh ri yhorflw| VIK
rffxu lq wkh krul}rqwdo sodqh gxulqj wlphv ri W � W@1 Iru wlphv ri W A W@
wkh vkhdu zdyh gdpsv1 Wkh fdvhv ghprqvwudwhg lq Iljv 4 dqg 5 duh qhduo|
vdph dv wkh lqghshqghqw hyroxwlrq ri wkh DJZ dqg vkhdu zdyhv lq wkh
krul}rqwdo vkhdu �rz1

Dffruglqj wr vroxwlrq +4<, wkh vkhdu zdyhv dpsolwxgh ghfuhdvhv zlwk
lqfuhdvh ri wkh yhuwlfdo zdyhqxpehu mN5m dqg iurp htxdwlrq +44, lw lv xvx0
doo| h{shfwhg/ wkdw wkh fkdqjhv ri dpsolwxghv ri vkhdu zdyhv gxh wr wkhlu
frxsolqj wr wkh DJZ duh hvvhqwldo iru wkh fdvhv ri mN5m A 41

:<
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Ilj151 Hyroxwlrq ri dpsolwxghv ri wkh VIK +d,XN+W ,/ +e,YN+W , dqg

+f, ZN+W , ri dwprvskhulf vkhdu zdyhv lq wkh vdph fdvh dv lq Ilj141

Wkh fdvhv ri wkh hyroxwlrq ri wkh vkhdu zdyhv zkhq wkh frxsolqj wr wkh
DJZ lv hvvhqwldo duh ghprqvwudwhg lq Iljv 6 dqg 71 Wkhvh fdvhv fohduo|
vkrz wkdw zlwk lqfuhdvh ri vkhdu sdudphwhu � dqg yhuwlfdo zdyhqxpehu
mN5m wkh vkhdu zdyholnh shuwxuedwlrq iru wlphv ri W A W@ wudqvirupv lqwr
wkh DJZ1 Lq wkhvh fdvhv iuhtxhqflhv ri wkh DJZv iru juhdw wlphv ri W  W@
whqg +dqdorj| wr wkh fdvhv ghprqvwudwhg lq Ilj1 4, wr wkh lvrwkhupdo Euxqw0
Y�dlv�do�d iuhtxhqf|1 Lq wkhvh fdvhv zlwk lqfuhdvh ri � +Ilj1 6, dqg mN5m +Ilj1
7,/ frpsdudeoh wr wkh fdvhv ghprqvwudwhg lq Ilj1 5/ wkh lqfrpsuhvvleoh
yruwlfdo shuwxuedwlrq orfdwhg lq krul}rqwdo sodqh ~ vkhdu zdyh +zklfk lv
hvvhqwldo iru wlphv ri W ? W@ / vhh Iljv 6 dqg 7 +d,/+e,, wudqvirupv lqwr
wkh frpsuhvvleoh shuwxuedwlrqv ~ judylw| zdyhv iru wlphv ri W A W@ +vhh
Iljv 6 dqg 7 +d,/+e,,1 Iru doo fdvhv ghprqvwudwhg lq Iljv 507 wkh hvvhqwldo
fkdqjhv ri krul}rqwdo yhorflw| dpsolwxgh ri vkhdu zdyhv duh lq dffrugdqfh
zlwk dqdo|wlfdo vroxwlrq +4<f, dqg +4<g,1 Wklv doorzv xv wr frqvlghu wkh
lpsruwdqfh ri h{lvwhqfh ri dwprvskhulf yruwlfdo shuwxuedwlrq ~ vkhdu zdyhv
lq wkh krul}rqwdo vkhdu �rz1
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. Dqdo|wlfdo dqg Qxphulfdo Vroxwlrqv ri 111 DPL Yro17/ Qr15/4<<<

Ilj161 Hyroxwlrq ri dpsolwxghv ri wkh VIK +d,XN+W ,/ +e,YN+W , dqg

+f, ZN+W , ri dwprvskhulf vkhdu zdyhv zkhq � @ 3=34:>N{ @ N| @ 3=6> N} @ 61

Lq wkh fdvhv ghprqvwudwhg lq Iljv 507 zh kdyh xvhg ydoxhv ri vkhdu sd0
udphwhu �> zklfk duh lq djuhhphqw zlwk vdwhoolwh phvxuhphqwv +vhh ^43`, ri
wkhuprvskhulf zlqgv gxulqj pdjqhwlfdoo| glvwxuehg gd|v1 Qrwh wkdw lq wkh
fdvhv zkhq wkh iroorzlqj dssur{lpdwlrq xf @ xff.d| lv srvvleoh iru wkh kru0
l}rqwdo yhorflw| ri wkh zlqgv/ dffruglqj wr htxdwlrqv +5, dqg +;, wkh vkhdu
zdyh sursdjdwhv lq wkh phulglrqdo gluhfwlrq e| yhorflw| xff @ frqvw1 Wkh
odvw skhqrphqrq vkrzv wkh srvvlelolw| ri sursdjdwlrq ri wkh vkhdu zdyholnh
yruwlfdo shuwxuedwlrq iurp srodu wr plg0odwlwxghv1 Wkh dsshdudqfh ri vkhdu
zdyholnh yruwlfdo shuwxuedwlrq/ zklfk iru wlphv ri W � W@ jlyhv hvvhqwldo
fkdqjhv ri dpsolwxgh shuwxuehg krul}rqwdo yhorflw|/ frxog eh uhdvrq ri wkh
vx�flhqw fkdqjhv ri khljkw sur�oh ri wkh plg0odwlwxgh lrqrvskhuh I50uhjlrq
hohfwurq ghqvlw| +vhh ^66`,1 Dffruglqj wr wkh fdvhv ghprqvwudwhg lq Iljv 507
wkh fkdudfwhulvwlf wlph ri dsshdudqfh ri vkhdu zdyhv +w@, dw wkh lrqrvskhuh
I50uhjlrq * 4� 6k1 Wkh revhuydwlrqv ri fkdqjhv ri wkh plg0odwlwxgh lrqr0
vskhulf I50uhjlrq sdudphwhuv gxulqj pdjqhwlfdoo| glvwxuehg gd|v e| wlph
5� 8k duh nqrzq +vhh ^67`,1
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Ilj171 Hyroxwlrq ri dpsolwxghv ri wkh VIK +d,XN+W ,/ +e,YN+W , dqg

+f, ZN+W , ri dwprvskhulf vkhdu zdyhv zkhq � @ 3=384>N{ @ N| @ 3=6> N} @ 41

Wkh dqdo|wlf vroxwlrqv +47,0+49, dqg qxphulfdo uhvxowv ri hyroxwlrq ri wkh
DJZ ghprqvwudwhg lq Ilj1 4 dqg wkdw ri wkh vkhdu zdyhv ghprqvwudwhg lq
Iljv 6 dqg 7/ vkrz xv wkdw iru odujh wlphv ri W  W@ lq wkh krul}rqwdo vkhdu
�rz dwprvskhud dffxpxodwh hqhuj| e| wkh Euxqw0Y�dlv�do�d iuhtxhqf|1 Wkh
odvw skhqrphqrq frxog eh hvvhqwldo dv deryh qrwhg pdjqhwlfdoo| glvwxuehg
gd|v dovr iru wkh gl�huhqw vrxufhv ri glvwxuedqfhv zklfk duh dffrpsdqlhg
e| wkh suhvhqfh ri wkh lqkrprjhqhrxv krul}rqwdo zlqg1 Wkh dffxpxodwlrq
ri zdyhv hqhuj| e| shulrgv ri 7 � 43plq dw vhlvplfdoo| glvwxuehg gd|v
zklfk zdv qrwhg lq Uhi1 ^68` lv srvvleo| h{sodlqhg e| wkh suhvhqfh ri wkh
lqkrprjhqhlw| ri krul}rqwdo zlqgv1 Lq wklv fdvh dffruglqj wr htxdwlrqv
+;, dqg +48, iru odujh wlphv ri w  w@ wkh dwprvskhuh dffxpxodwh hqhuj|
e| iuhtxhqf| $K � n%xff/ zklfk ydoxhv iru wkh dwprvskhulf vfdoh khljkwv
K * 43np dqg iru d vx�flhqwo| zlgh vshfwuxp ri wkh krul}rqwdo zlqgv
yhorflw| xff frxog vdwlvi| wkhvh revhuyhg uhvxowv1

Zh fdq ghprqvwudwh pdq| fdvhv ri wkh lqghshqghqw hyroxwlrq ri wkh
DJZv dqg vkhdu zdyhv iru wkh fdvhv ri � � 3=58 dqg mN5m @ R+4, zkhq
wkh slfwxuhv duh vlplodu wr wkh ghprqvwudwhg lq Iljv 4 dqg 5/ uhvshfwlyho|1 Lq
wkhvh fdvhv wkh vshfwuxp ri wkh DJZv dqg hyroxwlrq slfwxuhv ri dpsolwxgh
ri wkh vkhdu zdyhv duh lq dffrugdqfh zlwk htxdwlrqv +47,0+49, dqg +4<,/
uhvshfwlyho|1 Iru wkh fdvhv ri juhdwhu ydoxhv ri mN5m A 4 dqg � ? 3=58 wkh
frxsolqj ehwzhhq judylw| dqg vkhdu zdyhv jlyhv vlplodu slfwxuhv ri hyroxwlrq
dv ghprqvwudwhg lq Iljv 6 dqg 71

D� �L?U*�_�?} hi4@h!t

Zh kdyh vwxglhg wkh olqhdu wkhru| ri wkh DJZ hyroxwlrq lq wkh krul}rqwdo
zlqgv zlwk krul}rqwdo frqvwdqw vkhdu iru wkuhh0glphqvlrqdo fdvh1 Wkh dwpr0
vskhuh lv frqvlghuhg wr eh lqylvfhg/ lvrwkhupdoo| vwudwl�hg dqg shuwxuedwlrq

ri yhorflw| jurzv zlwk khljkw dv �
3

�

2

f
1 Zh kdyh rewdlqhg fkdudfwhulvwlf glv0

shuvlrq htxdwlrqv +47,0+49, dqg +4;, zklfk fruuhvsrqg wr wkh wlph ydu|lqj
iuhtxhqflhv +$}+w,, iru judylw| zdyhv dqg srzhu orz dpsol�fdwlrq2gdpslqjv
ri wkh dpsolwxghv ri wkrvh judylw| dqg vkhdu zdyhv1 Wkh rewdlqhg DJZv
iuhtxhqf| kdv plqlpxp ydoxhv dw w @ |@

2
dqg iru odujh wlphv +w w@, whqgv

wr wkh lwv fxwr� iuhtxhqf| ~ lvrwkhupdo Euxqw0Y�dlv�do�d iuhtxhqf| $�1 Lw kdv
ehhq vkrzq wkdw wkh hyroxwlrq ri wkh yhorflw| shuwxuedwlrq iru wkh DJZ
duh gl�huhqw lq yhuwlfdo dqg krul}rqwdo zlqgv dv zhoo dv lq lwv vkhdu gluhf0
wlrq1 Wklv dqdo|vlv dovr vkrzv wkdw wkh hvvhqwldo dpsol�fdwlrq ri wkh judylw|
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. Dqdo|wlfdo dqg Qxphulfdo Vroxwlrqv ri 111 DPL Yro17/ Qr15/4<<<

zdyh yhuwlfdo yhorflw| dpsolwxgh rffxuv iru wlphv ri w A w@ dqg wkh grp0
lqdqw iuhtxhqf| ri wkhvh zdyhv dw w  w@ lv wkh lvrwkhupdo Euxqw0Y�dlv�do�d
iuhtxhqf|1 Lw kdv ehhq vkrzq wkdw iru dwprvskhulf vfdoh khljkw K @ 93np
dqg zdyhohqjwkv lq wkh phulglrqdo gluhfwlrq � 4333np/ wkh rewdlqhg sh0
ulrgv/ 49 � 4<plq/ ri wkh DJZ hyroylqj lq wkh krul}rqwdo vkhdu �rz duh
lq dffrugdqfh zlwk wkh revhuydwlrq ri odujh vfdoh WLGv zlwk vpdoo shulrgv
jlyhq lq Uhiv ^59`/ ^5:` dqg ^5;`1

Wkh srvvlelolw| ri h{flwdwlrq ri yruwlfdo shuwxuedwlrq ~ vkhdu zdyhv/orfdwhg
lq wkh krul}rqwdo sodqh kdv ehhq vkrzq1 Zh kdyh dovr rewdlqhg wkh dqd0
o|wlfdo h{suhvvlrq lq wkh fdvh ri lwv lqghshqghqw hyroxwlrq lq wkh krul}rqwdo
vkhdu �rz1 Wkh wlph ghshqghqfh ri wkh DJZ iuhtxhqflhv/ wkh suhvhqfh ri
wkhlu dpsol�fdwlrq2gdpslqj udwhv dqg dsshdudqfh ri wkh vkhdu zdyhv lv gxh
wr wkh h{lvwhqfh ri wkh krul}rqwdo vkhdu �rz1 Wkh fkdqjhv ri dpsolwxghv
ri wkh DJZ dqg vkhdu zdyhv gxh wr wkhlu frxsolqj lq wkh krul}rqwdo vkhdu
�rz hvvhqwldoo| ghshqg rq wkh vkhdu sdudphwhu � dqg yhuwlfdo zdyhqxpehuv
n51 Wkh fdvhv zklfk fruuhvsrqg wr wkh wudqvirupdwlrq ri wkh vkhdu zdyhv
lqwr wkh DJZ kdyh ehhq ghprqvwudwhg1

Lw kdv ehhq vkrzq wkdw wkh jurzwk ri dpsolwxghv ri wkh shuwxuehg yhu0
wlfdo yhorflw| fruhvvsrqglqj wr wkh DJZ duh hvvhqwldo iru wlphv ri w A w@1
Lq wkh krul}rqwdo vkhdu �rz wkh vkhdu zdyhv dpsolwxgh dpsol�fdwlrq lv hv0
vhqwldo iru wlphv ri w � w@ dqg lw ghfuhdvhv zkhq w A w@1

Dfnqrzohjphqwv1 Wklv zrun zdv vxssruwhg/ lq sduw/ e| d Judqw dzdughg e|
wkh Jhrujldq Dfdghp| ri Vflhqfh1

Uhihuhqfhv

41 Vfruhu U1 V1 Wkhru| ri zdyhv lq wkh ohh ri prxqwdlqv1 T1 M1 U1 Phwhruro1
Vrf1/ :8 +4<7<,/ 740891

51 Vfruhu U1 V1 Rq wkh vwdelolw| ri vwdeo| vwudwl�hg vkhdulqj od|huv1 T1 M1 U1
Phwhruro1 Vrf1/ :: +4<84,/ :90;71

61 Klqhv F1 R1/ Uhgg| F1 D1 Rq wkh sursdjdwlrq ri dwprvskhulf judylw| zdyhv
wurxjk uhjlrqv ri zlqg vkhdu1 M1 Jhrsk|v1 Uhv/ :5 +4<9:,/ 4348043671

71 Iulwwv G1 F1 Vkhdu h{flwdwlrq ri dwprvskhulf judylw| zdyhv1 M1 Dwprvsk1
Vfl1/ 6< +4<;5,/ 4<6904<851

81 Klqhv F1 R1 Lqwhuqdo dwprvskhulf judylw| zdyhv dw lrqrvskhulf khljkwv1 Fdq1
M1 Sk|v1 6; +4<93,/ 4774047;41

91 Skloolsv R1 P1 Wkh g|qdplfv ri wkh xsshu rfhdq1 4vw hg1 Fdpeulgjh Xql0
yhuvlw| Suhvv/ 4<991

:1 Jrvvdug H1 H1/ Krrnh Z1 K1 Zdyhv lq wkh Dwprvskhuh1 Hovhylhu/ 4<:81

;1 D{hovvrq S1/ Oduvvrq M1/ Vwhq�r O1 Qrqolqhdu lqwhudfwlrq ehwzhhq dfrxvwlf
judylw| zdyhv1 Dqq1 Jhrsk|vlfdh/ 47 +4<<9,/ 637063;1
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<1 Plgjoh| M1 H1/ Olhprq K1 E1 Judylw| zdyhv lq d uhdolvwlf dwprvskhuh M1
Jhrsk|v1 Uhv1/ :4 +4<99,/ 6:5<06:7;1

431 Pd|u K1 J1/ Kduulv L1/ Ydurvl I1/ hw do1 Wkhuprvskhulf judylw| zdyhv= revhu0
ydwlrqv dqg lqwhusuhwdwlrq xvlqj wkh wudqvihu ixqfwlrq prgho +WIP,1 Vsdfh
Vfl1 Uhy1/ 87 +4<<3,/ 5<:06:81

441 Ploozdug J1K1/ Txhjdq V/ Pr�hww U1 M1/ hw do1 D prghoolqj vwxg| ri wkh
frxsohg lrqrvskhulf dqg wkhuprvskhulf uhvsrqvh wr dq hqkdqfhg kljk0odwlwxgh
hohfwulf �hog hyhqw1 Sodqhw1 Vsdfh Vfl1/ 74 +4<<6,/ 780891

451 Ploozdug J1K1/ Pr�hww U1M1/ Txhjdq V1/ Ixoohu0Urzhoo W1 M1 H�hfwv ri dq dw0
prvskhulf judylw| zdyh rq wkh plgodwlwxgh lrqrvskhulf I od|hu1 M1 Jhrsk|v1
Uhv1/ <; +4<<6,/ 4<4:604<4:<1

461 Krfnh N1/ Vfkohjho N1 D uhylhz ri dwprvskhulf judylw| zdyhv dqg wudyhoolqj
lrqrvskhulf glvwxuedqfhv= 4<;504<<81 Dqq1 Jhrsk|vlfdh/ 45 +4<<9,/ <4:0
<731

471 Nhoylq/ Orug +Wkrpvrq Z1,1 Vwdelolw| ri �xlg prwlrq= uhfwlolqhdu prwlrq ri
ylvfrxv �xlg ehwzhhq wzr sdudooho sodwhv1 Sklo1 Pdj1/ 57 +4;;:,/ 4;;04<91

481 Ruu Z1 P*I1 Wkh vwdelolw| ru lqvwdelolw| ri wkh vwhdg| prwlrqv ri d shuihfw
oltxlg dqg ri d ylvfrxv oltxlg1 Surf/ Ur|1 Lulvk1 Dfdg1 D05: +4<3:,/ <046;1

491 Iduuhoo E1 I1/ Lrdqqrx S1 M1 Wudqvlhqw ghyhorsphqw ri shuwxuedwlrq lq vwudw0
l�hg vkhdu �rz1 M1 Dwprv1 Vfl1/ 83 +4<<6,/ 5534055471

4:1 Fkdjholvkylol J1 G1/ Urjdyd D1 G1/ Wvlnodxul G1 J1 H�hfw ri frxsolqj dqg
olqhdu wudqvirupdwlrq ri zdyhv lq vkhdu �rzv1 Sk|v1 Uhy1 H/ 86 +4<<9,/
935;093641

4;1 Urjdyd D1 G1/ Pdkdmdq V1 P1 Frxsolqj ri vrxqg dqg lqwhuqdo zdyhv lq vkhdu
�rzv1 Sk|v1 Uhy1 H/ 88 +4<<:,/ 44;8044;;1

4<1 Glghexolg}h J1 J1 Dpsol�fdwlrq2gdpslqj surfhvvhv ri dwprvskhulf dfrxvwlf0
judylw| zdyhv lq krul}rqwdo zlqgv zlwk olqhdu vkhdu1 Sk|vlfv Ohwwhuv D/ 568
+4<<:,/ 980:31

531 Sdwdud|d D1 G1/ Sdwdud|d W1 D1 Dq h{flwhphqw ri wkh judylwdwlrqdo dqg
dfrxvwlf zdyhv lq wkh vrodu dwprvskhuh fdxvhg e| lqkrprjhqhrxv �rz1 Dv0
wurq1 Dvwursk|v1 Wudqvf1/ 46 +4<<:,/ 45404591

541 Fudln D1 G1 G1/ Fulplqdoh Z1 R1 Hyroxwlrq ri zdyholnh glvwxuedqfhv lq vkhdu
�rz= d fodvv ri h{dfw vroxwlrqv ri wkh Qdylhu0Vwrnhv htxdwlrqv1 Surv1 U1 Vrf1
Orqg1/ 739 +4<;9,/ 460591

551 Wxuqhu M1 V1 Exr|dqf| H�hfwv lq Ioxlgv1 Fdpeulgjh Xqlyhuvlw| Suhvv/ 4<:61

561 Oljkwkloo M1 Zdyh lq Ioxlgv1 Fdpeulgmh/ Orqgrq Qhz |run Phoerxuqh/
4<:;1

571 Vwhq�r O1 Dfrxvwlf judylw| yruwlfhv1 Sk|vlfd Vfulswd/ 74 +4<<3,/ 97409751

581 Kxqvxfnhu U1 G1 Dwprvskhulf judylw| zdyhv jhqhudwhg lq wkh kljk0odwlwxgh
lrqrvskhuh= d uhylhz/ Uhy1 Jhrsk|v1 Vsdfh Sk|v1/ 53 +4<;5,/ 5<606481
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591 Zlooldpv S1 J1 V/ Furzoh| J1/ Vfkohjho N1/ hw do1 Wkh jhqhudwlrq dqg
sursdjdwlrq ri dwprvskhulf judylw| zdyhv revhuyhg gxulqj wkh Zruogzlgh
Dfrxvwlf0Judylw| zdyh Vwxg| +ZDJV,1 M1 Dwprv1 Whuu1 Sk|v1/ 83 +4<;;,/
656066:1

5:1 Erzpdq J1 J1 Vrph dvshfwv ri odujh0vfdoh wudyhoolqj lrqrvskhulf glvwxu0
edqfhv1 Sodqhw1 Vsdfh Vfl1/ 73 +4<<5,/ ;5<0;781

5;1 R|d K1/ Wdndkdvkl W1/ Prulrnd D1/ Pl|drnd K1Zdy| sdwwhuqv ri lrqrvskhulf
hohfwurq ghqvlw| sur�ohv wuljjhuhg e| WLG0revhuydwlrq uhvxowv ri wkh hohfwurq
ghqvlw| e| Wdl|r Vdwhoolwh1 M1 Jhrpdjq1 Jhrhohfwu1/ 67 +4<;5,/ 83<08581

5<1 Klqhv F1 R1 Dq h�hfw ri prohfxodu glvvlsdwlrq lq xsshu dwprvskhulf judylw|
zdyhv1 M1 Dwprvsk1 Whuu1 Sk|v1/ 63 +4<9;,/ ;780;7<1

631 Ulfkprqg D1 G1 Judylw| zdyh jhqhudwlrq/ sursdjdwlrq/ dqg Glvvlsdwlrq lq
wkh Wkhuprvskhuh1 M1 Jhrsk|v1 Uhv1 ;6 +4<:;,/ 7464074781

641 Iduuhoo E1 I1/ Lrdqqrx S1 M1 Vwrfkdvwlf iruflqj ri shuwxuedwlrq yduldqfh lq
xqerxqghg vkhdu dqg ghirupdwlrqv �rzv1 M1 Dwprv1 Vfl1/ 83 +4<<6,/ 5330
5441

651 Fulplqdoh Z1 R1/ Mdfnvrq W1 O1/ Odvvhljqh G1 J1 M1 Wrzdugv hqkdqflqj
dqg ghod|lqj glvwxuedqfhv lq iuhh vkhdu �rzv1 M1 Ioxlg Phfk1/ 5<7 +4<<8,/
5;606331

661 Glghexolg}h J1 J1/ Sdwdud|d D1 G1 Wkh lq�xhqfh ri dwprvskhulf judylw|
zdyhv hyroylqj lq krul}rqwdo vkhdu �rz rq wkh lrqrvskhuh I50od|hu1 Sk|vlfv
Ohwwhuv D/ 585 +4<<<,/ 65;06681

671 Idwnxoolq P1 Q1 Lrqrvskhulf glvwxuedqfhv1+Uxvvldq, Vfl1 Whfk1 Uhv1 Jhr0
pdj1 Xsshu Od|huv Dwprvs1/ 7 +4<:;,/ 9043:1

681 Glghexolg}h J1 J1/ Ilvknryd O1 P1/ Sdwdud|d D1 G1/ Wrurvkholg}h W1 L1 Lqyhv0
wljdwlrq ri wkh qljkw vn| dlujorz qhdu wkh hslfhqwhu ri wkh hduwktxdnh1 Sur0
fhhg1 Yduhqd0Dedvwxpdql0HVD0Qdjr|d0Srwvgdp Zrunvkrs/ Whodyl/ Jhru0
jld/ 4<<3/ HVD VS0644 +4<<3,/ 654065:1
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