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DEVWUDFW

Lq wklv sdshu/ zh sursrvh d qhz fodvv ri pxowlfkdq0
qho �owhuv fdoohg dgdswlyh ix}}| k|eulg pxowlfkdqqho
+DIKP, �owhuv wr dfklhyh qrlvh dwwhqxdwlrq/ fkur0
pdwlflw| uhwhqwlrq/ dqg hgjhv ru ghwdlov suhvhuydwlrq
vlpxowdqhrxvo|1 Rxu qryho dssurdfk pdlqo| edvhg rq
kxpdq frqfhsw + khxulvwlf uxohv, surylghv d vljql�fdqw
iudphzrun iru wdnlqj wkh phulwv ri �owhulqj ehkdylruv
ri wkuhh �owhuv/ d yhfwru phgldq +YP, �owhu/ d yhfwru
gluhfwlrqdo +Y G, �owhu/ dqg dq lghqwlw| �owhu ^4/ 5`1

41 LQWURGXFWLRQ

Uhfhqwo|/ yhfwru0surfhvvlqj dssurdfk lv h�hfwlyho| h{0
sorlwhg lq wkh pxowlfkdqqho vljqdo surfhvvlqj gxh wr
wkh frqvlghudwlrq ri fkdqqho ghshqghqfh1 Rqh fodvv
ri rughu vwdwlvwlfv +RV, pxowlfkdqqho lpdjh �owhuv lv
edvhg rq uhgxfhg vxe0rughulqj +U0rughulqj, vfkhph wr
rewdlq rughu vwdwlvwlfv rq revhuyhg yhfwru0ydoxhg vdp0
sohv ^6`1 Wzr idprxv h{dpsohv/ YP dqg Y G �owhuv/
kdyh ehhq sursrvhg e| ^4` dqg ^5`/ uhvshfwlyho|1 YP
�owhuv duh h�hfwlyh lq qrlvh dwwhqxdwlrq lq frqwudvw wr
wkh Y G �owhuv zklfk duh h�hfwlyh lq fkurpdwlflw| uhwhq0
wlrq1 Khqfh/ dqrwkhu fodvv ri pxowlfkdqqho �owhuv zdv
sursrvhg e| frpelqlqj wkh fkdudfwhulvwlfv ri YP dqg
Y G �owhuv/ vxfk dv glvwdqfh dqg gluhfwlrqdo +GG,/ dqg
dgdswlyh qhduhvw qhljkeru pxowlfkdqqho +DQQP, �o0
whuv ^7/ 8`1 Krzhyhu/ wkhvh �owhuv duh gl�fxow wr srvvhvv
wkh fdsdelolwlhv ri qrlvh dwwhqxdwlrq/ fkurpdwlflw| uh0
whqwlrq/ dqg ghwdlov suhvhuydwlrq vlpxowdqhrxvo|1 Wklv
prwlydwhv xv wr ghyhors DIKP �owhuv edvhg rq ix}}|
whfkqltxhv dqg ohduqlqj dojrulwkpv vxfk wkdw wkh| fdq
ixuwkhu lpsuryh wkh �owhulqj shuirupdqfh ri frqyhq0
wlrqdo pxowlfkdqqho �owhuv1

51 EDVLF FRQFHSWV

5141 Udqnlqj Yhfwru0Ydoxhg Gdwd

D gljlwdo pxowlfkdqqho lpdjh L zlwk vl}h O�N lv uhsuh0
vhqwhg e| L @ ^{lm `O�N zkhuh {lm 5 i3> 4> 5> � � � > 588j

p1
Lq wklv sdshu/ {lm lv fdoohg wkh yhfwru0ydoxhg sl{ho or0
fdwhg dw srvlwlrq +l> m, lq L1 Qrwh wkdw p @ 6 zkhq
wkh gljlwdo pxowlfkdqqho lpdjh lv dq UJE froru lp0
djh1 Khuhdiwhu/ p @ 6 lq wklv sdshu/ xqohvv rwkhu0
zlvh vwdwhg1 Lq dgglwlrq/ d �owhu zlqgrz zlwk vl}h
Q @ +5� . 4,5 +Q lv rgg/ lq jhqhudo, fryhuv rq wkh
lpdjh L dw srvlwlrq +l> m, wr rewdlq dq revhuyhg vdp0
soh pdwul{ [lm +ru �owhu zlqgrz frqwhqw, gh�qhg e|

[lm @ [
+o, @

�
{
+o,
4 / {

+o,
5 / � � � / {

+o,
n / � � � / {

+o,
Q�4/ {

+o,
Q

�

zkhuh 4 � l � O dqg 4 � m � N1 Lq dgglwlrq/ {
+o,
n

@ ^{
+o,
un / {

+o,
jn / {

+o,
en `

W / {
+o,
un / {

+o,
jn / {

+o,
en 5 i3/ 4/ � � � / 588j/

4 � n � Q dqg W ghqrwhv wkh pdwul{ wudqvsrvh1

Wkh rughulqj ri {
+o,
4 / {

+o,
5 / � � �/ dqg {

+o,
Q edvhg rq

U0rughulqj vfkhph lv dffruglqj wr glvwdqfh fulwhuld ru
ixqfwlrqv1 Dq djjuhjdwhg glvwdqfh fruuhvsrqglqj wr

{
+o,
l fdq eh gh�qhg e| g

+o,
l @
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�
{
+o,
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�
zkhuh

� = i3/ 4/ � � � / 588j6 � i3/ 4/ � � � / 588j6 $ U lv d glv0
wdqfh ixqfwlrq1 Iru lqvwdqfh/ � fdq eh rqh ri Plqnrzvnl
phwulfv gh�qhg e|
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4
D 1 +5,

Qrwh wkdw +4, lv fdoohg Eorfn +O4 qrup,/ Hxfolghdq +O5

qrup, dqg Pd{ +O4 qrup, glvwdqfhv zkloh s @ 4/ 5/

dqg 4/ uhvshfwlyho| ^5/ 8`1 Wkxv/ hdfk {
+o,
l

lv uhgxfhg
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Iljxuh 4= Wkh vwuxfwxuh ri dq DIKP �owhu1

wr d vfdodu g
+o,
l

wkurxjk wkh pdsslqj ri djjuhjdwhg glv0

wdqfhv1 Ohw g
+o,
4 / g

+o,
5 /� � �/ g

+o,
Q

eh vruwhg lq dvfhqglqj
rughu wr ehfrph

g
+o,
+4, � g

+o,
+5, � � � � � g

+o,
+Q,1 +6,

Rq wkh edvlv ri wkh wrwdo rughulqj ri uhdo qxpehuv/ +6,

gh�qhv d U0rughulqj ri {
+o,
4 / {

+o,
5 / � � �/ dqg {

+o,
Q
/ wkdw lv/

{
+o,
+4, � {

+o,
+5, � � � � � {

+o,
+Q,1

5151 Uhylhz ri YP dqg Y G Ilowhuv

Iluvw/ wkh ghvljq ri YP �owhuv lv edvhg rq wkh djjuh0
jdwhg Hxfolghdq glvwdqfh wr vhohfw d plqlpdo hqwu| iurp
wkh revhuyhg vdpsoh pdwul{ [+o, ^4`1 Ohw IYP eh wkh
zlqgrz rshudwru dvvrfldwhg zlwk d YP �owhu/ zklfk

lv gh�qhg e| {
+o,
YP

@ IYP
�
[+o,

�
@ {

+o,
+4,1 Wkhq/ wkh

ghvljq ri Y G �owhuv lv edvhg rq wkh djjuhjdwhg yhf0
wru dqjoh glvwdqfh1 Rqh fodvv ri Y G �owhuv fdoohg edvlf
yhfwru gluhfwlrqdo +EYG, �owhuv lv wr vhohfw d plqlpdo
hqwu| iurp wkh revhuyhg vdpsoh pdwul{ [+o, ^5`1 Ohw
IEYG eh wkh zlqgrz rshudwru dvvrfldwhg zlwk d EYG

�owhu/ zklfk lv gh�qhg e| {
+o,
EYG

@ IEYG
�
[+o,

�
@ {

+o,
+4,1

61 WKH GHVLJQ RI DIKP ILOWHUV

Wkh vwuxfwxuh ri dq DIKP �owhu lv looxvwudwhg lq Ilj0
xuh 41 Wkh vwuxfwxuh ri DIKP �owhuv lv frpsrvhg
ri wkuhh sulqflsdo frpsrqhqwv= dq KP �owhu/ d ix}}|
uxoh0edvhg v|vwhp +IUEV,/ dqg d ohduqlqj dojrulwkp1

6141 KP Ilowhuv

Wkh vwuxfwxuh ri dq KP �owhu frpsulvhv irxu edvlf
frpsrqhqwv= EYGI / YPI / LI dqg d vxppdwlrq
frpelqdwru1 EYGI / YPI / dqg LI vwdqg iru d EYG/
d YP dqg dq lghqwlw| �owhuv/ uhvshfwlyho|1 Wkh vxp0
pdwlrq frpelqdwru lv uhsuhvhqwhg e|

S
1

Gh�qlwlrq 4 Ohw IKP eh wkh zlqgrz rshudwru dvvr0

fldwhg zlwk dq KP �owhu1 Wkh rxwsxw ri wkh KP �owhu

lv gh�qhg e|

IKP
�
[+o,>�+o,> �+o,

�
@ e|+o, @

�
4� �+o,

�
�+o,

{
+o,
EYG .

�
4� �+o,

�
{
+o,
YP . �+o,�+o,{

+o,
�

+7,

zkhuh �+o,/ �+o, 5 ^3/ 4`1 {
+o,
� ghqrwhv wkh fhqwudo yhfwru0

ydoxhg sl{ho ri d �owhu zlqgrz zkhq wkh �owhu zlqgrz
fryhuv rq dq lpdjh dw srvlwlrq +o, +l1h1/ dw +l/ m,,1

{
+o,
EYG/ {

+o,
YP / dqg {

+o,
� duh wkh rxwsxwv ri d EYG/ d YP /

dqg dq lghqwlw| �owhuv/ uhvshfwlyho|1 Wkh rxwsxw ri wkh

KP �owhu lv ghqrwhg dv e|+o, @
ke|+o,u / e|+o,j / e|+o,e

lW
/ dqg

e|+o,u / e|+o,j / e|+o,e 5 i3/ 4/ � � � / 588j1 �

Wzr frqwuro ydoxhv/ �+o, dqg �+o,/ ghflgh wkh frhi0
�flhqwv zlwklq +7, wr dgdsw wkh zlqgrz frqwhqw [+o,1
WkhKP �owhu lv fdoohg wkh DIKP �owhu zkhq �+o, dqg
�+o, duh ghflghg e| ix}}| whfkqltxhv dqg ohduqlqj dojr0
ulwkpv1 Lq wklv sdshu/ rqh ri wkh pdlq frqwulexwlrqv
lv wr dsso| dq IUEV dqg d judglhqw0ghvfhqw ohduqlqj
dojrulwkp iru dgmxvwlqj wkhvh wzr frqwuro ydoxhv vxfk
wkdw wkh DIKP �owhuv fdq dgdsw wkh glvwlqfw zlqgrz
frqwhqwv1 Ehiruh zh vwdwh wkh ghvljq ri wkh IUEV dqg
wkh ohduqlqj dojrulwkp wr ghflgh �+o, dqg �+o,/ zh jlyh
vrph ghwhuplqlvwlf surshuwlhv ri KP �owhuv iru ghhso|
xqghuvwdqglqj wkh ehkdylru ri KP �owhuv1

Surshuw| 4= KP �owhuv duh lqyduldqw xqghu vfdolqj1

Surshuw| 5= KP �owhuv duh lqyduldqw xqghu urwdwlrq
zkhq � lv wkh O5 qrup rq wkh ghvljq ri YP �owhuv1

Surshuw| 6= Vxssrvh wkdw �+o, 9@ 4 dqg �+o, 9@ 41 Dq
lqsxw lpdjh L lv d urrw ri wkh KP �owhu ri ohqjwk
Q li dqg rqo| li wkh fhqwudo yhfwru0ydoxhg sl{ho ri

wkh zlqgrz {
+o,
� lv d frqyh{ frpelqdwlrq ri {

+o,
EYG

dqg {
+o,
YP / wkdw lv/ {

+o,
� @ �{

+o,
EYG . +4� �,{

+o,
YP

zkhuh � @
+4��+o,,�+o,

4��+o,�+o, 1

6151 Wkh Ghvljq Prwlydwlrq ri DIKP Ilowhuv

Dffruglqj wr kxpdq frqfhsw/ irxu fdvhv duh frqvlghuhg

rq wkh ghvljq ri DIKP �owhuv1 Ohw g
+o,
YP dqg g

+o,
EYG

ghqrwh wkh djjuhjdwhg glvwdqfhv fruuhvsrqglqj wr {
+o,
YP

dqg {
+o,
EYG/ uhvshfwlyho|1 Lq dgglwlrq/ ohw g

+o,
�>YP dqg

g
+o,
�>EYG ghqrwh wkh djjuhjdwhg glvwdqfhv fruuhvsrqg0

lqj wr {
+o,
� edvhg rq � gh�qhg e| +4, dqg +5,/ uhvshf0

wlyho|1 Wkhq/ zh gh�qh x+o, @
���g+o,YP � g

+o,
�>YP

��� dqg y+o,

@
���g+o,EYG � g

+o,
�>EYG

���1



Lq wkh �uvw fdvh/ zkhq x+o, lv odujh dqg y+o, lv

odujh/ wklv lqglfdwhv wkdw wkh srvvlelolw| ri wkdw {
+o,
�

lv fruuxswhg vkrxog eh yhu| kljk1 Wkh ehkdylru
ri wkh DIKP �owhu lv hpskdvl}hg wr lqkhulw wkh
qrlvh0dwwhqxdwlrq dqg fkurpdwlflw|0uhwhqwlrq fdsdelo0
lwlhv iurp wkh YP dqg wkh EYG �owhuv/ uhvshfwlyho|1
Wkhuhiruh/ iurp Iljxuh 4/ wklv nlqg ri ehkdylru fdq eh
ghflghg e| �+o, dqg �+o,/ lq +7,1 Wkdw lv/ �+o, dqg �+o,

vkrxog eh orz wr uhvxow lq wkdw wkh frh�flhqw dvvrfldwhg
zlwk {

+o,
� dssurdfkhv wr }hur1

Lq wkh vhfrqg fdvh/ zkhq x+o, lv vpdoo dqg y+o, lv odujh/

wklv lqglfdwhv wkdw {
+o,
� lv uhjdughg dv dq xqfruuxsw yhf0

wru e| wkh YP �owhu/ zkhuhdv {
+o,
� lv uhjdughg dv d fru0

uxswhg yhfwru e| wkh EYG �owhu1 Wklv rffxuv d frq0

�lfw zkhwkhu {
+o,
� lv fruuxswhg ru qrw1 Lq wklv fdvh/ iru

wkh vdnh ri ghwdlov suhvhuydwlrq/ wkh srvvlelolw| ri frq0

wulexwlqj {
+o,
EYG wr wkh rxwsxw ri wkh DIKP vkrxog eh

orz1 Wkhuhiruh/ wkh ehkdylru ri wkh DIKP �owhu lv hp0
skdvl}hg wr lqkhulw wkh qrlvh0dwwhqxdwlrq dqg ghwdlov0
suhvhuydwlrq fdsdelolwlhv iurp wkh YP dqg wkh lghqwlw|
�owhuv/ uhvshfwlyho|1 Frqvhtxhqwo|/ lq +4,/ �+o, vkrxog
eh kljk dqg �+o, vkrxog eh orz wr uhvxow lq wkdw wkh

frh�flhqw dvvrfldwhg zlwk {
+o,
EYG dssurdfkhv wr }hur1

Lq wkh wklug fdvh/ zkhq x+o, lv odujh dqg y+o, lv vpdoo/

wklv lqglfdwhv wkdw {
+o,
� lv uhjdughg dv d fruuxswhg yhf0

wru e| wkh YP �owhu/ zkhuhdv {
+o,
� lv uhjdughg dv dq

xqfruuxswhg yhfwru e| wkh EYG �owhu1 Wklv dovr rf0
fxuv d frq�lfw zklfk lv d frqyhuvh fdvh zlwk uhvshfw wr
wkh vhfrqg fdvh1 Iru wkh vdnh ri ghwdlov suhvhuydwlrq/

wkh srvvlelolw| ri frqwulexwlqj {
+o,
YP wr wkh rxwsxw ri wkh

DIKP vkrxog eh orz1 Wkh ehkdylru ri wkh DIKP �o0
whu lv hpskdvl}hg wr lqkhulw wkh fkurpdwlflw|0uhwhqwlrq
dqg ghwdlov0suhvhuydwlrq fdsdelolwlhv ri wkh EYG dqg
wkh lghqwlw| �owhuv/ uhvshfwlyho|1 Frqvhtxhqwo|/ lq +4,/
�+o, vkrxog eh orz dqg �+o, vkrxog eh kljk wr uhvxow lq

wkdw wkh frh�flhqw dvvrfldwhg zlwk {
+o,
YP dssurdfkhv wr

}hur1

Lq wkh irxuwk fdvh/ zkhq x+o, lv vpdoo dqg y+o, lv vpdoo/
wklv lqglfdwhv wkdw wkh srvvlelolw| ri wkdw wzr phgldq
yhfwruv rxwsxwwhg e| wkh YP dqg wkh EYG �owhuv duh

{
+o,
� vkrxog eh yhu| kljk1 Iru wkh uhdvrq ri ghwdlov

suhvhuydwlrq/ wkh srvvlelolw| ri uhgxflqj wkh rxwsxw ri

wkh DIKP �owhu wr eh {
+o,
� vkrxog eh yhu| kljk1 Lq wklv

fdvh/ wkh rxwsxw ri wkh DIKP �owhu dfklhyhv wkuhh re0
mhfwlyhv vlpxowdqhrxvo|1 Vr/ lq +4,/ �+o, dqg �+o, vkrxog
eh yhu| kljk wr uhvxow lq wkdw wkh frh�flhqwv dvvrfldwhg

zlwk {
+o,
YP dqg {

+o,
EYG dssurdfk wr }hur1

Iurp deryh vfhqdulr/ wkh ehkdylru ri wkh DIKP

�owhu lv khdylo| frqwuroohg e| �+o, dqg �+o,1 Wkh ixqf0
wlrqv ri �+o, dqg �+o,/ krzhyhu/ duh kljko| qrqolqhdu dqg
duh gl�fxow wr eh suhflvho| uhsuhvhqwhg e| frqyhfwlrqdo

pdwkhpdwlfdo prghov1 Lq wklv sdshu/ zh sursrvh dq
IUEV dqg d ohduqlqj dojrulwkp wr dgmxvw �+o, dqg �+o,

vxfk wkdw DIKP �owhuv duh fdsdeoh ri wdnlqj wkh phu0
lwv ri wkh ehkdylru ri d YP / d EYG/ dqg dq lghqwlw|
�owhuv iru dfklhylqj wkhvh wkuhh remhfwlyhv1

6161 Wkh Ghvljq ri wkh IUEV

Dq IUEV frqvlvwv ri d vhw ri ix}}| uxohv uhsuhvhqwhg
lq LI0wkhq irupdw ^9`1 Dffruglqj wr kxpdq frq0
fhsw vwdwhg lq Vxevhfwlrq 615/ wkh ehkdylru ri wkh
DIKP �owhu fdq eh ghvfulehg e| phdqv ri irxu ix}}|

uxohv=

U4= Li x+o, lv odujh dqg y+o, lv odujh/ wkhq
�+o, lv orz dqg �+o, lv orz

U5= Li x+o, lv vpdoo dqg y+o, lv odujh/ wkhq
�+o, lv kljk dqg �+o, lv orz

U6= Li x+o, lv odujh dqg y+o, lv vpdoo/ wkhq
�+o, lv orz dqg �+o, lv kljk

U7= Li x+o, lv vpdoo dqg y+o, lv vpdoo/
�+o, lv yhu| kljk dqg �+o, lv yhu| kljk1

zkhuh/ x+o, dqg y+o, duh wzr olqjxlvwlf yduldeohv/ dqg
�yh olqjxlvwlf whupv/ vpdoo/ odujh/ kljk/ orz/ yhu| kljk
fdq eh h{suhvvhg e| ix}}| vhwv zlwk 40G vkdsh phpehu0
vkls ixqfwlrqv vxfk dv ehoo0vkdsh 40G ixqfwlrqv1 Frqvh0
txhqwo|/ wzr 50G frqwlqxrxv ixqfwlrqv/ iru lqvwdqfh/ lq
Iljxuh 5/ wr ghflgh �+o, dqg �+o, fdq eh rewdlqhg li wkhvh
irxu ix}}| uxohv duh phujhg ^:`1 Wkhvh wzr 50G ixqf0
wlrqv fdq eh ylhzhg dv wkh phpehuvkls ixqfwlrqv ri �+o,

dqg �+o,1 Lq prvw ix}}| uxoh0edvhg v|vwhpv zlwk ix}}|
lqihuhqfh whfkqltxhv/ wkhvh wzr 50G phpehuvkls ixqf0
wlrqv duh rewdlqhg e| phujlqj 40G phpehuvkls ixqf0
wlrqv ri olqjxlvwlf whupv/ vpdoo dqg odujh/ dqg wkhlu
ix}}| uhodwlrqv wr �+o, dqg �+o, ^9`1 Krzhyhu/ lq vrph
dssolfdwlrqv vxfk dv wkh �hog ri vljqdo surfhvvlqj/ lw
lv gl�fxow wr rewdlq wkhvh wzr phpehuvkls ixqfwlrqv
dffxudwho|1 Wkh sureohp fdq eh flufxpyhqwhg yld xv0
lqj dssur{lpdwhg ixqfwlrqv zklfk fdq eh rewdlqhg e|
d ohduqlqj dssurdfk ^:`1

6171 Ohduqlqj Dojrulwkp

Wkh 40G qrqolqhdu frqwlqxrxv phpehuvkls ixqfwlrq fdq
eh dssur{lpdwhg e| d 40G vwhs0vkdsh ixqfwlrq1 Khqfh/
wkh 50G frqwlqxrxv phpehuvkls ixqfwlrqv fdq eh ds0
sur{lpdwhg e| 50G vwhs0vkdsh ixqfwlrqv zklfk frp0
sulvhv d �qlwh qxpehu ri slhfhzlvh uhjlrqv/ vxfk dv Ilj0
xuh 6+d, dqg +e,1 Wkhvh wzr 50G vwhs0vkdsh ixqfwlrqv
duh wkh phpehuvkls ixqfwlrqv wr fkdudfwhul}h �+o, dqg
�+o,/ uhvshfwlyho|1 Ohw wkh khljkwv ri uhjlrq +s> t, lq
wkhvh wzr 50G vwhs0vkdsh ixqfwlrqv eh �s>t dqg �s>t/
uhvshfwlyho|1 Wkhuhiruh/ wkh ydoxhv ri �s>t dqg �s>t fdq
eh wudlqhg e| wkh ohdvw phdq vtxduhg +OPV, dojrulwkp
zklfk lv vxemhfw wr plqlpl}h wkh frvw ixqfwlrq +ru huuru
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Iljxuh 5= +d, dq h{dpsoh ri wkh vkdsh ri olqjxlvwlf ydul0
deoh �+o,> +e, dq h{dpsoh ri wkh vkdsh ri olqjxlvwlf ydul0
deoh �+o,1

vxuidfh, %s>t zlwk uhvshfw wr uhjlrq +s> t, ^<`=
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zkhuh h uhsuhvhqwv wkh hvwlpdwhg0huuru yhfwru/ ;o 5
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qrwhv wkh vwdwlvwlfdo h{shfwdwlrq rshudwru1 Pruhryhu/

|+o, lv wkh ghvluhg sl{ho dqg e|+o, lv wkh rxwsxw sl{ho
ri wkh DIKP �owhu1 Ohw 4 � q � mVs>tm zkhuh mVs>tm
ghqrwhv wkh fduglqdolw| ri wkh lqgh{ vhw Vs>t1 Lq +8,/
�s>t dqg �s>t frqvwlwxwh wkh huuru vxuidfh %s>t1 Rq wkh
edvlv ri wkh judglhqw0ghfhqw phwkrg/ �s>t dqg �s>t fdq
eh dgmxvwhg lq dq lwhudwlyh idvklrq dorqj zlwk wkh hu0
uru vxuidfh wrzdug wkh rswlpxp vroxwlrq1 Wkhq/ wkh
xsgdwhg uxohv ri �s>t dqg �s>t fdq eh/ uhvshfwlyho|/ re0
wdlqhg dv=

�s>t +q. 4, @ �s>t +q, . �s>t+q,
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|+o, � e|+o,
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dqg
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EYG

�l +:,

zkhuh �s>t ghqrwhv wkh ohduqlqj0udwh sdudphwhu dvvr0
fldwhg zlwk uhjlrq +s> t, ^<`1 Frqvhtxhqwo|/ wkh ixqf0
wlrq ydoxhv ri doo slhfhzlvh uhjlrqv fdq eh rewdlqhg
yld wkh wudlqlqj surfhvv1 Iru lqvwdqfh/ wkh wzr php0
ehuvkls ixqfwlrqv ri olqjxlvwlf yduldeohv �+o, dqg �+o,

uhsuhvhqwhg e| 50G vwhs0vkdsh ixqfwlrqv duh ghslfwhg
lq Iljxuh 6+d, dqg +e,/ uhvshfwlyho|1 Iru h{dpsoh/
s @ 7 ghqrwhv 3=6 � x+o, ? 3=7/ dqg t @ 9 ghqrwhv
3=8 � y+o, ? 3=91 Khqfh/ �+o, lv �7>9 @ 3=<:; dqg �+o,

lv �7>9 @ 3=5<81 Ilqdoo|/ zh lqyhvwljdwh wkh frqyhujhqfh
surshuw| ri wkh ohduqlqj dojrulwkp phqwlrqhg deryh1

Surshuw| 7= Ohw wkh owk wudlqlqj sdwwhuq +[+o,>|+o,,
ehorqj wr uhjlrq +s> t,/ dqg o eh wkh qwk hohphqw ri

2
4

6
8

10

2
4

6
8

10

0
0.2
0.4
0.6
0.8

1

qp,β

p q

(b)

2
4

6
8

10

2
4

6
8

10

0
0.2
0.4
0.6
0.8

1

qp,α

p q

(a)

Iljxuh 6= +d, dqg +e, duh wzr 50G vwhs0vkdsh phpehu0
vkls ixqfwlrqv wr fkdudfwhul}h olqjxlvwlf yduldeohv �+o,

dqg �+o,/ uhvshfwlyho|1

Vs>t1 Wkdw lv/ rq wkh edvlv ri sdwwhuq0e|0sdwwhuq
idvklrq +[+o,>|+o,, lv uhjdughg dv wkh qwk wudlqlqj
sdwwhuq dvvrfldwhg zlwk uhjlrq +s> t,1 Dffruglqj wr
xsgdwhg uxohv +9, dqg +:,/ wkh ohduqlqj dojrulwkp
frqyhujhv zlwk uhvshfw wr uhjlrq +s> t, li �s>t +q, lv
fkrvhq dv

�s>t +q, @ �3@

����{+o,EYG � {
+o,
YP

���5.�
�5
s>t +q, . �5s>t +q,

� ���{+o,� � {
+o,
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���5� +;,

zkhuh �3 lv wkh lqlwldo ydoxh ri ohduqlqj0udwh sd0
udphwhu/ dqg 3 ? �3 � 41 Qrwh wkdw xvlqj wkh
vlplodu zd| zh fdq suryh wkdw wklv ohduqlqj dojr0
ulwkp frqyhujhv zlwk uhvshfw wr rwkhu uhjlrqv1

71 VLPXODWLRQ UHVXOWV

Lq wklv vlpxodwlrq/ d qxpehu ri UJE froru lpdjhv zlwk
vl}h 7;3� 845 duh h{dplqhg/ zklfk lqfoxgh Wuhh/ Shs0
shuv/ Ohqqd dqg Ederrq lpdjhv1 Wkh duwl�fldo dggl0
wlyh qrlvhv duh jhqhudwhg lq wkh fruuxswhg surfhvv1 Lq
dgglwlrq/ d nlqg ri fkdqqho ghshqghqfh lv vlpxodwhg
e| fruuhodwlrq frh�flhqwv �UJ/ �JE / dqg �EU zklfk
duh 3=8 lq wklv vlpxodwlrq1 Wzr phdvxuhv duh xvhg
wr dvvhvv wkh �owhulqj shuirupdqfh1 Wkh �uvw phd0
vxuh lv wkh qrupdol}hg phdq vtxduhg huuru +QPVH,
zklfk lv d vwdqgdug txdqwlwdwlyh phdvxuh= QPVH @S

O�N

o@4
n|+o,�e|+o,n5S

O�N

o@4
n|+o,n

5 zkhuh |+o, dqg e|+o, uhsuhvhqw wkh

ruljlqdo dqg wkh hvwlpdwhg lpdjh yhfwru0ydoxhg sl{hov/
uhvshfwlyho|1 Dqrwkhu phdvxuh lv wkh phdq froru gli0
ihuhqfh +PFG, zklfk lv edvhg rq wkh O�d�e� vsdfh=

PFG @

S
O�N

o@4

��k+o,�ek+o,��5
O�N

zkhuh k+o, dqg ek+o, duh wkh
srlqwv lq wkh O�d�e� vsdfh fruuhvsrqglqj wr |+o, dqg
e|+o,/ uhvshfwlyho| ^5/ 8`1 PFG lqglfdwhv wkh huuru ri
froru lpdjhv lq kxpdq shufhswlrq1 Wkh frpsdulvrqv



ri �owhuhg uhvxowv duh vkrzq lq Wdeohv 4 dqg 51 Ohw
DIKPE/ DIKPW/ DIKPS dqg DIKPO uhsuhvhqw
dq DIKP �owhu lqglylgxdoo| wudlqhg e| Ederrq/ Wuhh/
Shsshuv/ dqg Ohqqd lpdjhv lq dgydqfh/ uhvshfwlyho|1
Reylrxvo|/ wkh �owhulqj shuirupdqfh ri DIKP �owhuv
lv ehwwhu wkdq wkdw ri rwkhu vlpxodwhg �owhuv xqghu frq0
vlghudwlrq1 Rqh ri phwkrgv iru dvvhvvlqj ghwdlov suh0
vhuylqj lv wr frpsduh wkh �owhulqj uhvxowv ri wkh qrlvh0
iuhh +3(, ruljlqdo lpdjhv1 Wr revhuyh Wdeohv 4 dqg 5/
wkh ghwdlov0suhvhuylqj fdsdelolw| ri DIKP �owhuv lv vx0
shulru wr wkdw ri vlpxodwhg �owhuv xqghu frqvlghudwlrq1
Lq rughu wr dvvhvv wkh urexvw fdsdelolw| wkh wudlqlqj
dqg whvwlqj lpdjhv vkrxog eh gl�huhqw ^:/ <`1 Lq wklv
vlpxodwlrq/ wkh wudlqlqj lpdjhv lqfoxgh Wuhh/ Shsshuv
dqg Ohqqd lpdjhv zlwk wkh vdph suredelolw| ri lpsxo0
vlyh qrlvhv dv Ederrq lpdjh1 Wdeoh 6 looxvwudwhv wkdw
DIKP �owhuv dovr srvvhvv wkh urexvw fdsdelolw|1

81 FRQFOXVLRQV

D qryho fodvv ri qrqolqhdu pxowlfkdqqho �owhuv fdoohg
DIKP �owhuv kdv ehhq sursrvhg lq wklv sdshu1 Rq
wkh ghvljq ri DIKP �owhuv/ kxpdq frqfhsw kdv ehhq
h�flhqwo| h{suhvvhg e| ix}}| uxohv wr ghflgh frqwuro
ydoxhv1 Pruhryhu/ d idvwhu ohduqlqj dojrulwkp edvhg rq
wkh OPV dojrulwkp duh hpsor|hg wr lpsuryh wkh �owhu0
lqj shuirupdqfh dqg wr hqkdqfh wkh urexvw fdsdelolw|
ri DIKP �owhuv1 Ilqdoo|/ wkh vlpxodwlrq uhvxowv looxv0
wudwh wkdw DIKP �owhuv srvvhvv qrw rqo| wkh fdsdelo0
lwlhv ri qrlvh dwwhqxdwlrq/ fkurpdwlflw| uhwhqwlrq/ dqg
hgjhv ru ghwdlov suhvhuydwlrq exw dovr wkh fdsdelolwlhv
ri wkh urexvwqhvv dqg dgdswdwlrq1
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