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Devwudfw

Wkh vpdoo vdpsoh surshuwlhv ri whvwv rq orqj0uxq frh!flhqwv lq frlq0
whjudwhg v|vwhpv duh vwloo d pdwwhu ri frqfhuq wr dssolhg hfrqrphwul0
fldqv1 Zh frpsduh wkh shuirupdqfh ri wkh Eduwohww fruuhfwlrq/ wkh
errwvwuds dqg wkh idvw grxeoh errwvwuds iru whvwv rq ffrlqwhjudwlrq sd0
udphwhuv lq wkh pd{lpxp olnholkrrg iudphzrun1 Zh vkrz e| phdqv ri
d wkhruhwlfdo uhvxow dqg vlpxodwlrqv wkdw doo wkuhh surfhgxuhv vkrxog eh
edvhg rq wkh xquhvwulfwhg hvwlpdwh ri wkh frlqwhjudwlrq yhfwruv1 Wkh
idvw grxeoh errwvwuds gholyhuv vxshulru vl}h fruuhfwlrq/ zkhuhdv wkh
Eduwohww fruuhfwlrq ohdgv wr wkh ohdvw orvv ri srzhu1 Krzhyhu doo wkuhh
shuirup pxfk ehwwhu wkdq wkh dv|pswrwlf whvwv dqg gl�huhqfh ehwzhhq
wkhp duh vpdoo1

4 Lqwurgxfwlrq4

Orqj0uxq uhodwlrqvklsv kdyh dozd|v ehhq d nh| frqfhsw lq hfrqrplf dqdo|vlv1
Lw lv wkxv kdugo| vxusulvlqj wkdw wkh dqdo|vlv ri frlqwhjudwlrq/ surylglqj dq
hohjdqw vroxwlrq wr wkh sureohp ri hvwlpdwlqj ri wkh qxpehu dqg irup ri
vxfk uhodwlrqvklsv/ kdv udslgo| uhdfkhg wkh vwdwxv ri rqh ri wkh pdlq euhdn0
wkurxjkv lq wkh klvwru| ri hfrqrphwulfv1 Krzhyhu/ wkh vpdoo vdpsoh surshu0
wlhv ri wkh dydlodeoh whvwv rq orqj0uxq frh!flhqwv lq frlqwhjudwhg v|vwhpv duh
vwloo d pdwwhu ri frqfhuq wr dssolhg hfrqrphwulfldqv> Prqwh Fduor hylghqfh
lv suhvhqwhg/ dprqj rwkhuv/ e| Jrq}dor +4<<7,/ Ehzoh|/ Rughq/ \dqj dqg

�
Zh duh judwhixo wr Vûuhq Mrkdqvhq iru klv hqfrxudjhphqw dqg vxjjhvwlrqv1 Zh

dovr ehqh�whg iurp glvfxvvlrqv zlwk Wru Mdfrevrq/ Ehqw Qlhovhq dqg Sdror Sduxror
dqg wkh frpphqwv dqg vxjjhvwlrqv ri wkh sduwlflsdqwv wr wkh frqihuhqfhv �Eulgjlqj
Hfrqrplfv dqg Hfrqrphwulfv�+Hxurshdq Xqlyhuvlw| Lqvwlwxwh/ Mxqh 5334, �Fdvx0
dolw| dqg H{rjhqhlw| lq Hfrqrphwulfv� +Orxydlq0od0Qhxyh/ Ghfhpehu 5334,1 Doo
vlpxodwlrqv kdyh ehhq uxq rq wkh XQL[ foxvwhu ri wkh FDVSXU frpsxwlqj oder0
udwru|> zh zrxog olnh wr wkdqn wkh vwd� ri oderudwru| iru wkhlu h!flhqw whfkqlfdo
vxssruw1 Wkh xvxdo glvfodlphuv dsso|1 Ilqdqfldo vxssruw ri PXUVW lv judwhixoo|
dfnqrzohgjhg1 Fruuhvsrqghqfh wr= srpw}ljwChfr1xqlqvxeuld1lw/ v1idfklqCfdvsxu1lw1

4



Ilvkhu +4<<7,/ Ol dqg Pdggdod +4<<:,1 Jlyhq doo vdpsoh vl}hv frpprqo|
xvhg e| dssolhg hfrqrplvwv fdq eh frqvlghuhg �vpdoo�/ wkh frqfoxvlrq lv
wkdw/ ryhu whq |hduv diwhu Mrkdqvhq +4<<4, lqwurgxfhg wkh dv|pswrwlf sur0
fhgxuhv qrz vwdqgdug/ qr uholdeoh phwkrg wr whvw li wkh hvwlpdwhg orqj0uxq
uhodwlrqvklsv duh frpsdwleoh zlwk wkrvh vxjjhvwhg e| hfrqrplf wkhru| h{lvw1
Reylrxvo|/ vrph dwwhpswv kdyh ehhq pdgh1 Pruh suhflvho|/ wzr qdwxudo dqg
frpsohphqwdu| vroxwlrqv kdyh ehhq sursrvhg= +l, dsso|lqj Eduwohww fruuhf0
wlrqv wr wkh whvw vwdwlvwlfv/ lq wkh krsh wkdw wkh fruuhfwhg vwdwlvwlf zloo iroorz
d vpdoo vdpsoh glvwulexwlrq forvhu wr wkh dv|pswrwlf rqh/ dqg wkxv eulqj
dfwxdo vl}hv forvhu wr wkh qrplqdo vl}hv +Mrkdqvhq/ 4<<<,> +ll,/ wu|lqj wr
hvwlpdwh wkh dfwxdo vpdoo vdpsoh glvwulexwlrq e| wkh errwvwuds/ d frpsxwhu0
lqwhqvlyh whfkqltxh vwulfwo| olqnhg zlwk wkh Hgjhzruwk h{sdqvlrq dqg lqghhg
gh�qhg e| Fuledul0Qhwr dqg Frughlur +4<<9, �d vlpxodwlrq edvhg dowhuqd0
wlyh wr Eduwohww dqg Eduwohww0w|sh fruuhfwlrqv� +Ol dqg Pdggdod/ 4<<9/ 4<<:/
Idfklq/ 5333/ Juhghqkr� dqg Mdfrevrq/ 5334,1 Iru wkh wlph ehlqj/ qr ghi0
lqlwh vroxwlrq kdv krzhyhu dsshduhg1 Dowkrxjk wkh rqo| dlp ri erwk wkh
errwvwuds dqg wkh Eduwohww fruuhfwlrq lv wr jhw wkh dfwxdo vl}h forvhu wr wkh
qrplqdo vl}h/ wkh �qdo dlp ri dq| whvwlqj surfhgxuh pxvw eh wkdw ri glv0
wlqjxlvklqj ehwzhhq ydolg dqg lqydolg k|srwkhvhv= wkh sursruwlrq ri W|sh
LL huuruv ri fruuhfwhg whvwv lv wkhuhiruh fuxfldo1 Wr wkh ehvw ri rxu nqrzo0
hgjh qr hylghqfh rq wkh srzhu surshuwlhv ri Eduwohww fruuhfwhg whvwv lq wkh
frlqwhjudwhg YDU prgho kdv dsshduhg lq wkh olwhudwxuh> wkh rqo| dydlodeoh
hylghqfh rq srzhu iru errwvwudsshg whvw vwdwlvwlfv lv lq Idfklq +5333,/ zlwk
wkh errwvwuds whvw h{dplqhg uhsruwhg wr kdyh d udwkhu kljk W|sh LL huuru
lq sduwv ri wkh sdudphwhu vsdfh1 Wkh dlp ri wklv sdshu lv wkxv d wkrurxjk
vfuxwlq| ri erwk wkh vl}h dqg srzhu surshuwlhv ri Eduwohww0fruuhfwhg dqg
errwvwuds whvwv1 Iru wkh odwwhu zh vkdoo frqvlghu erwk d vwdqgdug surfhgxuh
dqg wkh �idvw grxeoh errwvwuds�/ uhfhqwo| sursrvhg e| Gdylgvrq dqg PdfN0
lqqrq +5333,1 Dv zh vkdoo vhh ehorz/ wkh pdlq uhvxow lv wkdw vpdoo vdpsoh
fruuhfwlrqv dsshdu wr eh dq devroxwho| qhfhvvdu| dgglwlrq wr wkh wrronlw ri
wkh hfrqrphwulfldq zrunlqj zlwk qrq vwdwlrqdu| gdwd/ zlwk wkh idvw grxeoh
errwvwuds shuiruplqj ehvw wkhq wkh rwkhu dowhuqdwlyhv1 D nh| uhvxow ri rxu
dqdo|vlv lv wkdw erwk wkh Eduwohww fruuhfwlrq dqg wkh errwvwuds whvwv vkrxog
eh edvhg rq wkh xquhvwulfwhg hvwlpdwh ri wkh frlqwhjudwlrq yhfwruv1

Wkh sdshu lv rujdqlvhg dv iroorzv= lq Vhfwlrq 5 zh vkdoo eulh | uhylhz
wkh prgho/ wkh vwuxfwxuh ri Eduwohww0fruuhfwhg dqg errwvwuds whvwv/ dv zhoo dv
d wkhruhwlfdo uhvxow/ prwlydwlqj xv wr edvh erwk surfhgxuhv rq xquhvwulfwhg
hvwlpdwhv1 Lq vhfwlrq 6 zh vkdoo glvfxvv wkh ghvljq ri wkh Prqwh Fduor h{0
shulphqw dqg lq vhfwlrq 7 suhvhqw wkh uhvxowv ri wkh vlpxodwlrqv1 Vrph frq0
foxvlrqv/ dv zhoo dv whqwdwlyh uhfrpphqgdwlrqv iru dssolhg zrun/ duh �qdoo|
gudzq lq vhfwlrq 71
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5 Eduwohww0fruuhfwhg dqg Errwvwuds Whvwv rq Frlq0
whjudwlqj Frh!flhqwv

514 Wkh Prgho

Wkh frlqwhjudwhg s0glphqvlrqdo YDU prgho zlwk n odjv lq lwv dxwruhjuhvvlyh
irup lv gh�qhg dv=

�[ � @ ��
� � [ �����

G �
�

.

� ���[
	�
 �

� 	 �[ ��� 	 . �g � . % � +4,

Lq wklv sdshu d olqhdu wuhqg lv frqvwudlqhg wr olh lq wkh frlqwhjudwlrq vsdfh
dqg dq xquhvwulfwhg frqvwdqw lv lqfoxghg rxwvlgh wkdw vsdfh= G � @ w dqg
g � @ 41 Zh gh�qh � dqg � e| �

�
@ +�

�
> �

�
,/ zkhuh � lqfoxghv wkh frh!flhqwv

olqnlqj wkh vwrfkdvwlf yduldeohv ri wkh v|vwhp dqg � duh wkh frh!flhqwv ri
wkh ghwhuplqlvwlf sduw1

Wkuhh dvvxpswlrqv duh pdgh wr pdnh vxuh wklv lv d vwdeoh L+4, prgho=

Dvvxpswlrq 4 � dqg � duh wzr ixoo udqn pdwulfhv ri glphqvlrq s � u/ s A u>

Dvvxpswlrq 5 wkh pdwul{ �
� 
 �

L �
S � ���	�
 � � 	 � �



lv ri ixoo udqn>

Dvvxpswlrq 6 Wkh urrwv } ri wkh fkdudfwhulvwlf sro|qrpldo duh hlwkhu 4= } @ 4 +s � u

urrwv duh htxdo wr xqlw|, ru odujhu wkdq 4 lq devroxwh ydoxh= m}m A 41

Wkh �uvw wzr dvvxpswlrq dvvxuhv wkdw wkh surfhvv lv dq L+4, surfhvv
dqg qrw lqwhjudwhg ri kljkhu rughu/ zkloh wkh vhfrqg dvvxpswlrq h{foxghv
h{sorvlyh ehkdylrxu1

Wkh vwdwlrqdu|/ vwrfkdvwlf sduw ri +4, fdq eh zulwwhq lq wkh vr0fdoohg
frpsdqlrq irup
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Wkh ghwhuplqlvwlf sduw fdq eh wdnhq dffrxqw ri e| dgglqj dq h{wud whup lq _ � dqg ( � �
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\ � @ S\ ����� . I% � +5,

Wkh Eduwohww fruuhfwlrq/ zklfk vkdoo eh glvfxvvhg lq wkh qh{w vhfwlrq/ ghshqgv
fuxfldoo| rq wkh pdwul{ S 1

515 Wkh Eduwohww Fruuhfwlrq

Wkh lghd ehklqg wkh Eduwohww fruuhfwlrq +Eduwohww/ 4<6:, lv erwk vlpsoh dqg
dsshdolqj1 Vxssrvh wkh dlp lv whvwlqj dq k|srwkhvlv rq d vxevhw � ri wkh
sdudphwhuv �/ K � = � @ �

�
1 Lq uhjxodu fdvhv/ wkh OU whvw vwdwlvwlf V kdv dq

h{shfwhg ydoxh ri

H ^�5 oq+OU,` @ k

�
4 .

4

W
j +�,

�
. R

�
4

W
�

�
+6,

zkhuh k ghqrwhv wkh qxpehu ri uhvwulfwlrqv whvwhg1 Wkhq glylglqj wkh whvw
vwdwlvwlf V e|

�
4 .

�� j +�,
�
zh pd| rewdlq wkh prgl�hg whvw vwdwlvwlf V �

dqg h{shfw wkh uhvxowlqj glvwulexwlrq wr eh forvhu wr d "
�
glvwulexwlrq1 Wklv

glylvlrq lv fdoohg d Eduwohww fruuhfwlrq dqg
�� j +�, zloo eh uhihuuhg wr dv wkh

Eduwohww idfwru1
Zh reylrxvo| gr qrw nqrz wkh wuxh ydoxhv ri wkh sdudphwhuv/ �/ dqg wkxv

zh vxevwlwxwh d frqvlvwhqw hvwlpdwh ri �/ e�> lq h{suhvvlrq +6, dqg rewdlq=

H ^�5 oq +OU,` @ k
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Wkh huuru vwloo uhpdlqv ri wkh vdph rughu dv ehiruh/ exw odwhu lq wklv sdshu/
zh vkdoo vhh wkdw wkh dfwxdo vl}h gl�huv vxevwdqwldoo| ghshqglqj rq zklfk
frqvlvwhqw hvwlpdwh zh xvh1

Odzoh| +4<89, dqg Eduqgru�0Qlhovhq dqg Kdoo +4<;;, suryhg wkdw xqghu
fhuwdlq uhjxodulw| frqglwlrqv +zklfk h{foxgh frlqwhjudwhg YDU prghov, iru
dq| uhdo qxpehu {

s +V � � {, @ s
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Vr wkh zkroh "
�
lv ehwwhu dssur{lpdwhg diwhu wkh fruuhfwlrq1

Mhqvhq dqg Zrrg +4<<:, vkrzhg e| phdqv ri dq h{dpsoh wkdw +8, grhv
qrw krog lq d qrq0vwdwlrqdu| prgho1 Wklv krzhyhu grhv qrw phdq wkdw wkh
vl}h fruuhfwlrq lv qrw xvhixo lq sudfwlfh1 Lq idfw Qlhovhq +4<<:, vkrzhg wkdw
d Eduwohww fruuhfwlrq lq dq DU+4, surfhvv zlwk d xqlw urrw/ grhv surylgh dq
lpsuryhphqw wr wkh vl}h ri wkh whvw1

Xqghu wkh dvvxpswlrq=
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Dvvxpswlrq +Eduwohww Fruuhfwlrq, wkhuh h{lvw pdwulfhv N dqg P vxfk
wkdw g � @ Pg ����� dqg �G � @ Ng � zkhuh doo wkh hljhqydoxhv ri wkh
pdwul{ P htxdo 4 lq devroxwh ydoxh

Mrkdqvhq +5333, ghulyhg wkh Eduwohww fruuhfwlrq iru wkuhh gl�huhqw nlqg
ri k|srwkhvhv rq � lq +7,/ qdpho|=

41 � @ �
�
/ d vlpsoh k|srwkhvlv rq doo wkh frlqwhjudwlrq yhfwruv>

51 � � @ �
� � zkhuh� � � duh wkh �uvw u � uhodwlrqv +4 � u � ? u, dqg wkh rwkhu

frlqwhjudwlrq uhodwlrqv duh xquhvwulfwhg>

61 � @ K* zkhuh K lv d +s � u, pdwul{ ri ixoo udqn dqg v ? u= Wklv
k|srwkhvlv lpsolhv wkh vdph uhvwulfwlrq rq doo uhodwlrqv lq �1

Fruuhfwlrqv iru rwkhu nlqgv ri k|srwkhvhv/ olnh uhvwulfwlrqv ri wkh nlqg
� � @ K � * � gr qrw |hw h{lvw1 Zh wkhuhiruh olplw rxuvhoyhv wr frqiurqwlqj
wkh fruuhfwlrqv 4 dqg 5 zlwk wkh errwvwuds1 Ixuwkhu/ zh h{foxgh wkh fdvh ri
vwuxfwxudo euhdnv lq wkh GJS uhtxlulqj wkh xvh ri gxpp| yduldeohv lq wkh
hvwlpdwlrq1

Wkh fruuhfwlrq whup lwvhoi/ iru zklfk zh uhihu wr wkh diruhphqwlrqhg duwl0
foh/ ghshqgv fuxfldoo| rq wkh wrwdo qxpehu ri sdudphwhuv/ wkh yduldqfh ri \ �
lq +5, dqg d qxpehu ri wlphv rq

S �	�
 � S
	
1 Wkh odvw wzr whupv rqo| h{lvw li doo

wkh hljhqydoxhv ri S duh vwulfwo| vpdoohu wkdq rqh1 1 Zkhq wkh hljhqydoxhv
dssurdfk 4/ wkh Eduwohww fruuhfwlrq idfwru lqfuhdvhv udslgo|1 Li +5, frqwdlqv
d xqlw urrw/ wkh Eduwohww fruuhfwlrq lv qrw gh�qhg1

Wkh qrq0h{lvwhqfh ri wkh Eduwohww fruuhfwlrq fdq fdxvh odujh sureohpv lq
sudfwlfh/ ehfdxvh ri wkh iroorzlqj wkhruhp=

Wkhruhp 4 Wkh udqn ri wkh pdwul{ a� frqyhujhv wr u � 4/ zkhq xqghu wkh
qxoo k|srwkhvlv � @ �

�
rqh ri wkh frlqwhjudwlrq yhfwruv lv plvvshfl�hg1 Frq0

vhtxhqwo| wkh pdwul{ S frqwdlqv dq dgglwlrqdo xqlw urrw lq wkh olplw

Surri1 Ohw � @ +� � > � � ,/ zkhuh � � q � +u � 4, dqg � � q � 4 lv wkh
plvvshfl�hg sduw ri �1 Zlwkrxw orvv ri jhqhudolw| dvvxph wkdw � � B � � dqg
whvw wkdw � @ e @ +� � > e � ,1
vs +�, _ vs +e, @ vs +� � , = Qh{w ghfrpsrvh e � dv e � @ �



F . � � H @=

�


� . � � g zkhuh H lv d pdwul{ ri ixoo udqn1
Wkh hvwlpdwh ri � jlyhq e lv wkhq irxqg e| uhjuhvvlrq=

a�+e, @ V � � e �
e
�
V ��� e� ���

@ V � � +� � > �


� . � � g,

�
�
� � V ��� � � �

� � V ��� +�


� . � � H,

+�


� . � � H,

�
V ��� � � +�



� . � � H,

�
V ��� +�



� . � � H,

� ���

zkhuh V � � dqg V ��� duh gh�qhg lq vwdqgdug idvklrq +Mrkdqvhq/ 4<<9/ sdjh <30
<4,1 Iurp Fkdq dqgZhl +4<;;,/ zh �qg wkdw V � � � � > �

� � V ��� � � > �
� � V ��� +�



� . � � H, > V � � +�



� . � � H, 5
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R+4, dqg +�


� . � � H,

�
V ��� +�



� . � � H, 5 R+W , vxfk wkdw a� �

�
$ � � dqg

a� � �
$ 3
Wklv phdqv wkdw li zh xvh wkh uhvwulfwhg hvwlpdwh dqg wkh qxoo k|srwkhvlv

lv idovh/ wkh Eduwohww fruuhfwlrq lv qrw gh�qhg1 Lq sudfwlvh dvvxpswlrq 4
lv ylrodwhg/ vxfk wkdw zh jhw d gl�huhqw prgho1 Zh wkhuhiruh uhtxluh wkh
Eduwohww fruuhfwhg whvw wr kdyh wkh iroorzlqj surshuwlhv=

� Zkhqhyhu wkh qxoo k|srwkhvlv lv wuxh/ wkh hvwlpdwru e� vkrxog eh frq0
vlvwhqw/ vxfk wkdw +7, lv ydolg

� Zkhqhyhu wkh qxoo k|srwkhvlv lv idovh/ wkh pdwul{ S vkrxog kdyh vwdeoh
urrwv/ vxfk wkdw wkh Eduwohww fruuhfwlrq lv gh�qhg1 Li srvvleoh wkhvh
urrwv vkrxog lq vrph vhqvh eh dv vwdeoh dv srvvleoh/ iru zkhq wkh|
duh yhu| odujh/ wkh Eduwohww Idfwru h{sorghv dqg d idovh k|srwkhvlv lv
dffhswhg1

Vroxwlrq 5 Xvh wkh xquhvwulfwhg hvwlpdwhv a� ri �lq +4, dqg qrw wkh uh0
vwulfwhg hvwlpdwhv lq wkh Eduwohww fruuhfwlrq idfwru1 Wkh Eduwohww fruuhfwlrq
idfwru iru � @ �

�
dqg � @ K* rqo| ghshqgv rq a� / vxfk wkdw wklv gh�qhv

wkh vroxwlrq lq wkhvh fdvhv1
Lq fdvh 5 +� � @ �

� � / rqo| vrph ri wkh frlqwhjudwlrq uhodwlrqv duh uhvwulfwhg,
zh qhhg hvwlpdwhv iru erwk wkh uhvwulfwhg dqg wkh xquhvwulfwhg yhfwruv1 Lq wklv
fdvh �

� � dqg wkh dvvrfldwhg uhvwulfwhg hvwlpdwh � � +�
� � , vkrxog qrw eh xvhg/ dv

wklv zloo ohdg wr lqvwdelolw| ri wkh S pdwul{ zkhq K � lv idovh1 Lqvwhdg/ zh �qg
d pdwul{ e � iru zklfk vs+e � , � vs+a�, dqg dv forvh wr �

� � dv srvvleoh1 Wklv
phdqv wkdw zh �qg d pdwul{ � vxfk wkdw

� @
�

a�
�
a�

� ���
a�
�
�
� � +9,

Wkhq wkh hvwlpdwruv e � @ a�� dqg e � @ a��



duh frqvlvwhqw zkhq wkh qxoo
k|srwkhvlv lv wuxh dqg wkh frpsdqlrq pdwul{ S lv vwdeoh zkhq lw lv idovh1

516 Errwvwuds Phwkrgv

Lq sulqflsoh/ wkh juhdw dgydqwdjh ri wkh errwvwuds
�
lv wkdw lw fdq r�hu lpph0

gldwh vroxwlrqv wr qhz sureohpv1 Krzhyhu/ lq sudfwlfh lwv delolw| wr gholyhu
jrrg dowhuqdwlyhv zkhq uholdeoh vpdoo vdpsoh sdudphwulf surfhgxuhv duh odfn0
lqj pxvw eh dffxudwho| whvwhg ehiruh lwv xvh pd| eh uhfrpphqghg1 Wklv lv
hvshfldoo| wuxh iru wkh sureohp zh duh wu|lqj wr vroyh/ dv wkh dv|pswrwlfv ri
wkh errwvwuds dssolhg wr lqwhjudwhg gdwd lv vwloo odujho| xqh{soruhg= Krurzlw}
+5333, vxppdulvhv klv vxuyh| vwdwlqj wkdw �dw suhvhqw +111, wkhuh duh qr

�
Jhqhudo lqwurgxfwlrqv wr wkh errwvwuds duh surylghg/ lqwhu dold/ e| Hiurq dqg Wlevkl0

udql +4<<6,/ Kdoo +4<<8, dqg Krurzlw} +5333,/ zkloh d uhfhqw uhylhz hvshfldoo| dgguhvvhg
dw wlph vhulhv dssolfdwlrqv lv Ehunrzlw} dqg Nloldq +5333,1

9



wkhruhwlfdo uhvxowv rq wkh delolw| ri wkh errwvwuds wr surylgh dv|pswrwlf uh0
�qhphqwv iru whvwv ru frq�ghqfh lqwhuydov zkhq wkh gdwd duh lqwhjudwhg ru
frlqwhjudwhg�1 Dq hduo| h{fhswlrq lv Edvdzd hw do1 +4<<4,/ zkloh uhfhqw gh0
yhorsphqwv iru d ihz vshfl�f fdvhv lq wkh olqh dgyrfdwhg e| Krurzlw} duh
Fkdqj/ Vlfnohv dqg Vrqj +5334,/ Gdylgvrq +5334,/ Sdsdurglwlv dqg Srolwlv
+5334, dqg Lqrxh dqg Nloldq +5335,1 Dw wkh rssrvlwh/ d vwulnlqj h{dpsoh
ri krz eolqg lpsohphqwdwlrqv ri wkh errwvwuds fdq gholyhu hqwluho| zurqj
uhvxowv lv jlyhq e| Skloolsv +5334, iru wkh fdvh ri vsxulrxv uhjuhvvlrq zlwk
lqwhjudwhg yduldeohv1

Ohw xv qrz vhh krz wkh errwvwuds pd| eh dssolhg wr rxu sureohp1 Wkh
jhqhudo lghd xqghuo|lqj errwvwuds whvwv lv wr dvvhvv wkh ydoxh ri d whvw vwdwlv0
wlf v ri dq k|srwkhvlv ri lqwhuhvw K � rq wkh edvlv ri wkh glvwulexwlrq ri
d odujh qxpehu ri vwdwlvwlfv v

 
frpsxwhg iurp vxlwdeo| frqvwuxfwhg svhx0

grgdwd/ zlwk wkh qxoo k|srwkhvlv ri wkh iruphu frqvlvwhqw zlwk wkh gdwd
jhqhudwlqj surfhvv +GJS, ri wkh odwwhu1 Wkxv/ wzr lqwhuuhodwhg fkrlfhv kdyh
wr eh pdgh= +l, wkh errwvwuds GJS

 
/ l1h1 wkh phfkdqlvp xvhg wr jhqhu0

dwh wkh svhxgrgdwd> +ll, wkh qxoo k|srwkhvlv ri wkh whvwv shuiruphg rq wkh
svhxgrgdwd +vd|/ K

 � ,1 Lq rughu wr hqvxuh uhflsurfdo frqvlvwhqf| ri wkh errw0
vwuds GJS

 
dqg qxoo k|srwkhvlv K

 � / K � pd| eh lpsrvhg rqwr wkh errwvwuds
GJS

 
+dv lq vrph h{dpsohv lq Hiurq dqg Wlevkludql/ 4<<6,/ ru/ ylfh yhuvd/

wkh errwvwuds GJS
 
wdnhq dv K

 � +dv uhfrpphqghg e| Kdoo/ 4<<5,1 Do0
wkrxjk lq wkh �uvw fdvh K � lv wkh vdph iru v dqg v

 
/ zkloh lq wkh odwwhu wkh

wzr vwdwlvwlfv ghulyh iurp gl�huhqw qxoo k|srwkhvlv/ wkh qxoo k|srwkhvlv K
 � lv

dozd|v wuxh iru wkh svhxgrgdwd/ dqg wkxv/ dvvxplqj iru lqvwdqfh d rqh0vlghg
whvw/ wkh sursruwlrq ri v

 
pruh h{wuhph wkdq v lq wkh uhohydqw gluhfwlrq lv

d qdwxudo hvwlpdwh ri wkh suredelolw| wkdw K � lv wuxh iru wkh ruljlqdo gdwd
dv zhoo1 Krzhyhu/ d nh| srlqw lv wkdw wkhvh wzr dssurdfkhv/ htxlydohqw iurp
wkh orjlfdo srlqw ri ylhz/ duh qrw dozd|v vxfk lq sudfwlfh

!
1 Ohw xv jr lqwr

vrph ghwdlo1 Zlwk frlqwhjudwhg YDUv dqg vrph k|srwkhvlv rq wkh orqj0uxq
frh!flhqwv K � = � @ �

�
/ wkh wzr dssurdfkhv hqwdlo uhvshfwlyho|=

+d, hvwlpdwlqj d frqvwudlqhg YDU vdwlvi|lqj K � = � @ �
�
/ jhqhudwlqj wkh

svhxgrgdwd rq wkh edvlv ri wkh hvwlpdwhg frqvwudlqhg frh!flhqwv dqg
d vhw ri udqgrp qrlvhv +zh zloo glvfxvv wkh fkrlfh ri wkhvh ehorz,/ dqg
whvwlqj K � = � @ �

�
erwk rq wkh ruljlqdo gdwd dqg rq wkh svhxgrgdwd/

rewdlqlqj uhvshfwlyho| wkh vwdwlvwlfv v dqg v
 
>

+e, hvwlpdwlqj dq xqfrqvwudlqhg YDU/ jhqhudwlqj wkh svhxgrgdwd rq wkh
edvlv ri wkh hvwlpdwhg xqfrqvwudlqhg frh!flhqwv dqg d vhw ri udqgrp
qrlvhv/ whvwlqj K � = � @ �

�
rq wkh ruljlqdo gdwd +rewdlqlqj wkh vwdwlvwlf

v, dqg K
 � = � @ e� +zkhuh e� duh wkh xqfrqvwudlqhg hvwlpdwhv ri �,

rq wkh svhxgrgdwd1+rewdlqlqj wkh vwdwlvwlf v
 
,

"
Glvfxvvlrqv hvshfldoo| uhohydqw wr rxu fdvh duh lqfoxghg lq Ol dqg Pdggdod +4<<:, dqg

Jlhuvehujhq +4<<;,1

:



Lq hlwkhu fdvh/ wkh errwvwuds hvwlpdwh ri wkh s0ydoxh ri wkh whvw zloo eh
jlyhq/ dv ghvfulehg deryh/ e| s

 
@ surs+v

 
A v,1 Vr idu/ dssurdfk +d,

kdv ehhq idyrxuhg zlwk qr h{fhswlrq lq wkh dssolfdwlrqv ri lqwhuhvw khuh1
Krzhyhu/ d srlqw ri fuxfldo lpsruwdqfh iru whvwlqj lq wkh pd{lpxp olnholkrrg
hvwlpdwlrq ri frlqwhjudwhg YDUv vhhpv wr kdyh jrqh xqqrwlfhg= dowkrxjk
erwk dssurdfkhv duh ydolg dqg dv|pswrwlfdoo| htxlydohqw xqghu K � / wklv
lv qrw wuxh dq| pruh zkhq lw lv idovh1 Wr vhh wklv/ frqvlghu wkh fdvh ri
d whvw K � = � @ �

�
lq d prgho zlwkrxw odjv dqg mxvw rqh frlqwhjudwlrq

yhfwru1 Li wklv yhfwru lv plvvshfl�hg/ wkhq �
� �

[ ����� lv fohduo| dq L+4, surfhvv/
zkhuhdv �[ � lv L+3,1 Wkh rqo| frqjuxhqw ydoxhv iru wkh ordglqj idfwruv �

duh wkhuhiruh }hur1 Khqfh doo wkh hohphqw ri wkh pdwul{ a� @ a��
� �
htxdo }hur

+dv|pswrwlfdoo|, dqg wkh udqn ri vxfk d pdwul{ lv 3/ qrw 4 dv lqwkh ruljlqdo
gdwd1 Li rqh zhuh wr xvh wklv pdwul{ iru wkh errwvwuds GJS

 
/ rqh zrxog

jhqhudwh mxvw udqgrp zdonv zlwkrxw dq| frlqwhjudwlrq +wklv lv hvvhqwldoo|
d gl�huhqw yhuvlrq ri h{dfwo| wkh vdph lvvxh douhdg| glvfxvvhg lq vhfwlrq
5 zlwk uhvshfw wr wkh frpsxwdwlrq ri wkh Eduwohww idfwru zkhq K � lv idovh,1
Wkxv/ rqo| errwvwuds whvwv ri w|sh +e,/ zlwk GJS

 
jlyhq e| wkh xqfrvwudlqhg

hvwlpdwhv ri wkh YDU frh!flhqwv dqg errwvwuds qxoo k|srwkhvlv K
 � = � @ e�/

dsshdu wr eh dgplvvdeoh1

Uhpdun 6 Wklv sureohp shuwdlqv wr wkh pd{lpxp olnholkrrg iudphzrun ri
Mrkdqvhq dqg qrw wr wkh wuldqjxodu irup ri wkh v|vwhp/ frqvlghuhg lqwhu
dold e| Ol dqg Pdggdod +4<<9/4<<:, dqg Idfklq +5333,1 Lq wkh Mrkdqvhq
iudphzrun vkruw dqg orqj uxq g|qdplfv duh prghoohg frqwhpsrudqhrxvo|=
d idovh uhvwulfwlrqv rq wkh odwwhu/ ohdg wr uhgxfhg udqn ri wkh iruphu1 Lq
wkh wuldqjxodu irup/ vkruw uxq g|qdplfv duh prghoohg vhsdudwho|/ vxfk wkdw
qrqh ri wkh sureohpv ghvfulehg deryh dulvh1 Frqvlghu dq Hqjoh0Judqjhu w|sh
uhjuhvvlrq ri wkh irup=

| � @ �{ � . % �
dqg wkh k|srwkhvlv � @ � � 1 Wkhq dq| errwvwuds vdpsoh jhqhudwhg e| wkh
phfkdqlvp

|
 � @ � � { � . %

 �
frqwdlqv wkh frlqwhjudwlrq uhodwlrq |

 � � � � { � / dv orqj dv wkh huuruv duh vwd0
wlrqdu| +Skloolsv/ 5334,1

Vr idu zh kdyh glvfxvvhg wkh fkrlfh ri wkh vwuxfwxuh ri wkh v|vwhpdwlf
sduw ri wkh errwvwuds GJS1 Iru wkh qrlvh wkhuh duh djdlq hvvhqwldoo| wzr
dowhuqdwlyhv/ zklfk duh +l, vrph sdudphwulf k|srwkhvlv +w|slfdoo|/ QLG, ru
+ll, uhvdpsolqj iurp d vhw ri uhvlgxdov ri d YDU1 Jlyhq wkdw uhvdpsolqj uh0
txluhv lqghshqghqfh/ d qdwxudo fkrlfh duh wkh uhvlgxdov ri wkh xqfrqvwudlqhg
YDU/ zklfk zloo eh hpslulfdoo| LLG e| frqvwuxfwlrq1 Juhghqkr� dqg Md0
frevrq +5334, idyrxuhg wkh sdudphwulf rswlrq/ zkloh Idfklq +5333, dqg Ol

;



dqg Pdggdod +4<<:, wkh qrq0sdudphwulf rqh
#
1 Khuh zh zloo frqvlghu erwk do0

whuqdwlyhv1 Eorfn0uhvdpsolqj phwkrgv/ vxfk dv wkh �Frqwlqxrxv0Sdwk Eorfn
Errwvwuds� sursrvhg e| Sdsdurglwlv dqg Srolwlv +5334,/ zklfk pd| eh srwhq0
wldoo| srzhuixo lq ghdolqj zlwk wkh vwrfkdvwlf wuhqgv suhvhqw lq wkh v|vwhp/
zloo wkh vxemhfw ri ixwxuh uhvhdufk1

Gh�qlqj � wkh hqwluh sdudphwhu vhw ri wkh YDU dqg dvvxplqj zh duh
lqwhuhvwhg lq uxqqlqj d rqh0vlghg whvw rq d vxevhw �/ zlwk K � = � @ �

�
/

wkh jhqhudo vwuxfwxuh ri wkh errwvwuds whvw zh vkdoo lpsohphqw lv wkxv wkh
iroorzlqj=

� Errwvwuds Whvw

41 Hvwlpdwh YDU rq gdwd [> iru jlyhq frlqwhjudwlqj udqn rewdlq hvwl0
pdwhv e�/ uhvlgxdov e% / dqg whvw vwdwlvwlf v iru wkh k|srwkhvlv K � = � @
�
�
>

51 Frqvwuxfw svhxgrgdwd= [
 

@ !+e�> %
 
,> %

 
gudzq dw udqgrp zlwk uh0

sodfhphqw iurp e% ru QLG=

61 Hvwlpdwh YDU rq svhxgrgdwd [
 
> rewdlq frh!flhqwv e�  

dqg whvw vwdwlvwlf v
 

iru wkh k|srwkhvlv K
 � = � @ e�>

Uhshdw 506 d odujh qxpehu ri wlphv

71 Frpsxwh errwvwuds s0ydoxh= s
 

@ surs+v
 

A v,=

Wkh whvw vwdwlvwlf lv wkh olnholkrrg udwlr whvw +zklfk lv wkh rqo| rqh do0
orzlqj d Eduwohww fruuhfwlrq,1 Li zh kdyh d vlpsoh k|srwkhvlv rq wkh zkroh
frlqwhjudwlrq vsdfh/ wkdw lv K � = � @ �

�
/ zh rewdlq wkh xquhvwulfwhg hvwlpdwh

a� dqg xvh wkdw iru jhqhudwlqj wkh svhxgrgdwd1 Iru wkh olnholkrrg udwlr whvw
lq vwhs 61 zh whvw K

 � = � @ a�1 Li zh kdyh d vlpsoh k|srwkhvlv rq rqo| sduw
ri wkh frlqwhjudwlrq vsdfh/ � � @ �

� � / zh wdnh wkh iroorzlqj qxoo k|srwkhvlv
lq vwhs 6=

� � @ a�
�
+a�

�
a�,

��� a�
�
�
� � +:,

zklfk lv hdvlo| vhhq wr frqyhujh wr �
� � li K � lv wuxh1

Dv phqwlrqhg lq wkh lqwurgxfwlrq/ Gdylgvrq dqg PdfNlqqrq +5333, uh0
fhqwo| sxw iruwk d frpsxwdwlrqdoo| fkhds grxeoh errwvwuds surfhgxuh zklfk
pd| gholyhu uhvxowv vxshulru wr wkh vwdqgdug errwvwuds mxvw rxwolqhg

$
1 Wkh

%
Qrwh wkdw wkhuh lv d srvvleoh vrxufh ri frqixvlrq khuh/ dv wkh whupv �sdudphwulf� dqg

�qrq0sdudphwulf� kdyh ehhq xvhg lq wkh errwvwuds olwhudwxuh zlwk gl�huhqw phdqlqjv1 Zh
gh�qh surfhgxuhv edvhg rq uhvdpsolqj iurp hvwlpdwhg uhvlgxdov dv �qrq sdudphwulf�/ dqg
wkdw lqyroylqj gudzlqjv iurp d wkhruhwlfdo glvwulexwlrq dv �sdudphwulf�1&

Dowkrxjk Gdylgvrq dqg PdfNlqqrq*v dqdo|wlfdo uhvxowv duh ydolg rqo| iru rqh0vlghg
whvwv zlwk dv|pswrwlf Q+3/4, glvwulexwlrqv/ vrph vlpxodwlrq hylghqfh vxjjhvwv wkdw wkh
surshuwlhv pd| h{whqg wr wkh dv|pswrwlf �

'
ri lqwhuhvw khuh1

<



lghd ehklqg wkh grxeoh errwvwuds/ sursrvhg e| Ehudq +4<;;,/ lv wkdw ri
fruuhfwlqj wkh srvvleoh eldv lq wkh errwvwuds surfhgxuh lpsohphqwhg e| d
vhfrqg dssolfdwlrq ri wkh errwvwuds1 Iru lqvwdqfh/ lq wkh fdvh ri d whvw wkh
dlp ri wkh vhfrqg0ohyho dssolfdwlrq ri wkh errwvwuds zrxog eh wr hvwlpdwh/
dqg wkxv fruuhfw iru/ wkh eldv +s 	 � l,/ zkhuh s 	 lv wkh s0ydoxh ri wkh l0ohyho
errwvwuds whvw1 Dowkrxjk wkh sulqflsoh lv fhuwdlqo| dwwudfwlyh/ lw lv dovr yhu|
h{shqvlyh/ dv lw lqyroyhv wkh frqvwuxfwlrq ri d errwvwuds svhxgr0srsxodwlrq
iru hdfk errwvwuds uhgudz1 Lw lv wkxv sudfwlfdoo| lpsrvvleoh wr hydoxdwh e|
phdqv ri Prqwh Fduor h{shulphqwv zlwk wkh fxuuhqwo| dydlodeoh frpsxwlqj
srzhu1 Rq wkh frqwudu|/ lq Gdylgvrq dqg PdfNlqqrq*v phwkrg wkhuh lv
rqo| rqh vhfrqg ohyho errwvwuds uhgudz iru hdfk �uvw ohyho rqh/ vr wkdw wkh
frpsxwlqj wlph lv ri wkh vdph rughu ri pdjqlwxgh ri wkh vwdqgdug errw0
vwuds1 Prqwh Fduor h{shulphqwv duh wkxv ihdvleoh1 Jlyhq wkdw jrlqj lqwr
wkh ghwdlov ri wkh phwkrg lv fohduo| eh|rqg wkh vfrsh ri wklv sdshu/ zh vkdoo
mxvw surylgh d edvlf lqwxlwlrq/ zklfk lv yhu| vlpsoh1 Frqvlghu d rqh0vlghg
whvw= li wkh errwvwuds hvwlpdwh s

 
@ surs+v

 
A v, ri wuxh s0ydoxh ri wkh whvw

lv glvwruwhg/ d zd| wr rewdlq d ehwwhu hvwlpdwh lv uhsodflqj v zlwk vrph hv
fkrvhq vr wr frxqwhuedodqfh wkh glvwruwlrq1 Li iru lqvwdqfh s

 
A s/ zh pd|

xvh dq hv A v1 Wkh srlqw lv fohduo| krz wr fkrrvh hv= oxfnlo|/ wklv wxuqv rxw wr
eh pruh qdwxudo wkdq pd| eh h{swhfwhg1 Frqvlghulqj wkdw v lv e| gh�qlwlrq
wkh s

 
� wk txdqwloh ri wkh glvwulexwlrq ri wkh v

 
/ dq reylrxv fdqglgdwh iru

hv lv lqghhg wkh vdph txdqwloh ri wkh glvwulexwlrq ri d vhfrqg0ohyho errwvwuds
glvwulexwlrq1 Li s

 
lv glvwruwhg xszdugv/ vxfk d txdqwloh zloo whqg wr eh odujhu

wkdq wkh wuxh txdqwloh v/ dqg ylfhyhuvd/ wkxv gholyhulqj wkh ghvluhg h�hfw1
Jrlqj lqwr wkh ghwdlov ri rxu fdvh/ wkh jhqhudo vwuxfwxuh ri wkh idvw grxeoh
errwvwuds whvw zh vkdoo lpsohphqw wxuqv rxw wr eh wkh iroorzlqj=

� Idvw Grxeoh Errwvwuds Whvw

41 Hvwlpdwh YDU rq gdwd [> iru jlyhq frlqwhjudwlqj udqn rewdlq hvwl0
pdwhv e�/ uhvlgxdov e% dqg whvw vwdwlvwlf v iru wkh k|srwkhvlv K � = � @ �

�
>

51 Frqvwuxfw svhxgrgdwd= [
 

@ !+e�> %
 
,> %

 
gudzq dw udqgrp zlwk uh0

sodfhphqw iurp e% ru QLG>

61 Hvwlpdwh YDU rq svhxgrgdwd [
 
> rewdlq frh!flhqwv hvwlpdwhv e�  

> uhvlgxdov
e%
 
dqg whvw vwdwlvwlf v

 
iru wkh k|srwkhvlv K

 � = � @ e�>

5d1 Frqvwuxfw vhfrqg0ohyho svhxgrgdwd [
 � 

@ !+e�  
> %

 � 
,> %

 � 
gudzq dw udq0

grp zlwk uhsodfhphqw iurp e%
 
ru QLG>

6d1 Hvwlpdwh YDU rq vhfrqg0ohyho svhxgrgdwd [
 � 
> rewdlq frh!flhqwv hv0

wlpdwhv e�  � 
dqg whvw vwdwlvwlf v

 � 
iru wkh k|srwkhvlv K

 � = � @ e�
 
>

Uhshdw 506d d odujh qxpehu ri wlphv
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71 Frpsxwh errwvwuds s0ydoxh= s
 

@ surs+v
 

A v,1

81 Frpsxwh idvw grxeoh errwvwuds s0ydoxh w|sh 4= s
 � � @ surs+v

 
A T

 � (*) ,>zkhuh

T
 � (*) lv wkh s

 
txdqwloh ri wkh v

 � �+
v=

D +frvwohvv, ixuwkhu vwhs lv dgylvdeoh=

91 Frpsxwh idvw grxeoh errwvwuds s0ydoxh w|sh 5= s
 � � @ 5s

 
� surs+v

 � 
A v,=

Djdlq/ wkh lqwxlwlrq khuh lv wkdw li iru lqvwdqfh s
 

A s> zh fdq h{shfw
surs+v

 � 
A v, A s

 
> vr wkdw +s

 � � � s, ? +s
 

� s,1 Krzhyhu/ s
 � � pd| qrw

eh juhdwhu wkdq 5s
 
dqg lw pd| eh qhjdwlyh/ wzr xqghvludeoh ihdwxuhv wkdw

vxjjhvw olplwlqj lwv xvh wr d uholdelolw| fkhfn= li wkh gl�huhqfh ehwzhhq wkh
wzr s0ydoxhv lv vl}deoh qhlwkhu ri wkhp vkrxog eh wuxvwhg1

6 Ghvljq ri wkh Prqwh Fduor H{shulphqw

Rq wkh edvlv ri wkh vlpxodwlrq uhvxowv uhsruwhg e| Juhghqkr� dqg Mdfrevrq
+5334, dqg Idfklq +5333,/ wkh nh| fkdudfwhulvwlfv ri wkh GJS wr eh frqwuroohg
lq wkh h{shulphqwv duh wkh glphqvlrq ri wkh v|vwhp/ l1h1 qxpehu ri yduldeohv
dqg odjv/ dqg lwv orqj0uxq vwuxfwxuh/ l1h1 qxpehu ri wkh frlqwhjudwlqj uhod0
wlrqvklsv dqg wkh vshhg dw zklfk wkh v|vwhp dgmxvwv wr wkhp1 Hvwlpdwlrq
ri v|vwhpv ri kljkhu glphqvlrq +erwk lq whupv ri qxpehu ri yduldeohv dqg
odjv, ghpdqg pruh iurp wkh gdwd/ dqg wkxv lw lv +h{0srvw, qrw vxusulvlqj
wr vhh wkdw erwk wkh dv|pswrwlf whvw dqg wkh errwvwuds whvw sursrvhg e|
Juhghqkr� dqg Mdfrevrq +5334, shuirup ehwwhu lq vpdoohu v|vwhpv1 D fux0
fldo uhpdun khuh lv wkdw wkh vlpsoh elyduldwh GJSv hpsor|hg lq yluwxdoo|
doo vlpxodwlrq vwxglhv gr vx�hu iurp orvv ri jhqhudolw|/ d idfw qrw vxvshfwhg
vr idu1 Wkh h{shulphqwdo ghvljq dgrswhg khuh zloo wkxv jhqhudol}h wr d
pxowlyduldwh v|vwhp wkh fodvvlfdo GJS xvhg e| d qxpehu ri vwxglhv vwduwlqj
zlwk Hqjoh dqg Judqjhu +4<;:,/ zklfk doorzv dq hdv| frqwuro ri wkh vshhg
ri dgmxvwphqw1 Zh vkdoo frqvlghu v|vwhpv lqfoxglqj s @ 8 udqgrp yduldeohv
dqg zlwk u @ 4 ru 5 frlqwhjudwlqj uhodwlrqvklsv1 Ohw { � @ ^{ �,� = = = {( � ` � eh wkh
froxpq yhfwru ri wkh uhdol}dwlrqv ri wkh udqgrp yduldeohv ri lqwhuhvw dw wlph
w @ 4> = = = > W / x � @ ^x �-� = = = x( � ` � wkh huuruv/ � � @ ^% �,� = = = %( � ` � wkh qrlvh/ zkrvh
vwrfkdvwlf vwuxfwxuh zloo eh glvfxvvhg lq ghwdlo ehorz/ dqg � d wlph wuhqg1
Rxu GJS lv wkhq jlyhq e|

J{ � . �� @ x � +4d,

�x

.
� @ � � +4e,

zlwk
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J @ ^� � = = = � � `
�
/ � / @

�
� / � = = = � / � �

/ � @ ^� � = = = � � `
�
/

dqg
� @ gldj+!,/ ! @

�
! � +O, ! � +O, ! 0 +O, ! 1 +O, ! 2 +O,

�
=

Dowkrxjk wkh Eduwohww fruuhfwlrqv gr ghshqg rq wkh sdudphwhuv ri wkh
v|vwhp/ lq rughu wr nhhs wkh vl}h ri wkh h{shulphqw zlwklq pdqdjhdeoh gl0
phqvlrqv lq wkh vl}h vlpxodwlrqv wkh frlqwhjudwlqj frh!flhqwv zloo eh nhsw
�{hg dfurvv wuldov wr hlwkhu }hur ru 4/ zlwk wkh yhfwruv uhvhpeolqj txlwh forvho|
wkrvh xvhg e| Kdxj +4<<9,/ zkloh lq wkh srzhu vlpxodwlrqv zh vkdoo frqvlghu
d ihz ydoxhv lq wkh udqjh ^3=8> 4=8`1 Jlyhq wkdw zh duh xvlqj d ixoo0lqirupdwlrq
phwkrg zh gr qrw qhhg wr zruu| derxw hqgrjhqhlw|> zh vkdoo wkxv frqvlghu d
yhu| vlpsoh vwuxfwxuh/ zlwk rqh vwrfkdvwlf wuhqg +[( , wudqvplwwhg wr wkh �uvw
u yduldeohv ri wkh v|vwhp/ zkloh wkh uhpdlqlqj s � u � 4 iroorz lqghshqghqw
udqgrp zdonv1 Wkh ghwdlov lq wkh wzr fdvhv duh dv iroorzv=

+d, u @ 4

� � @
�

4 3 3 3 � � 2 �
>

� � @
�

3 4 3 3 3
�

>
� 0 @

�
3 3 4 3 3

�
>

� 1 @
�

3 3 3 4 3
�

>
� 2 @

�
3 3 3 3 4

�
>

� @
�

3=34 3 3 3 3
� �

>
! � +O, @ +4> * � O> = = = > * � O

�
,>

! � +O, @ ! 0 +O, @ ! 1 +O, @ ! 2 +O, @ +4> �O,=

+e, u @ 5

� � > � 0 > � 1 > � 2 dv lq fdvh +d,>

� � @
�

3 4 3 3 � � 2 �
>

� @
�

3=34 3=34 3 3 3
� �

>
! � +O, @ ! � +O, @ +4> * � O> = = = > * � O

�
,>

! 0 +O, @ ! 1 +O, @ ! 2 +O, @ +4> �O,=

Wkh ydoxhv wdnhq e| wkh wzr iuhh sdudphwhuv � � 2 dqg � � 2 lq wkh ydulrxv
h{shulphqwv zloo eh ghwdlohg ehorz1 Wkh rughu n ri wkh dxwruhjuhvvlyh sro|0
qrpldo jryhuqlqj wkh g|qdplf vwuxfwxuh ri wkh qrlvh lq wkh frlqwhjudwlqj
uhodwlrqvklsv zloo eh vhw wr hlwkhu 5 ru 7> lq wkh pdlq eorfn ri h{shulphqwv
wkh vxp ri wkh frh!flhqwv +rq zklfk ghshqgv wkh vshfwudo pdvv dw }hur
iuhtxhqf|/ jryhuqlqj wkh vshhg ri dgmxvwphqw wr orqj0uxq htxloleulxp, zloo
eh nhsw �{hg dw ! @ 3=: vr wr h{dplqh wkh shuirupdqfhv ri wkh whvwv lq
udwkhu xqidyrxudeoh frqglwlrqv dw wkh vdph dyrlglqj uhjlrqv wrr forvh wr
qrq0vwdwlrqdulw|1 Wkh lqglylgxdo frh!flhqwv ri wkh odj sro|qrpldo zloo eh
�{hg dw wkh iroorzlqj ydoxhv/ fkrvhq vr wr kdyh d odujh sduw ri wkh dgmxvwphqw
wdnlqj sodfh lq wkh �uvw shulrgv=
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+l, n @ 5 = !/ +O, @ +4> � 3 � O> � 3 � O
�
,>

+ll, n @ 7= !/ +O, @ +4> � 3 � O> � 3 0 O
�
> � 3�54 O

0
> � 3�-4 O

1
,>

zkhuh m @ 4> = = = > u=

Vrph vlpsoh frqvlghudwlrqv zloo doorz juhdw vlpsol�fdwlrq ri wkh ghvljq
dv idu dv wkh %

�
v duh frqfhuqhg1 Iluvw ri doo/ lq suhylrxv zrun rq wkh uhodwhg

wrslf ri vwdwlrqdu| YDUv +Idfklq dqg Eudyhwwl/ 4<<9, rqh ri wkh dxwkruv
ri wklv sdshu irxqg wkdw wkh vkdsh ri wkh glvwulexwlrq ri wkh vkrfnv grhv
qrw dsshdu wr kdyh d vljql�fdqw lpsdfw rq wkh shuirupdqfhv ri dv|pswrwlf
surfhgxuhv1 Ixuwkhu/ wkh h{shfwdwlrq wkdw zlwk d ixoo0lqirupdwlrq phwkrg/
wkhlu fryduldqfh vwuxfwxuh vkrxog qrw pdwwhu hlwkhu kdv ehhq frq�uphg lq
wkh fdvh ri d vlpsoh elyduldwh GJS e| Idfklq +5333,1 Zh vkdoo wkxv dvvxph
%@ ^% � = = = %( ` � PQLG+3> L( ,1 Wkh odvw dvshfw wr eh glvfxvvhg lv vdpsoh
vl}h1 Lq rughu wr vkhg vrph oljkw rq erwk wkh shuirupdqfhv zklfk fdq eh
h{shfwhg lq hpslulfdo zrun dqg rq wkh dv|pswrwlf surshuwlhv ri wkh whvwv
zh vkdoo frqvlghu d edvh fdvh W @ 433> zlwk d frqwuro h{shulphqw uhsolfdwhg
zlwk W @ 7331 Ilqdoo|/ wkh qxpehu ri erwk Prqwh Fduor uhsolfdwlrqv dqg
errwvwuds uhgudzlqjv kdv ehhq �{hg wr 833= rq wkh edvlv ri suhylrxv zrun
dqg vrph slorw h{shulphqwv zh frqfoxghg wkdw wkh jdlq lq suhflvlrq gholyhu
e| kljkhu qxpehuv ri hlwkhu zdv qrw zruwk wkh kljkhu frpsxwlqj frvwv dqg
orqjhu fdohqgdu wlph uhtxluhg1 Dw 3138 wkh Prqwh Fduor vwdqgdug huuru fdq
wkxv eh hvwlpdwhg wr eh derxw 313431

Dowkrxjk lq sulqflsoh erwk Zdog dqg OU whvwv pljkw eh xvhg/ zh vkdoo
olplw wkh h{shulphqwv wr wkh odwwhu lq rughu wr idflolwdwh frpsdulvrqv zlwk
rwkhu sxeolvkhg uhvxowv1 Wkh whvwv zloo eh dssolhg wr wkh k|srwkhvlv wkdw rqh
ru pruh ri wkh frlqwhjudwlqj yhfwruv duh nqrzq1

Wkh frlqwhjudwlqj yhfwruv dqg wuhqg frh!flhqwv zloo eh �{hg lq wkh GJS
+� 	 @

�
� 	 � 	 �

, dqg lq wkh qxoo k|srwkhvlv K � +� �	 @
�

�
�	 � 	 �

, dffruglqj
wr wkh iroorzlqj vfkhph=

� vl}h vlpxodwlrqv=

u @ 4/ rqh whvwhg yhfwru=
�
� � @ � � @

�
4 3 3 3 4 3=34

�
>

u @ 5/ rqh whvwhg yhfwru=
�
� � @ � � @

�
4 3 3 3 4 3=34

�
>

� � @
�

3 4 3 3 4 3=34
�

>

u @ 5/ wzr whvwhg yhfwruv=
�
� � @ � � @

�
4 3 3 3 4 3=34

�
/

� � @ �
� � @

�
3 4 3 3 4 3=34

�
>
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� srzhu vlpxodwlrqv +pdlq eorfn> d srzhu fxuyh zloo dovr eh frpsxwhg
iru d vshfl�f fdvh/ vhh ehorz,=

u @ 4/ rqh whvwhg yhfwru=
�
� � @

�
4 3 3 3 4 3=34

�
>

� � @
�

4 3 3 3 3=8 3=34
�

u @ 5/ rqh whvwhg yhfwru=
�
� � @

�
4 3 3 3 4 3=34

�
>

� � @
�

4 3 3 3 3=8 3=34
�

>
� � @

��
3 4 3 3 4 3=34

��
>

u @ 5/ wzr whvwhg yhfwruv=
�
� � @

�
4 3 3 3 4 3=34

�
>

� � @
�

4 3 3 3 3=8 3=34
�

>

�
� � @

�
3 4 3 3 4 3=34

�
>

� � @
�

3 4 3 3 4 3=34
�

Ilqdoo|/ lq rughu wr nhhs wkh pdvv ri uhvxowv zlwklq pdqdjhdeoh olplwv
zh vkdoo uhsruw uhvxowv uhodwlyh wr d ihz vshfl�f fdvhv iru wkh fdvh ri udqn
@ 4/ rqh whvwhg yhfwru rqo| +lq rwkhu whupv/ wkh frpelqdwlrq udqn @ 4/ rqh
whvwhg yhfwru/ W @ 433/ ! @ 3=: / n @ 5 zloo eh wdnhq dv wkh uhihuhqfh fdvh,1
Pruh vshfl�fdoo|/ zh zloo whvw wkh h�hfw ri d kljkhu vshhg ri dgmxvwphqw
+! @ 3=7,/odujhu vdpsoh vl}h +W @ 733, dqg ulfkhu g|qdplf vwuxfwxuh ri
wkh YDU +n @ 7, dv zhoo dv frpsxwh d srzhu fxuyh frqvlghulqj iru � � 2 5
i3=8> 3=:8> 3=<8> 4=38> 4=58> 4=83j/ zlwk �

� � 2 @ 4 dv xvxdo1

7 Uhvxowv

Dowkrxjk wkh uhvxowv ri wkh vlpxodwlrqv dprxqw wr d frqvlghudeoh pdvv/ wkhlu
hvvhqfh lv txlwh vlpsoh/ dqg vxppdulvhg lq Wdeoh 4> lq wkh iroorzlqj wdeohv d
ihz ghwdlov duh kljkoljkwhg/ zlwk edvholqh uhvxowv uhshdwhg lq gl�huhqw wdeohv
lq rughu wr idflolwdwh frpsdulvrqv1 Lq doo wkh fdvhv uhsruwhg dqg glvfxvvhg
lq wklv vhfwlrq wkh qrplqdo vljql�fdqfh ohyho ri wkh whvwv lv dozd|v 8(/ zlwk
uhvxowv iru gl�huhqw ydoxhv dydlodeoh rq uhtxhvw1

Iluvw ri doo/ iru wkh vdpsoh vl}h W @ 433/ zklfk pd| eh frqvlghuhg uhsuh0
vhqwdwlyh ri wkrvh w|slfdo lq dssolhg hfrqrphwulf zrun/ wkh dv|pswrwlf whvwv
kdv glvdvwurxv W|sh L huuruv/ dw wlphv ryhu 83(1 Doo wkh dowhuqdwlyh sur0
fhgxuhv +Eduwohww fruuhfwlrq/ vlpsoh dqg idvw grxeoh errwvwuds, duh deoh wr
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uhgxfh vxevwdqwldoo| wkh vl}h glvwruwlrq lq doo rxu h{shulphqwv/ exw duh xqdeoh
wr holplqdwh lw= lq wkh fdvh ri udqn@4 wkh plqlpxp uhmhfwlrq udwh/ gholyhuhg
e| wkh idvw grxeoh errwvwuds w|sh 4/ lv 59(/ zkloh lq wkh fdvh ri udqn@5
dqg whvw rq rqh yhfwru wkh uhmhfwlrq udwh ri doo errwvwuds surfhgxuhv dqg wkh
Eduwohww fruuhfwhg whvw lv 48(1 Wkh wzr w|shv ri idvw grxeoh errwvwuds s0
ydoxhv duh dozd|v yhu| forvh/ frq�uplqj wkdw wkh surfhgxuh lv uholdeoh lq rxu
frqwh{w1 Wkh srzhu orvv iurp xvlqj wkh surfhgxuhv zlwk orzhu vl}h glvwruwlrq
lv dffhswdeoh/ zlwk wkh uhmhfwlrq udwhv dozd|v ryhu :3(1 Wklv �qglqj zloo eh
frq�uphg e| wkh srzhu fxuyh uhsruwhg lq Wdeoh 91 Wr xqghuvwdqg wkh srlqw
ri edvlqj erwk wkh errwvwuds dqg Eduwohww fruuhfwlrq rq wkh xquhvwulfwhg
hvwlpdwhv/ d jodqfh dw wkh srzhu fxuyhv lq wdeoh : vx!fhv= zkhuhdv wkh vl}h
shuirupdqfh lv lqghhg voljkwo| ehwwhu wkdq lq wdeoh 9/ wkh ohyho ri w|sh LL
huuruv lv xqdffhswdeo| kljk/ vxfk wkdw wkh srzhu fxuyhv duh doprvw  dw1 Lq
wkh odvw urz zh uhsruw wkh qxpehu ri fdvhv zkhuh wkh kljkhvw hvwlpdwhg urrw
lv h{sorvlyh= zkhq wkh glvfuhsdqf| ehwzhhq GJS dqg prgho ehfrphv odujh/
wklv shufhqwdjh ulvhv udslgo| dqg fruurerudwhv wkhruhp 4 ri wklv sdshu

6
1

Iru W @ 733 doo fruuhfwhg whvwv dfklhyh fruuhfw vl}h dqg 433( srzhu
zkloh wkh W|sh L huuru ri wkh dv|pswrwlf whvw lv vwloo kljkhu wkdq wkh qrplqdo
vl}h +fi1 Wdeoh 5,1

D nh| srlqw iurp Wdeoh 4/ lv wkdw wkh vl}h shuirupdqfh ri doo whvw surfh0
gxuhv ri K � = � � @ �

� � lq d prgho zlwk wzr yhfwruv lv pdunhgo| ehwwhu wkdq
wkh k|srwkhvlv K � = � @ �

�
lq d prgho zlwk rqh frlqwhjudwlqj yhfwru1

Lqfuhdvlqj wkh ohqjwk ri wkh YDU dovr kdv odujh dgyhuvh h�hfwv rq wkh
whvw +fi1 Wdeoh 6,= wkxv/ frqwudu| wr vrphkrz frpprq zlvgrp dqg lq dffrug
zlwk Dedglu/ Kdgul dqg W}dydolv +4<<<,/ sduvlprq| lq wkh hvwlpdwlrq ri wkh
YDU vhhpv wr eh d udwkhu lpsruwdqw yluwxh1

Krz vhqvlwlyh duh wkh shuirupdqfhv ri wkh whvwv wr wkh vshhg ri dgmxvw0
phqw wr htxloleulxpB Xqvxusulvlqjo|/ wkh dqvzhu lv/ d orw1 Fxwwlqj ! +wkh
vxp ri wkh frh!flhqwv ri wkh dxwruhjuhvvlyh sro|qrpldo ghvfulelqj wkh g|0
qdplfv ri wkh huuruv lq wkh frlqwhjudwlqj uhodwlrqvklsv, iurp 31: wr 317 fdxvhv
jhqhudoo| d pruh wkdq sursruwlrqdo idoo ri wkh W|sh L huuru +iru lqvwdqfh/ wkdw
ri wkh idvw grxeoh errwvwuds w|sh 4 idoov iurp 59( wr 43(,1

Jlyhq wkh jrrg uhvxowv gholyhuhg e| wkh errwvwudsshg whvwv/ lw lv ri vrph
lqwhuhvw wr fkhfn li xvlqj uhvdpsohg ru sdudphwulfdoo| jhqhudwhg huuruv pdnhv
dq| gl�huhqfh1 Wkh uhvxowv uhsruwhg lq Wdeoh 8 vxjjhvw wkdw lw grhv qrw/ dqg
wkxv wkh sdudphwulf errwvwuds +hdvlhu wr lpsohphqw, pd| eh dgrswhg lq
sudfwlfh1 Krzhyhu/ vrph fdxwlrq lv qhhghg khuh/ dv lq rxu h{shulphqwv wkh

7
|oE

S 89 :<; �
9
� grhv qrw frqyhujh lv � frqwdlqv dq h{sorvlyh urrw1 Krzhyhu frpsxwd0

wlrqdoo| zh xvh wkh vwdqgdug irupxod E
S 89 :<; b

9
� '

���=?> wr fdofxodwh wkh Eduwohww fruuhfwlrq
erwk lq wkh frqyhujhqw fdvh +zkhq lw lv ydolg, dqg wkh qrq0frqyhujhqw fdvh1
Wkhuh lv qrwklqj/ zklfk suhyhqwv wkh Eduwohww fruuhfwlrq idfwru iurp ehlqj vpdoohu wkdq

04= wklv lv d nqrzq sureohp lq wkh olwhudwxuh1 Zh dvvljq d s0ydoxh ri 4 wr wkhvh fdvhv1 Lq
doo wkh sxeolvkhg dqg xqsxeolvhg vlpxodwlrqv zh glg/ wklv rqo| kdsshqhg lq wkrvh ri wdeoh
:1
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vdph sdudphwulf k|srwkhvlv +qrupdolw|, lv xvhg erwk lq wkh jhqhudwlrq ri
wkh Prqwh Fduor dqg errwvwuds huuruv1 Ixuwkhu uhvhdufk zlwk gl�huhqw huuru
surfhvvhv iru wkh Prqwh Fduor dqg errwvwuds GJSv +iru lqvwdqfh d ohswrfxu0
wlf huuru glvwulexwlrq lq wkh GSJ dqg uhvdpsolqj iru d qrupdo glvwulexwlrq,
lv qhhghg1

Ilqdoo|/ d qrwhzruwk| �qglqj lv wkdw wkh srzhu fxuyhv ri wkh doo wkh
yduldqwv ri errwvwuds whvwv duh udwkhu vwhhs +wdeoh 9,1 Dowkrxjk wkhvh uhvxowv
duh vshfl�f wr d vlqjoh vljqdo2qrlvh udwlr/ wkh| gr vxjjhvw wkdw wkh ulvn ri
xqdffhswdeoh srzhu orvvhv iurp xvlqj vrph w|sh ri errwvwuds whvw udwkhu
wkdq wkh dv|pswrwlf ru Eduwohww fruuhfwhg whvwv lv olnho| wr eh uhprwh1

8 Frqfoxvlrqv

Zh kdyh frpsduhg gl�huhqw yduldqwv ri errwvwuds dqg Eduwohww0fruuhfwhg
whvwv lq d GJS zklfk lv uhodwlyho| xqidyrxudeoh/ exw uhsurgxfhv vrph ihd0
wxuhv ri uhdo olih hpslulfdo dssolfdwlrqv= d uhodwlyho| odujh v|vwhp +8 yduldeohv
dqg 5 ru 7 odjv,/ dqg udwkhu vorz dgmxvwphqw wr orqj0uxq htxloleulxp1 Zlwk
vxfk d frpsoh{ GJS wkh fdyhdwv frpprq wr doo vlpxodwlrq vwxglhv duh hyhq
pruh lpsruwdqw wkdq xvxdo1 Rxu ghvljq ghshqgv rq ryhu 453 sdudphwhuv/
wkh ydvw pdmrulw| ri zklfk kdg wr eh nhsw �{hg dfurvv doo h{shulphqwv/ dqg
wkxv zh pxvw eh h{wuhpho| fdxwlrxv lq uhdfklqj dq| frqfoxvlrq1

Ixuwkhu/ wkh w|sh ri whvwv h{dplqhg dvvxphv ixoo nqrzohgjh ri wkh whvwhg
frlqwhjudwlqj yhfwruv/ d uduh hyhqw lq sudfwlfh= krzhyhu/ wkh| duh wkh rqo|
whvwv iru zklfk wkh Eduwohww fruuhfwlrq lv dydlodeoh1 Lqghhg/ wkh Eduwohww fru0
uhfwlrq kdv qrw ehhq ghulyhg |hw iru pdq| fdvhv ri vwurqj hpslulfdo lqwhuhvw
+h1j1/ k|srwkhvhv ri wkh nlqg � 	 @ K 	 * 	 dqg lq jhqhudo prghov zlwk lpsxovh
gxpplhv, dqg khqfh wkh errwvwuds pd| lq idfw eh wkh rqo| dowhuqdwlyh wr
wkh dv|pswrwlf s0ydoxhv1 Zlwk doo wkhvh fdyhdwv/ rxu uhfrpphqgdwlrqv duh
wkh iroorzlqj=

+l, Dv|pswrwlf whvwv vkrxog eh xvhg lq qr flufxpvwdqfh>

+ll, Eduwohww0fruuhfwhg whvwv pd| eh xvhg surylghg frqvlghudeoh fdxwlrq lv
h{huflvhg/ dv wkhlu W|sh L huuru lv riwhq pxfk odujhu wkdq wkh qrplqdo
vl}h>

+lll, Errwvwuds whvwv/ zlwk d vrphkrz orzhu vl}h glvwruwlrq wkdq wkh Eduwohww
fruuhfwhg whvwv dffrpsdqlhg e| olplwhg srzhu orvvhv/ pd| dovr eh xvhg>
wkh idvw grxeoh errwvwuds ri Gdylgvrq dqg PdfNlqqrq +5333, gholyhuv
wkh ehvw shuirupdqfh/ dqg wkxv lw dsshduv wr eh d srzhuixo wrro iru
dssolhg zrun/ hvshfldoo| lq wkh pdq| fdvhv zkhq wkh Eduwohww fruuhfwlrq
lv qrw dydlodeoh1
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Zh vwuhvv wkdw erwk wkh Eduwohww fruuhfwlrq dqg wkh errwvwuds vkrxog
dozd|v eh edvhg rq wkh xquhvwulfwhg hvwlpdwh ri �1

Dprqj wkh pdq| srlqwv wkdw uhpdlq rshq/ wzr duh hvshfldoo| lpsruwdqw=
+d, wkh ghyhorsphqw ri htxlydohqw k|srwkhvlv/ olnh +:, iru K � = � � @ �

� � iru
pruh jhqhudo uhvwulfwlrqv rq wkh frlqwhjudwlqj yhfwruv/ olnh � 	 @ K 	 * 	 / zlwk
dq dffxudwh prqwh fduor vwxg| ri wkhlu surshuwlhv dqg +e, wkhruhwlfdo uhvxowv
rq wkh dv|pswrwlfv ri wkh +idvw grxeoh, errwvwuds lq frlqwhjudwhg v|vwhpv1

Wdeoh 4
Vl}h dqg Srzhu= vxppdu| uhvxowv

4 wr 5 frlqwhjudwlrq yhfwruv/ whvw rq 4 wr 5 yhfwruv
! @ 3=:> W @ 433> n @ 5

udqn/ whvwhg yhfwruv

Whvw
4/4

vl}h srzhu

5/4

vl}h srzhu

5/5

vl}h srzhu

Dv|pswrwlf
Eduwohww
Errwvwuds
IGE �
IGE �

9913 <<13
681; <515
6513 ;913
5915 :913
5:1; ;41;

6<15 <:19
481; :<15
4815 ::15
4617 9;13
4715 :417

9;19 <;15
6615 ;515
5;15 :719
5313 9515
5619 9;15

qrplqdo vljql�fdqfh ohyho= 8(> IGE @ = Idvw Grxeoh Errwvwuds w|sh l
srzhu vlpxodwlrqv=
fdvh +4/4, K � = �

� � @
�

4 3 3 3 4
�
/ GJS= � � @

�
4 3 3 3 3=8

�

fdvh +5/4,= dv fdvh +4/4, zlwk GJS= � � @
�

3 4 3 3 4
�

fdvh +5/5,= dv fdvh +5/4, zlwk K � = �
� � @

�
3 4 3 3 4

�

Wdeoh 5
Lqfuhdvlqj wkh vdpsoh vl}h

4 frlqwhjudwlqj yhfwru/ whvw rq 4 yhfwru
! @ 3=:> W @ 433 dqg 733> n @ 5

W

Whvw
433

vl}h srzhu

733

vl}h srzhu
Dv|pswrwlf
Eduwohww
Errwvwuds
IGE �
IGE �

9913 <<13
681; <515
6513 ;913
5915 :913
5:1; ;41;

4413 43313
819 43313
915 43313
819 43313
81; 43313

qrplqdo vljql�fdqfh ohyho= 8(
srzhu vlpxodwlrqv= vhh Wdeoh 4

4:



Wdeoh 6
Lqfuhdvlqj wkh YDU ohqjwk

4 frlqwhjudwlqj yhfwru/ whvw rq 4 yhfwru
! @ 3=:> W @ 433> n @ 5 dqg 7

odjv

Whvw
5

vl}h srzhu

7

vl}h srzhu
Dv|pswrwlf
Eduwohww
Errwvwuds
IGE �
IGE �

9913 <<13
681; <515
6513 ;913
5915 :913
5:1; ;41;

;817 <<17
8615 <413
6<15 ;513
6517 9;1;
6819 :717

qrplqdo vljql�fdqfh ohyho= 8(
srzhu vlpxodwlrqv= vhh Wdeoh 4

Wdeoh 7
Lqfuhdvlqj wkh vshhg ri dgmxvwphqw
4 frlqwhjudwlqj yhfwru/ whvw rq 4 yhfwru

! @ 3=: dqg 3=7> W @ 433> n @ 5

!

Whvw

3=:

vl}h srzhu

3=7

vl}h srzhu
Dv|pswrwlf
Eduwohww
Errwvwuds
IGE �
IGE �

9913 <<13
681; <515
6513 ;913
5915 :913
5:1; ;41;

6613 <<19
4:13 <:19
4715 <91;
431; <717
441; <819

qrplqdo vljql�fdqfh ohyho= 8(
srzhu vlpxodwlrqv= vhh Wdeoh 4

Wdeoh 8
Sdudphwulf yv Qrq0sdudphwulf errwvwuds
4 frlqwhjudwlqj yhfwru/ whvw rq 4 yhfwru

! @ 3=:> W @ 433> n @ 5

W|sh ri errwvwuds

Whvw

Sdudphwulf

vl}h srzhu

Qrq0Sdudphwulf

vl}h srzhu
Dv|pswrwlf
Eduwohww
Errwvwuds
IGE �
IGE �

99=3 <<=3
68=; <5=5
6513 ;917
5813 :915
5:13 ;315

99=3 <<=3
68=; <5=5
6513 ;913
5915 :913
5:1; ;41;

qrplqdo vljql�fdqfh ohyho= 8(
srzhu vlpxodwlrqv= vhh Wdeoh 4

4;



Wdeoh 9= Srzhu fxuyh
! @ 3=:> W @ 433> n @ 5

Whvw

� � 2 Dv|pswrwlf Eduwohww Errwvwuds IGE � IGE �
318 <<13 <515 ;913 :91< ;41;
319 <<13 <41; ;81; :919 ;41;
31: <<13 <415 ;919 :919 ;419
31; <<13 <417 ;917 :913 ;419
31< <;1; ;;1; ;619 :61; :;13
31<5 <;1; ;917 ;31; :513 :819
31<7 <;13 ;615 :819 9815 :315
31<9 <61; :515 9917 8719 8;19
31<; ;417 8319 7617 6815 6:1;

413 9913 681; 6513 5915 5:1;

4135 ;419 8319 7817 6;13 741;
4137 <717 :419 9619 8919 8;1;
4139 <;19 ;415 :913 9819 9<13
413; <<15 ;719 :<19 :317 :715
414 <<13 ;919 ;41; :515 ::17
415 <<17 ;<19 ;81; :91; ;317
416 <<17 <319 ;91; ::1; ;417
417 <<19 <413 ;:19 ::17 ;515
418 <<19 <413 ;;13 :;19 ;515

qrplqdo vljql�fdqfh ohyho= 8(

Wdeoh := Srzhu fxuyh
Errwvwuds gdwd frqvwuxfwhg iurp wkh frqvwudlqhg YDU hvwlpdwhv

! @ 3=:> W @ 433> n @ 5

Whvw

� � 2 Dv|pswrwlf Eduwohww Errwvwuds IGE � IGE � H{sorvlyh
Urrwv

+( ri vlpxodwlrqv,
318 <<13 4417 481; 4315 4515 671;
319 <<13 4713 4:1; <19 4519 6317
31: <<13 5315 4;13 4313 4515 5617
31; <<13 5615 4;17 4319 4713 4519
31< <;1; 481; 5515 4515 4717 315

413 9913 4;13 ;19 817 919 3

414 <<13 4917 5417 451; 4719 319
415 <<17 5613 4;17 4317 461; <15
416 <<17 5419 4;17 <15 4615 5317
417 <<19 4;17 4919 <1; 4513 5;1;
418 <<19 4817 491; ;1; 4513 6515

qrplqdo vljql�fdqfh ohyho= 8(

4<



9 Uhihuhqfhv

Dedglu/ N1P/ N1 Kdgul dqg H1 W}dydolv +4<<<, �Wkh Lq xhqfh ri YDU
Glphqvlrqv rq Hvwlpdwru Eldvhv�/ Hfrqrphwulfd/ yro1 9:/ 49604;4

Eduqgru�0Qlhovhq/ R1H1 dqg S1 Kdoo +4<;;, �Rq wkh Ohyho0Huuru diwhu Eduwohww
Dgmxvwphqw ri wkh Olnholkrrg Udwlr Vwdwlvwlf�/ Elrphwulnd/ yro1 :8/ ss1
6:706:;1

Edvdzd/ L1Y1/ D1N1 Pdooln/ Z1S1 PfFruplfn/ dqg U1O1 Wd|oru +4<<4, �Errw0
vwudsslqj xqvwdeoh �uvw rughu dxwruhjuhvvlyh surfhvvhv� Dqqdov ri Vwdwlv0
wlfv/ yro1 4</ ss1 43<;044341

Eduwohww/ P1V1 +4<6:, �Surshuwlhv ri Vx!flhqf| dqg Vwdwlvwlfdo Whvwv� Sur0
fhhglqjv ri wkh Ur|do Vrflhw| ri Orqgrq Vhulhv D/ yro1493/ ss1 59;05;5

Ehudq/ U1 +4<;;, �Suhslyrwlqj Whvw Vwdwlvwlfv= d Errwvwuds Ylhz ri Dv|ps0
wrwlf Uh�qhphqwv� Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq yro1
;6/ ss1 9;:�9<:1

Ehunrzlw}/ M1 dqg O1 Nloldq +5333, �Uhfhqw Ghyhorsphqwv lq Errwvwudsslqj
Wlph Vhulhv� Hfrqrphwulf Uhylhzv/ yro1 4</ ss1 407;1

Fkdq/ Q1K1 dqg F1]1 Zhl +4<;;,/ �Olplwlqj Glvwulexwlrqv ri Ohdvw Vtxduhv
Hvwlpdwhv ri Xqvwdeoh Dxwruhjuhvvlyh Surfhvvhv�/ Dqqdov ri Pdwkh0
pdwlfdo Vwdwlvwlfv/ yro1 49/ 69:0743

Fkdqj/\1/ U1F1 Vlfnohv dqg Z1 Vrqj +5334, �Errwvwudsslqj Xqlw Urrw
Whvwv zlwk Fryduldwhv� Plphr/ Ulfh Xqlyhuvlw|1

Fuledul0Qhwr/ I1 dqg Frughlur/ J10P1 +4<<9, �Rq Eduwohww dqg Eduwohww0
W|sh Fruuhfwlrqv� Hfrqrphwulf Uhylhzv/ yro1 48/ ss1 66<09:1

Gdylgvrq/ U1/ dqg M1J1 PdfNlqqrq +5333, �Lpsurylqj wkh Uholdelolw| ri
Errwvwuds Whvwv� Txhhq*v Xqlyhuvlw| Lqvwlwxwh iru Hfrqrplf Uhvhdufk
Glvfxvvlrq Sdshu Qr1 <<81

Gdylgvrq/ M1 +5334, �Dowhuqdwlyh Errwvwuds Surfhgxuhv iru Whvwlqj Frlqwh0
judwlrq lq Iudfwlrqdoo| Lqwhjudwhg Surfhvvhv� Plphr/ Fdugl� Xqlyhu0
vlw|1

Hiurq/ E1 dqg U1M1 Wlevkludql +4<<6, Dq Lqwurgxfwlrq wr wkh Errwvwuds
Fkdspdq ) Kdoo/ Orqgrq1

Hqjoh/ U1I dqg F1Z1M1 Judqjhu +4<;:, �Fr0lqwhjudwlrq dqg Huuru Fruuhf0
wlrq= Uhsuhvhqwdwlrq/ Hvwlpdwlrq dqg Whvwlqj� Hfrqrphwulfd/ yro1 88/
ss1 58404:91
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Idfklq/ V1 +5333, �Errwvwuds dqg dv|pswrwlf whvwv ri orqj0uxq uhodwlrqvklsv
lq frlqwhjudwhg v|vwhpv� R{irug Exoohwlq ri Hfrqrplfv dqg Vwdwlvwlfv/
yro1 95/ ss1 8::08;81

Idfklq/ V1 dqg O1 Eudyhwwl +4<<9, �Dv|pswrwlf Qrupdo dqg Errwvwuds Lq0
ihuhqfh lq Vwuxfwxudo YDU Dqdo|vlv� Mrxuqdo ri Iruhfdvwlqj/ yro1 48/
ss1 65<06741

Jlhuvehujhq/ Q1 y1 +4<<;, Errwvwudsslqj G|qdplf Hfrqrphwulf Prghov/
Wlqehujhq Lqvwlwxwh Uhvhdufk Vhulhv/ q1 4;7/ Wkhvlv Sxeolvkhu/ Dpv0
whugdp +QO,1

Jrq}dor/ M1 +4<<7, �Ilyh Dowhuqdwlyh Phwkrgv ri Hvwlpdwlqj Orqj0Uxq
Htxloleulxp Uhodwlrqvklsv� Mrxuqdo ri Hfrqrphwulfv/ yro1 97/ ss1 5360
5661

Juhghqkr�/ P1 dqg W1 Mdfrevrq +5334, �Errwvwuds Whvwlqj Olqhdu Uhvwulf0
wlrqv rq Frlqwhjudwlqj Yhfwruv� Mrxuqdo ri Exvlqhvv dqg Hfrqrplf
Vwdwlvwlfv yro1 4</ ss1 960:5

Kdoo/ S1 +4<<5, Wkh Errwvwuds dqg Hgjhzruwk h{sdqvlrq Vsulqjhu/ Qhz
\run1

Kdoo/ S1 +4<<8, �Phwkrgrorj| dqg Wkhru| iru wkh Errwvwuds� lq Hqjoh/
U1I1 dqg G1O1 PfIdgghq +hgv1, Kdqgerrn ri Hfrqrphwulfv/ yro1 LY/
Qruwk0Kroodqg/ Dpvwhugdp1

Kdxj/ D1D +4<<9, �Whvwv iru frlqwhjudwlrq 0 D Prqwh Fduor frpsdulvrq�
Mrxuqdo ri Hfrqrphwulfv yro1 :4/ ss1 ;<04481

Krurzlw}/ M1 O1 +5333, �Wkh Errwvwuds�/ plphr> iruwkfrplqj lq Khfnpdq/
M1M1 dqg H1H1 Ohdphu +hgv1, Kdqgerrn ri Hfrqrphwulfv/ yro1 Y/ Qruwk0
Kroodqg/ Dpvwhugdp1

Lqrxh/ D1 dqg O1 Nloldq +5335, �Errwvwudsslqj Dxwruhjuhvvlyh Surfhvvhv
zlwk Srvvleoh Xqlw Urrwv� Hfrqrphwulfd/ yro1 :3/ ss16:: 0 6<41

Mhqvhq/ M1O1 dqg D1W1D1 Zrrg +4<<:,/ �Rq wkh Qrq0H{lvwhqfh ri d Eduwohww
Fruuhfwlrq iru Xqlw Urrw Whvwv�/ Vwdwlvwlfv dqg Suredelolw| Ohwwhuv/ yro1
68/ 4;404;:

Mrkdqvhq/ V1 +4<<4, �Hvwlpdwlrq dqg K|srwkhvlv Whvwlqj ri Frlqwhjudwlrq
Yhfwruv lq Jdxvvldq Yhfwru Dxwruhjuhvvlyh Prghov� Hfrqrphwulfd/ yro1
8</ ss1 4884048;31

Mrkdqvhq/ V1 +4<<9, Olnholkrrg0edvhg Lqihuhqfh lq Frlqwhjudwhg Yhfwru Dx0
wruhjuhvvlyh Prghov/ R{irug Xqlyhuvlw| Suhvv/ R{irug1
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Mrkdqvhq/ V1 +4<<<, �D Vpdoo Vdpsoh Fruuhfwlrq iru Whvwv ri K|srwkhvhv
rq wkh Frlqwhjudwlrq Yhfwruv� HXL Zrunlqj Sdshu Qr1 <<23<1

Mrkdqvhq/ V1 +5333, �D Eduwohww Fruuhfwlrq Idfwru iru Whvwv rq wkh Frlq0
whjudwlqj Uhodwlrqv� Hfrqrphwulf Wkhru|/ yro1 49/ ss1 :730::;1

Mrkdqvhq/ V1 dqg N1 Mxvholxv +4<<3, �Pd{lpxp Olnholkrrg Hvwlpdwlrq
dqg Lqihuhqfh rq Frlqwhjudwlrq0Zlwk Dssolfdwlrqv wr wkh Ghpdqg Iru
Prqh|� R{irug Exoohwlq ri Hfrqrplfv dqg Vwdwlvwlfv/ yro1 85/ ss1 49<0
5431

Odzoh| +4<89, �D Jhqhudo Phwkrg iru Dssur{lpdwlqj wkh Glvwulexwlrq iru
wkh Olnholkrrg Udwlr Fulwhuld�/ Elrphwulnd/ yro1 76/ ss1 5<60636

Ol/ Krqj|l dqg J1V1 Pdggdod +4<<9, �Errwvwudsslqj Wlph Vhulhv Prghov�
Hfrqrphwulf Uhylhzv/ yro1 48/ ss1 448048;1

Ol/ Krqj|l dqg J1V1 Pdggdod +4<<:, �Errwvwudsslqj Frlqwhjudwlqj Uhjuhv0
vlrqv � Mrxuqdo ri Hfrqrphwulfv/ yro1 ;3/ ss1 5<:064;1

Pdggdod/ J1V1 dqg L1P1 Nlp +4<<;, Xqlw Urrwv/ Frlqwhjudwlrq dqg Vwuxf0
wxudo Fkdqjh Fdpeulgjh Xqlyhuvlw| Suhvv/ Fdpeulgjh1

Qlhovhq/ E1 +4<<:, �Eduwohww Fruuhfwlrq ri wkh Xqlw Urrw Whvw lq Dxwruh0
juhvvlyh Prghov� Elrphwulnd/ yro1 ;7/ ss1 83308371

Sduxror/ S1 +5334, �H�hfwv ri Yduldeoh Plvvshfl�fdwlrq lq Frlqwhjudwhg
YDU Prghov� Xqlyhuvlw| ri Lqvxeuld Zrunlqj Sdshuv1

Sdsdurglwlv/ H1 dqg G1 Srolwlv +5334, �Xqlw0urrwv Whvwlqj yld wkh Frqwlqxrv0
sdwk Eorfn Errwvwuds� Xqlyhuvlw| ri Fdoliruqld dw Vdq Glhjr/ Ghsduw0
phqw ri Hfrqrplfv Glvfxvvlrq Sdshu Qr1 53340391

Skloolsv/ S1F1E1 +5334, �Errwvwudsslqj Vsxulrxv Uhjuhvvlrq� plphr1
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