
Zdjh Irupdwlrq lq d Frlqwhjudwhg YDU Prgho=
D Ghpdqg dqg Vxsso| Dssurdfk�

Wköudulqq J1 Sìwxuvvrq| dqg Wruvwhq Voûn}

Iheuxdu| 5:/ 4<<:

Devwudfw

Xvxdoo| frlqwhjudwhg YDU prghov ri zdjh irupdwlrq duh dqdo|vhg lq

d zdjh0sulfh vhwxs1 Krzhyhu/ wkhruhwlfdo zdjh edujdlqlqj prghov surylgh

wkh edfnjurxqg iru d zdjh0hpsor|phqw vhwxs1 Wkh wzr uhodwlrqv ri lqwhuhvw

duh wkh oderxu ghpdqg htxdwlrq iurp wkh sur�w pd{lpl}lqj �upv dqg wkh

+edujdlqhg, zdjh htxdwlrq iurp pd{lpl}lqj wkh Qdvk surgxfw ri wkh zdjh

edujdlqlqj surfhvv1 Iurp wkh xqghuo|lqj hfrqrplf prgho zh ghulyh h{solflw

sdudphwhu uhvwulfwlrqv zklfk duh dqdo|vhg xvlqj d pxowlyduldwh frlqwhjudwlrq

dssurdfk/ xvlqj txduwhuo| gdwd iurp Ghqpdun1 Wkhvh uhvwulfwlrqv duh qrw

uhmhfwhg dqg wkh wkhruhwlfdo prgho zlwk pd{lpl}lqj djhqwv fdq eh vdlg wr

jlyh d jrrg ghvfulswlrq ri zdjh irupdwlrq lq Ghqpdun1

Nh|zrugv= Zdjh irupdwlrq/ oderxu ghpdqg/ frlqwhjudwlrq1

MHO Fodvvl�fdwlrqv= H57/ F45/ F46/ F65

41 Lqwurgxfwlrq

Lq wklv sdshu zh vhw xs d wkhruhwlfdo prgho ri xwlolw| pd{lpl}lqj frqvxphuv wkdw
irup wudgh xqlrqv/ dqg sur�w pd{lpl}lqj �upv edujdlqlqj ryhu wkh uhdo zdjh lq

� Zh zrxog olnh wr wkdqn Wruehq P1 Dqghuvhq/ Wrp Hqjvwhg/ Qlhov Kdoguxs/ Khquln
Kdqvhq/ K1F1 Nrqjvwhg/ Dodq Pdqqlqj/ Dqghuv Udkeén dqg vhplqdu sduwlflsdqwv dw wkh Xql0
yhuvlw| ri Ddukxv/ wkh Hfrqrplf Srolf| Uhvhdufk Xqlw dqg wkh Xqlyhuvlw| ri Lfhodqg iru khosixo
frpphqwv1 Wkh xvxdo glvfodlphu dssolhv1 Wkh ylhzv h{suhvvhg lq wklv sdshu vkrxog qrw eh lqwhu0
suhwhg dv uh hfwlqj wkrvh ri wkh Fhqwudo Edqn ri Lfhodqg1 Wkh dfwlylwlhv ri HSUX duh �qdqfhg
e| d judqw iurp wkh Gdqlvk Qdwlrqdo Uhvhdufk Irxqgdwlrq1

| Fhqwudo Edqn ri Lfhodqg/ Hfrqrplfv Ghsduwphqw/ dqg Xqlyhuvlw| ri Lfhodqg1 Dgguhvv=
Fhqwudo Edqn ri Lfhodqg/ Ndonriqvyhjl 4/ 483 Uh|nmdyln/ Lfhodqg1 h0pdlo= wkruduCfhqwen1lv1

} Xqlyhuvlw| ri Frshqkdjhq dqg Hfrqrplf Srolf| Uhvhdufk Xqlw1 Dgguhvv= HSUX/ Qdqvhqv0
jdgh 4</ 8wk  rru/ GN04699 Frshqkdjhq N/ Ghqpdun1 h0pdlo= qdwvCks71hfrq1fev1gn1



pdunhwv fkdudfwhulvhg e| prqrsrolvwlf frpshwlwlrq/ ri wkh Eodqfkdug dqg Nl|rwdnl
+4<;:, w|sh1 Iurp wklv prgho zh ghulyh wzr orqj0uxq vroxwlrqv/ rqh ghwhuplqlqj
+oderxu, ghpdqg/ dqg wkh rwkhu ghwhuplqlqj vxsso| +zdjh edujdlqlqj,1 Zh wkhq
xvh d frlqwhjudwhg yhfwru dxwruhjuhvvlyh +YDU, dssurdfk wr lghqwli| wkhvh uhodwlrqv
xvlqj txduwhuo| Gdqlvk gdwd dqg whvw wkh uhvwulfwlrqv lpsolhg e| wkh wkhruhwlfdo
prgho1 Wkhvh uhvwulfwlrqv vxjjhvw d �pdlq frxuvh� zdjh uhodwlrq dqg orqj uxq
lqh�hfwlyhqhvv ri ghpdqg pdqdjhphqw1 Erwk wkhvh uhvwulfwlrqv duh dffhswhg e|
wkh gdwd1 Ixuwkhu/ zh �qg hylghqfh ri uhdo zdjh uljlglw| zlwk dq hodvlwlflw| ri
uhdo zdjhv/ lq whupv ri wkh xqhpsor|phqw udwh/ ri 031581 Ilqdoo|/ zh �qg hpslul0
fdo vxssruw iru d orj vshfl�fdwlrq ri xwlolw| dqg d Free0Grxjodv vshfl�fdwlrq ri
surgxfwlrq1

Rwkhu vwxglhv ri zdjh irupdwlrq zlwklq wkh frlqwhjudwhg YDU dssurdfk/ w|s0
lfdoo| dsso| d zdjh0sulfh vhwxs/ zkhuh zdjhv duh ghwhuplqhg e| wkh edujdlqlqj
surfhvv dqg sulfhv ghwhuplqhg dv d pdun0xs ryhu zdjhv1 Krzhyhu/ plfur irxqghg
pdfur wkhru| pruh qdwxudoo| vxjjhvwv d zdjh0txdqwlw| vhwxs/ zkhuh wkh txdqwlw| lv
hpsor|phqw1 Lq dgglwrq/ zh ihho wkdw hvwlpdwlqj d zdjh htxdwlrq dorqh ru mrlqwo|
zlwk d pdun0xs uxoh grhv qrw surylgh pxfk lqvljkw lqwr wkh uhodwlrq ehwzhhq zdjhv
dqg hpsor|phqw/ dv lw grhv qrw surylgh lqirupdwlrq rq krz vhqvlwlyh hpsor|phqw
lv wr zdjhv1 Erwk d zdjh dqg dq hpsor|phqw htxdwlrq duh wkhuhiruh qhhghg1 Wklv
lv wkh dssurdfk zh dgrsw khuh1 Dqghuvhq dqg Ulvdjhu +4<<3, dovr dgrsw wklv ds0
surdfk rq Gdqlvk gdwd/ exw zlwkrxw xvlqj wkh frlqwhjudwlrq dssurdfk1 Ixuwkhu/
wkh| gr qrw whvw sdudphwhu uhvwulfwlrqv/ lpsolhg e| wkh xqghuo|lqj prgho1

Dqrwkhu lpsruwdqw gl�huhqfh ehwzhhq wklv vwxg| dqg pdq| rwkhu vwxglhv ri
zdjh irupdwlrq zlwklq wkh frlqwhjudwhg YDU iudphzrun/ lv wkdw zh ghulyh h{solflw
uhvwulfwlrqv lpsolhg e| wkh zdjh edujdlqlqj vroxwlrq iurp zhoo gh�qhg remhfwlyh
ixqfwlrqv ri frqvxphuv dqg �upv dqg whvw wkhvh uhvwulfwlrqv zlwklq wkh frlqwhjud0
wlrq dssurdfk1 Wklv lv yhu| lpsruwdqw/ dv xvlqj d �gdwd ohg� dssurdfk riwhq pdnhv
lw gl!fxow wr pdnh phdqlqjixo hfrqrplf lqwhusuhwdwlrqv ri hpslulfdo uhvxowv iurp
frlqwhjudwlrq dqdo|vlv1 Wkhvh h{solflw olqnv zlwk wkh xqghuo|lqj hfrqrplf prgho
dovr idflolwdwhv srolf| dqdo|vlv/ vxfk dv srolflhv gluhfwhg wrzdugv wkh xqhpsor|phqw
sureohp1

Lq d vwxg|/ lq vrph zd|v vlplodu wr rxuv/ Eèugvhq dqg Ilvkhu +4<<8, dqg
Eèugvhq hw do1 +4<<8, xvh frlqwhjudwlqj uhvwulfwlrqv iurp d zdjh edujdlqlqj prgho/
xvlqj Qruzhjldq dqg XN gdwd1 Wkh| gr qrw/ krzhyhu/ ghulyh wkhlu uhvwulfwlrqv
h{solflwo| iurp dq xqghuo|lqj hfrqrplf prgho zlwk xwlolw| pd{lpl}lqj djhqwv/ dqg
ixuwkhu/ wkh| xvh d zdjh0sulfh vhwxs lqvwhdg ri xvlqj d zdjh0hpsor|phqw vhwxs1
Wkh zdjh0sulfh vhwxs lv dovr xvhg lq Mxvholxv +4<<5, rq Gdqlvk gdwd1 Gdqlvk gdwd
lv dovr xvhg lq Kdqvhq dqg Zduqh +4<<8, zkr hvwlpdwh frlqwhjudwlqj uhodwlrqv rq
dqqxdo gdwd/ krzhyhu iru d pxfk orqjhu shulrg/ qdpho| iurp 4<38 wr 4<<51 Qhlwkhu
ri wkhvh vwxglhv xvh h{solflw remhfwlyh ixqfwlrqv iru wkh djhqwv lq wkh hfrqrp|1
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Hqjvwhg dqg Kdoguxs +4<<7, hvwlpdwh d iruzdug orrnlqj/ udwlrqdo h{shfwdwlrqv
prgho ri oderxu ghpdqg/ dvvxplqj txdgudwlf dgmxvwphqw frvwv1 Wkh| xvh vhfwrudo
gdwd iru Gdqlvk pdqxidfwxulqj/ exw duh qrw deoh wr �qg hfrqrplfdoo| lqwhusuhwdeoh
orqj0uxq uhodwlrqv1

Wkh sdshu lv rujdqlvhg dv iroorzv1 Lq Vhfwlrq 5 zh ghvfuleh wkh xqghuo|lqj wkh0
ruhwlfdo prgho ri zdjh irupdwlrq dqg oderxu ghpdqg/ dqg ghulyh wkh wzr orqj0uxq
uhodwlrqv iru uhdo zdjhv dqg hpsor|phqw1 Lq vhfwlrq 6 zh hvwlpdwh d frlqwhjudwhg
YDU prgho dqg lghqwli| wkh wzr orqj0uxq uhodwlrqv dqg whvw wkh ryhu0lghqwli|lqj
uhvwulfwlrqv lpsolhg e| rxu prgho1 Vhfwlrq 7 frqfoxghv1

51 Wkh Prgho

5141 Frqvxphuv

Lq wklv hfrqrp| wkhuh duh d qxpehu ri prqrsrolvwlfdoo| frpshwlqj �upv/ � '
�c ���c6/ hdfk surgxflqj wkhlu rzq surgxfw/ dv lq Eodqfkdug dqg Nl|rwdnl +4<;:,1
Frqvxphuv ghulyh xwlolw| rqo| iurp frqvxpswlrq dqg vxsso| oderxu lqhodvwlfdoo|1
Frqvxpswlrq lv gh�qhg dv dq lqgh{ ri doo wkh frqvxpswlrq jrrgv lq wkh hfrqrp|1
Wkh xwlolw| ixqfwlrq lv jlyhq e|

LES��c ���c S6�� ' E���
j *j +514,

zkhuh j phdvxuhv wkh fxuydwxuh ri xwlolw|1 Qrwh wkdw j ' f lqglfdwhv d orj xwlolw|
ixqfwlrq/ L ' *?��1 Wkh frqvxpswlrq jrrg lqgh{ lv gh�qhg dv

�� '
�
�

6

� �
�3.

#
6[
�'�

ES���
E.3��

.

$ .
E.3��

dqg wkh frqvxphu sulfh lqgh{ lv gh�qhg dv

' E'�c ���c '6� '

#
�

6

6[
�'�

'
E�3.�
�

$ �
E�3.�

zkhuh . : � lv wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq frqvxpswlrq jrrgv1 Frq0
vxphu � pd{lpl}hv xwlolw| vxemhfw wr klv exgjhw frqvwudlqw

6[
�'�

'�S�� � `�

zkhuh`� duh zdjhv1
4 Vroylqj wkh frqvxphu*v sureohp jlyhv wkh iroorzlqj ghpdqg

iru hdfk lqglylgxdo surgxfw lq wkh hfrqrp|

4Wr nhhs wkh qrwdwlrq vlpsoh zh devwudfw iurp sur�w sd|phqwv wkdw frqvxphuv uhfhlyh iurp
wkh �upv1 Wklv grhv qrw fkdqjh wkh uhvxowv lq dq| vljql�fdqw zd|1
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�� '
`

6'

#
'�

'

$3.
+515,

Lqvhuwlqj wklv rswlpdo fkrlfh ri frqvxpswlrq jrrgv lqwr wkh xwlolw| ixqfwlrq jlyhv
dq h{suhvvlrq iru wkh lqgluhfw xwlolw| ixqfwlrq ri wkh frqvxphu

7 E`c'� ' E`�*'�
j *j

zklfk lv xvhg zkhq iruplqj wkh wudgh xqlrqv1

5151 Wudgh xqlrqv

Zh dvvxph wkdw hdfk �up kdv dq dvvrfldwhg wudgh xqlrq +wkxv/ dvvxplqj lqgxvwu|
wudgh xqlrqv,1 Wr irup wkh wudgh xqlrqv zh xvh wkh lqgluhfw xwlolw| ixqfwlrq iru
hdfk phpehu1 Vlqfh wkhuh h{lvwv xqhpsor|phqw ehqh�wv wkh orfdo xqlrq pd| �qg
lw rswlpdo wr fuhdwh xqhpsor|phqw1 Lw lv dvvxphg wkdw doo phpehuv idfh wkh vdph
ulvn ri ehlqj xqhpsor|hg dqg wkdw doo djhqwv duh ulvn qhxwudo1 Wkxv wkh h{shfwhg
xwlolw| ri d xqlrq phpehu lv

. E7 E`c'�� ' ��

��
E` S

� �
j *j n ��3��

��
Lf +516,

zkhuh � lv wkh qxpehu ri phpehuv ri wkh wudgh xqlrq/ � lv hpsor|phqw lq wkh
wudgh xqlrq dqg` S

� � `�

'
lv wkh uhdo frqvxpswlrq zdjh1 Lf lv wkh idoo0edfn xwlolw|/

l1h1 wkh xwlolw| ri d zrunhu zkr idlov wr ehfrph hpsor|hg lq vhfwru �1
Iurp wklv fdq eh vxewudfwhg wkh xwlolw| lq wkh fdvh ri d euhdn grzq Lf dqg

wkhq zh kdyh wkh h{suhvvlrq iru wkh Qdvk edujdlqlqj surgxfw1 Pxowlso|lqj rxw
dqg uh0rujdql}lqj ohdgv xv wr d xwlolw| ixqfwlrq ri wkh wudgh xqlrq/ zkhuh wkh xqlrq
kdv suhihuhqfhv ryhu hpsor|phqw dqg uhdo zdjhv

A� ' �� dE`
S
� �

j *j � Lfo +517,

5161 Ilupv

Ilupv lq wkh hfrqrp| pd{lpl}h sur�wv1 Zh vroyh wkh �upv sureohp dqg �qg wkhlu
ghpdqg iru oderxu/ frqglwlrqdo rq wkh rwkhu surgxfwlrq idfwru/ g�

4@ 
��c��ct�

�� '
��t� �`���

�
+518,

vxemhfw wr
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f� ' �
�
��
�

�3.
t� ' Ek�4

� � E�� k�g4
� �

�
4 ( 4 � f

f� ' t�

zkhuh �� lv wkh rxwsxw sulfh ri �up �1 � lv dq djjuhjdwh lqgh{ ri wkhvh sulfhv1
Pd{lpl}dwlrq ri uhdo sur�wv E��t�3`����

�
zlwk uhvshfw wr �� vxemhfw wr surgxfw

ghpdqg/ f�/ wkh surgxfwlrq ixqfwlrq/ dqg wkh pdunhw fohdulqj frqglwlrq f� ' t�/
jlyhv wkh iroorzlqj +frqglwlrqdo, oderxu ghpdqg vfkhgxoh iru wkh �up

k
�
. � �

.

��
t�
��

��34
'

`�

�
+519,

Wklv vwdqgdug frqglwlrq lpsolhv wkdw �upv hpsor| zrunhuv xqwlo wkh pdujlqdo
uhyhqxh surgxfw htxdov wkh uhdo surgxfw zdjh1 Wklv fdq eh uhzulwwhq dv

�� '

#
`�

�

#
.

k E. � ��

$
t 43�
�

$ �
43�

+51:,

Lq v|pphwulf htxloleulxp/ zkhuh �� ' � / zh fdq uhzulwh orj hpsor|phqw dv

? ' + �
�

�� 4
E� � R� n 1 +51;,

zkhuh orzhu fdvh ohwwhuv ghqrwh orjv dqg 1 �
�

�

�34

�
*L}

�
kE.3��

.

�
� 4 	 f lqglfdwhv

d FHV whfkqrorj|/ zkhuhdv 4 ' f lqglfdwhv d Free0Grxjodv whfkqrorj|1 Qrwlfh
wkdw wkh rwkhu surgxfwlrq idfwru g� lv dvvxphg h{rjhqrxv lq wkh pd{lpl}dwlrq ri
sur�wv zlwk uhvshfw wr hpsor|phqw1 Exw g� lv ri frxuvh vwloo uh hfwhg lq t�1 Wkh
oderxu ghpdqg vfkhgxoh lv wkhuhuiruh ehwwhu xqghuvwrrg dv ehlqj frqglwlrqdo rq
rxwsxw ghpdqg1 Dqrwkhu uhdvrq iru xvlqj +51;, lv wkh odfn ri gdwd iru wkh fdslwdo
vwrfn dqg zh zdqw wr dyrlg wkh sureohpv ri frqwuxfwlqj vxfk gdwd1

5171 Zdjh edujdlqlqj

Zh qrz ohw �upv dqg xqlrqv edujdlq/ dsso|lqj wkh dv|pphwulf Qdvk0edujdlqlqj
vroxwlrq dqg dvvxplqj wkh edujdlqlqj lv ri wkh uljkw0wr0pdqdjh w|sh1 Wkh rxwfrph
ri wkh edujdlqlqj surfhvv lv irxqg e| vroylqj

4@ 
`�

Ab
� �� +51<,

vxemhfw wr oderxu ghpdqg jlyhq lq +51:,/ zkhuh b sdudphwhul}hv xqlrq edujdlqlqj
srzhu1
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Wkh vroxwlrq wr wkh zdjh edujdlqlqj surfhvv lpsolhv wkdw wkh zdjh lv vhw dv d
pdun0xs rq idoo0edfn xwlolw|1 Wr vroyh iru wkh pdun0xs zh qhhg dq h{suhvvlrq iru
wkh hodvwlflw| ri sur�w dqg oderxu ghpdqg zlwk uhvshfw wr uhdo zdjhv/ "Z dqg "�
+vhh Orfnzrrg hw do1 4<<8,1 Iru wklv sxusrvh zh gh�qh

#� �
��

t�

` S
�

T
+5143,

'
`�*�

~�

zkhuh T � �
'
lv wkh sulfh zhgjh1 Qrwh wkdw #� lv vlpso| wkh uhdo xqlw oderxu frvw/

ru wkh zdjh vkduh lq ydoxh dgghg/ ri �up �/ zkhuh ~� �
t�
��

lv oderxu surgxfwlylw|1
Wkh wzr hodvwlflwlhv fdq qrz eh zulwwhq dv

"Z '
#�

�� #�
+5144,

dqg
"� ' E�� 4�3� +5145,

Wkh vroxwlrq wr wkh Qdvk edujdlqlqj fdq qrz eh zulwwhq dv

E` S
� �

j *j ' E�� jV��
3�Lf +5146,

zkhuh V� � E"Z*b n "��
3�/ vhh h1j1 Pdqqlqj +4<<6,1 Wkh edujdlqhg zdjh lv

wkhuhiruh htxdo wr d pdun0xs rq idoo0edfn xwlolw|/ zkhuh wkh pdun0xs ghshqgv rq
wkh edujdlqlqj srzhu ri wkh xqlrq dqg wkh hodvwlflwlhv ri oderxu ghpdqg dqg sur�w
zlwk uhvshfw wr wkh uhdo zdjh1

Lq htxloleulxp Lf zloo eh hqgrjhqrxv1 Vwdqgdug vhdufk wkhru| lpsolhv wkdw Lf

htxdov d zhljkwhg dyhudjh ri wkh xwlolw| ri uhdo xqhpsor|phqw ehqh�wv/ �
'
/ dqg

wkh h{shfwhg xwlolw| ri jhwwlqj d mre hovhzkhuh/ zkhuh wkh zhljkw rq �
'
/ ) E��/ lv

dq lqfuhdvlqj ixqfwlrq ri wkh xqhpsor|phqw udwh1 Vr lq v|pphwulf htxloleulxp/
zkhuh `� ' ` / zh kdyh

Lf ' d�� ) E��o E` S�j *j n ) E�� E�*'�j *j

E| lqvhuwlqj wklv lqwr +5146, dqg uh0rujdql}lqj zh rewdlq

E` S�j '
E�*'�j

�� jV*) E��

ru
-j ' �� jV*) E��
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zkhuh - � �*'

` S lv wkh uhsodfhphqw udwlr1 Wklv htxdwlrq lv krzhyhu qrw hdv| wr
hvwlpdwh1 Wkh vlpsohvw dssurdfk lv wr dvvxph wkdw whfkqrorj| lv Free0Grxjodv

vr wkdw 4 ' f1 Wkhq # ' kE.3��

.
dqg V '

�
b.nkE�3b�E.3��

bE.3kE.3���

�3�
� V lv vlpso| d

frqvwdqw1 Wkhq wdnlqj orjv zh jhw

�S ' EK� ^��
�

j
*L}

#
��

jV

) E��

$
+5147,

Wklv lv wkh htxdwlrq wkdw irupv wkh edvlv iru d uhdo zdjh htxdwlrq lq pdq| sdshuv
wkdw hvwlpdwh pdfur zdjh htxdwlrqv/ h1j1 Kropoxqg dqg Nrop +4<<8, dqg Orfn0
zrrg dqg Pdqqlqj +4<<6,1 Krzhyhu/ wkh Free0Grxjodv vshfl�fdwlrq lv uhvwulfwlyh
dv lw uxohv rxw vrph yduldeohv/ vxfk dv surgxfwlylw|/ ~/ dqg wkh sulfh zhgjh/ T 1 Li

zh dssur{lpdwh durxqg 7V dv V ' 7V
�

#
kE.3��*.

�3�
/ vr zkhq � ' f/ # ' kE.3��

.
dqg

V ' 7V/ zh rewdlq

�S ' 5 �
�

�
*L} �n � �

�

�
*L} E�� -j� n l +5148,

zkhuh zh dvvxph wkdw )E�� ' )�/ dv lpsolhg e| vwdqgdug vhdufk wkhru|/ vhh Pdq0

qlqj +4<<3/ 4<<6,/ dqg l � *L}
��

kE.3��

.

� �
jV
)

� �
�

�
1 Wkh Free0Grxjodv ixqfwlrqdo

irup lv d vshfldo fdvh dv � $ f1 Zh dovr dssur{lpdwh *L} E�� -j�/ zklfk lv
qrq0olqhdu lq sdudphwhuv/ zlwk �w *L}-j/ zklfk lv vlpso| d frqvwdqw +�jw, wlphv
*L}-1 Wkh edujdlqlqj vroxwlrq qrz ehfrphv

E� � ^� ' 5 �
�

�
*L} �n � n

jw

�
o n l +5149,

zkhuh djdlq orzhu fdvh ohwwhuv ghqrwh orjv1
Zh uhzulwh wklv htxdwlrq lq whupv ri uhdo surgxfw zdjhv1 Wklv lv lq dffrugdqfh

zlwk rwkhu vwxglhv ri zdjh irupdwlrq lq wkh Qruglf frxqwulhv/ zkr �qg wkdw wkh
uhdo surgxfw zdjh lv pruh lpsruwdqw wkdq wkh uhdo frqvxpswlrq zdjh1 Vhh/ iru
h{dpsoh/ Fdopiruv dqg Q|prhq +4<<3, iru wkh Qruglf frxqwulhv/ Iruvoxqg dqg
Ulvdjhu +4<<7, iru Vzhghq/ dqg Q|prhq +4<<5, iru Ilqodqg1 Wklv lv vlpso| d
uh0qrupdol}dwlrq ri +5149,

E� � R� ' 5 �
�

�
*L} �n

jw

�
o n l +514:,

Wkh zdjh edujdlqlqj htxdwlrq lqglfdwhv wkdw dq lqfuhdvh lq oderxu surgxfwlylw|
zloo ohdg wr kljkhu uhdo zdjhv/ e| lqfuhdvlqj wkh sur�wdelolw| ri wkh �upv/ wkxv
lqfuhdvlqj wkh suredelolw| ri dffhswlqj kljkhu uhdo zdjhv rq wkhlu ehkdoi1 Wkh
wkhruhwlfdo prgho lqglfdwhv wkdw wkh frh!flhqw rq surgxfwlylw| vkrxog eh xqlw|/
lpso|lqj wkdw rxu uljkw kdqg vlgh yduldeoh lv wkh uhdo xqlw oderxu frvw/ E��R�5�1

:



Dq dowhuqdwlyh lqwhusuhwdwlrq lv wkdw wkh uljkw kdqg vlgh yduldeoh lv wkh zdjh vkduh
ri ydoxh dgghg/ lqglfdwlqj wkdw zdjh irupdwlrq fdq eh ghvfulehg e| wkh �pdlq
frxuvh� wkhru|/ fi1 Q|prhq +4<<5,15

Wkh zdjh edujdlqlqj vroxwlrq lpsolhv wkdw dq lqfuhdvh lq wkh xqhpsor|phqw
udwh zloo zhdnhq wkh edujdlqlqj srvlwlrq ri wkh wudgh xqlrqv lq wkhlu fodlpv iru
kljkhu uhdo zdjhv1 Wkh rssrvlwh rffxuv zkhq wkh uhsodfhphqw udwlr lqfuhdvhv/ gxh
wr h1j1 d ulvh lq uhdo xqhpsor|phqw ehqh�wv zklfk lqfuhdvhv idoo0edfn xwlolw|1

Ilqdoo|/ d ulvh lq wkh sulfh zhgjh/ � ' ER � ^�/ zloo lq jhqhudo lpsuryh wkh
edujdlqlqj srvlwlrq ri xqlrqv dqg ohdg wr kljkhu uhdo frqvxpswlrq zdjhv1 Wkh
wkhruhwlfdo prgho lpsolhv wkdw d ulvh lq wkh sulfh zhgjh zloo kdyh d sursruwlrqdo
d�hfw rq uhdo frqvxpswlrq zdjhv/ ru htxlydohqwo|/ wkdw wkh sulfh zhgjh grhv qrw
d�hfw wkh uhdo surgxfw zdjh1 Wkxv/ wkhuh lv qr vfrsh iru grphvwlf ghpdqg srolf|
wr d�hfw hpsor|phqw lq wkh orqj uxq/ fi1 Dqghuvhq +4<;<,1 Wklv lv/ ri frxuvh/ d
whvwdeoh lpsolfdwlrq ri wkh prgho1

61 Hpslulfdo Dqdo|vlv6

6141 Wkh gdwd

Lq wklv vhfwlrq/ zh hvwlpdwh wkh wkhruhwlfdo zdjh dqg oderxu ghpdqg uhodwlrqv/
+51;, dqg +514:, rewdlqhg lq wkh suhylrxv vhfwlrq1 Zh xvh txduwhuo|/ vhdvrqdoo|
dgmxvwhg gdwd iurp Ghqpdun/ iru wkh shulrg 4<:8+4, wr 4<<6+7,1 Wkh gdwd lv
ghvfulehg lq pruh ghwdlo lq wkh dsshqgl{1 Wkh gdwd hvvhqwldoo| exlogv rq wkh
txduwhuo| qdwlrqdo dffrxqwv iurp Vwdwlvwlfv Ghqpdun dqg lv rewdlqhg iurp wkh
prqd gdwdedvh pdlqwdlqhg dw wkh Gdqlvk Fhqwudo Edqn1 D grfxphqwdwlrq ri wkh
prqd prgho fdq eh irxqg lq Fkulvwhqvhq dqg Nqxgvhq +4<<5,1

Wkh gdwd duh uhsruwhg lq Iljxuh D14 lq wkh dsshqgl{1 Dv vhhq iurp wkh �jxuh/
lw vhhpv dssursuldwh wr wuhdw wkh vhulhv dv qrq0vwdwlrqdu| iru wkh shulrg dqdo|vhg
khuh1 Wklv dovr dssolhv wr wkh xqhpsor|phqw udwh/ dowkrxjk wklv frxog eh d vpdoo
vdpsoh sureohp1 Krzhyhu/ Kdqvhq dqg Zduqh +4<<8, zkr dqdo|vh dqqxdo gdwd
iurp 4<38 wr 4<<5 dovr �qg hylghqfh ri qrq0vwdwlrqdulw| ri wkh xqhpsor|phqw
udwh/ ru dw ohdvw/ d yhu| kljk ohyho ri shuvlvwhqfh1

Wdeoh D19 lq wkh dsshqgl{ uhsruwv wkh uhvxowv ri pruh irupdo xqlw urrw whvwv/
xvlqj wkh Skloolsv dqg Shuurq +4<;;, xqlyduldwh xqlw urrw whvw1 Uhdo zdjhv/ hp0
sor|phqw/ wkh xqhpsor|phqw udwh/ dqg rxwsxw vhhp wr frqwdlq d vlqjoh xqlw urrw/
zkhuhdv wkh sulfh zhgjh pljkw eh vwdwlrqdu| dqg surgxfwlylw| dqg wkh uhsodfh0

5Wkh edujdlqlqj vroxwlrq iru wkh zdjh vkduh fdq dovr eh mxvwl�hg e| wkh lghd wkdw wudgh xqlrqv
wdnh vrfldo glvwulexwlrq lqwr dffrxqw lq wkh edujdlqlqj surfhvv1

6Wkh frpsxwhu surjudpv sf0ilpo ;14 dqg fdwv iru udwv 715 zhuh xvhg wr rewdlq doo qxphulfdo
uhvxowv1

;



phqw udwlr frxog eh vwdwlrqdu| durxqg d olqhdu wlph wuhqg/ dowkrxjk zlwk urrwv
forvh wr xqlw|1 D vhfrqg xqlw urrw lv/ krzhyhu/ vwurqjo| uhmhfwhg lq doo fdvhv1 Zh
wkhuhiruh frqfoxgh wkdw doo wkh vhulhv frqwdlq d vlqjoh xqlw urrw/ ru dw ohdvw d urrw
yhu| forvh wr xqlw|1 Wklv lpsolhv wkdw wkh vhulhv fdq eh dghtxdwho| dssur{lpdwhg
dv L+4, surfhvvhv1

6151 Frpsohwh YDU dqdo|vlv

Wr hvwlpdwh wkh prgho zh xvh d pxowlyduldwh dssurdfk wr fdswxuh wkh vlpxowdqhrxv
qdwxuh ri wkh ghflvlrq sureohp lq txhvwlrq1 Wkh dgydqwdjh ri wklv dssurdfk lv wkdw
doo wkh lqirupdwlrq lq wkh gdwd lv xvhg/ wkhuhe| lqfuhdvlqj hvwlpdwlrq h!flhqf|1
Wklv dssurdfk dovr surylghv d qdwxudo iudphzrun iru dqdo|vlqj wkh orqj0uxq eh0
kdylrxu ri wkh gdwd/ e| xvlqj lwv lqkhuhqw qrq0vwdwlrqdulw| wr hvwlpdwh wkh orqj0uxq
uhodwlrqv ri wkh xqghuo|lqj hfrqrplf prgho1

Dv d vwduwlqj srlqw ri rxu dqdo|vlv/ dv d whqwdwlyh ghvfulswlrq ri wkh xqghuo|lqj
gdwd jhqhudwlrq surfhvv/ zh hvwlpdwh d �frpsohwh� YDU/ zkhuh doo yduldeohv lq wkh
lqirupdwlrq vhw L�?| ' iE� � R�|c ?|c 5|c *L} �|c �|c o|c +|j duh wuhdwhg dv hqgrjhqrxv1
Wklv lqirupdwlrq vhw frqwdlqv vhyhq yduldeohv/ dqg lv wkhuhiruh txlwh odujh uhodwlyh
wr rxu gdwd vhw1 Lw zrxog wkhuhiruh eh xvhixo wr zrun zlwk d vlpsol�hg lqirupdwlrq
vhw/ zklfk fruuhvsrqgv wr d �sduwldo� YDU zkhuh wkh v|vwhp lv frqglwlrqhg xsrq
vrph ri wkh yduldeohv1 Zh zloo uhwxuq wr wklv ehorz1

Wr hvwlpdwh wkh prgho zh vwduw zlwk dq xquhvwulfwhg/ Jdxvvldq YDU+&, prgho/
uhzulwwhq lq wkh idploldu huuru fruuhfwlrq irup/ lq whupv ri vwdwlrqdu| yduldeohv lq
L+3, vsdfh

{j| '
&3�[
�'�

K�{j|3� nkq�
j|3� nC#| n 0|( | ' �c ���c A +614,

zkhuh j| lv d ER � �� yhfwru frqwdlqlqj wkh R yduldeohv ri wkh prgho/ dqg #| lv
d Er � �� yhfwru frqwdlqlqj wkh ghwhuplqlvwlf yduldeohv ri wkh prgho/ qdpho| d
frqvwdqw dqg gxpp| yduldeohv1 Zh dvvxph wkdw wkh lqlwldo ydoxhv ij3&n�c���cjfj
fdq eh wdnhq dv jlyhq/ dqg wkdw 0| � ,1REfcl�1 Ilqdoo|/ wkh orqj0uxq sduw ri wkh
prgho doorzv iru olqhdu ihhgedfn iurp wkh odjjhg vwdwlrqdu| htxloleulxp huuruv/
kq�

j|3�/ zkhuh q lv d ER� o� pdwul{ ri ixoo udqn/ frqwdlqlqj wkh o frlqwhjudwlrq
yhfwruv dqgk lv d ER�o�pdwul{ ri ixoo udqn/ frqwdlqlqj wkh dgmxvwphqw frh!flhqwv
+wkh idfwru ordglqjv,1 Wklv irupxodwlrq dvvxphv wkdw j| lv L+4,/ l1h1 wkdw wkh
frpsrqhqwv ri wkh yhfwruv duh dw prvw L+3, ru L+4,1 Wr hqvxuh wkdw j| lv qrw L+5,
lw lv ixuwkhu uhtxluhg wkdw k

�

z
Kqz

kdv ixoo udqn/ zkhuh K ' W�
S&3�

�'� K�/ dqg kz

dqg q
z
duh wkh ER� ER� o�� ruwkrjrqdo frpsohphqwv ri k dqg q +vhh Mrkdqvhq/

4<;;/ 4<<4/ 4<<8d,1
Wdeoh D14 frqwdlqv wkh frlqwhjudwlrq dqdo|vlv iru wkh frpsohwh YDU1 Iru wkh

<



odj ohqjwk zh fkrrvh & ' 2/ zklfk lv irxqg vx!flhqw wr fdswxuh wkh pdlq ihdwxuhv
ri wkh gdwd17 Wkhuh duh wkuhh gxpp| yduldeohv lq wkh YDU/ ghvljqhg wr fdswxuh
uhvlgxdo rxwolhuv lq wkh lqlwldo xquhvwulfwhg v|vwhp1 Wkh gxpp| yduldeohv duh _Hf2|/
zklfk lv xqlw| lq 4<;3+5, dqg }hur hovhzkhuh/ _H.�|/ zklfk lv xqlw| lq 4<;:+4, dqg
}hur hovhzkhuh/ dqg _b22|/ zklfk lv xqlw| lq 4<<5+5, dqg }hur hovhzkhuh1 Wkhvh
yduldeohv duh lqfoxghg wr fdswxuh h{rjhqrxv vkrfnv qrw fdswxuhg e| wkh YDU
prgho dqg duh uhvwulfwhg wr wkh vkruw0uxq g|qdplfv1 Lw vkrxog eh hpskdvl}hg
wkdw wkh lqfoxvlrq ri wkh lpsxovh gxpp| yduldeohv glg qrw d�hfw lq dq| zd| wkh
hvwlpdwlrq dqg lghqwl�fdwlrq ri wkh frlqwhjudwlrq yhfwruv1

Wkh wdeoh uhsruwv wkh b|h@Ui whvw iurp Mrkdqvhq dqg Mxvholxv +4<<3, iru wkh
frlqwhjudwlrq udqn/ zlwk dqg zlwkrxw wkh vpdoo vdpsoh fruuhfwlrqv vxjjhvwhg e|
Uhlphuv +4<<5,1 Dw wkh <8( fulwlfdo ohyho/ wkh frlqwhjudwlrq udqn whvw lqglfdwhv rqh
ru wzr frlqwhjudwlrq yhfwruv/ ghshqglqj rq zkhwkhu wkh vpdoo vdpsoh fruuhfwlrqv
duh dssolhg1 Dw wkh <3( fulwlfdo ohyho wkh whvw lqglfdwhv rqh ru irxu frlqwhjudwlqj
yhfwruv/ dowkrxjk wzr frlqwhjudwlqj yhfwruv duh qrw idu iurp ehlqj uhmhfwhg/ ds0
so|lqj wkh vpdoo vdpsoh dgmxvwhg fulwlfdo ydoxhv1 Ixuwkhu/ wkh �uvw wzr hljhqydoxhv
duh txlwh odujh/ dqg dv rxu wkhruhwlfdo prgho lpsolhv wzr frlqwhjudwlqj uhodwlrqv/
zh dvvxph wkdw wkhuh duh wzr orqj0uxq uhodwlrqv lq rxu gdwd vhw1

Wdeoh D14 dovr uhsruwv whvwv iru zhdn h{rjhqhlw| ri d jlyhq yduldeoh iru erwk
frlqwhjudwlrq yhfwruv18 Wkh whvw lqglfdwhv wkdw zhdn h{rjhqhlw| ri doo yduldeohv fdq
eh uhmhfwhg/ h{fhsw iru 5| dqg +|1 Krzhyhu/ zkhq zhdn h{rjhqhlw| ri erwk wkhvh
yduldeohv lv whvwhg mrlqwo|/ zh rewdlq �2Ee� ' �D�D ES ' f�ff�/ lqglfdwlqj wkdw wkhvh
yduldeohv fdqqrw mrlqwo| eh wuhdwhg dv zhdno| h{rjhqrxv iru erwk frlqwhjudwlrq
yhfwruv1 Lq rxu sduwldo dqdo|vlv ehorz zh wkhuhiruh fkrrvh wr frqglwlrq rq +|1

6161 Sduwldo YDU dqdo|vlv

Wr hvwlpdwh wkh sduwldo YDU v|vwhp/ zh qhhg wr �qg d ydolg frqglwlrqlqj ri
wkh mrlqw ghqvlw| ri wkh gdwd lqwr d frqglwlrqdo ghqvlw| dqg d pdujlqdo ghqvlw|1
Wkh zhdn h{rjhqhlw| whvwv deryh lpsolhg wkdw zh fdq hlwkhu frqglwlrq rq 5| ru
+| exw qrw rq erwk1 Zh wkhuhiruh fkrrvh +| dv rxu frqglwlrqdo yduldeoh1 Rwkhu
pdujlqdol}dwlrqv glg qrw suryh vxffhvvixo1 Rxu sduwldo lqirupdwlrq vhw lv wkhuhiruh

S�?| ' iE� � R�|c ?|c 5|c *L} �|c �|c o| m +|j

7D olnholkrrg udwlr +OU, whvw iru odj 6 djdlqvw odj 7 jlyhv d whvw vwdwlvwlf ri I +7<> 4<:, @ 3=9
+S @ 3=<;,/ xvlqj Udr*v I 0dssur{lpdwlrqv ri wkh OU whvw +vhh Grruqln dqg Khqgu|/ 4<<8,1 Wkh
OU whvw iru odj 5 djdlqvw 7 jlyhv d whvw vwdwlvwlf ri I +<;> 57<, @ 4=5 +S @ 3=4;,1 Wkh OU whvw iru
odj 5 djdlqvw 6 jlyhv d whvw vwdwlvwlf ri I +7<> 566, @ 4=6 +S @ 3=47,1 Odj 4 lv krzhyhu uhmhfwhg
djdlqvw wkh kljkhu odjv1 Wkh odj fkrlfh ri 5 lv dovr vxssruwhg e| Vfkzduw} dqg Kdqqdq dqg
Txlqq lqirupdwlrq fulwhuld1 Wkhvh uhvxowv duh dydlodeoh rq uhtxhvw iurp wkh dxwkruv1

8Vhh Hqjoh hw do1 +4<;6, dqg Mrkdqvhq +4<<5d,1
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Wr hvwlpdwh wkh prgho zlwk wklv sduwldo lqirupdwlrq vhw/ zh sduwlwlrq wkh j|

yhfwru lqwr Ej�| G j2|�/ zkhuh j�| lv d E6 � �� yhfwru ri hqgrjhqrxv yduldeohv
dqg j2| lv d EER�6�� �� yhfwru ri zhdno| h{rjhqrxv yduldeohv1 Wkh fryduldqfh
pdwul{/ l/ fdq eh sduwlwlrqhg dffruglqjo| dv

l '

#
l�� l�2

l2� l22

$

Wkh frqglwlrqdo v|vwhp iru {j�|/ jlyhq wkh sdvw dqg {j2|/ fdq qrz eh zulwwhq
dv +vhh Mrkdqvhq/ 4<<5d/ e,
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22 1 Lq jhqhudo d ixoo v|vwhp dqdo|vlv lv qhfhvvdu|/ dv wkh

idfwru ordglqjv/ k2/ zloo dovr hqwhu wkh pdujlqdo v|vwhp/ lpso|lqj furvv0htxdwlrq
lqwhuuhodwlrqv1 Xqghu zhdn h{rjhqhlw|/ krzhyhu/ k2 ' f/ vr wkh sduwldo v|vwhp
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zloo frqwdlq wkh vdph lqirupdwlrq rq wkh frlqwhjudwlrq yhfwruv dqg wkh idfwru
ordglqjv dv wkh frpsohwh v|vwhp/ lpso|lqj wkdw h!flhqw hvwlpdwhv ri k dqg q fdq
eh rewdlqhg iurp wkh sduwldo dqdo|vlv1

616141 Wkh xquhvwulfwhg sduwldo v|vwhp

Wdeoh D15 uhsruwv wkh frlqwhjudwlrq dqdo|vlv ri wkh xquhvwulfwhg sduwldo v|vwhp1
Iru udqn dqdo|vlv ri sduwldo v|vwhpv/ Kduerh hw do1 +4<<8, kdyh jhqhudwhg dv0
|pswrwlf txdqwlohv ri wkh udqn whvw1 Dv rxu prgho kdv wkh frqvwdqw xquhvwulfwhg/
wkh g|qdplf sduw zloo lqfoxgh d guliw whup1 Wklv lpsolhv wkdw wkh glvwulexwlrq
ri wkh wudfh whvw zloo ghshqg rq d qxlvdqfh sdudphwhu wkdw lv htxdo wr wkh udwlr
ri wkh ohqjwk ri wkh guliw sdudphwhuv lq wkh sduwldo dqg pdujlqdo v|vwhpv/ vwdq0
gdugl}hg e| wkhlu fryduldqfh1 Zh wkhuhiruh hvwlpdwh wkh qxlvdqfh sdudphwhu dqg
dssur{lpdwh wkh fulwlfdo ydoxhv/ dv vxjjhvwhg e| Kduerh hw do1 +4<<8,19

Dw wkh <8( fulwlfdo ohyho/ wkh b|h@Ui lpsolhv wzr ru wkuhh frlqwhjudwlqj yhfwruv/
ghshqglqj rq zkhwkhu wkh vpdoo vdpsoh dgmxvwphqwv duh dssolhg ru qrw1 Dw wkh

9Wkh guliw lq wkh pdujlqdo v|vwhp lv irxqg wr eh lqvljql�fdqw iurp }hur/ I +4> 8<, @ 3=7
+S @ 3=85,/ lpso|lqj wkdw wkh wuxh fulwlfdo ydoxhv duh forvhu wr wkh orzhu edqgv/ vhh Kduerh hw
do1 +4<<8,1
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<3( fulwlfdo ohyho/ wkh b|h@Ui lqglfdwhv rqh ru wzr frlqwhjudwlqj yhfwruv/ ghshqg0
lqj rq wkh vpdoo vdpsoh dgmxvwphqwv1 Dsso|lqj wkh vpdoo vdpsoh fruuhfwlrqv zh
wkhuhiruh dffhsw wzr orqj0uxq uhodwlrqv dw wkh <3( fulwlfdo ohyho dqg duh qrw idu
iurp dffhswlqj lw dw wkh <8( ohyho1

Wkh xquhvwulfwhg frlqwhjudwlqj yhfwruv iurp wkh sduwldo dqg frpsohwh v|vwhpv
duh vlplodu/ exw lw lv kdug wr jlyh vrph hfrqrplfdoo| phdqlqjixo lqwhusuhwdwlrqv
wr wkh yhfwruv1 Wklv lv riwhq wkh fdvh lq sudfwlfh dqg vxjjhvwv wkh lpsruwdqfh ri
xvlqj wkh vwuxfwxudo lqirupdwlrq ghulyhg iurp d zhoo vshfl�hg hfrqrplf prgho wr
lghqwli| wkh frlqwhjudwlqj yhfwruv/ dv dujxhg/ iru h{dpsoh/ e| Eèugvhq dqg Ilvkhu
+4<<8, dqg Vùghuolqg dqg Yuhglq +4<<9,1 Wklv lv wkh dssurdfk zh iroorz lq wkh
qh{w vhfwlrq1

Ilqdoo|/ Wdeoh D16 uhsruwv wkh uhvlgxdo dqdo|vlv ri wkh sduwldo v|vwhp1 Wkhvh
whvwv gr qrw uhmhfw wkdw wkh uhvlgxdov duh qrupdoo| glvwulexwhg/ krprvfhgdvwlf
lqqrydwlrq huuruv iru hdfk lqglylgxdo htxdwlrq dqg wkh v|vwhp dv d zkroh/ lpso|lqj
gdwd frqjuxhqf| ri rxu xquhvwulfwhg sduwldo v|vwhp1

616151 Wkh uhvwulfwhg sduwldo v|vwhp

Wkh vwuxfwxudo k|srwkhvhv duh irupxodwhg dv whvwv derxw wkh frlqwhjudwlrq vsdfh/
l1h1 zh whvw zkhwkhu d jlyhq ryhu0lghqwl�hg frlqwhjudwlrq yhfwru olhv lq wkh vwd0
wlrqdu| sduw ri wkh vsdfh vsdqqhg e| wkh qrq0vwdwlrqdu| yduldeohv1 Wr lpsrvh wkh
ryhu0lghqwli|lqj uhvwulfwlrqv rq wkhvh orqj0uxq uhodwlrqv/ wkh uhvwulfwlrqv

q ' iq�cq?j ' iO�)�cO?)?j

duh lpsrvhg/ zkhuh q lv sduwlwlrqhg lqwr lwv wzr orqj0uxq frpsrqhqwv/ O�/ � '
�c ?/ duh ER� S�� uhvwulfwlrq pdwulfhv/ dqg )� duh ES���� frh!flhqw yhfwruv/ zkhuh
S� duh wkh qxpehu ri iuhho| hvwlpdwhg frh!flhqwv lq frlqwhjudwlqj yhfwru � +fi1 Mr0
kdqvhq/ 4<<4/ 4<<8e dqg Mrkdqvhq dqg Mxvholxv/ 4<<3/ 4<<7,1 Wkh ryhu0lghqwli|lqj
uhvwulfwlrqv duh wkrvh lpsolhg e| wkh wkhruhwlfdo prgho lq wkh odvw vhfwlrq dqg duh
jlyhq lq htxdwlrq +616, +ljqrulqj wkh frqvwdqwv,

q�
j|3� '

#
� f �� �

�
f �jw

�
f

�

�34
� f f f f ��

$
3EEEEEEEEEEEC

E� � R�
?
5

*L} �
�
o
+

4FFFFFFFFFFFD
|3�

+616,

Lq wklv fdvh wkh iroorzlqj uhvwulfwhg prgho lv hvwlpdwhg
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+617,
zkhuh wkh idfwru ordglqj pdwul{ kdv ehhq sduwlwlrlqhg frqirupdeo| lqwr ik��ck�?j1
Wkh hvwlpdwhg ryhu0lghqwl�hg frlqwhjudwlqj yhfwruv duh jlyhq lq htxdwlrq +618, zlwk
dv|pswrwlf vwdqgdug huuruv fdofxodwhg dv vxjjhvwhg e| Mrkdqvhq +4<<4/ 4<<8e,/
dqg d whvw vwdwlvwlf iru wkh ydolglw| ri wkh ryhu0lghqwli|lqj uhvwulfwlrqv/ xvlqj wkh
vzlwfklqj dojrulwkpv ri Mrkdqvhq +4<<8e, dqg Grruqln +4<<8,
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+3=45,
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+3=38,
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Wkh plqlpdo wkhruhwlfdo ryhu0lghqwli|lqj uhvwulfwlrqv duh dffhswhg1 Wkh frh!flhqw
rq surgxfwlylw| lq wkh orqj0uxq zdjh uhodwlrq/ dqg rq rxwsxw lq wkh orqj0uxq
hpsor|phqw uhodwlrq duh qrw vljql�fdqw iurp xqlw|/ dv lpsolhg e| wkh wkhruhwlfdo
prgho1 Wkh xqlw frh!flhqw rq surgxfwlylw| lq wkh zdjh edujdlqlqj vroxwlrq lpsolhv
wkdw orqj0uxq zdjh irupdwlrq fdq eh ghvulehg e| wkh �pdlq frxuvh� wkhru|1 Wklv
lv lq frqwudvw wr Fdopiruv dqg Q|prhq +4<<3, zkr frqfoxgh wkdw wkh frh!flhqw
lv ohvv wkdq xqlw| iru Ghqpdun1

Ixuwkhu/ zh vhh wkdw wkh sulfh zhgjh grhv qrw d�hfw uhdo surgxfw zdjhv lq wkh
orqj uxq1 Wklv lq wxuq lpsolhv wkdw grphvwlf ghpdqg pdqdjhphqw +h1j1 d fkdqjh
lq frqvxpswlrq wd{hv, zloo qrw d�hfw hpsor|phqw lq wkh orqj uxq/ vhh Dqghuvhq
+4<;<,1 Wkh uhvxowv dovr lqglfdwh wkdw wkh uhsodfhphqw udwlr grhv qrw d�hfw uhdo
surgxfw zdjhv lq wkh orqj uxq1 Wklv lpsolhv wkdw j ' f/ wkxv vxssruwlqj wkh orj
vshfl�fdwlrq ri xwlolw| lq +514,1

Ilqdoo|/ zh vhh wkdw uhdo zdjhv kdyh doprvw d xqlw frh!flhqw lq wkh orqj0
uxq oderxu uhodwlrq +4 ' f,/ lqglfdwlqj d Free0Grxjodv vshfl�fdwlrq ri surgxf0
wlrq whfkqrorj|1 Zh wkhuhiruh dgg wkhvh uhvwulfwlrqv1: Wkh ixoo| uhvwulfwhg ryhu0
lghqwli|lqj frlqwhjudwlqj yhfwruv duh jlyhq lq htxdwlrq +619,

:Wklv �qglqj lv vrphzkdw lqfrqvlvwhqw/ dv wkh orqj0uxq hpsor|phqw uhodwlrq lqglfdwhv Free0
Grxjodv whfkqrorj|/ zkhuhdv wkh orqj0uxq zdjh uhodwlrq lqglfdwhv # A 3/ uhmhfwlqj wkh Free0
Grxjodv vshfl�fdwlrq1

46



q�
j|3� '

3C � f �� f�2Df
Ef�f2�

f f f

� � f f f f ��

4D

3EEEEEEEEEEEC

E� � R�
?
5

*L} �
�
o
+

4FFFFFFFFFFFD
|3�

+619,

+f G q ' iO�)�cO?)?j = �
2Eb� ' b�Se ES ' f��H�

Wkhuh duh qrz qlqh ryhu0lghqwli|lqj uhvwulfwlrqv rq wkh frlqwhjudwlqj vsdfh/
ghulyhg iurp wkh wkhruhwlfdo prgho/ dqg wkhvh duh hdvlo| dffhswhg e| wkh gdwd1;

Wkh �uvw frlqwhjudwlqj yhfwru fdq eh lghqwl�hg dv d vwhdg| vwdwh vroxwlrq iru uhdo
xqlw oderxu frvw/ ru wkh zdjh vkduh/ ghshqglqj qhjdwlyho| rq wkh xqhpsor|phqw
udwh zlwk d frh!flhqw ri 3158/ zklfk lv forvh wr zkdw rwkhu vwxglhv kdyh irxqg iru
rwkhu frxqwulhv exw voljkwo| odujhu wkdq zkdw lv wudglwlrqdoo| irxqg iru Ghqpdun/
fi1 Od|dug hw do1 +4<<4, dqg Eodqfk rzhu dqg Rvzdog +4<<7, 1 Wkh vrphzkdw orz
hodvwlflw| frq�upv wkdw uhdo zdjhv lq Ghqpdun duh txlwh uljlg1 Q|prhq +4<<5,
dujxhv wkdw d orz frh!flhqw rq wkh xqhpsor|phqw udwh lq uhdo zdjh htxdwlrqv
vkrxog eh lqwhusuhwhg dv orz uhdo zdjh uhvsrqvlyhqhvv +k|vwhuhvlv lq wkh olplw
zkhuh wkh xqhpsor|phqw udwh kdv qr d�hfw rq uhdo zdjhv,/ exw uhdo zdjh  h{lelolw|
vkrxog eh phdvxuhg e| zkhwkhu wkh zdjh vkduh/ E��R�5�/ lv vwdwlrqdu| ru qrw1 Li
wkh zdjh vkduh lv vwdwlrqdu|/ uhdo zdjhv duh  h{leoh dv wkh| dgmxvw wr surgxfwlylw|1
Qrq0vwdwlrqdulw| ri wkh zdjh vkduh zrxog krzhyhu lqglfdwh uhdo zdjh uljlglw|1 Dv
vhhq lq Iljxuh D14 dqg Wdeoh D19 wkh zdjh vkduh vhhpv qrq0vwdwlrqdu|/ jlylqj
ixuwkhu vxssruw wr rxu �qglqj ri uhdo zdjh uljlglw| lq Ghqpdun1

Dowhuqdwlyho|/ wkh edujdlqlqj vroxwlrq fdq eh zulwwhq lq whupv ri uhdo frq0
vxpswlrq zdjhv/ ghshqglqj rq surgxfwlylw|/ wkh xqhpsor|phqw udwh dqg wkh sulfh
zhgjh zlwk d xqlw frh!flhqw1 Wkh hvwlpdwhg idfwru ordglqj ri wklv frlqwhjudwlqj
yhfwru lq wkh uhdo surgxfw zdjh htxdwlrq lv �f�2� E|0ydoxh ' D���1

Wkh vhfrqg frlqwhjudwlqj yhfwru fdq eh lghqwl�hg dv d vwhdg| vwdwh vroxwlrq iru
+frqglwlrqdo, oderxu ghpdqg/ ghshqglqj rq rxwsxw dqg uhdo surgxfw zdjhv zlwk d
xqlw frh!flhqw/ wkxv lqglfdwlqj d Free0Grxjodv whfkqrorj|1 Wkh hvwlpdwhg idfwru
ordglqj ri wklv frlqwhjudwlqj yhfwru lq wkh hpsor|phqw htxdwlrq lv �f��f E|0ydoxh
' D�D�1<

;Wkh uhvxowv duh urexvw dfurvv gl�huhqw lqirupdwlrq vhwv/ dv fdq eh vhhq lq Wdeoh D18 lq wkh
dsshqgl{1 Qrwh dovr wkdw wkh "5 whvw vwdwlvwlf iru wkh dgglwlrqdo uhvwulfwlrqv fdq eh fdofxodwhg
dv "5+8, @ <=97� :=:7 @ 4=< +S @ 3=;9,1 Wkxv/ wkh dgglwlrqdo uhvwulfwlrqv duh hdvlo| dffhswhg1

<Wkh ydolglw| ri wkh zhdn h{rjhqhlw| dvvxpswlrq ri rxwsxw fdq djdlq eh whvwhg/ jlyhq wkh
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Wkh uhvlgxdo gldjqrvwlfv duh jlyhq lq Wdeoh D171 Dv ehiruh/ wkhuh lv qr hylghqfh
ri dxwrfruuhodwlrq/ DUFK0h�hfwv/ ru qrq0qrupdolw| lq lqglylgxdo uhvlgxdov ru wkh
yhfwru uhvlgxdo1 Iljxuh D15 sorwv wkh dfwxdo dqg �wwhg ydoxhv ri wkh zdjh dqg
hpsor|phqw htxdwlrqv dqg wkh vfdohg uhvlgxdov/ lqglfdwlqj txlwh d jrrg �w dqg
ruwkrjrqdo lqqrydwlrq huuruv zlwk uhvshfw wr wkh lqirupdwlrq vhw/ S�?|1

Wkh �qdo dvshfw ri gdwd frqjuxhqf| lv v|vwhp vwdelolw|1 Wr hvwdeolvk v|vwhp
vwdelolw| zh hvwlpdwhg wkh sduwldo v|vwhp uhfxuvlyho|1 Iljxuh D16 uhsruwv wkh uhfxu0
vlyh rqh0vwhs uhvlgxdov iru wkh zdjh dqg hpsor|phqw htxdwlrqv/ dorqj zlwk wkhlu
	2ej edqgv/ dqg wkh uhfxuvlyh rqh0vwhs dqg�0vwhs/ ghfuhdvlqj krul}rq Fkrz whvwv/
vfdohg e| wkhlu 4( vljql�fdqfh ydoxhv1 Wkhuh lv qr hylghqfh ri vwuxfwxudo lqvwd0
elolw| lq wkh v|vwhp143 Ilqdoo|/ Iljxuh D17 sorwv wkh wzr uhvwulfwhg frlqwhjudwlqj
uhodwlrqv/ e)�

�O
�

�j| dqg e)�

?O
�

?j|/ dqg wkh uhfxuvlyh hljhqydoxhv/ hvwlpdwhg xvlqj
wkh vzlwfklqj dojrulwkp ri Kdqvhq dqg Mrkdqvhq +4<<6,1 Zh fdq vhh wkdw wkh
uhfxuvlyh hvwlpdwhv ri wkh wzr hljhqydoxhv/ fruuhvsrqglqj wr wkh wzr vwdwlrqdu|
frpelqdwlrqv/ duh vwdeoh dqg txlwh kljk ryhu wkh zkroh vdpsoh shulrg1

71 Frqfoxvlrqv

Lq wklv sdshu zh wdnh d ghpdqg dqg vxsso| dssurdfk wr dqdo|vlqj wkh oderxu
pdunhw1 Lqvwhdg ri dqdo|vlqj zdjh irupdwlrq lq wkh frpprqo| xvhg zdjh0sulfh
irupxodwlrq/ zh vxjjhvw d iudphzrun lpsolhg e| vwdqgdug pdfur wkhru|/ zklfk
dqdo|vhv zdjh irupdwlrq lq d zdjh0hpsor|phqw iudphzrun1 Zh vhw xs d prgho
zlwk wudgh xqlrqv dqg doorz wkh wudgh xqlrqv dqg �upv wr edujdlq ryhu zdjhv/
lq wkh uljkw0wr0pdqdjh pdqqhu dqg �qg wkh Qdvk edujdlqlqj vroxwlrq lq v|p0
phwulf htxloleulxp1 Wzr orqj0uxq/ ru vwhdg| vwdwh/ uhodwlrqv duh ghulyhg> rqh lv
d frqglwlrqdo oderxu ghpdqg uhodwlrq olqnlqj hpsor|phqw zlwk rxwsxw dqg uhdo
zdjhv/ wkh rwkhu lv d uhdo zdjh uhodwlrq olqnlqj uhdo zdjhv wr surgxfwlylw|/ wkh
sulfh zhgjh/ wkh xqhpsor|phqw udwh dqg wkh uhsodfhphqw udwlr1

Wr whvw wkh lpsolfdwlrqv ri wkh prgho dqg wkh sdudphwhu uhvwulfwlrqv ghulyhg
iurp wkh xqghuo|lqj hfrqrplf prgho/ zh dsso| d pxowlyduldwh frlqwhjudwlrq ds0
surdfk rq txduwhuo| Gdqlvk gdwd iru wkh shulrg 4<:8 wr 4<<61 Wkh frlqwhjudwlqj
dqdo|vlv lqglfdwhv wkdw wzr vwdwlrqdu| frpelqdwlrqv ri wkh qrq0vwdwlrqdu| gdwd

hvwlpdwhg frlqwhjudwhg yhfwruv iurp wkh sduwldo dqdo|vlv/ e| d vwdqgdug plvvshfl�fdwlrq whvw
+vhh Mrkdqvhq/ 4<<5d,1 Zkhq wklv lv grqh iru wkh frpsohwh v|vwhp zh jhw vlplodu uhvxowv dv
ehiruh +qrw vxusulvlqjo|,1 Wkh zhdn h{rjhqhlw| whvw iru rxwsxw jlyhv "5+5, @ 5=5 +S @ 3=67,
dqg wkh mrlqw zhdn h{rjhqhlw| whvw iru rxwsxw dqg surgxfwlylw| jlyhv "5+7, @ 54=6 +S @ 3=33,1
Zkhq d vlplodu whvw lv frqgxfwhg lq wkh pdujlqdo v|vwhp +l1h1 wkh rxwsxw htxdwlrq,/ zh rewdlq
"5+5, @ 3=9 +S @ 3=:6,1 Wkxv/ wkh pdujlqdol}dwlrq ri wkh v|vwhp e| frqglwlrqlqj rq rxwsxw
vhhpv ydolg/ exw ixuwkhu frqglwlrqlqj rq surgxfwlylw| dv zhoo vhhpv lqydolg1

43Wklv dovr dssolhv wr wkh rwkhu htxdwlrqv uhvlgxdov +qrw vkrzq,1 Wkhvh uhvxowv duh dydlodeoh
rq uhtxhvw iurp wkh dxwkruv1
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h{lvw/ dqg wkdw wkhvh fdq eh lghqwl�hg dv wkh wzr xqghuo|lqj wkhruhwlfdo uhodwlrqv1
Wkh sdudphwhu uhvwulfwlrqv ghulyhg iurp wkh wkhruhwlfdo vhwxs duh qrw uhmhfwhg e|
wkh gdwd1

Wkh zdjh edujdlqlqj uhodwlrq lghqwl�hv d vwhdg| vwdwh vroxwlrq iru uhdo xqlw
oderxu frvw/ ru dowhuqdwlyho|/ wkh zdjh vkduh lq ydoxh dgghg/ dv d qhjdwlyh ixqf0
wlrq ri wkh xqhpsor|phqw udwh1 Ixuwkhu/ wkh sulfh zhgjh grhv qrw vljql�fdqwo|
d�hfw uhdo surgxfw zdjhv lq wkh orqj uxq1 Wklv lqglfdwhv wkdw grphvwlf ghpdqg
pdqdjhphqw fdqqrw d�hfw hpsor|phqw lq wkh orqj uxq1 Ilqdoo|/ wkh uhsodfhphqw
udwlr grhv qrw d�hfw uhdo surgxfw zdjhv lq wkh orqj uxq1 Wkh xqhpsor|phqw udwh
kdv qhjdwlyh h�hfwv rq uhdo zdjhv1 D ulvh lq wkh xqhpsor|phqw ohyho ghwhulrudwhv
zrunhuv* srvvlelolw| iru �qglqj dowhuqdwlyh mrev/ ohdglqj wr d idoo lq h{shfwhg idoo0
edfn xwlwlolw|/ dqg wkurxjk wkdw/ d idoo lq uhdo/ htxloleulxp zdjhv1 Wkh hodvwlflw|
ri uhdo zdjhv zlwk uhvshfw wr wkh xqhpsor|phqw udwh lv 3158 lqglfdwlqj wkdw d rqh
shu fhqw lqfuhdvh lq xqhpsor|phqw zloo ohdg wr d txduwhu ri shu fhqw ghfuhdvh lq
uhdo zdjhv1 Wklv dovr fruuhvsrqgv zhoo zlwk wkh zlgho| khog shufhswlrq wkdw uhdo
zdjhv duh txlwh uljlg lq Ghqpdun/ dqg lq Hxurshdq hfrqrplhv lq jhqhudo/ dqg lv
forvh wr zkdw rwkhu vwxglhv ri zdjh irupdwlrq kdyh irxqg1 Ilqdoo|/ rxu uhvxowv
vxjjhvw wkdw orj xwlolw| dqg Free0Grxjodv surgxfwlrq duh qrw uhmhfwhg e| wkh
gdwd dv dghtxdwh ghvfulswlrq ri frqvxphu suhihuhqfhv dqg surgxfwlrq whfkqrorj|/
uhvshfwlyho|1 Wkhvh uhvxowv zhuh doo irxqg urexvw dfurvv gl�huhqw lqirupdwlrq vhwv1

Wkh dqdo|vlv lq wklv sdshu kdv looxvwudwhg wkh lpsruwdqfh ri d fohdu dqg h{0
solflw olqn ehwzhhq wkh xqghuo|lqj hfrqrplf prgho dqg wkh hfrqrphwulf dqdo|vlv1
D frpprqo| xvhg wkhruhwlfdo pdfur prgho zlwk rswlpl}lqj djhqwv pd{lpl}lqj
zhoo gh�qhg remhfwlyh ixqfwlrqv zdv whvwhg dqg lpsrvlqj wkh ryhu0lghqwli|lqj uh0
vwulfwlrqv iurp wkh hfrqrplf prgho rq wkh frlqwhjudwlrq vsdfh vkrzv wkdw zdjh
irupdwlrq lq Ghqpdun fdq eh ghvfulehg e| wklv wkhruhwlfdo prgho1
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D1 Dsshqgl{

D141 Pxowlyduldwh frlqwhjudwlrq whvwv

Wdeoh D141 Frlqwhjudwlrq dqdo|vlv ri wkh frpsohwh YDU

Hljhqydoxhv 317; 316< 315: 3156 314; 3143 3135
K|srwkhvhv u @ 3 u � 4 u � 5 u � 6 u � 7 u � 8 u � 9
�wudfh 48819 43818 9;13 7715 5717 <19 41;
�wudfh +zlwk dgm1 gi1, 4591< ;914 8818 6914 4<1< :1< 418
<8( fulwlfdo ydoxhv 45715 <715 9;18 7:15 5<1: 4817 61;
<3( fulwlfdo ydoxhv 44:1: ;<17 971: 761; 591: 4616 51:

Vwdqgdugl}hg hljhqyhfwruv q
3

+z � s,w qw }w orj xw yw uw |w
4 613< 4137 0313: 3154 03139 051:6

03135 4 3136 3148 3134 03137 031:7
04156 7183 4 0315< 3196 6198 031<7
:3136 077714 04:716 4 7;143 5815; 69413
4184 0319< 05136 03134 4 31:3 4173
414< 4185 03158 3147 5165 4 031<5
314; 0318; 031<4 3146 3185 03149 4

Vwdqgdugl}hg idfwru ordglqjv k

+z � s,w 3134 03169 03134 03133 3135 3138 3134
q
w

03139 3135 03133 3133 3134 03133 03133
}w 3138 314: 3133 03133 3139 3137 0313:
orjx

w
3158 03183 03134 3133 03137 03138 0314<

y
w

03137 3163 3134 03133 0313; 03139 03134
uw 3156 3144 03138 3133 313< 0313: 313;
|
w

03136 314; 03134 03133 3136 3137 03138
Zhdn h{rjhqhlw| whvw

+z � s,w qw }w orj xw yw uw |w

q
3
z
dqg q

3

q
;15- 5413-- 51: 471<-- :14- :16- 713

Qrwh= Wkh whvw vwdwlvwlf �wudfh lv wkh wudfh hljhqydoxh vwdwlvwlf iru whvwlqj frlqwh0
judwlrq lq Mrkdqvhq dqg Mxvholxv +4<<3,1 Wkh ghjuhhv ri iuhhgrp dgmxvwphqw lv
dffruglqj wr Uhlphuv +4<<5,1 Wkh fulwlfdo ydoxhv duh rewdlqhg iurp Rvwhuzdog0
Ohqxp +4<<5,1 Wkh zhdn h{rjhqhlw| whvw whvwv zkhwkhu d jlyhq yduldeoh lv
zhdno| h{rjhqrxv iru erwk frlqwhjudwlqj yhfwruv/ dqg lv dv|pswrwlfdoo| glvwule0
xwhg dv "5+5,1 - +--, ghqrwhv uhmhfwlrq ri wkh qxoo k|srwkhvlv dw wkh 8( +4(,
vljql�fdqfh ohyho1

4:



Wdeoh D151 Frlqwhjudwlrq dqdo|vlv ri wkh sduwldo YDU

Hljhqydoxhv 317; 3169 315: 314< 3147 3138
K|srwkhvhv u @ 3 u � 4 u � 5 u � 6 u � 7 u � 8
�wudfh 46<14 ;<17 8817 6513 481; 61<
�wudfh +zlwk dgmxvwhg gi1, 44:14 :816 791: 5:13 4616 616
<8( fulwlfdo ydoxhv 43913 :;18 8913 681; 5318 <13
<3( fulwlfdo ydoxhv 43413 :716 8515 651< 4;15 :17

Vwdqgdugl}hg hljhqyhfwruv q
3

+z � s,
w

q
w

}
w

orj x
w

y
w

u
w

|
w

4 6179 4143 03137 3155 0313; 06135
03147 4 03186 3177 3133 03134 03184
0318< 6163 4 03147 3147 4158 041:4
06;19 <5137 94143 4 063143 054164 0;;15;
314; 05187 3154 03137 4 318: 04184
6163 91<6 07139 4148 :169 4 041;:

Vwdqgdugl}hg idfwru ordglqjv k

+z � s,w 3133 03148 3135 3133 3133 3134
q
w

03139 3133 03134 3133 03133 3133
}w 313; 03135 3137 03133 03134 03133
orj xw 3155 03148 03137 03133 3136 03136
y
w

03136 3145 3135 3133 03134 03134
uw 3156 3136 03148 03133 03143 3133

Qrwh= Wkh whvw vwdwlvwlf �wudfh lv wkh wudfh hljhqydoxh vwdwlvwlf iru whvwlqj
frlqwhjudwlrq lq Mrkdqvhq dqg Mxvholxv +4<<3,1 Wkh ghjuhhv ri iuhhgrp
dgmxvwphqw lv dffruglqj wr Uhlphuv +4<<5,1 Wkh fulwlfdo ydoxhv duh re0
wdlqhg iurp Kduerh hw do1 +4<<8, dqg duh ghvljqhg iru udqn dqdo|vlv ri
sduwldo v|vwhpv1 Wkhvh fulwlfdo ydoxhv duh vhqvlwlyh wr d qxlvdqfh sdud0
phwhu/ zklfk phdvxuhv wkh udwlr ri wkh ohqjwk ri wkh guliw lq wkh sduwldo
v|vwhp uhodwlyh wr wkdw ri wkh pdujlqdo v|vwhp/ vwdqgdugl}hg e| wkh fr0
yduldqfhv ri wkh uhvshfwlyh v|vwhpv1 Wkh fulwlfdo ydoxhv duh wkhuhiruh
dgmxvwhg wr d phdvxuh ri wkh qxlvdqfh sdudphwhu/ xvlqj wkh dssur{lpd0
wlrq vxjjhvwhg e| Kduerh hw do1 +4<<8,1
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D151 Uhvlgxdo dqdo|vlv

Wdeoh D161 Uhvlgxdo dqdo|vlv iru wkh xquhvwulfwhg sduwldo YDU

Vhulhv e�+(, I
du4�4+4> 89, I

du4�7+7> 86, I
dufk4+4> 88, "5

q
+5,

+z � s,
w

4169 3139 3156 3168 3165
qw 3165 31:7 4173 314: 313;
}
w

3193 51;8 4189 5138 413<
orjxw 51:8 319< 318; 313< 4177
yw 4177 31:4 41:< 5144 31<3
u
w

5167 41;; 31:; 3173 5187

I
du4�4+69> 537, I

du4�7+477> 4:4, "5
q
+45,

V|vwhp � 4155 31<; � 4516:

Qrwh= e� lv wkh vwdqgdug huuru ri d jlyhq htxdwlrq1 Idu4�4 lv d I 0whvw iru �uvw
rughu dxwrfruuhodwlrq lq d jlyhq htxdwlrq1 Idu4�7 lv d I 0whvw iru xs wr irxuwk
rughu dxwrfruuhodwlrq lq d jlyhq htxdwlrq1 Idufk4 lv d I 0whvw iru �uvw rughu
dxwruhjuhvvlyh frqglwlrqdo khwhurvfhgdvwlflw| +Hqjoh/ 4<;5, lq d jlyhq htxdwlrq1
"5
q
lv wkh Grruqln dqg Kdqvhq +4<<6, qrupdolw| whvw iru d jlyhq htxdwlrq1 Wkh

wdeoh dovr vkrzv fruuhvsrqglqj v|vwhp uhvlgxdo whvwv1 - +--, ghqrwhv uhmhfwlrq
ri wkh qxoo k|srwkhvlv dw wkh 8( +4(, vljql�fdqfh ohyho1

Wdeoh D171 Uhvlgxdo dqdo|vlv iru wkh ryhu0lghqwl�hg sduwldo YDU

Vhulhv e�+(, Idu4�4+4> 94, Idu4�7+7> 8;, Idufk+4> 93, "5
q
+5,

+z � s,
w

4165 3195 316; 3149 3175
q
w

3166 314: 31:5 3134 318<
}w 3196 413: 31;; 41<4 31<4
orjx

w
519; 3156 319< 3158 41;5

yw 4183 3134 316< 6199 6159
uw 516< 4189 3187 4187 61:<

Idu4�4+69> 559, Idu4�7+477> 533, "5
q
+45,

V|vwhp � 416; 31;4 � 461<7

Qrwh= Vhh Wdeoh D16 iru h{sodqdwlrq1
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D161 Dowhuqdwlyh lqirupdwlrq vhwv

Wdeoh D181 Dowhuqdwlyh lqirupdwlrq vhwv

Lqirupdwlrq Whvw iru ryhu0
vhwv Frlqwhjudwlrq yhfwruv lghqwli|lqj uhvwulfwlrqv
Lzw +z � s,

w
@ }

w� 3=5;9
+3=37,

orj x
w

"5+6, @ 6=5 +S @ 3=69,

Lqw qw @ |w � +z � s,w "5+5, @ 3=: +S @ 3=:5,

L
zqw

+z � s,
w
@ }

w� 3=55:
+3=35,

orj x
w

q
w
@ |

w � +z � s,w "5+<, @ 43=9 +S @ 3=63,

Qrwh= Wkh qxpehuv xqghu wkh frh!flhqw hvwlpdwhv duh dv|pswrwlf vwdq0
gdug huuruv1 Lzw @ i+z � s,

w
> }

w
> orjx

w
> y

w
> u

wj lv wkh �zdjh� gdwd lqirupd0
wlrq vhw1 Lqw @ iqw> |w> +z � s,wj lv wkh �hpsor|phqw� gdwd vhw1 Lzqw @
i+z � s,w> qw> }w> orj xw> yw> uw> |wj lv wkh mrlqw gdwd vhw1

D171 Xqlw urrw whvwv

Wdeoh D191 Xqlw urrw whvwv

+3= L+4, yv1 +4= L+3, +3= L+5, yv1 +4= L+4,
Vhulhv Qr wuhqg lq vhulhv Wuhqg lq vhulhv Qr wuhqg lq vhulhv Wuhqg lq vhulhv
+z � s,

w
041;8 05196 0441:9 0441;7

q
w

04176 0316< 0814; 08167
}w 316; 061:: 0471:7 0471;;
orj x

w
041;9 05145 061;9 061;<

yw 06173 051:4 04519< 04715;
uw 04169 061:6 0451:: 046166
|
w

0414; 051:3 043157 043159
+z � s� },w 03174 06145 045166 0451:;

Qrwh= Wkh wdeoh uhsruwv wkh Skloolsv dqg Shuurq +4<;;, xqlyduldwh xqlw urrw whvw rq hdfk
vhulhv1 Wkh odj wuxqfdwlrq iru wkh Eduwohww nhuqho lv wkuhh1 Wkh qxpehu ri revhuydwlrqv lv :91
Wkh 8( fulwlfdo ydoxhv duh 051</ iru wkh qr wuhqg fdvh/ dqg 0618/ iru wkh wuhqg fdvh1 Wkh 4(
fulwlfdo ydoxhv duh 0619/ iru wkh qr wuhqg fdvh/ dqg 0714/ iru wkh wuhqg fdvh1 Wkh fulwlfdo ydoxhv
duh rewdlqhg iurp PdfNlqqrq +4<<4,1
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D181 Judskv

Iljxuh D141 Wkh gdwd

Iljxuh D151 Dfwxdo dqg �wwhg ydoxhv dqg vfdohg uhvlgxdov
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Iljxuh D161 Uhfxuvlyh gldjqrvwlfv

Iljxuh D171 Frlqwhjudwlqj yhfwruv dqg uhfxuvlyh hljhqydoxhv
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D191 Gdwd gh�qlwlrqv

Wkh gdwd xvhg lq wklv sdshu lv txduwhuo|/ vhdvrqdoo| dgmxvwhg/ iurp 4<:8+4, wr 4<<6+7, dqg
lv rewdlqhg iurp prqd/ wkh txduwhuo| pdfurhfrqrplf prgho ri Gdqpdunv Qdwlrqdoedqn1 Wkh
h{dfw gh�qlwlrqv duh +wkh yduldeohv pqhprqlfv lq wkh prqd gdwd duh dovr vkrzq,

z
w

orj+OQD, orj ri wkh qrplqdo krxuo| zdjh lq wkh sulydwh
qrq0idup vhfwru

sw orj+S\ IE[, orj ri wkh JGS gh dwru iru wkh sulydwh vhfwru h{foxglqj
djulfxowxuh/ hqhuj| dqg krxvlqj

tw orj+SFS , orj ri wkh sulydwh frqvxpswlrq gh dwru
q
w

orj+TS .TR, orj ri wrwdo hpsor|phqw/ 4333 ixoowlph zrunhuv
}
w

orj+SURE[, orj ri dyhudjh krxuo| surgxfwlylw| lq wkh sulydwh vhfwru/
h{foxglqj djulfxowxuh/ hqhuj| dqg krxvlqj

orj x
w

orj+XO@X, orj ri wkh xqhpsor|phqw udwlr
ew orj+XL, orj ri wkh xqhpsor|phqw ehqh�w diwhu wd{
|w orj+I\ IR . I\ IE[, orj ri lqfrph lq sxeolf vhfwru dqg sulydwh vhfwru h{foxg0

lqj djulfxowxuh/ hqhuj| dqg krxvlqj lq eloolrq 4<;3 GNN
yw +s� t,w orj ri wkh sulfh zhgjh
uw +e� z,w orj ri wkh uhsodfhphqw udwlr
g;35

w
4 iru w @ 4<;3+5,> 3 rwkhuzlvh

g;:4w 4 iru w @ 4<;:+4,> 3 rwkhuzlvh
g<55

w
4 iru w @ 4<<5+5,> 3 rwkhuzlvh

Uhihuhqfhv

^4` Dqghuvhq/ W1 P1 +4<;<,/ �Vwdelol}dwlrq Srolflhv Wrzdugv Lqwhuqdo dqg H{whuqdo Edodqfh 0
Wkhru| dqg Vrph Qruglf H{shulhqfh�/ Vfdqglqdyldq Mrxuqdo ri Hfrqrplfv/ +vshfldo lvvxh
rq *Lq dwlrq0Xqhpsor|phqw Wudgh0R�v lq Hxursh*,1

^5` Dqghuvhq/ W1 P1 dqg R1 Ulvdjhu +4<<3,/ �DZdjh0Edujdlqlqj Prgho iru Ghqpdun�/ lqZdjh

Irupdwlrq dqg Pdfurhfrqrplf Srolf| lq wkh Qruglf Frxqwulhv/ hg1 O1 Fdopiruv1 R{irug=
R{irug Xqlyhuvlw| Suhvv1

^6` Eèugvhq/ J1 dqg S1 J1 Ilvkhu +4<<8,/ �Wkh Lpsruwdqfh ri Ehlqj Vwuxfwxuhg�/ Qrujhv Edqn/
Duehlgvqrwdw/ 4<<8251

^7` Eèugvhq/ J1/ S1 J1 Ilvkhu dqg U1 Q|prhq +4<<8,/ �Exvlqhvv F|fohv= Uhdo Idfwv ru Ido0
odflhvB�/ Qrujhv Edqn/ Duehlgvqrwdw/ 4<<8241

^8` Eodqfkdug/ R10M1 dqg Q1 Nl|rwdnl +4<;:,/ �Prqrsrolvwlf Frpshwlwlrq dqg wkh H�hfwv ri
Djjuhjdwh Ghpdqg�/ Dphulfdq Hfrqrplf Uhylhz/ ::/ 97:0991

^9` Eodqf rzhu/ G1/ dqg D1 Rvzdog +4<<7,/ Wkh Zdjh Fxuyh/ Fdpeulgjh/ Pdvvdfkxvhwwv= Wkh
PLW Suhvv1

^:` Fdopiruv/ O1 dqg U1 Q|prhq +4<<3,/ �Uhdo Zdjh Dgmxvwphqw dqg Hpsor|phqw Srolflhv lq
wkh Qruglf Frxqwulhv�/ Hfrqrplf Srolf|/ 44/ 6<:077;1

^;` Fkulvwhqvhq/ D1P1 dqg G1 Nqxgvhq +4<<5,/ �PRQD= D Txduwhuo| Prgho ri wkh Gdqlvk
Hfrqrp|�/ Hfrqrplf Prghoolqj/ Mdqxdu|/ 430:71
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^<` Grruqln/ M1 D1 +4<<8,/ �Whvwlqj Jhqhudo Uhvwulfwlrqv rq wkh Frlqwhjudwlrq Vsdfh�/ Qx!hog
Froohjh/ R{irug1

^43` Grruqln/ M1 D1 dqg K1 Kdqvhq +4<<6,/ �D Sudfwlfdo Whvw iru Pxowlyduldwh Qrupdolw|�/
Qx!hog Froohjh/ R{irug1

^44` Grruqln/ M1 D1 dqg G1 I1 Khqgu| +4<<8,/ Sf0Ilpo ;131 Lqwhudfwlyh Hfrqrphwulf Prghoolqj

ri G|qdplf V|vwhpv/ Orqgrq= Fkdspdq dqg Kdoo1

^45` Hqjoh/ U1 I1 +4<;5,/ �Dxwruhjuhvvlyh Frqglwlrqdo Khwhuvfhgdvwlflw|/ zlwk Hvwlpdwhv ri wkh
Yduldqfh ri Xqlwhg Nlqjgrp Lq dwlrq�/ Hfrqrphwulfd/ 83/ <;:0433:1

^46` Hqjoh/ U1 I1/ G1 I1 Khqgu| dqg M10I1 Ulfkdug +4<;6,/ �H{rjhqhlw|�/ Hfrqrphwulfd/ 84/
5::06371

^47` Hqjvwhg/ W1 dqg Q1 Kdoguxs +4<<7,/ �Wkh Olqhdu Txdgudwlf Dgmxvwphqw Frvw Prgho dqg
wkh Ghpdqg iru Oderxu�/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ </ v47808<1

^48` Iruvoxqg/ D1 dqg R1 Ulvdjhu +4<<7,/ �Zdjhv lq Vzhghq= Qhz dqg Rog Uhvxowv�/ Xqlyhuvlw|
ri Ddukxv/ zrunlqj sdshu 4<<70551

^49` Kdqvhq/ K1/ dqg Zduqh/ D1 +4<<8,/ �D Frpprq Wuhqgv Dqdo|vlv rj Gdqlvk Xqhpsor|0
phqw�/ pdqxvfulsw/ Xqlyhuvlw| ri Frshqkdjhq1

^4:` Kdqvhq/ K1 dqg V1 Mrkdqvhq +4<<6,/ �Uhfxuvlyh Hvwlpdwlrq lq Frlqwhjudwhg YDU Prghov�/
Suhsulqw 4<<624/ Lqvwlwxwh ri Pdwkhpdwlfdo Vwdwlvwlfv/ Xqlyhuvlw| ri Frshqkdjhq1

^4;` Kduerh/ L1/ V1 Mrkdqvhq/ E1 J1 Qlhovhq dqg D1 F1 Udkeén +4<<8,/ �Whvw iru Frlqwhjudwlqj
Udqn lq Sduwldo V|vwhpv�/ Suhsulqw 4<<824/ Lqvwlwxwh ri Pdwkhpdwlfdo Vwdwlvwlfv/ Xqlyhuvlw|
ri Frshqkdjhq1

^4<` Kropoxqg/ E1 dqg D1 Nrop +4<<8,/ �Surjuhvvlyh Wd{dwlrq/ Zdjh Vhwwlqj/ dqg Xqhpsor|0
phqw= Wkhru| dqg Vzhglvk Hylghqfh�/ pdqxvfulsw/ Xssvdod Xqlyhuvlw|1

^53` Mrkdqvhq/ V1 +4<;;,/ �Vwdwlvwlfdo Dqdo|vlv ri Frlqwhjudwlrq Yhfwruv�/ Mrxuqdo ri Hfrqrplf
G|qdplfv dqg Frqwuro/ 45/ 5640871

^54` Mrkdqvhq/ V1 +4<<4,/ �Hvwlpdwlrq dqg K|srwkhvlv Whvwlqj ri Frlqwhjudwlrq Yhfwruv lq
Jdxvvldq Yhfwru Dxwruhjuhvvlyh Prghov�/ Hfrqrphwulfd/ 8</ 48840;31

^55` Mrkdqvhq/ V1 +4<<5d,/ �Frlqwhjudwlrq lq Sduwldo V|vwhpv dqg wkh H!flhqf| ri Vlqjoh Htxd0
wlrq Dqdo|vlv�/ Mrxuqdo ri Hfrqrphwulfv/ 85/ 6;<07351

^56` Mrkdqvhq/ V1 +4<<5e,/ �Whvwlqj Zhdn H{rjhqhlw| dqg wkh Rughu ri Frlqwhjudwlrq lq XN
Prqh| Ghpdqg Gdwd�/ Mrxuqdo ri Srolf| Prgholqj/ 47/ 6460671

^57` Mrkdqvhq/ V1 +4<<8d,/ �D Vwdwlvwlfdo Dqdo|vlv ri Frlqwhjudwlrq iru L+5, Yduldeohv�/ Hfrqr0
phwulf Wkhru|/ 44/ 5808<1

^58` Mrkdqvhq/ V1 +4<<8e,/ �Lghqwli|lqj Uhvwulfwlrqv ri Olqhdu Htxdwlrqv zlwk Dssolfdwlrqv wr
Vlpxowdqhrxv Htxdwlrqv dqg Frlqwhjudwlrq�/ Mrxuqdo ri Hfrqrphwulfv/ 9</ 4440651

^59` Mrkdqvhq/ V1 dqg N1 Mxvholxv +4<<3,/ �Pd{lpxp Olnholkrrg Hvwlpdwlrq dqg Lqihuhqfh rq
Frlqwhjudwlrq 0 Zlwk Dssolfdwlrqv wr wkh Ghpdqg iru Prqh|�/ R{irug Exoohwlq ri Hfr0

qrplfv dqg Vwdwlvwlfv/ 85/ 49<05431

^5:` Mrkdqvhq/ V1 dqg N1 Mxvholxv +4<<7,/ �Lghqwl�fdwlrq ri wkh Orqj0Uxq dqg wkh Vkruw0Uxq
Vwuxfwxuh= Dq Dssolfdwlrq wr wkh LVOP Prgho�/ Mrxuqdo ri Hfrqrphwulfv/ 96/ :0691
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^5;` Mxvholxv/ N1 +4<<5,/ �Grphvwlf dqg Iruhljq H�hfwv rq Sulfhv lq dq Rshq Hfrqrp|= Wkh
Fdvh ri Ghqpdun�/ Mrxuqdo ri Srolf| Prgholqj/ 47/ 73405;1

^5<` Od|dug/ U1/ V1 Qlfnhoo/ dqg U1 Mdfnpdq +4<<4,/ Xqhpsor|phqw/ R{irug= R{irug Xqlyhuvlw|
Suhvv1

^63` Orfnzrrg/ E1 dqg D1 Pdqqlqj +4<<6,/ �Zdjh Vhwwlqj dqg wkh Wd{ V|vwhp= Wkhru| dqg
Hylghqfh iru wkh Xqlwhg Nlqjgrp�/ Mrxuqdo ri Sxeolf Hfrqrplfv/ 85/ 405<1

^64` Orfnzrrg/ E1/ W1 Voûn dqg W1 Wudqév +4<<8,/ �Surjuhvvlyh Wd{dwlrq dqg Zdjh Vhwwlqj=
Vrph Hylghqfh iurp Ghqpdun�/ HSUX Zrunlqj Sdshu Vhulhv/ 4<<80531

^65` PdfNlqqrq/ M1 J1 +4<<4,/ �Fulwlfdo Ydoxhv iru Frlqwhjudwlrq Whvwv�/ lq Orqj Uxq Hfrqrplf

Uhodwlrqvklsv= Uhdglqjv lq Frlqwhjudwlrq/ hgv1 U1 I1 Hqjoh dqg F1 Z1 M1 Judqjhu1 R{irug=
R{irug Xqlyhuvlw| Suhvv1

^66` Pdqqlqj/ D1 +4<<3,/ �Lpshuihfw Frpshwlwlrq/ Pxowlsoh Htxloleuld dqg Xqhpsor|phqw Sro0
lf|�/ Hfrqrplf Mrxuqdo/ 433/ v4840951

^67` Pdqqlqj/ D1 +4<<6,/ �Zdjh Edujdlqlqj dqg wkh Skloolsv Fxuyh= Wkh Lghqwl�fdwlrq dqg
Vshfl�fdwlrq ri Djjuhjdwh Zdjh Htxdwlrqv�/ Hfrqrplf Mrxuqdo/ 436/ <;044;1

^68` Q|prhq/ U1 +4<<5,/ �Ilqqlvk Pdqxidfwxulqj Zdjhv 4<9304<;:= Uhdo Zdjh Ioh{lelolw| dqg
K|vwhuhvlv�/ Mrxuqdo ri Srolf| Prgholqj/ 47/ 75<0841

^69` Rvwhuzdog0Ohqxp/ P1 +4<<5,/ �D Qrwh zlwk Txdqwlohv ri wkh Dv|pswrwlf Glvwulexwlrq ri
wkh PO Frlqwhjudwlrq Udqn Whvw Vwdwlvwlfv�/ R{irug Exoohwlq ri Hfrqrplfv dqg Vwdwlvwlfv/
87/ 7940:51

^6:` Skloolsv/ S1 F1 E1 dqg S1 Shuurq +4<;;,/ �Whvwlqj iru d Xqlw Urrw lq Wlph Vhulhv Uhjuhvvlrq�/
Elrphwulfd/ :8/ 6680791

^6;` Uhlphuv/ K1 H1 +4<<5,/ �Frpsdulvrqv ri Whvwv iru Pxowlyduldwh Frlqwhjudwlrq�/ Vwdwlvwlfdo
Sdshuv/ 66/ 66808<1

^6<` Vnrww/ S1 +4<<9,/ �Vnuxnwxuohgljkhg/ Skloolsvnxuyhu rj Gdqnv Ûnrqrplvn0Srolwlvn Ghedw�/
Qdwlrqdoûnrqrplvn Wlgvvnuliw ^lq Gdqlvk`1

^73` Vùghuolqg/ S1 dqg D1 Yuhglq +4<<9,/ �Dssolhg Frlqwhjudwlrq Dqdo|vlv lq wkh Pluuru ri
Pdfurhfrqrplf Wkhru|�/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ 44/ 6960;41
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