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4 Lqwurgxfwlrq

Rqh ri wkh vw|ol}hg idfwv derxw wkh qdwxuh ri srvw0frppxqlvw wudqvlwlrq lq
Fhqwudo dqg Hdvwhuq Hxursh lv wkh frqfhsw ri wkh X0vkdshg rxwsxw fxuyh1 Lq
wkh hduo| vwdjhv ri uhirup/ olehudol}dwlrq dqg pdfurhfrqrplf vwdelol}dwlrq uh0
vxow lq dq lqlwldo ghfuhdvh lq rxwsxw dqg wkdw wklv idoo lv vwhhshu/ wkh vwurqjhu
d frxqwu|*v olehudol}dwlrq dwwhpswv duh1 Krzhyhu/ diwhu vhyhudo |hduv/ vwurqj
uhiruphuv vkrz wkh kljkhvw udwhv ri jurzwk ohdglqj wr d X0vkdshg rxwsxw
fxuyh ryhu wlph +Gh Phor/ Ghql}hu dqg Jhoe 4<<9/ Ilvfkhu/ Vdkd| dqg Yhjk
4<<9/ Dvoxqg/ Errqh dqg Mrkqvrq 4<<9,1 Prghov/ zklfk h{sodlq wklv skh0
qrphqrq kdyh ehhq ghyhorshg e| Khuqdqgh}0Fdwd/ 4<<: dqg Eodqfkdug/
4<<:1 Wkh| ghvfuleh wudqvlwlrq dv d pryhphqw iurp d fhqwudoo| sodqqhg/ lq0
h!flhqw htxloleulxp wr d frpshwlwlyh dqg h!flhqw rqh1 Wkh wudqvirupdwlrq
fdxvhv whpsrudu| uljlglwlhv/ zklfk h{sodlq wkh lqlwldo ghfuhdvh lq rxwsxw/
exw/ hyhqwxdoo| uljlglwlhv duh ryhufrph ohdglqj wr kljkhu vxevhtxhqw jurzwk
udwhv1 Wkhvh prghov vxjjhvw/ wkdw wkh juhdwhu wkh h{whqw ri olehudol}dwlrq/
wkh kljkhu wkh phglxp uxq jurzwk udwhv dqg wkh idvwhu wkh hfrqrp| uhpryhv
wkh rog vwuxfwxuh lq idyru ri wkh qhz rqh1

Krzhyhu/ whq |hduv diwhu wkh ehjlqqlqj ri wudqvlwlrq/ wkhuh duh vwloo frxq0
wulhv olnh Uxvvld/ wkh Xnudlqh/ Exojduld dqg Urpdqld zkhuh uhfryhu| kdv
qrw |hw wdnhq sodfh1 Dowkrxjk wkhvh frxqwulhv fdq qrw qhfhvvdulo| eh vhhq
dv forvhg hfrqrplhv/ uhirup dwwhpswv dssduhqwo| kdyh qrw |hw ohg wr dq hi0
�flhqw uhdoorfdwlrq ri uhvrxufhv1 Pruhryhu/ rxwsxw kdv ghfolqhg ryhu doprvw
wkh hqwluh shulrg1

D irupdo h{sodqdwlrq iru zk| wkhvh frxqwulhv kdyh vwdjqdwhg ehorz wkhlu
lqlwldo ohyho ri hfrqrplf shuirupdqfh whq |hduv diwhu uhirupv ehjdq kdv qrw
|hw ehhq surylghg1 Wklv sdshu ghyhorsv d iudphzrun/ zklfk h{sodlqv wklv
skhqrphqrq lq wkh frqwh{w ri d qhr0fodvvlfdo jurzwk prgho1 Wkh dujx0
phqwv ri Eodqfkdug dqg Khuqdqgh}0Fdwd duh edvhg rq frpshwlwlyh ehkdylru
ri djhqwv lq wkh qhz pdunhw vwuxfwxuh dqg irfxv rq wkh uljlglwlhv rq hfrq0
rp|*v hyroxwlrq wrzdugv wkh qhz htxloleulxp1 Lq frqwudvw/ zh vwxg| wkh fdvh
zkhuh wkh hfrqrp| kdv dfklhyhg d qhz htxloleulxp/ exw wkhuh lv d qrqfrp0
shwlwlyh dqg uhqw vhhnlqj ehkdylru dprqj djhqwv1 Zh dsso| wklv iudphzrun
wr wkh fdvh ri Exojduld/ zkhuh zh �qg vwurqj hylghqfh wr vxssruw rxu pdlq
dvvxpswlrqv1

Wkh sdshu lv rujdql}hg lq �yh sduwv1 Wkh �uvw vhfwlrq jlyhv d eulhi
ryhuylhz ri ghyhorsphqwv gxulqj wkh wudqvlwlrq surfhvv lq Exojduld1 Lq wkh
vhfrqg sduw/ zh vhw xs rxu iudphzrun dqg ghvfuleh wkh dvvxphg pdunhw
duudqjhphqwv1 Zh wkhq dsso| wkh iudphzrun wr Exojduld dqg glvfxvv wkh
fdoleudwlrq surfhgxuh dqg gdwd xqghuo|lqj wkh prgho1 Wkh iruwk sduw h{0
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sodlqv wkh ghvljq ri rxu srolf| h{shulphqwv dqg glvfxvvhv wkh uhvxowv1 Lq wkh
odvw sduw zh frqfoxgh dqg ghulyh vrph srolf| lpsolfdwlrqv1

5 Klvwrulfdo ryhuylhz

Exojduld*v wudqvlwlrq surfhvv vwduwhg lq wkh hduo| qlqhwlhv zlwk wkh olehudol}d0
wlrq ri qhduo| doo sulfhv1 Wklv dfwlrq zdv iroorzhg e| d vkdus ghfolqh lq JGS
e| urxjko| 58 shu fhqw ehwzhhq 4<;< dqg 4<<51 Wkh iroorzlqj wkuhh |hduv
zhuh fkdudfwhul}hg e| prghudwh jurzwk/ pdlqo| iurp odujh h{sruw0rulhqwhg
�upv dqg d vpdoo exw jurzlqj sulydwh vhfwru1 Lq 4<<8/ d vkdus ghfolqh lq
djulfxowxudo rxwsxw djdlq ohg wr d frqwudfwlrq ri JGS1 Zlwk wkh sduwldo uh0
lqwurgxfwlrq ri sulfh vhwwlqj srolflhv e| wkh jryhuqphqw dqg wzr pdmru zdyhv
ri lq dwlrq lq 4<<7 dqg 4<<9/ wkh hfrqrp| kdv vwdjqdwhg dw d ohyho idu ehorz
lwv lqlwldo ohyho ri shuirupdqfh1 Ixuwkhupruh/ vhyhq fkdqjhv lq jryhuqphqw
vlqfh 4<<3 kdyh fuhdwhg dq xqvwdeoh hqylurqphqw iru hfrqrplf jurzwk1 Wkh
lqwurgxfwlrq ri wkh fxuuhqf| erdug lq 4<<:/ zklfk kdv shjjhg wkh h{fkdqjh
udwh wr wkh Jhupdq Ghxwvfkhpdun/ kdv ohg wr d vljql�fdqw vwdelol}dwlrq1
Krzhyhu/ �{lqj wkh h{fkdqjh udwh lv rqo| d vkruw uxq hphujhqf| phdvxuh1
Lw uhpdlqv wr eh vhhq zkhwkhu vkruw uxq vwdelol}dwlrq zloo eh vxssruwhg e|
dssursuldwh vwuxfwxudo fkdqjhv/ zklfk lv qhfhvvdu| iru d vxvwdlqdeoh vxffhvv
ri wkh uhirup +Jxogh 4<<<,1

Wr nhhs irrg sulfhv dw d orz ohyho wkh jryhuqphqw hvwdeolvkhg sulfh fhlo0
lqj iru prvw djulfxowxudo surgxfwv1 Wklv srolf|/ frpelqhg zlwk uhvwulfwlrqv
rq h{sruwv/ doorzdeoh sulfh pdujlqv dqg wkh frvw0soxv sulflqj sudfwlfhv ri
irrg surfhvvruv/ kdv qhlwkhu fuhdwhg surgxfwlrq lqfhqwlyhv lq djulfxowxuh qru
surylghg lqfhqwlyhv iru irrg surfhvvlqj hqwhusulvhv wr ghfuhdvh frvwv dqg wr
lqfuhdvh h!flhqf| +Gdylgryd 4<<7,1 Lqvwhdg/ wklv vwuxfwxuh kdv whqghg wr
hvwdeolvk dqg wr frqvhuyh pdunhw glvwruwlrqv1 Dv d uhdfwlrq wr wkh zruvhqlqj
ri hfrqrplf dqg vrfldo frqglwlrqv/ prvw Exojduldqv kdyh vwduwhg wr fxowlydwh
vpdoo sorwv ru wr uhdu grphvwlf dqlpdov lq dq dwwhpsw wr olplw wkh shufhlyhg
vrfldo ulvnv lqkhuhqw lq wkh wudqvlwlrq surfhvv +Hxurshdq Frpplvvlrq 4<<:,1

Edvhg rq wkh frqfoxvlrqv ri vwxglhv irfxvlqj rq wkh ghjuhh ri frpshwlwlrq
lq wkh djur irrg fkdlq +Lydqryd hw do1 4<<8/ Vzlqqhq 4<<:/ Jruwrq hw do1
4<<<, dqg rq rxu rzq revhuydwlrqv4 lw dsshduv wkdw wkh irrg surfhvvruv lq
wkh Exojduldq djur irrg fkdlq kdyh ehhq deoh wr hvwdeolvk pdunhw srzhu ryhu
wkh sulfh iru djulfxowxudo surgxfwv1

4Wkh dxwkruv frqgxfwhg vhyhudo fdvh vwxglhv lq wkh uhjlrq ri Sorygly lq Mxqh 4<<<

dqg lqwhuylhzhg frrs0phpehuv/ vxevlvwhqfh iduphuv/ sulydwh iduphuv/ uhwdlohuv dqg irrg0

surfhvvruv1
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6 Wkh prgho

Rxu prgho lv d qhr0fodvvlfdo jurzwk prgho zlwk plfurirxqgdwlrqv iru dj0
juhjdwh ghpdqg +vhh Revwihog dqg Urjr� 4<<; ru Eduur dqg Vdod0l0Pduwlq
4<<<,1 Zh ghvfuleh d forvhg hfrqrp|1 Wkhuh lv dq lq�qlwho| olyhg uhsuhvhqwd0
wlyh frqvxphu dqg dq lq�qlwh qxpehu ri glvfuhwh wlph shulrgv w @ 4> 5> ===>41
Lq hdfk shulrg w/ wkhuh lv dq lqghshqghqw lqyhvwru dqg wkuhh vhfwruv= sulpdu|
djulfxowxuh/ irrg dqg qrq0irrg pdqxidfwxulqj1 Wkhvh vhfwruv surgxfh uh0
vshfwlyho| djulfxowxudo surgxfwv dqg vxevlvwhqfh irrg/ surfhvvhg irrg surg0
xfwv dqg qrqirrg surgxfwv1

Lq hdfk shulrg/ wkh surgxfwlrq ri hdfk rxwsxw uhtxluhv erwk oderu dqg
fdslwdo1 Lq dgglwlrq/ surgxfwlrq ri surfhvvhg irrg uhtxluhv sulpdu| djulfxo0
wxudo surgxfwv dv lqwhuphgldwh lqsxwv1 Iduphuv surgxfh vxevlvwhqfh irrg/
zklfk lv vrog wr frqvxphuv/ dqg udz surgxfwv +djulfxowxudo jrrgv,/ zklfk
wkh| vhoo wr irrg surfhvvruv/ ru xvh dv lqwhuphgldwh lqsxw iru wkhlu rzq sur0
gxfwlrq1 Djulfxowxudo iduphuv dqg qrqirrg �upv ri wklv hfrqrp| duh frp0
shwlwlyh/ wdnlqj wkh sulfhv ri wkhlu uhvshfwlyh rxwsxw dqg lqsxwv dv jlyhq/
dqg fkrrvlqj qrqqhjdwlyh ydoxhv ri idfwru lqsxwv wr pd{lpl}h sur�wv1

Lq frqwudvw wr djulfxowxudo dqg qrqirrg surgxfhuv/ irrg surfhvvruv duh
qrqfrpshwlwlyh1 D xqltxh frqwulexwlrq ri wklv sdshu lv wr suhvxph wkdw wkh|
dfw dv roljrsvrqlvwv e| vhwwlqj wkh sulfh iru lqwhuphgldwh djulfxowxudo jrrgv1
Krzhyhu/ wr eh deoh wr kdyh wklv pdunhw srzhu/ irrg surfhvvruv duh lqyroyhg
lq uhqw vhhnlqj dfwlylwlhv1 Iroorzlqj Vkohlihu dqg Ylvkq| +4<<;,/ �qdqflqj
uhqw vhhnlqj dfwlylwlhv lqfxuv frvwv/ wkdw duh lqghshqghqw iurp wkh dfwxdo
ohyho ri surgxfwlrq1 Lq rxu prgho/ wkhvh frvwv hqwhu wkh sur�w ixqfwlrq ri
irrg surfhvvruv dv �{hg fdslwdo frvwv lq dgglwlrq wr wkh yduldeoh frvwv ri
oderu/ fdslwdo dqg lqwhuphgldwh djulfxowxudo lqsxwv1 Irrg surfhvvruv/ wkhq/
pd{lpl}h sur�wv e| fkrrvlqj wkhlu lqsxw ydoxh dqg vhw wkh sulfh iru djulfxo0
wxudo jrrgv e| fkrrvlqj rxwsxw1

Wkh lqyhvwru xvhv qrqirrg surgxfwv wr surgxfh qhz sk|vlfdo fdslwdo xq0
ghu d frqvwdqw uhwxuqv wr vfdoh whfkqrorj|1 Vxemhfw wr fdslwdo dffxpxodwlrq
frqvwudlqwv/ wkh lqyhvwru fkrrvhv d wlph sdwk ri lqyhvwphqw wr pd{lpl}h
wkh glvfrxqwhg sur�w ryhu dq lq�qlwh krul}rq dqg sdvvhv doo sur�wv wr wkh
uhsuhvhqwdwlyh frqvxphu1

Wkh uhsuhvhqwdwlyh frqvxphu lv hqgrzhg zlwk oderu +O, dw hdfk shulrg w

dqg fdslwdo dw wlph 3 +Nf,1 Lq hdfk shulrg/ kh2vkh uhfhlyhv lqfrph iurp od0
eru sd|phqwv dqg iurp uhqwlqj rxw fdslwdo1 Kh2vkh doorfdwhv wklv lqfrph wr
vdylqjv dqg frqvxpswlrq ri qrqirrg dqg wzr w|shv ri irrg surgxfwv/ pdu0
nhwhg dqg vxevlvwhqfh irrg/ wr pd{lpl}h dq lqwhuwhpsrudo xwlolw| ixqfwlrq
vxemhfw wr dq lqwhuwhpsrudo exgjhw frqvwudlqw1
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614 Pdunhw duudqjhphqwv

61414 Wkh frqvxphu

Ryhudoo xwlolw| ri wkh lq�qlwho| olyhg uhsuhvhqwdwlyh frqvxphu lv gh�qhg dv
wkh vxp ri glvfrxqwhg xwlolw| iurp frqvxpswlrq dw wlph w +F|, iru doo w=

X @
"[
|'f

�
4

4 . �

�|

x+F|, +4,

zkhuh � lv wkh udwh ri frqvxphu wlph suhihuhqfh dqg x+F|, gh�qhv wkh xwlolw|
iurp frqvxpswlrq ri F| dw wlph w1 Dv lq wkh vwdqgdug dvvxpswlrqv iru wkh
qhrfodvvlfdo jurzwk prgho zh dvvxph wkdw x+F, lv lqfuhdvlqj lq F/ frqfdyh
dqg vdwlv�hv Lqdgd frqglwlrqv51 Wkh uhsuhvhqwdwlyh frqvxphu fkrrvhv qrq
qhjdwlyh ydoxhv ri F|/ dqg N|n� iru doo w jlyhq Nf/ dqg jlyhq vhtxhqfhv
is|> s&c|> u|> z|j

"

|'f
wr pd{lpl}h +4, vxemhfw wr wkh lqwhuwhpsrudo exgjhw frq0

vwudlqw

s|F| . s&c|V| @ z|O. u|s&c|N| iru doo w +5,

zkhuh s| lv wkh sulfh ri wkh djjuhjdwh frqvxpswlrq frpsrvlwh/ s&c| lv wkh
sulfh ri fdslwdo/ u| lv wkh lqwhuhvw udwh ri fdslwdo dqg z| lv wkh oderu zdjh
udwh1 Vdylqjv lq wkh shulrg w +V|, gh�qh wkh ydoxh ri fdslwdo lq shulrg w. 4
+N|n�,=

s&c|V| @ s&c| +N|n� � +4� �,N|, +6,

zkhuh � lv wkh ghsuhfldwlrq udwh ri fdslwdo +zklfk lv dvvxphg frqvwdqw,1 Ohw
O gh�qh wkh Odjudqjldq iru wkh frqvxphu*v pd{lpl}dwlrq sureohp=

O �

"[
|'f

�
4

4 . �

�|

x+F|,

.
"[
|'f

�|

�
z|O� s|F| � s&c|N|n� . s&c| +4 . u| � �,N|

�

wkhq/ wkh Hxohu frqglwlrqv iru wkh frqvxphu*v sureohp duh

F| =
�

�

�n4

�|

x�+F|,� �|s| @ 3 +7,

N|n� = ��|s&c| . �|n�s&c|n� +4 . u|n� � �, @ 3 +8,

5
Wkdw lv= �

�ES� : f> ���ES� 	 f dqg �
�ES� 3< " dv S 3< f> ���ES� 3< f dv S 3< "

+Eduur/ Vdod0l0Pduwlq/ 4<<<,1
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dqg wkh wudqvyhuvdolw| frqglwlrq=

olp
|<"

�|N|n� @ 3 +9,

Vxevwlwxwlqj +7, lqwr +8, dqg uhrujdql}lqj |lhogv=

x�+F|,

x�+F|n�,
@

�
4

4 . �

�
s|

s|n�

+4 . u|n� � �, s&c|n�
s&c|

+:,

zklfk lpsolhv wkdw wkh pdujlqdo udwh ri vxevwlwxwlrq ehwzhhq frqvxpswlrq
dw w dqg w . 4 htxdov wkh fruuhvsrqglqj lqwhuwhpsrudo sulfh udwlrv wlphv
E�no|n�3B�

�n4 1 Lq rxu prgho/ htxdwlrq +:,/ wkh odz ri prwlrq ri fdslwdo +6,
dqg wkh wudqvyhuvdolw| frqglwlrq +9, ghwhuplqh wkh vhtxhqfh ri djjuhjdwh
frqvxpswlrq +F|, dqg vdylqjv +V|, vlpxowdqhrxvo|1

Djjuhjdwh frqvxpswlrq lv d Free0Grxjodv djjuhjdwh iurp wkh frqvxps0
wlrq ri irrg +Fsc|, dqg qrqirrg frpprglwlhv +F?sc|, jlyhq e|=

F| @ F
qs
sc|F

�3qs
?sc| zlwk 3 ? �s ? 4 +;,

Wr doorz iru vxevwlwxwlrq ehwzhhq pdunhwhg +FPd|, dqg vxevlvwhqfh irrg
+FV|,/ Fsc| lv gh�qhg dv d frqvwdqw hodvwlflw| ri vxevwlwxwlrq +FHV, frpsrvlwh
jlyhq e|=

Fsc| @
�
�FPd

4s
| . +4� �,FV

4s
|

� �

4s +<,

zkhuh wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq pdunhwhg dqg vxevlvwhqfh irrg
lv jlyhq e| �7 @ �

�34s
1

61415 Frpshwlwlyh Lqgxvwulhv

Djulfxowxudo surgxfhuv surgxfh dq rxwsxw frpsrvlwh
�
\ |J|
�

�
wkdw frq0

vlvwv ri wzr gl�huhqw jrrgv/ djulfxowxudo udz surgxfwv +\�, dqg vxevlvwhqfh
irrg +\7, = Wkh surgxfwlrq ixqfwlrq iru \ |J|

� lv d �{hg sursruwlrq frpelqd0
wlrq ri lqwhuphgldwh djulfxowxudo udz surgxfwv +L�, dqg ydoxh dgghg/ zklfk
lv d Free0Grxjodv ixqfwlrq ri oderu +O�, dqg fdslwdo +N�,1 Irupdoo|=

\ |J|
� @ plq

q�
��N

k�
� O

�3k�
�

�
>EL�

r

zlwk 3 ? �� ? 4 dqg E A 3 zkhuh �
�

lv wkh dprxqw ri +djulfxowxudo, lqwhu0
phgldwhv qhfhvvdu| wr surgxfh rqh xqlw ri rxwsxw1 Iduphuv vhoo wkhlu rxwsxw
ri djulfxowxudo jrrgv wr irrg surfhvvruv/ dqg xvh lw iru wkh surgxfwlrq ri
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\ |J|
� 1 Zh gl�huhqwldwh djjuhjdwh rxwsxw +\ |J|

� , dffruglqj wr wkh glvwulexwlrq
fkdqqho e| d frqvwdqw hodvwlflw| ri wudqvirupdwlrq +FHW, frpsrvlwh ri udz
surgxfwv +\�, dqg vxevlvwhqfh irrg +\7,=

\ |J|
� @

�
��\

4@
� . +4� ��,\

4@
7

� �

4@ +43,

zkhuh �@ frqwurov wkh +frqvwdqw, hodvwlflw| ri wudqvirupdwlrq61 Djulfxowxudo
surgxfhuv* sureohp fdq eh ghvfulehg lq wkh iroorzlqj zd|= �uvw/ wkh| wdnh
wkh uhqwdo udwh ri fdslwdo dqg sulfhv iru oderu dqg fdslwdo +u/ z/ s&, dv jlyhq
dqg fkrrvh qrq qhjdwlyh ydoxhv iru oderu +O�, dqg fdslwdo +N�, wr plqlpl}h
ydoxh dgghg frvwv ri surgxflqj rqh xqlw ri wkh rxwsxw frpsrvlwh=

PF�
gcu � plqzO� . usnN� +44,

v=w=

��N
k�
� O

�3k�
� @ 4

iru 3 ? �� ? 4= Wkhq/ wkh| wdnh sulfhv iru udz surgxfwv +s@, dqg vxevlvwhqfh
irrg +sr, dv jlyhq dqg fkrrvh qrq qhjdwlyh ydoxhv ri udz surgxfwv +\�, dqg
vxevlvwhqfh irrg +\7, wr pd{lpl}h vdohv uhyhqxh iurp rqh xqlw ri wkh rxwsxw
frpsrvlwh=

UHY �
t�ct7

� pd{ s@\� . sr\7 +45,

v=w=
�
��\

4@
� . +4� ��,\

4@
7

� �

4@ @ 4

Ilqdoo|/ wkh| wdnh sulfhv ri lqwhuphgldwh lqsxwv +s@, dv jlyhq dqg fkrrvh \ |J|
�

dqg L� wr pd{lpl}h sur�wv=

pd{ \ |J|
�

�
UHY �

t�ct7
�PF�

gcu

�
� s@L� +46,

v=w=

\ |J|
� @ EL�

6Wkh hodvwlflw| ri wudqvirupdwlrq lv jlyhq e| j@ '
�

�34
d

1

9



Qrqirrg surgxfhuv wdnh s?s / s& / u dqg z dv jlyhq dqg fkrrvh \�8 /
O�8 dqg N�8 wr pd{lpl}h sur�wv iru doo w/ wkdw lv=

pd{ s?s\�8 � us&N�8 �zO�8 +47,

v=w=

\�8 @ ��8N
k�8
�8

O
�3k�8
�8

zkhuh \�8 / N�8 dqg O�8 duh rxwsxw fdslwdo dqg oderu hpsor|hg lq wkh
surgxfwlrq ri qrq0irrg jrrgv/ s?s ghqrwhv wkh sulfh ri wkh qrq0irrg frp0
prglw| dqg 3 ? ��8 ? 41

61416 Qrqfrpshwlwlyh Lqgxvwu|

Wkh surgxfwlrq ri surfhvvhg irrg +\8 , xvhv dv lqsxwv djulfxowxudo jrrgv
ghqrwhg e| L8 / oderu +O8 , dqg fdslwdo +N8 ,1 Wkh whfkqrorj| wr surgxfh \8
lv uhsuhvhqwhg e| d Ohrqwlhi whfkqrorj| ri wkh irup

\8 @ plq
q
�8N

k8
8

O
�3k8
8

>DL8

r
zlwk 3 ? �8 ? 4 +48,

Zh dvvxph wkdw/ gxh wr wkh lpshuihfw pdunhw vwuxfwxuh/ irrg surfhvvruv
kdyh pdunhw srzhu ryhu wkh sulfh ri djulfxowxudo jrrgv +s@, zklfk wkh| xvh
dv lqwhuphgldwh lqsxwv1 Wr vxvwdlq wklv pdunhw lpshuihfwlrq/ irrg surfhvvlqj
�upv idfh d frvw zklfk xvhv d �{hg dprxqw ri fdslwdo Ns�%c} iru uhqw vhhnlqj
dfwlylwlhv1 Dgglqj d �{hg frvw lqwr wkh sur�w ixqfwlrq ri dq lqglylgxdo �up
lqwurgxfhv d zhgjh ehwzhhq wrwdo xqlw dqg pdujlqdo frvwv ri surgxfwlrq1
Wklv ohdgv wr lqfuhdvlqj uhwxuqv wr vfdoh lq surgxfwlrq dqg wkhuhiruh zh
kdyh �up ohyho gl�huhqwldwlrq1 Wkxv/ wkhuh duh q qxpehu ri irrg surfhvvruv
lqgh{hg e| j1

Wkh sureohp ri �up j lv wr fkrrvh qrq qhjdwlyh ydoxhv ri L8c}/ N8c} dqg
O8c} jlyhq Ns�%c}/ ss / s&/ u dqg z dqg wr vhw d ydoxh ri s@ e| fkrrvlqj \8c}
wdnlqj wkh rxwsxw ri rwkhu irrg surfhvvru dv jlyhq wr vroyh=

pd{ ss\8c} � us&N8c} �zO8c} � s@L8c} � us&Ns�%c}

v=w=

\8 @ plq
q�

�8N
k8
8 O

�3k8
8

�
>DL8

r +49,

zkhuh ss ghqrwhv wkh sulfh iru irrg1 Sureohp +49, fdq eh uhzulwwhq dv=

pd{
�
ss �PF

8c}
gcu �

s@

D

�
\8c} � us&Ns�%c} +4:,

:



zkhuh PF
8c}
gcu

ghqrwhv wkh oderu dqg fdslwdo plqlpl}lqj frvw ri surgxflqj d
xqlw ri wkh irrg frpprglw|=

PF
8c}
gcu

@ plq us&N8c} . zO8c}

v=w=

�8N
k8
8

O
�3k8
8

@ 4

Wr vroyh wkh uhpdlqlqj sduw ri wkh sur�w pd{lpl}dwlrq sureohp/ wkh fkrlfh
ri wkh sulfh ri djulfxowxudo jrrgv +s@,/ zh prgli| wkh sur�w ixqfwlrq1 Ohrq0
wlhi whfkqrorj| dqg frvw plqlpl}dwlrq lpso| wkdw wkh lqwhuphgldwh ghpdqg
ri �up j iru djulfxowxudo jrrgv iru d jlyhq ohyho ri rxwsxw +\8c}, lv jlyhq

e| L8c} @ t 8c}
�

1 Vlqfh pdunhw vxsso| ri djulfxowxudo jrrgv +\ 7
� ,

7 htxdov
lqwhuphgldwh ghpdqg ri irrg surfhvvruv/ wkhq zh kdyh=

\ 7
� @

?[
}'�

L8c} @
4

D

?[
}'�

\8c} +4;,

Dvvxplqj v|pphwu| dprqj �upv lw iroorzv=

L8c} @
\ 7
�

q
@

4

qD

?[
}'�

\8c} +4<,

Vxevwlwxwlqj +4<, lqwr wkh sur�w ixqfwlrq ri �up j +�8c}, zh jhw=

pd{ ss\8c} �PF
8c}
gcu\8c} � s@

4

qD

?[
}'�

\8c} � us&Ns�%c} +53,

Vlplodu wr wkh Frxuqrw vshfl�fdwlrq ri lpshuihfw frpshwlwlrq +vhh iru lq0
vwdqfh Nhkrh dqg Nhkrh 4<<7, zh dvvxph wkdw �upv fkrrvh wkhlu rxwsxw
+\8c}, jlyhq wkh rxwsxw ri rwkhu �upv wr pd{lpl}h sur�wv1 Wkh �vw rughu
frqglwlrq iru wklv sureohp lv=

C�8c}

C\8c}
@ ss �PF

8c}
gcu � s@

4

qD
@ 3 +54,

Wklv htxdwlrq kdv wkh vdph lpsolfdwlrq dv wkh Ohuqhu frqglwlrq xqghu Frxuqrw
frpshwlwlrq/ qdpho|/ wkdw pdujlqdo uhyhqxh htxdov pdujlqdo frvwv1 Vroylqj
iru s@ jlyhv=

s@ @
�
ss �PF

8c}
gcu

�
qD +55,

7Wklv lv surgxfwlrq ri udz surgxfwv plqxv lqwhuphgldwh ghpdqg lq djulfxowxuh +t 7
� '

t� 3 U���

;



Dvvxplqj iuhh hqwu| dqg h{lw/ wkh qxpehu ri �upv q dgmxvw vxfk wkdw sur�wv
htxdo wr }hur1 Wklv lv frqvlvwhqw zlwk Srvqhuv uhqw glvvlsdwlrq d{lrp wkdw
wkh wrwdo h{shqglwxuh e| �upv wr rewdlq wkh uhqw lv htxdo wr wkh dprxqw ri

wkh uhqw +Wluroh 4<;;,1 Vxevwlwxwlqj wkh sur�w pd{lpl}lqj sulfh +55, lqwr

wkh sur�w ixqfwlrq +53,/ vhwwlqj sur�wv htxdo wr }hur dqg xvlqj L8c} @
t8c}
�

zh vroyh iru q=

q @
us&Ns�%c} .PF8

gcu\8c} � ss\8c}

PF8
gcu\8c} � ss\8c}

vlqfh sur�wv htxdo wr }hur/ wklv lv htxlydohqw wr=

q @
s@L8c}

ss\8c} �PF8
gcu

\8c}
@

s@L8c}

s@L8c} . us&Ns�%c}

+56,

Htxdwlrq +56, lv wkh udwlr ri uhpxqhudwlrq wr lqwhuphgldwhv ryhu wkh
vxp ri lqwhuphgldwhv uhpxqhudwlrq soxv uhqw vhhnlqj h{shqglwxuhv1 Zkhq q

htxdov rqh +wkdw lv Ns�%c} @ 3, shuihfw frpshwlwlrq suhydlov dqg wkh forvhu q
lv wr }hur/ wkh kljkhu wkh ghjuhh ri lpshuihfw frpshwlwlrq1 Wkxv/ q fdq qrw
qhfhvvdulo| eh lqwhusuhwhg dv wkh qxpehu ri �upv/ exw udwkhu dv dq lqgh{ wkdw
phdvxuhv wkh ghjuhh ri lpshuihfw frpshwlwlrq1 Dovr/ iurp +55,/ wkh sulfh iru
lqwhuphgldwhv +s@, lqfuhdvhv wkh forvhu q jrhv wr rqh1 Wklv lv frqvlvwhqw
zlwk wkh Ohuqhu frqglwlrq xqghu Frxuqrw frpshwlwlrq/ zkhuh dq lqfuhdvlqj
qxpehu ri �upv dovr uhgxfhv wkh ghjuhh ri lpshuihfw frpshwlwlrq1

Vlqfh e| dvvxpswlrq �upv duh v|pphwulf/ wkh �qdo ghpdqg iru pdunhwhg
irrg +FPDs , htxdov rxwsxw ri �up j wlphv q1 Wkxv=

\8c} @
FPDs

q
+57,

Vxevwlwxwlqj +56, lqwr +57, zh vroyh iru wkh rxwsxw ri �up j=

\8c} @ FPDs �
us&Ns�%c}

PF8
gcu � ss

+58,

iru doo w1

61417 Lqyhvwphqw

Lq rxu prgho/ lqyhvwphqw lv vshfl�hg dv lq Gldr hw do1 +4<<:,1 Wr rewdlq
d vkdgrz sulfh ri wkh lqyhvwphqw jrrg zh vhsdudwh sulflqj ghflvlrqv iru
lqyhvwphqw dqg fdslwdo iurp frqvxphuv* frqvxpswlrq dqg vdylqjv ghflvlrqv1

<



Wkhuhiruh/ dq lqghshqghqw lqyhvwru ghflghv rq lqyhvwphqw dqg sdvvhv sur�wv
wr wkh uhsuhvhqwdwlyh frqvxphu1 Wkh sureohp ri wklv lqyhvwru lv wr pd{lpl}h
glvfrxqwhg sur�wv ryhu wkh lq�qlwh krul}rq=

pd{
"[

|'�

4
|T

r'f
+4 . ur � �,

+u|sn|N| � y|LQY|, +59,

vxemhfw wr wkh frqvwudlqw wkdw fdslwdo vwrfn lq w.4 htxdov fdslwdo vwrfn lq w
plqxv ghsuhfldwlrq soxv lqyhvwphqw1

NE|n�� @ +4� �,N| . LQY| +5:,

zkhuh y| lv wkh ydoxh ri rqh xqlw ri wkh lqyhvwphqw jrrg dw wlph w1 Qhz
sk|vlfdo fdslwdo +LQY|, lv surgxfhg e| d frqvwdqw uhwxuqv wr vfdoh whfkqrorj|
xvlqj qrqirrg frpprglwlhv=

LQY| @ LQY +LG?sc|, +5;,

zkhuh LG?sc| lv ghpdqg iru qrqirrg jrrgv iru surgxfwlrq ri fdslwdo dw wlph
w1 Dw htxloleulxp/ iru LQY| A 3/ wkh ydoxh ri hdfk xqlw ri fdslwdo htxlsphqw
htxdov lwv xqlw frvw sU�T

|

�
y|LQY| @ sU�T

| LQY|
�
1 Wkhq/ gh�qh=

O �

"[

|'f

4
|T

r'f
+4 . ur � �,

�
u|sn|N| � sU�T

| LQY|
�

+5<,

.
"[

|'f

�|
|T

r'f
+4 . ur � �,

�
+4� �,N| . LQY| �NE|n��

�

Iurp wkh �uvw rughu frqglwlrq zlwk uhvshfw wr LQY|/ wkh vkdgrz sulfh ri rqh
xqlw ri fdslwdo +�|, htxdov wkh frvw ri surgxflqj wklv xqlw=

sU�T
| @ �| +63,

Wkh �uvw rughu frqglwlrq zlwk uhvshfw wr fdslwdo +N|, lv jlyhq e|=

N| =
u|sn|

|T
r'f

+4 . ur � �,

. �|
+4� �,

|T
r'f

+4 . ur � �,

� �E|3��
4

|3�T
r'f

+4 . ur � �,

@ 3 +64,
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Wr rewdlq wkh qrq duelwudjh frqglwlrq zh vxevwlwxwh +63, lqwr +64,dqg uhru0
jdql}h wr jhw=

u|s
U�T
|3� @ u|sn| . �

�
sU�T
|3� � sU�T

|

�
. sU�T

| � sU�T
|3� +65,

Wkxv/ lq htxloleulxp/ wkh uhwxuq iurp rqh lqyhvwphqw jrrg dw wlph w � 4
+u|sU�T

|3� , htxdov wrwdo uhwxuqv iurp rqh xqlw ri fdslwdo dw wlph w1 Wklv uhwxuqv
lqfoxgh �glylghqgv� iurp fdslwdo rzqhuvkls lq w +u|sn|, plqxv orvvhv iurp
ghsuhfldwlrq +�sU�T

|3� � �sU�T
| , soxv dq dgglwlrqdo fdslwdo jdlq li frvwv wr

surgxfh fdslwdo fkdqjh ryhu wlph +sU�T
| � sU�T

|3� ,1

61418 Pdunhw fohdulqj

Pdunhw fohdulqj rq frpprglw| pdunhwv lv jlyhq e|= wrwdo surgxfwlrq ri
djulfxowxudo udz surgxfwv htxdov lqwhuphgldwh ghpdqg

\�c| @ L�c| . L8c|> +66,

vxsso| ri irrg surgxfwv htxdov ghpdqg iru pdunhwhg irrg

\8c| @ FPd|> +67,

surgxfwlrq ri vxevlvwhqfh irrg fryhuv ghpdqg iru vxevlvwhqfh irrg

\7c| @ FV| +68,

dqg surgxfwlrq ri qrq irrg frpprglwlhv htxdov �qdo dqg lqyhvwphqw ghpdqg

\�8c| @ F?sc| . LG?sc| +69,

iru doo w1
Fdslwdo lq rxu prgho lv xvhg dv yduldeoh lqsxw lq surgxfwlrq1 Dgglwlrq0

doo|/ d �{ dprxqw ri lw lv xvhg iru uhqw vhhnlqj dfwlylwlhv +N8
s�% @ q �Ns�%c},1

Wkhuhiruh/ pdunhw fohdulqj rq wkh idfwru pdunhwv lv jlyhq e|=

N�c| . q +N8c}c| .Ns�%c}c|, .N�8c| @ N|

O�c| .O8c| . O�8c| @ O
+6:,

iru doo w1
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61419 Htxloleulxp

Dq htxloleulxp iru wklv prgho lv d vhtxhqfh ri sulfhv

�
s|/ s@c|/ ssc|/ s?s / src|/ s

U�T
| / s&c|/ z|/ u|

�"
|'f

>

doorfdwlrq

iF|> FPd|> FV|> F?sc|> LQY|>N|n�> \
|J|
�c| > i\�c|j�Mt�c8c�8c7� >�

N�c|
8/ O�c|

�
�Mt�c8c�8�

> L�Mt�c8�> LG?sc|j
"
|'f

dqg wkh qxpehu ri �upv lq wkh qrqfrpshwlwlyh vhfwru/ iq|j
"
|'f/ vxfk wkdw

wkh frqvxphu*v sureohp +4,/ wkh �upv* sureohp +44 wr 46/ 47 dqg 53,/ wkh
lqyhvwruv sureohp +59, dqg wkh pdunhw fohdulqj frqglwlrqv +66 wr 6:, duh
vdwlv�hg1

6141: Vwhdg| vwdwh

Dq vwhdg| vwdwh lv dq htxloleulxp dv gh�qhg deryh vxfk wkdw iru vrph lqlwldo
Nf/ doo sulfhv s|/ s@c|/ ssc|/ src|/ s

U�T
| / s&c|/ z|/ u| dqg F|/ FPd|/ FV|/ LQY|/

N|n� i\�c|/ N�c|/ O�c|j�Mt�c7c8�/ L�Mt�c7c8� dqg q| duh frqvwdqw iru doo w1

7 Hpslulfdo dssolfdwlrq

714 H{whqvlrqv

Zh dsso| dqg fdoleudwh wkh prgho wr wkh Exojduldq hfrqrp| xvlqj d vr0

fldo dffrxqwlqj pdwul{ +VDP,1 Wkh vwuxfwxuh ri wklv gdwd uhtxluhv vrph
h{whqvlrqv1 Iluvw/ wkh VDP uhsruwv lqwhuphgldwh dqg lqyhvwphqw ghpdqg
iru djulfxowxudo/ irrg dqg qrqirrg frpprglwlhv e| hdfk vhfwru1 Zh frqvlghu
wklv e| dvvxplqj wkdw rxwsxw ri vhfwru M lv d �{hg sursruwlrq ri lqwhuphgl0
dwh lqsxwv dqg ydoxh dgghg/ zklfk lq wxuq lv d Free0Grxjodv djjuhjdwh ri
oderu dqg lqvwdoohg fdslwdo=

\a @ plq
q
�aN

ka
a
O
�3ka
a

> D@caL@ca > DscaLsca > D?scaL?sca

r
zlwk 3 ? �a ? 4

zkhuh L�ca lv lqwhuphgldwh ghpdqg iru frpprglw| l 5 id> i> qij e| vhfwru M
5 iD>I>QIj1 Ixuwkhupruh/ qhz sk|vlfdo fdslwdo +LQY|, lv qrz surgxfhg
e| d frqvwdqw uhwxuqv wr vfdoh whfkqrorj| xvlqj doo wkuhh frpprglwlhv=

LQY| @ LQY +LG@c|> LGsc|> LG?sc|,
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Vhfrqg/ vlqfh Exojduldq frqvxphuv dovr ghpdqg djulfxowxudo surgxfwv/
zh uh0gh�qh wkh frqvxpswlrq frpsrvlwh +;, dv d Free0Grxjodv frpsrvlwh
ri djulfxowxudo0/ irrg0 dqg qrqirrg frpprglwlhv=

F| @ ��F
q@
@ F

qs

s
F

�3q@3qs

?s
zlwk 3 ? �� ? 4 +6;,

Zh dvvxph wkdw frqvxphuv gr qrw ex| djulfxowxudo udz surgxfwv iurp
iduphuv/ exw udwkhu/ wkh| ex| wkhp iurp uhwdlohuv +dq dvvxpswlrq wkdw lv
qrw idu iurp uhdolw| iru wkh Exojduldq fdvh,1 Zh wkhuhiruh djjuhjdwh irrg
surfhvvruv dqg uhwdlohuv1 Wkhq/ wkh uhsuhvhqwdwlyh irrg surfhvvlqj �up vhoov
d iudfwlrq ri udz surgxfwv wr frqvxphuv dqg xvhv wkh uhvw dv lqwhuphgldwh
lqsxw iru irrg surgxfwlrq1

Dvvxplqj wklv pdunhwlqj vwuxfwxuh/ wkh sureohp ri wkh uhsuhvhqwdwlyh
irrg surfhvvlqj +dqg wudglqj, �up lv wr fkrrvh qrq qhjdwlyh ydoxhv ri fdslwdo
+N8c},/ oderu +O8c}, dqg lqwhuphgldwh lqsxwv +L�(8c},/ +iru wkh surgxfwlrq ri
irrg,/ wkh dprxqw ri udz surgxfw wkdw lv erxjkw iurp djulfxowxudo surgxfhuv
L-} wr eh vrog wr frqvxphuv \�@c} +zklfk/ lq htxloleulxp htxdov frqvxphuv
ghpdqg ri djulfxowxudo jrrgv glylghg e| wkh qxpehu ri �upv

�
�@
?

�
,/ jlyhq

sulfhv iru frpprglw| l 9@ d +s��'@,/ dv zhoo dv idfwru sulfhv iru fdslwdo dqg
oderu +s&/ u dqg z, dqg wr vhw d ydoxh ri s@ e| fkrrvlqj \8c} wdnlqj wkh
rxwsxw ri rwkhu irrg surfhvvru dv jlyhq wr vroyh=

pd{ ss\8c} . s@ +\�@c} � L-c},� us&N8c} �zO8c} �
[

�Mt@csc?s�

s�L�(8c} � us&Ns�%c}

+6<,

v=w=

\8 @ plq
q�

�8N
k8
8 O�3k8

8

�
>D@c8 L@c8 > Dsc8 Lsc8 > D?sc8 L?sc8

r

\�@c} @ L-c}

vlqfh wkh uhsuhvhqwdwlyh irrg surfhvvlqj �up pd{lpl}hv sur�wv e| fkrrv0
lqj rxwsxw/ wklv h{whqvlrq grhv qrw d�hfw wkh �uvw rughu frqglwlrq ri wkhlu
sureohp +54, dqg wkxv/ +55, vwloo vhwv wkh sur�w pd{lpl}lqj sulfh s@1

Wkh wklug h{whqvlrq lv wkh frqvlghudwlrq ri wkh sxeolf exgjhw1 Wkhuhiruh/
zh lqwurgxfh d jryhuqphqw djhqw zkr uhfhlyhv lqfrph iurp wd{hv dqg wdul�v/
surylghv sxeolf qrqirrg jrrgv dqg vhuylfhv dw d jlyhq ohyho J dqg sd|v
wudqvihuv +W , wr wkh uhsuhvhqwdwlyh frqvxphu1 Wkh VDP uhsruwv uhyhqxh
iurp wd{dwlrq rq oderu dqg fdslwdo lqfrph/ frqvxpswlrq wd{ dqg wdul�v rq
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lpsruwv1 Wkhuhiruh/ wkh sxeolf exgjhw frqvwudlqw/ lq d vhtxhqwldo pdunhw
vhwwlqj/ lv jlyhq e|

s?sc|
�
4 . � S?s

�
J| . W| @

S
�Mt@csc?s�

� S�s�c|F�c| . � S?s s?sc|J|

.
S

�Mt@csc?s�

wU�� sU��c| LP�c| .
S

aMt�c8c�8�

�uz|Oac| . �gu|s&c|Nac| iru doo w

+73,

zkhuh � S� lv wkh frqvxpswlrq wd{ udwh iru frpprglw| l/ �u dqg �g duh oderu
dqg sur�w wd{ udwh/ uhvshfwlyho|/ dqg wU�� lv wkh wdul� udwh iru frpprglw| l1
Dgglwlrqdoo|/ zh dovr qhhg wr uh0zulwh wkh exgjhw frqvwudlqw ri wkh uhsuhvhq0
wdwlyh frqvxphu +5,=

[
�Mt@csc?s�

s�c| +4 . � S�,F�c| . s&c|V|

@ z| +4 . �u,O. u|s&c| +4 . �g,N| . W| iru doo w +74,

Vlqfh zh gr qrw frqvlghu h{solflwo| wkh lpsdfw ri sxeolf jrrgv surylvlrq
rq frqvxphuv* zhoiduh/ zh hqgrjhql}h wkh udwh ri frqvxpswlrq wd{ +� S�,
vxemhfw wr dq htxdo |lhog frqvwudlqw +J| @ J,1 Wkxv/ dq| fkdqjh lq wdul�
ru wd{ srolf| d�hfwv wkh frqvxpswlrq wd{hv udwh vxfk wkdw wkh uhdo ydoxh ri
jryhuqphqw h{shqglwxuhv uhpdlqv frqvwdqw1

Wkh irxuwk h{whqvlrq lv wkdw zh kdyh wr frqvlghu iruhljq wudgh lq rxu
prgho1 Wkhuhiruh/ zh rshq wkh hfrqrp| xvlqj wkh Duplqjwrq vshfl�fd0
wlrq/ zklfk lqwurgxfhv lpshuihfw vxevwlwxwlrq ehwzhhq jrrgv/ surgxfhg dqg
frqvxphg grphvwlfdoo|/ dqg iruhljq jrrgv1 Wkhuhiruh/ sulydwh frqvxpswlrq
+F�,/ lqwhuphgldwh lqsxwv +L�ca , dqg lqyhvwphqw ghpdqg +LQY�, iru frp0
prglw| l lv gh�qhg dv d Free0Grxjodv frpsrvlwh ri ghpdqg iru grphvwl0
fdoo| surgxfhg +FG�/ LG�ca / LQYG�, dqg lpsruwhg jrrgv +FLP�/ LLG�ca /
LQY LP�,=

F� @ FG
��
� FLP

�3��
�

L�ca @ LG
��
�ca LLP

�3��
�ca

LQY� @ LQY G
��
�ca LQY LP

�3��
�ca zlwk 3 ? �� ? 4

Vlqfh zh frqvlghu pdunhwhg dqg vxevlvwhqfh irrg wr eh lpshuihfw vxevwlwxwhv/
grphvwlf irrg ghpdqg +FGs, lv gh�qhg dv d FHV frpsrvlwh dv lq +<,=

FGs @ +�FPd4s . +4� �,FV4s ,
�

4s +75,
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Dffruglqjo|/ sxeolf ghpdqg J lv d frpsrvlwh ri grphvwlf +JG?s , dqg iru0
hljq ghpdqg +JLP?s , iru qrqirrg frpprglwlhv=

J @ JG
�?s
?s JLP

�3�?s
?s

Rq wkh vxsso| vlgh/ surgxfwlrq ri frpprglw| l lv d Free0Grxjodv frp0
srvlwh ri vdohv rq grphvwlf +\G�, dqg iruhljq pdunhwv +\ H[�,=

\� @ \GD�
� \H[

�3D�
� zlwk 3 ? �� ? 4

Ilqdoo|/ zh uh0zulwh pdunhw fohdulqj htxdwlrqv +66/ 67 dqg 69, vxfk wkdw
grphvwlf rxwsxw +\�, htxdov grphvwlf lqwhuphgldwh/ sulydwh/ sxeolf dqg lq0
yhvwphqw ghpdqg

\ G� @
[

aMt�c8c�8�

LG�ca .FG� .FPD� .JG� . LQY G� iru doo w

vxevlvwhqfh surgxfwlrq htxdov vxevlvwhqfh ghpdqg

\r @ FV iru doo w

dqg lpsruwv +LP�, htxdov lpsruw ghpdqg

LP� @
[

aMt�c8c�8�

LLP�ca .FLP� .JLP� . LQY LP� iru doo w

Wudgh edodqfh lpsolhv=

[
�

sU��
�
4 . wU��

�
LP� @

[
�

H[� iru doo w

715 Fdoleudwlrq

Wkh fdoleudwlrq ri d frpshwlwlyh jhqhudo htxloleulxp prgho lv d vwdqgdug
surfhgxuh +vhh iru lqvwdqfh Vulqlydvdq dqg Zkdooh| 4<;9,1 Wkhuhiruh/ zh
lqvwhdg irfxv wkh glvfxvvlrq rq wkh fdoleudwlrq ri wkh sdudphwhuv xvhg iru wkh
roljrsvrqlvwlf vshfl�fdwlrq/ qdpho| wkh qxpehu ri �upv +q,/ wkh lqglylgxdo
�up*v rxwsxw +\8c}, dqg wkh �{ dprxqw ri fdslwdo xvhg iru uhqw vhhnlqj shu
�up +Ns�%c},1

Xvlqj wkh ydoxhv iru vkliw dqg vkduh sdudphwhuv iurp wkh vwdqgdug fdol0
eudwlrq surfhgxuh/ zh fdoleudwh wkh qxpehu ri �upv +q, iurp +55,=

s@ @
�
ss �PF

8c}
gcu

�
qD
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zkhuh pdujlqdo frvwv ri surgxfwlrq zlwk uhvshfw wr oderu dqg fdslwdo duh
jlyhq e|

PF
8c}
gcu @

N(�A�
8 . O(�A�8

\ (�A�
8

wkhuhiruh=

eq @ s@�
ss �

g(�A�

8
nu(�A�

8

t (�A�
8

� eD
Zkhuh +e, ghqrwhv wkh fdoleudwlrq hvwlpdwhv/ vxshuvfulsw +(�A�, lqglfdwhv
gdwd ydoxhv dqg \ (�A�

8 / N(�A�
8 dqg O(�A�8 ghqrwh ydoxhv iru rxwsxw/ uh0

wxuq wr fdslwdo dqg oderu uhpxqhudwlrq lq vhfwru I 1 Rqfh zh kdyh hvwlpdwhg
wkh qxpehu ri �upv/ wkhq/ zh fdoleudwh wkh lqglylgxdo rxwsxw shu �up iurp=

\8c} @
\ (�A�
8 eq

Wr fdoleudwh wkh fdslwdo xvhg iru uhqw vhhnlqj dfwlylwlhv +Ns�%c}, zh xvh lqiru0
pdwlrq derxw wkh vhfwrudo ydoxh ri wkhvh frvwv +N8

s�% @ qNs�%c},1 Zh iroorz
wkh vwxg| e| Jruwrq hw do1 +4<<<,/ zklfk hvwlpdwhv surgxfhu dqg frqvxphu
vxevlg| htxlydohqwv +SVH2FVH, dv dq lqglfdwru ri wkh ohyho ri surwhfwlrq
lq wkh Exojduldq djur irrg fkdlq +vhh Lydqryd hw do1 4<<8 iru dq lqwurgxf0
wlrq lq wkh phwkrgrorj|,1 Dvvxplqj/ wkdw srvlwlyh ohyhov duh lq sduw gxh
wr wkh pdunhw srzhu ryhu wkh sulfh iru djulfxowxudo udz surgxfwv dqg wkdw
surfhvvruv dqg wudghuv xvh wklv uhqw iru fryhulqj uhqw vhhnlqj h{shqglwxuhv/
zh xvh wkhvh uhvxowv wr hvwlpdwh N8

s�%1 Krzhyhu/ vrph dgmxvwphqwv vkrxog
eh phqwlrqhg= �uvw/ zh xvh d gl�huhqw djjuhjdwlrq vfkhph wkdq Jruwrq hw
do1/ lq sduwlfxodu/ rxu prgho grhv qrw gl�huhqwldwh ehwzhhq surfhvvruv dqg
uhwdlohuv1 Vhfrqg/ Jruwrq hw do1*v fdofxodwlrqv iru surfhvvruv dqg wudghuv gh0
shqg rq fulwlfdo dvvxpswlrqv frqfhuqlqj h{fkdqjh udwh dqg uhihuhqfh zruog
pdunhw sulfhv +Vzlqqhq 4<<:,1

Surwhfwlrq ohyhov iru hdfk vwdjh ri wkh irrg fkdlq +h{suhvvhg dv (SVH/
wkh uhqw iurp surwhfwlrq dv shufhqwdjh ri wkh ydoxh ri rxwsxw dw grphvwlf
sulfhv, iru wkh �yh pdlq frpprglwlhv +wdeoh 4, vxjjhvw wkh pdjqlwxgh ri
lqfrph wudqvihuv wr irrg surfhvvruv1 Lq dgglwlrq wr wkh ehqfkpdun |hdu ri
rxu prgho/ 4<<7/ zh dovr suhvhqw lqirupdwlrq iru 4<<9 wr hpskdvl}h/ wkdw wkh
revhuyhg uhglvwulexwlrq ri lqfrph ehwzhhq iduphuv dqg surfhvvruv2wudghuv
lv frqvlvwhqw ryhu wlph dqg ri d vlplodu pdjqlwxgh1
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wdeoh 4= (SVHv iru �yh nh| frpprglwlhv iru Exojduldq irrg vxsso| fkdlqv

4<<7 4<<9

Idup 059 0:
Surfhvvlqj ; 53
Uhwdlo 74 4<
Frqvxphu +FVH, 066 4

vrxufh= Jruwrq hw do1 +4<<<,

Irrg surfhvvruv dqg hvshfldoo| wudghuv uhfhlyhg srvlwlyh uhqwv ri derxw ;
wr 74 shufhqw ri wkhlu grphvwlf vdohv ydoxh1 Vlqfh iru erwk |hduv/ d erughu
wdul� zdv sodfhg rq irrg lpsruwv/ sduw ri wkh uhqwv lv gxh wr surwhfwlrq e|
wudgh srolf| udwkhu wkdq wkh uhvxow ri lpshuihfw frpshwlwlrq1 Krzhyhu/ iru
erwk |hduv/ wkhuh zdv dovr d wdul� rq lpsruwv ri djulfxowxudo surgxfwv1 Wklv
uhgxfhv surwhfwlrq ri irrg surfhvvruv dqg lq sduwlfxodu/ lw surwhfwv sulpdu|
surgxfhuv1 Exw vlqfh wkh uhsruwhg (SVH �jxuhv iru iduphuv vkrz qhjdwlyh
ohyhov/ zh frqfoxgh/ wkdw sduw ri wkh srvlwlyh uhqwv iru irrg surfhvvruv dqg
wudghuv dqg wkh qhjdwlyh uhqwv iru iduphuv duh gxh wr surfhvvru*v pdunhw
srzhu ryhu idup jdwh sulfhv1 Wkhuhiruh/ zh xvh wkh uhvxowv uhsruwhg lq wdeoh
4 dv d urxjk lqglfdwru iru wkh ohyho ri lqfrph uhglvwulexwlrq gxh wr roljrs0
vrqlvwlf frpshwlwlrq1 E| fkrrvlqj d uhodwlyho| orz ydoxh zh hqvxuh wkdw zh
xqghuhvwlpdwh udwkhu wkdq ryhuhvwlpdwh wkh lq xhqfh ri roljrsvrqlvwlf frp0
shwlwlrq1 Lq d suhylrxv/ vwdwlf yhuvlrq ri wkh prgho zh vkrz/ wkdw uhvxowv
ri srolf| h{shulphqwv duh vwdeoh zkhq wkh ohyho ri uhglvwulexwhg lqfrph h{0
fhhgv d plqlpxp ohyho ri ; shufhqw ri wkh grphvwlf vdohv ydoxh +Sdyho 4<<<,1
Jlyhq wkh hvwlpdwlrqv e| Jruwrq hw do1 +wdeoh 4, wklv dsshduv wr eh ehorz
wkh uhdo ohyho ri glvwruwlrqv1 Dv zh dovr nqrz iurp suhylrxv h{shulphqwv/
dvvxplqj wkdw wkh ydoxh ri uhglvwulexwlrq htxdov 48 shufhqw ri wkh grphvwlf
vdohv ydoxh +zklfk fruuhvsrqgv wr (SVH ri 043 iru iduphuv, grhv qrw ohdg wr
dq ryhuhvwlpdwlrq ri wkh surwhfwlrq gxh wr pdunhw lpshuihfwlrqv1 Wkhuhiruh/
zh dvvxph wkdw=

eN8
s�% @ 3=48 � \ (�A�

8

Xvlqj wkh ydoxh iru q/ zh fdq qrz fdoleudwh wkh lqglylgxdo �up*v h{shqglwxuh
iru uhqw vhhnlqj +Ns�%c},1

716 Gdwd

Wkh prgho lv edvhg rq 4<<7 Qdwlrqdo Dffrxqwv gdwd lqfoxglqj dgmxvwphqwv
iru klgghq hfrqrp| dfwlylwlhv dqg surgxfwlrq ri vxevlvwhqfh irrg dffrxqwlqj
iru 59 shufhqw ri sulydwh irrg frqvxpswlrq +vhh RHFG 4<<9 ru QVL 4<<:

4:



iru d ghwdlohg ghvfulswlrq ri gdwd dqg phwkrgrorj|,1 Lq rughu wr dsso| wkh
ghyhorshg iudphzrun ri roljrsvrqlvwlf frpshwlwlrq wr wklv gdwd/ wzr pdmru
fkdqjhv duh qhfhvvdu|=

Iluvw/ vdohv dv zhoo dv ghpdqghg ydoxhv duh jlyhq rq surgxfhu sulfh ohyho
dqg wkhuhiruh h{foxgh wudgh pdujlqv1 Lqvwhdg/ pdujlqv ri doo frpprglwlhv
duh uhsruwhg dv vrog dqg ghpdqghg ydoxh lq d vhsdudwh wudghuv dffrxqw1 Df0
fruglqj wr wkh djjuhjdwlrq vfkhph xvhg iru wklv vwxg|/ wklv dffrxqw ehorqjv
wr qrq0irrg dfwlylwlhv1 Krzhyhu/ dv glvfxvvhg deryh/ uhwdlohuv udwkhu wkdq
surfhvvruv uhfhlyh wkh eljjhvw iudfwlrq ri uhqwv +vhh wdeoh 4,1 Vlqfh zh dovr
dvvxph wkdw irrg surfhvvruv pd{lpl}h sur�wv dqg vhw sulfh s@/ zh lqfoxgh
wudgh pdujlqv ri uhwdlohuv lqwr vdohv dqg ghpdqghg ydoxhv iru irrg dfwlylwlhv1
Zh gr wklv dgmxvwphqw e| dvvxplqj dq 4; shufhqw pdujlq rq irrg surgxfwv
dqg 63 shufhqw rq djulfxowxudo surgxfwv iru �qdo ghpdqg/ dqg 7 shufhqw
rq irrg surgxfwv dqg < shufhqw rq djulfxowxudo surgxfwv iru lqwhuphgldwh
ghpdqg 1

Vhfrqg/ vlqfh zh dvvxph wkdw sduw ri wkh wrwdo uhwxuq wr fdslwdo lq irrg
surgxfwlrq lv gxh wr �{hg frvwv ri uhqw vhhnlqj dfwlylwlhv/ zh hvwlpdwh wkh
uhwxuq iurp surgxfwlrq ri irrg +N8 , e| vxevwudfwlqj �{hg frvwv iurp wkh
wrwdo uhwxuq dv jlyhq e| wkh gdwd +N(�A�

8 ,=

N8 @ N(�A�
8 �

eN8
s�%

8 Srolf| vlpxodwlrqv

Lq wkh ehqfkpdun htxloleulxp/ erwk srolf| glvwruwlrqv fdxvhg e| wkh wd{hv
dqg wdul�v +wdeoh 5, dv zhoo dv roljrsvrqlvwlf frpshwlwlrq lq wkh irrg fkdlq
glvwruw wkh hfrqrp|1

wdeoh 5= ohyho ri srolf| glvwruwlrqv lq ehqfkpdun htxloleulxp

djulfxowxuh irrg qrq0irrg
lpsruw wdul�v

�
w
U�
�

�
815( 4916( 619(

frqvxpswlrq wd{ +� S�, 916( 5614( 4519(
vrxufh= rzq fdofxodwlrqv

Lq rxu h{shulphqwv zh vwxg| wkh sduwldo lpsdfw ri erwk nlqgv ri glv0
wruwlrqv rq surgxfwlrq dqg zhoiduh1 Wkhuhiruh/ zh vwduw zlwk h{foxglqj
srolf| glvwruwlrqv xqghu wkh suhvhqw ohyho ri lpshuihfw frpshwlwlrq1 Wkhq/
zh vlpxodwh shuihfw frpshwlwlrq xqghu wkh jlyhq ohyho ri srolf| glvwruwlrqv
e| holplqdwlqj roljrsvrqlvwlf frpshwlwlrq1 Lq rughu wr fdswxuh wkh ixoo sr0
whqwldo ri uhsodflqj doo nlqgv ri glvwruwlrqv/ zh uxq d wklug vlpxodwlrq zlwk
dq xq0glvwruwhg hfrqrp|1 H{shulphqwv duh gh�qhg dv=
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41 srolf|= olehudol}lqj iruhljq wudgh +wU�� @ 3, dqg uhsodflqj frqvxps0
wlrq wd{ udwhv e| frpprglw| +���

, zlwk d xqlirup udwh +��, hqiruflqj
d frqvwdqw uhdo ydoxh ri sxeolf h{shqglwxuh1 Iru wkh Exojduldq jryhuq0
phqw/ suhvvxuh iru uhiruplqj wkh wd{ v|vwhp dulvhv iurp wkh frxqwu|*v
dvsludwlrq wr mrlq wkh Hxurshdq Xqlrq dqg lv dovr pdlq ghpdqg ri lq0
whuqdwlrqdo dgylvruv vxfk dv Zruog Edqn dqg LPI +Erjhwlf dqg Ydujd
4<<8,/ zkhuhdv wdul� uhirup lv dovr hqirufhg e| lw*v ZWR phpehuvkls1

51 pdunhw= holplqdwlqj roljrsvrqlvwlf frpshwlwlrq lq wkh irrg fkdlq xq0
ghu suh0h{lvwlqj wd{ dqg wdul� udwhv e| vhwwlqj uhqw vhhnlqj h{shqgl0
wxuhv htxdo wr }hur +Ns�%c} @ 3,1 Zkloh wkh vwdqgdug suhvhqwdwlrq ri
lqfuhdvlqj uhwxuqv surylghg lq wkh olwhudwxuh +vhh iru lqvwdqfh Khospdq
dqg Nuxjpdq 4<;8, dvvxphv �{hg frvwv frpsrqhqwv wr eh d qdwx0
udo sduw ri surgxfwlrq +zklfk wkhq ohdgv wr �up ohyho vshfl�fdwlrq
dqg lpshuihfw frpshwlwlrq,/ wkh �{hg frvw frpsrqhqw Ns�%c} lq rxu
prgho lv lqwhusuhwhg dv uhqw vhhnlqj h{shqglwxuh iru nhhslqj dq lpshu0
ihfw pdunhw vwuxfwxuh/ dqg wkhuhiruh/ lw lv qrw qhfhvvdulo| qhhghg iru
surgxfwlrq1 Khqfh/ d srolf| dlplqj wr holplqdwh wkhvh pdunhw lpshu0
ihfwlrqv +l1h1 dqwl fruuxswlrq phdvxuhv, dovr holplqdwhv wkh srvvlelolw|
iru uhqw vhhnlqj ehkdylru dqg wkhuhiruh/ �upv duh qr orqjhu deoh wr
doorfdwh hfrqrplf uhvrxufhv wr wkhvh dfwlylwlhv1

61 wrwUhirup= frpelqhv vfhqdulrv 4 dqg 51

Iru doo wkuhh vfhqdulrv/ frqvxpswlrq wd{ udwh +��, dgmxvwv vxfk wkdw wkh
uhdo ydoxh ri sxeolf h{shqglwxuhv uhpdlqv frqvwdqw1

814 Vlpxodwlrq uhvxowv

Uhvxowv iurp wkh srolf| vfhqdulr duh uhsruwhg lq Wdeoh 61 Wkh uhvxowv vkrzv
qr vljql�fdqw jdlqv lq zhoiduh dqg d vpdoo ghfolqh lq wkh orqj uxq JGS ri
rqh shufhqw1 Krzhyhu/ zkhq roljrsvrqlvwlf frpshwlwlrq lv uhpryhg/ zhoiduh
lqfuhdvhv e| 8 shufhqw lq wkh pdunhw vfhqdulr dqg JGS e| 715 shufhqw dw
wkh qhz vwhdg| vwdwh ohyho1 Frpelqlqj erwk vfhqdulrv/ wkdw lv vlpxodwlqj
d frpsohwho| xq0glvwruwhg hfrqrp|/ ohdgv wr d voljkwo| orzhu orqj uxq ohyho
ri JGS wkdq xqghu wkh pdunhw vfhqdulr dqg d zhoiduh lqfuhdvh ri derxw
814 shufhqw1 Wkhvh �uvw uhvxowv vxjjhvw wkdw wkh prgho lv deoh wr uhsolfdwh
wkh vwdjqdwlrq ri JGS diwhu pdunhw olehudol}dwlrq1 Wkh uhvxowv vxjjhvw wkdw
jlyhq qrqfrpshwlwlyh ehkdylru ri vrph djhqwv lq wkh hfrqrp|/ wkh uhgxfwlrq
ri srolf| glvwruwlrqv grhv qrw qhfhvvdulo| ohdg wr d vljql�fdqw lpsuryhphqw
lq zhoiduh1 Lqvwhdg/ wkh uhvxowv vkrz wkdw wkh sulfh vhwwlqj ehkdylru ri irrg
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surfhvvruv dqg wudghuv kdv vwurqj lpsolfdwlrqv iru wkh hfrqrp| dv d zkroh1
Wkh ehkdylru ohdglqj wr wkhvh uhvxowv lv ghvfulehg ehorz1

wdeoh 6= zhoiduh dqg orqj uxq JGS +shufhqw ghyldwlrq iurp edvh ydoxhv,

srolf| pdunhw wrwUhirup
zhoiduh- 3 ;1; <14
JGS +orqj uxq, 031; 916 81;

- phdvxuhg dv htxlydohqw yduldwlrq lq uhsuhvhqwdwlyh frqvxphu*v lqfrph

Iljxuh 4 vkrzv JGS/ frqvxpswlrq lqyhvwphqw dqg fdslwdo xqghu wkh
wkuhh vfhqdulrv1 Sulfhv iru irrg dqg lqlwldo sulfhv iru qrqirrg ghfolqh zkhq
wdul�v duh fdqfhohg lq wkh srolf| vfhqdulr +�jxuh 5,1 Vlqfh frqvxphuv glv0
frxqw ixwxuh frqvxpswlrq/ lw fdxvhv frqvxpswlrq jurzv udslgo| lq wkh hduo|
shulrgv1 Ryhu wlph/ frqvxpswlrq ghfuhdvhv dqg wkh qhz vwhdg| vwdwh ohyho lv
ehorz wkh ehqfkpdun1 Iru wkh hqwluh prgho krul}rq/ lqyhvwphqw dqg fdslwdo
duh ehorz wkh lqlwldo ohyho/ lqglfdwlqj wkdw wkh �olehudol}hg� hfrqrp| uhtxluhv
d vpdoohu fdslwdo vwrfn1 Wkxv/ wklv vfhqdulr grhv qrw ohdg wr d vljql�fdqw
lqfuhdvh lq zhoiduh1 Pruhryhu/ JGS dovr ghfuhdvhv/ |hw wr d vpdoo h{whqg
+31; shufhqw,1 Krzhyhu/ zkhq wkh uhirup irfxvhv rq holplqdwlqj lpshuihfw
frpshwlwlrq +pdunhw,/ zh revhuyh d odujh lqfrph h�hfw1 Frqvxpswlrq jurzv
pruh udslgo| +�jxuh 4, dqg uhpdlqv uhodwlyho| frqvwdqw rq wkh qhz ohyho lq0
glfdwlqj wkh srvlwlyh h�hfw ri lqfuhdvlqj frpshwlwlrq rq wkh uhsuhvhqwdwlyh
frqvxphuv* �uhdo� lqfrph1 Fruuhvsrqglqj wr wkh jurzlqj JGS/ lqyhvwphqw
dqg wkh fdslwdo vwrfn dovr lqfuhdvh vljql�fdqwo|1

Zlwk wkh lqlwldo idoo lq sulfhv xqghu wkh srolf| vfhqdulr/ qrqirrg rxwsxw
ghfuhdvhv dqg djulfxowxudo rxwsxw uhpdlqv doprvw frqvwdqw/ zkhuhdv irrg
surfhvvruv lqfuhdvh surgxfwlrq e| derxw < shufhqw +�jxuh 6,1 Irrg surg0
xfwv kdyh wkh kljkhvw lqlwldo wdul� udwh1 Fdqfholqj wkhvh wdul�v lq wkh srolf|
vfhqdulr uhgxfhv wkh sulfh ri pdunhwhg irrg1 Zlwk wkh orzhu sulfh/ irrg
surfhvvruv lqfuhdvh wkhlu h{sruwv e| doprvw 53 shufhqw1 Wkhuhiruh/ irrg sur0
gxfwlrq udlvhv/ dowkrxjk sulfhv duh ehorz wkh lqlwldo ohyho1 Krzhyhu/ djulfxo0
wxudo surgxfwlrq grhv qrw pdwfk wkh h{sdqvlrq ri irrg surgxfwlrq1 Lqvwhdg/
irrg surfhvvruv phhw wkhlu lqfuhdvlqj ghpdqg iru lqwhuphgldwh lqsxwv e|
h{sdqglqj lpsruwv +�jxuh 7,1

Wkh vkliw wr shuihfw frpshwlwlrq +pdunhw, kdv d vljql�fdqw lpsdfw rq
wkh sulfh iru djulfxowxudo rxwsxw vlqfh lw lv qr orqjhu frq�qhg wr grphvwlf
irrg surfhvvruv1 Wklv idyruv surgxfwlrq ri djulfxowxudo udz surgxfwv dqg
uhgxfhv lqfhqwlyhv iru surgxflqj vxevlvwhqfh irrg1 Zlwk ghfolqlqj dprxqw
ri vxevlvwhqfh surgxfwlrq/ fruuhvsrqglqj sulfhv lqfuhdvh uhodwlyh wr pdunhwhg
irrg sulfhv1 Wklv fkdqjh lq sulfh udwlr vkliwv frqvxphuv* ghpdqg wrzdugv
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pdunhwhg irrg zkhuh sulfhv jr grzq zlwk lqfuhdvlqj ghpdqg1 Dgglwlrqdoo|/
ghfuhdvlqj irrg sulfhv h{sdqg irrg h{sruwv +�jxuh 7,/ krzhyhu wr d orzhu
h{whqg wkdq xqghu wkh srolf| vfhqdulr1

Wkh vwurqj uhdfwlrqv ri wkh prgho rq vkrfnv lqwurgxfhg lq rxu vfhqdu0
lrv lqglfdwh wkdw wkh hfrqrp| lv lqlwldoo| yhu| glvwruwhg1 Wkh uhgxfwlrq ri
glvwruwlrqv +sduwldoo| ru frpsohwho|, uhgxfhv rxwsxw ri qrqirrg vljql�fdqwo|1
Ixuwkhupruh/ fdqfholqj doo glvwruwlrqv lqfuhdvhv wkh sulfh ri oderu uhodwlyh wr
wkh uhqwdo udwh ri fdslwdo +�jxuh 8,1 Wkhuhiruh/ iurp wkh Vwroshu0Vdpxhovrq
wkhruhp/ wkh hfrqrp| kdv d frpsdudwlyh dgydqwdjh lq oderu lqwhqvlyh +djul0
fxowxuh,/ udwkhu wkdq lq fdslwdo lqfhqwlyh +qrqirrg, surgxfwlrq1 Iru wkh
irrg vhfwru krzhyhu/ h�hfwv duh dpeljxrxv1 Surgxfwlrq ri irrg kdv wkh
kljkhvw fdslwdo lqwhqvlw|/ dqg wkhuhiruh/ wkh hfrqrp| kdv qr frpsdudwlyh
dgydqwdjh lq irrg surgxfwlrq1 Rq wkh rwkhu kdqg/ lqfuhdvlqj irrg sur0
gxfwlrq uhgxfhv surgxfwlrq ri vxevlvwhqfh irrg/ dqg uhvrxufhv duh xvhg lq
surgxfwlrq ri djulfxowxudo udz surgxfwv/ zkhuh wkh hfrqrp| kdv d frpsdu0
dwlyh dgydqwdjh1 Kdylqj wklv lq plqg/ zh fdq h{sodlq wkh uhgxfwlrq ri JGS
dqg wkh lqvljql�fdqw zhoiduh jdlqv iurp wkh uhprydo ri srolf| glvwruwlrqv1
Dowkrxjk wklv srolf| uhgxfhv wkh surgxfwlrq ri qrqirrg surgxfwv dqg lq0
fuhdvhv irrg surgxfwlrq/ irrg surfhvvruv duh vwloo deoh wr vhw wkh sulfh iru
udz surgxfwv1 Wkhuhiruh/ wkh lqfuhdvlqj surgxfwlrq ri irrg lq wkh srolf|
vfhqdulr kdv doprvw qr lpsdfw rq djulfxowxudo surgxfwlrq vlqfh irrg sur0
fhvvruv vlpso| lqfuhdvh ghpdqg iru lpsruwv rq wkh edvlv ri wkh sulfh wkh|
vhw iru pd{lpl}lqj sur�wv1 Vlqfh d vljql�fdqw lpsuryhphqw lq zhoiduh fdq
rqo| eh h{shfwhg iurp srolflhv/ zklfk doorfdwh uhvrxufhv wr dfwlylwlhv zkhuh
wkh hfrqrp| kdv d frpsdudwlyh dgydqwdjh +djulfxowxuh,/ zh gr qrw revhuyh
vxfk dq lpsuryhphqw dv orqj dv d srolf| uhirup vlpso| irfxv rq uhprylqj
wdul� dqg wd{ glvwruwlrqv1 Lq rxu prgho krzhyhu/ wklv lv rqo| srvvleoh li
wkh roljrsvrqlvwlf pdunhw srzhu ri irrg surfhvvruv lv uhpryhg dqg kljkhu
uhodwlyh sulfhv jlyh dq lqfhqwlyh iru vhoolqj djulfxowxudo udz surgxfwv rq wkh
pdunhw1

9 Frqfoxvlrqv

Lq wklv sdshu zh surylgh d irupdo h{sodqdwlrq ri zk| vrph wudqvlwlrq hfrqrplhv
lq Fhqwudo dqg Hdvwhuq Hxursh vhhp wr vwdjqdwh dw d orz ohyho ri hfrqrplf
shuirupdqfh1 Zh dujxh wkdw wkh qhz htxloleulxp/ zklfk wkhvh hfrqrplhv
kdyh dfklhyhg zlwklq wkhlu wudqvlwlrq/ lv qrw d frpshwlwlyh rqh1 Wkhuhiruh/
zh ghyhors d g|qdplf jhqhudo htxloleulxp prgho/ zkhuh qrqfrpshwlwlyh
lqgxvwulhv kdyh roljrsvrqlvwlf pdunhw srzhu ryhu wkhlu lqwhuphgldwhv1 Zh
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dsso| wklv prgho wr wkh fdvh ri Exojduld/ zkhuh zh irxqg hylghqfh iru wkh
h{lvwhqfh ri vxfk nlqg ri qrqfrpshwlwlyh ehkdylru ri irrg surfhvvruv1 Xvlqj
wklv dssolfdwlrq/ zh vlpxodwh wzr vkrfnv/ wkh uhprydo ri doo sulfh glvwruwlrqv
fdxvhg e| srolf| dqg wkh holplqdwlrq ri roljrsvrqlvwlf frpshwlwlrq1 Rxu
uhvxowv vkrz wkdw wkh Exojduldq hfrqrp| lv lqlwldoo| yhu| glvwruwhg1 Wkhvh
glvwruwlrqv sxvk uhvrxufhv rxw ri dfwlylwlhv zkhuh wkh hfrqrp| kdv d frpsdu0
dwlyh dgydqwdjh1 Uhvxowv dovr vkrz wkdw rqo| wkh uhgxfwlrq ri roljrsvrqlvwlf
frpshwlwlrq ohdgv wr d vljql�fdqw lpsuryhphqw lq wkh doorfdwlrq ri uhvrxufhv
dqg wkxv/ wr d srvlwlyh h�hfw rq zhoiduh1 Ixuwkhupruh/ zh irxqg wkdw iru wkh
jlyhq ohyho ri srolf| glvwruwlrqv/ wkhuh lv doprvw qr lpsdfw ri olehudol}dwlrq
rq zhoiduh dqg jurzwk1 Zh h{sodlq wklv e| wkh ehkdylru ri roljrsvrqlvwlf
frpshwlwruv zkr duh deoh wr vhw d orz sulfh iru lqwhuphgldwhv1 Zlwk wklv
sudfwlfh ehlqj nhsw lq d olehudol}hg hfrqrp|/ wkhuh zloo eh qr sulfh lqfhq0
wlyh rq surgxfwlrq iru wkh vhfwru wkdw vx�huv xqghu pdunhw lpshuihfwlrq dqg
wkxv/ dq h!flhqw doorfdwlrq ri uhvrxufhv fdq qrw eh dfklhyhg1

Rxu prgho surylghv dq lghd derxw wkh sulrulw| ri gl�huhqw dvshfwv ri
uhirup srolflhv edvhg rq d irupdo iudphzrun1 Krzhyhu/ iru d pruh ds0
sursuldwh frqvlghudwlrq ri g|qdplf jdlqv iurp olehudol}dwlrq/ dq dgglwlrqdo
vfhqdulr vkrxog vlpxodwh wkh olehudol}dwlrq ri wkh fdslwdo dffrxqw +vhh Gldr
hw do1 4<<:/ Nhxvfkqljj dqg Nrkohu 4<<:,1 Ixuwkhupruh/ iru wkh glvfxvvlrq
ri lpsolfdwlrqv rq hfrqrplf jurzwk/ dq h{whqvlrq ri wkh prgho fdq irfxv rq
wkh lvvxh ri zkr uhfhlyhv wkh ehqh�wv iurp uhqw vhhnlqj1 Wzr fdvhv frph
wr plqg= rqh/ zkhuh wkh uhqwv iurp uhqw vhhnlqj ohdyh wkh frxqwu|/ pd|eh
ehfdxvh wkh| duh ghsrvlwhg rq d iruhljq edqn dffrxqw/ dqg wkh rwkhu/ zkhuh
wkh uhqwv duh nhsw lq wkh hfrqrp|/ dv zh dvvxph lq wkh suhvhqw prgho1

Iurp d srolf| pdnhu*v srlqw ri ylhz/ rxu uhvxowv hpskdvl}h wkdw iru wkh
fdvh ri Exojduld/ lpsurylqj zhoiduh dqg h!flhqf| uhtxluhv d pxfk ghhshu uh0
irup wkdq mxvw fdqfholqj wd{ dqg wdul� glvwruwlrqv1 Lqvwhdg/ srolf| vkrxog ir0
fxv rq wkh holplqdwlrq ri qrqfrpshwlwlyh ehkdylru dqg pdunhw lpshuihfwlrqv1
Vrph srvvlelolwlhv ri krz wklv frxog eh dfklhyhg kdyh ehhq glvfxvvhg lq wkh
olwhudwxuh douhdg|1 Qruwk +4<;4, surylghv d jhqhudo lqwurgxfwlrq lqwr dqwl0
uhqw vhhnlqj lghrorj|1 Vkohlihu dqg Ylvkq| +4<<;, glvfxvv wklv lvvxh uhodwhg wr
wudqvlwlrq hfrqrplhv dqg vwuhqjwkhq wkh lpsruwdqfh ri surshuw| uljkwv sur0
whfwlrq1 Wkh Zruog Edqn +4<<:, vxjjhvwv frqfuhwh phdvxuhv iru wudqvlwlrq
hfrqrplhv vxfk dv h{shglwlqj sulydwl}dwlrq dqg oltxlgdwlrq ri vwdwh0rzqhg
hqwhusulvhv/ hvwdeolvklqj d vwdeoh hqdeolqj hqylurqphqw dqg lpsurylqj pdu0
nhw wudqvsduhqf|1 Zkdw rxu uhvxowv frqwulexwh wr wklv glvfxvvlrq lv wkdw wkh|
xqghuolqh wkh kljk lpsruwdqfh ri wklv dvshfw ri uhirup e| vkrzlqj wkdw lp0
surylqj zhoiduh dqg h!flhqf| dqg dfklhylqj srvlwlyh jurzwk udwhv uhtxluhv
d pruh vrsklvwlfdwhg uhirup sdfndjh wkdq mxvw holplqdwlqj wd{ dqg wdul�
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glvwruwlrqv1

Dfnqrzohgjhphqw 4 Wkh dxwkruv zrxog olnh wr wkdqn Whuu| O1 Urh dqg
Urgqh| Vplwk/ dqg sduwlflsdqwv ri wkh Hfrqrplf Ghyhorsphqw Fhqwhu Zrun0
vkrs/ Xqlyhuvlw| ri Plqqhvrwd/ iru yhu| xvhixo frpphqwv1 Sdyho judwhixoo|
dfnqrzohgjhv �qdqfldo vxssruw ri wkh Yronvzdjhq Irxqgdwlrq dqg wkh Jhu0
pdq Dfdghplf H{fkdqjh Vhuylfh +GDDG,1

Uhihuhqfhv

^4` Dvoxqg/ M1/ Errqh/ S1 dqg Mrkqvrq/ V1 +4<<9,1 Krz wr vwdelol}hB Ohvvrqv
iurp srvw0frppxqlvw Frxqwulhv1 Eurrnlqjv Sdshuv rq Hfrqrplf Dfwly0
lw|1 Eurrnlqjv Lqvwlwxwlrq1

^5` Eduur/ U1M1 dqg Vdod0l0Pduwlq/ [1 +4<<<,1 Hfrqrplf jurzwk1 Fdpeulgjh=
PLW Suhvv1

^6` Eodqfkdug/ R1 +4<<:,1 Wkh hfrqrplfv ri srvw frppxqlvw wudqvlwlrq1
R{irug= Foduhqgrq Suhvv1

^7` Erjhwlf/ ]1 dqg Ydujd/ M1 +4<<8,1 Wkh Lqwurgxfwlrq ri wkh ydoxh0dgghg
wd{ lq Exojduld1 Lq= Erjhwlf/ ]1 dqg D1 O1 Kloopdqq1 Ilqdqflqj Jryhuq0
phqw lq wudqvlwlrq= Exojduld1 Wkh Zruog Edqn1 Zdvklqjwrq/ G1F1

^8` Gdylgryd/ V1 +4<<7,1 Fkdqjhv lq djulfxowxudo srolflhv dqg uhvwuxfwxu0
lqj ri Exojduldq djulfxowxuh= dq ryhuylhz1 Lq= Vzlqqhq/ M1I1P1 +hg1,=
Srolf| dqg lqvwlwxwlrqdo Uhirup lq Fhqwudo Hxurshdq djulfxowxuh1 OL0
FRV Vwxglhv rq wkh wudqvlwlrq lq Fhqwudo dqg Hdvwhuq Hxursh/ Qr1 41
Doghuvkrw> Dyhexu|/ ss1 640::1

^9` Gh Phor/ P1/ Ghql}hu/ F1 dqg Jhoe/ D1 +4<<9,1 Sdwwhuqv ri wudqvlwlrq
iurp sodq wr pdunhw1 Wkh Zruog Edqn Hfrqrplf Uhylhz +Yro1 43,1

^:` Gldr/ [1/ Urh/ W1 dqg \hoghq/ H1 +4<<:,1 D vlpsoh g|qdplf dssolhg
jhqhudo htxloleulxp prgho ri dq rshq hfrqrp|= wudqvlwlrqdo g|qdplfv
dqg wudgh srolf|1 Mrxuqdo ri Hfrqrplf Ghyhorsphqw +Yro1 56,1

^;` Hxurshdq Frpplvvlrq1 +4<<:,1 Frpplvvlrq Rslqlrq rq Exojduld*v Ds0
solfdwlrq iru Phpehuvkls ri wkh Hxurshdq Xqlrq1 Euxvvhov1

^<` Ilvfkhu/ V1/ Vdkd|/ U1 dqg Yhjk/ F1D1 +4<<9,1 Vwdelol}dwlrq dqg Jurzwk
lq wudqvlwlrq Hfrqrplhv= wkh Hduo| H{shulhqfh1 Mrxuqdo ri Hfrqrplf
Shuvshfwlyhv +Yro1 43,1
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^43` Jruwrq/ P1/ Exfnzhoo/ D1 dqg Gdylgryd/ V1 +4<<<,1 Wudqvihuv dqg Glv0
wruwlrqv dorqj FHHF Irrg vxsso| fkdlqv1 Zrunlqj Sdshu 523<1 Xqlyhu0
vlw| ri Orqgrq/ Z|h Froohjh1

^44` Jxogh/ D10P1 +4<<<,1 Wkh Uroh ri wkh Fxuuhqf| Erdug lq Exojduld*v
Vwdelol}dwlrq1 LPI Srolf| Glvfxvvlrq Sdshu1 Zdvklqjwrq/ G1F1

^45` Khospdq/ H1 dqg Nuxjpdq/ S1 +4<;8,1 Pdunhw vwuxfwxuh dqg iruhljq
Wudgh1 Fdpeulgjh= PLW Suhvv1

^46` Khuqdqgh}0Fdwd/ H1 +4<<:,1 Olehudol}dwlrq dqg wkh Ehkdylru ri Rxw0
sxw gxulqj wkh wudqvlwlrq iurp sodq wr pdunhw1 LPI Zrunlqj Sdshu/
Zdvklqjwrq/ G1F1

^47` Lydqryd/ Q1/ Olqjdug/ M1/ Exfnzhoo/ D1 dqg Exuuhoo/ D1 +4<<8,1 Lpsdfw
ri fkdqjhv lq djulfxowxudo srolf| rq wkh djur0irrg fkdlq lq Exojduld1
Hxurshdq Uhylhz ri Djulfxowxudo Hfrqrplfv +Yro1 55,1

^48` Nhkrh/ S1 M1 dqg Nhkrh/ W1 M1 +4<<7,1 D Sulphu rq vwdwlf dssolhg jhqhudo
htxloleulxp prghov1 Ihghudo Uhvhuyh Edqn ri Plqqhdsrolv Txduwhuo|
Uhylhz1 Yroxph 4;/ Qr1 41

^49` Nhxvfkqljj/ F1 dqg Nrkohu/ Z1 +4<<:,1 G|qdplfv ri wudgh olehudol}d0
wlrq1 Lq= Iudqfrlv/ M1I1 dqg Uhlqhuw/ N1D1 Dssolhg phwkrgv iru wudgh
srolf| dqdo|vlv 0 d kdqgerrn1 Fdpeulgjh= Xqlyhuvlw| Suhvv1

^4:` Qruwk/ G1F1 +4<;4,1 Vwuxfwxuh dqg fkdqjh lq hfrqrplf klvwru|1 Qhz
\run= Qruwrq1

^4;` QVL +Qdwlrqdo Vwdwlvwlfdo Lqvwlwxwh ri Exojduld,1 +4<<:,1 Pdlq pdfurh0
frqrplf lqglfdwruv1 Vr�d1

^4<` Revwihog/ P1 dqg Urjr�/ N1 +4<<;,1 Irxqgdwlrqv ri lqwhuqdwlrqdo
pdfurhfrqrplfv1 Fdpeulgjh= PLW Suhvv1

^53` RHFG1 +4<<9,1 Qdwlrqdo Dffrxqwv iru Exojduld1 Vrxufhv/ Phwkrgv dqg
Hvwlpdwhv1 Sdulv1

^54` Sdyho/ I1 +4<<<,1 Uhgxflqj srolf| dqg pdunhw glvwruwlrqv lq wudqvlwlrq 0
Wkh fdvh ri wkh djul0irrg fkdlq lq Exojduld1 Zrunlqj Sdshu1 Kxperogw
Xqlyhuvlw| ri Ehuolq +zzz1ndwr0surmhnw1gh,1

^55` Vkohlihu/ D1 dqg Ylvkq|/ U1Z1 +4<<;,1 Wkh Judeelqj Kdqg1 Jryhuqphqw
Sdwkrorjlhv dqg wkhlu Fxuhv1 Fdpeulgjh= Kduydug Xqlyhuvlw| Suhvv1
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^56` Vkryhq/ M1 E1 dqg Zkdooh|/ M1 +4<;7,1 Dssolhg jhqhudo0htxloleulxp prg0
hov ri wd{dwlrq dqg lqwhuqdwlrqdo wudgh1 Wkh Mrxuqdo ri Hfrqrplf Olwhu0
dwxuh +55,1

^57` Vulqlydvdq/ W1Q1 dqg Zkdooh|/ M1 +4<;9,1 Jhqhudo htxloleulxp wudgh sro0
lf| prgholqj1 Fdpeulgjh= PLW Suhvv1

^58` Vzlqqhq/ M1I1P1 +4<<:,1 Rq srolf| lqgxfhg wudqvihuv gxulqj hfrqrplf
wudqvlwlrq= Wkh fdvh ri wkh zkhdw0 rxu0euhdg fkdlq lq Exojduld1 Srolf|
Uhvhdufk Jurxs> Zrunlqj Sdshu Qr1 61

^59` Wkh Zruog Edqn1 +4<<:,1 Wkh djuduldq hfrqrplhv ri Fhqwudo dqg Hdvw0
huq Hxursh dqg wkh Frpprqzhdowk ri Lqghshqghqw Vwdwhv/ Vlwxdwlrq
dqg Shuvshfwlyhv/ Zruog Edqn Glvfxvvlrq Sdshu Qr1 6;:1 Zdvklqjwrq/
G1F1

^5:` Wluroh/ M1 +4<;;,1 Wkh wkhru| ri lqgxvwuldo Rujdql}dwlrq1 Fdpeulgjh=
PLW Suhvv1
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source: own calculations

Figure 1: GDP, capital stock, consumption and investment (deviation in percent)
BENCH is the benchmark steady state (equals one for all t)
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source: own calculations

Figure 2: output price of agriculture, nonfood, subsistence food and marketed food (deviation in percent)
BENCH is the benchmark steady state (equals one for all t)
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source: own calculations

Figure 3: output of agriculture, food and nonfood (deviation in percent)
BENCH is the benchmark steady state (equals one for all t)
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source: own calculations

Figure 4: Imports of agricultural products; exports of food products (deviation in percent)
BENCH is the benchmark steady state (equals one for all t)
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source: own calculations

Figure 5: wage rate, rental rate of capital and wage rate / rental rate of capital (deviations in percent)
BENCH is the benchmark steady state (equals one for all t)
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