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Abstract: 

This paper questions whether food exports to a given market are impacted by the implantation 

of a domestic retailer in the country concerned. To answer this question, we consider an 

empirical trade model based on gravity. We tested our model with data on bilateral exports on 

a large panel of countries and the foreign sales of world's one hundred largest retail 

companies for the decade 2001-2010. We found a strong positive effect of the overseas 

presence of retailers from a given country on its exports to those markets. This outcome is far 

from trivial, as most products sold in retailers' foreign outlets are produced locally. It testifies 

to the fact that the presence of a country's retail companies overseas contributes to reducing 

trade costs towards these markets for other firms from the same country of origin. Our result 

is robust to different specifications, the use of different sets of instrumental variables and 

econometric approaches. 

 
 

Keywords: International Trade, Multinational Retailers. 

 

 

JEL classification codes: F10, F12, F14, F23. 

 



✶ ■♥#$♦❞✉❝#✐♦♥

❘❡"❛✐❧ &❛❧❡& ✐♥ ❡♠❡)❣✐♥❣ ❝♦✉♥")✐❡& ❤❛✈❡ ✐♥❝)❡❛&❡❞ &")✐❦✐♥❣❧② &✐♥❝❡ "❤❡ ❡♥❞ ♦❢ "❤❡ ✷✵"❤ ❝❡♥"✉)②✳ ❋♦)

❡①❛♠♣❧❡✱ ❜❡"✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✶✵✱ "♦"❛❧ )❡"❛✐❧ &❛❧❡& ♦❢ ❣)♦❝❡)② ♣)♦❞✉❝"& ♦♥ "❤❡ ❈❤✐♥❡&❡ ♠❛)❦❡"

❣)❡✇ ❢)♦♠ ✸ "♦ ✸✺ ❜✐❧❧✐♦♥ ❯❙ ❞♦❧❧❛)&✱ ❛♥❞ ❢)♦♠ ✾ "♦ ✸✸ ❜✐❧❧✐♦♥ ❯❙❉ ♦♥ "❤❡ ❇)❛③✐❧✐❛♥ ♠❛)❦❡"✳

❚❤✐& ♣❤❡♥♦♠❡♥♦♥ ✐& ❧✐❦❡❧② "♦ ♣❡)&✐&" &✐♥❝❡ "❤❡&❡ )❡"❛✐❧ ♠❛)❦❡"& ❛)❡ ❢❛) ❢)♦♠ ❜❡✐♥❣ &❛"✉)❛"❡❞ ✭❢♦)

❝♦♠♣❛)✐&♦♥✱ ❣)♦❝❡)② )❡"❛✐❧ &❛❧❡& ✐♥ ❋)❛♥❝❡ ❛♠♦✉♥" "♦ ❯❙❉ ✶✽✻ ❜✐❧❧✐♦♥✮✳ ❘❡"❛✐❧ &❛❧❡& ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❛♥❞

❡♠❡)❣✐♥❣ ❝♦✉♥")✐❡& ❛)❡ ❝♦♥❝❡♥")❛"❡❞ ✐♥ "❤❡ ❤❛♥❞& ♦❢ ❛ )❡❧❛"✐✈❡❧② &♠❛❧❧ ♥✉♠❜❡) ♦❢ ❢♦)❡✐❣♥ ❝♦♠♣❛♥✐❡&✱

❛❧❧ ❝❤❛)❛❝"❡)✐③❡❞ ❜② &")♦♥❣ ♦✈❡)&❡❛& ❡①♣❛♥&✐♦♥ ❞✉)✐♥❣ "❤❡ ❧❛&" ❞❡❝❛❞❡✳ ◆♦✇❛❞❛②& ✷✻✪ ♦❢ )❡"❛✐❧❡)&✬

&❛❧❡& ❛)❡ ♦♥ ❢♦)❡✐❣♥ ♠❛)❦❡"&✳

❚❤❡ ✐♥"❡)♥❛"✐♦♥❛❧✐③❛"✐♦♥ ♦❢ )❡"❛✐❧ ❝♦♠♣❛♥✐❡& ❝❛♥ &❤❛♣❡ ✐♥"❡)♥❛"✐♦♥❛❧ ")❛❞❡ ✐♥ ♠❛♥② ❞✐✛❡)❡♥"

✇❛②&✳ ■♥ "❤❡ ♣)❡&❡♥" ♣❛♣❡)✱ ✇❡ ❛♥❛❧②③❡ "♦ ✇❤❛" ❡①"❡♥" ❛ ❝♦✉♥")②✬& ❡①♣♦)"& ♦❢ ❢♦♦❞ ♣)♦❞✉❝"& "♦ ❛

&♣❡❝✐✜❝ ♠❛)❦❡" ❛)❡ ✐♠♣❛❝"❡❞ ❜② "❤❡ ❡♥")② ♦❢ ❞♦♠❡&"✐❝ )❡"❛✐❧❡)& ♦♥ "❤❛" ♠❛)❦❡"✳ ❲❡ &❤♦✇ "❤❛" "❤❡

♦✈❡)&❡❛& ❡①♣❛♥&✐♦♥ ♦❢ ❛ ❝♦✉♥")②✬& )❡"❛✐❧❡)& ❢♦&"❡)& ✐"& ❡①♣♦)"& "♦ "❤❡&❡ ❢♦)❡✐❣♥ ♠❛)❦❡"& ❜② )❡❞✉❝✐♥❣

")❛❞❡ ❝♦&"& ❢♦) "❤❡ ❝♦✉♥")② ♦❢ ♦)✐❣✐♥ ♦❢ "❤❡ &✉♣♣❧✐❡)& ❛♥❞ ❜② ♠♦❞✐❢②✐♥❣ ❝♦♥&✉♠❡) ♣)❡❢❡)❡♥❝❡& ✐♥ "❤❡

❤♦&" ❝♦✉♥")②✳

❚❤❡ ❡✛❡❝"& ♦❢ ♠✉❧"✐♥❛"✐♦♥❛❧ )❡"❛✐❧❡)& ♦♥ ✐♥"❡)♥❛"✐♦♥❛❧ ")❛❞❡ ❤❛✈❡ ♦♥❧② )❡❝❡♥"❧② ❜❡❡♥ ❡①♣❧♦)❡❞

✐♥ "❤❡ ❧✐"❡)❛"✉)❡ ❛♥❞ )❡❧❛"❡❞ ✇♦)❦& ❛)❡ &"✐❧❧ )❛)❡✳ ❍❡❛❞ ❡" ❛❧✳ ✭✷✵✶✵✮ ❛♥❛❧②③❡❞ ❤♦✇ "❤❡ ♣)❡&❡♥❝❡ ♦❢

♠✉❧"✐♥❛"✐♦♥❛❧ )❡"❛✐❧❡)& ✐♥✢✉❡♥❝❡& ❡①♣♦)"& ❢)♦♠ "❤❡ ❤♦&" ❝♦✉♥")②✳ ❚❤❡✐) ❛♥❛❧②&✐& ❞)❡✇ ♦♥ "❤❡ ❈❤✐♥❡&❡

❝✐"②✲❧❡✈❡❧ ❡①♣♦)"& ♦❢ )❡"❛✐❧ ❣♦♦❞& ❛♥❞ "❤❡ ❣❡♦❣)❛♣❤✐❝ ❡①♣❛♥&✐♦♥ ✭✐♥ ❈❤✐♥❛ ❛♥❞ ✇♦)❧❞✇✐❞❡✮ ♦❢ "❤❡

✇♦)❧❞✬& ❢♦✉) ❧❛)❣❡&" )❡"❛✐❧❡)&✳ ❚❤❡② ❢♦✉♥❞ ❡✈✐❞❡♥❝❡ ❢♦) ❛ ♣♦&✐"✐✈❡ ✐♠♣❛❝" ♦♥ "❤❡ ❡①♣♦)" ❝❛♣❛❜✐❧✐"✐❡&

♦❢ ❧♦❝❛❧ &✉♣♣❧✐❡)&✳ ◆♦)❞V& ❡" ❛❧✳ ✭✷✵✵✽✮ ✉&❡❞ ❛ ❝❛&❡ &"✉❞② ❛♥❛❧②&✐& "♦ &"✉❞② ❤♦✇ "❤❡ ❛))✐✈❛❧ ♦❢

♠✉❧"✐♥❛"✐♦♥❛❧ )❡"❛✐❧❡)& &❤❛♣❡& ❤♦&" ❝♦✉♥")② ❡①♣♦)"&✳ ❚❤❡② &❡♣❛)❛"❡❞ ❢♦♦❞ ❢)♦♠ ♥♦♥✲❢♦♦❞ ♣)♦❞✉❝"&

❛♥❞ ❝♦♥✜)♠❡❞ "❤❡ ❡①✐&"❡♥❝❡ ♦❢ ❛ ♣♦&✐"✐✈❡ ❡✛❡❝" ♦♥ ❤♦&" ❝♦✉♥")② ❡①♣♦)"& "♦ "❤❡ )❡"❛✐❧❡)&✬ ❝♦✉♥")② ♦❢

♦)✐❣✐♥✳

❖✉) ✇♦)❦ ✐& ❝❧♦&❡❧② ❧✐♥❦❡❞ "♦ "❤❡ )❡❝❡♥" &")❛♥❞ ♦❢ ✐♥"❡)♥❛"✐♦♥❛❧ ")❛❞❡ ❧✐"❡)❛"✉)❡ ❡✈❛❧✉❛"✐♥❣ "❤❡

)♦❧❡ ♦❢ ✐♥"❡)♠❡❞✐❛)✐❡& ✭❆♥")Y& ❛♥❞ ❈♦&"✐♥♦"✱ ✷✵✶✵❀ ❇❡)♥❛)❞ ❡" ❛❧✳✱ ✷✵✶✵❀ ❇❧✉♠ ❡" ❛❧✳✱ ✷✵✶✵❀ ❆❤♥

❡" ❛❧✳✱ ✷✵✶✶❀ ❆♥")Y& ❛♥❞ ❈♦&"✐♥♦"✱ ✷✵✶✶❀ ❈)♦③❡" ❡" ❛❧✳✱ ✷✵✶✵✮✳ ■" ✐& ✐♠♣♦)"❛♥" "♦ ♥♦"❡ "❤❛" ♠♦&" ♦❢

"❤❡&❡ ✇♦)❦& )❡❢❡) "♦ ✇❤♦❧❡&❛❧❡ ❝♦♠♣❛♥✐❡&✱ ❛❧"❤♦✉❣❤ "❤❡ "❡)♠ ✏)❡"❛✐❧❡)✑ ✐& ❛❧&♦ ❡♠♣❧♦②❡❞✳ ❲❤❡)❡❛&

"❤✐& ❧✐"❡)❛"✉)❡ )❡❣❛)❞& )❡"❛✐❧❡)& ❛& ")❛❞❡ ✐♥"❡)♠❡❞✐❛)✐❡&✱ "❤❡✐) ")❛❞❡ ♣❛""❡)♥& ❞✐✛❡) &✐❣♥✐✜❝❛♥"❧② ❢)♦♠

"❤♦&❡ ♦❢ ✇❤♦❧❡&❛❧❡)&✳ ❯♥❧✐❦❡ ✇❤♦❧❡&❛❧❡)&✱ )❡"❛✐❧ ❝♦♠♣❛♥✐❡& ❛)❡ ♥♦" &♣❡❝✐❛❧✐③❡❞ ✐♥ ")❛❞❡✱ ❜✉" ❛✐♠ "♦

&❡❧❧ ✜♥❛❧ ❣♦♦❞& "♦ ❝♦♥&✉♠❡)&✳ ❚❤✐& ❛❝"✐✈✐"② ♠❛② ❧❡❛❞ "❤❡♠ "♦ )❡&❤❛♣❡ ✐♥"❡)♥❛"✐♦♥❛❧ ")❛❞❡ ❞✐)❡❝"❧② ♦)

✷



✐♥❞✐#❡❝&❧②✳ ❈♦♥,❡-✉❡♥&❧②✱ &❤❡ ❞✐✛❡#❡♥& ♠♦❞❡❧, ❛♥❞ ❝♦♥❝❧✉,✐♦♥, ❞#❛✇♥ ❜② &❤❡ ❧✐&❡#❛&✉#❡ &❤❛& ♠❛✐♥❧②

❞❡❛❧, ✇✐&❤ ✇❤♦❧❡,❛❧❡#, ❞♦ ♥♦& ❛♣♣❧② &♦ #❡&❛✐❧❡#, &♦ &❤❡ ,❛♠❡ ❡①&❡♥&✳ ▼♦#❡ ❜#♦❛❞❧②✱ ♦✉# ♣❛♣❡# ✐, ❛❧,♦

#❡❧❛&❡❞ &♦ #❡,❡❛#❝❤ ✐♥ &❤❡ ✜❡❧❞ ♦❢ ❢♦#❡✐❣♥ ❞✐#❡❝& ✐♥✈❡,&♠❡♥& ✭❋❉■✮✳ ❆ #❡❝❡♥& ,&#❛♥❞ ♦❢ &❤✐, ❧✐&❡#❛&✉#❡

✐♥✈❡,&✐❣❛&❡, &❤❡ ✐♥&❡#♥❛&✐♦♥❛❧✐③❛&✐♦♥ ♦❢ ♠❛❥♦# ✇♦#❧❞ #❡&❛✐❧❡#, ❛♥❞ ❡①&#❛♣♦❧❛&❡, &❤❡ ❝❧❛,,✐❝❛❧ #❡,✉❧&,

&♦ &❤❡ #❡&❛✐❧ ,❡❝&♦# ✭❏❛✈♦#❝✐❦ ❛♥❞ ▲✐✱ ✷✵✵✽❀ ❏❛✈♦#❝✐❦ ❡& ❛❧✳✱ ✷✵✵✽❀ ■❛❝♦✈♦♥❡ ❡& ❛❧✳✱ ✷✵✶✶✮✳

❚❤❡ ❝✉##❡♥& ♣❛♣❡# -✉❡,&✐♦♥, &❤❡ ❡①✐,&❡♥❝❡ ♦❢ ❝❛✉,❛❧✐&② ❜❡&✇❡❡♥ &❤❡ ❡①♣❛♥,✐♦♥ ♦❢ #❡&❛✐❧❡#,✬ ❛❝&✐✈✲

✐&✐❡, ❜❡②♦♥❞ &❤❡✐# ❞♦♠❡,&✐❝ ♠❛#❦❡& ❛♥❞ ❡①♣♦#&, ❢#♦♠ &❤❡✐# ❝♦✉♥&#✐❡, ♦❢ ♦#✐❣✐♥ ✐♥ &❤❡ ❢♦♦❞ ,❡❝&♦#✳ ❲❡

✐♥✈❡,&✐❣❛&❡ &❤✐, #❡❧❛&✐♦♥,❤✐♣ ❡♠♣✐#✐❝❛❧❧② ✉,✐♥❣ ❞❛&❛ ♦♥ ❜✐❧❛&❡#❛❧ ❡①♣♦#&, ❢♦# ❛ ❧❛#❣❡ ♣❛♥❡❧ ♦❢ ❝♦✉♥&#✐❡,

❛♥❞ ❞❛&❛ ♦♥ &❤❡ ,❛❧❡, ♦❢ &❤❡ &♦♣ ✶✵✵ ✇♦#❧❞✬, #❡&❛✐❧❡#, ❞✉#✐♥❣ &❤❡ ❞❡❝❛❞❡ ✷✵✵✵✲✷✵✶✵✳ ❲❡ #❡,&#✐❝& ♦✉#

❛♥❛❧②,✐, &♦ ❢♦♦❞ &#❛❞❡✱ ❛, &❤❡,❡ ♣#♦❞✉❝&, ❛#❡ &❤❡ ♠❛✐♥ ❣♦♦❞, ,♦❧❞ ✐♥ ,✉♣❡#♠❛#❦❡&,✳ ❚❤❡ ❝♦♥&#✐❜✉✲

&✐♦♥ ♦❢ &❤❡ ♣❛♣❡# ✐, &❤#❡❡❢♦❧❞✳ ❋✐#,&✱ ✇❡ ❛,❦ ❛♥❞ ❛♥,✇❡# ❛ ♥❡✇ -✉❡,&✐♦♥ &❤❛&✱ &♦ ♦✉# ❦♥♦✇❧❡❞❣❡✱

❤❛, ♥♦& ❜❡❡♥ #❛✐,❡❞ ✐♥ &❤❡ ❧✐&❡#❛&✉#❡ &♦ ❞❛&❡✳ ❙❡❝♦♥❞❧②✱ ✇❡ ✉,❡ ❛♥ ♦#✐❣✐♥❛❧ ❞❛&❛,❡& ♦❢ #❡&❛✐❧ ,❛❧❡, ♦❢

❣#♦❝❡#② ♣#♦❞✉❝&, ❞✐,❛❣❣#❡❣❛&❡❞ ❜② &❤❡ ❝♦✉♥&#② ♦❢ ,❛❧❡, ❛♥❞ ❜② &❤❡ ♥❛&✐♦♥❛❧✐&② ♦❢ #❡&❛✐❧❡#,✳ ❚❤✐#❞✱

✇❡ ♣#♦♣♦,❡ ❛♥ ♦#✐❣✐♥❛❧ ✐♥,&#✉♠❡♥&❛❧ ✈❛#✐❛❜❧❡ ❛♣♣#♦❛❝❤ &♦ ❝♦♥&#♦❧ ❢♦# &❤❡ ❡♥❞♦❣❡♥❡✐&② ❜✐❛, ✐♥❞✉❝❡❞

❜② &❤❡ ❢❛❝& &❤❛& ❜♦&❤ ❜✐❧❛&❡#❛❧ ❡①♣♦#&, ❛♥❞ #❡&❛✐❧❡#,✬ ,❛❧❡, ,❤❛#❡ ❛ ♥✉♠❜❡# ♦❢ ❝♦♠♠♦♥ ♦❜,❡#✈❡❞ ❛♥❞

♥♦♥✲♦❜,❡#✈❡❞ ❢❛❝&♦#,✳ ❲❡ ❝♦♠♣❛#❡ &❤❡ &#❛❞✐&✐♦♥❛❧ ✐♥,&#✉♠❡♥&❛❧✲✈❛#✐❛❜❧❡, ❛♣♣#♦❛❝❤ ✉,❡❞ ✐♥ ♠♦,& ♦❢

&❤❡ ❡♠♣✐#✐❝❛❧ &#❛❞❡ ❧✐&❡#❛&✉#❡ ✇✐&❤ &❤❡ ❛♣♣#♦❛❝❤ ,✉❣❣❡,&❡❞ ❜② ❲♦♦❧❞#✐❞❣❡ ✭✷✵✵✶✱ ✷✵✶✵✮✱ ✇❤✐❝❤ #❡❧✐❡,
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❢♦#❡✐❣♥ ,❛❧❡, ❝♦♥,✐,& ♦❢ ❧♦❝❛❧❧② ♣#♦❞✉❝❡❞ ❣♦♦❞,✳ ■& ,✉❣❣❡,&, &❤❛& &❤❡ ❞②♥❛♠✐❝, ♦❢ ✐♥&❡#♥❛&✐♦♥❛❧

#❡&❛✐❧ ❝♦♠♣❛♥✐❡, ❝♦♥,&✐&✉&❡, ❛ ❝♦♠♣❡&✐&✐✈❡ ❛❞✈❛♥&❛❣❡ ❢♦# ❞♦♠❡,&✐❝ ❢♦♦❞ ✐♥❞✉,&#✐❡,✳ ❚❤✐, ❝♦♥❝❧✉,✐♦♥

♠✐&✐❣❛&❡, &❤❡ ❝❧❛,,✐❝❛❧ ❝#✐&✐❝✐,♠ ♦❢ &❤❡ #❡&❛✐❧ ,❡❝&♦# ❝♦♥❝❡#♥✐♥❣ &❤❡ ♣#❡,,✉#❡ ♦♥ &❤❡✐# ,✉♣♣❧✐❡#, ❛♥❞
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&❤❡ ✇♦#❧❞✬, ❧❛#❣❡,& #❡&❛✐❧ ❝♦♠♣❛♥✐❡, ❛♥❞ &❤❡✐# ♦♣❡#❛&✐♦♥, ♦♥ ❢♦#❡✐❣♥ ♠❛#❦❡&,✳ ❲❡ ❡♠♣❤❛,✐③❡ &❤❛&

❡♠❡#❣✐♥❣ ❡❝♦♥♦♠✐❡, ✭❇#❛③✐❧✱ ■♥❞✐❛ ❛♥❞ ❈❤✐♥❛✮ ❛#❡ ❛♠♦♥❣ &❤❡ ♠♦,& ❞②♥❛♠✐❝, ♠❛#❦❡&, ✐♥ &❡#♠, ♦❢

❣#♦✇&❤ ♦❢ ❢♦#❡✐❣♥ #❡&❛✐❧❡#,✬ ,❛❧❡,✳ ■♥ ,❡❝&✐♦♥ ✸✱ ✇❡ ♣#♦✈✐❞❡ ❞❡&❛✐❧, ♦♥ ♦✉# ❡♠♣✐#✐❝❛❧ ♠♦❞❡❧ ❜❛,❡❞ ♦♥

❣#❛✈✐&②✳ ■♥ ,❡❝&✐♦♥ ✹✱ ✇❡ ❞✐,❝✉,, &❤❡ ❞❛&❛✱ ❛♥❞ ❡❝♦♥♦♠❡&#✐❝ ❛♣♣#♦❛❝❤❡, ✉,❡❞ ❛♥❞ ♦✉# ♠❛✐♥ #❡,✉❧&,✳

❲❡ ♣❛② ♣❛#&✐❝✉❧❛# ❛&&❡♥&✐♦♥ &♦ ❞❡❛❧✐♥❣ ✇✐&❤ ❡♥❞♦❣❡♥❡✐&② ❛,♣❡❝&, ✐♥ ♦#❞❡# &♦ ✈❛❧✐❞❛&❡ &❤❡ ♣♦,✐&✐✈❡

,✐❣♥✐✜❝❛♥& #♦❧❡ ♦❢ ♠✉❧&✐♥❛&✐♦♥❛❧ #❡&❛✐❧ ✐♥✈❡,&♠❡♥& ♦♥ &#❛❞❡✳ ❲❡ ❞#❛✇ ,♦♠❡ ❝♦♥❝❧✉,✐♦♥, ✐♥ &❤❡ ✜♥❛❧
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❜② ❛ ❈❊❙ ✉$✐❧✐$② ❢✉♥❝$✐♦♥✳ ❚❤❡ ❞✐✛❡)❡♥❝❡ ✐♥ $❤❡ ♣)✐❝❡ ♦❢ $❤❡ (❛♠❡ ❣♦♦❞ ❛$ $✇♦ ❞✐✛❡)❡♥$ ❧♦❝❛$✐♦♥(

✐( ❡♥$✐)❡❧② ❡①♣❧❛✐♥❡❞ ❜② $❤❡ ❞✐✛❡)❡♥❝❡ ✐♥ $)❛❞❡ ❝♦($( $♦ $❤❡(❡ ❧♦❝❛$✐♦♥(✳ ❋♦) $❤❡ (❛❦❡ ♦❢ (✐♠♣❧✐❝✐$②✱

✇❡ ❛((✉♠❡ ❛♥ ✐❝❡❜❡$❣ $)❛❞❡ ❝♦($( ❢✉♥❝$✐♦♥✿ $❤❡ ♣)✐❝❡ $♦ ❝♦✉♥$)② j ❝♦♥(✉♠❡)( ♦❢ ❛ ❣♦♦❞ ♣)♦❞✉❝❡❞

✐♥ i✱ pij ✱ ✐( $❤❡ ♣)♦❞✉❝$ ♦❢ ✐$( ♠✐❧❧ ♣)✐❝❡ pi,t ❛♥❞ $❤❡ ❝♦))❡(♣♦♥❞✐♥❣ $)❛❞❡ ❝♦($ τij ✳ ❈♦♥(✉♠❡)( ✐♥

✼



❡❛❝❤ ❝♦✉♥'(② j *♣❡♥❞ ❛ '♦'❛❧ ❛♠♦✉♥' Ej ♦♥ ❞♦♠❡*'✐❝ ❛♥❞ ❢♦(❡✐❣♥ ♣(♦❞✉❝'* ❛♥❞ ❝❤♦♦*❡ 2✉❛♥'✐'✐❡*

'❤❛' ♠❛①✐♠✐③❡ '❤❡✐( ✉'✐❧✐'② ❢✉♥❝'✐♦♥ ✉♥❞❡( '❤❡ ❜✉❞❣❡' ❝♦♥*'(❛✐♥'✳ ❈♦✉♥'(② j✬* ♦✈❡(❛❧❧ ❞❡♠❛♥❞ ❢♦(

♣(♦❞✉❝'* ❢(♦♠ ♦(✐❣✐♥ i ✐* ❡①♣(❡**❡❞ ❛*✿

mij = aσ−1ij

(

piτij
Pj

)1−σ

niEj , ✭✶✮

✇❤❡(❡ Pj ✐* ❛ ♥♦♥✲❧✐♥❡❛( ✭❈❊❙✮ ♣(✐❝❡ ✐♥❞❡① ♦❢ ✐♠♣♦('* ❢(♦♠ ❝♦✉♥'(② j✱ ❞❡♣❡♥❞✐♥❣ ♦♥ '❤❡ ❡❧❛*'✐❝✐'②

♦❢ *✉❜*'✐'✉'✐♦♥ σ ❛♥❞ '❤❡ ❜✐❧❛'❡(❛❧ ♣(❡❢❡(❡♥❝❡ ♣❛(❛♠❡'❡( aij ✳ ❯♥❞❡( ♠❛(❦❡' ❝❧❡❛(❛♥❝❡✱ '❤❡ ❡①♣♦('❡(✲

*♣❡❝✐✜❝ ♣❛(' ♦❢ ❡2✉❛'✐♦♥ ✭✶✮ ❝❛♥ ❜❡ ❡①♣(❡**❡❞ ❛* '❤❡ ❝♦✉♥'(②✬* ♣(♦❞✉❝'✐♦♥ Yi ❛❞❥✉*'❡❞ ❜② ❛ ♥♦♥✲❧✐♥❡❛(

❛✈❡(❛❣❡ ❝♦*' Πij ♦❢ *❤✐♣♣✐♥❣ ✐'* ♣(♦❞✉❝'* '♦ '❤❡ ❣❧♦❜❛❧ ♠❛(❦❡'✿ nip
1−σ
i = YiΠ

σ−1
i ✳

✸

❯*✐♥❣ '❤❡*❡ (❡*✉❧'✱

❆♥❞❡(*♦♥ ❛♥❞ ✈❛♥ ❲✐♥❝♦♦♣ ✭✷✵✵✸✱ ✷✵✵✹✮ *❤♦✇❡❞ '❤❛' '❤❡ ✐♠♣♦('❡( ♣(✐❝❡ ✐♥❞❡① Pj ❛❧*♦ (❡✢❡❝'* '❤❡

❛✈❡(❛❣❡ ❝♦*' ♦❢ ✐♠♣♦('✐♥❣ ✐♥'♦ ❝♦✉♥'(② j ❢(♦♠ ❛❧❧ ♦(✐❣✐♥* ❝♦♠❜✐♥❡❞✳ ❚❤❡ '(❛❞❡ ❡2✉❛'✐♦♥ ✭✶✮ '❤❡♥

❜❡❝♦♠❡*✿

mij,t =

(

τij,t
aij

)1−σ

Yi,tΠ
σ−1
i,t Ej,tP

σ−1
j,t . ✭✷✮

❲❡ ❛❞❞ *✉❜*❝(✐♣' t '♦ (❡✢❡❝' '❤❡ '✐♠❡ ❞✐♠❡♥*✐♦♥ ♦❢ ✈❛(✐❛❜❧❡*✳ Πi,t ❛♥❞ Pj,t ❛(❡ (❡❢❡((❡❞ '♦ ✐♥ '❤❡

❧✐'❡(❛'✉(❡ ❛* ♦✉'✇❛(❞ ❛♥❞ ✐♥✇❛(❞ ♠✉❧'✐❧❛'❡(❛❧ (❡*✐*'❛♥❝❡*✳

✹

❚❤❡ ♥♦♥✲❧✐♥❡❛(✐'② ♦❢ '❤❡*❡ '❡(♠* ❛♥❞ '❤❡

♣(❡*❡♥❝❡ ♦❢ ❜✐❧❛'❡(❛❧ ♣(❡❢❡(❡♥❝❡ ♣❛(❛♠❡'❡(* aij ♠❛❦❡ ✐' ✈✐('✉❛❧❧② ✐♠♣♦**✐❜❧❡ '♦ ❡*'✐♠❛'❡ ❡2✉❛'✐♦♥ ✭✷✮

✐♥ ✐'* *'(✉❝'✉(❛❧ ❢♦(♠ ✇✐'❤♦✉' ❛❞❞✐'✐♦♥❛❧ *✐♠♣❧✐❢②✐♥❣ ❛**✉♠♣'✐♦♥*✳

❈♦♥*✉♠❡( ♣(❡❢❡(❡♥❝❡* ❝❛♥ ❜❡ ❡①♣(❡**❡❞ ❛* ❛ ❢✉♥❝'✐♦♥ ♦❢ ♦❜*❡(✈❛❜❧❡*✱ ❥✉*' ❧✐❦❡ '(❛❞❡ ❝♦*'*✳ ❍♦✇✲

❡✈❡(✱ ✇❡ ❤❛✈❡ ♥♦ ✇❛② '♦ ❞✐*❡♥'❛♥❣❧❡ '❤❡ ✐♠♣❛❝' ♦❢ ❛ ✈❛(✐❛❜❧❡ ♦♥ ♣(❡❢❡(❡♥❝❡ ♣❛(❛♠❡'❡(* ❢(♦♠ ✐'*

✐♠♣❛❝' ♦♥ '(❛❞❡ ❝♦*'*✳ ❚❤❡(❡❢♦(❡✱ ❡*'✐♠❛'❡❞ ❝♦❡✣❝✐❡♥'* ♦♥ ❛♥② ❡①♦❣❡♥♦✉* ❝♦♠♣♦♥❡♥' ♦❢ '(❛❞❡ ❝♦*'*

♦( ♣(❡❢❡(❡♥❝❡* ✇✐❧❧ ❛❝'✉❛❧❧② ❝❛♣'✉(❡ '❤❡ ❣❧♦❜❛❧ ❡✛❡❝' ♦❢ '❤❡*❡ ✈❛(✐❛❜❧❡* ♦♥ ❜♦'❤ '(❛❞❡ ❝♦*'* ❛♥❞

❝♦♥*✉♠❡( ♣(❡❢❡(❡♥❝❡*✳ ■♥ '❤❡ (❡*' ♦❢ '❤❡ ♣❛♣❡( ✇❡ ❝♦♥*✐❞❡( ♣(❡❢❡(❡♥❝❡✲❛❞❥✉*'❡❞ '(❛❞❡ ❝♦*'* ❛♥❞ ✐♥✲

'❡(♣(❡' ❛♥② ✐♥❝(❡❛*❡ ✐♥ '❤❡ '❡(♠ τij,t/aij ❛* ❛♥ ✐♥❝(❡❛*❡ ✐♥ '(❛❞❡ ❝♦*'*✳ ❆♥ ❛❧'❡(♥❛'✐✈❡ ✐♥'❡(♣(❡'❛'✐♦♥

♦❢ ♣(❡❢❡(❡♥❝❡ ♣❛(❛♠❡'❡(* ✐* '❤❛' ❛♥ ✐❞❡♥'✐❝❛❧ ❡2✉❛❧❧②✲♣(✐❝❡❞ ❣♦♦❞ ❢(♦♠ *♦✉(❝❡ ❝♦✉♥'(② s ✐* ♣❡(❝❡✐✈❡❞

❞✐✛❡(❡♥'❧② ❜② ❝♦♥*✉♠❡(* ✐♥ ❝♦✉♥'(② i ❛♥❞ ❝♦♥*✉♠❡(* ✐♥ ❝♦✉♥'(② j✳ ❆ *'(♦♥❣ '❛*'❡ ❢♦( ❣♦♦❞ s ❧❡❛❞*

❝♦♥*✉♠❡(* '♦ ♦✈❡(✈❛❧✉❡ '❤❡ ✈✐('✉❡* ♦❢ '❤❡ ♣(♦❞✉❝' ❛♥❞ *❤✐❢'* '❤❡✐( ❞❡♠❛♥❞ ❢✉♥❝'✐♦♥ ✉♣✇❛(❞✳ ❚❤✉*✱

'❤❡ ❛❝'✉❛❧ ♣(✐❝❡ '♦ ✇❤✐❝❤ ❝♦♥*✉♠❡(* ✐♥ ❝♦✉♥'(② j (❡*♣♦♥❞ ✐* psj,t/asj (❛'❤❡( '❤❛♥ psj,t✳

❖♥❡ ❝❛♥ ❞✐(❡❝'❧② ❡*'✐♠❛'❡ ❡2✉❛'✐♦♥ ✭✷✮ ✐♥ ❧♦❣❛(✐'❤♠✐❝ ❢♦(♠ ✇✐'❤ '✐♠❡✲✈❛(②✐♥❣ ✐♠♣♦('❡( ❛♥❞

✸

❚❤❡ ♠❛%❦❡' ❝❧❡❛%✐♥❣ ❛--✉♠♣'✐♦♥ ✐♠♣❧✐❡- '❤❛' ❛ ❝♦✉♥'%②✬- ♣%♦❞✉❝'✐♦♥ ❡4✉❛❧- '❤❡ -✉♠ ♦❢ ✐'- ❡①♣♦%'- '♦ ❛❧❧ ❞❡-'✐♥❛✲

'✐♦♥-✱ ✐♥❝❧✉❞✐♥❣ '❤❡ ❞♦♠❡-'✐❝ ♠❛%❦❡'✱ Yi =
∑

j
mij ✱ ❛♥❞ ✐- ✉-✉❛❧❧② ✈❡%✐✜❡❞ ❢♦% ❛❣❣%❡❣❛'❡ ❞❛'❛✳

✹

▼♦%❡ -♣❡❝✐✜❝❛❧❧②✱ Πi,t =
∑

j

(

τij,t

aij

)

1−σ

Ej,tP
σ−1

j,t ❛♥❞ Pj,t =
∑

i

(

τij,t

aij

)

1−σ

Yi,tΠ
σ−1

i,t ✳

✽



❡①♣♦$%❡$ ✜①❡❞ ❡✛❡❝%* ❛❢%❡$ ❣$♦✉♣✐♥❣ i ❛♥❞ j %❡$♠*✳

✺

❲❡ ❛**✉♠❡ %❤❛% ♠✉❧%✐❧❛%❡$❛❧ $❡*✐*%❛♥❝❡* ❞♦

♥♦% ✈❛$② *✐❣♥✐✜❝❛♥%❧② ♦✈❡$ %✐♠❡ ❛♥❞ ✉*❡ %✐♠❡✲✐♥✈❛$✐❛♥% ❡①♣♦$%❡$ ❛♥❞ ✐♠♣♦$%❡$ ✜①❡❞ ❡✛❡❝%*✳

✻

❚❤✐*

❡♥❛❜❧❡* ✉* %♦ ❡①♣❧♦$❡ %❤❡ %✐♠❡✲✈❛$②✐♥❣ ❞✐♠❡♥*✐♦♥ ♦❢ ❝♦✉♥%$✐❡*✬ ♣$♦❞✉❝%✐♦♥ ❛♥❞ ❝♦♥*✉♠♣%✐♦♥ ❧❡✈❡❧*

❛♥❞ %♦ %❛❦❡ ❛❞✈❛♥%❛❣❡ ♦❢ %❤❡ ♣❛♥❡❧ *%$✉❝%✉$❡ ♦❢ ♦✉$ ❞❛%❛✿

lnmij,t = lnYi,t + FEi + lnEj,t + FMj + (1− σ) ln
τij,t
aij

✭✸✮

❲❡ ✉*❡ ❛ ♣$❡❢❡$❡♥❝❡✲❛❞❥✉*%❡❞ %$❛❞❡ ❝♦*%* ❢✉♥❝%✐♦♥ ✇❤✐❝❤ ✐♥❝❧✉❞❡* %❤❡ *%❛♥❞❛$❞ ♣$♦①② ✈❛$✐❛❜❧❡*

❝✐%❡❞ ✐♥ %❤❡ ❧✐%❡$❛%✉$❡✱ *♦♠❡ ✐♥♥♦✈❛%✐✈❡ ❢❛❝%♦$*✱ ❛♥❞ ❛ ③❡$♦✲♠❡❛♥ $❛♥❞♦♠❧② ❞✐*%$✐❜✉%❡❞ ❡$$♦$ %❡$♠

eij,t✿

ln
τij,t
aij

= b1 ln distij + b2contigij + b3colonyij + b4RTAij,t + b5UNvotesij,t ✭✹✮

+b6 lnNonFoodTradeij,t + ln
(

1 +  ❛"✐✛ ij,t

)

+ c lnSALESij,t + eij,t

❱❛$✐❛❜❧❡ distij $❡♣$❡*❡♥%* %❤❡ ♣❤②*✐❝❛❧ ❞✐*%❛♥❝❡ *❡♣❛$❛%✐♥❣ ❝♦✉♥%$✐❡* i ❛♥❞ j✳ ■% ✐♥❝$❡❛*❡* %$❛❞❡

❝♦*%* ❛♥❞ ✇❡ ❡①♣❡❝% %❤❡ ❞❛%❛ %♦ ❝♦♥✜$♠ %❤❛% b1 > 0✳ ❱❛$✐❛❜❧❡* contigij ✱ colonyij ❛♥❞ RTAij,t

❞❡♥♦%❡ $❡*♣❡❝%✐✈❡❧② ❛ ❝♦♠♠♦♥ ❧❛♥❞ ❜♦$❞❡$✱ ❛ ❝♦♠♠♦♥ ❝♦❧♦♥✐❛❧ ❤✐*%♦$②✱ ❛♥❞ ♠❡♠❜❡$*❤✐♣ %♦ %❤❡

*❛♠❡ ❘❡❣✐♦♥❛❧ ❚$❛❞❡ ❆❣$❡❡♠❡♥% ✭❘❚❆✮ ❢♦$ ❝♦✉♥%$✐❡* i ❛♥❞ j✳ ❚❤❡*❡ ✈❛$✐❛❜❧❡* $❡❞✉❝❡ %$❛❞❡ ❝♦*%* ❛♥❞

❢❛❝✐❧✐%❛%❡ %$❛❞❡ ❛♥❞✱ ❛* ❛ $❡*✉❧%✱ ✇❡ ❡①♣❡❝% ❝♦❡✣❝✐❡♥%* b2 ✕ b4 %♦ ❜❡ ♥❡❣❛%✐✈❡✳ ❱❛$✐❛❜❧❡ UNvotesij,t

❝♦$$❡*♣♦♥❞* %♦ ❛♥ ❛✣♥✐%② ✐♥❞❡① ❜❡%✇❡❡♥ ❝♦✉♥%$✐❡* i ❛♥❞ j✱ ❝♦♠♣✉%❡❞ ❜② ❄ ✉*✐♥❣ %❤❡✐$ ✈♦%❡* ✐♥ %❤❡

❯♥✐%❡❞ ◆❛%✐♦♥ ●❡♥❡$❛❧ ❆**❡♠❜❧②✳ NonFoodTradeij,t ✐* %❤❡ ❛♠♦✉♥% ♦❢ ❜✐❧❛%❡$❛❧ %$❛❞❡ ✐♥ ♥♦♥✲❢♦♦❞

♣$♦❞✉❝%* ❡①❝❤❛♥❣❡❞ ❜❡%✇❡❡♥ i ❛♥❞ j✳ ❚❤❡ ❛✐♠ ♦❢ ✐♥❝❧✉❞✐♥❣ %❤❡ ❧❛*% %✇♦ ✈❛$✐❛❜❧❡* ✐* %♦ ❝❛♣%✉$❡ %❤❡

❜✐❧❛%❡$❛❧ ♣$❡❢❡$❡♥❝❡* ❧✐♥❦✐♥❣ %❤❡ %✇♦ ❝♦✉♥%$✐❡*✱ %❤✉* ❛♥%✐❝✐♣❛%❡ ♥❡❣❛%✐✈❡ ✈❛❧✉❡* ❢♦$ ♣❛$❛♠❡%❡$* b5

❛♥❞ b6✳ ■♠♣♦$% %❛$✐✛*  ❛"✐✛ ij,t ❛$❡ ❡①♣$❡**❡❞ ❛* ❛❞ ✈❛❧♦"❡♠ ❡O✉✐✈❛❧❡♥%* ❛♥❞ ❡♥%❡$ %❤❡ %$❛❞❡ ❝♦*%*

❢✉♥❝%✐♦♥ ✭✹✮ ✇✐%❤ ❛ ✉♥✐%❛$② ❝♦❡✣❝✐❡♥%✳ ❚❤❡ ❧❛*% %❡$♠ SALESij,t $❡✢❡❝%* %❤❡ *❛❧❡* ♦❢ ❞♦♠❡*%✐❝ ❛♥❞

❢♦$❡✐❣♥ ❣$♦❝❡$② ♣$♦❞✉❝%* ❜② ♠✉❧%✐♥❛%✐♦♥❛❧ $❡%❛✐❧❡$* ❢$♦♠ ❝♦✉♥%$② i ✐♥ %❤❡✐$ ♦✉%❧❡%* ❧♦❝❛%❡❞ ✐♥ ❤♦*%

♠❛$❦❡% j✳

❚❤❡ %$❛❞❡ ❡O✉❛%✐♦♥ %♦ ❜❡ ❡*%✐♠❛%❡❞ ✐* ♦❜%❛✐♥❡❞ ❜② ✐♥%❡❣$❛%✐♥❣ %❤❡ %$❛❞❡ ❝♦*%* ❢✉♥❝%✐♦♥ ✭✹✮
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lnmij,t = α1GDPi,t + α2GDPj,t + β1 ln distij + β2contigij + β3colonyij + β4RTAij,t ✭✺✮

+β5UNvotesij,t + β6 lnNonFoodTradeij,t + (1− σ) ln
(

1 +  ❛"✐✛ ij,t

)

+γ lnSALESij,t + FEi + FMj + εij,t.
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❛&&❡♥&✐♦♥ ✐, ♣❛✐❞ &♦ &❤❡ ✐♠♣❛❝& ♦❢ 0❡&❛✐❧❡0,✬ ❢♦0❡✐❣♥ ,❛❧❡, ✭♣❛0❛♠❡&❡0 γ✮✳
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✐, SALESij,t✱ ✇❤✐❝❤ ❝♦00❡,♣♦♥❞, &♦ &❤❡ &♦&❛❧ ,❛❧❡, ♦❢ ❛❧❧ 0❡&❛✐❧❡0, ❢0♦♠ ❝♦✉♥&0② i ✐♥ ♦✉&❧❡&, ❡,&❛❜❧✐,❤❡❞

✐♥ ❤♦,& ♠❛0❦❡& j✳ ❲❡ ❝♦♠♣✉&❡❞ &❤✐, ✈❛0✐❛❜❧❡ ✉,✐♥❣ ❞❛&❛ ❢0♦♠ 5❧❛♥❡& ❘❡&❛✐❧✱
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✐♥()!✉♠❡♥) ✇❡ ✉(❡❞ ✐( )❤❡ ♠❛!❦❡) (❤❛!❡ ♦❢ )❤❡ !❡)❛✐❧❡!( ✐♥ )❤❡✐! ❝♦✉♥)!② ♦❢ ♦!✐❣✐♥✳ ❲❡ ♠❛❦❡ )❤❡

❛((✉♠♣)✐♦♥ )❤❛) !❡)❛✐❧ ❝♦♠♣❛♥✐❡( ❛!❡ ♠♦!❡ ❡❛❣❡! )♦ (❡❧❧ ❛❜!♦❛❞ ✇❤❡♥ )❤❡② ❛❧!❡❛❞② ❤❛✈❡ ❛ ❤✐❣❤ (❤❛!❡

♦❢ )❤❡ ❞♦♠❡()✐❝ ♠❛!❦❡) ✐♥ )❤❡✐! ❝♦✉♥)!② ♦❢ ♦!✐❣✐♥✳ ❆ ❧❛!❣❡! ❞♦♠❡()✐❝ ♠❛!❦❡) (❤❛!❡ ♦❢ ❛ ❝♦✉♥)!②✬(

!❡)❛✐❧❡!( !❤②♠❡( ✇✐)❤ ♠♦!❡ ❜♦✉♥❞❡❞ ❣!♦✇)❤ ♦♣♣♦!)✉♥✐)✐❡( ♦♥ )❤✐( ♠❛!❦❡)✳ ❚❤❡!❡❢♦!❡✱ ❡♥)❡!✐♥❣ ♥❡✇

♠❛!❦❡)( ❜❡❝♦♠❡( )❤❡ !❡)❛✐❧❡!(✬ ♠❛✐♥ ()!❛)❡❣② ❢♦! ❡①♣❛♥❞✐♥❣ )❤❡✐! ❛❝)✐✈✐)✐❡( ✭❘❡❛!❞♦♥ ❡) ❛❧✳✱ ✷✵✵✸✮✳

❇♦)❤ ✐♥()!✉♠❡♥)( ✇❡!❡ ❝♦♠♣✉)❡❞ ✉(✐♥❣ ❞❛)❛ ❢!♦♠ P❧❛♥❡) ❘❡)❛✐❧✳ ❚♦ )❛❦❡ ✐♥)♦ ❛❝❝♦✉♥) )❤❡ ❜✐❧❛)❡!❛❧

❞✐♠❡♥(✐♦♥ ♦❢ ♦✉! ❞❛)❛✱ ✇❡ ❝♦♥(✐❞❡!❡❞ )❤❡ ♣!♦❞✉❝) ♦❢ )❤❡(❡ )✇♦ ✈❛!✐❛❜❧❡( ❛( ❛ )❤✐!❞ ✐♥()!✉♠❡♥)✳ ❚♦

!❡❞✉❝❡ ❡♥❞♦❣❡♥❡✐)②✱ ✇❡ ✉(❡❞ ❧❛❣❣❡❞ ✈❛❧✉❡( ✭❜② ♦♥❡ ②❡❛!✱ ✐♥ t− 1✮ ♦❢ ❛❧❧ ♦✉! ✐♥()!✉♠❡♥)(✳

▲❡) ✉( ❞❡♥♦)❡ )❤❡ )❤!❡❡ ✐♥()!✉♠❡♥)❛❧ ✈❛!✐❛❜❧❡( ❞❡(❝!✐❜❡❞ ❛❜♦✈❡ ❜② ✈❡❝)♦! Zij,t−1✱ ✇❤✐❝❤ ❝❛♥

❜❡ ✉(❡❞ ✉♥)!❛♥(❢♦!♠❡❞ )♦ ❝♦♥()!✉❝) )❤❡ ()❛♥❞❛!❞ )✇♦✲()❛❣❡ ❧❡❛() (8✉❛!❡( ✭✷❙▲❙✮ ❡()✐♠❛)♦! ♦❢ ♣❛✲

!❛♠❡)❡!( ✐♥ ❡8✉❛)✐♦♥ ✭✺✮✳ ❚❤✐( ✐( )❤❡ )!❛❞✐)✐♦♥❛❧ ❡❝♦♥♦♠❡)!✐❝ ❛♣♣!♦❛❝❤ )❤❛) ♠❛❦❡( ✐) ♣♦((✐❜❧❡ )♦

❝♦♥)!♦❧ ❢♦! ❡♥❞♦❣❡♥❡✐)② ✭(✐♠✉❧)❛♥❡✐)②✮ ❜❡)✇❡❡♥ ❡①♣❧❛✐♥❡❞ ❛♥❞ ❡①♣❧❛♥❛)♦!② ✈❛!✐❛❜❧❡(✳ ■♥ ❛❞❞✐)✐♦♥✱ ✇❡

✉(❡❞ )✇♦ ♦)❤❡! ✷❙▲❙ ❡()✐♠❛)♦!( )❤❛) )❛❦❡ ✐♥)♦ ❛❝❝♦✉♥) )❤❡ (♣❡❝✐✜❝ ❞✐()!✐❜✉)✐♦♥ ♦❢ )❤❡ ✐♥()!✉♠❡♥)❡❞

✈❛!✐❛❜❧❡ SALESij,t✳ ❱❛!✐❛❜❧❡ SALESij,t )❛❦❡( )❤❡ ✈❛❧✉❡ ③❡!♦ ❢♦! ❛ ❧❛!❣❡ ♥✉♠❜❡! ♦❢ ♦❜(❡!✈❛)✐♦♥(
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❛❝❝♦✉♥% %❤❡ ♣❛)%❧② ❝♦♥%✐♥✉♦✉- ❛♥❞ ♣❛)%❧② ❞✐-❝)❡%❡ ❞✐-%)✐❜✉%✐♦♥ ♦❢ %❤❡ ✈❛)✐❛❜❧❡ SALESij,t✳ ❋♦❧❧♦✇✐♥❣

❲♦♦❧❞)✐❞❣❡ ✭✷✵✶✵✮❬♣✳✶✶✼❪✱ ✇❡ ❝♦♠♣✉%❡❞ f(.) ❛- %❤❡ ❜❡-% ♣)❡❞✐❝%✐♦♥ ♦❢ SALESij,t ♦❜%❛✐♥❡❞ ✇✐%❤ %❤❡

✈❡❝%♦) ♦❢ ❡①♦❣❡♥♦✉- ✈❛)✐❛❜❧❡- ✐♥ ❡B✉❛%✐♦♥ ✭✺✮✱ Xij,t✱ ❛♥❞ ♦✉) -❡% ♦❢ ✐♥-%)✉♠❡♥%❛❧ ✈❛)✐❛❜❧❡- Zij,t−1✿

f(Zij,t) = E(SALESij,t|Xij,t, Zij,t−1)✳ ❋✐#$%✱ ✇❡ ❛$$✉♠❡❞ %❤❛% ✈❛#✐❛❜❧❡ SALESij,t ❢♦❧❧♦✇$ ❛ $%❛♥✲

❞❛#❞ ❚♦❜✐% ♠♦❞❡❧ ❛♥❞ ✉$❡❞ %❤❡ ❝♦##❡$♣♦♥❞✐♥❣ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡$%✐♠❛%♦# %♦ ❝♦♠♣✉%❡ f(Zij,t)✳

❙❡❝♦♥❞✱ ✇❡ ✉$❡❞ ❛ ❍❡❝❦♠❛♥ ❡$%✐♠❛%♦# %❤❛% ❛❧❧♦✇$ Zij,t−1 %♦ ❛✛❡❝% %❤❡ ♦❝❝✉##❡♥❝❡ ✭%❤❡ ❞✐$❝#❡%❡ ♣❛#%✮

❛♥❞ %❤❡ ✈♦❧✉♠❡ ✭%❤❡ ❝♦♥%✐♥✉♦✉$ ♣❛#%✮ ♦❢ #❡%❛✐❧❡#$✬ $❛❧❡$ ✐♥ ❢♦#❡✐❣♥ ♠❛#❦❡%$ SALESij,t ❞✐✛❡#❡♥%❧②✳

■♥ %❤✐$ ❡$%✐♠❛%✐♦♥✱ %❤❡ ❝♦$% ♦❢ #❡❣✐$%❡#✐♥❣ ❛ ♣#♦♣❡#%② ✐♥ %❤❡ ❤♦$% ❝♦✉♥%#②✱ ❡①♣#❡$$❡❞ ❛$ ❛ ♣❡#❝❡♥%❛❣❡

♦❢ %❤❡ ♣#♦♣❡#%② ✈❛❧✉❡✱ ✇❛$ ✉$❡❞ ❛$ %❤❡ $❡❧❡❝%✐♦♥ ✈❛#✐❛❜❧❡ ✐♥ %❤❡ ❍❡❝❦♠❛♥ ♣#♦❝❡❞✉#❡✳

✶✸

❱❛#✐❛❜❧❡$

fT (Zij,t) ❛♥❞ fH(Zij,t)✱ ❣❡♥❡#❛%❡❞ #❡$♣❡❝%✐✈❡❧② ✇✐%❤ ❚♦❜✐% ❛♥❞ ❍❡❝❦♠❛♥ ❡$%✐♠❛%♦#$✱ ✇❡#❡ ✉$❡❞ ❛$ ❛♥

❛❧%❡#♥❛%✐✈❡ %♦ Zij,t−1 ✐♥ ❛ %✇♦✲$%❛❣❡ ❧❡❛$% $D✉❛#❡$ ♣#♦❝❡❞✉#❡ %♦ ❡$%✐♠❛%❡ %❤❡ ❡D✉❛%✐♦♥ ✭✺✮ ❝♦❡✣❝✐❡♥%$✳

❆♥♦%❤❡# ❞✐✣❝✉❧%② ✐♥ ♦✉# ❡$%✐♠❛%✐♦♥$ ✐$ %❤❡ ❢❛❝% %❤❛% ❝♦✉♥%#② ❛♥❞ ♣❛#%♥❡# ✜①❡❞ ❡✛❡❝%$ %❤❡♠$❡❧✈❡$

❡①♣❧❛✐♥ ❛ ❧❛#❣❡ $❤❛#❡ ♦❢ ♦❜$❡#✈❛%✐♦♥$ ✇✐%❤ ♥✐❧ #❡%❛✐❧ $❛❧❡$✳ ❚♦ ❣❡% #♦✉♥❞ %❤✐$ ♣#♦❜❧❡♠✱ ✇❡ #❡♣❧❛❝❡❞

❝♦✉♥%#②✲$♣❡❝✐✜❝ ✐♠♣♦#%❡# ❛♥❞ ❡①♣♦#%❡# ❡✛❡❝%$ ✇✐%❤ #❡❣✐♦♥✲$♣❡❝✐✜❝ ❡✛❡❝%$ ✭❧✐$%❡❞ ✐♥ ❚❛❜❧❡ ✹ ✐♥ %❤❡

❆♣♣❡♥❞✐①✮✳ ❚❤❡ ❢❛❝% %❤❛% ❣❡♦❣#❛♣❤✐❝❛❧ ❛#❡❛$ ❛#❡ ❡①♦❣❡♥♦✉$❧② ❞❡✜♥❡❞ ✭✉♥❧✐❦❡ ❣#♦✉♣$ ❞❡✜♥❡❞ ❜②

✐♥❝♦♠❡ ❧❡✈❡❧$✱ ❡%❝✳✮ ❛♥❞ %❤❛% ❝♦✉♥%#✐❡$ ✐♥ ❡❛❝❤ ❣❡♦❣#❛♣❤✐❝❛❧ ❛#❡❛ ❢❛❝❡ ❝♦♠♣❛#❛❜❧❡ %#❛❞❡ ❝♦$%$ ✭❞✉❡

%♦ %❤❡✐# ❣❡♦❣#❛♣❤✐❝ ♣#♦①✐♠✐%② ❛♥❞ %❤❡ ❧❛#❣❡ ♥✉♠❜❡# ♦❢ #❡❣✐♦♥❛❧ %#❛❞❡ ❛❣#❡❡♠❡♥%$✮ ✉♥❞❡#♣✐♥$ %❤✐$

❛♣♣#♦❛❝❤✳

✹✳✸ ▼❛✐♥ ❡()✐♠❛)❡❞ ,❡(✉❧)(

■♥ %❤✐$ $❡❝%✐♦♥✱ ✇❡ ♣#❡$❡♥% %❤❡ #❡$✉❧%$ ♦❜%❛✐♥❡❞ ❢#♦♠ %❤❡ ❡$%✐♠❛%✐♦♥ ♦❢ ❡D✉❛%✐♦♥ ✭✺✮ ✉$✐♥❣ %❤❡ ❞❛%❛

♣#❡$❡♥%❡❞ ✐♥ $❡❝%✐♦♥ ✹✳✶ ❛♥❞ %❤❡ ❡❝♦♥♦♠❡%#✐❝ ❛♣♣#♦❛❝❤❡$ ❞❡$❝#✐❜❡❞ ✐♥ $❡❝%✐♦♥ ✹✳✷✳

❚❛❜❧❡ ✶ $❤♦✇$ %❤❡ ❡$%✐♠❛%❡$ ♦❢ ❝♦❡✣❝✐❡♥%$ ✐♥ ❡D✉❛%✐♦♥ ✭✺✮ ✉$✐♥❣ $✐① ❛❧%❡#♥❛%✐✈❡ $♣❡❝✐✜❝❛%✐♦♥$✳

■♥ ❛❧❧ $♣❡❝✐✜❝❛%✐♦♥$✱ ✇❡ ✉$❡❞ ✐♠♣♦#%❡# ❛♥❞ ❡①♣♦#%❡# ●❉N$ ❛$ ❛ ♣#♦①② ❢♦# %❤❡ $✐③❡ ♦❢ ❞❡♠❛♥❞ ❛♥❞

$✉♣♣❧② ✐♥ %❤❡ %✇♦ ❝♦✉♥%#✐❡$✳ ❚❤❡ ❣❡♦❣#❛♣❤✐❝❛❧ ❞✐$%❛♥❝❡✱ ♥♦♥✲❢♦♦❞ %#❛❞❡✱ %❤❡ ❛✣♥✐%② ✐♥❞❡①✱ ❛♥❞

❞✐❝❤♦%♦♠♦✉$ ✈❛#✐❛❜❧❡$ ❢♦# ❛ $❤❛#❡❞ ❜♦#❞❡#✱ ♣❛$% ❝♦❧♦♥✐❛❧ %✐❡$ ❛♥❞ ❘❚❆ ♠❡♠❜❡#$❤✐♣ ✇❡#❡ ✉$❡❞ %♦

❛❝❝♦✉♥% ❢♦# ✉♥♦❜$❡#✈❛❜❧❡ ❜✐❧❛%❡#❛❧ %#❛❞❡ ❝♦$%$ ❛♥❞ ♣#❡❢❡#❡♥❝❡$✳ ■♠♣♦#% %❛#✐✛ ❞❛%❛ ❝♦✈❡#❡❞ ♦♥❧② %❤#❡❡

②❡❛#$ ♦❢ ♦✉# $❛♠♣❧❡✱ ✐✳❡✳ ❧❡$$ %❤❛♥ ✸✵✪ ♦❢ %❤❡ %♦%❛❧ ♥✉♠❜❡# ♦❢ ♦❜$❡#✈❛%✐♦♥$✳ ❚❤❡#❡❢♦#❡✱ ✐♥ %❤❡ ✜#$% ✜✈❡

❝♦❧✉♠♥$ ♦❢ ❚❛❜❧❡ ✶ ✇❡ ❞#♦♣♣❡❞ %❤✐$ ✈❛#✐❛❜❧❡ ❢#♦♠ ♦✉# ❡$%✐♠❛%✐♦♥$✳ ❚❤❡ ♠❛✐♥ ✈❛#✐❛❜❧❡ ♦❢ ✐♥%❡#❡$% ❢♦#

♦✉# $%✉❞② ✐$ SALESij,t✱ %❤❡ $❛❧❡$ ♦❢ #❡%❛✐❧❡#$ ✐♥ ❢♦#❡✐❣♥ ♠❛#❦❡%$✳ ■%$ ❝♦❡✣❝✐❡♥% ✐♥❞✐❝❛%❡$ ✇❤❡%❤❡# ❛♥

✶✸

❉❛"❛ ♦♥ "❤❡ ❝♦(" ♦❢ *❡❣✐("❡*✐♥❣ ❛ ♣*♦♣❡*"② ❝❛♠❡ ❢*♦♠ "❤❡ ❲♦*❧❞ ❇❛♥❦✬( ❉♦✐♥❣ ❇✉(✐♥❡(( ❞❛"❛❜❛(❡✿

❤""♣✿✴✴❞♦✐♥❣❜✉(✐♥❡((✳♦*❣✴ ✳

✶✸



✐♥❝#❡❛&❡ ✐♥ '❤❡ &❛❧❡& ♦❢ ❛ ❝♦✉♥'#②✬& #❡'❛✐❧❡#& ✐♥ ❛ ❢♦#❡✐❣♥ ♠❛#❦❡' ❛❧❧♦✇& ❛❣#✐✲❢♦♦❞ ✜#♠& ❢#♦♠ '❤❡ &❛♠❡

❝♦✉♥'#② ♦❢ ♦#✐❣✐♥ '♦ ❡①♣♦#' ♠♦#❡ ✭❛♥❞ ❛' ❧♦✇❡# ❝♦&'&✮ '♦ '❤❡&❡ ❞❡&'✐♥❛'✐♦♥&✳ ■♠♣♦#'❡# ❛♥❞ ❡①♣♦#'❡#

✜①❡❞ ❡✛❡❝'& ❢♦# ✶✷ ❣❡♦❣#❛♣❤✐❝❛❧ ③♦♥❡& ❛♥❞ ②❡❛# ✜①❡❞ ❡✛❡❝'& ❛#❡ ✐♥❝❧✉❞❡❞ ✐♥ ❛❧❧ &♣❡❝✐✜❝❛'✐♦♥&✳

❘❡&✉❧'& ♦❜'❛✐♥❡❞ ❜② ❡&'✐♠❛'✐♥❣ '#❛❞❡ ❡B✉❛'✐♦♥ ✭✺✮ ✇✐'❤ ❖▲❙ ❛#❡ ❧✐&'❡❞ ✐♥ '❤❡ ✜#&' ❝♦❧✉♠♥

♦❢ ❚❛❜❧❡ ✶✳ ❚❤❡ ❝♦❡✣❝✐❡♥'& ♦❢ '#❛❞✐'✐♦♥❛❧ ✈❛#✐❛❜❧❡& ❛#❡ ❤✐❣❤❧② &✐❣♥✐✜❝❛♥' ❛♥❞ ✐♥ ❧✐♥❡ ✇✐'❤ ✈❛❧✉❡&

♦❜'❛✐♥❡❞ ❜② ♣#❡✈✐♦✉& &'✉❞✐❡& ✐♥ '❤❡ ❧✐'❡#❛'✉#❡✳ ❚❤❡ &✐③❡ ♦❢ '❤❡ ❝♦✉♥'#② ♦❢ ♦#✐❣✐♥ ❛♥❞ ♦❢ '❤❡ ❞❡&'✐♥❛'✐♦♥

❝♦✉♥'#②✱ ❣❡♦❣#❛♣❤✐❝❛❧ ❝♦♥'✐❣✉✐'②✱ '❤❡ ❡①✐&'❡♥❝❡ ♦❢ ❛ &❤❛#❡❞ ❝♦❧♦♥✐❛❧ ❤✐&'♦#② ♦# ❘❚❆✱ '❤❡ ✈❛❧✉❡ ♦❢ ♥♦♥✲

❢♦♦❞ '#❛❞❡ ❛♥❞ '❤❡ &✐♠✐❧❛#✐'② ♦❢ ✈♦'❡& ✐♥ '❤❡ ❯♥✐'❡❞ ◆❛'✐♦♥& ❡♥❤❛♥❝❡ ❜✐❧❛'❡#❛❧ ❡①♣♦#'& ♦❢ ❢♦♦❞

♣#♦❞✉❝'&✳ ❲❡ ❢♦✉♥❞ ❛ ♣♦&✐'✐✈❡ ❛♥❞ &✐❣♥✐✜❝❛♥' ❝♦❡✣❝✐❡♥' ❢♦# &❛❧❡& ❜② #❡'❛✐❧❡#& ✐♥ ❢♦#❡✐❣♥ ♠❛#❦❡'&✳

◆❡✈❡#'❤❡❧❡&&✱ ❛& ❡①♣❧❛✐♥❡❞ ✐♥ '❤❡ ♣#❡✈✐♦✉& &❡❝'✐♦♥✱ '❤✐& ❝♦❡✣❝✐❡♥' ♠❛② ❜❡ ❜✐❛&❡❞ ❜❡❝❛✉&❡ ♦❢ '❤❡

❡♥❞♦❣❡♥❡✐'② ♦❢ '❤❡ ✈❛#✐❛❜❧❡✳ ■♥ ❝♦❧✉♠♥ ✭✷✮✱ ❡B✉❛'✐♦♥ ✭✺✮ ✇❛& ❡&'✐♠❛'❡❞ ✇✐'❤ ❖▲❙✱ ♦♥ '❤❡ &❛♠♣❧❡ ❢♦#

✇❤✐❝❤ ✐♥&'#✉♠❡♥'❛❧ ✈❛#✐❛❜❧❡& ❛#❡ ❛✈❛✐❧❛❜❧❡✳ ❘❡&'#✐❝'✐♥❣ '❤❡ ♥✉♠❜❡# ♦❢ ♦❜&❡#✈❛'✐♦♥& ❞✐❞ ♥♦' ❝❤❛♥❣❡

'❤❡ ❝♦❡✣❝✐❡♥'& ♦❢ '❤❡ ❞✐✛❡#❡♥' ✈❛#✐❛❜❧❡&✳

❚❤❡ '❤✐#❞ ❝♦❧✉♠♥ ❧✐&'& '❤❡ ❝♦❡✣❝✐❡♥'& ♦❜'❛✐♥❡❞ ✇✐'❤ '❤❡ &'❛♥❞❛#❞ '✇♦✲&'❛❣❡ ❧❡❛&' &B✉❛#❡& ✭✷❙▲❙✮

❡&'✐♠❛'♦#✳ ❇♦'❤ ❲✉✲❍❛✉&♠❛♥ F ❛♥❞ ❉✉#❜✐♥✲❲✉✲❍❛✉&♠❛♥ χ2
'❡&'& ✇❡#❡ ❤✐❣❤❧② &✐❣♥✐✜❝❛♥'✱ ❝♦♥✲

✜#♠✐♥❣ '❤❡ ❡♥❞♦❣❡♥❡✐'② ♦❢ ♦✉# ✈❛#✐❛❜❧❡ ♦❢ ✐♥'❡#❡&'✱ SALESij,t✳ ❚❤❡ &'❛♥❞❛#❞ '❡&'& ❢♦# ❡♥❞♦❣❡♥❡✐'②

✭❙❛#❣❛♥ ❛♥❞ ❈#❛❣❣✲❉♦♥❛❧❞ &'❛'✐&'✐❝&✮ ✈❛❧✐❞❛'❡❞ ♦✉# ❝❤♦✐❝❡ ♦❢ ✐♥&'#✉♠❡♥'❛❧ ✈❛#✐❛❜❧❡&✳ ❲❤❡♥ ✇❡ ❝♦♥✲

'#♦❧❧❡❞ ❢♦# '❤✐& ❛&♣❡❝'✱ '❤❡ ❝♦❡✣❝✐❡♥' ♦❢ ✈❛#✐❛❜❧❡ SALESij,t ✐♥❝#❡❛&❡❞ ♠♦#❡ '❤❛♥ '❡♥❢♦❧❞ ❢#♦♠ ✵✳✵✸

'♦ ✵✳✷✻✳ ❚❤✐& #❡&✉❧' &✉❣❣❡&'& '❤❛♥ ❛ '❡♥ ♣❡#❝❡♥' ✐♥❝#❡❛&❡ ✐♥ '❤❡ &❛❧❡& ✈♦❧✉♠❡ ♦❢ ❛ ❝♦✉♥'#②✬& #❡'❛✐❧❡#&

✐♥ ❛ ❢♦#❡✐❣♥ ♠❛#❦❡' ✇♦✉❧❞ ❧❡❛❞ '♦ ❛ ✷✳✻ ♣❡#❝❡♥' ✐♥❝#❡❛&❡ ✐♥ '❤❡ ❡①♣♦#'& ♦❢ '❤❡ ❝♦✉♥'#②✬& #❡'❛✐❧❡#& '♦

'❤✐& ♠❛#❦❡'✳ ❚❤❡ ✐♠♣❛❝' ♦❢ ♦'❤❡# ✈❛#✐❛❜❧❡& ♦♥ ❡①♣♦#'& #❡♠❛✐♥❡❞ ❛❧♠♦&' ✉♥❝❤❛♥❣❡❞✳

❚❤❡ ♥❡①' '✇♦ ❝♦❧✉♠♥& ♦❢ ❚❛❜❧❡ ✶ ❝♦##❡&♣♦♥❞ '♦ ✷❙▲❙ ❡&'✐♠❛'❡&✱ ✇❤❡#❡ '❤❡ ❡♥❞♦❣❡♥❡✐'② ♦❢

SALESij,t ✐& ❝♦♥'#♦❧❧❡❞ ❢♦# ✇✐'❤ ✐♥&'#✉♠❡♥'& ❣❡♥❡#❛'❡❞ ✉&✐♥❣ ✜#&'✲&'❛❣❡ ❚♦❜✐' ❛♥❞ ❍❡❝❦♠❛♥ ❡&'✐✲

♠❛'♦#&✱ #❡&♣❡❝'✐✈❡❧②✳

✶✹

❚❤❡ ♠❛❣♥✐'✉❞❡ ♦❢ '❤❡ ❡✛❡❝' ♦❢ ✈❛#✐❛❜❧❡ SALESij,t ♦♥ '❤❡ ❡①♣♦#'& ♦❢ ❝♦✉♥'#②

i '♦ ❞❡&'✐♥❛'✐♦♥ j ❡&'✐♠❛'❡❞ ✇✐'❤ '❤❡&❡ '✇♦ ♠❡'❤♦❞& ✐& ✈❡#② &✐♠✐❧❛# '♦ '❤❡ ♦♥❡ ♦❜'❛✐♥❡❞ ✐♥ ❝♦❧✉♠♥

✭✷✮✳

■♥ ❝♦❧✉♠♥ ✭✻✮ ✇❡ #❡♣❧✐❝❛'❡❞ '❤❡ ✷❙▲❙ ❡&'✐♠❛'❡& ❢#♦♠ ❝♦❧✉♠♥ ✭✷✮ ♦♥ ❡B✉❛'✐♦♥ ✭✺✮ ✐♥❝❧✉❞✐♥❣ ✐♠♣♦#'

'❛#✐✛&✳

✶✺

❲❡ ♦❜'❛✐♥❡❞ ❛ ♥❡❣❛'✐✈❡ ❛♥❞ ❤✐❣❤❧② &✐❣♥✐✜❝❛♥' ❝♦❡✣❝✐❡♥' ♦♥ '❤✐& ✈❛#✐❛❜❧❡✱ ✐♥ ❛❝❝♦#❞❛♥❝❡

✇✐'❤ '❤❡ ❡①✐&'✐♥❣ '❤❡♦#❡'✐❝❛❧ ❛♥❞ ❡♠♣✐#✐❝❛❧ ❧✐'❡#❛'✉#❡✳ ■' &❤♦✉❧❞ ❜❡ #❡❝❛❧❧❡❞ '❤❛' ✐♠♣♦#' '❛#✐✛& ❡♥'❡#

✶✹

❯!✐♥❣ %❤❡ ❍❡❝❦♠❛♥ ❡!%✐♠❛%♦. .❡❞✉❝❡❞ ♦✉. ❡!%✐♠❛%✐♦♥ ♣❛♥❡❧ ❜② ♠♦.❡ %❤❛♥ ❤❛❧❢✳ ❚❤✐! ✐! ❞✉❡ %♦ %❤❡ ❢❛❝% %❤❛% ❞❛%❛

♦♥ %❤❡ ❛❞♠✐♥✐!%.❛%✐✈❡ ❝♦!%! ♦❢ ❡!%❛❜❧✐!❤✐♥❣ ❛ ♥❡✇ ❜✉!✐♥❡!! ❛.❡ ❛✈❛✐❧❛❜❧❡ ♦♥❧② ❢.♦♠ ✷✵✵✺✳

✶✺

❉✉❡ %♦ %❤❡ ❧✐♠✐%❡❞ ❛✈❛✐❧❛❜✐❧✐%② ♦❢ ❞❛%❛ ♦♥ %❤❡ ❛❞♠✐♥✐!%.❛%✐✈❡ ❝♦!%! ♦❢ ❡!%❛❜❧✐!❤✐♥❣ ❛ ♥❡✇ ❜✉!✐♥❡!! ❛♥❞ ♦♥ ✐♠♣♦.%

%❛.✐✛!✱ .❡!✉❧%! ✐♥ ❝♦❧✉♠♥ ✭✺✮ ✐♥ ❚❛❜❧❡ ✶ ❝♦..❡!♣♦♥❞ ♦♥❧② %♦ ♦❜!❡.✈❛%✐♦♥! ❢♦. %❤❡ ②❡❛. ✷✵✵✼✳

✶✹



❚❛❜❧❡ ✶✿ ❚❤❡ ✐♠♣❛❝, ♦❢ ♠✉❧,✐♥❛,✐♦♥❛❧ 1❡,❛✐❧❡12✬ 2❛❧❡2 ✐♥ ❢♦1❡✐❣♥ ♠❛1❦❡,2 ♦♥ ❤♦♠❡ ❝♦✉♥,1② ❡①♣♦1,2

❊①♣❧❛✐♥❡❞ ✈❛*✐❛❜❧❡,✿ lnmij,t

❖▲❙ ✷❙▲❙✱ ✐♥,3*✉♠❡♥3❛❧ ✈❛*✐❛❜❧❡,✿

Zij,t−1 fT (Zij,t−1) fH(Zij,t−1) Zij,t−1

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

ln ●❉? ❡①♣♦*3❡* ✵✳✺✼✯✯✯ ✵✳✺✺✯✯✯ ✵✳✹✼✯✯✯ ✵✳✹✽✯✯✯ ✵✳✺✵✯✯✯ ✵✳✹✾✯✯✯

✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮

ln ●❉? ✐♠♣♦*3❡* ✵✳✹✸✯✯✯ ✵✳✹✸✯✯✯ ✵✳✹✶✯✯✯ ✵✳✹✶✯✯✯ ✵✳✸✺✯✯✯ ✵✳✹✺✯✯✯

✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮

ln ❞✐,3❛♥❝❡ ✲✵✳✼✷✯✯✯ ✲✵✳✼✶✯✯✯ ✲✵✳✻✸✯✯✯ ✲✵✳✻✹✯✯✯ ✲✵✳✺✻✯✯✯ ✲✵✳✻✻✯✯✯

✭✵✳✵✶✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮

❝♦♥3✐❣✉✐3② ✵✳✻✹✯✯✯ ✵✳✻✷✯✯✯ ✵✳✹✷✯✯✯ ✵✳✹✹✯✯✯ ✵✳✹✾✯✯✯ ✵✳✹✷✯✯✯

✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✵✻✮ ✭✵✳✵✻✮ ✭✵✳✵✽✮ ✭✵✳✶✮

❝♦❧♦♥② ✶✳✷✼✯✯✯ ✶✳✷✶✯✯✯ ✵✳✾✹✯✯✯ ✵✳✾✼✯✯✯ ✵✳✽✼✯✯✯ ✶✳✵✹✯✯✯

✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✶✵✮

❘❚❆ ✵✳✸✻✯✯✯ ✵✳✸✻✯✯✯ ✵✳✸✻✯✯✯ ✵✳✸✻✯✯✯ ✵✳✸✾✯✯✯ ✵✳✷✶✯✯✯

✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✹✮

❯◆ ✈♦3❡, ,✐♠✐❧❛*✐3② ✐♥❞❡① ✵✳✵✼✯✯ ✵✳✵✽✯✯✯ ✵✳✶✵✯✯✯ ✵✳✶✵✯✯✯ ✵✳✵✶ ✵✳✶✽✯✯✯

✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✺✮ ✭✵✳✵✻✮

ln ♥♦♥ ❢♦♦❞ 3*❛❞❡ ✵✳✸✹✯✯✯ ✵✳✸✸✯✯✯ ✵✳✸✸✯✯✯ ✵✳✸✸✯✯✯ ✵✳✸✽✯✯✯ ✵✳✸✷✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✵✮ ✭✵✳✵✵✮ ✭✵✳✵✵✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮

ln *❡3❛✐❧❡*,✬ ,❛❧❡, ✵✳✵✸✯✯✯ ✵✳✵✸✯✯✯ ✵✳✷✵✯✯✯ ✵✳✶✽✯✯✯ ✵✳✶✺✯✯✯ ✵✳✶✻✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✵✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮

ln ✭✶✰3❛*✐✛✮ ✲✶✳✷✺✯✯✯

✭✵✳✶✸✮

◆❜ ♦❜,✳ ✾✷✺✹✷ ✼✽✷✾✼ ✼✽✷✾✼ ✼✽✷✾✼ ✸✾✺✽✶ ✷✶✹✽✶

R2
✱ ❝❡♥3❡*❡❞ ✵✳✺✹ ✵✳✺✸ ✵✳✺✶ ✵✳✺✷ ✵✳✺✸ ✵✳✺✷

R2
✱ ✉♥❝❡♥3❡*❡❞ ✵✳✾✶ ✵✳✾✶ ✵✳✾✶ ✵✳✾✷

❙❛*❣❛♥ ,3❛3✐,3✐❝ ✷✳✹✽ ✵✳✹✺

❙❛*❣❛♥ p✲✈❛❧✉❡ ✵✳✷✽✾ ✵✳✽✵✵

F ,3❛3 ✇❡❛❦ ✐❞❡♥3✐✜❝❛3✐♦♥ ✶✼✹✽✳✺✷ ✺✹✼✺✳✶ ✷✵✾✶✳✹✽ ✺✶✽✳✻✻

LM 3❡,3 ✉♥❞❡*✐❞❡♥3✐✜❝❛3✐♦♥ ✹✾✶✽✳✼✷ ✺✶✶✾✳✼✼ ✶✾✽✽✳✶✸ ✶✹✺✸✳✷✷

✉♥❞❡*✐❞❡♥3✐✜❝❛3✐♦♥ p✲✈❛❧✉❡ ✵✳✵✵✵ ✵✳✵✵✵ ✵✳✵✵✵ ✵✳✵✵✵

ln ❧✐❦❡❧✐❤♦♦❞ ✲✷✶✷✸✸✸✳✽ ✲✶✼✻✽✾✽✳✺✾ ✲✶✼✽✹✼✵✳✸✹ ✲✶✼✽✶✸✺✳✺✾ ✲✾✶✸✽✵✳✶✷ ✲✹✽✸✼✶✳✾✶

◆♦"❡$✿ ❘♦❜✉$" $"❛♥❞❛,❞ ❡,,♦,$ ✐♥ ♣❛,❡♥"❤❡$❡$✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❊$"✐♠❛"✐♦♥$ ✐♥ ❛❧❧ ❝♦❧✉♠♥$ ✐♥❝❧✉❞❡

❛ ✜①❡❞ ❡✛❡❝" ❢♦, ❡❛❝❤ ②❡❛,✱ ❡❛❝❤ ❡①♣♦,"✐♥❣ ❛♥❞ ❡❛❝❤ ✐♠♣♦,"✐♥❣ ❣❡♦❣,❛♣❤✐❝ ③♦♥❡✳ ■♥$",✉♠❡♥"$Zij,t−1 ❛,❡ "❤❡

$❤❛,❡ ♦❢ ✏♠♦❞❡,♥✑ ,❡"❛✐❧ ✐♥ "❤❡ ❣,♦❝❡,② ❡①♣❡♥❞✐"✉,❡ ♦❢ ❤♦$" ❝♦✉♥",② ❤♦✉$❡❤♦❧❞$✱ "❤❡ $❤❛,❡ ♦❢ ♦,✐❣✐♥ ❝♦✉♥",②

,❡"❛✐❧❡,$ ♦♥ "❤❡✐, ❞♦♠❡$"✐❝ ♠❛,❦❡"✱ ❛♥❞ "❤❡ ♣,♦❞✉❝"$ ♦❢ "❤❡$❡ "✇♦ ✈❛,✐❛❜❧❡$✳ ■♥$",✉♠❡♥"$ fH(Zij,t−1) ❛♥❞
Zij,t−1 ❛,❡ "❤❡ ❜❡$" ♣,❡❞✐❝"✐♦♥$ ♦❢ ,❡"❛✐❧❡,$✬ $❛❧❡$ ✇✐"❤ ❛❧❧ "❤❡ ♠♦❞❡❧✬$ ❡①♦❣❡♥♦✉$ ✈❛,✐❛❜❧❡$✱ ✉$✐♥❣ ❚♦❜✐" ❛♥❞

❍❡❝❦♠❛♥ ❡$"✐♠❛"♦,$✱ ,❡$♣❡❝"✐✈❡❧②✳ ❙❡❡ "❤❡ "❡①" ❢♦, ❞❡"❛✐❧$✳ ❚❤❡ "❡$" ❢♦, ✇❡❛❦ ✐❞❡♥"✐✜❝❛"✐♦♥ ✐$ ❛♥ F ✈❡,$✐♦♥

♦❢ "❤❡ ❈,❛❣❣✲❉♦♥❛❧❞ ❲❛❧❞ $"❛"✐$"✐❝✳ ❚❤❡ "❡$" ❢♦, ✉♥❞❡,✐❞❡♥"✐✜❝❛"✐♦♥ ✐$ ❛♥ LM ✈❡,$✐♦♥ ♦❢ "❤❡ ❆♥❞❡,$♦♥

❝❛♥♦♥✐❝❛❧ ❝♦,,❡❧❛"✐♦♥$ "❡$"✳

,❤❡ ,1❛❞❡ ❝♦2,2 ❢✉♥❝,✐♦♥ ✇✐,❤ ❝♦❡✣❝✐❡♥, ♦♥❡✳ ❚❤❡1❡❢♦1❡✱ ,❤❡ ,❛1✐✛ ❝♦❡✣❝✐❡♥, ✐♥ ❝♦❧✉♠♥ ✭✻✮ ❛❧❧♦✇2

✉2 ,♦ ❞❡❞✉❝❡ ,❤❡ ♠❛❣♥✐,✉❞❡ ♦❢ ,❤❡ ❡❧❛2,✐❝✐,② ♦❢ 2✉❜2,✐,✉,✐♦♥ ❜❡,✇❡❡♥ ❡①❝❤❛♥❣❡❞ ♣1♦❞✉❝,2✿ σ = 2.25✳

❚❤❡ ✐♠♣❛❝, ♦❢ ✈❛1✐❛❜❧❡ SALESij,t ♦♥ ❜✐❧❛,❡1❛❧ ❡①♣♦1,2 ✐2 ✈❡1② 2✐♠✐❧❛1 ,♦ ,❤❡ ✐♠♣❛❝,2 ♦❜,❛✐♥❡❞ ✇✐,❤

,❤❡ ♦,❤❡1 ✷❙▲❙ ❡2,✐♠❛,♦12✳

✶✺



❖♥❡ ❝♦✉❧❞ ❛)❣✉❡ +❤❛+ +❤❡ ♣♦.✐+✐✈❡ ❡✛❡❝+ ♦❢ )❡+❛✐❧❡).✬ .❛❧❡. ✐♥ ❚❛❜❧❡ ✶ ❝♦✉❧❞ ❜❡ +❤❡ )❡.✉❧+ ♦❢ ❛♥

✉♣✇❛)❞ .❤✐❢+ ✐♥ +❤❡ ♣)✐❝❡ ♦❢ ❡①♣♦)+❡❞ ❣♦♦❞.✳ ❆♥ ✐♥❝)❡❛.❡ ✐♥ +❤❡ ❢♦)❡✐❣♥ ❛❝+✐✈✐+② ♦❢ ❛ ❝♦✉♥+)②✬. )❡+❛✐❧❡).

♠❛② ❤❡❧♣ ❞♦♠❡.+✐❝ ✜)♠. +♦ ❡①♣♦)+ +❤❡✐) ♣)♦❞✉❝+. ❛+ ❤✐❣❤❡) ♣)✐❝❡.✱ ♦) +♦ ❡①♣♦)+ ❧❛)❣❡) ❛♠♦✉♥+. ♦❢

❤✐❣❤ ?✉❛❧✐+② ✭❛♥❞ ❝♦♥.❡?✉❡♥+❧② ❤✐❣❤✲♣)✐❝❡❞✮ ♣)♦❞✉❝+.✳ ❚♦ ❛♥❛❧②③❡ +❤❡ ✐..✉❡ ♦❢ ♣♦..✐❜❧❡ ♣)✐❝❡ ❡✛❡❝+.✱

✐♥ ❚❛❜❧❡ ✺ ♦❢ +❤❡ ❆♣♣❡♥❞✐① ✇❡ )❡♣❧✐❝❛+❡ ❡.+✐♠❛+❡. ❢)♦♠ ❚❛❜❧❡ ✶ ♦♥ ❡①♣♦)+❡❞ ?✉❛♥+✐+✐❡. ✭❡①♣)❡..❡❞

✐♥ +♦♥♥❡.✮✳ ❲❡ ✜♥❞ ❛ ♣♦.✐+✐✈❡ ❛♥❞ .✐❣♥✐✜❝❛♥+ ❡✛❡❝+ ♦❢ )❡+❛✐❧❡).✬ ❢♦)❡✐❣♥ .❛❧❡. ✐♥ ❛❧❧ .♣❡❝✐✜❝❛+✐♦♥.✳

❲❡ ❝♦♥❝❧✉❞❡ +❤❛+ +❤❡ ♣♦.✐+✐✈❡ ❡✛❡❝+ ♦♥ ❡①♣♦)+❡❞ ✈❛❧✉❡. ✭❚❛❜❧❡ ✶✮ ✐. ❡①♣❧❛✐♥❡❞ ❜② ❛ .✐♠✐❧❛) ❡✛❡❝+ ♦♥

?✉❛♥+✐+✐❡. ✭❚❛❜❧❡ ✺✮✱ ✇✐+❤ ♣)✐❝❡ ❡✛❡❝+. ♣❧❛②✐♥❣ ❛ ♠✐♥♦) )♦❧❡✳

❚♦ .✉♠ ✉♣✱ +❤❡ )❡.✉❧+. ♣)❡.❡♥+❡❞ ✐♥ ❚❛❜❧❡. ✶ ❛♥❞ ✺ +❡.+✐❢② +❤❛+ )❡+❛✐❧ ✐♥✈❡.+♠❡♥+. ❛❜)♦❛❞ ❢♦.+❡)

❡①♣♦)+. ❜② ♣)♦❞✉❝❡). ❢)♦♠ +❤❡ ❝♦✉♥+)② ♦❢ ♦)✐❣✐♥✳ ❚❛❦✐♥❣ ❡♥❞♦❣❡♥❡✐+② ✐♥+♦ ❛❝❝♦✉♥+ ✐♥❝)❡❛.❡❞ +❤✐.

❡✛❡❝+✳ ❉✐✛❡)❡♥+ ❡❝♦♥♦♠✐❝ ♠❡❝❤❛♥✐.♠. ❝❛♥ ❡①♣❧❛✐♥ +❤✐. ♦✉+❝♦♠❡✳ ■♥ ♦✉) ❡♠♣✐)✐❝❛❧ ♠♦❞❡❧ ✭.❡❝+✐♦♥

✷✮ ✇❡ ❛..✉♠❡❞ +❤❛+ SALESij,t✱ +❤❡ .❛❧❡. ♦❢ )❡+❛✐❧❡). ♦❢ ❝♦✉♥+)② i ✐♥ +❤❡ ❤♦.+ ❝♦✉♥+)② j✱ ❡♥+❡) ✐♥

+❤❡ ♣)❡❢❡)❡♥❝❡✲❛❞❥✉.+❡❞ +)❛❞❡ ❝♦.+ ❢✉♥❝+✐♦♥ ✭❡?✉❛+✐♦♥ ✹✮✳ ■♥ +❤✐. ❡♠♣✐)✐❝❛❧ ❢)❛♠❡✇♦)❦✱ ❢♦)❡✐❣♥ )❡+❛✐❧

✐♥✈❡.+♠❡♥+ ❝❛♥ ✐♠♣❛❝+ +)❛❞❡ +❤)♦✉❣❤ +✇♦ ❝❤❛♥♥❡❧.✱ ❛ )❡❞✉❝+✐♦♥ ✐♥ ❜✐❧❛+❡)❛❧  !❛❞❡ ❝♦' ' ❢♦) ❡①♣♦)+❡).

❢)♦♠ +❤❡ ❝♦✉♥+)② ♦❢ ♦)✐❣✐♥ ❛♥❞ ❛ ♠♦❞✐✜❝❛+✐♦♥ ♦❢ ❝♦♥.✉♠❡) ♣!❡❢❡!❡♥❝❡' ✐♥ +❤❡ ❤♦.+ ❝♦✉♥+)②✳

❊.+❛❜❧✐.❤✐♥❣ ❛ )❡+❛✐❧ ❝♦♠♣❛♥② ✐♥ ❛ ❤♦.+ ❝♦✉♥+)② ♠❛② )❡❞✉❝❡  !❛❞❡ ❝♦' ❢♦) .✉♣♣❧✐❡). ♦❢ ❞♦♠❡.+✐❝
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♦♥❧② ❢♦$ ❛ ❧✐♠✐"❡❞ 2❛♠♣❧❡ ♦❢ ❝♦✉♥"$✐❡2✱ ♠❛✐♥❧② ❖❊❈❉ ❝♦✉♥"$✐❡2 ❛♥❞ ❛ ❢❡✇ ❡♠❡$❣✐♥❣ ❝♦✉♥"$✐❡2 ❛♥❞ ♦♥❧② ❢♦$ ✷✵✵✸ ❛♥❞

✷✵✵✽✱ ✇❤✐❝❤ ❡①♣❧❛✐♥2 "❤❡ 2♠❛❧❧ ♥✉♠❜❡$ ♦❢ ♦❜2❡$✈❛"✐♦♥2 ✐♥ ❝♦❧✉♠♥ ✭✸✮✳

✶✼



Pj,t ❛♥❞ Πi,t ✐♥ ❡%✉❛'✐♦♥ ✭✷✮✱ ❡-'✐♠❛'✐♥❣ '❤❡ ✐♠♣❛❝' ♦❢ ❞✐✛❡5❡♥' '5❛❞❡ ❝♦-' ❡❧❡♠❡♥'- ♦♥ '❤❡ ✈♦❧✉♠❡

♦❢ '5❛❞❡ ✇♦✉❧❞ ❜❡ -'5❛✐❣❤'❢♦5✇❛5❞ ❛♥❞ ✇♦✉❧❞ ♥♦' 5❡%✉✐5❡ '❤❡ ✉-❡ ♦❢ ❡①♣♦5'❡5 ❛♥❞ ✐♠♣♦5'❡5 ✜①❡❞

❡✛❡❝'-✳

❚❤❡ ❝♦♠♣✉'❛'✐♦♥ ♦❢ ♠✉❧'✐❧❛'❡5❛❧ 5❡-✐-'❛♥❝❡-✱ ❛- ❞❡✜♥❡❞ ❜② '❤❡ '❤❡♦5❡'✐❝❛❧ ♠♦❞❡❧✱

✶✾

5❡%✉✐5❡- '❤❡

✉-❡ ♦❢ ✉♥❦♥♦✇♥ ♣❛5❛♠❡'❡5- ✭'❤❡ ❡❧❛-'✐❝✐'② ♦❢ -✉❜-'✐'✉'✐♦♥ σ ❛♥❞ '❤❡ ❝♦❡✣❝✐❡♥'- ♦❢ '❤❡ '5❛❞❡ ❝♦-'-

❡%✉❛'✐♦♥ ✭✹✮✮ ❛♥❞ ❝❛♥♥♦' ❜❡ ❛❝❤✐❡✈❡❞ ❞✐5❡❝'❧② ✇✐'❤ ♦❜-❡5✈❡❞ ❞❛'❛✳ ❆- ❛ 5❡-✉❧'✱ ❛ ✈❛5✐❡'② ♦❢ ❛❞✲❤♦❝

❢♦5♠✉❧❛- ❤❛✈❡ ❡♠❡5❣❡❞ ✐♥ '❤❡ ❡♠♣✐5✐❝❛❧ '5❛❞❡ ❧✐'❡5❛'✉5❡✱ ❜✉' ♥♦♥❡ ✐- ❝♦♥-✐-'❡♥' ✇✐'❤ '❤❡ '❤❡♦5❡'✐❝❛❧

♠♦❞❡❧✳ ❆♥ ✐♠♣5♦✈❡❞ ❛❧'❡5♥❛'✐✈❡ ✇❛- ♣5♦✈✐❞❡❞ ❜② ❇❛✐❡5 ❛♥❞ ❇❡5❣-'5❛♥❞ ✭✷✵✵✾✮✱ ✇❤♦ ❛♣♣5♦①✐♠❛'❡

♠✉❧'✐❧❛'❡5❛❧ 5❡-✐-'❛♥❝❡ '❡5♠- ❜② '❤❡✐5 ✜5-'✲♦5❞❡5 ❧♦❣✲❧✐♥❡❛5 ❚❛②❧♦5 -❡5✐❡- ❡①♣❛♥-✐♦♥-✳ ❚❤✐- ♠❡'❤♦❞

♠❡❛♥- '❤❡ -❛♠❡ '5❛❞❡ ❝♦-'- ❢✉♥❝'✐♦♥ ❝❛♥ ❜❡ ✉-❡❞ '♦ ❞❡5✐✈❡ '5❛❞❡ ✈♦❧✉♠❡- ❛♥❞ 5❡♠♦'❡♥❡-- '❡5♠-✱

❛♥❞ '♦ ❞✐5❡❝'❧② ❡-'✐♠❛'❡ ❛❧❧ ✉♥❦♥♦✇♥ ♣❛5❛♠❡'❡5-✳ ■'- ✐♠♣❧❡♠❡♥'❛'✐♦♥ ✐♠♣❧✐❡- ❝♦♠♣✉'✐♥❣ ❛ ❜✐❧❛'❡5❛❧

5❡♠♦'❡♥❡-- '❡5♠ ❢♦5 ❡❛❝❤ ✈❛5✐❛❜❧❡ X ♦❢ '❤❡ '5❛❞❡ ❝♦-'- ❢✉♥❝'✐♦♥ ✭✹✮✿

MR❴Xij,t =
∑

j

θj,tXij,t +
∑

i

θi,tXij,t −
1

2

∑

i

∑

j

θi,tθj,tXij,t −
1

2

∑

i

∑

j

θi,tθj,tXji,t, ✭✻✮

✇✐'❤ ♣❛5❛♠❡'❡5- θ -'❛♥❞✐♥❣ ❢♦5 ❝♦✉♥'5✐❡-✬ -❤❛5❡- ✐♥ ✇♦5❧❞ ●❉N✳

✷✵

❇② 5❡♣❧❛❝✐♥❣ ✐♠♣♦5'❡5 ❛♥❞ ❡①♣♦5'❡5

✜①❡❞ ❡✛❡❝'- ✐♥ ❡%✉❛'✐♦♥ ✭✸✮ ❜② '❤❡ -✉♠ ♦❢ ♠✉❧'✐❧❛'❡5❛❧ 5❡-✐-'❛♥❝❡ '❡5♠- MR❴Xij,t ❣✐✈❡♥ ❜② ✭✻✮ ❛♥❞

❣5♦✉♣✐♥❣ ✈❛5✐❛❜❧❡-✱ ✇❡ ♦❜'❛✐♥ ❛ '5❛❞❡ ❡%✉❛'✐♦♥ '❤❛' ❡♥❛❜❧❡- ❞✐5❡❝' ❡-'✐♠❛'✐♦♥ ♦❢ ❛❧❧ '❤❡ ♣❛5❛♠❡'❡5-

♦❢ ♦✉5 '5❛❞❡ ♠♦❞❡❧✿

lnmij,t = α0 + α1GDPi,t + α2GDPj,t + β1 [ln distij −MR❴ ln distij ] ✭✼✮

+β2 [contigij −MR❴contigij ] + β3 [colonyij −MR❴colonyij ]

+β4 [RTAij,t −MR❴RTAij,t] + β5 [UNvotesij,t −MR❴UNvotesij,t]

+β6 [lnNonFoodTradeij,t −MR❴ lnNonFoodTradeij,t]

+ (1− σ)
[

ln
(

1 +  ❛"✐✛ ij,t

)

−MR❴ ln
(

1 +  ❛"✐✛ ij,t

)]

+γ [lnSALESij,t −MR❴ lnSALESij,t] + ǫij,t.

❲❡ ❛❞❞❡❞ ❛ ❝♦♥-'❛♥' '❡5♠ α0 ✐♥ ❡%✉❛'✐♦♥ ✭✼✮ '♦ ✐♥❝5❡❛-❡ '❤❡ ✢❡①✐❜✐❧✐'② ♦❢ ♦✉5 ❡♠♣✐5✐❝❛❧ ♠♦❞❡❧✳

❲❡ ❡-'✐♠❛'❡❞ ❡%✉❛'✐♦♥ ✭✼✮ ✇✐'❤ ❛♥❞ ✇✐'❤♦✉' '❛5✐✛-✱ ❛❝❝♦5❞✐♥❣ '♦ '❤❡ ✜✈❡ ❛♣♣5♦❛❝❤❡- ❧✐-'❡❞ ✐♥

✶✾

❙❡❡ ❢♦♦$♥♦$❡ ✸✳

✷✵

❚❤❡ $❡*♠ MR❴Xij,t ✐. .✐♠♣❧② $❤❡ .✉♠ ♦❢ ✐♠♣♦*$❡* ❛♥❞ ❡①♣♦*$❡* ♠✉❧$✐❧❛$❡*❛❧ *❡♠♦$❡♥❡.. ✐♥ ❇❛✐❡* ❛♥❞ ❇❡*❣.$*❛♥❞

✭✷✵✵✾✮✳ ❇❡❝❛✉.❡ ♦✉* $*❛❞❡ ❝♦.$. .$*✉❝$✉*❡ ✐♥❝❧✉❞❡. ❛.②♠♠❡$*✐❝ ✈❛*✐❛❜❧❡. ✭❡✳❣✳ ✐♠♣♦*$ $❛*✐✛.✮✱ ✇❡ ❝❛♥♥♦$ ❢✉*$❤❡*

.✐♠♣❧✐❢② ❡C✉❛$✐♦♥ ✭✻✮ $♦ ❛ .✉♠ ♦❢ $❤*❡❡ $❡*♠. ❧✐❦❡ ❇❛✐❡* ❛♥❞ ❇❡*❣.$*❛♥❞ ✭✷✵✵✾✮✳

✶✽
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+❤❡ 0❡+❛✐❧❡0)✬ ❝♦✉♥+0② ♦❢ ♦0✐❣✐♥✳ ❍♦✇❡✈❡0✱ ♦✉0 ❛♥❛❧②)✐) ❞♦❡) ♥♦+ ❡♥❛❜❧❡ ✉) +♦ ❞✐)+✐♥❣✉✐)❤ +❤❡ 0♦❧❡ ♦❢

+❤❡ 0❡❞✉❝+✐♦♥ ✐♥ +0❛❞❡ ❝♦)+) ❢0♦♠ +❤❛+ ♦❢ ❝❤❛♥❣❡) ✐♥ ❝♦♥)✉♠❡0 ♣0❡❢❡0❡♥❝❡)✳

❋✉0+❤❡0 0❡)❡❛0❝❤ ✐) ♥❡❡❞❡❞ +♦ ❡✈❛❧✉❛+❡ +❤❡ 0❡❧❛+✐✈❡ ✐♠♣♦0+❛♥❝❡ ♦❢ +❤❡)❡ +✇♦ ❝❤❛♥♥❡❧)✳ ❚❤❡ ❡✛❡❝+

♦❢ ❛ 0❡❞✉❝+✐♦♥ ✐♥ +0❛❞❡ ❝♦)+) ♦♥ ❡①♣♦0+ ♣❡0❢♦0♠❛♥❝❡ ♦❢ ❢♦♦❞ ♣0♦❞✉❝❡0) ❞✉❡ +♦ ♦✈❡0)❡❛) ❡①♣❛♥)✐♦♥

♦❢ 0❡+❛✐❧❡0) ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ✉)✐♥❣ ✜0♠ ❧❡✈❡❧ ❞❛+❛✳ ❚❤✐) ✇✐❧❧ ❛❧❧♦✇ ✉) +♦ ♠❡❛)✉0❡ +❤❡ ✐♠♣❛❝+ ♦❢ +❤❡

0❡+❛✐❧❡0 ❢♦0❡✐❣♥ ♥❡+✇♦0❦ ❜② ❞✐)+✐♥❣✉✐)❤✐♥❣ ❜❡+✇❡❡♥ )✉♣♣❧✐❡0) ♦❢ 0❡+❛✐❧❡0) ❛♥❞ ♦+❤❡0 ❡①♣♦0+❡0)✳

❘❡❢❡,❡♥❝❡'

❆❤♥✱ ❏✳✱ ❑❤❛♥❞❡❧✇❛❧✱ ❆✳ ❑✳✱ ❛♥❞ ❲❡✐✱ ❙✳✲❏✳ ✭✷✵✶✶✮✳ ❚❤❡ 0♦❧❡ ♦❢ ✐♥+❡0♠❡❞✐❛0✐❡) ✐♥ ❢❛❝✐❧✐+❛+✐♥❣ +0❛❞❡✳

❏♦✉#♥❛❧ ♦❢ ■♥)❡#♥❛)✐♦♥❛❧ ❊❝♦♥♦♠✐❝/✱ ✽✹✭✶✮✿✼✸✕✽✺✳

✶✾



❚❛❜❧❡ ✷✿ ❘♦❜✉*+♥❡** ♦❢ ✐♠♣❛❝+*✿ ♠✉❧+✐❧❛+❡2❛❧ 2❡♠♦+❡♥❡**❡*

❊①♣❧❛✐♥❡❞ ✈❛*✐❛❜❧❡,✿ lnmij,t

❖▲❙ ✷❙▲❙✱ ✐♥,3*✉♠❡♥3❛❧ ✈❛*✐❛❜❧❡,✿

Zij,t−1 fT (Zij,t−1) fH(Zij,t−1) Zij,t−1

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

ln ●❉? ❡①♣♦*3❡* ✵✳✽✾✯✯✯ ✵✳✽✾✯✯✯ ✵✳✽✷✯✯✯ ✵✳✽✸✯✯✯ ✵✳✼✾✯✯✯ ✵✳✽✵✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮

ln ●❉? ✐♠♣♦*3❡* ✵✳✼✼✯✯✯ ✵✳✼✺✯✯✯ ✵✳✼✷✯✯✯ ✵✳✼✷✯✯✯ ✵✳✼✵✯✯✯ ✵✳✼✶✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮

ln ❞✐,3❛♥❝❡ ✲✵✳✾✼✯✯✯ ✲✵✳✾✷✯✯✯ ✲✵✳✽✻✯✯✯ ✲✵✳✽✼✯✯✯ ✲✵✳✽✹✯✯✯ ✲✵✳✽✼✯✯✯

✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✻✮

❝♦♥3✐❣✉✐3② ✵✳✹✼✯✯✯ ✵✳✺✷✯✯✯ ✵✳✷✾✯✯✯ ✵✳✸✸✯✯✯ ✵✳✷✵✯✯ ✵✳✷✻

✭✵✳✵✺✮ ✭✵✳✵✼✮ ✭✵✳✵✽✮ ✭✵✳✵✽✮ ✭✵✳✵✾✮ ✭✵✳✷✶✮

❝♦❧♦♥② ✵✳✼✼✯✯✯ ✵✳✽✵✯✯✯ ✵✳✼✵✯✯✯ ✵✳✼✶✯✯✯ ✵✳✻✻✯✯✯ ✵✳✻✼✯✯✯

✭✵✳✵✺✮ ✭✵✳✵✼✮ ✭✵✳✵✽✮ ✭✵✳✵✽✮ ✭✵✳✵✽✮ ✭✵✳✷✵✮

❘❚❆ ✵✳✻✷✯✯✯ ✵✳✻✽✯✯✯ ✵✳✻✺✯✯✯ ✵✳✻✻✯✯✯ ✵✳✻✹✯✯✯ ✵✳✹✻✯✯✯

✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✾✮

❯◆ ✈♦3❡, ,✐♠✐❧❛*✐3② ✐♥❞❡① ✲✵✳✽✸✯✯✯ ✲✵✳✼✵✯✯✯ ✲✵✳✻✶✯✯✯ ✲✵✳✻✸✯✯✯ ✲✵✳✺✽✯✯✯ ✲✵✳✸✾✯✯✯

✭✵✳✵✸✮ ✭✵✳✵✹✮ ✭✵✳✵✹✮ ✭✵✳✵✹✮ ✭✵✳✵✺✮ ✭✵✳✶✶✮

ln ♥♦♥ ❢♦♦❞ 3*❛❞❡ ✵✳✶✹✯✯✯ ✵✳✶✻✯✯✯ ✵✳✶✺✯✯✯ ✵✳✶✺✯✯✯ ✵✳✶✹✯✯✯ ✵✳✶✹✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮

ln *❡3❛✐❧❡*,✬ ,❛❧❡, ✵✳✵✺✯✯✯ ✵✳✵✹✯✯✯ ✵✳✷✺✯✯✯ ✵✳✷✷✯✯✯ ✵✳✸✸✯✯✯ ✵✳✸✶✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✵✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✹✮ ✭✵✳✵✽✮

ln ✭✶✰3❛*✐✛✮ ✲✶✳✷✻✯✯✯

✭✵✳✸✶✮

◆❜ ♦❜,✳ ✾✷✺✽✹ ✹✾✺✶✻ ✹✾✺✶✻ ✹✾✺✶✻ ✹✾✺✶✻ ✽✷✸✾

R2
✱ ❝❡♥3❡*❡❞ ✵✳✹✻ ✵✳✹✹ ✵✳✹✶ ✵✳✹✷ ✵✳✸✾ ✵✳✸✾

R2
✱ ✉♥❝❡♥3❡*❡❞ ✵✳✽✾ ✵✳✽✾ ✵✳✽✾ ✵✳✽✽

❙❛*❣❛♥ ,3❛3✐,3✐❝ ✸✳✾✷ ✵✳✵✵ ✵✳✵✵ ✵✳✾✹

❙❛*❣❛♥ p✲✈❛❧✉❡ ✵✳✶✹✶ ✵✳✻✷✺

F ,3❛3 ✇❡❛❦ ✐❞❡♥3✐✜❝❛3✐♦♥ ✸✹✶✳✻✼ ✽✶✹✳✶✹ ✺✻✼✳✷✸ ✺✺✳✺✶

LM 3❡,3 ✉♥❞❡*✐❞❡♥3✐✜❝❛3✐♦♥ ✶✵✵✹✳✺✺ ✽✵✶✳✷✶ ✺✻✵✳✾✼ ✶✻✸✳✹✽

✉♥❞❡*✐❞❡♥3✐✜❝❛3✐♦♥ p✲✈❛❧✉❡ ✵✳✵✵✵ ✵✳✵✵✵ ✵✳✵✵✵ ✵✳✵✵✵

ln ❧✐❦❡❧✐❤♦♦❞ ✲✷✷✵✹✻✶✳✹✾ ✲✶✶✽✵✶✾✳✽✹ ✲✶✶✾✷✽✵✳✸✶ ✲✶✶✽✾✷✺✳✸✼ ✲✶✷✵✹✵✶✳✶✶ ✲✷✵✶✵✼✳✽✾

◆♦"❡$✿ ❘♦❜✉$" $"❛♥❞❛,❞ ❡,,♦,$ ✐♥ ♣❛,❡♥"❤❡$❡$✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❊$"✐♠❛"✐♦♥$ ✐♥ ❛❧❧ ❝♦❧✉♠♥$

✐♥❝❧✉❞❡ ②❡❛, ✜①❡❞ ❡✛❡❝"$✳ ■♥$",✉♠❡♥"$ Zij,t−1 ❛,❡ "❤❡ ♥✉♠❜❡, ♦❢ ,❡"❛✐❧❡,$ ✐♥ "❤❡ ♦,✐❣✐♥ ❝♦✉♥",②✱ "❤❡

♠✐♥✐♠✉♠ ❛♠♦✉♥" ♦❢ ❝❛♣✐"❛❧ ♥❡❝❡$$❛,② "♦ $"❛," ❛ ❜✉$✐♥❡$$ ✐♥ "❤❡ ❤♦$" ❝♦✉♥",②✱ ❡①♣,❡$$❡❞ ❛$ ♣❡,❝❡♥"❛❣❡

♦❢ ✐♥❝♦♠❡ ♣❡, ❝❛♣✐"❛✱ ❛♥❞ "❤❡ ♣,♦❞✉❝"$ ♦❢ "❤❡$❡ "✇♦ ✈❛,✐❛❜❧❡$✳ ■♥$",✉♠❡♥"$ fH(Zij,t−1) ❛♥❞ Zij,t−1 ❛,❡

"❤❡ ❜❡$" ♣,❡❞✐❝"✐♦♥$ ♦❢ ,❡"❛✐❧❡,$✬ $❛❧❡$ ✇✐"❤ ❛❧❧ "❤❡ ♠♦❞❡❧✬$ ❡①♦❣❡♥♦✉$ ✈❛,✐❛❜❧❡$✱ ✉$✐♥❣ ❚♦❜✐" ❛♥❞ ❍❡❝❦♠❛♥

❡$"✐♠❛"♦,$✱ ,❡$♣❡❝"✐✈❡❧②✳ ❊①♣❧❛♥❛"♦,② ✈❛,✐❛❜❧❡$ ln distance✱ colony✱ contiguity✱ ❛♥❞ ln
(

1 +  ❛"✐✛ ij,t

)

❛,❡

",❛♥$❢♦,♠❛"✐♦♥$ ♦❢ ♦,✐❣✐♥❛❧ ✈❛,✐❛❜❧❡$ ❛$ ✐♥ ❡G✉❛"✐♦♥ ✭✼✮✳ ❙❡❡ "❤❡ "❡①" ❢♦, ❞❡"❛✐❧$✳ ❚❤❡ "❡$" ❢♦, ✇❡❛❦

✐❞❡♥"✐✜❝❛"✐♦♥ ✐$ ❛♥ F ✈❡,$✐♦♥ ♦❢ "❤❡ ❈,❛❣❣✲❉♦♥❛❧❞ ❲❛❧❞ $"❛"✐$"✐❝✳ ❚❤❡ "❡$" ❢♦, ✉♥❞❡,✐❞❡♥"✐✜❝❛"✐♦♥ ✐$ ❛♥

LM ✈❡,$✐♦♥ ♦❢ "❤❡ ❆♥❞❡,$♦♥ ❝❛♥♦♥✐❝❛❧ ❝♦,,❡❧❛"✐♦♥$ "❡$"✳

✷✵



❆♥❞❡$%♦♥✱ ❏✳ ❊✳ ❛♥❞ ✈❛♥ ❲✐♥❝♦♦♣✱ ❊✳ ✭✷✵✵✸✮✳ ●$❛✈✐7② ✇✐7❤ ●$❛✈✐7❛%✿ ❆ ❙♦❧✉7✐♦♥ 7♦ 7❤❡ ❇♦$❞❡$

@✉③③❧❡✳ ❆♠❡#✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✾✸✭✶✮✿✶✼✵✕✶✾✷✳

❆♥❞❡$%♦♥✱ ❏✳ ❊✳ ❛♥❞ ✈❛♥ ❲✐♥❝♦♦♣✱ ❊✳ ✭✷✵✵✹✮✳ ❚$❛❞❡ ❈♦%7%✳ ❏♦✉#♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ▲✐2❡#❛2✉#❡✱

✹✷✭✸✮✿✻✾✶✕✼✺✶✳

❆♥7$K%✱ @✳ ❛♥❞ ❈♦%7✐♥♦7✱ ❆✳ ✭✷✵✶✵✮✳ ■♥7❡$♠❡❞✐❛7✐♦♥ ❛♥❞ ❊❝♦♥♦♠✐❝ ■♥7❡❣$❛7✐♦♥✳ ❆♠❡#✐❝❛♥ ❊❝♦♥♦♠✐❝

❘❡✈✐❡✇✱ ✶✵✵✭✷✮✿✹✷✹✕✷✽✳

❆♥7$K%✱ @✳ ❛♥❞ ❈♦%7✐♥♦7✱ ❆✳ ✭✷✵✶✶✮✳ ■♥7❡$♠❡❞✐❛7❡❞ ❚$❛❞❡✳ ❚❤❡ ◗✉❛#2❡#❧② ❏♦✉#♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝7✱
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❈❤✐♥❛ ✵✳✹ ✷ ✵ ✷ ✶

❙✇✐(③❡!❧❛♥❞ ✵✳✷ ✶ ✵ ✷ ✶

❙♣❛✐♥ ✵✳✶ ✵ ✵ ✸ ✶

■(❛❧② ✵✳✶ ✵ ✵ ✸ ✷

❘✉//✐❛♥ ❋❡❞❡!❛(✐♦♥ ✵✳✵✸ ✵ ✵ ✶ ✶

❙✇❡❞❡♥ ✵✳✵✵✶ ✵ ✵ ✶ ✶

❈❛♥❛❞❛ ✲ ✵ ✵ ✸ ✲

◆❡✇ ❩❡❛❧❛♥❞ ✲ ✵ ✵ ✶ ✲

❯♥✐(❡❞ ❆!❛❜ ❊♠✐!❛(❡/ ✲ ✵ ✵ ✶ ✲

O✉❡!(♦ ❘✐❝♦ ✲ ✵ ✵ ✶ ✲

❚♦(❛❧ ✹✾✷ ✷✻ ✶✵✵ ✾✶ ✻✶

❙♦✉#❝❡✿ ❆✉(❤♦#*✬* ❝❛❧❝✉❧❛(✐♦♥ ✉*✐♥❣ ❞❛(❛ ❢#♦♠ 4❧❛♥❡( ❘❡(❛✐❧✳

∗
❚❤❡ ❞❡❣#❡❡ ♦❢ ✐♥(❡#♥❛(✐♦♥❛❧✐③❛(✐♦♥✳

†
❊①❝❧✉❞✐♥❣ *❛❧❡* ✐♥ ❞♦♠❡*(✐❝ ♠❛#❦❡(*✳

❚❛❜❧❡ ✹✿ ●❡♦❣*❛♣❤✐❝❛❧ ❛*❡❛ ✜①❡❞ ❡✛❡❝)2

●❡♦❣*❛♣❤✐❝ ❛*❡❛

❊✉*♦♣❡❛♥ ❯♥✐♦♥ ✭✷✼✮ ◆♦*)❤❡*♥ ❆❢*✐❝❛

❘❡2) ♦❢ ❊✉*♦♣❡ ❙✉❜✲❙❛❤❛*❛♥ ❆❢*✐❝❛

◆♦*)❤❡*♥ ❆♠❡*✐❝❛ ◆♦*)❤✲❊❛2)❡*♥ ❆2✐❛

❈❡♥)*❛❧ ❛♥❞ ❙♦✉)❤❡*♥ ❆♠❡*✐❝❛ ❙♦✉)❤✲❊❛2)❡*♥ ❆2✐❛

❈♦♠♠✉♥✐)② ♦❢ ■♥❞❡♣❡♥❞❡♥) ❙)❛)❡2 ❙♦✉)❤❡*♥ ❆2✐❛ ❛♥❞ N❛❝✐✜❝

▼✐❞❞❧❡ ❊❛2) ❖❝❡❛♥✐❛

✷✸



❚❛❜❧❡ ✺✿ ❚❤❡ ✐♠♣❛❝, ♦❢ ♠✉❧,✐♥❛,✐♦♥❛❧ 1❡,❛✐❧❡12✬ 2❛❧❡2 ✐♥ ❢♦1❡✐❣♥ ♠❛1❦❡,2 ♦♥ ❤♦♠❡ ❝♦✉♥,1② ❡①♣♦1,

8✉❛♥,✐,✐❡2

❊①♣❧❛✐♥❡❞ ✈❛*✐❛❜❧❡,✿ lnmij,t

❖▲❙ ✷❙▲❙✱ ✐♥,3*✉♠❡♥3❛❧ ✈❛*✐❛❜❧❡,✿

Zij,t−1 fT (Zij,t−1) fH(Zij,t−1) Zij,t−1

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮

ln ●❉? ❡①♣♦*3❡* ✵✳✻✸✯✯✯ ✵✳✻✵✯✯✯ ✵✳✹✸✯✯✯ ✵✳✹✺✯✯✯ ✵✳✺✶✯✯✯ ✵✳✹✹✯✯✯

✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✺✮

ln ●❉? ✐♠♣♦*3❡* ✵✳✹✷✯✯✯ ✵✳✹✵✯✯✯ ✵✳✸✺✯✯✯ ✵✳✸✻✯✯✯ ✵✳✸✸✯✯✯ ✵✳✸✽✯✯✯

✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✸✮

ln ❞✐,3❛♥❝❡ ✲✵✳✽✾✯✯✯ ✲✵✳✽✽✯✯✯ ✲✵✳✻✻✯✯✯ ✲✵✳✻✽✯✯✯ ✲✵✳✻✼✯✯✯ ✲✵✳✼✵✯✯✯

✭✵✳✵✷✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✹✮ ✭✵✳✵✽✮

❝♦♥3✐❣✉✐3② ✶✳✵✸✯✯✯ ✶✳✵✸✯✯✯ ✵✳✺✸✯✯✯ ✵✳✺✼✯✯✯ ✵✳✽✵✯✯✯ ✵✳✹✾✯✯

✭✵✳✵✻✮ ✭✵✳✵✽✮ ✭✵✳✶✵✮ ✭✵✳✶✵✮ ✭✵✳✶✶✮ ✭✵✳✷✺✮

❝♦❧♦♥② ✶✳✸✻✯✯✯ ✶✳✸✵✯✯✯ ✵✳✺✼✯✯✯ ✵✳✻✸✯✯✯ ✵✳✼✸✯✯✯ ✵✳✻✸✯✯

✭✵✳✵✻✮ ✭✵✳✵✽✮ ✭✵✳✶✶✮ ✭✵✳✶✶✮ ✭✵✳✶✸✮ ✭✵✳✷✽✮

❘❚❆ ✵✳✸✼✯✯✯ ✵✳✹✶✯✯✯ ✵✳✹✶✯✯✯ ✵✳✹✶✯✯✯ ✵✳✹✷✯✯✯ ✵✳✷✻✯✯✯

✭✵✳✵✷✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✸✮ ✭✵✳✵✹✮ ✭✵✳✵✾✮

❯◆ ✈♦3❡, ,✐♠✐❧❛*✐3② ✐♥❞❡① ✵✳✵✾✯✯ ✵✳✵✽✯ ✵✳✶✺✯✯✯ ✵✳✶✹✯✯✯ ✲✵✳✵✹ ✵✳✸✵✯✯

✭✵✳✵✸✮ ✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✵✻✮ ✭✵✳✶✷✮

ln ♥♦♥ ❢♦♦❞ 3*❛❞❡ ✵✳✸✼✯✯✯ ✵✳✸✼✯✯✯ ✵✳✸✾✯✯✯ ✵✳✸✾✯✯✯ ✵✳✹✶✯✯✯ ✵✳✸✽✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮ ✭✵✳✵✷✮

ln *❡3❛✐❧❡*,✬ ,❛❧❡, ✵✳✵✷✯✯✯ ✵✳✵✶✯✯✯ ✵✳✹✹✯✯✯ ✵✳✹✶✯✯✯ ✵✳✷✸✯✯✯ ✵✳✹✸✯✯✯

✭✵✳✵✵✮ ✭✵✳✵✵✮ ✭✵✳✵✹✮ ✭✵✳✵✺✮ ✭✵✳✵✺✮ ✭✵✳✶✶✮

ln ✭✶✰3❛*✐✛✮ ✲✶✳✼✵✯✯✯

✭✵✳✷✾✮

◆❜ ♦❜,✳ ✾✸✻✹✽ ✺✵✵✼✸ ✺✵✵✼✸ ✺✵✵✼✸ ✸✾✽✾✺ ✽✸✸✼

R2
✱ ❝❡♥3❡*❡❞ ✵✳✺✶ ✵✳✺✵ ✵✳✹✵ ✵✳✹✷ ✵✳✹✽ ✵✳✹✵

R2
✱ ✉♥❝❡♥3❡*❡❞ ✵✳✽✻ ✵✳✽✻ ✵✳✽✽ ✵✳✽✻

❙❛*❣❛♥ ,3❛3✐,3✐❝ ✵✳✻✻ ✵✳✵✵ ✵✳✵✵ ✸✳✶✾

❙❛*❣❛♥ p✲✈❛❧✉❡ ✵✳✼✶✽ ✵✳✷✵✸

F ,3❛3 ✇❡❛❦ ✐❞❡♥3✐✜❝❛3✐♦♥ ✷✶✸✳✾✸ ✺✷✸✳✻✵ ✸✶✹✳✵✵ ✸✺✳✶✸

LM 3❡,3 ✉♥❞❡*✐❞❡♥3✐✜❝❛3✐♦♥ ✻✸✹✳✶✼ ✺✶✽✳✺✻ ✸✶✶✳✽✶ ✶✵✹✳✺✶

✉♥❞❡*✐❞❡♥3✐✜❝❛3✐♦♥ p✲✈❛❧✉❡ ✵✳✵✵✵ ✵✳✵✵✵ ✵✳✵✵✵ ✵✳✵✵✵

ln ❧✐❦❡❧✐❤♦♦❞ ✲✷✷✼✽✻✼✳✽✺ ✲✶✷✵✾✻✶✳✹✼ ✲✶✷✺✸✹✷✳✼✷ ✲✶✷✹✼✹✽✳✼✵ ✲✾✼✸✵✼✳✹✷ ✲✷✵✽✾✶✳✼✼

◆♦"❡$✿ ❘♦❜✉$" $"❛♥❞❛,❞ ❡,,♦,$ ✐♥ ♣❛,❡♥"❤❡$❡$✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❊$"✐♠❛"✐♦♥$ ✐♥ ❛❧❧ ❝♦❧✉♠♥$

✐♥❝❧✉❞❡ ❛ ✜①❡❞ ❡✛❡❝" ❢♦, ❡❛❝❤ ②❡❛,✱ ❡❛❝❤ ❡①♣♦,"✐♥❣ ❛♥❞ ❡❛❝❤ ✐♠♣♦,"✐♥❣ ❣❡♦❣,❛♣❤✐❝ ③♦♥❡✳ ■♥$",✉♠❡♥"$

Zij,t−1 ❛,❡ "❤❡ ♥✉♠❜❡, ♦❢ ,❡"❛✐❧❡,$ ✐♥ "❤❡ ♦,✐❣✐♥ ❝♦✉♥",②✱ "❤❡ ♠✐♥✐♠✉♠ ❛♠♦✉♥" ♦❢ ❝❛♣✐"❛❧ ♥❡❝❡$$❛,② "♦ $"❛,"

❛ ❜✉$✐♥❡$$ ✐♥ "❤❡ ❤♦$" ❝♦✉♥",②✱ ❡①♣,❡$$❡❞ ❛$ ♣❡,❝❡♥"❛❣❡ ♦❢ ✐♥❝♦♠❡ ♣❡, ❝❛♣✐"❛✱ ❛♥❞ "❤❡ ♣,♦❞✉❝"$ ♦❢ "❤❡$❡

"✇♦ ✈❛,✐❛❜❧❡$ ■♥$",✉♠❡♥"$ fH(Zij,t−1) ❛♥❞ Zij,t−1 ❛,❡ "❤❡ ❜❡$" ♣,❡❞✐❝"✐♦♥$ ♦❢ ,❡"❛✐❧❡,$✬ $❛❧❡$ ✇✐"❤ ❛❧❧ "❤❡

♠♦❞❡❧✬$ ❡①♦❣❡♥♦✉$ ✈❛,✐❛❜❧❡$✱ ✉$✐♥❣ ❚♦❜✐" ❛♥❞ ❍❡❝❦♠❛♥ ❡$"✐♠❛"♦,$✱ ,❡$♣❡❝"✐✈❡❧②✳ ❙❡❡ "❤❡ "❡①" ❢♦, ❞❡"❛✐❧$✳

✷✹



❚❛❜❧❡ ✻✿ ❚❤❡ ✐♠♣❛❝, ♦❢ ♠✉❧,✐♥❛,✐♦♥❛❧ 1❡,❛✐❧❡12✬ 2❛❧❡2 ✐♥ ❢♦1❡✐❣♥ ♠❛1❦❡,2 ♦♥ ❤♦♠❡ ❝♦✉♥,1② ❡①♣♦1,2 ✲

❘♦❜✉2,♥❡22 ❝❤❡❝❦2 ✉2✐♥❣ ❞✐✛❡1❡♥, ✐♥2,1✉♠❡♥,❛❧ ✈❛1✐❛❜❧❡2

❊①♣❧❛✐♥❡❞ ✈❛*✐❛❜❧❡,✿ lnmij,t

✭✶✮ ✭✷✮ ✭✸✮

ln ●❉5 ❡①♣♦*7❡* ✵✳✸✻✯✯✯ ✵✳✸✺✯✯✯ ✵✳✻✹✯✯✯

✭✵✳✵✹✮ ✭✵✳✵✷✮ ✭✵✳✵✸✮

ln ●❉5 ✐♠♣♦*7❡* ✵✳✶✾✯✯✯ ✵✳✸✻✯✯✯ ✵✳✻✽✯✯✯

✭✵✳✵✺✮ ✭✵✳✵✶✮ ✭✵✳✵✸✮

ln ❞✐,7❛♥❝❡ ✲✵✳✻✹✯✯✯ ✲✵✳✹✺✯✯✯ ✲✵✳✹✽✯✯✯

✭✵✳✵✼✮ ✭✵✳✵✸✮ ✭✵✳✵✻✮

❝♦♥7✐❣✉✐7② ✵✳✽✸✯✯✯ ✵✳✵✾ ✵✳✸

✭✵✳✷✸✮ ✭✵✳✵✾✮ ✭✵✳✷✶✮

❝♦❧♦♥② ✵✳✸✽ ✵✳✹✶✯✯✯ ✶✳✵✼✯✯✯

✭✵✳✸✽✮ ✭✵✳✶✵✮ ✭✵✳✶✸✮

❘❚❆ ✵✳✹✻✯✯✯ ✵✳✹✶✯✯✯ ✵✳✸✷✯✯✯

✭✵✳✶✵✮ ✭✵✳✵✸✮ ✭✵✳✵✼✮

❯◆ ✈♦7❡, ,✐♠✐❧❛*✐7② ✐♥❞❡① ✵✳✹✾✯✯✯ ✵✳✶✽✯✯✯ ✵✳✷✺✯✯

✭✵✳✶✽✮ ✭✵✳✵✺✮ ✭✵✳✶✷✮

ln ♥♦♥ ❢♦♦❞ 7*❛❞❡ ✵✳✸✺✯✯✯ ✵✳✸✻✯✯✯ ✵✳✷✽✯✯✯

✭✵✳✵✷✮ ✭✵✳✵✶✮ ✭✵✳✵✶✮

ln *❡7❛✐❧❡*,✬ ,❛❧❡, ✵✳✷✽✯✯✯ ✵✳✺✵✯✯✯ ✵✳✶✵✯✯✯

✭✵✳✵✻✮ ✭✵✳✵✹✮ ✭✵✳✵✸✮

◆❜ ♦❜,✳ ✸✼✽✼ ✹✾✺✵✶ ✼✸✾✾

R2
✱ ❝❡♥7❡*❡❞ ✵✳✹✸ ✵✳✸✽ ✵✳✺✽

R2
✱ ✉♥❝❡♥7❡*❡❞ ✵✳✽✾ ✵✳✽✾ ✵✳✾✸

❙❛*❣❛♥ ,7❛7✐,7✐❝ ✶✳✵✹ ✷✳✹✺ ✵✳✽✽

❙❛*❣❛♥ p✲✈❛❧✉❡ ✵✳✺✾✸ ✵✳✷✾✹ ✵✳✻✹✸

F ,7❛7✐,7✐❝ ❢♦* ✇❡❛❦ ✐❞❡♥7✐✜❝❛7✐♦♥ ✻✻✳✾✶ ✷✵✾✳✾✻ ✷✸✻✳✹✹

LM 7❡,7 ❢♦* ✉♥❞❡*✐❞❡♥7✐✜❝❛7✐♦♥ ✶✾✷✳✺ ✻✷✷✳✹✹ ✻✹✾✳✻✼

✉♥❞❡*✐❞❡♥7✐✜❝❛7✐♦♥ p✲✈❛❧✉❡ ✵ ✵ ✵

ln ❧✐❦❡❧✐❤♦♦❞ ✲✽✼✵✸✳✾✾ ✲✶✷✵✺✶✷✳✹✷ ✲✶✻✺✻✷

◆♦"❡$✿ ❘♦❜✉$" $"❛♥❞❛,❞ ❡,,♦,$ ✐♥ ♣❛,❡♥"❤❡$❡$✳ ✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✳ ❊$✲

"✐♠❛"✐♦♥$ ✐♥ ❛❧❧ ❝♦❧✉♠♥$ ✐♥❝❧✉❞❡ ❛ ✜①❡❞ ❡✛❡❝" ❢♦, ❡❛❝❤ ②❡❛,✱ ❡❛❝❤ ❡①♣♦,"✐♥❣

❛♥❞ ❡❛❝❤ ✐♠♣♦,"✐♥❣ ❣❡♦❣,❛♣❤✐❝ ③♦♥❡✳ ■♥ ❝♦❧✉♠♥ ✭✶✮✱ ✐♥$",✉♠❡♥"$ ❛,❡ "❤❡ $❤❛,❡

♦❢ ❤♦✉$❡❤♦❧❞ ✇✐"❤ ❢❡♠❛❧❡ ❤❡❛❞✱ "❤❡ $❤❛,❡ ♦❢ ♦,✐❣✐♥ ❝♦✉♥",② ,❡"❛✐❧❡,$ ✐♥ "❤❡✐,

❞♦♠❡$"✐❝ ♠❛,❦❡" ❛♥❞ "❤❡ ❝,♦$$ ✈❛,✐❛❜❧❡ ♦❢ "❤❡ "✇♦✳ ■♥ ❝♦❧✉♠♥ ✭✷✮✱ ✐♥$",✉♠❡♥"$

❛,❡ "❤❡ ❝♦$" ♦❢ $"❛,"✐♥❣ ❛ ♥❡✇ ❜✉$✐♥❡$$ ✐♥ "❤❡ ❤♦$" ❝♦✉♥",②✱ "❤❡ ♥✉♠❜❡, ♦❢ ,❡"❛✐❧

❝♦♠♣❛♥✐❡$ ✐♥ "❤❡ ♦,✐❣✐♥ ❝♦✉♥",② ❛♥❞ "❤❡ ❝,♦$$ ✈❛,✐❛❜❧❡ ♦❢ "❤❡ "✇♦✳ ■♥ ❝♦❧✉♠♥

✭✸✮✱ ✐♥$",✉♠❡♥"$ ❛,❡ "❤❡ ✐♥❞❡① ♦❢ ,❡❣✉❧❛"✐♦♥ ✐♥ "❤❡ ,❡"❛✐❧ $❡❝"♦, ♦❢ "❤❡ ❤♦$"

❝♦✉♥",②✱ "❤❡ $❤❛,❡ ♦❢ ♦,✐❣✐♥ ❝♦✉♥",② ,❡"❛✐❧❡,$ ✐♥ "❤❡✐, ❞♦♠❡$"✐❝ ♠❛,❦❡" ❛♥❞ "❤❡

❝,♦$$ ✈❛,✐❛❜❧❡ ♦❢ "❤❡ "✇♦✳

✷✺


