
 Open access  Journal Article  DOI:10.5547/01956574.38.5.GABA

Space-time modeling of electricity spot prices — Source link 

Girum Dagnachew Abate, Niels Haldrup

Institutions: Aarhus University

Published on: 01 Jun 2017 - The Energy Journal (International Association for Energy Economics)

Topics: Spatial dependence, Spot contract and Market integration

Related papers:

 Space-time modeling of electricity spot prices

 Spatially Explicit Prediction of Wholesale Electricity Prices

 Spatial dependencies of wind power and interrelations with spot price dynamics

 A k- factor GIGARCH process : estimation and application to electricity market spot prices,

 The Relationship between Spot and Forward Prices in Electricity Markets

Share this paper:    

View more about this paper here: https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-
43pfcbhqmy

https://typeset.io/
https://www.doi.org/10.5547/01956574.38.5.GABA
https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-43pfcbhqmy
https://typeset.io/authors/girum-dagnachew-abate-1vx04emogr
https://typeset.io/authors/niels-haldrup-33jiyp7zou
https://typeset.io/institutions/aarhus-university-2s1zo7wa
https://typeset.io/journals/the-energy-journal-2596mlcy
https://typeset.io/topics/spatial-dependence-1yz6mbdu
https://typeset.io/topics/spot-contract-wn66de6e
https://typeset.io/topics/market-integration-3pgirtf3
https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-78wrfneasl
https://typeset.io/papers/spatially-explicit-prediction-of-wholesale-electricity-1u49fqwg44
https://typeset.io/papers/spatial-dependencies-of-wind-power-and-interrelations-with-g6xdb12s8r
https://typeset.io/papers/a-k-factor-gigarch-process-estimation-and-application-to-e2co6p65jb
https://typeset.io/papers/the-relationship-between-spot-and-forward-prices-in-4xetlebg1n
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-43pfcbhqmy
https://twitter.com/intent/tweet?text=Space-time%20modeling%20of%20electricity%20spot%20prices&url=https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-43pfcbhqmy
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-43pfcbhqmy
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-43pfcbhqmy
https://typeset.io/papers/space-time-modeling-of-electricity-spot-prices-43pfcbhqmy


 

Department of Economics and Business 

Aarhus University 

Fuglesangs Allé 4 

DK-8210 Aarhus V 

Denmark 

Email: oekonomi@au.dk  

Tel: +45 8716 5515 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Space-time modeling of electricity spot prices 

 

Girum D. Abate and Niels Haldrup 

 
CREATES Research Paper 2015-22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:oekonomi@au.dk


❙♣❛❝❡✲t✐♠❡ ♠♦❞❡❧✐♥❣ ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s∗

●✐r✉♠ ❉✳ ❆❜❛t❡† ◆✐❡❧s ❍❛❧❞r✉♣†

▼❛② ✼✱ ✷✵✶✺

❆❜str❛❝t

■♥ t❤✐s ♣❛♣❡r ✇❡ ❞❡r✐✈❡ ❛ s♣❛❝❡✲t✐♠❡ ♠♦❞❡❧ ❢♦r ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s✳ ❆ ❣❡♥❡r❛❧
s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ t❤❛t ✐♥❝♦r♣♦r❛t❡s t❤❡ t❡♠♣♦r❛❧ ❛s ✇❡❧❧ ❛s s♣❛t✐❛❧ ❧❛❣s ♦❢ s♣♦t
♣r✐❝❡s ✐s ♣r❡s❡♥t❡❞✳ ❏♦✐♥t ♠♦❞❡❧✐♥❣ ♦❢ s♣❛❝❡✲t✐♠❡ ❡✛❡❝ts ✐s ♥❡❝❡ss❛r✐❧② ✐♠♣♦rt❛♥t
✇❤❡♥ ♣r✐❝❡s ❛♥❞ ❧♦❛❞s ❛r❡ ❞❡t❡r♠✐♥❡❞ ✐♥ ❛ ♥❡t✇♦r❦ ♦❢ ♣♦✇❡r ❡①❝❤❛♥❣❡ ❛r❡❛s✳ ❲❡
✉s❡ ❞❛t❛ ❢r♦♠ t❤❡ ◆♦r❞ P♦♦❧ ❡❧❡❝tr✐❝✐t② ♣♦✇❡r ❡①❝❤❛♥❣❡ ❛r❡❛ ❜✐❞❞✐♥❣ ♠❛r❦❡ts✳
❉✐✛❡r❡♥t s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐❝❡s ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❝❛♣t✉r❡ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡
s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ♣r♦❝❡ss ❛❝r♦ss ❞✐✛❡r❡♥t ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛♥❞ st❛t✐st✐❝❛❧ t❡sts
s❤♦✇ s✐❣♥✐✜❝❛♥t s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ✐♥ t❤❡ s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❊st✐♠❛t✐♦♥ ♦❢
t❤❡ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ s❤♦✇ t❤❛t t❤❡ s♣❛t✐❛❧ ❧❛❣ ✈❛r✐❛❜❧❡ ✐s ❛s ✐♠♣♦rt❛♥t ❛s t❤❡
t❡♠♣♦r❛❧ ❧❛❣ ✈❛r✐❛❜❧❡ ✐♥ ❞❡s❝r✐❜✐♥❣ t❤❡ s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❲❡ ✉s❡ t❤❡ ♣❛rt✐❛❧
❞❡r✐✈❛t✐✈❡s ✐♠♣❛❝t ❛♣♣r♦❛❝❤ t♦ ❞❡❝♦♠♣♦s❡ t❤❡ ♣r✐❝❡ ✐♠♣❛❝ts ✐♥t♦ ❞✐r❡❝t ❛♥❞
✐♥❞✐r❡❝t ❡✛❡❝ts ❛♥❞ ✇❡ s❤♦✇ t❤❛t ♣r✐❝❡ ❡✛❡❝ts tr❛♥s♠✐t t♦ ♥❡✐❣❤❜♦r✐♥❣ ♠❛r❦❡ts
❛♥❞ ❞❡❝❧✐♥❡ ✇✐t❤ ❞✐st❛♥❝❡✳ ■♥ ♦r❞❡r t♦ ❡①❛♠✐♥❡ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ s♣❛t✐❛❧
❝♦rr❡❧❛t✐♦♥ ♦✈❡r t✐♠❡✱ ❛ t✐♠❡ ✈❛r②✐♥❣ ♣❛r❛♠❡t❡rs s♣♦t ♣r✐❝❡ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧
✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ r❡❝✉rs✐✈❡ ❡st✐♠❛t✐♦♥✳ ■t ✐s ❢♦✉♥❞ t❤❛t t❤❡ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥
✇✐t❤✐♥ t❤❡ ◆♦r❞ P♦♦❧ ❣r✐❞ ❤❛s ❜❡❡♥ ✐♥❝r❡❛s✐♥❣ ♦✈❡r t✐♠❡ ✇❤✐❝❤ ✇❡ ✐♥t❡r♣r❡t ❛s
❡✈✐❞❡♥❝❡ ❢♦r ❛♥ ✐♥❝r❡❛s✐♥❣ ❞❡❣r❡❡ ♦❢ ♠❛r❦❡t ✐♥t❡❣r❛t✐♦♥✳

❏❊▲ ❝❧❛ss✐✜❝❛t✐♦♥✿ ❈✸✷❀ ❈✸✸
❑❡②✇♦r❞s✿ ❆✉t♦r❡❣r❡ss✐✈❡❀ ❙♣❛t✐❛❧✲❚✐♠❡ s❡r✐❡s❀ ❙♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡

✶ ■♥tr♦❞✉❝t✐♦♥

❲❤✐❧st t❤❡r❡ ✐s ♠✉❝❤ r❡s❡❛r❝❤ ♦♥ t❤❡ t❡♠♣♦r❛❧ ❞②♥❛♠✐❝s ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ✭s❡❡ ❡✳❣✳✱
❊✜♠♦✈❛ ❛♥❞ ❙❡r❧❡t✐s ✷✵✶✹❀ ❍❛❧❞r✉♣ ❡t ❛❧✳ ✷✵✶✵❀ ❍❛❧❞r✉♣ ❛♥❞ ◆✐❡❧s❡♥ ✷✵✵✻❀ P❛r❦ ❡t ❛❧✳
✷✵✵✻ ❛♥❞ ❍✉✐s♠❛♥ ❛♥❞ ▼❛❤✐❡✉ ✷✵✵✸✮✱ ❧❡ss ❛tt❡♥t✐♦♥ ❤❛s ❜❡❡♥ ♣❛✐❞ t♦ t❤❡ r♦❧❡ ♦❢ s♣❛t✐❛❧
❞②♥❛♠✐❝s ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s✳ ❍♦✇❡✈❡r✱ s✉❝❤ ❞②♥❛♠✐❝s ❛r❡ ♥❡❝❡ss❛r✐❧② ✐♠♣♦rt❛♥t
✇❤❡♥ ♣r✐❝❡s ❛♥❞ ❧♦❛❞s ❛r❡ ❞❡t❡r♠✐♥❡❞ ✐♥ ❛ ♥❡t✇♦r❦ ❣r✐❞ ♦❢ ♣♦✇❡r ❡①❝❤❛♥❣❡✳

❆ ♥✉♠❜❡r ♦❢ ♣r❡✈✐♦✉s st✉❞✐❡s r❡❝♦❣♥✐③❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ s♣♦t ♣r✐❝❡ ✐♥t❡r❞❡♣❡♥❞❡♥❝✐❡s
✐♥ ❛ ❣r✐❞ ♦❢ ❡❧❡❝tr✐❝✐t② ❛r❡❛s✳ P❛r❦ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❢♦r ❡①❛♠♣❧❡✱ ♣♦✐♥t ♦✉t ❤♦✇ ❯❙ r❡❣✐♦♥❛❧
s♣♦t ♠❛r❦❡t ♣r✐❝❡s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② s♣❛t✐❛❧ ♣r✐❝❡ ✐♥t❡r❞❡♣❡♥❞❡♥❝❡✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❢♦r
❤✐❣❤❧② ✐♥t❡r❝♦♥♥❡❝t❡❞ tr❛♥s♠✐ss✐♦♥ s②st❡♠s✱ t❡♠♣♦r❛❧ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② ✐♠❜❛❧❛♥❝❡s ❛♥❞

∗❚❤❡ ❛✉t❤♦rs ❛❝❦♥♦✇❧❡❞❣❡ ✜♥❛♥❝✐❛❧ s✉♣♣♦rt ❢r♦♠ ❈❡♥t❡r ❢♦r ❘❡s❡❛r❝❤ ✐♥ ❊❝♦♥♦♠❡tr✐❝ ❆♥❛❧②s✐s ♦❢ ❚✐♠❡ ❙❡r✐❡s✲❈❘❊❆❚❊❙
✭❉◆❘❋✼✽✮✱ ❢✉♥❞❡❞ ❜② t❤❡ ❉❛♥✐s❤ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ❋♦✉♥❞❛t✐♦♥✳

†❆❛r❤✉s ❯♥✐✈❡rs✐t②✱ ❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❇✉s✐♥❡ss ❛♥❞ ❈❘❊❆❚❊❙✳ ❋✉❣❧❡s❛♥❣s ❆❧❧é ✹✱ ✽✷✶✵ ❆❛r❤✉s ❱✱ ❉❡♥♠❛r❦✳
❈♦rr❡s♣♦♥❞✐♥❣ ❛✉t❤♦r✱ ◆✐❡❧s ❍❛❧❞r✉♣✱ ❡✲♠❛✐❧✿ ♥❤❛❧❞r✉♣❅❡❝♦♥✳❛✉✳❞❦✳

✶



♣♦ss✐❜❧❡ tr❛♥s♠✐ss✐♦♥ ❝♦♥❣❡st✐♦♥ ♠❛② r❡s✉❧t ✐♥ s♣❛t✐❛❧ ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡ ❛❝r♦ss ♠❛r❦❡ts✳
▼❡❛s✉r❡♠❡♥t ♣r♦❜❧❡♠s ✐♥ s♣♦t ♣r✐❝❡s ♠❛② ❛❧s♦ r❡s✉❧t ✐♥ s♣♦t ♣r✐❝❡ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡✳ ■♥
❞❡r❡❣✉❧❛t❡❞ ❡❧❡❝tr✐❝✐t② ♠❛r❦❡ts✱ ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥ ❛♠♦♥❣ t❤❡ ❞✐✛❡r❡♥t ♠❛r❦❡ts ✇✐❧❧ r❡s✉❧t
✐♥ ❤✐❣❤ s♣❛t✐❛❧ ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❛ s♣♦t ♣r✐❝❡ ♦❜s❡r✈❡❞ ✐♥ ❛ ♣❛rt✐❝✉❧❛r
♠❛r❦❡t ✐s ❞❡t❡r♠✐♥❡❞ ✭✐♥ ♣❛rt ❛t ❧❡❛st✮ ❜② ✇❤❛t ❤❛♣♣❡♥s ❡❧s❡✇❤❡r❡ ✐♥ t❤❡ s②st❡♠✳ ❲❤❡♥
❢♦r❡❝❛st✐♥❣ s♣♦t ♣r✐❝❡s ✐♥ ❛ ❣✐✈❡♥ ♠❛r❦❡t✱ ✐t ✐s t❤✉s ❤❡❧♣❢✉❧ t♦ ❦♥♦✇ ✐❢ ♣❛st ❛♥❞ ❝✉rr❡♥t s♣♦t
♣r✐❝❡s ✐♥ ♦t❤❡r ♠❛r❦❡ts ❝❛♥ ✐♠♣r♦✈❡ ❢♦r❡❝❛sts✳ ❏♦✐♥t ♠♦❞❡❧✐♥❣ ♦❢ s♣❛❝❡✲t✐♠❡ ❡✛❡❝ts ❝❛♥
❤❡❧♣ ✐♥✈❡st✐❣❛t✐♥❣ t❤❡ ❞②♥❛♠✐❝s ♦❢ s♣♦t ♣r✐❝❡s ✐♥ ✐♥t❡❣r❛t❡❞ ♣❤②s✐❝❛❧❧② ❝♦♥♥❡❝t❡❞ ♠❛r❦❡ts✳
❆❝❝♦r❞✐♥❣❧②✱ ❛ s✐♠✉❧t❛♥❡♦✉s s♣❛❝❡✲t✐♠❡ ♠♦❞❡❧ ♦❢ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡s ✐s ❝❛❧❧❡❞ ❢♦r✳

■♥ t✐♠❡ s❡r✐❡s ♠♦❞❡❧s✱ t❡♠♣♦r❛❧❧② ❧❛❣❣❡❞ ✈❛❧✉❡s ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛r❡ ♦❢t❡♥
✐♥❝❧✉❞❡❞ t♦ ❞❡s❝r✐❜❡ t❤❡ ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❆ s✐♠✐❧❛r ♠♦t✐✈❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛❝❝♦✉♥t ❢♦r
s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ✈❛r✐❛❜❧❡s ✐♥ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ■♥ ❞❡r❡❣✉❧❛t❡❞ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡
♠❛r❦❡ts✱ ❢♦r ❡①❛♠♣❧❡✱ ✇❤❡♥ ❝♦♥❣❡st✐♦♥ tr❛♥s♠✐ss✐♦♥ ♣r♦❜❧❡♠s ❡①✐st✱ ♣♦✇❡r ✢♦✇s ❢r♦♠ t❤❡
❧♦✇ ♣r✐❝❡ ❛r❡❛ t♦✇❛r❞s t❤❡ ❤✐❣❤ ♣r✐❝❡ ❛r❡❛✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ s♣♦t ♣r✐❝❡ ♦❢ ❛ ♣❛rt✐❝✉❧❛r
❛r❡❛ ❞❡♣❡♥❞s ♦♥ t❤❡ ♥❡❛r❜② ♠❛r❦❡t ❜✐❞❞✐♥❣ ❛r❡❛ ♣r✐❝❡s ❛s ✇❡❧❧ ✐♠♣❧②✐♥❣ t❤❡ ♥❡❡❞ t♦ ❛❝❝♦✉♥t
❢♦r s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts✳✶

❉❡s♣✐t❡ t❤❡ ❦❡② ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ s♣❛t✐❛❧ ❡❧❡♠❡♥t ✐♥ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡ ❞②♥❛♠✐❝s✱ s♣❛t✐❛❧
❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧✐♥❣ ♦❢ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡s ✐s r❛r❡ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❆♥ ❡①❝❡♣t✐♦♥ ✐s ❉♦✉❣❧❛s
❛♥❞ P♦♣♦✈❛ ✭✷✵✶✶✮ ✇❤♦ ❡st✐♠❛t❡ ❛ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧ ❢♦r t✇❡❧✈❡ ❯❙ s♣♦t ♠❛r❦❡t r❡❣✐♦♥s
❛♥❞ s❤♦✇ t❤❛t s♣❛t✐❛❧ ♣❛tt❡r♥s ♣❧❛② ❛ s✐❣♥✐✜❝❛♥t r♦❧❡ ✐♥ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❈♦♥❣❡st✐♦♥
♣r♦❜❧❡♠s ✐♥ t❤❡ tr❛♥s♠✐ss✐♦♥ s②st❡♠ t♦❣❡t❤❡r ✇✐t❤ ❣r✐❞ ♥❡t✇♦r❦s ♣r♦✈✐❞❡ t❤❡ ❢r❛♠❡✇♦r❦
❢♦r s♣❛t✐❛❧ ♣❛tt❡r♥s ♦❢ ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❖♥❡ ♦❢ t❤❡ ♣r♦❜❧❡♠s ✐♥ ❉♦✉❣❧❛s ❛♥❞ P♦♣♦✈❛ ✭✷✵✶✶✮
✐s t❤❛t t❤❡② ❝♦♥s✐❞❡r s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s ❛♠♦♥❣ t❤❡ ❡rr♦r t❡r♠s✱ ❜✉t ♥♦t s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥
❡✛❡❝ts ❛♠♦♥❣ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ t❤❡ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ✐♥ t❤❡✐r ♠♦❞❡❧✳ ❚❤❡
s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝s ❧✐t❡r❛t✉r❡ str❡ss❡s t❤❛t ✐❣♥♦r✐♥❣ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ✐♥ t❤❡ ❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡ ❛♥❞✴♦r ✐♥ t❤❡ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s r❡s✉❧t ✐♥ ❜✐❛s❡❞ ❛♥❞ ✐♥❝♦♥s✐st❡♥t ❝♦❡✣❝✐❡♥t
❡st✐♠❛t❡s ❢♦r t❤❡ r❡♠❛✐♥✐♥❣ ✈❛r✐❛❜❧❡s ✭s❡❡ ❡✳❣✳✱ ▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✷✵✵✾ ❛♥❞ ❊❧❤♦rst ❛♥❞
❨❡s✐❧②✉rt ✷✵✶✹✮✳ ❚❤✐s ✐s ❛ st❛♥❞❛r❞ r❡s✉❧t ✐♥ ❡❝♦♥♦♠❡tr✐❝s ♥❛♠❡❧② t❤❛t ✐❢ ♦♥❡ ♦r ♠♦r❡
r❡❧❡✈❛♥t ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❛r❡ ♦♠✐tt❡❞ ❢r♦♠ ❛ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥✱ t❤❡♥✱ ✐♥ ❣❡♥❡r❛❧
t❤❡ ❡st✐♠❛t♦r ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡ r❡♠❛✐♥✐♥❣ ✈❛r✐❛❜❧❡s ✐s ❜✐❛s❡❞ ❛♥❞ ✐♥❝♦♥s✐st❡♥t✳ ■♥
❝♦♥tr❛st✱ ✐❣♥♦r✐♥❣ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ✐♥ t❤❡ ❡rr♦r t❡r♠s✱ ✐❢ ♣r❡s❡♥t✱ ✇✐❧❧ ♦♥❧② ❝❛✉s❡ ❛ ❧♦ss
♦❢ ❡✣❝✐❡♥❝②✳ ❆♥s❡❧✐♥ ✭✶✾✽✽✮ ❛❧s♦ ♥♦t❡s t❤❛t ✇❤❡♥ t❤❡ ❢♦❝✉s ♦❢ ✐♥t❡r❡st ✐s t♦ ❡①❛♠✐♥❡ t❤❡
❡①✐st❡♥❝❡ ❛♥❞ str❡♥❣t❤ ♦❢ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s✱ ❛ ♠♦❞❡❧ t❤❛t ✐♥❝❧✉❞❡s t❤❡ s♣❛t✐❛❧ ❧❛❣ ♦❢ t❤❡
❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ t❤❛♥ ❛ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✳ ❊❧❤♦rst ✭✷✵✶✵✮ ❛♥❞
▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✭✷✵✵✾✮ ❛❧s♦ r❡❝♦♠♠❡♥❞ ❛ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ ✭❙❉▼✮ t❤❛t ✐♥❝♦r♣♦r❛t❡s
t❤❡ s♣❛t✐❛❧ ❧❛❣s ♦❢ ❜♦t❤ ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳

❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s ♣❛♣❡r ✐s t♦ ❞❡✈❡❧♦♣ ❛ s♣❛❝❡✲t✐♠❡ ♠♦❞❡❧ ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s✳ ■♥
❝♦♥tr❛st t♦ ❉♦✉❣❧❛s ❛♥❞ P♦♣♦✈❛ ✭✷✵✶✶✮✱ ✇❡ ❞❡r✐✈❡ ❛♥❞ ❡st✐♠❛t❡ ❛ ♠♦r❡ ✢❡①✐❜❧❡ ❙❉▼ t❤❛t
❡♥❝♦♠♣❛ss❡s s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ❜♦t❤ ✐♥ t❤❡ ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ♦❢ s♣♦t
♣r✐❝❡s✳ ❇❡❝❛✉s❡ t❤❡ ❙❉▼ ♥❡sts t❤❡ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧ ❛s ❛ s♣❡❝✐❛❧ ❝❛s❡✱ ❡rr♦r ❞❡♣❡♥❞❡♥❝❡
✐s ❛❧s♦ ❛❝❝♦✉♥t❡❞ ❢♦r ✐♥ t❤❡ ✈❛r✐❛♥❝❡✲❝♦✈❛r✐❛♥❝❡ ♠❛tr✐①✳ ❖♥❡ ♦❢ t❤❡ ❦❡② ❢❡❛t✉r❡s ♦❢ t❤❡ ❙❉▼
✐s t❤❛t ✐t ♣r♦❞✉❝❡s ✉♥❜✐❛s❡❞ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s✱ ❛❧s♦ ✐❢ t❤❡ tr✉❡ ❞❛t❛ ❣❡♥❡r❛t✐♥❣ ♣r♦❝❡ss
✐s ❛ s♣❛t✐❛❧ ❧❛❣ ♦r s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧ ✭s❡❡ ❡✳❣✳✱ ❊❧❤♦rst ✷✵✶✵❀ ▲❡❙❛❣❡ ❛♥❞ ❋✐s❝❤❡r ✷✵✵✽✮✳
❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❙❉▼ ♥❡sts t❤❡ s♣❛t✐❛❧ ❧❛❣ ❛♥❞ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧s ❛s s♣❡❝✐❛❧ ❝❛s❡s✳

✶▼♦❞❡❧✐♥❣ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts ✐♥ ♠❛✐♥str❡❛♠ ❡❝♦♥♦♠✐❝s ❤❛s ❣♦t ✇✐❞❡ ❛♣♣❧✐❝❛t✐♦♥s r❡❝❡♥t❧② ✭s❡❡ ❡✳❣✳✱ ❈♦♥❧❡② ❛♥❞
❚♦♣❛ ✷✵✵✷ ❢♦r ✉♥❡♠♣❧♦②♠❡♥t ❞②♥❛♠✐❝s✱ ❋❡r♥❛♥❞❡③ ✷✵✶✶ ❢♦r st♦❝❦ ♠❛r❦❡t ❧✐♥❦❛❣❡s ❛♥❞ ❊rt✉r ❛♥❞ ❑♦❝❤ ✷✵✵✼ ❢♦r ❣r♦✇t❤
❝♦♥✈❡r❣❡♥❝❡✮✱ ❛♠♦♥❣ ♦t❤❡rs✳

✷



❋♦r ❛ s♣❛t✐❛❧ r❡❣r❡ss✐♦♥ ♠♦❞❡❧✱ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡ ♦❢ ❛ ♣❛rt✐❝✉❧❛r ✉♥✐t
♥♦t ♦♥❧② ❛✛❡❝ts t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ♦❢ t❤❛t ♣❛rt✐❝✉❧❛r ✉♥✐t ✐ts❡❧❢ ✭❞✐r❡❝t ❡✛❡❝t✮ ❜✉t
❛❧s♦ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ✐♥ ♦t❤❡r ✉♥✐ts ✭✐✳❡✱ ✐♥❞✐r❡❝t✴s♣❛t✐❛❧ s♣✐❧❧♦✈❡r ❡✛❡❝ts✮✳ ❆s ❛
r❡s✉❧t✱ ▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✭✷✵✵✾✮ s✉❣❣❡st ❛ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s ✐♠♣❛❝t ❛♣♣r♦❛❝❤ ❜❡❝❛✉s❡ t❤❡
st❛♥❞❛r❞ ♣♦✐♥t ❡st✐♠❛t❡s ♦❢ s♣❛t✐❛❧ r❡❣r❡ss✐♦♥ ♠♦❞❡❧ s♣❡❝✐✜❝❛t✐♦♥s ♠❛② ❧❡❛❞ t♦ ✐♥❝♦♥s✐st❡♥t
❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s✳ ❲❡ ✉s❡ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡ ✐♠♣❛❝ts ❛♣♣r♦❛❝❤ ❛♥❞ ❞❡❝♦♠♣♦s❡ t❤❡ ♣r✐❝❡
✐♠♣❛❝ts ✐♥t♦ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts✳ ❆♥♦t❤❡r ❢❡❛t✉r❡ ♦❢ t❤❡ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ ✐s
t❤❡ ❛❜✐❧✐t② t♦ ❝❛♣t✉r❡ s✉❝❤ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts✳ ❚❤✐s ♠♦❞❡❧ ❞♦❡s ♥♦t ✐♠♣♦s❡ ♣r✐♦r
r❡str✐❝t✐♦♥s ♦♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ s♣❛t✐❛❧ s♣✐❧❧♦✈❡r ❡✛❡❝ts ✇❤✐❝❤ ✐s ✉s✉❛❧❧② t❤❡ ♠❛✐♥
❢♦❝✉s ♦❢ ❡♠♣✐r✐❝❛❧ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝s✳ ■♥ ❝♦♥tr❛st✱ ✐♥ t❤❡ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✱ t❤❡s❡
s♣❛t✐❛❧ s♣✐❧❧♦✈❡r ❡✛❡❝ts ❛r❡ s❡t t♦ ③❡r♦ ❜② ❝♦♥str✉❝t✐♦♥ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t t❤✐s ♠♦❞❡❧ ✐s ❧❡ss
❛♣♣r♦♣r✐❛t❡ ✐♥ ❛♣♣❧✐❝❛t✐♦♥s✱ s❡❡ ❊❧❤♦rst ✭✷✵✶✷✮ ❢♦r ❞❡t❛✐❧s✳

❉❛✐❧② s♣♦t ♣r✐❝❡s ❢r♦♠ ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥ t❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ♠❛r❦❡t ❛r❡ ✉s❡❞ ✐♥
t❤❡ ❡♠♣✐r✐❝❛❧ st✉❞②✳ ❚❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ❣r✐❞ ♣r♦✈✐❞❡s ❛♥ ✐❞❡❛❧ ❝❛♥❞✐❞❛t❡ ❢♦r s♣❛t✐❛❧
❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧✐♥❣ ♦❢ t❤❡ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ■♥ ♦✉r ❡♠♣✐r✐❝❛❧ s❡❝t✐♦♥✱ ✇❡
❜❡❣✐♥ ❜② ❡st✐♠❛t✐♥❣ t❤❡ ♥♦♥ s♣❛t✐❛❧ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡ ♠♦❞❡❧ ✉s✐♥❣ st❛♥❞❛r❞ ♦r❞✐♥❛r②
❧❡❛st sq✉❛r❡s ✭❖▲❙✮✳ ■♥ ♦r❞❡r t♦ ❝❛♣t✉r❡ ✇❡❛t❤❡r ❡✛❡❝ts ♦♥ s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✱ ✇❡ ✐♥❝❧✉❞❡
t❡♠♣❡r❛t✉r❡ ✈❛r✐❛❜❧❡s ❛s ❛❞❞✐t✐♦♥❛❧ ❝♦♥tr♦❧s✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ t❡♠♣♦r❛❧ ❧❛❣s ♦❢ t❤❡
s♣♦t ♣r✐❝❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ ✈❛r✐❛❜❧❡s s✉♣♣♦rt t❤❡ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥s✳ ❯♥❧✐❦❡ ❉♦✉❣❧❛s
❛♥❞ P♦♣♦✈❛ ✭✷✵✶✶✮✱ ✇❡ ❛♣♣❧② ❝❧❛ss✐❝ ▲❛❣r❛♥❣❡ ▼✉❧t✐♣❧✐❡r ✭▲▼✮ t❡sts ❢♦r s♣❛t✐❛❧ ♣❛♥❡❧ ❞❛t❛
❞❡s✐❣♥❡❞ ❜② ❆♥s❡❧✐♥ ✭✶✾✽✽✮ ❛♥❞ r♦❜✉st ▲▼ t❡sts ❞❡s✐❣♥❡❞ ❜② ❊❧❤♦rst ✭✷✵✶✵✮ ✐♥ ♦r❞❡r t♦
t❡st ✇❤❡t❤❡r s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts ♥❡❡❞ t♦ ❜❡ ❛❝❝♦✉♥t❡❞ ❢♦r ✐♥ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡
❞②♥❛♠✐❝s✳ ❲❡ ❝♦♥s✐❞❡r ❞✐✛❡r❡♥t s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐❝❡s ❢♦r t❤❡ ▲▼ t❡sts ❛♥❞ ❛ ❞❡t❛✐❧❡❞
❞✐s❝✉ss✐♦♥ ♦♥ ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s ♦❢ s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐❝❡s ✐s ♣r❡s❡♥t❡❞✳ ❲❡ ✉s❡ ❞✐✛❡r❡♥t
s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐❝❡s✱ ♥❛♠❡❧② ❛✮ ❛ s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① ❝♦♥str✉❝t❡❞ ❢r♦♠ tr❛♥s♠✐ss✐♦♥
❝❛♣❛❝✐t② ♦❢ ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s✱ ❜✮ ❛ ❣❡♦❣r❛♣❤✐❝❛❧ ❝♦♥t✐❣✉✐t② ✇❡✐❣❤t ♠❛tr✐① ❛♥❞ ❝✮ ❛ ✢♦❛t
✇❡✐❣❤t ♠❛tr✐①✳ ❚❤❡ ❧❛tt❡r ✇❡✐❣❤t ♠❛tr✐① ✐s ❝♦♥str✉❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t ✇❤❡♥
t❤❡ ♣♦✇❡r ❝♦♥♥❡❝t✐♦♥ ❝❛♣❛❝✐t② ❛❝r♦ss ❡①❝❤❛♥❣❡ ❛r❡❛s ❛❧❧♦✇s ❛ ❢r❡❡ ✢♦❛t ♦❢ ❡❧❡❝tr✐❝✐t② ❢♦r ❛
❣✐✈❡♥ ❤♦✉r✱ t❤❡♥ ♣r✐❝❡s ❛♣♣❡❛r t♦ ❜❡ ✐❞❡♥t✐❝❛❧ ❛❝r♦ss ♥❡✐❣❤❜♦r ❛r❡❛s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
✇❤❡♥ t❤❡ ❝❛♣❛❝✐t② ✐s ✐♥s✉✣❝✐❡♥t✱ ❝♦♥❣❡st✐♦♥ ✇✐❧❧ ♦❝❝✉r ❛♥❞ ♣r✐❝❡s t❡♥❞ t♦ ❞✐✛❡r✱ s❡❡ ❡✳❣✳
❍❛❧❞r✉♣ ❛♥❞ ◆✐❡❧s❡♥ ✭✷✵✵✻✮ ❛♥❞ ❍❛❧❞r✉♣ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ❚❤❡ ✇❡✐❣❤t ♠❛tr✐① ✐s ❝♦♥str✉❝t❡❞
❜② ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❤♦✉rs ♦✈❡r t❤❡ ❡♥t✐r❡ s❛♠♣❧❡ ♣❡r✐♦❞ ✇❤❡r❡ ♣r✐❝❡s ❛r❡ ✐❞❡♥t✐❝❛❧
❛♥❞ ❤❡♥❝❡ ✐♥❞✐❝❛t❡s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❤♦✉rs ✇✐t❤ ♥♦♥✲❝♦♥❣❡st✐♦♥✳ ❲❤❡♥ ❛ ❢r❛❝t✐♦♥ ✐s r❡❧❛t✐✈❡❧②
❤✐❣❤ ✐t ✐♥❞✐❝❛t❡s ❛ ❝♦♥♥❡❝t✐♦♥ t❤❛t ✐s r❡❧❛t✐✈❡❧② ✇❡❧❧ ❝♦♥♥❡❝t❡❞ ✐♥ t❡r♠s ♦❢ ♣♦✇❡r ❝❛♣❛❝✐t②✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛ s♠❛❧❧ ❢r❛❝t✐♦♥ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❝♦♥♥❡❝t✐♦♥ ✐s r❡❧❛t✐✈❡❧② ♦❢t❡♥ s✉❜❥❡❝t
t♦ ❝♦♥❣❡st✐♦♥✳ ❚❤❡ ❝❧❛ss✐❝ ❛♥❞ r♦❜✉st ▲▼ t❡sts ✐♥❞❡❡❞ ✐♥❞✐❝❛t❡ ❛ ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t s♣❛t✐❛❧
❞❡♣❡♥❞❡♥❝❡ ✐♥ s♣♦t ♣r✐❝❡s ✉♥❞❡r ❛❧❧ t❤❡ s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① s♣❡❝✐✜❝❛t✐♦♥s✳

❆ ❣❡♥❡r❛❧ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ t❤❛t ✐♥❝♦r♣♦r❛t❡s t❤❡ t❡♠♣♦r❛❧ ❛s ✇❡❧❧ ❛s s♣❛t✐❛❧ ❧❛❣s ♦❢
s♣♦t ♣r✐❝❡s ❛♥❞ ✇❡❛t❤❡r ✈❛r✐❛❜❧❡s ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ q✉❛s✐ ▼❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t✐♦♥✳
❲❡ q✉❛♥t✐❢② ❛♥❞ s❤♦✇ t❤❡ r♦❧❡ ♦❢ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ✐♥
s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❚❤❡ ❥♦✐♥t s♣❛❝❡✲t✐♠❡ ♠♦❞❡❧✐♥❣ ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ✐s ❜❡❧✐❡✈❡❞ t♦
❜❡ ✐♠♣♦rt❛♥t ❢♦r ❞✐✛❡r❡♥t r❡❛s♦♥s✳ ❋r♦♠ ❛ s♣♦t ♣r✐❝❡ ♠♦❞❡❧✐♥❣ ♣❡rs♣❡❝t✐✈❡✱ ✐t ✐♥❞✐❝❛t❡s t❤❛t
❝✉rr❡♥t ❛♥❞ ♣❛st s♣♦t ♣r✐❝❡s ✐♥ ♦t❤❡r ♠❛r❦❡ts ❛r❡ ✐♠♣♦rt❛♥t ✈❛r✐❛❜❧❡s ✐♥ ❞❡t❡r♠✐♥✐♥❣ ❝✉rr❡♥t
s♣♦t ♣r✐❝❡s ♦❢ ❛ ♣❛rt✐❝✉❧❛r ❜✐❞❞✐♥❣ ♠❛r❦❡t✳ ❚❤✉s✱ ❥♦✐♥t ♠♦❞❡❧✐♥❣ ♦❢ s♣❛❝❡✲t✐♠❡ ❡✛❡❝ts ✐♥
s♣♦t ♣r✐❝❡s ❝❛♥ ❤❡❧♣ ✐♠♣r♦✈❡ ❢♦r❡❝❛sts✳ ●✐❛❝♦♠✐♥✐ ❛♥❞ ●r❛♥❣❡r ✭✷✵✵✹✮✱ ❢♦r ❡①❛♠♣❧❡✱ s❤♦✇
t❤❛t ✐❣♥♦r✐♥❣ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥✱ ❡✈❡♥ ✇❤❡♥ ✐t ✐s ✇❡❛❦✱ ❧❡❛❞s t♦ ❤✐❣❤❧② ✐♥❛❝❝✉r❛t❡ ❢♦r❡❝❛sts✳
❋r♦♠ ❛♥ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧✐♥❣ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❛♣♣r♦♣r✐❛t❡ s♣❛❝❡✲t✐♠❡ ♠♦❞❡❧✐♥❣ ♦❢ s♣♦t

✸



♣r✐❝❡ ❞②♥❛♠✐❝s ❝❛♥ ❤❡❧♣ ❛✈♦✐❞ ♦♠✐tt❡❞ ✈❛r✐❛❜❧❡ ❜✐❛s ♣r♦❜❧❡♠s✱ s❡❡ ❛❧s♦ ❈❛s❡ ✭✶✾✾✶✮✳
❋✐♥❛❧❧②✱ ✇❡ r❡❝✉rs✐✈❡❧② ❡st✐♠❛t❡ ❛ t✐♠❡ ✈❛r②✐♥❣ ❝♦❡✣❝✐❡♥ts s♣♦t ♣r✐❝❡ ❙❉▼ ❛♥❞ ❡①❛♠✐♥❡

t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ s♣♦t ♣r✐❝❡s ♦✈❡r t✐♠❡ ❛♥❞ ❛❝r♦ss ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛♥❞ ❤❡♥❝❡ ❝❛♥ ♣r♦✈✐❞❡
❛ t✐♠❡ ✈❛r②✐♥❣ ♠❡❛s✉r❡ ♦❢ t❤❡ ❞❡❣r❡❡ ♦❢ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥✳ ❲❡ ✜♥❞ t❤❛t t❤❡ s♣❛t✐❛❧ ♣r✐❝❡
❝♦rr❡❧❛t✐♦♥ ✇✐t❤✐♥ t❤❡ ◆♦r❞ P♦♦❧ ❣r✐❞ ❤❛s ❜❡❡♥ st❡❛❞✐❧② ✐♥❝r❡❛s✐♥❣ ♦✈❡r t✐♠❡ ✇❤✐❝❤ ✇❡
✐♥t❡r♣r❡t ❛s ❛ ♠❡❛s✉r❡ ♦❢ ✐♥❝r❡❛s✐♥❣ ❞❡❣r❡❡ ♦❢ ♠❛r❦❡t ✐♥t❡❣r❛t✐♦♥✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ♣r♦✈✐❞❡s ❛ ❜r✐❡❢ ♦✈❡r✈✐❡✇ ♦❢
t❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ♠❛r❦❡t✳ ❙❡❝t✐♦♥ ✸ ♣r❡s❡♥ts ❛ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ ❢♦r s♣♦t ❡❧❡❝tr✐❝✐t②
♣r✐❝❡s✳ ❙❡❝t✐♦♥ ✹ ♣r❡s❡♥ts t❤❡ ❞❛t❛ ✉s❡❞ ✐♥ t❤❡ ❡♠♣✐r✐❝❛❧ st✉❞② ❛❧♦♥❣ ✇✐t❤ t❤❡ s♣❛t✐❛❧ ✇❡✐❣❤t
♠❛tr✐❝❡s ❛♥❞ t❤❡ ♠❛✐♥ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✺✳ ❚❤❡ ✜♥❛❧ s❡❝t✐♦♥ ❝♦♥❝❧✉❞❡s✳

✷ ❚❤❡ ◆♦r❞✐❝ P♦✇❡r ❙②st❡♠

❚❤❡ ◆♦r❞✐❝ ❝♦✉♥tr✐❡s ❉❡♥♠❛r❦✱ ❋✐♥❧❛♥❞✱ ◆♦r✇❛② ❛♥❞ ❙✇❡❞❡♥ ❤❛✈❡ ❞❡r❡❣✉❧❛t❡❞ t❤❡✐r ♣♦✇❡r
♠❛r❦❡ts ✐♥ t❤❡ ❡❛r❧② ✶✾✾✵s ❛♥❞ ❤❛✈❡ ❝♦♦♣❡r❛t❡❞ t♦ ♣r♦✈✐❞❡ ❛♥ ❡✣❝✐❡♥t ♣♦✇❡r s✉♣♣❧②✱ s❡❡
❡✳❣✳✱ ◆♦r❞ P♦♦❧ ✭✷✵✵✹✮ ❛♥❞ ❍❛❧❞r✉♣ ❛♥❞ ◆✐❡❧s❡♥ ✭✷✵✵✻✮ ❢♦r ❜r✐❡❢ ❞❡t❛✐❧s✳ ◆♦r❞ P♦♦❧ ❙♣♦t
✇❛s ❡st❛❜❧✐s❤❡❞ ❛s ❛ ❝♦♠♣❛♥② ✐♥ ✷✵✵✷ ❛s t❤❡ ✇♦r❧❞✬s ✜rst ♠❛r❦❡t ❢♦r tr❛❞✐♥❣ ♣♦✇❡r✳ ❚♦❞❛②
✐t ✐s ❛❧s♦ t❤❡ ✇♦r❧❞✬s ❧❛r❣❡st ♠❛r❦❡t ♦❢ ✐ts ❦✐♥❞✱ ❛♥❞ ♣r♦✈✐❞❡s t❤❡ ❧❡❛❞✐♥❣ ♠❛r❦❡t ❢♦r ❜✉②✐♥❣
❛♥❞ s❡❧❧✐♥❣ ♣♦✇❡r ✐♥ t❤❡ ◆♦r❞✐❝ ❛♥❞ ❇❛❧t✐❝ r❡❣✐♦♥s✳

❚❤❡ ◆♦r❞ P♦♦❧ ❙♣♦t ❡①❝❤❛♥❣❡ ❛r❡❛ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❛ ♥✉♠❜❡r ♦❢ ❜✐❞❞✐♥❣ ❛r❡❛s✳ ■♥ ✷✵✶✶✱
t❤❡ ◆♦r❞ P♦♦❧ ❙♣♦t ♠❛r❦❡t ❤❛❞ ❢♦✉r ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥ ❙✇❡❞❡♥ ✭❙❊✶✱ ❙❊✷✱ ❙❊✸✱ ❙❊✹✮✱ t✇♦
❜✐❞❞✐♥❣ ❛r❡❛s ✐♥ ❉❡♥♠❛r❦ ✭❉❑✶✱ ❉❑✷✮✱ ✜✈❡ ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥ ◆♦r✇❛② ✭◆❖✶✱ ◆❖✷✱ ◆❖✸✱
◆❖✹✱ ◆❖✺✮ ❛♥❞ ❊st♦♥✐❛ ✭❊❊✮✱ ❋✐♥❧❛♥❞ ✭❋■✮✱ ▲✐t❤✉❛♥✐❛ ✭▲❚✮ ❛♥❞ ▲❛t✈✐❛ ✭▲❱✮ ❝♦♥st✐t✉t❡
♦♥❡ ❜✐❞❞✐♥❣ ❛r❡❛ ❡❛❝❤✳

❚❤❡ ❞✐✛❡r❡♥t ❜✐❞❞✐♥❣ ❛r❡❛s ❤❡❧♣ ❡✣❝✐❡♥t ❞✐str✐❜✉t✐♦♥ ♦❢ ♣♦✇❡r ✇✐t❤✐♥ t❤❡ tr❛♥s♠✐ss✐♦♥
s②st❡♠✱ ❛♥❞ ❡♥s✉r❡ t❤❛t ❛r❡❛ ♠❛r❦❡t ❝♦♥❞✐t✐♦♥s ❛r❡ ♦♣t✐♠❛❧❧② r❡✢❡❝t❡❞ ✐♥ t❤❡ ♣r✐❝❡✳ ■❢
❣r✐❞ ❜♦tt❧❡♥❡❝❦s ❡①✐st✱ ❜✐❞❞✐♥❣ ❛r❡❛ ♣r✐❝❡s ♠❛② ❜❡ ❞✐✛❡r❡♥t ✭❝❛❧❧❡❞ ❛r❡❛ ♣r✐❝❡s✮ ❛♥❞ ✐❢ t❤❡r❡
❛r❡ ♥♦ ❣r✐❞ ❜♦tt❧❡♥❡❝❦s ❛❝r♦ss ♥❡✐❣❤❜♦r✐♥❣ ✐♥t❡r❝♦♥♥❡❝t♦rs✱ t❤❡r❡ ✇✐❧❧ ❜❡ ❛ s✐♥❣❧❡ ♣r✐❝❡
❛❝r♦ss t❤❡ ❜✐❞❞✐♥❣ ❛r❡❛s✳ ❲❤❡♥ t❤❡r❡ ❛r❡ ❝♦♥str❛✐♥ts ✐♥ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ❜❡t✇❡❡♥ t✇♦
❜✐❞❞✐♥❣ ❛r❡❛s✱ t❤❡ ♣♦✇❡r ✇✐❧❧ ❛❧✇❛②s ❣♦ ❢r♦♠ t❤❡ ❧♦✇ ♣r✐❝❡ ❛r❡❛ t♦ t❤❡ ❤✐❣❤ ♣r✐❝❡ ❛r❡❛✳
❚❤✐s ♣r✐♥❝✐♣❧❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧❛✇ ♦❢ ♦♥❡ ♣r✐❝❡✿ t❤❡ ♣♦✇❡r ✢♦✇ ✇✐❧❧ ♠♦✈❡ t♦✇❛r❞s t❤❡
❤✐❣❤ ♣r✐❝❡ ❛r❡❛ ✇✐t❤ ❡①❝❡ss✐✈❡ ❞❡♠❛♥❞✳ ❚❤✐s s②st❡♠ ❛❧s♦ s❡❝✉r❡s t❤❛t ♥♦ ♠❛r❦❡t ♠❡♠❜❡rs
❛r❡ ❛ss✐❣♥❡❞ ♣r✐✈✐❧❡❣❡s ♦♥ ❛♥② ❜♦tt❧❡♥❡❝❦ ✇❤✐❝❤ ✐s ❛♥ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡ ♦❢ ❛ ❞❡r❡❣✉❧❛t❡❞
❧✐❜❡r❛❧✐③❡❞ ♠❛r❦❡t✳

■♥ t❡r♠s ♦❢ ❣❡♥❡r❛t✐♥❣ ❝❛♣❛❝✐t②✱ t❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❞✐✛❡r❡♥t s♦✉r❝❡s✳
■♥ ✷✵✶✷✱ ❢♦r ❡①❛♠♣❧❡✱ ♦✈❡r ✼✵✪ ♦❢ ♣♦✇❡r s✉♣♣❧② ✐♥ ❉❡♥♠❛r❦ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡r♠❛❧
♣❧❛♥ts ❛♥❞ ❛♣♣r♦①✐♠❛t❡❧② ✷✾✪ ♦❢ ♣♦✇❡r s✉♣♣❧② ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ✇✐♥❞ t✉r❜✐♥❡s ✭s❡❡ ◆♦r❞
P♦♦❧ ✷✵✶✸✮✳ ❖✈❡r ✹✸✪ ♦❢ ♣♦✇❡r s✉♣♣❧② ✐♥ ❙✇❡❞❡♥ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❤②❞r♦♣♦✇❡r ✇❤✐❧❡ ♦✈❡r
✻✺✪ ♦❢ ♣♦✇❡r s✉♣♣❧② ✐♥ ❋✐♥❧❛♥❞ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡r♠❛❧ ♣♦✇❡r ❛♥❞ ✾✺✪ ♦❢ ♣♦✇❡r s✉♣♣❧②
✐♥ ◆♦r✇❛② ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ ❤②❞r♦♣♦✇❡r ♣❧❛♥ts✳

❚❤❡ ◆♦r❞✐❝ ♠❛r❦❡t ♣❛rt✐❝✐♣❛♥ts tr❛❞❡ ♣♦✇❡r ❝♦♥tr❛❝ts ❢♦r ♥❡①t✲❞❛② ♣❤②s✐❝❛❧ ❞❡❧✐✈❡r② ❛t
t❤❡ ❡❧s♣♦t ♠❛r❦❡t ❛♥❞ tr❛❞✐♥❣ ✐s ❜❛s❡❞ ♦♥ ❛♥ ❛✉❝t✐♦♥ tr❛❞❡ s②st❡♠ ❢♦r ❡❛❝❤ ❤♦✉r ♦❢ t❤❡
❢♦❧❧♦✇✐♥❣ ❞❛②✳ ❉❛② ❛❤❡❛❞ ♣♦✇❡r ♣r✐❝❡s✱ ❦♥♦✇♥ ❛s ❡❧s♣♦t ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ s✉♣♣❧②
❛♥❞ ❞❡♠❛♥❞ ❢♦r ❡✈❡r② ❤♦✉r t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❛②✳ ❚❤❡ ◆♦r❞ ♣♦♦❧ ✐♥tr❛❞❛② ♠❛r❦❡t✱ ❦♥♦✇♥ ❛s
❡❧❜❛s✱ ❤❡❧♣s s❡❝✉r❡ t❤❡ ♥❡❝❡ss❛r② ❜❛❧❛♥❝❡ ❜❡t✇❡❡♥ s✉♣♣❧② ❛♥❞ ❞❡♠❛♥❞ ✐♥ t❤❡ ♣♦✇❡r ♠❛r❦❡t✳
❚❤❡ ❞❛②✲❛❤❡❛❞ ❛♥❞ ✐♥tr❛❞❛② ♣r✐❝❡s s✉♣♣❧❡♠❡♥t ❡❛❝❤ ♦t❤❡r✱ ✇✐t❤ t❤❡ ❧❛tt❡r ♠❛r❦❡t ❛❝t✐♥❣
❛s ❛ ❜❛❧❛♥❝✐♥❣ ♠❛r❦❡t t♦ t❤❡ ❢♦r♠❡r✳ ❚❤❡ ♣♦✇❡r ♣r✐❝❡s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♣r❡s❡♥t ♣❛♣❡r ❛r❡

✹



❛✈❡r❛❣❡ ❞❛✐❧② ❡❧s♣♦t ♣r✐❝❡s ❢♦r r❡❣✐♦♥s ✇✐t❤✐♥ t❤❡ ♣♦✇❡r ❣r✐❞✳

✸ ❙♣❛t✐❛❧ ♠♦❞❡❧✐♥❣ ♦❢ s♣♦t ♣r✐❝❡s

✸✳✶ ❙♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡

❍✐❣❤❧② ✐♥t❡r❝♦♥♥❡❝t❡❞ tr❛♥s♠✐ss✐♦♥ s②st❡♠s✱ t❡♠♣♦r❛❧ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② ✐♠❜❛❧❛♥❝❡s ❛♥❞
tr❛♥s♠✐ss✐♦♥ ❝♦♥❣❡st✐♦♥ ✐♥ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ♠❛② r❡s✉❧t ✐♥ s♣❛t✐❛❧ ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡
❛❝r♦ss ♠❛r❦❡ts✳ P❛r❦ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❢♦r ❡①❛♠♣❧❡✱ ♣♦✐♥t ♦✉t t❤❛t ❜❡❝❛✉s❡ ♦❢ ❧✐♠✐t❡❞ st♦r❛❜✐❧✐t②
❛♥❞ ❝r♦ss✲❣r✐❞ tr❛♥s♠✐ss✐♦♥✱ ♣r✐❝❡ ✐♥t❡r❞❡♣❡♥❞❡♥❝② ❛♠♦♥❣ ♥❡✐❣❤❜♦r✐♥❣ ♠❛r❦❡ts ❛r❡ t❤❡
t②♣✐❝❛❧ ❢❡❛t✉r❡s ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s✳ ❯♥♦❜s❡r✈❡❞ ❢❡❛t✉r❡s s✉❝❤ ❛s ♣r♦❞✉❝t✐♦♥ ❝❛♣❛❝✐t②
❛♥❞ ♠❛✐♥t❡♥❛♥❝❡ ♣r♦❜❧❡♠s ❛r❡ ❛❧s♦ ❧✐❦❡❧② t♦ r❡s✉❧t ✐♥ s♣❛t✐❛❧ s♣♦t ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡✳ ❚❤✐s
✐♠♣❧✐❡s t❤❛t ❛ s♣♦t ♣r✐❝❡ ♦❜s❡r✈❡❞ ❛t ❛ ♣❛rt✐❝✉❧❛r ♠❛r❦❡t ✐s ❞❡t❡r♠✐♥❡❞ ❜② ✇❤❛t ❤❛♣♣❡♥s
❡❧s❡✇❤❡r❡ ✐♥ t❤❡ s②st❡♠✳

❈♦♥s✐❞❡r ❛ s♣♦t ♣r✐❝❡ pt ♦❜s❡r✈❡❞ ✐♥ t❤r❡❡ ♥❡✐❣❤❜♦r✐♥❣ ❜✐❞❞✐♥❣ ♠❛r❦❡ts✱ i − 1, i ❛♥❞
i+1✳✷ ❇❡❝❛✉s❡ ♦❢ t❤❡ s♣❛t✐❛❧ ♣r♦①✐♠✐t②✴❛♥❞ ♦r ✐♥t❡r❝♦♥♥❡❝t❡❞ tr❛♥s♠✐ss✐♦♥ ✐♥ t❤❡ ❜✐❞❞✐♥❣
♠❛r❦❡ts✱ ✐t ❝❛♥ ❜❡ ❛ss✉♠❡❞ t❤❛t t❤❡ s♣♦t ♣r✐❝❡ ❛t t✐♠❡ t ✐♥ ♠❛r❦❡t i ❞❡♣❡♥❞s ♦♥ t❤❡ s♣♦t
♣r✐❝❡s ❛t ❛❧❧ t❤r❡❡ ♠❛r❦❡ts ❛t t✐♠❡ t−1✱ ❛♥❞ t❤❡ s♣♦t ♣r✐❝❡s ❛t t✇♦ ♠❛r❦❡ts ❛t t✐♠❡ t✳ ❚❤✐s
❝❛♥ ❜❡ ✈✐s✉❛❧✐③❡❞ ❛s

pi−1, t pi+1, t pi, t−1 pi+1, t−1 pi−1, t−1

ց ց ↓ ւ ւ
pi, t

❙✉♣♣♦s❡ t❤✐s ❞❡♣❡♥❞❡♥❝❡ ✐s ❝❛♣t✉r❡❞ ❜②

pi, t = βpi, t−1 + ρ1pi−1, t + ρ2pi+1, t + γ1pi−1, t−1 + γ2pi+1, t−1 + c+ εi, t ✭✶✮

❚❤❡ ✜rst t❡r♠ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ ❡q✉❛t✐♦♥ ✭✶✮ ✐s t❤❡ ✜rst t❡♠♣♦r❛❧ ❧❛❣ ♦❢ t❤❡ s♣♦t
♣r✐❝❡ ✐♥ ♠❛r❦❡t i✱ t❤❡ s❡❝♦♥❞ t❡r♠ ✐s t❤❡ ❝✉rr❡♥t s♣♦t ♣r✐❝❡ ✐♥ ♠❛r❦❡t i− 1✱ t❤❡ t❤✐r❞ t❡r♠
✐s t❤❡ ❝✉rr❡♥t s♣♦t ♣r✐❝❡ ✐♥ ♠❛r❦❡t i + 1✱ t❤❡ ❢♦✉rt❤ t❡r♠ ✐s t❤❡ ✜rst t❡♠♣♦r❛❧ ❧❛❣ ♦❢ s♣♦t
♣r✐❝❡ ✐♥ ♠❛r❦❡t i− 1✱ t❤❡ ✜❢t❤ t❡r♠ ✐s t❤❡ ✜rst t❡♠♣♦r❛❧ ❧❛❣ ♦❢ s♣♦t ♣r✐❝❡ ✐♥ ♠❛r❦❡t i+ 1,
c ✐s ❛ ❝♦♥st❛♥t ❛♥❞ t❤❡ ❧❛st t❡r♠ ✐s ❛ ✇❤✐t❡ ♥♦✐s❡ ❡rr♦r ♣r♦❝❡ss✳

❯♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♥♦ s♣❛t✐❛❧ ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡ ❛♠♦♥❣ ❜✐❞❞✐♥❣ ♠❛r❦❡ts (ρ1 = ρ2 =
γ1 = γ2 = 0)✱ ❛♥❞ ❡q✉❛t✐♦♥ ✭✶✮ ♣r♦❞✉❝❡s t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❛✉t♦r❡❣r❡ss✐✈❡ (AR(1)) s♣♦t ♣r✐❝❡
♣r♦❝❡ss✳ ■♥ ❛ ❤✐❣❤❧② ✐♥t❡r❝♦♥♥❡❝t❡❞ tr❛♥s♠✐ss✐♦♥ s②st❡♠ ✇✐t❤ ❞❡r❡❣✉❧❛t❡❞ ♠❛r❦❡ts ❧✐❦❡ t❤❡
◆♦r❞ P♦♦❧✱ ♥❡❛r❜② ♠❛r❦❡t ♣r✐❝❡s st✐❧❧ ❛✛❡❝t ❡❛❝❤ ♦t❤❡r✳

❯s✐♥❣ ❛ s♣❛t✐❛❧ ❝♦♥♥❡❝t✐✈✐t② ✇❡✐❣❤t ♠❛tr✐① wij ❝♦♥♥❡❝t✐♥❣ ❜✐❞❞✐♥❣ ♠❛r❦❡ts i ❛♥❞ j (j =
i− 1, i+1), ✇❡ ❝❛♥ ❛❣❣r❡❣❛t❡ ✭s❡❡ ❛❧s♦ ●✐❛❝♦♠✐♥✐ ❛♥❞ ●r❛♥❣❡r ✷✵✵✹✮ t❤❡ ♣r♦❝❡ss ❣✐✈❡♥ ✐♥
✭✶✮ ❛s

pit = βpit−1 + ρ

i+1
∑

j=i−1

wijpjt + γ

i+1
∑

j=i−1

wijpjt−1 + c+ εit ✭✷✮

✷◆♦t❡ t❤❛t ✇❡ ✇✐❧❧ ✉s❡ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛♥❞ ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥t❡r❝❤❛♥❣❡❛❜❧②✳

✺



✇❤❡r❡ ρ ✐s ❛ ♣❛r❛♠❡t❡r ♠❡❛s✉r✐♥❣ t❤❡ str❡♥❣t❤ ♦❢ s♣❛t✐❛❧ ✭❝♦♥t❡♠♣♦r❛♥❡♦✉s✮ ❞❡♣❡♥❞❡♥❝❡
❜❡t✇❡❡♥ ❜✐❞❞✐♥❣ ♠❛r❦❡ts✱ wij ✐s ❛ s♣❛t✐❛❧ ✇❡✐❣❤t ❝♦❡✣❝✐❡♥t✱ γ ✐s ❛ ❝♦❡✣❝✐❡♥t ♠❡❛s✉r✐♥❣
❧❛❣❣❡❞ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡ ❛♥❞ εit ✐s ❛ ✇❤✐t❡ ♥♦✐s❡ ♣r♦❝❡ss✳ ■t ✐s ❝❧❡❛r ❢r♦♠ (2) t❤❛t ❛ s♣❛t✐❛❧
❧❛❣ ✐s ❛ ❞✐str✐❜✉t❡❞ ❧❛❣✱ r❛t❤❡r t❤❛♥ ❛ s❤✐❢t ✐♥ ❛ ❣✐✈❡♥ ❞✐r❡❝t✐♦♥ ❧✐❦❡ ✐♥ t❤❡ t✐♠❡ s❡r✐❡s ❝❛s❡✳
❍❡r❡ ❡❛❝❤ s♣❛t✐❛❧ ✇❡✐❣❤t wij t♦ ❜❡ ❞✐s❝✉ss❡❞ ❧❛tt❡r r❡✢❡❝ts t❤❡ s♣❛t✐❛❧ ✐♥✢✉❡♥❝❡ ♦❢ ❜✐❞❞✐♥❣
♠❛r❦❡t j ♦♥ ❜✐❞❞✐♥❣ ♠❛r❦❡t i✳ ◆♦t❡ t❤❛t ✇❡ ❝♦♥s✐❞❡r t❡♠♣♦r❛❧ ❛s ✇❡❧❧ ❛s s♣❛t✐❛❧ ❧❛❣s t♦
❜❡ ♦❢ ✜rst ♦r❞❡r ❢♦r s✐♠♣❧✐❝✐t②✳

❊q✉❛t✐♦♥ ✭✷✮ ❝❛♥ ❜❡ ❣❡♥❡r❛❧✐③❡❞ ✭✐♥ ♠❛tr✐① ❢♦r♠✮ ❛s

pt = ρWpt + βpt−1 + γWpt−1 + Ztθ1 +WZtθ2 + c+ εt ✭✸✮

✇❤❡r❡ pt ✐s ❛♥ Nx1 ✈❡❝t♦r ♦❢ s♣♦t ♣r✐❝❡s ❞✉r✐♥❣ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ t✐♠❡ t✱ W ✐s ❛♥
NxN s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① ❝♦♥♥❡❝t✐♥❣ ❜✐❞❞✐♥❣ ❛r❡❛s i ❛♥❞ j✱ β✱ θ1 ❛♥❞ θ2 ❛r❡ ❛ss♦❝✐❛t❡❞
♣❛r❛♠❡t❡rs✱ Zt ✐s ❛ s❡t ♦❢ ❝♦♥tr♦❧ ✭❡✳❣✳✱ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s✱ t✐♠❡ ❞✉♠♠✐❡s ❡t❝✳✮ ✈❛r✐❛❜❧❡s✱
❛♥❞ εt ✐s ❛ ✇❤✐t❡ ♥♦✐s❡ ✈❡❝t♦r ♣r♦❝❡ss✳ ❚❤❡ ♠♦❞❡❧ ❣✐✈❡♥ ✐♥ ✭✸✮ ✐s ❦♥♦✇♥ ❛s t❤❡ s♣❛t✐❛❧
❉✉r❜✐♥ ♠♦❞❡❧ ✭❙❉▼✮ ❛s ✐t ✐♥❝❧✉❞❡s t❤❡ s♣❛t✐❛❧ ❧❛❣s ♦❢ ❜♦t❤ t❤❡ ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t
✈❛r✐❛❜❧❡s✳ ■♥ s❡❝t✐♦♥ ✹✳✷ ✇❡ ✇✐❧❧ ❞✐s❝✉ss t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✇❡✐❣❤t ♠❛tr✐① ❲ ✐♥ ♠♦r❡ ❞❡t❛✐❧✳

❚❤❡ s♣♦t ♣r✐❝❡ pt ✐s r❡❧❛t❡❞ t♦ s♣♦t ♣r✐❝❡s ✐♥ ♥❡✐❣❤❜♦r✐♥❣ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ✐♥ t❤❡ ❝✉rr❡♥t
t✐♠❡ ♣❡r✐♦❞ Wpt✱ ♣r❡✈✐♦✉s ♣❡r✐♦❞s s♣♦t ♣r✐❝❡s pt−1, ♣r❡✈✐♦✉s ♣❡r✐♦❞s s♣♦t ♣r✐❝❡s ❢r♦♠
♥❡✐❣❤❜♦r✐♥❣ ❜✐❞❞✐♥❣ ♠❛r❦❡ts Wpt−1, ❛ s❡t ♦❢ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ✐♥ t❤❡ ❝✉rr❡♥t ♣❡r✐♦❞ Zt ❛s
✇❡❧❧ ❛s ❛ s❡t ♦❢ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s ❢r♦♠ ♥❡✐❣❤❜♦r✐♥❣ ♠❛r❦❡tsWZt ✇❤✐❝❤ ❛r❡ t❤♦✉❣❤t t♦ ❡①❡rt
✐♥✢✉❡♥❝❡ ♦♥ ❝✉rr❡♥t s♣♦t ♣r✐❝❡s✳

▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✭✷✵✵✾✮ ❡①♣❧✐❝✐t❧② ❞✐s❝✉ss ❛ ♥✉♠❜❡r ♦❢ t❤❡♦r❡t✐❝❛❧ ❡❝♦♥♦♠❡tr✐❝ ❛s ✇❡❧❧
❛s ❡❝♦♥♦♠✐❝ ♠♦t✐✈❛t✐♦♥s ❢♦r ✐♥❝♦r♣♦r❛t✐♥❣ s♣❛t✐❛❧ ❧❛❣ ✈❛r✐❛❜❧❡s ✐♥ ❛ r❡❣r❡ss✐♦♥ ❢r❛♠❡✇♦r❦✳
■♥ ♦✉r ♣❛rt✐❝✉❧❛r ❝❛s❡ t❤❡ ♠♦❞❡❧ ✐♥ ✭✸✮ ❝❛♣t✉r❡s t❤❡ ♣♦ss✐❜❧❡ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts t❤❛t
♠❛② ❛r✐s❡ ✐♥ t❤❡ s②st❡♠ ❣r✐❞✳

❖♥❡ ♦❢ t❤❡ ❞✐st✐♥❝t✐✈❡ ❢❡❛t✉r❡s ♦❢ t❤❡ ❙❉▼ ✐♥ (3) ✐s t❤❛t ✐t ♥❡sts ✈❛r✐♦✉s ♠♦❞❡❧s ❛s ❛
s♣❡❝✐❛❧ ❝❛s❡✳ ❯♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♥♦ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s✱ ρ = 0, γ = 0 ❛♥❞ θ2 = 0✱
♣r♦❞✉❝❡s t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ s♣♦t ♣r✐❝❡ t✐♠❡ r❡❣r❡ss✐♦♥ ♠♦❞❡❧✳ ■♠♣♦s✐♥❣ t❤❡ r❡str✐❝t✐♦♥ t❤❛t
γ = 0 ❛♥❞ θ2 = 0 ♣r♦❞✉❝❡s t❤❡ s♣❛t✐❛❧ ❛✉t♦r❡❣r❡ss✐✈❡ ✭❙❆❘✮ ♠♦❞❡❧ ♦❢ t❤❡ ❢♦r♠

pt = ρWpt + βpt−1 + Ztθ1 + c+ εt

❚❤❡ ❙❆❘ ♠♦❞❡❧ ❝♦♥t❛✐♥s ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥s ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛s ❛❞❞✐t✐♦♥❛❧
❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❜✉t ❡①❝❧✉❞❡s t❤❡ s♣❛t✐❛❧ ❧❛❣s ♦❢ t❤❡ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳ ❚❤✐s
♠♦❞❡❧ ❛ss✉♠❡s t❤❛t ❡①♦❣❡♥♦✉s ❢❛❝t♦rs ✭❡✳❣✳✱ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s ❛♥❞ ♣r❡✈✐♦✉s ♣❡r✐♦❞s s♣♦t
♣r✐❝❡s✮ ♦❜s❡r✈❡❞ ✐♥ ♥❡✐❣❤❜♦r✐♥❣ ❛r❡❛s ❞♦ ♥♦t ❤❛✈❡ ❞✐r❡❝t ❡✛❡❝t ♦♥ s♣♦t ♣r✐❝❡s ♦❢ ❛ ♣❛rt✐❝✉❧❛r
❜✐❞❞✐♥❣ ♠❛r❦❡t✳ ■♥ t❤❡ st❛♥❞❛r❞ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝s ❧✐t❡r❛t✉r❡✱ t❤❡ r❡str✐❝t✐♦♥ γ = 0 ❛♥❞
θ2 = 0 ✐s ✉s❡❞ t♦ t❡st t❤❡ ❤②♣♦t❤❡s✐s ✇❤❡t❤❡r t❤❡ ❙❉▼ ❝❛♥ ❜❡ r❡❞✉❝❡❞ t♦ t❤❡ s♣❛t✐❛❧ ❧❛❣
♠♦❞❡❧✳

❙✐♠✐❧❛r❧②✱ ✐♠♣♦s✐♥❣ t❤❡ r❡str✐❝t✐♦♥s γ+ ρβ = 0✱ ❛♥❞ θ2+ ρθ1 = 0, ❡q✉❛t✐♦♥ ✭✸✮ ♣r♦❞✉❝❡s
t❤❡ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧ ✭❙❊❘✮ ♦❢ t❤❡ ❢♦r♠

pt = βpt−1 + θ1Zt + (I − ρW )−1(c+ εt) ✭✹✮

❚❤❡s❡ r❡str✐❝t✐♦♥s ❛❧s♦ ❛❧❧♦✇ t♦ t❡st t❤❡ ❤②♣♦t❤❡s✐s ✇❤❡t❤❡r t❤❡ ❙❉▼ ❝❛♥ ❜❡ r❡❞✉❝❡❞
t♦ t❤❡ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✳ ❚❤❡ ❙❊❘ s♣❡❝✐✜❝❛t✐♦♥ ✐♠♣❧✐❡s t❤❛t s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts
♦❝❝✉r t❤r♦✉❣❤ s♣❛t✐❛❧ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ✉♥♦❜s❡r✈❡❞ ❞✐st✉r❜❛♥❝❡s✳

❈♦♥s✐❞❡r t❤❡ ❙❊❘ ♠♦❞❡❧ ✐♥ (4) r❡✇r✐tt❡♥ ❛s

✻



pt = βpt−1 + θ1Zt + c′ + µt

✇❤❡r❡ c′ = (I − ρW )−1c, µt = (I − ρW )−1εt ♦r µt = ρWµt + εt✳ ❚❤✐s s♣❡❝✐✜❝❛t✐♦♥ s❤♦✇s
t❤❛t t❤❡ s❝❛❧❛r ❡rr♦r ♣r♦❝❡ss µit ✐♥ ❛ ♣❛rt✐❝✉❧❛r ❜✐❞❞✐♥❣ ♠❛r❦❡t i ❛t t✐♠❡ t ✐s ❛ ✇❡✐❣❤t❡❞
❛✈❡r❛❣❡ ♦❢ t❤❡ ❡rr♦rs ✐♥ ♥❡✐❣❤❜♦r✐♥❣ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛♥❞ ✐ts ♦✇♥ ❧♦❝❛❧ ❞✐st✉r❜❛♥❝❡ εit.

❯s✐♥❣ (I − ρW )−1 = I +
∑∞

k=1
(ρW )k✱ ✇❡ ❝❛♥ ✇r✐t❡ µt ❛s

µt = (I + ρW + ρ2W 2 + ...)εt

■❢ t❤❡ ❡rr♦r ✈❡❝t♦r ♣r♦❝❡ss εt ✐s i.i.d✱ t❤❡ ✈❛r✐❛♥❝❡✲❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ♦❢ t❤❡ ❧♦❝❛❧ ❞✐st✉r❜❛♥❝❡
✭s❡❡ ❡✳❣✳✱ ❑❛♣♦♦r ❡t ❛❧✳ ✷✵✵✹✮ ✐s ❣✐✈❡♥ ❛s

E(µtµ
′
t) = σ2

ε(I − ρW )−1(I − ρW )−1′

= σ2

ε [I + ρ(W +W ′) + ρ2(W 2 +WW ′ +W ′2) + ...]

❚❤❡ ✈❛r✐❛♥❝❡✲❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ✐♠♣❧✐❡s t❤❛t ✐❢ | ρ |< 1✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❞✐st✉r❜❛♥❝❡s ❛r❡
❝♦rr❡❧❛t❡❞ ✇✐t❤ ❡❛❝❤ ♦t❤❡r ❜✉t ❝❧♦s❡r ♥❡✐❣❤❜♦rs ❛r❡ ♠♦r❡ ❝♦rr❡❧❛t❡❞ t❤❛♥ ❞✐st❛♥t ♥❡✐❣❤❜♦rs✳

❉♦✉❣❧❛s ❛♥❞ P♦♣♦✈❛ ✭✷✵✶✶✮ st❛t❡ t❤❛t t❤❡ ❙❊❘ ♠♦❞❡❧ ✐s ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ t♦ ♠♦❞❡❧
❡❧❡❝tr✐❝✐t② ♣r✐❝❡s ❜❡❝❛✉s❡ ✐t ✐s r❡❧❛t✐✈❡❧② ❝♦♥✈❡♥✐❡♥t t♦ ❡st✐♠❛t❡ ✉s✐♥❣ ♣❛♥❡❧ ❞❛t❛ s❡ts✳ ❆s
st❛t❡❞ ❡❛r❧✐❡r✱ ✇❤❡♥ t❤❡ ✐♥t❡r❡st ✐s t♦ ❡①❛♠✐♥❡ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s✱ ❛ ❢✉❧❧ ♠♦❞❡❧ s♣❡❝✐✜❝❛t✐♦♥
♦❢ t❤❡ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ♣r♦❝❡ss ✐s ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ t❤❛♥ t❤❡ ❙❊❘ ♠♦❞❡❧✳ ❚❤❡ ❙❉▼ ✇❤✐❝❤
✐s ♠♦r❡ ✢❡①✐❜❧❡ t❤❛♥ t❤❡ ❙❊❘ ♠♦❞❡❧ ♣r♦❞✉❝❡s ✉♥❜✐❛s❡❞ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s ❡✈❡♥ ✐❢ t❤❡
tr✉❡ ❉●P ✐s ❙❊❘✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❙❊❘ ♠♦❞❡❧ ✐s ♥❡st❡❞ ✇✐t❤✐♥ t❤❡ ❙❉▼✱ ❛♥❞ ❛s ❛
r❡s✉❧t ❡rr♦r ❞❡♣❡♥❞❡♥❝❡ ✐s ❛❝❝♦✉♥t❡❞ ❢♦r t❤❡ ✈❛r✐❛♥❝❡✲❝♦✈❛r✐❛♥❝❡ ♠❛tr✐①✳ ■♥ ♦✉r ❡♠♣✐r✐❝❛❧
s❡❝t✐♦♥ t♦♦✱ ❛ t❡st ♦♥ ♣❛r❛♠❡t❡r r❡str✐❝t✐♦♥s s❤♦✇s t❤❛t ❜♦t❤ t❤❡ ❙❆❘ ❛♥❞ ❙❊❘ ♠♦❞❡❧ ❛r❡
r❡❥❡❝t❡❞ ✐♥ ❢❛✈♦r ♦❢ t❤❡ ❙❉▼✳

✹ ❊♠♣✐r✐❝❛❧ r❡s✉❧ts

✹✳✶ ❉❛t❛

❉❛✐❧② s♣♦t ♠❛r❦❡t ❡❧❡❝tr✐❝✐t② ♣r✐❝❡s ❢♦r ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ ✶ ❏❛♥✉❛r② ✷✵✶✷
t♦ ✸✶ ❆✉❣✉st ✷✵✶✹ ✭❛ t♦t❛❧ ♦❢ ✶✷✱✻✻✷ ♦❜s❡r✈❛t✐♦♥s✮ ❢r♦♠ t❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ♠❛r❦❡t ❛r❡
✉s❡❞✳ ❚❤❡ s♣♦t ♠❛r❦❡t ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥❝❧✉❞❡ ❢♦✉r r❡❣✐♦♥s ❢r♦♠ ❙✇❡❞❡♥ ✭❙❊✶✱ ❙❊✷ ❙❊✸✱
❙❊✹✮✱ ♦♥❡ r❡❣✐♦♥ ❢r♦♠ ❋✐♥❧❛♥❞ ✭❋■✮✱ t✇♦ r❡❣✐♦♥s ❢r♦♠ ❉❡♥♠❛r❦ ✭❉❑✶✱ ❉❑✷✮✱ ✜✈❡ r❡❣✐♦♥s
❢r♦♠ ◆♦r✇❛② ✭◆❖✶✱ ◆❖✷✱ ◆❖✸✱ ◆❖✹✱ ◆❖✺✮✱ ❛♥❞ ♦♥❡ r❡❣✐♦♥ ❢r♦♠ ❊st♦♥✐❛ ✭❊❊✮✳ ❙❡❡ ✜❣✉r❡
✷ ❢♦r ❧♦❝❛t✐♦♥s ♦❢ t❤❡ ❜✐❞❞✐♥❣ ❛r❡❛s✳ ❉❛t❛ ❢♦r t❤❡ ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥ ❊st♦♥✐❛♥✲▲❛t✈✐❛♥ ❜♦r❞❡r✱
▲❛t✈✐❛ ❛♥❞ ▲✐t❤✉❛♥✐❛✱ ✐s ♥♦t ✐♥❝❧✉❞❡❞ ❜❡❝❛✉s❡ ❝♦♠♣❧❡t❡ s♣♦t ♣r✐❝❡ ❞❛t❛ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡ ❢♦r
t❤❡ ②❡❛rs ✷✵✶✷ ❛♥❞ ✷✵✶✸✳

✼



❋✐❣✉r❡ ✶✿ ▼❛♣ ♦❢ t❤❡ ◆♦r❞ P♦♦❧ ❜✐❞❞✐♥❣ ❛r❡❛s✿ ◆✉♠❜❡rs ❛r❡ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t✐❡s

❙♦✉r❝❡✿ ◆♦r❞ P♦♦❧ ✷✵✶✹

❚❤❡ ❞❛t❛ s❡r✐❡s ❛r❡ ♣❧♦tt❡❞ ✐♥ ✜❣✉r❡ ✸ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✶✸ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ✇❤❡r❡ ✐t ❝❛♥
❜❡ s❡❡♥ t❤❛t✱ ✐♥ ❣❡♥❡r❛❧✱ t❤❡ s♣♦t ♣r✐❝❡s s❤♦✇ ❤✉❣❡ ✢✉❝t✉❛t✐♦♥s✳

❲❤❡r❡❛s ❜✐❞❞✐♥❣ ❛r❡❛s ❢r♦♠ ❙✇❡❞❡♥ ✭❙❊✶✱ ❙❊✷✱ ❙❊✸✱ ❙❊✹✮✱ ◆♦r✇❛② ✭◆❖✶✱ ◆❖✷✱ ◆❖✸✱
◆❖✹✱ ◆❖✺✮ ❛♥❞ ❋✐♥❧❛♥❞ ✭❋■✮ t❡♥❞ t♦ s❤♦✇ s✐♠✐❧❛r s♣♦t ♣r✐❝❡ ♣❛tt❡r♥s✱ t❤❡ ❜✐❞❞✐♥❣ ❛r❡❛s
✐♥ ❉❡♥♠❛r❦ ✭❉❑✶ ❛♥❞ ❉❑✷✮ ❛❧s♦ s❤♦✇ ❛ s✐♠✐❧❛r ♣❛tt❡r♥ ✇❤✐❧❡ t❤❡ s♣♦t ♣r✐❝❡ ♣❛tt❡r♥ ✐♥
❊st♦♥✐❛ ✭❊❊✮ ✐s r❛t❤❡r ❞✐✛❡r❡♥t✳

✽



❋✐❣✉r❡ ✷✿ ❉❛✐❧② s♣♦t ♣r✐❝❡s ❢♦r ✶✸ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ✐♥ ◆♦r❞ P♦♦❧✿ ✶ ❏❛♥✉❛r② ✷✵✶✷✲✸✶ ❆✉❣✉st
✷✵✶✹

✾



❚❤❡ ❞❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ♦❢ ❞❛✐❧② s♣♦t ♣r✐❝❡s ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✶✸ ◆♦r❞ P♦♦❧ s♣♦t ♠❛r❦❡ts
❛r❡ ❛❧s♦ r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✶✳ ❚❤❡ ♠❡❛♥ s♣♦t ♣r✐❝❡ ❢♦r t❤❡ ✶✸ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ✐s ♠♦r❡ ♦r
❧❡ss t❤❡ s❛♠❡ ❛❝r♦ss ❞✐✛❡r❡♥t ♠❛r❦❡ts✳ ❚❤❡ ♠❡❛♥ s♣♦t ♣r✐❝❡ r❛♥❣❡s ❢r♦♠ ✐ts ♠❛①✐♠✉♠
✺✳✻✽✵ ✐♥ ❊❊ t♦ ✐ts ♠✐♥✐♠✉♠ ✺✳✸✾✼ ✐♥ ◆❖✸✳ ❚❤❡ ❞❛✐❧② s♣♦t ♣r✐❝❡s ❛❧s♦ s❤♦✇ s✐♠✐❧❛r ♣❛tt❡r♥s
✐♥ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❛❝r♦ss ❞✐✛❡r❡♥t ❜✐❞❞✐♥❣ ❛r❡❛s✳✸ ❚❤❡ ❧♦✇❡st st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐s
♦❜s❡r✈❡❞ ✐♥ ❊❊ ✇❤✐❧❡ t❤❡ ❤✐❣❤❡st st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐s ♦❜s❡r✈❡❞ ✐♥ ❉❑✶✳✹

❆✈❡r❛❣❡ ❝♦♦❧✐♥❣ ❞❡❣r❡❡ ❞❛②s ✭❈❉❉✮ ❛♥❞ ❛✈❡r❛❣❡ ❤❡❛t✐♥❣ ❞❡❣r❡❡ ❞❛②s ✭❍❉❉✮✺ t❤❛t
❝❛♣t✉r❡ ❞❛✐❧② ✇❡❛t❤❡r ❡✛❡❝ts ✐♥ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ❛♣♣r♦①✐♠❛t❡
✇❡❛t❤❡r ❧♦❝❛t✐♦♥s ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s✳

❚❛❜❧❡ ✶✿ ❙♣♦t ♣r✐❝❡ ❞❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s ✐♥ ✶✸ ◆♦r❞ P♦♦❧ ❜✐❞❞✐♥❣ ❛r❡❛s
❙❊✶ ❙❊✷ ❙❊✸ ❙❊✹ ❋■ ❉❑✶ ❉❑✷ ◆❖✶ ◆❖✷ ◆❖✸ ◆❖✹ ◆❖✺ ❊❊

▼✐♥ ✹✳✵✵✺ ✹✳✵✵✺ ✹✳✵✵✺ ✹✳✵✵✺ ✹✳✵✵✺ ✵ ✵ ✸✳✾✹✾ ✹✳✵✻✼ ✸✳✺✺✻ ✹✳✵✵✺ ✹✳✵✵✺ ✺✳✶✶✻
▼❡❛♥ ✺✳✺✵✷ ✺✳✺✵✸ ✺✳✺✶✷ ✺✳✺✸✾ ✺✳✻✵✽ ✺✳✺✷✹ ✺✳✺✻✾ ✺✳✹✵✾ ✺✳✹✵✼ ✺✳✸✾✼ ✺✳✹✾✼ ✺✳✹✽✾ ✺✳✻✽✵
▼❛① ✻✳✻✵✼ ✻✳✻✵✼ ✻✳✻✷✹ ✻✳✻✷✹ ✻✳✻✷✹ ✽✳✵✽✼ ✻✳✻✷✹ ✻✳✺✻✽ ✻✳✺✻✽ ✻✳✺✻✽ ✻✳✻✵✼ ✻✳✻✵✼ ✻✳✽✸✺

❙t❞✳❞❡✈ ✵✳✸✶✺ ✵✳✸✶✺ ✵✳✸✷✶ ✵✳✸✶✽ ✵✳✸✵✻ ✵✳✹✸✾ ✵✳✸✼✺ ✵✳✸✺✶ ✵✳✸✸✶ ✵✳✸✻✾ ✵✳✸✶✶ ✵✳✸✵✼ ✵✳✶✾✻

✹✳✷ ❙♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① ❢♦r s♣♦t ♣r✐❝❡s

❚❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① W ✐s ❛ ✈❡r② ✐♠♣♦rt❛♥t ✐ss✉❡ ✐♥ s♣❛t✐❛❧
❡❝♦♥♦♠❡tr✐❝s✳ ❍♦✇❡✈❡r✱ t②♣✐❝❛❧❧② t❤❡r❡ ✐s ❧✐tt❧❡ ❣✉✐❞❛♥❝❡ ✐♥ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❝♦rr❡❝t
s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① ✐♥ ❡♠♣✐r✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ ✉s✉❛❧ tr❛❞✐t✐♦♥ ✐♥ ❝♦♥str✉❝t✐♥❣ t❤❡
s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐① ❤❛s ❜❡❡♥ ❣❡♦❣r❛♣❤✐❝❛❧ ❞✐st❛♥❝❡✳ ❍♦✇❡✈❡r✱ ✐t ✐s ♥♦t ♦❜✈✐♦✉s t❤❛t
❣❡♦❣r❛♣❤② ✐s t❤❡ ♠♦st r❡❧❡✈❛♥t ❢❛❝t♦r ✐♥ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❡❝♦♥♦♠✐❝ ✉♥✐ts
✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ ✭❈❛s❡ ❡t ❛❧✳✱ ✶✾✾✸✮✳ ❚❤❡ ✇❡✐❣❤t ♠❛tr✐① r❡♣r❡s❡♥ts t❤❡ ✐♥✢✉❡♥❝❡ ♣r♦❝❡ss
❛ss✉♠❡❞ t♦ ❜❡ ♣r❡s❡♥t ✐♥ t❤❡ ♥❡t✇♦r❦ ❛♥❞ ❤❡♥❝❡ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ✇❡✐❣❤t ♠❛tr✐① ✐s s✉♣♣♦s❡❞
t♦ r❡♣r❡s❡♥t t❤❡ t❤❡♦r② ❛ r❡s❡❛r❝❤❡r ❤❛s ❛❜♦✉t t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♣r♦❝❡ss❡s
✐♥ t❤❡ ♥❡t✇♦r❦✱ s❡❡ ❛❧s♦ ▲❡❡♥❞❡rs ✭✷✵✵✷✮✳

❋✐❣✉r❡ ✸✿ ❋♦✉r ❤②♣♦t❤❡t✐❝❛❧ ♥❡✐❣❤❜♦r✐♥❣ ❡❧❡❝tr✐❝✐t② ❜✐❞❞✐♥❣ ♠❛r❦❡ts

■♥ t❤❡ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧ (2)✱ ❡❛❝❤ s♣❛t✐❛❧ ✇❡✐❣❤t wij r❡✢❡❝ts t❤❡ s♣❛t✐❛❧ ✐♥✢✉❡♥❝❡
♦❢ ❜✐❞❞✐♥❣ ♠❛r❦❡t j ♦♥ ❜✐❞❞✐♥❣ ♠❛r❦❡t i✳ ❈♦♥s✐❞❡r✱ ❢♦r ❡①❛♠♣❧❡✱ ❢♦✉r ❤②♣♦t❤❡t✐❝❛❧ ♥❡✐❣❤❜♦r✐♥❣
❜✐❞❞✐♥❣ ♠❛r❦❡ts M1, M2, M3 ❛♥❞ M4 ❞✐s♣❧❛②❡❞ ❛s ✐♥ ✜❣✉r❡ ✸✳ ❇✐❞❞✐♥❣ ♠❛r❦❡t M1 ✐s ♥❡✐❣❤❜♦r

✸❆ ✇✐❞❡ r❛♥❣❡ ♦❢ ✉♥✐t r♦♦t t❡sts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛♥❞ t❤❡② ❛❧❧ str♦♥❣❧② r❡❥❡❝t t❤❡ ✉♥✐t r♦♦t ❤②♣♦t❤❡s✐s✳
✹❲❡ ❤❛✈❡ ✸ ♥❡❣❛t✐✈❡ ♣r✐❝❡s ✐♥ ❉❑✶ ❛♥❞ ✷ ♥❡❣❛t✐✈❡ ♣r✐❝❡s ✐♥ ❉❑✷ ❛♥❞ tr❡❛t t❤❡♠ ❛s ♠✐ss✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✇❤❡♥ t❛❦❡♥ ✐♥

❧♦❣ t❡r♠s✳
✺❲❡❛t❤❡r ❯♥❞❡r❣r♦✉♥❞ ✭❤tt♣✿✴✴✇✇✇✳❞❡❣r❡❡❞❛②s✳♥❡t✴✮ ♣r♦✈✐❞❡s ✇♦r❧❞ ✇✐❞❡ ❝♦♦❧✐♥❣ ❛♥❞ ❤❡❛t✐♥❣ ❞❡❣r❡❡ ❞❛②s ❢♦r ♠❛♥②

✇❡❛t❤❡r ❧♦❝❛t✐♦♥s ✐♥ t❤❡ ✇♦r❧❞✳ ❲❡ ✉s❡❞ ❛♣♣r♦①✐♠❛t❡ ❝✐t② ✇❡❛t❤❡r ❧♦❝❛t✐♦♥s ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❈❉❉ ❛♥❞ ❍❉❉ ❢♦r ❡❛❝❤
♦❢ t❤❡ ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s✳

✶✵



t♦ M2, M3 ❛♥❞ M4 ✭❝♦♥s✐❞❡r✐♥❣ ✜rst ❛♥❞ s❡❝♦♥❞ ♦r❞❡r ♥❡✐❣❤❜♦r❤♦♦❞✮ ✇❤❡r❡❛s ❜✐❞❞✐♥❣ ♠❛r❦❡t
M2 ✐s ❛❧s♦ ✜rst ♦r❞❡r ♥❡✐❣❤❜♦r t♦ ❜✐❞❞✐♥❣ ♠❛r❦❡ts M3 ❛♥❞ M4✳ ❚❤❡♥✱ ❛ ✜rst ♦r❞❡r ❜✐♥❛r②
❝♦♥t✐❣✉✐t② ✇❡✐❣❤t ♠❛tr✐① W ✭✶ ✐❢ t✇♦ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛r❡ ♥❡✐❣❤❜♦rs t♦ ❡❛❝❤ ♦t❤❡r ❛♥❞ ✵
♦t❤❡r✇✐s❡✮ ❛♥❞ ✐ts sq✉❛r❡ W 2 ❝❛♥ ❜❡ s♣❡❝✐✜❡❞ ❛s

W =

















M1 M2 M3 M4

M1 0 1 0 0
M2 1 0 1 1
M3 0 1 0 0
M4 0 1 0 0

















and W 2 =

















M1 M2 M3 M4

M1 1 0 1 1
M2 0 3 0 0
M3 1 0 1 1
M4 1 0 1 1

















❚❤❡ ✇❡✐❣❤ts ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ♥♦♥✲st♦❝❤❛st✐❝ ❛♥❞ ❡①♦❣❡♥♦✉s❧② ❣✐✈❡♥ ✇✐t❤ t❤❡ ♣r♦♣❡rt✐❡s❀
✭✐✮ wij > 0, ✭✐✐✮ wij = 0 ✐❢ i = j✱ ❢♦r ❛♥② i = 1, ..., N. ❚❤❡ s❡❝♦♥❞ ♣r♦♣❡rt② ✐♠♣❧✐❡s t❤❛t ♥♦
❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛r❡ ❝♦♥s✐❞❡r❡❞ ♥❡✐❣❤❜♦rs t♦ t❤❡♠s❡❧✈❡s✳ ◆♦t❡ t❤❛t t❤❡ sq✉❛r❡ ♠❛tr✐① W 2

r❡✢❡❝ts s❡❝♦♥❞ ♦r❞❡r ❝♦♥t✐❣✉✐t② ♥❡✐❣❤❜♦rs ✭t❤❛t ❛r❡ ♥❡✐❣❤❜♦rs t♦ t❤❡ ✜rst ♦r❞❡r ♥❡✐❣❤❜♦rs✮✳
❇❡❝❛✉s❡ s❡❝♦♥❞ ♦r❞❡r ♥❡✐❣❤❜♦r t♦ ❛ ♣❛rt✐❝✉❧❛r ♦❜s❡r✈❛t✐♦♥ i ✐♥❝❧✉❞❡s ♦❜s❡r✈❛t✐♦♥ i ✐ts❡❧❢✱
W 2 ❤❛s ♥♦♥ ③❡r♦ ❞✐❛❣♦♥❛❧ ❡❧❡♠❡♥ts✱ s❡❡ ▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✭✷✵✵✾✮ ❢♦r ❞❡t❛✐❧s✳ ❙♦♠❡t✐♠❡s

t❤❡ ✇❡✐❣❤t ♠❛tr✐① ✐s ♥♦r♠❛❧✐③❡❞ s✉❝❤ t❤❛t
∑N

j 6=iwij = 1, ❢♦r i = 1, ..., N.
■♥ ♦r❞❡r t♦ ❝❛♣t✉r❡ t❤❡ ❡❧❡❝tr✐❝❛❧ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ♦❢ ❜✐❞❞✐♥❣ ❛r❡❛s✱ ✇❡ ❢♦❧❧♦✇

❉♦✉❣❧❛s ❛♥❞ P♦♣♦✈❛ ✭✷✵✶✶✮ t♦ ❝♦♥str✉❝t t❤❡ tr❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐①✳ ❲❡ ❝♦♥str✉❝t t❤❡
tr❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐① ✐♥ t❛❜❧❡ ✷ ✉s✐♥❣ t❤❡ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ❛✈❛✐❧❛❜❧❡ ❢♦r ❡❛❝❤ ♦❢
t❤❡ ✶✸ ◆♦r❞ P♦♦❧ ❜✐❞❞✐♥❣ ♠❛r❦❡ts✳ ❚❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ ✇❡✐❣❤t ♠❛tr✐① ❛r❡ r♦✇ ♥♦r♠❛❧✐③❡❞
tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t✐❡s ✭✐♥ ♠❡❣❛✇❛tts✮ ❛✈❛✐❧❛❜❧❡ ❜❡t✇❡❡♥ ❡❛❝❤ ❜✐❞❞✐♥❣ ♠❛r❦❡t✳ ■❢ t❤❡r❡ ✐s
♥♦ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ❜❡t✇❡❡♥ ❜✐❞❞✐♥❣ ❛r❡❛s✱ t❤❡ ❡❧❡♠❡♥t ♦❢ t❤❡ ✇❡✐❣❤t ♠❛tr✐① ✐s ③❡r♦✳
❲❡ ❛ss✉♠❡ t❤❡ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ❛✈❛✐❧❛❜❧❡ ✐s ❝♦♥st❛♥t ♦✈❡r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳

❚❤❡ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ❜❡t✇❡❡♥ ❛♥② t✇♦ ❜✐❞❞✐♥❣ ❛r❡❛s ✭❤♦✇ ♠✉❝❤ ♣♦✇❡r ❝❛♥ ❜❡
tr❛♥s♠✐tt❡❞ ✐♥ t❤❡ ❣r✐❞✮ ❝❛♣t✉r❡s t❤❡ ♣♦ss✐❜❧❡ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡s❡ ❛r❡❛s✳ ■❢
t❤❡ s♣♦t ♣r✐❝❡s ❞✐✛❡r ❜❡t✇❡❡♥ t✇♦ ❛r❡❛s✱ t❤❡♥ t❤❡ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ❛❝r♦ss t❤❡s❡ ❛r❡❛s
✐s ❢✉❧❧② ✉t✐❧✐③❡❞ t♦✇❛r❞s t❤❡ ❛r❡❛ ✇✐t❤ t❤❡ ❤✐❣❤❡r ♣r✐❝❡✳ ■❢ t❤❡ ❝❛♣❛❝✐t② ❜❡t✇❡❡♥ t✇♦ ❛r❡❛s
✐s ♥♦t ❢✉❧❧② ✉t✐❧✐③❡❞ t❤❡ ♣r✐❝❡s ✐♥ t❤❡s❡ t✇♦ ❛r❡❛s ✇✐❧❧ ❜❡ ❡q✉❛❧✳

❚❛❜❧❡ ✷✿ ❚r❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐① ❢♦r t❤❡ ✶✸ ◆♦r❞ P♦♦❧ ❜✐❞❞✐♥❣ ❛r❡❛s
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♣r✐❝❡ ❞✐✛❡r❡♥❝❡s ✇✐❧❧ ♥❛t✉r❛❧❧② ❛r✐s❡✳ ❚❤❡ s✉r♣❧✉s ❛r❡❛ ✇✐❧❧ ❤❛✈❡ ❛ ❧♦✇❡r ♣r✐❝❡ t❤❛♥ t❤❡ ❞❡✜❝✐t
❛r❡❛ ❛s ♠♦r❡ ♣♦✇❡r ✐s ❛✈❛✐❧❛❜❧❡ ❝♦♠♣❛r❡❞ t♦ ❝♦♥s✉♠♣t✐♦♥✳ ❈♦♥s✐❞❡r✱ ❢♦r ❡①❛♠♣❧❡✱ t✇♦
❜✐❞❞✐♥❣ ❛r❡❛s ✇✐t❤ ❙❊✶ ❛s ❛ ❧♦✇❡r ♣r✐❝❡ ❛r❡❛ ❛♥❞ ❙❊✷ ❛ ❤✐❣❤ ♣r✐❝❡ ❛r❡❛✳ ■❢ ♥♦ tr❛♥s♠✐ss✐♦♥
❧✐♥❡s ✇❡r❡ ❛✈❛✐❧❛❜❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❛r❡❛s t❤❡② ✇♦✉❧❞ ❤❛✈❡ ❞✐✛❡r❡♥t ♣r✐❝❡s✳ ❆ss✉♠❡ t❤❡r❡ ✐s
❛ ❝❛♣❛❝✐t② ♦❢ K ♠❡❣❛✇❛tt ✭▼❲✮ ❛✈❛✐❧❛❜❧❡ ❜❡t✇❡❡♥ ❙❊✶ ❛♥❞ ❙❊✷✳ ❚❤❡ ♣r✐❝❡ ✐♥ ❙❊✷ ✇♦✉❧❞
t❤❡♥ ♠♦✈❡ t♦✇❛r❞s ❛ ❧♦✇❡r ♣r✐❝❡ ❞✉❡ t♦ ❛❞❞✐t✐♦♥❛❧ s✉♣♣❧② ❛♥❞ t❤❡ ♣r✐❝❡ ✐♥ ❙❊✶ ✇♦✉❧❞ ♠♦✈❡
t♦✇❛r❞s ❛ ❤✐❣❤❡r ♣r✐❝❡ ❞✉❡ t♦ ❤✐❣❤❡r ❞❡♠❛♥❞✳ ❚❤❡ ❛✈❛✐❧❛❜❧❡ tr❛♥s♠✐ss✐♦♥ ❝❛♣❛❝✐t② ✐s ✉s❡❞
t♦ ❧❡✈❡❧ ♦✉t ♣r✐❝❡ ❞✐✛❡r❡♥❝❡s ❛s ♠✉❝❤ ❛s ♣♦ss✐❜❧❡✳

❲❤❡♥ t❤❡ ♣♦✇❡r ❝♦♥♥❡❝t✐♦♥ ❝❛♣❛❝✐t② ❛❝r♦ss ❡①❝❤❛♥❣❡ ❛r❡❛s ❛❧❧♦✇s ❛ ❢r❡❡ ✢♦❛t ♦❢ ❡❧❡❝tr✐❝✐t②
❢♦r ❛ ❣✐✈❡♥ ❤♦✉r✱ t❤❡♥ ♣r✐❝❡s ❛♣♣❡❛r t♦ ❜❡ ✐❞❡♥t✐❝❛❧ ❛❝r♦ss ♥❡✐❣❤❜♦r ❛r❡❛s✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞✱ ✇❤❡♥ t❤❡ ❝❛♣❛❝✐t② ✐s ✐♥s✉✣❝✐❡♥t ❝♦♥❣❡st✐♦♥ ✇✐❧❧ ♦❝❝✉r ❛♥❞ ♣r✐❝❡s t❡♥❞ t♦ ❞✐✛❡r✱ s❡❡
❡✳❣✳✱ ❍❛❧❞r✉♣ ❛♥❞ ◆✐❡❧s❡♥ ✭✷✵✵✻✮ ❛♥❞ ❍❛❧❞r✉♣ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ❆♥ ❛❧t❡r♥❛t✐✈❡ ✇❡✐❣❤t ♠❛tr✐①
✇❡ ❝♦♥s✐❞❡r ✐s ❜❛s❡❞ ♦♥ t❤✐s ♦❜s❡r✈❛t✐♦♥✳ ■t ✐s ❝♦♥str✉❝t❡❞ ❜② ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❢r❛❝t✐♦♥ ♦❢
❤♦✉rs ♦✈❡r t❤❡ ❡♥t✐r❡ s❛♠♣❧❡ ♣❡r✐♦❞ ✇❤❡r❡ ♣r✐❝❡s ❛r❡ ✐❞❡♥t✐❝❛❧ ❛♥❞ ❤❡♥❝❡ ✐♥❞✐❝❛t❡s t❤❡
❢r❛❝t✐♦♥ ♦❢ ❤♦✉rs ✇✐t❤ ♥♦♥✲❝♦♥❣❡st✐♦♥✳ ❲❤❡♥ ❛ ❢r❛❝t✐♦♥ ✐s r❡❧❛t✐✈❡❧② ❤✐❣❤ ✐t ✐♥❞✐❝❛t❡s ❛
❝♦♥♥❡❝t✐♦♥ t❤❛t ✐s r❡❧❛t✐✈❡❧② ✇❡❧❧ ❝♦♥♥❡❝t❡❞ ✐♥ t❡r♠s ♦❢ ♣♦✇❡r ❝❛♣❛❝✐t②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
❛ s♠❛❧❧ ❢r❛❝t✐♦♥ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❝♦♥♥❡❝t✐♦♥ ✐s r❡❧❛t✐✈❡❧② ♦❢t❡♥ s✉❜❥❡❝t t♦ ❝♦♥❣❡st✐♦♥✳ ❚❤❡
❢r❛❝t✐♦♥ ✐♥ ❡❛❝❤ ❝❡❧❧ ✐♥ t❛❜❧❡ ✸ r❡♣r❡s❡♥ts t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❤♦✉rs ✇❤❡r❡ ♣r✐❝❡s ❛r❡ ✐❞❡♥t✐❝❛❧
❜❡t✇❡❡♥ ❜✐❞❞✐♥❣ ♠❛r❦❡ts t♦ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❤♦✉rs ✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❙❊✶ ❛♥❞ ❙❊✷✱
❢♦r ❡①❛♠♣❧❡✱ ❤❛✈❡ ❛ ❢r❛❝t✐♦♥ ♦❢ ✵✳✾✾✷ ❛♥❞ ❤❡♥❝❡ ✐♥❞✐❝❛t❡s ❛♥ ❡①❝❤❛♥❣❡ ♣♦✐♥t ✇✐t❤ ❛♥ ❛❧♠♦st
❢r❡❡ ✢♦❛t ❛♥❞ ❤❡♥❝❡ ❛ ❤✐❣❤ ❞❡❣r❡❡ ♦❢ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡✳ ❲❡ ✇✐❧❧ r❡❢❡r t♦ t❤❡ ✇❡✐❣❤t ♠❛tr✐①
❞❡✜♥❡❞ ✐♥ t❤✐s ❢❛s❤✐♦♥ ❛s ❛ ✏✢♦❛t ✇❡✐❣❤t ♠❛tr✐①✑✳

❚❛❜❧❡ ✸✿ ❋❧♦❛t ✇❡✐❣❤t ♠❛tr✐①
❙❊✶ ❙❊✷ ❙❊✸ ❙❊✹ ❋■ ❉❑✶ ❉❑✷ ◆❖✶ ◆❖✷ ◆❖✸ ◆❖✹ ◆❖✺ ❊❊

❙❊✶ ✵ ✵✳✾✾✷ ✵✳✾✻✷ ✵✳✽✾✼ ✵✳✻✺✺ ✵✳✺✺✷ ✵✳✻✽✽ ✵✳✺✷✸ ✵✳✹✻✷ ✵✳✽✻✽ ✵✳✽✸✸ ✵✳✹✽✽ ✵✳✺✶✶
❙❊✷ ✵✳✾✾✷ ✵ ✵✳✾✼✶ ✵✳✾✵✹ ✵✳✻✺✻ ✵✳✺✸✵ ✵✳✺✺✼ ✵✳✺✸✵ ✵✳✹✻✾ ✵✳✽✺✾ ✵✳✽✷✺ ✵✳✹✾✺ ✵✳✹✹✷
❙❊✸ ✵✳✾✻✷ ✵✳✾✼✶ ✵ ✵✳✾✷✾ ✵✳✻✼✻ ✵✳✺✼✼ ✵✳✼✶✹ ✵✳✺✸✺ ✵✳✹✼✸ ✵✳✽✸✻ ✵✳✽✵✺ ✵✳✹✾✽ ✵✳✹✺✽
❙❊✹ ✵✳✽✾✼ ✵✳✾✵✹ ✵✳✾✷✾ ✵ ✵✳✻✷✾ ✵✳✺✾✺ ✵✳✼✺✾ ✵✳✺✵✼ ✵✳✹✹✽ ✵✳✼✼✾ ✵✳✼✺✵ ✵✳✹✼✼ ✵✳✹✸✺
❋■ ✵✳✻✺✺ ✵✳✻✺✻ ✵✳✻✼✻ ✵✳✻✷✾ ✵ ✵✳✹✵✺ ✵✳✹✾✽ ✵✳✸✼✸ ✵✳✸✸✷ ✵✳✺✼✹ ✵✳✺✻✷ ✵✳✸✹✹ ✵✳✼✷✶
❉❑✶ ✵✳✺✺✷ ✵✳✺✸✵ ✵✳✺✼✼ ✵✳✺✾✺ ✵✳✹✵✺ ✵ ✵✳✼✽✾ ✵✳✸✽✺ ✵✳✸✾✺ ✵✳✹✽✸ ✵✳✹✻✼ ✵✳✸✻✷ ✵✳✷✼✻
❉❑✷ ✵✳✻✽✽ ✵✳✺✺✼ ✵✳✼✶✹ ✵✳✼✺✾ ✵✳✹✾✽ ✵✳✼✽✾ ✵ ✵✳✹✵✾ ✵✳✸✽✺ ✵✳✻✵✸ ✵✳✺✽✼ ✵✳✸✽✷ ✵✳✸✹✻
◆❖✶ ✵✳✺✷✸ ✵✳✺✸✵ ✵✳✺✸✺ ✵✳✺✵✼ ✵✳✸✼✸ ✵✳✸✽✺ ✵✳✹✵✾ ✵ ✵✳✽✾✷ ✵✳✹✾✷ ✵✳✹✽✸ ✵✳✽✾✼ ✵✳✷✷✾
◆❖✷ ✵✳✹✻✸ ✵✳✹✻✾ ✵✳✹✼✸ ✵✳✹✹✽ ✵✳✸✸✷ ✵✳✸✾✺ ✵✳✸✽✻ ✵✳✽✾✷ ✵ ✵✳✹✸✺ ✵✳✹✷✺ ✵✳✽✷✷ ✵✳✷✵✽
◆❖✸ ✵✳✽✻✽ ✵✳✽✺✾ ✵✳✽✸✻ ✵✳✼✼✽ ✵✳✺✼✹ ✵✳✹✽✸ ✵✳✻✵✸ ✵✳✹✾✷ ✵✳✹✸✺ ✵ ✵✳✾✸✺ ✵✳✹✻✵ ✵✳✸✼✾
◆❖✹ ✵✳✽✸✸ ✵✳✽✷✺ ✵✳✽✵✺ ✵✳✼✺✵ ✵✳✺✻✷ ✵✳✹✻✼ ✵✳✺✽✼ ✵✳✹✽✸ ✵✳✹✷✺ ✵✳✾✸✺ ✵ ✵✳✹✺✸ ✵✳✸✼✵
◆❖✺ ✵✳✹✽✽ ✵✳✹✾✺ ✵✳✹✾✽ ✵✳✹✼✼ ✵✳✸✹✹ ✵✳✸✻✷ ✵✳✸✽✷ ✵✳✽✾✼ ✵✳✽✷✷ ✵✳✹✻✵ ✵✳✹✺✷ ✵ ✵✳✷✶✷
❊❊ ✵✳✺✶✶ ✵✳✹✹✷ ✵✳✹✺✽ ✵✳✹✸✺ ✵✳✼✷✶ ✵✳✷✼✻ ✵✳✸✹✻ ✵✳✷✷✾ ✵✳✷✵✽ ✵✳✸✼✾ ✵✳✸✼✵ ✵✳✷✶✺ ✵

❇✐❞❞✐♥❣ ♠❛r❦❡ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❝♦❧✉♠♥s ❛♥❞ r♦✇s ❛r❡ ❢r♦♠ ❙✇❡❞❡♥ ✭❙❊✶✱ ❙❊✷✱ ❙❊✸✱ ❙❊✹✮✱ ❢r♦♠ ❋✐♥❧❛♥❞ ✭❋■✮✱ ❢r♦♠

❉❡♥♠❛r❦ ✭❉❑✶✱ ❉❑✷✮✱ ❢r♦♠ ◆♦r✇❛②✭◆❖✶✱ ◆❖✷✱ ◆❖✸✱ ◆❖✹✱ ◆❖✺✮ ❛♥❞ ❢r♦♠ ❊st♦♥✐❛ ✭❊❊✮✳

❲❡ ❛❧s♦ ❝♦♥s✐❞❡r ❛ ❝♦♥t✐❣✉✐t② ✇❡✐❣❤t ♠❛tr✐① ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ s♣❡❝✐✜❝❛t✐♦♥✱ ✇❤❡r❡ t❤❡
❡❧❡♠❡♥ts ♦❢ t❤❡ ❝♦♥t✐❣✉✐t② ✇❡✐❣❤t ♠❛tr✐① ❛r❡ ✶ ✐❢ t✇♦ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❛r❡ ♥❡✐❣❤❜♦rs t♦ ❡❛❝❤
♦t❤❡r ❛♥❞ ③❡r♦ ♦t❤❡r✇✐s❡✳

✹✳✸ ◗✉❛s✐✲♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❙❉▼

❆♥② ♦❢ t❤❡ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧s ✇❡ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✭✸✮ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞
❜② ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ✭▼▲✮ ✭❆♥s❡❧✐♥ ✶✾✽✽✮✱ q✉❛s✐✲♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ✭◗▼▲✮ ✭▲❡❡

✶✷



✷✵✶✵✮✱ ✐♥str✉♠❡♥t❛❧ ✈❛r✐❛❜❧❡s ✭■❱✮ ✭❆♥s❡❧✐♥ ✶✾✽✽✮✱ ❣❡♥❡r❛❧✐③❡❞ ♠❡t❤♦❞ ♦❢ ♠♦♠❡♥ts ✭●▼▼✮
✭❑❡❧❡❥✐❛♥ ❛♥❞ Pr✉❝❤❛ ✶✾✾✾✮✱ ♦r ❜② ❇❛②❡s✐❛♥ ▼❛r❦♦✈ ❈❤❛✐♥ ▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞s ✭❇❛②❡s✐❛♥
▼❈▼❈✮ ✭▲❡❙❛❣❡ ✶✾✾✼✮✳ ❖♥❡ ❛❞✈❛♥t❛❣❡ ♦❢ ◗▼▲ ❡st✐♠❛t♦rs ✐s t❤❛t t❤❡② ❞♦ ♥♦t r❡❧② ♦♥ t❤❡
❛ss✉♠♣t✐♦♥ ♦❢ ♥♦r♠❛❧✐t② ♦❢ t❤❡ ❞✐st✉r❜❛♥❝❡s✳ ❖♥❡ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ■❱✴●▼▼ ❡st✐♠❛t♦rs
✐s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❡♥❞✐♥❣ ✉♣ ✇✐t❤ ❛ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡ ❢♦r t❤❡ s♣❛t✐❛❧ ❛✉t♦r❡❣r❡ss✐✈❡
❝♦❡✣❝✐❡♥t ♦✉ts✐❞❡ ✐ts ♣❛r❛♠❡t❡r s♣❛❝❡✳

❋♦❧❧♦✇✐♥❣ ▲❡❡ ❛♥❞ ❨✉ ✭✷✵✵✽✮ ✇❡ ✉s❡ t❤❡ q✉❛s✐ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ t♦ ❡st✐♠❛t❡ ♦✉r
❙❉▼✳ ❈♦♥s✐❞❡r t❤❡ ❙❉▼

pt = ρWpt + βpt−1 + γWpt−1 + θ1Zt + θ2WZt + c+ εt ✭✺✮

❉❡♥♦t❡ ψ = (δ′, ρ, σ2)′ ❛♥❞ ς = (δ′, ρ, c′)′ ✇❤❡r❡ δ = (β, γ, θ′1, θ
′
2)

′✳ ❆t t❤❡ tr✉❡ ✈❛❧✉❡✱
ψ0 = (δ′0, ρ0, σ

2
0)

′ ❛♥❞ ς0 = (δ′0, ρ0, c
′
0)

′ ✇❤❡r❡ δ0 = (β0, γ0, θ01, θ
′
02)

′✳ ❚❤❡ ❧✐❦❡❧✐❤♦♦❞
❢✉♥❝t✐♦♥ ♦❢ ✭✺✮ ✐s ✭▲❡❡ ✷✵✵✹✮

lnL(ψ, c) = −
NT

2
ln(2π)−

NT

2
ln(σ2) + T ln | I − ρW | −

1

2σ2

T
∑

t=1

[ε′t(ς)εt(ς)]
′

✭✻✮

✇❤❡r❡ εt(ς) = S(ς)pt − βpt−1 − γWpt−1 − Ztθ1 − ZtWθ2 − c✱ ❛♥❞ S(ς) = I − ρW ✳ ❚❤✉s
εt(ς) = εt(ς0).

❚❤❡ ◗▼▲❊s ψ̂ ❛♥❞ ĉ ❛r❡ t❤❡ ❡①tr❡♠❡ ❡st✐♠❛t♦rs ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♠❛①✐♠✐③❛t✐♦♥ ♦❢
❡q✉❛t✐♦♥ ✭✻✮✳ ❲❤❡♥ t❤❡ ❞✐st✉r❜❛♥❝❡s εt ❛r❡ ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞✱ ψ̂ ❛♥❞ ĉ ❛r❡ t❤❡ ▼▲❊s✳

❇✉t ✇❤❡♥ t❤❡ ❞✐st✉r❜❛♥❝❡s εt ❛r❡ ♥♦t ♥♦r♠❛❧❧② ❞✐str✐❜✉t❡❞✱ ψ̂ ❛♥❞ ĉ ❛r❡ ◗▼▲❊s✳ ▲❡❡
✭✷✵✶✵✮ ❛♥❞ ▲❡❡ ❛♥❞ ❨✉ ✭✷✵✵✽✮ s❤♦✇ t❤❛t t❤❡ ◗▼▲❊s ❤❛✈❡ t❤❡ ✉s✉❛❧ ❛s②♠♣t♦t✐❝ ♣r♦♣❡rt✐❡s
✐♥❝❧✉❞✐♥❣ ✭❝♦♥s✐st❡♥❝②✱ ♥♦r♠❛❧✐t② ❛♥❞ ❡✣❝✐❡♥❝②✮ ❢♦r ❞②♥❛♠✐❝ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧s

✺ ❘❡s✉❧ts ❛♥❞ t❡st✐♥❣ ❢♦r s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts

❇❡❢♦r❡ ✇❡ ❡st✐♠❛t❡ t❤❡ ❙❉▼ ❣✐✈❡♥ ✐♥ ✭✸✮✱ ✇❡ ❡st✐♠❛t❡ t❤❡ ♥♦♥✲s♣❛t✐❛❧ ✈❡rs✐♦♥ ♦❢ ❡q✉❛t✐♦♥
✭✸✮ ❛ss✉♠✐♥❣ ρ = 0, γ = 0 ❛♥❞ θ2 = 0✳ ❙❝❤✇❛r③ ❧♦ss✱ ❆❦❛✐❦❡ ❧♦ss ❛♥❞ ❍❛♥♥❛♥ ❛♥❞ ◗✉✐♥♥✬s
♣❤✐ ♠❡❛s✉r❡s ❛❧❧ s✉❣❣❡st t❤❛t t❤❡ 4th ❧❛❣ ✐s t❤❡ ♦♣t✐♠❛❧ t❡♠♣♦r❛❧ ❧❛❣ ❧❡♥❣t❤✳ ❉❛②✲♦❢ ✇❡❡❦
❞✉♠♠✐❡s ✇❡r❡ ❛❧s♦ ✐♥❝❧✉❞❡❞ ❛s ❛❞❞✐t✐♦♥❛❧ ❝♦✈❛r✐❛t❡s ✐♥ t❤❡ ♠♦❞❡❧✳ ❚❛❜❧❡ ✹ ❝♦♥t❛✐♥s t❤❡
OLS ❡st✐♠❛t✐♦♥ r❡s✉❧ts ♦❢ ♠♦❞❡❧ ✭✸✮ ✇✐t❤♦✉t s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢
t❤❡ ✜rst✱ s❡❝♦♥❞ ❛♥❞ ❢♦✉rt❤ t❡♠♣♦r❛❧ ❧❛❣ ♣r✐❝❡ ❛r❡ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t✳ ❚❤❡ ❤❡❛t✐♥❣
❞❡❣r❡❡ ✈❛r✐❛❜❧❡ ❡♥t❡rs ✇✐t❤ ❛ s✐❣♥✐✜❝❛♥t ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s r❡✢❡❝t✐♥❣ t❤❛t ❡❧❡❝tr✐❝✐t② ✐s ❛
s✐❣♥✐✜❝❛♥t ❡♥❡r❣② s♦✉r❝❡ ❢♦r ❤❡❛t✐♥❣ ✐♥ t❤❡ ◆♦r❞✐❝ ❝♦✉♥tr✐❡s✳

■♥ ♦r❞❡r t♦ t❡st ✇❤❡t❤❡r s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts ♥❡❡❞ t♦ ❜❡ ❛❝❝♦✉♥t❡❞ ❢♦r ✐♥ ❡❧❡❝tr✐❝✐t②
s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✱ ✇❡ ❛♣♣❧② ❝❧❛ss✐❝ ▲❛❣r❛♥❣❡ ▼✉❧t✐♣❧✐❡r ✭▲▼✮ t❡sts ❢♦r ♣❛♥❡❧ ❞❛t❛
❞❡s✐❣♥❡❞ ❜② ❆♥s❡❧✐♥ ✭✶✾✽✽✮ ❛♥❞ r♦❜✉st ▲▼ t❡sts ❞❡s✐❣♥❡❞ ❜② ❊❧❤♦rst ✭✷✵✶✵✮✳ ❚❤❡ ▲▼
t❡st st❛t✐st✐❝s ❢♦r s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts ❛♠♦♥❣ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ✐s ❦♥♦✇♥ ❛s t❤❡
s♣❛t✐❛❧ ❧❛❣ ♠♦❞❡❧✳ ❚❤❡ ▲▼ t❡st ❛♠♦♥❣ t❤❡ ❡rr♦r t❡r♠s✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐s ❦♥♦✇♥ ❛s
t❤❡ s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✳ ❇♦t❤ t❤❡ ▲▼ ❧❛❣ ❛♥❞ ▲▼ ❡rr♦r t❡sts ✇❤✐❝❤ ❛r❡ ❜❛s❡❞ ♦♥ t❤❡
r❡s✐❞✉❛❧s ♦❢ t❤❡ ♥♦♥✲s♣❛t✐❛❧ ♠♦❞❡❧ ❛r❡ ❛s②♠♣t♦t✐❝❛❧❧② ❞✐str✐❜✉t❡❞ ❛s χ2(1)✳ ❚❤❡s❡ t❡st
t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ ♥♦ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥s ❛❣❛✐♥st t❤❡ ❛❧t❡r♥❛t✐✈❡ ❤②♣♦t❤❡s✐s ♦❢ s♣❛t✐❛❧
✐♥t❡r❛❝t✐♦♥s✳ ❆♥s❡❧✐♥ ✭✶✾✽✽✮ ♣♦✐♥ts ♦✉t t❤❛t s✐♥❝❡ ❜♦t❤ t❡sts ❝❛♥ ❤❛✈❡ ♣♦✇❡r ❛❣❛✐♥st t❤❡
♦t❤❡r ❛❧t❡r♥❛t✐✈❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ t❛❦❡ ❛❝❝♦✉♥t ♦❢ ♣♦ss✐❜❧❡ s♣❛t✐❛❧ ❧❛❣ ❞❡♣❡♥❞❡♥❝❡ ✇❤❡♥
t❡st✐♥❣ ❢♦r s♣❛t✐❛❧ ❡rr♦r ❞❡♣❡♥❞❡♥❝❡ ❛♥❞ t❤❡ ✈✐❝❡ ✈❡rs❛✳ ❚❤❡ r♦❜✉st ▲▼ t❡st t❛❦❡s ✐♥t♦

✶✸



❛❝❝♦✉♥t s✉❝❤ ♠✐ss♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♦t❤❡r ❢♦r♠s✱ s❡❡ ❆♥s❡❧✐♥ ❡t ❛❧✳ ✭✶✾✾✻✮ ❢♦r t❡❝❤♥✐❝❛❧
❞❡t❛✐❧s✳

❚❛❜❧❡ ✹✿ ❊st✐♠❛t✐♦♥ r❡s✉❧ts✿ ❚❤❡ ♥♦♥ s♣❛t✐❛❧ ♠♦❞❡❧ ✇✐t❤ t❡sts ❢♦r ❞②♥❛♠✐❝s ✉s✐♥❣
tr❛♥s♠✐ss✐♦♥✱ ❝♦♥t✐❣✉✐t② ❛♥❞ ✢♦❛t ✇❡✐❣❤t ♠❛tr✐❝❡s✳
▼♦❞❡❧

❈♦♥st❛♥t ✶✳✼✷✶❬✵✳✵✸✶ ❪✯✯✯
pt−1 ✵✳✺✼✹❬✵✳✵✵✾❪✯✯✯
pt−2 ✵✳✵✻✾❬✵✳✵✶✵❪✯✯✯
pt−3 ✲✵✳✵✶✷❬✵✳✵✶✵❪
pt−4 ✵✳✵✸✽❬✵✳✵✵✽❪✯✯✯
CDD ✵✳✵✵✵✶❬✵✳✵✵✷❪
HHD ✵✳✵✵✶❬✵✳✵✵✶❪✯✯✯
▼♦♥ ✵✳✵✸✶❬✵✳✵✵✼❪✯✯✯
❚✉❡ ✵✳✷✵✹❬✵✳✵✵✽❪✯✯✯
❲❡❞ ✵✳✶✶✻❬✵✳✵✵✽❪✯✯✯
❚❤✉ ✵✳✶✷✻❬✵✳✵✵✽❪✯✯✯
❋r✐ ✵✳✶✵✷❬✵✳✵✵✽❪✯✯✯
❙❛t ✵✳✵✽✷❬✵✳✵✵✼❪✯✯✯

❚r❛♥s♠✐ss✐♦♥ W ❈♦♥t✐❣✉✐t② W ❋❧♦❛t W

▲▼ t❡st✿ ♥♦ s♣❛t✐❛❧ ❧❛❣ ✽✵✸✳✽✺❬✵✳✵✵✵❪✯✯✯ ✽✽✷✳✼✼❬✵✳✵✵✵❪✯✯✯ ✶✾✹✷✳✹✾❬✵✳✵✵✵❪✯✯✯
❘♦❜✉st ▲▼ t❡st✿ ♥♦ s♣❛t✐❛❧ ❧❛❣ ✷✵✷✵✳✽✺❬✵✳✵✵✵❪✯✯✯ ✷✽✺✻✳✸✺❬✵✳✵✵✵❪✯✯✯ ✷✺✼✾✳✵✾❬✵✳✵✵✵❪✯✯✯
▲▼ t❡st✿ ♥♦ s♣❛t✐❛❧ ❡rr♦r ✼✳✻✶❬✵✳✵✵✵❪✯✯✯ ✺✹✳✻✻❬✵✳✵✵✵✵❪✯✯✯ ✶✳✷✼❬✵✳✷✺✾❪
❘♦❜✉st ▲▼ t❡st✿ ♥♦ s♣❛t✐❛❧ ❡rr♦r ✶✷✷✹✳✻✶❬✵✳✵✵✵❪✯✯✯ ✷✵✷✽✳✷✷❬✵✳✵✵✵❪✯✯✯ ✻✸✼✳✽✼✽✽❬✵✳✵✵✵❪✯✯✯
◆♦✳ ❖❜s✳ ✶✷✻✻✷ ✶✷✻✻✷ ✶✷✻✻✷
◆♦t❡s✿ ✯✯✯ ✭✯✯✱ ✯✮ ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪ ✭✺✪✱ ✶✵✪✮ ❧❡✈❡❧✳ ❙t❛♥❞❛r❞ ❡rr♦rs ❛r❡ ✐♥ ♣❛r❡♥t❤❡s✐s ❢♦r ♠♦❞❡❧ r❡s✉❧ts ❛♥❞

♣✲✈❛❧✉❡s ❛r❡ ✐♥ ♣❛r❡♥t❤❡s✐s ❢♦r ▲▼ t❡st r❡s✉❧ts✳

❚❤❡ ▲▼ t❡st r❡s✉❧ts ✉♥❞❡r t❤❡ ❞✐✛❡r❡♥t ✇❡✐❣❤t ♠❛tr✐❝❡s ♥❛♠❡❧② t❤❡ tr❛♥s♠✐ss✐♦♥✱
❝♦♥t✐❣✉✐t② ❛♥❞ ✢♦❛t ✇❡✐❣❤t ♠❛tr✐① ❛r❡ r❡♣♦rt❡❞ ✐♥ t❤❡ ❧♦✇❡r ♣❛♥❡❧ ♦❢ t❛❜❧❡ ✹✳ ◆♦t❡ t❤❛t
❛❧❧ t❤❡ ❞✐✛❡r❡♥t ✇❡✐❣❤t ♠❛tr✐❝❡s ❛r❡ ✉s❡❞ ✐♥ r♦✇ ♥♦r♠❛❧✐③❡❞ ❢♦r♠✳ ❲❤❡♥ ✉s✐♥❣ t❤❡ ❝❧❛ss✐❝
▲▼ t❡st ✉♥❞❡r t❤❡ tr❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐①✱ ❜♦t❤ t❤❡ ❤②♣♦t❤❡s✐s ♦❢ ♥♦ s♣❛t✐❛❧❧② ❧❛❣❣❡❞
❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ ♥♦ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❡rr♦r t❡r♠ ♠✉st ❜❡ r❡❥❡❝t❡❞✳ ❚❤❡ r♦❜✉st ▲▼
t❡sts ❛❧s♦ r❡❥❡❝t ❜♦t❤ t❤❡ ❤②♣♦t❤❡s✐s ♦❢ ♥♦ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ ♥♦
s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❡rr♦r t❡r♠✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♥♦♥✲s♣❛t✐❛❧ ♠♦❞❡❧ ✐s r❡❥❡❝t❡❞ ✐♥ ❢❛✈♦r
♦❢ ❡✐t❤❡r t❤❡ s♣❛t✐❛❧ ❧❛❣ ♦r s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧ ✐♠♣❧②✐♥❣ t❤❡ ♥❡❡❞ t♦ ❛❝❝♦✉♥t ❢♦r s♣❛t✐❛❧
✐♥t❡r❛❝t✐♦♥ ❡✛❡❝ts✳✻

❲❤❡♥ ✉s✐♥❣ t❤❡ ❝♦♥t✐❣✉✐t② ✇❡✐❣❤t ♠❛tr✐①✱ ❜♦t❤ t❤❡ ❝❧❛ss✐❝ ❛♥❞ t❤❡ r♦❜✉st ▲▼ t❡sts r❡❥❡❝t
t❤❡ ❤②♣♦t❤❡s✐s ♦❢ ❜♦t❤ ♥♦ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❛♥❞ ♥♦ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❡rr♦r
t❡r♠✳ ❚❤❡ ▲▼ t❡st r❡s✉❧ts ✉♥❞❡r t❤❡ ✢♦❛t ✇❡✐❣❤t ♠❛tr✐① ❛❧s♦ ♣r♦❞✉❝❡ ♠♦r❡ ♦r ❧❡ss s✐♠✐❧❛r
r❡s✉❧ts✳ ❊❧❤♦rst ❛♥❞ ❨❡s✐❧②✉rt ✭✷✵✶✹✮ ❛♥❞ ▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✭✷✵✵✾✮ r❡❝♦♠♠❡♥❞ t❤❛t ✇❤❡♥
❜♦t❤ t❤❡ ❝❧❛ss✐❝ ❛♥❞ r♦❜✉st ▲▼ t❡sts r❡❥❡❝t t❤❡ ♥♦♥✲s♣❛t✐❛❧ ♠♦❞❡❧ ✐♥ ❢❛✈♦r ♦❢ ❡✐t❤❡r t♦ t❤❡
s♣❛t✐❛❧ ❧❛❣ ♦r s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✱ ♦♥❡ ❜❡tt❡r ❛❞♦♣ts t❤❡ ❙❉▼✳ ❲❡✱ t❤✉s ♣r♦❝❡❡❞ t♦ t❤❡
❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❙❉▼✳

Pr✐♦r t♦ t❤❡ ❙❉▼ ❡st✐♠❛t✐♦♥✱ ✐t ✐s ♦❢ ✐♥t❡r❡st t♦ ❡①❛♠✐♥❡ t❤❡ s✐♠♣❧❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ♦❢
s♣♦t ♣r✐❝❡s ✐♥ t❤❡ ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s✳ ❚❛❜❧❡ ✺ ❝♦♥t❛✐♥s ❝r♦ss✲❝♦rr❡❧❛t✐♦♥s ♦❢ t❤❡ r❡s✐❞✉❛❧s ♦❢
t❤❡ ✶✸ ❜✐❞❞✐♥❣ ❛r❡❛s ♦❢ t❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ♠❛r❦❡t✳ ❚❤❡ ❜✐❞❞✐♥❣ ❛r❡❛s s❤♦✇ ❛♥ ❛✈❡r❛❣❡
❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ♦❢ ✵✳✻✾✹ ❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡ r❡s✐❞✉❛❧s ♦❢ ❜✐❞❞✐♥❣ ❛r❡❛s ❢r♦♠ ❙✇❡❞❡♥

✻❆♥s❡❧✐♥ ✭✶✾✽✽✮ ✐❧❧✉str❛t❡s t❤❛t ✇❤❡♥ ❜♦t❤ t❤❡ ❝❧❛ss✐❝ ▲▼ ❧❛❣ ❛♥❞ ▲▼ ❡rr♦r t❡sts ❣✐✈❡ s✐♠✐❧❛r r❡s✉❧ts✱ ♦♥❡ ❜❡tt❡r ❝♦♥s✐❞❡rs
t❤❡ r♦❜✉st ▲▼ s♣❡❝✐✜❝❛t✐♦♥ t❡sts✳

✶✹



✭❙❊✶✱ ❙❊✷✱ ❙❊✸✱ ❙❊✹✮✱ ◆♦r✇❛② ✭◆❖✶✱ ◆❖✷✱ ◆❖✸✱ ◆❖✹✱ ◆❖✺✮ ❛♥❞ ❋✐♥❧❛♥❞ ✭❋■✮ s❤♦✇
str♦♥❣ ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡r✳ ❚❤✐s ❝♦rr❡❧❛t✐♦♥ ❛❧s♦ ❝❛♣t✉r❡s t❤❡ ♣❛tt❡r♥ ♦❢ s♣♦t
♣r✐❝❡s ❞✐s♣❧❛②❡❞ ✐♥ ✜❣✉r❡ ✷✳ ❘❡s✐❞✉❛❧s ✐♥ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❢r♦♠ ❉❡♥♠❛r❦ ✭❉❑✶✱ ❉❑✷✮
♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ s❤♦✇ r❡❧❛t✐✈❡❧② ✇❡❛❦ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ t❤❡ ❛❜♦✈❡ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❜✉t
❡①❤✐❜✐t str♦♥❣ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡♠s❡❧✈❡s✳ ❲❤❡r❡❛s t❤❡ str♦♥❣❡st ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ♦❢
r❡s✐❞✉❛❧s ✐s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ❙❊✶ ❛♥❞ ❙❊✷✱ t❤❡ ✇❡❛❦❡st ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ♦❢ r❡s✐❞✉❛❧s ✐s
♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ❉❑✶ ❛♥❞ ◆❖✸✳

❚❛❜❧❡ ✺✿ ❈r♦ss✲❜✐❞❞✐♥❣ ♠❛r❦❡t ❝♦rr❡❧❛t✐♦♥ ✭♠❡❛♥= 0.694✮ ♦❢ s♣♦t ♣r✐❝❡s
❙❊✶ ❙❊✷ ❙❊✸ ❙❊✹ ❋■ ❉❑✶ ❉❑✷ ◆❖✶ ◆❖✷ ◆❖✸ ◆❖✹ ◆❖✺ ❊❊

❙❊✶ ✶ ✵✳✾✾✾ ✵✳✾✽✹ ✵✳✾✷✶ ✵✳✼✾✾ ✵✳✸✺✽ ✵✳✹✸✹ ✵✳✽✻✷ ✵✳✽✸✾ ✵✳✽✷✸ ✵✳✾✽✶ ✵✳✾✼✶ ✵✳✻✸✾
❙❊✷ ✶ ✵✳✾✽✺ ✵✳✾✷✷ ✵✳✼✾✾ ✵✳✸✺✾ ✵✳✹✸✺ ✵✳✽✻✶ ✵✳✽✸✾ ✵✳✽✷✷ ✵✳✾✼✾ ✵✳✾✻✾ ✵✳✻✸✽
❙❊✸ ✶ ✵✳✾✸✽ ✵✳✽✶✷ ✵✳✸✻✾ ✵✳✹✹✻ ✵✳✽✹✽ ✵✳✽✷✸ ✵✳✽✵✾ ✵✳✾✻✸ ✵✳✾✺✷ ✵✳✻✹✸
❙❊✹ ✶ ✵✳✼✻✾ ✵✳✸✾✶ ✵✳✹✽✹ ✵✳✼✽✽ ✵✳✼✻✺ ✵✳✼✹✾ ✵✳✽✾✾ ✵✳✽✾✶ ✵✳✻✵✶
❋■ ✶ ✵✳✸✺✹ ✵✳✸✾✽ ✵✳✻✼✽ ✵✳✻✻✶ ✵✳✻✸✼ ✵✳✼✽✶ ✵✳✼✼✻ ✵✳✼✷✽
❉❑✶ ✶ ✵✳✽✻✺ ✵✳✷✾✵ ✵✳✷✾✹ ✵✳✷✼✼ ✵✳✸✹✽ ✵✳✸✸✾ ✵✳✸✵✺
❉❑✷ ✶ ✵✳✸✺✸ ✵✳✸✹✻ ✵✳✸✸✹ ✵✳✹✷✷ ✵✳✹✶✹ ✵✳✸✹✶
◆❖✶ ✶ ✵✳✾✼✾ ✵✳✾✻✸ ✵✳✽✽✽ ✵✳✽✾✹ ✵✳✺✻✻
◆❖✷ ✶ ✵✳✾✺✾ ✵✳✽✻✼ ✵✳✽✼✸ ✵✳✺✼✺
◆❖✸ ✶ ✵✳✽✺✸ ✵✳✽✺✽ ✵✳✺✹✸
◆❖✹ ✶ ✵✳✾✽✽ ✵✳✻✷✹
◆❖✺ ✶ ✵✳✻✷✻
❊❊ ✶

❈♦❧✉♠♥ ✭✶✮ ♦❢ t❛❜❧❡ ✻ s❤♦✇s t❤❡ ❡st✐♠❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ ❙❉▼✇❤❡♥ ✉s✐♥❣ t❤❡ tr❛♥s♠✐ss✐♦♥
✇❡✐❣❤t ♠❛tr✐①✳ ❚❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ♦♥ t❤❡ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡Wpt ✐s
s✐❣♥✐✜❝❛♥t ❛♥❞ ❡①♣r❡ss❡s str♦♥❣ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡✳ ❚❤✐s r❡s✉❧t ✐♥❞✐❝❛t❡s s♦♠❡ ✐♠♣♦rt❛♥t
✐♠♣❧✐❝❛t✐♦♥s ✐♥ s♣♦t ♣r✐❝❡ ♠♦❞❡❧✐♥❣✳ ❋r♦♠ ❛ s♣♦t ♣r✐❝❡ ♠♦❞❡❧✐♥❣ ♣❡rs♣❡❝t✐✈❡ ✐t s❤♦✇s
t❤❛t ❝✉rr❡♥t s♣♦t ♣r✐❝❡s ✐♥ ♦t❤❡r ♠❛r❦❡ts ❛r❡ ✐♠♣♦rt❛♥t ✈❛r✐❛❜❧❡s ✐♥ ❞❡t❡r♠✐♥✐♥❣ ❝✉rr❡♥t
s♣♦t ♣r✐❝❡s ♦❢ ❛ ♣❛rt✐❝✉❧❛r ❜✐❞❞✐♥❣ ♠❛r❦❡t✳ ❚❤✉s✱ ❥♦✐♥t ♠♦❞❡❧✐♥❣ ♦❢ s♣❛❝❡✲t✐♠❡ ❡✛❡❝ts ✐♥
s♣♦t ♣r✐❝❡s ❝❛♥ ❤❡❧♣ ✐♠♣r♦✈❡ ❢♦r❡❝❛sts✳ ❋r♦♠ ❛♥ ❡❝♦♥♦♠❡tr✐❝s ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❛♣♣r♦♣r✐❛t❡
❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ t❤❡ s♣❛t✐❛❧ ❧❛❣ ✈❛r✐❛❜❧❡s ❝❛♥ ❤❡❧♣ ❛✈♦✐❞ ♦♠✐tt❡❞ ✈❛r✐❛❜❧❡ ❜✐❛s ♣r♦❜❧❡♠✳
❚❤❡ ❞✐✛❡r❡♥❝❡ ❢♦✉♥❞ ✐♥ t❤❡ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s ♦❢ pt−1✱ ❢♦r ❡①❛♠♣❧❡✱ ✐♥ t❛❜❧❡ ✭✹✮ ❛♥❞ ✭✻✮
♠✐❣❤t r❡✢❡❝t t❤❡ s✐③❡ ♦❢ ♦♠✐tt❡❞ ✈❛r✐❛❜❧❡ ❜✐❛s ♣r♦❜❧❡♠✳

❚❤❡ ❡st✐♠❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ ❙❉▼ ✇❤❡♥ ✉s✐♥❣ ✢♦❛t✐♥❣ ✇❡✐❣❤t ♠❛tr✐① ❛r❡ s❤♦✇♥ ✐♥
❝♦❧✉♠♥ ✭✸✮ ♦❢ t❛❜❧❡ ✻✳ ❆s s❤♦✇♥ ✐♥ t❤❡ t❛❜❧❡ t❤❡ ❡st✐♠❛t✐♦♥ r❡s✉❧ts ♣r♦❞✉❝❡ ♠♦r❡ ♦r ❧❡ss
s✐♠✐❧❛r r❡s✉❧ts ✐♥ ❝♦❧✉♠♥ ✭✶✮✳ ❚❤❡ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❝✉rr❡♥t s♣♦t ♣r✐❝❡ ❤❛s ❛ s✐❣♥✐✜❝❛♥t
♣♦s✐t✐✈❡ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡✳ ❙✐♠✐❧❛r r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ✇❤❡♥ ✉s✐♥❣ ❛ ❝♦♥t✐❣✉✐t② ✇❡✐❣❤t
♠❛tr✐①✱ s❡❡ ❝♦❧✉♠♥ ✭✷✮ ✐♥ t❛❜❧❡ ✻✳

❚❤❡s❡ r❡s✉❧ts s✉♣♣♦rt t❤❡ ❤②♣♦t❤❡s✐s t❤❛t ❛ s♣♦t ♣r✐❝❡ ♦❜s❡r✈❡❞ ❛t ❛ ♣❛rt✐❝✉❧❛r ♠❛r❦❡t
✐s ❞❡t❡r♠✐♥❡❞ ❜② ✇❤❛t ❤❛♣♣❡♥s ❡❧s❡✇❤❡r❡ ✐♥ t❤❡ s②st❡♠✳ ❚❤✐s ✐s ✐♥t✉✐t✐✈❡ s✐♥❝❡ ❤✐❣❤❧②
✐♥t❡r❝♦♥♥❡❝t❡❞ tr❛♥s♠✐ss✐♦♥ s②st❡♠s✱ t❡♠♣♦r❛❧ ❞❡♠❛♥❞ ❛♥❞ s✉♣♣❧② ✐♠❜❛❧❛♥❝❡s✱ ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥
❛♥❞ tr❛♥s♠✐ss✐♦♥ ❝♦♥❣❡st✐♦♥ ✐♥ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ♠❛② r❡s✉❧t ✐♥ s♣❛t✐❛❧ ♣r✐❝❡ ❞❡♣❡♥❞❡♥❝❡
❜❡t✇❡❡♥ ♠❛r❦❡ts✳ ❯♥♦❜s❡r✈❡❞ ❢❡❛t✉r❡s s✉❝❤ ❛s ❣❡♥❡r❛t✐♥❣ ♣r♦❞✉❝t✐♦♥ ❝❛♣❛❝✐t② ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡
♣r♦❜❧❡♠s ❛r❡ ❛❧s♦ ❧✐❦❡❧② t♦ r❡s✉❧t ✐♥ s♣♦t ♣r✐❝❡ s♣❛t✐❛❧ ❞❡♣❡♥❞❡♥❝❡✳

✶✺



❚❛❜❧❡ ✻✿ ❊st✐♠❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ ❙❉▼
▼♦❞❡❧ ❚r❛♥s♠✐ss✐♦♥ W ❈♦♥t✐❣✉✐t② W ❋❧♦❛t W

❈♦♥st❛♥t ✵✳✻✻✶❬✵✳✷✶✽❪✯✯✯ ✵✳✹✸✹ ❬✵✳✵✾✶❪✯✯✯ ✵✳✹✷✷❬✵✳✶✷✾❪✯✯✯
pt−1 ✵✳✸✼✾❬✵✳✵✺✸❪✯✯✯ ✵✳✹✵✾❬✵✳✵✻✺❪✯✯✯ ✵✳✸✾✶❬✵✳✵✺✾❪✯✯✯
pt−2 ✵✳✶✺✾❬✵✳✵✵✾❪✯✯✯ ✵✳✶✺✽❬✵✳✵✷✶✸❪✯✯✯ ✵✳✶✻✾❬✵✳✵✶✸❪✯✯✯
pt−3 ✵✳✵✺✼❬✵✳✵✶✻❪✯✯✯ ✵✳✶✷✶❬✵✳✵✶✾❪✯✯✯ ✵✳✵✻✾❬✵✳✵✶✹❪✯✯✯
pt−4 ✵✳✶✷✹❬✵✳✵✶✵❪✯✯✯ ✵✳✶✷✺❬✵✳✵✶✷❪✯✯✯ ✵✳✶✸✽❬✵✳✵✵✽❪✯✯✯
HDD ✵✳✵✵✵✶❬✵✳✵✵✶❪ ✲✵✳✵✵✵✶ ❬✵✳✵✵✵❪ ✲✵✳✵✵✵✵✽❬✵✳✵✵✶❪
CDD ✵✳✵✵✶✸❬✵✳✵✵✷❪ ✲✵✳✵✵✵✹❬✵✳✵✵✶❪ ✵✳✵✵✷❬✵✳✵✵✷❪
▼♦♥ ✵✳✵✵✻❬✵✳✵✵✾❪ ✵✳✵✵✽❬✵✳✵✵✾❪ ✵✳✵✵✼❬✵✳✵✶✵❪
❚✉❡ ✵✳✵✻✾❬✵✳✵✷✾❪✯✯ ✵✳✵✺✶❬✵✳✵✶✻❪✯✯ ✵✳✵✹✻❬✵✳✵✷✸❪✯✯
❲❡❞ ✵✳✵✷✾❬✵✳✵✶✻❪✯✯ ✵✳✵✷✽❬✵✳✵✶✶❪✯ ✵✳✵✷✶❬✵✳✵✶✸❪
❚❤✉ ✵✳✵✹✹❬✵✳✵✷✺❪✯✯ ✵✳✵✸✶❬✵✳✵✶✷❪✯✯✯ ✵✳✵✷✽❬✵✳✵✷✶❪
❋r✐ ✵✳✵✸✻❬✵✳✵✷✷❪✯✯ ✵✳✵✷✺❬✵✳✵✵✾❪✯✯ ✵✳✵✷✷❬✵✳✵✶✽❪
❙❛t ✵✳✵✷✾❬✵✳✵✶✼❪✯✯ ✵✳✵✷✶❬✵✳✵✶✵❪✯✯ ✵✳✵✶✾❬✵✳✵✶✹❪
W ∗ pt(ρ) ✵✳✻✹✸❬✵✳✵✼✹❪✯✯✯ ✵✳✼✻✺❬✵✳✵✸✺❪✯✯✯ ✵✳✼✼✸❬✵✳✵✷✾❪✯✯✯
W ∗ pt−1 ✲✵✳✶✹✽❬✵✳✵✽✼❪✯ ✲✵✳✷✻✾❬✵✳✵✺✶❪✯✯✯ ✲✵✳✷✹✷❬✵✳✵✻✽❪✯✯✯
W ∗ pt−2 ✲✵✳✶✻✹❬✵✳✵✶✶❪✯✯✯ ✲✵✳✶✹✾❬✵✳✵✷✼❪✯✯✯ ✲✵✳✶✼✹❬✵✳✵✶✾❪✯✯✯
W ∗ pt−3 ✲✵✳✵✻✹❬✵✳✵✶✸❪✯✯✯ ✲✵✳✶✷✽❬✵✳✵✷✻❪✯✯✯ ✲✵✳✵✼✸❬✵✳✵✶✹❪✯✯✯
W ∗ pt−4 ✲✵✳✶✶✶❬✵✳✵✶✼❪✯✯✯ ✲✵✳✶✶✻❬✵✳✵✶✸❪✯✯✯ ✲✵✳✶✸✷❬✵✳✵✶✺❪✯✯✯
W ∗HDD ✵✳✵✵✵✷❬✳✵✵✶❪ ✵✳✵✵✵✸❬✵✳✵✵✵✶❪✯✯ ✵✳✵✵✵✸❬✵✳✵✵✶❪
W ∗ CDD ✲✵✳✵✵✷❬✵✳✵✵✶❪ ✵✳✵✵✵✸ ❬✵✳✵✵✶❪ ✲✵✳✵✵✷❬✵✳✵✵✶❪✯✯
❲❛❧❞ t❡st s♣❛t✐❛❧ ❧❛❣ ✼✻✳✻✼❬✵✳✵✵✵❪✯✯✯ ✺✷✳✾✼❬✵✳✵✵✵❪✯✯✯ ✸✸✺✳✵✼❬✵✳✵✵✵❪✯✯✯
❲❛❧❞ t❡st s♣❛t✐❛❧ ❡rr♦r ✺✷✷✳✵✾❬✵✳✵✵✵❪✯✯✯ ✶✷✾✳✵✻❬✵✳✵✵✵❪✯✯✯ ✷✺✸✳✹✻❬✵✳✵✵✵❪✯✯✯
R2 ✵✳✺✽✸ ✵✳✺✽✸ ✵✳✺✽✺
◆♦t❡s✿ ✯✯✯ ✭✯✯✱ ✯✮ ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪ ✭✺✪✱ ✶✵✪✮ ❧❡✈❡❧✳ ❙t❛♥❞❛r❞ ❡rr♦rs ❛r❡ ✐♥ ♣❛r❡♥t❤❡s✐s

❢♦r ❡st✐♠❛t✐♦♥ r❡s✉❧ts ❛♥❞ ♣✲✈❛❧✉❡s ❢♦r ❲❛❧❞ t❡sts✳

❖♥❡ ❝❛♥ ♣❡r❢♦r♠ ❛ ❲❛❧❞ t❡st t♦ ❡①❛♠✐♥❡ ✐❢ t❤❡ ❙❉▼ r❡❞✉❝❡s t♦ ❡✐t❤❡r t❤❡ s♣❛t✐❛❧ ❧❛❣
♦r s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✳ ❚❤❡ ❲❛❧❞ t❡st ♦❢ r❡str✐❝t✐♦♥s ♦♥ t❤❡ ❙❉▼ ❛r❡ r❡♣♦rt❡❞ ✐♥ t❤❡
❧♦✇❡r ♣❛♥❡❧ ♦❢ t❛❜❧❡ ✻✳ ❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❤②♣♦t❤❡s✐s ♦❢ t❤❡ ❙❉▼ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ t♦ ❡✐t❤❡r
t❤❡ s♣❛t✐❛❧ ❧❛❣ ♦r s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧ ✐s r❡❥❡❝t❡❞ ❜② t❤❡ ❲❛❧❞ t❡st✱ r❡s♣❡❝t✐✈❡❧②✱ ✭✼✻✳✻✼✱
♣❂✵✳✵✵✮ ❛♥❞ ✭✺✷✷✳✵✾✱ ♣❂✵✳✵✵✮ ❣✐✈❡♥ t❤❛t t❤❡ tr❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐① ✐s ✉s❡❞✳ ❆ s✐♠✐❧❛r
❝♦♥❝❧✉s✐♦♥ ❤♦❧❞s ✉♥❞❡r t❤❡ ❝♦♥t✐❣✉✐t② ❛♥❞ ✢♦❛t ✇❡✐❣❤t ♠❛tr✐❝❡s✳

✺✳✶ ❉✐r❡❝t ❛♥❞ ■♥❞✐r❡❝t ❡✛❡❝ts

❚❤❡ s♣❛t✐❛❧ s♣♦t ♣r✐❝❡ ♠♦❞❡❧ ✐♥ (3) ♣r♦✈✐❞❡s ✈❡r② r✐❝❤ ♦✇♥ ❛♥❞ ❝r♦ss✲♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s
t❤❛t q✉❛♥t✐❢② t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ♦r s♣❛t✐❛❧ s♣✐❧❧♦✈❡r ❡✛❡❝ts ✇❤✐❝❤ ❛r✐s❡
❢r♦♠ ❝❤❛♥❣❡s ✐♥ ❜✐❞❞✐♥❣ ❛r❡❛ i✬s ❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s ❛♥❞ ♣r❡✈✐♦✉s
s♣♦t ♣r✐❝❡s✱ ❢♦r ✐♥st❛♥❝❡✳ ❆ ❝❤❛♥❣❡ ✐♥ ❛ s✐♥❣❧❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❛♥ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡
✇✐❧❧ ❛✛❡❝t t❤❡ ❜✐❞❞✐♥❣ ❛r❡❛ s♣♦t ♣r✐❝❡ ✐ts❡❧❢ ✭t❤❡ ❞✐r❡❝t ❡✛❡❝t✮ ❛♥❞ ♣♦t❡♥t✐❛❧❧② ❛✛❡❝t ❛❧❧
♦t❤❡r ❜✐❞❞✐♥❣ ❛r❡❛s ✐♥❞✐r❡❝t❧② ✭t❤❡ ✐♥❞✐r❡❝t ❡✛❡❝t✴s♣❛t✐❛❧ s♣✐❧❧♦✈❡r ❡✛❡❝ts✮✳ ❚❤❡ ❞✐r❡❝t ❛♥❞
✐♥❞✐r❡❝t ❡✛❡❝ts ❛r❡ t❤❡ ❧♦❣✐❝❛❧ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❙❉▼✱ s✐♥❝❡ t❤❡ ♠♦❞❡❧ t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t
♦t❤❡r ❜✐❞❞✐♥❣ ♠❛r❦❡ts ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s t❤r♦✉❣❤ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡
s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ❛♥❞ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✳ ■♥ ❢❛❝t✱ ▲❡❙❛❣❡ ❛♥❞
P❛❝❡ ✭✷✵✵✾✮ ♥♦t❡ t❤❛t t❤❡ ❛❜✐❧✐t② ♦❢ s♣❛t✐❛❧ r❡❣r❡ss✐♦♥ ♠♦❞❡❧s t♦ ❝❛♣t✉r❡ t❤❡s❡ ✐♥t❡r❛❝t✐♦♥s
r❡♣r❡s❡♥ts ❛♥ ✐♠♣♦rt❛♥t ❛s♣❡❝t ♦❢ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧s✳

❚❛❦✐♥❣ t❤❡ ❙❉▼ ✐♥ ✭✸✮ ❛s ❛ ♣♦✐♥t ♦❢ ❞❡♣❛rt✉r❡✱ ✐t ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s

pt = (I − ρW )−1(βpt−1 + γWpt−1 + θ1Zt + θ2WZt + εt)

✶✻



❚❤❡NxN ♠❛tr✐① ♦❢ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s ♦❢ t❤❡ s♣♦t ♣r✐❝❡ pt ✇✐t❤ r❡s♣❡❝t t♦ ❛♥ ❡①♣❧❛♥❛t♦r②
✈❛r✐❛❜❧❡✱ pt−1✱ ❢♦r ❡①❛♠♣❧❡✱ ❢♦r ❛❧❧ s♣❛t✐❛❧ ✉♥✐ts i = 1, ..., N ✐s

[

∂pt
∂p1t−1

. . . ∂pt
∂pNt−1

]

= (I − ρW )−1















β w12γ . . . w1Nγ

w21γ β . . . w2Nγ

. . . . . .

. . . . . .

. . . . . .

wN1γ wN2γ . . . β















✇❤❡r❡ wij ✐s t❤❡ (i, j)th ❡❧❡♠❡♥t ♦❢ t❤❡ ✇❡✐❣❤t ♠❛tr✐① W ✳ ❚❤❡ ❞✐r❡❝t ❡✛❡❝t ✐s ♠❡❛s✉r❡❞
❜② t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ ❞✐❛❣♦♥❛❧ ❡❧❡♠❡♥ts ✇❤✐❧❡ t❤❡ ✐♥❞✐r❡❝t ✭♦r s♣❛t✐❛❧✮ s♣✐❧❧♦✈❡r ❡✛❡❝t ✐s
♠❡❛s✉r❡❞ ❜② t❤❡ ❛✈❡r❛❣❡ ♦❢ ❡✐t❤❡r t❤❡ r♦✇ ♦r ❝♦❧✉♠♥ s✉♠s ♦❢ t❤❡ ♥♦♥✲❞✐❛❣♦♥❛❧ ❡❧❡♠❡♥ts✳
❍♦✇❡✈❡r✱ t❤❡ ♥✉♠❡r✐❝❛❧ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ r♦✇ ❛♥❞ ❝♦❧✉♠♥ s✉♠s ♦❢ t❤❡ ✐♥❞✐r❡❝t ❡✛❡❝ts
❛r❡ t❤❡ s❛♠❡ ✐♠♣❧②✐♥❣ t❤❛t ✐t ❞♦❡s ♥♦t ♠❛tt❡r ✇❤✐❝❤ ♦♥❡ ✐s ✉s❡❞ ✭▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✷✵✵✾
❛♥❞ ❊❧❤♦rst ✷✵✶✵✮✳ ❆ ❣❡♥❡r❛❧ ❙❉▼ ♠♦❞❡❧ ✇✐t❤ k ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✱ ❧❡❛❞s t♦ kxN2

♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s✳ ❙❡❡ ❊❧❤♦rst ✭✷✵✶✵✮ ❢♦r ❛ ❞❡t❛✐❧❡❞ ✐❧❧✉str❛t✐♦♥ ♦❢ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t
❡✛❡❝ts ❞❡❝♦♠♣♦s✐t✐♦♥✳

❚❛❜❧❡ ✼ r❡♣♦rts t❤❡ ❞✐r❡❝t✱ ✐♥❞✐r❡❝t ❛♥❞ t♦t❛❧ ❡✛❡❝ts ❡st✐♠❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ s♣❛t✐❛❧
❉✉r❜✐♥ s♣♦t ♣r✐❝❡ ♠♦❞❡❧✳ ❇❡❝❛✉s❡ t❤❡ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts ❛r❡ ❝♦♠♣♦s❡❞ ♦❢ ❞✐✛❡r❡♥t
❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s✱ ▲❡❙❛❣❡ ❛♥❞ P❛❝❡ ✭✷✵✵✾✮ s✉❣❣❡st s✐♠✉❧❛t✐♥❣ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡
❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts ✉s✐♥❣ t❤❡ ✈❛r✐❛♥❝❡✲❝♦✈❛r✐❛♥❝❡ ♠❛tr✐① ✐♠♣❧✐❡❞ ❜② t❤❡ ♠❛①✐♠✉♠
❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡s ✐♥ ♦r❞❡r t♦ ❞r❛✇ ✐♥❢❡r❡♥❝❡s ❛❜♦✉t t❤❡ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡
❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts✳

❚♦ ❝♦♥s❡r✈❡ s♣❛❝❡✱ ✇❡ ❞♦ ♥♦t r❡♣♦rt t❤❡ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s ♦❢ t❤❡ ❞✉♠♠② ✈❛r✐❛❜❧❡s✳
❙✐♥❝❡ t❤❡ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts r❡s✉❧ts ❛r❡ s✐♠✐❧❛r ✇❤❡♥ ✉s✐♥❣ tr❛♥s♠✐ss✐♦♥✱ ❝♦♥t✐❣✉✐t②
❛♥❞ ✢♦❛t ✇❡✐❣❤t ♠❛tr✐❝❡s✱ ♦♥❧② t❤❡ r❡s✉❧ts ❢♦r tr❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐① ❛r❡ r❡♣♦rt❡❞✳ ❆s
s❤♦✇♥ ✐♥ t❤❡ t❛❜❧❡✱ ❜♦t❤ t❤❡ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts ♦❢ t❤❡ ✜rst t❡♠♣♦r❛❧ ❧❛❣ ❝♦❡✣❝✐❡♥t
❛r❡ s✐❣♥✐✜❝❛♥t✳ ❚❤❡ s✐❣♥✐✜❝❛♥t ♥❡❣❛t✐✈❡ ✐♥❞✐r❡❝t ❡✛❡❝t s❤♦✇s t❤❛t ♥❡❛r❜② ♣r✐❝❡s s♣✐❧❧♦✈❡r
t♦ ❝❧♦s❡r ❜✐❞❞✐♥❣ ♠❛r❦❡t r❡❣✐♦♥s✳

❚❛❜❧❡ ✼✿ ❊✛❡❝ts ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s
▼♦❞❡❧ ❉✐r❡❝t ❡✛❡❝t ■♥❞✐r❡❝t ❡✛❡❝t ❚♦t❛❧ ❡✛❡❝t

pt−1 ✵✳✹✵✽❬✵✳✵✵✽❪✯✯✯ ✵✳✷✸✺❬✵✳✵✶✽❪✯✯✯ ✵✳✻✹✸❬✵✳✵✶✾❪✯✯✯
pt−2 ✵✳✶✹✷❬✵✳✵✶✶❪✯✯✯ ✲✵✳✶✹✾❬✵✳✵✷✶❪✯✯✯ ✲✵✳✵✵✽❬✵✳✵✷✸❪
pt−3 ✵✳✵✹✽❬✵✳✵✶✵❪✯✯✯ ✲✵✳✵✼✺❬✵✳✵✷✺❪✯✯✯ ✲✵✳✵✷✼❬✵✳✵✷✾❪
pt−4 ✵✳✶✶✺❬✵✳✵✵✾❪✯✯✯ ✲✵✳✵✼✺❬✵✳✵✶✾❪✯✯✯ ✵✳✵✸✾❬✵✳✵✷✶❪✯
HDD ✵✳✵✵✵✺❬✵✳✵✵✵✸❪✯✯ ✵✳✵✵✵✼❬✵✳✵✵✵✸❪✯✯ ✵✳✵✵✶✷❬✵✳✵✵✵✻❪✯✯
CDD ✵✳✵✵✵✽❬✵✳✵✵✶❪ ✵✳✵✵✶❬✵✳✵✵✷❪ ✵✳✵✵✷❬✵✳✵✵✸❪
W ∗ pt(ρ) ✵✳✻✹✸❬✵✳✵✵✻❪✯✯✯
◆♦✳ ❖❜s✳ ✶✷✻✻✷
❲❛❧❞ t❡st s♣❛t✐❛❧ ❧❛❣ ✸✻✾✳✷✾❬✵✳✵✵✵❪✯✯✯
❲❛❧❞ t❡st s♣❛t✐❛❧ ❡rr♦r ✶✶✽✸✳✽✾❬✵✳✵✵✵❪✯✯✯
◆♦t❡s✿ ✯✯✯ ✭✯✯✱ ✯✮ ❞❡♥♦t❡s s✐❣♥✐✜❝❛♥❝❡ ❛t ✶✪ ✭✺✪✱ ✶✵✪✮ ❧❡✈❡❧✳ ❙t❛♥❞❛r❞ ❡rr♦rs ❛r❡ ✐♥ ♣❛r❡♥t❤❡s✐s ❢♦r ♠♦❞❡❧

r❡s✉❧ts ❛♥❞ ♣✲✈❛❧✉❡s ❛r❡ ✐♥ ♣❛r❡♥t❤❡s✐s ❢♦r ❲❛❧❞ t❡st r❡s✉❧ts✳ ❚r❛♥s♠✐ss✐♦♥ ✇❡✐❣❤t ♠❛tr✐① ✐s ✉s❡❞ ✐♥ t❤❡

❞✐r❡❝t ❛♥❜ ✐♥❞✐r❡❝t ❡✛❡❝ts ❡st✐♠❛t✐♦♥✳

✺✳✷ ❆ t✐♠❡✲✈❛r②✐♥❣ ❝♦❡✣❝✐❡♥ts ❙❉▼

❚❤❡ ◆♦r❞✐❝ ♣♦✇❡r ❣r✐❞ ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞ ♣♦✇❡r ♠❛r❦❡t ❤❛s ❡①♣❡r✐❡♥❝❡❞ s✐❣♥✐✜❝❛♥t ❞❡r❡❣✉❧❛t✐♦♥
♦✈❡r t❤❡ ♣❛st ✶✺ ②❡❛rs✳ ❚❤✐s ❝♦♥❝❡r♥s ❜♦t❤ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❛✉❝t✐♦♥ ♠❛r❦❡t ❝♦♥❞✐t✐♦♥s ❛♥❞
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✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ ♣❤②s✐❝❛❧ ♣♦✇❡r tr❛♥s♠✐ss✐♦♥ s②st❡♠✳ ❚❤❡ ♣✉r♣♦s❡ ♦❢ s✉❝❤ ❞❡r❡❣✉❧❛t✐♦♥
❛♥❞ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❤❛s ❜❡❡♥ t♦ ✐♠♣r♦✈❡ t❤❡ ❣❡♥❡r❛❧ ❝♦♠♣❡t✐t✐✈❡ ♠❛r❦❡t ❡♥✈✐r♦♥♠❡♥t ❢♦r
♣♦✇❡r✳ ■♥t✉✐t✐✈❡❧②✱ s✉❝❤ ❞❡r❡❣✉❧❛t✐♦♥ s❤♦✉❧❞ ✐♥❝r❡❛s❡ s♣❛t✐❛❧ ♣r✐❝❡ ❝♦rr❡❧❛t✐♦♥ ❛❝r♦ss ♣♦✇❡r
❣r✐❞ ♣♦✐♥ts ❛♥❞ ❤❡♥❝❡ ❝♦♥s✐❞❡r✐♥❣ t❤❡ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥ ✜①❡❞ ❢♦r ❛ ❧♦♥❣ s❛♠♣❧❡ ♣❡r✐♦❞ ✐s
q✉❡st✐♦♥❛❜❧❡✳

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❡st✐♠❛t❡ ♦✉r ❙❉▼ ✉s✐♥❣ r❡❝✉rs✐✈❡ ❡st✐♠❛t✐♦♥ t♦ ❡①❛♠✐♥❡ t❤❡ ❡✈♦❧✉t✐♦♥
♦❢ t❤❡ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s ♦❢ t❤❡ s♣♦t ♣r✐❝❡ ❙❉▼ ♦✈❡r t✐♠❡ ❛♥❞ ✇✐t❤ ♣❛rt✐❝✉❧❛r ❢♦❝✉s ♦♥
t❤❡ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥✳ ❚♦ t❤✐s ❡♥❞✱ ✇❡ ✉s❡ ❛ s♦♠❡✇❤❛t ❧♦♥❣❡r t✐♠❡ s❡r✐❡s ❢♦r s♣♦t ♣r✐❝❡s
❞❛t❛ t❤❛t ❝♦✈❡rs t❤❡ ♣❡r✐♦❞ ✶ ❏❛♥✉❛r② ✷✵✵✵ t♦ ✶✽ ❖❝t♦❜❡r ✷✵✶✹✳ ❇❡❝❛✉s❡ ❧♦♥❣❡r t✐♠❡ s❡r✐❡s
♦❜s❡r✈❛t✐♦♥s ♦❢ ❞❛t❛ ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❢♦r ❛❧❧ ✶✸ ❜✐❞❞✐♥❣ ♠❛r❦❡ts✱ ✇❡ ❝♦♥s✐❞❡r ♦♥❧② ✾ ❜✐❞❞✐♥❣
♠❛r❦❡ts ❢♦r ✇❤✐❝❤ ✇❡ ❤❛✈❡ ❞❛✐❧② s♣♦t ♣r✐❝❡ ❞❛t❛ ❝♦✈❡r✐♥❣ t❤❡ ❡♥t✐r❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❲❡ ✉s❡
♦♥❡ ❜✐❞❞✐♥❣ ♠❛r❦❡t ✐♥ ❙✇❡❞❡♥✱ ✜✈❡ ❜✐❞❞✐♥❣ ♠❛r❦❡ts ✐♥ ◆♦r✇❛②✱ t❤❡ t✇♦ ❜✐❞❞✐♥❣ ♠❛r❦❡ts
✐♥ ❉❡♥♠❛r❦ ❛♥❞ ♦♥❡ ❜✐❞❞✐♥❣ ♠❛r❦❡t ✐♥ ❋✐♥❧❛♥❞✳ ❲❡ ❡♠♣❧♦② ✷ ♠♦♥t❤s r♦❧❧✐♥❣ ✇✐♥❞♦✇
r❡❝✉rs✐✈❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❙❉▼✳

❚❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t✐♠❡ ✈❛r②✐♥❣ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ s♣❛t✐❛❧❧② ❧❛❣❣❡❞ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡
✐♠♣❧✐❡❞ ❜② t❤❡ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ ✐s ❞✐s♣❧❛②❡❞ ✐♥ ✜❣✉r❡ ✹✳ ❚❤❡ r❡❝✉rs✐✈❡ ❡st✐♠❛t❡s ♦❢
t❤❡ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ❛r❡ s❤♦✇♥ ✭r❡❞ ❧✐♥❡✮✱ t♦❣❡t❤❡r ✇✐t❤ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞s
✭❜❧✉❡ ❧✐♥❡s✮✳

❋✐❣✉r❡ ✹✿ ❚✐♠❡ ✈❛r②✐♥❣ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t

❆s s❡❡♥ t❤❡ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥ ❡①❤✐❜✐ts ❝❡rt❛✐♥ ❥✉♠♣s ✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✱ ♣❛rt✐❝✉❧❛r❧②
✐♥ ❏❛♥✉❛r② ✷✵✶✵✳ ❚❤❡s❡ ❥✉♠♣s ❛r❡ ❝❛✉s❡❞ ❜② ❡①tr❡♠❡ ♣r✐❝❡ s♣✐❦❡s ✐♥ t❤❡ ◆♦r❞✐❝ ♣♦✇❡r
❛r❡❛ t❤❛t ❝♦♥s❡q✉❡♥t❧② ✇❡r❡ s❝r✉t✐♥✐③❡❞ ❜② t❤❡ r❡❣✉❧❛t♦r② ❛✉t❤♦r✐t✐❡s✱ s❡❡ ❡✳❣✳ ◆♦r❞❘❡❣
✭✷✵✶✶✮✳ ❚❤❡ ❥✉♠♣s ❛r❡ ❝❛✉s❡❞ ❜② ❝✐r❝✉♠st❛♥❝❡s t❤❛t ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✉♥✉s✉❛❧ ❛♥❞ ❤❡♥❝❡
❝❛♥ ❜❡ ❡①♣❡❝t❡❞ t♦ r❡s✉❧t ✐♥ ✐♥st❛❜✐❧✐t② ♦❢ t❤❡ ❡♠♣✐r✐❝❛❧ ❡st✐♠❛t❡s✳ ◆♦t✇✐t❤st❛♥❞✐♥❣✱ ✐t ✐s
✈❡r② ♦❜✈✐♦✉s t❤❛t ♦✈❡r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ ❝♦♥s✐❞❡r❡❞✱ t❤❡r❡ ❤❛s ❜❡❡♥ ❛♥ ✐♥❝r❡❛s✐♥❣ tr❡♥❞
✐♥ t❤❡ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤✐♥ t❤❡ ◆♦r❞ P♦♦❧ ❣r✐❞✳ ❲❡ ✐♥t❡r♣r❡t t❤✐s ❡♠♣✐r✐❝❛❧ ✜♥❞✐♥❣ ❛s
r❛t❤❡r str♦♥❣ ❡✈✐❞❡♥❝❡ ♦❢ ✐♥❝r❡❛s❡❞ ♠❛r❦❡t ✐♥t❡❣r❛t✐♦♥ ❛♥❞ ❝♦♠♣❡t✐t✐♦♥ ❛❝r♦ss t❤❡ ❜✐❞❞✐♥❣
❛r❡❛s✳
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✻ ❈♦♥❝❧✉s✐♦♥

❙♣❛t✐❛❧ ♣❛♥❡❧ ❡❝♦♥♦♠❡tr✐❝ ♠♦❞❡❧s ❛r❡ ❜❡❝♦♠✐♥❣ ✐♠♣♦rt❛♥t t♦ ❞❡s❝r✐❜❡ ♠❛♥② ♦❜s❡r✈❡❞
❡❝♦♥♦♠✐❝ ♣r♦❝❡ss❡s✳ ❲❡ ✉s❡ t♦♦❧s ❢r♦♠ s♣❛t✐❛❧ ❡❝♦♥♦♠❡tr✐❝s t♦ ❡①❛♠✐♥❡ t❤❡ s♣❛t✐♦ t❡♠♣♦r❛❧
♣❛tt❡r♥s ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ✇✐t❤✐♥ t❤❡ ◆♦r❞ P♦♦❧ ♣♦✇❡r ❣r✐❞✳ ❆ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧
t❤❛t ✐♥❝♦r♣♦r❛t❡s s♣❛❝❡✲t✐♠❡ ❡✛❡❝ts ✐♥ t❤❡ ❞②♥❛♠✐❝s ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡s ✐s ❞❡✈❡❧♦♣❡❞✳

❖✉r ❣❡♥❡r❛❧ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ ❡♥❛❜❧❡s ❛♥❛❧②s✐s ♦❢ t❤❡ ❞②♥❛♠✐❝s ♦❢ ❡❧❡❝tr✐❝✐t② s♣♦t
♣r✐❝❡s ❜♦t❤ ❛❝r♦ss r❡❣✐♦♥s ❛♥❞ ♦✈❡r t✐♠❡✳ ❇❡❝❛✉s❡ t❤❡ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ ♥❡sts s♣❛t✐❛❧
❡rr♦r ❛♥❞ s♣❛t✐❛❧ ❧❛❣ ♠♦❞❡❧s ❛s ❛ s♣❡❝✐❛❧ ❝❛s❡✱ ✐t ♣r♦❞✉❝❡s ✉♥❜✐❛s❡❞ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s✱
❛❧s♦ ✐❢ t❤❡ tr✉❡ ♠♦❞❡❧ ✐s ❛ s♣❛t✐❛❧ ❧❛❣ ♦r s♣❛t✐❛❧ ❡rr♦r ♠♦❞❡❧✳

❉✐✛❡r❡♥t s♣❛t✐❛❧ ✇❡✐❣❤t ♠❛tr✐❝❡s s✉❝❤ ❛s ✇❡✐❣❤t ♠❛tr✐① ❝♦♥str✉❝t❡❞ ❢r♦♠ tr❛♥s♠✐ss✐♦♥
❝❛♣❛❝✐t✐❡s✱ ❣❡♦❣r❛♣❤✐❝❛❧ ❝♦♥t✐❣✉✐t② ✇❡✐❣❤t ♠❛tr✐① ❛♥❞ ✢♦❛t ✇❡✐❣❤t ♠❛tr✐① ❛r❡ ❝♦♥s✐❞❡r❡❞
t♦ ❝❛♣t✉r❡ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ s♣❛t✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❛♠♦♥❣ ❞✐✛❡r❡♥t ◆♦r❞ P♦♦❧ ❡❧❡❝tr✐❝✐t②
s♣♦t ♣r✐❝❡ r❡❣✐♦♥s✳ ❉✐✛❡r❡♥t st❛t✐st✐❝❛❧ t❡sts s❤♦✇ t❤❛t t❤❡ ♥♦♥ s♣❛t✐❛❧ s♣♦t ♣r✐❝❡ ♠♦❞❡❧ ✐s
r❡❥❡❝t❡❞ ✐♥ ❢❛✈♦r ♦❢ ❛ s♣❛❝❡✲t✐♠❡ ❡✛❡❝ts ♠♦❞❡❧✳

❊st✐♠❛t✐♦♥ ♦❢ t❤❡ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧ s❤♦✇s t❤❛t t❤❡ s♣❛t✐❛❧ ❞✐♠❡♥s✐♦♥ ♣❧❛②s ❛ s✐❣♥✐✜❝❛♥t
r♦❧❡ ✐♥ ❞❡s❝r✐❜✐♥❣ ❡❧❡❝tr✐❝✐t② s♣♦t ♣r✐❝❡ ❞②♥❛♠✐❝s✳ ❚❤✐s ✐s ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ✇❤❡♥ ♣r✐❝❡s
❛♥❞ ❧♦❛❞s ❛r❡ ❞❡t❡r♠✐♥❡❞ ✐♥ ❛ ♥❡t✇♦r❦ ❣r✐❞ ♦❢ ♣♦✇❡r ❡①❝❤❛♥❣❡ r❡❣✐♦♥s✳

❋♦r ❛ ❞②♥❛♠✐❝ s♣❛t✐❛❧ ❉✉r❜✐♥ ♠♦❞❡❧✱ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡ ✭❡✳❣✳✱ ♣r❡✈✐♦✉s
♣❡r✐♦❞ s♣♦t ♣r✐❝❡s✮ ♦❢ ❛ ♣❛rt✐❝✉❧❛r r❡❣✐♦♥ ♥♦t ♦♥❧② ❛✛❡❝ts t❤❡ ❝✉rr❡♥t s♣♦t ♣r✐❝❡ ♦❢ t❤❛t
♣❛rt✐❝✉❧❛r r❡❣✐♦♥ ✭t❤❡ ❞✐r❡❝t ❡✛❡❝t✮ ❜✉t ❛❧s♦ t❤❡ ❝✉rr❡♥t s♣♦t ♣r✐❝❡s ✐♥ ♦t❤❡r r❡❣✐♦♥s
✭t❤❡ ✐♥❞✐r❡❝t ❡✛❡❝ts✮✳ ❯s✐♥❣ ▲❡❙❛❣❡ ❛♥❞ P❛❝❡✬s ✭✷✵✵✾✮ ♣❛rt✐❛❧ ❞❡r✐✈❛t✐✈❡s ❛♣♣r♦❛❝❤✱ ✇❡
❞❡❝♦♠♣♦s❡ t❤❡ ♣r✐❝❡ ✐♠♣❛❝ts ✐♥t♦ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❡✛❡❝ts ❛♥❞ ✇❡ s❤♦✇ t❤❛t ♣r✐❝❡ ❡✛❡❝ts
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