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r❡❣✐♦♥s ✇✐t❤ ❞✐✛❡r❡♥t ❞❡♣t❤s ❛♥❞ ❣✐✈❡s ✉♥r❡❧✐❛❜❧❡ s✉♣♣♦rt✳
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✉❛t✐♥❣ ❛♥❞ ✉s✐♥❣ ❞✐s♣❛r✐t② ✈❛r✐❛♥❝❡s s✐♥❝❡ t❤❡ ❞✐s♣❛r✐t②
✐s ✇❤❛t ✇❡ ✐♥t❡♥❞ t♦ ❝❛❧❝✉❧❛t❡ ✭▲❡✈✐♥❡ ❡t ❛❧✳ ✶✾✼✸✮✳ ❚❤❡
s❡❝♦♥❞ ♣r♦❜❧❡♠ ✐s t❤❛t ❛r❡❛ ❜❛s❡❞ ❛♣♣r♦❛❝❤❡s ❛r❡ ❣❡♥❡r❛❧❧②
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❧✐❣❤t✐♥❣ s♦✉r❝❡ ♠✉st ✐❞❡❛❧❧② ❜❡ ❛ ♣♦✐♥t s♦✉r❝❡ ❛t ✐♥✜♥✐t②❀
t❤❡ s✉r❢❛❝❡s ✐♥ t❤❡ s❝❡♥❡ s❤♦✉❧❞ ✐❞❡❛❧❧② ❜❡ ▲❛♠❜❡rt✐❛♥❀
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r✐❝s ❛r❡ ♥♦t s✉✣❝✐❡♥t t♦ ❤❛✈❡ r❡❧✐❛❜❧❡ ♠❛t❝❤❡s✳ ❚❤❡ ✉s❡
♦❢ ✐♠♣r❡❝✐s❡ t❡❝❤♥✐q✉❡s s✉❝❤ ❛s ❢✉③③② ❧♦❣✐❝ ❝❛♥ s♦❧✈❡ t❤✐s
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t❤❡ ❡st✐♠❛t❡❞ ❞✐s♣❛r✐t✐❡s t♦ ❝♦♠♣✉t❡ t❤❡ s✉♣♣♦rt✲✇❡✐❣❤ts
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st❡r❡♦s❝♦♣✐❝ ❝♦♥str❛✐♥ts t♦ ❜❡ ✉s❡❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢
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t♦ t❤❡ ❨✲❛①✐s ❛♥❞ t❤❡ ❞✐s♣❛r✐t② ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ♦♥❧②
❛❧♦♥❣ t❤❡ ❨✲❝♦♦r❞✐♥❛t❡✳

❲❡ ❞❡✜♥❡ ❛ ✸❉ ❞✐s♣❛r✐t② s♣❛❝❡ ✇❤♦s❡ ❞✐♠❡♥s✐♦♥s ❛r❡ r✱ c
❛♥❞ d r❡s♣❡❝t✐✈❡❧② t♦ ❞❡s✐❣♥❛t❡ r♦✇✱ ❝♦❧✉♠♥ ❛♥❞ ❞✐s♣❛r✐t②✳
❊❛❝❤ ❡❧❡♠❡♥t (r, c, d) ♦❢ t❤❡ ❞✐s♣❛r✐t② s♣❛❝❡ ✐s ♣r♦❥❡❝t❡❞
t♦ ♣✐①❡❧ (r, c) ♦♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞ t❤❡ ♣✐①❡❧ (r, c+
d) ♦♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡✳ ❊❧❡♠❡♥t (r, c, d) r❡❢❡rs t♦ t❤❡
♣❛✐r✐♥❣ ♦❢ t❤❡ ♣✐①❡❧ (r, c) ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞ t❤❡
♣✐①❡❧ (r, c+ d) ✐♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡ ❛♥❞ L(r, c, d) ✐s t❤❡
❛ss♦❝✐❛t❡❞ ♠❛t❝❤✐♥❣ ❝♦st✳



❆ ❚❤❡♦r② ♦❢ P♦ss✐❜✐❧✐t② ❢♦r ❘❡❧✐❛❜❧❡ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❙❡❛r❝❤ ✷

✷✳✶ P♦ss✐❜✐❧✐t② ♦❢ ▼❛t❝❤✐♥❣

❙✐♠✐❧❛r✐t② ❝♦♥str❛✐♥t st❛t❡s t❤❛t t❤❡ ♣r♦❥❡❝t✐♦♥s ♦❢ t❤❡
s❛♠❡ ♣❤②s✐❝❛❧ ♣♦✐♥t ❤❛✈❡ ❝♦♠♣❛r❛❜❧❡ ❧✐❣❤t ✐♥t❡♥s✐t✐❡s✳ ❚❤❡
♠❛❥♦r ♣❛rt ♦❢ st❡r❡♦ ♠❛t❝❤✐♥❣ ❛♣♣r♦❛❝❤❡s ✉s❡ t❤✐s ❝♦♥✲
str❛✐♥t ✐♥ ❛ st❛t✐❝ ❝♦rr❡❧❛t✐♦♥ ❝r✐t❡r✐♦♥ t❤❛t ❝❛❧❝✉❧❛t❡s t❤❡
❞✐✛❡r❡♥❝❡ ♦❢ ✐❧❧✉♠✐♥❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❛r❡❛s ♦❢ t❤❡ st❡r❡♦
✐♠❛❣❡s✳ ❚❤✐s ❝♦rr❡❧❛t✐♦♥ ♠❡❛s✉r❡✱ ❜❛s❡❞ ♦♥ ♥✉♠❡r✐❝❛❧ ❞✐s✲
t❛♥❝❡s ♦❢ ✐♥t❡♥s✐t✐❡s✱ ✐s ♣❛rt✐❝✉❧❛r❧② ❞✐st✉r❜❡❞ ❜② ❝❤❛♥❣❡s
❝❛✉s❡❞ ❜② ♥♦♥ ❡r❣♦❞✐❝ ♣❤❡♥♦♠❡♥❛✱ s✉❝❤ ❛s t❤❡ ❝❤❛♥❣❡ ♦❢
t❤❡ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ♣❛rt✐❛❧ ♦❝❝❧✉s✐♦♥✱ s❛♠♣❧✐♥❣✱ s❝❛♥♥✐♥❣✱ ✳✳✳
❚❤❡s❡ ❝❤❛♥❣❡s ❝❛♥ ❜❡ ❤❛r❞❧② ♠♦❞❡❧❡❞ ❜② s✐♠♣❧❡ ♥♦r♠❛❧
❧❛✇s✳ ■♥ ♦✉r ❛♣♣r♦❛❝❤✱ ✇❡ ♣r♦♣♦s❡ t♦ ♠♦❞❡❧ t❤❡ s✐♠✐❧❛r✐t②
❝♦♥str❛✐♥t ❜② ❛ ❢✉③③② ♠❡❛s✉r❡✱ ✇❤✐❝❤ ✐s ♠♦r❡ r♦❜✉st t♦
♥♦✐s❡ ❛♥❞ ❝❤❛♥❣❡s✳ ❚❤✐s ♠❡❛s✉r❡ ❡①♣r❡ss❡s t❤❡ ❞❡❣r❡❡ ♦❢
♠❡♠❜❡rs❤✐♣ ♦❢ t✇♦ ♣✐①❡❧s t♦ ❛ s❛♠❡ ❣r❡② ❝❧❛ss✳ ❲❡ ❞❡✜♥❡ ❛
❣r❡② s❝❛❧❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ♣✐①❡❧s✳ ❚❤r❡❡ ❝❧❛ss❡s ❛r❡ ❞❡✜♥❡❞❀
❜❧❛❝❦✱ ✇❤✐t❡ ❛♥❞ ❛✈❡r❛❣❡ ♣✐①❡❧s✳ ▼❡♠❜❡rs❤✐♣ ❢✉♥❝t✐♦♥s
♦❢ t❤❡s❡ ❣r❡② ❝❧❛ss❡s ✭❣✐✈❡♥ ❜② ❡q✉❛t✐♦♥ ✶✮ ❛r❡ ●❛✉ss✐❛♥
❝❡♥tr❡❞ ✐♥ ✵✱ ✶✷✼✳✺ ❛♥❞ ✷✺✺✳

µclass(m) = exp

(

− (I(m)− cclass)
2

2σ2
class

)

✭✶✮

■✭♠✮ ✐s t❤❡ ✐♥t❡♥s✐t② ❛t t❤❡ ♣✐①❡❧ ♠✱ cclass ❛♥❞ σclass ❛r❡
r❡s♣❡❝t✐✈❡❧② t❤❡ ❝❡♥t❡r ❛♥❞ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡
❝❧❛ss ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❇❛s❡❞ ♦♥ t❤✐s ❝❧❛ss✐✜❝❛t✐♦♥✱ ✇❡
❣✐✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦♣♦s✐t✐♦♥✳

Pr♦♣♦s✐t✐♦♥ ✶✳ ❚❤❡ ♣❛✐r✐♥❣ ♦❢ t❤❡ ♣✐①❡❧s m1 ❛♥❞ m2✱ ❢r♦♠
t❤❡ t✇♦ st❡r❡♦ ✐♠❛❣❡s✱ ✐s ♣♦ss✐❜❧❡ ✐❢ t❤❡ t✇♦ ♣✐①❡❧s ❜❡❧♦♥❣
t♦ t❤❡ s❛♠❡ ❣r❡② ❝❧❛ss✳ ❚❤❛t ♠❡❛♥s ✭m1 ✐s ❜❧❛❝❦ ❆◆❉ m2

✐s ❜❧❛❝❦✮ ❖❘ ✭m1 ✐s ✇❤✐t❡ ❆◆❉ m2 ✐s ✇❤✐t❡✮ ❖❘ ✭m1 ✐s
❛✈❡r❛❣❡ ❆◆❉ m2 ✐s ❛✈❡r❛❣❡✮✳

❉❡✜♥✐t✐♦♥ ❈♦♥s✐❞❡r✐♥❣ t✇♦ ♣✐①❡❧s m1 ❛♥❞ m2 ❢r♦♠ t❤❡
t✇♦ st❡r❡♦ ✐♠❛❣❡s✱ ✇❡ ❞❡✜♥❡ Π(m1,m2) ❛s t❤❡ ♣♦ss✐❜✐❧✐t②
♦❢ ♠❛t❝❤✐♥❣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣✐①❡❧s ❜② ❡①♣r❡ss✐♥❣ ♣r♦♣♦✲
s✐t✐♦♥ ✶ ✉s✐♥❣ ❝❧❛ss✐❝❛❧ ❢✉③③② ❧♦❣✐❝ ♦♣❡r❛t♦rs✳ Π(m1,m2)
✐s ❛ ♠❡❛s✉r❡ ♦❢ ❝♦✲♠❡♠❜❡rs❤✐♣ t♦ ❛ s❛♠❡ ❣r❡② ❝❧❛ss✳ ■t
r❡✢❡❝ts ❤♦✇ ♠✉❝❤ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ m1 ❛♥❞ m2 ❛s
❝♦rr❡s♣♦♥❞✐♥❣ ♣✐①❡❧s✳ Π(m1,m2) ✐s ❣✐✈❡♥ ❜② ✭✷✮✳

Π(m1,m2) = max

(

min(µblack(m1), µblack(m2)),
min(µaverage(m1), µaverage(m2)),
min(µwhite(m1), µwhite(m2))

)

✭✷✮

µclass(m) ✐s t❤❡ ❞❡❣r❡❡ ♦❢ ♠❡♠❜❡rs❤✐♣ ♦❢ t❤❡ ♣✐①❡❧ ♠ t♦
t❤❡ ❝❧❛ss ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❚❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ♠❛t❝❤✐♥❣
r❛♥❣❡s ❜❡t✇❡❡♥ ✵ ❛♥❞ ✶✳

◆♦t❛t✐♦♥ ❚❤❡r❡❛❢t❡r✱ ✇❡ ✇✐❧❧ ✉s❡ t❤❡ ♥♦t❛t✐♦♥✿Π(r, c, d) =
Π(m1,m2) ✇✐t❤ m1 = (r, c) ❛♥❞ m2 = (r, c+ d)✳

✷✳✷ P♦ss✐❜✐❧✐t② ♦❢ ❯♥♠❛t❝❤✐♥❣

❙✉♣♣♦s✐♥❣ t❤❛t t❤❡ ♦❜s❡r✈❡❞ ♦❜❥❡❝ts ❛r❡ ♦♣❛q✉❡ ❛♥❞ t❤❡
❞✐s♣❛r✐t② ✐s ♥♦t s✐❣♥✐✜❝❛♥t✱ t❤❡ ✉♥✐q✉❡♥❡ss ❝♦♥str❛✐♥t st✐♣✲
✉❧❛t❡s t❤❛t ❛♥ ♦❜❥❡❝t ✇❤♦s❡ ♣r♦❥❡❝t✐♦♥ ✐s ❛ ♣✐①❡❧ ♦♥ t❤❡ ✜rst
✐♠❛❣❡ ❤❛s ❛ ♣r♦❥❡❝t✐♦♥ t❤❛t ✐s ❛ ♣✐①❡❧ ✐♥ t❤❡ s❡❝♦♥❞ ✐♠❛❣❡✳
❯s✐♥❣ s✉❝❤ ❛ ❝♦♥str❛✐♥t r❡❞✉❝❡s t❤❡ ♥✉♠❜❡r ♦❢ ♣♦t❡♥t✐❛❧
♠❛t❝❤❡s ♦❢ ❛ ♣✐①❡❧ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡✳ ❚❤✐s ❝♦♥str❛✐♥t
❝❛♥ ❜❡ ✉s❡❞ ♦♥❧② t♦ ♠♦❞✐❢② ❛♥ ✐♥✐t✐❛❧ ♣❛✐r✐♥❣ ❞✐str✐❜✉t✐♦♥ t♦
❤❛✈❡ ❛ ♥❡✇ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ ❧❡ss ✈✐♦❧❛t✐♦♥ t♦ t❤❡ ✉♥✐q✉❡✲
♥❡ss ❝♦♥str❛✐♥t✳ ❘❡❢❡rr✐♥❣ t♦ t❤❡ ♣♦ss✐❜✐❧✐t✐❡s ♦❢ ♠❛t❝❤✐♥❣✱
❛ ♠❛t❝❤ (r, c, d) ✈✐♦❧❛t❡s t❤❡ ✉♥✐q✉❡♥❡ss ❝♦♥str❛✐♥t ✐❢ t❤❡r❡
✐s ❛ ♠❛t❝❤ (r, c, d′) ✇✐t❤ d′ 6= d ❛♥❞ Π(r, c, d) < Π(r, c, d′)✳

❉❡✜♥✐t✐♦♥ ❈♦♥s✐❞❡r✐♥❣ t✇♦ ♣✐①❡❧s m1 = (r, c) ❛♥❞ m2 =

(r, c+ d) ❢r♦♠ t❤❡ t✇♦ st❡r❡♦ ✐♠❛❣❡s✱ ✇❡ ❞❡✜♥❡ ΠU (r, c, d)
❛s ❛ ♣♦ss✐❜✐❧✐t② ♦❢ ✉♥♠❛t❝❤✐♥❣ r❡❧❛t✐✈❡❧② t♦ t❤❡ ✉♥✐q✉❡♥❡ss

❝♦♥str❛✐♥t✳ ΠU (r, c, d) r❡✢❡❝ts ❤♦✇ ♠✉❝❤ t❤❡ ♣❛✐r✐♥❣ ♦❢ t❤❡
♣✐①❡❧ (r, c) ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞ t❤❡ ♣✐①❡❧ (r, c + d)
✐♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡ ✈✐♦❧❛t❡s t❤❡ ✉♥✐q✉❡♥❡ss ❝♦♥str❛✐♥t✳

ΠU (r, c, d) ✐s ❣✐✈❡♥ ❜② ✭✸✮✳

ΠU (r, c, d) = sup
d′ 6=d

{Π(r, c, d′) > Π(r, c, d)} ✭✸✮

❯♥❞❡r s♦♠❡ ❝♦♥❞✐t✐♦♥s ❞❡✜♥❡❞ ✐♥ ✭❋❛✉❣❡r❛s✱ ✶✾✾✸✮✱ t❤❡
♦r❞❡r✐♥❣ ♦❢ ♣✐①❡❧s ✐s ♣r❡s❡r✈❡❞ ❛❝r♦ss t❤❡ ✐♠❛❣❡s✳ ❚❤✐s
❝♦♥str❛✐♥t ❝❛♥ ❜❡ ❢♦r♠✉❧❛t❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦♣♦s✐t✐♦♥✳

Pr♦♣♦s✐t✐♦♥ ✷✳ ❈♦♥s✐❞❡r✐♥❣ t✇♦ ♣✐①❡❧s m1 ❛♥❞ m2✱ r❡s♣❡❝✲
t✐✈❡❧② ❢r♦♠ t❤❡ r❡❢❡r❡♥❝❡ ❛♥❞ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡✳ ■❢ m1

❛♥❞ m2 ❛r❡ ♣r♦❥❡❝t✐♦♥s ♦❢ t❤❡ s❛♠❡ ♣❤②s✐❝❛❧ ♣♦✐♥t M t❤❡♥
❛❧❧ t❤❡ ♣✐①❡❧s ♦♥ t❤❡ r✐❣❤t ✭r❡s♣❡❝t✐✈❡❧② ❧❡❢t✮ ♦❢ t❤❡ ♣✐①❡❧
m1 ❛r❡ ♦♥ t❤❡ r✐❣❤t ✭r❡s♣❡❝t✐✈❡❧② ❧❡❢t✮ ♦❢ t❤❡ ♣✐①❡❧ m2✳

❇② ❡①t❡♥s✐♦♥ ✇❡ ❝❛♥ ❡①♣r❡ss t❤❡ ❞✉❛❧ ♥❡❣❛t✐✈❡ ♣r♦♣♦s✐t✐♦♥
✭♣r♦♣♦s✐t✐♦♥ ✸✮✳

Pr♦♣♦s✐t✐♦♥ ✸✳ ❈♦♥s✐❞❡r✐♥❣ t✇♦ ♣✐①❡❧s m1 ❛♥❞ m2✱ r❡s♣❡❝✲
t✐✈❡❧② ❢r♦♠ t❤❡ r❡❢❡r❡♥❝❡ ❛♥❞ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡✳ ■❢ m1

❛♥❞ m2 ❛r❡ ♣r♦❥❡❝t✐♦♥s ♦❢ t❤❡ s❛♠❡ ♣❤②s✐❝❛❧ ♣♦✐♥t M t❤❡♥
❛❧❧ t❤❡ ♣✐①❡❧s ♦♥ t❤❡ r✐❣❤t ✭r❡s♣❡❝t✐✈❡❧② ❧❡❢t✮ ♦❢ t❤❡ ♣✐①❡❧
m1❝❛♥ ♥♦t ❜❡ ♦♥ t❤❡ ❧❡❢t ✭r❡s♣❡❝t✐✈❡❧② r✐❣❤t✮ ♦❢ t❤❡ ♣✐①❡❧
m2✳

■♥ ♦t❤❡r ✇♦r❞s✱ ❛ ♠❛t❝❤ (r, c, d) ✈✐♦❧❛t❡s t❤❡ ♦r❞❡r✐♥❣
❝♦♥str❛✐♥t ✐❢ t❤❡r❡ ✐s ❛ ♠❛t❝❤ (r, c′, d′) t❤❛t ✈❡r✐✜❡s ✿ ✭c < c′

AND c + d > c′ + d′✮ OR ✭c > c′ AND c + d < c′ + d′✮
AND ✭Π(r, c, d) ❁ Π(r, c′, d′) ✮✳ ❇❛s❡❞ ♦♥ t❤✐s ❛♥❛❧②s✐s✱ ✇❡
❣✐✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡✜♥✐t✐♦♥✳

❉❡✜♥✐t✐♦♥ ❈♦♥s✐❞❡r✐♥❣ t✇♦ ♣✐①❡❧s m1 = (r, c) ❛♥❞ m2 =

(r, c+ d) ❢r♦♠ t❤❡ t✇♦ st❡r❡♦ ✐♠❛❣❡s✱ ✇❡ ❞❡✜♥❡ ΠO(r, c, d)
❛s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ✉♥♠❛t❝❤✐♥❣ r❡❧❛t✐✈❡❧② t♦ t❤❡ ♦r❞❡r✐♥❣

❝♦♥str❛✐♥t✳ ΠO(r, c, d) r❡✢❡❝ts ❤♦✇ ♠✉❝❤ t❤❡ ♣❛✐r✐♥❣ ♦❢ t❤❡
♣✐①❡❧ (r, c) ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞ t❤❡ ♣✐①❡❧ (r, c + d)
✐♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡ ✈✐♦❧❛t❡s t❤❡ ♦r❞❡r✐♥❣ ❝♦♥str❛✐♥t✳

ΠO(r, c, d) ✐s ❣✐✈❡♥ ❜② ✭✹✮✳

ΠO(r, c, d) = max















sup
c′ > c

d′ < d− (c′ − c)

{Π(r,c′,d′)>Π(r,c,d)},

sup
c′ < c

d′ > d+ (c− c′)

{Π(r,c′,d′)>Π(r,c,d)}















✭✹✮

❉❡✜♥✐t✐♦♥ ❲❡ ❞❡✜♥❡ ❛ ❣❧♦❜❛❧ ✉♥♠❛t❝❤✐♥❣ ♣♦ss✐❜✐❧✐t② ❜②
♠❡r❣✐♥❣ ✉♥♠❛t❝❤✐♥❣ ♣♦ss✐❜✐❧✐t✐❡s r❡❧❛t✐✈❡❧② t♦ ✉♥✐q✉❡♥❡ss
❝♦♥str❛✐♥t ❛♥❞ ♦r❞❡r✐♥❣ ❝♦♥str❛✐♥t✳ ●❧♦❜❛❧ ✉♥♠❛t❝❤✐♥❣
♣♦ss✐❜✐❧✐t②✱ ❣✐✈❡♥ ❜② ✭✺✮✱ ❡①♣r❡ss❡s ❤♦✇ ♠✉❝❤ t❤❡ ♣❛✐r✐♥❣
♦❢ t❤❡ ♣✐①❡❧ (r, c) ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞ t❤❡ ♣✐①❡❧
(r, c + d) ✐♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡ ✈✐♦❧❛t❡s t❤❡ st❡r❡♦s❝♦♣✐❝
❝♦♥str❛✐♥ts✳

Π(r, c, d) = max(ΠU (r, c, d),ΠO(r, c, d)) ✭✺✮
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✸✳✶ ■♥✐t✐❛❧ ❉✐s♣❛r✐t✐❡s

❯s✐♥❣ ♠❛t❝❤✐♥❣ ♣♦ss✐❜✐❧✐t② ❛♥❞ ✉♥♠❛t❝❤✐♥❣ ♣♦ss✐❜✐❧✐t② ✇❡
❛ttr✐❜✉t❡ t♦ ❡❛❝❤ ♣❛✐r✐♥❣ (r, c, d) ❛ ♠❛t❝❤✐♥❣ ❝♦♥✜❞❡♥❝❡
❞❡❣r❡❡ ❞❡✜♥❡❞ ❜② ✭✻✮✳

τ(r, c, d) =
Π(r, c, d)

1 + λΠ(r, c, d)
✭✻✮

❲❤❡r❡ λ ✐s ❛ s❝❛❧✐♥❣ ❝♦♥st❛♥t✳ ❚❤❡ ♠❛t❝❤✐♥❣ ❝♦♥✜❞❡♥❝❡
❞❡❣r❡❡ τ(r, c, d) ❡①♣r❡ss❡s ❤♦✇ ♠✉❝❤ ✇❡ ❝❛♥ tr✉st t❤❡
♣❛✐r✐♥❣ ♦❢ t❤❡ ♣✐①❡❧s (r, c) ❛♥❞ (r, c + d) r❡❣❛r❞✐♥❣ t❤❡
❝❤r♦♠❛t✐❝ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ ♣✐①❡❧s ❛♥❞ t❤❡ st❡r❡♦s❝♦♣✐❝
❝♦♥str❛✐♥ts s❛t✐s✜❡❞ ❜② t❤❡✐r ♣❛✐r✐♥❣✳ ❚❤✐s ❝♦♥✜❞❡♥❝❡ ❞❡✲
❣r❡❡ ✇✐❧❧ ❜❡ ✉s❡❞ ❛s ✐♥✐t✐❛❧ ♠❛t❝❤✐♥❣ ❝♦st t♦ ❡st✐♠❛t❡ ✐♥✐t✐❛❧
❞✐s♣❛r✐t✐❡s✳ ❚❤❡ ❜❡st ❞✐s♣❛r✐t② ✐s s❡❧❡❝t❡❞ ❜② ❝♦♠♣❛r✐♥❣
t❤❡ ❝♦♥✜❞❡♥❝❡ ❞❡❣r❡❡s ❛❝r♦ss ❛❧❧ ❞✐s♣❛r✐t✐❡s✳ ❚❤❡ ❞✐s♣❛r✐t②
♦❢ t❤❡ ♠❛①✐♠✉♠ ❝♦♥✜❞❡♥❝❡ ❞❡❣r❡❡ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❜❡st
❞✐s♣❛r✐t②✳

◆♦t❛t✐♦♥ ❚❤❡r❡❛❢t❡r✱ ✇❡ ✇✐❧❧ ✉s❡ t❤❡ ♥♦t❛t✐♦♥ d0(r, c) ❢♦r
t❤❡ ✐♥✐t✐❛❧ ❞✐s♣❛r✐t② ♦❢ t❤❡ ♣✐①❡❧ (r, c) ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡
❞❡✜♥❡❞ ❝♦♥✜❞❡♥❝❡ ❞❡❣r❡❡s✳ ❚❤❡ ✐♥✐t✐❛❧ ❞✐s♣❛r✐t② ❢✉♥❝t✐♦♥
❛ss♦❝✐❛t❡s t♦ ❡❛❝❤ ♣✐①❡❧ (r, c) ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ✐ts
❝♦rr❡s♣♦♥❞✐♥❣ ♣✐①❡❧ (r, c+d0(r, c)) ✐♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡✳

✸✳✷ ❆❞❛♣t✐✈❡ s✉♣♣♦rt✲✇❡✐❣❤ts

❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ s✉♣♣♦rt ✇✐♥❞♦✇ ✐s ❛ ❝r✉① ♦❢ ❝♦rr❡✲
s♣♦♥❞❡♥❝❡ s❡❛r❝❤✳ ❋♦r ❛❝q✉✐r✐♥❣ ♠♦r❡ ❡①❛❝t r❡s✉❧ts✱ s❡✈✲
❡r❛❧ ✇♦r❦s ❤❛✈❡ ✉s❡❞ ❛♥ ❛❞❛♣t✐✈❡ s✉♣♣♦rt✲✇❡✐❣❤t ✇✐♥✲
❞♦✇ ✭❨♦♦♥ ✫ ❑✇❡♦♥✱ ✷✵✵✻✮✱ ✭❱❡❦s❧❡r✱ ✷✵✵✷✮✱ ✭●✉ ❡t ❛❧✳
✷✵✵✽✮✱ ✭❇♦②❦♦✈ ❡t ❛❧✳ ✶✾✾✽✮✱ ✭❨❛♥❣ ❡t ❛❧✳ ✷✵✵✾✮✱ ✭❩❤❛✐
❡t ❛❧✳ ✷✵✵✾✮✱ ✭▼❛tt♦❝❝✐❛✱ ✷✵✶✵✮✳ ■♥ ♦✉r ✐♠♣❧❡♠❡♥t❛t✐♦♥✱
✇❡ ✉s❡ ❛ s✉♣♣♦rt✲✇❡✐❣❤t ❛♣♣r♦❛❝❤ ✐♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡
t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ ♠❛t❝❤✐♥❣✳ ■♥ t❤✐s ❛♣♣r♦❛❝❤✱ ❜❛s❡❞ ♦♥
t❤❡ ❝♦❤❡r❡♥❝❡ ♣r✐♥❝✐♣❧❡ ✉s❡❞ ❜② Pr❛❞③♥② ✭P❛r❞③♥②✱ ✶✾✽✺✮✱
✇❡ ❡①❛♠✐♥❡ ❝❛♥❞✐❞❛t❡ ♠❛t❝❤❡s ❜② ❝❛❧❝✉❧❛t✐♥❣ ❤♦✇ ♠✉❝❤
s✉♣♣♦rt t❤❡② r❡❝❡✐✈❡ ❢r♦♠ t❤❡✐r ❧♦❝❛❧ ♥❡✐❣❤❜♦✉r❤♦♦❞✳ ❚❤❡
❝♦❤❡r❡♥❝❡ ♣r✐♥❝✐♣❧❡ st❛t❡s t❤❛t ♥❡✐❣❤❜♦r✐♥❣ ❞✐s♣❛r✐t✐❡s✱ ✐❢
❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s❛♠❡ ✸❉ ♦❜❥❡❝t✱ s❤♦✉❧❞ ❜❡ s✐♠✐❧❛r✳
❚✇♦ ♥❡✐❣❤❜♦r✐♥❣ ♣✐①❡❧s ✇✐t❤ s✐♠✐❧❛r ❞✐s♣❛r✐t② s❤♦✉❧❞ s✉♣✲
♣♦rt ❡❛❝❤ ♦t❤❡r✱ ✇❤✐❧❡ ♣✐①❡❧s ✇✐t❤ ❞✐ss✐♠✐❧❛r ❞✐s♣❛r✐t✐❡s
s❤♦✉❧❞ ♥♦t ✐♥❤✐❜✐t ✇✐t❤ ❡❛❝❤ ♦t❤❡r✳ ❚♦ ✐♥❝♦r♣♦r❛t❡ t❤✐s
✐❞❡❛ ✐♥t♦ ❛ st❡r❡♦ ♠❛t❝❤✐♥❣ ❛❧❣♦r✐t❤♠ ✇❡ ❞❡✜♥❡ ❛ s✉♣♣♦rt✲
✇❡✐❣❤t ❢✉♥❝t✐♦♥ ❜❛s❡❞ ♦♥ ❞✐st❛♥❝❡s ❛♥❞ ✐♥✐t✐❛❧ ❞✐s♣❛r✐t✐❡s✳

w(i, j) =
1

µ
√
2π
√

i2 + j2
exp(

− |d0(r, c)− d0(r + i, c+ j)|
2µ2(i2 + j2)

)✭✼✮

❲❤❡r❡ w(i, j) ✐s t❤❡ ❛♠♦✉♥t ♦❢ t❤❡ s✉♣♣♦rt t❤❛t ❝❡♥tr❛❧
♣✐①❡❧ (r, c) ♦❢ t❤❡ s✉♣♣♦rt ✇✐♥❞♦✇ r❡❝❡✐✈❡s ❢r♦♠ t❤❡ ♣✐①❡❧

(r+i, c+j✮✳
√

i2 + j2 ✐s t❤❡ ❊✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡
t✇♦ ♣✐①❡❧s✳ d0(r, c)−d0(r+i, c+j) ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
✐♥✐t✐❛❧ ❞✐s♣❛r✐t✐❡s ❛t t❤❡ t✇♦ ♣✐①❡❧s✳ w(i, j) ✐s ✐♥✈❡rs❡❧②
♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ❞✐s♣❛r✐t✐❡s✳ ▼♦r❡ ❞✐st❛♥t
♣✐①❡❧s ✐♥ t❤❡ s✉♣♣♦rt ✇✐♥❞♦✇ ❡①❡rt ❧❡ss ✐♥✢✉❡♥❝❡ ✐♥ t❤❡
✜♥❛❧ ❞✐s♣❛r✐t✐❡s ❝❛❧❝✉❧✉s❀ ❛♥❞ t❤❡ ♠♦r❡ ❞✐st❛♥t t❤❡ t✇♦
♣♦✐♥ts ❛r❡✱ t❤❡ ❧❡ss s❡r✐♦✉s❧② t❤❡✐r ❞✐✛❡r❡♥❝❡ ♦❢ ❞✐s♣❛r✐t✐❡s
✐s ❝♦♥s✐❞❡r❡❞✳

❋✐❣✳ ✶✳ ❊♠♣✐r✐❝❛❧ ✜tt✐♥❣ ♦❢ t❤❡ ♠❡♠❜❡rs❤✐♣ ❢✉♥❝t✐♦♥ st❛♥✲
❞❛r❞ ❞❡✈✐❛t✐♦♥s✳

✸✳✸ ❋✐♥❛❧ ❉✐s♣❛r✐t✐❡s ❛♥❞ ♦❝❝❧✉s✐♦♥ ❤❛♥❞❧✐♥❣

❚❤❡ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡ ♦❢ ✐♥t❡♥s✐t②✱ ✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜②
✭✽✮✱ ✐s ✉s❡❞ ❛s t❤❡ ♠❛t❝❤✐♥❣ ❝♦st ❝♦♠♣✉t❛t✐♦♥✳ Ir(r, c)
✐s t❤❡ ♣✐①❡❧ ✐♥t❡♥s✐t② ❛t (r, c) ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡ ❛♥❞
Im(r, c+d) ✐s t❤❡ ✐♥t❡♥s✐t② ♦❢ ♣✐①❡❧ s❤✐❢t❡❞ ✐♥ ❤♦r✐③♦♥t❛❧ ❜②
t❤❡ ❞✐s♣❛r✐t② ✈❛❧✉❡✱ d✱ ❢r♦♠ (r, c) ✐♥ t❤❡ ♠❛t❝❤✐♥❣ ✐♠❛❣❡✳
❆ ✷✇✲s✐③❡❞ ✇✐♥❞♦✇ ✇✐t❤ ❛❞❛♣t✐✈❡ s✉♣♣♦rt ✇❡✐❣❤ts✱ ❛s
❛❧r❡❛❞② ❞❡s❝r✐❜❡❞✱ ✐s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❛❣❣r❡❣❛t✐♦♥ ❝♦st
C(r, c, d) ❣✐✈❡♥ ❜② ✭✾✮✳

C0(r, c, d) = |Ir(r, c)− Im(r, c+ d)| ✭✽✮

C(r, c, d) =
1

4w2Imax

i=w
∑

i=−w

j=w
∑

j=−w

w(i, j)C0(r + i, c+ j, d)✭✾✮

❚❤❡ ✜♥❛❧ ♠❛t❝❤✐♥❣ ❝♦st ✐s ❣✐✈❡♥ ❜② ✭✶✵✮✳ ❋♦r t❤❡ ✜♥❛❧
❞✐s♣❛r✐t② ❝♦♠♣✉t❛t✐♦♥ st❡♣✱ t❤❡ ❜❡st ❞✐s♣❛r✐t② ✐s s❡❧❡❝t❡❞
❜② ❝♦♠♣❛r✐♥❣ t❤❡ ✜♥❛❧ ❝♦sts ❛❝r♦ss ❛❧❧ ❞✐s♣❛r✐t✐❡s✳ ■♥ ♦✉r
❛♣♣r♦❛❝❤✱ ✇❡ ✉s❡❞ ❛ ✇✐♥♥❡r✲t❛❦❡✲❛❧❧ ♠❡t❤♦❞ ✭❇❡❦❛❡rt ❡t
❛❧✳ ✷✵✵✼✮ t♦ ✜♥❞ t❤❡ ❞✐s♣❛r✐t② ❛t ❡❛❝❤ ♣✐①❡❧ ♣♦s✐t✐♦♥✳ ❚❤❡
❞✐s♣❛r✐t② ♦❢ t❤❡ ♠❛①✐♠✉♠ ✜♥❛❧ ❝♦st ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❜❡st
❞✐s♣❛r✐t②✳ ❚❤❡ ❞✐s♣❛r✐t② s❡❧❡❝t❡❞ ❢♦r ❡✈❡r② ♣✐①❡❧ ♣♦s✐t✐♦♥
❞❡✜♥❡s t❤❡ ✜♥❛❧ ❞✐s♣❛r✐t② ♠❛♣✳

L(r, c, d) =
[τ(r, c, d)]

α

C(r, c, d)
✭✶✵✮

■♥ ♦✉r ❛♣♣r♦❛❝❤✱ ✇❡ ❡①♣❧✐❝✐t❧② ❞❡t❡❝t ♦❝❝❧✉❞❡❞ ❛r❡❛s ❜②
❡①❛♠✐♥✐♥❣ ✜♥❛❧ ♠❛t❝❤✐♥❣ ❝♦sts✳ ❚❤❡ ♣r♦♣♦s❡❞ ❝♦♥✜❞❡♥❝❡
❞❡❣r❡❡ ✉s❡❞ ✐♥ t❤❡ ✜♥❛❧ ♠❛t❝❤✐♥❣ ❝♦st ❛❧❧♦✇s ❞✐s❝r✐♠✐♥❛✲
t✐♦♥ ♦❢ ❢❛❧s❡ ❝♦rr❡s♣♦♥❞❡♥❝❡s✳ ❍❛✈✐♥❣ t❤❡ ✜♥❛❧ ♠❛t❝❤✐♥❣
❝♦sts✱ ✇❡ ❝❛♥ ❞❡t❡r♠✐♥❡ ✐❢ ❛ ♣✐①❡❧ ✐s ♦❝❝❧✉❞❡❞ ❜② ✜♥❞✐♥❣ t❤❡
❡❧❡♠❡♥t ✇✐t❤ t❤❡ ❣r❡❛t❡st ♠❛t❝❤✐♥❣ ❝♦st ❛❧♦♥❣ ✐ts ❧✐♥❡ ♦❢
s✐❣❤t✳ ■❢ t❤❡ ♠❛①✐♠✉♠ ♠❛t❝❤✐♥❣ ✈❛❧✉❡ ✐s ❜❡❧♦✇ ❛ t❤r❡s❤♦❧❞✱
t❤❡ ♣✐①❡❧ ✐s ❧❛❜❡❧❧❡❞ ❛s ♦❝❝❧✉❞❡❞✳

✹✳ ❊❳P❊❘■▼❊◆❚❆▲ ❘❊❙❯▲❚❙

❋♦r ❛❧❧ t❤❡ ❡①♣❡r✐♠❡♥ts✱ ✇❡ s❡t σblack = σwhite = 7.071 ❛♥❞
σaverage = 2.236 ✭✶✮✱ λ = 0.45 ❛♥❞ α = 0.6 ✭✶✵✮✳ ❚❤❡s❡
✈❛❧✉❡s ✇❡r❡ ❡♠♣✐r✐❝❛❧❧② ❞❡t❡r♠✐♥❡❞✳ ❋✐❣✳ ✶ s❤♦✇s ❢✉③③②
♠❡♠❜❡rs❤✐♣ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❞❡✜♥❡❞ ❝❧❛ss❡s✳ ❯s✐♥❣ t❤❡
❞❡✜♥❡❞ ❝❧❛ss✐✜❝❛t✐♦♥✱ ✇❡ ❝❛♥ ❤❛✈❡ s✐❣♥✐✜❝❛♥t ✈❛❧✉❡s ♦❢ t❤❡
♠❛t❝❤✐♥❣ ♣♦ss✐❜✐❧✐t✐❡s✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✱ Π(m1,m2) =
0.9 ❛♥❞ Π(m1,m3) = 0.26✳ ❋✐❣✳ ✷ s❤♦✇s ❞✐✛❡r❡♥t ✐♥✐t✐❛❧
❞✐s♣❛r✐t② ♠❛♣s ❢♦r ❚s✉❦✉❜❛ st❡r❡♦ ♣❛✐r ✉s✐♥❣ ❝♦♥✜❞❡♥❝❡
❞❡❣r❡❡s ✇✐t❤ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ t❤❡ s❝❛❧✐♥❣ ❝♦♥st❛♥t λ ✉s❡❞
✐♥ ✭✻✮✳ ❇❡st ✐♥✐t✐❛❧ ❞✐s♣❛r✐t② ♠❛♣ ✐s ❢♦✉♥❞ ✉s✐♥❣ λ = 1✳

❋✐❣✳ ✸ ✭❛✮ ❛♥❞ ✭❜✮ s❤♦✇ ❛ ♣❛✐r ♦❢ s②♥t❤❡t✐❝ ✐♠❛❣❡s ✇✐t❤
r❛♥❞♦♠ ♥♦✐s❡✳ ❋✐❣✳ ✸ ✭❝✮ ✐s t❤❡ t❤❡♦r❡t✐❝❛❧ ❞✐s♣❛r✐t② ♠❛♣✳
❋✐❣✳ ✹ ❙❤♦✇s ❞✐s♣❛r✐t② ♠❛♣s ❣❡♥❡r❛t❡❞ ❜② ♦✉r ❛❧❣♦r✐t❤♠
✉s✐♥❣ 4 × 4✱ 12 × 12✱ 18 × 18 ❛♥❞ 24 × 24 ❧♦❝❛❧ s✉♣♣♦rt



❆ ❚❤❡♦r② ♦❢ P♦ss✐❜✐❧✐t② ❢♦r ❘❡❧✐❛❜❧❡ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❙❡❛r❝❤ ✹

❋✐❣✳ ✷✳ ■♥✐t✐❛❧ ❞✐s♣❛r✐t② ♠❛♣s ❢♦✉♥❞ ✉s✐♥❣ ✭❢r♦♠ t❤❡ ❧❡❢t t♦
t❤❡ r✐❣❤t✮ λ = 0.5✱λ = 1 ❛♥❞ λ = 0.5

❋✐❣✳ ✸✳ ❙②♥t❤❡t✐❝ s❝❡♥❡✱ ✺✵✪ ❞❡♥s✐t② ✭❛✮ r❡❢❡r❡♥❝❡ ✐♠❛❣❡✱
✭❜✮ r✐❣❤t ✐♠❛❣❡✱ ✭❝✮ tr✉❡ ❞✐s♣❛r✐t②✱ ❜❧❛❝❦ ❛r❡❛s ❛r❡
♦❝❝❧✉❞❡❞

❋✐❣✳ ✹✳ ❉✐s♣❛r✐t② ♠❛♣s ❢♦✉♥❞ ✉s✐♥❣ ✭❢r♦♠ t❤❡ ❧❡❢t t♦ t❤❡
r✐❣❤t✮ 4×4✱ 12×12✱ 18×18✱ ❛♥❞ 24×24 ❧♦❝❛❧ s✉♣♣♦rt✱
❜❧❛❝❦ ❛r❡❛s ❛r❡ ❞❡t❡❝t❡❞ ♦❝❝❧✉s✐♦♥s✳

✇✐♥❞♦✇✳ ❚❤❡ ❜❡st ❞✐s♣❛r✐t② ♠❛♣ ✐s ❢♦✉♥❞ ✉s✐♥❣ 12×12 ❧♦❝❛❧
s✉♣♣♦rt ✇✐♥❞♦✇✳ ❋♦r ❛❧❧ ♥❡①t ❡①♣❡r✐♠❡♥ts ✇❡ s❡t λ = 1 ❛♥❞
✉s❡ ❛ 12× 12 ❧♦❝❛❧ s✉♣♣♦rt ✇✐♥❞♦✇ ✭w = 6✮✳

❚♦ ❡✈❛❧✉❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♦✉r st❡r❡♦ ♠❛t❝❤✐♥❣ ❛♣✲
♣r♦❛❝❤✱ ✇❡ ✉s❡❞ ❛ t❡st ❜❡❞ ♣r♦♣♦s❡❞ ❜② ❙❤❝❛rst❡✐♥ ❛♥❞
❙③❡❧✐s❦✐ ✭❙❝❤❛rst❡✐♥ ✫ ❙③❡❧✐s❦✐✱ ✷✵✵✷✮ ❛♥❞ ✉♣❞❛t❡❞ ❜② ❨♦♦♥
❡t ❛❧✳ ✐♥ ✭❨♦♦♥ ✫ ❑✇❡♦♥✱ ✷✵✵✺✮✳ ❲❡ ❡✈❛❧✉❛t❡❞ t❤❡ ♣r♦♣♦s❡❞
❛♣♣r♦❛❝❤ ♦♥ t❤❡s❡ t❡st ❞❛t❛ s❡ts✿ ❚s✉❦✉❜❛✱ ❱❡♥✉s✱ ❙❛✇✲
t♦♦t❤ ❛♥❞ ▼❛♣✳ ❚❤❡ ❡rr♦r r❛t❡✱ ❞❡✜♥❡❞ ❜② ❙❝❤❛rst❡✐♥ ❛♥❞
❙③❡❧✐s❦✐ ✐♥ ✭❙❝❤❛rst❡✐♥ ✫ ❙③❡❧✐s❦✐✱ ✷✵✵✷✮✱ ♠❡❛s✉r❡s t❤❡ ♣❡r✲
❝❡♥t❛❣❡ ♦❢ ♣✐①❡❧s ✐♥ ✇❤✐❝❤ t❤❡ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
t❤❡ r❡s✉❧t ❛♥❞ t❤❡ t❤❡♦r❡t✐❝❛❧ ❞✐s♣❛r✐t② ♠❛♣ ✐s ❣r❡❛t❡r
t❤❛♥ ✶ ♣✐①❡❧✳ ■t ♣r♦✈✐❞❡s ❛ ✉s❡❢✉❧ q✉❛❧✐t❛t✐✈❡ ♠❡❛s✉r❡ ❢♦r
♣❡r❢♦r♠❛♥❝❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❛❧❣♦r✐t❤♠s✳

❋✐❣✳ ✺ s❤♦✇s t❤❡ r❡s✉❧ts ♦❢ st❡r❡♦ ♠❛t❝❤✐♥❣ ❢♦r t❤❡ ❢♦✉r
st❛♥❞❛r❞ st❡r❡♦ ✐♠❛❣❡s✳ ❋♦r ❝♦♠♣❛r✐s♦♥✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡
r❡s✉❧ts ♦❢ ✇✐♥❞♦✇ ❜❛s❡❞ ♠❡t❤♦❞s✳ ❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t
♦✉r ❛❧❣♦r✐t❤♠ ❛❝❤✐❡✈❡s ❛ ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❝♦♥✈❡♥✲
t✐♦♥❛❧❧② ❝❤❛❧❧❡♥❣✐♥❣ r❡❣✐♦♥s s✉❝❤ ❛s ✉♥t❡①t✉r❡❞ ❛♥❞ ❞✐s✲
❝♦♥t✐♥✉❡❞ r❡❣✐♦♥s✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❡✣❝✐❡♥t ❝❛❧❝✉❧✉s ♦❢
t❤❡ s✉♣♣♦rt ✇❡✐❣❤ts ✐♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ ✇✐♥❞♦✇ ❛♥❞ ❢✉③③②
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❛♥❞ ✉♥t❡①t✉r❡❞ r❡❣✐♦♥s✳ ❚❤❡ r❡s✉❧ts ❞❡♠♦♥str❛t❡ t❤❛t t❤❡
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■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ❤❛✈❡ ♣r♦♣♦s❡❞ ❛ t❤❡♦r② ♦❢ ♣♦ss✐❜✐❧✐t② t♦
❡st✐♠❛t❡ ✐♥✐t✐❛❧ ❞✐s♣❛r✐t✐❡s✳ ❲❡ ❞❡✜♥❡❞ ❛ s✉♣♣♦rt✲✇❡✐❣❤t
❢✉♥❝t✐♦♥ ❜❛s❡❞ ♦♥ ❡st✐♠❛t❡❞ ❞✐s♣❛r✐t✐❡s✳ ❲❡ ✉s❡❞ t❤❡
♣r♦♣♦s❡❞ s✉♣♣♦rt✲✇❡✐❣❤ts ✐♥ ❛♥ ❛❣❣r❡❣❛t✐♦♥ ❢✉♥❝t✐♦♥ t♦
✜♥❞ ✜♥❛❧ ❞✐s♣❛r✐t② ♠❛♣✳ ❚❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠ ❡①♣❧✐❝✐t❧②
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♣✉t❡r ❱✐s✐♦♥✱ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥✱ ■P❈❱✬✶✵✱ ❏✉❧② ✶✷✲✶✺✱
✷✵✶✵✱ ▲❛s ❱❡❣❛s ◆❡✈❛❞❛✱ ❯❙❆✱ ✷✵✶✵✳

❩✳ ●✉✱ ❳✳ ❙✉✱ ❨✳ ▲✐✉✱ ◗✳ ❩❤❛♥❣✳ ✧▲♦❝❛❧ st❡r❡♦ ♠❛t❝❤✲
✐♥❣ ✇✐t❤ ❛❞❛♣t✐✈❡ s✉♣♣♦rt✲✇❡✐❣❤t✱ r❛♥❦ tr❛♥s❢♦r♠ ❛♥❞
❞✐s♣❛r✐t② ❝❛❧✐❜r❛t✐♦♥✱✧ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ▲❡tt❡rs✱ ✈✳✷✾
♥✳✾✱ ♣✳✶✷✸✵✲✶✷✸✺✱ ❏✉❧② ✷✵✵✽✳

❲✳ ❍♦✛ ❛♥❞ ❆✳ ◆❛r❡♥❞r❛✱ ✏❙✉r❢❛❝❡s ❢r♦♠ st❡r❡♦✿ ✐♥t❡❣r❛t✲
✐♥❣ ❢❡❛t✉r❡ ♠❛t❝❤✐♥❣✱ ❞✐s♣❛r✐t② ❡st✐♠❛t✐♦♥✱ ❛♥❞ ❝♦♥t♦✉r
❞❡t❡❝t✐♦♥✱✑ ■❊❊❊ tr❛♥s❛❝t✐♦♥s ♦♥ ♣❛tt❡r♥ ❛♥❛❧②s✐s ❛♥❞
♠❛❝❤✐♥❡ ✐♥t❡❧❧✐❣❡♥❝❡✱ ✈♦❧✳ ✶✶✱ ✶✾✽✾✱ ♣♣✳ ✶✷✶✲✶✸✻✳

▼✳ ▲❡✈✐♥❡✱ ❉✳ ❆✳ ❖✬❍❛♥❞❡❧❡②✱ ❛♥❞ ●✳ ▼✳ ❨❛❣✐✱ ✏❈♦♠♣✉t❡r
❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❞❡♣t❤ ♠❛♣s✱✑ ❈♦♠♣✉t❡r ●r❛♣❤✐❝s ❛♥❞
■♠❛❣❡ Pr♦❝❡ss✐♥❣✱ ✈♦❧✳ ✷✱ ✶✾✼✸✱ ♣♣✳ ✶✸✶✲✶✺✵✳

●✳ ▲✉♦✱ ❳✳ ❨❛♥❣✱ ◗✳ ❳✉✱ ✏❋❛st ❙t❡r❡♦ ▼❛t❝❤✐♥❣ ❆❧❣♦r✐t❤♠
❯s✐♥❣ ❆❞❛♣t✐✈❡ ❲✐♥❞♦✇ ■♥❢♦r♠❛t✐♦♥✱✑ ❚❤❡ ✷✵✵✽ ■♥t❡r✲
♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠s ♦♥ ■♥❢♦r♠❛t✐♦♥ Pr♦❝❡ss✐♥❣ ✭■❙■P✮✱
✷✸✲✷✺ ▼❛② ✷✵✵✽✱ ♣♣✳ ✷✺✕✸✵

❙✳ ▼❛tt♦❝❝✐❛✱ ✏❋❛st ❧♦❝❛❧❧② ❝♦♥s✐st❡♥t ❞❡♥s❡ st❡r❡♦ ♦♥
♠✉❧t✐❝♦r❡✱ ✑ ❙✐①t❤ ■❊❊❊ ❊♠❜❡❞❞❡❞ ❈♦♠♣✉t❡r ❱✐s✐♦♥
❲♦r❦s❤♦♣ ✭❊❈❱❲✷✵✶✵✮✱ ❈❱P❘ ✇♦r❦s❤♦♣✱ ❏✉♥❡ ✶✸✱
✷✵✶✵✱ ❙❛♥ ❋r❛♥❝✐s❝♦✱ ❯❙❆✳

▼✳ ❉✳ ▼❡❞❡✐r♦s✱ ▲✳ ▼✳ ●♦♥ç❛❧✈❡s✱ ❛♥❞ ❆✳ ❈✳ ❋r❡r②✱
✏❯s✐♥❣ ❋✉③③② ▲♦❣✐❝ t♦ ❊♥❤❛♥❝❡ ❙t❡r❡♦ ▼❛t❝❤✐♥❣ ✐♥
▼✉❧t✐r❡s♦❧✉t✐♦♥ ■♠❛❣❡s✱✑ ❙❡♥s♦rs✱ ✈♦❧✳ ✶✵✱ ✷✵✶✵✱ ♣♣✳
✶✵✾✸✲✶✶✶✽✳

❑✳ ▼ü❤❧♠❛♥♥✱ ❉✳ ▼❛✐❡r✱ ❏✳ ❍❡ss❡r✱ ❛♥❞ ❘✳ ▼ä♥♥❡r✱ ✏❈❛❧✲
❝✉❧❛t✐♥❣ ❉❡♥s❡ ❉✐s♣❛r✐t② ▼❛♣s ❢r♦♠ ❈♦❧♦r ❙t❡r❡♦ ■♠✲
❛❣❡s✱ ❛♥ ❊✣❝✐❡♥t ■♠♣❧❡♠❡♥t❛t✐♦♥✱✑ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r✲
♥❛❧ ♦❢ ❈♦♠♣✉t❡r ❱✐s✐♦♥✱ ✈♦❧✳ ✹✼✱ ✷✵✵✷✳ ♣♣✳ ✼✾✲✽✽✳

●✳ ◆✐❡r❛❞❦❛✱ ❇✳ ❙✳ ❇✉t❦✐❡✇✐❝③✱ ✏❋❡❛t✉r❡s ❙t❡r❡♦ ▼❛t❝❤✐♥❣
❇❛s❡❞ ♦♥ ❋✉③③② ▲♦❣✐❝✱✑ ■❋❙❆✴❊❯❙❋▲❆❚ ❈♦♥❢❡r❡♥❝❡✱
✶✶✽✽✲✶✶✾✸✱ ✷✵✵✾✳

❉✳ ❏✳ P❛♥t♦♥✱ ✏❆ ✢❡①✐❜❧❡ ❛♣♣r♦❛❝❤ t♦ ❞✐❣✐t❛❧ st❡r❡♦ ♠❛♣✲
♣✐♥❣✱✑ P❤♦t♦❣r❛♠✳ ❊♥❣✳ ❘❡♠♦t❡ ❙❡♥s✐♥❣✳ ❱♦❧ ✹✹✱ ♥♦✳ ✶✷✱
❉❡❝✳ ✶✾✼✽✳ ♣♣✳ ✶✹✾✾✲✶✺✶✷✳

❑✳ P❛r❞③♥②✱ ✏❉❡t❡❝t✐♦♥ ♦❢ ❜✐♥♦❝✉❧❛r ❞✐s♣❛r✐t✐❡s✱✑ ❇✐♦❧♦❣✐❝❛❧
❈②❜❡r♥✳✱ ✈♦❧ ✺✷✱ ✶✾✽✺✱ ♣♣✳ ✾✸✲✾✾✳

❉✳ ❙❝❤❛rst❡✐♥ ❛♥❞ ❘✳ ❙③❡❧✐s❦✐✱ ✏❆ ❚❛①♦♥♦♠② ❛♥❞ ❊✈❛❧✉❛✲
t✐♦♥ ♦❢ ❉❡♥s❡ ❚✇♦✲❋r❛♠❡ ❙t❡r❡♦ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❆❧❣♦✲
r✐t❤♠s✱✑ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❈♦♠♣✉t❡r ❱✐s✐♦♥✱ ✈♦❧✳
✹✼✱ ✷✵✵✷✱ ♣♣✳ ✼✲✹✷✳

▼✳ ❙✐③✐♥ts❡✈ ❛♥❞ ❘✳ P✳ ❲✐❧❞❡s✱ ✏❆ ❈♦❛rs❡✲t♦✲✜♥❡ st❡r❡♦
✈✐s✐♦♥ ✇✐t❤ ❛❝❝✉r❛t❡ ✸❉ ❜♦✉♥❞❛r✐❡s✱✑ ■♠❛❣❡ ❛♥❞ ❱✐s✐♦♥
❈♦♠♣✉t✐♥❣✱ ✈♦❧✳ ✷✽✱ ✷✵✶✵✱ ♣♣✳ ✸✺✷✲✸✻✻✳✳

❖✳ ❱❡❦s❧❡r✱ ✏❙t❡r❡♦ ♠❛t❝❤✐♥❣ ❜② ❝♦♠♣❛❝t ✇✐♥❞♦✇s ✈✐❛ ♠✐♥✲
✐♠✉♠ r❛t✐♦ ❝②❝❧❡✱✑ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦❢ ❈♦♠✲
♣✉t❡r ❱✐s✐♦♥✱ ✷✵✵✶✱ ♣♣✳ ✺✹✵✲✺✹✼✳

❖✳ ❱❡❦s❧❡r✱ ✏❙t❡r❡♦ ❈♦rr❡s♣♦♥❞❡♥❝❡ ✇✐t❤ ❈♦♠♣❛❝t ❲✐♥✲
❞♦✇s ✈✐❛ ▼✐♥✐♠✉♠ ❘❛t✐♦ ❈②❝❧❡✱✑ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s
♦♥ P❛tt❡r♥ ❆♥❛❧②s✐s ❛♥❞ ▼❛❝❤✐♥❡ ■♥t❡❧❧✐❣❡♥❝❡✱ ✈♦❧✳ ✷✹✱
✷✵✵✷✳

❖✳ ❱❡❦s❧❡r✱ ✏❋❛st ❱❛r✐❛❜❧❡ ❲✐♥❞♦✇ ❢♦r ❙t❡r❡♦ ❈♦rr❡s♣♦♥✲
❞❡♥❝❡ ✉s✐♥❣ ■♥t❡❣r❛❧ ■♠❛❣❡s✱✑ ■❊❊❊ ❈♦♠♣✉t❡r ❙♦❝✐❡t②
❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦♠♣✉t❡r ❱✐s✐♦♥ ❛♥❞ P❛tt❡r♥ ❘❡❝♦❣♥✐✲
t✐♦♥✱ ❱♦❧✳ ■✱ ✷✵✵✸✱ ♣♣✳✺✺✻✲✺✻✶✳

❖✳ ❱❡❦s❧❡r✱ ✏❙t❡r❡♦ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❜② ❉②♥❛♠✐❝ Pr♦❣r❛♠✲
♠✐♥❣ ♦♥ ❛ ❚r❡❡✱✑ ■❊❊❊ ❈♦♠♣✉t❡r ❙♦❝✐❡t② ❈♦♥❢❡r❡♥❝❡ ♦♥
❈♦♠♣✉t❡r ❱✐s✐♦♥ ❛♥❞ P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ✭❈❱P❘✬✵✺✮✱
✷✵✵✺✱ ♣♣✳ ✸✽✹✲✸✾✵✳

❑✳ ❏✳ ❨♦♦♥✱ ❛♥❞ ■✳ ❙✳ ❑✇❡♦♥✱ ✏▲♦❝❛❧❧② ❆❞❛♣t✐✈❡ ❙✉♣♣♦rt✲
❲❡✐❣❤t ❆♣♣r♦❛❝❤ ❢♦r ❱✐s✉❛❧ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❙❡❛r❝❤✑
■❊❊❊ ❈♦♥❢❡r❡♥❝❡ Pr♦❝❡❡❞✐♥❣s ♦❢ ❈♦♠♣✉t❡r ❱✐s✐♦♥ ❛♥❞
P❛tt❡r♥ ❘❡❝♦❣♥✐t✐♦♥ ✭❈❱P❘✵✺✮✱ ✈♦❧✉♠❡ ✷✱ ❙❛♥ ❉✐❡❣♦✱
❯❙❆✱ ❏✉♥❡ ✷✵✵✺✱ ♣♣✳ ✾✷✹✲✾✸✶✳

❑✳ ❨♦♦♥ ❛♥❞ ■✳ ❙✳ ❑✇❡♦♥✱ ✏❆❞❛♣t✐✈❡ ❙✉♣♣♦rt✲❲❡✐❣❤t ❆♣✲
♣r♦❛❝❤ ❢♦r ❈♦rr❡s♣♦♥❞❡♥❝❡ ❙❡❛r❝❤✱✑ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s
♦♥ P❛tt❡r♥ ❆♥❛❧②s✐s ❛♥❞ ▼❛❝❤✐♥❡ ■♥t❡❧❧✐❣❡♥❝❡✱ ✈♦❧✳ ✷✽✱
✷✵✵✻✱ ♣♣✳ ✻✺✵✲✻✺✻✳

P✳ ❋✉❛✱ ✧❆ ♣❛r❛❧❧❡❧ st❡r❡♦ ❛❧❣♦r✐t❤♠ t❤❛t ♣r♦❞✉❝❡s ❞❡♥s❡
❞❡♣t❤ ♠❛♣s ❛♥❞ ♣r❡s❡r✈❡s ✐♠❛❣❡ ❢❡❛t✉r❡s✱✧ ▼❛❝❤✐♥❡
❱✐s✐♦♥ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s✱ ✈♦❧✳ ✻✱ ✶✾✾✸✱ ♣♣✳ ✸✺✲✹✾✳

◗✳ ❨❛♥❣✱ ▲✳ ❲❛♥❣✱ ❘✳ ❨❛♥❣✱ ❍✳ ❙t❡✇é♥✐✉s✱ ❛♥❞ ❉✳ ◆✐stér✱
✏❙t❡r❡♦ ▼❛t❝❤✐♥❣ ✇✐t❤ ❈♦❧♦r✲❲❡✐❣❤t❡❞ ❈♦rr❡❧❛t✐♦♥✱ ❍✐✲
❡r❛r❝❤✐❝❛❧ ❇❡❧✐❡❢ Pr♦♣❛❣❛t✐♦♥✱ ❛♥❞ ❖❝❝❧✉s✐♦♥ ❍❛♥❞❧✐♥❣✱✑
■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ P❛tt❡r♥ ❆♥❛❧②s✐s ❛♥❞ ▼❛❝❤✐♥❡
■♥t❡❧❧✐❣❡♥❝❡✱ ✈♦❧✳ ✸✶✱ ■ss✉❡ ✸✱ ✷✵✵✾✳ ♣♣✳ ✹✾✷✲✺✵✹✳

❩✳ ❩❤❛✐✱ ❨✳ ▲✉✱ ❛♥❞ ❍✳ ❩❤❛♦✱ ✏❙t❡r❡♦ ▼❛t❝❤✐♥❣ ✇✐t❤
❆❞❛♣t✐✈❡ ❆r❜✐tr❛r② ❙✉♣♣♦rt✲P✐①❡❧ ❙❡t ❛♥❞ ❆❞❛♣t✐✈❡
❙✉♣♣♦rt✲❲❡✐❣❤t✱ ✑ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥
♦♥ ❈♦♠♣✉t❛t✐♦♥❛❧ ■♥t❡❧❧✐❣❡♥❝❡ ❛♥❞ ❙❡❝✉r✐t②✱ ❇❡✐❥✐♥❣✱
❈❤✐♥❛✳ ❉❡❝❡♠❜❡r ✶✶✲✶✹✱ ✈♦❧✳ ✶✱ ♣♣✳✺✾✽✲✻✵✷✱ ✷✵✵✾

❆❯❚❍❖❘❙ P❘❖❋■▲❊

❍❛②t❤❡♠ ●❤❛③♦✉❛♥✐ r❡❝❡✐✈❡❞ ❤✐s ▼❛st❡r✬s ❉❡❣r❡❡ ✐♥
❈♦♠♣✉t❡r ❙❝✐❡♥❝❡ ❢r♦♠ t❤❡ ◆❛t✐♦♥❛❧ ❙❝❤♦♦❧ ❢♦r ❈♦♠♣✉t❡r
❙t✉❞✐❡s ♦❢ ❚✉♥✐s✱ ❚✉♥✐s✐❛✱ ✐♥ ✷✵✵✻✳ ❍✐s r❡s❡❛r❝❤ ✐♥t❡r❡st
✐♥❝❧✉❞❡s r♦❜♦t✐❝s✱ ❝♦♠♣✉t❡r ✈✐s✐♦♥ ❛♥❞ ❛rt✐✜❝✐❛❧ ✐♥t❡❧❧✐✲
❣❡♥❝❡✳ ❍❡ ✐s ❝✉rr❡♥t❧② ❛ P❤✳❉✳ st✉❞❡♥t ✐♥ t❤❡ ❯♥✐✈❡rs✐t②



❆ ❚❤❡♦r② ♦❢ P♦ss✐❜✐❧✐t② ❢♦r ❘❡❧✐❛❜❧❡ ❈♦rr❡s♣♦♥❞❡♥❝❡ ❙❡❛r❝❤ ✻

♦❢ ▼♦♥t♣❡❧❧✐❡r ■■✱ ❋r❛♥❝❡ ❛♥❞ t❤❡ t❤❡ ◆❛t✐♦♥❛❧ ❙❝❤♦♦❧
❢♦r ❈♦♠♣✉t❡r ❙t✉❞✐❡s ♦❢ ❚✉♥✐s✱ ❚✉♥✐s✐❛✳ ❍✐s ❝✉rr❡♥t r❡✲
s❡❛r❝❤ ✐♥t❡r❡st ✐♥❝❧✉❞❡s r♦❜♦t ♥❛✈✐❣❛t✐♦♥ ✉s✐♥❣ st❡r❡♦ ✈✐✲
s✐♦♥✱ r♦❜♦t ❝♦♦♣❡r❛t✐♦♥ ❛♥❞ ♠❛♣ ❜✉✐❧❞✐♥❣✳

▼♦♥❝❡❢ ❚❛❣✐♥❛ ✐s ♣r♦❢❡ss♦r ♦❢ ❈♦♠♣✉t❡r ❙❝✐❡♥❝❡ ❛t
t❤❡ t❤❡ ◆❛t✐♦♥❛❧ ❙❝❤♦♦❧ ❢♦r ❈♦♠♣✉t❡r ❙t✉❞✐❡s ♦❢ ❚✉♥✐s✱
❚✉♥✐s✐❛✳ ❍❡ r❡❝❡✐✈❡❞ t❤❡ P❤✳❉✳ ✐♥ ■♥❞✉str✐❛❧ ❈♦♠♣✉t❡r
❙❝✐❡♥❝❡ ❢r♦♠ ❈❡♥tr❛❧ ❙❝❤♦♦❧ ♦❢ ▲✐❧❧❡✱ ❋r❛♥❝❡✱ ✐♥ ✶✾✾✺✳ ❍❡
❤❡❛❞s r❡s❡❛r❝❤ ❛❝t✐✈✐t✐❡s ❛t ▲■✸ ▲❛❜♦r❛t♦r② ✐♥ ❚✉♥✐s✐❛
✭▲❛❜♦r❛t♦✐r❡ ❞✬■♥❣é♥✐❡r✐❡ ■♥❢♦r♠❛t✐q✉❡ ■♥t❡❧❧✐❣❡♥t❡✮ ♦♥
▼❡t❛❤❡✉r✐st✐❝s✱ ❉✐❛❣♥♦st✐❝✱ ♣r♦❞✉❝t✐♦♥✱ ❙❝❤❡❞✉❧✐♥❣ ❛♥❞
r♦❜♦t✐❝s✳

❘❡♥é ❩❛♣❛t❛ ✐s ♣r♦❢❡ss♦r ❛t t❤❡ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ▼♦♥t✲
♣❡❧❧✐❡r ■■✱ ❋r❛♥❝❡✳ ❍❡ ❤❡❛❞s r❡s❡❛r❝❤ ❛❝t✐✈✐t✐❡s ❛t ▲■❘▼▼
▲❛❜♦r❛t♦r② ✭▲❛❜♦r❛t♦✐r❡ ❞✬■♥❢♦r♠❛t✐q✉❡✱ ❞❡ ❘♦❜♦t✐q✉❡
❡t ❞❡ ▼✐❝r♦ ❊❧❡❝tr♦♥✐q✉❡ ❞❡ ▼♦♥t♣❡❧❧✐❡r✮ ♦♥ ❤✉♠❛♥♦ï❞
r♦❜♦ts✱ r♦❜♦t ♣❧❛♥✐✜❝❛t✐♦♥✱ ✈✐s✐♦♥✱ ♠❛♣ ❜✉✐❧❞✐♥❣ ❛♥❞ ❧♦✲
❝❛❧✐③❛t✐♦♥✳


