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1❈❡♥tr❡ ❇♦r❡❧❧✐✱ ❯♥✐✈❡rs✐té P❛r✐s✲❙❛❝❧❛②✱ ❊◆❙ P❛r✐s✲❙❛❝❧❛②✱ ❋r❛♥❝❡ ❈▼▲❆✱ ✭❣r♦♠♣♦♥❡❅❡♥s✲♣❛r✐s✲s❛❝❧❛②✳❢r✮
2■■❊✱ ❋✐♥❣✱ ❯❞❡❧❛❘✱ ❯r✉❣✉❛② ✭r❛♥❞❛❧❧❅❢✐♥❣✳❡❞✉✳✉②✮

❈♦♠♠✉♥✐❝❛t❡❞ ❜② ❚❤✐❜❛✉❞ ❊❤r❡t ❉❡♠♦ ❡❞✐t❡❞ ❜② ❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐

❆❜str❛❝t

❚❤✐s ✇♦r❦ ❞❡s❝r✐❜❡s ❉❡①✐◆❡❞✱ ❛ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥ ♣r♦♣♦s❡❞
❜② ❳❛✈✐❡r ❙♦r✐❛✱ ❊❞❣❛r ❘✐❜❛ ❛♥❞ ❆♥❣❡❧ ❙❛♣♣❛ ✐♥ ❬■❊❊❊ ❲✐♥t❡r ❈♦♥❢❡r❡♥❝❡ ♦♥ ❆♣♣❧✐❝❛t✐♦♥s ♦❢
❈♦♠♣✉t❡r ❱✐s✐♦♥ ✭❲❆❈❱✮✱ ✷✵✷✵❪✳ ❚❤❡ ♥❡t✇♦r❦ ✐s ♦r❣❛♥✐③❡❞ ✐♥ ❜❧♦❝❦s t❤❛t ❡①tr❛❝t ❡❞❣❡s ❛t
❞✐✛❡r❡♥t r❡s♦❧✉t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ t❤❡♥ ♠❡r❣❡❞ t♦ ♣r♦❞✉❝❡ ❛ ♠✉❧t✐s❝❛❧❡ ❡❞❣❡ ♠❛♣✳ ❋♦r tr❛✐♥✐♥❣✱ t❤❡
❛✉t❤♦rs ✐♥tr♦❞✉❝❡❞ ❛♥ ❛♥♥♦t❛t❡❞ ❞❛t❛s❡t ✭❇■P❊❉✮ s♣❡❝✐✜❝❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥✳ ❲❡
♣❡r❢♦r♠ ❛ ❜r✐❡❢ ❛♥❛❧②s✐s ♦❢ t❤❡ r❡s✉❧ts ♣r♦❞✉❝❡❞ ❜② ❉❡①✐◆❡❞✱ ❤✐❣❤❧✐❣❤t✐♥❣ ✐ts q✉❛❧✐t② ❜✉t ❛❧s♦
✐♥❞✐❝❛t✐♥❣ ✐ts ❧✐♠✐t❛t✐♦♥s✳ ❖✈❡r❛❧❧✱ ❉❡①✐◆❡❞ ♣r♦❞✉❝❡s st❛t❡✲♦❢✲t❤❡✲❛rt r❡s✉❧ts✳

❙♦✉r❝❡ ❈♦❞❡

❚❤❡ s♦✉r❝❡ ❝♦❞❡ ❛♥❞ ❞♦❝✉♠❡♥t❛t✐♦♥ ❢♦r t❤✐s ❛❧❣♦r✐t❤♠ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ✇❡❜ ♣❛❣❡ ♦❢ t❤✐s
❛rt✐❝❧❡✶✳ ❯s❛❣❡ ✐♥str✉❝t✐♦♥s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❘❊❆❉▼❊✳t①t ✜❧❡ ♦❢ t❤❡ ❛r❝❤✐✈❡✳ ❚❤✐s ❝♦❞❡ ✐s ❛
♠✐♥♦r ♠♦❞✐✜❝❛t✐♦♥ ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ❝♦❞❡ ♦❢ ❉❡①✐◆❡❞ ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ❵❧❡❣❛❝②✬ ❞✐r❡❝t♦r② ♦❢ t❤❡
♦r✐❣✐♥❛❧ ●✐t❍✉❜ r❡♣♦s✐t♦r②✷✳
❚❤✐s ✐s ❛♥ ▼▲❇r✐❡❢s ❛rt✐❝❧❡✱ t❤❡ s♦✉r❝❡ ❝♦❞❡ ❤❛s ♥♦t ❜❡❡♥ r❡✈✐❡✇❡❞✦

❑❡②✇♦r❞s✿ ✐♠❛❣❡ ❡❞❣❡ ❞❡t❡❝t✐♦♥❀ ♥❡✉r❛❧ ♥❡t✇♦r❦❀ ❍❊❉❀ ❳❝❡♣t✐♦♥

✶ ■♥tr♦❞✉❝t✐♦♥

❊❞❣❡ ❞❡t❡❝t✐♦♥ ✐s ❛ ❝❧❛ss✐❝ ♣r♦❜❧❡♠ ✐♥ ❝♦♠♣✉t❡r ✈✐s✐♦♥ ❛♥❞ t❤❡r❡ ✐s ❛♥ ❡①t❡♥s✐✈❡ ❧✐t❡r❛t✉r❡ ❞❡s❝r✐❜✐♥❣
♠❡t❤♦❞s✱ ♠❡tr✐❝s ❛♥❞ ❝♦♠♣❛r✐s♦♥s ❬✺❪✳ ■♥ t❤✐s ✇♦r❦ ✇❡ ✇✐❧❧ ❢♦❝✉s ♦♥ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥
◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥ ✭❉❡①✐◆❡❞✮ ♣r♦♣♦s❡❞ ❜② ❳❛✈✐❡r ❙♦r✐❛✱ ❊❞❣❛r ❘✐❜❛ ❛♥❞ ❆♥❣❡❧ ❙❛♣♣❛ ❬✼❪✳
❉❡①✐◆❡❞ ✇❛s ✐♥s♣✐r❡❞ ✐♥ t❤❡ ❍❊❉ ❬✶✵❪ ❛♥❞ ❳❝❡♣t✐♦♥ ❬✷❪ ♥❡✉r❛❧ ♥❡t✇♦r❦s✳ ❚❤❡ ❢♦r♠❡r ✐s ❛ ♠✉❧t✐s❝❛❧❡
❡❞❣❡ ❞❡t❡❝t✐♦♥ ♠❡t❤♦❞ t❤❛t ✉s❡s t❤❡ ❱●●✶✻ ❬✻❪ ❛r❝❤✐t❡❝t✉r❡ ❛s ❛ ❜❛❝❦❜♦♥❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
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t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ✐❞❡❛ ❜❡❤✐♥❞ ❳❝❡♣t✐♦♥ ✐s t♦ ❞❡❝♦✉♣❧❡ t❤❡ s♣❛t✐❛❧ ♣r♦❝❡ss✐♥❣ ❢r♦♠ t❤❡ ✐♥t❡r✲❝❤❛♥♥❡❧
♣r♦❝❡ss✐♥❣❀ t❤✐s ✐s ♦❜t❛✐♥❡❞ ❜② ❈◆◆ ❧❛②❡rs ♣❡r❢♦r♠✐♥❣ s♣❛t✐❛❧ ♦r ✐♥t❡r✲❝❤❛♥♥❡❧ ❝♦♥✈♦❧✉t✐♦♥s ✭❜✉t ♥♦t
❜♦t❤✮ r✉♥♥✐♥❣ ✐♥ ♣❛r❛❧❧❡❧✱ ❛♥❞ t❤❡♥ ♠❡r❣❡❞ ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ❜❧♦❝❦ ❬✷❪✳ ❆s ❍❊❉✱ t❤❡ ❉❡①✐◆❡❞
♥❡t✇♦r❦ ✐s ♦r❣❛♥✐③❡❞ ✐♥ ❜❧♦❝❦s t❤❛t ✇♦r❦ ❛t ❞✐✛❡r❡♥t s❝❛❧❡s ❛♥❞ t❤❡ r❡s✉❧t ✐s ♣r♦❞✉❝❡❞ ❜② t❤❡ ❢✉s✐♦♥
♦❢ t❤❡ ❡❞❣❡s ❞❡t❡❝t❡❞ ❛t ❛❧❧ s❝❛❧❡s✳ ❆s ❳❝❡♣t✐♦♥✱ ❉❡①✐◆❡❞ ✉s❡s ❧❛②❡rs ✐♥ ♣❛r❛❧❧❡❧ ♦❢ s♣❛t✐❛❧ ❛♥❞
✐♥t❡r✲❝❤❛♥♥❡❧ ❝♦♥✈♦❧✉t✐♦♥s❀ ♥❡✈❡rt❤❡❧❡ss t❤❡ ✐♥s♣✐r❛t✐♦♥ ✐s ❧✐♠✐t❡❞ ❜❡❝❛✉s❡✱ ❛s ✇❡ ✇✐❧❧ s❡❡✱ ❉❡①✐◆❡❞
❞♦❡s ♥♦t ❢♦❧❧♦✇ ❝♦♠♣❧❡t❡❧② t❤❡ ❞❡❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ s♣❛t✐❛❧ ❛♥❞ ❝❤❛♥♥❡❧ ♣r♦❝❡ss✐♥❣ ❜② ✉s✐♥❣ s❡♣❛r❛❜❧❡
❝♦♥✈♦❧✉t✐♦♥s ❛s ♣r♦♣♦s❡❞ ✐♥ ❳❝❡♣t✐♦♥✳

❚❤❡ ❛✉t❤♦rs ❡♠♣❤❛s✐③❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ tr❛✐♥✐♥❣ t❤❡ ♥❡t✇♦r❦ ♦♥ ❛ ❞❛t❛s❡t ❛♥♥♦t❛t❡❞ s♣❡❝✐✜❝❛❧❧②
❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥ ✭❜r✐❣❤t✴❞❛r❦ tr❛♥s✐t✐♦♥s ♦♥ t❤❡ ✐♠❛❣❡✮ ❛s ♦♣♣♦s❡❞ t♦ ❜♦✉♥❞❛r②✴❝♦♥t♦✉r ❞❡t❡❝t✐♦♥
✭♦❜❥❡❝t ❢r♦♥t✐❡rs✮ ♦r s❡♠❛♥t✐❝ s❡❣♠❡♥t❛t✐♦♥✳ ❋♦r t❤✐s ❛✐♠✱ t❤❡② ✐♥tr♦❞✉❝❡❞ t❤❡ ❇❛r❝❡❧♦♥❛ ■♠❛❣❡s ❢♦r
P❡r❝❡♣t✉❛❧ ❊❞❣❡ ❉❡t❡❝t✐♦♥ ✭❇■P❊❉✮ ❬✼❪ ✇✐t❤ ❝❛r❡❢✉❧ ❡❞❣❡ ❛♥♥♦t❛t✐♦♥ ♣❡r❢♦r♠❡❞ ❜② ❡①♣❡rts✳ ❉❡①✐◆❡❞
✇❛s tr❛✐♥❡❞ ♦♥ t❤❡ ❇■P❊❉ ❞❛t❛s❡t✳

❉❡①✐◆❡❞ ✇❛s ♦r✐❣✐♥❛❧❧② ✐♥tr♦❞✉❝❡❞ ✐♥ ✷✵✷✵ ❬✼❪✱ ✇✐t❤ t❤❡ s♦✉r❝❡ ❝♦❞❡ ❛♥❞ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs
♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡✳ ❙✐♥❝❡ t❤❡♥✱ t❤❡ ❛✉t❤♦rs ❝♦♥t✐♥✉❡❞ ✇♦r❦✐♥❣ ♦♥ ❉❡①✐◆❡❞✱ ✉♣❞❛t✐♥❣ t❤❡ ❝♦❞❡ ❛♥❞
♣r❡s❡♥t✐♥❣ ❛♥ ✉♣❞❛t❡❞ ♠❛♥✉s❝r✐♣t ❬✾❪✳ ❆t t❤❡ t✐♠❡ ♦❢ t❤✐s ✇r✐t✐♥❣✱ t❤❡ ✉♣❞❛t❡❞ ♠❛♥✉s❝r✐♣t ✐s st✐❧❧
✉♥❞❡r r❡✈✐❡✇ ❛♥❞ t❤❡ r❡✈✐s❡❞ ❝♦❞❡ ✐s ♥♦t ②❡t st❛❜❧❡✳ ❋♦r t❤✐s r❡❛s♦♥✱ ❤❡r❡ ✇❡ ❞❡s❝r✐❜❡ ❛♥❞ ❛♥❛❧②③❡ t❤❡
♦r✐❣✐♥❛❧ ✈❡rs✐♦♥❀ ❛❧❧ t❤❡ ❡①♣❡r✐♠❡♥ts ❞❡s❝r✐❜❡❞ ❤❡r❡ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ✏❧❡❣❛❝②✑ ✈❡rs✐♦♥ ✐♥❝❧✉❞❡❞
✐♥ t❤❡ ❛✉t❤♦r✬s r❡♣♦s✐t♦r② ❬✽❪✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛❧❣♦r✐t❤♠ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❲❆❈❱✷✵✷✵
♣❛♣❡r ❬✼❪ ❛♥❞ ✇❤✐❝❤ t❤❡② r❡❢❡r t♦ ❛s ❉❡①✐◆❡❞✲✈✶✳

✷ ❚❤❡ ❉❡①✐◆❡❞ ▼❡t❤♦❞

❉❡①✐◆❡❞ ✐s ❛♥ ✐♠❛❣❡ ❡❞❣❡ ❞❡t❡❝t♦r ❜❛s❡❞ ♦♥ ❛ ❞❡❡♣ ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ❋✐❣✉r❡ ✶ ♣r❡s❡♥ts t❤❡ ❛r❝❤✐t❡❝t✉r❡✳
❚❤❡ ✐♥♣✉t ✐s ❛ ❝♦❧♦r ✐♠❛❣❡ ✭t❤r❡❡ ❝❤❛♥♥❡❧s✮ ♦❢ H ❝♦❧✉♠♥s ❛♥❞ W r♦✇s✳ ❚❤❡ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs
♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs ❡①♣❡❝t t❤❡ ✐♥♣✉t ✐♠❛❣❡ ✐♥ t❤❡ ❇●❘ ❝❤❛♥♥❡❧ ♦r❞❡r ❛♥❞ t❤❡ ♣✐①❡❧ ✈❛❧✉❡s
❛t ❡❛❝❤ ♣♦s✐t✐♦♥ s❤♦✉❧❞ ❤❛✈❡ ✈❛❧✉❡s ✐♥ [0, 255]❀ t❤❡s❡ ✈❛❧✉❡s ♠✉st ❜❡ ♥♦r♠❛❧✐③❡❞ ❜② s✉❜tr❛❝t✐♥❣ t❤❡
✈❡❝t♦r (103.939, 116.779, 123.68) ❛t ❡❛❝❤ ♣♦s✐t✐♦♥ ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ t❤❡ ✐♠❛❣❡ t♦ t❤❡ ♥❡t✇♦r❦✳ ❚❤❡
✐♥♣✉t ✐♠❛❣❡ ❞✐♠❡♥s✐♦♥s ♠✉st ❜❡ ♠✉❧t✐♣❧❡s ♦❢ ✶✻✳

❉❡①✐◆❡❞ ♣r♦❞✉❝❡s s✐① ✏s✐❞❡ ♦✉t♣✉t✑ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡❞❣❡ ♠❛♣s ♣r♦❞✉❝❡❞ ❛t ❞✐✛❡r❡♥t s❝❛❧❡s❀ ❡❛❝❤
♦♥❡ ✐s ❛♥ H × W ♠❛♣ ✇✐t❤ ✈❛❧✉❡s ❜❡t✇❡❡♥ ③❡r♦ ❛♥❞ ♦♥❡ ✭♦❢t❡♥ ♥♦r♠❛❧✐③❡❞ t♦ [0, 255]✮ ✐♥❞✐❝❛t✐♥❣
t❤❡ ❝♦♥✜❞❡♥❝❡ ♦♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥ ❡❞❣❡ ❛t ❡❛❝❤ ♣♦s✐t✐♦♥✳ ❚❤❡s❡ s✐❞❡ ♦✉t♣✉ts ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s
✐♥t❡r♠❡❞✐❛t❡ r❡s✉❧ts t♦ ❝♦♠♣✉t❡ t❤❡ t✇♦ ♠❛✐♥ ♦✉t♣✉ts✿ t❤❡ ✏❢✉s❡❞ ♦✉t♣✉t✑ ❛♥❞ t❤❡ ✏❛✈❡r❛❣❡ ♦✉t♣✉t✑✳
❚❤❡ ❢✉s❡❞ ♦✉t♣✉t ✐s ♣r♦❞✉❝❡❞ ❜② ❛ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡r ✇✐t❤ ❛ 1 × 1 ❦❡r♥❡❧ t❛❦✐♥❣ ❛s ✐♥♣✉ts t❤❡ s✐①
s✐❞❡ ♦✉t♣✉ts✳ ❚❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ✐s ❝♦♠♣✉t❡❞ ❛s t❤❡ ♠❡❛♥ ❜❡t✇❡❡♥ ❛❧❧ t❤❡ s✐❞❡ ♦✉t♣✉ts ❛♥❞ t❤❡
❢✉s❡❞ ♦✉t♣✉t✳ ❋✐❣✉r❡ ✷ ✐❧❧✉str❛t❡s t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ ♠❛✐♥ ♦✉t♣✉ts ♦❢ ❉❡①✐◆❡❞ ♦♥ ❛ s❛♠♣❧❡ ✐♠❛❣❡
✭❋✐❣✉r❡ ✸ s❤♦✇s t❤❡ s❛♠❡ ♦✉t♣✉ts ❢♦r ❛ ❞✐✛❡r❡♥t s❡t ♦❢ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs✱ ❛s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✸✮✳

❚❤❡ ❉❡①✐◆❡❞ ♥❡t✇♦r❦ ✐s ❛rr❛♥❣❡❞ ✐♥t♦ s✐① ❜❧♦❝❦s✱ ❡❛❝❤ ♦♥❡ ❝♦♠♣♦s❡❞ ♦❢ ❛ r❡♣❡t✐t✐♦♥ ♦❢ s✉❜✲❜❧♦❝❦s✱
❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤❡ ✜rst ❜❧♦❝❦ t❛❦❡s ❛s ✐♥♣✉t t❤❡ t❤r❡❡ ❝❤❛♥♥❡❧ ✐♥♣✉t ✐♠❛❣❡✳ ❊❛❝❤ s✉❜✲
❜❧♦❝❦ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡r ✇✐t❤ ❛ 3×3 ❦❡r♥❡❧ ✭❣r❡❡♥ ❜♦①❡s✮✱ ❜❛t❝❤ ♥♦r♠❛❧✐③❛t✐♦♥ ❛♥❞
❘❡▲❯ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥s ✭②❡❧❧♦✇ ❜♦①❡s✮✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❝❤❛♥♥❡❧s ✐♥ ❡❛❝❤ s✉❜✲❜❧♦❝❦ ✐s ✐♥❞✐❝❛t❡❞ ✐♥
t❤❡ s❝❤❡♠❡✳ ◆♦t❡ t❤❛t t❤❡r❡ ❛r❡ s♦♠❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡s❡ s✐① ❜❧♦❝❦s❀ ✐♥ ♣❛rt✐❝✉❧❛r
t❤❡ ✜rst t✇♦ ❜❧♦❝❦s ❛r❡ q✉✐t❡ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ♦t❤❡r ❢♦✉r ✭s❡❡ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ♣r❡s❡♥❝❡ ♦r ♥♦t ♦❢
❘❡▲❯ ❧❛②❡rs ❜❡❢♦r❡ t❤❡ ✉♣✲s❛♠♣❧✐♥❣ ❜❧♦❝❦s✮✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ ❧❛t❡r❛❧ ❝♦♥♥❡❝t✐♦♥s ♥❛♠❡❞ ❘❝♦♥✈ ✶ t♦
✹✱ ❆❞❞❜❴❳❳ ❛♥❞ ❝♦♥✈❴❳❳✳ ❆❧❧ t❤❡s❡ ❧❛t❡r❛❧ ❝♦♥♥❡❝t✐♦♥s ❛r❡ ♣r♦❞✉❝❡❞ ❜② ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs ✇✐t❤
1× 1 ❦❡r♥❡❧s✳

❚❤❡ ❜❧♦❝❦s ✇♦r❦ ❛t ❞✐✛❡r❡♥t s❝❛❧❡s✿ t❤❡ ✜rst t✇♦ ✇♦r❦ ❛t ❤❛❧❢ t❤❡ ✐♥♣✉t ✐♠❛❣❡ ❢✉❧❧ r❡s♦❧✉t✐♦♥❀ t❤❡

✸✾✵



❆ ❇r✐❡❢ ❆♥❛❧②s✐s ♦❢ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥

Concatenate
6 x H x W 

Input Image
3xHxW

MaxPool2_1
3x3 Stride

2x2

Fuse
Convolution       Kernel:1x1

1 x H x W 

MaxPool3_1
3x3 Stride

2x2

Average

Average

Average

Addb2_4b3 
256xH/4xW/4
Kernel:1x1
BatchNorm 

RConv1 
128xH/4xW/4
Kernel:1x1
BatchNorm 

Conv4_5       Kernel:3x3
512 x H/8 x W/8

BatchNorm 
ReLU

Conv4_6       Kernel:3x3
512 x H/8 x W/8

BatchNorm 

Conv4_4       Kernel:3x3
512 x H/8 x W/8

BatchNorm 

Conv4_3      Kernel:3x3
512 x H/8 x W/8

BatchNorm 
ReLU

Conv4_2       Kernel:3x3
512 x H/8 x W/8

BatchNorm 

Conv4_1       Kernel:3x3
512 x H/8 x W/8

BatchNorm 
ReLU

Average

Average

Average

Conv5_5       Kernel:3x3
512 x H/16 x W/16

BatchNorm 
ReLU

Conv5_6       Kernel:3x3
512 x H/16 x W/16

BatchNorm 

Conv5_2       Kernel:3x3
512 x H/16 x W/16

BatchNorm 

Conv5_1       Kernel:3x3
512 x H/16 x W/16

BatchNorm 
ReLU

Average

Average

Average

Conv6_5       Kernel:3x3
256 x H/16 x W/16

BatchNorm 
ReLU

Conv6_6       Kernel:3x3
256 x H/16 x W/16

BatchNorm 

Conv6_4       Kernel:3x3
256 x H/16 x W/16

BatchNorm 

Conv6_3       Kernel:3x3
256 x H/16 x W/16

BatchNorm 
ReLU

ReLU

Conv6_2       Kernel:3x3
256 x H/16 x W/16

BatchNorm 

Conv6_1       Kernel:3x3
256 x H/16 x W/16

BatchNorm 
ReLU

Conv2_1       Kernel:3x3
128 x H/2 x W/2

BatchNorm 
ReLU

Conv2_2       Kernel:3x3
128 x H/2 x W/2

BatchNorm 

RConv2 
256xH/8xW/8
Kernel:1x1
BatchNorm 

MaxPool4_1
3x3 Stride

2x2

RConv3 
512xH/16xW/16

Kernel:1x1 
BatchNorm 

Rconv4 
512xH/16xW/16

Kernel:1x1
BatchNorm 

Addb3_4b4 
512xH/8xW/8
Kernel:1x1 
BatchNorm 

Addb2b5 
512xH/16xW/16

 Kernel:1x1 
 BatchNorm

Addb25_2b6 
256xH/16xW/16

Kernel:1x1
BtachBorm 

conv_b2b4
256xH/8xW/8
Kernel:1x1 

ReLU

ReLU

ReLU

convb3_2ab4
512xH/16xW/16

Kernel:1x1 

ReLU

Conv5_4       Kernel:3x3
512 x H/16 x W/16

BatchNorm 

Conv5_3       Kernel:3x3
512 x H/16 x W/16

BatchNrom 
ReLU

ReLU

ReLU

Conv6_0       Kernel:1x1
256 x H/16 x W/16

BatchNorm 

ReLU

ReLU

USNet
x2 

Convolution
Stride 1     Kernel:1x1

1 x H/2 x W/2

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:2x2

1 x H x W

USNet
x2 

Convolution
Stride 1     Kernel:1x1

1 x H/2 x W/2

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:2x2

1 x H x W

Convolution
Stride 1     Kernel:1x1

1 x H/2 x W/2

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:4x4

1 x H x W

Convolution
Stride 1     Kernel:1x1

16 x H/4 x W/4

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:4x4

16 x H/2 x W/2

Convolution
Stride 1     Kernel:1x1

16 x H/8 x W/8

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:8x8

16 x H/4 x W/4

Convolution
Stride 1     Kernel:1x1

1 x H/2 x W/2

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:8x8

1 x H x W

Convolution
Stride 1     Kernel:1x1

16 x H/4 x W/4

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:8x8

16 x H/2 x W/2

Convolution
Stride 1     Kernel:1x1

16 x H/8 x W/8

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

16 x H/4 x W/4

Convolution
Stride 1     Kernel:1x1

1 x H/2 x W/2

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

1 x H x W

Convolution
Stride 1     Kernel:1x1

16 x H/4 x W/4

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

16 x H/2 x W/2

Convolution
Stride 1     Kernel:1x1

16 x H/16 x W/16

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

16 x H/8 x W/8

Average

Average

Conv3_3       Kernel:3x3
256 x H/4 x W/4

BatchNorm 
ReLU

Conv3_4       Kernel:3x3
256 x H/4 x W/4

BatchNorm 

Conv3_2       Kernel:3x3
256 x H/4 x W/4

BatchNorm 

Conv3_1       Kernel:3x3
256 x H/4 x W/4

BatchNorm 
ReLU

ReLU

ReLU

Convolution
Stride 1     Kernel:1x1

16 x H/8 x W/8

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

16 x H/4 x W/4

Convolution
Stride 1     Kernel:1x1

1 x H/2 x W/2

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

1 x H x W

Convolution
Stride 1     Kernel:1x1

16 x H/4 x W/4

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

16 x H/2 x W/2

Convolution
Stride 1     Kernel:1x1

16 x H/16 x W/16

ReLU
Bias

Transpose Convolution
Stride 2       Kernel:16x16

16 x H/8 x W/8

Conv1_1       Kernel:3x3
32 x H/2 x W/2  

BatchNorm 
ReLU

Conv1_2       Kernel:3x3
64 x H/2 x W/2

BatchNorm 
ReLU

Side output 1 
1 x H x  W 

Sigmoid
Side output 2 

1 x H x  W 

Sigmoid
Side output 1 

1 x H x  W 

Sigmoid

Output Fused Image 
1 x H x  W 

Sigmoid

Side output 4 
1 x H x  W 

Sigmoid
Side output 5 

1 x H x  W 

Sigmoid
Side output 6 

1 x H x  W 

Sigmoid

Output Averaged Image 
1 x H x  W 

Average

❋✐❣✉r❡ ✶✿ ❚❤❡ ❉❡①✐◆❡❞ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛r❝❤✐t❡❝t✉r❡✳ ■♥ t♦t❛❧✱ t❤❡ ❉❡①✐◆❡❞ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❤❛s ✸✹✱✼✹✹✱✸✽✺ ♣❛r❛♠❡t❡rs✳

✸✾✶



❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐✱ ●r❡❣♦r② ❘❛♥❞❛❧❧

✐♥♣✉t ✐♠❛❣❡ s✐❞❡ ♦✉t♣✉t ✶ s✐❞❡ ♦✉t♣✉t ✷ s✐❞❡ ♦✉t♣✉t ✸

s✐❞❡ ♦✉t♣✉t ✹ s✐❞❡ ♦✉t♣✉t ✺ s✐❞❡ ♦✉t♣✉t ✻

❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✷✿ ❊①❛♠♣❧❡s ♦❢ t❤❡ ❡✐❣❤t ♦✉t♣✉ts ♣r♦❞✉❝❡❞ ❜② ❉❡①✐◆❡❞✳ ❚❤❡ ✏s✐❞❡ ♦✉t♣✉ts✑ ♣r♦❞✉❝❡ ✐♥t❡r♠❡❞✐❛t❡ ❡❞❣❡ ♠❛♣s ♦❜t❛✐♥❡❞
❜② ❛♥❛❧②③✐♥❣ t❤❡ ✐♥♣✉t ✐♠❛❣❡ ❛t ❞✐✛❡r❡♥t s❝❛❧❡s✳ ❚❤♦s❡ s✐① ❡❞❣❡ ♠❛♣s ❛r❡ t❤❡♥ ❢✉s❡❞ ✐♥t♦ ❛ ♠✉❧t✐✲s❝❛❧❡ ❡❞❣❡ ♠❛♣ ❝❛❧❧❡❞
t❤❡ ✏❢✉s❡❞ ♦✉t♣✉t✑✳ ❚❤❡ ✏❛✈❡r❛❣❡ ♦✉t♣✉t✑ ✐s t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ s❡✈❡♥ ♣r❡✈✐♦✉s ♦✉t♣✉ts✱ ♥❛♠❡❧② t❤❡ s✐① s✐❞❡ ♦✉t♣✉ts ❛♥❞
t❤❡ ❢✉s❡❞ ♦✉t♣✉t✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬ r❡♣♦s✐t♦r② ❬✽✱ s❡❡
❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

✐♥♣✉t ✐♠❛❣❡ s✐❞❡ ♦✉t♣✉t ✶ s✐❞❡ ♦✉t♣✉t ✷ s✐❞❡ ♦✉t♣✉t ✸

s✐❞❡ ♦✉t♣✉t ✹ s✐❞❡ ♦✉t♣✉t ✺ s✐❞❡ ♦✉t♣✉t ✻

❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✸✿ ❚❤✐s ❡①♣❡r✐♠❡♥t ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✱ ❜✉t ✉s✐♥❣ ❛ ❞✐✛❡r❡♥t s❡t ♦❢ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs✱
♥❛♠❡❧② t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✷✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬ r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳ ◆♦t❡ t❤❛t
t❤❡ s✐❞❡ ♦✉t♣✉t✸ ♣r♦❞✉❝❡s ❛ ♠✉❝❤ str♦♥❣❡r r❡s♣♦♥s❡✱ ✇❤✐❧❡ t❤❡ s✐❞❡ ♦✉t♣✉t ✺ ❛❧✇❛②s ❣✐✈❡s ❛ ♥✉❧❧ r❡s✉❧t r❡❣❛r❞❧❡ss ♦❢ t❤❡
✐♥♣✉t ✐♠❛❣❡✳ ❚❤❡s❡ r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡ ✏tr❛✐♥✷✑ ♣❛r❛♠❡t❡r s❡t ✐s s✉❜✲♦♣t✐♠❛❧✳ ■♥ s♣✐t❡ ♦❢ t❤❛t✱ t❤❡ ❢✉s❡❞ ❛♥❞ ❛✈❡r❛❣❡
r❡s✉❧ts ❛r❡ q✉✐t❡ ❣♦♦❞ ❡❞❣❡ ♠❛♣s✳

✸✾✷



❆ ❇r✐❡❢ ❆♥❛❧②s✐s ♦❢ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥

t❤✐r❞ ♦♥❡ ❛t ✶✴✹ r❡s♦❧✉t✐♦♥❀ t❤❡ ❢♦✉rt❤ ❛t ✶✴✽ r❡s♦❧✉t✐♦♥❀ ❛♥❞ t❤❡ t✇♦ ❧❛st ❜❧♦❝❦s ❛t ✶✴✶✻ r❡s♦❧✉t✐♦♥✳
❚❤❡ r❡s♦❧✉t✐♦♥ ✐s r❡❞✉❝❡❞ ❢r♦♠ ♦♥❡ ❜❧♦❝❦ t♦ t❤❡ ♥❡①t ❜② ♠❛① ♣♦♦❧✐♥❣ ♦♣❡r❛t✐♦♥s ✭❧✐❣❤t ❜❧✉❡ ❜♦①❡s✮
✇✐t❤ 2× 2 ❦❡r♥❡❧s ❛♥❞ 2× 2 str✐❞❡s✳ ❚❤❡ ✜rst ❜❧♦❝❦ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs ✇✐t❤ ✸✷
❛♥❞ ✻✹ ✜❧t❡rs ❡❛❝❤✳ ❚❤❡ s❡❝♦♥❞ ❜❧♦❝❦ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs ✇✐t❤ ✶✷✽ ✜❧t❡rs ❡❛❝❤✳
❚❤❡ t❤✐r❞ ❜❧♦❝❦ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❢♦✉r ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs ✇✐t❤ ✷✺✻ ✜❧t❡rs ❡❛❝❤✳ ❚❤❡ ❢♦✉rt❤ ❛♥❞ ✜❢t❤
❜❧♦❝❦s ❛r❡ ❝♦♠♣♦s❡❞ ♦❢ s✐① ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs ♦❢ ✺✶✷ ✜❧t❡rs ❡❛❝❤✳ ❚❤❡ ❧❛st ❜❧♦❝❦ ❤❛s ✼ ❝♦♥✈♦❧✉t✐♦♥❛❧
❧❛②❡rs ♦❢ ✷✺✻ ✜❧t❡rs ❡❛❝❤✳

❆t ❞✐✛❡r❡♥t st❛❣❡s ✐♥ ❡❛❝❤ ❜❧♦❝❦✱ t❤❡ ♣r♦❝❡ss❡❞ ✐♠❛❣❡ ✐s ❛❞❞❡❞ ✭♦r ❛✈❡r❛❣❡❞ ✐♥ s♦♠❡ ❝❛s❡s✮
✇✐t❤ t❤❡ ♦✉t♣✉t ♦❢ ❛ ❧❛t❡r❛❧ ❝♦♥♥❡❝t✐♦♥✳ ❚❤✐s ✇❛s ✐♥s♣✐r❡❞ ❜② t❤❡ ❳❝❡♣t✐♦♥ ♥❡t✇♦r❦ ❬✷❪✱ ✇❤❡r❡ t❤❡
♠❛✐♥ ✐❞❡❛ ✐s t♦ ❞❡❝♦✉♣❧❡ ❝r♦ss✲❝❤❛♥♥❡❧ ❝♦rr❡❧❛t✐♦♥s ❛♥❞ s♣❛t✐❛❧ ❝♦rr❡❧❛t✐♦♥s ❜② ✉s✐♥❣ ❞✐✛❡r❡♥t ❧❛②❡rs
❢♦r ❞❡♣t❤✇✐s❡ ❝♦♥✈♦❧✉t✐♦♥s ❛♥❞ ♣♦✐♥t✇✐s❡ ❝♦♥✈♦❧✉t✐♦♥s✳ ❚❤✐s r❡q✉✐r❡s ✉s✐♥❣ s❡♣❛r❛❜❧❡ ❝♦♥✈♦❧✉t✐♦♥s
✇❤❡r❡ t❤❡ s♣❛t✐❛❧ ❝♦♥✈♦❧✉t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ♦✈❡r ❡❛❝❤ ❝❤❛♥♥❡❧✳ ❚❤✐s ✐s ♥♦t t❤❡ ❝❛s❡
✐♥ ❉❡①✐◆❡❞ ✇❤✐❝❤ ✉s❡s st❛♥❞❛r❞ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs❀ s♦ t❤❡ ✐♥s♣✐r❛t✐♦♥ ❢r♦♠ ❳❝❡♣t✐♦♥ ✐s ❧✐♠✐t❡❞ ❛s
t❤❡ ♠❛✐♥ ✐❞❡❛ ♦❢ ❝r♦ss✲❝❤❛♥♥❡❧✴s♣❛t✐❛❧ ❞❡❝♦✉♣❧✐♥❣ ✐s ♥♦t ✉s❡❞✳

❚❤❡ ♦✉t♣✉t ♦❢ ❡❛❝❤ ♦❢ t❤❡ s✐① ❜❧♦❝❦s ✭♦r❣❛♥✐③❡❞ ✐♥ ❝♦❧✉♠♥s ✐♥ ❋✐❣✉r❡ ✶✮ ✐s t❤❡♥ ✉♣✲s❝❛❧❡❞ t♦ t❤❡
❢✉❧❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ✐♥♣✉t ✐♠❛❣❡✳ ❚❤✐s ✐s ❞♦♥❡ ❜② ❛ s❡t ♦❢ 1×1 ❝♦♥✈♦❧✉t✐♦♥ ❦❡r♥❡❧s✱ ❘❡▲❯ ❛❝t✐✈❛t✐♦♥
❢✉♥❝t✐♦♥ ❛♥❞ 2 × 2 tr❛♥s♣♦s❡ ❝♦♥✈♦❧✉t✐♦♥ ❦❡r♥❡❧s ✭❣r♦✉♣❡❞ ❜② ❜❧✉❡ r❡❝t❛♥❣❧❡s ✐♥ t❤❡ ✜❣✉r❡✮✳ ❚❤❡
♥✉♠❜❡r ♦❢ s✉❝❤ st❛❣❡s ✐s t❤❡ ♦♥❡ r❡q✉✐r❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ ❡❛❝❤ ❜❧♦❝❦✳

❚❤❡ ✉♣✲s❝❛❧❡❞ ♦✉t♣✉ts ♦❢ t❤❡ ❜❧♦❝❦ ❛r❡ t❤❡ s✐① s✐❞❡ ♦✉t♣✉ts ✭✈✐♦❧❡t ❜♦①❡s✮✳ ❚❤❡ s✐① s✐❞❡ ♦✉t♣✉ts
❛r❡ t❤❡♥ ❝♦♥❝❛t❡♥❛t❡❞ ❛♥❞ ❢✉s❡❞ ❜② ❛ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡r ✇✐t❤ ❛ 1×1 ❦❡r♥❡❧ t♦ ♣r♦❞✉❝❡ t❤❡ s♦✲❝❛❧❧❡❞
❋✉s❡❞ ❖✉t♣✉t✳ ❚❤❡ s♦✲❝❛❧❧❡❞ ❆✈❡r❛❣❡❞ ❖✉t♣✉t ✐s ♦❜t❛✐♥❡❞ ❜② t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ s✐① s✐❞❡ ♦✉t♣✉ts
❛♥❞ t❤❡ ❋✉s❡❞ ❖✉t♣✉t✳ ❆❧❧ ♦✉t♣✉ts ✉s❡ s✐❣♠♦✐❞ ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥s❀ t❤❡ ♦✉t♣✉t ❛r❡ t❤✉s ✐♥ [0, 1]✳ ❆
♥♦r♠❛❧✐③❛t✐♦♥ t♦ [0, 255] ♠❛② ❜❡ ❛♣♣❧✐❡❞ ❢♦r ✈✐s✉❛❧✐③❛t✐♦♥ ✐♥ st❛♥❞❛r❞ ❢♦r♠ ✭t❤❡ ❛✉t❤♦rs✬ ♦r✐❣✐♥❛❧ ❝♦❞❡
❛❧s♦ ✐♥✈❡rs❡s t❤❡ ✈❛❧✉❡s✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ✇❤✐t❡ ❜❛❝❦❣r♦✉♥❞ ✇✐t❤ ❡❞❣❡s ❛♣♣❡❛r✐♥❣ ✐♥ ❜❧❛❝❦❀ ✇❡ r❡♠♦✈❡❞
t❤✐s ✐♥✈❡rs✐♦♥ ❢♦r ♦✉r ❡①♣❡r✐♠❡♥ts ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞ ❞❡♠♦✮✳

■♥ t♦t❛❧✱ ❉❡①✐◆❡❞ ❝♦♠♣r✐s❡s ✻✻ ❝♦♥✈♦❧✉t✐♦♥❛❧ ❧❛②❡rs✱ ❛❞❞✐♥❣ ✉♣ t♦ ✸✹✱✼✹✹✱✸✽✺ ♣❛r❛♠❡t❡rs✳

✸ ❚r❛✐♥✐♥❣

■♥ t❤✐s ✇♦r❦ ✇❡ ❞✐❞ ♥♦t tr② t♦ r❡♣r♦❞✉❝❡ t❤❡ tr❛✐♥✐♥❣ st❛❣❡✱ ❢♦❝✉s✐♥❣ ♦♥❧② ♦♥ t❤❡ r❡s✉❧t✐♥❣ ♠❡t❤♦❞✳
❚❤✉s✱ ✇❡ ✇✐❧❧ ♥♦t ❞❡s❝r✐❜❡ t❤❡ tr❛✐♥✐♥❣ ♣r♦❝❡❞✉r❡✳ ■t ✐s ✐♥❞❡❡❞ ✐♥t❡r❡st✐♥❣ t♦ r❡♣r♦❞✉❝❡ ✐♥ ❞❡t❛✐❧ t❤❡
tr❛✐♥✐♥❣✱ ❜✉t t❤✐s ✇✐❧❧ ❜❡ ❧❡❢t ❢♦r ❢✉t✉r❡ ✇♦r❦✳ ◆❡✈❡rt❤❡❧❡ss✱ ✇❡ ✇✐❧❧ ❝♦♠♠❡♥t ♦♥ t❤❡ ❞❛t❛s❡ts ✉s❡❞
❞✉r✐♥❣ t❤❡ tr❛✐♥✐♥❣ t♦ ❣✐✈❡ s♦♠❡ ❝♦♥t❡①t t♦ t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts✳ ❚❤❡ ❉❡①✐◆❡❞ ♥❡t✇♦r❦ ✇❛s tr❛✐♥❡❞
♦♥ ❛ ❞❛t❛s❡t ❡s♣❡❝✐❛❧❧② ♣r♦❞✉❝❡❞ ❜② t❤❡ ❛✉t❤♦rs ❢♦r t❤✐s ♣✉r♣♦s❡❀ t❤❡ ❇❛r❝❡❧♦♥❛ ■♠❛❣❡s ❢♦r P❡r❝❡♣✲
t✉❛❧ ❊❞❣❡ ❉❡t❡❝t✐♦♥ ❞❛t❛s❡t✱ ♦r ❇■P❊❉✱ ✇❛s ❜✉✐❧❞ ✇✐t❤ t❤❡ s♣❡❝✐✜❝ ❛✐♠ ♦❢ tr❛✐♥✐♥❣ ❡❞❣❡ ❞❡t❡❝t✐♦♥
❛❧❣♦r✐t❤♠s✳ ❋✐❣✉r❡ ✹ s❤♦✇s s♦♠❡ s❛♠♣❧❡ ✐♠❛❣❡s ❢r♦♠ t❤❡ ❇■P❊❉ ❞❛t❛s❡t ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
♠❛♥✉❛❧❧② ❛♥♥♦t❛t❡❞ ❣r♦✉♥❞ tr✉t❤ ❡❞❣❡s✳

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❛✉t❤♦rs✱ ❇■P❊❉ ✇❛s ❝❛r❡❢✉❧❧② ❛♥♥♦t❛t❡❞ ❜② ❡①♣❡rts t♦ ❛✈♦✐❞ s♦♠❡ ♣r♦❜❧❡♠s
r❡❧❛t❡❞ t♦ t❤❡ ✈❡r② ♣♦♣✉❧❛r ❇❙❉ ❇❡r❦❡❧❡② ❞❛t❛s❡t ❬✹❪✳ ■♥ ❬✾❪ t❤❡ ❛✉t❤♦rs ❞✐s❝✉ss ❤♦✇ t❤❡ ❢❛❝t t❤❛t
t❤❡ ❇❙❉ ❞❛t❛s❡t ✇❛s ❞❡✈❡❧♦♣❡❞ ❢♦r s❡♠❛♥t✐❝ s❡❣♠❡♥t❛t✐♦♥ t❛s❦s ✐♥tr♦❞✉❝❡s s♦♠❡ ♣r♦❜❧❡♠s ✇❤❡♥
t❤❡ ♦❜❥❡❝t✐✈❡ ✐s ✐♥st❡❛❞ ❡❞❣❡ ❞❡t❡❝t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r ✐t ✐s r✐❣❤t❧② s✐❣♥❛❧❡❞ t❤❛t t❤❡ s❡♠❛♥t✐❝ ♦❜❥❡❝ts
❝♦♥t♦✉rs ❛r❡ ❛ s✉❜s❡t ♦❢ t❤❡ ❡❞❣❡s ♣r❡s❡♥t ✐♥ ✐♠❛❣❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❤✉♠❛♥ ♠❛r❦❡❞ ❡❞❣❡s
❛❧s♦ ✐♥❝❧✉❞❡ ❛♣♣❛r❡♥t ❝♦♥t♦✉rs ❛♥❞ r✐❞❣❡s✳ ■♥ ♦✉r ♦♣✐♥✐♦♥✱ t❤❡ ❛✉t❤♦rs ❛r❡ r✐❣❤t ✐♥ t❤❡✐r ❝r✐t✐❝✐s♠
♦❢ t❤❡ st❛♥❞❛r❞ ❞❛t❛s❡ts✱ s✉❝❤ ❛s ❇❙❉❀ ♥❡✈❡rt❤❡❧❡ss✱ ❛ ❝❛r❡❢✉❧ st✉❞② ♦❢ ❇■P❊❉ s❤♦✇s t❤❛t t❤❡ s❛♠❡
♣r♦❜❧❡♠s r❡♠❛✐♥✱ ❡✈❡♥ ✐❢ t♦ ❛ ❧❡ss❡r ❡①t❡♥t✳ ❚❤❡r❡ ✐s st✐❧❧ ♥♦ ❝❧❡❛r ❛♥❞ ❛❜s♦❧✉t❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ♥♦t✐♦♥
♦❢ ❛♥ ❡❞❣❡ ♣✐①❡❧ ✐♥ ❛♥ ✐♠❛❣❡✱ r❡s✉❧t✐♥❣ ✐♥ ❛♠❜✐❣✉✐t✐❡s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡r❡ ✐s ❛ ❝♦♥t✐♥✉✉♠ ❜❡t✇❡❡♥ ❝❧❡❛r
❡❞❣❡s ❛♥❞ t❡①t✉r❡❞ ③♦♥❡s✱ r❡❧❛t❡❞ ✐♥ ♣❛rt✐❝✉❧❛r t♦ t❤❡ s❝❛❧❡ ❛t ✇❤✐❝❤ t❤❡ s❝❡♥❡ ✐s ❛♥❛❧②③❡❞✳ ❚❤❡ ❧❡✈❡❧
♦❢ ❞❡t❛✐❧ ✐s ❛r❜✐tr❛r✐❧② ✜①❡❞ ❢♦r ❞✐✛❡r❡♥t s❝❡♥❡s ♦r ③♦♥❡s ♦❢ ✐♠❛❣❡s✱ ♠❛✐♥❧② ✐♥ r❡❧❛t✐♦♥ ✇✐t❤ t❤❡ ❝♦♥t❡♥t

✸✾✸



❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐✱ ●r❡❣♦r② ❘❛♥❞❛❧❧

❋✐❣✉r❡ ✹✿ ❊①❛♠♣❧❡s ❢r♦♠ t❤❡ ❇■P❊❉ ❞❛t❛s❡t ✉s❡❞ t♦ tr❛✐♥ ❉❡①✐◆❡❞✳ ▲❡❢t✿ ✐♥♣✉t ✐♠❛❣❡✳ ❘✐❣❤t✿ ❛♥♥♦t❛t❡❞ ❡❞❣❡s✳ ❚❤❡ ❧❛st
t✇♦ ✐♠❛❣❡s ❛r❡ t✇♦ ♣✐❝t✉r❡s ♦❢ t❤❡ s❛♠❡ s❝❡♥❡ ✇✐t❤ s❧✐❣❤t❧② ❞✐✛❡r❡♥t ✈✐❡✇♣♦✐♥ts ❛♥❞ ❡①♣♦s✐t✐♦♥❀ ♥♦t✐❝❡ t❤❛t t❤❡r❡ ❛r❡ s♦♠❡
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❛♥♥♦t❛t❡❞ ❡❞❣❡s ♦❢ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❛rts✳ ❚❤✐s ✐s tr✉❡ ✐♥ ❛❧♠♦st ❛♥② r❡❣✐♦♥❀ ❧♦♦❦ ❢♦r ✐♥st❛♥❝❡ ❛t t❤❡
❞❡t❛✐❧ ♦♥ t❤❡ ❝❛r✳

✸✾✹



❆ ❇r✐❡❢ ❆♥❛❧②s✐s ♦❢ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥

♦❢ t❤❡ ✐♠❛❣❡ ✐ts❡❧❢✳ ❚❤❡ ❧❛st t✇♦ r♦✇s ♦❢ ❋✐❣✉r❡ ✹ ✐❧❧✉str❛t❡ t❤❡ ❞✐✣❝✉❧t✐❡s ♦❢ ❡❞❣❡ ❧❛❜❡❧✐♥❣✿ ❜♦t❤
✐♠❛❣❡s s❤♦✇ t❤❡ s❛♠❡ s❝❡♥❡ ❢r♦♠ s❧✐❣❤t❧② ❞✐✛❡r❡♥t ✈✐❡✇♣♦✐♥ts✱ ❜✉t t❤❡ ❛♥♥♦t❛t❡❞ ❡❞❣❡s ❛r❡ ❞✐✛❡r❡♥t
❢♦r t❤❡ s❛♠❡ ♣❛rts❀ ❧♦♦❦ ❢♦r ❡①❛♠♣❧❡ ❛t t❤❡ ❝❛r ♦r ❛t t❤❡ ✇✐♥❞♦✇s ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❜✉✐❧❞✐♥❣✳

❇■P❊❉ ❝♦♥t❛✐♥s ✷✺✵ ✐♠❛❣❡s ♦❢ s✐③❡ 1280 × 720 ♣✐①❡❧s✳ ❋♦r t❤❡ tr❛✐♥✐♥❣ t❤❡ ❛✉t❤♦rs r❛♥❞♦♠❧②
❝❤♦s❡ ✺✵ ❢♦r t❡st✐♥❣ ❛♥❞ t❤❡ ♦t❤❡r ✷✵✵ ❢♦r tr❛✐♥✐♥❣ ❛♥❞ ✈❛❧✐❞❛t✐♦♥✳ ❚❤❡ tr❛✐♥✐♥❣ s❡t ✇❛s ❛✉❣♠❡♥t❡❞
❜② ♣❡r❢♦r♠✐♥❣ ❢♦✉r tr❛♥s❢♦r♠❛t✐♦♥s ♦♥ ❡❛❝❤ ✐♠❛❣❡✿ ✭❛✮ t❤❡ ♦r✐❣✐♥❛❧ ✐♠❛❣❡ ✇❛s ❝✉t ✐♥t♦ t✇♦ ❡q✉❛❧
♣❛rts✱ ❦❡❡♣✐♥❣ t❤❡ ♦r✐❣✐♥❛❧ ❛♥❞ t❤❡ t✇♦ r❡s✉❧t✐♥❣ ✐♠❛❣❡s ✭t❤✉s ❛ ❢❛❝t♦r ✸✮ ❢♦r ❢✉rt❤❡r tr❛♥s❢♦r♠❛t✐♦♥s❀
✭❜✮ ✶✺ r♦t❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ❢❛❝t♦r ✶✻ ✇❤❡♥ ❝♦✉♥t✐♥❣ t❤❡ ♥♦♥✲r♦t❛t❡❞ ✈❡rs✐♦♥s❀ ✭❝✮
✐♠❛❣❡s ✇❡r❡ ❤♦r✐③♦♥t❛❧❧② ✢✐♣♣❡❞✱ ✇❤✐❝❤ ❣❛✈❡ ❛ ❢❛❝t♦r ✷❀ ❛♥❞ ✭❞✮ t✇♦ ❣❛♠♠❛ ❝♦rr❡❝t✐♦♥s ✇❡r❡ ❛♣♣❧✐❡❞✱
✇❤✐❝❤ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ♥♦♥✲❣❛♠♠❛ ❝♦rr❡❝t❡❞ r❡s✉❧t❡❞ ✐♥ ❛ ❢❛❝t♦r ✸✳ ❚❤✐s ❣❛✈❡ ✷✽✽ ♥❡✇ ✐♠❛❣❡s ❢♦r
❡❛❝❤ ♦♥❡ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ✷✵✵ tr❛✐♥✐♥❣ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ✐♠❛❣❡s✸✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❇❙❉ ❞❛t❛s❡t✱ ❡❛❝❤
✐♠❛❣❡ ✐♥ t❤❡ ❇■P❊❉ ❞❛t❛s❡t ✇❛s ❛♥♥♦t❛t❡❞ ❜② ❛ s✐♥❣❧❡ ♣❡rs♦♥✳ ❚❤❡ ❛✉t❤♦rs ♣r♦✈✐❞❡ ❛ ❥✉st✐✜❝❛t✐♦♥
❢♦r t❤✐s✿

t❤❡s❡ ✐♠❛❣❡s ❤❛✈❡ ❜❡❡♥ ❝❛r❡❢✉❧❧② ❛♥♥♦t❛t❡❞ ❜② ❡①♣❡rts ♦♥ t❤❡ ❝♦♠♣✉t❡r ✈✐s✐♦♥ ✜❡❧❞✱ ❤❡♥❝❡
♥♦ r❡❞✉♥❞❛♥❝② ❤❛s ❜❡❡♥ ❝♦♥s✐❞❡r❡❞✳ ■♥ s♣✐t❡ ♦❢ t❤❛t✱ ❛❧❧ r❡s✉❧ts ❤❛✈❡ ❜❡❡♥ ❝r♦ss✲❝❤❡❝❦❡❞
✐♥ ♦r❞❡r t♦ ❝♦rr❡❝t ♣♦ss✐❜❧❡ ♠✐st❛❦❡s ♦r ✇r♦♥❣ ❡❞❣❡s ❬✼❪✳

❚❤❡ ♣r♦✈✐❞❡❞ ❣r♦✉♥❞ tr✉t❤ ✐♠❛❣❡s ❛r❡ ❜✐♥❛r②✱ ✇✐t❤ ❡❞❣❡ ❧❛❜❡❧❡❞ ♣✐①❡❧s ✇✐t❤ ✈❛❧✉❡ ✷✺✺ ❛♥❞ ♥♦♥ ❡❞❣❡
♣✐①❡❧s ✇✐t❤ ✈❛❧✉❡ ✵✳

❚❤❡ ❛✉t❤♦rs ♠❛❞❡ ♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡ t✇♦ s❡ts ♦❢ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs ❢♦r ❉❡①✐◆❡❞✱ ❧❛❜❡❧❡❞ ✏tr❛✐♥✶✑
❛♥❞ ✏tr❛✐♥✷✑✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ♥♦t❡ ❛❝❝♦♠♣❛♥②✐♥❣ t❤❡ r❡❧❡❛s❡✱ tr❛✐♥✶ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣❛r❛♠❡t❡r
s❡t ✉s❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts r❡♣♦rt❡❞ ✐♥ t❤❡ ❲❆❈❱✷✵✷✵ ♣❛♣❡r ❬✼❪❀ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ tr❛✐♥✷ ✏❝♦♥t❛✐♥s
♦✉r ❧❛st ❝❤❡❝❦♣♦✐♥t tr❛✐♥❡❞ ✇✐t❤ t❤❡ ✉♣❞❛t❡❞ ❇■P❊❉✑✳ ■t ✐s ♥♦t ❝❧❡❛r ❢♦r ✉s ✇❤❛t t❤❡ ❧❛tt❡r ❞❡s❝r✐♣t✐♦♥
✐♠♣❧✐❡s❀ ♥❡✈❡rt❤❡❧❡ss✱ ✇❤❡♥ ♦❜s❡r✈✐♥❣ t❤❡ s✐❞❡ ♦✉t♣✉ts ♣r♦❞✉❝❡❞ ✉s✐♥❣ tr❛✐♥✷✱ s❡❡ ❋✐❣✉r❡ ✸✱ ✐t s❡❡♠s
t♦ ❝♦rr❡s♣♦♥❞ ❥✉st t♦ t❤❡ ❧❛st tr❛✐♥✐♥❣ ❡①♣❡r✐♠❡♥t ❜❡❢♦r❡ ♠♦✈✐♥❣ ♦♥ t♦ ❛ ♥❡✇ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢
❉❡①✐◆❡❞✳ ◆♦t✐❝❡ ❤♦✇ t❤❡ ❞✐✛❡r❡♥t s✐❞❡ ♦✉t♣✉ts ♣r♦❞✉❝❡ ✈❡r② ❞✐✛❡r❡♥t r❡s✉❧ts✱ ✇❤✐❧❡ t❤❡② s❤♦✉❧❞
❝♦rr❡s♣♦♥❞ t♦ s✐♠✐❧❛r ❡❞❣❡ ♠❛♣s ♦❜t❛✐♥❡❞ ❛t ❝♦♥s❡❝✉t✐✈❡ s❝❛❧❡s❀ ♥♦t❡ ✐♥ ♣❛rt✐❝✉❧❛r ❤♦✇ t❤❡ s✐❞❡
♦✉t♣✉t ✸ s❤♦✇s ❛ ❢❛r str♦♥❣❡r r❡s♣♦♥s❡ ❛♥❞✱ ❡✈❡♥ ✇♦rs❡✱ t❤❡ s✐❞❡ ♦✉t♣✉t ✺ ✐s ❛❧✇❛②s ③❡r♦ ❛t ❛❧❧ ♣✐①❡❧s
✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ✐♥♣✉t ✐♠❛❣❡✳ ❲❡ ❝♦♥❝❧✉❞❡ t❤❛t tr❛✐♥✶ ✐s ♣r♦❜❛❜❧② t❤❡ r❡s✉❧t ♦❢ ❛ ♠♦r❡ ❝❛r❡❢✉❧
tr❛✐♥✐♥❣ st❡♣✳ ❋♦r t❤✐s r❡❛s♦♥✱ ❛♥❞ t❤❡ ❢❛❝t t❤❛t ✐t s❤♦✇s ❛ ❜❡tt❡r ✜t t♦ t❤❡ ♣✉❜❧✐s❤❡❞ ❡①♣❡r✐♠❡♥ts✱
t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✉s✐♥❣ t❤❡ tr❛✐♥✶ s❡t ♦❢ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs✳ ◆❡✈❡rt❤❡❧❡ss✱
❙❡❝t✐♦♥ ✹ ✐♥❝❧✉❞❡s ❛♥ ❡①♣❡r✐♠❡♥t ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ✇✐t❤ ❜♦t❤ tr❛✐♥✐♥❣ s❡ts❀ t❤✐s ✐s ❞♦♥❡ ❢♦r t❤❡
s♦❧❡ ♣✉r♣♦s❡ ♦❢ ❣✐✈✐♥❣ ❛♥ ✐❞❡❛ ♦❢ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ tr❛✐♥✐♥❣ s❡t ♦♥ t❤❡ r❡s✉❧ts✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♦♥❧✐♥❡
❞❡♠♦ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤✐s ✇♦r❦ ❝♦♠♣✉t❡s t❤❡ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ✉s✐♥❣ ❜♦t❤ tr❛✐♥✐♥❣ s❡ts✱ ❛❧❧♦✇✐♥❣
t❤❡ r❡❛❞❡r t♦ ♣❡r❢♦r♠ ❢✉rt❤❡r ❡✈❛❧✉❛t✐♦♥s✳

✹ ❊①♣❡r✐♠❡♥ts

❋✐❣✉r❡s ✺ t♦ ✶✶ s❤♦✇ s❛♠♣❧❡ ✐♠❛❣❡s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡s✉❧ts ♣r♦❞✉❝❡❞ ❜② ❉❡①✐◆❡❞✳ ❚❤❡ ❡❞❣❡
♠❛♣s ♣r♦❞✉❝❡❞ ❜② ❉❡①✐◆❡❞ ❤❛✈❡ ❛ s✐♥❣❧❡ ❝❤❛♥♥❡❧ ❛♥❞ t❤❡ s❛♠❡ s✐③❡ ❛s t❤❡ ✐♥♣✉t ✐♠❛❣❡✳ ❊❛❝❤ ♦✉t♣✉t
♣✐①❡❧ ❤❛s ❛ ✈❛❧✉❡ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✶✱ ❜✉t t❤❡② ❛r❡ ✉s✉❛❧❧② ♥♦r♠❛❧✐③❡❞ t♦ ✈❛❧✉❡s ❜❡t✇❡❡♥ ✵ ❛♥❞ ✷✺✺✳ ❚❤❡
✈❛❧✉❡s ♥❡❛r ③❡r♦ ❛♣♣❡❛r ❛s ❜❧❛❝❦✱ ✇❤✐❧❡ ✈❛❧✉❡s ♥❡❛r ✷✺✺ ❛♣♣❡❛r ❛s ✇❤✐t❡✳ ❚❤❡ ❜r✐❣❤t❡r t❤❡ ♣✐①❡❧✱ t❤❡
♠♦r❡ ❝♦♥✜❞❡♥t ❉❡①✐◆❡❞ ✐s ❛❜♦✉t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥ ❡❞❣❡ ❛t t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣♦s✐t✐♦♥✳ ❆s ❡①♣❧❛✐♥❡❞
✐♥ ❙❡❝t✐♦♥ ✷✱ ❉❡①✐◆❡❞ ♣r♦❞✉❝❡s t✇♦ ♠❛✐♥ r❡s✉❧ts✿ t❤❡ ❢✉s❡❞ ❛♥❞ ❛✈❡r❛❣❡ ♦✉t♣✉ts✳

❋✐❣✉r❡ ✺ s❤♦✇s t❤❡ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ♦♥ ❛♥ ✐♠❛❣❡ ❢r♦♠ t❤❡ ❇❙❉❙✺✵✵ ❞❛t❛s❡t ❬✶❪✳ ❚❤✐s ✐s ❛
❝❧❛ss✐❝ ❞❛t❛s❡t ❢♦r s❡♠❛♥t✐❝ s❡❣♠❡♥t❛t✐♦♥✱ ✇✐❞❡❧② ✉s❡❞ ❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥ ❡✈❛❧✉❛t✐♦♥✳ ◆♦t✐❝❡ t❤❛t

✸❚❤❡ tr❛✐♥✐♥❣ ❞❛t❛s❡t ❛s ✇❡❧❧ ❛s t❤❡ ❞❛t❛ ❛✉❣♠❡♥t❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s ❛✈❛✐❧❛❜❧❡ ❛t ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴①❛✈②s♣✴
▼❇■P❊❉

✸✾✺

https://github.com/xavysp/MBIPED
https://github.com/xavysp/MBIPED


❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐✱ ●r❡❣♦r② ❘❛♥❞❛❧❧

✐♥♣✉t ✐♠❛❣❡ ❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✺✿ ■♥♣✉t ❛♥❞ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ♦♥ ✐♠❛❣❡ ♥✉♠❜❡r ✸✺✵✼✵ ♦❢ ❇❙❉❙✺✵✵ ❞❛t❛s❡t ❬✶❪ ♦❢ s✐③❡ 481× 321✳ ❉❡①✐◆❡❞ ✐s ❛❜❧❡
t♦ ❞❡t❡❝t ❡❞❣❡s ✭s❤❛r♣ ❜r✐❣❤t♥❡ss ♦r ❝♦❧♦r tr❛♥s✐t✐♦♥s ❛s ✐♥ t❤❡ ❝♦❧♦r❢✉❧ ❣r❡❡♥ ❣r❛ss ♦r t❤❡ ❧✐♠✐ts ♦❢ t❤❡ ❧❡❛❢✮ ❛s ✇❡❧❧ ❛s r✐❞❣❡s
✭t❤✐♥ str✉❝t✉r❡s ♦✈❡r ❛ ❜❛❝❦❣r♦✉♥❞ ❛s t❤❡ ❧❡❣s ♦❢ t❤❡ ❞r❛❣♦♥✲✢②✮❀ ✇❤❡♥ t✇♦ ❡❞❣❡s ❣r❛❞✉❛❧❧② ❛♣♣r♦❛❝❤ ❡❛❝❤ ♦t❤❡r ✭❡✳❣✳ t❤❡
✇✐♥❣ ❣r❛❞✉❛❧❧② ❛♣♣r♦❛❝❤❡s t❤❡ ❛❜❞♦♠❡♥ ♦❢ t❤❡ ❞r❛❣♦♥✲✢②✮✱ t❤❡ ❞❡t❡❝t❡❞ ❡❞❣❡s ❣r❛❞✉❛❧❧② ♠❡r❣❡ ✐♥t♦ ♦♥❡ ❞❡t❡❝t❡❞ r✐❞❣❡✳
❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬ r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t
❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

✐♥♣✉t ✐♠❛❣❡ ❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✻✿ ■♥♣✉t ❛♥❞ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ♦♥ ❛♥ ✐♠❛❣❡ ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ ❇■P❊❉ tr❛✐♥✐♥❣ s❡t✱ s✐③❡ 1280× 720✳ ❆❧❧ t❤❡ ❞❡t❡❝t❡❞
❡❞❣❡s ✐♥ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ❛r❡ ❛❧r❡❛❞② ♣r❡s❡♥t ✐♥ t❤❡ ❢✉s❡❞ ♦✉t♣✉t❀ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ❛❞❞s ♠❛✐♥❧② ❝❧✉tt❡r ❞❡t❡❝t✐♦♥✱
♥♦t❡ ❢♦r ❡①❛♠♣❧❡ t❤❡ ❣❛r❛❣❡ ❞♦♦rs✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬
r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

t❤❡ ♠❡t❤♦❞ ✐s ❛❜❧❡ t♦ ❞❡t❡❝t ❡❞❣❡s ✭s❤❛r♣ ❜r✐❣❤t♥❡ss ♦r ❝♦❧♦r tr❛♥s✐t✐♦♥s ❛s ✐♥ t❤❡ ❝♦❧♦r❢✉❧ ❣r❡❡♥
❣r❛ss ♦r t❤❡ ❧✐♠✐ts ♦❢ t❤❡ ❧❡❛❢✮ ❛s ✇❡❧❧ ❛s r✐❞❣❡s ✭t❤✐♥ str✉❝t✉r❡s ♦✈❡r ❛ ❜❛❝❦❣r♦✉♥❞ ❛s t❤❡ ❧❡❣s ♦❢ t❤❡
❞r❛❣♦♥✲✢②✮✳ ❚❤❡s❡ t✇♦ ❦✐♥❞s ♦❢ str✉❝t✉r❡ ❛r❡ ♥♦t ❞✐✛❡r❡♥t✐❛t❡❞❀ ✇❤❡♥ t✇♦ ❡❞❣❡s ❣r❛❞✉❛❧❧② ❛♣♣r♦❛❝❤
❡❛❝❤ ♦t❤❡r ✭❡✳❣✳ t❤❡ ✇✐♥❣ ❣r❛❞✉❛❧❧② ❛♣♣r♦❛❝❤❡s t❤❡ ❛❜❞♦♠❡♥ ♦❢ t❤❡ ❞r❛❣♦♥✲✢②✮✱ t❤❡ ❞❡t❡❝t❡❞ ❡❞❣❡s
❣r❛❞✉❛❧❧② ♠❡r❣❡ ✐♥t♦ ♦♥❡ ❞❡t❡❝t❡❞ r✐❞❣❡✳ ❆❧s♦✱ ❡❞❣❡s ❛r❡ ❞❡t❡❝t❡❞ ❛s ❛ ❜r✐❣❤t r❡❣✐♦♥ ♦❢ ❛ ❝❡rt❛✐♥
✇✐❞t❤✱ r❡❣❛r❞❧❡ss ♦❢ ❤♦✇ s❤❛r♣ t❤❡ ❡❞❣❡ ✐s ♦♥ t❤❡ ✐♠❛❣❡❀ t❤❡ r❡❣✐♦♥ ♦❢ ❜r✐❣❤t ♣✐①❡❧s ❝♦rr❡s♣♦♥❞✐♥❣ t♦
❛♥ ❡❞❣❡ ❛r❡ ✉s✉❛❧❧② ❛❜♦✉t t✇♦ ♣✐①❡❧s ✇✐❞❡ ✭✐♥ s♦♠❡ ❝❛s❡s ✇✐❞❡r✮✱ ✇✐t❤ s❧✐❣❤t❧② ❤✐❣❤❡r ✈❛❧✉❡s ♥❡❛r t❤❡
❝❡♥t❡r ♦❢ t❤❡ r❡❣✐♦♥✳

❋✐❣✉r❡ ✻ s❤♦✇s t❤❡ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ♦♥ ♦♥❡ ♦❢ t❤❡ ✐♠❛❣❡s ♦❢ t❤❡ tr❛✐♥✐♥❣ s❡t✳ ❚❤✐s ✐❧❧✉str❛t❡s t❤❡
❜❡❤❛✈✐♦r ♦❢ t❤❡ ♠❡t❤♦❞ ✉♥❞❡r t❤❡ ♠♦st ❢❛✈♦r❛❜❧❡ ♣♦ss✐❜❧❡ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ♦r✐❣✐♥❛❧ ♣❛♣❡r ❬✼❪ ✐♥❞✐❝❛t❡s
t❤❛t t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ♦❜t❛✐♥s ❛ ❜❡tt❡r s❝♦r❡ ♦♥ t❤❡ q✉❛♥t✐t❛t✐✈❡ ❡✈❛❧✉❛t✐♦♥s✱ s✉❣❣❡st✐♥❣ t❤❛t ✐t
s❤♦✉❧❞ ❜❡ t❤❡ ♣r❡❢❡rr❡❞ ♦✉t♣✉t✳ ◆❡✈❡rt❤❡❧❡ss✱ ❛❢t❡r ❛ ✈✐s✉❛❧ ✐♥s♣❡❝t✐♦♥ ✇❡ ❞♦ ♥♦t ❛❣r❡❡ ✇✐t❤ t❤❛t
s✉❣❣❡st✐♦♥✿ ❆❧❧ t❤❡ ❞❡t❡❝t❡❞ ❡❞❣❡s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ❛r❡ ❛❧r❡❛❞② ♣r❡s❡♥t ✐♥ t❤❡ ❢✉s❡❞
♦✉t♣✉t❀ ♠♦r❡♦✈❡r✱ t❤❡s❡ ❡❞❣❡s ❛r❡ ❞❡t❡❝t❡❞ ♠♦r❡ ❝❧❡❛r❧② ✐♥ t❤❡ ❢✉s❡❞ ♦✉t♣✉t✱ ♣r♦❜❛❜❧② ❜❡❝❛✉s❡ ✐ts
✐♥t❡♥s✐t② ✐s ❞✐♠✐♥✐s❤❡❞ ❜② t❤❡ ❛✈❡r❛❣❡ ♦♣❡r❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ❛❞❞s ♠❛✐♥❧②
❝❧✉tt❡r ❞❡t❡❝t✐♦♥✱ ♥♦t❡ ❢♦r ❡①❛♠♣❧❡ t❤❡ ❣❛r❛❣❡ ❞♦♦rs ✐♥ ❋✐❣✉r❡ ✻ ❛♥❞ t❤❡ ❡①❛♠♣❧❡s ♦♥ ❋✐❣✉r❡ ✾✳ ❚❤❡
❢❛❝t t❤❛t t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ♦❜t❛✐♥s ❛ ❜❡tt❡r s❝♦r❡ ♦♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ s❡❡♠s t♦ ✐♥❞✐❝❛t❡ ❛ ❧✐♠✐t❛t✐♦♥
♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐ts❡❧❢✳

❋✐❣✉r❡ ✼ s❤♦✇s t❤❡ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ♦♥ ❛ ❝❧❛ss✐❝ t❡st ✐♠❛❣❡ ❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥ ❡①tr❛❝t❡❞ ❢r♦♠ ❬✸❪✳
❚❤❡ ❡①♣❡r✐♠❡♥t ✐s r❡♣❡❛t❡❞ ❛❢t❡r ❛❞❞✐♥❣ ●❛✉ss✐❛♥ ✇❤✐t❡ ♥♦✐s❡ ♦❢ ✐♥❝r❡❛s✐♥❣ ✐♥t❡♥s✐t② t♦ t❤❡ ✐♠❛❣❡✳

✸✾✻



❆ ❇r✐❡❢ ❆♥❛❧②s✐s ♦❢ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥

✐♥♣✉t ✐♠❛❣❡ ❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✼✿ ❊✛❡❝ts ♦❢ s❝❛❧❡ ❝❤❛♥❣❡ ❛♥❞ ♥♦✐s❡ ♦♥ ❉❡①✐◆❡❞✳ ■♥♣✉t ❛♥❞ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞ ♦♥ ❛♥ ✐♠❛❣❡ ❡①tr❛❝t❡❞ ❢r♦♠ ❬✸❪ ♦❢
s✐③❡ 768 × 512✳ ❋✐rst r♦✇✿ ♦r✐❣✐♥❛❧ ✐♠❛❣❡ ❛♥❞ r❡s✉❧t ♦❢ ❉❡①✐◆❡❞✳ ❙❡❝♦♥❞ r♦✇✿ ●❛✉ss✐❛♥ ♥♦✐s❡ ♦❢ σ = 20 ✇❛s ❛❞❞❡❞ t♦
t❤❡ ♦r✐❣✐♥❛❧ ✐♠❛❣❡✳ ❚❤✐r❞ r♦✇✿ ●❛✉ss✐❛♥ ♥♦✐s❡ ♦❢ σ = 50 ✇❛s ❛❞❞❡❞ t♦ t❤❡ ♦r✐❣✐♥❛❧ ✐♠❛❣❡✳ ❋♦✉rt❤ r♦✇✿ ●❛✉ss✐❛♥ ♥♦✐s❡ ♦❢
σ = 100 ✇❛s ❛❞❞❡❞ t♦ t❤❡ ♦r✐❣✐♥❛❧ ✐♠❛❣❡✳ ❖♥ ❜❧✉rr❡❞ r❡❣✐♦♥s t❤❡ ❞❡t❡❝t✐♦♥ ❞♦❡s ♥♦t ❝♦rr❡s♣♦♥❞ ✇❡❧❧ t♦ t❤❡ ❣❡♦♠❡tr② ✐♥ t❤❡
✐♠❛❣❡✱ ❛♥❞ ❛s ♥♦✐s❡ ✐s ❛❞❞❡❞ t❤❡ ❞❡t❡❝t✐♦♥ ❞❡❣r❛❞❡s✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞
❜② t❤❡ ❛✉t❤♦rs✬ r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

✸✾✼



❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐✱ ●r❡❣♦r② ❘❛♥❞❛❧❧

✐♥♣✉t ✐♠❛❣❡ ❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✽✿ ❊①♣❡r✐♠❡♥ts ✇✐t❤ ❛ s②♥t❤❡t✐❝ ❙✐❡♠❡♥s ❙t❛r ✭700 × 700 ♣✐①❡❧s✮✳ ❚❤❡ s❛♠❡ ❡①♣❡r✐♠❡♥t ✐s r❡♣❡❛t❡❞ ♦♥ t❤❡ ✐♠❛❣❡
r♦t❛t❡❞ ❜② ✾✵ ❞❡❣r❡❡✳ ◆♦t❡ t❤❛t t❤❡ r❡s✉❧t ❞♦❡s ♥♦t ❞❡♣❡♥❞ s✐❣♥✐✜❝❛♥t❧② ♦♥ t❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ ✐♥♣✉t ✐♠❛❣❡✳ ❉❡①✐◆❡❞
s❤♦✇s ❛ ❣♦♦❞ ✐s♦tr♦♣✐❝ r❡s♣♦♥s❡✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬
r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

■♥ t❤❡ ✜rst ❝❛s❡ ✭♥♦ ❛❞❞❡❞ ♥♦✐s❡✮ t❤❡ ❡❞❣❡ ♠❛♣ ♣r♦❞✉❝❡❞ ❜② ❉❡①✐◆❡❞ ✐♥❝❧✉❞❡s ♠♦st ♦❢ t❤❡ ❡❞❣❡s
♦❜s❡r✈❡❞ ♦♥ t❤❡ ✐♠❛❣❡✱ ❡✈❡♥ t❤♦s❡ t❤❛t ❛♣♣❡❛r ❛t ❝♦❛rs❡ s❝❛❧❡s ❛s ✐♥ t❤❡ s❤❛❞♦✇ ♦❢ t❤❡ ♠❛♥♥❡q✉✐♥✳
▼♦st ♦❢ t❤❡s❡ ❡❞❣❡s ❛r❡ ♥♦t ❢✉❧❧② s❤❛r♣✱ ❛♣♣❡❛r✐♥❣ ❛s ✇❤✐t❡ r❡❣✐♦♥s ❛❜♦✉t ❢♦✉r ♣✐①❡❧s ✇✐❞❡✳ ❙♦♠❡ ♦❢
t❤❡ r❡❣✐♦♥s ♣r♦❞✉❝❡ ❛ ❜❧♦❝❦ ♦❢ s♦❧✐❞ ❞❡t❡❝t✐♦♥ ❡♥❝❧♦s❡❞ ❜② ❝♦rr❡❝t ❡❞❣❡s❀ s❡❡ ❢♦r ❡①❛♠♣❧❡ t❤❡ r✐❣❤t
❛♥❦❧❡ ♦❢ t❤❡ ♠❛♥♥❡q✉✐♥✳ ❙♦♠❡ ❡❞❣❡s ❛r❡ ❞♦✉❜❧❡ ❞❡t❡❝t❡❞✱ ❛s ✐♥ t❤❡ s❤❛❞♦✇ ♦❢ t❤❡ r✐❣❤t ❤❛♥❞ ❛♥❞
♦♥ t❤❡ r✐❣❤t s✐❞❡ ♦❢ t❤❡ ❤❡❛❞ ♦❢ t❤❡ ♠❛♥♥❡q✉✐♥✳ ■♥ t❤❡ s❤❛❞♦✇ ♦♥❡ ❝❛♥ s❡❡ s♦♠❡ str♦♥❣ ❞❡t❡❝t✐♦♥s
✇❤✐❝❤ ❛♣♣❡❛r t♦ ❜❡ ✐♥s✐❞❡ t❤❡ s❤❛❞♦✇ ③♦♥❡✱ ♥♦t ✐♥ ❛ ❝❧❡❛r tr❛♥s✐t✐♦♥✳ ❋✐♥❛❧❧②✱ t❤❡ ❞❡t❛✐❧ ♦❢ s♦♠❡ ♦❢
t❤❡ ❞❡t❡❝t❡❞ str✉❝t✉r❡s ❞♦❡s ♥♦t s❡❡♠s t♦ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♦❜s❡r✈❡❞ ❣❡♦♠❡tr② ✐♥ t❤❡ ✐♠❛❣❡❀ s❡❡ t❤❡
s❤❛❞♦✇ ♦❢ t❤❡ r✐❣❤t ❛r♠♣✐t ♦r t❤❡ s❤❛❞♦✇ ♦❢ t❤❡ r✐❣❤t ❦♥❡❡✳ ❆s ❜❡❢♦r❡✱ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t s❡❡♠s t♦
❛❞❞ ♠❛✐♥❧② ❝❧✉tt❡r✳ ❲❤❡♥ ♥♦✐s❡ ✐s ❛❞❞❡❞✱ ❛s ❡①♣❡❝t❡❞✱ t❤❡ ❞❡t❡❝t✐♦♥ ❞❡❣r❛❞❡s✳ ❚❤❡ ❞❡t❛✐❧s ❣r❛❞✉❛❧❧②
❞✐s❛♣♣❡❛r ❛s ♠♦r❡ ♥♦✐s❡ ✐s ♣r❡s❡♥t✳ ❆❧s♦✱ ❢❛❧s❡ ❞❡t❡❝t✐♦♥s ❛r❡ ❝r❡❛t❡❞ ♦♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❜② ♥♦✐s❡✱
❡s♣❡❝✐❛❧❧② ♦♥ ✢❛t ③♦♥❡s✳

❚❤❡ ♥❡①t ❡①♣❡r✐♠❡♥t ❛♣♣❧✐❡s ❉❡①✐◆❡❞ t♦ ❛♥ ✐♠❛❣❡ ♦❢ t❤❡ ❙✐❡♠❡♥s ❙t❛r s②♥t❤❡t✐❝ ♣❛tt❡r♥✱ s❡❡
❋✐❣✉r❡ ✽✳ ❚❤✐s ❛❧❧♦✇s ✉s t♦ ❛♣♣r❡❝✐❛t❡ t❤❛t t❤❡ ♠❡t❤♦❞ ❤❛s ❛ q✉✐t❡ ✐s♦tr♦♣✐❝ r❡s♣♦♥s❡✳ ❚❤❡ r❡s✉❧t✐♥❣
♣❛tt❡r♥ ❞♦❡s ♥♦t ❞❡♣❡♥❞s str♦♥❣❧② ♦♥ t❤❡ ♦r✐❡♥t❛t✐♦♥✳ ❚❤❡ r❡s♣♦♥s❡ t♦ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥ t❤❡ ❝❡♥t❡r
♦❢ t❤❡ st❛r ❛♣♣❡❛rs ❛s ❛ s❧✐❣❤t sq✉❛r❡ s❤❛♣❡✱ ✇❤❡r❡❛s ❛ ❝✐r❝✉❧❛r s❤❛♣❡ ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞❀ t❤❡ ❝❡♥tr❛❧
♣❛rt ❛❧s♦ s❤♦✇s ❛ ❝❤❛r❛❝t❡r✐st✐❝ ♣❛tt❡r♥ ✇❤✐❝❤ r❡♠❛✐♥s ✉♥❝❤❛♥❣❡❞ ❛❢t❡r t✉r♥✐♥❣ t❤❡ ✐♠❛❣❡ ❜② ✾✵
❞❡❣r❡❡✳ ◆♦♥❡t❤❡❧❡ss✱ ❉❡①✐◆❡❞ s❤♦✇s ❛ ❣♦♦❞ ✐s♦tr♦♣✐❝ r❡s♣♦♥s❡✳

✸✾✽



❆ ❇r✐❡❢ ❆♥❛❧②s✐s ♦❢ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥

✐♥♣✉t ✐♠❛❣❡ ❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✾✿ ❊❞❣❡ ♠❛♣s ♣r♦❞✉❝❡❞ ❜② ❉❡①✐◆❡❞ ✐❧❧✉str❛t✐♥❣ s♦♠❡ ♦❢ ✐ts ❧✐♠✐t❛t✐♦♥s✳ ■♥ t❤❡ ✜rst r♦✇ s♦♠❡ ♦❢ t❤❡ ❝♦❧♦r❡❞ str✐♣❡s
♣r♦❞✉❝❡ ❞❡t❡❝t✐♦♥s✱ ✇❤✐❧❡ ♦t❤❡r ❞♦ ♥♦t✱ ❡✈❡♥ ✐❢ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ t❤♦s❡ str✐♣❡s ✐s ✈❡r② s✐♠✐❧❛r✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ s♦♠❡ s♣✉r✐♦✉s
❞❡t❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ str✐♣❡s✳ ❚❤❡ s❡❝♦♥❞ r♦✇ ✐♠❛❣❡ ❝♦♥t❛✐♥s ❛ ❝♦♠♣❧❡① ♣❛tt❡r♥ ♦❢ ❧✐❣❤t ❛♥❞ s❤❛❞♦✇ ♦♥ t❤❡ ✇❛t❡r✳ ❚❤✐s
❧❡❛❞s t♦ ✐rr❡❣✉❧❛r ❞❡t❡❝t✐♦♥s ❛♥❞ ❛❣❛✐♥✱ t❤❡r❡ ❛r❡ ♣❛rts t❤❛t ❧♦♦❦ ✈❡r② s✐♠✐❧❛r ❜✉t ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t r❡s♣♦♥s❡s✳ ❚❤❡ ❧❛st r♦✇
s❤♦✇s ❛ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ st❛❣❡s✳ ❚❤❡ t✉❧✐♣ ✜❡❧❞ ✐s s❡❡♥ ✐♥ ♣❡rs♣❡❝t✐✈❡❀ s♦♠❡ ✐♥❞✐✈✐❞✉❛❧ t✉❧✐♣s ❧❡❛❞ t♦ ❞❡t❡❝t✐♦♥s
♦♥ t❤❡ ❢♦r❡❣r♦✉♥❞✱ ✇❤✐❧❡ ♦♥❧② t❤❡ ❣❡♥❡r❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ✜❡❧❞ ♣r♦❞✉❝❡s ❞❡t❡❝t✐♦♥s ♦♥ t❤❡ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡
♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣ s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬ r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

✐♥♣✉t ✐♠❛❣❡ ❢✉s❡❞ ♦✉t♣✉t ❛✈❡r❛❣❡ ♦✉t♣✉t

❋✐❣✉r❡ ✶✵✿ ❊①♣❡r✐♠❡♥t ♦♥ ❛♥ ✐♠❛❣❡ ♣r♦❞✉❝❡❞ ❜② ❞✐t❤❡r✐♥❣ ✭s✐③❡ 1024 × 768✮✳ ◆♦t❡ t❤❛t ❉❡①✐◆❡❞ ❝♦rr❡❝t❧② ✐❣♥♦r❡❞ t❤❡
❞✐t❤❡r✐♥❣✳ ❚❤✐s ✐♠❛❣❡ ❝♦♥t❛✐♥s s♦♠❡ s✉❜❥❡❝t✐✈❡ ❝♦♥t♦✉rs✱ s✉❝❤ ❛s ✐♥ t❤❡ s❤✐rt ♦❢ t❤❡ ♠❛♥ ♦r t❤❡ ❢r♦♥t✐❡r ❜❡t✇❡❡♥ t❤❡ t❛❜❧❡
❛♥❞ t❤❡ ♠❛♥✬s ❧❡❣s✳ ❚❤❡s❡ s✉❜❥❡❝t✐✈❡ ❝♦♥t♦✉rs ❞✐❞ ♥♦t ♣r♦❞✉❝❡ ❞❡t❡❝t✐♦♥s✳ ❚❤❡s❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ tr❛✐♥✐♥❣
s❡t ✏tr❛✐♥✶✑ ❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs✬ r❡♣♦s✐t♦r② ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳

✸✾✾



❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐✱ ●r❡❣♦r② ❘❛♥❞❛❧❧

✐♥♣✉t ✐♠❛❣❡ ❉❡①✐◆❡❞ ✏tr❛✐♥✶✑ ❉❡①✐◆❡❞ ✏tr❛✐♥✷✑

❋✐❣✉r❡ ✶✶✿ ❋✉s❡❞ r❡s✉❧ts ♦❢ ❉❡①✐◆❡❞ ✉s✐♥❣ t❤❡ t✇♦ ❞✐✛❡r❡♥t s❡ts ♦❢ tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs✱ ✏tr❛✐♥✶✑ ❛♥❞ ✏tr❛✐♥✷✑ ❛s ♣r♦✈✐❞❡❞
❜② t❤❡ ❛✉t❤♦rs ❬✽✱ s❡❡ ❘❊❆❉▼❊✳♠❞ ❛t ❞✐r❡❝t♦r② ❵❧❡❣❛❝②✬❪✳ ◆♦t❡ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❜♦t❤ ♦✉t♣✉ts✱ ❢♦r ❡①❛♠♣❧❡ ✐♥ t❤❡
s❡❝♦♥❞ r♦✇✳

✹✵✵



❆ ❇r✐❡❢ ❆♥❛❧②s✐s ♦❢ t❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥

❋✐❣✉r❡ ✾ ✐❧❧✉str❛t❡s s♦♠❡ ❧✐♠✐t❛t✐♦♥s ♦❢ ❉❡①✐◆❡❞✳ ■♥ t❤❡ ✜rst ❡①❛♠♣❧❡ s♦♠❡ ♦❢ t❤❡ ❝♦❧♦r❡❞ str✐♣❡s
♣r♦❞✉❝❡ ❞❡t❡❝t✐♦♥s✱ ✇❤✐❧❡ ♦t❤❡rs ❞♦ ♥♦t✱ ❡✈❡♥ ✐❢ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ t❤♦s❡ str✐♣❡s ✐s ✈❡r② s✐♠✐❧❛r✳ ❚❤❡r❡
❛r❡ ❛❧s♦ s♦♠❡ s♣✉r✐♦✉s ❞❡t❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ str✐♣❡s✳ ❚❤❡ s❡❝♦♥❞ ✐♠❛❣❡ ❝♦♥t❛✐♥s ❛ ❝♦♠♣❧❡① ♣❛tt❡r♥
♦❢ ❧✐❣❤t ❛♥❞ s❤❛❞♦✇ ♦♥ t❤❡ ✇❛t❡r✳ ❚❤✐s ❧❡❛❞s t♦ ✐rr❡❣✉❧❛r ❞❡t❡❝t✐♦♥s ❛♥❞ ❛❣❛✐♥✱ t❤❡r❡ ❛r❡ ♣❛rts t❤❛t
❧♦♦❦ ✈❡r② s✐♠✐❧❛r ❜✉t ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t r❡s♣♦♥s❡s✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤✐s ✐♠❛❣❡ ❝♦♥t❛✐♥s str✉❝t✉r❡s ❛t
❛ ❧✐♠✐t✐♥❣ s❝❛❧❡ ❢♦r ❜❡✐♥❣ ❝♦♥s✐❞❡r❡❞ ❛s ❡❞❣❡s ♦r ❛s t❡①t✉r❡✳ ❚❤❡ ❧❛st ✐♠❛❣❡ s❤♦✇s ❛ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥
t❤❡s❡ t✇♦ st❛❣❡s✳ ❚❤❡ t✉❧✐♣ ✜❡❧❞ ✐s s❡❡♥ ✐♥ ♣❡rs♣❡❝t✐✈❡❀ s♦♠❡ ✐♥❞✐✈✐❞✉❛❧ t✉❧✐♣s ❧❡❛❞ t♦ ❞❡t❡❝t✐♦♥s ♦♥
t❤❡ ❢♦r❡❣r♦✉♥❞✱ ✇❤✐❧❡ ♦♥❧② t❤❡ ❣❡♥❡r❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ✜❡❧❞ ♣r♦❞✉❝❡s ❞❡t❡❝t✐♦♥s ♦♥ t❤❡ ❜❛❝❦❣r♦✉♥❞✳
■♥ ❛❧❧ t❤❡ t❤r❡❡ ❝❛s❡s✱ r❡❧❛t✐✈❡ t♦ t❤❡ ❢✉s❡❞ ♦✉t♣✉t✱ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t ♦♥❧② ❛❞❞s ❛♥ ❛❧♠♦st ✉♥✐❢♦r♠
❞❡t❡❝t✐♦♥ ❧❡✈❡❧ ♦♥ ❛ ❧❛r❣❡ ♣❛rt ♦❢ t❤❡ ✐♠❛❣❡s✳

❚❤❡ ✐♠❛❣❡ ✐♥ ❋✐❣✉r❡ ✶✵ ♣r❡s❡♥ts s♦♠❡ ❝❤❛r❛❝t❡r✐st✐❝s t❤❛t ❞✐✛❡r ❢r♦♠ ♦♥❡s ♦♥ t❤❡ tr❛✐♥✐♥❣ s❡t✳
❊✈❡♥ ✐❢ ✐t ✐s ❛ ♥❛t✉r❛❧ ✐♠❛❣❡✱ ✇❤❡♥ ♦❜s❡r✈❡❞ ✐♥ ❞❡t❛✐❧ ♦♥❡ ❝❛♥ s❡❡ ❛ ❞✐t❤❡r✐♥❣ ♣❛tt❡r♥ ✉s❡❞ t♦
❣❡♥❡r❛t❡ t❤❡ ❣r❛② ❧❡✈❡❧s✳ ❉❡①✐◆❡❞ ❝♦rr❡❝t❧② ✐❣♥♦r❡❞ t❤❡ ❞✐t❤❡r✐♥❣✳ ❚❤❡ ✐♠❛❣❡s ♦♥ t❤❡ tr❛✐♥✐♥❣ s❡t ❞♦
♥♦t ✐♥❝❧✉❞❡ ❞✐t❤❡r✐♥❣❀ ♥❡✈❡rt❤❡❧❡ss✱ t❤❡ ✐♠❛❣❡s ♦❢ t❤❡ tr❛✐♥✐♥❣ s❡t ✐♥❝❧✉❞❡ t❡①t✉r❡❞ ③♦♥❡s ✇❤❡r❡ t❤❡
❛♥♥♦t❛t✐♦♥ ✐♥❞✐❝❛t❡s t♦ ✐❣♥♦r❡ t❤♦s❡ ♣❛tt❡r♥s✳ ❚❤❡ ❞✐t❤❡r✐♥❣ ♠❛② ❜❡ t❤✉s tr❡❛t❡❞ ❛s ❛ t❡①t✉r❡ ❛♥❞
t❤✉s ✐❣♥♦r❡❞✳ ❆ s❡❝♦♥❞ ✐♥t❡r❡st✐♥❣ ♦❜s❡r✈❛t✐♦♥ ✐s t❤❛t t❤✐s ✐♠❛❣❡ ✐♥❝❧✉❞❡s s♦♠❡ s✉❜❥❡❝t✐✈❡ ❝♦♥t♦✉rs✱
s✉❝❤ ❛s ✐♥ t❤❡ s❤✐rt ♦❢ t❤❡ ♠❛♥✱ ❛ ♣❛rt ♦❢ t❤❡ ❤❛✐r ♦❢ t❤❡ ✇♦♠❛♥✱ ♦r t❤❡ ❢r♦♥t✐❡r ❜❡t✇❡❡♥ t❤❡ t❛❜❧❡
❛♥❞ t❤❡ ♠❛♥✬s ❧❡❣s✳ ❚❤❡s❡ s✉❜❥❡❝t✐✈❡ ❝♦♥t♦✉rs ❞✐❞ ♥♦t ♣r♦❞✉❝❡ ❞❡t❡❝t✐♦♥s✱ ❝♦♥✜r♠✐♥❣ t❤❛t ❉❡①✐◆❡❞
✐s ❛♥ ❡❞❣❡ ❞❡t❡❝t♦r ✭❛s r❡s♣♦♥❞✐♥❣ t♦ ✐♠❛❣❡ ✐♥t❡♥s✐t② tr❛♥s✐t✐♦♥s✮ ❛♥❞ ♥♦t ❛ ❝♦♥t♦✉r ❞❡t❡❝t♦r ✭❛s
r❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❝♦♥t♦✉rs ♦❢ ♣r❡s❡♥t ♦❜❥❡❝ts✮✳ ❚❤✐s ♣♦✐♥t ✇❛s ✐♥❞❡❡❞ ❡♠♣❤❛s✐③❡❞ ❜② t❤❡ ❛✉t❤♦rs✳

❆ ✜♥❛❧ ❡①♣❡r✐♠❡♥t ❝♦♠♣❛r❡s t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❉❡①✐◆❡❞ ❛r❝❤✐t❡❝t✉r❡ ✉s✐♥❣ t✇♦ ❞✐✛❡r❡♥t s❡ts ♦❢
tr❛✐♥❡❞ ♣❛r❛♠❡t❡rs✿ ✏tr❛✐♥✶✑ ❛♥❞ ✏tr❛✐♥✷✑ ❛s ♠❛❞❡ ♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡ ❜② t❤❡ ❛✉t❤♦rs✱ s❡❡ ❋✐❣✉r❡ ✶✶✳
◆♦t❡ ❤♦✇ t❤❡ tr❛✐♥✐♥❣ ✐s ❝r✐t✐❝❛❧ ❢♦r t❤❡ q✉❛❧✐t② ♦❢ t❤❡ r❡s✉❧ts✳ ❆t ✜rst s✐❣❤t ❜♦t❤ r❡s✉❧ts s❡❡♠s s✐♠✐❧❛r❀
♦❜s❡r✈✐♥❣ ✐♥ ❞❡t❛✐❧✱ ❤♦✇❡✈❡r✱ t❤❡r❡ ❛r❡ s✉❜st❛♥t✐❛❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ t✇♦ r❡s✉❧ts✳

✺ ❉✐s❝✉ss✐♦♥

❚❤❡ ❉❡♥s❡ ❊①tr❡♠❡ ■♥❝❡♣t✐♦♥ ◆❡t✇♦r❦ ❈◆◆ ▼♦❞❡❧ ❢♦r ❊❞❣❡ ❉❡t❡❝t✐♦♥✭❉❡①✐◆❡❞✮ ❬✼❪ ✐s ❛ st❛t❡✲♦❢✲
t❤❡✲❛rt ♥❡✉r❛❧ ♥❡t✇♦r❦ ❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥ ✇❤✐❝❤ ♣r♦❞✉❝❡s ✈❡r② ❣♦♦❞ r❡s✉❧ts ✐♥ ❣❡♥❡r❛❧✳ ❉❡①✐◆❡❞
♣r♦✈✐❞❡s ❛ ✈❛❧✉❡ ♣❡r ♣✐①❡❧✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ ❝♦♥✜❞❡♥❝❡ ♦♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥ ❡❞❣❡ ❛t ❡❛❝❤ ♣♦s✐t✐♦♥✳
❚❤❡ ♠❡t❤♦❞ ❞♦❡s ♥♦t ♣r♦✈✐❞❡ ❛ ❜✐♥❛r② ❡❞❣❡ ♠❛♣ ✐♥❞✐❝❛t✐♥❣ t❤❡ ♣r❡s❡♥❝❡ ♦r ♥♦t ♦❢ ❡❞❣❡s❀ t❤✐s ✐s ✐♥
❝♦♥tr❛st t♦ t❤❡ ❛♥♥♦t❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜② ❤✉♠❛♥s✱ ❝♦♥s✐st✐♥❣ ♦❢ ❜✐♥❛r② ♠❛♣s✳ ❚❤❡ s❝♦r❡ ♠❛♣s ♣r♦❞✉❝❡❞
❜② ❉❡①✐◆❡❞ ♣r♦✈✐❞❡ ❛ ✈❡r② ✉s❡❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ✐♥ ❛ ✈❛r✐❡t② ♦❢ ❛♣♣❧✐❝❛t✐♦♥s❀ ✐♥ s♦♠❡ ❛♣♣❧✐❝❛t✐♦♥s ✐t
❝❛♥ ❜❡ ❡✈❡♥ ❜❡tt❡r t❤❛♥ ❛ ❜✐♥❛r② ❡❞❣❡ ♠❛♣✳ ❋♦r ♦t❤❡r ❛♣♣❧✐❝❛t✐♦♥s t❤❛t r❡q✉✐r❡ ❛ ❜✐♥❛r② ❡❞❣❡ ♠❛♣✱
s♦♠❡ ❦✐♥❞ ♦❢ t❤r❡s❤♦❧❞ ♣r♦❝❡ss ✐s ♥❡❡❞❡❞ ♦♥ t❤❡ ♦✉t♣✉t ♦❢ ❉❡①✐◆❡❞✳

❉❡①✐◆❡❞ ♣r♦✈✐❞❡s t✇♦ ♠❛✐♥ ♦✉t♣✉ts✱ ♥❛♠❡❧② t❤❡ ❢✉s❡❞ ♦✉t♣✉t ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ♦✉t♣✉t✳ ❊✈❡♥ ✐❢
t❤❡ ❛✉t❤♦rs ❝❧❛✐♠ t❤❛t t❤❡ ❧❛tt❡r ❣✐✈❡s ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡✱ ♦✉r ✐♠♣r❡ss✐♦♥ ✐s t❤❛t t❤❡ ❢✉s❡❞ ♦✉t♣✉t
❣✐✈❡s t❤❡ ❜❡st r❡s✉❧ts ❛s ❛♥ ❡❞❣❡ ❞❡t❡❝t♦r✳

❉❡①✐◆❡❞ ❞♦❡s ♥♦t ❞✐✛❡r❡♥t✐❛t❡ ❡❞❣❡s ❢r♦♠ r✐❞❣❡s ❛♥❞ t❤❡ r❡s✉❧t ✐s ♥♦t ❝♦♠♣❧❡t❡❧② s❤❛r♣ ✭❡❞❣❡
r❡s✉❧ts ❛r❡ ✉s✉❛❧❧② ❛❜♦✉t ✷ ♣✐①❡❧ ✇✐❞❡ ❛♥❞ ♦❢t❡♥ ♠♦r❡✮✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ ❡✈❡♥ ♠♦❞❡r❛t❡ ♥♦✐s❡ ❞❡❣r❛❞❡s
t❤❡ ❞❡t❡❝t✐♦♥✳ ❆❧s♦✱ ❤✐❣❤✲❢r❡q✉❡♥❝② ♣❛tt❡r♥s ❢❛✐❧ t♦ ♣r♦❞✉❝❡ ❞❡t❡❝t✐♦♥s✳

❉❡①✐◆❡❞ s❤❛r❡s ❛ ❝♦♠♠♦♥ ❛s♣❡❝t ✇✐t❤ ❛❧❧ s✉♣❡r✈✐s❡❞ ❧❡❛r♥✐♥❣ ♠❡t❤♦❞s✿ t❤❡ r❡s✉❧ts ❛r❡ str♦♥❣❧②
❞❡♣❡♥❞❡♥t ♦♥ t❤❡ tr❛✐♥✐♥❣ ❞❛t❛s❡t ❬✾❪✳ ■♥❞❡❡❞✱ t❤❡r❡ ✐s ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ s✉❜❥❡❝t✐✈✐t② ✐♥ t❤❡ ❛♥♥♦t❛t✐♦♥
♦❢ ❡❞❣❡s ♦r ❝♦♥t♦✉rs ❜② ❤✉♠❛♥ s✉❜❥❡❝ts✳ ❆t ✇❤❛t ♣♦✐♥t ❞♦ ❝❡rt❛✐♥ str♦❦❡s ❝❡❛s❡ t♦ ❜❡ ❡❞❣❡s ❛♥❞
❜❡❝♦♠❡ ❛ t❡①t✉r❡❄ ❖♥❧② ♦❜❥❡❝t ❝♦♥t♦✉rs s❤♦✉❧❞ ❜❡ ❛♥♥♦t❛t❡❞✱ ♦r s❤♦✉❧❞ ❡❞❣❡s ♦❜s❡r✈❡❞ ♦♥ ♦❜❥❡❝ts
❜❡ ❛♥♥♦t❛t❡❞ t♦♦❄ ❋♦r ❡①❛♠♣❧❡✱ s❤♦✉❧❞ t❤❡ str✐♣❡s ♦❢ ❛ ③❡❜r❛ ❜❡ ❛♥♥♦t❛t❡❞ ♦r ♥♦t❄ ❚♦ ✇❤✐❝❤ ❞❡❣r❡❡
♦❢ ❞❡t❛✐❧ s❤♦✉❧❞ ♦❜❥❡❝ts ❜❡ ❝❧❛ss✐✜❡❞ ❛s ❞✐✛❡r❡♥t❄ ❙❤♦✉❧❞ t❤❡ ❝❧♦t❤❡s ♦❢ ❛ ♣❡rs♦♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s
s❡♣❛r❛t❡ ♦❜❥❡❝ts ❢r♦♠ t❤❡ ♣❡rs♦♥❄ ❚❤❡ ❛✉t❤♦rs ❛r❣✉❡ t❤❛t t❤❡s❡ ♣r♦❜❧❡♠s ♠❛② ❜❡ ❡ss❡♥t✐❛❧❧② s♦❧✈❡❞

✹✵✶



❘❛❢❛❡❧ ●r♦♠♣♦♥❡ ✈♦♥ ●✐♦✐✱ ●r❡❣♦r② ❘❛♥❞❛❧❧

✉s✐♥❣ ❛ ❝❛r❡❢✉❧❧② ❛♥♥♦t❛t❡❞ ❞❛t❛s❡t ✉s✐♥❣ ❝♦❤❡r❡♥t ❝r✐t❡r✐❛✳ ❚♦ t❤✐s ❛✐♠ t❤❡② ❜✉✐❧t ❛♥❞ ♣r♦♣♦s❡❞
t❤❡ ❇■P❊❉ ❞❛t❛s❡t✳ ❚❤✐s ♥❡✇ ❞❛t❛s❡t ✐s ❛ ❣♦♦❞ ✐♠♣r♦✈❡♠❡♥t✱ ♥❛♠❡❧② ❜❡❝❛✉s❡ ✐t ❤❛s ❜❡❡♥ ❜✉✐❧t
s♣❡❝✐✜❝❛❧❧② ❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥ ♣✉r♣♦s❡s✳ ❇✉t ✐t ❞♦❡s ♥♦t s♦❧✈❡ ❝♦♠♣❧❡t❡❧② t❤❡ ♠❡♥t✐♦♥❡❞ ♣r♦❜❧❡♠s✳
■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ✐♥tr✐♥s✐❝ ❞✐✣❝✉❧t✐❡s ♦❢ s✉❝❤ ❛ t❛s❦✱ t❤❡ ❛♠♦✉♥t ♦❢ t✐♠❡ r❡q✉✐r❡❞ t♦ ❛♥♥♦t❛t❡ ❡❛❝❤
✐♠❛❣❡ ✐♠♣♦s❡s ❛ ❧✐♠✐t t♦ t❤❡ ❞❛t❛s❡t s✐③❡ t❤❛t ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ❜② s✉❝❤ ❝❛r❡❢✉❧ ✇♦r❦ ❞♦♥❡ ❜② ❡①♣❡rts✳

❚❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ❛❧❧ t❤❡s❡ ❝♦♥s✐❞❡r❛t✐♦♥s✱ t❤❡ r❡s✉❧ts ♦❢ ❉❡①✐◆❡❞ ❛r❡ q✉✐t❡ ✐♠♣r❡ss✐✈❡✳ ❆❧❧ ✐♥
❛❧❧✱ ❉❡①✐◆❡❞ ✐s ❛♥ ❡①❝❡❧❧❡♥t ❡❞❣❡ ❞❡t❡❝t♦r✳

■♠❛❣❡ ❈r❡❞✐ts

❋r♦♠ ❇■P❊❉ ❞❛t❛s❡t ❬✼❪✳

■♠❛❣❡ ♥✉♠❜❡r ✸✺✵✼✵ ❢r♦♠ ❇❙❉❙✺✵✵ ❞❛t❛s❡t ❬✶❪✳

❊①tr❛❝t❡❞ ❢r♦♠ ❬✸❪ ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ❛❞❞❡❞ ♥♦✐s❡✳

❙②♥t❤❡t✐❝ ✐♠❛❣❡s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❛✉t❤♦rs✳

❏❡✛r❡② ●r♦❡♥❡✇❡❣✴❆◆P✴❆❋P✴●❡tt② ■♠❛❣❡s✹

❆♥❛❞♦❧✉ ❆❣❡♥❝②✴❆♥❛❞♦❧✉ ❆❣❡♥❝② ✈✐❛ ●❡tt② ■♠❛❣❡s✺

❈❈✵✻

❏♦❤♥ ❑❡♦❣❤✱ ■❇▼ ❙②st❡♠✴✸✼✵ ▼♦❞❡❧ ✶✹✺✱ ❈❈ ❇❨✲◆❈ ✷✳✵✼

❘❡❢❡r❡♥❝❡s

❬✶❪ P✳ ❆r❜❡❧❛❡③✱ ▼✳ ▼❛✐r❡✱ ❈✳ ❋♦✇❧❦❡s✱ ❛♥❞ ❏✳ ▼❛❧✐❦✱ ❈♦♥t♦✉r ❞❡t❡❝t✐♦♥ ❛♥❞ ❤✐❡r❛r❝❤✐✲
❝❛❧ ✐♠❛❣❡ s❡❣♠❡♥t❛t✐♦♥✱ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ P❛tt❡r♥ ❆♥❛❧②s✐s ❛♥❞ ▼❛❝❤✐♥❡ ■♥t❡❧❧✐❣❡♥❝❡✱ ✸✸
✭✷✵✶✵✮✱ ♣♣✳ ✽✾✽✕✾✶✻✳ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✵✾✴❚P❆▼■✳✷✵✶✵✳✶✻✶✳

❬✷❪ ❋✳ ❈❤♦❧❧❡t✱ ❳❝❡♣t✐♦♥✿ ❉❡❡♣ ❧❡❛r♥✐♥❣ ✇✐t❤ ❞❡♣t❤✇✐s❡ s❡♣❛r❛❜❧❡ ❝♦♥✈♦❧✉t✐♦♥s✱ ✷✵✶✻✳ ❤tt♣s✿

✴✴❞♦✐✳♦r❣✴✶✵✳✹✽✺✺✵✴❛r❳✐✈✳✶✻✶✵✳✵✷✸✺✼✳

❬✸❪ ❏✳❍✳ ❊❧❞❡r ❛♥❞ ❙✳❲✳ ❩✉❝❦❡r✱ ▲♦❝❛❧ s❝❛❧❡ ❝♦♥tr♦❧ ❢♦r ❡❞❣❡ ❞❡t❡❝t✐♦♥ ❛♥❞ ❜❧✉r ❡st✐♠❛t✐♦♥✱
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