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❙❝❤♦♦❧ ♦❢ ■❈❚✱ ❑❚❍
❑❚❍ ❑✐st❛✱ ❑✐st❛❣å♥❣❡♥ ✶✻✱ ❙❊✲✶✻✹ ✹✵ ❑✐st❛✱ ❙✈❡r✐❣❡

❆❦❛❞❡♠✐s❦ ❛✈❤❛♥❞❧✐♥❣ s♦♠ ♠❡❞ t✐❧❧stå♥❞ ❛✈ ❑✉♥❣❧ ❚❡❦♥✐s❦❛ ❤ö❣s❦♦❧❛♥ ❢r❛♠❧ä❣✲
❣❡s t✐❧❧ ♦❢❢❡♥t❧✐❣ ❣r❛♥s❦♥✐♥❣ ❢ör ❛✈❧ä❣❣❛♥❞❡ ❛✈ ❞♦❦t♦rs❡①❛♠❡♥ ✐♥ ❊❧❡❦tr♦♥✐❦ ♦❝❤
❞❛t♦rs②st❡♠ t♦rs❞❛❣❡♥ ❞❡♥ ✶✽ ❢❡❜r✉❛r✐ ✷✵✶✻ ❦❧♦❝❦❛♥ ✶✸✳✵✵ ✐ ❊❧❡❝tr✉♠ ❑❛✲❙❛❧ ❈✱
❑❚❍ ❑✐st❛✱ ❑✐st❛❣å♥❣❡♥ ✶✻✱ ❙❊✲✶✻✹ ✹✵ ❑✐st❛✱ ❙✈❡r✐❣❡✳
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❚r②❝❦✿ ❯♥✐✈❡rs✐t❡tss❡r✈✐❝❡ ❯❙ ❆❇
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❆❜str❛❝t

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❛ ♥♦✈❡❧ s②st❡♠✲❧❡✈❡❧ s②♥t❤❡s✐s ❢r❛♠❡✇♦r❦ ❝❛❧❧❡❞ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ ✇❤✐❝❤ s②♥t❤❡s✐③❡s ❉✐❣✐t❛❧
❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s ♠♦❞❡❧❡❞ ❜② s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇ ✐♥t♦
❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✐♥ ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱
❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡
❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ st②❧❡✳ ❙❨▲❱❆ s②♥t❤❡s✐③❡s ✐♥ t❡r♠s ♦❢ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞
❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮✳ ■t ❡①♣❧♦r❡s t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ t❤r❡❡
❞✐♠❡♥s✐♦♥s✱ ♥✉♠❜❡r ♦❢ ❋■▼Ps✱ t②♣❡ ♦❢ ❋■▼Ps✱ ❛♥❞ ♣✐♣❡❧✐♥❡ ♣❛r❛❧❧❡❧✐s♠ ❜❡✲
t✇❡❡♥ t❤❡ ♣r♦❞✉❝✐♥❣ ❛♥❞ ❝♦♥s✉♠✐♥❣ ❋■▼Ps✳ ❙❨▲❱❆ ❛❧s♦ ✐♥tr♦❞✉❝❡s t✐♠✐♥❣
❛♥❞ ✐♥t❡r❢❛❝❡ ♠♦❞❡❧ ♦❢ ❋■▼Ps t♦ ❡♥❛❜❧❡ r❡✉s❡ ❛♥❞ ❛✉t♦♠❛t✐❝ ❣❡♥❡r❛t✐♦♥ ♦❢
●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ t♦ ❣❧✉❡ t❤❡ ❋■▼Ps t♦❣❡t❤❡r ✐♥t♦ ❛
✇♦r❦✐♥❣ s②st❡♠✳ ❙❨▲❱❆ ❤❛s ❜❡❡♥ ❡✈❛❧✉❛t❡❞ ❜② ❛♣♣❧②✐♥❣ ✐t t♦ s❡✈❡r❛❧ r❡❛❧
❛♥❞ s②♥t❤❡t✐❝ ❉❙P ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛r❡ ❛♥❛❧②③❡❞
❢♦r t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✱ t❤❡ ●▲■❈ s②♥t❤❡s✐s✱ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥✱
❛♥❞ t❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❢❡❛t✉r❡s✳ ❚❤❡ ❝♦♥❝❧✉s✐♦♥ ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
r❡s✉❧ts ✐s t❤❛t ❜② ❡①♣❧♦r✐♥❣ t❤❡ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥❛❧ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ t❡r♠s ♦❢
♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❋■▼Ps✱ ❙❨▲❱❆ ❡①♣❧♦r❡s ❛ r✐❝❤❡r ❞❡s✐❣♥ s♣❛❝❡ ❛♥❞ ❞♦❡s ✐t
♠♦r❡ ❡✛❡❝t✐✈❡❧② ❝♦♠♣❛r❡❞ t♦ t❤❡ ❡①✐st✐♥❣ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ t♦♦❧s
t♦ ✐♠♣r♦✈❡ ❜♦t❤ ❡♥❣✐♥❡❡r✐♥❣ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✣❝✐❡♥❝②✳
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❙❛♠♠❛♥❢❛tt♥✐♥❣

❉❡♥♥❛ ❛✈❤❛♥❞❧✐♥❣ ♣r❡s❡♥t❡r❛r ❡tt ♥②tt s②♥t❡s✲r❛♠✈❡r❦ ♣å s②st❡♠♥✐✈å s♦♠ ❦❛❧❧❛s
❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ❆r❝❤✐t❡❝t✉r❛❧ ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ s♦♠ s②♥t❡t✐s❡r❛r ❉✐❣✐✲
t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ ❞❡❧s②st❡♠ s♦♠ ♠♦❞❡❧❧❡r❛s ❛✈ s②♥❦r♦♥ ❞❛t❛ t✐❧❧ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥❡r ✐ ❤år❞✈❛r❛ s♦♠ ❆♣♣❧✐❝❛t✐♦♥ ❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱ ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ❡❧❧❡r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝✲
t✉r❡ ✭❈●❘❆✮✳ ❙❨▲❱❆ s②♥t❡t✐s❡r❛r ✐ ❢♦r♠ ❛✈ ❢ör❦❛r❛❦t❡r✐s❡r❛❞❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥✲
t❛t✐♦♥s ✭❋■▼Ps✮✳ ❉❡♥♥❛ ♠❡t♦❞ ✉t❢♦rs❦❛r ❞❡s✐❣♥✉tr②♠♠❡t ✐ tr❡ ❞✐♠❡♥s✐♦♥❡r✱ ❛♥t❛❧
❋■▼Ps✱ t②♣ ❛✈ ❋■▼Ps ♦❝❤ ♣✐♣❡❧✐♥❡ ♣❛r❛❧❧❡❧❧✐s♠ ❡♠❡❧❧❛♥ ❞❡ ♣r♦❞✉❝❡r❛♥❞❡ ♦❝❤ ❦♦♥✲
s✉♠❡r❛♥❞❡ ❋■▼Ps✳ ❙❨▲❱❆ ✐♥tr♦❞✉❝❡r❛r ♦❝❦så ❡♥ t✐♠✐♥❣✲♦❝❤ ❣rä♥ss♥✐tts♠♦❞❡❧❧ ❛✈
❋■▼Ps ❢ör ❛tt ♠ö❥❧✐❣❣ör❛ åt❡r❛♥✈ä♥❞♥✐♥❣ ♦❝❤ ❛✉t♦♠❛t✐s❦ ❣❡♥❡r❡r✐♥❣ ❛✈ ●❧♦❜❛❧ ■♥✲
t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ ❛tt ❦✉♥♥❛ ❦❧✐str❛ s❛♠♠❛♥ ❋■▼Ps t✐❧❧ ❡tt ❢✉♥❣❡r❛♥❞❡
s②st❡♠✳ ❙❨▲❱❆ ❤❛r ✉t✈är❞❡r❛ts ❣❡♥♦♠ ❛tt ❛♣♣❧✐❝❡r❛ ❞❡t ✐ ✈❡r❦❧✐❣❛ s❛♠t s②♥t❡t✐s❦❛
❉❙P ❛♣♣❧✐❦❛t✐♦♥❡r ♦❝❤ ❡①♣❡r✐♠❡♥t❡❧❧❛ r❡s✉❧t❛t ❛♥❛❧②s❡r❛s ❢ör ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦✲
r❛t✐♦♥✱ ●▲■❈✲s②♥t❡s❡♥✱ ❦♦❞❣❡♥❡r❡r✐♥❣❡♥ ♦❝❤ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❢✉♥❦t✐♦♥❡r✳ ❙❧✉t✲
s❛ts❡♥ ❢rå♥ ❞❡ ❡①♣❡r✐♠❡♥t❡❧❧❛ r❡s✉❧t❛t❡♥ är ❛tt ❣❡♥♦♠ ❛tt ✉t❢♦rs❦❛ ❞❡♥ ✢❡r❞✐♠❡♥✲
s✐♦♥❡❧❧❛ ❞❡s✐❣♥ s♣❛❝❡ ♥är ❞❡t ❣ä❧❧❡r ❢ör❦❛r❛❦t❡r✐s❡r❛❞❡ ❋■▼Ps✱ ✉t❢♦rs❦❛r ❙❨▲❱❆
❡♥ ❜r❡❞❛r❡ ❞❡s✐❣♥ s♣❛❝❡ ♦❝❤ ❣ör ❞❡t ♠❡r ❡✛❡❦t✐✈❛r❡ ❣❡♥t❡♠♦t ❞❡ ❜❡✜♥t❧✐❣❛ ❤ö❣✲
♥✐✈ås②♥t❡s ✭❍▲❙✮ ✈❡r❦t②❣ ♠❡❞ ♠å❧❡t ❛tt ❢ör❜ättr❛ störr❡ t❡❦♥✐❦✲ ♦❝❤ ❜❡rä❦♥✐♥❣s❡❢✲
❢❡❦t✐✈✐t❡t✳





❆❝❦♥♦✇❧❡❞❣♠❡♥t

❋✐rst ♦❢ ❛❧❧✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② s♣❡❝✐❛❧ t❤❛♥❦s ♦❢ ❣r❛t✐t✉❞❡ t♦ ♠② s✉♣❡r✈✐s♦r
Pr♦❢✳ ❆❤♠❡❞ ❍❡♠❛♥✐ ❛♥❞ s❝✐❡♥t✐✜❝ r❡✈✐❡✇❡r ❉r✳ ❑♦❧✐♥ P❛✉❧✳ Pr♦❢✳ ❆❤♠❡❞ ❍❡♠❛♥✐
❣❛✈❡ ♠❡ t❤❡ ❣♦❧❞❡♥ ♦♣♣♦rt✉♥✐t② t♦ ❞♦ t❤✐s ✇♦♥❞❡r❢✉❧ ♣r♦❥❡❝t ♦♥ s②st❡♠✲❧❡✈❡❧ ❤❛r❞✲
✇❛r❡ s②♥t❤❡s✐s✳ ❍❡ ❛❧s♦ ❤❡❧♣❡❞ ♠❡ ✐♥ ❞♦✐♥❣ ❛ ❧♦t ♦❢ r❡s❡❛r❝❤ ❛♥❞ ■ ❝❛♠❡ t♦ ❦♥♦✇
❛❜♦✉t s♦ ♠❛♥② ♥❡✇ t❤✐♥❣s✳ ■ ❛♠ r❡❛❧❧② t❤❛♥❦❢✉❧ t♦ t❤❡♠✳ ❙❡❝♦♥❞❧② ■ ✇♦✉❧❞ ❛❧s♦
❧✐❦❡ t♦ t❤❛♥❦ ♠② ♣❛r❡♥ts✱ Pr♦❢✳ ❩❤❡②✐♥❣ ▲✐ ❛♥❞ ❉r✳ ❳✉❡❧✐♥❣ ▲✐✉✱ ✇❤♦ s✉♣♣♦rt❡❞
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❆❉▲ ❆r❝❤✐t❡❝t✉r❡ ❉❡s❝r✐♣t✐♦♥ ▲❛♥❣✉❛❣❡
❆●❯ ❆❞❞r❡ss ●❡♥❡r❛t✐♦♥ ❯♥✐t
❆■❘ ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥
❆▲P ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠
❆▲❯ ❆r✐t❤♠❡t✐❝ ▲♦❣✐❝ ❯♥✐t
❆❙■❈ ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t
❇▲P ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠
❇P❙❑ ❇✐♥❛r② P❤❛s❡✲❙❤✐❢t ❑❡②✐♥❣
❈❈❑ ❈♦♠♣❧❡♠❡♥t❛r② ❈♦❞❡ ❑❡②✐♥❣
❈❉❋● ❈♦♥tr♦❧ ❉❛t❛ ❋❧♦✇ ●r❛♣❤
❈●❘❆ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡
❈■❈ ❈❛s❝❛❞❡❞ ■♥t❡❣r❛t♦r✲❈♦♠❜
❈P ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣
❈❘❆❙■❈ ❈✉st♦♠✐③❛t✐♦♥ ♦❢ ❈♦❛rs❡ ●r❛✐♥ ❘❡❝♦♥✜❣✉r❛❜❧❡
❈❙❖P ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ ❖♣t✐♠✐③❛t✐♦♥ Pr♦❜❧❡♠
❈❙P ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ Pr♦❜❧❡♠
❈♦♥❚✐❧❡ ❈♦♥✜❣✉r❛t✐♦♥ ❚✐❧❡
❉❈❚ ❉✐s❝r❡t❡ ❈♦s✐♥❡ ❚r❛♥s❢♦r♠
❉❋● ❉❛t❛ ❋❧♦✇ ●r❛♣❤
❉✐▼❆❘❈❍ ❉✐str✐❜✉t❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡
❉P❯ ❉❛t❛P❛t❤ ❯♥✐t
❉❘❘❆ ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛②
❉❙❊ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥
❉❙P ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣
❊❉❆ ❊❧❡❝tr♦♥✐❝ ❉❡s✐❣♥ ❆✉t♦♠❛t✐♦♥
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❋❋❚ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠
❋■❋❖ ❋✐rst ■♥ ❋✐rst ❖✉t
❋■▼P ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥
❋■❘ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡
❋▲P ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠
❋P●❆ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛②
❋❙▼ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡
❋❙▼❉ ❋❙▼ ✇✐t❤ ❉❛t❛♣❛t❤
●❈❈ ●◆❯ ❈♦♠♣✐❧❡r ❈♦❧❧❡❝t✐♦♥
●▲■❈ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧
❍▲❙ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s
❍❙❉❋ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋
■▲P ■♥t❡❣❡r ▲✐♥❡❛r Pr♦❣r❛♠♠✐♥❣
■P ■♥t❡❧❧❡❝t✉❛❧ Pr♦♣❡rt②
❑P◆ ❑❛❤♥ Pr♦❝❡ss ◆❡t✇♦r❦
▲❙❆ ▲❛②❡r❡❞ ❙♣✐r❛❧ ❆❧❣♦r✐t❤♠
▲❚❊ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥
▼❆❈ ▼✉❧t✐♣❧✐❝❛t✐♦♥✲❆❝❝✉♠✉❧❛t✐♦♥
▼■▲P ▼✐①❡❞ ■♥t❡❣❡r ▲✐♥❡❛r Pr♦❣r❛♠♠✐♥❣
▼■▼❖ ▼✉❧t✐✲■♥♣✉t ▼✉❧t✐✲❖✉t♣✉t
▼P❊● ▼♦✈✐♥❣ P✐❝t✉r❡ ❊①♣❡rts ●r♦✉♣
▼P❙♦❈ ▼✉❧t✐✲Pr♦❝❡ss♦r ❙②st❡♠✲♦♥✲❈❤✐♣
▼❯❳ ▼✉❧t✐♣❧❡①❡r
◆♦❈ ◆❡t✇♦r❦✲♦♥✲❈❤✐♣
❖❱❙❋ ❖rt❤♦❣♦♥❛❧ ❱❛r✐❛❜❧❡ ❙♣r❡❛❞✐♥❣ ❋❛❝t♦r
◗♦❘ ◗✉❛❧✐t② ♦❢ ❘❡s✉❧t
◗P❙❑ ◗✉❛❞r❛t✉r❡ P❤❛s❡✲❙❤✐❢t ❑❡②✐♥❣
❘❚▲ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧
❙❆ ❙✐♠✉❧❛t❡❞ ❆♥♥❡❛❧✐♥❣
❙❆❉❋ ❙❝❡♥❛r✐♦✲❆✇❛r❡ ❉❛t❛ ❋❧♦✇
❙❈✲❋❉▼❆ ❙✐♥❣❧❡ ❈❛rr✐❡r ❋r❡q✉❡♥❝② ❉✐✈❡rs✐t② ▼✉❧t✐♣❧❡ ❆❝❝❡ss
❙❉❋ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇
❙▲❙ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s
❙❘❆▼ ❙t❛t✐❝ ❘❛♥❞♦♠✲❆❝❝❡ss ▼❡♠♦r②
❙❚✐❧❡ ❙❘❆▼ ❚✐❧❡
❙❨▲❱❆ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦
❱▲❈ ❱❛r✐❛❜❧❡ ▲❡♥❣t❤ ❈♦❞✐♥❣
❱▲❙■ ❱❡r②✲▲❛r❣❡✲❙❝❛❧❡ ■♥t❡❣r❛t✐♦♥
❲▲❆◆ ❲✐r❡❧❡ss ▲♦❝❛❧ ❆r❡❛ ◆❡t✇♦r❦



▲✐st ♦❢ P✉❜❧✐❝❛t✐♦♥s

• ❊♥t✐r❡ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ✢♦✇

❙❤✉♦ ▲✐✱ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❑❛t❤r✐♥ ❘♦s✈❛❧❧✱ ■♥❣♦ ❙❛♥❞❡r✱ ❙②s✲
t❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ♦❢ ❍❛r❞✇❛r❡ ❢♦r ❉❙P ❆♣♣❧✐❝❛t✐♦♥s ❯s✐♥❣ Pr❡✲❈❤❛r❛❝t❡r✐③❡❞
❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s✱ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❍❛r❞✇❛r❡✴❙♦❢t✇❛r❡
❈♦❞❡s✐❣♥ ❛♥❞ ❙②st❡♠ ❙②♥t❤❡s✐s ✭❈❖❉❊❙✰■❙❙❙✮✱ ✷✵✶✸

• ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❝❤❛♣t❡r ✺✮

✶✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❚❤r❡❡✲❉✐♠❡♥s✐♦♥❛❧ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥
❢♦r ❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s✱ t❤❡ ✶✼t❤ ❊✉r♦♠✐❝r♦ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❉✐❣✐t❛❧
❙②st❡♠ ❉❡s✐❣♥ ✭❉❙❉✮✱ ✷✵✶✹

✷✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❆❝❝✉r❛t❡ ❛♥❞ ❊✣❝✐❡♥t ❚❤r❡❡ ▲❡✈❡❧ ❉❡s✐❣♥
❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ❇❛s❡❞ ♦♥ ❈♦♥str❛✐♥ts ❙❛t✐s❢❛❝t✐♦♥ ❖♣t✐♠✐③❛t✐♦♥ Pr♦❜✲
❧❡♠ ❙♦❧✈❡r✱ t❤❡ ✷✷♥❞ ❆♥♥✉❛❧ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ❈✉st♦♠ ❈♦♠♣✉t✐♥❣ ▼❛❝❤✐♥❡s ✭❋❈❈▼✮✱ ✷✵✶✹

✸✳ ❋❛❤✐♠❡❤ ❏❛❢❛r✐✱ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❖♣t✐♠❛❧ ❙❡❧❡❝t✐♦♥ ♦❢ ❋✉♥❝✲
t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❛ ❍✐❡r❛r❝❤✐❝❛❧ ❈♦♥✜❣✇❛r❡ ❙②♥t❤❡s✐s ▼❡t❤♦❞ ❢♦r
❛ ❈♦❛rs❡ ●r❛✐♥ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡✱ t❤❡ ✶✹t❤ ❊✉r♦♠✐❝r♦ ❈♦♥❢❡r✲
❡♥❝❡ ♦♥ ❉✐❣✐t❛❧ ❙②st❡♠ ❉❡s✐❣♥ ✭❉❙❉✮✱ ✷✵✶✶

• ●❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ s②♥t❤❡s✐s ✭❝❤❛♣t❡r ✻✮

✶✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ❙②♥t❤❡s✐s ✐♥
❙②st❡♠ ▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦✱ t❤❡ ✶✻t❤ ❊✉r♦♠✐❝r♦
❈♦♥❢❡r❡♥❝❡ ♦♥ ❉✐❣✐t❛❧ ❙②st❡♠ ❉❡s✐❣♥ ✭❉❙❉✮✱ ✷✵✶✸

✷✳ ❙❤✉♦ ▲✐✱ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ●❧♦❜❛❧ ❈♦♥tr♦❧ ❛♥❞ ❙t♦r❛❣❡
❙②♥t❤❡s✐s ❢♦r ❛ ❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ❆♣♣r♦❛❝❤✱ t❤❡ ✷✶st ❆♥♥✉❛❧ ■❊❊❊
■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ❈✉st♦♠ ❈♦♠♣✉t✐♥❣
▼❛❝❤✐♥❡s ✭❋❈❈▼✮✱ ✷✵✶✸
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• ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ✭❝❤❛♣t❡r ✼✮

✶✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥ ✐♥ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s✱ t❤❡ ✽t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❲♦r❦s❤♦♣ ♦♥ ❘❡❝♦♥✲
✜❣✉r❛❜❧❡ ❈♦♠♠✉♥✐❝❛t✐♦♥✲❝❡♥tr✐❝ ❙②st❡♠s✲♦♥✲❈❤✐♣ ✭❘❡❈♦❙♦❈✮✱ ✷✵✶✸

✷✳ ❙❤✉♦ ▲✐✱ ❏❛♠s❤❛✐❞ ▼❛❧✐❦✱ ❙❤❛♦t❡♥❣ ▲✐✉ ❛♥❞ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❆ ❈♦❞❡
●❡♥❡r❛t✐♦♥ ▼❡t❤♦❞ ❋♦r ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s✱ t❤❡ ❆❈▼ ■♥t❡r♥❛t✐♦♥❛❧
❲♦r❦s❤♦♣ ♦♥ ▼❛♥②❝♦r❡ ❊♠❜❡❞❞❡❞ ❙②st❡♠s✱ ✷✵✶✸

✸✳ ❙❤✉♦ ▲✐✱ ●✉♦ ❈❤❡♥✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❆ ❈♦❞❡ ❘❡✉s❡ ▼❡t❤♦❞ ❢♦r ▼❛♥②✲
❈♦r❡ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ❋✉♥❝t✐♦♥ ▲✐❜r❛r② ❉❡✲
✈❡❧♦♣♠❡♥t✱ ❚❤❡ ✶✸t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐ts
✭■❙■❈✮✱ ✷✵✶✶

• ❖t❤❡r ♣✉❜❧✐❝❛t✐♦♥s ❞✉r✐♥❣ ❙❨▲❱❆ r❡s❡❛r❝❤

✶✳ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❍❛ss❛♥ ❙♦❤♦✜✱ ❙❤✉♦ ▲✐✱ P❤②s✐❝❛❧ ❉❡✲
s✐❣♥ ❆✇❛r❡ ❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ♦❢ ❍❛r❞✇❛r❡✱ ❙❆▼❖❙ ❳❱✱ ✷✵✶✺

✷✳ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❙❤✉♦ ▲✐✱ ▼✉❤❛♠❛♠❞ ❆❞❡❡❧ ❚❛❥❛♠♠✉❧✱ ●✉♦ ❈❤❡♥✱ ▼✉❤❛♠✲
♠❛❞ ❆❧✐ ❙❤❛♠✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ✸✾✳✾ ●❖Ps✴❲❛tt ▼✉❧t✐✲▼♦❞❡ ❈●❘❆
❆❝❝❡❧❡r❛t♦r ❢♦r ❛ ▼✉❧t✐✲❙t❛♥❞❛r❞ ❇❛s❡st❛t✐♦♥✱ t❤❡ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧
❙②♠♣♦s✐✉♠ ♦♥ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s ✭■❙❈❆❙✮✱ ✷✵✶✸

✸✳ ❙❤✉♦ ▲✐✱ ❋❛❤✐♠❡❤ ❏❛❢❛r✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❙❤❛s❤✐ ❑✉♠❛r✱ ▲❛②❡r❡❞ ❙♣✐r❛❧
❆❧❣♦r✐t❤♠ ❢♦r ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❛♥❞ ❙❝❤❡❞✉❧✐♥❣ ♦♥ ◆❡t✇♦r❦✲♦♥✲
❈❤✐♣✱ t❤❡ ✷✽t❤ ◆❖❘❈❍■P ❝♦♥❢❡r❡♥❝❡✱ ✷✵✶✵



❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮ ✐s ❛♥ ❡✈♦❧✉t✐♦♥❛r② ♥❡①t st❡♣ ❢r♦♠ ❍✐❣❤✲▲❡✈❡❧ ❙②♥✲
t❤❡s✐s ✭❍▲❙✮✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ ❙▲❙ ✐s t♦ ♣r♦✈✐❞❡ ❛ s♦❧✉t✐♦♥ t♦ ❝❧♦s❡ t❤❡ ❞❡s✐❣♥
♣r♦❞✉❝t✐✈✐t② ❣❛♣ ❛s ♠✉❝❤ ❛s ♣♦ss✐❜❧❡ ❜② ❛✉t♦♠❛t✐❝ s②♥t❤❡s✐③✐♥❣ ❢r♦♠ ❤✐❣❤ ❧❡✈❡❧s
♦❢ ❛❜str❛❝t✐♦♥ t♦ ✐♠♣r♦✈❡ ❞❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ✇❤✐❧❡ ❛❝❤✐❡✈✐♥❣ ❤✐❣❤ ❝♦♠♣✉t❛t✐♦♥❛❧
❛♥❞ s✐❧✐❝♦♥ ❡✣❝✐❡♥❝②✳ ❚❤❡ ❞❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ❣❛♣✱ ✇❤✐❝❤ ✐s ✐❧❧✉str❛t❡❞ ❜② ❋✐❣✉r❡
✶✳✶✱ ❤❛s ❜❡❡♥ ✐❞❡♥t✐✜❡❞ ❛s ❛ ❦❡② ❝❤❛❧❧❡♥❣❡ ❜② t❤❡ s❡♠✐❝♦♥❞✉❝t♦r ✐♥❞✉str② ✭✶✾✾✼ ❜②
❙❊▼❆❚❊❈❍ ❬✶✱ ✷❪ ❛♥❞ ✶✾✾✾ ❜② ■❚❘❙ ❬✸✱ ✹❪✮✳
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❉❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ❣❛♣
❚r❛♥s✐st♦rs ♣❡r ❝❤✐♣

✐♥❝r❡❛s❡s ∼✹✵✪ ♣❡r ②❡❛r

❉❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t②

✐♥❝r❡❛s❡s ∼✷✵✪ ♣❡r ②❡❛r

❋✐❣✉r❡ ✶✳✶✿ ✶✾✼✶ t♦ ✷✵✶✹ ❚r❛♥s✐st♦r ❈♦✉♥t ❈❤❛rt

✶



✷ ❈❍❆P❚❊❘ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✶✳✶ ❇r✐❡❢ ❍✐st♦r② ♦❢ ❊❉❆

❚♦ ❝♦♣❡ ✇✐t❤ t❤❡ ✐♥❝r❡❛s✐♥❣ ❝♦♠♣❧❡①✐t②✱ ❊❧❡❝tr♦♥✐❝ ❉❡s✐❣♥ ❆✉t♦♠❛t✐♦♥ ✭❊❉❆✮ ❤❛s
r❡❧✐❡❞ ♦♥ ✐♥❝r❡❛s✐♥❣ t❤❡ ❛❜str❛❝t✐♦♥ ❛t ✇❤✐❝❤ ❢✉♥❝t✐♦♥❛❧✐t② ✐s s♣❡❝✐✜❡❞ ❛♥❞ ❛✉t♦♠❛t✲
✐♥❣ t❤❡ s②♥t❤❡s✐s ♦❢ ❞❡s✐❣♥ ❞❛t❛ ❢r♦♠ ✐t t❤❛t ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝r❡❛t❡ t❤❡ ❧✐t❤♦❣r❛♣❤✐❝
♠❛s❦s ❢♦r ♠❛♥✉❢❛❝t✉r✐♥❣ t❤❡ ❱❡r②✲▲❛r❣❡✲❙❝❛❧❡ ■♥t❡❣r❛t✐♦♥ ✭❱▲❙■✮ ❝✐r❝✉✐t✳

❚❤❡ ❤✐st♦r② ♦❢ ❊❉❆ ❝❛♥ ❜❡ s✉♠♠❛r✐③❡❞ ❜② t❤❡ ❢❛♠♦✉s ●❛❥s❦✐✲❑✉❤♥✬s ❨✲❈❤❛rt
❬✺❪ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✷✳ ❚❤❡ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ✐♥ t❤❡ ❢♦r♠ ♦❢ tr❛♥s✐st♦r
❧❛②♦✉t t❤❛t ✐s ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❝❤❛rt✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ ❊❉❆ t♦♦❧s ✐s t♦ ❤❡❧♣ t❤❡
❞❡s✐❣♥❡rs t♦ s②♥t❤❡s✐③❡ t❤❡✐r ❞❡s✐❣♥ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s✐st♦r ❧❛②♦✉t✳ ❊❉❆
❤❛s ❛ ❧♦♥❣ ❛♥❞ r✐❝❤ ❤✐st♦r②✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ✐s ❛ s②♥♦♣s✐s ♦❢ ✐t t♦ ♣❧❛❝❡ t❤❡ r❡s❡❛r❝❤
♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ✐♥ ✐ts ❤✐st♦r✐❝❛❧ ❝♦♥t❡①t✱ st❛rt✐♥❣ ❢r♦♠ ❧❛②♦✉t✲❧❡✈❡❧ ❞❡s✐❣♥ t♦
❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮✳

❇❡❤❛✈✐♦r❛❧ ❉♦♠❛✐♥ ❙tr✉❝t✉r❛❧ ❉♦♠❛✐♥

P❤②s✐❝❛❧ ❉♦♠❛✐♥

❙②st❡♠s

❆❧❣♦r✐t❤♠s

❘❡❣✐st❡r tr❛♥s❢❡rs

▲♦❣✐❝

❚r❛♥s❢❡r ❢✉♥❝t✐♦♥s

Pr♦❝❡ss♦rs

❋❙▼ ✰ ❉❛t❛♣❛t❤s ✭❋❙▼❉s✮

●❛t❡s✱ ❢❧✐♣✲❢❧♦♣s✱ ❡t❝✳

❚r❛♥s✐st♦rs

P❤②s✐❝❛❧ ♣❛rt✐t✐♦♥s

❋❧♦♦r♣❧❛♥s

▼♦❞✉❧❡ ❧❛②♦✉t

❈❡❧❧ ❧❛②♦✉t

❚r❛♥s✐st♦r ❧❛②♦✉t

▲❛②♦✉t✲❧❡✈❡❧ ❞❡s✐❣♥ ●❛t❡✲❧❡✈❡❧ ❞❡s✐❣♥

▲♦❣✐❝ s②♥t❤❡s✐s

❍✐❣❤✲❧❡✈❡❧ s②♥t❤❡s✐s

❙t❛♥❞❛r❞ ❈❡❧❧s

❋✐❣✉r❡ ✶✳✷✿ ●❛❥s❦✐✲❑✉❤♥✬s ❨✲❈❤❛rt



✶✳✶✳ ❇❘■❊❋ ❍■❙❚❖❘❨ ❖❋ ❊❉❆ ✸

❚❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♦❢ ❊❉❆ t♦♦❧s ✉s❡❞ st✐❝❦ ❞✐❛❣r❛♠s ❬✻❪ ❛s t❤❡ ❛❜str❛❝t✐♦♥✳
❚❤❡ st✐❝❦ ❞✐❛❣r❛♠ ✇❛s ❛ s②♠❜♦❧✐❝ ❝❛rt♦♦♥ ♦❢ t❤❡ ❛❝t✉❛❧ ❧❛②♦✉t✳ ■t ❞✐❞ ♥♦t ❤❛✈❡ ✐♥✲
❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❛❝t✉❛❧ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts✱ t❤❡ ❧❡♥❣t❤ ❛♥❞ t❤❡ ✇✐❞t❤ ♦❢
t❤❡ ✇✐r❡s✱ t❤❡ s✐③❡ ♦❢ t❤❡ t✉❜✱ ❡t❝✳ ❚❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♦❢ ❊❉❆ t♦♦❧s r❡✜♥❡❞ t❤❡ st✐❝❦
❞✐❛❣r❛♠s ✐♥t♦ ❛❝t✉❛❧ ❧❛②♦✉t t❤❛t r❡s♣❡❝t❡❞ ❞❡s✐❣♥ r✉❧❡s ❢♦r ❛ ❝❡rt❛✐♥ ♠❛♥✉❢❛❝t✉r✐♥❣
♣r♦❝❡ss✳ ❚❤❡s❡ t♦♦❧s ❡✈♦❧✈❡❞ ✐♥t♦ ❛ str✉❝t✉r❡❞ ❱▲❙■ ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣②✱ ❛❞✈❛♥❝❡❞
❜② ❈❛r✈❡r ❛♥❞ ▲②♥♥ ❬✼❪ t❤❛t r❡❧✐❡❞ ♦♥ r❡❣✉❧❛r✐t② ♦❢ ❞✐❣✐t❛❧ ❞❡s✐❣♥ str✉❝t✉r❡s ✐♥ t❡r♠s
♦❢ ❜✐t s❧✐❝❡s ♦r ♠❛tr✐❝❡s ♦❢ tr❛♥s✐st♦rs✳ ▼✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜❧♦❝❦s ✇❡r❡ ❝♦♠♣♦s❡❞
❜② r❡♣❧✐❝❛t✐♥❣ ❜✐t s❧✐❝❡s ✐♥ ❛ s✐♥❣❧❡ ❞✐♠❡♥s✐♦♥✳ ❙t♦r❛❣❡ ✉♥✐ts ✭❡✳❣✳ r❡❣✐st❡rs✮✱ ❛♥❞
❝♦♥tr♦❧ ✉♥✐ts ✭❡✳❣✳ ♣r♦❣r❛♠♠❛❜❧❡ ❧♦❣✐❝ ❛rr❛②s✮✱ ✇❡r❡ ❛❧s♦ ❜✉✐❧t ♦♥ t❤❡ r❡❣✉❧❛r✐t②
♦❢ ❜✐t✲❧❡✈❡❧ tr❛♥s✐st♦r ♣❛tt❡r♥ ✐♥ t✇♦ ❞✐♠❡♥s✐♦♥s✱ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ♠❛tr✐①✳ ▲❛r❣❡r
s②st❡♠s ✇❡r❡ ❝♦♠♣♦s❡❞ ❜② ❛❜✉tt✐♥❣ t❤❡s❡ ❜❧♦❝❦s✳ ❚❤✐s ♠❡t❤♦❞♦❧♦❣② ✇❛s s✉❝❝❡❡❞❡❞
❜② s✐❧✐❝♦♥ ❝♦♠♣✐❧❡rs t❤❛t st♦r❡❞ t❤❡ str✉❝t✉r❡❞ ❧❛②♦✉t ♣❛tt❡r♥ ♦❢ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧
❜❧♦❝❦s ✐♥ ❛ ♣❛r❛♠❡tr✐❝ ❢♦r♠✱ ❛❧❧♦✇✐♥❣ ❛✉t♦♠❛t✐❝ ❣❡♥❡r❛t✐♦♥ ♦❢✱ ❢♦r ✐♥st❛♥❝❡ ❛❞❞❡rs
♦❢ ♣❛rt✐❝✉❧❛r ✇✐❞t❤✳ ❚❤✐s ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣② r❡q✉✐r❡❞ t❤❡ ❞❡s✐❣♥❡r t♦ r❡✜♥❡ t❤❡
❞❡s✐❣♥ ♠❛♥✉❛❧❧② ✐♥ ❛ s❝❤❡♠❛t✐❝ ❢♦r♠✱ ✇❤❡r❡ ❛❧❧ ❡❧❡♠❡♥ts ♦❢ t❤❡ s❝❤❡♠❛t✐❝ ❤❛❞ ❛
❝♦rr❡s♣♦♥❞✐♥❣ ♠❛❝r♦ ❣❡♥❡r❛t♦r✳ ❚❤❡ ❞❡s✐❣♥s ✇❡r❡ r❡str✐❝t❡❞ t♦ ❜❡ ✐♥ t❤❡ str✉❝t✉r❛❧
❢♦r♠ ❛♥❞ ✐♥ t❡r♠s ♦❢ ❢✉♥❝t✐♦♥s ❢♦r ✇❤✐❝❤ ♠❛❝r♦ ❣❡♥❡r❛t♦rs ❡①✐st❡❞✳

❆ ♠♦r❡ s✐❣♥✐✜❝❛♥t ❜r❡❛❦t❤r♦✉❣❤ ❝❛♠❡ ✇✐t❤ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ st❛♥❞❛r❞ ❝❡❧❧s
❬✽❪ ❧❛②♦✉t s❝❤❡♠❡✳ ■♥ t❤❡s❡ s❝❤❡♠❡✱ ❡❧❡♠❡♥t❛r② ❣❛t❡s ❛♥❞ ❝♦♠♠♦♥❧② ✉s❡❞ ❝♦♠❜✐♥❛✲
t✐♦♥s ♦❢ t❤❡♠ ❧✐❦❡ ❆◆❉✱ ❖❘✱ ■◆❱❊❘❚✱ ❡t❝✳✱ ✢✐♣✲✢♦♣s✱ ❛♥❞ ❧❛t❝❤❡s ♦❢ ❞✐✛❡r❡♥t t②♣❡s
✇❡r❡ ❞❡s✐❣♥❡❞ ❛s st❛♥❞❛r❞ ❝❡❧❧s ✕ tr❛♥s✐st♦r✲❧❡✈❡❧ ❞❡s✐❣♥ ✇✐t❤ t❤❡ s❛♠❡ ❤❡✐❣❤t ♦r
♣✐t❝❤✳ ❆ ❞❡s✐❣♥ ✇❛s ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ ✐♥st❛♥❝❡s ♦❢ t❤❡s❡ st❛♥❞❛r❞ ❝❡❧❧s t❤❛t ✇❡r❡
♦r❣❛♥✐③❡❞ ✐♥ ❛ r♦✇✳ ❙✐♥❝❡ t❤❡ st❛♥❞❛r❞ ❝❡❧❧s ❤❛❞ t❤❡ s❛♠❡ ❤❡✐❣❤t ♦r ♣✐t❝❤✱ ✐t ❜❡❝❛♠❡
♣♦ss✐❜❧❡ t♦ ❢❡❡❞ t❤❡♠ ❜② ❝♦♠♠♦♥ ♣♦✇❡r s✉♣♣❧② ❛♥❞ ❣r♦✉♥❞ r❛✐❧s✳ ❘♦✇s ♦❢ st❛♥❞❛r❞
❝❡❧❧s ✇❡r❡ s❡♣❛r❛t❡❞ ❜② s✉✣❝✐❡♥t s♣❛❝❡ t♦ ❛❝❝♦♠♠♦❞❛t❡ ✇✐r❡s ❝♦♥♥❡❝t✐♥❣ t❤❡ st❛♥✲
❞❛r❞ ❝❡❧❧ ✐♥st❛♥❝❡s✳ ❚❤✐s ❧❛②♦✉t s❝❤❡♠❡ s✐♠♣❧✐✜❡❞ t❤❡ ♣❤②s✐❝❛❧ ❞❡s✐❣♥ ❛♥❞ ❡♥❛❜❧❡❞
❛✉t♦♠❛t✐❝ ♣❧❛❝❡♠❡♥t ❛♥❞ r♦✉t✐♥❣ ♦❢ ❣❛t❡s✱ ✢✐♣✲✢♦♣s✱ ❛♥❞ ❧❛t❝❤❡s ✐♠♣❧❡♠❡♥t❡❞ ❛s
st❛♥❞❛r❞ ❝❡❧❧s✳ ●❛t❡s ❛♥❞ ✢✐♣✲✢♦♣s ❜❡✐♥❣ s♠❛❧❧❡r ❛♥❞ t❤❡r❡❜② ♠♦r❡ ❣❡♥❡r❛❧ ❜✉✐❧❞✐♥❣
❜❧♦❝❦s ❛❧❧♦✇❡❞ t❤❡ ❞❡s✐❣♥❡r ❛ ❣r❡❛t❡r ❞❡❣r❡❡ ♦❢ ❢r❡❡❞♦♠ ✐♥ ❡①♣r❡ss✐♥❣ t❤❡ ✐♥t❡♥❞❡❞
❞❡s✐❣♥✳ ❚❤✐s ✐s s✐♠✐❧❛r t♦ ❜❡✐♥❣ ❛❜❧❡ t♦ ❞r❛✇ ❛♥② ❛r❜✐tr❛r② ❞r❛✇✐♥❣ ✇✐t❤ ❣r❡❛t❡r
❢r❡❡❞♦♠ ✇✐t❤ s♠❛❧❧ ♣✐①❡❧s ❝♦♠♣❛r❡❞ t♦ ❧❛r❣❡ r❡❝t❛♥❣❧❡s✳ ❚❤✐s ✐♥ t✉r♥ ❡♥❛❜❧❡❞ t❤❡
❞❡s✐❣♥ t♦ ❜❡ ❡①♣r❡ss❡❞ ✐♥ ❛ ❜❡❤❛✈✐♦r❛❧ ❢♦r♠✱ ♦♣t✐♠✐③❡ t❤❡ ❞❡s✐❣♥ ❛♥❞ ♠❛♣ ✐t t♦ st❛♥✲
❞❛r❞ ❝❡❧❧s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❧✐❜r❛r②✳ ❙t❛rt✐♥❣ ❢r♦♠ ❛ ❜❡❤❛✈✐♦r❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ❤❛❞ ❛♥
❛❞✈❛♥t❛❣❡ ❝♦♠♣❛r❡❞ t♦ str✉❝t✉r❛❧ s❝❤❡♠❛t✐❝ ❢♦r♠ ❜❡❝❛✉s❡ ✐t ✇❛s ♠♦r❡ ♥❛t✉r❛❧ ❛♥❞
❝❧♦s❡r t♦ t❤❡ ♠❛t❤ ❛♥❞ ♣r♦❣r❛♠♠✐♥❣ ♥♦t❛t✐♦♥ t❤❛t ✐s ❝❧♦s❡r t♦ ♥❛t✉r❛❧ ❧❛♥❣✉❛❣❡
❝♦♠♣❛r❡❞ t♦ t❤❡ s❝❤❡♠❛t✐❝s✳ ■t ❛❧s♦ ❛❧❧♦✇❡❞ ❛ ♠♦r❡ ❝♦♠♣❛❝t t❡①t✉❛❧ r❡♣r❡s❡♥t❛t✐♦♥
❝♦♠♣❛r❡❞ t♦ ❧❛r❣❡ ♠✉❧t✐✲♣❛❣❡ s❝❤❡♠❛t✐❝s t❤❛t ❜❡❝♦♠❡s ✉♥✇✐❡❧❞② t♦ ❞r❛✇ ❛♥❞ ❝♦♠✲
♣r❡❤❡♥❞✳ ❇② ❛✉t♦♠❛t✐♥❣ ♠♦st ❛s♣❡❝ts ♦❢ ♣❤②s✐❝❛❧ ❞❡s✐❣♥✱ t❤❡ s②♥t❤❡s✐s ❛♣♣r♦❛❝❤
t♦ ❤❛r❞✇❛r❡ ❞❡s✐❣♥ t♦♦❦ r♦♦t ❛♥❞ ❤❛s ❡✈❡r s✐♥❝❡ ❜❡❡♥ t❤❡ ♠❛✐♥st❛② ♦❢ ❤❛r❞✇❛r❡
❞❡s✐❣♥ ❛♥❞ ❝❛♠❡ t♦ ❜❡ ❦♥♦✇♥ ❛s ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮✴❧♦❣✐❝ s②♥t❤❡s✐s ❛♥❞
♣❤②s✐❝❛❧ s②♥t❤❡s❡s✳ ❆♥ ✐♥❝r❡♠❡♥t❛❧ ✐♠♣r♦✈❡♠❡♥t ✐♥ t❡r♠s ♦❢ st❛rt✐♥❣ ❢r♦♠ ❘❚▲
✇❛s ❞❡✈❡❧♦♣❡❞ t❤❛t ❢✉rt❤❡r ❡♥❤❛♥❝❡❞ t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤✐s ✢♦✇✳



✹ ❈❍❆P❚❊❘ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

❆❢t❡r ❘❚▲✴❧♦❣✐❝ s②♥t❤❡s✐s✱ ❊❉❆ r❡s❡❛r❝❤❡rs ❛tt❡♠♣t❡❞ ♠♦✈✐♥❣ t♦ ❛ ❝❧♦❝❦ ❢r❡❡
❛❧❣♦r✐t❤♠✐❝ ❧❡✈❡❧ ♦❢ ❛❜str❛❝t✐♦♥ ❛s t❤❡ st❛rt✐♥❣ ♣♦✐♥t ❛♥❞ ❛tt❡♠♣t❡❞ ❛✉t♦♠❛t✐❝
s②♥t❤❡s✐s ♦❢ ❤❛r❞✇❛r❡ ❢r♦♠ ✐t ✐♥ t❡r♠s ♦❢ ❣❡♥❡r❛t✐♥❣ ❛♥ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡ ✭❋❙▼✮
t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❝♦♥tr♦❧ ✢♦✇ ❛♥❞ ❛ ❞❛t❛♣❛t❤ t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❝♦♠♣✉t❛t✐♦♥ ❛♥❞
st♦r❛❣❡✳ ❚❤✐s s②♥t❤❡s✐s ✢♦✇ ❤❛s ❝♦♠❡ t♦ ❜❡ ❦♥♦✇♥ ❛s ❍▲❙✳ ❲❤✐❧❡ t❤❡ r❡s❡❛r❝❤
✐♥ ❍▲❙ st❛rt❡❞ ❛❧r❡❛❞② ✐♥ ❡❛r❧② ✽✵s✱ t❤❡ ✜rst ❝♦♠♠❡r❝✐❛❧ ♣r♦❞✉❝t ✇❡r❡ ✐♥tr♦❞✉❝❡❞
✐♥ ❡❛r❧② ✾✵s✳ ❍♦✇❡✈❡r✱ ❍▲❙ ❤❛s t❛❦❡♥ ❛ ❧♦♥❣ t✐♠❡ t♦ ♠❛t✉r❡ ❛♥❞ ❡✈❡♥ ❛❢t❡r t❤❡
t✇♦ ❞❡❝❛❞❡s ♦❢ ✜rst ❝♦♠♠❡r❝✐❛❧ ♣r♦❞✉❝ts✱ t❤❡ ♥✉♠❜❡r ♦❢ ❤❛r❞✇❛r❡ ❞❡s✐❣♥ ❞♦♥❡
✉s✐♥❣ ❍▲❙ ✐s ✐♥s✐❣♥✐✜❝❛♥t ❬✾❪✳ ❆ ❦❡② ♣r♦❜❧❡♠ ✇✐t❤ ❍▲❙ ✐s t❤❛t ✐t ✉s❡s s♦❢t ♠✐❝r♦✲
❛r❝❤✐t❡❝t✉r❛❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❧✐❦❡ ❛r✐t❤♠❡t✐❝ ✉♥✐ts✱ ♠✉❧t✐♣❧❡①♦rs✱ r❡❣✐st❡rs ❡t❝✳ ❲❤❡♥
♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❛r❡ s♦❢t✱ ❡✈❡♥ ✐❢ t❤❡✐r ❝♦♠♣♦s✐t✐♦♥ ✐♥ t❡r♠s ♦❢
st❛♥❞❛r❞ ❝❡❧❧s ✐s ❦♥♦✇♥✱ t❤❡ ♣♦s✐t✐♦♥ ♦❢ st❛♥❞❛r❞ ❝❡❧❧s ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤ ♦t❤❡r ✐s
♥♦t ✜①❡❞✳ ■♥ ❝♦♥tr❛st✱ st❛♥❞❛r❞ ❝❡❧❧s ❛r❡ ❤❛r❞ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❜❡❝❛✉s❡ ♥♦t ♦♥❧② t❤❡
tr❛♥s✐st♦rs ❛♥❞ t❤❡✐r ❞✐♠❡♥s✐♦♥s ❝♦♠♣♦s✐♥❣ ❛ st❛♥❞❛r❞ ❝❡❧❧ ✐s ❦♥♦✇♥✱ t❤❡✐r ♣❤②s✐❝❛❧
❧♦❝❛t✐♦♥ ❛♥❞ ✇✐r❡s ❝♦♥♥❡❝t✐♥❣ t❤❡♠ ❛r❡ ❛❧s♦ ❦♥♦✇♥✳ ❚❤✐s ✐♥tr❛✲♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧
❜✉✐❧❞✐♥❣ ❜❧♦❝❦ s♦❢t♥❡ss ❞❡❣r❛❞❡s t❤❡ ❛❜✐❧✐t② ♦❢ ❍▲❙ t♦♦❧ t♦ ❦♥♦✇ ✇❤❛t ✇✐❧❧ ❜❡ t❤❡
✜♥❛❧ ❝♦st ♠❡tr✐❝ ✲ ❛r❡❛✱ ❧❛t❡♥❝② ❛♥❞ ❡♥❡r❣②✳

■♥ ❛❞❞✐t✐♦♥✱ ❍▲❙ t♦♦❧s ❛❧s♦ s✉✛❡r ❢r♦♠ ✐♥t❡r✲❜✉✐❧❞✐♥❣ ❜❧♦❝❦ s♦❢t♥❡ss✱ ✐✳❡✳✱ t❤❡
♣♦s✐t✐♦♥ ♦❢ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤ ♦t❤❡r ✐s ❛❧s♦
✉♥❦♥♦✇♥✳ ❚❤✐s ❞❡❣r❛❞❡s t❤❡ ❛❜✐❧✐t② t♦ ♣r❡❞✐❝t ❝♦st ♠❡tr✐❝s ❡✈❡♥ ♠♦r❡ ❝♦♠♣❛r❡❞
t♦ ✐♥tr❛✲♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s✳ ❙✐♥❝❡ t❤❡ ✜♥❛❧ s②♥t❤❡s✐s r❡s✉❧ts ❛r❡ ✐♥
t❡r♠s ♦❢ st❛♥❞❛r❞ ❝❡❧❧s✱ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥❝r❡❛s❡s ❡①♣♦♥❡♥t✐❛❧❧② ✇✐t❤ t❤❡ ♣r♦❜❧❡♠
s✐③❡✳ ❚❤❡s❡ ❢❛❝t♦rs✱ t❤❡ ✐♥tr❛ ❛♥❞ ✐♥t❡r ❜✉✐❧❞✐♥❣ ❜❧♦❝❦ s♦❢t♥❡ss ❛♥❞ t❤❡ ❧❛r❣❡ ❞❡s✐❣♥
s♣❛❝❡✱ ❝♦♥tr✐❜✉t❡ t♦ ♠❛❦✐♥❣ ❍▲❙ ❛♥ ❡①tr❡♠❡❧② ❤❛r❞ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ t❤❛t
t❛❦❡s s✐❣♥✐✜❝❛♥t t✐♠❡ t♦ r❡❛❝❤ ♣❤②s✐❝❛❧ ❞❡s✐❣♥✳ ❊✈❡♥ ❛❢t❡r ♦✈❡r❝♦♠✐♥❣ t❤❡s❡ ❝❤❛❧✲
❧❡♥❣❡s✱ ❍▲❙ ✐♥ ♣r✐♥❝✐♣❧❡ s②♥t❤❡s✐③❡s ♦♥❧② ♦♥❡ ❛❧❣♦r✐t❤♠ ❛t ❛ t✐♠❡✳ ❆♥ ❛❧❣♦r✐t❤♠ ✐♥
t♦❞❛②✬s ❝♦♥t❡①t ✐s ❛ tr✐✈✐❛❧❧② s♠❛❧❧ ♣✐❡❝❡ ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♠♣❧❡①
s✉❜✲s②st❡♠s ❧✐❦❡ ♠♦❞❡♠s ❛♥❞ ❝♦❞❡❝s t❤❛t ♥❡❡❞ t♦ ❜❡ ♠❛♣♣❡❞ t♦ ❤❛r❞✇❛r❡✳ ▼❛♥②
❍▲❙ t♦♦❧s ❤❛✈❡ ❡✈♦❧✈❡❞ t♦ s✉♣❡r✜❝✐❛❧❧② ❤❛♥❞❧❡ ♠✉❧t✐♣❧❡ ❢✉♥❝t✐♦♥s✿ ❇✉t ✜rst❧②✱ t❤❡s❡
t♦♦❧s ❞♦ ♥♦t ♦♣t✐♠✐③❡ ❛❝r♦ss ❢✉♥❝t✐♦♥ ❜♦✉♥❞❛r✐❡s ♠❛❦✐♥❣ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❧♦❝❛❧✳
❙❡❝♦♥❞❧②✱ t❤❡s❡ t♦♦❧s r❡q✉✐r❡ ❛ ♠❛♥✉❛❧ ❘❚▲ ✐♥t❡r❢❛❝❡ t♦ ❜❡ r❡✜♥❡❞ ❜❡t✇❡❡♥ ✐♥❞✐✲
✈✐❞✉❛❧ ❢✉♥❝t✐♦♥s✱ ✐✳❡✳✱ t❤❡ t♦♦❧s r❡❧✐❡s ♦♥ t❤❡ ❞❡s✐❣♥❡r t♦ ❞❡s✐❣♥ ❧♦❣✐❝ ❛t ❘❚▲ t♦ ❣❧✉❡
✐♥❞✐✈✐❞✉❛❧ ❢✉♥❝t✐♦♥s✳ ❚❤❡s❡ ❧✐♠✐t❛t✐♦♥s ♦❢ ❍▲❙ ♣r❡✈❡♥ts ✐t ❢r♦♠ ❜❡✐♥❣ ❛♥ ❡✛❡❝t✐✈❡
❛♥❞ ❡✣❝✐❡♥t ❛♣♣r♦❛❝❤ t♦ ❛❞❞r❡ss t❤❡ ❝❤❛❧❧❡♥❣❡ ♣♦s❡❞ ❜② ■❚❘❙✿ ✶✵✵✵× ✐♠♣r♦✈❡♠❡♥t
✐♥ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤ ✶✷✵✪ ✐♥❝r❡❛s❡ ✐♥ ♣♦✇❡r ❜✉❞❣❡t ❛♥❞ ♥♦ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❞❡s✐❣♥
t❡❛♠ s✐③❡ t♦ ❝♦♣❡ ✇✐t❤ ❛ ✶✵× ✐♥❝r❡❛s❡ ✐♥ ❞❡s✐❣♥ ❝♦♠♣❧❡①✐t②✳
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✶✳✷ ■♥tr♦❞✉❝t✐♦♥ t♦ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s

❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮ ✐s ❛♥ ❡✈♦❧✉t✐♦♥❛r② ♥❡①t st❡♣ ❢r♦♠ ❍✐❣❤✲▲❡✈❡❧ ❙②♥✲
t❤❡s✐s ✭❍▲❙✮ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✸ ❛♥❞ t❤❡② ❞✐✛❡r ✐♥ t❤❡ ❛❜str❛❝t✐♦♥ ❛s ✐❧❧✉str❛t❡❞
✐♥ ❋✐❣✉r❡ ✶✳✹✳ ❙▲❙ ✐s ♠❡❛♥t t♦ ❝♦♠♣❧❡♠❡♥t t❤❡ ❡①✐st✐♥❣ s②st❡♠✲♦♥✲❝❤✐♣ ❞❡s✐❣♥
✢♦✇s ❜② ♠❛❦✐♥❣ t❤❡ ❢✉♥❝t✐♦♥❛❧ ❤❛r❞✇❛r❡ ❞❡s✐❣♥ ♠♦r❡ ❡✣❝✐❡♥t ❛♥❞ t❤✉s ❡♥❝♦✉r✲
❛❣❡ ❛ ❧❛r❣❡r ♣♦rt✐♦♥ ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② t♦ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❛s ❤❛r❞✇❛r❡ ❛♥❞ ❙▲❙ ♦♥❧②
❤❛♥❞❧❡s st❛t✐❝❛❧❧② s❝❤❡❞✉❧❡❞ ❢✉♥❝t✐♦♥❛❧✐t✐❡s✳

❇❡❤❛✈✐♦r❛❧ ❉♦♠❛✐♥ ❙tr✉❝t✉r❛❧ ❉♦♠❛✐♥

P❤②s✐❝❛❧ ❉♦♠❛✐♥

❙②st❡♠s

❆❧❣♦r✐t❤♠s

❘❡❣✐st❡r tr❛♥s❢❡rs

▲♦❣✐❝

❚r❛♥s❢❡r ❢✉♥❝t✐♦♥s

Pr♦❝❡ss♦rs

❋❙▼ ✰ ❉❛t❛♣❛t❤s ✭❋❙▼❉s✮

●❛t❡s✱ ❢❧✐♣✲❢❧♦♣s✱ ❡t❝✳

❚r❛♥s✐st♦rs

P❤②s✐❝❛❧ ♣❛rt✐t✐♦♥s

❋❧♦♦r♣❧❛♥s

▼♦❞✉❧❡ ❧❛②♦✉t

❈❡❧❧ ❧❛②♦✉t

❚r❛♥s✐st♦r ❧❛②♦✉t

▲❛②♦✉t✲❧❡✈❡❧ ❞❡s✐❣♥ ●❛t❡✲❧❡✈❡❧ ❞❡s✐❣♥

▲♦❣✐❝ s②♥t❤❡s✐s

❍✐❣❤✲❧❡✈❡❧ s②♥t❤❡s✐s

❙t❛♥❞❛r❞ ❈❡❧❧s

❙②st❡♠✲❧❡✈❡❧ s②♥t❤❡s✐s

❋✐❣✉r❡ ✶✳✸✿ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✐♥ ●❛❥s❦✐✲❑✉❤♥✬s ❨✲❈❤❛rt

❘❚▲✴▲♦❣✐❝ ❙②♥t❤❡s✐s ❙t❛♥❞❛r❞ ❈❡❧❧s

❍✐❣❤ ▲❡✈❡❧ ❙②♥t❤❡s✐s ▼✐❝r♦✲❆r❝❤✐t❡❝t✉r❛❧ ❇❧♦❝❦s

❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s

❋✐❣✉r❡ ✶✳✹✿ ❘❚▲✴▲♦❣✐❝ ❙②♥t❤❡s✐s t♦ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s
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❍▲❙ s②♥t❤❡s✐③❡s ❛❧❣♦r✐t❤♠ t❤❛t ✐s ❡①♣r❡ss❡❞ ❜② ❛r✐t❤♠❡t✐❝✱ ❧♦❣✐❝✱ ❛♥❞ ❝♦♥tr♦❧
♦♣❡r❛t✐♦♥s t♦ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ t❡r♠s ♦❢ ❝♦rr❡s♣♦♥❞✐♥❣ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❡ ❧❡✈❡❧
❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❧✐❦❡ ❛r✐t❤♠❡t✐❝ ❛♥❞ ❧♦❣✐❝ ✉♥✐ts✱ r❡❣✐st❡rs✱ r❡❣✐st❡r ✜❧❡s✱ ❙❘❆▼ ❜❛♥❦s✱
❛♥❞ st❛t❡ ♠❛❝❤✐♥❡s t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❝♦♥tr♦❧ ✢♦✇✳ ❈♦rr❡s♣♦♥❞✐♥❣❧②✱ ❙▲❙ ❞❡✜♥❡s
❛ s②st❡♠✲❧❡✈❡❧ ❛s ❛ ❤✐❡r❛r❝❤② ♦❢ ❛❧❣♦r✐t❤♠s ❣❧✉❡❞ t♦❣❡t❤❡r ✇✐t❤ ❝♦♥tr♦❧ ❝♦♥str✉❝ts✳
❆♥ ❛❧❣♦r✐t❤♠ ❛t s②st❡♠✲❧❡✈❡❧ ✐s ❛ ✉♥✐t ❝♦♠♣✉t❛t✐♦♥❛❧ ♦♣❡r❛t✐♦♥ ✐♥ ❛ s✐♠✐❧❛r s❡♥s❡
t❤❛t ❛♥ ❛r✐t❤♠❡t✐❝ ♦♣❡r❛t✐♦♥s ✐s ❛t ❛❧❣♦r✐t❤♠✐❝ ❧❡✈❡❧✳ ❋✉rt❤❡r✱ ❙▲❙ s②♥t❤❡s✐③❡s ✐♥
t❡r♠s ♦❢ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ t❤❛t ❛r❡ ❋❙▼ ✇✐t❤ ❉❛t❛♣❛t❤ ✭❋❙▼❉✮✳
❚❤✐s t❤❡s✐s ✉s❡s t❤❡ t❡r♠ ❢✉♥❝t✐♦♥ ❜❡❝❛✉s❡ ✐♥ ♠❛♥② ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s✱ ❛❧❣♦✲
r✐t❤♠s ❛r❡ ♠♦❞❡❧❡❞ ❜② ❛ ❧❛♥❣✉❛❣❡ ❝♦♥str✉❝t ❢✉♥❝t✐♦♥✳ ❋■▼Ps ❝❛♥ ❜❡ ♣r✐♠✐t✐✈❡ ❧✐❦❡
s✉♠✱ ♣r♦❞✉❝t✱ ♠❛①✱ ♠✐♥ ❡t❝✳ t♦ ♠♦r❡ ❝♦♠♣❧❡① ❧✐❦❡ ❝♦♥✈♦❧✉t✐♦♥ ❛♥❞ ❋❛st ❋♦✉r✐❡r
❚r❛♥s❢♦r♠ ✭❋❋❚✮✳ ❙▲❙ ❤❛s ❛❝❝❡ss t♦ ❛ ❧✐❜r❛r② ♦❢ ❋■▼Ps s✐♠✐❧❛r t♦ ❍▲❙ t♦♦❧s ❤❛✈✲
✐♥❣ ❛❝❝❡ss t♦ ❛ ❧✐❜r❛r② ♦❢ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❡ ❧❡✈❡❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s✳ ▼✉❧t✐♣❧❡ ❋■▼Ps
❡①✐st ❢♦r t❤❡ s❛♠❡ ❛❧❣♦r✐t❤♠✱ ❞✐✛❡r✐♥❣ ✐♥ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ♣❛r❛❧❧❡❧✐s♠ ❛♥❞ t❤❡r❡❜②
✈❛r②✐♥❣ ✐♥ t❤❡✐r ❝♦st ♠❡tr✐❝s ✲ ❛r❡❛✱ ❧❛t❡♥❝② ❛♥❞ ❡♥❡r❣②✳ ❋♦r ✐♥st❛♥❝❡✱ ❋❋❚s ❝❛♥
❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ r❛❞✐①✲✷✱ r❛❞✐①✲✹ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ✇✐t❤ ❞✐✛❡r❡♥t ♥✉♠❜❡rs ♦❢ ❜✉t✲
t❡r✢✐❡s✳ ❚❤✐s ✐s ❛❧s♦ s✐♠✐❧❛r t♦ ❍▲❙ t♦♦❧s ❤❛✈✐♥❣ ♠✉❧t✐♣❧❡ ❛❞❞❡rs ❛♥❞ ♠✉❧t✐♣❧✐❡r
✐♠♣❧❡♠❡♥t❛t✐♦♥s ✇✐t❤ ✈❛r②✐♥❣ ❝♦st ♠❡tr✐❝s✳ ▼♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❋■▼P ❝❛♥ ❜❡
❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✹✳✸✳

❍▲❙ ♦♣t✐♠✐③❡s ❜② s❡❧❡❝t✐♥❣ t②♣❡ ❛♥❞ ♥✉♠❜❡r ♦❢ r❡s♦✉r❝❡s✱ t②♣✐❝❛❧❧② ❛r✐t❤♠❡t✐❝
✉♥✐ts ❛♥❞ s❝❤❡❞✉❧❡s t❤❡♠ t♦ ♠✐♥✐♠✐③❡ ❛r❡❛✱ ❧❛t❡♥❝②✱ ♦r ❜♦t❤✳ ❍▲❙ ❛❧s♦ ✐♥❢❡rs t❤❡
r❡❣✐st❡rs r❡q✉✐r❡❞ ❢♦r st♦r✐♥❣ ❞❛t❛ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t st❛t❡s ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t r❡q✉✐r❡❞
t♦ tr❛♥s❢❡r ❞❛t❛ ❛♠♦♥❣ t❤❡ ❛r✐t❤♠❡t✐❝ ✉♥✐ts✳ ❘❡❣✐st❡rs ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t ❛r❡ ❛❧s♦
r❡q✉✐r❡❞ ❢♦r r❡✉s✐♥❣ r❡s♦✉r❝❡s✳ ❋✐♥❛❧❧② ❍▲❙ s②♥t❤❡s✐③❡s ❛♥ ❋❙▼ t♦ ✐♠♣❧❡♠❡♥t t❤❡
❝♦♥tr♦❧ ✢♦✇ ❜② ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❞❛t❛♣❛t❤ ✐♥ t❡r♠s ♦❢ s❡❧❡❝t✐♥❣ t❤❡ ▼✉❧t✐♣❧❡①❡r ✭▼❯❳✮
✐♥♣✉ts ❛♥❞ ♠♦❞❡s ♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ st❛t❡✳

❈♦rr❡s♣♦♥❞✐♥❣❧②✱ ❙▲❙ ♦♣t✐♠✐③❡s ✐♥ t❡r♠s ♦❢ ♥✉♠❜❡r ❛♥❞ t②♣❡s ♦❢ ❋■▼Ps ❛♥❞
s❝❤❡❞✉❧❡s t❤❡♠ t♦ ♠✐♥✐♠✐③❡ ❛r❡❛✱ ❡♥❡r❣②✱ ❛♥❞ ❧❛t❡♥❝②✳ ❚❤❡ s♣❡❝✐✜❝ ❙▲❙ t♦♦❧
♣r♦♣♦s❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s ❝❛❧❧❡❞ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦
✭❙❨▲❱❆✮ ❛♥❞ ✐t ♦♣t✐♠✐③❡s ❛r❡❛ ❛♥❞ ❡♥❡r❣② ✇❤✐❧❡ ♠❡❡t✐♥❣ t❤❡ s❛♠♣❧✐♥❣ r❛t❡ ❛♥❞
t♦t❛❧ ❧❛t❡♥❝② ❝♦♥str❛✐♥ts✳ ■t ❛❧s♦ ✐♥❢❡rs ✐♥t❡r❝♦♥♥❡❝t t♦ ❣❧✉❡ t❤❡ ❋■▼Ps t♦❣❡t❤❡r
❛♥❞ tr❛♥s❢❡r ❞❛t❛ ❜❡t✇❡❡♥ t❤❡♠✳ ❋✐♥❛❧❧②✱ ✐t ❣❡♥❡r❛t❡s ❣❧♦❜❛❧ ❝♦♥tr♦❧ t♦ ♦r❝❤❡str❛t❡
t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❋■▼Ps✳ ◆♦t❡ t❤❛t ❡❛❝❤ ❋■▼P ✐s ❛♥ ❋❙▼❉ ❛♥❞ t❤❡ ❋✐♥✐t❡ ❙t❛t❡
▼❛❝❤✐♥❡ ✭❋❙▼✮ ✐♥ ✐t s❡r✈❡s ❛s t❤❡ ❧♦❝❛❧ ❝♦♥tr♦❧✳ ❯♥❧✐❦❡ t❤❡ ❍▲❙ t♦♦❧s t❤❛t s✉✲
♣❡r✜❝✐❛❧❧② s✉♣♣♦rts s②♥t❤❡s✐s ♦❢ ❛ ❤✐❡r❛r❝❤② ♦❢ ❛❧❣♦r✐t❤♠s✱ t❤❡ ♣r♦♣♦s❡❞ ❙▲❙ ❞♦❡s
♣❡r❢♦r♠ ❛ ❣❧♦❜❛❧ ♦♣t✐♠✐③❛t✐♦♥ ✇❤❡♥ ✐t s❡❧❡❝ts t❤❡ ♥✉♠❜❡r ❛♥❞ t②♣❡ ♦❢ ❋■▼Ps❀ ✐t
❞♦❡s ♥♦t ♦♣t✐♠✐③❡ ❡❛❝❤ ❛❧❣♦r✐t❤♠ ✐♥❞✐✈✐❞✉❛❧❧②✳ ❚❤❡ ❝♦st ❢✉♥❝t✐♦♥ ✐s ❛ ❣❧♦❜❛❧ ❝♦st
❢✉♥❝t✐♦♥ t❤❛t ✐♥❝❧✉❞❡s t❤❡ ❝♦st ♦❢ ❛❧❧ t❤❡ ❋■▼Ps ✐♥✈♦❧✈❡❞✳ ❙❡❝♦♥❞❧②✱ t❤❡ ❣❧♦❜❛❧
✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ t❤❛t ❣❧✉❡s t❤❡ ❋■▼Ps t♦❣❡t❤❡r ✐s ❛✉t♦♠❛t✐❝❛❧❧② ✐♥❢❡rr❡❞
❛♥❞ s②♥t❤❡s✐③❡❞ ❛♥❞ ✐s ♥♦t ♠❛♥✉❛❧❧② r❡✜♥❡❞ ❛s ✐s r❡q✉✐r❡❞ ❜② t❤❡ ❍▲❙ t♦♦❧s✳
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■t ✐s ♦❜✈✐♦✉s t❤❛t ❞❡❞✐❝❛t❡❞ ❤❛r❞✇❛r❡ ✐s ♠♦r❡ ❡♥❡r❣② ❡✣❝✐❡♥t ❝♦♠♣❛r❡❞ t♦ ❣❡♥✲
❡r❛❧ s♦❢t✇❛r❡✳ ❚❤❡ ❧❛r❣❡ ❡♥❣✐♥❡❡r✐♥❣ ❝♦st ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❤❛r❞✇❛r❡ ❞❡s✐❣♥ ✐s ♣❛r✲
t✐❛❧❧② r❡s♣♦♥s✐❜❧❡ ❢♦r ❞❡s✐❣♥s ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ❜✉❧❦ ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ✐♥ s♦❢t✇❛r❡ ❛♥❞
♦♥❧② ✐♠♣❧❡♠❡♥t✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ♣♦✇❡r ❝r✐t✐❝❛❧ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✐♥ ❤❛r❞✇❛r❡ ❬✶✵❪✳
❆s t❤❡ ♠♦✈❡ t♦ s♦❢t✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ✐s ❛❧s♦ ♣❛rt✐❛❧❧② ♠♦t✐✈❛t❡❞ ❜② t❤❡ ♥❡❡❞
t♦ ❤❛✈❡ ❡①t❡♥s✐❜❧❡ ♣r♦❞✉❝t ❝❛t❡❣♦r✐❡s✱ t❤❡ s♦❢t✇❛r❡ ❛♥❞ ❤❛r❞✇❛r❡ ❞❡s✐❣♥ st②❧❡s ❢♦r
✐♠♣❧❡♠❡♥t✐♥❣ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✇✐❧❧ ❝♦✲❡①✐st✳ ❍♦✇❡✈❡r✱ ❜② ♠❛❦✐♥❣ ✐t ❡❛s✐❡r t♦ ✐♠♣❧❡✲
♠❡♥t ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✐♥ ❤❛r❞✇❛r❡✱ ❙▲❙ ❡♥❛❜❧❡s ❛ ❣r❡❛t❡r ♣❡r❝❡♥t❛❣❡ ♦❢ ❢✉♥❝t✐♦♥❛❧✐t②
t♦ ❜❡ r❡❛❧✐③❡❞ ❛s ❤❛r❞✇❛r❡✱ t❤❡r❡❜② ✐♠♣r♦✈✐♥❣ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✣❝✐❡♥❝②✳ ❙▲❙
❛❧s♦ ✐♠♣r♦✈❡s t❤❡ ❞❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ❛s ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳

✶✳ ❇② ✉s✐♥❣ ❋■▼Ps ❛s t❤❡ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s✱ ❙▲❙ ❡♥❛❜❧❡s s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥
❛✉t♦♠❛t✐❝ r❡✉s❡ ❝♦♠♣❛r❡❞ t♦ ✇❤❛t ✐s ❛❝❤✐❡✈❡❞ t♦❞❛② ❜② ❍▲❙ t❤❛t r❡✉s❡s
♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜❧♦❝❦s✳ ◆♦t❡ t❤❛t t❤❡ r❡✉s❡ ♦❢ ❝♦♠♣❧❡① ■♥t❡❧❧❡❝t✉❛❧ Pr♦♣✲
❡rt✐❡s ✭■Ps✮ ❧✐❦❡ ♣r♦❝❡ss♦rs✱ ❜✉s✴♠❡♠♦r② ❝♦♥tr♦❧❧❡r ❡t❝✳ ✐s ♠❛♥✉❛❧ ❛♥❞ ♥♦t
❛✉t♦♠❛t✐❝✳

✷✳ ❇② ❡♥❛❜❧✐♥❣ ❛✉t♦♠❛t✐❝ s②♥t❤❡s✐s ♦❢ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ❝♦♠♣❧❡① ❢✉♥❝t✐♦♥❛❧✐t②✱
❝♦♠♣❛r❡❞ t♦ ✇❤❛t ✐s ❛❝❤✐❡✈❡❞ t♦❞❛② ❜② ❍▲❙ t♦♦❧s✱ t❤❡ ❙▲❙ t♦♦❧ ✇✐❧❧ ❧♦✇❡r
t❤❡ ❡♥❣✐♥❡❡r✐♥❣ ❝♦st ♦❢ ❞❡s✐❣♥✐♥❣ ❝♦♠♣❧❡① ❤❛r❞✇❛r❡ s✉❜✲s②st❡♠s ❧✐❦❡ ♠♦❞❡♠s
❛♥❞ ❝♦❞❡❝s✳ ◆♦t❡ t❤❛t ❙▲❙ ✐s ♥♦t ♣♦s✐t✐♦♥❡❞ t♦ ✐♠♣❧❡♠❡♥t ✐♥❢r❛str✉❝t✉r❛❧
❤❛r❞✇❛r❡ ❧✐❦❡ ♣r♦❝❡ss♦rs✱ ♠❡♠♦r②✴❜✉s✴❝❛❝❤❡ ❝♦♥tr♦❧❧❡r ❡t❝✳

✸✳ ❇② ✈✐rt✉❡ ♦❢ ❝♦rr❡❝t ❜② ❝♦♥str✉❝t✐♦♥✱ ❙▲❙ ❡❧✐♠✐♥❛t❡s t❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ❡♥✲
❣✐♥❡❡r✐♥❣ ❝♦st ❝♦♠♣♦♥❡♥t ✐♥ ❞❡s✐❣♥ ♦❢ ❤❛r❞✇❛r❡✱ t❤❡ ❢✉♥❝t✐♦♥❛❧ ✈❡r✐✜❝❛t✐♦♥✳

✹✳ ❙✐♥❝❡ t❤❡ ❋■▼Ps ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ✇✐t❤ ♣♦st✲❧❛②♦✉t s✐❣♥✲♦✛ q✉❛❧✐t② ❞❛t❛✱ t❤❡
❙▲❙ ❤❛s t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❦♥♦✇✐♥❣ t❤❡ ❝♦st ♠❡tr✐❝s ❛❝❝✉r❛t❡❧② ❛♥❞ ❛t t❤❡ s❛♠❡
t✐♠❡ ❧♦❣✐❝ ❛♥❞ ♣❤②s✐❝❛❧ s②♥t❤❡s✐s ♦❢ t❤❡ ❋■▼Ps ✐s ❢❛❝t♦r❡❞ ♦✉t ❛s ❛ ♦♥❡t✐♠❡
❡♥❣✐♥❡❡r✐♥❣ ❡✛♦rt✱ t❤✉s s♣❡❡❞✐♥❣ ✉♣ t❤❡ s②♥t❤❡s✐s ♣r♦❝❡ss✳

✺✳ ❚❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ✐♥ ❙▲❙ ✐s ✐♥ t❡r♠s ♦❢ ❋■▼Ps t❤❛t ❛r❡ ♣r❡✲
❞❡s✐❣♥❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞ ❛♥❞ ♥♦t ✐♥ t❡r♠s ♦❢ ✜♥❡r ❣r❛✐♥ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧
❜❧♦❝❦s✳ ❚❤✐s ♠❛❦❡s t❤❡ ❉❙❊ ♠♦r❡ ❡✛❡❝t✐✈❡ ❛♥❞ ❡✣❝✐❡♥t✳



✽ ❈❍❆P❚❊❘ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✶✳✸ ❚❤❡s✐s ❈♦♥tr✐❜✉t✐♦♥s

❚❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s t❤❡s✐s ✐s ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✲
✇♦r❦ ✭❙❨▲❱❆✮✳ ■t ✐s ❛ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮ t♦♦❧ t❤❛t s②♥t❤❡s✐③❡s s②st❡♠✲
❧❡✈❡❧ s♣❡❝✐✜❝❛t✐♦♥s ✇✐t❤ ❝♦♥str❛✐♥ts ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ❣♦❛❧s t♦ ❛♥ ❘❡❣✐st❡r✲❚r❛♥s❢❡r
▲❡✈❡❧ ✭❘❚▲✮ ♠♦❞❡❧ ❢♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮ ❛♥❞ ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ♦r ❛ ❝♦♥✜❣✇❛r❡ ✭❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ s♦❢t✇❛r❡✮
❢♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡s ✭❈●❘❆s✮ ❜❛s❡❞ ♦♥ t❤❡ ❣✉✐❞❡ ❢r♦♠
❞❡s✐❣♥❡rs ❛♥❞ t❤❡ ♣r♦✈✐❞❡❞ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r② ❢♦r ❛❧❧ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥ st②❧❡ ❝❛♥❞✐❞❛t❡s✳ ■♥ t❤❡ ❝✉rr❡♥t st❛❣❡✱ ❙❨▲❱❆ t❛r❣❡ts ❉✐❣✐t❛❧ ❙✐❣♥❛❧
Pr♦❝❡ss✐♥❣ ✭❉❙P✮ ❛♣♣❧✐❝❛t✐♦♥s t❤❛t ❝❛♥ ❜❡ st❛t✐❝❛❧❧② s❝❤❡❞✉❧❡❞ ❛♥❞ t②♣✐❝❛❧ ❡①❛♠✲
♣❧❡s ♦❢ ❢✉♥❝t✐♦♥s ❛r❡ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮✱ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮
✜❧t❡rs✱ ❛♥❞ ❱✐t❡r❜✐ ❡t❝✳ ❙❛❧✐❡♥t ♣♦✐♥ts ❛❜♦✉t ❙❨▲❱❆ ❛♥❞ t❤❡ ❦❡② ❝♦♥tr✐❜✉t✐♦♥s ♦❢
t❤✐s t❤❡s✐s ❝♦♥s✐st ♦❢ ❛s ❢♦❧❧♦✇s✿

✶✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❡ ✉s❡ ♦❢ ❋■▼Ps ❢♦r s②♥t❤❡s✐③✐♥❣ s②st❡♠✲❧❡✈❡❧ s♣❡❝✐✜❝❛t✐♦♥s✳
❚❤❡ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ❋■▼P ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✹✳✸✳ ❆ ❋■▼P
✐♠♣❧✐❡s ♣❤②s✐❝❛❧✴❧❛②♦✉t ❧❡✈❡❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✇✐t❤ ♣♦st✲
❧❛②♦✉t ❞❛t❛✳ ❯s❡ ♦❢ ❋■▼Ps ❛s r❡✉s❛❜❧❡ ♦❜❥❡❝t ❤❛s ❢♦✉r ♠❛❥♦r ❛❞✈❛♥t❛❣❡s✳

❛✮ ❯s✐♥❣ ❋■▼Ps r❡❞✉❝❡s t❤❡ s❡❛r❝❤ s♣❛❝❡ ❛♥❞ t❤✉s r❡❞✉❝❡s t❤❡ s✐③❡ ♦❢ t❤❡
♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✳

❜✮ ❋■▼Ps ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ❜② s♣❡❝✐❛❧ ❛rr❛②s ✇✐t❤ ❣r❡❛t❡r ❡♥❣✐♥❡❡r✐♥❣ ❡✛♦rt
t♦ ✐♠♣r♦✈❡ t❤❡ ❞❡s✐❣♥ q✉❛❧✐t② ❛♥❞ t❤❡ ❡♥❣✐♥❡❡r✐♥❣ ❝♦st ❛♠♦rt✐③❡❞ ❜②
♠✉❧t✐♣❧❡ ❡♥❞ ✉s❡rs✳

❝✮ Pr❡✲❞❡s✐❣♥❡❞ ❋■▼Ps ❡♥❛❜❧❡ s②st❡♠✲❧❡✈❡❧ ❡st✐♠❛t✐♦♥ ♦❢ ❡♥❡r❣② ❛♥❞ ♣❡r✲
❢♦r♠❛♥❝❡✳

❞✮ ❯s✐♥❣ ♣r❡✲✈❡r✐✜❡❞ ❋■▼Ps ✐♥ s②st❡♠✲❧❡✈❡❧ s②♥t❤❡s✐s ♠❛❦❡s ✈❡r✐❢②✐♥❣ t❤❡
s②♥t❤❡s✐s r❡s✉❧ts ♠✉❝❤ s✐♠♣❧❡r t❤❛♥ tr❛❞✐t✐♦♥❛❧ ❛♣♣r♦❛❝❤❡s✳

✷✳ ❆ ❦❡② ❝❤❛❧❧❡♥❣❡ ✐♥ t❤❡ ❛✉t♦♠❛t✐❝ r❡✉s❡ ❜② s②♥t❤❡s✐s t♦♦❧s ♦❢ ❝♦♠♣❧❡① ❛♥❞
❝♦❛rs❡ ❣r❛✐♥ ♦❜❥❡❝ts ❧✐❦❡ ❋■▼Ps ✐s ❣❡♥❡r❛❧✐③✐♥❣ t❤❡✐r ✐♥t❡r❢❛❝❡✱ t✐♠✐♥❣ ❛♥❞
❝♦st ♠♦❞❡❧s✳ ❋♦r ❛✉t♦♠❛t✐❝ r❡✉s❡✱ ❙❨▲❱❆ ❞❡✜♥❡s ❛ ❋■▼P ✉s✐♥❣ t❤r❡❡ ✈✐❡✇s✿
✐♥t❡r❢❛❝❡ ✈✐❡✇ ✭s❡❝t✐♦♥ ✹✳✸✳✷✮✱ ❡①❡❝✉t✐♦♥ ✈✐❡✇ ✭s❡❝t✐♦♥ ✹✳✸✳✷✮✱ ❛♥❞ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ ✈✐❡✇ ✭s❡❝t✐♦♥ ✹✳✸✳✷✮✳

❛✮ ■♥t❡r❢❛❝❡ ✈✐❡✇ ♦❢ ❛ ❋■▼P ♣r♦✈✐❞❡s t❤❡ ❞❡s✐❣♥❡❞ ❢✉♥❝t✐♦♥ ♦❢ t❤✐s ❋■▼P✱
t❤❡ ❞❡s✐❣♥❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ♦❢ t❤✐s ❋■▼P ✭♦♥❡ ❢✉♥❝t✐♦♥ ♠❛② ❤❛✈❡
♠✉❧t✐♣❧❡ ❋■▼Ps ❞✐✛❡r✐♥❣ ✐♥ ❧❛t❡♥❝②✱ ❡♥❡r❣②✱ ❛r❡❛✱ ❛♥❞ ❛❧s♦ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ st②❧❡✮✱ t❤❡ ❝♦st ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤✐s ❋■▼P✱ ❛♥❞ ✐ts ❞❛t❛ ❛♥❞
❝♦♥tr♦❧ ✐♥t❡r❢❛❝❡ t♦ ♦t❤❡r ❋■▼Ps ❛t ❤✐❣❤✲❧❡✈❡❧ ✭❡✳❣✳ ♥✉♠❜❡r ♦❢ ❞❛t❛ t♦✲
❦❡♥s tr❛♥s♠✐tt❡❞✮✳

❜✮ ❊①❡❝✉t✐♦♥ ✈✐❡✇ ♦❢ ❛ ❋■▼P ♣r♦✈✐❞❡s t❤❡ ❡①❡❝✉t✐♦♥ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱
❛r❡❛ ✉s❛❣❡✱ ❛♥❞ t❤❡ ❡①❡❝✉t✐♦♥ t✐♠✐♥❣ ♠♦❞❡❧ ♦❢ t❤✐s ❋■▼P✳



✶✳✸✳ ❚❍❊❙■❙ ❈❖◆❚❘■❇❯❚■❖◆❙ ✾

❝✮ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✈✐❡✇ ♦❢ ❛ ❋■▼P ♣r♦✈✐❞❡s t❤❡ ❤❛r❞✇❛r❡ ❞❡s❝r✐♣t✐♦♥ ♦❢
t❤✐s ❋■▼P ✭❡✳❣✳ ❘❚▲ ♠♦❞❡❧✱ ❈●❘❆ ❝♦♥✜❣✇❛r❡✮✱ t❤❡ ✐♥t❡r❢❛❝❡ ❢♦r ❞❛t❛
❝♦♠♠✉♥✐❝❛t✐♦♥ ❛t ❧♦✇✲❧❡✈❡❧ ✭❡✳❣✳ t❤❡ ❛❝t✉❛❧ ✇✐❞t❤ ♦❢ ❛ ❞❛t❛ ✐♥♣✉t ♣♦rt✮✱
❛♥❞ t❤❡ ♣❧❛❝❡♠❡♥t ❛♥❞ r♦✉t✐♥❣ ❞❡t❛✐❧s ✭♦♥❧② ❢♦r ❈●❘❆✮✳

✸✳ ❙❨▲❱❆ ❡①♣❧♦r❡s t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ t❤r❡❡ ❞✐♠❡♥s✐♦♥s ✭❞❡t❛✐❧❡❞ ❡❧❛❜♦r❛t✐♦♥s
❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✺✮✳

❛✮ ❚❤❡ ♥✉♠❜❡r ♦❢ ❞❡♣❧♦②❡❞ ❋■▼Ps✳ ❚❤✐s ❞✐♠❡♥s✐♦♥ r❡✢❡❝ts t❤❡ ❞❡❣r❡❡ ♦❢
♣❛r❛❧❧❡❧✐s♠ ✐♥ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ✭s❡❝t✐♦♥ ✺✳✶✮✳

❜✮ ❚❤❡ t②♣❡s ♦❢ ❞❡♣❧♦②❡❞ ❋■▼Ps ✭❧❛t❡♥❝②✱ ❡♥❡r❣②✱ ❛♥❞ ❛r❡❛ ❢♦r ❡❛❝❤ ❋■▼P
✐♥st❛♥❝❡✮✳ ❚❤✐s ❞✐♠❡♥s✐♦♥ r❡✢❡❝ts t❤❡ ❞❡❣r❡❡ ♦❢ ♣❛r❛❧❧❡❧✐s♠ ✐♥ ❛r✐t❤♠❡t✐❝
❧❡✈❡❧ ✭s❡❝t✐♦♥ ✺✳✷✮✳

❝✮ ❚❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❝❤❡♠❡✳ ❚❤✐s ❞✐♠❡♥s✐♦♥ r❡✢❡❝ts t❤❡ ❞❡❣r❡❡ ♦❢
♣❛r❛❧❧❡❧✐s♠ ✐♥ ❜✉✛❡r ❧❡✈❡❧ ✭s❡❝t✐♦♥ ✺✳✸✮✳

❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ t♦♦❧s ❛❧s♦ ❡①♣❧♦r❡ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❞❡s✐❣♥ s♣❛❝❡✱
❛❧❜❡✐t ❛t ❛ ✜♥❡r ❧❡✈❡❧ ♦❢ ❣r❛♥✉❧❛r✐t②✿ ♥✉♠❜❡r ❛♥❞ t②♣❡ ✭♠♦r❡ ♣❛r❛❧❧❡❧ ♦r s❡r✐❛❧✮
♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts✳

✹✳ ❙❨▲❱❆ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡s t❤❡ ♥❡❝❡ss❛r② ❣❧✉❡ ❧♦❣✐❝ t♦ ❝♦♠❜✐♥❡ t❤❡ ❋■▼Ps
❛♥❞ ❜✉✛❡rs ✐♥t♦ ❛ ✇♦r❦✐♥❣ s②st❡♠ t❤❛t ✐♠♣❧❡♠❡♥ts t❤❡ s②st❡♠ ♠♦❞❡❧ ✭♠♦r❡
✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✻✮✳ ❚❤❡ ❣❡♥❡r❛t❡❞ ❣❧✉❡ ❧♦❣✐❝ ❝♦♥s✐sts ♦❢
❢♦❧❧♦✇✐♥❣ ❝♦♠♣♦♥❡♥ts✿

❛✮ ❆ ❤✐❡r❛r❝❤② ♦❢ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡s ✭❋❙▼s✮ t♦ ♦r❝❤❡str❛t❡ t❤❡ ❡①❡❝✉t✐♦♥
♦❢ ❋■▼Ps✳

❜✮ ❙❡❧❡❝t✐♦♥ ♦❢ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t s♦✉r❝❡s ❢♦r ✐♥❞✐✈✐❞✉❛❧ ❋■▼Ps✳

❝✮ ▼✉❧t✐♣❧❡①❡rs ❢♦r tr❛♥s❢❡rr✐♥❣ ❞❛t❛ ❛♠♦♥❣ t❤❡ ❋■▼Ps✳

❞✮ ❆ s❡t ♦❢ ♦✉t♣✉t ❜✉✛❡rs ❢♦r ❡❛❝❤ ❋■▼Ps✳

✺✳ ❙❨▲❱❆ ✐s ❛❧s♦ ❝❛♣❛❜❧❡ ♦❢ ♣❡r❢♦r♠✐♥❣ ✢♦♦r♣❧❛♥♥✐♥❣ ❢♦r ❈●❘❆s ✭s❡❝t✐♦♥ ✼✳✻✮
t♦ ♠✐♥✐♠✐③❡ t❤❡ t♦t❛❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ❧❛t❡♥❝②✱ ❛♥❞✴♦r s❛♠♣❧❡ ✐♥t❡r✈❛❧ ♦❢
t❤❡ ✜♥❛❧ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳
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✶✳✸✳✶ ❙❨▲❱❆ ❉❡s✐❣♥ ❋❧♦✇

❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ ✐s ✐❧❧✉str❛t❡❞ ❜② ❋✐❣✉r❡ ✶✳✺ ❛♥❞ ✐t ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ✐♥ ❢♦✉r
❝❤❛♣t❡rs✿ s②st❡♠ ♠♦❞❡❧✐♥❣ ✭❝❤❛♣t❡r ✹✮✱ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✭❝❤❛♣t❡r ✺✮✱ ❣❧♦❜❛❧
✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ s②♥t❤❡s✐s ✭❝❤❛♣t❡r ✻✮✱ ❛♥❞ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✭❝❤❛♣t❡r ✼✮✳
▼♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✶✳✹ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧ ❝❤❛♣t❡rs✳

FIMP: Function Implementations

1. Function examples: FFT, 

Viterbi, FIR, H.264 Encoder, etc.

2. Multiple FIMPs exist for same 

functions differing in degree of 

parallelism, area usage and 

average energy consumption.

3. FIMPs are characterized with 

post-layout sign-off quality data 

and exhaustive simulation.

Sample Interval RMAX
System Latency TMAX

Area Usage AMAX
Energy Consumption EMAX

SYLVA

CGRA 

Compiler

SDF scheduling,

Function Level Parallelism (FLP)

FIMP type selection. Arithmetic / Buffer Level 

Parallelism (ABLP)

Relative schedule, number of FIMPs decided. 

Production/Consumption rates match.

System SDF graph

Cycle accurate schedule

Global Interconnect and Control (GLIC) Synthesis

Abstract Intermediate Representation (AIR)

Code generation, CGRA Floorplanning

Commercial ASIC/

FPGA Synthesis

C
h
ap

ter 6
C

h
ap

ter 7Configware RTL HDL

FIMP Libraries

Constraints Chapter 4

Chapter 4

Chapter 4

A
S

IC

F
P

G
A

C
G

R
A

C
h

ap
ter 5

❋✐❣✉r❡ ✶✳✺✿ ❙❨▲❱❆ ❉❡s✐❣♥ ❋❧♦✇



✶✳✸✳ ❚❍❊❙■❙ ❈❖◆❚❘■❇❯❚■❖◆❙ ✶✶

✶✳✸✳✷ P✉❜❧✐❝❛t✐♦♥s

❚❤❡ ♣✉❜❧✐❝❛t✐♦♥s ♦❢ t❤✐s t❤❡s✐s ❛r❡ ❝❛t❡❣♦r✐③❡❞ ❜❛s❡❞ ♦♥ t❤❡ r❡❧❛t❡❞ ❙❨▲❱❆ ❞❡s✐❣♥
❧♦✇ st❡♣s ❛♥❞ ❧✐st❡❞ ❜❡❧♦✇✳

• ❊♥t✐r❡ ❙❨▲❱❆ ✢♦✇

❙❤✉♦ ▲✐✱ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❑❛t❤r✐♥ ❘♦s✈❛❧❧✱ ■♥❣♦ ❙❛♥❞❡r✱ ❙②s✲
t❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ♦❢ ❍❛r❞✇❛r❡ ❢♦r ❉❙P ❆♣♣❧✐❝❛t✐♦♥s ❯s✐♥❣ Pr❡✲❈❤❛r❛❝t❡r✐③❡❞
❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s✱ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❍❛r❞✇❛r❡✴❙♦❢t✇❛r❡
❈♦❞❡s✐❣♥ ❛♥❞ ❙②st❡♠ ❙②♥t❤❡s✐s ✭❈❖❉❊❙✰■❙❙❙✮✱ ✷✵✶✸

• ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❝❤❛♣t❡r ✺✮

✕ ●❡♥❡r❛❧✐③✐♥❣ t❤❡ ❋■▼P ❡①❡❝✉t✐♦♥ ✈✐❡✇✳

✕ ❆✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t✐♥❣ t❤❡ ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ ❖♣t✐♠✐③❛t✐♦♥ Pr♦❜✲
❧❡♠ ✭❈❙❖P✮ ❢♦r ❛r✐t❤♠❡t✐❝✲❧❡✈❡❧ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳

✕ ❆✉t♦♠❛t✐❝❛❧❧② ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ s❝❤❡❞✉❧❡ ❣❡♥❡r❛t✐♦♥ ❢♦r
❢✉♥❝t✐♦♥✲❧❡✈❡❧ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳

✕ ❆✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t✐♥❣ t❤❡ ❈❙❖P ❢♦r ❜♦t❤ ❧❡✈❡❧ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳

❘❡❧❛t❡❞ ♣✉❜❧✐❝❛t✐♦♥s✿

✶✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❚❤r❡❡✲❉✐♠❡♥s✐♦♥❛❧ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥
❢♦r ❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s✱ t❤❡ ✶✼t❤ ❊✉r♦♠✐❝r♦ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❉✐❣✐t❛❧
❙②st❡♠ ❉❡s✐❣♥ ✭❉❙❉✮✱ ✷✵✶✹
❚❤✐s ♣❛♣❡r ❡❧❛❜♦r❛t❡s ❛ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳ ❚❤❡
❞✐♠❡♥s✐♦♥s ✐♥ t❤❛t ♣❛♣❡r ❛r❡ s❝❤❡❞✉❧❡ ❧❡✈❡❧✱ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ❛♥❞ ❛r✐t❤✲
♠❡t✐❝✴❜✉✛❡r ❧❡✈❡❧✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❢✉♥❝t✐♦♥ ❛♥❞ ❛r✐t❤♠❡t✐❝✴❜✉✛❡r
❧❡✈❡❧✱ t❤❡ s❝❤❡❞✉❧❡ ❧❡✈❡❧ ✐s ♣r♦♣♦s❡❞ ❢♦r ❣❡♥❡r❛t✐♥❣ t❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ r❡❧✲
❛t✐✈❡ s❝❤❡❞✉❧❡✳ ❚❤❡ ❣❡♥❡r❛t❡❞ ❈❙❖P ❢♦r ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ✐s st✐❧❧
t✇♦✲❞✐♠❡♥s✐♦♥❛❧✳

✷✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❆❝❝✉r❛t❡ ❛♥❞ ❊✣❝✐❡♥t ❚❤r❡❡ ▲❡✈❡❧ ❉❡s✐❣♥
❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ❇❛s❡❞ ♦♥ ❈♦♥str❛✐♥ts ❙❛t✐s❢❛❝t✐♦♥ ❖♣t✐♠✐③❛t✐♦♥ Pr♦❜✲
❧❡♠ ❙♦❧✈❡r✱ t❤❡ ✷✷♥❞ ❆♥♥✉❛❧ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ❈✉st♦♠ ❈♦♠♣✉t✐♥❣ ▼❛❝❤✐♥❡s ✭❋❈❈▼✮✱ ✷✵✶✹
❚❤✐s ♣❛♣❡r ❡❧❛❜♦r❛t❡s t❤❡ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✱
✇❤✐❧❡ t❤❡ s❝❤❡❞✉❧❡ ❧❡✈❡❧ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛ s❡♣❛r❛t❡ ❧❡✈❡❧✳

✸✳ ❋❛❤✐♠❡❤ ❏❛❢❛r✐✱ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❖♣t✐♠❛❧ ❙❡❧❡❝t✐♦♥ ♦❢ ❋✉♥❝✲
t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❛ ❍✐❡r❛r❝❤✐❝❛❧ ❈♦♥✜❣✇❛r❡ ❙②♥t❤❡s✐s ▼❡t❤♦❞ ❢♦r
❛ ❈♦❛rs❡ ●r❛✐♥ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡✱ t❤❡ ✶✹t❤ ❊✉r♦♠✐❝r♦ ❈♦♥❢❡r✲
❡♥❝❡ ♦♥ ❉✐❣✐t❛❧ ❙②st❡♠ ❉❡s✐❣♥ ✭❉❙❉✮✱ ✷✵✶✶
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❚❤✐s ♣❛♣❡r ♣r♦♣♦s❡s ❛♥ ❛❧❣♦r✐t❤♠ ❢♦r ♦♣t✐♠❛❧ s❡❧❡❝t✐♦♥ ♦❢ ❋■▼Ps ❢♦r
❈●❘❆✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❛✉t❤♦r ♦❢ t❤✐s t❤❡s✐s ✐♥❝❧✉❞❡s ♣r♦♣♦s✲
✐♥❣ t❤❡ s❡❧❡❝t✐♦♥ ❛❧❣♦r✐t❤♠✱ ✐♠♣❧❡♠❡♥t✐♥❣ ✐t ✐♥ ❈#✱ ❛♥❞ ♣r❡♣❛r✐♥❣ ❡①✲
♣❡r✐♠❡♥t t❡st ❝❛s❡s✳

• ●❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ s②♥t❤❡s✐s ✭❝❤❛♣t❡r ✻✮

✕ Pr♦♣♦s✐♥❣ t❤❡ ❞❛t❛ str✉❝t✉r❡ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ r❡♣r❡s❡♥t❛t✐♦♥✳

✕ ❆✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t✐♥❣ ❋❙▼s✱ ❜✉✛❡rs ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t ❜❛s❡❞ ♦♥ t❤❡
❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡✳

✕ Pr♦♣♦s✐♥❣ t❤❡ ❛❧❣♦r✐t❤♠ ❢♦r r❡✜♥✐♥❣ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ ❜❛s❡❞
♦♥ ♠❛♣♣❡❞ ❋■▼Ps✱ ❜✉✛❡rs ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t✳

❘❡❧❛t❡❞ ♣✉❜❧✐❝❛t✐♦♥s✿

✶✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ❙②♥t❤❡s✐s ✐♥
❙②st❡♠ ▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦✱ t❤❡ ✶✻t❤ ❊✉r♦♠✐❝r♦
❈♦♥❢❡r❡♥❝❡ ♦♥ ❉✐❣✐t❛❧ ❙②st❡♠ ❉❡s✐❣♥ ✭❉❙❉✮✱ ✷✵✶✸
❚❤✐s ♣❛♣❡r ❞❡s❝r✐❜❡s t❤❡ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ ❣❡♥❡r❛t✐♦♥ st❡♣ ♦❢
❙❨▲❱❆✳

✷✳ ❙❤✉♦ ▲✐✱ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ●❧♦❜❛❧ ❈♦♥tr♦❧ ❛♥❞ ❙t♦r❛❣❡
❙②♥t❤❡s✐s ❢♦r ❛ ❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ❆♣♣r♦❛❝❤✱ t❤❡ ✷✶st ❆♥♥✉❛❧ ■❊❊❊
■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ❈✉st♦♠ ❈♦♠♣✉t✐♥❣
▼❛❝❤✐♥❡s ✭❋❈❈▼✮✱ ✷✵✶✸
❚❤✐s ♣❛♣❡r ❣✐✈❡s ❛ ❜r✐❡❢ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ ❣❡♥❡r✲
❛t✐♦♥ st❡♣ ♦❢ ❙❨▲❱❆✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❛✉t❤♦r ♦❢ t❤✐s t❤❡s✐s
✐♥❝❧✉❞❡s ❛❧❣♦r✐t❤♠ ♣r♦♣♦s❛❧✱ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥ts✳

• ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ✭❝❤❛♣t❡r ✼✮

✕ Pr♦♣♦s✐♥❣ t❤❡ ❛❧❣♦r✐t❤♠ ❢♦r ❛✉t♦♠❛t✐❝❛❧❧② ♠❡r❣✐♥❣ ❜✉✛❡r ✐♥st❛♥❝❡s✳

✕ Pr♦♣♦s✐♥❣ t❤❡ ❛❧❣♦r✐t❤♠ ❢♦r ❛✉t♦♠❛t✐❝❛❧❧② ♠❡r❣✐♥❣ ❋■▼P ✐♥st❛♥❝❡s✳

✕ Pr♦♣♦s✐♥❣ ❛ ♠♦❞❡❧ ❢♦r ❈●❘❆ str✉❝t✉r❡✳

✕ Pr♦♣♦s✐♥❣ ❛ ❈❙❖P s♦❧✈✐♥❣ ❜❛s❡❞ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❛❧❣♦r✐t❤♠✳

✕ Pr♦♣♦s✐♥❣ ❛ ❤❡✉r✐st✐❝ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❛❧❣♦r✐t❤♠✳

❘❡❧❛t❡❞ ♣✉❜❧✐❝❛t✐♦♥s✿

✶✳ ❙❤✉♦ ▲✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥ ✐♥ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s✱ t❤❡ ✽t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❲♦r❦s❤♦♣ ♦♥ ❘❡❝♦♥✲
✜❣✉r❛❜❧❡ ❈♦♠♠✉♥✐❝❛t✐♦♥✲❝❡♥tr✐❝ ❙②st❡♠s✲♦♥✲❈❤✐♣ ✭❘❡❈♦❙♦❈✮✱ ✷✵✶✸
❚❤✐s ♣❛♣❡r ♣r♦♣♦s❡s t❤❡ ❛❧❣♦r✐t❤♠ ✉s❡❞ ✐♥ t❤❡ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ♣❤❛s❡
✐♥ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ st❡♣✳



✶✳✸✳ ❚❍❊❙■❙ ❈❖◆❚❘■❇❯❚■❖◆❙ ✶✸

✷✳ ❙❤✉♦ ▲✐✱ ❏❛♠s❤❛✐❞ ▼❛❧✐❦✱ ❙❤❛♦t❡♥❣ ▲✐✉ ❛♥❞ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❆ ❈♦❞❡
●❡♥❡r❛t✐♦♥ ▼❡t❤♦❞ ❋♦r ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s✱ t❤❡ ❆❈▼ ■♥t❡r♥❛t✐♦♥❛❧
❲♦r❦s❤♦♣ ♦♥ ▼❛♥②❝♦r❡ ❊♠❜❡❞❞❡❞ ❙②st❡♠s✱ ✷✵✶✸
❚❤✐s ♣❛♣❡r ❞❡s❝r✐❜❡s t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ st❡♣ ✐♥ ❞❡t❛✐❧✳ ❚❤❡ ❝♦♥tr✐✲
❜✉t✐♦♥ ❢r♦♠ t❤❡ ❛✉t❤♦r ♦❢ t❤✐s t❤❡s✐s ✐♥❝❧✉❞❡s ❛❧❣♦r✐t❤♠ ♣r♦♣♦s❛❧ ❛♥❞
✐♠♣❧❡♠❡♥t❛t✐♦♥✳

✸✳ ❙❤✉♦ ▲✐✱ ●✉♦ ❈❤❡♥✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❆ ❈♦❞❡ ❘❡✉s❡ ▼❡t❤♦❞ ❢♦r ▼❛♥②✲
❈♦r❡ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ❋✉♥❝t✐♦♥ ▲✐❜r❛r② ❉❡✲
✈❡❧♦♣♠❡♥t✱ ❚❤❡ ✶✸t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐ts
✭■❙■❈✮✱ ✷✵✶✶
❚❤✐s ♣❛♣❡r ❞❡s❝r✐❜❡s t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✈✐❡✇ ♦❢ ❋■▼P✳

• ❖t❤❡r ♣✉❜❧✐❝❛t✐♦♥s ❞✉r✐♥❣ ❙❨▲❱❆ r❡s❡❛r❝❤ ❛r❡ ❧✐st❡❞ ❜❡❧♦✇✳

✶✳ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❍❛ss❛♥ ❙♦❤♦✜✱ ❙❤✉♦ ▲✐✱ P❤②s✐❝❛❧ ❉❡✲
s✐❣♥ ❆✇❛r❡ ❙②st❡♠ ▲❡✈❡❧ ❙②♥t❤❡s✐s ♦❢ ❍❛r❞✇❛r❡✱ ❙❆▼❖❙ ❳❱✱ ✷✵✶✺
❚❤✐s ♣❛♣❡r ❲❡ ♣r♦♣♦s❡ ❛ ❣r✐❞✲❜❛s❡❞ r❡❣✉❧❛r ♣❤②s✐❝❛❧ ❞❡s✐❣♥ ♣❧❛t❢♦r♠
❝♦♠♣♦s❡❞ ♦❢ ❧❛r❣❡ ❣r❛✐♥ ❤❛r❞❡♥❡❞ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❝❛❧❧❡❞ ❙✐▲❛❣♦ ❜❧♦❝❦s✳
❚❤❡ ❛✉t❤♦r ✐♥ t❤✐s t❤❡s✐s ❝♦♥tr✐❜✉t❡❞ ❛ ♣❛rt ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts✳

✷✳ ◆❛s✐♠ ❋❛r❛❤✐♥✐✱ ❙❤✉♦ ▲✐✱ ▼✉❤❛♠❛♠❞ ❆❞❡❡❧ ❚❛❥❛♠♠✉❧✱ ●✉♦ ❈❤❡♥✱ ▼✉❤❛♠✲
♠❛❞ ❆❧✐ ❙❤❛♠✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ✸✾✳✾ ●❖Ps✴❲❛tt ▼✉❧t✐✲▼♦❞❡ ❈●❘❆
❆❝❝❡❧❡r❛t♦r ❢♦r ❛ ▼✉❧t✐✲❙t❛♥❞❛r❞ ❇❛s❡st❛t✐♦♥✱ t❤❡ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧
❙②♠♣♦s✐✉♠ ♦♥ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s ✭■❙❈❆❙✮✱ ✷✵✶✸
❚❤✐s ♣❛♣❡r ❡❧❛❜♦r❛t❡s ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❈●❘❆ ♦♥ ♠✉❧t✐✲st❛♥❞❛r❞ ❜❛s❡s✲
t❛t✐♦♥✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❛✉t❤♦r ♦❢ t❤✐s t❤❡s✐s ✐♥❝❧✉❞❡s ❈●❘❆
♣❧❛t❢♦r♠ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ♠♦❞✐✜❝❛t✐♦♥✱ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❈●❘❆ ❛♣♣❧✐❝❛✲
t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t t♦♦❧s✱ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♦♥❡ ❛♣♣❧✐❝❛t✐♦♥ ✭❝♦rr❡❧❛t✐♦♥
♣♦♦❧✮✳

✸✳ ❙❤✉♦ ▲✐✱ ❋❛❤✐♠❡❤ ❏❛❢❛r✐✱ ❆❤♠❡❞ ❍❡♠❛♥✐✱ ❙❤❛s❤✐ ❑✉♠❛r✱ ▲❛②❡r❡❞ ❙♣✐r❛❧
❆❧❣♦r✐t❤♠ ❢♦r ▼❡♠♦r②✲❆✇❛r❡ ▼❛♣♣✐♥❣ ❛♥❞ ❙❝❤❡❞✉❧✐♥❣ ♦♥ ◆❡t✇♦r❦✲♦♥✲
❈❤✐♣✱ t❤❡ ✷✽t❤ ◆❖❘❈❍■P ❝♦♥❢❡r❡♥❝❡✱ ✷✵✶✵
❚❤✐s ♣❛♣❡r ♣r♦♣♦s❡s ❛ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ❢♦r ♠❡♠♦r②✲❛✇❛r❡ ♠❛♣♣✐♥❣
❛♥❞ s❝❤❡❞✉❧✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ♦♥ ◆❡t✇♦r❦✲♦♥✲❈❤✐♣ ✭◆♦❈✮✳ ❚❤❡ ❝♦♥tr✐❜✉✲
t✐♦♥ ❢r♦♠ t❤❡ ❛✉t❤♦r ♦❢ t❤✐s t❤❡s✐s ✐♥❝❧✉❞❡s ❛❧❣♦r✐t❤♠ ♣r♦♣♦s❛❧✱ ❛❧❣♦r✐t❤♠
✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❛♥❞ ♣r❡♣❛r✐♥❣ ❡①♣❡r✐♠❡♥t t❡st ❝❛s❡s✳



✶✹ ❈❍❆P❚❊❘ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✶✳✹ ❚❤❡s✐s ▲❛②♦✉t

• ❈❤❛♣t❡r ✷ ♣r♦✈✐❞❡s s♦♠❡ r❡q✉✐r❡❞ ♣r❡❧✐♠✐♥❛r✐❡s ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ♣r♦✲
♣♦s❡❞ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮ ♠❡t❤♦❞♦❧♦❣② ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ t♦♦❧✳

✕ ❙❡❝t✐♦♥ ✷✳✶ ❣✐✈❡s t❤❡ ❞❡t❛✐❧❡❞ ❞❡✜♥✐t✐♦♥ ❛♥❞ ♣r♦♣❡rt✐❡s ♦❢ ❙②♥❝❤r♦♥♦✉s
❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤✳

✕ s❡❝t✐♦♥ ✷✳✷ ✐♥tr♦❞✉❝❡s ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮✱
❛ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ✉♥❞❡r ❞❡✈❡❧♦♣✲
♠❡♥t ✐♥ ❑❚❍ ✐♥❝❧✉❞✐♥❣ t❤❡ ❤❛r❞✇❛r❡ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ❝♦♥✜❣✇❛r❡ ❢♦r✲
♠✉❧❛t✐♦♥✳

✕ s❡❝t✐♦♥ ✷✳✸ ❣✐✈❡s ❛ ❜r✐❡❢ ✐♥tr♦❞✉❝t✐♦♥ t♦ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣ ✭❈P✮✱
✐♥❝❧✉❞✐♥❣ t❤❡ ♣r♦❜❧❡♠ ♠♦❞❡❧✐♥❣ ✉s✐♥❣ t❤❡ ❈P ❝♦♥❝❡♣ts ❛♥❞ ❛ ❜r✐❡❢ ❡①✲
♣❧♦r❛t✐♦♥ ♦❢ t❤❡ ❡①✐st✐♥❣ ❈P s♦❧✈❡rs✳

• ❈❤❛♣t❡r ✸ ✐♥tr♦❞✉❝❡s ♦t❤❡r ❤❛r❞✇❛r❡ s②♥t❤❡s✐s ❛♣♣r♦❛❝❤❡s✱ s♦❢t✇❛r❡ s②♥t❤❡✲
s✐s✱ ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠♣✐❧❛t✐♦♥ ❛♣♣r♦❛❝❤❡s✱ ❛♥❞ ❝♦♠♣❛r❡s t❤❡♠ ✇✐t❤ t❤❡ ❝♦rr❡✲
s♣♦♥❞✐♥❣ ❛s♣❡❝ts ♦❢ ❙▲❙ ❛♥❞ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✸✳✶ ❝♦♠♣❛r❡s ❙▲❙ ❛♥❞ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮✳

✕ ❙❡❝t✐♦♥ ✸✳✷ ✐s ❛❜♦✉t t❤❡ r❡❧❛t❡❞ ✇♦r❦ ❢♦r ❤❛r❞✇❛r❡ s②♥t❤❡s✐s t♦ ❈●❘❆✳

✕ ❙❡❝t✐♦♥ ✸✳✸ ✐s ❛❜♦✉t t❤❡ r❡❧❛t❡❞ ✇♦r❦ ♦♥ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧
✭●▲■❈✮ ❣❡♥❡r❛t✐♦♥✳

✕ ❙❡❝t✐♦♥ ✸✳✹ ❣✐✈❡s s♦♠❡ r❡❧❛t❡❞ ✇♦r❦ ♦♥ ❈●❘❆ ♣r♦❣r❛♠♠✐♥❣✳

• ❈❤❛♣t❡r ✹ ❞❡s❝r✐❜❡s t❤❡ ♣r♦♣♦s❡❞ s②st❡♠ ♠♦❞❡❧✐♥❣ ♠❡t❤♦❞ ❢♦r ♠♦❞❡❧✐♥❣ ❉✐❣✐✲
t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s ✉s✐♥❣ ❛♥ ❙❉❋ ❣r❛♣❤ ✇✐t❤ ❝♦♥str❛✐♥ts
❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳

✕ ❙❡❝t✐♦♥ ✹✳✶ ❡❧❛❜♦r❛t❡s t❤❡ ❙❉❋ ✉s❡❞ ✐♥ ❙❨▲❱❆✳ ■t ✐s s❧✐❣❤t❧② ❞✐✛❡r❡♥t
❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ❞❡✜♥✐t✐♦♥ ✐♥ ❬✶✶❪✳

✕ ❙❡❝t✐♦♥ ✹✳✷ ✐♥tr♦❞✉❝❡s t❤❡ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❣r❛♣❤ ✉s❡❞ ✐♥
❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✹✳✸ ❞❡✜♥❡s ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮✳

✕ ❙❡❝t✐♦♥ ✹✳✹ ❣✐✈❡s t❤❡ ❞❡t❛✐❧❡❞ ♣r♦❝❡❞✉r❡ ♦❢ s②st❡♠ ♠♦❞❡❧✐♥❣ ✐♥❝❧✉❞✐♥❣ t❤❡
♠❡t❤♦❞ t♦ ❝r❡❛t❡ ❙❉❋ ❛❝t♦rs ✭s❡❝t✐♦♥ ✹✳✹✳✶✮ ❛♥❞ t❤❡ ♠❡t❤♦❞ t♦ ❝r❡❛t❡
❙❉❋ ❡❞❣❡s ✭s❡❝t✐♦♥ ✹✳✹✳✷✮✳

✕ ❙❡❝t✐♦♥ ✹✳✺ ❣✐✈❡s ❛♥ ❞❡t❛✐❧❡❞ ❡①❛♠♣❧❡✱ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥ ✭▲❚❊✮ ✉♣✲
❧✐♥❦ tr❛♥s♠✐tt❡r✱ ♦❢ s②st❡♠ ♠♦❞❡❧✐♥❣ ✐♥ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✹✳✻ s✉♠♠❛r✐③❡s ❝❤❛♣t❡r ✹✳



✶✳✹✳ ❚❍❊❙■❙ ▲❆❨❖❯❚ ✶✺

• ■♥ ❝❤❛♣t❡r ✺✱ t❤❡ ♣r♦♣♦s❡❞ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮
✐♥ ❙❨▲❱❆ ✐s ❡❧❛❜♦r❛t❡❞ ✐♥ ❞❡t❛✐❧✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❉❙❊ ♣r♦❜❧❡♠ ❢♦r♠✉❧❛t✐♦♥✱ t❤❡
s✐③❡ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡✱ ❛♥❞ t❤❡ ❈P s♦❧✈❡r ❜❛s❡❞ ❉❙❊ ❛❧❣♦r✐t❤♠✳

✕ ❙❡❝t✐♦♥ ✺✳✶ ❞❡✜♥❡s ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✳

✕ ❙❡❝t✐♦♥ ✺✳✷ ❞❡✜♥❡s ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮✳

✕ ❙❡❝t✐♦♥ ✺✳✸ ❞❡✜♥❡s ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❇▲P✮✳

✕ ❙❡❝t✐♦♥ ✺✳✹ q✉❛♥t✐✜❡s t❤❡ ❞❡s✐❣♥ s♣❛❝❡✳

✕ ❙❡❝t✐♦♥ ✺✳✺ ❣✐✈❡s t❤❡ ♠❡t❤♦❞ ♦❢ ❉❙❊✳

✕ ❙❡❝t✐♦♥ ✺✳✻ s✉♠♠❛r✐③❡s ❝❤❛♣t❡r ✺✳

• ❈❤❛♣t❡r ✻ ❡❧❛❜♦r❛t❡s t❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠s ❢♦r ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t✐♦♥
❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ ❧♦❣✐❝s ✐♥ ❙❨▲❱❆✱ ❛s ✇❡❧❧ ❛s t❤❡
❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ✐♥t❡r♠❡❞✐❛t❡ r❡♣r❡s❡♥t❛t✐♦♥✳

✕ ❙❡❝t✐♦♥ ✻✳✶ ❞❡✜♥❡s ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮✳

✕ ❙❡❝t✐♦♥ ✻✳✷ ❞❡✜♥❡s ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮✳

✕ ❙❡❝t✐♦♥ ✻✳✸ ❡❧❛❜♦r❛t❡s t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛♠♦♥❣ ❆❇❇s✳

✕ ❙❡❝t✐♦♥ ✻✳✺ s✉♠♠❛r✐③❡s ❝❤❛♣t❡r ✻✳

• ❈❤❛♣t❡r ✼ ❡❧❛❜♦r❛t❡s t❤❡ ❝♦❞❡ ❣❡♥❡r❛t♦r ✐♥ ❙❨▲❱❆✳ ❈✉rr❡♥t❧②✱ ✐t ✐s ❝❛♣❛✲
❜❧❡ ♦❢ ♣r♦❞✉❝✐♥❣ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ❱❍❉▲ ❝♦❞❡s ❢♦r ❆♣♣❧✐❝❛t✐♦♥✲
❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮ ❛♥❞ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱
❛♥❞ ❉❘❘❆ ❝♦♥✜❣✇❛r❡ ❛s ✇❡❧❧ ❛s ♣❡r❢♦r♠✐♥❣ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ❛♥❞
❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ ♦♥ ❋■▼P✱ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❜✉✛❡rs✳ ❆❧❧
t❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠s ❛♥❞ t❡❝❤♥✐q✉❡s ❢♦r ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ❛r❡ ❡❧❛❜♦r❛t❡❞ ✐♥
❞❡t❛✐❧✳

✕ ❙❡❝t✐♦♥ ✼✳✶ ❢♦r♠✉❧❛t❡s t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♣r♦❜❧❡♠ ✐♥ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✼✳✸ s✉♠♠❛r✐③❡s t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥s ❞✉r✲
✐♥❣ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✐♥ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✼✳✹ ❣✐✈❡s t❤❡ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ♠❡t❤♦❞ ✉s❡❞ ✐♥ t❤❡ ❝♦❞❡ ❣❡♥❡r✲
❛t✐♦♥ ✐♥ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✼✳✺ s✉♠♠❛r✐③❡s t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥s ❞✉r✐♥❣
❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✐♥ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✼✳✻ ❡❧❛❜♦r❛t❡s t❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ♠❡t❤♦❞s✱ ♦♥❡ ❈P s♦❧✈❡r
❜❛s❡❞ ♠❡t❤♦❞ ❛♥❞ ♦♥❡ ❤❡✉r✐st✐❝ ♠❡t❤♦❞✱ ✉s❡❞ ❜② ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✼✳✼ s✉♠♠❛r✐③❡s ❝❤❛♣t❡r ✼✳



✶✻ ❈❍❆P❚❊❘ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

• ■♥ ❝❤❛♣t❡r ✽✱ t❤❡ ❡✣❝❛❝② ❛♥❞ ❡✣❝✐❡♥❝② ♦❢ ❙❨▲❱❆ ❢♦r ❆❙■❈ ❛♥❞ ❋P●❆ ❛r❡
❡✈❛❧✉❛t❡❞ ❜② s②♥t❤❡s✐③✐♥❣ ❛ s❡t ♦❢ ❜❡♥❝❤♠❛r❦ s②st❡♠s ✉s✐♥❣ ❙❨▲❱❆ ❛♥❞ ❝♦♠✲
♣❛r✐♥❣ t❤❡ s②♥t❤❡s✐s r❡s✉❧ts ♦❢ ❙❨▲❱❆ t♦ t❤❡ s②♥t❤❡s✐s r❡s✉❧ts ♦❢ t✇♦ ❝♦♠✲
♠❡r❝✐❛❧ ❍▲❙ t♦♦❧s✳ ❚❤❡ ❡✣❝❛❝② ❛♥❞ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ✐s
❡✈❛❧✉❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② t❤❡ ♣r♦♣♦s❡❞ t✇♦ ✢♦♦r♣❧❛♥✲
♥✐♥❣ ❛❧❣♦r✐t❤♠s ❛♥❞ t❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ❜② ❛♥ ❡①❤❛✉st✐✈❡ s❡❛r❝❤✳

✕ ❙❡❝t✐♦♥ ✽✳✷ ❣✐✈❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦❝❡❞✉r❡✳

✕ ❙❡❝t✐♦♥ ✽✳✶ ❧✐sts t❤❡ ❛♣♣❧✐❝❛t✐♦♥s t♦ ❜❡ ✉s❡❞ ❢♦r ❡✈❛❧✉❛t✐♥❣ ❙❨▲❱❆✳

✕ ❙❡❝t✐♦♥ ✽✳✸ ❣✐✈❡s t❤❡ s②♥t❤❡s✐s r❡s✉❧ts ❛♥❞ ❛♥❛❧②③❡s t❤❡ r❡s✉❧ts✳

• ❋✐♥❛❧❧②✱ ❝❤❛♣t❡r ✾ ❣✐✈❡s t❤❡ ❝♦♥❝❧✉s✐♦♥ ✭s❡❝t✐♦♥ ✾✳✶✮ ♦❢ t❤✐s t❤❡s✐s ❛♥❞ ❞✐s❝✉ss❡s
t❤❡ ♣♦ss✐❜❧❡ ❢✉t✉r❡ ✇♦r❦ ✐♥ ❙▲❙ ❛♥❞ ❙❨▲❱❆ r❡s❡❛r❝❤ ✭s❡❝t✐♦♥ ✾✳✷✮✳



❈❤❛♣t❡r ✷

Pr❡❧✐♠✐♥❛r✐❡s

❚❤✐s ❝❤❛♣t❡r ✐♥tr♦❞✉❝❡s t❤❡ ♣r❡❧✐♠✐♥❛r② ❝♦♥❝❡♣ts t❤❛t ❛r❡ ♥❡❝❡ss❛r② ❢♦r ❞❡s❝r✐❜✐♥❣
❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮ ❛♥❞ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦
✭❙❨▲❱❆✮ ❞❡s✐❣♥ ✢♦✇ ✐♥ ❧❛t❡r ❝❤❛♣t❡rs✳

• ❙❡❝t✐♦♥ ✷✳✶ ❛❞❞r❡ss❡s t❤❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ❬✶✶❪✳ ❙❨▲❱❆
✉s❡s ❙❉❋ ❣r❛♣❤ s✐♥❝❡ ✐t ✐s ✇✐❞❡❧② ✉s❡❞ ✐♥ s②st❡♠✲❧❡✈❡❧ ❞❡s✐❣♥ ✢♦✇s ❢♦r ♠♦❞✲
❡❧✐♥❣ ❛♥❞ ❛♥❛❧②③✐♥❣ r❡❛❧✲t✐♠❡ str❡❛♠✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❬✶✷❪ ❬✶✸❪ t❤❛t ♠❛t❝❤❡s
t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❞♦♠❛✐♥ ♦❢ ❙❨▲❱❆✳ ■♥ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇✱ t❤❡ ❙❉❋ ❣r❛♣❤s
❛❧♦♥❣ ✇✐t❤ ✉s❡r✲❞❡✜♥❡❞ ❝♦♥str❛✐♥ts ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s ✭s✉❝❤ ❛s ♣❡r✲
❢♦r♠❛♥❝❡ ❛♥❞ ❝♦st ♠❡tr✐❝s✮ s❡r✈❡ ❛s t❤❡ t♦♣✲❧❡✈❡❧ s②st❡♠ ♠♦❞❡❧✳

• ❙❡❝t✐♦♥ ✷✳✷ ✐♥tr♦❞✉❝❡s ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮
❬✶✹❪✱ ✇❤✐❝❤ ✐s ❛ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ❬✶✺❪
✉♥❞❡r ❞❡✈❡❧♦♣♠❡♥t ✐♥ ❑❚❍✳ ❚❤❡ ❈●❘❆ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❙❨▲❱❆ ❝✉rr❡♥t❧②
♦♥❧② s✉♣♣♦rts ❉❘❘❆✳ ❆❧t❤♦✉❣❤✱ t❤❡r❡ ❛r❡ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❈●❘❆s✱ ❉❘❘❆
✐s ❝❤♦s❡♥ s✐♥❝❡ ✐t ✐s ♣r♦✈❡♥ t♦ ❜❡ ❛♥ ❡♥❡r❣② ❡✣❝✐❡♥t ♣❧❛t❢♦r♠ ❢♦r ❤♦st✐♥❣
❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s ❬✶✻❪✳ ❚❤✐s s❡❝t✐♦♥ ❛❧s♦ ❝♦✈❡s t❤❡
❛r❝❤✐t❡❝t✉r❡✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t t♦♦❧s✱ ❛♥❞ t❤❡ ♠♦❞❡❧ ♦❢ ❉❘❘❆ t❤❛t ❛r❡ ✉s❡❞
✐♥ ❙❨▲❱❆✳

• ❙❡❝t✐♦♥ ✷✳✸ ❝♦✈❡rs ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣ ✭❈P✮ ❬✶✼❪ ✐♥❝❧✉❞✐♥❣ t❤❡ ❡❧❛❜♦r❛✲
t✐♦♥ ♦❢ ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ Pr♦❜❧❡♠ ✭❈❙P✮ ❬✶✽❪✳ ❚❤❡ ♠♦t✐✈❛t✐♦♥ ♦❢ ✉s✐♥❣
❈P ✐s t❤❛t ❈P ✐s ❡✛❡❝t✐✈❡ ♦♥ s♦❧✈✐♥❣ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ❬✶✾❪✱ ❛r❡❛s ♦❢ ♣❧❛♥♥✐♥❣
❬✷✵❪✱ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ❬✷✶❪ ♣r♦❜❧❡♠s ❬✷✷❪

✶✼
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✷✳✶ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ●r❛♣❤

❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤s ❛r❡ ❛ s♣❡❝✐❛❧ ❦✐♥❞ ♦❢ ❉❛t❛ ❋❧♦✇ ●r❛♣❤
✭❉❋●✮✳ ❙♦ ❜❡❢♦r❡ ✐♥tr♦❞✉❝✐♥❣ t❤❡ ❙❉❋ ❣r❛♣❤✱ ✇❡ ✇✐❧❧ ❤❛✈❡ ❛ ❜r✐❡❢ ✐♥tr♦❞✉❝t✐♦♥
t♦ t❤❡ ❉❋●✳

✷✳✶✳✶ ■♥tr♦❞✉❝t✐♦♥ t♦ ❉❛t❛ ❋❧♦✇ ●r❛♣❤

■♥ ❝♦♠♣✉t❡r s❝✐❡♥❝❡✱ ❛ ❉❋● ✐s ❛ ❣r❛♣❤✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ♦❢ ❞❛t❛ t❤r♦✉❣❤
❛ ❞❛t❛ ♣r♦❝❡ss✐♥❣ s②st❡♠✱ ♠♦❞❡❧✐♥❣ ✐ts ♣r♦❝❡ss ❛s♣❡❝ts✳ ❆ ❉❋● ✐s ♦❢t❡♥ ✉s❡❞ t♦
❝r❡❛t❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ s②st❡♠ ✭✇❤✐❝❤ ❝❛♥ ❧❛t❡r ❜❡ ❡❧❛❜♦r❛t❡❞✮ ❛♥❞ ✉s❡❞ ❢♦r t❤❡
✈✐s✉❛❧✐③❛t✐♦♥ ♦❢ ❞❛t❛ ♣r♦❝❡ss✐♥❣✳ ❚❤❡ ❛✉t❤♦r ♦❢ t❤❡ ✜rst ❉❋● ❛rt✐❝❧❡ ❬✷✸❪ ❞❡s❝r✐❜❡❞
t❤❛t ❛ ❉❋● ✐s t♦ s❡r✈❡ ❛s ❛♥ ✐♥t❡r♠❡❞✐❛t❡✲❧❡✈❡❧ ❧❛♥❣✉❛❣❡ ❢♦r ❤✐❣❤✲❧❡✈❡❧ ❧❛♥❣✉❛❣❡s
❛♥❞ t♦ s❡r✈❡ ❛s ❛ ♠❛❝❤✐♥❡ ❧❛♥❣✉❛❣❡ ❢♦r ♣❛r❛❧❧❡❧ ♠❛❝❤✐♥❡s✳ ❚❤❡ ❛rt✐❝❧❡ ❬✷✹❪ ❣✐✈❡s t❤❡
❢♦r♠❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ❉❋● ✭❊q✳ ✷✳✶✮ t❤❛t ❛ ❉❋● G ✐s ❛ ❜✐♣❛rt✐t❡ ❧❛❜❡❧❡❞ ❣r❛♣❤
✇❤❡r❡ t❤❡ t✇♦ t②♣❡s ♦❢ ♥♦❞❡s ❛r❡ ❝❛❧❧❡❞ ❛❝t♦rs ✭A✮ ❛♥❞ ❧✐♥❦s ✭L✮✳

G = ((A ∪ L), E) ✭✷✳✶✮

• A = {a1, a2, ..., an} ✐s t❤❡ s❡t ♦❢ ❛❝t♦rs✳

• L = {l1, l2, ..., lm} ✐s t❤❡ s❡t ♦❢ ❧✐♥❦s✳

• E ⊆ (A× L) ∩ (L×A) ✐s t❤❡ s❡t ♦❢ ❡❞❣❡s✳

❆❝t♦rs r❡♣r❡s❡♥t ♣r♦❝❡ss❡s ❛♥❞ ❧✐♥❦s r❡❝❡✐✈❡ ❞❛t❛ ❢r♦♠ ❛ s✐♥❣❧❡ ❛❝t♦r ❛♥❞ tr❛♥s✲
♠✐t ✈❛❧✉❡s t♦ ♦♥❡ ♦r ♠♦r❡ ❛❝t♦rs ❜② ✇❛② ♦❢ ❡❞❣❡s✳ ❊❞❣❡s ❛r❡ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥
❝❤❛♥♥❡❧s r❡♣r❡s❡♥t✐♥❣ t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝✐❡s ❛♠♦♥❣ t❤❡ ❛❝t♦rs✳ ❋✐❣✉r❡ ✷✳✶ s❤♦✇s ❛♥
❡①❛♠♣❧❡ ❉❋● ✇✐t❤ t❤r❡❡ ♣r♦❝❡ss❡s ✭p0✱ p1✱ ❛♥❞ p2✮✱ ♦♥❡ ❞❛t❛ s♦✉r❝❡ ✭sr❝✮✱ ♦♥❡ ❞❛t❛
s✐♥❦ ✭s♥❦✮✱ ❛♥❞ ♦♥❡ ❧✐♥❦ ✭t❤❡ ❜❧❛❝❦ ❞♦t✮✳ ❆❝t♦rs sr❝ ❛♥❞ s♥❦ ❛r❡ ❢♦r ❝♦♠♠✉♥✐❝❛t✐♥❣
✇✐t❤ t❤❡ ❡①t❡r♥❛❧ ✇♦r❧❞ ♦✉ts✐❞❡ t❤❡ ♠♦❞❡❧❡❞ s②st❡♠✳

❙②st❡♠ ♠♦❞❡❧

❊①t❡r♥❛❧ ✇♦r❧❞

sr❝ p0 p1

p2

s♥❦

❋✐❣✉r❡ ✷✳✶✿ ❉❛t❛ ❋❧♦✇ ●r❛♣❤ ❊①❛♠♣❧❡



✷✳✶✳ ❙❨◆❈❍❘❖◆❖❯❙ ❉❆❚❆ ❋▲❖❲ ●❘❆P❍ ✶✾

✷✳✶✳✷ ■♥tr♦❞✉❝t✐♦♥ t♦ ❙❉❋ ●r❛♣❤

❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ❙❉❋ ♣✉❜❧✐❝❛t✐♦♥ ❬✶✶❪✿

❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ✐s ❛ s♣❡❝✐❛❧ ❝❛s❡ ♦❢ ❞❛t❛ ✢♦✇ ✭❡✐t❤❡r
❛t♦♠✐❝ ♦r ❧❛r❣❡ ❣r❛✐♥✮ ✐♥ ✇❤✐❝❤ t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ s❛♠♣❧❡s ♣r♦❞✉❝❡❞
♦r ❝♦♥s✉♠❡❞ ❜② ❡❛❝❤ ❢✉♥❝t✐♦♥ ♦♥ ❡❛❝❤ ✐♥✈♦❝❛t✐♦♥ ✐s s♣❡❝✐✜❡❞ ❛ ♣r✐♦r✐✳

❚❤❡ ❛✉t❤♦rs ✐♥ ❬✶✶❪ ❛❧s♦ ❝❧❛✐♠❡❞ t❤❛t ❙❉❋ ❣r❛♣❤ ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦♣❡rt✐❡s✳

✶✳ ❚❤❡ ❛❝t♦rs ♦❢ ❛♥ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ s❝❤❡❞✉❧❡❞ st❛t✐❝❛❧❧②✱ s✐♥❝❡ t❤❡ ♣r♦❞✉❝✐♥❣
❛♥❞ ❝♦♥s✉♠✐♥❣ ❞❛t❛ r❛t❡s ♦❢ t❤❡♠ ❛r❡ ❦♥♦✇♥ ✐♥ ❝♦♠♣✐❧❡ t✐♠❡✳

✷✳ ❆♥ ❙❉❋ ❣r❛♣❤ ✐s ❝❛♣❛❜❧❡ ♦❢ ♠♦❞❡❧✐♥❣ ❝♦♥❝✉rr❡♥t ♣r♦❝❡ss❡s✳ ❆❝t♦rs t❤❛t ❤❛✈❡
♥♦ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❛♠♦♥❣ ❡❛❝❤ ♦t❤❡r ❝❛♥ ❜❡ ✐♥✈♦❦❡❞ ✐♥ ♣❛r❛❧❧❡❧✳

✸✳ ❆♥ ❙❉❋ ❣r❛♣❤ ❝❛♣t✉r❡s ❞❛t❛ ❞❡♣❡♥❞❡♥❝✐❡s ❛♠♦♥❣ ♣r♦❝❡ss❡s ✭❝②❝❧✐❝ ❛♥❞ ❛❝②❝❧✐❝✮
✈✐❛ ❞✐r❡❝t❡❞ ❡❞❣❡s✳ P✐♣❡❧✐♥❡ st❛❣❡s ❝❛♥ ❜❡ ❡❛s✐❧② ❡①tr❛❝t❡❞ ❢r♦♠ ❛♥ ❙❉❋ ❣r❛♣❤✳

❆❝❝♦r❞✐♥❣ t♦ t❤❡s❡ ♣r♦♣❡rt✐❡s✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛❧❣♦r✐t❤♠s t❤❛t ❡①♣r❡ss❡❞
❛s ❙❉❋ ❣r❛♣❤s ✐s ❣✉❛r❛♥t❡❡❞ t♦ ✉s❡ ✜♥✐t❡ ♠❡♠♦r② ❛♥❞ ❡①❡❝✉t❡ ❛❧❧ ♣r♦❝❡ss❡s ✐♥ ❛
✜♥✐t❡ t✐♠❡✳ ❆♥ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ✐♥ ❛ ♣❡r✐♦❞✐❝ ❢❛s❤✐♦♥ ✇✐t❤♦✉t r❡q✉✐r✐♥❣
❛❞❞✐t✐♦♥❛❧ r❡s♦✉r❝❡s ❞✉r✐♥❣ ✐ts ❡①❡❝✉t✐♦♥✳ ❚❤❡ ♣❡r✐♦❞✐❝ ❡①❡❝✉t✐♦♥ ✐s ✇❡❧❧✲s✉✐t❡❞ t♦
❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥s s②st❡♠s✱ ✇❤✐❝❤
♦❢t❡♥ ♣r♦❝❡ss ❛♥ ❡♥❞❧❡ss s✉♣♣❧② ♦❢ ❞❛t❛✳ ❚❤❡r❡ ❛r❡ s♦♠❡ ❡✣❝✐❡♥t t❡❝❤♥✐q✉❡s ❢♦r ❝♦♠✲
♣✉t✐♥❣ t❤❡ t❤r♦✉❣❤♣✉t ❛♥❞ ❜✉✛❡r s✐③❡ ♦❢ ❙❉❋ ❣r❛♣❤s ❬✷✺❪ ❬✷✻❪✱ ♠❛❦✐♥❣ ✐t ❛♥❛❧②③❛❜❧❡✳
❚❤❡r❡❢♦r❡✱ ❙❉❋ ❣r❛♣❤ ✐s ✇✐❞❡❧② ✉s❡❞ ✐♥ s②st❡♠✲❧❡✈❡❧ ❞❡s✐❣♥ ✢♦✇s ❢♦r ♠♦❞❡❧✐♥❣ ❛♥❞
❛♥❛❧②③✐♥❣ r❡❛❧✲t✐♠❡ str❡❛♠✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❬✶✷❪ ❬✶✸❪✳ ❖♥❡ s✐♠♣❧❡ ❡①❛♠♣❧❡ ✐s ❛ ❞✐❣✐t❛❧
❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡r ✇❤♦s❡ s❛♠♣❧❡ ❢r❡q✉❡♥❝② ✭s❛♠♣❧❡s ♣❡r s❡❝♦♥❞✱
❡✳❣✳ ✹✹✳✶ ❦❍③✮ ❛♥❞ s❛♠♣❧❡ s✐③❡ ✭❜✐ts ♣❡r s❛♠♣❧❡✱ ❡✳❣✳ ✶✻✲❜✐t ✇✐❞❡ ✐♥t❡❣❡r ♥✉♠❜❡r✮
❛r❡ ❝♦♥st❛♥t✳ ❙❉❋ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠♦❞❡❧ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ✐♥ ❝♦♠♣❧❡① st❛♥❞❛r❞s
❧✐❦❡ ❲✐r❡❧❡ss ▲♦❝❛❧ ❆r❡❛ ◆❡t✇♦r❦ ✭❲▲❆◆✮✱ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥ ✭▲❚❊✮✱ ▼♦✈✐♥❣
P✐❝t✉r❡ ❊①♣❡rts ●r♦✉♣ ✭▼P❊●✮ ❝♦❞❡❝s✱ ❡t❝✳ ❬✷✼❪✳
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❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ●r❛♣❤

❙✐♥❝❡ ❙❉❋ ✐s ❛ ❉❋●✱ ❛♥ ❙❉❋ ❣r❛♣❤ ✐s ❛❧s♦ ❞❡✜♥❡❞ ❛s ❛ ❣r❛♣❤ ✭❊q✳ ✷✳✶✮ ❝♦♠♣r✐s✐♥❣
❛ s❡t ♦❢ ❛❝t♦rs A✱ ❛ s❡t ♦❢ ❧✐♥❦ ♥♦❞❡s L✱ ❛♥❞ ❛ s❡t ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥❛❧ ❡❞❣❡s E✳ ■♥
t❤✐s t❤❡s✐s✱ t❤❡ ❛❝t♦rs ❛♥❞ ❧✐♥❦ ♥♦❞❡s ❛r❡ ❣❡♥❡r❛❧✐③❡❞ ❛s ❛❝t♦rs✱ s✐♥❝❡ ❛ ❧✐♥❦ ♥♦❞❡ ✐s
❡ss❡♥t✐❛❧❧② ❛♥ ❛❝t♦r t❤❛t ♦♥❧② ❞✉♣❧✐❝❛t❡s ✐ts ✐♥♣✉t ❞❛t❛✳ ❙❉❋ ❣r❛♣❤ ✐s t❤❡♥ ❞❡✜♥❡❞
❛s ✐♥ ❊q✳ ✷✳✷

G = (A,E) ✭✷✳✷✮

• ❊❛❝❤ ❛❝t♦r a ✐♥ t❤❡ ❛❝t♦r s❡t A ✐s ❛ ❢✉♥❝t✐♦♥✱ ❡✳❣✳ ❛❞❞✐t✐♦♥✱ s✉❜tr❛❝t✐♦♥✱ ❋❛st
❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮✱ ❋■❘ ✜❧t❡r✱ ❱✐t❡r❜✐ ❞❡❝♦❞❡r✱ ♠❛tr✐① ♠✉❧t✐♣❧✐❝❛t✐♦♥✱
❡t❝✳

• ❊❛❝❤ ❡❞❣❡ e ✐♥ t❤❡ ❡❞❣❡ s❡t E ✐s ❛ ❞✐r❡❝t❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥❛❧ ❡❞❣❡ r❡♣r❡s❡♥t✐♥❣
t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❜❡t✇❡❡♥ t✇♦ ❛❝t♦rs✳ ❚❤❡ ❡❞❣❡ t❤❛t ❝♦♥♥❡❝ts ai ❛♥❞ aj
✐s ❞❡♥♦t❡❞ ❛s eai→aj

✳

• ❚❤❡ ♣r♦❞✉❝❡❞ ♦r ❝♦♥s✉♠❡❞ ❞❛t❛ s❛♠♣❧❡s ❛r❡ ❝❛❧❧❡❞ ❞❛t❛ t♦❦❡♥s ✭❞❡♥♦t❡❞ ❛s
d✮ t❤❛t ❝❛♥ ❤❛✈❡ ❛♥② ❞❛t❛ t②♣❡✱ ❡✳❣✳ ✐♥t❡❣❡r✱ r❡❛❧ ♥✉♠❜❡r✱ ❝♦♠♣❧❡① ♥✉♠❜❡r✱
✈❡❝t♦r✱ ♠❛tr✐①✱ ❡t❝✳

• ❚❤❡ ❡❞❣❡ ✇❡✐❣❤t we ♦♥ ❛♥ ❡❞❣❡ e r❡♣r❡s❡♥t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞
❞❛t❛ t♦❦❡♥s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ✐♥ t❤❡ ❢♦r♠❛t ♦❢ we =
pe/ce✱ ✇❤❡r❡ pe ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ❛♥❞ ce ✐s t❤❡ ♥✉♠❜❡r
♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s✳ ❋♦r ❡①❛♠♣❧❡✱ ❛♥ ❡❞❣❡ ✇❡✐❣❤t ♦❢ 2/1 ♠❡❛♥s t✇♦
♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ❛♥❞ ♦♥❡ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥✳ ◆♦t✐❝❡ t❤❛t t❤❡ ❡❞❣❡
✇❡✐❣❤t ✐s ♥♦t ❛ ❢r❛❝t✐♦♥ ❜✉t ❛ r❡❝♦r❞ ♦❢ t✇♦ ✐♥t❡❣❡rs✳

❋✐❣✉r❡ ✷✳✷ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ❙❉❋ ❣r❛♣❤ ✇✐t❤ ❢♦✉r ❛❝t♦rs ❛♥❞ t❤r❡❡ ❡❞❣❡s✳ ❚❤❡
❛❝t♦r s❡t A ❝♦♥t❛✐♥s a0✱ a1✱ a2✱ ❛♥❞ a3✳ ❚❤❡ ❡❞❣❡ s❡t E ✐♥❝❧✉❞❡s ea0→a1

✱ ea1→a2
✱

ea3→a1
✳ ❚❤❡ ❡❞❣❡ ✇❡✐❣❤ts ❛r❡ wea0→a1

❂ 2/1✱ wea3→a1
❂ 1/2✱ ❛♥❞ wea1→a2

❂ 2/1✳
■♥ ❡❛❝❤ ❡①❡❝✉t✐♦♥✱ ❛❝t♦r a0 ♣r♦❞✉❝❡s t✇♦ ❞❛t❛ t♦❦❡♥s t♦ a1✳ ❆❝t♦r a1 ❝♦♥s✉♠❡s ♦♥❡
❞❛t❛ t♦❦❡♥ ❢r♦♠ a0 ❛♥❞ ♦♥❡ ❞❛t❛ t♦❦❡♥ ❢r♦♠ a3✳ ■t ❛❧s♦ ♣r♦❞✉❝❡s t✇♦ ❞❛t❛ t♦❦❡♥s
t♦ a2✳ ❆❝t♦r a2 ❝♦♥s✉♠❡s ♦♥❡ ❞❛t❛ t♦❦❡♥ ❢r♦♠ a1 ❛♥❞ ❛❝t♦r a3 ♣r♦❞✉❝❡s ♦♥❡ ❞❛t❛
t♦❦❡♥ t♦ a1✳

a0 a1 a2

a3

2/1 2/1

1/2

❋✐❣✉r❡ ✷✳✷✿ ❙❉❋ ●r❛♣❤ ❊①❛♠♣❧❡
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❚♦♣♦❧♦❣② ▼❛tr✐①

❚❤❡ ❡❞❣❡s ✐♥ ❛♥ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ✐♥ ❛ ❝♦♠♣❛❝t ♠❛♥♥❡r ❜② ✉s✐♥❣
❛ t♦♣♦❧♦❣② ♠❛tr✐① T ✳ ❚❤✐s ❝♦♥❝❡♣t ✐s ✉s❡❞ ✐♥ ❧❛t❡r ♦♥ ✐♥ t❤✐s s❡❝t✐♦♥ ✇✐t❤ t❤❡
r❡♣❡t✐t✐♦♥ ✈❡❝t♦r ❢♦r ❝♦♠♣✉t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥s ♦❢ ❡❛❝❤ ❛❝t♦r✳ ❊❛❝❤ r♦✇
✐♥ T r❡♣r❡s❡♥ts t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥s ♦♥ ♦♥❡ ❡❞❣❡✳ ❊❛❝❤ ❝♦❧✉♠♥ ✐♥ T r❡♣r❡s❡♥ts
t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ t♦❦❡♥s t❤❛t ❛r❡ ♣r♦❞✉❝❡❞ ♦r ❝♦♥s✉♠❡❞ ❜② ♦♥❡ ❛❝t♦r ♦♥ ❞✐✛❡r❡♥t
❡❞❣❡s✳ ❚❤❡ ❡❧❡♠❡♥t ❛t r♦✇ e✱ ❝♦❧✉♠♥ a ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ✭♣♦s✐t✐✈❡ ✈❛❧✉❡✮
♦r ❝♦♥s✉♠❡❞ ✭♥❡❣❛t✐✈❡ ✈❛❧✉❡✮ ❞❛t❛ t♦❦❡♥s✳ ❋♦r ❛ ❣✐✈❡♥ ❙❉❋ ❣r❛♣❤✱ t❤❡ ❡❧❡♠❡♥t
✈❛❧✉❡s ♦❢ ✐ts t♦♣♦❧♦❣② ♠❛tr✐① T ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② ✉s✐♥❣ ❊q✳ ✷✳✸✱ ✇❤❡r❡ pe ✐s t❤❡
♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ ❡❞❣❡ e✱ ce ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛
t♦❦❡♥s ♦♥ ❡❞❣❡ e✱ se ✐s t❤❡ s♦✉r❝❡ ❛❝t♦r ♦❢ ❡❞❣❡ e✱ ❛♥❞ de ✐s t❤❡ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r ♦❢
❡❞❣❡ e✳

Te,a =











pe a = se

−ce a = de

0 ♦t❤❡r✇✐s❡

✭✷✳✸✮

❚❤❡ t♦♣♦❧♦❣② ♠❛tr✐① ♦❢ t❤❡ ❡①❛♠♣❧❡ ❙❉❋ ❣r❛♣❤ ✭❋✐❣✉r❡ ✷✳✷✮ ✐s s❤♦✇♥ ❜❡❧♦✇✳
❚❤❡ ✜rst r♦✇ ✐s ❢♦r t❤❡ ❡❞❣❡ ea0→a1

✱ t❤❡ s❡❝♦♥❞ r♦✇ ✐s ❢♦r t❤❡ ❡❞❣❡ ea3→a1
✱ ❛♥❞ t❤❡

t❤✐r❞ r♦✇ ✐s ❢♦r t❤❡ ❡❞❣❡ ea1→a2
✳ t❤❡ ✜rst ❝♦❧✉♠♥ ✐s ❢♦r ❛❝t♦r a0✱ t❤❡ s❡❝♦♥❞ ❝♦❧✉♠♥

✐s ❢♦r ❛❝t♦r a1✱ t❤❡ t❤✐r❞ ❝♦❧✉♠♥ ✐s ❢♦r ❛❝t♦r a2✱ ❛♥❞ t❤❡ ❢♦✉rt❤ ❝♦❧✉♠♥ ✐s ❢♦r ❛❝t♦r
a3✳

T =





2 −1 0 0
0 −2 0 1
0 2 −1 0





❘❡♣❡t✐t✐♦♥ ❱❡❝t♦r

❆ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q ♦❢ ❛♥ ❙❉❋ ❣r❛♣❤ r❡♣r❡s❡♥ts t❤❡ ♥✉♠❜❡r ♦❢ ✐♥✈♦❝❛t✐♦♥s ✐♥
♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥ ❢♦r ❛❧❧ ❙❉❋ ❛❝t♦rs✳ ❚❤❡ ith ❡❧❡♠❡♥t ✐♥ q ✐s t❤❡ ♥✉♠❜❡r ♦❢
✐♥✈♦❝❛t✐♦♥s ♦❢ t❤❡ ❛❝t♦r ai✳ ❚❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q
✐s ✐♥ ❊q✳ ✷✳✹✱ ✇❤❡r❡ |A| ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t♦rs ✐♥ t❤❡ ❛❝t♦r s❡t A✳

q = {qi | qi ∈ Z+, 0 ≤ i < |A|} ✭✷✳✹✮

❙✐♥❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ♠❛② ♥♦t ❜❡ ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r
♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ ❛♥ ❡❞❣❡ e✱ s♦♠❡t✐♠❡s✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ ✐♥✈♦❦❡ ❞❛t❛
s♦✉r❝❡ ❛❝t♦r se ❛♥❞ ❞❛t❛ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r de s❡✈❡r❛❧ t✐♠❡s ❞✉r✐♥❣ ❛ s②st❡♠ ✐t❡r❛t✐♦♥
t♦ ❡♥s✉r❡ t❤❛t ❛❧❧ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ t❤❛t ❡❞❣❡ ❛r❡ ❝♦♥s✉♠❡❞✳ ❆ r❡♣❡t✐t✐♦♥
✈❡❝t♦r ✐s ✈❛❧✐❞ ✐❢ ✐t ❡♥s✉r❡s t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r
♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ✐♥ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥ ❢♦r ❛❧❧ ❡❞❣❡s✱ ✇❤✐❝❤ ♠❡❛♥s ❊q✳ ✷✳✺
s❤♦✉❧❞ ❜❡ ✈❛❧✐❞ ❬✷✽❪✳ ❚❤❡ ♥♦t❛t✐♦♥ ~0 ✐s ❛♥ ❛❧❧ ③❡r♦ ✈❡❝t♦r✳

T · q = ~0 ✭✷✳✺✮



✷✷ ❈❍❆P❚❊❘ ✷✳ P❘❊▲■▼■◆❆❘■❊❙

❙❉❋ ❙❝❤❡❞✉❧✐♥❣

❆♥ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ s❝❤❡❞✉❧❡❞ st❛t✐❝❛❧❧② ❛t ❝♦♠♣✐❧❡ t✐♠❡ s✐♥❝❡ t❤❡ ❞❛t❛ r❛t❡s ❢♦r
❛❧❧ ❞❛t❛ ♣❛t❤s ❛r❡ ❝♦♥st❛♥t✳ ❙❉❋ s❝❤❡❞✉❧✐♥❣ ✐s t❤❡ ♣r♦❝❡ss ♦❢ ✜♥❞✐♥❣ t❤❡ ♥✉♠❜❡r
♦❢ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥s ✭t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r✮ ✐♥ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥ s✉❝❤ t❤❛t t❤❡
t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❛♥❞ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ❛r❡ ✐❞❡♥t✐❝❛❧✳ ❍♦✇❡✈❡r✱ ♥♦t
❛❧❧ ❙❉❋ ❣r❛♣❤s ❝❛♥ ❜❡ s❝❤❡❞✉❧❡❞✳ ❆♥ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ s❝❤❡❞✉❧❡❞ ♦♥❧② ✐❢ ❊q✳ ✷✳✻
✐s ♠❡t ❬✶✶❪✳ T ✐s t❤❡ t♦♣♦❧♦❣② ♠❛tr✐① ♦❢ t❤❡ ❣✐✈❡♥ ❙❉❋ ❣r❛♣❤ ❛♥❞ |A| ✐s t❤❡ ♥✉♠❜❡r
♦❢ ♥♦❞❡s ✐♥ t❤❛t ❙❉❋ ❣r❛♣❤✳

rank(T ) = |A| − 1 ✭✷✳✻✮

❆♥ ❡①❛♠♣❧❡ ♦❢ ❛♥ ✉♥s❝❤❡❞✉❧❛❜❧❡ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✸✳ ■t ❤❛s
t❤r❡❡ ❛❝t♦rs a0✱ a1✱ a2 ❛♥❞ t❤r❡❡ ❡❞❣❡s✳ ❖♥❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ ❛❝t♦r a0 r❡q✉✐r❡s t✇♦
✐♥✈♦❝❛t✐♦♥s ♦❢ a1 t♦ ❝♦♥s✉♠❡ ❛❧❧ t❤❡ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ✭✷✴✶✮✳ ❙✐♠✐❧❛r❧②✱ ♦♥❡
✐♥✈♦❝❛t✐♦♥ ♦❢ ❛❝t♦r a1 r❡q✉✐r❡s t✇♦ ✐♥✈♦❝❛t✐♦♥s ♦❢ a2 t♦ ❝♦♥s✉♠❡ ❛❧❧ t❤❡ ♣r♦❞✉❝❡❞
❞❛t❛ t♦❦❡♥s ✭✷✴✶✮✳ ❚❤❡r❡❢♦r❡✱ ♦♥❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ ❛❝t♦r a0 r❡q✉✐r❡s ❢♦✉r ✐♥✈♦❝❛t✐♦♥s
♦❢ a2✳ ❍♦✇❡✈❡r✱ ❜② ❧♦♦❦✐♥❣ t♦ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❡❞❣❡ ❜❡t✇❡❡♥ a2 ❛♥❞ a0✱ ✇❡ ❝❛♥ s❡❡
t❤❛t ♦♥❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ ❛❝t♦r a2 r❡q✉✐r❡s ♦♥❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ a0✳ ❉✐✛❡r❡♥t ✐♥✈♦❝❛t✐♦♥
r❡q✉✐r❡♠❡♥ts ♠❛❦❡ t❤✐s ❙❉❋ ❣r❛♣❤ ✉♥s❝❤❡❞✉❧❛❜❧❡✳

a0 a1

a2

2/1

2/11/1

❋✐❣✉r❡ ✷✳✸✿ ❆♥ ❙❉❋ ●r❛♣❤ ✇✐t❤♦✉t ❙t❛t✐❝ ❙❝❤❡❞✉❧❡

❚❤❡ t♦♣♦❧♦❣② ♠❛tr✐① ♦❢ t❤✐s ❙❉❋ ❣r❛♣❤ ✐s ❛s ❢♦❧❧♦✇s✿





2 −1 0
0 2 −1
−1 0 1





❚❤❡ r❛♥❦ ♦❢ ✐ts t♦♣♦❧♦❣② ♠❛tr✐① ✐s ✸ ❛♥❞ |A| − 1 ✐s ✷✳ ❚❤❡r❡❢♦r❡✱ ❊q✳ ✷✳✻ ✐s
♥♦t ♠❡t ❢♦r t❤❡ ❙❉❋ ❣r❛♣❤✳ ❈♦♥s✐❞❡r t❤❡ ❙❉❋ ❣r❛♣❤ ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✷✳✷✳ ■ts
t♦♣♦❧♦❣② ♠❛tr✐① ✐s ❛s ❢♦❧❧♦✇s✿





2 −1 0 0
0 −2 0 1
0 2 1 0







✷✳✶✳ ❙❨◆❈❍❘❖◆❖❯❙ ❉❆❚❆ ❋▲❖❲ ●❘❆P❍ ✷✸

❚❤❡ r❛♥❦ ♦❢ t❤❡ t♦♣♦❧♦❣② ♠❛tr✐① ✐s ✸ ❛♥❞ |A| − 1 ✐s ❛❧s♦ ✸✳ ❚❤❡r❡❢♦r❡✱ ❊q✳ ✷✳✻ ✐s
♠❡t ❢♦r t❤❛t ❙❉❋ ❣r❛♣❤✳ ❚❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q ♦❢ ❛ s❝❤❡❞✉❧❛❜❧❡ ❙❉❋ ❣r❛♣❤ ✇✐t❤
t❤❡ ❛❝t♦r ❛rr❛② A ❛♥❞ ❡❞❣❡ s❡t E ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② t❤❡ ❧✐♥❡❛r✲t✐♠❡ ❛❧❣♦r✐t❤♠
s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✷✳✶✱ ✇❤❡r❡ qi ✐s t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❡t✐t✐♦♥s ♦❢ t❤❡ ❛❝t♦r ai✱ qj
✐s t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❡t✐t✐♦♥s ♦❢ t❤❡ ❛❝t♦r aj ✱ we ✐s t❤❡ ❡❞❣❡ ✇❡✐❣❤t ♦❢ e✱ ce ✐s t❤❡
♥✉♠❜❡r ♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ ❡❞❣❡ e✱ ❛♥❞ pe ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛
t♦❦❡♥s ♦♥ ❡❞❣❡ e✳

✶ ❙❡t E′ = E ❛♥❞ ❛❧❧ t❤❡ ❡❧❡♠❡♥ts ✐♥ q t♦ ✵✳
✷ ❈❤❡❝❦✿
✸ ✐❢ E′ = ∅ t❤❡♥ ❊♥❞ ♦❢ ❛❧❣♦r✐t❤♠
✹ P✐❝❦ ❛♥ ❡❞❣❡ e = eai→aj

∈ E′ ❛t r❛♥❞♦♠ ❛♥❞ r❡♠♦✈❡ e ❢r♦♠ E′

✺ ✐❢ qi 6= 0 ❛♥❞ qj 6= 0 t❤❡♥ ●♦ t♦ ❈❤❡❝❦
✻ ✐❢ qi = 0 ❛♥❞ qj = 0 t❤❡♥ ❙❡t qi = ce ❛♥❞ qj = pe ❛♥❞ ❣♦ t♦ ❈❤❡❝❦
✼ ✐❢ qj 6= 0 t❤❡♥ ❙❡t qi = qj/we ❛♥❞ ❣♦ t♦ ❈❤❡❝❦
✽ ❡❧s❡ ❙❡t qj = qi · we ❛♥❞ ❣♦ t♦ ❈❤❡❝❦

❆❧❣♦r✐t❤♠ ✷✳✶✿ ❈♦♠♣✉t✐♥❣ ❘❡♣❡t✐t✐♦♥ ❱❡❝t♦r

■❢ ♦♥❡ ♦❢ t❤❡ ❛❝t♦r ai ♦❢ ❛♥ ❡❞❣❡ e ❤❛s ❛ r❡♣❡t✐t✐♦♥ ❝♦✉♥t✱ t❤❡ r❡♣❡t✐t✐♦♥ ❝♦✉♥t
♦❢ t❤❡ ♦t❤❡r ❛❝t♦r aj ❝❛♥ ❜❡ ❛ss✐❣♥❡❞ ✉s✐♥❣ ❊q✳ ✷✳✼✳

qj =

{

qi · we aj ✐s s♦✉r❝❡
qi/we aj ✐s ❞❡st✐♥❛t✐♦♥

✭✷✳✼✮

❋♦r t❤❡ ❙❉❋ ❣r❛♣❤ ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✷✳✷✱ ✐❢ ✇❡ st❛rt ❢r♦♠ t❤❡ ❡❞❣❡ ❝♦♥♥❡❝t✐♥❣
a0 t♦ a1✱ ✜rst ✇❡ ❛ss✐❣♥ q0 t♦ ✶ ❛♥❞ q1 t♦ ✷✳ ❆❢t❡r t❤❛t ✇❡ ❛ss✐❣♥ q2 t♦ ✹ ❜②
❝❤❡❝❦✐♥❣ t❤❡ ❡❞❣❡ ❝♦♥♥❡❝t✐♥❣ a1 t♦ a2✳ ❚❤❡♥ ✇❡ ❛ss✐❣♥ q3 ❛❧s♦ t♦ ✹ ❜② ❝❤❡❝❦✐♥❣
t❤❡ ❡❞❣❡ ❝♦♥♥❡❝t✐♥❣ a3 t♦ a1✳ ❚❤❡ r❡s✉❧t✐♥❣ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q ❢♦r t❤❡ ❙❉❋ ❣r❛♣❤
✐s t❤❡♥ [1, 2, 4, 4]✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t a0 ❡①❡❝✉t❡s ♦♥❝❡✱ a1 ❡①❡❝✉t❡s t✇✐❝❡✱ a2 ❡①❡❝✉t❡s
❢♦✉r t✐♠❡s✱ ❛♥❞ a3 ❡①❡❝✉t❡s ❢♦✉r t✐♠❡s ✐♥ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥✳

■♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ t❤❡ r❡♣❡t✐t✐♦♥
✈❡❝t♦r ✐s ❝♦♠♣✉t❡❞ ❜② ✉s✐♥❣ ❛ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣ ✭❈P✮ s♦❧✈❡r ❜❛s❡❞ ♠❡t❤♦❞✳
❋✐♥❞✐♥❣ ❛ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r ✐s ♠♦❞❡❧❡❞ ❛s ❛ ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ Pr♦❜❧❡♠ ✭❈❙P✮✳
❚❤❡ ✈❛r✐❛❜❧❡ t♦ ❛ss✐❣♥ ✐s t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q✳ ❚❤❡ ❞♦♠❛✐♥ ♦❢ ❡❛❝❤ ❡❧❡♠❡♥t ✐♥ q ✐s
Z+✳ ❚❤❡ ❝♦♥str❛✐♥t ✐s T · q = 0✳ ❚❤❡ ✈❛r✐❛❜❧❡ ❛ss✐❣♥♠❡♥t str❛t❡❣② ✐s ❛ss✐❣♥✐♥❣ t❤❡
♠✐♥✐♠✉♠ ✈❛❧✉❡ ❢♦r ❡❛❝❤ ❡❧❡♠❡♥t ♦❢ q✳ ❇② ✉s✐♥❣ t❤✐s ❈P s♦❧✈❡r ❜❛s❡❞ ♠❡t❤♦❞✱ t❤❡
✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❙❨▲❱❆ ❞♦❡s ♥♦t ❤❛✈❡ t♦ ✐♥❝❧✉❞❡ t❤❡ ❛❧❣♦r✐t❤♠ ❢♦r ❝♦♠♣✉t✐♥❣
t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q✳



✷✹ ❈❍❆P❚❊❘ ✷✳ P❘❊▲■▼■◆❆❘■❊❙

✷✳✷ ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛②

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✐♥tr♦❞✉❝❡ ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮
❛♥❞ ❉✐str✐❜✉t❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡ ✭❉✐▼❆❘❈❍✮✱ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ❈♦❛rs❡✲●r❛✐♥❡❞
❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ❬✶✺❪ ❞❡s✐❣♥✳ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥✲
t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ t❛r❣❡ts t❤r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s ❛s st❛t❡❞ ❡❛r❧✐❡r
✐♥ ❝❤❛♣t❡r ✶✳ ❚❤✐s ✐♥❝❧✉❞❡s ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱ ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ❈●❘❆✳ ❍❡r❡ ✇❡ ❞❡s❝r✐❜❡ ❉❘❘❆ ❛♥❞ ❉✐▼❆❘❈❍
t♦ ❤❡❧♣ r❡❛❞❡r ❢❛♠✐❧✐❛r✐③❡ ✇✐t❤ t❤❡s❡ ❞❡s✐❣♥s s♦ t❤❛t ✇❤❡♥ ✇❡ ❞✐s❝✉ss ♠❛♣♣✐♥❣ ❛♥❞
❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✐♥ t❡r♠s ♦❢ ❉❘❘❆ ❛♥❞ ❉✐▼❆❘❈❍✱ ✐♥ ❝❤❛♣t❡rs ✼✱ t❤❡ r❡❛❞❡r ✐s
♣r✐♠❡❞ ✇✐t❤ t❤❡✐r ❞❡t❛✐❧s✳

❉❘❘❆ ✐s ❛ ❈●❘❆ ✉♥❞❡r ❞❡✈❡❧♦♣♠❡♥t ✐♥ ❑❚❍✳ ❚❤❡ ❉❘❘❆ ❢❛❜r✐❝ ✐s ❛ ♣❛r❛❧✲
❧❡❧ ❞✐str✐❜✉t❡❞ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ ❢❛❜r✐❝ ✇✐t❤ ❞✐str✐❜✉t❡❞ ❛r✐t❤♠❡t✐❝✱
❧♦❣✐❝✱ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ r❡s♦✉r❝❡s ❬✶✹❪✳ ❉❘❘❆ ❞❡♣❧♦②s ♣♦♦❧s ♦❢ s♠❛❧❧✱ s✐♠♣❧❡
❛♥❞ ❛❣✐❧❡ r❡s♦✉r❝❡s ❢♦r ❝♦♠♣✉t❛t✐♦♥✱ st♦r❛❣❡ ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t✳ ■♥ ❉❘❘❆✱ ✐t ✐s ❛❧s♦
♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡ r✉♥t✐♠❡ ♣❛rt✐t✐♦♥s t❤❛t ❛r❡ ❝✉st♦♠✐③❡❞ t♦ t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ ✐♥✲
❞✐✈✐❞✉❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❲❡ ✇✐❧❧ ❜r✐❡✢② ♣r❡s❡♥t t❤❡ ❉❘❘❆ ❛r❝❤✐t❡❝t✉r❡ ✐♥ t❤✐s s❡❝t✐♦♥
❢♦r ❝♦♠♣❧❡t❡♥❡ss✱ ✇✐t❤ ❡♠♣❤❛s✐s ♦♥ t❤❡ ❝♦♥tr♦❧ ❛♥❞ st♦r❛❣❡ ❛s♣❡❝ts✳ ❆♥ ❡①❛♠♣❧❡
❉❘❘❆ ❢❛❜r✐❝ ✇✐t❤ s✐③❡ 7 × 2 ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ◆♦t❡ t❤❛t t❤✐s ✐s ❛ ❢r❛❣♠❡♥t
♦❢ t❤❡ ❉❘❘❆ ❢❛❜r✐❝✳ ❆ ❉❘❘❆ ❢❛❜r✐❝ ♦❢ ❛♥② ❞✐♠❡♥s✐♦♥ ❝❛♥ ❜❡ ✐♥st❛♥t✐❛t❡❞✳

DataPath Unit

Register File

Sequencer

Switchbox

Input Bus

Output Bus

DRRA Cell

❋✐❣✉r❡ ✷✳✹✿ ❉❘❘❆ ❋❛❜r✐❝
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❉❘❘❆ ❈❡❧❧

❆ ❈●❘❆ ♥♦❞❡ ✐♥ ❉❘❘❆ ✐s ❝❛❧❧❡❞ ❛ ❉❘❘❆ ❝❡❧❧ ❛♥❞ ❡❛❝❤ ❉❘❘❆ ❝❡❧❧ ✐s ✐❞❡♥t✐✜❡❞
❜② ✐ts ❧♦❝❛t✐♦♥ ✭x✱ y✮ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ❚❤❡ P❊s ✐♥ ❉❘❘❆ ❛r❡ ❉❛t❛P❛t❤
❯♥✐ts ✭❉P❯s✮✳ ❖♥❡ ❉P❯ ❤❛s ❛♥ ❛rr❛② ♦❢ ♦♣❡r❛t✐♥❣ ♠♦❞❡s ❛♥❞ t❤❡ ✐♠♣❧❡♠❡♥t❡❞
♦♣❡r❛t✐♥❣ ♠♦❞❡s ❝❛♥ ❜❡ t❛✐❧♦r❡❞ ❜❛s❡❞ ♦♥ t❤❡ t❛r❣❡t ❛♣♣❧✐❝❛t✐♦♥ ❞♦♠❛✐♥✳ ❊❛❝❤
❉❘❘❆ ❝❡❧❧ ❛❧s♦ ❤❛s ❛ r❡❣✐st❡r ✜❧❡ ❛♥❞ ❛ s❡q✉❡♥❝❡r✳

❉❛t❛P❛t❤ ❯♥✐t

❆ ❉P❯ ✐s ❛ t②♣✐❝❛❧ ❉❙P ✉♥✐t ✇✐t❤ ❢♦✉r ✐♥♣✉ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t✇♦ ❝♦♠♣❧❡① ♥✉♠✲
❜❡rs ❛♥❞ t✇♦ ♦✉t♣✉ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ s✐♥❣❧❡ ❝♦♠♣❧❡① ♥✉♠❜❡r✳ ❚❤❡ ♦♣❡r❛♥❞
✇✐❞t❤ ✐s ❛ ❞❡s✐❣♥ t✐♠❡ ♣❛r❛♠❡t❡r ❛♥❞ ✐♥ ♦✉r ❡①♣❡r✐♠❡♥ts ✇❡ ❤❛✈❡ s❡t ✐t t♦ ✶✻ ❜✐ts✳
❚❤❡ ♠♦❞❡s s✉♣♣♦rt❡❞ ❛r❡ ❛❞❞✱ s✉❜tr❛❝t✱ ♠✉❧t✐♣❧②✱ ▼✉❧t✐♣❧✐❝❛t✐♦♥✲❆❝❝✉♠✉❧❛t✐♦♥
✭▼❆❈✮✳ ❚❤❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❝❛♥ ❜❡ ✐♥t❡r♥❛❧✱ ❡①t❡r♥❛❧✱ ❛♥❞ ❛♥ ♦♣t✐♦♥❛❧ ❛❞❞ ❜❡❢♦r❡
▼❆❈ ❛❧❧♦✇s s②♠♠❡tr✐❝ ▼❆❈✳ ❍❛❧❢ r❛❞✐①✲✷ ❜✉tt❡r✢② ❢♦r ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠
✭❋❋❚✮ t②♣❡ ♦♣❡r❛t✐♦♥s✱ s✉♠ ♦❢ ❞✐✛❡r❡♥❝❡ ❛♥❞ ❞✐✛❡r❡♥❝❡ ♦❢ s✉♠ ❛r❡ ♦t❤❡r ❛r✐t❤♠❡t✐❝
♠♦❞❡s✳ ❉P❯ ❛❧s♦ ❞❡❛❧s ✇✐t❤ ♦✈❡r✴✉♥❞❡r ✢♦✇ ❞❡t❡❝t✐♦♥✱ s❛t✉r❛t✐♦♥✱ ❛♥❞ r♦✉♥❞✐♥❣
❛♥❞ ❉P❯ ❤❛s s♦♣❤✐st✐❝❛t❡❞ ❝♦♥✜❣✉r❛❜❧❡ tr✉♥❝❛t✐♦♥ ♠❡❝❤❛♥✐s♠ t♦ ❞❡❛❧ ✇✐t❤ ❛r✐t❤✲
♠❡t✐❝ ❣❛✐♥✳ ❚❤❡ ❉P❯ ❛❧s♦ ❤❛s ❧♦❣✐❝✱ ❝♦♠♣❛r✐s♦♥ ❛♥❞ s❤✐❢t ♦♣❡r❛t✐♦♥s✳

❘❡❣✐st❡r ❋✐❧❡

❚❤❡ r❡❣✐st❡r ✜❧❡ ❤❛s t✇♦ r❡❛❞ ❛♥❞ t✇♦ ✇r✐t❡ ♣♦rts✳ ❊❛❝❤ ♣♦rt ❤❛s ❛♥ ✐♥❞❡♣❡♥✲
❞❡♥t ❆❞❞r❡ss ●❡♥❡r❛t✐♦♥ ❯♥✐t ✭❆●❯✮ t❤❛t ❝❛♥ ❜❡ ✐♥❞❡♣❡♥❞❡♥t❧② ❝♦♥✜❣✉r❡❞ t♦
✇♦r❦ ✐♥ ❞✐✛❡r❡♥t ❛❞❞r❡ss✐♥❣ ♠♦❞❡s ❧✐❦❡ ❧✐♥❡❛r ✈❡❝t♦r✐③❡❞✱ ❜✐t✲r❡✈❡rs❡✱ ❛♥❞ ❝✐r❝✉❧❛r
❜✉✛❡r ✇✐t❤ ❝♦♥✜❣✉r❛❜❧❡ ♦✛s❡ts ❛♥❞ ✐♥❝r❡♠❡♥t✳ ❚❤❡ ❆●❯ ❛❧s♦ ❤❛s ❢✉❧❧② ❝♦♥✜❣✉r❛❜❧❡
t❡♠♣♦r❛❧ ❜❡❤❛✈✐♦r t♦ ❛❝t ❛s s♦♣❤✐st✐❝❛t❡❞ str❡❛♠✐♥❣ ❞❡✈✐❝❡✳ ❚❤✐s t❡♠♣♦r❛❧ ❝♦♥✜❣✲
✉r❛❜✐❧✐t② ✐s ❛ ❦❡② ❢❡❛t✉r❡ t♦ ✐♠♣❧❡♠❡♥t ♦♥❡ ♦❢ t❤❡ s②st❡♠ ❧❡✈❡❧ ❝♦♥tr♦❧ ♠❡❝❤❛♥✐s♠✳

❙❡q✉❡♥❝❡r

❚❤❡ s❡q✉❡♥❝❡r ❝♦♥tr♦❧s t❤❡ ❧♦❝❛❧ ❉P❯ ❛♥❞ ♣r♦❣r❛♠s t❤❡ ❧♦❝❛❧ r❡❣✐st❡r ✜❧❡ ❛♥❞
s✇✐t❝❤❡s✳ ❚❤❡ s❡q✉❡♥❝❡r ❛❝ts ❧✐❦❡ ❛ ♣r♦❣r❛♠♠❛❜❧❡ ❋❙▼ ❛♥❞ ❤❛s ❜r❛♥❝❤ ❛♥❞ ✇❛✐t
✐♥str✉❝t✐♦♥s✳ ❙❡q✉❡♥❝❡rs ❛❧s♦ ❤❛✈❡ ❛♥ ✐♥t❡rr✉♣t ♠❡❝❤❛♥✐s♠✱ ✇❤❡r❡❜② t❤❡② ❝❛♥ ✐♥t❡r✲
r✉♣t ❛♥❞ ❜❡ ✐♥t❡rr✉♣t❡❞ ❜② ♥❡✐❣❤❜♦r✐♥❣ s❡q✉❡♥❝❡rs ✉♣ t♦ t❤r❡❡ ❝♦❧✉♠♥s ❛♥❞ t❤r❡❡
r♦✇s ❛✇❛②✳ ❚❤✐s ❢❡❛t✉r❡ ✐s ❛❧s♦ ❢✉♥❞❛♠❡♥t❛❧ t♦ ✐♠♣❧❡♠❡♥t✐♥❣ ♦♥❡ ♦❢ t❤❡ ♠❡❝❤❛♥✐s♠s
❢♦r s②st❡♠ ❧❡✈❡❧ ❝♦♥tr♦❧✳
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❙❧✐❞✐♥❣ ❲✐♥❞♦✇ ❈✐r❝✉✐t ❙✇✐t❝❤❡❞ ■♥t❡r❝♦♥♥❡❝t

❚❤❡ ❉❘❘❆ ✐♥t❡r❝♦♥♥❡❝t s❝❤❡♠❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✹ ✐♥✈♦❧✈❡s t✇♦ ❝❛t❡❣♦r✐❡s ♦❢
❜✉s❡s✱ t❤❡ ♦✉t♣✉t ❤♦r✐③♦♥t❛❧ ❜✉s❡s ❛♥❞ t❤❡ ✐♥♣✉t ✈❡rt✐❝❛❧ ❜✉s❡s✳ ❚❤❡ ❤♦r✐③♦♥t❛❧
♦✉t♣✉t ❜✉s❡s ❛r❡ s❡❣♠❡♥t❡❞ ❛♥❞ str❛❞❞❧❡ t❤r❡❡ ❝♦❧✉♠♥s ♦♥ ❡❛❝❤ s✐❞❡ ♦❢ ❡❛❝❤ ♦✉t♣✉t
❢r♦♠ ❉P❯ ♦r r❡❣✐st❡r ✜❧❡ ✉♥❧❡ss t❤❡r❡ ❛r❡ ❢❡✇❡r ♦r ♥♦ ❝♦❧✉♠♥s ❛s ♦♥❡ r❡❛❝❤❡s t❤❡
❡❞❣❡s ♦❢ t❤❡ ❢❛❜r✐❝✳ ❚❤❡ ✈❡rt✐❝❛❧ ✐♥♣✉t ❜✉s❡s ✐♥t❡rs❡❝t t❤❡ ❤♦r✐③♦♥t❛❧ ❜✉s❡s ✇✐t❤
s✇✐t❝❤❡s t❤❛t ❛r❡ s✐♥❣❧❡ ❝②❝❧❡✱ ♣❛rt✐❛❧❧② r❡❝♦♥✜❣✉r❛❜❧❡ ❜② t❤❡ ❧♦❝❛❧ s❡q✉❡♥❝❡r✳ ❊❛❝❤
s❡q✉❡♥❝❡r ❤❛s ❛❝❝❡ss t♦ t✇♦ ❧♦❝❛❧ s✇✐t❝❤❡s✱ ♦♥❡ ❢♦r ❢❡❡❞✐♥❣ t❤❡ ❉P❯ ❛♥❞ t❤❡ ♦t❤❡r
❢♦r ❢❡❡❞✐♥❣ t❤❡ r❡❣✐st❡r ✜❧❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳

❚❤❡ ✐♥t❡r❝♦♥♥❡❝t s❝❤❡♠❡ ♣r♦✈✐❞❡s ❛ s❧✐❞✐♥❣ ✼ ❝♦❧✉♠♥ ✇✐♥❞♦✇ ❝♦♥♥❡❝t✐✈✐t②✱ ✇❤❡r❡
❡✈❡r② ❉P❯ ❝❛♥✱ ✐♥ ❛ ♥♦♥✲❜❧♦❝❦✐♥❣ ♠❛♥♥❡r✱ ♦✉t♣✉t t♦ ♦r ✐♥♣✉t ❢r♦♠ ❛❧❧ ❉P❯s ❛♥❞
r❡❣✐st❡r ✜❧❡s ✐♥ ❛ ✼ ❝♦❧✉♠♥ ✇✐❞❡ ✇✐♥❞♦✇✱ ✐✳❡✳ t❤❡ s❡❧❢ ❝♦❧✉♠♥✱ t❤r❡❡ ❝♦❧✉♠♥s t♦
t❤❡ r✐❣❤t ❛♥❞ t❤r❡❡ ❝♦❧✉♠♥s t♦ t❤❡ ❧❡❢t✳ ❚❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇✱ ✇✐t❤ s❡❣♠❡♥t❡❞ ✇✐r❡s✱
♠❛❦❡s t❤❡ ✐♥t❡r❝♦♥♥❡❝t s❝❤❡♠❡ s❝❛❧❛❜❧❡✳ ❚❤❡ ✼ ❝♦❧✉♠♥ ❧✐♠✐t❛t✐♦♥ ✐s t❤❛t ✐♠♣♦s❡❞ ❜②
t❤❡ ❝✉rr❡♥t t❡❝❤♥♦❧♦❣② ❛♥❞ ❝❧♦❝❦ s♣❡❡❞ ❢♦r ✇❤✐❝❤ t❤❡ ❢❛❜r✐❝ ✐s s②♥t❤❡s✐③❡❞✳ ❇② s❧♦✇✲
✐♥❣ t❤❡ ❝❧♦❝❦✱ t❤❡ ✇✐♥❞♦✇ ♦❢ r❡❛❝❤❛❜✐❧✐t② ❝❛♥ ❜❡ ✇✐❞❡♥❡❞ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ✐♥❝r❡❛s❡❞
✐♥t❡r❝♦♥♥❡❝t ❝♦st ✭❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✮✳ ❚❤✐s ❡♥❛❜❧❡s ❝r❡❛t✐♦♥ ♦❢ ❛r❜✐tr❛r✐❧② ✇✐❞❡
♠✉❧t✐♣❧❡ ❝♦♥❝✉rr❡♥t ❞❛t❛ ♣❛t❤s t❤❛t ❝❛♥ ❜❡ ❝r❡❛t❡❞ ❞②♥❛♠✐❝❛❧❧②✳ ❆ s✐♠✐❧❛r ❝♦♥❝❡♣t
❡①t❡♥❞s ❛♥❞ ❡♥❤❛♥❝❡s t❤❡ ❢❛❜r✐❝ ✇✐t❤ ❞✐str✐❜✉t❡❞ ♣❛rt✐t✐♦♥❛❜❧❡ ♠❡♠♦r② t❤❛t ❝♦♥✲
♥❡❝ts t❤❡ ❉❘❘❆ ❢❛❜r✐❝ ❢r❛❣♠❡♥t s❤♦✇♥ ♦♥ t♦♣ ❛♥❞ ❜♦tt♦♠ s✐❞❡s ✭s❡❡ ❉✐▼❆❘❈❍
✐♥ t❤❡ ♥❡①t s✉❜✲s❡❝t✐♦♥✮✳
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✷✳✷✳✶ ❉✐str✐❜✉t❡❞ ▼❡♠♦r② ❆r❝❤✐t❡❝t✉r❡

❉✐▼❆❘❈❍ ✐s ❛♥ ❡①✐st✐♥❣ ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❛r❝❤✐t❡❝t✉r❡ t❤❛t ❝❛♥ s♦❧✈❡ t❤❡ ❞❛t❛
tr❛♥s❢❡r ❝♦♥✢✐❝t ❛t ❝♦♠♣✐❧❡ t✐♠❡ ❢♦r ❉❘❘❆✳ ❇② ✉s✐♥❣ ❉✐▼❆❘❈❍✱ ♣❛rt ♦❢ t❤❡ ❉❘❘❆
❝❡❧❧s ❛r❡ ❛ss✐❣♥❡❞ ✇✐t❤ ♦♥✲❝❤✐♣ ❙❘❆▼s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥tr♦❧s✳ ❚❤❡ t✐❧❡s
✇✐t❤✐♥ ❉✐▼❆❘❈❍ ❝❛♥ ❜❡ ❝❛t❡❣♦r✐③❡❞ ✐♥t♦ ❙❘❆▼ ❚✐❧❡ ✭❙❚✐❧❡✮ ❛♥❞ ❈♦♥✜❣✉r❛t✐♦♥
❚✐❧❡ ✭❈♦♥❚✐❧❡✮✳ ❙❚✐❧❡ ✐s t❤❡ s✐♥❣❧❡ ♠❡♠♦r② ❜❧♦❝❦ t❤❛t ❝♦♥st✐t✉t❡ ♠♦st t✐❧❡s ♦❢
❉✐▼❆❘❈❍ ❛s ✐t ❡♥❝♦♠♣❛ss❡s t❤❡ ❙❘❆▼ ♠❡♠♦r② ❝❡❧❧✳ ❈♦♥❚✐❧❡ ✐s ❛ ❧❛②❡r ♦❢ t✐❧❡s
❜❡t✇❡❡♥ ♦t❤❡r ❉❘❘❆ ❈❡❧❧s ❛♥❞ ❙❚✐❧❡✳ ■t ❡♥❝♦♠♣❛ss❡s ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥t ♦❢ ❛♥
❙❚✐❧❡✱ s❡q✉❡♥❝❡rs✱ ❛♥❞ t❤❡ ♠❡♠♦r② ✐♥t❡r❢❛❝❡ ♦❢ t❤❡ r❡❣✐st❡r ✜❧❡s✳ ▼♦r❡ ❞❡t❛✐❧❡❞
✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✷✾❪✳ ❆ s✐♠♣❧✐✜❡❞ ❡①❛♠♣❧❡ ✈✐❡✇ ♦❢ ❉✐▼❛r❝❤ ✇✐t❤
❉❘❘❆ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✺✳ ◆♦t❡ t❤❛t t❤❡ ♥✉♠❜❡rs ♦❢ ❙❚✐❧❡s✱ ❈♦♥❚✐❧❡s✱ ❛♥❞
❉❘❘❆ ❝❡❧❧s ❛r❡ ❡①♣❡♥❞❛❜❧❡✳ ❚❤✐s ✜❣✉r❡ ♦♥❧② ❢♦r ❛♥ ✐❧❧✉str❛t✐♦♥✳

n0,0 n1,0 n2,0 n3,0 n4,0 n5,0 n6,0 ❙❚✐❧❡

n0,1 n1,1 n2,1 n3,1 n4,1 n5,1 n6,1 ❈♦♥❚✐❧❡

n0,2

n0,3

n0,4

n1,2

n1,3

n1,4

n2,2

n2,3

n2,4

n3,2

n3,3

n3,4

n4,2

n4,3

n4,4

n5,2

n5,3

n5,4

n6,2

n6,3

n6,4

❉❘❘❆ ❈❡❧❧s

❋✐❣✉r❡ ✷✳✺✿ ❉✐▼❛r❝❤ ✇✐t❤ ❉❘❘❆
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✷✳✷✳✷ ❱❊❙❨▲❆ ❈♦♠♣✐❧❡r

❱❊❙❨▲❆ ✐s ❛ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ ❧✐❦❡ ❧✐❜r❛r② ❞❡✈❡❧♦♣♠❡♥t t♦♦❧ t❤❛t ♣r♦✲
✈✐❞❡s t❤❡ ❢✉♥❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s t♦ t❤❡ s②st❡♠✲❧❡✈❡❧ s②♥t❤❡s✐s ❢r❛♠❡✇♦r❦✳ ▲✐❦❡
❛♥② ❍▲❙ t♦♦❧✱ ❱❊❙❨▲❆ tr❛♥s❧❛t❡s ❛♥ ❛❧❣♦r✐t❤♠ ❧❡✈❡❧ ❞❡s❝r✐♣t✐♦♥ ✐♥t♦ ❛♥ ❋❙▼ ✇✐t❤
❉❛t❛♣❛t❤ ✭❋❙▼❉✮✳ ❇✉t ✉♥❧✐❦❡ t②♣✐❝❛❧ ❍▲❙ t♦♦❧s✱ t❤❡ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡ ✭❋❙▼✮
✐♥ ❉❘❘❆ ❛r❝❤✐t❡❝t✉r❡ ✐s ❞✐str✐❜✉t❡❞✿ ❛ ❞❛t❛♣❛t❤ ❝❛♥ ❜❡ ❝♦♠♣♦s❡❞ ❢r♦♠ ❛♥ ❛r❜✐✲
tr❛r✐❧② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❉❘❘❆ ❝❡❧❧s✳ ❊❛❝❤ ❉❘❘❆ ❝❡❧❧ ❤❛s ✐ts ♦✇♥ s❡q✉❡♥❝❡r t❤❛t
❛❝ts ❧✐❦❡ ❛♥ ❋❙▼✳ ❆♥❞ t❤❡ ❆●❯s ✐♥ t❤❡ r❡❣✐st❡r ✜❧❡s ❤❛✈❡ t❤❡✐r ♦✇♥ s♠❛❧❧ ❋❙▼s t♦
❝♦♥tr♦❧ t❤❡ str❡❛♠✐♥❣ ♦❢ ❞❛t❛✳ ❚❤❡ ❆●❯ ❋❙▼s ✐♥ t❤❡ r❡❣✐st❡r ✜❧❡s ❛r❡ ❝♦♥✜❣✉r❡❞
❜② t❤❡ ❋❙▼s ✐♥ t❤❡✐r r❡s♣❡❝t✐✈❡ s❡q✉❡♥❝❡rs✳

■♥ ❱❊❙❨▲❆✱ t❤❡ ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ❜✐♥❞✐♥❣ ♦❢ ❉❘❘❆ ❛♥❞ ❉✐▼❆❘❈❍ r❡s♦✉r❝❡s
✐s ❞♦♥❡ ❜② ♣r❛❣♠❛s✳ ❚❤❡s❡ ♣r❛❣♠❛s ❛r❡ ♣❛r❛♠❡tr✐❝ ✐♥ t❡r♠s ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥ ♦❢
t❤❡ ♣r♦❜❧❡♠s ❛♥❞ t❤❡ ❞❡s✐r❡❞ ❞❡❣r❡❡ ♦❢ ♣❛r❛❧❧❡❧✐s♠✳ ❇② ❝♦♥tr♦❧❧✐♥❣ t❤❡s❡ t✇♦ ♣❛✲
r❛♠❡t❡rs✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ❢♦r t❤❡ s❛♠❡
❢✉♥❝t✐♦♥ ❧✐❦❡ ❋❋❚✱ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡r✱ ❡t❝✳ ✐♥ ✈❛r②✐♥❣ ❞✐♠❡♥s✐♦♥s
❛♥❞ ❞❡❣r❡❡s ♦❢ ♣❛r❛❧❧❡❧✐s♠✳ ❱❊❙❨▲❆ ✐s ✉s❡❞ t♦ ❣❡♥❡r❛t❡ ❛ ❧✐❜r❛r② ♦❢ ❋■▼Ps ✈❛r②✐♥❣
✐♥ ❛r❝❤✐t❡❝t✉r❡ st②❧❡ ❛♥❞ ❞❡❣r❡❡ ♦❢ ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡s❡ ✈❛r✐❛♥ts ♦❢ ❋■▼Ps ✇✐t❤ ✈❛r②✲
✐♥❣ ❝♦st ♠❡tr✐❝s ✭❛r❡❛✱ ❧❛t❡♥❝② ✐♥ ❝②❝❧❡s ❛♥❞ ❡♥❡r❣②✮ ✐s t❤❡ ❜❛s✐s ❢♦r ❉❡s✐❣♥ ❙♣❛❝❡
❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ✐♥ ❙❨▲❱❆✳
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✷✳✸ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣

■♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ ❈♦♥str❛✐♥t Pr♦❣r❛♠✲
♠✐♥❣ ✭❈P✮ ❬✶✼❪ ❝♦♥❝❡♣ts ❛r❡ ❛♣♣❧✐❡❞ ❢♦r ♠♦❞❡❧✐♥❣ ❛♥❞ s♦❧✈✐♥❣ ✐ts ♣r♦❜❧❡♠s t❤❛t
✐♥✈♦❧✈❡ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ✭❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮✱ ❝❤❛♣t❡r ✺✮✱ ❛r❡❛ ♦❢
♣❧❛♥♥✐♥❣ ✭❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ✢♦♦r♣❧❛♥♥✐♥❣ ✐♥
✼✮✱ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ✭❉❙❊✱ ❝❤❛♣t❡r ✺✮✳ ❚❤✐s s❡❝t✐♦♥ ✇✐❧❧ ❣✐✈❡ ❛ ❜r✐❡❢ ✐♥tr♦❞✉❝t✐♦♥ t♦
❈P ❛♥❞ ❧✐st t❤❡ ♠♦t✐✈❛t✐♦♥ ♦❢ ✉s✐♥❣ ❈P✳

❈P ✐s s♦❢t✇❛r❡ t❡❝❤♥♦❧♦❣② ❢♦r ❞❡❝❧❛r❛t✐✈❡ ❞❡s❝r✐♣t✐♦♥ ❛♥❞ ❡✛❡❝t✐✈❡ s♦❧✈✐♥❣ ♦❢
❧❛r❣❡✱ ♣❛rt✐❝✉❧❛r❧② ❝♦♠❜✐♥❛t♦r✐❛❧✱ ♣r♦❜❧❡♠s ❡s♣❡❝✐❛❧❧② ✐♥ ❛r❡❛s ♦❢ ♣❧❛♥♥✐♥❣ ❛♥❞
s❝❤❡❞✉❧✐♥❣ ❬✷✷❪✳ ❚❤❡ ♣r♦❜❧❡♠s t♦ ❜❡ s♦❧✈❡❞ ❜② ❈P ❛r❡ r❡❢❡rr❡❞ ❛s ❈♦♥str❛✐♥t ❙❛t✐s✲
❢❛❝t✐♦♥ Pr♦❜❧❡♠s ✭❈❙Ps✮ ❬✶✽❪✳ ❆ ❈❙P ✐s ❞❡♥♦t❡❞ ❛s ❛ t✉♣❧❡ P ❂ P (X,D,C)✱ ✇❤❡r❡
V ✐s t❤❡ ❛rr❛② ♦❢ ✈❛r✐❛❜❧❡s t♦ ❜❡ ❛ss✐❣♥❡❞ ✈❛❧✉❡s✱ D ✐s t❤❡ ❛rr❛② ♦❢ ✈❛r✐❛❜❧❡ ❞♦♠❛✐♥s
s♣❡❝✐❢②✐♥❣ t❤❡ ♣♦ss✐❜❧❡ ✈❛❧✉❡ ♦❢ t❤❡ ✈❛r✐❛❜❧❡s r❡❣❛r❞❧❡ss t❤❡ ❝♦♥str❛✐♥ts✱ ❛♥❞ C ✐s
t❤❡ ❛rr❛② ♦❢ ❝♦♥str❛✐♥ts s♣❡❝✐❢②✐♥❣ t❤❡ r❡❧❛t✐♦♥s ❛♠♦♥❣ ❛❧❧ t❤❡ ✈❛r✐❛❜❧❡s ✐♥ V ✳ ❊❛❝❤
✈❛r✐❛❜❧❡ vi ∈ V ❤❛s ✐ts ♦✇♥ ✈❛r✐❛❜❧❡ ❞♦♠❛✐♥ di ∈ D✳ ❖♥❧② t❤❡ ✈❛❧✉❡s ✐♥ di ❝❛♥ ❜❡
❛ss✐❣♥❡❞ t♦ vi✳ ◆♦t❡ t❤❛t t❤❡ ✈❛r✐❛❜❧❡ ❞♦♠❛✐♥ ❝❛♥ ❜❡ ✜♥✐t❡ ♦r ✐♥✜♥✐t❡ ✐♥ ❈P ❬✸✵❪❬✸✶❪
❛♥❞ t❤❡ ❝♦♥str❛✐♥ts ❝❛♥ ❜❡ ❧✐♥❡❛r ✭❡✳❣✳ y = x✱ ✇❤❡r❡ x ✐s ❛ ✈❛r✐❛❜❧❡✮ ♦r ♥♦♥✲❧✐♥❡❛r
✭❡✳❣✳ y = x2✱ ♦r y = x[z]✱ ✇❤❡r❡ x ❛♥❞ z ❛r❡ ✈❛r✐❛❜❧❡s✮✳

❙✐♥❝❡ ❈P ❛❧❧♦✇s ♥♦♥✲❧✐♥❡❛r ❝♦♥str❛✐♥ts ❬✸✷❪✱ ♠♦❞❡❧✐♥❣ ✐♥ ❈P ✐s ❡❛s✐❡r t❤❛♥ t❤❡
❛♣♣r♦❛❝❤❡s t❤❛t ❞✐s❛❧❧♦✇ ♥♦♥✲❧✐♥❡❛r ❝♦♥str❛✐♥ts s✉❝❤ ❛s ■♥t❡❣❡r ▲✐♥❡❛r Pr♦❣r❛♠✲
♠✐♥❣ ✭■▲P✮❬✸✸❪✳ ❚❤✐s ✐s t❤❡ ✜rst r❡❛s♦♥ ♦❢ ✉s✐♥❣ ❈P ✐♥ ❙❨▲❱❆✳ ❆♥ ❡①❛♠♣❧❡ ♦❢
♥♦♥✲❧✐♥❡❛r ❝♦♥str❛✐♥ts ✐s t❤❡ ❛r❡❛ ✉s❛❣❡ ❝♦♥str❛✐♥t✳ ❲❡ ♥❡❡❞ t♦ ❝♦♥str❛✐♥ t❤❡ t♦t❛❧
❛r❡❛ ✉s❛❣❡ s✉❝❤ t❤❛t t❤❡ s✉♠ ♦❢ t❤❡ ❛r❡❛ ✉s❛❣❡ ♦❢ ❛❧❧ ❞❡♣❧♦②❡❞ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥✲
t❛t✐♦♥ ✭❋■▼P✮ ✐♥st❛♥❝❡s ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ✉s❡r ❞❡✜♥❡❞ ♠❛①✐♠✉♠ ❛r❡❛ ✉s❛❣❡✳ ❚❤❡
✐♥❞✐✈✐❞✉❛❧ ❛r❡❛ ✉s❛❣❡ ✈❛r✐❛❜❧❡ ❡q✉❛❧s t♦ t❤❡ ✈❛❧✉❡ t❤❛t ✐s ✐♥❞❡①❡❞ ❜② t❤❡ ❋■▼P t②♣❡
✈❛r✐❛❜❧❡✳ ❆ss✉♠❡ t❤❡ ❛r❡❛ ✉s❛❣❡ ✈❛r✐❛❜❧❡ ✐s ❞❡♥♦t❡❞ ❛s a✱ t❤❡ ❋■▼P t②♣❡ ✈❛r✐❛❜❧❡
✐s ❞❡♥♦t❡❞ ❛s f ✱ ❛♥❞ t❤❡ ❛r❡❛ ✉s❛❣❡ ❧✐st ♦❢ ❛❧❧ t❤❡ ❋■▼Ps ♦❢ t❤✐s ❢✉♥❝t✐♦♥ ✐s ❞❡♥♦t❡❞
❛s L✳ ❲❡ ❤❛✈❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥str❛✐♥t✿ a = L[f ]✱ ✇❤✐❝❤ ✐s ♥♦t ❧✐♥❡❛r✳

❲❡ ❝❛♥ ❛❧s♦ ✐♠♣❧❡♠❡♥t t❤✐s ❝♦♥str❛✐♥t ❜② ✉s✐♥❣ ♦♥❧② ❧✐♥❡❛r ❡q✉❛t✐♦♥s ✐♥ ■▲P
❜✉t t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥str❛✐♥ts ✇✐❧❧ ❜❡ ❧❛r❣❡✳ ❋✐rst✱ ✇❡ ♥❡❡❞ t♦ ❝♦♥✈❡rt ❡❛❝❤ ❋■▼P
t②♣❡ ✈❛r✐❛❜❧❡ f t♦ ♦♥❡ ❛rr❛② ♦❢ ✈❛r✐❛❜❧❡s f ′✳ ❆ss✉♠❡ ✇❡ ❤❛✈❡ m t②♣❡s ♦❢ ❋■▼Ps
❢♦r ❛ ❣✐✈❡♥ ❢✉♥❝t✐♦♥✱ t❤❡ ❋■▼P t②♣❡ ✈❛r✐❛❜❧❡ f ✇✐❧❧ ❜❡ ❝♦♥✈❡rt❡❞ ✐♥t♦ m ✈❛r✐❛❜❧❡s✿
f ′ = [ f ′

i ∀ 0 ≥ i < m ]✳ ❆❧❧ t❤❡ ✈❛r✐❛❜❧❡s f ′
i ❛r❡ ✐♥ t❤❡ ❞♦♠❛✐♥ ♦❢ [ 0, 1 ]✳ 0 ♠❡❛♥s

✇❡ ❞♦ ♥♦t ✉s❡ t❤✐s ❋■▼P t②♣❡✱ ✇❤✐❧❡ 1 ♠❡❛♥s ✇❡ ✉s❡ t❤✐s ❋■▼P t②♣❡✳ ❆❢t❡r ❛❞❞✐♥❣
f ′✱ ✇❡ ❛❧s♦ ♥❡❡❞ t♦ ❝♦♥str❛✐♥ t❤❛t ♦♥❧② ♦♥❡ ❋■▼P t②♣❡ ✐s ✉s❡❞ ❢♦r ❛ ❋■▼P✳ ❚❤✐s
❝♦♥str❛✐♥t ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

∑

f ′ = 1✳ ❚❤❡♥ t❤❡ ❛r❡❛ ✉s❛❣❡ a ♦❢ ❛ ❋■▼P ❝❛♥ ❜❡
✇r✐tt❡♥ ❛s a = L · f ′T ✳ ◆♦t❡ t❤❛t t❤❡ ❧❡♥❣t❤ ♦❢ L ✐s ❛❧s♦ M ✳ ❇② ✉s✐♥❣ ■▲P✱ ✇❡ ♥❡❡❞
♠♦r❡ ✈❛r✐❛❜❧❡s ✭f ′ ✈s✳ f✮ ❛♥❞ ♠♦r❡ ❝♦♥str❛✐♥ts ✭

∑

f ′ = 1✮ ❢♦r ♠♦❞❡❧✐♥❣ t❤❡ s❛♠❡
♣r♦❜❧❡♠✳
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❆❧t❤♦✉❣❤ ✐t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ ♦❢ ✉s✐♥❣ a = L[f ] ✐♥ ❛ ■▲P ♠♦❞❡❧ ❛s ❛ s②♥t❛❝t✐❝
s✉❣❛r✱ ❈P ❛♥❞ ■▲P s♦❧✈❡rs tr❡❛t ✐t ❝♦♠♣❧❡t❡❧② ❞✐✛❡r❡♥t✳ ❈P s♦❧✈❡rs ❤❛✈❡ ❞❡❞✐❝❛t❡❞
❛♥❞ ❡✣❝✐❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ a = L[f ]✱ ✐♥st❡❛❞ ♦❢ r❡♣❧❛❝✐♥❣ ✐t ✇✐t❤ t❤❡ ❜✉♥❝❤ ♦❢
♥❡✇ ✈❛r✐❛❜❧❡s ❛♥❞ ❝♦♥str❛✐♥ts✳ ■♥ t❤✐s ♠❛♥♥❡r✱ t❤❡ ❞❡❣r❡❡ ♦❢ ♠♦❞❡❧✐♥❣ ❢r❡❡❞♦♠ ✐♥
❈P ✐s ❤✐❣❤❧② ❞❡♣❡♥❞ ♦♥ t❤❡ ❝♦♥str❛✐♥ts t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❛♥❞ t❤❡ s♦❧✈✐♥❣ ❡✣❝✐❡♥❝②
✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡❞ ♦♥ t❤❡ ❝♦♥str❛✐♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ❙✐♥❝❡ ❈❙P ✐s ❢♦r ✜♥❞✐♥❣
❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥ ✐♥st❡❛❞ ♦❢ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥✱ t❤❡ s♦❧✉t✐♦♥ s❡❛r❝❤ ✐s ✐♥ ❛ ❜r❛♥❝❤ ❛♥❞
♣r✉♥❡ ♠❛♥♥❡r ❛♥❞ ♦❢t❡♥ r❡❢❡rr❡❞ t♦ ❝♦♥str❛✐♥t ♣r♦♣❛❣❛t✐♦♥ ❬✶✼❪ ❬✸✵❪ ❛♥❞ t❤❡ ❝♦♥✲
str❛✐♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❛r❡ r❡❢❡rr❡❞ ❛s ❝♦♥str❛✐♥t ♣r♦♣❛❣❛t♦rs ❬✸✹❪✳ ❈♦♠♣❛r❡❞ t♦
t❤❡ ❜r❛♥❝❤ ❛♥❞ ❜♦✉♥❞ s❡❛r❝❤✐♥❣ str❛t❡❣② t❤❛t ✐s ❢♦r ✜♥❞✐♥❣ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥✱ ❛
❈P s♦❧✈❡r s❡❛r❝❤❡s ❢❛st❡r s✐♥❝❡ ✐t ❞♦ ♥♦t ♥❡❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✉♣♣❡r ❛♥❞ t❤❡ ❧♦✇❡r
❝♦st ❜♦✉♥❞s ❜✉t ♦♥❧② ❡✈❛❧✉❛t❡ ✐❢ t❤✐s ❜r❛♥❝❤ ♠❛② ♦r ❝❛♥♥♦t ❤❛✈❡ ❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥s✳
❆❢t❡r ❞❡❝❛❞❡s ♦❢ r❡s❡❛r❝❤ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✱ ✇❡ ❤❛✈❡ ❛ ❧❛r❣❡ s❡t ♦❢ ❛✈❛✐❧❛❜❧❡ ❝♦♥✲
str❛✐♥ts ❬✸✺❪ ❛♥❞ t❤❡② ❛r❡ s✉✐t❛❜❧❡ ♦❢ s♦❧✈✐♥❣ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥✱ ♣❧❛❝❡♠❡♥t✱ ❛♥❞
s❝❤❡❞✉❧✐♥❣ ♣r♦❜❧❡♠s ❬✷✷❪✳ ❚❤✐s ✐s t❤❡ s❡❝♦♥❞ r❡❛s♦♥ ♦❢ ✉s✐♥❣ ❈P ✐♥ ❙❨▲❱❆✳

❆s ✇❡ st❛t❡❞ t❤❛t ❈P ✐t ✐♥t❡♥❞❡❞ ❢♦r ✜♥❞✐♥❣ ❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥s✳ ❇✉t ✐t ❝❛♥ ❛❧s♦
❞❡❛❧ ✇✐t❤ ♦♣t✐♠✐③❛t✐♦♥✱ ❤♦✇❡✈❡r✱ ✐♥ ❛ ✐t❡r❛t✐♥❣ ♠❛♥♥❡r✳ ❚♦ ❞♦ t❤❛t✱ ✇❡ ♥❡❡❞ ❛ ❝♦st
❢✉♥❝t✐♦♥ ✭c✮ ❛♥❞ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡ ✭♠✐♥✐♠✐③✐♥❣ ♦r ♠❛①✐♠✐③✐♥❣ c✮ ❥✉st ❛s t❤❡
❝❛s❡ ❢♦r ■▲P✳ ❆ss✉♠✐♥❣ ✇❡ ❛r❡ ♠✐♥✐♠✐③✐♥❣ c✱ t❤❡ ✐t❡r❛t✐♦♥ ✇♦r❦s ❛s ❢♦❧❧♦✇s✿ ❋✐rst✱
✜♥❞ ❛ ❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥ s0 ✇✐t❤ ❛ ❝♦st c(s0)✳ ❚❤❡♥ ❛❞❞ ❛ ♥❡✇ ❝♦♥str❛✐♥t c(s) < c(s0)
❛♥❞ tr✐❡s t♦ ✜♥❞ ❛ ❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥ ❢♦r t❤✐s ❡♥❤❛♥❝❡❞ ♠♦❞❡❧✳ ■t❡r❛t❡ ✉♥t✐❧ ❝❛♥♥♦t
✜♥❞ ❛ ❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥✳ ❚❤❡ ❧❛st ❢❡❛s✐❜❧❡ s♦❧✉t✐♦♥ si ✐s t❤✉s ❛♥ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥✳
❚❤❡ t♦t❛❧ s❡❛r❝❤ t✐♠❡ ♠❛② ❜❡ q✉✐t❡ ❧♦♥❣ s✐♥❝❡ ✇❡ ♥❡❡❞ t♦ ❡①♣❧♦r❡ t❤❡ ❡♥t✐r❡ ❞❡s✐❣♥
s♣❛❝❡ ❛t ❧❡❛st ♦♥❝❡ ✭t❤❡ ❧❛st ✐t❡r❛t✐♦♥✮✳



❈❤❛♣t❡r ✸

❘❡❧❛t❡❞ ❲♦r❦

■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ✇✐❧❧ ❧✐st t❤❡ ❧✐t❡r❛t✉r❡ r❡s❡❛r❝❤ r❡❧❛t❡❞ t♦ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐✲
t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳ ❚❤❡ r❡❧❛t❡❞ ✇♦r❦ ✐s ❝❛t❡❣♦r✐③❡❞ ❜❛s❡❞ ♦♥
❢❡❛t✉r❡s ♦❢ ❙❨▲❱❆✳ ■♥ s❡❝t✐♦♥ ✸✳✶✱ ✇❡ ✇✐❧❧ ❧✐st t❤❡ r❡❧❛t❡❞ ✇♦r❦ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ♦❢
❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ ❛♥❞ ❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮✱ ❛♥❞ ❝♦♠♣❛r❡ t❤❡♠
✇✐t❤ ❙❨▲❱❆✳ ■♥ s❡❝t✐♦♥ ✸✳✷✱ ✇❡ ✇✐❧❧ ❞✐s❝✉ss t❤❡ r❡❧❛t❡❞ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✲
✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ s②♥t❤❡s✐s ❛♥❞ ❝♦♠♣✐❧❛t✐♦♥ r❡s❡❛r❝❤❡s✳ ❙❡❝t✐♦♥ ✸✳✸ ✐s
❛❜♦✉t t❤❡ r❡❧❛t❡ ✇♦r❦ ♦❢ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ s②♥t❤❡s✐s ✐♥
❙❨▲❱❆✱ ❛♥❞ s❡❝t✐♦♥ ✸✳✹ ❣✐✈❡s s♦♠❡ r❡❧❛t❡❞ ✇♦r❦ ♦♥ ❈●❘❆ ♣r♦❣r❛♠♠✐♥❣✳

✸✳✶ ❙②st❡♠✲▲❡✈❡❧ ❛♥❞ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✇✐❧❧ r❡✈✐❡✇ t❤❡ st❛t❡ ♦❢ t❤❡ ❛rt ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ ❛♥❞
❙②st❡♠✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❙▲❙✮ t♦♦❧s ❛♥❞ ❝♦♠♣❛r❡ t❤❡♠ t♦ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝✲
t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ✇✐t❤ r❡s♣❡❝t t♦ ✐ts ❦❡② ❢❡❛t✉r❡s✿ ❉❡s✐❣♥ ❙♣❛❝❡
❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ❜② ❝♦♥s✐❞❡r✐♥❣ ❞✐✛❡r❡♥t ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ s❝❤❡❞✲
✉❧❡s✱ ❛r✐t❤♠❡t✐❝ ❛♥❞ ❜✉✛❡r ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✱ ✉s❡ ♦❢ ♣r❡✲❞❡s✐❣♥❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞
❢✉♥❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✱ ❛✉t♦♠❛t✐❝ ❣❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ s②♥t❤❡s✐s✱ ❛♥❞
❛❜✐❧✐t② t♦ t❛r❣❡t ❞✐✛❡r❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✳ ❙♦♠❡ ♣r❡✈✐♦✉s ❛♣♣r♦❛❝❤❡s t❤❛t
✉s❡ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣ ✭❈P✮ ♦♥ ❤❛r❞✇❛r❡ s②♥t❤❡s✐s ✇✐❧❧ ❛❧s♦ ❜❡ ❝♦✈❡r❡❞✳

❙❨▲❱❆ ❜❡❛rs s✐♠✐❧❛r✐t② t♦ ❍▲❙ ❬✸✻❪ ❬✸✼❪ t♦♦❧s ✐♥ ❣❡♥❡r❛t✐♥❣ ❤❛r❞✇❛r❡ ❢r♦♠
s♣❡❝✐✜❝❛t✐♦♥s t❤❛t ❛r❡ ♠♦r❡ ❛❜str❛❝t t❤❛♥ t❤❡ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮✳ ❚❤❡
❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❙❨▲❱❆ ❛♥❞ ❍▲❙ t♦♦❧s ✐s t❤❡ ❧❡✈❡❧ ♦❢ ❣r❛♥✉❧❛r✐t②
❛t ✇❤✐❝❤ t❤❡② ❞♦ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❛♥❞ t❤❡ r❡✉s❛❜❧❡ ♦❜❥❡❝ts t❤❡② ✉s❡ t♦
s②♥t❤❡s✐③❡ t❤❡ s♣❡❝✐✜❝❛t✐♦♥✳ ❍▲❙ t♦♦❧s ❡①♣❧♦r❡ ❞❡s✐❣♥ s♣❛❝❡ ❛t ❛ r❡❧❛t✐✈❡❧② ✜♥❡r
❣r❛♥✉❧❛r✐t② ❧❡✈❡❧ ♦❢ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜❧♦❝❦s ✭❡✳❣✳ ❛r✐t❤♠❡t✐❝ ✉♥✐ts ❛♥❞ r❡❣✐st❡rs
❡t❝✮✳ ❍▲❙ t♦♦❧s ❞❡❝✐❞❡ ♦♥ t❤❡ ♥✉♠❜❡r ❛♥❞ t②♣❡ ♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts✱ ✇❤❡r❡❛s ❙❨▲❱❆
❞❡❝✐❞❡s ♦♥ t❤❡ ♥✉♠❜❡r ❛♥❞ t②♣❡ ♦❢ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮✳

✸✶



✸✷ ❈❍❆P❚❊❘ ✸✳ ❘❊▲❆❚❊❉ ❲❖❘❑

❍▲❙ t♦♦❧s ❛❧s♦ ❞♦ st♦r❛❣❡ ✭r❡❣✐st❡rs✮✱ ❝♦♥tr♦❧✱ ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t s②♥t❤❡s✐s t♦ ❣❧✉❡
t❤❡ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s✳ ❙❨▲❱❆ ❞♦❡s ❣❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥✲
tr♦❧ s②♥t❤❡s✐s t❤❛t ❣❧✉❡s t❤❡ ❋■▼Ps✱ ✇❤✐❝❤ ❛r❡ ❋❙▼ ✇✐t❤ ❉❛t❛♣❛t❤s ✭❋❙▼❉s✮ ❬✸✼❪
❛♥❞ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ❝♦♠♣❧❡① ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❜❧♦❝❦s✳ ❍▲❙
t♦♦❧s ❛♥❞ ❙❨▲❱❆ ❛❧s♦ ❞✐✛❡r ✐♥ t❤❡ ❛❜str❛❝t✐♦♥ ♦❢ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ t❤❡② s②♥t❤❡s✐③❡
❢r♦♠✳ ❍▲❙ t♦♦❧s ✉s❡❞ t♦ ❜❡ r❡str✐❝t❡❞ t♦ s②♥t❤❡s✐s ❢r♦♠ ❛ s✐♥❣❧❡ ✉♥t✐♠❡❞ ❛❧❣♦r✐t❤♠
❛♥❞ tr❛♥s❢♦r♠✐♥❣ ✐t ✐♥t♦ ❛♥ ❋❙▼❉✳

▼♦r❡ r❡❝❡♥t ❍▲❙ t♦♦❧s ❈✲t♦✲❙✐❧✐❝♦♥ ❈♦♠♣✐❧❡r ❬✸✽❪✱ ❈❛t❛♣✉❧t ❬✸✾❪✱ ❱✐✈❛❞♦ ❬✹✵❪
✭❢♦r♠❛❧❧② ❆✉t♦P✐❧♦t ❬✹✶❪✮✱ ▲❡❣❯♣ ❬✹✷❪✱ ❛♥❞ ❇❧✉❡s♣❡❝ ❬✹✸❪✳ ❞♦ ❞❡❛❧ ✇✐t❤ ♠✉❧t✐✲
❛❧❣♦r✐t❤♠ s♣❡❝✐✜❝❛t✐♦♥s✱ t②♣✐❝❛❧❧② ✐♥ ❈✱ ❈✰✰ ♦r ❙②st❡♠❈✳ ❍▲❙ t♦♦❧s ❤❛✈❡ s✐♥❝❡
❡✈♦❧✈❡❞ ✐♥t♦ ❛❝❝❡♣t✐♥❣ ❛ ❤✐❡r❛r❝❤② ♦❢ ❛❧❣♦r✐t❤♠s ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t✐♥❣ ❛
❤✐❡r❛r❝❤② ♦❢ ❋❙▼❉s✳ ❲❤✐❧❡ t❤✐s ❧❡✈❡❧ ♦❢ s♣❡❝✐✜❝❛t✐♦♥ ♦✉t✇❛r❞❧② ❧♦♦❦s ❧✐❦❡ ✇❤❛t
❙❨▲❱❆ ❛❧s♦ ❛❝❝❡♣ts ❛s ✐♥♣✉t✱ t❤❡r❡ ✐s ❛ ❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥❝❡✳ ❚❤✐s ✐s ❜❡st ❡①✲
♣❧❛✐♥❡❞ ✐♥ t❡r♠s ♦❢ t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✶✱ ✇❤♦s❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ❝❛♥
❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✺✳✶✳ ❋✐❣✉r❡ ✸✳✶✭❛✮ ✐s t❤❡ ♦r✐❣✐♥❛❧ ❙❉❋ ❣r❛♣❤ ❛♥❞ ❋✐❣✉r❡ ✸✳✶✭❜✲
❡✮ ❛r❡ t❤❡ ♣♦ss✐❜❧❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ s❝❤❡❞✉❧❡s ✭❢✉♥❝t✐♦♥
❡①❡❝✉t✐♦♥s ❛r❡ ❡✈❡♥❧② ❞✐str✐❜✉t❡❞✮✳
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❙❨▲❱❆ st❛rts ✇✐t❤ t❤❡ ♦r✐❣✐♥❛❧ ❙❉❋ ❣r❛♣❤ ❛♥❞ ❡✈❛❧✉❛t❡s ❛❧❧ t❤❡ ❍❙❉❋ s❝❤❡❞✉❧❡s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✶✭❜✲❡✮ ❛s ♣♦t❡♥t✐❛❧ s♦❧✉t✐♦♥s✳ ❍▲❙ t♦♦❧s✱ ✐♥ ❝♦♥tr❛st✱ st❛rts ❢r♦♠
❛♥❞ ❝♦♥s✐❞❡rs ♦♥❧② ♦♥❡ ♦❢ t❤❡ ❍❙❉❋ s❝❤❡❞✉❧❡s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✶✭❜✲❡✮ ❛s t❤❡
st❛rt✐♥❣ ♣♦✐♥t s♣❡❝✐✜❡❞ ❜② t❤❡ ✉s❡r✱ ❡✳❣✳ ✐♥ ❳✐❧✐♥① ❱✐✈❛❞♦ t❤❡ ✉s❡r s❤♦✉❧❞ s♣❡❝✐❢②
t❤❡ ❧♦♦♣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t♦ ❜❡ ✐♥❧✐♥❡ ♦r ♣✐♣❡❧✐♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡
❝✉rr❡♥t s②♥t❤❡s✐s r❡s✉❧t ✭s❧❛❝❦✱ ❛r❡❛✱ ❡t❝✳✮✳ ❚❤✐s ✐s ✇❤❡r❡ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❡❞
❜② ❙❨▲❱❆ ❜❡❝♦♠❡s ♠♦r❡ r✐❝❤ ❝♦♠♣❛r❡❞ t♦ ✇❤❛t ✐s ❡①♣❧♦r❡❞ ❜② ❍▲❙ t♦♦❧s✳ ❆♥❞ t❤❡
✉s❡ ♦❢ ❋■▼Ps ❛s ❣r❛♥✉❧❛r✐t② ♦❢ r❡✉s❡ ✐s ♥♦t ♦♥❧② ♠♦r❡ ❡✛❡❝t✐✈❡✳ ■t ✐s ✐♥tr✐♥s✐❝❛❧❧②
t✐❡❞ t♦ t❤✐s ❞✐♠❡♥s✐♦♥ ♦❢ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳ ❍▲❙ t♦♦❧s ❞✐✛❡r ✐♥ t❤❡ ✇❛②
t❤❡② ❞❡❛❧ ✇✐t❤ t❤❡ ❤✐❡r❛r❝❤② ♦❢ ❛❧❣♦r✐t❤♠s✳ ❈♦♠♠❡r❝✐❛❧ ❍▲❙ t♦♦❧s ❧✐❦❡ ❈✲t♦✲❙✐❧✐❝♦♥
❈♦♠♣✐❧❡r ❬✸✽❪ ❢r♦♠ ❈❛❞❡♥❝❡✱ ❱✐✈❛❞♦ ❬✹✵❪ ❢r♦♠ ❳✐❧✐♥① tr❛♥s❢♦r♠ ❡❛❝❤ ❛❧❣♦r✐t❤♠
✐♥❞✐✈✐❞✉❛❧❧② ✐♥t♦ ❛ ❘❚▲ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❧♦❝❛❧✱ ✐✳❡✳✱ r❡str✐❝t❡❞
t♦ ✐♥❞✐✈✐❞✉❛❧ ❛❧❣♦r✐t❤♠s ❜❡✐♥❣ s②♥t❤❡s✐③❡❞✳ ❆ ❣❧♦❜❛❧ ❝♦st ❢✉♥❝t✐♦♥ ❢❛❝t♦r✐♥❣ t❤❡
❝♦st ♦❢ ❛❧❧ ❛❧❣♦r✐t❤♠s ✐s ♥♦t t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳

❆ r❡❝❡♥t ✇♦r❦ ❜② ❈❛r❧♦♥✐ ❡t✳ ❛❧✳ ❬✹✹❪ ❛❞❞r❡ss❡s ❡①❛❝t❧② t❤✐s ✐ss✉❡ ❜② ♣r♦♣♦s✐♥❣
❛ ❣❧♦❜❛❧ ❝♦st ❢✉♥❝t✐♦♥ t❤❛t ❝♦♥s✐❞❡rs t❤❡ ❝♦❧❧❡❝t✐✈❡ ❝♦st ✭❛r❡❛✱ ❡♥❡r❣②✮ ♦❢ ❛❧❧ t❤❡
❢✉♥❝t✐♦♥s ✐♥ t❤❡ ✐♥♣✉t s♣❡❝✐✜❝❛t✐♦♥✱ ✇❤✐❧❡ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❝♦♥str❛✐♥ts t♦ s❡t ❢♦r
✐♥❞✐✈✐❞✉❛❧ ❢✉♥❝t✐♦♥s ❞✉r✐♥❣ ❍▲❙✳ ■t ❤❛s ❛❧s♦ ♣r♦♣♦s❡❞ ❛ ❧✐❜r❛r② ♦❢ s✉❝❤ ❢✉♥❝t✐♦♥s t♦
❡♥❝♦✉r❛❣❡ r❡✉s❡✱ s✐♠✐❧❛r ✐♥ s♣✐r✐t t♦ t❤❡ ❋■▼P ❧✐❜r❛r②✱ ❜✉t ♥♦t ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❛s
✐s t❤❡ ❝❛s❡ ✐♥ ❙❨▲❱❆✳ ❚❤❡ ❝♦♥str❛✐♥ts ❢♦r ❍▲❙ ❛r❡ ❞❡❝✐❞❡❞ ❞✉r✐♥❣ ❙▲❙ ❛s ♠❡♥t✐♦♥❡❞
❛❜♦✈❡✳ ❚❤❡ ♦t❤❡r ❦❡② ❞✐✛❡r❡♥❝❡s ❝♦♠♣❛r❡❞ t♦ ❙❨▲❱❆ ✐s t❤❛t ❧✐❦❡ ♦t❤❡r ❍▲❙ t♦♦❧s✱
t❤✐s ✇♦r❦ ❛❧s♦ st❛rts ✇✐t❤ ❛ s♣❡❝✐✜❝ s❝❤❡❞✉❧❡❞ s②st❡♠ ❛♥❞ ❞♦❡s ♥♦t ❝♦♥s✐❞❡r ♠✉❧t✐♣❧❡
s❝❤❡❞✉❧❡s ❧✐❦❡ ❙❨▲❱❆ ❞♦❡s t♦ ❡①♣❧♦r❡ t❤❡ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✳ ■♥ s✉♠♠❛r②✱ ✐t
❡①♣❧♦r❡s t❤❡ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ ✇✐t❤ ❛ ❣❧♦❜❛❧ ❝♦st ❢✉♥❝t✐♦♥ ✐♥ ❝♦♥tr❛st t♦
♦t❤❡r ❍▲❙ t♦♦❧s ❜✉t ✐t ❞♦❡s ♥♦t ❡①♣❧♦r❡ t❤❡ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ ❧✐❦❡ ❙❨▲❱❆✳
▼♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♣❛r❛❧❧❡❧✐s♠ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✺✳

●♦r❞♦♥ ❡t✳ ❛❧✳✬s ✇♦r❦ ❙tr❡❛♠■t ❬✹✺❪ ♣r♦✈✐❞❡s t❛s❦✱ ❞❛t❛ ❛♥❞ ♣✐♣❡❧✐♥❡ ♣❛r❛❧✲
❧❡❧✐s♠✳ ❚❤❡ t❛s❦ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ ✐s ❡①♣❧✐❝✐t❧② s♣❡❝✐✜❡❞ ❜② t❤❡ ✉s❡r✳ ❚❤❡ ♠♦r❡
✐♥t❡r❡st✐♥❣ ❞✐♠❡♥s✐♦♥ ✐s t❤❛t ♦❢ ❞❛t❛ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✱ ✇❤✐❝❤ t❤❡ ❙tr❡❛♠■t ❡①♣❧♦r❡s
❛t ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧ ❜✉t ✐s ❛❜❧❡ t♦ ❛♣♣❧② ♠♦r❡ ❝♦❛rs❡ ❣r❛✐♥ tr❛♥s❢♦r♠ t♦ ❢✉s✐♦♥ ❛♥❞
✜ss✐♦♥ t♦ ❝r❡❛t❡ ♠♦r❡ s❡r✐❛❧ ❛♥❞ ♣❛r❛❧❧❡❧ s♦❧✉t✐♦♥s✳ ■t ❞♦❡s ♥♦t ❤❛✈❡ ❛ ❝♦♥❝❡♣t ♦❢
♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❋■▼Ps✱ ❛s ✐t t❛r❣❡ts ♣r♦❣r❛♠♠❛❜❧❡ ❝♦❛rs❡ ❣r❛✐♥ ❘❆❲ t✐❧❡s ❬✹✻❪✳
❚❤❡ ❞❛t❛ ❧❡✈❡❧ ♣❛r❛❧❧❡❧ ❞❡s✐❣♥ s♣❛❝❡ ✐t ❝♦♥s✐❞❡rs ✐s ❝♦♠♣❛r❛❜❧❡ t♦ ✇❤❛t ❙❨▲❱❆
❝♦♥s✐❞❡rs ❜✉t ✐t ❡①♣❧♦r❡s ❛t ❛ ✜♥❡r ❣r❛♥✉❧❛r✐t② ♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts ❛♥❞ ✐t t❛r❣❡ts
♣r♦❣r❛♠♠❛❜❧❡ ❘❆❲ t✐❧❡s✱ ✐♥st❡❛❞ ♦❢ ❋■▼Ps✱ t❤❛t ❛r❡ ❞❡s✐❣♥❡❞ t♦ ❡①❡❝✉t❡ ❥✉st ♦♥❡
❛❧❣♦r✐t❤♠✴❢✉♥❝t✐♦♥✳ ❙❨▲❱❆ ❛❧s♦ t❛r❣❡ts ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝✲
t✉r❡s ✭❈●❘❆s✮ ❧✐❦❡ ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮ ❬✶✹❪ t❤❛t
❛r❡ s✐♠✐❧❛r t♦ t❤❡ ❘❆❲ ❢❛❜r✐❝✳ ❍♦✇❡✈❡r✱ ❙❨▲❱❆ tr❡❛ts t❤❡ ❋■▼Ps t❤❛t ❛r❡ ❝♦♠♣✐❧❡❞
❢♦r ❉❘❘❆ ❧✐❦❡ ❤❛r❞ ♠❛❝r♦s ❛♥❞ ❉❘❘❆ ❛s ❛ s❡❛ ♦❢ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ r❡s♦✉r❝❡s
t❤❛t ❝❛♥ ❜❡ ❝❧✉st❡r❡❞ t♦ ✐♠♣❧❡♠❡♥t ❛ ❢✉♥❝t✐♦♥✱ s✐♠✐❧❛r t♦ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡
❆rr❛②s ✭❋P●❆s✮ ❜✉t ❛t s✐❣♥✐✜❝❛♥t❧② ❝♦❛rs❡r ❣r❛♥✉❧❛r✐t②✳ ■♥ ❡✛❡❝t✱ ❙❨▲❱❆ ❞♦❡s ❛
❝♦♠♣❛r❛❜❧❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❛s ❙tr❡❛♠■t ❜✉t ♠♦r❡ ❡✛❡❝t✐✈❡❧② ✐♥ t❡r♠s ♦❢
♠♦r❡ ❝♦❛rs❡ ❣r❛✐♥ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ r❡✉s❛❜❧❡ ♦❜❥❡❝ts ❝❛❧❧❡❞ ❋■▼Ps✳ ❚❤✐s str❛t❡❣②✱
✇❡ ❜❡❧✐❡✈❡ ✐s ♠♦r❡ s❝❛❧❛❜❧❡ ✇✐t❤ t❤❡ s✐③❡ ♦❢ t❤❡ ♣r♦❜❧❡♠s✳
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❙▲❙ ❡①♣r❡ss✐♦♥ ✐s ❛❧s♦ ✉s❡❞ ❜② ❞❡s✐❣♥ ❢r❛♠❡✇♦r❦s t❛r❣❡t✐♥❣ ▼✉❧t✐✲Pr♦❝❡ss♦r
❙②st❡♠✲♦♥✲❈❤✐♣s ✭▼P❙♦❈s✮✳ ❊❙P❆▼ ❬✹✼❪ t❛❦❡s ❛♣♣❧✐❝❛t✐♦♥ ❜❡❤❛✈✐♦r ♠♦❞❡❧❡❞
✭❑❛❤♥ Pr♦❝❡ss ◆❡t✇♦r❦ ✭❑P◆✮ ❬✹✽❪✮ ❛❧♦♥❣ ✇✐t❤ ♣❧❛t❢♦r♠✐♥❣ ❛♥❞ ♠❛♣♣✐♥❣ s♣❡❝✐✜❝❛✲
t✐♦♥ ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡s t❤❡ ▼P❙♦❈ ❛♥❞ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡✳ ❉❛❡❞❛❧✉s✲
❘❚ ❬✹✾❪ t❛r❣❡ts ❤❛r❞ r❡❛❧✲t✐♠❡ str❡❛♠✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ❜✉✐❧❞s ♦♥ t❤❡ ❊❙P❆▼
❢r❛♠❡✇♦r❦✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❉❛❡❞❛❧✉s✲❘❚ s②st❡♠ ❛r❡ st❛t✐❝ ❛✣♥❡ ♥❡st❡❞ ❧♦♦♣
♣r♦❣r❛♠s ❬✺✵❪✱ ✇❤✐❝❤ ❛r❡ t❤❡♥ ♣❛r❛❧❧❡❧✐③❡❞ ❜② t❤❡ P◆ ❝♦♠♣✐❧❡r ❬✺✶❪ ❛♥❞ ❢❡❞ t♦ t❤❡
❊❙P❆▼ s②st❡♠✳ ●❧❛❞✐❣❛✉ ❡t✳❛❧ ❬✺✷❪ ❤❛✈❡ ♣r❡s❡♥t❡❞ ❛♥♦t❤❡r ❙▲❙ t♦♦❧ t❛r❣❡t✐♥❣
▼P❙♦❈s✳ ❚❤✐s t♦♦❧ ✉s❡s ❛ t❡♠♣❧❛t❡ ❜❛s❡❞ ❛♣♣r♦❛❝❤ ❛♥❞ ✐t ♣❡r❢♦r♠s t❤❡ ❞❡❝✐s✐♦♥
♠❛❦✐♥❣ ❛♥❞ r❡✜♥❡♠❡♥t ❢♦r ❝♦♠♣✉t❛t✐♦♥ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ t♦ ♠❛♣ ❜❡❤❛✈✐♦rs t♦
t❤❡ str✉❝t✉r❡ ✭✐♥st❛♥❝❡s ♦❢ ▼P❙♦❈ t❡♠♣❧❛t❡s✮✳ ❙❨▲❱❆ ❞✐✛❡rs ❢r♦♠ t❤❡s❡ t♦♦❧s ❛s
✐t t❛r❣❡ts ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥st❡❛❞ ♦❢ ♠❛♣♣✐♥❣ s♦❢t✇❛r❡ t♦ ▼P❙♦❈s✳

❚❤❡r❡ ❛r❡ ❛ ❧✐st ♦❢ r❡s❡❛r❝❤ ❡✛♦rts ♦❢ ❛♣♣❧②✐♥❣ ❈P ♦♥ ❤❛r❞✇❛r❡ s②♥t❤❡s✐s✳ ■♥
❬✺✸❪✱ t❤❡ ❛✉t❤♦r ❞❡s❝r✐❜❡s ❛ ♠❡t❤♦❞ ❢♦r ♠♦❞❡❧✐♥❣ ❛♥❞ s♦❧✈✐♥❣ ❞✐✛❡r❡♥t s❝❤❡❞✉❧✐♥❣
❛♥❞ r❡s♦✉r❝❡ ❛ss✐❣♥♠❡♥t ♣r♦❜❧❡♠s t❤❛t ❛r❡ ❝♦♠♠♦♥ ✐♥ ❍▲❙ ❛♥❞ ❙▲❙✳ ❚❤❡ ♠❡t❤♦❞s
♣r♦♣♦s❡❞ ✐♥ ❬✺✹✱ ✺✺❪ ❛r❡ ❜♦t❤ ❈P s♦❧✈❡r ❜❛s❡❞ ❛♥❞ t❛❦❡ ❙❉❋ ❣r❛♣❤ ❛s ✐♥♣✉ts✳ ❚❤❡
❛✉t❤♦rs ✐♥ ❬✺✹❪ ♣r♦♣♦s❡❞ ❛♥ ❛♣♣r♦❛❝❤ ❢♦❝✉s✐♥❣ ♦♥ ❛❧❧♦❝❛t✐♥❣ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ❛ ❙❉❋
❣r❛♣❤ ♦♥t♦ ❛ ♠✉❧t✐✲❝♦r❡ ♣❧❛t❢♦r♠ s✉❜❥❡❝t t♦ ❛ ♠✐♥✐♠✉♠ t❤r♦✉❣❤♣✉t r❡q✉✐r❡♠❡♥t✳
❚❤✐s ❛♣♣r♦❛❝❤ ✐s ❛ ❝♦♠♣❧❡t❡ ❛❧❣♦r✐t❤♠ ❜❛s❡❞ ♦♥ ❈P t❤❛t s♦❧✈❡s t❤❡ ❛❧❧♦❝❛t✐♦♥ ❛♥❞
s❝❤❡❞✉❧✐♥❣ ♣r♦❜❧❡♠s ❛s ❛ ✇❤♦❧❡ ❛♥❞ ❛ ♥✉♠❜❡r ♦❢ s❡❛r❝❤ ❛❝❝❡❧❡r❛t✐♦♥ t❡❝❤♥✐q✉❡s
❛r❡ ✉s❡❞ t♦ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ r✉♥ t✐♠❡✳ ■t ✐s s✐♠✐❧❛r t♦ ❉❙❊ ✐♥ ❙❨▲❱❆✱ ✇❤✐❝❤
✐s ❛❧s♦ ❈P ❜❛s❡❞ ❛♥❞ ♦♥❧② ❡①❛♠✐♥❡s t❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡s ✭s❡❝t✐♦♥ ✺✳✺✳✶✮ t♦
s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ t❤❡ s❡❛r❝❤ s♣❛❝❡✳ ❚❤❡ ❛♣♣r♦❛❝❤ ✉s❡❞ ✐♥ ❙❨▲❱❆ ✐s ❛❧s♦ ♠♦r❡
❝♦♠♣❧❡① s✐♥❝❡ ✐t ❞♦❡s ♥♦t ♦♥❧② ❝♦♥s✐❞❡r s❝❤❡❞✉❧✐♥❣ ❛♥❞ r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥✱ ❜✉t
❛❧s♦ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼Ps ✭s❡❝t✐♦♥ ✹✳✸✮ t♦ ❜❡ ✉s❡❞ ✐♥ t❤❡ s②st❡♠✳ ▼♦r❡ ♦✈❡r✱ t❤❡
♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡ ♦❢ ❙❨▲❱❆ ❝❛♥ ❜❡ ❛r❡❛✱ ❧❛t❡♥❝②✱ s❛♠♣❧❡ r❛t❡✱ ❛♥❞ ❡♥❡r❣②✱
✐♥❞✐✈✐❞✉❛❧❧② ♦r ❛s ❛ ✇❤♦❧❡ ✐♥st❡❛❞ ♦❢ t❤r♦✉❣❤♣✉t ♦♥❧②✳ ■♥ ❬✺✺❪✱ t❤❡ ❛✉t❤♦rs ✉s❡
❈P t♦ ❝❛❧❝✉❧❛t❡ t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r ❛♥❞ ❣❡♥❡r❛t❡ t❤❡ s❝❤❡❞✉❧❡ ✉s✐♥❣ ❛ ❈P s♦❧✈❡r
❝❛❧❧❡❞ ❏❛❈♦P ✭❏❛✈❛ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣✮ ❬✺✻❪✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐s ❛❧s♦ s✐♠✐❧❛r t♦
❉❙❊ ✐♥ ❙❨▲❱❆ ❜✉t ✐s ♠✉❝❤ ♠♦r❡ s✐♠♣❧❡r s✐♥❝❡ t❤❡ ❉❙❊ st❡♣ ✐♥ ❙❨▲❱❆ ♥♦t ♦♥❧②
❝♦♠♣✉t❡s t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r ❛♥❞ ❣❡♥❡r❛t❡s t❤❡ s❝❤❡❞✉❧❡ ❜✉t ❛❧s♦ ❣❡♥❡r❛t❡s t❤❡
♥✉♠❜❡r ♦❢ ❋■▼Ps t♦ ❜❡ ✉s❡❞ ❛♥❞ ♣❡r❢♦r♠s r❡s♦✉r❝❡ ❛❧❧♦❝❛t✐♦♥ ✭✐✳❡✳ ✇❤✐❝❤ t②♣❡s ♦❢
❋■▼Ps ❛r❡ ✉s❡❞✮✳ ❆✉t❤♦rs ✐♥ ❬✺✼❪ ♣r♦♣♦s❡❞ ❛ ♠❡t❤♦❞ ❢♦r ❛ s②st❡♠❛t✐❝ ❞❡s✐❣♥ s♣❛❝❡
❡①♣❧♦r❛t✐♦♥ ❢♦r ❛♣♣❧✐❝❛t✐♦♥ s♣❡❝✐✜❝ ♣r♦❝❡ss♦rs✱ ✐♥t❡♥❞❡❞ t♦ r❡❞✉❝❡ t❤❡ ❞❡s✐❣♥ ❡✛♦rt
✐♥ t❤❡ ✐♥✐t✐❛❧ ♣❤❛s❡✱ ❜② ♣r♦♣♦s✐♥❣ ❛ s❡t ♦❢ ❛❧t❡r♥❛t✐✈❡ ♣♦t❡♥t✐❛❧ s♦❧✉t✐♦♥s✳ ❊❛❝❤ s♦✲
❧✉t✐♦♥ ✐s ✐♥ t❡r♠s ♦❢ t❤❡ ♣r♦❝❡ss♦r ❝♦♥✜❣✉r❛t✐♦♥ t❤❛t ✐♥❝❧✉❞❡s ♥✉♠❜❡r ❛♥❞ ✇✐❞t❤ ♦❢
❙■▼❉ ✉♥✐ts ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ s❝❛❧❛r ✉♥✐ts t❤❛t ❛❧❧♦✇ ❢♦r t❤❡ r❡q✉✐r❡❞ ♣❡r❢♦r♠❛♥❝❡✱
✇✐t❤♦✉t ✇❛st✐♥❣ r❡s♦✉r❝❡s✳ ❚❤❡ ❛✉t❤♦rs ❡♠♣❧♦② ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣ ❛♥❞ ❢♦r✲
♠✉❧❛t❡ t❤❡ ♣r♦❜❧❡♠ ❛s ❛ P❛r❡t♦ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✱ ✉s✐♥❣ ♠♦❞✉❧♦ s❝❤❡❞✉❧✐♥❣✳
❆✉t❤♦rs ✐♥ ❬✺✽❪ ♣r♦♣♦s❡❞ ❛ ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣ ❜❛s❡❞ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥
❢♦r str❡❛♠✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ✭s✉❝❤ ❛s ▼P❊●✮ r✉♥♥✐♥❣ ♦♥ ♠✉❧t✐✲♣r♦❝❡ss♦r ♣❧❛t❢♦r♠s
✇✐t❤ ❣✉❛r❛♥t❡❡❞ s❡r✈✐❝❡ ✐♥t❡r❝♦♥♥❡❝ts✳ ■t ✐s s✐♠✐❧❛r t♦ t❤❡ ❉❙❊ ✐♥ ❙❨▲❱❆ ❛♥❞ ❙❉❋
✐s ❛❧s♦ ✉s❡❞ t❤❡r❡ ❢♦r ♠♦❞❡❧✐♥❣ t❤❡ ✐♥♣✉t s②st❡♠ ❛s ❙❨▲❱❆ ❞♦❡s✳
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✸✳✷ ❍❛r❞✇❛r❡ ❙②♥t❤❡s✐s ❢♦r ❈●❘❆

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ r❡✈✐❡✇ ❛✉t♦♠❛t✐❝ s②♥t❤❡s✐s ❛♣♣r♦❛❝❤❡s ❢♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡✲
❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡s ✭❈●❘❆s✮ ❛♥❞ ❛❧s♦ ❛rr❛② t❤❡ r❡❧❛t❡❞ ✇♦r❦ ❢♦r ❈●❘❆
✢♦♦r♣❧❛♥♥✐♥❣✳ ❚❤❡ ❤❛r❞✇❛r❡ s②♥t❤❡s✐s ❛♣♣r♦❛❝❤❡s t❛r❣❡t✐♥❣ ❈●❘❆s ✐s t❤❡ ♠♦r❡
❣❡♥❡r❛❧ ❝❛s❡ ♦❢ ❛✉t♦♠❛t✐♥❣ s②♥t❤❡s✐s ❢r♦♠ ❛❧❣♦r✐t❤♠✐❝ ❧❡✈❡❧✱ ✇❤✐❝❤ ❤❛s t✇♦ ❞❡❝❛❞❡s
❧♦♥❣ ❤✐st♦r② ✐♥ t❤❡ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ r❡s❡❛r❝❤ ❛♥❞ ✐s ❣❛✐♥✐♥❣ s♦♠❡ ❛❝❝❡♣✲
t❛♥❝❡ ✐♥ t❤❡ ✐♥❞✉str② ❬✾❪✳

✸✳✷✳✶ ❈●❘❆ ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ❙②♥t❤❡s✐s ❚♦♦❧s

▲❛r❣❡ ♥✉♠❜❡r ♦❢ ❈●❘❆s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s②♥t❤❡s✐s t♦♦❧s ❤❛✈❡ ❜❡❡♥ ♣r♦✲
♣♦s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❇② t❤❡ t②♣❡ ♦❢ ❢✉♥❝t✐♦♥ ✉♥✐ts✱ ❈●❘❆s ❝❛♥ ❜❡ ❝❛t❡❣♦✲
r✐③❡❞ ✐♥t♦ ♠✐❝r♦♣r♦❝❡ss♦r✲❜❛s❡❞ ❈●❘❆s ❛♥❞ ❛❝❝❡❧❡r❛t♦r✲❜❛s❡❞ ❈●❘❆s✳ ❋♦r ❡①❛♠✲
♣❧❡✱ ❆❉❘❊❙ ❬✺✾❪ ✉s✐♥❣ ❱▲❙■ ❛♥❞ ❙♠❛rt❈❡❧❧❬✻✵❪ ✉s✐♥❣ s✐♠♣❧❡ ♠✐❝r♦✲♣r♦❝❡ss♦rs ❛r❡
♠✐❝r♦♣r♦❝❡ss♦r✲❜❛s❡❞ ❈●❘❆s✳ ❊●❘❆ ❬✻✶❪ ✉s✐♥❣ ❝✉st♦♠✐③❡❞ ❝♦r❡s ❛♥❞ ❉②♥❛♠✐❝❛❧❧②
❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮ ❬✶✻❪ ✉s✐♥❣ s❡q✉❡♥❝❡r ❛♥❞ ❝✉st♦♠✐③❛❜❧❡ ❛❝✲
❝❡❧❡r❛t♦rs ❛r❡ ❛❝❝❡❧❡r❛t♦r✲❜❛s❡❞ ❈●❘❆s✳

■♥ ❬✺✾❪✱ ❛✉t❤♦rs ❢r♦♠ ■▼❊❈ ❞❡✈❡❧♦♣❡❞ t❤❡ ❉❘❊❙❈ ❢r❛♠❡✇♦r❦ t♦ t❛r❣❡t ❛ ❢❛♠✲
✐❧② ♦❢ ❈●❘❆s✳ ❚❤✐s ❢r❛♠❡✇♦r❦ ♠❛✐♥❧② ❢♦❝✉s❡s ♦♥ ❧♦♦♣✲❧❡✈❡❧ ❛♣♣❧✐❝❛t✐♦♥ ❝♦❞❡ s❡❣✲
♠❡♥t ♣❛r❛❧❧❡❧✐③❛t✐♦♥✳ ❇② ✐❞❡♥t✐❢②✐♥❣ t❤❡ ❝r✐t✐❝❛❧ s❡❣♠❡♥ts✱ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣
✭❉❙P✮ ❢✉♥❝t✐♦♥s ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ❛♥❞ ♠❛♣♣❡❞ t♦ ❆❉❘❊❙ ❬✺✾❪ ❈●❘❆ ❛r❝❤✐t❡❝t✉r❡✳
■♥ ❬✻✷❪✱ ❛✉t❤♦rs ❢r♦♠ ❯♥✐✈❡rs✐t② ♦❢ ❚✇❡♥t❡ ❞❡✈❡❧♦♣❡❞ ❛ ❍▲❙ ❧✐❦❡ ❝♦♠♣✐❧❡r t❛r❣❡t✲
✐♥❣ t❤❡ ▼❖◆❚■❯▼ ❛r❝❤✐t❡❝t✉r❡ ❢♦r ♠❛♣♣✐♥❣ ❈♦♥tr♦❧ ❉❛t❛ ❋❧♦✇ ●r❛♣❤ ✭❈❉❋●✮
t♦ ▼❖◆❚■❯▼ ❆r✐t❤♠❡t✐❝ ▲♦❣✐❝ ❯♥✐ts ✭❆▲❯s✮ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ s❝❤❡❞✉❧✐♥❣ ❛♥❞
❛❧❧♦❝❛t✐♦♥✳ ■♥ ❬✻✸❪✱ ❛✉t❤♦rs ❢r♦♠ ❆r✐st♦t❧❡ ❯♥✐✈❡rs✐t②✱ ●r❡❡❝❡✱ ♣r♦♣♦s❡❞ ❛♥ ❛✉t♦✲
♠❛t❡❞ ❛♣♣r♦❛❝❤ ❢♦r s♦❢t✇❛r❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦♥ ❘■❙❈s✳ ■t ♠❛♣s s❡t ♦❢ t❛s❦ ❣r❛♣❤s
♣r❡s❡♥t❡❞ ✐♥ ❜❡❤❛✈✐♦r❛❧ ❱❍❉▲ ♠♦❞❡❧ t♦ t❛r❣❡t ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛②
✭❋P●❆✮ ✉s✐♥❣ t❡♠♣♦r❛❧ ♣❛rt✐t✐♦♥✐♥❣ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ✐s ♠♦❞❡❧❡❞ ❛s ❛♥ ■♥t❡❣❡r ▲✐♥✲
❡❛r Pr♦❣r❛♠♠✐♥❣ ✭■▲P✮ t❡❝❤♥✐q✉❡✳ ■♥str✉❝t✐♦♥s ❧✐❦❡ ❉✐s❝r❡t❡ ❈♦s✐♥❡ ❚r❛♥s❢♦r♠
✭❉❈❚✮✱ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡r✐♥❣ ❛r❡ ❝r❡❛t❡❞ ❢♦r ❛❝❝❡❧❡r❛t✐♦♥✳ ■♥
❬✻✹❪✱ ❛✉t❤♦rs ❢r♦♠ ■■❙❝ ❇❛♥❣❛❧♦r❡ ♣r♦♣♦s❡❞ ❛♥ ❛✉t♦♠❛t✐❝ ❛♣♣r♦❛❝❤ t♦ ❝♦❞❡ ❛❝❝❡❧✲
❡r❛t✐♦♥ ❢♦r t❤❡✐r ❈●❘❆✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐♥✈♦❧✈❡s ✐❞❡♥t✐❢②✐♥❣ ❤②♣❡r♦♣s ❛♥❞ r✉♥t✐♠❡
❈●❘❆ ❝♦♥✜❣✉r❛t✐♦♥✳ ❆♥♦t❤❡r r❡❧❛t❡❞ ✇♦r❦ ✐s t❤❡ ❆❧t❡r❛✬s ❈✷❍ ❝♦♠♣✐❧❡r❬✻✺❪✳ ■t
❛✉t♦♠❛t✐❝❛❧❧② ✐❞❡♥t✐✜❡s ❤♦ts♣♦ts✱ ❝r❡❛t❡s ❝♦rr❡s♣♦♥❞✐♥❣ ❛❝❝❡❧❡r❛t♦rs ✐♥ ❋P●❆ ❛♥❞
t❤❡♥ ✐♥✈♦❦❡s t❤❡♠ ❢r♦♠ t❤❡ s♦❢t✇❛r❡✳ ■♥ ❬✻✻❪✱ ❛✉t❤♦rs ❢r♦♠ ▼✉♥✐❝❤ ❞❡✈❡❧♦♣❡❞ ❛ ❈
❧❛♥❣✉❛❣❡ ❢r♦♥t❡♥❞ ❝♦♠♣✐❧❡r✳ ■t t❡♠♣♦r❛❧❧② ♣❛rt✐t✐♦♥s ❝♦❞❡ ❛♥❞ ❣❡♥❡r❛t❡s ❛ str✉❝✲
t✉r❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ✐♥ t❡r♠s ♦❢ t❤❡ ❳PP✬s P❊s ❢♦r ❡❛❝❤ ♣❛rt✐t✐♦♥ ✐♥ ♥❛t✐✈❡ ♠❛♣♣✐♥❣
❧❛♥❣✉❛❣❡✳ ❚❤❡♥ t❤❡ ❣❡♥❡r❛t❡❞ r❡♣r❡s❡♥t❛t✐♦♥s ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ♠❛♣♣❡❞ ❜② t❤❡✐r
①♠❛♣ t♦♦❧✳ ■♥ ❬✻✼❪✱ ❛✉t❤♦rs ❜✉✐❧t ❛ ❝♦♠♣✐❧❡r t♦ ♠❛♣ ✐♥str✉❝t✐♦♥s ❡①tr❛❝t❡❞ ❢r♦♠
❛ ❈❉❋● t♦ ❛ r❡❝♦♥✜❣✉r❛❜❧❡ ❤❛r❞✇❛r❡ ❜② ✉s✐♥❣ ●◆❯ ❈♦♠♣✐❧❡r ❈♦❧❧❡❝t✐♦♥ ✭●❈❈✮
❢r❛♠❡✇♦r❦✳ ❚❤❡ ♠♦st ❝♦♠♠♦♥ ❛♥❞ r❡❣✉❧❛r ✐♥str✉❝t✐♦♥s ❛r❡ ♠❛♣♣❡❞ ♦♥t♦ ❛ r❡❝♦♥✲
✜❣✉r❛❜❧❡ ❢✉♥❝t✐♦♥❛❧ ✉♥✐t ♦♣❡r❛t✐♦♥✳



✸✻ ❈❍❆P❚❊❘ ✸✳ ❘❊▲❆❚❊❉ ❲❖❘❑

■♥ ❬✻✽❪✱ ❛✉t❤♦rs ✐♥tr♦❞✉❝❡❞ ❛♥ ❆r❝❤✐t❡❝t✉r❡ ❉❡s❝r✐♣t✐♦♥ ▲❛♥❣✉❛❣❡ ✭❆❉▲✮ ❢♦r
❈●❘❆s✳ ❆❉▲ ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ❢✉♥❝t✐♦♥❛❧ ✉♥✐ts✱ ♣♦rts✱ ♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts
✉s❡❞ ❛♥❞ ❞❡s❝r✐❜❡s t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✇✐t❤ t❤❡ ✐♥t❡r❝♦♥♥❡❝t ♠❡t❤♦❞♦❧♦❣②✳ ❚❤❡ r❡✲
s❡❛r❝❤ ✇♦r❦ ♣r❡s❡♥t❡❞ ✐♥ ❬✻✾❪ ♣r♦♣♦s❡s ❛ ❧❛♥❣✉❛❣❡ ❝❛❧❧❡❞ ❘❛P✐❉✲❈ ❢♦r ♠❛♣♣✐♥❣
❛❧❣♦r✐t❤♠s ♦♥ s♣❡❝✐✜❡❞ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡ ♣r♦❣r❛♠♠❡r s❤♦✉❧❞ s❡❧❡❝t ❛♥❞ ✐❞❡♥t✐❢②
t❤❡ ♣❛r❛❧❧❡❧✐s♠✱ ❞❛t❛ ♠♦✈❡♠❡♥t✱ ❞❛t❛ ♣❛rt✐t✐♦♥✐♥❣ ❛♠♦♥❣ ✈❛r✐♦✉s ❢✉♥❝t✐♦♥❛❧ ✉♥✐ts
❛♥❞ ❆▲❯s ♦❢ ❘❛P✐❉ ❛rr❛②✳ ❆❢t❡r ❝♦♠♣✐❧❛t✐♦♥✱ ❧♦♦♣s ❛r❡ ✐❞❡♥t✐✜❡❞✳ ❚❤❡ ♦✉t❡r♠♦st
❛♥❞ ✐♥♥❡r♠♦st ❧♦♦♣s ❛r❡ s♣❡❝✐✜❡❞ ❛s t✐♠❡ ❛♥❞ s♣❛❝❡ ❧♦♦♣s ✐♥ ❘❛P✐❉✳ ❚❤❡♥ t❤❡
❝♦♥tr♦❧ tr❡❡s ❛r❡ ❡①tr❛❝t❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❧♦♦♣ str✉❝t✉r❡ ✐♥ t❤❡ ❛❧❣♦r✐t❤♠✳ ❚❤❡
❞r❛✇❜❛❝❦ ♦❢ ❘❛P✐❉✲❈ ✐s t❤❡ ♥❡❡❞ ♦❢ ♣❛r❛❧❧❡❧✐s♠ ❡①tr❛❝t✐♦♥ ❜② t❤❡ ♣r♦❣r❛♠♠❡r✳

▼♦st ♦❢ t❤❡ ❈●❘❆ s②♥t❤❡s✐s t♦♦❧s t✐❡❞ t♦ ❛ s♣❡❝✐✜❝ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞✴♦r ❛r❡
♦♥❧② s✐♠♣❧❡ ❛ss❡♠❜❧❡rs✳ ❚❤❡ ♠♦st ✢❡①✐❜❧❡ s②♥t❤❡s✐s t♦♦❧s ❛r❡ ❙P❘ ❬✼✵❪ ✭t❤❡ ❝♦♠✲
♣✐❧❡r ✐♥ ▼♦s❛✐❝ ♣r♦❥❡❝t✮✱ ❉❘❊❙❈ ❬✺✾❪ ✭t❤❡ ❝♦♠♣✐❧❡r ❢♦r ❆❉❘❊❙✮ ❛♥❞ ❬✼✶❪✳ ❍♦✇❡✈❡r✱
t❤❡② ❞♦ ♥♦t s✉♣♣♦rt s❧✐❞✐♥❣ ✇✐♥❞♦✇ ❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ❈●❘❆s ❛♥❞ ♣✐♣❡❧✐♥❡ st❛❣❡
♠♦❞✐✜❝❛t✐♦♥ ❞✉r✐♥❣ ✢♦♦r♣❧❛♥♥✐♥❣✱ ✇❤✐❝❤ ❛r❡ s✉♣♣♦rt❡❞ ❜② t❤❡ ♣r♦♣♦s❡❞ ✢♦♦r♣❧❛♥✲
♥✐♥❣ t♦♦❧ ✐♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ✭✐t s✉♣♣♦rts
❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱ ❋P●❆✱ ❛♥❞ ❉❘❘❆✮✳

❲❤✐❧❡ ❛❧❧ t❤❡ ❛♣♣r♦❛❝❤❡s r❡✈✐❡✇❡❞ ❛❜♦✈❡ ❞✐✛❡r ✐♥ ❞❡t❛✐❧ ✐♥ t❤❡✐r ❛♣♣r♦❛❝❤❡s✱
❜r♦❛❞❧② t❤❡② ❝❛♥ ❜❡ ❝❛t❡❣♦r✐③❡❞ ❛s ❍▲❙ t②♣❡ t❡❝❤♥✐q✉❡s✳ ❍▲❙ ❤❛s ❜❡❡♥ ✉♥❞❡r
✐♥t❡♥s✐✈❡ r❡s❡❛r❝❤ ✐♥ ❛❝❛❞❡♠✐❛ ❛♥❞ ✐♥❞✉str② ❢♦r ♠♦r❡ t❤❛♥ t✇♦ ❞❡❝❛❞❡s ❛♥❞ st✐❧❧
❤❛s t✇♦ ✐ss✉❡s✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❛t ❝♦♠♣❛r❡❞ t♦ ♠❛♥✉❛❧ ❞❡s✐❣♥✱ ❍▲❙ st✐❧❧ ♣r♦❞✉❝❡s
✐♥❢❡r✐♦r ❞❡s✐❣♥✱ ❛s ✇❛s r❡♣♦rt❡❞ ✐♥ ❬✼✷❪✳ ❙❡❝♦♥❞❧②✱ ♠♦st ♦❢ t❤❡ ❍▲❙ ❛♣♣r♦❛❝❤❡s
❛tt❡♠♣t ❛t ❛✉t♦♠❛t✐♥❣ s②♥t❤❡s✐s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❛❧❣♦r✐t❤♠s✴❢✉♥❝t✐♦♥s ♦❢ t❤❡ ♣❤②s✐❝❛❧
❧❛②❡r✳ ❚❤❡ ✉s❡r ❤❛s t♦ ♣❛rt✐t✐♦♥ t❤❡ ❡♥t✐r❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♥t♦ ✐♥❞✐✈✐❞✉❛❧ ❛❧❣♦r✐t❤♠s✱
s②♥t❤❡s✐③❡ t❤❡♠ ❛♥❞ ✐♥t❡❣r❛t❡ t❤❡♠ ❜❛❝❦ t♦ ♦❜t❛✐♥ t❤❡ ✜♥❛❧ r❡s✉❧ts✳ ❚❤✐s ✐ss✉❡ ✇❛s
❛❧s♦ r❡♣♦rt❡❞ ✐♥ ❬✼✷❪✳

❆❧❧ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ❛♣♣r♦❛❝❤❡s ❤❛✈❡ ❡①tr❡♠❡❧② ❧❛r❣❡ s❡❛r❝❤ s♣❛❝❡ s✐♥❝❡ t❤❡②
❛❧❧ ❤❛✈❡ t♦ ❝♦♥s✐❞❡r ✐♥ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ ❡❧❡♠❡♥t ❧❡✈❡❧ ✭❧✐❦❡ ❛r✐t❤♠❡t✐❝ ✉♥✐ts✱ ✢♦♣s
❛♥❞ ♠✉❧t✐♣❧❡①❡rs ❡t❝✮✳ ❚❤❡② ❛❝t ❥✉st ❧✐❦❡ ✇❤❛t t❤❡ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮
s②♥t❤❡s✐s ❞♦❡s t♦❞❛②✳ ■♥ ❢❛❝t✱ t❤❡ ❛❜str❛❝t✐♦♥ ♦❢ ❍▲❙ ✐s r❛✐s❡❞ ❜❡②♦♥❞ ❘❚▲✱ ✇✐t❤♦✉t
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ t❤❡ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s✳ ❆❞❞✐t✐♦♥❛❧❧②✱
t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❞❡❝✐s✐♦♥s t❛❦❡♥ ❛t ❛❧❣♦r✐t❤♠✐❝ ❧❡✈❡❧ r❡q✉✐r❡ ✈❡r② ❛❝❝✉r❛t❡ ❡st✐♠❛✲
t✐♦♥ ♦r ❧♦♦❦✲❛❤❡❛❞ ❢✉♥❝t✐♦♥s ❢♦r ❧❛t❡♥❝② ❛♥❞ ❡♥❡r❣② t❤❛t ❤❛✈❡ ♥♦t ❜❡❡♥ ❛✈❛✐❧❛❜❧❡
❢♦r t❤❡ st❛♥❞❛r❞ ❝❡❧❧ ❜❛s❡❞ ❆❙■❈ st②❧❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦r ❡✈❡♥ ❋P●❆s✳

■♥ ♦✉r ❛♣♣r♦❛❝❤✱ t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r② ❢♦r ❈●❘❆ ❝♦♠❡s
✇✐t❤ ❛ ❧❛r❣❡ s❡t ♦❢ ❉❙P ❢✉♥❝t✐♦♥s ❡q✉✐✈❛❧❡♥t t♦ t❤❡ ❙✐♠✉❧✐♥❦ ❜❧♦❝❦s ❛t t❤✐s ♠♦♠❡♥t
❛♥❞ ❣✐✈❡s t❤❡ ✉s❡r t❤❡ ❛❜✐❧✐t② t♦ ♠♦❞✐❢② t❤❡ ❡①✐st✐♥❣ ❢✉♥❝t✐♦♥s ❛♥❞ ❛❞❞ ❛r❝❤✐t❡❝t✉r❛❧
❛❧t❡r♥❛t✐✈❡s ❢♦r t❤❡♠ ❛♥❞ ❛❧s♦ ❛❞❞ ♥❡✇ ❢✉♥❝t✐♦♥s✳ ❆ ✈❡❝t♦r✐③✐♥❣ s②♠❜♦❧✐❝ ❧❛♥❣✉❛❣❡
❛ss❡♠❜❧❡r ❢♦r ❈●❘❆ ❝❛❧❧❡❞ ❱❊❙❨▲❆ ❬✼✸❪ ✐s ✉s❡❞ t♦ ❡✣❝✐❡♥t❧② ❛♥❞ ❝♦♠♣❛❝t❧② r❡♣✲
r❡s❡♥t t❤❡ ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❛❧ s♣❛❝❡ ♦❢ t❤❡ ❉❙P ❢✉♥❝t✐♦♥s✳ ❆♥❞ ♦✉r ❛♣♣r♦❛❝❤ ✐s ♥♦t
t♦ ❛❝❝❡❧❡r❛t❡ ❉❙P ❛❧❣♦r✐t❤♠s ❜✉t t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❡♥t✐r❡ ♣❤②s✐❝❛❧ ❢❛❜r✐❝ ✐♥ ❆❙■❈
st②❧❡✳



✸✳✷✳ ❍❆❘❉❲❆❘❊ ❙❨◆❚❍❊❙■❙ ❋❖❘ ❈●❘❆ ✸✼

❋P●❆ ✈❡♥❞♦rs✱ ❆❧t❡r❛ ❛♥❞ ❳✐❧✐♥①✱ ❛♥❞ ❊❧❡❝tr♦♥✐❝ ❉❡s✐❣♥ ❆✉t♦♠❛t✐♦♥ ✭❊❉❆✮
✈❡♥❞♦rs ❙②♥♦♣s②s ❛❧s♦ ♦✛❡r ❉❙P ❧✐❜r❛r✐❡s ✐♥ t❤❡ ❢♦r♠ ♦❢ ❣❡♥❡r❛t♦rs ❢♦r ♣♦♣✉❧❛r
❉❙P ❢✉♥❝t✐♦♥s ❬✼✹❪✳ ❚❤❡ ❢❛❝t t❤❛t t❤❡s❡ ✈❡♥❞♦rs ❤❛✈❡ r❡s♦rt❡❞ t♦ ❢✉♥❝t✐♦♥ s♣❡❝✐✜❝
❣❡♥❡r❛t♦rs✱ ❤✐♥ts ❛t ❡✐t❤❡r t❤❡ ❣❡♥❡r❛t♦r ❜❛s❡❞ ❛♣♣r♦❛❝❤ ✐s ♠♦r❡ ❡✣❝✐❡♥t ♦r ❜❡t✲
t❡r q✉❛❧✐t② s♦❧✉t✐♦♥s ❝❛♥ ❜❡ r❡❛❝❤❡❞ ♦r ❜♦t❤ ❝♦♠♣❛r❡❞ t♦ ❍▲❙ ♦❢ t❤❡ s❛♠❡ ❉❙P
❢✉♥❝t✐♦♥s ❢♦r ✇❤✐❝❤ ❣❡♥❡r❛t♦rs ❛r❡ ❜❡✐♥❣ ♠❛r❦❡t❡❞✳

❆ ❢✉rt❤❡r ❞♦✇♥s✐❞❡ ♦❢ t❤❡s❡ ❢✉♥❝t✐♦♥ ❜❛s❡❞ ❣❡♥❡r❛t♦r ❛♣♣r♦❛❝❤ ✐s t❤❛t t❤❡② ❛r❡
❝❧♦s❡❞ s♦❧✉t✐♦♥s❀ t❤❡ ❡♥❞ ✉s❡r ✐s r❡str✐❝t❡❞ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❛❧ st②❧❡ ❛♥❞ ❞❡❣r❡❡s ♦❢
❢r❡❡❞♦♠ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❣❡♥❡r❛t♦rs✳ ▼♦r❡ ❝r✐t✐❝❛❧❧②✱ ♦♥❧② t❤❡ ❛✈❛✐❧❛❜❧❡ ❣❡♥❡r❛t♦rs
❝❛♥ ❜❡ ✉s❡❞ ✐♥ t❤❡ ✜rst ♣❧❛❝❡✳ ▼♦r❡♦✈❡r✱ t❤❡s❡ ❣❡♥❡r❛t♦rs ❞♦ ♥♦t ❤❛✈❡ t❤❡ ❛❜✐❧✐t②
t♦ ❡st✐♠❛t❡ ❛❝❝✉r❛t❡❧② t❤❡ ❡♥❡r❣② ♦r t❤❡ ♣❡r❢♦r♠❛♥❝❡✳ ❋♦r ❆❙■❈s✱ ✐t ✐s ❤❛r❞ t♦ ♣r❡✲
❞✐❝t ❡♥❡r❣② ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤♦✉t ♣❤②s✐❝❛❧ ❞❡s✐❣♥✳ ❋♦r ❋P●❆s✱ t❤❡ ❡st✐♠❛t✐♦♥
❛tt❡♠♣ts r❡♣♦rt❡❞ ✐♥ ❬✼✷❪ s❤♦✇ ❛ ♠❛r❣✐♥ ♦❢ ❡rr♦r ✉♣ t♦ ✷✵✪✳

✸✳✷✳✷ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣

❆✉t❤♦rs ✐♥ ❬✼✺❪ ❞✐✛❡r❡♥t✐❛t❡ t❤❡ ✢♦♦r♣❧❛♥♥✐♥❣ ❢♦r ❈●❘❆ ❢r♦♠ ❆❙■❈ ❛♥❞ ❋P●❆
❝❛s❡s s✉❝❤ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ r❡s♦✉r❝❡s ❛❧❧♦❝❛t❡❞ ✐s ♠♦r❡ ✢❡①✐❜❧❡ ❜② tr❛❞✐♥❣ ♣❤②s✐❝❛❧
r❡s♦✉r❝❡s ❢♦r t✐♠❡ t❤r♦✉❣❤ t✐♠❡ ♠✉❧t✐♣❧❡①✐♥❣✳ ❋P●❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❛❧❣♦r✐t❤♠s ✭❬✼✻❪
✉s✐♥❣ ❛ ❤✐❡r❛r❝❤✐❝❛❧ ❝❧✉st❡r✐♥❣ ❛♣♣r♦❛❝❤ ❛♥❞ ❬✼✼❪ ✉s✐♥❣ ❛ s❧✐❝✐♥❣ t❡❝❤♥✐q✉❡ ✇✐t❤
❝♦♠♣❛❝t✐♦♥✮ ❢♦❝✉s ♦♥ ❛ ♠✉❝❤ s♠❛❧❧❡r ❣r❛✐♥ s✐③❡ t❤❛♥ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣✳ P♦♦r
✉t✐❧✐③❛t✐♦♥ ✐♥ ❛ ❈●❘❆ ✐s ♠✉❝❤ ♠♦r❡ ❝♦st❧② t❤❛♥ ✐♥ ❛♥ ❋P●❆✳ ❚❤✐s ✐s ♥♦t ❝♦♥s✐❞❡r❡❞
②❡t ✐♥ t❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠✳ ❲❡ ♣❧❛♥ t♦ ❡①t❡♥❞ ✐t ✐♥ t❤❡ ♥❡❛r ❢✉t✉r❡✳

■♥ ❬✼✺❪✱ t❤❡ ❦❡r♥❡❧s ✭❡q✉✐✈❛❧❡♥t t♦ ❋■▼Ps ✐♥ t❤✐s t❤❡s✐s✮ ❝❛♥ ❜❡ s❤❛r❡❞ ❛♠♦♥❣
❞✐✛❡r❡♥t ❢✉♥❝t✐♦♥s ✇✐t❤ ❡ss❡♥t✐❛❧❧② ❞✐✛❡r❡♥t ❢✉♥❝t✐♦♥❛❧✐t②✳ ❲❡ ❞♦ ♥♦t ❝♦♥s✐❞❡r t✐♠❡
♠✉❧t✐♣❧❡①✐♥❣ s✐♥❝❡ ✇❡ ❛ss✉♠❡ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❋■▼Ps ❛♥❞ s❝❤❡❞✉❧❡s ❛r❡ ♦♣✲
t✐♠✐③❡❞ ❜❡❢♦r❡ ✢♦♦r♣❧❛♥♥✐♥❣ ❛s ❡❧❛❜♦r❛t❡❞ ✐♥ ❬✼✽❪✳ ❲❡ ❢♦❝✉s ♦♥ ♠✐♥✐♠✐③✐♥❣ t❤❡
❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ❛♥❞ r❡s❝❤❡❞✉❧✐♥❣ ❡①❡❝✉t✐♦♥s✳ ❚❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ✐s s✐♠✲
✐❧❛r t♦ t❤❡ ◆❡t✇♦r❦✲♦♥✲❈❤✐♣ ✭◆♦❈✮ ❝♦r❡ ♠❛♣♣✐♥❣ ♣r♦❜❧❡♠✳ ❚❤❡ ❧❛tt❡r ♦♥❡ ✐s t♦
❛ss✐❣♥ ❝♦r❡s t♦ ♠❡s❤ ❝r♦ss✲♣♦✐♥ts s♦ t❤❛t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❝♦♥str❛✐♥ts ❛r❡ s❛t✐s✜❡❞✳

▼♦st ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ t♦♦❧s ❧✐❦❡ t❤❡ ♣❧❛❝❡r ♦❢ ❙P❘ ❬✼✵❪ ❛♥❞ ❉❘❊❙❈ ❬✺✾❪ ✉s❡
s✐♠✉❧❛t❡❞ ❛♥♥❡❛❧✐♥❣ ❛❧❣♦r✐t❤♠✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣ t❡❝❤♥✐q✉❡
✉s❡❞ ✐♥ ❙❨▲❱❆✱ ♠♦❞❡❧✐♥❣ ✉s✐♥❣ s✐♠✉❧❛t❡❞ ❛♥♥❡❛❧✐♥❣ ✐s ♠✉❝❤ ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ ❞✉❡
t♦ t❤❡ ❞✐✣❝✉❧t② ♦❢ ❞❡✜♥✐♥❣ t❤❡ ❝♦♥str❛✐♥ts✳ ❚❤❡ ♣r♦♣♦s❡❞ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ✐♥
❙❨▲❱❆ ❢♦r t❤❡ t❛r❣❡t ❈●❘❆ ✐s ❛❧s♦ ❡①♣❡❝t❡❞ t♦ ❜❡ ♦✉t✲♣❡r❢♦r♠❡❞ t❤❛♥ s✐♠✉❧❛t❡❞
❛♥♥❡❛❧✐♥❣✳
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✸✳✷✳✸ ❆♣♣❧✐❝❛t✐♦♥ ▼❛♣♣✐♥❣ Pr♦❜❧❡♠

❚❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ♣r♦❜❧❡♠ ✐s s✐♠✐❧❛r t♦ t❤❡ ♠❡♠♦r②✲❛✇❛r❡ ❛♣♣❧✐❝❛t✐♦♥ ♠❛♣✲
♣✐♥❣ ♣r♦❜❧❡♠ ❢♦r ◆♦❈ ✐♥ t❡r♠s ♦❢ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✿ ❧❡ss ❛r❡❛ ✉s❛❣❡ ❛♥❞
❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❤✐❧❡ ❦❡❡♣✐♥❣ t❤❡ ❝♦♥str❛✐♥❡❞ ♣❡r❢♦r♠❛♥❝❡ ✭❧❛t❡♥❝② ❛♥❞ s❛♠✲
♣❧❡ ✐♥t❡r✈❛❧✮✱ ❛♥❞ t❤❡ t❛r❣❡t ❛r❝❤✐t❡❝t✉r❡✿ ❈●❘❆s ❛r❡ ♠♦st❧② ❝♦♥♥❡❝t❡❞ ✈✐❛ ♠❡s❤
◆♦❈s✳ ❚❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ✐s ❞✐✛❡r❡♥t✐❛t❡❞ ♦♥ t❤❡ ❣r❛✐♥ s✐③❡✳ ■❢ ❡✈❡r② ❢✉♥❝t✐♦♥
✐♠♣❧❡♠❡♥t❛t✐♦♥ t❛❦❡s ♦♥❡ ♥♦❞❡ ✐♥ t❤❡ ❈●❘❆✱ t❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ♣r♦❜❧❡♠ ✐s
❡q✉✐✈❛❧❡♥t t♦ t❤❡ ◆♦❈ ♠❛♣♣✐♥❣ ♣r♦❜❧❡♠✳ ❚❤✉s✱ t❤❡ ♣r♦♣♦s❡❞ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠
❛♥❞ ❛❧s♦ ✇♦r❦s ❢♦r ◆♦❈ ♠❛♣♣✐♥❣ ❛♥❞ ❛❧s♦ s✉♣♣♦rts t❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇ ❝✐r❝✉✐t
s✇✐t❝❤✐♥❣✳

❚❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠s ♣r♦♣♦s❡❞ ✐♥ ❬✼✾❪ ❛♥❞ ❬✽✵❪ ❢♦❝✉s ♦♥ ❜❛♥❞✇✐❞t❤ ❛♥❞ ❡♥✲
❡r❣②✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡② ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ♣r♦♣♦s❡❞ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ✐♥ ❙❨▲❱❆✳
❊✈♦❧✉t✐♦♥❛r②✲❧✐❦❡ ❛❧❣♦r✐t❤♠s ❛r❡ ❛❧s♦ ✇✐❞❡❧② ✉s❡❞✱ ❡✳❣✳ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ ✐♥
❬✽✶❪ ❛♥❞ ♣❛rt✐❝❧❡ s✇❛r♠ ♦♣t✐♠✐③❛t✐♦♥ ✐s ✉s❡❞ ✐♥ ❬✽✷❪✳ ❚❤❡② ❛r❡ s✐♠✐❧❛r t♦ s♦❧✈✐♥❣
t❤❡ ♣r♦♣♦s❡❞ ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧✳

❉✐✛❡r❡♥t ♠❛♣♣✐♥❣ ❛❧❣♦r✐t❤♠s ❬✽✸❪ ❬✽✶❪ ❛r❡ ♣r♦♣♦s❡❞ ✇✐t❤♦✉t ♠❡♠♦r②✲❛✇❛r❡♥❡ss
❛♥❞ s❝❤❡❞✉❧✐♥❣ ❝♦✈❡r❛❣❡✳ ■♥ ❬✽✹❪✱ s❝❤❡❞✉❧✐♥❣ ♣r♦❜❧❡♠ ✐s ❝♦✈❡r❡❞ ✇✐t❤ ♠❛♣♣✐♥❣ ❜✉t
✇✐t❤♦✉t ♠❡♠♦r②✲❛✇❛r❡♥❡ss✳ ❆s ❝❧❛✐♠❡❞ ✐♥ ❬✽✺❪✱ ♠❡♠♦r② ✐s ❝r✐t✐❝❛❧ ✐♥ ◆♦❈ ❞❡s✐❣♥
♣r♦❝❡ss ❛♥❞ ❝♦♥s❡q✉❡♥t❧② s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ❞✉r✐♥❣ ♠❛♣♣✐♥❣ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ♣r❛❝✲
t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ♦♥t♦ ♣r❛❝t✐❝❛❧ ♣❧❛t❢♦r♠s✳ ■♥ ❬✽✻❪✱ ♠❡♠♦r②✲❛✇❛r❡♥❡ss ✐s ❝♦✈❡r❡❞
✇❤✐❧❡ s❝❤❡❞✉❧✐♥❣ ✐s ♥♦t ❝♦♥s✐❞❡r❡❞✳

■♥ t❤❡ ♣r❡✈✐♦✉s r❡s❡❛r❝❤ ❬✽✼❪✱ ✇❡ ♣r♦♣♦s❡ ❛ ✈❡r② ❢❛st ❛❧❣♦r✐t❤♠ ❝❛❧❧❡❞ ▲❛②❡r❡❞
❙♣✐r❛❧ ❆❧❣♦r✐t❤♠ ✭▲❙❆✮ t♦ s♦❧✈❡ ♠❡♠♦r②✲❛✇❛r❡ ❛♣♣❧✐❝❛t✐♦♥ ♠❛♣♣✐♥❣ ❛♥❞ s❝❤❡❞✉❧✲
✐♥❣ ♣r♦❜❧❡♠✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ ▲❙❆ ✐s ♠✐♥✐♠✐③✐♥❣ t♦t❛❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✇❤✐❧❡
❦❡❡♣✐♥❣ ❤✐❣❤ t❛s❦ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠ ✐s ❜❛s❡❞ ♦♥ t❤❡ s♣✐r❛❧
❛❧❣♦r✐t❤♠ ❬✽✽❪✳ ■t ✐s ❛ ✈❡r② ❢❛st ♠❛♣♣✐♥❣ ❛❧❣♦r✐t❤♠ ✇✐t❤♦✉t ♠❡♠♦r②✲❛✇❛r❡♥❡ss✳
❲❡ ❡①t❡♥❞ s♣✐r❛❧ ❛❧❣♦r✐t❤♠ ❜② ✐♥tr♦❞✉❝✐♥❣ ♠❡♠♦r②✲❛✇❛r❡ ❝♦♥❝❡♣ts ❛♥❞ t❛s❦ ❧❛②❡rs
t♦ ❝♦✈❡r ❜♦t❤ ♠❡♠♦r②✲❛✇❛r❡♥❡ss ❛♥❞ s❝❤❡❞✉❧✐♥❣ ♣r♦❜❧❡♠✳ ▲❙❆ ✐s ❛❜❧❡ t♦ s♦❧✈❡
❧❛r❣❡ s❝❛❧❡ ♣r♦❜❧❡♠s ✇✐t❤ ❛❝❝❡♣t❛❜❧❡ ❛❝❝✉r❛❝②✳ ❆❧t❤♦✉❣❤ ❞②♥❛♠✐❝ ♠❛♣♣✐♥❣ ✐s ❛
❝✉t ❛❜♦✈❡ st❛t✐❝ ♠❛♣♣✐♥❣ ✐♥ t❡r♠s ♦❢ ♣❧❛t❢♦r♠ ✉t✐❧✐③❛t✐♦♥ ❬✽✾❪✱ ❡①tr❛ ❝♦♥tr♦❧ ❧♦❣✐❝s
❛r❡ r❡q✉✐r❡❞✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❝♦♥s✐❞❡r st❛t✐❝ ❛♣♣❧✐❝❛t✐♦♥ ♠❛♣♣✐♥❣ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ❢♦r
s✐♠♣❧✐✜❝❛t✐♦♥ ❛♥❞ ✐ts ❞②♥❛♠✐❝ ❡①t❡♥s✐♦♥ ✐s ♣❧❛♥♥❡❞ ✐♥ t❤❡ ❢✉t✉r❡ ✇♦r❦✳
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✸✳✸ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ❙②♥t❤❡s✐s

❚❤❡ ❛✉t♦♠❛t✐❝ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ ❣❡♥❡r❛t✐♦♥ ✐s ❛ ❢♦rs❛❦❡♥
✐♥ ❛❧❧ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ s②♥t❤❡s✐s t♦♦❧s ❛♥❞ ♠❡t❤♦❞s ✭❡✳❣✳ ▲❡❣❯♣ ❬✹✷❪✱
P✐♣❡❘❡♥❝❤ ❬✾✵❪✱ ❈❛❞❡♥❝❡ ❈✲t♦✲❙✐❧✐❝♦♥ ❈♦♠♣✐❧❡r ❬✾✶❪✱ ❇❧✉❡s♣❡❝ ❈♦♠♣✐❧❡r ❬✾✷❪✱ ❈❛✲
❧②♣t♦ ❈❛t❛♣✉❧t ❬✸✾❪✱ ❱✐✈❛❞♦ ❬✹✵❪✱ ❆✉t♦P✐❧♦t ❬✹✶❪✱ ❆❧t❡r❛ ❖♣❡♥❈▲ ❈♦♠♣✐❧❡r ❬✾✸❪✱
❋❈❯❉❆ ❬✾✹❪✱ ❛♥❞ t❤❡ ❛✉t♦♠❛t✐❝ ♠❡t❤♦❞ ✐♥ ❬✾✺❪✮✳ ❋♦r t❤❡ ❍▲❙ t♦♦❧s ✇♦r❦✐♥❣ ♦♥ ❜❡✲
❤❛✈✐♦r❛❧ ♠♦❞❡❧s ✭❡✳❣✳ ❛❝t♦r✲♦r✐❡♥t❡❞ ♠♦❞❡❧ ✐♥ ❙②st❡♠❈✮✱ t❤❡ s②st❡♠ ❞❡s✐❣♥❡r ♥❡❡❞s
t♦ ♠❛♥✉❛❧❧② ❣❡♥❡r❛t❡ ❢♦❧❧♦✇✐♥❣ ✐t❡♠s✿

✶✳ ❈♦♥tr♦❧ ❧♦❣✐❝s ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❝❤❡❞✉❧❡✳

✷✳ ❉❡t❛✐❧❡❞ ✐♥t❡r❝♦♥♥❡❝t s♣❡❝✐✜❝❛t✐♦♥ ❢♦r ❝♦♥♥❡❝t✐♥❣ ❝♦♠♣♦♥❡♥ts✳

✸✳ ❉❛t❛ ❜✉✛❡rs ✭✐❢ ♥❡❝❡ss❛r②✮ t♦ ❣❧✉❡ ♣r❡✲s②♥t❤❡s✐③❡❞ ❝♦♠♣♦♥❡♥t t♦❣❡t❤❡r✳

■♥ t❤❡ ❝♦♥t❡①t ♦❢ s♦❢t✇❛r❡ ❞❡✈❡❧♦♣♠❡♥t ❢♦r ♣❛r❛❧❧❡❧ ❝♦♠♣✉t✐♥❣✱ ❙tr❡❛♠■t ❬✾✻❪
♣r♦✈✐❞❡s ❛ ❢❡❛t✉r❡ ✇❤✐❝❤ ✐s ❝♦♠♣❛r❛❜❧❡ ✇✐t❤ ❛✉t♦♠❛t✐❝ ●▲■❈ ❣❡♥❡r❛t✐♦♥✳ ❲❤❡♥
❙tr❡❛♠■t ✐♠♣❧❡♠❡♥ts ❛ ❝♦♠♣✐❧❡ t✐♠❡ ❝♦♠♣✉t❡❞ ❞❛t❛ ♣❛r❛❧❧❡❧✐s♠✱ t❤❡ ♣❛r❛❧❧❡❧✐③❡❞
✜❧t❡rs ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦t❤❡r ♣❛rts ♦❢ t❤❡ s②st❡♠✳ ❙✐♥❝❡ t❤❡
❛❜str❛❝t✐♦♥ ❧❡✈❡❧ ♦❢ ❍▲❙ ✐s ❛❧r❡❛❞② ❤✐❣❤✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❛✉t♦♠❛t✐❝ ●▲■❈ s②♥t❤❡s✐s
✇♦✉❧❞ ❜❡ ❛ ♥❡✇ ❛♥❞ ❝r✉❝✐❛❧ ❝❤❛❧❧❡♥❣❡ ❢♦r r❡s❡❛r❝❤❡rs t♦ ❢✉rt❤❡r ✐♠♣r♦✈❡ t❤❡ ❞❡s✐❣♥
♣r♦❞✉❝t✐✈✐t② ✐♥ t❤❡ ❛✉t♦♠❛t✐❝ ❤❛r❞✇❛r❡ s②♥t❤❡s✐s ❞♦♠❛✐♥✳



✹✵ ❈❍❆P❚❊❘ ✸✳ ❘❊▲❆❚❊❉ ❲❖❘❑

✸✳✹ Pr♦❣r❛♠♠✐♥❣ ❈●❘❆

Pr♦❣r❛♠♠✐♥❣ ❛ r❡❝♦♥✜❣✉r❛❜❧❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ❛❧r❡❛❞② ❞✐s❝✉ss❡❞ ✐♥ ♠❛♥② ❧✐t❡r❛❧s✳ ■♥
❬✾✼❪✱ t❤❡ ♥❡❡❞s ♦❢ ❝♦♠♣✐❧❡r ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ s✉♣♣♦rt ❢♦r r❡❝♦♥✜❣✉r❛❜❧❡ ❙♦❈s ❛r❡ ❛❞✲
❞r❡ss❡❞✳ ❇② ✉s✐♥❣ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ t❤❡
❞❡s✐❣♥❡r ✐s ❛❜❧❡ t♦ ♣r♦❣r❛♠ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡s ✭❈●❘❆s✮
❡✐t❤❡r ✉s✐♥❣ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❞❡✜♥❡❞ ❜② ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s
✭P②t❤♦♥✱ ❈#✱ ♦r ❏❛✈❛s❝r✐♣t✮✱ ♦r ❞✐r❡❝t❧② ✐♥ ❙✐♠✉❧✐♥❦ ❣r❛♣❤✐❝ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡
❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮ ❝♦♠♣✐❧❡r ✐♥ ❙❨▲❱❆ ✐s ♣r♦✲
✈✐❞❡s ❛ ❞❡❞✐❝❛t❡❞ ❝♦♠♣✐❧❡r ❛♥❞ t❤❡ ❉❘❘❆ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r②
♣r♦✈✐❞❡s ♦♣t✐♠❛❧❧② ❝♦♠♣✐❧❡❞ ❢✉♥❝t✐♦♥s ❢♦r ❛♣♣❧✐❝❛t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t✳

■♥ ❬✾✽❪✱ ❤✐❣❤✲❧❡✈❡❧ ♣r♦❣r❛♠♠✐♥❣ ♦❢ ❝♦❛rs❡✲❣r❛✐♥❡❞ r❡❝♦♥✜❣✉r❛❜❧❡ ❛r❝❤✐t❡❝t✉r❡
✐s ❞✐s❝✉ss❡❞✳ ❖❝❝❛♠✲♣✐ ✇❛s ✉s❡❞ ❛s t❤❡ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡✳ ❆ ♣r♦❣r❛♠♠✐♥❣
❧❛♥❣✉❛❣❡ ❝❛❧❧❡❞ ❆❘▼▲❛♥❣ ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✾✾❪✳ ■t ✐s ❢♦r r❡❣✉❧❛r ♣r♦❝❡ss♦r ❛rr❛②s
✐♥ ♣❛rt✐❝✉❧❛r r❡❝♦♥✜❣✉r❛❜❧❡ ♠❡s❤❡s✳ ■♥ ❬✶✵✵❪✱ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❈♦♠♣✉t✐♥❣ ❈ ✭❘❈❈✮
✐s ♣r♦♣♦s❡❞✳ ■t ✐s ❛ s✉❜s❡t ♦❢ t❤❡ ❆◆❙■✲❈✳ ❍❡♥❝❡✱ ♣r♦❣r❛♠♠❡rs ❞♦ ♥♦t ❤❛✈❡ t♦
❧❡❛r♥ ❛ ♥❡✇ ❧❛♥❣✉❛❣❡✳ ■♥ ❙❨▲❱❆✱ ❙✐♠✉❧✐♥❦ ✐s ✉s❡❞ ❛s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t
❧❛♥❣✉❛❣❡ s✐♥❝❡ ✶✮ ❙✐♠✉❧✐♥❦ ✐♠♣❧✐❝✐t❧② ♣r♦✈✐❞❡s ❞❛t❛✴❝♦♥tr♦❧ ❞❡♣❡♥❞❡♥❝② ❛s ✇❡❧❧ ❛s
s②♥❝❤r♦♥✐③❛t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ♣❛r❛❧❧❡❧✐s♠ s♣❡❝✐✜❝❛t✐♦♥✱ ✷✮ t❤❡ s✐♠✉❧❛t✐♦♥ ❛♥❞
❞❡❜✉❣❣✐♥❣ ✐s ✈✐s✉❛❧✐③❡❞✱ ✸✮ ✐t ✐s ❛❧r❡❛❞② ✇❡❧❧ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❛❧❣♦r✐t❤♠ ❞❡s✐❣♥❡rs
❦♥♦✇ ✐t ✇❡❧❧✳



❈❤❛♣t❡r ✹

❙②st❡♠ ▼♦❞❡❧✐♥❣

❆s ✐♥tr♦❞✉❝❡❞ ✐♥ ❝❤❛♣t❡r ✶✱ t❤❡ ✐♥♣✉t t♦ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s
❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ✐s ❛ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠ t❤❛t ✐s ♠♦❞✲
❡❧❡❞ ❜② ❛♥ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ✇✐t❤ ✉s❡r ♣r♦✈✐❞❡❞ ❝♦♥str❛✐♥ts ❛♥❞
♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳ ❚❤✐s ❝❤❛♣t❡r ❢♦❝✉s❡s ♦♥ t❤❡ s②st❡♠ ♠♦❞❡❧✐♥❣ ♠❡t❤♦❞ t❤❛t
✇✐❧❧ ❜❡ ✉s❡❞ t♦ ❝♦♥str✉❝t t❤❡ ✐♥♣✉t ❙❉❋ ❣r❛♣❤ t♦ ❙❨▲❱❆ ❛s ✇❡❧❧ ❛s t❤❡ r❡❧❛t❡❞
❙❨▲❱❆ ❝♦♥❝❡♣ts✳ ❚❤❡ ❧❛②♦✉t ♦❢ t❤✐s ❝❤❛♣t❡r ✐s s❤♦✇♥ ❜❡❧♦✇✳

• ❙❡❝t✐♦♥ ✹✳✶ ❞❡✜♥❡s t❤❡ ❙❉❋ ❣r❛♣❤ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❙❨▲❱❆✳ ❇❡s✐❞❡s t❤❡ ❜❛s✐❝
❝♦♥❝❡♣ts ♦❢ ❛❝t♦rs ❛♥❞ ❡❞❣❡s✱ ❙❨▲❱❆ ❛❧s♦ ❛ss♦❝✐❛t❡s ♠❛♥② ♦❢ ✐ts ❞❡s✐❣♥ ✢♦✇
❝♦♥❝❡♣ts t♦ ❙❉❋ ❣r❛♣❤✳

• ❙❡❝t✐♦♥ ✹✳✷ ❞❡s❝r✐❜❡s t❤❡ ❝♦♥❝❡♣ts ♦❢ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❣r❛♣❤✱ ✇❤✐❝❤
✐s ❛ s♣❡❝✐❛❧ ❝❛s❡ ♦❢ ❙❉❋ ❣r❛♣❤ ❛♥❞ ❛❝ts ❛s t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s②st❡♠
♠♦❞❡❧✱ ❙❉❋ ❣r❛♣❤✱ ❛♥❞ t❤❡ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛✲
t✐♦♥s ✭❋■▼Ps✮✳

• ❙❡❝t✐♦♥ ✹✳✸ ❞❡s❝r✐❜❡s t❤❡ ❝♦♥❝❡♣t ♦❢ ❋■▼P✳ ❋■▼Ps ❛r❡ t❤❡ ❜❛s✐❝ ❜✉✐❧❞✐♥❣
❜❧♦❝❦s t♦ ❜❡ ✉s❡❞ ❜② ❙❨▲❱❆ t♦ ❝♦♥str✉❝t t❤❡ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

• ❙❡❝t✐♦♥ ✹✳✹ ❞❡s❝r✐❜❡s t❤❡ ♠❡t❤♦❞ ♦❢ s②st❡♠ ♠♦❞❡❧✐♥❣ ✇✐t❤ ❛ ♠✐❞❞❧❡ s✐③❡ ❡①❛♠✲
♣❧❡✿ t❤❡ ♣❤②s✐❝❛❧ ❧❛②❡r ♦❢ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥ ✭▲❚❊✮ ❬✷✼❪ ✉♣❧✐♥❦ tr❛♥s♠✐tt❡r✳

• ❙❡❝t✐♦♥ ✹✳✻ ❣✐✈❡s ❛ s✉♠♠❛r② ♦❢ t❤✐s ❝❤❛♣t❡r✳

✹✶



✹✷ ❈❍❆P❚❊❘ ✹✳ ❙❨❙❚❊▼ ▼❖❉❊▲■◆●

✹✳✶ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ●r❛♣❤

❚❤❡ t❛r❣❡t✐♥❣ ❛♣♣❧✐❝❛t✐♦♥ ❞♦♠❛✐♥ ♦❢ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✲
✇♦r❦ ✭❙❨▲❱❆✮ ✐s ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s t❤❛t ❛r❡ st❛t✐❝❛❧❧②
s❝❤❡❞✉❧❛❜❧❡✿ t❤❡ ❡①❡❝✉t✐♦♥ st❛rt t✐♠❡s ♦❢ ❛❧❧ t❤❡ ❛❝t♦rs ❛r❡ ❞❡t❡r♠✐♥❡❞ ❛t s②♥t❤❡s✐s
t✐♠❡ ❬✶✵✶❪✳ ❊❛❝❤ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❛❝t♦r ✐♥ t❤❡ ❙❉❋ ❣r❛♣❤ r❡♣r❡s❡♥ts
❛ ❉❙P ❢✉♥❝t✐♦♥ ✇✐t❤ ✜①❡❞ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❞❛t❛ r❛t❡s ✭❞❛t❛ t♦❦❡♥ ♣❡r ✐♥✈♦❝❛t✐♦♥✮✳
❚❤❡ ❡①❛♠♣❧❡ ♦❢ s✉❝❤ ❉❙P ❢✉♥❝t✐♦♥s ❛r❡ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠s ✭❋❋❚s✮ ❛♥❞ ❋✐♥✐t❡
■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡rs✳ ❊❛❝❤ ❙❉❋ ❛❝t♦r ❤❛s t❤r❡❡ ♣r♦♣❡rt✐❡s✿ ❢✉♥❝t✐♦♥
♥❛♠❡✱ ❝♦♥♥❡❝t✐✈✐t②✱ ❛♥❞ ✉♥✐q✉❡ ✐♥❞❡①✳ ❊❛❝❤ ❙❉❋ ❡❞❣❡ ❤❛s ❢♦✉r ♣r♦♣❡rt✐❡s✿ s♦✉r❝❡
❛❝t♦r✱ s♦✉r❝❡ ♣♦rt✱ s✐♥❦ ❛❝t♦r✱ ❛♥❞ s✐♥❦ ♣♦rt✳

✶✳ ❋✉♥❝t✐♦♥ ♥❛♠❡✱ ❡✳❣✳ ✛t ❢♦r ❋❋❚✱ ✜r ❢♦r ❋■❘✱ ❡t❝✳ ✐❞❡♥t✐✜❡s t❤❡ ❢✉♥❝t✐♦♥ t❤❛t
✐s r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ❛❝t♦r ❛♥❞ t❤✐s ♣r♦♣❡rt② ✇✐❧❧ ❜❡ ✉s❡❞ ❢♦r ✜❧t❡r✐♥❣ t❤❡
❝❛♥❞✐❞❛t❡ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳

✷✳ ❚❤❡ ❝♦♥♥❡❝t✐✈✐t② ✐♥ t❡r♠s ♦❢ ❞❛t❛ ✐♥♣✉t ♣♦rts ❛♥❞ ❞❛t❛ ♦✉t♣✉t ♣♦rts✳ ❊❛❝❤
✐♥♣✉t ♣♦rt r❡♣r❡s❡♥ts ❛ ❞❛t❛ s✐♥❦ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❛s t❤❡ ❡♥❞ ♣♦✐♥t ♦❢ ❛♥ ❙❉❋
❡❞❣❡ ✇❤✐❧❡ ❡❛❝❤ ♦✉t♣✉t ♣♦rt r❡♣r❡s❡♥ts ❛ ❞❛t❛ s♦✉r❝❡ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❛s t❤❡
st❛rt✐♥❣ ♣♦✐♥t ♦❢ ❛♥ ❙❉❋ ❡❞❣❡✳ ❋♦r ❡①❛♠♣❧❡✱ ❛♥ ❛❝t♦r r❡♣r❡s❡♥t✐♥❣ ❛ ✻✹✲♣♦✐♥t
❋❋❚ ♠❛② ❤❛✈❡ ✻✹ ✐♥♣✉t ♣♦rts ❛♥❞ ❡❛❝❤ ✐♥♣✉t ♣♦rt ❝♦♥s✉♠❡s ♦♥❡ ❝♦♠♣❧❡①
♥✉♠❜❡r ♣❡r ✐♥✈♦❝❛t✐♦♥✳ ◆♦t❡ t❤❛t✱ ✐♥ ❙❨▲❱❆✱ ✇❡ ❛ss✉♠❡ ♦♥❡ ♦✉t♣✉t ♣♦rt
❝❛♥♥♦t ❜❡ ❞✐r❡❝t❧② ❝♦♥♥❡❝t❡❞ t♦ ❛♥② ✐♥♣✉t ♣♦rt ♦♥ t❤❡ s❛♠❡ ❙❉❋ ❛❝t♦r✳

✸✳ ❚❤❡ ✉♥✐q✉❡ ❛❝t♦r ✐♥❞❡① ✐♥ t❤❡ ❡♥t✐r❡ s②st❡♠✳ ❚❤✐s ✐♥❞❡① ✇✐❧❧ ❜❡ ✉s❡❞ t♦
✐❞❡♥t✐❢② ❛❝t♦rs ✐♥ t❤❡ s②st❡♠✳ ■t ✐s ❛❧s♦ r❡q✉✐r❡❞ t♦ ❞✐st✐♥❣✉✐s❤ t❤❡ ❛❝t♦rs ✇✐t❤
t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥ ♥❛♠❡✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ❉❙P s✉❜✲s②st❡♠ ♠❛② ❤❛✈❡ ♠✉❧t✐♣❧❡
❋❋❚s✳ ❆❧❧ ♦❢ t❤❡♠ ❤❛✈❡ t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥ ♥❛♠❡ ✛t ❛♥❞ t❤❡② ❞✐✛❡r ❢r♦♠ ❡❛❝❤
♦t❤❡r ❜② ✐ts ✉♥✐q✉❡ ✐♥❞❡①✳

✹✳ ❚❤❡ s♦✉r❝❡ ❛❝t♦r✱ s♦✉r❝❡ ♣♦rt✱ s✐♥❦ ❛❝t♦r✱ ❛♥❞ s✐♥❦ ♣♦rt ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ❞❡t❡r✲
♠✐♥❡ t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝②✳

❚❤❡s❡ ♣r♦♣❡rt✐❡s ♦❢ ❙❉❋ ❛❝t♦r ❛♥❞ ❡❞❣❡ s❤♦✉❧❞ ❜❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ s②st❡♠
❞❡s✐❣♥❡r✳ ▼♦❞❡❧✐♥❣ ❛ s②st❡♠ ✉s✐♥❣ ❙❉❋ ❣r❛♣❤ ✐s ♣r♦✈✐❞✐♥❣ s✉❝❤ ✐♥❢♦r♠❛t✐♦♥✳
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✹✳✷ ❍♦♠♦❣❡♥❡♦✉s ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❍❙❉❋✮ ●r❛♣❤

✹✳✷✳✶ ❇❛s✐s ♦❢ ❍❙❉❋ ●r❛♣❤

❊❞✇❛r❞ ❛♥❞ ❉❛✈✐❞ ❬✶✶❪ ✐♥tr♦❞✉❝❡❞ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❣r❛♣❤ ❛s ❛ s♣❡❝✐❛❧
❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ✇❤❡r❡ ❛❧❧ t❤❡ ❛❝t♦rs ♣r♦❞✉❝❡ ❛♥❞✴♦r ❝♦♥s✉♠❡
♦♥❡ ❞❛t❛ t♦❦❡♥ ♣❡r ✐♥✈♦❝❛t✐♦♥✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r ♦❢ ❛♥②
❍❙❉❋ ❣r❛♣❤ ✇✐❧❧ ❜❡ ❧✐st ♦❢ ✶✬s✱ ✐✳❡✳ ❛❧❧ ❛❝t♦rs ❡①❡❝✉t❡ ♦♥❝❡✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t s✐♥❝❡
t❤❡ ♥✉♠❜❡rs ♦❢ ♣r♦❞✉❝❡❞ ❛♥❞ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ❛r❡ t❤❡ s❛♠❡✱ t❤❡ ♥✉♠❜❡r ♦❢
r❡♣❡t✐t✐♦♥s ♦❢ t❤❡ ♣r♦❞✉❝✐♥❣ ❛❝t♦r s❤♦✉❧❞ ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❡t✐t✐♦♥ ♦❢ t❤❡
❝♦♥s✉♠✐♥❣ ❛❝t♦r✳ ■♥ t❤✐s t❤❡s✐s✱ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦
✭❙❨▲❱❆✮ ❡①t❡♥❞s t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❍❙❉❋ ❣r❛♣❤ s✉❝❤ t❤❛t ✐❢ ❢♦r ❛❧❧ ❡❞❣❡s ✐♥ ♦♥❡
❙❉❋ ❣r❛♣❤✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ t❤❡ ❡❞❣❡ ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r
♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ t❤❡ s❛♠❡ ❡❞❣❡✱ t❤❛t ❙❉❋ ❣r❛♣❤ ✐s ❛♥ ❍❙❉❋ ❣r❛♣❤✳
❚❤❡r❡❢♦r❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❛♥❞ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ❝❛♥ ❜❡ ♦♥❡ ♦r ♠♦r❡
❛♥❞ t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦rs ❛r❡ st✐❧❧ ❧✐st ♦❢ ✶✬s✳ ❋✐❣✉r❡ ✹✳✶ ✐❧❧✉str❛t❡s t❤❡ ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ ♦r✐❣✐♥❛❧ ❍❙❉❋ ❞❡✜♥✐t✐♦♥ ❛♥❞ t❤❡ ❍❙❉❋ ❞❡✜♥✐t✐♦♥ ✐♥ ❙❨▲❱❆✳

(a) Original SDF Graph (c) HSDF Graph in SYLVA
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(b) HSDF Graph by 

Original Definition
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❋✐❣✉r❡ ✹✳✶✿ ❍❙❉❋ ●r❛♣❤ ✐♥ ❙❨▲❱❆

❋✐❣✉r❡ ✹✳✶✭❛✮ ✐s t❤❡ ♦r✐❣✐♥❛❧ ❙❉❋ ❣r❛♣❤✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t ❍❙❉❋ ❣r❛♣❤ ❜② t❤❡
♦r✐❣✐♥❛❧ ❞❡✜♥✐t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✭❜✮ t❤❛t ❛❧❧ t❤❡ ❛❝t♦rs ♣r♦❞✉❝❡ ❛♥❞✴♦r
❝♦♥s✉♠❡ ♦♥❡ ❞❛t❛ t♦❦❡♥ ♣❡r ✐♥✈♦❝❛t✐♦♥✳ ❚❤❡ ♠❡t❤♦❞ ♦❢ ❝♦♥✈❡rt✐♥❣ ❛♥ ❙❉❋ ❣r❛♣❤
t♦ ✐ts ❡q✉✐✈❛❧❡♥t ❍❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✶✶❪✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t ❍❙❉❋ ❣r❛♣❤ ❜②
t❤❡ ❙❨▲❱❆ ❞❡✜♥✐t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✭❝✮✳ ❚❤❡r❡ ❛r❡ t✇♦ ❞❛t❛ t♦❦❡♥s ♣r♦❞✉❝❡❞
❛♥❞ ❝♦♥s✉♠❡❞ ♣❡r ✐♥✈♦❝❛t✐♦♥✳ ❆❝❝♦r❞✐♥❣ t♦ ❬✶✶❪✱ ❛♥ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ ❝♦♥✈❡rt❡❞
✐♥t♦ ❛♥ ❍❙❉❋ ✐❢ t❤❡ ❙❉❋ ❣r❛♣❤ ✐s st❛t✐❝❛❧❧② s❝❤❡❞✉❧❛❜❧❡✳ ❚❤✐s ❛❧s♦ ❛♣♣❧✐❡s ❢♦r t❤❡
❍❙❉❋ ❣r❛♣❤ ✐♥ ❙❨▲❱❆✳ ❚❤❡ ♠❡t❤♦❞ ♦❢ ❝♦♥✈❡rt✐♥❣ ❛♥ ❙❉❋ ❣r❛♣❤ t♦ ✐ts ❡q✉✐✈❛❧❡♥t
❍❙❉❋ ❣r❛♣❤ ✐♥ ❙❨▲❱❆ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❆❧❣♦r✐t❤♠ ✹✳✶ ✐♥ t❤❡ ♥❡①t ♣❛❣❡✳
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✶ ❋✐♥❞ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r p
✷ ❈r❡❛t❡ ❍❙❉❋ ❣r❛♣❤ G = (A′, E′)
✸ ❙❡t ❍❙❉❋ ❛❝t♦r ❧✐st A′ = ∅ ❛♥❞ ❍❙❉❋ ❡❞❣❡ ❧✐st E′ = ∅
✹ ❢♦r❡❛❝❤ ❛❝t♦r ai ∈ A ❞♦
✺ ❈r❡❛t❡ ❍❙❉❋ ❛❝t♦r ❧✐st A′

i = {a′i,j | a′i,j = ❝♦♣② ♦❢ ai, 0 ≤ j < pi}

✻ ❢♦r❡❛❝❤ ❛❝t♦r a′j ∈ A′
i ❞♦ ❆♣♣❡♥❞ a′j t♦ A′

✼ ❡♥❞
✽ ❢♦r❡❛❝❤ ❡❞❣❡ ei ∈ E ❞♦
✾ ❙❡t s ❂ s♦✉r❝❡ ❛❝t♦r ✐♥❞❡① ✐♥ A ❛♥❞ d ❂ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r ✐♥❞❡① ✐♥ A

✶✵ ✐❢ ps > pd t❤❡♥ ❙❡t ❧❡ss ❂ pd ❛♥❞ ♠♦r❡ ❂ ps
✶✶ ❡❧s❡ ❙❡t ❧❡ss ❂ ps ❛♥❞ ♠♦r❡ ❂ pd
✶✷ ❙❡t r ❂ ♠♦r❡/❧❡ss
✶✸ ❢♦r❡❛❝❤ ✐♥t❡❣❡r l✱ 0 ≤ l < ❧❡ss ❞♦
✶✹ ❢♦r❡❛❝❤ ✐♥t❡❣❡r m✱ 0 ≤ m < r ❞♦
✶✺ ❈r❡❛t❡ ♥❡✇ ❡❞❣❡ enew
✶✻ ✐❢ ps > pd t❤❡♥
✶✼ ❙❡t s♦✉r❝❡ ❛❝t♦r ♦❢ enew ❂ a′s,m
✶✽ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r ♦❢ enew ❂ a′d,l
✶✾ a′s,m ✐s t❤❡ mt❤ ❛❝t♦r ✐♥ t❤❡ ♣r❡✈✐♦✉s❧② ❝r❡❛t❡❞ ❛❝t♦r ❧✐st A′

s

✷✵ a′d,l ✐s t❤❡ lt❤ ❛❝t♦r ✐♥ t❤❡ ♣r❡✈✐♦✉s❧② ❝r❡❛t❡❞ ❛❝t♦r ❧✐st A′
d

✷✶ ❡❧s❡
✷✷ s♦✉r❝❡ ❛❝t♦r ♦❢ enew ❂ a′s,l
✷✸ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r ♦❢ enew ❂ a′d,m
✷✹ a′s,l ✐s t❤❡ lt❤ ❛❝t♦r ✐♥ t❤❡ ♣r❡✈✐♦✉s❧② ❝r❡❛t❡❞ ❛❝t♦r ❧✐st A′

s

✷✺ a′d,m ✐s t❤❡ mt❤ ❛❝t♦r ✐♥ t❤❡ ♣r❡✈✐♦✉s❧② ❝r❡❛t❡❞ ❛❝t♦r ❧✐st A′
d

✷✻ ❡♥❞
✷✼ ❙❡t c ❂ ♠✐♥✭♣r♦❞✉❝❡❞ t♦❦❡♥s ♦❢ ei✱ ❝♦♥s✉♠❡❞ t♦❦❡♥s ♦❢ ei✮
✷✽ ❙❡t s♦✉r❝❡ ♣♦rt ♦❢ enew ❂ s♦✉r❝❡ ♣♦rt ✐♥ ei
✷✾ ❙❡t ❞❡st✐♥❛t✐♦♥ ♣♦rt ♦❢ enew ❂ ❞❡st✐♥❛t✐♦♥ ♣♦rt ✐♥ ei
✸✵ ❙❡t ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥ ❝♦✉♥t ♦❢ enew ❂ c
✸✶ ❙❡t ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥ ❝♦✉♥t ♦❢ enew ❂ c
✸✷ ❆♣♣❡♥❞ enew t♦ E′

✸✸ ❡♥❞

✸✹ ❡♥❞

✸✺ ❡♥❞

❆❧❣♦r✐t❤♠ ✹✳✶✿ ❙❉❋ ●r❛♣❤ t♦ ❍❙❉❋ ●r❛♣❤ ❈♦♥✈❡rs✐♦♥ ✐♥ ❙❨▲❱❆
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❚❤❡ ❍❙❉❋ ❣r❛♣❤ ✐♥ ❙❨▲❱❆ ❛❧s♦ ❛ss✉♠❡s t❤❛t ❡❛❝❤ ❙❉❋ ❡❞❣❡ ✐s ❛ ❋✐rst ■♥ ❋✐rst
❖✉t ✭❋■❋❖✮ st②❧❡ ❝❤❛♥♥❡❧ ✇✐t❤ ③❡r♦ ❞❡❧❛②✳ ■t ♦♥❧② r❡♣r❡s❡♥ts t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝②
❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❛♥❞ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ♦❢ t❤❡ t✇♦ ❛❝t♦rs✳ ❚❤❡
❝❤❛♥♥❡❧ ❞❡❧❛② ✇✐❧❧ ❜❡ ♠♦❞❡❧❡❞ ❛s ❛ s♣❡❝✐❛❧ ❙❉❋ ❛❝t♦r t❤❛t ♦♥❧② ❜②♣❛ss❡s ✐ts ✐♥♣✉t
❞❛t❛ t♦ ✐ts ♦✉t♣✉t ✇✐t❤ ❛ ♣r❡❞❡✜♥❡❞ ❞❡❧❛②✳ ❚❤✐s ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠♦❞❡❧ ❡♥❛❜❧❡s
❙❨▲❱❆ t♦ ♠♦❞❡❧ ❛r❜✐tr❛r② ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡❧❛②✳

■♥ ❛❞❞✐t✐♦♥✱ ❙❨▲❱❆ ❛ss✉♠❡s t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞✴❝♦♥s✉♠❡❞ ❞❛t❛ t♦✲
❦❡♥s ❛r❡ ✐♥t❡❣❡rs ❛♥❞ t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❙❉❋ ❛❝t♦rs ✇✐❧❧ ❜❡
✐♠♣❧❡♠❡♥t❡❞ ❜② ❤♦♠♦❣❡♥❡♦✉s ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❜❡t✇❡❡♥ t✇♦ s❡ts ♦❢ ❍❙❉❋ ❛❝✲
t♦rs ✭s♦✉r❝❡ ❛❝t♦r ❛♥❞ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r s❡ts✮ t❤❛t ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ ♦♥❡ s♦✉r❝❡ ✲
❞❡st✐♥❛t✐♦♥ ❛❝t♦r ♣❛✐r✱ ✐✳❡✳ ❛❧❧ t❤❡ ♣r♦❞✉❝✐♥❣ ❍❙❉❋ ❛❝t♦rs ❤❛✈❡ t❤❡ s❛♠❡ ♥✉♠❜❡r
♦❢ ❝♦♥s✉♠✐♥❣ ❍❙❉❋ ❛❝t♦rs ❛♥❞ t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ t♦❦❡♥s t♦ ❡❛❝❤ ❝♦♥s✉♠✐♥❣
❍❙❉❋ ❛❝t♦r✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ✐♠♣❧✐❡s t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝❡❞ ❞❛t❛ t♦❦❡♥s
pe ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ce ♦♥ ♦♥❡ ❡❞❣❡ e s❤♦✉❧❞ ❢✉❧✜❧❧ ❊q✳
✹✳✶✳ ❖t❤❡r✇✐s❡ t❤❡ ♣r♦❞✉❝❡❞ ❛♥❞✴♦r ❝♦♥s✉♠❡❞ ❞❛t❛ t♦❦❡♥s ♦♥ t❤❡ ❝♦♥✈❡rt❡❞ ❍❙❉❋
❣r❛♣❤ ✇✐❧❧ ♥♦t ❜❡ ✐♥t❡❣❡r ♦r t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐❧❧ ♥♦t ❜❡ ❤♦♠♦❣❡♥❡♦✉s✳

∀ e ∈ E,
pe
ce

∈ Z+ ∨
ce
pe

∈ Z+ ✭✹✳✶✮

❚❤❡ ❡①❛♠♣❧❡s ♦❢ ❛❝❝❡♣t❛❜❧❡ ❛♥❞ ✉♥❛❝❝❡♣t❛❜❧❡ ❝♦♥❞✐t✐♦♥s ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡
✹✳✷✳ ❚❤❡ a4 t♦ a5 ❡❞❣❡ ✐s ✉♥❛❝❝❡♣t❛❜❧❡ s✐♥❝❡ 2/3 ✐s ♥♦t ✐♥t❡❣❡r✳ ❚❤❡ a6 t♦ a7 ❡❞❣❡
✐s ❛❧s♦ ✉♥❛❝❝❡♣t❛❜❧❡ s✐♥❝❡ 3/2 ✐s ♥♦t ✐♥t❡❣❡r✳

a0 a1 a2 a3 a4 a5 a6 a7

❆❝❝❡♣t❛❜❧❡ ❆❝❝❡♣t❛❜❧❡ ❯♥❛❝❝❡♣t❛❜❧❡ ❯♥❛❝❝❡♣t❛❜❧❡

1/2 2/1 2/3 3/2

❋✐❣✉r❡ ✹✳✷✿ ❊①❛♠♣❧❡ ♦❢ ❆❝❝❡♣t❡❞ ❛♥❞ ❯♥❛❝❝❡♣t❡❞ ❉❛t❛ ❈♦♠♠✉♥✐❝❛t✐♦♥s ✐♥ ❙❨▲❱❆
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❆♥ ❡①❛♠♣❧❡ ♦❢ ❙❉❋ ❣r❛♣❤ t♦ ❍❙❉❋ ❣r❛♣❤ ❝♦♥✈❡rs✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✸✳
❋✐❣✉r❡ ✹✳✸✭❛✮ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ❙❉❋ ❣r❛♣❤ ✇✐t❤ ✹ ❢✉♥❝t✐♦♥s a✱ b✱ c✱ ❛♥❞ d✳ ❋✐❣✉r❡
✹✳✸✭❜✮ s❤♦✇s t❤❡ ❡q✉✐✈❛❧❡♥t ❍❙❉❋ ❣r❛♣❤✱ ✇❤❡r❡ ❛❧❧ t❤❡ ❡❞❣❡s ❤❛✈❡ t❤❡ s❛♠❡ ✇❡✐❣❤t
1/1✳ ▼♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♥♦t❛t✐♦♥s r❡❧❛t❡❞ t♦ ❙❉❋ ❣r❛♣❤ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥
s❡❝t✐♦♥ ✷✳✶✳✷✳ ◆♦t❡ t❤❛t t❤❡r❡ ❝♦✉❧❞ ❜❡ ♠✉❧t✐♣❧❡ ♦✉t♣✉t ♣♦rts ❝♦♥♥❡❝t❡❞ t♦ t❤❡ s❛♠❡
✐♥♣✉t ♣♦rt ♦r ♠✉❧t✐♣❧❡ ✐♥♣✉t ♣♦rts ❝♦♥♥❡❝t❡❞ t♦ t❤❡ s❛♠❡ ♦✉t♣✉t ♣♦rt✳ ❚❤❡s❡ ✇✐❧❧
❜❡ ❤❛♥❞❧❡❞ ❞✉r✐♥❣ t❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ st❡♣✳ ❙❡❡ s❡❝t✐♦♥ ✺✳✹✳✷ ❢♦r
t❤❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥✳

a'0

b'0

d'0

c'0

b'1

c'1

c'2

c'3

d'1

d'2

d'3

a

b

c

d

1/22/1

2/1

(a) SDF Graph (b) HSDF Graph

❋✐❣✉r❡ ✹✳✸✿ ❍❙❉❋ ●r❛♣❤ ❊①❛♠♣❧❡

■♥ t❤❡ ❉❙❊ st❡♣ ✭❝❤❛♣t❡r ✺✮✱ t❤❡ ✐♥♣✉t ❙❉❋ ❣r❛♣❤ ✇✐❧❧ ❜❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♥✲
✈❡rt❡❞ ✐♥t♦ ❍❙❉❋ ❣r❛♣❤ ✉s✐♥❣ ❆❧❣♦r✐t❤♠ ✹✳✶✳ ❆❢t❡r t❤❛t✱ t❤❡ ❍❙❉❋ ❣r❛♣❤ ✐s
❛♥♥♦t❛t❡❞ ✇✐t❤ ♥♦t❛t✐♦♥s ❢♦r ✐♥✈♦❝❛t✐♦♥ t✐♠❡✱ ❡①❡❝✉t✐♦♥ ❤❛r❞✇❛r❡✱ ❡t❝✳ ❞✉r✐♥❣ t❤❡
❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇✳ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥s ♦♥ t❤♦s❡ ♥♦t❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❧❛t❡r
❝❤❛♣t❡rs✳
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✹✳✷✳✷ ❋❡❡❞❜❛❝❦ ▲♦♦♣s

■♥ ❙❨▲❱❆✱ ❡❛❝❤ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡❞❣❡ ✐♥ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ✐s ♠♦❞❡❧❡❞ ❛s ♦♥❡ ❞❛t❛
s✐♥❦✴s♦✉r❝❡ ♣❛✐r✳ ❚❤❡ ❞❛t❛ s✐♥❦ ✐s ❢♦r ❝♦❧❧❡❝t✐♥❣ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ ❛❝t♦r t❤❛t
♣r♦✈✐❞❡s t❤❡ ❢❡❡❞❜❛❝❦ ❞❛t❛✳ ❚❤❡ ❞❛t❛ s♦✉r❝❡ ✐s ❢♦r s❡♥❞✐♥❣ ❞❛t❛ t♦ t❤❡ ❛❝t♦r t❤❛t
✐s ✉♥❞❡r ❢❡❡❞❜❛❝❦✳ ❚❤❡ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ♠♦❞❡❧✐♥❣ ✐♥ ❙❨▲❱❆ ✐s ✐❧❧✉str❛t❡❞ ❛s ♦♥❡
❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✱ ✇❤❡r❡ t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡ ❢r♦♠ ❛❝t♦r c t♦ ❛❝t♦r a ✐s
♠♦❞❡❧❡❞ ❜② ❛ ❞❛t❛ s✐♥❦ snk ❛♥❞ ❛ ❞❛t❛ s♦✉r❝❡ src ♣❛✐r✳

b

1 1

1

11

1

Feedback edge from 

actor c to actor a

b

1 1

1

1
1

1 1

1

c

asrc

snk

a

c

❋✐❣✉r❡ ✹✳✹✿ ❋❡❡❞❜❛❝❦ ❙✉♣♣♦rt ✐♥ ❙❨▲❱❆

◆♦t❡ t❤❛t t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡s ✭❡✳❣✳ ❢r♦♠ a t♦ c ✐♥ ❋✐❣✉r❡ ✹✳✹✮ s❤♦✉❧❞ ❜❡ ♠❛♥✉❛❧❧②
♠❛r❦❡❞ ❜② t❤❡ ✉s❡r ✇❤❡♥ ❤❡✴s❤❡ ♠♦❞❡❧✐♥❣ t❤❡ s②st❡♠ ✉s✐♥❣ ❙❉❋ ❣r❛♣❤✳ ❚❤✐s ❝❛♥
❜❡ ❞♦♥❡ ❜② s❡tt✐♥❣ t❤❡ ❛ttr✐❜✉t❡ ❢❡❡❞❜❛❝❦ ✐♥ ❛♥ ❡❞❣❡ t♦ tr✉❡✳ ❲❤❡♥ ❙❨▲❱❆ ❝♦♥✲
✈❡rts ❛♥ ❙❉❋ ❣r❛♣❤ t♦ ❍❙❉❋ ❣r❛♣❤✱ t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡s ✇✐❧❧ ♥♦t ❜❡ t♦✉❝❤❡❞✳ ❚❤❡
❞❛t❛ s✐♥❦s ❛♥❞ ❞❛t❛ s♦✉r❝❡s ✇✐❧❧ ❜❡ ❛❞❞❡❞ ❜② ❙❨▲❱❆ ❛❢t❡r ✐t ❤❛✈❡ t❤❡ ❍❙❉❋ ❣r❛♣❤
r❡❛❞②✳ ❚❤❡s❡ ❛❞❞❡❞ ❞✉♠♠② ❛❝t♦rs ✇✐❧❧ ❤❛✈❡ ③❡r♦ ❡①❡❝✉t✐♦♥ t✐♠❡✱ ③❡r♦ ❛r❡❛ ❛♥❞ ③❡r♦
❡①❡❝✉t✐♦♥ ❡♥❡r❣② s✐♥❝❡ t❤❡② ❛r❡ ♦♥❧② ❢♦r r❡❝♦r❞✐♥❣ t❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♣♦rts ✐♥✲
❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡ ❛♥❞ ❜r❡❛❦✐♥❣ t❤❡ ❧♦♦♣s ✇❤❡♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ s②st❡♠
❧❛t❡♥❝②✴s❛♠♣❧❡ r❛t❡ ❞✉r✐♥❣ t❤❡ ❉❙❊ st❡♣✳ ■♥ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧
✭●▲■❈✮ s②♥t❤❡s✐s st❡♣✱ ❙❨▲❱❆ ✇✐❧❧ s❦✐♣ t❤❡s❡ ❞✉♠♠② ❛❝t♦rs ✇❤❡♥ ❝♦♥str✉❝t✐♥❣
❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ❛❞✲
❥✉st t❤❡ ✐♥♣✉t✴♦✉t♣✉t t✐♠✐♥❣ ♦❢ t❤❡ ❛❝t♦rs ❝♦♥♥❡❝t❡❞ ❜② t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡s✳ ■♥
t❤✐s ♠❛♥♥❡r✱ t❤❡ ❢❡❡❞❜❛❝❦ ✐♥❢♦r♠❛t✐♦♥ ✇✐❧❧ ❜❡ ❤✐❞❞❡♥ ❢r♦♠ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t♦r ✐♥
❙❨▲❱❆ s✐♥❝❡ ✐t ♦♥❧② s❡❡s ❆■❘✳



✹✽ ❈❍❆P❚❊❘ ✹✳ ❙❨❙❚❊▼ ▼❖❉❊▲■◆●

✹✳✸ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥

❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ❛r❡ t❤❡ ❜❛s✐❝ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❢♦r ❝♦♥str✉❝t✲
✐♥❣ t❤❡ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋■▼Ps ❛r❡ ♣r❡✲❞❡s✐❣♥❡❞✱ ♣r❡✲✈❡r✐✜❡❞✱ ❛♥❞ ♣r❡✲
❝❤❛r❛❝t❡r✐③❡❞✳ ❚❤❡② ❛r❡ tr❡❛t❡❞ ❛s ❜❧❛❝❦ ❜♦①❡s✳ ❊❛❝❤ ❋■▼P ✐s ✉s❡❞ ❢♦r ✐♠♣❧❡✲
♠❡♥t✐♥❣ ♦♥❡ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ ❢✉♥❝t✐♦♥ ✭❡✳❣✳ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠
✭❋❋❚✮✱ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡r✮✱ ✇✐t❤ ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡s✱ ❞❡❣r❡❡s
♦❢ ♣❛r❛❧❧❡❧✐s♠✱ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✱ r❡s✉❧t✐♥❣ ✐♥ ❞✐✛❡r❡♥t ❝♦st ♠❡tr✐❝s ✐♥ t❡r♠s
♦❢ ❛r❡❛✱ ❧❛t❡♥❝②✱ ❛♥❞ ❡♥❡r❣②✳ ❊❛❝❤ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❛❝t♦r ♠❛② ❜❡
✐♠♣❧❡♠❡♥t❡❞ ❜② ♦♥❡ ♦r ♠✉❧t✐♣❧❡ ❋■▼P ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡❣r❡❡ ♦❢ ❋✉♥❝t✐♦♥✲▲❡✈❡❧
P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮ ✭s❡❡ s❡❝t✐♦♥ ✺✳✶ ❢♦r ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥✮✳ ❖♥❡ ❋■▼P ❝❛♥ ♦♥❧② ✐♠✲
♣❧❡♠❡♥t ♦♥❡ ❙❉❋ ❛❝t♦r✳ ❋■▼Ps ❛r❡ ♦r❣❛♥✐③❡❞ ❜② ❋■▼P ❧✐❜r❛r✐❡s ❛s ✐❧❧✉str❛t❡❞ ✐♥
❋✐❣✉r❡ ✹✳✺✳

❆❙■❈ ❋■▼P

▲✐❜r❛r②

❋P●❆ ❋■▼P

▲✐❜r❛r②

❈●❘❆ ❋■▼P

▲✐❜r❛r②

❋✉♥❝t✐♦♥ ✵ ❋✉♥❝t✐♦♥ ✶ ❋✉♥❝t✐♦♥ ✷ ✳✳✳

❆r❝❤✐t❡❝t✉r❡ ✵ ❆r❝❤✐t❡❝t✉r❡ ✶ ❆r❝❤✐t❡❝t✉r❡ ✷ ✳✳✳

❋■▼P ✵ ❋■▼P ✶ ❋■▼P ✷ ❋■▼P ✸ ✳✳✳

❋✐❣✉r❡ ✹✳✺✿ ❖♥❡ ❋✉♥❝t✐♦♥✱ ▼✉❧t✐♣❧❡ ❋■▼Ps



✹✳✸✳ ❋❯◆❈❚■❖◆ ■▼P▲❊▼❊◆❚❆❚■❖◆ ✹✾

• ❊❛❝❤ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱
❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ❛♥❞ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡
❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮✱ ❤❛s ♦♥❡ ❋■▼P ❧✐❜r❛r②✳

• ❊❛❝❤ ❋■▼P ❧✐❜r❛r② ❝♦♥t❛✐♥s t❤❡ ❋■▼Ps ❢♦r ❛ ♥✉♠❜❡r ♦❢ ❢✉♥❝t✐♦♥s ✭❋✉♥❝t✐♦♥
✵✱ ❋✉♥❝t✐♦♥ ✶✱ ❡t❝✳✮✳ ❆❧❧ t❤❡ ❋■▼Ps ✐♥ ♦♥❡ ❋■▼P ❧✐❜r❛r② ❤❛✈❡ t❤❡ s❛♠❡ t❛r❣❡t
✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ♥❛♠❡ ♦❢ t❤❡ ❋■▼P ❧✐❜r❛r②✳ ◆♦t❡ t❤❛t
❛ ❢✉♥❝t✐♦♥ ♠❛② ♥♦t ❜❡ ❝♦♥t❛✐♥❡❞ ✐♥ ❛❧❧ t❤❡ ❋■▼P ❧✐❜r❛r✐❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡
s♦♠❡ ❢✉♥❝t✐♦♥s ❝♦✉❧❞ ❤❛✈❡ ❛♥ ❋P●❆ ✈❡rs✐♦♥ ✇❤✐❧❡ t❤❡ ❆❙■❈ ✈❡rs✐♦♥ ♠❛② ♥♦t
❜❡ ❛✈❛✐❧❛❜❧❡✳

• ❊❛❝❤ ❢✉♥❝t✐♦♥ ❤❛s ❛ ♥✉♠❜❡r ♦❢ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛r❝❤✐t❡❝t✉r❡s✳ ❋♦r ❡①❛♠♣❧❡✱
❛♥ ❋❋❚ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ✉s✐♥❣ r❛❞✐①✲✷ ❛s ✇❡❧❧ ❛s r❛❞✐①✲✹ ❜✉tt❡r✢②
♦♣❡r❛t✐♦♥s✳

• ❊❛❝❤ ❛r❝❤✐t❡❝t✉r❡ ❤❛s ❛ ♥✉♠❜❡r ♦❢ ❋■▼Ps ✐♥ ❞✐✛❡r❡♥t ❞❡❣r❡❡s ♦❢ ❆r✐t❤♠❡t✐❝✲
▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮✱ ❡✳❣✳ ❛♥ ❋❋❚ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ❞✐✛❡r❡♥t ♥✉♠✲
❜❡r ♦❢ ❜✉tt❡r✢② ♦♣❡r❛t♦rs✳ ❚❤❡ ❋■▼Ps ❢♦r t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥ ❛♥❞ ✐♥ t❤❡ s❛♠❡
❋■▼P ❧✐❜r❛r② ❛r❡ ❞✐✛❡r❡♥t✐❛t❡❞ ❜② t❤❡✐r ✉♥✐q✉❡ ❢✉♥❝t✐♦♥ t②♣❡✳

■♥ s❡❝t✐♦♥ ✹✳✸✳✶✱ t❤❡ t❤r❡❡ ♣❤❛s❡ ❡①❡❝✉t✐♦♥ ♠♦❞❡❧ ♦❢ ❋■▼P ✐s ❡❧❛❜♦r❛t❡❞✱ ❢♦❧✲
❧♦✇❡❞ ❜② s❡❝t✐♦♥ ✹✳✸✳✷✱ ✇❤❡r❡ ✇❡ ❡❧❛❜♦r❛t❡ t❤❡ t❤r❡❡ ✈✐❡✇s ✭✐♥t❡r❢❛❝❡✱ ❡①❡❝✉t✐♦♥ ❛♥❞
✐♠♣❧❡♠❡♥t❛t✐♦♥✮ ♦❢ t❤❡ ❋■▼P ♠♦❞❡❧✳
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✹✳✸✳✶ ❋■▼P ❊①❡❝✉t✐♦♥ ▼♦❞❡❧

■♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ ❛❧❧ ❉❙P ❢✉♥❝t✐♦♥s
s❤❛r❡ t❤❡ s❛♠❡ ❡①❡❝✉t✐♦♥ ♠♦❞❡❧ ✇✐t❤ t❤r❡❡ ♣❤❛s❡s✿ ✐♥♣✉t✱ ❝♦♠♣✉t❛t✐♦♥ ❛♥❞ ♦✉t♣✉t
❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✳ ❚❤❡s❡ ♣❤❛s❡s ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ t✐♠✐♥❣ ♣❛r❛♠❡t❡rs✿ ts
✐s ❡①❡❝✉t✐♦♥ st❛rt t✐♠❡✱ tie ✐s ✐♥♣✉t ♣❤❛s❡ ❡♥❞ t✐♠❡✱ tos ✐s ♦✉t♣✉t ♣❤❛s❡ st❛rt t✐♠❡✱
❛♥❞ te ✐s ❡①❡❝✉t✐♦♥ ❡♥❞ t✐♠❡✳

Input Phase

ts: execution start time

tie: input end time

tos: output start time

te: execution end time

tie, tos and te are relative to ts and input phase 

and output phase may overlap i.e. tie > tos.  

ti

to

Computation Phase

tc

ti: input phase length tie = ts + ti

to: output phase length te = tos + to

tc: computation phase length te = ts + tc

ti, to, and tc are constants provided by 

the FIMP library

tb

Buffer Usage Phase

tb: buffer usage phase length, tb = tbe -  te

In the buffer usage phase, the output buffer acts 

as the input buffer of the consuming FIMP(s) 

and cannot be written. tbe and tb depend on the 

consuming FIMP(s).

tbe: buffer usage end time

Output Phase

❋✐❣✉r❡ ✹✳✻✿ ❋■▼P ❊①❡❝✉t✐♦♥ ▼♦❞❡❧

• ■♥♣✉t ♣❤❛s❡✿ ❚❤❡ ❋■▼P ❝♦❧❧❡❝ts ✐♥♣✉t ❞❛t❛ t♦❦❡♥s ❢r♦♠ ✐ts ❞❛t❛ s♦✉r❝❡✭s✮✳

• ❖✉t♣✉t ♣❤❛s❡✿ ❆❧❧ t❤❡ ♦✉t♣✉t ❞❛t❛ t♦❦❡♥s ❛r❡ s❡♥t ♦✉t ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡
♣r❡s❡♥❝❡✴❛❜s❡♥❝❡ ♦❢ ❞❛t❛ s✐♥❦ ❋■▼Ps✳

• ❈♦♠♣✉t❛t✐♦♥ ♣❤❛s❡✿ ❚❤❡ ❋■▼P ♣❡r❢♦r♠s ❝♦♠♣✉t❛t✐♦♥ ♦♥ t❤❡ ✐♥♣✉t ❞❛t❛
t♦❦❡♥s ❛♥❞ ♣♦ss✐❜❧② ❛❧s♦ ♦♥ t❤❡ ❞❛t❛ t♦❦❡♥s ✐♥ ✐ts ✐♥t❡r♥❛❧ ❜✉✛❡r✳

❆s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✷✱ ♦♥❡ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❛❝t♦r r❡♣r❡s❡♥ts
♦♥❡ ❢✉♥❝t✐♦♥ ❡①❡❝✉t✐♦♥✳ ❙✐♥❝❡ t❤❡ ❢✉♥❝t✐♦♥ ❡①❡❝✉t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ❋■▼P
✐♥st❛♥❝❡s✱ t❤❡ ❋■▼P ❡①❡❝✉t✐♦♥ ♠♦❞❡❧ ❛❧s♦ ❛♣♣❧✐❡s ❢♦r t❤❡ ❍❙❉❋ ❛❝t♦rs s✉❝❤ t❤❛t
❡✈❡r② ❍❙❉❋ ❛❝t♦r ❤❛s t❤❡s❡ t✐♠✐♥❣ ♥♦t❛t✐♦♥s ✭ts✱ tie ✱ tos ✱ ❛♥❞ te✮✳ ■♥ t❤❡ ❉❡s✐❣♥
❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ st❡♣ ✭❝❤❛♣t❡r ✺✮✱ t❤♦s❡ t✐♠✐♥❣ ♥♦t❛t✐♦♥s ✇✐❧❧ ❜❡ ❛ss✐❣♥❡❞
t♦ ✐♥t❡❣❡r ✈❛❧✉❡s ❜❛s❡❞ ♦♥ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡✳



✹✳✸✳ ❋❯◆❈❚■❖◆ ■▼P▲❊▼❊◆❚❆❚■❖◆ ✺✶

✹✳✸✳✷ ❱✐❡✇s ♦❢ t❤❡ ❋■▼P ♠♦❞❡❧

■♥t❡r❢❛❝❡ ❱✐❡✇

❚❤❡ ✐♥t❡r❢❛❝❡ ✈✐❡✇ ♦❢ ❛ ❋■▼P ♣r♦✈✐❞❡s ❛ t♦♣✲❧❡✈❡❧ ✈✐❡✇ ♦♥ t❤❡ ❋■▼P ✇✐t❤ t❤r❡❡
♣r♦♣❡rt✐❡s✿ ❢✉♥❝t✐♦♥ ♥❛♠❡✱ ❋■▼P t②♣❡✱ ❛♥❞ ❞❛t❛ ✐♥t❡r❢❛❝❡✳ ❚❤❡ ❢✉♥❝t✐♦♥ ♥❛♠❡ ❛♥❞
❋■▼P t②♣❡ ❛r❡ ✉s❡❞ ❢♦r ✐♥t❡r❢❛❝✐♥❣ ❛ ❋■▼P t♦ ❙❨▲❱❆✳ ❚❤❡ ❞❛t❛ ✐♥t❡r❢❛❝❡ ✐s ✉s❡❞
❢♦r ✐♥t❡r❢❛❝✐♥❣ ❛ ❋■▼P t♦ ♦t❤❡r ❋■▼Ps✳

✶✳ ❋✉♥❝t✐♦♥ ♥❛♠❡

❚❤✐s ♣r♦♣❡rt② ✐s ✉s❡❞ ❢♦r ❞✐✛❡r❡♥t✐❛t✐♥❣ ❋■▼Ps ❜❛s❡❞ ♦♥ t❤❡✐r ❢✉♥❝t✐♦♥❛❧✐t✐❡s
❜② s♣❡❝✐❢②✐♥❣ t❤❡ ♥❛♠❡ ♦❢ t❤❡ ❢✉♥❝t✐♦♥ t❤❛t ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ❜② t❤✐s ❋■▼P✳
❋♦r ❡①❛♠♣❧❡✱ ❛ ❋■▼P ❤❛s t❤❡ ♥❛♠❡ ♦❢ ✛t64 ❝❛♥ ♦♥❧② ✐♠♣❧❡♠❡♥t ❋❋❚ ❢✉♥❝t✐♦♥✱
✇❤✐❝❤ ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛♥ ❙❉❋ ♦r ❙❉❋ ❛❝t♦r ✇✐t❤ t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥ ♥❛♠❡
✛t64 ✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ✉s❡❞ ❜♦t❤ ✐♥ t❤❡ s②st❡♠ ♠♦❞❡❧✐♥❣ ✭t❤✐s ❝❤❛♣t❡r✮
❛♥❞ ❉❙❊ ✭❝❤❛♣t❡r ✺✮ ♦❢ ❙❨▲❱❆✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ ❙❉❋ ❛♥❞ ❍❙❉❋ ❝❛♥ ❜❡ ❢♦✉♥❞
✐♥ s❡❝t✐♦♥ ✹✳✶ ❛♥❞ ✹✳✷✱ r❡s♣❡❝t✐✈❡❧②✳

✷✳ ❋■▼P ❚②♣❡

❚❤✐s ♣r♦♣❡rt② ✐s ✉s❡❞ ❢♦r ❞✐✛❡r❡♥t✐❛t✐♥❣ ❋■▼Ps ❜❛s❡❞ ♦♥ t❤❡✐r ❝♦st ♠❡tr✐❝s
✭❛r❡❛✱ ❧❛t❡♥❝②✱ ❛♥❞ ❡♥❡r❣②✮✳ ■t ✐s ❛♥ ✉♥✐q✉❡ ✐♥❞❡① ❢♦r ✐♥❞❡①✐♥❣ ❛ ❋■▼P ❛♠♦♥❣
❛❧❧ t❤❡ ❋■▼Ps ✇✐t❤ t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥ ♥❛♠❡ ✐♥ t❤❡ s❛♠❡ ❋■▼P ❧✐❜r❛r②✳ ❋♦r
❡①❛♠♣❧❡✱ ❛ss✉♠❡ ✇❡ ❤❛✈❡ n ❋■▼Ps ✇✐t❤ t❤❡ ♥❛♠❡ ♦❢ ✛t64 ✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡
❋■▼P t②♣❡ ♦❢ t❤❡♠ ❝❛♥ ❜❡ ❢r♦♠ ✵ t♦ n− 1✳

■♥ t❤❡ ❉❙❊ st❡♣ ✭❝❤❛♣t❡r ✺✮✱ ❙❨▲❱❆ ✇✐❧❧ s❡❧❡❝t t❤❡ ❋■▼P t②♣❡s ♦❢ ❛❧❧ t❤❡
❋■▼P t♦ ❜❡ ❞❡♣❧♦②❡❞ ✐♥ t❤❡ ✜♥❛❧ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ s②st❡♠
❝♦♥str❛✐♥ts ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳ ▲❛t❡r ♦♥ ✐♥ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥
st❡♣ ✭❝❤❛♣t❡r ✼✮✱ ❙❨▲❱❆ ✇✐❧❧ ❣❡♥❡r❛t❡ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡ ❜❛s❡❞ ♦♥ t❤❡
t❛r❣❡t ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ t❤❡ ❋■▼P t②♣❡✳ ❋♦r ❆❙■❈ ❛♥❞ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥
st②❧❡✱ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ♠♦❞❡❧ ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞✳ ❋♦r ❈●❘❆
✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮
❝♦♥✜❣✇❛r❡ ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞✳

✸✳ ❉❛t❛ ■♥t❡r❢❛❝❡

❚❤✐s ♣r♦♣❡rt② ♣r♦✈✐❞❡s t✐♠✐♥❣ ❛♥❞ s♣❛t✐❛❧ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ❛❧❧ t❤❡ ❞❛t❛ ❝♦♠✲
♠✉♥✐❝❛t✐♦♥s ♦❢ t❤✐s ❋■▼P ❛♥❞ ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞
❈♦♥tr♦❧ ✭●▲■❈✮ s②♥t❤❡s✐s st❡♣ ✭❝❤❛♣t❡r ✻✮ t♦ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡ ●▲■❈✳
❙✐♥❝❡ t❤✐s ♣r♦♣❡rt② ✐s ❝❧♦s❡❧② r❡❧❛t❡❞ t♦ ●▲■❈ s②♥t❤❡s✐s✱ ✇❡ ✇✐❧❧ ❝♦✈❡r t❤❡
❞❡t❛✐❧s ♦❢ t❤✐s ♣r♦♣❡rt② ✐♥ s❡❝t✐♦♥ ✻✳✸✳



✺✷ ❈❍❆P❚❊❘ ✹✳ ❙❨❙❚❊▼ ▼❖❉❊▲■◆●

❊①❡❝✉t✐♦♥ ❱✐❡✇

❚❤❡ ❡①❡❝✉t✐♦♥ ✈✐❡✇ ♣r♦✈✐❞❡s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t❤❡ ❝♦st ♠❡tr✐❝s ♦❢ t❤❡ ❋■▼P✳
❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐s ✐♥ t❡r♠s ♦❢ t❤❡ t✐♠✐♥❣ ✈❛❧✉❡s ✐♥ t❤❡ ❋■▼P ❡①❡❝✉t✐♦♥ ♠♦❞❡❧
✭❋✐❣✉r❡ ✹✳✻✮ ❛♥❞ t❤❡ ❝♦st ♠❡tr✐❝ ❤❛s ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐♥ ♥❛♥♦✲❥♦✉❧❡ ✭nJ✮✱ ❛r❡❛
✉s❛❣❡ ✐♥ ❡q✉✐✈❛❧❡♥t ❣❛t❡ ❝♦✉♥t✱ ❛♥❞ t❤❡ ❧❛t❡♥❝② ✐♥ t❡r♠s ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧♦❝❦
❝②❝❧❡s✳ ◆♦t❡ t❤❛t ❜♦t❤ ❋■▼P ❡①❡❝✉t✐♦♥ ♠♦❞❡❧ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛r❡ ❢♦r ❛
s✐♥❣❧❡ ❡①❡❝✉t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛❧t❤♦✉❣❤ ♦♥❡ ❋■▼P ✐♥st❛♥❝❡ ♠❛② ✐♠♣❧❡♠❡♥t ♠✉❧t✐♣❧❡
❢✉♥❝t✐♦♥ ❡①❡❝✉t✐♦♥s ✭✐✳❡✳ ❍❙❉❋ ❛❝t♦rs✮ ❛t ❞✐✛❡r❡♥t t✐♠❡✱ ✐t ❝❛♥ ♦♥❧② ❡①❡❝✉t❡ ♦♥❡
❢✉♥❝t✐♦♥ ❛t ❛ t✐♠❡✳

■♠♣❧❡♠❡♥t❛t✐♦♥ ❱✐❡✇

❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✈✐❡✇ ♣r♦✈✐❞❡s t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ❛ ❋■▼P ❢♦r ●▲■❈ s②♥t❤❡✲
s✐s ✭❝❤❛♣t❡r ✻✮ ❛♥❞ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✭❝❤❛♣t❡r ✼✮✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐♥❝❧✉❞❡s t❤❡
t❛r❣❡t✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ✭❆❙■❈✱ ❋P●❆✱ ♦r ❛ s♣❡❝✐✜❡❞ ❈●❘❆✮✱ t❤❡ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡ ✭❡✳❣✳ ❘❚▲ ♠♦❞❡❧✱ ❈●❘❆ ❝♦♥✜❣✇❛r❡✮✱ ❛♥❞ t❤❡ ❞❡s✐r❡❞ ♦✉t♣✉t
❜✉✛❡r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤✐s ❋■▼P✳

❋♦r ❡①❛♠♣❧❡✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✈✐❡✇ ♦❢ ❛♥ ✻✹✲♣♦✐♥t ❋❋❚ ❝❛♥ ❜❡ ❡✐t❤❡r ❛
❝♦♠♣✉t❛t✐♦♥ ❝♦r❡ ✇✐t❤ ♦♥✲❝❤✐♣ ❙❘❆▼ ✐♥ ❱❍❉▲ ❢♦r ❆❙■❈ ♦r ❛ ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥
❢♦r ❉❘❘❆✳ ▼♦r❡ ❞❡t❛✐❧❡❞ ❡①❛♠♣❧❡s ♦❢ t❤✐s ✈✐❡✇ ✇✐❧❧ ❜❡ s❤♦✇♥ ✐♥ ❝❤❛♣t❡r ✻ ❛♥❞
❝❤❛♣t❡r ✼✳
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✹✳✹ ❙②st❡♠ ▼♦❞❡❧✐♥❣ Pr♦❝❡❞✉r❡

❚❤❡r❡ ❛r❡ t✇♦ ♠❛♥❞❛t♦r② st❡♣s ✐♥ t❤❡ s②st❡♠ ♠♦❞❡❧✐♥❣ ✐♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐✲
t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✿ ✶✮ ❝r❡❛t❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮
❛❝t♦rs ❛♥❞ ✷✮ ❝r❡❛t❡ ❙❉❋ ❡❞❣❡s✳ ❍♦✇❡✈❡r✱ ✐❢ t❤❡ ♣r♦✈✐❞❡❞ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥
✭❋■▼P✮ ❧✐❜r❛r② ✐s ♥♦t ❝♦♠♣❧❡t❡✱ ✐✳❡✳ s♦♠❡ ❢✉♥❝t✐♦♥s ❤❛s ♥♦ ❋■▼P ✐♥ t❤❡ ❧✐❜r❛r②✱
✇❡ ♥❡❡❞ t♦ ✜rst ❝r❡❛t❡ t❤❡ ♠✐ss✐♥❣ ❋■▼Ps t♦ ♠❛❦❡ t❤❡ ❞❡s✐❣♥ s②♥t❤❡s✐③❛❜❧❡✳ ❚❤❡
❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❋■▼P ❛♥❞ ❋■▼P ❧✐❜r❛r② ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✹✳✸✳ ❚❤❡
s②st❡♠ ♠♦❞❡❧✐♥❣ ✢♦✇ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✱ ✇❤❡r❡ t❤❡ ❜❧✉❡ ❜❧♦❝❦s ❛r❡ ♣r♦❝❡✲
❞✉r❡s ❛♥❞ t❤❡ ❣r❡❡♥ ❜❧♦❝❦s ❛r❡ ❞❛t❛✳ ❚♦ ♠♦❞❡❧ ❛ s②st❡♠✱ ✇❡ st❛rt ❢r♦♠ t❤❡ ❣✐✈❡♥
❢✉♥❝t✐♦♥s✱ ❞❛t❛ ❞❡♣❡♥❞❡♥❝✐❡s✱ ❛♥❞ ❋■▼P ❧✐❜r❛r②✳

Create FIMPs for the functions

that are not in the provided FIMP library

Create SDF actors, section 4.5

Complete FIMP library (L)

Functions

Complete SDF actor list (A)

Complete SDF edge list (E)

Code generation, CGRA Floorplanning

FIMP Library

Complete SDF graph (G)

D
at

a
  
D

e
p
en

d
en

c
y

Create SDF edges, section 4.6

❋✐❣✉r❡ ✹✳✼✿ ❙②st❡♠ ▼♦❞❡❧✐♥❣ ❋❧♦✇ ✐♥ ❙❨▲❱❆
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✹✳✹✳✶ ❙❉❋ ❆❝t♦r ❈r❡❛t✐♦♥

❆ss✉♠❡ t❤❛t ✇❡ ❛❧r❡❛❞② ❤❛✈❡ ❛ ❋■▼P ❧✐❜r❛r② t❤❛t ❝♦♥t❛✐♥s t❤❡ ❋■▼Ps ♦❢ ❛❧❧ t❤❡
❢✉♥❝t✐♦♥s ✐♥ t❤❡ s②st❡♠ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✳ ❚❤❡ ❙❉❋ ❛❝t♦rs ❛r❡ ❝r❡❛t❡❞ ❡✐t❤❡r
❜② ✉s✐♥❣ t❤❡ ♠❡t❤♦❞ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❋■▼P ❧✐❜r❛r② ♦r ♠❛♥✉❛❧❧② ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡
❋■▼P ❧✐❜r❛r② ✉s✐♥❣ t❤❡ ❋■▼P ✐♥t❡r❢❛❝❡ ✈✐❡✇ ✐♥❢♦r♠❛t✐♦♥✳ ❚❤❡ ♠❡t❤♦❞ ♣r♦✈✐❞❡❞
❜② ❛ ❋■▼P ❧✐❜r❛r② ✐s ❢♦r ❝r❡❛t✐♥❣ ❙❉❋ ❛❝t♦rs✱ ♣♦ss✐❜❧② ❜❛s❡❞ ♦♥ ❝♦♠♣✐❧❡ t✐♠❡
♣❛r❛♠❡t❡rs✳ ■t ✐s s✐♠✐❧❛r t♦ t❤❡ ❣❡♥❡r✐❝ ♣❛r❛♠❡t❡r ✐♥ ❱❍❉▲✳

■❢ t❤❡ ❋■▼P ❧✐❜r❛r② ❞♦❡s ♥♦t ♣r♦✈✐❞❡ ❙❉❋ ❛❝t♦r ❝r❡❛t✐♦♥ ♠❡t❤♦❞s ❢♦r t❤❡ r❡✲
q✉✐r❡❞ ❢✉♥❝t✐♦♥s✱ ✇❡ ♠✉st ❝r❡❛t❡ t❤❡ ❙❉❋ ❛❝t♦rs ❜❛s❡❞ ♦♥ t❤❡ ✐♥t❡r❢❛❝❡ ✈✐❡✇s ♦❢
t❤❡ ❋■▼Ps ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡s❡ ❢✉♥❝t✐♦♥s✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✶✱ t❤❡ r❡q✉✐r❡❞
♣❛r❛♠❡t❡rs ❢♦r ❝r❡❛t✐♥❣ ❛♥ ❙❉❋ ❛❝t♦r ❛r❡ t❤❡ ❢✉♥❝t✐♦♥ ♥❛♠❡ f ✱ t❤❡ ✐♥♣✉t ♣♦rt ❛rr❛②
Pi✱ ❛♥❞ t❤❡ ♦✉t♣✉t ♣♦rt ❛rr❛② Po✳ ❆❧❧ ♦❢ t❤❡♠ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❋■▼P✬s ✐♥t❡r❢❛❝❡
✈✐❡✇ ✭s❡❝t✐♦♥ ✹✳✸✳✷✮✳

■♥ t❤❡ r❡st ♦❢ t❤✐s s❡❝t✐♦♥✱ ❡①❛♠♣❧❡s ✐♥ ♣②t❤♦♥ ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ❝❧❛r✐❢② t❤❡ s②st❡♠
♠♦❞❡❧✐♥❣ ♣r♦❝❡❞✉r❡ ✐♥ ❙❨▲❱❆✳ ◆♦t❡ t❤❛t✱ ❜❡s✐❞❡s t❤❡ ♣②t❤♦♥ ❢r♦♥t❡♥❞✱ t❤❡r❡ ✐s
❛❧s♦ ❛ ❙■▼❯▲■◆❑ ❢r♦♥t❡♥❞ ❛❧❧♦✇✐♥❣ s②st❡♠ ♠♦❞❡❧✐♥❣ ✐♥ ❛ ●❯■ ❡♥✈✐r♦♥♠❡♥t✳ ❆♥
❙❉❋ ❝r❡❛t✐♦♥ ❢✉♥❝t✐♦♥ ❡①❛♠♣❧❡ ✐s s❤♦✇♥ ✐♥ ❈♦❞❡ ✶✳ ■t t❛❦❡s t❤r❡❡ ♣❛r❛♠❡t❡rs✿ t❤❡
❢✉♥❝t✐♦♥ ♥❛♠❡ ❛s ♥❛♠❡✱ t❤❡ ❙❉❋ ❛❝t♦r ✐♥❞❡① ❛s ✐♥❞❡①✱ ❛♥❞ t❤❡ ❞❛t❛ t♦❦❡♥ ❝♦✉♥t ❛s
❞❛t❛❴❝♦✉♥t✳ ❉❛t❛ s✐♥❦ ❛❝t♦rs ✇✐t❤ ♦♥❡ ✐♥♣✉t ♣♦rt ❛♥❞ ✇✐t❤ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ ♦♥❡
❜✐t ❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ ❜② t❤✐s ♠❡t❤♦❞✳ ❚❤❡ ♠❡t❤♦❞ s❞❢✳❛❝t♦r ✐s ❜✉✐❧❞✲✐♥ ✐♥ ❙❨▲❱❆
❛♥❞ ✐t ✐s ✉s❡❞ ❢♦r ❣❡♥❡r❛t✐♥❣ ♦♥❡ ❙❉❋ ❛❝t♦r✳

✶ ❞❡❢ ❝r❡❛t❡❴s❞❢❴❛❝t♦r✭♥❛♠❡ ❂ ✬s✐♥❦✬✱ ✐♥❞❡① ❂ ✵✱ ❞❛t❛❴❝♦✉♥t ❂ ✶✮ ✿

✷

✸ ❞❛t❛❴✐♥ ❂ s❞❢✳♣♦rt✭ ♥❛♠❡ ❂ ✬❞❛t❛❴✐♥✬✱ ✐♥❞❡① ❂ ✵✱

✹ t②♣❡ ❂ s❞❢✳❞❛t❛❴t②♣❡✭✬❜✐t✬✱ ✶✮✱

✺ ❝♦✉♥t ❂ ❞❛t❛❴❝♦✉♥t✮

✻

✼ r❡t✉r♥ s❞❢✳❛❝t♦r✭ ♥❛♠❡ ❂ ♥❛♠❡✱ ✐♥❞❡① ❂ ✐♥❞❡①✱

✽ ✐♥♣✉t❴♣♦rts ❂ ❬❞❛t❛❴✐♥❪ ✮

❈♦❞❡ ✶✿ ❙❉❋ ❆❝t♦r ❈r❡❛t✐♦♥ ❊①❛♠♣❧❡
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■♥ ❙❨▲❱❆✱ t❤❡ ♣❛r❛♠❡t❡rs t♦ t❤❡ ❙❉❋ ❛❝t♦r ❝r❡❛t✐♦♥ ❢✉♥❝t✐♦♥ ❝❛♥ ❜❡ ❛♥②t❤✐♥❣✳
❋♦r ❡①❛♠♣❧❡✱ t❤❡ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ❛s s✐♠♣❧❡ ❛s t❤❡ ❢✉♥❝t✐♦♥ ♥❛♠❡ ❛♥❞ t❤❡ ❞❛t❛
❝♦✉♥t ❛s ✐♥ t❤❡ ♣r❡✈✐♦✉s ❡①❛♠♣❧❡✳ ❚❤❡ ♣❛r❛♠❡t❡rs ❝❛♥ ❛❧s♦ ❜❡ s❝❡♥❛r✐♦✲❛✇❛r❡ ♣❛✲
r❛♠❡t❡rs t❤❛t ❛❧❧♦✇ ✉s✐♥❣ t❤❡ s❛♠❡ ❙❉❋ ❛❝t♦r ❝r❡❛t✐♦♥ ♠❡t❤♦❞ t♦ ❣❡♥❡r❛t❡ ♠✉❧t✐♣❧❡
s✐♠✐❧❛r ❋■▼Ps ❛s ✇❡ ♠❡♥t✐♦♥❡❞ ❡❛r❧✐❡r ✐♥ t❤✐s s❡❝t✐♦♥✳

❋♦r ❡①❛♠♣❧❡✱ ❧❡t ✉s ❝♦♥s✐❞❡r ❛ ❋■▼P ❢♦r ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮ ✐s ♠♦❞✲
❡❧❡❞ ✐♥ ❱❍❉▲ ✇✐t❤ ❣❡♥❡r✐❝ ♣❛r❛♠❡t❡rs ♣♦✐♥t ❛♥❞ ❞❛t❛❴✇✐❞t❤✳ ❚❤✐s ❙❉❋ ❛❝t♦r
❝r❡❛t✐♦♥ ♠❡t❤♦❞ ❡①❛♠♣❧❡ ✐s s❤♦✇♥ ✐♥ ❈♦❞❡ ✷✳ ■♥ ❧✐♥❡ ✹ ❛♥❞ ❧✐♥❡ ✼✱ t❤❡ ♠❡t❤♦❞
❝♦♠♣❧❡①❴t②♣❡ ❣❡♥❡r❛t❡s t❤❡ ❱❍❉▲ ❞❛t❛ t②♣❡ ❝♦♠♣❧❡① ✇✐t❤ ❛ ♣r♦✈✐❞❡❞ ❞❛t❛ ✇✐❞t❤✳
❚❤❡ ❝♦♠♣❧❡① ❞❛t❛ t②♣❡ ✐s ❞❡✜♥❡❞ ❜② t✇♦ s✜①❡❞ ♥✉♠❜❡rs ✇✐t❤ ♣r♦✈✐❞❡❞ ❞❛t❛ ✇✐❞t❤
❛♥❞ t❤❡✐r ❞❡❝✐♠❛❧ ♣♦✐♥t ✐s ❜❡❢♦r❡ t❤❡ ✜rst ❜✐t✳ ▼♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t s✜①❡❞ ❝❛♥
❜❡ ❢♦✉♥❞ ❛t ❬✶✵✷❪✳ ❚❤❡ ♠❡t❤♦❞ ❝♦♠♣❧❡①❴t②♣❡ ✐s ❛ ❜✉✐❧❞✲✐♥ ♠❡t❤♦❞ ✐♥ ❙❨▲❱❆✳

✶ ❞❡❢ ❢✐r✭t❛♣✱ ❞❛t❛❴✇✐❞t❤✮✿

✷

✸ ✐♥♣✉t❴♣♦rts ❂ ❬ s❞❢✳♣♦rt✭♥❛♠❡ ❂ ✬❞✐♥✬✱

✹ ✐♥❞❡① ❂ ✵✱ t②♣❡ ❂ ❝♦♠♣❧❡①❴t②♣❡✭❞❛t❛❴✇✐❞t❤✮✱ ❝♦✉♥t ❂ ✶✮❪

✺

✻ ♦✉t♣✉t❴♣♦rts ❂ ❬ s❞❢✳♣♦rt✭♥❛♠❡ ❂ ✬❞♦✉t✬✱

✼ ✐♥❞❡① ❂ ✵✱ t②♣❡ ❂ ❝♦♠♣❧❡①❴t②♣❡✭❞❛t❛❴✇✐❞t❤✮✱ ❝♦✉♥t ❂ ✶✮ ❪

✽

✾ r❡t✉r♥ s❞❢✳❛❝t♦r✭ ♥❛♠❡ ❂ ✬❢✐r✬✱ ✐♥♣✉t❴♣♦rts ❂ ✐♥♣✉t❴♣♦rts✱

✶✵ ♦✉t♣✉t❴♣♦rts ❂ ♦✉t♣✉t❴♣♦rts ✮

❈♦❞❡ ✷✿ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ❙❉❋ ❆❝t♦r ❈r❡❛t✐♦♥ ❊①❛♠♣❧❡

❖t❤❡r ❙❉❋ ❛❝t♦r ❝r❡❛t✐♦♥ ❡①❛♠♣❧❡s ✇✐t❤ ♠♦r❡ ❞❡t❛✐❧s ✇✐❧❧ ❜❡ ❣✐✈❡♥ ❧❛t❡r ♦♥ ✐♥
t❤✐s s❡❝t✐♦♥ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❡❧❛❜♦r❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✐♥❣ ♣r♦❝❡❞✉r❡✳ ❲❡ ✇✐❧❧ ♠♦❞❡❧
t❤❡ ✉♣❧✐♥❦ tr❛♥s♠✐tt❡r ✐♥ t❤❡ ♣❤②s✐❝❛❧ ❧❛②❡r ♦❢ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥ ✭▲❚❊✮ ✉s✐♥❣ ❛
❝♦♠♣❧❡① ❛♥❞ ♣❛r❛♠❡tr✐❝ ❙❉❋ ❣r❛♣❤ ❛s t❤❡ ❡①❛♠♣❧❡✳ ❆❢t❡r ✇❡ ❤❛✈❡ t❤❡ ❙❉❋ ❛❝t♦r
❝r❡❛t✐♦♥ ♠❡t❤♦❞✱ ✇❡ st♦r❡ ✐t ✐♥ t❤❡ ❋■▼P ❧✐❜r❛r② s♦ ✇❡ ❝❛♥ r❡✉s❡ t❤✐s ❢✉♥❝t✐♦♥
❢♦r ♦t❤❡r ❞❡s✐❣♥s✳ ❲❤❡♥ ✐♥✈♦❦✐♥❣ ❙❉❋ ❛❝t♦r ❝r❡❛t✐♦♥ ♠❡t❤♦❞✱ ❛❧❧ t❤❡ ♣❛r❛♠❡t❡rs
s❤♦✉❧❞ ❜❡ ♣r❡s❡♥t❡❞ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❋■▼P✱ ♦t❤❡r✇✐s❡ t❤❡ ❛❜s❡♥t ♣❛r❛♠❡t❡rs
❝❛rr② ♥♦ ♠❡❛♥✐♥❣ ❢♦r t❤❡ ❋■▼P✳ ❋♦r ❡①❛♠♣❧❡✱ ✇❡ ❝❛♥♥♦t s♣❡❝✐❢② t❤❡ ♣♦rt ✇✐❞t❤ ♦❢
❛♥ ❱❍❉▲ ❞❡s✐❣♥ ✉♥✐t ✉♥❧❡ss t❤❡r❡ ✐s ❛ ❣❡♥❡r✐❝ ♣❛r❛♠❡t❡r ❢♦r ✐t✳
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✹✳✹✳✷ ❙❉❋ ❊❞❣❡ ❈r❡❛t✐♦♥

❈r❡❛t✐♥❣ ❙❉❋ ❡❞❣❡s ✐s t♦ ❝♦♥♥❡❝t t❤❡ ❙❉❋ ❛❝t♦rs ❜❛s❡❞ ♦♥ t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝②
t♦ ❝♦♥str✉❝t t❤❡ s②st❡♠✳ ■t ✐s ❡❛s✐❡r t♦ ❝r❡❛t❡ ❛♥ ❙❉❋ ❡❞❣❡ t❤❛♥ t♦ ❝r❡❛t❡ ❛♥ ❙❉❋
❛❝t♦r✳ ❍♦✇❡✈❡r✱ t❤❡ ❙❉❋ ❡❞❣❡s ❝❛♥ ❜❡ ♦♥❧② ❝r❡❛t❡❞ ♠❛♥✉❛❧❧② ✇❤✐❧❡ t❤❡ ❙❉❋ ❛❝t♦rs
❝❛♥ ❜❡ ❝r❡❛t❡❞ ❜② ✉s✐♥❣ t❤❡ ❝r❡❛t✐♦♥ ♠❡t❤♦❞s✱ s✐♥❝❡ t❤❡② r❡♣r❡s❡♥t t❤❡ s②st❡♠
str✉❝t✉r❡ ✭❞❛t❛✴❝♦♥tr♦❧ ✢♦✇✮✳ ❇❡❢♦r❡ ❝r❡❛t✐♥❣ ❛♥② ❙❉❋ ❡❞❣❡s ✇❡ s❤♦✉❧❞ ❤❛✈❡ ❛❧❧
t❤❡ ❙❉❋ ❛❝t♦rs t❤❛t ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ t❤❡ s②st❡♠✳ ❆♥ ❙❉❋ ❡❞❣❡ ❝❛♥ ❛❧s♦ ❜❡ ❝r❡❛t❡❞
✉s✐♥❣ ❛ ❝♦♥♥❡❝t ♠❡t❤♦❞ ❛s s❤♦✇♥ ✐♥ ❈♦❞❡ ✸✳ ■t ❛❧s♦ ❝❛♥ ❜❡ ❝r❡❛t❡❞ ✉s✐♥❣ t❤❡
❣❡♥❡r❛❧✐③❡❞ ❝♦♥str✉❝t✐♦♥ ♠❡t❤♦❞ s❤♦✇♥ ✐♥ ❈♦❞❡ ✹ ❜② ♣❛ss✐♥❣ t❤❡ r❡❢❡r❡♥❝❡s ♦❢ t❤❡
s♦✉r❝❡ ❛❝t♦r✱ s♦✉r❝❡ ♣♦rt✱ ❞❡st✐♥❛t✐♦♥ ❛❝t♦r✱ ❛♥❞ ❞❡st✐♥❛t✐♦♥ ♣♦rt t♦ ✐t✳ ❲❤❡♥ t✇♦
❙❉❋ ❛❝t♦rs ❛r❡ ❝♦♥♥❡❝t❡❞ ✈✐❛ ♠✉❧t✐♣❧❡ ♣♦rts✱ ✇❡ ❤❛✈❡ t♦ ❝r❡❛t❡ ♦♥❡ ❙❉❋ ❡❞❣❡ ❢♦r
❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ♣♦rt✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ ✇❡ ✇❛♥t t♦ ❝♦♥♥❡❝t ❛ ❞❛t❛ s♦✉r❝❡ ✇✐t❤ t❤❡
❝♦♠♣❧❡① ❞❛t❛ ♦✉t♣✉t ✐♥ t✇♦ ❞✐✛❡r❡♥t ♣♦rts ✭❞❴r❡ ❢♦r t❤❡ r❡❛❧ ❝♦♠♣♦♥❡♥t ❛♥❞ ❞❴✐♠
❢♦r t❤❡ ✐♠❛❣✐♥❛r② ❝♦♠♣♦♥❡♥t✮ t♦ ❛ ❞❛t❛ s✐♥❦✱ ✇❡ ♥❡❡❞ t♦ ❝r❡❛t❡ ♦♥❡ ❙❉❋ ❡❞❣❡ ❢♦r
❞❴r❡ ❛♥❞ ❛♥♦t❤❡r ❙❉❋ ❡❞❣❡ ❢♦r ❞❴✐♠✳

✶ ❞❡❢ ❝♦♥♥❡❝t✭sr❝❴✐♥❞❡①✱ sr❝❴♣♦rt❴✐♥❞❡①✱

✷ ❞❡st❴✐♥❞❡①✱ ❞❡st❴♣♦rt❴✐♥❞❡①✱ ❛❝t♦rs✮ ✿

✸

✹ sr❝❴❛❝t♦r ❂ ❛❝t♦rs❬sr❝❴✐♥❞❡①❪

✺ sr❝❴♣♦rt ❂ sr❝❴❛❝t♦r✳♦✉t♣✉t❴♣♦rts❬sr❝❴♣♦rt❴✐♥❞❡①❪

✻ ❞❡st❴❛❝t♦r ❂ ❛❝t♦rs❬❞❡st❴✐♥❞❡①❪

✼ ❞❡st❴♣♦rt ❂ ❞❡st❴❛❝t♦r✳✐♥♣✉t❴♣♦rts❬❞❡st❴♣♦rt❴✐♥❞❡①❪

✽

✾ r❡t✉r♥ s❞❢✳❡❞❣❡✭sr❝❴❛❝t♦r✱ sr❝❴♣♦rt✱ ❞❡st❴❛❝t♦r✱ ❞❡st❴♣♦rt✮

❈♦❞❡ ✸✿ ❈♦♥♥❡❝t✐♥❣ ❚✇♦ ❙❉❋ ❆❝t♦rs
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✶ ❝❧❛ss ❡❞❣❡ ✿

✷

✸ ❞❡❢ ❴❴✐♥✐t❴❴✭s❡❧❢✱

✹ sr❝❴❛❝t♦r ❂ ◆♦♥❡✱ sr❝❴♣♦rt ❂ ◆♦♥❡✱

✺ ❞❡st❴❛❝t♦r ❂ ◆♦♥❡✱ ❞❡st❴♣♦rt ❂ ◆♦♥❡✮ ✿

✻

✼ s❡❧❢✳sr❝❴❛❝t♦r ❂ sr❝❴❛❝t♦r

✽ s❡❧❢✳❞❡st❴❛❝t♦r ❂ ❞❡st❴❛❝t♦r

✾ s❡❧❢✳sr❝❴♣♦rt ❂ sr❝❴♣♦rt

✶✵ s❡❧❢✳❞❡st❴♣♦rt ❂ ❞❡st❴♣♦rt

✶✶

✶✷ ✐❢ t②♣❡✭sr❝❴❛❝t♦r✮ ❂❂ t②♣❡✭❛❝t♦r✭✮✮ ✿

✶✸ sr❝❴❛❝t♦r✳♥❡①t✳❛♣♣❡♥❞✭s❡❧❢✮

✶✹ ✐❢ t②♣❡✭❞❡st❴❛❝t♦r✮ ❂❂ t②♣❡✭❛❝t♦r✭✮✮ ✿

✶✺ ❞❡st❴❛❝t♦r✳♣r❡✈✐♦✉s✳❛♣♣❡♥❞✭s❡❧❢✮

✶✻

✶✼ ❞❡❢ ❴❴str❴❴✭s❡❧❢✮ ✿

✶✽ r❡t✉r♥ ✬❙❉❋ ❡❞❣❡ ❭♥ ❢r♦♠ ✪s ✭✪s✮ ❭♥ t♦ ✪s ✭✪s✮✬ ❭

✶✾ ✪ ✭s❡❧❢✳sr❝❴❛❝t♦r✱ s❡❧❢✳sr❝❴♣♦rt✱ ❭

✷✵ s❡❧❢✳❞❡st❴❛❝t♦r✱ s❡❧❢✳❞❡st❴♣♦rt ✮

✷✶

✷✷ ❞❡❢ s❡r✐❛❧✐③❡✭s❡❧❢✮ ✿

✷✸ r❡t✉r♥ ④ ✬sr❝❴❛❝t♦r✬ ✿ s❡❧❢✳sr❝❴❛❝t♦r✳✐♥❞❡①✱

✷✹ ✬❞❡st❴❛❝t♦r✬ ✿ s❡❧❢✳❞❡st❴❛❝t♦r✳✐♥❞❡①✱

✷✺ ✬sr❝❴♣♦rt✬ ✿ s❡❧❢✳sr❝❴♣♦rt✳✐♥❞❡①✱

✷✻ ✬❞❡st❴♣♦rt✬ ✿ s❡❧❢✳❞❡st❴♣♦rt✳✐♥❞❡① ⑥

❈♦❞❡ ✹✿ ❙❉❋ ❊❞❣❡ ❈❧❛ss ✭❡❞❣❡✮
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✹✳✺ ❙②st❡♠ ▼♦❞❡❧✐♥❣ ❊①❛♠♣❧❡

■♥ t❤✐s s❡❝t✐♦♥✱ ❛♥ ❡①❛♠♣❧❡ ♦❢ ♠♦❞❡❧✐♥❣ t❤❡ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥ ✭▲❚❊✮ ✉♣❧✐♥❦
tr❛♥s♠✐tt❡r ✇✐❧❧ ❜❡ ❣✐✈❡♥ t♦ ❝❧❛r✐❢② t❤❡ ✢♦✇ ♦❢ t❤❡ s②st❡♠ ♠♦❞❡❧✐♥❣ ✐♥ ❙②st❡♠✲▲❡✈❡❧
❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳ ❚❤❡ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ t❤❡ ▲❚❊ ✉♣❧✐♥❦
tr❛♥s♠✐tt❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✽✳ ❚❤❡ ❢✉♥❝t✐♦♥s ❛♥❞ t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❛r❡ t❤❡
st❛rt✐♥❣ ♣♦✐♥t ❢♦r ❝r❡❛t✐♥❣ t❤❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤✳ ❊❛❝❤ ♦❢ t❤❡
❢✉♥❝t✐♦♥s ✐♥ ❋✐❣✉r❡ ✹✳✽ ✇✐❧❧ ❜❡ ♠♦❞❡❧❡❞ ❜② ♦♥❡ ❙❉❋ ❛❝t♦r✳ ❋♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝
■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮ ❛♥❞ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ❙❨▲❱❆
❛ss✉♠❡s t❤❛t ❡✈❡r② ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❤❛s ❛ ❝❧♦❝❦ s✐❣♥❛❧ ❝❧❦ ❛♥❞
❛♥ ❛❝t✐✈❡ ❧♦✇ r❡s❡t s✐❣♥❛❧ ♥rst✳ ❋♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡
✭❈●❘❆✮✱ ❙❨▲❱❆ ❛ss✉♠❡s t❤❛t ❡✈❡r② ❋■▼P ❤❛s ❛♥ ❛❝t✐✈❡ ❧♦✇ r❡s❡t s✐❣♥❛❧ ♥rst✳
❚❤♦s❡ s✐❣♥❛❧s ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ❛s ❞❛t❛ ✐♥♣✉ts t♦ t❤❡ ❙❉❋ ❛❝t♦rs ❛♥❞ ✇✐❧❧ ♥♦t ❜❡
❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ t✐❧❧ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♣❤❛s❡✳

❚✉r❜♦

❊♥❝♦❞❡r a1

❘❛t❡

▼❛t❝❤❡r a2

❙❝r❛♠❜❧❡r a3

❈♦♥st❡❧❧❛t✐♦♥

▼❛♣♣❡r a4

❚r❛♥s❢♦r♠

Pr❡❝♦❞❡r a5

❙✉❜✲❈❛rr✐❡r

▼❛♣♣❡r a6

❙❈✲❋❉▼❆

▼♦❞✉❧❛✲

t✐♦♥ a7

❋✐❣✉r❡ ✹✳✽✿ ▲❚❊ ❯♣❧✐♥❦ ❚r❛♥s♠✐tt❡r ❇❧♦❝❦ ❉✐❛❣r❛♠

❚❤❡ ❡♥t✐r❡ s②st❡♠ ❝❛♥ t❤❡♥ ❜❡ ♠♦❞❡❧❡❞ ❛s ❛ ✢❡①✐❜❧❡ ♠♦❞❡❧ ✭❋✐❣✉r❡ ✹✳✾✮ ♦r ❛s
❛ ❞❡❞✐❝❛t❡❞ ♠♦❞❡❧ ✭❋✐❣✉r❡ ✹✳✶✵✮✱ ✇❤✐❝❤ ✐s ❢♦r ✻✹✲◗❆▼ ❛♥❞ R ❂ r ❂ ✶✴✸✳ ❚❤❡
❞❡❞✐❝❛t❡❞ s②st❡♠ ❝❛♥ ❜❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❣✐✈❡♥ ♣❛r❛♠❡t❡rs
❜② ❝♦♥str✉❝t✐♥❣ t❤❡ ❙❉❋ ❛❝t♦rs ✉s✐♥❣ ✐♥♣✉t ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥
❛❜♦✉t t❤✐s ❡①❛♠♣❧❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳
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❋✐❣✉r❡ ✹✳✾✿ ▲❚❊ ❯♣❧✐♥❦ ❚r❛♥s♠✐tt❡r ❙❉❋ ●r❛♣❤ ✭❋❧❡①✐❜❧❡✮
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❋✐❣✉r❡ ✹✳✶✵✿ ▲❚❊ ❯♣❧✐♥❦ ❚r❛♥s♠✐tt❡r ❙❉❋ ●r❛♣❤ ✭❉❡❞✐❝❛t❡❞✮

✹✳✻ ❙✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ❣✐✈❡s t❤❡ ❞❡✜♥✐t✐♦♥s ♦❢ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ❛♥❞
❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❣r❛♣❤ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧
❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮✱
❛s ✇❡❧❧ ❛s t❤❡ ♠❡t❤♦❞ ❢♦r ♠♦❞❡❧✐♥❣ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s
✉s✐♥❣ ❛♥ ❙❉❋ ❣r❛♣❤ ✇✐t❤ ❝♦♥str❛✐♥ts ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳





❈❤❛♣t❡r ✺

❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥

❚❤❡ ❞❡s✐❣♥ s♣❛❝❡ t❤❛t ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮
❡①♣❧♦r❡s ❤❛s t❤r❡❡ ❞✐♠❡♥s✐♦♥s ✲ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✱ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧
P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮✱ ❛♥❞ ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❇▲P✮✳ ■♥ ♣r❛❝t✐❝❡✱ t❤❡ ❧❛st t✇♦
❞✐♠❡♥s✐♦♥s ❛r❡ ❢♦❧❞❡❞ ✐♥t♦ ♦♥❡✳ ❚❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ✢♦✇ ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✺✳✶ ✭♣❛rt ♦❢ t❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✺✱ s❡❝t✐♦♥ ✶✳✸✮✳ ❚❤❡
✐♥♣✉t t♦ t❤❡ ❉❙❊ ✐s t❤❡ s②st❡♠ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ✭s❡❝t✐♦♥ ✹✳✶✮✳
❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❉❙❊ ❝♦♥s✐sts ♦❢ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ ❛♥❞ t❤❡ ♥✉♠❜❡r
❛♥❞ t②♣❡s ♦❢ t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ✭s❡❝t✐♦♥ ✹✳✸✮ t♦ ❜❡ ❞❡♣❧♦②❡❞✳

Sample Interval RMAX
System Latency TMAX

Area Usage AMAX
Energy Consumption EMAX

SDF scheduling,

Function Level Parallelism (FLP)

FIMP type selection. Arithmetic / Buffer Level 

Parallelism (ABLP)

Relative schedule, number of FIMPs decided. 

Production/Consumption rates match.

System SDF graph

Cycle accurate schedule

FIMP Libraries
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Chapter 4
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❋✐❣✉r❡ ✺✳✶✿ ❙❨▲❱❆ ❉❡s✐❣♥ ❋❧♦✇

❚❤❡ ✜rst t❤r❡❡ s❡❝t✐♦♥s ✐♥ t❤✐s ❝❤❛♣t❡r ✐♥tr♦❞✉❝❡ t❤❡ ❝♦♥❝❡♣ts ♦❢ ❋▲P✱ ❆▲P✱
❛♥❞ ❇▲P t❤❛t ❛r❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t❤r❡❡ ❞✐♠❡♥s✐♦♥s✳ ❚❤❡♥✱ ✐♥ s❡❝t✐♦♥ ✺✳✹ ✇❡
✇✐❧❧ q✉❛♥t✐❢② t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❜② ✉s✐♥❣ t❤❡s❡ ❝♦♥❝❡♣ts✳ ❆❢t❡r t❤❛t✱ s❡❝t✐♦♥ ✺✳✺ ✇✐❧❧
❡❧❛❜♦r❛t❡ t❤❡ ❉❙❊ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❙❨▲❱❆✳

✻✶
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✺✳✶ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠

❚❤❡ ✜rst ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❡❞ ❜② ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧
❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ✐s s♣❛♥♥❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥✲
t❛t✐♦♥s ✭❋■▼Ps✮ ❛♥❞ ✐s ❝❛❧❧❡❞ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✱ ❜❡❝❛✉s❡ ❢✉♥❝t✐♦♥s
t❤❛t ❛r❡ ♥♦t ❞❛t❛ ❞❡♣❡♥❞❡♥t ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ✐♥ ♣❛r❛❧❧❡❧✱ ❛ ❢♦r♠ ♦❢ ❞❛t❛✲❧❡✈❡❧ ♣❛r✲
❛❧❧❡❧✐s♠✳ ❚❤✐s ❞✐♠❡♥s✐♦♥ ✐s ❡①♣❧♦r❡❞ ❜② t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❢❡❛s✐❜❧❡ ❙②♥❝❤r♦♥♦✉s
❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ s❝❤❡❞✉❧❡s✳ ❋✐❣✉r❡ ✺✳✷ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ❙❉❋ ❣r❛♣❤ ❛♥❞ s♦♠❡
♣♦ss✐❜❧❡ ✈❛r✐❛t✐♦♥s ✐♥ ✐ts ❙❉❋ s❝❤❡❞✉❧❡s✳
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❋✐❣✉r❡ ✺✳✷✿ ❙❉❋ ❙❝❤❡❞✉❧❡s

■♥ ❛❧❧ t❤❡ s❤♦✇♥ s❝❤❡❞✉❧❡s✱ t❤❡ ❢✉♥❝t✐♦♥ b ✐s ✜r❡❞ t✇✐❝❡ ❢♦r ❡❛❝❤ ✜r✐♥❣ ♦❢ t❤❡
❢✉♥❝t✐♦♥ a❀ a ♣r♦❞✉❝❡s t✇♦ t♦❦❡♥s ❡✈❡r② t✐♠❡ ✐t ✐s ✜r❡❞ ❛♥❞ b ❝♦♥s✉♠❡s ♦♥❡ t♦❦❡♥
❡✈❡r② t✐♠❡ ✐t ✐s ✜r❡❞✳ ❚❤❡ ♠♦st ♣❛r❛❧❧❡❧ s❝❤❡❞✉❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✷✭❞✮ ❤❛s t✇♦ ❡①❡❝✉t✐♦♥s
♦❢ ❢✉♥❝t✐♦♥ b ❛♥❞ ❢♦✉r ❡①❡❝✉t✐♦♥s ♦❢ ❢✉♥❝t✐♦♥ c ❛r❡ ✐♥ ♣❛r❛❧❧❡❧✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t
t❤✐s s❝❤❡❞✉❧❡ r❡q✉✐r❡s t✇♦ ❋■▼Ps ❢♦r ❢✉♥❝t✐♦♥ b ❛♥❞ ❢♦✉r ❋■▼Ps ❢♦r ❢✉♥❝t✐♦♥ c✳
■♥ ❝♦♥tr❛st✱ t❤❡ s❝❤❡❞✉❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✷✭❛✮ ✐s s❡r✐❛❧ ❛♥❞ r❡q✉✐r❡s ♦♥❧② ♦♥❡ ❋■▼P ❢♦r
❡❛❝❤ ❢✉♥❝t✐♦♥✳ ❆s t❤❡ ♥✉♠❜❡r ♦❢ ❢❡❛s✐❜❧❡ s❝❤❡❞✉❧❡s ❣r♦✇ ❡①♣♦♥❡♥t✐❛❧❧② ✇✐t❤ t❤❡
♥✉♠❜❡r ♦❢ ❢✉♥❝t✐♦♥s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ t✐♠❡s ❡❛❝❤ ❢✉♥❝t✐♦♥ ✐s ✜r❡❞✱ t❤❡ ♣r♦❜❧❡♠
❜❡❝♦♠❡s ✐♥tr❛❝t❛❜❧❡ ✭❛s ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✹✮ ❛♥❞ r❡q✉✐r❡s ✉s✐♥❣ ❛
❤❡✉r✐st✐❝ t♦ ❝♦♥s✐❞❡r ❛ s✉❜s❡t ❛s ❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✺✳ ❊①♣❧♦r✐♥❣ ♣❛r❛❧❧❡❧✐s♠ ✐♥
t❤✐s ❞✐♠❡♥s✐♦♥ ✐s ❛ ❦❡② ❢❡❛t✉r❡ ♦❢ ❙❨▲❱❆ t❤❛t ❞✐st✐♥❣✉✐s❤❡s ✐t ❢r♦♠ t❤❡ ❍✐❣❤✲▲❡✈❡❧
❙②♥t❤❡s✐s ✭❍▲❙✮ t♦♦❧s ❛s ✐s ❞✐s❝✉ss❡❞ ✐♥ ❝❤❛♣t❡r ✸✳
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❚❤❡ s❡❝♦♥❞ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ t❤❛t ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s
❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❡①♣❧♦r❡s ✐s t❤❡ ❞❡❣r❡❡ ♦❢ ♣❛r❛❧❧❡❧✐s♠ ✇✐t❤✐♥ ❡❛❝❤ ❋✉♥❝t✐♦♥
■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts✳ ❡✳❣✳✱ ❋✐♥✐t❡
■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡r ❋■▼Ps ❝♦✉❧❞ ✈❛r② ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ▼✉❧t✐♣❧✐❝❛t✐♦♥✲
❆❝❝✉♠✉❧❛t✐♦♥s ✭▼❆❈s✮ t❤❡② ❤❛✈❡✳ ❚❤✐s ❞✐♠❡♥s✐♦♥ ✐s ❝❛❧❧❡❞ t❤❡ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧
P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮✳ ❚❤✐s ✐s ❛❧s♦ ❛ ❢♦r♠ ♦❢ ❞❛t❛✲❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✱ ❛❧❜❡✐t ❛t ❛ ✜♥❡r
❣r❛♥✉❧❛r✐t② ❧❡✈❡❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✳ ❋✐❣✉r❡ ✺✳✷
s❤♦✇s t❤❛t ❛ ✶✻✲t❛♣ ❋■❘ ✜❧t❡r ❋■▼P ♠❛② ❤❛✈❡ ✶✱ ✷✱ ✹✱ ♦r ✽ ▼❆❈s r❡s✉❧t✐♥❣ ✐♥
❞✐✛❡r❡♥t ❛r❡❛ ✉s❛❣❡ ❛♥❞ ❧❛t❡♥❝✐❡s✳
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❋✐❣✉r❡ ✺✳✸✿ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ❊①❛♠♣❧❡

■♥ ♠♦st ♦❢ t❤❡ ❝❛s❡s✱ ❞❡❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts ✇✐❧❧ ❞❡❝r❡❛s❡ t❤❡
❛r❡❛ ✉s❛❣❡ ❜✉t ✐♥❝r❡❛s❡ t❤❡ ❧❛t❡♥❝②✳ ❍♦✇❡✈❡r✱ ✐♥ s♦♠❡ ❝❛s❡s✱ ❞❡❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r
♦❢ ❛r✐t❤♠❡t✐❝ ✉♥✐ts ❝♦✉❧❞ r❡s✉❧t ✐♥ ♠♦r❡ ❜✉✛❡r ❛♥❞ ❝♦♥tr♦❧ ❧♦❣✐❝ r❡s✉❧t✐♥❣ ♠♦r❡ t♦t❛❧
❛r❡❛ ✉s❛❣❡ ❛♥❞ ❛❧s♦ ✐♥❝r❡❛s❡❞ ❧❛t❡♥❝②✳ ❖♥❡ s✉❝❤ ❡①❛♠♣❧❡ ✐s ✇❤❡♥ ✐♥ ❛♥ ❋■❘ t❤❡
♥✉♠❜❡r ♦❢ ▼❆❈s ✐s ❞❡❝r❡❛s❡❞✱ ✐t ❝♦✉❧❞ r❡s✉❧t ✐♥ ✐♥❝r❡❛s❡❞ st♦r❛❣❡ ❢♦r ✐♥t❡r♠❡❞✐❛t❡
r❡s✉❧ts ❛♥❞ ✐♥❝r❡❛s❡❞ ❝♦♥tr♦❧ ❧♦❣✐❝✳ ❋✐❣✉r❡ ✺✳✷ s❤♦✇s ❛ ❝♦♥❝r❡t❡ ❝❛s❡ ❢♦r ❋■❘✱ ✇❤❡r❡
❞❡❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ▼❆❈s ❢r♦♠ ✽ t♦ ✹ ❞r❛♠❛t✐❝❛❧❧② ❞❡❝r❡❛s❡s t❤❡ ❛r❡❛ ✉s❛❣❡
❜✉t ❞❡❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ▼❆❈s ❢r♦♠ ✷ t♦ ✶ ❛❧♠♦st ❤❛s ♥♦ ✐♠♣❛❝t ♦♥ t❤❡ ❛r❡❛
✉s❛❣❡✳
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❚❤❡ t❤✐r❞ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ t❤❛t ❙❨▲❱❆ ❡①♣❧♦r❡s ✐s t❤❡ ♣❛r❛❧❧❡❧✐s♠
❡♥❛❜❧❡❞ ❜② ♣✐♣❡❧✐♥✐♥❣ t❤❡ ♣r♦❞✉❝✐♥❣ ❛♥❞ ❝♦♥s✉♠✐♥❣ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s
✭❋■▼Ps✮ ✉s✐♥❣ ♠✉❧t✐♣❧❡ ❜✉✛❡rs❀ t❤✐s ❞✐♠❡♥s✐♦♥ ✐s ❝❛❧❧❡❞ t❤❡ ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧✲
❧❡❧✐s♠ ✭❇▲P✮✳ ❋■▼Ps ✐♥t❡r♥❛❧❧② ❛r❡ ❛❧♠♦st ❛❧✇❛②s ♣✐♣❡❧✐♥❡❞❀ t❤❡ ♣✐♣❡❧✐♥✐♥❣ ❜❡✐♥❣
❞✐s❝✉ss❡❞ ❤❡r❡ ✐s t❤❡ ✐♥t❡r✲❋■▼P ❛♥❞ ♥♦t ✐♥tr❛✲❋■▼P✳ ❇② ❞❡❢❛✉❧t✱ t❤❡ ♣r♦❞✉❝✐♥❣
❛♥❞ t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼Ps s❤❛r❡ ❛ s✐♥❣❧❡ ❜✉✛❡r ✭t❤❡ ♦✉t♣✉t ❜✉✛❡r ✐♥ t❤❡ ♣r♦❞✉❝✐♥❣
❋■▼P✮✱ t❤❡r❡❜② s❡r✐❛❧✐③✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ t✇♦ ❋■▼Ps❀ t❤❡ ♣r♦❞✉❝✐♥❣ ❋■▼P
❝❛♥♥♦t ❝♦♥t✐♥✉❡ ❡①❡❝✉t✐♥❣ ✉♥t✐❧ t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼P ❤❛s r❡❛❞ ❛❧❧ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡
♦✉t♣✉t ❞❛t❛ ❜✉✛❡r✳ ❍♦✇❡✈❡r✱ ✐❢ ❛ ❋■▼P ✐s ✐♥st❛♥t✐❛t❡❞ ✇✐t❤ ❡①tr❛ ♦✉t♣✉t ❜✉✛❡r✭s✮✱
t❤❡ ♣r♦❞✉❝✐♥❣ ❛♥❞ t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼Ps ❝❛♥ ❡①❡❝✉t❡ ✐♥ ❛ ♣✐♣❡❧✐♥❡❞ ❢❛s❤✐♦♥ ❛♥❞
t❤❡r❡❢♦r❡ r❡❞✉❝❡ t❤❡ ✉♥♥❡❝❡ss❛r② ❋■▼P ✐❞❧❡ t✐♠❡✳

❚❤✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✹✭❜✮ ❛♥❞ ✭❝✮✳ ❋✐❣✉r❡ ✺✳✹✭❜✮ s❤♦✇s ❤♦✇ r❡❛❞✐♥❣ ♦❢
s❤❛r❡❞ ❜✉✛❡r ❜② t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼P ❞❡❧❛②s t❤❡ ♥❡①t ✜r✐♥❣ ♦❢ ♣r♦❞✉❝✐♥❣ ❋■▼P✳
❍♦✇❡✈❡r✱ ❛❞❞✐t✐♦♥ ♦❢ ❛♥ ❡①tr❛ ❜✉✛❡r ❛❧❧♦✇s t❤❡ ♣r♦❞✉❝✐♥❣ ❋■▼P t♦ st❛rt ♦✉t♣✉tt✐♥❣
t♦ s❡❝♦♥❞ ❜✉✛❡r ✇❤✐❧❡ t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼P ✐s st✐❧❧ r❡❛❞✐♥❣ ❢r♦♠ t❤❡ ✜rst ❜✉✛❡r✳
❚❤✐s ❝❛♥ ❜❡ ❣❡♥❡r❛❧✐③❡❞ t♦ ♠♦r❡ t❤❛t t✇♦ ❜✉✛❡rs✳ ❚♦ ❤❡❧♣ t❤❡ r❡❛❞❡r ✇✐t❤ t❤❡
♥♦t❛t✐♦♥✱ ✇❡ ❤❛✈❡ r❡♣❡❛t❡❞ t❤❡ ❋■▼P ❡①❡❝✉t✐♦♥ t✐♠✐♥❣ ♠♦❞❡❧ t❤❛t ✇❛s ✐♥tr♦❞✉❝❡❞
✐♥ s❡❝t✐♦♥ ✹✳✸✳✶✳ ❲❡ ❤❛✈❡ ❛❧s♦ ❛♥♥♦t❛t❡❞ t❤❡ t❤❡ s❝❤❡❞✉❧❡s ❢♦r ❜♦t❤ t❤❡ ❜❛s❡s ✇✐t❤
❡①♣r❡ss✐♦♥s ✉s✐♥❣ ♥♦t❛t✐♦♥ t❤❛t ❛r❡ s♣❡❝✐✜❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✹✳
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inputting

(a) Producing and Consuming FIMPs Share Output Buffer

Producing FIMP

Consuming FIMP

Output Buffer

computing

computing

inputting

computing

Producing FIMP Consuming FIMPShared Output Buffer

computing

tidle, c = ti,c + to,p - tc,c

(b) FIMP Execution Schedule without Extra Buffer

tidle, c: Consuming FIMP idle time

tidle, p: idle time of the producing FIMP  

tidle, p = ti,c - tod,p= ti,c - (tc,p - to,p)

Producing FIMP

Consuming FIMP

Output Buffer
inputting

computing

computing

inputting

computing

computing

(c) FIMP Execution Schedule with Extra Buffer

tidle, c is eliminated by introducing the extra buffer

tidle, p = tc,c - tc,p

computing

inputting

tidle, p is reduced by introducing the extra buffer

Extra Buffer Data Flow

computing

Data Flow

outputting outputting

outputting outputting

outputting

ti,c: Input phase length of the consuming FIMP

tod,p: Output delay of the producing FIMP

tc,p: computation phase length of the producing FIMP

to,p: output phase length of the producing FIMP

tc,c: computation phase length of the consuming FIMP

❋✐❣✉r❡ ✺✳✹✿ ❊✛❡❝t✐✈❡♥❡ss ♦❢ ❊①tr❛ ❇✉✛❡r
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✺✳✹ ❚❤❡ ❉❡s✐❣♥ ❙♣❛❝❡

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ q✉❛♥t✐❢② t❤❡ ❞❡s✐❣♥ s♣❛❝❡ t❤❛t ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥✲
t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❡①♣❧♦r❡s✳ ❲❡ ❜❡❣✐♥ ❜② ❣✐✈✐♥❣ ❛♥ ✐♥t✉✐t✐✈❡ q✉❛♥t✐✜❝❛t✐♦♥
♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❛♥❞ ❧❛t❡r ✇❡ ♣r❡s❡♥t ❛ ♠♦r❡ ♣r❡❝✐s❡ ❛♥❞ r✐❣♦r♦✉s q✉❛♥t✐✜❝❛t✐♦♥
t❤❛t r❡q✉✐r❡s s♦♠❡ ❡❧❛❜♦r❛t❡ ♥♦t❛t✐♦♥s✳ ❆s st❛t❡❞ ❡❛r❧✐❡r✱ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ t❤❛t
❙❨▲❱❆ ❡①♣❧♦r❡s ❤❛s t❤r❡❡ ❞✐♠❡♥s✐♦♥s ✲ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✱ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧
♣❛r❛❧❧❡❧✐s♠✱ ❛♥❞ ❜✉✛❡r ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡ ✐♥t✉✐t✐✈❡ ❛♥❞ ❛♣♣r♦①✐♠❛t❡ ❞❡s✐❣♥
s♣❛❝❡ q✉❛♥t✐✜❝❛t✐♦♥ ✐s s✉♠♠❛r✐③❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✺✳ ❚❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ✈❛❧✉❡
♦❢ |S| ❛♥❞ t❤❡ ❡①❛❝t s✐③❡ ♦❢ t❤❡ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮ ❞❡s✐❣♥ s♣❛❝❡
✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ❧❛t❡r ✐♥ t❤✐s s❡❝t✐♦♥✳ ❚❤❡ ❡❧❛❜♦r❛t✐♦♥s ✇✐❧❧ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t❤r❡❡
s✉❜s❡❝t✐♦♥s ❢♦❝✉s✐♥❣ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❜② t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡✲
♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ✐♥st❛♥❝❡ s❡t✱ t❤❡ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❛❝t♦r t♦ ❋■▼P
❛ss✐❣♥♠❡♥t✱ ❛♥❞ t❤❡ ♦✉t♣✉t ❜✉✛❡r✳

N

G

G'0 G'1 ... G'|S|-1

S: Feasible HSDF schedule 

sets derived from G,

S = {G'0, G'1, G'2, ..., G'|S|-1 }

SDF graph with N actors

Function Level-Parallelism (FLP)

q0 q1 ...

|S| choices in FLP

Arithmetic-Level Parallelism (ALP)

Buffer-Level Parallelism (BLP)

With extra buffer

Overall design space size is 

approximately |S|(2M)N

Without extra buffer

qN-1

M 
N
 choices in ALP

2 choices in BLP

S

P: FIMP type assignment set

p: one FIMP type assignment 

deciding the types of FIMPs to 

implement all actors in G

p0 p1 p|P|-1

P
p2 ...

p Each p in P has N entries (q's) corresponding 

to the N types of FIMP(s) to implement the N 

SDF actors in G.

Each entry q in one p has M possible values. 

Since there are N entries, the total number of 

possible p's is |P| = M N.

Each q has M 

choices

Each FIMP may be with or 

without extra buffer.

❋✐❣✉r❡ ✺✳✺✿ ❙❨▲❱❆ ❉❡s✐❣♥ ❙♣❛❝❡
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❇❡❢♦r❡ ✇❡ ❡❧❛❜♦r❛t❡ t❤❡ ❞❡t❛✐❧s ♦❢ t❤❡s❡ ❝♦♠♣♦♥❡♥ts✱ ❧❡t ✉s r❡✈✐❡✇ t❤❡ ♥♦t❛t✐♦♥s
✐♥ ❚❛❜❧❡ ✺✳✶ ❛♥❞ ❚❛❜❧❡ ✺✳✷✳ ❚❤❡ t✐❝❦ ✐♥ A′ ❛♥❞ a′ ✐♥❞✐❝❛t❡s t❤❛t ✐t ✐s ✐♥ ❛♥ ❍❙❉❋
❣r❛♣❤✳ i ✐s t♦ ✐♥❞❡① ♦♥❡ ❡❧❡♠❡♥t ❛♠♦♥❣ |A| ❡❧❡♠❡♥ts✳ k ❞❡♥♦t❡s t❤❡ ✐♥❞❡① ♦❢ ♦♥❡
❍❙❉❋ ❛❝t♦r ❛♠♦♥❣ ❛❧❧ ❛❝t♦rs ❢♦r♠ t❤❡ s❛♠❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❛❝t♦r✳
m ✐♥❞❡①❡s ♦♥❡ ❋■▼P ❛♠♦♥❣ ❛❧❧ ❋■▼Ps t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❍❙❉❋ ❛❝t♦rs ❢r♦♠ t❤❡
s❛♠❡ ❙❉❋ ❛❝t♦r✳

❚❛❜❧❡ ✺✳✶✿ ❆❝t♦r ❛♥❞ ❋■▼P ◆♦t❛t✐♦♥s

f2,1 f2,2 f2,2f2,0

A'0

A'1

A
a0 a1 a2

SDF actor set in the system, |A| = N 

ai The ith SDF actor in A i in {0, 1, 2}

Notation

A = {a0, a1, a2}

A'

a'i,k

HSDF actor set derived from A 

a'0,0

a'1,0

a'2,0

a'1,1

a'2,1 a'2,2 a'2,3

HSDF actor set derived from ai A'i

The kth HSDF actor in A'i, 0   k < |A'i|

Description

A'2

F FIMP instance set to be deployed

Fi FIMP instance set to be deployed for A'i
f0,0

f1,0

a'0,0

a'1,0

a'2,0

a'1,1

a'2,1 a'2,2 a'2,3

fi,m The mth FIMP instance in Fi, 0   m < |Fi|

FIMP type index of all FIMPs in Fi. The possible values of qi are decided by mi.qi

A'i,m The list of HSDF actors executed by fi, m f1,0
a'1,0 a'1,1


iFm

0m

i,mi fF






Ai

0i

iFF







e.g.

1 FIMP

1
 F

IM
P

4
 F

IM
P

s

F = {F0, F1, F2},

F0 = {f0,0}, F1 = {f1,0},

F2 = {f2,0, f2,1, f2,2, f2,3}

A' = {A'0, A'1, A'2}
Ai

0i

iAA







A'0 = {a'0,0}, A'1 = {a'1,0}e.g.

A'2 = {a'2, 0,  a'2, 0,  a'2, 0,  a'2, 0}

e.g.

A'1,0 = {a'1,0, a'1,1}e.g.

If actor ai is an FFT then mi is the number of FFT types in the library, e.g. radix-2, 

radix-4, etc. qi is the index of the deployed FIMP in the FIMP type set. 0    qi < mi

The number of possible FIMP types for implementing a i or A i.
mi is provided by the FIMP library.

mi
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B Set of buffer instances to be deployed

bi,k Buffer instance set to be deployed for a'i,k

Z Extra buffer decision set for all FIMPs in F

Extra buffer decision for all FIMPs in Fi 

MA'  F The assignment of HSDF actor to FIMP 

instance map (A    F)

zi

Notation Description

f0,0 f1,0a'0,0 a'1,0 a'1,1

b0,0 b1,0 = b1,1

Z = { z0,0, z1,0, z1,1 }

A'2,0   f2,0

A'2,1   f2,1

A'2,2   f2,2

A'2,3   f2,3

B = {b0,0, b1,0, b1,1}

f2,1 f2,2 f2,2f2,0

a'2,0 a'2,1 a'2,2 a'2,3

B

When the DSE make a decision to the extra buffer to pipeline the execution of 

producing and consuming FIMPs, if denote this decision in Boolean variable zi,m 

corresponding to the FIMP instance fi,m that should have extra buffer.

z1 = false  b1,0 = b1,1

e.g.

e.g.

F1,0 has no extra buffer

e.g. f2,1 f2,2 f2,2f2,0

a'2,0 a'2,1 a'2,2 a'2,3
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✺✳✹✳✶ ❋■▼P ■♥st❛♥❝❡ ❙❡t

■♥ t❤❡ r❡st ♦❢ t❤✐s t❤❡s✐s✱ ✇❡ r❡♣r❡s❡♥t t❤❡ ❧✐st ♦❢ ❋■▼P ✐♥st❛♥❝❡s ❛s F ✳ ■t ❤❛s t❤❡
✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ❛♥❞ t❤❡ t②♣❡s ♦❢ t❤❡ ❞❡♣❧♦②❡❞ ❋■▼P ✐♥st❛♥❝❡s ✐♥ t❤❡
s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

◆✉♠❜❡r ♦❢ ❋■▼P ■♥st❛♥❝❡s

❉❡♥♦t❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ t❤❡ ❞❡♣❧♦②❡❞ ❋■▼P ✐♥st❛♥❝❡s ❢♦r t❤❡ ❣✐✈❡♥ s②st❡♠ ❛s
|F |✳ ■t s❤♦✉❧❞ ♠❡❡t t❤❡ ❝♦♥❞✐t✐♦♥ ✐♥ ❊q✳ ✺✳✶✱ ✇❤❡r❡ |A| ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❙❉❋ ❛❝t♦rs
✐♥ t❤❡ s②st❡♠ ❛♥❞ |A′| ✐s t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❍❙❉❋ ❛❝t♦rs ❞❡r✐✈❡❞ ❢r♦♠ A✳

|A| ≤ |F | ≤ |A′| ✭✺✳✶✮

❆s ❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✸✱ ❡❛❝❤ ❋■▼P ✐♥st❛♥❝❡ ✐s ❛❜❧❡ t♦ ❡①❡❝✉t❡ ♦♥❡ ♦r ♠♦r❡
❍❙❉❋ ❛❝t♦rs t❤❛t ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ s❛♠❡ ❙❉❋ ❛❝t♦r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❧♦✇❡r
❜♦✉♥❞ |A| ✐♥ ❊q✳ ✺✳✶ ❤❛♣♣❡♥s ✇❤❡♥ ❡❛❝❤ ❙❉❋ ❛❝t♦r ✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② ♦♥❡ ❋■▼P✱
✇❤✐❧❡ t❤❡ ✉♣♣❡r ❜♦✉♥❞ |A′| ❤❛♣♣❡♥s ✇❤❡♥ ❡❛❝❤ ❍❙❉❋ ❛❝t♦r ✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② ♦♥❡
❋■▼P✳

◆♦t❡ t❤❛t ❡✈❡♥ t❤r♦✉❣❤ t✇♦ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❤❛✈❡ t❤❡ s❛♠❡ |F |✱ t❤❡
❙❉❋ ❛❝t♦r t♦ ❋■▼P ❛ss✐❣♥♠❡♥t ♠❛② ❜❡ ❞✐✛❡r❡♥t✳ ❋♦r ❛♥ ❙❉❋ ❛❝t♦r ai ∈ A✱ ❞❡♥♦t❡
t❤❡ ❋■▼P ✐♥st❛♥❝❡ s❡t t♦ ❡①❡❝✉t❡ ✐t ❛s Fi✳ ❚❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❞❡♣❧♦②❡❞ ❋■▼P
✐♥st❛♥❝❡s |Fi| s❤♦✉❧❞ ♠❡❡t t❤❡ ❝♦♥❞✐t✐♦♥ ✐♥ ❊q✳ ✺✳✷✱ ✇❤❡r❡ |A′

i| ✐s t❤❡ ♥✉♠❜❡r ♦❢
❍❙❉❋ ❛❝t♦rs t❤❛t ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ ai✳ |A′

i| ❛❧s♦ ✐♥❞✐❝❛t❡s t❤❡ ♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥s
♦❢ ai ✐♥ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❍❙❉❋ ❛❝t♦r ✐♥ s❡❝t✐♦♥
✹✳✷ ❛♥❞ |A′| =

∑i<|A|
i=0 |A′

i|✳

1 ≤ |Fi| ≤ |A′
i| ✭✺✳✷✮

❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦♠❜✐♥❛t✐♦♥s ♦❢ t❤❡ |Fi| t♦ ai ❛ss✐❣♥♠❡♥t C|F | ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞
❜② ❊q✳ ✺✳✸✳ C|F | ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ t❤❡ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠
✭❋▲P✮ t❤❛t ✇❛s ❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✶✳

C|F | =

i<|A|
∏

i=0

|A′
i| ✭✺✳✸✮

❋♦r t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✶✱ t❤❡ s②st❡♠ ❤❛s ✸ ❙❉❋ ❛❝t♦rs ❛♥❞ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ❍❙❉❋ ❣r❛♣❤s ❤❛✈❡ ✼ ❛❝t♦rs✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s
❝❛♥ r❛♥❣❡ ❢r♦♠ ✸ t♦ ✼✳ ❚❤❡ ❙❉❋ ❛❝t♦r a0 ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ♦♥❡ ❋■▼P
✐♥st❛♥❝❡✱ ❚❤❡ ❙❉❋ ❛❝t♦r a1 ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ✶ ♦r ✷ ❋■▼P ✐♥st❛♥❝❡s✱ ❛♥❞ t❤❡
❙❉❋ ❛❝t♦r a2 ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ✶✱ ✷✱ ✸✱ ♦r ✹ ❋■▼P ✐♥st❛♥❝❡s✳ ❚❤❡♥ C|F | ✐s
1× 2× 4 = 8✳
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❚②♣❡s ♦❢ ❋■▼P ■♥st❛♥❝❡s

❋♦r ❛ ❣✐✈❡♥ ❙❉❋ ❛❝t♦r ai✱ ✇❡ ❞❡♥♦t❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❋■▼Ps t❤❛t ❝❛♥ ✐♠♣❧❡♠❡♥t
✐t ❛s mi✳ ❚❤❡ ✈❛❧✉❡ ♦❢ mi ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❋■▼P ❧✐❜r❛r②✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t♦t❛❧
♥✉♠❜❡r ♦❢ t❤❡ ♣♦ss✐❜❧❡ ❋■▼P t②♣❡ ❝♦♠❜✐♥❛t✐♦♥s CQ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✺✳✹✳
CQ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ t❤❡ ❆▲P t❤❛t ✇❛s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✷✳

CQ =

i<|A|
∏

i=0

m
|A′

i|
i ✭✺✳✹✮

❉❡s✐❣♥ ❙♣❛❝❡ ❈♦♥tr✐❜✉t✐♦♥

❈♦♠❜✐♥✐♥❣ t❤❡ ♥✉♠❜❡r ❛♥❞ t❤❡ t②♣❡s ♦❢ ❋■▼P ✐♥st❛♥❝❡s✱ ✇❡ ❝❛♥ ❞❡r✐✈❡❞ t❤❡ t♦t❛❧
♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ ❋■▼P ✐♥st❛♥❝❡s |F |✳ CF ♦r t❤❡ ♦✈❡r❛❧❧ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❞❡s✐❣♥
s♣❛❝❡ s✐③❡ ❜② t❤❡ ❋■▼P ✐♥st❛♥❝❡ s❡t F ✐s s❤♦✇♥ ✐♥ ❊q✳ ✺✳✺✳

CF = C|F | · CQ

=

i<|A|
∏

i=0

|A′
i| ·

i<|A|
∏

i=0

m
|A′

i|
i

=

i<|A|
∏

i=0

(

|A′
i| ·m

|A′

i|
i

)

✭✺✳✺✮

❚❤❡ ✈❛❧✉❡ ♦❢ CF ✐♥❝r❡❛s❡s ❞r❛♠❛t✐❝❛❧❧② ✇✐t❤ |A|✱ mi✱ ❛♥❞ |A′
i|✳ ❆ss✉♠❡ t❤❛t ❛❧❧

mi = |A| = |A′
i| = 5✱ CF ✇✐❧❧ ❜❡ ❛ ✈❡r② ❜✐❣ ♥✉♠❜❡r ❛s ❝♦♠♣✉t❡❞ ❜❡❧♦✇✳

i<5
∏

i=0

(

5 · 55
)

= (5 · 55)5 ≈ 9.3× 1020
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❉❡s✐❣♥ ❙♣❛❝❡ ❘❡❞✉❝t✐♦♥

❲❡ r❡❞✉❝❡ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❜② ❛ss✉♠✐♥❣ ❛❧❧ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❢♦r t❤❡ s❛♠❡ ❙❉❋
❛❝t♦r ❛r❡ t❤❡ s❛♠❡ t②♣❡ q✳ ❚❤✐s s✐♠♣❧✐✜❝❛t✐♦♥ r❡❞✉❝❡s t❤❡ ❞❡s✐❣♥ s♣❛❝❡ s✐❣♥✐✜❝❛♥t❧②
❜❡❝❛✉s❡ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ♣❛rt ♦❢ m|A′

i|
i ✐s ❡❧✐♠✐♥❛t❡❞ ❛♥❞ ✇✐❧❧ ♥♦t ❛✛❡❝t t❤❡ q✉❛❧✐t②

♦❢ t❤❡ s♦❧✉t✐♦♥ ❛s ♣r♦✈❡❞ ❜❡❧♦✇✳
❈♦♥s✐❞❡r ♦♥❡ ❙❉❋ ❛❝t♦r ai✳ ❆ss✉♠❡ ♦♥❡ ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡s fi,m ❢♦r ✐♠✲

♣❧❡♠❡♥t✐♥❣ A′
i,m ∈ A′

i ❤❛s ❛ ❞✐✛❡r❡♥t t②♣❡ t❤❛♥ ♦t❤❡r ❋■▼P ✐♥st❛♥❝❡s ✐♥ Fi t❤❛t
✐♠♣❧❡♠❡♥t A′

i✳ ❚❤❡ ❋■▼P fi,m ✇✐❧❧ ❤❛✈❡ ❛ ❞✐✛❡r❡♥t t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞✴♦r ❝♦st
✭❛r❡❛ ❛♥❞ ❡♥❡r❣②✮ t❤❛♥ ♦t❤❡r ❋■▼Ps✳ ■❢ ♦t❤❡r ❋■▼P ✐♥st❛♥❝❡s ✐♥ Fi ❛r❡ ❛❧r❡❛❞②
P❛r❡t♦ ♦♣t✐♠❛❧ t❤❡♥ ❛ ❜❡tt❡r t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ✇✐❧❧ ❧❡❛❞ t♦ ❛ ❞r♦♣ ✐♥ ♣❡r❢♦r♠❛♥❝❡
✐♥ ❡✐t❤❡r ❛r❡❛ ♦r ❡♥❡r❣② ❝♦st✳ ❲❡ t❤❡♥ ❤❛✈❡ t✇♦ ♣♦ss✐❜✐❧✐t✐❡s✿

✶✳ ■❢ t❤❡ t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ♦❢ fi,m ✐s ❜❡tt❡r t❤❛♥ ♦t❤❡r ❋■▼P ✐♥st❛♥❝❡s ✐♥ Fi✱
✐t s❤♦✉❧❞ ✇❛✐t ❢♦r ♦t❤❡rs ❧❡❛✈✐♥❣ t❤❡ ✜♥❛❧ t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ✉♥❝❤❛♥❣❡❞✳ ■♥
t❤✐s ❝❛s❡✱ t❤❡ ❛r❡❛ ✉s❛❣❡ ♦r t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ fi,m ✇✐❧❧ ❜❡ ❧❛r❣❡r
t❤❛♥ ♦t❤❡r ❋■▼P ✐♥st❛♥❝❡s ✐♥ Fi ❜✉t ❝♦♥tr✐❜✉t✐♥❣ ♥♦t❤✐♥❣ ♦♥ t❤❡ t✐♠✐♥❣
♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ s②st❡♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s♦❧✉t✐♦♥ ✇✐t❤ ❞✐✛❡r❡♥t ❋■▼P t②♣❡s
✐s ✇♦rs❡ t❤❛♥ t❤❡ ♦♥❡ ✇✐t❤ ❛ s✐♥❣❧❡ ❋■▼P t②♣❡✳

✷✳ ■❢ t❤❡ t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ♦❢ fi,m ✐s ✇♦rs❡ t❤❛♥ ♦t❤❡r ❋■▼P ✐♥st❛♥❝❡s ✐♥ Fi✱
♦t❤❡r ❋■▼P ✐♥st❛♥❝❡s ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ s❛♠❡ ❙❉❋ ❛❝t♦r ✇✐t❤ ♠♦r❡ ❝♦st
s❤♦✉❧❞ ✇❛✐t ❢♦r ✐t ❛♥❞ ❧❡❛✈✐♥❣ t❤❡ ✜♥❛❧ t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ✉♥❝❤❛♥❣❡❞✳ ■♥
t❤✐s ❝❛s❡✱ t❤❡ s♦❧✉t✐♦♥ ✇✐t❤ ❞✐✛❡r❡♥t ❋■▼P t②♣❡s ✐s ❛❧s♦ ✇♦rs❡ t❤❛♥ t❤❡ ♦♥❡
✇✐t❤ ❛ s✐♥❣❧❡ ❋■▼P t②♣❡✳

❇② ❛♣♣❧②✐♥❣ t❤❡ s✐♠♣❧✐✜❝❛t✐♦♥✱ CF ✇✐❧❧ ❜❡ r❡❞✉❝❡❞ s✐❣♥✐✜❝❛♥t❧② ❛s ✐♥ ❊q✳ ✺✳✻✳

CF =

i<|A|
∏

i=0

(|A′
i| ·mi) ✭✺✳✻✮

■❢ ❛❧❧ mi = |A| = |A′
i| = 5✱ CF ✇✐❧❧ ❜❡ ❛s ❢♦❧❧♦✇s✳

i<5
∏

i=0

(5 · 5) = (5 · 5)5 = 9765625



✼✷ ❈❍❆P❚❊❘ ✺✳ ❉❊❙■●◆ ❙P❆❈❊ ❊❳P▲❖❘❆❚■❖◆

✺✳✹✳✷ ❍❙❉❋ ❆❝t♦r t♦ ❋■▼P ❆ss✐❣♥♠❡♥t

❚❤❡ ❍❙❉❋ ❛❝t♦r t♦ ❋■▼P ❛ss✐❣♥♠❡♥t ✐s ❞❡♥♦t❡❞ ❛s MA′→F ❛♥❞ ❛ss✐❣♥s ❛ s❡q✉❡♥❝❡
♦❢ ❍❙❉❋ ❛❝t♦rs t♦ ♦♥❡ ❋■▼P✳ ❋♦r ❡❛❝❤ ❍❙❉❋ ❛❝t♦r ✐♥ A′

i✱ ✇❡ ❤❛✈❡ |Fi| ❝❤♦✐❝❡s✳

M = {A′
i,m → fi,m |0 ≤ i < |A|, 0 ≤ m < |Fi|} ✭✺✳✼✮

❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ ❍❙❉❋ ❛❝t♦r t♦ ❋■▼P ✐♥st❛♥❝❡ ♠❛♣s ✭CM ✮ ❝❛♥ ❜❡
❡①♣r❡ss❡❞ ❜② ❊q✳ ✺✳✽✳

CM =

i<|A|
∏

i=0

|Fi|! ✭✺✳✽✮

❚♦ r❡❞✉❝❡ t❤❡ ❞❡s✐❣♥ s♣❛❝❡✱ ✇❡ ❛ss✉♠❡ t❤❛t ❛❧❧ t❤❡ ❍❙❉❋ ❛❝t♦rs ✐♥ A′
i ❛r❡

❞✐str✐❜✉t❡❞ ♦♥ Fi ✐♥ ❛ ✜①❡❞ ♦r❞❡r ❢r♦♠ ai,0 t♦ ai,|A′

i |−1 s✉❝❤ t❤❛t t❤❡ ♣❡r♠✉t❛t✐♦♥
♣❛rt |Fi|! ✐s ❡❧✐♠✐♥❛t❡❞ t♦ ✶✳ ❆❢t❡r r❡❞✉❝t✐♦♥✱ CM = 1✳ ❈✉rr❡♥t❧②✱ ❙❨▲❱❆ s✉♣♣♦rts
t✇♦ ✜① ♦r❞❡rs✿ ✐♥t❡r❧❡❛✈✐♥❣ ❛♥❞ ❧✐♥❡❛r✳ ❚❤❡ ❍❙❉❋ ❛❝t♦r s❡t A′

i,m t♦ ❜❡ ❡①❡❝✉t❡❞
♦♥ t❤❡ mth ❋■▼P ❢♦r ai ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② ❊q✳ ✺✳✾✳

A′
i,m =

{

[a′
i,(m·|Fi |)+y

] ❧✐♥❡❛r

[a′
i,(y·|Fi |)+m

] ✐♥t❡r❧❡❛✈✐♥❣
0 ≤ y < ⌈

|A′
i|

|Fi|
⌉ ✭✺✳✾✮

■❢ |A′
i| = 8 ❛♥❞ |Fi| = 4✱ t❤❡ ❍❙❉❋ ❛❝t♦r t♦ ❋■▼P ❛ss✐❣♥♠❡♥t ✇✐❧❧ ❜❡ ❛s ❢♦❧❧♦✇s✳

✐♥t❡r❧❡❛✈✐♥❣ ❧✐♥❡❛r

[a′i,0 , a
′
i,4 ] → fi,0 [a′i,0 , a

′
i,1 ] → fi,0

[a′i,1 , a
′
i,5 ] → fi,1 [a′i,2 , a

′
i,3 ] → fi,1

[a′i,2 , a
′
i,6 ] → fi,2 [a′i,4 , a

′
i,5 ] → fi,2

[a′i,3 , a
′
i,7 ] → fi,3 [a′i,6 , a

′
i,7 ] → fi,3

❚❤❡ ❍❙❉❋ ❛❝t♦r t♦ ❋■▼P ❛ss✐❣♥♠❡♥t ❞♦❡s ♥♦t ❝♦♥tr✐❜✉t❡ ❛♥② t❤✐♥❣ t♦ t❤❡
❞❡s✐❣♥ s♣❛❝❡ ✇✐t❤ t❤✐s r❡❞✉❝t✐♦♥✳ ❚❤❡ ❞❡❝✐s✐♦♥ ♦❢ ✉s✐♥❣ ❡✐t❤❡r ✐♥t❡r❧❡❛✈✐♥❣ ♦r ❧✐♥✲
❡❛r ❞✐str✐❜✉t✐♦♥ ✐s ❞❡✜♥❡❞ ❜② ✉s❡r✳ ❖t❤❡r ❞✐str✐❜✉t✐♦♥ ♠❛② ✐♠♣r♦✈❡ t❤❡ s②st❡♠
♣❡r❢♦r♠❛♥❝❡✴❝♦st ❜✉t t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✇✐❧❧ ❜❡ t♦♦ ❧❛r❣❡ t♦ s❡❛r❝❤✳ ❈♦✈❡r✐♥❣ ♠♦r❡
❞❡s✐❣♥ s♣❛❝❡ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❢✉t✉r❡ ✇♦r❦ ♦❢ ❙❨▲❱❆✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡
❍❙❉❋ s❝❤❡❞✉❧❡s |S| = C|F | ·CM s✐♥❝❡ ♦♥❡ ❍❙❉❋ s❝❤❡❞✉❧❡ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼Ps
t♦❣❡t❤❡r ✇✐t❤ t❤❡ s❡q✉❡♥❝❡ ♦❢ ❍❙❉❋ ❛❝t♦rs t♦ ❜❡ ❡①❡❝✉t❡❞ ♦♥ ❡❛❝❤ ❋■▼P✳ ❆❢t❡r
r❡❞✉❝t✐♦♥✱ |S| = C|F | ❛♥❞ t❤✐s ✇✐❧❧ ❜❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❞❡❣r❡❡s ✐♥ t❤❡ ❋▲P✳
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✺✳✹✳✸ ❖✉t♣✉t ❇✉✛❡rs

❖♥❡ ❋■▼P ♠❛② ❤❛✈❡ ❞✐✛❡r❡♥t ♥✉♠❜❡rs ♦❢ ♦✉t♣✉t ❜✉✛❡rs ❛❝❝♦r❞✐♥❣ t♦ ✇❤❡t❤❡r ❛♥
❡①tr❛ ❜✉✛❡r ✐s ✉s❡❞✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t ❜✉✛❡rs ❛s |B| ❞❡♣❡♥❞s ♦♥ t❤❡
♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s |F | ❛♥❞ ✇❤❡t❤❡r ❡①tr❛ ❜✉✛❡r ✐s ✉s❡❞ ✭Z✮✳ ❋♦r t❤❡ ❙❉❋
❛❝t♦r ai✱ zi ∈ Z ✭0 ≤ i < |A|✮ ✐s ❛ ❜♦♦❧❡❛♥ ✈❛❧✉❡ ✐♥❞✐❝❛t✐♥❣ ❡①tr❛ ❜✉✛❡r ✐s ✉s❡❞
♦r ♥♦t✳ ❙✐♠✐❧❛r t♦ t❤❡ ❋■▼P t②♣❡✱ ❛❧❧ t❤❡ ❋■▼Ps t❤❛t ✐♠♣❧❡♠❡♥t ♦♥❡ ❙❉❋ ❛❝t♦r
❤❛✈❡ t❤❡ s❛♠❡ ❞❡❝✐s✐♦♥✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ ❝♦♠❜✐♥❛t✐♦♥s ♦❢ ♦✉t♣✉t ❜✉✛❡r
❝♦✉♥t ✭C|B|✮ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✺✳✶✵✳

C|B| =

i<|A|
∏

i=0

2 = 2|A| ✭✺✳✶✵✮

✺✳✹✳✹ ❖✈❡r❛❧❧ ❉❡s✐❣♥ ❙♣❛❝❡ ❙✐③❡

❇② ❝♦♠❜✐♥✐♥❣ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ❜② t❤❡ ❋■▼P ✐♥st❛♥❝❡✱ ❍❙❉❋ t♦ ❋■▼P ❛ss✐❣♥♠❡♥t✱
❛♥❞ t❤❡ ♦✉t♣✉t ❜✉✛❡rs✱ ✇❡ ❝❛♥ ❞❡r✐✈❡ t❤❡ s✐③❡ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ |DS | t❤❛t ❙❨▲❱❆
❡①♣❧♦r❡s✳ ❋♦r ❡❛❝❤ ❙❉❋ ❛❝t♦r ai✱ ✇❡ ♥❡❡❞ t♦ ✜rst ❞❡❝✐❞❡ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P
✐♥st❛♥❝❡s |Fi|✱ t❤❡♥ ❞❡❝✐❞❡ t❤❡ t②♣❡ ♦❢ ❋■▼P ✐♥st❛♥❝❡s qi ✭0 ≤ qi < mi✮✳ ❚❤✐s
❋■▼P t②♣❡ ❛♣♣❧✐❡s ❢♦r ❛❧❧ ❍❙❉❋ ❛❝t♦rs ✐♥ A′

i✳ ❲❡ t❤❡♥ ❞❡❝✐❞❡ t❤❡ ❍❙❉❋ ❛❝t♦r t♦
❋■▼P ❛ss✐❣♥♠❡♥t ✭t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐s r❡❞✉❝❡❞ t♦ ✶✮✳ ❋✐♥❛❧❧②✱ ✇❡ ❞❡❝✐❞❡ ✇❤❡t❤❡r
❡①tr❛ ❜✉✛❡r ✐s ✉s❡❞ ❢♦r ❡❛❝❤ Fi✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ |DS | ❝❛♥ ❜❡ ❡①♣r❡ss❡❞
❜② ❊q✳ ✺✳✶✶✳

|DS | = 2|A| ·

i<|A|
∏

i=0

(|A′
i| · 1 ·mi) ✭✺✳✶✶✮

❚❤❡ t❡r♠ 2|A| ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❜② t❤❡ ♦✉t♣✉t ❜✉✛❡rs ✭CB ✱ ❊q✳ ✺✳✶✵✮✳ ❚❤✐s
❞❡❝✐s✐♦♥ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦♥ ♦t❤❡r ❝♦♥tr✐❜✉t♦rs ❛♥❞ r❡✢❡❝ts t❤❡ ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧✲
❧❡❧✐s♠ ✭❇▲P✮ t❤❛t ✇❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✸✳ ❚❤❡ t❡r♠ |A′

i| ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥
♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼Ps ✭C|F |✱ ❊q✳ ✺✳✶✮✳ ❚❤❡ ❝♦♥st❛♥t ✶ ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢
❍❙❉❋ ❛❝t♦r t♦ ❋■▼P ❛ss✐❣♥♠❡♥t ✭CM ✱ ❊q✳ ✺✳✽✮✳ C|F | ❛♥❞ CM r❡✢❡❝t t❤❡ ❋▲P
❛s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✶✳ ❚❤❡ t❡r♠ mi ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❜② t❤❡ ♥✉♠❜❡r ❋■▼P
t②♣❡s ✭CQ✱ ❊q✳ ✺✳✹✮ t❤❛t r❡✢❡❝ts t❤❡ ❆▲P t❤❛t ✇❛s ❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✷✳
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✺✳✺ ❊①♣❧♦r❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ ❛❞❞r❡ss❡s t❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ❛❧❣♦r✐t❤♠ ✉s❡❞ ❜②
❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥
✐♥ ❆❧❣♦r✐t❤♠ ✺✳✶✳ ■t ✜rst ❡①♣❧♦r❡s t❤❡ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✱ t❤❡♥ ❡①✲
♣❧♦r❡s t❤❡ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮ ❛♥❞ t❤❡ ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠
✭❇▲P✮✳ ❚❤❡ t❡r♠ ❈❙❖P ✐s s❤♦rt ❢♦r ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ ❖♣t✐♠✐③❛t✐♦♥ Pr♦❜✲
❧❡♠✳ ●♦♦❣❧❡✬s ❖❘✲❚♦♦❧s ❬✶✵✸❪ ✐s ✉s❡❞ ❛s t❤❡ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣ ✭❈P✮ s♦❧✈❡r
s✐♥❝❡ t❤✐s t♦♦❧ ❤❛s ❛ ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ▼✐♥✐❩✐♥❝ ❈❤❛❧❧❡♥❣❡s ❬✶✵✹❪ ❛♥❞ ✐t ❤❛s ♠❛♥②
✇r❛♣s t♦ ♦t❤❡r ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s ✐♥❝❧✉❞✐♥❣ ♣②t❤♦♥ ❛♥❞ ❈# t❤❛t ❛r❡ ✉s❡❞ ✐♥
t❤✐s t❤❡s✐s✳

✶ S✿ ❆✉t♦♠❛t✐❝❛❧❧② ♣r♦❞✉❝❡❞ s✉❜s❡t ♦❢ ❛❧❧ ❢❡❛s✐❜❧❡ s❝❤❡❞✉❧❡s
✷ ❯s❡r ❞❡✜♥❡s |S| ✭t❤❡ ♥✉♠❜❡r ♦❢ s❝❤❡❞✉❧❡s ✐♥ S✮
✸ ❢♦r❡❛❝❤ s ∈ S ❞♦
✹ ❈r❡❛t❡ ❛♥❞ s♦❧✈❡ ❈❙❖P ❢♦r s
✺ ❘❡❝♦r❞ ❛❧❧ ❝♦sts ❬Rsys , Tsys , Asys , Esys ❪ t❤❛t ♠❡❡t t❤❡ ❝♦♥str❛✐♥ts
✻ Rsys ✐s t❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧
✼ Tsys ✐s t❤❡ s②st❡♠ ❧❛t❡♥❝②
✽ Asys ✐s t❤❡ ❛r❡❛ ✉s❛❣❡
✾ Esys ✐s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥

✶✵ ❡♥❞
✶✶ ❋✐♥❞ t❤❡ ♦♣t✐♠❛❧ s❝❤❡❞✉❧❡ s ❜❛s❡❞ ♦♥ t❤❡ ❣✐✈❡♥ ❝♦♥str❛✐♥ts
✶✷ ❘❡❛❞ ♦✉t t❤❡ s②st❡♠ ❝♦st ✈❛❧✉❡ ♦❢ s

❆❧❣♦r✐t❤♠ ✺✳✶✿ ❖✈❡r❛❧❧ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ❙tr❛t❡❣② ✐♥ ❙❨▲❱❆

❚❤❡ ❞❡s✐❣♥ s♣❛❝❡ ♦❢ ❋▲P ✐s ❡①♣❧♦r❡❞ ❜② ✜♥❞✐♥❣ ❛❧❧ ❝♦st ♠❛tr✐❝❡s ♦❢ ❡✈❡r② s❝❤❡❞✉❧❡
s ✐♥ S✱ ✇❤❡r❡ t❤❡ ✈❛❧✉❡ ♦❢ |S| ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ✉s❡r ❛♥❞ ❛ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ✐s
✉s❡❞ t♦ ❝r❡❛t❡ S✳ ❚❤❡ ❧♦♦♣ ❜♦❞② ✐♥ ❆❧❣♦r✐t❤♠ ✺✳✶ ❡①♣❧♦r❡s t❤❡ ❛r✐t❤♠❡t✐❝ ❛♥❞
❜✉✛❡r✲❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ ❞✐♠❡♥s✐♦♥ ❢♦r ❡❛❝❤ s ❛♥❞ ✜♥❞s ❛❧❧ ❝♦st ♠❛tr✐❝❡s ❢♦r t❤❡
❣✐✈❡♥ s ❜② ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♥str✉❝t✐♥❣ ❛♥ ❈❙❖P ❛♥❞ s♦❧✈✐♥❣ ✐t ✉s✐♥❣ ❛ ❈P s♦❧✈❡r
❬✶✵✸❪✳ ▼♦r❡ ❞❡t❛✐❧s ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ✐♥ t❤❡ ❧❛t❡r s✉❜s❡❝t✐♦♥s✳
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✺✳✺✳✶ ❊①♣❧♦r✐♥❣ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠

❙✐♥❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ s❝❤❡❞✉❧❡s ❡q✉❛❧s t♦ |C|F | ✭❊q✳ ✺✳✸✮ ❛s ❡❧❛❜♦r❛t❡❞ ✐♥
t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ❝♦✈❡r✐♥❣ ❛❧❧ ♦❢ t❤❡♠ ✇✐❧❧ ❧❡❛❞ t♦ ❛ ✈❡r② ❤✐❣❤ ❛♥❞ ✉♥❛❝❝❡♣t✲
❛❜❧❡ s②♥t❤❡s✐s t✐♠❡✳ ❚♦ ❝♦♣❡ ✇✐t❤ t❤❡ ✐♥tr❛❝t❛❜✐❧✐t② ♦❢ ❡①❤❛✉st✐✈❡❧② ❝♦♥s✐❞❡r✐♥❣ ❛❧❧
❢❡❛s✐❜❧❡ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ s❝❤❡❞✉❧❡s✱ ✇❡ ✜rst ❧✐st ❛❧❧ t❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞
s❝❤❡❞✉❧❡s ❛♥❞ t❤❡♥ ♣✐❝❦ ❛ s✉❜s❡t |S| ♦❢ t❤❡♠✳ ❚❤❡ s❝❤❡❞✉❧❡s ✐♥ S ❛r❡ ❛s ❡✈❡♥❧②
❞✐str✐❜✉t❡❞ ❛s ♣♦ss✐❜❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡①tr❡♠❡s✿ ❢✉❧❧② s❡r✐❛❧ ❙②♥❝❤r♦♥♦✉s ❉❛t❛
❋❧♦✇ ✭❙❉❋✮ s❝❤❡❞✉❧❡ ✭❋✐❣✉r❡ ✺✳✷❜✮ ❛♥❞ ❢✉❧❧② ♣❛r❛❧❧❡❧ ❙❉❋ s❝❤❡❞✉❧❡ ✭❋✐❣✉r❡ ✺✳✷❡✮✳
❚❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡s ❛r❡ ❜❡tt❡r t❤❛♥ ♦t❤❡r s❝❤❡❞✉❧❡s✳ ❚❤✐s ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡
✐♥ ❞❡t❛✐❧ ❧❛t❡r ✐♥ t❤✐s s✉❜s❡❝t✐♦♥✳ ❲❤❡♥ ❡①♣❧♦r✐♥❣ t❤❡ ❋▲P✱ ♦♥❧② |S| s❝❤❡❞✉❧❡s ❛r❡
❡①♣❧♦r❡❞ t♦ r❡❞✉❝❡ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ ❢✉♥❝t✐♦♥ ❧❡✈❡❧✳

▲♦❛❞ ❇❛❧❛♥❝❡❞ ❙❝❤❡❞✉❧❡

❆♥ ❍❙❉❋ s❝❤❡❞✉❧❡ ✐s ❧♦❛❞ ❜❛❧❛♥❝❡❞ ✐❢ ❛♥❞ ♦♥❧② ✐❢ t❤❡ ♥✉♠❜❡r ♦❢ ❍❙❉❋ ❛❝t♦rs t❤❛t
❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ s❛♠❡ ❙❉❋ ❛❝t♦r ❛♥❞ ❡①❡❝✉t❡❞ ❜② t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥
✭❋■▼P✮ ✐♥st❛♥❝❡s ✇✐t❤ t❤❡ s❛♠❡ ❋■▼P t②♣❡ ❛r❡ ❛s ❡q✉❛❧ ❛s ♣♦ss✐❜❧❡✳ ❚❤✐s ❞❡✜♥✐t✐♦♥
✐s ❢♦r♠✉❧❛t❡❞ ❜② ❊q✳ ✺✳✶✷✳ ❋♦r ❛ ❣✐✈❡♥ ❙❉❋ ❛❝t♦r ai✱ A′

i ✐s t❤❡ ❍❙❉❋ ❛❝t♦r s❡t
❞❡r✐✈❡❞ ❢r♦♠ ai✳ ❋♦r ❛ ❣✐✈❡♥ s❡t ♦❢ ❋■▼P ✐♥st❛♥❝❡s Fi t♦ ✐♠♣❧❡♠❡♥t A′

i✱ ❡❛❝❤ ❋■▼P
✐♥st❛♥❝❡ fi,m ✐♠♣❧❡♠❡♥ts ❛ s❡t ♦❢ ❍❙❉❋ ❛❝t♦rs A′

i,m ∈ A′
i✱ ✇❤❡r❡ 0 ≤ m < |Fi|✳

▼♦r❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡s❡ ♥♦t❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡ ✺✳✶✳

∣

∣

∣

∣

|A′
i,m | −

|A′
i|

|Fi|

∣

∣

∣

∣

≤ 1 ∀ 0 ≤ i < |A| , 0 ≤ m < |Fi| ✭✺✳✶✷✮

a'0

b'0

c'0

b'1

c'1

c'2

c'3

a'0

b'0

c'0

b'1

c'1

c'2

c'3

(a) (b)

T
im

e - R
elativ

e o
rd

er

Resources - FIMPs

(a): SDF graph

(b): load balanced schedule

(c): not load balanced schedule

In both (b) and (c) :

  One FIMP for a

  Two FIMPs for b

  Two FIMPs for c

It is obvious that (c)  requires more 

execution time than (b).

a

b

c

2

1

2

1

(c)  

❋✐❣✉r❡ ✺✳✻✿ ▲♦❛❞ ❇❛❧❛♥❝❡❞ ❙❝❤❡❞✉❧❡ ❊①❛♠♣❧❡
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❚❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡ ✇✐❧❧ ❧❡❛❞ t♦ t❤❡ ❜❡st ♣❡r❢♦r♠❛♥❝❡ ❢♦r ❛ ❣✐✈❡♥ s❡t ♦❢
❋■▼P ✐♥st❛♥❝❡s ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✻✳ ❆ss✉♠❡ ✇❡ ❤❛✈❡ ❛ s❡t ♦❢ ❋■▼P ✐♥st❛♥❝❡s
Fi ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ ❙❉❋ ❛❝t♦r ai✳ ❚❤❡ ❧❛t❡♥❝② ♦❢ ❡①❡❝✉t✐♥❣ ♦♥❡ ❋■▼P ✐♥st❛♥❝❡
❢♦r ai ✐s ✐ts ❝♦♠♣✉t❛t✐♦♥ ♣❤❛s❡ ❧❡♥❣t❤ tc,i ✳ ❉❡♥♦t✐♥❣ t❤❡ ♦✈❡r❛❧❧ ❧❛t❡♥❝② ♦❢ ai ❛s Ti✱
✐t ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❜② ✺✳✶✸ ❢♦r ❛ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡✳ ❚❤❡ t❡r♠ ⌈|A′

i|/|Fi|⌉ ✐s t❤❡
♥✉♠❜❡r ♦❢ ❡①❡❝✉t✐♦♥s ♦❢ ❡❛❝❤ ❋■▼P ✐♥st❛♥❝❡ ✐♥ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥✳

Ti =

⌈

|A′
i|

|Fi|

⌉

· tc,i ✭✺✳✶✸✮

■❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❛r❡ ♥♦t ❧♦❛❞ ❜❛❧❛♥❝❡❞ ✭❊q✳ ✺✳✶✷ ✐s ♥♦t ♠❡t✮✱ ❛t ❧❡❛st
♦♥❡ ❋■▼P ✐♥st❛♥❝❡ ✇✐❧❧ ❡①❡❝✉t❡s ♠♦r❡ t❤❛♥ ⌈|A′

i|/|Fi|⌉ ❛♥❞ t❤✐s ✇✐❧❧ r❡s✉❧t ❛ ❤✐❣❤❡r
♦✈❡r❛❧❧ ❧❛t❡♥❝② Ti✳ ❆ss✉♠❡ |A′

i = 5| ✭✺ ❍❙❉❋ ❛❝t♦rs ✐♥ A′
i✮ ❛♥❞ |Fi| = 2 ✭✷ ❋■▼P

✐♥st❛♥❝❡s t♦ ✐♠♣❧❡♠❡♥t ai✮✳ ❚❤❡ ❜❡st ❝❛s❡ ✐s t❤❛t ♦♥❡ ❋■▼P ✐♥st❛♥❝❡ ❡①❡❝✉t❡s t✇✐❝❡
❛♥❞ t❤❡ ♦t❤❡r ♦♥❡ ❡①❡❝✉t❡s t❤r❡❡ t✐♠❡s✳ ❆♥② ♦t❤❡r ♣♦ss✐❜✐❧✐t✐❡s ✭✶ ❛♥❞ ✹ t✐♠❡s✱ ♦r
✵ ❛♥❞ ✺ t✐♠❡s✮ ✇✐❧❧ r❡s✉❧t ❛ ❧❛r❣❡r ⌈|A′

i|/|Fi|⌉✳ ❙✐♥❝❡ ✇❡ ♦♥❧② ✇❛♥t t❤❡ ♦♣t✐♠❛❧
s♦❧✉t✐♦♥✭s✮✱ ❙❨▲❱❆ ♦♥❧② ❝♦♥s✐❞❡rs t❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡s✳

❇② ❝♦♥s✐❞❡r✐♥❣ ♦♥❧② t❤❡ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡s✱ ✇❡ ❝♦✉❧❞ ❞❡r✐✈❡ t❤❛t ♦♥❝❡
t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s ✭|Fi| | ∀ai ∈ A✮ ❛r❡ ✜①❡❞✱ t❤❡ t✐♠✐♥❣ ♣❡r❢♦r♠❛♥❝❡
✭Ti | ∀ai ∈ A✮ ✇✐❧❧ ♦♥❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❋■▼P t②♣❡s s✐♥❝❡✱ ✐♥ ✺✳✶✸✱ ⌈|A′

i|/|Fi|⌉ ✐s
✜①❡❞ ❛♥❞ tc,i ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❋■▼P t②♣❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥✲
st❛♥❝❡s ✭|Fi| | ∀ai ∈ A✮ ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ❋▲P✳ ❲❡ ❝❛♥ ❝❛♥ ❣❡♥❡r❛t❡ t❤❡
❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡ ❜② ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❍❙❉❋ ❛❝t♦r t♦ ❋■▼P ✐♥st❛♥❝❡ ❛ss✐❣♥✲
♠❡♥t M ✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ❢♦r ❣❡♥❡r❛t✐♥❣ ❛❧❧ ❢❡❛s✐❜❧❡ s❝❤❡❞✉❧❡s Sall ✭S ✐♥ ❆❧❣♦r✐t❤♠
✺✳✶ ✐s ❛ s✉❜s❡t ♦❢ Sall✮ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✺✳✷✳

✶ A ✐s t❤❡ ❛❝t♦r s❡t ♦❢ t❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤
✷ F ✐s t❤❡ ❋■▼P ✐♥st❛♥❝❡ s❡t ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ A
✸ Fi ✐s t❤❡ s❡t ♦❢ ❋■▼P ✐♥st❛♥❝❡s ❢♦r ai | ∀0 ≤ i < |A|
✹ FMAX ✐s t❤❡ s❡t ♦❢ ♠❛①✐♠✉♠ ♥✉♠❜❡rs ♦❢ ❋■▼P ✐♥st❛♥❝❡s ✉s❡❞ ❢♦r A
✺ ❢♦r❡❛❝❤ ❙❉❋ ❛❝t♦r ai ∈ A ❞♦
✻ FMAX ,i ❂ qai

✼ qai
✐s t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❡t✐t✐♦♥s ♦❢ ai✱ s❡❡ s❡❝t✐♦♥ ✷✳✶ ❢♦r ♠♦r❡ ❞❡t❛✐❧s

✽ ❡♥❞
✾ ❢♦r❡❛❝❤ ❙❉❋ ❛❝t♦r ai ∈ A ❞♦

✶✵ Vi ❂ ♣♦ss✐❜❧❡❴✈❛❧✉❡s✭FMAX ,i✮ ❢♦r❡❛❝❤ v ∈ Vi✮ ❞♦
✶✶ |Fi| ❂ v ④|Fi| | ∀ai ∈ A⑥ ❂ ♠♦❞✐❢②❴❋■▼P❴❝♦✉♥t✭i✱ v✮
✶✷ M ❂ ❛ss✐❣♥❴❍❙❉❋❴❛❝t♦rs✭✮
✶✸ ❙❛✈❡ t❤❡ s❝❤❡❞✉❧❡ s = ({|Fi| | ∀ai ∈ A},M) t♦ Sall

✶✹ ❡♥❞

✶✺ ❡♥❞

❆❧❣♦r✐t❤♠ ✺✳✷✿ ▲♦❛❞ ❇❛❧❛♥❝❡❞ ❙❝❤❡❞✉❧❡ ●❡♥❡r❛t✐♦♥
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♣♦ss✐❜❧❡❴✈❛❧✉❡s✭FMAX ,i✮✿ ❚❤✐s ♠❡t❤♦❞ ✐s ❢♦r ♣r♦❞✉❝✐♥❣ t❤❡ ❢❡❛s✐❜❧❡ ♥✉♠❜❡rs
♦❢ ❋■▼P ✐♥st❛♥❝❡s t❤❛t ❝♦✉❧❞ ❜❡ ✉s❡❞ ❢♦r ❝♦♥str✉❝t✐♥❣ ❧♦❛❞ ❜❛❧❛♥❝❡❞ s❝❤❡❞✉❧❡s
❜❛s❡❞ ♦♥ t❤❡ ❣✐✈❡♥ ♠❛①✐♠✉♠ ♣♦ss✐❜❧❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s FMAX ,i ✳ ❚❤❡
♣r♦❞✉❝❡❞ ♥✉♠❜❡rs ❛r❡ t❤❡ ✐♥t❡❣❡r ❞✐✈✐❞❡rs ♦❢ FMAX ,i ✳ ■♥✐t✐❛❧❧②✱ t❤❡ ✈❛❧✉❡ s❤♦✉❧❞
❜❡ t❤❡ r❡♣❡t✐t✐♦♥ ✈❡❝t♦r q✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❍❙❉❋ s❝❤❡❞✉❧❡✱ qi =
|A′

i|✳ ❆ss✉♠❡ t❤❡ ♣r♦❞✉❝❡❞ ♥✉♠❜❡r s❡t ✐s Vi✱ ✇❤❡r❡ ∀v ∈ Vi✱ qi ♠♦❞ v ❂ ✵✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❍❙❉❋ ❛❝t♦rs ❝❛♥ ❜❡ ❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ♦♥ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❛♥❞
||A′

i,m | − |A′
i|/|Fi|| ❝❛♥ ❜❡ ✵ ♦r ✶ ✭❊q✳ ✺✳✶✷✮✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ qi = 8✱ t❤❡ r❡s✉❧t✐♥❣

Vi ✇✐❧❧ ❜❡ ❬ ✶✱ ✷✱ ✹✱ ✽ ❪ ❛♥❞ |A′
i,m | ✇✐❧❧ ❜❡ ❬ ✽✱ ✹✱ ✷✱ ✶ ❪✱ r❡s♣❡❝t✐✈❡❧②✳

♠♦❞✐❢②❴❋■▼Ps✭i✱ v✮✿ ❚❤✐s ♠❡t❤♦❞ ✐s ❢♦r ♠♦❞✐❢②✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥✲
st❛♥❝❡s t♦ ✐♠♣❧❡♠❡♥t t❤❡ s②st❡♠✳ ❇❛s❡❞ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s v ❢♦r
✐♠♣❧❡♠❡♥t✐♥❣ ❙❉❋ ❛❝t♦r ai✱ t❤✐s ♠❡t❤♦❞ ✇✐❧❧ ♠♦❞✐❢② t❤❡ FMAX ,i ❢♦r ❛❧❧ ❙❉❋ ❛❝t♦rs✳
❚❤❡ ❛❧❣♦r✐t❤♠ ✐♠♣❧❡♠❡♥t❡❞ ❜② t❤✐s ♠❡t❤♦❞ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✺✳✸✳

✶ i✿ t❤❡ ✐♥❞❡① ♦❢ ❙❉❋ ❛❝t♦r
✷ v✿ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s t♦ ✐♠♣❧❡♠❡♥t ❙❉❋ ❛❝t♦r ai
✸ ✐❢ |Fi| > v t❤❡♥
✹ r = |Fi|/v
✺ ❢♦r❡❛❝❤ ❙❉❋ ❛❝t♦r ai ∈ A ❞♦
✻ |Fi| = ⌈|Fi|/r⌉
✼ ❡♥❞

✽ ❡♥❞

❆❧❣♦r✐t❤♠ ✺✳✸✿ ▼♦❞✐❢② ❋■▼Ps

❛ss✐❣♥❴❍❙❉❋❴❛❝t♦rs✭✮✿ ❚❤✐s ♠❡t❤♦❞ ✐s ❢♦r ❛ss✐❣♥✐♥❣ ❍❙❉❋ ❛❝t♦rs ❡✈❡♥❧② t♦
t❤❡ ❋■▼P ✐♥st❛♥❝❡s✳ ❚❤❡ ❛ss✐❣♥✐♥❣ ❝❛♥ ❜❡ ❡✐t❤❡r ✐♥ ❧✐♥❡❛r ✭❞❡❢❛✉❧t✮ ♦r ✐♥t❡r❧❡❛✈✐♥❣
❢❛s❤✐♦♥✳ ▼♦r❡ ❞❡t❛✐❧s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✺✳✹✳✷✳
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❙✐♥❝❡ Sall ♠❛② ❜❡ q✉✐t❡ ❧❛r❣❡ ❢♦r ❛ ❧❛r❣❡ ❞❡s✐❣♥✱ t❤❡ ✉s❡r ♣r♦✈✐❞❡❞ ♣❛r❛♠❡t❡r
|S| ❝❛♥ ❜❡ ✉s❡❞ t♦ ❢✉rt❤❡r r❡❞✉❝❡ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ ❋▲P✳ ❲❡ ❡①♣❡❝t |S| t♦ ❜❡ ✐♥
t❡♥s ♦♥ t❤❡ ❧♦✇❡r s✐❞❡ t♦ ❛ ❢❡✇ t❤♦✉s❛♥❞s ♦♥ t❤❡ ❤✐❣❤❡r s✐❞❡✳ ■♥ s♣✐r✐t✱ |S| ✐s s✐♠✐❧❛r
t♦ t❤❡ t②♣✐❝❛❧ ❤✐❣❤✱ ♠❡❞✐✉♠ ❛♥❞ ❧♦✇ ❡✛♦rt ♣❛r❛♠❡t❡rs ✐♥ ❝♦♠♠❡r❝✐❛❧ ❧♦❣✐❝ ❛♥❞
♣❤②s✐❝❛❧ s②♥t❤❡s✐s ✢♦✇s✳ ❚❤❡ ❦❡② ✐❞❡❛ ✐s t♦ st❛rt ✇✐t❤ t❤❡ ♠♦st ♣❛r❛❧❧❡❧ s❝❤❡❞✉❧❡ ❜②
❝♦♥✈❡rt✐♥❣ t❤❡ ✐♥♣✉t ❙❉❋ ✐♥t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❍❙❉❋ ❣r❛♣❤✱ ✉s✐♥❣ t❤❡ ❛❧❣♦r✐t❤♠
♣r❡s❡♥t❡❞ ✐♥ ❬✶✶❪ t❤❛t ❛❧s♦ ❝r❡❛t❡s ❛ r❡❧❛t✐✈❡ ♦r❞❡r ♦❢ t❤❡ ❢✉♥❝t✐♦♥s✳ ❚❤❡ ❛❞✈❛♥t❛❣❡
♦❢ ✉s✐♥❣ t❤❡ ❍❙❉❋ r❡♣r❡s❡♥t❛t✐♦♥ ✐s t❤❛t ✐t ❡①♣❧✐❝✐t❧② ❝♦♥t❛✐♥s t❤❡ ✐♥✈♦❝❛t✐♦♥s ♦❢ ❛❧❧
❢✉♥❝t✐♦♥s t❤❛t ❝❛♥ ❜❡ r✉♥ ✐♥ ♣❛r❛❧❧❡❧ ❛♥❞ ❛❧s♦ t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝✐❡s ❛♠♦♥❣ t❤❡♠✳
◆❡①t✱ t❤❡ ❛❧❣♦r✐t❤♠ s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✺✳✹ ❝r❡❛t❡s |S| ❙❉❋ s❝❤❡❞✉❧❡s t❤❛t ❛r❡
♥❡❛r ❡✈❡♥❧② s♣❛❝❡❞ ✐♥ t❡r♠s ♦❢ t❤❡✐r ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡ ♦✉t❝♦♠❡ ♦❢ t❤❡ ❛❧❣♦r✐t❤♠ ✐♥
❆❧❣♦r✐t❤♠ ✺✳✹ ✐s t♦ ❝r❡❛t❡ ❛ ❢❡❛s✐❜❧❡ s❝❤❡❞✉❧❡ s✉❜s❡t S ✐♥ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥
✢♦✇ s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✺✳✶✳ ❆❧❣♦r✐t❤♠ ✺✳✹ ✐s s✐♠✐❧❛r t♦ ❆❧❣♦r✐t❤♠ ✺✳✷✳ ❚❤❡
❢♦r♠❡r ❝♦♥s✐❞❡rs ♦♥❧② ♦♥❡ ❙❉❋ ❛❝t♦r✱ ✇❤✐❧❡ t❤❡ ❧❛tt❡r ❝♦♥s✐❞❡rs ❛❧❧ ❙❉❋ ❛❝t♦r✳
❊❛❝❤ s❝❤❡❞✉❧❡ ✐♥ S ✐s ✉♥✐q✉❡ ❛♥❞ ✈❛r✐❡s ✐♥ ✐ts ❋▲P ❧✐❦❡ t❤❡ s❝❤❡❞✉❧❡s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✺✳✷❜✲❡✳

✶ A ✐s t❤❡ ❛❝t♦r s❡t ♦❢ t❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤
✷ F ✐s t❤❡ ❋■▼P ✐♥st❛♥❝❡ s❡t ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ A
✸ ❋✐♥❞ ai ∈ A ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ r❡♣❡t✐t✐♦♥s ✭qi ❂ ♠❛①✭q✮✮
✹ Fi ✐s t❤❡ s❡t ♦❢ ❋■▼P ✐♥st❛♥❝❡s ❢♦r ai
✺ Vi ❂ ♣♦ss✐❜❧❡❴✈❛❧✉❡s✭qi✮
✻ V ′

i ❂ ❡✈❡♥❧② ♣✐❝❦❡❞ |S| ✈❛❧✉❡s ✐♥ Vi

✼ ❢♦r❡❛❝❤ v ∈ V ′
i ✮ ❞♦

✽ |Fi| ❂ v ④|Fj | | ∀aj ∈ A⑥ ❂ ♠♦❞✐❢②❴❋■▼P❴❝♦✉♥t✭i✱ v✮
✾ M ❂ ❛ss✐❣♥❴❍❙❉❋❴❛❝t♦rs✭✮

✶✵ ❙❛✈❡ t❤❡ s❝❤❡❞✉❧❡ s = ({|Fj | | ∀aj ∈ A},M) t♦ S

✶✶ ❡♥❞

❆❧❣♦r✐t❤♠ ✺✳✹✿ ❙✉❜s❡t ♦❢ ▲♦❛❞ ❇❛❧❛♥❝❡❞ ❙❝❤❡❞✉❧❡ ●❡♥❡r❛t✐♦♥
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✺✳✺✳✷ ❊①♣❧♦r✐♥❣ ❆r✐t❤♠❡t✐❝ ❛♥❞ ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠

❊❛❝❤ s❝❤❡❞✉❧❡ t❤❛t ✐s ❝r❡❛t❡❞ ❜② ❆❧❣♦r✐t❤♠ ✺✳✹ ✐♥ s❡❝t✐♦♥ ✺✳✺✳✶ ❤❛s ❛✮ t❤❡ ♥✉♠❜❡r
♦❢ ❋■▼Ps ✐♥st❛♥❝❡s ❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ✭❙❉❋ ❛❝t♦r✮ ❛♥❞ ❜✮ t❤❡ ❍❙❉❋ ❛❝t♦r t♦ ❋■▼P
✐♥st❛♥❝❡ ❛ss✐❣♥♠❡♥t ✭✐t ✐s ❛❧s♦ ❛ r❡❧❛t✐✈❡ ♦r❞❡r ✐♥ ✇❤✐❝❤ t❤❡ ❍❙❉❋ ❛❝t♦rs t♦ ❜❡ ❡①✲
❡❝✉t❡❞✱ s❡❡ ✺✳✹✳✷ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✮✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❤♦✇ ❙❨▲❱❆ ❡①♣❧♦r❡s
t❤❡ ❛r✐t❤♠❡t✐❝ ❛♥❞ ❜✉✛❡r✲❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ ❞✐♠❡♥s✐♦♥s ❢♦r ❡❛❝❤ s✉❝❤ ❙❉❋ s❝❤❡❞✉❧❡
✭❛ ✜①❡❞ ❞❡❣r❡❡ ♦❢ ❋▲P✮✳

❆s ❛ r❡s✉❧t✱ ❙❨▲❱❆ ✇✐❧❧ ❞❡❝✐❞❡ t❤❡ ❋■▼P t②♣❡s ❜❛s❡❞ ♦♥ ❛ ❣✐✈❡♥ ❋■▼P ❧✐❜r❛r②✳
❖♥❝❡ t❤❡ ❋■▼P t②♣❡s ❛r❡ ❞❡❝✐❞❡❞✱ ✐t ❜❡❝♦♠❡s ♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡ ❛ ❝②❝❧❡ ❛❝❝✉r❛t❡
s❝❤❡❞✉❧❡ ❛♥❞ ❡✈❛❧✉❛t❡ ✐ts s②st❡♠ ❝♦st ❬Rsys , Tsys , Asys , Esys ❪ ✭Rsys ✿ s❛♠♣❧❡ ✐♥t❡r✈❛❧✱
Tsys ✿ s②st❡♠ ❧❛t❡♥❝②✱ Asys ✿ s②st❡♠ ❛r❡❛ ✉s❛❣❡✱ ❛♥❞ Esys ✿ s②st❡♠ ❡♥❡r❣② ❝♦♥s✉♠♣✲
t✐♦♥✮ ❛♥❞ ✐❢ ✐t ♠❡❡ts t❤❡ ❝♦♥str❛✐♥ts ✭❡✳❣✳ ♠❛①✐♠✉♠ s❛♠♣❧✐♥❣ r❛t❡ RMAX ❛♥❞✴♦r
t♦t❛❧ ❧❛t❡♥❝② TMAX ✮✳ ■♥ t❡r♠s ♦❢ t❤❡ ❞❡s✐❣♥ ❡①♣❧♦r❛t✐♦♥ ✢♦✇ s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠
✺✳✶✱ t❤❡ ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s s❡❝t✐♦♥ r❡♣r❡s❡♥ts t❤❡ ✐♥♥❡r ❧♦♦♣✳

❙❨▲❱❆ ❛✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t❡ ♦♥❡ ❈❙❖P ❛♥❞ s♦❧✈❡ ✐t ✉s✐♥❣ ❖❘✲❚♦♦❧s ❬✶✵✸❪ ❢r♦♠
●♦♦❣❧❡ ❛s t❤❡ ❈P s♦❧✈❡r✳ ❛s t❤❡ ❈P s♦❧✈❡r✳ ❚❤❡ ❝r❡❛t❡❞ ❈❙❖P ❝♦✈❡rs t❤❡ ❋■▼P
t②♣❡ ❛♥❞ t❤❡ ❡①tr❛ ❜✉✛❡r s❡❧❡❝t✐♦♥✳ ❚❤❡ ✐♥♣✉ts t♦ ❛♥❞ t❤❡ ♦✉t♣✉ts ❢r♦♠ t❤❡ ❈P
s♦❧✈❡r ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✼ ❛♥❞ ❡❧❛❜♦r❛t❡❞ ❜❡❧♦✇✳

Cost Matrix

Optimization Objectives

(e.g. area and energy)

C
o

n
st

ra
in

ts

Cycle Accurate 

Schedule (Scycle)

CP

Solver

Data Dependency

Resource Dependency

System constraints

(e.g. Rsys, Tsys, Asys, Esys) Provided by user

Generated by SYLVA

FIMP Instances (F)

❋✐❣✉r❡ ✺✳✼✿ ❈❙❖P ❙♦❧✈✐♥❣

❚❤❡ ❝♦st ♠❛tr✐① ✐s ❛ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ s✉❜s❡t ♦❢ ❛ ❋■▼P ❧✐❜r❛r② ❢♦r ❛ s♣❡❝✐✜❝
❙❉❋ ♣r♦❜❧❡♠ ✐♥st❛♥❝❡ ❛t ❤❛♥❞ t❤❛t ✐s ✐♥♣✉t t♦ t❤❡ ❈P s♦❧✈❡r✳ ❚❤❡ ❈P s♦❧✈❡r ✉s❡s
t❤❡ ❝♦st ♠❛tr✐① t♦ ✜♥❞ t❤❡ s②st❡♠ ❝♦st ❬R, T,A,E❪ ❛♥❞ ❝❤❡❝❦ ✐❢ t❤❡ ❋■▼P s❡❧❡❝t✐♦♥
✐t ✐s ❝♦♥s✐❞❡r✐♥❣ ♠❡❡ts t❤❡ ❝♦♥str❛✐♥ts ♦r ♥♦t✳ ❚❤❡ ❝♦st ♠❛tr✐① ✐s ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥
N × 2M ✱ ✇❤❡r❡ N ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❢✉♥❝t✐♦♥s ✐♥ t❤❡ ♦r✐❣✐♥❛❧✱ ✉♥s❝❤❡❞✉❧❡❞ ❙❉❋
❣r❛♣❤ ❛♥❞ M ✐s t❤❡ ♠❛① ♥✉♠❜❡r ♦❢ ❋■▼Ps ❛✈❛✐❧❛❜❧❡ t♦ ✐♠♣❧❡♠❡♥t ❡❛❝❤ ❢✉♥❝t✐♦♥
❛♥❞ t❤❡ ❢❛❝t♦r ✷ ✐♥ 2M ❝♦♠❡s ❜❡❝❛✉s❡ ❡❛❝❤ ❋■▼P ❝❛♥ ❜❡ ✇✐t❤ ♦r ✇✐t❤♦✉t ❞❡❞✐❝❛t❡
♦✉t♣✉t ❜✉✛❡rs ❢♦r ❡❛❝❤ ❍❙❉❋ ❛❝t♦r✳
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❊❛❝❤ ❡❧❡♠❡♥t ✐♥ t❤❡ ❝♦st ♠❛tr✐① ✐s ❛ ✜✈❡✲t✉♣❧❡ ❁ui,m ✱ ei,m ✱ tc,i,m ✱ tie,i,m ✱
tos,i,m❃ r❡♣r❡s❡♥t✐♥❣ ❛r❡❛ ✉s❛❣❡✱ ❛✈❡r❛❣❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✱ ❝♦♠♣✉t❛t✐♦♥ ❡♥❞
t✐♠❡✱ ✐♥♣✉t ❡♥❞ t✐♠❡ ❛♥❞ ♦✉t♣✉t st❛rt t✐♠❡ ♦❢ t❤❡ mth ❋■▼P ✐♥st❛♥❝❡ ✐♥ Fi ✭t❤❡
❋■▼P ✐♥st❛♥❝❡s t♦ ✐♠♣❧❡♠❡♥t ❙❉❋ ❛❝t♦r ai✮✳ ❚❤❡ t❤r❡❡ t✐♠✐♥❣ ♣❛r❛♠❡t❡rs ✭tc,i,m ✱
tie,i,m ✱ tos,i,m✮ ❛r❡ ✐♥ ♥✉♠❜❡rs ♦❢ ❝❧♦❝❦ ❝②❝❧❡s ❛♥❞ t❤❡② ❛❧s♦ r❡♣r❡s❡♥t ♣❛rt ♦❢ t❤❡
❋■▼P ❡①❡❝✉t✐♦♥ t✐♠✐♥❣ ♠♦❞❡❧ t❤❛t ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✽✱ ✇❤❡r❡ ts ✐s t❤❡ ❡①❡❝✉✲
t✐♦♥ st❛rt t✐♠❡✱ te ✐s t❤❡ ❡①❡❝✉t✐♦♥ ❡♥❞ t✐♠❡✱ tie ✐s t❤❡ ✐♥♣✉t ❡♥❞ t✐♠❡✱ tos ✐s t❤❡
♦✉t♣✉t st❛rt t✐♠❡✱ ❛♥❞ tbe ✐s t❤❡ ❜✉✛❡r ✉s❛❣❡ ❡♥❞ t✐♠❡✳ ◆♦t❡ t❤❛t t❤❡s❡ t✐♠✐♥❣ ✈❛❧✲
✉❡s ✭❡①❝❡♣t tbe✮ ❛r❡ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ✈❛❧✉❡s ❢r♦♠ t❤❡ ❋■▼P ❧✐❜r❛r② ❛♥❞ ♦❜t❛✐♥❡❞
❢r♦♠ s✐❣♥✲♦✛ q✉❛❧✐t② ♣♦st✲❧❛②♦✉t ❞❛t❛ ❛♥❞ ❡①❤❛✉st✐✈❡ s✐♠✉❧❛t✐♦♥ ❛♥❞ t❤✉s ❤✐❣❤❧②
❛❝❝✉r❛t❡✳

Input Phase

ts: execution start time

tie: input end time

tos: output start time

te: execution end time

tie, tos and te are relative to ts and input phase 

and output phase may overlap i.e. tie > tos.  

ti

to

Computation Phase

tc

ti: input phase length tie = ts + ti

to: output phase length te = tos + to

tc: computation phase length te = ts + tc

ti, to, and tc are constants provided by 

the FIMP library

tb

Buffer Usage Phase

tb: buffer usage phase length, tb = tbe -  te

In the buffer usage phase, the output buffer acts 

as the input buffer of the consuming FIMP(s) 

and cannot be written. tbe and tb depend on the 

consuming FIMP(s).

tbe: buffer usage end time

Output Phase

❋✐❣✉r❡ ✺✳✽✿ ❋■▼P ❊①❡❝✉t✐♦♥ ▼♦❞❡❧
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❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s ❛♥❞ t❤❡ s②st❡♠ ❝♦♥str❛✐♥ts ❛r❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ✉s❡r✳
❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s ❝❛♥ ❜❡ ♠✐♥✐♠✐③✐♥❣ ♦♥❡ ♦r ♠♦r❡ ❛s♣❡❝ts ♦❢ t❤❡ s②st❡♠
❝♦st ✭s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ Rsys ✱ s②st❡♠ ❧❛t❡♥❝② Tsys ✱ s②st❡♠ ❛r❡❛ ✉s❛❣❡ Asys ✱
❛♥❞ s②st❡♠ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ Esys✮✳ ❚❤❡ s②st❡♠ ❝♦♥str❛✐♥ts ❛r❡ t❤❡ ❧✐♠✐t❛t✐♦♥s
♦❢ t❤❡ s②st❡♠ ❝♦st✱ ❡✳❣✳ ❧✐♠✐t✐♥❣ t❤❡ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ t♦ RMAX ♦r ❧❡ss✳ ❚❤❡
❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❛♥❞ r❡s♦✉r❝❡ ❞❡♣❡♥❞❡♥❝② ❝♦♥str❛✐♥ts ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞
❜② ❙❨▲❱❆ ❜❛s❡❞ ♦♥ t❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤✳

❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❈P s♦❧✈❡r ❝♦♥s✐sts ♦❢ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ ✭Scycle

❛♥❞ t❤❡ s❡t ♦❢ ❞❡♣❧♦②❡❞ ❋■▼P ✐♥st❛♥❝❡s F ✳ ❊❛❝❤ ❍❙❉❋ ❛❝t♦r ❤❛s ✐ts ♦✇♥ ❡♥tr②
s♣❡❝✐❢②✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ st❛rt t✐♠❡✱ ❡①❡❝✉t✐♦♥ ❡♥❞ t✐♠❡✱ ✐♥♣✉t ❡♥❞ t✐♠❡✱ ♦✉t♣✉t
st❛rt t✐♠❡✱ ❛♥❞ t❤❡ ❜✉✛❡r ❡♥❞ t✐♠❡ ✭s❡❡ ❋✐❣✉r❡ ✺✳✽ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✮✳ ❊❛❝❤ ❋■▼P
✐♥st❛♥❝❡ fi,m ∈ F ✐s t❤❡ mth ❋■▼P ✐♥st❛♥❝❡ t♦ ❡①❡❝✉t❡ t❤❡ ith ❙❉❋ ❛❝t♦r ai ∈ A
✭s❡❡ ❚❛❜❧❡ ✺✳✶ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✮✳

❚❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✶✵ ✇✐❧❧ ❜❡ ✉s❡❞ ❢♦r ❡❧❛❜♦r❛t✐♥❣
t❤❡s❡ ❝♦♥str❛✐♥ts✳ ❚❤✐s s❝❤❡❞✉❧❡ ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❙❉❋ ❣r❛♣❤ ❛♥❞ t❤❡ ❍❙❉❋
❣r❛♣❤ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✾ ❛♥❞ ❤❛s ❢♦❧❧♦✇✐♥❣ ❛ss✉♠♣t✐♦♥s✿ ❋✐rst✱ t❤❡ ✐♥♣✉t ♣❤❛s❡
❧❡♥❣t❤s ♦❢ t❤❡ ❡①❡❝✉t✐♦♥s ♦❢ a0✱ a1✱ a2✱ ❛♥❞ a3 ❛r❡ ✷✱ ✶✱ ✹✱ ✷ ❝❧♦❝❦ ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳
❙❡❝♦♥❞✱ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♣❤❛s❡ ❧❡♥❣t❤s ♦❢ t❤❡ ❡①❡❝✉t✐♦♥s ♦❢ a0✱ a1✱ a2✱ ❛♥❞ a3 ❛r❡ ✻✱
✹✱ ✺✱ ✹ ❝❧♦❝❦ ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐r❞✱ ❚❤❡ ♦✉t♣✉t ♣❤❛s❡ ❧❡♥❣t❤s ♦❢ t❤❡ ❡①❡❝✉t✐♦♥s
♦❢ a0✱ a1✱ a2✱ ❛♥❞ a3 ❛r❡ ✷✱ ✸✱ ✷✱ ✶ ❝❧♦❝❦ ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳

a0 a1 a2

a3

2/1 2/1

1/2

a′
7

a′
3

a′
8

a′
1

a′
4

a′
0

a′
9

a′
2

a′
5

a′
10

a′
6

1/1

1/1 1/1
1/11/1

1/1

1/1
1/11/1

1/1

✭❛✮ ❖r✐❣✐♥❛❧ ❙❉❋ ●r❛♣❤ ✭❜✮ ❘❡s✉❧t ❍❙❉❋ ●r❛♣❤

❋✐❣✉r❡ ✺✳✾✿ ❙❉❋ t♦ ❍❙❉❋ ❈♦♥✈❡rs✐♦♥ ❊①❛♠♣❧❡
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■♥♣✉t P❤❛s❡ ❈♦♠♣✉t❛t✐♦♥ P❤❛s❡ ❖✉t♣✉t P❤❛s❡

❖✉t♣✉t ❇✉✛❡r ❯s❛❣❡

❝❧♦❝❦ ❝②❝❧❡✿ ✵ ✶ ✷ ✸ ✹ ✺ ✻ ✼ ✽ ✾ ✶✵ ✶✶ ✶✷ ✶✸ ✶✹ ✶✺ ✶✻ ✶✼ ✶✽ ✶✾ ✷✵ ✷✶

f0 a′
0

f1 a′
1

a′
2

f2 a′
3

a′
5

f3 a′
4

a′
6

f4 a′
7

a′
9

f5 a′
8

a′
10

❋✐❣✉r❡ ✺✳✶✵✿ ❈②❝❧❡ ❆❝❝✉r❛t❡ ❙❝❤❡❞✉❧❡ ❊①❛♠♣❧❡

❱❛r✐❛❜❧❡s

■♥ t❤❡ ❣❡♥❡r❛t❡❞ ❈❙❖P✱ ❡❛❝❤ ❍❙❉❋ ❛❝t♦r a′j ∈ A′ ❤❛s ♦♥❡ ts,j ✈❛r✐❛❜❧❡ ✭❡①❡❝✉t✐♦♥
st❛rt t✐♠❡✱ ❢r♦♠ ✵ t♦ TMAX ✮ ❛♥❞ ♦♥❡ tbe,j ✈❛r✐❛❜❧❡ ✭❜✉✛❡r ✉s❛❣❡ ❡♥❞ t✐♠❡ ❢r♦♠
✵ t♦ TMAX ✮✳ ❊❛❝❤ ❋■▼P ✐♥st❛♥❝❡ fi,m ❤❛s ♦♥❡ ❋■▼P t②♣❡ ✈❛r✐❛❜❧❡ Ti,m ✭✈❛❧✉❡
❢r♦♠ ✵ t♦ Mi✲✶✱ Mi ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ❋■▼P t②♣❡s ❢♦r ❙❉❋ ai ❛♥❞ ✐t ✐s ♣r♦✈✐❞❡❞
❜② t❤❡ ❋■▼P ❧✐❜r❛r②✮ ❛♥❞ ♦♥❡ ❡①tr❛ ❜✉✛❡r ✈❛r✐❛❜❧❡ bi,m ✭✶ ❢♦r ✉s❡ ❡①tr❛ ❜✉✛❡r✱ ✵
♦t❤❡r✇✐s❡✮✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✈❛r✐❛❜❧❡s t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❈P s♦❧✈❡r ✐s
|var| = 2 · (|A′|+ |F |)
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❙②st❡♠ ❈♦♥str❛✐♥ts

❚❤❡ s②st❡♠ ❝♦♥str❛✐♥ts s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✼ ❛r❡ ♦♥ t❤❡ s②st❡♠ ❝♦st ❬Rsys ✱ Tsys ✱ Asys ✱
Esys ❪✳ ■♥ ❙❨▲❱❆✱ t❤❡ ✉s❡r ❝❛♥ ♣r♦✈✐❞❡ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ t❤❡ s②st❡♠ ❝♦st✿ RMAX

✭♠❛①✐♠✉♠ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧✮✱ TMAX ✭♠❛①✐♠✉♠ s②st❡♠ ❧❛t❡♥❝②✮✱ AMAX

✭♠❛①✐♠✉♠ s②st❡♠ ❛r❡❛ ✉s❛❣❡✮✱ ❛♥❞ EMAX ✭♠❛①✐♠✉♠ s②st❡♠ ❡♥❡r❣② ❝♦♥s✉♠♣✲
t✐♦♥✮✳ ■❢ ❛♥② ♦❢ t❤❡♠ ✐s ♥♦t ♣r♦✈✐❞❡❞ ❜② ✉s❡r✱ t❤❡ ❞❡❢❛✉❧t ✈❛❧✉❡ 264 ✇✐❧❧ ❜❡ ✉s❡❞✳
❚❤❡r❡ ❛r❡ ✹ s②st❡♠ ❝♦♥str❛✐♥ts ❛s s❤♦✇♥ ✐♥ ❊q✳ ✺✳✶✹✳

Rsys ≤ RMAX ,
Tsys ≤ TMAX ,
Asys ≤ AMAX ,
Esys ≤ EMAX .

✭✺✳✶✹✮

❚❤❡ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ Rsys ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✺✳✶✺✱ ✇❤❡r❡ A′
i,m ✱

✇❤✐❝❤ ✐s ❛ ❛❝t♦r s❡t ❝♦♥t❛✐♥✐♥❣ ❛❧❧ ❍❙❉❋ ♥♦❞❡s t❤❛t ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ ❙❉❋ ❛❝t♦r
ai ❛♥❞ ❡①❡❝✉t❡❞ ♦♥ t❤❡ mth ❋■▼P ✐♥st❛♥❝❡ ❢♦r ai✳ a′y ❛♥❞ a′0 ❛r❡ t❤❡ ❧❛st ❛♥❞ t❤❡
✜rst ❍❙❉❋ ❛❝t♦r t♦ ❜❡ ❡①❡❝✉t❡❞ ✐♥ ♦♥❡ s②st❡♠ ✐t❡r❛t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ t❡r♠
te,y − ts,0 ✐s t❤❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ st❛rt t✐♠❡ ♦❢ a′0 ❛♥❞ t❤❡ ❡♥❞ t✐♠❡ ♦❢ a′y✳ ❚❤❡
t❡r♠ tbe,y − tos,0 ✐s t❤❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ♦✉t♣✉t st❛rt t✐♠❡ ♦❢ a′0 ❛♥❞ t❤❡ ❜✉✛❡r ❡♥❞
t✐♠❡ ♦❢ a′y✳ y ✐s ❞❡t❡r♠✐♥❡❞ ❜② ❡✈❛❧✉❛t✐♥❣ t❤❡ ❍❙❉❋ ❣r❛♣❤✳ ts,0 ❛♥❞ tbe,y ❛r❡ t✇♦
✈❛r✐❛❜❧❡s t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ❈P s♦❧✈❡r✳ ❆❝❝♦r❞✐♥❣ t♦ ❋✐❣✉r❡ ✺✳✽✱ te,y = ts,y + tc,y ✱
❛♥❞ tos,0 = ts,0 + tc,0 − to,0 ✳ ■♥ t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ Rsys = 14 ✭❊q✳
✺✳✶✻✮✳

Rsys = max(te,y − ts,0 , tbe,y − tos,0 ) ∀ a′y, a
′
0 ∈ A′

i,m ✭✺✳✶✺✮

Rsys = max(te,0 − ts,0 , tbe,0 − tos,0 , te,2 − ts,1 , tbe,2 − tos,1 , ...)

= max(6, 7− 4, 13− 2, 14− 4, 17− 6, 21− 7)

= max(6, 3, 11, 10, 11, 14) = 14

✭✺✳✶✻✮

❚❤❡ s②st❡♠ ❧❛t❡♥❝② Tsys ✭t❤❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ✜rst ✐♥♣✉t ❞❛t❛ t♦❦❡♥ ✐s ❝♦♥s✉♠❡❞
t✐❧❧ t❤❡ ✜rst ♦✉t♣✉t ❞❛t❛ t♦❦❡♥ ✐s ♣r♦❞✉❝❡❞✮ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✺✳✶✼✱ ✇❤❡r❡
A′ ✐s t❤❡ ❛❝t♦r s❡t ♦❢ t❤❡ ❍❙❉❋ ❣r❛♣❤✳

Tsys = max(te,j ) ∀ a′j ∈ A′ ✭✺✳✶✼✮

❚❤❡ s②st❡♠ ❛r❡❛ ✉s❛❣❡ Asys ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✺✳✶✽✱ ✇❤❡r❡ |Fi| ✐s t❤❡
♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s ❢♦r ❡①❡❝✉t✐♥❣ ❙❉❋ ❛❝t♦r ai✱ ui,m ✐s t❤❡ ❛r❡❛ ✉s❛❣❡ ♦❢
fi,m ✭t❤❡ mth ❋■▼P ✐♥st❛♥❝❡ ✐♥ Fi✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ui,m ✐s ❞❡t❡r♠✐♥❡❞ ❜② Ti,m ✭t❤❡
❋■▼P t②♣❡ ♦❢ fi,m ❛♥❞ t❤❡ ❋■▼P ❧✐❜r❛r②✳

Asys =

|A|
∑

i=0

∑

m=0

|Fi|(ui,m). ✭✺✳✶✽✮
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❚❤❡ s②st❡♠ ❡♥❡r❣② ❝♦st Esys ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✺✳✶✾✱ ✇❤❡r❡ ei,m ✐s t❤❡
❡♥❡r❣② ❝♦st ❢♦r ❡①❡❝✉t✐♥❣ ❙❉❋ ❛❝t♦r ai ♦♥❝❡ ♦♥ ❋■▼P ✐♥st❛♥❝❡ fi,m ✳ |A′

i,m | ✐s t❤❡
❧✐st ♦❢ ❍❙❉❋ ❛❝t♦rs ❡①❡❝✉t❡❞ ❜② fi,m ✳ ❙✐♠✐❧❛r t♦ ui,m ✱ t❤❡ ✈❛❧✉❡ ♦❢ ei,m ✐s ❛❧s♦
❞❡t❡r♠✐♥❡❞ ❜② Ti,m ✭t❤❡ ❋■▼P t②♣❡ ♦❢ fi,m ❛♥❞ t❤❡ ❋■▼P ❧✐❜r❛r②✳

Esys =

|A|
∑

i=0

∑

m=0

|Fi|(ei,m · |A′
i,m |). ✭✺✳✶✾✮

❙❨▲❱❆ ●❡♥❡r❛t❡❞ ❈♦♥str❛✐♥ts

❚❤❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❛♥❞ r❡s♦✉r❝❡ ❞❡♣❡♥❞❡♥❝② ❝♦♥str❛✐♥ts
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✼ ❝❛♥ ❜❡ s♦rt❡❞ ✐♥t♦ ❢♦✉r ❝❛t❡❣♦r✐❡s✿ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❢♦r ❡①❡✲
❝✉t✐♦♥✱ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❢♦r ♦✉t♣✉t ❜✉✛❡r✱ r❡s♦✉r❝❡ ❞❡♣❡♥❞❡♥❝② ❢♦r ❡①❡❝✉t✐♦♥✱ ❛♥❞
r❡s♦✉r❝❡ ❞❡♣❡♥❞❡♥❝② ❢♦r ♦✉t♣✉t ❜✉✛❡r✳

✶✳ ❉❛t❛ ❞❡♣❡♥❞❡♥❝② ❢♦r ❡①❡❝✉t✐♦♥

❆ ❢✉♥❝t✐♦♥ ❝❛♥ ♦♥❧② st❛rt ✐ts ❡①❡❝✉t✐♦♥ ❛❢t❡r ❛❧❧ t❤❡ ❞❡♣❡♥❞❡♥t ❢✉♥❝t✐♦♥s ❛r❡
❝♦♠♣❧❡t❡✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❍❙❉❋ ❛❝t♦r a′1 s❤♦✉❧❞ st❛rt ❡①❡❝✉t✐♦♥ ❛❢t❡r ❍❙❉❋
❛❝t♦r a′0✱ a

′
7✱ ❛♥❞ a′8 ❛r❡ ✜♥✐s❤❡❞ t❤❡✐r ❡①❡❝✉t✐♦♥✳ ❚❤✐s ❝❛t❡❣♦r② ♦❢ ❝♦♥str❛✐♥ts

✐s ❢♦r♠✉❧❛t❡❞ ✐♥ ❊q✳ ✺✳✷✵✱ ✇❤❡r❡ ts,d ✐s t❤❡ ❡①❡❝✉t✐♦♥ st❛rt t✐♠❡ ♦❢ t❤❡ ❞❡s✲
t✐♥❛t✐♦♥ ❍❙❉❋ ❛❝t♦r a′d ❛♥❞ te,s ✐s ❡①❡❝✉t✐♦♥ ❡♥❞ t✐♠❡ ♦❢ t❤❡ s♦✉r❝❡ ❍❙❉❋
❛❝t♦r a′s✳

ts,d > te,s ∀ eas→ad
∈ E′ ✭✺✳✷✵✮

❋♦r t❤✐s ❡①❛♠♣❧❡✱ t❤❡ ❝♦♥str❛✐♥t ❢♦r a′1 ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s ts,1 > te,0 ✱ ts,1 >
te,7 ✱ ❛♥❞ ts,1 > te,8 ✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥str❛✐♥ts ✐♥ t❤✐s ❝❛t❡❣♦r② ✐s |E′|✱ ✇❤✐❝❤
✐s t❤❡ ♥✉♠❜❡r ♦❢ ❍❙❉❋ ❡❞❣❡s ✐♥ t❤❡ ❍❙❉❋ ❣r❛♣❤✳

✷✳ ❉❛t❛ ❞❡♣❡♥❞❡♥❝② ❢♦r ♦✉t♣✉t ❜✉✛❡r

❚❤❡ ♣r♦❞✉❝✐♥❣ ❛♥❞ ❝♦♥s✉♠✐♥❣ ♥♦❞❡s ❝❛♥♥♦t ♦✉t♣✉t ❛♥❞ ✐♥♣✉t r❡s♣❡❝t✐✈❡❧② ❛t
t❤❡ s❛♠❡ t✐♠❡ ❢r♦♠ t❤❡ ♦✉t♣✉t ❜✉✛❡r✳ ❋♦r ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ t❤❡ ❍❙❉❋
❛❝t♦r a′1 s❤♦✉❧❞ ❝♦♠♣❧❡t❡ ✐ts ✐♥♣✉t ♣❤❛s❡ ❜❡❢♦r❡ t❤❡ ❜✉✛❡r ❡♥❞ t✐♠❡ ♦❢ ❍❙❉❋
❛❝t♦r a′0✱ a

′
7✱ ❛♥❞ a′8✳

❚❤✐s ❝❛t❡❣♦r② ♦❢ ❝♦♥str❛✐♥ts ✐s ❢♦r♠✉❧❛t❡❞ ✐♥ ❊q✳ ✺✳✷✶✱ ✇❤❡r❡ tie,dst ✐s t❤❡
✐♥♣✉t ❡♥❞ t✐♠❡ ♦❢ t❤❡ ❞❡st✐♥❛t✐♦♥ ❍❙❉❋ ❛❝t♦r ❛♥❞ tbe,src ✐s t❤❡ ♦✉t♣✉t ❜✉✛❡r
❡♥❞ t✐♠❡ ♦❢ t❤❡ s♦✉r❝❡ ❍❙❉❋ ❛❝t♦r✳ ❋♦r t❤❡ ❡①❛♠♣❧❡✱ ✐t ✐s ❡①♣r❡ss❡❞ ❛s
tie,b0 ≤ tbe,d0

✳

tie,dst ≤ tbe,src ∀ e ∈ E′ ✭✺✳✷✶✮

❚❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥str❛✐♥ts ✐♥ t❤✐s ❝❛t❡❣♦r② ✐s |E′|✱ ✇❤✐❝❤ ✐s t❤❡ ♥✉♠❜❡r ♦❢
❍❙❉❋ ❡❞❣❡s ✐♥ t❤❡ ❍❙❉❋ ❣r❛♣❤✳
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✸✳ ❘❡s♦✉r❝❡ ❞❡♣❡♥❞❡♥❝② ❢♦r ❡①❡❝✉t✐♦♥

❖♥❧② ♦♥❡ ❛❝t♦r ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ♦♥ ❛ ❋■▼P ✐♥st❛♥❝❡ ❛t ❛ t✐♠❡✳ ❋♦r ❡①❛♠♣❧❡
✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ t❤❡ ❍❙❉❋ ❛❝t♦r a′2 s❤♦✉❧❞ st❛rt ❡①❡❝✉t✐♦♥ ❛❢t❡r ❍❙❉❋ ❛❝t♦r a′1
✐s ❝♦♠♣❧❡t❡✳ ❚❤✐s ❝❛t❡❣♦r② ♦❢ ❝♦♥str❛✐♥ts ✐s ❢♦r♠✉❧❛t❡❞ ✐♥ ❊q✳ ✺✳✷✷✳ ❆ss✉♠❡
Ai,j ✐s t❤❡ ❍❙❉❋ ❛❝t♦r s❡t t❤❛t ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❙❉❋ ❛❝t♦r ai ❛♥❞ ❡①❡❝✉t❡❞
♦♥ t❤❡ jth ❋■▼P ✐♥st❛♥❝❡s ❢♦r ai✳ ts,x+1 ✐s t❤❡ ❡①❡❝✉t✐♦♥ st❛rt t✐♠❡ ❢♦r t❤❡
❍❙❉❋ ❛❝t♦r a′x+1 ✱ ✇❤✐❝❤ ✐s t❤❡ x + 1t❤ ❛❝t♦r t♦ ❜❡ ❡①❡❝✉t❡❞ ❜② ❋■▼P fi,j ✳
te,x ✐s t❤❡ ❡①❡❝✉t✐♦♥ ❡♥❞ t✐♠❡ ❢♦r ❍❙❉❋ ❛❝t♦r ax✱ ✇❤✐❝❤ ✐s t❤❡ xth ❛❝t♦r ✐♥
Ai,j ✳ ❋♦r t❤❡ ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ A3 ,0 ✐s ❬a′7✱ a

′
9❪ t❤❛t ❛r❡ ❡①❡❝✉t❡❞ ♦♥

❋■▼P ✐♥st❛♥❝❡ F3 ,0 ❛♥❞ A3 ,1 ✐s ❬a′8✱ a
′
10 ❪ t❤❛t ❛r❡ ❡①❡❝✉t❡❞ ♦♥ ❋■▼P ✐♥st❛♥❝❡

F3 ,1 ✳

ts,x+1 > te,x ∀ nx ∈ ni,j . ✭✺✳✷✷✮

❚❤❡r❡ ❛r❡ |A′| − |F | ❝♦♥str❛✐♥ts ✐♥ t❤✐s ❝❛t❡❣♦r②✳ |A′| ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t♦rs
✐♥ t❤❡ ❍❙❉❋ ❣r❛♣❤ ❛♥❞ |F | ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✉s❡❞ ❋■▼P ✐♥st❛♥❝❡s✳

✹✳ ❘❡s♦✉r❝❡ ❞❡♣❡♥❞❡♥❝② ❢♦r ♦✉t♣✉t ❜✉✛❡r

❖♥❡ ♦✉t♣✉t ❜✉✛❡r ❝❛♥ ♦♥❧② ❜❡ ✇r✐tt❡♥ ❜② ♦♥❡ ❍❙❉❋ ❛❝t♦r ❛t ❛ t✐♠❡✳ ❋♦r
❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ t❤❡ ❍❙❉❋ ❛❝t♦r a′2 ❝❛♥♥♦t st❛rt ✇r✐t✐♥❣ ❞❛t❛ ✐♥t♦ ✐ts
♦✉t♣✉t ❜✉✛❡r ❜❡❢♦r❡ ✐t ✐s ❢r❡❡❞ ❜② a′3 ❛♥❞ a′4✳ ❚❤✐s ❝❛t❡❣♦r② ♦❢ ❝♦♥str❛✐♥ts
✐s ❢♦r♠✉❧❛t❡❞ ✐♥ ❊q✳ ✺✳✷✸✳ tos,x+1 ✐s t❤❡ ♦✉t♣✉t st❛rt t✐♠❡ ❢♦r t❤❡ ❍❙❉❋
❛❝t♦r a”x+1 ✱ ✇❤✐❝❤ ✐s t❤❡ x+ 1th ❛❝t♦r ✐♥ A′

i,j ✳ tbe,x ✐s t❤❡ ♦✉t♣✉t ❜✉✛❡r ❡♥❞
t✐♠❡ ❢♦r t❤❡ ❍❙❉❋ ❛❝t♦r a”x✱ ✇❤✐❝❤ ✐s t❤❡ xth ❛❝t♦r ✐♥ A′

i,j ✳ A
′
i,j ✐s t❤❡ ❍❙❉❋

❛❝t♦r s❡t t❤❛t ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❙❉❋ ❛❝t♦r ai ❛♥❞ ❡①❡❝✉t❡❞ ♦♥ t❤❡ jth ❋■▼P
✐♥st❛♥❝❡s ❢♦r ai✳

(tos,x+1 > tbe,x ∨ bi) = True ∀ a”x ∈ A′
i,j ✭✺✳✷✸✮

❋♦r t❤❡ ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ ❍❙❉❋ ❛❝t♦rs a′1 ❛♥❞ a′2 ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ ❙❉❋
❛❝t♦r a1 ❛♥❞ tos,a′

2
s❤♦✉❧❞ ❜❡ ❧❛r❣❡r t❤❛♥ tbe,a′

1
s✐♥❝❡ t❤❡ ♦✉t♣✉t ❜✉✛❡rs ❛r❡

s❤❛r❡❞ ❜② ❛❧❧ t❤❡ ❍❙❉❋ ❛❝t♦rs ♦♥ t❤❡ ❋■▼P ✐♥st❛♥❝❡ F1 ,0 ✭t❤❡ ✜rst ❋■▼P
✐♥st❛♥❝❡ ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ ❙❉❋ ❛❝t♦r a1✮✳ ❲❤✐❧❡ ✐♥ ❋✐❣✉r❡ ✺✳✶✶✱ tos,a′

2
❝❛♥ ❜❡

s♠❛❧❧❡r t❤❛♥ tbe,a′

1
s✐♥❝❡ ❡❛❝❤ ❍❙❉❋ ❛❝t♦r ❤❛s ✐ts ♦✇♥ ♦✉t♣✉t ❜✉✛❡rs✳ ❚❤❡r❡

❛r❡ |A′| − |F | ❝♦♥str❛✐♥ts ✐♥ t❤✐s ❝❛t❡❣♦r②✳ |A′| ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♥♦❞❡s ✐♥ t❤❡
❍❙❉❋ ❣r❛♣❤ ❛♥❞ |F | ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✉s❡❞ ❋■▼P ✐♥st❛♥❝❡s✳

❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❝♦♥str❛✐♥ts |cst| = 2 · |E′|+ 2 · (|A′| − |F |) + 4✱ ✇❤❡r❡ |E′|
✐s t❤❡ ♥✉♠❜❡r ♦❢ ❍❙❉❋ ❡❞❣❡s✱ A′ ✐s ❍❙❉❋ ❛❝t♦r s❡t✱ ❛♥❞ |F | ✐s ❋■▼P ✐♥st❛♥❝❡ s❡t✳
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■♥♣✉t P❤❛s❡ ❈♦♠♣✉t❛t✐♦♥ P❤❛s❡ ❖✉t♣✉t P❤❛s❡

❖✉t♣✉t ❇✉✛❡r ❯s❛❣❡

❝❧♦❝❦ ❝②❝❧❡✿ ✵ ✶ ✷ ✸ ✹ ✺ ✻ ✼ ✽ ✾ ✶✵ ✶✶ ✶✷ ✶✸ ✶✹ ✶✺ ✶✻ ✶✼ ✶✽ ✶✾ ✷✵ ✷✶

f0 a′
0

f1 a′
1

a′
2

f2 a′
3

a′
5

f3 a′
4

a′
6

f4 a′
7

a′
9

f5 a′
8

a′
10

❋✐❣✉r❡ ✺✳✶✶✿ ❈②❝❧❡ ❆❝❝✉r❛t❡ ❙❝❤❡❞✉❧❡ ❊①❛♠♣❧❡ ✇✐t❤ ▼♦r❡ ❇✉✛❡rs

❖♣t✐♠✐③❛t✐♦♥ ❖❜❥❡❝t✐✈❡s

❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❢✉♥❝t✐♦♥ ♦❢ ❉❙❊ ✐s s❤♦✇♥ ✐♥ ❊q✳ ✺✳✷✹✱ ✇❤❡r❡ C ✐s t❤❡ ✇❡✐❣❤t❡❞
t♦t❛❧ ❝♦st✱ ✇❤✐❝❤ ✐s ❢♦r♠✉❧❛t❡❞ ✐♥ ❊q✳ ✺✳✷✺✳ KR✱ KT ✱ KA✱ ❛♥❞ KE ❛r❡ ❢♦✉r ✉s❡r✲
❞❡✜♥❡❞ ❝♦♥st❛♥ts ❢♦r s♣❡❝✐❢②✐♥❣ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❡✛♦rt ♦♥ t❤❡ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✲
✈❛❧✱ t❤❡ s②st❡♠ ❧❛t❡♥❝②✱ t❤❡ s②st❡♠ ❛r❡❛ ✉s❛❣❡✱ ❛♥❞ t❤❡ s②st❡♠ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥
✐♥ ♦♥❡ ✐t❡r❛t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ KR ✐s ✶ ❛♥❞ ♦t❤❡r ❝♦♥st❛♥ts ❛r❡ ③❡r♦s✱
❙❨▲❱❆ ✇✐❧❧ ♠✐♥✐♠✐③❡ t❤❡ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧✳

Minimize(C) ✭✺✳✷✹✮

C = KR ·Rsys +KT · Tsys +KA ·Asys +KE · Esys ✭✺✳✷✺✮
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✺✳✻ ❙✉♠♠❛r②

■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ❤❛✈❡ ❡❧❛❜♦r❛t❡❞ t❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ✐♥ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳ ❚❤❡ ✐♥♣✉t t♦ ❉❙❊ ✐s t❤❡ s②s✲
t❡♠ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡✴❝♦st ❝♦♥str❛✐♥ts ❛♥❞
t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳ ❚❤❡ ♦✉t♣✉t ❢r♦♠ ❉❙❊ ❝♦♥s✐sts ♦❢ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡
s❝❤❡❞✉❧❡✱ t❤❡ ♥✉♠❜❡r ❛♥❞ t②♣❡s ♦❢ t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ t♦ ❜❡
❞❡♣❧♦②❡❞✳ ❚❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❜❡✐♥❣ ❡①♣❧♦r❡❞ ❤❛s t❤r❡❡ ❞✐♠❡♥s✐♦♥s ❢♦r ❋✉♥❝t✐♦♥✲▲❡✈❡❧
P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✱ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮✱ ❛♥❞ ❇✉✛❡r✲▲❡✈❡❧ P❛r❛❧✲
❧❡❧✐s♠ ✭❇▲P✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❧❛st t✇♦ ❞✐♠❡♥s✐♦♥s ❛r❡ ❢♦❧❞❡❞ ✐♥t♦ ♦♥❡✳ ❚❤❡ ❉❙❊
✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② s♦❧✈✐♥❣ t❤❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♥str✉❝t❡❞ ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥
❖♣t✐♠✐③❛t✐♦♥ Pr♦❜❧❡♠s ✭❈❙❖Ps✮✱ ✇❤✐❝❤ ❝♦✈❡r ❆▲P ❛♥❞ ❇▲P✱ ❜❛s❡❞ ♦♥ t❤❡ ✉s❡r
❞❡✜♥❡❞ ❞❡❣r❡❡s ♦❢ ❋▲P✳





❈❤❛♣t❡r ✻

●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧

❙②♥t❤❡s✐s

❆❢t❡r t❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ st❡♣ ✭❝❤❛♣t❡r ✺✮ ✐s ❝♦♠♣❧❡t❡s✱ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❤❛s s②♥t❤❡s✐③❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣
✐♥❢♦r♠❛t✐♦♥✿ ♥✉♠❜❡r ❛♥❞ t②♣❡s ♦❢ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ❛♥❞ ❛ ❝②✲
❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ t❤❛t s♣❡❝✐✜❡s ✇❤❡♥ ❛ ❋■▼P ✐s ✜r❡❞✱ ❢♦r ❤♦✇ ❧♦♥❣ ✐t r❡♠❛✐♥s
❛❝t✐✈❡✱ ✇❤✐❝❤ ✐♥♣✉t✴♦✉t♣✉t ❜✉✛❡r ✐t ✉s❡s ❛♥❞ t❤❡ ♣❡r✐♦❞ ✇❤❡♥ ✐t ✉s❡s t❤❡♠✳ ❚❤✐s
✐♥❢♦r♠❛t✐♦♥ ✐s t❤❡ ❜❛s✐s ❢♦r s②♥t❤❡s✐③✐♥❣ t❤❡ ❝♦♥tr♦❧ ❧♦❣✐❝ t♦ ♦r❝❤❡str❛t❡ t❤❡ ❡①❡❝✉✲
t✐♦♥ ♦❢ t❤❡ ❋■▼Ps✱ ✉s❛❣❡ ♦❢ ❜✉✛❡rs ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t ❢♦r t❤❡ tr❛♥s❢❡r ♦❢ ❞❛t❛✳ ❚❤✐s
♣r♦❝❡ss ✐s ❝❛❧❧❡❞ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ s②♥t❤❡s✐s ❛♥❞ ✐t r❡s✉❧ts
✐♥ ❛ ❝②❝❧❡ ❛❝❝✉r❛t❡✱ ❛❜str❛❝t s✐♠✉❧❛t✐♦♥ ❛♥❞ s②♥t❤❡s✐③❛❜❧❡ ♠♦❞❡❧ ♦❢ ❛ ❤✐❡r❛r❝❤② ♦❢
❋❙▼ ✇✐t❤ ❉❛t❛♣❛t❤s ✭❋❙▼❉s✮ t❤❛t ✇❡ ❝❛❧❧ ❛s ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛✲
t✐♦♥ ✭❆■❘✮✳ ◆♦t❡ t❤❛t✱ ●▲■❈ ✐s ♦♥❧② ❢♦r ❆❙■❈ ❛♥❞ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✳
❋♦r ❈●❘❆✱ ❆■❘ ✐s t❤❡ ❜②♣❛ss❡❞ ♦✉t♣✉t ❢r♦♠ t❤❡ ❉❙❊ st❡♣✳ ❆♥❞ ✐t ❝❛♥ ❜❡ ❞✐r❡❝t❧②
✉s❡❞ ❢♦r ❣❡♥❡r❛t✐♥❣ ❈●❘❆ ❝♦♥✜❣✇❛r❡ s✐♥❝❡ t❤❡ t✐♠✐♥❣ ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t ✐♥❢♦r♠❛✲
t✐♦♥ ❤❛✈❡ t♦ ❜❡ ❞✐r❡❝t❧② ✇r✐tt❡♥ ✐♥t♦ t❤❡ ❞❡♣❧♦②❡❞ ❈●❘❆ ❋■▼Ps ✐♥st❡❛❞ ♦❢✱ ❧✐❦❡
❢♦r ❆❙■❈ ❛♥❞ ❋P●❆✱ ❝r❡❛t✐♥❣ ❧♦❣✐❝ ✭❡✳❣✳ st❛t❡ ♠❛❝❤✐♥❡s✮ ❛r♦✉♥❞ t❤❡ ❋■▼Ps t♦
✐♠♣❧❡♠❡♥t t❤❡♠✳ ❆■❘ ✐s t❤❡ ❝♦♠♠♦♥ ✐♥♣✉t t♦ ❞✐✛❡r❡♥t ❜❛❝❦ ❡♥❞s ♦❢ t❤❡ ❝♦❞❡r
❣❡♥❡r❛t♦r ♦❢ ❙❨▲❱❆ t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠
❛s ❆❙■❈ ♠❛❝r♦✱ ❋P●❆ ♠❛❝r♦ ♦r ❛ ❈●❘❆ ❢❛❜r✐❝ ✐♥st❛♥❝❡ ❛s s❤♦✇♥ ✐♥ t❤❡ ♦✈❡r❛❧❧
❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ ✭❋✐❣✉r❡ ✻✳✶✮✳

✽✾
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FIMP: Function Implementations

1. Function examples: FFT, 

Viterbi, FIR, H.264 Encoder, etc.

2. Multiple FIMPs exist for same 

functions differing in degree of 

parallelism, area usage and 

average energy consumption.

3. FIMPs are characterized with 

post-layout sign-off quality data 

and exhaustive simulation.

Sample Interval RMAX
System Latency TMAX

Area Usage AMAX
Energy Consumption EMAX

SYLVA

CGRA 

Compiler

SDF scheduling,

Function Level Parallelism (FLP)

FIMP type selection. Arithmetic / Buffer Level 

Parallelism (ABLP)

Relative schedule, number of FIMPs decided. 

Production/Consumption rates match.

System SDF graph

Cycle accurate schedule

Global Interconnect and Control (GLIC) Synthesis

Abstract Intermediate Representation (AIR)

Code generation, CGRA Floorplanning

Commercial ASIC/

FPGA Synthesis

C
h
ap

ter 5
C

h
ap

ter 6
C

h
ap

ter 7Configware RTL HDL

FIMP Libraries

Constraints Chapter 4

Chapter 4

Chapter 4

A
S

IC

F
P

G
A

C
G

R
A

❋✐❣✉r❡ ✻✳✶✿ ❙▲❨❱❆ ❉❡s✐❣♥ ❋❧♦✇
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✻✳✶ ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮

❆s t❤❡ ♥❛♠❡ s✉❣❣❡sts✱ ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮ ❝♦♥t❛✐♥s ❛❧❧
t❤❡ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ✐s r❡q✉✐r❡❞ ❜② t❤❡ ❝♦❞❡ ❣❡♥❡r❛t♦r ♦❢ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐✲
t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❢♦r ❣❡♥❡r❛t✐♥❣ t❤❡ ❛❝t✉❛❧ s②st❡♠ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥ ✭❱❍❉▲ ❝♦❞❡s ❢♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✴❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ❛♥❞ ❝♦♥✜❣✇❛r❡ ❢♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✲
✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮✮✳ ❋♦r ❡❛❝❤ s②st❡♠ ✉♥❞❡r ❣♦✐♥❣ s②♥t❤❡s✐s✱ ✐ts ❆■❘ ❤❛s
t❤r❡❡ ♣❛rts✿ ❛ s❡t ♦❢ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦s ✭❆❇❇s✮ ✭❡❛❝❤ ❆❇❇ ✐s ❢♦r ♦♥❡ ❞❡♣❧♦②❡❞
❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮✮✱ ♦♥❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ✐♥✐t✐❛❧
❞❡❧❛② ♦❢ ❛❧❧ t❤❡ ❋■▼Ps✱ ❛♥❞ ♦♥❡ ❣❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t ✭t❤❡ ❧♦❣✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ❛♠♦♥❣
❛❧❧ t❤❡ ❆❇❇s✮✳ ❚❤❡ ✐♥✐t✐❛❧ ❞❡❧❛② ✐s ✐❧❧✉str❛t❡❞ ❜② t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷
❛♥❞ t❤❡ ❛❧❣♦r✐t❤♠ ✐♠♣❧❡♠❡♥t❡❞ ❜② t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✻✳✶✱
✇❤❡r❡ F ✐s t❤❡ s❡t ♦❢ ❞❡♣❧♦②❡❞ ❋■▼Ps ❛♥❞ ts,i ✐s t❤❡ ❡①❡❝✉t✐♦♥ st❛rt t✐♠❡ ♦❢ t❤❡
✜rst ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❛❝t♦rs ♦♥ t❤❡ ith ❋■▼P fi✳

Producing FIMP

Consuming FIMP

Output Buffer

Producing FIMP Consuming FIMPShared Output Buffer

Delay implemented by global control

Rsys Rsys: System Sample Interval  

Delays implemented by FIMP control

❋✐❣✉r❡ ✻✳✷✿ ■♥✐t✐❛❧ ❉❡❧❛② ❛♥❞ ●❧♦❜❛❧ ❈♦♥tr♦❧

✶ ✇❤✐❧❡ ◆❖❚ ❛❧❧ ❋■▼Ps ❛r❡ ❡♥❛❜❧❡❞ ❞♦
✷ ❢♦r❡❛❝❤ fi ∈ F ❞♦
✸ ✐❢ ❝✉rr❡♥t ❝②❝❧❡ ❂ ts,i t❤❡♥
✹ ❊♥❛❜❧❡ fi
✺ ❡♥❞

✻ ❡♥❞

✼ ❡♥❞

❆❧❣♦r✐t❤♠ ✻✳✶✿ ●❧♦❜❛❧ ❈♦♥tr♦❧
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❆ss✉♠❡ ✇❡ ❤❛✈❡ ♦♥❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ❡①❛♠♣❧❡ ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✻✳✸ ❛♥❞ ❡❛❝❤ ❛❝t♦r ✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② ♦♥❡ ❋■▼P✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❆■❘ ✐s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✹✳

a0 a1 a2

a3

2/1 2/1

1/2

❋✐❣✉r❡ ✻✳✸✿ ❙❉❋ ●r❛♣❤ ❊①❛♠♣❧❡

ABB for

actor a0
ABB for

actor a1

ABB for

actor a2
ABB for

actor a3

Global

Control
Control Flow

Data Flow

❋✐❣✉r❡ ✻✳✹✿ ❆■❘ ❊①❛♠♣❧❡
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✻✳✷ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦

❆♥ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮ ♠♦❞✉❧❡ ✐s ❛ ❞❡s✐❣♥ t❡♠♣❧❛t❡ ❛♥❞ ✐s ✉s❡❞ ❛s ❛ ❜✉✐❧❞✐♥❣
❜❧♦❝❦ t♦ ❝♦♠♣♦s❡ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮✳
❚❤❡ ❆❇❇ ♠♦❞✉❧❡ ✐s ❛ ❦❡② ❝♦♥tr✐❜✉t✐♦♥ ✐♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s
❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❛s ✐t ❡♥❛❜❧❡s r❡✉s❡ ♦❢ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ❛♥❞
❛✉t♦♠❛t✐❝ s②♥t❤❡s✐s ♦❢ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮✳ ❊❛❝❤ ❆❇❇ ♠♦❞✉❧❡
❤❛s s✐① ❝♦♠♣♦♥❡♥ts✿ t❤❡ ❋■▼P✱ t❤❡ ❜✉✛❡r✭s✮✱ t✇♦ ❝♦♥tr♦❧❧❡rs ✭♦♥❡ ❢♦r t❤❡ ❋■▼P
❛♥❞ t❤❡ ♦t❤❡r ♦♥❡ ❢♦r t❤❡ ❜✉✛❡r✭s✮✮✱ ❛♥ ✐♥♣✉t s❡❧❡❝t♦r✱ ❛♥❞ ❛♥ ♦✉t♣✉t s❡❧❡❝t♦r✳
❚❤❡ str✉❝t✉r❛❧ ✈✐❡✇ ♦❢ t❤❡ ❆❇❇ ♠♦❞✉❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✺✳ ❚❤❡ r♦❧❡ ❛♥❞ t❤❡
✐♥t❡r❢❛❝❡ ♦❢ ✐ts s✐① ❝♦♠♣♦♥❡♥ts ❛r❡ ❞❡s❝r✐❜❡❞ ♥❡①t✳ ◆♦t❡ t❤❛t t❤❡ ❣❧♦❜❛❧ ❝❧♦❝❦ s✐❣♥❛❧
❛♥❞ t❤❡ ❣❧♦❜❛❧ ❛s②♥❝❤r♦♥♦✉s r❡s❡t s✐❣♥❛❧ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts ❛♥❞
❛r❡ ♥♦t ❡①♣❧✐❝✐t❧② s❤♦✇♥✳

multiplexer

din

Buffer Delay: tos

FIMP Buffer

wadrrw

doutdin

start

doutdin din dout

sel

Output 

Selector

ABB

Data 

Sink 

ABBs

Global 

Control

control logic

Generated by SYLVA

Single data flow interconnection

e.g. enable, address signals, etc.

Multi-data flow interconnection,

e.g. multiple output data tokens

Entity from FIMP library

FIMP Control

en

Buffer Control

en

radr

doutdin

sel

Input 

Selector

radr

Data 

Source 

ABBs

❋✐❣✉r❡ ✻✳✺✿ ❆❇❇ ❙tr✉❝t✉r❡

❆s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✺✱ ❡❛❝❤ ❆❇❇ ♠♦❞✉❧❡ ❤❛s t❤❡ ❡♥❛❜❧❡ ♣♦rt ❡♥✳ ■❢ ❛♥
❆❇❇ ♠♦❞✉❧❡ r❡q✉✐r❡s ✐♥♣✉t ❞❛t❛ ❢r♦♠ ♦t❤❡r ❆❇❇ ♠♦❞✉❧❡✭s✮✱ ✐t ✇✐❧❧ ❛❧s♦ ❤❛✈❡ t❤❡
❞❛t❛ ✐♥♣✉t ♣♦rt din ❛♥❞ t❤❡ r❡❛❞ ❛❞❞r❡ss ♣♦rt r❛❞r ❢♦r t❤❡ ✐♥♣✉t ❞❛t❛✳ ■❢ ❛♥ ❆❇❇
♠♦❞✉❧❡ ♦✉t♣✉ts ✐ts ❞❛t❛ t♦ ♦t❤❡r ❆❇❇ ♠♦❞✉❧❡✭s✮✱ ✐t ✇✐❧❧ ❛❧s♦ ❤❛✈❡ t❤❡ ❞❛t❛ ♦✉t♣✉t
♣♦rt dout ❛♥❞ t❤❡ r❡❛❞ ❛❞❞r❡ss ♣♦rt r❛❞r ❢♦r t❤❡ ♦✉t♣✉t ❞❛t❛✳



✾✹ ❈❍❆P❚❊❘ ✻✳ ●▲❖❇❆▲ ■◆❚❊❘❈❖◆◆❊❈❚ ❆◆❉ ❈❖◆❚❘❖▲ ❙❨◆❚❍❊❙■❙

✻✳✷✳✶ ❋■▼P ■♥st❛♥❝❡

❊❛❝❤ ❆❇❇ ♠♦❞✉❧❡ ✭❋✐❣✉r❡ ✻✳✺✮ ❡♥❝❛♣s✉❧❛t❡s ❛ ❝②❝❧❡ ❛❝❝✉r❛t❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢
❛ s♣❡❝✐✜❝ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ✐♥st❛♥❝❡ ♦❢ ❋■▼P ❢r♦♠ t❤❡ ❋■▼P ❧✐❜r❛r② ❛♥❞ s❡❧❡❝t❡❞
❞✉r✐♥❣ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ♣❤❛s❡ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✺✳ ❋■▼Ps ✐♥✲
t❡r♥❛❧❧② ❝❛♥ ❤❛✈❡ t❤❡✐r ♦✇♥ ❜✉✛❡rs✱ ❞❛t❛ ♣❛t❤ ❛♥❞ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡s ✭❋❙▼s✮
t❤❛t ✐s ✉♥❛✛❡❝t❡❞ ❜② t❤❡ ●▲■❈ s②♥t❤❡s✐s✳ ❆❧❧ ❋■▼Ps ❤❛✈❡ ❛ st❛♥❞❛r❞ ✐♥t❡r❢❛❝❡
t❤❛t ♣❧✉❣s ✐♥t♦ t❤❡ ❆❇❇✳ ❚❤❡ ❋■▼P ✐s tr✐❣❣❡r❡❞ ❜② ❛ ♣✉❧s❡ ♦♥ ✐ts st❛rt ♣♦rt ❛♥❞
✐t ❡①❡❝✉t❡s ♦♥❝❡ ❛♥❞ ✇❛✐ts ❢♦r t❤❡ ♥❡①t ♣✉❧s❡✳ ■♥ t❡r♠s ♦❢ t❤❡ ❋■▼P t✐♠✐♥❣ ♠♦❞❡❧
✭❋✐❣✉r❡ ✺✳✽✱ t❤❡ st❛rt ♣✉❧s❡ ♠❛r❦s t❤❡ ts ❛♥❞ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ✐♥✐t✐❛t❡s t❤❡ ✐♥♣✉t
❛t ✐ts ♣♦rt din ❛♥❞ ❡♥❞s t❤❡ ✐♥♣✉tt✐♥❣ ❛t tie ✳ ❙✐♠✐❧❛r❧②✱ ✐t ✐♥✐t✐❛t❡s t❤❡ ♦✉t♣✉tt✐♥❣
❛t ✐ts dout ♣♦rt ❛t tos ❛♥❞ ❡♥❞s ✐t ❛t te✳

◆♦t❡ t❤❛t t❤❡ ❞❛t❛ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♣♦rt ✭din ❛♥❞ dout✮ ✐♥ ❋✐❣✉r❡ ✻✳✺ ♠❛②
❤❛✈❡ ♠✉❧t✐♣❧❡ ❞❛t❛ ✢♦✇s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ✐♥♣✉t ♣♦rt ♦❢ ❛ ✻✹✲♣♦✐♥t ❋❛st ❋♦✉r✐❡r
❚r❛♥s❢♦r♠ ✭❋❋❚✮ ♠❛② ❤❛✈❡ ✻✹ s✐♠✉❧t❛♥❡♦✉s ❞❛t❛ ✢♦✇s ❢♦r t❤❡ ✻✹ ✐♥♣✉t ❞❛t❛ t♦❦❡♥s✳
❊❛❝❤ ❞❛t❛ ✢♦✇ r❡♣r❡s❡♥ts ♦♥❡ ♣♦rt ♦❢ t❤❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❛❝t♦r
♠♦❞❡❧ ❡❧❛❜♦r❛t❡❞ ✐♥ ❝❤❛♣t❡r ✹✳ ❚❤❡ ♣♦rt st❛rt ✐s ♥♦t ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
❙❉❋ ❛❝t♦r ❛s ✐❧❧✉str❛t❡❞ ❜② ❋✐❣✉r❡ ✻✳✻✱ ✇❤❡r❡ ✐ts ❧❡❢t ♣❛rt ✐s t❤❡ ❋■▼P ❜❧♦❝❦ ❞✐❛❣r❛♠
❛♥❞ ✐ts r✐❣❤t ♣❛rt ✐s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❙❉❋ ❛❝t♦r✳

64-Point

FFT

din,0 start

..
.

din,1

din,63

dout,0

...

dout,1

dout,63

first input token

second input token

last input number

first output token

second output token

last output token

Start signal from FIMP control

..
. ...

din = {din,0, din,1, ..., din,63} dout = {dout,0, dout,1, ..., dout,63}

f
6464

❋✐❣✉r❡ ✻✳✻✿ ❋■▼P ■♥st❛♥❝❡ ❊①❛♠♣❧❡✱ ❛ ✻✹✲P♦✐♥t ❋❋❚
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✻✳✷✳✷ ■♥♣✉t ❙❡❧❡❝t♦r

❚❤❡ ✐♥♣✉t s❡❧❡❝t♦r ❝♦♠♣♦♥❡♥t ❛t t❤❡ ✐♥♣✉t s❡❧❡❝ts t❤❡ ✐♥♣✉t ♣♦rt ✇❤✐❝❤ ❝♦♥♥❡❝ts
t♦ t❤❡ ❞❛t❛ ✐♥♣✉t ♣♦rt din ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡✳ ❆♥ ✐♥♣✉t s❡❧❡❝t♦r ✐s ❛ ♣❛r❛♠❡tr✐❝
♠✉❧t✐♣❧❡①❡r✳ ■t ✐s ✇✐t❤ t❤❡ r✐❣❤t ❞✐♠❡♥s✐♦♥ ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❜② ❙❨▲❱❆
❞✉r✐♥❣ t❤❡ ●▲■❈ s②♥t❤❡s✐s ♣❤❛s❡✳

❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ s❡❧ s✐❣♥❛❧ ✐♥❞✐❝❛t❡s t❤❡ ❡①❡❝✉t✐♦♥ st❛t✉s ♦❢ t❤❡ ❍♦♠♦❣❡♥❡♦✉s
❙❉❋ ✭❍❙❉❋✮ ❛❝t♦r✭s✮ t❤❛t ❛r❡ ❤♦st❡❞ ❜② t❤❡ ❆❇❇ ♠♦❞✉❧❡✳ ❈✉rr❡♥t❧②✱ t❤❡ ✇✐❞t❤ ♦❢
t❤✐s s✐❣♥❛❧ ✐s 3N ✱ ✇❤❡r❡ N ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❍❙❉❋ ❛❝t♦rs t♦ ❜❡ ❡①❡❝✉t❡❞ ♦♥ t❤❡ ❆❇❇
♠♦❞✉❧❡ ❛♥❞ ✸ ✐s ❢♦r t❤❡ t❤r❡❡ ♣❤❛s❡s ✐♥ t❤❡ ❋■▼P❡①❡❝✉t✐♦♥ ♠♦❞❡❧✳ ❚❤❡ ♠❡❛♥✐♥❣ ♦❢
t❤❡ ❜✐ts ✐♥ s❡❧ s✐❣♥❛❧ ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ❧❛t❡r ♦♥ ✐♥ s❡❝t✐♦♥ ✻✳✷✳✸✳ ❙✐♠✐❧❛r t♦ t❤❡ ❞❛t❛
✐♥♣✉t ♣♦rt din ♦❢ ❋■▼P ✐♥st❛♥❝❡✱ t❤❡ ❞❛t❛ ✐♥♣✉t ♣♦rt ♦❢ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ♠❛② ❛❧s♦
❤❛✈❡ ♠✉❧t✐♣❧❡ ❞❛t❛ ✢♦✇s✳ ❊❛❝❤ ❞❛t❛ ✢♦✇ r❡♣r❡s❡♥ts ♦♥❡ ❞❛t❛ ♣♦rt ❢r♦♠ ♦♥❡ s♦✉r❝❡
❙❉❋ ❛❝t♦r ❢♦r ♦♥❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ✐♥ t❤❡ s❛♠❡ ❆❇❇ ♠♦❞✉❧❡✳ ❚❤❡
r❛❞r s✐❣♥❛❧ ✐s ✉s❡❞ ❢♦r r❡❛❞✐♥❣ t❤❡ ❝♦rr❡❝t ❞❛t❛ t♦❦❡♥s ❢r♦♠ t❤❡ ♦✉t♣✉t ❜✉✛❡r ♦❢ t❤❡
❞❛t❛ s♦✉r❝❡ ❆❇❇ ♠♦❞✉❧❡✳ ■❢ ❡❛❝❤ ♦❢ t❤❡ ❍❙❉❋ ❛❝t♦rs t❤❛t ❛r❡ ❤♦st❡❞ ❜② t❤❡ ❞❛t❛
s♦✉r❝❡ ❆❇❇ ♠♦❞✉❧❡ ❤❛s ✐ts ♦✇♥ ❜✉✛❡r✱ t❤❡ r❛❞r s✐❣♥❛❧ ✇✐❧❧ ❝♦♥t❛✐♥ ❛❧❧ t❤❡ r❡❛❞
❛❞❞r❡ss❡s ❢♦r ❛❧❧ t❤❡ ❜✉✛❡rs✳

■♥ t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✼✱ t❤❡ s❡❧ ❢♦r t❤❡ ❆❇❇ ♠♦❞✉❧❡ ✇✐t❤ ❋■▼P B0

❤❛s t✇♦ ♣❛rts✳ s❡❧ ❬✵❪ ✐s ❢♦r ❍❙❉❋ ❛❝t♦r b0 ❛♥❞ s❡❧ ❬✶❪ ✐s ❢♦r ❍❙❉❋ ❛❝t♦r b1✳ ■❢ s❡❧ ❬✵❪
✐♥❞✐❝❛t❡s b0 ✐s ✐♥ ✐ts ✐♥♣✉t ♣❤❛s❡✱ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ✇✐❧❧ ❝♦♥♥❡❝t t❤❡ ✜rst ♦✉t♣✉t
♣♦rt ❢r♦♠ ❋■▼P A0 t♦ t❤❡ ✜rst ✐♥♣✉t ♣♦rt ✭din,0 ✮ ♦❢ ❋■▼P B0 ❛♥❞ ❝♦♥♥❡❝t t❤❡
✜rst ♦✉t♣✉t ❢r♦♠ D0 ❛♥❞ t❤❡ ✜rst ♦✉t♣✉t ❢r♦♠ D1 t♦ t❤❡ s❡❝♦♥❞ ✐♥♣✉t ♣♦rt ✭din,1 ✮
♦❢ ❋■▼P B0 ❛♥❞ ❛❧s♦ s❡♥❞s r❡❛❞ ❛❞❞r❡ss s✐❣♥❛❧ r❛❞r t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❆❇❇
♠♦❞✉❧❡s✳

a'0

b'0

d'0

c'0

b'1

c'1

c'2

c'3

d'1

d'2

d'3

FIMP fa,0

FIMP fb,0

FIMP fc,0

FIMP fc,1

FIMP fd,1

FIMP fd,0

Each incoming edge is 

one data flow in din.

Each outgoing edge is 

one data flow in dout.

❋✐❣✉r❡ ✻✳✼✿ din ❛♥❞ dout ✐♥ ■♥♣✉t ❙❡❧❡❝t♦r



✾✻ ❈❍❆P❚❊❘ ✻✳ ●▲❖❇❆▲ ■◆❚❊❘❈❖◆◆❊❈❚ ❆◆❉ ❈❖◆❚❘❖▲ ❙❨◆❚❍❊❙■❙

✻✳✷✳✸ ❋■▼P ❈♦♥tr♦❧

❋■▼P ❝♦♥tr♦❧ ❝♦♠♣♦♥❡♥t ❛❝t✐✈❛t❡s t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❛♥❞ s❡❧❡❝ts t❤❡ ❝♦rr❡❝t ✐♥♣✉t
✐♥ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡✳ ◆♦t❡ t❤❛t ❞✉r✐♥❣ ♦♥❡ s❛♠♣❧❡ ♣❡✲
r✐♦❞✱ t❤❡ s❛♠❡ ❋■▼P ✐♥st❛♥❝❡ ❝❛♥ ♣♦t❡♥t✐❛❧❧② ❜❡ ✜r❡❞ ♠✉❧t✐♣❧❡ t✐♠❡s t♦ ✐♠♣❧❡♠❡♥t
❞✐✛❡r❡♥t ❍❙❉❋ ❛❝t♦rs✱ ✐✳❡✳ ❞✐✛❡r❡♥t ❡①❡❝✉t✐♦♥s ♦❢ t❤❡ ❢✉♥❝t✐♦♥ r❡♣r❡s❡♥t❡❞ ❜② ♦♥❡
❙❉❋ ❛❝t♦r ✐♥ t❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤✳ ❋♦r ❡①❛♠♣❧❡✱ ❡✳❣✳✱ t❤❡ ❋■▼P ✐♥st❛♥❝❡ B0 ✐s
✜r❡❞ t✇✐❝❡ t♦ ✐♠♣❧❡♠❡♥t t❤❡ ❍❙❉❋ ❛❝t♦rs b0 ❛♥❞ b2✳ ❚❤❡ ❋■▼P ❝♦♥tr♦❧ ❛❧s♦ ❞❡❝✐❞❡s
✇❤❡♥ ❛♥❞ ✇❤✐❝❤ ✐♥♣✉t ♣♦rt t♦ s❡❧❡❝t ❛t t❤❡ ✐♥♣✉t ♠✉❧t✐♣❧❡①❡r✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡
❋■▼P ✐♥st❛♥❝❡ B0 ❣❡ts ✐ts ✐♥♣✉ts ❢r♦♠ t❤r❡❡ ❞✐✛❡r❡♥t ❋■▼P ✐♥st❛♥❝❡s✱ A0✱ D0 ❛♥❞
D1 ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✼✳ ●▲■❈ s②♥t❤❡s✐s ❣❡♥❡r❛t❡s ❛♥ ❋❙▼ t♦ ✐♠♣❧❡♠❡♥t t❤❡
❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ ❢♦r t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❛♥❞ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r✳

❊❛❝❤ ❋■▼P ❝♦♥tr♦❧ ❤❛s ❛ ♥✉♠❜❡r ♦❢ ❝♦♥tr♦❧ ❋❙▼s✱ ❛ ❝❧♦❝❦ ❝♦✉♥t❡r✱ ❛♥❞ ❛ ❝♦♥tr♦❧
❞❡❝♦❞❡r ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✽✱ ✇❤✐❝❤ ✐s t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❋■▼P ❝♦♥tr♦❧ ❢♦r ❋■▼P
B0✳ ❚❤❡ ✐♥♣✉t t♦ t❤❡ ❋■▼P ❝♦♥tr♦❧ ✐s t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ s✐❣♥❛❧✱ ✇❤✐❝❤ ✐s ❛♥ ❡♥❛❜❧❡
s✐❣♥❛❧ ❛♥❞ ✐t ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ❧❛t❡r ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❋■▼P
❝♦♥tr♦❧ ❝♦♥s✐sts ♦❢ t❤❡ s❡❧ s✐❣♥❛❧ t♦ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ❛♥❞ t❤❡ st❛rt s✐❣♥❛❧ t♦ t❤❡
❋■▼P ✐♥st❛♥❝❡✳

Control 

FSM for b0

Control 

FSM for b1

Control Decoder

Clock 

Counter

start signal to 

FIMP instance

sel signal to 

input selector

Global Control

FIMP Control

en

cout

cycle

en en

cout

❋✐❣✉r❡ ✻✳✽✿ ❋■▼P ❈♦♥tr♦❧ ❙tr✉❝t✉r❡ ❊①❛♠♣❧❡ ❢♦r ❋■▼P B0
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❊❛❝❤ ❝♦♥tr♦❧ ❋❙▼ ✐s ❢♦r ♦♥❡ ❍❙❉❋ ❛❝t♦r✳ ❊❛❝❤ ❝♦♥tr♦❧ ❋❙▼ ❤❛s ❛ ✸✲❜✐t ♦✉t♣✉t
cout ✱ ✇❤❡r❡ cout ❬✵❪✱ cout ❬✶❪✱ ❛♥❞ cout ❬✷❪ ✐♥❞✐❝❛t❡ ✐❢ t❤❡ ❋■▼P ✐s ❝♦♠♣✉t✐♥❣✱ ♦✉t✲
♣✉tt✐♥❣✱ ❛♥❞ ✐♥♣✉tt✐♥❣✱ r❡s♣❡❝t✐✈❡❧②✳ ❆ t②♣✐❝❛❧ ❝♦♥tr♦❧ ❋❙▼ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡
✻✳✾✱ ✇❤❡r❡ t❤❡ ✐♥♣✉t ♣❤❛s❡ ❛♥❞ ♦✉t♣✉t ♣❤❛s❡ ❞♦ ♥♦t ♦✈❡r❧❛♣✳ ◆♦t❡ t❤❛t t❤❡ t✐♠✐♥❣
✈❛❧✉❡s ✭ts✱ te✱ tie ✱ tos ✱ ❛♥❞ te✮ ♦❢ ❛❧❧ t❤❡ ❍❙❉❋ ❛❝t♦rs ❛r❡ r❡❧❛t✐✈❡ ✈❛❧✉❡s t♦ t❤❡
❡①❡❝✉t✐♦♥ st❛rt t✐♠❡ te ♦❢ t❤❡ ✜rst ❡①❡❝✉t❡❞ ❍❙❉❋ ❛❝t♦r ✐♥ t❤✐s ❆❇❇✳ ■♥ ❋✐❣✉r❡
✻✳✾✱ ❛❧❧ t❤❡ t✐♠✐♥❣ ✈❛❧✉❡s ❛r❡ r❡❧❛t✐✈❡ t♦ ts ♦❢ t❤❡ ❍❙❉❋ ❛❝t♦r b0 ✐♥ ❋✐❣✉r❡ ✻✳✼✳

if input and output 

phases overlap, there 

will be no no io state
en = 1 clk = tie clk = teclk = tos

idle input no io output

❋✐❣✉r❡ ✻✳✾✿ ❈♦♥tr♦❧ ❋❙▼ ❊①❛♠♣❧❡

❊❛❝❤ ❋■▼P ❝♦♥tr♦❧ ❤❛s ❛ ❧♦❝❛❧ ❝♦✉♥t❡r t❤❛t ❝♦✉♥ts t❤❡ r❡❧❛t✐✈❡ ❝❧♦❝❦ ❝②❝❧❡s t♦ te
♦❢ t❤❡ ✜rst ❡①❡❝✉t❡❞ ❍❙❉❋ ❛❝t♦r ❜② t❤❡ ❋■▼P ✐♥st❛♥❝❡ ✐♥ t❤❡ s❛♠❡ ❆❇❇ ♠♦❞✉❧❡✳
❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❝❧♦❝❦ ❝♦✉♥t❡r ✐s t❤❡ s✐❣♥❛❧ ❝②❝❧❡✳ ❚❤❡ ❝❧♦❝❦ ❝♦✉♥t❡r ❝♦✉♥ts ✇❤❡♥
t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ s✐❣♥❛❧ ✐s ❤✐❣❤ ✭❡♥ ❂ ✶✮ ❛♥❞ ❝②❝❧❡ ✐s r❡s❡t t♦ ③❡r♦ ✇❤❡♥ t❤❡ ❣❧♦❜❛❧
❝♦♥tr♦❧ s✐❣♥❛❧ ✐s ❧♦✇ ✭❡♥ ❂ ✵✮ ♦r t❤❡ ❣❧♦❜❛❧ ❛s②♥❝❤r♦♥♦✉s r❡s❡t s✐❣♥❛❧ ✐s ❧♦✇ ✭r❡s❡t
❂ ✵✮ ♦r ❝②❝❧❡ r❡❛❝❤❡s t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ R − 1✱ ✇❤❡r❡ R ✐s t❤❡ s②st❡♠ s❛♠♣❧❡
✐♥t❡r✈❛❧ ✐♥ ♥✉♠❜❡r ♦❢ ❝❧♦❝❦ ❝②❝❧❡s✳

❚❤❡ ❝♦♥tr♦❧ ❋❙▼ ♣r♦✈✐❞❡s t❤❡ ❝✉rr❡♥t st❛t❡ ♦❢ ❡❛❝❤ ❍❙❉❋ ❛❝t♦r✳ ❚❤❡ ❝♦♥tr♦❧
❞❡❝♦❞❡r ✉s❡s t❤✐s ✐♥❢♦r♠❛t✐♦♥ t♦ ❣❡♥❡r❛t❡ t❤❡ ❝♦♥tr♦❧ s✐❣♥❛❧s✿ s❡❧ ❢♦r t❤❡ ✐♥♣✉t
s❡❧❡❝t♦r ❛♥❞ st❛rt ❢♦r t❤❡ ❋■▼P ✐♥st❛♥❝❡✳ ❚❤❡ ❞❡❝♦❞✐♥❣ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥
❆❧❣♦r✐t❤♠ ✻✳✷✳

✶ Cout ❂ ❛❧❧ cout ❢♦r ❛❧❧ ❍❙❉❋ ❛❝t♦rs
✷ s❡❧ ❂ Cout

✸ ❢♦r❡❛❝❤ cout ∈ Cout ❞♦
✹ ✐❢ cout [0] ✐s ✶ t❤❡♥
✺ ❙❡t st❛rt
✻ ❡♥❞

✼ ❡♥❞

❆❧❣♦r✐t❤♠ ✻✳✷✿ ❈♦♥tr♦❧ ❉❡❝♦❞✐♥❣ ✐♥ ❋■▼P ❈♦♥tr♦❧
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✻✳✷✳✹ ❇✉✛❡r ■♥st❛♥❝❡

❚❤❡ ❜✉✛❡r ❝♦♠♣♦♥❡♥t ✐♥ ❆❇❇ ♠♦❞✉❧❡ ✭❋✐❣✉r❡ ✻✳✺✮ ✐s ❝❧✉❜❜❡❞ ✇✐t❤ t❤❡ ♣r♦❞✉❝✐♥❣
❋■▼P ✐♥st❛♥❝❡ ❢♦r ✇❤✐❝❤ ✐t r❡♣r❡s❡♥ts ❛♥ ♦✉t♣✉t ❜✉✛❡r ❜✉t ✐t ❛❧s♦ ♠♦❞❡❧s ❛s ✐♥♣✉t
❜✉✛❡r ❢♦r t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼Ps ♣r❡s❡♥t ✐♥ ♦t❤❡r ❆❇❇ ♠♦❞✉❧❡s✳ ❋♦r ❛ ❣✐✈❡♥ ❍❙❉❋
❛❝t♦r✱ t❤❡ ❜✉✛❡r ✐s ❡♥❛❜❧❡❞ ❜② ❛ss❡rt✐♥❣ t❤❡ ❡♥ s✐❣♥❛❧✱ ❞❡❧❛②❡❞ ❜② tos ❝②❝❧❡s ❝♦♠✲
♣❛r❡❞ t♦ t❤❡ ❝♦♠♣✉t❛t✐♦♥ st❛rt t✐♠❡ ts✳ ❚❤❡ ❞❡❧❛② ✐s s❤♦✇♥ ❛s ❇✉✛❡r ❉❡❧❛②✿ tos
✐♥ ❋✐❣✉r❡ ✻✳✺✳ ❚❤❡ ❜✉✛❡r ❛❝ts ❛s ♦✉t♣✉t ❜✉✛❡r✱ ✐✳❡✳✱ ✐♥ t❤❡ ✇r✐t❡ ♠♦❞❡ ✇❤❡♥ t❤❡
r✇ s✐❣♥❛❧ ✐s ❛ss❡rt❡❞ ❧♦✇❀ t❤❡ ❞❛t❛ ❛t din ✐s ✇r✐tt❡♥ ✐♥t♦ t❤❡ ❜✉✛❡r ❛t t❤❡ ❛❞❞r❡ss
✇❛❞r✳ ❲❤❡♥ t❤❡ r✇ s✐❣♥❛❧ ✐s ❛ss❡rt❡❞ ❤✐❣❤✱ t❤❡ ❜✉✛❡r ✐s ✐♥ t❤❡ r❡❛❞ ♠♦❞❡ ❛♥❞ ❛❝ts
❛s ✐♥♣✉t ❜✉✛❡r ❢♦r t❤❡ ❝♦♥s✉♠✐♥❣ ❋■▼Ps t♦ ✇❤✐❝❤ t❤❡ dout ✐s ❝♦♥♥❡❝t❡❞ ✈✐❛ t❤❡
♦✉t♣✉t s❡❧❡❝t♦r ❝♦♠♣♦♥❡♥t✳ ❚❤❡ r❡❛❞ ❛❞❞r❡ss ✐s s♣❡❝✐✜❡❞ ❜② t❤❡ s✐❣♥❛❧ r❛❞r✳

❋♦r ❛ ❣✐✈❡♥ ❋■▼P ✐♥st❛♥❝❡✱ t❤❡ ✐♥♣✉t ♣♦rts ❛♥❞ t❤❡ ♦✉t♣✉t ♣♦rts ♦❢ ✐ts ❜✉✛❡r
✐♥st❛♥❝❡✭s✮ ❛r❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ✐♥♣✉t ♣♦rts ❛♥❞ t❤❡ ♦✉t♣✉t ♣♦rts ♦❢ t❤❡ ❋■▼P
✐♥st❛♥❝❡✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ ❛ ✻✹✲♣♦✐♥t ❋❋❚ ❤❛s ✻✹ ❞❛t❛ ♦✉t♣✉t ♣♦rts ❢♦r ♣❛r❛❧❧❡❧
♦✉t♣✉t✱ t❤❡r❡ ✇✐❧❧ ❜❡ ✻✹ ❞❛t❛ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♣♦rts ♦♥ ✐ts ❜✉✛❡r ❛s ✐❧❧✉str❛t❡❞
✐♥ ❋✐❣✉r❡ ✻✳✶✵✱ ✇❤❡r❡ din ❤❛s din,0 t♦ din,63 ✳ ❊❛❝❤ ✐♥♣✉t ♣♦rt ✐s ❢♦r ♦♥❡ ❝♦♠♣❧❡①
♥✉♠❜❡r ♦✉t♣✉t ❢r♦♠ t❤❡ ❋❋❚✳

Buffer for

one 64-point

FFT actor

din,0

..
.

din,1

din,63

dout,0

...

dout,1

dout,63

first input token

second input token

last input number

first output token

second output token

last output token

Control signals 

from buffer control

..
. ...

din = {din,0, din,1, ..., din,63} dout = {dout,0, dout,1, ..., dout,63}

wadrrw

F
ro

m
 F

IM
P

 i
n

st
a
n

ce T
o

 o
u
tp

u
t se

le
c
to

r

radr
From the input selector 

of the data sink ABB

❋✐❣✉r❡ ✻✳✶✵✿ ❇✉✛❡r ■♥st❛♥❝❡ ❊①❛♠♣❧❡

❲❤❡♥ ❛ ❋■▼P t②♣❡ s❡❧❡❝t✐♦♥ ✐♥❞✐❝❛t❡s t❤❛t ❡❛❝❤ ❍❙❉❋ ❛❝t♦r ❤❛s ✐ts ♦✇♥ ❜✉✛❡r✱
❡❛❝❤ ❞❛t❛ ♦✉t♣✉t ♣♦rt ✇✐❧❧ ❤❛✈❡ ♠✉❧t✐♣❧❡ ❜✉✛❡rs✳ ❊❛❝❤ ❜✉✛❡r ✐s ❢♦r ♦♥❡ ❞❛t❛ ♦✉t♣✉t
♣♦rt ♦❢ ♦♥❡ ❍❙❉❋ ❛❝t♦r✳ ■❢ t❤❡ ❡①❛♠♣❧❡ ❋❋❚ ❋■▼P ❤♦sts ❢♦✉r ❋❋❚ ❛❝t♦rs ✭✐♥❞❡①❡❞
❢r♦♠ ✵ t♦ ✸✮✱ t❤❡r❡ ✇✐❧❧ ❜❡ ❢♦✉r ❞❛t❛ ❜✉✛❡rs ❢♦r ✐t ❛♥❞ ❡❛❝❤ ❞❛t❛ ❜✉✛❡r ❤❛s ✻✹ ✐♥♣✉t
♣♦rts✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❞❛t❛ ♦✉t♣✉t ♣♦rt ✐♥ s✉❝❤ s❝❡♥❛r✐♦ ✐s dout,63 ,3 ✐♥❞✐❝❛t✐♥❣
t❤❡ ❧❛st ♦✉t♣✉t ❞❛t❛ ♣♦rt ♦❢ t❤❡ ❧❛st ❍❙❉❋ ❛❝t♦r ✭t❤❡ ✸r❞ ♦♥❡✮✳
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✻✳✷✳✺ ❖✉t♣✉t ❙❡❧❡❝t♦r

❚❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✐s ❛ ♣❛r❛♠❡tr✐❝ ❞❡✲♠✉❧t✐♣❧❡①❡r ❝♦♥♥❡❝t✐♥❣ t❤❡ ❞❛t❛ ❜✉✛❡r ❛♥❞
t❤❡ ♦✉t♣✉t ♣♦rts ♦❢ t❤❡ ❆❇❇ ♠♦❞✉❧❡✳ ❚❤❡ ✐♥♣✉t ♣♦rts ♦❢ t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ❛r❡
❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦✉t♣✉t ♣♦rts ♦❢ t❤❡ ❜✉✛❡r✭s✮✳ ■❢ ❡①tr❛ ❜✉✛❡r ✐s ✉s❡❞✱ t❤❡ ♦✉t♣✉t
s❡❧❡❝t♦r ✇✐❧❧ ❞✐r❡❝t❧② ❝♦♥♥❡❝t ✐ts ✐♥♣✉t ♣♦rts t♦ ✐ts ♦✉t♣✉t ♣♦rts✳ ❖t❤❡r✇✐s❡✱ t❤❡
♦✉t♣✉t s❡❧❡❝t♦r ✇✐❧❧ ❝♦♥♥❡❝t t❤❡ s❡❧❡❝t❡❞ ✐♥♣✉t ♣♦rts t♦ t❤❡ ♦✉t♣✉t ♣♦rts✳ ❚❤❡ ♣♦rt
s❡❧❡❝t✐♦♥ ✐s ❞❡❝✐❞❡❞ ❜② t❤❡ ❜✉✛❡r ❝♦♥tr♦❧ ❝♦♠♣♦♥❡♥t✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ s❡❧ s✐❣♥❛❧
✐♥❞✐❝❛t❡s t❤❡ ❝✉rr❡♥t ♦✉t♣✉tt✐♥❣ ❍❙❉❋ ❛❝t♦r✳ ❚❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✐s ✇✐t❤ t❤❡ r✐❣❤t
❞✐♠❡♥s✐♦♥ ❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❜② ❙❨▲❱❆ ❞✉r✐♥❣ t❤❡ ●▲■❈ s②♥t❤❡s✐s st❡♣✳

✻✳✷✳✻ ❇✉✛❡r ❈♦♥tr♦❧

❇✉✛❡r ❝♦♥tr♦❧ ❝♦♠♣♦♥❡♥t ✐♥ t❤❡ ❆❇❇ ♠♦❞✉❧❡ ✭❋✐❣✉r❡ ✻✳✺✮ ❝♦♥tr♦❧s ✇❤❡♥ ❛♥❞ ✇❤✐❝❤
♦✉t♣✉t ❞❛t❛ ✐s s❡❧❡❝t❡❞ ✐♥ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡✳ ❚❤❡ ❜✉✛❡r
❝♦♥tr♦❧ ❛♥❞ t❤❡ ❋■▼P ❝♦♥tr♦❧ ❝♦♠♣♦♥❡♥ts s❤❛r❡ t❤❡ s❛♠❡ ❛r❝❤✐t❡❝t✉r❡ ❛s ✐❧❧✉str❛t❡❞
❜② t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✽✳ ❋r♦♠ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣r♦s♣❡❝t✐✈❡✱ ❚❤❡
❝♦♥tr♦❧ ❋❙▼s ❛r❡ t❤❡ s❛♠❡ ♦♥❡s ✐♥ t❤❡ ❋■▼P ❝♦♥tr♦❧✱ t❤❡ ❝❧♦❝❦ ❝♦✉♥t❡r ✐s ❛ ✐♥❞❡✲
♣❡♥❞❡♥t ❝♦✉♥t❡r ❝♦♠♣♦♥❡♥t t❤❛t ✐♥✐t✐❛❧❧② st❛rts ❝♦✉♥t✐♥❣ tos ❝❧♦❝❦ ❝②❝❧❡s ❧❛t❡r t❤❛♥
t❤❡ ❝❧♦❝❦ ❝♦✉♥t❡r ✐♥ t❤❡ ❋■▼P ❝♦♥tr♦❧✳ ❚❤❡ ❝♦♥tr♦❧ ❞❡❝♦❞❡r ♦❢ t❤❡ ❜✉✛❡r ❝♦♥tr♦❧
✇✐❧❧ ♦✉t♣✉t s❡❧✱ r✇✱ ❛♥❞ ✇❛❞r s✐❣♥❛❧s✳ ❈✉rr❡♥t❧②✱ t❤❡ ❜✉✛❡r ❝♦♠♣♦♥❡♥t ✐s ❛❧✇❛②s
❡♥❛❜❧❡❞✳ ❚❤❡ ✉♥✐♥t❡♥❞❡❞ ♦✉t♣✉t ❞❛t❛ t♦❦❡♥s ❛r❡ s✐♠♣❧② ❞✐s❝❛r❞❡❞✳ ❚❤❡ ❛❧❣♦r✐t❤♠
♦❢ t❤❡ ❝♦♥tr♦❧ ❞❡❝♦❞✐♥❣ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✻✳✸✳

✶ Cout ❂ ❛❧❧ cout ❢♦r ❛❧❧ ❍❙❉❋ ❛❝t♦rs ❛♥❞ s❡❧ ❂ Cout

✷ Tbe ❂ ❛❧❧ tbe ❢♦r ❛❧❧ ❍❙❉❋ ❛❝t♦rs
✸ ✐❢ ❊❛❝❤ ❍❙❉❋ ❛❝t♦r ❤❛s ♦✇♥ ❜✉✛❡r t❤❡♥
✹ ❢♦r ❥ ✐♥ ✵ t♦ |Cout | ❞♦ r✇ [j] ❂ Cout [j][1]
✺ ❙❡t t❤❡ ✐♥✐t✐❛❧ ✇❛❞r [j] t♦ ✵
✻ ❡❧s❡
✼ r✇ ❂ ∃ cout ∈ Cout t❤❛t cout [1] = 1
✽ ❢♦r j ✐♥ ✵ t♦ |Tbe | ❞♦
✾ ✐❢ ❝✉rr❡♥t ❝❧♦❝❦ ✐s Tbe [j] t❤❡♥ ❙❡t t❤❡ ✐♥✐t✐❛❧ ✇❛❞r t♦ W · j
✶✵ ❡♥❞

✶✶ ❡♥❞

❆❧❣♦r✐t❤♠ ✻✳✸✿ ❈♦♥tr♦❧ ❉❡❝♦❞✐♥❣ ✐♥ ❇✉✛❡r ❈♦♥tr♦❧

❚❤❡ r✇ s✐❣♥❛❧ r❡✢❡❝ts t❤❡ ❝✉rr❡♥t ♦✉t♣✉tt✐♥❣ ❍❙❉❋ ❛❝t♦r✱ t❤❡ ✇❛❞r s✐❣♥❛❧
s♣❡❝✐✜❡s t❤❡ ❝✉rr❡♥t ♦✉t♣✉tt✐♥❣ ❛❞❞r❡ss ✐♥ t❤❡ ❜✉✛❡r ✐♥st❛♥❝❡✳ ■♥ ❧✐♥❡ ✽ ❛♥❞ ❧✐♥❡
✶✹✱ t❤❡ ✐♥✐t✐❛❧ ✇❛❞r ✐s s❡t t♦ ③❡r♦ ❛♥❞ W · j✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ s✉❝❝❡ss✐✈❡ ✈❛❧✉❡s ♦❢
✇❛❞r ✇✐❧❧ ❜❡ ❝♦♠♣✉t❡❞ ❜❛s❡❞ t❤❡ ✐♥✐t✐❛❧ ✈❛❧✉❡✳ ▼♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❤♦✇ t❤❡
s✉❝❝❡ss✐✈❡ ✇❛❞r ✈❛❧✉❡s ❛r❡ ❝♦♠♣✉t❡❞ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✻✳✸✳
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✻✳✸ ❉❛t❛ ❈♦♠♠✉♥✐❝❛t✐♦♥s

❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ s♦❧✈❡s t✇♦ t②♣❡s ♦❢ ♣r♦❜✲
❧❡♠s ❝❛✉s❡❞ ❜② t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛♠♦♥❣ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮ ♠♦❞✲
✉❧❡s✿ s♣❛t✐❛❧ ❛♥❞ t✐♠✐♥❣✳ ❚❤❡ s♣❛t✐❛❧ ♣r♦❜❧❡♠ ✐s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ str✉❝t✉r❡ ♦❢
t❤❡ ❞❛t❛ str❡❛♠s✴✢♦✇s ✇❤❡♥ ♦♥❡ ❆❇❇ ♠♦❞✉❧❡s ❤❛s ♠✉❧t✐♣❧❡ ❞❛t❛ s♦✉r❝❡s ♣r♦✈✐❞✐♥❣
❞✐✛❡r❡♥t s❡❣♠❡♥ts ♦❢ t❤❡ ✐♥♣✉t ❞❛t❛ ♦r ✇❤❛t ✐s t❤❡ ❞❛t❛ str✉❝t✉r❡ ♦❢ t❤❡ ♦✉t♣✉t ❞❛t❛
str❡❛♠s✴✢♦✇s ✇❤❡♥ ♦♥❡ ❆❇❇ ♠♦❞✉❧❡ ❤❛s ♠✉❧t✐♣❧❡ ❞❛t❛ s✐♥❦s ❝♦♥s✉♠✐♥❣ ❞✐✛❡r❡♥t
s❡❣♠❡♥ts ♦❢ t❤❡ ♦✉t♣✉t ❞❛t❛✳ ❚❤❡ t✐♠✐♥❣ ♣r♦❜❧❡♠ ✐s ✇❤❡♥ s❤♦✉❧❞ ❛ ❝❡rt❛✐♥ ❞❛t❛
t♦❦❡♥ ❜❡ ❛✈❛✐❧❛❜❧❡ ❛♥❞ t❤❡ ❞✉r❛t✐♦♥ ❢♦r ✇❤✐❝❤ ✐t s❤♦✉❧❞ ♣❡rs✐st✳

✻✳✸✳✶ ❙♣❛t✐❛❧ Pr♦❜❧❡♠

❚❤❡ s♣❛t✐❛❧ ♣r♦❜❧❡♠ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡
✻✳✶✶✱ ✇❤✐❝❤ ✇❛s ✐♥tr♦❞✉❝❡❞ ✐♥ s❡❝t✐♦♥ ✻✳✷✳✷✳ ❚❤✐s ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮
B0 r❡q✉✐r❡s ❞❛t❛ ❢r♦♠ ❋■▼P A0✱ ❋■▼P D0✱ ❛♥❞ ❋■▼P D1✳ ■♥ t❤❡ ✜♥❛❧ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥✱ ❡✳❣✳ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ❱❍❉▲ ❝♦❞❡s✱ t❤❡ ✐♥♣✉t ❞❛t❛ ♣♦rt din
❤❛s t✇♦ ❞❛t❛ ✢♦✇s din,0 ❛♥❞ din,1 ✳ din,0 ✐s ❢♦r A0 ❛♥❞ din,1 ✐s ❢♦r D0 ❛♥❞ D1✳ ❚❤❡
❞❛t❛ str✉❝t✉r❡ ♦❢ din,1 s❤♦✉❧❞ ❜❡ ✜①❡❞ ✐♥ ♦r❞❡r t♦ ❦♥♦✇ ✐❢ t❤❡ ❞❛t❛ ❢r♦♠ D0 ✐s ✐♥
t❤❡ ✜rst ❤❛❧❢ ♣❛rt ♦❢ din,1 ♦r t❤❡ ❞❛t❛ ❢r♦♠ D1 ✐s ✐♥ t❤❡ ✜rst ❤❛❧❢ ♣❛rt ♦❢ din,1 ✳

a'0

b'0

d'0

c'0

b'1

c'1

c'2

c'3

d'1

d'2

d'3

FIMP fa,0

FIMP fb,0

FIMP fc,0

FIMP fc,1

FIMP fd,1

FIMP fd,0

Each incoming edge is 

one data flow in din.

Each outgoing edge is 

one data flow in dout.

❋✐❣✉r❡ ✻✳✶✶✿ din ❛♥❞ dout ✐♥ ■♥♣✉t ❙❡❧❡❝t♦r
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✻✳✸✳✷ ❚✐♠✐♥❣ Pr♦❜❧❡♠

❚❤❡ t✐♠✐♥❣ ♣r♦s♣❡❝t✐✈❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛♥ ✻✹✲♣♦✐♥t ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠
✭❋❋❚✮ t❤❛t ♠❛② ❢❡t❝❤ ❛❧❧ t❤❡ ✻✹ ✐♥♣✉t ❞❛t❛ t♦❦❡♥s ✐♥ ❞✐✛❡r❡♥t ♥✉♠❜❡r ♦❢ ❝❧♦❝❦
❝②❝❧❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♥✉♠❜❡rs ❛♥❞ ✇✐❞t❤s ♦❢ ✐ts ✐♥♣✉t ♣♦rts✳ ❚❤❡ ❝♦♥s✉♠❡❞
❞❛t❛ t♦❦❡♥s ❛r❡ ✻✹ ♦♥ ❡❛❝❤ ✐♥✈♦❝❛t✐♦♥ ❛♥❞ t❤❡ ❞❛t❛ t♦❦❡♥ ✐♥❞✐❝❡s ✇✐❧❧ ❜❡ ❢r♦♠ ✵
t♦ ✻✸ ✐❞❡♥t✐❢②✐♥❣ t❤❡ ✻✹ ❞❛t❛ t♦❦❡♥s✳ ■❢ t❤❡ ❋■▼P ❤❛s ♦♥❧② ♦♥❡ ✐♥♣✉t ♣♦rt ❛♥❞ ✐t
✐s ♦♥❡ ❞❛t❛ t♦❦❡♥ ✇✐❞❡✱ t❤❡ ❞❛t❛ ❞✐str✐❜✉t✐♦♥ ✇✐❧❧ ❜❡ ✐♥ ❛ ❧✐♥❡❛r ❢❛s❤✐♦♥✱ ✐✳❡✳ ❬ ✵✱
✶✱ ✷✱ ✳✳✳✱ ✻✸ ❪✳ ■♥ ❝❛s❡ ♦❢ ♠✉❧t✐♣❧❡ ❞❛t❛ s♦✉r❝❡s✱ ❞✐✛❡r❡♥t ❞❛t❛ ♦✉t♣✉t ♣♦rts ❛♥❞✴♦r
♣♦rt ✇✐❞t❤s✱ ❙❨▲❱❆ ♥❡❡❞s t♦ ❦♥♦✇ ❤♦✇ t♦ ❝♦♥♥❡❝t t❤❡♠ t♦ t❤❡ ✐♥♣✉t ♣♦rt ♦❢ t❤✐s
✻✹✲♣♦✐♥t ❋❋❚ ❋■▼P✳

✻✳✸✳✸ ❉❛t❛ P❛tt❡r♥

■♥ ♦r❞❡r t♦ s♦❧✈❡ t❤❡s❡ ♣r♦❜❧❡♠s✱ ✇❡ ♥❡❡❞ t♦ ❦♥♦✇ t❤❡ ❝♦rr❡❝t t✐♠✐♥❣ ❛♥❞ s♣❛t✐❛❧
✐♥❢♦r♠❛t✐♦♥ ♦❢ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✇❤✐❝❤ ❛r❡ ♠♦❞❡❧❡❞ ❜② t❤❡ ❞❛t❛ ♣❛tt❡r♥s ♦♥ t❤❡
❞❛t❛ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♣♦rts✳ ❚❤✐s ♣❛tt❡r♥ ✐♥❝❧✉❞❡s ❝②❝❧❡s ✇❤❡r❡ ♥♦ ❞❛t❛ t♦❦❡♥s
❛r❡ ♣r♦❞✉❝❡❞ ❛♥❞ ✐♥ s♦♠❡ ❝❛s❡s t❤❡ s❛♠❡ ❞❛t❛ t♦❦❡♥ ❝❛♥ r❡♠❛✐♥ ✈❛❧✐❞ ❢♦r ♠✉❧t✐♣❧❡
❝②❝❧❡s❀ ♦♥❡ ❜❡✐♥❣ t❤❡ ♠✐♥✐♠✉♠ ♥✉♠❜❡r ♦❢ ❝②❝❧❡✳ ❚❤❡s❡ ♣❛tt❡r♥ s♣❡❝✐✜❝❛t✐♦♥s ❛r❡
♥❡❝❡ss❛r② t♦ ♠❛t❝❤ ❛♥❞ ❝♦♥♥❡❝t t❤❡ ♣♦rts ♦❢ ❝♦♠♠✉♥✐❝❛t✐♥❣ ❋■▼P ✐♥st❛♥❝❡s✳

❊❛❝❤ ❞❛t❛ ♣❛tt❡r♥ ♦♥ ♦♥❡ ♣♦rt ✭❡✐t❤❡r ✐♥♣✉t ♦r ♦✉t♣✉t✮ ✐s ❛♥ ✐♥t❡❣❡r s❡q✉❡♥❝❡✳
❋♦r ❡①❛♠♣❧❡✱ ❛ss✉♠❡ ✇❡ ❤❛✈❡ ❛ ✻✹✲♣♦✐♥t ❋❋❚ ❋■▼P ✇✐t❤ ♦♥❡ ✐♥♣✉t ♣♦rt ✭din =
[din,0 ]✮ ❛♥❞ ✐t ❢❡t❝❤❡s ❞❛t❛ t♦❦❡♥ ❡✈❡r② t✇♦ ❝❧♦❝❦ ❝②❝❧❡s✳ ❚❤❡ ❞❛t❛ ♣❛tt❡r♥ ♦❢ t❤✐s
✐♥♣✉t ♣♦rt ✐s s❤♦✇♥ ✐♥ ❊q✳ ✻✳✶✳

din,0 = [0,−1, 1,−1, 2,−1, 3,−1, ..., 63,−1] ✭✻✳✶✮

❚❤✐s s❡q✉❡♥❝❡ st❛t❡s t❤❛t t❤❡ ✜rst ❞❛t❛ t♦❦❡♥✱ ✐♥❞✐❝❛t❡❞ ❜② 0✱ ❛rr✐✈❡s ❛t t❤❡
❋■▼P st❛rt t✐♠❡ ts✳ ❚❤❡♥✱ t❤❡ s❡❝♦♥❞ ❝❧♦❝❦ ❝②❝❧❡ ✭ts+1✮ ✐s ❞♦♥✬t ❝❛r❡✱ ✐♥❞✐❝❛t❡❞ ❜②
−1✳ ❆❢t❡r✇❛r❞s✱ t❤❡ s❡❝♦♥❞ ❞❛t❛ t♦❦❡♥✱ ✐♥❞✐❝❛t❡❞ ❜② 1✱ ❛rr✐✈❡s ❛t ❝②❝❧❡ ts+2✳ ❚❤❡♥✱
t❤❡ ❢♦✉rt❤ ❝❧♦❝❦ ❝②❝❧❡ ✭ts + 3✮ ✐s ❞♦♥✬t ❝❛r❡✱ ✐♥❞✐❝❛t❡❞ ❜② −1✳ ❚❤✐s s✉❜✲s❡q✉❡♥❝❡ ✐s
r❡♣❡❛t❡❞ t✐❧❧ ts + 127✱ ❛❢t❡r t❤❡ ❧❛st ❞❛t❛ t♦❦❡♥✱ ✐♥❞✐❝❛t❡❞ ❜② 63✱ ❛♥❞ t❤❡ ❧❛st ❞♦♥✬t
❝❛r❡✳ ◆♦t❡ t❤❛t ✐♥ t❤✐s ❡①❛♠♣❧❡✱ t❤❡ ❧❛st ❞♦♥✬t ❝❛r❡ ✐s r❡❞✉♥❞❛♥t✳ ❙✐♥❝❡ ❛ ❞❛t❛
s❡q✉❡♥❝❡ ♠❛② ❜❡ q✉✐t❡ ❧❛r❣❡✱ ❡✳❣✳ ✹✵✾✻✲♣♦✐♥t ❋❋❚✱ 1920× 1080 ✈✐❞❡♦ ❝♦♠♣r❡ss✐♦♥✱
❡t❝✳✱ ❙❨▲❱❆ ❛❧s♦ s✉♣♣♦rts ❞❡✜♥✐♥❣ ❛ ❞❛t❛ s❡q✉❡♥❝❡ ✉s✐♥❣ P②t❤♦♥ s②♥t❛①✳ ❚❤❡ ❝♦❞❡
s❤♦✇♥ ❜❡❧♦✇ ✇✐❧❧ ♣r♦❞✉❝❡ t❤❡ s❛♠❡ s❡q✉❡♥❝❡ ❛s ✐♥ ❊q✳ ✻✳✶✳

s✉♠✭❬❬✐✱ ✲✶❪ ❢♦r ✐ ✐♥ r❛♥❣❡✭✻✹✮❪✱ ❬❪✮
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✻✳✸✳✹ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❚②♣❡s ❛♥❞ ❙♦❧✉t✐♦♥

❚♦ s♦❧✈❡ t❤❡ s♣❛t✐❛❧ ❛♥❞ t✐♠✐♥❣ ♣r♦❜❧❡♠s ❝❛✉s❡❞ ❜② t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥s✱ ✇❡
❝❛t❡❣♦r✐③❡ t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ t♦ t✇♦ t②♣❡s✿ ❆ s✐♥❣❧❡ ♣♦rt t♦ s✐♥❣❧❡ ♣♦rt ❞❛t❛
❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❇ s✐♥❣❧❡ ♣♦rt t♦✴❢r♦♠ ♠✉❧t✐♣❧❡ ♣♦rts ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡
t②♣❡ ❆ ❤❛s ♥♦ s♣❛t✐❛❧ ♣r♦❜❧❡♠ ❛♥❞ t❤❡ t②♣❡ ❇ ♠❛② ❤❛✈❡ ❜♦t❤ s♣❛t✐❛❧ ❛♥❞ t✐♠✐♥❣
♣r♦❜❧❡♠s✳

❙✐♥❣❧❡ P♦rt t♦ ❙✐♥❣❧❡ P♦rt ❉❛t❛ ❈♦♠♠✉♥✐❝❛t✐♦♥

❚❤❡ ✜rst t②♣❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❛❜♦✉t ❞✐r❡❝t❧② ❝♦♥♥❡❝t✐♥❣ t❤❡ ♦✉t♣✉t ♣♦rt
♦❢ t❤❡ ❞❛t❛ s♦✉r❝❡ ❆❇❇ ♠♦❞✉❧❡ t♦ t❤❡ ✐♥♣✉t ♣♦rt ♦❢ t❤❡ ❞❛t❛ s✐♥❦ ❆❇❇ ♠♦❞✉❧❡✳
■❢ ♥♦t s♣❡❝✐✜❡❞✱ ❙❨▲❱❆ ❛ss✉♠❡ ❛ ❧✐♥❡❛r ❞❛t❛ ♣❛tt❡r♥✳ ❋♦r ♦♥❡ ♣♦rt t♦ ♦♥❡ ♣♦rt
❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ❙❨▲❱❆ ❛ss✉♠❡s t❤❛t t❤❡ ❞❛t❛ t♦❦❡♥s ❛r❡ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞
❞✉r✐♥❣ t❤❡ ✐♥♣✉t ♣❤❛s❡ ❛♥❞ t❤❡ ♦✛s❡t ♦❢ t❤❡ ✜rst ❞❛t❛ t♦❦❡♥ t♦ t❤❡ ✐♥♣✉t ♣❤❛s❡
st❛rt t✐♠❡ ✐s ③❡r♦✳ ❚❤❡ ✐♥♣✉t t✐♠❡ ❢♦r ❡❛❝❤ ❞❛t❛ t♦❦❡♥ ✐s ❞❡♥♦t❡❞ ❛s tlast ❛♥❞ ✐t ❝❛♥
❜❡ ❝♦♠♣✉t❡❞ ❜② ✉s✐♥❣ ❊q✳ ✻✳✷✱ ✇❤❡r❡ M ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❝❧♦❝❦ ❝②❝❧❡s ✐♥ t❤❡ ✐♥♣✉t
♣❤❛s❡ ❛♥❞ N ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❞❛t❛ t♦❦❡♥s✳

tlast =

{

⌊M
N
⌋ ⌊M

N
⌋ > 0

1 ♦t❤❡r✇✐s❡
✭✻✳✷✮

❋♦r ❡①❛♠♣❧❡✱ ❛ss✉♠❡ ❛ ✻✹✲♣♦✐♥t ❋❋❚ ❤❛s ✻✹ ✐♥♣✉t ❞❛t❛ t♦❦❡♥s ❛♥❞ t❤❡ ✐♥♣✉t
♣❤❛s❡ ✐s ✻✽ ❝❧♦❝❦ ❝②❝❧❡s ❧♦♥❣✳ ■♥ t❤✐s ❝❛s❡✱ M ❂ ✻✽ ❛♥❞ N ❂ ✻✹✳ ❚❤❡♥ ❡❛❝❤
❞❛t❛ t♦❦❡♥ t❛❦❡s ♦♥❡ ❝❧♦❝❦ ❝②❝❧❡ ✭tlast ❂ ✶✮ ❛♥❞ t❤❡ ❧❛st ❢♦✉r ❝❧♦❝❦ ❝②❝❧❡s ❤❛s ♥♦
❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ✐♥♣✉t✳

❚❤❡ st❛rt t✐♠❡ ♦❢ t❤❡ ith ❞❛t❛ t♦❦❡♥ ts,i ❞❡♣❡♥❞s ♦♥ t❤❡ ❞❛t❛ t♦❦❡♥ ♣❡rs✐st✐♥❣
t✐♠❡ tlast ✱ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧♦❝❦ ❝②❝❧❡s ✐♥ t❤❡ ✐♥♣✉t ♣❤❛s❡ M ✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢
✐♥♣✉t ❞❛t❛ t♦❦❡♥s N ✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ts,i ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ✉s✐♥❣ ❊q✳ ✻✳✸✱ ✇❤❡r❡ n
✐s t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ t♦❦❡♥s t♦ ❜❡ tr❛♥s♠✐tt❡❞ ♣❡r tlast ❝❧♦❝❦ ❝②❝❧❡s✳ ❚❤❡ ✈❛❧✉❡ ♦❢ n
❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ✉s✐♥❣ ❊q✳ ✻✳✹✱ ✇❤❡r❡ m ✐s t❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ ❞✐st✐♥❝t ❞❛t❛
t♦❦❡♥ s❡ts t♦ ❜❡ tr❛♥s♠✐tt❡❞ ✐♥ t❤❡ ✐♥♣✉t ♣❤❛s❡✳ ❚❤❡ ✈❛❧✉❡ ♦❢ m ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞
❜② ✉s✐♥❣ ❊q✳ ✻✳✹✳ ❊❛❝❤ s❡t ❤❛s n ❞❛t❛ t♦❦❡♥s✳

ts,i = ⌊
i

n
⌋ · tlast ✭✻✳✸✮

n = ⌈
N

m
⌉ ✭✻✳✹✮

m = ⌊
M

tlast
⌋ ✭✻✳✺✮

❋♦r ❡①❛♠♣❧❡✱ ❛ss✉♠❡ ❛ ✻✹✲♣♦✐♥t ❋❋❚ ❤❛s ✻✹ ✐♥♣✉t ❞❛t❛ t♦❦❡♥s ❛♥❞ t❤❡ ✐♥♣✉t
♣❤❛s❡ ✐s ✸✹ ❝❧♦❝❦ ❝②❝❧❡s ❧♦♥❣✳ ❆❧s♦ ❛ss✉♠❡ t❤❛t ❡❛❝❤ ❞❛t❛ t♦❦❡♥ s❤♦✉❧❞ ❜❡ st❛❜❧❡
❢♦r ✹ ❝❧♦❝❦ ❝②❝❧❡s ✭tlast ❂ ✹✮✳ ■♥ t❤✐s ❝❛s❡✱ M ❂ ✸✹✱ N ❂ ✻✹✱ ❛♥❞ tlast ❂ ✹✳ ❚❤❡♥
m = ⌊ 34

4 ⌋ ❂ ✽✱ n = ⌈ 64
8 ⌉ ❂ ✽✱ ❛♥❞ ts,i = ⌊ i

8⌋ · 4 = ⌊ i
2⌋
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◆♦t❡ t❤❛t t❤❡ ❡①♣❡❝t❡❞ m ♠❛② ♥♦t ❡q✉❛❧ t♦ t❤❡ ❛❝t✉❛❧ ♥✉♠❜❡r ♦❢ tr❛♥s♠✐tt❡❞
❞❛t❛ t♦❦❡♥ m′✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t n t❛❦❡s ♦♥❧② t❤❡ ✉♣♣❡r ❧✐♠✐t✳ ❚❤❡r❡❢♦r❡✱ ♠♦r❡
❞❛t❛ t♦❦❡♥s t❤❛♥ t❤❡ ❡①♣❡❝t❡❞ ✈❛❧✉❡ ✇❤❡♥ ✇❡ ❝♦♠♣✉t❡ m ♠❛② ❜❡ tr❛♥s♠✐tt❡❞ ♦♥
❡❛❝❤ tlast ✐♥t❡r✈❛❧✳ ❚❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❞❛t❛ t♦❦❡♥s ❛❝❝✉♠✉❧❛t❡s ❛♥❞ ♠❛②
r❡s✉❧t ❧❡ss ❞❛t❛ t♦❦❡♥ s❡ts t♦ ❜❡ tr❛♥s♠✐tt❡❞✳ ❚❤❡ ✈❛❧✉❡ ♦❢ m′ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞
✉s✐♥❣ ❊q✳ ✻✳✻✳ ❚❤❡ ❡①♣❡❝t❡❞ m ✐s t❤❡ ✉♣♣❡r ❜♦✉♥❞ ♦❢ m′ ✭m′ ≤ m✮✳ ❚❤✐s ❝❛♥ ❜❡
♣r♦✈❡❞ ❛s s❤♦✇♥ ❜❡❧♦✇✳

m′ = ⌈
N

n
⌉ ✭✻✳✻✮

m′ = ⌈
N

n
⌉ <

N

n
+ 1

<
N

⌈N
m
⌉
+ 1

<
N
N
m

+ 1

< m+ 1

→ m′ < m+ 1

→ m′ ≤ m

❚❤❡ ❧♦✇❡r ❜♦✉♥❞ ♦❢ m′ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❛s s❤♦✇♥ ❜❡❧♦✇✳

m′ = ⌈
N

n
⌉ ≥

N

n

≥
N

⌈N
m
⌉

>
N

N
m

+ 1

>
N ·m

N +m

→ m′ >
N ·m

N +m

❚❤❡r❡❢♦r❡✱ N · m/(N + m) < m′ ≤ m✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ m ♦❢ ❛♥ ✻✹✲♣♦✐♥t
❋❋❚ ✐s ✾ ✭m ❂ ✾ ❛♥❞ N ❂ ✻✹✮✱ n = ⌈N/m⌉ = ⌈64/9⌉ = 8 ❛♥❞ m′ = ⌈64/8⌉ = 8✳
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❙✐♥❣❧❡ P♦rt t♦✴❢r♦♠ ▼✉❧t✐♣❧❡ P♦rts ❉❛t❛ ❈♦♠♠✉♥✐❝❛t✐♦♥

❖♥❧② t❤❡ ❞❛t❛ s❡q✉❡♥❝❡ ❞❡✜♥✐t✐♦♥ ✐s ♥♦t ❡♥♦✉❣❤ ❢♦r ❞❡✜♥✐♥❣ ✇❤✐❝❤ ❞❛t❛ t♦❦❡♥ s❤♦✉❧❞
❜❡ ❝♦♥s✉♠❡❞ ❜② ✇❤✐❝❤ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❛❝t♦r ✐♥ ❛ s✐♥❣❧❡ s♦✉r❝❡
t♦ ♠✉❧t✐♣❧❡ ❞❡st✐♥❛t✐♦♥ st②❧❡ ❞❛t❛ tr❛♥s♠✐ss✐♦♥✳ ❚❤❡ ❞❛t❛ t♦❦❡♥s ♠❛② ❛r❜✐tr❛r✐❧②
❞✐str✐❜✉t❡❞ ❛♠♦♥❣ t❤❡ ❞❡st✐♥❛t✐♦♥s✳ ❙❨▲❱❆ ♣r♦✈✐❞❡s t✇♦ ♠❡t❤♦❞ t♦ ❤❛♥❞❧❡ t❤✐s✳
❚❤❡ ✜rst ♦♥❡ ✐s ❝r❡❛t✐♥❣ ❛ ❝✉st♦♠ ❋■▼P ❢♦r ❝♦♠♣❧❡① ❞❛t❛ t♦❦❡♥ ❞✐str✐❜✉t✐♦♥s t❤❛t
♥♦r♠❛❧❧② ❤❛s ♥♦ r❡❣✉❧❛t✐♦♥ ♦r t❤❡ ❞✐str✐❜✉t✐♦♥ r❡❣✉❧❛t✐♦♥ ✐s ❤❛r❞ t♦ ♠♦❞❡❧✳ ❆♥♦t❤❡r
♠❡t❤♦❞ ✐s t♦ ✉s❡ ❛ ♣r❡❞❡✜♥❡❞ ❞✐str✐❜✉t✐♦♥ r❡❣✉❧❛t✐♦♥✳ ❈✉rr❡♥t❧②✱ ❙❨▲❱❆ s✉♣♣♦rts
❧✐♥❡❛r ❛♥❞ ✐♥t❡r❧❡❛✈✐♥❣ ❞❛t❛ t♦❦❡♥ ❞✐str✐❜✉t✐♦♥s ✐♥ t❤❡ s✐♥❣❧❡ t♦✴❢r♦♠ ♠✉❧t✐♣❧❡ st②❧❡
❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥✳

✶✳ ▲✐♥❡❛r✿ ❚❤❡ ✜rst ❜❧♦❝❦ ♦❢ ❞❛t❛ t♦❦❡♥s ❣♦❡s t♦ t❤❡ ✜rst ❞❡st✐♥❛t✐♦♥ ♣♦rt✱
t❤❡ s❡❝♦♥❞ ❜❧♦❝❦ ♦❢ ❞❛t❛ t♦❦❡♥s ❣♦❡s t♦ t❤❡ s❡❝♦♥❞ ❞❡st✐♥❛t✐♦♥ ♣♦rt✱ ❛♥❞
s♦ ♦♥✳ ❚❤❡ s✐③❡s ♦❢ t❤❡ ❞❛t❛ t♦❦❡♥ ❜❧♦❝❦s ❛r❡ t❤❡ ❞❛t❛ t♦❦❡♥ ❝♦✉♥ts ♦❢ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ♣♦rt✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ss✉♠❡ ✇❡ ❤❛✈❡ ❛♥ ♦✉t♣✉t ❞❛t❛ t♦❦❡♥
s❡q✉❡♥❝❡ ❛s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✿

ld = [ 0, 1, 2, 3, 4, 5, 6, 7 ]

❆❧s♦ ❛ss✉♠❡ t❤❛t t✇♦ ✐♥♣✉t ♣♦rts ✇✐❧❧ ❝♦♥s✉♠❡ t❤❡ ❞❛t❛ t♦❦❡♥s✳ ❚❤❡ ❞❛t❛
t♦❦❡♥ s❡q✉❡♥❝❡s ♦♥ t❤❡ ✐♥♣✉t ♣♦rts ✭♣♦rt a ❛♥❞ ♣♦rt b✮ s❤♦✉❧❞ ❜❡ ❛s ❢♦❧❧♦✇s✿

ld,a = [ 0, 1, 2, 3 ]

ld,b = [ 4, 5, 6, 7 ]

✷✳ ■♥t❡r❧❡❛✈✐♥❣✿ ❚❤❡ ❞❛t❛ t♦❦❡♥s ❣♦ t♦ t❤❡ ❞❡st✐♥❛t✐♦♥ ♣♦rt ✐♥ ❛ r♦✉♥❞✲r♦❜✐♥
st②❧❡✳ ❚❤❡ ✜rst ❞❛t❛ t♦❦❡♥ ❜❧♦❝❦ ❣♦❡s t♦ t❤❡ ✜rst ❞❡st✐♥❛t✐♦♥ ♣♦rt✱ t❤❡ s❡❝♦♥❞
❞❛t❛ t♦❦❡♥ ❜❧♦❝❦ ❣♦❡s t♦ t❤❡ s❡❝♦♥❞ ❞❡st✐♥❛t✐♦♥ ♣♦rt✱ ❛♥❞ s♦ ♦♥✳ ❚❤❡ s✐③❡s ♦❢
t❤❡ ❞❛t❛ t♦❦❡♥ ❜❧♦❝❦s ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❜② t❤❡ s②st❡♠ ❞❡s✐❣♥❡r ❛♥❞ ✐ts ✈❛❧✉❡ ✐s
✶ ❜② ❞❡❢❛✉❧t✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ss✉♠❡ ✇❡ ❤❛✈❡ ❛♥ ♦✉t♣✉t ❞❛t❛ t♦❦❡♥ s❡q✉❡♥❝❡ ❛s
❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✿

ld = [ 0, 1, 2, 3, 4, 5, 6, 7 ]

❆❧s♦ ❛ss✉♠❡ t❤❛t t✇♦ ✐♥♣✉t ♣♦rts ✇✐❧❧ ❝♦♥s✉♠❡ t❤❡ ❞❛t❛ t♦❦❡♥s✳ ❚❤❡ ❞❛t❛
t♦❦❡♥ s❡q✉❡♥❝❡s ♦♥ t❤❡ ✐♥♣✉t ♣♦rts ✭♣♦rt a ❛♥❞ ♣♦rt b✮ s❤♦✉❧❞ ❜❡ ❛s ❢♦❧❧♦✇s✿

ld,a = [ 0, 2, 4, 6 ]

ld,b = [ 1, 3, 5, 7 ]
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✻✳✹ ❆■❘ ●❡♥❡r❛t✐♦♥

■♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ ❣❡♥❡r❛t✐♥❣ t❤❡ ❆❜✲
str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮ ♦❢ ♦♥❡ s②st❡♠ ✐s t♦ ❝r❡❛t❡ ❛ ♥❡✇ ❍♦♠♦✲
❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❣r❛♣❤ G′ ❝♦♥s✐st✐♥❣ ♦♥❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ ❛❝t♦r ❛♥❞ ❛ ♥✉♠❜❡r
♦❢ s✉❜✲❣r❛♣❤s✳ ❊❛❝❤ s✉❜✲❣r❛♣❤ ❝♦rr❡s♣♦♥❞s t♦ ♦♥❡ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮ ❛♥❞
❤❛s ❢♦❧❧♦✇✐♥❣ ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳

✶✳ ❖♥❡ ❛❝t♦r ❢♦r t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ✐♥st❛♥❝❡ ❝♦♥♥❡❝t❡❞ ✇✐t❤
t❤❡ ❋■▼P ❝♦♥tr♦❧✱ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ❛♥❞ t❤❡ ♦✉t♣✉t ❜✉✛❡rs✳

✷✳ ❖♥❡ ❝♦✉♥t❡r ❛❝t♦r ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❋■▼P ❝♦♥tr♦❧ ❛♥❞ t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✳
❚❤✐s ❝♦✉♥t❡r ♣r♦✈✐❞❡s t❤❡ r❡❧❛t✐✈❡ t✐♠❡ ✐♥ ❡❛❝❤ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ✐♥ t❡r♠s ♦❢
♥✉♠❜❡r ♦❢ ❝❧♦❝❦ ❝②❝❧❡s✳

✸✳ ❖♥❡ ❛❝t♦r ❢♦r t❤❡ ❋■▼P ❝♦♥tr♦❧✱ ✇❤✐❝❤ ✐s ♦♥❡ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡ ✭❋❙▼✮✱
❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧✱ t❤❡ ❝♦✉♥t❡r✱ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❛♥❞ t❤❡
✐♥♣✉t s❡❧❡❝t♦r✳

✹✳ ❖♥❡ ❛❝t♦r ❢♦r t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✱ ✇❤✐❝❤ ✐s ♦♥❡ ❋❙▼✱ ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❣❧♦❜❛❧
❝♦♥tr♦❧✱ t❤❡ ❝♦✉♥t❡r✱ t❤❡ ♦✉t♣✉t ❜✉✛❡rs ❛♥❞ t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r✳

✺✳ ❖♥❡ ❛❝t♦r ❢♦r t❤❡ ✐♥♣✉t s❡❧❡❝t♦r✱ ✇❤✐❝❤ ✐s ♦♥❡ ▼✉❧t✐✲■♥♣✉t ▼✉❧t✐✲❖✉t♣✉t
✭▼■▼❖✮ ♠✉❧t✐♣❧❡①❡r✱ ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❋■▼P ❝♦♥tr♦❧✱ t❤❡ ❋■▼P ✐♥st❛♥❝❡✱
t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ♦❢ ❛♥♦t❤❡r ❆❇❇ ❛♥❞ ✐ts ♦✉t♣✉t ❜✉✛❡rs✳

✻✳ ❖♥❡ ❛❝t♦r ❢♦r t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r✱ ✇❤✐❝❤ ✐s ♦♥❡ ▼■▼❖ ♠✉❧t✐♣❧❡①❡r✱ ❝♦♥♥❡❝t❡❞
✇✐t❤ t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✱ ♦✉t♣✉t ❜✉✛❡rs ❛♥❞ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ♦❢ ❛♥♦t❤❡r ❆❇❇✳

✼✳ ❆ ♥✉♠❜❡r ♦❢ ❛❝t♦rs ❢♦r t❤❡ ♦✉t♣✉t ❜✉✛❡rs ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❋■▼P ✐♥st❛♥❝❡✱
t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✱ t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ❛♥❞ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ♦❢ ❛♥♦t❤❡r ❆❇❇✳
■❢ ❡①tr❛ ❜✉✛❡r ✐s ♥♦t ✉s❡❞✱ t❤❡ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t ❜✉✛❡rs ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r
♦❢ ♦✉t♣✉t ♣♦rts ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡✳ ❖t❤❡r✇✐s❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t
❜✉✛❡rs ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t ♣♦rts ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡ t✐♠❡s t❤❡
♥✉♠❜❡r ♦❢ ❍❙❉❋ ❛❝t♦rs t❤❛t ✇✐❧❧ ❜❡ ❡①❡❝✉t❡❞ ❜② t❤❡ ❋■▼P ✐♥st❛♥❝❡✳
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❚❤❡ ✐♥t❡r❝♦♥♥❡❝t ✇✐t❤✐♥ ❛ s✉❜✲❣r❛♣❤ ✐s t❤❡ s❛♠❡ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✺
❡①❝❡♣t t❤❡ ❜✉✛❡r ❞❡❧❛② tos ✐s ❛❜s♦r❜❡❞ ✐♥ t❤❡ ❜✉✛❡r ❝♦♥tr♦❧ ❛♥❞ t❤❡r❡ ✇✐❧❧ ❜❡ ❛ ♥❡✇
❝♦✉♥t❡r ❛❝t♦r ❛❞❞❡❞ ❢♦r t❤❡ s❛❦❡ ♦❢ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥✳ ■❢ s✐♥❣❧❡ ♣♦rt t♦✴❢r♦♠ ♠✉❧t✐♣❧❡
♣♦rts ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❤❛♣♣❡♥s✱ ❡❛❝❤ ♣♦rt ✐♥ t❤❡ ♠✉❧t✐♣❧❡ ♣♦rt s✐❞❡ ✇✐❧❧ ❤❛✈❡
t✇♦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡❞❣❡s t♦✴❢r♦♠ t❤❡ s✐♥❣❧❡ ♣♦rt s✐❞❡ ✇❤❡♥ ❝♦♥♥❡❝t✐♥❣ ❞✐✛❡r❡♥t
❆❇❇s✳ ❖♥❡ ❡❞❣❡ ✐s ❢♦r t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✐♥ t❤❡ ❞❛t❛ s♦✉r❝❡ ❆❇❇ t♦ t❤❡ ✐♥♣✉t
s❡❧❡❝t♦r ✐♥ t❤❡ ❞❛t❛ s✐♥❦ ❆❇❇✳ ❚❤❡ ♦t❤❡r ♦♥❡ ✐s ❢♦r t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ♦❢ t❤❡ ❞❛t❛
s✐♥❦ ❆❇❇ t♦ t❤❡ ❛❞❞r❡ss ♣♦rt ♦❢ t❤❡ ♦✉t♣✉t ❜✉✛❡r ✐♥ t❤❡ ❞❛t❛ s♦✉r❝❡ ❆❇❇✳

❚❤❡ ❣❡♥❡r❛t❡❞ ❆■❘ ❍❙❉❋ ❣r❛♣❤ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✷✳ ■t ❢♦❧❧♦✇s t❤❡
str✉❝t✉r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✺✳ ❆❧❧ t❤❡ ❛❝t♦rs ❛r❡ ❣❡♥❡r❛t❡❞ ❜② ❙❨▲❱❆ ❛✉t♦✲
♠❛t✐❝❛❧❧② ❡①❝❡♣t t❤❡ ❋■▼P ❛❝t♦r✱ ✇❤✐❝❤ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❋■▼P ❧✐❜r❛r②✳
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❋✐❣✉r❡ ✻✳✶✷✿ ❆■❘ ❍❙❉❋ ●r❛♣❤



✻✳✹✳ ❆■❘ ●❊◆❊❘❆❚■❖◆ ✶✵✼

❚❤❡ ❣❡♥❡r❛t✐♦♥ ✢♦✇ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✻✳✹✳ ◆♦t❡ t❤❛t t❤❡ ❣❡♥❡r❛t❡❞ ❛❝t♦rs
❡①❝❡♣t t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❛❝t♦r ❛r❡ ♦♥❧② ❢♦r st♦r✐♥❣ r❡q✉✐r❡❞ ✐♥❢♦r♠❛t✐♦♥ ❢♦r ❝♦❞❡
❣❡♥❡r❛t✐♦♥✱ ✐✳❡✳ t❤❡ ❝♦♥tr♦❧ ❛❝t♦rs st♦r❡ ❋❙▼ st❛t❡s ❛♥❞ tr❛♥s❛❝t✐♦♥ ❡❞❣❡s✱ t❤❡
s❡❧❡❝t♦r ❛❝t♦rs st♦r❡ t❤❡ s❡❧❡❝t✐♦♥ t♦ ❝♦♥♥❡❝t✐♦♥ ♠❛♣s✱ ❛♥❞ t❤❡ ♦✉t♣✉t ❜✉✛❡r ❛❝t♦rs
st♦r❡ t❤❡ ❜✉✛❡r s✐③❡✳

✶ ❢♦r❡❛❝❤ ❋■▼P ✐♥st❛♥❝❡ ✐♥ t❤❡ ❉❙❊ r❡s✉❧t ❞♦
✷ ❈r❡❛t❡ ❛❧❧ ❋❙▼ st❛t❡s ❛♥❞ tr❛♥s❛❝t✐♦♥ ❡❞❣❡s ❢♦r ❋■▼P ❝♦♠♣✉t❛t✐♦♥s
✸ ❈r❡❛t❡ ❛❧❧ ❋❙▼ st❛t❡s ❛♥❞ tr❛♥s❛❝t✐♦♥ ❡❞❣❡s ❢♦r ✐♥♣✉t s❡❧❡❝t♦rs
✹ ❈r❡❛t❡ t❤❡ ❋■▼P ❝♦♥tr♦❧ ❋❙▼ ❜❛s❡❞ ♦♥ ❛❜♦✈❡ r❡s✉❧ts
✺ ❈r❡❛t❡ ♦✉t♣✉t ❜✉✛❡rs
✻ ❈r❡❛t❡ ❛❧❧ ❋❙▼ st❛t❡s ❛♥❞ tr❛♥s❛❝t✐♦♥ ❡❞❣❡s ❢♦r ♦✉t♣✉t s❡❧❡❝t♦rs
✼ ❈♦♥str✉❝t ♦♥❡ ❆❇❇ t❤❛t ❝♦♥t❛✐♥s t❤❡ ❛❜♦✈❡ ✐♥❢♦r♠❛t✐♦♥✳
✽ ❡♥❞
✾ ❈r❡❛t❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ ❋❙▼ ❜❛s❡❞ ♦♥ t❤❡ ❉❙❊ r❡s✉❧t
✶✵ ❢♦r❡❛❝❤ ❆❇❇ ❞♦
✶✶ ❈r❡❛t❡ ❛ ❝♦✉♥t❡r ❛❝t♦r ❝♦✉♥t✐♥❣ ❢r♦♠ ✵ t♦ RMAX − 1
✶✷ ❈r❡❛t❡ ❋■▼P ❝♦♥tr♦❧ ❛❝t♦r
✶✸ ❈r❡❛t❡ ❋■▼P ✐♥st❛♥❝❡ ❛❝t♦r
✶✹ ❈r❡❛t❡ ✐♥♣✉t s❡❧❡❝t♦r ❛❝t♦r
✶✺ ❈r❡❛t❡ ♦✉t♣✉t s❡❧❡❝t♦r ❛❝t♦r
✶✻ ❈r❡❛t❡ ❜✉✛❡r ❝♦♥tr♦❧ ❛❝t♦r
✶✼ ❈r❡❛t❡ ♦✉t♣✉t ❜✉✛❡rs
✶✽ ❈♦♥♥❡❝t t❤❡ ❝r❡❛t❡❞ ❛❝t♦rs
✶✾ ❡♥❞
✷✵ ❈♦♥♥❡❝t t❤❡ ❝r❡❛t❡❞ ❆❇❇s ❛♥❞ t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ ❛❝t♦r

❆❧❣♦r✐t❤♠ ✻✳✹✿ ❆■❘ ●❡♥❡r❛t✐♦♥

◆♦t❡ t❤❛t t❤❡ ❧♦♦♣ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ✇✐❧❧ ♥♦t
❧❡❛❞ t♦ ❛♥ ✐♥✜♥✐t❡ ❧♦♦♣ ✐♥ ❆■❘ ❣❡♥❡r❛t✐♦♥ s✐♥❝❡ ✇❡ ❝r❡❛t❡ ❆❇❇s ❋■▼P ❜② ❋■▼P✳
❚❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❧♦♦♣ ❝❛✉s❡❞ ❜② t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡s ✇✐❧❧ ♥♦t ❤❛✈❡ ❡✛♦rt ♦♥ t❤❡
❞❛t❛ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t t✐♠✐♥❣✱ ✇❤✐❝❤ ✐s ♦♥❧② ❞❡♣❡♥❞ ♦♥ t❤❡ ❋■▼P t②♣❡ ❛♥❞ t❤❡
❋■▼P st❛rt t✐♠❡✳



✶✵✽ ❈❍❆P❚❊❘ ✻✳ ●▲❖❇❆▲ ■◆❚❊❘❈❖◆◆❊❈❚ ❆◆❉ ❈❖◆❚❘❖▲ ❙❨◆❚❍❊❙■❙

✻✳✺ ❙✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮ ❛♥❞ t❤❡ ♠❡t❤♦❞
t♦ ❣❡♥❡r❛t❡ ✐t✳ ❖♥❡ ❆■❘ ❝♦♥s✐sts ♦❢ ❛ s❡t ♦❢ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮ ♠♦❞✉❧❡s✱ ♦♥❡
❣❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t✱ ❛♥❞ ♦♥❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧✳ ❊❛❝❤ ❆❇❇ ♠♦❞✉❧❡ ❤❛s ♦♥❡ ❋✉♥❝t✐♦♥
■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ✐♥st❛♥❝❡✱ ♦♥❡ ✐♥♣✉t s❡❧❡❝t♦r✱ ♦♥❡ ❋■▼P ❝♦♥tr♦❧✱ ♦♥❡ ❜✉✛❡r
❝♦♥tr♦❧✱ ♦♥❡ ♦✉t♣✉t s❡❧❡❝t♦r✱ ❛♥❞ ♦♥❡ ♦r ♠✉❧t✐♣❧❡ ❜✉✛❡r ✐♥st❛♥❝❡s✳ ❚❤❡ ❣❧♦❜❛❧
✐♥t❡r❝♦♥♥❡❝t ✐s t❤❡ ❧♦❣✐❝❛❧ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ❛♠♦♥❣ ❛❧❧ t❤❡ ❆❇❇ ♠♦❞✉❧❡s ❛♥❞ t❤❡
❣❧♦❜❛❧ ❝♦♥tr♦❧✱ ✇❤✐❝❤ ✐s ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ✐♥✐t✐❛❧ ❞❡❧❛② ♦❢ ❡✈❡r② ❆❇❇ ♠♦❞✉❧❡s✳
❆■❘ ✐s st♦r❡❞ ❛s ❛ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ ❣r❛♣❤ ✐♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧
❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❛♥❞ ❡❛❝❤ ❆❇❇ ✐s st♦r❡❞ ❛s ❛ s✉❜✲❣r❛♣❤ ✐♥ t❤❡ ❍❙❉❋
❣r❛♣❤✳

❚❤✐s ❝❤❛♣t❡r ❛❧s♦ ❛❞❞r❡ss❡s t✇♦ ♣r♦❜❧❡♠s ❝❛✉s❡❞ ❜② t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥
❛♠♦♥❣ ❆❇❇ ♠♦❞✉❧❡s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❖♥❡ ♣r♦❜❧❡♠ ✐s t❤❡ s♣❛t✐❛❧
♣r♦❜❧❡♠ ❛❜♦✉t t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❞❛t❛ ✇❤❡♥ ❛ s✐♥❣❧❡ ♣♦rt s❡♥❞s ♦r r❡❝❡✐✈❡s ❞❛t❛
t♦❦❡♥s ❢r♦♠ ♠✉❧t✐♣❧❡ ♣♦rts✳ ❚❤❡ ♦t❤❡r ♣r♦❜❧❡♠ ✐s t❤❡ t✐♠✐♥❣ ♣r♦❜❧❡♠ ❛♥❞ ❝♦♥❝❡r♥s
✇❤❡♥ ❛ ❞❛t❛ t♦❦❡♥ s❤♦✉❧❞ ❜❡ ❛✈❛✐❧❛❜❧❡ ❛♥❞ ❤♦✇ ❧♦♥❣ ✐t s❤♦✉❧❞ st❛② ❛✈❛✐❧❛❜❧❡✳ ❚♦
s♦❧✈❡ t❤❡s❡ ♣r♦❜❧❡♠s✱ ❞❛t❛ ♣❛tt❡r♥ ✐s ♣r♦♣♦s❡❞ ❛♥❞ t✇♦ t②♣❡s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥s
❛r❡ ❛ss✉♠❡❞✳ ❖♥❡ ❞❛t❛ ♣❛tt❡r♥ ✐s ❢♦r st♦r✐♥❣ t❤❡ ❞❛t❛ str✉❝t✉r❡ ✐♥❝❧✉❞✐♥❣ ❜♦t❤
t✐♠✐♥❣ ❛♥❞ s♣❛t✐❛❧ ✐♥❢♦r♠❛t✐♦♥ ❢♦r ♦♥❡ ♣♦rt✳ ❚❤❡ t✇♦ t②♣❡s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛r❡
s✐♥❣❧❡ ♣♦rt t♦ s✐♥❣❧❡ ♣♦rt ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ s✐♥❣❧❡ ♣♦rt t♦✴❢r♦♠ ♠✉❧t✐♣❧❡ ♣♦rts
❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❋♦r s✐♥❣❧❡ ♣♦rt t♦ s✐♥❣❧❡ ♣♦rt ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇❡ ❛ss✉♠❡ ❛❧❧ ❞❛t❛
t♦❦❡♥s t❤❛t ❛r❡ tr❛♥s♠✐tt❡❞ ♦❝❝✉♣② t❤❡ s❛♠❡ s✐③❡ t✐♠❡ s❧♦t✳ ❋♦r s✐♥❣❧❡ ♣♦rt t♦✴❢r♦♠
♠✉❧t✐♣❧❡ ♣♦rts ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✇❡ ❛ss✉♠❡ t✇♦ t②♣❡s ♦❢ ❞❛t❛ s♣❧✐tt✐♥❣ ♠❡t❤♦❞✿ ❧✐♥❡❛r
❛♥❞ ✐♥t❡r❧❡❛✈✐♥❣✳



❈❤❛♣t❡r ✼

❈♦❞❡ ●❡♥❡r❛t✐♦♥

❖♥❝❡ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ ✐s r❡❛❞②✱ t❤❡ ♥❡①t st❡♣ ✐s t♦ ❣❡♥❡r✲
❛t❡ t❤❡ ❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮
❛♥❞ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✱ ❘❡❣✐st❡r✲
❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ❱❍❉▲ ❝♦❞❡s ✭s❡♣❛r❛t❡ ❡♥t✐t✐❡s ❢♦r ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥
✭❋■▼P✮ ✐♥st❛♥❝❡s ❛♥❞ ❛ t♦♣ ❡♥t✐t② ❢♦r t❤❡ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧✮ ✇✐❧❧ ❜❡ ❣❡♥❡r✲
❛t❡❞✳ ❋♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮✱ ▼❆❚▲❆❇ ❝♦❞❡s
✭s❡♣❛r❛t❡ ♠✲❢✉♥❝t✐♦♥s ❢♦r ❋■▼P ✐♥st❛♥❝❡s ❛♥❞ ❛ t♦♣ s❝r✐♣t ❢♦r t❤❡ ✐♥t❡r❝♦♥♥❡❝t
❛♥❞ ❝♦♥tr♦❧✮ ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞✳ ■❢ s♣❡❝✐✜❡❞✱ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s
❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❝❛♥ ❛❧s♦ ♣❡r❢♦r♠ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣✳

❆s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❝❤❛♣t❡r ✻✱ ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮
✐s ❝♦♥str✉❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❡①❡❝✉t✐♦♥ s❝❤❡❞✉❧❡ ✐♥❢♦r♠❛t✐♦♥✱ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ✐♥✲
❢♦r♠❛t✐♦♥✱ ❛♥❞ ❋■▼P ✐♥st❛♥❝❡ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ❛r❡ ♦❜t❛✐♥❡❞ ✐♥ ❝❤❛♣t❡r ✺✳ ❚❤❡
❆■❘ ❛♥❞ t❤❡ ✜♥❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❛✈❡ t❤❡ s❛♠❡ str✉❝t✉r❡✳ ❚❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥
✐♥ ❙❨▲❱❆ ❝❛♥ ❜❡ s✉♠♠❛r✐③❡❞ ✐♥ ❢♦✉r st❡♣s ❛s ✈✐s✉❛❧✐③❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✶✳

Architecture Independent Optimization, section 7.2

Resource Allocation, , section 7.3

AIR

Architecture Dependent Optimization, section 7.4

RTL VHDL

Configware, No floor plan

CGRA Floorplanning, section 7.5

MATLAB Function 

with floor plan

❋✐❣✉r❡ ✼✳✶✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ✐♥ ❙❨▲❱❆

✶✵✾



✶✶✵ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

✶✳ ❆r❝❤✐t❡❝t✉r❡ ■♥❞❡♣❡♥❞❡♥t ❖♣t✐♠✐③❛t✐♦♥ ✭s❡❝t✐♦♥ ✼✳✸✮

■♥ t❤✐s st❡♣✱ t❤❡ ❆■❘ ✇✐❧❧ ❜❡ ♦♣t✐♠✐③❡❞ r❡❣❛r❞❧❡ss t❤❡ t❛r❣❡t ✐♠♣❧❡♠❡♥t❛t✐♦♥
st②❧❡ ❛♥❞ ❛r❝❤✐t❡❝t✉r❡✳ ❈✉rr❡♥t❧②✱ t❤❡ t♦t❛❧ s✐③❡ ♦❢ t❤❡ ❞❛t❛ ❜✉✛❡r ✐s ♦♣t✐♠✐③❡❞
❜② ✐♥tr♦❞✉❝✐♥❣ ❞❛t❛ ❜✉✛❡r s❤❛r✐♥❣ ✐♥ ❛ t✐♠❡✲♠✉❧t✐♣❧❡①✐♥❣ ❢❛s❤✐♦♥✳

✷✳ ❘❡s♦✉r❝❡ ❆❧❧♦❝❛t✐♦♥ ✭s❡❝t✐♦♥ ✼✳✹✮

❆❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts ✭✐♥♣✉t s❡❧❡❝t♦r✱ ♦✉t♣✉t s❡❧❡❝t♦r✱ ❋■▼P ✐♥st❛♥❝❡✱ ❞❛t❛
❜✉✛❡r✱ ❋■▼P ❝♦♥tr♦❧✱ ❛♥❞ ❜✉✛❡r ❝♦♥tr♦❧✮ ✐♥ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦s ✭❆❇❇s✮✱
t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧✱ ❛♥❞ t❤❡ ❣❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t ❛r❡ ♠❛♣♣❡❞ t♦ ✐♠♣❧❡♠❡♥t❛✲
t✐♦♥ ❝♦❞❡s ✭❱❍❉▲ ❢♦r ❆❙■❈✴❋P●❆ ❛♥❞ ♠✲❢✉♥❝t✐♦♥ ❢♦r ❈●❘❆✮✳ ❚❤❡ ❆■❘ t♦
✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s ❝♦♥✈❡rs✐♦♥ ✐♥ t❤✐s st❡♣ ✐s ❛ t❡♠♣❧❛t❡ ❜❛s❡❞ ❝♦❞❡ ❣❡♥❡r✲
❛t✐♦♥✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❛r❡ ❣❡♥❡r❛t❡❞ ❜❛s❡❞
♦♥ t❤❡ t❡♠♣❧❛t❡s ✐♥ t❤❡ ❋■▼P ❧✐❜r❛r②✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s ♦❢ t❤❡ ♦t❤❡r
❝♦♠♣♦♥❡♥ts ❛r❡ ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❙❨▲❱❆ ❜✉✐❧❞✐♥❣ t❡♠♣❧❛t❡s✳

✸✳ ❆r❝❤✐t❡❝t✉r❡ ❉❡♣❡♥❞❡♥t ❖♣t✐♠✐③❛t✐♦♥ ✭✼✳✺✮

■♥ t❤✐s st❡♣✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐❧❧ ❜❡ ♦♣t✐♠✐③❡❞ ❜❛s❡❞ ♦♥ t❤❡ t❛r❣❡t ❛r❝❤✐✲
t❡❝t✉r❡✳ ❙✐♠✐❧❛r t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥✱ ❝✉rr❡♥t❧②✱ ♦♥❧②
t❤❡ ❞❛t❛ ❜✉✛❡r ❜❧♦❝❦s ❝❛♥ ❜❡ ♦♣t✐♠✐③❡❞ t♦ ✜t ✐♥ t❤❡ ❛❝t✉❛❧ ♠❡♠♦r② ❜❧♦❝❦s
♦♥ t❤❡ t❛r❣❡t ❛r❝❤✐t❡❝t✉r❡✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ ♦♥❡ ❋P●❆ ♣❧❛t❢♦r♠ ❤❛s ❧✐♠✐t❡❞
♦♥✲❝❤✐♣ ♠❡♠♦r② ✭❙❘❆▼✮ t❤❛t ✐s ❧❡ss t❤❛♥ t❤❡ r❡q✉✐r❡❞ t♦t❛❧ ❞❛t❛ ❜✉✛❡r s✐③❡
✭❞❛t❛ ❜✉✛❡r s✐③❡ ❝❛♥♥♦t ❜❡ ❛ ❝♦♥str❛✐♥t ❝✉rr❡♥t❧②✮✱ s♦♠❡ ♦❢ t❤❡ ❞❛t❛ ❜✉✛❡rs
❤❛✈❡ t♦ ❜❡ ♠❛♣♣❡❞ ♦♥ t❤❡ ♦✛✲❝❤✐♣ ♠❡♠♦r② ❜❧♦❝❦s ✭❙❉❘❆▼s✮✳ ❚❤❡ ♣❛rt✐t✐♦♥
♦❢ ♦♥✲❝❤✐♣ ❛♥❞ ♦✛✲❝❤✐♣ ❞❛t❛ ❜✉✛❡rs ✇✐❧❧ ❤❛✈❡ ❝r✐t✐❝❛❧ ✐♠♣❛❝t ♦♥ t❤❡ s②st❡♠
♣❡r❢♦r♠❛♥❝❡ s✐♥❝❡ t❤❡ ♦✛✲❝❤✐♣ ♠❡♠♦r② ✇✐❧❧ ❜❡ ♠✉❝❤ s❧♦✇❡r t❤❛♥ t❤❡ ♦♥✲❝❤✐♣
♠❡♠♦r②✳ ❚❤❡ ❡①❡❝✉t✐♦♥ s❝❤❡❞✉❧❡ ♠❛② ❜❡ ❝❤❛♥❣❡❞ ✐♥ t❤✐s st❡♣✳ ■❢ t❤❡ s②st❡♠
♣❡r❢♦r♠❛♥❝❡ ❞♦❡s ♥♦t ♠❡❡t t❤❡ ❝♦♥str❛✐♥ts ✭❛r❡❛✱ ❡♥❡r❣②✱ ❧❛t❡♥❝②✱ ❛♥❞✴♦r s❛♠✲
♣❧❡ ✐♥t❡r✈❛❧✮✱ ✇❡ ♥❡❡❞ t♦ ❝❤❛♥❣❡ t❤❡ ❝♦♥str❛✐♥t ❛♥❞ r❡♣❡❛t t❤❡ ❡♥t✐r❡ s②♥t❤❡s✐s
✢♦✇✳ ❈✉rr❡♥t❧②✱ t❤✐s st❡♣ ✐s ❞♦♥❡ ♠❛♥✉❛❧❧②✳

✹✳ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣ ✭s❡❝t✐♦♥ ✼✳✻✮

■❢ t❤❡ t❛r❣❡t ❛r❝❤✐t❡❝t✉r❡ ✐s ❈●❘❆✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ st❡♣
♠❛② ❜❡ ♣❡r❢♦r♠❡❞ ❢♦r ♣r♦❞✉❝✐♥❣ t❤❡ s✉✐t❛❜❧❡ ❝♦♥✜❣✇❛r❡✳ ❈✉rr❡♥t❧②✱ t❤❡ ✢♦♦r✲
♣❧❛♥♥✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡ ❝❛♥ ❜❡ ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣✳

• ❚♦t❛❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥
• ❚♦t❛❧ r❡s♦✉r❝❡ ✉s❛❣❡
• ■♠♣❧❡♠❡♥t❛t✐♦♥ ✇✐❞t❤ ✐♥ t❡r♠s ♦❢ ❈●❘❆ ❣r❛✐♥s
• ■♠♣❧❡♠❡♥t❛t✐♦♥ ❤❡✐❣❤t ✐♥ t❡r♠s ♦❢ ❈●❘❆ ❣r❛✐♥s

❙❨▲❱❆ ❤❛s t✇♦ ❞✐✛❡r❡♥t ❈●❘❆ ✢♦♦r♣❧❛♥♥❡rs✳ ❖♥❡ ✐s ❛ ❈♦♥str❛✐♥t Pr♦❣r❛♠✲
♠✐♥❣ ✭❈P✮ s♦❧✈❡r ❜❛s❡❞ ✢♦♦r♣❧❛♥♥❡r✳ ❚❤❡ ♦t❤❡r ♦♥❡ ✐s ❛ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠
❜❛s❡❞ ✢♦♦r♣❧❛♥♥❡r✳ ❚❤❡ ✜rst ♦♥❡ ✐s s❧♦✇❡r t❤❛♥ t❤❡ s❡❝♦♥❞ ♦♥❡ ❜✉t ♦❢t❡♥
❣❡♥❡r❛t❡s ❜❡tt❡r r❡s✉❧ts✳



✼✳✶✳ P❘❖❇▲❊▼ ❉❊❋■◆■❚■❖◆ ✶✶✶

✼✳✶ Pr♦❜❧❡♠ ❉❡✜♥✐t✐♦♥

❇❡❢♦r❡ ❞❡t❛✐❧✐♥❣ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♣r♦❝❡❞✉r❡s✱ ✇❡ ✜rst ♥❡❡❞ t♦ ❞❡✜♥❡ t❤❡ ♣r♦❜✲
❧❡♠s t❤❛t ♥❡❡❞ t♦ ❜❡ s♦❧✈❡❞✳ ❚❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♣r♦❜❧❡♠ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ s✉❜✲
♣r♦❜❧❡♠s✳ ❚❤❡ ✜rst ♦♥❡ ✐s ❛ str❛✐❣❤t❢♦r✇❛r❞ r❡♣❧❛❝❡♠❡♥t ♣r♦❜❧❡♠ t❤❛t r❡♣❧❛❝❡ ❆❜✲
str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮ ❜② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❱❍❉▲✴▼❆❚▲❆❇
❝♦❞❡s ✭s❡❝t✐♦♥ ✼✳✹✮✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s ❛ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ♣r♦❜❧❡♠ ✭s❡❝t✐♦♥ ✼✳✸
❛♥❞ s❡❝t✐♦♥ ✼✳✺✮✳

✼✳✶✳✶ Pr♦❜❧❡♠ ✶✿ ❈♦♥✈❡rt ❆■❘ t♦ ■♠♣❧❡♠❡♥t❛t✐♦♥

❲❡ ❛r❡ ❣✐✈❡♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

✶✳ ❆♥ ❆■❘ ❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡t ♦❢ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦s ✭❆❇❇s✮ ✇✐t❤ ❣❧♦❜❛❧ ✐♥t❡r✲
❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧ ❧♦❣✐❝s

✷✳ ❆ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r② L ❝♦♥t❛✐♥✐♥❣ ❛❧❧ t❤❡ ❋■▼Ps ✐♥✲
✈♦❧✈❡❞ ✐♥ t❤❡ ❆■❘

❚❤❡ r❡s✉❧t s❤♦✉❧❞ ❜❡ ❛ s❡t ♦❢ ❱❍❉▲ ♦r ▼❆❚▲❆❇ ❝♦❞❡s ✭❞❡♥♦t❡❞ ❛s C✮ t❤❛t
✐♠♣❧❡♠❡♥t t❤❡ ❆■❘✳ ❚❤✐s ♣r♦❜❧❡♠ ✐s ❜❛s✐❝❛❧❧② ❛ ♦♥❡✲t♦✲♦♥❡ ♠❛♣♣✐♥❣ ♣r♦❜❧❡♠ ❛♥❞
❝❛♥ ❜❡ s♦❧✈❡❞ ✐♥ ❧✐♥❡❛r t✐♠❡✳ ❚❤❡ s♦❧✉t✐♦♥ t♦ t❤✐s ♣r♦❜❧❡♠ ✐s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥
✼✳✹✳

✼✳✶✳✷ Pr♦❜❧❡♠ ✷✿ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ Pr♦❜❧❡♠

❚❤❡ s❡❝♦♥❞ ♣r♦❜❧❡♠ ✐s ❢❛r ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ t❤❛♥ t❤❡ ✜rst ♦♥❡✳ ❈✉rr❡♥t❧②✱ ❙②st❡♠✲
▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❝❛♥ ♦♥❧② ♦♣t✐♠✐③❡ ♠❡♠♦r② ❜❧♦❝❦s
❞✉❡ t♦ ❢♦❧❧♦✇✐♥❣ r❡❛s♦♥s✳

✶✳ ❙❨▲❱❆ ❝❛♥♥♦t ♠♦❞✐❢② ❋■▼Ps

✷✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❝♦st ♦❢ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ✐s ❝r✐t✐❝❛❧ ✐♥ t❤❡ ✇❤♦❧❡
s②st❡♠

❆s r❡♣♦rt❡❞ ✐♥ ❬✶✵✺❪ t❤❛t ❛s ♠✉❝❤ ❛s ✹✵✪ ♦❢ t❤❡ t♦t❛❧ s②st❡♠ ❡♥❡r❣② ✐s ❝♦♥s✉♠❡❞
❜② t❤❡ ♠❛✐♥ ♠❡♠♦r② s✉❜s②st❡♠✳ ❚❤❡r❡❢♦r❡✱ ❙❨▲❱❆ tr✐❡s t♦ ♦♣t✐♠✐③❡ t❤❡ ♠❡♠✲
♦r② s✉❜s②st❡♠ t♦ r❡❞✉❝❡ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❲❡ ❞❡✜♥❡ t❤❡ ♠❡♠♦r②
❛❧❧♦❝❛t✐♦♥ ♣r♦❜❧❡♠ ❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✳

●✐✈❡♥ ❛ s❡t ♦❢ ❞❛t❛ ❜✉✛❡r s❝❤❡❞✉❧❡s B ❞❡✜♥❡❞ ❜② ❊q✳ ✼✳✶✱ ✇❤❡r❡ b(i, j) ✐s ♦♥❡
❞❛t❛ ❜✉✛❡r ❛❝❝❡ss s❝❤❡❞✉❧❡✱ N ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼Ps ✐♥ t❤❡ s②st❡♠✱ ❛♥❞ M ✐s t❤❡
♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❜✉✛❡rs ✐♥ ♦♥❡ ❋■▼P✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❛t❛ ❜✉✛❡rs ❛r❡ ✐♥
❛ N ×M ♠❛tr✐①✳

B = {b(i, j)|0 ≤ i ≤ N, 0 ≤ j ≤ M} ✭✼✳✶✮
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❲❛♥t ❛ s❡t ♦❢ ♠❛♣♣❡❞ ♠❡♠♦r② ❜❧♦❝❦s ✐♥ t❤❡ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮
♠♦❞❡❧ ▼▼ ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✷✱ ✇❤❡r❡ mm(k) ✐s ♦♥❡ ♠❛♣♣❡❞ ♠❡♠♦r② ❜❧♦❝❦ ❛♥❞ O
✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♠❛♣♣❡❞ ♠❡♠♦r② ❜❧♦❝❦s✳ ❊❛❝❤ ♠❛♣♣❡❞ ♠❡♠♦r② ❜❧♦❝❦ mm
✐s ❡✐t❤❡r ❛ ❱❍❉▲ ❡♥t✐t② ❢♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✴❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ♦r ❛ ▼❆❚▲❆❇ ✈❛r✐❛❜❧❡ ❢♦r ❈♦❛rs❡✲●r❛✐♥❡❞
❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮✳ ❚❤❡ s❡t ♦❢ ♠❛♣♣❡❞ ♠❡♠♦r② ❜❧♦❝❦s ▼▼
s❤♦✉❧❞ ❜❡ ♦♥❧② ♦♣t✐♠✐③❡❞ ❢♦r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ s✐♥❝❡ ✇❡ ✇✐❧❧ ♥♦t ❝❤❛♥❣❡ t❤❡
s②st❡♠ s❝❤❡❞✉❧❡ ♥♦r t❤❡ ❋■▼P t②♣❡ ✐♥ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ st❡♣✳

MM = {mm(k) | 0 ≤ k ≤ O} ✭✼✳✷✮

❚❤✐s B t♦ MM ❝♦♥✈❡rs✐♦♥ r❛✐s❡s t✇♦ ❝r✐t✐❝❛❧ ♣r♦❜❧❡♠s✳ ❚❤❡ ✜rst ♣r♦❜❧❡♠ ✐s
♠♦❞❡❧✐♥❣ t❤❡ ❡①✐st✐♥❣ ♠❡♠♦r② s②st❡♠s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥
st②❧❡✱ ❛ ✻✹✲♣♦✐♥t ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮ ♠❛② ✉s❡ ♦♥✲❝❤✐♣ ❙❘❆▼ ♦r r❡❣✐s✲
t❡rs✳ ■♥ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ t❤❡ s❛♠❡ ❋❋❚ ♠❛② ✉s❡ ♦♥✲❝❤✐♣ ❙❘❆▼✱ ▲❯❚s
✭▲♦♦❦✲❯♣ ❚❛❜❧❡s✮✱ ♦r ♦✛✲❝❤✐♣ ❉❘❆▼ ✭❡✳❣✳ ❈♦❘❆▼ ❬✶✵✻❪✮✳ ■♥ ❈●❘❆ ✐♠♣❧❡♠❡♥t❛✲
t✐♦♥ st②❧❡✱ ❛ ✻✹✲♣♦✐♥t ❋❋❚ ♠❛② ✉s❡ ♦♥✲❝❤✐♣ ❙❘❆▼✱ r❡❣✐st❡rs✱ ♦r ♦✛✲❝❤✐♣ ❉❘❆▼✳
■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♠❡♠♦r② ❝❛♥ ❛❧s♦ ❜❡ ✐♥ ❛ ❞✐str✐❜✉t❡❞ st②❧❡ ✭❡✳❣✳ ❬✷✾❪ ❢♦r ❛ ❈●❘❆✮✳
❆❧❧ t❤❡ ♣♦ss✐❜❧❡ ♠❡♠♦r② ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ❛❧❧♦❝❛t✲
✐♥❣ ♠❡♠♦r② r❡s♦✉r❝❡s ❢♦r t❤❡ ✜♥❛❧ ❘❚▲ ♠♦❞❡❧✳ ❚❤✐s r❡q✉✐r❡s ❛ ❣❡♥❡r✐❝ ♠❡♠♦r②
♠♦❞❡❧ ❢♦r ❛❧❧ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s ✭❆❙■❈✱ ❋P●❆ ❛♥❞ ❈●❘❆✮✳ ▼♦r❡♦✈❡r✱
♣❡r❢♦r♠❛♥❝❡ ✐♥❢♦r♠❛t✐♦♥ ✭❡✳❣✳ ❧❛t❡♥❝②✱ t❤r♦✉❣❤♣✉t✮ s❤♦✉❧❞ ❛❧s♦ ❜❡ ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡
♠❡♠♦r② ♠♦❞❡❧✳ ❲❡ ✇✐❧❧ ❞❡✜♥❡ t❤❡ ❣❡♥❡r✐❝ ♠❡♠♦r② ♠♦❞❡❧ Mg ❧❛t❡r ♦♥ ✐♥ s❡❝t✐♦♥
✼✳✷✳ ❚❤❡ ♦t❤❡r ♣r♦❜❧❡♠ ✐s t❤❡ ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♠❡t❤♦❞✳ ❙♦♠❡ ♦♣t✐♠✐③❛✲
t✐♦♥s ❝❛♥ ❜❡ ❞♦♥❡ ❞✐r❡❝t❧② ♦♥ t❤❡ ❞❛t❛ ❜✉✛❡r s❝❤❡❞✉❧❡s B ✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ t❤❡
❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❲❡ ❝❛❧❧ t❤❡♠ ❛s ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥s✳
❋♦r ❡①❛♠♣❧❡✱ ♠❡r❣❡ ♠❡♠♦r② ❜❧♦❝❦s t♦ ❛ s✉✐t❛❜❧❡ s✐③❡ t❤❛t ❝♦✉❧❞ ❜❡ ❛❧❧♦❝❛t❡❞ ❛s
❛ s✐♥❣❧❡ ♦♥✲❝❤✐♣ ♠❡♠♦r② r❡s♦✉r❝❡ ♦❢ ❛♥ ❋P●❆✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ♦♣✲
t✐♠✐③❛t✐♦♥ ✇✐❧❧ ❜❡ ❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✼✳✸✳ ❙♦♠❡ ♦♣t✐♠✐③❛t✐♦♥ ❝❛♥ ♦♥❧② ❜❡ ❞♦♥❡
❜② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ r❡♣❧❛❝✐♥❣ ♠✉❧t✐♣❧❡ ♦♥✲❝❤✐♣
❙❘❆▼s ✇✐t❤ ♦✛✲❝❤✐♣ ❉❘❆▼ ✰ ♦♥✲❝❤✐♣ ❛❞❛♣t❡r ✐❢ ♣♦ss✐❜❧❡✳ ❲❡ ❝❛❧❧ t❤❡♠ ❛s ❛r❝❤✐✲
t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥s✳ ❚❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ ✇✐❧❧ ❜❡
❡❧❛❜♦r❛t❡❞ ✐♥ s❡❝t✐♦♥ ✼✳✺✳



✼✳✷✳ ●❊◆❊❘■❈ ▼❊▼❖❘❨ ▼❖❉❊▲ ✶✶✸

✼✳✷ ●❡♥❡r✐❝ ▼❡♠♦r② ▼♦❞❡❧

❆s t❤❡ t❛r❣❡t ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ♦❢ t❤❡ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s
❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❝❛♥ ❜❡ ❡✐t❤❡r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱
❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r✲
❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮✱ t❤❡ ❣❡♥❡r✐❝ ♠❡♠♦r② ♠♦❞❡❧ Mg s❤♦✉❧❞ ❝♦✈❡r ❛❧❧ t❤❡ ♠❡♠♦r②
❛r❝❤✐t❡❝t✉r❡s ✐♥ t❤❡ t❛r❣❡t ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✳ ❚❤❡ ✐♥❢♦r♠❛t✐♦♥ t♦ ❜❡ ♠♦❞❡❧❡❞
✐s ❛s ❢♦❧❧♦✇s✳

✶✳ ▼❡♠♦r② ❈❛♣❛❝✐t② ✲ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❡♠♦r② ❜❧♦❝❦✳

✷✳ ▼❡♠♦r② ❈♦♥♥❡❝t✐✈✐t② ✲ s✐♥❣❧❡ ♣♦rt ♦r ♠✉❧t✐♣❧❡ ♣♦rts✳

✸✳ ❆❝❝❡ss ▲❛t❡♥❝② ✲ ♠❡♠♦r② ❛❝❝❡ss t✐♠✐♥❣ ♠♦❞❡❧✳

✹✳ ❆❝❝❡ss ❊♥❡r❣② ✲ ♠❡♠♦r② ❛❝❝❡ss ❡♥❡r❣② ♠♦❞❡❧✳

✺✳ ❘❡s♦✉r❝❡ ❯s❛❣❡ ✲ r❡s♦✉r❝❡ t♦ ❤♦st t❤❡ ♠❡♠♦r② ❜❧♦❝❦✳

✻✳ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✲ ❱❍❉▲ ❞❡s✐❣♥ ✉♥✐t✴▼❆❚▲❆❇ ♠❛tr✐①✳

▼❡♠♦r② ♦r❣❛♥✐③❛t✐♦♥ ✐s ❤❛r❞ t♦ ❞❡s❝r✐❜❡ ❜② ❛ ❣❡♥❡r✐❝ ♠♦❞❡❧ ❞✉❡ t♦ ❧❛r❣❡ ♥✉♠❜❡r
♦❢ ✈❛r✐❛t✐♦♥s✳ ❚❤❡ ♣r♦♣♦s❡❞ ❣❡♥❡r✐❝ ♠❡♠♦r② ♠♦❞❡❧ ❛❜str❛❝ts t❤❡ ❝♦♠♠♦♥ ♠❡♠♦r②
♣r♦♣❡rt✐❡s ❛♠♦♥❣ t❤❡ ♠❡♠♦r② ❜❧♦❝❦s ✉s❡❞ ✐♥ ❆❙■❈ ❛♥❞ ❋P●❆✳ ❚❤❡ ♠❡♠♦r② ♠♦❞❡❧
✭Mg✮ ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✸ ❤❛s ❢♦❧❧♦✇✐♥❣ ♣r♦♣❡rt✐❡s✿ ❝❛♣❛❝✐t② ✭S✮✱ ❝♦♥♥❡❝t✐✈✐t② ✭C✮✱
❛❝❝❡ss ❧❛t❡♥❝② ✭Ta✮✱ r❡s♦✉r❝❡ ✉s❛❣❡ ✭R✮✱ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✭E✮✳

Mg = {S,C, Ta, R,E} ✭✼✳✸✮

❈❛♣❛❝✐t②

❚❤❡ ❝❛♣❛❝✐t② ♦r s✐③❡ ✭S✮ ♦❢ ❛ ♠❡♠♦r② ✐s ❛ ❝r✐t✐❝❛❧ ♣r♦♣❡rt②✳ ■t ❝❛♥ ❜❡ ❢✉rt❤❡r ❞✐✈✐❞❡❞
✐♥t♦ ❧♦❣✐❝❛❧ ❝❛♣❛❝✐t② ✭L✮ ❛♥❞ ♣❤②s✐❝❛❧ ❝❛♣❛❝✐t② ✭P ✮✳ S ✐s ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✹✳

S = {L,P} ✭✼✳✹✮

▲♦❣✐❝❛❧ ❝❛♣❛❝✐t② L ✐s t❤❡ ♠❡♠♦r② s✐③❡ ❢r♦♠ t❤❡ ♣❡rs♣❡❝t✐✈❡ ♦❢ t❤❡ s②st❡♠✳ ■t
❞❡t❡r♠✐♥❡s t❤❡ ♠❛①✐♠✉♠ ❞❛t❛ s✐③❡ ❝❛♥ ❜❡ st♦r❡❞✳ ❚❤❡ ❧♦❣✐❝❛❧ ❝❛♣❛❝✐t② ❝♦♥s✐sts ♦❢
♦♥❡ ♦r ♠✉❧t✐♣❧❡ ♣❤②s✐❝❛❧ ❝❛♣❛❝✐t② ❛s ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❜❧♦❝❦s✳ P❤②s✐❝❛❧ ❝❛♣❛❝✐t②
✐s t❤❡ s✐③❡ ♦❢ t❤❡ ❞❛t❛ t❤❛t ❝❛♥ ❜❡ st♦r❡❞ ✐♥ ♦♥❡ ♣❤②s✐❝❛❧ ♠❡♠♦r② ❜❧♦❝❦✳

■♥ t❤❡ ♣r♦♣♦s❡❞ ♠❡♠♦r② ♠♦❞❡❧ t❤❡ ❝❛♣❛❝✐t② ✐s ✐♥ t❡r♠s ♦❢ ❜✐ts✳ ❋♦r ❡①❛♠♣❧❡✱
✐❢ ✇❡ ♠♦❞❡❧ ❛ ✷ ▼❡❣❛ ❜✐ts ❙❘❆▼ ❝♦♥s✐st✐♥❣ ♦❢ ✶✻ ❞✐str✐❜✉t❡❞ ❙❘❆▼ ❜❧♦❝❦s ❛s ♦♥❡
♠❡♠♦r② ♠♦❞❡❧✱ ✐ts ❝❛♣❛❝✐t② ✐s ❞❡♥♦t❡❞ ❛s ④ ✷ ▼✱ ✶✻ × ✶✷✽ ❑ ⑥✳ ❚❤❡ ❧♦❣✐❝❛❧ ❝❛♣❛❝✐t②
✐s ✷ ▼✳ ❚❤❡ ❝❛♣❛❝✐t② ♦❢ ❛ ✶✷✽ ❑ ❜✐ts ❙❘❆▼ ❜❧♦❝❦ ✐s ❞❡♥♦t❡❞ ❛s ④ ✶✷✽ ❑✱ ✶✷✽ ❑⑥✳



✶✶✹ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

■♥ ♠♦st ♦❢ t❤❡ ❝❛s❡s✱ t❤❡ ❛❝❝❡ss❡s t♦ ❛❧❧ t❤❡ ♣❤②s✐❝❛❧ ♠❡♠♦r② ❜❧♦❝❦s ❛r❡ ❡q✉✐✈❛✲
❧❡♥t✳ ❍♦✇❡✈❡r✱ t❤❡② ❝❛♥ ❜❡ ❞✐✛❡r❡♥t ✐♥ s♦♠❡ ❝❛s❡s✱ ❡✳❣✳ ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❜❧♦❝❦s
❛r❡ ♠♦❞❡❧❡❞ ❛s ♦♥❡ ✈✐rt✉❛❧ ♠❡♠♦r②✳ ❚♦ ❛❝❝❡ss ❞✐✛❡r❡♥t ♣♦rt✐♦♥s ♦❢ t❤✐s ✈✐rt✉❛❧
♠❡♠♦r② ♠❛② r❡s✉❧t ❞✐✛❡r❡♥t ❧❛t❡♥❝✐❡s ❞✉❡ t♦ t❤❡ ✈❛r②✐♥❣ ❞✐st❛♥❝❡ t♦ t❤❡ ❛❝❝❡ss❡❞
♣❤②s✐❝❛❧ ♠❡♠♦r② ❜❧♦❝❦✳ ❖r ❡✈❡♥ s♦♠❡ ❝❡rt❛✐♥ ♣❤②s✐❝❛❧ ♠❡♠♦r② ❜❧♦❝❦s ♠❛② ❜❡
✐♥❛❝❝❡ss✐❜❧❡ t♦ ❛ s❡t ♦❢ ♣r♦❝❡ss✐♥❣ ❡❧❡♠❡♥ts✳

❈♦♥♥❡❝t✐✈✐t②

❚❤❡ ❝♦♥♥❡❝t✐✈✐t② ✭C✮ ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✺ ♠♦❞❡❧s t❤❡ s✐③❡ ♦❢ ❞❛t❛ t❤❛t ❝❛♥ ❜❡ s✐✲
♠✉❧t❛♥❡♦✉s❧② ❛❝❝❡ss❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❝♦♥♥❡❝t✐✈✐t② ♦❢ ❛ s✐♥❣❧❡ ♣♦rt ❙❘❆▼ ❜❧♦❝❦
✇✐t❤ ❞❛t❛ ✇✐❞t❤ ♦❢ ✻✹✲❜✐t ✐s ❞❡♥♦t❡❞ ❛s C = {1× 64}✳

C = {♣♦rts× ♣♦rt ✇✐❞t❤} ✭✼✳✺✮

❆❝❝❡ss ▲❛t❡♥❝②

❚❤❡ ❛❝❝❡ss ❧❛t❡♥❝② ✭Ta✮ ❤❛s ❛ ❝r✐t✐❝❛❧ ✐♠♣❛❝t ♦♥ t❤❡ s②st❡♠ ❧❛t❡♥❝② ❛♥❞ t❤r♦✉❣❤♣✉t✳
❲❡ ❛ss✉♠❡ t❤❛t ❛ ♠❡♠♦r② ❛❝❝❡ss ❝❛♥ ❜❡ ✐♥ r❛♥❞♦♠ ♦r ❜✉rst st②❧❡✳ Ta ❝❛♥ ❜❡ ❞❡♥♦t❡❞
❛s ✐♥ ❊q✳ ✼✳✻✳

Ta = {Ti, Tm} ✭✼✳✻✮

■♥ ❊q✳ ✼✳✻✱ Ti ✐s ✐♥✐t✐❛❧ ❞❡❧❛②✳ ■t ✐s t❤❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ❛rr✐✈❛❧ ♦❢ t❤❡ ✜rst
❞❛t❛ ❛♥❞ t❤❡ ❛rr✐✈❛❧ ♦❢ ✐ts ❛❞❞r❡ss✳ Tm ✐s ♠✐❞❞❧❡ ❞❡❧❛②✱ ✇❤✐❝❤ ✐s t❤❡ ♠✐♥✐♠✉♠ t✐♠❡
❜❡t✇❡❡♥ t✇♦ s✉❝❝❡ss✐✈❡ ❞❛t❛ ❝❤❛♥❣❡s✳ ❋✐❣✉r❡ ✼✳✷ ✐❧❧✉str❛t❡s t❤❡ ✐♥✐t✐❛❧ ❞❡❧❛② Ti ❛♥❞
t❤❡ ♠✐❞❞❧❡ ❞❡❧❛② Tm✳ ❋♦r r❛♥❞♦♠ ❛❝❝❡ss✱ t❤❡ ❛❝t✉❛❧ ❛❝❝❡ss ❧❛t❡♥❝② ✐s Ti✳ ❋♦r ❜✉rst
❛❝❝❡ss✱ t❤❡ ❛❝t✉❛❧ ❛❝❝❡ss ❧❛t❡♥❝② ♦❢ t❤❡ ✜rst ❞❛t❛ ✐s Ti ❛♥❞ ♥❡✇ ❞❛t❛ ❝❛♥ ❜❡ r❡❛❞ ♦r
✇r✐tt❡♥ ❡✈❡r② Tm ❝❧♦❝❦ ❝②❝❧❡s✳

❝❧❦

✵ ✶ ✷ ✸ ✹ ✺ ✻ ✼ ✽

■♥♣✉t ❆❞❞r❡ss ❛❞❞r❡ss ✶

❖✉t♣✉t ❉❛t❛ ❞❛t❛ ✵ ❞❛t❛ ✶

Ti Tm Tm

❋✐❣✉r❡ ✼✳✷✿ ▼❡♠♦r② ❆❝❝❡ss ❚✐♠✐♥❣ ▼♦❞❡❧



✼✳✷✳ ●❊◆❊❘■❈ ▼❊▼❖❘❨ ▼❖❉❊▲ ✶✶✺

❘❡s♦✉r❝❡ ❯s❛❣❡

❲❡ ♠♦❞❡❧ t❤❡ r❡s♦✉r❝❡ ✉s❛❣❡ ✭R✮ ✐♥ t❡r♠s ♦❢ ❡q✉✐✈❛❧❡♥t ❣❛t❡ ❝♦✉♥t✱ ✇❤✐❝❤ ✐s t❤❡
r❡❧❛t✐✈❡ ♥✉♠❜❡r ♦❢ t✇♦ ✐♥♣✉t ◆❆◆❉ ❣❛t❡s ✐♥ ❈▼❖❙ t❡❝❤♥♦❧♦❣②✳ ❋♦r ❡①❛♠♣❧❡✱ ❛
t②♣✐❝❛❧ ✻✲tr❛♥s✐st♦r ❙❘❆▼ ❝❡❧❧ ✭✹ tr❛♥s✐st♦rs ❢♦r ❞❛t❛ st♦r✐♥❣ ❛♥❞ ✷ tr❛♥s✐st♦rs ❢♦r
❛❝❝❡ss ❝♦♥tr♦❧✮ ✐s ❡q✉✐✈❛❧❡♥t t♦ ✶✳✺ ❣❛t❡s s✐♥❝❡ ♦♥❡ ◆❆◆❉ ❣❛t❡ ✇✐t❤ ✷ ✐♥♣✉ts ✉s❡s
❢♦✉r tr❛♥s✐st♦rs ✭✷ ◆▼❖❙✱ ✷ P▼❖❙✮✳ ❆s t❤❡ ♠❡♠♦r② ❝❛♥ ❜❡ ❡✐t❤❡r ♦♥✲❝❤✐♣ ♦r ♦✛✲
❝❤✐♣✱ t❤❡ r❡s♦✉r❝❡ ✉s❛❣❡ ✐s t❤❡ s✉♠ t❤❡ ✉s❡❞ r❡s♦✉r❝❡s ♦❢ ❜♦t❤ ♦♥✲❝❤✐♣ ❛♥❞ ♦✛✲❝❤✐♣
♣❛rt✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ r❡s♦✉r❝❡ ✉s❛❣❡ ♦❢ ❛ ♦♥❡ ♠✐❧❧✐♦♥ ❜✐ts ♦♥✲❝❤✐♣ ❙❘❆▼ ✐s ④✶✳✺
▼⑥✳ ❚❤❡ r❡s♦✉r❝❡ ✉s❛❣❡ ♦❢ ❛ ♦♥❡ ♠✐❧❧✐♦♥ ❜✐ts ♦✛✲❝❤✐♣ ❙❉❘❆▼ ✭✶✲tr❛♥s✐st♦r ♣❡r ❜✐t✮
✇✐t❤ ✐ts ♦♥✲❝❤✐♣ ❛❞❛♣t❡r ✭❡✳❣✳ ✺ ❑ ❣❛t❡s ✐♥ ❆❙■❈ st②❧❡✮ ✐s ④✵✳✷✺✺ ▼⑥✱ ✇❤❡r❡ ✵✳✷✺
▼ ❣❛t❡s ❢♦r t❤❡ ♦✛✲❝❤✐♣ ❙❉❘❆▼ ❛♥❞ ✺ ❑ ❣❛t❡s ❢♦r t❤❡ ♦♥✲❝❤✐♣ ❛❞❛♣t❡r✳

❊♥❡r❣② ❈♦♥s✉♠♣t✐♦♥

❚❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✭E✮ ✐s ♠♦❞❡❧❡❞ ❛s t❤❡ ❛✈❡r❛❣❡ ❛❝❝❡ss ❡♥❡r❣② ♣❡r ❜✐t ❛t ✶✵✵
▼❍③ ❛♥❞ ✇✐t❤ ✵✳✸✺ s✇✐t❝❤✐♥❣ ❛❝t✐✈✐t②✳ ❲❡ s❡t t❤✐s ❤✐❣❤ s✇✐t❝❤✐♥❣ ❛❝t✐✈✐t② ❞✉❡ t♦
t❤❛t t❤❡ t❛r❣❡t ❛♣♣❧✐❝❛t✐♦♥ ❞♦♠❛✐♥ ✐s ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ ✇✐t❤ st❛t✐❝
❞❛t❛ r❛t❡✱ ✐✳❡✳ t❤❡r❡ ✐s ❛❧✇❛②s ♥❡✇ ❞❛t❛✳ ❚❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r②
❜❧♦❝❦s t❤❛t ❛r❡ ♥♦t r✉♥♥✐♥❣ ❛t ✶✵✵ ▼❍③ ✇✐❧❧ ❜❡ ♥♦r♠❛❧✐③❡❞ t♦ ✶✵✵ ▼❍③ ✉s✐♥❣ t❤❡
♠❡t❤♦❞ st❛t❡❞ ✐♥ ❬✶✵✼❪✳ ❆❧t❤♦✉❣❤ t❤❡ ❛❝t✉❛❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐s r❡❧❛t❡❞ t♦ t❤❡
❛❝t✉❛❧ s✇✐t❝❤✐♥❣ ❛❝t✐✈✐t② ❛♥❞ t❤❡ tr❛♥s♠✐ss✐♦♥ ❞✐st❛♥❝❡✱ E ♦♥❧② ♠♦❞❡❧ t❤❡ ❛✈❡r❛❣❡
❡♥❡r❣② ❢♦r s✐♠♣❧✐❝✐t② ✐♥ t❤✐s t❤❡s✐s✳
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✼✳✸ ❆r❝❤✐t❡❝t✉r❡ ■♥❞❡♣❡♥❞❡♥t ❖♣t✐♠✐③❛t✐♦♥

❲❡ ❝❛♥♥♦t ❛❧✇❛②s ♠❛♣ ❞❛t❛ st♦r❛❣❡ t♦ ♦♥✲❝❤✐♣ ❙❘❆▼✳ ❆s ♠❡♥t✐♦♥❡❞ ❡❛r❧✐❡r ✐♥
t❤✐s s❡❝t✐♦♥✱ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ❛♥❞ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥s ❝❛♥ ❤❡❧♣
✉s t♦ s❤r✐♥❦ t❤❡ ✜♥❛❧ ♠❡♠♦r② r❡s♦✉r❝❡ ✉s❛❣❡✳ ■♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t
♦♣t✐♠✐③❛t✐♦♥ st❡♣✱ r❡❞✉♥❞❛♥t ❛❞❞r❡ss r❛♥❣❡s ❛r❡ ❡❧✐♠✐♥❛t❡❞ ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡
❞❛t❛ ❜✉✛❡rs ❛r❡ ❛❞❥✉st❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ✐♥st❛♥❝❡s✳
■♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ st❡♣✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❞❛t❛ ❜✉✛❡rs ❛r❡
❛❞❥✉st❡❞ t♦ ❜❡ ♠♦r❡ s✉✐t❛❜❧❡ ✐♥ t❤❡ ❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

❋♦r t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✸✱ t❤❡ ❋■▼P ✐♥st❛♥❝❡ f0 t❤❛t ❡①❡❝✉t❡s a1
❛♥❞ a2 ✐♥✐t✐❛❧❧② st♦r❡s t❤❡ ♦✉t♣✉ts ♦❢ a1 ❛♥❞ a2 s❡♣❛r❛t❡❧② ❛♥❞ t❤❡ ♦✉t♣✉ts ❛r❡
❛❝❝❡ss❡❞ ✐♥ ❞✐✛❡r❡♥t t✐♠❡ ✐♥t❡r✈❛❧✳ ❚❤✐s ✐s ❛♥ ♦❜✈✐♦✉s ✇❛st❡ ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡
❞❛t❛ ❜✉✛❡r ❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② ✺✵✪✳ ❚♦ ✜♥❞ t❤❡ r❡❞✉♥❞❛♥t ❛❞❞r❡ss r❛♥❣❡s✱ ❧✐✈❡♥❡ss
❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞✳ ❉❡♥♦t✐♥❣ t❤❡ ❧✐✈❡♥❡ss ❛♥❛❧②s✐s r❡s✉❧t ❛s rl✱ t❤❡ ♣s❡✉❞♦✲❝♦❞❡
❢♦r r❡❞✉♥❞❛♥❝② ❡❧✐♠✐♥❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✶✳

f0 a0

f1 a1 a2

f2 a3 a4 a5 a6

f3 a7 a8 a9 a10

❋✐❣✉r❡ ✼✳✸✿ ❙❝❤❡❞✉❧❡ ❊①❛♠♣❧❡

✶ rl ❂ ∅
✷ ❢♦r❡❛❝❤ ❡♥tr② r ✐♥ t❤❡ r❡❛❞ ❛❝t✐♦♥s ❞♦
✸ ❋✐♥❞ ❛♥ ❡♥tr② w ✐♥ t❤❡ ✇r✐t❡ ❛❝t✐♦♥s t❤❛t
✹ r.A ⊂ w.A ❛♥❞ r.T > w.T
✺ ✐❢ w ❡①✐sts t❤❡♥
✻ ❆❞❞ ✭r.A✱ w.T ✱ r.T ✮ t♦ rl
✼ ❘❡♠♦✈❡ r.T ❢r♦♠ w.T

✽ ❡♥❞
✾ ▼❡r❣❡ ❛❧❧ r❡❞✉♥❞❛♥t ❛❞❞r❡ss r❛♥❣❡s ✐♥ rl

✶✵ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✶✿ ❘❡❞✉♥❞❛♥❝② ❊❧✐♠✐♥❛t✐♦♥
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❆❢t❡r r❡❞✉♥❞❛♥t ❛❞❞r❡ss r❛♥❣❡s ❛r❡ ❡❧✐♠✐♥❛t❡❞✱ ❜✉✛❡r s✐③❡s ❛r❡ ❛❞❥✉st❡❞ ❜❛s❡❞
♦♥ t❤❡ ❞❛t❛ ❜✉✛❡r s✐③❡ ❧✐♠✐t L t❤❛t ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❋■▼P ❧✐❜r❛r②✳ ❚❤❡ ❞❛t❛
❜✉✛❡r r❡s✐③✐♥❣ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✷✳

✶ B✿ t❤❡ s❡t ♦❢ ❞❛t❛ ❜✉✛❡rs t♦ ❜❡ r❡s✐③❡❞
✷ L✿ t❤❡ ❞❛t❛ ❜✉✛❡r s✐③❡ ❧✐♠✐t
✸ ❢♦r❡❛❝❤ ❞❛t❛ ❜✉✛❡r b ✐♥ B ❞♦
✹ ❙❡t |b| ❜❡ t❤❡ s✐③❡ ♦❢ b
✺ ✐❢ |b| > L t❤❡♥
✻ ❉✐✈✐❞❡ b ✐♥t♦ ❛ s❡t ♦❢ s♠❛❧❧❡r ❞❛t❛ ❜✉✛❡rs bn
✼ ❚❤❡ ♥✉♠❜❡r ♦❢ ♥❡✇ ❞❛t❛ ❜✉✛❡rs ✐s ⌈|b|/L⌉
✽ ❊❛❝❤ ♥❡✇ ❞❛t❛ ❜✉✛❡r b′ ∈ bn ❤❛s ❛ s✐③❡ ♦❢ L
✾ ❈❤❛♥❣❡ t❤❡ ❝♦♥tr♦❧ s✐❣♥❛❧s ❢r♦♠ ❛❝❝❡ss✐♥❣ b t♦ ❛❝❝❡ss✐♥❣ bn
✶✵ ❡♥❞

✶✶ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✷✿ ❉❛t❛ ❇✉✛❡r ❘❡s✐③✐♥❣

❆t t❤❡ ❡♥❞ ♦❢ t❤✐s st❡♣✱ ❧❛r❣❡ ❞❛t❛ ❜✉✛❡rs ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ ❞❛t❛ ❜✉✛❡rs ✇✐t❤
s♠❛❧❧❡r s✐③❡✳ ❚❤❡② ❛r❡ r❡❛❞② t♦ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ ❛❝t✉❛❧ ♠❡♠♦r② ❜❧♦❝❦s✳ ◆♦t❡ t❤❛t
✇❤❡♥ t❤❡ ❛❞❞r❡ss❡s ❛r❡ ❝❤❛♥❣❡❞✱ t❤✐s ❝❤❛♥❣❡ s❤♦✉❧❞ ❜❡ r❡✢❡❝t❡❞ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✲
✐♥❣ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦s ✭❆❇❇s✮✳ ❋♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡
✭❈●❘❆✮✱ ❛❝❝❡ss✐♥❣ ❞✐✛❡r❡♥t ♠❡♠♦r② ❜❧♦❝❦s ♠❛② r❡s✉❧t ❞✐✛❡r❡♥t ❛❝❝❡ss t✐♠❡✳ ■❢ t❤✐s
❤❛♣♣❡♥s✱ t❤❡ ❝②❝❧❡ ❛❝❝✉r❛t❡ s❝❤❡❞✉❧❡ s❤♦✉❧❞ ❜❡ ♠♦❞✐✜❡❞✳ ■❢ ❛♥② ♦❢ t❤❡ ❝♦♥str❛✐♥ts
❛r❡ ✈✐♦❧❛t❡❞ ❞✉❡ t♦ t❤✐s s❝❤❡❞✉❧❡ ❝❤❛♥❣❡✱ ✇❡ ❝❛♥ ❡✐t❤❡r ❞✐s❝❛r❞ t❤✐s ♦♣t✐♠✐③❛t✐♦♥ ♦r
r❡st❛rt t❤❡ s②♥t❤❡s✐s ✢♦✇ ✇✐t❤ ❛ ♠♦r❡ str✐❝t ❝♦♥str❛✐♥t✳ ❚❤❡ ❞❡❝✐s✐♦♥ ✐s ❧❡❢t t♦ ❜❡
♠❛❞❡ ❜② t❤❡ ✉s❡r✳
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✼✳✹ ❘❡s♦✉r❝❡ ❆❧❧♦❝❛t✐♦♥

■♥ t❤✐s s✉❜✲st❡♣✱ ❛❧❧ t❤❡ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦s ✭❆❇❇s✮ ❛♥❞ t❤❡ ❣❧♦❜❛❧ ✐♥t❡r❝♦♥♥❡❝t
❛♥❞ ❝♦♥tr♦❧ ❧♦❣✐❝ ✇✐❧❧ ❜❡ ❝♦♥✈❡rt❡❞ t♦ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s✳ ❚❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥
❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✸✳ ❚❤✐s s❡❝t✐♦♥ ❢♦❝✉s❡s ♦♥ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥
❢♦r ❡❛❝❤ ❝♦♠♣♦♥❡♥t ♦❢ ❆❇❇✳

✶ ❆❇❇s✿ t❤❡ ❆■❘ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s
✷ ●❈ ✿ t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧
✸ L✿ t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r②
✹ ❙❡t C ❛s ∅
✺ ❢♦r❡❛❝❤ ❆❇❇ ❛❜❜ ✐♥ ❆❇❇s ❞♦
✻ ❙❡t c ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡ ✐♥ L
✼ ❘❡♣❧❛❝❡ ✈❛r✐❛❜❧❡s ✐♥ c ❜② t❤❡ s♣❡❝✐✜❡❞ ✈❛❧✉❡ ✐♥ ❛❜❜
✽ ❆❞❞ c ✐♥t♦ C

✾ ❡♥❞
✶✵ ❙❡t gc ❛s t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡ ♦❢ ●❈
✶✶ ❘❡♣❧❛❝❡ ✈❛r✐❛❜❧❡s ✐♥ gc ❜② t❤❡ s♣❡❝✐✜❡❞ ✈❛❧✉❡ ✐♥ ●❈
✶✷ ❆❞❞ gc ✐♥t♦ C

❆❧❣♦r✐t❤♠ ✼✳✸✿ ❈♦♥✈❡rt ❆❇❇ t♦ ❈♦❞❡s

❚❤❡ s❡q✉❡♥❝❡ ♦❢ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❆❇❇ ❝♦♠♣♦♥❡♥ts ✭❋■▼P ✐♥st❛♥❝❡✱ ❞❛t❛
❜✉✛❡r✱ ✐♥♣✉t s❡❧❡❝t♦r✱ ♦✉t♣✉t s❡❧❡❝t♦r✱ ❋■▼P ❝♦♥tr♦❧✱ ❜✉✛❡r ❝♦♥tr♦❧✮ ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✼✳✹✳ ◆♦t❡ t❤❛t t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ✐♥♣✉t s❡❧❡❝t♦r s❤♦✉❧❞ ❜❡ ❛❢t❡r t❤❡
❝♦❞❡s ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❛♥❞ t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ♦❢ t❤❡ ❞❛t❛ s♦✉r❝❡ ❆❇❇s ✭✐❢
❛♥②✮ ❛r❡ ❣❡♥❡r❛t❡❞✳

Output 

Selector

FIMP 

Instance

Data 

Buffer

Input 

Selector

Output 

Selector

FIMP 

Control

Buffer 

Control

FIMP 

Instance

Data 

Buffer

Input 

Selector

Output 

Selector

FIMP 

Control

Buffer 

ControlTime0

❋✐❣✉r❡ ✼✳✹✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ Pr♦❝❡❞✉r❡



✼✳✹✳ ❘❊❙❖❯❘❈❊ ❆▲▲❖❈❆❚■❖◆ ✶✶✾

✼✳✹✳✶ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❋■▼P ■♥st❛♥❝❡

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❋■▼P ■♥st❛♥❝❡ ❢♦r ❆❙■❈ ❛♥❞ ❋P●❆

❚❤❡ ❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s ❛r❡ ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠✲
♣❧❛t❡s st♦r❡❞ ✐♥ t❤❡ ❋■▼P ❧✐❜r❛r②✳ ❋♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t
✭❆❙■❈✮ ❛♥❞ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ t❤❡s❡ ❛r❡ ✐♥ t❤❡ ❢♦r♠ ♦❢
♣❛r❛♠❡tr✐❝ ❱❍❉▲ ❞❡s✐❣♥ ✉♥✐ts ✇✐t❤ ❣❡♥❡r✐❝ ♣❛r❛♠❡t❡rs✳ ▼✉❧t✐♣❧❡ ❋■▼P ✐♥st❛♥❝❡s
♠❛② s❤❛r❡ t❤❡ s❛♠❡ ❱❍❉▲ ❡♥t✐t② ❜✉t ❡❛❝❤ ❋■▼P ✐♥st❛♥❝❡ ❤❛s ✐ts ♦✇♥ ✈❛❧✉❡s ♦❢
t❤❡ ❣❡♥❡r✐❝ ♣❛r❛♠❡t❡rs✳

❋♦r ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r ❛ ✶✻✲t❛♣ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ s②♠♠❡tr✐❝ ✜❧✲
t❡r ✇✐t❤ ✽✲❜✐t ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❞❛t❛✳ ❚❤❡ ✐♠♣❧✐❝❛t✐♦♥ ✐s t❤❛t ✇❡ ♥❡❡❞ ✽ ▼❆❈s
❢♦r ♠❛①✐♠✉♠ ♣❛r❛❧❧❡❧✐s♠✳ ❆ss✉♠✐♥❣ t❤❛t ✐t ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ❢♦✉r ❋■▼P
✐♥st❛♥❝❡s ✇✐t❤ ❞✐✛❡r❡♥t ♥✉♠❜❡r ♦❢ ▼✉❧t✐♣❧②✲❆❈❝✉♠✉❧❛t♦rs ✭▼❆❈s✮✿ ✶✱ ✷✱ ✹✱ ♦r ✽✳
❆❧❧ t❤❡ ❢♦✉r ❋■▼P ✐♥st❛♥❝❡s s❤❛r❡ t❤❡ s❛♠❡ ❱❍❉▲ ❡♥t✐t② ❛s t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥
t❡♠♣❧❛t❡ ❝❛❧❧❡❞ ❋■❘✶✻❴✶❴✶✳ ❚❤❡ ✜rst ❴✶ ♠❡❛♥s ✐ts ✐♥♣✉t ❞❛t❛ s✐③❡ ✐s ♦♥❡ ❛♥❞
t❤❡ ♦t❤❡r ❴✶ ♠❡❛♥s ✐ts ♦✉t♣✉t ❞❛t❛ s✐③❡ ✐s ❛❧s♦ ♦♥❡✳ ❚❤❡ ❝♦❞❡ s❡❣♠❡♥t ❝♦♥t❛✐♥✐♥❣
♣♦rt ❛♥❞ ❣❡♥❡r✐❝ s❡❝t✐♦♥s ✐s s❤♦✇♥ ✐♥ ❈♦❞❡ ✺✳ ❇② r❡♠♦✈✐♥❣ t❤❡ ❣❡♥❡r✐❝ s❡❝t✐♦♥ ❢r♦♠
t❤❡ ❱❍❉▲ ❝♦❞❡ ❛♥❞ r❡♣❧❛❝✐♥❣ st❛❣❡ ✇✐t❤ ✶✱ ✷✱ ✹ ♦r ✽✱ ✇❡ ❝❛♥ ❣❡♥❡r❛t❡ t❤❡ ❱❍❉▲
❞❡s✐❣♥ ✉♥✐ts ❢♦r ❢♦✉r ❞✐✛❡r❡♥t ❋■▼P ✐♥st❛♥❝❡s✳ ■❢ t❤❡r❡ ❛r❡ t✇♦ ❋■▼Ps ❢♦r ✶✻✲t❛♣
❋■❘ ✜❧t❡rs ✇✐t❤ t❤❡ s❛♠❡ ❋■▼P t②♣❡ ✭✶✻❋■❘❴✶❴✶✮✱ t❤❡② ✇✐❧❧ ❤❛✈❡ ❞✐✛❡r❡♥t ❋■▼P
♥❛♠❡s ❛❢t❡r ✐♥st❛♥t✐❛t✐♦♥ ✭✶✻❋■❘❴✶❴✶❴❋■▼P❴✵ ❛♥❞ ✶✻❋■❘❴✶❴✶❴❋■▼P❴✶ ✮✳

✶ ❡♥t✐t② ❋■❘✶✻❴✶❴✶ ✐s

✷ ❣❡♥❡r✐❝ ✭

✸ st❛❣❡ ✿ ✐♥t❡❣❡r r❛♥❣❡ ✶ t♦ ✽ ✿❂ ✶❀

✹ ❝♦❡❢❢ ✿ ✐♥ ❝♦❡❢❢ ✭✼ ❞♦✇♥t♦ ✵✮ ✿❂✳✳✳

✺ ✮❀

✻ ♣♦rt ✭

✼ ❝❧♦❝❦ ✿ ✐♥ st❞❴❧♦❣✐❝❀

✽ ♥r❡s❡t ✿ ✐♥ st❞❴❧♦❣✐❝❀

✾ ❞✐♥ ✿ ✐♥ ✐♥t❡❣❡r r❛♥❣❡ ✲✶✷✽ t♦ ✶✷✼❀

✶✵ ❞♦✉t ✿ ♦✉t ✐♥t❡❣❡r r❛♥❣❡ ✲✶✷✽ t♦ ✶✷✼

✶✶ ✮❀

✶✷ ❡♥❞ ❋■❘✶✻❴✶❴✶❀

❈♦❞❡ ✺✿ ❋■▼P ■♥st❛♥❝❡ ❚❡♠♣❧❛t❡ ❊①❛♠♣❧❡ ✐♥ ❱❍❉▲



✶✷✵ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❋■▼P ■♥st❛♥❝❡ ❢♦r ❈●❘❆

❈♦❞❡ ❣❡♥❡r❛t✐♦♥ ❢♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ✐s s✐♠✐❧❛r
❢♦r ❆❙■❈ ❛♥❞ ❋P●❆ ❛s ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡✳ ❋♦r t❤❡ ✶✻✲t❛♣ ❋■❘ s②♠♠❡tr✐❝ ✜❧t❡r
❡①❛♠♣❧❡✱ ❛ ❝♦♥st❛♥t ▼❆❈s ✐s ✉s❡❞ ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s ✐♥ t❤❡ ♦✉t❡r ❧♦♦♣
r❡✢❡❝t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ st❛❣❡s✳ ❚❤❡ ❝♦❞❡ s❡❣♠❡♥t ✐s s❤♦✇♥ ✐♥ ❈♦❞❡ ✻✳

✶ ✪ ❋✉♥❝t✐♦♥✿ ❋■❘✶✻ ♦♥❡ ✐♥♣✉t ♣♦rt ❛♥❞ ♦♥❡ ♦✉♣✉t ♣♦rt

✷ ❢♦r ❥ ❂ ✶ ✿ ▼❆❈s ✪ ❙■▼❉ t❤r❡❛❞s✿ ▼❆❈s

✸ ❢♦r ✐ ❂ ✶ ✿ ✭✽✴▼❆❈s✮

✹ ✪ ■♥♥❡r ❧♦♦♣✿ ♠✉❧t✐♣❧✐❝❛t✐♦♥s ❛♥❞ ❛❞❞✐t✐♦♥s

❈♦❞❡ ✻✿ ❋■▼P ■♥st❛♥❝❡ ❚❡♠♣❧❛t❡ ❊①❛♠♣❧❡ ✐♥ ▼❆❚▲❆❇

▲✐♥❡ ✶ ♣r♦✈✐❞❡s t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ❋■▼P✳ ▲✐♥❡ ✷ ❞❡t❡r♠✐♥❡s t❤❡ ♥✉♠❜❡r
♦❢ ▼❆❈s✳ ❚❤❡ ❝♦♠♠❡♥t ✐s ❛ ♣r❛❣♠❛ t❤❛t ♠❛r❦s t❤❡ ♥✉♠❜❡r ♦❢ ✐♥t❡♥❞❡❞ ❙■▼❉
t❤r❡❛❞s✳ ❚❤✐s ❝♦♠♠❡♥t ✐s ♥♦t ❡①❡❝✉t❡❞ ❜② ▼❆❚▲❆❇ ❜✉t ♣r♦✈✐❞❡s ✐♥❢♦r♠❛t✐♦♥ t♦
t❤❡ t❤❡ ❈●❘❆ ❝♦♠♣✐❧❡r✳ ■t ♦♥❧② s❤♦✇s t❤❡ ♠❡t❤♦❞ t♦ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡
❈●❘❆ ❝♦♠♣✐❧❡r ❛♥❞ t❤❡ ❛❝t✉❛❧ ❛❝❝❡♣t❛❜❧❡ ♣r❛❣♠❛ ♠❛② ♥♦t ✐♥ t❤✐s ❢♦r♠✳ ▲✐♥❡ ✸
❞❡t❡r♠✐♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s✳ ❇② r❡♣❧❛❝✐♥❣ ▼❆❈s ✇✐t❤ ✶✱ ✷✱ ✹ ♦r ✽✱ ✇❡
❝❛♥ ❣❡♥❡r❛t❡ t❤❡ ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥ ✜❧❡s ❢♦r t❤❡ ❢♦✉r ❞✐✛❡r❡♥t ❋■▼Ps✳ ❆❧t❤♦✉❣❤
t❤❡r❡ ✐s ♥♦ ❞✐✛❡r❡♥❝❡ ✇❤❡♥ t❤❡s❡ ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥s ❛r❡ ❡①❡❝✉t❡❞ ✐♥ ▼❆❚▲❆❇
❡♥✈✐r♦♥♠❡♥t✱ t❤❡② ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡ ❈●❘❆ ❝♦♠♣✐❧❡r t♦ ❣❡♥❡r❛t❡ ❋■❘
✜❧t❡r ✇✐t❤ t❤❡ r✐❣❤t ❞❡❣r❡❡ ♦❢ ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ❢♦r ❣❡♥❡r❛t✐♥❣ t❤❡ ❝♦❞❡ ♦❢
❛ ❋■▼P ✐♥st❛♥❝❡ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✹✳

✶ ❙❡t ❈❋● ❂ ❈♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡
✷ ❙❡t ❚❡♠♣ ❂ ■♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡
✸ ✐❢ t❛r❣❡t ❛r❝❤✐t❡❝t✉r❡ ✐s ❆❙■❈ ♦r ❋P●❆ t❤❡♥
✹ ❘❡♠♦✈❡ t❤❡ ❣❡♥❡r✐❝ s❡❝t✐♦♥ ✐♥ ❚❡♠♣
✺ ❡♥❞
✻ ❘❡♣❧❛❝❡ ♣❛r❛♠❡t❡rs ✐♥ ❚❡♠♣ ✇✐t❤ t❤❡✐r ✈❛❧✉❡s ✐♥ ❈❋●
✼ ❙❡t i ❂ ❋■▼P ✐♥st❛♥❝❡ ✐♥❞❡①
✽ ❆♣♣❡♥❞ s✉✣① ❴✐ t♦ t❤❡ ❡♥t✐t② ♥❛♠❡ ♦❢ ❚❡♠♣
✾ r❡s✉❧t ❂ ❚❡♠♣

❆❧❣♦r✐t❤♠ ✼✳✹✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❋■▼P ■♥st❛♥❝❡s



✼✳✹✳ ❘❊❙❖❯❘❈❊ ❆▲▲❖❈❆❚■❖◆ ✶✷✶

■♥ ❧✐♥❡ ✶✱ ❈❋● r❡♣r❡s❡♥ts t❤❡ ♥❛♠❡s ❛♥❞ ✈❛❧✉❡s ♦❢ t❤❡ ❣❡♥❡r✐❝ ♣❛r❛♠❡t❡rs ✭❢♦r
❱❍❉▲ ❡♥t✐t②✮ ♦r ❝♦♥st❛♥ts ✭❢♦r ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥✮ t♦ ❜❡ ✉s❡❞ ✐♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥
t❡♠♣❧❛t❡✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ ♥✉♠❜❡r ♦❢ st❛❣❡s ✐s t✇♦✱ t❤❡♥ ❈❋● ❂ ④st❛❣❡✱ ✷⑥
❢♦r ❆❙■❈ ❛♥❞ ❋P●❆✱ ❛♥❞ ❈❋● ❂ ④❘❊P▲❆❈❊❴st❛❣❡✱ ✷⑥ ❢♦r ❈●❘❆✳ ■♥ ❧✐♥❡ ✷✱
❚❡♠♣ r❡♣r❡s❡♥ts t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡✱ ✇❤✐❝❤ ✐s ❛ ❱❍❉▲ ❡♥t✐t② ✇✐t❤ ❣❡♥❡r✐❝
s❡❝t✐♦♥ ❢♦r ❆❙■❈✴❋P●❆ ♦r ❛ ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❝♦♥st❛♥ts ✇✐t❤♦✉t ✈❛❧✉❡
❛ss✐❣♥♠❡♥t✳ ■♥ ❧✐♥❡ ✼✱ r❡s✉❧t ✐s t❤❡ ❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡ ♦❢ t❤❡ ❋■▼P✳ ❙✐♥❝❡
t❤❡r❡ ✐s ♥♦ ❣❡♥❡r✐❝ s❡❝t✐♦♥ ✐♥ ▼❆❚▲❆❇ ✜❧❡✱ ✐t ✐s ♥♦ ♥❡❡❞ t♦ ❜❡ r❡♠♦✈❡❞✳

✼✳✹✳✷ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❉❛t❛ ❇✉✛❡r ■♥st❛♥❝❡

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❉❛t❛ ❇✉✛❡r ■♥st❛♥❝❡ ❢♦r ❆❙■❈

■♥ ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ t❤❡ ❞❛t❛ ❜✉✛❡rs ❛r❡ ✐♥st❛♥t✐❛t❡❞ ❛s ♦♥✲❝❤✐♣ ❙❘❆▼
❜❧♦❝❦s✳ ◆♦t❡ t❤❛t t❤❡r❡ ❝❛♥ ❜❡ ♠✉❧t✐♣❧❡ ❞❛t❛ ❜✉✛❡r ❞❡s✐❣♥ ✉♥✐ts ✐♥ ♦♥❡ ❆❇❇✳ ❚❤❡
t②♣❡ ♦❢ t❤❡ ❞❛t❛ ❜✉✛❡r ✉s❡❞ ❢♦r ❛ ❋■▼P ✐s s♣❡❝✐✜❡❞ ❜② t❤❡ ❋■▼P✱ ✐✳❡✳ t❤❡ ❞❛t❛
❜✉✛❡r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ♣❛rt ♦❢ t❤❡ ❋■▼P ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥
✹✳✸✳ ❊❛❝❤ ❞❛t❛ ❜✉✛❡r ✐♥ t❤❡ ❆❇❇ ✐s ✐♥st❛♥t✐❛t❡❞ ❛s ♦♥❡ ♦r ♠♦r❡ ♠❡♠♦r② ❜❧♦❝❦s✳
❚❤❡ ♥✉♠❜❡r ♦❢ ♠❡♠♦r② ❜❧♦❝❦s ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♦✉t♣✉t ♣♦rt ♦❢ t❤❡ ❋■▼P✳

❋♦r ❡①❛♠♣❧❡✱ ❡❛❝❤ ❞❛t❛ ❜✉✛❡r ✐s ✐♥st❛♥t✐❛t❡❞ ❛s ♦♥❡ ♠❡♠♦r② ❜❧♦❝❦ ❢♦r t❤❡ ❡①✲
❛♠♣❧❡ ✶✻✲t❛♣ ❋■❘ ✜❧t❡r✱ s✐♥❝❡ ✐t ❤❛s ♦♥❧② ♦♥❡ ♦✉t♣✉t ♣♦rt✳ ❍♦✇❡✈❡r✱ ❢♦r ❛♥ ❘●❇
t♦ ❨❯❱ ❝♦♥✈❡rt❡r✱ ✇❤✐❝❤ ❤❛s t❤r❡❡ s❡♣❛r❛t❡ ♦✉t♣✉t ♣♦rts ❢♦r ❨✱ ❯ ❛♥❞ ❱ s✐❣♥❛❧s✱
❡❛❝❤ ❞❛t❛ ❜✉✛❡r ✐s ✐♥st❛♥t✐❛t❡❞ ❛s t❤r❡❡ ♠❡♠♦r② ❜❧♦❝❦s✳ ❋♦❧❧♦✇✐♥❣ ❝♦❞❡ s❡❣♠❡♥t ✐s
♣❛rt ♦❢ t❤❡ ❱❍❉▲ ♠♦❞✉❧❡ ❢♦r ♦♥❡ ♠❡♠♦r② ❜❧♦❝❦✳

✶ ❡♥t✐t② ❙❨▲❱❆❉❛t❛❇✉❢❢❡r ✐s

✷ ❣❡♥❡r✐❝ ✭

✸ ❝❛♣❛❝✐t② ✿ ✐♥t❡❣❡r ✿❂ ✷✺✻❀

✹ ❞❛t❛ ✇✐❞t❤ ✿ ✐♥t❡❣❡r ✿❂ ✽

✺ ✮❀

✻ ♣♦rt ✭

✼ ❝❧♦❝❦ ✿ ✐♥ st❞ ❧♦❣✐❝❀

✽ ♥r❡s❡t ✿ ✐♥ st❞ ❧♦❣✐❝❀

✾ ❡♥❛❜❧❡ ✿ ✐♥ st❞ ❧♦❣✐❝❀

✶✵ ♥✇r✐t❡ ✿ ✐♥ st❞ ❧♦❣✐❝❀

✶✶ ❛❞❞r❡ss ✿ ✐♥ ✐♥t❡❣❡r❀

✶✷ ❞✐♥ ✿ ✐♥ st❞ ❧♦❣✐❝ ✈❡❝t♦r ✭ ❞❛t❛ ✇✐❞t❤ ✲ ✶ ❞♦✇♥t♦ ✵ ✮❀

✶✸ ❞♦✉t ✿ ♦✉t st❞ ❧♦❣✐❝ ✈❡❝t♦r ✭ ❞❛t❛ ✇✐❞t❤ ✲ ✶ ❞♦✇♥t♦ ✵ ✮

✶✹ ✮❀

✶✺ ❡♥❞ ❙❨▲❱❆❉❛t❛❇✉❢❢❡r❀

❈♦❞❡ ✼✿ ❉❛t❛ ❇✉✛❡r ■♥st❛♥❝❡ ❚❡♠♣❧❛t❡ ✐♥ ❱❍❉▲



✶✷✷ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

❚❤❡ ♣s❡✉❞♦✲❝♦❞❡ ❢♦r ❣❡♥❡r❛t✐♥❣ t❤❡ ❱❍❉▲ ❝♦❞❡ ❢♦r ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡
✐s s❤♦✇♥ ❛s ❢♦❧❧♦✇s✿

✶ ❙❡t r❡s✉❧t ❂ ∅
✷ ❢♦r❡❛❝❤ ❆❇❇ a ❞♦
✸ ❙❡t j ❂ ✵
✹ ❢♦r❡❛❝❤ ♦✉t♣✉t ♣♦rt p ❞♦
✺ ❢♦r❡❛❝❤ ❜✉✛❡r ✐♥st❛♥❝❡ b ❞♦
✻ ❙❡t ❚❡♠♣ ❂ ❡♥t✐t② ❙❨▲❱❆❴❉❛t❛❇✉✛❡r
✼ ❘❡♣❧❛❝❡ ❝❛♣❛❝✐t② ✐♥ ❚❡♠♣ ✇✐t❤ t❤❡ ❝❛♣❛❝✐t② ♦❢ b
✽ ❘❡♣❧❛❝❡ ❞❛t❛ ✇✐❞t❤ ✐♥ ❚❡♠♣ ✇✐t❤ t❤❡ ❞❛t❛ ✇✐❞t❤ ♦❢ b
✾ ❙❡t i ❂ ❆❇❇ ✐♥❞❡① ✭❋■▼P ✐♥st❛♥❝❡ ✐♥❞❡①✮

✶✵ ❆♣♣❡♥❞ s✉✣① ❴❥❴✐ t♦ ❙❨▲❱❆❴❉❛t❛❇✉✛❡r
✶✶ j = j + 1

✶✷ ❡♥❞

✶✸ ❡♥❞

✶✹ ❡♥❞
✶✺ ❆❞❞ ❚❡♠♣ t♦ r❡s✉❧t

❆❧❣♦r✐t❤♠ ✼✳✺✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❇✉✛❡r ■♥st❛♥❝❡s ❢♦r ❆❙■❈

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❉❛t❛ ❇✉✛❡r ■♥st❛♥❝❡ ❢♦r ❋P●❆

■♥ t❤❡ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ t❤❡ ❞❛t❛ ❜✉✛❡rs ❝❛♥ ❡✐t❤❡r ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥
❆❙■❈ st②❧❡ ❛s s❤♦✇♥ ❛❜♦✈❡✱ ♦r ❜② ✉s✐♥❣ ❡①✐st✐♥❣ ❜❧♦❝❦ ♠❡♠♦r②✳ ❲❤❡♥ ✉s✐♥❣ t❤❡
❋P●❆ s♣❡❝✐✜❝ ♠❡♠♦r② r❡s♦✉r❝❡s✱ t❤♦s❡ ♠❡♠♦r② r❡s♦✉r❝❡s ❤❛✈❡ t♦ ❜❡ ♣r❡✲✇r❛♣♣❡❞
t♦ ♣r♦✈✐❞❡ t❤❡ s❛♠❡ ✐♥t❡r❢❛❝❡ ❛s t❤❡ ❆❙■❈ ♠❡♠♦r② ❜❧♦❝❦s✳ ❚❤✐s r❡s♦✉r❝❡ ♠❛♣♣✐♥❣
✐s ❞❡❝✐❞❡❞ ✐♥ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ st❡♣✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ♣s❡✉❞♦✲❝♦❞❡ s❤♦✇s
❣❡♥❡r❛t✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡ ✇✐t❤ s♣❡❝✐✜❡❞ ♠❡♠♦r② ❜❧♦❝❦s✳

✶ ❙❡t ❚❡♠♣ ❂ ■♠♣❧❡♠❡♥t❛t✐♦♥ t❡♠♣❧❛t❡
✷ ❙❡t r❡s✉❧t ❂ ∅
✸ ❢♦r❡❛❝❤ ❣✐✈❡♥ ♠❡♠♦r② ❜❧♦❝❦ M ❞♦
✹ ❙❡t ❚❡♠♣ ❂ ❲r❛♣♣❡❞ M
✺ Pr♦✈✐❞✐♥❣ t❤❡ s❛♠❡ ✐♥t❡r❢❛❝❡ ❛s ❆❙■❈ ♠❡♠♦r② ❜❧♦❝❦s
✻ ❆❞❞ ❚❡♠♣ t♦ r❡s✉❧t

✼ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✻✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❇✉✛❡r ■♥st❛♥❝❡s ❢♦r ❋P●❆



✼✳✹✳ ❘❊❙❖❯❘❈❊ ❆▲▲❖❈❆❚■❖◆ ✶✷✸

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❉❛t❛ ❇✉✛❡r ■♥st❛♥❝❡ ❢♦r ❈●❘❆

■♥ t❤❡ ❈●❘❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ t❤❡ ❞❛t❛ ❜✉✛❡r ✇✐❧❧ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ❛
✈❡❝t♦r ✇✐t❤ ❝❛♣❛❝✐t② ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts✳ ❚❤❡ t②♣❡ ♦❢ t❤❡ ❡❧❡♠❡♥ts ✐♥ ♦♥❡ ✈❡❝t♦r
✐s ❞❡❝✐❞❡❞ ❜② t❤❡ ♦✉t♣✉t ❞❛t❛ t②♣❡ ♦❢ t❤❡ ❋■▼P✳ ❚❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐s
s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✼✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ♦✉t♣✉t ♦❢ ❛ ❘●❇ t♦ ❨❯❱ ❝♦♥✈❡rt❡r ❤❛s
t❤r❡❡ ❝♦♠♣♦♥❡♥ts ✭❨✱ ❯ ❛♥❞ ❱✮ ❛♥❞ ❡❛❝❤ ❝♦♠♣♦♥❡♥t ✐s ❛ ❞❡❝✐♠❛❧ ♥✉♠❜❡r✳ ❚❤✉s✱
t❤❡ ❞❛t❛ ❜✉✛❡r ❢♦r t❤✐s ❘●❇ t♦ ❨❯❱ ❝♦♥✈❡rt❡r ✐s ✐♥st❛♥t✐❛t❡❞ ❛s t❤r❡❡ ✈❡❝t♦rs✱
✇❤♦s❡ ❡❧❡♠❡♥ts ❛r❡ ❞❡❝✐♠❛❧ ♥✉♠❜❡rs✳ ■❢ t❤❡ ❝♦♥✈❡rt❡r ✐s ❢♦r ♦♥❡ ❘❇● t♦ ♦♥❡ ❨❯❱
❝♦♥✈❡rs✐♦♥✱ ❡❛❝❤ ✈❡❝t♦r ❤❛s ♦♥❡ ❡❧❡♠❡♥t✳

✶ ❙❡t r❡s✉❧t ❂ ∅
✷ ❙❡t i ❂ ✵
✸ ❢♦r❡❛❝❤ ♦✉t♣✉t ♣♦rt p ✐♥ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❞♦
✹ ❢♦r❡❛❝❤ ❞❛t❛ ❜✉✛❡r D ✐♥ t❤❡ ❆❇❇ ❞♦
✺ ❁♥❛♠❡❃ ❂ ❋■▼P ♥❛♠❡ ❝♦♥❝❛t❡♥❛t❡❞ ✇✐t❤ ▼❴✐
✻ i ❂ i ✰ ✶
✼ ❁❞❃ ❂ ❝❛♣❛❝✐t② ♦❢ D
✽ ❚❡♠♣ ❂ ❁♥❛♠❡❃ ❂ ③❡r♦s✭❁❞❃✮
✾ ❆❞❞ ❚❡♠♣ ✐♥t♦ r❡s✉❧t
✶✵ ❡♥❞

✶✶ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✼✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❇✉✛❡r ■♥st❛♥❝❡s ❢♦r ❈●❘❆

✼✳✹✳✸ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❖✉t♣✉t ❙❡❧❡❝t♦r

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❖✉t♣✉t ❙❡❧❡❝t♦r ❢♦r ❆❙■❈ ❛♥❞ ❋P●❆

❚❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✐s ❛ s✇✐t❝❤ t❤❛t ❝♦♥♥❡❝ts t❤❡ ✐♥♣✉t ♣♦rts t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
♦✉t♣✉t ♣♦rts ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥tr♦❧ s✐❣♥❛❧s ❢r♦♠ t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✳ ❚❤❡ ♥✉♠❜❡r
♦❢ ✐♥♣✉t ♣♦rts ♦❢ t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❜✉✛❡rs✳ ❚❤❡
♥✉♠❜❡r ♦❢ ♦✉t♣✉t ♣♦rts ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ s✐♥❦ ❛❝t♦rs ✐♥ t❤❡ s❝❤❡❞✉❧❡❞
❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t ♣♦rts ♦❢
t❤❡ ❋■▼P✳ ❋♦r ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r ❛ ✶✻✲t❛♣ s②♠♠❡tr✐❝ ❋■❘ ✜❧t❡r✱ ✇❤✐❝❤ ✐s ❢❡❡❞✐♥❣
❛♥ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮ ❛♥❞ ❛♥ ✽✲t❛♣ ❋■❘ ✜❧t❡r✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♦✉t♣✉t
s❡❧❡❝t♦r ♦❢ t❤❡ ✶✻✲t❛♣ ❋■❘ ❤❛s ♦♥❡ ✐♥♣✉t ♣♦rt ❛♥❞ t✇♦ ♦✉t♣✉t ♣♦rts✳

■♥ ❆❙■❈✴❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✱ t❤❡ ✐♥t❡r❢❛❝❡ ♦❢ t❤❡ ❱❍❉▲ ❡♥t✐t② ♦❢ ❛♥
♦✉t♣✉t s❡❧❡❝t♦r ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ t❡♠♣❧❛t❡ s❤♦✇♥ ✐♥ ❈♦❞❡ ✽ ✭❋◆ ✐s s❤♦rt ❢♦r
❢✉♥❝t✐♦♥ ♥❛♠❡✮✳ ❉✉r✐♥❣ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥✱ ❁❋◆❃ ✇✐❧❧ ❜❡ r❡♣❧❛❝❡❞ ❜② t❤❡ ❋■▼P
✐♥st❛♥❝❡ ♥❛♠❡✱ ❡✳❣✳ ✐❢ t✇♦ ❋■▼P ✐♥st❛♥❝❡s ❢♦r ✶✻✲t❛♣ ❋■❘ ✜❧t❡rs ❤❛✈❡ t❤❡ s❛♠❡



✶✷✹ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

✶ ❡♥t✐t② ❙❨▲❱❆❖✉t♣✉t❙❡❧❡❝t♦r ❁❋◆❃ ✐s

✷ ♣♦rt ✭

✸ ❝❧♦❝❦ ✿ ✐♥ st❞ ❧♦❣✐❝❀

✹ ♦s❡❧ ✿ ✐♥ ❖❙ ❁❋◆❃❀

✺ ❞✐♥ ✿ ✐♥ ✐♥❚ ❁❋◆❃❀

✻ ❞♦✉t ✿ ♦✉t ♦✉t❚ ❁❋◆❃

✼ ✮❀

✽ ❡♥❞ ❙❨▲❱❆❖✉t♣✉t❙❡❧❡❝t♦r ❁❋◆❃❀

❈♦❞❡ ✽✿ ❖✉t♣✉t ❙❡❧❡❝t♦r ❚❡♠♣❧❛t❡ ❊①❛♠♣❧❡ ✐♥ ❱❍❉▲

❋■▼P t②♣❡✱ t❤❡② ✇✐❧❧ ❤❛✈❡ ❞✐✛❡r❡♥t ♥❛♠❡s s✉❝❤ ❛s ✶✻❋■❘❴✶❴✶❴❋■▼P❴✵ ❛♥❞
✶✻❋■❘❴✶❴✶❴❋■▼P❴✶✳

▲✐♥❡ ✹ ❞❡❝❧❛r❡s t❤❡ s❡❧❡❝t✐♦♥ s✐❣♥❛❧ ♦s❡❧ ✐♥ t❤❡ t②♣❡ ♦❢ ❖❚❁❋◆❃✳ ❚❤✐s t②♣❡
✐s ❛ ✈❡❝t♦r✱ ✇❤♦s❡ ❡❧❡♠❡♥ts ❛r❡ ✐♥t❡❣❡rs ❢r♦♠ ✵ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t ♣♦rts✳
❩❡r♦ ♠❡❛♥s ♥♦ ❝♦♥♥❡❝t✐♦♥ ❛♥❞ ♦t❤❡r ✈❛❧✉❡s ❛r❡ t❤❡ ♦♥❡✲❜❛s❡❞ ✐♥❞❡① ♦❢ t❤❡ ♦✉t♣✉t
♣♦rts✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ith ❡❧❡♠❡♥t ✐♥❞✐❝❛t❡s ✇❤✐❝❤ ✐♥♣✉t ♣♦rt ✐s ❝♦♥♥❡❝t❡❞ ✇✐t❤
t❤❡ ith ♦✉t♣✉t ♣♦rt✳ ■❢ ♦s❡❧ ❂ ④✵✱ ✹✱ ✶✱ ✵✱ ✵✱ ✵⑥✱ t❤❡ s❡❝♦♥❞ ✐♥♣✉t ♣♦rt ✐s ❝♦♥♥❡❝t❡❞
t♦ t❤❡ ❢♦✉rt❤ ♦✉t♣✉t ♣♦rt✱ t❤❡ t❤✐r❞ ✐♥♣✉t ♣♦rt ✐s ❝♦♥♥❡❝t❡❞ t♦ ✜rst ♦✉t♣✉t ♣♦rt✱
❛♥❞ ♦t❤❡r ♦✉t♣✉t ♣♦rts ❛r❡ s❡t t♦ ❤✐❣❤ ✐♠♣❡❞❛♥❝❡ st❛t❡✳ ▲✐♥❡s ✺ ❛♥❞ ✻ ❞❡❝❧❛r❡
t❤❡ ✐♥♣✉t✴♦✉t♣✉t ♣♦rts✳ ❋♦r ❞✐♥✱ t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥ts ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r ♦❢
✐♥♣✉t ♣♦rts✳ ❚❤❡ t②♣❡ ♦❢ ❡❛❝❤ ❡❧❡♠❡♥t ✐s t❤❡ s❛♠❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞❛t❛ ❜✉✛❡r
♦✉t♣✉t ♣♦rt✳ ❆❧❣♦r✐t❤♠ ✼✳✽ s❤♦✇s ❤♦✇ t♦ ❜✉✐❧❞ t❤❡ ❱❍❉▲ t②♣❡s ❛♥❞ st♦r❡ ✐t ✐♥ t❤❡
t②♣❡ ❧✐❜r❛r② ❢♦r t❤✐s s②st❡♠✳

❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❖✉t♣✉t ❙❡❧❡❝t♦r ❢♦r ❈●❘❆

■♥ ❈●❘❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✐s ❝♦♥str✉❝t❡❞ ✈✐❛ ❛ s❡t ♦❢
s✇✐t❝❤ st❛t❡♠❡♥ts✳ ❆❣❛✐♥✱ ❢♦r t❤❡ s❛❦❡ ♦❢ ❜r❡✈✐t②✱ t❤❡ ❛❝t✉❛❧ ❝♦❞❡ ✐s ❜❡✐♥❣ s❦✐♣♣❡❞✳
❚❤❡ ❛❧❣♦r✐t❤♠ ❢♦r ❣❡♥❡r❛t✐♥❣ ❝♦❞❡s ♦❢ ❛♥ ♦✉t♣✉t s❡❧❡❝t♦r ❢♦r ❈●❘❆ ✐s s❤♦✇♥ ✐♥
❆❧❣♦r✐t❤♠ ✼✳✾✳

✼✳✹✳✹ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ■♥♣✉t ❙❡❧❡❝t♦r

❚❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ❢♦r t❤❡ ✐♥♣✉t s❡❧❡❝t♦r ✐s s✐♠✐❧❛r t♦ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡
♦✉t♣✉t s❡❧❡❝t♦r✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♦✉t♣✉t ♣♦rts✱ ✇❤✐❝❤ ❝♦♥♥❡❝t t❤❡ ✐♥♣✉t s❡❧❡❝t♦r
t♦ t❤❡ ❋■▼P✱ ❡q✉❛❧s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥♣✉t ♣♦rts✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ♥✉♠❜❡r
♦❢ ✐♥♣✉t ♣♦rts✱ ✇❤✐❝❤ ❝♦♥♥❡❝t t❤❡ ❞❛t❛ s♦✉r❝❡s t♦ t❤❡ ✐♥♣✉t s❡❧❡❝t♦r✱ ❡q✉❛❧s t♦
t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ s♦✉r❝❡s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥♣✉t ♣♦rts✳ ❚❤❡
❣❡♥❡r❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s ❡①❛❝t❧② t❤❡ s❛♠❡✳



✼✳✹✳ ❘❊❙❖❯❘❈❊ ❆▲▲❖❈❆❚■❖◆ ✶✷✺

✶ ❙❡t ❚▲ ❂ ❋■▼P t❡♠♣❧❛t❡ ❧✐❜r❛r② ✜❧❡ ✐♥ ❱❍❉▲
✷ ❙❡t ⑤❞❛t❛ ❜✉✛❡rs⑤ ❂ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❜✉✛❡rs
✸ ❙❡t ⑤❋■▼P ♦✉t♣✉t ♣♦rts⑤ ❂ ♥✉♠❜❡r ♦❢ ❋■▼P ♦✉t♣✉t ♣♦rts
✹ ❙❡t ❁■❃ ❂ ⑤❞❛t❛ ❜✉✛❡rs⑤ times ⑤❋■▼P ♦✉t♣✉t ♣♦rts⑤
✺ ❆❞❞ t②♣❡ ❖❙❁❋◆❃ ✐s ❛rr❛② ✭❁❖❃ ✲ ✶ ❞♦✇♥t♦ ✵✮ ♦❢ ✐♥t❡❣❡r❀ ✐♥t♦ ❚▲
✻ ❚❡♠♣ ❂ t②♣❡ ■❊❁❋◆❃ ✐s ✭

✼ ❢♦r❡❛❝❤ ❞❛t❛ ♣♦rt p ✐♥ ❋■▼P ♦✉t♣✉t ♣♦rts ❞♦
✽ ❈♦♥❝❛t❡♥❛t❡ ❚❡♠♣ ✇✐t❤ t❤❡ t②♣❡ ♦❢ p
✾ ❡♥❞
✶✵ ❈♦♥❝❛t❡♥❛t❡ ❚❡♠♣ ✇✐t❤ ✮❀

✶✶ ❆❞❞ ❚❡♠♣ ✐♥t♦ ❚▲
✶✷ ❆❞❞ t②♣❡ ✐♥❚❁❋◆❃ ✐s ❛rr❛② ✭❁■❃ ❞♦✇♥t♦ ✵✮ ♦❢ ■❊❁❋◆❃❀ ✐♥t♦ ❚▲
✶✸ ❆❞❞ t②♣❡ ♦✉t❚❁❋◆❃ ✐s ❛rr❛② ✭❁❖❃ ❞♦✇♥t♦ ✵✮ ♦❢ ■❊❁❋◆❃❀ ✐♥t♦ ❚▲
✶✹ ❘❡♣❧❛❝❡ ❁❋◆❃ ✐♥ ❚▲ ✇✐t❤ t❤❡ ❋■▼P ♥❛♠❡
✶✺ r❡s✉❧t ❂ ❡♥t✐t② ❙❨▲❱❆❴❖✉t♣✉t❙❡❧❡❝t♦r
✶✻ ❘❡♣❧❛❝❡ ❁❋◆❃ ✐♥ r❡s✉❧t ✇✐t❤ t❤❡ ❋■▼P ♥❛♠❡

❆❧❣♦r✐t❤♠ ✼✳✽✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❇✉✛❡r ■♥st❛♥❝❡s ❢♦r ❆❙■❈

✶ ❙❡t r❡s✉❧t ❂ ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥ ❙❨▲❱❆❴❖✉t♣✉t❙❡❧❡❝t♦r
✷ i ❂ ✵
✸ ❢♦r❡❛❝❤ ❞❛t❛ s✐♥❦ ❞♦
✹ ❚❡♠♣ ❂ s✇✐t❝❤ ■♥❴ ❝♦♥❝❛t❡♥❛t❡ ✇✐t❤ i
✺ i ❂ i ✰ ✶
✻ ❢♦r❡❛❝❤ ❞❛t❛ ❜✉✛❡r d ❞♦
✼ ❆❞❞ ❝❛s❡ ❝♦♥❝❛t❡♥❛t❡ ✇✐t❤ j ✐♥t♦ ❚❡♠♣
✽ ❆❞❞ ❞♦✉t❴ ❝♦♥❝❛t❡♥❛t❡ ✇✐t❤ i ✐♥t♦ ❚❡♠♣
✾ ❆❞❞ ❂ ❞✐♥❴ ❝♦♥❝❛t❡♥❛t❡ ✇✐t❤ j ✐♥t♦ ❚❡♠♣
✶✵ ❆❞❞ ♦t❤❡r✇✐s❡ ❭♥ ❡♥❞ ✐♥t♦ ❚❡♠♣
✶✶ j ❂ j ✰ ✶
✶✷ ❡♥❞

✶✸ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✾✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❇✉✛❡r ■♥st❛♥❝❡s ❢♦r ❆❙■❈



✶✷✻ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

✼✳✹✳✺ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ♦❢ ❋■▼P ❈♦♥tr♦❧

❆ ❜✉✛❡r ❝♦♥tr♦❧ ✐s ❛ ❋✐♥✐t❡ ❙t❛t❡ ▼❛❝❤✐♥❡ ✭❋❙▼✮ ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❞❛t❛ ❜✉✛❡rs ❛♥❞
t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r✳ ❋♦r ❆❙■❈ ❛♥❞ ❋P●❆✱ ✇❡ ✉s❡ t❤❡ ❣❡♥❡r❛t✐♦♥ ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞
✐♥ ❬✶✵✽❪ ❢♦r ❋❙▼ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥✳ ❋♦r ❈●❘❆✱ ♦♥❡ ❋❙▼ ✐s tr❛♥s❧❛t❡❞ ✐♥t♦ t✇♦
s❡♣❛r❛t❡ ❢✉♥❝t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ st❛t❡ ❝♦♥tr♦❧ ❢✉♥❝t✐♦♥ ❛♥❞ st❛t❡ ♦✉t♣✉t ❢✉♥❝t✐♦♥✳ ▲✐❦❡
t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✱ t❤❡ ❋■▼P ❝♦♥tr♦❧ ❛♥❞ t❤❡ ❣❧♦❜❛❧ ❝♦♥tr♦❧ ❛r❡ ❛❧s♦ ❋❙▼s✳ ❚❤❡
❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♠❡t❤♦❞ ✐s ❡①❛❝t❧② t❤❡ s❛♠❡ ❛s t❤❡ ❜✉✛❡r ❝♦♥tr♦❧✳

✼✳✹✳✻ ❈♦♠❜✐♥❡ ❆❧❧ ●❡♥❡r❛t❡❞ ❈♦♠♣♦♥❡♥ts

❆❢t❡r ✇❡ ❤❛✈❡ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s ❢♦r ❛❧❧ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦♠♣♦♥❡♥ts ✭❋■▼P✱
❞❛t❛ ❜✉✛❡r✱ ♦✉t♣✉t s❡❧❡❝t♦r✱ ✐♥♣✉t s❡❧❡❝t♦r✱ ❜✉✛❡r ❝♦♥tr♦❧✱ ❛♥❞ ❋■▼P ❝♦♥tr♦❧✮✱ ✇❡
❝♦✉❧❞ ❝♦♠❜✐♥❡ t❤❡♠ t♦❣❡t❤❡r ✐♥t♦ ♦♥❡ ❱❍❉▲ ♠♦❞✉❧❡ ♦r ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥✳ ❚❤❡
❝♦♠❜✐♥❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✶✵✳

✶ ✐❢ ❆❙■❈ ♦r ❋P●❆ t❤❡♥
✷ ❚♦♣ ❂ ✜♥❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❱❍❉▲ ❡♥t✐t②
✸ ❆❞❞ ❛❧❧ ❝♦♠♣♦♥❡♥ts ✐♥t♦ ❛r❝❤✐t❡❝t✉r❡ ❜♦❞②
✹ ❢♦r❡❛❝❤ ❝♦♠♣♦♥❡♥t ❞♦ ❆❞❞ ✐ts ♣♦rt ✐♥t♦ ❛r❝❤✐t❡❝t✉r❡ ❜♦❞② ♦❢ ❚♦♣
✺ ❢♦r❡❛❝❤ ❆❇❇ b ❞♦
✻ ❈♦♥♥❡❝t t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ b ✐♥ ❚♦♣
✼ ❈♦♥♥❡❝t t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✇✐t❤ ✐ts ❞❛t❛ s✐♥❦ ❆❇❇ ✐♥ ❚♦♣

✽ ❡♥❞
✾ ❈♦♥♥❡❝t t❤❡ ❆❇❇ ♦❢ t❤❡ s♦✉r❝❡✴s✐♥❦ ❛❝t♦r ✐♥ t❤❡ s❝❤❡❞✉❧❡❞ ❙❉❋ ❣r❛♣❤

✶✵ ■♥❝❧✉❞❡ t❤❡ ❧✐❜r❛r② ✜❧❡s ❣❡♥❡r❛t❡❞ ❢♦r ✐♥♣✉t✴♦✉t♣✉t s❡❧❡❝t♦r
✶✶ ❡❧s❡
✶✷ ❚♦♣ ❂ ✜♥❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥
✶✸ ❆❞❞ ❛❧❧ ❢✉♥❝t✐♦♥s ❢♦r ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts
✶✹ ❢♦r❡❛❝❤ ❝♦♠♣♦♥❡♥t ❞♦ ❆❞❞ ✐ts ✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts ❛s ✈❛r✐❛❜❧❡s ✐♥t♦ ❚♦♣
✶✺ ❢♦r❡❛❝❤ ❆❇❇ b ❞♦
✶✻ ❈♦♥♥❡❝t t❤❡ ❝♦♠♣♦♥❡♥ts ✈✐❛ t❤❡ ✈❛r✐❛❜❧❡s ✐♥ ❚♦♣
✶✼ ❈♦♥♥❡❝t t❤❡ ♦✉t♣✉t s❡❧❡❝t♦r ✇✐t❤ ✐ts ❞❛t❛ s✐♥❦ ❆❇❇ ✐♥ ❚♦♣

✶✽ ❡♥❞
✶✾ ❈♦♥♥❡❝t t❤❡ ❆❇❇ ♦❢ t❤❡ s♦✉r❝❡✴s✐♥❦ ❛❝t♦r ✐♥ t❤❡ s❝❤❡❞✉❧❡❞ ❙❉❋ ❣r❛♣❤
✷✵ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✶✵✿ ❈♦♠❜✐♥❡ ❆❧❧ ❈♦♠♣♦♥❡♥ts



✼✳✹✳ ❘❊❙❖❯❘❈❊ ❆▲▲❖❈❆❚■❖◆ ✶✷✼

✼✳✹✳✼ ❘❡s♦✉r❝❡ ❆❧❧♦❝❛t✐♦♥

■♥ t❤✐s st❡♣✱ ❡❛❝❤ ❞❛t❛ ❜✉✛❡r ✐s ♠❛♣♣❡❞ ♦♥t♦ ❛♥ ❛❝t✉❛❧ ♠❡♠♦r② ❜❧♦❝❦ ✐♥ t❤❡ ✜♥❛❧
s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❲❡ ✜rst ♦r❞❡r t❤❡ ❞❛t❛ ❜✉✛❡rs ❜② t❤❡✐r ❞❡❣r❡❡ ♦❢ ❝♦♥♥❡❝✲
t✐✈✐t② ✭D✮✱ ✇❤✐❝❤ ✐s t❤❡ s✉♠ ♦❢ ❛❞❞r❡ss r❛♥❣❡ s✐③❡ ♠✉❧t✐♣❧✐❡s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss
❛❝t✐♦♥s ❛s ❡①♣r❡ss❡❞ ✐♥ ❊q✳ ✼✳✼✳

D =
∑

(|A| ×NOA(A)) ∀ A ∈ b ✭✼✳✼✮

A ✐s ♦♥❡ ✉s❡❞ ❛❞❞r❡ss r❛♥❣❡ ❢♦r t❤❡ ♠❡♠♦r② b✱ |A| ✐s t❤❡ s✐③❡ ♦❢ t❤❡ ❛❞❞r❡ss r❛♥❣❡✱
NOA(A) r❡t✉r♥s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss ❛❝t✐♦♥s t♦ A ❛♥❞ b ✐s ♦♥❡ ♠❡♠♦r② ❛❝❝❡ss
s❝❤❡❞✉❧❡ ✐♥ B ✭❞❡✜♥❡❞ ✐♥ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ s❡❝t✐♦♥ ✼✳✶✮✳ ❇② ❛❧❧♦❝❛t✐♥❣ ♠❡♠♦r② ❢r♦♠
t❤❡ ❞❛t❛ ❜✉✛❡r ✇✐t❤ t❤❡ ❤✐❣❤❡st ❞❡❣r❡❡ ♦❢ ❝♦♥♥❡❝t✐✈✐t②✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥❡r❣②
✐s ♦♣t✐♠✐③❡❞ s✐♥❝❡ t❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r② r❡s♦✉r❝❡s ✐♥ t❤❡ t❛r❣❡t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♠❛②
❜❡ ❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❛❝❝❡ss✐♥❣ ✐t✳ ❚❤✐s ✐s s✐♠✐❧❛r t♦ t❤❡ ♠❡t❤♦❞
✉s❡❞ ✐♥ ❬✽✼❪✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✶✶✳

❆t t❤✐s st❛❣❡✱ ✇❡ ❛ss✉♠❡ t❤❡ ❈●❘❆ ❤❛s ✐♥✜♥✐t❡ ♠❡♠♦r② r❡s♦✉r❝❡s s✐♥❝❡ t❤❡
❞❛t❛ ❜✉✛❡rs ❛r❡ ♠❛♣♣❡❞ ♦♥ t♦ ▼❆❚▲❆❇ ♠❛tr✐❝❡s ❛♥❞ t❤❡r❡ ✐s ♥♦ ❧✐♠✐t❛t✐♦♥ ♦♥ t❤❡
♥✉♠❜❡r ♦❢ ▼❆❚▲❆❇ ♠❛tr✐❝❡s✳ ❲❡ ✇✐❧❧ ✐♠♣r♦✈❡ ✐t ❛s ❛ ❢✉t✉r❡ ✇♦r❦✳

✶ ❙♦rt B ❜② t❤❡ ❞❡❣r❡❡ ♦❢ ❝♦♥♥❡❝t✐✈✐t②
✷ ❙❡t U ❂ ✉♥✉s❡❞ ♠❡♠♦r② r❡s♦✉r❝❡s✱ k ❂ ✵
✸ ❢♦r❡❛❝❤ b ✐♥ B ❞♦
✹ ✐❢ U ✐s ♥♦t ❡♠♣t② t❤❡♥
✺ ❆❧❧♦❝❛t❡ ❛ ♠❡♠♦r② ❜❧♦❝❦ m ❢♦r b ❛s mm(k)
✻ ❘❡♠♦✈❡ m ❢r♦♠ ✉♥✉s❡❞ r❡s♦✉r❝❡
✼ ❡❧s❡ ❈r❡❛t❡ ❛ ❱❍❉▲ ❞❡s✐❣♥ ✉♥✐t m ❢♦r b ❛s mm(k)
✽ k = k + 1

✾ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✶✶✿ ❘❡s♦✉r❝❡ ❆❧❧♦❝❛t✐♦♥✱ ❆❙■❈ ❛♥❞ ❋P●❆



✶✷✽ ❈❍❆P❚❊❘ ✼✳ ❈❖❉❊ ●❊◆❊❘❆❚■❖◆

✼✳✺ ❆r❝❤✐t❡❝t✉r❡ ❉❡♣❡♥❞❡♥t ❖♣t✐♠✐③❛t✐♦♥

■♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱ ✇❡ ❢♦❝✉s ♦♥❧② ♦♥
t❤❡ ♠❡♠♦r② ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ str❛t❡❣② ✐s t❤❛t ✇❡ ❡①❛♠✐♥❡ ❛❧❧ t❤❡
♠❛♣♣❡❞ ♠❡♠♦r② ❜❧♦❝❦s✱ ♠❛r❦ t❤❡ ❡♠♣t② s♣❛❝❡ ❛♥❞ tr② t♦ ✉s❡ t❤❛t s♣❛❝❡ ❢♦r ♦t❤❡r
❞❛t❛ ❜✉✛❡rs✳ ❚❤❡ ❡♠♣t② s♣❛❝❡ ✐♥ t❤❡ ♠❡♠♦r② ❜❧♦❝❦s ❞✉❡ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡✲
♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❞✉❝❡❞ ♥♦♥✲r❡❣✉❧❛r ♠❡♠♦r② s✐③❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ✸✳✺ ❑ ❜✐t
♠❡♠♦r② ❜❧♦❝❦ ✐s ✜t ✐♥t♦ ✹ ❑ ❜✐t ♠❡♠♦r② ❜❧♦❝❦ ❛♥❞ ❧❡❛✈❡s ✵✳✺ ❑ ✉♥✉s❡❞ s♣❛❝❡✳ ■♥
t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ st❡♣✱ ✇❡ ✉s❡ t❤♦s❡ ✉♥✉s❡❞ s♣❛❝❡ t♦ ✐♠♣❧❡✲
♠❡♥t s♦♠❡ s♠❛❧❧ ❞❛t❛ ❜✉✛❡rs t❤❛t ❛r❡ ❛❝❝❡ss❡❞ ❛❧s♦ ✐♥ ✉♥✉s❡❞ t✐♠❡ ✐♥t❡r✈❛❧s✳ ❚❤❡
❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✶✷✳

✶ ❙❡t ❯♥✉s❡❞ ❂ ❆❧❧ ✉♥✉s❡❞ s♣❛❝❡
✷ ❢♦r❡❛❝❤ b ✐♥ B ❞♦
✸ ❢♦r❡❛❝❤ ❡♠♣t② s♣❛❝❡ ❡♠♣t② ✐♥ ❯♥✉s❡❞ ❞♦
✹ ✐❢ b ❝❛♥ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ ❡♠♣t② t❤❡♥
✺ ❘❡♠♦✈❡ mm ♠❛♣♣❡❞ ❢♦r b
✻ ▼❛♣ b ♦♥t♦ ❡♠♣t②
✼ ❯♣❞❛t❡ ❡♠♣t②
✽ ❇r❡❛❦
✾ ❡♥❞

✶✵ ❡♥❞

✶✶ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✶✷✿ ❈♦❞❡ ●❡♥❡r❛t✐♦♥ ❆❧❣♦r✐t❤♠ ❢♦r ❋■▼P ■♥st❛♥❝❡s

❚❤❡ t✐♠✐♥❣ ❝♦♠♣❧❡①✐t② ✐s ❤✐❣❤ ❞✉❡ t♦ t❤❡ ♥❡st❡❞ ❧♦♦♣s✳ ❍♦✇❡✈❡r✱ ✇❡ ❝♦✉❧❞
❢✉rt❤❡r ♦♣t✐♠✐③❡ t❤❡ ✜♥❛❧ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❚❤✐s ♦♣t✐♠✐③❛t✐♦♥ ✐s ✉s❡❢✉❧ ❡s✲
♣❡❝✐❛❧❧② ❢♦r ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ✇❤✐❝❤ ❤❛s ❧✐♠✐t❡❞ ♠❡♠♦r②
r❡s♦✉r❝❡s✳ ■t ✐s ♦❜✈✐♦✉s t❤❛t ✉s✐♥❣ t❤❡ ♦♥✲❝❤✐♣ ♠❡♠♦r② r❡s♦✉r❝❡s ✐s ❛❧✇❛②s ❜❡tt❡r
t❤❛♥ ✉s✐♥❣ t❤❡ ▲❯❚s ✐♥ t❡r♠s ♦❢ r❡s♦✉r❝❡ ✉s❛❣❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳

❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❡①♣❡r✐♠❡♥ts✱ t❤❡ ❛❧❧♦❝❛t❡❞ ♠❡♠♦r② ❜❧♦❝❦s ❛r❡ ♦♣t✐♠✐③❡❞ ❡♥♦✉❣❤
❛♥❞ ❝❛♥♥♦t ❜❡ ❢✉rt❤❡r ♦♣t✐♠✐③❡❞ ✐♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✐♥❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ st❡♣✳
❍♦✇❡✈❡r✱ ✐❢ ✇❡ ❝❛♥ ♠♦✈❡ ♦♥✲❝❤✐♣ ♠❡♠♦r② t♦ ♦✛✲❝❤✐♣✱ ✇❡ ✇✐❧❧ ❣❛✐♥ ❛ ❧♦t ✐♥ t❡r♠s ♦❢
♦♥✲❝❤✐♣ ❣❛t❡ ❝♦✉♥t✳ ❊s♣❡❝✐❛❧❧② ❢♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮
✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❧❡ss ❣❛t❡ ❝♦✉♥t ♦♥✲❝❤✐♣ ✇♦✉❧❞ ✐♠♣r♦✈❡ t❤❡ ②✐❡❧❞ ❛♥❞ r❡❞✉❝❡ t❤❡
❝❤✐♣ ♠❛♥✉❢❛❝t✉r✐♥❣ ❝♦st✳ ❚❤✐s ✐s ❧❡❢t ❛s ❛ ❢✉t✉r❡ ✇♦r❦ ❢♦r ✉s✳
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✼✳✻ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣

❆s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✶✱ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮
♣❡r❢♦r♠s ✢♦♦r♣❧❛♥♥✐♥❣ ✇❤❡♥ ✐t t❛r❣❡ts ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡
✭❈●❘❆✮✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ✇✐❞❡ ✈❛r✐❡t✐❡s ♦❢ ❈●❘❆ ❡❧❡♠❡♥ts✱ ❡✣❝✐❡♥t✱ ❡✛❡❝t✐✈❡✱ ❛♥❞
❛✉t♦♠❛t❡❞ ❝♦♠♣✐❧❛t✐♦♥ t♦♦❧s ❛r❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞r✐✈❡r ♦❢ ❈●❘❆ ❞❡✈❡❧♦♣♠❡♥t✳
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ t✇♦ ❈●❘❆ ✢♦♦r♣❧❛♥♥❡rs ✐♥ ❙❨▲❱❆✳ ❈♦♠♣❛r❡❞
t♦ ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✴❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆r✲
r❛② ✭❋P●❆✮ ✢♦♦r♣❧❛♥♥✐♥❣✱ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❞♦❡s ♥♦t ❝♦♥s✐❞❡r t❤❡ ❞❡t❛✐❧s s✉❝❤
❛s t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣♦✇❡r ♣❛❞s✱ ♣♦✇❡r ❞✐str✐❜✉t✐♦♥✱ ♦r ❝❧♦❝❦ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡
❢♦❝✉s❡s ♦❢ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❛r❡ ❝❧♦❝❦ ❜❛s❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ s②♥❝❤r♦♥✐③❛t✐♦♥ ❛♥❞
❡①❡❝✉t✐♦♥ r❡s❝❤❡❞✉❧✐♥❣✱ ✇❤❡r❡ ❞❡s✐❣♥ ❛✉t♦♠❛t✐♦♥ ✐s ❤✐❣❤❧② ❞❡♠❛♥❞❡❞✳

❚❤❡ ♣r♦♣♦s❡❞ ✢♦♦r♣❧❛♥♥❡rs ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡ t❤❡ ♦♣t✐♠✐③❡❞ ✢♦♦r ♣❧❛♥ ❢♦r
❤♦st✐♥❣ ♠✉❧t✐♣❧❡ s❝❤❡❞✉❧❡❞ ❝♦♠♠✉♥✐❝❛t✐♥❣ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ✐♥✲
st❛♥❝❡s✳ ❚❤❡ ✢♦♦r♣❧❛♥♥❡rs ❛❧s♦ s✉♣♣♦rts t❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇ ❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ❬✶✵✾❪
◆❡t✇♦r❦✲♦♥✲❈❤✐♣ ✭◆♦❈✮ ❛s t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ♥❡t✇♦r❦✳ ❚❤❡ ❣❧♦❜❛❧ ♦❜❥❡❝t✐✈❡ ❢✉♥❝✲
t✐♦♥ ✐s t❤❡♥ ❛s s❤♦✇♥ ✐♥ ❊q✳ ✼✳✽✳ ❚❤❡ ♦❜❥❡❝t ❢✉♥❝t✐♦♥ ❝❛♥ ❛❧s♦ ❜❡ ♦♥❧② ♠✐♥✐♠✐③✐♥❣
t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st c✱ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ts✱ s②st❡♠ ❞❡❧❛② td✱ ♦r t♦t❛❧ ❛r❡❛
a ✭✉t✐❧✐③❛t✐♦♥ ✐s ♥♦t ❝♦♥s✐❞❡r❡❞ ②❡t✮ ❜② ♦♥❧② s❡tt✐♥❣ KC ✱ KS ✱ KT ♦r KA ❛s ♦♥❡ ✭r❡st
s❡t t♦ ③❡r♦✮✱ r❡s♣❡❝t✐✈❡❧②✳

▼✐♥✐♠✐③❡ C = KC ·
c

CMIN

+KS ·
ts

Ts.MIN

+KT ·
td

Td.MIN

+KA ·
a

AMIN

✭✼✳✽✮

❚❤❡ ✜rst ♣❛rt KC · c
CMIN

✐s ❢♦r ♠❛❦✐♥❣ ❛ ❝♦♠♣❛❝t s②st❡♠ ✇✐t❤ t❤❡ ❧❡❛st ❝♦♠✲
♠✉♥✐❝❛t✐♦♥ ❝♦st✳ ❚❤❡ ❝♦♥st❛♥t KC ✐s ❛ ✉s❡r ❞❡✜♥❡❞ ❝♦♥st❛♥t ❛♥❞ ❛❝ts ❛s ❛ ✇❡✐❣❤t
❢❛❝t♦r ❢♦r r❡♣r❡s❡♥t✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st c ♦✈❡r t❤❡ t♦t❛❧ ❝♦st
C✳ ❚❤❡ ❝♦♥st❛♥t CMIN ✐s t❤❡ ♠✐♥✐♠✉♠ ♦r t❛r❣❡t ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st t❤❛t ❝❛♥
❜❡ ❛❝❤✐❡✈❡❞ r❡❣❛r❞❧❡ss ❛❧❧ ♦t❤❡r ❝♦♥❞✐t✐♦♥s ✭♥♦ ❛r❡❛✱ s❛♠♣❧❡ ✐♥t❡r✈❛❧✱ ❛♥❞ ❧❛t❡♥❝②
❝♦♥str❛✐♥ts✮✳

❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st c ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✼✳✾✱ ✇❤❡r❡ s ✐s t❤❡ ❝♦♠✲
♠✉♥✐❝❛t✐♦♥ ❞❛t❛ s✐③❡ ✐♥ ♥✉♠❜❡r ♦❢ ❜✐ts ❛♥❞ d ✐s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♠♠✉♥✐❝❛t✐♦♥
❞✐st❛♥❝❡ ✐♥ ♥✉♠❜❡r ♦❢ ❤♦♣s✳

c =
∑

s · d ✭✼✳✾✮
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❆ss✉♠❡ t❤❡ t♦t❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❛t❛ s✐③❡ ❜❡t✇❡❡♥ ❢✉♥❝t✐♦♥ fi t♦ fj ✐♥ ♦♥❡
s②st❡♠ ✐t❡r❛t✐♦♥ ✐s ❞❡♥♦t❡❞ ❛s Si→j ✳ ■❢ i = j✱ t❤❡♥ Si→j ❂ ✵✳ ❆ss✉♠❡ t❤❡ ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❡①❡❝✉t✐♥❣ ❢✉♥❝t✐♦♥ fi t♦ t❤❡ ❋■▼P
✐♥st❛♥❝❡ ❡①❡❝✉t✐♥❣ ❢✉♥❝t✐♦♥ fj ✐s ❞❡♥♦t❡❞ ❛s di→j ✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st c ❝❛♥
❜❡ ❞❡r✐✈❡❞ ❜② ❊q✳ ✼✳✶✵✳

c =

i<N
∑

i=0

j<N
∑

j=0

Si→j · di→j ✭✼✳✶✵✮

❇② ❞❡❢❛✉❧t✱ ❙❨▲❱❆ ❛ss✉♠❡ ❛❧❧ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❛r❡ r❡❝t❛♥❣❧❡s ❛♥❞ t❤❡ ✐♥♣✉t
♣♦rt ✐s ❛t t❤❡ t♦♣✲❧❡❢t ❛♥❞ t❤❡ ♦✉t♣✉t ♣♦rt ✐s ❛t t❤❡ t♦♣✲r✐❣❤t✳ ❆ss✉♠❡ ✇❡ ❤❛✈❡ ❛
❋■▼P ✐♥st❛♥❝❡ Fi ❡①❡❝✉t✐♥❣ ❢✉♥❝t✐♦♥ fi ✇✐t❤ ✇✐❞t❤ Wi ❛♥❞ ❤❡✐❣❤t Hi ❛♥❞ fi ✇✐❧❧
s❡♥❞ ❞❛t❛ t♦ ❢✉♥❝t✐♦♥ fj t❤❛t ✐s ❡①❡❝✉t❡❞ ❜② ❋■▼P ✐♥st❛♥❝❡ Fj ✳ ❆❧s♦ ❛ss✉♠❡ t❤❡
✐♥♣✉t ♥♦❞❡ ♦❢ Fi ✐s ❛t ✭xi✱ yi✮ ❛♥❞ ♦✉t♣✉t ♥♦❞❡ ♦❢ Fi ✐s ❛t ✭xi +Wi✱ yi✮✳ ❚❤❡♥ ✇❡
❝❛♥ ❞❡r✐✈❡ t❤❛t di→j = |xi +Wi − xj |+ |yi +Hi − yj |✳

❚❤❡ s❡❝♦♥❞ ♣❛rt KS · ts
Ts.MIN

✐s ❢♦r ♠❛❦✐♥❣ ❛ ❢❛st s②st❡♠ ✇✐t❤ t❤❡ ❧❡❛st s❛♠♣❧❡
✐♥t❡r✈❛❧ ts✳ ❙✐♥❝❡ ✇❡ ❛r❡ t❛r❣❡t✐♥❣ t❤❡ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s②st❡♠s
t❤❛t ✇✐t❤ ❝♦♥st❛♥t ✐♥♣✉t✴♦✉t♣✉t ❞❛t❛ r❛t❡✱ t❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ❝❛♥ ❜❡ ❛ ✉s❡❞ t♦
♠❡❛s✉r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ s②st❡♠✳ ❙✐♠✐❧❛r t♦ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ♣❛rt✱ t❤❡
❝♦♥st❛♥t KS ✐s ❛ ✉s❡r ❞❡✜♥❡❞ ❝♦♥st❛♥t ❛♥❞ ❛❝ts ❛s ❛ ✇❡✐❣❤t ❢❛❝t♦r ❢♦r r❡♣r❡s❡♥t✐♥❣
t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ts ♦✈❡r t❤❡ t♦t❛❧ ❝♦st C✳ ❚❤❡ ❝♦♥st❛♥t Ts.MIN

✐s t❤❡ ♠✐♥✐♠✉♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ t❤❛t ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ r❡❣❛r❞❧❡ss ❛❧❧ ♦t❤❡r ❝♦♥❞✐t✐♦♥s
✭♥♦ ❡♥❡r❣②✱ ❛r❡❛✱ ❛♥❞ ❧❛t❡♥❝② ❝♦♥str❛✐♥ts✮✳

❚❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ts ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✼✳✶✶✱ ✇❤❡r❡ ti ✐s t❤❡ st❛rt t✐♠❡
♦❢ ❢✉♥❝t✐♦♥ fi✱ tj ✐s t❤❡ st❛rt t✐♠❡ ♦❢ ❢✉♥❝t✐♦♥ fj ✱ Fi ✐s t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❡①❡❝✉t✐♥❣
❢✉♥❝t✐♦♥ fi✱ Fj ✐s t❤❡ ❋■▼P ✐♥st❛♥❝❡ ❡①❡❝✉t✐♥❣ ❢✉♥❝t✐♦♥ fj ✱ Ci→j ✐♥❞✐❝❛t❡s ✐❢ t❤❡r❡
✐s ❛ ❝♦♥♥❡❝t✐♦♥ ❢r♦♠ ❢✉♥❝t✐♦♥ fi t♦ ❢✉♥❝t✐♦♥ fj ✳ ✶✿ tr✉❡✱ ✵✿ ❢❛❧s❡✳ ❚❤❡r❡ ❝❛♥ ❜❡
♠✉❧t✐♣❧❡ ❞❛t❛ ♣❛t❤s ✇✐t❤ t❤✐s ❧❡♥❣t❤✳ ■♥ t❤✐s t❤❡s✐s✱ ✇❡ ❛ss✉♠❡ t❤❡ ❞❛t❛ ♣❛t❤s ✇✐t❤
t❤❡ ❧❡❛st ❞✐st❛♥❝❡ ❛r❡ ❡♥♦✉❣❤ ❢♦r ❛❧❧ ❝♦♠♠✉♥✐❝❛t✐♦♥s✳ ■❢ t❤✐s ✐s ♥♦t s♦✱ ♥♦ ✈❛❧✐❞
♣❛t❤ ✇✐❧❧ ❜❡ ♣r♦❞✉❝❡❞ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✢♦♦r ♣❧❛♥ ✐s ❞✐s❝❛r❞✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧
r♦✉t✐♥❣ ♣♦✐♥ts ✇✐❧❧ ♥♦t ❛✛❡❝t t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞✐st❛♥❝❡ ❜✉t t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥
❞❡❧❛②✳

ts = ▼❆❳(tj − ti) ∀ Fi, Fj ✇✐t❤ Ci→j = 1 ✭✼✳✶✶✮

❚❤❡ t❤✐r❞ ♣❛rt KT · td
Td.MIN

✐s ❢♦r ♠❛❦✐♥❣ ❛ ❢❛st s②st❡♠ ✇✐t❤ t❤❡ ❧❡❛st ❧❛t❡♥❝② td✳
❙✐♠✐❧❛r t♦ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ♣❛rt✱ t❤❡ ❝♦♥st❛♥t KT ✐s ❛ ✉s❡r ❞❡✜♥❡❞ ❝♦♥st❛♥t
❛♥❞ ❛❝ts ❛s ❛ ✇❡✐❣❤t ❢❛❝t♦r ❢♦r r❡♣r❡s❡♥t✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❧❛t❡♥❝② td ♦✈❡r t❤❡
t♦t❛❧ ❝♦st C✳ ❚❤❡ ❝♦♥st❛♥t Td.MIN ✐s t❤❡ ♠✐♥✐♠✉♠ ❧❛t❡♥❝② t❤❛t ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞
r❡❣❛r❞❧❡ss ❛❧❧ ♦t❤❡r ❝♦♥❞✐t✐♦♥s ✭♥♦ ❡♥❡r❣②✱ ❛r❡❛✱ ❛♥❞ ❧❛t❡♥❝② ❝♦♥str❛✐♥ts✮✳

❚❤❡ ❧❛t❡♥❝② td ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✼✳✶✷✱ ✇❤❡r❡ tN−1 ✐s t❤❡ st❛rt t✐♠❡ ♦❢
t❤❡ ❧❛st ❢✉♥❝t✐♦♥ ❛♥❞ TN−1 ✐s t❤❡ ❡①❡❝✉t✐♦♥ t✐♠❡ ♦❢ t❤❡ ❧❛st ❢✉♥❝t✐♦♥✳

td = tN − 1 + TN−1 ✭✼✳✶✷✮
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❚❤❡ ❧❛st ♣❛rt KA · a
AMIN

✐s ❢♦r ♠❛❦✐♥❣ ❛ ❝♦♠♣❛❝t s②st❡♠ ✇✐t❤ t❤❡ ❧❡❛st ❛r❡❛
✉s❛❣❡ a✳ ❙✐♠✐❧❛r t♦ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ♣❛rt✱ t❤❡ ❝♦♥st❛♥t KA ✐s ❛ ✉s❡r ❞❡✜♥❡❞
❝♦♥st❛♥t ❛♥❞ ❛❝ts ❛s ❛ ✇❡✐❣❤t ❢❛❝t♦r ❢♦r r❡♣r❡s❡♥t✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❛r❡❛ ✉s❛❣❡
a ♦✈❡r t❤❡ t♦t❛❧ ❝♦st C✳ ❚❤❡ ❝♦♥st❛♥t AMIN ✐s t❤❡ ♠✐♥✐♠✉♠ ❛r❡❛ ✉s❛❣❡ t❤❛t ❝❛♥ ❜❡
❛❝❤✐❡✈❡❞ r❡❣❛r❞❧❡ss ❛❧❧ ♦t❤❡r ❝♦♥❞✐t✐♦♥s ✭♥♦ ❡♥❡r❣②✱ ❛r❡❛✱ ❛♥❞ ❧❛t❡♥❝② ❝♦♥str❛✐♥ts✮✳

❚❤❡ ❛r❡❛ ✉s❛❣❡ a ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ❊q✳ ✼✳✶✸✱ ✇❤❡r❡ xi, yi ✐s ❧♦❝❛t✐♦♥ ♦❢ ❋■▼P
✐♥st❛♥❝❡ Fi t❤❛t ❡①❡❝✉t❡s ❢✉♥❝t✐♦♥ fi✳ Wi ✐s t❤❡ ✇✐❞t❤ ♦❢ Fi✳

a = (▼❆❳(xi +Wi)−♠✐♥(xi)) · (▼❆❳(xi +Wi)−♠✐♥(xi)) ✭✼✳✶✸✮

❚❤❡ ❛❝t✉❛❧ ✈❛❧✉❡s ♦❢ CMIN ✱ Ts.MIN ✱ Td.MIN ✱ ❛♥❞ AMIN ❝❛♥ ❜❡ ❛✉t♦♠❛t✐❝❛❧❧②
❝♦♠♣✉t❡❞ ♦r ❛ss✐❣♥❡❞ ❜② t❤❡ s②st❡♠ ❞❡s✐❣♥❡r✳ ❚❤❡② ❝❛♥ ❜❡ s❡t t♦ ♦♥❡ ✐❢ t❤❡ ❛❝t✉❛❧
✈❛❧✉❡ ✐s ♥♦t ❦♥♦✇♥✳ ■❢ CMIN ✐s ❛ss✐❣♥❡❞ t♦ ✐ts ❛❝t✉❛❧ ✈❛❧✉❡✱ t❤❡ t❡r♠ c

CMIN
❣✐✈❡s

❤♦✇ ❣♦♦❞ t❤❡ ❝✉rr❡♥t ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st c ❝♦♠♣❛r✐♥❣ t♦ t❤❡ ✐❞❡❛❧ ❝❛s❡✳ ■❢ Ts.MIN

✐s ❛ss✐❣♥❡❞ t♦ ✐ts ❛❝t✉❛❧ ✈❛❧✉❡✱ t❤❡ t❡r♠ ts
Ts.MIN

❣✐✈❡s ❤♦✇ ❣♦♦❞ t❤❡ ❝✉rr❡♥t s❛♠♣❧❡
✐♥t❡r✈❛❧ ts ❝♦♠♣❛r✐♥❣ t♦ t❤❡ ✐❞❡❛❧ ❝❛s❡✳ ■❢ Td.MIN ✐s ❛ss✐❣♥❡❞ t♦ ✐ts ❛❝t✉❛❧ ✈❛❧✉❡✱
t❤❡ t❡r♠ td

Td.MIN
❣✐✈❡s ❤♦✇ ❣♦♦❞ t❤❡ ❝✉rr❡♥t ❧❛t❡♥❝② td ❝♦♠♣❛r✐♥❣ t♦ t❤❡ ✐❞❡❛❧ ❝❛s❡✳

■❢ AMIN ✐s ❛ss✐❣♥❡❞ t♦ ✐ts ❛❝t✉❛❧ ✈❛❧✉❡✱ t❤❡ t❡r♠ a
AMIN

❣✐✈❡s ❤♦✇ ❣♦♦❞ t❤❡ ❝✉rr❡♥t
❛r❡❛ ✉s❛❣❡ a ❝♦♠♣❛r✐♥❣ t♦ t❤❡ ✐❞❡❛❧ ❝❛s❡✳

❚❤❡ ♣r♦♣♦s❡❞ ✢♦♦r♣❧❛♥♥❡rs ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ t♦ q✉✐❝❦❧② ✜♥❞ ❛ ✈❛❧✐❞ ✢♦♦r ♣❧❛♥✱
✇❤❡r❡ t❤❡ ♦✈❡r❛❧❧ s②st❡♠ ❧❛t❡♥❝② td ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ✉s❡r ❞❡✜♥❡❞ ♠❛①✐♠✉♠ ✈❛❧✉❡
TMAX ✱ ❢♦r r❛♣✐❞ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳

✼✳✻✳✶ ❙❧✐❞✐♥❣ ❲✐♥❞♦✇ ❈✐r❝✉✐t ❙✇✐t❝❤✐♥❣

❆ ❈●❘❆ ❝♦♥s✐sts ♦❢ ❛♥ ❛rr❛② ♦❢ ❛t♦♠✐❝ ♥♦❞❡s ❛♥❞ ❛ ♠❡s❤ st②❧❡ ◆❡t✇♦r❦✲♦♥✲❈❤✐♣
✭◆♦❈✮✳ ❊❛❝❤ ♥♦❞❡ ❤❛s ♦♥❡ ❋✉♥❝t✐♦♥ ❯♥✐t ✭❋❯✮✱ ♦♥❡ ♦r ♠♦r❡ ▼❡♠♦r② ❯♥✐ts ✭▼❯s✮
❛♥❞ ♦♥❡ s✇✐t❝❤✳ ❚❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♥❣ ◆❡t✇♦r❦✲♦♥✲❈❤✐♣ ✭◆♦❈✮ ❝❛♥ ❜❡ ♣❛❝❦❡t s✇✐t❝❤✲
✐♥❣ ♦r ❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ✇✐t❤ s❧✐❞✐♥❣ ✇✐♥❞♦✇ t❡❝❤♥✐q✉❡ ❬✶✵✾❪✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛rt ♦❢ t❤✐s s❡❝t✐♦♥✱ t❤❡ ♥♦t❛t✐♦♥ ♦❢ ❛ ♥♦❞❡ ❝❛♥ ❜❡ na ♦r nx ,y

❢♦r ✐♥❞❡①✐♥❣ t❤❡ ♥♦❞❡ ✉s✐♥❣ ✐ts ♥❛♠❡ ✭❡✳❣✳ a✮ ❛♥❞ ❧♦❝❛t✐♦♥ ✭x ❛♥❞ y✮✳ ❚❤❡ x ❛♥❞
y st❛rt ❢r♦♠ t♦♣✲❧❡❢t✳ ❚❤❡ ♠❛❥♦r ❛❞✈❛♥t❛❣❡ ♦❢ ❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ◆♦❈ ♦✈❡r ♣❛❝❦❡t
s✇✐t❝❤❡❞ ◆♦❈ ✐s t❤❛t ✐t ❛❧❧♦✇s ❞❡❞✐❝❛t❡❞ ♣♦✐♥t t♦ ♣♦✐♥t ♣❤②s✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s ❢♦r ❞❛t❛
♣❛t❤s ❬✶✶✵❪✳ ❚❤❡ r♦✉t✐♥❣ ❝♦♥❣❡st✐♦♥s ❝♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞ ❜② ❛ss✐❣♥ ♠♦r❡ ❞❡❞✐❝❛t❡❞
♣❤②s✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s ❛♠♦♥❣ s✇✐t❝❤❡s✳ ❚❤❡ ✉♣♣❡r ❜♦✉♥❞ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤②s✐❝❛❧
❝♦♥♥❡❝t✐♦♥s ✐s t❤❛t ❡❛❝❤ s✇✐t❝❤ ❤❛s ❞❡❞✐❝❛t❡❞ ❝♦♥♥❡❝t✐♦♥s t♦ ❛❧❧ ♦t❤❡r s✇✐t❝❤❡s✳ ■♥
t❤✐s ❝❛s❡✱ ♥♦ r♦✉t✐♥❣ ❝♦♥❣❡st✐♦♥s ✇♦✉❧❞ ❤❛♣♣❡♥✳ ❍♦✇❡✈❡r✱ t❤❡ ✜rst t❤✐♥❣ ✇❡ ❝❛♥♥♦t
❛✛♦r❞ t♦ ♦♥ ❛ r❡❛❧ ❝❤✐♣ ✐s t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ✇✐r❡s✳ ❚❤✐s ✇✐❧❧ ♠❛❦❡ t❤❡ ❧❛②♦✉t
t♦♦ ❝♦♠♣❧❡① ❛♥❞ ✇✐❧❧ r❡q✉✐r❡ ♠❛♥② ♠❡t❛❧ ❧❛②❡rs✳ ❆♥♦t❤❡r t❤✐♥❣ ✇❡ s❤♦✉❧❞ ❛✈♦✐❞ ✐s
t❤❡ ✉s❡ ♦❢ ❧♦♥❣ ✇✐r❡s✱ s✐♥❝❡ t❤❡② ✇✐❧❧ r❡❞✉❝❡ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞
✐♥❝r❡❛s❡ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❞✉❡ t♦ t❤❡ ❧❛r❣❡ ❝❛♣❛❝✐t❛♥❝❡✳
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❚❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇ t❡❝❤♥✐q✉❡ ♠❛❦❡s t❤❡ ◆♦❈ ❧♦❝❛❧❧② ❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ❛♥❞ ❣❧♦❜✲
❛❧❧② ♣❛❝❦❡t s✇✐t❝❤✐♥❣✳ ❊❛❝❤ ♥♦❞❡ nx ,y ♦♥ t❤❡ ❈●❘❆ ❢❛❜r✐❝ ❤❛s ♦♥❡ ✇✐♥❞♦✇✳ ❚❤❡
❝❡♥tr❛❧ ♥♦❞❡ ♦❢ t❤✐s ✇✐♥❞♦✇ ✐s nx ,y ✳ ❚❤❡ ♥♦❞❡s ✇✐t❤✐♥ t❤✐s ✇✐♥❞♦✇ ❝❛♥ ❤❛✈❡ ❞❡❞✲
✐❝❛t❡❞ ❝♦♥♥❡❝t✐♦♥s t♦ nx ,y ✳ ❋♦r t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤✐♥ ❛ ✇✐♥❞♦✇✱ ❝✐r❝✉✐t
s✇✐t❝❤✐♥❣ ✐s ✉s❡❞ ❛♥❞ ✐t ❤❡❧♣s t♦ ❛✈♦✐❞ r♦✉t✐♥❣ ❝♦♥❣❡st✐♦♥✳ ❋♦r t❤❡ ❞❛t❛ ❝♦♠♠✉♥✐✲
❝❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ♥♦❞❡s ✐♥ ❞✐✛❡r❡♥t ✇✐♥❞♦✇s✱ ❛t ❧❡❛st ♦♥❡ ♥♦❞❡ s❤♦✉❧❞ ❛❝t ❛s t❤❡
r❡❧❛② ♣♦✐♥t ❢♦r ❜✉✛❡r✐♥❣ t❤❡ ✐♥❝♦♠✐♥❣ ❞❛t❛ ❛♥❞ tr❛♥s♠✐tt✐♥❣ ✐t t♦ ✐ts ✜♥❛❧ ❞❡st✐♥❛✲
t✐♦♥✳ ❚❤❡r❡ ❛r❡ t✇♦ ♠❛❥♦r ❛❞✈❛♥t❛❣❡s ♦❢ ✉s✐♥❣ t❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇ t❡❝❤♥✐q✉❡✳

✶✳ ❚❤❡ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡♥❡✜ts t❤❡ ✉s❡ ♦❢ ❞❡❞✐❝❛t❡❞ ❝♦♥♥❡❝t✐♦♥s✳

✷✳ ❚❤❡ ♠❛ss✐✈❡ ②❡t ❧♦♥❣ ✇✐r❡s ❛r❡ ❛✈♦✐❞❡❞ t♦ ❦❡❡♣ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡r❢♦r✲
♠❛♥❝❡ ❤✐❣❤ ❛♥❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥❡r❣② ❧♦✇✳ ❚❤❡ tr❛❞❡✲♦✛ ✐s t❤❡ ♣♦ss✐❜✐❧✐t②
♦❢ r♦✉t✐♥❣ ❝♦♥❣❡st✐♦♥s✳

❉❡✜♥✐t✐♦♥

❋♦r ❛ W ×H ❈●❘❆ ❢❛❜r✐❝✱ ❛ ♥♦❞❡ nx ,y ✱ ✇❤❡r❡ 0 ≤ x < W ❛♥❞ 0 ≤ y < H✱ ❝❛♥
♦♥❧② ❞✐r❡❝t❧② ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ t❤❡ s❡t ♦❢ ♥♦❞❡s Dx ,y ✭❊q✳ ✼✳✶✹✮ t❤❛t ✐s ✐♥ t❤❡
✇✐♥❞♦✇✳

Dx ,y = {ni,j | x−WX ≤ i ≤ x−WX , y −WY ≤ j ≤ y −WY } ✭✼✳✶✹✮

WX ❛♥❞ WY ❛r❡ t❤❡ ♠❛①✐♠✉♠ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ❞✐r❡❝t ❝♦♠♠✉♥✐❝❛t✐♦♥
❞✐st❛♥❝❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ✇✐♥❞♦✇ ✐♥ t❡r♠s ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ♥♦❞❡s ❝❛♥
❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ WX ❛♥❞ WY ✳ ❉❡♥♦t❡ t❤❡ s✐③❡ ♦❢ t❤❡ ✇✐♥❞♦✇ ❛s |Dx ,y |✱ ✇❤✐❝❤
✐♥❝❧✉❞❡s ❛❧❧ t❤❡ ♥♦❞❡s ✐♥ t❤❡ ✇✐♥❞♦✇ ❡①❝❡♣t t❤❡ ❝❡♥t❡r ♥♦❞❡ nx ,y ✳ ❚❤❡ ❡①♣r❡ss✐♦♥
❢♦r ❝♦♠♣✉t✐♥❣ |Dx ,y | ✐s ❣✐✈❡♥ ✐♥ ❊q✳ ✼✳✶✺✳

|Dx ,y | = (2 ·WX + 1) · (2 ·WY + 1)− 1 ✭✼✳✶✺✮

❙✉✐t❛❜❧❡ ✈❛❧✉❡s ♦❢ WX ❛♥❞ WY ❛♥❞ ❛ ❣♦♦❞ ✢♦♦r ♣❧❛♥ ✇✐t❤ ❧♦✇ ❝♦♠♠✉♥✐❝❛t✐♦♥
❞✐st❛♥❝❡s ✇♦✉❧❞ r❡❞✉❝❡ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ r♦✉t✐♥❣ ❝♦♥❣❡st✐♦♥s ❞r❛♠❛t✐❝❛❧❧② ✇✐t❤ ❢❡✇
♠♦r❡ ❧♦♥❣ ♣❤②s✐❝❛❧ ✇✐r❡s✳ WX ❂ ❲ ❛♥❞ WY ❂ ❍ ♠❡❛♥s ❛ ♥♦♥✲✇✐♥❞♦✇❡❞ ◆♦❈✳ ❆♥
❡①❛♠♣❧❡ ❈●❘❆ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✺✳ ❚❤✐s ❈●❘❆ ❤❛s ✺✻ ♥♦❞❡s ✭✇✐❞t❤ ❲ ❂
8 ❛♥❞ ❤❡✐❣❤t H ❂ ✼✮✳ ❊❛❝❤ ♥♦❞❡ ✐♥❝❧✉❞❡s ♦♥❡ ❋❯✱ ♦♥❡ r❡❣✐st❡r ✜❧❡ ✭▼❯✮ ❛♥❞ ♦♥❡
s✇✐t❝❤✳ ❲❡ ❛❧s♦ ❛ss✉♠❡ t❤❛t t❤❡ ♥♦❞❡s ✐♥ t❤❡ ✜rst r♦✇ ✭r❡❞ ♦♥❡s✮ ❤❛✈❡ ❛♥ ❡①tr❛
❙❘❆▼ ❜❧♦❝❦✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ WX = WY = 2✳ ◆♦❞❡s n2 ,4 ✱ n4 ,2 ✱ ❛♥❞ n5 ,3 ❛r❡ t❤❡
❝❡♥t❡r ♥♦❞❡s ♦❢ ✇✐♥❞♦✇ ❆✱ ❇✱ ❛♥❞ ❈✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♥♦❞❡s ✇✐t❤✐♥ ♦♥❡ ✇✐♥❞♦✇
❝❛♥ ❞✐r❡❝t❧② ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ t❤❡ ❝❡♥t❡r ♥♦❞❡✱ ❡✳❣✳ n3 ,2 ❝❛♥ ❞✐r❡❝t❧② ❝♦♠♠✉♥✐❝❛t❡
✇✐t❤ n2 ,4 ✱ n4 ,2 ✱ ❛♥❞ ❛❧s♦ n5 ,3 s✐♥❝❡ n3 ,2 ✐s ✐♥ t❤❡ t❤r❡❡ ✇✐♥❞♦✇s✳
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❲✐♥❞♦✇ ❆

❲✐♥❞♦✇ ❇

❲✐♥❞♦✇ ❈
n0,0 n1,0 n2,0 n3,0 n4,0 n5,0 n6,0 n7,0

n0,1

n0,2

n0,3

n0,4

n0,5

n0,6

n1,1

n1,2

n1,3

n1,4

n1,5

n1,6

n2,1

n2,2

n2,3

n2,4

n2,5

n2,6

n3,1

n3,2

n3,3

n3,4

n3,5

n3,6

n4,1

n4,2

n4,3

n4,4

n4,5

n4,6

n5,1

n5,2

n5,3

n5,4

n5,5

n5,6

n6,1

n6,2

n6,3

n6,4

n6,5

n6,6

n7,1

n7,2

n7,3

n7,4

n7,5

n7,6

n2,4

n4,2

n5,3

W

H

WY

WX

❋✐❣✉r❡ ✼✳✺✿ ❈●❘❆ ❙tr✉❝t✉r❡

■❢ ♦♥❡ ♥♦❞❡ ❝❛♥♥♦t ❞✐r❡❝t❧② ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ ❛♥♦t❤❡r ♥♦❞❡✱ ❡✳❣✳ n2 ,4 ❛♥❞ n5 ,3 ✱
❛♥ ✈❛r✐❛♥t ♦❢ ❳❨ r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠ ✭■❳✴❨ ❬✶✶✶❪✮ ✇✐❧❧ ❜❡ ✉s❡❞✳ ❙✐♥❝❡ t❤❡ ◆♦❈ ♦❢
♦✉r t❛r❣❡t ❈●❘❆ ✐s ❝✐r❝✉✐t s✇✐t❝❤✐♥❣✱ t❤❡ ■❳✴❨ r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠ ✐s ♠♦r❡ s✉✐t❛❜❧❡
t❤❛♥ st❛t✐❝ ❳❨ ♦r ❨❳ r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠ s✐♥❝❡ ✐t ✉s❡s s❤♦rt❡r ❝❤❛♥♥❡❧s t♦ r❡❞✉❝❡ t❤❡
❝❤❛♥❝❡ ♦❢ ❝❤❛♥♥❡❧ ❝♦♥✢✐❝t ✇✐t❤ t❤❡ ❝♦st ♦❢ ♠♦r❡ s✇✐t❝❤❡s✳ ❙✐♠✐❧❛r t♦ t❤❡ st❛t✐❝ ❳❨
♦r ❨❳ r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠s✱ ■❳✴❨ r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠ ❛❧s♦ ❝❤♦♦s❡s t❤❡ s❤♦rt❡st ♣❛t❤s✳
❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ st❛t✐❝ ❳❨ ❛♥❞ ■❳✴❨ r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✻✳

❉❡♥♦t❡ t❤❡ ♠❡t❤♦❞ t♦ ✜♥❞ ❛ ✈❛❧✐❞ ❞❛t❛ ♣❛t❤ ❛s ❋P✱ ✐t r❡q✉✐r❡s ❢♦✉r ✐♥♣✉ts✿
❞❡st✐♥❛t✐♦♥✱ ❧❛st❴❞✐r❡❝t✐♦♥s✱ ✐♥✐t✐❛❧❴♣❛t❤✱ ❡①✐st✐♥❣❴♣❛t❤s✳ ❚❤❡ t❡r♠ ❞❡st✐♥❛t✐♦♥ ✐s
t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❞❡st✐♥❛t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ✭❤♦r✐③♦♥t❛❧ ❧♦❝❛t✐♦♥✱ ✈❡rt✐❝❛❧ ❧♦❝❛t✐♦♥✮✱
❡✳❣✳ ✭i✱ j✮✳ ❚❤❡ t❡r♠ ✭ ❧❛st❴❞✐r❡❝t✐♦♥s✮ ✐♥❞✐❝❛t❡s t❤❡ ❧❛st r♦✉t✐♥❣ ❛❧❣♦r✐t❤♠ ✉s❡❞✳
■t ✐s ❛ W × H ♠❛tr✐① ♦❢ ✰✶ ✭❨❳ r♦✉t✐♥❣✮✱ ✲✶ ✭❳❨ r♦✉t✐♥❣✮✱ ♦r ✵ ✭♥♦t ❛ss✐❣♥❡❞✮✳
❚❤❡ t❡r♠ ✐♥✐t✐❛❧❴♣❛t❤ ✐s t❤❡ ✐♥❝♦♠♣❧❡t❡ ❞❛t❛ ♣❛t❤ t♦✇❛r❞s t❤❡ ❞❡st✐♥❛t✐♦♥ ♥♦❞❡
ni,j ✳ ❚❤❡ t❡r♠ ❡①✐st✐♥❣❴♣❛t❤s r❡❝♦r❞s t❤❡ ♦❝❝✉♣✐❡❞ ❞❛t❛ ♣❛t❤s ✐♥ t❤❡ ❈●❘❆✳ ❚❤❡
❛❧❣♦r✐t❤♠ ♦❢ t❤❡ ❋P ♠❡t❤♦❞ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✶✸✳ ❚❤✐s r❡❝✉rs✐✈❡ ❛❧❣♦r✐t❤♠
✐s ❢♦r ✜♥❞✐♥❣ ❛ ♣❛t❤ ❢r♦♠ nx ,y t♦ ni,j ✳
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n0,0

n3,2 n4,2

n0,0

n0,1

n0,2

n1,0

n1,1

n1,2

n2,0

n2,1

n2,2

n3,0

n3,1

n3,2

n4,0

n4,1

n4,2

n0,0

n3,2 n4,2

✭❛✮ ❙t❛t✐❝ ❳❨ ✭❜✮ ■♥t❡r♠✐tt❡♥t ❳✱ ❨ ✭■❳✱❨✮

❋✐❣✉r❡ ✼✳✻✿ ■❳✴❨ ❘♦✉t✐♥❣ ❆❧❣♦r✐t❤♠

❆t ❧✐♥❡ ✻✱ r♣❳ ✐s t❤❡ r❡❧❛② ♣♦✐♥t ❤♦r✐③♦♥t❛❧ ♣♦s✐t✐♦♥ ❛♥❞ r♣❨ ✐s t❤❡ r❡❧❛② ♣♦✐♥t
✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥✳ ❆t ❧✐♥❡ ✼✱ ❞✐st❛♥❝❡❳ ❃ WX ♠❡❛♥s t❤❡ t✇♦ ♥♦❞❡s ❝❛♥♥♦t ❞✐r❡❝t❧②
❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ ❡❛❝❤ ♦t❤❡r✳ ❆t ❧✐♥❡ ✽✱ x ✰ s✐♥❣❳ ✇✐❧❧ r❡s✉❧t t❤❡ ♥❡✐❣❤❜♦r ♥♦❞❡ ♦❢
nx ,y t❤❛t ✐s ♦♥ t❤❡ ✇❛② t♦ ni,j ✳ ❚❤❡ ✇♦rst ❝❛s❡ ✐s t♦ ❡①♣❧♦r❡ ❛❧❧ ❞❛t❛ ♣❛t❤s ❜❡t✇❡❡♥
ni,j ❛♥❞ nx ,y ✳ ❚❤❡ ❜❡st ❝❛s❡ ✐s t♦ ❡①♣❧♦r❡ ♦♥❧② ♦♥❡ ♣❛t❤✳ ❆ss✉♠❡ ✐♥ ❜♦t❤ ❝❛s❡s
n = |i−x|+ |j− y|✳ ❚❤❡ ✇♦rst t✐♠❡ ❝♦♠♣❧❡①✐t② ✐s O(2n) ✭❡❛❝❤ ♥♦❞❡ ❜❡t✇❡❡♥ t❤❡♠
❤❛s t♦ ♠❛❦❡ ❳❨ ♦r ❳❨ ❞❡❝✐s✐♦♥✮✳ ❚❤❡ ❜❡st t✐♠❡ ❝♦♠♣❧❡①✐t② ✐s O(n)✳ ❚❤❡ s♣❛❝❡
❝♦♠♣❧❡①✐t② ✐s O(n) ❢♦r ❜♦t❤ ❝❛s❡s✳
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✶ ❙❡t ❁x✱ y❃ ❂ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❧❛st ♥♦❞❡ ✐♥ ✐♥✐t✐❛❧❴♣❛t❤
✷ ❙❡t ❞✐st❛♥❝❡❳ ❂ |x− i|✱ ❞✐st❛♥❝❡❨ ❂ |y − j|✱ ❁r♣❳✱ r♣❨❃ ❂ ❁x✱ y❃
✸ ❙❡t s✐❣♥❳ ❂ ❞✐st❛♥❝❡❳ ✴✭x− i✮✱ s✐❣♥❨ ❂ ❞✐st❛♥❝❡❨ ✴✭y − j✮
✹ ✐❢ ❞✐st❛♥❝❡❳ ❃ WX t❤❡♥
✺ r♣❳ ❂ ♠❛① ✈❛❧✐❞ ✈❛❧✉❡ ❢r♦♠ x+WX · s✐❣♥❳ t♦ x ✰ s✐❣♥❳
✻ ❡❧s❡
✼ r♣❳ ❂ ♠✐♥ ✈❛❧✐❞ ✈❛❧✉❡ ❢r♦♠ x ✰ ❞✐st❛♥❝❡❳ · s✐❣♥❳ t♦ x ✰ s✐❣♥❳
✽ ❡♥❞
✾ ✐❢ ❞✐st❛♥❝❡❨ ❃ WY t❤❡♥
✶✵ r♣❨ ❂ ♠❛① ✈❛❧✐❞ ✈❛❧✉❡ ❢r♦♠ y +WY · s✐❣♥❨ t♦ x ✰ s✐❣♥❨
✶✶ ❡❧s❡
✶✷ r♣❨ ❂ ♠✐♥ ✈❛❧✐❞ ✈❛❧✉❡ ❢r♦♠ y ✰ ❞✐st❛♥❝❡❨ · s✐❣♥❨ t♦ y ✰ s✐❣♥❨
✶✸ ❡♥❞
✶✹ ✐❢ r♣❳ ❂ ① ❛♥❞ r♣❨ ❂ ② t❤❡♥
✶✺ ❘❡♠♦✈❡ t❤❡ ❧❛st ♥♦❞❡ ✐♥ ✐♥✐t✐❛❧❴♣❛t❤
✶✻ ✐❢ initial❴path = ∅ t❤❡♥ ❘❡t✉r♥ ∅
✶✼ ✐❢ r♣❳ ❂ x t❤❡♥
✶✽ ❆❞❞ ♥♦❞❡ nrpX ,rpY ✐♥t♦ ✐♥✐t✐❛❧❴♣❛t❤✱ ❧❛st❴❞✐r❡❝t✐♦♥s❬x✱ y❪ ❂ ✶
✶✾ ❡❧s❡ ✐❢ r♣❨ ❂ y t❤❡♥
✷✵ ❆❞❞ ♥♦❞❡ nrpX ,rpY ✐♥t♦ ✐♥✐t✐❛❧❴♣❛t❤✱ ❧❛st❴❞✐r❡❝t✐♦♥s❬x✱ y❪ ❂ ✲✶
✷✶ ❡❧s❡
✷✷ ✐❢ last❴directions[x, y] = 0 t❤❡♥ ❞✐r ❂ ✶
✷✸ ❞✐r ❂ ✲❧❛st❴❞✐r❡❝t✐♦♥s❬x✱ y❪
✷✹ ♥♦❞❡❳ ❂ ❞✐r · r♣❳ ✲ ❞✐r · x✱ ♥♦❞❡❨ ❂ ❞✐r · r♣❨ ✲ ❞✐r · y
✷✺ ❆❞❞ ♥♦❞❡ nnodeX ,nodeY ✐♥t♦ ✐♥✐t✐❛❧❴♣❛t❤
✷✻ ❧❛st❴❞✐r❡❝t✐♦♥s❬x✱ y❪ ❂ ❞✐r
✷✼ ❧❛st❴❞✐r❡❝t✐♦♥s❬♥♦❞❡❳✱ ♥♦❞❡❨ ❪ ❂ ✲❞✐r
✷✽ ❆❞❞ ♥♦❞❡ nrpX ,rpY ✐♥t♦ ✐♥✐t✐❛❧❴♣❛t❤

✷✾ ❡♥❞

✸✵ ❡♥❞
✸✶ ✐❢ r♣❳ ❂ i ❛♥❞ r♣❨ ❂ j t❤❡♥
✸✷ ❆❞❞ ✐♥✐t✐❛❧❴♣❛t❤ ✐♥t♦ ❡①✐st✐♥❣❴♣❛t❤✱ ❘❡t✉r♥ ✐♥✐t✐❛❧❴♣❛t❤
✸✸ ❡❧s❡
✸✹ ❘❡t✉r♥ ❋P✭❞❡st✐♥❛t✐♦♥✱ ❧❛st❴❞✐r❡❝t✐♦♥✱ ✐♥✐t✐❛❧❴♣❛t❤✱ ❡①✐st✐♥❣❴♣❛t❤✮
✸✺ ❡♥❞

❆❧❣♦r✐t❤♠ ✼✳✶✸✿ P❛t❤ ❋✐♥❞✐♥❣ ❆❧❣♦r✐t❤♠ ♦❢ ■❳✱❨
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✼✳✻✳✷ ❈P ❙♦❧✈❡r ❇❛s❡❞ ❆❧❣♦r✐t❤♠

❱❛r✐❛❜❧❡s

❚❤❡ ✈❛r✐❛❜❧❡s V t♦ ❜❡ ❛ss✐❣♥❡❞ ✈❛❧✉❡s ❛r❡ t❤❡ ❧♦❝❛t✐♦♥s ♦❢ ❋■▼P ✐♥st❛♥❝❡s ✐♥ t❤❡
❢♦r♠ ♦❢ ✭❤♦r✐③♦♥t❛❧ ♣♦s✐t✐♦♥✱ ✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥✮✳ t❤❡ ✈❛r✐❛❜❧❡s V ✐s ❞❡✜♥❡❞ ❜② ❊q✳
✼✳✶✻✱ ✇❤❡r❡ Fi ✐s t❤❡ ith ❋■▼P ✐♥st❛♥❝❡s t♦ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ ❈●❘❆ ❛♥❞ N ✐s
t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s t♦ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ ❈●❘❆✳

V = {(xi, yi) | ∀ Fi, 0 ≤ i < N)} ✭✼✳✶✻✮

❖❜❥❡❝t✐✈❡ ❋✉♥❝t✐♦♥

❲❡ s✉♣♣♦s❡ t❤❡ ❜❡st ✢♦♦r ♣❧❛♥ ✐s t❤❡ ♦♥❡ ✇✐t❤ t❤❡ ❧❡❛st ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st c ❛♥❞✴♦r
✇✐t❤ t❤❡ ❧❡❛st s❛♠♣❧❡ ✐♥t❡r✈❛❧ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✶✼✳ ❚❤❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ❝❛♥
❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✼✳✻✳

▼✐♥✐♠✐③❡ C = KC ·
c

CMIN

+KS ·
ts

Ts.MIN

+KT ·
td

Td.MAX

+KA ·
a

AMIN

✭✼✳✶✼✮

❈♦♥str❛✐♥ts

✶✳ ❋■▼P ✐♥st❛♥❝❡s ❛r❡ ✐♥s✐❞❡ t❤❡ ❈●❘❆ ❢❛❜r✐❝✳

0 ≤ xi +Wi < W, 0 ≤ yi +Hi < H

✷✳ ❆❧❧ ❋■▼P ✐♥st❛♥❝❡s ❛r❡ ♥♦t ♦✈❡r❧❛♣♣✐♥❣✳ ❉❡♥♦t❡ t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥ ♦❢ Fi

❛♥❞ Fj ❛s ✭xi→j ✱ yi→j ✮✱ ✇❤❡r❡ i 6= j✳ ❚❤❡ ✈❛❧✉❡ ❂ ✵ ♠❡❛♥s ♥♦ ♦✈❡r❧❛♣♣✐♥❣
❛♥❞ t❤❡ ✈❛❧✉❡ ❂ ✶ ♠❡❛♥s ♦✈❡r❧❛♣♣✐♥❣✳ ❲❡ ❤❛✈❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥str❛✐♥ts✳

• xi→j ✐♥ ✵✱ ✶

• yi→j ✐♥ ✵✱ ✶

• Fi ✐s t♦ t❤❡ ❧❡❢t ♦❢ Fj

xi +Wi ≤ xj +W ∗ (xi→j + yi→j )

• Fi ✐s ❜❡❧♦✇ Fj

xi −Wi ≥ xj −W ∗ (1− xi→j + yi→j )

• Fi ✐s t♦ t❤❡ r✐❣❤t ♦❢ Fj

yi +Hi ≤ yj +H ∗ (1 + xi→j − yi→j )

• Fi ✐s ❛❜♦✈❡ Fj

yi −Hi ≥ yj −H ∗ (2− xi→j − yi→j )
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✸✳ ❈♦♠♠✉♥✐❝❛t✐♦♥ t✐♠❡ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥t❡r♠❡❞✐❛t❡ ✈❛r✐✲
❛❜❧❡s✿

• ❞✐r❡❝t❴tr❛♥s❢❡r ✭i✱ j✮ ∈ ✵✱ ✶✱ ✵ ❂ ❢❛❧s❡✱ ✶ ❂ tr✉❡✳

• ❞✐r❡❝t❴tr❛♥s❢❡r ✭i✱ j✮ ❂ |xi +Wi − xj | < WX ❛♥❞ |yi − yj | < WY ✳

• ❞✐r❡❝t❴tr❛♥s❢❡r❴t✐♠❡ ✭i✱ j✮ ❂ ❞✐r❡❝t❴tr❛♥s❢❡r ✭i✱ j✮ · TW ✳

• ✐♥❞✐r❡❝t❴tr❛♥s❢❡r❴t✐♠❡ ✭i✱ j✮ ❂ r❡♣❧②❴♣♦✐♥ts ✭i✱ j✮ · (TC + TW ) + TC ✳

• ❞❡❧❛② ✭i✱ j✮ ❂ ❞✐r❡❝t❴tr❛♥s❢❡r ✭i✱ j✮ ✰ ✐♥❞✐r❡❝t❴tr❛♥s❢❡r❴t✐♠❡ ✭i✱ j✮✳

• r❡♣❧②❴♣♦✐♥ts ✭i✱ j✮ > ♠❛① ✭⌊|xi +Wi − xj |⌋, ⌊|yi − yj |⌋✮✳

• r❡♣❧②❴♣♦✐♥ts ✭i✱ j✮ ≤ |xi +Wi − xj |+ |yi − yj |✳

✹✳ ❚❤❡ ❡①❡❝✉t✐♦♥ s❝❤❡❞✉❧❡ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❛s ❢♦❧❧♦✇s✿

• ❋♦r ❛❧❧ Fi✱ Fj t❤❛t Ci→j = 1✱ tj + (i > j) · td > ti + Ti+ ❞❡❧❛② ✭i✱ j✮✳

• ❙②st❡♠ ❧❛t❡♥❝② ✭❞❡❧❛② t✐♠❡✮ td = tN−1 + TN−1 ✳

• ❙②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ts ❂ ♠❛① ✭tj − ti✮ ❢♦r ❛❧❧ ❋♦r ❛❧❧ Fi✱ Fj t❤❛t
Ci→j = 1✳

✺✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❜✉✛❡rs ❢♦r ♣✐♣❡❧✐♥❡❞ ❡①❡❝✉t✐♦♥ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❜② ✐♥tr♦❞✉❝✐♥❣
❢♦❧❧♦✇✐♥❣ ✐♥t❡r♠❡❞✐❛t❡ ✈❛r✐❛❜❧❡s✳

• Bi→j ✿ ♣r❡s❡t ♥✉♠❜❡r ♦❢ ❜✉✛❡rs ❜❡❢♦r❡ ✢♦♦r♣❧❛♥♥✐♥❣✳

• bi→j ✿ ❛❝t✉❛❧ ♥✉♠❜❡r ♦❢ ❜✉✛❡rs ❛❢t❡r ✢♦♦r♣❧❛♥♥✐♥❣✳

❲❡ ❛❧s♦ ✐♥tr♦❞✉❝❡ ❛ ❝♦♥st❛♥t✿ t❤❡ s❡❛r❝❤ s♣❛❝❡ BS ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ❜✉✛❡rs
t♦ ❜❡ s❡❛r❝❤❡❞ s♦ t❤❛t ✇❡ ❝❛♥ ❧✐♠✐t t❤❡ s❡❛r❝❤ t✐♠❡✳

Bi→j −BS ≤ bi→j ≤ Bi→j +BS

P✐♣❡❧✐♥✐♥❣ ✐s ♣♦ss✐❜❧❡ ✇❤❡♥ ♠❛① ✭bi→j ✮ · ts ≤ td✳

✻✳ ❚❤❡ ♦✈❡r❛❧❧ s②st❡♠ ❞❡❧❛② s❤♦✉❧❞ ❛❧s♦ ❜❡ ❝♦♥str❛✐♥❡❞ t❤❛t td ≤ TMAX ✳

✼✳ ❚❤❡ s②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ s❤♦✉❧❞ ❛❧s♦ ❜❡ ❝♦♥str❛✐♥❡❞ t❤❛t ts ≤ RMAX

✽✳ ❙♣❡❝✐❛❧ ❋■▼P ✐♥st❛♥❝❡s s❤♦✉❧❞ ❤❛✈❡ t❤❡✐r ♦✇♥ ❝♦♥str❛✐♥ts✱ ❡✳❣✳ yi = 0 ❢♦r ❛❧❧
Fi t❤❛t ❤❛✈❡ t♦ ❜❡ ♦♥ t❤❡ t♦♣ r♦✇✳
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✼✳✻✳✸ ❍❡✉r✐st✐❝ ❆❧❣♦r✐t❤♠

❚❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ✐s ✐♥s♣✐r❡❞ ❜② t❤❡ s♣✐r❛❧ ❛❧❣♦r✐t❤♠ ♣r♦♣♦s❡❞ ✐♥ ❬✽✼❪✳ ❚❤❡
str❛t❡❣② ✐s t❤❛t ❋■▼P ✐♥st❛♥❝❡s ✐♥ ❞✐✛❡r❡♥t ❧❛②❡rs ♦❢ ❢✉♥❝t✐♦♥ ❡①❡❝✉t✐♦♥s ❛r❡ ❤♦r✲
✐③♦♥t❛❧❧② ❞✐str✐❜✉t❡❞ ❛♥❞ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ✇✐t❤✐♥ t❤❡ s❛♠❡ ❧❛②❡r ✐s ❞✐str✐❜✉t❡❞
✈❡rt✐❝❛❧❧② ♦♥ t❤❡ ❈●❘❆✳ ❲❤❡♥ t❤❡ ❤♦r✐③♦♥t❛❧ ♣❧❛❝❡♠❡♥t r❡❛❝❤❡s t❤❡ ❜♦✉♥❞❛r② ♦❢
❈●❘❆✱ t✉r♥ ❜❛❝❦✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✼✳✶✹✳

✶ ❙❡t ❧❛②❡rs ❂ ❧❛②❡rs ♦❢ ❢✉♥❝t✐♦♥ ❡①❡❝✉t✐♦♥s✱ ❞✐r❡❝t✐♦♥ ❂ ❧❡❢t t♦ r✐❣❤t
✷ ▼❛♣ ❛❧❧ s♣❡❝✐❛❧ ❋■▼Ps ✭❡✳❣✳ t❤❡ ♦♥❡s ❤❛✈❡ t♦ ❜❡ ❛t r♦✇ ✵✮ ❢r♦♠ ❧❡❢t t♦ r✐❣❤t
✸ ❢♦r❡❛❝❤ ❧❛②❡r ✐♥ ❧❛②❡rs ❞♦
✹ ❚r② t♦ ♠❛♣ ♥♦r♠❛❧ ❋■▼P ✐♥st❛♥❝❡s ✐♥ ❧❛②❡r ❜❡❧♦✇ t❤❡ ❧❛st ❧❛②❡r
✺ ✐❢ ♠❛♣♣✐♥❣ ❢❛✐❧ t❤❡♥
✻ ❘❡✈❡rs❡ ❞✐r❡❝t✐♦♥ ❛♥❞ ♠❛♣ ❋■▼P ♥❡①t t♦ t❤❡ ❈●❘❆ ❜♦✉♥❞❛r②
✼ ❡♥❞
✽ ❋■▼Ps ♦❢ ♥❡①t ❧❛②❡r t♦ ❜❡ ♠❛♣♣❡❞ ❢♦❧❧♦✇s ❞✐r❡❝t✐♦♥✳
✾ ❡♥❞

✶✵ ❢♦r❡❛❝❤ ❞❛t❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞♦
✶✶ ❆ss✐❣♥ ❛ ❞❛t❛ ♣❛t❤ ✉s✐♥❣ t❤❡ ❋P ♠❡t❤♦❞
✶✷ ✐❢ ❋P ❢❛✐❧s t❤❡♥ ❘❡t✉r♥ ◆♦ ✈❛❧✐❞ s♦❧✉t✐♦♥
✶✸ ❡♥❞
✶✹ ❢♦r ▼❆❳ ✭bi→j ✮ · ts < td − ts ❞♦ ❆❞❞ ♦♥❡ ♣✐♣❡❧✐♥❡ st❛❣❡
✶✺ ❢♦r ▼❆❳ ✭bi→j ✮ · ts > td ❞♦ ❘❡♠♦✈❡ ♦♥❡ ♣✐♣❡❧✐♥❡ st❛❣❡

❆❧❣♦r✐t❤♠ ✼✳✶✹✿ ❍❡✉r✐st✐❝ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣ ❆❧❣♦r✐t❤♠

❚♦ ✐❧❧✉str❛t❡s t❤✐s ✢♦♦r♣❧❛♥♥✐♥❣ ❛❧❣♦r✐t❤♠✱ ❧❡t ✉s ❝♦♥s✐❞❡r ❛♥ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋
✭❍❙❉❋✮ ❣r❛♣❤ ✐♥ ❋✐❣✉r❡ ✼✳✼✳ ■t ✐s r❛♥❞♦♠❧② ❣❡♥❡r❛t❡❞ ❜② ✉s✐♥❣ ❚●❋❋ ❬✶✶✷❪ ❛♥❞
❛❧❧ t❤❡ ❡❞❣❡ ✇❡✐❣❤ts ❛r❡ s❡t t♦ 1/1✳

❚❤❡ ✜rst s✉❜s❝r✐♣t ♦❢ ❡❛❝❤ ❍❙❉❋ ❛❝t♦r ✐s ✐ts ❧❛②❡r✳ ❚❤❡② ❛r❡ ❞✐✛❡r❡♥t ❢✉♥❝t✐♦♥s
❛♥❞ ❡❛❝❤ ❍❙❉❋ ❛❝t♦r ❤❛s ✐ts ♦✇♥ ❋■▼P ✐♥st❛♥❝❡✳ ❚❤❡ ✇✐♥❞♦✇ s✐③❡ ✐s s❡t t♦
WX = WY = 3✳ ❋✐❣✉r❡ ✼✳✽ s❤♦✇s t❤❡ ✢♦♦r♣❧❛♥♥✐♥❣ r❡s✉❧t✳

■♥ t❤✐s ❡①❛♠♣❧❡✱ ✺ r❡❧❛② ♣♦✐♥ts ✭r❡❞ ♦♥❡s✮ ❛r❡ ❛❞❞❡❞ ❢♦r ❞❛t❛ ♣❛t❤s✿ ❢r♦♠ F0 ,3

t♦ F0 ,4 ✱ ❢r♦♠ F1 ,3 t♦ F1 ,4 ✱ ❛♥❞ ❢r♦♠ F1 ,3 t♦ F2 ,4 ❀ ✷ r❡❧❛② ♣♦✐♥ts ✭❜❧✉❡ ♦♥❡s✮❛r❡
❛❞❞❡❞ ❢♦r ❞❛t❛ ♣❛t❤s✿ ❢r♦♠ F0 ,5 t♦ F0 ,6 ❛♥❞ ❢r♦♠ F2 ,5 t♦ F0 ,6 ❀ ✹ r❡❧❛② ♣♦✐♥ts
✭♦r❛♥❣❡ ♦♥❡s✮❛r❡ ❛❞❞❡❞ ❢♦r ❞❛t❛ ♣❛t❤s✿ ❢r♦♠ F0 ,6 t♦ F0 ,0 ✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢
r❡❧❛② ♣♦✐♥ts ✐s ✶✶✳



✼✳✻✳ ❈●❘❆ ❋▲❖❖❘P▲❆◆◆■◆● ✶✸✾

a
′

0,0
a
′

1,0
a
′

2,0
a
′

3,0
a
′

4,0
a
′

5,0
a
′

6,0

a
′

1,1
a
′

2,1
a
′

3,1
a
′

4,1
a
′

5,1

a
′

2,2
a
′

4,2
a
′

5,2
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❋✐❣✉r❡ ✼✳✽✿ ❋❧♦♦r♣❧❛♥♥✐♥❣ ❊①❛♠♣❧❡ ❘❡s✉❧t
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✼✳✼ ❙✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ❡❧❛❜♦r❛t❡s t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✐♥ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡✲
s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳❖♥❝❡ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ ✐s r❡❛❞②✱
t❤❡ ♥❡①t st❡♣ ✐s t♦ ❣❡♥❡r❛t❡ t❤❡ ❛❝t✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝
■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮ ❛♥❞ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥ st②❧❡s✱ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ❱❍❉▲ ❝♦❞❡s ✭s❡♣❛r❛t❡ ❡♥t✐t✐❡s ❢♦r
❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ✐♥st❛♥❝❡s ❛♥❞ ❛ t♦♣ ❡♥t✐t② ❢♦r t❤❡ ✐♥t❡r❝♦♥♥❡❝t
❛♥❞ ❝♦♥tr♦❧✮ ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞✳ ❋♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡
✭❈●❘❆✮✱ ▼❆❚▲❆❇ ❝♦❞❡s ✭s❡♣❛r❛t❡ ♠✲❢✉♥❝t✐♦♥s ❢♦r ❋■▼P ✐♥st❛♥❝❡s ❛♥❞ ❛ t♦♣
s❝r✐♣t ❢♦r t❤❡ ✐♥t❡r❝♦♥♥❡❝t ❛♥❞ ❝♦♥tr♦❧✮ ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞✳ ■❢ s♣❡❝✐✜❡❞✱ ❙❨▲❱❆ ❝❛♥
❛❧s♦ ♣❡r❢♦r♠ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣✳



❈❤❛♣t❡r ✽

❊①♣❡r✐♠❡♥t❛❧ ❘❡s✉❧ts

■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ♣r❡s❡♥t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦❢ ❛♣♣❧②✐♥❣ t❤❡ ❙②st❡♠✲▲❡✈❡❧
❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❞❡s✐❣♥ ✢♦✇ t♦ ❛ ❧✐st ♦❢ s♠❛❧❧ t♦ ❧❛r❣❡
s❝❛❧❡ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❣✐✈❡♥ s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧ ❛♥❞ t♦t❛❧ ❧❛t❡♥❝②
❝♦♥str❛✐♥ts✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❡♥❛❜❧❡ ♦❜❥❡❝t✐✈❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❝♦r❡ ❢❡❛t✉r❡s
♦❢ ❙❨▲❱❆✱ ✇❤✐❝❤ ❛r❡ t❤r❡❡✲❧❡✈❡❧ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ✭❝❤❛♣t❡r ✺✮✱ ❛✉✲
t♦♠❛t✐❝❛❧❧② ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ s②♥t❤❡s✐s ✭❝❤❛♣t❡r ✻✮✱ ❛♥❞
❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ✢♦♦r♣❧❛♥♥✐♥❣ ✭❝❤❛♣t❡r ✼✮✳

❚❤❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ s②♥t❤❡s✐③❡❞ ❢♦r t❤r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✿ ❆❙■❈✱
❋P●❆✱ ❛♥❞ ❈●❘❆✳ ❚❤❡ t❛r❣❡t t❡❝❤♥♦❧♦❣② ♥♦❞❡ ✐s ❚❙▼❈ ✻✺ ♥♠✳ ❋♦r t❤❡ ❈●❘❆
✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ ✇❡ ✉s❡ ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮
✭s❡❝t✐♦♥ ✷✳✷✮✳ ■t ✐s ❛ ❈●❘❆ ✇✐t❤ ❝r♦ss✲❜❛r ◆❡t✇♦r❦✲♦♥✲❈❤✐♣ ✭◆♦❈✮ ❝♦♠♠✉♥✐❝❛t✐♦♥
s❝❤❡♠❡ ❛♥❞ ✐ts ❝♦♠♣✐❧❡r ❱❊❙❨▲❆ ❬✼✸❪ s✉♣♣♦rts ▼❆❚▲❆❇ ❢✉♥❝t✐♦♥ ✇✐t❤ ♣r❛❣♠❛s
❛s ✐♥♣✉t s②st❡♠ ♠♦❞❡❧✳ ❉❘❘❆ s✉♣♣♦rts ❛ r❡s♦✉r❝❡ ✉s❛❣❡ ♦♣t✐♠✐③❛t✐♦♥ ♠❡t❤♦❞
❝❛❧❧❡❞ ❈✉st♦♠✐③❛t✐♦♥ ♦❢ ❈♦❛rs❡ ●r❛✐♥ ❘❡❝♦♥✜❣✉r❛❜❧❡ ✭❈❘❆❙■❈✮✳ ■t s❤r✐♥❦s t❤❡
r❡s♦✉r❝❡ ✉s❛❣❡ ❜② ❝✉tt✐♥❣✲♦✛ ✉♥✉s❡❞ ❧♦❣✐❝s ✐♥ t❤❡ ❉❘❘❆ ❢❛❜r✐❝✳ ❚❤❡ ♥✉♠❜❡rs
s❤♦✇♥ ✐♥ t❤✐s ❝❤❛♣t❡r ❛r❡ t❤❡ ♥✉♠❜❡rs ❛❢t❡r ❈❘❆❙■❈✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts
♣r♦✈✐❞❡ t❤❡ ❜❛s✐s ❢♦r ❥✉❞❣✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛s♣❡❝ts✳ ◆♦t❡ t❤❛t ✇❡ ❞♦ ♥♦t ❤❛✈❡
t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ❢♦r ❛❧❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s ❢♦r ❛❧❧ t❤❡
❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ s♦♠❡ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ♦♥❧② s②♥t❤❡s✐③❡❞ ❢♦r ♦♥❡ ♦r
t✇♦ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s ❢♦r ❡✈❛❧✉❛t✐♥❣ ♣❛rt ♦❢ t❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇✳

✶✹✶



✶✹✷ ❈❍❆P❚❊❘ ✽✳ ❊❳P❊❘■▼❊◆❚❆▲ ❘❊❙❯▲❚❙

✶✳ ❊✣❝❛❝②

❋♦r ❡❛❝❤ ❛♣♣❧✐❝❛t✐♦♥✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ❉❙❊ ♦❢ ❙❨▲❱❆✳ ❆❢t❡r ❢❡❡❞✐♥❣ t❤❡ ❙②♥✲
❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤ ♦❢ ❡❛❝❤ ❛♣♣❧✐❝❛t✐♦♥ t♦ ❙❨▲❱❆✱ ✇❡ ♠❡❛s✉r❡
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❉❙❊ t✐♠❡ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❡①♣❧♦r❡❞ s♦❧✉t✐♦♥s✳ ❲❡ ❛❧s♦
❡①♣❧✐❝✐t❧② s♣❡❝✐❢② t❤❡ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋ ✭❍❙❉❋✮ s❝❤❡❞✉❧❡s t♦ ♦❜t❛✐♥ s♦❧✉t✐♦♥s
✐♥ ❞✐✛❡r❡♥t ❞❡❣r❡❡s ♦❢ ❋✉♥❝t✐♦♥✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮✳

✷✳ ❊✣❝✐❡♥❝②

❋♦r ❡❛❝❤ ❛♣♣❧✐❝❛t✐♦♥✱ ✇❡ ❛♣♣❧② t❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ ❛♥❞ t❤❡ ❍✐❣❤✲▲❡✈❡❧
❙②♥t❤❡s✐s ✭❍▲❙✮ ❞❡s✐❣♥ ✢♦✇✳ ❚❤❡♥✱ ✇❡ ♠❡❛s✉r❡ ❛♥❞ ❝♦♠♣❛r❡ t❤❡✐r t♦t❛❧
❞❡s✐❣♥ t✐♠❡s ✐♥❝❧✉❞✐♥❣ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✐♥❣ t✐♠❡✱ t❤❡ s②♥t❤❡s✐s t✐♠❡✱ ❛♥❞
t❤❡ ✈❡r✐✜❝❛t✐♦♥ t✐♠❡✳

✸✳ ❆❝❝✉r❛❝②

❙❨▲❱❆ ❡st✐♠❛t❡s t❤❡ ❝♦sts ✭❛r❡❛✱ ❡♥❡r❣②✱ ❛♥❞ t✐♠❡✮ ♦❢ t❤❡ s②♥t❤❡s✐s r❡s✉❧t
✉s✐♥❣ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❋■▼Ps ✐♥ t❤❡ ❉❙❊ st❡♣✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❛❧s♦ ♥❡❡❞
t♦ q✉❛♥t✐❢② t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤✐s ❡st✐♠❛t✐♦♥✳ ❚❤✐s ✐s ❞♦♥❡ ❜② ❝♦♠♣❛r✐♥❣ t❤❡
❡st✐♠❛t❡❞ ❝♦sts t♦ t❤❡ ❝♦sts ♦❢ t❤❡ s②♥t❤❡s✐s r❡s✉❧t✳

✹✳ ◗✉❛❧✐t② ♦❢ ❘❡s✉❧t ✭◗♦❘✮

■♥ t❤✐s t❤❡s✐s✱ ✇❡ ❞❡✜♥❡ t❤❡ ◗♦❘ ♦❢ ❛ s②♥t❤❡s✐s r❡s✉❧t ✐♥ t✇♦ ❛s♣❡❝ts✿

• ❆r❡❛ ✉s❛❣❡ ✐♥ t❡r♠s ♦❢ ❡q✉✐✈❛❧❡♥t ❣❛t❡ ❝♦✉♥t✳

• ❊♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ✐♥ t❡r♠s ♦❢ ♥❛♥♦✲❥♦✉❧❡ ✭♥❥✮✳

❚❤✐s ◗♦❘ ❥✉❞❣♠❡♥t ✐s ❞♦♥❡ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ●▲■❈
t♦ t❤❡ ♠❛♥✉❛❧❧② ❣❡♥❡r❛t❡❞ ●▲■❈ ✇❤✐❧❡ ❦❡❡♣✐♥❣ t❤❡ ✉s❡❞ ❋■▼P ✐♥st❛♥❝❡s t❤❡
s❛♠❡✳ ❚❤❡ r❡❛s♦♥ ✇❡ ❞♦ ♥♦t ❝♦♥s✐❞❡r t❤❡ ❡♥t✐r❡ s②♥t❤❡s✐s r❡s✉❧t ✐s t❤❛t ❙❨▲❱❆
❝❛♥♥♦t ❝❤❛♥❣❡ ❛♥②t❤✐♥❣ ✐♥s✐❞❡ ❛♥② ❋■▼P ✐♥st❛♥❝❡ ❛♥❞ t❤❡ ❋■▼P ✐♥st❛♥❝❡s
❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ♦♣t✐♠❛❧✳

❋♦r ❛ ❢❛✐r ❛♥❞ ♠❡❛♥✐♥❣❢✉❧ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❙❨▲❱❆ ❣❡♥❡r❛t❡❞ ❞❡s✐❣♥ ✇✐t❤ t❤❡
♠❛♥✉❛❧❧② ❣❡♥❡r❛t❡❞ ❞❡s✐❣♥✱ ✇❡ r❡str✐❝t❡❞ t❤❡ ♠❛♥✉❛❧ ❞❡s✐❣♥ t♦ ●▲■❈✱ ✐✳❡✳ t❤❡ ♠❛♥✲
✉❛❧ ❞❡s✐❣♥ ❛❧s♦ ✉s❡❞ t❤❡ s❛♠❡ ❋■▼Ps ❛s t❤❡ ❙❨▲❱❆✳ ❲❡ ❛❧s♦ r❡str✐❝t❡❞ t❤❡ ♠❛♥✉❛❧
❞❡s✐❣♥s t♦ t❤❡ s❛♠❡ ❞❡❣r❡❡ ♦❢ ❢✉♥❝t✐♦♥✱ ❛r✐t❤♠❡t✐❝ ❛♥❞ ❜✉✛❡r✲❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠s✳ ■❢
t❤❡ ♠❛♥✉❛❧ ❞❡s✐❣♥ ✉s❡s ❛ ❞✐✛❡r❡♥t ♣❛r❛❧❧❡❧✐s♠✱ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ●▲■❈ ✇♦✉❧❞ ❜❡
♠❡❛♥✐♥❣❧❡ss✳ ❙♦ t❤❡ ♣✉r♣♦s❡ ♦❢ ❝♦♠♣❛r✐♥❣ ♠❛♥✉❛❧ ✈❡rs✉s ❙❨▲❱❆ ✇❛s t♦ ❣❛✉❣❡ ❤♦✇
❡✛❡❝t✐✈❡ ❙❨▲❱❆ ✐s ✐♥ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t✐♥❣ t❤❡ ●▲■❈✳



✽✳✶✳ ❆PP▲■❈❆❚■❖◆❙ ✶✹✸

✽✳✶ ❆♣♣❧✐❝❛t✐♦♥s

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ✾ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s t❤❛t ❛r❡ ✉s❡❞ ❢♦r ❡✈❛❧✉❛t✐♥❣
❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳ ❚❛❜❧❡ ✽✳✶ ❣✐✈❡s ❛ ❜r✐❡❢
❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s✳

❚❛❜❧❡ ✽✳✶✿ ❙❛♠♣❧❡ ❆♣♣❧✐❝❛t✐♦♥s

❆♣♣❧✐❝❛t✐♦♥ ❇r✐❡❢ ❉❡s❝r✐♣t✐♦♥
✶ ❚✇♦ ❋■❘ ✇✐t❤ ♦♥❡ ❋❋❚
✷ ❈♦rr❡❧❛t✐♦♥ ♣♦♦❧
✸ ❉❡❧t❛✲s✐❣♠❛ ❞❡♠♦❞✉❧❛t♦r
✹ ▼♦t✐♦♥ ❏P❊● ❡♥❝♦❞❡r
✺ ❙✐♠♣❧✐✜❡❞ ▼P❊● ✷ ❡♥❝♦❞❡r
✻ ■❊❊❊ ✽✵✷✳✶✶❛ tr❛♥s♠✐tt❡r
✼ ■❊❊❊ ✽✵✷✳✶✶❛ r❡❝❡✐✈❡r
✽ ■❊❊❊ ✽✵✷✳✶✶❜ tr❛♥s♠✐tt❡r
✾ ■❊❊❊ ✽✵✷✳✶✶❜ r❡❝❡✐✈❡r

❆❧❧ t❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s ❤❛✈❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❛❝t♦rs sr❝ ❛♥❞ s♥❦✳
❚❤❡ ❙❉❋ ❛❝t♦r sr❝ ✐s t❤❡ ❞❛t❛ s♦✉r❝❡ ❛❝t♦r t❤❛t ✐s ✉s❡❞ t♦ s✉♣♣❧② ❞❛t❛ t♦ t❤❡ r❡st
♣❛rt ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡ ❙❉❋ ❛❝t♦r s♥❦ ✐s t❤❡ ❞❛t❛ s✐♥❦ ❛❝t♦r t❤❛t ✐s ✉s❡❞ t♦
❢❡t❝❤ t❤❡ ♦✉t♣✉t ❞❛t❛ ❢r♦♠ t❤❡ r❡st ♣❛rt ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ■♥ ♦♥❡ ❙❉❋ ❣r❛♣❤✱
t❤❡r❡ ✇✐❧❧ ❜❡ ♦♥❧② ♦♥❡ sr❝ ❛❝t♦r ❛♥❞ ♦♥❧② ♦♥❡ s♥❦ ❛❝t♦r✳

✽✳✶✳✶ ❙②♥t❤❡t✐❝ ❆♣♣❧✐❝❛t✐♦♥✿ ❋❋❚ ❛♥❞ ✷ ❋■❘

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ❤❛s ♦♥❧② t✇♦ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿ ✛t ❛♥❞ ✜r
r❡♣r❡s❡♥t✐♥❣ ❛ ✻✹✲♣♦✐♥t ❋❋❚ ❛♥❞ ❛ ✶✺✲t❛♣ ❋■❘ ✜❧t❡r✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ s②st❡♠ ✐s
❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❋■❘ ✜❧t❡rs ❢❡❡❞✐♥❣ ❛♥ ❋❋❚✳ ❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✽✳✶✳

sr❝ ✜r

✜r

✛t s♥❦
32/1

32/1

1/32

1/32

64/64

❋✐❣✉r❡ ✽✳✶✿ ❆♣♣❧✐❝❛t✐♦♥ ✶✿ ❋❋❚ ❛♥❞ ✷ ❋■❘
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✽✳✶✳✷ ❈♦rr❡❧❛t✐♦♥ P♦♦❧

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s ♣❛rt ♦❢ t❤❡ r❛❦❡ r❡❝❡✐✈❡r ✐♥ ❲❈❉▼❆ ♣❤②s✐❝❛❧ ❧❛②❡r✳ ❚❤❡ s②st❡♠
❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✷✳

sr❝

❲♦r❦❡r

❞✐✈ ♦✈s❢

s❝r❜

①♦r

♠❛❝

❝♦❧ s♥❦

2560/512
512/2

512/1

256/2

2/2

2/2
2/2

2/512

2/10

❋✐❣✉r❡ ✽✳✷✿ ❆♣♣❧✐❝❛t✐♦♥ ✷✿ ❈♦rr❡❧❛t✐♦♥ P♦♦❧

■t ❤❛s s✐① t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• ❞✐✈ ✿ t❤❡ ✇♦r❦❧♦❛❞ ❞✐✈✐❞❡r t❤❛t ♦♥❧② ✐♥♣✉t ✺✶✷ ❝❤✐♣s ♣❡r ✜r✐♥❣✱ ✇❤✐❧❡ t❤❡
s②st❡♠ t❤r♦✉❣❤♣✉t ✐s ✷✺✻✵ ❝❤✐♣s ♣❡r ✜r✐♥❣✳

• s❝r❜✿ s❝r❛♠❜❧❡r ❝♦❞❡ ❣❡♥❡r❛t♦r✳

• ♦✈s❢ ✿ ❖rt❤♦❣♦♥❛❧ ❱❛r✐❛❜❧❡ ❙♣r❡❛❞✐♥❣ ❋❛❝t♦r ✭❖❱❙❋✮ ❝♦❞❡ ❣❡♥❡r❛t♦r✳

• ①♦r ✿ s✐♠♣❧❡ ❜✐t✲✇✐s❡ ❳❖❘ ❧♦❣✐❝ ♦♣❡r❛t✐♦♥ ✉♥✐t✳

• ♠❛❝✿ ▼✉❧t✐♣❧✐❝❛t✐♦♥✲❆❝❝✉♠✉❧❛t✐♦♥ ✭▼❆❈✮ ✉♥✐t✳

• ❝♦❧ ✿ ❢✉♥❝t✐♦♥ t♦ r❡♦r❞❡r t❤❡ ♣r♦❞✉❝❡❞ ❞❛t❛ ❢r♦♠ t❤❡ ♠❛❝✳

❚❤❡ ❙❉❋ ❛❝t♦rs ❞✐✈✱ s❝r❜✱ ♦✈s❢✱ ①♦r✱ ♠❛❝✱ ❛♥❞ ❝♦❧ ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s ♦♥❡ ❲♦r❦❡r✳
❊❛❝❤ ✇♦r❦❡r ❤❛s ❛ t❤r♦✉❣❤♣✉t ♦r ✺✶✷ ❝❤✐♣s ♣❡r ✜r✐♥❣ ❛s r❡❣✉❧❛t❡❞ ❜② t❤❡ ❙❉❋ ❛❝t♦r
❞✐✈✳
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✽✳✶✳✸ ❙✐❣♠❛ ❉❡❧t❛ ❉❡♠♦❞✉❧❛t♦r

❚❤❡ s✐❣♠❛ ❞❡❧t❛ ❞❡♠♦❞✉❧❛t♦r ✐s ❢♦r r❡❝♦♥str✉❝t✐♥❣ ♦♥❡ ❞❛t❛ t♦❦❡♥ ❢r♦♠ ✶✷✽ ❜✐ts✳
❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✸✳

sr❝ ❝✐❝ ❞❝ ✜r ❤❜ s♥❦

128/32
1/1 2/1 2/1 1/1

❋✐❣✉r❡ ✽✳✸✿ ❆♣♣❧✐❝❛t✐♦♥ ✸✿ ❙✐❣♠❛ ❉❡❧t❛ ❉❡♠♦❞✉❧❛t♦r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ❤❛s ❢♦✉r t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• ❝✐❝✿ ❈❛s❝❛❞❡❞ ■♥t❡❣r❛t♦r✲❈♦♠❜ ✭❈■❈✮ ✜❧t❡r ✇✐t❤ ❛ ❞♦✇♥✲s❛♠♣❧✐♥❣ r❛t❡ ♦❢
✶✴✸✷✳

• ❞❝✿ ❉❈ r❡♠♦✈❛❧ ✜❧t❡r✳

• ✜r ✿ ❋■❘ ✜❧t❡r ✇✐t❤ ❛ ❞♦✇♥✲s❛♠♣❧✐♥❣ r❛t❡ ♦❢ ✺✵✪✳

• ❤❜✿ ❤❛❧❢✲❜❛♥❞ ✜❧t❡r ✇✐t❤ ❛ ❞♦✇♥✲s❛♠♣❧✐♥❣ r❛t❡ ♦❢ ✺✵✪✳
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✽✳✶✳✹ ▼♦t✐♦♥ ❏P❊● ❊♥❝♦❞❡r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s ❛ ❏P❊● ❬✶✶✸❪ ❡♥❝♦❞❡r ❢♦r ❢✉❧❧ ❍❉ ✐♠❛❣❡ ✭✶✾✷✵ × ✶✵✽✵✮ ❛t ✷✺
❢r❛♠❡ ♣❡r s❡❝♦♥❞✳ ❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✹✳

sr❝ ②✉✈ ❞❝t

❈❜

q s♦rt ❤❡

❞❝t

❨

q s♦rt ❤❡

❞❝t

❈r

q s♦rt ❤❡

s♥❦

1920×1080

1

1/64

1/64

1/64

64/1

64/1

64/1

1/64

1/64

1/64

64/64

64/64

64/64

64/64

64/64

64/64

❋✐❣✉r❡ ✽✳✹✿ ❆♣♣❧✐❝❛t✐♦♥ ✹✿ ▼♦t✐♦♥ ❏P❊● ❊♥❝♦❞❡r

■t ❤❛s ✜✈❡ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• ②✉✈ ✿ ❘●❇ t♦ ❨❯❱ ❝♦♥✈❡rt❡r✳

• ❞❝t ✿ ❉✐s❝r❡t❡ ❈♦s✐♥❡ ❚r❛♥s❢♦r♠ ✭❉❈❚✮ ✉♥✐t✳

• q ✿ q✉❛♥t✐③❡r✳

• s♦rt ✿ q✉✐❝❦ s♦rt ✉♥✐t✳

• ❤❡✿ ❍✉✛♠❛♥ ❡♥❝♦❞❡r✳
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✽✳✶✳✺ ▼P❊●✷ ❊♥❝♦❞❡r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s ❛ s✐♠♣❧✐✜❡❞ ▼P❊● ✷ ❡♥❝♦❞❡r ❬✶✶✹❪ ❢♦r ❝♦♠♣r❡ss✐♥❣ ✈✐❞❡♦s ❛t
✼✷✵ × ✹✽✵ r❡s♦❧✉t✐♦♥ ❛♥❞ ❛t ✷✺ ❢r❛♠❡s ♣❡r s❡❝♦♥❞✳ ❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✽✳✺✳ ◆♦t❡ t❤❛t t❤❡ ❢❡❡❞❜❛❝❦ ❡❞❣❡s ✐♥ t❤❡ ❙❉❋ ❣r❛♣❤ ✇✐❧❧ ❜❡ ♠♦❞❡❧❡❞ ❜②
❛ ❞❛t❛ s✐♥❦✴s♦✉r❝❡ ♣❛✐r ❛❢t❡r t❤❡ ❙❉❋ ❣r❛♣❤ ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ❍♦♠♦❣❡♥❡♦✉s ❙❉❋
✭❍❙❉❋✮ ❣r❛♣❤ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✷✳✷✳

sr❝ ✲ ❞❝t q ❝♦♣② ✈❧❝ s♥❦

♠❝ ✰ ✐❞❝t ✐q

♠❡ ✈❧❝✐

64/64 64/64 64/1 1/1 1/64 64/64
64/64

64/64

1/1

1/6464/64720×480

720×480

720×480

720×480

64/64
64/64

64/64

64/64

❋✐❣✉r❡ ✽✳✺✿ ❆♣♣❧✐❝❛t✐♦♥ ✺✿ ▼P❊●✷ ❊♥❝♦❞❡r

■t ❤❛s ✶✶ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• ✲✿ s✐♠♣❧❡ s✉❜tr❛❝t✐♦♥ ✉♥✐t✳

• ♠❝✿ ♠♦t✐♦♥ ❝♦♠♣❡♥s❛t♦r✳

• ♠❡✿ ♠♦t✐♦♥ ❡st✐♠❛t♦r✳

• ✐ ✿ ■ ✐♠❛❣❡ s✉♣♣❧✐❡r✳

• ✰✿ s✐♠♣❧❡ ❛❞❞✐t✐♦♥ ✉♥✐t✳

• ❞❝t ✿ ❉❈❚ ✉♥✐t✳

• ✐❞❝t ✿ ✐♥✈❡rs❡ ❉❈❚ ✉♥✐t✳

• q ✿ q✉❛♥t✐③❡r✳

• ✐q ✿ ✐♥✈❡rs❡ q✉❛♥t✐③❡r✳

• ✈❧❝✿ ❱❛r✐❛❜❧❡ ▲❡♥❣t❤ ❈♦❞✐♥❣ ✭❱▲❈✮ ✉♥✐t✳

• ❝♦♣② ✿ ❞❛t❛ ❞✉♣❧✐❝❛t♦r✳
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✽✳✶✳✻ ✽✵✷✳✶✶❛ ❚r❛♥s♠✐tt❡r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s t❤❡ ■❊❊❊ ✽✵✷✳✶✶❛ ♣❤②s✐❝❛❧ ❧❛②❡r tr❛♥s♠✐tt❡r✳ ❚❤❡ s②st❡♠ ❙❉❋
❣r❛♣❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✻✳

sr❝

s❝r❜ ❝❡

✐♥t ♠❛♣ ❜❞

♣♦

✐✛t

❣✐ ♠♦❞

s♥❦

96/1

1/1

2/48

48/4 1/48

4/4

64/64

64/64

80/80

1/1

❋✐❣✉r❡ ✽✳✻✿ ❆♣♣❧✐❝❛t✐♦♥ ✻✿ ✽✵✷✳✶✶❛ ❚r❛♥s♠✐tt❡r

■t ❤❛s ✾ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• s❝r❜✿ s❝r❛♠❜❧❡r✳

• ❝❡✿ ❝♦♥✈♦❧✉t✐♦♥ ❡♥❝♦❞❡r✳

• ✐♥t ✿ ✐♥t❡r❧❡❛✈❡r✳

• ♠❛♣✿ ❝♦♥st❡❧❧❛t✐♦♥ ♠❛♣♣❡r✱ ❡✳❣✳ ✶✻✲◗❆▼✳

• ❜❞ ✿ ❞❛t❛ ❜✐♥❞✐♥❣ ✉♥✐t✳

• ♣♦✿ ♣✐❧♦t ♦✉t♣✉t✳

• ✐✛t ✿ ✐♥✈❡rs❡ ❋❋❚ ✉♥✐t✳

• ❣✐ ✿ ❣✉❛r❞ ✐♥s❡rt✐♦♥ ✉♥✐t✳

• ♠♦❞ ✿ ■◗ ♠♦❞✉❧❛t♦r✳

❚❤❡ ❞❛t❛ t♦❦❡♥s ❛r❡ ❜✐ts ❜❡❢♦r❡ t❤❡ ❛❝t♦r ♠❛♣ ❛♥❞ ❛r❡ ❝♦♠♣❧❡① ♥✉♠❜❡rs ❛❢t❡r
❛❢t❡r ✐t✳
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✽✳✶✳✼ ✽✵✷✳✶✶❛ ❘❡❝❡✐✈❡r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s t❤❡ ■❊❊❊ ✽✵✷✳✶✶❛ ♣❤②s✐❝❛❧ ❧❛②❡r r❡❝❡✐✈❡r✳ ❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤
✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✼✳

sr❝

❞❡❝ ❣r

✛t ❞❜❞

♣✐

❞❡♠ ❞❡✐

❝❞ ❞❡s

s♥❦

1/1

80/80

64/64

64/64

4/4

48/1 4/48

48/2

1/1

1/96

❋✐❣✉r❡ ✽✳✼✿ ❆♣♣❧✐❝❛t✐♦♥ ✼✿ ✽✵✷✳✶✶❛ ❘❡❝❡✐✈❡r

■t ❤❛s ✾ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• ❞❡❝✿ ❞❡❝✐♠❛t✐♦♥ ✐♥t❡r❢❛❝❡✳

• ❣r ✿ ❣✉❛r❞ r❡♠♦✈❛❧ ✉♥✐t✳

• ✛t ✿ ❋❋❚✳

• ❞❜❞ ✿ ❞❛t❛ ❞❡✲❜✐♥❞✐♥❣ ✉♥✐t✳

• ♣✐ ✿ ♣✐❧♦t ✐♥♣✉t✳

• ❞❡♠✿ ❝♦♥st❡❧❧❛t✐♦♥ ❞❡♠❛♣♣❡r✳

• ❞❡✐ ✿ ❞❡✲✐♥t❡r❧❡❛✈❡r✳

• ❝❞ ✿ ❝♦♥✈♦❧✉t✐♦♥ ❞❡❝♦❞❡r✳

• ❞❡s✿ ❞❡✲s❝r❛♠❜❧❡r✳



✶✺✵ ❈❍❆P❚❊❘ ✽✳ ❊❳P❊❘■▼❊◆❚❆▲ ❘❊❙❯▲❚❙

✽✳✶✳✽ ✽✵✷✳✶✶❜ ❚r❛♥s♠✐tt❡r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s t❤❡ ■❊❊❊ ✽✵✷✳✶✶❜ tr❛♥s♠✐tt❡r✳ ❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✽✳✽✳

sr❝ s❝r❜ ❝❝❦ ♠♦❞ s♥❦
4/1 1/4 8/8 1/1

❋✐❣✉r❡ ✽✳✽✿ ❆♣♣❧✐❝❛t✐♦♥ ✽✿ ✽✵✷✳✶✶❜ ❚r❛♥s♠✐tt❡r

■t ❤❛s t❤r❡❡ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• s❝r❜✿ s❝r❛♠❜❧❡r✳

• ❝❝❦ ✿ ❈♦♠♣❧❡♠❡♥t❛r② ❈♦❞❡ ❑❡②✐♥❣ ✭❈❈❑✮ ♠❛♣♣❡r✳

• ♠♦❞ ✿ ■◗ ♠♦❞✉❧❛t♦r✳

✽✳✶✳✾ ✽✵✷✳✶✶❜ ❘❡❝❡✐✈❡r

❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s t❤❡ ■❊❊❊ ✽✵✷✳✶✶❜ r❡❝❡✐✈❡r✳ ❚❤❡ s②st❡♠ ❙❉❋ ❣r❛♣❤ ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✽✳✾✳

sr❝ ❞❝❝❦ ❞❡s s♥❦
8/8 4/1 1/4

❋✐❣✉r❡ ✽✳✾✿ ❆♣♣❧✐❝❛t✐♦♥ ✾✿ ✽✵✷✳✶✶❜ ❘❡❝❡✐✈❡r

■t ❤❛s t✇♦ t②♣❡s ♦❢ ❙❉❋ ❛❝t♦rs ❢♦r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✿

• ❞❝❝❦ ✿ ❈❈❑ ❞❡♠❛♣♣❡r✳

• ❞❡s✿ ❞❡✲s❝r❛♠❜❧❡r✳



✽✳✷✳ ❊❳P❊❘■▼❊◆❚❆▲ P❘❖❈❊❉❯❘❊ ✶✺✶

✽✳✷ ❊①♣❡r✐♠❡♥t❛❧ Pr♦❝❡❞✉r❡

❚❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦♠♣♦♥❡♥ts ♦❢ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦
✭❙❨▲❱❆✮ ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❈# ❛♥❞ P②t❤♦♥✳ ❚❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ ✐s r❡❛❧✐③❡❞ ❜②
✐♥t❡❣r❛t✐♥❣ t❤❡♠ ❛t s❝r✐♣t ❧❡✈❡❧✳ ❚❤✐s s❝r✐♣t ✇❛s ✐♥✈♦❦❡❞ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s
✇✐t❤ ❝♦♥str❛✐♥ts ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❝❛♥
❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✽✳✶✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦❝❡❞✉r❡ ❤❛s t❤r❡❡ ♠❛❥♦r st❡♣s✿

✶✳ ❈r❡❛t❡ t❤❡ s②♥t❤❡s✐③✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ♠♦❞❡❧ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ t❤✐s
st❡♣✱ ✇❡ ♣r❡♣❛r❡ t❤❡ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r② ✐♥❝❧✉❞✐♥❣ ❛❧❧
t❤❡ ❋■▼Ps t❤❛t ✇✐❧❧ ❜❡ ✉s❡❞ ❢♦r t❤❡ s②st❡♠ ♠♦❞❡❧✳ ❇❡❢♦r❡ s②♥t❤❡s✐③✐♥❣ t❤❡
❛♣♣❧✐❝❛t✐♦♥s✱ t❤❡r❡ ❋■▼P ❧✐❜r❛r✐❡s ✇❡r❡ ❞❡s✐❣♥❡❞ ✇✐t❤ ❣r❡❛t ❡♥❣✐♥❡❡r✐♥❣ ❡❢✲
❢♦rt ❛♥❞ ❛ss✉♠❡❞ t♦ ❜❡ ♦♣t✐♠❛❧✳ ❊❛❝❤ ❋■▼P ❧✐❜r❛r② ✐s ❢♦r ♦♥❡ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ st②❧❡ ❛♠♦♥❣ ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱ ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ❛♥❞ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r✲
❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮✳ ❊❛❝❤ ❢✉♥❝t✐♦♥ ✐♥ ♦♥❡ ❋■▼P ❧✐❜r❛r② ♠❛② ❤❛✈❡ ♦♥❡ t♦
♠✉❧t✐♣❧❡ ❋■▼P t②♣❡s✳ ❆❧❧ t❤❡ ❋■▼Ps ✇❡r❡ s②♥t❤❡s✐③❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ t❡❝❤✲
♥♦❧♦❣② ♥♦❞❡ ✭✻✺ ♥♠✮ ❛♥❞ t❤❡ s❛♠❡ ❝❧♦❝❦ ❢r❡q✉❡♥❝② ❝♦♥str❛✐♥t ✭✶ ●❍③ ❢♦r
❆❙■❈✱ ✷✵✵ ▼❍③ ❢♦r ❋P●❆✱ ❛♥❞ ✺✵✵ ▼❍③ ❢♦r ❈●❘❆✮✳ ❚❤❡ s✇✐t❝❤✐♥❣ ❛❝t✐✈✐t②
✇❛s s❡t t♦ ✵✳✸✺ ❢♦r ❝❤❛r❛❝t❡r✐③✐♥❣ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳

❋♦r t❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇✱ ✇❡ ♠♦❞❡❧ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ✉s✐♥❣ ❙②♥❝❤r♦♥♦✉s
❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤s ✇✐t❤ ❝♦♥str❛✐♥ts ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❜❥❡❝t✐✈❡s✳ ❋♦r
t❤❡ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ ❞❡s✐❣♥ ✢♦✇✱ ✇❡ ♠♦❞❡❧ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ✉s✐♥❣
❜❡❤❛✈✐♦r❛❧ ❞❡s❝r✐♣t✐♦♥s✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♠♦❞❡❧✐♥❣ ♣r♦❝❡❞✉r❡ ✐s ❡❧❛❜♦r❛t❡❞ ✐♥
❝❤❛♣t❡r ✹ ✇✐t❤ ❣r❡❛t ❞❡t❛✐❧✳ ❚❤❡ ❜❡❤❛✈✐♦r❛❧ ❞❡s❝r✐♣t✐♦♥ ✐s ❡✐t❤❡r ❝r❡❛t❡❞ ❢♦r
t❤✐s t❤❡s✐s ♦r ✐♠♣♦rt❡❞ ❢r♦♠ ❛♥ ❡①t❡r♥❛❧ s♦✉r❝❡ ❬✶✶✺❪ ❜❡❢♦r❡ ❜❡✐♥❣ ❢❡❞ t♦ t❤❡
❍▲❙ t♦♦❧s✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ ❛❧❧ t❤❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥
✽✳✶✳

✷✳ ❙②♥t❤❡s✐③❡ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s t♦ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ✉s✐♥❣ ❙❨▲❱❆
❛♥❞ t❤❡ ❍▲❙ t♦♦❧s✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ s②♥t❤❡s✐③❡❞ ❜② ❙❨▲❱❆ ❛♥❞ ❍▲❙
t♦♦❧s✳ ■♥ t❤✐s st❡♣✱ ✇❡ ♣r♦✈✐❞❡ ✐♥❞✐✈✐❞✉❛❧ t✐♠✐♥❣ ❛♥❞ ❡♥❡r❣② ❝♦♥str❛✐♥ts ❢♦r
❡❛❝❤ ❛♣♣❧✐❝❛t✐♦♥✳ ❲❡ ❛❧s♦ r❡❝♦r❡❞ ❛❧❧ t❤❡ s②♥t❤❡s✐s ✐♥❢♦r♠❛t✐♦♥✳ ❋♦r ❙❨▲❱❆✱
✇❡ r❡❝♦r❞ t❤❡ s②♥t❤❡s✐s r❡s✉❧t✱ ♦✈❡r❛❧❧ s②♥t❤❡s✐s t✐♠❡✱ ❛s ✇❡❧❧ ❛s ❛❧❧ t❤❡ ✐♥✲
t❡r♠❡❞✐❛t❡ r❡s✉❧ts ✐♥❝❧✉❞✐♥❣ t❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ t✐♠❡✱ t❤❡
♥✉♠❜❡r ♦❢ ❡①♣❧♦r❡❞ s♦❧✉t✐♦♥s✱ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮
s②♥t❤❡s✐s t✐♠❡✱ ❛♥❞ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ t✐♠❡✳ ❋♦r ❍▲❙✱ ✇❡ ♦♥❧② r❡❝♦r❞ t❤❡
s②♥t❤❡s✐s r❡s✉❧t ❛♥❞ t❤❡ ♦✈❡r❛❧❧ s②♥t❤❡s✐s t✐♠❡✳ ❚❤❡ s②♥t❤❡s✐s r❡s✉❧ts ❢r♦♠
❙❨▲❱❆ ❛♥❞ ❍▲❙ t♦♦❧s ❛r❡ ❛t ❘❚▲✳



✶✺✷ ❈❍❆P❚❊❘ ✽✳ ❊❳P❊❘■▼❊◆❚❆▲ ❘❊❙❯▲❚❙

✸✳ ❙②♥t❤❡s✐③❡ t❤❡ r❡s✉❧ts ❛t ❣❛t❡ ❧❡✈❡❧✳ ❇② s②♥t❤❡s✐③✐♥❣ t❤❡ ❘❚▲ r❡s✉❧ts t♦ ❣❛t❡
❧❡✈❡❧✱ ✇❡ ❝♦✉❧❞ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥s ♠♦r❡ ♣r❡❝✐s❡❧②✳ ❋♦r ❜♦t❤
❙❨▲❱❆ ❛♥❞ ❍▲❙ ❞❡s✐❣♥ ✢♦✇✱ ✇❡ r❡❝♦r❞ t❤❡ ❣❛t❡ ❧❡✈❡❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥s✳
❚❤❡♥ ✇❡ ❝♦♠♣❛r❡ ✐t t♦ t❤❡ ❡st✐♠❛t❡❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥s t♦ ❡✈❛❧✉❛t❡ t❤❡
❛❝❝✉r❛❝② ♦❢ ❙❨▲❱❆✳ ❚❤❡ s②♥t❤❡s✐s r❡s✉❧ts ❢r♦♠ ❙❨▲❱❆ ❛♥❞ t❤❡ ❍▲❙ t♦♦❧s
❛r❡ ❘❚▲ ❞❡s❝r✐♣t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ t❤❡♥ ❢❡❞ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❜❛❝❦✲❡♥❞ ❢♦r
❣❛t❡ ❧❡✈❡❧ s②♥t❤❡s✐s ❢♦r ❡❛❝❤ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✳

• ❆❙■❈✿ ❈❛❞❡♥❝❡ ❘❚▲ ❈♦♠♣✐❧❡r✳

• ❋P●❆✿ ❆❧t❡r❛ ◗✉❛rt✉s ■■✳

• ❈●❘❆✿ ❱❊❙❨▲❆ ❝♦♠♣✐❧❡r ❢♦r ❉❘❘❆✳

✽✳✷✳✶ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥

❇❡s✐❞❡s t❤❡ ❡♥t✐r❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇✱ ✇❡ ❛❧s♦ ❡✈❛❧✉❛t❡ t❤❡ ❡✣❝✐❡♥❝② ❛♥❞ ❡✣❝❛❝②
♦❢ t❤❡ ♣r♦♣♦s❡❞ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♠❡t❤♦❞✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ t❤✐s
♠❡t❤♦❞ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✼✳ ❲❡ ❛♣♣❧② t❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ♦♥ ✜✈❡ s❛♠♣❧❡
❛♣♣❧✐❝❛t✐♦♥s✿

✶✳ ❆ s②♥t❤❡t✐❝ ❛♣♣❧✐❝❛t✐♦♥ t❤❛t ♦♥❡ ✻✹✲♣♦✐♥t ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮ ✐s
❝♦♥♥❡❝t❡❞ ✇✐t❤ t✇♦ ✶✺✲t❛♣ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡rs ✭s❡❝t✐♦♥
✽✳✶✳✶✮✳

✷✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐♥ r❛❦❡ r❡❝❡✐✈❡r❬✶✶✻❪ ✭s❡❝t✐♦♥ ✽✳✶✳✷✮✳

✸✳ ❆ s✐❣♠❛✲❞❡❧t❛ ❞❡♠♦❞✉❧❛t♦r ❬✶✶✼❪ ✭s❡❝t✐♦♥ ✽✳✶✳✸✮✳

✹✳ ❆ ❏P❊● ❡♥❝♦❞❡r ❢♦r ♠♦t✐♦♥ ❏P❊● ❬✶✶✸❪ ✭s❡❝t✐♦♥ ✽✳✶✳✹✮✳

✺✳ ❚❤❡ ♠♦t✐♦♥ ❡st✐♠❛t✐♦♥ ✐♥ ❛ ▼P❊●✷ ❡♥❝♦❞❡r ❬✶✶✽❪ ✭s❡❝t✐♦♥ ✽✳✶✳✺✮✳

❚❤❡ ❙❉❋ ❣r❛♣❤s ♦❢ t❤❡ ✜✈❡ ❡①❛♠♣❧❡s ✇✐❧❧ ❜❡ s❤♦✇♥ ✐♥ s❡❝t✐♦♥ ✽✳✸✳ ❲❡ ✉s❡
❈❛❞❡♥❝❡ ❘❚▲ ❝♦♠♣✐❧❡r t♦ s②♥t❤❡s✐③❡ t❤❡ r❡s✉❧t✐♥❣ ❘❚▲ ❞❡s❝r✐♣t✐♦♥ ❢♦r ❆❙■❈ ❛♥❞
✇❡ ✉s❡ ❆❧t❡r❛ ◗✉❛rt✉s ■■ ❢♦r ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❚❤❡♥ ✇❡ ❝♦♠♣❛r❡ t❤❡ ❛✉t♦✲
♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✇✐t❤ t❤❡ ❝❛r❡❢✉❧❧② ♠❛♥✉❛❧❧② ❣❡♥❡r❛t❡❞
✐♠♣❧❡♠❡♥t❛t✐♦♥s✳



✽✳✷✳ ❊❳P❊❘■▼❊◆❚❆▲ P❘❖❈❊❉❯❘❊ ✶✺✸

✽✳✷✳✷ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣

❚❤❡ ❢♦❧❧♦✇✐♥❣ ✜✈❡ ❡①❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❡✣❝✐❡♥❝② ❛♥❞
❡✣❝❛❝② ♦❢ t❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥❡rs ♦❢ ❙❨▲❱❆✳

✶✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐♥ r❛❦❡ r❡❝❡✐✈❡r❬✶✶✻❪ ✭s❡❝t✐♦♥ ✽✳✶✳✷✮✳

✷✳ ■❊❊❊ ✽✵✷✳✶✶❛ ♣❤②s✐❝❛❧ ❧❛②❡r tr❛♥s♠✐tt❡r s❡❝t✐♦♥ ✽✳✶✳✻✳

✸✳ ■❊❊❊ ✽✵✷✳✶✶❛ ♣❤②s✐❝❛❧ ❧❛②❡r r❡❝❡✐✈❡r s❡❝t✐♦♥ ✽✳✶✳✼✳

✹✳ ❆ ❏P❊● ❡♥❝♦❞❡r ❢♦r ♠♦t✐♦♥ ❏P❊● ❬✶✶✸❪ ✭s❡❝t✐♦♥ ✽✳✶✳✹✮✳

✺✳ ❚❤❡ ♠♦t✐♦♥ ❡st✐♠❛t✐♦♥ ✐♥ ❛ ▼P❊●✷ ❡♥❝♦❞❡r ❬✶✶✽❪ ✭s❡❝t✐♦♥ ✽✳✶✳✺✮✳

❲❡ ❝❤♦♦s❡ ❞✐✛❡r❡♥t s✐③❡s ❛♥❞ ♦r✐❡♥t❛t✐♦♥s ♦❢ t❤❡ t❛r❣❡t ❈●❘❆s ❛♥❞ s♦❧✈❡ t❤❡
✢♦♦r♣❧❛♥♥✐♥❣ ♣r♦❜❧❡♠ ✉s✐♥❣ ❛ ❈♦♥str❛✐♥t Pr♦❣r❛♠♠✐♥❣ ✭❈P✮ s♦❧✈❡r ❜❛s❡❞ ❛♥❞ ❛
❍❡✉r✐st✐❝ ❆❧❣♦r✐t❤♠ ✭❍❆✮ ❜❛s❡❞ ❛♣♣r♦❛❝❤❡s✳ ❚❤❡♥✱ ✇❡ ❝♦♠♣❛r❡ t❤❡ ❡✣❝✐❡♥❝② ❛♥❞
❡✣❝❛❝② ♦❢ ❍❆ ♦✈❡r ❈P✳



✶✺✹ ❈❍❆P❚❊❘ ✽✳ ❊❳P❊❘■▼❊◆❚❆▲ ❘❊❙❯▲❚❙

✽✳✸ ❙②♥t❤❡s✐s ❘❡s✉❧ts

❚♦ ❡✈❛❧✉❛t❡ t❤❡ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✲
✇♦r❦ ✭❙❨▲❱❆✮✱ ✇❡ ✉s❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s✳

✶✳ ❆ s②♥t❤❡t✐❝ ❛♣♣❧✐❝❛t✐♦♥ t❤❛t ✐s ♦♥❡ ✻✹✲♣♦✐♥t ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮
❝♦♥♥❡❝t❡❞ ✇✐t❤ t✇♦ ✶✻✲t❛♣ ❋✐♥✐t❡ ■♠♣✉❧s❡ ❘❡s♣♦♥s❡ ✭❋■❘✮ ✜❧t❡rs✳

✷✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❛❧❣♦r✐t❤♠ ✐♥ r❛❦❡ r❡❝❡✐✈❡r✳

✸✳ ❆ s✐❣♠❛✲❞❡❧t❛ ❞❡♠♦❞✉❧❛t♦r✳

✹✳ ❆ ❏P❊● ❡♥❝♦❞❡r ❢♦r ♠♦t✐♦♥ ❏P❊● ❛t ❢✉❧❧ ❍❉ r❡s♦❧✉t✐♦♥ ✭✶✾✷✵ × ✶✵✽✵✮✳

✺✳ ❚❤❡ ♠♦t✐♦♥ ❡st✐♠❛t✐♦♥ ✐♥ ▼P❊●✷ ❡♥❝♦❞❡r✳

❚❤❡ ❞❡t❛✐❧s ♦❢ t❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✽✳✶✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡
♦♥❧② r❡✲✐❧❧✉str❛t❡ t❤❡✐r ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤s t♦ ❤❡❧♣ ❢♦r t❤❡ s❛❦❡
♦❢ t❤❡ r❡❛❞❡rs✳

sr❝ ✜r

✜r

✛t s♥❦
32/1

32/1

1/32

1/32

64/64

❋✐❣✉r❡ ✽✳✶✵✿ ❆♣♣❧✐❝❛t✐♦♥ ✶✿ ❋❋❚ ❛♥❞ ✷ ❋■❘

sr❝

❲♦r❦❡r

❞✐✈ ♦✈s❢

s❝r❜

①♦r

♠❛❝

❝♦❧ s♥❦

2560/512
512/2

512/1

256/2

2/2

2/2
2/2

2/512

2/10

❋✐❣✉r❡ ✽✳✶✶✿ ❆♣♣❧✐❝❛t✐♦♥ ✷✿ ❈♦rr❡❧❛t✐♦♥ P♦♦❧



✽✳✸✳ ❙❨◆❚❍❊❙■❙ ❘❊❙❯▲❚❙ ✶✺✺

sr❝ ❝✐❝ ❞❝ ✜r ❤❜ s♥❦

128/32
1/1 2/1 2/1 1/1

❋✐❣✉r❡ ✽✳✶✷✿ ❆♣♣❧✐❝❛t✐♦♥ ✸✿ ❙✐❣♠❛✲❉❡❧t❛ ❉❡♠♦❞✉❧❛t♦r

sr❝ ②✉✈ ❞❝t

❈❜

q s♦rt ❤❡

❞❝t

❨

q s♦rt ❤❡

❞❝t

❈r

q s♦rt ❤❡

s♥❦

1920×1080

1

1/64

1/64

1/64

64/1

64/1

64/1

1/64

1/64

1/64

64/64

64/64

64/64

64/64

64/64

64/64

❋✐❣✉r❡ ✽✳✶✸✿ ❆♣♣❧✐❝❛t✐♦♥ ✹✿ ❏P❊● ❊♥❝♦❞❡r

❚❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❙❨▲❱❆ ✢♦✇ ❤❛✈❡ ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ P②t❤♦♥
❛♥❞ ❈# ❛♥❞ ✐♥t❡❣r❛t❡❞ ❛t s❝r✐♣t ❧❡✈❡❧✳ ❚❤✐s s❝r✐♣t ✇❛s ✐♥✈♦❦❡❞ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✜✈❡
❛♣♣❧✐❝❛t✐♦♥s ✭✐♥ t❤❡ ❢♦r♠ ♦❢ ❙❉❋ ❣r❛♣❤s✮ ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧
✭RMAX✮ ❛♥❞ t❤❡ ♠❛①✐♠✉♠ t♦t❛❧ ❧❛t❡♥❝② ✭TMAX✮ ❛s ❝♦♠♠❛♥❞ ❧✐♥❡ ♣❛r❛♠❡t❡rs✳
❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❧✐❜r❛r✐❡s ✇✐t❤ ♠✉❧t✐♣❧❡ ❋■▼Ps ❢♦r t❤❡ ❢✉♥❝t✐♦♥s
✐♥ t❤❡ ✜✈❡ ❡①❛♠♣❧❡s ❢♦r t❤❡ t❤r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s ✇❡r❡ ❛✈❛✐❧❛❜❧❡✳ ❆❧❧ t❤❡
❋■▼Ps ✐♥ ❡❛❝❤ ♦❢ t❤❡s❡ t❤r❡❡ ❧✐❜r❛r✐❡s ✇❡r❡ s②♥t❤❡s✐③❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ ❝❧♦❝❦ ❢r❡✲
q✉❡♥❝✐❡s✱ ✐✳❡✳✱ ✶ ●❍③ ❢♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✱ ✺✵✵ ▼❍③
❢♦r ❉②♥❛♠✐❝❛❧❧② ❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮ ❛♥❞ ✷✵✵ ▼❍③ ❢♦r ❋✐❡❧❞✲
Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✳ ❚❤❡ ❆❙■❈ ❛♥❞ t❤❡ ❉❘❘❆ ✉s❡❞ t❤❡ ✻✺ ♥♠
t❡❝❤♥♦❧♦❣②✳ ❚❤❡ ❋P●❆ ✉s❡❞ ❈②❝❧♦♥❡ ■■■ ❢r♦♠ ❆❧t❡r❛✳ ❚❤✐s ❋P●❆ ✐s ❛❧s♦ ✐♥ t❤❡
s❛♠❡ ✻✺ ♥♠ t❡❝❤♥♦❧♦❣② ♥♦❞❡✳

❚❤❡ s②♥t❤❡s✐s r❡s✉❧t ✐♥ ❘❡❣✐st❡r✲❚r❛♥s❢❡r ▲❡✈❡❧ ✭❘❚▲✮ ♦❢ t❤❡ ✜✈❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛✲
t✐♦♥s ✇❡r❡ ❢❡❞ t♦ t❤❡ ❜❛❝❦✲❡♥❞ ❢♦r ❡❛❝❤ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✳ ❋♦r t❤❡ ❆❙■❈ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥✱ ✇❡ ✉s❡❞ t❤❡ ❈❛❞❡♥❝❡ ❡♥✈✐r♦♥♠❡♥t ✭❘❚▲ ❈♦♠♣✐❧❡r ❛♥❞ ❙♦❈ ❊♥❝♦✉♥t❡r✮✱
❢♦r t❤❡ ❋P●❆ ✇❡ ✉s❡❞ t❤❡ ◗✉❛rt✉s ■■✱ ❛♥❞ ❢♦r ❉❘❘❆ ✇❡ ✉s❡❞ t❤❡ ❱❊❙❨▲❆ ❝♦♠✲
♣✐❧❡r✳
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sr❝ ✲ ❞❝t q ❝♦♣② ✈❧❝ s♥❦

♠❝ ✰ ✐❞❝t ✐q

♠❡ ✈❧❝✐

64/64 64/64 64/1 1/1 1/64 64/64
64/64

64/64

1/1

1/6464/64720×480

720×480

720×480

720×480

64/64
64/64

64/64

64/64

❋✐❣✉r❡ ✽✳✶✹✿ ❆♣♣❧✐❝❛t✐♦♥ ✺✿ ❙✐♠♣❧✐✜❡❞ ▼P❊● ✷ ❊♥❝♦❞❡r

❲❡ ❛♥❛❧②③❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✐♥ t❤r❡❡ ♣❛rts✿ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥
✭❉❙❊✮✱ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ ❙②♥t❤❡s✐s✱ ❛♥❞ ❛❝❝✉r❛❝② ♦❢ ✉s✐♥❣
♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❋■▼Ps ✐♥ ❉❙❊✳ ❚❤❡ ❋■❘✲❋❋❚ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✶✵ ✐s
❛ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠ ✇✐t❤ t✇♦ ✶✺✲t❛♣ ❋■❘ ✜❧t❡rs ❛♥❞ ♦♥❡
✻✹✲♣♦✐♥t ❋❋❚✳ ❚❤❡ ❢✉♥❝t✐♦♥ ❋■❘ ✐s t❤❡ ❜♦tt❧❡♥❡❝❦ ❛s ✐t ❝♦♥s✉♠❡s ❛♥❞ ♣r♦❞✉❝❡s ♦♥❡
t♦❦❡♥ ❛t ❛ t✐♠❡✳ ❍♦✇❡✈❡r✱ ✐♥ t❤✐s ❡①❛♠♣❧❡✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❡♥❤❛♥❝❡ t❤❡ s②st❡♠
♣❡r❢♦r♠❛♥❝❡ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s ❢♦r t❤❡ ❢✉♥❝t✐♦♥ ❋■❘ ✈✐❛
❢✉♥❝t✐♦♥ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t ♦♥❡ ❋■❘ ✜❧t❡r ❤❛s ❛♥ ✐♥t❡r♥❛❧ ❞❡❧❛②
❧✐♥❡✱ ✇❤❡r❡ t❤❡ ❝✉rr❡♥t ♦✉t♣✉t ✐s ❞❡♣❡♥❞❡♥t ♥♦t ❥✉st ♦♥ t❤❡ ♣r❡s❡♥t ✐♥♣✉t t♦❦❡♥ ❜✉t
❛❧s♦ ♦♥ t❤❡ ♣r❡✈✐♦✉s ✶✹ t♦❦❡♥s ❛s ✇❡❧❧✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ ♦♥❧② s❡♥s✐❜❧❡ s♦❧✉t✐♦♥ ✐s
✉s✐♥❣ ♦♥❡ ❋■▼P ✐♥st❛♥❝❡ ❢♦r ❡❛❝❤ ❋■❘ ❢✉♥❝t✐♦♥✳
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❚❤❡ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ s♣❛❝❡ ✐s r✐❝❤❡r ❜❡❝❛✉s❡ t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥ ❧❡✈❡❧
♣❛r❛❧❧❡❧ s♦❧✉t✐♦♥ ✇✐t❤ t✇♦ ❋■❘ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ♠♦r❡ ♦r ❢❡✇❡r ▼❆❈s ✭▼✉❧✲
t✐♣❧② ❆❞❞ ❆❝❝✉♠✉❧❛t❡✮ ✉♥✐ts✳ ❚❤✐s ❞❡s✐❣♥ s♣❛❝❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✸✱ ✇❤❡r❡ t❤❡
t♦t❛❧ ❣❛t❡ ❝♦✉♥t ✭✐♥ ❑ ❣❛t❡s✮ ♦❢ t❤❡ s❡❧❡❝t❡❞ ❋■❘ ❛♥❞ ❋❋❚ ❋■▼Ps ❛♥❞ t❤❡ s❛♠♣❧✐♥❣
✐♥t❡r✈❛❧ ✐♥ ♥✉♠❜❡r ♦❢ ❝❧♦❝❦ ❝②❝❧❡s ❛r❡ s❤♦✇♥✳

❋✐❣✉r❡ ✽✳✶✺✿ ●❛t❡ ❈♦✉♥t ❱❡rs✉s ❙❛♠♣❧❡ ■♥t❡r✈❛❧
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❆s ❡①♣❡❝t❡❞✱ t❤❡ ❣❡♥❡r❛❧ tr❡♥❞ ✐s t❤❛t ♠♦r❡ ❣❛t❡ ❝♦✉♥t tr❛♥s❧❛t❡s ✐♥t♦ s♠❛❧❧❡r
s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧✳ ❍♦✇❡✈❡r✱ ♦♥❡ ❝❛♥ s❡❡ t❤❛t t❤❡r❡ ❛r❡ ❞♦ts ✐♥ t❤❡ t♦♣ r✐❣❤t ♣❛rt✱
✇❤❡r❡ t❤❡ ❣❛t❡ ❝♦✉♥ts ❛r❡ q✉✐t❡ ❤✐❣❤ ❛♥❞ ②❡t t❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧s ❛r❡ ❛❧s♦ ❤✐❣❤❡r
t❤❛♥ s♦♠❡ ♦t❤❡r s♦❧✉t✐♦♥s ✐♥ t❤❡ ❜♦tt♦♠ ❧❡❢t ♣❛rt✳ ❚❤✐s ❤❛♣♣❡♥s ❜❡❝❛✉s❡ t❤❡s❡
s♦❧✉t✐♦♥s ❤❛✈❡ ❛ ❜❛❞ ♠✐① ♦❢ ❋■▼P ✐♥st❛♥❝❡s✳ ❊①♣❡♥s✐✈❡ ❋❋❚ ❋■▼P ✐♥st❛♥❝❡s t❤❛t
✐♥❝r❡❛s❡s t❤❡ ❣❛t❡ ❝♦✉♥t q✉✐t❡ ❛ ❧♦t ✐s ❝♦♠❜✐♥❡❞ ✇✐t❤ ❧♦✇ ❝♦st ❋■❘ ❋■▼P ✐♥st❛♥❝❡s
t❤❛t ✐♥❝r❡❛s❡ t❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ❛ ❧♦t✳ ❚❤❡ ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ Pr♦❜❧❡♠ ✭❈❙P✮
s♦❧✈❡r ♣✐❝❦❡❞ ✉♣ t❤❡ s♦❧✉t✐♦♥ s❤♦✇♥ ❛s t❤❡ ❧❡❢t ♠♦st s♦❧✉t✐♦♥ ✐♥ ❋✐❣✉r❡ ✽✳✸ s✐♥❝❡ ✐t
✇❛s t❤❡ ❧♦✇❡st ❣❛t❡ ❝♦✉♥t s♦❧✉t✐♦♥ t❤❛t ♠❡t t❤❡ s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧ ❝♦♥str❛✐♥t✳
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✽✳✸✳✶ ❆♥❛❧②s✐s ♦❢ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ❘❡s✉❧ts

❲❡ ♥❡①t ❛♥❛❧②③❡ t❤❡ s②♥t❤❡s✐s r❡s✉❧ts ♦❢ ❙❨▲❱❆✱ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✷ ❛♥❞
❚❛❜❧❡ ✽✳✸ ✭s❡❡ t❤❡ ♣❛❣❡ ❛❢t❡r t❤❡ ♥❡①t ♣❛❣❡✮✳ ❚❛❜❧❡ ✽✳✷ ❧✐sts t❤❡ ❝♦st ✭❛r❡❛ ✉s❛❣❡
❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✮ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ✭s②st❡♠ ❧❛t❡♥❝② ❛♥❞ s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧✮
♦❢ t❤❡ s②♥t❤❡s✐s r❡s✉❧t ♦❢ t❤❡ ✜✈❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❛❜❧❡ ✽✳✸ ❣✐✈❡s t❤❡ ❋✉♥❝t✐♦♥✲
▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❋▲P✮ ❛♥❞ t❤❡ ❆r✐t❤♠❡t✐❝✲▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ✭❆▲P✮ ✐♥❢♦r♠❛t✐♦♥
♦❢ t❤❡ s②♥t❤❡s✐s r❡s✉❧ts ❢♦r ❡✈❛❧✉❛t✐♥❣ t❤❡ ❉❙❊ st❡♣ ♦❢ ❙❨▲❱❆✳ ❆s ❡①♣❡❝t❡❞✱ ❙❨▲❱❆
♣✐❝❦s ✉♣ s♦❧✉t✐♦♥s ✈❛r②✐♥❣ ✐♥ t❤❡✐r ❢✉♥❝t✐♦♥ ❛♥❞ ❛r✐t❤♠❡t✐❝ ♣❛r❛❧❧❡❧✐s♠ ❞❡♣❡♥❞✐♥❣
♦♥ t❤❡ ♣r♦✈✐❞❡❞ ❝♦♥str❛✐♥ts✱ ♥❛t✉r❡ ♦❢ t❤❡ ♣r♦❜❧❡♠✱ ❛♥❞ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✳

❆♣♣❧✐❝❛t✐♦♥ ✶

❆s ❡①♣❧❛✐♥❡❞ ❡❛r❧✐❡r ✐♥ t❤✐s s❡❝t✐♦♥✱ t❤❡r❡ ✐s ♥♦ ❢r❡❡❞♦♠ ✐♥ t❤❡ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ❞✉❡
t♦ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❋■❘ ✜❧t❡rs✳ ❋♦r t❤❡ ❆▲P✱ ❙❨▲❱❆ ❞❡❝✐❞❡s t♦ ✉s❡ t❤❡ ❢✉❧❧② s❡✲
q✉❡♥t✐❛❧ s♦❧✉t✐♦♥✱✇❤✐❝❤ ✉s❡s ❛ s✐♥❣❧❡ ▼❆❈ ❢♦r ❡❛❝❤ ✜r ❋■▼P ✐♥st❛♥❝❡ ❛♥❞ ❛ s✐♥❣❧❡
r❛❞✐①✲✷ ❜✉tt❡r✢② ✉♥✐t ❢♦r ✛t✱ ❢♦r ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ s✐♥❝❡ t❤❡ ❆❙■❈ ❋■▼P
✐♥st❛♥❝❡s ❛r❡ ❢❛st ❡♥♦✉❣❤ t♦ s❡q✉❡♥t✐❛❧❧② ♣r♦❝❡ss t❤❡ ❞❛t❛✳ ❋♦r ❋P●❆ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ st②❧❡ t❤♦✉❣❤✱ ❜❡❝❛✉s❡ ♦❢ ✐ts ❧♦✇❡r s♣❡❡❞✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❛s t♦ ✉s❡ ❛
♠♦r❡ ❡①♣❡♥s✐✈❡ ❛r✐t❤♠❡t✐❝ s♦❧✉t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ✽ ▼❆❈s ❛♥❞ ✶ r❛❞✐①✲✹ ❜✉tt❡r✲
✢② ✉♥✐t✳ ❋♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ✐♠♣❧❡♠❡♥t❛t✐♦♥
st②❧❡✱ ✇✐t❤ ✐ts ❝♦❛rs❡ ❣r❛✐♥❡❞ str✉❝t✉r❡✱ t❤❡ ❛r✐t❤♠❡t✐❝ ✐s ♥❡❛r❧② ❛s ❡✣❝✐❡♥t ❛s ❆❙■❈
❛♥❞ t❤❡ s❛♠❡ ❛r✐t❤♠❡t✐❝ s♦❧✉t✐♦♥ s✉✣❝❡s✳

❆♣♣❧✐❝❛t✐♦♥ ✷

❋♦r t❤❡ ❝♦rr❡❧❛t✐♦♥ ♣♦♦❧ ❡①❛♠♣❧❡✱ ❙❨▲❱❆ ❣❡♥❡r❛t❡s s♦❧✉t✐♦♥s t❤❛t ❞✐✛❡r ♦♥❧② ✐♥
❋▲P ❜❡❝❛✉s❡ t❤❡ ♥❛t✉r❡ ♦❢ ❢✉♥❝t✐♦♥s ✐s s♦ s✐♠♣❧❡ t❤❛t t❤❡r❡ ❛r❡ ♥♦ ♠✉❧t✐♣❧❡ ❋■▼P
✐♥st❛♥❝❡s ❢♦r t❤❡♠ ✭❙❨▲❱❆ ❤❛s ♦♥❧② ♦♥❡ ❝❤♦✐❝❡✮✳ ❚❤❡ ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡
✐s r❡❛❧✐③❡❞ ✇✐t❤ ✶✵ ❋■▼P ✐♥st❛♥❝❡s ❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✇♦r❦❡r✱ ✇❤✐❝❤ ✐s t❤❡
s✉❜✲❣r❛♣❤ s✉rr♦✉♥❞❡❞ ❜② t❤❡ ❞❛s❤❡❞ ❜♦①✳ ❚❤❡ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ✐s
r❡❛❧✐③❡❞ ✇✐t❤ ♠♦r❡ ❋■▼P ✐♥st❛♥❝❡s ✭✷✵ ❋■▼P ✐♥st❛♥❝❡s ❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
✇♦r❦❡r✮ ❜❡❝❛✉s❡ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❛r❡ s❧♦✇❡r t❤❛♥ ❆❙■❈✳ ◆♦t❡ t❤❛t t❤♦✉❣❤
❈●❘❆ ✐s s❤♦✇♥ t♦ ✉s❡ ❢❡✇❡r ❋■▼P ✐♥st❛♥❝❡s ❜✉t t❤❡ ❈●❘❆ ❋■▼P ✐♥st❛♥❝❡s ❛r❡
❜✐❣❣❡r ❝♦♠♣♦s✐t❡ ♦♥❡s t❤❛t ❛r❡ t✇✐❝❡ t❤❡ s✐③❡ ♦❢ t❤❡ ❆❙■❈ ❋■▼P ✐♥st❛♥❝❡s t♦ ✜t
✐♥t♦ t❤❡ ❉❘❘❆ ❝❡❧❧✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❆❙■❈ ❛♥❞ ❈●❘❆ ❧✐❜r❛r✐❡s ❤❛❞ ❞✐✛❡r❡♥t
❋■▼P ✐♥st❛♥❝❡s ✇✐t❤ ❞✐✛❡r❡♥t ❣r❛♥✉❧❛r✐t② ❛❧❧♦✇✐♥❣ t❤❡ ❙❨▲❱❆ ❉❙❊ t♦ ❣❡♥❡r❛t❡
s❡❡♠✐♥❣❧② ❞✐✛❡r❡♥t s♦❧✉t✐♦♥s ❜✉t ✐♥ r❡❛❧✐t② t❤❡② ❤❛✈❡ t❤❡ s❛♠❡ ❞❡❣r❡❡ ♦❢ ❢✉♥❝t✐♦♥
❛♥❞ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✳
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❆♣♣❧✐❝❛t✐♦♥ ✸

❚❤❡ s✐❣♠❛✲❞❡❧t❛ ❞❡♠♦❞✉❧❛t♦r ✐s s✐♠✐❧❛r t♦ t❤❡ ✜rst ❡①❛♠♣❧❡ ❛s ✐t ❛❧s♦ ❤❛s ♥♦ ❢r❡❡❞♦♠
✐♥ t❤❡ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ❜✉t ❙❨▲❱❆ ✉s❡s ❞✐✛❡r✐♥❣ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧ ♣❛r❛❧❧❡❧ s♦❧✉t✐♦♥s✳
❚❤❡ ❆❙■❈ ❛♥❞ ❈●❘❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s ✉s❡s t❤❡ ❋■▼P ✐♥st❛♥❝❡s ✇✐t❤ s✐♠✐❧❛r
s✐③❡s s✐♥❝❡ ❡✈❡♥ t❤❡ ♠♦st s❡q✉❡♥t✐❛❧ s❝❤❡❞✉❧❡ ✐s ❢❛st ❡♥♦✉❣❤✳ ❚❤❡ ❋P●❆ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ st②❧❡ ✉s❡s ❛ ♠✉❝❤ ♠♦r❡ ❝♦♠♣❧❡① s❡t ♦❢ ❋■▼P ✐♥st❛♥❝❡s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡
❤t♣❜ ✭❤❛❧❢✲❜❛♥❞ ✜❧t❡r✮ ✉s❡s ✹✽ ▼❆❈s ✐♥ t❤❡ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❜✉t ♦♥❧② ✶ ▼❆❈
✐♥ t❤❡ ❆❙■❈ ❛♥❞ ❈●❘❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳

❆♣♣❧✐❝❛t✐♦♥ ✹

❋♦r t❤❡ ❏P❊● ❡♥❝♦❞❡r✱ ✇❡ ❛rt✐✜❝✐❛❧❧② ✐♠♣♦s❡❞ ❛ s❛♠♣❧✐♥❣ r❛t❡ ♦❢ ✷✺ ❢r❛♠❡s ♣❡r
s❡❝♦♥❞ t♦ ♠❛❦❡ ❛♥ ✐♥t❡r❡st✐♥❣ t❡st ❝❛s❡ ♦t❤❡r✇✐s❡ t❤❡r❡ ✇✐❧❧ ❜❡ ♥♦ t✐♠✐♥❣ ❝♦♥str❛✐♥ts✳
■♥ ♦✉r ❝❛s❡✱ ✇❡ ❤❛✈❡ ❢r❡❡❞♦♠ ✐♥ ❜♦t❤ ❢✉♥❝t✐♦♥ ❛♥❞ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧s✳ ❯♥❧✐❦❡ t❤❡
♣r❡✈✐♦✉s ❡①❛♠♣❧❡s✱❤❡r❡ ❡✈❡♥ ❢♦r ❆❙■❈ t❤❡ ♠♦st s❡r✐❛❧ s♦❧✉t✐♦♥ ❞✐❞ ♥♦t s✉✣❝❡ ❛♥❞
❙❨▲❱❆ ✇❛s ❢♦r❝❡❞ t♦ ❝♦♥s✐❞❡r ❛ ♠♦r❡ ♣❛r❛❧❧❡❧✐③❡❞ s♦❧✉t✐♦♥ ✐♥ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ❜✉t
✉s✐♥❣ t❤❡ ♠♦st s❡r✐❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ✭❆▲P✮✳ ❋♦r ❋P●❆
❛♥❞ ❈●❘❆✱t❤❡ s②♥t❤❡s✐s r❡s✉❧t ✐s ♣❛r❛❧❧❡❧✐③❡❞ ✐♥ ❜♦t❤ ❢✉♥❝t✐♦♥ ❛♥❞ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧
t♦ ♠❡❡t t❤❡ ❝♦♥str❛✐♥ts✳

❆♣♣❧✐❝❛t✐♦♥ ✺

❋♦r t❤❡ s✐♠♣❧✐✜❡❞ ▼P❊●✷ ❡♥❝♦❞❡r✱ s✐♥❝❡ t❤❡ r❡s♦❧✉t✐♦♥ ✐s ❧♦✇❡r ❝♦♠♣❛r❡❞ t♦ t❤❡
❏P❊● ❡♥❝♦❞❡r ✭✼✷✵ × ✹✽✵ ✈❡rs✉s ✶✾✷✵ × ✶✵✽✵✮ ❜♦t❤ ❛t ✷✺ ❢r❛♠❡s ♣❡r s❡❝♦♥❞✱
❙❨▲❱❆ ❣❡♥❡r❛t❡s ❛ s♦❧✉t✐♦♥ t❤❛t ✐s ❝❤❡❛♣❡r t❤❛♥ t❤❛t ♦❢ ❏P❊● ❡♥❝♦❞❡r ✐♥ t❡r♠s
♦❢ ❛r❡❛ ✉s❛❣❡ ❛♥❞ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❋♦r ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ ✐t s❡❧❡❝t❡❞
s♦♠❡ ♣❛r❛❧❧❡❧✐s♠ ✐♥ ❜♦t❤ ❢✉♥❝t✐♦♥ ❛♥❞ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧s✳ ■♥t❡r❡st✐♥❣❧②✱ ❢♦r ❋P●❆s
❛♥❞ ❈●❘❆✱ ✐t s❡❧❡❝t❡❞ ❛ s❡r✐❛❧ s♦❧✉t✐♦♥ ❛t ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ❜✉t ✐♥❝r❡❛s❡❞ t❤❡ ❞❡❣r❡❡
♦❢ ♣❛r❛❧❧❡❧✐s♠ ✐♥ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❆❙■❈ s♦❧✉t✐♦♥✳ ❚❤✐s s❤♦✇s t❤❛t
❙❨▲❱❆ ✐s ❛❜❧❡ t♦ s❡❛r❝❤ t❤❡ ❡♥t✐r❡ ❞❡s✐❣♥ s♣❛❝❡ ❛♥❞ s❡❧❡❝t ❛ s♦❧✉t✐♦♥ t❤❛t r❡❞✉❝❡s
t❤❡ ♦✈❡r❛❧❧ ❣❛t❡ ❝♦✉♥t ❛♥❞ ❡♥❡r❣②✳
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❋
✶✻✳✵❑ ✶✼❑ ✷✵✽ ✶✳✸ ✼✻✳✻▼ ✸✸✳✻▼ ✶✵✵
✶✻✳✷❑ ✶✳✵ ✶✼❑ ✸✳✶ ✹✵✺ ✷✳✺ ✼✻✳✻▼ ✸✸✳✻▼ ✶✵✵

❈
✾✷✸ ✸✳✼❑ ✷✳✺ ✵✳✸ ✹✺✳✼▼ ✸✼✳✽▼ ✺✵✵
✾✷✸ ✵✳✸ ✸✳✼❑ ✶✳✶ ✷✳✺ ✵✳✸ ✹✺✳✼▼ ✸✼✳✽▼ ✺✵✵

❆
♣♣

❧✐❝
❛t
✐♦
♥
✺ ❆

✹✺✷✳✵ ✶✻✼ ✶✳✽ ✵✳✹ ✼✳✶❑ ✻✳✵❑ ✶✵✵✵
✹✺✹✳✷ ✶✳✻ ✶✻✼ ✶✳✻ ✹✳✶ ✵✳✾ ✼✳✶❑ ✻✳✵❑ ✶✵✵✵

❋
✼✵✾✷ ✷✳✹❑ ✹✸ ✵✳✻ ✼✳✷❑ ✻✳✶ ❑ ✶✵✵
✼✶✺✷ ✹✳✶ ✷✳✹❑ ✺✳✽ ✶✵✵ ✶✳✹ ✼✳✷❑ ✻✳✶❑ ✶✵✵

❈
✽✹✸ ✷✼✻ ✷✳✺ ✵✳✸ ✼✳✹❑ ✻✳✵❑ ✺✵✵
✽✹✻ ✵✳✼ ✷✼✻ ✵✳✾ ✻✳✵ ✵✳✼ ✼✳✹❑ ✻✳✵❑ ✺✵✵

1✿ ❆r❡❛ ✉s❛❣❡ ✐♥ ♥✉♠❜❡r ♦❢ ✶❑ ❡q✉✐✈❛❧❡♥t ❣❛t❡s ❢♦r ❆❙■❈ ❛♥❞ ❈●❘❆✱
❛♥❞ ▲♦❣✐❝ ❊❧❡♠❡♥ts ✭▲❊s✮ ❢♦r ❋P●❆✳

2✿ P❡r❝❡♥t❛❣❡ ❡rr♦r✳
3✿ ❊♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♣r❡ s②st❡♠ ✐t❡r❛t✐♦♥ ✐♥ ♥❛♥♦✲❏♦✉❧❡✭♥❥✮✳
4✿ ❙②st❡♠ ❧❛t❡♥❝②✳
5✿ ❙②st❡♠ s❛♠♣❧❡ ✐♥t❡r✈❛❧ ✭t❤❡ t✐♠❡ ♦❢ ❡❛❝❤ s②st❡♠ ✐t❡r❛t✐♦♥✮✳
6✿ ❚❤❡ r❡q✉✐r❡❞ ♦♣❡r❛t✐♥❣ ❝❧♦❝❦ ❢r❡q✉❡♥❝②✳



✽✳✸✳ ❙❨◆❚❍❊❙■❙ ❘❊❙❯▲❚❙ ✶✻✶

❚❛❜❧❡ ✽✳✸✿ ❋▲P ❛♥❞ ❆▲P ♦❢ t❤❡ ❙❨▲❱❆ ❙②♥t❤❡s✐s ❘❡s✉❧ts

❋✉♥❝t✐♦♥ ▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠ ❋✉♥❝t✐♦♥ ▲❡✈❡❧ P❛r❛❧❧❡❧✐s♠

❆
♣♣

❧✐❝
❛t
✐♦
♥
✶ ❆

✶ ❋■▼P ✐♥st❛♥❝❡ ✜r ✿ ✶ ▼❆❈
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ✛t ✿ ✶ r❛❞✐①✲✷ ❜✉tt❡r✢② ✉♥✐t

❋
✶ ❋■▼P ✐♥st❛♥❝❡ ✜r ✿ ✽ ▼❆❈s
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ✛t ✿ ✶✻ r❛❞✐①✲✹ ❜✉tt❡r✢② ✉♥✐ts

❈
✶ ❋■▼P ✐♥st❛♥❝❡ ✜r ✿ ✶ ▼❆❈
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ✛t ✿ ✶ r❛❞✐①✲✷ ❜✉tt❡r✢② ✉♥✐t

❆
♣♣

❧✐❝
❛t
✐♦
♥
✷ ❆

✶✵ ❋■▼P ✐♥st❛♥❝❡s s❝r❜✿ ✷ s❤✐❢t✲r❡❣✐st❡rs✱ ♦✈s❢ ✿ ✶ ❝♦✉♥t❡r
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ♠❛❝✿ ✶ ♠✉❧t✐♣❧✐❡r ✇✐t❤ ✶ ❛❞❞❡r

❋
✷✵ ❋■▼P ✐♥st❛♥❝❡s s❝r❜✿ ✷ s❤✐❢t✲r❡❣✐st❡rs✱ ♦✈s❢ ✿ ✶ ❝♦✉♥t❡r
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ♠❛❝✿ ✶ ♠✉❧t✐♣❧✐❡r ✇✐t❤ ✶ ❛❞❞❡r

❈
✺ ❋■▼P ✐♥st❛♥❝❡s s❝r❜✿ ✹ s❤✐❢t✲r❡❣✐st❡rs✱ ♦✈s❢ ✿ ✷ ❝♦✉♥t❡rs
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ♠❛❝✿ ✷ ♠✉❧t✐♣❧✐❡rs ✇✐t❤ ✷ ❛❞❞❡rs

❆
♣♣

❧✐❝
❛t
✐♦
♥
✸ ❆

✶ ❋■▼P ✐♥st❛♥❝❡ ❝✐❝✿ ✶ ▼❆❈✱ ✜r ✿ ✶ ▼❆❈
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ❞❝✿ ✶ ▼❆❈✱ ❤❜✿ ✶ ▼❆❈

❋
✶ ❋■▼P ✐♥st❛♥❝❡ ❝✐❝✿ ✷ ▼❆❈s✱ ✜r ✿ ✹ ▼❆❈s
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ❞❝✿ ✽ ▼❆❈s✱ ❤❜✿ ✹✽ ▼❆❈s

❈
✶ ❋■▼P ✐♥st❛♥❝❡ ❝✐❝✿ ✶ ▼❆❈✱ ✜r ✿ ✶ ▼❆❈
❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥ ❞❝✿ ✶ ▼❆❈✱ ❤❜✿ ✶ ▼❆❈

❆
♣♣

❧✐❝
❛t
✐♦
♥
✹ ❆

✾ × ②✉✈✱ ✻ × q✱ ✸ × ❞❝t ②✉✈ ✿ ✶ ▼❆❈✱ ❞❝t ✿ ✶ ▼❆❈
✸ × s♦rt✱ ✶ × ❤❡ q ✿ ✶ ♠✉❧t✐♣❧✐❡r

❋
✶✷ × ②✉✈✱ ✶✷ × q✱ ✾ × ❞❝t ②✉✈ ✿ ✾ ▼❆❈s✱ ❞❝t ✿ ✹ ▼❆❈s
✾ × s♦rt✱ ✶ × ❤❡ q ✿ ✶ ♠✉❧t✐♣❧✐❡r

❈
✷ × ②✉✈✱ ✻ × q✱ ✸ × ❞❝t ②✉✈ ✿ ✾ ▼❆❈s✱ ❞❝t ✿ ✶ ▼❆❈
✸ × s♦rt✱ ✶ × ❤❡ q ✿ ✶ ♠✉❧t✐♣❧✐❡r

❆
♣♣

❧✐❝
❛t
✐♦
♥
✺

❆
✶ × ❞❝t✴✐❞❝t✱ ✷ × q✴✐q ♠❡✿ ✸ ❝♦♠♣❛r❛t♦rs✱ ❞❝t✴✐❞❝t ✿ ✶ ▼❆❈
✶ × ♠❡✱ ✶ × ✈❧❝✱ ✶ × ♠❝ ✈❧❝✿ ✹ × ✶ ❝♦♠♣❛r❛t♦r s♦rt

q✴✐q ✿ ✶ ♠✉❧t✐♣❧✐❡r

❋
✶ × ❞❝t✴✐❞❝t✱ ✶ × q✴✐q ♠❡✿ ✺ ❝♦♠♣❛r❛t♦rs✱ ❞❝t✴✐❞❝t ✿ ✹ ▼❆❈s
✶ × ♠❡✱ ✶ × ✈❧❝✱ ✶ × ♠❝ ✈❧❝✿ ✶ × ✸✷ ❝♦♠♣❛r❛t♦r s♦rt

q✴✐q ✿ ✶ ♠✉❧t✐♣❧✐❡r

❈
✶ × ❞❝t✴✐❞❝t✱ ✶ × q✴✐q ♠❡✿ ✸ ❝♦♠♣❛r❛t♦rs✱ ❞❝t✴✐❞❝t ✿ ✶ ▼❆❈
✶ × ♠❡✱ ✶ × ✈❧❝✱ ✶ × ♠❝ ✈❧❝✿ ✶ × ✹ ❝♦♠♣❛r❛t♦r s♦rt

q✴✐q ✿ ✶ ♠✉❧t✐♣❧✐❡r



✶✻✷ ❈❍❆P❚❊❘ ✽✳ ❊❳P❊❘■▼❊◆❚❆▲ ❘❊❙❯▲❚❙

✽✳✸✳✷ ❆♥❛❧②s✐s ♦❢ ●▲■❈ ❙②♥t❤❡s✐s

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✷ ❛❧s♦ ❣✐✈❡s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡
●▲■❈ s②♥t❤❡s✐s ✐♥ ❙❨▲❱❆✳ ■♥ t❤❡ ●▲■❈ ❝♦❧✉♠♥ t❤❡ ❙❨▲❱❆ ❣❡♥❡r❛t❡❞ ●▲■❈ ❧♦❣✐❝s
✐♥ t❡r♠s ♦❢ ❡q✉✐✈❛❧❡♥t ❣❛t❡ ❝♦✉♥t ❢♦r ❆❙■❈ ❛♥❞ ❈●❘❆✱ ❛♥❞ ♦❢ ❧♦❣✐❝ ❡❧❡♠❡♥ts ❢♦r
❋P●❆ ❛r❡ s❤♦✇♥✳ ❲❡ r❡♠✐♥❞ t❤❛t t❤❡ ♠❛♥✉❛❧ ❞❡s✐❣♥s ❛r❡ ♠❛♥✉❛❧ ♦♥❧② ✐♥ ❞❡s✐❣♥✐♥❣
t❤❡ ●▲■❈✳ ❚❤❡ ♠❛♥✉❛❧ ❞❡s✐❣♥s ❛❧s♦ ✉s❡ t❤❡ s❛♠❡ ❋■▼P ✐♥st❛♥❝❡s ❛♥❞ t❤❡ s❛♠❡
❞❡❣r❡❡ ♦❢ ❛r✐t❤♠❡t✐❝ ❛♥❞ ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✳ ❆s ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ●▲■❈
✐s ❛ s♠❛❧❧ ♣❡r❝❡♥t❛❣❡ ♦❢ t❤❡ t♦t❛❧ ❛r❡❛ ✭❛t ❧❡❛st ✵✳✶✪ ❛♥❞ ❛t ♠♦st ✶✶✳✺✪ ✐♥ t❤❡
t♦t❛❧ r❡s♦✉r❝❡ ✉s❛❣❡✮ ❢r♦♠ ❚❛❜❧❡ ✽✳✷✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ●▲■❈ ❧♦❣✐❝ s✐③❡ ❛♥❞ t❤❡
r✉♥t✐♠❡ ♦❢ t❤❡ ●▲■❈ s②♥t❤❡s✐s ✐♥ t❤❡ ❡♥t✐r❡ s②♥t❤❡s✐s ✢♦✇ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✹ ❢♦r
❛♣♣❧✐❝❛t✐♦♥ ✷ ✭❝♦rr❡❧❛t✐♦♥ ♣♦♦❧✮✱ ❛♣♣❧✐❝❛t✐♦♥ ✹ ✭❏P❊● ❡♥❝♦❞✐♥❣✮✱ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ✺
✭▼P❊●✷ ❡♥❝♦❞✐♥❣✮✳

❚❛❜❧❡ ✽✳✹✿ ●▲■❈ P❡r❝❡♥t❛❣❡ ❛♥❞ ❘✉♥t✐♠❡

❆♣♣❧✐❝❛t✐♦♥ ❈♦rr❡❧❛t✐♦♥ P♦♦❧ ❏P❊● ▼P❊●
●▲■❈ ✪ ❙❨▲❱❆ ✺✳✼ ✵✳✻ ✵✳✾
●▲■❈ ✪ ▼❛♥✉❛❧ ✷✳✾ ✵✳✺ ✵✳✹
❘✉♥t✐♠❡ ✭s✮ ✵✳✺ ✷✳✹ ✹✳✸

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧t s❤♦✇s t❤❛t t❤❡ ●▲■❈ s②♥t❤❡s✐s st❡♣ ✇✐t❤✐♥ t❤❡ ❙❨▲❱❆
❢r❛♠❡✇♦r❦ ✐s ❛❜❧❡ t♦ ❣❡♥❡r❛t❡ ●▲■❈ ❧♦❣✐❝s ❝♦♠♣❛r❛❜❧❡ ✇✐t❤ t❤❡ ♠❛♥✉❛❧ ❞❡s✐❣♥
✭❛♣♣r♦①✐♠❛t❡❧② ❞♦✉❜❧❡ ❣❛t❡ ❝♦✉♥ts✮✳ ❚❤❡ ❜✉❧❦ ♦❢ t❤❡ ❛r❡❛ ✐s ❝♦♥s✉♠❡❞ ❜② t❤❡
❋■▼P ✐♥st❛♥❝❡s ❛♥❞ t❤❡ ❞❛t❛ ❜✉✛❡r ✐♥st❛♥❝❡s✳ ❚❤❡ s♠❛❧❧❡r ♣❡r❝❡♥t❛❣❡ t❛❦❡♥ ❜② t❤❡
●▲■❈ ❧♦❣✐❝s q✉❛♥t✐✜❡s t❤❡ ❤✐❣❤ r❡✉s❡ ❢❛❝t♦r ❛♥❞ ♣r♦✈❡s t❤❡ ❡✣❝❛❝② ♦❢ ❛✉t♦♠❛t✐❝❛❧❧②
r❡✉s✐♥❣ ❋■▼Ps ❛s t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ r❡✉s❡✳

❚❤❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ●▲■❈ ✐s s❧✐❣❤t❧② ♠♦r❡ t❤❛♥ t❤❡ ♠❛♥✉❛❧❧② ❣❡♥❡r❛t❡❞
●▲■❈✳ ❚❤✐s ❣❛t❡ ❝♦✉♥t ❣❛♣ ✐s ❝♦st ❜② t✇♦ ❢❛❝t♦rs✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❡ ❋✐♥✐t❡ ❙t❛t❡
▼❛❝❤✐♥❡ ✭❋❙▼✮ ❜❛s❡❞ ❝♦♥tr♦❧ s❝❤❡♠❡✳ ◆♦ ♠❛tt❡r ❤♦✇ s✐♠♣❧❡ t❤❡ ✐♥t❡r❝♦♥♥❡❝t
s❝❤❡♠❡ ✐s✱ s❡✈❡r❛❧ ❋❙▼s ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞ ❢♦r ❡❛❝❤ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮✳
❙❨▲❱❆ ❤❛s ❛ t❡♠♣❧❛t❡ t❤❛t ✐t ❛❧✇❛②s ✐♥st❛♥t✐❛t❡s ❛ ❝♦♠♣❧❡t❡ ❋❙▼ ❢♦r ❡❛❝❤ ❢✉♥❝t✐♦♥✳
❚❤❡ ❞❡t❛✐❧s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✻✳ ❲❡ ❛r❡ ❝✉rr❡♥t❧② ✇♦r❦✐♥❣ ♦♥ ♣♦st ●▲■❈
s②♥t❤❡s✐s ♦♣t✐♠✐③❛t✐♦♥ t♦ ❞❡t❡❝t ❛♥❞ ❡❧✐♠✐♥❛t❡ t❤❡s❡ r❡❞✉♥❞❛♥❝✐❡s✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡
✐s t❤❡ ❞❛t❛ ❜✉✛❡r✳ ■♥ s♦♠❡ ❝❛s❡s✱ t✇♦ ❋■▼P ✐♥st❛♥❝❡s ❝❛♥ ❜❡ ❞✐r❡❝t❧② ❝♦♥♥❡❝t❡❞
✐❢ t❤❡✐r ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❞❛t❛ ♠❛t❝❤❡s ✐♥ t❡r♠s ♦❢ t✐♠✐♥❣ ❛♥❞ s♣❛t✐❛❧✳ ❍♦✇❡✈❡r✱
❝✉rr❡♥t❧② ●▲■❈ s②♥t❤❡s✐s ✇✐❧❧ ❛❧❧♦❝❛t❡ ❛t ❧❡❛st ♦♥❡ ❞❛t❛ ❜✉✛❡r ✐♥st❛♥❝❡ ❢♦r ❡❛❝❤
❋■▼P ✐♥st❛♥❝❡✳
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✽✳✸✳✸ ❆❝❝✉r❛❝② ♦❢ ❉❙❊

❚❛❜❧❡ ✽✳✷ ❛❧s♦ s❤♦✇s ❛r❡❛ ❛♥❞ ❡♥❡r❣② ✈❛❧✉❡s ❢♦r t❤❡ ❙❨▲❱❆ ❛♥❞ ♠❛♥✉❛❧❧② ❣❡♥✲
❡r❛t❡❞ ❞❡s✐❣♥s✳ ❚❤❡ ❛r❡❛ ♥✉♠❜❡rs ❛r❡ ❢r♦♠ t❤❡ s②♥t❤❡s✐s r❡♣♦rts ❛♥❞ t❤❡ ❡♥❡r❣②
♥✉♠❜❡rs ❛r❡ ❣❡♥❡r❛t❡❞ ❜② s✐♠✉❧❛t✐♥❣ t❤❡ ❞❡s✐❣♥s ✇✐t❤ ❜❛❝❦ ❛♥♥♦t❛t✐♦♥ ♦❢ ♣❛r❛s✐t✐❝
❢r♦♠ ♣❤②s✐❝❛❧ ❞❡s✐❣♥✳ ❚❤❡ ❢r❡q✉❡♥❝✐❡s t❤❛t ❙❨▲❱❆ ❛ss✉♠❡s ✇❤❡♥ ❞♦✐♥❣ t❤❡ ❉❙❊
✉s✐♥❣ t❤❡ ❈❙P s♦❧✈❡r ✐s t❤❡ ♠❛① ❢r❡q✉❡♥❝② ❛t ✇❤✐❝❤ t❤❡② ✇❡r❡ s②♥t❤❡s✐③❡❞ ❛♥❞
❝❤❛r❛❝t❡r✐③❡❞✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐s ❞✐s❝r❡t❡✱ t❤❡ s❡❧❡❝t❡❞ s♦❧✉t✐♦♥✱
❡✈❡♥ ✐❢ ✐t ✐s t❤❡ ♠♦st s❡r✐❛❧✱ ✇✐❧❧ ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ s❧❛❝❦✳ ❚❤❡ ❛❝❤✐❡✈❡❞ t♦t❛❧ ❧❛t❡♥❝②
❛♥❞ s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧ ✐s ❛❧s♦ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✷✳ ❚❤✐s ✐s ❡①♣❧♦✐t❡❞ ❞✉r✐♥❣ t❤❡ ❝♦❞❡
❣❡♥❡r❛t✐♦♥ ♣❤❛s❡ t♦ ❣❡♥❡r❛t❡ ❛ ❧♦✇❡r ❝♦st ❧♦❣✐❝ s♦❧✉t✐♦♥✳ ◆♦t❡ t❤❛t t❤✐s ❞♦❡s ♥♦t
❝❤❛♥❣❡ t❤❡ ❛r✐t❤♠❡t✐❝ ♦r ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠✱ ❥✉st t❤❡ ❧♦❣✐❝ ❛♥❞ ♣❤②s✐❝❛❧ ❧❡✈❡❧
r❡❛❧✐③❛t✐♦♥✳

❋♦r t❤❡ ❋❋❚✰❋■❘ ❡①❛♠♣❧❡ ✭❛♣♣❧✐❝❛t✐♦♥ ✶✮✱ t❤❡ ❆❙■❈ s♦❧✉t✐♦♥ ❤❛s ❛ s✐❣♥✐✜❝❛♥t
♥❡❣❛t✐✈❡ s❧❛❝❦ ❛♥❞ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ❧♦✇❡r❡❞ t❤❡ ❢r❡q✉❡♥❝② t♦ ✷✹✵ ▼❍③ ❛s t❤❛t
✇❛s ❡♥♦✉❣❤ t♦ ♠❡❡t t❤❡ s❛♠♣❧✐♥❣ ✐♥t❡r✈❛❧ ❝♦♥str❛✐♥t✳ ❍♦✇❡✈❡r✱ ❢♦r t❤❡ ❏P❊●
❡①❛♠♣❧❡✱ t❤❡r❡ ✐s ♥♦ ♥❡❣❛t✐✈❡ s❧❛❝❦ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② r❡♠❛✐♥s ✶●❍③ ❛t ✇❤✐❝❤ t❤❡
❋■▼Ps ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞✳

❚♦ q✉❛♥t✐❢② t❤❡ ❛❝❝✉r❛❝② ♦❢ ✉s✐♥❣ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❋■▼Ps✱ ✇❡ ❤❛✈❡ ❛❞❞❡❞
❝♦❧✉♠♥s ✐♥ ❚❛❜❧❡ ✽✳✷ t♦ ♠❡❛s✉r❡ t❤❡ ❡rr♦r ✐♥ ✜♥❛❧ ✈❛❧✉❡s ♦❢ ❛r❡❛ ❛♥❞ ❡♥❡r❣② ❛s
❝♦♠♣❛r❡❞ t♦ ✇❤❛t ✇❛s ❛ss✉♠❡❞ ❞✉r✐♥❣ t❤❡ ❉❙❊✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤✐s ❡rr♦r ✐s
♠❛r❣✐♥❛❧ ✇✐t❤ ♠❛① ❡rr♦r ❜❡✐♥❣ ✺✳✽✪✳ ❚❤✐s ❡rr♦r ❝♦♠❡s ❢r♦♠ t❤r❡❡ s♦✉r❝❡s✳

✶✳ ❚❤❡ ❧♦✇❡r✐♥❣ ♦❢ ❝❧♦❝❦ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s t❤❡ ❧♦❣✐❝ ❧❡✈❡❧ r❡❛❧✐③❛t✐♦♥✳

✷✳ ❉✉r✐♥❣ ❉❙❊✱ ●▲■❈ ✐s ✐❣♥♦r❡❞✳

✸✳ ❚❤❡ t❤✐r❞ r❡❛s♦♥ ✐s t❤❡ s✇✐t❝❤✐♥❣ ❛❝t✐✈✐t② ❢♦r t❤❡ ❡♥t✐r❡ ❞❡s✐❣♥ ❝❛♥ ♥❡✈❡r ❜❡
t❤❡ s❛♠❡ ❛s t❤❛t ❢♦r ✇❤✐❝❤ ✐♥❞✐✈✐❞✉❛❧ ❋■▼P ✐♥st❛♥❝❡s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❢♦r✳
❚❤✐s r❡❛s♦♥ ❛♣♣❧✐❡s ♦♥❧② t♦ t❤❡ ❡rr♦r ✐♥ ❡♥❡r❣②✳

❖♥ ❛✈❡r❛❣❡✱ t❤❡ ❙❨▲❱❆ r✉♥t✐♠❡ ❢♦r t❤❡ ✜✈❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ✶✺s✱ ✶✸s✱
✷✵s✱ ✼✹s✱ ❛♥❞ ✾✼s✱ r❡s♣❡❝t✐✈❡❧②✳ ❲❡ ❡①♣❡❝t ✐t t♦ ❜❡ st❛♥❞ ♦✉t t❤❡ ❤✐❣❤ ❧❡✈❡❧ s②♥t❤❡s✐s
t♦♦❧s✳
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✽✳✸✳✹ ❈♦♠♣❛r✐s♦♥ ✇✐t❤ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮ ❚♦♦❧s

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✈❛❧✐❞❛t❡ t❤❡ ❜❡♥❡✜ts ♦❢ t❤❡ t❤r❡❡ ❝❧❛✐♠s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❉❙❊
♠❡t❤♦❞✿ ❛ ✇✐❞❡r ❉❙❊✱ t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐s ❡①♣❧♦r❡❞ ♠♦r❡ ❡✣❝✐❡♥t❧②✱ ❛♥❞ ❛♥ ❛❝❝✉r❛t❡
❉❙❊✳ ❲❡ ❝♦♠♣❛r❡ t❤❡ ♣r♦♣♦s❡❞ ❉❙❊ ♠❡t❤♦❞ ✐♥ ❙❨▲❱❆ ✇✐t❤ t✇♦ ❝♦♠♠❡r❝✐❛❧ ❍▲❙
✢♦✇s✳ ❖♥❡ ♦❢ t❤❡ ✢♦✇s ✉s❡s ❱✐✈❛❞♦ ❢r♦♠ ❳✐❧✐♥① ❛♥❞ t❤❡ ♦t❤❡r ♦♥❡ ✐s ❢r♦♠ ❛ ♠❛❥♦r
❊❉❆ ✈❡♥❞♦r ✭❞❡♥♦t❡❞ ❛s ❊❉❆✮✳ ❆❧❧ t❤❡ t❤r❡❡ ✢♦✇s t❛r❣❡t ❳✐❧✐♥① ❋P●❆ ✭s✐♥❝❡ ✇❡
♥❡❡❞ t♦ ❡✈❛❧✉❛t❡ ❱✐✈❛❞♦✮ ❛♥❞ s②♥t❤❡s✐s ✜✈❡ ❛♣♣❧✐❝❛t✐♦♥s ✭❛♣♣❧✐❝❛t✐♦♥ ✻✲✶✵✮✳ ❚❤❡
❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧t ✐s s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✽✳✸✳✹✳

❚❛❜❧❡ ✽✳✺✿ ❊①♣❡r✐♠❡♥t❛❧ ❘❡s✉❧t

❆✶ ❆✷ ❆✸ ❆✹ ❆✺
❊①♣❧♦r❛t✐♦♥ t✐♠❡ ❉❙❊▼ ✶✸s ✶✸s ✾♠ ✾♠ ✸✽s
✭❤✿ ❤♦✉r✱ ♠✿ ♠✐♥✉t❡✱ ❱✐✈❛❞♦ ✶♠ ✶♠ ✷❤ ✷❤ ✷♠
s✿ s❡❝♦♥❞✮ ❊❉❆ ✷♠ ✷♠ ✷❤ ✷❤ ✷♠
❉❙❊ ❆❝❝✉r❛❝② ❉❙❊▼ ✾ ✶✶ ✼ ✻ ✶✵
❈♦♠♣❛r❡❞ ✇✐t❤ ■❙❊ ❱✐✈❛❞♦ ✶✼ ✶✺ ✶✶ ✶✵ ✶✹
s②♥t❤❡s✐s r❡s✉❧t ✪ ❊❉❆ ✶✹ ✶✺ ✾ ✶✶ ✶✸
◗✉❛❧✐t② ♦❢ ❘❡s✉❧t ❉❙❊▼ ✶✳✶ ✻✳✻ ✺✳✻ ✾✳✻ ✷✳✸
❘❡s♦✉r❝❡ ❯s❛❣❡ ❱✐✈❛❞♦ ✶✳✷ ✼✳✸ ✺✳✾ ✶✵✳✷ ✷✳✽
k ▲❯❚s ❊❉❆ ✶✳✶ ✼✳✹ ✺✳✼ ✶✵✳✺ ✷✳✼

❲❡ ❛❧s♦ ✐❧❧✉str❛t❡ t❤❡ s❝❤❡❞✉❧❡s ❡①♣❧♦r❡❞ ❜② ❙❨▲❱❆ ❛♥❞ t❤❡ ❍▲❙ t♦♦❧s ✐♥ ❋✐❣✉r❡
✽✳✸✳✹✱ ✇❤✐❝❤ ✐s ❣❡♥❡r❛t❡❞ ❜② ♣❧♦tt✐♥❣ ❛❧❧ t❤❡ ✈❛❧✐❞ s♦❧✉t✐♦♥s ✐♥st❡❛❞ ♦❢ ♦♥❧② t❤❡
♦♣t✐♠❛❧ ♦♥❡✳ ❚❤❡ s②♥t❤❡s✐s r❡s✉❧ts✱ ✇❤✐❝❤ ❛r❡ ❘❚▲ ♠♦❞❡❧s ✇❡r❡ ✈❡r✐✜❡❞ ❜② ❘❚▲
s✐♠✉❧❛t✐♦♥ ❛♥❞ ❢✉rt❤❡r s②♥t❤❡s✐③❡❞ t♦ ❋P●❆ ❜✐t✲str❡❛♠ ❜② t❤❡ ❳✐❧✐♥① ■❙❊ ✇✐t❤ t❤❡
s❛♠❡ ❝♦♥str❛✐♥ts ❢♦r ❢❛✐r ❝♦♠♣❛r✐s♦♥✳

❋✐❣✉r❡ ✽✳✶✻✿ ❉❙❊✿ ❙❨▲❱❆ ❱❡rs✉s ❍▲❙
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LUT Usage

One SDF Schedule is explored by 

each HLS tool invocation

One SDF schedule
Pareto Front

Selected by CSOP solver

SYLVA explores all schedules

HLS explores one schedule
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✽✳✸✳✺ ▼❡♠♦r② ❆❧❧♦❝❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥

❲❡ ✉s❡ ❈❛❞❡♥❝❡ ❘❚▲ ❝♦♠♣✐❧❡r t♦ s②♥t❤❡s✐③❡ t❤❡ r❡s✉❧t✐♥❣ ❘❚▲ ❞❡s❝r✐♣t✐♦♥ ❢♦r ❆❙■❈
❛♥❞ ✇❡ ✉s❡ ❆❧t❡r❛ ◗✉❛rt✉s ■■ ❢♦r ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❚❤❡♥ ✇❡ ❝♦♠♣❛r❡ t❤❡ ❛✉✲
t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ s②st❡♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✇✐t❤ ❝❛r❡❢✉❧❧② ♠❛♥✉❛❧❧② ❣❡♥❡r❛t❡❞
✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❢♦r ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥
❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✻✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❛✈❡r❛❣❡ r✉♥t✐♠❡ ❛r❡ ♠❡❛s✉r❡❞ ♦♥ ❛ ❲✐♥✲
❞♦✇s P❈ ✇✐t❤ ✷✳✽●❍③ ■♥t❡❧ ❝♦r❡ ✐✼ ❈P❯ ❛♥❞ ✽● s②st❡♠ ♠❛✐♥ ♠❡♠♦r②✳ ◆♦t❡ t❤❛t
t❤❡ ❈●❘❆ ❝❛s❡ ✐s ♥♦t s❤♦✇♥ s✐♥❝❡ t❤❡ ❢✉❧❧② ❛✉t♦♠❛t✐♦♥ ❢♦r ❈●❘❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥
st②❧❡ ✐s ♥♦t ✜♥✐s❤❡❞ ②❡t✳ ❚❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❤❛s t♦ ❜❡ ♠❛♥✉❛❧❧② ✐♥t❡❣r❛t❡❞
❛♥❞ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧t ♦❢ ✐t ✇✐❧❧ ❜❡ ❣✐✈❡♥ ❧❛t❡r ✐♥ t❤✐s ❝❤❛♣t❡r✳

❚❛❜❧❡ ✽✳✻✿ ❙❨▲❱❆ ❙②♥t❤❡s✐s ❘✉♥t✐♠❡

❆♣♣❧✐❝❛t✐♦♥ ▼❡t❤♦❞
❆❙■❈ ❋P●❆

❘❡s♦✉r❝❡ ❆✈❡r❛❣❡ ❘❡s♦✉r❝❡ ❆✈❡r❛❣❡
✭❑ ❣❛t❡s✮ ❘✉♥t✐♠❡ ✭s✮ t♦t❛❧ ▲❊s ❘✉♥t✐♠❡ ✭s✮

✶
▼❛♥✉❛❧ ✼✻ ✶✷✷✺

❆✉t♦♠❛t✐❝ ✼✻ ✶ ✶✷✺✵ ✶✶

✷
▼❛♥✉❛❧ ✻✽ ✸✳✺❦

❆✉t♦♠❛t✐❝ ✼✵ ✶ ✸✳✺❦ ✶✵

✸
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❆✉t♦♠❛t✐❝ ✺✸ ✶ ✷✶✼✻ ✶✹

✹
▼❛♥✉❛❧ ✸✻✺ ✶✻✳✵❦

❆✉t♦♠❛t✐❝ ✸✻✻ ✷ ✶✻✳✷❦ ✷✺

✺
▼❛♥✉❛❧ ✹✺✷ ✼✵✾✷

❆✉t♦♠❛t✐❝ ✹✺✹ ✷ ✼✶✺✷ ✸✵

❋♦r t❤❡ ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✱ ✇❡ ❞♦ ♥♦t ❤❛✈❡ t♦♦ ♠❛♥② ♦♣t✐♦♥s ♦t❤❡r
t❤❛♥ ♠❛♣♣✐♥❣ ❞❛t❛ ❜✉✛❡rs t♦ t❤❡ ♦♥✲❝❤✐♣ ❙❘❆▼s✳ ❚❤✉s t❤❡ r✉♥t✐♠❡ ✐s q✉✐t❡ s❤♦rt✳
❋♦r t❤❡ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡ ✭❆❧t❡r❛ ❈②❝❧♦♥❡ ■■■✮✱ ✇❡ ❤❛✈❡ s♦♠❡ ♦♥✲❝❤✐♣
♠❡♠♦r② ❜❧♦❝❦s s♦ t❤❡ r✉♥t✐♠❡ ✐s ❧♦♥❣❡r t❤❛♥ t❤❡ ❆❙■❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡✳ ◆♦t❡
t❤❛t s✐♥❝❡ ✇❡ ❞♦ ♥♦t ❤❛✈❡ ❛❝❝❡ss t♦ ❡①✐st✐♥❣ ❙❉❘❆▼ ❝♦♥tr♦❧❧❡r ■Ps✱ ✇❡ ❝❛♥♥♦t
❡✈❛❧✉❛t❡ t❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ✇✐t❤ ♦✛✲❝❤✐♣ ♠❡♠♦r② ❜❧♦❝❦s ❛♥❞ t❤✐s ✐s ♦♥❡ ♦❢ ♦✉r
❢✉t✉r❡ ✇♦r❦✳ ❚❤❡ ❧✐✈❡♥❡ss ❛♥❛❧②s✐s ✐♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t ♦♣t✐♠✐③❛t✐♦♥ s✉❜✲
st❡♣ ❝♦♥s✐❞❡rs t❤❡ ❞❛t❛ t♦❦❡♥ s❡t tr❛♥s♠✐tt❡❞ ❜❡t✇❡❡♥ t✇♦ ❛❝t♦rs ❛s t❤❡ ❛♥❛❧②s✐s
♦❜❥❡❝t ✐♥st❡❛❞ ♦❢ ♦♥❡ ❞❛t❛ t♦❦❡♥✳
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✽✳✸✳✻ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦❢ t❤❡ ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳✼✱ ✇❤❡r❡
tr ✐s t❤❡ r✉♥ t✐♠❡✱ c ✐s t❤❡ t♦t❛❧ ❝♦st✱ ∆B ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛❞❞❡❞ ♣✐♣❡❧✐♥❡ st❛❣❡s✱
ts ✐s t❤❡ s❛♠♣❧❡ ✐♥t❡r✈❛❧✱ ❛♥❞ td ✐s t❤❡ s②st❡♠ ❧❛t❡♥❝② ♦❜t❛✐♥❡❞ ❜② ❈♦♥str❛✐♥t
Pr♦❣r❛♠♠✐♥❣ ✭❈P✮ ❛♥❞ ❍❆✳ ❚❤❡ r✉♥ t✐♠❡ ❢♦r ❈P ❛♥❞ ❍❆ ❛r❡ ❛❧s♦ ♠❡❛s✉r❡❞ ♦♥ ❛
✷✳✽ ●❍③ ①✽✻ ❲✐♥❞♦✇s ♠❛❝❤✐♥❡ ❛s ♦t❤❡r ❡①♣❡r✐♠❡♥ts✳ ❇② ❝♦♠♣❛r✐♥❣ t❤❡ ❈P ❛♥❞
❍❆ r❡s✉❧ts ✇❡ ❤❛✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❝❧✉s✐♦♥s✿

✶✳ ❋♦r ❛ s♠❛❧❧ s❝❛❧❡ ❛♥❞ s✐♠♣❧❡ ♣r♦❜❧❡♠ ❧✐❦❡ ❛♣♣❧✐❝❛t✐♦♥ ✷✱ ❍❆ ✐s ❛❜❧❡ t♦ ❣❡t t❤❡
♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❛s ❈P✳

✷✳ ❍❆ ✐s ♠♦r❡ s✉✐t❛❜❧❡ ❢♦r t❤❡ ❈●❘❆s ✇✐t❤ W > H t❤❛t ✐s ❞✉❡ t♦ t❤❡ ❞❡❢❛✉❧t
♠❛♣♣✐♥❣ ❞✐r❡❝t✐♦♥ ✐s ❤♦r✐③♦♥t❛❧ ❢r♦♠ ❧❡❢t t♦ r✐❣❤t✱ ❛♥❞ ❙❨▲❱❆ ❝❛♥♥♦t r♦t❛t❡
t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❝✉rr❡♥t❧②✳ ❲❤❡♥ t❤❡ ❋■▼P ✐♥st❛♥❝❡s ❤❛✈❡ ❧❛r❣❡r ✇✐❞t❤s
❛♥❞ s♠❛❧❧❡r ❤❡✐❣❤ts✱ ❍❆ ♠❛② ❜❡❝♦♠❡ ❧❡ss ❡✣❝✐❡♥t✳ ❚❤✐s ♠❛② ❛❧s♦ ❤❛♣♣❡♥
✇❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ❧❛②❡rs ✐s ❧❛r❣❡r t❤❛♥ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼P ✐♥st❛♥❝❡s✳

✸✳ ❚❤❡ r✉♥ t✐♠❡ ♦❢ ❍❆ ✐s ❛♣♣r♦①✐♠❛t❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✉♥♠❛♣♣❡❞
❋■▼P ✐♥st❛♥❝❡s ✇❤✐❧❡ t❤❡ r✉♥ t✐♠❡ ♦❢ ❈P ✐s ❛♣♣r♦①✐♠❛t❡❧② ❡①♣♦♥❡♥t✐❛❧ t♦ t❤❡
♥✉♠❜❡r ♦❢ ✉♥♠❛♣♣❡❞ ❋■▼P ✐♥st❛♥❝❡s s✐♥❝❡ ♥♦♥❡ ♦❢ t❤❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s
❤❛s ❤✐❣❤ ✉t✐❧✐③❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧s✳

✹✳ ❍❆ ❜❡❛ts ❈P ❤❡❛✈✐❧② ✐♥ r✉♥ t✐♠❡✳ ❚❤❡ ❡✣❝✐❡♥❝② ♦❢ ❍❆ t❛❦❡s ♠❛①✐♠✉♠ ✶✳✺✽
✪✘ r✉♥ t✐♠❡ ♦❢ ❈P✳ ❚❤❡ tr❛❞❡✲♦✛ ✐s t❤❡ q✉❛❧✐t② ♦❢ r❡s✉❧t✳ ❍❆ ❝❛♥♥♦t ❣✉❛r❛♥t❡❡
t♦ ❣❡t ♦♣t✐♠❛❧ s♦❧✉t✐♦♥✳ ■♥ t❤❡ ✇♦rst ❝❛s❡✱ ❍❆ s♦❧✉t✐♦♥ t❛❦❡s ✶✸✪ ♠♦r❡ ♦✈❡r❛❧❧
❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ❛♥❞ ✻✪ ❧❛r❣❡r s❛♠♣❧❡ ✐♥t❡r✈❛❧ t❤❛♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❈P
s♦❧✉t✐♦♥✳
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N ✿ ❚❤❡ ♥✉♠❜❡r ♦❢ ❢✉♥❝t✐♦♥s ✐♥ t❤❡ ♦r✐❣✐♥❛❧ s②♥❝❤r♦♥♦✉s ❞❛t❛ ✢♦✇✳
tr✿ ❚❤❡ r✉♥ t✐♠❡ ✐♥ ♥✉♠❜❡r ♦❢ s❡❝♦♥❞s ❢♦r ❈P ❛♥❞ ♠✐❧❧✐s❡❝♦♥❞s ❢♦r ❍❆✱

✪✘ ❢♦r ❈P✴❍❆✳
c✿ ❚❤❡ ♥♦r♠❛❧✐③❡❞ t♦t❛❧ ❝♦st ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵ t♦ ✾✾✾ ✐♥ ❈P ❛♥❞ ❍❆✳

∆B✿ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣✐♣❡❧✐♥❡ st❛❣❡s ❛❞❞❡❞ ❞✉r✐♥❣ ✢♦♦r♣❧❛♥♥✐♥❣✳





❈❤❛♣t❡r ✾

❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❋✉t✉r❡ ❲♦r❦

✾✳✶ ❈♦♥❝❧✉s✐♦♥

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✱
✇❤✐❝❤ ✐s ❛♥ ❡✈♦❧✉t✐♦♥❛r② ♥❡①t st❡♣ ❛❢t❡r ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s ✭❍▲❙✮✳ ■t s②♥t❤❡✲
s✐③❡s ❛❜str❛❝t ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣ ✭❉❙P✮ s✉❜✲s②st❡♠s ♠♦❞❡❧❡❞ ❛s ❙②♥❝❤r♦♥♦✉s
❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤s ✐♥ t❡r♠s ♦❢ ♣r❡✲❝❤❛r❛❝t❡r✐③❡❞ ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥s
✭❋■▼Ps✮✳ ❙❨▲❱❆ ❡①♣❧♦r❡s t❤❡ ❞❡s✐❣♥ s♣❛❝❡ ✐♥ t❡r♠s ♦❢ ♥✉♠❜❡r ❛♥❞ t②♣❡ ♦❢ ❋■▼P
✐♥st❛♥❝❡s✱ ❛s ✇❡❧❧ ❛s ♣✐♣❡❧✐♥❡ ♣❛r❛❧❧❡❧✐s♠ ❜❡t✇❡❡♥ ❋■▼P ✐♥st❛♥❝❡s✳ ■t ❛✉t♦♠❛t✐❝❛❧❧②
❣❡♥❡r❛t❡s ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧ ✭●▲■❈✮ ❢♦r ❆❙■❈ ❛♥❞ ❋P●❆ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ st②❧❡s t♦ ❣❧✉❡ t❤❡ ❋■▼Ps t♦❣❡t❤❡r ✐♥t♦ ❛ ✇♦r❦✐♥❣ s②st❡♠✳

✾✳✶✳✶ ●▲■❈ ❙②♥t❤❡s✐s

■♥ t❤✐s t❤❡s✐s✱ ●▲■❈ s②♥t❤❡s✐s ✐s s❤♦✇♥ t♦ ❜❡ ❡✛❡❝t✐✈❡ r❡❞✉❝✐♥❣ t❤❡ ♠❛♥✉❛❧ ❡✛♦rt
❢r♦♠ t❤❡ s②st❡♠ ❞❡s✐❣♥❡r ❢♦r ❜✉✐❧❞✐♥❣ ●▲■❈ ❧♦❣✐❝s ❜❛s❡❞ ♦♥ ❛ st❛t✐❝ s❝❤❡❞✉❧❡✳ ❙✐♥❝❡
t❤❡ ❛❜str❛❝t✐♦♥ ❧❡✈❡❧ ♦❢ ❍▲❙ ✐s ❛❧r❡❛❞② ❤✐❣❤✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❛✉t♦♠❛t✐❝ ●▲■❈ s②♥✲
t❤❡s✐s ✇♦✉❧❞ ❜❡ ❛ ♥❡✇ ❛♥❞ ❝r✉❝✐❛❧ ❝❤❛❧❧❡♥❣❡ ❢♦r r❡s❡❛r❝❤❡rs t♦ ❢✉rt❤❡r ✐♠♣r♦✈❡ t❤❡
❞❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ✐♥ t❤❡ ❛✉t♦♠❛t✐❝ ❤❛r❞✇❛r❡ s②♥t❤❡s✐s ❞♦♠❛✐♥✳ ❆♥❞ ✇❡ ❡①♣❡❝t
t❤❡ ❝♦♥❝❡♣t ♦❢ t❤❡ ●▲■❈ s②♥t❤❡s✐s ✐♥ t❤❡ ❙❨▲❱❆ ❢r❛♠❡✇♦r❦ ❝♦✉❧❞ ❛❧s♦ ❜❡ ✉s❡❞ ❜②
♦t❤❡r s②♥t❤❡s✐s t♦♦❧s✳ ❍♦✇❡✈❡r✱ t❤❡ ❝✉rr❡♥t ●▲■❈ s②♥t❤❡s✐s ❛♣♣r♦❛❝❤ ✐s ❡❧❡♠❡♥✲
t❛r②✳ ❚❤❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ●▲■❈ ❝♦sts ♠♦r❡ ❛r❡❛ ✭❛♣♣r♦①✐♠❛t❡❧② t✇✐❝❡✮
❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❛♥✉❛❧ ❞❡s✐❣♥✳ ❖♥❡ ❞✐r❡❝t ❛♣♣r♦❛❝❤ t♦ s❤r✐♥❦ t❤❡ ❛✉t♦♠❛t✐❝❛❧❧②
❣❡♥❡r❛t❡❞ ●▲■❈ ✐s t♦ ♣❡r❢♦r♠ t❤❡ ❧✐✈❡♥❡ss ❛♥❛❧②s✐s ❢♦r ❡❛❝❤ ❞❛t❛ t♦❦❡♥✳ ❙♦ t❤❡ t♦t❛❧
s✐③❡ ♦❢ ❞❛t❛ ❜✉✛❡rs ❝♦✉❧❞ ❜❡ r❡❞✉❝❡❞✳ ❍♦✇❡✈❡r✱ t❤✐s ✇♦✉❧❞ ✐♥✈♦❧✈❡ ♠♦r❡ ❝♦♠♣✉t❛✲
t✐♦♥ t✐♠❡✳

✶✻✾



✶✼✵ ❈❍❆P❚❊❘ ✾✳ ❈❖◆❈▲❯❙■❖◆ ❆◆❉ ❋❯❚❯❘❊ ❲❖❘❑

❆♥♦t❤❡r ♣♦ss✐❜❧❡ ❛♣♣r♦❛❝❤ t♦ r❡❞✉❝❡ t❤❡ ●▲■❈ s✐③❡ ✐s t♦ ❝❤❛♥❣❡ t❤❡ str✉❝t✉r❡ ♦❢
❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮ ❜❛s❡❞ ♦♥ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❋■▼P ✐♥st❛♥❝❡ s♦ t❤❛t t❤❡
❞❛t❛ ❜✉✛❡rs ❝♦✉❧❞ ❜❡ ❡❧✐♠✐♥❛t❡❞ ❛♥❞ t✇♦ ❋■▼P ✐♥st❛♥❝❡s ❝❛♥ ❞✐r❡❝t❧② ❝♦♥♥❡❝t❡❞ t♦
❡❛❝❤ ♦t❤❡r ✇❤❡♥ ♣♦ss✐❜❧❡✳ ❍♦✇❡✈❡r✱ t❤✐s ❛❧s♦ r❡q✉✐r❡s ❛ ❤✉❣❡ ❛♠♦✉♥t ♦❢ ❛♥❛❧②s✐s ❛♥❞
t❤❡ t✐♠✐♥❣ ♠♦❞❡❧ ♦❢ ❋■▼P s❤♦✉❧❞ ❛❧s♦ ❜❡ ♠♦r❡ ❛❝❝✉r❛t❡ t❤❛t ❡❛❝❤ ❞❛t❛ t♦❦❡♥ s❤♦✉❧❞
❤❛s ✐ts ♦✇♥ t✐♠✐♥❣ ✐♥❢♦r♠❛t✐♦♥✳ ❚❤❡♥ t❤❡ ❞❛t❛ t♦❦❡♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝❤❡❝❦ ✐❢ t✇♦
❋■▼Ps ❝❛♥ ❜❡ ❞✐r❡❝t❧② ❝♦♥♥❡❝t❡❞ ✇✐t❤♦✉t ❛♥② ♠❛♥✐♣✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♥♣✉t✴♦✉t♣✉t
❞❛t❛ s❝❤❡❞✉❧❡✳ ❍♦✇❡✈❡r✱ ❢r♦♠ t❤❡ s②st❡♠ ♣❡rs♣❡❝t✐✈❡✱ t❤✐s t✐♠✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ♠❛②
❜❡ ❞r❛♠❛t✐❝❛❧❧② ❧❛r❣❡ ❛♥❞ ♥❡❛r❧② ✐♠♣♦ss✐❜❧❡ t♦ ❜❡ ✉s❡❞ ✐♥ ♣r❛❝t✐❝❛❧ s❡tt✐♥❣s✳

✾✳✶✳✷ ❈♦❞❡ ●❡♥❡r❛t✐♦♥

❚❤❡ ♣r♦♣♦s❡❞ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♠❡t❤♦❞ ✉s❡❞ ✐♥ t❤❡ ❙❨▲❱❆ ❢r❛♠❡✇♦r❦ ❣❡♥❡r❛t❡s
❱❍❉▲ ♠♦❞✉❧❡s ✭❢♦r ❆❙■❈ ❛♥❞ ❋P●❆ ✐♠♣❧❡♠❡♥t❛t✐♦♥ st②❧❡s✮ ♦r ❝♦♠♣♦s✐t❡ ▼❆❚✲
▲❆❇ ❢✉♥❝t✐♦♥ ❢♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥ st②❧❡ ❢r♦♠ t❤❡ ❆❜str❛❝t ■♥t❡r♠❡❞✐❛t❡ ❘❡♣r❡s❡♥t❛t✐♦♥ ✭❆■❘✮✳ ❚❤❡ ❝♦❞❡ ❣❡♥✲
❡r❛t✐♦♥ ♣r♦❝❡ss ✐s ❛✉t♦♠❛t✐❝ ❛♥❞ ❡✣❝✐❡♥t✳ ❚❤✐s ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ✐♥
st❛♥❞❛❧♦♥❡ ♠♦❞❡✳ ❇② ❛♣♣❧②✐♥❣ t❤❡ ♣r♦♣♦s❡❞ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥
♠❡t❤♦❞✱ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ✐♥ t❤❡ s②st❡♠ ❧❡✈❡❧ s②♥t❤❡s✐s ✐s ❛✉t♦♠❛t❡❞✳ ❚❤✉s✱ t❤❡
❞❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ✐s s✐❣♥✐✜❝❛♥t❧② ✐♠♣r♦✈❡❞✳ ▼♦r❡♦✈❡r✱ ❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥s
✭❛t ❢✉♥❝t✐♦♥ ❧❡✈❡❧ ❛♥❞ ❛r✐t❤♠❡t✐❝ ❧❡✈❡❧✮ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ ❧❡ss t✐♠❡ ❛♥❞ r❡q✉✐r❡
❧❡ss ❡✛♦rt ❢♦r♠ t❤❡ s②st❡♠ ❞❡s✐❣♥❡r✳ ❲❡ ❛❧s♦ ❡①♣❡❝t t❤❡ ♣r♦♣♦s❡❞ ❣❡♥❡r✐❝ ♠❡♠♦r②
♠♦❞❡❧ ❝♦✉❧❞ ❜❡ ✉s❡❞ ✐♥ ♦t❤❡r s②♥t❤❡s✐s ❢r❛♠❡✇♦r❦ s✐♥❝❡ ✐t ♠♦❞❡❧s ♠❡♠♦r② ❜❧♦❝❦s
✐♥ ❛ ❣❡♥❡r✐❝ ♠❛♥♥❡r✳

✾✳✶✳✸ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣

■♥ t❤✐s t❤❡s✐s✱ ✇❡ ❞❡✜♥❡ t❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇ ❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ❈●❘❆ ♠♦❞❡❧✱ ❛♣♣❧②
t❤❡ ❋■▼P ❝♦♥❝❡♣t✱ ❝♦♥✈❡rt t❤❡ ♣✐♣❡❧✐♥❡ ❜✉✛❡r✲❛✇❛r❡ ✢♦♦r♣❧❛♥♥✐♥❣ ♣r♦❜❧❡♠ ✐♥t♦ ❛
❝♦♥str❛✐♥t s❛t✐s❢❛❝t✐♦♥ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✱ ❛♥❞ s♦❧✈❡ ✐t ✉s✐♥❣ ✭❛✮ ❛♥ ♦♣❡♥✲s♦✉r❝❡
s♦❧✈❡r ✭❖❘✲❚♦♦❧s ❢r♦♠ ●♦♦❣❧❡ ❬✶✵✸❪✮ ❛♥❞ ✭❜✮ ❛ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠✳ ❆s r❡♣♦rt❡❞
✐♥ s❡❝t✐♦♥ ✽✳✷✳✷✱ t❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ✉s❡s ❛t ♠♦st ✶✳✺✽ ✪✘ r✉♥ t✐♠❡ ❝♦♠♣❛r✐♥❣
t♦ t❤❡ ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣ ❛♣♣r♦❛❝❤ ✇✐t❤ t❤❡ ❝♦st ♦❢✱ ❛t ♠♦st✱ ✶✸✪ ❛❞❞✐t✐♦♥❛❧
♦✈❡r❛❧❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st ✐♥ ❛✈❡r❛❣❡ ❢♦r t❤❡ t❡st ❝❛s❡s✳



✾✳✷✳ ❋❯❚❯❘❊ ❲❖❘❑ ✶✼✶

✾✳✷ ❋✉t✉r❡ ❲♦r❦

❚❤✐s s❡❝t✐♦♥ s✉♠♠❛r✐③❡s s♦♠❡ ♣♦ss✐❜❧❡ ❢✉t✉r❡ ✇♦r❦ ❢♦r ❡❛❝❤ ❝❤❛♣t❡r ✐♥ t❤✐s t❤❡s✐s✳

✾✳✷✳✶ ❙②st❡♠ ▼♦❞❡❧✐♥❣

■♥ ♦r❞❡r t♦ ❞❡❛❧ ✇✐t❤ ❛ ✇✐❞❡r ❝❧❛ss❡s ♦❢ ♣r♦❜❧❡♠s✱ ♦♥❡ ❢✉t✉r❡ ✇♦r❦ ❝♦✉❧❞ ❜❡ ✉s✐♥❣
♦♥❡ ♦r ♠♦r❡ ❡①t❡♥s✐♦♥s ♦❢ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ s✉❝❤ ❛s ❙❝❡♥❛r✐♦✲❆✇❛r❡
❉❛t❛ ❋❧♦✇ ✭❙❆❉❋✮ ❬✶✶✾❪ ❛s ✐♥♣✉t ❢♦r s✉♣♣♦rt✐♥❣ ❞②♥❛♠✐❝ ❞❛t❛ r❛t❡ ❛♣♣❧✐❝❛t✐♦♥s✳
❍♦✇❡✈❡r✱ t❤✐s ♠❛② ❛❧s♦ r❡q✉✐r❡ ❛ ❤✉❣❡ ✐♠♣r♦✈❡ ♦❢ t❤❡ ❙②st❡♠✲▲❡✈❡❧ ❆r❝❤✐t❡❝t✉r❛❧
❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮ ❢r❛♠❡✇♦r❦ t♦ s✉♣♣♦rt ❞②♥❛♠✐❝ ❞❛t❛ r❛t❡✳

✾✳✷✳✷ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥

✶✳ ■♠♣r♦✈❡ t❤❡ ❈♦♥str❛✐♥t ❙❛t✐s❢❛❝t✐♦♥ ❖♣t✐♠✐③❛t✐♦♥ Pr♦❜❧❡♠ ✭❈❙❖P✮ ♠♦❞❡❧✱
❡✳❣✳ ✉s✐♥❣ ♠♦r❡ ❣❧♦❜❛❧ ❝♦♥str❛✐♥ts ❛♥❞ ❝✉♠✉❧❛t✐✈❡ ❝♦♥str❛✐♥ts ✐♥st❡❛❞ ♦❢ ✉s✐♥❣
♣r✐♠✐t✐✈❡ ❝♦♥str❛✐♥ts✳

✷✳ ❊✈❛❧✉❛t❡ ♦t❤❡r s❡❛r❝❤ t❡❝❤♥✐q✉❡s ❧✐❦❡ ❚❛❜✉ s❡❛r❝❤ ❬✶✷✵❪ t♦ ❡①♣❧♦✐t t❤❡ ❢❛❝t
t❤❛t s♦❧✉t✐♦♥s ♦❢t❡♥ ❛♣♣❡❛r ✐♥ ❝❧✉st❡rs✳

✸✳ ❊❧✐♠✐♥❛t❡ r❡❞✉♥❞❛♥t ❞❛t❛ ❜✉✛❡rs ✇❤❡♥ ♣♦ss✐❜❧❡✱ ❡✳❣✳ ✇❤❡♥ t✇♦ ❋✉♥❝t✐♦♥
■♠♣❧❡♠❡♥t❛t✐♦♥s ✭❋■▼Ps✮ ❝❛♥ ❜❡ ❞✐r❡❝t❧② ❝♦♥♥❡❝t❡❞ ✇✐t❤♦✉t ♦✉t♣✉t ❜✉✛❡r✳

✹✳ ❚✐♠❡✲♠✉❧t✐♣❧❡①✐♥❣ ♦❢ ❋■▼P ✐♥st❛♥❝❡s ✐s ❛❧s♦ ❛ ♣♦ss✐❜❧❡ ❢✉t✉r❡ ✇♦r❦✳

✾✳✷✳✸ ❈♦❞❡ ●❡♥❡r❛t✐♦♥

✶✳ ■♠♣r♦✈❡ t❤❡ ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡ ✭❈●❘❆✮ ❝❛♣❛❜✐❧✲
✐t② t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❱❊❙❨▲❆ ❝♦♠♣✐❧❡r ✭t❤❡ ❉②♥❛♠✐❝❛❧❧②
❘❡❝♦♥✜❣✉r❛❜❧❡ ❘❡s♦✉r❝❡ ❆rr❛② ✭❉❘❘❆✮ ❝♦♠♣✐❧❡r✮✳

✷✳ ❱❡r✐❢② ❛♥❞ ❡✈❛❧✉❛t❡ t❤❡ ♣r♦♣♦s❡❞ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ♠❡t❤♦❞ ♦♥ ♦✛✲❝❤✐♣ ♠❡♠✲
♦r② ❜❧♦❝❦s✳ ❆s st❛t❡❞ ❜❡❢♦r❡✱ ✇❡ ❤❛✈❡ ❛ ♠❡t❤♦❞ t❤❛t ✐s ❝❛♣❛❜❧❡ t♦ ♠♦❞❡❧ ♦✛✲
❝❤✐♣ ♠❡♠♦r② ❜❧♦❝❦s ❜✉t ✇❡ ❞♦ ♥♦t ❤❛✈❡ t❤❡ r❡❧❛t❡❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✳ ❚❤❡
r❡❛s♦♥ ✐s t❤❛t ❝✉rr❡♥t❧② ✇❡ ❞♦ ♥♦t ❤❛✈❡ ❛❝❝❡ss t♦ ❡①✐st✐♥❣ ❙❉❘❆▼ ❝♦♥tr♦❧❧❡r
■Ps✳

✸✳ ❆♥♦t❤❡r ❢✉t✉r❡ ❡✛♦rt ❝♦✉❧❞ ❜❡ t❤❡ ❝♦❞❡ ♦♣t✐♠✐③❛t✐♦♥ t♦ ❛❝❤✐❡✈❡ ♠♦r❡ ❝♦♠✲
♣❛❝t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦❞❡s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ s✐③❡ ♦❢ t❤❡ t②♣❡ ❧✐❜r❛r② ✉s❡❞
❢♦r t❤❡ ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮✴❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡
●❛t❡ ❆rr❛② ✭❋P●❆✮ ❱❍❉▲ ❡♥t✐t✐❡s ❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② ♠❡r❣✐♥❣ ❡q✉✐✈❛❧❡♥t
❞❛t❛ t②♣❡s✳



✶✼✷ ❈❍❆P❚❊❘ ✾✳ ❈❖◆❈▲❯❙■❖◆ ❆◆❉ ❋❯❚❯❘❊ ❲❖❘❑

✾✳✷✳✹ ●▲■❈ ❙②♥t❤❡s✐s

✶✳ ❋✐♥❞ ❛ s♦❧✉t✐♦♥ t❤❛t ❝❛♥ r❡❞✉❝❡ t❤❡ s❝❛❧❡ ♦❢ t❤❡ ❣❡♥❡r❛t❡❞ ❧♦❣✐❝ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ ❝♦♠♣✉t❛t✐♦♥ t✐♠❡ ❛ss✐❣♥❡❞ ✇✐t❤ t❤❡ ●❧♦❜❛❧ ■♥t❡r❝♦♥♥❡❝t ❛♥❞ ❈♦♥tr♦❧
✭●▲■❈✮ s②♥t❤❡s✐s st❡♣✳ ❚❤✐s r❡q✉✐r❡s ♠♦r❡ r❡s❡❛r❝❤ ❡✛♦rts ♦♥ t❤❡ ●▲■❈ ♦♣✲
t✐♠✐③❛t✐♦♥ ❛♥❞ t❤❡ str✉❝t✉r❡ ♦❢ ❆■❘ ❇✉✐❧❞✐♥❣ ❇❧♦❝❦ ✭❆❇❇✮✳

✷✳ ❋❛❝t♦r ✐♥ t❤❡ ❝♦st ♦❢ ●▲■❈ ❛♥❞ t❤❡ s❧❛❝❦ r❡❧❛t❡❞ r❡❞✉❝t✐♦♥ ✐♥ ❧♦❣✐❝ t♦ ♠❛❦❡
t❤❡ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥ ✭❉❙❊✮ ♠♦r❡ ♣r❡❝✐s❡✳

✸✳ ■♠♣❧❡♠❡♥t r✉❧❡ ❜❛s❡❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ●▲■❈ ❜② ❙❨▲❱❆✳

✹✳ ❈♦♠♣❛r❡ t❤❡ r✉♥t✐♠❡ ♦❢ ❙❨▲❱❆ ✇✐t❤ t❤❡ ❝♦♠♠❡r❝✐❛❧ ❍✐❣❤✲▲❡✈❡❧ ❙②♥t❤❡s✐s
✭❍▲❙✮ t♦♦❧s ♦♥ ♠♦r❡ s❛♠♣❧❡ ❛♣♣❧✐❝❛t✐♦♥s✳

✾✳✷✳✺ ❈●❘❆ ❋❧♦♦r♣❧❛♥♥✐♥❣

✶✳ ▼❛❦❡ t❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠ ♠♦r❡ ❛❞❛♣t✐✈❡ t♦ t❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ ❈●❘❆
❛♥❞ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❋■▼P✱

✷✳ ▼❛❦❡ t❤❡ ❛❧❣♦r✐t❤♠ ❛♥❞ ❝♦♥str❛✐♥t ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧ ✉t✐❧✐③❛t✐♦♥✲❛✇❛r❡ ✭❛s
❧♦✇ ✉t✐❧✐③❛t✐♦♥ ♦❢ ❈●❘❆ ✐s ♠✉❝❤ ♠♦r❡ ❝♦st❧② t❤❛♥ ♦❢ ❋P●❆✮✱

✸✳ ❚❡st t❤❡ ❛❧❣♦r✐t❤♠ ♦♥ ❛ ◆❡t✇♦r❦✲♦♥✲❈❤✐♣ ✭◆♦❈✮ ✇✐t❤ ❤✐❣❤ ❝♦♠♠✉♥✐❝❛t✐♦♥
❝❤❛♥♥❡❧ ✉t✐❧✐③❛t✐♦♥✱

✹✳ ■♠♣r♦✈❡ t❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ s♦ t❤❛t ✈❛❧✐❞ ts ❛♥❞ td ❛r❡ ❣✉❛r❛♥t❡❡❞✱ ❛♥❞

✺✳ ▼♦❞❡❧ ❛♥❞ s♦❧✈❡ t❤✐s ❈●❘❆ ✢♦♦r♣❧❛♥♥✐♥❣ ♣r♦❜❧❡♠ ❢♦r t❤❡ s❧✐❞✐♥❣ ✇✐♥❞♦✇
❝✐r❝✉✐t s✇✐t❝❤✐♥❣ ❈●❘❆s ✉s✐♥❣ ▼✐①❡❞ ■♥t❡❣❡r ▲✐♥❡❛r Pr♦❣r❛♠♠✐♥❣ ✭▼■▲P✮
❛♥❞ ❙✐♠✉❧❛t❡❞ ❆♥♥❡❛❧✐♥❣ ✭❙❆✮ t♦ ❤❛✈❡ ❛ ♠♦r❡ ❛❝❝✉r❛t❡ ❝♦♠♣❛r✐s♦♥ t♦ ♦t❤❡r
✢♦♦r♣❧❛♥♥✐♥❣ t♦♦❧s✳



❙②st❡♠ ▼♦❞❡❧✐♥❣ ❊①❛♠♣❧❡

■♥ t❤✐s ❛♣♣❡♥❞✐①✱ ❛♥ ❡①❛♠♣❧❡ ♦❢ ♠♦❞❡❧✐♥❣ t❤❡ ▲♦♥❣ ❚❡r♠ ❊✈♦❧✉t✐♦♥ ✭▲❚❊✮ ✉♣❧✐♥❦
tr❛♥s♠✐tt❡r ✇✐❧❧ ❜❡ ❣✐✈❡♥ t♦ ❝❧❛r✐❢② t❤❡ ✢♦✇ ♦❢ t❤❡ s②st❡♠ ♠♦❞❡❧✐♥❣ ✐♥ ❙②st❡♠✲▲❡✈❡❧
❆r❝❤✐t❡❝t✉r❛❧ ❙②♥t❤❡s✐s ❋r❛♠❡✇♦r❦ ✭❙❨▲❱❆✮✳ ❚❤❡ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ t❤❡ ▲❚❊ ✉♣❧✐♥❦
tr❛♥s♠✐tt❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✾✳✶✳ ❚❤❡ ❢✉♥❝t✐♦♥s ❛♥❞ t❤❡ ❞❛t❛ ❞❡♣❡♥❞❡♥❝② ❛r❡ t❤❡
st❛rt✐♥❣ ♣♦✐♥t ❢♦r ❝r❡❛t✐♥❣ t❤❡ ❙②♥❝❤r♦♥♦✉s ❉❛t❛ ❋❧♦✇ ✭❙❉❋✮ ❣r❛♣❤✳ ❊❛❝❤ ♦❢ t❤❡
❢✉♥❝t✐♦♥s ✐♥ ❋✐❣✉r❡ ✾✳✶ ✇✐❧❧ ❜❡ ♠♦❞❡❧❡❞ ❜② ♦♥❡ ❙❉❋ ❛❝t♦r✳ ❋♦r ❆♣♣❧✐❝❛t✐♦♥✲❙♣❡❝✐✜❝
■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ✭❆❙■❈✮ ❛♥❞ ❋✐❡❧❞✲Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮✱ ❙❨▲❱❆
❛ss✉♠❡s t❤❛t ❡✈❡r② ❋✉♥❝t✐♦♥ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✭❋■▼P✮ ❤❛s ❛ ❝❧♦❝❦ s✐❣♥❛❧ ❝❧❦ ❛♥❞
❛♥ ❛❝t✐✈❡ ❧♦✇ r❡s❡t s✐❣♥❛❧ ♥rst✳ ❋♦r ❈♦❛rs❡✲●r❛✐♥❡❞ ❘❡❝♦♥✜❣✉r❛❜❧❡ ❆r❝❤✐t❡❝t✉r❡
✭❈●❘❆✮✱ ❙❨▲❱❆ ❛ss✉♠❡s t❤❛t ❡✈❡r② ❋■▼P ❤❛s ❛♥ ❛❝t✐✈❡ ❧♦✇ r❡s❡t s✐❣♥❛❧ ♥rst✳
❚❤♦s❡ s✐❣♥❛❧s ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ❛s ❞❛t❛ ✐♥♣✉ts t♦ t❤❡ ❙❉❋ ❛❝t♦rs ❛♥❞ ✇✐❧❧ ♥♦t ❜❡
❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❙❨▲❱❆ ❞❡s✐❣♥ ✢♦✇ t✐❧❧ t❤❡ ❝♦❞❡ ❣❡♥❡r❛t✐♦♥ ♣❤❛s❡✳

❚✉r❜♦

❊♥❝♦❞❡r a1

❘❛t❡

▼❛t❝❤❡r a2

❙❝r❛♠❜❧❡r a3

❈♦♥st❡❧❧❛t✐♦♥

▼❛♣♣❡r a4

❚r❛♥s❢♦r♠

Pr❡❝♦❞❡r a5

❙✉❜✲❈❛rr✐❡r

▼❛♣♣❡r a6

❙❈✲❋❉▼❆

▼♦❞✉❧❛✲

t✐♦♥ a7

❋✐❣✉r❡ ✾✳✶✿ ▲❚❊ ❯♣❧✐♥❦ ❚r❛♥s♠✐tt❡r ❇❧♦❝❦ ❉✐❛❣r❛♠

✶✼✸
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a0

a1

a2

a3

a4

a5

a6

a71

1

1

1

1

1

16

16

16

16

16∗64

16∗64∗1616

16

16

16∗64

16

16∗64

16∗64

16∗64∗16

16∗64

16∗64

16∗64

16∗64

❋✐❣✉r❡ ✾✳✷✿ ▲❚❊ ❯♣❧✐♥❦ ❚r❛♥s♠✐tt❡r ❙❉❋ ●r❛♣❤ ✭❋❧❡①✐❜❧❡✮

a0

a1

a2

a3

a4

a5

a6

a71

1

1

1

1

1

16

16

3

1

16∗64

16∗64∗161

6

16

16∗64

16

16∗64

16∗64

16∗64∗16

16∗64

16∗64

16∗64

16∗64

❋✐❣✉r❡ ✾✳✸✿ ▲❚❊ ❯♣❧✐♥❦ ❚r❛♥s♠✐tt❡r ❙❉❋ ●r❛♣❤ ✭❉❡❞✐❝❛t❡❞✮

❚❤❡ ❡♥t✐r❡ s②st❡♠ ❝❛♥ t❤❡♥ ❜❡ ♠♦❞❡❧❡❞ ❛s ❛ ✢❡①✐❜❧❡ ♠♦❞❡❧ ✭❋✐❣✉r❡ ✾✳✷✮ ♦r ❛s
❛ ❞❡❞✐❝❛t❡❞ ♠♦❞❡❧ ✭❋✐❣✉r❡ ✾✳✸✮✱ ✇❤✐❝❤ ✐s ❢♦r ✻✹✲◗❆▼ ❛♥❞ R ❂ r ❂ ✶✴✸✳ ❚❤❡
❞❡❞✐❝❛t❡❞ s②st❡♠ ❝❛♥ ❜❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❣✐✈❡♥ ♣❛r❛♠❡t❡rs
❜② ❝♦♥str✉❝t✐♥❣ t❤❡ ❙❉❋ ❛❝t♦rs ✉s✐♥❣ ✐♥♣✉t ♣❛r❛♠❡t❡rs✳



✶✼✺

❚✉r❜♦ ❊♥❝♦❞❡r

❚❤❡ t✉r❜♦ ❡♥❝♦❞❡r ✐♠♣❧❡♠❡♥ts ❛ ❝❤❛♥♥❡❧ ❝♦❞✐♥❣ ❢♦r ❝♦♥tr♦❧❧✐♥❣ ❡rr♦rs ✐♥ ❞❛t❛ tr❛♥s✲
♠✐ss✐♦♥ ♦✈❡r ♥♦✐s② ❝❤❛♥♥❡❧s t❤❛t ❡♥❛❜❧❡ r❡❧✐❛❜❧❡ ❞❡❧✐✈❡r② ♦❢ ❞✐❣✐t❛❧ ❞❛t❛✳ ❚❤❡ t✉r❜♦
❝♦❞❡s ❬✶✷✶❪ ❜❡❧♦♥❣ t♦ ❛ ❤✐❣❤✲♣❡r❢♦r♠❛♥❝❡ ❢♦r✇❛r❞ ❡rr♦r ❝♦rr❡❝t✐♦♥ ❢❛♠✐❧② ♦❢ ❝♦❞❡s
t❤❛t ❛r❡ ✇✐❞❡❧② ✉s❡❞ ✐♥ ✸●✴✹● t❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥✳

❆ss✉♠❡ t❤❡ ❋■▼P ❧✐❜r❛r② ❤❛s ❛ ♠♦r❡ ❣❡♥❡r❛❧ t✉r❜♦ ❡♥❝♦❞❡r t❤❛♥ t❤❡ ♦♥❡ ♦♥❧②
❢♦r ▲❚❊ t❤❛t t❤❡ ❡♥❝♦❞✐♥❣ r❛t❡ ♦❢ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❋■▼P ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❛t r✉♥
t✐♠❡✳ ❚❤❡ ❡♥❝♦❞✐♥❣ r❛t❡ R ♦❢ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❞❡♣❡♥❞s ♦♥ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❜✐t
❧❡♥❣t❤ m ❛♥❞ t❤❡ ♣❛r✐t② ❜✐t ❧❡♥❣t❤ n ❛s s❤♦✇♥ ✐♥ ❊q✳ ✾✳✶✳

R =
m

(m+ n)
✭✾✳✶✮

◆♦t❡ t❤❛t m ✐s ❛❧✇❛②s ✶ ❛♥❞ t❤❡ r✉♥ t✐♠❡ ❝♦♥✜❣✉r❛t✐♦♥ ❝❛♥ ❜❡ ❞♦♥❡ ❜② ❝❤❛♥❣✐♥❣
t❤❡ ✈❛❧✉❡ ♦❢ n✳ ❆ss✉♠❡ t❤❛t t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❋■▼Ps s✉♣♣♦rt n t♦ ❜❡ ✶ ♦r ✷✳ ■♥
▲❚❊✱ ✇❡ ✉s❡ m ❂ ✶✱ n ❂ ✷✱ t❤✉s✱ R ❂ 1/3✳ ❚❤❡ ✐♥♣✉t t♦ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❙❉❋
❛❝t♦r ✐s t❤❡ ❞❛t❛ ✐♥♣✉t Din ✱ ❛♥❞ t❤❡ ♣❛r✐t② ❜✐t ❧❡♥❣t❤ n✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢
Din ✐s st❞❴❧♦❣✐❝ r❡♣r❡s❡♥t✐♥❣ ♦♥❡ ❜✐t ♣❡r ✐♥✈♦❝❛t✐♦♥✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ n ✐s
❛❧s♦ st❞❴❧♦❣✐❝ r❡♣r❡s❡♥t✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ ✶ ❛♥❞ ✷ ✉s✐♥❣ ❵✵✬ ❛♥❞ ❵✶✬✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡
♦✉t♣✉t ❢r♦♠ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❝♦♥s✐sts ♦❢ t❤❡ ❞❛t❛ ♦✉t♣✉t Dout ❛♥❞ t✇♦ ♣❛r✐t②
❜✐ts P0 ❛♥❞ P1 ✳ ■❢ n ❂ ✶✱ R ❂ 1/2 ❛♥❞ P1 ❤❛s ♥♦ ♠❡❛♥✐♥❣✳ ■❢ n ❂ ✷✱ R ❂ 1/3
❛♥❞ P1 ✐s t❤❡ s❡❝♦♥❞ ♣❛r✐t② ❜✐t✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ Dout ✱ P0 ✱ ❛♥❞ P1 ❛r❡ ❛❧❧
st❞❴❧♦❣✐❝✳ ❚❤❡ ❞❛t❛ ❝♦✉♥ts ❢♦r ❛❧❧ t❤❡ ✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts ♦❢ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❛r❡
❛❧❧ ✶✬s ✐♥❞✐❝❛t✐♥❣ t❤❛t ❡❛❝❤ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❝♦♥s✉♠❡s ♦r ♣r♦❞✉❝❡s
♦♥❡ ❞❛t❛ t♦❦❡♥ ♦♥ ❡❛❝❤ ✐♥♣✉t ♦r ♦✉t♣✉t✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t✉r❜♦ ❡♥❝♦❞❡r✱ ✇❤✐❝❤ ✐s
❞❡♥♦t❡❞ ❛s a0✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✹✳

a0❉❛t❛ ✐♥♣✉t✿ Din

P❛r✐t② ❜✐t ❧❡♥❣t❤✿ n

❉❛t❛ ♦✉t♣✉t✿ Dout

P❛r✐t② ❜✐t ✵✿ P0

P❛r✐t② ❜✐t ✶✿ P1

❋✐❣✉r❡ ✾✳✹✿ ❚✉r❜♦ ❊♥❝♦❞❡r ❙❉❋ ❆❝t♦r
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❘❛t❡ ▼❛t❝❤❡r

❚❤❡ r❛t❡ ♠❛t❝❤❡r ♣r♦✈✐❞❡s r❛t❡ ❝♦♥✈❡rs✐♦♥ ❢r♦♠ ❛ ✜①❡❞ ♠♦t❤❡r ❝♦❞❡ ✇✐t❤ ❛ ♣r❡s❡t
r❛t❡ t♦ ❛ ❝✉st♦♠ ❝❤❛♥♥❡❧ r❛t❡ ❢♦r ✐♥❝r❡❛s✐♥❣ t❤❡ ✢❡①✐❜✐❧✐t② ♦❢ t❤❡ s②st❡♠ ✐♥ t❡r♠s
♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡✲❝♦♠♣❧❡①✐t② tr❛❞❡✲♦✛ ♦❢ ❝❤❛♥♥❡❧ ❝♦❞✐♥❣✳ ❚❤❡ r❛t❡ ♠❛t❝❤✐♥❣ ✐s
♣❡r❢♦r♠❡❞ ❜② ♣✉♥❝t✉r✐♥❣ ♦r r❡♣❡❛t✐♥❣ t❤❡ ❝♦❞❡❞ ❜✐ts ❜❛s❡❞ ♦♥ t❤❡ ♠♦t❤❡r r❛t❡ ❛♥❞
t❤❡ ❝✉st♦♠ ❝❤❛♥♥❡❧ r❛t❡✳

❙✐♠✐❧❛r t♦ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r✱ t❤❡ r❛t❡ ♠❛t❝❤❡r ❝❛♥ ❛❧s♦ ❜❡ ❝❤❛♥❣❡❞ ❛t r✉♥
t✐♠❡✳ ❚❤❡ ✐♥♣✉t t♦ t❤❡ r❛t❡ ♠❛t❝❤❡r ❝♦♥s✐sts ♦❢ t❤❡ ❞❛t❛ ✐♥♣✉t Din ✱ t❤❡ ♠♦t❤❡r
✭✐♥♣✉t✮ ❝♦❞✐♥❣ r❛t❡ R ✭r❡♣r❡s❡♥t❡❞ ❜② Rm ❛♥❞ Rn✮✱ ❛♥❞ t❤❡ ❝❤❛♥♥❡❧ ✭♦✉t♣✉t✮
❝♦❞✐♥❣ r❛t❡ r ✭r❡♣r❡s❡♥t❡❞ ❜② rm ❛♥❞ rn✮✳ ❚❤❡ ❞❛t❛ ✐♥♣✉t Din ❝♦♥s✐sts ♦❢ t❤❡
❞❛t❛ ♦✉t♣✉t ❛♥❞ t❤❡ ♣❛r✐t② ❜✐ts ❢r♦♠ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r✳ ❚❤❡r❡❢♦r❡✱ ✐ts ❞❛t❛ t♦❦❡♥
t②♣❡ ✐s st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭mMAX ✰ nMAX ✲ ✶ ❞♦✇♥t♦ ✵✮✳ mMAX ✐s t❤❡ ♠❛①✐♠✉♠
✐♥❢♦r♠❛t✐♦♥ ❜✐t ❧❡♥❣t❤ ❛♥❞ nMAX ✐s t❤❡ ♠❛①✐♠✉♠ ♣❛r✐t② ❜✐t ❧❡♥❣t❤✳ ✐♥❞✐❝❛t✐♥❣ t❤❛t
t❤❡r❡ s❤♦✉❧❞ ❜❡ t❤r❡❡ ❜✐ts ♣r❡s❡♥t❡❞ ❛t t❤❡ s❛♠❡ t✐♠❡✳ ❲❡ ❛ss✉♠❡ t❤❛t mMAX ❂ ✽
❛♥❞ nMAX ❂ ✽✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ ❝♦✉♥t ✐s ✶ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❛t ❡❛❝❤ ✐♥✈♦❝❛t✐♦♥ ♦♥❧②
♦♥❡ ❞❛t❛ t♦❦❡♥ ✐s ❝♦♥s✉♠❡❞✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❜✐t ❧❡♥❣t❤ Rm

✐♥ t❤❡ ♠♦t❤❡r ❝♦❞✐♥❣ r❛t❡ R ✐s ✐♥t❡❣❡r r❛♥❣❡ ✶ t♦ mMAX ❛♥❞ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢
t❤❡ ♣❛r✐t② ❜✐t ❧❡♥❣t❤ Rn ✐♥ t❤❡ ♠♦t❤❡r ❝♦❞✐♥❣ r❛t❡ R ✐s ✐♥t❡❣❡r r❛♥❣❡ ✶ t♦ nMAX ✳
❙✐♠✐❧❛r❧②✱ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❜✐t ❧❡♥❣t❤ rm ✐♥ t❤❡ ❝❤❛♥♥❡❧ ❝♦❞✐♥❣
r❛t❡ r ✐s ✐♥t❡❣❡r r❛♥❣❡ ✶ t♦ mMAX ❛♥❞ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ t❤❡ ♣❛r✐t② ❜✐t ❧❡♥❣t❤
rn ✐♥ t❤❡ ❝❤❛♥♥❡❧ ❝♦❞✐♥❣ r❛t❡ r ✐s ✐♥t❡❣❡r r❛♥❣❡ ✶ t♦ nMAX ✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝❛s❡ ♦❢
R ❂ r ✐s s✉♣♣♦rt❡❞✳ ❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ r❛t❡ ♠❛t❝❤❡r ✐s t❤❡ ❞❛t❛ ♦✉t♣✉t Dout ✳
❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ Dout ✐s st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭mMAX ✰ nMAX ✲ ✶ ❞♦✇♥t♦ ✵✮
❛♥❞ ✐ts ❞❛t❛ t♦❦❡♥ ❝♦✉♥t ✐s ♦♥❡✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t✉r❜♦ ❡♥❝♦❞❡r✱ ✇❤✐❝❤ ✐s ❞❡♥♦t❡❞
❛s a2✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✺✳

a2❉❛t❛ ✐♥♣✉t✿ Din

■♥♣✉t ✐♥❢♦r♠❛t✐♦♥ ❜✐t ❧❡♥❣t❤✿ Rm

■♥♣✉t ♣❛r✐t② ❜✐t ❧❡♥❣t❤✿ Rn

❖✉t♣✉t ✐♥❢♦r♠❛t✐♦♥ ❜✐t ❧❡♥❣t❤✿ rm

❖✉t♣✉t ♣❛r✐t② ❜✐t ❧❡♥❣t❤✿ rn

❉❛t❛ ♦✉t♣✉t✿ Dout

❋✐❣✉r❡ ✾✳✺✿ ❘❛t❡ ▼❛t❝❤❡r ❙❉❋ ❆❝t♦r



✶✼✼

■♥ ▲❚❊✱ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ t❤❡ ♦✉t♣✉ts ❢r♦♠ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❛r❡ ❛❧❧
st❞❴❧♦❣✐❝ ❛♥❞ t❤❡ t♦t❛❧ ❞❛t❛ t♦❦❡♥ ❝♦✉♥t ✐s ✸✳ ■♥ t❤✐s ❝❛s❡✱ ✇❡ ❤❛✈❡ t♦ ♠❛♥✉✲
❛❧❧② ❛❞❞ ♦♥❡ ❞❛t❛ s✐③❡ ♠❛t❝❤❡r t❤❛t ❝♦♥✈❡rt t❤r❡❡ st❞❴❧♦❣✐❝ ❞❛t❛ t♦❦❡♥s t♦ ♦♥❡
st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭mMAX ✰ nMAX ✲ ✶ ❞♦✇♥t♦ ✵✮ ❞❛t❛ t♦❦❡♥✳ ❲❡ ♥❡❡❞ t♦ ✐♠♣❧❡✲
♠❡♥t t❤❡ ❞❛t❛ s✐③❡ ♠❛t❝❤❡r ❛♥❞ ❛❞❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❙❉❋ ❛❝t♦r ✐♥t♦ ♦✉r s②st❡♠✳
❆ss✉♠❡ mMAX ❂ ✽ ❛♥❞ nMAX ❂ ✶✻✳ ❚❤❡ ✐♥♣✉t t♦ t❤❡ ❞❛t❛ s✐③❡ ♠❛t❝❤❡r ❝♦♥s✐sts
♦❢ t❤❡ ❞❛t❛ ✐♥♣✉t Din ✱ t❤❡ ♣❛r✐t② ❜✐t ✵ ✐♥♣✉t P0 ✱ ❛♥❞ t❤❡ ♣❛r✐t② ❜✐t ✶ ✐♥♣✉t P1 ✳
❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ ❞❛t❛ s✐③❡ ♠❛t❝❤❡r ✐s ❞❡♥♦t❡❞ ❛s Dout ❛♥❞ ✐t ✐s ❛ ❝♦♠❜✐♥❡❞
❞❛t❛ str✉❝t✉r❡ ❝♦♥s✐st✐♥❣ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❜✐t ❛♥❞ t❤❡ t✇♦ ♣❛r✐t② ❜✐ts✳ ❚❤❡ ❙❉❋
❛❝t♦r ♦❢ t❤❡ ❞❛t❛ s✐③❡ ♠❛t❝❤❡r✱ ✇❤✐❝❤ ✐s ❞❡♥♦t❡❞ ❛s a1✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✻✳

a1 ❉❛t❛ ♦✉t♣✉t✿ Dout

❉❛t❛ ✐♥♣✉t✿ Dout

P❛r✐t② ❜✐t ✵✿ P0

P❛r✐t② ❜✐t ✶✿ P1

❋✐❣✉r❡ ✾✳✻✿ ❉❛t❛ ❙✐③❡ ▼❛t❝❤❡r ❙❉❢ ❆❝t♦r

❚❤❡ ❋■▼P ♦❢ t❤❡ ❞❛t❛ s✐③❡ ♠❛t❝❤❡r ❝❛♥ ❜❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ❜② ❙❨▲❱❆
♦♥❝❡ t❤❡ ✐♥♣✉t ♣♦rts ❛♥❞ t❤❡ ♦✉t♣✉t ♣♦rt ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡ ❞❡s✐❣♥❡r✳ ❚❤❡ ♠❛t❝❤✐♥❣
✐s ❞♦♥❡ ❜② ❛ss✐❣♥✐♥❣ t❤❡ ✐♥♣✉t ♣♦rts t❤❡ t❤❡ ♦✉t♣✉t ♣♦rt s❡q✉❡♥t✐❛❧❧②✳ ❚❤❡ ❞❡t❛✐❧s
♦❢ t❤❡ ❋■▼P ❣❡♥❡r❛t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r ✼✳



✶✼✽ ❆PP❊◆❉■❳✿ ❙❨❙❚❊▼ ▼❖❉❊▲■◆● ❊❳❆▼P▲❊

❙❝r❛♠❜❧❡r

❚❤❡ s❝r❛♠❜❧❡r ✐♥tr♦❞✉❝❡s ♣s❡✉❞♦✲♥♦✐s❡ t♦ t❤❡ ❞❛t❛ ❜✐ts t❤❛t ♠❛❦❡s ✐t ✉♥✐♥t❡❧❧✐❣✐❜❧❡
t♦ ❛ ♣♦t❡♥t✐❛❧ ❡❛✈❡s❞r♦♣♣❡r✳ ❚❤❡ ❜✐t str❡❛♠ ✐♥ ❛ s✉❜✲❢r❛♠❡ ✐s s❝r❛♠❜❧❡❞ ✇✐t❤ ❛ ✉s❡r
❡q✉✐♣♠❡♥t s♣❡❝✐✜❡❞ s❝r❛♠❜❧✐♥❣ s❡q✉❡♥❝❡ ✐♥ t❤❡ tr❛♥s♠✐tt❡r ❛♥❞ ❝❛♥ ❜❡ r❡✈❡rs❡❞ ❜②
❞❡s❝r❛♠❜❧✐♥❣ ❛t t❤❡ r❡❝❡✐✈❡r✳

❙✐♠✐❧❛r t♦ t❤❡ t✉r❜♦ ❡♥❝♦❞❡r ❛♥❞ t❤❡ r❛t❡ ♠❛t❝❤❡r✱ t❤❡ s❝r❛♠❜❧❡r ✐s ❢♦r t❤❡
❣❡♥❡r❛❧ ❝❛s❡s t❤❛t t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s❝r❛♠❜❧✐♥❣ ❝♦❞❡ ❝❛♠ ❜❡ ❝❤❛♥❣❡❞ ❛t r✉♥ t✐♠❡✳
❚❤❡ ✐♥♣✉t t♦ t❤❡ s❝r❛♠❜❧❡r ❝♦♥s✐sts ♦❢ t❤❡ ❞❛t❛ ✐♥♣✉t Din ❛♥❞ t❤❡ s❝r❛♠❜❧❡r ❝♦❞❡
❧❡♥❣t❤ s✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ Din ✐s st❞❴❧♦❣✐❝ ❛♥❞ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ s ✐s
✐♥t❡❣❡r r❛♥❣❡ ✵ t♦ ✼ ✐♥❞✐❝❛t✐♥❣ t❤❡ s❝r❛♠❜❧✐♥❣ ❝♦❞❡ ❧❡♥❣t❤s ♦❢ ✹✱ ✽✱ ✶✻✱ ✸✷✱ ✻✹✱ ✶✷✽✱
✷✺✻✱ ❛♥❞ ✺✶✷✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❞❛t❛ ♦✉t♣✉t ❢r♦♠ t❤❡ s❝r❛♠❜❧❡r ✐s t❤❡ ❞❛t❛ ♦✉t♣✉t
Dout ✳ ■ts ❞❛t❛ t♦❦❡♥ t②♣❡ ✐s st❞❴❧♦❣✐❝✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t❤❡ s❝r❛♠❜❧❡r✱ ✇❤✐❝❤ ✐s
❞❡♥♦t❡❞ ❛s a3✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✼✳

a3❉❛t❛ ✐♥♣✉t✿ Din

❙❝r❛♠❜❧✐♥❣ ❝♦❞❡ ❧❡♥❣t❤✿ s

❉❛t❛ ♦✉t♣✉t✿ Dout

❋✐❣✉r❡ ✾✳✼✿ ❙❝r❛♠❜❧❡r ❙❉❋ ❆❝t♦r

◆♦t❡ t❤❛t t❤❡ s❝r❛♠❜❧❡r ❝❛♥♥♦t ❜❡ ❡①❡❝✉t❡❞ ✐♥ ♣❛r❛❧❧❡❧ ✇✐t❤♦✉t ♠♦❞✐✜❝❛t✐♦♥
♦❢ t❤❡ s❝r❛♠❜❧✐♥❣ ❝♦❞❡ ♦t❤❡r✇✐s❡ t❤❡ ♦✉t♣✉t ❞❛t❛ ✇✐❧❧ ❜❡ ✇r♦♥❣✳ ❚❤❡r❡❢♦r❡✱ ✇❡
♠❛r❦ t❤❡ ♥✉♠❜❡r ♦❢ ❋■▼Ps ✉s❡❞ ❢♦r t❤❡ s❝r❛♠❜❧❡r ❛s ♦♥❡ ✭F3 ❂ ❬ f ❪✱ ✇❤❡r❡ f ✐s
❛ ❞✉♠♠② ❋■▼P s❡r✈❡s ❛s ❛ ♣❧❛❝❡ ❤♦❧❞❡r✮ ✐♥❞✐❝❛t✐♥❣ t❤❛t ♦♥❧② ♦♥❡ ❋■▼P ✇✐❧❧ ❜❡
✉s❡❞ ❢♦r t❤❡ s❝r❛♠❜❧❡r ♥♦ ♠❛tt❡r ❤♦✇ ♠❛♥② t✐♠❡s ✐t s❤♦✉❧❞ ❜❡ ✐♥✈♦❦❡❞✳ ❙✐♥❝❡ t❤❡
♦✉t♣✉t ♦❢ t❤❡ r❛t❡ ♠❛t❝❤❡r ✐s mMAX ✰ nMAX ❂ ✽ ✰ ✽ ❂ ✶✻ ❛♥❞ t❤❡ ✐♥♣✉t t♦ t❤❡
s❝r❛♠❜❧❡r ✐s ♦♥❡✱ ✇❡ ♥❡❡❞ t♦ ♠❛❦❡ ❛ ❝✉st♦♠ ✇r❛♣ ❛r♦✉♥❞ t❤❡ s❝r❛♠❜❧❡r s✉❝❤ t❤❛t
✐t t❛❦❡s ✶✻ ❜✐t ✇✐❞❡ ❞❛t❛ ✐♥♣✉t ❛s ✇❡❧❧ ❛s t❤❡ ❝❤❛♥♥❡❧ ❝♦❞✐♥❣ r❛t❡ ♣❛r❛♠❡t❡rs rm
❛♥❞ rn ❛s t❤❡ ✐♥♣✉ts✳ ❚❤❡ ♦✉t♣✉t s❤♦✉❧❞ ❜❡ mMAX ✰ nMAX ✇✐❞❡ t♦ ♣r❡✈❡♥t ❧♦ss ♦❢
✐♥❢♦r♠❛t✐♦♥✳ ❋♦r ❛ ❣✐✈❡♥ rm ❛♥❞ rn ❝♦♠❜✐♥❛t✐♦♥✱ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥✈♦❝❛t✐♦♥s ♦❢ t❤❡
s❝r❛♠❜❧❡r ❡q✉❛❧s t♦ rm + rn✳ ❲❡ ♥♦✇ ❤❛✈❡ t✇♦ ❝❤♦✐❝❡s✳ ❚❤❡ ✜rst ♦♥❡ ✐s ❞❡s✐❣♥✐♥❣
t❤❡ ✇r❛♣♣❡❞ s❝r❛♠❜❧❡r ✐♥ s✉❝❤ ❛ ✇❛② t❤❛t ✐t ✇✐❧❧ ✐♥✈♦❦❡❞ ♠✉❧t✐♣❧❡ t✐♠❡s ✐♥t❡r♥❛❧❧②
❜✉t ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❜❧❛❝❦ ❜♦① ❢r♦♠ t♦♣ ♦❢ ✐t✳ ■♥ t❤✐s ❝❛s❡✱ ✇❡ ❛ss✉♠❡ t❤❡ ❡①❡❝✉t✐♦♥
t✐♠❡ ♦❢ t❤✐s ✇r❛♣♣❡❞ s❝r❛♠❜❧❡r t♦ ❜❡ mMAX ✰ nMAX t♦ ❝♦✈❡r t❤❡ ✇♦rst ❝❛s❡ s✐♥❝❡
✇❡ ✇❛♥t t♦ ❤❛✈❡ st❛t✐❝ s❝❤❡❞✉❧❛❜✐❧✐t②✳
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❆♥♦t❤❡r ❝❤♦✐❝❡ ✐s ♠♦❞❡❧✐♥❣ ♦♥❧② ❢♦r ❛ ✜①❡❞ rm ❛♥❞ rn✳ ❚❤❡ ✜rst ❝❤♦✐❝❡ ❣✐✈❡s
✉s ❛ ✢❡①✐❜❧❡ s②st❡♠ ✇❤✐❧❡ t❤❡ ♦t❤❡r ❝❤♦✐❝❡ ❣✐✈❡s ✉s ❛ ❞❡❞✐❝❛t❡ s②st❡♠✳ ❙✉♣♣♦rt✐♥❣
❞②♥❛♠✐❝ s❝❤❡❞✉❧❡ ✐s ❛ ❢✉t✉r❡ ✇♦r❦✳ ❖♥❝❡ ✐ts s✉♣♣♦rt❡❞✱ ✇❡ ❝❛♥ ❝♦♠❜✐♥❡ t❤❡ t✇♦
❝❤♦✐❝❡s✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t❤❡ ✇r❛♣♣❡❞ s❝r❛♠❜❧❡r✱ ✇❤✐❝❤ ✐s ❞❡♥♦t❡❞ ❛s a3✱ ✐s
❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✽✳ ❘❡♠❡♠❜❡r✱ ✇❡ ❛❧s♦ ♥❡❡❞ t♦ ♠❛❦❡ t❤❡ ❋■▼P ❢♦r ✐t ❜❡❢♦r❡
✇❡ ❝❛♥ ♠♦❞❡❧ t❤❡ ❡♥t✐r❡ s②st❡♠✳

a3❉❛t❛ ✐♥♣✉t✿ Din

■♥❢♦r♠❛t✐♦♥ ❜✐t ❧❡♥❣t❤✿ rm

P❛r✐t② ❜✐t ❧❡♥❣t❤✿ rn

❙❝r❛♠❜❧✐♥❣ ❝♦❞❡ ❧❡♥❣t❤✿ s

❉❛t❛ ♦✉t♣✉t✿ Dout

❋✐❣✉r❡ ✾✳✽✿ ❲r❛♣♣❡❞ ❙❝r❛♠❜❧❡r ❙❉❋ ❆❝t♦r
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❈♦♥st❡❧❧❛t✐♦♥ ▼❛♣♣❡r

❚❤❡ ❝♦♥st❡❧❧❛t✐♦♥ ♠❛♣♣❡r ✐s ❢♦r ♠❛t❝❤✐♥❣ t❤❡ tr❛♥s♠✐tt❡❞ ❞❛t❛ t♦ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s
♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧ ❬✶✷✷❪✳ ❚❤❡ ❝♦♥❝❡♣t ✐s t♦ ♠❛♣ ❛ ❣r♦✉♣ ♦❢ ❞❛t❛ ❜✐ts t♦
❛ s②♠❜♦❧ t❤❛t ✇✐❧❧ ❜❡ tr❛♥s♠✐tt❡❞ ✈✐❛ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧✳ ❊❛❝❤ s②♠❜♦❧ ✐s
r❡♣r❡s❡♥t❡❞ ❜② ❛ ♣♦✐♥t ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❊①❛♠♣❧❡s ♦❢ t❤❡
♠❛♣♣✐♥❣ ♠❡t❤♦❞s ❛r❡ ❛s ❢♦❧❧♦✇s✿ ❇✐♥❛r② P❤❛s❡✲❙❤✐❢t ❑❡②✐♥❣ ✭❇P❙❑✮ t❤❛t ❝♦♥✈❡rts
✶ ❞❛t❛ ❜✐t t♦ ♦♥❡ ♦❢ t❤❡ ✷ ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥✱ ◗✉❛❞r❛t✉r❡ P❤❛s❡✲❙❤✐❢t
❑❡②✐♥❣ ✭◗P❙❑✮ t❤❛t ❝♦♥✈❡rts ✷ ❞❛t❛ ❜✐t t♦ ♦♥❡ ♦❢ t❤❡ ✹ ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡①
♣❧❛✐♥✱ ✶✻✲◗✉❛❞r❛t✉r❡ ❆♠♣❧✐t✉❞❡ ▼♦❞✉❧❛t✐♦♥ ✭✶✻ ◗❆▼✮ t❤❛t ❝♦♥✈❡rts ✹ ❞❛t❛ ❜✐t t♦
♦♥❡ ♦❢ t❤❡ ✶✻ ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥✱ ❛♥❞ ✻✹ ◗✉❛❞r❛t✉r❡ ❆♠♣❧✐t✉❞❡ ▼♦❞✉❧❛t✐♦♥
✭✻✹✲◗❆▼✮ t❤❛t ❝♦♥✈❡rts ✻ ❞❛t❛ ❜✐t t♦ ♦♥❡ ♦❢ t❤❡ ✻✹ ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥✳
✶✷✽ ◗✉❛❞r❛t✉r❡ ❆♠♣❧✐t✉❞❡ ▼♦❞✉❧❛t✐♦♥ ✭✶✷✽✲◗❆▼✮ t❤❛t ❝♦♥✈❡rts ✼ ❞❛t❛ ❜✐t t♦ ♦♥❡
♦❢ t❤❡ ✶✷✽ ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥✱ ❛♥❞ ✷✺✻ ◗✉❛❞r❛t✉r❡ ❆♠♣❧✐t✉❞❡ ▼♦❞✉❧❛t✐♦♥
✭✷✺✻✲◗❆▼✮ t❤❛t ❝♦♥✈❡rts ✽ ❞❛t❛ ❜✐t t♦ ♦♥❡ ♦❢ t❤❡ ✷✺✻ ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥✳

❖♥❡ ♠❡t❤♦❞ ✇✐t❤ ♠♦r❡ ❞✐st✐♥❝t ♣♦✐♥ts ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛✐♥ ❝❛♥ ♠❛♣ ♠♦r❡
❞❛t❛ ❜✐ts ✐♥ ♦♥❡ s②♠❜♦❧ t❤❛t t②♣✐❝❛❧❧② ✇✐❧❧ ♠♦st ❧✐❦❡❧② ✐♥❝r❡❛s❡ t❤❡ tr❛♥s♠✐ss✐♦♥
❜❛♥❞✇✐❞t❤✳

❙✐♠✐❧❛r t♦ t❤❡ ♦t❤❡r ♣r❡✈✐♦✉s ❢✉♥❝t✐♦♥s✱ t❤❡ ❝♦♥st❡❧❧❛t✐♦♥ ♠❛♣♣❡r ✐s ❢♦r t❤❡
❣❡♥❡r❛❧ ❝❛s❡s t❤❛t t❤❡ ♠❛♣♣✐♥❣ ♠❡t❤♦❞ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❛t r✉♥ t✐♠❡✳ ❚❤❡ ✐♥♣✉t
t♦ t❤❡ s❝r❛♠❜❧❡r ❝♦♥s✐sts ♦❢ t❤❡ ❞❛t❛ ✐♥♣✉t Din ❛♥❞ t❤❡ ♠❛♣♣✐♥❣ ♠❡t❤♦❞ m✳ ❚❤❡
❞❛t❛ t♦❦❡♥ t②♣❡ ♦❢ Din ✐s st❞❴❧♦❣✐❝❴✈❡❝t♦r✭DMAX ✲ ✶ ❞♦✇♥t♦ ✵✮✱ ✇❤❡r❡ DMAX

✐s t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❜✐ts t❤❛t ❝❛♥ ❜❡ ♠❛♣♣❡❞ ♦♥t♦ ♦♥❡ s②♠❜♦❧✳ ❚❤❡ ❞❛t❛
t♦❦❡♥ t②♣❡ ♦❢ m ✐s ✐♥t❡❣❡r r❛♥❣❡ ✵ t♦ ✺ ✐♥❞✐❝❛t✐♥❣ t❤❡ ♠♦❞✉❧❛t✐♦♥ ♠❡t❤♦❞s ♦❢
❇P❙❑✱ ◗P❙❑✱ ✶✻✲◗❆▼✱ ✻✹✲◗❆▼✱ ✶✷✽✲◗❆▼✱ ❛♥❞ ✷✺✻✲◗❆▼✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡
❞❛t❛ ♦✉t♣✉t ❢r♦♠ t❤❡ ❝♦♥st❡❧❧❛t✐♦♥ ♠❛♣♣❡r ❝♦♥s✐sts ♦❢ t❤❡ r❡❛❧ ♣❛rt Sout,re ❛♥❞ t❤❡
✐♠❛❣✐♥❛r② ♣❛rt Sout,im ♦❢ t❤❡ ♦✉t♣✉t s②♠❜♦❧ Sout ✳ ❆ss✉♠❡ ❡❛❝❤ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t
♦❢ ✐♥ ♦♥❡ ❝♦♠♣❧❡① ♥✉♠❜❡r r❡♣r❡s❡♥t❡❞ ❜② ✶✻ ❜✐ts✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ ❜♦t❤
♦✉t♣✉ts ❛r❡ st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭✶✺ ❞♦✇♥t♦ ✵✮✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t❤❡ ❝♦♥st❡❧❧❛t✐♦♥
♠❛♣♣❡r✱ ✇❤✐❝❤ ✐s ❞❡♥♦t❡❞ ❛s a4✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✾✳

a4

❉❛t❛ ✐♥♣✉t✿ Din

▼❛♣♣✐♥❣ ♠❡t❤♦❞✿ m

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

♦✉t♣✉t✿ Sout,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ♦✉t♣✉t✿ Sout,im

❋✐❣✉r❡ ✾✳✾✿ ❈♦♥st❡❧❧❛t✐♦♥ ▼❛♣♣❡r ❙❉❋ ❆❝t♦r
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❚r❛♥s❢♦r♠ Pr❡❝♦❞❡r

❚❤❡ tr❛♥s❢♦r♠ ♣r❡❝♦❞❡r ♣❡r❢♦r♠s ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮ ♦♥ t❤❡ s✐❣♥❛❧s t❤❛t
❝♦♥✈❡rts ❛ s②♠❜♦❧ str❡❛♠ ❢r♦♠ t✐♠❡ ❞♦♠❛✐♥ t♦ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ❢♦r t❤❡ ❢✉rt❤❡r
♣r♦❝❡❞✉r❡s✳

❚❤❡ tr❛♥s❢♦r♠ ♣r❡❝♦❞❡r ✐s ❛♥ ✻✹✲♣♦✐♥t ❋❋❚✳ ❚❤❡ ✐♥♣✉t t♦ t❤❡ tr❛♥s❢♦r♠ ♣r❡✲
❝♦❞❡r ❝♦♥s✐sts ♦❢ t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ✐♥♣✉t Sin,re ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢
t❤❡ s②♠❜♦❧ ✐♥♣✉t Sin,im ✳ ❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ tr❛♥s❢♦r♠ ♣r❡❝♦❞❡r ❝♦♥s✐sts ♦❢ t❤❡
r❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ♦✉t♣✉t Sout,re ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ♦✉t♣✉t
Sout,im ✳ ❆ss✉♠❡ ✇❡ ✉s❡ t❤❡ ❋❋❚ ❋■▼Ps ✇✐t❤ ♣❛r❛❧❧❡❧❡❞ ✐♥♣✉t ♣♦rts ❛♥❞ ❡❛❝❤ ♦❢
t❤❡ ❝♦♠♣♦♥❡♥t ♦❢ ✐♥ ♦♥❡ ❝♦♠♣❧❡① ♥✉♠❜❡r r❡♣r❡s❡♥t❡❞ ❜② ✶✻ ❜✐ts✳ ❚❤❡r❡❢♦r❡✱ t❤❡
❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ ❛❧❧ t❤❡ ✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts ❛r❡ ❛❧❧ st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭✶✻ ✯ ✻✹ ✲ ✶
❞♦✇♥t♦ ✵✮✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ ❝♦✉♥ts ♦❢ ❛❧❧ t❤❡ ✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts ❛r❡ ✶✬s✳ ❚❤❡ ❙❉❋
❛❝t♦r ♦❢ t❤❡ tr❛♥s❢♦r♠ ♣r❡❝♦❞❡r✱ ✇❤✐❝❤ ✐s ❞❡♥♦t❡❞ ❛s a5✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✶✵✳

a5

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

✐♥♣✉t✿ Sin,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ✐♥♣✉t✿ Sin,im

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

♦✉t♣✉t✿ Sout,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ♦✉t♣✉t✿ Sout,im

❋✐❣✉r❡ ✾✳✶✵✿ ❚r❛♥s❢♦r♠ Pr❡❝♦❞❡r ❙❉❋ ❆❝t♦r



✶✽✷ ❆PP❊◆❉■❳✿ ❙❨❙❚❊▼ ▼❖❉❊▲■◆● ❊❳❆▼P▲❊

❙✉❜✲❈❛rr✐❡r ▼❛♣♣❡r

❚❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r ✐♥s❡rts ❞❛t❛ s②♠❜♦❧ ❛♥❞ r❡❢❡r❡♥❝❡ s②♠❜♦❧s ✐♥t♦ t❤❡ s✉❜✲
❝❛rr✐❡rs✳ ❙✐❣♥❛❧ ❞❛t❛ ❢r♦♠ ♠✉❧t✐♣❧❡ ✉s❡rs ✇✐❧❧ ❜❡ ♠❛♣♣❡❞ ✐♥t♦ ♥♦♥✲♦✈❡r❧❛♣♣✐♥❣ s✉❜✲
❝❛rr✐❡rs✳ P✐❧♦t s✐❣♥❛❧s ❛r❡ ❛❧s♦ ♠❛♣♣❡❞ ✐♥t♦ s✉❜✲❝❛rr✐❡rs ✐s ♥❡❡❞❡❞ ❢♦r r❡❝♦♥str✉❝t✐♥❣
t❤❡ ❝❤❛♥♥❡❧ st❛t❡ ✐♥❢♦r♠❛t✐♦♥ ✉s✐♥❣ ❛ ❝❤❛♥♥❡❧ ❡st✐♠❛t♦r ❛t t❤❡ r❡❝❡✐✈❡r✳

❚❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r ✐s ❞❡❞✐❝❛t❡❞ ❢♦r ▲❚❊ t❤❛t t❤❡ ✐♥♣✉t t♦ ✐t ❝♦♥s✐sts ♦❢ t❤❡
r❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ✐♥♣✉t Sin,re ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ✐♥♣✉t
Sin,im ✳ ❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r ❝♦♥s✐sts ♦❢ t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡
s②♠❜♦❧ ♦✉t♣✉t Sout,re ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ♦✉t♣✉t Sout,im ✳ ❆ss✉♠❡
t❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r s✉♣♣♦rts ✉♣ t♦ ✶✻ ✉s❡rs ✐♥❝❧✉❞✐♥❣ t❤❡ ♣✐❧♦t s②♠❜♦❧s✳ ❆❧s♦
❛ss✉♠❡ t❤❛t ✐ts ❋■▼P ❤❛s ♦♥❧② s❡r✐❛❧✐③❡❞ ✐♥♣✉t ♣♦rts ❛♥❞ ❡❛❝❤ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t
♦❢ ✐♥ ♦♥❡ ❝♦♠♣❧❡① ♥✉♠❜❡r r❡♣r❡s❡♥t❡❞ ❜② ✶✻ ❜✐ts✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s
♦❢ ❛❧❧ t❤❡ ✐♥♣✉ts ❛r❡ ❛❧❧ st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭✶✻ ✯ ✶✻ ✲ ✶ ❞♦✇♥t♦ ✵✮ ❛♥❞ t❤❡ ❞❛t❛
t♦❦❡♥ ❝♦✉♥ts ♦❢ ❛❧❧ t❤❡ ✐♥♣✉ts ❛r❡ ✻✹✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ ❛❧❧ t❤❡ ♦✉t♣✉ts ❛r❡
❛❧❧ st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭✶✻ ✯ ✻✹ ✲ ✶ ❞♦✇♥t♦ ✵✮ ❛♥❞ t❤❡ ❞❛t❛ t♦❦❡♥ ❝♦✉♥ts ♦❢ ❛❧❧ t❤❡
✐♥♣✉ts ❛r❡ ✶✬s✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r✱ ✇❤✐❝❤ ✐s ❞❡♥♦t❡❞ ❛s a6✱
✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✶✶✳

a6

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

✐♥♣✉t✿ Sin,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ✐♥♣✉t✿ Sin,im

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

♦✉t♣✉t✿ Sout,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ♦✉t♣✉t✿ Sout,im

❋✐❣✉r❡ ✾✳✶✶✿ ❙✉❜✲❈❛rr✐❡r ▼❛♣♣❡r ❙❉❋ ❆❝t♦r



✶✽✸

❙❈✲❋❉▼❆ ▼♦❞✉❧❛t✐♦♥

❚❤❡ ❙✐♥❣❧❡ ❈❛rr✐❡r ❋r❡q✉❡♥❝② ❉✐✈❡rs✐t② ▼✉❧t✐♣❧❡ ❆❝❝❡ss ✭❙❈✲❋❉▼❆✮ ♠♦❞✉❧❛t✐♦♥
✐♠♣❧❡♠❡♥ts ❛ ♣r❡❝♦❞❡❞ ❖rt❤♦❣♦♥❛❧ ❋r❡q✉❡♥❝② ❉✐✈❡rs✐t② ▼✉❧t✐♣❧❡①✐♥❣ ✭❖❋❉▼✮ s❝❤❡♠❡✳
❚❤❡ t❤❡ ♣r❡❝♦❞✐♥❣ ✐s ❞♦♥❡ ❜② t❤❡ tr❛♥s❢♦r♠ ♣r❡❝♦❞❡r ❛♥❞ t❤❡ ❖❋❉▼ ✐s ❞♦♥❡ ❜②
♣❡r❢♦r♠✐♥❣ ■❋❋❚ ❛♥❞ ✐♥s❡rt✐♥❣ ❛ ❝②❝❧✐❝ ♣r❡✜①✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❡❧✐♠✐♥❛t❡❞ ❛t t❤❡
r❡❝❡✐✈❡r✳

❚❤❡ ❙❈✲❋❉▼❆ ♠♦❞✉❧❛t✐♦♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❛s ❛ ✻✹✲♣♦✐♥t ■❋❋❚ ❛♥❞ t❤❡ ✐♥♣✉t
t♦ ✐t ❝♦♥s✐sts ♦❢ t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ✐♥♣✉t Sin,re ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt
♦❢ t❤❡ s②♠❜♦❧ ✐♥♣✉t Sin,im ✳ ❚❤❡ ♦✉t♣✉t ❢r♦♠ t❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r ❝♦♥s✐sts ♦❢
t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧ ♦✉t♣✉t Sout,re ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ s②♠❜♦❧
♦✉t♣✉t Sout,im ✳ ❆ss✉♠❡ t❤❡ s✉❜✲❝❛rr✐❡r ♠❛♣♣❡r s✉♣♣♦rts ✉♣ t♦ ✶✻ ✉s❡rs ✐♥❝❧✉❞✐♥❣
t❤❡ ♣✐❧♦t s②♠❜♦❧s✳ ❙✐♠✐❧❛r t♦ t❤❡ tr❛♥s❢♦r♠ ♣r❡❝♦❞❡r✱ ✇❡ ❛ss✉♠❡ t❤❛t ✐ts ❋■▼P ❤❛s
♦♥❧② ♣❛r❛❧❧❡❧❡❞ ✐♥♣✉t ♣♦rts ❛♥❞ ❡❛❝❤ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t ♦❢ ✐♥ ♦♥❡ ❝♦♠♣❧❡① ♥✉♠❜❡r
r❡♣r❡s❡♥t❡❞ ❜② ✶✻ ❜✐ts✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❛t❛ t♦❦❡♥ t②♣❡s ♦❢ ❛❧❧ t❤❡ ✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts
❛r❡ ❛❧❧ st❞❴❧♦❣✐❝❴✈❡❝t♦r ✭✶✻ ✯ ✻✹ ✲ ✶ ❞♦✇♥t♦ ✵✮✳ ❚❤❡ ❞❛t❛ t♦❦❡♥ ❝♦✉♥ts ♦❢ ❛❧❧ t❤❡
✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts ❛r❡ ✶✬s✳ ❚❤❡ ❙❉❋ ❛❝t♦r ♦❢ t❤❡ ❙❈✲❋❉▼❆ ♠♦❞✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s
❞❡♥♦t❡❞ ❛s a7✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳✶✷✳

a7

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

✐♥♣✉t✿ Sin,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ✐♥♣✉t✿ Sin,im

❘❡❛❧ ♣❛rt ♦❢ t❤❡ s②♠❜♦❧

♦✉t♣✉t✿ Sout,re

■♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡

s②♠❜♦❧ ♦✉t♣✉t✿ Sout,im

❋✐❣✉r❡ ✾✳✶✷✿ ❙❈✲❋❉▼❆ ▼♦❞✉❧❛t✐♦♥ ❙❉❋ ❆❝t♦r





❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❙❡♠✐❝♦♥❞✉❝t♦r ♠❛♥✉❢❛❝t✉r✐♥❣ t❡❝❤♥♦❧♦❣②✱ s❡♠❛t❡❝❤✳ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿
❤tt♣✿✴✴♣✉❜❧✐❝✳s❡♠❛t❡❝❤✳♦r❣✴

❬✷❪ ❍✳ ❉✳ ❋♦st❡r✱ ✏❲❤② t❤❡ ❞❡s✐❣♥ ♣r♦❞✉❝t✐✈✐t② ❣❛♣ ♥❡✈❡r ❤❛♣♣❡♥❡❞✱✑ ✐♥ ✷✵✶✸
■❊❊❊✴❆❈▼ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❈♦♠♣✉t❡r✲❆✐❞❡❞ ❉❡s✐❣♥ ✭■❈❈❆❉✮✱
✷✵✶✸✱ ♣♣✳ ✺✽✶✕✺✽✹✳

❬✸❪ ■♥t❡r♥❛t✐♦♥❛❧ t❡❝❤♥♦❧♦❣② r♦❛❞♠❛♣ ❢♦r s❡♠✐❝♦♥❞✉❝t♦rs✱ ✐trs✳ ❬❖♥❧✐♥❡❪✳
❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴✇✇✇✳✐trs✳♥❡t✴

❬✹❪ ❚✳ ❈✳ ▼❡②❡r♦✇✐t③✱ ❙✐♥❣❧❡ ❛♥❞ ▼✉❧t✐✲❈P❯ P❡r❢♦r♠❛♥❝❡ ▼♦❞❡❧✐♥❣ ❢♦r ❊♠❜❡❞✲
❞❡❞ ❙②st❡♠s✳ Pr♦◗✉❡st✱ ✷✵✵✽✳

❬✺❪ ❉✳ ❉✳ ●❛❥s❦✐ ❛♥❞ ❘✳ ❍✳ ❑✉❤♥✱ ✏●✉❡st ❡❞✐t♦rs✬ ✐♥tr♦❞✉❝t✐♦♥✿ ◆❡✇ ✈❧s✐ t♦♦❧s✱✑
❈♦♠♣✉t❡r✱ ✈♦❧✳ ✶✻✱ ♥♦✳ ✶✷✱ ♣♣✳ ✶✶✕✶✹✱ ✶✾✽✸✳

❬✻❪ ❏✳ ❲✐❧❧✐❛♠s✱ ✏❙❚■❈❑❙ ✲ ❛ ❣r❛♣❤✐❝❛❧ ❝♦♠♣✐❧❡r ❢♦r ❤✐❣❤ ❧❡✈❡❧ ▲❙■ ❞❡s✐❣♥✱✑ ✐♥
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http://www.bluespec.com/high-level-synthesis-tools.html
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