
❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

■♥tr♦ ♦♥ ▼✉❧t✐✲♦❜❥❡❝t✐✈❡ r❡s♦✉r❝❡s ♦♣t✐♠✐③❛t✐♦♥

P❡r❢♦r♠❛♥❝❡✲ ❛♥❞ ❊♥❡r❣②✲❛✇❛r❡ ❍P❈ ❛♥❞ ❈❧♦✉❞s

●❡♦r❣❡s ❉❛ ❈♦st❛

❨❡r❡✈❛♥✱ ❆r♠❡♥✐❛♥ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

■❚ ✐♠♣❛❝t ♦♥ ❡❧❡❝tr✐❝✐t②

❘❡❝❡♥t ❞❛t❛❝❡♥t❡rs✿ ✹✵✵✵✵ s❡r✈❡rs✱ ✺✵✵✵✵✵ s❡r✈✐❝❡s ✭✈✐rt✉❛❧ ♠❛❝❤✐♥❡s✮✳ ●♦♦❣❧❡✱
❋❛❝❡❜♦♦❦ ❃ ✶ ♠✐❧❧✐♦♥ s❡r✈❡rs
❖♥❡ ♠❛❥♦r ♣♦✇❡r ❝♦♥s✉♠❡r

✷✵✵✵ ✿ ✼✵ ❚❲❤
✷✵✵✼ ✿ ✸✸✵ ❚❲❤✱ ✷✪ ♦❢ CO✷ ✇♦r❧❞
♣r♦❞✉❝t✐♦♥
✷✵✶✶ ✿ ✻th ❡❧❡❝tr✐❝✐t② ❝♦♥s✉♠❡r ✐♥
t❤❡ ✇♦r❧❞
✷✵✷✵ ✿ ✶✵✵✵ ❚❲❤

❘✐s✐♥❣

✷✵✶✹ t♦ ✷✵✶✻✿ ✾✵✪ ♦❢ ❞❛t❛❝❡♥t❡rs
✇✐❧❧ ♥❡❡❞ ❤❛r❞✇❛r❡ ✉♣❣r❛❞❡s
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

❙✉st❛✐♥❛❜❧❡ ❞❛t❛❝❡♥t❡rs

❆❝t✐♦♥ ❝❛♥ ❜❡ ❞♦♥❡ ❛t s❡✈❡r❛❧ ❞✐✛❡r❡♥t ❧❡✈❡❧s
❍❛r❞✇❛r❡ ❧❡✈❡❧✿ ❝❤❛♥❣✐♥❣ s❡r✈❡rs ♦r ❝♦♦❧✐♥❣ s②st❡♠

■❢ ❡♥tr♦♣② ✐s ❝♦♥st❛♥t✱ t❤❡♦r❡t✐❝❛❧ ❡♥❡r❣② ❝♦♥s✉♠t✐♦♥ ✐s ✵ ✦

❆♣♣❧✐❝❛t✐♦♥ ❧❡✈❡❧✿ r❡✇r✐t❡ ❛♣♣❧✐❝❛t✐♦♥s ✇❤✐❧❡ ❝❤❛♥❣✐♥❣
♣❛r❛❞✐❣♠∗♦r ❧✐❜r❛r②
▼✐❞❞❧❡✇❛r❡ ❧❡✈❡❧✿ ♠❛♥❛❣❡s s❡r✈❡rs ❛♥❞ s❡r✈✐❝❡s✴❛♣♣❧✐❝❛t✐♦♥s

▼✐❞❞❧❡✇❛r❡✿ ♠✐♥✐♠❛❧ ❝♦st✱ ♠❛①✐♠❛❧ ✐♠♣❛❝t

❖♣❡♥❙t❛❝❦✿ ✸✵✪ ♦❢ ♠❛r❦❡t s❤❛r❡ ✐♥ ✷✵✶✹
❖♣❡♥❙♦✉r❝❡ s♦❧✉t✐♦♥s✿ ✹✸✪ ✭✰✼✷✪ ✐♥ ✷ ②❡❛rs✮

∗ ●❡♦r❣❡s ❡t ❛❧✳ ❊①❛s❝❛❧❡ ♠❛❝❤✐♥❡s r❡q✉✐r❡ ♥❡✇ ♣r♦❣r❛♠♠✐♥❣ ♣❛r❛❞✐❣♠s ❛♥❞ r✉♥t✐♠❡s✱ ❙❋■ ❥♦✉r♥❛❧✱ ✷✵✶✺
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▲♦✇ ✉t✐❧✐③❛t✐♦♥ ❂ ❤✐❣❤ ❡❧❡❝tr✐❝❛❧ ✇❛st❡

■♥ ❧❛r❣❡ ♦r❣❛♥✐③❛t✐♦♥s✱ ❝♦♠♣✉t❡rs ❛r❡
✉s✉❛❧❧② ✇♦r❦✐♥❣ ❜❡t✇❡❡♥ ✶✵ t♦ ✺✵✪
❧♦❛❞

■❞❧❡ ♣♦✇❡r ✐s ❤❛❧❢ ♦❢ ♠❛① ♣♦✇❡r

Pr♦❜❧❡♠✿ ❖♥ ❧♦✇ ❧♦❛❞✱ ❲❛tt✴❘❡q✉❡st
✐s ❜❛❞

❇❛rr♦s♦ ✷✵✵✼

❞❛❝♦st❛❅✐r✐t✳❢r ✹✴✺✻
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▲♦✇ ✉t✐❧✐③❛t✐♦♥ ❂ ❤✐❣❤ ❡❧❡❝tr✐❝❛❧ ✇❛st❡

■♥ ❧❛r❣❡ ♦r❣❛♥✐③❛t✐♦♥s✱ ❝♦♠♣✉t❡rs ❛r❡
✉s✉❛❧❧② ✇♦r❦✐♥❣ ❜❡t✇❡❡♥ ✶✵ t♦ ✺✵✪
❧♦❛❞

■❞❧❡ ♣♦✇❡r ✐s ❤❛❧❢ ♦❢ ♠❛① ♣♦✇❡r

Pr♦❜❧❡♠✿ ❖♥ ❧♦✇ ❧♦❛❞✱ ❲❛tt✴❘❡q✉❡st
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼✐❞❞❧❡✇❛r❡s

❚✇♦ ❣♦❛❧s✿

▼❛♥❛❣✐♥❣ ✭♥❡❡❞s✱ ❡rr♦rs✱ ❢❛✉❧ts✱
♦✈❡r❤❡❛t✐♥❣✮
❖♣t✐♠✐③✐♥❣ ✭❊♥❡r❣②✱ ♣❡r❢♦r♠❛♥❝❡✮

▲❡✈❡r❛❣❡s

❙✇✐t❝❤✐♥❣ ♦♥✴♦✛✱ ❉❱❋❙
▼✐❣r❛t✐♦♥ ✭①✽✻✴❆❘▼✮∗✱ r❡❞✉❝t✐♦♥ ♦❢
❛❧❧♦❝❛t❡❞ r❡s♦✉r❝❡s✱ s✉s♣❡♥❞

▼❡t❤♦❞s

❖❢t❡♥ ✐♥ t❤❡ r❡❛❧ ✇♦r❧❞✿ ❍✉♠❛♥s ♦r
r✉❧❡s
■♥ r❡s❡❛r❝❤✿ ❛✉t♦♥♦♠✐❝ ❧♦♦♣

▼❆P❊✲❑ ❧♦♦♣ ❝©■❇▼

∗ ❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❇✐❣✱ ▼❡❞✐✉♠✱ ▲✐tt❧❡ ✿ ❘❡❛❝❤✐♥❣ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✇✐t❤ ❍❡t❡r♦❣❡♥❡♦✉s ❈♦♠♣✉t✐♥❣ ❙❝❤❡❞✉❧❡r✱ P❛r❛❧❧❡❧ Pr♦❝❡ss✐♥❣

▲❡tt❡rs✱ ❥♦✉r♥❛❧✱ ✷✵✶✺✳
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

❆✉t♦♥♦♠✐❝ ❧♦♦♣
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

❖✉t❧✐♥❡✿ ❍♦✇ t♦ ❡✣❝✐❡♥t❧② ♠❛♥❛❣❡ ❛
❞❛t❛❝❡♥t❡r

❊✣❝✐❡♥t❧②❄

■t ✐s ♥❡❝❡ss❛r② t♦ ❜❡ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ ✭♠♦❞❡❧s ✫
♠❡tr✐❝s✮

▼❛♥❛❣✐♥❣ ♠❡❛♥s ❞❡❝✐❞✐♥❣

▼❡❛s✉r❡ t♦♦❧s
❊✈❛❧✉❛t✐♦♥ t♦♦❧s ✿ ❊①♣❡r✐♠❡♥ts✱ s✐♠✉❧❛t✐♦♥
❊①❛❝t ❛♣♣r♦❛❝❤❡s ❛♥❞ ❤❡✉r✐st✐❝s ❢♦r ❞❡❝✐s✐♦♥

❊✈♦❧✉t✐♦♥ ♦❢ ❞❛t❛❝❡♥t❡rs

❉❛t❛❝❡♥t❡r ❢❡❞❡r❛t✐♦♥s
▼✉❧t✐✲❧❡✈❡❧s ♦♣t✐♠✐③❛t✐♦♥

❞❛❝♦st❛❅✐r✐t✳❢r ✼✴✺✻
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

P❧❛♥

✶ ❆✉t♦♥♦♠✐❝ ❧♦♦♣
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s
▼❡❛s✉r❡s
❊✈❛❧✉❛t✐♦♥ t♦♦❧s

✷ ❉❡❝✐s✐♦♥
P❧❛❝❡♠❡♥t
❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥
❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

✸ ❊✈♦❧✉t✐♦♥✱ ♥♦❞❡s ♦♣t✐♠✐③❛t✐♦♥
▲❛r❣❡✲❣r❛✐♥❡❞
▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧
❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

✹ ❆♥❞ ❜❡②♦♥❞
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▼♦❞❡❧ ❛ s②st❡♠

❚♦ ♠❛♥❛❣❡ ❛ s②st❡♠✱ ✇❡ ♥❡❡❞ t♦✿

❑♥♦✇ ❛❧❧ ♣♦ss✐❜❧❡ ❛❝t✐♦♥s

❑♥♦✇ ✇❤✐❝❤ ✐s✭❛r❡✮ t❤❡ ❜❡st ♦♥❡✭s✮

■t ❝❛♥ ❜❡ tr❛♥s❧❛t❡❞ ✐♥t♦✿

▼♦❞❡❧✐♥❣ ✐♠♣❛❝t ❛♥❞ ♠❡❛♥s ✭t✐♠❡✱ ❡♥❡r❣②✱✳✳✳✮ ♦❢ t❤❡s❡ ❛❝t✐♦♥s

❇❡✐♥❣ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ t✇♦ s❝❡♥❛r✐♦s
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

■♠♣❛❝t ♦❢ ❧❡✈❡r❛❣❡s✱ ❛♥ ❡①❛♠♣❧❡ ✇✐t❤
❉❱❋❙

❉②♥❛♠✐❝ ❡❧❡❝tr✐❝ ♣♦✇❡r ❝♦♥s✉♠❡❞ ❜② ❛ ❈▼❖❙ ❝♦♠♣♦♥❡♥t✿

Pcmos = Ceff × V
✷
× f

✇✐t❤✱ Ceff t❤❡ ❡✛❡❝t✐✈❡ ❝❛♣❛❝✐t❛♥❝❡ ✯✱ V t❤❡ ✈♦❧t❛❣❡ ❛♥❞ f t❤❡ ❢r❡q✉❡♥❝②
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E = P ∗ T ∝ T ∗ V
✸ ✱ ❛✈❡❝ V ∝ f ❡t T ∝ ✶/F ✱ ❛❧♦rs E ∝ f
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Power = Pmin+Load×αVoltage✷Frequency+λTemperature
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PowerDC = ω✵ + ω✶PowerAC + ω✷Power
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❚❤❡r♠❛❧ ✭❉✲▼❛tr✐①✮∗

❇❡t✇❡❡♥ ❛♣♣❧✐❝❛t✐♦♥s

∗ ❍♦♥❣ ❨❛♥❣ ❡t ❛❧✳✱❊♥❡r❣②✲❡✣❝✐❡♥t ❛♥❞ t❤❡r♠❛❧✲❛✇❛r❡ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛❝❡♥t❡rs✱ ❙❯❙❈❖▼ ❥♦✉r♥❛❧✱ ✷✵✶✹✳
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❆ ✏s✐♠♣❧❡✑ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s

❚✇♦ t②♣❡s ♦❢ ♠♦♥♦✲t❤r❡❛❞ ❛♣♣❧✐❝❛t✐♦♥s

❆♣♣❧✐❝❛t✐♦♥ ✶ ✿ ❈♣✉✲■♥t❡♥s✐✈❡✱
❧✐♠✐t❡❞ ❜② t❤❡ ♣r♦❝❡ss♦r
❆♣♣❧✐❝❛t✐♦♥ ✷ ✿ ▼❡♠✲■♥t❡♥s✐✈❡✱
❧✐♠✐t❡❞ ❜② ♠❡♠♦r②

❊①❡❝✉t✐♦♥ ♦♥ ❛ q✉❛❞✲❝♦r❡

❆♣♣❧✐❝❛t✐♦♥s ✶ ✿ ■♥❞❡♣❡♥❞❡♥t
❆♣♣❧✐❝❛t✐♦♥s ✷ ✿ ❙tr♦♥❣ ❝r♦ss✲✐♠♣❛❝t
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Experiment 1

Experiment 2

Experiment 3

Experiment 4

Experiment 5
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▼❡tr✐❝s ✿ ❆ ❝♦♠♣❧❡① ❧❛♥❞s❝❛♣❡

❍P❈

■♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡✱ t❤r♦✉❣❤♣✉t
❙t❡❛❞② ❛♥❞ ❦♥♦✇♥ ✇♦r❦❧♦❛❞

❈❧♦✉❞ s②st❡♠s

■♠♣r♦✈❡ ❝♦st ❡✣❝✐❡♥❝②
❱❛r②✐♥❣ ✇♦r❦❧♦❛❞✱ ❞✐✣❝✉❧t t♦ ♣r❡❞✐❝t

❚✇♦ ♠❛✐♥ q✉❡st✐♦♥s ✿

❍♦✇ t♦ ♣r♦❣r❛♠∗t❤❡♠ ❛t ❧❛r❣❡ s❝❛❧❡❄
❍♦✇ t♦ ♠❛♥❛❣❡ t❤❡♠ ❛t r✉♥t✐♠❡❄

∗ ●❡♦r❣❡s ❡t ❛❧✳ ❊①❛s❝❛❧❡ ♠❛❝❤✐♥❡s r❡q✉✐r❡ ♥❡✇ ♣r♦❣r❛♠♠✐♥❣ ♣❛r❛❞✐❣♠s ❛♥❞ r✉♥t✐♠❡s✱ ❙❋■ ❥♦✉r♥❛❧✱ ✷✵✶✺
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▼❡tr✐❝s

❉✐r❡❝t ✈❛❧✉❡s✿

Pr♦❝❡ss♦r ❛♥❞ ♠❡♠♦r② ❧♦❛❞✱ ♣♦✇❡r✱ t❡♠♣❡r❛t✉r❡✱✳✳✳
❖❜❥❡❝t✐✈❡✿ ❉♦❡s t❤❡ s②st❡♠ ✇♦r❦s❄ ❈♦♠♣❛r✐♥❣ t✇♦ ❞❛t❛❝❡♥t❡rs✱ ♠✐❞❞❧❡✇❛r❡✱
s♦❢t✇❛r❡✱✳✳✳

✹✵✵✵✵ s❡r✈❡rs✱ ✺✵✵✵✵✵ s❡r✈✐❝❡s → ◆❡❡❞ ♦❢ s✐♠♣❧❡ ♠❡tr✐❝s

❈♦♥s✉♠♣t✐♦♥ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡

❉✐✣❝✉❧t t♦ st❛♥❞❛r❞✐③❡✱ ♠❛✐♥❧② ♣❡r❢♦r♠❛♥❝❡

❉❡♣❡♥❞s ♦❢ t❤❡ s❡r✈✐❝❡✱ ✐ts ✐♠♣❧❡♠❡♥t❛t✐♦♥✱✳✳✳

❈❧❛ss✐❝❛❧ ♠❡tr✐❝✿ P❯❊

●❡♦r❣❡s ❡t ❛❧✳ ❉❛t❛ ❈❡♥tr❡s ❙✉st❛✐♥❛❜✐❧✐t② ❈❧✉st❡r ❆❝t✐✈✐t✐❡s ❚❛s❦ ✸✳ ❘❛♣♣♦rt ❞❡ r❡❝❤❡r❝❤❡ ✸✳ ❊✉r♦♣❡❛♥ ❈♦♠♠✐ss✐♦♥✱ ✷✵✶✹
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

Pr♦❜❧❡♠ ♦❢ ♠✉❧t✐✲♦❜❥❡❝t✐✈❡

■♠♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ ✐♥ ❛❜s♦❧✉t❡✱ ♥❡❡❞
❛ ❝♦♥t❡①t✱ ❛ ❣♦❛❧

❋♦r♠❛❧✐③❡ s✐♠♣❧❡ ♠❡tr✐❝s∗ ✿ ❉②♥❛♠✐s♠✱
❊♥❡r❣②✱ P❡r❢♦r♠❛♥❝❡✱ ❘❡s✐❧✐❡♥❝❡

❙❡✈❡r❛❧ ❝❧❛ss✐❝❛❧ ♠❡t❤♦❞s

❈♦♥str❛✐♥t ♦♣t✐♠✐③❛t✐♦♥

❖❜❥❡❝t✐✈❡ ✇❡✐❣❤✐♥❣
❋✉③③② ✇❡✐❣❤✐♥❣ ✭❈♦♥str❛✐♥✐♥❣ ❜②
r❡❧❛①❛t✐♦♥ ♦❢ ♦♣t✐♠❛❧✮

∗ ❚♦♠ ❡t ❛❧✳✱ ◗✉❛❧✐t② ♦❢ ❙❡r✈✐❝❡ ▼♦❞❡❧✐♥❣ ❢♦r ●r❡❡♥ ❙❝❤❡❞✉❧✐♥❣ ✐♥

❈❧♦✉❞s✱ ❙❯❙❈❖▼ ❥♦✉r♥❛❧✱ ✷✵✶✹✳

X

Y
Constraint on X

Optimal under

constraint
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

Pr♦❜❧❡♠ ♦❢ ♠✉❧t✐✲♦❜❥❡❝t✐✈❡

■♠♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ ✐♥ ❛❜s♦❧✉t❡✱ ♥❡❡❞
❛ ❝♦♥t❡①t✱ ❛ ❣♦❛❧

❋♦r♠❛❧✐③❡ s✐♠♣❧❡ ♠❡tr✐❝s∗ ✿ ❉②♥❛♠✐s♠✱
❊♥❡r❣②✱ P❡r❢♦r♠❛♥❝❡✱ ❘❡s✐❧✐❡♥❝❡

❙❡✈❡r❛❧ ❝❧❛ss✐❝❛❧ ♠❡t❤♦❞s

❈♦♥str❛✐♥t ♦♣t✐♠✐③❛t✐♦♥
❖❜❥❡❝t✐✈❡ ✇❡✐❣❤✐♥❣

❋✉③③② ✇❡✐❣❤✐♥❣ ✭❈♦♥str❛✐♥✐♥❣ ❜②
r❡❧❛①❛t✐♦♥ ♦❢ ♦♣t✐♠❛❧✮

∗ ❚♦♠ ❡t ❛❧✳✱ ◗✉❛❧✐t② ♦❢ ❙❡r✈✐❝❡ ▼♦❞❡❧✐♥❣ ❢♦r ●r❡❡♥ ❙❝❤❡❞✉❧✐♥❣ ✐♥

❈❧♦✉❞s✱ ❙❯❙❈❖▼ ❥♦✉r♥❛❧✱ ✷✵✶✹✳
X

Y

Optimal with weighing
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

Pr♦❜❧❡♠ ♦❢ ♠✉❧t✐✲♦❜❥❡❝t✐✈❡

■♠♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ ✐♥ ❛❜s♦❧✉t❡✱ ♥❡❡❞
❛ ❝♦♥t❡①t✱ ❛ ❣♦❛❧

❋♦r♠❛❧✐③❡ s✐♠♣❧❡ ♠❡tr✐❝s∗ ✿ ❉②♥❛♠✐s♠✱
❊♥❡r❣②✱ P❡r❢♦r♠❛♥❝❡✱ ❘❡s✐❧✐❡♥❝❡

❙❡✈❡r❛❧ ❝❧❛ss✐❝❛❧ ♠❡t❤♦❞s

❈♦♥str❛✐♥t ♦♣t✐♠✐③❛t✐♦♥
❖❜❥❡❝t✐✈❡ ✇❡✐❣❤✐♥❣
❋✉③③② ✇❡✐❣❤✐♥❣† ✭❈♦♥str❛✐♥✐♥❣ ❜②
r❡❧❛①❛t✐♦♥ ♦❢ ♦♣t✐♠❛❧✮

† ❍♦♥❣ ❨❛♥❣ ❡t ❛❧✳ ❊♥❡r❣②✲❡✣❝✐❡♥t ❛♥❞ t❤❡r♠❛❧✲❛✇❛r❡ r❡s♦✉r❝❡

♠❛♥❛❣❡♠❡♥t ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛❝❡♥t❡rs✱ ❙❯❙❈❖▼ ❥♦✉r♥❛❧✱

✷✵✶✹✳

X

Y Optimal for X

Optimal on X plus 20%

Pareto front

Fuzzy optimal
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▼❡❛s✉r❡ ■♥❢r❛str✉❝t✉r❡

❇❛s✐s ❢♦r t❛❦✐♥❣ ❞❡❝✐s✐♦♥

❇❛s✐s ❢♦r ♠❡tr✐❝ ❡✈❛❧✉❛t✐♦♥

❈❧❛ss✐❝❛❧ ■♥❢r❛str✉❝t✉r❡ ✭♥❛❣✐♦s✱ ❣❛♥❣❧✐❛✱ ✳✳✳✮
Pr♦❜❧❡♠ ❢♦r s❝❛❧✐♥❣

▼♦st ✈❛❧✉❡s ❛r❡ ✉♥✉s❡❞ ♦❢ ❛❣❣r❡❣❛t❡❞ ❧❛t❡

❙♦♠❡ ♠❡❛s✉r❡s ✭♣r♦❝❡ss♦r✱ ♠❡♠♦r②✮✱ ❜✉t ♥♦ ❦♥♦✇❧❡❞❣❡

◆❡❡❞ ♦❢ ❤✐❣❤❡r ❧❡✈❡❧ ♠❡❛s✉r❡s
❲❤❛t t②♣❡ ♦❢ ✭♣❤❛s❡ ♦❢ ❛♥✮ ❛♣♣❧✐❝❛t✐♦♥
❊❧❡❝tr✐❝ ♣♦✇❡r ❝♦♥s✉♠❡❞ ❜② ❛♣♣❧✐❝❛t✐♦♥s
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❲❤✐❝❤ ✭♣❤❛s❡ ♦❢ ❛♥✮ ❛♣♣❧✐❝❛t✐♦♥ ✐s r✉♥✲
♥✐♥❣

❆ ♣❤❛s❡ ✿ ❜❡❤❛✈✐♦r ❧♦❝❛❧❧② r❡❣✉❧❛r

❊q✉✐✈❛❧❡♥t ❛s ❛ ❝♦♥st❛♥t r❡s♦✉r❝❡
❝♦♥s✉♠♣t✐♦♥
❙②st❡♠ ♠❡❛s✉r❡s ❝♦♥st❛♥ts

❉❡t❡❝t✐♦♥ t❤❡♥ ✐❞❡♥t✐✜❝❛t✐♦♥

❙✐❣♥❛t✉r❡ ♦❢ ❛ ♣❤❛s❡
❙❛♠❡ P❤❛s❡ ∼ ❙❛♠❡ ■♠♣❛❝t

▲❛♥❞r② ❡t ❛❧✳✱ ❊①♣❧♦✐t✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ❝♦✉♥t❡rs t♦ ♣r❡❞✐❝t ❛♥❞

✐♠♣r♦✈❡ ❡♥❡r❣② ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❍P❈ s②st❡♠s✱ ❋●❈❙ ❥♦✉r♥❛❧✱ ✷✵✶✹✳
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▼❛tr✐① ♦❢ s✐♠✐❧❛r s②st❡♠ ♠❡❛s✉r❡s ✭❲❘❋ ✿ ❲❡❛t❤❡r

❘❡s❡❛r❝❤ ❛♥❞ ❋♦r❡❝❛st✐♥❣✮
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

P♦✇❡r ♦❢ s❡r✈❡rs ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s
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(a)ANN regression using all K PIs. (b)Calibrated capacitivemodel.
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❊✈❛❧✉❛t✐♦♥ t♦♦❧s✿ ❊①♣❡r✐♠❡♥t❛t✐♦♥✱
❙✐♠✉❧❛t✐♦♥

❚♦ ✐♠♣r♦✈❡✱ ❝♦♠♣❛r✐s♦♥ ✐s ♥❡❝❡ss❛r②

❚❤r❡❡ ♠❛✐♥ ♠❡t❤♦❞s

▼❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s
❙✐♠✉❧❛t✐♦♥
❊①♣❡r✐♠❡♥ts
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▲✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣

❉❡s❝r✐❜❡ ❛❧❧ ❝♦♥str❛✐♥ts ✇✐t❤ ❧✐♥❡❛r
❡q✉❛t✐♦♥s

❉❡s❝r✐❜❡ t❤❡ ♦❜❥❡❝t✐✈❡ ❛s ❛ ❢✉♥❝t✐♦♥ t♦
♠✐♥✐♠✐③❡

❋♦r♠❛❧✐③❡ ❧❡✈❡r❛❣❡s ❛♥❞ t❤❡✐r ✐♠♣❛❝t

❆♣♣r♦①✐♠❛t✐♦♥ ♦❢ r❡❛❧ ✇♦r❧❞ ✭q✉❛❞r❛t✐❝
♣❤❡♥♦♠❡♥❛✮

❊①❛❝t r❡s♦❧✉t✐♦♥ ❢♦r s♠❛❧❧ ❝❛s❡s

❊①❛♠♣❧❡ ✿ ❆ t❛s❦ ✐s ♦♥ ❛ ✉♥✐q✉❡
s❡r✈❡r

▲❡t ejh t❤❡ ❢❛❝t t❤❛t t❛s❦ j r✉♥s
♦♥ s❡r✈❡r h

ejh = ✶ ✐✐❢ t❛s❦ j ✐s ♦♥ s❡r✈❡r h

∀j , h ejh ∈ {✵, ✶}✱
∀j

∑
h ejh = ✶

❞❛❝♦st❛❅✐r✐t✳❢r ✷✶✴✺✻
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▲✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣

❉❡s❝r✐❜❡ ❛❧❧ ❝♦♥str❛✐♥ts ✇✐t❤ ❧✐♥❡❛r
❡q✉❛t✐♦♥s

❉❡s❝r✐❜❡ t❤❡ ♦❜❥❡❝t✐✈❡ ❛s ❛ ❢✉♥❝t✐♦♥ t♦
♠✐♥✐♠✐③❡

❋♦r♠❛❧✐③❡ ❧❡✈❡r❛❣❡s ❛♥❞ t❤❡✐r ✐♠♣❛❝t

❆♣♣r♦①✐♠❛t✐♦♥ ♦❢ r❡❛❧ ✇♦r❧❞ ✭q✉❛❞r❛t✐❝
♣❤❡♥♦♠❡♥❛✮

❊①❛❝t r❡s♦❧✉t✐♦♥ ❢♦r s♠❛❧❧ ❝❛s❡s

❊①❛♠♣❧❡ ✿ ▼✐♥✐♠✐③❡ t❤❡ t♦t❛❧ ♣♦✇❡r
❝♦♥s✉♠❡❞

Pstat
h ❡t Pdyn

h ✿ st❛t✐❝ ❛♥❞
❞②♥❛♠✐❝ ♣♦✇❡r ♦❢ s❡r✈❡r h
✭❧✐♥❡❛r ♠♦❞❡❧✮

▲❡t αjh t❤❡ ♣r♦❝❡ss♦r ❢r❛❝t✐♦♥ ♦❢
t❛s❦ j ♦♥ s❡r✈❡r h

min
∑

h (P
stat
h +

∑
j αjhP

dyn
h )
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

▲✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣

❉❡s❝r✐❜❡ ❛❧❧ ❝♦♥str❛✐♥ts ✇✐t❤ ❧✐♥❡❛r
❡q✉❛t✐♦♥s

❉❡s❝r✐❜❡ t❤❡ ♦❜❥❡❝t✐✈❡ ❛s ❛ ❢✉♥❝t✐♦♥ t♦
♠✐♥✐♠✐③❡

❋♦r♠❛❧✐③❡ ❧❡✈❡r❛❣❡s ❛♥❞ t❤❡✐r ✐♠♣❛❝t

❆♣♣r♦①✐♠❛t✐♦♥ ♦❢ r❡❛❧ ✇♦r❧❞ ✭q✉❛❞r❛t✐❝
♣❤❡♥♦♠❡♥❛✮

❊①❛❝t r❡s♦❧✉t✐♦♥ ❢♦r s♠❛❧❧ ❝❛s❡s

❈♦♥str❛✐♥ts ✿
∀h ph ∈ {✵, ✶}

∀j
∑

h ejh = ✶, ∀j, h ejh ∈ {✵, ✶}, αjh ≤ ejh,mjh ≤ ejh
∀j vj ∈ {✵, ✶}, ∀h

∑
j αjh ≤ vj ,

∑
j mjh ≤ vj

∀j, h ph ≤ (✶ − ejh) + vj
∀j, h vj ≤ (✶ − ejh) + ph

∀h
∑

j αjh/rj ≤ vj

∀j
∑

h mjh ≤ vj

▼✐♥✐♠✐③❡ ♣♦✇❡r ✉♥❞❡r ♣❡r❢♦r♠❛♥❝❡ ❝♦♥str❛✐♥ts✿
∀j

∑
h αjh/rj > Threshold

min(
∑

h (Pmin
h +

∑
j αjh × (Pmax

h − Pmin
h ))

❉❛♠✐❡♥ ❡t ❛❧✳✱ ❊♥❡r❣②✲❆✇❛r❡ ❙❡r✈✐❝❡ ❆❧❧♦❝❛t✐♦♥✱ ❋●❈❙ ❥♦✉r♥❛❧✱ ✷✵✶✶
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❙✐♠✉❧❛t✐♦♥

▲❛r❣❡ ♥✉♠❜❡r ♦❢ s✐♠✉❧❛t♦rs✿ ❙✐♠●r✐❞✱ ❉❈❲♦r♠s✱ ❈❧♦✉❞❙✐♠✱ ✳✳✳

P❛rt✐❝✉❧❛r ♥❡❡❞s ❢♦r ♦✉r r❡s❡❛r❝❤

❈❧♦✉❞ ♠♦❞❡❧s ✭♠✐❣r❛t✐♦♥✱ ❖✈❡r✲❛❧❧♦❝❛t✐♦♥ ♦❢ r❡s♦✉r❝❡s✱ ❢❡❞❡r❛t✐♦♥†✮
❉❱❋❙
❊❧❡❝tr✐❝❛❧ ♣♦✇❡r
❚❡♠♣❡r❛t✉r❡

❙✐t✉❛t✐♦♥ ✐s st❡❛❞✐❧② ✐♠♣r♦✈✐♥❣

❉❱❋❙ ❛♥❞ ✜♥❡✲❣r❛✐♥❡❞ ♠❛♥❛❣❡♠❡♥t ♦❢ ❝❧♦✉❞s ✐♥ ❈❧♦✉❞❙✐♠
❚❤❡r♠❛❧ s✐♠✉❧❛t✐♦♥ ✐♥ ❉❈❲♦r♠s∗

❉❱❋❙ ❛♥❞ ❡♥❡r❣② ✐♥ ❙✐♠●r✐❞

∗ ❲♦❥t❡❦ ❡t ❛❧✳✱ ❊♥❡r❣② ❛♥❞ t❤❡r♠❛❧ ♠♦❞❡❧s ❢♦r s✐♠✉❧❛t✐♦♥ ♦❢ ✇♦r❦❧♦❛❞ ❛♥❞ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ✐♥ ❝♦♠♣✉t✐♥❣ s②st❡♠s✱ ❙▼P❚

❥♦✉r♥❛❧✱ ✷✵✶✺✳ †❚❤✐❛♠ ❡t ❛❧✳✱ ❈♦♦♣❡r❛t✐✈❡ ❙❝❤❡❞✉❧✐♥❣ ❆♥t✐✲❧♦❛❞ ❜❛❧❛♥❝✐♥❣ ❆❧❣♦r✐t❤♠ ❢♦r ❈❧♦✉❞✱ ❈❈❚❙ ✇♦r❦s❤♦♣✱ ✷✵✶✸
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❊①♣❡r✐♠❡♥t❛t✐♦♥

❆ ♠♦❞❡❧ ✐s ❛❧✇❛②s ❛♥ ❛♣♣r♦①✐♠❛t✐♦♥

❋✐♥❛❧ ✈❛❧✐❞❛t✐♦♥ ❜② ❡①♣❡r✐♠❡♥t

❈♦♠♣❧❡① ❜❡❝❛✉s❡ ♦❢ t❤❡ ♥❡❡❞ t♦ ❤❛✈❡ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡s

❆t ❊◆❙✲▲②♦♥✱ t❤❡② ✇❤❡r❡ ♦♥❡ ♦❢ t❤❡ ✜rst t♦ ❡①♣❡r✐♠❡♥t ✇✐t❤ ✇❛tt✲♠❡t❡rs ❛t ❧❛r❣❡
s❝❛❧❡ ✭●r❡❡♥◆❡t✮∗

Pr♦❜❧❡♠ ♦❢ ❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡s✱ ❡❧❡❝tr✐❝❛❧ ❝♦♥✈❡rs✐♦♥s✱ ✐♠♣❛❝t ♦❢ ♠❡❛s✉r❡s
✭♣❡r❢♦r♠❛♥❝❡ ❝♦✉♥t❡rs✮

❘❡♣r♦❞✉❝✐❜✐❧✐t② ♣r♦❜❧❡♠

∗ ❉❛ ❈♦st❛✱ ❚❤❡ ❣r❡❡♥✲♥❡t ❢r❛♠❡✇♦r❦✿ ❊♥❡r❣② ❡✣❝✐❡♥❝② ✐♥ ❧❛r❣❡ s❝❛❧❡ ❞✐str✐❜✉t❡❞ s②st❡♠s✱ ■P❉P❙✱ ✷✵✵✾
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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

◆♦ st❛❜✐❧✐t② ♦❢ ❡①♣❡r✐♠❡♥ts

❙✐♠♣❧❡ ❡①♣❡r✐♠❡♥t ♦❢ ❋❛st ❋♦✉r✐❡r
❚r❛♥s❢♦r♠ ✭◆P❇✮

✶✵✵ ❡①♣❡r✐♠❡♥ts ♦♥ ❡①❛❝t❧② t❤❡ s❛♠❡
❤❛r❞✇❛r❡ ✭●r✐❞✬✺✵✵✵✮

▲❛r❣❡ ✈❛r✐❛t✐♦♥s

❚✐♠❡✿ ✶✷s✱ ✼✪ ✭❙t❞✳ ❉❡✈✳ ✸✳✷s✮
❊♥❡r❣②✿ ✾✳✸❦❏✱ ✺✳✺✪ ✭✸❦❏✮

❋♦r t❤❡ s❛♠❡ t✐♠❡✱ ✶✻✼s

❉✐✛❡r❡♥❝❡ ♦❢ ✹❦❏

❚✐♠❡ 6= ❊♥❡r❣②
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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

P❧❛♥

✶ ❆✉t♦♥♦♠✐❝ ❧♦♦♣
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s
▼❡❛s✉r❡s
❊✈❛❧✉❛t✐♦♥ t♦♦❧s

✷ ❉❡❝✐s✐♦♥
P❧❛❝❡♠❡♥t
❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥
❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

✸ ❊✈♦❧✉t✐♦♥✱ ♥♦❞❡s ♦♣t✐♠✐③❛t✐♦♥
▲❛r❣❡✲❣r❛✐♥❡❞
▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧
❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

✹ ❆♥❞ ❜❡②♦♥❞
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❊①❛❝t ❆♣♣r♦❛❝❤❡s ❛♥❞ ❤❡✉r✐st✐❝s

❚✇♦ ♣r♦❜❧❡♠s

P❧❛❝❡♠❡♥t
❚❡♠♣♦r❛❧✐t②

❈❧❛ss✐❝❛❧ ❤❡✉r✐st✐❝s ❢♦r ♣❧❛❝❡♠❡♥t

●r❡❡❞②✿ ❇❡st ❋✐t✱ ❋✐rst ❋✐t
❱❡❝t♦r P❛❝❦✐♥❣ ✭●♦✉r♠❡t ●r❡❡❞②✮
●❡♥❡t✐❝ ❛❧❣♦r✐t❤♠s

❞❛❝♦st❛❅✐r✐t✳❢r ✷✻✴✺✻

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❈❧❛ss✐❝❛❧ ❣r❡❡❞② ❛❧❣♦r✐t❤♠s

❈❤❛r❛❝t❡r✐st✐❝s

▼❡♠♦r②
Pr♦❝❡ss♦r

❙♦rt s❡r✈✐❝❡s

❙♦rt s❡r✈❡rs

◆♦ ❝♦♠✐♥❣ ❜❛❝❦
♦♥ ♣r❡✈✐♦✉s
❞❡❝✐s✐♦♥s
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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

●♦✉r♠❡t ❱❡❝t♦r ♣❛❝❦✐♥❣

✹ ♦❜❥❡❝t✐✈❡s ✐♥ t❤❡ s♦rt ❢✉♥❝t✐♦♥

❙❡r✈❡r ✐s ❛ttr❛❝t✐✈❡ ❢r♦♠ ❛♥ ❡♥❡r❣②
♣♦✐♥t ♦❢ ✈✐❡✇
❆❞❞ t❤❡ t❛s❦ ❞♦ ♥♦t ♦✈❡r❧♦❛❞ t❤❡
s❡r✈❡r
❙❡r✈❡r ❛❧r❡❛❞② s✇✐t❝❤❡❞ ♦♥
❚❤❡ t❛s❦s ❜r✐♥❣s ❜❛❝❦ t❤❡ ❜❛❧❛♥❝❡s
♦❢ r❡s♦✉r❝❡s

❚✐♠❡ ✏♦♥❧②✑✐♥ O(J × H ln(H))

❇✉t t❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ ●♦✉r♠❡t ✐s
❞✐✣❝✉❧t t♦ q✉❛❧✐❢②

❉❛♠✐❡♥ ❡t ❛❧✳✱ ❊♥❡r❣②✲❆✇❛r❡ ❙❡r✈✐❝❡ ❆❧❧♦❝❛t✐♦♥✱ ❋●❈❙ ❥♦✉r♥❛❧✱ ✷✵✶✷✳
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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

●❡♥❡t✐❝ ❆❧❣♦r✐t❤♠s

❈❤r♦♠♦s♦♠❡ ❂ ❆❧❧♦❝❛t✐♦♥

■♥✐t✐❛❧ r❛♥❞♦♠ ❣❡♥❡r❛t✐♦♥

❆t ❡❛❝❤ ❣❡♥❡r❛t✐♦♥✿

❍②❜r✐❞✐③✐♥❣ ❛♥❞ ♠✉t❛t✐♦♥
❙♦rt ♦♥ t❤❡ ♦❜❥❡❝t✐✈❡ ♠❡tr✐❝
❑❡❡♣ ♦♥❧② t❤❡ ❜❡st

❚♦♠ ❡t ❛❧✳✱ ◗✉❛❧✐t② ♦❢ ❙❡r✈✐❝❡ ▼♦❞❡❧✐♥❣ ❢♦r ●r❡❡♥

❙❝❤❡❞✉❧✐♥❣ ✐♥ ❈❧♦✉❞s✱ ❙❯❙❈❖▼ ❥♦✉r♥❛❧✱ ✷✵✶✹

VMs 1,3,6

Son

Son

Hybridizing between two points
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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❲❤② ♣♦✇❡r✴❡♥❡r❣② ✐s ✉♥✐q✉❡

❚❤❡ t❡♠♣♦r❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇

■♥❡rt✐❛ ❞✉❡ t♦ t❡♠♣❡r❛t✉r❡
❙✇✐t❝❤✐♥❣ ♦♥✴♦✛ s❡r✈❡rs

❖✈❡r✲ ♦r ❯♥❞❡r✲r❡s❡r✈❛t✐♦♥

❈②❝❧❡s ❛r❡ s♦♠❡t✐♠❡ ❣♦♦❞

◆♦♥✲❧✐♥❡❛r✐t✐❡s

❊q✉❛t✐♦♥ ♦❢ ♣♦✇❡r

❋❡❡❞❜❛❝❦ ❧♦♦♣s

❈♦♦❧✐♥❣ s②st❡♠
❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❚❤❡r♠❛❧✲❛✇❛r❡ ❝❧♦✉❞ ♠✐❞❞❧❡✇❛r❡ t♦ r❡❞✉❝❡ ❝♦♦❧✐♥❣ ♥❡❡❞s✱

❲❊❚■❈❊ ✇♦r❦s❤♦♣✱ ✷✵✶✹

❞❛❝♦st❛❅✐r✐t✳❢r ✸✵✴✺✻

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❋♦❧❧♦✇ t❤❡ s✉♥✱ ❋♦❧❧♦✇ t❤❡ ♠♦♦♥

❈❧❛ss✐❝❛❧ ❛♣♣r♦❛❝❤
❈♦♥s♦❧✐❞❛t✐♦♥ ❜❡t✇❡❡♥ ❞❛t❛❝❡♥t❡rs
❈♦♦r❞✐♥❛t❡❞ ♠❛♥❛❣❡♠❡♥t ♦❢ ◗✉❛❧✐t② ♦❢ ❙❡r✈✐❝❡ ✭❡①✿ ❈❉◆✮

❋♦❧❧♦✇ t❤❡ st❛t❡ ♦❢ ❞❛t❛❝❡♥t❡rs
❉✉r✐♥❣ ♥✐❣❤t✱ ❧❡ss ❝♦♦❧✐♥❣ ❝♦st
❉✉r✐♥❣ ❞❛②✱ ♠♦r❡ r❡♥❡✇❛❜❧❡ ❡♥❡r❣② ♣r♦❞✉❝t✐♦♥
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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❆t t❤❡ s❝❛❧❡ ♦❢ t❤❡ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡

❜♦①

❘❛❝❦ ❧❡✈❡❧

▲♦✇ ♥✉♠❜❡r ♦❢ s❡r✈✐❝❡s✿ ❍✐❣❤ ✈❛r✐❛♥❝❡

P❡r❢❡❝t ❛❞❛♣t❛t✐♦♥ t♦ t❤❡ ❧♦❛❞

❈✉rr❡♥t❧② ❝♦st❧②✿ ■♥✐t✐❛❧ ♦✈❡r❤❡❛❞

❈♦♦❧✐♥❣
❊✈❡r②t❤✐♥❣ ✇❤✐❝❤ ✐s ♥❡❣❛t✐✈❡ ✐♥ t❤❡
P❯❊

Pr♦♣♦rt✐♦♥❛❧ ❛r❝❤✐t❡❝t✉r❡

❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❇✐❣✱ ▼❡❞✐✉♠✱ ▲✐tt❧❡ ✿ ❘❡❛❝❤✐♥❣ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✇✐t❤ ❍❡t❡r♦❣❡♥❡♦✉s ❈♦♠♣✉t✐♥❣ ❙❝❤❡❞✉❧❡r✱ P❛r❛❧❧❡❧ Pr♦❝❡ss✐♥❣
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✹ ❈r✐t✐❝❛❧ t❛s❦✿ ❧♦♦❦s ❢♦r ❛♥ ❛❞❡q✉❛t❡
❧♦❝❛t✐♦♥

✺ ❙✇✐t❝❤✐♥❣ ♦✛ ❛ s❡r✈❡r

✻ ▲❡ss ❛❣❣r❡ss✐✈❡ ❉❱❋❙
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

❈♦♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡❝✐s✐♦♥ ❧❡✈❡❧s

✶ ■♥✐t✐❛❧ s✐t✉❛t✐♦♥ ✐s st❛❜❧❡

✷ ❉❡❝r❡❛s❡ ♦❢ s♦❧❛r ♣r♦❞✉❝t✐♦♥

✸ ◆♦♥✲❝r✐t✐❝❛❧ t❛s❦✿ ❆❣❣r❡ss✐✈❡ ❉❱❋❙

✸ ❈r✐t✐❝❛❧ t❛s❦✿ ✉♥❛✈❛✐❧❛❜❧❡ ❞②♥❛♠✐s♠
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

❈♦♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡❝✐s✐♦♥ ❧❡✈❡❧s

✶ ■♥✐t✐❛❧ s✐t✉❛t✐♦♥ ✐s st❛❜❧❡

✷ ❉❡❝r❡❛s❡ ♦❢ s♦❧❛r ♣r♦❞✉❝t✐♦♥

✸ ◆♦♥✲❝r✐t✐❝❛❧ t❛s❦✿ ❆❣❣r❡ss✐✈❡ ❉❱❋❙

✸ ❈r✐t✐❝❛❧ t❛s❦✿ ✉♥❛✈❛✐❧❛❜❧❡ ❞②♥❛♠✐s♠

✹ ❈r✐t✐❝❛❧ t❛s❦✿ ❧♦♦❦s ❢♦r ❛♥ ❛❞❡q✉❛t❡
❧♦❝❛t✐♦♥
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❆❜✐❧✐t② t♦ ❞❡s❝r✐❜❡ ♣❛r❛❧❧❡❧✐s♠ ✐♥t✉✐t✐✈❡❧②
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❆❜✐❧✐t② t♦ ❝❤❛♥❣❡ ❦❡r♥❡❧s ✐♥ ❢✉♥❝t✐♦♥ ♦❢ ❝♦♥t❡①t

❈♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ❧❡✈❡❧s

❈♦♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ ♦♣❡r❛t♦rs

❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥
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