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

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

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

●❡♦r❣❡s ❉❛ ❈♦st❛
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■❚ ✐♠♣❛❝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
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❍♦✇ t♦ s✉♣♣❧② ❡❧❡❝tr✐❝✐t②❄

❈❤✐♥❛ ❚❡❧❡❝♦♠ ■♥♥❡r
▼♦♥❣♦❧✐❛ ■♥❢♦r♠❛t✐♦♥
P❛r❦

✶✺✵ ▼❲
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❙✉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✐❧✐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 ❜❛❞
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▲♦✇ ✉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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❈✉rr❡♥t ♠❡t❤♦❞s

❈✉rr❡♥t ♠❡t❤♦❞s✿

❖♥ ❤✐❣❤ ❧♦❛❞✱ ❝♦♥s♦❧✐❞❛t✐♦♥✳
❖♥ ❤✐❣❤ ♥✉♠❜❡r ♦❢ r❡q✉❡sts✱ ♦✈❡r❤❡❛❞ ✐s s♣r❡❛❞ ♦♥ ❧♦ts ♦❢ ♥♦❞❡s
❇✉t ✇❛st❡❞ ❲❛tts ❝♦♥t✐♥✉❡ t♦ ❛❞❞✲✉♣

❲❤❛t ❞♦ ✇❡ ✇❛♥t ❄

♣r♦♣♦rt✐♦♥❛❧ ❝♦♠♣✉t✐♥❣
✐❞❧❡ ❧♦❛❞ ❂ ✵❲
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▼✐❞❞❧❡✇❛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❧✐♥❡✿ ❍♦✇ 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✐♦♥
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▼♦❞❡❧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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▼♦❞❡❧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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▼♦❞❡❧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
✯ ♣❤②s✐❝❛❧ q✉❛♥t✐t②✿ ❝❛♣❛❝✐t② ♦❢ ❛ ❝♦♠♣♦♥❡♥t t♦ r❡s✐st t♦ t❤❡ ❝❤❛♥❣❡ ♦❢ ✈♦❧t❛❣❡ ❜❡t✇❡❡♥ ✐ts ♣✐♥s

❊♥❡r❣② ❝♦♥s✉♠❡❞ ❢♦r ❡❛❝❤ t❛s❦s✿

E = P ∗ T ∝ T ∗ V
✸ ✱ ❛✈❡❝ V ∝ f ❡t T ∝ ✶/F ✱ ❛❧♦rs E ∝ f

✷

︸ ︷︷ ︸

W
Time

Frequency

0
0

f1

T1

T1

D

W
Time

Frequency

0
0

f2

T2 D
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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❉❡❞✐❝❛t❡❞ ❤❛r❞✇❛r❡

❍P❈ ❛♣♣❧✐❝❛t✐♦♥s

❖❧❞ ♠❡t❤♦❞✿ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥ ♦✈❡r❧❛♣
◆❡✇ ♠❡t❤♦❞✿ ❈♦♠♠✉♥✐❝❛t✐♦♥✱ ❝♦♠♣❧❡① ❝♦♠♣✉t❛t✐♦♥✱
❤✐❣❤❧② ♣❛r❛❧❧❡❧ ❝♦♠♣✉t❛t✐♦♥✱✳✳✳

❉❡❞✐❝❛t❡❞ ❤❛r❞✇❛r❡

❉❡❞✐❝❛t❡❞ ❤❛r❞✇❛r❡ ❢♦r ❡❛❝❤ s✉❜✲t❛s❦ t♦ ✐♠♣r♦✈❡
♦✈❡r❧❛♣

POTRF

TRSM

TRSMTRSM SYRK

POTRF

TRSMTRSM

SYRK

POTRF

TRSM

SYRK

POTRF

GEMMGEMM

SYRK

GEMM

SYRK

SYRK GEMM
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❍❡t❡r♦❣❡♥❡♦✉s ❤❡t❡r♦❣❡♥❡♦✉s ❧❛♥❞s❝❛♣❡

❍❛r❞✇❛r❡

❛r❝❤✐t❡❝t✉r❡ ✿ ❛r♠✱ ●P❯✱ ❋P●❆
❣❡♥❡r❛t✐♦♥ ✿ ✷✵✶✹✱ ✷✵✶✺
■♥✲❣❡♥❡r❛t✐♦♥ ✿ ■✸ ■✺ ■✼✱ ❳❡♦♥✱ ✳✳✳
❆♥❞ ❛❧❧ ❡①❝❡♣t ♣r♦❝❡ss♦r ✿ ▼❡♠♦r② t②♣❡ ❛♥❞ ❤✐❡r❛r❝❤②✱ st♦r❛❣❡✱ ♥❡t✇♦r❦✱ ✳✳✳

❘❡❝♦♥✜❣✉r❛t✐♦♥

❉❱❋❙✱ ❆▲❘ ✭❞✈❢s ❢♦r ♥❡t✇♦r❦✮✱ ✳✳✳

❆♣♣❧✐❝❛t✐♦♥

❉✐✛❡r❡♥t ❛♣♣❧✐❝❛t✐♦♥s ❤❛✈❡ ❞✐✛❡r❡♥t ✐♠♣❛❝t✿ ▼❡♠♦r② ❜♦✉♥❞✱ ❝♣✉✲✐♥t❡♥s✐✈❡✱✳✳✳
❉✐✛❡r❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ s❛♠❡ ❆P■ ❛❧s♦
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❙♦♠❡ ❡①❛♠♣❧❡s ♦❢ ❞❡❞✐❝❛t❡❞ ❤❛r❞✇❛r❡

❚♦♣✺✵✵

❚✐❛♥❤❡✲✷ ✿ ✶✻✱✵✵✵ ♥♦❞❡s✱ ❡❛❝❤ ❜✉✐❧❞ ♦❢ t✇♦ ■♥t❡❧ ■✈② ❇r✐❞❣❡ ❳❡♦♥ ❛♥❞ t❤r❡❡ ❳❡♦♥
P❤✐ ❝♦♣r♦❝❡ss♦rs

❊✉r♦♣❡❛♥ ♣r♦❥❡❝t ▼♦♥t❇❧❛♥❝

✷✶✻✵ ❆❘▼ ❈♦rt❡①✲❆✶✺ ❅ ✶✳✼ ●❍③ ❞✉❛❧ ❝♦r❡ ❈P❯ ❛♥❞ ✶✵✽✵ ❆❘▼ ▼❛❧✐ ❚✲✻✵✹ ●P❯

❍P ▼♦♦♥❙❤♦t ♣r♦❥❡❝t

❈P❯s✱ ❆P❯s✱ ●P❯s✱ ❉❙Ps✱ ❛♥❞ ❋P●❆s

❚❛s❦ ❞❡❞✐❝❛t❡❞ ❤❛r❞✇❛r❡

❉❡❡♣ ▲❡❛r♥✐♥❣ ✭◆❱■❉■❆ ❉●❳✲✶✱ ■♥t❡❧ ❳❡♦♥ P❤✐ ❑♥✐❣❤ts ▼✐❧❧✮
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❉❡❞✐❝❛t❡❞ ❤❡t❡r♦❣❡♥❡✐t② ✐s ❛t ❛❧❧ s❝❛❧❡

❉❛r❦ ❙✐❧✐❝♦♥

❖♥❣♦✐♥❣ r❡s❡❛r❝❤
▼♦st❧② ♦♥ ♣r♦❝❡ss♦r
❙✇✐t❝❤ ♦✛ ✉♥✉s❡❞ ♣r♦❝❡ss♦rs ✉♥✐ts

❍❡t❡r♦❣❡♥❡♦✉s ♦♥✲❞✐❡ ❝♦r❡s

❇✐❣✳▲■❚❚▲❊ ❆❘▼ ✿ ❈♦rt❡① ❆✼ ✰ ❈♦rt❡① ❆✶✺✱ ✷✵µs ♠✐❣r❛t✐♦♥
◆❱■❉■❆ ❖♣t✐♠✉s ✿ ❈P❯✲✐♥t❡❣r❛t❡❞ ●P❯ ✰ ❋✉❧❧✲✢❡❣❡❞ ●P❯✱ ✶✴✺t❤ ❢r❛♠❡ ♠✐❣r❛t✐♦♥

❙❛♠❡ ♣r♦❜❧❡♠s

▼♦t❤❡r❜♦❛r❞ ❢❛❝✐❧✐t✐❡s ✭❜✉s✱ ♥❡t✇♦r❦✱✳✳✳✮ ❛❧✇❛②s ♦♥ ❛♥❞ ❧❡ss ❞②♥❛♠✐❝
❇❛s❡❧✐♥❡ ❡♥❡r❣②✲❝♦sts ❛r❡ ❤✐❣❤
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❊①❛♠♣❧❡ ♦❢ ❧♦♥❣✲t❡r♠ ♦r❣❛♥✐❝ ❣r♦✇

◆✉♠❜❡r ♦❢ ♣r♦❝❡ss♦rs ❢♦r ❡❛❝❤ t②♣❡ ♦♥ ●r✐❞✬✺✵✵✵ ✭t♦t❛❧ ✷✶✶✻✮
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■♥t❡❧ ❳❡♦♥ ❊✺✲✷✻✸✵ ✈✸ ✸✺✵ ■♥t❡❧ ❳❡♦♥ ❊✺✻✷✵ ✺✻
■♥t❡❧ ❳❡♦♥ ❊✺✲✷✻✸✵▲ ✸✷ ■♥t❡❧ ❳❡♦♥ ❊✼✹✺✵ ✺✷
■♥t❡❧ ❳❡♦♥ ❊✺✲✷✻✺✵ ✽ ■♥t❡❧ ❳❡♦♥ ▲✺✸✸✺ ✹✹
■♥t❡❧ ❳❡♦♥ ❊✺✲✷✻✻✵ ✹✹ ■♥t❡❧ ❳❡♦♥ ▲✺✹✷✵ ✸✸✷
■♥t❡❧ ❳❡♦♥ ❊✺✲✷✻✻✵ ✈✷ ✶✻ ■♥t❡❧ ❳❡♦♥ ❳✸✹✹✵ ✶✹✹

■♥t❡❧ ❳❡♦♥ ❳✺✺✼✵ ✺✵
■♥t❡❧ ❳❡♦♥ ❳✺✻✼✵ ✽✽
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■❚ ❞❡♣❛rt♠❡♥ts ❡✈♦❧✈❡

▲❛r❣❡ ✐♥st✐t✉t✐♦♥s ❛r❡ ❜✉✐❧❞ ♦✈❡r ②❡❛rs

❙♠❛❧❧❡st ♦♥❡ ❞♦ ♥♦t ♥❡❝❡ss❛r② ❝❤❛♥❣❡ ❤❛r❞✇❛r❡✱ ♦♥❧②
❜✉② ♥❡✇ ♦♥❡

❚r✉❡ ❛❧s♦ ❢♦r s❝✐❡♥t✐sts

❑❡❡♣ ♦❧❞ ❤❛❜✐ts
❙♦♠❡t✐♠❡ ✉s❡ ❛❧❧ s❡r✈❡rs ❡✈❡♥ ♦❧❞❡st ♦♥❡

❚r✉❡ ❛❧s♦ ❢♦r s✐③❡

❙♠❛❧❧ ❞❡❞✐❝❛t❡❞ ❝❧✉st❡rs ❢♦r ♣❛rt✐❝✉❧❛r t❛s❦s

❞❛❝♦st❛❅✐r✐t✳❢r ✶✽✴✶✵✷

mailto:dacosta@irit.fr


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

❊✈❡♥ ♠♦❞❡❧s ❛r❡ ❝♦♠♣❧❡①

❊❧❡❝tr✐❝❛❧ ♣♦✇❡r ♠♦❞❡❧s ❢♦r ❛ s✐♥❣❧❡ s❡r✈❡r✿
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❚✇♦ 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
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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♥❛❧✱ ✷✵✶✺

❞❛❝♦st❛❅✐r✐t✳❢r ✷✷✴✶✵✷

mailto:dacosta@irit.fr


❆✉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

P❯❊ ✿ P♦✇❡r ❯s❛❣❡ ❊✛❡❝t✐✈❡♥❡ss

❘❛t✐♦ ❚♦t❛❧ ❡❧❡❝tr✐❝✐t②✴■❚ ❡❧❡❝tr✐❝✐t②

▼❡❛♥ ✈❛❧✉❡✿ ✶✳✼ ✐♥ ✷✵✶✹

❙t❛♥❞❛r❞ ✐♥✐t✐❛t❡❞ ❜② ●r❡❡♥●r✐❞

❲❤❡r❡ ❞♦❡s t❤❡ ■❚ ♣❛rt st♦♣s❄

P♦✇❡r ❙✉♣♣❧② ❯♥✐t❄ ❋❛♥s ♦♥ t❤❡
♠♦t❤❡r❜♦❛r❞❄ Pr♦❝❡ss♦r❄

❯s❡❢✉❧ ♦♥❧② ✐♥ ❛ ✈❡r② s♣❡❝✐✜❝ ❝❛s❡
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

P❯❊ ✿ P♦✇❡r ❯s❛❣❡ ❊✛❡❝t✐✈❡♥❡ss

❘❛t✐♦ ❚♦t❛❧ ❡❧❡❝tr✐❝✐t②✴■❚ ❡❧❡❝tr✐❝✐t②

▼❡❛♥ ✈❛❧✉❡✿ ✶✳✼ ✐♥ ✷✵✶✹

❙t❛♥❞❛r❞ ✐♥✐t✐❛t❡❞ ❜② ●r❡❡♥●r✐❞

❲❤❡r❡ ❞♦❡s t❤❡ ■❚ ♣❛rt st♦♣s❄

P♦✇❡r ❙✉♣♣❧② ❯♥✐t❄ ❋❛♥s ♦♥ t❤❡
♠♦t❤❡r❜♦❛r❞❄ Pr♦❝❡ss♦r❄

❯s❡❢✉❧ ♦♥❧② ✐♥ ❛ ✈❡r② s♣❡❝✐✜❝ ❝❛s❡

❈♦♥st❛♥t ♦✈❡r❤❡❛❞ ✭✶✵✵✮✱ ■❚
♣❛rt ✶✵✵ t♦ ✷✵✵ ❞❡♣❡♥❞✐♥❣ ♦❢
t❤❡ ❧♦❛❞

❋♦r t❤❡ s❛♠❡ s❡r✈✐❝❡ ♣r♦✈✐❞❡❞ ❜②
t✇♦ s♦❢t✇❛r❡s

✶ ▼❡❛♥ ❧♦❛❞ ✼✺✪
P❯❊ ❂ ✷✼✺✴✶✼✺ ❂ ✶✳✺✼

✷ ▼❡❛♥ ❧♦❛❞ ✶✵✵✪
P❯❊ ❂ ✸✵✵✴✷✵✵ ❂ ✶✳✺
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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

❊①❛♠♣❧❡✿ P❡r❢♦r♠❛♥❝❡ ❛♥❞ P♦✇❡r

❚✇♦ ♠❡tr✐❝s✱ ♦♥❡ ❧✐♥❡❛r✱ ♦♥❡ q✉❛❞r❛t✐❝
Mq ✐s t❤❡ ♣♦✇❡r✱ s♦ ✐t ✐s q✉❛❞r❛t✐❝ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ✭①✮
Ml ✐s t❤❡ ♣❡r❢♦r♠❛♥❝❡✱ s♦ ✐t ✐s ❧✐♥❡❛r ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ✭①✮

Objα(x) = αMq + (✶− α)Ml = αx✷ + (✶− α)(✶− x)
α ✐s t❤❡ ✇❡✐❣❤✐♥❣ ❝♦❡✣❝✐❡♥t
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❍♦✇ t♦ ❝❤♦♦s❡ α ❄
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α: Relative importance of Performance (1) and Power (0)

❖♣t✐♠❛❧ ✈❛❧✉❡ ♦❢
❢r❡q✉❡♥❝② ✐♥ ❢✉♥❝t✐♦♥ ♦❢ α

✈❛❧✉❡✳

Objα(x) =
αMq + (✶− α)Ml =
αx✷ + (✶− α)(✶− x)

α = ✵ ✿ ▼❛①
❢r❡q✉❡♥❝②

α = ✶ ✿ ▼✐♥
❢r❡q✉❡♥❝②

■♥✲❜❡t✇❡❡♥✳✳✳
❱♦♦❞♦♦ ✦
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❚❡st s✉✐t❡

❚✇♦ ♠❛✐♥ ❝❛t❡❣♦r✐❡s✿

❉❡❞✐❝❛t❡❞ s✉✐t❡s ✭❲❡❜ s❡r✈✐❝❡s✱ ❞❛t❛❜❛s❡✱ ❍P❈✱✳✳✳✮
●❡♥❡r✐❝ s✉✐t❡s

❙❝✐❡♥t✐✜❝✱ ■♥❢r❛str✉❝t✉r❡ ♠❛♥❛❣❡r✿ ❇❧❛❝❦✲❇♦① ❛♣♣❧✐❝❛t✐♦♥s

❚❤❡ s②st❡♠ ♠✉st ❜❡ t❤❡ s❛♠❡ ✐♥ ❛❧❧ ❝❛s❡s

▼❛①✐♠✉♠ ❝♦✈❡r❛❣❡ t❡st✲s✉✐t❡

❙❛♠❡ r❡s♦✉r❝❡s✴❉✐✛❡r❡♥t ♣♦✇❡r
❉✐✛❡r❡♥t r❡s♦✉r❝❡s✴❙❛♠❡ ♣♦✇❡r

●❡♦r❣❡s ❡t ❛❧✳✱ ❊♥❡r❣②✲ ❛♥❞ ❍❡❛t✲❛✇❛r❡ ❍P❈ ❇❡♥❝❤♠❛r❦s✱ ❊✉r♦❊❝♦❉❝ ✇♦r❦s❤♦♣✱ ✷✵✶✸
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❈♦♥❝❧✉s✐♦♥

❙t✉❞② ♦❢ ❛ s②st❡♠

❋♦r ✇❤✐❝❤ ✉s❡❄

❚❤r❡❡ ♥♦t✐♦♥s ❛r❡ ❧✐♥❦❡❞ t♦ ♣r♦✈✐❞❡ t❤❡ ❛♥s✇❡r✿

❇❛❧❛♥❝❡ ♦❢ t❤❡ ♣r❡❝✐s✐♦♥ ❢r♦♥t ♦❢ t❤❡ ♠♦❞❡❧s∗

❖❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ ✉s❡❞ ❢♦r ❝♦♠♣❛r✐♥❣
❙❝❡♥❛r✐♦s ✉s❡❞ t♦ ❦❛♠❡ t❤❡ ❝♦♠♣❛r✐s♦♥

∗ ●❡♦r❣❡s ❡t ❛❧✳✱ ▼♦❞è❧❡s ✢✉✐❞❡s ♣♦✉r ❧✬é❝♦♥♦♠✐❡ ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡s ❣r✐❧❧❡s ♣❛r ♠✐❣r❛t✐♦♥ ✿ ✉♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡✱ ❘❡♥P❛r ❝♦♥❢ér❡♥❝❡✱

✷✵✵✾
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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

❊①t❡r♥❛❧ ❛♣♣❧✐❝❛t✐♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥

▼♦♥✐t♦r✐♥❣ s②st❡♠ ✈❛❧✉❡s ✐s ✐♥tr✉s✐✈❡

❘❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛❧✉❡s
♠♦♥✐t♦r❡❞

❯s✐♥❣ ❡①t❡r♥❛❧ ✈❛❧✉❡s ❤❛s ❧♦✇❡r ✐♠♣❛❝t
✭♣♦✇❡r✱ ♥❡t✇♦r❦✮

❆✉t❤♦r✐③❡ st❛t✐st✐❝ t♦♦❧s

❙t✉❞② t❤❡ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ t✐♠❡

●❡♦r❣❡s ❡t ❛❧✳✱ ❈❤❛r❛❝t❡r✐③✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❢r♦♠ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ✿ ❆ ❝❛s❡ st✉❞② ❢♦r ❍P❈ ❜❡♥❝❤♠❛r❦s✱ ■❈❚✲●▲❖❲

❙②♠♣♦s✐✉♠✱ ✷✵✶✶
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❊①t❡r♥❛❧ ❛♣♣❧✐❝❛t✐♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥

▼♦♥✐t♦r✐♥❣ s②st❡♠ ✈❛❧✉❡s ✐s ✐♥tr✉s✐✈❡

❘❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛❧✉❡s
♠♦♥✐t♦r❡❞

❯s✐♥❣ ❡①t❡r♥❛❧ ✈❛❧✉❡s ❤❛s ❧♦✇❡r ✐♠♣❛❝t
✭♣♦✇❡r✱ ♥❡t✇♦r❦✮

❆✉t❤♦r✐③❡ st❛t✐st✐❝ t♦♦❧s

❙t✉❞② t❤❡ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ t✐♠❡

●❡♦r❣❡s ❡t ❛❧✳✱ ❈❤❛r❛❝t❡r✐③✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❢r♦♠ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ✿ ❆ ❝❛s❡ st✉❞② ❢♦r ❍P❈ ❜❡♥❝❤♠❛r❦s✱ ■❈❚✲●▲❖❲

❙②♠♣♦s✐✉♠✱ ✷✵✶✶

 0

 2e+07

 4e+07

 6e+07

 8e+07

 1e+08

 1.2e+08

 0  10  20  30  40  50  60  70  80

N
u
m

b
e
r 

o
f 
b
y
te

s
 s

e
n
t 
p
e
r 

s
e
c
o
n
d

time (s)

❜❡♥❝❤♠❛r❦ ❈● ✭◆P❇✮

❞❛❝♦st❛❅✐r✐t✳❢r ✸✷✴✶✵✷

mailto:dacosta@irit.fr


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

▼♦♥✐t♦r✐♥❣ s②st❡♠ ✈❛❧✉❡s ✐s ✐♥tr✉s✐✈❡

❘❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛❧✉❡s
♠♦♥✐t♦r❡❞

❯s✐♥❣ ❡①t❡r♥❛❧ ✈❛❧✉❡s ❤❛s ❧♦✇❡r ✐♠♣❛❝t
✭♣♦✇❡r✱ ♥❡t✇♦r❦✮

❆✉t❤♦r✐③❡ st❛t✐st✐❝ t♦♦❧s

❙t✉❞② t❤❡ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ t✐♠❡

●❡♦r❣❡s ❡t ❛❧✳✱ ❈❤❛r❛❝t❡r✐③✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❢r♦♠ ♣♦✇❡r
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❊①t❡r♥❛❧ ❛♣♣❧✐❝❛t✐♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥

▼♦♥✐t♦r✐♥❣ s②st❡♠ ✈❛❧✉❡s ✐s ✐♥tr✉s✐✈❡

❘❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛❧✉❡s
♠♦♥✐t♦r❡❞

❯s✐♥❣ ❡①t❡r♥❛❧ ✈❛❧✉❡s ❤❛s ❧♦✇❡r ✐♠♣❛❝t
✭♣♦✇❡r✱ ♥❡t✇♦r❦✮

❆✉t❤♦r✐③❡ st❛t✐st✐❝ t♦♦❧s

❙t✉❞② t❤❡ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ t✐♠❡

●❡♦r❣❡s ❡t ❛❧✳✱ ❈❤❛r❛❝t❡r✐③✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❢r♦♠ ♣♦✇❡r
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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

P♦✇❡r ♦❢ s❡r✈❡rs ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s

❲❛tt✲♠❡t❡rs ❛r❡ ♥♦t ❛❧✇❛②s ❛✈❛✐❧❛❜❧❡ ✭❛♣♣❧✐❝❛t✐♦♥ ❧❡✈❡❧✿ ♥❡✈❡r✮

▼♦❞❡❧ ❧✐♥❦✐♥❣ s②st❡♠ ♠❡❛s✉r❡s ✇✐t❤ ❡❧❡❝tr✐❝❛❧ ♣♦✇❡r

❆♥❛❧②t✐❝❛❧
❯s❡s ❉❛t❛s❤❡❡ts✳ ❱❡r② s✐♠♣❧❡ t♦ ♣✉t ✐♥ ♣❧❛❝❡✿ P♦✇❡r❆P■
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P♦✇❡r ♦❢ s❡r✈❡rs ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s

❲❛tt✲♠❡t❡rs ❛r❡ ♥♦t ❛❧✇❛②s ❛✈❛✐❧❛❜❧❡ ✭❛♣♣❧✐❝❛t✐♦♥ ❧❡✈❡❧✿ ♥❡✈❡r✮

▼♦❞❡❧ ❧✐♥❦✐♥❣ s②st❡♠ ♠❡❛s✉r❡s ✇✐t❤ ❡❧❡❝tr✐❝❛❧ ♣♦✇❡r

▲❡❛r♥✐♥❣ ♠❡t❤♦❞
●♦♦❞ ❝♦✈❡r❛❣❡ ♦❢ t❤❡ ❧❡❛r♥✐♥❣ s❡t ❛♥❞ ❧♦✇ ✐♠♣❛❝t ♦❢ t❤❡ ♠❡❛s✉r❡

●❡♥❡r✐❝ s②♥t❤❡t✐❝ ❧♦❛❞✱ ✷✷✵ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ✭✹✪ ✐♥❝r❡❛s❡ ♦❢ ♣♦✇❡r✮✱ ✽ ❦❡♣t
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P♦✇❡r ♦❢ s❡r✈❡rs ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s
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▼♦❞❡❧ ❧✐♥❦✐♥❣ s②st❡♠ ♠❡❛s✉r❡s ✇✐t❤ ❡❧❡❝tr✐❝❛❧ ♣♦✇❡r

▲❡❛r♥✐♥❣ ♠❡t❤♦❞
●♦♦❞ ❝♦✈❡r❛❣❡ ♦❢ t❤❡ ❧❡❛r♥✐♥❣ s❡t ❛♥❞ ❧♦✇ ✐♠♣❛❝t ♦❢ t❤❡ ♠❡❛s✉r❡

✷✵✪ ♦❢ ✈❛❧✉❡s t❛❦❡♥ ❜② ❍P❈ t❡sts ❛r❡ ♥♦t r❡❛❝❤❡❞
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◆❡✉r❛❧ ♥❡t✇♦r❦ ❱❙ ❝❛♣❛❝✐t✐✈❡ ♠♦❞❡❧
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(a)ANN regression using all K PIs. (b)Calibrated capacitivemodel.
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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❘❡s✉❧t ♦❢ ❧❡❛r♥✐♥❣ ♠❡t❤♦❞s

❊rr♦r ♦❢ t✇♦ ♠♦❞❡❧s✿ ❆❣❣r❡❣❛t❡❞ ✭❧✐♥❡❛r r❡❣r❡ss✐♦♥ ♦♥ s✉♠ ♦❢ s✉❜✲♠♦❞❡❧s✮ ❛♥❞ ❆◆◆ ✭♥❡✉r❛❧ ♥❡t✇♦r❦✮

▼♦st ♠♦❞❡❧s✿ ❡rr♦r ♦❢ ✺✪
❘❡❢❡r❡♥❝❡ ✐♥ t❤❡ ✜❡❧❞✿ ❘✐✈♦✐r❡ ❡t ❆❧✳ ❆ ❈♦♠♣❛r✐s♦♥ ♦❢ ❍✐❣❤✲▲❡✈❡❧ ❋✉❧❧✲❙②st❡♠ P♦✇❡r

▼♦❞❡❧s

▲❡❛♥❞r♦ ▼♦❞❡❧✐♥❣ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❝♦♠♣✉t✐♥❣ s②st❡♠s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s t❤r♦✉❣❤ ▼❛❝❤✐♥❡ ▲❡❛r♥✐♥❣ t❡❝❤♥✐q✉❡s✱ ✷✵✶✺
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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❈♦♥❝❧✉s✐♦♥

❈✉rr❡♥t ❛♣♣r♦❛❝❤❡s ♥❡❡❞ ❛ ❣❧♦❜❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇

❙❝❛❧❧✐♥❣
▲❛t❡♥❝② ♣r♦❜❧❡♠
▲♦ts ♦❢ ❞❡❝✐s✐♦♥s ❛r❡ ❧♦❝❛❧ ✭❉❱❋❙✱ ♠✐❣r❛t✐♦♥✱✳✳✳✮

❖♣❡♥ ♣r♦❜❧❡♠s

●r❛♥✉❧❛r✐t② ♦❢ t❤❡ ♠❡❛s✉r❡✿ ❆❞❛♣t✐✈❡ ❛♥❞ ♠✉❧t✐✲s❝❛❧❡
❙♣❛t✐❛❧ ❛♥❞ ❚❡♠♣♦r❛❧ ✐♥❞❡♣❡♥❞❡♥❝❡
▼❛①✐♠❛❧ ❝♦✈❡r❛❣❡ t❡st s✉✐t❡ ❛✉t♦♠❛t✐❝ ❣❡♥❡r❛t✐♦♥
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❊✈❛❧✉❛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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▼♦❞❡❧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 = ✶
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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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❙❝❛❧✐♥❣ ♦❢ ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣

❊①❛❝t ♠❡t❤♦❞✿ t✐♠❡ ❝♦♠♣❧❡①✐t② ❡①♣♦♥❡♥t✐❛❧ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ ✐♥t❡❣❡r ✈❛r✐❛❜❧❡s

✻ s❡r✈❡rs✱ ✶✻ t❛s❦s ✿ ✸ ♠✐♥✉t❡s ✭●▲P❑✮

▼❡t❤♦❞s ♦❢ ❝♦♥st❛♥t ✈❛r✐❛❜❧❡s

❋✐① s♦♠❡ ✈❛r✐❛❜❧❡s✱ s♦❧✈❡✱ ❝❤❛♥❣❡ t❤❡ ✜①❡❞ ✈❛r✐❛❜❧❡s ❛♥❞ ✐t❡r❛t❡
❲♦rs❡ t❤❛♥ t❤❡ ♦♣t✐♠❛❧ ❜✉t ❝❛♥ ❜❡ ✈❡r② ❢❛st

❘❡❧❛① t❤❡ ✐♥t❡❣❡r ❝♦♥str❛✐♥t

✏❇❡tt❡r✑ t❤❛♥ ♦♣t✐♠❛❧ ✭❛ t❛s❦ ❤❛❧❢ ♦♥ ❛ s❡r✈❡r ❛♥❞ ❛♥❞ ❤❛❧❢ ♦♥ ❛♥♦t❤❡r ♦♥❡✮

❯s✐♥❣ ❜♦t❤ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ ❛ ✐♥t❡r✈❛❧
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▼❡t❤♦❞s ♦❢ ❝♦♥st❛♥t ✈❛r✐❛❜❧❡s

❋✐① s♦♠❡ ✈❛r✐❛❜❧❡s✱ s♦❧✈❡✱ ❝❤❛♥❣❡ t❤❡ ✜①❡❞ ✈❛r✐❛❜❧❡s ❛♥❞ ✐t❡r❛t❡
❲♦rs❡ t❤❛♥ t❤❡ ♦♣t✐♠❛❧ ❜✉t ❝❛♥ ❜❡ ✈❡r② ❢❛st

❘❡❧❛① t❤❡ ✐♥t❡❣❡r ❝♦♥str❛✐♥t

✏❇❡tt❡r✑ t❤❛♥ ♦♣t✐♠❛❧ ✭❛ t❛s❦ ❤❛❧❢ ♦♥ ❛ s❡r✈❡r ❛♥❞ ❛♥❞ ❤❛❧❢ ♦♥ ❛♥♦t❤❡r ♦♥❡✮

❯s✐♥❣ ❜♦t❤ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ ❛ ✐♥t❡r✈❛❧
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▼❡t❤♦❞s ♦❢ ❝♦♥st❛♥t ✈❛r✐❛❜❧❡s

❋✐① s♦♠❡ ✈❛r✐❛❜❧❡s✱ s♦❧✈❡✱ ❝❤❛♥❣❡ t❤❡ ✜①❡❞ ✈❛r✐❛❜❧❡s ❛♥❞ ✐t❡r❛t❡
❲♦rs❡ t❤❛♥ t❤❡ ♦♣t✐♠❛❧ ❜✉t ❝❛♥ ❜❡ ✈❡r② ❢❛st

❘❡❧❛① t❤❡ ✐♥t❡❣❡r ❝♦♥str❛✐♥t

✏❇❡tt❡r✑ t❤❛♥ ♦♣t✐♠❛❧ ✭❛ t❛s❦ ❤❛❧❢ ♦♥ ❛ s❡r✈❡r ❛♥❞ ❛♥❞ ❤❛❧❢ ♦♥ ❛♥♦t❤❡r ♦♥❡✮

❯s✐♥❣ ❜♦t❤ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ ❛ ✐♥t❡r✈❛❧
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▼❡t❤♦❞s ♦❢ ❝♦♥st❛♥t ✈❛r✐❛❜❧❡s

❋✐① s♦♠❡ ✈❛r✐❛❜❧❡s✱ s♦❧✈❡✱ ❝❤❛♥❣❡ t❤❡ ✜①❡❞ ✈❛r✐❛❜❧❡s ❛♥❞ ✐t❡r❛t❡
❲♦rs❡ t❤❛♥ t❤❡ ♦♣t✐♠❛❧ ❜✉t ❝❛♥ ❜❡ ✈❡r② ❢❛st

❘❡❧❛① t❤❡ ✐♥t❡❣❡r ❝♦♥str❛✐♥t
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❙✐♠✉❧❛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❚
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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❆❞❞✐♥❣ ❉❱❋❙ ✐♥ ❈❧♦✉❞❙✐♠

❙✐♠✉❧❛t♦rs ♠❛✐♥❧② ❝♦♠❡ ❢r♦♠ ●r✐❞
✇♦r❧❞

❙t❛❜✐❧✐t② ❞✉r✐♥❣ t✐♠❡
❘❡s♦✉r❝❡s ❛r❡ ❛❧✇❛②s ✉s❡❞ ❛t ✶✵✵✪

❉❱❋❙ ♥❡❡❞s t♦ ♠♦✈❡ ❡✈❡♥ts

❋✐♥❡✲❣r❛✐♥❡❞ t❡♠♣♦r❛❧ ♠❛♥❛❣❡♠❡♥t
✭✶✴✶✵ s✮

❚♦♠ ❡t ❛❧✳✱ ❊♥❡r❣②✲❛✇❛r❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❉❱❋❙✱ ❙▼P❚ ❥♦✉r♥❛❧✱

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

❆❞✲❤♦❝ s✐♠✉❧❛t♦rs✿ ❘❡✐♥✈❡♥t t❤❡ ✇❤❡❡❧❄

❙✐♠♣❧✐st✐❝ s✐♠✉❧❛t♦rs

▲❡ts t❡st ❛♥ ✐❞❡❛ ❛t ❛ ❧♦✇ ❝♦st

◆❡❝❡ss❛r② t♦ st♦♣ ❛t t❤❡ r✐❣❤t ❝♦♠♣❧❡①✐t② ❧❡✈❡❧

❙✐♠✉❧❛t♦r ♦❢ ❤❡t❡r♦❣❡♥❡♦✉s ❛r❝❤✐t❡❝t✉r❡s∗

◆♦ ♥❡t✇♦r❦ s✐♠✉❧❛t✐♦♥
❊①❛♠♣❧❡✿ ♣r♦✈❡ t❤❡ ✉t✐❧✐t② ♦❢ ❤❡t❡r♦❣❡♥❡✐t② t♦ r❡❛❝❤ ❛ ♣r♦♣♦rt✐♦♥❛❧ s②st❡♠
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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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▼♦❞❡❧s ❛♥❞ ▼❡tr✐❝s ▼❡❛s✉r❡s ❊✈❛❧✉❛t✐♦♥ t♦♦❧s

❈♦♥❝❧✉s✐♦♥

❆❧❧ t♦♦❧s ❛r❡ ❧✐♠✐t❡❞

▼♦❞❡❧s✿ ❆♣♣r♦①✐♠❛t❡ ♦r ♦♣t✐♠❛❧ ✉♥r❡❛❝❤❛❜❧❡
❙✐♠✉❧❛t✐♦♥✿ ❆♣♣r♦①✐♠❛t❡
❊①♣❡r✐♠❡♥t❛t✐♦♥✿ ❘❡♣r♦❞✉❝✐❜✐❧✐t② ❛♥❞ ✈❡r② s❡♥s✐❜❧❡

▲❛r❣❡ ✐♥✈❡st♠❡♥t ♥❡❝❡ss❛r②

❙✐♠✉❧❛t✐♦♥ ✿ ◗✉✐t❡ ❣♦♦❞ ✈❛❧✉❡ ❢♦r ♠♦♥❡②

❉✐✣❝✉❧t t♦ t❡st ■♥✲❱✐✈♦
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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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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❊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
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❈❧❛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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CPU RAM CPU RAM CPU RAM

CPU RAM
Server 1

CPU RAM
Server 2

CPU RAM
Server 3

CPU RAM
Server 1

CPU RAM
Server 2

CPU RAM
Server 3

CPU RAM
Server 1

CPU RAM
Server 2

CPU RAM
Server 3
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
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 ❧♥(H))

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

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

▼❡tr✐❝s ❢♦r ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠s

❈♦♥tr❛r② t♦ ✇✐t❤ ❣r❡❡❞②✱ ✇❡ ❝❛♥ ♦♣t✐♠✐③❡ ❛ ♠❡tr✐❝ ❞✐r❡❝t❧②

❊①❛♠♣❧❡s ♦❢ ♠❡tr✐❝s

❊♥❡r❣②✱ P❡r❢♦r♠❛♥❝❡✱ ❘❡s✐❧✐❡♥❝❡✱ ❉②♥❛♠✐s♠

●❆ ◆❛♠❡
❈♦❡✣❝✐❡♥t ❛♣♣❧✐❡❞ t♦ ♠❡tr✐❝s

❊♥❡r❣②
❘❡s♣♦♥s❡

❘♦❜✉st♥❡ss ❉②♥❛♠✐s♠
t✐♠❡

●❆❴❆❧❧ ✶ ✶ ✶ ✶
●❆❴❊♥❡r❣② ✶ ✵ ✵ ✵
●❆❴❘❡s♣❚ ✵ ✶ ✵ ✵
●❆❴❘♦❜ ✵ ✵ ✶ ✵
●❆❴❉②♥ ✵ ✵ ✵ ✶
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❘❡s✉❧ts ♦❢ t❤❡ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠

❊❛❝❤ ❛❧❣♦r✐t❤♠ ✐s t❤❡
❜❡st ✐♥ ✐ts ♦✇♥ ❞♦♠❛✐♥
✭❊♥❡r❣②✮

●❆❴❆❧❧ ❱❡r② ❣♦♦❞
❡✈❡r②✇❤❡r❡

✹✵✵ s❡r✈✐❝❡s ♦♥ ✶✶✵
s❡r✈❡rs✱ ❛♣♣r♦①✐♠❛t❡❧②
✹✵s

❚❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ❛
♠❡tr✐❝ ✐s ❛❧r❡❛❞② ✈❡r②
✐♠♣♦rt❛♥t
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❋✉③③② ●r❡❡❞②

❆❞✈❛♥t❛❣❡ ♦❢ t❤❡ ●✳❆✳✿ ❛✐♠ ❛♥
♦❜❥❡❝t✐✈❡

❙✐♠✐❧❛r ♠❡t❤♦❞ ❢♦r ❣r❡❡❞② ❛❧❣♦r✐t❤♠s

❋❛♠✐❧✐❡s ♦❢ ❣r❡❡❞② ❛❧❣♦r✐t❤♠s
❑❡❡♣ t❤❡ ❜❡st
❉❡✜♥❡ t❤❡ ❜❡st ❄

❋✉③③② ♠✉❧t✐✲♦❜❥❡❝t✐✈❡
Optimal sur E relaché

Famille de Gloutons

Nouvel optimal

❍♦♥❣ ❨❛♥❣ ❡t ❛❧✳✱ ▼✉❧t✐✲❖❜❥❡❝t✐✈❡ ❙❝❤❡❞✉❧✐♥❣ ❢♦r ❍❡t❡r♦❣❡♥❡♦✉s ❙❡r✈❡r ❙②st❡♠s ✇✐t❤ ▼❛❝❤✐♥❡ P❧❛❝❡♠❡♥t✱ ❈❈●❘■❉ ❝♦♥❢ér❡♥❝❡✱ ✷✵✶✹
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
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❤♦♣✱ ✷✵✶✹
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P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❆t t❤❡ s❝❛❧❡ ♦❢ ❛ ❝❧♦✉❞ ❢❡❞❡r❛t✐♦♥

❖♣❡r❛t♦r r❡♥t r❡s♦✉r❝❡s ♦❢ ✐ts ❝♦♠♣❡t✐t♦rs ✭❚❡❧❡❝♦♠
r♦❛♠✐♥❣✮

❙✐♠✐❧❛r ♠❡t❤♦❞ ❛s s✉♣❡r✲♣❡❡rs

❉✐str✐❜✉t❡❞ ♦✉ ❝❡♥tr❛❧✐③❡❞✱ s✐♠✐❧❛r ♣❡r❢♦r♠❛♥❝❡s

❚❤✐❛♠ ❡t ❛❧✳✱ ❈♦♦♣❡r❛t✐✈❡ ❙❝❤❡❞✉❧✐♥❣

❆♥t✐✲❧♦❛❞ ❜❛❧❛♥❝✐♥❣ ❆❧❣♦r✐t❤♠ ❢♦r ❈❧♦✉❞

✿ ❈❙❆❆❈✱ ❈❈❚❙ ✇♦r❦s❤♦♣✱ ✷✵✶✸
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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✐♥❣

▲❡tt❡rs✱ ❥♦✉r♥❛❧✱ ✷✵✶✺✳

❞❛❝♦st❛❅✐r✐t✳❢r ✺✼✴✶✵✷

mailto:dacosta@irit.fr


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

▲❡tt❡rs✱ ❥♦✉r♥❛❧✱ ✷✵✶✺✳

❞❛❝♦st❛❅✐r✐t✳❢r ✺✼✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❘❡❛❝❤✐♥❣ ❡♥❡r❣②✲♣r♦♣♦rt✐♦♥❛❧✐t② ✉s✐♥❣ ❤❡t✲
❡r♦❣❡♥❡♦✉s ❤❛r❞✇❛r❡

❯s❡ ♥♦❞❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ r❡❛❧ ❧♦❛❞ ✭✇❡❜ s❡r✈❡r ❛s ❡①❛♠♣❧❡✮✱ ♥♦t t❤❡ ♣❡❛❦ ❧♦❛❞

❊①❛♠♣❧❡✿

Pr♦❝❡ss♦r ❲❛tt r❛♥❣❡ ▼❛① r❡q✉❡st✴s ❊✣❝✐❡♥❝② ✭❲✴r✮

■♥t❡❧ ■✼ ✶✶ ✲ ✹✷ ✸✺✸ ✳✶✷
■♥t❡❧ ❆t♦♠ ✽ ✲ ✾ ✸✹ ✳✷✻
❘❛s♣❜❡rr② P✐ ✷✳✺✻ ✲ ✷✳✽✶ ✺✳✻ ✳✺✵

■♥t✉✐t✐♦♥✿ ❙❡✈❡r❛❧ s♠❛❧❧ ♥♦❞❡ ❛♥❞ ✐♥t❡r♠❡❞✐❛r② ♥♦❞❡s t♦ ❤❛✈❡ ❛ ♠✉❧t✐✲s❝❛❧❡ s♠♦♦t❤ ❝✉r✈❡

❞❛❝♦st❛❅✐r✐t✳❢r ✺✽✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❩♦♦♠ ♦♥ ■♥t❡❧ ■✼

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 0  50  100  150  200  250  300

To
ta

l 
W

a
tt

/R
e
q
u
e
s
ts

 p
e
r 

s
e
c
o
n
d
/L

a
te

n
c
y

Number of clients

Power consumption (W)
Latency (1/100th of second)

10 Requests per second

❞❛❝♦st❛❅✐r✐t✳❢r ✺✾✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❩♦♦♠ ♦♥ ■♥t❡❧ ❆t♦♠

 0

 2

 4

 6

 8

 10

 12

 0  10  20  30  40  50  60

To
ta

l 
W

a
tt

/R
e
q
u
e
s
ts

 p
e
r 

s
e
c
o
n
d
/L

a
te

n
c
y

Number of clients

Power consumption (W)
Latency (1/10th of second)

10 Requests per second

❞❛❝♦st❛❅✐r✐t✳❢r ✻✵✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❈♦♠♣❛r✐s♦♥

 0

 2

 4

 6

 8

 10

 12

 14

 16

 0  5  10  15  20  25  30  35  40  45  50

To
ta

l 
W

a
tt

Requests per second

Intel I7
Intel Atom

Raspberry Pi
2 Raspberry Pi
3 Raspberry Pi

❞❛❝♦st❛❅✐r✐t✳❢r ✻✶✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❆ ♥❡❛r✲❧✐♥❡❛r ❜❡❤❛✈✐♦r

❚❛❦❡ t❤❡ ♠♦st ❡✣❝✐❡♥t ❤❛r❞✇❛r❡ ❛s ❢✉♥❝t✐♦♥ ♦❢ ✇♦r❦❧♦❛❞✿

✵→✺ r❡q✴s ✶ ❘❛s♣❜❡rr② P✐

✺→✶✵ r❡q✴s ✷ ❘❛s♣❜❡rr② P✐

✶✵→✸✺ r❡q✴s ✶ ■♥t❡❧ ❆t♦♠

✸✺→✹✵ r❡q✴s ✶ ■♥t❡❧ ❆t♦♠ ✰ ✶ ❘❛s♣❜❡rr② P✐

✹✵→✸✺✵ r❡q✴s ✶ ■♥t❡❧ ■✼

❋♦r ♦✈❡r ✸✺✵r❡q✴s✱ ✉s❡ ♠♦❞✉❧♦ ✸✺✵✱ ❛♥❞ ✉s❡ ❛s ♠❛♥② ■✼ ❛s ♥❡❝❡ss❛r②

❞❛❝♦st❛❅✐r✐t✳❢r ✻✷✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❙t✐❧❧ ❢❛r ❢❛r ❛✇❛②✳✳✳

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 0  50  100  150  200  250  300  350

To
ta

l 
W

a
tt

Requests per second

Proportional hardware
Intel I7

Heterogeneous hardware

❞❛❝♦st❛❅✐r✐t✳❢r ✻✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

◆♦t s♦ ❢❛r✱ ❡✣❝✐❡♥❝② ✈✐❡✇ ✦

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0  50  100  150  200  250  300  350

E
n
e
rg

y
 p

e
r 

re
q
u
e
s
t 

(J
o
u
le

s
)

Requests per second

Proportional hardware
Heterogeneous hardware

Intel I7

❞❛❝♦st❛❅✐r✐t✳❢r ✻✹✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

✾✽ ❋♦♦t❜❛❧❧ ❲♦r❧❞ ❈✉♣

❆✈❛✐❧❛❜❧❡ ❞❛t❛

✾✷ ❞❛②s ♦❢ ✇❡❜ s❡r✈❡r ❛❝❝❡ss ❧♦❣s

❲♦r❦❧♦❛❞ ♣r❡❝✐s❡ ❛t t❤❡ s❡❝♦♥❞ ❧❡✈❡❧

❋♦✉r ❣❡♦❣r❛♣❤✐❝ ❧♦❝❛t✐♦♥s✱ t❤r❡❡ ✐♥ ❯❙✱
♦♥❡ ✐♥ ❋r❛♥❝❡

❙❡✈❡r❛❧ ♣❤❛s❡s

▲♦✇ ♣❤❛s❡s✱ ✜rst ✹✵ ❞❛②s ❛♥❞ ❧❛st ✶✵
❞❛②s
❍✐❣❤ ♣❤❛s❡✱ ❞✉r✐♥❣ t❤❡ ❝♦♠♣❡t✐t✐♦♥

❞❛❝♦st❛❅✐r✐t✳❢r ✻✺✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

 0

 100

 200

 300

 400

 500

 600

 700

 0  10  20  30  40  50  60  70  80  90  100

M
e
a
n
 n

u
m

b
e
r 

o
f 

re
q
u
e
s
ts

/s
e
c
o
n
d

Time (day)

ALL 98 World cup web sites
Santa Clara servers

Plano servers
Herndon servers

Paris servers

❞❛❝♦st❛❅✐r✐t✳❢r ✻✻✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❈♦♠♣❛r✐s♦♥ ✐❢ ✉s✐♥❣ ♦♥❡ s✐♥❣❧❡ ❞❛t❛✲❝❡♥t❡r

 0

 2e+06

 4e+06

 6e+06

 8e+06

 1e+07

 1.2e+07

 1.4e+07

 1.6e+07

 1.8e+07

 2e+07

 0  10  20  30  40  50  60  70  80  90  100

E
n
e
rg

y
 (

J)

Time (day)

Proportional hardware
Heterogeneous hardware

Intel I7
Intel Atom

Raspberry Pi

❞❛❝♦st❛❅✐r✐t✳❢r ✻✼✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❩♦♦♠ ♦♥ t❤❡ ♠♦st ❡✣❝✐❡♥t ♠❡t❤♦❞s

 0

 1e+06

 2e+06

 3e+06

 4e+06

 5e+06

 6e+06

 0  10  20  30  40  50  60  70  80  90  100

E
n
e
rg

y
 (

J)

Time (day)

Proportional hardware
Heterogeneous hardware

Intel I7

❞❛❝♦st❛❅✐r✐t✳❢r ✻✽✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❋❛r r❡❛❝❤❡❞ ❣♦❛❧✿ ♣r♦♣♦rt✐♦♥❛❧
❝♦♠♣✉t✐♥❣

 1

 10

 100

 0  10  20  30  40  50  60  70  80  90  100

E
n
e
rg

y
 I
n
e
ffi

c
ie

n
c
y
 (

P
ro

p
o
rt

io
n
a
l=

1
)

Time (day)

Proportional hardware
Heterogeneous hardware

Intel I7
Intel Atom

Raspberry Pi

❞❛❝♦st❛❅✐r✐t✳❢r ✻✾✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❈♦♠♣❛r✐s♦♥ ✐❢ ✉s✐♥❣ ♠✉❧t✐♣❧❡ ❞❛t❛✲❝❡♥t❡rs

 0

 5e+07

 1e+08

 1.5e+08

 2e+08

Santa Clara Plano Herndon Paris

Jo
u
le

s
One Single
Data-center

Proportional hardware
Heterogeneous hardware

Intel I7

❉❛ ❈♦st❛✱ ❍❡t❡r♦❣❡♥❡✐t②✱ t❤❡ ❦❡② t♦ r❡❛❝❤ ♣r♦♣♦rt✐♦♥❛❧✐t②✱ ❈❈●❘■❉ ✷✵✶✹
❞❛❝♦st❛❅✐r✐t✳❢r ✼✵✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❆❞❞✐♥❣ ♠❛♥❛❣❡♠❡♥t ❤❡t❡r♦❣❡♥❡✐t②

❙✇✐t❝❤✐♥❣ ♦♥✴♦✛
♥♦❞❡s t❛❦❡ t✐♠❡

❙✇✐t❝❤✐♥❣ ♦♥✴♦✛
♥♦❞❡s ❝♦♥s✉♠❡s
❡♥❡r❣②

❋♦r ❛♣♣❧✐❝❛t✐♦♥
r❡❝♦♥✜❣✉r❛t✐♦♥
❋♦r s✇✐t❝❤✐♥❣
♦♥✴♦✛ t❤❡ s❡r✈❡r

▲❡❢❡✈r❡ ❛♥❞ ❛❧✳✱ ❙✉♣❡r❝♦♠♣✉t✐♥❣ ✷✵✵✽

❞❛❝♦st❛❅✐r✐t✳❢r ✼✶✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❙❡✈❡r❛❧ ♠❡t❤♦❞s t♦ ♠❛♥❛❣❡ s❡r✈❡rs

❊①❛❝t ❛♣♣r♦❛❝❤✱ ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣
❍❡✉r✐st✐❝s

❘❡❛❝t✐✈❡
❲❤❡♥ ♦✈❡r❧♦❛❞❡❞✱ st❛rt ♥❡✇ s❡r✈❡rs✱ ✇❤❡♥ ✉♥❞❡r✲❧♦❛❞❡❞ st♦♣ s♦♠❡

Pr♦✲❛❝t✐✈❡
Pr❡❞✐❝t t❤❡ ❢✉t✉r❡ ❛♥❞ ❞❡❝✐❞❡ ✇❤✐❝❤ s❡r✈❡r t♦ ✉s❡

t0

shortWin_i

tOn_j tOn_k

shortWin_kshortWin_j

tOn_i tOn_k + 1tOn_i + 1 tOn_j + 1

❱✐♦❧❛✐♥❡ ❡t ❛❧✳ ❊♥❡r❣② ❆✇❛r❡ ❉②♥❛♠✐❝ Pr♦✈✐s✐♦♥✐♥❣ ❢♦r ❍❡t❡r♦❣❡♥❡♦✉s ❉❛t❛ ❈❡♥t❡rs✱ ❙❇❆❈✲P❆❉ ✷✵✶✻

❞❛❝♦st❛❅✐r✐t✳❢r ✼✷✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

Pr♦✲❛❝t✐✈❡ ❍❡✉r✐st✐❝s

Pr❡❞✐❝t ❧♦❛❞ ❛♥❞ s✇✐t❝❤ ♦♥ ♥♦❞❡s t♦
❣✉❛r❛♥t② ◗♦❙

❙✇✐t❝❤✐♥❣ ♦♥ ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞ ❜②
s✇✐t❝❤✐♥❣ ♦✛

❲❤❡♥ ❧♦❛❞ ❞❡❝r❡❛s❡✱ s✇✐t❝❤ ♦✛ s❡r✈❡rs
❛❝❝♦r❞✐♥❣❧②

❙t❛② ♥❡❛r t❤❡ ♦♣t✐♠❛❧ r❡♣❛rt✐t✐♦♥

❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✐♥ ❍❡t❡r♦❣❡♥❡♦✉s ❉❛t❛ ❈❡♥t❡r ❙✉♣♣♦rt✐♥❣ ❆♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❱❛r✐❛❜❧❡ ▲♦❛❞✱ ■❈P❉❙ ✷✵✶✻

❞❛❝♦st❛❅✐r✐t✳❢r ✼✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

Pr♦✲❛❝t✐✈❡ ❍❡✉r✐st✐❝s

Pr❡❞✐❝t ❧♦❛❞ ❛♥❞ s✇✐t❝❤ ♦♥ ♥♦❞❡s t♦
❣✉❛r❛♥t② ◗♦❙

❙✇✐t❝❤✐♥❣ ♦♥ ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞ ❜②
s✇✐t❝❤✐♥❣ ♦✛

❲❤❡♥ ❧♦❛❞ ❞❡❝r❡❛s❡✱ s✇✐t❝❤ ♦✛ s❡r✈❡rs
❛❝❝♦r❞✐♥❣❧②

❙t❛② ♥❡❛r t❤❡ ♦♣t✐♠❛❧ r❡♣❛rt✐t✐♦♥

❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✐♥ ❍❡t❡r♦❣❡♥❡♦✉s ❉❛t❛ ❈❡♥t❡r ❙✉♣♣♦rt✐♥❣ ❆♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❱❛r✐❛❜❧❡ ▲♦❛❞✱ ■❈P❉❙ ✷✵✶✻

❞❛❝♦st❛❅✐r✐t✳❢r ✼✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

Pr♦✲❛❝t✐✈❡ ❍❡✉r✐st✐❝s

Pr❡❞✐❝t ❧♦❛❞ ❛♥❞ s✇✐t❝❤ ♦♥ ♥♦❞❡s t♦
❣✉❛r❛♥t② ◗♦❙

❙✇✐t❝❤✐♥❣ ♦♥ ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞ ❜②
s✇✐t❝❤✐♥❣ ♦✛

❲❤❡♥ ❧♦❛❞ ❞❡❝r❡❛s❡✱ s✇✐t❝❤ ♦✛ s❡r✈❡rs
❛❝❝♦r❞✐♥❣❧②

❙t❛② ♥❡❛r t❤❡ ♦♣t✐♠❛❧ r❡♣❛rt✐t✐♦♥

❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✐♥ ❍❡t❡r♦❣❡♥❡♦✉s ❉❛t❛ ❈❡♥t❡r ❙✉♣♣♦rt✐♥❣ ❆♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❱❛r✐❛❜❧❡ ▲♦❛❞✱ ■❈P❉❙ ✷✵✶✻

❞❛❝♦st❛❅✐r✐t✳❢r ✼✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

Pr♦✲❛❝t✐✈❡ ❍❡✉r✐st✐❝s

Pr❡❞✐❝t ❧♦❛❞ ❛♥❞ s✇✐t❝❤ ♦♥ ♥♦❞❡s t♦
❣✉❛r❛♥t② ◗♦❙

❙✇✐t❝❤✐♥❣ ♦♥ ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞ ❜②
s✇✐t❝❤✐♥❣ ♦✛

❲❤❡♥ ❧♦❛❞ ❞❡❝r❡❛s❡✱ s✇✐t❝❤ ♦✛ s❡r✈❡rs
❛❝❝♦r❞✐♥❣❧②

❙t❛② ♥❡❛r t❤❡ ♦♣t✐♠❛❧ r❡♣❛rt✐t✐♦♥

❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✐♥ ❍❡t❡r♦❣❡♥❡♦✉s ❉❛t❛ ❈❡♥t❡r ❙✉♣♣♦rt✐♥❣ ❆♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❱❛r✐❛❜❧❡ ▲♦❛❞✱ ■❈P❉❙ ✷✵✶✻

❞❛❝♦st❛❅✐r✐t✳❢r ✼✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

Pr♦✲❛❝t✐✈❡ ❍❡✉r✐st✐❝s

Pr❡❞✐❝t ❧♦❛❞ ❛♥❞ s✇✐t❝❤ ♦♥ ♥♦❞❡s t♦
❣✉❛r❛♥t② ◗♦❙

❙✇✐t❝❤✐♥❣ ♦♥ ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞ ❜②
s✇✐t❝❤✐♥❣ ♦✛

❲❤❡♥ ❧♦❛❞ ❞❡❝r❡❛s❡✱ s✇✐t❝❤ ♦✛ s❡r✈❡rs
❛❝❝♦r❞✐♥❣❧②

❙t❛② ♥❡❛r t❤❡ ♦♣t✐♠❛❧ r❡♣❛rt✐t✐♦♥

❱✐♦❧❛✐♥❡ ❡t ❛❧✳✱ ❊♥❡r❣② Pr♦♣♦rt✐♦♥❛❧✐t② ✐♥ ❍❡t❡r♦❣❡♥❡♦✉s ❉❛t❛ ❈❡♥t❡r ❙✉♣♣♦rt✐♥❣ ❆♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❱❛r✐❛❜❧❡ ▲♦❛❞✱ ■❈P❉❙ ✷✵✶✻

❞❛❝♦st❛❅✐r✐t✳❢r ✼✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❙t❛t❡✲❢✉❧❧ ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥s

❈❧❛ss✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ ♥♦t ♠❛❧❡❛❜❧❡

❉✐str✐❜✉t❡❞ ❞❛t❛❜❛s❡s
❖♣❡♥▼P ♦r ▼P■ ❛♣♣❧✐❝❛t✐♦♥s

■♠♣♦ss✐❜❧❡ t♦ ❝❤❛♥❣❡ t❤❡ ♥✉♠❜❡r ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ✐♥st❛♥❝❡

❆❞❞ ♠✐❣r❛t✐♦♥ t✐♠❡✴❡♥❡r❣② t♦ ❙✇✐t❝❤ ♦♥✴♦✛

❞❛❝♦st❛❅✐r✐t✳❢r ✼✹✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
P❧❛❝❡♠❡♥t ❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥ ❉❛t❛ ❝❡♥t❡r ✐♥ t❤❡ ❜♦①

❍❡t❡r♦❣❡♥❡♦✉s ♠✐❝r♦✲❛r❝❤✐t❡❝t✉r❡s

■♥st❛♥❝❡ ❝❛♥ ❜❡ ♠✐❣r❛t❡❞ ❜❡t✇❡❡♥ ❛r❝❤✐t❡❝t✉r❡s
P❡r❢♦r♠❛♥❝❡ ❞❡♣❡♥❞s ♦♥ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❱▼ ❛♥❞ s❡r✈❡r

Host ARM

ARM Virtualization Ext.

VM

x86

x86  ARM →

translation

E
M

U
L

A
T

IO
N

Host x86

x86 Virtualization Ext.

VM

x86

Host ARM

ARM Virtualization Ext.

VM

ARM

Host x86

x86 Virtualization Ext.

VM

ARM

ARM  x86 →

translation

E
M

U
L

A
T

IO
N

❚r❛♥s❧❛t✐♦♥ s❧♦✇❞♦✇♥ r❛t✐♦✿ ✽ ❱✐♦❧❛✐♥❡ ❛♥❞ ❛❧✳ PP▲ ✷✵✵✺

▲♦✇ ❧♦❛❞ ♦♥ ❆❘▼✱ ❤✐❣❤ ❧♦❛❞ ♦♥ ①✽✻✱ ①✽✻ ❱▼
❞❛❝♦st❛❅✐r✐t✳❢r ✼✺✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

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♦♥❞

❞❛❝♦st❛❅✐r✐t✳❢r ✼✻✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❚♦✇❛r❞ t❤❡ ❢✉t✉r❡

❆ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ❞❛t❛❝❡♥t❡rs
▲♦ts ♦❢ s♠❛❧❧❡r ♦♥❡s ✭❤②❜r✐❞ ♠❛♥❛❣❡♠❡♥t✮

❚❤❡ ❦♥♦✇❧❡❞❣❡✿ ❝r✐t✐❝❛❧ r❡s♦✉r❝❡

❆ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❞✐✈❡rs❡ s✐③❡s
❙♦♠❡ ❧❛r❣❡r ✭✷✵✶✻ ✿ ✻ ✸✵✵ ✵✵✵m✷✮

❖✈❡r❛❧❧✱ ❞❛t❛❝❡♥t❡rs ✇✐❧❧ ❜❡ ♠♦r❡ ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡✐r ❡♥✈✐r♦♥♠❡♥t

❊❧❡❝tr✐❝❛❧ ❛s♣❡❝ts
❚❤❡r♠❛❧ ❛s♣❡❝ts

❞❛❝♦st❛❅✐r✐t✳❢r ✼✼✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❆t t❤❡ ❧❡✈❡❧ ♦❢ ❛ ♥♦❞❡

❚❤r❡❡ t❡♠♣♦r❛❧✐t②
▲❛r❣❡✲❣r❛✐♥❡❞ ✭♠✐♥✉t❡✮ ✿ ❖♣t✐♠❛❧ ❢r❡q✉❡♥❝② ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t❛s❦ ❣r❛♣❤∗

✶✸✪ ♦❢ ❡♥❡r❣② s❛✈✐♥❣s

▼❡❞✐✉♠✲❣r❛✐♥❡❞ ✭s❡❝♦♥❞✮ ✿ P❤❛s❡ ❞❡t❡❝t✐♦♥†

✷✵✪ ♦❢ ❡♥❡r❣② s❛✈✐♥❣s✱ ✸✪ ♦❢ t✐♠❡ ✐♥❝r❡❛s❡

❋✐♥❡❞✲❣r❛✐♥❡❞ ✭✶/✶✵s✮ ✿ ❋r❡q✉❡♥❝② ♣♦❧✐❝② ❛t t❤❡ ❦❡r♥❡❧ ❧❡✈❡❧‡

✷✺✪ ♦❢ ❡♥❡r❣② s❛✈✐♥❣s✱ ✶✪ ♦❢ t✐♠❡ ❞❡❝r❡❛s❡

◆♦ ❝♦♦r❞✐♥❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ t❡♠♣♦r❛❧✐t②✱ ♥♦ ♦❜❥❡❝t✐✈❡s

∗ ❚♦♠ ❡t ❛❧✳✱ ❊♥❡r❣②✲❛✇❛r❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❉❱❋❙✱ ❙▼P❚ ❥♦✉r♥❛❧✱ ✷✵✶✸ †▲❛♥❞r② ❡t ❛❧✳✱ ❊①♣❧♦✐t✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ❝♦✉♥t❡rs t♦ ♣r❡❞✐❝t ❛♥❞

✐♠♣r♦✈❡ ❡♥❡r❣② ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❍P❈ s②st❡♠s✱ ❙❯❙❈❖▼ ❥♦✉r♥❛❧✱ ✷✵✶✹ ‡●❡♦r❣❡s ❡t ❛❧✳✱ ❉❱❋❙ ❣♦✈❡r♥♦r ❢♦r ❍P❈✿ ❍✐❣❤❡r✱ ❋❛st❡r✱

●r❡❡♥❡r✱ P❉P ❝♦♥❢ér❡♥❝❡✱ ✷✵✶✺

❞❛❝♦st❛❅✐r✐t✳❢r ✼✽✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❆t t❤❡ s❝❛❧❡ ♦❢ ❛ ♥♦❞❡✿ ▲❛r❣❡✲❣r❛✐♥❡❞

❯s❡ ♦❢ ❝♦♥t❡①t✉❛❧ ❡①t❡r♥❛❧ ✐♥❢♦r♠❛t✐♦♥
❊①❛♠♣❧❡ ❛t t❤❡ s❝❤❡❞✉❧❡r ❧❡✈❡❧✿ ❚❛s❦ ❉❆●

❞❛❝♦st❛❅✐r✐t✳❢r ✼✾✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❈♦♦r❞✐♥❛t✐♦♥ ♦❢ ♥♦❞❡ s♣❡❡❞s

❞❛❝♦st❛❅✐r✐t✳❢r ✽✵✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❈♦♦r❞✐♥❛t✐♦♥ ♦❢ ♥♦❞❡ s♣❡❡❞s

●❡♥❡r❛❧✐③❛t✐♦♥ t♦✇❛r❞ ❝r✐t✐❝❛❧
♣❛t❤

❞❛❝♦st❛❅✐r✐t✳❢r ✽✵✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❆❝t✐♦♥ ❛t t❤❡ ♥♦❞❡ ❧❡✈❡❧

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4 5

F
re

q
u

en
cy

 (
G

h
z)

Ratio (Slack-Time/Ttask), Slack-Time range = [0.1*Ttask;5*Ttask]

Optimal Frequency regarding DAG task Slack-Time

Optimal Frequency

❞❛❝♦st❛❅✐r✐t✳❢r ✽✶✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❆❝t✐♦♥ ❛t t❤❡ ♥♦❞❡ ❧❡✈❡❧

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4 5

F
re

q
u

en
cy

 (
G

h
z)

Ratio (Slack-Time/Ttask), Slack-Time range = [0.1*Ttask;5*Ttask]

Optimal Frequency regarding DAG task Slack-Time

Optimal Frequency

❚♦ ❣♦ ❢✉rt❤❡r

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

❞❛❝♦st❛❅✐r✐t✳❢r ✽✶✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❆t t❤❡ ❧❡✈❡❧ ♦❢ ❛ ♥♦❞❡✿ ▼❡❞✐✉♠✲❣r❛✐♥❡❞

❘❡❛❝t ❛t ♠❡❞✐✉♠ ❧❛t❡♥❝② ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ♥♦❞❡

❈❤❛♥❣❡ t❤❡ ♣r♦❝❡ss♦r ❢r❡q✉❡♥❝②
❈❤❛♥❣❡ t❤❡ ❤❛r❞ ❞r✐✈❡ ♠♦❞❡
❘❡❝♦♥✜❣✉r❡ t❤❡ ♥❡t✇♦r❦ ❝❛r❞

❉❡t❡❝t✐♦♥ ♦❢ t❤❡ ❝✉rr❡♥t ♣❤❛s❡

❘❡❛❝t ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤✐s ♣r♦✜❧❡

▲✐❣❤t ✐♠♣❛❝t ♦♥ t❤❡ ✐♥❢r❛str✉❝t✉r❡

❞❛❝♦st❛❅✐r✐t✳❢r ✽✷✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❘❡s♦✉r❝❡ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❛ ❝♦♠♣❧❡① ❛♣✲
♣❧✐❝❛t✐♦♥

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 0  50  100  150  200  250  300  350

C
o

u
n

te
rs

 a
c

c
e

s
s

 r
a

te

Time (s)

Id
le

M
G

B
T

E
P

IS C
G

branch misses
cache references

cache misses

❞❛❝♦st❛❅✐r✐t✳❢r ✽✸✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

P❤❛s❡s ✇❤❡r❡ r❡s♦✉r❝❡ ❝♦♥s✉♠♣t✐♦♥ ❛r❡
❝♦♥st❛♥t

 0

 2

 4

 6

 8

 10

 0  50  100  150  200  250  300  350

ph
as

e 
id

time (s)

Id
le

M
G B
T

E
P IS C
G

❞❛❝♦st❛❅✐r✐t✳❢r ✽✹✴✶✵✷

mailto:dacosta@irit.fr


❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞
▲❛r❣❡✲❣r❛✐♥❡❞ ▼❡❞✐✉♠✲❣r❛✐♥❡❞ ❧❡✈❡❧ ❋✐♥❡✲❣r❛✐♥❡❞ ❧❡✈❡❧

❉❡❝✐s✐♦♥ ♠❡t❤♦❞

P❤❛s❡ ❧❛❜❡❧ P♦ss✐❜❧❡ r❡❝♦♥✜❣✉r❛t✐♦♥ ❞❡❝✐s✐♦♥s

❝♦♠♣✉t❡✲✐♥t❡♥s✐✈❡ s✇✐t❝❤ ♦✛ ♠❡♠♦r② ❜❛♥❦s❀ s❡♥❞ ❞✐s❦s t♦ s❧❡❡♣❀
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❧♦❝❛t✐♦♥

✺ ❙✇✐t❝❤✐♥❣ ♦✛ ❛ s❡r✈❡r

✻ ▲❡ss ❛❣❣r❡ss✐✈❡ ❉❱❋❙
VM2

VM1
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❆✉t♦♥♦♠✐❝ ❧♦♦♣ ❉❡❝✐s✐♦♥ ❊✈♦❧✉t✐♦♥ ❆♥❞ ❜❡②♦♥❞

❖♣❡♥ r❡s❡❛r❝❤ q✉❡st✐♦♥s

Pr♦❣r❛♠♠✐♥❣ ♣❛r❛❞✐❣♠s

❆❜✐❧✐t② t♦ ❞❡s❝r✐❜❡ ♣❛r❛❧❧❡❧✐s♠ ✐♥t✉✐t✐✈❡❧②
❘❡♠♦✈❡ t❤❡ ❜✉r❞❡♥ ❢r♦♠ ❞❡✈❡❧♦♣❡r

❘✉♥t✐♠❡s

❈❛♣❛❜✐❧✐t② t♦ ❛❞❛♣t t♦ ♣❛rt✐❝✉❧❛r ♣r♦✜❧❡s ❛♥❞ t❤❡✐r
✐♥t❡r❛❝t✐♦♥s
❆❜✐❧✐t② t♦ ❝❤❛♥❣❡ ❦❡r♥❡❧s ✐♥ ❢✉♥❝t✐♦♥ ♦❢ ❝♦♥t❡①t

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

❈♦♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ ♦♣❡r❛t♦rs

❈❧♦✉❞ ❢❡❞❡r❛t✐♦♥
❈❧♦✉❞ ❛♥❞ ❍P❈ s②st❡♠s
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