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❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ∗

❏érô♠❡ ●❛❧❧❛r❞† ✱ ❆❞r✐❡♥ ▲è❜r❡† ✱ ●❡♦✛r♦② ❱❛❧❧é❡‡ ✱ ❈❤r✐st✐♥❡ ▼♦r✐♥† ✱ P❛s❝❛❧

●❛❧❧❛r❞§ ✱ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt‡

❚❤è♠❡ ◆❯▼ ✖ ❙②stè♠❡s ♥✉♠ér✐q✉❡s
➱q✉✐♣❡✲Pr♦❥❡t P❆❘■❙

❘❛♣♣♦rt ❞❡ r❡❝❤❡r❝❤❡ ♥➦ ✻✻✶✸ ✖ ❏✉✐❧❧❡t ✷✵✵✽ ✖ ✶✼ ♣❛❣❡s

❆❜str❛❝t✿ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡s ✭❱▼✮ ❛❧❧♦✇ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ✈❛r✐♦✉s ♦♣❡r❛t✐♥❣ s②st❡♠s ❛♥❞ ♣r♦✈✐❞❡
s❡✈❡r❛❧ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✇❤✐❝❤ ❛r❡ ♥♦✇❛❞❛②s str♦♥❣❧② ❛♣♣r❡❝✐❛t❡❞ ❜② ❞❡✈❡❧♦♣❡rs ❛♥❞ ❛❞♠✐♥✐str❛✲
t♦rs ✭✐s♦❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛♣♣❧✐❝❛t✐♦♥s✱ ✢❡①✐❜✐❧✐t② ♦❢ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t✱ ❛♥❞ s♦ ♦♥✮✳ ❆s ❛ ❞✐r❡❝t
❝♦♥s❡q✉❡♥❝❡✱ ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ ❤❛s ❜❡❝♦♠❡ ❛ ❜✉③③ ✇♦r❞ ❛♥❞ ❛ ❧♦t ♦❢ ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ s♦❧✉t✐♦♥s ❤❛✈❡
❜❡❡♥ ♣r♦♣♦s❡❞✱ ❡❛❝❤ ♣r♦✈✐❞✐♥❣ ♣❛rt✐❝✉❧❛r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✳ ●♦❧❞❜❡r❣ ♣r♦♣♦s❡❞ t♦ ❝❧❛ss✐❢② ✈✐rt✉❛❧✲
✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ✐♥ t✇♦ ♠♦❞❡❧s ✭❚②♣❡✲■ ❛♥❞ ❚②♣❡✲■■✮✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❡♥❛❜❧❡ t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥
♦❢ ❧❛t❡st ✏✈✐rt✉❛❧✐③❛t✐♦♥s✑ t❡❝❤♥♦❧♦❣✐❡s s✉❝❤ ❛❜str❛❝t✐♦♥✱ ❡♠✉❧❛t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣ ❛♥❞ s♦ ♦♥✳

■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ♣r♦♣♦s❡ ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ●♦❧❞❜❡r❣ ♠♦❞❡❧ ✐♥ ♦r❞❡r t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t
❛♥❞ ❢♦r♠❛❧② ❞❡✜♥❡ ❧❛t❡st ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ ♠❡❝❤❛♥✐s♠s✳ ❆❢t❡r ❣✐✈✐♥❣ ❣❡♥❡r❛❧ ❞❡✜♥✐t✐♦♥s✱ ✇❡ s❤♦✇
❤♦✇ ♦✉r ♣r♦♣♦s❛❧ ❡♥❛❜❧❡s t♦ r✐❣♦r♦✉s❧② ❢♦r♠❛❧✐③❡ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡r♠s✿ ✈✐rt✉❛❧✐③❛t✐♦♥✱ ❡♠✉❧❛t✐♦♥✱
❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❞ ✐❞❡♥t✐t②✳ ❲❡ ❛❧s♦ ❞❡♠♦♥str❛t❡ t❤❛t ❛ s✐♥❣❧❡ ✈✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥
✐s ❣❡♥❡r❛❧❧② ❝♦♠♣♦s❡❞ ❜② s❡✈❡r❛❧ ❧❛②❡rs ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣r❛♥✉❧❛r✐t②
♦❢ t❤❡ ❛♥❛❧②s✐s✳

❑❡②✲✇♦r❞s✿ ●♦❧❞❜❡r❣ t❤❡♦r②✱ ❱✐rt✉❛❧✐③❛t✐♦♥✱ ❊♠✉❧❛t✐♦♥✱ ❆❜str❛❝t✐♦♥✱ P❛rt✐♦♥♥✐♥❣✱ ■❞❡♥t✐t②

∗ ❚❤❡ ■◆❘■❆ t❡❛♠ ❝❛rr✐❡s ♦✉t t❤✐s r❡s❡❛r❝❤ ✇♦r❦ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ♦❢ t❤❡ ❳tr❡❡♠❖❙ ♣r♦❥❡❝t ♣❛rt✐❛❧❧② ❢✉♥❞❡❞ ❜②
t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✐ss✐♦♥ ✉♥❞❡r ❝♦♥tr❛❝t ★❋P✻✲✵✸✸✺✼✻✳ ❖❘◆▲✬s r❡s❡❛r❝❤ s♣♦♥s♦r❡❞ ❜② t❤❡ ▲❛❜♦r❛t♦r② ❉✐r❡❝t❡❞
❘❡s❡❛r❝❤ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t Pr♦❣r❛♠ ♦❢ ❖❛❦ ❘✐❞❣❡ ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r② ✭❖❘◆▲✮✱ ♠❛♥❛❣❡❞ ❜② ❯❚✲❇❛tt❡❧❧❡✱ ▲▲❈
❢♦r t❤❡ ❯✳ ❙✳ ❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣② ✉♥❞❡r ❈♦♥tr❛❝t ◆♦✳ ❉❊✲❆❈✵✺✲✵✵❖❘✷✷✼✷✺✳

† ■◆❘■❆ ❘❡♥♥❡s ✲ ❇r❡t❛❣♥❡ ❆t❧❛♥t✐q✉❡✱ ❘❡♥♥❡s ❋r❛♥❝❡ ✕ ✜rst♥❛♠❡✳❧❛st♥❛♠❡❅✐r✐s❛✳❢r
‡ ❖❛❦ ❘✐❞❣❡ ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r②✱ ❖❛❦ ❘✐❞❣❡✱ ❯❙❆ ✕ ✈❛❧❧❡❡❣r✱ s❝♦tts❧❅♦r♥❧✳❣♦✈
§ ❑❊❘▲❆❇❙✱ ❘❡♥♥❡s✱ ❋r❛♥❝❡ ✕ ♣❛s❝❛❧✳❣❛❧❧❛r❞❅❦❡r❧❛❜s✳❝♦♠



Pr♦♣♦s✐t✐♦♥ ❞❡ ❘❛✜♥❡♠❡♥t ❞❡ ❧❛ ❚❤é♦r✐❡ ❞❡ ●♦❧❞❜❡r❣

❘és✉♠é ✿ ▲❡s ♠❛❝❤✐♥❡s ✈✐rt✉❡❧❧❡s ✭❱▼✮ ♣❡r♠❡tt❡♥t ❧✬❡①é❝✉t✐♦♥ ❞❡ ❞✐✛ér❡♥ts s②stè♠❡s ❞✬❡①✲
♣❧♦✐t❛t✐♦♥ ❡t ❢♦✉r♥✐ss❡♥t ♣❧✉s✐❡✉rs ❢♦♥❝t✐♦♥♥❛❧✐tés q✉✐ s♦♥t ❛✉❥♦✉r❞✬❤✉✐ ❢♦rt❡♠❡♥t ❛♣♣ré❝✐é ♣❛r ❧❡s
❞é✈❡❧♦♣♣❡✉rs ❡t ❧❡s ❛❞♠✐♥✐str❛t❡✉rs ✭✐s♦❧❡♠❡♥t ❡♥tr❡ ❧❡s ❛♣♣❧✐❝❛t✐♦♥s✱ ✢❡①✐❜✐❧✐té ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡s
r❡ss♦✉r❝❡s✱ ❡t❝✮✳ ❆✐♥s✐✱ ❧❡ ♠♦t ✏✈✐rt✉❛❧✐s❛t✐♦♥✑ ❡st ❞❡✈❡♥✉ très ♣r✐sé ❡t ❜❡❛✉❝♦✉♣ ❞❡ s♦❧✉t✐♦♥s ❞❡
✈✐rt✉❛❧✐s❛t✐♦♥ ♦♥t été ♣r♦♣♦sé❡s✱ ❝❤❛❝✉♥❡ ♦✛r❛♥t ❞❡s ❢♦♥❝t✐♦♥♥❛❧✐tés ♣❛rt✐❝✉❧✐èr❡s✳ ❉❛♥s ❧❡s ❛♥♥é❡s
✶✾✼✵✱ ●♦❧❞❜❡r❣ ❛ ♣r♦♣♦sé ❞❡ ❝❧❛ss❡r ❧❡s t❡❝❤♥✐q✉❡s ❞❡ ✈✐rt✉❛❧✐s❛t✐♦♥ ❡♥ ❞❡✉① ♠♦❞è❧❡s ✭❚②♣❡✲■
❡t ❚②♣❡✲■■✮✳ ▲❡ ♣r♦❜❧è♠❡ ❡st q✉❡ ❝❡tt❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ré♣❡rt♦r✐❡r ❞✐✛ér❡♥t❡s
t❡❝❤♥✐q✉❡s ❞❡ ✈✐rt✉❛❧✐s❛t✐♦♥ ❝♦♠♠❡ ❧✬❛❜str❛❝t✐♦♥✱ ❧❡ ♣❛rt✐t✐♦♥♥❡♠❡♥t✱ ❡t❝✳

❉❛♥s ❝❡ ❞♦❝✉♠❡♥t✱ ♥♦✉s ♣r♦♣♦s♦♥s ✉♥❡ ❡①t❡♥s✐♦♥ ❞✉ ♠♦❞è❧❡ ❞❡ ●♦❧❞❜❡r❣✱ ❛✜♥ ❞❡ ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ❡t ❞é✜♥✐r ❢♦r♠❡❧❧❡♠❡♥t ❧❡s ❞❡r♥✐❡rs ♠é❝❛♥✐s♠❡s ❞❡ ✈✐rt✉❛❧✐s❛t✐♦♥✳ ❆♣rès ❞♦♥♥❡r ❞❡s
❞é✜♥✐t✐♦♥s ❣é♥ér❛❧❡s✱ ♥♦✉s ♠♦♥tr♦♥s ❝♦♠♠❡♥t ♥♦tr❡ ♣r♦♣♦s✐t✐♦♥ ♣❡r♠❡t ❞❡ ❢♦r♠❛❧✐s❡r r✐❣♦✉r❡✉s❡✲
♠❡♥t ❧❡s t❡r♠❡s s✉✐✈❛♥ts✿ ✈✐rt✉❛❧✐s❛t✐♦♥✱ é♠✉❧❛t✐♦♥✱ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥♥❡♠❡♥t✱ ❡t ✐❞❡♥t✐té✳
◆♦✉s ♠♦♥tr♦♥s é❣❛❧❡♠❡♥t q✉✬✉♥❡ s❡✉❧❡ s♦❧✉t✐♦♥ ❞❡ ✈✐rt✉❛❧✐s❛t✐♦♥ ❡st ❣é♥ér❛❧❡♠❡♥t ❝♦♠♣♦sé❡ ❞❡
♣❧✉s✐❡✉rs ❝♦✉❝❤❡s ❞❡ ❝❛♣❛❝✐tés ❞❡ ✈✐rt✉❛❧✐s❛t✐♦♥✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❣r❛♥✉❧❛r✐té ❞❡ ❧✬❛♥❛❧②s❡✳

▼♦ts✲❝❧és ✿ ❚❤é♦r✐❡ ❞❡ ●♦❧❞❜❡r❣✱ ❱✐rt✉❛❧✐s❛t✐♦♥✱ ➱♠✉❧❛t✐♦♥✱ ❆❜str❛❝t✐♦♥✱ P❛rt✐♦♥♥❡♠❡♥t✱
■❞❡♥t✐té



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✸

✶ ■♥tr♦❞✉❝t✐♦♥

◆♦✇❛❞❛②s✱ t❤❡ t❡r♠ ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ ✐s ✉s❡❞ t♦ ❞❡s✐❣♥❛t❡ ♠❛♥② s♦❧✉t✐♦♥s ✭s✉❝❤ ❛s ❛❜str❛❝t✐♦♥✱
❡♠✉❧❛t✐♦♥✱ ❛♥❞ ♣❛rt✐t✐♦♥✐♥❣✮ t❤❛t ❞♦ ♥♦t ♥❡❝❡ss❛r❧② ❤❛✈❡ ❛ ❝❧❡❛r ❢♦r♠❛❧ ❞❡✜♥✐t✐♦♥✳ ■♥ ✶✾✼✵✬s✱ ❜❡✲
❝❛✉s❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ✇❛s ❛❧r❡❛❞② ❛ ❜✉③③ ✇♦r❞ ✭✉s❡❞ ✐♥ s❡✈❡r❛❧ ❝♦♥t❡①ts ✇✐t❤ s❡✈❡r❛❧ ❞❡✜♥✐t✐♦♥s✮✱
●♦❧❞❜❡r❣ ✐♥tr♦❞✉❝❡❞ ❛♥ ♦r✐❣✐♥❛❧ ❞❡✜♥✐t✐♦♥ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥✿ ❆ s②st❡♠ ✐♥ ✇❤✐❝❤ t❤❡ ✈✐rt✉❛❧ ♠❛✲
❝❤✐♥❡ ✐s ❛ ❤❛r❞✇❛r❡✲s♦❢t✇❛r❡ ❞✉♣❧✐❝❛t❡ ♦❢ ❛ r❡❛❧ ❡①✐st✐♥❣ ♠❛❝❤✐♥❡✱ ✐♥ ✇❤✐❝❤ ❛ ♥♦♥✲tr✐✈✐❛❧ s✉❜s❡t ♦❢
t❤❡ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡✬s ✐♥str✉❝t✐♦♥s ❡①❡❝✉t❡ ❞✐r❡❝t❧② ♦♥ t❤❡ ❤♦st ♠❛❝❤✐♥❡ ✐♥ ♥❛t✐✈❡ ♠♦❞❡ ❬✺✱ ✶✵✱ ✶❪✳

■♥✐t✐❛❧❧②✱ t❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ ✇❛s t♦ ❡♥❛❜❧❡ t✐♠❡✲s❤❛r✐♥❣ ♦♥ ❜✐❣ ♠❛✐♥✲❢r❛♠❡s ❤❛✈✐♥❣
❛ ♠♦♥♦t❛s❦ ♦♣❡r❛t✐♥❣ s②st❡♠ ✭❖❙✮✳ ❍♦✇❡✈❡r✱ ♥♦✇❛❞❛②s✱ ✇✐t❤ ♠♦r❡ ❛♥❞ ♠♦r❡ ♣❡r❢♦r♠❛♥t ❤❛r❞✲
✇❛r❡✱ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s ✉s❡❞ ❢♦r ♠❛♥② ❞✐✛❡r❡♥t ♣✉r♣♦s❡s s✉❝❤ ❛s ✐s♦❧❛t✐♦♥✱ s❡r✈❡r ❝♦♥s♦❧✐❞❛t✐♦♥✱
❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♣♦rt❛❜✐❧✐t②✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❧♦ts ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s ❛r❡ ❞❡✈❡❧♦♣❡❞
❛♥❞ t❤❡ ❧❛t❡st t❡❝❤♥✐q✉❡s ❞♦♥✬t ❢❡❡t ❛❧✇❛②s ✐♥ t❤❡ ●♦❧❞❜❡r❣ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❋♦r ✐♥st❛♥❝❡✱ ❝♦♥t❛✐♥✲
❡rs✱ ✇❤✐❝❤ ❛❧❧♦✇ ♣r♦❝❡ss❡s t♦ r✉♥ ❝♦♥❝✉rr❡♥t❧② ♦♥ t♦♣ ♦❢ t❤❡ s❛♠❡ ❖❙✱ ❜❛s❡❞ ♦♥ t❤❡✐r ♦✇♥ ✈✐❡✇
♦❢ ❛✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s✱ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✐♥ s♦♠❡ ❡①t❡♥t ❛s ❛ ✈✐rt✉❛❧✐③❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✇❤✐❝❤ ✐s
♥♦t ❛❞r❡ss❡❞ ❜② t❤❡ ●♦❧❞❜❡r❣ ❝❧❛ss✐✜❝❛t✐♦♥✳

■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ♣r♦♣♦s❡ ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ●♦❧❞❜❡r❣ ♠♦❞❡❧ ✐♥ ♦r❞❡r t♦ t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t ❛♥❞ ❢♦r♠❛❧② ❞❡✜♥❡ ❧❛t❡st ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ ♠❡❝❤❛♥✐s♠s✳ ❆❢t❡r ❣✐✈✐♥❣ ❣❡♥❡r❛❧ ❞❡✜♥✐t✐♦♥s✱
✇❡ s❤♦✇ ❤♦✇ ♦✉r ♣r♦♣♦s❛❧ ❡♥❛❜❧❡s t♦ r✐❣♦r♦✉s❧② ❢♦r♠❛❧✐③❡ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡r♠s ✇❤✐❝❤ ❛r❡ ❝♦♠♠♦♥❧②
✉s❡❞ ♥♦✇❛❞❛②s✿ ✈✐rt✉❛❧✐③❛t✐♦♥✱ ❡♠✉❧❛t✐♦♥✱ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❞ ✐❞❡♥t✐t②✳ ❉♦✐♥❣ s♦✱ ✇❡
❡♠♣❤❛s✐s t❤❡ ❢❛❝t t❤❛t ❛ s✐♥❣❧❡ ✈✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥ ✐s ❣❡♥❡r❛❧❧② ❝♦♠♣♦s❡❞ ❜② s❡✈❡r❛❧ ❧❛②❡rs ♦❢
✈✐rt✉❛❧✐③❛t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ t❤❡ ❛♥❛❧②s✐s✳

❚❤✐s ♣❛♣❡r ✐s ♥♦t ❛ ♥❡❣❛t✐✈❡ ❝r✐t✐❝✐s♠ ♦❢ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r② ❛♥❞ ♦✉r r❛✜♥❡♠❡♥t ✐s ❛❝t✉❛❧❧②
❜❛s❡❞ ♦♥ ●♦❧❞❜❡r❣✬s ❞❡✜♥✐t✐♦♥s✳ ❚♦ ♦✉r ❜❡st✲❦♥♦✇❧❡❞❣❡✱ ♥♦ ✇♦r❦s ❤❛✈❡ ❜❡❡♥ ❞♦♥❡ t♦ ❣✐✈❡ ❢♦r♠❛❧
❞❡✜♥✐t✐♦♥s ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥s ❛♥❞ t❤❡✐r ❢✉♥❝t✐♦♥❛❧✐t✐❡s✳ ❊✛❡❝t✐✈❡❧②✱ ✇♦r❦s ♦♥ t❤✐s t♦♣✐❝
❛r❡ ❣❡♥❡r❛❧② ❢♦❝✉s✐♥❣ ♦♥ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥ ♦r ♦♥ ♥❡✇ ❝❛♣❛❜✐❧✐t✐❡s✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✷ ✐♥tr♦❞✉❝❡s t❤❡ ❝♦♥t❡①t ❛♥❞
❞❡✜♥❡s ❝♦♠♠♦♥ t❡r♠s ❛ss♦❝✐❛t❡❞ t♦ ✈✐rt✉❛❧✐③❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤✐s s❡❝t✐♦♥ ❡①♣♦s❡s ●♦❧❞❜❡r❣
✇♦r❦✳ ❙❡❝t✐♦♥ ✸ ♣r♦♣♦s❡s ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ♠♦❞❡❧✳ ❚❤✐s r❡✜♥❡♠❡♥t ❛❧❧♦✇s ✉s t♦
s♣❡❝✐❢② ❝♦♥❝❡♣ts s✉❝❤ ❛s ✈✐rt✉❛❧✐③❛t✐♦♥✱ ❡♠✉❧❛t✐♦♥✱ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❞ ✐❞❡♥t✐t②✳ ❙❡❝✲
t✐♦♥ ✹ s❤♦✇s ✐♥ ✇❤✐❝❤ ✇❛② t❤❡ ♣r❡s❡♥t❡❞ r❡✜♥❡♠❡♥t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ s♦♠❡
✏✈✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥s✑✳ ❙❡❝t✐♦♥ ✺ ❡①♣♦s❡s t❤❡ ❛♥❛❧②s✐s ♦❢ t②♣✐❝❛❧ ❡①✐st✐♥❣ s②st❡♠s ✇✐t❤ ♦✉r
r❡✜♥❡♠❡♥t✳ ❋✐♥❛❧❧②✱ ❙❡❝t✐♦♥ ✻ ❝♦♥❝❧✉❞❡s✳

✷ ❇❛❝❦❣r♦✉♥❞

❱✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥s ♣r♦✈✐❞❡ s❡✈❡r❛❧ ❝❛♣❛❜✐❧✐t✐❡s ✇❤✐❝❤ ❛r❡ ♥♦✇❛❞❛②s str♦♥❣❧② ❛♣♣r❡❝✐❛t❡❞ ❜②
❞❡✈❡❧♦♣❡rs ❛♥❞ s②st❡♠ ❛❞♠✐♥✐str❛t♦rs✳ ❇❡❢♦r❡ t♦ s❡❡ t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r② ✇✐t❤
r❡❣❛r❞ t♦ t❤❡s❡ ❧❛t❡st s♦❧✉t✐♦♥s✱ ✇❡ ♣r❡s❡♥t ❤✐s ❢✉♥❞❛♠❡♥t❛❧ ❝❧❛ss✐✜❝❛t✐♦♥✳

✷✳✶ ●♦❧❞❜❡r❣ ❈❧❛ss✐✜❝❛t✐♦♥

■♥ ✶✾✼✸✱ ●♦❧❞❜❡r❣ ♣r♦♣♦s❡❞ ❛ ❢♦r♠❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ❝♦♥❝❡♣t ❛♥❞ ❞❡s❝r✐❜❡❞ ❛ ❝❧❛ss✐✲
✜❝❛t✐♦♥ ❜❛s❡❞ ♦♥ t✇♦ t②♣❡s✿ ❚②♣❡✲■ ❛♥❞ ❚②♣❡✲■■ ❬✼❪✳ ❍✐s ♠♦❞❡❧ r❡❧✐❡s ♦♥ t✇♦ ❢✉♥❝t✐♦♥s✱ φ ❛♥❞ f
❬✼✱ ✾❪✳ ❚❤❡ ❢✉♥❝t✐♦♥ φ ♠❛❦❡s t❤❡ ❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ ♣r♦❝❡ss❡s r✉♥♥✐♥❣ ♦♥ t❤❡ ❱▼ ❛♥❞ r❡s♦✉r❝❡s
❡①♣♦s❡❞ ✇✐t❤✐♥ t❤❡ ❱▼❀ ✇❤❡r❡❛s t❤❡ ❢✉♥❝t✐♦♥ f ♠❛❦❡s t❤❡ ❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ r❡s♦✉r❝❡s ❛❧❧♦✲
❝❛t❡❞ t♦ ❛ ❱▼ ❛♥❞ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✳ ❋✉♥❝t✐♦♥s φ ❛♥❞ ❢ ❛r❡ t♦t❛❧② ✐♥❞❡♣❡♥❞❛♥t✱ ❛s φ ✐s ❧✐♥❦❡❞
t♦ ♣r♦❝❡ss❡s ✐♥ t❤❡ ❱▼✱ ❢ ✐s ❧✐♥❦❡❞ t♦ r❡s♦✉r❝❡s✳

❘❘ ♥➦ ✻✻✶✸



✹❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ f ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ▲❡t✿

❼ V = {v0, v1, ..., vm} ❜❡ t❤❡ s❡t ♦❢ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳

❼ R = {r0, r1, ..., rn} ❜❡ t❤❡ s❡t ♦❢ r❡s♦✉r❝❡s ♣r❡s❡♥t ✐♥ t❤❡ r❡❛❧ ❤❛r❞✇❛r❡✳

●♦❧❞❜❡r❣ ❞❡✜♥❡s f : V → R s✉❝❤ t❤❛t ✐❢ y ∈ V ❛♥❞ z ∈ R t❤❡♥

f(y) = z, ✐❢ z ✐s t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡ ❢♦r t❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡ y.

❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ r❡❝✉rs✐♦♥ ✐♥ t❤❡ ♠❡❛♥✐♥❣ ♦❢ ●♦❧❞❜❡r❣ ❘❡❝✉rs✐♦♥ ❝♦✉❧❞ ❜❡ r❡❛❝❤ ✐♥t❡r✲
♣r❡t✐♥❣ V ❛♥❞ R ❛s t✇♦ ❛❞❥❛❝❡♥t ❧❡✈❡❧s ♦❢ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳ ❚❤❡♥✱ t❤❡ r❡❛❧ ♣❤②s✐❝❛❧ ♠❛❝❤✐♥❡ ✐s
❧❡✈❡❧ 0 ❛♥❞ ✈✐rt✉❛❧ r❡s♦✉r❝❡s ✐s ❧❡✈❡❧ n✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ f ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ ❧❡✈❡❧ n
❛♥❞ ❧❡✈❡❧ n + 1✳

❘❡❝✉rs✐♦♥ ❡①❛♠♣❧❡ ■❢ f1 : V1 → R✱ f2 : V2 → V1✱ t❤❡♥✱ ❛ ❧❡✈❡❧ ✷ ✈✐rt✉❛❧ r❡s♦✉r❝❡ ♥❛♠❡ y
✐s ♠❛♣♣❡❞ ✐♥t♦ f1(f2(y)) ♦r f1of2(y)✳ ❚❤❡♥✱ ●♦❧❞❜❡r❣ ❣❡♥❡r❛❧✐③❡❞ t❤✐s ❝❛s❡ ✇✐t❤ ♥✲r❡❝✉rs✐♦♥✿
f1of2o...ofn(y)✳

❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ φ ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ▲❡t✿

❼ P = {p0, p1, ..., pj} ❜❡ t❤❡ s❡t ♦❢ ♣r♦❝❡ss❡s✳

●♦❧❞❜❡r❣ ❞❡✜♥❡s φ : P → R s✉❝❤ t❤❛t ✐❢ x ∈ P ✱ y ∈ R t❤❡♥

φ(x) = y, ✐❢ y ✐s t❤❡ r❡s♦✉r❝❡ ❢♦r t❤❡ ♣r♦❝❡ss x.

❘✉♥♥✐♥❣ ❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡✿ foφ ❘✉♥♥✐♥❣ ❛ ♣r♦❝❡ss ♦♥ ❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡ ♠❡❛♥s r✉♥♥✐♥❣ ❛
♣r♦❝❡ss ♦♥ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳ ❚❤✉s✱ ✐❢ ♣r♦❝❡ss❡s P = {p0, p1, ..., pj} r✉♥ ♦♥ t❤❡ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡
❝♦♠♣♦s❡❞ ♦❢ ✈✐rt✉❛❧ r❡s♦✉r❝❡s V = {v0, v1, ..., vm}✱ t❤❡♥ φ : P → V ✳ ❚❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✱ ✐♥
t✉r♥✱ ❛r❡ ♠❛♣♣❡❞ ✐♥t♦ t❤❡✐r ❡q✉✐✈❛❧❡♥ts✿ foφ : P → R✳

●❡♥❡r❛❧ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ❋r♦♠ t❤❡ ♣r❡✈✐♦✉s st❛t❡♠❡♥t✱ ●♦❧❞❜❡r❣ ❞❡✜♥❡❞ t❤❡ ❡①❡❝✉t✐♦♥
♦❢ ❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡✿ f1of2o...ofnoφ✳ ❋✐❣✉r❡ ✶ ❞❡♣✐❝ts ❛ s✐♠♣❧✐✜❡❞ ✈✐❡✇ ♦❢ t❤❡ ●♦❧❞❜❡r❣ ♠❛♣
❝♦♠♣♦s✐t✐♦♥ ❬✻❪✳

❋r♦♠ φ ❛♥❞ f ✱ ●♦❧❞❜❡r❣ ✐❞❡♥t✐✜❡❞ t✇♦ ❞✐✛❡r❡♥t s②st❡♠ ✈✐rt✉❛❧✐③❛t✐♦♥ t②♣❡s✿

❼ ❚②♣❡✲■ ✿ t❤❡ ❣❡♥❡r❛❧ ❝❛s❡ ♦❢ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ●♦❧❞❜❡r❣✱

❼ ❚②♣❡✲■■ ✿ t❤❡ ❝❛s❡ ✇❤❡r❡ f ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ r❡s♦✉r❝❡s ♦❢ ❧❡✈❡❧ n + 1 t♦ ♣r♦❝❡ss❡s
♦❢ ❧❡✈❡❧ n✳

✷✳✷ ●♦❧❞❜❡r❣ ❈❧❛ss✐✜❝❛t✐♦♥ ▲✐♠✐t❛t✐♦♥s

◆♦✇❛❞❛②s✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ●♦❧❞❜❡r❣ ❚②♣❡✲■ ❛♥❞ ❚②♣❡✲■■ ♠♦❞❡❧s✱ t✇♦ ♥❡✇ ❛♣♣r♦❛❝❤❡s ❤❛✈❡ t♦
❜❡ ❝♦♥s✐❞❡r❡❞✿ s②st❡♠✲ ❛♥❞ ♣r♦❝❡ss✲❧❡✈❡❧ ✈✐rt✉❛❧✐③❛t✐♦♥✳

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✺

❋✐❣✉r❡ ✶✿ ❙✐♠♣❧✐✜❡❞ ✈✐❡✇ ♦❢ t❤❡ ●♦❧❞❜❡r❣ ♠❛♣ ❝♦♠♣♦s✐t✐♦♥

❙②st❡♠✲❧❡✈❡❧ ✈✐rt✉❛❧✐③❛t✐♦♥ ✭✐ss✉❡❞ ❢r♦♠ t❤❡ ●♦❧❞❜❡r❣ ❞❡✜♥✐t✐♦♥✮ ❚❤✐s ❛♣♣r♦❛❝❤ ❛✐♠s
❛t ✈✐rt✉❛❧✐③✐♥❣ ❛ ❢✉❧❧ ❖❙✿ ❛ ✈✐rt✉❛❧ ❤❛r❞✇❛r❡ ✐s ❡①♣♦s❡❞ t♦ ❛ ❢✉❧❧ ❖❙ ✇✐t❤✐♥ ❛ ❱▼✳ ❚❤❡ s②st❡♠
r✉♥♥✐♥❣ ✐♥ ❛ ❱▼ ✐s ♥❛♠❡❞ ❛ ❣✉❡st ❖❙✳ ❚❤❡ ❱▼ ❝❛♥♥♦t ❡①❡❝✉t❡ ♣r✐✈✐❧❡❣❡❞ ✐♥str✉❝t✐♦♥s ❛t t❤❡
♣r♦❝❡ss♦r ❧❡✈❡❧✳ ❚♦ ❛❝❝❡ss t❤❡ ♣❤②s✐❝❛❧ ❞❡✈✐❝❡s✱ ❞r✐✈❡rs ❛r❡ ❤♦st❡❞ ✐♥ ❛ ♣r✐✈✐❧❡❣❡❞ ❖❙✱ ❝❛❧❧❡❞ ❤♦st
❖❙✳ ▼♦r❡♦✈❡r✱ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡s r✉♥ ❝♦♥❝✉rr❡♥t❧② ❛♥❞ t❤❡✐r ❡①❡❝✉t✐♦♥ ✐s s❝❤❡❞✉❧❡❞ ❜② ❛ ❤②♣❡r✈✐s♦r✳
❚❤❡ ❤②♣❡r✈✐s♦r ✐s ❛❧s♦ ✐♥ ❝❤❛r❣❡ ♦❢ ❢♦r✇❛r❞✐♥❣ ❛❧❧ ♣r✐✈✐❧❡❣❡❞ ✐♥str✉❝t✐♦♥s ❢r♦♠ ❱▼s t♦ t❤❡ ❤♦st ❖❙✳
❚②♣❡✲■ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s ✇❤❡♥ t❤❡ ❤②♣❡r✈✐s♦r ✐s r✉♥ ❞✐r❡❝t❧② ✉♣♦♥ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✱ ❡✳❣✳✱ ❳❡♥ ❬✷❪
✇❤❡r❡❛s ❚②♣❡✲■■ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s ✇❤❡♥ t❤❡ ❤②♣❡r✈✐s♦r ✐s r❛♥ ♦♥ t❤❡ ❤♦st ❖❙✱ ❡✳❣✳✱ ◗❊▼❯ ❬✸❪ ❛♥❞
❱▼✇❛r❡ ❙❡r✈❡r ❬✶✶❪✳

Pr♦❝❡ss✲❧❡✈❡❧ ✈✐rt✉❛❧✐③❛t✐♦♥ ■t ❝♦♥s✐sts ♦❢ r✉♥♥✐♥❣ s❡✈❡r❛❧ ♣r♦❝❡ss❡s ❝♦♥❝✉rr❡♥t❧② ♦♥ t♦♣ ♦❢
t❤❡ s❛♠❡ ❖❙✱ ❡❛❝❤ ❤❛✈✐♥❣ ✐ts ♦✇♥ ✈✐❡✇ ♦❢ ❛✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s✳ ❖♣❡♥❱❩ ❬✽❪✱ ❝❤r♦♦t ❬✹❪✱ ❛♥❞
❝♦♥t❛✐♥❡rs ❝❛♣❛❜✐❧✐t✐❡s ♣r♦✈✐❞❡❞ ❜② r❡❝❡♥t ❦❡r♥❡❧s ❛r❡ ❡①❛♠♣❧❡s ♦❢ ♣r♦❝❡ss✲❧❡✈❡❧ ✈✐rt✉❛❧✐③❛t✐♦♥✳
❇❛s❡❞ ♦♥ ●♦❧❞❜❡r❣ t❡r♠✐♥♦❧♦❣②✱ ✐t ♠❡❛♥s t❤❡ ❢✉♥❝t✐♦♥ φ r❡❛❧✐③❡s ✭t❤✐s ✐s ❞♦♥❡ ❜② t❤❡ ❦❡r♥❡❧ ♦❢
t❤❡ ❤♦st ❖❙✮ t❤❡ ♠❛♣♣✐♥❣ ♦❢ t❤❡ ✈✐rt✉❛❧✐③❡❞ ♣r♦❝❡ss t♦ t❤❡ r❡s♦✉r❝❡s ✭✈✐rt✉❛❧ ♦r ♥♦t✮✱ ❛♥❞ t❤❡
❢✉♥❝t✐♦♥ f ✐s t❤❡ st❛♥❞❛r❞ ♠❛t❤❡♠❛t✐❝❛❧ ❢✉♥❝t✐♦♥ ✐❞❡♥t✐t② ✭t❤❡ ✈✐rt✉❛❧✐③❡❞ r❡s♦✉r❝❡s ❛r❡ ❛❧r❡❛❞②
t❤❡ s❛♠❡ ❛s t❤❡ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✱ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ✐s ❛❧r❡❛❞② ❞♦♥❡✮✳

❚❤❡ ♣r❡s❡♥t ✇♦r❦ ❛✐♠s ❛t r❡✜♥✐♥❣ t❤❡ ●♦❧❞❜❡r❣ ♠♦❞❡❧ ✐♥ ♦r❞❡r t♦ ✐♥❝❧✉❞❡ ♥❡✇ ✈✐rt✉❛❧✐③❛t✐♦♥
t❡❝❤♥♦❧♦❣✐❡s✳ ❖✉r r❡✜♥❡♠❡♥t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❡①t❡♥s✐♦♥ ♦❢ t✇♦ ❝♦♥❝❡♣ts ✐♥tr♦❞✉❝❡❞ ❜② ●♦❧❞❜❡r❣✿
♣r✐♠✐t✐✈❡s ❝♦♥str✉❝ts ❛♥❞ ❞❡r✐✈❡❞ ❝♦♥str✉❝ts ❬✶✵❪✳ Pr✐♠✐t✐✈❡ ❝♦♥str✉❝ts ❞❡❛❧ ✇✐t❤ ❤❛r❞✇❛r❡ st❛t✉s
✇❤❡r❡❛s ❞❡r✐✈❡❞ ❝♦♥str✉❝ts ❡①t❡♥❞ t❤❡ ❤❛r❞✇❛r❡ ❜② ♠❛♣♣✐♥❣ ♣r♦❝❡ss❡s✳ ■♥ ♦t❤❡r t❡r♠s✱ ♣r✐♠✐t✐✈❡
❝♦♥str✉❝ts ❞❡❛❧s ✇✐t❤ ♣❤②s✐❝❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ❤❛r❞✇❛r❡ ✭❢♦r ✐♥st❛♥❝❡ ✷ ●❇ ♦❢ s♣❛❝❡ ❞✐s❦✮ ✇❤❡r❡❛s
❞❡r✐✈❡❞ ❝♦♥str✉❝ts ❞❡❛❧s ✇✐t❤ s♦❢t✇❛r❡ ✐♥t❡r✈❡♥t✐♦♥ ✭❢♦r ✐♥st❛♥❝❡ ♣❛rt✐t✐♦♥ ❡①t✸ ✮✳ Pr✐♠✐t✐✈❡ ❛♥❞
❞❡r✐✈❡❞ ❝♦♥str✉❝ts s❡❡♠ t♦ ❜❡ ❧✐♥❦❡❞ ❞✐r❡❝t❧② t♦ t❤❡ ❢✉♥❝t✐♦♥ f ✱ ❤♦✇❡✈❡r✱ t♦ ♦✉r ❜❡st✲❦♥♦✇❧❡❞❣❡✱
t❤✐s ♥❡✈❡r ❤❛s ❜❡❡♥ ❝❧❛r✐✜❡❞ ❛♥❞ st✉❞✐❡❞✳

❘❘ ♥➦ ✻✻✶✸



✻❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

✸ ❘❡✜♥❡♠❡♥t ♦❢ t❤❡ f ●♦❧❞❜❡r❣ ❋✉♥❝t✐♦♥

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r② ✇❤✐❝❤ ❛❧❧♦✇s ✉s t♦ ❢♦r♠❛❧② ❞❡✜♥❡
t❤❡ t❡r♠s ✈✐rt✉❛❧✐③❛t✐♦♥✱ ❡♠✉❧❛t✐♦♥✱ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❞ ✐❞❡♥t✐t②✳

Pr✐♠✐t✐✈❡ ❝♦♥str✉❝ts ❛♥❞ ❞❡r✐✈❡❞ ❝♦♥str✉❝ts ❞❡❛❧ ✇✐t❤ t✇♦ ❞✐✛❡r❡♥t ❛s♣❡❝ts ♦❢ r❡s♦✉r❝❡s✱
r❡s♣❡❝t✐✈❡❧② t❤❡✐r ♣❤②s✐❝❛❧ ❛♥❞ ❧♦❣✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ ❣♦❛❧ ♦❢ ♦✉r ♣r♦♣♦s❛❧ ✐s t♦ r❡✜♥❡ t❤❡s❡
t✇♦ ♥♦t✐♦♥s ✐♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ❞❡✜♥✐t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ r❡st ♦❢ t❤❡
❞♦❝✉♠❡♥t✱ ✇❡ ❢♦❝✉s ♦♥❧② ♦♥ t❤❡ r❡s♦✉r❝❡ s❡t R✱ t❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡ s❡t V ❛♥❞ t❤❡ f ❢✉♥❝t✐♦♥
♣r♦♣♦s❡❞ ❜② ●♦❧❞❜❡r❣✳

✸✳✶ ❉❡✜♥✐t✐♦♥s

❉❡✜♥✐t✐♦♥ ✶ ✭❈❛♣❛❝✐t②✱ ❢✉♥❝t✐♦♥❛❧✐t②✱ ❛♥❞ st❛t✉s ❛ttr✐❜✉t❡s✮ ❆ r❡s♦✉r❝❡ (M)✱ ✈✐rt✉❛❧ ♦r ♥♦t✱ ✐s
❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ s❡t ♦❢ ❛ttr✐❜✉t❡s✳
❈❛♣❛❝✐t② ❛ttr✐❜✉t❡s✿ t❤❡ ❛t♦♠✐❝ ❛ttr✐❜✉t❡s t❤❛t ❞❡✜♥❡ ❛ r❡s♦✉r❝❡ ✭▼✮✳
❋✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s✿ t❤❡ ❛t♦♠✐❝ ♦♣❡r❛t✐♦♥s ♣r♦✈✐❞❡❞ ❜② ❛ r❡s♦✉r❝❡ ✭▼✮✳
❙t❛t✉s ❛ttr✐❜✉t❡s✿ t❤❡ r❡s♦✉r❝❡ st❛t✉s t❤❛t ✐s ❡①♣♦s❡❞ t♦ t❤❡ ✉s❡rs✳

❚❛❦❡ t❤❡ ❡①❛♠♣❧❡ ♦❢ ❛ ❤❛r❞ ❞✐s❦ ✭❍❉❉✮✳ ❲❡ ❝♦✉❧❞ ❞❡s❝r✐❜❡ t❤✐s ❍❉❉ ❜②✿ ❛ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡✿
✶✵ ●❇ ♦❢ ❞✐s❦ s♣❛❝❡❀ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s✿ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛t✐♦♥s❀ ❛♥❞ ❛ st❛t✉s ❛ttr✐❜✉t❡✿
❡①t✸ ♣❛rt✐t✐♦♥✳

❉❡✜♥✐t✐♦♥ ✷ ✭❆ttr✐❜✉t❡ ❙❡ts✮ ❲❡ ❝❛♥ ❛❧s♦ ❞❡✜♥❡s ❛ttr✐❜✉t❡ s❡ts✿
❙❡t ♦❢ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s✿ C = {attributeC1, attributeC2, ..., attributeCk} ✐s ❛ s❡t ♦❢ ❝❛♣❛❝✐t②
❛ttr✐❜✉t❡s✳ ❲❡ ♥♦t❡ Cn t❤❡ s❡t ♦❢ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ n✱ ❤❡♥❝❡ Cn ⊆ C✳
❙❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s✿ Q = {attributeQ1, attributeQ2, ..., attributeQk} ✐s ❛ s❡t ♦❢ ❢✉♥❝✲
t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s✳ ❲❡ ♥♦t❡ Qn t❤❡ s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧ ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ n✱ ❤❡♥❝❡ Qn ⊆ Q✳
❙❡t ♦❢ st❛t✉s ❛ttr✐❜✉t❡s✿ E = {attributeE1, attributeE2, ..., attributeEk} ✐s ❛ s❡t ♦❢ st❛t✉s ❛t✲
tr✐❜✉t❡s✳ ❲❡ ♥♦t❡ En t❤❡ s❡t ♦❢ st❛t✉s ❛ttr✐❜✉t❡s ❛t ❧❡✈❡❧ n✱ ❤❡♥❝❡ En ⊆ E✳

❲✐t❤ ♦✉r ❡①❛♠♣❧❡✱ ✇❡ ❤❛✈❡ attributeC1 = 10 GB✱ attributeQ1 = read✱ attributeQ2 = write✱
❛♥❞ attributeE1 = ext3✳

❉❡✜♥✐t✐♦♥ ✸ ✭❘❡s♦✉r❝❡ r❡✜♥❡♠❡♥t✮ ❋r♦♠ t❤❡ ♣r❡✈✐♦✉s ❞❡✜♥✐t✐♦♥s✱ ✇❡ r❡✜♥❡ t❤❡ f ❢✉♥❝t✐♦♥ ♦❢
●♦❧❞❜❡r❣ ❜② ❣✐✈✐♥❣ t❤r❡❡ ♥❡✇ ❢✉♥❝t✐♦♥s t♦ ❝❤❛r❛❝t❡r✐③❡ ❛ r❡s♦✉r❝❡ (M) ✭✈✐rt✉❛❧ ♦r ♥♦t✮✿

❼ c✱ ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ ❛ s❡t ♦❢ ❝❛♣❛❝✐t② ❛ttr✐❜✉t❡s t♦ ❛♥♦t❤❡r s❡t ♦❢ ❝❛♣❛❝✐t② ♦❢ ❛ttr✐❜✉t❡s✱ ✐✳❡✳✱
cn+1 : Cn+1 → Cn✳

❼ q✱ ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ ❛ s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s t♦ ❛♥♦t❤❡r s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s✱
✐✳❡✳✱ qn+1 : Qn+1 → Qn✳

❼ e✱ ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ ❛ s❡t ♦❢ st❛t✉s ❛ttr✐❜✉t❡s t♦ ❛♥♦t❤❡r s❡t ♦❢ st❛t✉s ❛ttr✐❜✉t❡s✱ ✐✳❡✳✱ en+1 :
En+1 → En✳

▲❡t✬s ❣♦ ❜❛❝❦ t♦ ♦✉r ❍❉❉ ❡①❛♠♣❧❡✱ ❧❡t hd ∈ R ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♦✉r ♣❤②s✐❝❛❧ ❍❉❉ r❡s♦✉r❝❡
✇✐t❤ f : hdn+1(1 GB, ext2, read, write) → hdn(10 GB, ext3, read, write)✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ♥♦t❡❞✿

❼ cn+1 : hdn+1(1 GB) → hdn(10 GB)✱

❼ qn+1 : hdn+1(read,write) → hdn(read,write)✱

❼ en+1 : hdn+1(ext2) → hdn(ext3)✳

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✼

■t ♠❡❛♥s t❤❛t t❤❡ ❍❉❉ ♣r♦✈✐❞❡s✿ ✭✐✮ ❛t ❧❡✈❡❧ n✱ ✶✵ ●❇ ♦❢ ❞✐s❦ s♣❛❝❡✱ ❛♥❞ ❡①t✸ ✜❧❡ s②st❡♠✱ ❛♥❞
r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛t✐♦♥s✱ ❛♥❞ ✭✐✐✮ ❛t ❧❡✈❡❧ n + 1✱ ✶ ●❇ ♦❢ s♣❛❝❡ ❞✐s❦ ✇✐t❤ ❛ ❡①t✷ ✜❧❡ s②st❡♠
✇✐t❤ t❤❡ s❛♠❡ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛t✐♦♥s✳ ■♥ t❤❛t ♣❛rt✐❝✉❧❛r ❝❛s❡✱ ❢✉♥❝t✐♦♥❛❧✐t② ❛ttr✐❜✉t❡s ❤❛✈❡
♥♦t ❜❡❡♥ ♠♦❞✐✜❡❞✳

■♥ t❤❡ r❡st ♦❢ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ❛❞♦♣t t❤❡ ❢♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥✿
❙❡t ✴ ▲❡✈❡❧ n + 1 n

❘❡s♦✉r❝❡ ✭✈✐rt✉❛❧ ♦r ♥♦t✮✿ R ∪ V {hdn+1} {hdn}
❈❛♣❛❝✐t②✿ C {1 GB} {10 GB}

❋✉♥❝t✐♦♥❛❧✐t②✿ Q {read,write} {read,write}
❙❛t✉s✿ E {ext2} {ext3}

❉❡✜♥✐t✐♦♥ ✹ ✭■♥str✉❝t✐♦♥s✮ ❲❡ ❞❡✜♥❡ instructionn(fnct) ❛ ❢✉♥❝t✐♦♥ ❣✐✈✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥✲
str✉❝t✐♦♥s ♥❡❝❡ss❛r② t♦ ❡①❡❝✉t❡ t❤❡ ❢✉♥❝t✐♦♥ fnct ❛t ❧❡✈❡❧ n✳

❋♦r ✐♥st❛♥❝❡✱ t❛❦❡ t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ✏✰✑✿ ✭✐✮ ✐♥ ✉♣♣❡r ❧❛♥❣✉❛❣❡ ❧❡✈❡❧✱ ✇❡ ❝♦✉❧❞ ✉s❡ t❤❡ ♦♣❡r❛t♦r
✰ ✭✐✳❡✳✱ ① ✰ ②✮✱ ♦r ✭✐✐✮ ✐♥ ❧♦✇❡r ❧❛♥❣✉❛❣❡ ❧❡✈❡❧✱ ✇❡ ❤❛❞ t♦ ✉s❡ ♦♣❡r❛t♦r ❛❞❞✱ ♠♦✈❡ ✭✐✳❡✳✱ ♠♦✈❡
①✱ ♠♦✈❡ ②✱ ❛❞❞✮✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ ♦♥❡ ✐♥str✉❝t✐♦♥ ✐s ♥❡❝❡ss❛r② ✇✐t❤ t❤❡ ✉♣♣❡r ❧❛♥❣✉❛❣❡ ❧❡✈❡❧
✇❤❡r❡❛s ✸ ✐♥str✉❝t✐♦♥s ❛r❡ ♥❡❝❡ss❛r② ♦♥ t❤❡ ❧♦✇❡r ❧❛♥❣✉❛❣❡ ❧❡✈❡❧✳ ❚❤❡♥✱ ✇❡ ❝♦✉❧❞ ✇r✐t❡✿ ✭✐✮
instructionn+1(+) = 1✱ ❛♥❞ ✭✐✐✮ instructionn(+) = 3✳

✸✳✷ ❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧

◆♦t❛t✐♦♥ ✉s❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✿

❼ ❧❡t s❡t A ❛♥❞ s❡t B✱ ✇❡ ♥♦t❡ A = B ✐❢ A ∩ B = ∅

❼ ❧❡t s❡t A ❛♥❞ s❡t B✱ ✇❡ ♥♦t❡ A 6= B ✐❢ A ∩ B 6= ∅

❼ ❧❡t ❆◆❉ ❛♥❞ ◆❖❚ t❤❡ ❜✐♥❛r② ♦♣❡r❛t♦r ∧ ❛♥❞ ¬✳

❇❛s❡❞ ♦♥ t❤❡ ♣r❡✈✐♦✉s ❞❡✜♥✐t✐♦♥s✱ ✇❡ ❝❛♥ ❞❡s✐❣♥❛t❡ ✭s❡❡ ❋✐❣✉r❡ ✷✮✿

❉❡✜♥✐t✐♦♥ ✺ ✭❱✐rt✉❛❧✐③❛t✐♦♥✮ (Qn+1 = Qn) AND (En+1 = En) ⇒ V irtualization ✭t❤✐s ❞❡✜♥✐t✐♦♥
✐s ❢r♦♠ t❤❡ ●♦❧❞❜❡r❣ ❞❡✜♥✐t✐♦♥ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥✮✳

❉❡✜♥✐t✐♦♥ ✻ ✭■❞❡♥t✐t②✮ (V irtualization) AND (Cn+1 = Cn) ⇒ Identity

❉❡✜♥✐t✐♦♥ ✼ ✭P❛rt✐t✐♦♥✐♥❣✮ (V irtualization) AND (Cn+1 6= Cn) ⇒ Partitioning

❉❡✜♥✐t✐♦♥ ✽ ✭❊♠✉❧❛t✐♦♥✮ NOT (V irtualization) ⇒ Emulation

❉❡✜♥✐t✐♦♥ ✾ ✭❙✐♠♣❧✐❝✐t②✮ ❲❡ ❞❡✜♥❡ t❤❡ s✐♠♣❧✐❝✐t② ❜② t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥str✉❝t✐♦♥s
♥❡❡❞❡❞ t♦ ❡①❡❝✉t❡ ❛ ❢✉♥❝t✐♦♥❛❧✐t② ❛t ❛ ❧❡✈❡❧ n ❛♥❞ n + 1✿

{

simplicity(fnct) = 0, if instructionn+1(fnct) ≥ instructionn(fnct)
simplicity(fnct) = 1, if instructionn+1(fnct) < instructionn(fnct)

❉❡✜♥✐t✐♦♥ ✶✵ ✭❆❜str❛❝t✐♦♥✮

(Emulation) AND (∀fnct ∈ Qn+1, simplicity(fnct) = 1) ⇒ Abstraction

❘❘ ♥➦ ✻✻✶✸



✽❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

❋✐❣✉r❡ ✷✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ♦✉r r❡✜♥❡♠❡♥t
●♦❧❞❜❡r❣ ❣✐✈❡s t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥✱ ✇✐t❤ ♦✉r r❡✜♥❡♠❡♥t✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡

❞❡✜♥✐t✐♦♥ ♦❢ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣ ❛♥❞ ✐❞❡♥t✐t②✳

❲❡ st❛rt t❤❡ ❛♥❛❧②s✐s ✇✐t❤ ❛ ✈✐rt✉❛❧ r❡s♦✉r❝❡ M ∈ V ❝♦♠♣♦s❡❞ ♦❢ s❡✈❡r❛❧ ❛ttr✐❜✉t❡s✳ ❆❝✲
❝♦r❞✐♥❣ t♦ t❤❡ r❡s♦✉r❝❡✬s ❛ttr✐❜✉t❡s✱ ❛ ❣✐✈❡♥ s②st❡♠ ♣r♦✈✐❞❡s ✈✐rt✉❛❧✐③❛t✐♦♥ ♦r ❡♠✉❧❛t✐♦♥ ✭❡✳❣✳✱
❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ✐❞❡♥t✐t②✮✳ ❚❤❡♥✱ ❜② r❡❝✉rs✐✈✐t②✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ t❛❦❡ ❛ s✉❜s❡t ♦❢ t❤❡s❡
❛ttr✐❜✉t❡s ✭s✉❜s❡t❖❢❆ttr✐❜✉t❡s✮ ❛♥❞ t♦ st❛rt t❤❡ ❛♥❛❧②s✐s ♦♥ t❤✐s s✉❜s❡t✳ ❉♦✐♥❣ s♦✱ ✐t ✐s ♣♦ss✐❜❧❡
t♦ r❡✜♥❡ t❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ s✉❝❤ s②st❡♠s✳

✹ ❘❡✜♥❡❞ ▼♦❞❡❧ ❆♣♣❧✐❝❛t✐♦♥

❆❧❧ ❡①❛♠♣❧❡s ✇❡ ✉s❡ ❛r❡ ❞❡s❝r✐❜❡❞ ✇✐t❤ ♦✉r r❡✜♥❡♠❡♥t ♦❢ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r②✳ ❉♦✐♥❣ s♦✱ ✇❡
s❤♦✇ ❝❧❡❛r❧② t❤❡ ♠❡❛♥✐♥❣ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥✱ ❡♠✉❧❛t✐♦♥✱ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❞ ✐❞❡♥t✐t②✳
❖✉r ✜rst ❡①❛♠♣❧❡ ✐♥ ❙❡❝t✐♦♥ ✹✳✶ ❞❡❛❧s ✇✐t❤ ❡♠✉❧❛t✐♦♥ ❛♥❞ ❛❜str❛❝t✐♦♥✳ ❚❤❡♥✱ ✐♥ ❙❡❝t✐♦♥s ✹✳✷ ❛♥❞
✹✳✸✱ ✇❡ ❛❞❞r❡ss ✐❞❡♥t✐t② ❛♥❞ ♣❛rt✐t✐♦♥✐♥❣✳ ❙❡❝t✐♦♥ ✹✳✹ ❞❡❛❧s ✇✐t❤ t❤❡ ♣r♦❜❧❡♠ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥
❣r❛♥✉❧❛r✐t②✳

✹✳✶ ❊♠✉❧❛t✐♦♥ ❛♥❞ ❆❜str❛❝t✐♦♥

❇❛s❡❞ ♦♥ ♦✉r ♠♦❞❡❧✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ s❤♦✇s ❡♠✉❧❛t✐♦♥ ✐♥ ❛ ❣❡♥❡r❛❧ ✇❛②✿
❙❡t ✴ ▲❡✈❡❧ n + 1 n

R ∪ V {objectn+1} {objectn}
C {attributeC1} {attributeCA}
Q {attributeQ1} {attributeQB , attributeQC}
E {attributeE1} {attributeEA}

❚❤✉s✱ ✇❡ ❤❛✈❡ t✇♦ ❝❛s❡s✿ ❡♠✉❧❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥✲❛❜str❛❝t✐♦♥✳
❊♠✉❧❛t✐♦♥ ✭s❡❡ ❉❡✜♥✐t✐♦♥ ✽✮ ❛❞❞s ❢✉♥❝t✐♦♥❛❧✐t✐❡s t♦ ❧❡✈❡❧ n + 1 t❤❛t ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❛t ❧❡✈❡❧

n✿ simplicity(attributeQ1) = 0✳
❆❜str❛❝t✐♦♥ ✭s❡❡ ❉❡✜♥✐t✐♦♥ ✶✵✮ r❡❞✉❝❡s t❤❡ ❢✉♥❝t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ❡①♣♦s❡❞ ❢r♦♠ ❛ ❧❡✈❡❧ n t♦ ❛

❧❡✈❡❧ n + 1✳ ▼♦r❡♦✈❡r✱ ✐❢ simplicity(attributeQ1) = 1✱ t❤❡♥ t❤✐s ✐s ❡♠✉❧❛t✐♦♥✲❛❜str❛❝t✐♦♥✳ ❋r♦♠
t❤❡ ❡♥❞✲✉s❡r ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✐t ✐s ❡❛s✐❡r t♦ ✉s❡ t❤❡ ❧❡✈❡❧ n+1 r❛t❤❡r t❤❛♥ t❤❡ ❧❡✈❡❧ n✳ ❋✉♥❝t✐♦♥❛❧✐t✐❡s
❛t ❧❡✈❡❧ n+1 ❛r❡ ♠❛❞❡ ❜② ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♣r♦✈✐❞❡❞ ❜② ❧❡✈❡❧ n✳ ■t ✐s ♥♦t ♣♦ss✐❜❧❡✱ ❢r♦♠ ❧❡✈❡❧ n+1✱ t♦

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✾

✉s❡ ❞✐r❡❝t❧② ❛♥② ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♣r♦✈✐❞❡❞ ❜② ❧❡✈❡❧ n✳ ❆❜str❛❝t✐♦♥ ✐s ❛ ♣❛rt✐❝✉❧❛r ❝❛s❡ ♦❢ ❡♠✉❧❛t✐♦♥
❛ss♦❝✐❛t❡❞ t♦ t❤❡ ♥♦t✐♦♥ ♦❢ s✐♠♣❧✐✜❝❛t✐♦♥✳ ❚❤❡ ❝❛s❡ ♦❢ ❛ ❝❛❧❝✉❧❛t♦r ♣r♦✈✐❞✐♥❣ ❛t ❧❡✈❡❧ n + 1 t❤❡
❢✉♥❝t✐♦♥❛❧✐t② ✏✰✑ ❛♥❞ ❛t ❧❡✈❡❧ n t❤❡ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✏♠♦✈❡✑ ❛♥❞ ✏❛❞❞✑ ✐❧❧✉str❛t❡s t❤❡ ❝♦♥❝❡♣t ♦❢
❛❜str❛❝t✐♦♥✿

❙❡t ✴ ▲❡✈❡❧ n + 1 n
R ∪ V {calculatorn+1} {calculatorn}

C {} {}
Q {+} {add, move}
E {} {}

simplicity(+) = 1✳

✹✳✷ ❱✐rt✉❛❧✐③❛t✐♦♥ ✲ ■❞❡♥t✐t②

❇❛s❡❞ ♦♥ ♦✉r ♠♦❞❡❧✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ s❤♦✇s ✈✐rt✉❛❧✐③❛t✐♦♥✲✐❞❡♥t✐t② ✐♥ ❛ ❣❡♥❡r❛❧ ✇❛②✿
❙❡t ✴ ▲❡✈❡❧ n + 1 n

R ∪ V {objectn+1} {objectn}
C {attributeC1} {attributeC1}
Q {attributeQB} {attributeQB}
E {attributeEA} {attributeEA}

■❞❡♥t✐t② ✭s❡❡ ❉❡✜♥✐t✐♦♥ ✻✮ ✐s ✇❤❡♥ t❤❡ ❛❝t✐♦♥ ❡①❡❝✉t❡❞ ✐♥ ❛ ✈✐rt✉❛❧✐③❡❞ ❡♥✈✐r♦♥♠❡♥t ✐s t❤❡
s❛♠❡ t❤❛♥ t❤❡ ♦♥❡ ❞✐r❡❝t❧② ❡①❡❝✉t❡❞ ♦♥ t❤❡ r❡s♦✉r❝❡s✳ ❲✐t❤ ✐❞❡♥t✐t②✱ t❤❡ ✇❤♦❧❡ r❡s♦✉r❝❡ ❛t ❧❡✈❡❧
n ✐s ❡①♣♦s❡❞ t♦ t❤❡ ✉♣♣❡r ❧❡✈❡❧✳

◆♦✇✱ ✇❡ ❝♦✉❧❞ ✐♥st❛♥t✐❛t❡ t❤✐s ❣❡♥❡r❛❧ ❡①❛♠♣❧❡ t♦ ❛ ❱▼ t❤❛t ✐s ❞✐r❡❝t❧② ❛❝❝❡ss✐♥❣ t❤❡ ❤❛r❞
❞✐s❦✳ ❲❡ ❞❡✜♥❡ hdn+1 t❤❡ ❱▼ ❤❛r❞ ❞✐s❦ ❛♥❞ hdn t❤❡ r❡❛❧ ❤❛r❞ ❞✐s❦✿

❙❡t ✴ ▲❡✈❡❧ n + 1 n
R ∪ V {hdn+1} {hdn}

C {2 GB} {2 GB}
Q {powersafe} {powersafe}
E {ext2} {ext2}

✹✳✸ ❱✐rt✉❛❧✐③❛t✐♦♥ ✲ P❛rt✐t✐♦♥✐♥❣

❇❛s❡❞ ♦♥ ♦✉r ♠♦❞❡❧✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ s❤♦✇s ✈✐rt✉❛❧✐③❛t✐♦♥✲♣❛rt✐t✐♦♥✐♥❣ ✐♥ ❛ ❣❡♥❡r❛❧ ✇❛②✿
❙❡t ✴ ▲❡✈❡❧ n + 1 n

R ∪ V {objectn+1} {objectn}
C {attributeC1} {attributeCA}
Q {attributeQB} {attributeQB}
E {attributeEA} {attributeEA}

P❛rt✐t✐♦♥✐♥❣ ✭s❡❡ ❉❡✜♥✐t✐♦♥ ✼✮ ✐s t❤❡ ❝r❡❛t✐♦♥ ♦❢ s❡♣❛r❛t❡s s✉❜✲♣❛rts ♦❢ ❛ r❡s♦✉r❝❡ ❛t ❧❡✈❡❧ n✱
❡❛❝❤ ♣❛rt ❜❡✐♥❣ ❡①♣♦s❡❞ ❛t ❧❡✈❡❧ n + 1✳ ▼♦r❡♦✈❡r✱ ❡❛❝❤ ♣❛rt ✐s ✐s♦❧❛t❡❞ ❢r♦♠ ♦t❤❡rs ❜② ❤❛r❞✇❛r❡
♦r s♦❢t✇❛r❡ ♠❡❝❤❛♥✐s♠s✳ ❋♦r ❛ ❣✐✈❡♥ s✉❜✲♣❛rt ♦❢ ❛ r❡s♦✉r❝❡✱ ♣❛rt✐t✐♦♥✐♥❣ ❛❧❧♦✇s ✐❞❡♥t✐t②✳

❋♦r ✐♥st❛♥❝❡✱ ✐❢ hdn+1 ✐s t❤❡ ❱▼ ❤❛r❞ ❞✐s❦✱ ❛♥❞ hdn t❤❡ ♣❤②s✐❝❛❧ ❤❛r❞ ❞✐s❦✱ ✇❡ ❤❛✈❡✿
❙❡t ✴ ▲❡✈❡❧ n + 1 n

R ∪ V {hdn+1} Rn = {hdn}
C {2 GB} Cn = {10 GB}
Q {powersafe} Qn = {powersafe}
E {ext2} En = {ext2}

❘❘ ♥➦ ✻✻✶✸



✶✵❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

✹✳✹ ❊♠✉❧❛t✐♦♥ ❛♥❞ ❱✐rt✉❛❧✐③❛t✐♦♥

❚❤❡ ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ❡♠✉❧❛t✐♦♥ ❛♥❞ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s ❞✐✣❝✉❧t ❛♥❞ ❛❝t✉❛❧❧② ❞❡♣❡♥❞s ♦♥ t❤❡
❣r❛♥✉❧❛r✐t② ✉s❡❞ t♦ ❞❡s❝r✐❜❡ ❛ s②st❡♠✳ ❋♦r ✐♥st❛♥❝❡✱ ✇✐t❤ ❛ ❝❛❧❝✉❧❛t♦r t❤❛t ♣r♦✈✐❞❡s ❛t ❧❡✈❡❧ n
t❤❡ ♦♣❡r❛t✐♦♥s ✏+✱ −✱ ∗✱ ❛♥❞ $✑✱ ❛♥❞ ❛t ❧❡✈❡❧ n + 1 t❤❡ ♦♣❡r❛t✐♦♥s ✏%✱ ❛♥❞ +✑✱ ✇❡ ❝♦✉❧❞ ✇r✐t❡✿

❙❡t ✴ ▲❡✈❡❧ n + 1 n
R ∪ V {calculatorn+1} {calculatorn}

C {} {}
Q {%,+} {+,−, ∗, /}
E {} {}

simplicity(%) = 1✱ simplicity(+) = 0✳
■♥ t❤✐s ❝❛s❡✱ Qn+1 6= Qn✱ ✐✳❡✳✱ t❤✐s ✐s ❡♠✉❧❛t✐♦♥ ✭s❡❡ ❉❡✜♥✐t✐♦♥ ✽✮✳ ■♥t✉✐t✐✈❡❧②✱ ✇❡ ✉♥❞❡rst❛♥❞

t❤❛t t❤❡ ❢✉♥❝t✐♦♥ ✪ ✐s ❡♠✉❧❛t❡❞ ❜② t❤❡ ❢✉♥❝t✐♦♥s +✱ ∗✱ ❛♥❞ /✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ s✐♠♣❧✐❝✐t② ♦❢ % ✐s
1✱ t❤❡r❡❢♦r❡ ✐t ✐s ❛❜str❛❝t✐♦♥✳

▼♦r❡♦✈❡r✱ t❤❡ ❧❡✈❡❧ n+1 ♣r♦✈✐❞❡s t❤❡ ❢✉♥❝t✐♦♥ ✰❀ t❤✐s ❢✉♥❝t✐♦♥ ✐s ♥♦t ❡♠✉❧❛t❡❞✳ ■♥ ❢❛❝t✱ ❢r♦♠
t❤❡ ✰ ♦♣❡r❛t✐♦♥ ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤✐s ✐s ✈✐rt✉❛❧✐③❛t✐♦♥ ✲ ✐❞❡♥t✐t②✳

❚❤✐s ❡①❛♠♣❧❡ s❤♦✇s t❤❛t ❛ s②st❡♠ ❝♦✉❧❞ ❜❡ ❝♦♠♣♦s❡❞ ♦❢ ❡♠✉❧❛t✐♦♥ ❛♥❞ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛❝✲
❝♦r❞✐♥❣ t♦ t❤❡ ❛♥❛❧②s✐s ❣r❛♥✉❧❛r✐t② ✭s❡❡ ❋✐❣✉r❡ ✷✮✿ ✐♥ t❤❡ ✜rst ❛♥❛❧②s✐s✱ ✇❡ s❤♦✇ t❤❛t t❤❡ s②st❡♠
♣r♦✈✐❞❡s ❡♠✉❧❛t✐♦♥✱ ❛♥❞ ✐♥ t❤❡ s❡❝♦♥❞ ❛♥❛❧②s✐s✱ ❢♦r ❛ s✉❜s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t✐❡s✱ t❤❡ s②st❡♠ ♣r♦✈✐❞❡s
✐❞❡♥t✐t②✳ ❍❡r❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ♦✉r r❡✜♥❡♠❡♥t ✉s❡s t❤❡ s❛♠❡ ♠❡❝❤❛♥✐s♠ ♦❢ r❡❝✉rs✐♦♥
t❤❛t ●♦❧❞❜❡r❣ ❞❡s❝r✐❜❡s ✐♥ ❤✐s t❤❡♦r②✳

✺ ❯s❡ ❈❛s❡s

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❛♥❛❧②s❡ t❤r❡❡ ❝♦♠♠♦♥ ✈✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥s ✇✐t❤ r❡❣❛r❞ t♦ ♦✉r r❡✜♥❡♠❡♥t✳

✺✳✶ ❚②♣❡✲■ ❍②♣❡r✈✐s♦r

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r②✱ ✇✐t❤ ❛ ❚②♣❡✲■ ✈✐rt✉❛❧✐③❛t✐♦♥✱ φ ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ t❤❡
♣r♦❝❡ss❡s ❛t ❧❡✈❡❧ n + 1 ❛♥❞ t❤❡ r❡s♦✉r❝❡s ❛t ❧❡✈❡❧ n✱ ✇❤❡r❡❛s f ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ t❤❡
r❡s♦✉r❝❡s ❛t ❧❡✈❡❧ n + 1 ❛♥❞ t❤❡ r❡s♦✉r❝❡s ❛t ❧❡✈❡❧ n✳ ■♥ ❢❛❝t✱ ❧❡✈❡❧ ✵ ✐s t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✱ ❛♥❞
❧❡✈❡❧ ✶ ✐s t❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳

❲❡ ❞❡✜♥❡ op❴hardware0 ∈ Q t❤❡ s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✳ ❲❡
❝♦♥s✐❞❡r❡ t❤❛t t❤❡ r❡s♦✉r❝❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✶✵✵✪ ♦❢ t❤❡ t✐♠❡✳ ❆t
❧❡✈❡❧ ✶✱ ✇❡ ❞❡✜♥❡ op❴hardware1 ∈ Q t❤❡ s❡t ♦❢ ✈✐rt✉❛❧ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❚②♣❡✲■
❤②♣❡r✈✐s♦r✳ ■♥ ❛❞❞✐t✐♦♥✱ ❡❛❝❤ ❱▼ ❤❛s y% ♦❢ t❤❡ t✐♠❡ ✭t❤❡ t✐♠❡ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ❈P❯ ✐s s❤❛r❡❞
❜❡t✇❡❡♥ ❱▼s✮✳ ❲❡ ❝♦✉❧❞ ✇r✐t❡✿

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {typeI❴hypervisor1} {typeI❴hypervisor0}

C {y%time} {100%time}
Q {op❴hardware1} {op❴hardware0}
E {} {}

■♥ ❛❞❞✐t✐♦♥✱ ✇✐t❤ ❚②♣❡✲■ ❤②♣❡r✈✐s♦r ❧✐❦❡ ❳❡♥✱ op❴hardware1 = op❴hardware0✳ ❚❤❡♥✱ ✇❡
❝♦✉❧❞ s❛② t❤❛t✱ ✐❢ y < 100%time✱ t❤❡♥ t❤❡ ❚②♣❡✲■ ❤②♣❡r✈✐s♦r ❡♥❛❜❧❡s ♣❛rt✐t✐♦♥✐♥❣✳ ❍♦✇❡✈❡r✱ ✐❢
y = 100%time ✭♦♥❧② ♦♥❡ ❱▼ ✐s r✉♥♥✐♥❣✮✱ ❚②♣❡✲■ ❤②♣❡r✈✐s♦r ❡♥❛❜❧❡s ✐❞❡♥t✐t②✳

■❢ op❴hardware1 6= op❴hardware0✱ t❤❡♥ t❤❡ ❚②♣❡✲■ ❤②♣❡r✈✐s♦r ❡♥❛❜❧❡s ❡♠✉❧❛t✐♦♥✳ ❚♦ ♦✉r
❜❡st✲❦♥♦✇❧❡❞❣❡✱ ♥♦ ❚②♣❡✲■ ❤②♣❡r✈✐s♦r ❡♥❛❜❧❡s ❡♠✉❧❛t✐♦♥✳

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✶✶

✺✳✷ ❚②♣❡✲■■ ❍②♣❡r✈✐s♦r

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r②✱ ✇✐t❤ ❛ ❚②♣❡✲■■ ✈✐rt✉❛❧✐③❛t✐♦♥✱ φ ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥
t❤❡ ♣r♦❝❡ss❡s ❛t ❧❡✈❡❧ n + 1 ❛♥❞ t❤❡ r❡s♦✉r❝❡s ❛t ❧❡✈❡❧ n✱ ✇❤❡r❡❛s f ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥
t❤❡ r❡s♦✉r❝❡s ❛t ❧❡✈❡❧ n + 1 t♦ t❤❡ ♣r♦❝❡ss❡s ❛t ❧❡✈❡❧ n✳ ■♥ ❢❛❝t✱ t❤❡ ❧❡✈❡❧ ✵ ✐s t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✱
❧❡✈❡❧ ✶ t❤❡ ❤♦st ❖❙✱ ❛♥❞ ❧❡✈❡❧ ✷ t❤❡ ✈✐rt✉❛❧ r❡s♦✉r❝❡s✳

❲❡ ❞❡✜♥❡ op❴OS1 ∈ Q t❤❡ s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❤♦st ❖❙✳ ❲❡ ❝♦♥s✐❞❡r t❤❛t
t❤❡ ❤♦st ❖❙ ✐s ❛✈❛✐❧❛❜❧❡ ✶✵✵✪ ♦❢ t❤❡ t✐♠❡✳ ❲❡ ❞❡✜♥❡ op❴hardware2 ∈ Q t❤❡ s❡t ♦❢ ❢✉♥❝t✐♦♥❛❧✐t✐❡s
♣r♦✈✐❞❡❞ ❜② t❤❡ ❚②♣❡✲■■ ❤②♣❡r✈✐s♦r✳ ■♥ ❛❞❞✐t✐♦♥✱ ❡❛❝❤ ❱▼ ❤❛s y% ♦❢ t❤❡ t✐♠❡ ✭t❤❡ t✐♠❡ ♦❢ t❤❡
♣❤②s✐❝❛❧ ❈P❯ ✐s s❤❛r❡❞ ❜❡t✇❡❡♥ ❱▼s✮✳

❙❡t ✴ ▲❡✈❡❧ 2 1
R ∪ V {typeII❴hypervisor2} {typeII❴hypervisor1}

C {y%time} {100%time}
Q {op❴hardware2} {op❴OS1}
E {} {}

■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❝♦✉❧❞ s❛② t❤❛t op❴hardware2 6= op❴OS1 ❜❡❝❛✉s❡ t❤❡② ❛r❡ s❡♠❛♥t✐❝❛❧❧②
❞✐✛❡r❡♥t ✭op❴hardware2 ♣r♦✈✐❞❡s ❧♦✇ ❧❛♥❣✉❛❣❡ ❧❡✈❡❧ ❧✐❦❡ ❛ss❡♠❜❧❡r ✇❤❡r❡❛s op❴OS1 ♣r♦✈✐❞❡s
❤✐❣❤ ❧❛♥❣✉❛❣❡ ❧❡✈❡❧✮✳ ❚❤✐s ✐s ❡♠✉❧❛t✐♦♥ ✭❡✳❣✳✱ ◗❊▼❯ ✇✐t❤♦✉t ❑◗❡♠✉✮✳

✺✳✸ ❱▼✇❛r❡ ❙❡r✈❡r ♦r ◗❊▼❯ ✇✐t❤ ❑◗❊▼❯ ✭❚②♣❡✲■■✮

❱▼✇❛r❡ ❙❡r✈❡r ❬✶✶❪ ❛♥❞ ◗❊▼❯ ❬✸❪ ❛r❡ ❚②♣❡✲■■ ❤②♣❡r✈✐s♦r✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❙❡❝t✐♦♥ ✺✳✷ t❤❡②
♣r♦✈✐❞❡ ❡♠✉❧❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐❢ ✇❡ ❢♦❝✉s❡❞ ♦♥ t❤❡ ❈P❯✱ ❱▼✇❛r❡ ❙❡r✈❡r ♦r ◗❊▼❯ ✇✐t❤ ❑◗❊▼❯
♣r♦✈✐❞❡ ❖❙ ✭❧❡✈❡❧✲✶✮ ❜②✲♣❛ss t♦ ❡①❡❝t✉t❡ ♣r♦❝❡ss♦r ✐♥str✉❝t✐♦♥s✳

❚❤❡r❡❢♦r❡✱ ❢r♦♠ t❤❡ ❈P❯ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✇❡ ❝♦✉❧❞ r❡♣r❡s❡♥t t❤❡♠ ❜②✿ ▲❡t✬s t❛❦❡ t❤❡ ❡①❛♠♣❧❡ ♦❢
❛ ✸ ●❍③ ✕ ✻✹ ❜✐ts ❈P❯ ❛t ❧❡✈❡❧ 0✱ ✇❤✐❝❤ ✐s ❛✈❛✐❧❛❜❧❡ ✶✵✵✪ ♦❢ t❤❡ t✐♠❡✱ ❛♥❞ ✇❤✐❝❤ s✉♣♣♦rts ❛❧❧ ✐✸✽✻
✐♥str✉❝t✐♦♥s ✭i386❴func0 ∈ Q✮✳ ❋r♦♠ ❛ ❈P❯ ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤❡ ♦♥❧② t❤✐♥❣ t❤❛t ❝❤❛♥❣❡s ❛t ❧❡✈❡❧
2 ✭❜❡❝❛✉s❡ t❤❡ ❧❡✈❡❧✲✶ ✐s ❜②✲♣❛ss❡❞✮ ✐s t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ t✐♠❡ ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ❱▼ ✭t❤❛t ✐s t♦ s❛②✱
❢♦r ❛❧❧ ❛✈❛✐❧❛❜❧❡ ✐♥tr✉❝t✐♦♥s ❛t ❧❡✈❡❧ ✷✱ i386❴func2 ∈ Q✱ ✇❡ ❤❛✈❡ i386❴func2 = i386❴func0✮✳
❋♦r ✐♥st❛♥❝❡✱ ✐❢ ❛ ❱▼ t❛❦❡s ✸✵✪ ♦❢ t❤❡ ❈P❯ t✐♠❡✱ ✇❡ ❤❛✈❡✿

❙❡t ✴ ▲❡✈❡❧ 2 0
R ∪ V {cpu2} {cpu0}

C {3GHz, 30%CPU} {3GHz, 100%CPU}
Q {i386❴func0} {i386❴func0}
E {64bits} {64bits}

❆❝❝♦r❞✐♥❣ t♦ ❉❡✜♥✐t✐♦♥ ✼✱ t❤✐s s②st❡♠ ♣r♦✈✐❞❡s ♣❛rt✐t✐♦♥✐♥❣✳ ❚❤✐s r❡s✉❧ts ❝♦♥❢♦r♠s ✇✐t❤ t❤❡
❝♦♠♠♦♥ s❡♥s❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤✐s ❡①❛♠♣❧❡ ❝♦♥✜r♠s t❤❡ ❢❛❝t t❤❛t✱ ❤♦✇ t❤✐s ❦✐♥❞ ♦❢ s②st❡♠s ✉s❡
❞✐r❡❝t❧② t❤❡ ❈P❯✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ♠✐❣r❛t❡ t❤✐s ❦✐♥❞ ♦❢ ❱▼ ❢r♦♠ ♦♥❡ ❈P❯ ❛r❝❤✐t❡❝t✉r❡ t♦
❛♥♦t❤❡r✳

❚❤❡s❡ ❡①❛♠♣❧❡s s❤♦✇ t❤❛t ❢♦r ❛ s✐♥❣❧❡ r❡s♦✉r❝❡ ❛♥❞ ❛ s✐♥❣❧❡ ✈✐rt✉❛❧✐③❛t✐♦♥ s②st❡♠✱ s❡✈❡r❛❧
❦✐♥❞s ♦❢ ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✱ ❜❛s❡❞ ♦♥ t❤❡ ❛♥❛❧②s✐s ❣r❛♥✉❧❛r✐t②✳

✺✳✹ ❈♦♥t❛✐♥❡rs

❈♦♥t❛✐♥❡rs✱ s✉❝❤ ❛s ❖♣❡♥❱❩ ❬✽❪✱ ❝r❡❛t❡ ✐s♦❧❛t❡❞✱ s❡❝✉r❡ ✏❜♦①❡s✑ ♦♥ ❛ s✐♥❣❧❡ ♣❤②s✐❝❛❧ s❡r✈❡r✱ ❡♥✲
❛❜❧✐♥❣ ❜❡tt❡r s❡r✈❡r ✉t✐❧✐③❛t✐♦♥ ❛♥❞ ❡♥s✉r✐♥❣ t❤❛t ❛♣♣❧✐❝❛t✐♦♥s ❞♦ ♥♦t ❝♦♥✢✐❝t ✇✐t❤ ❡❛❝❤ ♦t❤❡r✳
❊❛❝❤ ❝♦♥t❛✐♥❡r ♣❡r❢♦r♠s ❛♥❞ ❡①❡❝✉t❡s ❡①❛❝t❧② ❧✐❦❡ ❛ st❛♥❞✲❛❧♦♥❡ s❡r✈❡r❀ ❝♦♥t❛✐♥❡rs ❝❛♥ ❜❡ r❡✲
❜♦♦t❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ❢r♦♠ t❤❡ ❤♦st ❖❙✳ ❲✐t❤ t❤✐s ❦✐♥❞ ♦❢ s②st❡♠✱ φ ♠❛❦❡s t❤❡ ❛ss♦❝✐❛t✐♦♥
❜❡t✇❡❡♥ ♣r♦❝❡ss❡s ❛♥❞ r❡s♦✉r❝❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❝♦♥t❛✐♥❡rs❀ ❛♥❞✱ f ♠❛❦❡s t❤❡ ❛ss♦❝✐❛t✐♦♥ ❜❡✲

❘❘ ♥➦ ✻✻✶✸



✶✷❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

t✇❡❡♥ r❡s♦✉r❝❡s ♣r♦✈✐❞❡❞ ❜② ❝♦♥t❛✐♥❡rs ❛♥❞ ♣❤②s✐❝❛❧ r❡s♦✉r❝❡s✳ ❚❤❡r❡❢♦r❡✱ f ✐s t❤❡ ✐❞❡♥t✐t② ❀ t❤❡
r❡s♦✉r❝❡ ♣r♦✈✐❞❡❞ ✐♥ ❝♦♥t❛✐♥❡rs ✐s t❤❡ s❛♠❡ ❛s t❤❡ r❡❛❧ r❡s♦✉r❝❡✳

❆♥❛❧②s✐s ❢♦r t❤❡ ❈P❯ ♣♦✐♥t ♦❢ ✈✐❡✇ ▲❡t✬s t❛❦❡ t❤❡ ❡①❛♠♣❧❡ ♦❢ ❛ ✸ ●❍③ ✕ ✻✹ ❜✐ts ❈P❯ ❛t ❧❡✈❡❧
0✱ ✇❤✐❝❤ ✐s ❛✈❛✐❧❛❜❧❡ ✶✵✵✪ ♦❢ t❤❡ t✐♠❡✱ ❛♥❞ ✇❤✐❝❤ s✉♣♣♦rts ❛❧❧ ✐✸✽✻ ✐♥str✉❝t✐♦♥s ✭i386❴func0 ∈
Q✮✳ ❋r♦♠ ❛ ❈P❯ ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤❡ ♦♥❧② t❤✐♥❣ t❤❛t ❝❤❛♥❣❡s ❛t ❧❡✈❡❧ 1 ✐s t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ t✐♠❡
❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ❝♦♥t❛✐♥❡r ✭❛✈❛✐❧❛❜❧❡ ✐♥tr✉❝t✐♦♥ ❛r❡ i386❴func1 ∈ Q✮✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ❛ ❝♦♥t❛✐♥❡r
t❛❦❡s ✸✵✪ ♦❢ t❤❡ ❈P❯ t✐♠❡✱ ✇❡ ❤❛✈❡✿

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {cpu1} {cpu0}

C {3GHz, 30%CPU} {3GHz, 100%CPU}
Q {i386❴func1} {i386❴func0}
E {64bits} {64bits}

❆❝❝♦r❞✐♥❣ t♦ ❉❡✜♥✐t✐♦♥ ✼✱ t❤✐s s②st❡♠ ♣r♦✈✐❞❡s ♣❛rt✐t✐♦♥✐♥❣✳ ❚❤✐s r❡s✉❧ts ❝♦♥❢♦r♠s ✇✐t❤ t❤❡
❝♦♠♠♦♥ s❡♥s❡✳ ◆♦✇✱ ✇❡ ❛♥❛❧②③❡ ♦✉r ❡①❛♠♣❧❡ ❜❛s❡❞ ♦♥ t✇♦ ❞✐✛❡r❡♥t ❣r❛♥✉❧❛r✐t✐❡s✿ ✭✐✮ ✇✐t❤ t✐♠❡
s❤❛r✐♥❣✱ ❛♥❞ ✭✐✐✮ ✇✐t❤♦✉t t✐♠❡ s❤❛r✐♥❣✳

✭✐✮ ❈P❯ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❛❧②s✐s ✇✐t❤ t✐♠❡ s❤❛r✐♥❣✳

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {cpu1} {cpu0}

C {3GHz, 30%CPU} {3GHz, 100%CPU}
Q {i386❴func1} {i386❴func0}
E {} {}

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❉❡✜♥✐t✐♦♥ ✼✱ t❤✐s ✐s ♣❛rt✐t✐♦♥✐♥❣✳

✭✐✐✮ ❈P❯ ✐❞❡♥t✐t②✱ ❛♥❛❧②s✐s ✇✐t❤♦✉t t✐♠❡ s❤❛r✐♥❣✳

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {cpu1} {cpu0}

C {3GHz} {3GHz}
Q {i386❴func1} {i386❴func0}
E {64bits} {64bits}

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❉❡✜♥✐t✐♦♥ ✻✱ t❤✐s ❡①❛♠♣❧❡ ✐s ✐❞❡♥t✐t②✳
❆s ❛❧r❡❛❞② s❛✐❞✱ t❤❡s❡ ♦t❤❡r t✇♦ ❡①❛♠♣❧❡s s❤♦✇ t❤❛t ❢♦r ❛ s✐♥❣❧❡ r❡s♦✉r❝❡ ❛♥❞ ❛ s✐♥❣❧❡ ✈✐rt✉✲

❛❧✐③❛t✐♦♥ s②st❡♠✱ s❡✈❡r❛❧ ❦✐♥❞s ♦❢ ✏✈✐rt✉❛❧✐③❛t✐♦♥✑ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✱ ❜❛s❡❞ ♦♥ t❤❡
❛♥❛❧②s✐s ❣r❛♥✉❧❛r✐t②✳

✺✳✺ ❚❤❡ ❖♣❡r❛t✐♥❣ ❙②st❡♠ ❈❛s❡

■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❛♥❛❧②s❡ ❛♥ ♦♣❡r❛t✐♥❣ s②st❡♠ ✇✐t❤ ♦✉r t❤❡♦r②✱ ❛♥❞ ✇❡ s❤♦✇ t❤❛t ❛♥ ❖❙ ✐s ✐♥
s♦♠❡ ✇❛② ❛ s②st❡♠ ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥✳

❆♥ ❖❙ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ✐♠♣♦rt❛♥ts ♣❛rts✿ ✭✐✮ t❤❡ ❦❡r♥❡❧ ✇❤♦ ♠❛❦❡s t❤❡ ❧✐♥❦ ✇✐t❤ t❤❡ ❜❛r❡
❤❛r❞✇❛r❡ ❛♥❞ ✭✐✐✮ t❤❡ ❧✐❜r❛r✐❡s ✇❤♦ ♠❛❦❡ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ t❤❡ ❦❡r♥❡❧✳ ❲✐t❤
t❤✐s ❞❡❝♦♠♣♦s✐t✐♦♥✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❛② t❤❛t t❤❡ f ❢✉♥❝t✐♦♥ ♦❢ ●♦❧❞❜❡r❣ ♠❛❦❡s t❤❡ ♠❛♣♣✐♥❣
❜❡t✇❡❡♥ t❤❡ ❦❡r♥❡❧ ❛♥❞ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ✇❤❡r❡❛s t❤❡ φ ❢✉♥❝t✐♦♥ ♠❛❦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥
t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ t❤❡ ❦❡r♥❡❧✳ ❚❤❡♥✱ ✇❡ ❞❡✜♥❡ t❤❡ ❧❡✈❡❧ ✵ ❛s t❤❡ ❧❡✈❡❧ ✭❜❛r❡ ❤❛r❞✇❛r❡✮ ♣r♦✈✐❞✐♥❣
❜✐♥❛r②❴♦♣❡r❛t✐♦♥s ❛♥❞ t❤❡ ❧❡✈❡❧ ✶✱ ❛s t❤❡ ❧❡✈❡❧ ✭❦❡r♥❡❧✮ ♣r♦✈✐❞✐♥❣ ❤✉♠❛♥❴✉s❛❜❧❡❴❢♥❝t✳ ❋✐❣✉r❡ ✸
♣r❡s❡♥ts t❤❡ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts ♦❢ ❛♥ ❖❙✳

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✶✸

❋✐❣✉r❡ ✸✿ ❉✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts ♦❢ ❛♥ ❖❙✳

❘❡✜♥❡♠❡♥t ♦❢ t❤❡ f ❢✉♥❝t✐♦♥ ❢♦r ❛♥ ❖❙✳ ❲❡ ❞❡✜♥❡ human❴usable❴fnct t❤❡ s❡t ♦❢ ❢✉♥❝✲
t✐♦♥❛❧✐t✐❡s ✉s❡❢✉❧❧ ❢♦r t❤❡ ❤✉♠❛♥ ❜❡✐♥❣✳ ❚❤❡♥✱ ✇❡ ❞❡✜♥❡ binary❴operations t❤❡ s❡t ♦❢ ❢✉♥❝t✐♦♥✲
❛❧✐t✐❡s ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✳ ■t ✐s ♦❜✈✐♦✉s t❤❛t✱ ❢♦r ❛ ♠❛❥♦r✐t② ♦❢ ❤✉♠❛♥ ❜❡✐♥❣✱ t❤❡ ✉s❡
♦❢ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✉s❛❜❧❡ ✐s ♠♦r❡ ❡❛s② t❤❛t t❤❡ ✉s❡ ♦❢ ❜✐♥❛r② ♦♣❡r❛t✐♦♥s✳ ❚❤✐s ✐s ✇❤② ✇❡ ❝♦✉❧❞
✇r✐t❡✿
∀x ∈ human❴usable❴fnct, simplicity(x) = 1✳

◆♦✇ ✇❡ ♣r♦♣♦s❡ ♦✉r r❡✜♥❡♠❡♥t✿
OS1(human❴usable❴fnct) → OS0(binary❴operations)✳

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {OS1} {OS0}

C {} {}
Q {human❴usable❴fnct} {binary❴operations}
E {} {}

❲❡ ❝♦✉❧❞ s❛② t❤❛t human❴usable❴fnct 6= binary❴operations ❜❡❝❛✉s❡ t❤❡② ❛r❡ s❡♠❛♥t✐✲
❝❛❧❧② ❞✐✛❡r❡♥t ✭❜✐♥❛r②❴♦♣❡r❛t✐♦♥s ♣r♦✈✐❞❡s ❧♦✇ ❧❛♥❣✉❛❣❡ ❛ss❡♠❜❧❡r ✇❤❡r❡❛s ❤✉♠❛♥❴✉s❛❜❧❡❴❢♥❝t
♣r♦✈✐❞❡s ❤✐❣❤ ❧❡✈❡❧ ❧❛♥❣✉❛❣❡✮✳ ❲✐t❤ t❤✐s r❡✜♥❡♠❡♥t ✇❡ ❝♦✉❧❞ s❛② t❤❛t ❛♥ ❖❙ ✐s ❛♥ ❛❜str❛❝t✐♦♥
✭❞❡✜♥✐t✐♦♥ ✶✵✮ ♦❢ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✳

❘❡✜♥❡♠❡♥t ♦❢ t❤❡ f ❢✉♥❝t✐♦♥ ❢♦r t❤❡ ✈✐rt✉❛❧ ♠❡♠♦r②✳ ❚❤❡ ♣r✐♥❝✐♣❧❡ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿
❛t ❧❡✈❡❧ 0✱ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ♣r♦✈✐❞❡s s❡✈❡r❛❧ ❦✐♥❞s ♦❢ ♠❡♠♦r② ✭❘❆▼✿ ♦♣❴❘❆▼✱ ❤❛r❞✐s❦✿
♦♣❴❍❉❉✱ ✢❛s❤✿ ♦♣❴✢❛s❤✮ ❛♥❞✱ ❛t ❧❡✈❡❧ 1✱ t❤❡ ❖❙ ❣✐✈❡s t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ❛♥ ✉♥✐❢♦r♠ ✇❛②
t♦ ❛❝❝❡ss t♦ t❤♦s❡ ♠❡♠♦r✐❡s✳ ▲✐❦❡ t❤❡ ❧❛st ♣❛r❛❣r❛♣❤✱ ✇❡ ❞❡✜♥❡ h❴usable❴fnct❴mem t❤❡ s❡t
♦❢ ✉s❡❢✉❧❧ ❢✉♥❝t✐♦♥❛❧✐t✐❡s t♦ ♠❛♥✐♣✉❧❛t❡ t❤❡ ♠❡♠♦r② ❢♦r t❤❡ ❤✉♠❛♥ ❜❡✐♥❣✳ ■t ✐s ♦❜✈✐♦✉s t❤❛t✱
∀x ∈ h❴usable❴fnct❴mem, simplicity(x) = 1✳

❲❡ ❝♦✉❧❞ ♣r♦♣♦s❡ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡✜♥❡♠❡♥t✿

OSmem1(h❴usable❴fnct❴mem) →

OSmem0(op❴RAM, op❴HDD, op❴flash).

❘❘ ♥➦ ✻✻✶✸



✶✹❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {OSmem1} {OSmem0}

C {} {}
Q {h❴usable❴fnct❴mem} {op❴RAM, op❴HDD, op❴flash}
E {} {}

❲✐t❤ t❤✐s r❡✜♥❡♠❡♥t ✇❡ ❝♦✉❧❞ s❛② t❤❛t ❛♥ ❖❙ ✐s ❛♥ ❛❜str❛❝t✐♦♥ ✭❞❡✜♥✐t✐♦♥ ✶✵✮ ♦❢ t❤❡ ♠❡♠♦r②
♦❢ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡

❘❡✜♥❡♠❡♥t ♦❢ t❤❡ f ❢✉♥❝t✐♦♥ ❢♦r ♣r♦❝❡ss❡s✳ ❲❡ t❛❦❡ t❤❡ ❝❛s❡ ♦❢ ♣r♦❝❡ss❡s✳ ❲❡ ❛ss✉♠❡
t❤❛t✱ ✐♥ ♦✉r ❡①❛♠♣❧❡✱ ❢r♦♠ ❛♥ ❖❙ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❛ ♣r♦❝❡ss ♥❡❡❞ ♦♥❧②✿ ♠❡♠♦r② ❛♥❞ ❈P❯ t✐♠❡✳
❖♥ t❤✐s ❡①❛♠♣❧❡ ✇❡ ❛ss✉♠❡ t❤❛t✱ ❛t ❧❡✈❡❧ 0✱ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ♣r♦✈✐❞❡s ✶✺✪ ♦❢ ❘❆▼ ❛✈❛✐❧❛❜❧❡
❛♥❞ ✶✵✵✪ ♦❢ ✢❛s❤ ♠❡♠♦r② ❛✈❛✐❧❛❜❧❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ♣r♦✈✐❞❡ ✶✵✵✪ ♦❢ ❈P❯ t✐♠❡
❛✈❛✐❧❛❜❧❡✳ ❚♦ ♠❛♥❛❣❡ t❤❡s❡ r❡s♦✉r❝❡s✱ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡ ♣r♦✈✐❞❡s t❤r❡❡ s❡t ♦❢ t♦♦❧s✿ ♦♣❴❘❆▼✱
♦♣❴✢❛s❤✱ ❛♥❞ ♦♣❴❈P❯ ✇❤✐❝❤❡s ❛r❡ ♦♣❡r❛t✐♦♥s t♦ ❝♦♥tr♦❧ ❘❆▼✱ ✢❛s❤ ♠❡♠♦r② ❛♥❞ ❈P❯✳ ❚❤❡♥✱
❛t ❧❡✈❡❧ 1 ✇❡ ❝♦♥s✐❞❡r❡ t❤❛t t❤❡ ♣r♦❝❡ss ❤❛s ♦♥❧② ✶✵✪ ♦❢ ❈P❯ t✐♠❡✱ ❛♥❞ ❤❡ ❣❡ts ✶✺✪ ♦❢ t❤❡
❛✈❛✐❧❛❜❧❡ ♠❡♠♦r② ♦❢ t❤❡ s②st❡♠✳ ♦♣❴♠❡♠ ❛♥❞ ♦♣❴❈P❯ ❛r❡ ♦♣❡r❛t✐♦♥s ❛✈❛✐❧❛❜❧❡ t♦ ♠❛♥❛❣❡ t❤❡
♠❡♠♦r② ❛♥❞ t❤❡ ❈P❯✳

■♥ t❤✐s ✇❛② ✇❡ ❝♦✉❧❞ ✇r✐t❡✿

OSproc1(10%CPU, 15%MEM, op❴mem, op❴CPU) →

OSproc0(100%CPU, 100%flash, 15%RAM, op❴RAM, op❴flash, op❴CPU).

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {OSproc1} {OSproc0}

C {10%CPU, 15%MEM} {100%CPU, 100%flash, 15%RAM}
Q {op❴mem, op❴CPU} {op❴RAM, op❴flash, op❴CPU}
E {} {}

❲✐t❤ t❤✐s ❡①❛♠♣❧❡✱ ❛♣♣❧②✐♥❣ ♦✉r r❡✜♥❡♠❡♥t✱ ✇❡ ♦❜t❛✐♥ t❤❛t t❤✐s ✐s ❡♠✉❧❛t✐♦♥ ✭❞❡✜♥✐t✐♦♥ ✽✮✳
❚❤❡♥✱ ✇✐t❤ ♦✉r r❡✜♥❡♠❡♥t✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❛② t❤❛t✱ ❛ ❖❙ ❣✐✈❡s t♦ ♣r♦❝❡ss❡s ❛♥ ❡♠✉❧❛t✐♦♥ ♦❢ t❤❡
❜❛r❡ ❤❛r❞✇❛r❡✳

❋♦❝✉s❡ ♦♥ t❤❡ ♠❡♠♦r② ❍♦✇❡✈❡r✱ ✐❢ ✇❡ ❝❤❛♥❣❡ t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ ♦✉r st✉❞② ❛♥❞ ✐❢ ✇❡ t❛❦❡
❥✉st ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ♠❡♠♦r②✱ t❤❡♥ ✇❡ ❤❛✈❡✿

OSproc1(15%MEM, op❴mem) →

OSproc0(100%flash, 15%RAM, op❴RAM, op❴flash).

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {OSproc1} {OSproc0}

C {15%MEM} {100%flash, 15%RAM}
Q {op❴mem} {op❴RAM, op❴flash}
E {} {}

❍❡r❡✱ ♦❜✈✐♦✉s❧② ✇❡ ❤❛✈❡✱ simplicity(op❴mem) = 1✳ ❲✐t❤ t❤✐s ❡①❛♠♣❧❡✱ ❛♣♣❧②✐♥❣ ♦✉r r❡✜♥❡✲
♠❡♥t✱ ✇❡ ♦❜t❛✐♥ t❤❛t✱ ❛♥ ❖❙ ❣✐✈❡s ❛❜str❛❝t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r② t♦ ♣r♦❝❡ss❡s ✭❞❡✜♥✐t✐♦♥ ✶✵✮✳

❋♦❝✉s❡ ♦♥ t❤❡ ❈P❯ ❍❡♥❝❡✱ ✐❢ ✇❡ ❝❤❛♥❣❡ t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ ♦✉r st✉❞② ❛♥❞ ✐❢ ✇❡ ♦♥❧② t❛❦❡
t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ❈P❯✱ ✇❡ ♦❜t❛✐♥✿

OSproc1(10%CPU, op❴CPU) → OSproc0(100%CPU, op❴CPU)✳

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✶✺

❙❡t ✴ ▲❡✈❡❧ 1 0
R ∪ V {OSproc1} {OSproc0}

C {10%CPU} {100%CPU}
Q {op❴CPU} {op❴CPU}
E {} {}

❲✐t❤ t❤✐s ❡①❛♠♣❧❡✱ ❛♣♣❧②✐♥❣ ♦✉r r❡✜♥❡♠❡♥t✱ ✇❡ ♦❜t❛✐♥ t❤❛t✱ t❤✐s ✐s ❛♥ ❖❙ ❣✐✈❡s ♣❛rt✐t✐♦♥✐♥❣
♦❢ t❤❡ ❈P❯ t♦ ♣r♦❝❡ss❡s ✭❞❡✜♥✐t✐♦♥ ✼✮✳

❚♦ ❝♦♥❝❧✉❞❡✱ ✇❡ s❤♦✇ ♦♥ t❤❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❖❙✱ t❤❛t ❢♦r ♣r♦❝❡ss❡s ❛♥ ❖❙ ❣✐✈❡ s❡✈❡r❛❧ ❧❛②❡r
♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ t❤❡ st✉❞②✳ ■❢ ✇❡ ❝♦♥s✐❞❡r❡ t❤❛t ❛ ♣r♦❝❡ss ✉s❡
♦♥❧② ♠❡♠♦r② ❛♥❞ ❈P❯ r❡s♦✉r❝❡s✱ ✇❡ ❝♦✉❧❞ s❛② t❤❛t ❛ ❖❙ ❣✐✈❡s t♦ ♣r♦❝❡ss❡s ❛♥ ❡♠✉❧❛t✐♦♥ ♦❢ t❤❡
❜❛r❡ ❤❛r❞✇❛r❡✳ ❍♦✇❡✈❡r✱ ✐❢ ✇❡ ❛✣♥❡ t❤❡ st✉❞②✱ ✇❡ ❝♦✉❧❞ s❛② t❤❛t ❢r♦♠ ❛ ♠❡♠♦r② ♣♦✐♥t ♦❢ ✈✐❡✇✱
❛ ❖❙ ❣✐✈❡s ❛❜str❛❝t✐♦♥ t♦ ♣r♦❝❡ss❡s ✇❤❡r❡❛s ✐t ❣✐✈❡s ♣❛rt✐t✐♦♥✐♥❣ ❢r♦♠ ❛ ❈P❯ ♣♦✐♥t ♦❢ ✈✐❡✇✳

✺✳✻ ❏❛✈❛ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ✕ ❏❱▼

❏❛✈❛ ✐s ♣♦rt❛❜❧❡ ♦r✐❡♥t❡❞ ♦❜❥❡❝t ❧❛♥❣✉❛❣❡✱ t❤❛t ✐s t♦ s❛②✱ ♦♥❡ ❏❛✈❛ ❝♦❞❡ ❝♦✉❧❞ ❜❡ r✉♥ ♦♥ ❛♥②
❛r❝❤✐t❡❝t✉r❡s ✐❢ t❤✐s ❛r❝❤✐t❡❝t✉r❡ ❞✐s♣♦s❡ ♦❢ t❤❡ ❣♦♦❞ ❡♥✈✐r♦♥❡♠❡♥t✳ ❚❤✐s ❡♥✈✐r♦♥❡♠❡♥t ✐s ♥❛♠❡❞
❏❛✈❛ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ✭❏❱▼✮✳ ❚❤❡ ♣r✐♥❝✐♣❧❡ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿ t❤❡ ❏❛✈❛ ❝♦❞❡ ✐s tr❛♥s❢♦r♠❡❞ ✐♥
❜②t❡❝♦❞❡ ❜② ❛ ❏❛✈❛ ❝♦♠♣✐❧❛t♦r✳ ❚❤❡♥ t❤✐s ❜②t❡❝♦❞❡ ✐s ❡①❡❝✉t❡❞ ❜② t❤❡ ❏❱▼ ♦♥ ❛♥ ❛r❝❤✐t❡❝t✉r❡✳
❊❛❝❤ ❛r❝❤✐t❡❝t✉r❡ ❞✐s♣♦s❡❞ ♦❢ ✐ts ♦✇♥ ❏❱▼✳

❋r♦♠ ❛♥ ❖❙ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❛ ❏❱▼ ✐s ❧✐❦❡ ❛ ♣r♦❝❡ss✳ ❍❡r❡✱ ✇❡ ❝♦✉❧❞ ✇r✐t❡✿ φ ♠❛❦❡s t❤❡
♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♣r♦❝❡ss ♦❢ t❤❡ ❏❱▼ ❛♥❞ t❤❡ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ❜② t❤❡ ❏❱▼ ❛♥❞ f ♠❛❦❡s
t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ❜② t❤❡ ❏❱▼ ✭❧❡✈❡❧ ✷✮ ❛♥❞ t❤❡ ❖❙ ✭❧❡✈❡❧ ✶✮✳

❚❤❡ ❖❙ ♣r♦✈✐❞❡s ♦♣❡r❛t✐♦♥s t♦ ♠❛♥❛❣❡ r❡s♦✉r❝❡s✱ ♦♣❴❖❙ ❛♥❞ t❤❡ ❏❱▼ ♣r♦✈✐❞❡s t♦ t❤❡ ❜②t❡✲
❝♦❞❡ t❤❡ ❣♦♦❞ ✐♥t❡r❢❛❝❡ ✭♦♣❴❜②t❡❝♦❞❡✮ t♦ ❡①❡❝t✉t❡ ✐t✳ ▲✐❦❡ t❤✐s ✇❡ ❝♦✉❧❞ ✇r✐t❡✿ JV M2(op❴bytecode) →
JV M1(op❴OS)✳

❙❡t ✴ ▲❡✈❡❧ 2 1
R ∪ V {JV M2} {JV M1}

C {} {}
Q {op❴bytecode} {op❴OS}
E {} {}

■♥ ❛❞❞✐t✐♦♥✱ ✐❢ simplicity(op❴bytecode) = 1 t❤❡♥✱ t❤❡ ❏❱▼ ✐s ❛♥ ❛❜str❛❝t✐♦♥ ♦❢ t❤❡ ❤❛r❞✇❛r❡
❢♦r t❤❡ ❜②t❡ ❝♦❞❡✱ ♦t❤❡r✇✐s❡✱ ✐t ✐s ❥✉st ❛♥ ❡♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❤❛r❞✇❛r❡✳

✻ ❈♦♥❝❧✉s✐♦♥

●♦❧❞❜❡r❣ ❞❡✜♥❡s ✈✐rt✉❛❧✐③❛t✐♦♥ ✇✐t❤ t✇♦ ❢✉♥❝t✐♦♥s φ ❛♥❞ f ✿ φ ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ ✈✐rt✉✲
❛❧✐③❡❞ ♣r♦❝❡ss❡s ❛♥❞ r❡s♦✉r❝❡s ✭✈✐rt✉❛❧✐③❡❞ ♦t ♥♦t✮✱ ✇❤❡r❡❛s✱ f ❞♦❡s t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ ✈✐rt✉✲
❛❧✐③❡❞ r❡s♦✉r❝❡s ❛♥❞ r❡❛❧ r❡s♦✉r❝❡s✳ ❇❛s❡❞ ♦♥ t❤❡s❡ t✇♦ ❢✉♥❝t✐♦♥s✱ ●♦❧❞❜❡r❣ ❞❡✜♥❡s t✇♦ ❦✐♥❞s
♦❢ s②st❡♠✲❧❡✈❡❧ ✈✐rt✉❛❧✐③❛t✐♦♥✿ ❚②♣❡✲■ ❛♥❞ ❚②♣❡✲■■✳ ❍♦✇❡✈❡r✱ ✇❡ s❤♦✇ t❤❛t s♦♠❡ ♣r♦❝❡ss✲❧❡✈❡❧
✈✐rt✉❛❧✐③❛t✐♦♥s✱ s✉❝❤ ❛s ❝♦♥t❛✐♥❡rs✱ ❞♦ ♥♦t ♣❡r❢❡❝t❧② ✜t ✇✐t❤ t❤❡ ●♦❧❞❜❡r❣ ❝❧❛ss✐✜❝❛t✐♦♥✳

■♥ t❤✐s ❞♦❝✉♠❡♥t✱ ✇❡ ♣r♦♣♦s❡ ❛ r❡✜♥❡♠❡♥t ♦❢ t❤❡ ●♦❧❞❜❡r❣ ❢✉♥❝t✐♦♥s✱ ❜❛s❡❞ ♦♥ t❤❡ ♣r✐♠✐t✐✈❡
❛♥❞ ❞❡r✐✈❡❞ ❝♦♥str✉❝ts ♣r♦♣♦s❡❞ ❜② ●♦❧❞❜❡r❣✳ ❚❤✐s ❛❧❧♦✇s ✉s t♦ s♣❡❝✐❢② s②st❡♠s t❤❛t ❞♦ ♥♦t ❜❡✲
❧♦♥❣ t♦ ❚②♣❡✲■ ♦r ❚②♣❡✲■■ s②st❡♠s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❤❛✈❡ ❡①t❡♥❞❡❞ t❤❡ ❢♦r♠❛❧ ●♦❧❞❜❡r❣ ❞❡✜♥✐t✐♦♥
❢♦r ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ✐♥tr♦❞✉❝❡ t❤❡ ❛❜str❛❝t✐♦♥✱ ♣❛rt✐t✐♦♥✐♥❣✱ ❛♥❞ ✐❞❡♥t✐t②
❝♦♥❝❡♣ts✳ ❉♦✐♥❣ s♦✱ ✇❡ ❡♠♣❤❛s✐s t❤❡ ❢❛❝t t❤❛t✱ ❡✈❡♥ ✇✐t❤ ❛ s✐♥❣❧❡ ✈✐rt✉❛❧✐③❛t✐♦♥ s♦❧✉t✐♦♥ ✭❢♦r
✐♥st❛♥❝❡ ❝♦♥t❛✐♥❡rs✮✱ t❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥ ❝❛♣❛❜✐❧✐t❡s ♠❛② ❞✐✛❡r✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✈✐rt✉❛❧✐③❛t✐♦♥
❣r❛♥✉❧❛r✐t②✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ♦♥❡ ❝♦♠♣❧❡① ✈✐rt✉❛❧✐③❛t✐♦♥ s②st❡♠ ❝♦✉❧❞ ✐♥t❡❣r❛t❡✱ ❛❝❝♦r❞✐♥❣ t♦

❘❘ ♥➦ ✻✻✶✸



✶✻❏érô♠❡ ●❛❧❧❛r❞ ✫ ❆❞r✐❡♥ ▲è❜r❡ ✫ ●❡♦✛r♦② ❱❛❧❧é❡ ✫ ❈❤r✐st✐♥❡ ▼♦r✐♥ ✫ P❛s❝❛❧ ●❛❧❧❛r❞ ✫ ❙t❡♣❤❡♥ ▲✳ ❙❝♦tt

t❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ t❤❡ ❛♥❛❧②s✐s✱ s❡✈❡r❛❧ ✈✐rt✉❛❧✐③❛t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s✳ ❲❡ ♣r❡s❡♥t❡❞ ❤♦✇ ❞✐✛❡r❡♥t
❛♥❛❧②s✐s ❣r❛♥✉❧❛r✐t✐❡s ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❝♦♥t❛✐♥❡rs✳

❖✉r r❡✜♥❡♠❡♥t ♦❢ t❤❡ ●♦❧❞❜❡r❣ ♠♦❞❡❧ ❛❧❧♦✇s ✉s t♦ str✐❝t❧② ❝❧❛ss✐❢② ❛✈❛✐❧❛❜❧❡ ✈✐rt✉❛❧✐③❛t✐♦♥
s♦❧✉t✐♦♥s✳

❲❡ t❤✐♥❦ t❤❛t ♦✉r ♠♦❞❡❧ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ s②st❡♠s s✉❝❤ ❛s ❏❛✈❛ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡s ❛♥❞
♦♣❡r❛t✐♥❣ s②st❡♠s✳ ■♥ ♦t❤❡r t❡r♠s✱ ✐t ❝♦✉❧❞ ❜❡ ✐♥t❡r❡st✐♥❣ t♦ s❡❡ ✐❢ ❛ ❏❱▼✱ ❛♥ ❖❙✱ ♦r ❛♥②
❝♦♠♣✉t✐♥❣ s②st❡♠✱ ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ✇✐t❤ t❤❡ ●♦❧❞❜❡r❣ t❤❡♦r② ❛♥❞ ♦✉r r❡✜♥❡♠❡♥t✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ●✳ ▼✳ ❆♠❞❛❤❧✱ ●✳ ❆✳ ❇❧❛❛✉✇✱ ❛♥❞ ❏r ❋✳P✳ ❇r♦♦❦s✳ ❆r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ✐❜♠ s②st❡♠✴✸✻✵✳
■❇▼ ❏✳ ❘❊❙✳ ❉❊❱❊▲❖P✳ ❱❖▲✳✹✹ ◆❖ ✶✴✷✱ ✶✾✻✹✳

❬✷❪ P❛✉❧ ❇❛r❤❛♠✱ ❇♦r✐s ❉r❛❣♦✈✐❝✱ ❑❡✐r ❋r❛s❡r✱ ❙t❡✈❡♥ ❍❛♥❞✱ ❚✐♠ ❍❛rr✐s✱ ❆❧❡① ❍♦✱ ❘♦❧❢ ◆❡✉❣❡✲
❜❛✉❡r✱ ■❛♥ Pr❛tt✱ ❛♥❞ ❆♥❞r❡✇ ❲❛r✜❡❧❞✳ ❳❡♥ ❛♥❞ t❤❡ ❛rt ♦❢ ✈✐rt✉❛❧✐③❛t✐♦♥✳ ❇♦❧t♦♥ ▲❛♥❞✐♥❣✱
◆❡✇ ❨♦r❦✱ ❯❙❆✱ ❖❝t♦❜❡r ✷✵✵✸✳ ❙❖❙P✬✵✸✳

❬✸❪ ❋❛❜r✐❝❡ ❇❡❧❧❛r❞✳ ◗❡♠✉✱ ❛ ❢❛st ❛♥❞ ♣♦rt❛❜❧❡ ❞②♥❛♠✐❝ tr❛♥s❧❛t♦r✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ❯❙❊◆■❳
❆ss♦❝✐❛t✐♦♥✱ ✷✵✵✺✳

❬✹❪ ●◆❯✳ ❈❤r♦♦t✱ ✷✵✵✼✳ ❆✈❛✐❧❛❜❧❡ ❛t
❤tt♣✿✴✴✇✇✇✳❣♥✉✳♦r❣✴s♦❢t✇❛r❡✴❝♦r❡✉t✐❧s✴♠❛♥✉❛❧✴❝♦r❡✉t✐❧s✳❤t♠❧★❝❤r♦♦t✲✐♥✈♦❝❛t✐♦♥✳

❬✺❪ ❘✳ P✳ ●♦❧❞❜❡r❣✳ ❱✐rt✉❛❧ ♠❛❝❤✐♥❡s✿ s❡♠❛♥t✐❝s ❛♥❞ ❡①❛♠♣❧❡s✳ Pr♦❝❡❡❞✐♥❣s ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧
❈♦♠♣✉t❡r ❙♦❝✐❡t②✱ ❈♦♥❢❡r❡♥❝❡ ❇♦st♦♥ ▼❛ss❛❝❤✉s❡tts✱ ✶✾✼✶✳

❬✻❪ ❘✳ P✳ ●♦❧❞❜❡r❣✳ ❆r❝❤✐t❡❝t✉r❡ ♦❢ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡s✳ ❆❋■P❙ ◆❛t✐♦♥❛❧ ❈♦♠♣✉t❡r ❈♦♥❢❡r❡♥❝❡✱
❏✉❧② ✶✾✼✸✳

❬✼❪ ❘♦❜❡rt P✳ ●♦❧❞❜❡r❣✳ ❆r❝❤✐t❡❝t✉r❡ ♦❢ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡s✳ ■♥ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ❲♦r❦s❤♦♣ ♦♥
❱✐rt✉❛❧ ❈♦♠♣✉t❡r ❙②st❡♠s✱ ♣❛❣❡s ✼✹✕✶✶✷✱ ❈❛♠❜r✐❞❣❡✱ ▼❆✱ ❯❙❆✱ ▼❛r❝❤ ✷✻✲✷✼✱ ✶✾✼✸✳

❬✽❪ ❖♣❡♥❱❩✳ ❖♣❡♥✈③ ✇❡❧❝♦♠❡ ♣❛❣❡✱ ✷✵✵✼✳ ❆✈❛✐❧❛❜❧❡ ❛t ❤tt♣✿✴✴✇✐❦✐✳♦♣❡♥✈③✳♦r❣✴▼❛✐♥❴P❛❣❡✳

❬✾❪ ●❡r❛❧❞ ❏✳ P♦♣❡❦ ❛♥❞ ❘✳ P✳ ●♦❧❞❜❡r❣✳ ❋♦r♠❛❧ r❡q✉✐r❡♠❡♥ts ❢♦r ✈✐rt✉❧✐③❛❜❧❡ t❤✐r❞ ❣❡♥❡r❛t✐♦♥
❛r❝❤✐t❡❝t✉r❡s✳ ❏✉❧② ✶✾✼✹✳

❬✶✵❪ ❘✳ P✳ ●♦❧❞❜❡r❣ ❯✳ ❖✳ ●❛❣❧✐❛r❞✐✳ ❱✐rt✉❛❧✐③❡❛❜❧❡ ❛r❝❤✐t❡❝t✉r❡s✳ Pr♦❝❡❡❞✐♥❣s ❆❈▼ ❆■❈❆
■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♣✉t✐♥❣ ❙②♠♣♦s✐✉♠ ❱❡♥✐❝❡ ■t❛❧②✱ ✶✾✼✷✳

❬✶✶❪ ❱▼✇❛r❡✳ ❱♠✇❛r❡ s❡r✈❡r✱ ✷✵✵✼✳ ❆✈❛✐❧❛❜❧❡ ❛t ❤tt♣✿✴✴✇✇✇✳✈♠✇❛r❡✳❝♦♠✴♣r♦❞✉❝ts✴s❡r✈❡r✴✳

■◆❘■❆



❘❡✜♥❡♠❡♥t Pr♦♣♦s❛❧ ♦❢ t❤❡ ●♦❧❞❜❡r❣✬s ❚❤❡♦r② ✶✼

❋✐❣✉r❡ ✹✿ ❱✐rt✉❛❧✐③❛t✐♦♥ ✈s ❊♠✉❧❛t✐♦♥

❆♣♣❡♥❞✐①

❆ ❱✐rt✉❛❧✐③❛t✐♦♥ ✈s✳ ❊♠✉❧❛t✐♦♥

❋✐rst ♦❢ ❛❧❧✱ ✇❡ ❤❛✈❡ t♦ ♠❛❦❡ ❛ ❝❧❡❛r ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥✳ ◆♦✇❛❞❛②s✱
✇❡ ❝♦✉❧❞ s❛② t❤❛t ✈✐rt✉❛❧✐③❛t✐♦♥ ❛❧❧♦✇s t♦ ❞✐✈✐❞❡✴s❤❛r❡ r❡s♦✉r❝❡s ♦❢ ❛ ❝♦♠♣✉t❡r ❢♦r s❡✈❡r❛❧ ✉s❡rs
❜② ❛♣♣❧②✐♥❣ t❡❝❤♥✐q✉❡s s✉❝❤ ❛s t✐♠❡ s❤❛r✐♥❣✱ ✈✐rt✉❛❧ ♠❡♠♦r② ❛♥❞ s♦ ♦♥✳

❚❤❡ ●♦❧❞❜❡r❣ ❞❡✜♥✐t✐♦♥ ❛❣r❡❡s ✇✐t❤ t❤✐s ❣❡♥❡r❛❧ st❛t❡♠❡♥t ❬✺✱ ✶✵❪✳ ▼♦r❡♦✈❡r✱ ●♦❧❞❜❡r❣
♣r❡❝✐s❡s t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ✈✐rt✉❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠✉❧❛t✐♦♥✿ ✈✐rt✉❛❧✐③❛t✐♦♥ ✐s ✉s❡❞
✇❤❡♥ ❛ ♥♦♥✲♣r♦t❡❝t❡❞ ♣❛rt ♦❢ t❤❡ ✈✐rt✉❛❧✐③❡❞ ❝♦❞❡ ✐s ❡①❡❝✉t❡❞ ❞✐r❡❝t❧② ♦♥ t❤❡ ❜❛r❡ ❤❛r❞✇❛r❡✱
✇❤❡r❡❛s ❡♠✉❧❛t✐♦♥ ✐s ✉s❡❞ ✇❤❡♥ ❛ ♣r♦t❡❝t❡❞ ♦r ♥♦♥✲♣r♦t❡❝t❡❞ ♣❛rt ♦❢ t❤❡ ❝♦❞❡ ✉s❡s ❛ s♣❡❝✐❛❧
♠✐❝r♦❝♦❞❡ ✭✐♥t❡r❢❛❝❡✮ t❤❛t ✐s ♥♦t ❛ ♣❤②s✐❝❛❧ ♣❛rt ♦❢ t❤❡ ❤♦st ♠❛❝❤✐♥❡ ✭s❡❡ ❋✐❣✉r❡ ✹✮✳

❇ ●❡♥❡r❛❧ ❞❡✜♥✐t✐♦♥s
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