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tr✐❜✉t❡❞ ❝♦♠♣♦♥❡♥ts ❜② ❜❡❤❛✈✐♦✉r❛❧ s♣❡❝✐✜❝❛t✐♦♥✳ ❲❡ s♣❡❝✐❢② ❛ s②st❡♠ ❝♦♠❜✐♥✲
✐♥❣ ❛ s✐♠♣❧❡ ❞✐str✐❜✉t❡❞ ❝♦♠♣♦♥❡♥t ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ ❛ ❢❛✉❧t✲t♦❧❡r❛♥❝❡ ♠❡❝❤❛♥✐s♠✳
❲❡ ❝❤♦♦s❡ t♦ ❡♥❝♦❞❡ t❤❡ ♠♦st ❣❡♥❡r❛❧ ❛♥❞ t❤❡ ♠♦st ❞❡♠❛♥❞✐♥❣ ❦✐♥❞ ♦❢ ❢❛✉❧ts✱
❇②③❛♥t✐♥❡ ❢❛✐❧✉r❡s✱ ❜✉t ♦♥❧② ❢♦r s♦♠❡ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ ♦✉r s②st❡♠✳ ❲✐t❤
❇②③❛♥t✐♥❡ ❢❛✐❧✉r❡s ❛ ❢❛✉❧t② ♣r♦❝❡ss ❝❛♥ ❤❛✈❡ ❛♥② ❜❡❤❛✈✐♦✉r✱ t❤✉s r❡♣❧✐❝❛t✐♦♥ ✐s t❤❡
♦♥❧② ❝♦♥✈❡♥✐❡♥t ❝❧❛ss✐❝❛❧ s♦❧✉t✐♦♥❀ t❤✐s ❣r❡❛t❧② ✐♥❝r❡❛s❡s t❤❡ s✐③❡ ♦❢ t❤❡ s②st❡♠✱
❛♥❞ ♠❛❦❡s ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❛ ❝❤❛❧❧❡♥❣❡✳ ❉❡s♣✐t❡ t❤❡ s✐♠♣❧✐❝✐t② ♦❢ ♦✉r ❛♣♣❧✐❝❛t✐♦♥✱
❢✉❧❧ st✉❞② ♦❢ t❤❡ ♦✈❡r❛❧❧ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❝♦♠❜✐♥❡❞ s②st❡♠ r❡q✉✐r❡s ✉s ♣✉tt✐♥❣
t♦❣❡t❤❡r t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ❢♦r ♠❛♥② ❢❡❛t✉r❡s r❡q✉✐r❡❞ ❜② ❡✐t❤❡r t❤❡ ❞✐str✐❜✉t❡❞
❛♣♣❧✐❝❛t✐♦♥ ♦r t❤❡ ❢❛✉❧t✲t♦❧❡r❛♥t ♣r♦t♦❝♦❧✿ ♦✉r s②st❡♠ ❡♥❝♦❞❡s ❤✐❡r❛r❝❤✐❝❛❧ ❝♦♠✲
♣♦♥❡♥t str✉❝t✉r❡✱ ❛s②♥❝❤r♦♥♦✉s ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ ❢✉t✉r❡s✱ r❡♣❧✐❝❛t✐♦♥✱ ❣r♦✉♣
❝♦♠♠✉♥✐❝❛t✐♦♥✱ ❛♥ ❛❣r❡❡♠❡♥t ♣r♦t♦❝♦❧✱ ❛♥❞ ❢❛✉❧t② ❝♦♠♣♦♥❡♥ts✳ ❚❤❡ s②st❡♠ ✇❡
♦❜t❛✐♥ ✐s ❤✉❣❡ ❛♥❞ ✇❡ ❤❛✈❡ ♣r♦✈❡❞ ✐ts ❝♦rr❡❝t♥❡ss ❜② ✉s✐♥❣ ❛t t❤❡ s❛♠❡ t✐♠❡ ❞❛t❛
❛❜str❛❝t✐♦♥✱ ❝♦♠♣♦s✐t✐♦♥❛❧ ♠✐♥✐♠✐③❛t✐♦♥✱ ❛♥❞ ❞✐str✐❜✉t❡❞ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣✳

❑❡②✲✇♦r❞s✿ ❇②③❛♥t✐♥❡ ❢❛✉❧ts✱ ❞✐str✐❜✉t❡❞ s②st❡♠s✱ s♦❢t✇❛r❡ ❝♦♠♣♦♥❡♥ts✱ ❜❡✲
❤❛✈✐♦✉r❛❧ s❡♠❛♥t✐❝s✱ ✈❡r✐✜❝❛t✐♦♥✱ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣✱ ❞✐str✐❜✉t❡❞ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣

❚❤✐s ✇♦r❦ ✇❛s ♣❛rt✐❛❧② ❢✉♥❞❡❞ ❜② t❤❡ ❆◆❘ ✐♥t❡r♥❛t✐♦♥❛❧ ♣r♦❥❡❝t ❆◆❘✵✾✲❇▲❆◆✲✵✸✼✺✲✵✶
❜❡t✇❡❡♥ ■◆❘■❆ ❛♥❞ ❯♥✳ ♦❢ ❚s✐♥❣❤✉❛✱ ❇❡✐❥✐♥❣✱ ❈❤✐♥❛✳

∗ ■♥st✐t✉t ❚❡❧❡❝♦♠✱ ❚❡❧❡❝♦♠ P❛r✐s❚❡❝❤✱ ▲❚❈■ ❈◆❘❙
† ❚❡❝❤♥✐❝❛❧ ❯♥✐✈❡rs✐t② ♦❢ ❈❧✉❥✲◆❛♣♦❝❛✱ ❘♦♠❛♥✐❛
‡ ■◆❘■❆✲■✸❙✲❈◆❘❙✱ ❯♥✐✈❡rs✐t② ♦❢ ◆✐❝❡ ❙♦♣❤✐❛ ❆♥t✐♣♦❧✐s



❱ér✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❝♦♠♣♦s❛♥ts
❞✐str✐❜✉és t♦❧ér❛♥ts ❛✉① ♣❛♥♥❡s ✕ ❊①t❡♥❞❡❞

❱❡rs✐♦♥ ➱t❡♥❞✉❡

❘és✉♠é ✿ ◆♦✉s ♠♦♥tr♦♥s ❝♦♠♠❡♥t ❛ss✉r❡r ❧❛ ❝♦rr❡❝t✐♦♥ ❡t ❧❛ t♦❧ér❛♥❝❡ ❛✉①
♣❛♥♥❡s ❞❡ ❝♦♠♣♦s❛♥ts ❞✐str✐❜✉és à ❧✬❛✐❞❡ ❞❡ s♣é❝✐✜❝❛t✐♦♥s ❝♦♠♣♦rt❡♠❡♥t❛❧❡s✳
◆♦✉s s♣é❝✐✜♦♥s ✉♥ s②stè♠❡ ❝♦♠❜✐♥❛♥t ✉♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞✐str✐❜✉é❡ très s✐♠♣❧❡
❛✈❡❝ ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ t♦❧ér❛♥❝❡ ❛✉① ♣❛♥♥❡s✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❧❡ t②♣❡ ❞❡
❢❛✉t❡s ❧❡ ♣❧✉s ❣é♥ér❛❧ ❡t ❧❡ ♣❧✉s ❡①✐❣❡❛♥t✱ ❧❡s ♣❛♥♥❡s ❇②③❛♥t✐♥❡s✱ ♠❛✐s s❡✉❧❡♠❡♥t
♣♦✉r ✉♥❡ ♣❛rt✐❡ ❞❡s ❝♦♠♣♦s❛♥ts ❞❡ ♥♦tr❡ s②stè♠❡✳ ❆✈❡❝ ❞❡s ♣❛♥♥❡s ❇②③❛♥✲
t✐♥❡s ✉♥ ❝♦♠♣♦s❛♥t ♣❡✉t ❛✈♦✐r ♥✬✐♠♣♦rt❡ q✉❡❧ ❝♦♠♣♦rt❡♠❡♥t✱ ❡t ❧❛ r❡♣❧✐❝❛t✐♦♥
❡st ❧❛ s❡✉❧❡ s♦❧✉t✐♦♥ ❝❧❛ss✐q✉❡ ❝♦♥✈❡♥❛❜❧❡❀ ❝❡❝✐ ❛✉❣♠❡♥t❡ ❞❡ ❜❡❛✉❝♦✉♣ ❧❛ t❛✐❧❧❡
❞✉ s②stè♠❡✱ ❡t s❛ ✈ér✐✜❝❛t✐♦♥ ♣❛r ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❡st ✉♥ ❞é✜✳
▼❛❧❣ré ❧❛ s✐♠♣❧✐❝✐té ❞❡ ♥♦tr❡ ❛♣♣❧✐❝❛t✐♦♥✱ ❧✬ ét✉❞❡ ❝♦♠♣❧èt❡ ❞✉ s②stè♠❡ ♥♦✉s
♦❜❧✐❣❡ à ❝♦♠❜✐♥❡r ❞❡ ♥♦♠❜r❡✉① ❛s♣❡❝ts ♥é❝❡ss❛✐r❡s à ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✐st✐❜✉é❡ ♦✉
❛✉ ♣r♦t♦❝♦❧❡ ❞❡ t♦❧ér❛♥❝❡ ❛✉① ♣❛♥♥❡s✿ ♥♦tr❡ s②stè♠❡ ✉t✐❧✐s❡ ✉♥❡ ❛r❝❤✐t❡❝t✉r❡ ❞❡
❝♦♠♣♦s❛♥ts ❤✐ér❛r❝❤✐q✉❡s✱ ❞❡s ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛s②♥❝❤r♦♥❡s ❛✈❡❝ ❢✉t✉rs✱ ❞❡ ❧❛
r❡♣❧✐❝❛t✐♦♥✱ ❞❡ ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡ ❣r♦✉♣❡✱ ❡t ✉♥ ♣r♦t♦❝♦❧❡ ❞❡ ❝♦♥s❡♥s✉s✳ ▲❡
s②stè♠❡ ♦❜t❡♥✉ ❡st très ❣r♦s✱ ❡t ♥♦✉s ❛✈♦♥s ♣♦✉✈é s❛ ❝♦rr❡❝t✐♦♥ ❡♥ ❝♦♠❜✐♥❛♥t
❞❡s t❡❝❤♥✐q✉❡s ❞✬❛❜str❛❝t✐♦♥ ❞❡ ❞♦♥♥é❡s✱ ❞❡ ♠✐♥✐♠✐s❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥♥❡❧❧❡✱ ❡t
❞❡ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❞✐str✐❜✉é✳

▼♦ts✲❝❧és ✿ ♣❛♥♥❡s ❇②③❛♥t✐♥❡s✱ s②stè♠❡s ré♣❛rt✐s✱ ❝♦♠♣♦s❛♥ts ❧♦❣✐❝✐❡❧s✱ sé✲
♠❛♥t✐q✉❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡✱ ✈ér✐✜❝❛t✐♦♥✱ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣✱ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❞✐s✲
tr✐❜✉é



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✸

✶ ■♥tr♦❞✉❝t✐♦♥

❙❛❢❡t② ✐♥ ❞✐str✐❜✉t❡❞ s②st❡♠s ✐s ❛ ✇✐❞❡ r❡s❡❛r❝❤ ❛r❡❛ ✇❤✐❝❤ ♥❡❡❞s t♦ ❜❡ t❛❝❦❧❡❞
❛t s❡✈❡r❛❧ ❧❡✈❡❧s✿ ❢r♦♠ t❤❡ s❛❢❡t② ♦❢ t❤❡ ❡①❡❝✉t✐♦♥ ♣❧❛t❢♦r♠✱ t♦ t❤❡ ❝♦rr❡❝t♥❡ss ♦❢
t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣r♦t♦❝♦❧s ❛♥❞ t♦ ❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥s✳
❚❤✐s ❛rt✐❝❧❡ ❛✐♠s ❛t ❡✈❛❧✉❛t✐♥❣ t❤❡ ❛❞❡q✉❛❝② ♦❢ ❢♦r♠❛❧ ♠❡t❤♦❞ t❡❝❤♥✐q✉❡s ❢♦r
t❤❡ ✈❡r✐✜❝❛t✐♦♥ ♦❢ r❡❛❧✲s✐③❡ ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ t❛❝❦❧❡❞ ❜②
t❤✐s ❛rt✐❝❧❡ ✐s r❡❛❧❧② ❝❤❛❧❧❡♥❣✐♥❣ ❜❡❝❛✉s❡ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✇❡ ❝♦♥s✐❞❡r ❢❡❛t✉r❡s
s❡✈❡r❛❧ ♥♦♥✲❢✉♥❝t✐♦♥❛❧ ❝♦♥❝❡r♥s ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❡①♣❧♦s✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r
♦❢ st❛t❡s t❤❛t ❝❛♥ ❜❡ r❡❛❝❤❡❞ ❜② t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ■♥❞❡❡❞ ✇❡ ❝❤♦♦s❡ t♦ ♣r♦✈✐❞❡ ❛
♠♦❞❡❧ ❛♥❞ ♣r♦✈❡ ♣r♦♣❡rt✐❡s ❢♦r ❛ ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❢❡❛t✉r✐♥❣ ❢❛✉❧t✲t♦❧❡r❛♥❝❡
s✐♠✐❧❛r t♦ ❇②③❛♥t✐♥❡ ❢❛✉❧t t♦❧❡r❛♥❝❡ ✭❇❋❚✮✳

❖✉r ✇♦r❦ ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❝♦♠♣♦♥❡♥t ♦r✐❡♥t❡❞ ♣r♦❣r❛♠♠✐♥❣✳ ■♥✲
❞❡❡❞ ❢r♦♠ ❛ ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❝♦♠♣♦♥❡♥ts ♣r♦✈✐❞❡ ✇❡❧❧✲❞❡✜♥❡❞
♠♦❞✉❧❛r✐t②✱ ❛♥❞ ❡❛s✐♥❡ss t♦ ❝♦♠♣♦s❡ ❧❛r❣❡ ❛♣♣❧✐❝❛t✐♦♥s ❢r♦♠ t❤❡ ❝♦♠♣♦s✐t✐♦♥
♦❢ ❜❛s✐❝ ❜❧♦❝❦s✳ ❆❧s♦ ❝♦♠♣♦♥❡♥ts r❡q✉✐r❡ t❤❡ ♣r❡❝✐s❡ ❞❡✜♥✐t✐♦♥ ♦❢ ✐♥t❡r❢❛❝❡s
t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡ ❜❛s✐❝ ❜❧♦❝❦s ❝♦♦♣❡r❛t❡✱ ✇❤✐❝❤ ✐s ❝r✉❝✐❛❧ ❢♦r ❛ ♣r❡❝✐s❡ ❞❡s✐❣♥
♦❢ ❛♥ ❛♣♣❧✐❝❛t✐♦♥✱ ❜✉t ❛❧s♦ str♦♥❣❧② ❤❡❧♣s t❤❡ ❢♦r♠❛❧ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐✲
❝❛t✐♦♥✳ ❖✉r ❝♦♠♣♦♥❡♥ts ❛❧s♦ ❛❧❧♦✇ ❛ ❤✐❡r❛r❝❤✐❝❛❧ ❛♥❞ ♠♦❞✉❧❛r ❞❡s✐❣♥✱ ❜❡tt❡r
s♣❡❝✐❢②✐♥❣ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❲❡ ❝❤♦♦s❡ ●❈▼❬✷❪ ❛s ♦✉r ❝♦♠♣♦✲
♥❡♥t ♠♦❞❡❧ ❜❡❝❛✉s❡ ✐t ✐s ♥❛t✉r❛❧❧② ❛❞❛♣t❡❞ t♦ ❞✐str✐❜✉t✐♦♥✱ ❤✐❡r❛r❝❤②✱ ❛♥❞ ♦♥❡✲
t♦✲♠❛♥② ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ❜✉t ❛❧s♦ ✐t ♣r♦✈✐❞❡s r❡❝♦♥✜❣✉r❛t✐♦♥ ❝❛♣❛❜✐❧✐t✐❡s ✇❤✐❝❤
✇❡ ✇❛♥t t♦ ❝♦♥s✐❞❡r ✐♥ ❢✉t✉r❡ ✇♦r❦s✳ ●❈▼ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❋r❛❝t❛❧ ❝♦♠✲
♣♦♥❡♥t ♠♦❞❡❧s ✇✐t❤ s✉♣♣♦rt ❢♦r ❞❡♣❧♦②♠❡♥t✱ s❝❛❧❛❜✐❧✐t②✱ ❛✉t♦♥♦♠✐❝ ❜❡❤❛✈✐♦✉r✱
❛♥❞ ❛s②♥❝❤r♦♥♦✉s ❝♦♠♠✉♥✐❝❛t✐♦♥❀ ✐t ❛❧s♦ s❤❛r❡s ❛ ❧♦t ♦❢ s✐♠✐❧❛r✐t✐❡s ✇✐t❤ ❙❈❆
❬✸❪✳ ■♥ t❤❡ ❱❡r❈♦rs ❬✽❪ ♣❧❛t❢♦r♠✱ ✇❡ ♣r♦✈✐❞❡ t♦♦❧s ❢♦r ✈❡r✐❢②✐♥❣ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢
s✉❝❤ ❞✐str✐❜✉t❡❞ ❝♦♠♣♦♥❡♥t ❛♣♣❧✐❝❛t✐♦♥s✳

❚❤✐s ♣❛♣❡r s❤♦✇s ❤♦✇ t♦ s♣❡❝✐❢② t❤❡ ❜❡❤❛✈✐♦✉r ❛♥❞ t♦ ✈❡r✐❢② ♣r♦♣❡rt✐❡s ♦❢ ❞✐s✲
tr✐❜✉t❡❞ ❝♦♠♣♦♥❡♥t ❛♣♣❧✐❝❛t✐♦♥s ✇✐t❤ r❡q✉❡st q✉❡✉❡s✱ ❢✉t✉r❡ ♣r♦①✐❡s ❛♥❞ ❣r♦✉♣
♣r♦①✐❡s✱ ❛♥❞ ♦♥❡✲t♦✲♠❛♥② ✐♥t❡r❢❛❝❡s✳ ❚♦ ✐❧❧✉str❛t❡ ♦✉r ❛♣♣r♦❛❝❤✱ ✇❡ ❝❤♦♦s❡ ❛ s✐♠✲
♣❧❡ ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛t✐♦♥ ❢❡❛t✉r✐♥❣ ❢❛✉❧t✲t♦❧❡r❛♥❝❡ ❜② r❡♣❧✐❝❛t✐♦♥✳ ❚❤♦✉❣❤ t❤❡
❢❛✉❧t✲t♦❧❡r❛♥❝❡ ♣r♦♣❡rt✐❡s ✇❡ ❛❞❞r❡ss ❛r❡ ♥♦t ♦✉tst❛♥❞✐♥❣✱ ✇❡ t❤✐♥❦ t❤✐s ❛♣♣❧✐❝❛✲
t✐♦♥ ✐s ❛ ❣♦♦❞ ♦♣♣♦rt✉♥✐t② t♦ ✐♥✈❡st✐❣❛t❡ ♦♥ t❤❡ ✉s❡ ♦❢ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ t♦ ❡♥s✉r❡
s❛❢❡t② ♦❢ ❢❛✉❧t✲t♦❧❡r❛♥t ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤✐s ❛rt✐❝❧❡ ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ♦❜❥❡❝t✐✈❡s✿

❼ Pr♦♠♦t❡ t❤❡ ✉s❡ ♦❢ ❢♦r♠❛❧ ♠❡t❤♦❞s t♦ ❡♥s✉r❡ s❛❢❡t② ♦❢ ❞✐str✐❜✉t❡❞ s②st❡♠s✳

❼ Pr♦✈✐❞❡ ❛ ♠♦❞❡❧ ❢♦r ♦♥❡✲t♦✲♠❛♥② ❝♦♠♠✉♥✐❝❛t✐♦♥✳

❼ ❙t✉❞② t❤❡ ♠♦❞❡❧❧✐♥❣ ♦❢ ❢❛✉❧t② ♣r♦❝❡ss❡s✱ ❛♥❞ ✐♥✈❡st✐❣❛t❡ t❤❡ ✉s❡ ♦❢ ♠♦❞❡❧✲
❝❤❡❝❦✐♥❣ ❢♦r ✈❡r✐❢②✐♥❣ ❢❛✉❧t✲t♦❧❡r❛♥❝❡ ❢r♦♠ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ ♣♦✐♥t ♦❢ ✈✐❡✇✳
■♥❞❡❡❞✱ ♠♦st ♦❢ t❤❡ ❡①✐st✐♥❣ st✉❞✐❡s ♦♥ t❤✐s ❞♦♠❛✐♥ ❢♦❝✉s ♦♥ t❤❡ ♣r♦♦❢
♦❢ ❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ♣r♦t♦❝♦❧s ♦♥❧②✱ ♥♦t ♦♥ t❤❡ ✇❤♦❧❡ ❞✐str✐❜✉t❡❞ ❛♣♣❧✐❝❛✲
t✐♦♥ ❬✶✹❪✳

❼ ■♥✈❡st✐❣❛t❡ t❤❡ ❛❞❡q✉❛❝② ♦❢ ❞✐str✐❜✉t❡❞ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❢♦r ✈❡r✐❢②✐♥❣ ❛ ❞✐s✲
tr✐❜✉t❡❞ ❛♥❞ ❛s②♥❝❤r♦♥♦✉s ❛♣♣❧✐❝❛t✐♦♥ t❤❛t ❣❡♥❡r❛t❡s ❛ ❤✉❣❡ st❛t❡✲s♣❛❝❡✳

❲❡ ❞♦ ♥♦t ♠♦❞❡❧ r❡❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ❛❞❛♣t❛t✐♦♥✱ ❜✉t ✇❡ ❞❡s✐❣♥ ♦✉r s♣❡❝✐✜❝❛t✐♦♥
✐♥ s✉❝❤ ❛ ✇❛② t❤❛t t❤♦s❡ ❛s♣❡❝ts ❝❛♥ ❜❡ ❛❞❞❡❞ t♦ t❤❡ ♠♦❞❡❧ ✐♥ t❤❡ ❢✉t✉r❡✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ❙❡❝t✐♦♥ ✷ ♣r❡s❡♥ts t❤❡ r❡❧❛t❡❞ ✇♦r❦s✱ ✇✐t❤ ❛ ♣❛rt✐❝✉❧❛r ❢♦❝✉s
♦♥ ❇❋❚ ❛♥❞ ●❈▼ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡♥✱ ✇❡ ❞❡s❝r✐❜❡ ♦✉r ❢❛✉❧t✲t♦❧❡r❛♥t ❛♣♣❧✐❝❛t✐♦♥

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✹

❛♥❞ ✐ts ♠♦❞❡❧❧✐♥❣ ✐♥ ❙❡❝t✐♦♥ ✸✳ ❋✐♥❛❧❧②✱ ❙❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s t❤❡ ❞✐str✐❜✉t❡❞ ♠♦❞❡❧
❝❤❡❝❦✐♥❣ ♣❤❛s❡ ❛♥❞ t❤❡ ♣r♦♣❡rt✐❡s ✇❡ ✈❡r✐❢②✳

✷ ❇❛❝❦❣r♦✉♥❞ ❛♥❞ ❘❡❧❛t❡❞ ❲♦r❦s

✷✳✶ ❋♦r♠❛❧ ▼❡t❤♦❞s ❢♦r ❈♦♠♣♦♥❡♥t ▼♦❞❡❧s

❆s t❤❡ ❢♦r♠❛❧ ♠❡t❤♦❞s ♠❛t✉r❡❞✱ t❤❡② ❤❛✈❡ ❜❡❡♥ ✐♥t❡❣r❛t❡❞ ✐♥t♦ ❡♥✈✐r♦♥♠❡♥ts
t❤❛t s✉♣♣♦rt t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❝♦♠♣♦♥❡♥t✲❜❛s❡❞ s②st❡♠s✳ ❚❤❡② ❡♥s✉r❡ t❤❡
❝♦rr❡❝t ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❛ss❡♠❜❧② ♦❢ ❝♦♠♣❧❡① ❛♣♣❧✐❝❛t✐♦♥s ✐♥ ❛❧❧ t❤❡ st❛❣❡s ♦❢
t❤❡ ❞❡✈❡❧♦♣♠❡♥t ❧✐❢❡❝②❝❧❡ ✭❢r♦♠ s♣❡❝✐✜❝❛t✐♦♥ t♦ ❡①❡❝✉t✐♦♥✮✳ ❍♦✇❡✈❡r✱ ❛❧t❤♦✉❣❤
t❤♦s❡ ❢r❛♠❡✇♦r❦s s❤❛r❡ t❤❡ s❛♠❡ ❜❛s✐❝ ❝♦♥❝❡♣ts✱ t❤❡② s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r ✐♥ t❤❡
r❛♥❣❡ ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ❞♦♠❛✐♥s ❛♥❞ s✉♣♣♦rt❡❞ ❢❡❛t✉r❡s✳ ❋♦r ✐♥st❛♥❝❡✱ s♦♠❡ ♦❢
t❤❡♠ ❛r❡ ❞❡❞✐❝❛t❡❞ t♦ ❡♠❜❡❞❞❡❞ s②st❡♠s ✈❡r✐✜❝❛t✐♦♥ ❬✶✵✱ ✹❪ ✇❤✐❧❡ t❤❡ ♦t❤❡rs
❛r❡ ❞❡❞✐❝❛t❡❞ t♦ s♦❢t✇❛r❡ ❡♥❣✐♥❡❡r✐♥❣✳ ❲❡ ❢♦❝✉s ❜❡❧♦✇ ♦♥ r❡❧❛t❡❞ ✇♦r❦s ❢♦r
❜❡❤❛✈✐♦✉r❛❧ s♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ♦❢ ❞✐str✐❜✉t❡❞ ❝♦♠♣♦♥❡♥ts✳

❈r❡♦❧ ❬✶✾❪ ✐s ❛ ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧ ❢❡❛t✉r✐♥❣ ❛❝t✐✈❡ ♦❜❥❡❝ts✱ r❡q✉❡sts ❛♥❞ ❢✉✲
t✉r❡s✱ s✐♠✐❧❛r❧② t♦ ♦✉r ❛♣♣r♦❛❝❤✳ ❆ ❢r❛♠❡✇♦r❦ ♣r♦✈✐❞❡s ❝♦♠♣♦♥❡♥t ♠♦❞❡❧❧✐♥❣
❢♦r ❈r❡♦❧❀ ✐t ♣r♦✈✐❞❡s ❛ ❢♦r♠❛❧ ❧❛♥❣✉❛❣❡ ❬✶✸❪ t❤❛t s✉♣♣♦rts ❝♦♠♣♦s✐t✐♦♥❛❧ r❡❛✲
s♦♥✐♥❣ ❛♥❞ ♠❛❦❡s ❛✉t♦♠❛t✐❝ t❡st✐♥❣ ❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ♣♦ss✐❜❧❡✳ ❚❤✐s ❧❛♥❣✉❛❣❡ ✐s
❞❡✜♥❡❞ ♦✈❡r ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧❛❜❡❧s✱ ❛♥❞ s♣❡❝✐✜❡s ❝♦♠♣♦♥❡♥ts ✐♥ t❡r♠s ♦❢ tr❛❝❡s
♦❢ ♦❜s❡r✈❛❜❧❡ ❜❡❤❛✈✐♦✉r ❛t t❤❡ ✐♥t❡r❢❛❝❡s✳

❈❛❞❡♥❛ ❬✶✻❪ ✐s ❛♥ ❡♥✈✐r♦♥♠❡♥t ❢♦r ♠♦❞❡❧❧✐♥❣ ❛♥❞ ✈❡r✐❢②✐♥❣ ❈❈▼ ❝♦♠♣♦♥❡♥t✲
❜❛s❡❞ s②st❡♠s✳ ❚❤❡ ❢r❛♠❡✇♦r❦ ♦✛❡rs ❛ r✐❣♦r♦✉s t②♣❡✲❜❛s❡❞ ❧❛♥❣✉❛❣❡ ❬✷✵❪ ❢♦r
❞❡s❝r✐❜✐♥❣ ❝♦♠♣♦♥❡♥t ❝♦♥♥❡❝t♦rs✱ ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡♠✳ ❚❤❡ ❝♦♠✲
♣♦s✐t✐♦♥❛❧ ❛♥❛❧②s✐s ✐s ❜❛s❡❞ ♦♥ t❤❡ ❛ss✉♠❡✲❣✉❛r❛♥t❡❡ r❡❛s♦♥✐♥❣✳ ❍♦✇❡✈❡r✱ t❤❡
❝♦♠♣♦♥❡♥t ♠♦❞❡❧ ❞♦❡s ♥♦t s✉♣♣♦rt ❤✐❡r❛r❝❤✐❝❛❧ str✉❝t✉r❡✳

❙❖❋❆ ❬✷✹❪ ✐s ❛ ❢r❛♠❡✇♦r❦ ❢♦r ❞❡✈❡❧♦♣✐♥❣ ❞✐str✐❜✉t❡❞ s②st❡♠s✳ ■t s✉♣♣♦rts
❝♦♠♣♦♥❡♥t✲❜❛s❡❞ ❞❡✈❡❧♦♣♠❡♥t ❛s ✇❡❧❧ ❛s ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥✳ ❚❤❡ ❙❖❋❆ ✷ ❝♦♠✲
♣♦♥❡♥t ♠♦❞❡❧ ✐s ❤✐❡r❛r❝❤✐❝❛❧ ❛♥❞ s✉♣♣♦rts r❡❝♦♥✜❣✉r❛t✐♦♥✱ ♠❛❦✐♥❣ ✐t q✉✐t❡ ❝❧♦s❡
t♦ Pr♦❆❝t✐✈❡✴●❈▼ ❡✈❡♥ t❤♦✉❣❤ ♦♥❡✲t♦✲♠❛♥② ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❛s②♥❝❤r♦♥②
✇✐t❤ ❢✉t✉r❡s ❛r❡ ♥♦t ♦✛❡r❡❞ ❜② ❞❡❢❛✉❧t ✐♥ ❙❖❋❆✳ ❙❖❋❆ ✉s❡s ✏❜❡❤❛✈✐♦✉r ♣r♦t♦✲
❝♦❧s✑ ❢♦r s♣❡❝✐❢②✐♥❣ ♣♦ss✐❜❧❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❝♦♠♣♦♥❡♥ts ❛♥❞ ❝❤❡❝❦✐♥❣ t❤❡
❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ❛ss❡♠❜❧②✱ ♠❛❦✐♥❣ t❤❡ ✈❡r✐✜❝❛t✐♦♥ ♣r♦❝❡ss ✐♥ ❙❖❋❆ q✉✐t❡ ❞✐❢✲
❢❡r❡♥t ❢r♦♠ ♦✉rs✱ ❜✉t ♦✉r ❛♣♣r♦❛❝❤ ❝♦✉❧❞ ❛❧s♦ ❜❡ ❛♣♣❧✐❡❞ t♦ ❙❖❋❆ ❝♦♠♣♦♥❡♥ts✳

❚❤✐s ❛rt✐❝❧❡ r❡❧✐❡s ♦♥ t❤❡ ♣◆❡ts ❬✶❪ ❢♦r♠❛❧✐s♠ ❢♦r ❞❡s❝r✐❜✐♥❣ t❤❡ ❜❡❤❛✈✐♦✉r
♦❢ ♣❛r❛♠❡tr✐③❡❞ ♥❡t✇♦r❦s ♦❢ ▲❚❙s✳ ❲❡ s❤♦✇❡❞ ✐♥ ❬✶❪ ❤♦✇ t♦ ❜✉✐❧❞ ♠♦❞❡❧s ❢♦r
●❈▼ ❝♦♠♣♦♥❡♥ts✱ ❛s②♥❝❤r♦♥♦✉s ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ❛♥❞ ❢✉t✉r❡s✳ ❬✼❪ ❞❡s❝r✐❜❡s ❤♦✇
t♦ s♣❡❝✐❢② ❣r♦✉♣ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐♥ ♣◆❡ts✳ ❆❞❞✐t✐♦♥❛❧❧② t♦ ❢❛✉❧t② ❝♦♠♣♦♥❡♥ts✱
t❤✐s ❛rt✐❝❧❡ ❡①t❡♥❞s t❤❡ ♣r❡❝❡❞✐♥❣ s❡♠❛♥t✐❝s ❜② s♣❡❝✐❢②✐♥❣ ♦♥❡✲t♦✲♠❛♥② ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ❛t t❤❡ ●❈▼ ❧❡✈❡❧✱ ❛♥❞ t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ ♣r♦①② ✐♥st❛♥❝❡s✳

❚❤❡ ❈❆❉P t♦♦❧s❡t ❬✶✶❪ ✐s ♦♥❡ ♦❢ t❤❡ ♣r♦♠✐♥❡♥t ♣❧❛t❢♦r♠s ❢♦r t❤❡ s♣❡❝✐✜❝❛✲
t✐♦♥✱ ✈❡r✐✜❝❛t✐♦♥✱ ❛♥❞ t❡st✐♥❣ ♦❢ ❞✐str✐❜✉t❡❞ s②st❡♠s ✐♥ t❤❡ ❛❝❛❞❡♠✐❝ ❧❛♥❞s❝❛♣❡✳
■t ❤❛♥❞❧❡s s❡✈❡r❛❧ ✐♥♣✉t ❢♦r♠❛❧✐s♠s✱ ❛♥❞ ♣r♦✈✐❞❡s ❛♥ ❡①t❡♥s✐❜❧❡ ❆P■✳ ❚❤❡ t♦♦❧s❡t
✐♥❝❧✉❞❡s ❡♥❣✐♥❡s ❢♦r ❜✉✐❧❞✐♥❣ ❤✐❡r❛r❝❤✐❝❛❧❧② t❤❡ st❛t❡✲s♣❛❝❡ ♦❢ s②st❡♠s✱ ❜✉✐❧❞✐♥❣
❛♥❞ ♠❛♥✐♣✉❧❛t✐♥❣ ▲❚❙s ♦♥ ❞✐str✐❜✉t❡❞ ✐♥❢r❛str✉❝t✉r❡s✱ ♠✐♥✐♠✐③✐♥❣ ▲❚❙s ❛❧♦♥❣
s❡✈❡r❛❧ ❜❡❤❛✈✐♦✉r❛❧ ❡q✉✐✈❛❧❡♥❝❡s✱ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♣r♦♣❡rt✐❡s✱ ❝❤❡❝❦✐♥❣ ❡q✉✐✈❛✲
❧❡♥❝❡s ❜❡t✇❡❡♥ s②st❡♠s✱ ❜✉✐❧❞✐♥❣ t❡st s✉✐t❡s✱ ❡✈❛❧✉❛t✐♥❣ ♣❡r❢♦r♠❛♥❝❡s✱ ❡t❝✳

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✺

✷✳✷ ❱❡r✐❢②✐♥❣ ❇②③❛♥t✐♥❡ ❋❛✉❧t✲t♦❧❡r❛♥t ❙②st❡♠s

❇②③❛♥t✐♥❡ ❢❛✉❧t t♦❧❡r❛♥❝❡ ✭❇❋❚✮ ❤❛s ❛ ❧♦♥❣ ❤✐st♦r② ❬✷✷✱ ✷✻❪❀ r❡s✉❧ts ✐♥ t❤✐s r❡✲
s❡❛r❝❤ ❛r❡❛ ❛r❡ ✈❡r② ❞✐✣❝✉❧t t♦ ♦❜t❛✐♥ ❛♥❞ t♦ ♣r♦✈❡✳ ■♥❞❡❡❞✱ ❇❋❚ s✉♣♣♦s❡s
t❤❛t ❛ ❢❛✉❧t② ♣r♦❝❡ss ❝❛♥ ❤❛✈❡ ❛♥② ❜❡❤❛✈✐♦✉r✳ ❚❤❡ ♥❛♠❡ ❇❋❚ ❝♦♠❡s ❢r♦♠ t❤❡
♦r✐❣✐♥❛❧ ♣r♦❜❧❡♠ r❛✐s❡❞ ❜② ▲❛♠♣♦rt r❡❧②✐♥❣ ♦♥ ❇②③❛♥t✐♥❡ ❣❡♥❡r❛❧s t❤❛t ♠✉st ❛❧❧
t❛❦❡ t❤❡ s❛♠❡ ❞❡❝✐s✐♦♥ ✭❛tt❛❝❦ ♦r r❡tr❡❛t✮✱ ❦♥♦✇✐♥❣ t❤❛t s♦♠❡ ♦❢ t❤❡ ❣❡♥❡r❛❧s
❛r❡ tr❛✐t♦rs✳ ❚r❛✐t♦rs ❝❛♥ s❛② ❛♥②t❤✐♥❣ t♦ t❤❡ ♦t❤❡rs✱ ❜✉t t❤❡ ♦t❤❡rs ♠✉st ❛❧❧ ❛❝t
✐❞❡♥t✐❝❛❧❧②✳ ■♥ ❝♦♠♣✉t❡r s❝✐❡♥❝❡✱ t❤✐s s✐t✉❛t✐♦♥ r❡♣r❡s❡♥ts ❡✐t❤❡r ❛ ❢❛✉❧t② ♣r♦❝❡ss
❜❡❤❛✈✐♥❣ ✏r❛♥❞♦♠❧②✑ ♦r ❛ ♠❛❧✐❝✐♦✉s ❡♥t✐t②✳ ❇❋❚ ❤❛s ❣❛✐♥ ♥❡✇ ✐♥t❡r❡sts s✐♥❝❡
t❤❡ ❛♣♣❛r✐t✐♦♥ ♦❢ ❛ ♥❡✇ ❢♦r♠ ♦❢ ❧❛r❣❡ s❝❛❧❡ ❞✐str✐❜✉t❡❞ ❝♦♠♣✉t❛t✐♦♥s r❡❧②✐♥❣ ♦♥
❡♥t✐t✐❡s t❤❛t✱ ❜② ♥❛t✉r❡✱ ❝❛♥♥♦t ❜❡ tr✉st❡❞✳ ❚②♣✐❝❛❧❧② ❛ P✷P st♦r❛❣❡ ❛♣♣❧✐❝❛t✐♦♥
❝❛♥♥♦t ♠❛❦❡ ❛♥② ❛ss✉♠♣t✐♦♥ ♦♥ t❤❡ ❦✐♥❞ ♦❢ ♠✐s❜❡❤❛✈✐♦✉r t❤❡ ♣❡❡rs ❝❛♥ ❤❛✈❡✳

❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤✐s ♣❛♣❡r ✐s ♥♦t t♦ ♣r♦✈❡ t❤❛t ❛ ❇❋❚ ♣r♦t♦❝♦❧ ✐s ❝♦rr❡❝t ❜✉t
t♦ ✉♥❞❡rst❛♥❞ ✇❤❡t❤❡r ✐t ✐s ♣♦ss✐❜❧❡ t♦ r❡♣r❡s❡♥t ❛❧❧ t❤❡ ❛s♣❡❝ts ♦❢ ❛ ❝♦♠♣❧❡t❡
❝♦♠♣♦♥❡♥t ❛♣♣❧✐❝❛t✐♦♥ ❝♦♠♠✉♥✐❝❛t✐♥❣ ❜② r❡q✉❡st✲r❡♣❧✐❡s✱ ❛♥❞ ❛t t❤❡ s❛♠❡ t✐♠❡
r❡❛s♦♥ ❛❜♦✉t t❤❡ ❢❛✉❧t✲t♦❧❡r❛♥❝❡ ♦❢ t❤✐s ❡♥t✐r❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❲❡ ❢♦❝✉s ♦♥ ❛ s♣❡❝✐✜❝
❛♣♣❧✐❝❛t✐♦♥ s✐♠✐❧❛r t♦ ❬✷✶❪ ❜✉t s✐♠♣❧✐❢② ✐t✿ ♦✉r ❛♣♣❧✐❝❛t✐♦♥ ❝♦♥s✐sts ♦❢ ❛ ▼❛st❡r
❝♦♠♣♦♥❡♥t r❡♣❧✐❝❛t✐♥❣ ❞❛t❛ t♦ ❜❡ st♦r❡❞ ♦♥ s❡✈❡r❛❧ ✇♦r❦❡rs✳ ❚❤❡ ♠❛st❡r ✉♣❞❛t❡s
t❤❡ ✇♦r❦❡r ✈❛❧✉❡✱ ❛♥❞ ❣❛t❤❡rs r❡♣❧✐❡s ❢r♦♠ ✇♦r❦❡rs t♦ r❡tr✐❡✈❡ t❤❡ st♦r❡❞ ✈❛❧✉❡✳
■❢ ❡♥♦✉❣❤ ♥♦♥✲❢❛✉❧t② ✇♦r❦❡rs ❛r❡ ✐♥st❛♥t✐❛t❡❞✱ ❛♥❞ ❡♥♦✉❣❤ ✐❞❡♥t✐❝❛❧ r❡♣❧✐❡s ❛r❡
r❡t✉r♥❡❞ t♦ t❤❡ ♠❛st❡r✱ t❤❡ st♦r❡❞ ✈❛❧✉❡ ❝❛♥ ❜❡ r❡tr✐❡✈❡❞✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s
♣❛♣❡r ✐s ♥♦t t♦ st✉❞② t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t ♠♦❞❡❧✱ t❤✐s ✐s ✇❤② ✇❡
♠❛❦❡ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ s❛❢❡❧②✳ ▼♦r❡ ♣r❡❝✐s❡❧②✱
✇❡ s✉♣♣♦s❡ t❤❛t t❤❡ ♠✐❞❞❧❡✇❛r❡ ❡♥s✉r❡s t❤❛t ♠❡ss❛❣❡s s②st❡♠❛t✐❝❛❧❧② ❢♦❧❧♦✇ t❤❡
❜✐♥❞✐♥❣s✱ ❛♥❞ t❤❛t ❛ ❝♦♠♣♦♥❡♥t ❝❛♥ ♦♥❧② r❡♣❧② t♦ t❤❡ r❡q✉❡sts ✐t r❡❝❡✐✈❡❞✳ ❋♦r
❡①❛♠♣❧❡✱ ❛ ❢❛✉❧t② ❝♦♠♣♦♥❡♥t ❝❛♥♥♦t ❝♦♠♠✉♥✐❝❛t❡ t♦ ❛♥② ❝♦♠♣♦♥❡♥t ♦❢ t❤❡
❛♣♣❧✐❝❛t✐♦♥✱ ❛♥❞ ❛ ❢❛✉❧t② ❝♦♠♣♦♥❡♥ts ❝❛♥♥♦t r❡♣❧② ✐♥st❡❛❞ ♦❢ ❛ ♥♦♥✲❢❛✉❧t② ♦♥❡✳

◆♦t❡ t❤❛t t❤❡ ♠❛st❡r ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ♥♦♥✲❢❛✉❧t②❀ Pr♦t♦❝♦❧s ❢♦r ❞❡❛❧✐♥❣
✇✐t❤ ❛ ❢❛✉❧t② ♠❛st❡r ❡①✐st ❛♥❞ ❤❛✈❡ ❜❡❡♥ ❤❡❛✈✐❧② st✉❞✐❡❞ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞✳
❋♦r ❡①❛♠♣❧❡✱ r❡❝❡♥t❧② ❬✷✶❪ ✐♠♣❧❡♠❡♥t❡❞ ❛ ❇❋❚ st♦r❛❣❡ ✐♥ t❤❡ s❛♠❡ s❡tt✐♥❣s
❛s ♦✉r ❛♣♣❧✐❝❛t✐♦♥✳ ❍❡r❡ ✇❡ s✐♠♣❧✐❢② t❤❡ ♣r♦❜❧❡♠ ❛♥❞ ❢♦❝✉s ♦♥ t❤❡ ❝♦rr❡❝t
❤❛♥❞❧✐♥❣ ♦❢ ❢❛✉❧t② ✇♦r❦❡rs✱ s✐♠✐❧❛r❧② t♦ t❤❡ ❝❛s❡ st✉❞✐❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷ ✐♥ ❬✷✻❪✳
■❢ f ✐s t❤❡ ♥✉♠❜❡r ♦❢ t♦❧❡r❛t❡❞ ❢❛✉❧ts✱ 2f + 1 s❧❛✈❡s ❛r❡ s✉✣❝✐❡♥t ❢♦r r❡❛❝❤✐♥❣
❛ ❝♦♥s❡♥s✉s✳ ❍♦✇❡✈❡r✱ ❛s ✐t ✐s ❣❡♥❡r❛❧❧② r❡q✉✐r❡❞ ✐♥ ❇❋❚✱ ✐✳❡✳ ✇❤❡♥ t❤❡ ♠❛st❡r
❝❛♥ ❜❡ ❢❛✉❧t②✱ ✇❡ ✐♥st❛♥t✐❛t❡ 3f + 1 s❧❛✈❡s✳ ❙❡❝t✐♦♥ ✹ ✇✐❧❧ s❤♦✇ t❤❛t s♣❡❝✐❢②✐♥❣
❛ ✇❤♦❧❡ ❛♣♣❧✐❝❛t✐♦♥ ✇✐t❤ t❤♦s❡ s✐♠♣❧✐❢②✐♥❣ ❤②♣♦t❤❡s❡s ❛❧r❡❛❞② r❡q✉✐r❡s t❤❡ ❢✉❧❧
♣♦✇❡r ♦❢ ❞✐str✐❜✉t❡❞ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♦✈❡r ❛ ❝❧♦✉❞✲❧✐❦❡ ❛r❝❤✐t❡❝t✉r❡✳

❖✉r ❛♣♣r♦❛❝❤ ❢♦r ❡♥❝♦❞✐♥❣ ❇②③❛♥t✐♥❡ ❢❛✉❧ts ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿ ❢❛✉❧t② s❧❛✈❡s ❝❛♥
❢❡❛t✉r❡ ❛♥② ❜❡❤❛✈✐♦✉r✱ ✉♣♦♥ ✈❡r✐✜❝❛t✐♦♥ t❤❡ ♠♦❞❡❧✲❝❤❡❝❦❡r ✇✐❧❧ t❤❡♥ ❡①♣❧♦r❡ ❛❧❧
t❤❡ ♣♦ss✐❜❧❡ ❜❡❤❛✈✐♦✉rs✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ♠❛❧✐❝✐♦✉s ♦♥❡s✳ ❲❡ t❤❡♥ s♣❡❝✐❢② ❛ s✐♠♣❧❡
❛❣r❡❡♠❡♥t ♣r♦❝❡❞✉r❡ ✇❤❡r❡ t❤❡ ▼❛st❡r ❝♦♠♣♦♥❡♥t ✇❛✐ts ✉♥t✐❧ ❡♥♦✉❣❤ s❧❛✈❡s
❛♥s✇❡r❡❞ ❝♦rr❡❝t❧②✳ ■♥ ♦r❞❡r t♦ ❝♦✉♥t t❤❡♠✱ ♦✉r ❛r❝❤✐t❡❝t✉r❡ ❞❡s❝r✐♣t✐♦♥ ✐s ❛✇❛r❡
♦❢ ✇❤✐❝❤ s❧❛✈❡ ✐s ❢❛✉❧t②✱ ❜✉t t❤❡ ❜✉s✐♥❡ss ❝♦❞❡ ❞♦❡s ♥♦t ✉s❡ t❤✐s ✐♥❢♦r♠❛t✐♦♥✳

✷✳✸ ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ❛♥❞ t❤❡✐r ❙❡♠❛♥t✐❝s

❚❤✐s s❡❝t✐♦♥ r❡❝❛❧❧s t❤❡ ❝♦♠♣♦♥❡♥t str✉❝t✉r❡ ❛♥❞ s❡♠❛♥t✐❝s ♦❢ ●❈▼✱ ❛ ❝♦♠♣❧❡t❡
❞❡✜♥✐t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✶✼❪✳

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✻

non-functional server interfaces

(binding, contents, lifecycle, ...)

controller part

content part

client interface

internal interface

server interface non-functional client interface

external interface

❋✐❣✉r❡ ✶✿ ❆ ●❈▼ ❝♦♠♣♦♥❡♥t

primitive
component

primitive 
component

bindingComposite component

❋✐❣✉r❡ ✷✿ ❆ ❝♦♠♣♦♥❡♥t s②st❡♠

❈♦♠♣♦♥❡♥t ❙tr✉❝t✉r❡✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ●❈▼ ❝♦♠♣♦♥❡♥ts ✐s ✐♥❤❡r✐t❡❞ ❢r♦♠
❋r❛❝t❛❧✿ ❆ ●❈▼ ❝♦♠♣♦♥❡♥t ❝❛♥ ❜❡ ❡✐t❤❡r ❝♦♠♣♦s✐t❡ ✭✐✳❡✳ ❝♦♠♣♦s❡❞ ♦❢ s✉❜✲
❝♦♠♣♦♥❡♥ts✮✱ ♦r ♣r✐♠✐t✐✈❡ ✭❛ ❜❛s✐❝ ❡❧❡♠❡♥t ❡♥❝❛♣s✉❧❛t✐♥❣ t❤❡ ❜✉s✐♥❡ss ❝♦❞❡✮✳
❆ ❝♦♠♣♦♥❡♥t ❝♦♠♣r✐s❡s ❛ ❝♦♥t❡♥t ✭♣r♦✈✐❞✐♥❣ t❤❡ ❢✉♥❝t✐♦♥❛❧ ❝♦❞❡✮ ❛♥❞ ❛ ♠❡♠✲
❜r❛♥❡ ✭❛ ❝♦♥t❛✐♥❡r ♠❛♥❛❣✐♥❣ ♥♦♥✲❢✉♥❝t✐♦♥❛❧ ♦♣❡r❛t✐♦♥s✮✳ ❚❤❡ ✐♥t❡r❢❛❝❡s ❛r❡ t❤❡
♦♥❧② ❛❝❝❡ss ♣♦✐♥ts t♦ ❝♦♠♣♦♥❡♥ts✳ ❊❛❝❤ ✐♥t❡r❢❛❝❡ ✐s ❡✐t❤❡r ❝❧✐❡♥t ✭❡♠✐tt✐♥❣ ✐♥✈♦✲
❝❛t✐♦♥s✮ ♦r s❡r✈❡r ✭r❡❝❡✐✈✐♥❣ ✐♥✈♦❝❛t✐♦♥s✮✳ ❲❡ ❞✐st✐♥❣✉✐s❤ ❢✉♥❝t✐♦♥❛❧ ✐♥t❡r❢❛❝❡s
❛❞❞r❡ss✐♥❣ t❤❡ ❜✉s✐♥❡ss ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❢r♦♠ ♥♦♥✲❢✉♥❝t✐♦♥❛❧ ♦♥❡s ✐♥✈♦❦❡❞ t♦
♠❛♥❛❣❡✱ ♠♦♥✐t♦r✱ ❛♥❞ ✐♥tr♦s♣❡❝t t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❆ ❜✐♥❞✐♥❣ ❝♦♥♥❡❝ts ❛ ❝❧✐❡♥t
✐♥t❡r❢❛❝❡ t♦ ❛ s❡r✈❡r ✐♥t❡r❢❛❝❡ ✭❋✐❣✳ ✷✮❀ ❛ ♠❡ss❛❣❡ ❡♠✐tt❡❞ ❜② ❛ ❝❧✐❡♥t ✐♥t❡r❢❛❝❡ ✐s
tr❛♥s♠✐tt❡❞ t♦ t❤❡ s❡r✈❡r ✐♥t❡r❢❛❝❡ ❜♦✉♥❞ t♦ ✐t✳ ■♥ ❝♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥ts✱ ✐♥t❡r✲
❢❛❝❡s ❛r❡ ❡✐t❤❡r ✐♥t❡r♥❛❧ ✕ ❡①♣♦s❡❞ t♦ t❤❡ s✉❜❝♦♠♣♦♥❡♥ts ✕ ♦r ❡①t❡r♥❛❧ ✕ ❡①♣♦s❡❞
t♦ ♦t❤❡r ❝♦♠♣♦♥❡♥ts✳ ❚❤❡ ✐♥t❡r❢❛❝❡ ❝❛r❞✐♥❛❧✐t② ✐♥❞✐❝❛t❡s ❤♦✇ ♠❛♥② ❜✐♥❞✐♥❣s ❝❛♥
❜❡ ♠❛❞❡ ❢r♦♠ ♦r t♦ t❤✐s ✐♥t❡r❢❛❝❡✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ♦♥❧② ✉s❡ t✇♦ ✐♥t❡r❢❛❝❡ ❝❛r✲
❞✐♥❛❧✐t✐❡s✿ s✐♥❣❧❡t♦♥ ✭♦♥❡✲t♦✲♦♥❡ ❜✐♥❞✐♥❣✮ ❛♥❞ ♠✉❧t✐❝❛st ✭♦♥❡✲t♦✲♠❛♥② ❜✐♥❞✐♥❣✮✳
❚❤❡ ❞✐✛❡r❡♥t ♣❛rts ♦❢ ❛ ●❈▼ ❝♦♠♣♦♥❡♥t ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✱ ✇❤❡r❡❛s ❋✐❣✳ ✷
s❤♦✇s ❛♥ ❛ss❡♠❜❧② ♦❢ ❝♦♠♣♦♥❡♥ts ❜♦✉♥❞ t♦❣❡t❤❡r✱ ♦♥ t❤❡ ❧❡❢t t❤❡r❡ ✐s ❛ ❝♦♠♣♦s✲
✐t❡ ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ♣r✐♠✐t✐✈❡s❀ t❤❡ ✜❣✉r❡ ❛❧s♦ ✐❧❧✉str❛t❡s ❞✐✛❡r❡♥t ❜✐♥❞✐♥❣s✳

❈♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡ ❜❛s✐❝ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❛r❛❞✐❣♠ ✐♥ ●❈▼ ✐s ❛s②♥❝❤r♦♥♦✉s
♠❡ss❛❣❡ s❡♥❞✐♥❣✿ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦♥s✐sts ✐♥ s②♥❝❤r♦♥♦✉s❧② ❞r♦♣♣✐♥❣ ❛ ♠❡ss❛❣❡
✐♥ ❛ r❡q✉❡st q✉❡✉❡ ❛t t❤❡ r❡❝❡✐✈❡r s✐❞❡✱ ❛♥❞ ❝r❡❛t✐♥❣ ❛ ❢✉t✉r❡ t♦ r❡♣r❡s❡♥t t❤❡
r❡s✉❧t ♦❢ t❤❡ ✐♥✈♦❝❛t✐♦♥✳ ❆ ❢✉t✉r❡ ✐s ❛♥ ❡♠♣t② ♦❜❥❡❝t r❡♣r❡s❡♥t✐♥❣ t❤❡ r❡s✉❧t ♦❢
❛ ❝♦♠♣✉t❛t✐♦♥ ♣❡r❢♦r♠❡❞ ✐♥ ♣❛r❛❧❧❡❧✳ ❖♥❝❡ t❤❡ ❢✉t✉r❡ ✐s ❝r❡❛t❡❞✱ t❤❡ ❡①❡❝✉t✐♦♥
❝♦♥t✐♥✉❡s ✐♠♠❡❞✐❛t❡❧② ♦♥ t❤❡ s❡♥❞❡r s✐❞❡✳ ❲❤❡♥ t❤❡ r❡q✉❡st tr❡❛t♠❡♥t ✐s ✜♥✲
✐s❤❡❞✱ t❤❡ r❡s✉❧t ✐s ❛✉t♦♠❛t✐❝❛❧❧② r❡t✉r♥❡❞ t♦ r❡♣❧❛❝❡ ❛❧❧ t❤❡ r❡❢❡r❡♥❝❡s t♦ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ❢✉t✉r❡✳ ❲❤❡♥ ❛ ❝♦♠♣♦♥❡♥t ❛❝❝❡ss❡s ❛ ❢✉t✉r❡✱ ✐t ✐s ❜❧♦❝❦❡❞ ✉♥t✐❧
t❤❡ r❡s✉❧t ✐s r❡t✉r♥❡❞✳ ❍♦✇❡✈❡r✱ ❢✉t✉r❡ r❡❢❡r❡♥❝❡s ❝❛♥ s❛❢❡❧② ❜❡ ♣❛ss❡❞ ❜❡t✇❡❡♥
❝♦♠♣♦♥❡♥ts✱ ✐♥s✐❞❡ ✐♥✈♦❝❛t✐♦♥ ♣❛r❛♠❡t❡rs✱ ♦r ✐♥s✐❞❡ ❛ r❡q✉❡st r❡s✉❧t✳ ❚♦ ♣r❡✲
✈❡♥t s❤❛r❡❞ ♠❡♠♦r② ❜❡t✇❡❡♥ ❝♦♠♣♦♥❡♥ts✱ ♣❛r❛♠❡t❡rs ❛♥❞ r❡s✉❧ts ❛r❡ ❝♦♣✐❡❞❀
♥♦ ♦❜❥❡❝t ✐s ♣❛ss❡❞ ❜② r❡❢❡r❡♥❝❡✳

❆ ♠✉❧t✐❝❛st ✐♥t❡r❢❛❝❡ ✐s ❛ ❝❧✐❡♥t ✐♥t❡r❢❛❝❡ t❤❛t tr❛♥s❢♦r♠s ❛ s✐♥❣❧❡ ✐♥✈♦❝❛t✐♦♥
✐♥t♦ ❛ ❧✐st ♦❢ ✐♥✈♦❝❛t✐♦♥s✱ s❡♥t ✐♥ ♣❛r❛❧❧❡❧ t♦ ❛ s❡t ♦❢ ❝♦♥♥❡❝t❡❞ ✐♥t❡r❢❛❝❡s✳ ❚❤❡
r❡s✉❧t ♦❢ ❛♥ ✐♥✈♦❝❛t✐♦♥ ♦♥ ❛ ♠✉❧t✐❝❛st ✐♥t❡r❢❛❝❡ ✐s ❛ ❧✐st ♦❢ r❡s✉❧ts✳ ■♥✈♦❝❛t✐♦♥
♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ❞✐str✐❜✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ ❞✐str✐❜✉t✐♦♥ ♣♦❧✐❝② t❤❛t ❝❛♥ ❜❡
❝✉st♦♠✐③❡❞✳ ❚②♣✐❝❛❧ ❞✐str✐❜✉t✐♦♥ ♣♦❧✐❝✐❡s ✐♥❝❧✉❞❡ ❜r♦❛❞❝❛st t❤❛t s❡♥❞s t❤❡ s❛♠❡
♣❛r❛♠❡t❡r t♦ ❡❛❝❤ ❝♦♥♥❡❝t❡❞ ❝♦♠♣♦♥❡♥t✱ ❛♥❞ s❝❛tt❡r t❤❛t s♣❧✐ts t❤❡ ♣❛r❛♠❡t❡r✳
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✼

BFT Composite

Good

Slave1

Good

Slave3

Good

Slave2

Bad

Slave1

Master

Read(fid)

Write(fid, b)

Write, 

Commit, 

Read

Error

❋✐❣✉r❡ ✸✿ ❈♦♠♣♦♥❡♥t ❙tr✉❝t✉r❡ ♦❢ ♦✉r ❛♣♣❧✐❝❛t✐♦♥

❈♦♠♣♦♥❡♥t ❇❡❤❛✈✐♦✉r✳ Pr✐♠✐t✐✈❡ ❝♦♠♣♦♥❡♥ts ❡♥❝❛♣s✉❧❛t❡ t❤❡ ❜✉s✐♥❡ss ❝♦❞❡✱
t❤❡✐r ❜❡❤❛✈✐♦✉r ✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥❀ ✐t ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡
❛♣♣❧✐❝❛t✐♦♥ ♣r♦❣r❛♠♠❡r✳ ❚❤❡ ♦♥❧② ❝♦♥str❛✐♥ts t❤❡② ♠✉st r❡s♣❡❝t ❛r❡✿ t❤❡② s❡r✈❡
r❡q✉❡sts ♦❢ t❤❡ r❡q✉❡st q✉❡✉❡✱ t❤❡② ❡♠✐t ♥❡✇ r❡q✉❡sts ♦♥ t❤❡✐r ❝❧✐❡♥t ✐♥t❡r❢❛❝❡s✱
❛♥❞ ❝❛♥ r❡❝❡✐✈❡ ❛ r❡s✉❧t ❢♦r t❤❡ ❢✉t✉r❡s t❤❡② ❤♦❧❞✳ ❲❡ ❝♦♥s✐❞❡r ❤❡r❡ ♦♥❧② ♠♦♥♦✲
t❤r❡❛❞❡❞ ♣r✐♠✐t✐✈❡ ❝♦♠♣♦♥❡♥ts✿ ❛ s✐♥❣❧❡ r❡q✉❡st ✐s s❡r✈❡❞ ❛t ❛ t✐♠❡✳

❇② ❝♦♥tr❛st✱ ❝♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥ts ❤❛✈❡ ❛ ♣r❡❞❡✜♥❡❞ ❜❡❤❛✈✐♦✉r✿ t❤❡② s❡r✈❡
r❡q✉❡sts ✐♥ t❤❡ r❡❝❡♣t✐♦♥ ♦r❞❡r✱ ❛♥❞ ❞❡❧❡❣❛t❡ t❤❡ r❡q✉❡sts t♦ s✉❜✲❝♦♠♣♦♥❡♥ts✱
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❜✐♥❞✐♥❣s✳ ❋♦r ❡①❛♠♣❧❡✱ ✇❤❡♥ ❛ ❝♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥t r❡❝❡✐✈❡s
❛ r❡q✉❡st ❢r♦♠ t❤❡ ♦✉ts✐❞❡✱ ✐t ❞❡❧❡❣❛t❡s ✐ts s❡r✈✐❝❡ t♦ ♦♥❡ ♦❢ t❤❡ s✉❜✲❝♦♠♣♦♥❡♥ts✳

✸ ❖✉r ❋❛✉❧t✲t♦❧❡r❛♥t ❆♣♣❧✐❝❛t✐♦♥ ❛♥❞ ✐ts ❙♣❡❝✐✜✲
❝❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ ❞❡s❝r✐❜❡s ✐♥❢♦r♠❛❧❧② ♦✉r ❛♣♣❧✐❝❛t✐♦♥✱ ❛♥❞ t❤❡♥ ♣r❡s❡♥ts ✐ts ❜❡✲
❤❛✈✐♦✉r❛❧ ♠♦❞❡❧✳ ❲❡ ♣r❡s❡♥t t❤❡ ❛r❝❤✐t❡❝t✉r❡ ✉s✐♥❣ t❤❡ ♣◆❡ts ♠♦❞❡❧ ❬✶❪✱ ❛
❢♦r♠❛❧✐s♠ t♦ ❡♥❝♦❞❡ ❧❛❜❡❧❡❞ tr❛♥s✐t✐♦♥ s②st❡♠s ✇✐t❤ ✈❛❧✉❡ ♣❛ss✐♥❣✱ ♣❛r❛♠❡tr✐③❡❞
t♦♣♦❧♦❣✐❡s ♦❢ ♣r♦❝❡ss❡s✱ ❛♥❞ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❲❡ ❞❡s❝r✐❜❡ t❤❡♥
t❤❡ ♣r✐♠✐t✐✈❡ ❝♦♠♣♦♥❡♥t ✐♥t❡r♥❛❧ ❜❡❤❛✈✐♦✉r✱ ❛♥❞ t❤❡ s❡♠❛♥t✐❝✲❧❡✈❡❧ ♣r♦❝❡ss ❣❡♥✲
❡r❛t❡❞ ❢r♦♠ t❤❡ ●❈▼ ❛r❝❤✐t❡❝t✉r❡✳ ❲❡ ❢♦❝✉s ♦♥ t❤❡ ♣❛rts ♦❢ t❤❡ s♣❡❝✐✜❝❛t✐♦♥
t❤❛t ❛r❡ ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ ♦♥❡✲t♦✲♠❛♥② ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛♥❞ ❢❛✉❧t✲t♦❧❡r❛♥❝❡✱
❞❡t❛✐❧s ♦❢ t❤❡ ♦t❤❡r ♣r♦❝❡ss❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❬✻❪✳

✸✳✶ ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥t ❢♦r ❋❛✉❧t✲t♦❧❡r❛♥t ❙t♦r❛❣❡

❋✐❣✳ ✸ s❤♦✇s t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ♦✉r ❛♣♣❧✐❝❛t✐♦♥✳ ■t ❝♦♥s✐sts ♦❢ ❛ ♠❛✐♥ ❝♦♠♣♦s✐t❡
❝♦♠♣♦♥❡♥t ❇❋❚✲❈♦♠♣♦s✐t❡✳ ❚❤❡ ✇❤✐t❡ ♣❛rt ♦❢ t❤❡ ❝♦♠♣♦s✐t❡ ✐s t❤❡ ❢✉♥❝t✐♦♥❛❧
❝♦♥t❡♥t ♠❛❞❡ ♦❢ ❛ ▼❛st❡r ❝♦♠♣♦♥❡♥t ❛♥❞ s❡✈❡r❛❧ s❧❛✈❡s✳ ❙♦♠❡ ♦❢ t❤♦s❡ s❧❛✈❡s ❛r❡
❝❛❧❧❡❞ ❣♦♦❞ s❧❛✈❡s✱ ✐✳❡✳ ♥♦♥✲❢❛✉❧t②✱ t❤❡ ❜❛❞ ♦♥❡s ❛r❡ ❢❛✉❧t② ❛♥❞ ❜❡❤❛✈❡ r❛♥❞♦♠❧②✳
■♥ ♣r❛❝t✐❝❡ ♦♥❡ ♥❡✈❡r ❦♥♦✇s ✇❤✐❝❤ ♦❢ t❤❡ s❧❛✈❡s ✐s ❣♦♦❞ ♦r ❜❛❞ ❜✉t ✐t ✐s ♥❡❝❡ss❛r②
t❤❛t t❤❡ ✈❡r✐✜❝❛t✐♦♥ ♣r♦❝❡ss ❦♥♦✇s t❤✐s ✐♥❢♦r♠❛t✐♦♥ t♦ ❜❡ ❛❜❧❡ t♦ ❝♦✉♥t t❤❡
♥✉♠❜❡r ♦❢ ❣♦♦❞ ❛♥❞ ❜❛❞ s❧❛✈❡s✳

Pr♦♣❡rt✐❡s ♦❢ ■♥t❡r❡st✳ ❋r♦♠ ❛ ❤✐❣❤✲❧❡✈❡❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✇❡ ❛r❡ ✐♥t❡r❡st❡❞
✐♥ t❤❡ st♦r❛❣❡ ♣r♦♣❡rt✐❡s ♦❢ ♦✉r ❛♣♣❧✐❝❛t✐♦♥✿ t❤❡ st♦r❡❞ ✈❛❧✉❡ ❝❛♥ ❜❡ r❡tr✐❡✈❡❞
✉♥❝❤❛♥❣❡❞✱ ❡✈❡♥ ✐❢ s♦♠❡ ♦❢ t❤❡ s❧❛✈❡s ❛r❡ ❢❛✉❧t②✳ ❖❢ ❝♦✉rs❡✱ s♦♠❡ ❛❞❞✐t✐♦♥❛❧
♣r♦♣❡rt✐❡s ❛r❡ ❝r✉❝✐❛❧ ❧✐❦❡✿ t❤❡ ♠❛st❡r ❛❧✇❛②s ✜♥❛❧❧② ❛♥s✇❡rs t♦ t❤❡ r❡q✉❡sts ✐t
r❡❝❡✐✈❡s✳ ❆❧s♦✱ t❤❡ ♠❛st❡r ♠✉st r❡❧② ♦♥ t❤❡ s❧❛✈❡s ❢♦r st♦r✐♥❣ t❤❡ ✈❛❧✉❡✱ ❛♥❞ ❞♦❡s
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✽

Write

Commit

Read

Body

Proxy
_Read[c]

_Commit[c]
Proxy

Proxy
_Write[c]

Slave[k]

Queue

CO

CO

CO

Body

Queue

Read

AC_f

Call_*R_*

Group Manager

Proxy Manager

Activate_*

BC

BC

BC

Master

Write

Q Write(fid,b)

Q Read(fid)

R Write(fid)

R Read(fid,b)

Serve *

Q commit(?)

R ACGet(f)

R ACSet
ACSet(f)

ACGet

Q Read()

Q Write(b)

❋✐❣✉r❡ ✹✿ ♣◆❡t ❆r❝❤✐t❡❝t✉r❡ ❢♦r t❤❡ ✇❤♦❧❡ s②st❡♠

♥♦t ❞✐st✐♥❣✉✐s❤ ❣♦♦❞ s❧❛✈❡s ❢r♦♠ ❜❛❞ s❧❛✈❡s✱ ❢♦r ❡①❛♠♣❧❡✱ ❢♦r ✇r✐t✐♥❣ ❞❛t❛ t❤❡
♠❛st❡r ♠✉st ❜r♦❛❞❝❛st ❛ ✇r✐t❡ r❡q✉❡st t♦ ❛❧❧ t❤❡ s❧❛✈❡s✳

✸✳✷ ❆r❝❤✐t❡❝t✉r❡

❲❡ ❞❡s❝r✐❜❡ ❤❡r❡ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ s❡♠❛♥t✐❝ ♠♦❞❡❧ ♦❢ ♦✉r ✉s❡✲❝❛s❡✳ ❚❤❡
♦✈❡r❛❧❧ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ s②st❡♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳ ■t ✐s ❝♦♠♣♦s❡❞ ♦❢✿

❼ ❆♥ ✐♥❞❡①❡❞ ❢❛♠✐❧② ♦❢ s❧❛✈❡s r❡❝❡✐✈✐♥❣ ✐♥✈♦❝❛t✐♦♥s ❢r♦♠ t❤❡ ♠❛st❡r✳ ❊❛❝❤
♦❢ t❤❡♠ ❤❛s ❛ q✉❡✉❡✶ st♦r✐♥❣ t❤❡ r❡q✉❡sts ♥♦t tr❡❛t❡❞ ②❡t✱ ❛ ❜♦❞② ♣❛rt
❞❡s❝r✐❜✐♥❣ ❤♦✇ t♦ tr❡❛t t❤❡ ✐♥❝♦♠✐♥❣ r❡q✉❡sts ❛♥❞ ❞❡❧❡❣❛t❡ t❤❡♠ t♦ t❤❡
❜❡❤❛✈✐♦✉r❛❧ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ♠❡t❤♦❞s ❲r✐t❡✱ ❈♦♠♠✐t✱ ❛♥❞ ❘❡❛❞✳ ❊❛❝❤
r❡q✉❡sts ❝❛♥ r❡♣❧② t♦ t❤❡ ♠❛st❡r ❜② ✉♣❞❛t✐♥❣ ❛ ❢✉t✉r❡ ✭r❡♣r❡s❡♥t❡❞ ❜②
t❤❡ ❛rr♦✇s ❜❡t✇❡❡♥ t❤❡ ❲r✐t❡ ❜♦① ❛♥❞ t❤❡ ❈❖ ❡❧❡♠❡♥t✮✳ ❚❤❡ s②st❡♠ ✐s
✐♥st❛♥t✐❛t❡❞ ✇✐t❤ ✸ ❣♦♦❞ s❧❛✈❡s ❛♥❞ ✶ ❜❛❞ s❧❛✈❡✳

❼ ❆ ▼❛st❡r ❝♦♠♣♦♥❡♥t r❡❝❡✐✈✐♥❣ r❡q✉❡sts ❢r♦♠ ❛ ❝❧✐❡♥t ❛♥❞ ❢♦r✇❛r❞✐♥❣ t❤❡♠
t♦ t❤❡ s❧❛✈❡s ✭t❤❛t ❛r❡ ❜♦✉♥❞ t♦ ✐t✮✳ ■t ❛❧s♦ ❤❛s ❛ r❡q✉❡st q✉❡✉❡ ❛♥❞ ❛ ❜♦❞②
❞❡❧❡❣❛t✐♥❣ t❤❡ tr❡❛t♠❡♥t ♦❢ r❡q✉❡sts t♦ s✉❜✲♣❛rts ♦❢ t❤❡ ♠❛st❡r✳ ❚r❡❛t♠❡♥t
♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡ ♠❡t❤♦❞s ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞ ❜❡❧♦✇✳

❼ ❚❤❡ ❝♦♥♥❡❝t✐♦♥s t❤❛t ❛r❡ ♦♥❡✲t♦✲♦♥❡ ❜✐♥❞✐♥❣s✱ ❡①❝❡♣t ❢♦r ❇❈ ✭❜r♦❛❞❝❛st✮
t❤❛t ❞✐s♣❛t❝❤❡s ❛ r❡q✉❡st ❢r♦♠ t❤❡ ♠❛st❡r t♦ ❛❧❧ t❤❡ s❧❛✈❡s ✐t ✐s ❜♦✉♥❞
t♦✱ ❛♥❞ ❈❖ ✭❝♦❧❧❡❝t✮ t❤❛t ❝❛rr✐❡s ❛ r❡♣❧② ❢r♦♠ ♦♥❡ ♦❢ t❤❡ s❧❛✈❡s t♦ t❤❡
❛♣♣r♦♣r✐❛t❡ ♣r♦①②✳ ❚❤♦s❡ ✷ ❜✐♥❞✐♥❣s ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸✳✶✳

❚♦ ♦♣t✐♠✐③❡ t❤❡ s✐③❡ ♦❢ t❤❡ ♠♦❞❡❧✱ t❤❡ ❝♦♠♣♦s✐t❡ ❤❛s ♥♦ r❡q✉❡st q✉❡✉❡ ❛♥❞
❝❛❧❧s ❛r❡ ❞✐r❡❝t❧② ✐ss✉❡❞ t♦ t❤❡ ▼❛st❡r ❝♦♠♣♦♥❡♥t✳ ❚❤✐s ❤❛s ♥♦ ❝♦♥s❡q✉❡♥❝❡
❜❡❝❛✉s❡ t❤❡ r❡q✉❡sts ❛r❡ ❞✐r❡❝t❧② ❞❡❧❡❣❛t❡❞ t♦ t❤❡ ▼❛st❡r ❝♦♠♣♦♥❡♥t✱ ❛♥❞ t❤❡
r❡q✉❡st q✉❡✉❡ ♦❢ t❤❡ ▼❛st❡r ✐s s✉✣❝✐❡♥t ❢♦r ❞❡❛❧✐♥❣ ✇✐t❤ ❛s②♥❝❤r♦♥②✳

✶❲❡ ❣❡♥❡r❛t❡ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❡❛❝❤ r❡q✉❡st q✉❡✉❡ ❛s ❛♥ ✐♥❞✐✈✐❞✉❛❧ ♣r♦❝❡ss ❛❜❧❡ t♦ st♦r❡ ❛
✜♥✐t❡ ♥✉♠❜❡r ♦❢ r❡q✉❡sts ✇✐t❤ t❤❡✐r ♣❛r❛♠❡t❡rs
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✾

✸✳✸ ❚❤❡ ▼❛st❡r ❇♦❞② ❛♥❞ ✐ts ♠❡t❤♦❞s

▲❡t ✉s ✜rst ❞❡s❝r✐❜❡ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❛tt❡r♥s ❛♥❞ ♥❛♠❡ ❝♦♥✈❡♥t✐♦♥s t❤❛t ✇❡
✉s❡ ✐♥ t❤✐s ♣❛♣❡r✳ ❆❧❧ ❧♦❝❛❧ ♠❡t❤♦❞s ❛r❡ tr✐❣❣❡r❡❞ ❜② ❛ ✜rst ♦✉t❣♦✐♥❣ ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ♦❢ t❤❡ ❢♦r♠ ✦▼❡t❤♦❞✱ t❤❡♥ t❤❡ r❡s♣♦♥s❡ ✐s r❡❝❡✐✈❡❞ ❛s ♣❛r❛♠❡t❡r ♦❢ ❛
❄❘❴▼❡t❤♦❞ ✐♥❝♦♠✐♥❣ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ ❋✐❣✳ ✻ ✦●❡t❴❲r✐t❡❴Pr♦①②
r❡q✉✐r❡s ❛ ♥❡✇ ❣r♦✉♣ ♣r♦①② ❢♦r ✐♥✈♦❦✐♥❣ t❤❡ ❲r✐t❡ ♠❡t❤♦❞ ♦♥ t❤❡ s❧❛✈❡s✳ ❚❤❡
♣r♦①② ✐s r❡t✉r♥❡❞ ❛♥❞ st♦r❡❞ ✐♥t♦ ♣✶ ❜② t❤❡ r❡♣❧②✿ ❄❘❴●❡t❴❲r✐t❡❴Pr♦①②✭♣✶✮✳
❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ ♠❡t❤♦❞ ✐♥✈♦❝❛t✐♦♥ t♦✇❛r❞s r❡♠♦t❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ♦❢ t❤❡
❢♦r♠ ✦❈❛❧❧❴▼❡t❤♦❞✱ t❤♦s❡ ♠❡t❤♦❞ ✐♥✈♦❝❛t✐♦♥s ❡♥q✉❡✉❡ ❛ r❡q✉❡st ✐♥ t❤❡ r❡♠♦t❡
r❡q✉❡st q✉❡✉❡✱ ❛♥❞ ♣❛ss ❛ ♣r♦①② r❡❢❡r❡♥❝❡ ❛s ♦♥❡ ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✐♥✲
✈♦❝❛t✐♦♥✳ ❚❤❡ r❡♠♦t❡ ♠❡t❤♦❞ ✇✐❧❧✱ ✉♣♦♥ t❡r♠✐♥❛t✐♦♥✱ ✜❧❧ t❤❡ ♣r♦①② ✇✐t❤ t❤❡
❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡❀ ❢♦r t❤✐s✱ t❤❡ ✦❘❴▼❡t❤♦❞ tr❛♥s✐t✐♦♥ s②♥❝❤r♦♥✐③❡s ❛t t❤❡ s❛♠❡
t✐♠❡ ✇✐t❤ t❤❡ ✐♥✈♦❦❡r t❤❛t r❡❝❡✐✈❡s t❤❡ ✈❛❧✉❡ ❛♥❞ ✇✐t❤ t❤❡ ❜♦❞② ♦❢ t❤❡ ❝♦♠♣♦✲
♥❡♥t ❝♦♥t❛✐♥✐♥❣ t❤❡ ♠❡t❤♦❞✱ s♦ t❤❛t ♥❡①t r❡q✉❡st ❝❛♥ ❜❡ s❡r✈❡❞✳

❚❤❡ ♠❛st❡r ❜♦❞②✳ ❚❤❡ ❜♦❞② ✐s ❡♥❝♦❞❡❞ ✐♥ ❣❡♥❡r✐❝ ✇❛②✿ ✐t s❡r✈❡s s❡q✉❡♥t✐❛❧❧②
❢✉♥❝t✐♦♥❛❧ ❛♥❞ ♥♦♥✲❢✉♥❝t✐♦♥❛❧ r❡q✉❡sts✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡ ♦♥❧② ✉s❡ t❤❡ s❡r✈✐❝❡ ♦❢
❡❛❝❤ ❢✉♥❝t✐♦♥❛❧ r❡q✉❡st ✭♦♥ ♠❡t❤♦❞ ❘❡❛❞✱ ❲r✐t❡✱ ♦r ❙❡t❋✮✳ ❚❤✐s s❡r✈✐❝❡ ❝❛❧❧s t❤❡
❛❞❡q✉❛t❡ ♠❡t❤♦❞ ✭❡✳❣✳✱ ✦❈❛❧❧❴❘❡❛❞✮✱ ❛♥❞ ✇❛✐ts ✉♥t✐❧ t❤❡ ♠❡t❤♦❞ t❡r♠✐♥❛t❡s✱
s✐❣♥❛❧❡❞ ❜② ❘❴ ❡✈❡♥ts ✭❡✳❣✳✱ ❄❘❴❘❡❛❞✮❀ ❘❴❘❡❛❞ s②♥❝❤r♦♥✐③❡s ❜♦t❤ ✇✐t❤ t❤❡ ❝♦♠✲
♣♦♥❡♥t t❤❛t tr✐❣❣❡r❡❞ t❤❡ r❡q✉❡st ❛♥❞ ✇✐t❤ t❤❡ ❜♦❞②✳ ❆s r❡q✉❡sts ❛r❡ s❡r✈❡❞ ♦♥❡
❛❢t❡r t❤❡ ♦t❤❡r✱ t❤✐s ❡♥❝♦❞❡s ❛ ♠♦♥♦✲t❤r❡❛❞❡❞ ❜❡❤❛✈✐♦✉r ❢♦r t❤❡ ♠❛st❡r✳

❚❤❡ ❆ttr✐❜✉t❡ ❝♦♥tr♦❧❧❡r✳ ■♥ ❋r❛❝t❛❧✱ t❤❡ ❛ttr✐❜✉t❡ ❝♦♥tr♦❧❧❡r ♣r♦✈✐❞❡s r❡❛❞
❛♥❞ ✇r✐t❡ ❛❝❝❡ss t♦ t❤❡ ❛ttr✐❜✉t❡s ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts❀ t❤❡ ♦♥❧② ❛ttr✐❜✉t❡ ♦❢ t❤❡
▼❛st❡r ❝♦♠♣♦♥❡♥t ✐s ❢ ✕ t❤❡ ♥✉♠❜❡r ♦❢ ❢❛✉❧ts t❤❛t ❝❛♥ ❜❡ ❤❛♥❞❧❡❞✳ ❚❤❡ ❜❡✲
❤❛✈✐♦✉r ♦❢ t❤❡ ❛ttr✐❜✉t❡ ❝♦♥tr♦❧❧❡r ✐s ✈❡r② s✐♠♣❧❡✿ ✐t s✐♠♣❧② ♣r♦✈✐❞❡s ❛ s❡tt❡r
✭❆❈❙❡t✮ ❛♥❞ ❛ ❣❡tt❡r ✭❆❈●❡t✮ ♠❡t❤♦❞ ❢♦r st♦r✐♥❣ ❛♥❞ r❡tr✐❡✈✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ ❢✳

❚❤❡ ❈♦❧❧❛t❡ ♠❡t❤♦❞✳ ❇❛s❡❞ ♦♥ t❤❡ ✈❡❝t♦r ♦❢ r❡♣❧✐❡s r❡❝❡✐✈❡❞ ❜② t❤❡ ♣r♦①②✱ t❤✐s
♠❡t❤♦❞ ❝♦♠♣✉t❡s ❛ ❝♦♥s❡♥s✉s ✐♥ ♦r❞❡r t♦ ❦♥♦✇ ✇❤❡t❤❡r ❡♥♦✉❣❤ s❧❛✈❡s r❡t✉r♥❡❞
❛ ❝♦rr❡❝t ❛♥s✇❡r✳ ■t ✐s ✉s❡❞ ❜② t❤❡ ♠❡t❤♦❞s ❘❡❛❞ ❛♥❞ ❲r✐t❡ ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳

agreed_bit:=true

!R_CollateReplies(nb_ones)
else

agreed_bit:=false

!R_CollateReplies(nb_zeros) fi

if ind<MAX−SLAVES−1 then ind:=ind+1; to S1 fi

if nb_ones>nb_zeros then

to S0

if Rep[ind]=False then nb_zeros:=nb_zeros+1 fi

if Rep[ind]=True then nb_ones:=nb_ones+1 fi 

?CollateReplies(wRep)
ind:=0;nb_ones:=0;nb_zeros:=0

S0 S2

S1

!R_GetBit(agreed_bit)

?GetBit

MethodCollateReplies

❋✐❣✉r❡ ✺✿ ❇❡❤❛✈✐♦✉r ♦❢ t❤❡ ♠❡t❤♦❞✿ ▼❛st❡r❈♦❧❧❛t❡❘❡♣❧✐❡s
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✵

❋✐❣✳ ✺ r❡♣r❡s❡♥ts t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❈♦❧❧❛t❡ ✐♥ ❛ ❢♦r♠❛t s✐♠✐❧❛r t♦ ❙t❛t❡❝❤❛rts
❬✶✺❪✿ st❛rt✐♥❣ ❢r♦♠ ✐♥✐t✐❛❧ st❛t❡ ❙✵✱ ❈♦❧❧❛t❡ ✐s ❛❧✇❛②s ✉s❡❞ ❜② ✜rst tr✐❣❣❡r✐♥❣
❛ ❄❈♦❧❧❛t❡❘❡♣❧✐❡s s❡♥❞✐♥❣ ✐t ❛ ✈❡❝t♦r ♦❢ r❡♣❧✐❡s ❝✉rr❡♥t❧② ❦♥♦✇♥❀ t❤❡♥ ❢r♦♠
st❛t❡ ❙✶✱ ❛ ❝♦♠♣❧❡① tr❛♥s✐t✐♦♥ ❝♦✉♥ts t❤❡ ♥✉♠❜❡r ♦❢ ❚r✉❡ ❛♥❞ ❋❛❧s❡ ✐♥ t❤❡
✈❡❝t♦r✳ ■t st♦r❡s ✐♥ ❛❣r❡❡❞❴❜✐t t❤❡ r❡♣❧② t❤❡ ♠♦st ❢r❡q✉❡♥t ❛♥❞ r❡t✉r♥s ✭❜②
✦❘❴❈♦❧❧❛t❡❘❡♣❧✐❡s✮ t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❧✐❡s t❤❛t ❛❣r❡❡❞ ♦♥ t❤✐s ✈❛❧✉❡✳ ❚❤❡♥✱ t❤❡
❛❣r❡❡❞ ✈❛❧✉❡ ❝❛♥ ❜❡ r❡tr✐❡✈❡❞ ❜② ❛ ❄●❡t❇✐t✱ t❤❛t r❡t✉r♥s t❤❡ ❛❣r❡❡❞❴❜✐t ✈❛❧✉❡✳

❚❤❡ ❲r✐t❡ ♠❡t❤♦❞✳ ❚❤❡ ✇r✐t❡ ♠❡t❤♦❞ ✐s t❤❡ ♠♦st ❝♦♠♣❧❡① ♠❡t❤♦❞ ♦❢ ♦✉r
❡①❛♠♣❧❡✱ ✐t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳ ■t ✜rst ❣❡ts t❤❡ ❝✉rr❡♥t ✈❛❧✉❡ ♦❢ ❢✱ r❡❛❞ ❢r♦♠ t❤❡
❛ttr✐❜✉t❡ ❝♦♥tr♦❧❧❡r✱ ❛♥❞ ✐♥✐t✐❛❧✐③❡s t❤❡ ✈❛r✐❛❜❧❡s ❛❣r❡❡✱ ❛✇❛✐t❡❞✱ ❛♥❞ ♥❜❴❙❧❛✈❡✳
■t ❝♦♥s✐sts ♦❢ t✇♦ ♣❤❛s❡s❀ ✜rst✱ ❛ ✇r✐t❡ r❡q✉❡st ✐s s❡♥t t♦ ❛❧❧ t❤❡ s❧❛✈❡s✱ t❤❡♥
t❤❡ ♠❛st❡r ✇❛✐ts ✉♥t✐❧ ❡♥♦✉❣❤ s❧❛✈❡s ❛❣r❡❡ ♦♥ t❤❡ r❡♣❧②✱ ❛❣r❡❡ ✐s t❤❡ ♥✉♠❜❡r
♦❢ ♥❡❝❡ss❛r② ✐❞❡♥t✐❝❛❧ r❡♣❧✐❡s✱ ❛♥❞ ❛✇❛✐t❡❞ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛✇❛✐t❡❞ r❡♣❧✐❡s✳ ■❢
♥❡❝❡ss❛r②✱ ❛❞❞✐t✐♦♥❛❧ r❡♣❧✐❡s ❛r❡ ❛✇❛✐t❡❞✱ ❛♥❞ ❛✇❛✐t❡❞ ✐s ✐♥❝r❡♠❡♥t❡❞✳ ■t ✐s ♥♦t
♣♦ss✐❜❧❡ t♦ ✇❛✐t ❢♦r ♠♦r❡ r❡♣❧✐❡s t❤❛♥ t❤❡ ♥✉♠❜❡r ♦❢ s❧❛✈❡s❀ ✐❢ s✉❝❤ ❛ s✐t✉❛t✐♦♥
♦❝❝✉rs✱ ✐t ♠❡❛♥s t❤❛t t❤❡ ❇❋❚ ❤②♣♦t❤❡s✐s ✐s ♥♦t ✈❡r✐✜❡❞✱ ♠♦r❡ ❡①❛❝t❧②✱ ♠♦r❡ t❤❛♥
❢ s❧❛✈❡s ❛r❡ ❢❛✉❧t② ❛♥❞ ❛♥ ❡rr♦r ✐s r❛✐s❡❞✳ ❲❤❡♥ ❡♥♦✉❣❤ ✐❞❡♥t✐❝❛❧ r❡♣❧✐❡s ❤❛✈❡
❜❡❡♥ r❡❝❡✐✈❡❞✱ t❤❡ ✇r✐t❡ ♠❡t❤♦❞ ❡♥t❡rs ❛ ❝♦♠♠✐t ♣❤❛s❡ t❤❛t ❜❡❤❛✈❡s s✐♠✐❧❛r❧②
t♦ t❤❡ ✇r✐t❡ ♣❤❛s❡✳ ❆t t❤❡ ❡♥❞ t❤❡ ♠❡t❤♦❞ r❡t✉r♥s t♦ t❤❡ ✐♥✐t✐❛❧ ♣❤❛s❡✱ ❡♠✐tt✐♥❣
❛ ✦❘❴❲r✐t❡ t❤❛t ❛❧s♦ ✐♥❞✐❝❛t❡s t❤❡ ❡♥❞ ♦❢ t❤❡ ♠❡t❤♦❞✳

!Get_Write_Proxy

?R_Get_Write_Proxy(p1)

?R_WaitN_Write(p1,wRep)

!CollateReplies(wRep)

?R_CollateReplies(nb_w_agree)

?R_Get_Commit_Proxy(p2)

!Call_Proxy_Write(p1,b)

!Call_Proxy_Commit(p2,b)

!WaitN_Commit(p2,nbWait)

?R_WaitN_Commit(cRep)

!CollateReplies(cRep)

?R_CollateReplies(nb_c_agree)

!WaitN_Write(p1,nbWait)

[nb_c_agree<agree

& nbWait<nb_Slave]

nbWait ++

!WaitN_Commit(p2, nbWait)

[nb_w_agree<agree

nbWait ++

!WaitN_Write(p1, nbWait)

Error

[nb_w_agree<agree

 & nbWait=nb_Slave]

& nbWait<nb_Slave]

!Error(not BFT)

[nb_w_agree>=agree]
nbWait:=agree

[nb_c_agree<agree

& nbWait=nb_slave]

!Error(not BFT)

!Get_Commit_Proxy

?Call_Write(b)

nb_Slave:=3*f+1

agree:=2*f+1

!Call_GetF

nbWait:=agree

?R_GetF(f)MethodWrite

[nb_c_agree>=agree]

!R_Write

❋✐❣✉r❡ ✻✿ ❇❡❤❛✈✐♦✉r ♦❢ t❤❡ ❲r✐t❡ ♠❡t❤♦❞
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✶

BC:
Q_Read(p)

Q_Commit(p)
BC:

BC:

Q_Write(...) !Slave[i].Q_Write(p,b)!Q_Write(g,p,b)

?R_WaitN_Write

!Call_Proxy_Write(p,b)

!WaitN_Write CO:
R_Write(p)

?R_Write(p)

Proxy_Write[p]

!Call_Proxy_Read(p)

CO:

?R_Read(p,val)

!Call_Proxy_Commit(p,b)

CO:

?R_Commit(p)

Proxy Manager

?R_Get_*_Proxy (p)

!Get_*_Proxy

?Q_Unbind

?Q_Bind

Proxy_Read[p]

Proxy_Commit[p]

Activate_Write(p,g) i ∈ g

i ∈ g
cf figure 9

❋✐❣✉r❡ ✼✿ ❋♦❝✉s ♦♥ t❤❡ ❡❧❡♠❡♥ts ❢♦r ♠❛♥❛❣✐♥❣ t❤❡ ❣r♦✉♣

❚❤❡ ❘❡❛❞ ♠❡t❤♦❞✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❘❡❛❞ ♠❡t❤♦❞ ✐s ✈❡r② s✐♠✐❧❛r t♦
t❤❡ ❲r✐t❡ ♠❡t❤♦❞ ❛❜♦✈❡✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t✱ ❛❢t❡r tr✐❣❣❡r✐♥❣ r❡♠♦t❡
✐♥✈♦❝❛t✐♦♥s ❛♥❞ ✇❛✐t✐♥❣ ❢♦r ❡♥♦✉❣❤ ✐❞❡♥t✐❝❛❧ r❡♣❧✐❡s✱ ✐t ✐♥♣✉ts t❤❡ ❛❣r❡❡❞ ❜✐t
❢♦✉♥❞ ❜② t❤❡ ❝♦❧❧❛t❡ ♠❡t❤♦❞ ❛♥❞ r❡t✉r♥s t❤✐s ✈❛❧✉❡ t♦ t❤❡ ❝❧✐❡♥t✳

✸✳✸✳✶ ❚❤❡ ▼❛st❡r Pr♦①✐❡s

▼❛♥❛❣✐♥❣ ❣r♦✉♣s ♦❢ s❧❛✈❡s✳ ❲❡ ✜rst ❢♦❝✉s ♦♥ t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ ❣r♦✉♣s
♦❢ s❧❛✈❡s✱ ✐✳❡✳ ❣r♦✉♣s t♦ ✇❤✐❝❤ t❤❡ ✇r✐t❡✱ r❡❛❞ ❛♥❞ ❝♦♠♠✐t r❡q✉❡sts ✇✐❧❧ ❜❡ ❛❞✲
❞r❡ss❡❞✳ ❚❤❡ ♣❛rt ♦❢ t❤❡ ♣◆❡ts t❤❛t ❞❡❛❧ ✇✐t❤ t❤✐s ❛s♣❡❝t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳ ■t
✐♥❝❧✉❞❡s ❛ ♣r♦①② ♠❛♥❛❣❡r ✭❋✐❣✳ ✽✮ t❤❛t r❡t✉r♥s ❛♥ ❛✈❛✐❧❛❜❧❡ ♣r♦①② t❤r♦✉❣❤ ✐ts
●❡t❴✯❴Pr♦①② ✐♥✈♦❝❛t✐♦♥s✳ ■❢ r❡❝♦♥✜❣✉r❛t✐♦♥ ✇❛s ❡♥❛❜❧❡❞✱ ✐t ✇♦✉❧❞ r❡❝❡✐✈❡ ❜✐♥❞
❛♥❞ ✉♥❜✐♥❞ r❡q✉❡sts ❢♦r ❛❞❞✐♥❣ ♦r r❡♠♦✈✐♥❣ s❧❛✈❡s✳ ❲❤❡♥ ❛ ♥❡✇ ♣r♦①② ✐s r❡✲
q✉❡st❡❞✱ ♦♥❡ ♣r♦①② ✐s ❛❝t✐✈❛t❡❞ ✭❛♠♦♥❣ t❤❡ ❢❛♠✐❧✐❡s ♦❢ Pr♦①②❴✇r✐t❡✱ Pr♦①②❴❘❡❛❞✱
♦r Pr♦①②❴❈♦♠♠✐t ♣r♦①✐❡s✮✱ ❛♥❞ ❣✐✈❡♥ t❤❡ ❣r♦✉♣ ❣ ♦♥ ✇❤✐❝❤ ♥❡①t ✐♥✈♦❝❛t✐♦♥ ✇✐❧❧
❜❡ ♣❡r❢♦r♠❡❞✳ ❆ r❡❢❡r❡♥❝❡ t♦ t❤✐s ♣r♦①② ✐s r❡t✉r♥❡❞✱ ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡✲
♠♦t❡❧② ✐♥✈♦❦❡ ❲r✐t❡✱ ❘❡❛❞✱ ♦r ❈♦♠♠✐t ♦♥ t❤❡ s❧❛✈❡s✳ ❚❤❡ ❣r♦✉♣ ❣ ♣❛ss❡❞
✉♣♦♥ ❛❝t✐✈❛t✐♦♥ ✐s ✉s❡❞ ❧❛t❡r ✐♥s✐❞❡ t❤❡ ❜r♦❛❞❝❛st ❝♦♠♠✉♥✐❝❛t✐♦♥✿ t❤❡ ❝✐r❝❧❡ ❇❈✿
◗❴❲r✐t❡✭✳✳✳✮ ♣❡r❢♦r♠s ❛ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐♥✈♦❧✈✐♥❣ t❤❡ ♣r♦①② ❛♥❞ ❛❧❧ t❤❡ s❧❛✈❡s
♦❢ ❣ s❡♥❞✐♥❣ t❤❡♠ t❤❡ s❛♠❡ ✐♥✈♦❝❛t✐♦♥✱ ✦❙❧❛✈❡❬✐❪✳◗❴❲r✐t❡✭♣✱❜✮✱ ✇❤❡r❡ ♣ ✐s
t❤❡ ♣r♦①② ✐❞❡♥t✐✜❡r✳ ❚❤❡ s②♠♠❡tr✐❝ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❈❖✿

❘❴❲r✐t❡✭♣✮ t❤❛t ❝♦❧❧❡❝ts r❡♣❧✐❡s ❢r♦♠ ❛❧❧ t❤❡ s❧❛✈❡s ♦❢ ❣ ❛♥❞ r❡t✉r♥s t❤❡♠ t♦
t❤❡ Pr♦①②❴❲r✐t❡ ♣◆❡t✿ ❡❛❝❤ ♠❡♠❜❡r ♦❢ ❣ ❝❛♥ s❡♥❞ ❛ r❡♣❧② t♦ t❤❡ ♠❛st❡r✳ ◆♦t❡
t❤❛t ❣ ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ ✐♥s✐❞❡ t❤❡ ♠❛♥❛❣❡r ❛♥❞ ❛ ❝♦♣② ♦❢ t❤❡ ❣r♦✉♣ ✐s ♣❛ss❡❞
✉♣♦♥ ❛❝t✐✈❛t✐♦♥ ♦❢ ❛ ♣r♦①②✳ ❚❤✐s ❣✉❛r❛♥t❡❡s t❤❛t t❤❡ ❈❖ ♦♣❡r❛t✐♦♥ ✇✐❧❧ ❜❡ ♣❡r✲
❢♦r♠❡❞ ♦♥ t❤❡ s❛♠❡ ❣r♦✉♣ ❛s t❤❡ ✐♥✈♦❝❛t✐♦♥✱ ❡✈❡♥ ✐❢✱ ✐♥ t❤❡ ♠❛♥❛❣❡r✱ t❤❡ ❣r♦✉♣
✐s ❝❤❛♥❣❡❞ ✐♥ t❤❡ ♠❡❛♥t✐♠❡✳

❚❤❡ ❲r✐t❡ ♣r♦①②✳ ✭s❡❡ ❋✐❣✳ ✾✮ ❯♣♦♥ ❛❝t✐✈❛t✐♦♥✱ t❤❡ ✇r✐t❡ ♣r♦①② ✇❛✐ts ❢♦r ❛♥
✐♥✈♦❝❛t✐♦♥ ❢r♦♠ t❤❡ ♠❛st❡r ✇r✐t❡ ♠❡t❤♦❞✳ ■t t❤❡♥ ✐♥✐t✐❛❧✐③❡s t❤❡ ❲❘❡♣ ❛rr❛② ♦❢
r❡❝❡✐✈❡❞ r❡♣❧✐❡s ❛s ✇❡❧❧ ❛s ❧❡♥ ✕ t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❧✐❡s ❝✉rr❡♥t❧② r❡❝❡✐✈❡❞✳ ■ts

❘❘ ♥➦ ✼✼✶✼
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[WPool[p].free=True]

?Get_Write_Proxy
p:=0

Proxy Manager
WPool:array[1..Max_Proxy] 
RPool:...

?Get_XXX_Proxy
{for each XXX method}

!R_Get_Write_Proxy(p)

WPool[p].free:=False
?Activate_Write(p, group)

[p<Max_Proxy]
p++

[WPool[p].free=False]

!Error(NoMoreProxy)
[p=Max_Proxy]

group:array[1..MaxSlave]?Unbind(i) 
group[i]:=False

group[i]:=True
?Bind(i) 

❋✐❣✉r❡ ✽✿ ❇❡❤❛✈✐♦✉r ♦❢ t❤❡ Pr♦①② ▼❛♥❛❣❡r

t✇♦ ♠❛✐♥ ❜❡❤❛✈✐♦✉rs ❛r❡ t❤❡♥ ✭✶✮ t♦ r❡❝❡✐✈❡ ❛ r❡♣❧② ❢r♦♠ ❛♥ ❡❧❡♠❡♥t ♦❢ t❤❡
❣r♦✉♣✱ ✇❤✐❝❤ ✉♣❞❛t❡s t❤❡ ❲r❡♣ ❛rr❛②✱ ❛♥❞ t❤❡ ❧❡♥ ✈❛❧✉❡❀ ❛♥❞ ✭✷✮ t♦ ❢✉❧✜❧❧ ❛
❲❛✐t◆❴❲r✐t❡ ✐♥✈♦❝❛t✐♦♥ ❢r♦♠ t❤❡ ♠❛st❡r ✇r✐t❡✱ ✇❤✐❝❤ r❡t✉r♥s t❤❡ ❝✉rr❡♥t ❛rr❛②
♦❢ r❡❝❡✐✈❡❞ r❡♣❧✐❡s ♦♥❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ❛✇❛✐t❡❞ r❡♣❧✐❡s ✐s r❡❛❝❤❡❞✳ Pr♦①✐❡s ❢♦r
r❡❛❞ ❛♥❞ ❝♦♠♠✐t ♠❡t❤♦❞ ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ✇r✐t❡ r❡q✉❡st ♣r♦①②✳

✸✳✹ ❚❤❡ ❙❧❛✈❡ ❈♦♠♣♦♥❡♥ts ❛♥❞ t❤❡✐r ♠❡t❤♦❞s

❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ s❧❛✈❡s ✐s ♠✉❝❤ s✐♠♣❧❡r t❤❛♥ t❤❡ ♦♥❡ ♦❢ t❤❡ ♠❛st❡r✳ ❲❡
❡♥❝♦❞❡ t✇♦ ❦✐♥❞s ♦❢ s❧❛✈❡s✿ ❣♦♦❞ s❧❛✈❡s ❜❡❤❛✈❡ ❛s ❡①♣❡❝t❡❞✱ ✇❤❡t❤❡r ❜❛❞ s❧❛✈❡s
❜❡❤❛✈❡ r❛♥❞♦♠❧② ❛♥❞ ❡♥❝♦❞❡ t❤❡ ❜②③❛♥t✐♥❡ ❢❛✉❧t② ♣r♦❝❡ss❡s✳ ❲❡ ✐♥st❛♥t✐❛t❡ ❛s
♠❛♥② ❢❛✉❧t② ♣r♦❝❡ss❡s ❛s t❤❡ ♥✉♠❜❡r ♦❢ ❢❛✉❧ts ✇❡ ❝❛♥ t♦❧❡r❛t❡✳ ❚❤❡ ❢❛❝t t❤❛t
t❤❡ s②st❡♠ ❞❡s❝r✐♣t✐♦♥ ❞✐st✐♥❣✉✐s❤❡s ❜❡t✇❡❡♥ ❢❛✉❧t② ❛♥❞ ♥♦♥✲❢❛✉❧t② ♣r♦❝❡ss❡s ❤❛s
♥♦ ✐♥✢✉❡♥❝❡ ❤❡r❡ ❜❡❝❛✉s❡ t❤❡ ❢✉♥❝t✐♦♥❛❧ ♣❛rts ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts ♥❡✈❡r ✉s❡ t❤✐s
❦♥♦✇❧❡❞❣❡✿ t❤❡ ❝♦❞❡ ♦❢ t❤❡ ▼❛st❡r ❝♦♠♣♦♥❡♥t ♥❡✈❡r ❞✐st✐♥❣✉✐s❤❡s ❜❡t✇❡❡♥ t❤❡
❝♦♠♠✉♥✐❝❛t✐♦♥s t♦✇❛r❞s t❤❡ ❢❛✉❧t② s❧❛✈❡s✱ ❛♥❞ t♦✇❛r❞s t❤❡ ♥♦♥✲❢❛✉❧t② ♦♥❡s✳

Proxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy WriteProxy Write

?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)?Activate_Write(group)

?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)?WaitN_Write(nbWait)

[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)[group(i)=false] ?R_Write(i,val)

[len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait][len>=nbWait]
!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)!R_WaitN_Write(wRep)

[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);[group(i)=true] ?R_Write(i,val);
if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;if wRep(i)=undef then len:=len+1 fi;
wRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := valwRep(i) := val

?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)?Call_Proxy_Write(b)
wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]wRep:=[undef...undef]
nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0nbWait:=0;len:=0

!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)!Q_Write(group,p,b)

❋✐❣✉r❡ ✾✿ ❇❡❤❛✈✐♦✉r ♦❢ t❤❡ ❲r✐t❡ r❡q✉❡st ♣r♦①② ✭Pr♦①② ❢♦r ❘❡❛❞ ❛♥❞ ❈♦♠♠✐t
❛r❡ s✐♠✐❧❛r✮
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MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)MethodWrite(Good)

?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)

!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)!SetBit(b)

?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)?R_SetBit(b1)

!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)!R_Write(p,b1)

MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)MethodWrite(Bad)

?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)?Call_Write(p,b)

!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true)!R_Write(p,true) !R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)!R_Write(p,false)

❋✐❣✉r❡ ✶✵✿ ❚❤❡ ❲r✐t❡ ♠❡t❤♦❞ ♦❢ t❤❡ ✭●♦♦❞ ❛♥❞ ❇❛❞✮ s❧❛✈❡s

❚❤❡ s❧❛✈❡ ❜♦❞② s❡r✈❡s s✉❝❝❡ss✐✈❡❧② t❤❡ r❡q✉❡sts ✭❈♦♠♠✐t✱ ❘❡❛❞ ❛♥❞ ❲r✐t❡✮
❛rr✐✈✐♥❣ ❛t t❤❡ s❧❛✈❡ q✉❡✉❡ ♠✉❝❤ s✐♠✐❧❛r❧② t♦ t❤❡ ♠❛st❡r ❜♦❞②✳ ❚❤❡ ❜❛❞ s❧❛✈❡s
❛♥❞ t❤❡ ❣♦♦❞ s❧❛✈❡s ❤❛✈❡ t❤❡ s❛♠❡ ❜♦❞②✱ t❤❡② ❛❧❧ s❡r✈❡ t❤❡ r❡q✉❡st ✐♥ ❛ ❋■❋❖
♦r❞❡r✱ ❛♥❞ ♥♦ t✇♦ r❡q✉❡sts ❛r❡ s❡r✈❡❞ ❛t t❤❡ s❛♠❡ t✐♠❡✿ t❤❡ s❧❛✈❡s ❛r❡ ♠♦♥♦✲
t❤r❡❛❞❡❞✳ ❚❤❡ s❧❛✈❡s ❤❛✈❡ t❤r❡❡ ♠❡t❤♦❞s✿ ❲r✐t❡✱ ❘❡❛❞ ❛♥❞ ❈♦♠♠✐t❀ ✇❡ s❤♦✇
t❤❡ ♠❡t❤♦❞ ❲r✐t❡ ❢♦r t❤❡ ❣♦♦❞ ❛♥❞ ❜❛❞ s❧❛✈❡s ✐♥ ❋✐❣✳ ✶✵✱ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❛
❣♦♦❞ s❧❛✈❡ ❝♦♥s✐sts ✐♥ st♦r✐♥❣ t❤❡ ❜✐t ✈❛❧✉❡ ❜ r❡❝❡✐✈❡❞ t❤❛♥❦s t♦ ❛ ❝❛❧❧ t♦ ✦❙❡t❇✐t
t❤❛t s❡ts ❛ ❧♦❝❛❧ ❛ttr✐❜✉t❡ ♦❢ t❤❡ s❧❛✈❡✳ ❚❤❡r❡ ✐s ❛ ♠❡t❤♦❞ ✦●❡t❇✐t ❢♦r r❡❛❞✐♥❣
t❤✐s ✈❛❧✉❡✱ ✐t ✐s ❝❛❧❧❡❞ ❜② t❤❡ ❘❡❛❞ r❡q✉❡st✳ ❚❤❡ ❜❛❞ s❧❛✈❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✵
r❡♣❧✐❡s r❛♥❞♦♠❧② t♦ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ r❡q✉❡st✳ ❚❤❡ ❝♦♠♠✐t ♣❤❛s❡ ✐s ❤❡r❡ t♦ s❤♦✇
❤♦✇ ❛ ❝♦♠♠✐t ♣❤❛s❡ ✇♦✉❧❞ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✱ ❜✉t ✐t ✐s ♥♦t ✉s❡❞ ❜② ♦✉r s❧❛✈❡s✿ ✐t
✇♦✉❧❞ ❜❡ ✉s❡❢✉❧ ✐❢ t❤❡ ♠❛st❡r ❝♦✉❧❞ ❛❧s♦ ❤❛✈❡ ❛ ❢❛✉❧t② ❜❡❤❛✈✐♦✉r✳

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❇❋❚ ❤②♣♦t❤❡s✐s✱ ❛ ❜❛❞ s❧❛✈❡ ❝❛♥ ❜❡❤❛✈❡ ❛r❜✐tr❛r✐❧②✳ ❍♦✇✲
❡✈❡r✱ ✇❡ ❤❛✈❡ t♦ r❡str✐❝t ❛ ❧✐tt❧❡ t❤✐s ❜❡❤❛✈✐♦✉r s♦ t❤❛t ✐t ❝❛♥ ❜❡ ❡♥❝♦❞❡❞ ❛♥❞
✈❡r✐✜❡❞ ❜② ✜♥✐t❡ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ t❡❝❤♥✐q✉❡s✳ ❍❡r❡ ❛r❡ t❤❡ ❤②♣♦t❤❡s❡s ✇❡ ♠❛❦❡
❛♥❞ t❤❡ r❡❛s♦♥s ✇❤② ✐t ✐s s❛❢❡ t♦ ♠❛❦❡ t❤❡♠✿

❼ ❇❛❞ s❧❛✈❡s ❞♦ ♥♦t st❡❛❧ t❤❡ ✐❞❡♥t✐t② ♦❢ ❛♥♦t❤❡r ❡♥t✐t②✿ ✇❡ s✉♣♣♦s❡ ❤❡r❡
t❤❛t t❤❡ ✉♥❞❡r❧②✐♥❣ ♠✐❞❞❧❡✇❛r❡ ❣✉❛r❛♥t❡❡s t❤❡ ✐❞❡♥t✐t② ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts
s❡♥❞✐♥❣ r❡q✉❡sts ♦r r❡♣❧✐❡s✳ ■t ✐s t❤❡ ❝❧❛ss✐❝❛❧ ✏♦r❛❧ ♠❡ss❛❣❡s✑ ❛ss✉♠♣t✐♦♥
♦❢ ❬✷✷❪✳

❼ ❇❛❞ s❧❛✈❡s ♦♥❧② r❡♣❧② t♦ r❡q✉✐r❡❞ r❡q✉❡sts✳ ❲❡ s✉♣♣♦s❡ ❛❣❛✐♥ t❤❛t t❤❡ ♠✐❞✲
❞❧❡✇❛r❡ ✈❡r✐✜❡s t❤✐s t♦ ❣✉❛r❛♥t❡❡ t❤❡ ✐♥t❡❣r✐t② ♦❢ t❤❡ ♣r♦❣r❛♠ ❡①❡❝✉t✐♦♥✳

❼ ❇❛❞ s❧❛✈❡s ♦♥❧② r❡♣❧② t♦ r❡q✉❡sts ✐♥ t❤❡ ♦r❞❡r r❡q✉✐r❡❞✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ✐s
str♦♥❣❡r ❜✉t ✇❡ ❝❛♥ s❤♦✇ t❤❛t ✐t ❤❛s ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ✜♥❛❧ r❡s✉❧t✳ ❋✐rst✱
t❤❡ ♠❛st❡r ✐s s✐♥❣❧❡ t❤r❡❛❞❡❞✱ ✇❛✐ts ❢♦r ❡♥♦✉❣❤ r❡♣❧✐❡s ❜❡❢♦r❡ r❡q✉✐r✐♥❣
❛♥♦t❤❡r ❝♦♠♣✉t❛t✐♦♥✱ ❛♥❞ ❞♦❡s ♥♦t ❛❝❝❡ss t❤❡ ❢✉t✉r❡ ❛❢t❡r✇❛r❞❀ t❤✉s ❧❛t❡
r❡♣❧✐❡s ✇♦✉❧❞ ❤❛✈❡ ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥✳ ■♥ ♣r✐♥❝✐♣❧❡✱ ❛ ❜❛❞
s❧❛✈❡ ❝♦✉❧❞ s❡r✈❡ t❤❡ r❡q✉❡st ✐♥ t❤❡ ✇r♦♥❣ ♦r❞❡r ❛♥❞ ✉s❡ t❤✐s ✐♥❢♦r♠❛t✐♦♥
t♦ ❜❡❤❛✈❡ ✐♥ ❛ ♠❛❧✐❝✐♦✉s ♠❛♥♥❡r❀ ❜✉t t❤❡ ❡①❤❛✉st✐✈❡ ❡①♣❧♦r❛t✐♦♥ ♦❢ ❛❧❧ t❤❡
♣♦ss✐❜❧❡ r❡♣❧✐❡s ✐s ❡✈❡♥ ♠♦r❡ ❣❡♥❡r❛❧ t❤❛♥ t❤❡ s❝❡♥❛r✐♦s ✉s✐♥❣ ♦✉t ♦❢ ♦r❞❡r
s❡r✈✐❝❡ ♦❢ r❡q✉❡sts✳

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✹

✹ ❇✉✐❧❞✐♥❣ t❤❡ ♠♦❞❡❧✱ ❛♥❞ r✉♥♥✐♥❣ t❤❡ ✈❡r✐✜❝❛✲
t✐♦♥ t♦♦❧s

■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ♠❡t❤♦❞s ❛♥❞ t♦♦❧s ✉s❡❞ t♦ ❜✉✐❧❞ t❤❡ ❜❡❤❛✈✐♦✉r❛❧
♠♦❞❡❧ ♦❢ ♦✉r ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ t♦ ❝❤❡❝❦ ✐ts ♣r♦♣❡rt✐❡s✱ ❛♥❞ ✇❡ ❞✐s❝✉ss t❤❡ ❝♦♠❜✐✲
♥❛t✐♦♥ ♦❢ ❛❞✈❛♥❝❡❞ t❡❝❤♥✐q✉❡s ✇❡ ❤❛✈❡ ✉s❡❞ t♦ ♠❛st❡r t❤❡ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t②✳

❲❡ ❜✉✐❧❞ t❤❡ ❜❡❤❛✈✐♦✉r❛❧ ♠♦❞❡❧ ♦❢ ♦✉r ❝❛s❡✲st✉❞② ✐♥ t❤r❡❡ st❡♣s ✭❋✐❣✳ ✶✶✮✳
❋r♦♠ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❜❡❤❛✈✐♦✉r✱ ♦✉r t♦♦❧
❆❉▲✷◆ ❬✽❪ ❜✉✐❧❞s ❛ ❤✐❡r❛r❝❤✐❝❛❧ ❛♥❞ ♣❛r❛♠❡tr✐③❡❞ ♣◆❡ts ♠♦❞❡❧✱ ✐♥❝❧✉❞✐♥❣ t❤❡
❞❛t❛ t②♣❡s✱ t❤❡ ❜❡❤❛✈✐♦✉r✱ ❛♥❞ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ s②st❡♠✳ ❚❤❡♥ ❛❜str❛❝t✐♦♥s
❛r❡ ❛♣♣❧✐❡❞ ♦♥ t❤❡ ❞❛t❛ ❞♦♠❛✐♥s✱ ②✐❡❧❞✐♥❣ ❛ ✜♥✐t❛r② ♠♦❞❡❧✳ ❋✐♥❛❧❧② t❤❡ ♠♦❞❡❧ ✐s
❡♥❝♦❞❡❞ ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ s❡✈❡r❛❧ ✐♥♣✉t ❢♦r♠❛❧✐s♠s ❢r♦♠ t❤❡ ❈❆❉P t♦♦❧s❡t
❬✶✶❪✿ t❤❡ ❋✐❛❝r❡ ❧❛♥❣✉❛❣❡ ❬✺❪ ♣r♦✈✐❞❡s s②♥t❛① ❢♦r ❞❛t❛ t②♣❡s ❛♥❞ ❡①♣r❡ss✐♦♥s✱
❞❡✜♥✐t✐♦♥ ♦❢ ▲❚❙✱ ❛♥❞ ❛ ❢♦r♠ ♦❢ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ♣r♦❝❡ss❡s ❜② s②♥❝❤r♦♥✐③❛t✐♦♥ ♦♥
❝❤❛♥♥❡❧s❀ t❤❡ ❊❳P ❛♥❞ ❙❱▲ ❧❛♥❣✉❛❣❡s ❬✶✶❪ s✉♣♣♦rt t❤❡ ❤✐❡r❛r❝❤✐❝❛❧ ❡♥❝♦❞✐♥❣ ♦❢
♦✉r ♣◆❡ts✱ ❛♥❞ t❤❡ s❝r✐♣t✐♥❣ ♦❢ t❤❡ ✈❛r✐♦✉s ✈❡r✐✜❝❛t✐♦♥ t❛s❦s✳

❚❤❡♥ ✇❡ r✉♥ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❈❆❉P t♦♦❧s✱ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♦♥❡s ❛r❡✿
❝❡❛s❛r✳♦♣❡♥ ❢♦r ❣❡♥❡r❛t✐♥❣ tr❛♥s✐t✐♦♥ s②st❡♠s ❢r♦♠ ❋✐❛❝r❡ ♣r♦❣r❛♠s✱ ❡✐t❤❡r ♦♥
❛ s✐♥❣❧❡ ♠❛❝❤✐♥❡✱ ♦r ♦♥ ♣❛r❛❧❧❡❧ ✐♥❢r❛str✉❝t✉r❡s ✇❤❡♥ ✉s❡❞ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤
❞✐str✐❜✉t♦r❀ ❡①♣✳♦♣❡♥ t♦ ❜✉✐❧❞ ♣r♦❞✉❝t ♦❢ tr❛♥s✐t✐♦♥ s②st❡♠s ❞❡s❝r✐❜❡❞ ✐♥ ❊❳P
❢♦r♠❛t❀ ❛♥❞ ❊✈❛❧✉❛t♦r✹✱ t❤❡ ♥❡✇ ✈❡rs✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✲❝❤❡❝❦❡r t❤❛t ❞❡❛❧s ✇✐t❤
t❤❡ ▼❈▲ ✭▼♦❞❡❧ ❈❤❡❝❦✐♥❣ ▲❛♥❣✉❛❣❡✮ ❧♦❣✐❝s ❬✷✸❪✱ ✇❤✐❝❤ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡
❛❧t❡r♥❛t✐♦♥✲❢r❡❡ r❡❣✉❧❛r µ✲❝❛❧❝✉❧✉s ✇✐t❤ ❢❛❝✐❧✐t✐❡s ❢♦r ♠❛♥✐♣✉❧❛t✐♥❣ ❞❛t❛✳

❚❤❡ ❱❡r❝♦rs✷ t♦♦❧ ♣❧❛t❢♦r♠ s❤♦✉❧❞ ❛ss✐st t❤❡ ♣r♦❣r❛♠♠❡r ✐♥ t❤❡ ❡♥❝♦❞✐♥❣ ❛♥❞
✈❡r✐✜❝❛t✐♦♥ ♦❢ ❤✐s ❛♣♣❧✐❝❛t✐♦♥✳ ■t ✐♥❝❧✉❞❡s t❤❡ ❱❡r❝♦rs ❡❞✐t♦rs✱ t❤❡ ❆❉▲✷◆✱ ❆❇❙
❛♥❞ ◆✷❋ t♦♦❧s❀ ✐t ✐s ❝✉rr❡♥t❧② ✉♥❞❡r ❞❡✈❡❧♦♣♠❡♥t✳ ❋♦r t❤✐s ♣❛♣❡r✱ ✇❡ ❛❧r❡❛❞②
❤❛✈❡ ❜❡❡♥ ❛❜❧❡ t♦ ❣❡♥❡r❛t❡ ❛♣♣r♦①✐♠❛t❡❧② ✺✵✪ ♦❢ t❤❡ ❋✐❛❝r❡ ❛♥❞ ❊❳P ❝♦❞❡✳

Behavioural

=
model

generation

semantics

ABS* N2F

State−space
generation

+
Model−checking

ADL2N

Architecture

Interfaces

Behaviour

Properties

Component
Specifications :

CADP

Evaluator4

Caesar.open

Distributor

Exp.open

Translation

Fiacre
+ EXP
+ SVL

Abstractions

Data

Vercors

Editors
Component pNets

pNets

Finitary

❋✐❣✉r❡ ✶✶✿ ❚♦♦❧ ❝❤❛✐♥ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ♣r♦❝❡ss✐♥❣ st❡♣s

❖♥❡ ❣♦❛❧ ♦❢ t❤✐s ✇♦r❦ ✐s t♦ ❡①♣❡r✐♠❡♥t ✇✐t❤ ✈❛r✐♦✉s ♠❡t❤♦❞s ❢♦r ♠❛st❡r✐♥❣
t❤❡ st❛t❡ ❡①♣❧♦s✐♦♥ ✐♥❤❡r❡♥t t♦ ❧❛r❣❡ ♠♦❞❡❧s✱ s✉❝❤ ♠❡t❤♦❞s ❝♦♥s✐st ♦❢✿

✶✳ ❞❛t❛ ❛❜str❛❝t✐♦♥

✷✳ ❤✐❡r❛r❝❤✐❝❛❧ ❤✐❞✐♥❣ ❛♥❞ ♠✐♥✐♠✐③❛t✐♦♥

✸✳ ✉s❡ ♦❢ ❝♦♥t❡①t✉❛❧ ❡♥✈✐r♦♥♠❡♥t ✐♥❢♦r♠❛t✐♦♥

✹✳ ❞✐str✐❜✉t❡❞ st❛t❡✲s♣❛❝❡ ❣❡♥❡r❛t✐♦♥

✷❤tt♣✿✴✴✇✇✇✲s♦♣✳✐♥r✐❛✳❢r✴♦❛s✐s✴✐♥❞❡①✳♣❤♣❄♣❛❣❡❂✈❡r❝♦rs

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✺

❲❡ ❤❛✈❡ ✉s❡❞ ✶✮ ✐♥ s❡✈❡r❛❧ ✇❛②s✳ ❋✐rst✱ ❛❧❧ ❞❛t❛ ✈❛r✐❛❜❧❡s ❤❛✈❡ ❜❡❡♥ ❣✐✈❡♥
❛❜str❛❝t t②♣❡s ✇✐t❤ ✭✈❡r② s♠❛❧❧✮ ✜♥✐t❡ ❞♦♠❛✐♥s✱ ✐♥ ❢❛❝t ✇❡ ❝❤♦♦s❡ t❤❡ s♠❛❧❧❡st
❛❜str❛❝t ❞♦♠❛✐♥ t❤❛t ♣r❡s❡r✈❡s t❤❡ ❢♦r♠✉❧❛s t♦ ❜❡ ♣r♦✈❡♥✳ ❙❡❝♦♥❞❧②✱ t❤❡ t♦♣♦❧♦❣②
♣❛r❛♠❡t❡rs ♦❢ t❤❡ s②st❡♠ ✭t❤❡ ♥✉♠❜❡r ♦❢ s❧❛✈❡s ❛♥❞ ♥✉♠❜❡r ♦❢ ♣r♦①② ✐♥st❛♥❝❡s✮
❤❛✈❡ ❜❡❡♥ r❡❞✉❝❡❞ t♦ ❛ ♠✐♥✐♠✉♠ ♥✉♠❜❡r✱ t❤♦✉❣❤ s✐❣♥✐✜❝❛♥t ❢♦r ♦✉r s❝❡♥❛r✐♦❀
♣r♦✈✐♥❣ ♣r♦♣❡rt✐❡s t❤❛t ✇♦✉❧❞ ❜❡ ✈❛❧✐❞ ❢♦r ❛♥② ✈❛❧✉❡s ♦❢ s✉❝❤ ♣❛r❛♠❡t❡rs ✐s
♦✉t ♦❢ t❤❡ s❝♦♣❡ ♦❢ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣✳ ❋✐♥❛❧❧②✱ t❤❡ r❡q✉❡st q✉❡✉❡s r❛✐s❡s ❛♥♦t❤❡r
✐ss✉❡✿ t❤❡✐r ❡①♣❧✐❝✐t r❡♣r❡s❡♥t❛t✐♦♥ ❤❛s ❛ s✐③❡ ❡①♣♦♥❡♥t✐❛❧ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛❧✉❡s
t❤❛t t❤❡ q✉❡✉❡ ❝❡❧❧s ❛❞♠✐t✳ ❖✉r ❛♣♣r♦❛❝❤ ✐s t♦ ❡♥❝♦❞❡ ❛ ✭s♠❛❧❧✮ ✜♥✐t❡ ♠♦❞❡❧
♦❢ t❤❡ q✉❡✉❡✱ ✐♥❝❧✉❞✐♥❣ ❡✈❡♥ts ❞❡♥♦t✐♥❣ ❛♥ ❡rr♦r ✇❤❡♥ t❤✐s ✜♥✐t❡ q✉❡✉❡ ✐s ♦✉t✲
♦❢✲❜♦✉♥❞s✳ ❚❤❡♥ ✇❡ ❝❤❡❝❦ ❜② ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ✇❤❡t❤❡r t❤✐s ❡✈❡♥t ✐s r❡❛❝❤❛❜❧❡✱
♦r t❤❡ ❝❤♦s❡♥ s✐③❡ ✐s s✉✣❝✐❡♥t✳ ❚❤❡ s♦✉♥❞♥❡ss ♦❢ t❤❡s❡ ❛♣♣r♦❛❝❤❡s ✐s ✇♦rt❤
❞✐s❝✉ss✐♥❣❀ ❢♦r t❤❡ ❞♦♠❛✐♥s ♦❢ ✈❛❧✉❡✲♣❛ss✐♥❣ ♣❛r❛♠❡t❡rs✱ ✇❡ ❝❛♥ ❞❡✜♥❡ ✜♥✐t❡
❛❜str❛❝t✐♦♥s t❤❛t ♣r❡s❡r✈❡ s❛❢❡t② ❛♥❞ ❧✐✈❡♥❡ss ♣r♦♣❡rt✐❡s ❬✾❪❀ ❢♦r t❤❡ ❧❡♥❣t❤ ♦❢
q✉❡✉❡s✱ ✇❡ ❛r❡ ❜✉✐❧❞✐♥❣ ❛♥ ✉♥❞❡r✲❛♣♣r♦①✐♠❛t✐♦♥✱ ❛♥❞ ✇❡ ❝❤❡❝❦ ❡①♣❧✐❝✐t❧② ✐ts
✈❛❧✐❞✐t②✳ ❇✉t ❢♦r t♦♣♦❧♦❣② ♣❛r❛♠❡t❡rs✱ ✇❡ ❤❛✈❡ ♥♦ s✉❝❤ ❣❡♥❡r❛❧ r❡s✉❧t ❛♥❞ ✇❡
♦♥❧② ♣r♦✈❡ ♣r♦♣❡rt✐❡s ❢♦r ❛ ❣✐✈❡♥ ✐♥st❛♥t✐❛t✐♦♥✱ t❤❛t ✐s ❛❧r❡❛❞② ✈❡r② ❤❡❧♣❢✉❧ ❛s
❛ ✏❞❡❜✉❣❣✐♥❣ t♦♦❧✑✳ Pr♦✈✐♥❣ ♠♦r❡ ❣❡♥❡r❛❧ ♣r♦♣❡rt✐❡s ✐s ♥♦t ✐♥ t❤❡ s❝♦♣❡ ♦❢ t❤✐s
♣❛♣❡r✳

▼❡t❤♦❞ ✷✮ ✐s ♥♦✇ q✉✐t❡ ❝❧❛ss✐❝❛❧ ✇❤❡♥ ✉s✐♥❣ ❜✐s✐♠✉❧❛t✐♦♥✲❜❛s❡❞ t♦♦❧s✳ ▲❡t
✉s r❡♠❛r❦ t❤❛t t♦ ❜❡ ♦♣t✐♠❛❧✱ ✇❡ ❤❛✈❡ t♦ ❣❡♥❡r❛t❡ ♠♦❞❡❧s s♣❡❝✐✜❝❛❧❧② ❢♦r ❡❛❝❤
❢♦r♠✉❧❛ t♦ ♣r♦✈❡✳ ▼❡t❤♦❞ ✸✮ ❤❛s ❜❡❡♥ ♣r♦♣♦s❡❞ ❛♥❞ ❛❞✈♦❝❛t❡❞ ❜② t❤❡ ❈❆❉P
❞❡✈❡❧♦♣❡rs✱ ❛♥❞ ✐s ✐♥❞❡❡❞ ✈❡r② ✐♠♣♦rt❛♥t ✇❤❡♥ ❝♦♠❜✐♥❡❞ ✇✐t❤ ✷✮✳ ❚❤❡ ♣r♦❜❧❡♠
❛r✐s❡s ✇❤❡♥ ②♦✉ ❜✉✐❧❞ s✉❜s②st❡♠s ❤✐❡r❛r❝❤✐❝❛❧❧② ✇✐t❤♦✉t t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡
s♣❡❝✐✜❝ ✇❛② ✐♥ ✇❤✐❝❤ ♦t❤❡r ♣✐❡❝❡s ♦❢ t❤❡ s②st❡♠ ✐♥t❡r❛❝t ✇✐t❤ ❛ ❣✐✈❡♥ s✉❜s②st❡♠✳
❚❤❡ ❝♦♥t❡①t ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❜✉✐❧t ❛✉t♦♠❛t✐❝❛❧❧② ❜② t❤❡ ❈❆❉P t♦♦❧s ❢r♦♠
t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ♦t❤❡r s✉❜s②st❡♠s ✭✐♥ ✇❤✐❝❤ ❝❛s❡ ✐t ✐s ❣✉❛r❛♥t❡❡❞ t♦ ❜❡
s♦✉♥❞✮✱ ♦r ❝❛♥ ❜❡ s♣❡❝✐✜❡❞ ♠❛♥✉❛❧❧② ✭t❤❛t ♠❛② ❧❡❛❞ t♦ ✉♥❞❡r✲❛♣♣r♦①✐♠❛t✐♦♥s✮✳
❲❡ ❝❤♦s❡ t❤❡ s❡❝♦♥❞ ♦♣t✐♦♥✱ ❛♥❞ ✇❡ ✉s❡❞ t❤❡ ❝♦♥t❡①t ❜❡❤❛✈✐♦✉r t♦ r❡❞✉❝❡ ❢✉rt❤❡r
t❤❡ ♣♦ss✐❜❧❡ ✈❛❧✉❡s ♦❢ ✐♥♣✉t ❞❛t❛ ♦❢ s♦♠❡ ♠❡t❤♦❞s✱ ❜② s②♠♠❡tr② ❛r❣✉♠❡♥ts✳

▼❡t❤♦❞ ✹✮ ✐s ❛ ❤♦t r❡s❡❛r❝❤ t♦♣✐❝✳ ❲❡ ❛r❡ ✉s✐♥❣ ❛ ❧♦❝❛❧ ❈❧♦✉❞ ♣❧❛t❢♦r♠✱
♣r♦✈✐❞✐♥❣ ❧❛r❣❡ ❝♦♠♣✉t✐♥❣ r❡s♦✉r❝❡s ✭>✶✸✵✵ ❝♦r❡s ❛♥❞ ✸ ❚❜②t❡s ♦❢ ❘❆▼✮✱ ✇❤❡r❡
✇❡ ❝❛♥ s✉❜♠✐t ❥♦❜s ✐♥ t❤❡ ❢♦r♠ ♦❢ t❛s❦ ✇♦r❦✢♦✇s✳ ■♥ ♦✉r ❝❛s❡✱ t❛s❦s ❝♦♥s✐st ♦❢
❝♦♠♣✐❧❛t✐♦♥ ♦❢ ✐♥♣✉t ❢♦r♠❛❧✐s♠s✱ ❣❡♥❡r❛t✐♦♥ ♦❢ tr❛♥s✐t✐♦♥ s②st❡♠s ❢♦r s✉❜s②st❡♠s✱
♠✐♥✐♠✐③❛t✐♦♥ ❛♥❞ ♣r♦❞✉❝t ♦❢ s②st❡♠s✱ ❛♥❞ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣✳ ❚❛s❦s ❝❛♥ ❜❡ ♣❛r❛❧❧❡❧✱
❜✉t ❢♦r t❤❡ ❝✉rr❡♥t ✈❡rs✐♦♥ ♦❢ ❈❆❉P✱ ♦♥❧② ▲❚❙ ❣❡♥❡r❛t✐♦♥ ❝❛♥ r✉♥ ✐♥ ❛ ❞✐str✐❜✉t❡❞
✇❛② ❬✶✷❪✳ ❲❡ ✇❡r❡ ❛❜❧❡ t♦ ❜✉✐❧❞ s②st❡♠s ✇✐t❤ ♠♦r❡ t❤❛♥ 109 st❛t❡s ❡①♣❧✐❝✐t❧②
st♦r❡❞ ✐♥ ❞✐str✐❜✉t❡❞ ♠❡♠♦r② ❬✶✽❪✱ ❜✉t t❤❡♥ t❤❡ ❜♦tt❧❡♥❡❝❦ ✐s t❤❡ ♠❡r❣✐♥❣ ♦❢
t❤✐s str✉❝t✉r❡ ❜❡❢♦r❡ ♠✐♥✐♠✐③❛t✐♦♥ ♦r ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♦♥ ❛ s✐♥❣❧❡ ♠❛❝❤✐♥❡✳ ■♥
♣r❛❝t✐❝❡✱ t❤❡ ❣♦♦❞ str❛t❡❣② ✐s t♦ ❞❡❝♦♠♣♦s❡ t❤❡ s②st❡♠ ✐♥ s✉❝❤ ❛ ✇❛② t❤❛t
s✉❜s②st❡♠s ❛r❡ ♦❢ r❡❛s♦♥❛❜❧❡ s✐③❡✱ ♦r ❝❛♥ ❜❡ str♦♥❣❧② ❝♦♥str❛✐♥❡❞ ❜② ❝♦♥t❡①t✉❛❧
✐♥❢♦r♠❛t✐♦♥✱ ❛♥❞ t♦ r✉♥ ❝♦♥❝✉rr❡♥t❧② t❤❡ t❛s❦s ❝♦♠♣✉t✐♥❣ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❡❛❝❤
s✉❜s②st❡♠✳ ❚❤❡♥ ♠✐♥✐♠✐③❛t✐♦♥✱ ♣r♦❞✉❝t✱ ❛♥❞ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ t❛s❦s ❛r❡ r✉♥ ❛s
s♦♦♥ ❛s t❤❡✐r ✐♥♣✉ts ❛r❡ ❛✈❛✐❧❛❜❧❡✱ ✐♥ ❛ ❝♦❛rs❡✲❣r❛✐♥ ❝♦♥❝✉rr❡♥t ✇♦r❦✢♦✇✳

P❛r❛♠❡t❡r ❉♦♠❛✐♥s ❛♥❞ ❙②st❡♠ ❙✐③❡s✳ ❲❡ r❛♥ t❤❡ ✉s❡✲❝❛s❡ ✇✐t❤ ✸ ❣♦♦❞
s❧❛✈❡s ❛♥❞ ✶ ❜❛❞ s❧❛✈❡✱ ❛❧❧♦✇✐♥❣ ❢♦r ✶ ❢❛✐❧✉r❡✳ ❲❡ ❛❧s♦ ❣❡♥❡r❛t❡❞ t❤❡ ♠♦❞❡❧ ✐♥
t✇♦ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✱ ✇✐t❤ t❤❡ ❧❡♥❣t❤ ◗ ♦❢ t❤❡ ▼❛st❡r ◗✉❡✉❡ r❡s♣❡❝t✐✈❡❧②
✷ ✭❢♦r ❖✉t❖❢❇♦✉♥❞s ❞❡t❡❝t✐♦♥✮ ❛♥❞ ✶ ✭❢♦r ♦♣t✐♠✐③❛t✐♦♥✮✳

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✻

❆s ✇❡ ❞♦ ♥♦t ❤❛✈❡ ②❡t ❡♥♦✉❣❤ t♦♦❧ s✉♣♣♦rt ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❢♦r♠❛❧✐s♠
❝♦♠♣✐❧❡rs✱ ✇❡ ❤❛❞ t♦ ❞♦ ❛ s✐❣♥✐✜❝❛♥t ♣❛rt ♦❢ t❤❡ ❋✐❛❝r❡✴❊①♣✴❙❱▲ ♣r♦❣r❛♠♠✐♥❣
❜② ❤❛♥❞✱ s♦ ✇❡ ❝❤♦s❡ t♦ ❜✉✐❧❞ ♦♥❡ s✐♥❣❧❡ ♠♦❞❡❧ ✇✐t❤ ❡♥♦✉❣❤ ❡✈❡♥ts ✈✐s✐❜❧❡ t♦
♣r♦✈❡ ♦✉r ❢♦r♠✉❧❛s ♦❢ ✐♥t❡r❡st✳ ❚❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❝♦❞❡ ❝♦♥s✐sts ✐♥ ✹✸ ❋✐❛❝r❡
♣r♦❝❡ss❡s ❢♦r ❛ t♦t❛❧ ♦❢ ✷✾✵✵ ❧✐♥❡s ♦❢ ❝♦❞❡✱ ❛♥❞ ♦❢ ✸✸✵ ❧✐♥❡s ♦❢ s②♥❝❤r♦♥✐③❛t✐♦♥
✈❡❝t♦rs ✐♥ ❊❳P ❢♦r♠❛t ❡♥❝♦❞✐♥❣ ✷✹✵ ♣◆❡t str✉❝t✉r❡s✳

❚❤❡♥ t❤❡ s②st❡♠ ✐s ❞✐✈✐❞❡❞ ✐♥ ✶✷ s✉❜s②st❡♠s ✭✾ ❢♦r t❤❡ ▼❛st❡r ✐ts❡❧❢✮❀ ❡❛❝❤
♣❛rt ✐s ❡♥❝♦❞❡❞ ✐♥ ❛ ❋✐❛❝r❡ s♦✉r❝❡ ✜❧❡✱ ❛♥❞ ✐ts st❛t❡ s♣❛❝❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❞✐s✲
tr✐❜✉t♦r✳ ❙♦ ✇❡ ❤❛✈❡ ❛t t❤✐s ❧❡✈❡❧ ✶✷ ✐♥❞❡♣❡♥❞❡♥t t❛s❦s ✐♥ ♦✉r ✇♦r❦✢♦✇✱ r✉♥♥✐♥❣
♦♥ ✷ t♦ ✶✵ ❝❧♦✉❞ ♥♦❞❡s ❡❛❝❤✳ ❊❛❝❤ r❡s✉❧t✐♥❣ ❛✉t♦♠❛t♦♥ ✐s r❡❞✉❝❡❞ ❜② ❜r❛♥❝❤✲
✐♥❣ ❜✐s✐♠✉❧❛t✐♦♥ ✭✇✐t❤ ❛s ♠✉❝❤ ❧♦❝❛❧ ❛❝t✐♦♥s ❤✐❞❞❡♥ ❛s ♣♦ss✐❜❧❡✮✱ ❜❡❢♦r❡ ❜❡✐♥❣
❝♦♠♣♦s❡❞ ✐♥ ❛ ❤✐❡r❛r❝❤✐❝❛❧ ✇❛②✱ ✉s✐♥❣ ✹ s②♥❝❤r♦♥✐③❛t✐♦♥ ♣r♦❞✉❝ts✳ ❚❤❡ ✜♥❛❧
♣r♦❞✉❝t ✐s ♠✐♥✐♠✐③❡❞ ❛❣❛✐♥✱ ❜❡❢♦r❡ r✉♥♥✐♥❣ ❊✈❛❧✉❛t♦r✹ ❢♦r ❝❤❡❝❦✐♥❣ ♦✉r ♣r♦♣❡r✲
t✐❡s✳ ❉❡❝♦♠♣♦s✐♥❣ t❤❡ s②st❡♠ ✐♥ ❛♥ ❡✣❝✐❡♥t❧② ♠❛♥♥❡r ❝✉rr❡♥t❧② r❡q✉✐r❡s ❤✉♠❛♥
♦♣❡r❛t✐♦♥✿ t❤❡ ❝❤♦✐❝❡ ♦❢ s✉❜s②st❡♠s ✐s ❛ ❝♦♠♣r♦♠✐s❡ ❜❡t✇❡❡♥✿ ✐❞❡♥t✐❢②✐♥❣ ♣r♦✲
❝❡ss❡s t❤❛t ♠❛② ❜❡ r❡✉s❡❞ ❡❛s✐❧② ✭t❤r♦✉❣❤ r❡❧❛❜❡❧✐♥❣✮❀ ❞❡✜♥✐♥❣ s✉❜s②st❡♠s t❤❛t
❛r❡ ❜✐❣ ❡♥♦✉❣❤ t♦ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❛ ❞✐str✐❜✉t❡❞ ❣❡♥❡r❛t✐♦♥❀ ❝❤♦♦s✐♥❣ ♣✐❡❝❡s
✇❤✐❝❤ ❡♥✈✐r♦♥♠❡♥t ❜❡❤❛✈✐♦✉r ✐s ✇❡❧❧✲s♣❡❝✐✜❡❞✳

❚❤❡ s②st❡♠ s✐③❡s ✭st❛t❡s✴tr❛♥s✐t✐♦♥s✱ ❛❢t❡r ♠✐♥✐♠✐③❛t✐♦♥✮ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥
t✐♠❡s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡✿

◗✳ s✐③❡ ◗✉❡✉❡ ■♥t❡r♠❡❞✐❛t❡ ▼❛st❡r ●♦♦❞❙❧❛✈❡ ●❧♦❜❛❧ ❚♦t❛❧ t✐♠❡
◗❂✶ ✷✶✴✷✷✾ ✺✹✷✴✸✶✵✼ ✷▼✴✹✺▼ ✼✹✹✴✻✺✺✵ ✷✷❑✴✶✶✵❑ ✶✵✬
◗❂✷ ✷✸✼✴✸✶✽✾ ✺✹✷✴✸✶✵✼ ✺✳✽▼✴✶✵✸▼ ✺✾✸✻✴✻✶❑ ✸✹❑✴✶✻✹❑ ✺✾✬

❚❤❡ ♠✐❞❞❧❡ ❝♦❧✉♠♥s ✐♥ t❤❡ t❛❜❧❡ ❣✐✈❡ r❡❞✉❝❡❞ s✐③❡s ❢♦r t❤❡ ♠♦st ✐♥t❡r❡st✐♥❣ s✉❜✲
s②st❡♠s✿ t❤❡ ▼❛st❡r q✉❡✉❡✱ t❤❡ ❜✐❣❣❡st ✐♥t❡r♠❡❞✐❛t❡ s✉❜s②st❡♠ ✐♥ ♦✉r ❞❡❝♦♠♣♦✲
s✐t✐♦♥ ♦❢ t❤❡ ▼❛st❡r✱ t❤❡ ✇❤♦❧❡ ▼❛st❡r ❝♦♠♣♦♥❡♥t✱ t❤❡ ✭❣♦♦❞✮ ❙❧❛✈❡ ❝♦♠♣♦♥❡♥t✱
❛♥❞ ✜♥❛❧❧② t❤❡ ❣❧♦❜❛❧ s②st❡♠✱ ❝♦♠♣r✐s✐♥❣ t❤❡ ▼❛st❡r✱ ✹ ❙❧❛✈❡s✱ ❛♥❞ ❛ ❈❧✐❡♥t✳
❚❤❡ ❧❛st ❝♦❧✉♠♥ ❣✐✈❡s t❤❡ ❣❧♦❜❛❧ ❝♦♠♣✉t❛t✐♦♥ t✐♠❡✳

❈♦rr❡❝t♥❡ss Pr♦♣❡rt✐❡s✳ ❖♥❝❡ t❤❡ ❜❡❤❛✈✐♦✉r❛❧ ♠♦❞❡❧ ❣❡♥❡r❛t❡❞✱ ✇❡ ✈❡r✐✜❡❞
s❡✈❡r❛❧ ♣r♦♣❡rt✐❡s✱ ✇r✐tt❡♥ ✉s✐♥❣ t❤❡ ▼❈▲ ❧♦❣✐❝s❀ t❤❡② ❡①♣r❡ss ✈❛r✐♦✉s ❢❛❝❡ts
♦❢ t❤❡ s②st❡♠ ❝♦rr❡❝t♥❡ss✳ ❙♦♠❡ ♣r♦♣❡rt✐❡s ❡①♣r❡ss ❣❧♦❜❛❧ ❝♦rr❡❝t♥❡ss ♦❢ t❤❡
❛♣♣❧✐❝❛t✐♦♥✱ s❡❡♥ ❢r♦♠ t❤❡ ✭❡①t❡r♥❛❧✮ ❝❧✐❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇✳ ❖t❤❡rs r❡q✉✐r❡ t❤❡
✈✐s✐❜✐❧✐t② ♦❢ s♦♠❡ ✐♥t❡r♥❛❧ ❡✈❡♥ts ♦❢ t❤❡ s②st❡♠✱ ❛♥❞ r❡✈❡❛❧ t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢
s❡✈❡r❛❧ s❝❡♥❛r✐♦s✱ ♦r t❤❡ ✐♠♣♦ss✐❜✐❧✐t② ♦❢ s♦♠❡ ❡rr♦rs✳

▲❡t ✉s st❛rt ✇✐t❤ s✐♠♣❧❡ r❡❛❝❤❛❜✐❧✐t② ♣r♦♣❡rt✐❡s✿ ❛❧❧ r❡q✉❡sts ✭❲r✐t❡ ♦r ❘❡❛❞✮
s❡♥t t♦ t❤❡ s②st❡♠ ❝❛♥ t❡r♠✐♥❛t❡ ❛♥❞ r❡t✉r♥ s✉❝❝❡ss❢✉❧❧②✳ ❚❤❡ ✜rst ❢♦r♠✉❧❛ ♠❡❛♥s
t❤❛t ❢♦r ❡❛❝❤ ♣♦ss✐❜❧❡ ✈❛❧✉❡ ♦❢ ✜❞ ✭t❤❡ ✐❞❡♥t✐✜❡r ♦❢ ❛ ❝❧✐❡♥t r❡q✉❡st✮✱ t❤❡ ❛❝t✐♦♥
❘❴❘❡❛❞ ❞❡♥♦t✐♥❣ t❤❡ r❡t✉r♥ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❘❡❛❞ r❡q✉❡st ✐s r❡❛❝❤❛❜❧❡
✇✐t❤ s♦♠❡ r❡t✉r♥❡❞ ✈❛❧✉❡ ✈❛❧✳ ❚❤✐s ♣r♦♣❡rt② ✐s ❚r✉❡✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡ ❘❡❛❞
r❡q✉❡st ❝❛♥ t❡r♠✐♥❛t❡ ✭t❤✐s ❤♦❧❞s ❛❧s♦ ❢♦r ❲r✐t❡ r❡q✉❡sts✮✳

❢♦r❛❧❧ ❢✐❞✿♥❛t ❛♠♦♥❣ ④✵✳✳✳✷⑥✳ ❡①✐sts ❜✿❜♦♦❧✳

❁tr✉❡✯ ✳ ④❘❴❘❡❛❞ ✦❢✐❞ ✦❜⑥❃ tr✉❡

◆❡①t ❢♦r♠✉❧❛ ❝❤❡❝❦s t❤❡ r❡❛❝❤❛❜✐❧✐t② ♦❢ t❤❡ ❇❋❚ ❊rr♦r ❡✈❡♥ts✳ ❚❤✐s ♣r♦♣❡rt②
✐s ❋❛❧s❡✱ ♠❡❛♥✐♥❣ t❤❛t ✇❡ ✐♥st❛♥t✐❛t❡❞ ❡♥♦✉❣❤ ❣♦♦❞ s❧❛✈❡s✳

❁ tr✉❡✯ ✳ ✬❊rr♦r ✭◆♦t❇❋❚✮✬❃ tr✉❡

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✼

❲❡ t❤❡♥ ❡♥s✉r❡ t❤❛t t❤❡ ▼❛st❡r✬s q✉❡✉❡ ❝❛♥♥♦t r❡❝❡✐✈❡ t♦♦ ♠❛♥② r❡q✉❡sts✳
■ts ✈❛❧✐❞✐t② ❞❡♣❡♥❞s ♦♥ t❤❡ s②st❡♠ ❝❧✐❡♥t✭s✮✳ ❍❡r❡ ✇❡ ❤❛✈❡ ♣r♦✈❡❞ t❤❛t ❛ q✉❡✉❡
❞❡♣t❤ ♦❢ ✶ ✐s s✉✣❝✐❡♥t t♦ ♣r♦✈❡ ❛❧❧ ♦❢ ♦✉r ❝♦rr❡❝t♥❡ss ♣r♦♣❡rt✐❡s✱ ✐❢ ✇❡ ❤❛✈❡ ❛
s✐♥❣❧❡ ❝❧✐❡♥t✱ ❛♥❞ ✐❢ t❤✐s ❝❧✐❡♥t ✇❛✐ts ❢♦r r❡♣❧✐❡s ❜❡❢♦r❡ s❡♥❞✐♥❣ t❤❡ ♥❡①t r❡q✉❡st✳

❁ tr✉❡✯ ✳ ✬❊rr♦r ✭▼❛st❡r✲❖✉t❖❢❇♦✉♥❞s✮✬❃ tr✉❡

❆❧s♦✱ ✇❡ ❤❛✈❡ ♣r♦✈❡❞ ■♥❡✈✐t❛❜✐❧✐t② ♣r♦♣❡rt✐❡s ❧✐❦❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♦♥❡✳ ■t ❡♥s✉r❡s
t❤❛t ✐t ✐s ✭❢❛✐r❧②✮ ✐♥❡✈✐t❛❜❧❡ t❤❛t ❛❢t❡r ❛ ❲r✐t❡ r❡q✉❡st✱ ❡✐t❤❡r t❤❡ s②st❡♠ s❡♥❞s
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❲r✐t❡ r❡s♣♦♥s❡ ♦r r❛✐s❡s ❛♥ ❡rr♦r✳ ❍❡r❡ ❢❛✐r♥❡ss ♠❡❛♥s ✧❢❛✐r
r❡❛❝❤❛❜✐❧✐t② ♦❢ ♣r❡❞✐❝❛t❡s✧ ✐♥ t❤❡ s❡♥s❡ ♦❢ ◗✉❡✐❧❧❡ ❛♥❞ ❙✐❢❛❦✐s ❬✷✺❪✿

❬ tr✉❡✯ ✳ ✭④◗❴❲r✐t❡ ❄❢✐❞✿♥❛t ❄❜✐t✿❜♦♦❧⑥✮

✳ ✭♥♦t ✭✬❊rr♦r✳✯✬ ♦r ④❘❴❲r✐t❡ ✦❢✐❞⑥✮✮✯ ❪

❁ ✭♥♦t ✭✬❊rr♦r✳✯✬ ♦r ④❘❴❲r✐t❡ ✦❢✐❞⑥✮✮✯

✳ ✭✬❊rr♦r✳✯✬ ♦r ④❘❴❲r✐t❡ ✦❢✐❞⑥✮ ❃ tr✉❡

❙✐♠✐❧❛r✐❧②✱ ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ✐t ✐s ❢❛✐r❧② ✐♥❡✈✐t❛❜❧❡ t❤❛t ❘❡❛❞ r❡q✉❡sts ❛r❡
r❡♣❧✐❡❞✱ ❛♥❞ ❛❧s♦ t❤❛t t❤❡ s②st❡♠ ✐s ❢✉♥❝t✐♦♥❛❧❧② ❝♦rr❡❝t✿ ❛❢t❡r ❛ ❲r✐t❡ r❡q✉❡st
✭❛♥❞ ❜❡❢♦r❡ t❤❡ ♥❡①t ♦♥❡✮✱ ❛ ❘❡❛❞ r❡q✉❡st ✇✐❧❧ ❛♥s✇❡r ✇✐t❤ t❤❡ ❝♦rr❡❝t ✈❛❧✉❡✳

❚♦ s✉♠♠❛r✐s❡✱ ✇❡ ♣r♦✈❡❞ ❜② ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ t❤❛t ♦✉r ❛♣♣❧✐❝❛t✐♦♥ ❝♦♥s✐st✐♥❣
♦❢ ✶ ♠❛st❡r ❛♥❞ ✹ s❧❛✈❡s ✭✸ ❣♦♦❞ ♦♥❡s ❛♥❞ ❜❛❞ ♦♥❡✮ ❜❡❤❛✈❡s ❝♦rr❡❝t❧②✿ ✶✮ ✐t
❛♥s✇❡rs t♦ ❘❡❛❞ ❛♥❞ ❲r✐t❡ r❡q✉❡sts✱ ✷✮ t❤❡ ❛♥s✇❡rs ❛r❡ ❝♦rr❡❝t ✐♥ t❤❡ s❡♥s❡ t❤❛t
t❤❡ r❡❛❞ ✈❛❧✉❡ ✐s t❤❡ ✈❛❧✉❡ t❤❛t ❤❛s ❜❡❡♥ ✇r✐tt❡♥✱ ✸✮ ❢♦r t❤✐s ✐t r❡❧✐❡s ♦♥ t❤❡ s❧❛✈❡s
❢♦r st♦r✐♥❣ t❤❡ ❞❛t❛ ✭t❤❡ ♠❛st❡r ♦♥❧② ♣❡r❢♦r♠s ❛ ❝♦♥s❡♥s✉s✮✱ ❛♥❞ ✹✮ ❡♥♦✉❣❤ ❣♦♦❞
s❧❛✈❡s ❤❛✈❡ ❜❡❡♥ ✐♥st❛♥t✐❛t❡❞ ❛♥❞ t❤❡ ◆♦t❇❋❚ ❡rr♦r ❝❛♥♥♦t ❜❡ r❛✐s❡❞✳

✺ ❈♦♥❝❧✉s✐♦♥

❚❤✐s ♣❛♣❡r s❤♦✇s t❤❡ ♠♦❞❡❧✐s❛t✐♦♥ ❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ❜② ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♦❢ ❛ s②s✲
t❡♠ t❤❛t ❢❡❛t✉r❡s✿ ♦♥❡✲t♦✲♠❛♥② ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ❛s②♥❝❤r♦♥♦✉s ❝♦♠♠✉♥✐❝❛t✐♦♥
✇✐t❤ ❢✉t✉r❡s✱ ❜②③❛♥t✐♥❡ ❢❛✉❧ts✱ r❡♣❧✐❝❛t✐♦♥✱ ❛♥❞ ❝♦♥s❡♥s✉s✳ ❲❡ s❤♦✇❡❞ ❤❡r❡ t❤❡
♣♦ss✐❜✐❧✐t② t♦ ❡♥❝♦❞❡ ❛♥❞ ✈❡r✐❢② t❤❡ ❝♦rr❡❝t ❜❡❤❛✈✐♦✉r ♦❢ ❛ ✇❤♦❧❡ ❞✐str✐❜✉t❡❞
❛♣♣❧✐❝❛t✐♦♥ t❤❛t t♦❧❡r❛t❡s s♦♠❡ ❢❛✉❧t② ♣r♦❝❡ss❡s✳ ❍❛♥❞❧✐♥❣ ❜②③❛♥t✐♥❡ ❢❛✉❧ts ✐s
❛ ❞✐✣❝✉❧t t❛s❦✱ ❜❡❝❛✉s❡ ♥♦ ❛ss✉♠♣t✐♦♥ ❝❛♥ ❜❡ ♠❛❞❡ ♦♥ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡
❢❛✉❧t② ♣r♦❝❡ss❡s✳ ❙✉❝❤ ❛ r❛♥❞♦♠ ❜❡❤❛✈✐♦✉r ♠❛❦❡s ❛✉t♦♠❛t✐❝ ✈❡r✐✜❝❛t✐♦♥ ♦❢ t❤❡
❝♦rr❡❝t✐♦♥ ♦❢ ❛ ✇❤♦❧❡ ❛♣♣❧✐❝❛t✐♦♥ ❡✈❡♥ ♠♦r❡ ❞✐✣❝✉❧t ❜❡❝❛✉s❡ ❛ ❧♦t ♦❢ ♣♦ss✐❜❧❡
st❛t❡s ♠✉st ❜❡ ❝♦♥s✐❞❡r❡❞✳

❆ ♥❡①t st❡♣ ❝♦✉❧❞ ❜❡ t♦ ✐♥t❡❣r❛t❡ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❢❛✉❧t② ♣r♦❝❡ss✱ r❡♣❧✐❝❛t✐♦♥
♠❛♥❛❣❡♠❡♥t✱ ❛♥❞ ❝♦♥s❡♥s✉s ♠❡t❤♦❞s t♦ ♦✉r s♣❡❝✐✜❝❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t✿ t❤❡ ✉s❡r
✇♦✉❧❞ ✐❞❡♥t✐❢② t❤❡ ♣♦ss✐❜❧② ❢❛✉❧t② ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇♦✉❧❞ ❣❡♥❡r✲
❛t❡ ❇❋❚✲❧✐❦❡ ❜❡❤❛✈✐♦✉r ❛♥❞ r❡♣❧✐❝❛t✐♦♥ ❢♦r t❤♦s❡ ❝♦♠♣♦♥❡♥ts✱ ❜✉t ❛❧s♦ ❜r♦❛❞❝❛st
❛♥❞ ❝♦♥s❡♥s✉s ♦♣❡r❛t✐♦♥s✳ ❚❤❡ ♥❡✇ s②st❡♠ ❝♦✉❧❞ t❤❡♥ ❜❡ ♠♦❞❡❧✲❝❤❡❝❦❡❞ t♦ ❞❡✲
❝✐❞❡ ✇❤❡t❤❡r t❤❡ ✇❤♦❧❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s ❢❛✉❧t✲t♦❧❡r❛♥t✳

❆♥♦t❤❡r ❧❡ss♦♥ ❞r❛✇♥ ❤❡r❡ ✐s t❤❛t t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ✇❤♦❧❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s
❤✉❣❡✱ ✇❡ ✉s❡❞ ❛❧❧ t❤❡ ♣♦✇❡r ♦❢ t❤❡ ❞✐str✐❜✉t❡❞ ✈❡rs✐♦♥ ♦❢ ❈❆❉P ♦♥ ❛ ❝❧♦✉❞✲❧✐❦❡
❡♥✈✐r♦♥♠❡♥t t♦ ✈❡r✐❢② t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤✐s s❤♦✇s t❤❛t ❛♣♣❧✐❝❛t✐♦♥✲❧❡✈❡❧ ❢❛✉❧t✲
t♦❧❡r❛♥❝❡ ❝❛♥ ❜❡ ✈❡r✐✜❡❞ ❜② ❛ ♠♦❞❡❧✲❝❤❡❝❦❡r✱ ❜✉t ❛❧s♦ t❤❛t ❛❞❞✐♥❣ ❛♥② ♦t❤❡r
❢❡❛t✉r❡ t♦ t❤❡ s②st❡♠ ✭❡✳❣✳ r❡❝♦♥✜❣✉r❛t✐♦♥ ❢♦r ❝❤❛♥❣✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ r❡♣❧✐❝❛t❡s
❛t r✉♥t✐♠❡✮ ♠❛② ❜❡ ✈❡r② ❞✐✣❝✉❧t✳ ❚♦ ♠❛st❡r s✉❝❤ ❝♦♠♣❧❡①✐t② ✇❡ s❤♦✉❧❞ ✉s❡
s❡♠❛♥t✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧ ❛♥❞ ♦❢ t❤❡ ♠✐❞❞❧❡✇❛r❡ t♦ ❣❡t
❜❡tt❡r ❛♥❞ s♠❛❧❧❡r ❛❜str❛❝t✐♦♥s ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❣❡♥❡r❛t❡❞ ❜❡❤❛✈✐♦✉r✳

❘❘ ♥➦ ✼✼✶✼



❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✶✽
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❬✷❪ ❋✳ ❇❛✉❞❡✱ ❉✳ ❈❛r♦♠❡❧✱ ❈✳ ❉❛❧♠❛ss♦✱ ▼✳ ❉❛♥❡❧✉tt♦✱ ❱✳ ●❡t♦✈✱ ▲✳ ❍❡♥r✐♦✱
❛♥❞ ❈❤✳ Pér❡③✳ ●❈▼✿ ❛ ❣r✐❞ ❡①t❡♥s✐♦♥ t♦ ❋r❛❝t❛❧ ❢♦r ❛✉t♦♥♦♠♦✉s ❞✐str✐❜✉t❡❞
❝♦♠♣♦♥❡♥ts✳ ❆♥♥❛❧s ♦❢ ❚é❧é❝♦♠♠✉♥✐❝❛t✐♦♥s✱ ✷✵✵✾✳

❬✸❪ ▼✳ ❇❡✐s✐❡❣❡❧✱ ❍✳ ❇❧♦❤♠✱ ❉✳ ❇♦♦③✱ ▼✳ ❊❞✇❛r❞s✱ ❛♥❞ ❖✳ ❍✉r❧❡②✳ ❙❈❆ s❡r✈✐❝❡
❝♦♠♣♦♥❡♥t ❛r❝❤✐t❡❝t✉r❡✱ ❛ss❡♠❜❧② ♠♦❞❡❧ s♣❡❝✐✜❝❛t✐♦♥✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱
▼❛r❝❤ ✷✵✵✼✳
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✷✵✶✵✳
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✵

❆ ❇❡❤❛✈✐♦✉r ♦❢ ❖t❤❡r ▼❡t❤♦❞s

❲❡ ✐♥❝❧✉❞❡ ✐♥ t❤✐s ❛♣♣❡♥❞✐① t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ♠❡t❤♦❞s ✇❡ ❝♦✉❧❞ ♥♦t ✜t ✐♥
t❤❡ ❜♦❞② ♦❢ t❤❡ ♣❛♣❡r❀ ✇❡ ✇✐❧❧ ♣✉❜❧✐s❤ ❛ r❡s❡❛r❝❤ r❡♣♦rt ✐♥❝❧✉❞✐♥❣ ❛❧❧ t❤❡ ✜❣✉r❡s
❛♥❞ ❛❞❞✐t✐♦♥❛❧ ❞❡t❛✐❧s ❞✉r✐♥❣ t❤❡ s✉♠♠❡r✳

❆✳✶ ▼❛st❡r ▼❡t❤♦❞s

!Get_Read_Proxy

?R_Get_Read_Proxy(p1)

!WaitN_Read(p1,awaited)
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!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,true)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)!R_Read(p,false)

❋✐❣✉r❡ ✶✻✿ ❙❧❛✈❡ ✭●♦♦❞ ❛♥❞ ❇❛❞✮ ❘❡❛❞ ▼❡t❤♦❞

❘❡❛❞ ♠❡t❤♦❞s ♦❢ t❤❡ ❙❧❛✈❡s ❚❤❡ ♠❡t❤♦❞ ❘❡❛❞ ♦❢ t❤❡ ❣♦♦❞ ❛♥❞ ❜❛❞ s❧❛✈❡s
❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✻✳ ❋♦r t❤❡ ❣♦♦❞ s❧❛✈❡✱ t❤✐s ♠❡t❤♦❞ ❛❝❝❡ss❡s t❤❡ st♦r❡❞ ❜✐t
❜② ❛ ❝❛❧❧ t♦ ✦●❡t❇✐t✱ ❛♥❞ r❡♣❧✐❡s ✇✐t❤ t❤❡ ✈❛❧✉❡ t❤❛t ❤❛s ❜❡❡♥ r❡❛❞✳ ❋♦r ❛ ❜❛❞
s❧❛✈❡✱ t❤❡ ♠❡t❤♦❞ r❡t✉r♥s ❛ r❛♥❞♦♠ ✈❛❧✉❡ ✭❡✐t❤❡r tr✉❡ ♦r ❢❛❧s❡✮✳

MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)MethodCommit(Good)

?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)

!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)!R_Commit(p,b)

MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)MethodCommit(bad)

?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)?Call_Commit(p,b)

!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false)!R_Commit(p,false) !R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)!R_Commit(p,true)

❋✐❣✉r❡ ✶✼✿ ❙❧❛✈❡ ✭●♦♦❞ ❛♥❞ ❇❛❞✮ ❈♦♠♠✐t ▼❡t❤♦❞
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✸

❈♦♠♠✐t ♠❡t❤♦❞s ♦❢ t❤❡ ❙❧❛✈❡s ❆s st❛t❡❞ ✐♥ t❤❡ ❜♦❞② ♦❢ t❤❡ ♣❛♣❡r t❤❡
❈♦♠♠✐t ♠❡t❤♦❞ ✭❋✐❣✳✶✼✮ ❤❛s ❛ tr✐✈✐❛❧ ❜❡❤❛✈✐♦✉r ❛♥❞ ❛❧✇❛②s r❡♣❧✐❡s tr✉❡ ❢♦r t❤❡
❣♦♦❞ s❧❛✈❡✱❦ ✐t r❡♣❧✐❡s r❛♥❞♦♠❧② ❢♦r t❤❡ ❜❛❞ ♦♥❡✳

MethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBitMethodBit

?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)?SetBit(b)
?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit?GetBit

!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)!R_GetBit(b)

!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)!R_SetBit(b)

❋✐❣✉r❡ ✶✽✿ ▼❡t❤♦❞❇✐t ♣r♦❝❡ss ♦❢ t❤❡ ❣♦♦❞ s❧❛✈❡s

❚❤❡ ❙❧❛✈❡s✬ ▼❡t❤♦❞❇✐t ♣r♦❝❡ss✳ ❋✐♥❛❧❧② t❤❡ ▼❡t❤♦❞❇✐t ♣r♦❝❡ss ♦❢ ❋✐❣✳✶✽
✐s ✉s❡❞ ❜② t❤❡ ❣♦♦❞ s❧❛✈❡s t♦ st♦r❡ ❛♥❞ r❡tr✐❡✈❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ st♦r❡❞ ❜✐t✳ ■t
♣r♦✈✐❞❡s t❤❡ t✇♦ ♠❡t❤♦❞s ●❡t❇✐t ❛♥❞ ❙❡t❇✐t✳
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✹

❇ ❇❡❤❛✈✐♦✉r❛❧ ❙❡♠❛♥t✐❝s ♦❢ ●❈▼

❲❡ ❣❛t❤❡r ❤❡r❡ t❤❡ ❞❡✜♥✐t✐♦♥ ❛♥❞ ❡①♣❧❛♥❛t✐♦♥ ♦❢ t❤❡ ❜❡❤❛✈✐♦✉r❛❧ s❡♠❛♥t✐❝s✱ ✐♥
t❡r♠s ♦❢ ♣◆❡ts✱ ♦❢ ✈❛r✐♦✉s ❢❡❛t✉r❡s ♦❢ ●❈▼ s②st❡♠s✳

❇✳✶ ●r❛♣❤✐❝❛❧ ✈❡rs✉s ❋♦r♠❛❧ Pr❡s❡♥t❛t✐♦♥ ♦❢ ♣◆❡ts

❚❤❡ ♣◆❡ts ♠♦❞❡❧ ❤❛s ❜❡❡♥ ❢♦r♠❛❧❧② ❞❡✜♥❡❞ ✐♥ ❬✶❪✱ ❛♥❞ ❛ s❧✐❣❤t❧② ♠♦❞✐✜❡❞ ✭s✐♠✲
♣❧✐✜❡❞✮ ✈❡rs✐♦♥ ✐♥ ✇❤✐❝❤ t❤❡ ♥♦t✐♦♥ ♦❢ tr❛♥s❞✉❝❡r ✇❛s r❡♠♦✈❡❞✱ ✐♥ ❬✽❪✳ ❲❡ ✉s❡
❤❡r❡ t❤❡ ❬✽❪ ❞❡✜♥✐t✐♦♥✳ ❖♥❡ ❝❛♥ ❞❡✜♥❡ ❛ ♥♦t✐♦♥ ♦❢ ✏st❛t✐❝✑ ♣◆❡t✱ ✐♥ ✇❤✐❝❤ t❤❡
♣♦ss✐❜❧❡ s②♥❝❤r♦♥✐s❛t✐♦♥s ❞♦ ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ st❛t❡ ♦❢ t❤❡ tr❛♥s❞✉❝❡r ✭♦r ♦❢
s♣❡❝✐✜❝ s✉❜♥❡ts ♣❧❛②✐♥❣ t❤❡ r♦❧❡ ♦❢ t❤❡ tr❛♥s❞✉❝❡r✮✳ ❙✉❝❤ st❛t✐❝ ♣◆❡ts ❛r❡ ❡①✲
❛❝t❡❧② t❤♦s❡ t❤❛t ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❡❛s✐❧② ❜② t❤❡ ❣r❛♣❤✐❝❛❧ ❝♦♥str✉❝ts ✉s❡❞ ✐♥
t❤✐s ♣❛♣❡r✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡s ❞❡✜♥❡ t❤❡ ♠❛♣♣✐♥❣ ❜❡t✇❡❡♥ ❣r❛♣❤✐❝s ❛♥❞ ♣◆❡ts ❝♦♥✲
str✉❝ts✿ ❢♦r♠❛❧✐③❡✳✳✳ ❂❃ ❱✷

❆❙P✴Pr♦❆❝t✐✈❡ ❛❝t✐✈❡ ♦❜❥❡❝ts

❋✐❣✳ ✶✾ ✐❧❧✉str❛t❡s t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ♣◆❡ts ❡①♣r❡ss✐♥❣ ❛ ❛s②♥❝❤r♦♥♦✉s ❝♦♠✲
♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ✷ ❛❝t✐✈❡ ♦❜❥❡❝ts✳ ❆ ♠❡t❤♦❞ ❝❛❧❧ t♦ ❛ r❡♠♦t❡ ❛❝t✐✈✐t② ❣♦❡s
t❤r♦✉❣❤ ❛ ♣r♦①②✱ t❤❛t ❧♦❝❛❧❧② ❝r❡❛t❡s ❛ ✏❢✉t✉r❡✑ ♦❜❥❡❝t✱ ✇❤✐❧❡ t❤❡ r❡q✉❡st ❣♦❡s
t♦ t❤❡ r❡♠♦t❡ r❡q✉❡st q✉❡✉❡✳ ❚❤❡ r❡q✉❡st ❛r❣✉♠❡♥ts ✐♥❝❧✉❞❡ t❤❡ r❡❢❡r❡♥❝❡s t♦
t❤❡ ❝❛❧❧❡r ❛♥❞ ❝❛❧❧❡❡ ♦❜❥❡❝ts✱ ❜✉t ❛❧s♦ t♦ t❤❡ ❢✉t✉r❡✳ ▲❛t❡r✱ t❤❡ r❡q✉❡st ♠❛②
❡✈❡♥t✉❛❧❧② ❜❡ s❡r✈❡❞✱ ❛♥❞ ✐ts r❡s✉❧t ✈❛❧✉❡ ✇✐❧❧ ❜❡ s❡♥t ❜❛❝❦ ❛♥❞ ✉s❡❞ t♦ ✉♣❞❛t❡
t❤❡ ❢✉t✉r❡ ✈❛❧✉❡✳

Proxy

Queue

Body

Server RoleClient Role

Body

Proxy

?Q_M(fid, ˜arg)

Serve_M(fid, ˜arg)

!R_M(fid, val)

?Proxy[fid].
R_M(val)GetValue(val)

Proxy[fid].

!Proxy[fid].
Q_M( ˜arg)

!Q_M(fid, ˜arg)

!Q_M(fid, ˜arg)

[fid]

❋✐❣✉r❡ ✶✾✿ ❙✐♠♣❧❡ ♣◆❡ts ♠♦❞❡❧ ❢♦r t❤❡ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❆❝t✐✈❡
❖❜❥❡❝ts
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✺

❍✐❡r❛r❝❤✐❝❛❧ Pr♦❝❡ss❡s

❚❤✐s ✜rst ❝♦♥str✉❝t✐♦♥ ❛♣♣❧✐❡s t♦ ❤✐❡r❛r❝❤✐❝❛❧ ❝♦♠♣♦♥❡♥t str✉❝t✉r❡s✱ ✇✐t❤ ✐♥t❡r✲
❢❛❝❡s✱ ❜✉t ♥♦♥❡ ♦❢ t❤❡ s♣❡❝✐✜❝ ♥♦♥✲❢✉♥❝t✐♦♥❛❧ ❢❡❛t✉r❡s ♦❢ ❋r❛❝t❛❧ ♦r ●❈▼✳

❋r♦♠ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐♥ ❛ ❈♦♠♣♦♥❡♥t str✉❝t✉r❡✱ ✐t ✐s str❛✐❣❤t❢♦r✇❛r❞ t♦
❣❡♥❡r❛t❡ ❛ ♣◆❡t r❡♣r❡s❡♥t✐♥❣ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✐♥t❡r❢❛❝❡s ❛♥❞ t❤❡
s✉❜❝♦♠♣♦♥❡♥ts✱ ❢r♦♠ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡❧❡♠❡♥ts✿

• t❤❡ ♣◆❡t ❤❛s ♦♥❡ ❤♦❧❡ ❢♦r ❡❛❝❤ ✭♣❛r❛♠❡tr✐❝✮ s✉❜❝♦♠♣♦♥❡♥t❀

• t❤❡ ♣◆❡t ❣❧♦❜❛❧ ❛❝t✐♦♥s pAG ❛♥❞ ❤♦❧❡ s♦rts ÕJ ❛r❡ s❡ts ♦❢ ❛❝t✐♦♥s ♦❢ t❤❡
❢♦r♠ Ci.Itf [!|?]m( ˜arg) ❢♦r ♣❡r❢♦r♠✐♥❣ ✴ s❡r✈✐♥❣ ❛ ♠❡t❤♦❞ m ✇✐t❤ ❡❛❝❤
❛r❣✉♠❡♥t arg ∈ ΣTarg,V ✱

• ✐ts tr❛♥s❞✉❝❡r ❤❛s ♦♥❡ ♣❛r❛♠❡t❡r✐③❡❞ s②♥❝❤r♦♥✐s❛t✐♦♥ ✈❡❝t♦r ❢♦r ❡❛❝❤ ❜✐♥❞✲
✐♥❣ ✐♥ B̃✳

Master Slave[i]

MasterSlave(Composite)

?M( ˜arg)?A !B!M(i, ˜arg)

❋✐❣✉r❡ ✷✵✿ ●r❛♣❤✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛ ♣❛r❛♠❡tr✐③❡❞ ♥❡t✇♦r❦ ❢♦r ❛ ❤✐❡r❛r❝❤✐❝❛❧
❝♦♠♣♦♥❡♥t

●r❛♣❤✐❝❛❧❧② ❛ ♣❛r❛♠❡t❡r✐③❡❞ ♣◆❡t ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛ s❡t ♦❢ ❜♦①❡s ✭❤♦❧❡s✮✳
❊❛❝❤ ❜♦① ✐s s✉rr♦✉♥❞❡❞ ❜② ❧❛❜❡❧❧❡❞ ♣♦rts ❡♥❝♦❞✐♥❣ ❛ ♣❛rt✐❝✉❧❛r ❙♦rt ✭s♦rt ❝♦♥✲
str❛✐♥t pAG✮ ♦❢ t❤❡ ♣◆❡t✳ ❚❤❡ ❜♦① ✐s ✜❧❧❡❞ ✇✐t❤ ❛ ♣▲❚❙ ♦r ❛♥♦t❤❡r ♣◆❡t ✭❤✐✲
❡r❛r❝❤②✮ s❛t✐s❢②✐♥❣ t❤❡ ❙♦rt ✐♥❝❧✉s✐♦♥ ❝♦♥❞✐t✐♦♥ ✭L ⊆ pAG✮✳ ❚❤❡ ♣♦rts ❝❛♥ ❜❡
✐♥t❡r❝♦♥♥❡❝t❡❞ t❤r♦✉❣❤ ❡❞❣❡s ❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❚❤❡ ❡❞❣❡s ❛r❡ ❧❛❜❡❧❧❡❞ ✇✐t❤ ❛
♣❛r❛♠❡tr✐③❡❞ ❛❝t✐♦♥ ♦r τ ✭✉♥♦❜s❡r✈❛❜❧❡ ❛❝t✐♦♥✮✳ ❚❤❡ ❡❞❣❡s ❝♦♥♥❡❝t✐♥❣ t❤❡ ❜♦①❡s
❡①♣r❡ss t❤❡ s②♥❝❤r♦♥✐③❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡♠✳ ❊❛❝❤ ❡❞❣❡ ✐s tr❛♥s❧❛t❡❞ t♦ ❛ s②♥✲
❝❤r♦♥✐③❛t✐♦♥ ✈❡❝t♦r ♦❢ t❤❡ ❢♦r♠ <!M( ˜arg)✱ ?M( ˜arg) >→ M( ˜arg)✱ ❡①♣r❡ss✐♥❣ ❛
r❡♥❞❡③✲✈♦✉s ❜❡t✇❡❡♥ ❛❝t✐♦♥s !M( ˜arg)✱ ❛♥❞ ?M( ˜arg)✱ ✈✐s✐❜❧❡ ❛s ❛ ❣❧♦❜❛❧ ❛❝t✐♦♥
M( ˜arg)✳

❋♦r t❤❡ ❡①❛♠♣❧❡ ❛❜♦✈❡✱ t❤❡ t❤r❡❡ ❡❞❣❡s ✇✐❧❧ ❜❡ tr❛♥s❧❛t❡❞ ✐♥t♦ t❤❡ ❢♦❧❧♦✇✐♥❣
s②♥❝❤r♦♥✐s❛t✐♦♥ ✈❡❝t♦rs✿

<▼❛st❡r✳!M(i, ˜arg)✱ ❙❧❛✈❡❬✐❪✳?M( ˜arg) >→ M(i, ˜arg)

<▼❛st❡r✳?A,− >→ ?A

< −,❙❧❛✈❡❬✐❪✳!B >→ !B(i)
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✻

❙tr✉❝t✉r❡ ♦❢ ●❈▼ ❈♦♠♣♦♥❡♥ts

❲❡ st❛rt ❤❡r❡ ✇✐t❤ ❛ s✐♠♣❧❡ s✉❜s❡t ♦❢ ●❈▼ ❢❡❛t✉r❡s✱ ❡①❝❧✉❞✐♥❣ ❛♥② ❞②♥❛♠✐❝
r❡❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ♣◆❡ts ♠♦❞❡❧s ❢♦r s✉❝❤ ❝♦♠♣♦♥❡♥ts ✐♥❝❧✉❞❡s✿

❼ ❛ ❘❡q✉❡st ◗✉❡✉❡

❼ ❛ ❇♦❞② ❡♥❝♦❞✐♥❣ t❤❡ s❡r✈✐❝❡ ♣♦❧✐❝②

❼ ❢♦r ♣r✐♠✐t✐✈❡ ❝♦♠♣♦♥❡♥ts✱ ♣▲❚❙s ❢♦r ❡❛❝❤ s❡r✈✐❝❡ ♠❡t❤♦❞ s ♦❢ t❤❡ ❝♦♠♣♦✲
♥❡♥t✱ ❛♥❞ ❡✈❡♥t✉❛❧❧② ❢♦r ♦t❤❡r ❧♦❝❛❧ ♠❡t❤♦❞s

❼ ❢♦r ❝♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥ts✱ ❝❤✐❧❞r❡♥ ♣◆❡ts ❢♦r ❡❛❝❤ s✉❜❝♦♠♣♦♥❡♥t

❼ ✇❤❡♥ ♥❡❝❡ss❛r②✱ ❋✉t✉r❡ ♣r♦①✐❡s ❛♥❞ ●r♦✉♣ ♣r♦①✐❡s ❢♦r ❡❛❝❤ ❝❧✐❡♥t ✐♥t❡r❢❛❝❡
♦❢ t❤❡ ❝♦♠♣♦♥❡♥t✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ ✜❣✉r❡s ❣✐✈❡ t❤❡ ♦✈❡r❛❧❧ ♣◆❡t str✉❝t✉r❡ ❢♦r ●❈▼ ♣r✐♠✐t✐✈❡ ✭r❡s♣✳
❝♦♠♣♦s✐t❡✮ ❝♦♠♣♦♥❡♥t✱ ✇✐t❤ ❡❞❣❡s r❡♣r❡s❡♥t✐♥❣ t❤❡ s②♥❝❤r♦♥✐s❛t✐♦♥ ✈❡❝t♦rs✳ ❚❤❡
♣▲❚❙ r❡♣r❡s❡♥t✐♥❣ t❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ ❜♦①❡s ✭◗✉❡✉❡✱ ❇♦❞②✱ Pr♦①✐❡s✮ ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞
❧❛t❡r✳

Pr✐♠✐t✐✈❡ ❝♦♠♣♦♥❡♥t

❚❤❡ ♣◆❡t ❢♦r ❛ s✐♠♣❧❡ ♣r✐♠✐t✐✈❡ ❝♦♠♣♦♥❡♥t ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✶ ✐s ❝♦♠♣♦s❡❞
♦❢ t✇♦ ♣❛rts✿ t❤❡ ♠❡♠❜r❛♥❡✱ ✇❤✐❝❤ ✇✐❧❧ ❝♦♥t❛✐♥ t❤❡ ◗✉❡✉❡ ❛♥❞ t❤❡ Pr♦①② ✭❝♦r✲
r❡s♣♦♥❞✐♥❣ t♦ t❤❡ M2 ♠❡t❤♦❞ ❢♦✉♥❞ ♦♥ t❤❡ ❝♦♠♣♦♥❡♥t✬s ❝❧✐❡♥t ✐♥t❡r❢❛❝❡✮✱ ❛♥❞
t❤❡ ❝♦♥t❡♥t✱ ✇✐t❤ t❤❡ ❇♦❞② ❛♥❞ t❤❡ ♣▲❚❙ ❢♦r t❤❡ s❡r✈✐❝❡ ♠❡t❤♦❞ ✭M1✮ ❢♦✉♥❞
♦♥ t❤❡ s❡r✈❡r ✐♥t❡r❢❛❝❡✳ ❚❤❡ ❜❛s✐❝ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❝❡♥❛r✐♦ ✐s ❛s ❢♦❧❧♦✇s✿ t❤❡ ✐♥✲
❝♦♠✐♥❣ r❡q✉❡sts t♦ M1 ❛rr✐✈❡ t♦ t❤❡ ◗✉❡✉❡✱ ✇❤✐❝❤ ✇✐❧❧ t❤❡♥ ✐ss✉❡ ❛ ❙❡r✈❡❴M1
r❡q✉❡st t♦ t❤❡ ❇♦❞②✱ ✇❤✐❝❤✱ ❛t ✐ts t✉r♥✱ ✇✐❧❧ s❡♥❞ t❤❡ ❈❛❧❧ r❡q✉❡st t♦ t❤❡ ❜♦①
❝♦♥t❛✐♥✐♥❣ t❤❡ ♣▲❚❙ ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡t❤♦❞ ✭M1✮✱ ❛♥❞ ❛❢t❡r t❤❡ ❡①❡✲
❝✉t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞ ❤❛s t❡r♠✐♥❛t❡❞✱ ✐t ✇✐❧❧ r❡t✉r♥ t❤❡ r❡s✉❧t ❜② s❡♥❞✐♥❣ t❤❡
❘❴M1(val) r❡s♣♦♥s❡✳ ❚❤❡ ❝❛❧❧s t♦ t❤❡ M2 ♠❡t❤♦❞ ✇✐❧❧ ❣♦ t❤r♦✉❣❤ t❤❡ ❛ss♦✲
❝✐❛t❡❞ Pr♦①②✱ ❛♥❞ t❤❡ ❇♦❞② ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ r❡tr✐❡✈❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❢✉t✉r❡ ❜②
❝❛❧❧✐♥❣ ●❡t❱❛❧✉❡(fid2, val)✳

?Q M1(fid1, ˜arg)

Body

ProxyQueue
?R M2(val)

M1

!Q M2(fid2, ˜arg)

Call M1(fid1, ˜arg)

Serve M1(fid1, ˜arg)

GetValue(fid2, val)

!R M1(val)

❋✐❣✉r❡ ✷✶✿ ❙✐♠♣❧❡ Pr✐♠✐t✐✈❡ ❈♦♠♣♦♥❡♥t
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✼

❈♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥t

❋✐❣✉r❡ ✷✸ s❤♦✇s t❤❡ ♣◆❡ts ❢♦r ❛ ❝♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥t s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✷✳ ❚❤❡
❝♦♠♣♦s✐t❡ ❝♦♠♣♦♥❡♥t ❇ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ s✉❜❝♦♠♣♦♥❡♥ts ❈ ❛♥❞ ❉✱ ❛♥❞ ❤❛s
t✇♦ ❡①t❡r♥❛❧ ✐♥t❡r❢❛❝❡s ✭✶ ❝❧✐❡♥t ❛♥❞ ✶ s❡r✈❡r✮✳ ❘❡q✉❡sts ❛rr✐✈✐♥❣ ♦♥ t❤❡ s❡r✈❡r
✐♥t❡r❢❛❝❡s ❛r❡ ♦❢ t❤❡ ❢♦r♠ ✦◗❴❢♦♦✭❢✮✱ t❤❡ r❡q✉❡st ✐s ❡♥q✉❡✉❡❞ ✐♥ t❤❡ q✉❡✉❡ ♦❢
❇✱ t❤❡♥ ✐t ✇✐❧❧ ❜❡ s❡r✈❡❞ ✭❙❡r✈❡❴❢♦♦✭❢✮✮ ❜② t❤❡ ❜♦❞② ❛♥❞ ❞❡❧❡❣❛t❡❞ t♦ ❈✳ ❋♦r
t❤✐s ❛ ♣r♦①② Pr♦①②✭fB1✮ ✇❛✐ts ❢♦r t❤❡ r❡s✉❧t ♦❢ t❤❡ r❡♠♦t❡ ❝❛❧❧ t♦ ❈✳ ◆♦t❡ t❤❡
s②♥❝❤r♦♥✐s❛t✐♦♥ t❤❛t ♦❝❝✉rs ❛t t❤❡ s❛♠❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ♣r♦①② Pr♦①②✭fB1✮✱
t❤❡ ❜♦❞② ♦❢ t❤❡ ❝♦♠♣♦s✐t❡ ❛♥❞ t❤❡ r❡q✉❡st q✉❡✉❡ ♦❢ ❈✳ ❲❤❡♥ t❤❡ r❡q✉❡st ✐s
✜♥✐s❤❡❞ ✐♥ ❈✱ t❤❡ r❡s✉❧t ✐s r❡t✉r♥❡❞ t♦ t❤❡ ♣r♦①②❀ ✐t ❝❛♥ t❤❡♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② t❤❡
❇♦❞② ✭●❡t❱❛❧✉❡❴❢♦♦✭✈❛❧✮✮✱ ❛♥❞ r❡t✉r♥❡❞ ✭❘❴❢♦♦✭❢✱✈❛❧✮✮✳ ❚❤❡ ♦t❤❡r ♣r♦①✐❡s
✭❛♥♦t❤❡r ♦♥❡ ✐♥ ❇ ❛♥❞ t✇♦ ✐♥ ❈✮ ❛r❡ ♠❛♥✐♣✉❧❛t❡❞ s✐♠✐❧❛r❧②✳ ❋♦r ❝❧❛r✐t② ♦❢ t❤❡
✜❣✉r❡✱ ✇❡ ♦♠✐tt❡❞ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✇✐t❤ ♣r♦①② Pr♦①②✭fB2✮✳

▲❡t ✉s ♥♦✇ ❢♦❝✉s ♦♥ t❤❡ r❡♠♦t❡ ❝❛❧❧ ❢r♦♠ t❤❡ ❝♦♠♣♦s✐t❡ ❇ t♦ ✐ts s✉❜❝♦♠✲
♣♦♥❡♥t❈✳ ❙✐♠✐❧❛r❧② t♦ t❤❡ ❝♦♠♣♦s✐t❡ ❝❛s❡✱ ◗❴❢♦♦✭fB1✮ ✐s ❡♥q✉❡✉❡❞ ✐♥ ❈✬s q✉❡✉❡
t❤❡♥ s❡r✈❡❞ ❜② t❤❡ ❜♦❞②✱ ✇❤✐❝❤ ❞❡❧❡❣❛t❡s t✇♦ ❝❛❧❧s✱ ♦♥❡ t♦✇❛r❞s ❉✱ ❛♥❞ t❤❡ ♦t❤❡r
t♦✇❛r❞s ❇ ✭r❡❧②✐♥❣ ♦♥ t✇♦ ❞✐✛❡r❡♥t ♣r♦①✐❡s✮✳ ❲❤❡♥ t❤❡ r❡s✉❧t ✐s ♦❜t❛✐♥❡❞ ✐t ✐s
r❡t✉r♥❡❞ t♦ Pr♦①②✭fB1✮ ❜② ❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❘❴❢♦♦✭fB✱✈❛❧✮✳

❋✐❣✉r❡ ✷✷✿ ❈♦♠♣♦s✐t❡ ❈♦♠♣♦♥❡♥t

B

C D

E

BCD(Composite)

Proxy(fB1) Proxy(fB2)

Body

Queue

Queue

Body

Proxy(fC2)

Body

Queue

Body

Queue

Proxy(fC)

?Call bar

?R bar(val)

!GetValue bar(val)

Serve bar(fC)

?R gee(fB2, val)

!Q gee(fC2)

?Q gee(fC2)

!R gee(fB2, val)

Serve bar(fB2)

Serve gee(fC2)

R bar(fB2, val)

Q bar(fB2)!R foo(f, val)

?Q foo(f)

Serve foo(f)

!Q gee(fC2)

GetValue foo(val)

GetValue bar(val)

R foo(fB1, val)

!Q bar(fC)

Q foo(fB1)

❋✐❣✉r❡ ✷✸✿ ♣◆❡t ❢♦r t❤❡ ❈♦♠♣♦s✐t❡ ❈♦♠♣♦♥❡♥t♦❢ ❋✐❣✉r❡ ❄❄✱ ✇✐t❤ ❢✉t✉r❡s
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✽

❇♦❞②

❚❤❡ ❜♦❞② ♣r♦❝❡ss ✐s t❤❡ ♣❧❛❝❡ ✇❤❡r❡ t❤❡ s❡r✈✐❝❡ ♣♦❧✐❝② ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t ✐s
❡♥❝♦❞❡❞✳ ❇② ❞❡❢❛✉❧t✱ t❤✐s ♣♦❧✐❝② ♣✐❝❦s r❡q✉❡sts ❢r♦♠ t❤❡ ◗✉❡✉❡ ✐♥ ❋✐❢♦ ♦r❞❡r ✭✜rst
✐♥ ✜rst ♦✉t✮✱ ❛♥❞ ❡①❡❝✉t❡s t❤❡♠ ✐♥ ❛ ♠♦♥♦t❤r❡❛❞❡❞ ✇❛②✳ ❚❤✐s ✐s r❡♣r❡s❡♥t❡❞ ✐♥
❋✐❣✉r❡ ✷✹✱ ✇❤❡r❡ t❤❡ ❛❝t✐♦♥ ❄❙❡r✈❡❋✐rst❴M✭❢✐❞✱❛r❣s✮ ♣✐❝❦s t❤❡ ✜rst r❡q✉❡st
❢r♦♠ t❤❡ q✉❡✉❡✱ ❝❛❧❧s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡r✈✐❝❡ ❜♦❞②✱ t❤❡♥ s②♥❝❤r♦♥✐③❡s ✇✐t❤ t❤❡
s❡r✈✐❝❡ t❡r♠✐♥❛t✐♦♥ t♦ s❡♥❞ ❜❛❝❦ t❤❡ r❡s✉❧t t♦ t❤❡ ❝❛❧❧❡r✳ ◆❛t✉r❛❧❧②✱ t❤❡r❡ ✇✐❧❧ ❜❡
♦♥❡ s✉❝❤ ❧♦♦♣ ❢♦r ❡❛❝❤ ♣♦ss✐❜❧❡ s❡r✈✐❝❡ ♠❡t❤♦❞ ✐♥ t❤❡ ❝♦♠♣♦♥❡♥t✳

■♥ t❤❡ ❝❛s❡ ♦❢ ❛ ✉s❡r✲❞❡✜♥❡❞ ♣♦❧✐❝②✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡✈❡❧♦♣❡r ✇✐❧❧ ❜❡ ✐♥ ❝❤❛r❣❡
♦❢ ♣r♦✈✐❞✐♥❣ ✐ts s♣❡❝✐✜❝❛t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ st❛t❡✲♠❛❝❤✐♥❡✱ t❤❛t ♠❛② ❜❡ ✏st❛t❡✲
❢✉❧❧✑✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡ s❡❧❡❝t✐♦♥ ♦❢ r❡q✉❡sts ✐♥ t❤❡ q✉❡✉❡ ♠❛② ❞❡♣❡♥❞ ♦♥ t❤❡
✐♥t❡r♥❛❧ st❛t❡ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t✳ ❚❤❡ ❞❡✈❡❧♦♣❡r ✇✐❧❧ ✉s❡ t❤❡ s❛♠❡ ❝♦♠♠✉♥✐❝❛t✐♦♥
♣r✐♠✐t✐✈❡s ❛s t❤❡ ❞❡❢❛✉t ❇♦❞②✳

Body

?ServeFirst M(fid, args)

!R M(fid, val)

!Call M(args)

❋✐❣✉r❡ ✷✹✿ ♣▲❚❙ ♦❢ t❤❡ ❇♦❞②

◗✉❡✉❡

❚❤❡ ◗✉❡✉❡ ♣◆❡t ❡♥❝♦❞❡s ❛♥ ✉♥❜♦✉♥❞❡❞ ❋✐❢♦ q✉❡✉❡✱ ❝♦♥t❛✐♥✐♥❣ r❡q✉❡sts ❝♦♠✲
♣♦s❡❞ ❜② ❛ ♠❡t❤♦❞ ♥❛♠❡ ❛♥❞ ✐ts ❛r❣✉♠❡♥ts✱ ❛♥❞ ❛ s❡❧❡❝t✐♦♥ ♠♦❞❡ ✭t②♣✐❝❛❧❧②
♦❧❞❡st ♦r ②♦✉♥❣✉❡st r❡q✉❡st ♠❛t❝❤✐♥❣ ❛ ♣r❡❞✐❝❛t❡✮✳

❚②♣✐❝❛❧❧②✱ ✇❡ ♥❡❡❞ t♦ ✐♥st❛♥❝✐❛t❡ t❤✐s q✉❡✉❡ ❛s ❛ ❜♦✉♥❞❡❞ str✉❝t✉r❡✱ ❜❡❢♦r❡
r✉♥♥✐♥❣ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ t♦♦❧s✳ ❍♦✇❡✈❡r✱ ❞✐✛❡r❡♥t ♠♦❞❡❧✲❝❤❡❝❦❡rs ♠❛② ✉s❡ ❞✐✛❡r✲
❡♥t r❡♣r❡s❡♥t❛t✐♦♥ ❢♦r q✉❡✉❡s✱ s♦ ✇❡ ❝❤♦s❡ t♦ ❦❡❡♣ ❛♥ ❛❜str❛❝t ◗✉❡✉❡ str✉❝t✉r❡
✐♥ t❤❡ ♣◆❡t✱ ❛♥❞ t♦ ❧❡❛✈❡ t♦ ❜❛❝❦❡♥❞ t♦♦❧s t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ q✉❡✉❡ r❡♣r❡s❡♥t❛t✐♦♥✳
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✷✾

❋✉t✉r❡ ♣r♦①✐❡s

❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❢✉t✉r❡ ♣r♦①② ♣◆❡t ✐s ❛s ❢♦❧❧♦✇s✿ t❤❡ ♣r♦①② st❛rts ❜② ❛
❈❛❧❧❴M tr❛♥s✐t✐♦♥✳ ❚❤✐s ❛❧❧♦✇s t❤❡ ❝♦♠♣♦♥❡♥t t♦ ♣❡r❢♦r♠ t❤❡ r❡♠♦t❡ ❝❛❧❧✳
❚❤❡♥ t❤❡ ♣r♦①② ✇✐❧❧ ✇❛✐t ❢♦r t❤❡ r❡s♣♦♥s❡ tr❛♥s✐t✐♦♥ ✭❘❴M✮ t♦ s②♥❝❤r♦♥✐s❡ ♦♥
t❤❡ r❡s♣♦♥s❡ ✈❛❧✉❡✳ ❋✐♥❛❧❧②✱ t❤❡ ❝♦♠♣♦♥❡♥t ❜♦❞② ♠❛② ❛❝❝❡ss t❤❡ ❝♦♥t❡♥t ♦❢ t❤❡
❢✉t✉r❡ t❤r♦✉❣❤ ❛ ✦●❡t❱❛❧✉❡ tr❛♥s✐t✐♦♥✳
❚❤❡ s❡❝♦♥❞ ✐♠❛❣❡ ✐s ❛♥ ♦♣t✐♠✐③❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❢✉t✉r❡ ♣r♦①② ▲❚❙✱ t❤❛t ❝♦✉❧❞ ❜❡
✉s❡❞ ✇❤❡♥ ♦♥❡ ♣r♦①② ✇♦✉❧❞ ❜❡ ❡♥♦✉❣❤ ✭r❛t❤❡r t❤❛♥ ❝r❡❛t✐♥❣ ❛ ♥❡✇ ♣r♦①② ❡❛❝❤
t✐♠❡ t❤❡r❡ ✐s ❛ ♥❡✇ ❢✉t✉r❡ t♦ ❜❡ ❤❛♥❞❧❡❞✮✱ s♦ t❤❡ s❛♠❡ ♦♥❡ ✇♦✉❧❞ ❜❡ r❡❝②❝❧❡❞
❛♥❞ r❡✉s❡❞ s❡✈❡r❛❧ t✐♠❡s✳

!GetValue M(val)

?Call M

?R M(val)

Proxy M[f ]

?Call M

?R M(val)

!GetValue M(val)

Proxy M[f ]

❋✐❣✉r❡ ✷✺✿ ♣▲❚❙ ♦❢ t❤❡ ❋✉t✉r❡ Pr♦①②
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❱❡r✐❢②✐♥❣ ❙❛❢❡t② ♦❢ ❋❛✉❧t✲❚♦❧❡r❛♥t ❉✐str✐❜✉t❡❞ ❈♦♠♣♦♥❡♥ts ✸✵

●r♦✉♣ ♣r♦①✐❡s ❛♥❞ Pr♦①② ♠❛♥❛❣❡r

❋✐❣✉r❡ ✷✻ ✐s t❛❦❡♥ ❢r♦♠ t❤❡ ❝❛s❡✲st✉❞② ♦❢ t❤✐s ♣❛♣❡r✱ ❛♥❞ ❢♦❝✉s❡s ♦♥ t❤❡ ♣◆❡t
r❡♣r❡s❡♥t✐♥❣ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❛ ♠✉❧t✐❝❛st ✐♥t❡r❢❛❝❡✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡r❡ ✇✐❧❧ ❜❡
♦♥❡ ●r♦✉♣ ▼❛♥❛❣❡r ❢♦r ❡❛❝❤ ♠✉❧t✐❝❛st ✐♥t❡r❢❛❝❡ ✐♥ ❛ ❝♦♠♣♦♥❡♥t✳ ❊❛❝❤ ●r♦✉♣

▼❛♥❛❣❡r ♣◆❡t ✐♥❝❧✉❞❡s ❛ Pr♦①② ▼❛♥❛❣❡r✱ ✇❤✐❝❤ ❞❡❛❧s ✇✐t❤ t❤❡ ✐♥st❛♥t✐❛t✐♦♥✴❛❝t✐✈❛t✐♦♥
♦❢ ♣r♦①✐❡s✱ ❛♥❞ ♦♥❡ ✐♥❞❡①❡❞ ❢❛♠✐❧② ♦❢ ♣r♦①✐❡s ❢♦r ❡❛❝❤ ♠❡t❤♦❞ ✐♥ t❤❡ ✐♥t❡r❢❛❝❡✳
❚❤❡ Pr♦①② ▼❛♥❛❣❡r ❛♥s✇❡rs t♦ r❡q✉❡sts ❢r♦♠ t❤❡ ❝♦♠♣♦♥❡♥t ♠❡t❤♦❞s ❜② ❛❝✲
t✐✈❛t✐♥❣ ❛ ♥❡✇ ♣r♦①② ❢♦r t❤❡ ❝❛❧❧❡❞ ♠❡t❤♦❞✱ ♣❛ss✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝✉rr❡♥t

❣r♦✉♣ t♦ t❤✐s ♣r♦①②✱ ❛♥❞ r❡t✉r♥s t❤❡ ♣r♦①② ✐❞❡♥t✐✜❡r t♦ t❤❡ ❝❛❧❧✐♥❣ ♠❡t❤♦❞✳ ❆❢✲
t❡r t❤✐s✱ ❛❧❧ ♠❡ss❛❣❡s r❡❧❛t✐✈❡ t♦ t❤✐s ♠❡t❤♦❞ ❝❛❧❧ ✐♥st❛♥❝❡ ✭❜r♦❛❞❝❛st✐♥❣ t❤❡ ❝❛❧❧
t♦ t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❣r♦✉♣✱ ❝♦❧❧❡❝t✐♥❣ ❛♥s✇❡rs✱ ❛♥❞ r❡♣❧②✐♥❣ t♦ ❲❛✐t r❡q✉❡sts
❢r♦♠ t❤❡ ❝❛❧❧✐♥❣ ♠❡t❤♦❞✮✱ ❛r❡ ♣❛r❛♠❡t❡r✐③❡❞ ❜② t❤✐s ♣r♦①② ✐❞❡♥t✐✜❡r✳ ❲❤❡♥❡✈❡r
t❤❡ ✐♥t❡r❢❛❝❡ r❡❝❡✐✈❡s ❇✐♥❞ ♦r ❯♥❜✐♥❞ r❡q✉❡sts✱ t❤❡② ♠♦❞✐❢② t❤❡ ✏❝✉rr❡♥t ❣r♦✉♣✑
✐♥t❡r♥❛❧ ✈❛r✐❛❜❧❡ ♦❢ t❤❡ Pr♦①② ▼❛♥❛❣❡r ♣◆❡t✳ ❘❡♠❛r❦ t❤❛t t❤✐s ✇✐❧❧ ♦♥❧② ❛✛❡❝t
♣r♦①✐❡s t❤❛t ✇✐❧❧ ❜❡ ❛❝t✐✈❛t❡❞ ❧❛t❡r✳

BC:
Q_Read(p)

Q_Commit(p)
BC:

BC:

Q_Write(...) !Slave[i].Q_Write(p,b)!Q_Write(g,p,b)

?R_WaitN_Write

!Call_Proxy_Write(p,b)

!WaitN_Write CO:
R_Write(p)

?R_Write(p)

Proxy_Write[p]

!Call_Proxy_Read(p)

CO:

?R_Read(p,val)

!Call_Proxy_Commit(p,b)

CO:

?R_Commit(p)

Proxy Manager

?R_Get_*_Proxy (p)

!Get_*_Proxy

?Q_Unbind

?Q_Bind

Proxy_Read[p]

Proxy_Commit[p]

Activate_Write(p,g) i ∈ g

i ∈ g
cf figure 9

❋✐❣✉r❡ ✷✻✿ ❋♦❝✉s ♦♥ t❤❡ ❡❧❡♠❡♥ts ❢♦r ♠❛♥❛❣✐♥❣ t❤❡ ❣r♦✉♣
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