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r❡❝❡✐✈❡❞ ❛t t❤❡ ❝♦❧❧❡❝t♦r ❝❛♥ ❜❡ ✈❡r② ❤✐❣❤✳ ❲❡ ❞❡✈❡❧♦♣❡❞ ❛ ❢r❛♠❡✇♦r❦
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❜❧♦❝❦s ❢♦r ❛❣❣r❡❣❛t✐♦♥✱ s♦rt✐♥❣✱ st❛t✐st✐❝s✱ ❝♦rr❡❧❛t✐♦♥✱ ❛♥❞ ♦t❤❡r t❛s❦s✳
❇❡s✐❞❡s r❡❛❞✐♥❣ ❞❛t❛ ❢r♦♠ ✜❧❡s ❢♦r ♦✤✐♥❡ ❛♥❛❧②s✐s✱ ✐t ❝❛♥ ❛❧s♦ ❞✐r❡❝t❧②
♣r♦❝❡ss ❞❛t❛ r❡❝❡✐✈❡❞ ❢r♦♠ t❤❡ ♥❡t✇♦r❦✳ ■♥ t❡r♠s ♦❢ ♠✉❧t✐t❤r❡❛❞✐♥❣ ❛♥❞
❞❛t❛ ❤❛♥❞❧✐♥❣✱ t❤❡ ❢r❛♠❡✇♦r❦ ✐s ❤✐❣❤❧② ❝♦♥✜❣✉r❛❜❧❡✱ ✇❤✐❝❤ ❛❧❧♦✇s ♣❡r❢♦r✲
♠❛♥❝❡ t✉♥✐♥❣ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣✐✈❡♥ t❛s❦✳ ❋♦r s❡tt✐♥❣ t❤❡s❡ ♣❛r❛♠❡t❡rs
t❤❡r❡ ❛r❡ s❡✈❡r❛❧ tr❛❞❡✲♦✛s ❝♦♥❝❡r♥✐♥❣ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ♣r♦✲
❝❡ss✐♥❣ ♦✈❡r❤❡❛❞✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ♣r❡s❡♥t t❤❡ ❢r❛♠❡✇♦r❦ ❞❡s✐❣♥✱ st✉❞②
t❤❡s❡ tr❛❞❡✲♦✛s ❜❛s❡❞ ♦♥ ❛ r❡❢❡r❡♥❝❡ s❝❡♥❛r✐♦ ❛♥❞ ❡①❛♠✐♥❡ ❝❤❛r❛❝t❡r✐st✐❝s
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❛t♦r✳ ❚❤✐s ♠♦♥✐t♦r✐♥❣ ✐♥❢♦r♠❛t✐♦♥ s❡r✈❡s ❛s ✐♥♣✉t ❢♦r ❛❞❥✉st✐♥❣ ❝♦♥✜❣✉r❛t✐♦♥s✱
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❇❡s✐❞❡s ❛❝t✐✈❡ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♣❛ss✐✈❡ ❝❛♣t✉r✐♥❣ ♦❢ ♣❛❝❦❡t tr❛❝❡s✱ ❋❧♦✇
❆❝❝♦✉♥t✐♥❣ ✐s ❛ttr❛❝t✐✈❡ ❜❡❝❛✉s❡ ✐t ✐s ❛ ♣❛ss✐✈❡ ♠♦♥✐t♦r✐♥❣ ❛♣♣r♦❛❝❤✱ ✇❤❡r❡ ✐♥✲
❢♦r♠❛t✐♦♥ ♦♥ ✢♦✇s ✐s ❝r❡❛t❡❞ ✐♥ r♦✉t❡rs ❛♥❞ ❡①♣♦rt❡❞ ❛s ❋❧♦✇ ❘❡❝♦r❞s ✉s✐♥❣
❛ ♣r♦t♦❝♦❧ ❧✐❦❡ ❈✐s❝♦ ◆❡t❋❧♦✇ ❬✶❪ ♦r ■P❋■❳ ❬✷❪✳ ❉✉❡ t♦ ♠♦♥✐t♦r✐♥❣ ♦♥ t❤❡ ✢♦✇
❧❡✈❡❧✱ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ♣r♦✈✐❞❡s ❛ ❣♦♦❞ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♠♦♥✲
✐t♦r❡❞ ❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ ❞❛t❛ t♦ st♦r❡ ❛♥❞ ♣r♦❝❡ss✳ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ✐s ♠❛✐♥❧②
✉s❡❞ ❢♦r r❡♣♦rt✐♥❣ ❛♥❞ ❛❝❝♦✉♥t✐♥❣ t❛s❦s✱ ❜✉t ❝❛♥ ❛❧s♦ ♣r♦✈✐❞❡ ✐♥♣✉t ❢♦r ❛♥♦♠❛❧②
❞❡t❡❝t✐♦♥ ♦r ❡①tr❛❝t✐♦♥ ♦❢ ♥❡t✇♦r❦ ❝❤❛r❛❝t❡r✐st✐❝s ❬✸❪✳

Pr♦❝❡ss✐♥❣ ♦❢ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ❞❛t❛ ✐s ❝❤❛❧❧❡♥❣✐♥❣✱ s✐♥❝❡ ✐♥ ❧❛r❣❡ ♥❡t✇♦r❦s
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❛♣♣r♦❛❝❤❡s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ t♦ ❤❛♥❞❧❡ ❛♥❞ ♣r♦❝❡ss t❤✐s ❞❛t❛✳ ❋✐rst✱ ❋❧♦✇
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♦✤✐♥❡ ❛♥❛❧②s✐s ❛t ❛ ❧❛t❡r ♣♦✐♥t ✐♥ t✐♠❡✳ ❍❡r❡✱ t❤❡ ❛ttr✐❜✉t❡s ♦❢ ❋❧♦✇ ❘❡❝♦r❞s
❛r❡ ♦❢t❡♥ r❡❞✉❝❡❞ ✐♥ ♦r❞❡r t♦ s❛✈❡ ♠❡♠♦r② ❛♥❞ ♣r♦❝❡ss✐♥❣ ❡✛♦rt✳ ❙❡❝♦♥❞✱ ❋❧♦✇
❘❡❝♦r❞s ❝❛♥ ❜❡ ❞✉♠♣❡❞ ❞✐r❡❝t❧② ✐♥t♦ ✜❧❡s ❢♦r ♦✤✐♥❡ ❛♥❛❧②s✐s ✇✐t❤♦✉t ❛ ❞❛t❛❜❛s❡✳
❚❤✐r❞✱ ❋❧♦✇ ❘❡❝♦r❞s ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ♦♥❧✐♥❡ ❞✐r❡❝t❧② ✐♥ ♠❡♠♦r② ✇✐t❤♦✉t st♦r✐♥❣
t❤❡♠✳

❲❡ ❞❡✈❡❧♦♣❡❞ ❛ ✢♦✇ ♣r♦❝❡ss✐♥❣ ❢r❛♠❡✇♦r❦ ✐♥ ❏❛✈❛ t❤❛t ❝❛♥ r❡❛❞ ❋❧♦✇ ❘❡❝♦r❞s
❢r♦♠ ✜❧❡s ❛s ✇❡❧❧ ❛s ❢r♦♠ t❤❡ ♥❡t✇♦r❦✳ ❚❤✉s✱ ✐t ✐s s✉✐t❛❜❧❡ ❢♦r ♦✤✐♥❡ ❛♥❞ ♦♥❧✐♥❡
❛♥❛❧②s✐s✳ ❚❤❡ ❢r❛♠❡✇♦r❦ ♣r♦❝❡ss❡s ❋❧♦✇ ❘❡❝♦r❞s ✐♥ ❛ str❡❛♠✐♥❣ ❢❛s❤✐♦♥✱ ✐✳❡✳ ❞❛t❛
✢♦✇s t❤r♦✉❣❤ ❛ ❝❤❛✐♥ ♦❢ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s✳ ❊❛❝❤ ❜❧♦❝❦ ❝❛♥ ❦❡❡♣ ❞❛t❛ ❛s ❧♦♥❣ ❛s
r❡q✉✐r❡❞ ❢♦r ✐ts t❛s❦ ✭t②♣✐❝❛❧❧② ✉s✐♥❣ ❛ s❧✐❞✐♥❣ ✇✐♥❞♦✇✮ ❜❡❢♦r❡ ✐t ❢♦r✇❛r❞s t❤❡
♣r♦❝❡ss✐♥❣ r❡s✉❧ts✳ ❋♦r t❛s❦s ❧✐❦❡ ❥♦✐♥✐♥❣ ❛♥❞ s♦rt✐♥❣ ❋❧♦✇ ❘❡❝♦r❞s✱ t❤❡ ✇✐♥❞♦✇
s✐③❡ ♣❛r❛♠❡t❡r ❢♦r ❛❝❤✐❡✈✐♥❣ ❣♦♦❞ ♣r♦❝❡ss✐♥❣ r❡s✉❧ts ❞❡♣❡♥❞s ♦♥ ❝❤❛r❛❝t❡r✐st✐❝s
♦❢ t❤❡ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ❞❛t❛✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❞❡♣❡♥❞s ♦♥ r♦✉t❡r ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞
tr❛✣❝ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❍❡♥❝❡✱ t❤❡s❡ ❢❛❝t♦rs ✐♥✢✉❡♥❝❡ ❤♦✇ ❧♦♥❣ ❞❛t❛ ✐s ❦❡♣t ✐♥
♠❡♠♦r② ❛♥❞ t❤✉s t❤❡ ♦✈❡r❛❧❧ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ ❧❛tt❡r ❝❛♥♥♦t
❜❡ ❡✈❛❧✉❛t❡❞ ❛s ✐♥❞❡♣❡♥❞❡♥t ♠❡tr✐❝ ✐♥ ❏❛✈❛✿ ♠♦r❡ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ r❡s✉❧ts
✐♥ ♠♦r❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ♦✈❡r❤❡❛❞ ❛♥❞ t❤✉s ❡✈❡♥t✉❛❧❧② ✐♥ r❡❞✉❝❡❞ t❤r♦✉❣❤♣✉t✳

❚❤✐s ♣❛♣❡r st✉❞✐❡s t❤❡s❡ ❞❡♣❡♥❞❡♥❝✐❡s✳ ❇❡s✐❞❡s✱ t❤❡ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s ❝❛♥ ❜❡
❛ss✐❣♥❡❞ t♦ t❤r❡❛❞s ✐♥ ❞✐✛❡r❡♥t s❝❤❡♠❡s✱ ❛❧❧♦✇✐♥❣ t♦ ❡①♣❧♦✐t ♠♦❞❡r♥ ♠✉❧t✐❝♦r❡
❝♦♠♣✉t❡rs✳ ❚❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡s❡ t❤r❡❛❞✐♥❣ s❝❤❡♠❡s ✐s ❛❧s♦ ♣❛rt ♦❢ t❤✐s ✇♦r❦✳

❚❤✐s ♣❛♣❡r ✐s str✉❝t✉r❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✷ ✐♥tr♦❞✉❝❡s ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣✱
❙❡❝t✐♦♥ ✸ ♣r❡s❡♥ts t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✢♦✇ ♣r♦❝❡ss✐♥❣ ❢r❛♠❡✇♦r❦✱ ❙❡❝t✐♦♥ ✹ s❤♦✇s
t❤❡ r❡s✉❧t ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥✱ ❛♥❞ ❙❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s t❤❡ ❞♦❝✉♠❡♥t✳

✷ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣

✷✳✶ ▼❡❝❤❛♥✐s♠ ❛♥❞ Pr♦t♦❝♦❧s

❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ✐s ❛ ♠❡❝❤❛♥✐s♠ ♣r❡s❡♥t ✐♥ ♠♦st ♣r♦❢❡ss✐♦♥❛❧ r♦✉t❡rs t❤❛t ❦❡❡♣s
❝♦✉♥t❡rs ♦♥ ♣❡r✲✢♦✇ ❜❛s✐s✳ ❚❤❡ r♦✉t❡r ❡①♣♦rts t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❛s ❋❧♦✇ ❘❡❝♦r❞s
❛♥❞ s❡♥❞s t❤❡♠ ❛ ❝♦❧❧❡❝t♦r✱ ✇❤❡r❡ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ♣r♦❝❡ss❡❞ ❢✉rt❤❡r✳ ❋❧♦✇s
❛r❡ ✐❞❡♥t✐✜❡❞ ❜② ❛ ❦❡②✱ ✇❤✐❝❤ ✐s t②♣✐❝❛❧❧② t❤❡ ✜✈❡ t✉♣❧❡ ❝♦♥s✐st✐♥❣ ♦❢ s♦✉r❝❡ ❛♥❞
❞❡st✐♥❛t✐♦♥ ❛❞❞r❡ss✱ s♦✉r❝❡ ❛♥❞ ❞❡st✐♥❛t✐♦♥ ♣♦rt✱ ❛s ✇❡❧❧ ❛s tr❛♥s♣♦rt ♣r♦t♦❝♦❧
♥✉♠❜❡r✳ ❘♦✉t❡rs ❦❡❡♣ ❛ t❛❜❧❡ ✭✢♦✇ ❝❛❝❤❡✮ ✇❤❡r❡ ❞❛t❛ ♦♥ ❡❛❝❤ ✢♦✇ ✐s st♦r❡❞✳
❚❤❡ r♦✉t❡r ✉♣❞❛t❡s t❤❡ ✢♦✇ ✐♥❢♦r♠❛t✐♦♥ ✭❡✳❣✳ ❜②t❡ ❛♥❞ ♣❛❝❦❡t ❝♦✉♥t✮ ❡✐t❤❡r ❢♦r
❡❛❝❤ ♣❛❝❦❡t ✭✉♥s❛♠♣❧❡❞✮ ♦r ❢♦r ❛ ❢r❛❝t✐♦♥ ♦❢ ♣❛❝❦❡ts ✭s❛♠♣❧❡❞✮✳ ❆♠♦♥❣ ♦t❤❡r
✐♥❢♦r♠❛t✐♦♥✱ ❋❧♦✇ ❘❡❝♦r❞s ❝♦♥t❛✐♥ t❤❡ ✜✈❡ t✉♣❧❡✱ t❤❡ ❝♦✉♥t❡rs ❛s ✇❡❧❧ ❛s st❛rt
❛♥❞ ❡♥❞ t✐♠❡ ✐♥ ♠✐❧❧✐s❡❝♦♥❞s✳

❙❡✈❡r❛❧ ❞❛t❛ ❢♦r♠❛ts ❢♦r s❡♥❞✐♥❣ ♠✉❧t✐♣❧❡ ❋❧♦✇ ❘❡❝♦r❞s ✐♥ ❛ ♣❛❝❦❡t t♦ t❤❡ ❝♦❧✲
❧❡❝t♦r ❡①✐st✳ ▼♦st❧② ❈✐s❝♦ s②st❡♠✬s ◆❡t❋❧♦✇ ❢♦r♠❛t ✐s ✉s❡❞✳ ❚❤❡ ❝✉rr❡♥t ◆❡t❋❧♦✇
✈❡rs✐♦♥ ✾ ❬✶❪ ❛♥❞ ✐ts s✉❝❝❡ss♦r ■P❋■❳ ❬✷❪ ❛r❡ ✢❡①✐❜❧❡ ❢♦r♠❛ts ❜❛s❡❞ ♦♥ t❡♠♣❧❛t❡s✱
✇❤✐❧❡ t❤❡ ✜①❡❞ ❢♦r♠❛t ♦❢ ✈❡rs✐♦♥ ✺ ❞♦♠✐♥❛t❡s ❝✉rr❡♥t ❞❡♣❧♦②♠❡♥ts✳ ❙✐♥❝❡ t❤❡
❞❛t❛ ✐s s❡♥t ✈✐❛ ❯❉P✱ ♣❛❝❦❡ts tr❛♥s♣♦rt✐♥❣ ❋❧♦✇ ❘❡❝♦r❞s ♠✐❣❤t ❜❡ ❧♦st✳

❋♦r ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❡①♣♦rt t✐♠❡ tx ♦❢ ❛ ❋❧♦✇ ❘❡❝♦r❞✱ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❝r✐t❡r✐❛
✐♥ ❈✐s❝♦ r♦✉t❡rs✳ ■♥❛❝t✐✈❡ t✐♠❡♦✉t ✿ ✐❢ ❢♦r ❛ ✢♦✇ t❤❡r❡ ✐s ♥♦ ♠♦r❡ ♣❛❝❦❡t s❡❡♥ ❢♦r



❋✐❣✉r❡ ✶✳ ❋❧♦✇ ❡①♣♦rt✿ t✐♠❡rs ♦❢ ❞✐✛❡r❡♥t str❛t❡❣✐❡s ❛♥❞ r❡s✉❧t✐♥❣ r❡❝♦r❞ ♦r❞❡r

∆tinact✱ t❤❡ ✢♦✇ ✐s ❡①♣♦rt❡❞✳ ❆❝t✐✈❡ t✐♠❡♦✉t ✿ ✐❢ ❛ ✢♦✇ ❤❛s ❜❡❡♥ ❛❝t✐✈❡ ❢♦r ❛ t✐♠❡
♣❡r✐♦❞ ❣r❡❛t❡r t❤❛♥ ∆tact✱ t❤❡ ✢♦✇ ✐s ❡①♣♦rt❡❞✳ ❋❛st t✐♠❡♦✉t ✿ ✐❢ ❛❢t❡r ∆tf ❛ ✢♦✇
❝♦♥t❛✐♥s ❧❡ss t❤❛♥ nfast ♣❛❝❦❡ts✱ t❤❡ ✢♦✇ ✐s ❡①♣♦rt❡❞✳ ❈❛❝❤❡ ❝❧❡❛r✐♥❣ ✿ ✐❢ t❤❡ ❝❛❝❤❡
r✉♥s ❢✉❧❧✱ t❤❡ r♦✉t❡r ❡①♣♦rts ✢♦✇s ❡❛r❧✐❡r t❤❛♥ ❞❡✜♥❡❞ ❜② t❤❡ t✐♠❡♦✉ts✳

❙♦♠❡ r♦✉t❡rs ❞❡t❡r♠✐♥❡ ✢♦✇ ❡♥❞s ❛❧s♦ ❜② tr❛❝❦✐♥❣ ❚❈P ❝♦♥♥❡❝t✐♦♥ st❛t❡✳
❚❤❡ t✐♠❡♦✉ts ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ✶ ❢♦r t✇♦ ✢♦✇s✳ ❲❡ ❝❛♥ s❡❡ t❤❛t ✐♥❢♦r♠❛t✐♦♥
♦♥ ✢♦✇s ❝❛♥ ❜❡ ❞✐str✐❜✉t❡❞ ❛❝r♦ss ❞✐✛❡r❡♥t r❡❝♦r❞s ✇✐t❤ ❧♦♥❣ ❜r❡❛❦s ✐♥ ❜❡t✇❡❡♥
❛♥❞ t❤❛t r❡❝♦r❞s ❛rr✐✈❡ ❛t t❤❡ ❝♦❧❧❡❝t♦r ♥❡✐t❤❡r s♦rt❡❞ ❜② st❛rt ♥♦r ❜② ❡♥❞ t✐♠❡✳
❚❤❡s❡ ♣r♦♣❡rt✐❡s ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❢♦r ♣r♦❝❡ss✐♥❣ ❛❧❣♦r✐t❤♠s t❤❛t ✇♦r❦ ♦♥
❛ ❧✐♠✐t❡❞ ✇✐♥❞♦✇ ♦❢ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ❞❛t❛✳

✷✳✷ ❊①✐st✐♥❣ ♣r♦❝❡ss✐♥❣ t♦♦❧s

■♥ ❧❛r❣❡ ♥❡t✇♦r❦s s❡✈❡r❛❧ ❤✉♥❞r❡❞ ♠✐❧❧✐♦♥ ❋❧♦✇ ❘❡❝♦r❞s ❛rr✐✈❡ ❛t t❤❡ ❝♦❧❧❡❝t♦r
♣❡r ❤♦✉r✳ Pr♦❝❡ss✐♥❣ ♦r st♦r✐♥❣ t❤✐s ❛♠♦✉♥t ♦❢ ❞❛t❛ ✐s ❝❤❛❧❧❡♥❣✐♥❣✳ ❚❤❡r❡ ❛r❡
s❡✈❡r❛❧ ❝♦♠♠❡r❝✐❛❧ t♦♦❧s t❤❛t ❝♦❧❧❡❝t ❛♥❞ ❛♥❛❧②③❡ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ❞❛t❛✱ s✉❝❤
❛s ■s❛r❋❧♦✇✱ ❆r❜♦r P❡❛❦✢♦✇✱ ▲❛♥❝♦♣❡ ❙t❡❛❧t❤❲❛t❝❤ ♦r ❈✐s❝♦ ▼✉❧t✐ ◆❡t❋❧♦✇
❈♦❧❧❡❝t♦r✳ ❚❤❡s❡ t♦♦❧s ❢♦❧❧♦✇ t❤❡ ❝♦♠♠♦♥ ❛♣♣r♦❛❝❤ ♦❢ ✉s✐♥❣ ❛ ❞❛t❛❜❛s❡ ✭❉❇✮
❢♦r ♦✤✐♥❡ ❛♥❛❧②s✐s✳ ■♥ ♦r❞❡r t♦ ❝♦♣❡ ✇✐t❤ t❤❡ ❞❛t❛ r❛t❡✱ ❧♦❛❞ ❜❛❧❛♥❝❡rs ❞✐str✐❜✉t❡
t❤❡ tr❛✣❝ ❛❝r♦ss s❡✈❡r❛❧ ❝♦❧❧❡❝t♦rs t❤❛t ❢♦r♠ ❛ ❞✐str✐❜✉t❡❞ ❉❇✳ ❚❤❡s❡ t♦♦❧s ♦❢t❡♥
❛❣❣r❡❣❛t❡ ❞❛t❛ ❛s s♦♦♥ ❛s ♣♦ss✐❜❧❡ ✭❡✳❣✳ ♦♥ t✐♠❡ ✐♥t❡r✈❛❧s✮ t♦ r❡❞✉❝❡ st♦r❛❣❡
r❡q✉✐r❡♠❡♥ts✳ ❚❤✉s✱ ❡✈❛❧✉❛t✐♦♥s t❤❛t ♥❡❡❞ ✜♥❡ ❣r❛✐♥❡❞ t✐♠✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛r❡
♥♦t ♣♦ss✐❜❧❡✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ ❢r❡❡ t♦♦❧s ❢♦r ❝♦❧❧❡❝t✐♦♥ ❛♥❞ ❜❛s✐❝ ♣r♦❝❡ss✐♥❣ ♦❢ ❋❧♦✇
❆❝❝♦✉♥t✐♥❣ ❞❛t❛✱ s✉❝❤ ❛s ✢♦✇t♦♦❧s ❛♥❞ ♥❢❞✉♠♣✳ ❋r❡❡ r❡♣♦rt✐♥❣ ❛♥❞ q✉❡r② t♦♦❧s
❛r❡ ♥❢s❡♥ ❛♥❞ ❙✐▲❑✳

❊✈❛❧✉❛t✐♦♥ ❛❧❣♦r✐t❤♠s t❤❛t r❡❧② ♦♥ ✜♥❡ ❣r❛✐♥❡❞ ✐♥❢♦r♠❛t✐♦♥ ❛r❡ t②♣✐❝❛❧❧②
♣r♦❝❡ss✐♥❣ ❛♥❞ ♠❡♠♦r② ✐♥t❡♥s✐✈❡✱ t❤✉s str❡❛♠✲❜❛s❡❞ ❛♣♣r♦❛❝❤❡s ❤❛✈❡ ❛❞✈❛♥t❛❣❡s
♦✈❡r ❉❇ ❜❛s❡❞ t♦♦❧s✳ Pr♦❝❡ss✐♥❣ ♥❡t✇♦r❦ ♠♦♥✐t♦r✐♥❣ ❞❛t❛ ✐♥ ❛ str❡❛♠✐♥❣ ❢❛s❤✐♦♥
✐s ❝❧♦s❡ t♦ t❤❡ ❞♦♠❛✐♥ ♦❢ ❞❛t❛ str❡❛♠ ♠❛♥❛❣❡♠❡♥t s②st❡♠s ✭❉❙▼❙✮ ♦r ❝♦♠♣❧❡①
❡✈❡♥t ♣r♦❝❡ss✐♥❣✳ ❘❡❧❛t❡❞ t♦♦❧s ❛r❡ ●✐❣❛s❝♦♣❡ ❬✹❪ ❢♦r ♣❛❝❦❡t tr❛❝❡ ♣r♦❝❡ss✐♥❣✱
t❤❡ ❚❡❧❣r❛♣❤❈◗ ❉❙▼❙ ❬✺❪ ♦r t❤❡ ♥❡t✇♦r❦ ♠♦♥✐t♦r✐♥❣ s♣❡❝✐✜❝ ❈♦▼♦ ♣r♦❥❡❝t ❬✻❪✳
❖t❤❡r t♦♦❧s ❢♦❝✉s ♦♥ t❤❡ ❞✐s♣❛t❝❤✐♥❣ ♦❢ r❡❝❡✐✈❡❞ ◆❡t❋❧♦✇ ❞❛t❛ ❬✼❪ ♦r ♦♥ ❋❧♦✇
◗✉❡r② ▲❛♥❣✉❛❣❡s ❬✽❪✳ ❚❤❡ ♣r❡s❡♥t❡❞ t♦♦❧s ❛r❡ ♦❢t❡♥ ❧✐♠✐t❡❞ t♦ ❛ ❝❡rt❛✐♥ ❞♦♠❛✐♥



❛♥❞ ♥♦t s✉✐t❛❜❧❡ ❢♦r ❡①tr❛❝t✐♥❣ ❛♥❞ ❝♦rr❡❧❛t✐♥❣ ♥❡t✇♦r❦ ❝❤❛r❛❝t❡r✐st✐❝s ♦r ❞❛t❛
❢r♦♠ ❞✐✛❡r❡♥t ❞❛t❛ s♦✉r❝❡s✳ ❆ ❞❛t❛ ♣r♦❝❡ss✐♥❣ ♣✐♣❡❧✐♥❡ ✐♥ ❏❛✈❛ ✐s ♣r❡s❡♥t❡❞ ✐♥
❬✾❪✳ ■ts ❢♦❝✉s ✐s ♦♥ ♣r♦❝❡ss✐♥❣ ❧❛r❣❡ ♦❜❥❡❝ts ✭❡✳❣✳ ✐♠❛❣❡s✮✱ t❤✉s ✐t ✐s ✉♥s✉✐t❛❜❧❡ ❢♦r
❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ❞❛t❛✳

✸ ❉❛t❛ Pr♦❝❡ss✐♥❣ ❋r❛♠❡✇♦r❦

✸✳✶ ❆r❝❤✐t❡❝t✉r❡

❲❡ ❞❡✈❡❧♦♣❡❞ ❛ ❢r❛♠❡✇♦r❦ ❢♦r ♣r♦❝❡ss✐♥❣ ♦❢ ❋❧♦✇ ❆❝❝♦✉♥t✐♥❣ ❞❛t❛✱ ❡s♣❡❝✐❛❧❧②
❢♦r ✜♥❡ ❣r❛✐♥❡❞ ❛♥❛❧②s✐s ♦❢ ❋❧♦✇ ❘❡❝♦r❞s ❡✳❣✳ ❢♦r ❡①tr❛❝t✐♦♥ ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ♦❢
♥❡t✇♦r❦ ♠❡tr✐❝s✳ ❚❤✐s ✐♥❝❧✉❞❡s t❛s❦s ❧✐❦❡ ♠❛t❝❤✐♥❣ r❡❝♦r❞s ❢r♦♠ ❞✐✛❡r❡♥t s♦✉r❝❡s✱
❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❞❡r✐✈❡❞ ♠❡tr✐❝s✱ ❝♦rr❡❧❛t✐♦♥ ❛♥❞ st❛t✐st✐❝s✳ ■♥ ♦r❞❡r t♦ ❤❛♥❞❧❡ t❤❡
❤✉❣❡ ❛♠♦✉♥t ♦❢ ❞❛t❛✱ ✇❡ ✉s❡ ❛ str❡❛♠✲❜❛s❡❞ ❛♣♣r♦❛❝❤ t❤❛t ❝❛♣✐t❛❧✐③❡s ♦♥ ♠♦❞✲
❡r♥ ♠✉❧t✐❝♦r❡ ❛r❝❤✐t❡❝t✉r❡s✳ ❲❡ ❞❡❝✐❞❡❞ t♦ t❛❦❡ ❏❛✈❛ ❛s ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡
❞✉❡ t♦ t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t✐♦♥ ❢❡❛t✉r❡ ♦❢ t❤❡ ❏❛✈❛ ❱✐rt✉❛❧ ▼❛❝❤✐♥❡ ✭❏❱▼✮✱ ✇❤✐❝❤
s✐♠♣❧✐✜❡s ♠♦❞✉❧❛r ❞❡s✐❣♥✱ ❛♥❞ ✐ts ❜✉✐❧t✲✐♥ ✉t✐❧✐t② ❝❧❛ss❡s ❢♦r ❝♦♥❝✉rr❡♥t ♣r♦❣r❛♠✲
♠✐♥❣✳

❖✉r ❢r❛♠❡✇♦r❦ ✐s ❜❛s❡❞ ♦♥ ✐♥t❡r❝♦♥♥❡❝t❡❞ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s t❤❛t ❢♦r♠ ❛ ❞❛t❛
♣r♦❝❡ss✐♥❣ ❝❤❛✐♥✳ Pr♦❝❡ss✐♥❣ ❜❧♦❝❦s ❡①❝❤❛♥❣❡ ♠❡ss❛❣❡s ❝♦♥t❛✐♥✐♥❣ r❡❢❡r❡♥❝❡s t♦
♦❜❥❡❝ts ✭❋✐❣✳ ✷✮✳ ❊❛❝❤ ❜❧♦❝❦ ❤❛s ❛t ❧❡❛st t♦ ✐♠♣❧❡♠❡♥t ❛ ❞❛t❛ s♦✉r❝❡ ♦r ❛ ❞❛t❛ s✐♥❦
✐♥t❡r❢❛❝❡✱ ✇❤✐❧❡ ❝♦♠❜✐♥❛t✐♦♥s ✇✐t❤ s❡✈❡r❛❧ ✐♥t❡r❢❛❝❡s ❛r❡ ❛❧s♦ ♣♦ss✐❜❧❡ ✭❡✳❣✳ s❡✈❡r❛❧
✐♥♣✉ts✴♦✉t♣✉ts✮✳ ❆ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦ ✐s ❞❡r✐✈❡❞ ❢r♦♠ ❛ ❣❡♥❡r✐❝ ❜❧♦❝❦ ❛❝❝♦r❞✐♥❣ t♦
✐ts r♦❧❡✳ ❋✐❣✳ ✷ s❤♦✇s ❛♥ ❡①❡♠♣❧❛r② ❝❤❛✐♥ ✇✐t❤ t✇♦ ❙♦✉r❝❡❇❧♦❝❦s r❡❛❞✐♥❣ ◆❡t❋❧♦✇
❞❛t❛ ❢r♦♠ ✜❧❡s ♦r t❤❡ ♥❡t✇♦r❦ ❛♥❞ ❢♦r✇❛r❞✐♥❣ t❤❡ ❞❛t❛ t♦ ❙✐♥❦❙♦✉r❝❡❇❧♦❝❦s t❤❛t
♣❡r❢♦r♠ ❞❛t❛ ❛❣❣r❡❣❛t✐♦♥ t♦ ❏♦✐♥❡❞❋❧♦✇s✳ ❚❤❡ t✇♦ ♣✐♣❡❧✐♥❡s ❛r❡ ♠❡r❣❡❞ ✐♥ ❛
❈♦rr❡❧❛t✐♦♥❇❧♦❝❦✱ ✇❤✐❝❤ ❝r❡❛t❡s ❝♦rr❡❧❛t✐♦♥ r❡s✉❧t ♦❜❥❡❝ts t❤❛t ❛r❡ st❛t✐st✐❝❛❧❧②
❡✈❛❧✉❛t❡❞ ✐♥ t✇♦ ❙✐♥❦❇❧♦❝❦s✳

Pr♦❝❡ss✐♥❣ ❝❤❛✐♥s ❛r❡ ❝♦♥str❛✐♥❡❞ t♦ ❛ ❞✐r❡❝t❡❞ ❛❝②❝❧✐❝ ❣r❛♣❤✳ ❲❤✐❧❡ ❝②❝❧❡s
❝♦✉❧❞ ♠❛❦❡ s❡♥s❡ ❡✳❣✳ ❢♦r ❢❡❡❞❜❛❝❦ ❧♦♦♣s t♦ ❝♦♠♣❡♥s❛t❡ t✐♠❡ ♦✛s❡ts ✐♥ t❤❡ ❞❛t❛✱
t❤✐s ✐s ❝✉rr❡♥t❧② ♥♦t s✉♣♣♦rt❡❞✳ ❲❡ ❞❡s✐❣♥❡❞ t❤❡ ❢r❛♠❡✇♦r❦ ✐♥ ❛ ✇❛② t❤❛t t❤r❡❛❞s
❝❛♥ ❜❡ ❛ss✐❣♥❡❞ t♦ ♦♥❡ ♦r s❡✈❡r❛❧ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s✳ ■❢ t✇♦ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s r✉♥

❋✐❣✉r❡ ✷✳ ❊①❡♠♣❧❛r② ♣r♦❝❡ss✐♥❣ ❝❤❛✐♥ s❤♦✇✐♥❣ ❜❛s✐❝ t②♣❡s ♦❢ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s



❛s ❞✐✛❡r❡♥t t❤r❡❛❞s✱ t❤❡② ❛r❡ ❝♦♥♥❡❝t❡❞ ✈✐❛ ❜❧♦❝❦✐♥❣ ❋■❋❖ q✉❡✉❡s✱ ❛s s❤♦✇♥ ✐♥
❋✐❣✳ ✷ ❢♦r t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s✳

❆t ❡❛❝❤ s♦✉r❝❡ ✐♥t❡r❢❛❝❡✱ ❛♥ ❛r❜✐tr❛r② ♥✉♠❜❡r ♦❢ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s ❝❛♥ ❝♦♥✲
♥❡❝t✱ s✉❝❤ t❤❛t ❛❧❧ ♦❢ t❤❡♠ ✇✐❧❧ ❣❡t r❡❢❡r❡♥❝❡s t♦ t❤❡ ♦❜❥❡❝ts ♣❛ss❡❞ ♦♥ ❛♥❞ ❝❛♥
♣r♦❝❡ss t❤❡♠ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ ❡❛❝❤ ♦t❤❡r✳ ❲❡ ❛✈♦✐❞ r❛❝❡ ❝♦♥❞✐t✐♦♥s ♣♦ss✐❜❧②
❝❛✉s❡❞ ❞✉❡ t♦ ❝♦♥❝✉rr❡♥t ❛❝❝❡ss ❜② ♥♦t ♠♦❞✐❢②✐♥❣ ♦❜❥❡❝ts ❛❢t❡r t❤❡② ❧❡❢t t❤❡
❜❧♦❝❦ ✇❤❡r❡ t❤❡② ❤❛✈❡ ❜❡❡♥ ❝r❡❛t❡❞✳ ❉✉❡ t♦ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡
❏❱▼✱ ♥♦ ♠❡❝❤❛♥✐s♠s t♦ ♠❛♥❛❣❡ t❤❡ r❡❢❡r❡♥❝❡s t♦ ♦❜❥❡❝ts ❛♥❞ ❢r❡❡✐♥❣ ♠❡♠♦r② ✐♥
❝❛s❡ ♦❢ ❞r♦♣♣❡❞ ♦❜❥❡❝ts ✐s ♥❡❝❡ss❛r②✳ ❚❤✐s ❡♥❛❜❧❡s ❛ ❝❧❡❛♥ ❞❡s✐❣♥ ♦❢ ✐♥❞❡♣❡♥❞❡♥t
♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s✳

❆t st❛rt✉♣✱ t❤❡ ❝❤❛✐♥ ✐s s❡t ✉♣ ❜② ❛ ❝❡♥tr❛❧ ❝♦♠♣♦♥❡♥t t❤❛t ❛❧s♦ ♣❡r❢♦r♠s
t❤r❡❛❞ ♠❛♥❛❣❡♠❡♥t✳ ❈♦♥✜❣✉r❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ❛♥ ❳▼▲ ✜❧❡ t❤❛t ❞❡s❝r✐❜❡s t❤❡
❝❤❛✐♥ str✉❝t✉r❡ ❛♥❞ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦ ♣❛r❛♠❡t❡rs✳ ❋♦r t❤✐s✱ ✇❡ ❜✉✐❧❞ ♦♥ t❤❡ ❞❡✲
♣❡♥❞❡♥❝② ✐♥❥❡❝t✐♦♥ ♠❡❝❤❛♥✐s♠s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❙♣r✐♥❣ ❋r❛♠❡✇♦r❦ ❬✶✵❪✳ ❆❢t❡r
❛❧❧ ♦❜❥❡❝ts ❛r❡ ❝r❡❛t❡❞ ❛♥❞ ✇✐r❡❞ ❛s ❞❡✜♥❡❞✱ t❤r❡❛❞s ❛r❡ st❛rt❡❞ ❛♥❞ t❤❡ ❙♦✉r❝❡✲
❇❧♦❝❦s st❛rts ❞❡❧✐✈❡r✐♥❣ ❞❛t❛ t♦ t❤❡ ❝❤❛✐♥✳ ❙❤✉t❞♦✇♥ ✐s ✐♥✐t✐❛t❡❞ ❜② ❛ s❤✉t❞♦✇♥
♠❡ss❛❣❡ ✐♥ ❞♦✇♥str❡❛♠ ❞✐r❡❝t✐♦♥✱ ❡✳❣✳ ✐❢ r❡❛❞❡rs r✉♥ ♦✉t ♦❢ ❞❛t❛✳ ■❢ t❤❡ ❝❤❛✐♥
❝♦♥t❛✐♥s ♣❛r❛❧❧❡❧ ♣❛t❤s t❤❛t ❛r❡ ♠❡r❣❡❞ ✐♥ ❛ ❝♦rr❡❧❛t♦r✱ t❤✐s ♠❡❝❤❛♥✐s♠ ✐s ♥♦t
s✉✣❝✐❡♥t ❢♦r ♣r♦♣❡r s❤✉t❞♦✇♥ ♦❢ ✉♣str❡❛♠ ❜❧♦❝❦s t❤❛t st✐❧❧ ❤❛✈❡ ❞❛t❛✳ ■♥ s✉❝❤
❝❛s❡s✱ ✉♣str❡❛♠ s❤✉t❞♦✇♥ ♥♦t✐✜❝❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❜② ❞❡r❡❣✐st❡r✐♥❣ ❝♦♥♥❡❝t✐♦♥s
❢r♦♠ ✉♣str❡❛♠ ❜❧♦❝❦s✱ ✇❤✐❝❤ ✇✐❧❧ t❤❡♥ s❤✉t ❞♦✇♥✳

✸✳✷ Pr♦❝❡ss✐♥❣ ❜❧♦❝❦s

■♥ t❡r♠s ♦❢ ♣r♦❝❡ss✐♥❣ t❛s❦s t❤❡r❡ ❛r❡ t✇♦ ❜❛s✐❝ ❝❧❛ss❡s ♦❢ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s✿
✇✐♥❞♦✇✲❜❛s❡❞ ❜❧♦❝❦s t❤❛t ❦❡❡♣ ❞❛t❛ ♦✈❡r ❛ s❧✐❞✐♥❣ ✇✐♥❞♦✇✱ ❛♥❞ ✇✐♥❞♦✇✲❧❡ss

❜❧♦❝❦s t❤❛t ♣❡r❢♦r♠ ♣r♦❝❡ss✐♥❣ ♦♥ ❞❛t❛ ♦❜❥❡❝ts ✐♠♠❡❞✐❛t❡❧②✳

❊①❛♠♣❧❡s ❢♦r ✇✐♥❞♦✇✲❧❡ss ❜❧♦❝❦s

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

❙t❛t✐st✐❝✿ ❝❛❧❝✉❧❛t❡s ♠❡❛♥ ✈❛❧✉❡s ♦r ❞✐str✐❜✉t✐♦♥ st❛t✐st✐❝s ❢♦r t✐♠❡ ✐♥t❡r✈❛❧s✳
❉✉♠♣❡r✿ ✇r✐t❡s ♦❜❥❡❝t ❛ttr✐❜✉t❡s t♦ ❞✐s❦✱ ❡✳❣✳ ❛s ❈❙❱ ✜❧❡✳

❊①❛♠♣❧❡s ❢♦r ✇✐♥❞♦✇✲❜❛s❡❞ ❜❧♦❝❦s

❙♦rt❡r✿ s♦rts ❞❛t❛ ❛❝❝♦r❞✐♥❣ t♦ st❛rt ♦r ❡♥❞ t✐♠❡✳ ❚❤❡ ✇✐♥❞♦✇ ♠♦✈❡s ❛❝❝♦r❞✐♥❣
t♦ t❤❡ t✐♠❡st❛♠♣s ♦❢ r❡❝❡✐✈❡❞ ❞❛t❛✳ ❙t♦r❡❞ ❞❛t❛ ✇✐t❤ t✐♠❡st❛♠♣s s♠❛❧❧❡r
t❤❛♥ t❤❡ ❧♦✇❡r ✇✐♥❞♦✇ ❡❞❣❡ ✐s ❢♦r✇❛r❞❡❞✳ ❉❛t❛ r❡❝❡✐✈❡❞ ✇✐t❤ t✐♠❡st❛♠♣s
s♠❛❧❧❡r t❤❛♥ t❤❡ ❧♦✇❡r ✇✐♥❞♦✇ ❡❞❣❡ ✐s ❞r♦♣♣❡❞✳

❏♦✐♥❡r✿ ❝♦♠❜✐♥❡s r❡❝♦r❞s ♦❢ t❤❡ s❛♠❡ ✢♦✇ t❤❛t ❤❛✈❡ ❜❡❡♥ ❡①♣♦rt❡❞ s❡♣❛r❛t❡❧②
❞✉❡ t♦ t✐♠❡♦✉ts✳ ❆ ✇✐♥❞♦✇ s♣❡❝✐✜❡s t❤❡ ♠❛①❉✉r❛t✐♦♥✱ ✐✳❡✳ ❤♦✇ ❧♦♥❣ t❤❡
❜❧♦❝❦ s❤♦✉❧❞ ✇❛✐t ❢♦r ❛♥♦t❤❡r r❡❝♦r❞ ❜❡❢♦r❡ ❡①♣✐r✐♥❣ ❛♥❞ ❢♦r✇❛r❞✐♥❣ t❤❡
❏♦✐♥❡❞❋❧♦✇✳ ♠❛①❲❛✐t✐♥❣❚✐♠❡ s♣❡❝✐✜❡s t❤❡ ♠❛①✐♠✉♠ ❧❡♥❣t❤ ♦❢ t❤❡ ❝r❡❛t❡❞
❏♦✐♥❡❞❋❧♦✇s✳ ❲✐t❤♦✉t t❤❡ s❡❝♦♥❞ ♣❛r❛♠❡t❡r ❏♦✐♥❡❞❋❧♦✇s ♦❢ ✢♦✇s ❧❛st✐♥❣ ❢♦r
❛ ✈❡r② ❧♦♥❣ t✐♠❡ ✇♦✉❧❞ ❜❡ ❢♦r✇❛r❞❡❞ t♦ ❞♦✇♥str❡❛♠ ❜❧♦❝❦s ✈❡r② ❧❛t❡✳



❈♦rr❡❧❛t♦r✿ ✇✐t❤ ♠♦r❡ t❤❛♥ ♦♥❡ ✐♥♣✉t t❤❡s❡ ❜❧♦❝❦s ❝♦rr❡❧❛t❡ ❞✐✛❡r❡♥t ❞❛t❛
str❡❛♠s✱ ❡✳❣✳ ❜❛s❡❞ ♦♥ t✐♠❡st❛♠♣s✳ ❚②♣✐❝❛❧❧②✱ t✐♠❡st❛♠♣s ♦❢ t❤❡ ❞❛t❛ ❝♦♠✲
♣❛r❡❞ ❛r❡ ♥♦t ❡①❛❝t❧② ❡q✉❛❧ ♦r ❤❛✈❡ ❛♥ ♦✛s❡t r❡s✉❧t✐♥❣ ❢r♦♠ ♠❡❛s✉r❡♠❡♥t✳
❚❤✉s ✇✐♥❞♦✇s ❛r❡ ♥❡❝❡ss❛r②✳

❲❤✐❧❡ ♣r♦❝❡ss✐♥❣ t✐♠❡s ♦❢ r❡❝♦r❞s ✐♥ ✇✐♥❞♦✇✲❧❡ss ❜❧♦❝❦s ❛r❡ r❛t❤❡r ✜①✱ t❤✐s
t✐♠❡ ✐s ❤✐❣❤❧② ✈❛r✐❛❜❧❡ ❢♦r ✇✐♥❞♦✇✲❜❛s❡❞ ❜❧♦❝❦s✳ ■♥ ❛ ✇✐♥❞♦✇✲❜❛s❡❞ ❜❧♦❝❦✱ ❛
❞❛t❛ ♦❜❥❡❝t ❝❛♥ ❡✐t❤❡r ❜❡ ❞r♦♣♣❡❞ ♦r ❦❡♣t ✭❛❞❞❡❞ t♦ ✐♥t❡r♥❛❧ ❞❛t❛ str✉❝t✉r❡s✮✳
❆❞❞✐t✐♦♥❛❧❧②✱ ✐t ❝❛♥ ❧❡❛❞ t♦ ✇✐♥❞♦✇ ♠♦✈❡♠❡♥t ❛♥❞ t❤✉s t♦ t❤❡ ❡①♣✐r❛t✐♦♥ ♦❢
s❡✈❡r❛❧ ♦❜❥❡❝ts✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❤✐❣❤ ❥✐tt❡r ✐♥ ♣r♦❝❡ss✐♥❣ t✐♠❡ ❛♥❞ ♠❛❦❡s ❜✉✛❡r✐♥❣
❜❡t✇❡❡♥ ✇✐♥❞♦✇✲❜❛s❡❞ ❜❧♦❝❦s ❛♥❞ ♦t❤❡r t❤r❡❛❞s ♥❡❝❡ss❛r②✳ ❲✐t❤♦✉t ❛♥② ♦r ✇✐t❤
♦♥❧② s♠❛❧❧ q✉❡✉❡s✱ ✇✐♥❞♦✇✲❜❛s❡❞ ❜❧♦❝❦s ❛r❡ ❧✐❦❡❧② t♦ st❛❧❧ t❤❡ ❝❤❛✐♥✳

✸✳✸ ❚❤r❡❛❞ ❛♥❞ ♠❡ss❛❣❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❛r❛♠❡t❡rs

❖✉r ❢r❛♠❡✇♦r❦ ❛❧❧♦✇s ✉s t♦ ❝♦♥✜❣✉r❡ ✇❤❡t❤❡r ❛ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦ r✉♥s ❛s ❛♥
✐♥❞❡♣❡♥❞❡♥t t❤r❡❛❞ ♦r ♥♦t✳ ❆ ❜❧♦❝❦ t❤❛t ❞♦❡s ♥♦t r✉♥ ❛s ❛ s✐♥❣❧❡ t❤r❡❛❞ ❜❡❧♦♥❣s
t♦ t❤❡ t❤r❡❛❞ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❧♦❝❦ ❛♥❞ ❣❡ts t❤❡ ❝♦♥tr♦❧ ✢♦✇ ✇❤❡♥ ✐t r❡❝❡✐✈❡s
❞❛t❛✳ ❖❜✈✐♦✉s❧②✱ t❤✐s r❡s✉❧ts ✐♥ t❤❡ ❝♦♥str❛✐♥t t❤❛t r❡❛❞❡rs ♠✉st ❛❧✇❛②s r✉♥ ❛s ❛
t❤r❡❛❞ s✐♥❝❡ t❤❡② ❛r❡ t❤❡ ❞❛t❛ s♦✉r❝❡s✳ ■♥ ❝♦rr❡❧❛t♦r ❜❧♦❝❦s ✐t ❞❡♣❡♥❞s ♦♥ t❤❡ ❞❛t❛
❢r♦♠ ✇❤✐❝❤ ✐♥♣✉t t❤❡ ♥❡①t ♦❜❥❡❝t ✐s r❡❛❞✳ ❚❤✉s t❤❡② ❛❧✇❛②s r✉♥ ❛s ❛ t❤r❡❛❞✱ s✐♥❝❡
✉s✐♥❣ t❤❡ ❝♦♥tr♦❧ ✢♦✇ ❢r♦♠ ✉♣str❡❛♠ ❜❧♦❝❦ ✇♦✉❧❞ ❞r❛st✐❝❛❧❧② ✐♥❝r❡❛s❡ ❝♦♠♣❧❡①✐t②✳
❯s✐♥❣ ♠♦r❡ t❤r❡❛❞s ❤❡❧♣s ❡①♣❧♦✐t✐♥❣ ♠♦❞❡r♥ ♠✉❧t✐❝♦r❡ ❛r❝❤✐t❡❝t✉r❡s✱ ❜✉t ❛❧s♦
❝♦♠❡s ❛t t❤❡ ❝♦st ♦❢ ❤✐❣❤❡r ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ❞✉❡ t♦ ♦❜❥❡❝ts ♣r❡s❡♥t ✐♥
q✉❡✉❡s t❤❛t ❛r❡ ✉s❡❞ t♦ ❝♦♥♥❡❝t ❜❧♦❝❦s r✉♥♥✐♥❣ ♦♥ ❞✐✛❡r❡♥t t❤r❡❛❞s✳ ❚❤❡ ❝♦♥❝❡♣t
♦❢ t❤r❡❛❞ ♣♦♦❧s ✐s ♥♦t ❛♣♣❧✐❝❛❜❧❡✱ s✐♥❝❡ ✐ts ♣✉r♣♦s❡ ✐s t♦ r❡✉s❡ ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r
♦❢ ❡①✐st✐♥❣ t❤r❡❛❞s ✐♥st❡❛❞ ♦❢ ❝r❡❛t✐♥❣ t❤❡♠ ❢♦r ❡❛❝❤ ❛rr✐✈✐♥❣ t❛s❦✳

❲❡ r❡❛❧✐③❡❞ t❤❛t t❤❡ ❤✐❣❤ ♥✉♠❜❡r ♦❢ ♦❜❥❡❝ts ✢♦✇✐♥❣ t❤r♦✉❣❤ t❤❡ ❜❧♦❝❦s ❧❡❛❞s
t♦ ❛ ❤✐❣❤ ❝♦♥t❡①t s✇✐t❝❤ r❛t❡ ❛♥❞ ❤✐❣❤ ❈P❯ t✐♠❡ ✐♥ t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ✭❖❙✮✳
❙✐♥❝❡ ❏❛✈❛ ♠❛♣s t❤r❡❛❞s ❞✐r❡❝t❧② t♦ ❦❡r♥❡❧ t❤r❡❛❞s✱ t❤❡ ❖❙ ✐s ✐♥✈♦❧✈❡❞ ✐♥ ❧♦❝❦✐♥❣
❛♥❞ ❝♦♥t❡①t s✇✐t❝❤ ♦♣❡r❛t✐♦♥s✳ ❚❤✉s✱ ❡❛❝❤ ♦❜❥❡❝t ❛❞❞❡❞ ♦r r❡♠♦✈❡❞ t♦ q✉❡✉❡s
♣♦ss✐❜❧② ✐♥✈♦❧✈❡s ❛ s✇✐t❝❤ ❢r♦♠ ✉s❡r ♠♦❞❡ t♦ ❦❡r♥❡❧ ♠♦❞❡ ❛♥❞ ❜❛❝❦✳ ❚♦ ♠✐t✲
✐❣❛t❡ t❤❡s❡ ❡✛❡❝ts✱ ✇❡ ✐♥tr♦❞✉❝❡❞ ❜✉rst ♠❡ss❛❣❡s✱ ✇❤❡r❡ s❡✈❡r❛❧ ❞❛t❛ ♦❜❥❡❝ts
❛r❡ s❡♥t ✐♥ ♦♥❡ ♠❡ss❛❣❡✳ ❉✉❡ t♦ ♣❡r❢♦r♠❛♥❝❡ r❡❛s♦♥s✱ ❜✉rst ♠❡ss❛❣❡s ❛r❡ ♦♥❧②
❛♣♣❧✐❡❞ ❢♦r ♠❡ss❛❣❡ ❡①❝❤❛♥❣❡ ❜❡t✇❡❡♥ t❤r❡❛❞s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ✐♥❝❧✉❞❡❞ ♦❜❥❡❝ts
✐s ❝❛❧❧❡❞ ❜✉rst s✐③❡✳ ◗✉❡✉❡ ♦♣❡r❛t✐♦♥s ❤❛♣♣❡♥ ❧❡ss ♦❢t❡♥ ❛♥❞ ✐t ✐s ♠♦r❡ ❧✐❦❡❧②
t❤❛t t❤r❡❛❞s ❝❛♥ r✉♥ ❢♦r ❛ ❧♦♥❣❡r t✐♠❡ ✇✐t❤♦✉t ❜❡✐♥❣ ❜❧♦❝❦❡❞✳ ❍♦✇❡✈❡r✱ t❤✐s ❛❧s♦
❝♦♠❡s ❛t t❤❡ ❝♦st ♦❢ ❛❞❞✐t✐♦♥❛❧ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ s✐③❡ ♦❢ ❜✉rst ♠❡ss❛❣❡s
✐s ❝♦♥✜❣✉r❛❜❧❡✳ ❲❡ st✉❞② ✐ts ✐♠♣❛❝t ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳

✹ P❡r❢♦r♠❛♥❝❡ ❊✈❛❧✉❛t✐♦♥

✹✳✶ ▼❡❛s✉r❡♠❡♥t ❙❝❡♥❛r✐♦

❋♦r ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥ ✇❡ s❡❧❡❝t❡❞ ❛ r❡❢❡r❡♥❝❡ ♣r♦❝❡ss✐♥❣ ❝❤❛✐♥ ✭❋✐❣✳ ✸✮✳ ❚❤❡
❝❤❛✐♥ r❡❛❞s ❋❧♦✇ ❘❡❝♦r❞s ❢r♦♠ t✇♦ r♦✉t❡rs ❢r♦♠ ✜❧❡s✱ ❛❣❣r❡❣❛t❡s ❋❧♦✇ ❘❡❝♦r❞s ♦❢



t❤❡ s❛♠❡ ✢♦✇ ✐♥ ❛ ❥♦✐♥❡r ❛♥❞ ❝♦rr❡❧❛t❡s t❤❡s❡ ❏♦✐♥❡❞❋❧♦✇s✳ ❙t❛t✐st✐❝s ❡✈❛❧✉❛t❡ t❤❡
t✐♠❡✱ ❜②t❡ ❛♥❞ ♣❛❝❦❡t ❞✐✛❡r❡♥❝❡ ♦❢ ❏♦✐♥❡❞❋❧♦✇s✳ ❚❤✐s ❛❧❧♦✇s t♦ ❡①tr❛❝t ♣❛❝❦❡t
❧♦ss r❛t❡s✱ ❜②t❡ ❝♦✉♥t ✐♥❛❝❝✉r❛❝✐❡s ❛♥❞ ♥❡t✇♦r❦ ❞❡❧❛② ✭❬✸❪✮✳ ❲❤❡r❡ ♣r♦❝❡ss✐♥❣
❜❧♦❝❦s r❡q✉✐r❡ s♦rt❡❞ ❞❛t❛✱ s♦rt❡rs ❛r❡ ❡♠♣❧♦②❡❞✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ♥✉♠❜❡r ♦❢
✇✐♥❞♦✇✲❜❛s❡❞ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s✱ t❤✐s ❝❤❛✐♥ r❡q✉✐r❡s ❛ ❝♦♥s✐❞❡r❛❜❧❡ ❛♠♦✉♥t ♦❢
♠❡♠♦r② ❛♥❞ ✐s t❤✉s s✉✐t❛❜❧❡ t♦ st✉❞② ♠❡♠♦r② ❡✛❡❝ts✳

❖✉r ♣❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥ ❝❡♥t❡rs ♦♥ t❤❡ t❤r♦✉❣❤♣✉t✳ ❲❡ tr② t♦ ✐❞❡♥t✐❢②
✐♥✢✉❡♥❝✐♥❣ ❢❛❝t♦rs ❜② st✉❞②✐♥❣ s②st❡♠ t✐♠❡✱ ✉s❡r t✐♠❡ ❛♥❞ t❤❡ t✐♠❡ t❤❡ ❣❛r❜❛❣❡
❝♦❧❧❡❝t♦r ♥❡❡❞s✳

❋♦r ♠❡❛s✉r❡♠❡♥t t❤❡ ❞❡♣✐❝t❡❞ ❝❤❛✐♥ ♣r♦❝❡ss❡❞ t✇♦ ✉♥❝♦♠♣r❡ss❡❞ ✜❧❡s ✇✐t❤
✻✺ ♠✐❧❧✐♦♥ ❋❧♦✇ ❘❡❝♦r❞s ✐♥ t♦t❛❧✳ ❊❛❝❤ ✜❧❡ ❝♦♥t❛✐♥❡❞ r❡❝♦r❞s ❢r♦♠ ♦♥❧② ♦♥❡ ❡①✲
♣♦rt❡r✳ ❚❤❡ q✉❡✉❡s ❜❡t✇❡❡♥ t❤r❡❛❞s ❤❛❞ ❛ s✐③❡ ♦❢ ✶✵✵ ♠❡ss❛❣❡s✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡
❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ♦✉r ❞❛t❛ ✇❡ s❡t t❤❡ ✇✐♥❞♦✇s ♦❢ t❤❡ ❜❧♦❝❦s ❛s ❢♦❧❧♦✇s✿ ❙♦rt❡r
✶✱✷✿ ✷✵ s❀ ❏♦✐♥❡r ✶✱✷ ♠❛①❲❛✐t✐♥❣❚✐♠❡✿ ✺ ♠✐♥❀ ❏♦✐♥❡❞❋❧♦✇❙♦rt❡r ✶✱✷✿ ✺ s❀ ❧❛st
❙♦rt❡r✿ ✸ s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ ❛♥ ■♥t❡❧ ❳❡♦♥ ❳✸✸✻✵ q✉❛❞
❝♦r❡ ✷✳✽✸ ●❍③ ♣r♦❝❡ss♦r ✇✐t❤ ❛ t♦t❛❧ ❛♠♦✉♥t ♦❢ ✽ ●❇ ♠❡♠♦r②✳ ❚❤❡ s♦❢t✇❛r❡
❝♦♥✜❣✉r❛t✐♦♥ ✐♥❝❧✉❞❡❞ ❙✉♥ ❏❱▼ ✈❡rs✐♦♥ ✶✳✻ ✉♣❞❛t❡ ✶✺ ♦♥ ❯❜✉♥t✉ ✾✳✶✵ ✻✹ ❜✐t
✇✐t❤ ❦❡r♥❡❧ ✈❡rs✐♦♥ ✷✳✻✳✸✶✳ ❚❤❡ st❛♥❞❛r❞ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ✇❛s ✉s❡❞✳ ▼❡❛s✉r❡✲
♠❡♥ts ✇✐t❤ ❞✐✛❡r❡♥t ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r s❡tt✐♥❣s s❤♦✇❡❞ s✐♠✐❧❛r r❡s✉❧ts✳ ❚❤❡ ♦♥❧②
❝♦♥✜❣✉r❛t✐♦♥ ❞♦♥❡ ✇✐t❤ t❤❡ ❏❱▼✱ ✇❛s t♦ s❡t t❤❡ ✐♥✐t✐❛❧ ❛♥❞ ♠❛①✐♠✉♠ ❤❡❛♣ s✐③❡
t♦ t❤❡ s❛♠❡ ✈❛❧✉❡✳ ❊❛❝❤ ♠❡❛s✉r❡♠❡♥t ✇❛s ❞♦♥❡ ✜✈❡ t✐♠❡s✳ ■♥ ❝❤❛rts ✇❡ s❤♦✇ t❤❡
♠❡❛♥ ✈❛❧✉❡s ♦❢ t❤❡ r❡s✉❧ts ✇✐t❤ ❡rr♦r ❜❛rs s❤♦✇✐♥❣ t❤❡ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠
❛❜s♦❧✉t❡ ✈❛❧✉❡✳ ❲❡ ♠❡❛s✉r❡❞ t❤❡ r❡❛❧ t✐♠❡ r✱ t❤❡ s②st❡♠ t✐♠❡ s ❛♥❞ t❤❡ ✉s❡r
t✐♠❡ u ✇✐t❤ t❤❡ ✴✉sr✴❜✐♥✴t✐♠❡ ♣r♦❣r❛♠✳ ❚❤❡ t✐♠❡ t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ♥❡❡❞s
✇❛s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ●❛r❜❛❣❡❈♦❧❧❡❝t♦r▼❳❇❡❛♥ ❝❧❛ss ♣r♦✈✐❞❡❞ ❜② t❤❡ ❏❱▼✳
❚❤✐s t✐♠❡ ✐s ✐♥❝❧✉❞❡❞ ✐♥ u✳

❙❡✈❡r❛❧ ♣❛r❛♠❡t❡rs ❧✐❦❡❧② ✐♥✢✉❡♥❝❡ t❤❡ t❤r♦✉❣❤♣✉t ❜❡❤❛✈✐♦r✳ ❚❤❡ t❤r♦✉❣❤♣✉t
❝❛♥ ❜❡ ✐♥❝r❡❛s❡❞ ❜② ✉s✐♥❣ ❢❛st❡r ❈P❯s ✇✐t❤ ❛ ❧❛r❣❡r ♠❛✐♥ ♠❡♠♦r②✳ ❲❡ ❛❧s♦ ❞✐❞
♠❡❛s✉r❡♠❡♥ts ♦♥ ❛ ♠❛❝❤✐♥❡ ✇✐t❤ t✇♦ q✉❛❞ ❝♦r❡ ❖♣t❡r♦♥ ❈P❯s ❛♥❞ ✹✽ ●❇ ♠❛✐♥
♠❡♠♦r②✱ ✇❤❡r❡ ✇❡ ♦❜s❡r✈❡❞ ❛ s♣❡❡❞✉♣ ♦❢ ✉♣ t♦ ❢❛❝t♦r t✇♦✳ ❲❡ ❛❧s♦ ❡①❛♠✐♥❡❞
♦t❤❡r ♣r♦❝❡ss✐♥❣ ❝❤❛✐♥s ❛♥❞ ✇❡ ❢♦✉♥❞ ♣r♦✈❡❞ t❤❛t ♦t❤❡r ♣r♦❝❡ss✐♥❣ ❝❤❛✐♥s s❤♦✇
❛ s✐♠✐❧❛r ❜❡❤❛✈✐♦r✳ ■♥ t❤✐s ✇♦r❦ ✇❡ ✇✐❧❧ ❢♦❝✉s ♦♥ t❤❡ t❤r❡❛❞ ❛ss✐❣♥♠❡♥t ❛♥❞ t❤❡
s✐③❡ ♦❢ ❜✉rst ♠❡ss❛❣❡s✳

Reader1

Reader2

Sorter1

Sorter2

Joiner1

Joiner2

JoinedFlowSorter1

JoinedFlowSorter2

JoinedFlowComparison Sorter

StartDiffStat

RecordDiffStat

PacketDiffStat

ByteDiffStat

❋✐❣✉r❡ ✸✳ ❏♦✐♥❡❞ ❋❧♦✇ ❝♦♠♣❛r✐s♦♥ ❝❤❛✐♥



t❤r❡❛❞ ❛ss✐❣♥♠❡♥t ✐♥❞❡♣❡♥❞❡♥t t❤r❡❛❞s

A1 ❘❡❛❞❡r✶ ✭s✐♥❣❧❡✮✱ ❘❡❛❞❡r✷ ✭s✐♥❣❧❡✮✱ ❏♦✐♥❡❞❋❧♦✇❈♦♠♣❛r✐s♦♥

A2 ❘❡❛❞❡r✶ ✭♣❛r❛❧❧❡❧✮✱ ❘❡❛❞❡r✷ ✭♣❛r❛❧❧❡❧✮✱ ❏♦✐♥❡❞❋❧♦✇❈♦♠♣❛r✐s♦♥

❇ ❘❡❛❞❡r✶ ✭♣❛r❛❧❧❡❧✮✱ ❘❡❛❞❡r✷ ✭♣❛r❛❧❧❡❧✮✱ ❏♦✐♥❡❞❋❧♦✇❈♦♠♣❛r✐s♦♥✱
❙♦rt❡r

❈ ❘❡❛❞❡r✶ ✭♣❛r❛❧❧❡❧✮✱ ❏♦✐♥❡r✶✱ ❘❡❛❞❡r✷ ✭♣❛r❛❧❧❡❧✮✱ ❏♦✐♥❡r✷✱ ❏♦✐♥❡❞✲
❋❧♦✇❈♦♠♣❛r✐s♦♥✱ ❙♦rt❡r

❉ ❘❡❛❞❡r✶ ✭♣❛r❛❧❧❡❧✮✱ ❙♦rt❡r✶✱ ❏❋❙♦rt❡r✶✱ ❘❡❛❞❡r✷ ✭♣❛r❛❧❧❡❧✮✱ ❙♦rt❡r✷✱
❏❋❙♦rt❡r✷✱ ❏♦✐♥❡❞❋❧♦✇❈♦♠♣❛r✐s♦♥

❊ ❘❡❛❞❡r✶ ✭♣❛r❛❧❧❡❧✮✱ ❙♦rt❡r✶✱ ❏❋❙♦rt❡r✶✱ ❘❡❛❞❡r✷ ✭♣❛r❛❧❧❡❧✮✱ ❙♦rt❡r✷✱
❏❋❙♦rt❡r✷✱ ❏♦✐♥❡❞❋❧♦✇❈♦♠♣❛r✐s♦♥✱ ❙♦rt❡r

❋ ❡❛❝❤ ❜❧♦❝❦ ✐s ❛ t❤r❡❛❞ ✭♣❛r❛❧❧❡❧ r❡❛❞❡rs✮✱ ✶✹ t❤r❡❛❞s

❚❛❜❧❡ ✶✳ ❚❤r❡❛❞ ❆ss✐❣♥♠❡♥t P❛tt❡r♥s

✹✳✷ ❇❡♥❡✜t ♦❢ ♠✉❧t✐t❤r❡❛❞✐♥❣

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

❲❡ st✉❞② t❤❡ s❡✈❡♥ ❛ss✐❣♥♠❡♥t ♣❛tt❡r♥s ❧✐st❡❞ ✐♥ ❚❛❜✳ ✶✳ ❆❧❧ ♣r♦❝❡ss✐♥❣ ❜❧♦❝❦s
t❤❛t ❛r❡ ♥♦t ❧✐st❡❞ r✉♥ ✐♥ t❤❡ s❛♠❡ t❤r❡❛❞ ❛s t❤❡✐r ♣r❡❞❡❝❡ss♦r✳ ❲❡ ✉s❡❞ ❝♦♥✲
✜❣✉r❛t✐♦♥s ✇✐t❤ t❤❡ ♠✐♥✐♠✉♠ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ✭❛ss✐❣♥♠❡♥t A1✮ ✉♣ t♦ t❤❡
♠❛①✐♠✉♠ ♥✉♠❜❡r ✭❛ss✐❣♥♠❡♥t ❋✮✳ ❚❤❡ ♣❛tt❡r♥s ❇ t♦ ❊ tr② t♦ s♣❧✐t t❤❡ ❧♦♥❣
❝❤❛✐♥s ✐♥t♦ s❤♦rt❡r s✉❜✲❝❤❛✐♥s✳ ❚❤❡ ♣❛r❛❧❧❡❧ r❡❛❞❡r ✐s t❤❡ r❡❛❞❡r ✇✐t❤ s❡✈❡r❛❧
✐♥t❡r♥❛❧ t❤r❡❛❞s✱ t❤❡ s✐♥❣❧❡ r❡❛❞❡r ✐s t❤❡ s✐♥❣❧❡✲t❤r❡❛❞❡❞ ✈❡rs✐♦♥✳

❋✐❣✳ ✹ s❤♦✇s t❤❡ t❤r♦✉❣❤♣✉t ✐♥ ❋❧♦✇ ❘❡❝♦r❞s ♣❡r s❡❝♦♥❞ ❛♥❞ t❤❡ ❈P❯ ✉t✐✲
❧✐③❛t✐♦♥ ρ =

u+s
r

r❡❧❛t❡❞ t♦ ❞✐✛❡r❡♥t t❤r❡❛❞ ❛ss✐❣♥♠❡♥t ♣❛tt❡r♥s✳ ❆s ✇❡ ❝❛♥ s❡❡✱
t❤r♦✉❣❤♣✉t ❛s ✇❡❧❧ ❛s ✉t✐❧✐③❛t✐♦♥ ❛r❡ ♥❡❛r❧② ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ t❤r❡❛❞ ❛ss✐❣♥✲
♠❡♥t✳

❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ A1 ❛♥❞ A2 ❛♣♣❡❛rs ♠❛✐♥❧② ✐♥ t❤❡ ✉t✐❧✐③❛t✐♦♥✳ ❇✉t ♦♣t✐✲
♠✐③✐♥❣ t❤❡ ✉t✐❧✐③❛t✐♦♥ ✐s ♥♦t ♦✉r ❣♦❛❧✱ s✐♥❝❡ ✇❡ ✇❛♥t t♦ ❛❝❤✐❡✈❡ ❛ ❤✐❣❤ t❤r♦✉❣❤♣✉t✳
❖♥ t❤❡ ❜❛s✐s ♦❢ t❤❡ r❡s✉❧ts ✇❡ ❝♦✉❧❞ s❡❡✱ t❤❛t u ❛s ✇❡❧❧ ❛s r ✐s ✐♥ ❜♦t❤ ❝❛s❡s ❛❧♠♦st
t❤❡ s❛♠❡✳ ❖♥❧② s ✐s ✐♥ A1 ❣r❡❛t❡r✱ ❜❡❝❛✉s❡ ♦❢ ❜❧♦❝❦✐♥❣ s✐♥❝❡ t❤❡ s✐♥❣❧❡✲t❤r❡❛❞❡❞
r❡❛❞❡r ❝❛♥♥♦t ❝r❡❛t❡ ♠❡ss❛❣❡ ♦❜❥❡❝ts ❢❛st ❡♥♦✉❣❤ s♦ t❤❛t t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❛❞s
❝❛♥ ✇♦r❦ ❝♦♥t✐♥✉♦✉s❧②✳

■♥ ♣❛tt❡r♥ ❈ ❛ ❧♦t ♦❢ ❞❛t❛ ♠✉st ❜❡ ♣r♦❝❡ss❡❞ ✐♥ t❤❡ ✜rst t❤r❡❛❞ ❝♦♥t❛✐♥✐♥❣
t❤❡ r❡❛❞❡r ❛♥❞ t❤❡ ✜rst s♦rt❡r✳ ❋r♦♠ t❤❡ r❡s✉❧t ✇❡ ❝❛♥ s❡❡✱ t❤❛t ❜❧♦❝❦s ♣r♦❝❡ss✐♥❣
❛ ❤✐❣❤ ❞❛t❛ r❛t❡ s❤♦✉❧❞ r✉♥ ❛s ❛♥ ✐♥❞❡♣❡♥❞❡♥t t❤r❡❛❞✳

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ❞❡❝r❡❛s❡s ✐♥ ❋✱ ❜❡❝❛✉s❡ t❤❡ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ✐♥❝r❡❛s❡s✱
❡s♣❡❝✐❛❧❧② ✇✐t❤ ❤✐❣❤❡r ❜✉rst s✐③❡s✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t ♠♦r❡ ❞❛t❛ ♠✉st ❜❡ ❦❡♣t ✐♥
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thread assignment (see table)

JoinedFlow Comparison, heap=7GB

throughput, burst size=100
utilization, burst size=100

throughput, burst size=1000
utilization, burst size=1000

throughput, burst size=5000
utilization, burst size=5000

throughput, burst size=10000
utilization, burst size=10000

❋✐❣✉r❡ ✹✳ ❇❡♥❡✜t ♦❢ ♠✉❧t✐t❤r❡❛❞✐♥❣ ✇✐t❤ ❞✐✛❡r❡♥t t❤r❡❛❞ ❛ss✐❣♥♠❡♥ts

t❤❡ q✉❡✉❡s ❜❡t✇❡❡♥ t❤❡ t❤r❡❛❞s✳ ❆❧s♦ t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ♠✉st r✉♥ ♠♦r❡ ♦❢t❡♥
t♦ ❢r❡❡ ♠❡♠♦r②✳

❖♥❡ r❡❛s♦♥ ❢♦r t❤❡ s♠❛❧❧ ♦✈❡r❛❧❧ ✉t✐❧✐③❛t✐♦♥ ✐s t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r✱ ✇❤✐❝❤
st♦♣s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ♣r♦❣r❛♠ t♦ ♣❡r❢♦r♠ ♠❛❥♦r ❝♦❧❧❡❝t✐♦♥s✳ ❇❡❝❛✉s❡ t❤❡
st❛♥❞❛r❞ ❝♦❧❧❡❝t♦r ✐s ✉s❡❞✱ t❤❡s❡ ❝♦❧❧❡❝t✐♦♥s ❛r❡ ♦♥❧② ❞♦♥❡ ❜② ♦♥❡ ❈P❯ ❝♦r❡✳ ❚❤❡
❝♦❧❧❡❝t✐♦♥ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ✇❤❡♥ r✉♥♥✐♥❣ ✇✐t❤ ❧♦✇ ❤❡❛♣ s✐③❡✿ ❛❢t❡r s❡✈❡r❛❧ s❡❝♦♥❞s
♦❢ ❤✐❣❤ ✉t✐❧✐③❛t✐♦♥ ✭❛❜♦✉t ✸✳✽✮✱ ❞✉r✐♥❣ ❝♦❧❧❡❝t✐♦♥s t❤❡ ✉t✐❧✐③❛t✐♦♥ ❞r♦♣s ❞♦✇♥ t♦
✶ ❢♦r ❛ ❢❡✇ s❡❝♦♥❞s✳ ❋r♦♠ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ✇❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ❜✉rst s✐③❡
❤❛s ❛ ❤✐❣❤ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ t❤r♦✉❣❤♣✉t✳ ❚❤❡r❡❢♦r❡✱ ✇❡ st✉❞② t❤❡ ✐♠♣❛❝t ♦❢ t❤❡
❜✉rst s✐③❡ ♠♦r❡ ❞❡t❛✐❧❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳

✹✳✸ ■♠♣❛❝t ♦❢ ❜✉rst ♠❡ss❛❣❡s

❆❞❞✐♥❣ ❛♥❞ r❡♠♦✈✐♥❣ ♠❡ss❛❣❡s t♦ ❛♥❞ ❢r♦♠ q✉❡✉❡s ✐s ❡①♣❡♥s✐✈❡ s✐♥❝❡ ❧♦❝❦✐♥❣
♦♣❡r❛t✐♦♥s ❛♥❞ ❝❛❧❧s t♦ t❤❡ ❖❙ ❛r❡ r❡q✉✐r❡❞✳ ❚❤✐s ❧❡❛❞s t♦ ❤✐❣❤ ❝♦♥t❡①t s✇✐t❝❤
r❛t❡s ❛♥❞ ❤✐❣❤ s ✐❢ t❤❡ ♠❡ss❛❣❡ r❛t❡ ✐s ❤✐❣❤✳ ❆t♦♠✐❝ ♦♣❡r❛t✐♦♥s ❢♦r ❧♦❝❦✐♥❣ ❛♥❞
s✇✐t❝❤❡s t♦ t❤❡ ❖❙ ❛♥❞ ❜❛❝❦ ❛s ✇❡❧❧ ❛s s✇✐t❝❤❡s ❜❡t✇❡❡♥ t❤r❡❛❞s ❝❛♥ ❜❡ r❡❞✉❝❡❞
❜② ❡♠♣❧♦②✐♥❣ ❜✉rst ♠❡ss❛❣❡s✳

❚❤❡ ♠♦r❡ ♠❡ss❛❣❡s ❛r❡ ❛❣❣r❡❣❛t❡❞ ✐♥t♦ ♦♥❡ ❜✉rst ♠❡ss❛❣❡✱ t❤❡ ❧♦✇❡r s ❜❡✲
❝♦♠❡s ❛♥❞ s♦ t❤❡ ❝♦♥t❡①t s✇✐t❝❤ r❛t❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✉s✐♥❣ ❜✉rst ♠❡ss❛❣❡s
✇✐t❤ ❜✐❣❣❡r s✐③❡s r❡s✉❧ts ✐♥ ❛ ❤✐❣❤❡r ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥✳ ❚❤✉s ❛ tr❛❞❡✲♦✛ ❜❡✲
t✇❡❡♥ t❤❡ ❝♦♥t❡①t s✇✐t❝❤ r❛t❡ ❛♥❞ t❤❡ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ♠✉st ❜❡ ❢♦✉♥❞✳
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burst size

JoinedFlow Comparison, heap=7GB, 14 threads (pattern F)

throughput
system time

user time
garbage collector time

❋✐❣✉r❡ ✺✳ ■♠♣❛❝t ♦❢ ❜✉rst ♠❡ss❛❣❡s

❋✐❣✳ ✺ s❤♦✇s t❤❡ t❤r♦✉❣❤♣✉t r❡❧❛t❡❞ t♦ t❤❡ ❜✉rst s✐③❡ ❢♦r t❤r❡❛❞ ❛ss✐❣♥♠❡♥t
❋✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ t❤r♦✉❣❤♣✉t ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✉rst s✐③❡✳ ■♥t❡r❡st✐♥❣
✐s t❤❡ ❢❛❝t✱ t❤❛t t❤❡ ♥♦r♠❛❧✐③❡❞ ✉s❡r t✐♠❡ ✐s ♠♦r❡ ♦r ❧❡ss ❝♦♥st❛♥t r❡❣❛r❞❧❡ss ♦❢
t❤❡ ❝♦♥✜❣✉r❡❞ ❜✉rst s✐③❡ ✇❤✐❧❡ t❤❡ t❤r♦✉❣❤♣✉t ✐♥❝r❡❛s❡s✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t t❤❡
t✐♠❡ ❛①✐s ✐s ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ r❡❛❧ t✐♠❡✳ ❚❤✉s ✐t s❤♦✇s ❛ ❦✐♥❞ ♦❢ ✉t✐❧✐③❛t✐♦♥✳ ❆s
✇❡ s❡❡ ❢r♦♠ t❤❡ r❡s✉❧ts✱ t❤❡ ❜✉rst s✐③❡ s❤♦✉❧❞ ❜❡ ❣r❡❛t❡r t❤❛♥ ✶✵✵✱ ♦t❤❡r✇✐s❡
t❤❡ t❤r♦✉❣❤♣✉t ✐s ❞❡❝r❡❛s❡❞ ❜② ✉♣ t♦ ✷✺✪✳ ▼✉❝❤ ❧❛r❣❡r ❜✉rsts ❞♦ ♥♦t ❧❡❛❞ t♦
❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡✱ ❜✉t ❡✈❡♥t✉❛❧❧② t♦ ♣❡r❢♦r♠❛♥❝❡ ❞❡❣r❛❞❛t✐♦♥ ❜② ✉♣ t♦ ✺✵✪
❞✉❡ t♦ t❤❡ ❤✐❣❤ ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❧❛r❣❡r ❜✉rst ♠❡ss❛❣❡s✳ ❆s ❛♥♦t❤❡r ❡✛❡❝t
t❤❡ ✐♥❝r❡❛s✐♥❣ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t✐♦♥ t✐♠❡ ❝❛♥ ❜❡ s❡❡♥✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❡ ❛❜♦✈❡
♠❡♥t✐♦♥❡❞ ❤✐❣❤❡r ♠❡♠♦r② ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❣r❡❛t❡r ❜✉rst ♠❡ss❛❣❡s✱ s♦ t❤❛t t❤❡
❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ❤❛s t♦ ❢r❡❡ ♠♦r❡ ♠❡♠♦r②✳

❲✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✉rst s✐③❡ t❤❡r❡ ✐s ❛ ❞❡❝r❡❛s❡ ♦❢ s ❢r♦♠ ✶✳✸✪ t♦ ✉♥❞❡r ✵✳✺✪ ♦❢
t❤❡ r❡❛❧ t✐♠❡✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❛♠♦✉♥t ♦❢ ❧♦❝❦ ♦♣❡r❛t✐♦♥s r❡q✉✐r❡❞ ♦♥ t❤❡ ❋■❋❖
q✉❡✉❡s✱ ✇❡ ❡①♣❡❝t❡❞ ❛ ❞✐r❡❝t r❡❧❛t✐♦♥ ♦❢ s t♦ t❤❡ ❜✉rst s✐③❡✳ ❚❤✐s ❝❛♥♥♦t ❜❡
♦❜s❡r✈❡❞✳ ❖♥❡ r❡❛s♦♥ ♠✐❣❤t ❜❡ t❤❡ ▲✐♥✉① ♠❡❝❤❛♥✐s♠ ♦❢ ❢❛st ✉s❡r s♣❛❝❡ ♠✉t✉❛❧
❡①❝❧✉s✐♦♥ ✭❢✉t❡①✮ ❬✶✶❪✱ ✇❤✐❝❤ ✇❡ ❤❛✈❡ ❢♦✉♥❞ ♦✉t ❜② ✉s✐♥❣ str❛❝❡✳ ❙♦ ♥♦t ❡✈❡r②
❛❝❝❡ss t♦ ❛ ❋■❋❖ q✉❡✉❡ r❡s✉❧ts ✐♥ ❛ ❝♦♥t❡①t s✇✐t❝❤✱ ❜❡❝❛✉s❡ t❤❡ ♠❡❝❤❛♥✐s♠
tr✐❡s t♦ ❞♦ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐♥ ♠♦st ❝❛s❡s ✐♥ ✉s❡r s♣❛❝❡ ✇✐t❤♦✉t s✇✐t❝❤✐♥❣ ✐♥t♦
❦❡r♥❡❧ ♠♦❞❡✳ ❲❤✐❧❡ t❤✐s ♠❡❝❤❛♥✐s♠ ✐s ❝❤❡❛♣❡r t❤❛♥ ❦❡r♥❡❧ s♣❛❝❡ s❡♠❛♣❤♦r❡s✱ ✐t
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