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❣❡♥❡2❛❧❧② ❛ ❞❡❧✐❝❛+❡ ♠❛++❡2✳ ❚❛❦✐♥❣ ✉♣ +❤✐0 ❝❤❛❧❧❡♥❣❡ ✐0 ♣2❡❝✐0❡❧② +❤❡ ♦❜❥❡❝+✐✈❡ ♦❢ +❤❡ ✇♦2❦

❞❡0❝2✐❜❡❞ ❤❡2❡✳ ❖✉2 0+❛2+✐♥❣ ♣♦✐♥+ ✐0 +❤❡ ❧❡❣❛❧ ❝♦♥+2❛❝+ 0✐❣♥❡❞ ❜❡+✇❡❡♥ +❤❡ ♣❛2+✐❡0 ✐♥✈♦❧✈❡❞

✐♥ +❤❡ ❞❡0✐❣♥ ♦2 ✉0❡ ♦❢ ❛ ❝♦♠♣✉+❡2 0②0+❡♠✳ ❲❡ ❛✐♠ +♦ ♣2♦♣♦0❡ ❛ +❡❝❤♥✐❝❛❧ ❢2❛♠❡✇♦2❦

+♦ ❞❡✜♥❡ ❝♦♥+2❛❝+✉❛❧ ❧✐❛❜✐❧✐+✐❡0 ✐♥ ❛ ♣2❡❝✐0❡ ❛♥❞ ✉♥❛♠❜✐❣✉♦✉0 ✇❛②✱ +♦ ❜✉✐❧❞ ❡✈✐❞❡♥❝❡ ❛♥❞

❡0+❛❜❧✐0❤ 0✉❝❤ ❧✐❛❜✐❧✐+✐❡0 ✐♥ ❝❛0❡ ♦❢ ❢❛✐❧✉2❡✳ ❖❜✈✐♦✉0❧②✱ ❛♥② +❡❝❤♥✐❝❛❧ 0♦❧✉+✐♦♥0 ♦2 ♠❡+❤♦❞♦❧♦❣②

✐♥ +❤✐0 ❝♦♥+❡①+ 0❤♦✉❧❞ ❝♦♠♣❧② ✇✐+❤ +❤❡ ❧❡❣❛❧ 2❡K✉✐2❡♠❡♥+0 0♣❡❝✐❛❧❧② ✇✐+❤ 2❡0♣❡❝+ +♦ ❝♦♥+2❛❝+

✈❛❧✐❞✐+② ❛♥❞ ❡✈✐❞❡♥❝❡ +❤❡♦2②✳ ❚❤❡ +❤2❡❡ ♠❛✐♥ ❝❤❛❧❧❡♥❣❡0 +♦ ❛❞❞2❡00 +❤✐0 ♦❜❥❡❝+✐✈❡ ❛2❡ +❤❡

❢♦❧❧♦✇✐♥❣✿

✶✳ ❍♦✇ #♦ $❡♣$❡'❡♥# ❧✐❛❜✐❧✐#✐❡' ✐♥ ❛ ♣$❡❝✐'❡❧② ✉♥❛♠❜✐❣✉♦✉' ✇❛②❄

❚❤❡ ✜20+ ❝❤❛❧❧❡♥❣❡ ✐0 +♦ ❡0+❛❜❧✐0❤ ❛ ♣2❡❝✐0❡ 2❡❧❛+✐♦♥0❤✐♣ ❜❡+✇❡❡♥ +❤❡ ❢❛✐❧✉2❡0 ♦❢ +❤❡

0②0+❡♠ ❛♥❞ +❤❡ ♣❛2+✐❡0 ❧✐❛❜❧❡ ❢♦2 +❤❡0❡ ❢❛✐❧✉2❡0✳ ❚❤✐0 2❡K✉✐2❡0 ❛ ♣2❡❝✐0❡ ❛♥❞ ✉♥❛♠✲

❜✐❣✉♦✉0 0♣❡❝✐✜❝❛+✐♦♥ ♦❢ +❤❡ ❢❛✐❧✉2❡0 ❛♥❞ ♣♦00✐❜❧② +♦ ✉0❡ +❤✐0 0♣❡❝✐✜❝❛+✐♦♥ +♦ ❡❧❛❜♦2❛+❡

❛ ✈❛❧✐❞ ❧✐❛❜✐❧✐+② ❛❣2❡❡♠❡♥+ ✐♥ ❛ ❧❡❣❛❧ ❝♦♥+2❛❝+✳

✷✳ ❍♦✇ #♦ ♣$♦❞✉❝❡ #❤❡ ❞✐❣✐#❛❧ ❡✈✐❞❡♥❝❡ #♦ ❡'#❛❜❧✐'❤ ❧✐❛❜✐❧✐#✐❡'❄

❚❤❡ 0❡❝♦♥❞ ❝❤❛❧❧❡♥❣❡ ✐0 +♦ ❡♥0✉2❡ +❤❛+ ❝♦♥✈✐♥❝✐♥❣ ❡✈✐❞❡♥❝❡ ✇✐❧❧ ❜❡ ❛✈❛✐❧❛❜❧❡ +♦ ❡0+❛❜✲

❧✐0❤ ❧✐❛❜✐❧✐+✐❡0 ✐♥ ❝❛0❡ ♦❢ ❞✐0❛❣2❡❡♠❡♥+ ❜❡+✇❡❡♥ +❤❡ ♣❛2+✐❡0✳ ❚❤✐0 ❡✈✐❞❡♥❝❡ 0❤♦✉❧❞ ❜❡

0✉✣❝✐❡♥+ ✭✶✮ +♦ 0❤♦✇ +❤❛+ ❛ ❢❛✐❧✉2❡ ❤❛0 ❡✛❡❝+✐✈❡❧② ♦❝❝✉22❡❞✱ ❛♥❞ ✭✷✮ +♦ ✐❞❡♥+✐❢② ❛❧❧ +❤❡

✐♥❝♦22❡❝+ ❜❡❤❛✈✐♦2 ♦❢ +❤❡ ❝♦♠♣♦♥❡♥+0 ✇❤✐❝❤ ❤❛✈❡ ❧❡❞ +♦ +❤❡ ❢❛✐❧✉2❡✳

✶✼



❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

✸✳ ❍♦✇ #♦ ❡%#❛❜❧✐%❤ ❧✐❛❜✐❧✐#✐❡% ✐♥ ❝❛%❡ ♦❢ ✐♥❝✐❞❡♥#❄

❖♥❝❡ &❤❡ ❞✐❣✐&❛❧ ❡✈✐❞❡♥❝❡ ✐. ❝♦❧❧❡❝&❡❞✱ ❛♥ ❛♥❛❧②.✐. ♦❢ &❤✐. ❡✈✐❞❡♥❝❡ ✐. ♥❡❝❡..❛3② &♦

✐❞❡♥&✐❢② &❤❡ ❧✐❛❜❧❡ ♣❛3&② ✭♦3 ♣❛3&✐❡.✮ ❛❝❝♦3❞✐♥❣ &♦ &❤❡ ❝♦♥&3❛❝&✳ ❉❡♣❡♥❞✐♥❣ ♦♥ &❤❡

❢♦3♠❛❧✐.♠ ✉.❡❞ &♦ ❞❡✜♥❡ ❧✐❛❜✐❧✐&✐❡.✱ &❤✐. &❛.❦ ❝❛♥ ❜❡ ♠♦3❡ ♦3 ❧❡.. ❞✐✣❝✉❧& ❛♥❞ ❡①♣❡♥✲

.✐✈❡✳ ■& ✐. ❛❧.♦ ♥❡❝❡..❛3② &♦ ❞❡✜♥❡ &❤❡ ❛♠♦✉♥& ♦❢ ❞✐❣✐&❛❧ ❞✐❣✐&❛❧ ❡✈✐❞❡♥❝❡ ♥❡❝❡..❛3② &♦

❡.&❛❜❧✐.❤ ❧✐❛❜✐❧✐&✐❡. ❛♥❞ &♦ ❞❡❛❧ ✇✐&❤ &❤❡ ❛❞❞✐&✐♦♥❛❧ ❝♦♠♣❧❡①✐&② ♦❢ ❞✐.&3✐❜✉&❡❞ ❧♦❣.✳

❚♦ ❛❞❞3❡.. &❤❡.❡ ✐..✉❡.✱ ✇❡ ❢♦❧❧♦✇ ❛♥ ❛♣♣3♦❛❝❤ ❜❛.❡❞ ♦♥ &❤❡ ❛ ♣"✐♦"✐ ❛♥❛❧②.✐. ♦❢ ❧✐❛❜✐❧✐&✐❡.

✐♥ ♦3❞❡3 &♦ ❞❡✜♥❡ ✇❤✐❝❤ ❡✈✐❞❡♥❝❡ ❤❛. &♦ ❜❡ ♣3♦❞✉❝❡❞ &♦ ❡.&❛❜❧✐.❤ ❧✐❛❜✐❧✐&✐❡.✳ ■♥ ♦✉3 ❛♣♣3♦❛❝❤

❡✈✐❞❡♥❝❡ &❛❦❡. &❤❡ ❢♦3♠ ♦❢ ❧♦❣ ✜❧❡) ❝♦♥&❛✐♥✐♥❣ ✐♥❢♦3♠❛&✐♦♥ ❛❜♦✉& &❤❡ ❛❝&✐♦♥. ❡①❡❝✉&❡❞ ❜②

&❤❡ ❝♦♠♣♦♥❡♥&. ♦❢ &❤❡ .②.&❡♠✳ ❲❡ ❛❧.♦ ❛..✉♠❡ &❤❡ ❡①✐.&❡♥❝❡ ♦❢ ❛ ❝♦♥,"❛❝,✉❛❧ ❛❣"❡❡♠❡♥,

❜❡&✇❡❡♥ ♣❛3&✐❡.✳ ❚❤❡ ❝♦♥&3❛❝& ❞❡.❝3✐❜❡. &❤❡ ❧✐❛❜✐❧✐&✐❡. ❛..♦❝✐❛&❡❞ ✇✐&❤ ❛ ❝♦♠♣✉&❡3 .②.&❡♠

✐♥❝❧✉❞✐♥❣ &❤❡ ❝♦♥&❡♥& ♦❢ &❤❡ ❞✐❣✐&❛❧ ❡✈✐❞❡♥❝❡ ❛♥❞ ❤♦✇ &❤❡② ✇✐❧❧ ❜❡ ♣3♦❞✉❝❡❞✳

❙❡✈❡3❛❧ ❝♦♥♥❡❝&❡❞ ❛3❡❛. .❤❛3❡ ♣❛3& ♦❢ ♦✉3 ♦❜❥❡❝&✐✈❡. ❛♥❞ ♣3♦✈✐❞❡ ✉.❡❢✉❧ ❤✐♥&. ❛♥❞ 3❡.✉❧&.✳

❲❡ ♣3❡.❡♥& &❤3❡❡ ♠❛✐♥ ❛3❡❛. 3❡❧❛&❡❞ &♦ &❤❡ ✇♦3❦ ❞❡.❝3✐❜❡❞ ❤❡3❡✱ ❝♦33❡.♣♦♥❞✐♥❣ &♦ &❤❡ &❤3❡❡

❝❤❛❧❧❡♥❣❡. ♠❡♥&✐♦♥❡❞ ❛❜♦✈❡✿

❼ ❋♦1♠❛❧ ❝♦♥#1❛❝# ❢♦3♠❛❧✐.♠. .❤❛3❡ ✇✐&❤ ♦✉3 ❛♣♣3♦❛❝❤ &❤❡ ♦❜❥❡❝&✐✈❡ &♦ .♣❡❝✐❢② ❝♦♥✲

&3❛❝&. ❛. ♣3❡❝✐.❡❧② ❛. ♣♦..✐❜❧❡✳ ❚❤❡.❡ ❢♦3♠❛❧✐.♠. ✉.✉❛❧❧② ❛✐♠ &♦ ♣3♦✈✐❞❡ ♠❡❝❤❛♥✐.♠.

&♦ ❡①♣3❡.. ❝♦♥&3❛❝&✉❛❧ ♦❜❧✐❣❛&✐♦♥. ✐♥ ❛ ♣3❡❝✐.❡ ✇❛② ❛♥❞ ❛3❡ ❝❧♦.❡❧② 3❡❧❛&❡❞ &♦ ♦✉3 ✜3.&

♦❜❥❡❝&✐✈❡✳ ❈♦♥&3✐❜✉&✐♦♥. ✐♥ &❤✐. ❞♦♠❛✐♥ ❛❧.♦ ✐♥❝❧✉❞❡ &❤❡ ❛♥❛❧②.✐. ♦❢ ❝♦♥&3❛❝&. &♦ ❞❡&❡❝&

✐♥❝♦♥.✐.&❡♥❝✐❡.✱ ❛. ✇❡❧❧ &❤❡ ✉.❡ ♦❢ ❝♦♥&3❛❝&. ❢♦3 &❤❡ ♣✉3♣♦.❡ ♦❢ ♠♦♥✐&♦3✐♥❣✳

❼ ❉✐❣✐#❛❧ ❡✈✐❞❡♥❝❡ ❢3❛♠❡✇♦3❦. .❤❛3❡ ✇✐&❤ ♦✉3 ❛♣♣3♦❛❝❤ &❤❡ ♦❜❥❡❝&✐✈❡ &♦ ✉.❡ ❞✐❣✐&❛❧

✐♥❢♦3♠❛&✐♦♥ ✐♥ ❛ ❧❡❣❛❧ .❡&&✐♥❣✳ ❯.✉❛❧❧②✱ &❤❡ ❞✐❣✐&❛❧ ❡✈✐❞❡♥❝❡ ✉.❡❞ ✐♥ ❢♦3❡♥.✐❝ ✐♥✈❡.&✐❣❛✲

&✐♦♥. .❤♦✉❧❞ ❜❡ ✐♥ ❝♦♥❢♦3♠❛♥❝❡ ✇✐&❤ ♣3❡❝✐.❡ ❧❡❣❛❧ ❛♥❞ &❡❝❤♥✐❝❛❧ 3❡I✉✐3❡♠❡♥&.✳ ❈♦♥✲

&3✐❜✉&✐♦♥. ✐♥ &❤✐. ❞♦♠❛✐♥ ✐♥❝❧✉❞❡ &❡❝❤♥✐I✉❡. &♦ ♣3♦❞✉❝❡✱ ❝❤❡❝❦ ❛♥❞ ❛♥❛❧②③❡ ❡✈✐❞❡♥❝❡

&❤❛& ❢✉❧✜❧❧ &❤❡.❡ 3❡I✉✐3❡♠❡♥&.✳

❼ ❚1❛❝❡ ❛♥❛❧②%✐% ♣3♦♣♦.❛❧. .❤❛3❡ ✇✐&❤ ♦✉3 ❛♣♣3♦❛❝❤ &❤❡ ♦❜❥❡❝&✐✈❡ &♦ ❛♥❛❧②③❡ &❤❡ ❜❡✲

❤❛✈✐♦3 ♦❢ ❝♦♠♣✉&❡3 .②.&❡♠. ❜❛.❡❞ ♦♥ &❤❡✐3 ❡①❡❝✉&✐♦♥ &3❛❝❡.✳ ❈♦♥&3✐❜✉&✐♦♥. ✐♥ &❤✐.

❞♦♠❛✐♥ ♣3♦✈✐❞❡ ❤❡❧♣❢✉❧ ❤✐♥&. ❛❜♦✉& &❤❡ ♣3♦❝❡❞✉3❡ &❤❛& .❤♦✉❧❞ ❜❡ ✉.❡❞ &♦ ❡.&❛❜❧✐.❤

❧✐❛❜✐❧✐&✐❡. ❜❛.❡❞ ♦♥ &❤❡ ♦❜.❡3✈❡❞ ❜❡❤❛✈✐♦3 ♦❢ &❤❡ .②.&❡♠✳

■♥ &❤❡ ❢♦❧❧♦✇✐♥❣ .❡❝&✐♦♥. ✇❡ .❦❡&❝❤ &❤❡ ♠❛✐♥ ❝♦♥&3✐❜✉&✐♦♥. 3❡❧❛&❡❞ &♦ ♦✉3 ♦❜❥❡❝&✐✈❡. ✐♥

❡❛❝❤ ♦❢ &❤❡.❡ ❛3❡❛.✳
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❝♦♥&!❛❝& &❤❛& ❛!❡ ❧✐❛❜❧❡ ❢♦! &❤❡ ✈✐♦❧❛&✐♦♥(✳

■♥ &❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ❛♥❛❧②③❡ &❤❡ ❢❡❛&✉!❡( ♦❢ &❤❡ ♠❛✐♥ ❢♦!♠❛❧✐(♠( ♣!♦♣♦(❡❞ ✐♥ &❤❡ ❧✐&❡!❛✲

&✉!❡ &♦ (♣❡❝✐❢② ❝♦♥&!❛❝&( ❛♥❞ ✇❡ ❛((❡(( &❤❡♠ ❜② &❤❡ ②❛!❞(&✐❝❦( ♦❢ &❤❡ ❛❜♦✈❡ !❡7✉✐!❡♠❡♥&(✳

✶✳✹✳✷ ❚❤❡ ❈♦♥*+❛❝* ❋♦+♠❛❧✐2♠ ❜② ❏♦♥❡2 ❡* ❛❧✳

■♥ ❬❏♦♥❡( ❡& ❛❧✳ ✷✵✵✸❪✱ &❤❡ ❛✉&❤♦!( ♣!♦♣♦(❡ ❛ ❢♦!♠❛❧✐(♠ ❞❡❞✐❝❛&❡❞ &♦ &❤❡ (♣❡❝✐✜❝❛&✐♦♥ ♦❢

✜♥❛♥❝✐❛❧ ❝♦♥&!❛❝&(✳ ❚❤❡ ❛✉&❤♦!( (✉❣❣❡(& &❤❛& ❝♦♠♣❧❡① ❝♦♥&!❛❝&( ♠❛② ❜❡ ❢♦!♠❡❞ ❜② &❤❡

❝♦♠❜✐♥❛&✐♦♥ ♦❢ (✐♠♣❧❡! ❝♦♥&!❛❝&(✳ ❚❤❡② ♣!♦♣♦(❡ ❛ (❡& ♦❢ ❝♦♠❜✐♥❛&♦!( &❤❛& ❛!❡ ❝♦♠♠♦♥❧②

✉(❡❞ ✐♥ ❝♦♥&!❛❝&(✱ (✉❝❤ ❛( ③❡"♦✲❝♦✉♣♦♥ ❞✐+❝♦✉♥, ❜♦✉♥❞ ✉(❡❞ &♦ ❡①♣!❡((✱ ❢♦! ❡①❛♠♣❧❡✱ (❡♥✲

&❡♥❝❡( ❧✐❦❡ ✏!❡❝❡✐✈❡ X ♦♥ ❞❛&❡ t✑✳ ▼♦(& ♦❢ &❤❡ (&❛&❡♠❡♥&( &❤❛& ❝❛♥ ❜❡ ❡①♣!❡((❡❞ ✉(✐♥❣ &❤❡(❡

❝♦♠❜✐♥❛&♦!( ❛!❡ !❡❧❛&❡❞ &♦ ❞❡❧✐✈❡! ❛♥❞ ♣❛②♠❡♥& ❝♦♠♠✐&♠❡♥&( ✐♥ &❤❡ ❡①❝❤❛♥❣❡ ♦❢ ❣♦♦❞(✳

❏♦♥❡( ❡& ❛❧✳ ❛❧(♦ ✐♥&!♦❞✉❝❡ ❛ ❝♦♠❜✐♥❛&♦! &♦ ❡①♣!❡(( ❧✐♠✐, ❝❧❛✉+❡+✳ ▲✐♠✐& ❝❧❛✉(❡( ❛!❡

(❡♥&❡♥❝❡( ✇✐&❤ ❛ ❞❡❛❞❧✐♥❡ ♦! ❜♦✉♥❞ ❧✐♠✐&✱ ❡✳❣✳ ✏✉♥❧❡(( &❤❡ &❡♠♣❡!❛&✉!❡ ❢❛❧❧( ❜❡❧♦✇ ③❡!♦✑ ♦!

✏✉♥❧❡(( ✐♥&❡!❡(& !❛&❡( ❣♦ ❛❜♦✈❡ ✻✪✑✳ ❚❤❡ ❝♦♠❜✐♥❛&✐♦♥ ♦❢ ❧✐♠✐& ❝❧❛✉(❡( ✇✐&❤ ♦&❤❡! &②♣❡( ♦❢

❝♦♠❜✐♥❛&♦!( ❝❛♥ ❜❡ ✉(❡❞ &♦ (♣❡❝✐❢② ❝♦♥&!❛!②✲&♦✲❞✉&② ♦❜❧✐❣❛&✐♦♥(✳

❚❡♠♣♦!❛❧ ❝♦♥(&!❛✐♥&( ❝❛♥ ❛❧(♦ ❜❡ ❡①♣!❡((❡❞ ❜② ❝♦♠❜✐♥❛&♦!(✳ ❊①♣❧✐❝✐& &✐♠❡ ❝♦♥(&!❛✐♥&(

♠❛② ❜❡ !❡♣!❡(❡♥&❡❞ ✇✐&❤ &❤❡ ❝♦♠❜✐♥❛&♦! ✇❤❡♥ ✇❤✐❝❤ ❞❡✜♥❡( ❛♥ ♦❜❧✐❣❛&✐♦♥ &❤❛& (❤♦✉❧❞

❜❡ ❛❝&✐✈❛&❡❞ ✇❤❡♥ ❛ ❣✐✈❡♥ ✈❛❧✉❡ ✐( ♦❜(❡!✈❡❞✳ ❚❡♠♣♦!❛❧ ❝♦♥(&!❛✐♥&( ❛❜♦✉& &❤❡ ♦!❞❡! ♦❢

❡✈❡♥&( ❝❛♥ ❜❡ !❡♣!❡(❡♥&❡❞ ✉(✐♥❣ &❤❡ ❝♦♠❜✐♥❛&♦! ❛♥②,✐♠❡ ✇❤✐❝❤ ❞❡✜♥❡( &❤❛& ❛ ❝♦♥❞✐&✐♦♥ ✇✐❧❧

❡✈❡♥&✉❛❧❧② ❤♦❧❞ ❛❢&❡! ❛ ❣✐✈❡♥ ✈❛❧✉❡ ✐( ♦❜(❡!✈❡❞✳

❊①♣!❡((✐✈❡♥❡(( !❡7✉✐!❡♠❡♥&( ❛!❡ (✉♠♠❛!✐③❡❞ ✐♥ &❤❡ ❢♦❧❧♦✇✐♥❣ &❛❜❧❡✿
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 !♦♣❡!%✐❡' ❈♦♥%!❛!②✲ ❚❡♠♣♦!❛❧ ❙♣❡❝✐✜❝ ❢❡❛%✉!❡'

%♦✲❞✉%② ❝♦♥'%!❛✐♥%'

'%❛%❡✲❜❛'❡❞ ②❡' ②❡' ✲ ❢♦❝✉' ♦♥ %❤❡ ❡①❝❤❛♥❣❡ ♦❢ ❣♦♦❞'

✲ ❝♦♥%!❛❝% ❜❡%✇❡❡♥ ♦♥❧② %✇♦ ♣❛!%✐❡'

❚❤❡ ♣!♦♣♦'❡❞ ❧❛♥❣✉❛❣❡ ✐♥✈♦❧✈❡' ❛ ♥♦%✐♦♥ ♦❢ ♦❜"❡$✈❛❜❧❡ ✈❛❧✉❡"✳ ❖❜'❡!✈❛❜❧❡ ✈❛❧✉❡' ❛!❡

♠❡❛'✉!❛❜❧❡ >✉❛♥%✐%✐❡' ♦❜'❡!✈❡❞ ❜② %❤❡ ♣❛!%✐❡' ✇❤✐❝❤ ❝❛♥ ❜❡ ✉'❡❞ %♦ '♣❡❝✐❢② ❝♦♥❞✐%✐♦♥'✳ ❋♦!

❡①❛♠♣❧❡✱ %❤❡ %❡♠♣❡!❛%✉!❡ ❝❛♥ ❜❡ ❛♥ ♦❜'❡!✈❛❜❧❡ ✈❛❧✉❡✱ ❛♥❞ ✐% ✐' ♣♦''✐❜❧❡ %♦ ✉'❡ ❛ ❝♦♠❜✐♥❛%♦!

%♦ ❡①♣!❡'' %❤❛% ✏❚❤❡ ❝❧✐❡♥% '❤♦✉❧❞ ♣❛② ✩✶✵✵ ❡❛❝❤ ♠♦♥%❤ ✉♥❧❡'' %❤❡ %❡♠♣❡!❛%✉!❡ ✐' ❜❡❧♦✇

③❡!♦✑✳

❆❧%❤♦✉❣❤ %❤❡ ❛✉%❤♦!' ❞♦ ♥♦% ♣!♦✈✐❞❡ '♣❡❝✐✜❝ ❞❡%❛✐❧'✱ %❤❡② ♦✛❡! ❛♥ ✐♠♣❧❡♠❡♥%❛%✐♦♥ ♦❢

%❤❡ ❧❛♥❣✉❛❣❡ ✉'✐♥❣ %❤❡ ❍❛'❦❡❧ ❧❛♥❣✉❛❣❡✳ ❚❤✐' ♠❛❦❡' ✐% ♣♦''✐❜❧❡ %♦ ♣!♦✈✐❞❡ ❝♦♥❢♦!♠❛♥❝❡

❝❤❡❝❦✐♥❣ ♠❡❝❤❛♥✐'♠' !❡❛❞✐♥❣ %❤❡ '❡% ♦❢ ♦❜'❡!✈❛❜❧❡ ✈❛❧✉❡' ❛♥❞ ❡♥'✉!✐♥❣ %❤❛% %❤❡ ❝❧❛✉'❡' ✐♥

❛ ❣✐✈❡♥ ❝♦♥%!❛❝% ❛!❡ ❛❧✇❛②' !❡'♣❡❝%❡❞✳

■♥ %❤❡ ♣!♦♣♦'❡❞ ❢♦!♠❛❧✐'♠✱ ❝♦♥%!❛❝%' ❛!❡ ❛❧✇❛②' ❜✐❧❛%❡!❛❧✿ ❜❡%✇❡❡♥ %❤❡ ❤♦❧❞❡! ♦❢ %❤❡

❝♦♥%!❛❝% ❛♥❞ ❛ '✐♥❣❧❡ ❝♦✉♥%❡!✲♣❛!%②✳ ❚❤❡!❡❢♦!❡✱ %❤❡!❡ ✐' ♥♦ '✉♣♣♦!% ❢♦! ❝♦♠♣❧❡① ❜❧❛♠❡

❛''✐❣♥♠❡♥% ♠❡❝❤❛♥✐'♠' ✇❤❡!❡ ♠✉❧%✐♣❧❡ ♣❛!%✐❡' ❝♦✉❧❞ ❜❡ ✐♥✈♦❧✈❡❞✳

❆♥❛❧②'✐' !❡>✉✐!❡♠❡♥%' ❛!❡ '✉♠♠❛!✐③❡❞ ✐♥ %❤❡ ❢♦❧❧♦✇✐♥❣ %❛❜❧❡✿

❈♦♥✢✐❝% ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆''✐❣♥♠❡♥%

♥♦ ②❡' ♥♦

✶✳✹✳✸ ❚❤❡ '(♦❝❡++✲❖(✐❡♥0❡❞ ❊✈❡♥0✲❉(✐✈❡♥ ❚(❛♥+❛❝0✐♦♥ ❙②+0❡♠ ✭'❖❊❚❙✮

■♥ ❬❆♥❞❡!'❡♥ ❡% ❛❧✳ ✷✵✵✻❪✱ %❤❡ ❛✉%❤♦!' ❡①%❡♥❞ %❤❡ ✇♦!❦ ♦❢ ❏♦♥❡' ❡% ❛❧✳ %♦ ❡♥❝♦♠♣❛'' %❤❡

❡①❝❤❛♥❣❡ ♦❢ ♠♦♥❡②✱ ❣♦♦❞' ❛♥❞ '❡!✈✐❝❡' ❜❡%✇❡❡♥ ♠✉❧%✐♣❧❡ ♣❛!%✐❡'✳ ❆♥❞❡!'❡♥ ❡% ❛❧✳ ♣!♦✲

♣♦'❡ ❛ %!❛❝❡✲❜❛'❡❞ ❞❡♥♦%❛%✐♦♥❛❧ '❡♠❛♥%✐❝' %♦ '♣❡❝✐❢② ❝♦♥%!❛❝%'✿ ❛ ❝♦♥%!❛❝% ✐' ❢♦!♠❡❞ ❜②

%❤❡ ❝♦♠❜✐♥❛%✐♦♥ ♦❢ ♦%❤❡! ❝♦♥%!❛❝%' ❛♥❞ ❝♦♥'✐'%' ♦❢ ❛ '❡% ♦❢ %!❛❝❡'✳ ❊❛❝❤ %!❛❝❡ ✐' ❛ ✜♥✐%❡

'❡>✉❡♥❝❡ ♦❢ ❡✈❡♥%' %❤❛% !❡♣!❡'❡♥%' ❛ ✇❛② ♦❢ ❝♦♥❝❧✉❞✐♥❣ %❤❡ ❝♦♥%!❛❝% '✉❝❝❡''❢✉❧❧②✳ ❚❤❡ ❧❛♥✲

❣✉❛❣❡ ✐' ✐♥❝♦!♣♦!❛%❡❞ ❛' ❛ ❝♦!❡ ❝♦♠♣♦♥❡♥% ✐♥ ❛ ♣!♦❝❡''✲♦!✐❡♥%❡❞ ❡✈❡♥%✲❞!✐✈❡♥ %!❛♥'❛❝%✐♦♥

'②'%❡♠ ✭ ❖❊❚❙✮ ❬❍❡♥❣❧❡✐♥ ❡% ❛❧✳ ✷✵✵✾❪✳ ❆ %!❛❝❡✲❜❛'❡❞ ❛♣♣!♦❛❝❤ ♠❛❦❡' ✐% ♣♦''✐❜❧❡ %♦ ❡①✲

♣!❡'' '%❛%❡♠❡♥%' ❝♦♥❝❡!♥✐♥❣ %❤❡ ❡①♣❡❝%❡❞ ♦❝❝✉!!❡♥❝❡' ♦❢ ❡✈❡♥%'✳

 ❖❊❚❙ '✉♣♣♦!%' ❛ ✈❛!✐❛♥% ♦❢ ❝♦♥%!❛!②✲%♦✲❞✉%② ❝❧❛✉'❡' ✉'✐♥❣ ♣❛✐!' ♦❢ %!❛❝❡'✳ ❚❤❡ ♣❛✐!

!❡♣!❡'❡♥%' %❤❡ ❝❤♦✐❝❡ ❜❡%✇❡❡♥ !❡'♣❡❝%✐♥❣ ♦! ♥♦% %❤❡ ✜!'% ❝♦♠♠✐%♠❡♥% ♦❢ ❛ ❝❧❛✉'❡✳ ❍♦✇❡✈❡!✱

%❤✐' ❛♣♣!♦❛❝❤ ❞♦❡' ♥♦% ❞✐'%✐♥❣✉✐'❤ ❜❡%✇❡❡♥ %❤❡ ♣!✐♠❛!② ❛♥❞ '❡❝♦♥❞❛!② ♦❜❧✐❣❛%✐♦♥'✳ ❚❤❡

%!❛❝❡✲❜❛'❡❞ '❡♠❛♥%✐❝' ❧❡❛❞' %♦ ❛ ♥❛%✉!❛❧ !❡♣!❡'❡♥%❛%✐♦♥ ♦❢ %❡♠♣♦!❛❧ ❝♦♥'%!❛✐♥%' ✇✳!✳% %❤❡

♦!❞❡! ♦❢ ♦❝❝✉!!❡♥❝❡ ♦❢ ❡✈❡♥%'✳ ❊①♣❧✐❝✐% %✐♠❡ ❝♦♥'%!❛✐♥%' ❝❛♥ ❛❧'♦ ❜❡ !❡♣!❡'❡♥%❡❞ ❜❛'❡❞ ♦♥

❞❡❛❞❧✐♥❡'✳ ❋♦! ❡①❛♠♣❧❡✱ %❤❡ ❢♦❧❧♦✇✐♥❣ ♦❜❧✐❣❛%✐♦♥✿

transmit(a1, a2, r, t)

✷✶



❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

♠❡❛♥$ %❤❛% %❤❡ ❛❣❡♥% a1 $❤♦✉❧❞ %,❛♥$♠✐% %♦ %❤❡ ❛❣❡♥% a2 %❤❡ ,❡$♦✉,❝❡ r ❜❡❢♦,❡ %❤❡ %✐♠❡ t

✭❞❡❛❞❧✐♥❡✮✳

❊①♣,❡$$✐✈❡♥❡$$ ,❡8✉✐,❡♠❡♥%$ ❛,❡ $✉♠♠❛,✐③❡❞ ✐♥ %❤❡ ❢♦❧❧♦✇✐♥❣ %❛❜❧❡✿

<,♦♣❡,%✐❡$ ❈♦♥%,❛,②✲ ❚❡♠♣♦,❛❧

%♦✲❞✉%② ❝♦♥$%,❛✐♥%$ ❙♣❡❝✐✜❝ ❢❡❛%✉,❡$

❡✈❡♥%✲❜❛$❡❞ ②❡$ ②❡$ ✲ ❢♦❝✉$ ♦♥ %❤❡ ❡①❝❤❛♥❣❡ ♦❢ ❣♦♦❞$

✲ ❝❧❛✉$❡$ ✇✐%❤ ❞❡❛❞❧✐♥❡$

❚❤❡ ❛✉%❤♦,$ ❛❧$♦ ❞❡✜♥❡ ❛ $❡♠❛♥%✐❝$ ❢♦, ❝♦♠♣❧✐❛♥❝❡ ❝❤❡❝❦✐♥❣ ❜❛$❡❞ ♦♥ ❡✈❡♥% %,❛❝❡$✳ ❚❤❡

✐❞❡❛ ✐$ %♦ ♠❛%❝❤ %❤❡ ♦❜$❡,✈❡❞ $❡8✉❡♥❝❡ ♦❢ ❡✈❡♥%$ ✇✐%❤ %❤❡ ❡①♣❡❝%❡❞ ❡✈❡♥%$ $♣❡❝✐✜❡❞ ✐♥ %❤❡

❝♦♥%,❛❝% %♦ ❝❤❡❝❦ %❤❛% ♥♦ ❝❧❛✉$❡ ❤❛$ ❜❡❡♥ ❜,❡❛❝❤❡❞✳

❆♥❛❧②$✐$ ,❡8✉✐,❡♠❡♥%$ ❛,❡ $✉♠♠❛,✐③❡❞ ✐♥ %❤❡ ❢♦❧❧♦✇✐♥❣ %❛❜❧❡✿

❈♦♥✢✐❝% ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆$$✐❣♥♠❡♥%

♥♦ ②❡$ ♥♦

✶✳✹✳✹ ❚❤❡ ❈♦♥)*❛❝) ▲❛♥❣✉❛❣❡ CL

❚❤❡ ❝♦♥%,❛❝% ❧❛♥❣✉❛❣❡ CL ✐$ ✐♥%,♦❞✉❝❡❞ ❜② <,✐$❛❝❛,✐✉ ❛♥❞ ❙❝❤♥❡✐❞❡,

❬<,✐$❛❝❛,✐✉ ✫ ❙❝❤♥❡✐❞❡, ✷✵✵✼❪✳ ▲✐❦❡ <❖❊❚❙✱ CL ,❡❧✐❡$ ♦♥ ❛ %,❛❝❡✲❜❛$❡❞ $❡♠❛♥%✐❝$✳

CL ✐♥%,♦❞✉❝❡$ ❞❡♦♥%✐❝ ♠♦❞❛❧✐%✐❡$ %♦ ♣,♦✈✐❞❡ %❤❡ ♥♦%✐♦♥$ ♦❢ ♦❜❧✐❣❛%✐♦♥ ❛♥❞ ♣❡,♠✐$$✐♦♥✳
❚②♣✐❝❛❧❧②✱ ❛ ❞❡♦♥%✐❝ ❧♦❣✐❝ ✉$❡$ %❤❡ ♦♣❡,❛%♦, Ox %♦ $%❛%❡ %❤❛% ✏✐% ✐$ ♦❜❧✐❣❛%♦,② %❤❛% x✑✱

%❤❡ ♦♣❡,❛%♦, Px %♦ $%❛%❡ %❤❛% ✏x ✐$ ♣❡,♠✐%%❡❞✑ ❛♥❞ %❤❡ ♦♣❡,❛%♦, Fx %♦ $%❛%❡ %❤❛% ✏x ✐$

❢♦,❜✐❞❞❡♥✑✳ ■♥ CL✱ ❛ ❝♦♥%,❛❝% ❞❡✜♥❡$ ❛ $❡% ♦❢ ❛❝%✐♦♥$ ❛♥❞ %❤❡ ❞❡♦♥%✐❝ ♦♣❡,❛%♦,$ ❛,❡ ✉$❡❞ %♦
❞❡✜♥❡ ❛$$❡,%✐♦♥$ ❛❜♦✉% %❤❡$❡ $❡%$ ♦❢ ❛❝%✐♦♥$✳ ❆$ ❛♥ ✐❧❧✉$%,❛%✐♦♥✱ ❧❡% ✉$ ❝♦♥$✐❞❡, ❛ $✐♠♣❧❡

❝♦♥%,❛❝% $%❛%✐♥❣ %❤❛% ❛ ♣,♦✈✐❞❡, ♠✉$% ❞❡❧✐✈❡, ❛ ♣,♦❞✉❝% %♦ ❛ ,❡❝❡✐✈❡, ✭deliver product✮

❛♥❞✱ ✉♣♦♥ %❤❡ $❡,✈✐❝❡ ❞❡❧✐✈❡,②✱ %❤❡ ,❡❝❡✐✈❡, ♠✉$% ♣❛② ❢♦, %❤❡ ♣,♦❞✉❝% ✭pay product✮✳ ❚❤✐$

❝♦♥%,❛❝% ❝❛♥ ❜❡ $♣❡❝✐✜❡❞ ✐♥ CL ❛$ ❢♦❧❧♦✇$✿

O(deliver product) ∧
[deliver product]O(pay product)

❚❤❡ $②♥%❛① ♦❢ CL ❛❧❧♦✇$ %❤❡ $♣❡❝✐✜❝❛%✐♦♥ ♦❢ ❛❝%✐♦♥ $❡8✉❡♥❝✐♥❣ ✭a1a2✮✱ ❛❧%❡,♥❛%✐✈❡ ✭a1 + a2✮

❛♥❞ ❝♦♥❝✉,,❡♥❝② ✭a1&a2✮✳
■♥ CL✱ ❞❡♦♥%✐❝ ♦♣❡,❛%♦,$ ❛,❡ ❛♣♣❧✐❡❞ %♦ ❛❝%✐♦♥$ ,❛%❤❡, %❤❛♥ $%❛%❡$✳ ❚❤❡ ❛✉%❤♦,$ ❥✉$%✐❢②

%❤✐$ ❝❤♦✐❝❡ ❜② %❤❡ ♦❜$❡,✈❛%✐♦♥ %❤❛% ❝♦♥%,❛❝%$ ✉$✉❛❧❧② ❞❡$❝,✐❜❡ ✇❤❛% ♠❛② ♦, ♠❛② ♥♦% ❜❡

♣❡,❢♦,♠❡❞✱ ,❛%❤❡, %❤❛♥ ✇❤❛% ♠❛② ♦, ♠❛② ♥♦% ❜❡ %❤❡ $%❛%❡ ♦❢ ❛✛❛✐,$✳ ■♥ ❝♦♥$❡8✉❡♥❝❡✱

❛ $%❛%❡♠❡♥% $✉❝❤ ❛$ ✏%❤❡ ❜❛♥❞✇✐❞%❤ $❤♦✉❧❞ ❜❡ ♠♦,❡ %❤❛♥ ✷✵❦❜♣$✑ ❝❛♥♥♦% ❜❡ ❡①♣,❡$$❡❞

❞✐,❡❝%❧② ✐♥ CL✱ ❜❡❝❛✉$❡ ✐% ❞❡✜♥❡$ ❛♥ ♦❜❧✐❣❛%✐♦♥ ♦♥ ❛ $%❛%❡ ,❛%❤❡, %❤❛% ❛♥ ❛❝%✐♦♥✳
CL $✉♣♣♦,%$ ❝♦♥%,❛,②✲%♦✲❞✉%② ♦❜❧✐❣❛%✐♦♥$ %❤,♦✉❣❤ %❤❡ ✉$❡ ♦❢ ❛♥ ♦♣❡,❛%♦, ,❡♣,❡$❡♥%✐♥❣

%❤❡ ❧❛❝❦ ♦❢ ❛♥ ❛❝%✐♦♥ ✭♥♦%❡❞ a1✮✳ ❋♦, ❡①❛♠♣❧❡ %❤❡ $%❛%❡♠❡♥% O(a1) ∧ [a1]a2 ❡①♣,❡$$❡$ %❤❛%
a1 ✐$ ❛♥ ♦❜❧✐❣❛%✐♦♥✱ ❛♥❞ ✐♥ %❤❡ ❛❜$❡♥❝❡ ♦❢ a1 %❤❡♥ a2 ❜❡❝♦♠❡$ ❛♥ ♦❜❧✐❣❛%✐♦♥✳

✷✷



✶✳✹✳ ❋❖❘▼❆▲ ❈❖◆❚❘❆❈❚❙

❚❡♠♣♦%❛❧ ❝♦♥*+%❛✐♥+* ❛%❡ ❡①♣%❡**❡❞ ✐♥ CL +❤%♦✉❣❤ +❤❡ ❛♣♣❧✐❝❛+✐♦♥ ♦❢ +❡♠♣♦%❛❧ ❝♦♥♥❡❝✲
+✐✈❡* +♦ ♦❜❧✐❣❛+✐♦♥* ♦% ♣❡%♠✐**✐♦♥*✳ ❚❤❡ ❧❛♥❣✉❛❣❡ ♣%♦✈✐❞❡* +❤❡ ❝♦♥♥❡❝+✐✈❡* ✉♥+✐❧ ✭U✮ ❛♥❞
♥❡①+ ✭©✮ ♦❢ *+❛♥❞❛%❞ +❡♠♣♦%❛❧ ❧♦❣✐❝✱ ✇❤✐❝❤ ♠❛❦❡ ✐+ ♣♦**✐❜❧❡ +♦ ❡①♣%❡** ❝♦♥*+%❛✐♥+* ♦♥ +❤❡
♦%❞❡% ♦❢ ❛❝+✐♦♥* ❜✉+ ✇✐+❤♦✉+ *✉♣♣♦%+ ❢♦% ❡①♣❧✐❝✐+ +✐♠❡ ❝♦♥*+%❛✐♥+*✳ ■+ ✐* ♣♦**✐❜❧❡ ❤♦✇❡✈❡%✱ +♦

✇%✐+❡ ❧✐✈❡♥❡** ♣%♦♣❡%+✐❡* ✭❡✳❣✳ ✏♣%♦✈✐❞❡% ♠✉*+ ❞❡❧✐✈❡% ❡✈❡♥+✉❛❧❧②✑✮ ✉*✐♥❣ +❤❡ ❝♦♥♥❡❝+✐✈❡ U ✳

❊①♣%❡**✐✈❡♥❡** %❡A✉✐%❡♠❡♥+* ❛%❡ *✉♠♠❛%✐③❡❞ ✐♥ +❤❡ ❢♦❧❧♦✇✐♥❣ +❛❜❧❡✿

D%♦♣❡%+✐❡* ❈♦♥+%❛%②✲ ❚❡♠♣♦%❛❧ ❙♣❡❝✐✜❝ ❢❡❛+✉%❡*

+♦✲❞✉+② ❝♦♥*+%❛✐♥+*

❡✈❡♥+✲❜❛*❡❞ ②❡* ②❡* ✭♥♦♥ +✐♠❡❞ ❡✈❡♥+*✮ ✲ ❞❡♦♥+✐❝ ❧♦❣✐❝ ♠♦❞❛❧✐+✐❡*

■♥ ❬❑②❛* ❡+ ❛❧✳ ✷✵✵✽❪✱ +❤❡ ❛✉+❤♦%* ♣%♦♣♦*❡ ❛ ♠❡+❤♦❞ +♦ ❣❡♥❡%❛+❡ ♠♦♥✐+♦%✐♥❣ ♠❡❝❤❛♥✐*♠*

❢♦% ❝♦♥+%❛❝+* ✇%✐++❡♥ ✐♥ CL✳ ❚❤❡*❡ ♠❡❝❤❛♥✐*♠* +❛❦❡ +❤❡ ❢♦%♠ ♦❢ ❛✉+♦♠❛+❛ ✇❤✐❝❤ ❛❝❝❡♣+ ♦♥❧②
+❤❡ +%❛❝❡* +❤❛+ %❡*♣❡❝+ +❤❡ ❝❧❛✉*❡* ♦❢ +❤❡ ❝♦♥+%❛❝+ ❛♥❞ ❝❛♥ ❜❡ ✉*❡❞ +♦ ❝❤❡❝❦ +❤❡ ❝♦♠♣❧✐❛♥❝❡

❢♦% ❛ ❣✐✈❡♥ ❡①❡❝✉+✐♦♥ ♦❢ +❤❡ ❝♦♥+%❛❝+✳

■♥ ❬❋❡♥❡❝❤ ❡+ ❛❧✳ ✷✵✵✾❛❪ ❋❡♥❡❝❤ ❡+ ❛❧✳ ❞❡✜♥❡ ❛ ❢♦%♠❛❧ ♥♦+✐♦♥ ♦❢ ❝♦♥✢✐❝+ ✐♥ ❛ ❝♦♥+%❛❝+✳

■♥+✉✐+✐✈❡❧②✱ ❛ ❝♦♥✢✐❝+ ❝❛♥ ❜❡ ❞❡+❡❝+❡❞ ✇❤❡♥ ❛♥ ❛❝+✐♦♥ ✐* ❜♦+❤ ✐♠♣♦*❡❞ ❛♥❞ ❢♦%❜✐❞❞❡♥❀ ♦%

❜♦+❤ ♣❡%♠✐++❡❞ ❛♥❞ ❢♦%❜✐❞❞❡♥❀ ♦% ✇❤❡♥ +✇♦ ❝♦♥+%❛❞✐❝+♦%② ❛❝+✐♦♥* ✭♥♦+❡❞ a1#a2✮ ❛%❡ ♣❡%✲
♠✐++❡❞✳ ❚❤❡ ❛✉+❤♦%* ❞❡*❝%✐❜❡ ❛ ♣%♦❝❡❞✉%❡ +♦ ❞❡+❡❝+ ❝♦♥✢✐❝+* ❜② ❝♦♥*+%✉❝+✐♥❣ +❤❡ *❡+ ♦❢

❛✉+♦♠❛+❛ %❡♣%❡*❡♥+✐♥❣ +❤❡ ❝♦♥+%❛❝+ ❛♥❞ *❡❛%❝❤✐♥❣ ❢♦% ❝♦♥✢✐❝+* ✐♥ +❤❡ +%❛❝❡* ❛❝❝❡♣+❡❞ ❜②

+❤❡*❡ ❛✉+♦♠❛+❛✳

❆♥❛❧②*✐* %❡A✉✐%❡♠❡♥+* ❛%❡ *✉♠♠❛%✐③❡❞ ✐♥ +❤❡ ❢♦❧❧♦✇✐♥❣ +❛❜❧❡✿

❈♦♥✢✐❝+ ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆**✐❣♥♠❡♥+

②❡* ②❡* ♥♦

❍✈✐+✈❡❞ ❬❍✈✐+✈❡❞ ✷✵✶✵❪ ♣%♦♣♦*❡* ❈❙▲✱ ❛ ❧❛♥❣✉❛❣❡ +♦ *♣❡❝✐❢② ❝♦♥+%❛❝+* ✇✐+❤ ❛ +%❛❝❡✲

❜❛*❡❞ *❡♠❛♥+✐❝*✳ ❈❙▲ ✐* ✈❡%② *✐♠✐❧❛% +♦ +❤❡ ❢♦%♠❛❧✐*♠ ♣%♦♣♦*❡❞ ❜② ❆♥❞❡%*❡♥ ❡+ ❛❧✳

❬❆♥❞❡%*❡♥ ❡+ ❛❧✳ ✷✵✵✻❪ ❛♥❞ D❛❝❡ ❛♥❞ ❙❝❤♥❡✐❞❡% ❬D❛❝❡ ✫ ❙❝❤♥❡✐❞❡% ✷✵✵✾❪ ❛♥❞ ♣%♦✈✐❞❡* +❤❡

*❛♠❡ ❡①♣%❡**✐✈❡♥❡**✳ ❚❤❡ ❛✉+❤♦% ❛%❣✉❡* +❤❛+ ❛❧+❤♦✉❣❤ ❝♦♥+%❛❝+ ❢♦%♠❛❧✐*♠* ❛%❡ ♠♦%❡ +❛%✲

❣❡+❡❞ +♦✇❛%❞* +❤❡ ❡❧❛❜♦%❛+✐♦♥ ♦❢ +❤❡ ❝♦♥+%❛❝+ ✐+*❡❧❢✱ ❜❧❛♠❡ ❛%%✐❣♥♠❡♥) ✐* ❛ ❢✉♥❞❛♠❡♥+❛❧

%❡A✉✐%❡♠❡♥+ ❢♦% ❝♦♥+%❛❝+ ❧❛♥❣✉❛❣❡*✳ ❆♥ ✐♥+❡%❡*+✐♥❣ ❛*♣❡❝+ ♦❢ +❤❡ ❧❛♥❣✉❛❣❡ ✐* +❤❡ ❢❛❝+ +❤❛+

+❤❡ ❝❧❛✉*❡* ♦❢ +❤❡ ❝♦♥+%❛❝+ ❛%❡ ❛**♦❝✐❛+❡❞ ✇✐+❤ +❤❡ ♣❛%+✐❡* +❤❛+ *❤♦✉❧❞ ❜❡ ❤❡❧❞ ❛❝❝♦✉♥+❛❜❧❡

✐♥ ❝❛*❡ ♦❢ ✈✐♦❧❛+✐♦♥✳ ❈❙▲ ♣%♦✈✐❞❡* ❛♥ ❛❜*+%❛❝+ ❞❡✜♥✐+✐♦♥ ♦❢ ❛ %✉♥✲+✐♠❡ ♠♦♥✐+♦%✐♥❣ ♠❡❝❤❛✲

♥✐*♠ +❤❛+ %❡❝❡✐✈❡* ❛* ✐♥♣✉+ ❛ +%❛❝❡ ❛♥❞ %❡+✉%♥ ✏②❡*✑ ✐❢ ❛♥② ✈✐♦❧❛+✐♦♥ ✐* ❞❡+❡❝+❡❞ ❛♥❞✱ ✐♥ ❝❛*❡

♦❢ ✈✐♦❧❛+✐♦♥✱ +❤❡ ♣❛%+✐❡* ❧✐❛❜❧❡ ❢♦% +❤❡ ✈✐♦❧❛+✐♦♥✳

❚❤❡ ❛♥❛❧②*✐* %❡A✉✐%❡♠❡♥+* ❢♦% ❈❙▲ ❝❛♥ ❜❡ *✉♠♠❛%✐③❡❞ ✐♥ +❤❡ ❢♦❧❧♦✇✐♥❣ +❛❜❧❡✿

❈♦♥✢✐❝+ ❆♥❛❧②*✐* ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆**✐❣♥♠❡♥+

②❡* ②❡* ②❡*
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✶✳✹✳✺ ❚❤❡ ❘✉❧❡✲❇❛-❡❞ ❈♦♥23❛❝2 ▲❛♥❣✉❛❣❡ ❘✉❧❡▼▲

❘✉❧❡▼▲ ❬❘✉❧❡▼▲ ✷✵✶✶✱ ●♦✈❡.♥❛1♦.✐ ✷✵✵✺❪ ✐5 ❛ ❳▼▲✲❜❛5❡❞ ❝♦♥1.❛❝1 ❧❛♥❣✉❛❣❡ ✇❤✐❝❤ ✉5❡5 1❤❡

♥♦1✐♦♥ ♦❢  ✉❧❡$ 1♦ ❡①♣.❡55 ♦❜❧✐❣❛1✐♦♥5✳ ❘✉❧❡5 ❛.❡ 51❛1❡♠❡♥15 ♦❢ 1❤❡ ❢♦.♠ ❡✈❡♥1✲❝♦♥❞✐1✐♦♥✲

❛❝1✐♦♥ ❡①♣.❡55✐♥❣ 1❤❛1 ✇❤❡♥ ❛ ❣✐✈❡♥ ❡✈❡♥1 1❛❦❡5 ♣❧❛❝❡✱ ❛ ❣✐✈❡♥ ❛❝1✐♦♥ ♠✉51 ♦❝❝✉. ✉♥❞❡.

❛ ❣✐✈❡♥ ❝♦♥❞✐1✐♦♥✳ ❘✉❧❡▼▲ ✐5 ✏5❡♠❛♥1✐❝❛❧❧② ♥❡✉1.❛❧✑ ❧❛♥❣✉❛❣❡✱ ♠❡❛♥✐♥❣ 1❤❛1 1❤❡.❡ ✐5 ♥♦

5❡♠❛♥1✐❝5 ❛11❛❝❤❡❞ 1♦ ✐1✳

❚♦ 5✉♣♣♦.1 ❝♦♥1.❛.②✲1♦✲❞✉1② ❝❧❛✉5❡5✱ ❘✉❧❡▼▲ ✐♥1.♦❞✉❝❡5 1❤❡ ❝♦♥♥❡❝1✐✈❡ ⊗ ✉5❡❞ 1♦ 51❛1❡
.❡♣❛.❛1✐♦♥ ❢♦. ❝❧❛✉5❡ ✈✐♦❧❛1✐♦♥5✳ ❋♦. ❡①❛♠♣❧❡✱ Ox ⊗ Oy ✐5 .❡❛❞ ❛5 ✏Oy ✐5 1❤❡ .❡♣❛.❛1✐♦♥
♦❢ 1❤❡ ✈✐♦❧❛1✐♦♥ ♦❢ Ox✑✳ ❚❤✐5 ♠❡❛♥5 1❤❛1 x ✐5 ♦❜❧✐❣❛1♦.②✱ ❜✉1 ✐❢ 1❤❡ ♦❜❧✐❣❛1✐♦♥ Ox ✐5 ♥♦1

❢✉❧✜❧❧❡❞ 1❤❡♥ 1❤❡ ♦❜❧✐❣❛1✐♦♥ Oy ❜❡❝♦♠❡5 ❛❝1✐✈❡✳

■♥ ❘✉❧❡▼▲✱ ✐1 ✐5 ♣♦55✐❜❧❡ 1♦ ❡①♣.❡55 1❡♠♣♦.❛❧ ❝♦♥51.❛✐♥15 ✉5✐♥❣ ❝♦♥❞✐1✐♦♥5 ❛11❛❝❤❡❞

1♦ 1❤❡ .✉❧❡5✳ ❖♥❡ ❝❛♥ 5♣❡❝✐❢②✱ ❢♦. ❡①❛♠♣❧❡✱ 1❤❛1 ✏1❤❡ ❝❧✐❡♥1 ♠✉51 ❧♦❣✐♥ ❜❡❢♦.❡ ♠❛❦✐♥❣

❛ .❡5❡.✈❛1✐♦♥✑ ♦. ✏1❤❡ ♣.♦✈✐❞❡. ♠✉51 ❞❡❧✐✈❡. 1❤❡ 5❡.✈✐❝❡ ✺ ❞❛②5 ❛❢1❡. ❛ .❡L✉❡51✑✳ ❙✐♥❝❡

❘✉❧❡▼▲ ✐5 5❡♠❛♥1✐❝❛❧❧② ♥❡✉1.❛❧✱ ♠❛♥② ❢.❛♠❡✇♦.❦5 ♣.♦♣♦5❡ ✐♠♣❧❡♠❡♥1❛1✐♦♥5 ♦❢ ❘✉❧❡▼▲ ✭❡✳❣✳

❥❉❘❊❲ ❬❥❉❘❊❲ ✷✵✶✶❪ ✐5 ❛ ❏❛✈❛✲❜❛5❡❞ ❞❡❞✉❝1✐✈❡ ❡♥❣✐♥❡ ❢♦. ❘✉❧❡▼▲✮ ♣.♦✈✐❞✐♥❣ ❞✐✛❡.❡♥1

♠❡❛♥5 1♦ ❡①♣.❡55 1❡♠♣♦.❛❧ ❝♦♥51.❛✐♥15✳

❊①♣.❡55✐✈❡♥❡55 .❡L✉✐.❡♠❡♥15 ❛.❡ 5✉♠♠❛.✐③❡❞ ✐♥ 1❤❡ ❢♦❧❧♦✇✐♥❣ 1❛❜❧❡✿

X.♦♣❡.1✐❡5 ❈♦♥1.❛.②✲ ❚❡♠♣♦.❛❧ ❙♣❡❝✐✜❝ ❢❡❛1✉.❡5

1♦✲❞✉1② ❝♦♥51.❛✐♥15

51❛1❡ ❛♥❞ ❡✈❡♥1 ❜❛5❡❞ ②❡5 ②❡5 ✭♥♦ 5❡♠❛♥1✐❝5✮ ✲.✉❧❡ ❜❛5❡❞ 5②♥1❛①

✲ ♥♦ ✜①❡❞ 5❡♠❛♥1✐❝5

✲ ❞✐✛❡.❡♥1 ✐♠♣❧❡♠❡♥1❛1✐♦♥5

❉❘✲❈❖◆❚❘❆❈❚ ❬●♦✈❡.♥❛1♦.✐ ✫ X❤❛♠ ✷✵✵✾❪ ❡①1❡♥❞5 ❘✉❧❡▼▲ 1♦ ✐♥❝❧✉❞❡ ❝♦♠♣❧✐❛♥❝❡

❝❤❡❝❦✐♥❣✳ ❚❤❡ ❛✉1❤♦.5 ♣.♦♣♦5❡ ❛♥ ✐♥❢❡.❡♥❝❡ ❡♥❣✐♥❡ 1❤❛1 .❡❝❡✐✈❡5 ❛ ❧✐51 ♦❢ ♦❜5❡.✈❡❞ ❡✈❡♥15

❛♥❞ ✜♥❞5 ✐❢ 1❤❡5❡ ❡✈❡♥15 ✈✐♦❧❛1❡ ❛♥② .✉❧❡ ✐♥ 1❤❡ ❝♦♥1.❛❝1✳ ❆♥♦1❤❡. ❛♣♣.♦❛❝❤✱ ♣.♦♣♦5❡ ❜②

❬❇❧♦♠ ❡1 ❛❧✳ ✷✵✵✹❪✱ ❝♦♥5✐515 ♦❢ 1.❛♥5❧❛1✐♥❣ ❡❛❝❤ .✉❧❡ ✐♥1♦ ❛♥ ❛✉1♦♠❛1♦♥ ❛♥❞ 1.❛❝❦✐♥❣ .✉❧❡

✈✐♦❧❛1✐♦♥5 ❜❛5❡❞ ♦♥ 1❤❡ ❡①❡❝✉1✐♦♥ 1.❛❝❡✳

■♥ ❬●♦✈❡.♥❛1♦.✐ ✫ X❤❛♠ ✷✵✵✾❪✱ 1❤❡ ❛✉1❤♦.5 ✐♥1.♦❞✉❝❡ ❛ ❉❡❢❡❛5✐❜❧❡ ❉❡♦♥1✐❝ ▲♦❣✐❝ ❱✐♦✲

❧❛1✐♦♥5 ✐♥1♦ ❘✉❧❡▼▲ ❜❛5❡❞ ♦♥ ❛ ❤✐❡.❛.❝❤② .❡❧❛1✐♦♥5❤✐♣ ❜❡1✇❡❡♥ .✉❧❡5 ✇❤✐❝❤ ❡①♣.❡55 1❤❡ ❢❛❝1

1❤❛1 5♦♠❡ .✉❧❡5 ♠❛② ♦✈❡..✉❧❡ ♦1❤❡. .✉❧❡5✳ ❋♦. ❡①❛♠♣❧❡✱ ❝♦♥5✐❞❡. 1❤❡ 1✇♦ .✉❧❡5✿

r1✿ ❚❤❡ ♣.✐❝❡ ♦❢ 1❤❡ 5❡.✈✐❝❡ ❢♦. ❛❧❧ ❝❧✐❡♥15 ✐5 ✸✵✵✩

r2✿ X.❡♠✐✉♠ ❝❧✐❡♥15 ❣❡1 ❛ ✺✪ ❞✐5❝♦✉♥1

❲❡ ❝❛♥ 5♦❧✈❡ 1❤✐5 ❝♦♥✢✐❝1 51❛1✐♥❣ 1❤❛1 r2 ❤❛5 ❛ ❤✐❣❤❡. ♣.✐♦.✐1② 1❤❡♥ r1✳ ❚❤✐5 ❧♦❣✐❝ ❝❛♥ ❜❡

✉5❡❞ 1♦ ❞❡1❡❝1 ❛♥❞ 5♦❧✈❡ ❝♦♥✢✐❝15 ✐♥ 1❤❡ 5♣❡❝✐✜❝❛1✐♦♥ ♦❢ .✉❧❡5✳

❆♥❛❧②5✐5 .❡L✉✐.❡♠❡♥15 ❛.❡ 5✉♠♠❛.✐③❡❞ ✐♥ 1❤❡ ❢♦❧❧♦✇✐♥❣ 1❛❜❧❡✿

❈♦♥✢✐❝1 ❆♥❛❧②5✐5 ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆55✐❣♥♠❡♥1

②❡5 ②❡5 ♥♦
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❝♦♥()❛❝( ✐4 ❞❡✜♥❡❞ ❛4 ❛ 4❡( ♦❢ ♥♦)♠4 (❤❛( ❞❡4❝)✐❜❡ (❤❡ ♦❜❧✐❣❛(✐♦♥4 ✐♥ (❤❡ ❝♦♥()❛❝(✳
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♣❡)♠✐44✐♦♥ ♦) ♣)♦❤✐❜✐(✐♦♥✮✳ ❚❤❡ ❛❝(✐✈❛(✐♦♥ ❛♥❞ ❡①♣✐)❛(✐♦♥ ❝♦♥❞✐(✐♦♥4 ❞❡✜♥❡ )❡4♣❡❝(✐✈❡❧②

✇❤❡♥ (❤❡ ♥♦)♠ 4❤♦✉❧❞ ❜❡❝♦♠❡ ❛❝(✐✈❛(❡❞ ❛♥❞ ❞❡❛❝(✐✈❛(❡❞✳ ❚❤❡ ❣♦❛❧ ❞❡✜♥❡4 (❤❡ ❛❝(✐♦♥4 (❤❛(

♠❛②✴♠✉4( ❜❡ ♣❡)❢♦)♠❡❞ ✐❢ (❤❡ ♥♦)♠ ✐4 ❛❝(✐✈❛(❡❞✳ ❋✐♥❛❧❧②✱ (❤❡ (❛)❣❡( ❞❡4❝)✐❜❡4 (❤❡ ❛❣❡♥(✭4✮

(♦ ✇❤♦♠ (❤❡ ♥♦)♠ ❛♣♣❧✐❡4✳

❊①❝❡♣( ❢♦) (❤❡ ❡①♣✐)❛(✐♦♥ ❝♦♥❞✐(✐♦♥✱ ♥♦)♠4 ❛)❡ ✈❡)② 4✐♠✐❧❛) (♦ (❤❡ ❡✈❡♥(✲❝♦♥❞✐(✐♦♥✲❛❝(✐♦♥

❛♣♣)♦❛❝❤✳ ❚❤❡ ❛✉(❤♦)4 ♣)♦♣♦4❡ ❛♥ ♦♣❡)❛(✐♦♥❛❧ 4❡♠❛♥(✐❝4 ❢♦) (❤✐4 ❧❛♥❣✉❛❣❡✱ ❜❛4❡❞ ♦♥ (❤❡

♥♦(✐♦♥ ♦❢ ♥♦"♠❛%✐✈❡ )%❛%❡)✳ ◆♦)♠❛(✐✈❡ 4(❛(❡4 ✐♥(✉✐(✐✈❡❧② ❞✐✈✐❞❡ ♥♦)♠4 ✐♥(♦ ❛ 4❡( ♦❢ ❛❝(✐✈❡

♥♦)♠4✱ ❛ 4❡( ♦❢ ✐♥❛❝(✐✈❡ ♥♦)♠4 ❛♥❞ ❛ 4❡( ♦❢ ❡①♣✐)❡❞ ♥♦)♠4 ❛❝❝♦)❞✐♥❣ (♦ (❤❡ ❛❝(✐✈❛(✐♦♥ ❛♥❞

❡①♣✐)❛(✐♦♥ ❝♦♥❞✐(✐♦♥4✳ ❚❤❡ (❤)❡❡ ❝❧❛44❡4 ♦❢ ♥♦)♠❛(✐✈❡ 4(❛(❡4 ❛)❡ ✉♣❞❛(❡❞ ❛❝❝♦)❞✐♥❣ (♦ (❤❡

❛❝(✐♦♥4 (❤❛( ❛)❡ ♣❡)❢♦)♠❡❞✳

❈♦♥()❛)②✲(♦✲❞✉(② ♦❜❧✐❣❛(✐♦♥4 ♠❛② ❜❡ ❡①♣)❡44❡❞ ✉4✐♥❣ (❤❡ ❛❝(✐✈❛(✐♦♥ ❛♥❞ ❡①♣✐)❛(✐♦♥ ❝♦♥✲

❞✐(✐♦♥4 (♦ 4♣❡❝✐❢② (❤❛( ✇❤❡♥ (❤❡ ♣)✐♠❛)② ♦❜❧✐❣❛(✐♦♥ ✐4 ❡①♣✐)❡❞ (❤❡♥ (❤❡ ♣❡♥❛❧(② ♦❜❧✐❣❛(✐♦♥

4❤♦✉❧❞ ❜❡ ❛❝(✐✈❛(❡❞✳ ❚❤❡ ❛✉(❤♦)4 ❞❡4❝)✐❜❡ (❤❡ ♣♦44✐❜✐❧✐(② (♦ ✉4❡ ❛❝(✐✈❛(✐♦♥ ❛♥❞ ❡①♣✐)❛(✐♦♥

❝♦♥❞✐(✐♦♥4 (♦ ❡①♣)❡44 (❡♠♣♦)❛❧ ❝♦♥4()❛✐♥(4✳ ❍♦✇❡✈❡)✱ (❤❡ 4❡♠❛♥(✐❝4 ♦❢ (❤❡ ❧❛♥❣✉❛❣❡ ❞♦❡4

♥♦( ✐♥✈♦❧✈❡ ❛♥② ♥♦(✐♦♥ ♦❢ (✐♠❡✳

❚❤❡ ❡①♣)❡44✐✈❡♥❡44 )❡P✉✐)❡♠❡♥(4 ❢♦) (❤✐4 ❢♦)♠❛❧✐4♠ ❝❛♥ ❜❡ 4✉♠♠❛)✐③❡❞ ✐♥ (❤❡ ❢♦❧❧♦✇✐♥❣

(❛❜❧❡✿

,)♦♣❡)(✐❡4 ❈♦♥()❛)②✲ ❚❡♠♣♦)❛❧ ❙♣❡❝✐✜❝ ❢❡❛(✉)❡4

(♦✲❞✉(② ❝♦♥4()❛✐♥(4

❡✈❡♥(✲❜❛4❡❞ ②❡4 ②❡4 ✭♥♦( ❢♦)♠❛❧✐③❡❞✮ ✲ )✉❧❡✲❜❛4❡❞ 4②♥(❛① ❛♥❞ 4❡♠❛♥(✐❝4

❆❧(❤♦✉❣❤ (❤❡ ❛✉(❤♦)4 ❞♦ ♥♦( ♣)♦♣♦4❡ ♠♦♥✐(♦)✐♥❣ ♠❡❝❤❛♥✐4♠4✱ (❤❡② 4✉❣❣❡4( (♦ ✉4❡ ❛♥

❡✈❡♥( ❝❛❧❝✉❧✉4 ✐♠♣❧❡♠❡♥(❛(✐♦♥ (♦ ❦❡❡♣ ()❛❝❦ ♦❢ ♥♦)♠❛(✐✈❡ 4(❛(❡4 ❬❋❛))❡❧❧ ❡( ❛❧✳ ✷✵✵✺❪✳ ❚❤❡②

❛❧4♦ )❡❢❡) (♦ ❬❉❛4❦❛❧♦♣✉❧✉ ✷✵✵✶❪ (♦ ❞❡4❝)✐❜❡ ❤♦✇ ,❡()✐ ♥❡(4 ❝♦✉❧❞ ❜❡ ✉4❡❞ (♦ ♣❡)❢♦)♠ ❝♦♥()❛❝(

♠♦♥✐(♦)✐♥❣✳

❚❤❡ ❛♥❛❧②4✐4 )❡P✉✐)❡♠❡♥(4 ❛)❡ 4✉♠♠❛)✐③❡❞ ✐♥ (❤❡ ❢♦❧❧♦✇✐♥❣ (❛❜❧❡✿

❈♦♥✢✐❝( ❆♥❛❧②4✐4 ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆44✐❣♥♠❡♥(

♥♦ ②❡4 ♥♦
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✶✳✹✳✼ ❚❤❡ ❈♦♥*+❛❝* ❋♦+♠❛❧✐2♠ ♦❢ ❳✉ ❛♥❞ ❏❡✉2❢❡❧❞

❳✉ ❛♥❞ ❏❡✉'❢❡❧❞ ❬❳✉ ✫ ❏❡✉'❢❡❧❞ ✷✵✵✸❪ ♣1♦♣♦'❡ ❛ ❢♦1♠❛❧✐'♠ 5♦ '♣❡❝✐❢② ❝♦♥51❛❝5' ❜❛'❡❞ ♦♥

❝♦♠♠✐$♠❡♥$ ❣(❛♣❤,✳ ■♥ ❛ ❝♦♠♠✐5♠❡♥5 ❣1❛♣❤✱ 5❤❡ ♥♦❞❡' 1❡♣1❡'❡♥5 5❤❡ ♣❛15✐❡' ❛♥❞ 5❤❡

❡❞❣❡' 1❡♣1❡'❡♥5 5❤❡ ❛❝5✐♦♥' 5❤❛5 ❝❛♥ ❜❡ ♣❡1❢♦1♠❡❞✳ ❈♦♥51❛❝5✉❛❧ ❝♦♠♠✐5♠❡♥5' ❛1❡ ❞❡✜♥❡❞

❛' '❡@✉❡♥❝❡' ♦❢ ❛❝5✐♦♥'✳ ❊❛❝❤ ❛❝5✐♦♥ '♣❡❝✐✜❡' ❛ '❡5 ♦❢ ❡①♣❡❝5❡❞ ✐♥♣✉5' ❛♥❞ ♦✉5♣✉5'✳ ❋♦1

❡①❛♠♣❧❡✱ ✐❢ ❛ ♣1♦✈✐❞❡1 ❞❡❧✐✈❡1' '♦♠❡ ❣♦♦❞' 5♦ ❛ ❝❧✐❡♥5 ✭❛❝5✐♦♥ delivery✮✱ 5❤❡ ❝❧✐❡♥5 '❤♦✉❧❞ ♣❛②

5❤❡ ❝♦'5' ♦❢ 5❤❡ ❣♦♦❞' ✭❛❝5✐♦♥ payment✮❀ 5❤❡ ♦✉5♣✉5 ♦❢ delivery ✐' ❛ ❝♦♥❞✐5✐♦♥ 5♦ ❛❝5✐✈❛5❡

5❤❡ ❝♦♠♠✐5♠❡♥5' ❝♦♥❝❡1♥✐♥❣ payment✳

❚❡♠♣♦1❛❧ ❝♦♠♠✐5♠❡♥5' ❝❛♥ ❜❡ ❡①♣1❡''❡❞ ♦♥❧② ❛' ❝♦♥'51❛✐♥5' ♦♥ 5❤❡ ♦1❞❡1 ♦❢ ❡①❡❝✉5✐♦♥

♦❢ 5❤❡ ❛❝5✐♦♥' ❛♥❞ 5❤❡1❡ ✐' ♥♦ '✉♣♣♦15 ❢♦1 ❡①♣❧✐❝✐5 5✐♠❡ ❝♦♥'51❛✐♥5'✳ ❚❤❡1❡ ✐' ♥♦ ♠❡♥5✐♦♥ ♦❢

'✉♣♣♦15 5♦ ❝♦♥51❛1②✲5♦✲❞✉5② ❝❧❛✉'❡'✳ ❚❤❡ ❡①♣1❡''✐✈❡♥❡'' 1❡@✉✐1❡♠❡♥5' ❢♦1 5❤✐' ❢♦1♠❛❧✐'♠'

❝❛♥ ❜❡ '✉♠♠❛1✐③❡❞ ✐♥ 5❤❡ ❢♦❧❧♦✇✐♥❣ 5❛❜❧❡✿

M1♦♣❡15✐❡' ❈♦♥51❛1②✲ ❚❡♠♣♦1❛❧ ❙♣❡❝✐✜❝ ❢❡❛5✉1❡'

5♦✲❞✉5② ❝♦♥'51❛✐♥5'

❡✈❡♥5✲❜❛'❡❞ ♥♦ ②❡' ✭♥♦♥ 5✐♠❡❞ ❡✈❡♥5'✮ ✲ ✐♥♣✉5✴♦✉5♣✉5 ❛❝5✐✈❛5❡ ♦❜❧✐❣❛5✐♦♥'

❆♥ ✐♥5❡1❡'5✐♥❣ ❛'♣❡❝5 ♦❢ 5❤✐' ❛♣♣1♦❛❝❤ ✐' 5❤❛5 ♠♦♥✐5♦1✐♥❣ ♠❡❝❤❛♥✐'♠' ♥♦5 ♦♥❧② ❞❡5❡❝5

✈✐♦❧❛5✐♦♥' ♦❢ 5❤❡ ❝♦♥51❛❝5✱ ❜✉5 ❛❧'♦ ❞❡5❡1♠✐♥❡ 5❤❡ ♣❛15✐❡' 1❡'♣♦♥'✐❜❧❡ ❢♦1 5❤❡'❡ ✈✐♦❧❛5✐♦♥'✳

■♥ ❬❳✉ ❡5 ❛❧✳ ✷✵✵✺❪ 5❤❡ ❛✉5❤♦1' ♣1♦♣♦'❡ ❛ ♠♦❞❡❧ 5❤❛5 1❡❧❛5❡' ❛ ❝♦♥51❛❝5✉❛❧ ❝♦♠♠✐5♠❡♥5

✇✐5❤ 5❤❡ ♣❛15✐❡' 5❤❛5 '❤♦✉❧❞ ❜❡ 1❡'♣♦♥'✐❜❧❡ ❢♦1 5❤❡ ✈✐♦❧❛5✐♦♥ ♦❢ 5❤✐' ❝♦♠♠✐5♠❡♥5✳ ❚❤1♦✉❣❤

5❤❡ ❛♥❛❧②'✐' ♦❢ ❡①❡❝✉5✐♦♥ 51❛❝❡' ✐5 ✐' ♣♦''✐❜❧❡ 5♦ ✜♥❞ ✇❤✐❝❤ ❡①♣❡❝5❡❞ ❛❝5✐♦♥' ❛♥❞ ♦✉5♣✉5'

❛1❡ ♠✐''✐♥❣✱ 5❤❡♥ ❞❡5❡❝5 ✇❤❡♥ ❛ ✈✐♦❧❛5✐♦♥ ♦❝❝✉11❡❞ ❛♥❞ ✇❤❛5 ❛1❡ 5❤❡ ♣❛15✐❡' ❧✐❛❜❧❡ ❢♦1 5❤❡

✈✐♦❧❛5✐♦♥✳

❚❤❡ ❛♥❛❧②'✐' 1❡@✉✐1❡♠❡♥5' ❝❛♥ ❜❡ '✉♠♠❛1✐③❡❞ ✐♥ 5❤❡ ❢♦❧❧♦✇✐♥❣ 5❛❜❧❡✿

❈♦♥✢✐❝5 ❆♥❛❧②'✐' ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆''✐❣♥♠❡♥5

♥♦ ②❡' ②❡'

✶✳✹✳✽ ❈♦♥*+❛❝*2 ❢♦+ ❙❡+✈✐❝❡2

❈♦♥51❛❝5' ❝❛♥ ❛❧'♦ '❡55❧❡ 5❤❡ 5❡1♠' ♦❢ ❛ '❡1✈✐❝❡ 1❛5❤❡1 5❤❛♥ ❛ ♣1♦❞✉❝5✳ ■♥ 5❤✐' ❝❛'❡✱ ✐5 ✐'

❝♦♠♠♦♥ 5♦ ✉'❡ ❛ ❙❡1✈✐❝❡ ▲❡✈❡❧ ❆❣1❡❡♠❡♥5 ✭❙▲❆✮✳ ❆ ❙▲❆ ✐' 5❤❡ ♣❛15 ♦❢ ❛ '❡1✈✐❝❡ ❝♦♥51❛❝5

5❤❛5 ❢♦1♠❛❧❧② ❞❡✜♥❡' 5❤❡ ❝♦♥❞✐5✐♦♥' ♦❢ 5❤❡ '❡1✈✐❝❡✳ ❋♦1 ❡①❛♠♣❧❡✱ ■♥5❡1♥❡5 ❙❡1✈✐❝❡ M1♦✈✐❞❡1'

✭■❙M✮ ♠❛② ✐♥❝❧✉❞❡ ❛ ❙▲❆ ✇✐5❤✐♥ 5❤❡ 5❡1♠' ♦❢ 5❤❡✐1 ❝♦♥51❛❝5' ✇✐5❤ ❝✉'5♦♠❡1'✱ '♣❡❝✐❢②✐♥❣

❝❡15❛✐♥ ❛'♣❡❝5' ♦❢ 5❤❡ '❡1✈✐❝❡✱ '✉❝❤ ❛' 5❤❡ ♠❛①✐♠✉♠ 5✐♠❡ ♦❢ 1❡❝♦✈❡1② ❢1♦♠ ❢❛✐❧✉1❡' ♦1 5❤❡

❛✈❡1❛❣❡ ❝♦♥♥❡❝5✐♦♥ '♣❡❡❞✳

❉✉1✐♥❣ 5❤❡ ❧❛'5 ❞❡❝❛❞❡✱ ♠❛♥② ❧❛♥❣✉❛❣❡' ❤❛✈❡ ❜❡❡♥ ♣1♦♣♦'❡❞ 5♦ '♣❡❝✐❢② ❙▲❆'✳ ❙▲❆ ❧❛♥✲

❣✉❛❣❡' ✉'✉❛❧❧② ♣1♦✈✐❞❡ ❞♦♠❛✐♥✲'♣❡❝✐✜❝ '✉♣♣♦15 ❢♦1 ❞❡✜♥✐♥❣ 1❡❧✐❛❜✐❧✐5②✱ ❧❛5❡♥❝② ♦1 5❤1♦✉❣❤✲

♣✉5 ❝♦♥'51❛✐♥5' ❢♦1 '❡1✈✐❝❡'✳ ❋♦1 ❡①❛♠♣❧❡✱ ❲❡❜✲❙❡1✈✐❝❡ ▲❡✈❡❧ ❆❣1❡❡♠❡♥5 ❧❛♥❣✉❛❣❡ ✭❲❙▲❆✮

✐' ❛ ❧❛♥❣✉❛❣❡ ❞❡✈❡❧♦♣❡❞ ❜② ■❇▼ ❬❑❡❧❧❡1 ✫ ▲✉❞✇✐❣ ✷✵✵✸❪ ❢♦1 5❤❡ '♣❡❝✐✜❝❛5✐♦♥ ♦❢ ✇❡❜✲'❡1✈✐❝❡'✳

✷✻



✶✳✹✳ ❋❖❘▼❆▲ ❈❖◆❚❘❆❈❚❙

❲❙▲❆ ♣%♦✈✐❞❡+ ❛ +❡- ♦❢  ❡"✈✐❝❡ ❧❡✈❡❧ ♣❛"❛♠❡*❡" -❤❛- +♣❡❝✐❢② ✇❤✐❝❤ 3✉❛♥-✐-✐❡+ +❤♦✉❧❞ ❜❡

♠❡❛+✉%❡❞✱ ❤♦✇ ❡❛❝❤ 3✉❛♥-✐-② +❤♦✉❧❞ ❜❡ ♠❡❛+✉%❡❞✱ ✇❤♦ ✐+ %❡+♣♦♥+✐❜❧❡ ❢♦% ♠♦♥✐-♦%✐♥❣ ✐- ❛♥❞

✇❤❡%❡ -❤❡ ♠❡❛+✉%❡♠❡♥- ❝❛♥ ❜❡ %❡-%✐❡✈❡❞✳ ❈♦♥+-%❛✐♥-+ ♦✈❡% -❤❡ ♠❡❛+✉%❡❞ 3✉❛♥-✐-✐❡+ ❝❛♥ ❜❡

❡①♣%❡++❡❞ ✉+✐♥❣ ♣%❡✲❞❡✜♥❡❞ ❢✉♥❝-✐♦♥+ ❛♥❞ ♣%❡❞✐❝❛-❡+ -❤❛- ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ ❤✐❡%❛%❝❤✐❝❛❧❧②✳

❚❤❡ ❝♦♥-%❛❝- ❢♦%♠❛❧✐+♠+ ❞❡+❝%✐❜❡❞ ✐♥ -❤❡ ♣%❡✈✐♦✉+ +❡❝-✐♦♥+ ❝❛♥ ❛❧+♦ ❜❡ ❡①-❡♥❞❡❞ -♦

+♣❡❝✐❢② ❙▲❆+✳ ❋♦% ❡①❛♠♣❧❡✱ ❘❇❙▲❆ ❬E❛+❝❤❦❡ ✷✵✵✺❪ ✐+ ❛ ❢%❛♠❡✇♦%❦ -❤❛- ❡①-❡♥❞+ ❘✉❧❡▼▲

-♦ ✐♥❝❧✉❞❡ ❙▲❆✲+♣❡❝✐✜❝ ❡❧❡♠❡♥-+ +✉❝❤ ❛+ ♠❡-%✐❝+ ❛♥❞ ❞♦♠❛✐♥✲+♣❡❝✐✜❝ ✈♦❝❛❜✉❧❛%✐❡+✳ ❘❇❙▲❆

+✉♣♣♦%-+ ❛ ✢❡①✐❜❧❡ +②♥-❛① -♦ ❞❡+❝%✐❜❡ %✉❧❡+ ❝♦♥❝❡%♥✐♥❣ -❤❡ ❝♦♥❞✉❝- ♦❢ +❡%✈✐❝❡+ ✐♥ ❣❡♥❡%❛❧

❛♥❞ ♣%♦✈✐❞❡+ ❛♥ ✐♥-✉✐-✐✈❡ ✇❛② -♦ ❡①♣%❡++ ❝♦♥-%❛❝-✉❛❧ ❝♦♥+-%❛✐♥-+ ❢♦% +❡%✈✐❝❡+✳

❈♦♥-%❛%②✲-♦✲❞✉-② ♦❜❧✐❣❛-✐♦♥+ ❛%❡ ❝♦♠♠♦♥❧② +✉♣♣♦%-❡❞ ❜② ❙▲❆ ❧❛♥❣✉❛❣❡+✳ ■♥ ❙▲❆+✱

❝♦♥-%❛%②✲-♦✲❞✉-② ♦❜❧✐❣❛-✐♦♥+ ✉+✉❛❧❧② +♣❡❝✐❢② ♣❡♥❛❧-✐❡+ ❢♦% -❤❡ ♣❛%-✐❡+ ✇❤♦ ❞♦ ♥♦- +❛-✐+❢②

-❤❡✐% ♦❜❧✐❣❛-✐♦♥+✳

▼♦+- ❙▲❆ ❧❛♥❣✉❛❣❡+ ❝❛♥ ❡①♣%❡++ -❡♠♣♦%❛❧ ❝♦♥+-%❛✐♥-+ ✇✐-❤ ❛♥ ❡①♣❧✐❝✐- ♥♦-✐♦♥ ♦❢ -✐♠❡✳

❋♦% ❡①❛♠♣❧❡✱ ❙▲❆+ ♦❢-❡♥ ✐♥❝❧✉❞❡ ❝❧❛✉+❡+ +-❛-✐♥❣ -❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥- ♦❢ -✐♠❡ -❤❡ +❡%✈✐❝❡

♣%♦✈✐❞❡% ❝❛♥ -❛❦❡ -♦ ❛♥+✇❡% ❛ %❡3✉❡+- ❢%♦♠ -❤❡ ❝❧✐❡♥-✳

❚❤❡ ❡①♣%❡++✐✈❡♥❡++ %❡3✉✐%❡♠❡♥-+ ❢♦% ❙▲❆ ❢♦%♠❛❧✐+♠+ ❛%❡ +✉♠♠❛%✐③❡❞ ✐♥ -❤❡ ❢♦❧❧♦✇✐♥❣

-❛❜❧❡✿

E%♦♣❡%-✐❡+ ❈♦♥-%❛%②✲ ❚❡♠♣♦%❛❧ ❙♣❡❝✐✜❝ ❢❡❛-✉%❡+

-♦✲❞✉-② ❝♦♥+-%❛✐♥-+

✲ ♠❛✐♥❧② +-❛-❡✲❜❛+❡❞ ②❡+ ②❡+ ✲ ❢♦❝✉+ ♦♥ -❤❡ 3✉❛❧✐-② ♦❢ +❡%✈✐❝❡

✲ ❞♦♠❛✐♥ +♣❡❝✐✜❝ ❢%❛♠❡✇♦%❦+

❘✉♥✲-✐♠❡ ♠❡❝❤❛♥✐+♠+ ❢♦% ♠♦♥✐-♦%✐♥❣ ❙▲❆+ ✐+ ♦♥❡ ♦❢ -❤❡ ♠❛✐♥ ❢❡❛-✉%❡+ ♦❢ -❤❡+❡ ❧❛♥✲

❣✉❛❣❡+✳ ❙♦♠❡ ❛♣♣%♦❛❝❤❡+ ❣♦ ❛ +-❡♣ ❢✉%-❤❡%✱ +✉❝❤ ❛+ ❬❙❦❡♥❡ ❡- ❛❧✳ ✷✵✵✼❪ ✇❤✐❝❤ ❞❡✜♥❡+ -❤❡

♠♦♥✐*♦"❛❜✐❧✐*② ❝%✐-❡%✐♦♥ -♦ ❝❧❛++✐❢② ❙▲❆+✳ ❚❤❡ ♠♦♥✐-♦%❛❜✐❧✐-② ✐+ ❞❡✜♥❡❞ ❛❝❝♦%❞✐♥❣ -♦ ❛ -%✉+-

%❡❧❛-✐♦♥+❤✐♣ ❜❡-✇❡❡♥ -❤❡ ♣❛%-✐❡+✳ ❋♦% ❡①❛♠♣❧❡✱ ❛ ❝❧✐❡♥- ♠❛② -%✉+- -❤❡ ■♥-❡%♥❡- ♣%♦✈✐❞❡%

-♦ ♦❜+❡%✈❡ -❤❡ ❛❝-✐♦♥+ ♦❢ -❤❡ +❡%✈✐❝❡ ❛♥❞ ✐♥❢♦%♠ ✐❢ -❤❡ ❝❧❛✉+❡+ ♦❢ -❤❡ ❝♦♥-%❛❝- ❤❛✈❡ ❜❡❡♥

✈✐♦❧❛-❡❞ ♦% ♥♦-✳ ❚❤❡ ❛✉-❤♦%+ ♣%♦♣♦+❡ ❛ ♣%♦❝❡❞✉%❡ -♦ ❜✉✐❧❞ ❙▲❆+ ✇✐-❤ ❛❝❝❡♣-❛❜❧❡ ❧❡✈❡❧+ ♦❢

♠♦♥✐-♦%❛❜✐❧✐-②✳

❙♦♠❡ ❙▲❆ ❢♦%♠❛❧✐+♠+ ❛%❡ ❛❧+♦ ❡♥❞♦✇❡❞ ✇✐-❤ ♠❡❝❤❛♥✐+♠+ ❢♦% ❝♦♥✢✐❝- ❞❡-❡❝-✐♦♥✳ ❚❤❡

❘❇❙▲❆ ❢%❛♠❡✇♦%❦ ✐♥❝❧✉❞❡+ ❛ ♠❡-❤♦❞ -♦ ❞❡-❡❝- ❝♦♥✢✐❝-+ ✐♥ ❙▲❆ ❛♥❞ -♦ ❛✉-♦♠❛-✐❝❛❧❧② ❛✈♦✐❞

♦% %❡+♦❧✈❡ ❝♦♥✢✐❝-+ ❬E❛+❝❤❦❡ ✫ ❇✐❝❤❧❡% ✷✵✵✺❪✳ ❋♦% ❡①❛♠♣❧❡✱ ❛♥ ❛✉-❤♦%✐③❛-✐♦♥ ❝♦♥✢✐❝- ✇❤❡%❡

❛ ❝❧❛✉+❡ ❢♦%❜✐❞+ ❛♥❞ ❛♥♦-❤❡% ❝❧❛✉+❡ ❛❧❧♦✇+ ❛- -❤❡ +❛♠❡ ♠♦♠❡♥- -❤❡ ❡①❡❝✉-✐♦♥ ♦❢ ❛ %❡3✉❡+-

❛❝-✐♦♥ ♠❛② ❜❡ +♦❧✈❡❞ ❜② %❡❥❡❝-✐♥❣ -❤❡ %❡3✉❡+- ❛❝-✐♦♥+ ✉♥-✐❧ -❤❡ ❝♦♥✢✐❝- ✐+ +♦❧✈❡❞✳

❚❤❡ ❛♥❛❧②+✐+ %❡3✉✐%❡♠❡♥-+ ❛%❡ +✉♠♠❛%✐③❡❞ ✐♥ -❤❡ ❢♦❧❧♦✇✐♥❣ -❛❜❧❡✿

❈♦♥✢✐❝- ❆♥❛❧②+✐+ ❈♦♠♣❧✐❛♥❝❡ ❇❧❛♠❡ ❆++✐❣♥♠❡♥-

②❡+ ②❡+ ♥♦
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❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

✶✳✹✳✾ ❙✉♠♠❛(②

❘❡❣❛$❞✐♥❣ (❤❡ ❡①♣$❡,,✐✈❡♥❡,, $❡.✉✐$❡♠❡♥(, ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡ ❢$♦♠ (❤✐, ,(✉❞② (❤❛( ♠♦,( ❡①✲

✐,(✐♥❣ ❝♦♥($❛❝( ❢♦$♠❛❧✐,♠, ❛$❡ ❛❜❧❡ (♦ $❡♣$❡,❡♥( ❝♦♥($❛❝(✉❛❧ ❧✐❛❜✐❧✐(✐❡, ♣$♦✈✐❞✐♥❣ ❞✐✛❡$❡♥(

♣$♦❣$❛♠♠✐♥❣ ♣❛$❛❞✐❣♠, ❛♥❞ ✈❛$✐♦✉, ❞❡❣$❡❡, ♦❢ ❡①♣$❡,,✐✈❡♥❡,,✳ ❈❧❡❛$❧②✱ ❛ ❧♦✇❡$ ❡①♣$❡,,✐✈❡

♣♦✇❡$ ❝❛♥ ❜❡ ❛ ❞❡,✐❣♥ ❝❤♦✐❝❡ $❛(❤❡$ (❤❛♥ ❛ ✇❡❛❦♥❡,, ❜❡❝❛✉,❡ ($❛❞❡✲♦✛, ❜❡(✇❡❡♥ ❡①♣$❡,,✐✈❡✲

♥❡,, ❛♥❞ ,✐♠♣❧✐❝✐(② ❛$❡ ♥❡❝❡,,❛$② (♦ ♠❛❦❡ (❤❡ ❢♦$♠❛❧✐,♠ ✉,❛❜❧❡✳

❲✐(❤ $❡,♣❡❝( (♦ (❤❡ ❛♥❛❧②,✐, $❡.✉✐$❡♠❡♥(,✱ ✇❡ ❝❛♥ ♦❜,❡$✈❡ (❤❛( ♦♥❧② ❈▲❙ ❛♥❞❀ ❳✉ ❛♥❞

❏❡✉,❢❡❧❞ ❝♦♥,✐❞❡$ ❜❧❛♠❡ ❛,,✐❣♥♠❡♥(✳ ■♥ ❛❞❞✐(✐♦♥✱ (❤❡,❡ ❛♣♣$♦❛❝❤❡, ♦♥❧② ❝♦♥,✐❞❡$ ❞❡(❡$♠✐♥✲

✐,(✐❝ ❜❧❛♠❡ ❛,,✐❣♥♠❡♥(,✳ ❚❤✐, ♠❡❛♥, (❤❛( (❤❡② ❛$❡ ❧✐♠✐(❡❞ (♦ ❝♦♥($❛❝(, ✇❤❡$❡ ✈✐♦❧❛(✐♦♥,

❝❛♥ ❛❧✇❛②, ❜❡ ✉♥✐.✉❡❧② ❛,,✐❣♥❡❞ (♦ ❛ ❝❡$(❛✐♥ ,❡( ♦❢ ♣❛$(✐❡, ✐♥ (❤❡ ❝♦♥($❛❝(✳ ❚②♣✐❝❛❧❧②✱

($❛❝❡, (❤❛( $❡✈❡❛❧ ,❡✈❡$❛❧ ❡$$♦$, ❢$♦♠ ❞✐✛❡$❡♥( ❝♦♠♣♦♥❡♥(, ❝❛♥♥♦( ❜❡ ❛♥❛❧②③❡❞ ✇✐(❤✐♥ (❤❡,❡
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❲❡ ❛4❡ ♥♦# ❛✇❛4❡ ♦❢ 2♣❡❝✐✜❝ 4❡❣✉❧❛#✐♦♥2 ❞❡❞✐❝❛#❡❞ #♦ #❤❡ ✉2❡ ♦❢ ❧♦❣2 ❛2 ❞✐❣✐#❛❧ ❡✈✐❞❡♥❝❡✳

❍♦✇❡✈❡4✱ 2#❛♥❞❛4❞ ♦4❣❛♥✐③❛#✐♦♥2✱ 2✉❝❤ ❛2 #❤❡ ◆❛#✐♦♥❛❧ ■♥2#✐#✉#❡ ♦❢ ❙#❛♥❞❛4❞2 ❛♥❞ ❚❡❝❤♥♦❧✲

♦❣② ✭◆■❙❚✮✱ ♣4♦♣♦2❡ ❛ ❧✐2# ♦❢ ♠❡❛2✉4❡2 ❢♦4 #❤❡ ❧♦❣2 ♠❛♥❛❣❡♠❡♥#✳ ❋♦4 ✐♥2#❛♥❝❡✱ #❤❡ ✏●✉✐❞❡

❢♦4 ❈♦♠♣✉#❡4 ❙❡❝✉4✐#② ▲♦❣ ▼❛♥❛❣❡♠❡♥#✑ ❬❑❡♥# ✫ ❙♦✉♣♣❛②❛ ✷✵✵✻❪ ❝♦♥#❛✐♥2 ✐♠♣♦4#❛♥# 4❡✲

9✉✐4❡♠❡♥#2 ❛♥❞ ❣♦❛❧2 #❤❛# 2❤♦✉❧❞ ❜❡ #❛❦❡♥ ✐♥#♦ ❛❝❝♦✉♥# #♦ ❡2#❛❜❧✐2❤ ❛ ♣♦❧✐❝② #♦ ❣❡♥❡4❛#❡✱

❜✉✐❧❞✱ 2#♦4❡ ❛♥❞ ❛♥❛❧②③❡ #❤❡ ❧♦❣2 ♦❢ ❛ 2②2#❡♠✱ 2✉❝❤ ❛2 ❢♦❧❧♦✇2✿

❼ ❲❤❛# ❝♦♠♣♦♥❡♥#2 ♦❢ #❤❡ 2②2#❡♠ 2❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞✳

✸

❈❛""✳ ❝✐✈✳ 1
st
✱ ❏✉❧② 13

th
✷✵✵✹✿ ❇✉❧❧✳ ❝✐✈✳ ✷✵✵✹✱ ■✱ no

✷✵✼

✷✾



❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

❼ ❲❤❛# ❞❛#❛ %❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞ ❢♦- ❡❛❝❤ #②♣❡ ♦❢ ❡✈❡♥#✳

❼ ❲❤❛# ♣-♦#♦❝♦❧ %❤♦✉❧❞ ❜❡ ✉%❡❞ #♦ #-❛♥%♠✐# #❤❡ ❞❛#❛ #♦ ❜✉✐❧❞ #❤❡ ❧♦❣ ✜❧❡✳

❼ ❍♦✇ ❝♦♥✜❞❡♥#✐❛❧✐#②✱ ✐♥#❡❣-✐#② ❛♥❞ ❛✈❛✐❧❛❜✐❧✐#② ♦❢ #❤❡ ✐♥❢♦-♠❛#✐♦♥ ✐♥ #❤❡ ❧♦❣% %❤♦✉❧❞ ❜❡

♣-♦#❡❝#❡❞ ❡✐#❤❡- ❞✉-✐♥❣ #-❛♥%♠✐%%✐♦♥ ♦- ✐♥ ♠❡♠♦-②✳

❙♦♠❡ ♦❢ #❤❡%❡ ❛%♣❡❝#% ❛-❡ %✉♣♣♦-#❡❞ ❜② #❤❡ ❧♦❣❣✐♥❣ ♣-♦#♦❝♦❧% ✉%❡❞ #♦ ♣-♦❞✉❝❡ #❤❡ ❧♦❣%✳

▲♦❣❣✐♥❣ ♣-♦#♦❝♦❧% ❛-❡ #❡❝❤♥✐❝❛❧ %♦❧✉#✐♦♥% ❞❡❞✐❝❛#❡❞ #♦ #❤❡ #-❛♥%♠✐%%✐♦♥ ❛♥❞ %#♦-❛❣❡ ♦❢ ❧♦❣

❞❛#❛✳ ❚❤❡② ♠❛② ❞❡%❝-✐❜❡ #❤❡ %#-✉❝#✉-❡ ♦❢ ❛ ❧♦❣ ✜❧❡ ❛♥❞ ❤♦✇ #❤❡ ✐♥❢♦-♠❛#✐♦♥ ♦❢ ❡❛❝❤ ❧♦❣

❡♥#-② ✐% %#♦-❡❞ ✐♥#♦ #❤❡ ✜❧❡✳ ❆ ❧♦❣❣✐♥❣ ♣-♦#♦❝♦❧ ♠❛② ❛❧%♦ %♣❡❝✐❢② #❤❡ ❝♦♠♠✉♥✐❝❛#✐♦♥ ♣-♦#♦❝♦❧

#❤❛# %❤♦✉❧❞ ❜❡ ✉%❡❞ #♦ #-❛♥%♠✐# #❤❡ ❞❛#❛ ♦❢ #❤❡ ❧♦❣%✳

❑❡♥♥❡❛❧❧② ❬❑❡♥♥❡❛❧❧② ✷✵✵✹❪ %❦❡#❝❤❡% %❡✈❡-❛❧ ❝♦♥%✐❞❡-❛#✐♦♥% #♦ #❛❦❡ ✐♥#♦ ❛❝❝♦✉♥# ❢♦- ❧♦❣%

#♦ ❜❡ ❛❞♠✐##❡❞ ❛% ❞✐❣✐#❛❧ ❡✈✐❞❡♥❝❡ ❛♥❞ -❡❧❛#❡% #❤❡♠ #♦ #❤❡ ❣✉❛-❛♥#❡❡% ♦❢ ✏#-✉%#✇♦-#❤✐♥❡%%✑

♦❢ #❤❡ ❡✈✐❞❡♥❝❡✳ ❆❝❝♦-%✐ ❬❆❝❝♦-%✐ ✷✵✵✾❪ ❛♥❛❧②③❡ %❡❝✉-✐#② -❡I✉✐-❡♠❡♥#% ♦❢ ❧♦❣❣✐♥❣ ♣-♦#♦❝♦❧%

%✉❝❤ ❛% ✐♥#❡❣-✐#② ❛♥❞ ❛✉#❤❡♥#✐❝✐#②✳ ❲❡ ❞❡%❝-✐❜❡ ❤❡-❡ %♦♠❡ ♦❢ ♠♦%# ✐♠♣♦-#❛♥# -❡I✉✐-❡♠❡♥#%

✐❞❡♥#✐✜❡❞ ✐♥ #❤❡%❡ ✇♦-❦%✿

✶✳ ❆✉"❤❡♥"✐❝❛"✐♦♥ ✕ #❤❡ ❡♥#-✐❡% ✐♥ #❤❡ ❧♦❣% ♠✉%# ❝♦♠❡ ❢-♦♠ ❛✉#❤♦-✐③❡❞ ❛♥❞ ✐❞❡♥#✐✜❛❜❧❡

❞❡✈✐❝❡%✳ ❚❤✐% ♠❡❛♥% #❤❛# ✐# ✐% ❛❧✇❛②% ♣♦%%✐❜❧❡ #♦ ✐❞❡♥#✐❢② #❤❡ ❝♦♠♣♦♥❡♥#% ✐♥✈♦❧✈❡❞ ✐♥

#❤❡ ❡✈❡♥# -❡♣-❡%❡♥#❡❞ ❜② ❡❛❝❤ ❧♦❣ ❡♥#-②✳ ❇❡%✐❞❡% #❤✐% ✇❡ ❝❛♥ ❡①♣❡❝# #❤❛# ♦♥❝❡ ❛ ❧♦❣

❡♥#-② ✐% ♣-♦❞✉❝❡❞ ✐% ♥♦# ♣♦%%✐❜❧❡ #♦ -❡♣✉❞✐❛#❡ #❤❡ ♦❜%❡-✈❡❞ ❡✈❡♥#✳

✷✳ ■♥"❡❣,✐"② ✕ #❤❡ ❡✈❡♥#% ♠✉%# ♥♦# ❜❡ ♠♦❞✐✜❡❞ ❞✉-✐♥❣ #-❛♥%♠✐%%✐♦♥ ❛♥❞ #❤❡ ❧♦❣% ❝❛♥♥♦#

❜❡ #❛♠♣❡-❡❞ ♦♥❝❡ -❡❝♦-❞❡❞✳ ■♥ ♣❛-#✐❝✉❧❛- ✐# ♠✉%# ❜❡ ✐♠♣♦%%✐❜❧❡ ❢♦- ❛♥ ❛##❛❝❦❡- #♦

#❛♠♣❡- #❤❡ ✐♥❢♦-♠❛#✐♦♥ ♦❢ #❤❡ ❧♦❣ ❜② ❛❞❞✐♥❣✱ -❡♠♦✈✐♥❣ ♦- ❝❤❛♥❣✐♥❣ #❤❡ ❝♦♥#❡♥# ♦❢ ❧♦❣

❡♥#-✐❡% ❡✐#❤❡- ❞✉-✐♥❣ #❤❡✐- #-❛♥%♠✐%%✐♦♥ ♦- ✇✐#❤✐♥ #❤❡ ❧♦❣ ✜❧❡%✳

✸✳ ❈♦♥✜❞❡♥"✐❛❧✐"② ✕ ✐# ♠❛② ❜❡ -❡I✉✐-❡❞ #❤❛# %♦♠❡ ✐♥❢♦-♠❛#✐♦♥ ❝♦♥#❛✐♥❡❞ ✐♥ #❤❡ ❧♦❣%

-❡♠❛✐♥% ❝♦♥✜❞❡♥#✐❛❧ ❞✉-✐♥❣ #-❛♥%♠✐%%✐♦♥ ❛♥❞ %#♦-❛❣❡✳ ❚❤✐% -❡I✉✐-❡♠❡♥# ✐% ✉%✉❛❧❧②

❛❞❞-❡%% #❤-♦✉❣❤ #❤❡ ✉%❡ ♦❢ ❝-②♣#♦❣-❛♣❤✐❝ #❡❝❤♥✐I✉❡% ❜❡❢♦-❡ #-❛♥%♠✐##✐♥❣ ♦- %#♦-✐♥❣

#❤❡ ❧♦❣ ❞❛#❛✳

■♥ ♦-❞❡- #♦ ♠❛❦❡ #❤❡%❡ -❡I✉✐-❡♠❡♥#% ♠♦-❡ ♣-❡❝✐%❡✱ ✇❡ ✐♥#-♦❞✉❝❡ #❤-❡❡ #②♣❡% ♦❢ ❡♥#✐#✐❡%

❜❛%❡❞ ♦♥ #❤❡ ♠♦❞❡❧ ♣-♦♣♦%❡❞ ✐♥ ❬❆❝❝♦-%✐ ✷✵✵✾❪✳ ❙❡♥#♦%# ❛-❡ %♦❢#✇❛-❡ ❝♦♠♣♦♥❡♥#% #❤❛#

♦❜%❡-✈❡ #❤❡ ❡✈❡♥#% ❛♥❞ ❛✉#♦♠❛#✐❝❛❧❧② ❣❡♥❡-❛#❡ #❤❡ ❝♦--❡%♣♦♥❞✐♥❣ ❧♦❣ ❡♥#-✐❡%✳ ❚❤❡%❡ ❧♦❣

❡♥#-✐❡% ❛-❡ #-❛♥%♠✐##❡❞ #♦ ❛ %♦❢#✇❛-❡ ❝❛❧❧❡❞ #❤❡ ❝♦❧❧❡❝(♦% #❤❛# ✐% -❡%♣♦♥%✐❜❧❡ ❢♦- ❛❞❞✐♥❣ #❤❡

❧♦❣ ❡♥#-② ✐♥#♦ ❛ ❧♦❣ ✜❧❡✳ ❋✐♥❛❧❧②✱ ❛♥ ✐♥✈❡#(✐❣❛(♦% ✐% ❛♥ ❡♥#✐#② #❤❛# ❝❛♥ ❝❤❡❝❦ #❤❡ ✐♥#❡❣-✐#② ♦❢

#❤❡ ❧♦❣ ✜❧❡%✳

❆✉#❤❡♥#✐❝❛#✐♦♥ ✐% ✉%✉❛❧❧② ❛❝❤✐❡✈❡❞ ✉%✐♥❣ ❛❧❣♦-✐#❤♠% ❜❛%❡❞ ♦♥ ❞✐❣✐#❛❧ %✐❣♥❛#✉-❡✱ ❢♦- ❡①✲

❛♠♣❧❡✱ ✉%✐♥❣ ❛%②♠♠❡#-✐❝ ❦❡②%✳ ❊❛❝❤ ❡♥#-② ✐♥ #❤❡ ❧♦❣ ✐% ❞✐❣✐#❛❧❧② %✐❣♥❡❞ ❜② ❛ %❡♥%♦-✳ ❚❤✐%

♣-♦✈✐❞❡% ❣✉❛-❛♥#❡❡% #❤❛# #❤❡ ❧♦❣ ❞❛#❛ ✐% ♣-♦❞✉❝❡❞ ❜② ❛✉#❤♦-✐③❡❞ ❞❡✈✐❝❡% ❛♥❞ ♦♥❝❡ ❛♥ ❛✉✲

#❤❡♥#✐❝❛#❡❞ ❡♥#-② ✐% -❡❣✐%#❡-❡❞ ✐♥ #❤❡ ❧♦❣ ✐# ❝❛♥♥♦# ❜❡ -❡♣✉❞✐❛#❡❞✳
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❈♦♥✜❞❡♥&✐❛❧✐&② ✐♥ &❤❡ &,❛♥-♠✐--✐♦♥ ✐- ❡-&❛❜❧✐-❤❡❞ ❜② &❤❡ ❝♦♠♠✉♥✐❝❛&✐♦♥ ♣,♦&♦❝♦❧ ✉-❡❞

&♦ &,❛♥-♠✐& &❤❡ ❧♦❣ ❞❛&❛ ❜❡&✇❡❡♥ &❤❡ -❡♥-♦, ❛♥❞ &❤❡ ❝♦❧❧❡❝&♦,✳ ❉✉,✐♥❣ &❤❡ -&♦,❛❣❡ &❤❡

❝♦♥✜❞❡♥&✐❛❧✐&② ✐- ❡♥-✉,❡❞ ❜② &❤❡ ❛♣♣❧✐❝❛&✐♦♥ ♦❢ ❝,②♣&♦❣,❛♣❤✐❝ &❡❝❤♥✐8✉❡- ✭❡✐&❤❡, -②♠♠❡&,✐❝

♦, ❛-②♠♠❡&,✐❝✮✳

■♥&❡❣,✐&② ✐- ❛ ♠♦,❡ ❝♦♠♣❧❡① ❛-♣❡❝& ❜❡❝❛✉-❡ ❞✐✛❡,❡♥& &②♣❡- ♦❢ ❛&&❛❝❦- ❤❛✈❡ &♦ ❜❡ ❛❞✲

❞,❡--❡❞✳ ❋♦, ❡①❛♠♣❧❡✱ ❛ ❧♦❣❣✐♥❣ ♣,♦&♦❝♦❧ ♠❛② ♣,♦&❡❝& ✐♥&❡❣,✐&② ♦❢ &❤❡ ❧♦❣- ❛❣❛✐♥-& ❛♥

❛&&❛❝❦❡, ❛❞❞✐♥❣ ❡♥&,✐❡- ✐♥&♦ &❤❡ ❧♦❣ ❜✉& ♥♦& ❛❣❛✐♥-& ❛♥ ❛&&❛❝❦❡, ❞❡❧❡&✐♥❣ ❡♥&,✐❡-✳ ❯-✉❛❧❧②

❧♦❣❣✐♥❣ ♣,♦&♦❝♦❧- -♣❡❝✐❢② ❛ ❧✐-& ♦❢ ♣♦--✐❜❧❡ &❤,❡❛&- -✉❝❤ ❛- &❤❡ ❛❝❝❡-- &♦ &❤❡ ❝,②♣&♦❣,❛♣❤✐❝

❦❡② ♦❢ ❛ -❡♥-♦,✳ ❏✉-& ❧✐❦❡ ❝♦♥✜❞❡♥&✐❛❧✐&②✱ ✐♥&❡❣,✐&② ❤❛- &♦ ❜❡ ❡♥-✉,❡❞ ✇✐&❤✐♥ &❤❡ ♣,♦❝❡-- ♦❢

&,❛♥-♠✐--✐♦♥ ♦❢ ❧♦❣ ❞❛&❛ ❜❡&✇❡❡♥ &❤❡ -❡♥-♦, ❛♥❞ &❤❡ ❝♦❧❧❡❝&♦, ❛♥❞ ✇❤❡♥ &❤❡ ❞❛&❛ ✐- -&♦,❡❞

✐♥&♦ &❤❡ ❝♦❧❧❡❝&♦, ♠❡♠♦,②✳ ■♥ ❛❞❞✐&✐♦♥ &♦ ❝,②♣&♦❣,❛♣❤✐❝ &❡❝❤♥✐8✉❡-✱ -❡❝✉,✐&② ♠❡❝❤❛♥✐-♠-

-✉❝❤ ❛- ❛❝❝❡-- ❝♦♥&,♦❧ &♦ ❧♦❣ ✜❧❡- ❝❛♥ ❜❡ ✉-❡❞✳

■♥ &❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ❛♥❛❧②③❡ &❤❡ ❢❡❛&✉,❡- ♦❢ &❤❡ ♠❛✐♥ ❧♦❣❣✐♥❣ ♣,♦&♦❝♦❧- ♣,♦♣♦-❡❞ ✐♥

&❤❡ ❧✐&❡,❛&✉,❡ ❛♥❞ ✇❡ ❛--❡-- &❤❡♠ ❜② &❤❡ ②❛,❞-&✐❝❦- ♦❢ &❤❡ &❤,❡❡ -❡❝✉,✐&② ,❡8✉✐,❡♠❡♥&-

❣✐✈❡♥ ❛❜♦✈❡✳ ❙✐♥❝❡ ❛✉&❤❡♥&✐❝❛&✐♦♥ ❛♥❞ ❝♦♥✜❞❡♥&✐❛❧✐&② ❛,❡ ✉-✉❛❧❧② ❛❞❞,❡--❡❞ ✇✐&❤ -&❛♥❞❛,❞

-♦❧✉&✐♦♥-✱ ✇❡ ♠❛✐♥❧② ❢♦❝✉- ♦♥ ✐♥&❡❣,✐&②✳

✶✳✺✳✸ ❚❤❡ ❙②)❧♦❣ ❙-❛♥❞❛1❞

❚❤❡ ❙②-❧♦❣ -&❛♥❞❛,❞ ❬●❡,❤❛,❞- ✷✵✵✶❪ -♣❡❝✐✜❡- ❛ ❢♦,♠❛& ♦❢ ❧♦❣ ❡♥&,✐❡- ✐♥❝❧✉❞✐♥❣ ❛ &②♣❡ ✭-✉❝❤

❛- ♠❛✐❧ ♦, ♥❡✇'✮ ❛♥❞ ❛ ♣,✐♦,✐&② ✭-✉❝❤ ❛- ❡♠❡(❣❡♥❝② ♦, ✇❛(♥✐♥❣✮✳ ❚♦ &,❛♥-♠✐& ❧♦❣ ❞❛&❛✱

❙②-❧♦❣ ✉-❡- &❤❡ ❯-❡, ❉❛&❛❣,❛♠ N,♦&♦❝♦❧ ✭❯❉N✮✳ ■♥ ❙②-❧♦❣✱ ❧♦❣ ❡♥&,✐❡- ❛,❡ -&♦,❡❞ ✐♥ ❝❧❡❛,✲

&❡①& ❛♥❞ ❛,❡ ♥♦& ❛✉&❤❡♥&✐❝❛&❡❞✳ ❙②-❧♦❣ ✇❛- ✐♥✐&✐❛❧❧② ♥♦& ✐♥&❡♥❞❡❞ &♦ ❜❡ ❛ -❡❝✉,❡❞ ❧♦❣❣✐♥❣

♣,♦&♦❝♦❧✳ ❍♦✇❡✈❡,✱ ✐♥ &❤❡ ♣❛-& ②❡❛,- ✈❛,✐♦✉- ❡①&❡♥-✐♦♥- ♦❢ &❤❡ &,❛❞✐&✐♦♥❛❧ ❙②-❧♦❣ -&❛♥❞❛,❞

❤❛✈❡ ❜❡❡♥ ♣,♦♣♦-❡❞✱ ✐♠♣,♦✈✐♥❣ ❞❛&❛ &,❛♥-♠✐--✐♦♥ -❡❝✉,✐&②✳ ❍❡,❡✱ ✇❡ ♣,❡-❡♥& &❤,❡❡ ♦❢ &❤❡-❡

❡①&❡♥-✐♦♥- ❛♥❞ ❞❡-❝,✐❜❡ &❤❡✐, -❡❝✉,✐&② ❢❡❛&✉,❡-✳

❙②-❧♦❣✲♥❣ ❬❇❛❧❛❇✐& ■❚ ❙❡❝✉,✐&② ✷✵✶✶❪ ❛♥❞ ❘❡❧✐❛❜❧❡ ❙②-❧♦❣ ❬◆❡✇ ✫ ❘♦-❡ ✷✵✵✶❪ ❜♦&❤ ❡①✲

&❡♥❞ ❙②-❧♦❣ &♦ ♣,♦✈✐❞❡ ,❡❧✐❛❜❧❡ &,❛♥-♠✐--✐♦♥ ✉-✐♥❣ &❤❡ ❚,❛♥-♠✐--✐♦♥ ❈♦♥&,♦❧ N,♦&♦❝♦❧ ✭❚❈N✮✳

❙②-❧♦❣✲♥❣ -✉♣♣♦,&- ❝♦♥✜❞❡♥&✐❛❧✐&② ❞✉,✐♥❣ &,❛♥-♠✐--✐♦♥ ♦❢ ❞❛&❛ ✉-✐♥❣ &❤❡ ❚,❛♥-♣♦,& ▲❛②❡,

❙❡❝✉,✐&② ✭❚▲❙✮ ♣,♦&♦❝♦❧✳ ❘❡❧✐❛❜❧❡ ❙②-❧♦❣ ♣,♦✈✐❞❡- ♠❡❝❤❛♥✐-♠- ❢♦, ❛✉&❤❡♥&✐❝❛&✐♦♥ ❛♥❞ ❢♦,

&❤❡ ♣,♦&❡❝&✐♦♥ ♦❢ ✐♥&❡❣,✐&② ♦❢ ❡♥&,✐❡- ❞✉,✐♥❣ &,❛♥-♠✐--✐♦♥✱ ✉-✐♥❣ &❤❡ ❇❧♦❝❦- ❊①&❡♥-✐❜❧❡ ❊①✲

❝❤❛♥❣❡ N,♦&♦❝♦❧ ✭❇❊❊N✮ ❬❘♦-❡ ✷✵✵✶❪✳

❙②-❧♦❣✲-✐❣♥ ❬❑❡❧-❡② ❡& ❛❧✳ ✷✵✵✾❪ ❛❧-♦ ❡①&❡♥❞- ❙②-❧♦❣ &♦ ♣,♦✈✐❞❡ ❛✉&❤❡♥&✐❝❛&✐♦♥✳ ■& ❛❧-♦

♣,♦✈✐❞❡- -✉♣♣♦,& &♦ ❧♦❣ ✐♥&❡❣,✐&② ❝❤❡❝❦✐♥❣ ❛❣❛✐♥-& ❡♥&,② ♠♦❞✐✜❝❛&✐♦♥ ❛♥❞ ❞❡❧❡&✐♦♥ ❞✉,✐♥❣

&,❛♥-♠✐--✐♦♥ ❛♥❞ -&♦,❛❣❡✳ ❚❤❡-❡ ,❡8✉✐,❡♠❡♥&- ❛,❡ ❛❝❤✐❡✈❡❞ ✉-✐♥❣ &❤❡ ♥♦&✐♦♥ ♦❢  ✐❣♥❛%✉'❡

❜❧♦❝❦ ✭❋✐❣✉,❡ ✶✳✶✮✳ ❚❤❡ ✐❞❡❛ ✐- &♦ ❝♦♠♣✉&❡ ❛ ❤❛-❤ ♦❢ ❛❧❧ ❝♦♠❜✐♥❡❞ ♣,❡✈✐♦✉- ❡♥&,✐❡- &♦

♣,♦❞✉❝❡ ❛ ❞✐❣✐&❛❧ -✐❣♥❛&✉,❡ ✭✉-✐♥❣ ❙❍❆✲✶ ❛♥❞ ❉❙❆✮ ♦❢ &❤❡ ❧♦❣ ✜❧❡✳ ❚❤✐- -&❛♠♣ ✐- ❝♦♠♣✉&❡❞

❛♥❞ -❛❢❡❧② -&♦,❡❞ ♣❡,✐♦❞✐❝❛❧❧② ♦, ❛❢&❡, &❤❡ ✐♥-❡,&✐♦♥ ♦❢ ❛ ♥❡✇ ❡♥&,②✳ ❚♦ ✈❡,✐❢② &❤❡ ✐♥&❡❣,✐&②

♦❢ ❛ ❧♦❣ ✜❧❡ ❛❣❛✐♥-& ♠✐--✐♥❣ ❡♥&,✐❡- ♦, &❛♠♣❡,❡❞ ❡♥&,✐❡- ♦♥❡ ❤❛- &♦ ❝♦♠♣❛,❡ &❤❡ -✐❣♥❛&✉,❡

❜❧♦❝❦ ♦❢ &❤❡ ❧♦❣ ❝♦♥&❡♥& ✇✐&❤ &❤❡ -✐❣♥❛&✉,❡ ❜❧♦❝❦ -&♦,❡❞✳
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❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

❋✐❣✉$❡ ✶✳✶✿ ❙✐❣♥❛,✉$❡ ❜❧♦❝❦ ❝$❡❛,✐♦♥

❚❤❡ ❢♦❧❧♦✇✐♥❣ ,❛❜❧❡ 6✉♠♠❛$✐③❡6 ❤♦✇ ❙②6❧♦❣ ❛♥❞ ✐,6 ❡①,❡♥6✐♦♥6 ❢✉❧✜❧❧ ,❤❡ ,❤$❡❡ 6❡❝✉$✐,②

$❡=✉✐$❡♠❡♥,6✿

>$♦,♦❝♦❧ ❆✉,❤❡♥,✐❝❛,✐♦♥ ■♥,❡❣$✐,② ❈♦♥✜❞❡♥&✐❛❧✐&②

❙②,❧♦❣ ♥♦ ♥♦ ♥♦

❙②,❧♦❣✲♥❣ ♥♦ &/❛♥,♠✐,,✐♦♥ ②❡,

❘❡❧✐❛❜❧❡ ❙②,❧♦❣ ②❡, &/❛♥,♠✐,,✐♦♥ ♥♦

❙②,❧♦❣✲,✐❣♥ ②❡, ,&♦/❛❣❡✴&/❛♥,♠✐,,✐♦♥ ♥♦

✶✳✺✳✹ ❚❤❡ ❙❝❤♥❡✐❡+ ❛♥❞ ❑❡❧0❡② ▲♦❣❣✐♥❣ 5+♦6♦❝♦❧

❙❝❤♥❡✐❡/ ❛♥❞ ❑❡❧,❡② ♣/♦♣♦,❡ ✐♥ ❬❙❝❤♥❡✐❡/ ✫ ❑❡❧,❡② ✶✾✾✾❪ ❛ ♣/♦&♦❝♦❧ ❢♦/ ,❡❝✉/❡ ❧♦❣❣✐♥❣

♠❛✐♥❧② ❢♦❝✉,❡❞ ♦♥ &❤❡ ♣/♦&❡❝&✐♦♥ ♦❢ &❤❡ ❞❛&❛ ,&♦/❡❞ ✐♥ ♠❡♠♦/② ✭❛, ♦♣♣♦,❡❞ &♦ &/❛♥,♠✐,,✐♦♥✮✳

❚❤❡ ♠❛✐♥ &❡❝❤♥✐C✉❡, ✉,❡❞ &♦ ,❡❝✉/❡ &❤❡ ❧♦❣, ❛/❡ ❤❛"❤ ❝❤❛✐♥" ❛♥❞ ❡✈♦❧✈✐♥❣ ❝+②♣.♦❣+❛♣❤✐❝ ❦❡②"✳

❆ ❤❛,❤ ❝❤❛✐♥ ✐, ❛ ,✉❝❝❡,,✐✈❡ ❛♣♣❧✐❝❛&✐♦♥ ♦❢ ❛ ❝/②♣&♦❣/❛♣❤✐❝ ❤❛,❤ ❢✉♥❝&✐♦♥ &♦ ❛ ,&/✐♥❣✳ ❋♦/ ❡①✲

❛♠♣❧❡✱ ❧❡& h ❜❡ ❛ ❤❛,❤ ❢✉♥❝&✐♦♥ ❛♥❞ s ❛ ,&/✐♥❣✱ &❤❡♥ [h(s), h(h(s)) ❛♥❞ h(h(h(s)))] ✐, ❛ ❤❛,❤
❝❤❛✐♥ ♦❢ ❧❡♥❣&❤ ✸✱ ♦❢&❡♥ ❞❡♥♦&❡❞ h3(s)✳ ❊✈♦❧✈✐♥❣ ❝/②♣&♦❣/❛♣❤✐❝ ❦❡②, ❝♦♥,✐,&, ♦❢ ,②,&❡♠❛&✐✲
❝❛❧❧② ❝❤❛♥❣✐♥❣ &❤❡ ❝/②♣&♦❣/❛♣❤✐❝ ❦❡② ♦✈❡/ &✐♠❡✱ ♣♦,,✐❜❧② ❛, ❛ ❢✉♥❝&✐♦♥ ♦❢ &❤❡ ♣/❡✈✐♦✉, ❦❡②,✱

✇✐&❤ &❤❡ ♣✉/♣♦,❡ ♦❢ ❧✐♠✐&✐♥❣ &❤❡ ❞❛♠❛❣❡ ♦❢ ❛&&❛❝❦❡/, ✇❤♦ ♦❜&❛✐♥ ❛ ❦❡②✳ ❇❛,❡❞ ♦♥ &❤❡,❡ &✇♦

&❡❝❤♥✐C✉❡, &❤❡ ❛✉&❤♦/, ♣/♦✈✐❞❡ ❛❧❣♦/✐&❤♠, &♦ ❝/❡❛&❡ ❧♦❣, ❛♥❞ ❛♣♣❡♥❞ ❛✉&❤❡♥&✐❝❛&❡❞ ❡♥&/✐❡,

&♦ &❤❡♠✳

❙❝❤♥❡✐❡/ ❛♥❞ ❑❡❧,❡② ♣/♦♣♦,❡ ❛ ❧♦❣ ❡♥&/② ❢♦/♠❛& ❝♦♥,✐,&✐♥❣ ♦❢ ❢♦✉/ ♣❛/&, ❛, ❢♦❧❧♦✇,✿

Li = Mi {Ei}Ki
Hi Ci
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✶✳✺✳ ❉■●■❚❆▲ ❊❱■❉❊◆❈❊

✶✳ ❚❤❡ ❛✉"❤♦%✐③❛"✐♦♥ ♠❛*❦ Mi ❝♦♥()♦❧+ (❤❡ ❛❝❝❡++ (♦ (❤❡ ❝♦♥(❡♥(+ ♦❢ (❤❡ ❡♥()②✱ ✐✳❡✳✱ ♦♥❧②

✐♥✈❡+(✐❣❛(♦)+ ❛✉(❤♦)✐③❡❞ ✐♥ Mi ❣❛✐♥ ❛❝❝❡++ (♦ (❤❡ ❝♦♥(❡♥(+ ♦❢ (❤❡ ❡♥()②✳

✷✳ ❚❤❡ ✈❛❧✉❡ Ei ♦❢ (❤❡ ❡♥()② ❡♥❝)②♣(❡❞✱ ✇✐(❤ ❛ ❦❡② Ki✳ ❚❤✐+ ❦❡② ✐+ ❣❡♥❡)❛(❡❞ (❤)♦✉❣❤

(❤❡ ❛♣♣❧✐❝❛(✐♦♥ ♦❢ ❛ ❤❛+❤ ❢✉♥❝(✐♦♥ (♦ ❛ ❝♦♠❜✐♥❛(✐♦♥ ♦❢ (❤❡ ❛✉(❤♦)✐③❛(✐♦♥ ♠❛+❦ Mi

❛♥❞ ❛♥ ❛✉"❤❡♥"✐❝❛"✐♦♥ ❦❡② Ai ♣♦++❡++❡❞ ❜② (❤❡ +❡♥+♦)✳ ❖♥❝❡ ❣❡♥❡)❛(✐♥❣ Ki✱ ❛ ♥❡✇

❛✉(❤❡♥(✐❝❛(✐♦♥ ❦❡② Ai+1 ✐+ ❛✉(♦♠❛(✐❝❛❧❧② ♣)♦❞✉❝❡❞✳

✸✳ ❚❤❡ Hi ❤❛+❤ ❝❤❛✐♥ ✈❛❧✉❡ ✐+ ❣❡♥❡)❛(❡❞ ❢)♦♠ (❤❡ ❤❛+❤ ♦❢Mi✱ {Ei}Ki
❛♥❞ (❤❡ ❤❛+❤ ❝❤❛✐♥

✈❛❧✉❡ ❛++♦❝✐❛(❡❞ (♦ (❤❡ ♣)❡✈✐♦✉+ ❡♥()② Hi−1✳ ❆♥② ❝❤❛♥❣❡ ✐♥ ❛♥ ❡♥()② ❝❛♥ ❜❡ ❞❡(❡❝(❡❞

❛+ ❛♥ ❡))♦) ✐♥ (❤❡ ❤❛+❤ ❝❤❛✐♥✱ ✇❤✐❝❤ ❡♥+✉)❡ ♠❡++❛❣❡ ✐♥(❡❣)✐(②✳

✹✳ Ci ✐+ (❤❡ ❛✉"❤❡♥"✐❝❛"✐♦♥ ❝♦❞❡ ❝♦♠♣✉(❡❞ ✉+✐♥❣ (❤❡ ❛✉(❤❡♥(✐❝❛(✐♦♥ ❦❡② Ai ♦❢ (❤❡ +❡♥+♦)

(❤❛( ❣❡♥❡)❛(❡+ (❤❡ ❡♥()②✳

❆♥ ✐♥❢♦)♠❛❧ (❤)❡❛( ❛♥❛❧②+✐+ ♦❢ (❤❡ ❙❝❤♥❡✐❡) ❛♥❞ ❑❡❧+❡② ♣)♦(♦❝♦❧ )❡✈❡❛❧❡❞ ❛((❛❝❦+ ✐♥ ✇❤✐❝❤

♠♦❞✐✜❝❛(✐♦♥+ ❝❛♥♥♦( ❜❡ ❞❡(❡❝(❡❞ ❬❙(❛(❤♦♣♦✉❧♦+ ❡( ❛❧✳ ✷✵✵✻✱ ❍♦❧( ✷✵✵✻✱ ❆❝❝♦)+✐ ✷✵✵✻❪✳ ❋♦)

❡①❛♠♣❧❡✱ ❛♥ ❛((❛❝❦❡) ❝❛♥ ()✉♥❝❛(❡ ❛ ❧♦❣ ✜❧❡✱ ✇✐(❤♦✉( ❜)❡❛❦✐♥❣ (❤❡ ❤❛+❤ ❝❤❛✐♥✳ ❚♦ ❛❞❞)❡++

(❤✐+ ✇❡❛❦♥❡++✱ +❡✈❡)❛❧ ❡✈♦❧✉(✐♦♥+ ♦❢ (❤✐+ ♣)♦(♦❝♦❧ ❤❛✈❡ ❜❡❡♥ ♣)♦♣♦+❡❞✳

■♥ ❬❙(❛(❤♦♣♦✉❧♦+ ❡( ❛❧✳ ✷✵✵✻❪✱ (❤❡ ❛✉(❤♦)+ +❤♦✇ (❤❛( ✐♥(❡)♥❛❧ ❛((❛❝❦+ ❛❧❧♦✇ ❛♥ ❛((❛❝❦❡)

❦♥♦✇✐♥❣ ❛ ❣✐✈❡♥ ❛✉(❤❡♥(✐❝❛(✐♦♥ ❦❡② (♦ )❡❝♦♥+()✉❝( ♣❛)(+ ♦❢ (❤❡ ❧♦❣ ✐♥ ❛ ✇❛② (❤❛( (❛♠♣❡)✐♥❣

❝♦✉❧❞ ♥♦( ❜❡ ❞❡(❡❝(❡❞✳ ❚♦ +♦❧✈❡ (❤✐+ ♣)♦❜❧❡♠ (❤❡ ❛✉(❤♦)+ ✐♥()♦❞✉❝❡ ❛ ✏)❡❣✉❧❛(♦)② ❛✉(❤♦)✐(②✑

✇❤✐❝❤ ❡♥+✉)❡+ (❤❛( (❤❡ ❧♦❣ +②+(❡♠ ❢♦❧❧♦✇+ (❤❡ ♣)♦(♦❝♦❧✳ ❚❤❡ ✐❞❡❛ ✐+ +✐♠✐❧❛) (♦ (❤❡ +✐❣♥❛(✉)❡

❜❧♦❝❦+ ✉+❡❞ ✐♥ (❤❡ ❙②+❧♦❣✲+✐♥❣ ♣)♦(♦❝♦❧ ✭❙❡❝(✐♦♥ ✶✳✺✳✸✮✳ ❚❤❡ )❡❣✉❧❛(♦)② ❛✉(❤♦)✐(② ♣❡)✐♦❞✐✲

❝❛❧❧② ❣❡♥❡)❛(❡+ +✐❣♥❛(✉)❡ ❜❧♦❝❦+ ❢♦) ❧♦❣+✳ ■♥ ❝❛+❡ ♦❢ +✉+♣✐❝✐♦✉+ ❛❝(✐♦♥+✳ (❤❡ ❝✉))❡♥( +✐❣♥❛(✉)❡

❜❧♦❝❦ ♦❢ (❤❡ ❧♦❣ ✐+ ❝♦♠♣❛)❡❞ ✇✐(❤ (❤❡ +✐❣♥❛(✉)❡ ❜❧♦❝❦ +(♦)❡❞ ❜② (❤❡ )❡❣✉❧❛(♦)② ❛✉(❤♦)✐(②✳

■♥ ❬❍♦❧( ✷✵✵✻❪✱ (❤❡ ❛✉(❤♦)+ ♣♦✐♥( ♦✉( ❛ ✇❡❛❦♥❡++ )❡❧❛(❡❞ (♦ (❤❡ ✉+❡ ♦❢ +②♠♠❡()✐❝ ❦❡②+✿

❛♥ ✐♥✈❡+(✐❣❛(♦) +❤♦✉❧❞ ♣♦++❡++ (❤❡ ❦❡② ✉+❡❞ (♦ ❛✉(❤❡♥(✐❝❛(❡ ❧♦❣ ❡♥()✐❡+ ❛♥❞ ❤❛+ (❤❡ ❛❜✐❧✐(②

(♦ (❛♠♣❡) ❧♦❣ ❡♥()✐❡+✳ ❚❤❡ ❛✉(❤♦)+ ♣)♦♣♦+❡ ▲♦❣❝)②♣(✱ ❛ ♣)♦(♦❝♦❧ ❜❛+❡❞ ♦♥ ♣✉❜❧✐❝ ❦❡② ❝)②♣✲

(♦❣)❛♣❤② (♦ ❝♦♠♣✉(❡ (❤❡ ❛✉(❤❡♥(✐❝❛(✐♦♥ ❝♦❞❡ ♦❢ (❤❡ ♠❡++❛❣❡✳ ❆♥ ❛+②♠♠❡()✐❝ ❦❡② ❛♣♣)♦❛❝❤

♠❛❦❡+ ✐( ♣♦++✐❜❧❡ (❤❡ ✉+❡ ♦❢ (✇♦ ❦❡②+ ❢♦) ✈❡)✐✜❝❛(✐♦♥ ❛♥❞ ❛✉(❤❡♥(✐❝❛(✐♦♥ )❡+♣❡❝(✐✈❡❧②✳

■♥ ❬❙❛❝❦♠❛♥♥ ❡( ❛❧✳ ✷✵✵✻✱ ❆❝❝♦)+✐ ✷✵✵✻❪✱ (❤❡ ❛✉(❤♦)+ ♠♦❞✐❢② (❤❡ ❙❝❤♥❡✐❡) ❛♥❞ ❑❡❧+❡②

♣)♦(♦❝♦❧ (♦ (❛❦❡ ✐♥(♦ ❛❝❝♦✉♥( ❛✉(❤❡♥(✐❝❛(✐♦♥ ❞✉)✐♥❣ (❤❡ +(♦)❛❣❡ ❛♥❞ (❤❡ ()❛♥+♠✐++✐♦♥ ♦❢ (❤❡

❧♦❣ ❡♥()✐❡+✳ ❚❤❡② ✐♥()♦❞✉❝❡ ❛ ♣✉❜❧✐❝ ❦❡② ✐♥❢)❛+()✉❝(✉)❡ ✇❤❡)❡ ❡❛❝❤ ♠❡++❛❣❡ ✐+ ❡♥❝)②♣(❡❞ ❛♥❞

+✐❣♥❡❞ ❜❡❢♦)❡ ()❛♥+♠✐++✐♦♥ (♦ (❤❡ ❝♦❧❧❡❝(♦)✳ ❚❤❡ ♣)♦♣♦+❡❞ ♣)♦(♦❝♦❧ ❛❧+♦ ❡♥+✉)❡+ ♠❡++❛❣❡

✐♥(❡❣)✐(② ❞✉)✐♥❣ ()❛♥+♠✐++✐♦♥ ✉+✐♥❣ (✐♠❡+(❛♠♣+✳ ❋♦) ❡✈❡)② ♥❡✇ ❧♦❣ ❡♥()② )❡❝❡✐✈❡❞ ❜② (❤❡

❝♦❧❧❡❝(♦)✱ ✐( +❡♥❞+ ❜❛❝❦ (♦ (❤❡ +❡♥+♦) ❛♥ ❛❝❦♥♦✇❧❡❞❣♠❡♥( ♠❡++❛❣❡ ✇✐(❤ (❤❡ C✲✈❛❧✉❡ ♦❢ (❤❡

❡♥()② ❛♥❞ ❛ (✐♠❡+(❛♠♣✳ ❚❤✐+ ♠❡++❛❣❡ ✐+ +(♦)❡❞ ❜② (❤❡ +❡♥+♦) ❛♥❞ ❛♥ ✐♥✈❡+(✐❣❛(♦) ❝❛♥

✉+❡ (❤✐+ ✈❛❧✉❡ (♦ ✈❡)✐❢② (❤❡ ✐♥(❡❣)✐(② ❞✉)✐♥❣ (❤❡ ()❛♥+♠✐++✐♦♥ ♦❢ ❧♦❣ ❡♥()✐❡+✳ ❚♦ ❛✈♦✐❞ (❤❡

♣♦++✐❜✐❧✐(② ♦❢ ❛((❛❝❦+ ()✉♥❝❛(✐♥❣ ❧♦❣ ✜❧❡+✱ (❤❡ ❛✉(❤♦)+ ♣)♦♣♦+❡ (❤❛( ✐♥+(❡❛❞ ♦❢ ❛✉(❤❡♥(✐❝❛(✐♥❣

❡❛❝❤ ❡♥()② Li ❜❛+❡❞ ♦♥ (❤❡ ❝♦♥(❡♥( Ei✱ (❤❡ ❡♥()② +❤♦✉❧❞ ❜❡ ❛✉(❤❡♥(✐❝❛(❡❞ ❜❛+❡❞ ♦♥ (❤❡ ❤❛+❤

❝❤❛✐♥ ✈❛❧✉❡ Yi✳

✸✸



❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

❚❤❡ ❢♦❧❧♦✇✐♥❣ *❛❜❧❡ -✉♠♠❛0✐③❡- ❤♦✇ *❤❡ ❛❜♦✈❡ ❧♦❣❣✐♥❣ ♣0♦*♦❝♦❧- ❢✉❧✜❧❧ *❤❡ -❡❝✉0✐*②

0❡7✉✐0❡♠❡♥*-✿

90♦*♦❝♦❧ ❆✉*❤❡♥*✐❝❛*✐♦♥ ■♥*❡❣0✐*② ❈♦♥✜❞❡♥*✐❛❧✐*②

❙❝❤♥❡✐❡0 ❛♥❞ ❑❡❧-❡② ②❡- -*♦0❛❣❡ ②❡-

❙*❛*❤♦♣♦✉❧✉- ❡* ❛❧✳ ②❡- -*♦0❛❣❡ ②❡-

▲♦❣❝0②♣* ②❡- -*♦0❛❣❡ ②❡-

❙❛❝❦♠❛♥♥ ❡* ❛❧ ②❡- -*♦0❛❣❡✴*0❛♥-♠✐--✐♦♥ ②❡-

✶✳✺✳✺ ❚❤❡ ▼❛ ❛♥❞ ❚*✉❞✐❦ ▲♦❣❣✐♥❣ 12♦3♦❝♦❧

▼❛ ❛♥❞ ❚-✉❞✐* ❬▼❛ ✫ ❚-✉❞✐❦ ✷✵✵✾❪ ♣0♦♣♦-❡ ❛ ❧♦❣❣✐♥❣ ♣0♦*♦❝♦❧ ❡♥-✉0✐♥❣ ✐♥*❡❣0✐*② ✇✐*❤♦✉*

❛♥② ❛✉①✐❧✐❛0② ✐♥❢♦0♠❛*✐♦♥ ❛--♦❝✐❛*❡❞ *♦ *❤❡ ❡♥*0✐❡-✳ ■♥ *❤✐- ♣0♦*♦❝♦❧ ❛ ❧♦❣ ✜❧❡ ❝♦♥-✐-*- ♦❢

*✇♦ ♣❛0*-✿ *❤❡ -❡7✉❡♥❝❡ ♦❢ ❡♥*0✐❡- L1, L2, L3, . . . , Li ❛♥❞ *✇♦ ❝♦❞❡- Vi ❛♥❞ Ti ❝♦00❡-♣♦♥❞✐♥❣

*♦ *❤❡ ❧❛-* ❡♥*0② i✳ ❚❤❡ -*0✉❝*✉0❡ ♦❢ ❛ ❧♦❣ ✜❧❡ ✐- ❞❡✜♥❡❞ ❛- ❢♦❧❧♦✇-✿

L1, L2, L3, . . . , Li Vi Ti

■♥ ❛❞❞✐*✐♦♥✱ *❤❡ ❝♦❧❧❡❝*♦0 ♣♦--❡--❡- *✇♦ -②♠♠❡*0✐❝ ❦❡②- Ai ❛♥❞ Bi ✇❤✐❝❤ ❛0❡ ❛✉*♦♠❛*✐✲

❝❛❧❧② ✉♣❞❛*❡❞ ❛❢*❡0 ❡❛❝❤ ♥❡✇ ❡♥*0②✳ ❚❤❡ ♣0♦❝❡❞✉0❡ *♦ ❛❞❞ ❛ ♥❡✇ ❡♥*0② Li+1 ✐-✿

✶✳ ❈♦♠♣✉*❛*✐♦♥ ♦❢ *✇♦ ❞✐❣✐*❛❧ -✐❣♥❛*✉0❡- SignAi
❛♥❞ SignBi

♦❢ *❤❡ ❡♥*0② Li+1 ✉-✐♥❣

0❡-♣❡❝*✐✈❡❧② Ai ❛♥❞ Bi✳

✷✳ ❈♦♠♣✉*❛*✐♦♥ ♦❢ *❤❡ ❝♦❞❡- Vi+1 ❛♥❞ Ti+1 -✉❝❤ *❤❛*✿

Vi+1 = h(Vi + SignAi
)

Ti+1 = h(Ti + SignBi
)

✇❤❡0❡ h ✐- ❛ ❤❛-❤ ❢✉♥❝*✐♦♥✳

❚❤❡ ✐♥✐*✐❛❧ ❦❡②- ✭A1 ❛♥❞ B1✮ ❛0❡ 0❛♥❞♦♠❧② ❜✉✐❧❞ ❜❡❢♦0❡ *❤❡ ✜0-* ❡♥*0② ❛♥❞ -*♦0❡❞ ❜♦*❤ ❜②

*❤❡ -❡♥-♦0 ❛♥❞ ❜② *❤❡ ❝♦❧❧❡❝*♦0✳

❚❤❡ ✐❞❡❛ ❜❡❤✐♥❞ *❤❡ *✇♦ ❝♦❞❡- Vi ❛♥❞ Ti ✐- *❤❛*✱ ❛* ❛♥② *✐♠❡✱ ❛♥ ✐♥✈❡-*✐❣❛*♦0 ❡♥*✐*② ❝❛♥

❝❤❡❝❦ *❤❡ ✐♥*❡❣0✐*② ♦❢ *❤❡ ❧♦❣ ❜② ♦❜*❛✐♥✐♥❣ *❤❡ ❦❡② A1 ❛♥❞ ❝♦♠♣✉*✐♥❣ Vi ✐♥❝0❡♠❡♥*❛❧❧② ❢0♦♠

*❤❡ ❧♦❣ ❝♦♥*❡♥*✳ ❚❤❡ ✐♥✈❡-*✐❣❛*♦0 ♥♦* ❦♥♦✇✐♥❣ *❤❡ ❦❡② B1✱ ❝❛♥♥♦* ❛❞❞ ✈❛❧✐❞ ❡♥*0✐❡- ✐♥ *❤❡

❧♦❣ ✜❧❡✳

❈♦♥-✐❞❡0✐♥❣ *❤❛* ❧♦❣ ✜❧❡- ♠❛② ❜❡ ✈❡0② ❧❛0❣❡✱ *❤❡ ✜0-* ❜❡♥❡✜* ♦❢ *❤✐- ❛♣♣0♦❛❝❤ ✐- *❤❛*

*❤❡ ❝♦❧❧❡❝*♦0 -*♦0❡- ♦♥❧② *✇♦ ❝♦❞❡- ❛♥❞ *✇♦ ❦❡②- ❢♦0 ❡❛❝❤ ❧♦❣ ✜❧❡✳ ❚❤❡ -❡❝♦♥❞ ❜❡♥❡✜* ✐- *❤❛*

✐♥✈❡-*✐❣❛*♦0- ❝❛♥♥♦* ❛❝7✉✐0❡ *❤❡ ✐♥❢♦0♠❛*✐♦♥ ♥❡❝❡--❛0② *♦ ❝❤❛♥❣❡ *❤❡ ❧♦❣ ✜❧❡-✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ *❛❜❧❡ -✉♠♠❛0✐③❡- ❤♦✇ *❤❡ ❧♦❣❣✐♥❣ ♣0♦*♦❝♦❧ ♣0♦♣♦-❡❞ ❜② ▼❛ ❛♥❞ ❚-✉❞✐*

❢✉❧✜❧❧ *❤❡ -❡❝✉0✐*② 0❡7✉✐0❡♠❡♥*-✿

90♦*♦❝♦❧ ❆✉*❤❡♥*✐❝❛*✐♦♥ ■♥*❡❣0✐*② ❈♦♥✜❞❡♥*✐❛❧✐*②

▼❛ ❛♥❞ ❚-✉❞✐* ②❡- -*♦0❛❣❡✴*0❛♥-♠✐--✐♦♥ ♥♦
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✶✳✺✳ ❉■●■❚❆▲ ❊❱■❉❊◆❈❊

✶✳✺✳✻ ❙❡❛'❝❤✐♥❣ ■♥❢♦'♠❛1✐♦♥ ✐♥ ❊♥❝'②♣1❡❞ ❋✐❧❡8

▼♦"# ♦❢ #❤❡ ❧♦❣❣✐♥❣ ♣,♦#♦❝♦❧" ♣,❡"❡♥#❡❞ "♦ ❢❛, ❢♦❝✉"❡❞ ♦♥ #❤❡ ✐♥#❡❣,✐#② ♦❢ #❤❡ ❧♦❣ ❡♥#,✐❡"✳

❚♦ ❡♥"✉,❡ ❝♦♥✜❞❡♥#✐❛❧✐#②✱ "♦♠❡ ❧♦❣❣✐♥❣ ♣,♦#♦❝♦❧" ✐♥✈♦❧✈❡ #❤❡ ❡♥❝,②♣#✐♦♥ ♦❢ ❛❧❧ #❤❡ ❝♦♥#❡♥#

♦❢ #❤❡ ❧♦❣ ✜❧❡✳ ❚❤❡ ❞♦✇♥"✐❞❡ ♦❢ #❤✐" ❛♣♣,♦❛❝❤ ✐" #❤❛# ❡♥❝,②♣#❡❞ ✜❧❡" ❛,❡ ❧❡"" ❝♦♥✈❡♥✐❡♥#

❢♦, ✐♥❢♦,♠❛#✐♦♥ ❡①#,❛❝#✐♦♥✱ ✇❤✐❝❤ ✐" ❛ ,❡:✉❡"#❡❞ ❢❡❛#✉,❡ ❢♦, #❤❡ ❛♥❛❧②"✐" ♦❢ ❞✐❣✐#❛❧ ❡✈✐❞❡♥❝❡✳

❆ ♥❛✐✈❡ "♦❧✉#✐♦♥ ✇♦✉❧❞ ❜❡ #♦ ❞❡❝,②♣# ❛❧❧ #❤❡ ✜❧❡ ✐♥ ❜❡❢♦,❡ "#❛,#✐♥❣ #❤❡ ❛♥❛❧②"✐"✳ ❚❤✐"

❛♣♣,♦❛❝❤ ♠❛② ✐♥✈♦❧✈❡ ❛ ❤✐❣❤ ❝♦♠♣✉#❛#✐♦♥❛❧ ❝♦"# ❛♥❞ ✉♥✐♥#❡♥❞❡❞ ❛❝❝❡"" #♦ ❝❧❛""✐✜❡❞ ❞❛#❛

❜② ❛♥ ✐♥✈❡"#✐❣❛#♦,✳ ❚♦ "♦❧✈❡ #❤✐" ♣,♦❜❧❡♠ "♦♠❡ ❛✉#❤♦," ♣,♦♣♦"❡ ❛ "❡❝✉,❡ "#♦,❛❣❡ "♦❧✉#✐♦♥

❢♦, ❡♥❝,②♣#❡❞ ❧♦❣ ✜❧❡" #♦ ❜❡ ❛♥❛❧②③❡❞ ✐♥ ❛♥ ❡✣❝✐❡♥# ✇❛②✳ ■♥ #❤❡ "❡:✉❡❧✱ ✇❡ ❢♦❝✉" ♦♥ #✇♦ ♦❢

#❤❡"❡ ❛♣♣,♦❛❝❤❡"✳

■♥ #❤❡ ♣,♦#♦❝♦❧ ♣,♦♣♦"❡❞ ✐♥ ❬❲❛#❡," ❡# ❛❧✳ ✷✵✵✹❪✱ ❡❛❝❤ ❡♥#,② Li ♦❢ #❤❡ ❧♦❣ ✐" ❞❡✜♥❡❞ ❛"

❢♦❧❧♦✇"✿

Li = {Ei}K Hi cw1 , cw2 , cw3 , . . . , cwn

❼ ❚❤❡ ❝♦♥#❡♥# Ei ❡♥❝,②♣#❡❞ ✇✐#❤ ❛ ❦❡② K✳

❼ ❆ ♣❛,# ♦❢ #❤❡ ❤❛"❤ ❝❤❛✐♥ Hi✳

❼ ❆ "❡# ♦❢ ❝♦❞❡" cw1 , cw2 , cw3 , . . . , cwn ❝❛❧❧❡❞ ❦❡②✇♦%❞ ✐♥❢♦%♠❛,✐♦♥ ✉"❡❞ #♦ "❡❛,❝❤ #❤❡

❡♥#,✐❡"✳

❚♦ ❛❞❞ ❛ ♥❡✇ ❧♦❣ ❡♥#,②✱ #❤❡ ❝♦❧❧❡❝#♦, ✜,"# ❛✉#♦♠❛#✐❝❛❧❧② ❡①#,❛❝#" #❤❡ ❦❡②✇♦,❞"

w1, w2, w3, . . . , wn ❢,♦♠ #❤❡ ❡♥#,② ❜❛"❡❞ ♦♥ #❤❡ "#,✉❝#✉,❡ ♦❢ #❤❡ ❧♦❣ ❡♥#,✐❡"✳ ❚❤❡ ♣,♦❝❡✲

❞✉,❡ #♦ ❡①#,❛❝# #❤❡ ❦❡②✇♦,❞" ❞❡♣❡♥❞" ♦❢ #❤❡ ❝♦♥#❡①# ♦❢ #❤❡ ❛♣♣❧✐❝❛#✐♦♥✳ ❆" ❛♥ ❡①❛♠♣❧❡✱ #❤❡

❛✉#❤♦," ♣,♦✈✐❞❡ ❛ ❧♦❣ ✜❧❡ ✐♥❝❧✉❞✐♥❣ #❤❡ :✉❡,✐❡" "❡♥# ❢,♦♠ ❛ ❝❧✐❡♥# #♦ ❛ ❞❛#❛❜❛"❡ ❛♥❞ "✉❣❣❡"#

#♦ ✉"❡ ❛" ❦❡②✇♦,❞" #❤❡ ♥❛♠❡" ♦❢ #❤❡ #❛❜❧❡" ❛♥❞ ❝♦❧✉♠♥" ✉"❡❞ ✐♥ #❤❡ :✉❡,✐❡"✳

❆❢#❡, ❡①#,❛❝#✐♥❣ ❡❛❝❤ ❦❡②✇♦,❞✱ #❤❡ ❝♦❧❧❡❝#♦, ❝♦♠♣✉#❡" #❤❡ ❦❡②✇♦,❞ ✐♥❢♦,♠❛#✐♦♥ #❤,♦✉❣❤

#❤❡ ❛♣♣❧✐❝❛#✐♦♥ ♦❢ ❛ "❡,✐❡" ♦❢ ❤❛"❤ ❡♥❝,②♣#✐♦♥ ❢✉♥❝#✐♦♥ ✉"✐♥❣ #❤❡ ❦❡② K ❛♥❞ #❤❡ ❦❡②✇♦,❞

✐#"❡❧❢✳ ❋✐♥❛❧❧②✱ #❤❡ ❝♦❧❧❡❝#♦, ✇,✐#❡" #❤❡ ❡♥#,② ✇✐#❤ #❤❡ ❡♥❝,②♣#❡❞ ❝♦♥#❡♥#✱ #❤❡ ♣❛,# ♦❢ #❤❡

❤❛"❤ ❝❤❛✐♥ ❛♥❞ #❤❡ ❧✐"# ♦❢ ❦❡②✇♦,❞ ✐♥❢♦,♠❛#✐♦♥✳

❚♦ "❡❛,❝❤ ❢♦, ❛♥ ❡♥#,② ✐♥ #❤❡ ❧♦❣✱ #❤❡ ✐♥✈❡"#✐❣❛#♦, "❡♥❞" #♦ #❤❡ ❝♦❧❧❡❝#♦, ❛ :✉❡,② ❝♦♥#❛✐♥✲

✐♥❣ ❛ ❦❡②✇♦,❞ w✳ ❚❤❡ ❝♦❧❧❡❝#♦, #❤❡♥ ❝♦♠♣✉#❡" cw ❛♥❞ "❡❛,❝❤❡" ❢♦, ♠❛#❝❤✐♥❣ ❧♦❣ ❡♥#,✐❡"✳

▲♦❣ ❝♦♥✜❞❡♥#✐❛❧✐#② ✐" ♣,❡"❡,✈❡❞ ❜❡❝❛✉"❡ #❤❡ ✐♥✈❡"#✐❣❛#♦, ❡♥#✐#② ❞♦❡" ♥♦# ❦♥♦✇ #❤❡ ❦❡② K

❛♥❞ #❤❡,❡❢♦,❡ ❝❛♥♥♦# "❡❡ #❤❡ ✐♥❢♦,♠❛#✐♦♥ ✐♥ {E}K ✳ ❚❤❡ ❛✉#❤♦," ❛❧"♦ ♣,♦♣♦"❡ ❛ "✐♠✐❧❛,
"❝❤❡♠❛ ✉"✐♥❣ ❛"②♠♠❡#,✐❝ ❝,②♣#♦❣,❛♣❤② #❤❛# "✉♣♣♦,#" ❛✉#❤❡♥#✐❝❛#✐♦♥✳

■♥ ❬❖❤#❛❦✐ ✷✵✵✽❪✱ ❖❤#❛❦✐ ♣,♦♣♦"❡" ❛ "♦❧✉#✐♦♥ ❜❛"❡❞ ♦♥ ❇❧♦♦♠ ✜❧#❡,"✳ ❆ ❇❧♦♦♠ ✜❧#❡,

✭❋✐❣✉,❡ ✶✳✷✮ ✐" ❛ ♣,♦❜❛❜✐❧✐"#✐❝ ❞❛#❛ "#,✉❝#✉,❡ ✉"❡❞ #♦ #❡"# ✇❤❡#❤❡, ❛♥ ❡❧❡♠❡♥# ✐" ❛ ♠❡♠❜❡,

♦❢ ❛ "❡#✳ ❋✐❧#❡," ❛,❡ ,❡♣,❡"❡♥#❡❞ ❜② ❛♥ ❛,,❛② ♦❢ m ❜✐#" ❛♥❞ ❛ "❡# ♦❢ r ✐♥❞❡♣❡♥❞❡♥# ❤❛"❤

❢✉♥❝#✐♦♥" h1, . . . , hr✳ ❚❤❡② ♣,♦♣♦"❡ #♦ ✐♥❝,❡♠❡♥#❛❧❧② ❝♦♥"#,✉❝# ❢♦, ❡❛❝❤ ❧♦❣ ✜❧❡ ❛ ✜❧#❡, ✇❤✐❝❤

❝♦♥#❛✐♥" ✐♥❢♦,♠❛#✐♦♥ ❛❜♦✉# #❤❡ ❡♥#,✐❡" ♦❢ #❤❡ ❧♦❣✳ ❚♦ ❞♦ "♦✱ ✇❡ "#❛,# ✇✐#❤ ❛❧❧ m ❜✐#" "❡#
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❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

❋✐❣✉$❡ ✶✳✷✿ ❇❧♦♦♠ ❋✐❧.❡$ ❙.$✉❝.✉$❡

.♦ ✵✳ ❚♦ ❛❞❞ ❛♥ ❡♥.$② e ✐♥ .❤❡ ❧♦❣✱ ✇❡ :❡. .❤❡ ❜✐.: h1(e), . . . , hr(e) .♦ ✶✳ ❚❤✐: ♣$♦❝❡❞✉$❡ ✐:
$❡♣❡❛.❡❞ ❢♦$ ❡❛❝❤ ❡♥.$② ♦❢ .❤❡ ❧♦❣✳

❚♦ ❞❡❝✐❞❡ ✐❢ ❛♥ ❡♥.$② x ❜❡❧♦♥❣: .♦ .❤❡ ❧♦❣✱ ✇❡ ❝❤❡❝❦ ✐♥ ✐.: ✜❧.❡$ ✐❢ ❡✐.❤❡$ ♦♥❡ ♦❢ .❤❡ ❜✐.:

h1(x), . . . , hr(x) ✐: ❡@✉❛❧ .♦ ✵✱ ✇❤✐❝❤ ♠❡❛♥: .❤❛. x ✐: ♥♦. ❛♥ ❡❧❡♠❡♥. ♦❢ .❤❡ ❧♦❣✳ ■❢ ❛❧❧ ❜✐.:
hi(x) ❛$❡ ❡@✉❛❧ .♦ ✶ .❤❡♥ x ✐: ❛ ♠❡♠❜❡$ ♦❢ .❤❡ ❧♦❣✳ ❯:✐♥❣ ❇❧♦♦♠ ✜❧.❡$: ❝❛♥ ❧❡❛❞ .♦ ❢❛❧:❡

♣♦:✐.✐✈❡: ✭❝♦♥❝❧✉❞❡ .❤❛. ❛♥ ❡❧❡♠❡♥. ❜❡❧♦♥❣: .♦ .❤❡ ❧♦❣ ✇❤❡♥ ✐♥ ❢❛❝. ✐. ❞♦❡: ♥♦.✮ ❜❡❝❛✉:❡

.❤❡ ❜✐.: ♣$♦❞✉❝❡❞ ❜② x ✐♥ .❤❡ ❤❛:❤ ❢✉♥❝.✐♦♥: ♠❛② ❤❛✈❡ ❜❡❡♥ ♣$♦❞✉❝❡❞ ❜② ♦.❤❡$: ❡♥.$✐❡:✳

❍♦✇❡✈❡$✱ .❤❡$❡ ✐: ♥♦ ♣$♦❜❛❜✐❧✐.② ♦❢ ❢❛❧:❡ ♥❡❣❛.✐✈❡: ✭.❤❛. ❛♥ ❡❧❡♠❡♥. ❞♦❡: ♥♦. ❜❡❧♦♥❣ .♦ .❤❡

❧♦❣ ✇❤❡♥ ✐♥ ❢❛❝. ✐. ❞♦❡:✮✳ ❚❤❡ $❛.❡ ♦❢ ❢❛❧:❡ ♣♦:✐.✐✈❡: ❝❛♥ ❜❡ ♠❛♥❛❣❡❞ ❜② .✉♥♥✐♥❣ .❤❡ :✐③❡

♦❢ .❤❡ ✈❛❧✉❡: m ❛♥❞ r✳ ▲♦✇ ✈❛❧✉❡: ❢♦$ m ❛♥❞ r ❝❛♥ ❧❡❛❞ .♦ ❛ ✜❧.❡$ ❢✉❧✜❧❧ ✇✐.❤ 1✬: ❢♦$ ❧♦❣:
✇✐.❤ ❛ ❧❛$❣❡ ♥✉♠❜❡$ ♦❢ ❡♥.$✐❡:✳ ❚❤❡ ❤✐❣❤❡$ .❤❡ ✈❛❧✉❡: ♦❢ m ❛♥❞ r .❤❡ ❧♦✇❡$ .❤❡ ♣$♦❜❛❜✐❧✐.②

♦❢ ❢❛❧:❡ ♣♦:✐.✐✈❡:✳ ■♥ .❤✐: ❝❛:❡✱ ❡✈❡$② @✉❡$② $❡:✉❧.: .❤❛. .❤❡ ❡♥.$② ❜❡❧♦♥❣: .♦ .❤❡ ❧♦❣✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ .❛❜❧❡ :✉♠♠❛$✐③❡: ❤♦✇ .❤❡ ❛❜♦✈❡ :♦❧✉.✐♦♥: ❢✉❧✜❧❧ .❤❡ :❡❝✉$✐.② $❡@✉✐$❡♠❡♥.:✿

J$♦.♦❝♦❧ ❆✉.❤❡♥.✐❝❛.✐♦♥ ■♥.❡❣$✐.② ❈♦♥✜❞❡♥.✐❛❧✐.②

❲❛.❡$: ❡. ❛❧✳ ②❡: :.♦$❛❣❡ ②❡:

❖❤.❛❦✐ ♥♦ :.♦$❛❣❡ ②❡:

✶✳✺✳✼ ❙✉♠♠❛(②

❋$♦♠ .❤❡ ❛❜♦✈❡ :.✉❞② ✇❡ ♠❛② ❝♦♥❝❧✉❞❡ .❤❛. ❛ ♥✉♠❜❡$ ♦❢ ❝$②♣.♦❣$❛♣❤✐❝ :♦❧✉.✐♦♥: ❤❛✈❡

❜❡❡♥ ♣$♦♣♦:❡❞ .♦ ❡♥:✉$❡ .❤❡ ♠❛✐♥ ❧♦❣ :❡❝✉$✐.② $❡@✉✐$❡♠❡♥.: ✭❛✉.❤❡♥.✐❝❛.✐♦♥✱ ✐♥.❡❣$✐.② ❛♥❞

❝♦♥✜❞❡♥.✐❛❧✐.②✮✳ ❆: ♣♦✐♥.❡❞ ♦✉. ✐♥ ❬❆❝❝♦$:✐ ✷✵✵✾✱ ❑❡♥. ✫ ❙♦✉♣♣❛②❛ ✷✵✵✻❪✱ ❜❡:✐❞❡: ❝$②♣.♦✲

❣$❛♣❤✐❝ .❡❝❤♥✐@✉❡:✱ ♦.❤❡$ :❡❝✉$✐.② ♠❡❛:✉$❡: ♠✉:. ❜❡ ♣✉. ✐♥ ♣❧❛❝❡ .♦ ❡♥:✉$❡ .❤❡ :❡❝✉$✐.② ♦❢

.❤❡ ❧♦❣ ✜❧❡:✳ ❋♦$ ❡①❛♠♣❧❡✱ .❤❡ ❛❝❝❡:: ❝♦♥.$♦❧ .♦ .❤❡ ❧♦❣ ✜❧❡: :❤♦✉❧❞ ❜❡ ❣$❛♥.❡❞ ♦♥❧② ❢♦$

❛✉.❤♦$✐③❡❞ ❡♥.✐.✐❡:✳ ❋✉$.❤❡$ ❣✉❛$❛♥.❡❡: :❤♦✉❧❞ ❜❡ ♣$♦✈✐❞❡❞ ✇✐.❤ $❡:♣❡❝. .♦ .❤❡ ✇❤♦❧❡ ❧♦❣

♠❛♥❛❣❡♠❡♥. ♣$♦❝❡:: ❬❑❡♥. ✫ ❙♦✉♣♣❛②❛ ✷✵✵✻❪✿
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✶✳ ▲♦❣ ▼♦♥✐&♦'✐♥❣ ✕ ♦♥❡ ♠✉() ❡♥(✉*❡ )❤❛) )❤❡ ✐♥❢♦*♠❛)✐♦♥ *❡❣✐()❡*❡❞ ✐♥ )❤❡ ❧♦❣( ❝♦**❡✲

(♣♦♥❞( )♦ )❤❡ *❡❛❧ ❡✈❡♥)(✳

✷✳ ▲♦❣ ❆♥❛❧②,✐, ✕ ❧♦❣ ✜❧❡( (❤♦✉❧❞ ❜❡ ❛♥❛❧②③❡❞ ❛❝❝♦*❞✐♥❣ )*✉()❡❞ ♠❡)❤♦❞( ❛♥❞ )♦♦❧(✳ ❚❤✐(

✐((✉❡ ✐( ()✉❞✐❡❞ ✐♥ ♠♦*❡ ❞❡)❛✐❧( ✐♥ )❤❡ ❢♦❧❧♦✇✐♥❣ (❡❝)✐♦♥✳

❚♦ ❡♥(✉*❡ )❤❡ ()*❡♥❣)❤ ♦❢ )❤❡ ❧♦❣ ❜❛(❡❞ ❡✈✐❞❡♥❝❡✱ ✐) ✐( *❡❝♦♠♠❡♥❞❡❞ )♦ ❞❡✜♥❡ ♣*❡❝✐(❡❧② ❛❧❧

)❤❡ )❡❝❤♥✐❝❛❧ ()❡♣( ❢♦* )❤❡ ♣*♦❞✉❝)✐♦♥ ♦❢ )❤❡ ❧♦❣ ✜❧❡(✱ )❤❡✐* ()♦*❛❣❡ ❛♥❞ )❤❡ ♠❡❛♥( ✉(❡❞ )♦

❡♥(✉*❡ )❤❡✐* ❛✉)❤❡♥)✐❝✐)② ❛♥❞ ✐♥)❡❣*✐)②✳

✶✳✻ ❚$❛❝❡ ❆♥❛❧②,✐,

❚*❛❝❡ ❛♥❛❧②(✐( ❝♦♥(✐()( ✐♥ ✉(✐♥❣ ✈❡*✐✜❝❛)✐♦♥ )❡❝❤♥✐>✉❡( )♦ ❝❤❡❝❦ ✇❤❡)❤❡* )❤❡ ❡①❡❝✉)✐♦♥

♦❢ ❛ ❝♦♠♣✉)❡* (②()❡♠ ✭*❡♣*❡(❡♥)❡❞ ❜② ✐)( )*❛❝❡(✮ (❛)✐(✜❡( ♦* ✈✐♦❧❛)❡( ❛ ❣✐✈❡♥ ♣*♦♣❡*)②

❬▲❡✉❝❦❡* ✫ ❙❝❤❛❧❧❤❛*) ✷✵✵✾❪✳ ❚*❛❝❡ ❛♥❛❧②(✐( ❤❛( ❜❡❡♥ ❛♣♣❧✐❡❞ ✐♥ ✈❛*✐♦✉( ❞♦♠❛✐♥( ✐♥❝❧✉❞✲

✐♥❣ ♠♦❞❡❧ ❝❤❡❝❦✐♥❣✱ *✉♥)✐♠❡ ✈❡*✐✜❝❛)✐♦♥ ❛♥❞ ❞✐❛❣♥♦(✐(✳ ■♥ )❤✐( (❡❝)✐♦♥✱ ✇❡ (❦❡)❝❤ )❤❡ ♠❛✐♥

*❡(✉❧)( ♦♥ )*❛❝❡ ❛♥❛❧②(✐( *❡❧❛)❡❞ )♦ )❤✐( )❤❡(✐(✳ ❲❡ ✉(❡ )❤❡ )❡*♠ &'❛❝❡ ❤❡*❡ )♦ *❡♣*❡(❡♥) ❛

(❡) ♦❢ ♦❜(❡*✈❛)✐♦♥( ❛❜♦✉) )❤❡ ❡①❡❝✉)✐♦♥ ♦❢ ❛ ❝♦♠♣✉)❡* (②()❡♠✱ )❤❡ )❡*♠ ❡✈❡♥& )♦ *❡♣*❡(❡♥)

)❤❡ ❡♥)*✐❡( ✐♥ ❛ )*❛❝❡✱ ❛♥❞ )❤❡ )❡*♠ ♣❛'❛♠❡&❡', )♦ *❡♣*❡(❡♥) )❤❡ ✐♥❢♦*♠❛)✐♦♥ ✐♥ )❤❡ ❡✈❡♥)(✳

❆ )*❛❝❡ ✉(✉❛❧❧② ❞❡✜♥❡( ❛♥ ♦*❞❡* *❡❧❛)✐♦♥ ❜❡)✇❡❡♥ ✐)( ❡✈❡♥)( ✭♦* ❛ (✉❜(❡) ♦❢ ✐)( ❡✈❡♥)(✮ )❤❛)

❝♦**❡(♣♦♥❞ )♦ )❤❡ ❝❤*♦♥♦❧♦❣✐❝❛❧ ♦*❞❡*✳ ❙♦♠❡ ❛✉)❤♦*(✱ ❡✳❣✳ ❬❇❛**✐♥❣❡* ❡) ❛❧✳ ✷✵✶✵❛❪✱ ✉(❡ )❤❡

)❡*♠ ✏ ❧♦❣✑ )♦ *❡❢❡* )♦ )❤❡ ❛❝)✉❛❧ ✜❧❡( ❝♦♥)❛✐♥✐♥❣ )❤❡ *❡❝♦*❞ ♦❢ )❤❡ ❡✈❡♥)(✱ ❛♥❞ )❤❡ )❡*♠

✏&'❛❝❡✑ )♦ *❡♣*❡(❡♥) ❛♥ ❛❜()*❛❝)✐♦♥ ♦❢ )❤❡ ❧♦❣(✳ ■♥ )❤✐( (❡❝)✐♦♥✱ ✇❡ ❝❤♦(❡ )♦ ❛❞♦♣) ❛ ✉♥✐❢♦*♠

)❡*♠✐♥♦❧♦❣② ❛♥❞ ✉(❡ )❤❡ (✐♥❣❧❡ )❡*♠ ✏&'❛❝❡✑✳

✶✳✻✳✶ ❈❤❛❧❧❡♥❣❡* ✐♥ ❚-❛❝❡ ❆♥❛❧②*✐*

❚❤❡ ♠❛✐♥ ❝❤❛❧❧❡♥❣❡ ♦❢ )*❛❝❡ ❛♥❛❧②(✐( ✐( )♦ ♣*♦✈✐❞❡ ❛ ✇❛② )♦ ✈❡*✐❢② ❛ ❣✐✈❡♥ ♣*♦♣❡*)② ♦❢ ❛ ❣✐✈❡♥

)*❛❝❡ ✭♦* (❡) ♦❢ )*❛❝❡(✮✳ ❲♦*❦( *❡❧❛)❡❞ )♦ )*❛❝❡ ❛♥❛❧②(✐( ✉(✉❛❧❧② ❝❛♥ ❜❡ ❝❧❛((✐✜❡❞ ❛❝❝♦*❞✐♥❣

)♦ )❤*❡❡ ♠❛✐♥ ♣❛*❛♠❡)❡*(✿

✶✳ ❚❤❡ ()*✉❝)✉*❡ ♦❢ )*❛❝❡(✳

✷✳ ❚❤❡ ❡①♣*❡((✐✈❡♥❡(( ♦❢ )❤❡ ♣*♦♣❡*)✐❡(✳

✸✳ ❚❤❡ ✈❡*✐✜❝❛)✐♦♥ ❛❧❣♦*✐)❤♠✳

❚❤❡ ✜*() ❛(♣❡❝) ✐( *❡❧❛)✐✈❡ )♦ )❤❡ ❝♦♥)❡♥) ❛♥❞ ♦*❣❛♥✐③❛)✐♦♥ ♦❢ ❡✈❡♥)( ✐♥ )❤❡ )*❛❝❡(✱ ✐✳❡✳✱

)❤❡ ❞✐()*✐❜✉)✐♦♥ ♦❢ )❤❡ ✐♥❢♦*♠❛)✐♦♥ ❛♠♦♥❣ )❤❡ )*❛❝❡(✳ ❋♦* ❡①❛♠♣❧❡✱ (♦♠❡ ❛✉)❤♦*( ❝♦♥(✐❞❡* ❛

(✐♥❣❧❡ )*❛❝❡ *❡♣*❡(❡♥)✐♥❣ )❤❡ ❝♦♠♣❧❡)❡ ❡①❡❝✉)✐♦♥ ♦❢ )❤❡ (②()❡♠ ✭❡✳❣✳ ❬❇❛**✐♥❣❡* ❡) ❛❧✳ ✷✵✶✵❜✱

❇❛✉❡* ❡) ❛❧✳ ✷✵✵✻❪✮✱ ✇❤❡♥ ♦)❤❡*( ♣*♦♣♦(❡ ♠♦❞❡❧( )♦ *❡♣*❡(❡♥) ❛♥❞ ❛♥❛❧②③❡ ❞✐()*✐❜✉)❡❞ )*❛❝❡(

✇❤❡*❡ )❤❡ ❡✈❡♥)( ❝❛♥ ♦❝❝✉* ❝♦♥❝✉**❡♥)❧② ✭❡✳❣✳ ❬❆*❛()❡❤ ❡) ❛❧✳ ✷✵✵✼✱ ❍❛❧❧❛❧ ❡) ❛❧✳ ✷✵✵✻❪✮✳
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❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

❚❤❡ #❡❝♦♥❞ ❛#♣❡❝* ✐# ,❡❧❛*✐✈❡ *♦ *❤❡ ❡①♣,❡##✐✈❡♥❡## ♦❢ *❤❡ ❧❛♥❣✉❛❣❡ ✉#❡❞ *♦ #*❛*❡ ♣,♦♣✲

❡,*✐❡# ✭*❡♠♣♦,❛❧ ❝♦♥❞✐*✐♦♥#✱ ❝❛✉#❛❧✐*② ❝♦♥❞✐*✐♦♥#✱ ❞❡❛❞❧✐♥❡✱ ❡*❝✳✮✳ ❋♦, ❡①❛♠♣❧❡✱ ♣,♦♣❡,*✐❡#

❢♦, ,❡❛❝*✐✈❡ #②#*❡♠# ✭✇✐*❤ ♣♦*❡♥*✐❛❧ ✐♥✜♥✐*❡ ❡①❡❝✉*✐♦♥#✮ ❛,❡ ❝♦♠♠♦♥❧② #♣❡❝✐✜❡❞ ✉#✐♥❣ ▲✐♥✲

❡❛, ❚❡♠♣♦,❛❧ ▲♦❣✐❝ ✭▲❚▲✮ ✭❙❡❝*✐♦♥ ✶✳✻✳✸✮✳ ❍♦✇❡✈❡,✱ *❤✐# ❧♦❣✐❝ ✐# ♥♦* ❡①♣,❡##✐✈❡ ❡♥♦✉❣❤ *♦

#*❛*❡ ♣,♦♣❡,*✐❡# ♦❢ ,❡❛❧✲*✐♠❡ #②#*❡♠# ✇✐*❤ *✐♠❡ ❝♦♥#*,❛✐♥*#✱ *❤❛* ❛,❡ ♦❢*❡♥ #♣❡❝✐✜❡❞ ✉#✐♥❣

❛♥ ❡①*❡♥#✐♦♥ ♦❢ ▲❚▲ ❝❛❧❧❡❞ ❚✐♠❡❞ ▲❚▲✳

❋✐♥❛❧❧②✱ *❤❡ *❤✐,❞ ❛#♣❡❝* ✐# ,❡❧❛*✐✈❡ *♦ *❤❡ ❞❡❝✐❞❛❜✐❧✐*② ❛♥❞ ❝♦♠♣❧❡①✐*② ♦❢ *❤❡ ✈❡,✐✜❝❛*✐♦♥✳

❚❤✐# ❛#♣❡❝* ✐# ,❡❧❛*❡❞ *♦ *❤❡ ♣,❡✈✐♦✉# ♦♥❡# ❜❡❝❛✉#❡ *❤❡ ❝♦♠♣❧❡①✐*② ♦❢ *❤❡ ✈❡,✐✜❝❛*✐♦♥ ✉#✉❛❧❧②

❞❡♣❡♥❞# ♦♥ *❤❡ ,✐❝❤♥❡## ♦❢ *❤❡ *②♣❡# ♦❢ *,❛❝❡# ❛♥❞ *❤❡ ❡①♣,❡##✐✈❡♥❡## ♦❢ *❤❡ ❧❛♥❣✉❛❣❡ ♦❢

♣,♦♣❡,*✐❡#✳

■♥ *❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ✐❞❡♥*✐❢② ,❡E✉✐,❡♠❡♥*# ❛##♦❝✐❛*❡❞ ✇✐*❤ ❡❛❝❤ ♦❢ ✇✐*❤ *❤❡#❡ ❛#♣❡❝*# *❤❛*

❛❧❧♦✇ ✉# *♦ ❝❤❛,❛❝*❡,✐③❡ *,❛❝❡ ❛♥❛❧②#✐# ♣,♦♣♦#❛❧# ❛❝❝♦,❞✐♥❣ ❝❤❛,❛❝*❡,✐#*✐❝# ♦❢ ♦✉, ✐♥*❡,❡#*✳

❚❤❡#❡ ,❡E✉✐,❡♠❡♥*# ✇✐❧❧ *❤❡♥ ❜❡ ✉#❡❞ *♦ ❛♥❛❧②③❡ ❡①✐#*✐♥❣ #♦❧✉*✐♦♥# ✐♥ ❛ #②#*❡♠❛*✐❝ ✇❛②✳

✶✳✻✳✷ ❘❡&✉✐)❡♠❡♥,- ❢♦) ❚)❛❝❡ ❆♥❛❧②-✐-

❲❡ ❝♦♥#✐❞❡, #✉❝❝❡##✐✈❡❧② *❤❡ ,❡E✉✐,❡♠❡♥*# ❛##♦❝✐❛*❡❞ ✇✐*❤ ❡❛❝❤ ♦❢ *❤❡ ❛#♣❡❝*# ♠❡♥*✐♦♥❡❞

✐♥ *❤❡ ♣,❡✈✐♦✉# #❡❝*✐♦♥✿

❼ ❙!"✉❝!✉"❡ ,❡E✉✐,❡♠❡♥* ❝♦♥❝❡,♥# *❤❡ ✇❛② *❤❡ *,❛❝❡ ❛,❡ ,❡♣,❡#❡♥*❡❞✳ ❚❤❡ ♠❛✐♥ ❝❛*✲

❡❣♦,✐❡# ♦❢ #*,✉❝*✉,❡# ❛,❡ ❞✐"#$✐❜✉#❡❞ ♦, ❝❡♥#$❛❧✐③❡❞✳ ■♥ *❤❡ ✜,#* ❝❛#❡✱ ❛ *♦*❛❧ ♦,❞❡,✐♥❣

❜❡*✇❡❡♥ ❡✈❡♥*# ❝❛♥ ❜❡ ❛##✉♠❡❞✱ ✇❤✐❝❤ ✐# ♥♦* *,✉❡ ❢♦, *❤❡ #❡❝♦♥❞ ❝❛#❡✳

❼ ❊①♣,❡##✐✈❡♥❡## ,❡E✉✐,❡♠❡♥*# ✐♥❝❧✉❞❡ *❤❡ ❢♦❧❧♦✇✐♥❣✿

✕ '❛"❛♠❡!"✐❝ ♣"♦♣❡"!✐❡- ✕ ✐* ✐# ♣♦##✐❜❧❡ *♦ ❣❡♥❡,❛❧✐③❡ ♣,♦♣❡,*✐❡# ❢♦, ❛ ❣✐✈❡♥ #❡*

♦❢ ❡✈❡♥*# ❛♥❞ ♣❛,❛♠❡*❡,# ❬❈❤❡♥ ✫ ❘♦➩✉ ✷✵✵✾❪✳ ❆# ❛♥ ✐❧❧✉#*,❛*✐♦♥ ♦❢ ♣❛,❛♠❡*,✐❝

♣,♦♣❡,*②✱ ❝♦♥#✐❞❡, ❛ *,❛❝❡ *❤❛* ❝♦♥*❛✐♥# *❤❡ ❝♦♠♠✉♥✐❝❛*✐♦♥# ❜❡*✇❡❡♥ ❛ #✉♣♣❧✐❡,

❛♥❞ ✐*# ❝♦#*✉♠❡,#✳ ❖♥❡ ❝❛♥ #♣❡❝✐❢② ❛ ♣❛,❛♠❡*,✐❝ ♣,♦♣❡,*② *♦ ✈❡,✐❢② ✐❢ ❛ ❣✐✈❡♥

❝♦#*✉♠❡, ✭❞❡✜♥❡❞ ❜② ✐*# ■❉✮ #❡♥❞# ❛ ,❡E✉❡#* *♦ *❤❡ #✉♣♣❧✐❡,✳ ❚❤❡ ♣❛,❛♠❡*,✐❝

♣,♦♣❡,*② ❝❛♥ *❤❡♥ ❜❡ ✐♥#*❛♥*✐❛*❡❞ ❢♦, ❛♥② ❝♦#*✉♠❡, ✉#✐♥❣ ❤✐# ■❉✳

✕ ❙✉❜✲!"❛❝❡ ✈❡"✐✜❝❛!✐♦♥ ✕ ✐* ✐# ♣♦##✐❜❧❡ *♦ #♣❡❝✐❢② *❤❡ #♣❡❝✐✜❝ ♣❛,*# ♦❢ *❤❡ *,❛❝❡#

♦♥ ✇❤✐❝❤ ❛ ♣,♦♣❡,*② #❤♦✉❧❞ ❜❡ ✈❡,✐✜❡❞✳ ❋♦, ❡①❛♠♣❧❡✱ ♦♥❡ ♠❛② #*❛*❡ *❤❛* ❛

♣,♦♣❡,*② *♦ ❝❤❡❝❦ ✐❢ ✏❝♦♠♣♦♥❡♥* A ❤❛# #❡♥* ❛ ,❡E✉❡#*✑ #❤♦✉❧❞ ❜❡ ❡✈❛❧✉❛*❡❞ ✉#✐♥❣

♦♥❧② *❤❡ *,❛❝❡# ♦❢ A✳ ❚❤✐# ❛♣♣,♦❛❝❤ ♠❛❦❡# ✐* ♣♦##✐❜❧❡ *♦ ,❡❞✉❝❡ *❤❡ ❛♠♦✉♥* ♦❢

*,❛❝❡ ✐♥ *❤❡ ✈❡,✐✜❝❛*✐♦♥ ❛♥❞ *♦ ❛♥❛❧②③❡ ❧❛,❣❡, ❧♦❣# ❛* ❛ ,❡❛#♦♥❛❜❧❡ ♣,✐❝❡✳

❼ ❆❧❣♦,✐*❤♠ ,❡E✉✐,❡♠❡♥*# ❝♦♥❝❡,♥ *❤❡ ✇❛② *❤❛* ❛ ❣✐✈❡♥ ♣,♦♣❡,*② ✐# ❡✈❛❧✉❛*❡❞✳ ❚❤❡②

✐♥❝❧✉❞❡ #✉♣♣♦,* *♦✿

✕ ❚✐♠❡❞ ✈❡"✐✜❝❛!✐♦♥ ✕ ✐* ✐# ♣♦##✐❜❧❡ *♦ ❜♦✉♥❞ *❤❡ ♣❡,✐♦❞ ♦❢ *✐♠❡ ❞✉,✐♥❣ ✇❤✐❝❤

❛ ♣,♦♣❡,*② ✐# #✉♣♣♦#❡❞ *♦ ❤♦❧❞ ✭❛♥❞ ✐# ✈❡,✐✜❡❞✮✳ ❚②♣✐❝❛❧❧②✱ *❤✐# ❦✐♥❞ ♦❢ ♣,♦♣❡,*②

✐♥✈♦❧✈❡# ❛ ♥♦*✐♦♥ ♦❢ ❞❡❛❞❧✐♥❡✳

✸✽



✶✳✻✳ ❚❘❆❈❊ ❆◆❆▲❨❙■❙

✕ ❖♥❧✐♥❡✴♦✤✐♥❡ ✈❡*✐✜❝❛.✐♦♥ ✕ !❤❡ ✈❡%✐✜❝❛!✐♦♥ ❛❧❣♦%✐!❤♠ ♠❛② ❜❡ ♣❡%❢♦%♠❡❞

♦♥❧✐♥❡ ♦% ♦✤✐♥❡ ❬▲❡✉❝❦❡% ✫ ❙❝❤❛❧❧❤❛%! ✷✵✵✾❪✳ ❖♥❧✐♥❡ ✈❡%✐✜❝❛!✐♦♥ ✐@ ❝♦♠♠♦♥❧②

✉@❡❞ ✐♥ @✐!✉❛!✐♦♥@ ✇❤❡%❡ ❛ B✉✐❝❦ %❡@♣♦♥@❡ ✐@ ♥❡❝❡@@❛%②✱ ❢♦% ✐♥@!❛♥❝❡✱ ✐♥ ✐♥!%✉@✐♦♥

❞❡!❡❝!✐♦♥✳ ❖✤✐♥❡ ✈❡%✐✜❝❛!✐♦♥ ✐@ ♣%❡❢❡%%❡❞ ✇❤❡♥ !✐♠❡ ✐@ ♥♦! ♦❢ !❤❡ ❡@@❡♥❝❡✱ ❢♦%

✐♥@!❛♥❝❡ ✐♥ ❞✐❛❣♥♦@✐@✳ ■♥ ❣❡♥❡%❛❧✱ @♦❧✉!✐♦♥@ !❤❛! @✉♣♣♦%! ♦♥❧✐♥❡ ✈❡%✐✜❝❛!✐♦♥ !❛❦❡

✐♥!♦ ❛❝❝♦✉♥! ❢✉(✉)❡ ✐♥❝♦♠♣❧❡(❡♥❡-- ✐♥ !%❛❝❡@ ❜❡❝❛✉@❡ ❢✉!✉%❡ ❡✈❡♥!@ ♠❛② ❝❤❛♥❣❡

!❤❡ ✈❛❧✉❡ ♦❢ ❛ ♣%♦♣❡%!②✳

❆ ❧❛%❣❡ ♣❛%! ♦❢ !❤❡ ❜♦❞② ♦❢ ✇♦%❦ ♦♥ !%❛❝❡ ❛♥❛❧②@✐@ %❡❢❡%@ !♦ ▲❚▲ !♦ @!❛!❡ ♣%♦♣❡%!✐❡@

♦✈❡% !%❛❝❡@✳ ■♥ !❤❡ ❢♦❧❧♦✇✐♥❣ @❡❝!✐♦♥ ✇❡ ♣%♦✈✐❞❡ ❛ ❜%✐❡❢ %❡✈✐❡✇ ♦❢ ▲❚▲ ❛♥❞ ✐!@ ❛♣♣❧✐❝❛!✐♦♥

!♦ ❡①♣%❡@@ ♣%♦♣❡%!✐❡@ ♦✈❡% !%❛❝❡@✳ ❋✐♥❛❧❧②✱ ✇❡ @✉♠♠❛%✐③❡ !❤❡ ❢❡❛!✉%❡@ ♦❢ !❤❡ ♠❛✐♥ !%❛❝❡

❛♥❛❧②@✐@ @♦❧✉!✐♦♥@ ♣%♦♣♦@❡❞ ✐♥ !❤❡ ❧✐!❡%❛!✉%❡ ❛♥❞ ✇❡ ❛@@❡@@ !❤❡♠ ❜② !❤❡ ②❛%❞@!✐❝❦@ ♦❢ !❤❡

❛❜♦✈❡ @❡! ♦❢ %❡B✉✐%❡♠❡♥!@✳

✶✳✻✳✸ ▲❚▲ ❘❡✈✐❡✇

▲✐♥❡❛% ❚❡♠♣♦%❛❧ ▲♦❣✐❝ ✭▲❚▲✮ ✐@ ❛ ❧♦❣✐❝ ✐♥!%♦❞✉❝❡❞ ❜② M♥✉❡❧✐ ❬M♥✉❡❧✐ ✶✾✼✼❪ !❤❛! ❛❧❧♦✇@

%❡❛@♦♥✐♥❣ ❛❜♦✉! !❡♠♣♦%❛❧ ❝♦♥❞✐!✐♦♥@ ♦✈❡% @❡B✉❡♥❝❡@✳ ❋♦% ❡①❛♠♣❧❡✱ ✐♥ ▲❚▲ ✐! ✐@ ♣♦@@✐❜❧❡

!♦ ❡①♣%❡@@✐♥❣ !❤❛! ✏@♦♠❡ ❡✈❡♥! ♦❝❝✉%@ ✐♥ !❤❡ ❢✉!✉%❡✑ ♦% ✏@♦♠❡ ❡✈❡♥! ❞♦❡@ ♥♦! ♦❝❝✉% ✉♥!✐❧

❛♥♦!❤❡% ❡✈❡♥! ♦❝❝✉%✑✳ ▲❚▲ ✇❛@ ✐♥✐!✐❛❧❧② ♣%♦♣♦@❡❞ !♦ ❞❡@❝%✐❜❡ !❤❡ ❜❡❤❛✈✐♦% ♦❢ @②@!❡♠@ ♦✈❡%

✐♥✜♥✐!❡ @❡B✉❡♥❝❡@ ♦❢ @!❛!❡@ ✐♥ ❛ ❝♦♠♣✉!❡% @②@!❡♠✱ ❜✉! ✐! ❝❛♥ ❛❧@♦ ❜❡ ✉@❡❞ !♦ ✈❡%✐❢② ♣%♦♣❡%!✐❡@

♦✈❡% ✜♥✐!❡ @❡B✉❡♥❝❡@ ♦❢ ❡✈❡♥!@ ✐♥ ❛ !%❛❝❡ ❬❇♦❧❧✐❣ ✫ ▲❡✉❝❦❡% ✷✵✵✸✱ ❇❛✉❡% ❡! ❛❧✳ ✷✵✶✶❪✳

▲❚▲ ❡①!❡♥❞@ ♣%♦♣♦@✐!✐♦♥❛❧ ❧♦❣✐❝ ✐♥❝❧✉❞✐♥❣ !❤❡ !❡♠♣♦%❛❧ ♦♣❡%❛!♦%@ ♥❡①(✱ ❡✈❡♥(✉❛❧❧②✱ ❣❧♦❜✲

❛❧❧② ❛♥❞ ✉♥(✐❧✳ ❚❤❡@❡ ♦♣❡%❛!♦%@ ❛%❡ ❞❡✜♥❡❞ ❛@ ❢♦❧❧♦✇@✿
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❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

▲❡" φ ❛♥❞ ψ ❜❡ ♣(♦♣❡("✐❡+ ✐♥ ♣(♦♣♦+✐"✐♦♥❛❧ ❧♦❣✐❝ ❛♥❞ T ❛ "(❛❝❡✳ ❲❡ ♥♦"❡ T |= φ "♦ +"❛"❡
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'0❛❝❡✳ ❋♦0 ❡①❛♠♣❧❡ '❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛''❡0♥ *'❛'❡* '❤❛' ❛♥ ■♥♣✉% ❡✈❡♥' ✇✐'❤ ❛ ♣❛0❛♠❡'❡0 ✭❛

♥✉♠❜❡0 0❡♣0❡*❡♥'✐♥❣ ❛♥ ✐❞❡♥'✐✜❡0✮ *❤♦✉❧❞ ❜❡ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ❖✉%♣✉% ❡✈❡♥' ✇✐'❤ '❤❡ *❛♠❡

♣❛0❛♠❡'❡0✳

♣❛%%❡.♥ - ✭✐❞✿❬✵✲✾❪✰✮ ④❵■♥♣✉% ✩✐❞✬ ❀ ❵❖✉%♣✉% ✩✐❞✬ ⑥

✇❤❡0❡ '❤❡ ❝♦♥♥❡❝'♦0 ✏❀✑ *'❛'❡* '❤❛' ❛♥② ♥✉♠❜❡0 ♦❢ ❡✈❡♥'* ♠❛② ❛♣♣❡❛0 ❜❡'✇❡❡♥ '❤❡ '✇♦

❡✈❡♥'*✳

❊①♣0❡**✐♦♥* ❝❛♥ ❛❧*♦ ❞❡✜♥❡ '✐♠❡ ❧✐♠✐'* '❤❛' ✐♠♣♦*❡ '❤❡ ♠❛①✐♠✉♠ '✐♠❡ ❢♦0 ✇❤✐❝❤ ❝♦♥✲

❞✐'✐♦♥* *❤♦✉❧❞ ❜❡ ❡✈❛❧✉❛'❡❞✳ ❋♦0 ❡①❛♠♣❧❡✱ '❤❡ ❡①♣0❡**✐♦♥ ✯✦■♥♣✉% 0❡♣0❡*❡♥'* '❤❡ ❧♦♥❣❡*'

✹✶



❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

 ❡"✉❡♥❝❡ ♦❢ ■♥♣✉$ ❡✈❡♥) ❛♥❞ ✐) ♠❛② ♥❡✈❡/ )❡/♠✐♥❛)❡  ✐♥❝❡ ♦♥❡ ❝❛♥ ✇❛✐) ❢♦/ ♠♦/❡ ❡✈❡♥) 

)♦ ♦❝❝✉/✳ ❖♥❡  ♦❧✉)✐♦♥ ✐ )♦ ✉ ❡ )❤❡ ❡①♣/❡  ✐♦♥ ✯✦■♥♣✉$ ✐♥ ✭✸✻✵✵✱✸✵✵✮ )❤❛) )❡/♠✐♥❛)❡ 

)❤❡ ♠❛)❝❤✐♥❣ ✐♥ ❛♥ ❤♦✉/ ✭✸✻✵✵  ❡❝♦♥❞ ✮ ♦/ ✇❤❡♥❡✈❡/ ❛♥② ♥❡✇ ❡✈❡♥) ❞♦ ♥♦) ♦❝❝✉/ ✐♥ ❛ ✸✵✵

 ❡❝♦♥❞ ♣❡/✐♦❞✳

❚❤❡ ❢❡❛)✉/❡ ♦❢ )❤✐ ♣/♦♣♦ ❛❧ ❛/❡  ✉♠♠❛/✐③❡❞ ✐♥ )❤❡ ❢♦❧❧♦✇✐♥❣ )❛❜❧❡✿

A/♦♣♦ ❛❧ ❚/❛❝❡ A❛/❛♠❡)/✐❝ ❙✉❜✲)/❛❝❡ ❚✐♠❡❞ ❖♥❧✐♥❡✴❖✤✐♥❡

 )/✉❝)✉/❡ ♣/♦♣❡/)✐❡ ✈❡/✐✜❝❛)✐♦♥ ❱❡/✐✜❝❛)✐♦♥ ❱❡/✐✜❝❛)✐♦♥

❚❇▲ ❝❡♥)/❛❧✐③❡❞ ②❡ ♥♦ ②❡ ♦✤✐♥❡

✶✳✻✳✻ ▲❚▲3 ❛♥❞ ❚▲❚▲3

❬❇❛✉❡/ ❡) ❛❧✳ ✷✵✶✶❪ ❞❡✜♥❡ ❛♥ ❛❧❣♦/✐)❤♠ ❢♦/ ♦♥❧✐♥❡ ✈❡/✐✜❝❛)✐♦♥ ♦❢ ♣/♦♣❡/)✐❡ ✇/✐))❡♥ ✐♥ ▲❚▲

❛♥❞ ❚▲❚▲✳ A/♦♣❡/)✐❡ ❛/❡ ❡✈❛❧✉❛)❡❞ ✉ ✐♥❣ )❤/❡❡✲✈❛❧✉❡ ❧♦❣✐❝ ✱ ❝❛❧❧❡❞ ▲❚▲3 ❛♥❞ ❚▲❚▲3 ✇❤❡/❡

♣/♦♣❡/)✐❡ ❝❛♥ ❜❡ ❡✈❛❧✉❛)❡❞ )♦ ❡✐)❤❡/ ❵)/✉❡✬✱ ❵❢❛❧ ❡✬ ♦/ ❵✉♥❦♥♦✇♥✬✳ ❆ ♣/♦♣❡/)② ✐ ❡✈❛❧✉❛)❡❞

)♦ ❵✉♥❦♥♦✇♥✬ ✇❤❡♥❡✈❡/ ✐) ✐ ♥♦) ♣♦  ✐❜❧❡ )♦ ❦♥♦✇ ✐) ✈❛❧✉❡ ❜❡❝❛✉ ❡ ❡✈❡♥) ✐♥ )❤❡ ❢✉)✉/❡

♠❛② ❝❤❛♥❣❡ )❤❡ ✈❛❧✉❡ ♦❢ )❤❡ ♣/♦♣❡/)②✳ ❋♦/ ❡①❛♠♣❧❡✱ )❤❡ ♣/♦♣❡/)② φ = ♦evA ❤♦❧❞ ❢♦/

T =< evA >✱ ❜✉) φ ✐ ✉♥❦♥♦✇♥ ❢♦/ T ′ =< evB > ❜❡❝❛✉ ❡ evA ♠❛②  )✐❧❧ ♦❝❝✉/ ✐♥ )❤❡ ❢✉)✉/❡✳

❚❤❡ ❛✉)❤♦/ ❛❧ ♦ ♣/♦♣♦ ❡ )❤❡ ✉ ❡ ♦❢ ❛ ❢♦✉/✲✈❛❧✉❡ ❧♦❣✐❝ ❢♦/ ♣/♦♣❡/)② ✈❡/✐✜❝❛)✐♦♥✳ ■♥ )❤✐ 

❛♣♣/♦❛❝❤✱ ♣/♦♣❡/)✐❡ ❝❛♥ ❜❡ ❡✈❛❧✉❛)❡❞ )♦ ❵)/✉❡✬✱ ❵❢❛❧ ❡✬✱ ❵♣/❡ ✉♠❛❜❧② )/✉❡✬ ♦/ ❵♣/❡ ✉♠❛❜❧②

❢❛❧ ❡✬✳ ❚❤❡ ✐❞❡❛ ✐ )❤❛)✱ ✐❢ )❤❡ /❡ ✉❧) ♦❢ ❡✈❛❧✉❛)✐♥❣ ❛ ❣✐✈❡♥ ♣/♦♣❡/)② ✐ ✉♥❦♥♦✇♥✱ )❤❡♥ )❤❡

✈❛❧✉❡ ❵♣/❡ ✉♠❛❜❧② )/✉❡✬ ♦/ ❵♣/❡ ✉♠❛❜❧② ❢❛❧ ❡✬ ✐♥❞✐❝❛)❡ ✇❤❛) ✇♦✉❧❞ ❜❡ )❤❡ /❡ ✉❧) ✐❢ )❤❡

❡①❡❝✉)✐♦♥ ❤❛❞ ❜❡❡♥ ✜♥✐ ❤❡❞✳ ❋♦/ ❡①❛♠♣❧❡✱ ❝♦♥ ✐❞❡/ )❤❡  ✐♠♣❧❡ ♣/♦♣❡/)② φ = ♦evA )❤❛)

❤♦❧❞ ✐❢ evA ♦❝❝✉/ ❡✈❡♥)✉❛❧❧② ❛♥❞ )❤❡ )/❛❝❡ T =< evB >✳ ❚❤❡ ❡✈❛❧✉❛)✐♦♥ ♦❢ φ ❢♦/ T ✐ 

❵♣/❡ ✉♠❛❜❧② ❢❛❧ ❡✬ ❜❡❝❛✉ ❡ ✐❢ )❤❡ ❡①❡❝✉)✐♦♥ ✜♥✐ ❤❡ )❤❡♥ φ ❞♦❡ ♥♦) ❤♦❧❞ ❢♦/ T ❀ ❤♦✇❡✈❡/

❢✉)✉/❡ ❡✈❡♥) ♠❛② ❝❤❛♥❣❡ )❤❡ ✈❛❧✉❡ ♦❢ φ✳ ❚❤✐ ✐❞❡❛ ✐♥ ✉ ❡❞ ✐♥ ❬❋❛❧❝♦♥❡ ❡) ❛❧✳ ✷✵✵✾❪ ❢♦/ ♦♥❧✐♥❡

✈❡/✐✜❝❛)✐♦♥ ♦❢  ❡❝✉/✐)② ♣/♦♣❡/)✐❡ ✇/✐))❡♥ ✐♥ ▲❚▲ ❛♥❞ ❚▲❚▲✳

❚❤❡ ❢❡❛)✉/❡ ♦❢ )❤✐ ♣/♦♣♦ ❛❧ ❛/❡  ✉♠♠❛/✐③❡❞ ✐♥ )❤❡ ❢♦❧❧♦✇✐♥❣ )❛❜❧❡✿

A/♦♣♦ ❛❧ ❚/❛❝❡ A❛/❛♠❡)/✐❝ ❙✉❜✲)/❛❝❡ ❚✐♠❡❞ ❖♥❧✐♥❡✴❖✤✐♥❡

 )/✉❝)✉/❡ ♣/♦♣❡/)✐❡ ✈❡/✐✜❝❛)✐♦♥ ❱❡/✐✜❝❛)✐♦♥ ❱❡/✐✜❝❛)✐♦♥

▲❚▲3 ❝❡♥)/❛❧✐③❡❞ ♥♦ ♥♦ ♥♦ ♦♥❧✐♥❡

❚▲❚▲3 ❝❡♥)/❛❧✐③❡❞ ♥♦ ♥♦ ②❡ ♦♥❧✐♥❡

✶✳✻✳✼ ❘✉❧❡❘ ❛♥❞ ▲♦❣❙❝♦♣❡

❘✉❧❡❘ ❬❇❛//✐♥❣❡/ ❡) ❛❧✳ ✷✵✶✵❜✱ ❇❛//✐♥❣❡/ ❡) ❛❧✳ ✷✵✵✼❪ ✐ ❛ /✉❧❡✲❜❛ ❡❞  ② )❡♠ ❞❡❞✐❝❛)❡❞ )♦

/✉♥)✐♠❡ ✈❡/✐✜❝❛)✐♦♥✱ )❤❛) ✇❛ ✉ ❡❞ )♦  ✉♣♣♦/) )❡ )✐♥❣ ♦❢  ♣❛❝❡❝/❛❢) ✢✐❣❤)  ♦❢)✇❛/❡ ❢♦/ )❤❡

▼❛/ ♠✐  ✐♦♥ ♦❢ ◆❆❙❆✳

■♥ ❘✉❧❡❘✱ ❛  ♣❡❝✐✜❝❛)✐♦♥ ✐ ❛  ❡) ♦❢ /✉❧❡ ✱ ❡❛❝❤ ♦♥❡ ♦❢ )❤❡ ❢♦/♠ ♥❛♠❡✿❝♦♥❞ ✲❃ ❜♦❞②

✇❤✐❝❤ /❡♣/❡ ❡♥) ❛ ♥❛♠❡ ✭♥❛♠❡✮✱ ❝♦♥❞✐)✐♦♥ ✭❝♦♥❞✮ ❛♥❞ ❛ ❜♦❞② ✭❜♦❞②✮ ✐♥❞✐❝❛)✐♥❣ )❤❛)✱ ✐❢ )❤❡
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❝♦♥❞✐%✐♦♥ ✐& &❛%✐&✜❡❞ %❤❡♥ %❤❡ ❜♦❞② &❤♦✉❧❞ ❜❡ &❛%✐&✜❡❞✳ ❋♦1 ❡①❛♠♣❧❡✱ %❤❡ ❢♦❧❧♦✇✐♥❣ 1✉❧❡&

❝❤❡❝❦ %❤❛% ♦♥❧② ♦♣❡♥❡❞ ✜❧❡& ❛1❡ ❝❧♦&❡❞✿

◆❛♠❡ ❈♦♥❞✐)✐♦♥ ❇♦❞②

❙!❛#!✿ ♦♣❡♥❋✐❧❡✭❢✿♦❜❥✮ ✲❃ ❚#❛❝❦✭❢✮❀

❚#❛❝❦✭❢✿♦❜❥✮✿ ✦❝❧♦8❡❋✐❧❡✭❢✮ ✲❃ ❚#❛❝❦✭❢✮❀

❈❧♦8❡✿ ❝❧♦8❡❋✐❧❡✭❢✿♦❜❥✮✱✦❚#❛❝❦✭❢✮ ✲❃ ♣#✐♥!✭❵❊##♦# ✐♥✿✬ ✰ ❢✮❀

❚❤❡ 1✉❧❡ ❙!❛#! &%❛%❡& %❤❛% ♦♥❝❡ ♦♣❡♥❋✐❧❡ ♦❝❝✉1& %❤❡ 1✉❧❡ ❚#❛❝❦ ✐& ❛❝%✐✈❛%❡❞✳ ❚❤❡ 1✉❧❡

❚#❛❝❦ &%❛%❡& %❤❛% %❤❡ 1✉❧❡ &%❛②& ❛❝%✐✈❡ ✇❤✐❧❡ ❝❧♦8❡❋✐❧❡ ❞♦❡& ♥♦% ♦❝❝✉1✳ ❋✐♥❛❧❧②✱ %❤❡ 1✉❧❡

❈❧♦8❡ &%❛%❡& %❤❛% ✐❢ ❝❧♦8❡❋✐❧❡ ♦❝❝✉1& ❛♥❞ %❤❡ 1✉❧❡ ❚#❛❝❦ ✐& ♥♦% ❛❝%✐✈❡ %❤❡♥ ❛♥ ❡11♦1 ✐&

♣1✐♥%❡❞✳

❚❤❡ ❛✉%❤♦1& ❛❧&♦ &❤♦✇ %❤❛% ❘✉❧❡❘ ❝❛♥ ❡①♣1❡&& ❛ ✇✐❞❡ 1❛♥❣❡ ♦❢ %❡♠♣♦1❛❧ ❧♦❣✐❝& ✭&✉❝❤

❛& ▲❚▲✮ ❛♥❞ %❤❡② ♣1♦✈✐❞❡ ❛ ♣1♦%♦%②♣❡ ✐♠♣❧❡♠❡♥%❛%✐♦♥ ♦❢ ❛ ✈❡1✐✜❝❛%✐♦♥ ❛❧❣♦1✐%❤♠ %❤❛% ❝❛♥

❜❡ ❛♣♣❧✐❡❞ ❡✐%❤❡1 ♦✤✐♥❡ ♦1 ♦♥❧✐♥❡✳ ❙✐♠✐❧❛1❧② %♦ LTL3 ✭❙❡❝%✐♦♥ ✶✳✻✳✻✮✱ %♦ ♣❡1❢♦1♠ ♦♥❧✐♥❡

✈❡1✐✜❝❛%✐♦♥ ❘✉❧❡❘ ✉&❡& ❛ ❢♦✉1✲✈❛❧✉❡ ❧♦❣✐❝✱ ✇❤❡1❡ %❤❡ ✈❛❧✉❡& ❵&%✐❧❧ %1✉❡✬ ❛♥❞ ❵&%✐❧❧ ❢❛❧&❡✬ ❝♦1✲
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?!♦♣❡!*✐❡) ❛!❡ ❡①♣!❡))❡❞ ✉)✐♥❣ ❛ ❧♦❣✐❝ *❤❛* ✐♥❝❧✉❞❡) *❤❡ ♠❛✐♥ ♠♦❞❛❧✐*✐❡) ♦❢ ♣!♦♣♦)✐*✐♦♥❛❧

❧♦❣✐❝✳ ❚♦ ❡♥)✉!❡ ❞❡❝✐❞❛❜✐❧✐*② ❛♥❞ ❡✣❝✐❡♥❝② ♦❢ *❤❡ ✈❡!✐✜❝❛*✐♦♥ ❛❧❣♦!✐*❤♠✱ *❤❡ ❛✉*❤♦!) ✐♠♣♦)❡

*❤❛* ❜♦✉♥❞❡❞ Z✉❛♥*✐✜❝❛*✐♦♥) *❛❦❡ *❤❡ ❢♦!♠) ∀x.(c ⇔ φ) ❛♥❞ ∃x.(c ∧ φ)✱ ✇❤❡!❡ c ❞❡✜♥❡)

*❤❡ )❝♦♣❡ ♦❢ *❤❡ ✈❛!✐❛❜❧❡ x ❛♥❞ ✐* ❤❛) ❛ ❧✐♠✐*❡❞ )②♥*❛① ✇❤❡!❡ Z✉❛♥*✐✜❡!) ❛♥❞ ✐♠♣❧✐❝❛*✐♦♥)

❛!❡ ♥♦* ❛❧❧♦✇❡❞✳ ■♥ ❬❉❡❨♦✉♥❣ ❡* ❛❧✳ ✷✵✶✵❪✱ *❤❡ ❛✉*❤♦!) )❤♦✇ *❤❛* *❤✐) ❧✐♠✐*❡❞ ❧♦❣✐❝ ♠❛❦❡ ✐*

✹✹



✶✳✻✳ ❚❘❆❈❊ ❆◆❆▲❨❙■❙

♣♦""✐❜❧❡ '♦ ❡①♣)❡"" '❡♠♣♦)❛❧ ♣)♦♣♦"✐'✐♦♥" ✐♥❝❧✉❞✐♥❣ ❛❧❧ ♠♦❞❛❧✐'✐❡" ♦❢ ▲❚▲ ✇✐'❤ '❤❡ ❛❞❞✐'✐♦♥

♦❢ )❡❛❧✲'✐♠❡ ❝♦♥"')❛✐♥'"✳

❚❤❡ ♠❛✐♥ ❝♦♥')✐❜✉'✐♦♥ ♦❢ '❤✐" ❛♣♣)♦❛❝❤ ✐" ❛ ♣)♦❝❡❞✉)❡ '♦ ❡✈❛❧✉❛'❡ ♣)♦♣❡)'✐❡" ❢♦) ✐♥✲

❝♦♠♣❧❡'❡ ')❛❝❡"✱ ♥❛♠❡❞  ❡❞✉❝❡✳ ❚❤❡ ✈❡)✐✜❝❛'✐♦♥ ✐" ❜❛"❡❞ ♦♥ ❛ '❤)❡❡✲✈❛❧✉❡ ❧♦❣✐❝✱ "✐♠✐❧❛) '♦

LTL3 ✭❙❡❝'✐♦♥ ✶✳✻✳✻✮✳ ❍♦✇❡✈❡)✱ ❜❡"✐❞❡" ❡✈❛❧✉❛'✐♦♥ ♦❢ ♣)♦♣❡)'✐❡" ❢✉'✉)❡ ❡✈❡♥'"✱ ❛ ♣)♦♣❡)'②

♠❛② ❛❧"♦ ❡✈❛❧✉❛'❡ '♦ ❵✉♥❦♥♦✇♥✬ ❞✉❡ '♦  ♣❛#✐❛❧ ✐♥❝♦♠♣❧❡#❡♥❡  ❛♥❞  ✉❜❥❡❝#✐✈❡ ✐♥❝♦♠♣❧❡#❡✲

♥❡  ✳ ❙♣❛'✐❛❧ ✐♥❝♦♠♣❧❡'❡♥❡"" ❤❛♣♣❡♥" ✇❤❡♥ "♦♠❡ ')❛❝❡" ❛)❡ "'♦)❡❞ ♦♥ ♥♦♥✲❛✈❛✐❧❛❜❧❡ ♣❤②"✐❝❛❧

"✐'❡"✳ ❋♦) ❡①❛♠♣❧❡✱ '❤❡ ♣)♦♣❡)'② ✏'❤❡ ❲❡❜"❡)✈❡) )❡❝❡✐✈❡" '❤❡ )❡H✉❡"'✑ ♠❛② ❜❡ ❡✈❛❧✉❛'❡❞ '♦

❵✉♥❦♥♦✇♥✬ ✐❢ '❤❡ ')❛❝❡ ♦❢ '❤❡ ❲❡❜"❡)✈❡) ✐" ♥♦' ❛✈❛✐❧❛❜❧❡✳ ❙✉❜❥❡❝'✐✈❡ ✐♥❝♦♠♣❧❡'❡♥❡"" ❤❛♣♣❡♥"

✇❤❡♥ "♦♠❡ "♦♠❡ ♣)❡❞✐❝❛'❡ ♦❢ '❤❡ ♣)♦♣❡)'✐❡" )❡❧② ♦♥ ❤✉♠❛♥ ❥✉❞❣♠❡♥'✳ ❋♦) ❡①❛♠♣❧❡✱ ❛ ♣)♦♣✲

❡)'② "'❛'✐♥❣ ❝♦♥❞✐'✐♦♥" ❛❜♦✉' ♣❡)"♦♥❛❧ ♠❡❞✐❝❛❧ ✐♥❢♦)♠❛'✐♦♥ ♦❢ ♣❛'✐❡♥'" ♠❛② ❜❡ ❡✈❛❧✉❛'❡❞ '♦

❵✉♥❦♥♦✇♥✬ ❜❡❝❛✉"❡ "✉❝❤ ✐♥❢♦)♠❛'✐♦♥ ✐" ♥♦' ♣)❡"❡♥' ✐♥ '❤❡ ')❛❝❡" ❞✉❡ '♦ ♣)✐✈❛❝② ✐""✉❡"✳

❚❤❡  ❡❞✉❝❡ ♣)♦❝❡❞✉)❡ ✇♦)❦" ❜② )❡❞✉❝✐♥❣ ❛ ♣♦❧✐❝② φ ❢♦) ❛ ')❛❝❡ T '♦ ❡✐'❤❡) ❛ ❜♦♦❧❡❛♥

✈❛❧✉❡ ♦) '♦ ❛ )❡❞✉❝❡❞ ✈❡)"✐♦♥ ♦❢ φ✱ ✇❤✐❝❤ ❝♦♥'❛✐♥" ♦♥❧② ♣)❡❞✐❝❛'❡" '❤❛' ❡✈❛❧✉❛'❡ '♦ ✉♥❦♥♦✇♥✳

❋♦) ❡①❛♠♣❧❡✱ ❝♦♥"✐❞❡) '❤❡ ♣)♦♣❡)'② φ ❂ ❡①✐()( )✳✭) ❁ ✺ ❛♥❞ (❡♥❞✭❙✱❘✱❵♦♣❡♥✬✱)✮ ❛♥❞

(❡♥❞✭❙✱❘✱❵❝❧♦(❡✬✱)✮✮ ❛♥❞ '❤❡ ')❛❝❡ T ❂ ❁(❡♥❞✭❙✱❘✱❵♦♣❡♥✬✱✹✮❃✳ ❚❤❡ )❡"✉❧' ♦❢ ❛♣♣❧②✲

✐♥❣  ❡❞✉❝❡✭φ, T✮ ✐" '❤❡ )❡❞✉❝❡❞ ❢♦)♠ φ′ ❂ ❡①✐()( )✳✭) ❁ ✺ ❛♥❞ (❡♥❞✭❙✱❘✱❵❝❧♦(❡✬✱)✮✮

"✐♥❝❡ ✐' )❡♠❛✐♥" ✉♥❦♥♦✇♥ ✐❢ (❡♥❞✭❙✱❘✱❵❝❧♦(❡✬✱)✮ ♠❛② "'✐❧❧ ♦❝❝✉)✳ ❚❤❡ )❡"✉❧'✐♥❣ ♣♦❧✐❝✐❡"

❝❛♥ ❜❡ ✈❡)✐✜❡❞ ✐♥❝)❡♠❡♥'❛❧❧② ✇✐'❤ ❛❞❞✐'✐♦♥❛❧ ')❛❝❡" ✉♥'✐❧ '❤❡ ♣♦✐♥' '❤❛' ')✉❡✴❢❛❧"❡ ❡✈❛❧✲

✉❛'✐♦♥ ✐" ♦❜'❛✐♥❡❞ ♦) '❤❡ ♣♦❧✐❝② "❤♦✉❧❞ ❜❡ ❛♥❛❧②③❡❞ ❜② ❛♥ ❡①♣❡)' ✭✐♥ ❝❛"❡ ♦❢ "✉❜❥❡❝'✐✈❡

✐♥❝♦♠♣❧❡'❡♥❡""✮✳

❚❤❡ ❢❡❛'✉)❡" ♦❢ '❤✐" ♣)♦♣♦"❛❧ ❛)❡ "✉♠♠❛)✐③❡❞ ✐♥ '❤❡ ❢♦❧❧♦✇✐♥❣ '❛❜❧❡✿

N)♦♣♦"❛❧ ❚)❛❝❡ N❛)❛♠❡')✐❝ ❙✉❜✲')❛❝❡ ❚✐♠❡❞ ❖♥❧✐♥❡✴❖✤✐♥❡

"')✉❝'✉)❡ ♣)♦♣❡)'✐❡" ✈❡)✐✜❝❛'✐♦♥ ❱❡)✐✜❝❛'✐♦♥ ❱❡)✐✜❝❛'✐♦♥

 ❡❞✉❝❡ ❝❡♥')❛❧✐③❡❞ ♥♦ ♥♦ ②❡" ♦✤✐♥❡

✶✳✻✳✶✵ ❖❜❥❡❝)●❊❖❉❊

❬❍❛❧❧❛❧ ❡' ❛❧✳ ✷✵✵✸✱ ❍❛❧❧❛❧ ❡' ❛❧✳ ✷✵✵✻❪ ❞❡"❝)✐❜❡ ❖❜❥❡❝'●❊❖❉❊✱ ❛ '♦♦❧ ✉"❡❞ ❜② ❙✐❡♠❡♥" '♦

❛♥❛❧②③❡ ❝♦♠♠✉♥✐❝❛'✐♦♥ ♣)♦'♦❝♦❧" ♣)♦♣❡)'✐❡"✳ ❖♥❡ ♦❢ '❤❡ ❦❡② ❢❡❛'✉)❡" ♦❢ '❤✐" ❛♣♣)♦❛❝❤ ✐"

'❤❡ ✈❡)✐✜❝❛'✐♦♥ ♦❢ ♣)♦♣❡)'✐❡" ❢♦) ❞✐"')✐❜✉'❡❞ ')❛❝❡"✳

■♥ ❛ ')❛❝❡✱ ❡✈❡♥'" '❛❦❡ '❤❡ ❢♦)♠ (send, Pi, Pj ,m) )❡♣)❡"❡♥'✐♥❣ Pi "❡♥❞✐♥❣ ♠❡""❛❣❡ m '♦

Pj ✱ (rec, Pi, Pj ,m) )❡♣)❡"❡♥'✐♥❣m✬" )❡❝❡♣'✐♦♥✱ ♦) (rdv, Pi, Pj) ❢♦) ❛ "②♥❝❤)♦♥✐③❛'✐♦♥ ✭)❡♥❞❡③✲
✈♦✉"✮ ❡✈❡♥' ❜❡'✇❡❡♥ Pi ❛♥❞ Pj ✳ ❚)❛❝❡" ❛)❡ )❡♣)❡"❡♥'❡❞ ❜② ❛✉'♦♠❛'❛ ✇❤❡)❡ "'❛'❡ ')❛♥"✐'✐♦♥"

❝♦))❡"♣♦♥❞ ❝♦♠♠✉♥✐❝❛'✐♦♥" ❜❡'✇❡❡♥ ♣)♦❝❡""❡" ❛♥❞ ❛)❡ ❧❛❜❡❧❡❞ ❜② '❤❡ ❝♦))❡"♣♦♥❞✐♥❣ ❡✈❡♥'✳

❋♦) ❡①❛♠♣❧❡✱ ❝♦♥"✐❞❡) '❤❡ ❢♦❧❧♦✇✐♥❣ ')❛❝❡"✿

Trace1✿ (send, P1, P2, a), (send, P1, P3, a)
Trace2✿ (rec, P1, P2, a)

❚❤❡"❡ ')❛❝❡" ❛)❡ )❡♣)❡"❡♥'❡❞ ❜② '❤❡ ❢♦❧❧♦✇✐♥❣ ❛✉'♦♠❛'♦♥✿

✹✺



❈❍❆#❚❊❘ ✶✳ ❈❖◆❚❊❳❚ ❆◆❉ ❙❚❆❚❊ ❖❋ ❚❍❊ ❆❘❚

❚❤✐# ❛✉&♦♠❛&♦♥✲❜❛#❡❞ #♣❡❝✐✜❝❛&✐♦♥ ❛❧❧♦✇# &❤❡ ✉#❡ ♦❢ ♠♦❞❡❧ ❝❤❡❝❦✐♥❣ &♦♦❧# &♦ ♣6♦❞✉❝❡

&❤❡  ❝❡♥❛%✐♦ &❤❛& ❝♦66❡#♣♦♥❞ &♦ ❛ ♣♦##✐❜❧❡ &♦&❛❧ ♦6❞❡6 ♦❢ &❤❡ ❡✈❡♥&#✳ ❋♦6 ❡①❛♠♣❧❡✱ &❤❡

❛❜♦✈❡ ❛✉&♦♠❛&♦♥ ♣6♦❞✉❝❡# &❤❡ ❢♦❧❧♦✇✐♥❣ &✇♦ #❝❡♥❛6✐♦#✿

Scenario1✿ (send, P1, P2, a), (send, P1, P3, a), (rec, P1, P2, a)
Scenario2✿ (send, P1, P2, a), (rec, P1, P2, a), (send, P1, P3, a)

❚❤❡ ✈❡6✐✜❝❛&✐♦♥ ♦❢ ❛ ♣6♦♣❡6&② ❢♦6 ❛ #❡& ♦❢ &6❛❝❡# ❝♦♥#✐#&# ♦❢ ❝♦♠♣✉&✐♥❣ ❛❧❧ #❝❡♥❛6✐♦# ❛♥❞

❡✈❛❧✉❛&✐♥❣ &❤❡ ♣6♦♣❡6&② ❢♦6 ❡❛❝❤ #❝❡♥❛6✐♦✳ ❚❤❡ 6❡#✉❧& ♦❢ &❤❡ ❡✈❛❧✉❛&✐♦♥ ✐# &✇♦ #❡&# ❝♦♥&❛✐♥✐♥❣

&❤❡ #❝❡♥❛6✐♦# ✇❤❡6❡ &❤❡ ♣6♦♣❡6&② ❤♦❧❞# ♦6 ♥♦&✳

❚❤❡ ❢❡❛&✉6❡# ♦❢ &❤✐# ♣6♦♣♦#❛❧ ❛6❡ #✉♠♠❛6✐③❡❞ ✐♥ &❤❡ ❢♦❧❧♦✇✐♥❣ &❛❜❧❡✿

?6♦♣♦#❛❧ ❚6❛❝❡ ?❛6❛♠❡&6✐❝ ❙✉❜✲&6❛❝❡ ❚✐♠❡❞ ❖♥❧✐♥❡✴❖✤✐♥❡

#&6✉❝&✉6❡ ♣6♦♣❡6&✐❡# ✈❡6✐✜❝❛&✐♦♥ ❱❡6✐✜❝❛&✐♦♥ ❱❡6✐✜❝❛&✐♦♥

❖❜❥❡❝&●❊❖❉❊ ❞✐#&6✐❜✉&❡❞ ♥♦ ♥♦ ♥♦ ♦✤✐♥❡

✶✳✻✳✶✶ ❚$❡❡✲❜❛)❡❞ ❆♥❛❧②)✐) ♦❢ ❚$❛❝❡)

❬❙❛❧❡❤ ❡& ❛❧✳ ✷✵✵✼✱ ❆6❛#&❡❤ ❡& ❛❧✳ ✷✵✵✼❪ ❞❡✜♥❡ ❛ ❢6❛♠❡✇♦6❦ ❢♦6 ❢♦6❡♥#✐❝ ❛♥❛❧②#✐# ❜❛#❡❞ ♦♥ ❛

❜6❛♥❝❤✐♥❣✲&✐♠❡ ❧♦❣✐❝ &♦ ✈❡6✐❢② ♣6♦♣❡6&✐❡# ❢♦6 ❞✐#&6✐❜✉&❡❞ &6❛❝❡#✳

❚6❛❝❡# ❛6❡ 6❡♣6❡#❡♥&❡❞ ❜② &6❡❡# ✇❤❡6❡ ❜6❛♥❝❤❡# 6❡♣6❡#❡♥& ❝♦♥❝✉66❡♥& #❡O✉❡♥❝❡# ♦❢ ❡✈❡♥&#✳

❋♦6 ❡①❛♠♣❧❡✱ &❤❡ ❢♦❧❧♦✇✐♥❣ &6❡❡ ❞❡✜♥❡# ❛ ❞✐#&6✐❜✉&❡❞ &6❛❝❡ ✇❤❡6❡ &❤❡ ❡✈❡♥&# ❈❧♦#❡✭❢✶✮ ❛♥❞

❖♣❡♥✭❢✷✮ ♦❝❝✉6 ❝♦♥❝✉66❡♥&❧②✿

?6♦♣❡6&✐❡# ❝❛♥ ✐♥❝❧✉❞❡ ♠♦❞❛❧✐&✐❡# ♦❢ ❜6❛♥❝❤✐♥❣✲&✐♠❡ ❧♦❣✐❝ &❤❛& ♠❛❦❡# ✐& ♣♦##✐❜❧❡ &♦ 6❡❛#♦♥

♦✈❡6 &❤❡ ✈❛6✐♦✉# #❝❡♥❛6✐♦# &❤❛& ♠❛② ❜❡ ♣6♦❞✉❝❡❞ ❢6♦♠ &❤❡ &6❡❡✳ ❋♦6 ❡①❛♠♣❧❡✱ ✐& ✐# ♣♦##✐❜❧❡

&♦ #&❛&❡ &❤❛& ✏✐♥ ❛& ❧❡❛#& ♦♥❡ ♦❢ &❤❡ #❝❡♥❛6✐♦# ❈❧♦#❡ ♦❝❝✉6# ❜❡❢♦6❡ ❖♣❡♥✑✳
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❚❡♠♣♦%❛❧ ❝♦♥❞✐,✐♦♥- ❛%❡ ❡①♣%❡--❡❞ ✉-✐♥❣ ♣❛,,❡%♥- ♦❢ ❡✈❡♥,- ❛♥❞ ♣❛%❛♠❡,❡%- ,♦ ❜❡

♠❛,❝❤❡❞ ✐♥ ,%❛❝❡-✳ ❋♦% ❡①❛♠♣❧❡✱ ,❤❡ ♣%♦♣❡%,② ❁①✳❖♣❡♥✭(■❉✮✳①✳❈❧♦(❡✭(■❉✮✳①❃ ❝❤❡❝❦$

✐❢ ❛♥ ❡✈❡♥* ❖♣❡♥ ♦❝❝✉-$ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ❡✈❡♥* ❈❧♦'❡ ❜♦*❤ ✇✐*❤ *❤❡ $❛♠❡ ♣❛-❛♠❡*❡-✳ ❚❤❡

$②♠❜♦❧ ① ✇♦-❦$ ❛$ ❛ ✇✐❧❞❝❛-❞ *♦ ✐♥❞✐❝❛*❡ *❤❛* ❛♥② ♥✉♠❜❡- ♦❢ ❡✈❡♥*$ ♠❛② ♦❝❝✉- ❜❡❢♦-❡✱ ❛❢*❡-

♦- ❜❡*✇❡❡♥ *❤❡ *✇♦ ❡✈❡♥*$✳

❖♥❡ ❛❞✈❛♥*❛❣❡ ♦❢ *❤✐$ ❧♦❣✐❝ ✐$ *❤❡ ♣♦$$✐❜✐❧✐*② *♦ $*❛*❡ ♣-♦♣❡-*✐❡$ *❤❛* $❤♦✉❧❞ ❜❡ ✈❡-✐✜❡❞

❢♦- $♣❡❝✐✜❝ ♣♦-*✐♦♥$ ♦❢ *❤❡ *-❛❝❡$✳ ❋♦- ❡①❛♠♣❧❡✱ *❤❡ ♣-♦♣❡-*② ✓❙❡+✈❡+✔❁①✳❈❧♦'❡✭✮✳①❃

❝❤❡❝❦$ ✐❢ ❈❧♦'❡ ♦❝❝✉-$ ✐♥ *❤❡ *-❛❝❡$ ♦❢ *❤❡ $❡-✈❡-✳

❚❤❡ ❢❡❛*✉-❡$ ♦❢ *❤✐$ ♣-♦♣♦$❛❧ ❛-❡ $✉♠♠❛-✐③❡❞ ✐♥ *❤❡ ❢♦❧❧♦✇✐♥❣ *❛❜❧❡✿

?-♦♣♦$❛❧ ❚-❛❝❡ ?❛-❛♠❡*-✐❝ ❙✉❜✲*-❛❝❡ ❚✐♠❡❞ ❖♥❧✐♥❡✴❖✤✐♥❡

$*-✉❝*✉-❡ ♣-♦♣❡-*✐❡$ ✈❡-✐✜❝❛*✐♦♥ ❱❡-✐✜❝❛*✐♦♥ ❱❡-✐✜❝❛*✐♦♥

❚-❡❡✲❜❛$❡❞ ❞✐$*-✐❜✉*❡❞ ②❡$ ②❡$ ♥♦ ♦✤✐♥❡

❆♥❛❧②$✐$

✶✳✻✳✶✷ ❙✉♠♠❛(②

❲❡ ❝♦♥❝❧✉❞❡ *❤❛* *❤❡ ❛♥❛❧②$✐$ ♦❢ ❞✐$*-✐❜✉*❡❞ *-❛❝❡$ ❝♦♥$✐$*$ ♠❛✐♥❧② ♦❢ ❝♦♠♣✉*✐♥❣ *❤❡ $❝❡✲

♥❛-✐♦$ -❡♣-❡$❡♥*✐♥❣ *❤❡ ♣♦$$✐❜❧❡ *♦*❛❧ ♦-❞❡-$ ♦❢ *❤❡ ❡✈❡♥*$✱ ✇❤❡-❡ *❤❡ $❛♠❡ ♣-♦♣❡-*② ✐$

❡✈❛❧✉❛*❡❞ ❢♦- ❡✈❡-② $❝❡♥❛-✐♦✱ $✉❝❤ ✐$ *❤❡ ❝❛$❡ ♦❢ ❖❜❥❡❝*●❊❖❉❊ ✭❙❡❝*✐♦♥ ✶✳✻✳✶✵✮✳ ❆ ♠♦-❡

❝♦♠♣❧❡*❡ $♦❧✉*✐♦♥ ❝♦♥$✐$*$ ♦❢ ♣-♦✈✐❞✐♥❣ ❛ ❜-❛♥❝❤✐♥❣✲*✐♠❡ ❧♦❣✐❝ ✭$✉❝❤ ❛$ ❈❚▲✮ ✇❤❡-❡ ✐$ ♣♦$$✐✲

❜❧❡ *♦ -❡❛$♦♥ ❛❜♦✉* *❤❡ ❞✐✛❡-❡♥* $❝❡♥❛-✐♦$ ❝♦♠♣✉*❡❞✱ $✉❝❤ ✐$ *❤❡ ❝❛$❡ ♦❢ ❛ *-❡❡✲❜❛$❡ ❛♥❛❧②$✐$

✭❙❡❝*✐♦♥ ✶✳✻✳✶✶✮✳

❖♥❡ ♦❢ *❤❡ ❦❡② ✐$$✉❡$ ✐♥ *❤❡ ❛♥❛❧②$✐$ ♦❢ ❞✐$*-✐❜✉*❡❞ *-❛❝❡$ ✐$ *♦ ❜❡ ❛❜❧❡ *♦ ❞❡❛❧ ✇✐*❤

*❤❡ ♣♦*❡♥*✐❛❧❧② ❡①♣♦♥❡♥*✐❛❧ ♥✉♠❜❡- ♦❢ $❝❡♥❛-✐♦$ *❤❛* ♠❛② ❜❡ ❝♦♠♣✉*❡❞✳ ❈♦♠♣✉%❛%✐♦♥❛❧

*❧✐❝✐♥❣ ❬❙❡♥ ✫ ●❛-❣ ✷✵✵✸✱ ▼✐**❛❧ ✫ ●❛-❣ ✷✵✵✶❪ ❤❛$ ❜❡❡♥ ♣-♦♣♦$❡❞ *♦ ❛❞❞-❡$$ *❤✐$ ✐$$✉❡✳

❚❤✐$ ❛♣♣-♦❛❝❤ ❝♦♥$✐$*$ ♦❢ ❜✉✐❧❞✐♥❣ $❡❧❡❝*❡❞ ♣❛-*$ ♦❢ *❤❡ *-❛❝❡$ ✇❤✐❝❤ ❝♦♥*❛✐♥ ♦♥❧② ❡✈❡♥*$

*❤❛* ♠❛② ❝❤❛♥❣❡ *❤❡ ❡✈❛❧✉❛*✐♦♥ ♦❢ *❤❡ ♣-♦♣❡-*②✱ ✇❤✐❝❤ ♠❛② ❝♦♥$✐❞❡-❛❜❧② -❡❞✉❝❡ *❤❡ ♥✉♠❜❡-

♦❢ $❝❡♥❛-✐♦$✳

❆$ ❢❛- ❛$ ❡✣❝✐❡♥❝② ✐$ ❝♦♥❝❡-♥❡❞✱ *❤❡ $✉♣♣♦-* ♦❢ ♣❛-❛♠❡*-✐❝ ♣-♦♣❡-*✐❡$ ❝❛♥ ❛❧$♦ ♠❛❦❡

*❤❡ ❛♥❛❧②$✐$ ♠✉❝❤ ♠♦-❡ ❡①♣❡♥$✐✈❡✳ ■♥ $♦♠❡ ❝❛$❡$✱ $✉❝❤ ❛$ ❡❛-❧✐❡- ✈❡-$✐♦♥$ ♦❢ ▲♦❣❙❝♦♣❡

✭❙❡❝*✐♦♥ ✶✳✻✳✼✮✱ *❤❡ $✉♣♣♦-* *♦ *❤❡$❡ ❢❡❛*✉-❡ ♠❛② ❜❡ ❧✐♠✐*❡❞ ✐♥ -❡*✉-♥ ❢♦- ❜❡**❡- ♣❡-❢♦-♠❛♥❝❡$

♦❢ *❤❡ ✈❡-✐✜❝❛*✐♦♥ ♣-♦❝❡❞✉-❡✳

■♥ ♦♥❧✐♥❡ ❡✈❛❧✉❛*✐♦♥✱ *❤❡ ❡✈❛❧✉❛*✐♦♥ ❝❛♥ -❡♠❛✐♥ ✐♥❝♦♥❝❧✉$✐✈❡ ❜❡❝❛✉$❡ ✐* ❞❡♣❡♥❞$ ♦♥ *❤❡

♦❝❝✉--❡♥❝❡ ♦❢ ❢✉*✉-❡ ❡✈❡♥*$✳ ❖♥❡ $♦❧✉*✐♦♥ ✐$ *♦ ✉$❡ ❛ *❤-❡❡✲✈❛❧✉❡ ✭♦- ❢♦✉-✲✈❛❧✉❡✮ ❧♦❣✐❝ ❢♦-

✇❤✐❝❤ *❤❡ ✈❛❧✉❡ ❵✉♥❦♥♦✇♥✬ ✐♥❞✐❝❛*❡$ *❤❛* ❛ ♣-♦♣❡-*② ♠❛② $*✐❧❧ ❝❤❛♥❣❡ ✇✐*❤ *❤❡ ❛❞✈❡♥*

♦❢ ❢✉*✉-❡ ❡✈❡♥*$✳ ❆♥♦*❤❡- $♦❧✉*✐♦♥ ✐$ *♦ ✐♠♣♦$❡ ❛ *✐♠❡ ❧✐♠✐* $*❛*✐♥❣ ✇❤❡♥ *❤❡ ♣-♦♣❡-*②

$❤♦✉❧❞ ❜❡ ✈❡-✐✜❡❞✱ $✉❝❤ ❛$ ✐♥ ❚❇▲ ✭❙❡❝*✐♦♥ ✶✳✻✳✺✮✳ ❚❤❡ +❡❞✉❝❡ ❛♣♣-♦❛❝❤ ✭❙❡❝*✐♦♥ ✶✳✻✳✾✮

❡①*❡♥❞$ *❤❡ ✈❡-✐✜❝❛*✐♦♥ ♦❢ ♣-♦♣❡-*✐❡$ ✇✐*❤ ❢✉*✉-❡ ✐♥❝♦♠♣❧❡*❡♥❡$$ *♦ ❛❧$♦ ❡✈❛❧✉❛*❡ ♣-♦♣❡-*✐❡$

*♦ ❵✉♥❦♥♦✇♥✬ ✇❤❡♥ $♦♠❡ ❡✈❡♥*$ ❛-❡ ♥♦* ❛✈❛✐❧❛❜❧❡ ❞✉❡ *♦ ♦*❤❡- -❡❛$♦♥$✱ $✉❝❤ ❛$ ❧♦❝❛*✐♦♥

❛❝❝❡$$ ♦- ♣-✐✈❛❝② ✐$$✉❡$✳
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)❡❝❤♥♦❧♦❣② ✉!❡❞ )♦ ✐♠♣❧❡♠❡♥) ♦✉% ❢%❛♠❡✇♦%❦ ✭❙❡❝)✐♦♥ ✷✳✹✮✳

✶

❋♦" ✐♥%&❛♥❝❡✱ &❡%&% ♣❡"❢♦"♠❡❞ ♦♥ &❤❡ ❜"❛❦✐♥❣ %②%&❡♠ ♦❢ &❤❡ ❱♦❧✈♦ ❙✻✵ %❤♦✇ &❤❛& &❤❡ "✐%❦% ♦❢ ❢❛✐❧✉"❡%

❛"❡ "❡❛❧✳ ▼♦"❡ ✐♥❢♦"♠❛&✐♦♥ ♦♥ ❤&&♣✿✴✴❝❛"%❝♦♦♦♣✳❜❧♦❣%♣♦&✳❝♦♠✴✷✵✶✵✴✵✺✴❡♣✐❝✲❢❛✐❧✲✷✵✶✶✲✈♦❧✈♦✲%✻✵✲✇❛"♥✐♥❣✲

✇✐&❤✳❤&♠❧

✹✾
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✷✳✶ ❖❜❥❡❝(✐✈❡ ♦❢ ❖✉. ❆♣♣.♦❛❝❤

❚❤❡ ♦❜❥❡❝'✐✈❡ ♦❢ ♦✉, ❛♣♣,♦❛❝❤ ✐/ '♦ ♣,♦✈✐❞❡ ❛ ✇❡❧❧✲✉♥❞❡,/'♦♦❞ ❛♥❞ ♥♦♥ ❛♠❜✐❣✉♦✉/ ♣,♦❝❡❞✉,❡

❛❧❧♦✇✐♥❣ '❤❡ ♣❛,'✐❡/ '♦ ❡/'❛❜❧✐/❤ ❧✐❛❜✐❧✐'✐❡/ ❢♦, ❞❛♠❛❣❡/ ❝❛✉/❡❞ ❜② ❢❛✐❧✉,❡/ ♦❢ '❤❡ /②/'❡♠✳ ❚♦

'❤✐/ ❛✐♠✱ ✇❡ ♣,♦✈✐❞❡ ❛ ♣,♦❝❡❞✉,❡ ❜❛/❡❞ ♦♥ '❤❡ ❛♥❛❧②/✐/ ♦❢ '❤❡ ❧♦❣/ ♦❢ '❤❡ /②/'❡♠✳ ❇②

♣,♦❝❡❞✉,❡✱ ✇❡ ♠❡❛♥ ♥♦' ♦♥❧② '❤❡ '♦♦❧/ ✉/❡❞ ✐♥ '❤❡ ❧♦❣ ❛♥❛❧②/✐/ ❜✉' ❛❧/♦ '❤❡ ✇❛② '♦ ✉/❡

'❤❡/❡ '♦♦❧/ ❛♥❞ '❤❡ ❛❝'♦,/ ✐♥ ❝❤❛,❣❡ ♦❢ ❡❛❝❤ /'❡♣ ♦❢ '❤❡ ❛♥❛❧②/✐/✳

■♥ ♦,❞❡, '♦ ♣,♦♣♦/❡ ❛ ,❡❧✐❛❜❧❡ ❛♥❞ ',✉/'❡❞ ♣,♦❝❡❞✉,❡ '♦ ❞❡✜♥❡ ❛♥❞ ❡/'❛❜❧✐/❤ ❧✐❛❜✐❧✐'✐❡/✱

'✇♦ ♠❛✐♥ ,❡=✉✐,❡♠❡♥'/ ♠✉/' ❜❡ /❛'✐/✜❡❞✳ ❋✐,/'✱ '❤❡,❡ /❤♦✉❧❞ ❡①✐/' ❛ ❝♦♥❝❧✉/✐✈❡ ❛♥❞ ,❡❧✐✲

❛❜❧❡ ✇❛② '♦ ✐❞❡♥'✐❢② '❤❡ ❝♦♠♣♦♥❡♥' '❤❛' ❝❛✉/❡❞ '❤❡ ❢❛✐❧✉,❡✳ ❙❡❝♦♥❞✱ '❤❡,❡ /❤♦✉❧❞ ❡①✐/' ❛

♣,❡❝✐/❡ ♠❡'❤♦❞✱ ❛❝❝❡♣'❡❞ ❜② '❤❡ ♣❛,'✐❡/✱ '❤❛' ✭❜❛/❡❞ ♦♥ '❤❡ ♦❜/❡,✈❛'✐♦♥ ♦❢ '❤❡ ❡,,♦♥❡♦✉/

❝♦♠♣♦♥❡♥'/✮ ❧❡❛✈❡/ ♥♦ ❞♦✉❜' ❛❜♦✉' '❤❡ ❧✐❛❜✐❧✐'✐❡/✳

❈♦♥/✐❞❡,✐♥❣ ♦✉, ♦❜❥❡❝'✐✈❡ ❛♥❞ '❤❡/❡ ,❡=✉✐,❡♠❡♥'/✱ '❤❡ ❝♦♥',❛❝' ♠✉/' ✐♥❝❧✉❞❡ '❤❡ ❢♦❧❧♦✇✲

✐♥❣ ❡❧❡♠❡♥'/✿

✶✳ ❆ ❞❡✜♥✐'✐♦♥ ✭❛/ ♣,❡❝✐/❡ ❛/ ♣♦//✐❜❧❡✮ ♦❢ '❤❡ /②/'❡♠ ❛♥❞ ✐'/ ❝♦♠♣♦♥❡♥'/✳

✷✳ ❚❤❡ ✐❞❡♥'✐✜❝❛'✐♦♥ ♦❢ ❢❛✐❧✉,❡/ ❝♦♥/✐❞❡,❡❞ ✐♠♣♦,'❛♥' ❡♥♦✉❣❤ '♦ ✇❛,,❛♥' ❛ ❢♦,♠❛❧ ❞❡✜✲

♥✐'✐♦♥ ♦❢ '❤❡ ❛//♦❝✐❛'❡❞ ❧✐❛❜✐❧✐'✐❡/✳

✸✳ ❚❤❡ ❞❡✜♥✐'✐♦♥ ♦❢ ❧♦❣/ '❤❛' ❝❛♥ ❜❡ ✉/❡❞ ❛/ ❞✐❣✐'❛❧ ❡✈✐❞❡♥❝❡✳

✹✳ ❚❤❡ ,❡❧❛'✐♦♥/❤✐♣ ❜❡'✇❡❡♥ '❤❡ ❝♦♠♣♦♥❡♥'/ ♦❢ '❤❡ /②/'❡♠ ❛♥❞ '❤❡ ❧✐❛❜❧❡ ♣❛,'✐❡/✳

✺✳ ❚❤❡ ❞❡✜♥✐'✐♦♥ ♦❢ '❤❡ ♣,♦❝❡❞✉,❡ '♦ ❡/'❛❜❧✐/❤ ❧✐❛❜✐❧✐'✐❡/ ❛♥❞ '❤❡ ❛❝'✐♦♥/ '♦ ❢♦❧❧♦✇ ✇❤❡♥

'❤❡ ♣,♦♣♦/❡❞ ❛♣♣,♦❛❝❤ ✐/ ♥♦' ❛♣♣❧✐❝❛❜❧❡✱ /✉❝❤ ❛/ ❛ ❢❛✐❧✉,❡/ ♥♦' ✐♥✐'✐❛❧❧② ❢♦,❡/❡❡♥✳

❚❤❡ ❛✐♠ ♦❢ '❤❡ ▲■❙❊ ❛♣♣,♦❛❝❤ ✐/ '♦ ♣,♦♣♦/❡ ❛♥ ✐♥'❡❣,❛'❡❞ ❢,❛♠❡✇♦,❦ '♦ ❤❡❧♣ '❤❡ ♣❛,'✐❡/

'♦ ❡❧❛❜♦,❛'❡ '❤❡ ❝♦♥',❛❝' ❝♦♥'❛✐♥✐♥❣ '❤❡ ❡❧❡♠❡♥'/ ♠❡♥'✐♦♥❡❞ ❛❜♦✈❡✳ ■♥ ❙❡❝'✐♦♥ ✷✳✷✱ ✇❡

✐♥',♦❞✉❝❡ '❤❡ ♠♦❞❡❧ ♦❢ '❤❡ ❝♦♥',❛❝'✉❛❧ ♣,♦✈✐/✐♦♥/ ❞❡❞✐❝❛'❡❞ '♦ ❧✐❛❜✐❧✐'✐❡/ ♣,♦♣♦/❡❞ ❜② '❤❡

❧❛✇②❡,/ ♦❢ '❤❡ ▲■❙❊ ♣,♦❥❡❝' ❬❙'❡❡, ❡' ❛❧✳ ✷✵✶✶❪✳ ❚❤✐/ ♠♦❞❡❧ ❝♦♥/✐/'/ ♦❢ ❛ /❡' ♦❢ ❧❡❣❛❧ ❝❧❛✉/❡/

✇❤✐❝❤ ,❡❢❡, '♦ '❡❝❤♥✐❝❛❧ ❛♥♥❡①❡/✳ ❚❤❡ ❛✐♠ ♦❢ '❤✐/ ❝❤❛♣'❡, ✐/ '♦ ❞❡✜♥❡ '❤❡ ❝♦♥'❡♥' ♦❢ '❤❡/❡

'❡❝❤♥✐❝❛❧ ❛♥♥❡①❡/ ❛/ ♣,❡❝✐/❡❧② ❛/ ♣♦//✐❜❧❡✱ ✐♥ ♣❛,'✐❝✉❧❛, ♣♦✐♥'✐♥❣ ♦✉' ❡❧❡♠❡♥'/ '❤❛' ❤❛✈❡ '♦

❜❡ ❢♦,♠❛❧✐③❡❞ ❛♥❞ ♣,♦♣♦/✐♥❣ ❛ ✇❡❧❧✲❞❡✜♥❡❞ ♣,♦❝❡❞✉,❡ ❢♦, '❤❡ ❧♦❣ ❛♥❛❧②/✐/✳ ❇❡❢♦,❡ ❡♥'❡,✐♥❣

✐♥'♦ '❤✐/ ❞❡/❝,✐♣'✐♦♥✱ ✇❡ ✐♥',♦❞✉❝❡ /♦♠❡ '❡,♠✐♥♦❧♦❣②✳

✷✳✶✳✶ ❚❡%♠✐♥♦❧♦❣② ♦❢ ❈♦♠♣✉1❡% ❙②31❡♠ ▼✐3❜❡❤❛✈✐♦%

❲❡ ❛❞♦♣' ❛ /'❛♥❞❛,❞ '❡,♠✐♥♦❧♦❣② ❬❆✈✐③✐❡♥✐/ ❡' ❛❧✳ ✷✵✵✹❪ '♦ ❞❡✜♥❡ ❝♦♠♣✉'❡, /②/'❡♠ ♠✐/❜❡✲

❤❛✈✐♦,/✿

❼ ❆  ② "❡♠ ✐/ ✏❛♥ ❡♥'✐'② '❤❛' ✐♥'❡,❛❝'/ ✇✐'❤ ♦'❤❡, ❡♥'✐'✐❡/✱ ✐✳❡✳✱ ♦'❤❡, /②/'❡♠/✱ ✐♥❝❧✉❞✐♥❣

❤❛,❞✇❛,❡✱ /♦❢'✇❛,❡✱ ❤✉♠❛♥/ ❛♥❞ '❤❡ ♣❤②/✐❝❛❧ ✇♦,❧❞✳ ❬✳ ✳ ✳ ❪ ❆ /②/'❡♠ ✐/ ❝♦♠♣♦/❡❞ ♦❢ ❛

/❡' ♦❢ ❝♦♠♣♦♥❡♥" ❜♦✉♥❞ '♦❣❡'❤❡, '♦ ✐♥'❡,❛❝'✑✳

✺✵
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❼ ❆  ② "❡♠ ❢❛✐❧✉*❡ ✭♦# $✐♠♣❧② ❢❛✐❧✉*❡✮ ✐$ ✏❛♥ ❡✈❡♥0 0❤❛0 ♦❝❝✉#$ ✇❤❡♥ 0❤❡ ❞❡❧✐✈❡#❡❞ $❡#✈✐❝❡

❞❡✈✐❛0❡$ ❢#♦♠ ❝♦##❡❝0 $❡#✈✐❝❡✑✳ ❚❤❛0 ✐$✱ ❛ ❢❛✐❧✉#❡ ✐$ ❛ 0#❛♥$✐0✐♦♥ ❢#♦♠ ❛ ❝♦##❡❝0 ❜❡❤❛✈✐♦#

0♦ ❛♥ ✐♥❝♦##❡❝0 ❜❡❤❛✈✐♦#✳

❼ ❆♥ ❡**♦* ✐$ ✏0❤❡ ♣❛#0 ♦❢ 0❤❡ 0♦0❛❧ $0❛0❡ ♦❢ 0❤❡ $②$0❡♠ 0❤❛0 ♠❛② ❧❡❛❞ 0♦ ✐0$ $✉❜$❡<✉❡♥0

$❡#✈✐❝❡ ❢❛✐❧✉#❡✳ ❬✳ ✳ ✳ ❪ ♠❛♥② ❡##♦#$ ❞♦ ♥♦0 #❡❛❝❤ 0❤❡ $②$0❡♠✬$ ❡①0❡#♥❛❧ $0❛0❡ ❛♥❞ ❝❛✉$❡

❛ ❢❛✐❧✉#❡✑✳ ❚❤❛0 ✐$✱ ❛ ❢❛✐❧✉#❡ ♦❝❝✉#$ ✇❤❡♥ ❛♥ ❡##♦# #❡❛❝❤❡$ 0❤❡ $❡#✈✐❝❡ ✐♥0❡#❢❛❝❡ ♦❢ 0❤❡

$②$0❡♠✳

❼ ❆ ❢❛✉❧" ✐$ ✏0❤❡ ❛❞❥✉❞❣❡❞ ♦# ❤②♣♦0❤❡$✐③❡❞ ❝❛✉$❡ ♦❢ ❛♥ ❡##♦#✳ ❬✳ ✳ ✳ ❪ ❆ ❢❛✉❧0 ✐$ ❛❝0✐✈❡

✇❤❡♥ ✐0 ❝❛✉$❡$ ❛♥ ❡##♦#✱ ♦0❤❡#✇✐$❡ ✐0 ✐$ ❞♦#♠❛♥0✳✑

❋♦# ❡①❛♠♣❧❡✱ ❛ ❢❛✉❧0 ♠❛② ❜❡ ❛ ♠✐$$✐♥❣ ✈❛#✐❛❜❧❡ ✐♥✐0✐❛❧✐$❛0✐♦♥✳ ❚❤✐$ ❢❛✉❧0 ❜❡❝♦♠❡$ ❛❝0✐✈❡

❛♥❞ ❝❛✉$❡$ ❛♥ ❡##♦# ✇❤❡♥ ♦♥❡ ♦❢ 0❤❡ ❝♦♠♣♦♥❡♥0$ 0#✐❡$ 0♦ ❛❝❝❡$$ 0❤❡ ✈❛❧✉❡ ♦❢ 0❤❡ ✈❛#✐❛❜❧❡✳

❆ ❢❛✐❧✉#❡ ♦❝❝✉#$ ❢♦# ✐♥$0❛♥❝❡ ✐❢ ❛♥ ❛❝❝❡$$ 0♦ ❛♥ ✉♥✐♥✐0✐❛❧✐③❡❞ ✈❛#✐❛❜❧❡ #❛✐$❡$ ❛♥ ❡①❝❡♣0✐♦♥✱

✇❤✐❝❤ ♠❛❦❡$ 0❤❡ $②$0❡♠ $0♦♣ ❛♥❞ ❞✐$♣❧❛② ❛♥ ❡##♦# ♠❡$$❛❣❡ 0♦ 0❤❡ ✉$❡#✳

✷✳✶✳✷ ❚❡%♠✐♥♦❧♦❣② ❆❜♦✉0 ▲♦❣2

❲❡ ❛❞♦♣0 0❤❡ ❢♦❧❧♦✇✐♥❣ 0❡#♠✐♥♦❧♦❣② ❜❛$❡❞ ♦♥ 0❤❡ ◆■❙❚ ●✉✐❞❡ 0♦ ❈♦♠♣✉0❡# ❙❡❝✉#✐0② ▲♦❣

▼❛♥❛❣❡♠❡♥0 ❬❑❡♥0 ✫ ❙♦✉♣♣❛②❛ ✷✵✵✻❪✿

❼ ❆ ❧♦❣ ✜❧❡ ✭♦# $✐♠♣❧② ❛ ❧♦❣✮ ✐$ ❛ #❡❝♦#❞ ♦❢ 0❤❡ ❡✈❡♥" ♦❝❝✉##✐♥❣ ✇✐0❤✐♥ ❛ $②$0❡♠✳ ▲♦❣$

❛#❡ ❝♦♠♣♦$❡❞ ♦❢ ❧♦❣ ❡♥"*✐❡ ✱ ❡❛❝❤ ♦♥❡ ❝♦♥0❛✐♥✐♥❣ ✐♥❢♦#♠❛0✐♦♥ ❝♦♥❝❡#♥✐♥❣ ❛ $♣❡❝✐✜❝

❡✈❡♥0 0❤❛0 ♦❝❝✉##❡❞ ✐♥ 0❤❡ $②$0❡♠✳

❼ ❆ ❧♦❣ ✐♥❢*❛ "*✉❝"✉*❡ ❝♦♥$✐$0$ ♦❢ 0❤❡ ♠❛0❡#✐❛❧ ✭❤❛#❞✇❛#❡ ❛♥❞ $♦❢0✇❛#❡✮ ✉$❡❞ 0♦ ❣❡♥❡#❛0❡✱

0#❛♥$♠✐0✱ $0♦#❡ ❛♥❞ ❞✐$♣♦$❡ 0❤❡ ❧♦❣ ❞❛0❛✳

❼ ❆ ❧♦❣ ♠❛♥❛❣❡♠❡♥" ♣♦❧✐❝② ✐$ 0❤❡ ♣#♦❝❡$$ ❡$0❛❜❧✐$❤❡❞ ✐♥ ❛♥ ♦#❣❛♥✐③❛0✐♦♥ ❢♦# ❣❡♥❡#❛0✐♥❣✱

0#❛♥$♠✐00✐♥❣✱ $0♦#✐♥❣ ❛♥❞ ❞✐$♣♦$✐♥❣ ❧♦❣ ❞❛0❛✳

✷✳✷ ▲■❙❊ ❈♦♥)*❛❝)

❚❤❡ ♠♦❞❡❧ ♦❢ ❝♦♥0#❛❝0 ♣#♦♣♦$❡❞ ✐♥ ❬❙0❡❡# ❡0 ❛❧✳ ✷✵✶✶❪ ✐$ ❞✐✈✐❞❡❞ ✐♥0♦ ❛#0✐❝❧❡$✱ ❡❛❝❤ ♦♥❡

❝♦♠♣♦$❡❞ ❜② ❛ $❡0 ♦❢ ❧❡❣❛❧ ❝❧❛✉$❡$ ❞❡✜♥✐♥❣ 0❤❡ 0❡#♠$ ♦❢ 0❤❡ ❝♦♥0#❛❝0✳ ❚❤❡ ✜#$0 ❛#0✐❝❧❡

✺✶



❈❍❆#❚❊❘ ✷✳ ▲■❙❊ ❆##❘❖❆❈❍

♣!♦✈✐❞❡' (❤❡ ❞❡✜♥✐(✐♦♥' ✉'❡❞ ✐♥ (❤❡ !❡'( ♦❢ (❤❡ ❝♦♥(!❛❝(

✷

✿

❆!"✐❝❧❡ ✶✿ ❉❡✜♥✐"✐♦♥-

❈♦♠♣✉"❡! ❙②-"❡♠✿ ❚❤❡ ❈♦♠♣✉(❡! ❙②'(❡♠ '✉❜❥❡❝( (♦ (❤✐' ❆❣!❡❡♠❡♥( ✐' (❤❡ ✐♥(❡❣!❛✲

(✐♦♥ ♦❢ (❤❡ '❡( ♦❢ ❝♦♠♣✉(❡! ❝♦♠♣♦♥❡♥(' ❛' '♣❡❝✐✜❡❞ ✐♥ ❆♥♥❡① ❆✳

❈♦♥"!❛❝"✿ ❚❤✐' ❆❣!❡❡♠❡♥( ✐♥❝❧✉❞❡' (❤❡ ♣!❡'❡♥( ❞♦❝✉♠❡♥( ❛♥❞ ✐(' ❛♥♥❡①❡' ❆✱ ❇✱ ❈✱ ❉

❛♥❞ ❊✳

▲♦❣✿ ❚❤❡ ▲♦❣' ❛!❡ (❤❡ ✜❧❡' !❡❝♦!❞✐♥❣ (❤❡ ❡✈❡♥(' ♦❝❝✉!!✐♥❣ ✇✐(❤✐♥ (❤❡ ❈♦♠♣✉(❡! ❙②'(❡♠✳

▲♦❣ ❆♥❛❧②-✐- 7!♦❝❡❞✉!❡✿ ❚❤❡ ▲♦❣ ❆♥❛❧②'✐' D!♦❝❡❞✉!❡ ✐' (❤❡ ♣!♦❝❡❞✉!❡ ❞❡✜♥❡❞ ✐♥

❆♥♥❡① ❈ ❛♥❞ ❛♣♣❧✐❡❞ ❜② (❤❡ D❛!(✐❡' (♦ ❝♦❧❧❡❝( ❛♥❞ ❛♥❛❧②③❡ (❤❡ ✐♥❢♦!♠❛(✐♦♥ ❝♦♥(❛✐♥❡❞ ✐♥

(❤❡ ▲♦❣' ✐♥ ♦!❞❡! (♦ ❡'(❛❜❧✐'❤ ❧✐❛❜✐❧✐(✐❡' ❛' '❡( ❢♦!(❤ ✐♥ ❆!(✐❝❧❡ ✸ ♦❢ (❤❡ ❆❣!❡❡♠❡♥(✳

▲♦❣ ❆♥❛❧②③❡!✿ ❚❤❡ ▲♦❣ ❆♥❛❧②③❡! ✐' (❤❡ '♦❢(✇❛!❡ (♦♦❧ ❞❡✜♥❡❞ ✐♥ ❆♥♥❡① ❉ ❛♥❞ ✉'❡❞

✐♥ (❤❡ ▲♦❣ ❆♥❛❧②'✐' D!♦❝❡❞✉!❡ ✐♥ ♦!❞❡! (♦ ❡'(❛❜❧✐'❤ (❤❡ ✈❛❧✐❞✐(② ♦❢ ❛ ❝❧❛✐♠ ❛♥❞ (♦ ✐❞❡♥(✐❢②

(❤❡ ❝♦♠♣♦♥❡♥(' ✐♥✈♦❧✈❡❞ ✐♥ (❤❡ ❤❛♥❞❧✐♥❣ ♦❢ (❤❡ ❝❧❛✐♠✳

▲♦❣ ■♥❢!❛-"!✉❝"✉!❡✿ ❚❤❡ ▲♦❣ ■♥❢!❛'(!✉❝(✉!❡ ✐' (❤❡ '❡( ♦❢ (♦♦❧' ✉'❡❞ (♦ ❣❡♥❡!❛(❡✱

(!❛♥'♠✐(✱ '(♦!❡ ❛♥❞ ❞✐'♣♦'❡ (❤❡ ▲♦❣' ❛' '♣❡❝✐✜❡❞ ✐♥ ❆♥♥❡① ❇✳

7❛!"②✿ ❆ D❛!(② ✐' ❛♥② ❡♥(✐(② '✐❣♥✐♥❣ (❤✐' ❆❣!❡❡♠❡♥(✳

7!♦✈✐❞❡!✿ ❚❤❡ D!♦✈✐❞❡! ✐' (❤❡ D❛!(② ✐♥ ❝❤❛!❣❡ ♦❢ ♣!♦✈✐❞✐♥❣ (❤❡ ❈♦♠♣✉(❡! ❙②'(❡♠ (♦

(❤❡ ❝✉'(♦♠❡!✳

❬✳ ✳ ✳ ❪

❚❤❡ ♠♦❞❡❧ ♦❢ ❝♦♥(!❛❝( ✐♥❝❧✉❞❡' (❤!❡❡ ♦(❤❡! ❛!(✐❝❧❡'✳ ❆!(✐❝❧❡ ✷ ❞❡'❝!✐❜❡' (❤❡ ❛❣!❡❡♠❡♥(

❜❡(✇❡❡♥ (❤❡ ♣❛!(✐❡' (♦ !❡❝♦❣♥✐③❡ (❤❡ ❧❡❣❛❧ ✈❛❧✉❡ ♦❢ (❤❡ ❧♦❣' ❛' ❞✐❣✐(❛❧ ❡✈✐❞❡♥❝❡✳ ❆!(✐❝❧❡ ✸

❞❡✜♥❡' (❤❡ ❧✐❛❜✐❧✐(✐❡' ❛''♦❝✐❛(❡❞ (♦ ❡❛❝❤ ♣❛!(②✳ ❋✐♥❛❧❧②✱ ❆!(✐❝❧❡ ✹ ❞❡✜♥❡' (❤❡ ❛❝(✐♦♥' (❤❛(

'❤♦✉❧❞ (❛❦❡ ♣❧❛❝❡ ✐♥ ♦!❞❡! (♦ ❡'(❛❜❧✐'❤ (❤❡ ❧✐❛❜✐❧✐(✐❡' ✐♥ ❝❛'❡ ♦❢ ❢❛✐❧✉!❡✳ ❚❤❡'❡ ❛!(✐❝❧❡' !❡❢❡!

(♦ ✜✈❡ ❛♥♥❡①❡' ♣!♦✈✐❞✐♥❣ (❤❡ (❡❝❤♥✐❝❛❧ ❞❡(❛✐❧' ♦❢ (❤❡ ❝♦♥(!❛❝(✿

❼ ❆♥♥❡① ❆ ♣!♦✈✐❞❡' ❛ ❞❡'❝!✐♣(✐♦♥ ♦❢ (❤❡ '②'(❡♠ ❛♥❞ ❢❛✐❧✉!❡' ❢♦! ✇❤✐❝❤ ❧✐❛❜✐❧✐(✐❡' ❛!❡

❞❡✜♥❡❞✳

❼ ❆♥♥❡① ❇ ❞❡'❝!✐❜❡' (❤❡ ❧♦❣ ✐♥❢!❛'(!✉❝(✉!❡ ❛♥❞ ❛ ❧♦❣ ♠❛♥❛❣❡♠❡♥( ♣♦❧✐❝②✳

❼ ❆♥♥❡① ❈ ❞❡✜♥❡' (❤❡ ❧♦❣ ❛♥❛❧②'✐' ♣!♦❝❡❞✉!❡✳

❼ ❆♥♥❡① ❉ ❞❡✜♥❡' (❤❡ (♦♦❧ ✉'❡❞ ✐♥ (❤❡ ❧♦❣ ❛♥❛❧②'✐' ♣!♦❝❡❞✉!❡ ✭❧♦❣ ❛♥❛❧②③❡!✮✳

❼ ❆♥♥❡① ❊ ❞❡✜♥❡' (❤❡ ❧✐❛❜✐❧✐(② !❡❧❛(✐♦♥'❤✐♣ ✭❛''♦❝✐❛(✐♥❣ ❝♦♠❜✐♥❛(✐♦♥' ♦❢ ❢❛✐❧✉!❡' ❛♥❞

❧✐❛❜❧❡ ♣❛!(✐❡'✮✳

■♥ (❤❡ ❢♦❧❧♦✇✐♥❣ '❡❝(✐♦♥'✱ ✇❡ ❞✐'❝✉'' ✐♥ ♠♦!❡ ❞❡(❛✐❧ ❡❛❝❤ ♣❛!( ♦❢ (❤❡ ❝♦♥(!❛❝( ✐♥ ❛''♦✲

❝✐❛(✐♦♥ ✇✐(❤ (❤❡ ❝♦♥(❡♥( ♦❢ (❤❡'❡ ❛♥♥❡①❡'✳ ❲❡ ✉'❡ (❤❡ ❝❛! ❜!❛❦✐♥❣ '②'(❡♠ ❝❛'❡ '(✉❞② (♦

✐❧❧✉'(!❛(❡ ♦✉! ❛♣♣!♦❛❝❤✳

✷

❚!❛♥$❧❛&❡❞ &♦ ❊♥❣❧✐$❤ ❢!♦♠ &❤❡ ♦!✐❣✐♥❛❧ ✐♥ ❋!❡♥❝❤ ❬❙&❡❡! ❡& ❛❧✳ ✷✵✶✶❪
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✷✳✷✳✶ ❙♣❡❝✐✜❝❛*✐♦♥ ♦❢ *❤❡ ❙②0*❡♠ ✭❆♥♥❡① ❆✮

❆♥♥❡① ❆ ✐% ♠❡♥'✐♦♥❡❞ ✐♥ ❆*'✐❝❧❡ ✶ ❛♥❞ ✐' ♣*♦✈✐❞❡% ❛ ❞❡%❝*✐♣'✐♦♥ ♦❢ '❤❡ %②%'❡♠ ✐♥ '❡*♠% ♦❢

✐'% ❡①♣❡❝'❡❞ ❢✉♥❝'✐♦♥❛❧✐'✐❡%✱ ✐'% ❛*❝❤✐'❡❝'✉*❡✱ '❤❡ ❜❡❤❛✈✐♦* ♦❢ ❡❛❝❤ ♦❢ ✐'% ❝♦♠♣♦♥❡♥'% ❛♥❞ ✐'%

♣♦'❡♥'✐❛❧ ❢❛✐❧✉*❡%✳ ❆♥♥❡① ❆ ❛❧%♦ %♣❡❝✐✜❡% '❤❡ ❝♦♠♣♦♥❡♥'% '❤❛' %❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞ ❛♥❞ ❢♦*

❡❛❝❤ ♦❢ '❤❡%❡ ❝♦♠♣♦♥❡♥'%✱ '❤❡ ✐♥❢♦*♠❛'✐♦♥ '❤❛' %❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞✳ ❆♥♥❡① ❆ %❤♦✉❧❞ '❤✉%

✐♥❝❧✉❞❡✿

✶✳ ❚❤❡ %♣❡❝✐✜❝❛'✐♦♥ ♦❢ '❤❡ %②%'❡♠✳

✷✳ ❚❤❡ ✐❞❡♥'✐✜❝❛'✐♦♥ ♦❢ ❢❛✐❧✉*❡% ❢♦* ✇❤✐❝❤ '❤❡ ♣❛*'✐❡% ✇✐%❤ '♦ %♣❡❝✐❢② ❧✐❛❜✐❧✐'✐❡%✳

✸✳ ❚❤❡ %♣❡❝✐✜❝❛'✐♦♥ ♦❢ '❤❡ ✐♥❢♦*♠❛'✐♦♥ '❤❛' %❤♦✉❧❞ ❜❡ *❡❝♦*❞❡❞ ✐♥ '❤❡ ❧♦❣%✳

❚❤❡ %♣❡❝✐✜❝❛'✐♦♥ ♦❢ '❤❡ %②%'❡♠ ❛♥❞ ❢❛✐❧✉*❡% ❝❛♥ ❜❡ ✉%❡❞ '♦ ❝❤❡❝❦ ✇❤❡'❤❡* ♦* ♥♦' '❤❡

%②%'❡♠ ❜❡❤❛✈❡❞ ❛% ❡①♣❡❝'❡❞✳ ❚❤❡ ❢❛✐❧✉*❡% ❛*❡ ❡①♣*❡%%❡❞ ✐♥ '❡*♠% ♦❢ ✐♥❢♦*♠❛'✐♦♥ *❡❝♦*❞❡❞

✐♥ '❤❡ ❧♦❣%✳ ❋♦* ❡①❛♠♣❧❡✱ ✇❡ ❝❛♥ %♣❡❝✐❢② '❤❛' '❤❡ ❜*❛❦✐♥❣ %②%'❡♠ ❢❛✐❧% ❡✐'❤❡* ❜❡❝❛✉%❡ '❤❡

♦❜%'❛❝❧❡ ❞❡'❡❝'✐♦♥ ❝♦♠♣♦♥❡♥' ❞✐❞ ♥♦' ❝♦♠♠✉♥✐❝❛'❡ ✇✐'❤ '❤❡ ❜*❛❦✐♥❣ ❝♦♠♣♦♥❡♥' ♦* '❤❡

❜*❛❦✐♥❣ ❝♦♠♣♦♥❡♥' ❞✐❞ ♥♦' ❛❝'✐✈❛'❡ '❤❡ ❜*❛❦❡ ✐♥ '✐♠❡✳ ❚♦ %♣❡❝✐❢② '❤✐% ❢❛✐❧✉*❡✱ ✇❡ ❞❡✜♥❡

'❤❡ ❛❝'✐♦♥% ❡①❡❝✉'❡❞ ❜② '❤❡ '✇♦ ❝♦♠♣♦♥❡♥'% ❛♥❞ '❤❡ ❡①♣❡❝'❡❞ ❡①❝❤❛♥❣❡ ♦❢ ✐♥❢♦*♠❛'✐♦♥
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✇❤✐❝❤ ❝♦♠♣♦♥❡♥'% %❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞ ❛♥❞ '❤❡ ♣*❡❝✐%❡ ✐♥❢♦*♠❛'✐♦♥ '❤❛' %❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞✳

■❞❡❛❧❧②✱ '♦ ❡♥%✉*❡ ❛♥ ✉♥❛♠❜✐❣✉♦✉% ❛♥❞ ♣*❡❝✐%❡ ❞❡%❝*✐♣'✐♦♥ ♦❢ '❤❡ %②%'❡♠ ❛♥❞ '❤❡ ❧✐❛✲
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❬✳ ✳ ✳ ❪
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❣✐♥❣✮✳
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❛♥❞ *♦ ❞❡%✐❣♥❛*❡ *❤❡ ❧✐❛❜❧❡ ♣❛4*✐❡%✳

✷✳✸ ❚❡❝❤♥✐❝❛❧ ❋,❛♠❡✇♦,❦

❖✉4 ♦❜❥❡❝*✐✈❡ ✐% *♦ ❞❡✜♥❡ ❛ ♠❡*❤♦❞ *♦ %♣❡❝✐❢② ❝♦♥*4❛❝*✉❛❧ ❧✐❛❜✐❧✐*✐❡% ❜❛%❡❞ ♦♥ *❤❡ ♠♦❞❡❧ ♦❢

❝♦♥*4❛❝* ♣4❡%❡♥*❡❞ ✐♥ *❤❡ ♣4❡✈✐♦✉% %❡❝*✐♦♥✳ ❚♦ *❤✐% ❛✐♠✱ ✇❡ ♣4♦♣♦%❡ ❛ ❢4❛♠❡✇♦4❦ ❝♦♥%✐%*✐♥❣

♦❢ ❛ %❡* ♦❢ *♦♦❧% *❤❛* ❝❛♥ ❜❡ ✉%❡❞ *♦ ❡❧❛❜♦4❛*❡ ❝❡4*❛✐♥ ❛%♣❡❝*% ♦❢ *❤❡ *❡❝❤♥✐❝❛❧ ❛♥♥❡①❡% ♦❢

*❤❡ ❝♦♥*4❛❝*✳

❖♥❡ 4❡G✉✐4❡♠❡♥* ♦❢ ♦✉4 ❢4❛♠❡✇♦4❦ ✐% *♦ ❛❧❧♦✇ *♦ ♣4❡❝✐%❡❧② %♣❡❝✐❢② *❤❡ ❧✐❛❜✐❧✐*✐❡% ❢♦4 ❛

❣✐✈❡♥ %❡* ♦❢ ❢❛✐❧✉4❡% ❛♥❞ *❤❡ ♣4♦❝❡%% *♦ ❡%*❛❜❧✐%❤ *❤❡%❡ ❧✐❛❜✐❧✐*✐❡% ✉%✐♥❣ *❤❡ ❧♦❣%✳ ❚♦ 4❡❛❝❤

*❤✐% ❣♦❛❧✱ ✇❡ ♥❡❡❞ *♦ %♣❡❝✐❢② *❤❡ ❧♦❣%✱ ✐♥❝❧✉❞✐♥❣ *❤❡✐4 ❝♦♥*❡♥* ❛♥❞ ❞✐%*4✐❜✉*✐♦♥✱ ❛% ✇❡❧❧ ❛%

*❤❡ ❧♦❣ ❛♥❛❧②%✐% *♦♦❧✳

❆♥♦*❤❡4 4❡G✉✐4❡♠❡♥* ♦❢ ♦✉4 ❢4❛♠❡✇♦4❦ ✐% *♦ ♣4♦✈✐❞❡ ❛ %✉♣♣♦4* ❢♦4 ❝♦♥*4❛❝* %✐♠✉❧❛*✐♦♥✱

✐✳❡✳ *❤❡ ❛❜✐❧✐*② *♦ ✈❛❧✐❞❛*❡ *❤❡ 4❡%✉❧*% ♦❢ *❤❡ ❧✐❛❜✐❧✐*✐❡% ❢♦4 ❣✐✈❡♥ ❧♦❣%✳ ❚❤✐% ✐♥❝❧✉❞❡% *❤❡

✈❡4✐✜❝❛*✐♦♥ ♦❢ ♣4♦♣❡4*✐❡% ♦❢ *❤❡ ❧♦❣%✱ *❤❡ ❛♥❛❧②%✐% ♦❢ ❧♦❣ ❞✐%*4✐❜✉*✐♦♥ ❛♥❞ *❤❡ ❛♥✐♠❛*✐♦♥ ♦❢

❝❧❛✐♠ %❝❡♥❛4✐♦%✳

■♥ *❤❡ 4❡%* ♦❢ *❤✐% *❤❡%✐% ✇❡ ♣4❡%❡♥* ❛ ❢♦4♠❛❧ ❢4❛♠❡✇♦4❦ *♦ %♣❡❝✐❢② ❧✐❛❜✐❧✐*✐❡% *❤❛* ❢✉❧✜❧❧%

*❤❡%❡ 4❡G✉✐4❡♠❡♥*%✳ ▼♦4❡ ♣4❡❝✐%❡❧②✱ ♦✉4 ❢4❛♠❡✇♦4❦ ✐% ❜❛%❡❞ ♦♥ ❛ %❡* ♦❢ ❢♦4♠❛❧ ♠♦❞❡❧

*❡♠♣❧❛*❡% *❤❛* ❝❛♥ ❜❡ ❝♦♠♣❧❡*❡❞ ♦♥ ❛ ❝❛%❡✲❜②✲❝❛%❡ ❜❛%✐%✳ ❚❤❡%❡ ♠♦❞❡❧% %♣❡❝✐❢② ♥♦* ♦♥❧②

*❤❡ ❧♦❣% ❜✉* ❛❧%♦ *❤❡ ❢❛✐❧✉4❡% ❢♦4 ✇❤✐❝❤ *❤❡ ♣❛4*✐❡% ✇✐%❤ *♦ ❡%*❛❜❧✐%❤ ❧✐❛❜✐❧✐*✐❡%✳

❖✉4 ❢4❛♠❡✇♦4❦ ✐♥❝❧✉❞❡% *❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❆ ♠♦❞❡❧ *♦ %♣❡❝✐❢② *❤❡ ❆K■ ♦❢ *❤❡ ❝♦♠♣♦♥❡♥*% ✭❆♥♥❡① ❆✮✳

❼ ❆♠♦❞❡❧ *♦ %♣❡❝✐❢② *❤❡ ❧♦❣%✿ *❤❡ ❝♦♥*❡♥* ♦❢ *❤❡ ❡♥*4✐❡% ✭❆♥♥❡① ❆✮ ❛♥❞ *❤❡✐4 ❞✐%*4✐❜✉*✐♦♥

✭❆♥♥❡① ❇✮✳

❼ ❆ ♠♦❞❡❧ *♦ %♣❡❝✐❢② *❤❡ ❢❛✐❧✉4❡% ♦❢ *❤❡ %②%*❡♠ ❝♦♥%✐❞❡4❡❞ ✐♥ *❤❡ ❝♦♥*4❛❝* ✭❆♥♥❡① ❆✮✳

❼ ❆ ♠♦❞❡❧ *♦ %♣❡❝✐❢② *❤❡ ❛%%✐❣♥♠❡♥* ♦❢ ❧✐❛❜✐❧✐*✐❡% ✭❆♥♥❡① ❊✮

❼ ❆ %♣❡❝✐✜❝❛*✐♦♥ ♦❢ *❤❡ ❧♦❣ ❛♥❛❧②③❡4 ✭❆♥♥❡① ❉✮ ❛♥❞ *❤❡ ❝❧❛✐♠ ❤❛♥❞❧✐♥❣ ♣4♦❝❡❞✉4❡

✭❆♥♥❡① ❈✮✳
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❚❤❡ ❜❡♥❡✜&' ♦❢ ❛ ❢♦+♠❛❧ ❧❛♥❣✉❛❣❡ ✐♥❝❧✉❞❡ ❛ ✇❡❧❧✲❞❡✜♥❡❞ '❡♠❛♥&✐❝' &❤❛& ❛❧❧♦✇' ✉' &♦

♣+❡❝✐'❡❧② '♣❡❝✐❢② &❤❡ ❧♦❣ ❝♦♥&❡♥& ❛♥❞ ✐&' ❛♥❛❧②'✐' &♦ ❡'&❛❜❧✐'❤ ❧✐❛❜✐❧✐&✐❡'✳ ❇❡'✐❞❡' &❤✐'✱ ✐& ✐'

❛❧'♦ ♣+♦✈✐❞❡' ❛ '✉♣♣♦+& &♦ ❢♦+♠❛❧❧② ✈❡+✐❢② ✐♠♣❧❡♠❡♥&❛&✐♦♥' ♦❢ &❤✐' ❛♥❛❧②③❡+✳ ❨❡& ❛♥♦&❤❡+

❛❞✈❛♥&❛❣❡ ✐' &❤❡ ♣♦''✐❜✐❧✐&② &♦ ✈❛❧✐❞❛&❡ &❤❡ ❝♦♥&+❛❝& ✉'✐♥❣ &♦♦❧' &❤❛& '✉♣♣♦+& ✈❡+✐✜❝❛&✐♦♥

❛♥❞ ❛♥✐♠❛&✐♦♥ ♦❢ ♠♦❞❡❧'✳

❖✉+ ♠❡&❤♦❞♦❧♦❣② ✭❋✐❣✉+❡ ✷✳✶✮ ✐' ❜❛'❡❞ ♦♥ ❛ '❡& ♦❢ ❢♦+♠❛❧ ♠♦❞❡❧ &❡♠♣❧❛&❡' &♦ ❜❡ ✐♥'&❛♥&✐✲

❛&❡❞ ❜② &❤❡ ♣❛+&✐❡' ✭♦+ ❡①♣❡+&' +❡♣+❡'❡♥&✐♥❣ &❤❡ ♣❛+&✐❡'✮✳ ❚❤❡ ❛✐♠ ✐' &♦ ♣+♦✈✐❞❡ ❛ '&+✉❝&✉+❡❞

❛♥❞ ♣+❡❝✐'❡ ✇❛② &♦ '♣❡❝✐❢② &❤❡ ✐♥❢♦+♠❛&✐♦♥ ♦❢ &❤❡ ❛♥♥❡①❡'✳ ❚❤❡ ♠♦❞❡❧' ❛❧'♦ ❝♦♥&❛✐♥ ❝❡+&❛✐♥

♣+♦♣❡+&✐❡' ❛❜♦✉& &❤❡ ❧♦❣' ❛♥❞ &❤❡ '②'&❡♠ &❤❛& &❤❡ ♣❛+&✐❡' ✇✐'❤ &♦ ✈❡+✐❢② ♣+❡❝✐'❡❧②✳ ❋♦+

❡①❛♠♣❧❡✱ &❤❡ ♣❛+&✐❡' ♠❛② '&❛&❡ ♣+♦♣❡+&✐❡' ❛❜♦✉& &❤❡ ❧♦❣' &♦ ✈❡+✐❢② &❤❡✐+ ✐♥&❡❣+✐&②✳

❯'✐♥❣ ♠♦❞❡❧ ✈❡+✐✜❝❛&✐♦♥ &♦♦❧' ✐& ✐' ♣♦''✐❜❧❡ &♦ ✈❡+✐❢② ✐❢ &❤❡ ♣+♦♣❡+&✐❡' ✐♥ &❤❡ ♠♦❞❡❧

❤♦❧❞ ❢♦+ ❛ '♣❡❝✐✜❝ ❝❛'❡ ❛♥❞ ❛ ❣✐✈❡♥ '❡& ♦❢ ❧♦❣'✳ ❚♦♦❧' ❝❛♥ ❛❧'♦ ❜❡ ♣+♦✈✐❞❡❞ &♦ '✉♣♣♦+& &❤❡

❛♥✐♠❛&✐♦♥ ♦❢ ♣♦''✐❜❧❡ '❝❡♥❛+✐♦'✳ ❚❤✐' ♣+♦❝❡'' ✐' ✉'✉❛❧❧② ♣❡+❢♦+♠❡❞ ❜② ❛♥ ✐♥✈❡'&✐❣❛&♦+ &❤❛&

❝❛♥ ❜❡ ❡✐&❤❡+ &❤❡ ♣❛+&✐❡' ♦+ ❛ &❤✐+❞ ♣❛+&② ✭❡①♣❡+&✮ ❞❡'✐❣♥❛&❡❞ &♦ ❛♥❛❧②③❡ &❤❡ ❧♦❣'✳

❋✐❣✉+❡ ✷✳✶✿ ❋+❛♠❡✇♦+❦ ▼❡&❤♦❞♦❧♦❣②

❲❡ ❤❛✈❡ ❝❤♦'❡♥ &♦ ✐♠♣❧❡♠❡♥& ♦✉+ ❢+❛♠❡✇♦+❦ ✉'✐♥❣ &❤❡ ❇✲♠❡&❤♦❞✳ ■♥ &❤❡ ❢♦❧❧♦✇✐♥❣

'❡❝&✐♦♥ ✇❡ ❞❡'❝+✐❜❡ &❤❡ ❜❡♥❡✜&' ♦❢ &❤✐' ❛♣♣+♦❛❝❤ ❛♥❞ +❡✈✐❡✇ &❤❡ ♠❛✐♥ ❝♦♥❝❡♣&' ♦❢ &❤❡
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 ❡❝❤♥♦❧♦❣②✳

✷✳✹ ❇❛❝❦❣(♦✉♥❞ ♦♥ -❤❡ ❇✲▼❡-❤♦❞

❚❤❡ ❇✲♠❡ ❤♦❞ ❬❆❜2✐❛❧ ✶✾✾✻❪ ✐9 ❛ ❢♦2♠❛❧ ♠❡ ❤♦❞ ♦❢ 9♦❢ ✇❛2❡ ❞❡✈❡❧♦♣♠❡♥  ❤❛ ❤❛9 ❜❡❡♥

9✉❝❝❡99❢✉❧❧② ❛♣♣❧✐❡❞ ✐♥ 9❛❢❡ ②✲❝2✐ ✐❝❛❧ 9②9 ❡♠9 ✐♥ ❛❝❛❞❡♠② ❛♥❞ ✐♥❞✉9 2② ❬❇❡❤♠ ❡ ❛❧✳ ✶✾✾✾✱

❇❛❞❡❛✉ ✫ ❆♠❡❧♦ ✷✵✵✺✱ ❘❡❤♠ ✷✵✶✵❪✳ ❚❤❡ ❇ ♠❡ ❤♦❞ ❡♥❝♦♠♣❛99❡9 ❛❝ ✐✈✐ ✐❡9 ♦❢ ♠♦❞❡❧✐♥❣✱

9❛❢❡ ② ♣2♦♣❡2 ✐❡9 ✈❡2✐✜❝❛ ✐♦♥ ❛♥❞ 2❡✜♥❡♠❡♥ ✉♥ ✐❧ ❝♦❞❡ ❣❡♥❡2❛ ✐♦♥ ❛♥❞ ✐9 9✉♣♣♦2 ❡❞ ❜② ❛♥

✐♥❞✉9 2✐❛❧  ♦♦❧ ❬❈❧❡❛2❙② ✷✵✶✶❪ ❛♥❞ ❛♥ ♦♣❡♥ ♣❧❛ ❢♦2♠ ❬❘♦❞✐♥ ✷✵✶✶❪✳ ❚❤❡9❡  ♦♦❧9 ❛99✐9  ❤❡

❞❡✈❡❧♦♣♠❡♥ ♣2♦❝❡99 ✐♥ ✐ 9 ✇❤♦❧❡✱ ❢2♦♠ 9♣❡❝✐✜❝❛ ✐♦♥ ✉♥ ✐❧ ❝♦❞❡ ❣❡♥❡2❛ ✐♦♥✳ ❙♦♠❡  ♦♦❧9

❛2❡ ❞❡❞✐❝❛ ❡❞  ♦ ✈❛❧✐❞❛ ✐♦♥ ♦❢ ♠♦❞❡❧9✱ 9✉❝❤ ❛9 ❛♥✐♠❛ ♦29 ✭I2♦❇ ❬▲❡✉9❝❤❡❧ ✫ ❇✉ ❧❡2 ✷✵✵✸❪✱

❇2❛♠❛ ❬❙❡2✈❛ ✷✵✵✼❪✮ ❛♥❞  ❡9 ❣❡♥❡2❛ ♦29 ✭❥❙②♥♦I❙②9 ❬❉❛❞❡❛✉ ✫ ❚✐99♦ ✷✵✵✾❪✱ ▲❡✐2✐♦9

❬❏❛✛✉❡❧ ✫ ▲❡❣❡❛2❞ ✷✵✵✼❪✮✳

■♥  ❤❡ ▲■❙❊ ❝♦♥ ❡① ✱ ✇❡ ❤❛✈❡ ❝❤♦9❡♥  ❤❡ ❇✲♠❡ ❤♦❞ ❢♦2 9❡✈❡2❛❧ 2❡❛9♦♥9✿

❼  ❤❡ ✐♥❞✉9 2✐❛❧ 9 ❛ ✉9 ♦❢  ❤✐9 ❛♣♣2♦❛❝❤ ✐9 ❛ ♣♦9✐ ✐✈❡ ❛2❣✉♠❡♥ ✐♥  ❡2♠9 ♦❢  2✉9 ✱ ❛

✐♠♣♦2 ❛♥ ♥♦ ✐♦♥ ✐♥ ♦✉2 ❝♦♥ ❡① ✳

❼  ❤❡ ❇✲♠❡ ❤♦❞ ✐9 ❜❛9❡❞ ♦♥ ❛ ✜29 ♦2❞❡2 9❡  ❤❡♦2② ✇❤✐❝❤ ✐9 ✉♥❞❡29 ❛♥❞❛❜❧❡ ❛♥❞ ♠❛♥✐♣✲

✉❧❛❜❧❡ ✇❛② ❜② ❝♦♠♣✉ ❡2 9❝✐❡♥❝❡ ❡♥❣✐♥❡❡29 ✇❤♦ ❝❛♥ ❜❡ ✐♠♣❧✐❡❞ ✐♥  ❤❡  ❡❝❤♥✐❝❛❧ ❝♦♥ ❡♥ 

♦❢ ❝♦♥ 2❛❝ 9✳

❼  ❤❡ ♠❛ ✉2✐ ② ♦❢  ♦♦❧9 ❛❧❧♦✇9 ✉9  ♦ ✉9❡  ❤❡♠ ❞✉2✐♥❣ ❝♦♥ 2❛❝ ❡❧❛❜♦2❛ ✐♦♥ ✐♥ ♦2❞❡2  ♦

✈❛❧✐❞❛ ❡ ❧✐❛❜✐❧✐ ② 9♣❡❝✐✜❝❛ ✐♦♥ ♦♥ ❝♦♥❝2❡ ❡ ❝❛9❡9✳

■♥  ❤✐9  ❤❡9✐9 ✇❡ ❡①♣❧♦✐ ❛ ✈❡2② 2❡9 2✐❝ ❡❞ ♣❛2 ♦❢  ❤❡ ❇ ♠❡ ❤♦❞✿ ✇❡ ❛2❡ ♠❛✐♥❧② ✐♥ ❡2❡9 ❡❞

 ♦ ♠♦❞❡❧ ❞❛ ❛ ❛♥❞  ♦ 9 ❛ ❡ 9♦♠❡ ✈❡2✐✜❝❛ ✐♦♥9 ❛♥❞ ❝❛❧❝✉❧✉9 ♦♥  ❤❡♠✳ ■♥ ♣❛2 ✐❝✉❧❛2  ❤❡

2❡✜♥❡♠❡♥ ❢❛❝✐❧✐ ② ✇✐❧❧ ❜❡ ♥♦ ✉9❡❞✳

✷✳✹✳✶ ❆❜&'(❛❝' ▼❛❝❤✐♥❡&

■♥ ❇✲♠❡ ❤♦❞✱ ❡❛❝❤ ♠♦❞❡❧ ✐9 2❡♣2❡9❡♥ ❡❞ ❜② ❛♥ ❛❜"#$❛❝# ♠❛❝❤✐♥❡  ❤❛ ❞❡✜♥❡9  ❤❡ 9 ❛ ❡ ♦❢

 ❤❡ 9②9 ❡♠✱ ♣2♦♣❡2 ✐❡9 ❛❜♦✉  ❤✐9 9 ❛ ❡ ❛♥❞ ❤♦✇ ✐ ❡✈♦❧✈❡9✳ ❆❜9 2❛❝ ♠❛❝❤✐♥❡9  ❛❦❡  ❤❡

✻✵



✷✳✹✳ ❇❆❈❑●❘❖❯◆❉ ❖◆ ❚❍❊ ❇✲▼❊❚❍❖❉

❢♦❧❧♦✇✐♥❣ ❢♦'♠✿

▼❆❈❍■◆❊ ▼

❙❊❚❙ ❙ ✴✯ ❣✐✈❡♥ ❛♥❞ ❡♥✉♠❡+❛,❡❞ -❡,- ✯✴

❈❖◆❙❚❆◆❚❙ ❈ ✴✯ ❧✐-, ♦❢ ❝♦♥-,❛♥,- ✯✴

4❘❖4❊❘❚■❊❙ # ✴✯ ♣+♦♣❡+,✐❡- ✐♥ ,❤❡ ❢♦+♠ ♦❢ ❛ ❢✐+-, ♦+❞❡+ ❢♦+♠✉❧❛ ✯✴

❱❆❘■❆❇▲❊❙ ❱ ✴✯ ❧✐-, ♦❢ ✈❛+✐❛❜❧❡- ✯✴

■◆❱❆❘■❆◆❚ ■ ✴✯ ❛ ❢✐+-, ♦+❞❡+ ❢♦+♠✉❧❛ -,❛,✐♥❣ ♣+♦♣❡+,✐❡-

♦♥ ✈❛+✐❛❜❧❡- ❛♥❞ ❝♦♥-,❛♥,- ✯✴

■◆■❚■❆▲■❙❆❚■❖◆ ❯ ✴✯ ✐♥✐,✐❛❧ ❛--✐❣♥♠❡♥, ♦❢ ✈❛+✐❛❜❧❡- ✯✴

❖4❊❘❆❚■❖◆❙ ✴✯ ♦♣❡+❛,✐♦♥ ❞❡❢✐♥✐,✐♦♥- ✐♥ ,❤❡ ❢♦+♠ ♦❢

✳ ✳ ✳ ♣+❡ ❛♥❞ ♣♦-,❝♦♥❞✐,✐♦♥- ✴

❊◆❉

4'♦♣❡'=✐❡> ❛♥❞ ✐♥✈❛'✐❛♥= ❛'❡ >=❛=❡❞ ✉>✐♥❣ ❛ ✜'>= ♦'❞❡' >❡= =②♣❡❞ =❤❡♦'② ✭>❡❡ >❡❝=✐♦♥

✷✳✹✳✹✮✳ ❈❧❛✉>❡ ❙❊❚❙ ❛❧❧♦✇> =♦ ✐♥='♦❞✉❝❡ ❡♥✉♠❡'❛=❡❞ ❛♥❞ ❣✐✈❡♥ >❡=>✱ =❤❛= ❛'❡ ❝♦♥>✐❞❡'❡❞ ❛>

=②♣❡✳ ■♥✐=✐❛❧✐>❛=✐♦♥> ❛♥❞ ♦♣❡'❛=✐♦♥> ❛'❡ >=❛=❡❞ ✉>✐♥❣ =❤❡ ❣❡♥❡'❛❧✐③❡❞ >✉❜>=✐=✉=✐♦♥ ❧❛♥❣✉❛❣❡✱

❛ >♣❡❝✐✜❝❛=✐♦♥ ❧❛♥❣✉❛❣❡ ❜❛>❡❞ ♦♥ ❛>>✐❣♥♠❡♥=✳ ❍♦✇❡✈❡'✱ ✇❡ ✇✐❧❧ ♥♦= ❞❡>❝'✐❜❡ =❤✐> ❧❛♥❣✉❛❣❡

❤❡'❡ ❜❡❝❛✉>❡ ✐= ✇✐❧❧ ♥♦= ❜❡ ✉>❡❞ ✐♥ =❤❡ ❝♦♥=❡①= ♦❢ =❤✐> =❤❡>✐>✳

❊①❛♠♣❧❡ ✷✳✶✳ ❊①❛♠♣❧❡ ♦❢ ❛❜>='❛❝= ♠❛❝❤✐♥❡

▼❛❝❤✐♥❡ BreakController ❞❡✜♥❡> =❤❡ ❛❝=✐♦♥> ✭❡♥✉♠❡'❛=❡❞ >❡= ACTION✮ ❛♥❞ ♣❛'❛♠❡✲

=❡'> ✭❣✐✈❡♥ >❡= PARAM✮ =❤❛= ❞❡✜♥❡ =❤❡ ❆4■ ♦❢ ❛ ❜'❡❛❦ ❝♦♥='♦❧❧❡' ❝♦♠♣♦♥❡♥=✳ ❚❤❡ ❝♦♥>=❛♥=

NumParams ♠❛♣> ❡❛❝❤ ❛❝=✐♦♥ ✐♥=♦ =❤❡ ♥✉♠❜❡' ♦❢ ♣❛'❛♠❡=❡'> ♦❢ =❤❡ ❛❝=✐♦♥✱ =❤❛= >❤♦✉❧❞

❜❡ ❣'❡❛=❡' =❤❛= ♦♥❡ (c1)✳

▼❆❈❍■◆❊ BreakController

❙❊❚❙ ACTION = {Activate,Deactivate, EmmitAlert};PARAM
❈❖◆❙❚❆◆❚❙ NumParams

4❘❖4❊❘❚■❊❙

NumParams ∈ ACTION → N ∧
NumParams = {(Activate 7→ 3), (Deactivate 7→ 2), (EmmitAlert 7→ 2)} ∧
∀ action.(action ∈ dom(NumParams)⇒ NumParams(action) > 1)(c1)

❊◆❉

❚❤❡ ♦♣❡'❛=♦' dom(f) '❡=✉'♥> =❤❡ ❞♦♠❛✐♥ ♦❢ =❤❡ ❢✉♥❝=✐♦♥ f ✭>❡❡ ❙❡❝=✐♦♥ ✷✳✹✳✹✮✳

✷✳✹✳✷ ▼❛❝❤✐♥❡ ❝♦♥+✐+,❡♥❝②

▼❛❝❤✐♥❡ ❝♦♥>✐>=❡♥❝② ✐> ❡>=❛❜❧✐>❤❡❞ ✉>✐♥❣ ♣'♦♦❢ ♦❜❧✐❣❛=✐♦♥>✳ ❱❡'✐✜❝❛=✐♦♥ ✐♠♣♦>❡❞ ✐♥

❬❆❜'✐❛❧ ✶✾✾✻❪ ✐> '❡❧❛=✐✈❡ =♦ ✐♥✈❛'✐❛♥= ♣'❡>❡'✈❛=✐♦♥✿ ✇❡ ❤❛✈❡ =♦ ♣'♦✈❡ =❤❛= =❤❡ ✐♥✈❛'✐❛♥= ✐>

✻✶



❈❍❆#❚❊❘ ✷✳ ▲■❙❊ ❆##❘❖❆❈❍

❡!"❛❜❧✐!❤❡❞ ❜② ✐♥✐"✐❛❧✐!❛"✐♦♥ ❛♥❞ ♣-❡!❡-✈❡! ❜② ❡❛❝❤ ♦♣❡-❛"✐♦♥✳ ❉✉❡ "♦ "❤❡ ❢❛❝" "❤❛" ♦✉- ♠♦❞✲

❡❧! ❞♦ ♥♦" ❝♦♥"❛✐♥ ✈❛-✐❛❜❧❡! ✇❡ ♥♦" ❞❡"❛✐❧❡❞ "❤❡!❡ ♣-♦♦❢ ♦❜❧✐❣❛"✐♦♥! ❤❡-❡✳ ❆♥♦"❤❡- ♣♦!!✐❜❧❡

✈❡-✐✜❝❛"✐♦♥ ❝♦♥!✐!"! "♦ ❡!"❛❜❧✐!❤ ♣-♦♣❡-"② ❝♦♥!✐!"❡♥❝②✱ ❛! ♣-♦♣♦!❡❞ ✐♥ ❬❙❝❤♥❡✐❞❡- ✷✵✵✶❪✿

HS ⇒ ∃C.P

✇❤❡-❡ HS ❛-❡ "❤❡ ❤②♣♦"❤❡!✐! -❡❧❛"✐✈❡ "♦ ❣✐✈❡♥ ❛♥❞ ❡♥✉♠❡-❛"❡❞ !❡"!✳ ❋♦- ❡①❛♠♣❧❡ ✐❢ ❛

♠❛❝❤✐♥❡ ❝♦♥"❛✐♥! "❤❡ ❣✐✈❡♥ !❡" S ❛♥❞ "❤❡ ❡♥✉♠❡-❛"❡❞ !❡" T = {a, b} "❤❛♥ HS ✐! ❡D✉✐✈❛❧❡♥"

"♦✿

S ∈ P1(INT ) ∧ T ∈ P1(INT ) ∧ T = {a, b} ∧ a 6= b

❚❤❡ ❇✲♠❡"❤♦❞ ❞♦❡! ♥♦" ✐♠♣♦!❡ "❤✐! ✈❡-✐✜❝❛"✐♦♥ ❛" "❤❡ ❛❜!"-❛❝" ♠❛❝❤✐♥❡ ❧❡✈❡❧✳ ■♥ ❢❛❝"✱

❢❡❛!✐❜✐❧✐"② ♣-♦♣❡-"✐❡! ❛-❡ ♥♦-♠❛❧❧② ❛✉"♦♠❛"✐❝❛❧❧② ❡!"❛❜❧✐!❤❡❞ ❛" "❤❡ ❧❡✈❡❧ ♦❢ ✐♠♣❧❡♠❡♥"❛"✐♦♥✿

✐❢ ✇❡ ❜✉✐❧❞ ❛ ❝♦--❡❝" ✐♠♣❧❡♠❡♥"❛"✐♦♥ "❤❡ ❡①✐!"❡♥❝❡ ♦❢ ❝♦♥!"❛♥"! ❛♥❞ ✈❛-✐❛❜❧❡! ✐! ♣-♦✈❡❞✳ ■♥

♣❛-"✐❝✉❧❛-✱ ❛♥ ✐♠♣❧❡♠❡♥"❛"✐♦♥ ♠✉!" ❝♦♥"❛✐♥ ❛ ❝❧❛✉!❡ ❝❛❧❧❡❞ ❱❆▲❯❊ "❤❛" ❡①♣❧✐❝✐"❧② ❛!!✐❣♥!

✈❛❧✉❡! "♦ ❝♦♥!"❛♥"!✳ ❚❤✐! ❝❧❛✉!❡ ❣❡♥❡-❛"❡! ❛ ♣-♦♦❢ ♦❜❧✐❣❛"✐♦♥ "❤❛" ✈❡-✐✜❡! ❛❧❧ ♣-♦♣❡-"✐❡!

!"❛-"✐♥❣ ❢-♦♠ "❤❡ ❛❜!"-❛❝" ♠❛❝❤✐♥❡ ❧❡✈❡❧ ✉♥"✐❧ "❤❡ ✐♠♣❧❡♠❡♥"❛"✐♦♥✳ ❍♦✇❡✈❡-✱ ✇❡ "♦ ♥♦" ✉!❡

"❤❡ -❡✜♥❡♠❡♥" ♣-♦❝❡!! ✐♥ "❤✐! "❤❡!✐!✳

✷✳✹✳✸ ❙%&✉❝%✉&✐♥❣ ▼❛❝❤✐♥❡0

▼♦❞❡❧! ❝❛♥ ❜❡ !"-✉❝"✉-❡❞ "♦ ❝♦♥!"✐"✉"❡ ❧❛-❣❡- ♠♦❞❡❧! ✉!✐♥❣ ■◆❈▲❯❉❊❙ ❛♥❞ ❙❊❊❙ ❝❧❛✉!❡!✳

❚❤❡ ■◆❈▲❯❉❊❙ ❝❧❛✉/❡

■❢ M2 ✐♥❝❧✉❞❡' M ✭"❤❡ ♠❛❝❤✐♥❡ ✐♥ ❙❡❝"✐♦♥ ✷✳✹✳✶✮ "❤❡♥ ✐" ♠❡❛♥! "❤❛" M2 ❝♦♥"❛✐♥! ❛ ❝♦♣② ♦❢

M ✱ ✐✳❡✳ !❡"!✱ ❝♦♥!"❛♥"! ❛♥❞ ✈❛-✐❛❜❧❡! ♦❢ M ❛-❡ ✐♥❝❧✉❞❡❞ ✐♥"♦ M2✳ ❲❡ !♣❡❝✐❢② M2 ❛! ❢♦❧❧♦✇!✿

▼❆❈❍■◆❊ M2 ■◆❈▲❯❉❊❙ M

❙❊❚❙ S2
❈❖◆❙❚❆◆❚❙ C2

U❘❖U❊❘❚■❊❙ P2

❱❆❘■❆❇▲❊❙ V2
■◆❱❆❘■❆◆❚❙ I2
■◆■❚■❆▲■❙❆❚■❖◆ U2

❖U❊❘❆❚■❖◆❙ ✳ ✳ ✳

❊◆❉

❱❛-✐❛❜❧❡! ❞❡✜♥❡❞ ✐♥M ❝❛♥ ♦♥❧② ❜❡ ❛!!✐❣♥❡❞ ✉!✐♥❣ ❛ ❝❛❧❧ ♦❢ ▼✬! ♦♣❡-❛"✐♦♥! ✭❡♥❝❛♣!✉❧❛"❡❞

✉!❡ ♦❢M✮✳ ❚❤❛♥❦! "♦ "❤✐! -❡!"-✐❝"✐♦♥✱ "❤❡ ✐♥✈❛-✐❛♥" ♦❢M ✐! ♣-❡!❡-✈❡❞ ❜② ❝♦♥!"-✉❝"✐♦♥✳ U-♦♦❢
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♦❜❧✐❣❛&✐♦♥( ❛&&❛❝❤❡❞ &♦M2 ❛-❡ ♦♥❧② ❞❡❞✐❝❛&❡❞ &♦ &❤❡ ❢❛❝& &❤❛& I2 ✐( -❡(♣❡❝&❡❞ ❜② &❤❡ ✐♥✐&✐❛❧✲

✐(❛&✐♦♥ U2 ❛♥❞ ♥❡✇ M2 ♦♣❡-❛&✐♦♥(✳ ❙❛&✐(✜❛❜✐❧✐&② ♣-♦♦❢(✱ ❛( ♣-♦♣♦(❡❞ ✐♥ ❬❙❝❤♥❡✐❞❡- ✷✵✵✶❪✱ ✐(

&❤❡ ❢♦❧❧♦✇✐♥❣ ♦♥❡✿

HS ∧ HS2 ⇒ ∃C,C2.(P ∧ P2)

❚❤❡-❡❢♦-❡✱ ✐❢ M2 ✐( ❝♦♥(✐(&❡♥& ✭❙❡❝&✐♦♥ ✷✳✹✳✷✮ &❤❡♥ M ✐( ❛❧(♦ ❝♦♥(✐(&❡♥&✳

❙!"✉❝!✉"✐♥❣ ✇✐!❤ ❙❊❊❙

■❢ M2  ❡❡ M &❤❡♥ &❤✐( -❡♣-❡(❡♥&( &❤❛& M2 ❝❛♥ -❡❛❞ &❤❡ ❞❛&❛ ♦❢ M ❜✉& M2 ❝❛♥♥♦& ♠♦❞✐❢②

&❤❡ ❞❛&❛ ♦❢ M ✳ ❲❡ (♣❡❝✐❢② M2 ❛( ❢♦❧❧♦✇(✿

▼❆❈❍■◆❊ M2 ❙❊❊❙ M

✳ ✳ ✳

❊◆❉

❈♦♥(&❛♥&( ♦❢ M ❝❛♥ ❜❡ ✉(❡❞ &♦ ❞❡✜♥❡ &❤❡ &②♣❡( ❛♥❞ ✈❛❧✉❡( ♦❢ ❝♦♥(&❛♥&( ✐♥ M2✳ ❚❤❡

❞✐✛❡-❡♥❝❡ ❜❡&✇❡❡♥ ■◆❈▲❯❉❊❙ ❛♥❞ ❙❊❊❙ ✐( &❤❛& ✇❤❡♥ (&-✉❝&✉-✐♥❣ ✇✐&❤ ❙❊❊❙ &❤❡ ✈❛-✐❛❜❧❡(

♦❢ M ❛-❡ ♥♦& -❡❢❡-❡♥❝❡❛❜❧❡ ✇✐&❤✐♥ &❤❡ ✐♥✈❛-✐❛♥&( ♦❢ M2 ❛♥❞ &❤❡ ♦♣❡-❛&✐♦♥( ♦❢ M ❛-❡ ♥♦&

-❡❢❡-❡♥❝❡❛❜❧❡ ✇✐&❤✐♥ &❤❡ ♦♣❡-❛&✐♦♥( ♦❢ M2 ✭♦♥❧② -❡❛❞ ♦♣❡-❛&✐♦♥(✮✳ ❍♦✇❡✈❡-✱ (✐♥❝❡ &❤❡ ♠❛✲

❝❤✐♥❡( ♣-❡(❡♥&❡❞ ✐♥ &❤✐( &❤❡(✐( ❞♦ ♥♦& ❝♦♥&❛✐♥ ✈❛-✐❛❜❧❡( ✇❡ ♦♥❧② (&-✉❝&✉-❡ ♠❛❝❤✐♥❡( ✉(✐♥❣

❙❊❊❙✳ ❯♥❧✐❦❡ &❤❡ ✐♥❝❧✉❞❡ -❡❧❛&✐♦♥(❤✐♣✱ &❤❡  ❡❡ -❡❧❛&✐♦♥(❤✐♣ ✐( ♥♦& &-❛♥(✐&✐✈❡✱ &❤❡-❡❢♦-❡ ✐❢ ❛

♠❛❝❤✐♥❡ M3 (❡❡( M2 &❤❡♥ M3 ❝❛♥♥♦& -❡❛❞ &❤❡ (❡&( ❛♥❞ ❝♦♥(&❛♥&( ♦❢ M ✳

✷✳✹✳✹ ❇ $❡& &❤❡♦)②

❚❤❡ ❜❛(✐❝ (❡& ❝♦♥(&-✉❝&( ❛-❡ &❤❡ ❢♦❧❧♦✇✐♥❣✿

❈♦♥(&-✉❝& ◆❛♠❡

S × T ❈❛-&❡(✐❛♥ ♣-♦❞✉❝&

P(S) Q♦✇❡-(❡&

{x | P} ❙❡& ❝♦♠♣-❡❤❡♥(✐♦♥

BIG ❆♥ ✐♥✜♥✐&❡ (❡&

❚❤❡ ❝❛-&❡(✐❛♥ ♣-♦❞✉❝& S × T ♦❢ &✇♦ (❡&( ❛-❡ &❤❡ (❡& ♦❢ ♦-❞❡-❡❞ ♣❛✐-( (s, t) (✉❝❤ &❤❛&

s ∈ S ❛♥❞ t ∈ T ✳ ❚❤❡ ♣♦✇❡-(❡& P(S) ♦❢ ❛ (❡& S ✐( &❤❡ (❡& ♦❢ ❛❧❧ (✉❜(❡&( ♦❢ S✳ ■♥ ❇ ✐( ❛❧(♦

♣♦((✐❜❧❡ &♦ ✉(❡ F(S) &♦ -❡♣-❡(❡♥& &❤❡ (❡& ♦❢ ❛❧❧ ✜♥✐&❡ (✉❜(❡&(✳ ❙❡& ❝♦♠♣-❡❤❡♥(✐♦♥ {x | P} ✐(
&❤❡ (❡& ♦❢ ❡❧❡♠❡♥&( ❢♦- ✇❤✐❝❤ &❤❡ ❝♦♥❞✐&✐♦♥ P ✐( &-✉❡✳ ❋✐♥❛❧❧②✱ &❤❡ ✐♥✜♥✐&❡ (❡& BIG ❛❧❧♦✇(

✉( &♦ ❞❡✜♥❡ (❡&( (✉❝❤ ❛( ✐♥&❡❣❡-(✳

❋-♦♠ &❤❡ ❝♦♥(&-✉❝& ❛❜♦✈❡ ✇❡ ❝❛♥ ❞❡✜♥❡ ♥❡✇ ❞♦♠❛✐♥( ❛♥❞ ♦♣❡-❛&♦-( (✉❝❤ ❛( -❡❧❛&✐♦♥(✱

❢✉♥❝&✐♦♥( ❛♥❞ (❡T✉❡♥❝❡(✳

✻✸
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❘❡❧❛$✐♦♥(

●✐✈❡♥ %✇♦ (❡% S ❛♥❞ T ✇❡ ❡①♣-❡(( ❛ -❡❧❛%✐♦♥ rel ❜❡%✇❡❡♥ %❤❡(❡ %✇♦ (❡%( ✭♥♦%❡❞ rel ∈ S ↔ T ✮

❛( ❛ (❡% ♦❢ ❡❧❡♠❡♥%( ♦❢ %❤❡ ❢♦-♠ s 7→ t %❤❛% ❜❡❧♦♥❣( %♦ %❤❡ ❝❛-%❡(✐❛♥ ♣-♦❞✉❝% S × T ✿

rel ∈ S ↔ T ⇔ rel ⊆ {(s 7→ t) | s ∈ S ∧ t ∈ T}

❚❤❡ ❞♦♠❛✐♥ ❛♥❞ -❛♥❣❡ ♦❢ rel ✐( ❞❡✜♥❡❞ -❡(♣❡❝%✐✈❡❧② ❛( ❢♦❧❧♦✇(✿

dom(rel) = {s | s ∈ S ∧ ∃ t.(t ∈ T ∧ s 7→ t ∈ rel)}
ran(rel) = {t | t ∈ T ∧ ∃ s.(s ∈ S ∧ s 7→ t ∈ rel)}

❚❤❡  ❡❧❛$✐♦♥❛❧ ✐♥✈❡ )❡ ♦❢ ❛ -❡❧❛%✐♦♥ rel ✭♥♦%❡❞ rel−1
✮ ✐( ❞❡✜♥❡❞ ❛(✿

rel−1 = {t 7→ s|s 7→ t ∈ rel}

■♥ ❛ -❡❧❛%✐♦♥ rel %❤❡ ♦♣❡-❛%♦- rel[U ] ✐❞❡♥%✐✜❡( ❛❧❧ ❡❧❡♠❡♥%( ✐♥ ran(rel) %❤❛% ❛-❡ -❡❧❛%❡❞ ✇✐%❤
❛♥ ❡❧❡♠❡♥% ❜❡❧♦♥❣✐♥❣ %♦ U ✱ ✐✳❡✳✿

rel[U ] = {t | s 7→ t ∈ rel ∧ s ∈ U}

❋✉♥❝$✐♦♥(

❆ ❢✉♥❝$✐♦♥ ❜❡%✇❡❡♥ %✇♦ (❡%( S ❛♥❞ T ✐( ❛ -❡❧❛%✐♦♥ ✇❤✐❝❤ -❡❧❛%❡( %❤❡ ❡❧❡♠❡♥%( ♦❢ S %♦ ♥♦ ♠♦ ❡

$❤❛$ ♦♥❡ ❡❧❡♠❡♥% ♦❢ T ✳ ❋✉♥❝%✐♦♥( ❝❛♥ ❜❡ ♣❛-%✐❛❧ ✭fun ∈ S 7→ T ✮ ♦- %♦%❛❧ ✭fun ∈ S → T ✮

❞❡♣❡♥❞✐♥❣ ♦♥ %❤❡✐- ❞♦♠❛✐♥✱ ✐✳❡✳✿

S 7→ T = {fun | fun ∈ S ↔ T ∧ ∀ s, t1, t2.(s ∈ S ∧ t1 ∈ T ∧ t2 ∈ T ⇒
((s 7→ t1 ∈ fun ∧ s 7→ t2 ∈ fun)⇒ t1 = t2)}

S → T = {fun | fun ∈ S 7→ T ∧ dom(fun) = S}

❚❤❡ ♥♦%❛%✐♦♥ fun(s)✱ ✇✐%❤ s ∈ dom(fun)✱ ❞❡♥♦%❡( %❤❡ ✈❛❧✉❡ ♦❢ fun ❛((♦❝✐❛%❡❞ %♦ s✳

❲❡ ❝❛♥ ❛❧(♦ (%❛%❡ ❢✉♥❝%✐♦♥( ✉(✐♥❣ %❤❡ ❧❛♠❜❞❛ ♥♦$❛$✐♦♥✳ ❚❤❡ ❢♦-♠ ♦❢ ❛ ❧❛♠❜❞❛ ❞❡✜♥✐%✐♦♥

✐( fun = λ s.(s ∈ S | E)✱ ✇❤✐❝❤ ♠❛♣( s✱ ♦❢ %②♣❡ S✱ %♦ %❤❡ ✈❛❧✉❡ ♦❢ ❡①♣-❡((✐♦♥ E✳ ❋♦-
❡①❛♠♣❧❡✱ %❤❡ ♠❛%❤❡♠❛%✐❝❛❧ ❢✉♥❝%✐♦♥ )1✉❛ ❡ ❣✐✈❡♥ ❜② %❤❡ ❞❡✜♥✐%✐♦♥ square(x) = x2 ❝❛♥ ❜❡

❡①♣-❡((❡❞ ❛( ❢♦❧❧♦✇(✿

square = λx.(x ∈ Z | x2)

❚❤❡ ♠♦-❡ ❣❡♥❡-❛❧ ❢♦-♠ ♦❢ ❛ ❧❛♠❜❞❛ ♥♦%❛%✐♦♥ ✐( λ z.(P | E) ❞❡✜♥❡❞ ❢♦- ❛ ❧✐(% ♦❢ ✈❛-✐❛❜❧❡( z✱
♣-♦✈✐❞❡❞ %❤❛% P ❞❡✜♥❡( %❤❡ %②♣❡ ♦❢ ❡❛❝❤ ✈❛-✐❛❜❧❡ ✐♥ z✳
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❙❡"✉❡♥❝❡&

❋✐♥❛❧❧②✱  ❡"✉❡♥❝❡ ❛'❡ ✜♥✐*❡ ♦'❞❡'❡❞ ❧✐-* ♦❢ ❡❧❡♠❡♥*- ♦❢ ❛ ❣✐✈❡♥ *②♣❡ *❤❛* ❝❛♥ ❜❡ ✉♥❞❡'-*♦♦❞

❛- ❛ -♣❡❝✐❛❧ ❦✐♥❞ ♦❢ ❢✉♥❝*✐♦♥ *❤❛* ♠❛♣- ♥❛*✉'❛❧ ♥✉♠❜❡' ✐♥*♦ ❡❧❡♠❡♥*- ♦❢ ❛ ❣✐✈❡♥ -❡*✳ ❲❡

❞❡♥♦*❡ seq(S) *❤❡ -❡: ♦❢ ♣♦--✐❜❧❡ -❡:✉❡♥❝❡- ♦❢ *❤❡ ❡❧❡♠❡♥*- ♦❢ S✿

seq(S) =
n⋃

N=0

(1..N → S)

❆❞❞✐*✐♦♥❛❧❧②✱ ✇❡ ✉-❡ *❤❡ ♥♦*❛*✐♦♥ iseq(S) *♦ ❞❡♥♦*❡ ✐♥❥❡❝(✐✈❡  ❡"✉❡♥❝❡ ✱ ✐✳❡✳ ❛❧❧ -❡:✉❡♥❝❡-

♦❢ ❡❧❡♠❡♥*- ♦❢ S *❤❛* ❝♦♥*❛✐♥ ❞✐-*✐♥❝* ♠❡♠❜❡'-✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ❛ -❡:✉❡♥❝❡ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❜②

❧✐-*✐♥❣ ✐*- ♠❡♠❜❡'- ✇✐*❤✐♥ -:✉❛'❡ ❜'❛❝❦❡*- ❛♥❞ *❤❡ ♥✉♠❜❡' ♦❢ ❡❧❡♠❡♥*- ✐- ♦❜*❛✐♥❡❞ ✉-✐♥❣

*❤❡ ❢✉♥❝*✐♦♥ size✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ ❞❡✜♥❡- ❛ -❡:✉❡♥❝❡ ss ♦❢ ♥❛*✉'❛❧ ♥✉♠❜❡'- *❤❛*

❝♦♥*❛✐♥ *❤'❡❡ ❡❧❡♠❡♥*-✿

ss ∈ seq(N ) ∧ ss = [1, 3, 6]

❚❤❡ -②♠❜♦❧ union '❡♣'❡-❡♥*- *❤❡ ❣❡♥❡'❛❧✐③❡❞ ✉♥✐♦♥ ♦❢ ❛❧❧ ❡❧❡♠❡♥*- ♦❢ ❛ ❣✐✈❡♥ -❡*✱ ✐✳❡✳✿

union(TT ) = T1 ∪ T2 ∪ · · · ∪ Tn -✉❝❤ *❤❛* Ti ∈ TT ❢♦' 1 ≤ i ≤ n

❋♦' ❡①❛♠♣❧❡✱ ❧❡* TT = {{1, 2}, {3, 4}, {5}} *❤❡♥✿

union(TT ) = {1, 2} ∪ {3, 4} ∪ {5} = {1, 2, 3, 4, 5}

✻✺
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❈❤❛♣$❡& ✸

▲♦❣ ❆♥❛❧②(✐(

❆! ♠❡♥%✐♦♥❡❞ ✐♥ %❤❡ ♣+❡✈✐♦✉! ❝❤❛♣%❡+✱ ✇❡ ♣+♦♣♦!❡ ❛ ❢+❛♠❡✇♦+❦ ❝♦♥!✐!%✐♥❣ ♦❢ ❛ ❝♦❧❧❡❝%✐♦♥ ♦❢

♠♦❞❡❧! %♦ ❜❡ ❝♦♠♣❧❡%❡❞✱ %♦ ❛!!✐!% ♣❛+%✐❡! ✐♥ %❤❡ ❡❧❛❜♦+❛%✐♥❣ ♦❢ %❤❡ ❝♦♥%❡♥% ♦❢ %❤❡ %❡❝❤♥✐❝❛❧

❛♥♥❡①❡!✳ ■♥ %❤✐! ❝❤❛♣%❡+ ✇❡ ♣+❡!❡♥% %❤❡ ♠♦❞❡❧! ✉!❡❞ %♦ !♣❡❝✐❢② %❤❡ ❧♦❣! ❛♥❞ %❤❡✐+ ❛♥❛❧②!✐!✳

❋✐+!%✱ ✇❡ ❞❡!❝+✐❜❡ !♦♠❡ ❜❛!✐❝ ❛!!✉♠♣%✐♦♥! ❛❜♦✉% %❤❡ !②!%❡♠ ❛♥❞ %❤❡ ❝♦♠♠✉♥✐❝❛%✐♦♥!

❜❡%✇❡❡♥ ✐%! ❝♦♠♣♦♥❡♥%! ✭❙❡❝%✐♦♥ ✸✳✶✮ ❛♥❞ ✇❡ ❞❡!❝+✐❜❡ %❤❡ ❝❛!❡ !%✉❞②✱ ✉!❡❞ %♦ ✐❧❧✉!%+❛%❡

♦✉+ ❛♣♣+♦❛❝❤ ✭❙❡❝%✐♦♥ ✸✳✷✮✳ ❚❤❡♥✱ ✇❡ ✐♥%+♦❞✉❝❡ %❤❡ ♠♦❞❡❧! ✉!❡❞ %♦ +❡♣+❡!❡♥% %❤❡ ❧♦❣!

✭❙❡❝%✐♦♥ ✸✳✸✮ ❛♥❞ %❤❡ ♦♣❡+❛%✐♦♥! ♦♥ ❞✐!%+✐❜✉%❡❞ ❧♦❣! ✭❙❡❝%✐♦♥ ✸✳✹✮✳ ❚❤❡♥✱ ✇❡ ✐♥%+♦❞✉❝❡ %❤❡

♠♦❞❡❧! ❛❧❧♦✇✐♥❣ ✉! %♦ !%❛%❡ ♣+♦♣❡+%✐❡! ♦♥ %❤❡ ❧♦❣! ❛♥❞ ♣+♦✈✐❞❡ ❛ ❢♦+♠❛❧ !♣❡❝✐✜❝❛%✐♦♥ ♦❢

%❤❡ ❧♦❣ ❛♥❛❧②③❡+ %♦ ✈❡+✐❢② ♣+♦♣❡+%✐❡! ♦❢ ❞✐!%+✐❜✉%❡❞ ❧♦❣! ✭❙❡❝%✐♦♥ ✸✳✺✮✳ ❲❡ ❛❧!♦ ❞❡✜♥❡ ❛♥

✐♥❝+❡♠❡♥%❛❧ ✈❡+!✐♦♥ ♦❢ %❤❡ ❧♦❣ ❛♥❛❧②③❡+ ✭❙❡❝%✐♦♥ ✸✳✻✮✳ ❋✐♥❛❧❧②✱ ✇❡ ♣♦✐♥% ♦✉% %❤❡ ♣❛+%! ♦❢ %❤❡

%❡❝❤♥✐❝❛❧ ❛♥♥❡①❡! ❝♦++❡!♣♦♥❞✐♥❣ %♦ ❡❛❝❤ ♠♦❞❡❧ ✭❙❡❝%✐♦♥ ✸✳✼✮ ❛♥❞ ✇❡ !✉♠♠❛+✐③❡ %❤❡ ♠❛✐♥

❝♦♥%+✐❜✉%✐♦♥! ♦❢ %❤✐! ❝❤❛♣%❡+ ✭❙❡❝%✐♦♥ ✸✳✽✮✳

✸✳✶ ❆$$✉♠♣(✐♦♥ ♦❢ (❤❡ ❙②$(❡♠ ❛♥❞ ❈♦♠♠✉♥✐❝❛(✐♦♥$

❋✐+!%✱ ✇❡ ❝♦♥!✐❞❡+ ❞✐!%+✐❜✉%❡❞ !②!%❡♠! ❝♦♥!✐!%! ♦❢ ❝♦♠♣♦♥❡♥%! %❤❛% ❝♦♠♠✉♥✐❝❛%❡ ❜② ❡①✲

❝❤❛♥❣❡ ♦❢ ❛!②♥❝❤+♦♥♦✉! ♠❡!!❛❣❡!✳ ❚❤❡!❡ ♠❡!!❛❣❡! ♠❛② +❡♣+❡!❡♥% ❡①❝❤❛♥❣❡ ♦❢ ✐♥❢♦+♠❛%✐♦♥

✭❡✐%❤❡+ ❜❡%✇❡❡♥ ❝♦♠♣♦♥❡♥%! ♦+ ❜❡%✇❡❡♥ ❝♦♠♣♦♥❡♥%! ❛♥❞ ✉!❡+! ♦❢ %❤❡ !②!%❡♠✮✱ ♠❡%❤♦❞ ❝❛❧❧!

♦+ ✐♥%❡+♥❛❧ ❛❝%✐♦♥! ❡①❡❝✉%❡❞ ❜② %❤❡ ❝♦♠♣♦♥❡♥%!✳ ❚❤✐! ❛♣♣+♦❛❝❤ ✐! ❛ !%❛♥❞❛+❞ ✇❛② %♦ ♠♦❞❡❧

✐♥%❡+❛❝%✐♦♥! ♦❢ ❝♦♠♣♦♥❡♥%! ❛♥❞ %♦ ❛❜!%+❛❝% ❞✐✛❡+❡♥% ❦✐♥❞! ♦❢ ❝♦♠♠✉♥✐❝❛%✐♦♥! %❤❛% ♠❛② ♦❝✲

❝✉+ ✐♥ %❤❡ !②!%❡♠ ❬❈♦✉❧♦✉+✐! ❡% ❛❧✳ ✷✵✶✶❪✳ ❲❡ ❛!!✉♠❡ %❤❛% %❤❡ ♠❡!!❛❣❡! ❛+❡ +❡❝♦+❞❡❞ ✐♥ %❤❡

❝❤+♦♥♦❧♦❣✐❝❛❧ ♦+❞❡+ ♦❢ %❤❡ ❝♦♠♠✉♥✐❝❛%✐♦♥!✳ ❚❤✐! ❤②♣♦%❤❡!✐! ✐! ❝♦♠♠♦♥ ✐♥ %+❛❝❡ ❛♥❛❧②!✐!

✭❙❡❝%✐♦♥ ✶✳✻✮✳

❙❡❝♦♥❞✱ ❢♦❧❧♦✇✐♥❣ %❤❡ ❛♣♣+♦❛❝❤ %❛❦❡♥ ✐♥ %❤❡ ❝♦♥%+❛❝% ❢♦+♠❛❧✐!♠! ♣+❡!❡♥%❡❞ ✐♥ ❙❡❝✲

%✐♦♥ ✶✳✹✱ ✇❡ ❛!!✉♠❡ %❤❛% %❤❡ ❝♦♠♣♦♥❡♥%! ❝♦♠♠✉♥✐❝❛%❡ ✇✐%❤♦✉% ❧♦!! ♦❢ ✐♥❢♦+♠❛%✐♦♥✳

❚❤✐! ❛!!✉♠♣%✐♦♥ ✐! ❧✐❦❡❧② %♦ ❜❡ ✈❛❧✐❞ ✐♥ ❛ ❇✷❇ ❝♦♥%+❛❝%✉❛❧ ❝♦♥%❡①% ❜❡❝❛✉!❡✱ ✐♥ ♦+✲

❞❡+ %♦ ❡!%❛❜❧✐!❤ ❧✐❛❜✐❧✐%✐❡!✱ %❤❡ ♣❛+%✐❡! ♥❡❡❞ %♦ ❞✐!%✐♥❣✉✐!❤ ❜❡%✇❡❡♥ ❡++♦+! ✐♥ %❤❡ ❝♦♠✲

✻✼
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♣♦♥❡♥$% ❛♥❞ ❝♦♠♠✉♥✐❝❛$✐♦♥ ❡,,♦,%✳ ▼♦,❡ %♣❡❝✐✜❝❛❧❧②✱ ✇❤❡♥ ❛♥ ❡,,♦, ♦❝❝✉,,❡❞ ❜❡❝❛✉%❡

❛ ♠❡%%❛❣❡ ❤❛% ♥♦$ ❜❡❡♥ ,❡❝❡✐✈❡❞ ❜② ❛ ❝♦♠♣♦♥❡♥$ ✐$ %❤♦✉❧❞ ❜❡ ♣♦%%✐❜❧❡ $♦ ❡%$❛❜❧✐%❤

✐❢ $❤❡ ❡,,♦, ✇❛% ❝❛✉%❡❞ ❜② $❤❡ ❝♦♠♣♦♥❡♥$ ♦, ❜② $❤❡ ♥❡$✇♦,❦✳ ❙❡✈❡,❛❧ ❧♦❣❣✐♥❣ ♣,♦$♦✲

❝♦❧% ❤❛✈❡ ❜❡❡♥ ♣,♦♣♦%❡❞ $♦ ❡♥%✉,❡ $❤❛$ ❝♦♠♠✉♥✐❝❛$✐♦♥% ♦❝❝✉, ✇✐$❤♦✉$ ❧♦%% ♦❢ ♠❡%%❛❣❡

❬❇❛❧❛❇✐$ ■❚ ❙❡❝✉,✐$② ✷✵✶✶✱ ❑❡❧%❡② ❡$ ❛❧✳ ✷✵✵✾✱ ❙❛❝❦♠❛♥♥ ❡$ ❛❧✳ ✷✵✵✻✱ ▼❛ ✫ ❚%✉❞✐❦ ✷✵✵✾❪

✭❙❡❝$✐♦♥ ✶✳✺✮✳ ❚❤❡② ,❡❧② ♦♥ ❝♦♠♠✉♥✐❝❛$✐♦♥ ♣,♦$♦❝♦❧% ✭%✉❝❤ ❛% ❚❈L✮ $❤❛$ ❡♥%✉,❡ ♠❡%%❛❣❡

❞❡❧✐✈❡,② ❜② ,❡$,❛♥%♠✐%%✐♦♥ ♦❢ ❧♦%$ ♠❡%%❛❣❡%✳

❚❤✐,❞✱ ✇❡ ❛❧%♦ ❛%%✉♠❡ $❤❛$ ♠❡%%❛❣❡% ❡①❝❤❛♥❣❡❞ ❜❡$✇❡❡♥ ❝♦♠♣♦♥❡♥$% ❛,❡ ✉♥✐N✉❡ ❛♥❞

❝❛♥ ❜❡ ❞✐%$✐♥❣✉✐%❤❡❞ ❢,♦♠ ❡❛❝❤ ♦$❤❡,✳ ■♥ ♣❛,$✐❝✉❧❛,✱ ✐♥ ♦,❞❡, $♦ ,❡❝♦♠♣♦%❡ ❧♦❣%✱ ✇❡ ❤❛✈❡

$♦ ❞❡$❡❝$ $❤❡ ♣❛✐,% ♦❢ ❧♦❣ ❡♥$,✐❡% ❝♦,,❡%♣♦♥❞✐♥❣ $♦ $❤❡ %❡♥❞ ❛♥❞ ,❡❝❡✐✈❡ ♦♣❡,❛$✐♦♥% ❢♦, ❡❛❝❤

♠❡%%❛❣❡✳ ❚❤❡ %❛♠❡ ❛%%✉♠♣$✐♦♥ ✐% ✉%❡❞ ✐♥ $❤❡ ❛♥❛❧②%✐% ♦❢ ❞✐%$,✐❜✉$❡❞ $,❛❝❡%✱ %✉❝❤ ❛% ❖❜❥❡❝$✲

●❊❖❉❊ ❬❍❛❧❧❛❧ ❡$ ❛❧✳ ✷✵✵✻❪✳ ❖♥❡ ❝♦♥%❡N✉❡♥❝❡ ♦❢ $❤✐% ❛%%✉♠♣$✐♦♥ ✐% $❤❛$ ✐$ ✐% ♣♦%%✐❜❧❡ $♦

✐❞❡♥$✐❢② $❤❡ ❝♦♠♣♦♥❡♥$% ✐♥✈♦❧✈❡❞ ✐♥ ❡❛❝❤ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ❚❤❡,❡❢♦,❡✱ ✇❡ ❝♦♥%✐❞❡, $❤❛$ ❡❛❝❤

♠❡%%❛❣❡ ❝♦♥$❛✐♥% ✐♥❢♦,♠❛$✐♦♥ ❛❜♦✉$ $❤❡ ❝♦♠♣♦♥❡♥$ ✐♥✐$✐❛$✐♥❣ $❤❡ ❝♦♠♠✉♥✐❝❛$✐♦♥ ✭%❡♥❞❡,✮

❛♥❞ $❤❡ ❝♦♠♣♦♥❡♥$ ,❡❝❡✐✈✐♥❣ $❤❡ ❝♦♠♠✉♥✐❝❛$✐♦♥ ✭,❡❝❡✐✈❡,✮✳ ❍♦✇❡✈❡,✱ ♦✉, ❢,❛♠❡✇♦,❦ ❝❛♥

❛❧%♦ ❛❝❝♦♠♠♦❞❛$❡ ♦$❤❡, ❝♦♠♠✉♥✐❝❛$✐♦♥ ♠♦❞❡%✱ %✉❝❤ ❛% ❜,♦❛❞❝❛%$✐♥❣✳

✸✳✷ ❈❛%❡ ❙(✉❞②

❚❤,♦✉❣❤♦✉$ $❤✐% ❝❤❛♣$❡,✱ ✇❡ ❝♦♥%✐❞❡, ❛ ❚,❛✈❡❧ ❆❣❡♥❝② ✭❚❆✮ ,❡%❡,✈❛$✐♦♥ %②%$❡♠ ❛% ❛ ❞,✐✈✐♥❣

❡①❛♠♣❧❡✳ ❚❤❡ ,❡%❡,✈❛$✐♦♥ ♣,♦❝❡%% ✐% ✐❧❧✉%$,❛$❡❞ ✐♥ $❤❡ %❡N✉❡♥❝❡ ❞✐❛❣,❛♠ ♦❢ ❋✐❣✉,❡ ✸✳✶✳

Client WebComp IntSys CompHotel CompBank

NewRequest(sessionId, clientId, details)

Request(sessionId, clientId, details)

Book(sessionId, clientId, details)

Response(sessionId, Y ES)

Confirm(sessionId, details, price)

Debit(sessionId, hotelId, clientId, price)

Bill(sessionId, hotelId, clientId, price)

❋✐❣✉,❡ ✸✳✶✿ ❆❝❝❡♣$❡❞ ,❡%❡,✈❛$✐♦♥ %❝❡♥❛,✐♦

❋✐,%$✱ $❤❡ ❝❧✐❡♥$ ,❡N✉❡%$% ❛ ❤♦$❡❧ ,❡%❡,✈❛$✐♦♥ $♦ ❛ $,❛✈❡❧ ❛❣❡♥❝② ✉%✐♥❣ ❛ ✇❡❜ ❝♦♠♣♦♥❡♥$

✭WebComp✮ ❛♥❞ ✐♥❢♦,♠✐♥❣ ❤✐% ✐❞❡♥$✐✜❡, ❛♥❞ $❤❡ ,❡%❡,✈❛$✐♦♥ ❞❡$❛✐❧%✳ ❚❤❡ $,❛✈❡❧ ❛❣❡♥❝②

✐♥$❡,♥❛❧ %②%$❡♠ ✭IntSys✮ ,❡❝❡✐✈❡% $❤❡ ,❡N✉❡%$ ❛♥❞ $,✐❡% $♦ ❜♦♦❦ ❛ ,❡%❡,✈❛$✐♦♥ ❜② ❝♦♠♠✉✲

♥✐❝❛$✐♥❣ ✇✐$❤ ❛ ❤♦$❡❧ ✭CompHotel✮✳ ■❢ ❛❣,❡❡❞✱ $❤❡ ,❡N✉❡%$❡❞ ❤♦$❡❧ %❡♥❞% ❛ ❝♦♥✜,♠❛$✐♦♥

$♦ ❜♦$❤ $❤❡ ❝❧✐❡♥$ ❛♥❞ $❤❡ $,❛✈❡❧ ❛❣❡♥❝②✳ ❖♥ $❤❡ ,❡%❡,✈❛$✐♦♥ ❞❛$❡✱ $❤❡ ❤♦$❡❧ ❝❤❛,❣❡% $❤❡
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❝❧✐❡♥% ❢♦( %❤❡ (❡*❡(✈❛%✐♦♥ ❜② ❝♦♠♠✉♥✐❝❛%✐♥❣ ✇✐%❤ %❤❡ ❜❛♥❦ ✭CompBank✮✳ ❚❤❡♥✱ %❤❡ ❝❧✐❡♥%

(❡❝❡✐✈❡* ❛ ❞❡❜✐% ❝♦♥✜(♠❛%✐♦♥ ❢(♦♠ %❤❡ ❜❛♥❦✳

❚❤❡ ❝❧✐❡♥% ❝❛♥ ❛❧*♦ ❝❛♥❝❡❧ ❛ (❡*❡(✈❛%✐♦♥ ❜❡❢♦(❡ %❤❡ ❞❛%❡ ♦❢ ❞❡❜✐% ✉*✐♥❣ WebComp ✐♥❞✐✲

❝❛%✐♥❣ %❤❡ ✐❞❡♥%✐✜❡( ♦❢ %❤❡ *❡**✐♦♥✳ ❚❤✐* *❝❡♥❛(✐♦ ✐* (❡♣(❡*❡♥%❡❞ ❜② %❤❡ *❡=✉❡♥❝❡ ❞✐❛❣(❛♠ ♦❢

❋✐❣✉(❡ ✸✳✷✳

Client WebComp IntSys CompHotel CompBank

Confirm(sessionId, details, price)

CancelRequest(sessionId)

Cancel(sessionId)

Unbook(sessionId)

❋✐❣✉(❡ ✸✳✷✿ ❘❡*❡(✈❛%✐♦♥ ❝❛♥❝❡❧❡❞ *❝❡♥❛(✐♦

■♥ %❤✐* ❝❛*❡ *%✉❞② ✇❡ ❛(❡ ✐♥%❡(❡*%❡❞ ✐♥ *♣❡❝✐❢②✐♥❣ %❤❡ ❇✷❇ ❝♦♥%(❛❝% ❜❡%✇❡❡♥ %❤❡ %(❛✈❡❧

❛❣❡♥❝② ❛♥❞ %❤❡ ✈❛(✐♦✉* ❤♦%❡❧* %❤❛% *❤♦✉❧❞ *♣❡❝✐❢② %❤❡✐(* ❧✐❛❜✐❧✐%✐❡* ✐♥ ❝❛*❡ ♦❢ ❞❛♠❛❣❡* ❝❛✉*❡❞

%♦ %❤❡✐( ❝❧✐❡♥%*✳

✸✳✸ ❙♣❡❝✐❢②✐♥❣ ▲♦❣-

■♥ "❤✐% %❡❝"✐♦♥ ✇❡ ❞❡✜♥❡ "❤❡ ♠♦❞❡❧% ✉%❡❞ "♦ %♣❡❝✐❢② "❤❡ ❧♦❣%✿ "❤❡✐4 ❝♦♥"❡♥" ❛♥❞ ❤♦✇ "❤❡②

❛4❡ ❞✐%"4✐❜✉"❡❞✳

✸✳✸✳✶ ❆$■ ♦❢ ❈♦♠♣♦♥❡♥-.

❚❤❡ ❝♦♥"4❛❝" ✐♥❝❧✉❞❡% ❛ ❞❡%❝4✐♣"✐♦♥ ♦❢ "❤❡ ❝♦♠♣♦♥❡♥"% ✭❛♥❞ "❤❡ ✐♥❢♦4♠❛"✐♦♥ ❡①❝❤❛♥❣❡❞

❜❡"✇❡❡♥ "❤❡♠✮ "❤❛" %❤♦✉❧❞ ❜❡ ❧♦❣❣❡❞✳ ❲❡ ♣4♦♣♦%❡ ❛ ♠♦❞❡❧ "♦ 4❡♣4❡%❡♥" "❤❡ ❝♦♠♠✉♥✐❝❛"✐♦♥%

❜❛%❡❞ ♦♥ "❤❡ ❆>■ ♦❢ "❤❡ ❝♦♠♣♦♥❡♥"%✳ ❚❤❡ ❆>■ ♦❢ ❛ ❝♦♠♣♦♥❡♥" ❞❡✜♥❡ "❤❡ %❡4✈✐❝❡% ❛%%♦❝✐❛"❡❞

"♦ "❤❡ ❝♦♠♣♦♥❡♥" ❛♥❞ ✐"% ❝♦♠♠✉♥✐❝❛"✐♦♥% ✇✐"❤ ♦"❤❡4 ❝♦♠♣♦♥❡♥"%✳ ■♥ ♣4❛❝"✐❝❡✱ "❤❡ ❆>■

♠❛② ✐♥❝❧✉❞❡ ❞✐✛❡4❡♥" "②♣❡% ♦❢ ❝♦♠♠✉♥✐❝❛"✐♦♥% %✉❝❤ ❛% ♠❡"❤♦❞ ❝❛❧❧% ♦4 ❡♠❛✐❧ ♠❡%%❛❣❡%✳

❚❤❡ ♠❛❝❤✐♥❡ ComponentsAPI ✭❋✐❣✉4❡ ✸✳✸✮ %♣❡❝✐✜❡% "❤❡ %❡" ♦❢ ❝♦♠♣♦♥❡♥"% ✭%❡"

COMP ✮ ❛♥❞ "❤❡ %❡" ♦❢ ❛❝"✐♦♥% ✭%❡" ACTION✮ ❢♦4♠✐♥❣ "❤❡ ❆>■ ♦❢ "❤❡ ❝♦♠♣♦♥❡♥"%✳ ❚❤❡

❡❧❧✐♣%✐% ♠❛4❦% ✭✏✳ ✳ ✳ ✑✮ ✐♥ ♠❛❝❤✐♥❡% ✐♥❞✐❝❛"❡ ✐♥❢♦4♠❛"✐♦♥ "❤❛" %❤♦✉❧❞ ❜❡ ❝♦♠♣❧❡"❡❞✳

✻✾
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▼❆❈❍■◆❊ ComponentsAPI

❙❊❚❙ COMP = {· · · }; ACTION = {· · · }; PARAM

❈❖◆❙❚❆◆❚❙ Interface✱ Invoke✱ NumParams

+❘❖+❊❘❚■❊❙

✴✯ ❝♦♠♣♦♥❡♥( (❤❛( ♦❢❢❡,- (❤❡ ❢✉♥❝(✐♦♥ ✯✴

Interface ∈ ACTION → COMP ∧
Interface = {· · · } ∧

✴✯ ❝♦♠♣♦♥❡♥(- (❤❛( ♠❛② ✐♥✈♦❦❡ (❤❡ ❢✉♥❝(✐♦♥ ✯✴

Invoke ∈ ACTION → F(COMP ) ∧
Invoke = {· · · } ∧

✴✯ ♥✉♠❜❡, ♦❢ ♣❛,❛♠❡(❡,- ✯✴

NumParams ∈ ACTION → N ∧
NumParams = {· · · }

❊◆❉

❋✐❣✉2❡ ✸✳✸✿ ▼❛❝❤✐♥❡ ComponentsAPI

❚❤❡ ❝♦♥<=❛♥= Interface ♠❛♣< ❡❛❝❤ ❛❝=✐♦♥ ♦♥=♦ =❤❡ ❝♦♠♣♦♥❡♥= =❤❛= ♣❡2❢♦2♠< =❤❡ ❛❝=✐♦♥✳

❚❤❡ ❝♦♥<=❛♥= Invoke ♠❛♣< ❡❛❝❤ ❛❝=✐♦♥ ♦♥=♦ =❤❡ <❡= ♦❢ ❝♦♠♣♦♥❡♥= =❤❛= ♠❛② ✐♥✈♦❦❡ =❤❡

❛❝=✐♦♥✳ ■♥=❡2♥❛❧ ❛❝=✐♦♥< ♦❢ ❝♦♠♣♦♥❡♥=< ♠❛② ❜❡ 2❡♣2❡<❡♥=❡❞ ✉<✐♥❣ =❤❡ <❛♠❡ ❝♦♠♣♦♥❡♥= =♦

♣❡2❢♦2♠ ❛♥❞ ✐♥✈♦❦❡ =❤❡ ❛❝=✐♦♥✳

❚❤❡ ♣❛2❛♠❡=❡2< 2❡♣2❡<❡♥= =❤❡ ✐♥❢♦2♠❛=✐♦♥ ❡①❝❤❛♥❣❡❞ ❞✉2✐♥❣ ❝♦♠♠✉♥✐❝❛=✐♦♥< ❛♥❞ ❛2❡

<♣❡❝✐✜❡❞ ✉<✐♥❣ =❤❡ <❡= PARAM ✳ +❛2❛♠❡=❡2< ❝❛♥ ❜❡ <♣❡❝✐✜❡❞ ❜② ❛ ❝♦♠♣❧❡① ❞❡<❝2✐♣=✐♦♥

✐♥❝❧✉❞✐♥❣ =❤❡✐2 =②♣❡ ❛♥❞ ❞❡❢❛✉❧= ✈❛❧✉❡<✳ ❲❡ ✉<❡ ❤❡2❡ ❛♥ ❛❜<=2❛❝= ❞❡✜♥✐=✐♦♥ ♦❢ ♣❛2❛♠❡=❡2

✈❛❧✉❡< ❜❛<❡❞ ♦♥ ❛ ✜①❡❞ ❣✐✈❡♥ <❡=✳ ■♥ ♣2❛❝=✐❝❡✱ =❤❡ <❡= PARAM ✇♦2❦< ❛< ❛ <❡2✐❛❧✐③❡❞

2❡♣2❡<❡♥=❛=✐♦♥ ♦❢ ♣❛2❛♠❡=❡2<✳ ■♥ ♠❛❝❤✐♥❡<✱ ♣❛2=✐❝✉❧❛2 ♣❛2❛♠❡=❡2 ✈❛❧✉❡< ❝❛♥ ❜❡ <♣❡❝✐✜❡❞ ❛<

❝♦♥<=❛♥=< ♦❢ =❤❡ =②♣❡ PARAM ✳ ❋♦2 ❡①❛♠♣❧❡✱ =♦ <♣❡❝✐❢② ❛ ❝❧✐❡♥=✬< ✐❞❡♥=✐✜❡2 ✇❡ ♣2♦❝❡❡❞ ❛<

❢♦❧❧♦✇<✿

❈❖◆❙❚❆◆❚ clientId

+❘❖+❊❘❚■❊❙ clientId ∈ PARAM

❚❤❡ ❝♦♥<=❛♥= NumParams ♠❛♣< ❡❛❝❤ ❛❝=✐♦♥ ♦♥=♦ =❤❡ ♥✉♠❜❡2 ♦❢ ♣❛2❛♠❡=❡2< ❡①❝❤❛♥❣❡❞

✐♥ =❤❡ ❛❝=✐♦♥✳ ❋♦2 ❡①❛♠♣❧❡✱ ✇❤❡♥ 2❡M✉❡<=✐♥❣ ❛ 2❡<❡2✈❛=✐♦♥✱ =❤❡ ❝❧✐❡♥= ♣2♦✈✐❞❡< =✇♦ ♣❛2❛♠❡✲

=❡2<✿ ❤✐< ✐❞❡♥=✐✜❡2 ❛♥❞ =❤❡ 2❡<❡2✈❛=✐♦♥ 2❡M✉✐2❡♠❡♥=< ✭❧♦❝❛=✐♦♥✴❞❛=❡✴♥✉♠❜❡2 ♦❢ ♥✐❣❤=<✮✳

■♥ ♦✉2 ♠♦❞❡❧✱ ❡❛❝❤ ❛❝=✐♦♥ ❤❛< ❛ ✉♥✐M✉❡ ✐❞❡♥=✐✜❡2✳ ❚♦ ❛✈♦✐❞ ❛♥② ❛♠❜✐❣✉✐=✐❡< ✇❡ ❛❞♦♣=

=❤❡ ❞♦= ♥♦=❛=✐♦♥ ✉<❡❞ ✐♥ ♣2♦❣2❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡<✳ ❋♦2 ❡①❛♠♣❧❡✱ ✐❢ ❛ ❝♦♠♣♦♥❡♥= Comp

♦✛❡2< ❛♥ ❛❝=✐♦♥ Open ✇❡ ♥❛♠❡ =❤❡ ❛❝=✐♦♥ ✏Comp.Open✑✳ ❲❤❡♥ ♥♦ ❛♠❜✐❣✉✐=② ❝❛♥ ❛2✐<❡✱

=❤❡ ❝♦♠♣♦♥❡♥= ♥❛♠❡ ❝❛♥ ❜❡ ♦♠✐==❡❞✳
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❊①❛♠♣❧❡ ✸✳✶✳ ❆!■ ♦❢ ❝♦♠♣♦♥❡♥*+ ✐♥ *❤❡ ❚/❛✈❡❧ ❆❣❡♥❝② +②+*❡♠

❚♦ ♣/♦✈✐❞❡ ❛♥ ❡①❛♠♣❧❡ ♦❢ ✐♥+*❛♥❝❡ ♦❢ ComponentsAPI ✉+✐♥❣ ♦✉/ ❝❛+❡ +*✉❞②✱ ✇❡ ❝♦♠✲

♣❧❡*❡ *❤❡ ✐♥❢♦/♠❛*✐♦♥ ♦❢ *❤✐+ ♠❛❝❤✐♥❡ ✇✐*❤ *❤❡ ❢♦❧❧♦✇✐♥❣ ✈❛❧✉❡+✿

COMP = {Client,WebComp, IntSys, CompHotel, CompBank}
ACTION = {NewRequest, Request, Book,Response, Confirm,

Debit, Bill, CancelRequest, Cancel, Unbook}
Interface = {(NewRequest 7→WebComp), (Request 7→ IntSys), (Book 7→ CompHotel),

(Response 7→ IntSys), (Confirm 7→ Client), (Debit 7→ CompBank),
(Bill 7→ Client), (CancelRequest 7→WebComp), (Cancel 7→ IntSys)}
(Unbook 7→ CompHotel)}

Invoke = {(NewRequest 7→ {Client}), (Request 7→ {WebComp}), (Book 7→ {IntSys}),
(Response 7→ {CompHotel}), (Confirm 7→ {CompHotel}),
(Debit 7→ {CompHotel}), (Bill 7→ {CompBank}),
(CancelRequest 7→ {Client}), (Cancel 7→ {WebComp}),
(Unbook 7→ {IntSys})}

NumParams = {(NewRequest 7→ 3), (Request 7→ 3), (Book 7→ 3),
(Response 7→ 2), (Confirm 7→ 3), (Debit 7→ 4),
(Bill 7→ 4), (CancelRequest 7→ 1), (Cancel 7→ 1), (Unbook 7→ 1)}

▼❛❝❤✐♥❡ ComponentsAPI ♦♥❧② +♣❡❝✐✜❡+ *❤❡ ❝♦♠♣♦♥❡♥*+ ❛♥❞ ❛❝*✐♦♥+ *❤❛* ✇✐❧❧ ❜❡

❧♦❣❣❡❞✳ ■♥ +♦♠❡ ❝❛+❡+✱ ❝❡/*❛✐♥ ❛❝*✐♦♥+ ❛♥❞ ♣❛/❛♠❡*❡/+ ❝❛♥♥♦* ❜❡ /❡❝♦/❞❡❞ ❞✉❡ *♦ *❡❝❤♥✐❝❛❧

♦/ ♣/✐✈❛❝② /❡❛+♦♥+ ❬●❛/❣ ❡* ❛❧✳ ✷✵✶✶❪✳ ■♥ ♦*❤❡/ ❝❛+❡+✱ ❞❡♣❡♥❞✐♥❣ ♦❢ *❤❡ ❧✐❛❜✐❧✐*✐❡+ +♣❡❝✐✜❡❞

✐♥ *❤❡ ❝♦♥*/❛❝*✱ ✐* ♠❛② ♥♦* ❜❡ ♥❡❝❡++❛/② *♦ +♣❡❝✐❢② *❤❡ ❆!■ ♦❢ ❛ ❣✐✈❡♥ ❝♦♠♣♦♥❡♥*✳ ❋♦/

❡①❛♠♣❧❡✱ ❛ ❝♦♠♣♦♥❡♥* ✉+❡❞ *♦ ❝♦♠♠✉♥✐❝❛*❡ ✇✐*❤ ❛♥ ✐♥*❡/♥❛❧ ❞❛*❛❜❛+❡ *❤❛* /❡❣✐+*❡/+ ❛❧❧

/❡+❡/✈❛*✐♦♥+ ♠❛② ♥♦* ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ *❤❡ ♠♦❞❡❧ ❜❡❝❛✉+❡ ✐* ❞♦❡+ ♥♦* ❛♣♣❡❛/ ✐♥ *❤❡ ❞❡✜♥✐*✐♦♥

♦❢ ❧✐❛❜✐❧✐*✐❡+ ♦/ ✐*+ ♣/♦❞✉❝❡/ ✐+ ❛ *❤✐/❞ ♣❛/*② *❤❛* ❞♦❡+ ♥♦* *❛❦❡ ♣❛/* ✐♥ *❤❡ ❝♦♥*/❛❝*✳

❚❤❡ ♠♦❞❡❧ ❝❛♥ ❛❧+♦ ✐♥❝❧✉❞❡ ❝♦♠♣♦♥❡♥*+ *❤❛* ❞♦ ♥♦* ♣/♦❞✉❝❡ ❧♦❣+ ❜✉* ✇❤✐❝❤ ♠❛② ❛♣♣❡❛/

✐♥ *❤❡ ♠❡++❛❣❡+✳ ❋♦/ ❡①❛♠♣❧❡✱ *❤✐+ ✐+ *❤❡ ❝❛+❡ ♦❢ Client ✐♥ ♦✉/ ❝❛+❡ +*✉❞② ❜❡❝❛✉+❡ ✐*

❝♦♠♠✉♥✐❝❛*❡+ ✇✐*❤ WebComp ❛♥❞ CompBank ❜✉* ✐* ✐+ ♥♦* ❛ ❝♦♠♣♦♥❡♥* ♦❢ *❤❡ +②+*❡♠

✐♥✈♦❧✈❡❞ ✐♥ *❤❡ ❣❡♥❡/❛*✐♦♥ ♦❢ *❤❡ ❧♦❣+✳

✸✳✸✳✷ ▲♦❣ ❋✐❧❡*

❲❡ ♥♦✇ ❞❡✜♥❡ ❛ ♠♦❞❡❧ *♦ +♣❡❝✐❢② *❤❡ ❝♦♥*❡♥* ♦❢ ❧♦❣ ✜❧❡+ ❛♥❞ *❤❡✐/ ❡♥*/✐❡+✳ ❊❛❝❤ ❧♦❣ ❡♥%&②

❝♦♥+✐+*+ ♦❢✿

❼ *❤❡ *②♣❡ ♦❢ ❡♥*/②✿ ❡✐*❤❡/ Send ✐❢ *❤❡ ❝♦♠♠✉♥✐❝❛*✐♦♥ ✐+ ✐♥✐*✐❛*❡❞ ❜② *❤❡ ❛❝*✐♦♥ ♦/ Rec

✐❢ *❤❡ ❝♦♠♠✉♥✐❝❛*✐♦♥ ✐+ /❡❝❡✐✈❡❞❀

❼ *❤❡ ❝♦♠♣♦♥❡♥*+ *❤❛* ✐♥✐*✐❛*❡ ✭+❡♥❞❡/✮ ❛♥❞ /❡❝❡✐✈❡ ✭/❡❝❡✐✈❡/✮ *❤❡ ❝♦♠♠✉♥✐❝❛*✐♦♥❀

✼✶



❈❍❆#❚❊❘ ✸✳ ▲❖● ❆◆❆▲❨❙■❙

❼  ❤❡ ❛❝ ✐♦♥ ❛♥❞ ✐ ) ❛))♦❝✐❛ ❡❞ ♣❛+❛♠❡ ❡+)✳

■♥ ♠♦) ♣❛♣❡+) ❛❜♦✉  +❛❝❡ ❛♥❛❧②)✐) ✭❙❡❝ ✐♦♥ ✶✳✻✮✱ ❧♦❣ ✜❧❡) ❛+❡ +❡♣+❡)❡♥ ❡❞ ❜② )❡;✉❡♥❝❡)

♦❢ ❧♦❣ ❡♥ +✐❡)✳ ❇❡❝❛✉)❡ ✇❡ ✇❛♥  ♦ ❜❡ ❛❜❧❡  ♦ ❞❡❛❧ ✇✐ ❤ ❞✐) +✐❜✉ ❡❞ )②) ❡♠)✱ ✇❡ ♣+♦♣♦)❡ ❛

❡① ❡♥❞❡❞ ♥♦ ✐♦♥ ♦❢ ❧♦❣ ✜❧❡ ❝♦♥)✐) ✐♥❣ ♥♦ ♦♥❧② ♦❢ ❛ )❡;✉❡♥❝❡ ♦❢ ❡♥ +✐❡) ❜✉ ❛❧)♦ ♦❢  ❤❡ )❡ ♦❢

❝♦♠♣♦♥❡♥ )  ❤❛ ❛+❡ ❧♦❣❣❡❞✳ ■♥ ♦✉+ ❛♣♣+♦❛❝❤✱ ❛ ❧♦❣ ✜❧❡ ✐) ❛) ❛ ♣❛✐+ ❝♦♥)✐) ✐♥❣ ♦❢✿

❼  ❤❡ ❝♦♠♣♦♥❡♥ )  ❤❛ ❤❛✈❡  ❤❡✐+ ❝♦♠♠✉♥✐❝❛ ✐♦♥) +❡❝♦+❞❡❞ ✐♥  ❤❡ ❧♦❣❀ ✐♥  ❤❡  ❡① ✇❡

+❡❢❡+  ♦  ❤❡♠ ❛)  ❤❡ ❝♦♠♣♦♥❡♥&' ♦❢ ❛ ❣✐✈❡♥ ❧♦❣ ✜❧❡✳

❼ ❛ )❡;✉❡♥❝❡ ♦❢ ❧♦❣ ❡♥ +✐❡)❀ ✐♥  ❤❡  ❡① ✇❡ +❡❢❡+  ♦  ❤✐) )❡;✉❡♥❝❡ ❛)  ❤❡ ❝♦♥&❡♥& ♦❢  ❤❡

❧♦❣✳

▼❛❝❤✐♥❡ LogFiles ✭❋✐❣✉+❡ ✸✳✹✮ )♣❡❝✐✜❡) ❧♦❣ ❡♥ +✐❡) ✭❝♦♥) ❛♥ ENTRY ✮ ❛♥❞ ❧♦❣ ✜❧❡)

✭❝♦♥) ❛♥ LOG FILE✮✳

▼❆❈❍■◆❊ LogFiles

❙❊❊❙ ComponentsAPI

❙❊❚❙ TY PE ❂ ④Send✱ Rec⑥

❈❖◆❙❚❆◆❚❙ ENTRY ✱ LOG FILE

Q❘❖Q❊❘❚■❊❙

✴✯ ❧♦❣ ❡♥'(✐❡* ✯✴

ENTRY = {(tp, cS , cR, ac, par) | tp ∈ TY PE ∧ cS ∈ COMP ∧ cR ∈ COMP ∧
ac ∈ ACTION ∧ par ∈ seq(PARAM) ∧ size(par) = NumParams(ac) ∧
cS ∈ Invoke(ac) ∧ cR = Interface(ac)} ∧

✴✯ ❧♦❣ ❢✐❧❡* ✯✴

LOG FILE = {(comps, cont) | comps ∈ F(COMP ) ∧ cont ∈ iseq(ENTRY ) ∧
∀(tp, cS , cR, ac, par).((tp, cS , cR, ac, par) ∈ ran(cont)⇒(c1)
((tp = Send ∧ cS ∈ comps) ∨ (tp = Rec ∧ cR ∈ comps))) ∧
∀(enA, enB, cS , cR, ac, par).(enA ∈ ran(cont) ∧ enB ∈ ran(cont) ∧(c2)
enA = (Send, cS , cR, ac, par) ∧ enB = (Rec, cS , cR, ac, par)⇒
Pos(enA, cont) < Pos(enB, cont))}

❊◆❉

❋✐❣✉+❡ ✸✳✹✿ ▼❛❝❤✐♥❡ LogFiles

❚❤❡ ❞❡✜♥✐ ✐♦♥ ♦❢ ENTRY ✐♠♣♦)❡)  ❤❡ ❝♦♥)✐) ❡♥❝② ❜❡ ✇❡❡♥  ❤❡ )❡♥❞❡+✱ +❡❝❡✐✈❡+ ❛♥❞ ♥✉♠✲

❜❡+ ♦❢ ♣❛+❛♠❡ ❡+) ❛♥❞  ❤❡ ❆Q■ ❞❡✜♥❡❞ ✐♥ ComponentsAPI✳ ❚❤❡ ❞❡✜♥✐ ✐♦♥ ♦❢ LOG FILE

+❡;✉✐+❡)  ❤❛ ❧♦❣ ✜❧❡) ❝♦♥ ❛✐♥ ♦♥❧② ❡♥ +✐❡) +❡❧❛ ❡❞  ♦ ✭✐✳❡✳ )❡♥ ❛♥❞ +❡❝❡✐✈❡❞ ❜②✮  ❤❡ ❝♦♠✲

♣♦♥❡♥ ) ✐♥✈♦❧✈❡❞ (c1) ❛♥❞ ❢♦+ ❡❛❝❤ ♣❛✐+ ♦❢ ❝♦++❡)♣♦♥❞✐♥❣ Send ❛♥❞ Rec ❡♥ +✐❡)✱  ❤❡ Send

✼✷
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❡♥"#② ♣#❡❝❡❞❡( "❤❡ Rec ❡♥"#② (c2)✳ Pos ✐( ❛ ❢✉♥❝"✐♦♥ ✭♥♦" ❞❡✜♥❡❞ ❤❡#❡✮ "❤❛" #❡"✉#♥( "❤❡

♣♦(✐"✐♦♥ ♦❢ ❛♥ ❡❧❡♠❡♥" ✐♥ ❛ (❡5✉❡♥❝❡✳ ❲❡ ✉(❡ iseq "♦ (♣❡❝✐❢② "❤❛" "❤❡ ❧♦❣ ❝♦♥"❛✐♥( ♦♥❧②

✉♥✐5✉❡ ❡♥"#✐❡( ✭❙❡❝"✐♦♥ ✸✳✶✮✳

❊①❛♠♣❧❡ ✸✳✷✳ ▲♦❣ ✜❧❡ ❡①❛♠♣❧❡

▲❡" ✉( ❝♦♥(✐❞❡# "❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦❣ ❡♥"#✐❡( ❝♦##❡(♣♦♥❞✐♥❣ "♦ ❛ #❡(❡#✈❛"✐♦♥ #❡5✉❡(" ❜❡"✇❡❡♥

"❤❡ ❝❧✐❡♥" ❛♥❞ IntSys✿

en1 ∈ ENTRY ∧ en2 ∈ ENTRY ∧ en3 ∈ ENTRY ∧
en1 = (Rec,Client,WebComp,NewRequest, [sessionId, clientId, details]) ∧
en2 = (Send,WebComp, IntSys,Request, [sessionId, clientId, details]) ∧
en3 = (Rec,WebComp, IntSys,Request, [sessionId, clientId, details])

✇❤❡#❡ "❤❡ ♣❛#❛♠❡"❡#( sessionId✱ clientId ❛♥❞ details ❝♦##❡(♣♦♥❞ #❡(♣❡❝"✐✈❡❧② "♦ "❤❡ (❡((✐♦♥

✐❞❡♥"✐✜❡#✱ "❤❡ ❝❧✐❡♥" ✐❞❡♥"✐✜❡# ❛♥❞ "❤❡ #❡(❡#✈❛"✐♦♥ #❡5✉✐#❡♠❡♥"(✳ ■❢ ❝♦♠♣♦♥❡♥"( WebComp

❛♥❞ IntSys ❛#❡ #❡❝♦#❞❡❞ ✐♥ ❛ (✐♥❣❧❡ ❧♦❣ ✜❧❡ "❤❡♥ ✇❡ ❝❛♥ #❡♣#❡(❡♥" ❛ ❧♦❣ ✜❧❡ ✈❛❧✉❡ ❛( ❢♦❧❧♦✇✿

log ∈ LOG FILE ∧ log = ({WebComp, IntSys}, [en1, en2, en3])

❚❤❡ ✈❛❧✉❡( ❛((✐❣♥❡❞ "♦ ❛ ❧♦❣ ✜❧❡ ♠✉(" ♠❡❡" "❤❡ #❡5✉✐#❡♠❡♥"( ✐♥"♦ "❤❡ ❞❡✜♥✐"✐♦♥ ♦❢

ENTRY ❛♥❞ LOG FILE✳ ❚❤❡ ✈❡#✐✜❝❛"✐♦♥ ❝♦♥(✐("( ✐♥ ❡("❛❜❧✐(❤✐♥❣ "❤❡ ♣#♦♦❢ ♦❜❧✐❣❛"✐♦♥

log ∈ LOG FILE✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡( ❝♦♥❞✐"✐♦♥( (c1) ❛♥❞ (c2)✳

✸✳✸✳✸ ▲♦❣% ❉✐%()✐❜✉(✐♦♥

❈♦♥"#❛❝"( ♠✉(" (♣❡❝✐❢② ❤♦✇ ❧♦❣( ❛#❡ ❞✐("#✐❜✉"❡❞ ✭❙❡❝"✐♦♥ ✷✳✷✮✳ ❚❤❡ ♥♦"✐♦♥ ♦❢ ❧♦❣ ❞✐%&'✐❜✉✲

&✐♦♥ ✐( ❣❡♥❡#❛❧❧② ♥♦" ✐♥❝❧✉❞❡❞ ✐♥ "❤❡ ❢♦#♠❛❧✐(♠( ♣#♦♣♦(❡❞ "♦ ❞❡✜♥❡ ❝♦♥"#❛❝" ✭❙❡❝"✐♦♥ ✶✳✹✮✳

❍♦✇❡✈❡#✱ ❛( ♠❡♥"✐♦♥❡❞ ✐♥ ❙❡❝"✐♦♥ ✶✳✺✱ "♦ ✐♥❝#❡❛(❡ "❤❡ ♣#♦❜❛"✐✈❡ ✈❛❧✉❡ ♦❢ "❤❡ ❧♦❣( ❛( ❞✐❣✐"❛❧

❡✈✐❞❡♥❝❡✱ ✐" ✐( #❡❝♦♠♠❡♥❞❡❞ "♦ ♣#♦✈✐❞❡ ❛ ❞❡"❛✐❧❡❞ ❞❡(❝#✐♣"✐♦♥ ♦❢ "❤❡ ❧♦❣ ✐♥❢#❛("#✉❝"✉#❡ ❛♥❞

"❤❡ ❧♦❣ ♠❛♥❛❣❡♠❡♥" ♣♦❧✐❝②✱ ✐♥❝❧✉❞✐♥❣ "❤❡ ♣#♦❝❡(( ❢♦# ❣❡♥❡#❛"✐♥❣ ❛♥❞ ❞✐("#✐❜✉"✐♥❣ ❧♦❣(✳

▼❛❝❤✐♥❡ LogDistribution ✭❋✐❣✉#❡ ✸✳✺✮ ❞❡✜♥❡( ❛ ❧♦❣ ❞✐("#✐❜✉"✐♦♥ ❛( ❛ ❝♦♥("❛♥" Dist "❤❛"

♠✉(" ❜❡ ✐♥("❛♥"✐❛"❡❞ "♦ ✐♥❝❧✉❞❡ "❤❡ (❡" ♦❢ ❝♦♠♣♦♥❡♥"( ✇❤✐❝❤ ❛#❡ ❧♦❣❣❡❞ ✐♥ "❤❡ (❛♠❡ ❧♦❣ ✜❧❡✳

▼❆❈❍■◆❊ LogDistribution

❙❊❊❙ ComponentsAPI

❈❖◆❙❚❆◆❚❙ Dist

O❘❖O❊❘❚■❊❙

✴✯ ❧♦❣ ❞✐'()✐❜✉(✐♦♥ ✯✴

Dist ∈ F(F(COMP )) ∧
Dist = {. . . }

❊◆❉

❋✐❣✉#❡ ✸✳✺✿ ▼❛❝❤✐♥❡ LogDistribution

✼✸



❈❍❆#❚❊❘ ✸✳ ▲❖● ❆◆❆▲❨❙■❙

❚❤❡ ❧♦❣ ❞✐()*✐❜✉)✐♦♥ ❞♦❡( ♥♦) ✐♠♣♦(❡ ❛♥② ❝♦♥()*❛✐♥)(✿ ❝♦♠♣♦♥❡♥)( ♠❛② ❜❡ ❧♦❣❣❡❞ ♠♦*❡

)❤❛♥ ♦♥❝❡ ♦* ♥♦) ❧♦❣❣❡❞ ❛) ❛❧❧✳ ■♥ ❈❤❛♣)❡* ✹✱ ✇❡ ❛♥❛❧②③❡ ❤♦✇ )❤❡ ❝❤♦✐❝❡ ♦❢ )❤❡ ❧♦❣ ❞✐()*✐✲

❜✉)✐♦♥ ♠❛② ❛✛❡❝) )❤❡ ❧❡❣❛❧ ✈❛❧✉❡ ♦❢ )❤❡ ❞✐❣✐)❛❧ ❡✈✐❞❡♥❝❡ ♣*♦✈✐❞❡❞ ❜② )❤❡ ❧♦❣(✳

❊①❛♠♣❧❡ ✸✳✸✳ ▲♦❣ ❞✐()*✐❜✉)✐♦♥ ❡①❛♠♣❧❡

▲❡) ✉(❡ ❝♦♥(✐❞❡* )❤*❡❡ ♦♣)✐♦♥( ❢♦* )❤❡ ❞✐()*✐❜✉)✐♦♥ ♦❢ ❧♦❣( ♦❢ )❤❡ ❚*❛✈❡❧ ❆❣❡♥❝② (②()❡♠✳

❚❤❡ ✜*() ♦♣)✐♦♥ ❝♦♥(✐()( ♦❢ )✇♦ ❧♦❣ ✜❧❡( ❝♦♥)❛✐♥✐♥❣ *❡(♣❡❝)✐✈❡❧② )❤❡ ❡♥)*✐❡( ♦❢WebComp ❛♥❞

IntSys✳ ❚❤❡ (❡❝♦♥❞ ♦♥❡ ✐♥✈♦❧✈❡( ❛ (✐♥❣❧❡ ❧♦❣ ✜❧❡✳ ■♥ )❤❡ )❤✐*❞ ♦♥❡✱ )❤❡ ❡♥)*✐❡( *❡❧❛)❡❞ )♦

WebComp ❛*❡ *❡❝♦*❞❡❞ )✇✐❝❡✳ ❚❤❡(❡ ❞✐()*✐❜✉)✐♦♥( ❛*❡ *❡♣*❡(❡♥)❡❞ *❡(♣❡❝)✐✈❡❧② ❛( ❢♦❧❧♦✇(✿

❼ Dist1 = {{WebComp}, {IntSys}}

❼ Dist2 = {{WebComp, IntSys}}

❼ Dist3 = {{WebComp}, {WebComp, IntSys}}

✸✳✸✳✹ ❇ ▼❛❝❤✐♥❡+ ❛♥❞ ❚❡❝❤♥✐❝❛❧ ❆♥♥❡①❡+

❚❤❡ ♠❛❝❤✐♥❡ ComponentsAPI ❛♥❞ LogFiles ❛*❡ ✐♥❝❧✉❞❡❞ ✐♥ ❆♥♥❡① ❆ )♦ (♣❡❝✐❢② )❤❡ ✐♥✲

❢♦*♠❛)✐♦♥ *❡❝♦*❞❡❞ ✐♥ )❤❡ ❧♦❣(✳ ❆♥ ✐♠♣❧❡♠❡♥)❛)✐♦♥ ♦❢ ♠❛❝❤✐♥❡ LogFiles ❝❛♥ ❜❡ ✉(❡❞ )♦

✈❡*✐❢② ✐❢ ❛ ❣✐✈❡♥ ✈❛❧✉❡ ♦❢ ❛ ❧♦❣ ✜❧❡ *❡(♣❡❝)( )❤❡ ❞❡✜♥✐)✐♦♥ ✐♠♣♦(❡❞ ✐♥ LOG FILE✱ ✐✳❡✳✱ )❤❡

❡♥)*✐❡( ❛*❡ ❝♦♥(✐()❡♥) ✇✐)❤ )❤❡ ❝♦♠♣♦♥❡♥) ❆C■ ❛♥❞ )❤❡ ♦*❞❡*✐♥❣ ❝♦♥()*❛✐♥)✳

▼❛❝❤✐♥❡ LogDistribution (❤♦✉❧❞ ❜❡ ✐♥()❛♥)✐❛)❡❞ ❛♥❞ ✐♥❝❧✉❞❡❞ ✐♥ ❆♥♥❡① ❇ )♦ ❞❡(❝*✐❜❡

❤♦✇ ❧♦❣ ✜❧❡( ❛*❡ ❞✐()*✐❜✉)❡❞✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ )❛❜❧❡ (✉♠♠❛*✐③❡( )❤❡ ✐♥❢♦*♠❛)✐♦♥ ❛❜♦✉) )❤❡ ♠❛❝❤✐♥❡( ✐♥ )❤❡ )❡❝❤♥✐❝❛❧

❛♥♥❡①❡(✿

▼❛❝❤✐♥❡ ❆♥♥❡① ■♥❢♦*♠❛)✐♦♥ ❞❡(❝*✐❜❡❞ ■♥()❛♥)✐❛)✐♦♥ *❡F✉✐*❡❞

ComponentsAPI ❆ ■♥❢♦*♠❛)✐♦♥ )♦ ❜❡ ❧♦❣❣❡❞ ❨❡(

LogFiles ❆ ❈♦♥)❡♥) ♦❢ )❤❡ ❧♦❣ ✜❧❡( ◆♦

LogDistribution ❇ ▲♦❣ ❞✐()*✐❜✉)✐♦♥ ❨❡(

✸✳✹ ❖♣❡&❛(✐♦♥, ♦♥ ❉✐,(&✐❜✉(❡❞ ▲♦❣,

■) ♠❛② ❜❡ ♥❡❝❡((❛*② )♦ ♠❛♥✐♣✉❧❛)❡ ❞✐✛❡*❡♥) ❧♦❣ ✜❧❡( ✐♥ ♦*❞❡* )♦ ♦❜)❛✐♥ ❛ (✐♥❣❧❡ ❧♦❣ ✜❧❡ ✇✐)❤

❡♥)*✐❡( *❡❧❛)✐✈❡ )♦ ❛ ❣✐✈❡♥ (❡) ♦❢ ❝♦♠♣♦♥❡♥)(✳ ❲❡ ❞❡✜♥❡ )✇♦ ❢✉♥❝)✐♦♥( ❢♦* )❤❡ ♠❛♥✐♣✉❧❛)✐♦♥

♦❢ ❧♦❣(✿ ❡①)*❛❝)✐♦♥ ❛♥❞ ♠❡*❣❡✳ ❚❤❡(❡ ❢✉♥❝)✐♦♥( ❛*❡ ❜❛(❡❞ ♦♥ )❤❡ )❤❡♦*② ♦❢ )*❛❝❡ ❛♥❛❧②(✐(

❛♥❞ )❤❡ ✇❡❧❧ ❦♥♦✇♥ *❡❧❛)✐♦♥ ❤❛♣♣❡♥❡❞✲❜❡❢♦*❡ ✐♥)*♦❞✉❝❡❞ ✐♥ )❤❡ ❡❛*❧② ✇♦*❦ ♦❢ ▲❛♠♣♦*)

❬▲❛♠♣♦*) ✶✾✼✽❪✳

▼❛❝❤✐♥❡ LogOperations ✭❋✐❣✉*❡ ✸✳✻✮ (♣❡❝✐✜❡( )❤❡ ♦♣❡*❛)✐♦♥( Extract ❛♥❞ Merge✳

❚❤❡✐* ♣*♦♣❡*)✐❡( ❛*❡ ❞❡✜♥❡❞ ✐♥ )❤❡ ❢♦❧❧♦✇✐♥❣ (❡❝)✐♦♥(✳ ❆❞❞✐)✐♦♥❛❧❧②✱ )❤✐( ♠❛❝❤✐♥❡ (♣❡❝✐✲

✜❡( )❤❡ ❝♦♥()❛♥) LOG SET *❡♣*❡(❡♥)✐♥❣ ✜♥✐)❡ (❡)( ♦❢ ❧♦❣ ✜❧❡(✳

✼✹
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▼❆❈❍■◆❊ LogOperations

❙❊❊❙ ComponentsAPI✱LogFiles

❈❖◆❙❚❆◆❚❙ LOG SET ✱ Extract✱ Merge

+❘❖+❊❘❚■❊❙

✴✯ "❡$ ♦❢ ❧♦❣" ✯✴

LOG SET = F(LOG FILE)

✴✯ ❊①$+❛❝$ ❞❡❢✐♥✐$✐♦♥ ✭❙❡❝$✐♦♥ ✸✳✹✳✶✮ ✯✴

✴✯ ▼❡+❣❡ ❞❡❢✐♥✐$✐♦♥ ✭❙❡❝$✐♦♥ ✸✳✹✳✷✮ ✯✴

❊◆❉

❋✐❣✉2❡ ✸✳✻✿ ▼❛❝❤✐♥❡ LogOperations

✸✳✹✳✶ ▲♦❣ ❊①)*❛❝)✐♦♥

❚❤❡ ❢✉♥❝=✐♦♥ Extract ❛❧❧♦✇A ✉A =♦ ❡①=2❛❝= ❛ A✉❜✲❧♦❣ ♦❢ ❛ ❧♦❣ ✜❧❡ ❝♦♥=❛✐♥✐♥❣ ♦♥❧② =❤❡ ❡♥=2✐❡A

2❡❧❛=❡❞ =♦ ❛ ❣✐✈❡♥ ❣2♦✉♣ ♦❢ ❝♦♠♣♦♥❡♥=A✳

❉❡✜♥✐%✐♦♥ ✶✳ ❋✉♥❝=✐♦♥ Extract

❚❤❡ ♣❛2=✐❛❧ ❢✉♥❝=✐♦♥ Extract ∈ (F(COMP ) × LOG FILE) 7→ LOG FILE ♠❛♣A ❡✈✲

❡2② ♣❛✐2 (compsext, log)✱ A✉❝❤ =❤❛= log = (comps, cont) ❛♥❞ compsext ⊆ comps✱ =♦

logext = (compsext, context) ❜❡✐♥❣ ❝❤❛2❛❝=❡2✐③❡❞ ❜② =❤❡ ❢♦❧❧♦✇✐♥❣ ♣2♦♣❡2=✐❡A✿

✶✳ ✴✯ ❡①$+❛❝$❡❞ ❧♦❣ ❝♦♥$❡♥$ ✯✴

ran(context) = {(tp, cS , cR, ac, par) | (tp, cS , cR, ac, par) ∈ ran(cont) ∧
((tp = Send ∧ cS ∈ compsext) ∨ (tp = Rec ∧ cR ∈ compsext))}

✷✳ ✴✯ ♣+❡"❡+✈❛$✐♦♥ ♦❢ ❡♥$+✐❡" ♦+❞❡+ ✯✴

∀(enA, enB).(enA ∈ ran(context) ∧ enB ∈ ran(context) ∧
Pos(enA, context) < Pos(enB, context)⇒ Pos(enA, cont) < Pos(enB, cont))

❚❤❡ ❡①=2❛❝=❡❞ ❧♦❣ ✜❧❡ ✭logext✮ ❝♦♥=❛✐♥A ❛❧❧ ❡♥=2✐❡A ♦❢ log =❤❛= ❛2❡ A❡♥= ♦2 2❡❝❡✐✈❡❞ ❜② ❝♦♠✲

♣♦♥❡♥=A ✐♥ compsext (1.) ❛♥❞ ✐= 2❡A♣❡❝=A =❤❡ ✐♥✐=✐❛❧ ♦2❞❡2 ♦❢ ❡♥=2✐❡A ✐♥ log (2.)✳

❊①❛♠♣❧❡ ✸✳✹✳ ❊①❛♠♣❧❡ ♦❢ Extract

▲❡= ✉A ❝♦♥A✐❞❡2 =❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦❣ ✜❧❡ ✇✐=❤ ❡♥=2✐❡A 2❡❧❛=❡❞ =♦WebComp ❛♥❞ IntSys✿

log = ({WebComp, IntSys},
[(Rec, Client,WebComp, NewRequest, [sessionId, clientId, details]),
(Send,WebComp, IntSys,Request, [sessionId, clientId, details]),
(Rec,WebComp, IntSys, Request, [sessionId, clientId, details]),
(Send, IntSys, CompHotel, Book, [sessionId, clientId, details]),
(Rec, CompHotel, IntSys, Response, [sessionId, Y ES])])

❲❡ ❝❛♥ ✉A❡ Extract =♦ ♦❜=❛✐♥ ❛ ❧♦❣ ✜❧❡ 2❡❧❛=❡❞ =♦ IntSys✿

✼✺
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Extract({IntSys}, log) = ({IntSys},
[(Rec,WebComp, IntSys, Request, [sessionId, clientId, details]),
(Send, IntSys, CompHotel, Book, [sessionId, clientId, details]),
(Rec, CompHotel, IntSys, Response, [sessionId, Y ES])])

✸✳✹✳✷ ▲♦❣ ▼❡)❣✐♥❣

❚❤❡ #❡❧❛&✐♦♥ Merge ❝♦♠♣✉&❡. &❤❡  ❝❡♥❛%✐♦ ❝♦♥.✐.&✐♥❣ ♦❢ ❛❧❧ ♣♦..✐❜❧❡ &♦&❛❧ ♦#❞❡#. ♦❢ &❤❡

❡♥&#✐❡. ♦❢ ❛ ❣✐✈❡♥ .❡& ♦❢ ❧♦❣ ✜❧❡.✳ ▼♦#❡ ♣#❡❝✐.❡❧②✱ Merge ❞❡✜♥❡. ❛❧❧ &❤❡ ♣❡#♠✉&❛&✐♦♥. ♦❢

❧♦❣ ❡♥&#✐❡.✱ ✇❤✐❝❤ #❡.♣❡❝& &❤❡ ❧♦❝❛❧ ♦#❞❡# ♦❢ ❡❛❝❤ ❧♦❣ ✜❧❡ ❛♥❞ &❤❡ ❝❛✉.❛❧ ♦#❞❡# ❜❡&✇❡❡♥

Send ❛♥❞ Rec ❡♥&#✐❡.✳ ❚❤✐. #❡❧❛&✐♦♥ ✐. .✐♠✐❧❛# &♦ &❤❡ ♦♣❡#❛&✐♦♥ ✉.❡❞ ❜② ❬❍❛❧❧❛❧ ❡& ❛❧✳ ✷✵✵✻❪

✭❙❡❝&✐♦♥ ✶✳✻✳✶✵✮ &♦ ♣#♦❞✉❝❡ &❤❡ .❝❡♥❛#✐♦. ♦❢ ❞✐.&#✐❜✉&❡❞ &#❛❝❡.✳

❉❡✜♥✐%✐♦♥ ✷✳ ❘❡❧❛&✐♦♥ Merge

❚❤❡ #❡❧❛&✐♦♥ Merge ∈ LOG SET ↔ LOG FILE ✐. ❞❡✜♥❡❞ ❢♦# ❛♥② ♣❛✐#

(LogSet, scenario) ∈ Merge✱ .✉❝❤ &❤❛& scenario = (compsscen, contscen) ❛♥❞✿

✶✳ ✴✯ "❝❡♥❛'✐♦ ❝♦♠♣♦♥❡♥," ✯✴

compsscen = union({comps | ∃(cont).((comps, cont) ∈ LogSet)})

✷✳ ✴✯ "❝❡♥❛'✐♦ ❝♦♥,❡♥, ✯✴

ran(contscen) = union({ran(cont) | ∃(comps).((comps, cont) ∈ LogSet)})

✸✳ ✴✯ ♣'❡"❡'✈❛,✐♦♥ ♦❢ ❡♥,'✐❡" ♦'❞❡' ✯✴

∀ comps, cont.((comps, cont) ∈ LogSet⇒ Extract(comps, scenario) = (comps, cont))

❚❤❡ ❧❛.& ♣#♦♣❡#&② .&❛&❡. &❤❛& &❤❡ ♦#❞❡# ♦❢ ❡♥&#✐❡. ✐♥ scenario #❡.♣❡❝&. &❤❡ ♦#❞❡# ♦❢ ❡♥✲

&#✐❡. ♦❢ &❤❡ ❧♦❣ ✜❧❡. ✐♥ LogSet✳ ❇② ❞❡✜♥✐&✐♦♥✱ &❤❡ #❛♥❣❡ ♦❢ &❤❡ #❡❧❛&✐♦♥ Merge ♦♥❧②

❝♦♥&❛✐♥. ❧♦❣ ✜❧❡.✱ .✉❝❤ &❤❛& &❤❡ Send ❡♥&#✐❡. ♦❝❝✉# ❜❡❢♦#❡ &❤❡ ❝♦##❡.♣♦♥❞✐♥❣ Rec ❡♥&#✐❡.

✭ran(Merge) ⊆ LOG FILE✮✳ ❚❤❡#❡❢♦#❡✱ &❤✐. #❡❧❛&✐♦♥ ♠❛② #❡.✉❧& ✐♥ ❛♥ ❡♠♣&② .❡& ✐❢ ✐& ✐.

✐♠♣♦..✐❜❧❡ &♦ ❝♦♠♣✉&❡ ❛ .❝❡♥❛#✐♦ &❤❛& #❡.♣❡❝& &❤❡ ♦#❞❡# ♦❢ ❡♥&#✐❡.✳

❊①❛♠♣❧❡ ✸✳✺✳ ❊①❛♠♣❧❡ ♦❢ Merge

▲❡& ✉. ❝♦♥.✐❞❡# &✇♦ ❧♦❣ ✜❧❡.✱ logWebComp ❛♥❞ logIntSys✱ ✇✐&❤ &❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥&❡♥&✿

logWebComp = ({WebComp},
[(Send,WebComp, IntSys,Request, [sessionId, clientId, details]),
(Send,WebComp, IntSys, Cancel, [sessionId])])

logIntSys = ({IntSys},
[(Rec,WebComp, IntSys, Request, [sessionId, clientId, details])])

■❢ LogSet = {logWebComp, logIntSys} &❤❡ ♦♣❡#❛&✐♦♥ Merge[{LogSet}] ♣#♦❞✉❝❡. &❤❡ .❡&

✼✻
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{scen1, scen2}  ✉❝❤ $❤❛$✿

scen1 = ({WebComp, IntSys},
[(Send,WebComp, IntSys,Request, [sessionId, clientId, details]),
(Rec,WebComp, IntSys, Request, [sessionId, clientId, details]),

(Send,WebComp, IntSys, Cancel, [sessionId]), ])

scen2 = ({WebComp, IntSys},
[(Send,WebComp, IntSys,Request, [sessionId, clientId, details]),
(Send,WebComp, IntSys, Cancel, [sessionId]),
(Rec,WebComp, IntSys, Request, [sessionId, clientId, details])])

❚❤❡ ❛❝$✐♦♥ Cancel ❝❛♥ ❜❡ ♣❡.♠✉$❡❞ ✇✐$❤ $❤❡ .❡❝❡♣$✐♦♥ ♦❢ Request  ✐♥❝❡ $❤❡.❡ ✐ ♥♦ ♦.❞❡.✐♥❣

❝♦♥ $.❛✐♥$ ❜❡$✇❡❡♥ $❤❡♠✳

✸✳✺ ❙♣❡❝✐❢②✐♥❣ ❛♥❞ ❱❡/✐❢②✐♥❣ ▲♦❣ 2/♦♣❡/3✐❡4

■♥ $❤✐  ❡❝$✐♦♥ ✇❡ ❞❡✜♥❡ $❤❡ ♠♦❞❡❧ ✉ ❡❞ $♦ ❞❡ ❝.✐❜❡ ❛♥❞ ✈❡.✐❢② ♣.♦♣❡.$✐❡ ♦♥ ❧♦❣ ✜❧❡ ✳

✸✳✺✳✶ ▲♦❣ '(♦♣❡(+②

❲❡ ✉ ❡ ❧♦❣✐❝❛❧ ♣.♦♣❡.$✐❡ ✭❝❛❧❧❡❞ ❧♦❣ ♣$♦♣❡$&✐❡(✮ $♦ ❞❡ ❝.✐❜❡ $❤❡ ❜❡❤❛✈✐♦. ♦❢ $❤❡  ② $❡♠✳

❚❤❡ ✈❛.✐♦✉ ❧❛♥❣✉❛❣❡ ♦❢ ♣.♦♣❡.$✐❡ ❞❡ ❝.✐❜❡❞ ✐♥ ❙❡❝$✐♦♥ ✶✳✻ ❡①♣.❡  ♣.♦♣❡.$✐❡ ✐♥ $❡.♠ ♦❢

❝♦♥❞✐$✐♦♥ ♦♥  ❡A✉❡♥❝❡ ♦❢ ❧♦❣ ❡♥$.✐❡ ✳ ❍♦✇❡✈❡.✱ $❤✐ ❛♣♣.♦❛❝❤ ✐ ♥♦$  ✉✣❝✐❡♥$ ❤❡.❡ ❜❡❝❛✉ ❡

✇❡ ✇❛♥$ $♦ ❡①♣.❡  ❧♦❝❛❧ ♣.♦♣❡.$✐❡ ♦♥ $❤❡ ❧♦❣ ❛$$❛❝❤❡❞ $♦ ❛ ❣✐✈❡♥  ❡$ ♦❢ ❝♦♠♣♦♥❡♥$ ✳

❚❤❡.❡❢♦.❡✱ ✇❡ ♥❡❡❞ ♥♦$ ♦♥❧② $♦ ❞❡ ❝.✐❜❡ $❤❡ ❝♦♥❞✐$✐♦♥ ♦♥ ❧♦❣ ❡♥$.✐❡ ✱ ❜✉$ ❛❧ ♦ $❤❡ ♣❛.$ ♦❢

$❤❡  ② $❡♠ $♦ ✇❤✐❝❤ $❤❡ ♣.♦♣❡.$② ❛♣♣❧✐❡ ✳ ❚♦ ❛❞❞.❡  $❤✐ ♥❡❡❞ ✇❡ ❛$$❛❝❤ $♦ ❡❛❝❤ ♣.♦♣❡.$②

$❤❡  ❡$ ♦❢ ❝♦♠♣♦♥❡♥$ ♦❢ ✐♥$❡.❡ $✳

❆ ❛♥ ✐❧❧✉ $.❛$✐♦♥✱ ❝♦♥ ✐❞❡. ❛ ♣.♦♣❡.$②  $❛$✐♥❣ $❤❛$ ✏IntSys ❤❛  ❡♥$ ❛ .❡ ❡.✈❛$✐♦♥ .❡✲

A✉❡ $ ✭Book✮ $♦ $❤❡ ❤♦$❡❧ ✐♠♠❡❞✐❛&❡❧② ❛❢&❡$ ✭✐✳❡✳ ✇✐$❤ ♥♦ ♦$❤❡. ❝♦♠♠✉♥✐❝❛$✐♦♥ ✐♥ ❜❡$✇❡❡♥✮

✐$ .❡❝❡✐✈❡❞ ❛ .❡A✉❡ $ ✭Request✮✑✳ ❚❤✐ ♣.♦♣❡.$② ❤♦❧❞ ❢♦. $❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦❣ ✜❧❡✿

log1 = ({IntSys},
[(Rec,WebComp, IntSys, Request, [sessionId, clientId, details]),
(Send, IntSys, CompHotel, Book, [sessionId, clientId, details])])

❍♦✇❡✈❡.✱ $❤❡  ❛♠❡ ♣.♦♣❡.$② ✇♦✉❧❞ ♥♦$ ❤♦❧❞ ❢♦. $❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦❣ ✜❧❡ $❤❛$ ❛❧ ♦ ✐♥❝❧✉❞❡ 

WebComp✬ ❛❝$✐♦♥ ✿

log2 = ({WebComp, IntSys},
[(Send,Client,WebComp,NewRequest, [sessionId, clientId, details]),
(Send,WebComp, IntSys,Request, [sessionId, clientId, details]),
(Rec,WebComp, IntSys, Request, [sessionId, clientId, details]),

✼✼
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(Send,WebComp,CompHotel, Cancel, [sessionId]),
(Send, IntSys, CompHotel, Book, [sessionId, clientId, details])])

■♥ ♦✉$ ❛♣♣$♦❛❝❤✱ ✇❡ ❝❛♥ ,♣❡❝✐❢② 0❤❛0 ✇❡ ❛$❡ ✐♥0❡$❡,0❡❞ ✐♥ ❛ ♣$♦♣❡$0② $❡❧❛0❡❞ 0♦ IntSys ♦♥❧②

❜❡❝❛✉,❡ ✇❡ ♦♥❧② ✇❛♥0 0♦ ❝❤❡❝❦ 0❤❛0 IntSys ❤❛, ♥♦0 ❝♦♠♠✉♥✐❝❛0❡❞ ❜❡0✇❡❡♥ Request ❛♥❞

Book✳ ❚❤❡ ♣$♦♣❡$0② ,❤♦✉❧❞ 0❤✉, ❤♦❧❞ ❢♦$ ❜♦0❤ ❧♦❣ ✜❧❡,✳

❲✐0❤ 0❤✐, ❡①0❡♥❞❡❞ ❞❡✜♥✐0✐♦♥ ♦❢ ❧♦❣ ♣$♦♣❡$0② ✐0 ✐, ♣♦,,✐❜❧❡ 0♦ ✈❡$✐❢② ♣$♦♣❡$0✐❡,

✇❤❡♥ ♥♦0 ❛❧❧ ❧♦❣, ❛$❡ ❛✈❛✐❧❛❜❧❡✳ ❙✐♠✐❧❛$❧② 0♦ 0❤❡ ✇♦$❦ ♦♥ 0$❛❝❡ ❛♥❛❧②,✐, ♣$♦♣♦,❡❞ ✐♥

❬❆$❛,0❡❤ ❡0 ❛❧✳ ✷✵✵✼❪ ✭❙❡❝0✐♦♥ ✶✳✻✳✶✶✮✳

▼❛❝❤✐♥❡ LogProperties ✭❋✐❣✉$❡ ✸✳✼✮ ♣$♦✈✐❞❡, ❛ ❢♦$♠❛❧ ❞❡✜♥✐0✐♦♥ ♦❢ ❧♦❣ ♣$♦♣❡$0✐❡, ✭❝♦♥✲

,0❛♥0 PROP ✮✳ ❆ ❧♦❣ ♣$♦♣❡$0② ✐, ❛ ♣❛✐$ (comps, pred) ❝♦♥,✐,0✐♥❣ $❡,♣❡❝0✐✈❡❧② ♦❢✿

❼ 0❤❡ ❝♦♠♣♦♥❡♥0, ❝♦♥❝❡$♥❡❞ ❜② 0❤❡ ♣$♦♣❡$0②✳ ■♥ 0❤❡ 0❡①0✱ ✇❡ $❡❢❡$ 0♦ 0❤✐, ,❡0 ❛, 0❤❡

❝♦♠♣♦♥❡♥&' ♦❢ 0❤❡ ♣$♦♣❡$0②❀

❼ ❛ ❢✉♥❝0✐♦♥ ♠❛♣♣✐♥❣ ❛ ❧♦❣ ✜❧❡ ✐♥0♦ ❛ ❜♦♦❧❡❛♥ ✈❛❧✉❡ ✐♥❞✐❝❛0✐♥❣ ✐❢ 0❤❡ ♣$♦♣❡$0② ❤♦❧❞, ❢♦$

❛ ❣✐✈❡♥ ❧♦❣✳ ■♥ 0❤❡ 0❡①0✱ ✇❡ $❡❢❡$ 0♦ 0❤✐, ❢✉♥❝0✐♦♥ ❛, 0❤❡ ♣(❡❞✐❝❛&❡ ♦❢ 0❤❡ ♣$♦♣❡$0②✳

▼❆❈❍■◆❊ LogProperties

❙❊❊❙ ComponentsAPI✱ LogFiles

❈❖◆❙❚❆◆❚❙ PROP ✱ PropComps✱ PropPredicate

S❘❖S❊❘❚■❊❙

✴✯ ❧♦❣ ♣&♦♣❡&(✐❡* ✯✴

PROP = {(comps, pred) | comps ∈ F(COMP ) ∧ pred ∈ (LOG FILE 7→ BOOL) ∧
∀(log).(log ∈ dom(pred)⇒ ∃(compslog, contlog).(log = (compslog, contlog) ∧(c1)
compslog = comps))} ∧

✴✯ *❡❧❡❝(♦&* ❢♦& ❧♦❣ ♣&♦♣❡&(✐❡* ✯✴

PropComps ∈ PROP → F(COMP ) ∧
PropPredicate ∈ PROP → (LOG FILE 7→ BOOL) ∧
∀(comps, pred).((comps, pred) ∈ PROP ⇒(c2)
PropComps(comps, pred) = comps ∧ PropPredicate(comps, pred) = pred)

❊◆❉

❋✐❣✉$❡ ✸✳✼✿ ▼❛❝❤✐♥❡ LogProperties

❚❤❡ ❞❡✜♥✐0✐♦♥ ♦❢ PROP $❡V✉✐$❡, 0❤❛0 0❤❡ ♣$♦♣❡$0② ♣$❡❞✐❝❛0❡ ✐, ❛ ♣❛$0✐❛❧ ❢✉♥❝0✐♦♥ ,✉❝❤

0❤❛0 ✐0, ❞♦♠❛✐♥ ✐, ❞❡✜♥❡❞ ♦♥❧② ❢♦$ ❧♦❣ ✜❧❡, $❡❧❛0❡❞ 0♦ 0❤❡ ❝♦♠♣♦♥❡♥0, ♦❢ ✐♥0❡$❡,0 (c1)✳ ❚❤❡

,❡❧❡❝0♦$, PropComps ❛♥❞ PropPredicate $❡0✉$♥ ❡❛❝❤ ♣❛$0 ♦❢ ❛ ❣✐✈❡♥ ❧♦❣ ♣$♦♣❡$0② (c2) ❛♥❞

❛$❡ ✉,❡❞ 0♦ ❞❡✜♥❡ 0❤❡ ✈❛❧✉❡, ♦❢ ❧♦❣ ♣$♦♣❡$0✐❡,✱ ❛, ✐❧❧✉,0$❛0❡❞ ✐♥ 0❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡✳

✼✽
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❊①❛♠♣❧❡ ✸✳✻✳ ▲♦❣ ♣$♦♣❡$&② ❡①❛♠♣❧❡

❲❡ -♣❡❝✐❢② &❤❡ ♣$♦♣❡$&② ♠❡♥&✐♦♥❡❞ ❛& &❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ &❤✐- -❡❝&✐♦♥ -&❛&✐♥❣ &❤❛& IntSys

-❡♥❞- ❛ $❡-❡$✈❛&✐♦♥ ♠❡--❛❣❡ ✐♠♠❡❞✐❛&❡❧② ❛❢&❡$ ✐& ❤❛- $❡❝❡✐✈❡❞ ❛ $❡6✉❡-&✳ ❋✐$-& ✇❡ -♣❡❝✐❢②

❛♥ ✐❞❡♥&✐✜❡$ ❛♥❞ &❤❡ ❝♦♠♣♦♥❡♥&- ❛&&❛❝❤❡❞ &♦ &❤❡ ♣$♦♣❡$&②✿

propDemand ∈ PROP ∧ PropComps(propDemand) = {IntSys}

❆--✉♠✐♥❣ &❤❛& sessionId✱ clientId ❛♥❞ details ❤❛✈❡ ❜❡❡♥ ❞❡✜♥❡❞ ♣$❡✈✐♦✉-❧②✱ ✇❡ -♣❡❝✐❢②

&❤❡ ♣$❡❞✐❝❛&❡ ♦❢ &❤❡ ♣$♦♣❡$&② ✉-✐♥❣ &❤❡ ❧❛♠❜❞❛ ♥♦&❛&✐♦♥✿

PropPredicate(propDemand) =
λ(log).(log ∈ LOG FILE ∧ ∃(cont).(log = ({IntSys}, cont)) | bool(∃(cont, enA, enB).
(log = ({IntSys}, cont) ∧ enA ∈ ran(cont) ∧ enB ∈ ran(cont) ∧
enA = (Rec,WebComp, IntSys,Request, [sessionId, clientId, details]) ∧
enB = (Send, IntSys, CompHotel, Book, [sessionId, clientId, details]) ∧
Pos(enB, cont) = Pos(enA, cont) + 1)))

❚❤✐- ♣$♦♣❡$&② ❛♣♣❧✐❡- &♦ ❛ ❣✐✈❡♥ -❡--✐♦♥ ❛♥❞ ❝❧✐❡♥&✳ ❲❡ -❡❡ ✐♥ &❤❡ ❢♦❧❧♦✇✐♥❣ -❡❝&✐♦♥ ❤♦✇ &♦

♣$♦✈✐❞❡ ❛ ❣❡♥❡$❛❧✐③❛&✐♦♥ ♦❢ ✐& ❜❛-❡❞ ♦♥ ❛ -❡& ♦❢ ♣❛$❛♠❡&❡$-✳ ❙✐♠✐❧❛$❧② &♦ &❤❡ ❞❡✜♥✐&✐♦♥ ♦❢

❧♦❣ ✜❧❡-✱ ✐& ✐- ❛❧-♦ ♣♦--✐❜❧❡ &♦ ❝❤❡❝❦ ✐❢ ❛ ❣✐✈❡♥ ♣$♦♣❡$&② prop ✐- ❝♦♥-✐-&❡♥& ✇✐&❤ &❤❡ ❞❡✜♥✐&✐♦♥

♦❢ ❧♦❣ ♣$♦♣❡$&② ❜② ✈❡$✐❢②✐♥❣ &❤❡ ♣$♦♦❢ ♦❜❧✐❣❛&✐♦♥ prop ∈ PROP ✳

❲❡ ❝❛♥ ❞❡✜♥❡ ❛♥ ♦♣❡$❛&✐♦♥ &❤❛& &❛❦❡- ❛- ✐♥♣✉& ❛ ❧♦❣ ✜❧❡ ✭log✮ ❛♥❞ ❛ ❧♦❣ ♣$♦♣❡$&② ✭prop✮

❛♥❞ $❡&✉$♥ ❛ ❜♦♦❧❡❛♥ ✭hold✮ ✐♥❞✐❝❛&✐♥❣ ✐❢ &❤❡ ♣$♦♣❡$&② ❤♦❧❞- ♦$ ♥♦& ❢♦$ &❤❡ ❧♦❣✿

hold← V erifyProperty(log, prop) =̂
E❘❊

log ∈ LOG FILE ∧ prop ∈ PROP ∧
∃(comps, cont).((comps, cont) = log ∧ PropComps(prop) ⊆ comps)
❚❍❊◆

hold := (PropPredicate(prop))(Extract(PropComps(prop), log))
❊◆❉

❚❤❡ ♣$❡✲❝♦♥❞✐&✐♦♥ ❡♥-✉$❡- &❤❛& &❤❡ ❝♦♠♣♦♥❡♥&- $❡❧❛&❡❞ &♦ &❤❡ ❧♦❣ ✜❧❡ ❝♦♥&❛✐♥ ❛& ❧❡❛-& &❤❡

❝♦♠♣♦♥❡♥&- ❛&&❛❝❤❡❞ &♦ &❤❡ ❧♦❣ ♣$♦♣❡$&②✳ ❚❤❡♥✱ Extract ✐- ❛♣♣❧✐❡❞ &♦ ❡♥-✉$❡ &❤❛& ♦♥❧② &❤❡

❝♦♥❝❡$♥❡❞ ❡♥&$✐❡- ❛$❡ ✉-❡❞ ✐♥ &❤❡ ❛♥❛❧②-✐- ♦❢ &❤❡ ♣$♦♣❡$&②✳

❚❤✐- ❞❡✜♥✐&✐♦♥ ❤♦✇❡✈❡$ ❞♦❡- ♥♦& &❛❦❡ ✐♥&♦ ❛❝❝♦✉♥& ❞✐-&$✐❜✉&❡❞ ❧♦❣- ❛♥❞ ✐& ✐- ♥♦& ✐♥❝❧✉❞❡❞

✐♥ &❤❡ &❡❝❤♥✐❝❛❧ ❛♥♥❡①❡-✳ ■♥ ❙❡❝&✐♦♥ ✸✳✺✳✸ ✇❡ ♣$♦✈✐❞❡ ❛ ✈❡$-✐♦♥ ♦❢ &❤✐- ♦♣❡$❛&✐♦♥ &♦ ✈❡$✐❢② ❧♦❣

♣$♦♣❡$&✐❡- &❤❛& ❛❧-♦ &❛❦❡- ✐♥&♦ ❛❝❝♦✉♥& ❞✐-&$✐❜✉&❡❞ ❧♦❣-✱ ✇❤✐❝❤ ❝♦♥-&✐&✉&❡- &❤❡ ❧♦❣ ❛♥❛❧②③❡$✳

✸✳✺✳✷ $❛&❛♠❡)&✐❝ $&♦♣❡&)✐❡.

■& ✐- ♦❢&❡♥ ✉-❡❢✉❧ &♦ ❣❡♥❡$❛❧✐③❡ ♣$♦♣❡$&✐❡- ✇✐&❤ $❡-♣❡❝& &♦ ❝❡$&❛✐♥ ♣❛$❛♠❡&❡$-

❬❈❤❡♥ ✫ ❘♦➩✉ ✷✵✵✾❪✳ ▼❛♥② ♣$♦♣♦-❛❧- ✐♥ &$❛❝❡- ❛♥❛❧②-✐- ✭❙❡❝&✐♦♥ ✶✳✻✮ ❛♥❞ ❝♦♥&$❛❝& ❢♦$✲

♠❛❧✐-♠- ✭❙❡❝&✐♦♥ ✶✳✹✮ ♣$♦✈✐❞❡ ❛ ✇❛② &♦ ❝❤❛$❛❝&❡$✐③❡ ♣❛"❛♠❡%"✐❝ ♣"♦♣❡"%✐❡)✳ ❋♦$ ❡①❛♠♣❧❡✱

✼✾



❈❍❆#❚❊❘ ✸✳ ▲❖● ❆◆❆▲❨❙■❙

♦♥❡ ❝❛♥ %♣❡❝✐❢② ❛ ♣*♦♣❡*+② +❤❛+✱ ❣✐✈❡♥ ❛ ❝❧✐❡♥+ ✐❞❡♥+✐✜❡*✱ ✈❡*✐✜❡% ✐❢ ❛ *❡%❡*✈❛+✐♦♥ ❤❛% ❜❡❡♥

❞♦♥❡ ❢♦* +❤✐% ❝❧✐❡♥+✳ ❲❡ ✐♥+*♦❞✉❝❡ ♥♦✇ ❛ ♠♦❞❡❧ +♦ %♣❡❝✐❢② ♣❛*❛♠❡+*✐❝ ♣*♦♣❡*+✐❡%✳

▼❛❝❤✐♥❡ ParametricProperties ✭❋✐❣✉*❡ ✸✳✽✮ ❞❡✜♥❡% ♣❛*❛♠❡+*✐❝ ♣*♦♣❡*+✐❡% ✭❝♦♥%+❛♥+

PAR PROP ✮ ❝♦♥%✐%+✐♥❣ ♦❢ ❛ %❡+ ♦❢ ❝♦♠♣♦♥❡♥+% ❛♥❞ ❛ ♣❛*+✐❛❧ ❢✉♥❝+✐♦♥ +❤❛+ ♠❛♣% ❛ %❡?✉❡♥❝❡

♦❢ ♣❛*❛♠❡+❡*% +♦ ❛ ❧♦❣ ♣*♦♣❡*+②✳

▼❆❈❍■◆❊ ParametricProperties

❙❊❊❙ ComponentsAPI✱ LogProperties

❈❖◆❙❚❆◆❚❙ PAR PROP ✱ PPropComps✱ PPropPredicate

I❘❖I❊❘❚■❊❙

✴✯ ♣❛$❛♠❡'$✐❝ ♣$♦♣❡$'✐❡+ ✯✴

PAR PROP = {(comps, ppred) | comps ∈ F(COMP ) ∧ ppred ∈ seq(PARAM) 7→ PROP ∧
∀(prop).(prop ∈ ran(ppred)⇒ comps = PropComps(prop))} ∧

✴✯ +❡❧❡❝'♦$+ ❢♦$ ♣❛$❛♠❡'$✐❝ ♣$♦♣❡$'✐❡+ ✯✴

PPropComps ∈ PAR PROP → F(COMP ) ∧
PPropPredicate ∈ PAR PROP → (seq(PARAM) 7→ PROP ) ∧
∀(comps, ppred).((comps, ppred) ∈ PAR PROP ⇒
PPropComps(comps, pred) = comps ∧ PPropPredicate(comps, pred) = pred)

❊◆❉

❋✐❣✉*❡ ✸✳✽✿ ▼❛❝❤✐♥❡ ParametricProperties

❚❤❡ ❞❡✜♥✐+✐♦♥ ♦❢ PAR PROP %+❛+❡% +❤❛+ +❤❡ ✐♥%+❛♥+✐❛+❡❞ ♣*♦♣❡*+✐❡% ❤❛✈❡ +❤❡ %❛♠❡ ❝♦♠✲

♣♦♥❡♥+% ❛++❛❝❤❡❞ +♦ +❤❡ ♣❛*❛♠❡+*✐❝ ♣*♦♣❡*+✐❡%✳ ❙✐♠✐❧❛*❧② +♦ ❧♦❣ ♣*♦♣❡*+✐❡% ✇❡ ❞❡✜♥❡ +❤❡

%❡❧❡❝+♦*% PPropComps ❛♥❞ PPropPredicate +❤❛+ *❡+✉*♥ ❡❛❝❤ ♣❛*+ ♦❢ ❛ ♣❛*❛♠❡+*✐❝ ♣*♦♣✲

❡*+②✳ ❚❤❡ ❞♦♠❛✐♥ ♦❢ +❤❡ ♣*❡❞✐❝❛+❡ ♦❢ ❛ ♣❛*❛♠❡+*✐❝ ♣*♦♣❡*+② %❤♦✉❧❞ ❜❡ ❞❡✜♥❡❞ ♦♥❧② ❢♦* +❤❡

♥✉♠❜❡* ♦❢ ♣❛*❛♠❡+❡*% ❛❝❝❡♣+❡❞ ❜② +❤❡ ♣*♦♣❡*+②✱ ❛% ✐❧❧✉%+*❛+❡❞ ❜② +❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡✳

❊①❛♠♣❧❡ ✸✳✼✳ I❛*❛♠❡+*✐❝ ♣*♦♣❡*+② ❡①❛♠♣❧❡

❲❡ %♣❡❝✐❢② ♥♦✇ ❛ ♣❛*❛♠❡+*✐❝ ✈❡*%✐♦♥ ♦❢ +❤❡ ❧♦❣ ♣*♦♣❡*+② propDemand ♦❢ ❊①❛♠♣❧❡ ✸✳✻ +❤❛+

+❛❦❡% ❛% ♣❛*❛♠❡+❡*% +❤❡ %❡%%✐♦♥ ✐❞❡♥+✐✜❡*✱ ❝❧✐❡♥+ ✐❞❡♥+✐✜❡*% ❛♥❞ *❡%❡*✈❛+✐♦♥ ❞❡+❛✐❧%✳ ❋✐*%+✱

✇❡ %❤♦✉❧❞ ❞❡✜♥❡ +❤❡ ❝♦♠♣♦♥❡♥+% ❛++❛❝❤❡❞ +♦ +❤❡ ♣❛*❛♠❡+*✐❝ ♣*♦♣❡*+②✿

parPropDemand ∈ PAR PROP ∧
PPropComps(parPropDemand) = {IntSys} ∧

✽✵
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❚❤❡♥✱ ✇❡ ❞❡✜♥❡ ✐)* ♣,❡❞✐❝❛)❡ ✉*✐♥❣ )❤❡ ❧❛♠❜❞❛ ♥♦)❛)✐♦♥✿

PPropPredicate(parPropDemand) = λ(par).(par ∈ seq(PARAM) ∧ size(par) =
3 |{IntSys} 7→
λ(log).(log ∈ LOG FILE ∧ ∃(cont).(log = ({IntSys}, cont)) | bool(∃(cont, enA, enB).
(log = ({IntSys}, cont) ∧ enA ∈ ran(cont) ∧ enB ∈ ran(cont) ∧
enA = (Rec,WebComp, IntSys,Request, [par(1), par(2), par(3)]) ∧
enB = (Send, IntSys, CompHotel, Book, [par(1), par(2), par(3)]) ∧
Pos(enB, cont) = Pos(enA, cont) + 1))))

❲❡ ✉*❡ par(1), par(2) ❛♥❞ par(3) )♦ ,❡❢❡, ,❡*♣❡❝)✐✈❡❧② )♦ )❤❡ *❡**✐♦♥ ✐❞❡♥)✐✜❡,✱ ❝❧✐❡♥) ✐❞❡♥✲
)✐✜❡, ❛♥❞ ,❡*❡,✈❛)✐♦♥ ❞❡)❛✐❧*✳ ■♥ ♦,❞❡, )♦ ♦❜)❛✐♥ ❛♥ ✐♥*)❛♥❝❡ ♦❢ ❧♦❣ ♣,♦♣❡,)② ❢♦, ❣✐✈❡♥

♣❛,❛♠❡)❡,* sessionId✱ clientId ❛♥❞ details✱ ✇❡ ✉*❡ )❤❡ ♣,❡❞✐❝❛)❡ ♦❢ )❤❡ ♣❛,❛♠❡),✐❝ ♣,♦♣✲

❡,)②✿

propDemand ∈ PROP ∧
propDemand = (PPropPredicate(parPropDemand))([sessionId, clientId, details])

✸✳✺✳✸ ❆♥❛❧②(✐( ♦❢ ❉✐(-.✐❜✉-❡❞ ▲♦❣(

❲❡ ♣,❡*❡♥) ♥♦✇ )❤❡ *♣❡❝✐✜❝❛)✐♦♥ ♦❢ )❤❡ ❧♦❣ ❛♥❛❧②③❡, ✇❤✐❝❤ ❡✈❛❧✉❛)❡* ❛ ❣✐✈❡♥ ❧♦❣ ♣,♦♣❡,)②

❢♦, ❛ *❡) ♦❢ ❞✐*),✐❜✉)❡❞ ❧♦❣*✳ ❚❤❡ ❛♥❛❧②*✐* ♦❢ ❞✐*),✐❜✉)❡❞ ❧♦❣* ✐* ❜❛*❡❞ ♦♥ )❤❡ *❝❡♥❛,✐♦*

♦❜)❛✐♥❡❞ ❜② ♠❡,❣✐♥❣ )❤❡ ❧♦❣*✱ *✐♠✐❧❛,❧② )♦ )❤❡ ❛♣♣,♦❛❝❤❡* ♦❢ ),❛❝❡ ❛♥❛❧②*✐* ♣,♦♣♦*❡❞ ✐♥

❬❆,❛*)❡❤ ❡) ❛❧✳ ✷✵✵✼✱ ❍❛❧❧❛❧ ❡) ❛❧✳ ✷✵✵✻❪ ✭❙❡❝)✐♦♥ ✶✳✻✳✶✵✮✳

▼❛❝❤✐♥❡ LogAnalyzer ✭❋✐❣✉,❡ ✸✳✾✮ ❞❡✜♥❡* )❤❡ ♦♣❡,❛)✐♦♥ V erifyProperty ✇❤✐❝❤ )❛❦❡*

❛* ✐♥♣✉) ❛ *❡) ♦❢ ❧♦❣ ✜❧❡* ✭LogSet✮ ❛♥❞ ❛ ❧♦❣ ♣,♦♣❡,)② ✭prop✮✳

▼❆❈❍■◆❊ LogAnalyzer

❙❊❊❙ LogOperations✱ LogProperties

❖S❊❘❆❚■❖◆❙

scen, ok ← V erifyProperty(LogSet, prop) =̂
S❘❊

LogSet ∈ LOG SET ∧ prop ∈ PROP ∧
PropComps(prop) ⊆ union({comps | ∃(cont).((comps, cont) ∈ LogSet)})(c1)
❚❍❊◆

▲❊❚ temp ❇❊ temp = Extract[{PropComps(prop)} ×Merge[{LogSet}]] ■◆
scen := temp ||
ok := temp ∩ PropPredicate(prop)−1[{TRUE}]
❊◆❉

❊◆❉

❊◆❉

✽✶
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❋✐❣✉$❡ ✸✳✾✿ ❖♣❡$❛-✐♦♥ V erifyProperty

❚♦ ❝♦♠♣❧② ✇✐-❤ -❤❡ ❝♦♥7-$❛✐♥-7 ♦❢ PROP ✭❋✐❣✉$❡ ✸✳✼✮✱ -❤❡ ♣$❡✲❝♦♥❞✐-✐♦♥ 7-❛-❡7 -❤❛- -❤❡

❝♦♠♣♦♥❡♥-7 ♦❢ -❤❡ ❧♦❣ ✜❧❡7 ♠✉7- ❝♦♥-❛✐♥ ❛- ❧❡❛7- -❤❡ ❝♦♠♣♦♥❡♥-7 ❛--❛❝❤❡❞ -♦ -❤❡ ♣$♦♣❡$-②

(c1)✳ ❲❡ 7❤♦✉❧❞ ❛❧7♦ ♠❛❦❡ 7✉$❡ -❤❛- ❡❛❝❤ ❧♦❣ ✜❧❡ ✐♥ LogSet $❡7♣❡❝-7 -❤❡ ❞❡✜♥✐-✐♦♥ ♦❢

LOG FILE✱ ✐✳❡✳ ❡❛❝❤ ❧♦❣ ✜❧❡ ♦♥❧② ❝♦♥-❛✐♥7 ❡♥-$✐❡7 ❝♦♥7✐7-❡♥- ✇✐-❤ -❤❡ ❆C■ ❛♥❞ -❤❡ ♦$❞❡$

♦❢ Send✴Rec ❡♥-$✐❡7✳

❚❤❡ ♦♣❡$❛-✐♦♥ V erifyProperty ❝♦♠♣✉-❡7 -✇♦ $❡7✉❧-7✿ scen✱ -❤❡ 7❡- ♦❢ ❛❧❧ 7❝❡♥❛$✐♦7

❛❢-❡$ ❡①-$❛❝-✐♥❣ -❤❡ ❡♥-$✐❡7 $❡❧❛-❡❞ -♦ -❤❡ ❝♦♠♣♦♥❡♥-7 ❛--❛❝❤❡❞ -♦ -❤❡ ♣$♦♣❡$-② ✭❝♦♠♣✉-❡❞

✐♥ temp✮❀ ❛♥❞ ok✱ -❤❡ 7✉❜7❡- ♦❢ -❤❡7❡ 7❝❡♥❛$✐♦7 ✇❤❡$❡ -❤❡ ♣$♦♣❡$-② ❤♦❧❞7✳ ❚❤❡ $❛-✐♦ ❜❡-✇❡❡♥

-❤❡7❡ -✇♦ $❡7✉❧-7 ♣$♦✈✐❞❡ ✐♥❢♦$♠❛-✐♦♥ ♦♥ -❤❡ ✈❛❧✐❞✐-② ♦❢ -❤❡ $❡7❡❛$❝❤❡❞ ♣$♦♣❡$-② ❢♦$ -❤❡ ❣✐✈❡♥

❧♦❣7✿

❼ ✐❢ ok = scen -❤❡ ♣$♦♣❡$-② ❤♦❧❞7 ❢♦$ ❛❧❧ 7❝❡♥❛$✐♦7✳

❼ ✐❢ ok = ∅ -❤❡ ♣$♦♣❡$-② ✐7 ❢❛❧7❡ ❢♦$ ❛❧❧ 7❝❡♥❛$✐♦7✳

■❢ ♥♦♥❡ ♦❢ -❤❡7❡ ❝♦♥❞✐-✐♦♥7 ❤♦❧❞7 -❤❡♥ ❛ ❢✉$-❤❡$ ❛♥❛❧②7✐7 ♦❢ -❤❡ 7❝❡♥❛$✐♦7 ❝❛♥ ❜❡ ❝♦♥❞✉❝-❡❞✳

❖♥❡ ♣♦77✐❜✐❧✐-② ✐7 -♦ ✐♥❝$❡❛7❡ -❤❡ ♥✉♠❜❡$ ♦❢ ❧♦❣ ✜❧❡7 ✉7❡❞ ✐♥ -❤❡ ❛♥❛❧②7✐7✱ ✇❤✐❝❤ ❝❛♥ ❤❛✈❡ -❤❡

❡✛❡❝- ♦❢ $❡❞✉❝✐♥❣ -❤❡ ♥✉♠❜❡$ ♦❢ 7❝❡♥❛$✐♦7✳ ❍♦✇❡✈❡$✱ ✐- ✐7 ♣♦77✐❜❧❡ -❤❛- ❡✈❡♥ ✉7✐♥❣ ❛ ❧❛$❣❡7

7❡- ♦❢ ❧♦❣7 ✐- ✐7 7-✐❧❧ ♥♦- ♣♦77✐❜❧❡ -♦ 7❤♦✇ ❛ ❝❧❡❛$ ❝♦♥❝❧✉7✐♦♥✳ ■♥ -❤✐7 ❝❛7❡✱ ❛ ❞❡-❛✐❧❡❞ ❛♥❛❧②7✐7

♦❢ ❡❛❝❤ 7❝❡♥❛$✐♦ ❜② ❛♥ ❡①♣❡$- ♠❛② ❜❡ ♥❡❝❡77❛$② -♦ ❛77❡77 -❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❡❛❝❤ 7❝❡♥❛$✐♦ ❛♥❞

-❛❦❡ ✐♥-♦ ❛❝❝♦✉♥- ❝♦♥-❡①-✉❛❧ ❢❛❝-♦$7 ✇❤✐❝❤ ❛$❡ ♥♦- ✐♥❝❧✉❞❡❞ ✐♥ -❤❡ ❢♦$♠❛❧ ♠♦❞❡❧✳

❘❡❣❛$❞✐♥❣ -❤❡ ❝♦♠♣❧❡①✐-② ♦❢ -❤❡ ♦♣❡$❛-✐♦♥✱ ✐- ✐7 ❦♥♦✇♥ -❤❛- -❤❡ ♣$♦❜❧❡♠ ♦❢ ❝♦✉♥-✐♥❣ -❤❡

7❝❡♥❛$✐♦7 ♦❢ ❞✐7-$✐❜✉-❡❞ ❧♦❣7 ✐7 ★C✲❝♦♠♣❧❡-❡ ✭❡N✉✐✈❛❧❡♥- ❞♦ ❝♦✉♥- -❤❡ ♥✉♠❜❡$ ♦❢ 7♦❧✉-✐♦♥7

♦❢ ❛ ◆C✲❝♦♠♣❧❡-❡ ♣$♦❜❧❡♠✮✱ ✇✐-❤ $❡7♣❡❝- -♦ -❤❡ ♥✉♠❜❡$ ♦❢ ❡♥-$✐❡7 ✐♥ -❤❡ ❧♦❣7✳ ❍♦✇❡✈❡$✱ ✐♥

❬❇$✐❣❤-✇❡❧❧ ✫ ❲✐♥❦❧❡$ ✶✾✾✶❪✱ -❤❡ ❛✉-❤♦$7 7❤♦✇ -❤❛- -❤❡ ♥✉♠❜❡$ ♦❢ 7❝❡♥❛$✐♦7 ♠❛② ❛❧7♦ ❜❡ ❡7✲

-✐♠❛-❡❞ ✉7✐♥❣ $❛♥❞♦♠✐③❡❞ ♣♦❧②♥♦♠✐❛❧✲-✐♠❡ ❛❧❣♦$✐-❤♠7✳ ❖♣-✐♠✐③❛-✐♦♥7 ❝❛♥ ❛❧7♦ ❜❡ ❜❡ ♠❛❞❡

❢♦$ ♣$♦♣❡$-✐❡7 7-❛-✐♥❣ ❝♦♥❞✐-✐♦♥7 7♣❡❝✐✜❝❛❧❧② ❛❜♦✉- -❤❡ ♦$❞❡$ ♦❢ -❤❡ ❡♥-$✐❡7 ❬■✈❛♥♦✈ ✷✵✵✺❪✳

❚❤❡7❡ ♦♣-✐♠✐③❛-✐♦♥7 ❝♦♥7✐7-7 ♦❢ -$②✐♥❣ -♦ ♠❛-❝❤ -❤❡ ❝♦♥❞✐-✐♦♥7 ♦❢ -❤❡ ♣$♦♣❡$-② ✉7✐♥❣ ❣$❛♣❤7

✭$❡♣$❡7❡♥- ❜② ♣❛$❛❧❧❡❧ ♣♦7❡-7✮ -❤❛- $❡♣$❡7❡♥-7 -❤❡ ❝❛✉7❛❧✐-② $❡❧❛-✐♦♥ ❜❡-✇❡❡♥ -❤❡ ❡♥-$✐❡7 ♦❢

-❤❡ ❧♦❣7✳

❊①❛♠♣❧❡ ✸✳✽✳ ❉✐7-$✐❜✉-❡❞ ❧♦❣ ❛♥❛❧②7✐7 ❡①❛♠♣❧❡

❲❡ 7❤♦✇ ❤♦✇ -❤❡ ❧♦❣ ❛♥❛❧②③❡$ ❝❛♥ ❜❡ ✉7❡❞ -♦ ✈❡$✐❢② -❤❡ ♣$♦♣❡$-② propLateCancel 7-❛-✐♥❣
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 ❤❛  ❤❡ ❝❧✐❡♥ ✐( ❝❤❛)❣❡❞ ❢♦) ❛ ❝❛♥❝❡❧❡❞ )❡(❡)✈❛ ✐♦♥✿

propLateCancel ∈ PROP ∧ PropComps(propLateCancel) = {WebComp,CompHotel} ∧
PropPredicate(propLateCancel) = λ(log).(log ∈ LOG FILE ∧
∃(cont).(log = ({WebComp,CompHotel}, cont)) | bool(∃(cont, enA, enB).
(log = ({WebComp,CompHotel}, cont) ∧ enA ∈ ran(cont) ∧ enB ∈ ran(cont) ∧
enA = (Rec,Client,WebComp,CancelRequest, [sessionId]) ∧
enB = (Send,CompHotel, CompBank,Debit, [sessionId, hotelId, clientId, price]) ∧
Pos(enA, cont) < Pos(enB, cont))))

❚❤❡ ♣)❡❞✐❝❛ ❡ ❤♦❧❞( ✇❤❡♥ CancelRequest ♦❝❝✉)( ❜❡❢♦)❡ Debit✳ ❋♦) ♥♦✇✱ ✇❡ ❛((✉♠❡  ❤❛ 

 ❤❡ ✈❛❧✉❡( ❢♦) sessionId✱ hotelId✱ clientId ❛♥❞ price ❛)❡ (✉♣♣❧✐❡❞ ❜②  ❤❡ ❝❧✐❡♥ ❛♥❞ ❤❛✈❡

❜❡❡♥ ❞❡✜♥❡❞ ♣)❡✈✐♦✉(❧②✳ ❈♦♥(✐❞❡)  ❤❡ ❢♦❧❧♦✇✐♥❣ ❧♦❣ ❞✐( )✐❜✉ ✐♦♥✱ ✇❤❡)❡ ❡❛❝❤ ❝♦♠♣♦♥❡♥ 

♣)♦❞✉❝❡( ❛ ❧♦❣ ✜❧❡✿

Dist = {{WebComp}, {IntSys}, {CompHotel}, {CompBank}}

❛♥❞  ❤❡ ❝♦♠♠✉♥✐❝❛ ✐♦♥( ✐❧❧✉( )❛ ❡❞ ❜②  ❤❡ ❢♦❧❧♦✇✐♥❣ ❞✐❛❣)❛♠✿

Client WebComp IntSys CompHotel CompBank

NewRequest(sessionId, clientId, details)

Request(sessionId, clientId, details)

Book(sessionId, clientId, details)

Response(sessionId, Y ES)

Confirm(sessionId, details, price)

CancelRequest(sessionId)

Cancel(sessionId)

Unbook(sessionId)

Debit(sessionId, hotelId, clientId, price)

Bill(sessionId, hotelId, clientId, price)

■❢ ✇❡ ❡①❡❝✉ ❡ V erifyProperty ✇✐ ❤  ❤❡ ❧♦❣( ♦❢ WebComp ❛♥❞ CompHotel✱  ❤❡♥ 126
(❝❡♥❛)✐♦( ❛)❡ ♣)♦❞✉❝❡❞ ❛♥❞  ❤❡ ♣)♦♣❡) ② ❤♦❧❞( ❢♦) 105 ♦❢  ❤❡♠✳ ❚❤❡ ❤✐❣❤ ♥✉♠❜❡) ♦❢ (❝❡♥❛)✐♦(

✐( ❛ ❝♦♥(❡>✉❡♥❝❡ ♦❢  ❤❡ ❛❜(❡♥❝❡ ♦❢ ✐♥ ❡)❛❝ ✐♦♥ ❜❡ ✇❡❡♥ WebComp ❛♥❞ CompHotel✿ ❛( ❛

❝♦♥(❡>✉❡♥❝❡✱  ❤❡)❡ ❛)❡ ♥♦ )❡( )✐❝ ✐♦♥( ♦♥  ❤❡ ♦)❞❡)✐♥❣ ♦❢ ❡♥ )✐❡(✱ ❡①❝❡♣  ❤❡ ❧♦❝❛❧ ♦)❞❡) ♦❢

❡❛❝❤ ❧♦❣ ✜❧❡✳ ❍♦✇❡✈❡)✱ ✐❢ ✇❡ ❛❧(♦ ✉(❡  ❤❡ ❧♦❣ ♦❢ IntSys✱  ❤❡♥ ♦♥❧② 10 (❝❡♥❛)✐♦( ❛)❡ ♣)♦❞✉❝❡❞✱

❛♥❞  ❤❡ ♣)♦♣❡) ② ❤♦❧❞( ❢♦) ❛❧❧ ♦❢  ❤❡♠✱ ✇❤✐❝❤ ❛❧❧♦✇( ✉(  ♦ ❣❡  ♦ ❛ ♣♦(✐ ✐✈❡ ❝♦♥❝❧✉(✐♦♥✳
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✸✳✺✳✹ ❇ ▼❛❝❤✐♥❡, ❛♥❞ ❚❡❝❤♥✐❝❛❧ ❆♥♥❡①❡,

▼❛❝❤✐♥❡' LogProperties ❛♥❞ ParametricProperties ❛)❡ ♣❛)+ ♦❢ ❆♥♥❡① ❆ ❛♥❞ ❛)❡ ✉'❡❞ +♦

'♣❡❝✐❢② ❢❛✐❧✉)❡'✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞✐'❝✉''❡❞ ✐♥ +❤❡ ♥❡①+ ❝❤❛♣+❡)✳

▼❛❝❤✐♥❡' LogOperations ❛♥❞ LogAnalyzer ♣)♦✈✐❞❡ +❤❡ ❢♦)♠❛❧ ❞❡✜♥✐+✐♦♥ ♦❢ +❤❡ ❧♦❣

❛♥❛❧②③❡) ❛♥❞ ❛)❡ ✐♥❝❧✉❞❡❞ ✐♥ ❆♥♥❡① ❉✳ ❚❤❡ ♣)♦❝❡❞✉)❡ ❞❡✜♥✐♥❣ +❤❡ ✉'❡ ♦❢ +❤❡ ❧♦❣ ❛♥❛❧②③❡)

+♦ ❡'+❛❜❧✐'❤ ❧✐❛❜✐❧✐+✐❡' ✐' +❤❡ '✉❜❥❡❝+ ♦❢ ❆♥♥❡① ❈ ❛♥❞ ✐+ ✐' ❞❡+❛✐❧❡❞ ✐♥ +❤❡ ♥❡①+ ❝❤❛♣+❡)✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ +❛❜❧❡ '✉♠♠❛)✐③❡' ✐♥❢♦)♠❛+✐♦♥ ❛❜♦✉+ +❤❡ ♠❛❝❤✐♥❡' ✐♥ +❤❡ +❡❝❤♥✐❝❛❧ ❛♥✲

♥❡①❡'✿

▼❛❝❤✐♥❡ ❆♥♥❡① ■♥❢♦)♠❛+✐♦♥ ❞❡'❝)✐❜❡❞ ■♥'+❛♥+✐❛+✐♦♥ )❡C✉✐)❡❞

LogProperties ❆ D)♦♣❡)+✐❡' ♦❢ ❧♦❣' ◆♦

ParametricProperties ✭✉'❡❞ ✐♥ ❈❤❛♣+❡) ✹✮

LogOperations ❉ ❉✐'+)✐❜✉+❡❞ ❧♦❣' ♦♣❡)❛+✐♦♥'

✉'❡❞ ❜② +❤❡ ❧♦❣ ❛♥❛❧②③❡)

◆♦

LogAnalyzer ❉ ▲♦❣ ❛♥❛❧②③❡) ◆♦

✸✳✻ ■♥❝&❡♠❡♥)❛❧ ❆♥❛❧②.✐.

❆+ +❤❡ +✐♠❡ ♦❢ ❛♥❛❧②'✐'✱ '♦♠❡ ❧♦❣' ♠❛② ♥♦+ ❜❡ ❛✈❛✐❧❛❜❧❡ ❡✐+❤❡) ❞✉❡ +♦ ❧❡❣❛❧ )❡❛'♦♥' ✭❛✈❛✐❧✲

❛❜✐❧✐+② ❞❡♣❡♥❞✐♥❣ ♦♥ ❛ ❢♦)♠❛❧ ❞❡♠❛♥❞✮ ♦) +❡❝❤♥✐❝❛❧ )❡❛'♦♥' ✭'✉❝❤ ❛' ❧♦❣ ❞❛+❛ +❤❛+ ♥❡❡❞ +♦

❜❡ ❞❡❝)②♣+❡❞✮✳ ❋♦) ❡①❛♠♣❧❡✱ ✐♥ ♦✉) '+✉❞② ❝❛'❡ +❤❡ ❛❝❝❡'' +♦ +❤❡ ❧♦❣ ✜❧❡ ♦❢ CompBank ♠❛②

♥♦+ ❜❡ ✐♠♠❡❞✐❛+❡✳ ■♥ +❤✐' ❝❛'❡✱ +❤❡ ❧♦❣ ❛♥❛❧②'✐' ♠❛② +❛❦❡ ♣❧❛❝❡ ✉'✐♥❣ +❤❡ ❧♦❣' ♦❢ ♦♥❧② ❛

♣❛)+ ♦❢ +❤❡ '②'+❡♠ ✭❊①❛♠♣❧❡ ✸✳✽✮✳ ❍♦✇❡✈❡)✱ ❞❡♣❡♥❞✐♥❣ ♦♥ +❤❡ )❡'✉❧+' ✐+ ♠❛② ❜❡ ♥❡❝❡''❛)②

+♦ ♣❡)❢♦)♠ ❛ ♥❡✇ ❛♥❛❧②'✐' ✉'✐♥❣ ❛ ❧❛)❣❡) '❡+ ♦❢ ❧♦❣' +❤❛+ ❝❛♥ ❤❡❧♣ +♦ ❛♣♣)♦①✐♠❛+❡ +❤❡ )❡❛❧

❜❡❤❛✈✐♦)✳ ■♥ +❤✐' '❡❝+✐♦♥✱ ✇❡ ♣)♦♣♦'❡ ❛♥ ✐♥❝)❡♠❡♥+❛❧ ✈❡)'✐♦♥ ♦❢ +❤❡ ❧♦❣ ❛♥❛❧②③❡)✳

❲❡ ✐♥❝❧✉❞❡ ✐♥ ♠❛❝❤✐♥❡ LogAnalyzer +❤❡ ♦♣❡)❛+✐♦♥ IncrV erifyProperty ✭❋✐❣✉)❡ ✸✳✶✵✮

+❤❛+ +❛❦❡' ❛' ✐♥♣✉+ ❛ '❡+ ♦❢ ❧♦❣ ✜❧❡' ✭LogSet✮✱ ❛ ❧♦❣ ♣)♦♣❡)+② ✭prop✮ ❛♥❞ +❤❡ )❡'✉❧+ ok ❢)♦♠

❛ ♣)❡✈✐♦✉' ❧♦❣ ❛♥❛❧②'✐'✳

✽✹
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iscen, iok ← IncrV erifyProperty(LogSet, prop, ok) =̂
 ❘❊

LogSet ∈ LOG SET ∧ prop ∈ PROP ∧ scen ∈ LOG SET ∧ ok ∈ LOG SET ∧
ok ⊆ PropPredicate(prop)−1[{TRUE}])
❚❍❊◆

▲❊❚ temp ❇❊ temp = Extract[{PropComps(prop)} ×Merge[{LogSet}]] ■◆
iscen := temp ||
iok := temp ∩ ok

❊◆❉

❊◆❉

❋✐❣✉.❡ ✸✳✶✵✿ ❖♣❡.❛8✐♦♥ IncrV erifyProperty

❚❤❡ ❝♦♠♣✉8❛8✐♦♥ ♦❢ iscen ❛.❡ ?✐♠✐❧❛. 8♦ 8❤❡ ♦♣❡.❛8✐♦♥? ✉?❡❞ ✐♥ 8❤❡ ♣.❡✈✐♦✉? ✈❡.?✐♦♥ ✭❋✐❣✲

✉.❡ ✸✳✾✮✳ ❍♦✇❡✈❡.✱ 8❤❡ ❝♦♠♣✉8❛8✐♦♥ ♦❢ iok ❝♦♥?✐?8? ♦❢ ❝♦♠♣❛.✐♥❣ 8❤❡ .❡?✉❧8? ♦❢ 8❤❡ ?❝❡♥❛.✐♦?

♣.♦❞✉❝❡❞ ✭temp✮ ✇✐8❤ 8❤❡ ?❝❡♥❛.✐♦? ❢♦. ✇❤✐❝❤ 8❤❡ ♣.♦♣❡.8② ✇❛? ♣.❡✈✐♦✉?❧② ✈❡.✐✜❡❞ ✭ok✮✳ ❚❤❡

♠❛✐♥ ✐♥8❡.❡?8 ✐? 8♦ ❝♦♠♣✉8❡ 8❤❡ .❡?✉❧8 ♦❢ iok ✇✐8❤♦✉8 ❤❛✈✐♥❣ 8♦ ❝❤❡❝❦ ❛❣❛✐♥ 8❤❡ ♣.♦♣❡.8②✳

❚❤❡ ❝♦..❡❝8♥❡?? ♦❢ 8❤❡ ♣.♦♣♦?❡❞ ♦♣❡.❛8✐♦♥ ✐? ❜❛?❡❞ ♦♥ 8❤❡ ❢♦❧❧♦✇✐♥❣ ♣.♦♣❡.8②✿

 !♦♣❡!%② ✸✳✶✳ ▲❡8 LogSet, LogSet′ ∈ LOG SET ?✉❝❤ 8❤❛8 LogSet ⊆ LogSet′ 8❤❡♥ ❢♦.

❛♥② comps ⊆ union({comps | ∃(cont).((comps, cont) ∈ LogSet)})✿

Extract[{comps} ×Merge[{LogSet′}]] ⊆ Extract[{comps} ×Merge[{LogSet}]]

❚❤✐? ♣.♦♣❡.8② ?❛②? 8❤❛8 8❤❡ ❛❞❞✐8✐♦♥❛❧ ❧♦❣? ✐♥ LogSet′ ❝❛♥ ♦♥❧② .❡?8.❛✐♥ 8❤❡ ?❝❡♥❛.✐♦?

8❤❛8 ✇✐❧❧ ❜❡ ♣.♦❞✉❝❡❞ ❜② LogSet✱ ✐♥8.♦❞✉❝✐♥❣ ♠♦.❡ ❝❛✉?❛❧✐8✐❡?✳ ❚❤❡ Extract ❢✉♥❝8✐♦♥

❡♥?✉.❡? 8❤❛8 ✇❡ ❝♦♠♣❛.❡ ?❝❡♥❛.✐♦? ❞❡❞✐❝❛8❡❞ 8♦ 8❤❡ ?❛♠❡ ?❡8 ♦❢ ❝♦♠♣♦♥❡♥8? ✭8❤❡② ❤❛✈❡

8❤❡ ?❛♠❡ ❡♥8.✐❡?✮✳ ❚❤✐? ♣.♦♣❡.8② ✐? ❜❛?❡❞ ♦♥ ❛♥ ❤②♣♦8❤❡?✐? ✇❡ ❤❛✈❡ ♠❛❞❡✱ ✐♠♣♦?✐♥❣ 8❤❛8

❡✈❡♥8? .❡❧❛8❡❞ 8♦ ❛ ❣✐✈❡♥ ❝♦♠♣♦♥❡♥8 comp ❛.❡ 8❤❡ ?❛♠❡ ♦♥❡? ✐♥ ❛❧❧ ❧♦❣? ❛??♦❝✐❛8❡❞ 8♦ 8❤✐?

❝♦♠♣♦♥❡♥8✱ ❛♥❞ ✐♥ 8❤❡ ?❛♠❡ ♦.❞❡.✳ ▼♦.❡ ❢♦.♠❛❧❧②✿

∀ log1, log2, comp . (log1 ∈ LOG FILE ∧ log2 ∈ LOG FILE ∧ comp ∈ COMP

∧ ({comp}, log1) ∈ dom(extract) ∧ ({comp}, log2) ∈ dom(extract)
⇒ Extract({comp}, log1) = Extract({comp}, log2)

 .♦♣❡.8② ✸✳✶ ❛❧❧♦✇? ✉? 8♦ ❝♦♠♣❛.❡ 8❤❡ .❡?✉❧8? ♦❢ 8❤❡ ✐♥❝.❡♠❡♥8❛❧ ❧♦❣ ❛♥❛❧②③❡. 8♦ 8❤❡

.❡?✉❧8? ♦❢ 8❤❡ ♣.❡✈✐♦✉? ❧♦❣ ❛♥❛❧②③❡. ✐♥ 8❤❡ ❢♦❧❧♦✇✐♥❣ 8❤❡♦.❡♠✳

❚❤❡♦!❡♠ ✸✳✶✳ ❘❡?✉❧8 ♦❢ ✐♥❝.❡♠❡♥8❛❧ ❧♦❣ ❛♥❛❧②③❡.

▲❡8 prop ∈ PROP ❛♥❞ LogSet, LogSet′ ∈ LOG SET ?✉❝❤ 8❤❛8 LogSet ⊆ LogSet′ ❛♥❞✿
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scen, ok ← V erifyProperty(LogSet, prop);
iscen, iok ← IncrV erifyProperty(LogSet′, prop, ok);
scen′, ok′ ← V erifyProperty(LogSet′, prop)

❚❤❡♥ ✇❡ ❤❛✈❡ iscen = scen′ ❛♥❞ iok = ok′✱ ✐✳❡✳ +❤❡ ✐♥❝-❡♠❡♥+❛❧ ❛♥❛❧②1✐1 ♣-♦❞✉❝❡1 +❤❡ 1❛♠❡

-❡1✉❧+ ❛1 -❡✲❛♥❛❧②③✐♥❣ +❤❡ ♣-♦♣❡-+② ✉1✐♥❣ ♠♦-❡ ❧♦❣1✳

 !♦♦❢✳ iscen = scen′ ❛-❡ ❡8✉❛❧1 ❜❡❝❛✉1❡ +❤❡② ❛-❡ ❝♦♠♣✉+❡❞ ❜② ❛♥ ✐❞❡♥+✐❝❛❧ ♦♣❡-❛+✐♦♥✳ ❚♦

♣-♦✈❡ +❤❛+ iok = ok✱ ✇❡ 1+❛-+ ✇✐+❤ +❤❡ ❞❡✜♥✐+✐♦♥ ♦❢ iok✿

iok = iscen ∩ ok

■❢ ✇❡ ❛♣♣❧② +❤❡ ❞❡✜♥✐+✐♦♥ ♦❢ ok ❛♥❞ iscen = scen′✿

iok = scen′ ∩ (PropPredicate−1(prop)[{TRUE}] ∩ scen)

❋-♦♠ ?-♦♣❡-+② ✸✳✶ ✇❡ ❦♥♦✇ +❤❛+ scen′ ⊆ scen ❜❡❝❛✉1❡ +❤❡ ♥❡✇ ❧♦❣1 ✉1❡❞ +♦ ❝♦♠♣✉+❡ scen′

❝❛♥ ♦♥❧② ❛❞❞ ❝♦♥1+-❛✐♥+1 ♦♥ +❤❡ 1❝❡♥❛-✐♦1 ♦❢ scen✱ +❤❡♥✿

iok = scen′ ∩ PropPredicate−1(prop)[{TRUE}]

❲❤✐❝❤ ✐1 ♣-❡❝✐1❡❧② +❤❡ ❞❡✜♥✐+✐♦♥ ♦❢ ok′✳

❊①❛♠♣❧❡ ✸✳✾✳ ■♥❝-❡♠❡♥+❛❧ ❛♥❛❧②1✐1 ❡①❛♠♣❧❡

❚❤❡ ❧♦❣ ❛♥❛❧②1✐1 ❞❡1❝-✐❜❡❞ ✐♥ ❊①❛♠♣❧❡ ✸✳✽ ❝❛♥ ❜❡ ♣❡-❢♦-♠❡❞ ✐♥❝-❡♠❡♥+❛❧❧②✳ ❚❤❡ ✐♥✲

❝-❡♠❡♥+❛❧ ❛♥❛❧②1✐1 ♣-♦❞✉❝❡1 ♦♥❧② ✶✵ 1❝❡♥❛-✐♦1 ✇❤✐❝❤ ❛-❡ ❛❧❧ ❡✈❛❧✉❛+❡❞ +♦ ok ❛♥❞ ✇❡ ♠❛②

❝♦♥❝❧✉❞❡ +❤❛+ +❤❡ ♣-♦♣❡-+② ❤♦❧❞1 ✭iscen ❂ iok✮✳

■♥ ❬▼❛③③❛ ❡+ ❛❧✳ ✷✵✶✵❪✱ ✇❡ ♣-♦♣♦1❡ ❛ ❞✐✛❡-❡♥+ ✈❡-1✐♦♥ ♦❢ IncrV erifyProperty +❤❛+ +❛❦❡1

❛1 ✐♥♣✉+ +❤❡ 1❝❡♥❛-✐♦1 ♣-♦❞✉❝❡❞ ✐♥ +❤❡ ♣-❡✈✐♦✉1 ❛♥❛❧②1✐1 ✭scen✮✳ ❚❤❡ ♦♣❡-❛+✐♦♥ ✈❡-✐✜❡1 ✐❢ +❤❡

❛❞❞✐+✐♦♥❛❧ ❧♦❣1 ❝♦♥+❛✐♥ ❡♥+-✐❡1 +❤❛+ ❛-❡ ❡❧✐♠✐♥❛+❡1 1♦♠❡ 1♦♠❡ 1❝❡♥❛-✐♦1 ✐♥ scen ✐♥ ♦-❞❡- +♦

❛♣♣-♦①✐♠❛+❡ +❤❡ -❡1✉❧+ ♦❢ iscen ❛♥❞ iok✳ ❚❤✐1 ❛♣♣-♦❛❝❤ ✐1 ✉1❡❢✉❧ ✇❤❡♥ +❤❡ ♥✉♠❜❡- ♦❢ ♠❡-❣❡❞

1❝❡♥❛-✐♦1 ✐1 ❧❛-❣❡ ❛♥❞ +❤❡ ✜♥❛❧ -❡1✉❧+ ✐1 1♠❛❧❧ 1✉❜1❡+ ♦❢ +❤❡♠✳ ❋♦- ❡①❛♠♣❧❡✱ 1✉♣♣♦1❡ +❤❛+

✐♥ +❤❡ ✜-1+ ❛♥❛❧②1✐1 ✉1✐♥❣ LogSet +❤❡ ♠❡-❣❡ ♣-♦❞✉❝❡1 ✶✵✵✵ 1❝❡♥❛-✐♦1 ❛♥❞ ♦♥❧② ✷ 1❝❡♥❛-✐♦1

-❡♠❛✐♥❡❞ ❛❢+❡- +❤❡ ❡①+-❛❝+✐♦♥ ✭card(scen) = 2✮✳ ■♥ +❤❡ 1❡❝♦♥❞ ❛♥❛❧②1✐1✱ ✉1✐♥❣ LogSet′ =
LogSet ∪ {logA}✱ +❤✐1 ❛♣♣-♦❛❝❤ ❝♦♥1✐1+1 ✐♥ ♦♥❧② ❝❤❡❝❦✐♥❣ ✐❢ +❤❡ ❡♥+-✐❡1 ✐♥ logA ❡❧✐♠✐♥❛+❡1
♦♥❡ ♦❢ +❤❡ 1❝❡♥❛-✐♦1 ♦❢ scen✱ -❛+❤❡- +❤❛+ ❝♦♠♣✉+❡ +❤❡ ♠❡-❣✐♥❣ ♦❢ LogSet✬ +❤❛+ ♠❛② ♣-♦❞✉❝❡

❡✈❡♥ ♠♦-❡ +❤❛♥ ✶✵✵✵ 1❝❡♥❛-✐♦1✳ ❍♦✇❡✈❡-✱ +❤❡ ❛♣♣-♦❛❝❤ ♣-♦♣♦1❡❞ ✐♥ ❬▼❛③③❛ ❡+ ❛❧✳ ✷✵✶✵❪ ♦♥❧②

♣-♦❞✉❝❡1 ❛♥ ❛♣♣-♦①✐♠❛+✐♦♥ ♦❢ +❤❡ -❡1✉❧+1 ❜❡❝❛✉1❡✱ ❞✉❡ +♦ ❡①+-❛❝+✐♦♥✱ ✇❡ ❧♦♦1❡ ✐♥❢♦-♠❛+✐♦♥

❛❜♦✉+ ❡♥+-✐❡1✱ ❝♦♥1❡8✉❡♥+❧② ♣-♦❞✉❝✐♥❣ 1❝❡♥❛-✐♦1 +❤❛+ ✇♦✉❧❞ ♦+❤❡-✇✐1❡ ❜❡ ❡❧✐♠✐♥❛+❡❞ ✉1✐♥❣

+❤❡ ❛❞❞✐+✐♦♥❛❧ ❧♦❣1✳

❆❞❞✐+✐♦♥❛❧ ❧♦❣1 1❤♦✉❧❞ ❤❡❧♣ +♦ -❡❞✉❝❡ +❤❡ ♥✉♠❜❡- ♦❢ 1❝❡♥❛-✐♦1 ❜② ❢❛❝✐♥❣ ♥❡✇ ❝❛✉1❛❧✐+✐❡1

❜❡+✇❡❡♥✳ ❚♦ ❝❤♦♦1❡ ✇❤✐❝❤ ❧♦❣1 ❤❛✈❡ +♦ ❜❡ ❛❞❞❡❞ ❛ ♣♦11✐❜❧❡ ❤❡✉-✐1+✐❝ ✐1 +♦ ❛♥❛❧②③❡ +❤❡

1❝❡♥❛-✐♦1 ✐♥ scen ✐♥ ♦-❞❡- +♦ ♠❛①✐♠✐③❡ +❤❡ ♥✉♠❜❡- ♦❢ ❝❛✉1❛❧✐+② -❡❧❛+✐♦♥ ❜❡+✇❡❡♥ Send✴Rec

❡♥+-✐❡1✳ ❋♦- ❡①❛♠♣❧❡✱ ❞✉-✐♥❣ +❤❡ ❛♥❛❧②1✐1 ♦❢ propLateCancel ✭❊①❛♠♣❧❡ ✸✳✽✮ +❤❡ ♣-♦❞✉❝❡❞

✽✻
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 ❝❡♥❛%✐♦ ❝♦♥(❛✐♥ ✺ ❝♦♠♠✉♥✐❝❛(✐♦♥ (♦✴❢%♦♠ IntSys ❛♥❞ ♦♥❧② ♦♥❡ ❝♦♠♠✉♥✐❝❛(✐♦♥ ✇✐(❤

CompBank✱ (❤❡%❡❢♦%❡ ❛❞❞✐♥❣ IntSys✬ ❧♦❣ ✐ ♠♦%❡ ❧✐❦❡❧② (♦ %❡❞✉❝❡ (❤❡  ❝❡♥❛%✐♦ (❤❛♥

CompBank✬ ❧♦❣✳

✸✳✼ ❚❡❝❤♥✐❝❛❧ ❆♥♥❡①❡- ❛♥❞ ▼❛❝❤✐♥❡-

❲❡ ♥♦✇  ✉♠♠❛%✐③❡ ❤♦✇ ♠❛❝❤✐♥❡ ❝❛♥ ❜❡ ✉ ❡❞ (♦ ❞❡✜♥❡ (❤❡ ❝♦♥(❡♥( ♦❢ (❡❝❤♥✐❝❛❧ ❛♥♥❡①❡ ✱

❛ ❞❡ ❝%✐❜❡❞ ✐♥ ❈❤❛♣(❡% ✷✳

❆♥♥❡① ❆ ✐♥❝❧✉❞❡ ❛♥ ✐♥ (❛♥❝❡ ♦❢ ♠❛❝❤✐♥❡ ComponentsAPI ❞❡✜♥✐♥❣ (❤❡ ✐♥❢♦%♠❛(✐♦♥

(❤❛( ✐ %❡❝♦%❞❡❞ ✐♥ (❤❡ ❧♦❣ ❛♥❞ ♠❛❝❤✐♥❡ LogFiles (❤❛( ❞❡✜♥❡ (❤❡ ❝♦♥(❡♥( ♦❢ ❧♦❣ ✳

❆♥♥❡① ❇ ✐♥❝❧✉❞❡ ❛♥ ✐♥ (❛♥❝❡ ♦❢ ♠❛❝❤✐♥❡ LogDistribution ❞❡ ❝%✐❜✐♥❣ ❤♦✇ ❧♦❣ ✜❧❡ ❛%❡

❞✐ (%✐❜✉(❡❞✳ ■♥ (❤❡ ♥❡①( ❝❤❛♣(❡%✱ ✇❡  ♣❡❝✐❢② ❞❡ ✐%❛❜❧❡ ❝❤❛%❛❝(❡%✐ (✐❝ ♦❢ ❧♦❣ ❞✐ (%✐❜✉(✐♦♥ (♦

♣%♦✈✐❞❡ ❧♦❣ ✜❧❡ ♠♦%❡ ❧✐❦❡❧② (♦ ❜❡ ❛❝❝❡♣(❡❞ ❛ ❞✐❣✐(❛❧ ❡✈✐❞❡♥❝❡✳

❆♥♥❡① ❉ ❝♦♥(❛✐♥ ♠❛❝❤✐♥❡ LogOperations ❛♥❞ LogAnalyzer (❤❛( ♣%♦✈✐❞❡ (❤❡ ❢♦%♠❛❧

❞❡✜♥✐(✐♦♥ ♦❢ (❤❡ ❧♦❣ ❛♥❛❧②③❡%✳ ❚❤❡ ❞❡(❛✐❧ ❛❜♦✉( (❤❡ ✉ ❡ ♦❢ (❤❡ ❧♦❣ ❛♥❛❧②③❡% ✐ ❞❡ ❝%✐❜❡❞ ✐♥

(❤❡ ♥❡①( ❝❤❛♣(❡%✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ (❛❜❧❡  ✉♠♠❛%✐③❡ (❤❡ ✐♥❢♦%♠❛(✐♦♥ ❛❜♦✉( ❛❧❧ ♠❛❝❤✐♥❡ ♣%❡ ❡♥(❡❞ ✐♥ (❤✐ 

❝❤❛♣(❡% ❛♥❞ (❤❡ (❡❝❤♥✐❝❛❧ ❛♥♥❡①❡ ✿

▼❛❝❤✐♥❡ ❆♥♥❡① ■♥❢♦%♠❛(✐♦♥ ❞❡ ❝%✐❜❡❞ ❚♦ ❜❡ ✐♥ (❛♥(✐❛(❡❞❄

ComponentsAPI ❆ ■♥❢♦%♠❛(✐♦♥ (♦ ❜❡ ❧♦❣❣❡❞ ❨❡ 
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■♥ (❤✐ ❝❤❛♣(❡% ✇❡ ♣%♦♣♦ ❡ ❛  ❡( ♦❢ ❢♦%♠❛❧ ♠♦❞❡❧ (♦  ♣❡❝✐❢② (❤❡ ❧♦❣ ❛♥❞ (❤❡✐% ❞✐ (%✐❜✉(✐♦♥✳

❆ ✜% ( ❝♦♥(%✐❜✉(✐♦♥✱ ❝♦♥ ✐ ( ♦❢ ♣%❡❝✐ ❡❧② ❞❡✜♥✐♥❣ (❤❡  ❡( ♦❢ ❝♦♥ (%❛✐♥( ❛❜♦✉( (❤❡ ❧♦❣ ✜❧❡ 

❛♥❞ (❤❡✐% ❡♥(%✐❡ ✳ ❚❤❡ ❡ ❝♦♥ (%❛✐♥( ❛%❡  (❛(❡❞ ✐♥ ♠❛❝❤✐♥❡ LogFiles ✭❙❡❝(✐♦♥ ✸✳✸✳✷✮ ❛♥❞

❝❛♥ ❜❡ ✉ ❡❞ (♦ ✈❡%✐❢② ✐♥(❡❣%✐(② ♦❢ ❛ ❣✐✈❡♥ ❧♦❣ ✜❧❡✳

❚❤❡  ❡❝♦♥❞ ❝♦♥(%✐❜✉(✐♦♥ ♦❢ ♦✉% ❛♣♣%♦❛❝❤ ✐ (❤❛( ✇❡ (❛❦❡ ✐♥(♦ ❛❝❝♦✉♥( (❤❡ ❛♥❛❧②✲

 ✐ ♦❢ ❞✐ (%✐❜✉(❡❞ ❧♦❣ ✳ ❙♦♠❡ ❝♦♥(%❛❝( ❢♦%♠❛❧✐ ♠ ❛  ✉♠❡ ❞✐ (%✐❜✉(❡❞ ❧♦❣ ✱ ❡✳❣✳ L❖✲

❊❚❙ ❬❆♥❞❡% ❡♥ ❡( ❛❧✳ ✷✵✵✻❪ ❛♥❞ ❙▲❆♥❣ ❬▲❛♠❛♥♥❛ ❡( ❛❧✳ ✷✵✵✸❪✳ ❍♦✇❡✈❡%✱ (❤❡ ❡ ❛♣♣%♦❛❝❤❡ 

✽✼



❈❍❆#❚❊❘ ✸✳ ▲❖● ❆◆❆▲❨❙■❙

❛!❡ ✉$✉❛❧❧② ❜❛$❡❞ ♦♥ +❤❡ ❡①✐$+❡♥❝❡ ♦❢ ❛ ❝♦♠♠♦♥ ❝❧♦❝❦ ❢♦! ❛❧❧ ❝♦♠♣♦♥❡♥+$✱ ❛♥❞ ❛♥❛❧✲

②$✐$ ✐$ ♣❡!❢♦!♠❡❞ ❛❧✇❛②$ ✇✐+❤ ❛ $✐♥❣❧❡ $❝❡♥❛!✐♦✳ ❙✐♥❝❡ +❤✐$ ✐$ ♥♦+ ❛❧✇❛②$ +❤❡ ❝❛$❡

❬❙❝❤✇❛!③ ✫ ▼❛++❡!♥ ✶✾✾✹❪✱ ♦✉! ❛♣♣!♦❛❝❤ ❛❧$♦ +❛❦❡ ✐♥+♦ ❛❝❝♦✉♥+ +❤❡ ❛♥❛❧②$✐$ ♦❢ ❞✐$+!✐❜✉+❡❞

+!❛❝❡$ ✭❙❡❝+✐♦♥ ✶✳✻✮ ✇❤❡!❡ ❝♦♠♠✉♥✐❝❛+✐♦♥$ ♠❛② ♦❝❝✉! ❝♦♥❝✉!!❡♥+❧② ✇✐+❤♦✉+ ❡$+❛❜❧✐$❤❡❞

♦!❞❡!✳

❆♥ ✐♠♣♦!+❛♥+ ❝♦♥+!✐❜✉+✐♦♥ ❛♥❞ ❛ ♦!✐❣✐♥❛❧ ❛$♣❡❝+ ♦❢ ♦✉! ❢!❛♠❡✇♦!❦ ✐$ +❤❛+ ✇❡ ♣!♦♣♦$❡ ❛

✇❛② +♦ $♣❡❝✐❢② ♣!♦♣❡!+✐❡$ +❤❛+ ❛!❡ ♦♥❧② ❝♦♥❝❡!♥❡❞ ✇✐+❤ ❛ ♣❛!+ ♦❢ +❤❡ $②$+❡♠✳ ❆♥ ❛❞✈❛♥+❛❣❡

♦❢ +❤✐$ ❛♣♣!♦❛❝❤ ✐$ +♦ ♠❛❦❡ ♣♦$$✐❜❧❡ +❤❡ ❛♥❛❧②$✐$ ✇❤❡♥ ♥♦+ ❛❧❧ ❧♦❣$ ❛!❡ ❛✈❛✐❧❛❜❧❡✱ ❛$ $❡❡♥ ✐♥

❊①❛♠♣❧❡ ✸✳✽ ✭❙❡❝+✐♦♥ ✸✳✺✳✸✮✳ ❙✐♠✐❧❛! ❛♣♣!♦❛❝❤❡$ ❤❛✈❡ ❜❡❡♥ ♦✛❡!❡❞ +♦ $♣❡❝✐❢② ❧♦❝❛❧ ♣!♦♣❡!✲

+✐❡$✱ ❡✳❣✳ ❬❙❛❧❡❤ ❡+ ❛❧✳ ✷✵✵✼✱ ❱❛!❞✐ ✷✵✵✽❪ ❤♦✇❡✈❡! +❤❡$❡ ❛♣♣!♦❛❝❤❡$ ❞♦ ♥♦+ ❡♥❢♦!❝❡ +❤❡ ✉$❡

♦❢ +❤❡ ❧♦❣$ !❡❧❛+❡❞ +♦ +❤❡ ♣!♦♣❡!+✐❡$ ✐♥ +❤❡✐! ❛♥❛❧②$✐$✳ ❋✐♥❛❧❧②✱ +❤✐$ ❧❛$+ ❛$♣❡❝+ ❛❧❧♦✇ ✉$ +♦

♣!♦✈✐❞❡ ❛♥ ✐♥❝!❡♠❡♥+❛❧ ✇❛② +♦ ❛♥❛❧②③❡ ❧♦❣ ♣!♦♣❡!+✐❡$✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥+❛❣❡ ♦❢ +❤✐$ ❛♣♣!♦❛❝❤

✐$ +❤❡ ♣♦$$✐❜✐❧✐+② +♦ ♦❜+❛✐♥ ❛ ❝♦♥❝❧✉$✐✈❡ !❡$✉❧+✱ ✇✐+❤♦✉+ ❤❛✈✐♥❣ +♦ !❡❛♥❛❧②③❡ +❤❡ ✈❛❧✉❡ ♦❢ +❤❡

♣!♦♣❡!+②✳

✽✽



❈❤❛♣$❡& ✹

❙♣❡❝✐❢②✐♥❣ ❛♥❞ ❊,-❛❜❧✐,❤✐♥❣

▲✐❛❜✐❧✐-✐❡,

❚❤❡ ❧♦❣ ❛♥❛❧②)✐) ♣,❡)❡♥-❡❞ ✐♥ -❤❡ ♣,❡✈✐♦✉) ❝❤❛♣-❡, ❛❧❧♦✇) ✉) -♦ ❡①-,❛❝- ✉)❡❢✉❧ ✐♥❢♦,♠❛-✐♦♥

❢,♦♠ -❤❡ ❧♦❣)✳ ❚❤❡ ♥❡①- )-❡♣ ✐) -♦ ✉)❡ -❤✐) ✐♥❢♦,♠❛-✐♦♥ -♦ ❡)-❛❜❧✐)❤ ❧✐❛❜✐❧✐-✐❡)✱ ✇❤✐❝❤ ✐) -❤❡

)✉❜❥❡❝- ♦❢ -❤✐) ❝❤❛♣-❡,✳

✹✳✶ ▲■❙❊ ❆♣♣)♦❛❝❤

❆) ♠❡♥-✐♦♥❡❞ ✐♥ ❈❤❛♣-❡, ✷✱ ♦✉, ♦❜❥❡❝-✐✈❡ ✐) -♦ ❤❡❧♣ ✐♥ -❤❡ ❡❧❛❜♦,❛-✐♦♥ ♦❢ -❤❡ ♣❛,-) ♦❢

-❤❡ ❝♦♥-,❛❝-) -❤❛- ❛,❡ ❞❡❞✐❝❛-❡❞ -♦ )♦❢-✇❛,❡ ❢❛✐❧✉,❡) ❛♥❞ -❤❡ ,❡)✉❧-✐♥❣ ❧✐❛❜✐❧✐-✐❡) ✐♥ ❝❛)❡ ♦❢

❞❛♠❛❣❡)✳ ❚❤❡)❡ ❢❛✐❧✉,❡) ❛,❡ ♥♦-✐✜❡❞ ✐♥ -❤❡ ❢♦,♠ ♦❢ ❝❧❛✐♠%✱ ✇❤✐❝❤ ,❡♣,❡)❡♥- ❛ ❝♦♠♣❧❛✐♥-

❢,♦♠ ❛♥ ❛❝-♦, ❛❣❛✐♥)- ❛ ♣❛,-② ♦❢ -❤❡ ❝♦♥-,❛❝-✳

❚❤❡ ❝♦♥-,❛❝- )♣❡❝✐✜❡) ✭❆,-✐❝❧❡ ✹✱ ❙❡❝-✐♦♥ ✷✳✷✳✹✮ -❤❛- ✇❤❡♥ ❛ ❝❧❛✐♠ ✐) ♥♦-✐✜❡❞ -❤❡ ♣❛,-✐❡)

♠✉)- ✐♥✐-✐❛-❡ -❤❡ ♣,♦❝❡)) ♦❢ ❝♦❧❧❡❝-✐♦♥ ❛♥❞ ❛♥❛❧②)✐) ♦❢ -❤❡ ❧♦❣)✱ ❞❡✜♥❡❞ ✐♥ ❆♥♥❡① ❈ ❛♥❞

,❡❢❡,,❡❞ ✐♥ -❤❡ ❝♦♥-,❛❝- ❛) -❤❡ ❧♦❣ ❛♥❛❧②%✐% ♣+♦❝❡❞✉+❡✳ ■♥ ♣,❛❝-✐❝❡✱ -❤❡ ❝♦♥-,❛❝- ✐♥❝❧✉❞❡)

❛ )❡❧❡❝-✐♦♥ ♦❢ -❤❡ ♠♦)- )✐❣♥✐✜❝❛♥- ❝❧❛✐♠) ❢♦, -❤❡ ♣❛,-✐❡)✳ ❋♦, ❡①❛♠♣❧❡✱ ✐♥ ♦✉, ❝❛)❡ )-✉❞②

-❤❡ ♣❛,-✐❡) ♠❛② ❞❡❝✐❞❡ -♦ )♣❡❝✐❢② ❧✐❛❜✐❧✐-✐❡) ✇❤❡♥ -❤❡ ❝❧✐❡♥- ❝❧❛✐♠) -❤❛- ❤❡ ❤❛) )❡♥- ❛

,❡)❡,✈❛-✐♦♥ ❜✉- ❤❛) ♥♦- ,❡❝❡✐✈❡❞ ❛♥② ❝♦♥✜,♠❛-✐♦♥✳ ❆,-✐❝❧❡ ✹ ♦❢ -❤❡ ❝♦♥-,❛❝- ❛❧)♦ )♣❡❝✐✜❡)

-❤❛-✱ ✐❢ ❧✐❛❜✐❧✐-✐❡) ❢♦, ❛ ❣✐✈❡♥ ❢❛✐❧✉,❡ ❛,❡ ♥♦- ❡①♣❧✐❝✐-❧② ❞❡✜♥❡❞✱ -❤❡♥ -❤❡ ♣❛,-✐❡) ❛❣,❡❡ -♦

,❡)♦,- -♦ ❛♥ ❡①♣❡,- -❤❛- ♠❛② ✉)❡ -❤❡ ❧♦❣)✱ -❤❡ ❧♦❣ ❛♥❛❧②③❡, ❛♥❞ ❛♥② ♦-❤❡, ,❡)♦✉,❝❡) -♦

❞❡)✐❣♥❛-❡ -❤❡ ❧✐❛❜❧❡ ♣❛,-✐❡)✳

❚❤❡ ❧♦❣ ❛♥❛❧②)✐) ♣,♦❝❡❞✉,❡ ✭❋✐❣✉,❡ ✹✳✶✮ )-❛,-) ✇✐-❤ ❛ ❝❧❛✐♠ ❢,♦♠ -❤❡ ♣❧❛✐♥-✐✛ ❛❣❛✐♥)-

-❤❡ ❞❡❢❡♥❞❛♥-✳ ❚❤❡ ♣❛,-② ✐❞❡♥-✐✜❡❞ ✐♥ -❤❡ ❝♦♥-,❛❝- ❛) -❤❡ ❧❡❛❞❡, ♦❢ -❤❡ ✐♥✈❡)-✐❣❛-✐♦♥ ✭❝❛❧❧❡❞

❤❡,❡ -❤❡ ❛♥❛❧②%/✮ ♠✉)- ❣❡- -❤❡ ❧♦❣) ♥❡❝❡))❛,② -♦ ❛♥❛❧②③❡ -❤❡ ❝❧❛✐♠ ✭▲♦❣ ❈♦❧❧❡❝/✮✳ ■❞❡❛❧❧②✱

✐- )❤♦✉❧❞ ❛❧✇❛②) ❜❡ ♣♦))✐❜❧❡ -♦ ♦❜-❛✐♥ -❤❡ -♦-❛❧✐-② ♦❢ -❤❡ ❧♦❣)✳ ❍♦✇❡✈❡,✱ ❞❡♣❡♥❞✐♥❣ ♦♥ -❤❡

❝❧❛✐♠ ❛♥❞ -❤❡ ❛✈❛✐❧❛❜✐❧✐-② ♦❢ ❧♦❣)✱ -❤❡ ❛♥❛❧②)- ♠❛② ❛♥❛❧②③❡ -❤❡ ❝❧❛✐♠ ✉)✐♥❣ ♦♥❧② ❛ )✉❜)❡- ♦❢

-❤❡ ❧♦❣)✳

✽✾



❈❍❆#❚❊❘ ✹✳ ❙#❊❈■❋❨■◆● ❆◆❉ ❊❙❚❆❇▲■❙❍■◆● ▲■❆❇■▲■❚■❊❙

❋✐❣✉$❡ ✹✳✶✿ ▲♦❣ ❛♥❛❧②0✐0 ♣$♦❝❡❞✉$❡

❆❢6❡$ 6❤❡ ❝♦❧❧❡❝6✐♦♥ ♦❢ 6❤❡ ❧♦❣0✱ 6❤❡ ❛♥❛❧②06 ❤❛0 6♦ ❝❤❡❝❦ ✐❢ 6❤❡② ❝❛♥ ❜❡ ❛❝❝❡♣6❡❞ ❛0 ❞✐❣✐6❛❧

❡✈✐❞❡♥❝❡ ✭▲♦❣ ❱❛❧✐❞✐(② ❆♥❛❧②,✐,✮✳ ❋♦$ ❡①❛♠♣❧❡✱ 6❤❡ ❧♦❣0 ♠✉06 ♥♦6 ♣$❡0❡♥6 0✐❣♥0 ♦❢ 6❛♠♣❡$✐♥❣

✭❙❡❝6✐♦♥ ✶✳✺✳✶✮✳ ❈❡$6❛✐♥ ✐♥6❡❣$✐6② ♣$♦♣❡$6✐❡0 ♦❢ 6❤❡ ❧♦❣0 ♠❛② ❜❡ ✈❡$✐✜❡❞ ❛✉6♦♠❛6✐❝❛❧❧② ✭0❡❡

❈❤❛♣6❡$ ✺✮ ❜❛0❡❞ ♦♥ 6❤❡ ❢♦$♠❛❧ ❞❡✜♥✐6✐♦♥0 ✐♥ LOG FILE ❛♥❞ ENTRY ✭❙❡❝6✐♦♥ ✸✳✸✳✷✮✳

❲❤❡♥ 6❤❡ ✈❛❧✐❞✐6② ♦❢ 6❤❡ ❧♦❣0 ✐0 ❡06❛❜❧✐0❤❡❞✱ 6❤❡ ❧♦❣ ❛♥❛❧②③❡$ ✭❞❡✜♥❡❞ ✐♥ ❙❡❝6✐♦♥ ✸✳✺✳✸✮

✐0 ❛♣♣❧✐❡❞ 6♦ ❝❤❡❝❦ 6❤❡ ♣$♦♣❡$6② 6❤❛6 $❡♣$❡0❡♥60 6❤❡ ❝❧❛✐♠ ✭❈❧❛✐♠ ❱❛❧✐❞✐(② ❆♥❛❧②,✐,✮✳ ❚❤❡

$❡0✉❧6 ♦❢ 6❤✐0 ❛♥❛❧②0✐0 ✐0 ❛ ♣❛✐$ ♦❢ 0❡60 ♦❢ ❈❧❛✐♠ ❙❝❡♥❛2✐♦, ❢♦$ ✇❤✐❝❤ 6❤❡ ❝❧❛✐♠ ✐0 ❛❝❝❡♣6❡❞ ❛♥❞

$❡❥❡❝6❡❞ $❡0♣❡❝6✐✈❡❧② ✭❛0 0❡❡♥ ✐♥ ❊①❛♠♣❧❡ ✸✳✽✮✳ ❍♦✇❡✈❡$✱ ❛0 ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝6✐♦♥ ✸✳✻✱ ✐❢ 6❤❡

$❡0✉❧60 ❛$❡ ♥♦6 ♣$❡❝✐0❡ ❡♥♦✉❣❤ ✐6 ♠❛② ❜❡ ♥❡❝❡00❛$② 6♦ ♣❡$❢♦$♠ ❛ ❢✉$6❤❡$ ❛♥❛❧②0✐0 ✐♥❝❧✉❞✐♥❣

❛❞❞✐6✐♦♥❛❧ ❧♦❣0✳ ■♥ 6❤✐0 ❝❛0❡✱ 6❤❡ ❛♥❛❧②06 ♠❛② ✐6❡$❛6❡ 6❤❡ ♣$♦❝❡❞✉$❡ ❛♥❞ $❡6✉$♥ 6♦ 6❤❡ ❧♦❣

❝♦❧❧❡❝6✐♦♥ 06❡♣✳

✾✵
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■❢ "❤❡ ❝❧❛✐♠ ✐* ❛❝❝❡♣"❡❞✱ "❤❡♥ "❤❡ ❧✐❛❜✐❧✐"② ❛❧❧♦❝❛"✐♦♥ ♣2♦❝❡** ✭▲✐❛❜✐❧✐%② ❆♥❛❧②)✐)✮ "❛❦❡*

♣❧❛❝❡✳ ❚❤✐* ♣2♦❝❡** ❝♦♥*✐*"* ✐♥ ❞❡"❡2♠✐♥✐♥❣ "❤❡ ❝♦♠♣♦♥❡♥" ✭♦2 *❡" ♦❢ ❝♦♠♣♦♥❡♥"*✮ "❤❛" ❞✐❞

♥♦" ❡①❡❝✉"❡ ❝♦22❡❝"❧② ✭❡22♦♥❡♦✉* ❝♦♠♣♦♥❡♥"*✮✳ ❚❤❡ ❧✐❛❜✐❧✐"② 2❡❧❛"✐♦♥ ❜❡"✇❡❡♥ ❡22♦2* ❛♥❞

♣❛2"✐❡* ❛2❡ *♣❡❝✐✜❡❞ ✐♥ "❤❡ "❛❜❧❡* ♦❢ ❆♥♥❡① ❊ ♦❢ "❤❡ ❝♦♥"2❛❝" ✭❙❡❝"✐♦♥ ✷✳✷✳✸✮✳ ❊❛❝❤ ❈❧❛✐♠

❙❝❡♥❛2✐♦ 2❡*✉❧"✐♥❣ ❢2♦♠ "❤❡ ❈❧❛✐♠ ❱❛❧✐❞✐"② ❆♥❛❧②*✐* ✐* ✈❡2✐✜❡❞ ✐♥ ♦2❞❡2 "♦ ❞❡"❡2♠✐♥❡ "❤❡

❡22♦♥❡♦✉* ❝♦♠♣♦♥❡♥"*✳ ❍♦✇❡✈❡2✱ ❜❡❝❛✉*❡ "❤❡ ❛♥❛❧②*✐* ❝❛♥ ❜❡ ♣❡2❢♦2♠❡❞ ✇✐"❤ ♦♥❧② ❛ *✉❜*❡"

♦❢ "❤❡ ❧♦❣*✱ ✐"* 2❡*✉❧"* ♠❛② ♥♦" ❜❡ ♣2❡❝✐*❡ ❡♥♦✉❣❤ "♦ ❡*"❛❜❧✐*❤ ❧✐❛❜✐❧✐"✐❡*✳ ■♥ "❤✐* ❝❛*❡✱ "❤❡

❛♥❛❧②*" ♠❛② 2❡"✉2♥ "♦ "❤❡ ❧♦❣ ❝♦❧❧❡❝"✐♦♥ *"❡♣ ✐♥ ♦2❞❡2 "♦ ❛""❡♠♣" "♦ 2❡❞✉❝❡ "❤❡ ♥✉♠❜❡2 ♦❢

*❝❡♥❛2✐♦* ✭❙❡❝"✐♦♥ ✸✳✻✮✳

❋✐2*"✱ ✇❡ ✐♥"2♦❞✉❝❡ "❤❡ ♠♦❞❡❧* "♦ 2❡♣2❡*❡♥" ❝❧❛✐♠* ❛♥❞ ❧✐❛❜✐❧✐"✐❡* ✭❙❡❝"✐♦♥ ✹✳✷✮✳ ❚❤❡♥✱

✇❡ ❞❡✜♥❡ "❤❡ ♣2♦❝❡❞✉2❡ "♦ ❡*"❛❜❧✐*❤ ❧✐❛❜✐❧✐"✐❡* ✭❙❡❝"✐♦♥ ✹✳✸✮ ❛♥❞ ✇❡ ♣2♦♣♦*❡ ❢♦2♠❛❧ ❝2✐"❡2✐❛

♦♥ ❧♦❣ ❞✐*"2✐❜✉"✐♦♥* "♦ ✐♥❝2❡❛*❡ "❤❡ ❝❤❛♥❝❡* "❤❛" ❧♦❣* ✇✐❧❧ ❜❡ ❛❝❝❡♣"❡❞ ❛* ❞✐❣✐"❛❧ ❡✈✐❞❡♥❝❡

✭❙❡❝"✐♦♥ ✹✳✹✮✳ ❋✐♥❛❧❧②✱ ✇❡ *✉♠♠❛2✐③❡ "❤❡ ♠❛✐♥ ❝♦♥"2✐❜✉"✐♦♥* ♦❢ "❤✐* ❝❤❛♣"❡2 ✭❙❡❝"✐♦♥ ✹✳✺✮✳

✹✳✷ ❙♣❡❝✐❢②✐♥❣ ▲✐❛❜✐❧✐0✐❡1

■♥ ♦2❞❡2 "♦ ❞❡✜♥❡ ♦✉2 ♠♦❞❡❧* ❢♦2 ❝❧❛✐♠* ✭❙❡❝"✐♦♥ ✹✳✷✳✷✮ ❛♥❞ ❧✐❛❜✐❧✐"✐❡* ✭❙❡❝"✐♦♥ ✹✳✷✳✸✮ ✇❡

♠✉*" ✜2*" *♣❡❝✐❢② "❤❡ ♣❛2"✐❡* ✐♥✈♦❧✈❡❞ ✭❙❡❝"✐♦♥ ✹✳✷✳✶✮✳

✹✳✷✳✶ $❛&'✐❡*

❚❤❡ ❢♦2♠❛❧✐*♠* ❞❡*❝2✐❜❡❞ ✐♥ ❙❡❝"✐♦♥ ✶✳✹ ✉*✉❛❧❧② ❞♦ ♥♦" ❛❞❞2❡** "❤❡ ❧❡❣❛❧ ✐♠♣❧✐❝❛"✐♦♥* ♦❢

"❤✐2❞ ♣❛2"✐❡*✱ *✉❝❤ ❛* ❝✉*"♦♠❡2* ✭❡✈❡♥ ✇❤❡♥ "❤❡② *✉♣♣♦2" ❜❧❛♠❡ ❛**✐❣♥♠❡♥" ❬❳✉ ❡" ❛❧✳ ✷✵✵✺✱

❍✈✐"✈❡❞ ✷✵✶✵❪✮✳ ■♥ "❤❡ ❝♦♥"2❛❝" ♠♦❞❡❧ ♣2♦♣♦*❡❞ ✐♥ ❙❡❝"✐♦♥ ✷✳✷✱ ✇❡ ❞✐*"✐♥❣✉✐*❤ ❜❡"✇❡❡♥ "✇♦

"②♣❡* ♦❢ ❧❡❣❛❧ ❡♥"✐"✐❡*✿

❼ ❙✐❣♥✐♥❣ ♣❛-%✐❡) ✭♦2 *✐♠♣❧② ♣❛-%✐❡)✮ ✕ "❤❡ ♣❛2"✐❡* "❤❛" ❡❧❛❜♦2❛"❡ ❛♥❞ *✐❣♥ "❤❡ ❝♦♥"2❛❝"

✭❡✳❣✳ *♦❢"✇❛2❡ ♣2♦✈✐❞❡2* ❛♥❞ ✐♥"❡❣2❛"♦2*✮✳

❼ ❚❤✐-❞ ♣❛-%✐❡) ✕ "❤❡ ❡♥"✐"✐❡* "❤❛" ❛2❡ ♥♦" ✐♥✈♦❧✈❡❞ ✐♥ "❤❡ ❡❧❛❜♦2❛"✐♦♥ ♦❢ "❤❡ ❝♦♥"2❛❝"

✭❡✳❣✳ ❝♦*"✉♠❡2*✮✳ ❚❤✐2❞ ♣❛2"✐❡* *"✐❧❧ ❤❛✈❡ "❤❡ 2✐❣❤" "♦ ❧❡❣❛❧❧② *✉❡ "❤❡ *✐❣♥✐♥❣ ♣❛2"✐❡*✳

❊✈❡2② *✐❣♥✐♥❣ ♣❛2"② ✐* ✐❞❡♥"✐✜❡❞ ❜② ❛ ✉♥✐R✉❡ ♥❛♠❡✳ ■♥ ❝♦♥"2❛*"✱ *♦♠❡ "❤✐2❞ ♣❛2"✐❡* ❛2❡

2❡❢❡22❡❞ ✐♥ "❤❡ ❝♦♥"2❛❝" ♦♥❧② ❜② "❤❡ 2♦❧❡ "❤❛" "❤❡② ♣❧❛② ✐♥ "❤❡ *②*"❡♠✳ ❆* ❛♥ ✐❧❧✉*"2❛"✐♦♥✱

❝♦♥*✐❞❡2 ♦✉2 ❝❛*❡ *"✉❞② ✇❤❡2❡ "❤❡ "2❛✈❡❧ ❛❣❡♥❝② ✏❚❤♦♠❛* ❈♦♦❦✑ ❛♥❞ "❤❡ ❤♦"❡❧ ✏✐❇✐*✑ ❛2❡

"❤❡ *✐❣♥✐♥❣ ♣❛2"✐❡* ❛♥❞ "❤❡✐2* ❝✉*"♦♠❡2* ❛2❡ "❤✐2❞ ♣❛2"✐❡* ♠❡♥"✐♦♥❡❞ ✐♥ "❤❡ ❝♦♥"2❛❝" *✐♠♣❧②

❛* ✏❈❧✐❡♥"✑✳

▼❛❝❤✐♥❡ ContractAgents ✭❋✐❣✉2❡ ✹✳✷✮ *❤♦✉❧❞ ❜❡ ❝♦♠♣❧❡"❡❞ "♦ *♣❡❝✐❢② "❤❡ *❡" ♦❢ ❛❧❧ ❧❡❣❛❧

❡♥"✐"✐❡* ✭❝❛❧❧❡❞ ❛❣❡♥%)✮ ♠❡♥"✐♦♥❡❞ ✐♥ "❤❡ ❝♦♥"2❛❝" ✭*❡" AGENT ✮✳ ❙✉❜*❡"* SIGN PARTY

❛♥❞ THIRD PARTY *❤♦✉❧❞ ❝♦♥"❛✐♥ 2❡*♣❡❝"✐✈❡❧② "❤❡ *✐❣♥✐♥❣ ♣❛2"✐❡* ❛♥❞ "❤❡ "❤✐2❞ ♣❛2"✐❡*✳

✾✶
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▼❆❈❍■◆❊ ContractAgents

❙❊❚❙

AGENT = {. . . }
❈❖◆❙❚❆◆❚❙ SIGN PARTY ✱THIRD PARTY

+❘❖+❊❘❚■❊❙

SIGN PARTY ⊆ AGENT ∧
THIRD PARTY ⊆ AGENT ∧
SIGN PARTY = {. . . } ∧ THIRD PARTY = {. . . } ∧
SIGN PARTY ∪ THIRD PARTY = AGENT ∧
SIGN PARTY ∩ THIRD PARTY = ∅

❊◆❉

❋✐❣✉$❡ ✹✳✷✿ ▼❛❝❤✐♥❡ ContractAgents

❊①❛♠♣❧❡ ✹✳✶✳ /❛$0✐❡1

❲❡ ♣$♦✈✐❞❡ ❛♥ ❡①❛♠♣❧❡ ♦❢ ✐♥10❛♥❝❡ ♦❢ 0❤❡ ♠❛❝❤✐♥❡ ContractAgents ✇✐0❤ 0❤❡ ❢♦❧❧♦✇✐♥❣

✈❛❧✉❡1 ♦❢ ♦✉$ ❝❛1❡ 10✉❞②✿

AGENT = {Client, ThomasCook, iBis,BNP}
SIGN PARTY = {ThomasCook, iBis}
THIRD PARTY = {Client, BNP}

◆♦0❡ 0❤❛0 ♦♥❧② 1✐❣♥✐♥❣ ♣❛$0✐❡1 ❝❛♥ ❜❡ ♠❛❞❡ ❧✐❛❜❧❡ ✐♥ 0❤❡ ❝♦♥0$❛❝0 ✭❛ ❧❡❣❛❧ ❝♦♥0$❛❝0

❝❛♥♥♦0 ✐♠♣♦1❡ ❛♥② ❝♦♠♠✐0♠❡♥01 ♦♥ 0❤✐$❞ ♣❛$0✐❡1✮✳ ■♥ ♦✉$ ❝❛1❡ 10✉❞②✱ ✇❡ ✇✐❧❧ ❝♦♥1✐❞❡$ 0❤❛0

❚❤♦♠❛1 ❈♦♦❦ ✐1 ❧✐❛❜❧❡ ❢♦$ 0❤❡ ❝♦♠♣♦♥❡♥01 WebComp ❛♥❞ IntSys✱ ❛♥❞ ✐❇✐1 ✐1 ❧✐❛❜❧❡ ❢♦$

0❤❡ ❝♦♠♣♦♥❡♥0 CompHotel✳ ❚❤❡ ❝♦♠♣♦♥❡♥0 CompBank ✐1 ✉♥❞❡$ 0❤❡ $❡1♣♦♥1✐❜✐❧✐0② ♦❢ 0❤❡

0❤✐$❞ ♣❛$0② ❇◆/✳

✹✳✷✳✷ ❈❧❛✐♠(

❆1 ♠❡♥0✐♦♥❡❞ ❛0 0❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ 0❤✐1 ❝❤❛♣0❡$✱ 0❤❡ ♥♦0✐✜❝❛0✐♦♥ ♦❢ ❢❛✐❧✉$❡1 0❛❦❡1 0❤❡ ❢♦$♠ ♦❢

❝❧❛✐♠1✱ ✇❤✐❝❤ $❡♣$❡1❡♥0 ❧❡❣❛❧ ❝♦♠♣❧❛✐♥01 ❢$♦♠ ❛ ♣❧❛✐♥0✐✛ ❛❣❛✐♥10 ❛ ❞❡❢❡♥❞❛♥0✳ ❊❛❝❤ ❝❧❛✐♠

✐1 ❢♦$♠❛❧❧② ❞❡1❝$✐❜❡❞ ❛1 ❛ ♣❧❛✐♥0✐✛✱ ❛ ❞❡❢❡♥❞❛♥0 ❛♥❞ ❛ ♣❛$❛♠❡0$✐❝ ♣$♦♣❡$0② $❡♣$❡1❡♥0✐♥❣ 0❤❡

❛❧❧❡❣❡❞ ❢❛✐❧✉$❡ 0❤❛0 ♠♦0✐✈❛0❡1 0❤❡ ❝❧❛✐♠✳

❙✐♥❝❡ ❝❧❛✐♠1 ❝❛♥ ♦❝❝✉$ 1❡✈❡$❛❧ 0✐♠❡1 ✐♥ ❞✐✛❡$❡♥0 ❝♦♥0❡①01✱ ✇❡ $❡♣$❡1❡♥0 ❢❛✐❧✉$❡1 ✉1✐♥❣

♣❛$❛♠❡0$✐❝ ♣$♦♣❡$0✐❡1 ❛♥❞ ✇❡ ❞❡✜♥❡ ❛ 1♣❡❝✐✜❝ ✐♥10❛♥❝❡ ✇❤❡♥❡✈❡$ ❛ ♣❛$0② ✐♥✐0✐❛0❡1 ❛ ❝❧❛✐♠✳

❆ ❝❧❛✐♠ ✐♥&'❛♥❝❡ ❝♦♥1✐101 ♦❢ ❛ ❝❧❛✐♠ ✇✐0❤ ❛ 1❡L✉❡♥❝❡ ♦❢ ♣❛$❛♠❡0❡$ ✈❛❧✉❡1✳

▼❛❝❤✐♥❡ Claims ✭❋✐❣✉$❡ ✹✳✸✮ 1❤♦✉❧❞ ❜❡ ✐♥10❛♥0✐❛0❡❞ 0♦ ❞❡✜♥❡ 0❤❡ 1❡0 ♦❢ ✐❞❡♥0✐✜❡❞ ❝❧❛✐♠1✳

■0 1♣❡❝✐✜❡1 0❤❡ 1❡0 ♦❢ ❝❧❛✐♠1 ✭❝♦♥10❛♥0 CLAIM✮✱ ❡❛❝❤ ♦♥❡ ❝♦♥1✐10✐♥❣ ♦❢ 0❤❡ ♣❧❛✐♥0✐✛✱ 0❤❡

❞❡❢❡♥❞❛♥0 ❛♥❞ 0❤❡ ♣❛$❛♠❡0$✐❝ ♣$♦♣❡$0② ❞❡1❝$✐❜✐♥❣ 0❤❡ ❛11♦❝✐❛0❡❞ ❢❛✐❧✉$❡✳ ❚❤❡ ♠❛❝❤✐♥❡ ❛❧1♦

❞❡✜♥❡1 0❤❡ 1❡0 ♦❢ ❝❧❛✐♠ ✐♥10❛♥❝❡1 ✭❝♦♥10❛♥0 CLAIM INST ✮✳

✾✷
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▼❆❈❍■◆❊ Claims

❙❊❊❙ LogFiles✱ ParametricProperties✱ ContractAgents

❈❖◆❙❚❆◆❚❙ CLAIM ✱ CLAIM INST ✱ DECLARED CLAIMS✱ ✳ ✳ ✳

,❘❖,❊❘❚■❊❙

✴✯ ❝❧❛✐♠' ✯✴

CLAIM = AGENT × SIGN PARTY × PAR PROP ∧

✴✯ ❝❧❛✐♠ ✐♥')❛♥❝❡' ✯✴

CLAIM INST = {(claim, par) | claim ∈ CLAIM ∧ par ∈ seq(PARAM) ∧
∃(plain, def, parProp).(claim = (plain, def, parProp) ∧(c1)
∀ parclaim.(parclaim ∈ dom(PPropPredicate(parProp))⇒ size(parclaim) = size(par)))} ∧

✴✯ ♣,♦♣❡,)② ❛♥❞ ❝❧❛✐♠ ❞❡❝❧❛,❛)✐♦♥' ✯✴

✳ ✳ ✳

✴✯ ❝❧❛✐♠' ✐♥ ❝♦♥),❛❝) ✯✴

DECLARED CLAIMS ⊆ CLAIM ∧

DECLARED CLAIMS = {. . . }

❊◆❉

❋✐❣✉3❡ ✹✳✸✿ ▼❛❝❤✐♥❡ Claims

,3♦♣❡3>② (c1) @>❛>❡@ >❤❛> >❤❡ ♥✉♠❜❡3 ♦❢ ♣❛3❛♠❡>❡3@ ♦❢ >❤❡ ❝❧❛✐♠ ✐♥@>❛♥❝❡ ♠✉@> ❜❡ >❤❡ @❛♠❡
❛@ >❤❡ ♥✉♠❜❡3 ♦❢ ♣❛3❛♠❡>❡3@ ♦❢ >❤❡ ♣3♦♣❡3>② ❛>>❛❝❤❡❞ >♦ >❤❡ ❝❧❛✐♠✳

❋♦3 ❛ ❣✐✈❡♥ ❝♦♥>3❛❝>✱ ❝❧❛✐♠@ ❛♥❞ ♣3♦♣❡3>✐❡@ ❛>>❛❝❤❡❞ >♦ >❤❡♠ ❝♦✉❧❞ ❜❡ ❞❡❝❧❛3❡❞ ❛@

❝♦♥@>❛♥>@ ❛♥❞ @♣❡❝✐✜❡❞ ✐♥ >❤❡ ,❘❖,❊❘❚■❊❙ @❡❝>✐♦♥✳ ❚❤❡ @❡> ♦❢ ❞❡❝❧❛3❡❞ ❝❧❛✐♠@ ♠✉@> ❜❡

❞❡✜♥❡❞ ✐♥ >❤❡ ❝♦♥@>❛♥> DECLARED CLAIMS✳

❊①❛♠♣❧❡ ✹✳✷✳ ❈❧❛✐♠ claimNoRoom ❡①❛♠♣❧❡

▲❡> ✉@ @♣❡❝✐❢② >❤❡ ❝❧❛✐♠ ✇❤❡3❡ >❤❡ ❝❧✐❡♥> ♣✉3♣♦3>@ >❤❛> ❤❡ ❤❛@ @❡♥> ❛ 3❡K✉❡@> ❜✉> ❤❛@ ♥♦>

3❡❝❡✐✈❡❞ ❛♥② ❝♦♥✜3♠❛>✐♦♥ ❢♦3 >❤❡ 3❡@❡3✈❛>✐♦♥✳ ❋✐3@>✱ ✐♥ >❤❡ ❈❖◆❙❚❆◆❚ @❡❝>✐♦♥ ✇❡ ❞❡❝❧❛3❡

>❤❡ ♥❛♠❡ ♦❢ >❤❡ ❝❧❛✐♠ ❛♥❞ >❤❡ ♣3♦♣❡3>② ❛>>❛❝❤❡❞ >♦ >❤❡ ❝❧❛✐♠✿

▼❆❈❍■◆❊ Claims

❈❖◆❙❚❆◆❚❙ . . . , claimNoRoom, parPropNoRoom

❚❤❡♥✱ ✐♥ >❤❡ ,❘❖,❊❘❚■❊❙ @❡❝>✐♦♥ ✇❡ @♣❡❝✐❢② parPropNoRoom >❤❛> >❛❦❡@ >✇♦ ♣❛3❛♠❡>❡3@✱

>❤❡ @❡@@✐♦♥ ✐❞❡♥>✐✜❡3 ✭par(1)✮ ❛♥❞ >❤❡ ❝❧✐❡♥> ✐❞❡♥>✐✜❡3 ✭par(2)✮✿

✾✸
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parPropNoRoom ∈ PAR PROP ∧
PPropComps(parPropNoRoom) = {WebComp,CompHotel} ∧

PPropPredicate(parPropNoRoom) = λ(par).(size(par) = 2 |{WebComp,CompHotel} 7→
λ(log).(log ∈ LOG FILE ∧ ∃(cont).(log = ({WebComp,CompHotel}, cont)) |
bool(∃(cont, details, price).(log = ({WebComp,CompHotel}, cont) ∧
details ∈ PARAM ∧ price ∈ PARAM ∧
(Rec, Client,WebComp, NewRequest, [par(1), par(2), details]) ∈ ran(cont) ∧
(Send,CompHotel, Client, Confirm, [par(1), details, price]) 6∈ ran(cont))))) ∧

❚❤❡ ♣$♦♣❡$&② ❤♦❧❞* ✐❢ WebComp $❡❝❡✐✈❡* &❤❡ $❡/✉❡*& ✭NewRequest✮✱ ❜✉& CompHotel ❞♦❡*

♥♦& *❡♥❞ &❤❡ ❝♦♥✜$♠❛&✐♦♥ ✭Confirm✮✳ ❚❤❡ ♣$❡❞✐❝❛&❡ ✐* ❞❡✜♥❡❞ ❢♦$ ❛♥② ♣♦**✐❜❧❡ ✈❛❧✉❡* ♦❢

details ❛♥❞ price ✭∃(details, price)✮✳
❲❡ ❝❛♥ *♣❡❝✐❢② &❤❡ ❝❧❛✐♠ ❛* ❢♦❧❧♦✇*✿

claimNoRoom ∈ CLAIM ∧
claimNoRoom = (Client, ThomasCook, parPropNoRoom) ∧
DECLARED CLAIMS = {claimNoRoom}

❆♥ ✐♥*&❛♥❝❡ ♦❢ claimNoRoom ❢♦$ ❛ ❝❧✐❡♥& ✇✐&❤ ✐❞❡♥&✐✜❡$ clientId ❞✉$✐♥❣ ❛ ❣✐✈❡♥ *❡**✐♦♥

sessionId ✐* $❡♣$❡*❡♥&❡❞ ❛* ❢♦❧❧♦✇*✿

(claimNoRoom, [clientId, sessionId])

❚❤❡ ♣❛$&✐❡* ♠❛② ❞❡❝✐❞❡ ✇❤✐❝❤ ❢❛✐❧✉$❡* ♠✉*& ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ &❤❡ ♠♦❞❡❧ ❜❛*❡❞ ♦♥ ❛ ❝♦♠♠♦♥

❛❣$❡❡♠❡♥& ♦$ ❛❞♦♣& ❛ ♠♦$❡ *②*&❡♠❛&✐❝ ❛♣♣$♦❛❝❤ ✉*✐♥❣✱ ❢♦$ ❡①❛♠♣❧❡✱ &❡❝❤♥✐/✉❡* ♦❢ ❢❛✐❧✉%❡

♠♦❞❡✱ ❡✛❡❝-. ❛♥❞ ❝%✐-✐❝❛❧✐-② ❛♥❛❧②.✐. ✭❋▼❊❈❆✮ ❬E❡❧F❡③ ✫ ❇♦✇❧❡* ✶✾✾✻✱ ❈❤✐♥ ❡& ❛❧✳ ✷✵✵✾❪

✇❤✐❝❤ ❝♦♥*✐*&* ✐♥ ❛♥❛❧②③✐♥❣ ♣♦&❡♥&✐❛❧ ❢❛✐❧✉$❡* ❛♥❞ ❝❧❛**✐❢②✐♥❣ &❤❡♠ ❜② ❧✐❦❡❧✐❤♦♦❞ ❛♥❞ *❡✈❡$✲

✐&②✳ ❋♦$ ❡①❛♠♣❧❡✱ ✐♥ ♦✉$ ❝❛*❡ *&✉❞②✱ ❜❡*✐❞❡* &❤❡ ❢❛✐❧✉$❡ claimNoRoom✱ &❤❡ ♣❛$&✐❡* ❝❛♥ ❛❧*♦

❞❡❝✐❞❡ &♦ *♣❡❝✐❢② ❛ ❝❧❛✐♠ ✇❤❡$❡ &❤❡ ❝❧✐❡♥& ♣✉$♣♦$&* &❤❛& ❤❡ ❤❛* ❜❡❡♥ ❝❤❛$❣❡❞ ❢♦$ ❛ ❝❛♥❝❡❧❡❞

$❡*❡$✈❛&✐♦♥✳

✹✳✷✳✸ ▲✐❛❜✐❧✐)✐❡+

❆* ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝&✐♦♥ ✷✳✷✳✹✱ ❝♦♥&$❛❝&✉❛❧ ❧✐❛❜✐❧✐&✐❡* &❛❦❡ &❤❡ ❢♦$♠ ♦❢ &❛❜❧❡* ✭♦♥❡ ❢♦$ ❡❛❝❤

❝❧❛✐♠✮ ❛**♦❝✐❛&✐♥❣ ❡$$♦♥❡♦✉* ❝♦♠♣♦♥❡♥&* ✇✐&❤ ❧✐❛❜❧❡ ♣❛$&✐❡*✳ ❊❛❝❤ ❧✐♥❡ ♦❢ &❤❡*❡ &❛❜❧❡*

❝❤❛$❛❝&❡$✐③❡* ❛♥ ❡$$♦$ ✐♥ ❛ ❝♦♠♣♦♥❡♥&✳ ❆* ❛♥ ✐❧❧✉*&$❛&✐♦♥✱ &❤❡ &❛❜❧❡ ✐♥ ❙❡❝&✐♦♥ ✷✳✷✳✹ *♣❡❝✐✜❡*

&❤❛& ✐❢ ❡$$♦$* ♦❝❝✉$$❡❞ ✐♥ ✏&❤❡ ♦❜*&❛❝❧❡ ❞❡&❡❝&✐♦♥ ❢✉♥❝&✐♦♥❛❧✐&② ❞✉❡ &♦ ❡①&$❡♠❡ ✇❡❛&❤❡$

❝♦♥❞✐&✐♦♥✑✱ &❤❡♥ &❤❡ *②*&❡♠ ✐♥&❡❣$❛&♦$ ❛♥❞ *✉♣♣❧✐❡$ *❤♦✉❧❞ ❜❡ ❧✐❛❜❧❡ ❢♦$ &❤❡ ❢❛✐❧✉$❡✳ ❍❡$❡ ✇❡

❛$❡ ✐♥&❡$❡*&❡❞ ✐♥ $❡♣$❡*❡♥&✐♥❣ ♦♥❧② ❝♦♥❞✐&✐♦♥* &❤❛& ❝❛♥ ❜❡ ✈❡$✐✜❡❞ ✉*✐♥❣ &❤❡ ❧♦❣*✳ ❚♦ &❤✐*

❛✐♠✱ ✇❡ ♣$♦✈✐❞❡ ✐♥ &❤✐* *❡❝&✐♦♥ ❛ ✇❛② &♦ $❡❧❛&❡ ❡$$♦$*✱ ❢❛✐❧✉$❡* ❛♥❞ &❤❡ ❝♦$$❡*♣♦♥❞✐♥❣ ❧✐❛❜❧❡

♣❛$&✐❡*✳

✾✹
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❋♦" ❡①❛♠♣❧❡✱ *✉♣♣♦*❡ ,❤❡ ♣❛",✐❡* ✇✐*❤ ,♦ *♣❡❝✐❢② ❧✐❛❜✐❧✐,✐❡* ❢♦" ,❤❡ ❝❧❛✐♠ claimNoRoom

✭❊①❛♠♣❧❡ ✹✳✷✮ ❢♦" ,❤❡ ❡""♦"* ❞❡✜♥❡❞ ✐♥ ,❤❡ ,❛❜❧❡ ♦❢ ❋✐❣✉"❡ ✹✳✹✳

❆♥♥❡① ❊✿ ❆&&✐❣♥♠❡♥* ♦❢ ❧✐❛❜✐❧✐*✐❡& ❢♦0 ❝❧❛✐♠ claimNoRoom

■❢ ❡00♦0& ❤❛✈❡ ♦❝❝✉00❡❞✿

❚❤❡♥✱ *❤❡ ❧✐❛❜✐❧✐*✐❡& ✇✐❧❧ ❜❡ ❛&&✐❣♥❡❞ *♦✿

❚❤♦♠❛% ❈♦♦❦ ✐❇✐%

WebComp ♦* IntSys ❞♦❡% ♥♦. ♣❛%% .❤❡ *❡0✉❡%. ✭parPropNoForward✮ ×

CompHotel ❞♦❡% ♥♦. %❡♥❞ ❝♦♥✜*♠❛.✐♦♥ ✭parPropNoConfirm✮ ×

❋✐❣✉"❡ ✹✳✹✿ ▲✐❛❜✐❧✐,✐❡* ❢♦" ❝❧❛✐♠ claimNoRoom

❚❤❡ ❝❧❛✐♠ ❝❛♥ ♦❝❝✉" ❡✐,❤❡" ✐❢WebComp ♦" IntSys ❞♦❡* ♥♦, ❢♦"✇❛"❞ ,❤❡ "❡*❡"✈❛,✐♦♥ "❡B✉❡*,

✭✜"*, ❧✐♥❡✮❀ ♦" ✐❢ CompHotel ❞♦❡* ♥♦, *❡♥❞ ,❤❡ ❝♦♥✜"♠❛,✐♦♥ ♦❢ ,❤❡ "❡*❡"✈❛,✐♦♥ ,♦WebComp

✭*❡❝♦♥❞ ❧✐♥❡✮✳ ▲✐❛❜✐❧✐,✐❡* ❢♦" ,❤❡*❡ ,✇♦ ❡""♦"* ❛"❡ ❛**♦❝✐❛,❡❞ "❡*♣❡❝,✐✈❡❧② ✇✐,❤ ❚❤♦♠❛* ❈♦♦❦

❛♥❞ ✐❇✐*✳

▼❛❝❤✐♥❡ Liabilities ✭❋✐❣✉"❡ ✹✳✺✮ ❞❡✜♥❡* ,❤❡ ❧✐❛❜✐❧✐,✐❡* ✭❝♦♥*,❛♥, Liability✮ ❛* ❛ ❢✉♥❝,✐♦♥

,❤❛, ♠❛♣* ,❤❡ ❞❡❝❧❛"❡❞ ❝❧❛✐♠ ,♦ ,❤❡ ❡""♦"* ✭"❡♣"❡*❡♥,❡❞ ❜② ♣❛"❛♠❡,"✐❝ ♣"♦♣❡",✐❡*✮ ❛♥❞ ,❤❡

❝♦""❡*♣♦♥❞✐♥❣ ❧✐❛❜❧❡ ♣❛",✐❡*✳

▼❆❈❍■◆❊ Liabilities

❙❊❊❙ ComponentsAPI✱ LogFiles✱ LogProperties✱ ContractAgents✱ Claims

❈❖◆❙❚❆◆❚❙ Liability

O❘❖O❊❘❚■❊❙

✴✯ ❧✐❛❜✐❧✐&✐❡( ✯✴

Liability ∈ DECLARED CLAIMS → (PAR PROP 7→ F(SIGN PARTY )) ∧

∀(claim, error).(claim ∈ dom(Liability) ∧ error ∈ dom(Liability(claim))⇒(c1)
PPropComps(ExpressClaim(claim)) ⊆ PPropComps(error)) ∧

Liability = {. . . }

❊◆❉

❋✐❣✉"❡ ✹✳✺✿ ▼❛❝❤✐♥❡ Liabilities

❋♦" ❛ ❣✐✈❡♥ ❝❧❛✐♠ claim✱ ,❤❡ ❞♦♠❛✐♥ ♦❢ Liability(claim) *❤♦✉❧❞ ❜❡ ,❤❡ *❡, ♦❢ ♣♦**✐❜❧❡ ❡""♦"*
❛**♦❝✐❛,❡❞ ,♦ ,❤✐* ❝❧❛✐♠✳ ❚❤❡ ❝♦♠♣♦♥❡♥,* ❛,,❛❝❤❡❞ ,♦ ❡""♦" *♣❡❝✐✜❝❛,✐♦♥* ♠✉*, ❜❡ ✐♥❝❧✉❞❡❞

✐♥ ,❤❡ ❝♦♠♣♦♥❡♥,* ❛,,❛❝❤❡❞ ,♦ ,❤❡ ♣"♦♣❡",② ❞❡*❝"✐❜✐♥❣ ,❤❡ ❝❧❛✐♠ (c1)✳

❊①❛♠♣❧❡ ✹✳✸✳ ▲✐❛❜✐❧✐,✐❡* ❢♦" claimNoRoom

Liability(claimNoRoom) = {parPropNoForward 7→ {ThomasCook},
parPropNoConfirm 7→ {iBis}}

❚❤❡ ❛❜♦✈❡ ❞❡✜♥✐,✐♦♥ "❡♣"❡*❡♥,* ,❤❡ ,❛❜❧❡ ♦❢ ❋✐❣✉"❡ ✹✳✹✳

✾✺
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✹✳✷✳✹ ❇ ▼❛❝❤✐♥❡ ❛♥❞ ❚❡❝❤♥✐❝❛❧ ❆♥♥❡①❡0

▼❛❝❤✐♥❡' ContractAgents ❛♥❞ Claims ❛)❡ ♣❛)+ ♦❢ ❆♥♥❡① ❆ ♦❢ +❤❡ ❝♦♥+)❛❝+ ❛♥❞ '❤♦✉❧❞ ❜❡

❝♦♠♣❧❡+❡❞ +♦ '♣❡❝✐❢② )❡'♣❡❝+✐✈❡❧② +❤❡ ❛❣❡♥+' ❛♥❞ +❤❡ ❝❧❛✐♠' ❢♦) ✇❤✐❝❤ +❤❡ ♣❛)+✐❡' ✇✐'❤ +♦

'♣❡❝✐❢② ❧✐❛❜✐❧✐+✐❡'✳ ▼❛❝❤✐♥❡ Liabilities '❤♦✉❧❞ ❜❡ ❝♦♠♣❧❡+❡❞ +♦ '♣❡❝✐❢② +❤❡ ❧✐❛❜✐❧✐+✐❡' +❛❜❧❡'

♦❢ ❡❛❝❤ ❝❧❛✐♠ ❛♣♣❡❛)✐♥❣ ✐♥ ❆♥♥❡① ❊✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ +❛❜❧❡ '✉♠♠❛)✐③❡' +❤❡ )❡❧❡✈❛♥+ ✐♥❢♦)♠❛+✐♦♥ ❛❜♦✉+ +❤❡ ♠❛❝❤✐♥❡' ❛♥❞ +❡❝❤✲

♥✐❝❛❧ ❛♥♥❡①❡'✿

▼❛❝❤✐♥❡ ❆♥♥❡① ■♥❢♦)♠❛+✐♦♥ ❞❡'❝)✐❜❡❞ ❚♦ ❜❡ ✐♥'+❛♥+✐❛+❡❞❄

ContractAgents ❆ ❆❣❡♥+' ♦❢ +❤❡ ❝♦♥+)❛❝+ ❨❡'

Claims ❆ ❈❧❛✐♠ ❞❡✜♥✐+✐♦♥' ❨❡'

Liabilities ❊ ▲✐❛❜✐❧✐+✐❡' ❨❡'

✹✳✸ ❊$%❛❜❧✐$❤✐♥❣ ▲✐❛❜✐❧✐%✐❡$

■♥ +❤❡ ❢♦❧❧♦✇✐♥❣ '❡❝+✐♦♥'✱ ✇❡ '♣❡❝✐❢② +❤❡ ❢♦✉) '+❡♣' ♦❢ +❤❡ ❧♦❣ ❛♥❛❧②'✐' ♣)♦❝❡❞✉)❡ ♦❢ ❋✐❣✉)❡ ✹✳✶

✭❙❡❝+✐♦♥' ✹✳✸✳✶ +♦ ✹✳✸✳✹✮ ❛♥❞ +❤❡ ✐♥+❡)♣)❡+❛+✐♦♥ ♦❢ +❤❡ )❡'✉❧+' ✭❙❡❝+✐♦♥ ✹✳✸✳✺✮✳

✹✳✸✳✶ ❙4❡♣ ✶✿ ▲♦❣ ❈♦❧❧❡❝4✐♦♥

■◆"❯❚✿ ❛ ❝❧❛✐♠ ✐♥'+❛♥❝❡ (claim, par) ❛♥❞ ❛ '❡+ ♦❢ ❧♦❣' ✭LogSet✮

●✐✈❡♥ ❛ ❝❧❛✐♠ ✐♥'+❛♥❝❡✱ +❤❡ ♣)♦♣❡)+② ❛++❛❝❤❡❞ +♦ +❤❡ ❝❧❛✐♠ ✐' ✜)'+ ✐♥'+❛♥+✐❛+❡❞ ✉'✐♥❣ +❤❡

'❡N✉❡♥❝❡ ♦❢ ♣❛)❛♠❡+❡)' par✳ ▲❡+ claim = (plain, def, parProp)✱ propclaim ✐' +❤❡♠ ❜✉✐❧+ ❛'
❢♦❧❧♦✇'✿

propclaim = (PPropPredicate(parProp))(par)

❚❤❡ ❞❡✜♥✐+✐♦♥ ♦❢ CLAIM INST ❡♥'✉)❡' +❤❛+ +❤❡ ♣❛)❛♠❡+❡)' ♦❢ +❤❡ ❝❧❛✐♠ ✐♥'+❛♥❝❡ ✭par✮

❝❛♥ ❜❡ ✉'❡❞ +♦ ✐♥'+❛♥+✐❛+❡ parProp ✭❝♦♥❞✐+✐♦♥ c1 ✐♥ ♠❛❝❤✐♥❡ Claims ✐♥ ❙❡❝+✐♦♥ ✹✳✷✳✷✮✳
❚❤❡♥✱ ✐+ ✐' ♥❡❝❡''❛)② +♦ ✈❡)✐❢② ✐❢ +❤❡ ❧♦❣' ✐♥ +❤❡ ✐♥♣✉+ ✭LogSet✮ ❝♦♥+❛✐♥ +❤❡ ❡♥+)✐❡' )❡❧❛+❡❞

+♦ +❤❡ ❝♦♠♣♦♥❡♥+' ♦❢ propclaim✳

❖❯❚"❯❚✿ ❨❡' ✐❢ +❤❡ ❢♦❧❧♦✇✐♥❣ ❤♦❧❞' ❢♦) LogSet✿

PropComps(propclaim) ⊆ union({comps | ∃(cont).((comps, cont) ∈ LogSet)})

◆♦✱ ♦+❤❡)✇✐'❡

✾✻
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✹✳✸✳✷ ❙%❡♣ ✷✿ ▲♦❣ ❱❛❧✐❞✐%② ❆♥❛❧②4✐4

❚❤❡ #❡❝♦♥❞ #(❡♣ ❝♦♥#✐#(# ✐♥ ❛♥❛❧②③✐♥❣ LogSet (♦ ❝❤❡❝❦ (❤❛( ✐( ♠❡❡(# (❤❡ 2❡3✉✐2❡♠❡♥(# ♦♥

♦✉2 ♠♦❞❡❧#✳

■◆"❯❚✿ LogSet✱ (❤❡ ✐♥♣✉( ❢2♦♠ (❤❡ ♣2❡✈✐♦✉# #(❡♣✳

❋♦2 ❛❧❧ log ∈ LogSet✱ ❝❤❡❝❦ (❤❡ ♣2♦♦❢ ♦❜❧✐❣❛(✐♦♥ log ∈ LOG FILE✳ ❆❝❝♦2❞✐♥❣ (♦ (❤❡

LOG FILE ❞❡✜♥✐(✐♦♥✱ ❢♦2 ❡❛❝❤ log = (comps, cont) (❤❡ ❡♥(2✐❡# ♠✉#( ❜❡ ✉♥✐3✉❡ ✭cont ∈
iseq(ENTRY )✮ ❛♥❞ ❝♦♠♣❧② ✇✐(❤ (❤❡ ❆A■ ❞❡✜♥✐(✐♦♥ ❢♦2 (❤❡ ❝♦♠♣♦♥❡♥(✳ ■♥ ❛❞❞✐(✐♦♥✱ ❛❧❧
❡♥(2✐❡# ♠✉#( ❜❡ 2❡❧❛(❡❞ (♦ comps ❛♥❞ 2❡#♣❡❝( (❤❡ ♦2❞❡2✐♥❣ ❜❡(✇❡❡♥ ❛##♦❝✐❛(❡❞ Send ❛♥❞

Rec ✭❝♦♥❞✐(✐♦♥# c1 ❛♥❞ c2 ✐♥ ♠❛❝❤✐♥❡ LogFiles ✐♥ ❙❡❝(✐♦♥ ✸✳✸✳✷✮✳

❖❯❚"❯❚✿ ❨❡#✴◆♦

✹✳✸✳✸ ❙%❡♣ ✸✿ ❈❧❛✐♠ ❱❛❧✐❞✐%② ❆♥❛❧②4✐4

❚❤❡ (❤✐2❞ #(❡♣ ❝♦♥#✐#(# ✐♥ ❛♣♣❧②✐♥❣ (❤❡ ❧♦❣ ❛♥❛❧②③❡2 (♦ LogSet (♦ ❞❡(❡2♠✐♥❡ ✐❢ (❤❡ ❝❧❛✐♠ ✐#

❝♦♥✜2♠❡❞ ❜② (❤❡ ❧♦❣#✳

■◆"❯❚✿ LogSet✱ ❢2♦♠ (❤❡ ✐♥♣✉( ♦❢ (❤❡ ✜2#( #(❡♣❀ ❛♥❞ propclaim ✐♥#(❛♥(✐❛(❡❞ ✐♥ (❤❡ ✜2#(

#(❡♣✳

❈♦♠♣✉(❡ (❤❡ #❡( ♦❢ #❝❡♥❛2✐♦# scen ❛♥❞ ok ❛# ❢♦❧❧♦✇#✿

scen, ok ← V erifyProperty(LogSet, propclaim)

❖❯❚"❯❚✿ scen (❤❡ #❡( ♦❢ #❝❡♥❛2✐♦# ❛♥❞ ok (❤❡ #✉❜#❡( ♦❢ #❝❡♥❛2✐♦# ✐♥ ✇❤✐❝❤ (❤❡ ❝❧❛✐♠ ✐#

♦❜#❡2✈❡❞✳

❚❤❡ ❞❡❝✐#✐♦♥ (♦ ❛❝❝❡♣( ♦2 2❡❥❡❝( (❤❡ ❝❧❛✐♠ ✐# ❜❛#❡❞ ♦♥ (❤❡ #❡(# scen ❛♥❞ ok✱ ❛# ❡①♣❧❛✐♥❡❞

✐♥ ❙❡❝(✐♦♥ ✸✳✺✳

✹✳✸✳✹ ❙%❡♣ ✹✿ ▲✐❛❜✐❧✐%② ❆♥❛❧②4✐4

❚❤❡ ❢♦✉2(❤ #(❡♣ ❝♦♥#✐#(# ✐♥ #❡❛2❝❤✐♥❣ ✐♥ (❤❡ ok #❝❡♥❛2✐♦# ❢♦2 (❤❡ ❡22♦2# (❤❛( ❛2❡ 2❡❧❛(❡❞ (♦ (❤❡

❧✐❛❜✐❧✐(✐❡#✳ ❚❤✐# #(❡♣ ❛❧#♦ ✐♥❝❧✉❞❡# (❤❡ ❝♦♠♣✉(❛(✐♦♥ ♦❢ (❤❡ ♣❛2(✐❡# ❧✐❛❜❧❡ ❢♦2 ❡❛❝❤ #❝❡♥❛2✐♦✳

■◆A❯❚✿ (claim, par)✱ (❤❡ ❝❧❛✐♠ ✐♥#(❛♥❝❡ ❣✐✈❡♥ ❛# ✐♥♣✉( ♦❢ #(❡♣ ✶✳

ok✱ ❝♦♠♣✉(❡❞ ✐♥ (❤❡ ♣2❡✈✐♦✉# #(❡♣✳

❚❤❡ ❛❧❣♦2✐(❤♠ ✉#❡❞ (♦ ❝♦♠♣✉(❡ ❧✐❛❜✐❧✐(✐❡# ✐# (❤❡ ❢♦❧❧♦✇✐♥❣ ♦♥❡✿

✾✼
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scenAnalysis := ∅;
❢♦" ❛❧❧ log ∈ ok ❛♥❞ error ∈ dom(Liability(claim)) ❞♦
properror := (PPropPredicate(error))(par);
scenerror, okerror ← V erifyProperty({log}, properror);
✐❢ scenerror = okerror (❤❡♥

scenAnalysis := scenAnalysis ∪ {(log 7→ error)};
❡♥❞ ✐❢

❡♥❞ ❢♦"

❖❯❚#❯❚✿ scenAnalysis ∈ LOG FILE ↔ PAR PROP ✱ &❤❡ )❡❧❛&✐♦♥/❤✐♣ ❜❡&✇❡❡♥ &❤❡

/❝❡♥❛)✐♦/ ❛♥❞ ❡))♦)/✳

scenAnalysis )❡❧❛&❡/ &❤❡ /❝❡♥❛)✐♦/ ✇❤❡)❡ &❤❡ ❝❧❛✐♠ ✐/ ❛❝❝❡♣&❡❞ ✭log ∈ ok✮ ✇✐&❤ &❤❡ ❡))♦)/
❞❡✜♥❡❞ ✐♥ ❆♥♥❡① ❊ ✭error ∈ dom(Liability(claim))✮✳ ❇❡❝❛✉/❡ ✇❡ ❛♣♣❧② V erifyProperty
&♦ ❛ /❡& )❡❞✉❝❡❞ &♦ ❛ /✐♥❣❧❡&♦♥✱ ✇❡ ❤❛✈❡ scenerror = {log}✳ ❚❤❡♥ &❤❡ ❝♦♥❞✐&✐♦♥ scenerror =
okerror ❡①♣)❡//❡/ &❤❡ ❢❛❝& &❤❛& &❤❡ ❡))♦) ♦❝❝✉)/ ✐♥ &❤❡ /❝❡♥❛)✐♦ ♦) ♥♦&✳ ■♥ &❤❡ ❧❛/& ❝❛/❡

scenAnalysis ✐/ ❡D✉❛❧ &♦ ∅✳

✹✳✸✳✺ ■♥&❡(♣(❡&✐♥❣ &❤❡ ❘❡.✉❧&.

❚❤❡ )❡/✉❧& scenAnalysis ❝❛♥ ❜❡ ♣)❡/❡♥&❡❞ ✐♥ &❤❡ ❢♦)♠ ♦❢ ❛ &❛❜❧❡ ❛/ ❢♦❧❧♦✇/✿

❊))♦)/

❙❝❡♥❛)✐♦/ ✐♥ ok

log1 log2 . . . logn−1 logn
error1 LP1,1 ∅ . . . ∅ ∅
error2 ∅ LP2,2 . . . ∅ LP2,n

. . . ∅ ∅ . . . ∅ ∅
errorm ∅ LPm,2 . . . ∅ ∅

❋✐❣✉)❡ ✹✳✻✿ ❚❛❜❧❡ )❡♣)❡/❡♥&✐♥❣ scenAnalysis

❚❤✐/ &❛❜❧❡ ❞❡✜♥❡/ &❤❡ ❛♥❛❧②/✐/ ♦❢ ❛ ❣✐✈❡♥ claim✳ ❊❛❝❤ ✈❛❧✉❡ LPi,j )❡♣)❡/❡♥&/ &❤❡ /❡& ♦❢ ❧✐❛❜❧❡

♣❛)&✐❡/ ❢♦) ❛♥ ♦❝❝✉))❡♥❝❡ ♦❢ errori ✐♥ logj ✳ ❲❡ ❤❛✈❡ ❢♦) logj ✿

errori ∈ dom(Liability(claim))⇒ LPi,j = Liability(claim)(errori)

■❢ errori ❞♦❡/ ♥♦& ♦❝❝✉) ✐♥ logj &❤❡♥ LPi,j = ∅✳ ❋♦) ❛ ❣✐✈❡♥ /❝❡♥❛)✐♦ logj ✱ &❤❡ /❡& ♦❢ ❧✐❛❜❧❡
♣❛)&✐❡/ ❝❛♥ ❜❡ ❝♦♠♣✉&❡❞ ❛/ ❢♦❧❧♦✇/✿

liabilityLogj :=
m⋃

i=1

LPi,j

✾✽
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❉❡❝✐❞✐♥❣ ✇❤✐❝❤ ♣❛+,✐❡- -❤♦✉❧❞ ❜❡ ❧✐❛❜❧❡ ❢♦+ ❛ ❝❧❛✐♠ ✐- ❜❛-❡❞ ♦♥ ,❤❡ ,❛❜❧❡ +❡♣+❡-❡♥,✐♥❣

scenAnalysis✳ ❚❤❡ ♠♦-, ,+✐✈✐❛❧ ❝❛-❡ ✐- ✇❤❡♥ ,❤❡ -❛♠❡ ♣❛+,✐❡- ❛+❡ ❧✐❛❜❧❡ ❢♦+ ❛❧❧ -❝❡♥❛+✐♦-✳

■❢ ,❤✐- ✐- ♥♦, ,❤❡ ❝❛-❡✱ ,❤❡♥ -✐♠✐❧❛+❧② ,♦ ,❤❡ ❛♥❛❧②-✐- ♦❢ ,❤❡ ❝❧❛✐♠ ✭-,❡♣ ✸✮ ,❤❡+❡ ❛+❡ ,✇♦

♦♣,✐♦♥-✳ ■❢ ♦♥❧② ❛ -✉❜-❡, ♦❢ ,❤❡ ❧♦❣- ❤❛- ❜❡❡♥ ❝♦❧❧❡❝,❡❞ ,❤❡♥ ,❤❡ ❛♥❛❧②-, ❝❛♥ +❡,✉+♥ ,♦ ,❤❡

❧♦❣ ❝♦❧❧❡❝,✐♥❣ -,❡♣ ,♦ ❛❞❞ ♥❡✇ ❧♦❣- ✐♥ ♦+❞❡+ ,♦ ,+② ,♦ +❡❞✉❝❡ ,❤❡ ♥✉♠❜❡+ ♦❢ -❝❡♥❛+✐♦-✳ ■❢ ❛❧❧

❧♦❣- ❤❛✈❡ ❜❡❡♥ ❛♥❛❧②③❡❞✱ ,❤❡♥ ,❤❡ ❝♦♥,+❛❝, -,✐♣✉❧❛,❡- ,❤❛, ,❤❡ ♣❛+,✐❡- -❤♦✉❧❞ +❡-♦+, ,♦ ❛♥

❡①♣❡+, ,♦ ❡-,❛❜❧✐-❤ ❧✐❛❜✐❧✐,✐❡- ❜❛-❡❞ ♦♥ ,❤❡ ❧♦❣- ✭♦+ ❛♥② ♦,❤❡+ +❡-♦✉+❝❡-✮ ❛♥❞ ,❤❡ ,❛❜❧❡- ✐♥

❆♥♥❡① ❊✳

❊①❛♠♣❧❡ ✹✳✹✳ ❊-,❛❜❧✐-❤✐♥❣ ❧✐❛❜✐❧✐,✐❡-

❙✉♣♣♦-❡ ,❤❛,✱ ❛❢,❡+ ❛♣♣❧②✐♥❣ ,❤❡ ❧♦❣ ❛♥❛❧②-✐- ♣+♦❝❡❞✉+❡ ❢♦+ ❛♥ ✐♥-,❛♥❝❡ ♦❢ ,❤❡ ❝❧❛✐♠

claimNoRoom✱ ✇❡ ♦❜,❛✐♥ ,❤❡ ❢♦❧❧♦✇✐♥❣ ,❛❜❧❡✿

❊++♦+-

❙❝❡♥❛+✐♦-

scenario1 scenario2 scenario3 scenario4
parPropNoForward ∅ ∅ ∅ ∅
parPropNoConfirm {iBis} {iBis} {iBis} {iBis}
liabilityLog {iBis} {iBis} {iBis} {iBis}

■♥ ,❤✐- ❝❛-❡✱ ✐, ✐- ❝❧❡❛+ ,❤❛, ,❤❡ ❝♦♠♣♦♥❡♥, CompHotel ❤❛- ♥♦, -❡♥, ❛ ❝♦♥✜+♠❛,✐♦♥ ,♦ ,❤❡

❝❧✐❡♥, ✭parPropNoConfirm✮ ✐♥ ❛❧❧ ♣♦--✐❜❧❡ -❝❡♥❛+✐♦- ❛♥❞ ,❤❡♥ ❛❣❡♥, iBis ✐- ❧✐❛❜❧❡✳

✹✳✹ ▲♦❣ ❉✐'()✐❜✉(✐♦♥ ❆♥❛❧②'✐'

■♥ ,❤✐- -❡❝,✐♦♥✱ ✇❡ -♣❡❝✐❢② ❛ ✇❛② ,♦ ❛♥❛❧②③❡ ❧♦❣ ❞✐-,+✐❜✉,✐♦♥- ✐♥ ♦+❞❡+ ,♦ ✐♥❝+❡❛-❡ ,❤❡ -,+❡♥❣,❤

♦❢ ,❤❡ ❧♦❣- ✉-❡❞ ❛- ❞✐❣✐,❛❧ ❡✈✐❞❡♥❝❡✳

✹✳✹✳✶ ❚❡❝❤♥✐❝❛❧ ❛♥❞ ▲❡❣❛❧ ❆//✉♠♣3✐♦♥/

❚❤❡ ❧♦❣❣✐♥❣ ♣+♦,♦❝♦❧- ❞❡-❝+✐❜❡❞ ✐♥ ❙❡❝,✐♦♥ ✶✳✺ ♣+♦✈✐❞❡ ❣✉❛+❛♥,❡❡- ✭✐♥,❡❣+✐,②✱ ❝♦♥✜❞❡♥,✐❛❧✲

✐,② ❛♥❞ ❛✉,❤❡♥,✐❝❛,✐♦♥✮ ,❤❛, ❝❛♥ ✐♥❝+❡❛-❡ ,❤❡ ♣+♦❜❛,✐✈❡ ✈❛❧✉❡- ♦❢ ,❤❡ ❧♦❣- ✉-❡❞ ❛- ❞✐❣✐,❛❧

❡✈✐❞❡♥❝❡✳ ❚❤❡-❡ ❣✉❛+❛♥,❡❡- ❛+❡ ✉-✉❛❧❧② ❜❛-❡❞ ♦♥ -❡❝✉+✐,② ♣+♦♣❡+,✐❡- ♦❢ ❝+②♣,♦❣+❛♣❤✐❝ ,❡❝❤✲

♥✐G✉❡- ❛♥❞ ❝♦♠♠✉♥✐❝❛,✐♦♥ ♣+♦,♦❝♦❧-✳ ❍♦✇❡✈❡+✱ ✐♥ ❛ ❧❡❣❛❧ ♣+♦❝❡❞✉+❡✱ ,❤❡ ♣+♦❜❛,✐✈❡ ✈❛❧✉❡

♦❢ ❞✐❣✐,❛❧ ❡✈✐❞❡♥❝❡ ✐- ❛❧✇❛②- ❧❡❢, ,♦ ,❤❡ ❛♣♣+❛✐-❛❧ ♦❢ ,❤❡ ❥✉❞❣❡ ✭✉-✉❛❧❧② ❜❛-❡❞ ♦♥ ,❤❡ ❛❞✈✐❝❡

♦❢ ,❡❝❤♥✐❝❛❧ ❡①♣❡+,-✮✳ ■♥ ♦+❞❡+ ,♦ +❡❞✉❝❡ ❧❡❣❛❧ ✉♥❝❡+,❛✐♥,✐❡- ✐♥ ,❤✐- ♣+♦❝❡❞✉+❡✱ ✇❡ ♣+♦♣♦-❡

❛ ✇❛② ,♦ ❡✈❛❧✉❛,❡ ❛ ❣✐✈❡♥ ❧♦❣ ❞✐-,+✐❜✉,✐♦♥ ✇❤✐❝❤ ✐- ❜❛-❡❞ ♦♥ ,❤❡ ❛--✉♠♣,✐♦♥ ,❤❛, ❛❣❡♥,-

♦♥❧② ,❛♠♣❡+ ✇✐,❤ ,❤❡ ❧♦❣- ✇❤❡♥ ,❤❡+❡ ✐- ❛ ♣♦--✐❜✐❧✐,② ,♦ ❝❤❛♥❣❡ ,❤❡ +❡-✉❧, ♦❢ ,❤❡ ❛♥❛❧②-✐-

♦❢ ❛ ❝❧❛✐♠ ✭❛❝❝❡♣, ❛ ❝❧❛✐♠ ,❤❛, -❤♦✉❧❞ ❜❡ +❡❥❡❝,❡❞ ♦+ ✈✐❝❡✲✈❡+-❛✮ ✐♥ ,❤❡✐+ ❢❛✈♦+✳ ❲❡ ✜+-,

✐♥,+♦❞✉❝❡ -♦♠❡ ,❡❝❤♥✐❝❛❧ ❝♦♥❝❡♣,- +❡❧❛,❡❞ ,♦ ❧♦❣ ❞✐-,+✐❜✉,✐♦♥ ,❤❛, ❝♦♠♣❧❡♠❡♥, ,❤❡ ♥♦,✐♦♥-

♣+❡-❡♥,❡❞ ✐♥ ❙❡❝,✐♦♥ ✸✳✸✳✸✳

✾✾
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❚❤❡ ♠❛❧✐❝✐♦✉* ❛++❛❝❦* ❝♦♥*✐❞❡/❡❞ ❤❡/❡ ❛/❡ /❡❧❛+❡❞ +♦ +❤❡ +②♣❡ ❛♥❞ ❛❝+✐♦♥ ✜❡❧❞* ♦❢ ❡♥+/✐❡*✳

❲❡ ❞♦ ♥♦+ ❝♦♥*✐❞❡/ ❛++❛❝❦* ❝♦♥*✐*+✐♥❣ ✐♥ ❝❤❛♥❣✐♥❣ +❤❡ ✈❛❧✉❡ ♦❢ +❤❡ ♣❛/❛♠❡+❡/*✳ ❚❤❡/❡❢♦/❡✱

✇❡ ❞❡✜♥❡ +❤❡ ♥♦+✐♦♥ ♦❢ ✏❢♦/♠✑ ♦❢ ❛ ❧♦❣ ❡♥+/② ❛* ❛ ♣❛✐/ ♠❛❞❡ ♦❢ ✐+* +②♣❡ ❛♥❞ ❛❝+✐♦♥✳ ❚❤❡

❢✉♥❝+✐♦♥ EvForm ♠❛♣* ❡✈❡/② ❧♦❣ ❡♥+/② +♦ ✐+* ❢♦/♠✿

EvForm ∈ ENTRY → (TY PE ×ACTION)
∀(tp, cS , cR, ac, par).((tp, cS , cR, ac, par) ∈ ENTRY ⇒

EvForm(tp, cS , cR, ac, par) = (tp, ac))

■♥ ♦/❞❡/ +♦ ❞❡✜♥❡ +❤❡ ❧❡✈❡❧ ♦❢ +/✉*+✇♦/+❤✐♥❡** ♦❢ ❛ *❡+ ♦❢ ❧♦❣ ✜❧❡*✱ ✇❡ *♣❡❝✐❢② +❤❡ ❢✉♥❝+✐♦♥

Access +❤❛+ ♠❛♣* ❡✈❡/② ❢♦/♠ ♦❢ ❧♦❣ ❡♥+/② ✐♥+♦ +❤❡ *❡+ ♦❢ ❛❣❡♥+* +❤❛+ ❤❛✈❡ ❛❝❝❡** +♦ +❤✐*

❡♥+/② ✭✇❤✐❝❤ ❛/❡ ❛❧*♦ +❤❡ ❛❣❡♥+* ✐♥ ❝❤❛/❣❡ ♦❢ ❧♦❣❣✐♥❣ +❤❡ ❝♦//❡*♣♦♥❞✐♥❣ ❡♥+/✐❡*✮✳

Access ∈ (TY PE ×ACTION)→ F(AGENT )

❋♦/ ❡①❛♠♣❧❡✱ ✇❡ *♣❡❝✐❢② +❤❛+ ❇◆D ❤❛* ❛❝❝❡** +♦ +❤❡ ❧♦❣* ♦❢ CompBank ❛*✿

Access(Rec,Debit) = {BNP}
Access(Send,Bill) = {BNP}

❲❡ ❛❧*♦ ❛**✉♠❡ +❤❛+ ❝❡/+❛✐♥ ❛❣❡♥+* ❝❛♥ ❜❡ +/✉*+❡❞ ♥♦+ +♦ +❛♠♣❡/ ✇✐+❤ ❝❡/+❛✐♥ +②♣❡* ♦❢

❡♥+/✐❡*✳ ❲❡ /❡♣/❡*❡♥+ +❤✐* ❛**✉♠♣+✐♦♥ ❜② +❤❡ ❢✉♥❝+✐♦♥ Trust +❤❛+ ♠❛♣* ❡✈❡/② ❢♦/♠ ♦❢ ❡♥+/②

✇✐+❤ ❛❣❡♥+* +❤❛+ ❛/❡ +/✉*+❡❞ ❢♦/ +❤✐* ❢♦/♠✳

Trust ∈ (TY PE ×ACTION)→ F(AGENT )

▲❡❣❛❧❧② *♣❡❛❦✐♥❣✱ +❤✐* ❛**✉♠♣+✐♦♥ ❝❛♥ ❜❡ *❡❡♥ ❛* ❛ ♣/❡*✉♠♣+✐♦♥ ♦❢ ✐♥+❡❣/✐+② ♦❢ +❤❡ ❧♦❣

❡♥+/✐❡* ❡✐+❤❡/ ❞✉❡ +♦ +❡❝❤♥✐❝❛❧ /❡❛*♦♥* ✭❡✳❣✳ ✉*❡ ♦❢ +/✉*+❡❞ ♠♦❞✉❧❡*✮ ♦/ ❧❡❣❛❧ /❡❛*♦♥*✱ ✭❡✳❣✳

*+/♦♥❣ /❡❣✉❧❛+✐♦♥*✮✳ ❋♦/ ❡①❛♠♣❧❡✱ ✇❡ ❛**✉♠❡ +❤❛+ ❇◆D ❝❛♥ ❜❡ +/✉*+❡❞ ♥♦+ +♦ +❛♠♣❡/ ✇✐+❤

+❤❡ ❡♥+/✐❡* ♦❢ CompBank ❜❡❝❛✉*❡ ❜❛♥❦* ❛/❡ *✉❜❥❡❝+ +♦ /✐❣♦/♦✉* /❡❣✉❧❛+✐♦♥* ❛♥❞ +❤❡② ❛/❡

✈❡/② ✉♥❧✐❦❡❧② +♦ ❜/❡❛❝❤ +❤❡♠✳

❋✐♥❛❧❧②✱ *♦♠❡ ❧♦❣❣✐♥❣ ♣/♦+♦❝♦❧* ❞❡*❝/✐❜❡❞ ✐♥ ❙❡❝+✐♦♥ ✶✳✺ ✐♥❝❧✉❞❡ +❤❡ ♥♦+✐♦♥ ♦❢ ❛✉+❤❡♥+✐✲

❝❛+❡❞ ❧♦❣ ❡♥+/✐❡*✱ ❡✳❣✳ ❬◆❡✇ ✫ ❘♦*❡ ✷✵✵✶✱ ❙❛❝❦♠❛♥♥ ❡+ ❛❧✳ ✷✵✵✻✱ ▼❛ ✫ ❚*✉❞✐❦ ✷✵✵✾❪✳ ❲❡

❛❧*♦ ❞❡✜♥❡ +❤❡ ❢✉♥❝+✐♦♥ Auth +❤❛+ ♠❛♣* ❡❛❝❤ ❛❝+✐♦♥ +♦ +❤❡ *❡+ ♦❢ ❛❣❡♥+* +❤❛+ ❛✉+❤❡♥+✐❝❛+❡

+❤✐* ❛❝+✐♦♥✿

Auth ∈ ACTION → F(AGENT )

❚❤❡ ♠❡❛♥✐♥❣ ♦❢ ❛♥ ❛✉+❤❡♥+✐❝❛+❡❞ ❛❝+✐♦♥ ✐* +❤❛+ ✐+ ✐* ✏+❡*+✐✜❡❞✑ ❜② *♦♠❡ ❛❣❡♥+* ❛♥❞ ✐+ ❝❛♥♥♦+

❜❡ +❛♠♣❡/❡❞ ✇✐+❤ ❜② ❛♥② ♦+❤❡/ ❛❣❡♥+*✱ ❡✳❣✳ +❤❡ +❡*+✐❢②✐♥❣ ❛❣❡♥+ ❞✐❣✐+❛❧❧② *✐❣♥ +❤❡ ❡♥+/② ✇✐+❤

+❤❡ ❤✐* ♣/✐✈❛+❡ ❦❡②✳ ❆* ❛♥ ✐❧❧✉*+/❛+✐♦♥✱ *✉♣♣♦*❡ +❤❛+ +❤❡ ❡♥+/② NewRequest ✐* ❛✉+❤❡♥+✐❝❛+❡❞

❜② Client✱ +❤❡♥ ♦♥❧② Client ♠❛② ❢♦/❣❡ ❛ /❡*❡/✈❛+✐♦♥ /❡V✉❡*+✳

◆♦+❡ +❤❛+ +❤❡ ❢✉♥❝+✐♦♥* Access✱ Trust ❛♥❞ Auth ❤❛✈❡ +♦ ❜❡ *♣❡❝✐✜❡❞ ❢♦/ ❡✈❡/② ❛❝+✐♦♥

❜✉+ ✐+ ✐* ♣♦**✐❜❧❡ +♦ ♠❛♣ ❛❝+✐♦♥* +♦ ❡♠♣+② *❡+* +♦ ✐♥❞✐❝❛+❡✱ /❡*♣❡❝+✐✈❡❧②✱ ❛❝+✐♦♥* +❤❛+ ❛/❡

♥♦+ ❧♦❣❣❡❞✱ ❛❝+✐♦♥* +❤❛+ ❞♦ ♥♦+ ❤❛✈❡ ❛♥② +/✉*+❡❞ ❛❣❡♥+ ♦/ ❛❝+✐♦♥* +❤❛+ ❛/❡ ❧♦❣❣❡❞ ✇✐+❤♦✉+

❛♥② ❛✉+❤❡♥+✐❝❛+✐♦♥✳

✶✵✵
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✹✳✹✳✷ ▼❛❧✐❝✐♦✉* ❆,,❛❝❦*

❆! ♠❡♥%✐♦♥❡❞ ✐♥ ❙❡❝%✐♦♥ ✶✳✺✳✷✱ ✐♥%❡❣1✐%② ✐! ❛ ❝1✉❝✐❛❧ ❝♦♥❞✐%✐♦♥ %♦ ❡♥!✉1❡ %❤❡ ♣1♦❜❛%✐✈❡ ✈❛❧✉❡!

♦❢ %❤❡ ❧♦❣!✳ ❍♦✇❡✈❡1✱ ✐♥ ♦1❞❡1 %♦ 1❡❛!♦♥ ❛❜♦✉% %❤❡ ✐♥%❡❣1✐%② ♦❢ %❤❡ ❧♦❣ ✜❧❡!✱ ✇❡ ♠✉!% ✜1!%

❞❡✜♥❡ %❤❡ %②♣❡! ♦❢ ♠❛❧✐❝✐♦✉! ❛%%❛❝❦! %♦ ❜❡ ❛❞❞1❡!!❡❞✳

❲❡ ❝♦♥!✐❞❡1 %✇♦ %②♣❡! ♦❢ ❛%%❛❝❦! ❛❣❛✐♥!% %❤❡ ❧♦❣!✿ %❤❡ ❞❡❧❡%✐♦♥ ♦❢ ❛♥ ❡♥%1② ❛♥❞ %❤❡

❛❞❞✐%✐♦♥ ♦❢ ❛ ♥❡✇ ❡♥%1②✳ ❚❤❡ ❝♦11❡!♣♦♥❞✐♥❣ ❛%%❛❝❦! ❛1❡ ❞❡♥♦%❡❞ 1❡!♣❡❝%✐✈❡❧② ❜②✿

❼ Delete(agent, comp, i) ✕ ❞❡❧❡%✐♦♥ ❜② agent ♦❢ %❤❡ i✲%❤ ❡♥%1② ✐♥ %❤❡ ❧♦❣ ✜❧❡ ♦❢ %❤❡
❝♦♠♣♦♥❡♥% comp✳

❼ Add(agent, comp, i, en) ✕ ❛❞❞✐%✐♦♥ ❜② agent ♦❢ ❡♥%1② en ❛% ♣♦!✐%✐♦♥ i ✐♥ %❤❡ ❧♦❣ ✜❧❡ ♦❢
%❤❡ ❝♦♠♣♦♥❡♥% comp✳

■♥ ❬▲❡ ▼H%❛②❡1 ❡% ❛❧✳ ✷✵✶✵❜❪✱ ✇❡ ❞❡✜♥❡ %❤❡ ❡✛❡❝% ♦❢ ❡❛❝❤ ♦❢ %❤❡!❡ ❛%%❛❝❦!✳ ❚②♣✐❝❛❧❧② %❤❡

❣♦❛❧ ♦❢ %❤❡!❡ ❛%%❛❝❦! ❝❛♥ ❜❡ %♦ ❡!❝❛♣❡ ♣♦%❡♥%✐❛❧ ❝❧❛✐♠! ❢1♦♠ ♦%❤❡1 ❛❣❡♥%! ♦1 %♦ ❜✉✐❧❞ ❝❧❛✐♠!

❛❣❛✐♥!% ♦%❤❡1 ❛❣❡♥%!✳ ❲❡ ❛!!✉♠❡ %❤❛% ❛♥ ❛%%❛❝❦ ❝❛♥ ❤❛♣♣❡♥ ♦♥❧② ❢1♦♠ ❛❣❡♥%! %❤❛% ❛1❡ ♥♦%

%1✉!%❡❞ ❢♦1 %❤❡ %❛1❣❡%❡❞ ❡♥%1✐❡! ✭agent 6∈ Trust(EvForm(en))✮ ❛♥❞ %❤❛% ❝❛♥ ❜❡♥❡✜% ❢1♦♠
%❤✐! ❛%%❛❝❦✳ ❚❤❡ ❡✈❛❧✉❛%✐♦♥ ♦❢ %❤✐! ❜❡♥❡✜% ✐! ❜❛!❡❞ ♦♥ %❤❡ ♣♦%❡♥%✐❛❧✐%② %♦ ♠❛❦❡ ✐% ♣♦!!✐❜❧❡

✭♦1 ✐♠♣♦!!✐❜❧❡✮ %♦ !✉!%❛✐♥ ❝❧❛✐♠! ✐♥ ❢❛✈♦1 ✭♦1 ❛❣❛✐♥!%✮ agent✳

▼♦1❡ !♣❡❝✐✜❝❛❧❧②✱ ❛♥ ❛%%❛❝❦ Delete %❛❦❡! ♣❧❛❝❡ ♦♥❧② ✐❢ %❤❡1❡ ❡①✐!%! ❛ !❡% ♦❢ ❧♦❣ ✜❧❡! ❛♥❞

❛ ❝❧❛✐♠ ✐♥!%❛♥❝❡ !✉❝❤ %❤❛% ♦♥❡ ♦❢ %❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐%✐♦♥! ❤❛♣♣❡♥!✿

❼ agent ✐! %❤❡ ♣❧❛✐♥%✐✛ ❛♥❞ %❤❡ ❝❧❛✐♠ ✇♦✉❧❞ ❜❡ 1❡❥❡❝%❡❞ ✇✐%❤ %❤❡ ♦1✐❣✐♥❛❧ ❧♦❣ ✜❧❡!✱ ❜✉%

✇♦✉❧❞ ❜❡ ❛❝❝❡♣%❡❞ ❛❢%❡1 ❞❡❧❡%✐♦♥ ♦❢ %❤❡ ❡♥%1②✳

❼ agent ❝❛♥ ❜❡ ❧✐❛❜❧❡ ❢♦1 %❤❡ ❝❧❛✐♠ ❛♥❞ %❤❡ ❝❧❛✐♠ ✇♦✉❧❞ ❜❡ ❛❝❝❡♣%❡❞ ❢♦1 %❤❡ ♦1✐❣✐♥❛❧

❧♦❣ ✜❧❡!✱ ❜✉% ✇♦✉❧❞ ❜❡ .❡❥❡❝%❡❞ ❛❢%❡1 ❞❡❧❡%✐♦♥ ♦❢ %❤❡ ❡♥%1②✳

Add ❛%%❛❝❦! ❛1❡ ❞❡✜♥❡❞ !✐♠✐❧❛1❧② ✇✐%❤ %❤❡ ❛❞❞✐%✐♦♥❛❧ ❝♦♥❞✐%✐♦♥ %❤❛% ♦♥❧② ❛❣❡♥%! %❤❛% ❛✉✲

%❤❡♥%✐❝❛%❡ ❛ ❧♦❣ ❡♥%1② ❝❛♥ ❛❞❞ ✐% %♦ %❤❡ ❧♦❣ ✜❧❡✳ ❚❤✐! ❝♦♥❞✐%✐♦♥ ❡①♣1❡!!❡! %❤❡ ❢❛❝% %❤❛%

❛❣❡♥%! ❝❛♥♥♦% ❢♦1❣❡ ❧♦❣ ❡♥%1✐❡! ❛✉%❤❡♥%✐❝❛%❡❞ ❜② ♦%❤❡1 ❛❣❡♥%!✳

✹✳✹✳✸ ❈❧❛✐♠ ❊✈❡♥,*

❚♦ ❛♥❛❧②③❡ %❤❡ ❛❝❝❡♣%❛❜✐❧✐%② ♦❢ ❝❧❛✐♠! ✇❡ 1❡♣1❡!❡♥% %❤❡ ❝❧❛✐♠ ✐♥!%❛♥❝❡! ❜② ✏❝❧❛✐♠ ❡✈❡♥%!✑ %❛❦✲

✐♥❣ %❤❡ ❢♦1♠ C(plain, def, prop)✱ !✉❝❤ %❤❛% plain ✐! %❤❡ ♣❧❛✐♥%✐✛✱ def %❤❡ ❞❡❢❡♥❞❛♥% ❛♥❞ prop
✐! %❤❡ ❣1♦✉♥❞ ❢♦1 %❤❡ ❝❧❛✐♠✳ ❚❤❡ !❡% CLAIM EV 1❡♣1❡!❡♥%! %❤❡ !❡% ♦❢ ❛❧❧ ❝❧❛✐♠ ❡✈❡♥%! ❝♦♥✲

!✐❞❡1❡❞ ❜② ♣❛1%✐❡!✳ ❲❡ ❛❧!♦ ✉!❡ ❛ ❢✉♥❝%✐♦♥ Eval ∈ (PROP × LOG SET ) → {Ac,Rj, In}
%❤❛% 1❡%✉1♥!✱ ❢♦1 ❛ ❣✐✈❡♥ ♣1♦♣❡1%② ❛♥❞ ❛ !❡% ♦❢ ❧♦❣!✱ Ac ✭❛❝❝❡♣%❡❞✮ ✐❢ %❤❡ ♣1♦♣❡1%② ❤♦❧❞!✱ Rj

✭1❡❥❡❝%❡❞✮ ✐❢ ✐% ❞♦❡! ♥♦% ❤♦❧❞ ♦1 In ✐❢ ✐% ✐! ✐♥❝♦♥❝❧✉!✐✈❡✳ ❲❡ ❛❞❞ %❤❡ ♣♦!!✐❜❧❡ 1❡!✉❧% In %♦

1❡♣1❡!❡♥% %❤❡ ❢❛❝% %❤❛% ✐% ✐! ♥♦% ❛❧✇❛②! ♣♦!!✐❜❧❡ %♦ ❡!%❛❜❧✐!❤ ❧✐❛❜✐❧✐%✐❡! ✉!✐♥❣ %❤❡ ❧♦❣! ✭❡✳❣✳

❧♦❣! ♠❛② ❤❛✈❡ ❜❡❡♥ %❛♠♣❡1❡❞ ✇✐%❤ ♦1 %❤❡ !❝❡♥❛1✐♦ ❛♥❛❧②!✐! ♠❛② ♥♦% ♣1♦✈✐❞❡ ❛ ❝♦♥❝❧✉!✐✈❡

1❡!✉❧%✮✳

✶✵✶
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Eval ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛' ❢♦❧❧♦✇ ❜❛'❡❞ ♦♥ V erifyProperty ✐♥-.♦❞✉❝❡❞ ✐♥ ❈❤❛♣-❡. ✸✿

V erifyProperty(LogSet, prop) = (scen, ok) -❤❡♥ Eval(prop, LogSet) =

❼ Ac ✐❢ scen = ok

❼ Rj ✐❢ ok = ∅

❼ In ♦-❤❡.✇✐'❡

◆♦-❡ -❤❛- ✇❡ ✉'❡ -❤❡ ❝❧❛✐♠ ❡✈❡♥- C(plain, def, prop ∧ error) -♦ ❡♥❝❛♣'✉❧❛-❡ -❤❡ ❝♦♥❞✐-✐♦♥'

❢♦. -❤❡ ✈❛❧✐❞✐-② ♦❢ -❤❡ ❝❧❛✐♠ ✭prop✮ ❛♥❞ ❢♦. -❤❡ ❧✐❛❜✐❧✐-✐❡' ♦❢ ❛♥ ❛❣❡♥- ✭error✮✳ ❋♦. ❡①❛♠♣❧❡✱

❢♦. ❛ ❣✐✈❡♥ claim = (plain, def, prop) '✉❝❤ -❤❛-✿

Liability(claim)(error) = {Ag1, Ag2}

✇❡ ✉'❡ ❝❧❛✐♠ ❡✈❡♥-' C(plain,Ag1, prop ∧ error) ❛♥❞ C(plain,Ag2, prop ∧ error)✳

✹✳✹✳✹ ❆❝❝❡♣&❛❜❧❡ ▲♦❣ ❉✐/&0✐❜✉&✐♦♥

❲❡ ❞❡✜♥❡ ❛ ♥♦-✐♦♥ ♦❢ ❛❝❝❡♣-❛❜❧❡ ❧♦❣ ❞✐'-.✐❜✉-✐♦♥ -❤❛- ❞❡♣❡♥❞' ♦♥ -❤❡ -❡❝❤♥✐❝❛❧ ❛♥❞ ❧❡❣❛❧

❛''✉♠♣-✐♦♥' ✭❙❡❝-✐♦♥ ✹✳✹✳✶✮ ❛♥❞ -❤❡ ♠❛❧✐❝✐♦✉' ❛--❛❝❦' ✭❙❡❝-✐♦♥ ✹✳✹✳✷✮✳ ❚❤✐' ❞❡✜♥✐-✐♦♥ ♣.♦✲

✈✐❞❡' -❤❡ ❝♦♥❞✐-✐♦♥' ♦♥ ❧♦❣ ❞✐'-.✐❜✉-✐♦♥' -♦ ❡♥'✉.❡ -❤❛- -❤❡ ❛--❛❝❦' ♦❢ ♠❛❧✐❝✐♦✉' ❛❣❡♥-' ♦♥

-❤❡ ❧♦❣' ❞♦ ♥♦- ❤❛✈❡ ❛♥② ✐♠♣❛❝- ♦♥ -❤❡ ✈❛❧✐❞✐-② ♦❢ -❤❡ ❝❧❛✐♠'✳ ■- ✐' ❜❛'❡❞ ♦♥ -❤❡ ✏❞❡♣❡♥❞❡♥❝②

❢✉♥❝-✐♦♥✑ Neutral ∈ (TY PE × ACTION) → F(AGENT )✳ Neutral(tp, ac) .❡-✉.♥'

-❤❡ '❡- ♦❢ ❛❣❡♥-' ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♥'✐❞❡.❡❞ ❛' ♥❡✉-.❛❧ ❢♦. ❛ ❢♦.♠ ♦❢ ❡♥-.② (tp, ac) ❜❡❝❛✉'❡ -❤❡

♦❝❝✉..❡♥❝❡ ♦❢ -❤❡'❡ ❡♥-.✐❡' ✐' ♥❡✐-❤❡. ❞❡-.✐♠❡♥-❛❧ ♥♦. ❜❡♥❡✜❝✐❛❧ ❢♦. ❝❧❛✐♠' ✐♥ ✇❤✐❝❤ -❤❡'❡

❛❣❡♥-' ♠✐❣❤- ❜❡ ✐♥✈♦❧✈❡❞✿

❉❡✜♥✐%✐♦♥ ✸✳ Neutral

agent ∈ Neutral(tp, ac) ✐✛✿

∀(LogSet, LogSet′, en).(LogSet ∈ LOG SET ∧ LogSet′ ∈ LOG SET ∧
en ∈ ENTRY ∧ EvForm(en) = (tp, ac) ∧
ExtractEn(LogSet, en) = ExtractEn(LogSet′, en)⇒ ∀(def, plain, prop).

(C(agent, def, prop) ∈ CLAIM EV ⇒ Eval(prop, LogSet) = Eval(prop, LogSet′) ∧
C(plain,agent, prop) ∈ CLAIM EV ⇒ Eval(prop, LogSet) = Eval(prop, LogSet′)))

❲❤❡.❡ ❢✉♥❝-✐♦♥ ExtractEn(LogSet, en) .❡-✉.♥' -❤❡ ❧♦❣ ✜❧❡' ♦❢ LogSet ❢.♦♠ ✇❤✐❝❤ ❛❧❧ ♦❝✲

❝✉..❡♥❝❡' ♦❢ ❡♥-.✐❡' en ❤❛✈❡ ❜❡❡♥ .❡♠♦✈❡❞✳

❲❡ ❛❧'♦ ❞❡✜♥❡ -❤❡ ❢✉♥❝-✐♦♥ Fplus✱ ✇❤✐❝❤ ✐' ✇❡❛❦❡. -❤❛♥ Neutral✿ Fplus(tp, ac) .❡-✉.♥'
-❤❡ '❡- ♦❢ ❛❣❡♥-' ❢♦. ✇❤✐❝❤ -❤❡ ♦❝❝✉..❡♥❝❡ ♦❢ ❡♥-.✐❡' ♦❢ -❤❡ ❢♦.♠ (tp, ac) ❝❛♥♥♦- ❜❡ ❞❡"#✐♠❡♥"❛❧

✐♥ -❤❡ '❡♥'❡ -❤❛- -❤❡② ❝❛♥♥♦- ❝♦♥-.✐❜✉-❡ -♦ ♠❛❦❡ ❛ ❝❧❛✐♠ ❛❣❛✐♥'- -❤❡♠ ✈❛❧✐❞ ♦. ❛ ❝❧❛✐♠ ❢.♦♠

-❤❡♠ ✐♥✈❛❧✐❞✿

✶✵✷
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❉❡✜♥✐%✐♦♥ ✹✳ Fplus

agent ∈ Fplus(tp, ac) ✐✛✿

∀(LogSet, LogSet′, en).(LogSet ∈ LOG SET ∧ LogSet′ ∈ LOG SET ∧
en ∈ ENTRY ∧ EvForm(en) = (tp, ac) ∧ ContainEv(LogSet, en) ∧
ExtractEn(LogSet, en) = ExtractEn(LogSet′, en)⇒ ∀(def, plain, prop).

(C(agent, def, prop) ∈ CLAIM EV ⇒ Eval(prop, LogSet′)⇒ Eval(prop, LogSet) ∧
C(plain,agent, prop) ∈ CLAIM EV ⇒ Eval(prop, LogSet)⇒ Eval(prop, LogSet′)))

✇❤❡&❡ ❢✉♥❝+✐♦♥ ContainEv(LogSet, en) &❡+✉&♥- +&✉❡ ✐❢ +❤❡&❡ ✐- ❛ ❧♦❣ ✜❧❡ ✐♥ LogSet +❤❛+

❝♦♥+❛✐♥- ❛♥ ♦❝❝✉&&❡♥❝❡ ♦❢ ❡♥+&② en✳

❚❤❡ ❞✉❛❧ ♦❢ Fplus(tp, ac) ✐- Fminus(tp, ac) ✇❤✐❝❤ &❡+✉&♥- +❤❡ -❡+ ♦❢ ❛❣❡♥+- ❢♦& ✇❤✐❝❤ +❤❡

♦❝❝✉&&❡♥❝❡ ♦❢ ❡♥+&✐❡- ♦❢ +❤❡ ❢♦&♠ (tp, ac) ❝❛♥♥♦+ ❜❡ ❜❡♥❡✜❝✐❛❧✳

❉❡✜♥✐%✐♦♥ ✺✳ Fminus

agent ∈ Fminus(tp, ac) ✐✛✿

∀(LogSet, LogSet′, en).(LogSet ∈ LOG SET ∧ LogSet′ ∈ LOG SET ∧
en ∈ ENTRY ∧ EvForm(en) = (tp, ac) ∧ ¬ContainEv(LogSet, en) ∧
ExtractEn(LogSet, en) = ExtractEn(LogSet′, en)⇒ ∀(def, plain, prop).

(C(agent, def, prop) ∈ CLAIM EV ⇒ Eval(prop, LogSet′)⇒ Eval(prop, LogSet) ∧
C(plain,agent, prop) ∈ CLAIM EV ⇒ Eval(prop, LogSet)⇒ Eval(prop, LogSet′)))

❇❛-❡❞ ♦♥ +❤❡ ❞❡✜♥✐+✐♦♥ ♦❢ +❤❡-❡ +❤&❡❡ ❢✉♥❝+✐♦♥- ✇❡ ❞❡✜♥❡ ❛ ❧♦❣ ❞✐-+&✐❜✉+✐♦♥ ❛- ❛❝❝❡♣+❛❜❧❡✳

❉❡✜♥✐%✐♦♥ ✻✳ ❆❝❝❡♣+❛❜❧❡ ❧♦❣ ❞✐-+&✐❜✉+✐♦♥

❆ ❧♦❣ ❞✐-+&✐❜✉+✐♦♥ ✐- ❛❝❝❡♣+❛❜❧❡ ✐❢ ❛♥❞ ♦♥❧② ✐❢ ❢♦& ❛♥② ❡♥+&② ❢♦&♠ (tp, ac) -✉❝❤ +❤❛+

∃(agent).(agent 6∈ Neutral(tp, ac)) +❤❡♥ Access(tp, ac) 6= ∅✱ ❛♥❞✿

❼ ∀(agent).(agent ∈ Access(tp, ac)⇒ agent ∈ Neutral(tp, ac) ∪ Trust(tp, ac))

♦&

❼ Auth(ac) 6= ∅ ∧ ∀(agent).(agent ∈ Auth(ac)⇒ agent ∈ Fminus(tp, ac)) ∧
∀(agent).(agent ∈ Access(tp, ac)⇒ (agent ∈ Fplus(tp, ac) ∨ agent ∈ Trust(tp, ac)))

■♥ ♦+❤❡& ✇♦&❞-✱ ❛ ❧♦❣ ❞✐-+&✐❜✉+✐♦♥ ✐- ❛❝❝❡♣+❛❜❧❡ ✐❢ ❡❛❝❤ ❡♥+&② ✇❤✐❝❤ ♠❛② ❤❛✈❡ ❛♥ ✐♠✲

♣❛❝+ ♦♥ ❛ ❝❧❛✐♠ ✭∃(agent).(agent ∈ Neutral(tp, ac))✮ ✐- ❧♦❣❣❡❞ ❜② ❛+ ❧❡❛-+ ♦♥❡ ❛❣❡♥+

✭Access(tp, ac) 6= ∅✮ ❛♥❞✿

❼ +❤❡ ❧♦❣❣✐♥❣ ❛❣❡♥+- ❛&❡ ♥❡✉+&❛❧ ✇✳&✳+ +❤✐- ❢♦&♠ ♦❢ ❡♥+&② ♦& ❝❛♥ ❜❡ +&✉-+❡❞ +♦ ❧♦❣ +❤✐-

❢♦&♠ ♦❢ ❡♥+&②

♦&

✶✵✸
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❼  ❤✐# ❢♦&♠ ♦❢ ❡♥ &② ✐# ♥♦ ❜❡♥❡✜❝✐❛❧ ❢♦& ❛❣❡♥ #  ❤❛ ❛✉ ❤❡♥ ✐❝❛ ❡  ❤❡♠ ❛♥❞ ♥♦ ❞❡ &✐✲

♠❡♥ ❛❧  ♦ ❧♦❣❣✐♥❣ ❛❣❡♥ #✱ ✉♥❧❡##  ❤❡② ❝❛♥ ❜❡  &✉# ❡❞  ♦ ❧♦❣  ❤❡♠✳

❉❡✜♥✐ ✐♦♥ ✻ ❝❛♥ ❝♦♥# ✐ ✉ ❡  ❤❡ ❜❛#✐# ❢♦& ❛♥ ❛♥❛❧②③❡&  ❛❦✐♥❣ ❛# ✐♥♣✉ ❛ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥

❛♥❞ &❡ ✉&♥✐♥❣ ❡✐ ❤❡& ❛ ♣♦#✐ ✐✈❡ ❛♥#✇❡& ✐❢  ❤❡ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥ ✐# ❛❝❝❡♣ ❛❜❧❡ ♦&  ❤❡ #❡ ♦❢

❡♥ &✐❡# ❢♦& ✇❤✐❝❤  ❤❡ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥ ✐# ♥♦ ❛❝❝❡♣ ❛❜❧❡ ✭✇✐ ❤  ❤❡ #❡ ♦❢ ❛❣❡♥ # ❝♦♥❝❡&♥❡❞✮

♦ ❤❡&✇✐#❡✳ ❚❤❡ ♦♥❧② ❞✐✣❝✉❧ ② ✐#  ❤❡ ❝♦♠♣✉ ❛ ✐♦♥ ♦❢ Neutral✱ Fplus ❛♥❞ Fminus ✇❤✐❝❤

❞❡♣❡♥❞ ♦♥  ❤❡ ❢✉♥❝ ✐♦♥ Eval✳ ❚❤✐# # ❡♣ ❝❛♥ ❜❡ ♠♦&❡ ♦& ❧❡## ❝❤❛❧❧❡♥❣✐♥❣ ✭♦& &❡A✉✐&❡ ♠♦&❡ ♦&

❧❡## ❛♣♣&♦①✐♠❛ ✐♦♥#✮ ❞❡♣❡♥❞✐♥❣ ♦♥  ❤❡ ❡①♣&❡##✐✈❡ ♣♦✇❡& ♦❢  ❤❡ ❧❛♥❣✉❛❣❡ ♦❢ ♣&♦♣❡& ✐❡#✳ ❋♦&

❛ ❧❛♥❣✉❛❣❡ ✐♥✈♦❧✈✐♥❣ ♦♥❧② ❡①✐# ❡♥ ✐❛❧ ♣&♦♣❡& ✐❡# ♦♥ ❡♥ &✐❡# ✭♦❝❝✉&&❡♥❝❡ ♦& ❛❜#❡♥❝❡ ♦❢ ❡♥ &✐❡#✮

 ❤✐# ❛♥❛❧②#✐# ❝❛♥ ❜❡ ❞♦♥❡ ❡❛#✐❧② ❜❛#❡❞ ♦♥  ❤❡ ❛##♦❝✐❛ ✐♦♥ ♦❢ ❛ ♣♦❧❛&✐ ② ✇✐ ❤ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧

❡♥ &② ❞❡♣❡♥❞✐♥❣ ♦♥ ✐ # ❝♦♥ ❡① ♦❢ ♦❝❝✉&&❡♥❝❡ ✐♥ ❛ ❝❧❛✐♠ ♣&♦♣❡& ② ✭✇❤✐❝❤ ❝❛♥ ❜❡ ♣♦#✐ ✐✈❡✱

♥❡❣❛ ✐✈❡ ♦& ♥❡✉ &❛❧✮✳

✹✳✹✳✺ ❘❡%✉❧(%

❚❤❡ ✉❧ ✐♠❛ ❡ ❣♦❛❧ ♦❢  ❤❡ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥ ✐#  ♦ ❡♥#✉&❡  ❤❛ ❛♥② ❝❧❛✐♠ ❝❛♥ ❜❡ ❡✈❛❧✉❛ ❡❞

❝♦&&❡❝ ❧②✳ ❈♦&&❡❝ ♥❡## ♠❡❛♥#  ❤❛ ❛♥② ❝❧❛✐♠ ❡✈❛❧✉❛ ✐♦♥ ✐# ❝♦&&❡❝ ✱ ❡✈❡♥ ✇❤❡♥  ❤❡ ❧♦❣# ❤❛✈❡

❜❡❡♥ #✉❜❥❡❝  ♦ ♠❛❧✐❝✐♦✉# ❛  ❛❝❦#✳ ❲❡ ❛##✉♠❡  ❤❡ ❡①✐# ❡♥❝❡ ♦❢ ❛ ❢✉♥❝ ✐♦♥ Φ  ❤❛ &❡❝❡✐✈❡#

❛ #❡ ♦❢ ❧♦❣# ❛♥❞ ❛ #❡A✉❡♥❝❡ ♦❢ ❛  ❛❝❦# ✭♦❢  ②♣❡ Add ♦& Delete✮ ❛♥❞ &❡ ✉&♥#  ❤❡ #❡ ♦❢ ❧♦❣#

❛❢ ❡&  ❤❡ ❛  ❛❝❦#✳

❉❡✜♥✐%✐♦♥ ✼✳ ❈♦&&❡❝ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥

❆ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥ ✐# ❝♦&&❡❝ ✐✛✿

∀(LogSet, LogSet′, Attacks, claimEv, plain, def, prop).
(claimEv ∈ CLAIM EV ∧ claimEv = C(plain, def, prop) ∧ LogSet′ =
Φ(LogSet, Attacks)⇒
Eval(prop, LogSet) = Eval(prop, LogSet′)

❚❤❡ ✐♥ ✉✐ ✐♦♥ ♦❢  ❤❡ ❛❜♦✈❡ ❞❡✜♥✐ ✐♦♥ ✐#  ❤❛ ✐♥ ❛ ❝♦&&❡❝ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥ ❡✈❡&② ❝❧❛✐♠ ❡✈❡♥ 

✐# ❡✈❛❧✉❛ ❡❞  ♦  ❤❡ #❛♠❡ &❡#✉❧ ❜❡❢♦&❡ ❛♥❞ ❛❢ ❡&  ❤❡ ❧♦❣# ❤❛✈❡ ❜❡❡♥  ❛♠♣❡&❡❞✳ ❚❤❡ ♠❛✐♥

♣&♦♣❡& ② ♦❢ ❛❝❝❡♣ ❛❜❧❡ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥# ✐# # ❛ ❡❞ ❛# ❢♦❧❧♦✇✿

)*♦♣❡*%② ✹✳✶✳ ❆♥② ❛❝❝❡♣ ❛❜❧❡ ❧♦❣ ❞✐# &✐❜✉ ✐♦♥ ✐# ❝♦&&❡❝ ✳

❚❤✐# ♣&♦♣❡& ② ❢♦❧❧♦✇# ❢&♦♠ ❝♦&&❡❝ ♥❡## ❛♥❞ ❝♦♥#✐# ❡♥❝② ♣&♦♣❡& ✐❡# ❡# ❛❜❧✐#❤❡❞ ✐♥ #✐♠✐❧❛&

#❡  ✐♥❣# ✐♥ ❬▲❡ ▼M ❛②❡& ❡ ❛❧✳ ✷✵✶✵❜❪ ✭✇✐ ❤ ❛ #❧✐❣❤ ❧② ❞✐✛❡&❡♥ ♥♦ ❛ ✐♦♥✮✳ ❚❤❡ ❝♦♥#✐# ❡♥❝②

♣&♦♣❡& ② ❡♥#✉&❡#  ❤❛ ♥♦ ❛  ❛❝❦ ❛❣❛✐♥#  ❤❡ ❧♦❣# ❝❛♥ ✐♥ &♦❞✉❝❡ ✐♥❝♦♥#✐# ❡♥❝✐❡# ❜❡ ✇❡❡♥  ❤❡

❧♦❣# ♦❢ ❞✐✛❡&❡♥ ❛❣❡♥ #✳

✶✵✹
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✹✳✹✳✻ ❈❛%❡ ❙(✉❞②

▲❡" ✉$ ❝♦♥$✐❞❡* ❛♥ ❡①❛♠♣❧❡ ♦❢ ❧♦❣ ❞✐$"*✐❜✉"✐♦♥ ❛♥❛❧②$✐$ ✉$✐♥❣ ♦✉* ❝❛$❡ $"✉❞②✳ ❲❡ ❛$$✉♠❡

"❤❛"✱ ❛❧"❤♦✉❣❤ WebComp ❤❛$ ❜❡❡♥ ♣*♦✈✐❞❡❞ ❜② "❤❡ "*❛✈❡❧ ❛❣❡♥❝②✱ ✐" ✐$ "❤❡ ❝❧✐❡♥" ❤❛$ ❛❝❝❡$$

"♦ "❤❡ ❧♦❣$ ♦❢ WebComp✳ ❚❤❡ "*❛✈❡❧ ❛❣❡♥❝② ✭ThomasCook✮ ❤❛$ ❛❝❝❡$$ "♦ "❤❡ ❧♦❣$ ♦❢

✐"$ ✐♥"❡*♥❛❧ $②$"❡♠ ✭IntSys✮✱ "❤❡ ❤♦"❡❧ ✭iBis✮ "♦ "❤❡ ❧♦❣$ ♦❢ "❤❡ *❡$❡*✈❛"✐♦♥ ❝♦♠♣♦♥❡♥"

✭CompHotel✮ ❛♥❞ "❤❡ ❜❛♥❦ ✭BNP ✮ "♦ "❤❡ ❧♦❣$ ♦❢ "❤❡ ♣❛②♠❡♥" ❝♦♠♣♦♥❡♥"✿

Dist = {{WebComp}, {IntSys}, {CompHotel}, {CompBank}}
Access = {
(Rec,NewRequest) 7→ {Client}, (Rec,CancelRequest) 7→ {Client},
(Send,Request) 7→ {Client}, (Send,Cancel) 7→ {Client},
(Send,Book) 7→ {ThomasCook}, (Send, Unbook) 7→ {ThomasCook},
(Rec,Request) 7→ {ThomasCook}, (Rec,Cancel) 7→ {ThomasCook},
(Rec,Book) 7→ {iBis}, (Rec, Unbook) 7→ {iBis},
(Send,Response) 7→ {iBis}, (Rec,Response) 7→ {ThomasCook},
(Send,Confirm) 7→ {iBis}, (Send,Debit) 7→ {iBis},
(Rec,Debit) 7→ {BNP}, (Send,Bill) 7→ {BNP}
}

❚❤❡ "②♣❡$ ♦❢ ❡♥"*✐❡$ ❛$$♦❝✐❛"❡❞ ✇✐"❤ "❤❡ ❝❧✐❡♥" ❤✐♠$❡❧❢

✶ (Send,NewRequest) ❛♥❞ (Rec,Bill)
❛*❡ ♥♦" ❧♦❣❣❡❞✱ "❤❡*❡❢♦*❡ "❤❡② ❞♦ ♥♦" ❛♣♣❡❛* ✐♥ "❤❡ ❞❡✜♥✐"✐♦♥ ♦❢ Access✳

❲❡ ❝♦♥$✐❞❡* ✐♥ ❛ ✜*$" $"❛❣❡ "❤❛" ♥♦♥❡ ♦❢ "❤❡ ❡♥"*✐❡$ ❛*❡ ❛✉"❤❡♥"✐❝❛"❡❞✱ ✐✳❡✳✿

∀(ac).(ac ∈ ACTION ⇒ Auth(ac) = ∅)

❋✐♥❛❧❧②✱ ✇❡ ❛$$✉♠❡ "❤❛" "❤❡ ❜❛♥❦ ❛♥❞ "❤❡ ❤♦"❡❧ ❛*❡ "*✉$"❡❞ "♦ ❧♦❣ "❤❡✐* ❞❡❜✐" ❜❡❝❛✉$❡ "❤❡②

❤❛✈❡ "♦ ❢♦❧❧♦✇ ✈❡*② $"*✐♥❣❡♥" *❡❣✉❧❛"♦*② *❡A✉✐*❡♠❡♥"$✳ ❚❤✐$ ❛$$✉♠♣"✐♦♥ ❝❛♥ ❜❡ ❡①♣*❡$$❡❞

❛$ ❢♦❧❧♦✇$✿

Trust(Send,Debit) = {iBis}
Trust(Rec,Debit) = {BNP}

▲❡" ✉$ ❝♦♥$✐❞❡* "❤❡ ❝❧❛✐♠ C(Client, ThomasCook, prop) *❛✐$❡❞ ❜② ❛ ❝❧✐❡♥" clientId✇✐"❤
"❤❡ ♣*♦♣❡*"② prop $"❛"✐♥❣ "❤❛" "❤❡ ❝❧✐❡♥" ❤❛$ ❜❡❡♥ ❝❤❛*❣❡❞ ❢♦* ❛ *❡$❡*✈❛"✐♦♥ "❤❛" ❤❛$ ♥♦"

❜❡❡♥ *❡A✉❡$"❡❞✳ ▼♦*❡ ♣*❡❝✐$❡❧②✱ "❤❡ ♣*❡❞✐❝❛"❡ ♦❢ "❤✐$ ♣*♦♣❡*"② ✐$ ❞❡✜♥❡❞ ❛$ ❢♦❧❧♦✇$✿

PropPredicate(prop) =
λ(log).(log ∈ LOG FILE ∧ ∃(cont).(log = ({IntSys, CompHotel}, cont)) |
bool(∃(cont).(log = ({IntSys, CompHotel}, cont) ∧
(Rec,WebComp, IntSys,Request, [sessionId, clientId, details]) 6∈ ran(cont) ∧
(Send,CompHotel, CompBank,Debit, [sessionId, hotelId, clientId, price]) ∈ ran(cont)))

✶

❆! ♦♣♣♦!❡❞ &♦ &❤❡ WebComp ❝♦♠♣♦♥❡♥& ✇❤✐❝❤ ❧♦❣! ✐&! ❡♥&/✐❡!
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❚❤❡ ♣$❡❞✐❝❛)❡ ❤♦❧❞, ✐❢ )❤❡ ❧♦❣, ❝♦♥)❛✐♥ ❛ Debit ❜✉) ♥♦ ❝♦$$❡,♣♦♥❞✐♥❣ Request✳

❚❤❡ ❛♣♣❧✐❝❛)✐♦♥ ♦❢ )❤❡ ❝$✐)❡$✐❛ ♦❢ ❉❡✜♥✐)✐♦♥ ✻ ,❤♦✇, )❤❛) )❤❡ ❧♦❣ ❞✐,)$✐❜✉)✐♦♥ ✐, ♥♦)

❛❝❝❡♣)❛❜❧❡ ❜❡❝❛✉,❡ )❤❡ ❡♥)$✐❡, ♦❢ ❢♦$♠ (Rec,Request) ✭✇❤✐❝❤ ❛$❡ ✐♥✈♦❧✈❡❞ ✐♥ )❤❡ ♣$❡❞✐❝❛)❡
♦❢ prop✮ ❛$❡ ♥♦) ❛♣♣$♦♣$✐❛)❡❧② ❧♦❣❣❡❞✿

❼ ❚❤❡ ❛❣❡♥) ThomasCook )❤❛) ❤❛, ❛❝❝❡,, )♦ )❤✐, )②♣❡ ♦❢ ❡♥)$② ✐, ♥❡✐)❤❡$

)$✉,)❡❞ ♥♦$ ♥❡✉)$❛❧ ❜❡❝❛✉,❡ ✐) ❜❡❧♦♥❣, ♥❡✐)❤❡$ )♦ Trust(Rec,Request) ♥♦$ )♦

Neutral(Rec,Request)✳

❼ ❚❤✐, )②♣❡ ♦❢ ❡♥)$② ✐, ♥♦) ❛✉)❤❡♥)✐❝❛)❡❞ ❜② ❛♥② ❛❣❡♥)✱ ❜❡❝❛✉,❡ Auth(Request) = ∅✳

❖♥❡ ♣♦,,✐❜❧❡ ♦♣)✐♦♥ )♦ ❡♥❤❛♥❝❡ )❤❡ ❧♦❣ ❞✐,)$✐❜✉)✐♦♥ ✐, )❤❛) Request ❡♥)$✐❡, ❛$❡ ❛✉)❤❡♥✲

)✐❝❛)❡❞ ❜② Client✳ ❚❤❡♥✱ ✇❡ ❤❛✈❡✿

Auth(Request) = {Client}

❛♥❞ )❤❡ ,❡❝♦♥❞ ❝$✐)❡$✐♦♥ ♦❢ ❉❡✜♥✐)✐♦♥ ✻ ✐, ,❛)✐,✜❡❞✳ ▼♦$❡ ♣$❡❝✐,❡❧②✱ ✇❡ ❤❛✈❡✿

Auth(Request) 6= ∅ ∧
∀(agent).(agent ∈ Auth(Request)⇒ agent ∈ Fminus(Rec,Request)) ∧
∀(agent).(agent ∈ Access(Rec,Request)⇒ agent ∈ Fplus(Rec,Request))

ThomasCook ❤❛, ,)✐❧❧ ❛❝❝❡,, )♦ )❤❡ ❡♥)$✐❡, ♦❢ )❤❡ ❢♦$♠ (Rec,Request) ❜✉) ❝❛♥♥♦) ❛❞❞ ❛♥②
❡♥)$✐❡, ❜❡❝❛✉,❡ )❤❡② ♠✉,) ❜❡ ❛✉)❤❡♥)✐❝❛)❡❞ ❜② Client✳

❚❤✐, ❡①❛♠♣❧❡ ,❤♦✇, ❤♦✇ )❤❡ ❞❡✜♥✐)✐♦♥ ♦❢ ❛❝❝❡♣)❛❜❧❡ ❧♦❣ ❞✐,)$✐❜✉)✐♦♥ ❝❛♥ ❜❡ ✉,❡❞ )♦

♣$♦✈✐❞❡ ❧♦❣, )❤❛) ❛$❡ ♠♦$❡ ❧✐❦❡❧② )♦ ❜❡ ❛❝❝❡♣)❡❞ ❛, ❞✐❣✐)❛❧ ❡✈✐❞❡♥❝❡ ❜❡❝❛✉,❡ ✐) ✐, ♣♦,,✐❜❧❡ )♦

,❤♦✇ )❤❛) ♥♦ ❛❣❡♥) ❝❛♥ ♠♦❞✐❢② )❤❡ ❧♦❣, )♦ ❣❡) ❛♥② ❜❡♥❡✜) ✐♥ )❤❡ )$❡❛)♠❡♥) ♦❢ )❤❡ ❝❧❛✐♠,✳ ❖❢

❝♦✉$,❡✱ )❤❡ ❧♦❣, ♠✉,) ✐♥ ❛❞❞✐)✐♦♥ ❜❡ ♣$♦)❡❝)❡❞ ❛❣❛✐♥,) ❡①)❡$♥❛❧ ❛))❛❝❦, ✉,✐♥❣ ,❡❝✉$❡ ❧♦❣❣✐♥❣

♠❡)❤♦❞, ✭❙❡❝)✐♦♥ ✶✳✺✮✳

✹✳✹✳✼ ❘❡❧❛'❡❞ ❲♦+❦-

❚❤❡ ✇♦$❦ ✇❤✐❝❤ ✐, )❤❡ ❝❧♦,❡,) ✐♥ ,♣✐$✐) )♦ )❤❡ ❛♣♣$♦❛❝❤ ♣$❡,❡♥)❡❞ ✐♥ )❤✐, ,❡❝)✐♦♥ ✐, )❤❡

❙▲❆♥❣ ❢♦$♠❛❧✐,) ✭❙❡❝)✐♦♥ ✶✳✹✳✽✮✳ ❚❤❡ ♥♦)✐♦♥ ♦❢ ♠♦♥✐)♦$❛❜✐❧✐)② ✐♥ )❤❡ ❝♦♥)$❛❝) ❢♦$♠❛❧✐,) ♦❢

❙▲❆♥❣ ❞✐✛❡$, ❢$♦♠ ♦✉$ ♥♦)✐♦♥ ♦❢ ❛❝❝❡♣)❛❜❧❡ ❧♦❣, ✐♥ )❤❡ ,❡♥,❡ )❤❛) ♠♦♥✐)♦$❛❜✐❧✐)② ❝♦♥❝❡$♥,

)❤❡ ♣♦,,✐❜✐❧✐)② ❢♦$ ❛♥ ❛❣❡♥) )♦ ❣❡) )$✉,)❛❜❧❡ ✐♥❢♦$♠❛)✐♦♥ ❛❜♦✉) )❤❡ ❡①❡❝✉)✐♦♥ ♦❢ )❤❡ ,②,)❡♠

$❛)❤❡$ )❤❛♥ )❤❡ ❛✈❛✐❧❛❜✐❧✐)② ♦❢ ❡✈✐❞❡♥❝❡✳ ■♥ ♦)❤❡$ ✇♦$❞,✱ ♠♦♥✐)♦$❛❜✐❧✐)② ❡♥,✉$❡, )❤❛) )❤❡

❛❣❡♥) ❝❛♥ )$✉,) )❤❡ ✐♥❢♦$♠❛)✐♦♥✱ ❜✉) ♥♦) )❤❛) ❤❡ ❝❛♥ ✉,❡ )❤✐, ✐♥❢♦$♠❛)✐♦♥ )♦ ❝♦♥✈✐♥❝❡ ❛

)❤✐$❞ ♣❛$)② ✭❡✳❣✳ ❛ ❥✉❞❣❡✮✳ ❆♥♦)❤❡$✱ ♠♦$❡ ❣❡♥❡$❛❧✱ ❞❡♣❛$)✉$❡ ❢$♦♠ ❬❙❦❡♥❡ ❡) ❛❧✳ ✷✵✵✼❪ ❤❛,

)♦ ❞♦ ✇✐)❤ )❤❡ ♦❜❥❡❝)✐✈❡ ✐),❡❧❢✿ )❤❡ ❣♦❛❧ ♦❢ ❬❙❦❡♥❡ ❡) ❛❧✳ ✷✵✵✼❪ ✐, )♦ ❛♥❛❧②③❡ ❝♦♥)$❛❝), )♦

❝❤❡❝❦ )❤❡✐$ ♠♦♥✐)♦$❛❜✐❧✐)② ❜② )❤❡ ♣❛$)✐❡, ✇❤❡$❡❛, ✇❡ )❛❦❡ ❝♦♥)$❛❝), ❛, ❣$❛♥)❡❞ ❛♥❞ ❛♥❛❧②③❡

)❤❡ ❧♦❣ ❞✐,)$✐❜✉)✐♦♥ )♦ ❝❤❡❝❦ )❤❛) ✐) ✐, ,✉✣❝✐❡♥) )♦ ,✉,)❛✐♥ )❤❡ ♣♦)❡♥)✐❛❧ ❝❧❛✐♠, ❜❡)✇❡❡♥
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 ❤❡ ♣❛% ✐❡'✳ ❚❤❡  ✇♦ ❛♣♣%♦❛❝❤❡' ❛%❡ ❝❧❡❛%❧② ❝♦♠♣❧❡♠❡♥ ❛%② ❛♥❞ ❝♦✉❧❞ ❜❡ ✐♥ ❡❣%❛ ❡❞ ✐♥ ❛

❝♦♠♠♦♥ ❡♥✈✐%♦♥♠❡♥ ✳

❚❤❡♦%✐❡' ♦❢ ❛❝❝♦✉♥ ❛❜✐❧✐ ② ❛♥❞ ❛✉❞✐ ❤❛✈❡ ❜❡❡♥ ♣%♦♣♦'❡❞ ✐♥  ❤❡ ❝♦♥ ❡① ♦❢ '❡❝✉%✐ ② ❛♥❞

✉'❛❣❡ ♣♦❧✐❝✐❡' ✭❬❏❛❣❛❞❡❡'❛♥ ❡ ❛❧✳ ✷✵✵✾✱ ❱❛✉❣❤❛♥ ❡ ❛❧✳ ✷✵✵✽✱ ❈❡❞❡%B✉✐' ❡ ❛❧✳ ✷✵✵✼❪✮✳ ❚❤❡

❧♦❣❣✐♥❣ ♠❡❝❤❛♥✐'♠' ❛♥❞ ❛✉❞✐ ♣%♦❝❡❞✉%❡' ❛%❡ ❞❡✜♥❡❞ ✐♥ ❛ ❧♦❣✐❝❛❧ ❢%❛♠❡✇♦%❦ ✭❜❛'❡❞ ♦♥ ❛

♣♦❧✐❝② ❧❛♥❣✉❛❣❡✮ ❛♥❞ ❛♣♣❧✐❡❞  ♦ ♣%❛❝ ✐❝❛❧ ❡①❛♠♣❧❡' '✉❝❤ ❛'  ❤❡ ♣%♦ ❡❝ ✐♦♥ ♦❢ ❝♦♥✜❞❡♥ ✐❛❧

❞♦❝✉♠❡♥ '✳ ❚❤❡ ♠❛✐♥ ❞❡♣❛% ✉%❡ ✇✐ ❤ %❡'♣❡❝  ♦  ❤❡'❡ ❛♣♣%♦❛❝❤❡' ✐'  ❤❡ ❢❛❝  ❤❛ ✇❡ ❞♦

♥♦ ❢♦❝✉' ♦♥ '❡❝✉%✐ ② ❛♥❞ ✉'❛❣❡ ♣♦❧✐❝✐❡' ❛♥❞ ❝♦♥'✐❞❡% ♠♦%❡ ❣❡♥❡%❛❧❧② ❝❧❛✐♠' ❜❡ ✇❡❡♥ ♣❛% ✐❡'

✐♥ ❛ ❝♦♥ %❛❝ ✳

✹✳✺ ❈♦♥&'✐❜✉&✐♦♥+ ♦❢ &❤❡ ❈❤❛♣&❡'

❊①✐' ✐♥❣ ❝♦♥ %❛❝ ❢♦%♠❛❧✐'♠' ✭❙❡❝ ✐♦♥ ✶✳✹✮ ❢♦❝✉' ♦♥  ❤❡ '♣❡❝✐✜❝❛ ✐♦♥ ♦❢  ❤❡ ♦❜❧✐❣❛ ✐♦♥' ♦❢

❡❛❝❤ ♣❛% ②✳ ❖✉% ✜%' ❝♦♥ %✐❜✉ ✐♦♥ ✐' ❛ ❣❡♥❡%✐❝ ✇❛②  ♦ '♣❡❝✐❢② ❧✐❛❜✐❧✐ ✐❡' ❢♦% ❢❛✐❧✉%❡' ♦❢  ❤❡

'②' ❡♠ ✉'✐♥❣ ♣❛%❛♠❡ %✐❝ ♣%♦♣❡% ✐❡' ✭❙❡❝ ✐♦♥ ✹✳✷✮✳

❆♥♦ ❤❡% ❝♦♥ %✐❜✉ ✐♦♥ ✐' ❛ ♣%♦❝❡❞✉%❡  ♦ ❡' ❛❜❧✐'❤ ❧✐❛❜✐❧✐ ✐❡' ✐♥ ❝❛'❡ ♦❢ ❢❛✐❧✉%❡ ✭❙❡❝ ✐♦♥ ✹✳✸✮✳

■♥ ❬❍✈✐ ✈❡❞ ✷✵✶✵❪✱  ❤❡ ❛✉ ❤♦% ♣♦✐♥ ' ♦✉  ❤❛ ♠♦' ❝♦♥ %❛❝ ❢♦%♠❛❧✐'♠' ❞♦ ♥♦ ♣%♦✈✐❞❡ ❛♥②

'✉♣♣♦%  ♦ ❡' ❛❜❧✐'❤ ❧✐❛❜✐❧✐ ✐❡' ✐♥ ❝❛'❡ ♦❢ ❜%❡❛❝❤ ♦❢ ❝♦♥ %❛❝ ✳ ■♥ ❝♦♠♣❛%✐'♦♥ ✇✐ ❤ ❈❙▲

✭❙❡❝ ✐♦♥ ✶✳✹✳✹✮✱ ✐♥' ❡❛❞ ♦❢ ❛''♦❝✐❛ ✐♥❣ ❛ ♣❛% ② ✇✐ ❤ ❡❛❝❤ ❝❧❛✉'❡ ♦❢  ❤❡ ❝♦♥ %❛❝ ✱ ✇❡ ♣%♦✈✐❞❡

❛ ✇❛②  ♦ '♣❡❝✐❢② ❧✐❛❜✐❧✐ ✐❡' ✇❤✐❝❤ ✐' %❡❧❛ ❡❞  ♦  ❤❡ '♣❡❝✐✜❝❛ ✐♦♥ ♦❢  ❤❡ ❝♦♠♣♦♥❡♥ ' ✭❡%%♦%'

❛♥❞ ❢❛✐❧✉%❡'✮ ✇❤✐❝❤ ❛❧❧♦✇' ✉'  ♦ ❞❡✜♥❡ ♠♦%❡ ❝♦♠♣❧❡① ❧✐❛❜✐❧✐ ✐❡' ✇❤❡%❡✱ ❢♦% ❡①❛♠♣❧❡✱ ♠♦%❡

 ❤❛♥ ♦♥❡ ♣❛% ② ♠❛② ❜❡ ❧✐❛❜❧❡ ❢♦% ❛ '✐♥❣❧❡ ❢❛✐❧✉%❡✳

■♥ ❬●♦❡''❧❡% ❡ ❛❧✳ ✷✵✶✷❪ ✇❡ ❞✐'❝✉''  ❤❡ ❝❛✉'❛❧ %❡❧❛ ✐♦♥'❤✐♣ ❜❡ ✇❡❡♥ ❝❧❛✐♠' ❛♥❞ ❡%%♦%' ❛♥❞

✇❡ ♣%♦✈✐❞❡ ❛♥ ❛❧ ❡%♥❛ ✐✈❡ ✇❛②  ♦ '♣❡❝✐❢② ❧✐❛❜✐❧✐ ✐❡'✳ ❚❤❡ ❛❞✈❛♥ ❛❣❡ ♦❢  ❤❡ ❛♣♣%♦❛❝❤ ♣%❡'❡♥ ❡❞

✐♥ ❬●♦❡''❧❡% ❡ ❛❧✳ ✷✵✶✷❪ ✐'  ❤❛  ❤❡ ❞❡✜♥✐ ✐♦♥ ♦❢ ❝❛✉'❛❧✐ ② ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ '②' ❡♠❛ ✐❝❛❧❧②  ♦

❝❧❛✐♠'  ❤❛ ❛%❡ ♥♦ ♣%❡❞❡✜♥❡❞ ✐♥  ❤❡ ❝♦♥ %❛❝ ✳ ❍♦✇❡✈❡%✱  ❤✐' ❛♣♣%♦❛❝❤ %❡B✉✐%❡' ♠♦%❡ ❡✛♦% 

✐♥  ❡%♠' ♦❢ '♣❡❝✐✜❝❛ ✐♦♥ ❜❡❝❛✉'❡  ❤❡ ❛♥❛❧②'✐' ♦❢ ❝❛✉'❛❧✐ ② ✐' ❜❛'❡❞ ♦♥  ❤❡ '♣❡❝✐✜❝❛ ✐♦♥ ♦❢

 ❤❡ ❝♦%%❡❝ ❛♥❞ ✐♥❝♦%%❡❝ ❜❡❤❛✈✐♦%' ♦❢  ❤❡ ❝♦♠♣♦♥❡♥ '✳ ■♥ ♣%❛❝ ✐❝❡✱ ❜♦ ❤ ♠❡ ❤♦❞' ❛%❡

❝♦♠♣❧❡♠❡♥ ❛%②✿ ♦✉% ❛♣♣%♦❛❝❤ ❝❛♥ ❜❡ ❢♦❧❧♦✇❡❞  ♦  %❡❛ ❝❧❛✐♠' ❜❛'❡❞ ♦♥ ❛ ♣%✐♦%✐ ❛❧❧♦❝❛ ✐♦♥

♦❢ ❧✐❛❜✐❧✐ ✐❡' ❛♥❞  ❤❡ ❛♣♣%♦❛❝❤ ✐♥ ❬●♦❡''❧❡% ❡ ❛❧✳ ✷✵✶✷❪ ✇❤❡♥  ❤❡ ♣❛% ✐❡' ❝❛♥♥♦ ❢♦%❡'❡❡  ❤❡

♣♦ ❡♥ ✐❛❧ ❡%%♦%' ✇❤✐❝❤ ❝❛♥ ❧❡❛❞  ♦ ❛ ❢❛✐❧✉%❡✳

❆♥♦ ❤❡% ❝♦♥ %✐❜✉ ✐♦♥ ♦❢ ♦✉% ✇♦%❦ ✐'  ♦  ❛❦❡ ✐♥ ♦ ❛❝❝♦✉♥ ❞✐' %✐❜✉ ❡❞ ❧♦❣' ❛♥❞  ❤❡✐% ❛♥❛❧✲

②'✐'✳ ❲❡ ❝❛♥ ❡' ❛❜❧✐'❤ ❧✐❛❜✐❧✐ ✐❡' ❡✈❡♥ ✇❤❡♥  ❤❡ ❧♦❣' ❛%❡ %❡❝♦%❞❡❞ ❜② ❞✐✛❡%❡♥ ❝♦♠♣♦♥❡♥ '

✭✐✳❡✳ ❛ ❝❡♥ %❛❧ ❧♦❣❣✐♥❣ '②' ❡♠ ✐' ♥♦ ♠❛♥❞❛ ♦%②✮ ♦% ✇❤❡♥ ♣❛% ' ♦❢  ❤❡ ❧♦❣ ✜❧❡' ❛%❡ ♥♦ ❛✈❛✐❧✲

❛❜❧❡✳ ❲❤❡♥  ❤❡ %❡'✉❧ ' ♦❢  ❤❡ ❧♦❣ ❛♥❛❧②'✐' ❛%❡ ♥♦ ❝♦♥❝❧✉'✐✈❡✱ ✐ ♠❛② ' ✐❧❧ ❜❡ ♣♦''✐❜❧❡  ♦ ✉'❡

 ❤❡♠  ♦ ❡' ❛❜❧✐'❤ ❧✐❛❜✐❧✐ ✐❡' ❜❛'❡❞ ♦♥ ♦ ❤❡% ❢❛❝ ♦%' ✭'✉❝❤ ❛'  ❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢  ❤❡ '❝❡♥❛%✐♦'✮✳

❚❤❡ ❧❛' ❝♦♥ %✐❜✉ ✐♦♥ ✐'  ❤❡ ' ✉❞② ♦❢ ♣%♦♣❡% ✐❡' ♦❢ ❛ ❣✐✈❡♥ ❧♦❣ ❞✐' %✐❜✉ ✐♦♥ ✐♥  ❡%♠' ♦❢

❛❝❝❡♣ ❛❜✐❧✐ ② ✭❙❡❝ ✐♦♥ ✹✳✹✮✳ ❚❤✐' ❞❡✜♥✐ ✐♦♥ ❛❧❧♦✇' ✉'  ♦ ❝❤❡❝❦ ✐❢ ❛ ❞✐' %✐❜✉ ✐♦♥ ❝❛♥ ♣%♦✈✐❞❡

 %✉' ✇♦% ❤② ❞✐❣✐ ❛❧ ❡✈✐❞❡♥❝❡✱ ❡✈❡♥ ✇❤❡♥ ❛❣❡♥ ' ❝❛♥♥♦ ❜❡  %✉' ❡❞  ♦ ' ♦%❡  ❤❡ ✐♥❢♦%♠❛ ✐♦♥

✐♥  ❤❡✐% ❧♦❣' ♦% ♥♦  ♦  ❛♠♣❡% ✇✐ ❤  ❤❡ ❧♦❣ ❡♥ %✐❡'✳

✶✵✼
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❈❤❛♣$❡& ✺

■♠♣❧❡♠❡♥&❛&✐♦♥ ♦❢ &❤❡ ▲♦❣ ❆♥❛❧②0✐0

12♦❝❡❞✉2❡

■♥ "❤✐% %❡❝"✐♦♥ ✇❡ ❞❡%❝+✐❜❡ "❤❡ ✐♠♣❧❡♠❡♥"❛"✐♦♥ ♦❢ "❤❡ ▲❆4❘❖ ✭▲♦❣ ❆♥❛❧②%✐% 4❘❖❝❡❞✉+❡✮

❚♦♦❧ "❤❛" ✐♠♣❧❡♠❡♥"% "❤❡ ▲♦❣ ❆♥❛❧②%✐% 4+♦❝❡❞✉+❡✳

❙❡❝"✐♦♥ ✺✳✶ ❞❡%❝+✐❜❡% "❤❡ ❧❛♥❣✉❛❣❡ ♦❢ ♣+♦♣❡+"✐❡% ✉%❡❞ "♦ ❞❡✜♥❡ ❝❧❛✐♠% ❛♥❞ ❧✐❛❜✐❧✐"✐❡% ✐♥

▲❆4❘❖✳ ❙"❛+"✐♥❣ ❢+♦♠ ❇ ♠♦❞❡❧%✱ ❙❡❝"✐♦♥ ✺✳✷ ❡①♣❧❛✐♥% ❤♦✇ %❡"% ❛♥❞ ❝♦♥%"❛♥"% ❛+❡ +❡♣+❡✲

%❡♥"❡❞✳ ■♥ ❙❡❝"✐♦♥ ✺✳✸ ✇❡ ❞❡%❝+✐❜❡ "❤❡ ❧♦❣ ❛♥❛❧②③❡+ ❛❧❣♦+✐"❤♠ ❞❡❞✐❝❛"❡❞ "♦ ♦✉+ ❧❛♥❣✉❛❣❡

♦❢ ♣+♦♣❡+"✐❡% ❛♥❞ ✐♥ ❙❡❝"✐♦♥ ✺✳✹ ✇❡ ♣+❡%❡♥" "❤❡ ▲❆4❘❖ "♦♦❧✳ ❋✐♥❛❧❧②✱ ✐♥ ❙❡❝"✐♦♥ ✺✳✺ ✇❡

♣+♦✈✐❞❡ ❛♥ ❡✈❛❧✉❛"✐♦♥ ♦❢ "❤❡ ♣❡+❢♦+♠❛♥❝❡ ♦❢ ▲❆4❘❖ ❢♦+ ❧❛+❣❡ ❧♦❣%✳

✺✳✶ ▲❛♥❣✉❛❣❡ ♦❢ +,♦♣❡,.✐❡0

■♥ ♦✉+ ❢+❛♠❡✇♦+❦✱ ♣+♦♣❡+"✐❡% ❞❡✜♥❡ ❢✉♥❝"✐♦♥% "❤❛" ♠❛♣ ❧♦❣ ✜❧❡% "♦ ❜♦♦❧❡❛♥ ✈❛❧✉❡%✳ ❯♣ "♦

"❤✐% ♣♦✐♥"✱ ✇❡ ❤❛✈❡ ❡①♣+❡%%❡❞ "❤❡%❡ ❢✉♥❝"✐♦♥% ✉%✐♥❣ ✜+%" ♦+❞❡+ ❧♦❣✐❝✳ ❍♦✇❡✈❡+✱ ✜+%" ♦+❞❡+

❧♦❣✐❝ ✐% ✉♥❞❡❝✐❞❛❜❧❡ ❛♥❞ ♥♦" %♣❡❝✐✜❝❛❧❧② ❞❡%✐❣♥❡❞ "♦ +❡❛%♦♥ ❛❜♦✉" %❡O✉❡♥❝❡%✳ ■"% ✉%❡ ❛% ❛

❧❛♥❣✉❛❣❡ ♦❢ ♣+♦♣❡+"✐❡% ❛❧%♦ ✐♥"+♦❞✉❝❡% ❝♦♠♣❧❡①✐"② ✐%%✉❡% ❬●✉♣"❛ ✶✾✾✷✱ ❈❧❛❡%%❡♥ ❡" ❛❧✳ ✷✵✵✷❪✳

❚❤❡ ❧❛♥❣✉❛❣❡ ♦❢ ♣+♦♣❡+"✐❡% ♣+♦♣♦%❡❞ ✐♥ "❤❡ ❧✐"❡+❛"✉+❡ "♦ ❛❞❞+❡%% "❤❡%❡ ✐%%✉❡% ✭❙❡❝"✐♦♥ ✶✳✻✮

❣❡♥❡+❛❧❧② ✐♥❝❧✉❞❡ ❧✐♠✐"❡❞ ✈❡+%✐♦♥% ♦❢ "❤❡ ♦♣❡+❛"♦+% ♦❢ ✜+%" ♦+❞❡+ ❧♦❣✐❝ ❛♥❞ ✐♥"+♦❞✉❝❡ ♦♣❡+✲

❛"♦+% "❤❛" ♣+♦✈✐❞❡ ❛ ♠♦+❡ ♥❛"✉+❛❧ ✇❛② "♦ ❡①♣+❡%% ❝♦♥❞✐"✐♦♥% ❛❜♦✉" %❡O✉❡♥❝❡% ✭%✉❝❤ ❛% "❤❡

♦♣❡+❛"♦+% ♦❢ ▲❚▲✱ ❙❡❝"✐♦♥ ✶✳✻✳✸✮✳

❘❡❣✉❧❛+ ❡①♣+❡%%✐♦♥% ♣+♦✈✐❞❡ ❛ ✇❛② "♦ ❞❡✜♥❡ ♣❛""❡+♥% ✐♥ %❡O✉❡♥❝❡% ♦❢ ❝❤❛+❛❝"❡+% ✐♥ ❯◆■❳

%②%"❡♠% ❬■❊❊❊ ✫ ❚❤❡ ❖♣❡♥ ●+♦✉♣ ✶✾✾✼❪✳ ❆❝❝♦+❞✐♥❣ "♦ ❬❱❛+❞✐ ✷✵✵✽❪✱ +❡❣✉❧❛+ ❡①♣+❡%%✐♦♥%

❤❛✈❡ "❤❡ ❛❞✈❛♥"❛❣❡ "♦ ❜❡ ❡❛%✐❧② ✉♥❞❡+%"♦♦❞ ❜② ❝♦♠♣✉"❡+ %❝✐❡♥❝❡ ❡♥❣✐♥❡❡+% ❛♥❞ ❛+❡ "❤✉%

✇❡❧❧ %✉✐"❡❞ "♦ ✐♥❞✉%"+✐❛❧ ❛♣♣❧✐❝❛"✐♦♥%✳ ■♥❞❡❡❞✱ +❡❣✉❧❛+ ❡①♣+❡%%✐♦♥% ❛+❡ ✉%❡❞ ✐♥ ✐♥❞✉%"+✐❛❧

%♣❡❝✐✜❝❛"✐♦♥ ❧❛♥❣✉❛❣❡% ❛♥❞ %✉♣♣♦+"❡❞ ❜② ♣+♦❣+❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡% ✇✐❞❡❧② ✉%❡❞ ✐♥ ✐♥❞✉%"+②✱

%✉❝❤ ❛% 4②"❤♦♥ ❛♥❞ ❏❛✈❛✳

✶✵✾



❈❍❆#❚❊❘ ✺✳ ■▼#▲❊▼❊◆❚❆❚■❖◆ ❖❋ ❚❍❊ ▲❖● ❆◆❆▲❨❙■❙ #❘❖❈❊❉❯❘❊

▲❛♥❣✉❛❣❡& ♦❢ ♣*♦♣❡*+✐❡& ✉&✉❛❧❧② ❝♦♠❜✐♥❡ ❜♦♦❧❡❛♥ ❝♦♥♥❡❝+✐✈❡& ✭∧,∨,¬✮ ❛♥❞ *❡❣✉❧❛* ❡①✲
♣*❡&&✐♦♥& ❬❱❛*❞✐ ✷✵✵✽✱ ▲❡✉❝❦❡* ✫ ❙A♥❝❤❡③ ✷✵✶✵❪✳ ❚❤✐& ✐& +❤❡ ❝❛&❡✱ ❢♦* ❡①❛♠♣❧❡✱ ✐♥ ❚❇▲

✭❙❡❝+✐♦♥ ✶✳✻✳✺✮✱ K❙▲ ✭❙❡❝+✐♦♥ ✶✳✻✳✽✮ ❛♥❞ ▲♦❣❙❝♦♣❡ ✭❙❡❝+✐♦♥ ✶✳✻✳✼✮✳

❲❡ ❞❡✜♥❡ ❛ ❧❛♥❣✉❛❣❡ ❢♦* ❡①♣*❡&&✐♥❣ ♣❛*❛♠❡+*✐❝ ♣*♦♣❡*+✐❡& ♦♥ ❧♦❣& ✐♥&♣✐*❡❞ ❜② +♦ +❤❡

❧❛♥❣✉❛❣❡ ▲♦❣❙❝♦♣❡ ✭❙❡❝+✐♦♥ ✶✳✻✳✼✮ +❤❛+ ❝♦♠❜✐♥❡& *❡❣✉❧❛* ❡①♣*❡&&✐♦♥& ❛♥❞ ❜♦♦❧❡❛♥ ♦♣❡*❛+♦*&✳

K*♦♣❡*+✐❡& ❛*❡ ❞❡✜♥❡❞ ♦✈❡* ❡♥+*✐❡& ✇❤✐❝❤ ❛*❡ ❡①♣*❡&&❡❞ ✉&✐♥❣ +❤❡ ❢♦❧❧♦✇✐♥❣ ❣*❛♠♠❛*✿

❉❡✜♥✐%✐♦♥ ✽✳ ●*❛♠♠❛* ♦❢ ❡♥+*✐❡&

❁entry❃ ::= ❵✭✬ ❁type❃ ❵✱✬ ❁text❃ ❵✱✬ ❁text❃ ❵✱✬ ❁text❃ ❵✱❬✬ ❁parList❃ ❵❪✮✬ ⑤ ❵❡✬

❁type❃ ::= ❵❙❡♥❞✬ ⑤ ❵❘❡❝✬

❁text❃ ::= ❬❛✲③❆✲❩✵✲✶ ❪✰

❁parList❃ ::= ❁value❃ ⑤ ❁value❃ ❵✱✬❁parList❃

❁value❃ ::= ❁text❃ ⑤ ❵④✬ ❁text❃ ❵⑥✬ ⑤ ❵✩✬

❆♥ ❡♥+*② ✭❁entry❃✮ ✐& *❡♣*❡&❡♥+❡❞ ❡✐+❤❡* ❜② ✐+& ✈❛❧✉❡& &❡♣❛*❛+❡❞ ❜② ❝♦♠♠❛& ✭&✉**♦✉♥❞❡❞

❜② ♣❛*❡♥+❤❡&❡& ✭ ✮✮ ♦* +❤❡ +❡*♠✐♥❛❧ ❡ +❤❛+ *❡♣*❡&❡♥+& ❛♥② ♣♦&&✐❜❧❡ ❡♥+*②✳ ❆ ♣❛*❛♠❡+❡* +❤❛+

♥❡❡❞& +♦ ❜❡ ✐♥&+❛♥+✐❛+❡❞ ✐& *❡♣*❡&❡♥+❡❞ ❜② ✐+& ✐❞❡♥+✐✜❡* ❜❡+✇❡❡♥ ❝✉*❧② ❜*❛❝❦❡+& ④ ⑥✳ ❚❤❡

+❡*♠✐♥❛❧ ✩ *❡♣*❡&❡♥+& ❛♥② ♣❛*❛♠❡+❡* ✈❛❧✉❡✳ ❇❛&❡❞ ♦♥ +❤❡ ❛❜♦✈❡ ❞❡✜♥✐+✐♦♥✱ ✇❡ ❞❡✜♥❡ *❡❣✉❧❛*

❡①♣*❡&&✐♦♥& ♦✈❡* ❡♥+*✐❡& ❛& ❢♦❧❧♦✇&✿

❉❡✜♥✐%✐♦♥ ✾✳ ❘❡❣✉❧❛* ❡①♣*❡&&✐♦♥

❁RE❃ ::= ❁entry❃ ⑤ ❵✭✬❁RE❃❵✮✬ ⑤ ❁RE❃❁RE❃ ⑤ ❁RE❃❵⑤✬❁RE❃ ⑤ ❁RE❃❵✯✬

❘❡❣✉❧❛* ❡①♣*❡&&✐♦♥& ✭❁RE❃✮ ❝❛♥ ❜❡ ❣*♦✉♣❡❞ ✭✉&✐♥❣ ♣❛*❡♥+❤❡&❡&✮ ❛♥❞ ❝♦♥❝❛+❡♥❛+❡❞✳ ❚❤❡

♦♣❡*❛+♦* ❵⑤✬ &❡♣❛*❛+❡& ❛❧+❡*♥❛+✐✈❡&✳ ❋✐♥❛❧❧②✱ +❤❡ ♦♣❡*❛+♦* ❵✯✬ ✐& +❤❡ ❑❧❡❡♥❡ &+❛* +❤❛+ ❞❡♥♦+❡&

③❡*♦ ♦* ♠♦*❡ ♦❝❝✉**❡♥❝❡& ♦❢ +❤❡ *❡❣✉❧❛* ❡①♣*❡&&✐♦♥✳ ❈❧❛&&✐❝❛❧❧②✱ ❛ ❣✐✈❡♥ *❡❣✉❧❛* ❡①♣*❡&&✐♦♥

RE ❞❡✜♥❡& ❛ ❧❛♥❣✉❛❣❡ L(RE)✳ ❚❤❡ ♦♥❧② ♣❛*+✐❝✉❧❛*✐+✐❡& ♦❢ ♦✉* ❧❛♥❣✉❛❣❡ ❛*❡ +❤❡ +❡*♠✐♥❛❧&
❡ ❛♥❞ ✩✳ ❲❡ ❞❡✜♥❡ +❤❡✐*& ❛&&♦❝✐❛+❡❞ &❡+& ❛& ❢♦❧❧♦✇&✿

L(❡) = {(tp, t1, t2, t3, [par]) | tp ∈ L(type) ∧ t1 ∈ L(text) ∧ t2 ∈ L(text) ∧ t3 ∈ L(text) ∧
par ∈ L(parList)}

L(✩) = {t | t ∈ L(text)}

❲❡ &❛② +❤❛+ ❛ ❧♦❣ &❛+✐&✜❡& ❛ *❡❣✉❧❛* ❡①♣*❡&&✐♦♥ RE ✐❢ ✐+ ❜❡❧♦♥❣& +♦ +❤❡ ❧❛♥❣✉❛❣❡ ♦❢ +❤❡

*❡❣✉❧❛* ❡①♣*❡&&✐♦♥✿

log &❛+✐&✜❡& RE ⇔ log ∈ L(RE)

❆& ♠❡♥+✐♦♥❡❞ ❜❡❢♦*❡✱ ♦✉* ❧❛♥❣✉❛❣❡ ♦❢ ♣*♦♣❡*+✐❡& ❝♦♠❜✐♥❡& *❡❣✉❧❛* ❡①♣*❡&&✐♦♥& ✇✐+❤ ❜♦♦❧❡❛♥

♦♣❡*❛+♦*&✳ ❆ ♣*♦♣❡*+② ❝❛♥ ❜❡ ❡①♣*❡&&❡❞ ✉&✐♥❣ +❤❡ ❢♦❧❧♦✇✐♥❣ ❣*❛♠♠❛*✿

✶✶✵



✺✳✶✳ ▲❆◆●❯❆●❊ ❖❋ +❘❖+❊❘❚■❊❙

❉❡✜♥✐%✐♦♥ ✶✵✳ ▲❛♥❣✉❛❣❡ ♦❢ ♣)♦♣❡)*✐❡,

❁prop❃ ::= ❁RE❃ ⑤

❵◆❖❚✭✬ ❁prop❃ ❵✮✬ ⑤

❵✭✬❁prop❃ ❵❆◆❉✬ ❁prop❃ ❵✮✬⑤

❵✭✬ ❁prop❃ ❵❖❘✬ ❁prop❃ ❵✮✬

❚❤❡ ❢✉♥❝*✐♦♥ ❤♦❧❞, *❛❦❡, ❛ ♣)♦♣❡)*② ✇)✐**❡♥ ✐♥ *❤❡ ❛❜♦✈❡ ❧❛♥❣✉❛❣❡ ❛♥❞ ❛ ❧♦❣ ❛♥❞ )❡*✉)♥,

*❤❡ ❜♦♦❧❡❛♥ ✈❛❧✉❡ ✏-.✉❡✑ ✐❢ *❤❡ ♣)♦♣❡)*② ❤♦❧❞, ❢♦) *❤❡ ❧♦❣ ❛♥❞ ✏❢❛❧,❡✑ ♦*❤❡)✇✐,❡✳ ❲❡ ❞❡✜♥❡

*❤✐, ❢✉♥❝*✐♦♥ )❡❝✉),✐✈❡❧② ❛, ❢♦❧❧♦✇,✿

❉❡✜♥✐%✐♦♥ ✶✶✳ ❱❡)✐✜❝❛*✐♦♥ ❛❧❣♦)✐*❤♠

❤♦❧❞,(prop, log) =
✐❢ prop = RE -❤❡♥

.❡-✉.♥ log ∈ L(RE)❀
❡❧,✐❢ prop = NOT(P ) -❤❡♥

.❡-✉.♥ ¬❤♦❧❞,(P, log)❀
❡❧,✐❢ prop = (P1 AND P2) -❤❡♥

.❡-✉.♥ ❤♦❧❞,(P1, log) ∧ ❤♦❧❞,(P2, log)❀
❡❧,❡ prop = (P1 OR P2) -❤❡♥

.❡-✉.♥ ❤♦❧❞,(P1, log) ∨ ❤♦❧❞,(P2, log)❀
❡♥❞ ✐❢

❊①❛♠♣❧❡ ✺✳✶✳ ❘❡❣✉❧❛) ❡①♣)❡,,✐♦♥

❲❡ ✉,❡ ♦✉) ❧❛♥❣✉❛❣❡ ♦❢ ♣)♦♣❡)*✐❡, *♦ )❡♣)❡,❡♥* *❤❡ ♣)❡❞✐❝❛*❡ ♦❢ *❤❡ ♣❛)❛♠❡*)✐❝ ♣)♦♣❡)*②

parPropNoRoom ✭❊①❛♠♣❧❡ ✹✳✷ ✐♥ ❙❡❝*✐♦♥ ✹✳✷✳✷✮ ,*❛*✐♥❣ *❤❛* *❤❡ ❝❧✐❡♥* ❤❛, ,❡♥* ❛ )❡L✉❡,*

❛♥❞ ❤❛, ♥♦* )❡❝❡✐✈❡❞ ❛♥② ❝♦♥✜)♠❛*✐♦♥ ✭❝❧✐❡♥-■❞ ❛♥❞ ,❡,,✐♦♥■❞ ❜❡✐♥❣ *✇♦ ♣❛)❛♠❡*❡),✮✿

✭❡✯✭❘❡❝✱❈❧✐❡♥-✱❲❡❜❈♦♠♣✱◆❡✇❘❡@✉❡,-✱❬④,❡,,✐♦♥■❞⑥✱④❝❧✐❡♥-■❞⑥✱✩❪✮❡✯ ❆◆❉

◆❖❚✭❡✯✭❙❡♥❞✱❈♦♠♣❍♦-❡❧✱❈♦♠♣❇❛♥❦✱❈♦♥❢✐.♠✱❬④,❡,,✐♦♥■❞⑥✱✩✱✩❪✮❡✯✮✮

❋♦) ❛♥② )❡❣✉❧❛) ❡①♣)❡,,✐♦♥✱ ✐* ✐, ♣♦,,✐❜❧❡ *♦ ❝♦♥,*)✉❝* ❛ ♥♦♥✲❞❡*❡)♠✐♥✐,*✐❝ ✜♥✐*❡ ❛✉*♦♠❛✲

*♦♥ *❤❛* ❛❝❝❡♣*, *❤❡ ,❛♠❡ ❧❛♥❣✉❛❣❡✳ ❚❤✐, ❛✉*♦♠❛*♦♥ ❝❛♥ ❜❡ ❜✉✐❧* ✐♥ O(n) *✐♠❡✱ ✇❤❡)❡ n ✐,
*❤❡ ,✐③❡ ♦❢ *❤❡ )❡❣✉❧❛) ❡①♣)❡,,✐♦♥ ❛♥❞ ✐* ♣)♦❝❡,,❡, ❡❛❝❤ ❝❤❛)❛❝*❡) ♦❢ ❛ ,*)✐♥❣ ✐♥ O(1) *✐♠❡✳
❚❤✉,✱ ❝❤❡❝❦✐♥❣ ✐❢ ❛ )❡❣✉❧❛) ❡①♣)❡,,✐♦♥ ♠❛*❝❤❡, ❛ ,*)✐♥❣ ♦❢ ,✐③❡ m *❛❦❡, O(n + m) *✐♠❡✳
❆❞❞✐*✐♦♥❛❧❧②✱ *❤❡ ❛✉*♦♠❛*♦♥ )❡L✉✐)❡, O(n2) ♠❡♠♦)② ❬❙✐❞❤✉ ✫ T)❛,❛♥♥❛ ✷✵✵✶❪✳ ■* ❤❛, ❛❧,♦

❜❡❡♥ ,❤♦✇♥ *❤❛* )❡❣✉❧❛) ❡①♣)❡,,✐♦♥, ❤❛✈❡ ❣)❡❛*❡) ❡①♣)❡,,✐✈❡♥❡,, *❤❛♥ ▲❚▲ ❬❲♦❧♣❡) ✶✾✽✸❪✳
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❝❤❛)❛❝*❡) ♦❢ *❤❡ ,*)✐♥❣✱ ✇❤✐❝❤ ❝❛♥♥♦* ❜❡ ❡①♣)❡,,❡❞ ❜② ❛♥ ▲❚▲ ❢♦)♠✉❧❛✳
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❆♣❛❝❤❡ ✇❡❜ %❡+✈❡+✳ ■♥ "❤✐% %❡❝"✐♦♥ ✇❡ ❞❡%❝+✐❜❡ ❤♦✇ %❡"% ❛♥❞ ❝♦♥%"❛♥"% ♦❢ ❇ ♠♦❞❡❧% ❛+❡

+❡♣+❡%❡♥"❡❞✳ ❚❛❜❧❡ ✺✳✶ %✉♠♠❛+✐③❡% ♦✉+ ✐♠♣❧❡♠❡♥"❛"✐♦♥ ❝❤♦✐❝❡%✳

▼❛❝❤✐♥❡ ❙❡"✴❈♦♥%"❛♥" ■♠♣❧❡♠❡♥"❛"✐♦♥

ComponentsAPI COMP  ❡"✭ "$✐♥❣✮

ACTION  ❡"✭ "$✐♥❣✮

TY PE  ❡"✭ "$✐♥❣✮

PARAM  "$✐♥❣

ContractAgents AGENT  ❡"✭ "$✐♥❣✮

ComponentsAPI Interface  ❡"✭ "$✐♥❣✱ "$✐♥❣✮

Invoke  ❡"✭ "$✐♥❣✱ "$✐♥❣✮

NumParams  ❡"✭ "$✐♥❣✱✐♥"✮

LogDistribution Dist  ❡"✭ ❡"✭ "$✐♥❣✮✮

ContractAgents SIGN PARTY  ❡"✭ "$✐♥❣✮

THIRD PARTY  ❡"✭ "$✐♥❣✮

LogFiles ENTRY ❝❧❛%% ▲♦❣❊♥"$②

LOG FILE ❝❧❛%% ▲♦❣❋✐❧❡

LogOperations LOG SET ❝❧❛%% ▲♦❣❙❡"

LogProperties PROP ❝❧❛%% ▲♦❣1$♦♣❡$"②

ParametricProperties PAR PROP ❝❧❛%% ▲♦❣1❛$1$♦♣❡$"②

Claims CLAIM ❝❧❛%% ❈❧❛✐♠

CLAIM INST ❝❧❛%% ❈❧❛✐♠■♥ "❛♥❝❡

Liabilities Liability ❝❧❛%% ▲✐❛❜✐❧✐"②

❚❛❜❧❡ ✺✳✶✿ ■♠♣❧❡♠❡♥"❛"✐♦♥ ♦❢ ❇ ♠❛❝❤✐♥❡%

❚❤❡ ❡♥✉♠❡+❛"❡❞ %❡"% ✭COMP ✱ ACTION ✱ TY PE ❛♥❞ AGENT ✮ ❛+❡ +❡♣+❡%❡♥"❡❞ ❜②

%❡"% ♦❢ %"+✐♥❣%✳ ❊❧❡♠❡♥"% ♦❢ "❤❡ ❣✐✈❡♥ %❡" PARAM ❛+❡ %"+✐♥❣% ♦❢ ❝❤❛+❛❝"❡+%✳ ❈♦♥%"❛♥"%

✇❤✐❝❤ ❛+❡ ❞❡✜♥❡❞ ❜② "❤❡ ♣❛+"✐❡% ✭%✉❝❤ ❛% Interface✮ ❛+❡ ❛❧%♦ +❡♣+❡%❡♥"❡❞ ❜② %❡"%✳ ❚❤❡
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❝♦♥%"❛♥"✮✱ ❡❛❝❤ ♦❢ "❤❡♠ ❝♦♥"❛✐♥✐♥❣ ❛ ♠❡"❤♦❞ ✈❡$✐❢②✳ ❚❤❡ ❝❧❛%% ❞✐❛❣+❛♠% ♦❢ ❋✐❣✉+❡ ✺✳✶

❛♥❞ ❋✐❣✉+❡ ✺✳✷ %❤♦✇ +❡%♣❡❝"✐✈❡❧② "❤❡ +❡❧❛"✐♦♥%❤✐♣ ❜❡"✇❡❡♥ "❤❡ ❝❧❛%%❡% ♣✉+%✉❛♥" "♦ ❧♦❣% ❛♥❞

❧✐❛❜✐❧✐"✐❡%✳
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❋✐❣✉$❡ ✺✳✷✿ ❈❧❛--❡- ❞❡✜♥✐♥❣ ❧✐❛❜✐❧✐4✐❡-

❊❛❝❤ ❝❧❛-- ❝♦♥4❛✐♥- ❛ ♠❡4❤♦❞ ✈❡"✐❢② 4❤❛4 4❡-4- 4❤❡ ✈❛❧✐❞✐4② ♦❢ ❡❧❡♠❡♥4- ♦❢ ❝❧❛--❡-✱
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❈❧❛## $%♦♣❡%)✐❡# ✈❡%✐✜❡❞

▲♦❣❊♥%&② ✲ ❛❝)✐♦♥# ❛%❡ ✐♥ )❤❡ ✐♥)❡%❢❛❝❡ ♦❢ %❡❝❡✐✈❡%

✲ ❛❝)✐♦♥# ♠❛② ❜❡ ✐♥✈♦❦❡❞ ❜② #❡♥❞❡%

✲ )❤❡ ♥✉♠❜❡% ♦❢ ♣❛%❛♠❡)❡%# ✐# )❤❡ #❛♠❡ ❛# #♣❡❝✐✜❡❞ ✐♥ )❤❡

❆$■

▲♦❣❋✐❧❡ ✲ ❡♥)%✐❡# ❛%❡ ✉♥✐:✉❡

✲ ❡♥)%✐❡# ❛%❡ %❡❧❛)❡❞ )♦ )❤❡ ❝♦♠♣♦♥❡♥)# ❛))❛❝❤❡❞ )♦ )❤❡ ❧♦❣

✜❧❡

✲ Send ❡♥)%✐❡# ♦❝❝✉% ❜❡❢♦%❡ Rec ❡♥)%✐❡#

✲ ❝♦♥❞✐)✐♦♥# ✐♥ )❤❡ ✈❡&✐❢② ♠❡)❤♦❞ ♦❢ ❡❛❝❤ ❡♥)%② ✐♥ )❤❡ ❝♦♥✲

)❡♥) ❛%❡ #❛)✐#✜❡❞

▲♦❣❙❡% ✲ ❝♦♥❞✐)✐♦♥# ✐♥ )❤❡ ✈❡&✐❢② ♠❡)❤♦❞ ♦❢ ❡❛❝❤ ❧♦❣ ✜❧❡ ✐♥ )❤❡ #❡)

❛%❡ #❛)✐#✜❡❞

▲♦❣/&♦♣❡&%② ✲ )❤❡ #②♥)❛① ♦❢ )❤❡ ♣%❡❞✐❝❛)❡ ✐# ❝♦%%❡❝)

▲♦❣/❛&/&♦♣❡&%② ✲ )❤❡ #②♥)❛① ♦❢ )❤❡ ♣%❡❞✐❝❛)❡ ✐# ❝♦%%❡❝)

❈❧❛✐♠ ✲ )❤❡ ❞❡❢❡♥❞❛♥) ✐# ❛ #✐❣♥✐♥❣ ♣❛%)②

✲ ❝♦♥❞✐)✐♦♥# ✐♥ )❤❡ ✈❡&✐❢②♠❡)❤♦❞ ♦❢ )❤❡ ♣❛%❛♠❡)%✐❝ ♣%♦♣❡%)②

♦❢ ❝❧❛✐♠ ❛%❡ #❛)✐#✜❡❞

❈❧❛✐♠■♥5%❛♥❝❡ ✲ )❤❡ ♥✉♠❜❡% ♦❢ ♣❛%❛♠❡)❡%# ✐# ❡:✉❛❧ )♦ )❤❡ ♥✉♠❜❡% ♦❢ ♣❛%❛♠✲

❡)❡%# ♦❢ )❤❡ ♣%♦♣❡%)② ❛))❛❝❤❡❞ )♦ )❤❡ ❝❧❛✐♠

▲✐❛❜✐❧✐%② ✲ ❧✐❛❜❧❡ ♣❛%)✐❡# ❛%❡ #✐❣♥✐♥❣ ♣❛%)✐❡#

✲ ❝♦♠♣♦♥❡♥)# ❛##♦❝✐❛)❡❞ ✇✐)❤ ❡%%♦%# ❛%❡ ✐♥❝❧✉❞❡❞ ✐♥ )❤❡ ❝♦♠✲

♣♦♥❡♥)# ♦❢ )❤❡ ♣%♦♣❡%)✐❡# ❛))❛❝❤❡❞ )♦ )❤❡ ❝❧❛✐♠#

✲ ❝♦♥❞✐)✐♦♥# ✐♥ )❤❡ ✈❡&✐❢② ♠❡)❤♦❞ ♦❢ ❡❛❝❤ ♣❛%❛♠❡)%✐❝ ♣%♦♣✲

❡%)② ❡①♣%❡##✐♥❣ ❛♥ ❡%%♦% ❛%❡ #❛)✐#✜❡❞

❚❛❜❧❡ ✺✳✷✿ ❈♦♥❞✐)✐♦♥# ❝❤❡❝❦❡❞ ❜② ✈❡&✐❢②

✺✳✷✳✶ ❉❡❝❧❛)❛*✐♦♥ ♦❢ ▲✐❛❜✐❧✐*✐❡1

❈❧❛✐♠# ❛♥❞ ❧✐❛❜✐❧✐)✐❡# ❝❛♥ ❜❡ ❞❡❝❧❛%❡❞ ✉#✐♥❣ ❢♦%♠❛))❡❞ )❡①) ✜❧❡#✳ ❋✉♥❝)✐♦♥# &❡❛❞❈❧❛✐♠ ❛♥❞

&❡❛❞▲✐❛❜✐❧✐%✐❡5 %❡#♣❡❝)✐✈❡❧② ❜✉✐❧❞ ❛♥ ✐♥#)❛♥❝❡ ♦❢ ❈❧❛✐♠ ❛♥❞ ❛♥ ✐♥#)❛♥❝❡ ♦❢ ▲✐❛❜✐❧✐%②

❢%♦♠ )❤❡#❡ ✜❧❡#✳
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❁❝♦♠♠❡♥& ❞❡(❝)✐❜✐♥❣ &❤❡ ❝❧❛✐♠ ✭♦♣&✐♦♥❛❧✮❃

❁♣❧❛✐♥&✐❢❢❃

❁❞❡❢❡♥❞❛♥&❃

❁❝♦♠♣♦♥❡♥&( ❛&&❛❝❤❡❞ &♦ &❤❡ ❝❧❛✐♠ ♣)♦♣❡)&②✱ (❡♣❛)❛&❡❞ ❜② ❝♦♠♠❛❃

❁♣)❡❞✐❝❛&❡ ♦❢ &❤❡ ♣)♦♣❡)&②❃

❚❤❡ ✜%/( ❧✐♥❡ ♠❛② ❝♦♥(❛✐♥ ❛ ❝♦♠♠❡♥( ✭/(❛%(✐♥❣ ✇✐(❤ ★✮ ✇✐(❤ ❛ ❞❡/❝%✐♣(✐♦♥ ♦❢ (❤❡ ❝❧❛✐♠✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦✉% ❧✐♥❡/ /♣❡❝✐❢② %❡/♣❡❝(✐✈❡❧② (❤❡ ♣❧❛✐♥(✐✛✱ (❤❡ ❞❡❢❡♥❞❛♥(✱ (❤❡ ❝♦♠♣♦♥❡♥(/

❛♥❞ (❤❡ ♣%❡❞✐❝❛(❡ ♦❢ (❤❡ ♣%♦♣❡%(②✳ ❚❤❡ ♣%❡❞✐❝❛(❡ ♦❢ (❤❡ ♣%♦♣❡%(② ✐/ /♣❡❝✐✜❡❞ ✉/✐♥❣ (❤❡

❧❛♥❣✉❛❣❡ ♣%❡/❡♥(❡❞ ✐♥ ❙❡❝(✐♦♥ ✺✳✶✳

❚❤❡ ❢♦%♠❛( ♦❢ (❤❡ ❧✐❛❜✐❧✐(② ❞❡❝❧❛%❛(✐♦♥ ✜❧❡ ✐/ (❤❡ ❢♦❧❧♦✇✐♥❣✿

❁♥❛♠❡ ♦❢ &❤❡ ❝❧❛✐♠ ❢✐❧❡❃

★ ❡))♦) ✶ ❞❡(❝)✐♣&✐♦♥ ✭♦♣&✐♦♥❛❧✮

❁❝♦♠♣♦♥❡♥&( ❛&&❛❝❤❡❞ &♦ &❤❡ ❡))♦) ♣)♦♣❡)&②✱ (❡♣❛)❛&❡❞ ❜② ❝♦♠♠❛❃

❁♣)❡❞✐❝❛&❡ ♦❢ &❤❡ ♣)♦♣❡)&②❃

❁❧✐❛❜❧❡ ♣❛)&✐❡( ❛((♦❝✐❛&❡❞ ✇✐&❤ &❤❡ ❡))♦)✱ (❡♣❛)❛&❡❞ ❜② ❝♦♠♠❛❃

★ ❡))♦) ✷ ❞❡(❝)✐♣&✐♦♥ ✭♦♣&✐♦♥❛❧✮

✳ ✳ ✳

❚❤❡ ✜%/( ❧✐♥❡ ✐/ (❤❡ ♥❛♠❡ ♦❢ (❤❡ ❝❧❛✐♠ ❞❡❝❧❛%❛(✐♦♥ ✜❧❡ ❢♦% ✇❤✐❝❤ ❧✐❛❜✐❧✐(✐❡/ ❛%❡ /♣❡❝✐✜❡❞✳

▲✐❛❜✐❧✐(✐❡/ ❛%❡ ❞❡✜♥❡❞ ❜② ❛ /❡A✉❡♥❝❡ ♦❢ ❡%%♦% ❞❡✜♥✐(✐♦♥/✳ ❚❤❡ ✜%/( ❧✐♥❡ ♦❢ ❛♥ ❡%%♦% ❞❡✜♥✐(✐♦♥

❝♦♥(❛✐♥/ ❛♥ ♦♣(✐♦♥❛❧ ❝♦♠♠❡♥( ✭/(❛%(✐♥❣ ✇✐(❤ ★✮✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ (❤%❡❡ ❧✐♥❡/ /♣❡❝✐❢② (❤❡ ❡%%♦%

♣%♦♣❡%(② ✭❝♦♠♣♦♥❡♥(/ ❛♥❞ ♣%❡❞✐❝❛(❡✮ ❛♥❞ (❤❡ ♣❛%(✐❡/ ❧✐❛❜❧❡ ❢♦% (❤❡ ❡%%♦%/✳

▲❆C❘❖ ♦✛❡%/ ❛♥ ✐♥(❡%❢❛❝❡ (♦ ❜❡ ✉/❡❞ ❞✉%✐♥❣ (❤❡ ❡❧❛❜♦%❛(✐♦♥ ♦❢ (❤❡ ❝♦♥(%❛❝( (♦ ✈❛❧✐❞❛(❡

(❤❡ ✜❧❡/ ❞❡✜♥✐♥❣ ❝❧❛✐♠/ ❛♥❞ ❧✐❛❜✐❧✐(✐❡/ ✭❋✐❣✉%❡ ✺✳✸✮✳ ❚❤✐/ ✐♥(❡%❢❛❝❡ ❛❧❧♦✇/ ✉/ (♦ ❧♦❛❞ ❛♥❞

❝❤❡❝❦ ❞❡❝❧❛%❛(✐♦♥ ✜❧❡/✱ ❛❝❝♦%❞✐♥❣ (♦ (❤❡ ♠❡(❤♦❞ ✈❡)✐❢② ✭(❛❜❧❡ ✺✳✷✮✳

✶✶✺
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❋✐❣✉$❡ ✺✳✸✿ ▲♦❛❞ ▲✐❛❜✐❧✐0✐❡1 ■♥0❡$❢❛❝❡

❚❤❡$❡ ❛$❡ 0✇♦ 0②♣❡1 ♦❢ ❡$$♦$1✿

❼ ◆❛♠❡ ❡$$♦$ ♦❝❝✉$1 ✐❢ 0❤❡ ♥❛♠❡ ♦❢ ❛ ❝♦♠♣♦♥❡♥0✱ ❛❝0✐♦♥ ♦$ ❛❣❡♥0 ✐1 ♥♦0 $❡❝♦❣♥✐③❡❞✳

❼ ❙②♥)❛① ❡$$♦$ ♦❝❝✉$1 ✐❢ 0❤❡ ✐♥♣✉0 ✜❧❡ ✐1 ♥♦0 ❝♦♥❢♦$♠ 0♦ 0❤❡ 1②♥0❛① ❞❡1❝$✐❜❡❞ ✐♥ ❙❡❝✲

0✐♦♥ ✺✳✷✳✷✳ ❚❤✐1 ✐1 0❤❡ ❝❛1❡✱ ❢♦$ ❡①❛♠♣❧❡✱ ✐❢ 0❤❡ ✜$10 ❧✐♥❡ ♦❢ ❛ ❧♦❣ ✜❧❡ ❞♦❡1 ♥♦0 ❝♦♥0❛✐♥

❛ ❧✐10 ♦❢ ❝♦♠♣♦♥❡♥01 ♥❛♠❡1✳

❚❤❡ ✜$10 ❝♦❧✉♠♥ ❛❧1♦ ❝♦♥0❛✐♥1 ❛ ❧✐♥❦ 0♦ ❛ ❞♦❝✉♠❡♥0 0❤❛0 ❞✐1♣❧❛②1 0❤❡ ❧✐♥❡ ✇❤✐❝❤ ❤❛1 ❧❡❞

0♦ 0❤❡ ❡$$♦$✳

✺✳✷✳✷ ❉❡❝❧❛(❛)✐♦♥ ♦❢ ▲♦❣ ❋✐❧❡1

▲♦❣ ✜❧❡1 ❝❛♥ ❛❧1♦ ❜❡ ❞❡❝❧❛$❡❞ ✉1✐♥❣ ❢♦$♠❛00❡❞ 0❡①0 ✜❧❡1✳ ❚❤❡ ✜$10 ❧✐♥❡ ❝♦♥0❛✐♥1 0❤❡ ♥❛♠❡

♦❢ 0❤❡ ❝♦♠♣♦♥❡♥01 ✭1❡♣❛$❛0❡❞ ❜② ❝♦♠♠❛1✮ $❡❧❛0❡❞ 0♦ 0❤❡ ❧♦❣✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❧✐♥❡1 1❤♦✉❧❞

❝♦♥0❛✐♥ 0❤❡ ❡♥0$✐❡1 ♦❢ 0❤❡ ❧♦❣1✱ ♦♥❡ ❧✐♥❡ ♣❡$ ❡♥0$②✳ ▲♦❣ ❡♥0$✐❡1 ❛$❡ ❡♥❝♦❞❡❞ ❛❝❝♦$❞✐♥❣ 0♦ 0❤❡

❣$❛♠♠❛$ ❣✐✈❡♥ ❙❡❝0✐♦♥ ✺✳✶✱ ❡①❝❧✉❞✐♥❣ ❡ ❛♥❞ ✩✳ ❋♦& ❡①❛♠♣❧❡✿

log = ({WebComp, IntSys},
[(Send,WebComp, IntSys,Request, [s011, emazza, 14Jun Paris]),
(Rec,WebComp, IntSys,Request, [s011, emazza, 14Jun Paris]),
(Send, IntSys, CompHotel, Book, [s011, emazza, 14Jun Paris])])

✐. ❡♥❝♦❞❡❞ ❜②✿

✶✶✻
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❲❡❜❈♦♠♣✱■♥*❙②-

❙❡♥❞✱❲❡❜❈♦♠♣✱■♥*❙②-✱❘❡0✉❡-*✱❬✵✶✶✱❡♠❛③③❛✱✶✹❏✉♥ 9❛:✐-❪

❘❡❝✱❲❡❜❈♦♠♣✱■♥*❙②-✱❘❡0✉❡-*✱❬✵✶✶✱❡♠❛③③❛✱✶✹❏✉♥ 9❛:✐-❪

❙❡♥❞✱■♥*❙②-✱❈♦♠♣❍♦*❡❧✱❇♦♦❦✱❬✵✶✶✱❡♠❛③③❛✱✶✹❏✉♥ 9❛:✐-❪

❚❤❡ ❢✉♥❝'✐♦♥ :❡❛❞▲♦❣❋✐❧❡ '❛❦❡, ❛, ✐♥♣✉' ❛ ♥❛♠❡ ♦❢ ❛ ❧♦❣ ❞❡❝❧❛2❛'✐♦♥ ✜❧❡ ❛♥❞ ❜✉✐❧❞, ❛♥

✐♥,'❛♥❝❡ ♦❢ ❝❧❛,, ▲♦❣❋✐❧❡✳ ▲❆8❘❖ ♦✛❡2, ❛♥ ✐♥'❡2❢❛❝❡ '♦ ❧♦❛❞ ❧♦❣ ✜❧❡, ✭❙❡❝'✐♦♥ ✺✳✹✳✶✮✳

✺✳✸ ▲♦❣ ❆♥❛❧②③❡- ❆❧❣♦-✐/❤♠

■♥ ♦2❞❡2 '♦ ✐♠♣❧❡♠❡♥' '❤❡ ❧♦❣ ❛♥❛❧②③❡2✱ ✇❡ ♠✉,' ✜2,' ♣2♦✈✐❞❡ ❛♥ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ♦❢ '❤❡

❢✉♥❝'✐♦♥, Extract ❛♥❞ Merge ✭♠❛❝❤✐♥❡ LogOperations ✐♥ ❙❡❝'✐♦♥ ✸✳✹✮✳

❚❤❡ ❢✉♥❝'✐♦♥ ❡①*:❛❝* '❛❦❡, ❛, ✐♥♣✉' ❛ ▲♦❣❋✐❧❡ ❛♥❞ ❛ ,❡' ♦❢ ❝♦♠♣♦♥❡♥' ♥❛♠❡, ❛♥❞

2❡'✉2♥, ❛ ♥❡✇ ▲♦❣❋✐❧❡ ❝♦♥'❛✐♥✐♥❣ ♦♥❧② '❤❡ ❡♥'2✐❡, 2❡❧❛'❡❞ '♦ '❤❡ ❣✐✈❡♥ ,❡' ♦❢ ❝♦♠♣♦♥❡♥',✳

❚❤✐, ❢✉♥❝'✐♦♥ ❛❧,♦ 2❡'✉2♥, ❛♥ ❡22♦2 ♠❡,,❛❣❡ ✇❤❡♥ '❤❡ ,❡' ♦❢ ❝♦♠♣♦♥❡♥', ✐, ♥♦' ✐♥❝❧✉❞❡❞ ✐♥

'❤❡ ❝♦♠♣♦♥❡♥', ♦❢ '❤❡ ❧♦❣ ✭❛❝❝♦2❞✐♥❣ '♦ '❤❡ ❞♦♠❛✐♥ ❞❡✜♥✐'✐♦♥ ♦❢ '❤❡ ❡①'2❛❝' ❢✉♥❝'✐♦♥ ✐♥

❙❡❝'✐♦♥ ✸✳✹✳✶✮✳

❚❤❡ ❢✉♥❝'✐♦♥ ♠❡:❣❡ '❛❦❡, ❛, ✐♥♣✉' ❛ ▲♦❣❙❡* ❛♥❞ 2❡'✉2♥, ❛ ♥❡✇ ✐♥,'❛♥❝❡ ♦❢ ▲♦❣❙❡*

❝♦♥'❛✐♥✐♥❣ ❛❧❧ '❤❡ ,❝❡♥❛2✐♦, ♣2♦❞✉❝❡❞✳ ❆ ♥❛J✈❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ♦❢ '❤✐, ❢✉♥❝'✐♦♥ ❝♦♥,✐,',

✜2,' ✐♥ ♣2♦❞✉❝✐♥❣ ❛❧❧ ♣♦,,✐❜❧❡ ✐♥'❡2❧❡❛✈✐♥❣, ♦❢ ❡♥'2✐❡, '❤❛' 2❡,♣❡❝' '❤❡ ❧♦❝❛❧ ♦2❞❡2 ❛♥❞ '❤❡♠

✈❡2✐❢②✐♥❣ ✇❤✐❝❤ ✐♥'❡2❧❡❛✈✐♥❣, 2❡,♣❡❝' '❤❡ ❝❛✉,❛❧ ♦2❞❡2 ❜❡'✇❡❡♥ Send ❛♥❞ Rec ❡♥'2✐❡,✳ ❚❤❡

♣2♦❜❧❡♠ ✇✐'❤ '❤✐, ❛♣♣2♦❛❝❤ ✐, '❤❛' '❤❡ ❛♠♦✉♥' ♦❢ ✐♥'❡2❧❡❛✈✐♥❣, ❣2♦✇, ❡①♣♦♥❡♥'✐❛❧❧② ✇✐'❤

'❤❡ ♥✉♠❜❡2 ♦❢ ❡♥'2✐❡,✳

▼❛♥② ,♦❧✉'✐♦♥, ❤❛✈❡ ❜❡❡♥ ♣2♦♣♦,❡❞ '♦ ✐♠♣2♦✈❡ '❤❡ ❡✣❝✐❡♥❝② ♦❢ '❤✐, ♣2♦❝❡,,

❬❇2✐❣❤'✇❡❧❧ ✫ ❲✐♥❦❧❡2 ✶✾✾✶✱ ❑❛❧✈✐♥ ✫ ❱❛2♦❧ ✶✾✽✸✱ ❱❛2♦❧ ✫ ❘♦'❡♠ ✶✾✽✶❪✳ ❲❡ ❤❛✈❡ ✐♠♣❧❡✲

♠❡♥'❡❞ '❤❡ ❛❧❣♦2✐'❤♠ ♣2♦♣♦,❡❞ ❜② ❬❱❛2♦❧ ✫ ❘♦'❡♠ ✶✾✽✶❪ ❞✉❡ '♦ ✐', ,✐♠♣❧✐❝✐'② ❛♥❞ ❡✣❝✐❡♥❝②

✐♥ ♣2❛❝'✐❝❡ ❬82✉❡,,❡ ✫ ❘✉,❦❡② ✶✾✾✹❪✳ ❚❤✐, ❛❧❣♦2✐'❤♠ ❝♦♥,✐,', ✐♥ ❦❡❡♣✐♥❣ '2❛❝❦ ♦❢ ❡✈❡2② ♣♦,✲

,✐❜❧❡ ♣♦,✐'✐♦♥ '❤❛' ❡❛❝❤ ❡♥'2② ❝❛♥ '❛❦❡ 2❡❧❛'✐✈❡❧② '♦ ♦'❤❡2 ♦♥❡,✳ ❚❤❡♥✱ '❤❡ ❛❧❣♦2✐'❤♠ ✉,❡,

'❤❡,❡ ❧♦❝❛'✐♦♥, '♦ ,✇❛♣ ❡♥'2✐❡, ❛♥❞ '♦ ♣2♦❞✉❝❡ '❤❡ ,❝❡♥❛2✐♦,✳ ❋♦2 ❡①❛♠♣❧❡✱ ❧❡' en1✱ en2
❛♥❞ en3 ❜❡ '❤2❡❡ ❡♥'2✐❡, ,✉❝❤ '❤❛' en1 ❤❛♣♣❡♥, ❜❡❢♦2❡ en2 ❛♥❞ en3✳ ❚❤❡ ❛❧❣♦2✐'❤♠ ✜2,'

2❡❝♦2❞, '❤❛' en1 ❝❛♥♥♦' ,✇❛♣ ✇✐'❤ ❛♥② ♦'❤❡2 ❡♥'2② ❛♥❞ en2 ❝❛♥ ,✇❛♣ ♣♦,✐'✐♦♥, ✇✐'❤ en3
❛♥❞ '❤❡♥ ✐' ♣2♦❞✉❝❡, '❤❡ ,❝❡♥❛2✐♦, en1, en2, en3 ❛♥❞ en1, en3, en2✳ ■♥ '❡2♠, ♦❢ ❝♦♠♣❧❡①✐'②✱

'❤✐, ❛❧❣♦2✐'❤♠ '❛❦❡, ❛' ♠♦,' O(n) '✐♠❡ ♣❡2 ,❝❡♥❛2✐♦ ✇❤❡2❡ n ✐, '❤❡ ♥✉♠❜❡2 ♦❢ ❡♥'2✐❡,✳

❚❤❡ ❧♦❣ ❛♥❛❧②③❡2 ✐, ✐♠♣❧❡♠❡♥'❡❞ ❜② '❤❡ ❢✉♥❝'✐♦♥ ✈❡:✐❢②9:♦♣❡:*② '❤❛' '❛❦❡, ❛, ✐♥♣✉'

❛ ▲♦❣❙❡* ❛♥❞ ❛ ▲♦❣9:♦♣❡:*② ❛♥❞ 2❡'✉2♥, '✇♦ ♥❡✇ ✐♥,'❛♥❝❡, ♦❢ ▲♦❣❙❡* ❝♦22❡,♣♦♥❞✐♥❣ '♦

'❤❡ ,❡', scen ❛♥❞ ok✳ ❚❤✐, ❢✉♥❝'✐♦♥ 2❡'✉2♥, ❛♥ ❡22♦2 ✐❢ '❤❡ ,❡❧❡❝'❡❞ ❧♦❣, ❞♦ ♥♦' ❝♦♥'❛✐♥ '❤❡

❡♥'2✐❡, ❛,,♦❝✐❛'❡❞ ✇✐'❤ '❤❡ ,❡' ♦❢ ❝♦♠♣♦♥❡♥', ❛''❛❝❤❡❞ '♦ '❤❡ ♣2♦♣❡2'② ✭♣2❡✲❝♦♥❞✐'✐♦♥ ♦❢

V erifyProperty ✐♥ ❙❡❝'✐♦♥ ✸✳✺✳✸✮✳

❚❤❡ ✈❡2✐✜❝❛'✐♦♥ ♦❢ ❛ ❧♦❣ ♣2♦♣❡2'② ❢♦2 ❛ ❣✐✈❡♥ ❧♦❣ ✐, ♠❛❞❡ ❜② ♣❛2,✐♥❣ '❤❡ ♣2❡❞✐❝❛'❡ ♦❢ '❤❡

♣2♦♣❡2'② ❛❝❝♦2❞✐♥❣ '♦ '❤❡ ❞❡✜♥✐'✐♦♥ ♦❢ ❤♦❧❞- ✭❉❡✜♥✐'✐♦♥ ✶✶✮✳ ❚♦ ✈❡2✐❢② '❤❛' ❛ ❣✐✈❡♥ ❧♦❣ ✜❧❡ ✐,

✶✶✼
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 ❡❝♦❣♥✐③❡❞ ❜② ❛  ❡❣✉❧❛ ❡①♣ ❡00✐♦♥✱ ✇❡ ✉0❡ 3❤❡  ❡❣✉❧❛ ❡①♣ ❡00✐♦♥ ❧✐❜ ❛ ②  ❡ ♦❢ 6②3❤♦♥✳ ❚❤✐0

❧✐❜ ❛ ② ✐♥❝❧✉❞❡0 ❛ ❢✉♥❝3✐♦♥ ♠❛$❝❤ 3❤❛3✱ ❣✐✈❡♥ ❛ 03 ✐♥❣ ❛♥❞ ❛  ❡❣✉❧❛ ❡①♣ ❡00✐♦♥✱  ❡3✉ ♥0 3❤❡

♣♦0✐3✐♦♥ ✇❤❡ ❡ 3❤❡  ❡❣✉❧❛ ❡①♣ ❡00✐♦♥ ♠❛3❝❤❡0 3❤❡ 03 ✐♥❣ ♦ ◆♦♥❡ ✐❢ 3❤❡  ❡❣✉❧❛ ❡①♣ ❡00✐♦♥

❞♦❡0 ♥♦3 ♠❛3❝❤ 3❤❡ 03 ✐♥❣✳ ❚♦ ❜✉✐❧❞ ❛ 03 ✐♥❣ ❢ ♦♠ ❛♥ ❡♥3 ②  ❡♣ ❡0❡♥3❛3✐♦♥ ✭❉❡✜♥✐3✐♦♥ ✽✮

✇❡ ❤❛✈❡ 3♦ ❡①♣❛♥❞ 3❤❡ ♥♦♥ ❝♦♥✈❡♥3✐♦♥❛❧ ♦♣❡ ❛3♦ 0 ♦❢ ♦✉  ❡❣✉❧❛ ❡①♣ ❡00✐♦♥0 ✭3❤❡ ✩ ❛♥❞ ❡

0②♠❜♦❧0✮✳ ❊❛❝❤ 0②♠❜♦❧ ✩ ✐0  ❡♣❧❛❝❡❞ ❜② 3❤❡ 03 ✐♥❣ ❭✇✯ ✇✐3❤ ❭✇ ❞❡✜♥❡❞ ❛0 ❬❛✲③❆✲❩✵✲✾ ❪✮✳

❊❛❝❤ ❡ ✐0  ❡♣❧❛❝❡❞ ❜② 3❤❡ 03 ✐♥❣ ❭✭✭❙❡♥❞⑤❘❡❝✮✱❭✇✰✱❭✇✰✱❭✇✰✱❭❬❬❭✇✱❪✯❭❪❭✮

✶

3❤❛3 ♠❛3❝❤❡0

❛♥② ❡♥3 ②✳

✺✳✹ ▲♦❣ ❆♥❛❧②+✐+ -❘❖❝❡❞✉4❡ ✭▲❆-❘❖✮ ❚♦♦❧

■♥ 3❤✐0 0❡❝3✐♦♥✱ ✇❡ ❞❡0❝ ✐❜❡ 3❤❡ ▲❆6❘❖ 3♦♦❧ 3❤❛3 ✐♠♣❧❡♠❡♥30 3❤❡ ❧♦❣ ❛♥❛❧②0✐0 ♣ ♦❝❡❞✉ ❡✱ ❛0

0♣❡❝✐✜❡❞ ❋✐❣✉ ❡ ✹✳✶✳ ❚❤❡ ✐♥3❡ ❢❛❝❡ ♦❢ ▲❆6❘❖ ❝♦♥0✐030 ♦❢ 0❡✈❡ ❛❧ ❍❚▼▲ ❞♦❝✉♠❡♥30✱ ❡❛❝❤

♦❢ 3❤❡♠ ❝♦  ❡0♣♦♥❞✐♥❣ 3♦ ♦♥❡ 03❡♣ ♦❢ 3❤❡ ♣ ♦❝❡❞✉ ❡✳ ❚❤❡ ❧✐♥❦0 ◆❡①# ❙#❡♣ ❛♥❞ &'❡✈✐♦✉, ❙#❡♣

❛❧❧♦✇ ✉0 3♦ ❜ ♦✇0❡ 3❤ ♦✉❣❤ 3❤❡ ❞✐✛❡ ❡♥3 03❡♣0 ♦❢ 3❤❡ ♣ ♦❝❡❞✉ ❡✳

✺✳✹✳✶ ❙%❡♣ ✶✿ ▲♦❣ ❈♦❧❧❡❝%✐♦♥

❚❤❡ ✐♥3❡ ❢❛❝❡ ❞❡0❝ ✐❜❡❞ ✐♥ ❋✐❣✉ ❡ ✺✳✹ ❛❧❧♦✇0 ✉0 3♦ 0❡❧❡❝3 3❤❡ 0❡3 ♦❢ ❧♦❣0 3♦ ❜❡ ❛♥❛❧②③❡❞ ❛♥❞

3❤❡ ❝❧❛✐♠ ✐♥03❛♥❝❡ ❢♦ ✇❤✐❝❤ ❧✐❛❜✐❧✐3✐❡0 ♠✉03 ❜❡ ❡03❛❜❧✐0❤❡❞✳ ❚❤❡ ❧✐♥❦ ❆❞❞ ❧♦❣ ✜❧❡ ❛❧❧♦✇0 ✉0

3♦ 0❡❧❡❝3 3❤❡ ❧♦❣ ✜❧❡0 3❤❛3 0❤♦✉❧❞ ❜❡ ✐♥ 3❤❡ ❢♦ ♠❛3 0♣❡❝✐✜❡❞ ✐♥ ❙❡❝3✐♦♥ ✺✳✷✳✷✳ ❚❤❡ ❧✐♥❦ ❙❡❧❡❝#

❧✐❛❜✐❧✐#✐❡, ❝❛♥ ❜❡ ✉0❡❞ 3♦ ❞❡✜♥❡ ❧✐❛❜✐❧✐3✐❡0 ✐♥ 3❤❡ ❢♦ ♠❛3 0♣❡❝✐✜❡❞ ✐♥ ❙❡❝3✐♦♥ ✺✳✷✳✶✳ ❚❤❡♥✱

3❤❡ ✐♥3❡ ❢❛❝❡ ♠❛❦❡0 ✐3 ♣♦00✐❜❧❡ 3♦ ❞❡✜♥❡ 3❤❡ ✈❛❧✉❡0 ♦❢ 3❤❡ ♣❛ ❛♠❡3❡ 0 0♣❡❝✐✜❝ 3♦ 3❤❡ ❝❧❛✐♠

✐♥03❛♥❝❡✳

✶

❙✐♥❝❡ %❤❡ ❝❤❛(❛❝%❡() )*✉❛(❡ ❜(❛❝❦❡%) ❛♥❞ ♣❛(❡♥%❤❡)❡) ❤❛✈❡ ❛ )♣❡❝✐❛❧ ♠❡❛♥✐♥❣ ✐♥ (❡❣✉❧❛( ❡①♣(❡))✐♦♥) ✐❢

✇❡ ✇✐)❤ %♦ ♠❛%❝❤ %❤❡♥ ✐♥ %❤❡ %❡①% ✇❡ )❤♦✉❧❞ ♥♦%❡ %❤❡♠ ✇✐%❤ ❛ ❜❛❝❦)❧❛)❤

✶✶✽
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❚❤❡ #❡❝♦♥❞ ❝♦❧✉♠♥ ✐♥❞✐❝❛-❡# ✇✐-❤ ❛ ❵×✬ -❤❡ #✉❜#❡- ♦❢ #❝❡♥❛3✐♦# ✇❤❡3❡ -❤❡ ❝❧❛✐♠ ✐# ✈❛❧✐❞ ✭#❡-

ok✮✳ ❚❤❡ -❤✐3❞ ❝♦❧✉♠♥ ❝♦♥-❛✐♥# ❛ ❧✐♥❦✱ ❊①❝❧✉❞❡✱ -❤❛- ❛❧❧♦✇# ✉# -♦ ❡①❝❧✉❞❡ ❛ ❣✐✈❡♥ #❝❡♥❛3✐♦

✭❢♦3 ✐♥#-❛♥❝❡ ❛ ♥♦♥ 3❡❛❧✐#-✐❝ ♦♥❡✮✳

❋✐❣✉3❡ ✺✳✽✿ ❈❧❛✐♠ ❱❛❧✐❞✐-② ❆♥❛❧②#✐# ■♥-❡3❢❛❝❡

❚❤❡ ❧✐♥❦ ❱✐❡✇ ❈❧❛✐♠ ❞✐#♣❧❛②# -❤❡ ❝♦♠♣♦♥❡♥-# ❛♥❞ ♣3❡❞✐❝❛-❡ ♦❢ -❤❡ ♣3♦♣❡3-② ❛--❛❝❤❡❞

-♦ -❤❡ ❛♥❛❧②③❡❞ ❝❧❛✐♠✳
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❋✐❣✉$❡ ✺✳✾✿ ❱✐❡✇ ❙❝❡♥❛$✐♦ ■♥2❡$❢❛❝❡

✺✳✹✳✹ ❙$❡♣ ✹✿ ▲✐❛❜✐❧✐$② ❆♥❛❧②0✐0

■♥ 2❤❡ ❧❛62 62❡♣ ✭❋✐❣✉$❡ ✺✳✶✵✮✱ ▲❆?❘❖ ❛♥❛❧②③❡6 2❤❡ ♠❛$❦❡❞ 6❝❡♥❛$✐♦6 2♦ 6❡❛$❝❤ 2❤❡ ❡$$♦$6

❛66♦❝✐❛2❡❞ ✇✐2❤ 2❤❡ ❝❧❛✐♠✳

❋✐❣✉$❡ ✺✳✶✵✿ ▲✐❛❜✐❧✐2② ❆♥❛❧②6✐6 ■♥2❡$❢❛❝❡

❚❤❡ ✜$62 ❝♦❧✉♠♥ ❧✐626 2❤❡ 6❡2 ♦❢ ❡$$♦$6 ❝♦♠✐♥❣ ❢$♦♠ 2❤❡ ✐♥♣✉2 ✜❧❡ ❞❡6❝$✐❜✐♥❣ ❧✐❛❜✐❧✐2✐❡6✳

❊❛❝❤ ♦❢ 2❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦❧✉♠♥6 $❡♣$❡6❡♥26 ♦♥❡ 6❝❡♥❛$✐♦ ✭logi✮ ✇❤❡$❡ 2❤❡ ❝❧❛✐♠ ✐6 ✈❛❧✐❞ ✭logi ∈
ok✮✳ ❊❛❝❤ ❝❡❧❧ ✐♥❞✐❝❛2❡6 2❤❡ ❧✐❛❜❧❡ ♣❛$2✐❡6 ✭❵✲✬ ✐♥❞✐❝❛2❡6 2❤❛2 2❤❡ ❡$$♦$ ❞✐❞ ♥♦2 ♦❝❝✉$ ✐♥
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✸✳ ❚❤✐%❞✱ (❤❡ ❝♦,( ♦❢ ♠❡%❣✐♥❣ (❤❡ ❧♦❣, ❛♥❞ ♣%♦❞✉❝✐♥❣ (❤❡ ,❡( ♦❢ ,❝❡♥❛%✐♦,✳ ❲❤❡♥ ✇♦%❦✐♥❣

✇✐(❤ ❧❛%❣❡ ❛♠♦✉♥(, ♦❢ ❡♥(%✐❡,✱ (❤❡ ♥✉♠❜❡% ♦❢ ,❝❡♥❛%✐♦, ♠❛② ❛❧,♦ ❜❡ ✈❡%② ❧❛%❣❡✳ ❲❡

♠✉,( ❞❡(❡%♠✐♥❡ ✐❢ (❤❡ ♥✉♠❜❡% ♦❢ ,❝❡♥❛%✐♦ ✐, (♦♦ ❧❛%❣❡ (♦ ❜❡ ❝♦♠♣✉(❡❞ ✐♥ ♣%❛❝(✐❝❡✳

❚❤❡ ❡✈❛❧✉❛(✐♦♥, %❡♣♦%(❡❞ ✐♥ (❤❡ ♥❡①( ,❡❝(✐♦♥, ✇❡%❡ ♣❡%❢♦%♠❡❞ ✐♥ ❛ ♠❛❝❤✐♥❡ ✇✐(❤ ❛ ■♥(❡❧

❈♦%❡ ✐✺ ✶✳✵✼●❤③ ❛♥❞ ✹●❇ ♦❢ ♠❡♠♦%② %✉♥♥✐♥❣ ❯❜✉♥(✉ ✶✶✳✶✵✳

✺✳✺✳✶ ❊✈❛❧✉❛(✐♦♥ ♦❢ ▲♦❣❋✐❧❡✳✈❡)✐❢②✭✮

❲❡ %❛♥❞♦♠❧② ♣%♦❞✉❝❡❞ ❧♦❣, ❝♦♥(❛✐♥✐♥❣ ❡%%♦%, (❤❛( ,❤♦✉❧❞ ❜❡ ❞❡(❡❝(❡❞ ❜② (❤❡ ♠❡(❤♦❞

✈❡"✐❢②✳ ❚❤❡ ❡✈❛❧✉❛(✐♦♥ ✇❛, ♣❡%❢♦%♠❡❞ ♦♥ ❛ ,❡( ♦❢ ❧♦❣ ✜❧❡, ❝♦♥(❛✐♥✐♥❣ ❛ (♦(❛❧ ♦❢ 103✱
104 ❛♥❞ 105 ❡♥(%✐❡,✳ ❋♦% ❡❛❝❤ ♦❢ (❤❡,❡ ,✐③❡,✱ ✶✵✵ ❧♦❣ ✜❧❡, ✇❡%❡ ♣%♦❞✉❝❡❞✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ (❛❜❧❡ ,❤♦✇, (❤❡ ❛✈❡%❛❣❡ (✐♠❡ ♥❡❝❡,,❛%② (♦ ❡①❡❝✉(❡ (❤❡ ♠❡(❤♦❞ ✈❡"✐❢②

✭❚❛❜❧❡ ✺✳✷✮ ♦♥ (❤❡ ❝❧❛,, ▲♦❣❋✐❧❡✿

✈❡"✐❢② ❛✈❡%❛❣❡ (✐♠❡ ✭✐♥ ♠✐❧❧✐,❡❝♦♥❞,✮

103 ❡♥(%✐❡, 104 ❡♥(%✐❡, 105 ❡♥(%✐❡,

11 117 1240

❆❧❧ ❝♦♥❞✐(✐♦♥, ♦❢ (❤❡ ♠❡(❤♦❞ ✈❡"✐❢② (❛❦❡ ❧✐♥❡❛% (✐♠❡ (♦ ❜❡ ♣❡%❢♦%♠❡❞ ❜❡❝❛✉,❡ ❡❛❝❤

❡♥(%② ♦♥❧② ♥❡❡❞, (♦ ❜❡ ✈❡%✐✜❡❞ ♦♥❝❡✳ ❚♦ ✈❡%✐❢② (❤❡ ♦%❞❡% ❜❡(✇❡❡♥ Send ❛♥❞ Rec ❡♥(%✐❡, (❤❡

(♦♦❧ ,(♦%❡, ❡❛❝❤ ❡♥(%② ❛♥❞ ✐(, ♣♦,✐(✐♦♥ ✐♥ ❛ ❤❛,❤(❛❜❧❡ ,(%✉❝(✉%❡ ❛♥❞ ❝❤❡❝❦, ❢♦% ❡✈❡%② Rec

❡♥(%② ✐❢ ✐(, Send ❝♦✉♥(❡%♣❛%( ❤❛, ❛ ❧♦✇❡% ♣♦,✐(✐♦♥ ✐♥ (❤❡ ❧♦❣ ✜❧❡✳

✺✳✺✳✷ ❊✈❛❧✉❛(✐♦♥ ♦❢ ❧♦❣ ♠❡1❣✐♥❣

❇❛,❡❞ ♦♥ ♦✉% ❝❛,❡ ,(✉❞②✱ ✇❡ %❛♥❞♦♠❧② ♣%♦❞✉❝❡❞ ❧♦❣, ✇✐(❤ (❤❡ ❡♥(%✐❡, ♦❢ ♠✉❧(✐♣❧❡ ,❡,,✐♦♥,

(❤❛( ❝♦✉❧❞ ♦❝❝✉% ✐♥ ♣❛%❛❧❧❡❧ ❛♥❞ ✇❡ ♠❡❛,✉%❡❞ (❤❡ (✐♠❡ ♥❡❝❡,,❛%② (♦ ♣%♦❞✉❝❡ ❛❧❧ ,❝❡♥❛%✐♦✳

❲❡ ❝♦♥,✐❞❡%❡❞ (❤❡ ❧♦❣ ❞✐,(%✐❜✉(✐♦♥, (❤❛( ❝♦✉❧❞ ♣%♦❞✉❝❡ (❤❡ ❧❛%❣❡,( ♥✉♠❜❡%, ♦❢ ,❝❡♥❛%✐♦ ❢♦%

(❤❡ ❝♦♠♣♦♥❡♥(, WebComp✱ IntSys ❛♥❞ CompHotel✿

Dist = {{WebComp}, {IntSys}, {CompHotel}}

❚❤❡ ❢♦❧❧♦✇✐♥❣ (❛❜❧❡ ,❤♦✇, (❤❡ %❡,✉❧(, ♦❢ (❤❡ ,❝❡♥❛%✐♦ ❛♥❛❧②,✐,✿

♥✉♠❜❡% ♦❢ ,❝❡♥❛%✐♦, ✭(♦(❛❧ (✐♠❡ (♦ ❝♦♠♣✉(❡ ,❝❡♥❛%✐♦, ✐♥ ,❡❝♦♥❞,✮

15 ❡♥(%✐❡, 20 ❡♥(%✐❡, 25 ❡♥(%✐❡,

1.55× 105scenarios(< 1) 5.25× 107(87) timeout

❆❞❞✐(✐♦♥❛❧❧②✱ (❤❡ ❛✈❡%❛❣❡ (✐♠❡ ♥❡❝❡,,❛%② (♦ ♣%♦❞✉❝❡ ❡❛❝❤ ,❝❡♥❛%✐♦ ✐, ❛❧✇❛②, ❧❡,, (❤❛♥ ✶

♠✐❧❧✐,❡❝♦♥❞✱ ❡✈❡♥ ❢♦% ❛ ,❡( ♦❢ ❧♦❣ ✜❧❡, ✇✐(❤ ❛ (♦(❛❧ ♦❢ 105 ❡♥(%✐❡,✳ ❍♦✇❡✈❡%✱ ♦♥❡ ♣%♦❜❧❡♠

(❤❛( ✇❡ ❢❛❝❡❞ ✇❛, (❤❡ ♥✉♠❜❡% ♦❢ ,❝❡♥❛%✐♦, ♣%♦❞✉❝❡❞ (❤❛( ❣%♦✇, ❡①♣♦♥❡♥(✐❛❧❧② ✇✐(❤ (❤❡

♥✉♠❜❡% ♦❢ ❡♥(%✐❡, ✭❢♦% ❧♦❣, ✇✐(❤ ✷✺ ❡♥(%✐❡, ✐( ✇❛, ♥♦( ♣♦,,✐❜❧❡ (♦ ❝♦♠♣✉(❡ (❤❡ ♥✉♠❜❡% ♦❢

,❝❡♥❛%✐♦ ❡✈❡♥( ❛❢(❡% ,❡✈❡%❛❧ ♠✐♥✉(❡,✮✳ ❖♣(✐♠✐③❛(✐♦♥, (♦ ,♦❧✈❡ (❤✐, ♣%♦❜❧❡♠ ❛%❡ ❞✐,❝✉,,❡❞ ✐♥

❙❡❝(✐♦♥ ✺✳✺✳✹✳

✶✷✹



✺✳✺✳ ▲❆$❘❖ ❊❱❆▲❯❆❚■❖◆

✺✳✺✳✸ ❊✈❛❧✉❛(✐♦♥ ♦❢ (❤❡ ✈❡/✐✜❝❛(✐♦♥ ♦❢ ♣/♦♣❡/(✐❡3

❲❡ "❛♥❞♦♠❧② ♣"♦❞✉❝❡❞ ❧♦❣. ❝♦♥/❛✐♥✐♥❣ ❛ /♦/❛❧ ♦❢ 103✱ 104 ❛♥❞ 105 ❡♥/"✐❡.✳ ❋♦" ❡❛❝❤ ♦❢ /❤❡.❡
.✐③❡.✱ ✶✵✵ ❧♦❣ ✜❧❡. ✇❡"❡ ♣"♦❞✉❝❡❞❀ /❤❡♥ ✇❡ ♠❡❛.✉"❡❞ /❤❡ ❛✈❡"❛❣❡ /✐♠❡ ♥❡❝❡..❛"② /♦ ❡✈❛❧✲

✉❛/❡ /❤❡ ♣"♦♣❡"/✐❡. parPropNoRoom ✭❙❡❝/✐♦♥ ✺✳✶✮ ❛♥❞ propLateCancel ✭❙❡❝/✐♦♥ ✸✳✽✮✳ ❚❤❡.❡

♣"♦♣❡"/✐❡. ✇❡"❡ ❝❤♦.❡♥ ❜❡❝❛✉.❡ /❤❡② ✐♥❝❧✉❞❡ ❛❧❧ /❤❡ ♦♣❡"❛/♦". ♦❢ /❤❡ ❧❛♥❣✉❛❣❡ ♣"♦♣♦.❡❞ ✐♥

❙❡❝/✐♦♥ ✺✳✶ ✭❜♦♦❧❡❛♥ ♦♣❡"❛/♦".✱ "❡❣✉❧❛" ❡①♣"❡..✐♦♥. ✉.✐♥❣ ❑❧❡❡♥❡ ./❛" ❛♥❞ ❡♥/"✐❡. ♦"❞❡"✐♥❣✮✳

❚❤❡ ❧♦❣ ✜❧❡. ✇❡"❡ ♣"♦❞✉❝❡❞ ✐♥ ❛ ✇❛② .✉❝❤ /❤❛/ /❤❡ ❡♥/"✐❡. ♦❢ /❤❡ .❡❝/✐♦♥ ❢♦" ✇❤✐❝❤ /❤❡ ❢❛✐❧✉"❡

♦❝❝✉""❡❞ ✇♦✉❧❞ ❜❡ "❛♥❞♦♠❧② ❛❞❞❡❞ /♦ /❤❡ ❧♦❣ ✜❧❡ ❛♥❞ /❤❡ ♣"♦♣❡"/✐❡. /❡./❡❞ ✇♦✉❧❞ ❤♦❧❞✳

❚❤❡ ♣"❡❞✐❝❛/❡ parPropNoRoom ✭❊①❛♠♣❧❡ ✺✳✶✮ ✐. "❡♣"❡.❡♥/❡❞ ❛. ❢♦❧❧♦✇.✿

✭❡✯✭❘❡❝✱❈❧✐❡♥*✱❲❡❜❈♦♠♣✱◆❡✇❘❡2✉❡4*✱❬④4❡44✐♦♥■❞⑥✱④❝❧✐❡♥*■❞⑥✱✩❪✮❡✯ ❆◆❉

◆❖❚✭❡✯✭❙❡♥❞✱❈♦♠♣❍♦*❡❧✱❈♦♠♣❇❛♥❦✱❈♦♥❢✐G♠✱❬④4❡44✐♦♥■❞⑥✱✩✱✩❪✮❡✯✮✮

❛♥❞ propLateCancel ✐. ❡①♣"❡..❡❞ ❛. ❢♦❧❧♦✇.✿

❡✯✭❘❡❝✱❈❧✐❡♥*✱❲❡❜❈♦♠♣✱❈❛♥❝❡❧❘❡2✉❡4*✱❬④4❡44✐♦♥■❞⑥❪✮❡✯

✭❙❡♥❞✱❈♦♠♣❍♦*❡❧✱❈♦♠♣❇❛♥❦✱❉❡❜✐*✱❬④4❡44✐♦♥■❞⑥✱④❤♦*❡❧■❞⑥✱④❝❧✐❡♥*■❞⑥✱✩❪✮❡✯

❚❤❡ ❢♦❧❧♦✇✐♥❣ /❛❜❧❡ .❤♦✇. /❤❡ ❛✈❡"❛❣❡ /✐♠❡ ♥❡❝❡..❛"② /♦ ❛♥❛❧②③❡ parPropNoRoom ❛♥❞

propLateCancel✳

J"♦♣❡"/②

❆✈❡"❛❣❡ /✐♠❡ ✭✐♥ ♠✐❧✐.❡❝♦♥❞.✮

103 ❡♥/"✐❡. 104 ❡♥/"✐❡. 105 ❡♥/"✐❡.

parPropNoRoom 6 58 594
propLateCancel 4 40 457

✺✳✺✳✹ ❖♣(✐♠✐③❛(✐♦♥3

❘❡❣❛"❞✐♥❣ /❤❡ "❡.✉❧/. ♦❢ /❤❡ ❡✈❛❧✉❛/✐♦♥ ♦❢ ▲❆J❘❖✱ ✇❡ ♠❛② ❝♦♥❝❧✉❞❡ /❤❛/ ♦♥❧② ❡✣❝✐❡♥❝②

♣"♦❜❧❡♠ ❝♦♠❡. ❢"♦♠ /❤❡ ♣"♦❞✉❝/✐♦♥ ♦❢ /❤❡ .❝❡♥❛"✐♦.✳ ❙♦♠❡ ♦♣/✐♠✐③❛/✐♦♥. ♠❛② ❜❡ ✐♠♣❧❡✲

♠❡♥/❡❞ /♦ ❛❞❞"❡.. /❤✐. ✐..✉❡✳ ❚❤❡ ✜"./ ♦♥❡ ❝♦♥.✐./. ✐♥ ✜❧/❡"✐♥❣ /❤❡ ❧♦❣ ❝♦♥/❡♥/ /♦ ❦❡❡♣ ♦♥❧②

/❤❡ ❡♥/"✐❡. /❤❛/ ❛"❡ "❡❧❡✈❛♥/ ❢♦" /❤❡ ♣"♦♣❡"/②✳ ❋✐❧/❡". ♠❛② ❜❡ ❜❛.❡❞ ♦♥ .♣❡❝✐✜❝ ♣❛"❛♠❡/❡".✳

❋♦" ❡①❛♠♣❧❡✱ ✇❡ ♠❛② ✜❧/❡" ♦♥❧② ❡♥/"✐❡. "❡❧❛/✐✈❡ /♦ ❛ .✐♥❣❧❡ .❡..✐♦♥ ♦" ♣❡"❢♦"♠ /❤❡ ❛♥❛❧②.✐.

♦♥❧② ✇✐/❤ ❡♥/"✐❡. /❤❛/ ♦❝❝✉" ❜❡/✇❡❡♥ /❤❡ ✜"./ ✭NewRequest✮ ❛♥❞ /❤❡ ✜♥❛❧ ❡♥/"✐❡. ✭Debit✮

♦❢ ❛ ❣✐✈❡♥ .❡..✐♦♥✳

❆♥♦/❤❡" ♣♦..✐❜❧❡ ♦♣/✐♠✐③❛/✐♦♥ ✐. /♦ ❝❤❡❝❦✱ ❜❡❢♦"❡ ♣"♦❞✉❝✐♥❣ /❤❡ .❝❡♥❛"✐♦.✱ ✐❢ /❤❡ ♣"♦♣❡"/②

❞♦❡. ♥♦/ ./❛/❡ ❝♦♥❞✐/✐♦♥. ❛❜♦✉/ /❤❡ ♦"❞❡" ♦❢ /❤❡ ❡♥/"✐❡. ✭❛. ❛♥ ✐❧❧✉./"❛/✐♦♥✱ /❤❡ ♣"♦♣❡"/②

parPropNoRoom ♦♥❧② ./❛/❡. ❝♦♥❞✐/✐♦♥. ♦♥ /❤❡ ❡①✐./❡♥❝❡ ♦❢ ❡♥/"✐❡.✮✳ ■❢ /❤✐. ✐. /❤❡ ❝❛.❡✱

/❤❡♥ /❤❡ ✈❡"✐✜❝❛/✐♦♥ ♦❢ /❤❡ ♣"♦♣❡"/② ♠❛② ❜❡ ♣❡"❢♦"♠❡❞ ✉.✐♥❣ ❛ .✐♥❣❧❡ .❝❡♥❛"✐♦ ❜❡❝❛✉.❡ /❤❡

♣"♦♣❡"/✐❡. ♦❢ /❤❡ ❢✉♥❝/✐♦♥ Merge ❡♥.✉"❡. /❤❛/ /❤❡ .❝❡♥❛"✐♦. ❝♦♥/❛✐♥ /❤❡ .❛♠❡ ❡♥/"✐❡.✱ ❜✉/

✐♥ ❞✐✛❡"❡♥/ ♦"❞❡".✳

✶✷✺



❈❍❆#❚❊❘ ✺✳ ■▼#▲❊▼❊◆❚❆❚■❖◆ ❖❋ ❚❍❊ ▲❖● ❆◆❆▲❨❙■❙ #❘❖❈❊❉❯❘❊

❋✐♥❛❧❧②✱ ✐♥ '♦♠❡ ❝❛'❡' ✇❡ ♠❛② ❝♦♥❝❧✉❞❡ /❤❛/ /❤❡ ♦1❞❡1 ♦❢ /✇♦ ❣✐✈❡♥ ❡♥/1✐❡' ♠✉'/ ❜❡

/❤❡ '❛♠❡ ❢♦1 '❝❡♥❛1✐♦' ❜② ❛♥❛❧②③✐♥❣ /❤❡ ❝❛✉'❛❧✐/② ❜❡/✇❡❡♥ Send ❛♥❞ Rec ❡♥/1✐❡' ✭❜❛'❡❞ ♦♥

/❤❡ 1❡❧❛/✐♦♥ ✏❤❛♣♣❡♥❡❞ ❜❡❢♦1❡✑ ❬▲❛♠♣♦1/ ✶✾✼✽❪✮✳ ❆' ❛♥ ✐❧❧✉'/1❛/✐♦♥✱ ❧❡/ ✉' ❝♦♥'✐❞❡1 /❤❡ ❧♦❣'

❝♦♥/❛✐♥✐♥❣ /❤❡ ❡♥/1✐❡' ♣✐❝/✉1❡❞ ✐♥ /❤❡ ❢♦❧❧♦✇✐♥❣ ❞✐❛❣1❛♠✿

Client WebComp IntSys CompHotel CompBank

CancelRequest(s1)

Cancel(s1)

Unbook(s1)

Debit(s1, ibis1, emazza, 80)

❊✈❡♥ ✐❢ ♦/❤❡1 ❡♥/1✐❡' ♦❝❝✉11❡❞ ❜❡❢♦1❡ ♦1 ❛❢/❡1 /❤❡ ❛❜♦✈❡ ❡♥/1✐❡'✱ /❤❡ ♣1♦♣❡1/② propLateCancel

✭❣✐✈❡♥ /❤❡ '❡''✐♦♥ s1 ❛♥❞ ❝❧✐❡♥/ emazza✮ ❤♦❧❞' ❢♦1 ❡✈❡1② '❝❡♥❛1✐♦ ❜❡❝❛✉'❡ /❤❡ ❝❛✉'❛❧✐/② ♦❢
/❤❡ Send✴Rec ❡♥/1✐❡' '❤♦✇' /❤❛/ /❤❡ CancelRequest ♦❝❝✉11❡❞ ❜❡❢♦1❡ Debit✳

❆♥ ✐''✉❡ ❛❜♦✉/ /❤❡ ❧❛'/ /✇♦ ♦♣/✐♠✐③❛/✐♦♥' ✐' /❤❛/ ✐/ ♠❛② ❜❡ ❞✐✣❝✉❧/ /♦ ❛✉/♦♠❛/✐❝❛❧❧②

❞❡/❡❝/ ❢♦1 ❛ ❣✐✈❡♥ ♣1♦♣❡1/② ✐❢ ✐/ '/❛/❡' ❝♦♥❞✐/✐♦♥' ❛❜♦✉/ /❤❡ ♦1❞❡1✐♥❣ ♦❢ /❤❡ ❡♥/1✐❡' ❜❡❝❛✉'❡

/❤❡'❡ ❝♦♥❞✐/✐♦♥' ❛1❡ ✇1✐//❡♥ ✇✐/❤✐♥ 1❡❣✉❧❛1 ❡①♣1❡''✐♦♥' /❤❛/ ♠❛② ❛❧'♦ ❡①♣1❡'' ❝♦♥❞✐/✐♦♥'

❛❜♦✉/ /❤❡ ❡①✐'/❡♥❝❡ ♦❢ ❡♥/1✐❡' ❛♥❞ ♣❛1❛♠❡/❡1 ✈❛❧✉❡'✳ ❚❤✐' ✐''✉❡ ❝❛♥ ❜❡ ❛❞❞1❡''❡❞ ❜② ❛❞❞✐♥❣

✐♥ /❤❡ ❧❛♥❣✉❛❣❡ ❛♥ ♦♣❡1❛/♦1 '/❛/✐♥❣ /❤❡ ♦1❞❡1✐♥❣ ❜❡/✇❡❡♥ /✇♦ ❡♥/1✐❡' ❛♥❞ ✉'✐♥❣ /❤✐' ♦♣❡1❛/♦1✱

✐♥'/❡❛❞ ♦❢ 1❡❣✉❧❛1 ❡①♣1❡''✐♦♥'✱ /♦ ❡①♣1❡'' /❡♠♣♦1❛❧ ❝♦♥❞✐/✐♦♥'✳

✶✷✻
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❚❤❡ ❝♦%❡ ♦❢ '❤✐) '❤❡)✐) ✐) ❛ ❢♦%♠❛❧ ❢%❛♠❡✇♦%❦ '♦ ❤❡❧♣ '❤❡ ♣❛%'✐❡) '♦ )♣❡❝✐❢② )♦❢'✇❛%❡ ❧✐❛❜✐❧✐'✐❡)

✐♥ ♣%❡❝✐)❡ ✇❛② ❛♥❞ '♦ ❡)'❛❜❧✐)❤ '❤❡)❡ ❧✐❛❜✐❧✐'✐❡) ✐♥ ❝❛)❡ ♦❢ ❢❛✐❧✉%❡✳ ❚❤✐) ❢%❛♠❡✇♦%❦ ✐) ❜❛)❡❞

♦♥ ❛ ♠♦❞❡❧ ♦❢ )♦❢'✇❛%❡ ❝♦♥'%❛❝') ✭❈❤❛♣'❡% ✷✮ '❤❛' ✇❛) ❞❡✈❡❧♦♣❡❞ ✐♥ '❤❡ ❝♦♥'❡①' ♦❢ '❤❡

▲■❙❊ ♣%♦❥❡❝' ✭❙❡❝'✐♦♥ ✶✳✼✮✳ ❖✉% ❢%❛♠❡✇♦%❦ ❛❞❞%❡))❡) '❤❡ '❤%❡❡ ♠❛✐♥ ❝❤❛❧❧❡♥❣❡) ✐❞❡♥'✐✜❡❞

✐♥ ❙❡❝'✐♦♥ ✶✳✸✿

✶✳ ❍♦✇ #♦ $❡♣$❡'❡♥# ❧✐❛❜✐❧✐#✐❡' ✐♥ ❛ ♣$❡❝✐'❡ ❛♥❞ ✉♥❛♠❜✐❣✉♦✉' ✇❛②❄

❈❤❛♣'❡% ✹ ♣%❡)❡♥') '❤❡ ❢♦%♠❛❧ ♠♦❞❡❧) '❤❛' ❛❧❧♦✇ ✉) '♦ ❛))♦❝✐❛'❡ ❢❛✐❧✉%❡) ♦❢ '❤❡ )②)'❡♠

✇✐'❤ '❤❡ ♣❛%'✐❡) '❤❛' )❤♦✉❧❞ ❜❡ ❝♦♥)✐❞❡%❡❞ ❧✐❛❜❧❡ ❢♦% '❤❡)❡ ❢❛✐❧✉%❡) ✭❙❡❝'✐♦♥ ✺✳✷✳✶✮✳

❚❤✐) ❛♣♣%♦❛❝❤ '❛❦❡) ✐♥'♦ ❛❝❝♦✉♥' '❤❡ ❧❡❣❛❧ ❝♦♥'%❛❝'✉❛❧ %❡J✉✐%❡♠❡♥')✱ ❛) ❛♥❛❧②③❡❞ ❜②

'❤❡ ❧❛✇②❡%) ♦❢ '❤❡ ▲■❙❊ ♣%♦❥❡❝'✳

❚♦ ✈❛❧✐❞❛'❡ ♦✉% ❛♣♣%♦❛❝❤ ✇❡ ♣%♦♣♦)❡ ❛ ♣%♦♣❡%'② ❧❛♥❣✉❛❣❡ ✭❙❡❝'✐♦♥ ✺✳✶✮ ❛♥❞ ❛ ✜❧❡

❢♦%♠❛' '♦ )♣❡❝✐❢② ❧✐❛❜✐❧✐'✐❡) ✭❙❡❝'✐♦♥ ✺✳✷✳✶✮ '❤❛' ❝❛♥ ❜❡ ❛♥♥❡①❡❞ '♦ '❤❡ ❝♦♥'%❛❝'✳

✷✳ ❍♦✇ #♦ ♣$♦❞✉❝❡ ❞✐❣✐#❛❧ ❡✈✐❞❡♥❝❡ #♦ ❡'#❛❜❧✐'❤ ❧✐❛❜✐❧✐#✐❡'❄

❈❤❛♣'❡% ✹ ❞❡✜♥❡) ❞❡)✐%❛❜❧❡ ♣%♦♣❡%'✐❡) ♦❢ ❧♦❣ ❛%❝❤✐'❡❝'✉%❡) ✭❙❡❝'✐♦♥ ✹✳✹✮ '❤❛' ❛%❡ ❧✐❦❡❧②

'♦ ✐♥❝%❡❛)❡ '❤❡ ❛❝❝❡♣'❛❜✐❧✐'② ♦❢ '❤❡ ❧♦❣) ❛) ❞✐❣✐'❛❧ ❡✈✐❞❡♥❝❡ ❬▲❡ ▼O'❛②❡% ❡' ❛❧✳ ✷✵✶✵❜❪✳

❚❤❡ ❞❡✜♥✐'✐♦♥ ♦❢ ❛❝❝❡♣'❛❜❧❡ ❧♦❣ ❛%❝❤✐'❡❝'✉%❡) ✐) ❜❛)❡❞ ♦♥ '❤❡ ✐♥'❡%❡)' ♦❢ '❤❡ ♣❛%'✐❡) '♦

'❛♠♣❡% ✇✐'❤ '❤❡ ❧♦❣) ✐♥ ♦%❞❡% '♦ ❝❤❛♥❣❡ '❤❡ ❡✈❛❧✉❛'✐♦♥ ♦❢ ❢✉'✉%❡ ❝❧❛✐♠) ✐♥ '❤❡✐% ❢❛✈♦%✳

✸✳ ❍♦✇ #♦ ❡'#❛❜❧✐'❤ ❧✐❛❜✐❧✐#✐❡' ✐♥ ❝❛'❡ ♦❢ ✐♥❝✐❞❡♥#❄

❈❤❛♣'❡% ✹ ❞❡✜♥❡) '❤❡ ❧♦❣ ❛♥❛❧②)✐) ♣%♦❝❡❞✉%❡ '♦ ❡)'❛❜❧✐)❤ ❧✐❛❜✐❧✐'✐❡)✳ ❚❤✐) ♣%♦❝❡❞✉%❡

✐) ❜❛)❡❞ ♦♥ ❛ ❧♦❣ ❛♥❛❧②③❡% ✭❙❡❝'✐♦♥ ✸✳✺✳✸✮ ❛♥❞ ✐' ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ '♦ ❞✐)'%✐❜✉'❡❞ ❧♦❣)

❬▼❛③③❛ ❡' ❛❧✳ ✷✵✶✵❪✳ ❚❤❡ ❛♥❛❧②)✐) ❝❛♥ ❜❡ ♣❡%❢♦%♠❡❞ ✉)✐♥❣ ♦♥❧② ❛ )✉❜)❡' ♦❢ '❤❡ ❧♦❣)

❛♥❞ ✇❡ ❛❧)♦ ♣%♦♣♦)❡ ❛♥ ✐♥❝%❡♠❡♥'❛❧ ✈❡%)✐♦♥ ♦❢ '❤❡ ❧♦❣ ❛♥❛❧②③❡% ❬▼❛③③❛ ❡' ❛❧✳ ✷✵✶✵❪✳

❚♦ ✈❛❧✐❞❛'❡ ♦✉% ❛♣♣%♦❛❝❤✱ ❈❤❛♣'❡% ✺ ♣%♦✈✐❞❡) ❛♥ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ♦❢ '❤❡ ❧♦❣ ❛♥❛❧②③❡%

❛♥❞ '❤❡ ❧♦❣ ❛♥❛❧②)✐) ♣%♦❝❡❞✉%❡ ✭▲❆S❘❖ '♦♦❧ ✐♥ ❙❡❝'✐♦♥ ✺✳✹✮✳ ❚❤❡ ✐♠♣❧❡♠❡♥'❛'✐♦♥ ❛❧)♦

✐♥❝❧✉❞❡) '❤❡ ♠♦❞❡❧) ♥❡❝❡))❛%② '♦ %❡♣%❡)❡♥' '❤❡ ❧♦❣) ❛♥❞ '❤❡✐% ❝♦♥'❡♥' ✭❙❡❝'✐♦♥ ✺✳✷✳✷✮✳

❊①♣❡%✐♠❡♥'❛❧ %❡)✉❧') ♦❢ ✐') ❛♣♣❧✐❝❛'✐♦♥ '♦ ❞✐✛❡%❡♥' '②♣❡) ♦❢ ❧♦❣) ❛%❡ ❛❧)♦ ♣%❡)❡♥'❡❞

❛♥❞ ✐') ♣❡%❢♦%♠❛♥❝❡) ❛%❡ ❛♥❛❧②③❡❞ ✭❙❡❝'✐♦♥ ✺✳✺✮✳
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❚❤❡ ✇♦%❦ ♣%❡(❡♥*❡❞ ✐♥ *❤✐( *❤❡(✐( ❝❛♥ ❜❡ ♣✉%(✉❡❞ ✐♥ (❡✈❡%❛❧ ❞✐%❡❝*✐♦♥(✳ ❋✐%(*✱ *❤❡ ♠♦❞❡❧(

♦❢ ❧♦❣ ♣%♦♣❡%*✐❡( ♣%❡(❡♥*❡❞ ✐♥ ❈❤❛♣*❡% ✸ ❝♦✉❧❞ ❜❡ ❣❡♥❡%❛❧✐③❡❞ *♦ ❝♦♥(✐❞❡% ❧♦❣( *❤❛* ♠❛②

♥♦* ❜❡ ❝♦♠♣❧❡*❡ ✇✐*❤ %❡(♣❡❝* *♦ ❛ ❣✐✈❡♥ ♣%♦♣❡%*② ❜❡❝❛✉(❡ *❤❡ ♣%♦♣❡%*② ❞❡♣❡♥❞( ♦♥ ❢✉*✉%❡

❡✈❡♥*(✳ ❖♥❡ ♣♦((✐❜✐❧✐*② ❝♦♥(✐(*( ✐♥ ✉(✐♥❣ ❛ ✸✲✈❛❧✉❡ ❧♦❣✐❝ ✭*%✉❡✴❢❛❧(❡✴✉♥❦♥♦✇♥✮ ✇✐*❤ ❵✉♥✲

❦♥♦✇♥✬ %❡♣%❡(❡♥*✐♥❣ ❛ ♣%♦♣❡%*② ✇❤✐❝❤ ❝❛♥♥♦* ❜❡ ❡✈❛❧✉❛*❡❞ ❜❡❝❛✉(❡ ✐* ❞❡♣❡♥❞( ♦♥ ❢✉*✉%❡

❡✈❡♥*(✳ ❆♥♦*❤❡% ❛❧*❡%♥❛*✐✈❡ ✐( *♦ ❞❡✜♥❡ ❛ ❢✉♥❝*✐♦♥ %❡*✉%♥✐♥❣ *❤❡ ♣❛%* ♦❢ *❤❡ ❧♦❣( ✭❡✳❣✳ ✐♥✐*✐❛❧

❛♥❞ ✜♥❛❧ ❡♥*%✐❡(✮ ♥❡❝❡((❛%② *♦ ❡✈❛❧✉❛*❡ ❛ ♣%♦♣❡%*②✳

❆ (❡❝♦♥❞ ❧✐♥❡ ♦❢ ✇♦%❦✱ ✇❤✐❝❤ ❢♦❧❧♦✇( ❢%♦♠ ❈❤❛♣*❡% ✹✱ ✐( *❤❡ ❛♥❛❧②(✐( ♦❢ *❤❡ ❝❛✉(❛❧✐*②

❜❡*✇❡❡♥ *❤❡ ❢❛✐❧✉%❡( ❛♥❞ *❤❡ ❡%%♦%( ✐♥ *❤❡ ❧♦❣(✳ ❚❤✐( ❦✐♥❞ ♦❢ ❛♥❛❧②(✐( ✇♦✉❧❞ ♣%♦✈✐❞❡ ❛ ✇❛② ❢♦%

*❤❡ ♣❛%*✐❡( *♦ ❞❡✜♥❡ *❤❡✐% %❡(♣❡❝*✐✈❡ ❧✐❛❜✐❧✐*✐❡( ✐♥ ❛ ♠♦%❡ ❞✐%❡❝* ❛♥❞ ❧♦❣✐❝❛❧ ✇❛②✳ ■♥ ♣%❛❝*✐❝❡✱

✐* ✇♦✉❧❞ ❛❧(♦ ❛✈♦✐❞ *❤❡ ♥❡❡❞ *♦ ❞❡✜♥❡ ♦♥❝❡ ❢♦% ❛❧❧ ✐♥ *❤❡ ❝♦♥*%❛❝* *❤❡ ❛((♦❝✐❛*✐♦♥ ♦❢ ❡%%♦%(

*♦ ❧✐❛❜✐❧✐*✐❡(✳ ❆♥ ✐♥✐*✐❛❧ ❞✐(❝✉((✐♦♥ ♦❢ *❤✐( (✉❜❥❡❝* ✐( ♣%❡(❡♥*❡❞ ✐♥ ❬●♦❡((❧❡% ❡* ❛❧✳ ✷✵✶✷❪✳

❆♥♦*❤❡% ❛✈❡♥✉❡ ❢♦% ❢✉%*❤❡% %❡(❡❛%❝❤ ✐( *❤❡ %❡✜♥❡♠❡♥* ♦❢ *❤❡ ❞❡✜♥✐*✐♦♥ ♦❢ ❛❝❝❡♣*❛❜❧❡ ❧♦❣
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