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●❘▲✿ ❆ ❙♣❡❝✐✜❝❛t✐♦♥ ▲❛♥❣✉❛❣❡ ❢♦r ●❧♦❜❛❧❧②
❆s②♥❝❤r♦♥♦✉s ▲♦❝❛❧❧② ❙②♥❝❤r♦♥♦✉s ❙②st❡♠s

✭❙②♥t❛① ❛♥❞ ❋♦r♠❛❧ ❙❡♠❛♥t✐❝s✮

❋❛t♠❛ ❏❡❜❛❧✐✱ ❋ré❞ér✐❝ ▲❛♥❣✱ ❘❛❞✉ ▼❛t❡❡s❝✉

Pr♦❥❡❝t✲❚❡❛♠ ❈♦♥✈❡❝s

❘❡s❡❛r❝❤ ❘❡♣♦rt ♥➦ ✽✺✷✼ ✖ ❆✈r✐❧ ✷✵✶✹ ✖ ✼✽ ♣❛❣❡s

❆❜str❛❝t✿ ❆ ●❆▲❙ ✭●❧♦❜❛❧❧② ❆s②♥❝❤r♦♥♦✉s✱ ▲♦❝❛❧❧② ❙②♥❝❤r♦♥♦✉s✮ s②st❡♠ ❝♦♥s✐sts ♦❢ ❛ s❡t ♦❢
s②♥❝❤r♦♥♦✉s s✉❜s②st❡♠s ❡①❡❝✉t✐♥❣ ❝♦♥❝✉rr❡♥t❧② ❛♥❞ ✐♥t❡r❛❝t✐♥❣ ✉s✐♥❣ ❛♥ ❛s②♥❝❤r♦♥♦✉s ❝♦♠♠✉♥✐✲
❝❛t✐♦♥ s❝❤❡♠❡✳ ❙✉❝❤ s②st❡♠s ✐♥✈♦❧✈❡ ❛ ❤✐❣❤ ❞❡❣r❡❡ ♦❢ s②♥❝❤r♦♥♦✉s ❛♥❞ ❛s②♥❝❤r♦♥♦✉s ❝♦♥❝✉rr❡♥❝②
✇❤✐❝❤ ♠❛❦❡s ❝❤❛❧❧❡♥❣✐♥❣ t❤❡ ❞❡s✐❣♥ ❛♥❞ ❞❡❜✉❣❣✐♥❣ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ ✉s❡ ♦❢ ❢♦r♠❛❧ ♠❡t❤♦❞s ✐♥
t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss ❤❡❧♣s ❞❡s✐❣♥❡rs t♦ ♠❛st❡r t❤❛t ❝♦♠♣❧❡①✐t② ❛♥❞ t♦ ❜✉✐❧❞ str♦♥❣ ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡
❝♦rr❡❝t♥❡ss ♦❢ t❤❡s❡✱ ✉s✉❛❧❧② s❛❢❡t②✲❝r✐t✐❝❛❧✱ s②st❡♠s✳
❚❤✐s r❡♣♦rt ♣r❡s❡♥ts t❤❡ s②♥t❛① ❛♥❞ ❢♦r♠❛❧ s❡♠❛♥t✐❝s ♦❢ ●❘▲ ✭●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡✮✱
❛ ♥❡✇ ❢♦r♠❛❧ ❧❛♥❣✉❛❣❡ t♦ s♣❡❝✐❢② ●❆▲❙ s②st❡♠ ❢♦r t❤❡ ♣✉r♣♦s❡ ♦❢ ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥✱ t♦ ♣r♦✈✐❞❡
❞❡s✐❣♥ ♣r♦❝❡ss ✇✐t❤ ❡✣❝✐❡♥❝② ❛♥❞ ❝♦rr❡❝t♥❡ss✳ ●❘▲ ❤❛s ❛ ✉s❡r✲❢r✐❡♥❞❧② s②♥t❛① ❝❧♦s❡ t♦ ❝❧❛ss✐❝❛❧ ♣r♦✲
❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s ❛♥❞ ❛♥ ♦♣❡r❛t✐♦♥❛❧ s❡♠❛♥t✐❝s ❝♦♠❜✐♥✐♥❣ t❤❡ s②♥❝❤r♦♥♦✉s r❡❛❝t✐✈❡ ♣❛r❛❞✐❣♠
✐♥s♣✐r❡❞ ❜② ❝❧❛ss✐❝❛❧ ❞❛t❛✲✢♦✇ ❧❛♥❣✉❛❣❡s ❛♥❞ t❤❡ ❛s②♥❝❤r♦♥♦✉s ♣❛r❛❞✐❣♠ ✐♥s♣✐r❡❞ ❜② ✈❛❧✉❡✲♣❛ss✐♥❣
♣r♦❝❡ss ❛❧❣❡❜r❛s✳

❑❡②✲✇♦r❞s✿ ❝♦♥❝✉rr❡♥❝②✱ s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥❣✉❛❣❡s✱ ❝♦♠♣✐❧❛t✐♦♥✱ ♠♦❞❡❧❧✐♥❣✱ ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥✱
●❆▲❙ s②st❡♠s



▲❛♥❣❛❣❡ ●❘▲ ♣♦✉r ❧❛ ❙♣é❝✐✜❝❛t✐♦♥ ❞❡s ❙②stè♠❡s
●❧♦❜❛❧❡♠❡♥t ❆s②♥❝❤r♦♥❡s ▲♦❝❛❧❡♠❡♥t ❙②♥❝❤r♦♥❡s

❘és✉♠é ✿ ❯♥ s②stè♠❡ ●❆▲❙ ✭●❧♦❜❛❧❡♠❡♥t ❆s②♥❝❤r♦♥❡✱ ▲♦❝❛❧❡♠❡♥t ❙②♥❝❤r♦♥❡✮ ❡st ❝♦♠♣♦sé
❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ s♦✉s✲s②stè♠❡s s②♥❝❤r♦♥❡s q✉✐ s✬❡①é❝✉t❡♥t ❞❡ ♠❛♥✐èr❡ ❝♦♥❝✉rr❡♥t❡ s✉✐✈❛♥t ✉♥
s❝❤é♠❛ ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛s②♥❝❤r♦♥❡✳ ❉❡ t❡❧s s②stè♠❡s ✐♠♣❧✐q✉❡♥t ✉♥ ❤❛✉t ❞❡❣ré ❞❡ ❝♦♥❝✉rr❡♥❝❡
s②♥❝❤r♦♥❡ ❡t ❛s②♥❝❤r♦♥❡✱ ❝❡ q✉✐ r❡♥❞ ❞✐✣❝✐❧❡ ❧❛ ❝♦♥❝❡♣t✐♦♥ ❡t ❧❡ ❞é❜♦❣❛❣❡ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s à
❝❛✉s❡ ❞✉ ♥♦♥✲❞ét❡r♠✐♥✐s♠❡ ❞❡s ❝♦♠♠✉♥✐❝❛t✐♦♥s✳ ▲✬✐♥té❣r❛t✐♦♥ ❞❡s ♠ét❤♦❞❡s ❢♦r♠❡❧❧❡s ❞❛♥s ❧❛
♣r♦❝é❞✉r❡ ❞❡ ❝♦♥❝❡♣t✐♦♥ ❛✐❞❡ ❧❡s ❝♦♥❝❡♣t❡✉rs à ♠❛îtr✐s❡r ❝❡tt❡ ❝♦♠♣❧❡①✐té ❡t à ❣❛r❛♥t✐r ❧❛ sûr❡té
❞❡ ❝❡s s②stè♠❡s✱ s♦✉✈❡♥t ❝r✐t✐q✉❡s✳

❈❡ r❛♣♣♦rt ♣rés❡♥t❡ ❧❛ s②♥t❛①❡ ❡t ❧❛ sé♠❛♥t✐q✉❡ ❢♦r♠❡❧❧❡ ❞❡ ●❘▲ ✭●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥
▲❛♥❣✉❛❣❡✮✱ ✉♥ ♥♦✉✈❡❛✉ ❧❛♥❣❛❣❡ ❢♦r♠❡❧ ♣♦✉r ❧❛ s♣é❝✐✜❝❛t✐♦♥ ❞❡s s②stè♠❡s ●❆▲❙ ❛✜♥ ❞❡ ❧❡s ✈ér✐✜❡r
❢♦r♠❡❧❧❡♠❡♥t✱ ♣♦✉r r❡♥❞r❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❝♦♥❝❡♣t✐♦♥ sûr ❡t ❡✣❝❛❝❡✳ ●❘▲ ♣♦ssè❞❡ ✉♥❡ s②♥t❛①❡
❝♦♥✈✐✈✐❛❧❡✱ ♣r♦❝❤❡ ❞❡s ❧❛♥❣❛❣❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❝❧❛ss✐q✉❡s✱ ❡t ✉♥❡ sé♠❛♥t✐q✉❡ ♦♣ér❛t✐♦♥♥❡❧❧❡
q✉✐ ❝♦♠❜✐♥❡ ❧❡ ♠♦❞è❧❡ s②♥❝❤r♦♥❡ ✐♥s♣✐ré ❞❡ ❧❛ ♣r♦❣r❛♠♠❛t✐♦♥ ♣❛r ✢♦t ❞❡ ❞♦♥♥é❡s ❡t ❧❡ ♠♦❞è❧❡
❛s②♥❝❤r♦♥❡ ✐♥s♣✐ré ❞❡s ❛❧❣è❜r❡s ❞❡ ♣r♦❝❡ss✉s✳

▼♦ts✲❝❧és ✿ ❝♦♥❝✉rr❡♥❝❡✱ ❧❛♥❣✉❛❣❡s ❞❡ s♣é❝✐✜❝❛t✐♦♥✱ ❝♦♠♣✐❧❛t✐♦♥✱ ♠♦❞é❧✐s❛t✐♦♥✱ ✈ér✐✜❝❛t✐♦♥
❢♦r♠❡❧❧❡ ✱ s②stè♠❡s ●❆▲❙
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✷ ■♥tr♦❞✉❝t✐♦♥

❆ ✇✐❞❡ r❛♥❣❡ ♦❢ ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s r❡♣r❡s❡♥t ✐♥st❛♥❝❡s ♦❢ ●❆▲❙ ✭●❧♦❜❛❧❧② ❆s②♥❝❤r♦♥♦✉s✱
▲♦❝❛❧❧② ❙②♥❝❤r♦♥♦✉s✮ s②st❡♠s ❝♦♠♣♦s❡❞ ♦❢ s❡✈❡r❛❧ s②♥❝❤r♦♥♦✉s s②st❡♠s t❤❛t ❡①❡❝✉t❡ ❝♦♥❝✉r✲
r❡♥t❧② ❛♥❞ ❝♦♠♠✉♥✐❝❛t❡ ❛s②♥❝❤r♦♥♦✉s❧②✳ ❲❤❛t❡✈❡r t❤❡✐r t❛r❣❡t ♣❧❛t❢♦r♠ ✭s♦❢t✇❛r❡✱ ❤❛r❞✇❛r❡✱
♦r ❤❡t❡r♦❣❡♥❡♦✉s✮ ❛♥❞ t❤❡✐r ❛r❝❤✐t❡❝t✉r❡ ✭♣❛r❛❧❧❡❧ ♦r ❞✐str✐❜✉t❡❞✮✱ t❤❡s❡ s②st❡♠s ❛r❡ ❝♦♠♣❧❡① ❛♥❞
❛r❡ ❝♦♥❢r♦♥t❡❞ t♦ s❡✈❡r❡ ❝❤❛❧❧❡♥❣❡s ✐♥ t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss✱ ✇❤✐❝❤ ♠❛❦❡s t❤❡ s②st❡♠ ✐♥t❡❣r❛t✐♦♥
❝r✐t✐❝❛❧✳ ❆ ❢♦r♠❛❧ ❛♥❛❧②s✐s ✐s t❤❡♥ r❡q✉✐r❡❞ t♦ ♣r♦✈❡ t❤❡ ❡✣❝✐❡♥❝② ❛♥❞ t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ s✉❝❤
s②st❡♠s✱ ✉s✉❛❧❧② s❛❢❡t②✲❝r✐t✐❝❛❧✳ ◆❡✈❡rt❤❡❧❡ss✱ ♠♦st ❛✈❛✐❧❛❜❧❡ ❞❡s✐❣♥ t♦♦❧s ✐♥ ✐♥❞✉str② ❞♦ ♥♦t ✉s❡
r✐❣♦r♦✉s ✈❡r✐✜❝❛t✐♦♥ ♠❡t❤♦❞s ❜❡❝❛✉s❡ ♦❢ ❛ ❧❛❝❦ ♦❢ s✉♣♣♦rt ❢♦r ❢♦r♠❛❧ ♠♦❞❡❧✐♥❣✳ ■♥❞✉str✐❛❧ ❝♦♠✲
♣❛♥✐❡s ❤❛✈❡ ❢♦r ❧♦♥❣ ❜✉✐❧t t❤❡✐r t♦♦❧s ♦♥ ❝❧❛ss✐❝❛❧ s②♥❝❤r♦♥♦✉s ❢r❛♠❡✇♦r❦s✱ ✇❤✐❝❤ ♣r❡✈❡♥t t❤❡♠
❢r♦♠ ❢✉❧❧② s✇✐t❝❤✐♥❣ t♦ ♥❡✇ ♣r♦❞✉❝t✐♦♥ ♠❡t❤♦❞s s✉♣♣♦rt✐♥❣ t❤❡ ●❆▲❙ ♠♦❞❡❧✳

▼♦❞❡❧✐♥❣ ❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ♦❢ ●❆▲❙ s②st❡♠s ❤❛✈❡ ❣❛✐♥❡❞ r❡♠❛r❦❛❜❧❡ r❡s❡❛r❝❤ ✐♥t❡r❡st ♦✈❡r t❤❡
❧❛st ❞❡❝❛❞❡s ✐♥ ❝♦♠♣✉t❡r s♦❢t✇❛r❡✳ ▼♦st ♦❢ t❤❡ ❡①✐st✐♥❣ ❛♣♣r♦❛❝❤❡s ❛r❡ ❜❛s❡❞ ♦♥ ❛❞ ❤♦❝ ♠♦❞❡❧✲
✐♥❣ ❛♥❞ ❢❛❧❧ ✐♥t♦ t✇♦ ♠❛✐♥ ❝❧❛ss❡s✳ ❚❤❡ ✜rst ❝❧❛ss✱ ❛✐♠s t♦ ❞❡s❝r✐❜❡ ●❆▲❙ s②st❡♠s ❜② ❡♥❤❛♥❝✐♥❣
s②♥❝❤r♦♥♦✉s ❧❛♥❣✉❛❣❡s ❛♥❞ ❢r❛♠❡✇♦r❦s ❬✷✵✱ ✺✱ ✷✶✱ ✶✺❪ t♦ ✜t ❛s②♥❝❤r♦♥♦✉s ❝♦♥❝✉rr❡♥❝② ❛♥❞ ♥♦♥✲
❞❡t❡r♠✐♥✐s♠ t❤❛t s✉❝❤ s②st❡♠s ✐♥✈♦❧✈❡✳ ❚❤❡ s❡❝♦♥❞ ❝❧❛ss ❝♦♥s✐sts ✐♥ ❡①♣r❡ss✐♥❣ s②♥❝❤r♦♥♦✉s
♣r♦❣r❛♠s ✐♥ ❢✉❧❧② ❛s②♥❝❤r♦♥♦✉s ❧❛♥❣✉❛❣❡s t♦ ❡♥❝♦♠♣❛ss s②♥❝❤r♦♥♦✉s ❢❡❛t✉r❡s ❬✶✹✱ ✶✵✱ ✻❪✳ ❆ ❝♦♠✲
♠♦♥ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡s❡ t✇♦ tr❡♥❞s ✐s t❤❛t ❡✐t❤❡r t❤❡ ❛s②♥❝❤r♦♥♦✉s ❝♦♥❝❡♣t ✭✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡
✜rst ❝❧❛ss✮ ♦r t❤❡ s②♥❝❤r♦♥♦✉s ❝♦♥❝❡♣t ✭✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s❡❝♦♥❞ ❝❧❛ss✮ ✐s ❞✐s❛❞✈❛♥t❛❣❡❞ s✐♥❝❡
♥♦t r❡❝♦❣♥✐③❡❞ ❛s ❛ ♠❛✐♥ ♣❛r❛❞✐❣♠✱ ✇❤✐❝❤ ♥❛rr♦✇s ❞♦✇♥ ✈❡r✐✜❝❛t✐♦♥ r❡s✉❧ts ❛❝❝✉r❛❝②✳

❆ ♠♦r❡ r❡❝❡♥t tr❡♥❞ ❤❛s ❡♠❡r❣❡❞ t♦ ♣r❡s❡r✈❡ ●❆▲❙ s②st❡♠s ❢❡❛t✉r❡s ❛s ♠✉❝❤ ❛s ♣♦ss✐❜❧❡ ❜②
❞❡s✐❣♥✐♥❣ ❛ ♥❡✇ ❣❡♥❡r❛t✐♦♥ ♦❢ ❧❛♥❣✉❛❣❡s t❤❛t ❝♦✉♣❧❡ ❜♦t❤ t❤❡ s②♥❝❤r♦♥♦✉s ❛♥❞ t❤❡ ❛s②♥❝❤r♦♥♦✉s
♣❛r❛❞✐❣♠s✳ ❲❡ ❝✐t❡ t❤❡ ❈❘P ♠♦❞❡❧ ❬✸❪ t❤❛t ❝♦♠❜✐♥❡s t❤❡ ❊st❡r❡❧ ❬✹❪ s②♥❝❤r♦♥♦✉s ❧❛♥❣✉❛❣❡
❛♥❞ t❤❡ ❈❙P ❬✶✻❪ ❛s②♥❝❤r♦♥♦✉s ❧❛♥❣✉❛❣❡✳ ❈❘P ✐s s✉✐t❛❜❧❡ ❢♦r ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥ s✐♥❝❡ ✐t ❤❛s
❜❡❡♥ tr❛♥s❧❛t❡❞ ✐♥t♦ ❝❧❛ss✐❝❛❧ ♣r♦❝❡ss ❝❛❧❝✉❧✐✳ ❍♦✇❡✈❡r✱ ✐t ✐s st✐❧❧ ✈❡r② r❛r❡❧② ✉s❡❞ ✐♥ ✐♥❞✉str②
s✐♥❝❡ ✐t r❡q✉✐r❡s ❛ s♦❧✐❞ ❡①♣❡rt✐s❡ ✐♥ ❜♦t❤ s②♥❝❤r♦♥♦✉s ❛♥❞ ❛s②♥❝❤r♦♥♦✉s ❝♦♥❝❡♣ts✳ ■♥ t❤❡ s❛♠❡
✈❡✐♥✱ ❙②st❡♠❏ ❬✶✾❪ ❡①t❡♥❞s t❤❡ ❏❛✈❛ ❧❛♥❣✉❛❣❡ ✇✐t❤ ❊st❡r❡❧✲❧✐❦❡ s②♥❝❤r♦♥♦✉s ♠♦❞❡❧ ❛♥❞ ❈❙P✲
❧✐❦❡ ❛s②♥❝❤r♦♥♦✉s ♠♦❞❡❧✳ ❚♦ ♦✉r ❦♥♦✇❧❡❞❣❡✱ ♥♦ ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥ ❜❛s❡❞ ♦♥ ❙②st❡♠❏ ❤❛s ❜❡❡♥
✐♥✈❡st✐❣❛t❡❞✳

❚❤✐s r❡♣♦rt ♣r❡s❡♥ts t❤❡ s②♥t❛① ❛♥❞ ❢♦r♠❛❧ s❡♠❛♥t✐❝s ♦❢ ❛ ♥❡✇ ♠♦❞❡❧❧✐♥❣ ❧❛♥❣✉❛❣❡✱ ♥❛♠❡❞
●❘▲ ✭●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡✮✱ ✇❤♦s❡ ❛✐♠ ✐s t♦ ❜r✐❞❣❡ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ ✐♥❞✉str✐❛❧ ❞❡s✐❣♥
t♦♦❧s ❛♥❞ ❛✉t♦♠❛t✐❝ ✈❡r✐✜❝❛t✐♦♥ t♦♦❧s ✐♥ ♦r❞❡r t♦ ❡♥❤❛♥❝❡ t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss ♦❢ ●❆▲❙ s②st❡♠s
❛♥❞ ❡♥s✉r❡ t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ s②st❡♠ ❝♦♥str✉❝t✐♦♥✳ ❙✉❝❤ ❛ ❧❛♥❣✉❛❣❡ ❤❛s t♦ ❜❡ ❣❡♥❡r❛❧✲♣✉r♣♦s❡
❡♥♦✉❣❤ t♦ ❝♦✈❡r ❛ ❧❛r❣❡ s❝♦♣❡ ♦❢ ✐♥❞✉str✐❛❧ s②st❡♠s ❛♥❞ ✉s❡r✲❢r✐❡♥❞❧② t♦ ❛❧❧♦✇ ❛ ❞❡❣r❡❡ ♦❢ ❝♦♠❢♦rt
❢♦r ❞❡s✐❣♥❡rs ✇✐t❤♦✉t t❤❡ ♥❡❡❞ ♦❢ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡♦r❡t✐❝❛❧ ❝♦♥❝✉rr❡♥❝② ❛♥❞ ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥✳

❚❤❡ s②♥❝❤r♦♥♦✉s ♠♦❞❡❧ ♦❢ ●❘▲ ✐s ✐♥s♣✐r❡❞ ❢r♦♠ t❤❡ ❞❛t❛✲✢♦✇ ♠♦❞❡❧✱ ❛ s②♥❝❤r♦♥♦✉s ♣r♦✲
❣r❛♠♠✐♥❣ ♣❛r❛❞✐❣♠ ✇✐❞❡❧② ✉s❡❞ ✐♥ ✐♥❞✉str② t♦ ❞❡s✐❣♥ ●❆▲❙ s②st❡♠s✳ ❚❤❡ ❛s②♥❝❤r♦♥♦✉s ♠♦❞❡❧
♦❢ ●❘▲ ✐s ✐♥s♣✐r❡❞ ❢r♦♠ ▲◆❚ ❬✽❪✱ ❛ ❢♦r♠❛❧ s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥❣✉❛❣❡ ❜❛s❡❞ ♦♥ ♣r♦❝❡ss ❛❧❣❡❜r❛ ❛♥❞
❢✉♥❝t✐♦♥❛❧ ♣r♦❣r❛♠♠✐♥❣✱ ✐♥st❡❛❞ ♦❢ ❝❧❛ss✐❝❛❧ ❢♦r♠❛❧ s♣❡❝✐✜❝❛t✐♦♥ ❧❛♥❣✉❛❣❡s✳ ▲◆❚ ❤❛s ❜❡❡♥ s✉❝✲
❝❡ss❢✉❧❧② ✉s❡❞ ❢♦r t❤❡ ❛♥❛❧②s✐s ❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ♦❢ ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤♦s❡ ❜❛s❡❞
♦♥ t❤❡ ●❆▲❙ s❝❤❡♠❡ ❬✾✱ ✶✹✱ ✶✸✱ ✶✽❪✳

❚❤❡ r❡♣♦rt ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ❞❡✜♥❡s s♦♠❡ ♥♦t❛t✐♦♥❛❧ ❝♦♥✈❡♥t✐♦♥s ✉s❡❞ ✐♥ t❤❡
r❡♠❛✐♥❞❡r ♦❢ t❤✐s r❡♣♦rt✳ ❙❡❝t✐♦♥ ✸ ❞❡s❝r✐❜❡s t❤❡ ❧❡①✐❝❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ❧❛♥❣✉❛❣❡✳ ❙❡❝t✐♦♥ ✹
♣r❡s❡♥ts t❤❡ ❣r❛♠♠❛t✐❝❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ❧❛♥❣✉❛❣❡✳ ❙❡❝t✐♦♥s ✺ ❛♥❞ ✻ ❝♦✈❡r t❤❡ st❛t✐❝ s❡♠❛♥t✐❝s

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✼

❛♥❞ t❤❡ ♦♣❡r❛t✐♦♥❛❧ s❡♠❛♥t✐❝s r✉❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❙❡❝t✐♦♥ ✼ ✐♥tr♦❞✉❝❡s s♦♠❡ ❡①❛♠♣❧❡s ♦❢ ●❘▲
♣r♦❣r❛♠s✳ ❙❡❝t✐♦♥ ✽ ❝♦♥❝❧✉❞❡s t❤❡ r❡♣♦rt✳ ❋✐♥❛❧❧②✱ ❆♣♣❡♥❞✐❝❡s ❆ ❛♥❞ ❇ ❣✐✈❡ r❡s♣❡❝t✐✈❡❧② t❤❡
❞❡s❝r✐♣t✐♦♥ ♦❢ ●❘▲ ❧❡①✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s✐♥❣ t❤❡ ❙②♥t❛① ▲❊❈▲ t♦♦❧ ❛♥❞ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢
●❘▲ ❝♦♥❝r❡t❡ ❣r❛♠♠❛r ✉s✐♥❣ t❤❡ ❙②♥t❛① ❚❆❇❈ t♦♦❧✳

❘❘ ♥➦ ✽✺✷✼



✽ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✸ ▼❛t❤❡♠❛t✐❝❛❧ ◆♦t❛t✐♦♥s

❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡s ✐♥tr♦❞✉❝❡ s♦♠❡ ♠❛t❤❡♠❛t✐❝❛❧ ❝♦♥❝❡♣ts ❛♥❞ ❝♦♥✈❡♥t✐♦♥s ✉s❡❞ ✐♥ t❤✐s r❡♣♦rt✳

✸✳✶ ●❡♥❡r❛❧ ◆♦t❛t✐♦♥s

▲♦❣✐❝❛❧ ❖♣❡r❛t♦rs
❙②♠❜♦❧ ▼❡❛♥✐♥❣

¬ ♥❡❣❛t✐♦♥
∧ ❝♦♥❥✉♥❝t✐♦♥
∨ ❞✐s❥✉♥❝t✐♦♥
⇒ ✐♠♣❧✐❝❛t✐♦♥

❙❡ts ❛♥❞ ❙❡q✉❡♥❝❡s
❙②♠❜♦❧ ▼❡❛♥✐♥❣

a1, . . . , an ♣♦ss✐❜❧② ❡♠♣t② ✜♥✐t❡ s❡q✉❡♥❝❡ ♦❢ ❡❧❡♠❡♥ts ♦❢ ❧❡♥❣t❤ ♥
a0, . . . , an ♥♦♥✲❡♠♣t② ✜♥✐t❡ s❡q✉❡♥❝❡ ♦❢ ❡❧❡♠❡♥ts ♦❢ ❧❡♥❣t❤ ♥✰✶
{a1, . . . , an} ♣♦ss✐❜❧② ❡♠♣t② s❡t ♦❢ ❡❧❡♠❡♥ts a1, . . . , an ♦❢ s✐③❡ ♥
{a0, . . . , an} ♥♦♥✲❡♠♣t② s❡t ♦❢ ❡❧❡♠❡♥ts a0, . . . , an ♦❢ s✐③❡ ♥✰✶

a ∈ A a ✐s ❛♥ ❡❧❡♠❡♥t ♦❢ t❤❡ s❡t A
A ⊆ B A ✐s ❛ s✉❜s❡t ♦❢ B

{a ∈ A|P (a)} t❤❡ s❡t ✇❤✐❝❤ ❝♦♥t❛✐♥s ♦♥❧② ❡❧❡♠❡♥ts ♦❢ A s❛t✐s❢②✐♥❣ ♣r♦♣❡rt② P
A×B t❤❡ s❡t ♦❢ ❛❧❧ ♦r❞❡r❡❞ ♣❛✐rs (a, b) ✇❤❡r❡ a ∈ A ❛♥❞ b ∈ B ✭❈❛rt❡s✐❛♥ ♣r♦❞✉❝t✮

✸✳✷ ❇◆❋ ◆♦t❛t✐♦♥s

●❘▲ ❣r❛♠♠❛r ✐s ❞❡s❝r✐❜❡❞ ✉s✐♥❣ t❤❡ ♠❡t❛❧❛♥❣✉❛❣❡ ❇◆❋ ✭❇❛❝❦✉s✲◆❛✉r ❋♦r♠✮✳ ❆ ❇◆❋ s♣❡❝✐✲
✜❝❛t✐♦♥ ✐s ❣✐✈❡♥ ❜② ❛ s❡t ♦❢ ❞❡r✐✈❛t✐♦♥ r✉❧❡s ♦❢ t❤❡ ❢♦r♠ ✏A ::= B✑ ❝❛❧❧❡❞ ♣r♦❞✉❝t✐♦♥s✱ ✇❤❡r❡ A

✐s ❛ ♥♦♥✲t❡r♠✐♥❛❧ s②♠❜♦❧ ❛♥❞ B ✐s ❛ ♠❡t❛✲❡①♣r❡ss✐♦♥ ❜✉✐❧t ✉♣♦♥ t❡r♠✐♥❛❧ s②♠❜♦❧s✱ ♥♦♥✲t❡r♠✐♥❛❧
s②♠❜♦❧s✱ ❛♥❞ ❇◆❋ ♦♣❡r❛t♦rs ❞❡✜♥❡❞ ❜❡❧♦✇✳

❚❡r♠✐♥❛❧ s②♠❜♦❧s ❛r❡ ✇r✐tt❡♥ ❧✐t❡r❛❧❧② ✐♥ t❤❡ ❣r❛♠♠❛r ✐♥ ❜♦❧❞ ❢❛❝❡ ❛♥❞ ♥♦♥✲t❡r♠✐♥❛❧ s②♠❜♦❧s
❛r❡ ✇r✐tt❡♥ ✐♥ ✐t❛❧✐❝s✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ ❧✐sts ❇◆❋ ♠❡t❛✲❡①♣r❡ss✐♦♥ ♦♣❡r❛t♦rs ✉s❡❞ t♦ ❞❡s❝r✐❜❡
t❤❡ ❣r❛♠♠❛r ♦❢ ●❘▲✳

♥♦t❛t✐♦♥ ❞❡s❝r✐♣t✐♦♥

B1 |B2 ❛❧t❡r♥❛t✐✈❡✿ B1 ♦r B2

B1B2 s❡q✉❡♥❝❡✿ B1 ❢♦❧❧♦✇❡❞ ❜② B2

[B0 ] ♦♣t✐♦♥✿ B0 ♦r ♥♦t❤✐♥❣
B0∗ ♣♦ss✐❜❧② ❡♠♣t② r❡♣❡t✐t✐♦♥✿ B0 ✱ ③❡r♦✱ ♦♥❡ ♦r s❡✈❡r❛❧ t✐♠❡s
B0+ ♥♦♥✲❡♠♣t② r❡♣❡t✐t✐♦♥✿ B0 ✱ ♦♥❡ ♦r s❡✈❡r❛❧ t✐♠❡s

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✾

✹ ▲❡①✐❝❛❧ ❊❧❡♠❡♥ts

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ ❧❡①✐❝❛❧ ❝♦♥✈❡♥t✐♦♥s ♦❢ ●❘▲✳ ❚❤❡ ❧❡①✐❝❛❧ str✉❝t✉r❡ ✐s ❞❡✜♥❡❞ ✉s✐♥❣ ❛
s❡t ♦❢ r❡❣✉❧❛r ❡①♣r❡ss✐♦♥s ✐♥ ♦r❞❡r t♦ s♣❡❝✐❢② ❤♦✇ ❝❤❛r❛❝t❡rs ❛r❡ ❝♦♠❜✐♥❡❞ t♦ ❢♦r♠ t♦❦❡♥s ❛♥❞
❝♦♠♠❡♥ts✳

✹✳✶ ❇♦♦❧❡❛♥ ❧✐t❡r❛❧s

❇♦♦❧❡❛♥ ❧✐t❡r❛❧s ❝❛♥ ❜❡ ❡✐t❤❡r true ♦r false✳

bool ::= true | false

✹✳✷ ◆❛t✉r❛❧ ♥✉♠❜❡r ❧✐t❡r❛❧s

◆❛t✉r❛❧ ♥✉♠❜❡r ❧✐t❡r❛❧s ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ ❡✐t❤❡r ❞❡❝✐♠❛❧✱ ❤❡①❛❞❡❝✐♠❛❧✱ ♦❝t❛❧✱ ♦r ❜✐♥❛r② ♥♦t❛✲
t✐♦♥✳

nat ::= digit+
| 0 (x|X) hexdigit+
| 0 (o|O) octaldigit+
| 0 (b|B) bitdigit+

✇❤❡r❡ digit ✱ hexdigit ✱ octaldigit ✱ ❛♥❞ bitdigit ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❣✉❧❛r ❡①♣r❡ss✐♦♥s✿

bitdigit ::= 0 | 1
octaldigit ::= bitdigit | 2 | 3 | 4 | 5 | 6 | 7

digit ::= octaldigit | 8 | 9
hexdigit ::= digit | a | b | c | d | e | f | A | B | C | D | E | F

✹✳✸ ■♥t❡❣❡r ♥✉♠❜❡r ❧✐t❡r❛❧s

■♥t❡❣❡r ♥✉♠❜❡r ❧✐t❡r❛❧s ❝❛♥ ❜❡ ❡✐t❤❡r ③❡r♦✱ ♣♦s✐t✐✈❡✱ ♦r ♥❡❣❛t✐✈❡✳

int ::= [✲|✰] nat

✹✳✹ ❈❤❛r❛❝t❡r ❛♥❞ str✐♥❣ ❧✐t❡r❛❧s

❈❤❛r❛❝t❡rs ❛♥❞ str✐♥❣s ❢♦❧❧♦✇ t❤❡ s❛♠❡ ❝♦♥✈❡♥t✐♦♥ ❛s t❤❡ ❧❛♥❣✉❛❣❡ ▲◆❚✳ ■♥ ♣❛rt✐❝✉❧❛r✱ str✐♥❣s ❛r❡
s❡q✉❡♥❝❡s ♦❢ ❝❤❛r❛❝t❡rs ❡♥❝❧♦s❡❞ ❜❡t✇❡❡♥ ❞♦✉❜❧❡ q✉♦t❡s ✭❵✧✬✮✳ ❋♦r ❢✉rt❤❡r ❞❡t❛✐❧s✱ s❡❡ ❙✉❜s❡❝t✐♦♥
3.1.5 ♦❢ t❤❡ ▲♥t✷▲♦t♦s r❡❢❡r❡♥❝❡ ♠❛♥✉❛❧ ❬✽❪✳

✹✳✺ ❖♣❡r❛t♦rs

❖♣❡r❛t♦rs ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ❛s ❢♦❧❧♦✇s✿

unary❴operator ::= ✰ | ✲ | not | abs | nat | nat16 | nat32 | int | int16 | int32
binary❴operator ::= and | or | xor | implies | equ | ✰ | ✲ | ✪ | ✂ | ✯ | ✴

| ✦❂ | ❂❂ | ❁ | ❃ | ❁❂ | ❃❂

❘❘ ♥➦ ✽✺✷✼



✶✵ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✹✳✻ ❈♦♠♠❡♥ts

❈♦♠♠❡♥ts ❝❛♥ ❜❡ ❡✐t❤❡r s✐♥❣❧❡ ❧✐♥❡ ✏✲✲ t❡①t✑ ♦r ♠✉❧t✐✲❧✐♥❡ ✏ ✭✯ t❡①t ✯✮✑✳ ❚❤❡r❡❢♦r❡✿

❼ ❆❧❧ t❤❡ t❡①t ❢r♦♠ t❤❡ ❝❤❛r❛❝t❡rs ✏✲✲✑ t♦ t❤❡ ❡♥❞ ♦❢ t❤❡ ❧✐♥❡ ✐s ✐❣♥♦r❡❞✳

❼ ❆❧❧ t❤❡ t❡①t ❡♥❝❧♦s❡❞ ❜❡t✇❡❡♥ t❤❡ ❝❤❛r❛❝t❡rs ✏✭✯✑ ❛♥❞ ✏✯✮✑ ✐s ✐❣♥♦r❡❞✳

✹✳✼ ■❞❡♥t✐✜❡rs

❆♥ ✐❞❡♥t✐✜❡r ✐s ❞❡✜♥❡❞ ❜② ❛ ❧❡tt❡r ❢♦❧❧♦✇❡❞ ❜② ❛ ♣♦ss✐❜❧② ❡♠♣t② s❡r✐❡s ♦❢ ❧❡tt❡rs✱ ❞✐❣✐ts ❛♥❞
✉♥❞❡rs❝♦r❡s✳ ●❘▲ ♣r♦❤✐❜✐ts t❤❛t ❛♥ ✐❞❡♥t✐✜❡r st❛rts ♦r ❡♥❞s ✇✐t❤ ❛♥ ✉♥❞❡rs❝♦r❡✳

letter ::= a | ... | z | A | ... | Z
identifier ::= letter

(

❴ ∗ (digit | letter)
)

∗

●❘▲ ✐❞❡♥t✐✜❡rs ❛r❡ ❝❛s❡ s❡♥s✐t✐✈❡✱ s♦ t❤❛t ❛❧❧ ♦❝❝✉rr❡♥❝❡s ♦❢ t❤❡ s❛♠❡ ✐❞❡♥t✐✜❡r ♠✉st ✉s❡ ❡①❛❝t❧②
t❤❡ s❛♠❡ ❝❛s❡✱ ✐✳❡✳✱ ❧♦✇❡r✲❝❛s❡ ❛♥❞ ✉♣♣❡r✲❝❛s❡ ❝❤❛r❛❝t❡rs ❤❛✈❡ t♦ ❜❡ r❡s♣❡❝t❡❞✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢
❛ ✈❛r✐❛❜❧❡ ❤❛s ✐❞❡♥t✐✜❡r ✏❳②❩✑✱ t❤❡♥ ❛❧❧ ✐ts ♦❝❝✉rr❡♥❝❡s ♠✉st ❤❛✈❡ t❤❡ s❛♠❡ ✐❞❡♥t✐✜❡r ✏❳②❩✑✱ ❜✉t
♥❡✐t❤❡r ✏①②③✑ ♥♦r ✏❳②③✑✳ ❍♦✇❡✈❡r✱ t♦ ❛✈♦✐❞ ❝♦♥❢✉s✐♦♥✱ ●❘▲ ❢♦r❜✐❞s ❞❡❝❧❛r✐♥❣ ✐♥ t❤❡ s❛♠❡ s❝♦♣❡
✐❞❡♥t✐✜❡rs ♦❢ t❤❡ s❛♠❡ ♥❛t✉r❡ ✭❡✳❣✳✱ ✈❛r✐❛❜❧❡s✱ ❝♦♥str✉❝t♦rs✱ ❢✉♥❝t✐♦♥s✱ ❡t❝✳✮ ❞✐✛❡rr✐♥❣ ♦♥❧② ❜②
t❤❡✐r ❝❛s❡✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ s❡q✉❡❧✱ ✐❞❡♥t✐✜❡rs ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ❛s ✏❞✐st✐♥❝t✑ ✐❢ t❤❡② ❞✐✛❡r ♦♥❧②
❜② t❤❡✐r ❝❛s❡✱ ❡✳❣✳✱ ✏❳②❩✑ ❛♥❞ ✏❳❨❩✑ ❛r❡ ♥♦t ❞✐st✐♥❝t ✐❞❡♥t✐✜❡rs✳

✹✳✽ ❘❡s❡r✈❡❞ ✇♦r❞s

❘❡s❡r✈❡❞ ✇♦r❞s ❝❛♥ ♥♦t ❜❡ ✉s❡❞ ❛s ✐❞❡♥t✐✜❡rs ✐♥ ●❘▲ ♣r♦❣r❛♠s✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ ❧✐sts ●❘▲
r❡s❡r✈❡❞ ✇♦r❞s✳

abs allocate and any as array block

bool by case char connectedby const constrainedby

constant else elsif end environment enum equ

false for if implies in int int8

int16 int32 is loop medium nat nat8

nat16 nat32 network not null of on

or out perm program record select send

string system temp then true type range

receive where while xor

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✶✶

✺ ❆❜str❛❝t ❙②♥t❛①

❚❤✐s s❡❝t✐♦♥ ❝♦✈❡rs t❤❡ ❣r❛♠♠❛t✐❝❛❧ str✉❝t✉r❡ ♦❢ ●❘▲ ♣r♦❣r❛♠s ✉s✐♥❣ ❇◆❋ ♥♦t❛t✐♦♥ ✭❙❡❡ ❙❡❝t✐♦♥
✸✳✷✮✳

✺✳✶ ◆♦t❛t✐♦♥❛❧ ❝♦♥✈❡♥t✐♦♥s

❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ s✉♠♠❛r✐③❡s t❤❡ ❣❡♥❡r✐❝ t❡r♠✐♥❛❧ s②♠❜♦❧s ❛♥❞ t❤❡ ♠♦st ❢r❡q✉❡♥t❧② ✉s❡❞ ♥♦♥✲
t❡r♠✐♥❛❧ s②♠❜♦❧s ✉s❡❞ t♦ s♣❡❝✐❢② t❤❡ ❣r❛♠♠❛r ♦❢ ●❘▲✳

❙②♠❜♦❧s

■❞❡♥t✐✜❡rs ✭❣❡♥❡r✐❝ t❡r♠✐♥❛❧ s②♠❜♦❧s✮ ▼❡❛♥✐♥❣

P program

S system

B block

Bi block instance

N environment

Ni environment instance

M medium

Mi medium instance

F function

X,Y variables

T user ✲defined type identifier

type type identifier

C type constructor

f record field

◆♦♥✲t❡r♠✐♥❛❧ s②♠❜♦❧s ▼❡❛♥✐♥❣

I statement

E expression

K literal constant

✺✳✷ Pr♦❣r❛♠ ❞❡✜♥✐t✐♦♥

❆ ♣r♦❣r❛♠ ✐s t❤❡ ❤✐❣❤❡st ❧❡✈❡❧ s②♥t❛❝t✐❝ ❝♦♥str✉❝t ✐♥ ❛ ●❘▲ s♣❡❝✐✜❝❛t✐♦♥✳ ■t ❝♦♥t❛✐♥s t❤❡ ❞❡✜♥✐✲
t✐♦♥ ♦❢ ❧♦✇❡r ❧❡✈❡❧ ❝♦♥str✉❝ts✳ ❆ ●❘▲ ✜❧❡ ❝♦♥t❛✐♥s ❡①❛❝t❧② ♦♥❡ ♣r♦❣r❛♠ ❞❡✜♥✐t✐♦♥✳ ❚❤✐s ♣r♦❣r❛♠
❤❛s t❤❡ s❛♠❡ ♥❛♠❡ ❛s t❤❡ ✜❧❡ ❝♦♥t❛✐♥✐♥❣ ✐t✳

❆ ♣r♦❣r❛♠ P ❝❛♥ ✐♠♣♦rt ♦t❤❡r ♣r♦❣r❛♠s P0✱ ✳✳✳✱ Pn✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❡✜♥✐t✐♦♥s ♦❢ t❤❡ ✐♠♣♦rt❡❞
♣r♦❣r❛♠s P0✱ ✳✳✳✱ Pn ❛r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ♣r♦❣r❛♠ P ✳ ◆♦t❡ t❤❛t ❝✐r❝✉❧❛r ❞❡✜♥✐t✐♦♥s ❛r❡ ♥♦t ❛❧❧♦✇❡❞✳
❋♦r ✐♥st❛♥❝❡✱ ✐❢ P0 ✐♠♣♦rts P1 ✱ P1 ❝❛♥♥♦t ✐♠♣♦rt P0 ✭❞✐r❡❝t❧② ♦r tr❛♥s✐t✐✈❡❧②✮✳

program❴definition ::= program P [ ✭P0✱ . . . ✱Pn✮ ] is
(type❴definition

| constant❴definition

| block❴definition

| environment❴definition

| medium❴definition

| system❴definition)∗
end program

❘❘ ♥➦ ✽✺✷✼



✶✷ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✺✳✸ ❚②♣❡ ❞❡✜♥✐t✐♦♥

❚❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡ ❞❡✜♥❡s t❤❡ t②♣❡s r❡❝♦❣♥✐③❡❞ ✐♥ ❛ ●❘▲ s♣❡❝✐✜❝❛t✐♦♥✳ ❚②♣✐♥❣ r✉❧❡s ❛r❡ ❞✐s❝✉ss❡❞
✐♥ ❙❡❝t✐♦♥ ✻✳✸✳ T ❞❡♥♦t❡s ❛ ✉s❡r✲❞❡✜♥❡❞ t②♣❡ ✐❞❡♥t✐✜❡r✳

type ::= bool

| nat

| nat16

| nat32

| int

| int16

| int32

| char

| string

| T

type❴definition ::= type T is

type❴expression

end type

type❴expression ::= array ❬m✳✳n❪ of type

| range m ✳✳ n of type

| record f0✿type0✱ . . . ✱ fn✿typen
| enum C0✱ . . . ✱ Cn

❯s❡r✲❞❡✜♥❡❞ t②♣❡s ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✿

✕ ❚❤❡ ❛rr❛② t②♣❡✱ ❞❡✜♥❡❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ array✱ ❞❡♥♦t❡s ❛ ✜①❡❞✲s✐③❡ s❡t ♦❢ ❡❧❡♠❡♥ts
✐♥❞❡①❡❞ ❜② ♥❛t✉r❛❧ ♥✉♠❜❡rs r❛♥❣✐♥❣ ❢r♦♠ m t♦ n✱ ✇❤✐❝❤ ♠✉st ❜❡ ❧✐t❡r❛❧ ♥❛t✉r❛❧s✳

✕ ❚❤❡ r❡❝♦r❞ t②♣❡✱ ❞❡✜♥❡❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ record✱ ❞❡♥♦t❡s ❛ ✜①❡❞✲s✐③❡ t✉♣❧❡ ♦❢ ❡❧❡♠❡♥ts
✐♥❞❡①❡❞ ❜② ✜❡❧❞ ♥❛♠❡s✳

✕ ❚❤❡ r❛♥❣❡ t②♣❡✱ ❞❡✜♥❡❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ range✱ ❞❡♥♦t❡s ❛ ✜♥✐t❡ ✐♥t❡r✈❛❧ ♦❢ ♥✉♠❜❡rs
r❛♥❣✐♥❣ ❢r♦♠ m t♦ n✱ ✇❤✐❝❤ ♠✉st ❜❡ ❧✐t❡r❛❧ ✐♥t❡❣❡rs ♦❢ t②♣❡ type✱ ✇❤✐❝❤ ✐ts❡❧❢ ♠✉st ❜❡ ♦♥❡
♦❢ nat✱ nat16✱ nat32✱ int✱ int16✱ ♦r int32✳

✕ ❚❤❡ ❡♥✉♠❡r❛t❡❞ t②♣❡✱ ❞❡✜♥❡❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ enum✱ ❞❡♥♦t❡s ❛ ✜♥✐t❡ ❛♥❞ ♦r❞❡r❡❞ s❡t
♦❢ s②♠❜♦❧✐❝ ✈❛❧✉❡s ✭✐❞❡♥t✐✜❡rs✮ C0✱ ✳ ✳ ✳ ✱ Cn✳

✺✳✹ ▲✐t❡r❛❧ ❝♦♥st❛♥ts

▲✐t❡r❛❧ ❝♦♥st❛♥ts ♠❛② ❜❡ ❡✐t❤❡r ✐♥t❡❣❡r ♥✉♠❜❡rs✱ ❜♦♦❧❡❛♥ ❝♦♥st❛♥ts✱ str✐♥❣ ❝♦♥st❛♥ts✱ ♦r ✈❛❧✉❡s
♦❢ ❡♥✉♠❡r❛t❡❞ t②♣❡s✳

K ::= int

| bool

| string

| C

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✶✸

✺✳✺ ❊①♣r❡ss✐♦♥s

❚❤❡ s②♥t❛① ♦❢ ❡①♣r❡ss✐♦♥s ✐s ❣✐✈❡♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❣r❛♠♠❛r✳

E ::= X ✈❛r✐❛❜❧❡
| ✭E0✮ r❡❝♦r❞ ✜❡❧❞ ❛❝❝❡ss
| E0✳f ♣❛r❡♥t❤❡s✐s❡❞ ❡①♣r❡ss✐♦♥
| E1❬E0❪ r❡❝♦r❞ ✜❡❧❞ ❛❝❝❡ss
| unary❴operator E0 ✉♥❛r② ♦♣❡r❛t✐♦♥
| E1 binary❴operator E2 ❜✐♥❛r② ♦♣❡r❛t✐♦♥
| K [ of type ] ❧✐t❡r❛❧ ❝♦♥st❛♥t
| F ✭E0✱ . . . ✱En✮ ♣r❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥

✺✳✻ Pr❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥s

Pr❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥s t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❛ ●❘▲ ♣r♦❣r❛♠ ❛r❡ ✉♥❛r② ♦♣❡r❛t✐♦♥s✱ ❜✐♥❛r② ♦♣❡r❛t✐♦♥s✱
t②♣❡ ❝♦♥✈❡rs✐♦♥ ❢✉♥❝t✐♦♥s✱ ❢✉♥❝t✐♦♥s ♦♥ ❛rr❛②s✱ ❛♥❞ ❢✉♥❝t✐♦♥s ♦♥ r❡❝♦r❞s✳ ❯♥❛r② ❛♥❞ ❜✐♥❛r②
♦♣❡r❛t✐♦♥s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✺✳

✺✳✻✳✶ ❚②♣❡ ❝♦♥✈❡rs✐♦♥

❚②♣❡ ❝♦♥✈❡rs✐♦♥ ❢✉♥❝t✐♦♥s✱ ❞❡♥♦t❡❞ ✏type✭E✮✑✱ ❝♦♥✈❡rt ❛♥ ❡①♣r❡ss✐♦♥ E ❢r♦♠ ♦♥❡ ♥✉♠❡r✐❝❛❧ ❞❛t❛
t②♣❡ t♦ ❛♥♦t❤❡r ♥✉♠❡r✐❝❛❧ ❞❛t❛ t②♣❡ ✏type✑✳ ◆✉♠❡r✐❝❛❧ ❞❛t❛ t②♣❡s ❛r❡✿ nat✱ nat16✱ nat32✱ int✱
int16✱ int32✱ ❛♥❞ ❛❧❧ t❤❡ r❛♥❣❡ t②♣❡s✳ ❆♥ ❡①❝❡♣t✐♦♥ ❝❛♥ ❜❡ r❛✐s❡❞ ✐❢ t❤❡ ✈❛❧✉❡ ❞♦❡s ♥♦t ❜❡❧♦♥❣
t♦ ❛ t②♣❡ ♦❢ E ✳

✺✳✻✳✷ ❋✉♥❝t✐♦♥s ♦♥ ❛rr❛②s

●✐✈❡♥ ❛♥ ❛rr❛② t②♣❡ ❞❡✜♥❡❞ ❜② ✏type T is array❬m..n❪ of type✑✱ t✇♦ ♣r❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥s
T✿typen−m+1 → T ❛♥❞ T✿type → T ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞ ✭t❤♦s❡ t✇♦ ❢✉♥❝t✐♦♥s ❝♦✐♥❝✐❞❡
✐♥t♦ ♦♥❡ s✐♥❣❧❡ ❢✉♥❝t✐♦♥ ✐❢ m❂n✮✳ ❚❤❡ ❝❛❧❧ T✭Em✱ . . . ✱En✮ ❜✉✐❧❞s ❛♥ ❛rr❛② X ✐♥ ✇❤✐❝❤ ❡❛❝❤
❡❧❡♠❡♥t X ❬i❪ (i ∈ m..n) ✐s s❡t t♦ t❤❡ ✈❛❧✉❡ ♦❢ ❡①♣r❡ss✐♦♥ Ei ✳ ❚❤❡ ❝❛❧❧ T✭E0✮ ❜✉✐❧❞s ❛♥ ❛rr❛② X

✐♥ ✇❤✐❝❤ ❛❧❧ ❡❧❡♠❡♥ts X ❬i❪ (i ∈ m..n) ❛r❡ s❡t t♦ t❤❡ ✈❛❧✉❡ ♦❢ ❡①♣r❡ss✐♦♥ E0 ✳

✺✳✻✳✸ ❋✉♥❝t✐♦♥s ♦♥ r❡❝♦r❞s

●✐✈❡♥ ❛ r❡❝♦r❞ t②♣❡ ❞❡✜♥❡❞ ❜② ✏type T is record f0✿type0✱ . . . ✱fn✿typen ✑✱ ❛ ♣r❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥
T✿type0×. . .×typen → T ✐s ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r❛t❡❞✳ ❚❤❡ ❝❛❧❧ T✭E0✱ . . . ✱En✮ r❡t✉r♥s ❛ r❡❝♦r❞
✐♥ ✇❤✐❝❤ ❡❛❝❤ ✜❡❧❞ fi (i ∈ 0..n) ✐s s❡t t♦ t❤❡ ✈❛❧✉❡ ♦❢ ❡①♣r❡ss✐♦♥ Ei ✳

✺✳✼ ❙t❛t❡♠❡♥ts

❇❡❧♦✇ ✐s t❤❡ ❧✐st ♦❢ st❛t❡♠❡♥ts t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ●❘▲ ♣r♦❣r❛♠s✳

❘❘ ♥➦ ✽✺✷✼



✶✹ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

I ::= null ♥♦ ❡✛❡❝t
| X ✿❂ E0 ❛ss✐❣♥♠❡♥t
| X ❬E0❪ ✿❂ E1 ❛rr❛② ❡❧❡♠❡♥t ❛ss✐❣♥♠❡♥t
| X ✳f ✿❂ E0 r❡❝♦r❞ ✜❡❧❞ ❛ss✐❣♥♠❡♥t
| I1❀ I2 s❡q✉❡♥t✐❛❧ ❝♦♠♣♦s✐t✐♦♥
| if E0 then I0 ❝♦♥❞✐t✐♦♥❛❧

[ elsif E1 then I1
. . .
elsif En then In ]
[ else In+1 ]
end if

| while E0 loop ✇❤✐❧❡ ❧♦♦♣
I0

end loop

| for I0 while E0 by I1 loop ❢♦r ❧♦♦♣
I2

end loop

| case E0 is ❝❛s❡ s❡❧❡❝t✐♦♥
K0 ✲❃ I0
⑤ . . .
⑤ Kn ✲❃ In
[ ⑤ any ✲❃ In+1 ]

end case

| select ♥♦♥❞❡t❡r♠✐♥✐st✐❝ ❝❤♦✐❝❡
I0 ❬❪ . . . ❬❪ In

end select

| X ✿❂ any type [ where E0 ] ♥♦♥❞❡t❡r♠✐♥✐st✐❝ ❛ss✐❣♥♠❡♥t
| on [❄]X0✱ . . . ✱[❄]Xn ✲❃ I0 s✐❣♥❛❧
| Bi✭arg0✱ . . . ✱argn✮ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥

✺✳✽ ❈♦♥st❛♥t ❞❡✜♥✐t✐♦♥

❚❤❡ ❦❡②✇♦r❞ constant ✐s ✉s❡❞ t♦ ❞❡✜♥❡ ❛ ✈❛r✐❛❜❧❡ ✇❤♦s❡ ✈❛❧✉❡✱ ♦♥❝❡ ✐♥✐t✐❛❧✐③❡❞✱ ❝❛♥ ♥♦t ❜❡
❝❤❛♥❣❡❞ ✇❤❛ts♦❡✈❡r✳ ❆ ❝♦♥st❛♥t✱ ❢♦r♠❛❧❧② ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✱ ✐s ✈✐s✐❜❧❡ ❛♥❞ ❝❛♥ ❜❡ ❝❛❧❧❡❞ ❜② ❛❧❧
♦t❤❡r ❡♥t✐t✐❡s ❞❡✜♥❡❞ ✐♥ t❤❡ ♣r♦❣r❛♠ ❡♥❝❧♦s✐♥❣ ✐t ❛♥❞ ❛❧❧ ♣r♦❣r❛♠s t❤❛t ✐♠♣♦rt t❤❡ ♣r♦❣r❛♠
❡♥❝❧♦s✐♥❣ ✐t✳

constant❴definition ::= constant X ✿ type is E0 end constant

✺✳✾ ❱❛r✐❛❜❧❡ ❞❡❝❧❛r❛t✐♦♥

❱❛r✐❛❜❧❡s ✐♥ ●❘▲ ❛r❡ ❞❡❝❧❛r❡❞ ❛s ❢♦❧❧♦✇s✿

decl❴list ::= var❴decl0✱ . . . ✱var❴decln
var❴decl ::= X0✱ . . . ✱Xm ✿ type [ ✿❂ E0 ]

decl❴list❴non❴init ::= var❴decl❴non❴init0✱ . . . ✱var❴decl❴non❴initn
var❴decl❴non❴init ::= X0✱ . . . ✱Xm ✿ type

▲♦❝❛❧ ✈❛r✐❛❜❧❡s ❛r❡ ❢♦r♠❛❧❧② ❞❡✜♥❡❞ ❜❡❧♦✇✳ P❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s✱ ❞❡✜♥❡❞ ❛❢t❡r t❤❡ ❦❡②✇♦r❞

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✶✺

perm✱ ❤❛✈❡ ❛ ❧✐❢❡t✐♠❡ ❡①t❡♥❞✐♥❣ ❛❝r♦ss t❤❡ ❡♥t✐r❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ♣r♦❣r❛♠✱ ✇❤❡r❡❛s ✈❛r✐❛❜❧❡s
❞❡✜♥❡❞ ❛❢t❡r t❤❡ ❦❡②✇♦r❞ temp ❛r❡ t❡♠♣♦r❛r②✳

local❴variables ::= perm decl❴list

| temp decl❴list

✺✳✶✵ ❋♦r♠❛❧ ♣❛r❛♠❡t❡rs

❋♦r♠❛❧ ♣❛r❛♠❡t❡rs ❛r❡ ❝❧❛ss✐✜❡❞ ❛s ❢♦❧❧♦✇s✿

✕ ❈♦♥st❛♥t ♣❛r❛♠❡t❡rs ❛r❡ ✉s❡r✲✜①❡❞ ♣❛r❛♠❡t❡rs ❞❡✜♥❡❞ ❛s ❛ s❡t ♦❢ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❛t✐♦♥s
♣r❡❝❡❞❡❞ ❜② t❤❡ ❦❡②✇♦r❞ const✳ ❙✉❝❤ ♣❛r❛♠❡t❡rs s❤♦✉❧❞ ♥♦t ❜❡ ❛ss✐❣♥❡❞ ❛ ✈❛❧✉❡ ✐♥ t❤❡
❜♦❞② ♦❢ t❤❡ ❝❛❧❧❡r✳

const❴param ::= const decl❴list

✕ ■♥♣✉t✴❖✉t♣✉t ♣❛r❛♠❡t❡rs ❛r❡ ❞❡✜♥❡❞ ❛s ❛ s❡t ♦❢ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❛t✐♦♥s ♣r❡❝❡❞❡❞ ❜② t❤❡
❦❡②✇♦r❞s in ♦r out✳

inout❴param ::= in decl❴list

| out decl❴list❴non❴init

inout❴param❴non❴init ::= in decl❴list❴non❴init

| out decl❴list❴non❴init

✕ ❈♦♠♠✉♥✐❝❛t✐♦♥ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡✜♥❡❞ ❛s ❛ s❡t ♦❢ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❛t✐♦♥s ♣r❡❝❡❞❡❞ ❜② t❤❡
❦❡②✇♦r❞s receive ♦r send✳

com❴param ::= receive decl❴list❴non❴init

| send decl❴list❴non❴init

✺✳✶✶ ❇❧♦❝❦s

❇❧♦❝❦s r❡♣r❡s❡♥t t❤❡ s②♥❝❤r♦♥♦✉s ♣❛rt ♦❢ ●❘▲✱ ✇❤✐❝❤ ✐s ✐♥s♣✐r❡❞ ❜② s②♥❝❤r♦♥♦✉s ❞❛t❛✢♦✇ ❧❛♥✲
❣✉❛❣❡s ❜❛s❡❞ ♦♥ t❤❡ ❜❧♦❝❦✲❞✐❛❣r❛♠ ♠♦❞❡❧✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ s②♥❝❤r♦♥♦✉s ♣r♦❣r❛♠s✱ ❛
❜❧♦❝❦ ✐s t❤❡ s②♥❝❤r♦♥♦✉s ❝♦♠♣♦s✐t✐♦♥ ♦❢ ♦♥❡ ♦r s❡✈❡r❛❧ s✉❜❜❧♦❝❦s✱ ❛❧❧ ❣♦✈❡r♥❡❞ ❜② t❤❡ ❝❧♦❝❦ ♦❢
t❤❡ ❤✐❣❤❡st ❧❡✈❡❧ ❜❧♦❝❦✳

block❴definition ::= block B [ ❬const❴param❪ ]
[ ✭inout❴param0❀ . . . ❀ inout❴paramm✮ ]
[ ④com❴param0❀ . . . ❀ com❴paramn⑥ ] is

[ allocate B0 [❬arg(0 ,0)✱ . . . ✱arg(0 ,p0 )❪] as Bi0✱

. . . ✱
Bq [❬arg(q,0)✱ . . . ✱arg(q,pq)❪] as Biq ]

[ local❴variables0✱ . . . ✱local❴variablesl ]
I0

end block

| block B [ ❬const❴param❪ ]
[ ✭inout❴param0❀ . . . ❀ inout❴paramm✮ ] is

✦c string | ✦lnt string

end block

❘❘ ♥➦ ✽✺✷✼



✶✻ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

❆ ❜❧♦❝❦ ❞❡✜♥✐t✐♦♥ ❝❛♥ ❜❡ ❡✐t❤❡r ✉s❡r✲❞❡✜♥❡❞ ♦r ✐♥❝❧✉❞❡❞ ❢r♦♠ ❛♥ ❡①t❡r♥❛❧ ❝♦❞❡ ✇r✐tt❡♥ ✐♥
❛♥♦t❤❡r ❧❛♥❣✉❛❣❡✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ t❤❡ ❜❧♦❝❦ ✐s ❝❛❧❧❡❞ ❡①t❡r♥❛❧✳ ❙✉❝❤ ❛ ❜❧♦❝❦ s❤♦✉❧❞ ♥♦t ❤❛✈❡
r❡❝❡✐✈❡ ❛♥❞ s❡♥❞ ♣❛r❛♠❡t❡rs ❛♥❞ ✐ts ❜♦❞② ❝♦♥s✐sts ♦❢ ❛ ♣r❛❣♠❛ ❞❡♥♦t✐♥❣ t❤❡ ❧❛♥❣✉❛❣❡ ✐♥ ✇❤✐❝❤
t❤❡ ❡①t❡r♥❛❧ ❢✉♥❝t✐♦♥ ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ❜❧♦❝❦ ✐s ✇r✐tt❡♥✱ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ♥❛♠❡ ♦❢ t❤❡ ❢✉♥❝t✐♦♥ ✐♥
t❤❡ ❡①t❡r♥❛❧ ♣r♦❣r❛♠✳ ❯♣ t♦ ♥♦✇✱ t❤❡ s✉♣♣♦rt❡❞ ❡①t❡r♥❛❧ ❧❛♥❣✉❛❣❡s ❛r❡ ❈ ❛♥❞ ▲◆❚✳

❇❧♦❝❦s ❛r❡ ❛❧❧♦❝❛t❡❞ ✉s✐♥❣ ❝❧❛✉s❡s ♦❢ t❤❡ ❢♦r♠ ✏allocate Bi❬arg(i,1)✱ . . . ✱arg(i,pi )❪ as Bii ✑✱
❡❛❝❤ ♦❢ ✇❤✐❝❤ ❝r❡❛t❡s ❛♥ ✐♥st❛♥❝❡ Bii ♦❢ ❜❧♦❝❦ Bi t❤❛t ❤❛s ❛s ❝♦♥st ♣❛r❛♠❡t❡rs t❤❡ ❧✐st arg(i,1)✱
✳ ✳ ✳ ✱ arg(i,pi )✳

✺✳✶✷ ❊♥✈✐r♦♥♠❡♥ts

❊♥✈✐r♦♥♠❡♥ts ❛r❡ ●❘▲ str✉❝t✉r❡s r❡♣r❡s❡♥t✐♥❣ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t s✉rr♦✉♥❞✐♥❣
❛ ♥❡t✇♦r❦ ♦❢ ❜❧♦❝❦s✳ ❚❤❡② ❛❧❧♦✇ t♦ ❝♦♥str❛✐♥ ❡✐t❤❡r ✐♥♣✉ts ♦❢ s❡♣❛r❛t❡ ❜❧♦❝❦s ♦r t❤❡ r❡❧❛t✐✈❡
♦r❞❡r ❛♥❞ ❢r❡q✉❡♥❝② ♦❢ ❜❧♦❝❦ ❡①❡❝✉t✐♦♥s ✇✐t❤✐♥ ❛ ♥❡t✇♦r❦ ♦❢ ❜❧♦❝❦s✳ ❙✉❝❤ ❛ r❡♣r❡s❡♥t❛t✐♦♥ ✐s
✢❡①✐❜❧❡ s✐♥❝❡ ✐t ♠❛❦❡s ♣♦ss✐❜❧❡ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝♦♠♠♦♥ ❡♥✈✐r♦♥♠❡♥t ✐♥ t❤❡ ❝❛s❡ ♦❢ ♣❛r❛❧❧❡❧
s②st❡♠s ❞✐str✐❜✉t❡❞ ♦♥ ❛ s✐♥❣❧❡ ♣❧❛t❢♦r♠ ❛s ✇❡❧❧ ❛s ❛ s❡t ♦❢ s❡♣❛r❛t❡ ❡♥✈✐r♦♥♠❡♥ts ✐♥ t❤❡ ❝❛s❡ ♦❢
❣❡♦❣r❛♣❤✐❝❛❧❧② ❞✐str✐❜✉t❡❞ s②st❡♠s✱ ♥❛♠❡❧②✳

environment❴definition ::= environment N [ ❬const❴param❪ ]
[ ✭inout❴param❴non❴init0 ⑤ . . . ⑤ inout❴param❴non❴initm✮ ] is

[ allocate B0 [❬arg(0 ,0)✱ . . . ✱arg(0 ,p0 )❪] as Bi0 ✱

. . . ✱

Bq [❬arg(q,0)✱ . . . ✱arg(q,pq )❪] as Biq ]

[ local❴variables0 ✱ . . . ✱local❴variablesl ]
I0

end environment

❊♥✈✐r♦♥♠❡♥t N ✐♥t❡r❛❝ts ✇✐t❤ ❜❧♦❝❦s ❜② ❝♦♥♥❡❝t✐♥❣ ✐ts ✐♥♣✉t ✭r❡s♣✳✱ ♦✉t♣✉t✮ ♣❛r❛♠❡t❡rs t♦
♦✉t♣✉t ✭r❡s♣✳✱ ✐♥♣✉t✮ ♣❛r❛♠❡t❡rs ♦❢ ❜❧♦❝❦s✳ ■ts ❜♦❞② s❤♦✉❧❞ ❞❡✜♥❡ ✭♦r ♥♦t✮ t❤❡ ❜❡❤❛✈✐♦✉r
♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤❡♥ ❛♥ ✐♥t❡r❛❝t✐♦♥ ✈✐❛ ❛ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐st ♦❝❝✉rs✳ ❆ s✐❣♥❛❧ ♦❢ t❤❡
❢♦r♠ ✏on X0✱ . . . ✱Xn ✲❃ I ✑ ❞❡✜♥❡s t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ N t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣❛r❛♠❡t❡r ❧✐st
✏in X0✿T0✱ . . . ✱Xn✿Tn ✑ ✇❤❡r❡❛s ❛ s✐❣♥❛❧ ♦❢ t❤❡ ❢♦r♠ ✏on ❄Y0✱ . . . ✱❄Ym ✲❃ I ✑ ❞❡✜♥❡s t❤❡
❜❡❤❛✈✐♦✉r ♦❢ N t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣❛r❛♠❡t❡r ❧✐st ✏out Y0✿T0✱ . . . ✱Ym✿Tm ✑✳

✺✳✶✸ ▼❡❞✐✉♠s

▼❡❞✐✉♠s ❛r❡ ●❘▲ str✉❝t✉r❡s r❡♣r❡s❡♥t✐♥❣ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♠❡❞✐✉♠s ❛♥❞ ❡♥❛❜❧❡s
❛ ❝❧❡❛♥ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛s②♥❝❤r♦♥♦✉s ✐♥t❡r❛❝t✐♦♥s ✇✐t❤✐♥ ❛ ♥❡t✇♦r❦ ♦❢ ❜❧♦❝❦s✳ ❚❤❡② ❡♥❛❜❧❡ t❤❡
❡①♣❧✐❝✐t ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣r♦t♦❝♦❧ ❛♥❞ t❤❡ r✐❣♦r♦✉s ❞❡s✐❣♥ ♦❢ ♥❡t✇♦r❦s ✇❤❛t✲
❡✈❡r t❤❡✐r t♦♣♦❧♦❣✐❡s ✭st❛r✱ ❜✉s✱ r✐♥❣✱ ❡t❝✳✮ ❛♥❞ t❤❡✐r ♠❡❛♥s ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✭♣♦✐♥t✲t♦✲♣♦✐♥t✱
♠✉❧t✐♣♦✐♥t✱ ❡t❝✳✮✳

medium❴definition ::= medium M [ ❬const❴param❪ ]
[ ④com❴param0 ⑤ . . . ⑤ com❴paramm⑥ ] is

[ allocate B0 [❬arg(0 ,0)✱ . . . ✱arg(0 ,p0 )❪] as Bi0 ✱

. . . ✱

Bq [❬arg(q,0)✱ . . . ✱arg(q,pq )❪] as Biq ]

[ local❴variables0 ✱ . . . ✱local❴variablesl ]
I0

end medium

▼❡❞✐✉♠s ✐♥t❡r❛❝t ✇✐t❤ ❜❧♦❝❦s ❜② ❝♦♥♥❡❝t✐♥❣ t❤❡✐r r❡❝❡✐✈❡ ✭r❡s♣✳✱ s❡♥❞✮ ♣❛r❛♠❡t❡rs t♦ s❡♥❞ ✭r❡s♣✳✱
r❡❝❡✐✈❡✮ ♣❛r❛♠❡t❡rs ♦❢ ❜❧♦❝❦s ❛♥❞ ❡①❤✐❜✐t t❤❡ s❛♠❡ ❜❡❤❛✈✐♦✉r ❛s ❡♥✈✐r♦♥♠❡♥ts✳ ❇❧♦❝❦s✱ ❡♥✈✐r♦♥✲
♠❡♥ts✱ ❛♥❞ ♠❡❞✐✉♠s ❛r❡ r❡❢❡rr❡❞ t♦ ❛s ❛❝t♦rs ✐♥ t❤❡ s❡q✉❡❧✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✶✼

✺✳✶✹ ❆❝t♦rs ✐♥✈♦❝❛t✐♦♥

❆❝t✉❛❧ ♣❛r❛♠❡t❡rs✱ ❢♦r♠❛❧❧② ❞❡✜♥❡❞ ❜❡❧♦✇✱ ❞❡♥♦t❡ ♣❛r❛♠❡t❡rs ♣❛ss❡❞ t♦ ❛♥ ❛❝t♦r ❛t ✐♥✈♦❝❛t✐♦♥
t✐♠❡✳ ■♥ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ❞♦❝✉♠❡♥t✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡✜♥✐t✐♦♥s✿

✕ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ♦❢ ❛♥ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ❞❡♥♦t❡s t❤❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r
t❤❛t ❤❛s t❤❡ s❛♠❡ ♣♦s✐t✐♦♥ ✭❛s t❤❡ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r✮ ✐♥ t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✕ ❆♥ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ✐s ❛t ❝♦♥st❛♥t ♣♦s✐t✐♦♥ ✭r❡s♣❡❝t✐✈❡❧② ❛t ✐♥♣✉t ♣♦s✐t✐♦♥✱ ❛t ♦✉t♣✉t ♣♦✲
s✐t✐♦♥✱ ❛t r❡❝❡✐✈❡ ♣♦s✐t✐♦♥✱ ❛♥❞ ❛t s❡♥❞ ♣♦s✐t✐♦♥✮ ✐❢ ✐ts ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ✐s
❞❡✜♥❡❞ ❛❢t❡r t❤❡ ❦❡②✇♦r❞ const ✭r❡s♣❡❝t✐✈❡❧② in✱ out✱ receive✱ ❛♥❞ send✮✳

✕ ❆ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐st ❞❡♥♦t❡s ❡✐t❤❡r inout❴param✱ inout❴param❴non❴init ✱ com❴param✱
♦r const❴param✳

✕ ❆♥ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ❞❡♥♦t❡s ❛ s❡t ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❢♦r♠ ✏arg0✱ . . . ✱argn ✑ ✉s❡❞ t♦
❝♦♥♥❡❝t ❛❝t♦rs ✐♥s✐❞❡ s②st❡♠s✳

✕ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐st ♦❢ ❛♥ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✇❤❡♥ ❝❛❧❧✐♥❣ ❛♥ ❛❝t♦r ❞❡♥♦t❡s
t❤❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐st t❤❛t ❤❛✈❡ t❤❡ s❛♠❡ ♣♦s✐t✐♦♥ ✭❛s t❤❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐st✮ ✐♥ t❤❡
❛❝t♦r ❞❡✜♥✐t✐♦♥✳

❆♥ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ❝❛♥ ❤❛✈❡ ❞✐✛❡r❡♥t ❢♦r♠s ❛❝❝♦r❞✐♥❣ t♦ ✐ts ♣♦s✐t✐♦♥ ✭❢♦r ❢✉rt❤❡r ❞❡t❛✐❧s✱ s❡❡
r✉❧❡s ❆❈❇✻ t♦ ❆❈❇✶✵ ✐♥ ❙❡❝t✐♦♥ ✻✳✻✳✶✮✳ ❆ q✉❡st✐♦♥ ♠❛r❦ ♣r❡❝❡❞❡s ❜♦t❤ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛t
♦✉t♣✉t ❛♥❞ s❡♥❞ ♣♦s✐t✐♦♥s✳ ❆♥ ✉♥❞❡rs❝♦r❡ ✐s ✉s❡❞ ❢♦r ✉♥❝♦♥♥❡❝t❡❞ ♣❛r❛♠❡t❡rs ✭i.e. ✉♥✉s❛❜❧❡
♣❛r❛♠❡t❡rs✮✳ ❆♥ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♦❢ t❤❡ ❢♦r♠ ✏any type✑ ❛ss✐❣♥s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r♠❛❧
♣❛r❛♠❡t❡rs ❛♥ ❛r❜✐tr❛r② ✈❛❧✉❡ ♦❢ t②♣❡ ✏type✑✳

arg ::= ❄X | [❄]❴ | E | any type

❆❝t♦r ✐♥st❛♥❝❡s ♠✉st ❜❡ ❛❧❧♦❝❛t❡❞ ❜❡❢♦r❡ ❜❡✐♥❣ ✐♥✈♦❦❡❞✳ ❆❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛t ❝♦♥st❛♥t ♣♦s✐t✐♦♥
s❤♦✉❧❞ ❜❡ ✜①❡❞ ❛t ❛❧❧♦❝❛t✐♦♥ t✐♠❡ ❛s ❢♦❧❧♦✇s✿

allocation ::= B [❬arg0✱ . . . ✱argn❪] as Bi

| N [❬arg0✱ . . . ✱argn❪] as Ni

| M [❬arg0✱ . . . ✱argn❪] as Mi

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

block❴instance ::= Bi ✭arg(0 ,0)✱ . . . ✱arg(0 ,m0 )✱ . . . ✱arg(n,0)✱ . . . ✱arg(n,mn)✮

block❴instance ::= Bi [✭arg(0 ,0)✱ . . . ✱arg(0 ,m0 )❀ . . . ❀arg(n,0)✱ . . . ✱arg(n,mn)✮]
[④arg ′(0 ,0)✱ . . . ✱arg

′
(0 ,p0 )

❀ . . . ❀arg ′(q,0)✱ . . . ✱arg
′
(q,pq)

⑥]

environment❴instance ::= Ni ✭arg(0 ,0)✱ . . . ✱arg(0 ,m0 )⑤ . . . ⑤arg(n,0)✱ . . . ✱arg(n,mn)✮

medium❴instance ::= Mi ④arg(0 ,0)✱ . . . ✱arg(0 ,m0 )⑤ . . . ⑤arg(n,0)✱ . . . ✱arg(n,mn)⑥

✺✳✶✺ ❙②st❡♠ ❞❡✜♥✐t✐♦♥

❆❝t♦rs ❝❛♥ ❜❡ ❝♦♠♣♦s❡❞ t♦ ❢♦r♠ ❛ ❤✐❣❤❡r ❧❡✈❡❧ ❝♦♥str✉❝t✱ ❝❛❧❧❡❞ s②st❡♠✳ ❆ s②st❡♠✱ ❢♦r♠❛❧❧②
❞❡✜♥❡❞ ❜❡❧♦✇✱ s♣❡❝✐✜❡s ❛ ♥❡t✇♦r❦ ♦❢ s②♥❝❤r♦♥♦✉s s②st❡♠s r❡♣r❡s❡♥t❡❞ ❜② ❛ s❡t ♦❢ ❜❧♦❝❦s✳ ❚❤♦s❡
❜❧♦❝❦s ❛r❡ ❝♦♥str❛✐♥❡❞ ❜② ❛ s❡t ♦❢ ❡♥✈✐r♦♥♠❡♥ts ❛♥❞ ✐♥t❡r❛❝t ❛s②♥❝❤r♦♥♦✉s❧② ✈✐❛ ❛ s❡t ♦❢ ♠❡❞✐✉♠s✳

❘❘ ♥➦ ✽✺✷✼



✶✽ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

system❴definition ::= system S [ ✭decl❴list❴non❴init0✮ ] is
allocate allocation0✱ . . . ✱ allocationn
[ temp decl❴list❴non❴init1 ]
network

block❴instance0✱

. . . ✱
block❴instancep

[ constrainedby
environment❴instance0✱

. . . ✱
environment❴instanceq ]

[ connectedby
medium❴instance0✱

. . . ✱
medium❴instancer ]

end system

❚❤❡ ❧✐st decl❴list❴non❴init0 ❞❡✜♥❡s t❤❡ ♣❛r❛♠❡t❡rs t❤❛t ❛r❡ ✈✐s✐❜❧❡ ❢r♦♠ t❤❡ ❡①t❡r♥❛❧ ✇♦r❧❞
✇❤❡r❡❛s t❤❡ ❧✐st decl❴list❴non❴init1 ❞❡✜♥❡s t❤❡ ✐♥✈✐s✐❜❧❡ ♣❛r❛♠❡t❡rs t❤❛t ❛r❡ ✐♥✈✐s✐❜❧❡ ❢r♦♠ t❤❡
❡①t❡r♥❛❧ ✇♦r❧❞s✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✶✾

✻ ❙t❛t✐❝ ❙❡♠❛♥t✐❝s

❚❤✐s s❡❝t✐♦♥ ❞❡❛❧s ✇✐t❤ t❤❡ ✇❡❧❧✲❢♦r♠❡❞♥❡ss ♦❢ ❡❛❝❤ ♦❢ t❤❡ s②♥t❛❝t✐❝ ❝♦♥str✉❝t ♦❢ t❤❡ ❧❛♥❣✉❛❣❡✳
❲❡ ❞❡✜♥❡ t❤❡ st❛t✐❝ s❡♠❛♥t✐❝s ♦❢ ●❘▲ ♣r♦❣r❛♠s ❜② s♣❡❝✐❢②✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❝♦♥str❛✐♥ts t❤❛t ❝❛♥
♥♦t ❜❡ ❝❛♣t✉r❡❞ ❜② t❤❡ ❣r❛♠♠❛r ❛♥❞ ❛r❡ ❝❤❡❝❦❡❞ ❛t ❝♦♠♣✐❧❛t✐♦♥ t✐♠❡✳ ❚❤❡r❡ ❛r❡ t❤r❡❡ ❝❧❛ss❡s
♦❢ st❛t✐❝ s❡♠❛♥t✐❝ r✉❧❡s✿ ❜✐♥❞✐♥❣ r✉❧❡s✱ t②♣✐♥❣ r✉❧❡s✱ ❛♥❞ ✐♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s✳

✻✳✶ ❈♦♥✈❡♥t✐♦♥s

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥✈❡♥t✐♦♥s ❛r❡ ✉s❡❞✿

✶✳ ✏❊♥t✐t②✑ ❞❡♥♦t❡s ❛♥ ✐♥st❛♥❝❡ ♦❢ s②st❡♠✱ ♠❡❞✐✉♠✱ ❡♥✈✐r♦♥♠❡♥t✱ ❜❧♦❝❦✱ ❝♦♥st❛♥t✱ ♦r t②♣❡✳

✷✳ ✏✈❛rs✭❊✮✑ ✭✇❤❡r❡ E ✐s ❛♥ ❡①♣r❡ss✐♦♥✮ ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ✈❛r✐❛❜❧❡s ✐♥ t❤❡ ❡①♣r❡ss✐♦♥ E ✳
❋♦r♠❛❧❧②✿

vars(X ) = {X }
vars(E✳f ) = vars(E )
vars(✭E✮) = vars(E )

vars(F✭E0✱ . . . ✱En✮) = vars(E0 ) ∪ . . . ∪ vars(En)
vars(E0❬E1❪) = vars(E0 ) ∪ vars(E1 )

vars(unary❴operator E0 ) = vars(E0 )
vars(E0 binary❴operator E1 ) = vars(E0 ) ∪ vars(E1 )

vars(K ) = ∅

✸✳ ✏❈♦♥st❛♥t ✈❛r✐❛❜❧❡✑ ✐s ✉s❡❞ t♦ ❞❡♥♦t❡✿

✕ ❆ ❣❧♦❜❛❧ ❝♦♥st❛♥t ✈❛r✐❛❜❧❡ ❞❡✜♥❡❞ ❛s constant ❡♥t✐t②✳

✕ ❆ ❧♦❝❛❧ ❝♦♥st❛♥t ♣❛r❛♠❡t❡r ❞❡✜♥❡❞ ✐♥s✐❞❡ ❛♥ ❡♥t✐t② ❛❢t❡r t❤❡ ❦❡②✇♦r❞ const✳

✹✳ ✏❈♦♥st❛♥t ❡①♣r❡ss✐♦♥✑ ✐s ✉s❡❞ t♦ ❞❡♥♦t❡ ❛♥ ❡①♣r❡ss✐♦♥ E s✉❝❤ t❤❛t vars(E ) ❝♦♥t❛✐♥s ♦♥❧②
❝♦♥st❛♥t ✈❛r✐❛❜❧❡s✳

✺✳ ✏❚❤❡ ❝✉rr❡♥t s❝♦♣❡✑ ♦❢ ❛♥ ❡♥t✐t② ❞❡♥♦t❡s t❤❡ ❝✉rr❡♥t ♣r♦❣r❛♠ ♦r ❛♥ ✐♠♣♦rt❡❞ ♣r♦❣r❛♠✳

✻✳ ✏❙❝♦♣❡✑ ♦❢ ❛ ✈❛r✐❛❜❧❡ ✐s ✉s❡❞ t♦ ❞❡♥♦t❡ t❤❡ r❡❣✐♦♥ ♦❢ ●❘▲ ❝♦❞❡ ✇✐t❤✐♥ ✇❤✐❝❤ t❤❡ ✈❛r✐❛❜❧❡
✐s ✈✐s✐❜❧❡ ❛♥❞ ✉s❛❜❧❡✳

✻✳✷ ■❞❡♥t✐✜❡rs

✭■❉✶✮ ●❘▲ r❡s❡r✈❡❞ ✇♦r❞s ♠✉st ♥♦t ❜❡ ✉s❡❞ ❛s ✐❞❡♥t✐✜❡rs ✭s❡❡ ❙❡❝t✐♦♥ ✹✳✽✮✳

✻✳✸ ❚②♣❡s

■♥ t❤❡ s❡q✉❡❧✱ ✇❡ ❝❛❧❧ ✏❡①✐st✐♥❣ t②♣❡✑ ❛ t②♣❡ t❤❛t ✐s ❡✐t❤❡r ❛ ♣r❡❞❡✜♥❡❞ t②♣❡ ♦r ❛ t②♣❡ ❞❡✜♥❡❞ ✐♥
t❤❡ ❝✉rr❡♥t s❝♦♣❡✳

❲❡ ❞❡✜♥❡ r❡❝✉rs✐✈❡❧② t❤❡ r❡❧❛t✐♦♥ ✏T ❞❡♣❡♥❞s ♦♥ T ′✑ ✇❤❡r❡ T ❛♥❞ T ′ ❛r❡ ❡①✐st✐♥❣ t②♣❡s ❛s
❢♦❧❧♦✇s✳ T ❞❡♣❡♥❞s ♦♥ T ′ ✐❢ ❜♦t❤ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s ❛r❡ s❛t✐s✜❡❞✿

✕ T ❤❛s ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿ ✏range m .. n of T ′′✑✱ ✏array ❬m .. n❪ of T ′′✑✱
✏record . . . ✱f ✿T ′′✱ . . .✑

✕ T ′ = T ′′ ♦r T ′′ ❞❡♣❡♥❞s ♦♥ T ′

❘❘ ♥➦ ✽✺✷✼



✷✵ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✻✳✸✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭❚❇✶✮ ❈✐❝✉❧❛r ❞❡♣❡♥❞❡♥❝✐❡s ✐♥ t②♣❡ ❞❡✜♥✐t✐♦♥s ❛r❡ ❢♦r❜✐❞❞❡♥✳ ■❢ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ t②♣❡ T
❞❡♣❡♥❞s ♦♥ t②♣❡ T ′✱ t❤❡♥✿

✕ T ′ ♠✉st ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ T

✕ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ T ′ ♠✉st ♥♦t ❞❡♣❡♥❞ ♦♥ T ✱ tr❛♥s✐t✐✈❡❧②

❼ Enumerated type ✏type T is enum C0✱ . . . ✱Cn end type✑

✭❚❇✷✮ ■❞❡♥t✐✜❡rs C0 ✱ . . .✱ Cn ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

❼ Record type ✏type T is record f0✿type0✱ . . . ✱fn✿typen end type✑

✭❚❇✸✮ ❋✐❡❧❞s f0 ✱ . . .✱ fn ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭❚❇✹✮ ❚②♣❡s type0 , . . . , typen ♠✉st ❜❡ ❡①✐st✐♥❣ t②♣❡s✳

❼ Array type ✏type T is array ❬m..n❪ of type end type✑

✭❚❇✺✮ type ♠✉st ❜❡ ❛♥ ❡①✐st✐♥❣ t②♣❡✳

✭❚❇✻✮ ❚❤❡ ❜♦✉♥❞s m ❛♥❞ n ♠✉st ❜❡ ♥❛t✉r❛❧ ♥✉♠❜❡rs s✉❝❤ t❤❛t m ≤ n✳

❼ Range type ✏type T is range m .. n of type end type✑

✭❚❇✼✮ type ♠✉st ❜❡ ❡✐t❤❡r nat✱ nat16✱ nat32✱ int✱ int16✱ ♦r int32✳

✭❚❇✽✮ ❚❤❡ ❜♦✉♥❞s m ❛♥❞ n ♠✉st ❜❡ ✐♥t❡❣❡r ♥✉♠❜❡rs s✉❝❤ t❤❛t m ≤ n✳

✻✳✹ ❊①♣r❡ss✐♦♥s

✻✳✹✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭❊❇✶✮ ❊❛❝❤ ✈❛r✐❛❜❧❡ ♠✉st ❜❡ ❞❡❝❧❛r❡❞ ✐♥ t❤❡ s❝♦♣❡ ✇❤❡r❡ ✐t ✐s ✉s❡❞✳

✻✳✹✳✷ ❚②♣✐♥❣ r✉❧❡s

❼ Literal constant ✏K of type✑

✭❊❚✶✮ type ♠✉st ❜❡ ❛♥ ❡①✐st✐♥❣ t②♣❡✳

✭❊❚✷✮ ❊❛❝❤ ❧✐t❡r❛❧ ❝♦♥st❛♥t int ♦❢ t❤❡ ❢♦r♠ ✏nat✑ ♦r ✏✰nat✑ ♠❛② ❤❛✈❡ ♦♥❡ ♦❢ t❤❡ t②♣❡s✿
nat✱ nat16✱ nat32✱ int✱ int16✱ ♦r int32 ❛♥❞ ❡❛❝❤ ❧✐t❡r❛❧ ❝♦♥st❛♥t int ♦❢ t❤❡ ❢♦r♠
✏✲nat✑ ♠❛② ❤❛✈❡ ♦♥❡ ♦❢ t❤❡ t②♣❡s✿ int✱ int16✱ ♦r int32✳

✭❊❚✸✮ ❊❛❝❤ ❧✐t❡r❛❧ ❝♦♥st❛♥t bool ❤❛s t❤❡ t②♣❡ bool✳

✭❊❚✹✮ ❊❛❝❤ ❧✐t❡r❛❧ ❝♦♥st❛♥t string ❤❛s t❤❡ t②♣❡ string✳

✭❊❚✺✮ ❊❛❝❤ ❧✐t❡r❛❧ ❝♦♥st❛♥t Ci ✭i ∈ 1..n✮ ❞❡✜♥❡❞ ✐♥ ✏type T is enum C0✱ . . . ✱ Cn end

type✑ ❤❛s t❤❡ t②♣❡ T ✳

❼ Variable ✏X ✑

✭❊❚✻✮ ❚❤❡ t②♣❡ ♦❢ X ✐s t❤❡ t②♣❡ ✇✐t❤ ✇❤✐❝❤ X ❤❛s ❜❡❡♥ ❞❡❝❧❛r❡❞ ✐♥ t❤❡ ❝✉rr❡♥t s❝♦♣❡✳

❼ Parenthesized expression ✏✭E✮✑

■♥r✐❛
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✭❊❚✼✮ ❚❤❡ t②♣❡ ♦❢ ✭E✮ ✐s t❤❡ t②♣❡ ♦❢ E ✳

❼ Function call ✏F✭E0✱ . . . ✱En✮✑

✭❊❚✽✮ ❊❛❝❤ ❡①♣r❡ss✐♦♥ Ei (i ∈ 0..n) ♠✉st ❤❛✈❡ t❤❡ s❛♠❡ t②♣❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
♣❛r❛♠❡t❡r ✐♥ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ F ✳

✭❊❚✾✮ ❚❤❡ t②♣❡ ♦❢ F✭E0✱ . . . ✱En✮ ✐s t❤❡ s❛♠❡ t②♣❡ ❛s t❤❡ r❡t✉r♥ t②♣❡ ✐♥ t❤❡ ❞❡✜♥✐t✐♦♥
♦❢ F ✳

❼ Array element access ✏E0❬E1❪✑

✭❊❚✶✵✮ ❊①♣r❡ss✐♦♥ E0 ♠✉st ❤❛✈❡ ❛ t②♣❡ T ♦❢ t❤❡ ❢♦r♠ array ❬m✳✳n❪ of type✳

✭❊❚✶✶✮ ❊①♣r❡ss✐♦♥ E1 ♠✉st ❤❛✈❡ ❡✐t❤❡r t❤❡ t②♣❡ nat✱ t❤❡ t②♣❡ nat16✱ ♦r t❤❡ t②♣❡
nat32✳

✭❊❚✶✷✮ ❚❤❡ t②♣❡ ♦❢ E0❬E1❪ ✐s type✳

❼ Record field access ✏E✳f ✑

✭❊❚✶✸✮ ❊①♣r❡ss✐♦♥ E ♠✉st ❤❛✈❡ ❛ t②♣❡ T ♦❢ t❤❡ ❢♦r♠ ✏record f0✿type0✱ . . . ✱fn✿typen ✑✱
s✉❝❤ t❤❛t f = fi ❢♦r s♦♠❡ i ∈ 1..n✳

✭❊❚✶✹✮ ❚❤❡ t②♣❡ ♦❢ E✳f ✐s typei ✳

❼ Unary operation

❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ ❧✐sts t❤❡ ♣♦ss✐❜❧❡ t②♣❡s ♦❢ t❤❡ ❡①♣r❡ss✐♦♥ ✏unary❴operator E0 ✑ ❣✐✈❡♥
t❤❡ t②♣❡ ♦❢ E0 ❢♦r ❡❛❝❤ ✉♥❛r② ♦♣❡r❛t♦r✳

❖♣❡r❛t♦r ❚②♣❡ ♦❢ E0 ❚②♣❡ ♦❢ ✏unary❴operator E0 ✑
✲✱ ✰ int int

int16 int16

int32 int32

not bool bool

abs int nat

int16 nat16

int32 nat32

nat nat nat

nat16 nat

nat32 nat

int nat

int16 nat

int32 nat

nat16 nat nat16

nat16 nat16

nat32 nat16

int nat16

int16 nat16

int32 nat16

❘❘ ♥➦ ✽✺✷✼
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nat32 nat nat32

nat16 nat32

nat32 nat32

int nat32

int16 nat32

int32 nat32

int nat int

nat16 int

nat32 int

int int

int16 int

int32 int

int16 nat int16

nat16 int16

nat32 int16

int int16

int16 int16

int32 int16

int32 nat int32

nat16 int32

nat32 int32

int int32

int16 int32

int32 int32

◆♦t❡ t❤❛t ✐♥ t❤❡ ❝❛s❡ ♦❢ ♦✈❡r✢♦✇ ✭e.g.✱ ✏nat16 ✭✷ ❫✶✼✮✑✮✱ ❛♥ ❡rr♦r ✇✐❧❧ ❜❡ ✐ss✉❡❞ ❛t r✉♥✲t✐♠❡✳

❼ Binary operation

❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡ s❤♦✇s t❤❡ t②♣❡s ♦❢ t❤❡ ♦♣❡r❛♥❞s E0 ❛♥❞ E1 t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❛♥
❡①♣r❡ss✐♦♥ ♦❢ t❤❡ ❢♦r♠ ✏E0 binary❴operator E1 ✑✱ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡t✉r♥ t②♣❡✳
◆♦t❡ t❤❛t E0 ❛♥❞ E1 ♠✉st ❤❛✈❡ t❤❡ s❛♠❡ t②♣❡ ✭♦t❤❡r✇✐s❡✱ ❡①♣❧✐❝✐t t②♣❡ ❝♦♥✈❡rs✐♦♥ ✉s✐♥❣
t❤❡ t②♣❡ ❝♦♥✈❡rs✐♦♥ ♦♣❡r❛t✐♦♥s ❞❡✜♥❡❞ ❛❜♦✈❡ ♠✉st ❜❡ ✉s❡❞✮✳

Operators on booleans

❇✐♥❛r② ♦♣❡r❛t♦r ❖♣❡r❛♥❞s t②♣❡ ❘❡t✉r♥ t②♣❡
and✱ or✱ xor✱ implies✱ equ✱ ❂❂✱ ✦❂ bool bool

Operators on natural numbers

❇✐♥❛r② ♦♣❡r❛t♦r ❖♣❡r❛♥❞s t②♣❡ ❘❡t✉r♥ t②♣❡
✰✱ ✲✱ ✯✱ ✴✱ ✂✱ ✪ nat nat

nat16 nat16

nat32 nat32

❂❂✱ ✦❂✱ ❁✱ ❃✱ ❁❂✱ ❃❂ nat bool

nat16 bool

nat32 bool

Operators on integers

■♥r✐❛
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❇✐♥❛r② ♦♣❡r❛t♦r ❖♣❡r❛♥❞s t②♣❡ ❘❡t✉r♥ t②♣❡
✰✱ ✲✱ ✯✱ ✴✱ ✂ int int

int16 int16

int32 int32

❂❂✱ ✦❂✱ ❁✱ ❃✱ ❁❂✱ ❃❂ int bool

int16 bool

int32 bool

Operators on characters and strings

❇✐♥❛r② ♦♣❡r❛t♦r ❖♣❡r❛♥❞s t②♣❡ ❘❡t✉r♥ t②♣❡
❂❂✱ ✦❂✱ ❁✱ ❃✱ ❁❂✱ ❃❂ char bool

❂❂✱ ✦❂ string bool

✻✳✺ ❙t❛t❡♠❡♥ts

✻✳✺✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

❼ Deterministic assignment ✏X ✿❂E ✑

✭■❇✶✮ X ♠✉st ❜❡ ❞❡❝❧❛r❡❞ ✐♥ t❤❡ s❝♦♣❡ ✇❤❡r❡ ✐t ✐s ✉s❡❞✳

✭■❇✷✮ X ♠✉st ♥♦t ❜❡ ❛ ❝♦♥st❛♥t ✈❛r✐❛❜❧❡✳

❼ Sequential composition ✏I1❀ I2 ✑

✭■❇✸✮ ❆t ♠♦st ♦♥❡ ♦❢ I1 ❛♥❞ I2 ♠❛② ❝♦♥t❛✐♥ ❛ s✐❣♥❛❧ st❛t❡♠❡♥t✳

❼ Case selection ✏case E is K0 ✲❃ I0 ⑤ . . . ⑤ Kn ✲❃ In [ ⑤ any ✲❃ In+1 ] end case✑

✭■❇✹✮ ❈♦♥st❛♥ts K0 ✱ . . .✱ Kn s❤♦✉❧❞ ❝♦✈❡r ❛❧❧ ♣♦ss✐❜❧❡ ✈❛❧✉❡s ♦❢ t❤❡ t②♣❡ ♦❢ E ✳ ❖t❤❡r✇✐s❡✱
t❤❡ ❝❧❛✉s❡ any ✲❃ In+1 ✐s ♠❛♥❞❛t♦r②✳

❼ While loop ✏while E loop I end loop✑

✭■❇✺✮ ❚❤❡ st❛t❡♠❡♥t I ♠✉st ♥♦t ❝♦♥t❛✐♥ s✐❣♥❛❧ st❛t❡♠❡♥ts✳

❼ For loop ✏for I0 while E by I1 loop I2 end loop✑

✭■❇✻✮ ❚❤❡ st❛t❡♠❡♥ts I1 ❛♥❞ I2 ♠✉st ♥♦t ❝♦♥t❛✐♥ s✐❣♥❛❧ st❛t❡♠❡♥ts✳

❼ Signal ✏on [❄]X0✱ . . . ✱ [❄]Xn ✲❃ I0 ✑

✭■❇✼✮ I0 ♠✉st ♥♦t ❝♦♥t❛✐♥ ❛ s✐❣♥❛❧ st❛t❡♠❡♥t✳

✭■❇✽✮ ❆ s✐❣♥❛❧ st❛t❡♠❡♥t ♠✉st ❤❛✈❡ ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

✕ ✏on X0✱ . . . ✱Xn ✲❃ I0 ✑✳ ■♥ t❤✐s ❝❛s❡✿

✭■❇✽✳✶✮ ■♥s✐❞❡ ❛♥ ❡♥✈✐r♦♥♠❡♥t ❞❡✜♥✐t✐♦♥✱ X0 ✱ ✳ ✳ ✳ ✱ Xn ♠✉st ❤❛✈❡ ❜❡❡♥ ❞❡✜♥❡❞
❛s ✐♥♣✉t ♣❛r❛♠❡t❡rs✳

✭■❇✽✳✷✮ ■♥s✐❞❡ ❛ ♠❡❞✐✉♠ ❞❡✜♥✐t✐♦♥✱ X0 ✱ ✳ ✳ ✳ ✱ Xn ♠✉st ❤❛✈❡ ❜❡❡♥ ❞❡✜♥❡❞ ❛s
r❡❝❡✐✈❡ ♣❛r❛♠❡t❡rs✳

✕ ✏on ❄X0✱ . . . ✱❄Xn ✲❃ I0 ✑✳ ■♥ t❤✐s ❝❛s❡✿

❘❘ ♥➦ ✽✺✷✼
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✭■❇✽✳✸✮ ■♥s✐❞❡ ❛♥ ❡♥✈✐r♦♥♠❡♥t ❞❡✜♥✐t✐♦♥✱ X0 ✱ ✳ ✳ ✳ ✱ Xn ♠✉st ❤❛✈❡ ❜❡❡♥ ❞❡✜♥❡❞
❛s ♦✉t♣✉t ♣❛r❛♠❡t❡rs✳

✭■❇✽✳✹✮ ■♥s✐❞❡ ❛ ♠❡❞✐✉♠ ❞❡✜♥✐t✐♦♥✱ X0 ✱ ✳ ✳ ✳ ✱ Xn ♠✉st ❤❛✈❡ ❜❡❡♥ ❞❡✜♥❡❞ ❛s
s❡♥❞ ♣❛r❛♠❡t❡rs✳

Block invocation ✏Bi✭ arg0✱ . . . ✱ argn ✮✑
❙❡❡ ❙❡❝t✐♦♥ 4.6✳

✻✳✺✳✷ ❚②♣✐♥❣ r✉❧❡s

❼ Deterministic assignment ✏X ✿❂ E ✑

✭■❚✶✮ ❚❤❡ t②♣❡ ♦❢ X ♠✉st ❜❡ ❛ ✈❛❧✐❞ t②♣❡ ♦❢ E ✳

❼ Nondeterministic assignment ✏X ✿❂ any type [where E ]✑

✭■❚✷✮ type ♠✉st ❜❡ ❛♥ ❡①✐st✐♥❣ t②♣❡✳

✭❙❚✸✮ X ♠✉st ❤❛✈❡ t②♣❡ type✳

✭❙❚✹✮ E ♠✉st ❤❛✈❡ t❤❡ t②♣❡ bool ✳

❼ Array element assignment X ❬E0❪ ✿❂ E1

✭■❚✺✮ ❱❛r✐❛❜❧❡ X ♠✉st ❤❛✈❡ ❛♥ array t②♣❡ T ❞❡✜♥❡❞ ❛s ✏array ❬m..n❪ of type✑✳

✭■❚✻✮ ❊①♣r❡ss✐♦♥ E0 ♠✉st ❤❛✈❡ ❡✐t❤❡r t❤❡ t②♣❡ nat✱ t❤❡ t②♣❡ nat32✱ ♦r t❤❡ t②♣❡ nat16✳

✭■❚✼✮ ❊①♣r❡ss✐♦♥ E1 ♠✉st ❤❛✈❡ t❤❡ t②♣❡ type✳

❼ Record field assignment ✏X ✳f ✿❂ E ✑

✭■❚✽✮ ❱❛r✐❛❜❧❡ X ♠✉st ❤❛✈❡ ❛ t②♣❡ T ❞❡✜♥❡❞ ❛s ✏record f0✿type0✱ . . . ✱fn✿typen ✑✱ s✉❝❤
t❤❛t f = fi ❢♦r s♦♠❡ i ∈ 1..n✳

✭■❚✾✮ ❚②♣❡ typei ♠✉st ❜❡ ❛ t②♣❡ ♦❢ E ✳

❼ Conditional ✏if E0 then I0 elsif E1 then I1 . . . elsif En then In else In+1 end if ✑

✭■❚✶✵✮ ❆❧❧ ❡①♣r❡ss✐♦♥s ✐♥ ❝♦♥❞✐t✐♦♥❛❧ ❝❧❛✉s❡s E0 , . . . , En ♠✉st ❤❛✈❡ t❤❡ t②♣❡ bool ✳

❼ While loop ✏while E loop I end loop✑

✭■❚✶✶✮ ❊①♣r❡ss✐♦♥ E ♠✉st ❤❛✈❡ t❤❡ t②♣❡ bool ✳

❼ For loop ✏for I0 while E by I1 loop I2 end loop✑

✭■❚✶✷✮ ❊①♣r❡ss✐♦♥ E ♠✉st ❤❛✈❡ t❤❡ t②♣❡ bool ✳

✻✳✺✳✸ ■♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s

❲❡ ❞❡✜♥❡ tr✐♣❧❡s ♦❢ t❤❡ ❢♦r♠ S ⊲ I ⊲ S ′✱ ✇❤❡r❡ S ❛♥❞ S ′ ❛r❡ s❡ts ♦❢ ✈❛r✐❛❜❧❡s✳ ❚❤❡ ♠❡❛♥✐♥❣
♦❢ S ⊲ I ⊲ S ′ ✐s t❤❛t✱ ❛ss✉♠✐♥❣ ❛❧❧ ✈❛r✐❛❜❧❡s ✐♥ S ❛r❡ ✐♥✐t✐❛❧✐③❡❞ ❜❡❢♦r❡ ❡①❡❝✉t✐♥❣ I ✱ t❤❡♥ ❛❧❧
✈❛r✐❛❜❧❡s ✐♥ S ′ ❛r❡ ♥❡❝❡ss❛r✐❧② ✐♥✐t✐❛❧✐③❡❞ ❛❢t❡r ❡①❡❝✉t✐♥❣ I ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ❝✉rr❡♥t ✈❛❧✉❛t✐♦♥
♦❢ ✈❛r✐❛❜❧❡s✳ ❍❡♥❝❡✱ S′ ✐s ❛ s✉♣❡rs❡t ♦❢ S✳ ■♥ ❣❡♥❡r❛❧✱ st❛t❡♠❡♥t I ✐s ❝♦rr❡❝t❧② ✐♥✐t✐❛❧✐③❡❞ ✐❢ ✉♥❞❡r
t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ❛❧❧ ✈❛r✐❛❜❧❡s ✐♥ S ❛r❡ ✐♥✐t✐❛❧✐③❡❞✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❜✉✐❧❞ S′ s✉❝❤ t❤❛t S ⊲ I ⊲S ′✳

■♥r✐❛
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❼ Deterministic assignment

(SI1)
vars(E ) ⊆ S

S ⊲ X ✿❂E ⊲ S ∪ {X }

❼ Array update

(SI2)
X ∈ S vars(E0 ) ⊆ S vars(E1 ) ⊆ S

S ⊲ X ❬E0❪✿❂E1 ⊲ S

❼ Record field update

(SI3)
X ∈ S vars(E ) ⊆ S

S ⊲ X ✳f ✿❂E ⊲ S

❼ Sequential composition

(SI4)
S ⊲ I1 ⊲ S ′ S ′ ⊲ I2 ⊲ S ′′

S ⊲ I1❀I2 ⊲ S ′′

❼ Conditional

(SI5)
∀i ∈ 0..n vars(Ei) ⊆ S (∀j ∈ 0..n+ 1) S ⊲ Ij ⊲ Sj

S ⊲ if E0 then I0 elsif E1 then I1 . . . elsif En then In else In+1 end if ⊲
⋂

j∈0..(n+1) Sj

❼ While loop

(SI6)
vars(E ) ⊆ S S ⊲ I0 ⊲ S ′

S ⊲ while E loop I0 end loop ⊲ S

❼ For loop

(SI7)
vars(E ) ⊆ S S ⊲ I0 ⊲ S1 S1 ⊲ I2 ⊲ S2 S2 ⊲ I1 ⊲ S3

S ⊲ for I0 while E by I1 loop I2 end loop ⊲ S1

❼ Case selection

(SI8)
vars(E ) ⊆ S (∀i ∈ 0..n+ 1) S ⊲ Ii ⊲ Si

S ⊲ case E is K0 ✲❃ I0 ⑤ . . . ⑤ Kn ✲❃ In [ ⑤ any ✲❃ In+1 ] end case ⊲
⋂

i∈0..(n+1) Si

❼ Nondeterministic choice

(SI9)
∀i ∈ (0..n) S ⊲ Ii ⊲ Si

S ⊲ select I0 ❬❪ . . . ❬❪ In end select ⊲
⋂

i∈0..n Si

❼ Nondeterministic assignment

(SI10)
vars(E ) ⊆ S ∪ {X }

S ⊲ X ✿❂ any T where E ⊲ S ∪ {X }

❘❘ ♥➦ ✽✺✷✼



✷✻ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

❼ Signal

(SI11)
S ⊲ I0 ⊲ S ′ {X0 , . . . ,Xn} ⊆ S ′

S ⊲ on ❄X0✱ . . . ✱❄Xn ✲❃ I0 ⊲ S ′

(SI12)
S ∪ {X0 , . . . ,Xn} ⊲ I0 ⊲ S ′

S ⊲ on X0✱ . . . ✱Xn ✲❃ I0 ⊲ S ′

❼ Block invocation

❙❡❡ ❙❡❝t✐♦♥ ✻✳✻✳

✻✳✻ ❆❝t♦r ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ✐♥✈♦❝❛t✐♦♥

❆❝t♦r ❛❧❧♦❝❛t✐♦♥s ❝❛♥ ❤❛✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

✕ B❬arg0✱ . . . ✱argn❪ as Bi

✕ N ❬arg0✱ . . . ✱argn❪ as Ni

✕ M ❬arg0✱ . . . ✱argn❪ as Mi

❆❝t♦r ✐♥✈♦❝❛t✐♦♥s ❝❛♥ ❤❛✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

✕ ❇❧♦❝❦ ✐♥✈♦❝❛t✐♦♥s ✐♥s✐❞❡ ❛❝t♦rs ❤❛✈❡ t❤❡ ❢♦r♠

Bi✭arg(0 ,0)✱ . . . ✱arg(0 ,n0 )✱ . . . ✱arg(m,0)✱ . . . ✱arg(m,nm)✮,

✐✳❡✳✱ ❛r❣✉♠❡♥t ❧✐sts ❛r❡ s❡♣❛r❛t❡❞ ❜② ❝♦♠♠❛s✳

✕ ❇❧♦❝❦ ✐♥✈♦❝❛t✐♦♥s ✐♥s✐❞❡ s②st❡♠s ❤❛✈❡ ❡✐t❤❡r ❢♦r♠

Bi✭arg(0 ,0)✱ . . . ✱arg(0 ,n0 )❀ . . . ❀arg(m,0)✱ . . . ✱arg(m,nm)✮,

Bi④arg(0 ,0)✱ . . . ✱arg(0 ,n0 )❀ . . . ❀arg(m,0)✱ . . . ✱arg(m,nm)⑥,

♦r
Bi✭arg(0 ,0)✱ . . . ✱arg(0 ,n0 )❀ . . . ❀arg(m,0)✱ . . . ✱arg(m,nm)✮

④arg ′(0 ,0)✱ . . . ✱arg
′
(0 ,p0 )

❀ . . . ❀arg ′(q,0)✱ . . . ✱arg
′
(q,pq)

⑥,

✐✳❡✳✱ ❛r❣✉♠❡♥t ❧✐sts ❛r❡ s❡♣❛r❛t❡❞ ❜② s❡♠✐❝♦❧♦♥s✳

✕ ❊♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥s ✭♥❡❝❡ss❛r✐❧② ✐♥s✐❞❡ s②st❡♠s✮ ❤❛✈❡ t❤❡ ❢♦r♠

Ni✭arg(0 ,0)✱ . . . ✱arg(0 ,n0 )⑤ . . . ⑤arg(m,0)✱ . . . ✱arg(m,nm)✮,

✐✳❡✳✱ ❛r❣✉♠❡♥t ❧✐sts ❛r❡ s❡♣❛r❛t❡❞ ❜② ♣✐♣❡s✳

✕ ▼❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥s ✭♥❡❝❡ss❛r✐❧② ✐♥s✐❞❡ s②st❡♠s✮ ❤❛✈❡ t❤❡ ❢♦r♠

Mi④arg(0 ,0)✱ . . . ✱arg(0 ,n0 )⑤ . . . ⑤arg(m,0)✱ . . . ✱arg(m,nm)⑥,

✐✳❡✳✱ ❛r❣✉♠❡♥t ❧✐sts ❛r❡ s❡♣❛r❛t❡❞ ❜② ♣✐♣❡s✳

■♥r✐❛
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✻✳✻✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭❆❈❇✶✮ ❊❛❝❤ ❛❝t♦r ♠✉st ❜❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t s❝♦♣❡✳

✭❆❈❇✷✮ ❊❛❝❤ ✐♥✈♦❦❡❞ ❛❝t♦r ♠✉st ❛♣♣❡❛r ✐♥ t❤❡ ❛❧❧♦❝❛t✐♦♥ ❧✐st ♦❢ t❤❡ ❝❛❧❧❡r ❡♥t✐t②✳

✭❆❈❇✸✮ ■♥s✐❞❡ ❛♥ ❛❝t♦r✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♣❛ss❡❞ t♦ ❡❛❝❤ ❜❧♦❝❦ ✐♥st❛♥❝❡ ♠✉st
❜❡ ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❜❧♦❝❦ ❞❡✜♥✐t✐♦♥✳

✭❆❈❇✹✮ ■♥s✐❞❡ ❛ s②st❡♠✱ t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♣❛ss❡❞ t♦ ❡❛❝❤ ❛❝t♦r ✐♥st❛♥❝❡ ♠✉st
❜❡ ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐sts ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛❝t♦r ❞❡✜♥✐t✐♦♥
✭r❡s♣❡❝t✐✈❡❧②✱ ♠❡❞✐✉♠ ❞❡✜♥✐t✐♦♥✮✳

✭❆❈❇✺✮ ❚❤❡ ♥✉♠❜❡r ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ✐♥ ❡❛❝❤ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♣❛ss❡❞ t♦ ❛♥ ❛❝t♦r ✐♥st❛♥❝❡
♠✉st ❜❡ ❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛r❛♠❡t❡rs ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❧✐st ✐♥
t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✭❆❈❇✻✮ ❆❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛t ❝♦♥st❛♥t ♣♦s✐t✐♦♥ ❝❛♥ ❜❡ ❡✐t❤❡r t❤❡ ✇✐❧❞❝❛r❞ ✏❴✑ ♦r ❛ ❝♦♥st❛♥t
❡①♣r❡ss✐♦♥ ✏E ✑✳

✭❆❈❇✼✮ ■♥s✐❞❡ ❛♥ ❛❝t♦r✱ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ ❛t ✐♥♣✉t ♣♦s✐t✐♦♥ ❝❛♥
❜❡ ❡✐t❤❡r t❤❡ ✇✐❧❞❝❛r❞ ✏❴✑ ♦r ❛♥ ❡①♣r❡ss✐♦♥ ✏E ✑✳

✭❆❈❇✽✮ ■♥s✐❞❡ ❛♥ ❛❝t♦r✱ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ ❛t ♦✉t♣✉t ♣♦s✐t✐♦♥ ❝❛♥
❜❡ ❡✐t❤❡r t❤❡ ✇✐❧❞❝❛r❞ ✏❄❴✑ ♦r ❛ ✈❛r✐❛❜❧❡ ✏❄X ✑✳

✭❆❈❇✾✮ ■♥s✐❞❡ ❛ s②st❡♠✱ ✐♥♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ ❝❛♥ ❤❛✈❡ ♦♥❡ ♦❢
t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

❼ ✏X0✱ . . . ✱Xn ✑

❼ ✏any T0✱ . . . ✱any Tn ✑

❼ ✏❴✱ . . . ✱❴✑

■♥ t❤❡ ✜rst ❢♦r♠✱ t❤❡ ❝❤❛♥♥❡❧ ✐s s❛✐❞ t♦ ❜❡ ❝♦♥♥❡❝t❡❞ ✇❤❡r❡❛s ✐♥ t❤❡ t✇♦ ❧❛tt❡r ❢♦r♠s✱ t❤❡
❝❤❛♥♥❡❧ ✐s s❛✐❞ t♦ ❜❡ ✉♥❝♦♥♥❡❝t❡❞✳

✭❆❈❇✶✵✮ ■♥s✐❞❡ ❛ s②st❡♠✱ r❡❝❡✐✈❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ ❤❛✈❡ t❤❡ ❢♦r♠
✏X0✱ . . . ✱Xn ✑✳

✭❆❈❇✶✶✮ ■♥s✐❞❡ ❛ s②st❡♠✱ ♦✉t♣✉t ❛♥❞ s❡♥❞ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ ❝❛♥
❤❛✈❡ ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

❼ ✏❄X0✱ . . . ✱❄Xn ✑

❼ ✏❄❴✱ . . . ✱❄❴✑

■♥ t❤❡ ✜rst ❢♦r♠✱ t❤❡ ❝❤❛♥♥❡❧ ✐s s❛✐❞ t♦ ❜❡ ❝♦♥♥❡❝t❡❞ ✇❤❡r❡❛s ✐♥ t❤❡ ❧❛tt❡r ❢♦r♠✱ t❤❡ ❝❤❛♥♥❡❧
✐s s❛✐❞ t♦ ❜❡ ✉♥❝♦♥♥❡❝t❡❞✳

✭❆❈❇✶✷✮ ■♥s✐❞❡ ❛ s②st❡♠✱ ✐♥♣✉t ✭r❡s♣✳✱ r❡❝❡✐✈❡✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♣❛ss❡❞ t♦ ❛♥ ❡♥✈✐r♦♥♠❡♥t
✭r❡s♣✳✱ ♠❡❞✐✉♠✮ ✐♥st❛♥❝❡ ❝❛♥ ❤❛✈❡ ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

❼ ✏X0✱ . . . ✱Xn ✑

❼ ✏❴✱ . . . ✱❴✑

❘❘ ♥➦ ✽✺✷✼



✷✽ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✭❆❈❇✶✸✮ ■♥s✐❞❡ ❛ s②st❡♠✱ ♦✉t♣✉t ✭r❡s♣✳✱ s❡♥❞✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♣❛ss❡❞ t♦ ❛♥ ❡♥✈✐r♦♥♠❡♥t
✭r❡s♣✳✱ ♠❡❞✐✉♠✮ ✐♥st❛♥❝❡ ❝❛♥ ❤❛✈❡ ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

❼ ✏❄X0✱ . . . ✱❄Xn ✑

❼ ✏❄❴✱ . . . ✱❄❴✑

✭❆❈❇✶✹✮ ■♥ ❡❛❝❤ ❛❝t♦r ✐♥st❛♥❝❡✱ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛t ♦✉t♣✉t ♣♦s✐t✐♦♥ ✭r❡s♣✳✱ ❛t s❡♥❞ ♣♦s✐✲
t✐♦♥✮ ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✱ ❡①❝❡♣t t❤❡ ❝❛s❡ ♦❢ ✇✐❧❞❝❛r❞ ✏❄❴✑ ✇❤✐❝❤ ♠❛② ❤❛✈❡ s❡✈❡r❛❧
♦❝❝✉rr❡♥❝❡s✳

✻✳✻✳✷ ❚②♣✐♥❣ r✉❧❡s

✭❆❈❚✶✮ ❊❛❝❤ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♣❛ss❡❞ ❛t ❝♦♥st❛♥t ♣♦s✐t✐♦♥ ✐♥ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥ ♠✉st ❤❛✈❡
t❤❡ s❛♠❡ t②♣❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥st ♣❛r❛♠❡t❡r ✐♥ t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✭❆❈❚✷✮ ❊❛❝❤ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♣❛ss❡❞ ❛t ✐♥♣✉t ♣♦s✐t✐♦♥ ✐♥ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥ ♠✉st ❤❛✈❡ t❤❡
s❛♠❡ t②♣❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥♣✉t ♣❛r❛♠❡t❡r ✐♥ t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✭❆❈❚✸✮ ❊❛❝❤ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♣❛ss❡❞ ❛t ♦✉t♣✉t ♣♦s✐t✐♦♥ ✐♥ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥ ♠✉st ❤❛✈❡
t❤❡ s❛♠❡ t②♣❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♦✉t♣✉t ♣❛r❛♠❡t❡r ✐♥ t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✭❆❈❚✹✮ ❊❛❝❤ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♣❛ss❡❞ ❛t r❡❝❡✐✈❡ ♣♦s✐t✐♦♥ ✐♥ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥ ♠✉st ❤❛✈❡
t❤❡ s❛♠❡ t②♣❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❝❡✐✈❡ ♣❛r❛♠❡t❡r ✐♥ t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✭❆❈❚✺✮ ❊❛❝❤ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♣❛ss❡❞ ❛t s❡♥❞ ♣♦s✐t✐♦♥ ✐♥ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥ ♠✉st ❤❛✈❡ t❤❡
s❛♠❡ t②♣❡ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡♥❞ ♣❛r❛♠❡t❡r ✐♥ t❤❡ ❛❝t♦r ❞❡✜♥✐t✐♦♥✳

✻✳✻✳✸ ■♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s

❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡s s✉♠♠❛r✐③❡ ♣♦ss✐❜❧❡ ❢♦r♠s ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs✱ ❣✐✈❡♥ t❤❡ ❝❧❛ss ♦❢ t❤❡ ❝♦r✲
r❡s♣♦♥❞✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✷✾

✭❆❈■✶✮ Block invocation

❝❧❛ss ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r X

const in out receive send

❛
❝
t✉

❛
❧
♣
❛
r
❛
♠
❡
t❡
r

❴ X ♠✉st ❤❛✈❡ ❛ ❞❡✲

❢❛✉❧t ✈❛❧✉❡ ❛t ❞❡✜✲

♥✐t✐♦♥ t✐♠❡✳ ❚❤❡♥✱

X ✐s ❛ss✐❣♥❡❞ ✐ts ❞❡✲

❢❛✉❧t ✈❛❧✉❡✳

X ♠✉st ❤❛✈❡ ❛ ❞❡✲

❢❛✉❧t ✈❛❧✉❡ ❛t ❞❡✜✲

♥✐t✐♦♥ t✐♠❡✳ ❚❤❡♥✱

X ✐s ❛ss✐❣♥❡❞ ✐ts ❞❡✲

❢❛✉❧t ✈❛❧✉❡✳

X ♠✉st ❤❛✈❡ ❛ ❞❡✲

❢❛✉❧t ✈❛❧✉❡ ❛t ❞❡✜✲

♥✐t✐♦♥ t✐♠❡✳ ❚❤❡♥✱

X ✐s ❛ss✐❣♥❡❞ ✐ts ❞❡✲

❢❛✉❧t ✈❛❧✉❡✳

E X ✐s ❛ss✐❣♥❡❞ t❤❡

✈❛❧✉❡ ♦❢ E ✳

X ✐s ❛ss✐❣♥❡❞ t❤❡

✈❛❧✉❡ ♦❢ E ✳

X ✐s ❛ss✐❣♥❡❞ t❤❡

✈❛❧✉❡ ♦❢ E ✭✐♥ t❤✐s

❝❛s❡✱ E ✐s ❛ ✈❛r✐✲

❛❜❧❡✮✳

❄❴ X ♠✉st ❜❡ ❛ss✐❣♥❡❞

❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞②

I0 ♦❢ t❤❡ ❝❛❧❧❡❡✳

X ♠✉st ❜❡ ❛ss✐❣♥❡❞

❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞②

I0 ♦❢ t❤❡ ❝❛❧❧❡❡✳

❄Y X ♠✉st ❜❡ ❛ss✐❣♥❡❞

❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞②

I0 ♦❢ t❤❡ ❝❛❧❧❡❡✳ Y

✐s ❛ss✐❣♥❡❞ t❤❡ ✈❛❧✉❡

♦❢ X ✳

X ♠✉st ❜❡ ❛ss✐❣♥❡❞

❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞②

I0 ♦❢ t❤❡ ❝❛❧❧❡❡✳ Y

✐s ❛ss✐❣♥❡❞ t❤❡ ✈❛❧✉❡

♦❢ X ✳

any T X ✐s ❛ss✐❣♥❡❞ ❛♥ ❛r✲

❜✐tr❛r② ✈❛❧✉❡ ♦❢ t②♣❡

T ✳

✭❆❈■✷✮ Environment invocation

❝❧❛ss ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r X

const in out

❛
❝
t✉

❛
❧
♣
❛
r
❛
♠
❡
t❡
r

❴ X ♠✉st ❤❛✈❡ ❛ ❞❡❢❛✉❧t ✈❛❧✉❡ ❛t

❞❡✜♥✐t✐♦♥ t✐♠❡✳ ❚❤❡♥✱ X ✐s ❛s✲

s✐❣♥❡❞ ✐ts ❞❡❢❛✉❧t ✈❛❧✉❡✳

❙t❛t❡♠❡♥ts ♦❢ t❤❡ ❢♦r♠

✏on X0 ✱ . . . ✱Xn✲❃ I0 ✑ ✭✐❢ ❛♥②✮

s✉❝❤ t❤❛t X ∈ {X0 , . . . ,Xn} ❛r❡

♥❡✈❡r ❡①❡❝✉t❡❞✳

E X ✐s ❛ss✐❣♥❡❞ t❤❡ ✈❛❧✉❡ ♦❢ E ✳ X ✐s ❛ss✐❣♥❡❞ t❤❡ ✈❛❧✉❡ ♦❢ E ✳

❄❴ ❙t❛t❡♠❡♥ts ♦❢ t❤❡ ❢♦r♠

✏on ❄X0 ✱ . . . ✱❄Xn✲❃ I0 ✑ ✭✐❢ ❛♥②✮

s✉❝❤ t❤❛t X ∈ {X0 , . . . ,Xn} ❛r❡

♥❡✈❡r ❡①❡❝✉t❡❞✳

❄Y X ♠✉st ❜❡ ❛ss✐❣♥❡❞ ❛ ✈❛❧✉❡

✐♥ t❤❡ ❜♦❞② I0 ♦❢ t❤❡ ❝❛❧❧❡❡

✐♥ ❡✈❡r② st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠

✏on ❄X0 ✱ . . . ✱❄Xn✲❃ I0 ✑ ✭✐❢ ❛♥②✮

s✉❝❤ t❤❛t X ∈ {X0 , . . . ,Xn}✳

any T

✭❆❈■✸✮ Medium invocation

❘❘ ♥➦ ✽✺✷✼



✸✵ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

❝❧❛ss ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r X

const receive send

❛
❝
t✉
❛
❧
♣
❛
r
❛
♠
❡
t❡
r

❴ X ♠✉st ❤❛✈❡ ❛ ❞❡❢❛✉❧t ✈❛❧✉❡ ❛t

❞❡✜♥✐t✐♦♥ t✐♠❡✳ ❚❤❡♥✱ X ✐s ❛s✲

s✐❣♥❡❞ ✐ts ❞❡❢❛✉❧t ✈❛❧✉❡✳

❙t❛t❡♠❡♥ts ♦❢ t❤❡ ❢♦r♠

✏on X0 ✱ . . . ✱Xn✲❃ I0 ✑ ✭✐❢ ❛♥②✮

s✉❝❤ t❤❛t X ∈ {X0 , . . . ,Xn} ❛r❡

♥❡✈❡r ❡①❡❝✉t❡❞✳

E X ✐s ❛ss✐❣♥❡❞ t❤❡ ✈❛❧✉❡ ♦❢ E ✳ X ✐s ❛ss✐❣♥❡❞ t❤❡ ✈❛❧✉❡ ♦❢ E ✳

❄❴ ❙t❛t❡♠❡♥ts ♦❢ t❤❡ ❢♦r♠

✏on ❄X0 ✱ . . . ✱❄Xn✲❃ I0 ✑ ✭✐❢ ❛♥②✮

s✉❝❤ t❤❛t X ∈ {X0 , . . . ,Xn} ❛r❡

♥❡✈❡r ❡①❡❝✉t❡❞✳

❄Y X ♠✉st ❜❡ ❛ss✐❣♥❡❞ ❛ ✈❛❧✉❡

✐♥ t❤❡ ❜♦❞② I0 ♦❢ t❤❡ ❝❛❧❧❡❡

✐♥ ❡✈❡r② st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠

✏on ❄X0 ✱ . . . ✱❄Xn✲❃ I0 ✑ ✭✐❢ ❛♥②✮

s✉❝❤ t❤❛t X ∈ {X0 , . . . ,Xn}✳

any T

✻✳✼ ❈♦♥st❛♥t

❆ ❝♦♥st❛♥t ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✿ ✏constant X ✿type is E end constant✑✳ ❲❡ ❞❡✜♥❡ r❡❝✉rs✐✈❡❧②
t❤❡ r❡❧❛t✐♦♥ ✏X ❞❡♣❡♥❞s ♦♥ Y ✑ ✇❤❡r❡ Y ✐s ❛ ❝♦♥st❛♥t ❛s ❢♦❧❧♦✇s✳ X ❞❡♣❡♥❞s ♦♥ Y ✐❢ ❜♦t❤ ♦❢ t❤❡
❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s ❛r❡ s❛t✐s✜❡❞✿

✕ Y ∈ vars(E)

✕ Z ∈ vars(E) ❛♥❞ Z ❞❡♣❡♥❞s ♦♥ Y

✻✳✼✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭❈❇✶✮ ❈✐r❝✉❧❛r ❞❡♣❡♥❞❡♥❝✐❡s ✐♥ ❝♦♥st❛♥t ❞❡✜♥✐t✐♦♥s ❛r❡ ❢♦r❜✐❞❞❡♥✳ ■❢ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ❝♦♥st❛♥t
X ❞❡♣❡♥❞s ♦♥ ❛ ❝♦♥st❛♥t Y ✱ t❤❡♥✿

✕ Y ♠✉st ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ X

✕ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ Y ♠✉st ♥♦t ❞❡♣❡♥❞ ♦♥ X✱ tr❛♥s✐t✐✈❡❧②✳

✭❈❇✶✮ E ♠✉st ❜❡ ❛ ❝♦♥st❛♥t ❡①♣r❡ss✐♦♥✳

✭❈❇✷✮ type ♠✉st ❜❡ ❛♥ ❡①✐st✐♥❣ t②♣❡✳

✻✳✼✳✷ ❚②♣✐♥❣ r✉❧❡s

✭❈❚✶✮ type ♠✉st ❜❡ ❛ ✈❛❧✐❞ t②♣❡ ♦❢ E ✳

✻✳✽ ❇❧♦❝❦

❆ ❜❧♦❝❦ ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✿

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✸✶

block❴definition ::= block B [ ❬const❴param❪ ]
[ ✭inout❴param0❀ . . . ❀ inout❴paramm✮ ]
[ ④com❴param0❀ . . . ❀ com❴paramn⑥ ] is

[ allocate B0 [❬arg(0 ,0)✱ . . . ✱arg(0 ,p0 )❪] as Bi0✱

. . . ✱
Bq [❬arg(q,0)✱ . . . ✱arg(q,pq)❪] as Biq ]

[ local❴variables0✱ . . . ✱local❴variablesl ]
I0

end block

| block B [ ❬const❴param❪ ]
[ ✭inout❴param0❀ . . . ❀inout❴paramm✮ ] is

✦c string | ✦lnt string

end block

✻✳✽✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭❇❇✶✮ ❇❧♦❝❦ ✐❞❡♥t✐✜❡rs B0 ✱ ✳ ✳ ✳ ✱ Bq ♠✉st ❜❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t s❝♦♣❡✳

✭❇❇✷✮ ■♥st❛♥❝❡ ✐❞❡♥t✐✜❡rs Bi0 ✱ ✳ ✳ ✳ ✱ Biq ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t ❛♥❞ ❞✐✛❡r❡♥t ❢r♦♠ B ✳

✭❇❇✸✮ ❇❧♦❝❦s B0 ✱ ✳ ✳ ✳ ✱ Bq ♠✉st ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ B ❛♥❞ ♠✉st ♥♦t ✐♥✈♦❦❡ B ❡✐t❤❡r ❞✐r❡❝t❧② ♦r
tr❛♥s✐t✐✈❡❧②✳ ❚❤✐s ❛✈♦✐❞s ❝✐r❝✉❧❛r ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ ❜❧♦❝❦s✳

✭❇❇✹✮ ❆❧❧ ✈❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ const❴param✱ inout❴parami (i ∈ 0..m)✱ com❴parami (i ∈
0..n) ✱ ❛♥❞ local❴variablesi (i ∈ 0..l) ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭❇❇✺✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ const❴param ✐s inout❴parami (i ∈ 0..m)✱
com❴parami (i ∈ 0..n) ❛♥❞ t❤❡ t❡①t ❞❡❧✐♠✐t❡❞ ❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s
✏end block✑✳

✭❇❇✻✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ inout❴parami (i ∈ 0..m)✱ ✐s com❴parami (i ∈
0..n) ❛♥❞ t❤❡ t❡①t ❞❡❧✐♠✐t❡❞ ❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end block✑✳

✭❇❇✼✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ com❴parami (i ∈ 0..n) ✐s t❤❡ t❡①t ❞❡❧✐♠✐t❡❞
❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end block✑✳

✭❇❇✽✮ ❚❤❡ s❝♦♣❡ ♦❢ ✈❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ local❴variablesi (i ∈ 0..l) ✐s t❤❡ ❜♦❞② I0 ✳

✭❇❇✾✮ ❆ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❡❞ ✐♥ const❴param ♠✉st ♥♦t ❜❡ ❛ss✐❣♥❡❞ ❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞② I0 ✳

✭❇❇✶✵✮ ■♥ t❤❡ ❜♦❞② I0 ✱ t❤❡ ❢♦❧❧♦✇✐♥❣ st❛t❡♠❡♥ts ❛r❡ ♥♦t ❛❧❧♦✇❡❞✿

✕ ♥♦♥❞❡t❡r♠✐♥✐st✐❝ ❛ss✐❣♥♠❡♥t ✏X ✿❂ any type [ where E ]✑✳

✕ ♥♦♥❞❡t❡r♠✐♥✐st✐❝ ❝❤♦✐❝❡ ✏select I1 ❬❪ . . . ❬❪ In end select✑✳

✕ s✐❣♥❛❧ st❛t❡♠❡♥ts ✏on X0✱ . . . ✱Xn ✲❃ I1 ✑ ❛♥❞ ✏on ❄X0✱ . . . ✱❄Xn ✲❃ I1 ✑✳

✭❇❇✶✶✮ ❲❤❡♥ ✉s✐♥❣ ✦c ♣r❛❣♠❛✱ string ♠✉st ❜❡ ❛ ✈❛❧✐❞ ❈ ✐❞❡♥t✐✜❡r✳

✭❇❇✶✷✮ ❲❤❡♥ ✉s✐♥❣ ✦lnt ♣r❛❣♠❛✱ string ♠✉st ❜❡ ❛ ✈❛❧✐❞ ▲◆❚ ✐❞❡♥t✐✜❡r✳

❘❘ ♥➦ ✽✺✷✼



✸✷ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✻✳✽✳✷ ❚②♣✐♥❣ r✉❧❡s

✭❇❚✶✮ ❲❤❡♥ ✉s✐♥❣ ✦c ♣r❛❣♠❛✱ t❤❡ t②♣❡ ♦❢ ❡❛❝❤ ♣❛r❛♠❡t❡r ❞❡❝❧❛r❡❞ ✐♥ const❴param✱ ❛♥❞
inout❴parami i ∈ (0..m) ♠✉st ❜❡ ❛ ✈❛❧✐❞ ❈ t②♣❡✳

✭❇❚✷✮ ❲❤❡♥ ✉s✐♥❣ ✦lnt ♣r❛❣♠❛✱ t❤❡ t②♣❡ ♦❢ ❡❛❝❤ ♣❛r❛♠❡t❡r ❞❡❝❧❛r❡❞ ✐♥ const❴param✱ ❛♥❞
inout❴parami i ∈ (0..m) ♠✉st ❜❡ ❛ ✈❛❧✐❞ ▲◆❚ t②♣❡✳

✻✳✽✳✸ ■♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s

✭❇■✶✮ ❙❡❡ ❙❡❝t✐♦♥ ✻✳✻ ❢♦r ✐♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s ❝♦♥❝❡r♥✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs✳

✭❇■✷✮ P❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♠✉st ❜❡ ✐♥✐t✐❛❧✐③❡❞ ❛t ❞❡❝❧❛r❛t✐♦♥ t✐♠❡ ❜② ❝♦♥st❛♥t ❡①♣r❡ss✐♦♥s✳

✭❇■✸✮ ❆ tr✐♣❧❡ S ⊲ I0 ⊲ S ′ ♠✉st ❤♦❧❞✱ ✇❤❡r❡ S ✐s t❤❡ s❡t ♦❢ ❛❧❧ ❣❧♦❜❛❧ ❝♦♥st❛♥t✱ ❝♦♥st❛♥t
♣❛r❛♠❡t❡rs ♦❢ B✱ ✐♥♣✉t ♣❛r❛♠❡t❡rs ♦❢ B✱ ❛♥❞ ❧♦❝❛❧ ✈❛r✐❛❜❧❡s ♦❢ B t❤❛t ❤❛✈❡ ❜❡❡♥ ✐♥✐t✐❛❧✐③❡❞
❛t ❞❡❝❧❛r❛t✐♦♥ t✐♠❡✳ S ′ ♠✉st ❝♦♥t❛✐♥ ❛❧❧ t❤❡ ♦✉t♣✉t ♣❛r❛♠❡t❡rs ♦❢ B ❛♥❞ s❡♥❞ ♣❛r❛♠❡t❡rs
♦❢ B✳

✻✳✾ ❊♥✈✐r♦♥♠❡♥t

❆♥ ❡♥✈✐r♦♥♠❡♥t s♣❡❝✐✜❝❛t✐♦♥ ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✿

environment❴definition ::= environment N [ ❬const❴param❪ ]
[ ✭inout❴param❴non❴init0 ⑤ . . . ⑤ inout❴param❴non❴initm✮ ] is

[ allocate B0 [❬arg(0 ,0)✱ . . . ✱arg(0 ,p0 )❪] as Bi0 ✱

. . . ✱

Bq [❬arg(q,0)✱ . . . ✱arg(q,pq )❪] as Biq ]

[ local❴variables0 ✱ . . . ✱local❴variablesl ]
I0

end environment

✻✳✾✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭◆❇✶✮ ❇❧♦❝❦s B0 ✱ ✳ ✳ ✳ ✱ Bq ♠✉st ❜❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t s❝♦♣❡✳

✭◆❇✷✮ ■♥st❛♥❝❡ ✐❞❡♥t✐✜❡rs Bi0 ✱ ✳ ✳ ✳ ✱ Biq ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭◆❇✸✮ ❱❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ ❧✐sts const❴param✱ inout❴param❴non❴initi (i ∈ 0..m)✱ ❛♥❞
local❴variablesi (i ∈ 0..l) ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭◆❇✹✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ ❧✐sts const❴param ✐s inout❴param❴non

❴initi (i ∈ 0..m) ❛♥❞ t❤❡ t❡①t ❞❡❧✐♠✐t❡❞ ❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end environ✲
ment✑✳

✭◆❇✺✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ inout❴param❴non ❴initi (i ∈ 0..m) ✐s
t❤❡ t❡①t ❞❡❧✐♠✐t❡❞ ❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end environment✑✳

✭◆❇✻✮ ❚❤❡ s❝♦♣❡ ♦❢ ✈❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ local❴variablesi (i ∈ 0..l) ✐s t❤❡ ❜♦❞② I0 ✳

✭◆❇✼✮ ❆ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❡❞ ✐♥ const❴param ♠✉st ♥♦t ❜❡ ❛ss✐❣♥❡❞ ❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞② I0 ✳

✭◆❇✽✮ ❋♦r ❡❛❝❤ s✐❣♥❛❧ st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠ ✏on X0✱ . . . ✱Xn✲❃ I1 ✑ ✐♥s✐❞❡ t❤❡ ❜♦❞② I0 ✱
❛ ❧✐st ♦❢ t❤❡ ❢♦r♠ ✏in X0✿T0✱ . . . ✱Xn✿Tn ✑ s❤♦✉❧❞ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ❞❡❝❧❛r❡❞ ❛♠♦♥❣
inout❴param❴non❴initi (i ∈ 0..m)✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✸✸

✭◆❇✾✮ ❋♦r ❡❛❝❤ s✐❣♥❛❧ st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠ ✏on ❄X0✱ . . . ✱❄Xn✲❃ I1 ✑ ✐♥s✐❞❡ t❤❡ ❜♦❞② I0 ✱
❛ ❧✐st ♦❢ t❤❡ ❢♦r♠ ✏out X0✿T0✱ . . . ✱Xn✿Tn ✑ s❤♦✉❧❞ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ❞❡❝❧❛r❡❞ ❛♠♦♥❣
inout❴param❴non❴initi (i ∈ 0..m)✳

✻✳✾✳✷ ■♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s

✭◆■✶✮ ❙❡❡ ❙❡❝t✐♦♥ ✻✳✻ ❢♦r ✐♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s ❝♦♥❝❡r♥✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs✳

✭◆■✷✮ P❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♠✉st ❜❡ ✐♥✐t✐❛❧✐③❡❞ ❛t ❞❡❝❧❛r❛t✐♦♥ t✐♠❡ ❜② ❝♦♥st❛♥t ❡①♣r❡ss✐♦♥s✳

✭◆■✸✮ ❆ tr✐♣❧❡ S ⊲ I0 ⊲ S ′ ♠✉st ❤♦❧❞✱ ✇❤❡r❡ S ✐s t❤❡ s❡t ♦❢ ❛❧❧ ❣❧♦❜❛❧ ❝♦♥st❛♥ts✱ ❝♦♥st❛♥t
♣❛r❛♠❡t❡rs ♦❢ N ✱ ❛♥❞ ❧♦❝❛❧ ✈❛r✐❛❜❧❡s t❤❛t ❤❛✈❡ ❜❡❡♥ ✐♥✐t✐❛❧✐③❡❞ ❛t ❞❡❝❧❛r❛t✐♦♥ t✐♠❡✳ S ′

♠✉st ❝♦♥t❛✐♥ ❛❧❧ t❤❡ ♦✉t♣✉t ♣❛r❛♠❡t❡rs ♦❢ N ✳

✻✳✶✵ ▼❡❞✐✉♠

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

medium❴definition ::= medium M [ ❬const❴param❪ ]
[ ④com❴param0 ⑤ . . . ⑤ com❴paramm⑥ ] is

[ allocate B0 [❬arg(0 ,0)✱ . . . ✱arg(0 ,p0 )❪] as Bi0 ✱

. . . ✱

Bq [❬arg(q,0)✱ . . . ✱arg(q,pq )❪] as Biq ]

[ local❴variables0 ✱ . . . ✱local❴variablesl ]
I0

end medium

✻✳✶✵✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭▼❇✶✮ ❇❧♦❝❦s B0 ✱ ✳ ✳ ✳ ✱ Bq ♠✉st ❜❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t s❝♦♣❡✳

✭▼❇✷✮ ■♥st❛♥❝❡ ✐❞❡♥t✐✜❡rs Bi0 ✱ ✳ ✳ ✳ ✱ Biq ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭▼❇✸✮ ❱❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ const❴param✱ com❴parami (i ∈ 0..m)✱ ❛♥❞ local❴variablesi
(i ∈ 0..l) ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭▼❇✹✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ const❴param ✐s com❴parami (i ∈ 0..m)
❛♥❞ t❤❡ t❡①t ❞❡❧✐♠✐t❡❞ ❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end medium✑✳

✭▼❇✺✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ com❴parami (i ∈ 0..m) ✐s t❤❡ t❡①t ❞❡❧✐♠✐t❡❞
❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end medium✑✳

✭▼❇✻✮ ❚❤❡ s❝♦♣❡ ♦❢ ✈❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ local❴variablesi (i ∈ 0..l) ✐s I0 ✳

✭▼❇✼✮ ❆ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❡❞ ✐♥ const❴param ♠✉st ♥♦t ❜❡ ❛ss✐❣♥❡❞ ❛ ✈❛❧✉❡ ✐♥ t❤❡ ❜♦❞② I0 ✳

✭▼❇✽✮ ❋♦r ❡❛❝❤ s✐❣♥❛❧ st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠ ✏on X0✱ . . . ✱Xn✲❃ I1 ✑ ✐♥s✐❞❡ t❤❡ ❜♦❞② I0 ✱ ❛
❧✐st ♦❢ t❤❡ ❢♦r♠ ✏receive X0✿T0✱ . . . ✱Xn✿Tn ✑ s❤♦✉❧❞ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ❞❡❝❧❛r❡❞ ❛♠♦♥❣
com❴parami (i ∈ 0..m)✳

✭▼❇✾✮ ❋♦r ❡❛❝❤ s✐❣♥❛❧ st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠ ✏on ❄X0✱ . . . ✱❄Xn✲❃ I1 ✑ ✐♥s✐❞❡ t❤❡ ❜♦❞② I0 ✱
❛ ❧✐st ♦❢ t❤❡ ❢♦r♠ ✏send X0✿T0✱ . . . ✱Xn✿Tn ✑ s❤♦✉❧❞ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ❞❡❝❧❛r❡❞ ❛♠♦♥❣
com❴parami (i ∈ 0..m)✳

❘❘ ♥➦ ✽✺✷✼



✸✹ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✻✳✶✵✳✷ ■♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s

✭▼■✶✮ ❙❡❡ ❙❡❝t✐♦♥ ✻✳✻ ❢♦r ✐♥✐t✐❛❧✐③❛t✐♦♥ r✉❧❡s ❝♦♥❝❡r♥✐♥❣ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs✳

✭▼■✷✮ P❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♠✉st ❜❡ ✐♥✐t✐❛❧✐③❡❞ ❛t ❞❡❝❧❛r❛t✐♦♥ t✐♠❡ ❜② ❝♦♥st❛♥t ❡①♣r❡ss✐♦♥s✳

✭▼■✸✮ ❆ tr✐♣❧❡ S ⊲ I0 ⊲ S ′ ♠✉st ❤♦❧❞✱ ✇❤❡r❡ S ✐s t❤❡ s❡t ♦❢ ❛❧❧ ❣❧♦❜❛❧ ❝♦♥st❛♥ts✱ ❝♦♥st❛♥t
♣❛r❛♠❡t❡rs ♦❢ M ✱ ❛♥❞ ❧♦❝❛❧ ✈❛r✐❛❜❧❡s t❤❛t ❤❛✈❡ ❜❡❡♥ ✐♥✐t✐❛❧✐③❡❞ ❛t ❞❡❝❧❛r❛t✐♦♥ t✐♠❡✳ S ′

♠✉st ❝♦♥t❛✐♥ ❛❧❧ t❤❡ s❡♥❞ ♣❛r❛♠❡t❡rs ♦❢ M ✳

✻✳✶✶ ❙②st❡♠

❆ s②st❡♠ s♣❡❝✐✜❝❛t✐♦♥ ✐s ❣✐✈❡♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❣r❛♠♠❛r✳

system❴definition ::= system S [ ✭decl❴list❴non❴init0✮ ] is
allocate allocation0✱ . . . ✱allocationn
[ temp decl❴list❴non❴init1 ]
network

block❴instance0✱

. . . ✱
block❴instancep

[ constrainedby

environment❴instance0✱

. . . ✱
environment❴instanceq ]

[ connectedby

medium❴instance0✱

. . . ✱
medium❴instancer ]

end system

✻✳✶✶✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭❙❇✶✮ ❚❤❡ s❝♦♣❡ ♦❢ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ❞❡❝❧❛r❡❞ ✐♥ ✏decl❴list❴non❴init0 ✑ ✐s t❤❡ t❡①t ❞❡❧✐♠✐t❡❞
❜② t❤❡ ❦❡②✇♦r❞ ✏is✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end system✑✳

✭❙❇✷✮ ❆❝t♦rs ❛❧❧♦❝❛t❡❞ ✐♥ t❤❡ ❧✐st ✏allocation0✱ . . . ✱allocationn ✑ ♠✉st ❜❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t
s❝♦♣❡✳

✭❙❇✸✮ ■❞❡♥t✐✜❡rs ♦❢ ❛❝t♦r ✐♥st❛♥❝❡s ✐♥ t❤❡ ❧✐st ✏allocation0✱ . . . ✱allocationn ✑ ♠✉st ❜❡ ♣❛✐r✇✐s❡
❞✐st✐♥❝t✳

✭❙❇✹✮ ❚❤❡ s❝♦♣❡ ♦❢ ✈❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞ ✐♥ ✏decl❴list❴non❴init1 ✑ ✐s t❤❡ t❡①t ❞❡❧✐♠✐t❡❞ ❜② t❤❡
❦❡②✇♦r❞ ✏network✑ ❛♥❞ t❤❡ ❦❡②✇♦r❞s ✏end system✑✳

✭❙❇✺✮ ❆♥ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ♠✉st ❜❡ ✉s❡❞ ✐♥ ❡①❛❝t❧② ♦♥❡ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥ block❴instancei
❛♠♦♥❣ t❤❡ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥ ❧✐st✳ ❚❤✐s ♣r♦❤✐❜✐ts ❞✐r❡❝t ✭s②♥❝❤r♦♥♦✉s✮ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡✲
t✇❡❡♥ ❜❧♦❝❦s✳

✭❙❇✻✮ ❆t ♠♦st ♦♥❡ ✐♥♣✉t ✭r❡s♣✳✱ ♦✉t♣✉t✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❛ ❜❧♦❝❦ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❛♥
♦✉t♣✉t ✭r❡s♣✳✱ ✐♥♣✉t✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❛♥ ❡♥✈✐r♦♥♠❡♥t✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✸✺

✭❙❇✼✮ ❆t ♠♦st ♦♥❡ r❡❝❡✐✈❡ ✭r❡s♣✳✱ s❡♥❞✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❛ ❜❧♦❝❦ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❛ s❡♥❞
✭r❡s♣✳✱ r❡❝❡✐✈❡✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❛ ♠❡❞✐✉♠✳

✭❙❇✽✮ ❆♥ ✐♥♣✉t ✭r❡s♣✳✱ r❡❝❡✐✈❡✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ t❤❡ ❢♦r♠ ✏X0✱ . . . ✱Xn ✑ ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥✲
st❛♥❝❡ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❛♥ ♦✉t♣✉t ✭r❡s♣✳✱ s❡♥❞✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ t❤❡ ❢♦r♠ ✏❄X0✱ . . . ✱❄Xn ✑
♣❛ss❡❞ t♦ ❛♥ ❡♥✈✐r♦♥♠❡♥t ✭r❡s♣✳✱ ♠❡❞✐✉♠✮ ✐♥st❛♥❝❡✳

✭❙❇✾✮ ❆♥ ♦✉t♣✉t ✭r❡s♣✳✱ s❡♥❞✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ t❤❡ ❢♦r♠ ✏❄X0✱ . . . ✱❄Xn ✑ ♣❛ss❡❞ t♦ ❛ ❜❧♦❝❦ ✐♥✲
st❛♥❝❡ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❛♥ ✐♥♣✉t ✭r❡s♣✳✱ r❡❝❡✐✈❡✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ t❤❡ ❢♦r♠ ✏X0✱ . . . ✱Xn ✑
♣❛ss❡❞ t♦ ❛♥ ❡♥✈✐r♦♥♠❡♥t ✭r❡s♣✳✱ ♠❡❞✐✉♠✮ ✐♥st❛♥❝❡✳

✭❙❇✶✵✮ ■❢ ❛♥ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ t❤❡ ❢♦r♠ ✏X0✱ . . . ✱Xn ✑ ❞♦❡s ♥♦t ❤❛✈❡ ❛ r❡s♣❡❝t✐✈❡ ❛❝t✉❛❧
❝❤❛♥♥❡❧ ♦❢ t❤❡ ❢♦r♠ ✏❄X0✱ . . . ✱❄Xn ✑ ✐♥ ❛❧❧ ♦t❤❡r ❛❝t♦r ✐♥✈♦❝❛t✐♦♥s✱ t❤❡♥ ✏X0✱ . . . ✱Xn ✑ ✐s
s❡♠❛♥t✐❝❛❧❧② ❡q✉✐✈❛❧❡♥t t♦ ✏any T0✱ . . . ✱any Tn ✑ ✇❤❡r❡ T0 ✱✳ ✳ ✳ ✱Tn ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡
t②♣❡s ♦❢ X0 ✱✳ ✳ ✳ ✱Xn ✳

✭❙❇✶✶✮ ❆❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛t ♦✉t♣✉t ♣♦s✐t✐♦♥ ✭r❡s♣✳✱ ❛t s❡♥❞ ♣♦s✐t✐♦♥✮ ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐s✲
t✐♥❝t ✐♥ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥✱ ❡①❝❡♣t t❤❡ ❝❛s❡ ♦❢ ✇✐❧❞❝❛r❞ ✏❄❴✑ ✇❤✐❝❤ ♠❛② ❤❛✈❡ s❡✈❡r❛❧
♦❝❝✉rr❡♥❝❡s✳

❙❡❡ ❙❡❝t✐♦♥ ✻✳✻ ❢♦r ♠♦r❡ st❛t✐❝ s❡♠❛♥t✐❝ r✉❧❡s ❝♦♥❝❡r♥✐♥❣ ❛❝t♦rs ✐♥✈♦❝❛t✐♦♥✳

✻✳✶✷ Pr♦❣r❛♠

❆ ♣r♦❣r❛♠ ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✿

program❴definition ::= program P [ ✭P0✱ . . . ✱ Pn✮ ] is
(type❴definition

| constant❴definition

| block❴definition

| environment❴definition

| medium❴definition

| system❴definition)∗
end program

✻✳✶✷✳✶ ❇✐♥❞✐♥❣ r✉❧❡s

✭P❇✶✮ ❆ ●❘▲ ✜❧❡ ♠✉st ❝♦♥t❛✐♥ ❡①❛❝t❧② ♦♥❡ ♣r♦❣r❛♠ ❞❡✜♥✐t✐♦♥✳

✭P❇✷✮ ❆ ♣r♦❣r❛♠ ♠✉st ❤❛✈❡ t❤❡ ♥❛♠❡ ♦❢ t❤❡ ✜❧❡ ❡♥❝❧♦s✐♥❣ ✐t ✭i.e.✱ ❛ ♣r♦❣r❛♠ P ♠✉st ❜❡
❞❡✜♥❡❞ ✐♥ ❛ ✜❧❡ ✏P.grl✑✮✳ ▲❡tt❡r ❝❛s❡ ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❤❡r❡✳

✭P❇✸✮ ■♠♣♦rt❡❞ ♣r♦❣r❛♠ ✐❞❡♥t✐✜❡rs P0 ✱ ✳ ✳ ✳ ✱ Pn ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t ❛♥❞ ♠✉st ❜❡
❞✐✛❡r❡♥t ❢r♦♠ P ✳

✭P❇✹✮ ■❢ ❛ ♣r♦❣r❛♠ P ✐♠♣♦rts ❛ ♣r♦❣r❛♠ P ′✱ P ′ ♠✉st ♥♦t ✐♠♣♦rt P ♦r ❛♥② ♣r♦❣r❛♠ ✐♠♣♦rt✐♥❣
P ✱ tr❛♥s✐t✐✈❡❧②✳ ❚❤✐s ❛❧❧♦✇s ❝✐r❝✉❧❛r ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ ♣r♦❣r❛♠s t♦ ❜❡ ❛✈♦✐❞❡❞✳

✭P❇✺✮ ❆❧❧ s②st❡♠✱ ❡♥✈✐r♦♥♠❡♥t✱ ❜❧♦❝❦✱ ♠❡❞✐✉♠✱ t②♣❡✱ ❛♥❞ ❝♦♥st❛♥t ✐❞❡♥t✐✜❡rs ❞❡✜♥❡❞ ✐♥ P ✱
P0 ✱ ✳ ✳ ✳ ✱ Pn ♠✉st ❜❡ ♣❛✐r✇✐s❡ ❞✐st✐♥❝t✳

✭P❇✻✮ ❚❤❡ s❝♦♣❡ ♦❢ s②st❡♠s✱ ❡♥✈✐r♦♥♠❡♥ts✱ ❜❧♦❝❦s✱ ♠❡❞✐✉♠s✱ t②♣❡s✱ ❛♥❞ ❝♦♥st❛♥ts ✐s t❤❡ ♣r♦✲
❣r❛♠ ❡♥❝❧♦s✐♥❣ t❤❡♠ ❛♥❞ ❛❧❧ ♣r♦❣r❛♠s ✐♠♣♦rt✐♥❣ t❤❡ ♣r♦❣r❛♠ ❡♥❝❧♦s✐♥❣ t❤❡♠ tr❛♥s✐t✐✈❡❧②✳

❘❘ ♥➦ ✽✺✷✼



✸✻ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✼ ❉②♥❛♠✐❝ ❙❡♠❛♥t✐❝s

❉②♥❛♠✐❝ s❡♠❛♥t✐❝s ❝♦♥❝❡r♥ t❤❡ ♦❜s❡r✈❛❜❧❡ ❜❡❤❛✈✐♦✉r ♦❢ ♣r♦❣r❛♠s ❛t r✉♥ t✐♠❡ ❛♥❞ ❛r❡ ❞❡s❝r✐❜❡❞
❢♦r♠❛❧❧② ✐♥ t❤✐s s❡❝t✐♦♥ ✉s✐♥❣ ❙tr✉❝t✉r❛❧ ❖♣❡r❛t✐♦♥❛❧ ❙❡♠❛♥t✐❝ r✉❧❡s✳ ❆ ●❘▲ ♣r♦❣r❛♠ ✐s ❢♦r♠❛❧❧②
❞❡✜♥❡❞ ✐♥ t❡r♠s ♦❢ ❛♥ ▲❚❙ ✭▲❛❜❡❧❧❡❞ ❚r❛♥s✐t✐♦♥ ❙②st❡♠✮✳

✼✳✶ ◆♦t❛t✐♦♥❛❧ ❝♦♥✈❡♥t✐♦♥s

❚❤✐s s❡❝t✐♦♥ ✐♥tr♦❞✉❝❡s ❛ s❡t ♦❢ ❝♦♥❝❡♣ts ❛♥❞ ❝♦♥✈❡♥t✐♦♥s t❤❛t ❛r❡ ✉s❡❞ t♦ ❞❡✜♥❡ t❤❡ ❢♦r♠❛❧
s❡♠❛♥t✐❝s ♦❢ t❤❡ ●❘▲ ❧❛♥❣✉❛❣❡✳

✼✳✶✳✶ ❙t♦r❡s✱ st❛❝❦s✱ ❛♥❞ ♠❡♠♦r✐❡s

❙t♦r❡

❆ store✱ ❞❡♥♦t❡❞ ❜② ρ✱ ✐s ❛ ♣❛rt✐❛❧ ❢✉♥❝t✐♦♥ ❢r♦♠ ✈❛r✐❛❜❧❡s t♦ ✈❛❧✉❡s✳ ❙q✉❛r❡ ❜r❛❝❦❡ts ❛r❡
✉s❡❞ t♦ r❡♣r❡s❡♥t ❛ st♦r❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ❋♦r ✐♥st❛♥❝❡✱ ❣✐✈❡♥ ❛ s❡t ♦❢ ✈❛r✐❛❜❧❡s X1✱ ✳ ✳ ✳ ✱ Xn

❛♥❞ ❛ s❡t ♦❢ ✈❛❧✉❡s e1✱ ✳ ✳ ✳ ✱ en✱ t❤❡ st♦r❡ ρ t❤❛t ♠❛♣s Xi t♦ ei ✭∀i ∈ 1..n✮ ✐s ✇r✐tt❡♥ ❛s
[X1 ← e1, . . . , Xn ← en]✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✏ []✑ ✐s t❤❡ ❡♠♣t② st♦r❡✳

●✐✈❡♥ ❛ st♦r❡ ρ = [X1 ← e1, . . . , Xn ← en]✱ ✇❡ ✇r✐t❡ dom(ρ) ❢♦r ✐ts ❞♦♠❛✐♥ ❞❡✜♥❡❞ ❜②
dom(ρ) = {X1, . . . , Xn}✳

❙t♦r❡ ✉♣❞❛t❡

❚❤❡ s✉♠ ♦❢ t✇♦ st♦r❡s ρ1 ❛♥❞ ρ2✱ ❞❡♥♦t❡❞ ✏ρ1⊕ρ2✑✱ r❡♣r❡s❡♥ts t❤❡ ✉♣❞❛t❡ ♦❢ ρ1 ✇✐t❤ r❡s♣❡❝t
t♦ ρ2✳ ❋♦r♠❛❧❧②✱ ✐t ✐s ❛ ♣❛rt✐❛❧ ❢✉♥❝t✐♦♥ ❞❡✜♥❡❞ ❛s ❜❡❧♦✇✿

(ρ1 ⊕ ρ2)(X) =







ρ2(X) ✐❢ X ∈ dom(ρ2)
ρ1(X) ✐❢ X /∈ dom(ρ2) ❛♥❞ X ∈ dom(ρ1)
✉♥❞❡✜♥❡❞ ♦t❤❡r✇✐s❡

❚❤❡ ♥♦t❛t✐♦♥
⊕

i∈1..n

ρi st❛♥❞s ❢♦r t❤❡ s✉♠ ρ1 ⊕ . . .⊕ ρn✳

❙t❛❝❦

❚❤❡ s②♠❜♦❧ σ ✐s ✉s❡❞ t♦ ❞❡♥♦t❡ ❛ s❡q✉❡♥❝❡ ♦❢ ❛❝t♦r ✐♥st❛♥❝❡ ✐❞❡♥t✐✜❡rs✳ ❋♦r♠❛❧❧②✱ σ ✐s
❞❡✜♥❡❞ r❡❝✉rs✐✈❡❧② ❜② ❡✐t❤❡r t❤❡ ❡♠♣t② s❡q✉❡♥❝❡ ǫ ♦r ❛ ♥♦♥ ❡♠♣t② s❡q✉❡♥❝❡ ♦❢ t❤❡ ❢♦r♠
✏σ′.Ai✑ ✇❤❡r❡ σ′ ✐s ❛ s❡q✉❡♥❝❡ ❛♥❞ Ai ✐s ❛♥ ❛❝t♦r ✐♥st❛♥❝❡ ✐❞❡♥t✐✜❡r✳ ❚❤❡ s②♠❜♦❧ σ ✇✐❧❧
r❡♣r❡s❡♥t t❤❡ st❛❝❦ ♦❢ ❛❝t♦r ✐♥st❛♥❝❡s ❝❛❧❧❡❞ ✉♣ t♦ t❤❡ ❝✉rr❡♥t ❛❝t♦r ✐♥st❛♥❝❡✳ ◆♦t❡ t❤❛t
s✉❝❤ ❛ st❛❝❦ ❤❛s ❛ ❜♦✉♥❞❡❞ s✐③❡ s✐♥❝❡ r❡❝✉rs✐♦♥ ✐s ♥♦t ❛❧❧♦✇❡❞ ✐♥ ❜❧♦❝❦✱ ❡♥✈✐r♦♥♠❡♥t✱ ❛♥❞
♠❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥s✳

❋♦r ✐♥st❛♥❝❡✱ ✐❢ ❛♥ ❡♥✈✐r♦♥♠❡♥t N ✐♥✈♦❦❡s ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ Bi ❛♥❞ Ni ✐s ❛♥ ✐♥st❛♥❝❡ ♦❢ N ✱
t❤❡ st❛❝❦ σBi ♦❢ Bi ✐s σBi = Ni .Bi ✳ ■❢ Bi ✐♥✈♦❦❡s ✐ts❡❧❢ ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ Bi ′✱ t❤❡ st❛❝❦ ♦❢
Bi ′ ✐s σBi′ = σBi.Bi

′ = Ni .Bi .Bi ′✳

▼❡♠♦r②

❆ memory ✐s ❛ ❢✉♥❝t✐♦♥ ❢r♦♠ st❛❝❦s t♦ st♦r❡s✳ ●✐✈❡♥ ❛♥ ❛❝t♦r Ai ❡①❡❝✉t❡❞ r❡❣❛r❞✐♥❣
❛ st❛❝❦ σ✱ µ(σ) r❡t✉r♥s t❤❡ st♦r❡ ❛ss✐❣♥✐♥❣ ❛ ✈❛❧✉❡ t♦ ❡❛❝❤ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡ ✐♥ Ai✳
●✐✈❡♥ ❛ ♠❡♠♦r② µ = [σ1 ← ρ1, . . . , σn ← ρn]✱ ✇❡ ✇r✐t❡ dom(µ) ❢♦r ✐ts ❞♦♠❛✐♥ ❞❡✜♥❡❞ ❜②
{σ1, . . . , σn}✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✸✼

▼❡♠♦r② ✉♣❞❛t❡

❚❤❡ s✉♠ ♦❢ t✇♦ ♠❡♠♦r✐❡s µ1 ❛♥❞ µ2✱ ❞❡♥♦t❡❞ ✏µ1 ⊕ µ2✑✱ r❡♣r❡s❡♥ts t❤❡ ✉♣❞❛t❡ ♦❢ µ1 ✇✐t❤
r❡s♣❡❝t t♦ µ2✳ ❋♦r♠❛❧❧②✱ ✐t ✐s ❛ ♣❛rt✐❛❧ ❢✉♥❝t✐♦♥ ❞❡✜♥❡❞ ❛s ❜❡❧♦✇✿

(µ1 ⊕ µ2)(σ) =







µ2(σ) ✐❢ σ ∈ dom(µ2)
µ1(σ) ✐❢ σ /∈ dom(µ2) ❛♥❞ σ ∈ dom(µ1)
✉♥❞❡✜♥❡❞ ♦t❤❡r✇✐s❡

❚❤❡ ♥♦t❛t✐♦♥
⊕

i∈1..n

µi st❛♥❞s ❢♦r t❤❡ s✉♠ µ1 ⊕ . . .⊕ µn✳

✼✳✶✳✷ ▲❛❜❡❧❧❡❞ tr❛♥s✐t✐♦♥ s②st❡♠

❆♥ ▲❚❙ ✐s ❛ q✉❛❞r✉♣❧❡ (S,L,→, s0) ✇❤❡r❡✿

✕ S ✐s ❛ s❡t ♦❢ st❛t❡s✳

✕ L ✐s ❛ s❡t ♦❢ ❧❛❜❡❧s✳

✕ → ⊆ S× L× S ✐s t❤❡ ❧❛❜❡❧❧❡❞ tr❛♥s✐t✐♦♥ r❡❧❛t✐♦♥✳

✕ s0 ∈ S ✐s t❤❡ ✐♥✐t✐❛❧ st❛t❡✳

❆ ❧❛❜❡❧❧❡❞ tr❛♥s✐t✐♦♥ s②st❡♠ ✐s ✜♥✐t❡ ✐❢ ✐ts s❡ts ♦❢ st❛t❡s ❛♥❞ tr❛♥s✐t✐♦♥s ❛r❡ ❜♦t❤ ✜♥✐t❡✳ ❲❡

✇r✐t❡ s
ℓ
−→ s′ ❛s ❛ s❤♦rt❤❛♥❞ ❢♦r (s, a, s′) ∈ →✳

✼✳✷ ❉②♥❛♠✐❝ s❡♠❛♥t✐❝s ♦❢ ❡①♣r❡ss✐♦♥s

❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❡①♣r❡ss✐♦♥s ✐s ❞❡✜♥❡❞ ❜② tr✐♣❧❡s ♦❢ t❤❡ ❢♦r♠ ✏{E} ρ →e e✑ ✇❤❡r❡ E ✐s ❛♥
❡①♣r❡ss✐♦♥✱ ρ ✐s ❛ st♦r❡✱ ❛♥❞ e ✐s ❛ ✈❛❧✉❡✳ ❚❤✐s r❡❧❛t✐♦♥ ♠❡❛♥s t❤❛t t❤❡ ❡①♣r❡ss✐♦♥ E r❡t✉r♥s t❤❡
✈❛❧✉❡ e ✐♥ t❤❡ st♦r❡ ρ✳

✼✳✷✳✶ ❈♦♥st❛♥t

❚❤❡ ❡①♣r❡ss✐♦♥ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛ ❧✐t❡r❛❧ ❝♦♥st❛♥t K r❡t✉r♥s t❤❡ ✈❛❧✉❡ ❞❡♥♦t❡❞ ❜② K ✳

{K} ρ →e K

✼✳✷✳✷ ❱❛r✐❛❜❧❡

❚❤❡ r❡s✉❧t ♦❢ t❤❡ ❡①♣r❡ss✐♦♥ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛ ✈❛r✐❛❜❧❡ X ✐s ✐ts ✈❛❧✉❡ ✐♥ t❤❡ ❝✉rr❡♥t st♦r❡✳

{X } ρ →e ρ(X )

❘❘ ♥➦ ✽✺✷✼



✸✽ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✼✳✷✳✸ Pr❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥ ❝❛❧❧

❚❤❡ ❡✈❛❧✉❛t✐♦♥ r❡s✉❧t ♦❢ t❤❡ ❡①♣r❡ss✐♦♥ ✏F✭E0✱ . . . ✱En✮✑ ✐s t❤❡ r❡t✉r♥❡❞ ✈❛❧✉❡ ♦❢ ❝❛❧❧✐♥❣ t❤❡
♣r❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥ ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢ E0 , . . . ,En ✳ Pr❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥s ❛r❡ st❛♥❞❛r❞✱ ✇❡ ❞♦ ♥♦t
♣r♦✈✐❞❡ ❤❡r❡ t❤❡✐r ❢♦r♠❛❧ s❡♠❛♥t✐❝s✳

(∀ i ∈ 0..n) {Ei} ρ →e ei

{F ✭E0✱ . . . ✱En✮} ρ →e F (e0✱ . . . ✱en)

❘❡❝♦r❞ ✜❡❧❞ ❛❝❝❡ss ❛♥❞ ❛rr❛② ❡❧❡♠❡♥t ❛❝❝❡ss ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛s ♣r❡❞❡✜♥❡❞ ❢✉♥❝t✐♦♥s✳

✼✳✸ ❉②♥❛♠✐❝ s❡♠❛♥t✐❝s ♦❢ st❛t❡♠❡♥ts

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ st❛t❡♠❡♥ts ✐s ❞❡✜♥❡❞ ❜② s❡♣t✉♣❧❡s ♦❢ t❤❡ ❢♦r♠ ✏{I } σ, ρ, µ
ℓ
−→i ρ′, µ′✑ ✇❤❡r❡ I

✐s ❛ st❛t❡♠❡♥t✱ σ ✐s ❛ ❜❧♦❝❦ ✐♥st❛♥❝❡ st❛❝❦✱ ρ ❛♥❞ ρ′ ❛r❡ st♦r❡s✱ µ ❛♥❞ µ′ ❛r❡ ♠❡♠♦r✐❡s✱ ❛♥❞ ℓ ✐s
❛ ❧❛❜❡❧ t❤❛t ❤❛s ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

❼ ǫ ♠❡❛♥s t❤❛t t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ I ❤❛s t❡r♠✐♥❛t❡❞ ♥♦r♠❛❧❧②✳

❼ X0, . . . , Xn ♠❡❛♥s t❤❛t t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ I ❤❛s t❡r♠✐♥❛t❡❞ ❛♥❞ ❡①❡❝✉t❡❞ ❛ s✐❣♥❛❧ ❡♠✐ss✐♦♥
st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠ ✏on X0✱ . . . ✱Xn✲❃ I0 ✑✳

❼ ?{X0, . . . , Xn}♠❡❛♥s t❤❛t t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ I ❤❛s t❡r♠✐♥❛t❡❞ ❛♥❞ ❡①❡❝✉t❡❞ ❛ s✐❣♥❛❧ ❡♠✐ss✐♦♥
st❛t❡♠❡♥t ♦❢ t❤❡ ❢♦r♠ ✏on ❄X0✱ . . . ✱❄Xn✲❃ I0 ✑✳

ρ r❡♣r❡s❡♥ts t❤❡ ❝✉rr❡♥t st♦r❡✱ σ r❡♣r❡s❡♥ts t❤❡ st❛❝❦ ♦❢ t❤❡ ❛❝t♦r ✐♥st❛♥❝❡ ❡♥❝❧♦s✐♥❣ t❤❡ st❛t❡♠❡♥t✱
µ r❡♣r❡s❡♥ts t❤❡ st♦r❡ ❛ss✐❣♥✐♥❣ t♦ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♦❢ t❤❡ ❛❝t♦r ✐♥st❛♥❝❡ t❤❡✐r ✈❛❧✉❡s ✐♥ t❤❡
❧❛st ❡①❡❝✉t✐♦♥ ❝②❝❧❡ ♦❢ t❤❡ ❛❝t♦r ✭❛♥❞ t❤❡✐r ✐♥✐t✐❛❧✐③❛t✐♦♥ ✈❛❧✉❡s ✐♥ ✜rst ❝②❝❧❡✮✳ ❚❤✐s r❡❧❛t✐♦♥ ♠❡❛♥s
t❤❛t t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ st❛t❡♠❡♥t I ✐♥ t❤❡ st♦r❡ ρ ❛♥❞ t❤❡ ♠❡♠♦r② µ ✐s t❡r♠✐♥❛t❡❞ ♥♦r♠❛❧❧②
♣r♦❞✉❝✐♥❣ t❤❡ ✉♣❞❛t❡❞ st♦r❡ ρ′ ❛♥❞ t❤❡ ✉♣❞❛t❡❞ ♠❡♠♦r② µ′✳

❲❡ ❛ss✉♠❡ t❤❛t ❛❢t❡r ❜✐♥❞✐♥❣ ❛♥❛❧②s✐s✱ ❡❛❝❤ ✈❛r✐❛❜❧❡ ❤❛s ❜❡❡♥ ❛ss✐❣♥❡❞ ❛ ❞✐st✐♥❝t ♥❛♠❡✱ t❤✉s
♣r❡✈❡♥t✐♥❣ ✈❛r✐❛❜❧❡ s❤❛❞♦✇✐♥❣ ✭✐✳❡✳✱ ❛ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❡❞ ✇✐t❤✐♥ ❛ ❝❡rt❛✐♥ s❝♦♣❡ ❤❛s t❤❡ s❛♠❡ ♥❛♠❡
❛s ❛ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❡❞ ✐♥ ❛♥ ♦✉t❡r s❝♦♣❡✮ t♦ ♦❝❝✉r✳

✼✳✸✳✶ ◆✉❧❧

❚❤❡ ♥✉❧❧ st❛t❡♠❡♥t t❡r♠✐♥❛t❡s ♥♦r♠❛❧❧② ✇✐t❤♦✉t ✉♣❞❛t✐♥❣ t❤❡ st♦r❡✳

{null} σ, ρ, µ
ǫ
−→i ρ, µ

✼✳✸✳✷ ❙❡q✉❡♥t✐❛❧ ❝♦♠♣♦s✐t✐♦♥

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ st❛t❡♠❡♥t ✏I1❀I2 ✑ st❛rts ❜② ❡①❡❝✉t✐♥❣ t❤❡ st❛t❡♠❡♥t I1 ❛♥❞ ✉♣❞❛t✐♥❣ t❤❡
st♦r❡✱ t❤❡♥ I2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ✉♣❞❛t❡❞ ❜② I1 ✳

{I1} σ, ρ, µ
ℓ1−→i ρ

′, µ′

{I2} σ, ρ
′, µ′ ℓ2−→i ρ

′′, µ′′

{I1❀I2} σ, ρ, µ
ℓ1+ℓ2−−−−→i ρ′′, µ′′

✇❤❡r❡ ǫ+ ℓ = ℓ+ ǫ = ℓ ❢♦r ❡✈❡r② ❧❛❜❡❧ ℓ✳ ◆♦t❡ t❤❛t ❛t ❧❡❛st ♦♥❡ ♦❢ t❤❡ ❧❛❜❡❧s ℓ1 ❛♥❞ ℓ2 ♠✉st
❜❡ ❡q✉❛❧ t♦ ǫ ✭❙❡❡ r✉❧❡ ■❇✸ ✐♥ ❙❡❝t✐♦♥ ✻✳✺✳✶✮✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✸✾

✼✳✸✳✸ ❆ss✐❣♥♠❡♥t

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛♥ ❛ss✐❣♥♠❡♥t st❛t❡♠❡♥t ✏X ✿❂E ✑ ✉♣❞❛t❡s t❤❡ st♦r❡ ❜② ♠❛♣♣✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢
E t♦ t❤❡ ❛ss✐❣♥❡❞ ✈❛r✐❛❜❧❡ X ✳

{E} ρ→e e

{X ✿❂ E} σ, ρ, µ
ǫ
−→i ρ⊕ [X ← e], µ

✼✳✸✳✹ ❆rr❛② ❡❧❡♠❡♥t ❛ss✐❣♥♠❡♥t

❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❡①♣r❡ss✐♦♥ ✏X ❬E0❪✿❂E1 ✑ ✇❤❡r❡X ❤❛s t❤❡ t②♣❡ T s✉❝❤ ❛s ✏T✿array❬m✳✳n❪

of T ′✑ ✐s ❣✐✈❡♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡✿

{E0} ρ →e e0 e0 ∈ [m..n] {E1} ρ →e e1

{X ❬E0❪✿❂E1} σ, ρ, µ
ǫ
−→i ρ ⊕ [X ← update(ρ(X ), e0, e1)], µ

✇❤❡r❡ update(e0, e1, e2) ❞❡♥♦t❡s ❛ ♠❛t❤❡♠❛t✐❝❛❧ ❢✉♥❝t✐♦♥ ✇❤✐❝❤ ❛ss✐❣♥s t❤❡ ✈❛❧✉❡ e2 t♦ t❤❡
❡❧❡♠❡♥t ♦❢ t❤❡ ❛rr❛② e0 ♣❧❛❝❡❞ ❛t ♣♦s✐t✐♦♥ e1✳

✼✳✸✳✺ ❲❤✐❧❡ ❧♦♦♣

❚❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ st❛t❡♠❡♥t ✏while E loop I end loop✑ ❛r❡✿

{E} ρ→e false

{while E loop I end loop} σ, ρ, µ
ǫ
−→i ρ, µ

{E} ρ→e true

{I ❀ while E loop I end loop} σ, ρ, µ
ǫ
−→i ρ

′, µ′

{while E loop I end loop} σ, ρ, µ
ǫ
−→i ρ′, µ′

✼✳✸✳✻ ❋♦r ❧♦♦♣

❚❤❡ s❡♠❛♥t✐❝s ♦❢ ✏for I0 while E by I1 loop I2 end loop✑ ❛r❡ ❡q✉✐✈❛❧❡♥t t♦ t❤❡ s❡♠❛♥t✐❝s ♦❢
t❤❡ ❢♦❧❧♦✇✐♥❣ st❛t❡♠❡♥t✿

I0❀

while E loop

I2❀I1
end loop

✼✳✸✳✼ ❈♦♥❞✐t✐♦♥❛❧

❚❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ st❛t❡♠❡♥t ✏if E0 then I0 . . . elsif En then In else In+1 end if ✑ ❛r❡✿

(∃i ∈ 0..n) ∀j ∈ 0..(i− 1) {Ej} ρ→e false

{Ei} ρ→e true

{Ii} σ, ρ, µ
ℓ
−→i ρ

′, µ′

{if E0 then I0 . . . elsif En then In else In+1 end if} σ, ρ, µ
ℓ
−→i ρ′, µ′

❘❘ ♥➦ ✽✺✷✼



✹✵ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

(∀k ∈ 0..n) {Ek} ρ→e false {In+1} σ, ρ, µ
ℓ
−→i ρ

′, µ′

{if E0 then I0 . . . elsif En then In else In+1 end if} σ, ρ, µ
ℓ
−→i ρ′, µ′

◆♦t❡ t❤❛t ✐❢ t❤❡ ❝❧❛✉s❡ ✏else In+1 ✑ ✐s ❛❜s❡♥t✱ t❤❡♥ t❤❡ if st❛t❡♠❡♥t ✐s s❡♠❛♥t✐❝❛❧❧② ❡q✉✐✈❛❧❡♥t t♦✿
✏if E0 then I0 . . . elsif En then In else null end if ✑✳

✼✳✸✳✽ ◆♦♥❞❡t❡r♠✐♥✐st✐❝ ❛ss✐❣♥♠❡♥t

❚❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ st❛t❡♠❡♥t ✏X ✿❂ any T where E ✑ ❛r❡✿

e ∈ T

{E} ρ⊕ [X ← e]→e true

{X ✿❂ any T where E} σ, ρ, µ
ǫ
−→i ρ⊕ [X ← e], µ

✼✳✸✳✾ ◆♦♥❞❡t❡r♠✐♥✐st✐❝ ❝❤♦✐❝❡

❚❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ st❛t❡♠❡♥t ✏select I0 ❬❪ . . . ❬❪In end select✑ ❛r❡✿

(∃k ∈ 0..n) {Ik} σ, ρ, µ
ℓ
−→i ρ′, µ′

{select I0 ❬❪ . . . ❬❪In end select} σ, ρ, µ
ℓ
−→i ρ′, µ′

✼✳✸✳✶✵ ❈❛s❡ s❡❧❡❝t✐♦♥

❚❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ st❛t❡♠❡♥t ✏case E is K0 ✲❃ I0 ⑤ . . . ⑤ Kn ✲❃ In ⑤ any ✲❃ In+1 end case✑
❛r❡✿

{E}ρ→e e (∃i ∈ 0..n) (∀j ∈ 0..(i− 1)) Kj 6= e, Ki = e {Ii} σ, ρ, µ
ℓ
−→i ρ′, µ′

{ case E is K0 ✲❃ I0 ⑤ . . . ⑤ Kn ✲❃ In ⑤ any ✲❃ In+1 end case} σ, ρ, µ
ℓ
−→i ρ′, µ′

{E}ρ→e e (∀i ∈ 0..n) Ki 6= e {In+1} σ, ρ, µ
ℓ
−→i ρ′, µ′

{ case E is K0 ✲❃ I0 ⑤ . . . ⑤ Kn ✲❃ In ⑤ any ✲❃ In+1 end case} σ, ρ, µ
ℓ
−→i ρ′, µ′

◆♦t❡ t❤❛t ✐❢ t❤❡ ❝❧❛✉s❡ ✏any ✲❃ In+1 ✑ ✐s ❛❜s❡♥t✱ st❛t✐❝ s❡♠❛♥t✐❝s ❡♥s✉r❡ t❤❛t K0 , . . . ,Kn ❝♦✈❡r
❛❧❧ ♣♦ss✐❜❧❡ ✈❛❧✉❡s ♦❢ t❤❡ t②♣❡ ♦❢ ❡①♣r❡ss✐♦♥ E ✭s❡❡ r✉❧❡ ■❇✹ ✐♥ ❙❡❝t✐♦♥ ✻✳✺✳✶✮✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡
✏case✑ st❛t❡♠❡♥t ✐s s❡♠❛♥t✐❝❛❧❧② ❡q✉✐✈❛❧❡♥t t♦✿

case E is K0 ✲❃ I0 ⑤ . . . ⑤ Kn ✲❃ In ⑤ any ✲❃ null end case

✼✳✸✳✶✶ ❙✐❣♥❛❧

❆ s✐❣♥❛❧ st❛t❡♠❡♥t ❤❛s ♦♥❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠s✿

on X0✱ . . . ✱Xn✲❃ I0
on ❄X0✱ . . . ✱❄Xn✲❃ I0

❆ s✐❣♥❛❧ st❛t❡♠❡♥t t❡r♠✐♥❛t❡s ♥♦r♠❛❧❧② ❜② ❡①❡❝✉t✐♥❣ t❤❡ st❛t❡♠❡♥t I0 ✐♥ t❤❡ ❝✉rr❡♥t st♦r❡ ❛♥❞
♣r♦❞✉❝✐♥❣ ❛ ❧❛❜❡❧✳ ◆♦t❡ t❤❛t st❛t✐❝ s❡♠❛♥t✐❝s ❡♥s✉r❡ t❤❛t ♥❡st❡❞ s✐❣♥❛❧ st❛t❡♠❡♥ts ❛r❡ ❢♦r❜✐❞❞❡♥
✭i.e.✱ I0 ♠✉st ♥♦t ❝♦♥t❛✐♥ ❛ s✐❣♥❛❧ st❛t❡♠❡♥t✱ s❡❡ r✉❧❡ ■❇✺ ✐♥ ❙❡❝t✐♦♥ ✻✳✺✳✶✮✳

■♥r✐❛
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{X0, . . . , Xn} ⊆ dom(ρ) {I0} σ, ρ, µ
ǫ
−→i ρ′, µ′

{on X0✱ . . . ✱Xn✲❃ I0} σ, ρ, µ
X0,...,Xn
−−−−−−→i ρ′, µ′

{I0} σ, ρ, µ
ǫ
−→i ρ′, µ′

{on ❄X0✱ . . . ✱❄Xn✲❃ I0} σ, ρ, µ
?X0,...,?Xn
−−−−−−−→i ρ′, µ′

✼✳✸✳✶✷ ❇❧♦❝❦ ✐♥✈♦❝❛t✐♦♥

❈♦♥✈❡♥t✐♦♥s✳ ■♥ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❛❞♦♣t t❤❡ ❢♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥❛❧ ❝♦♥✈❡♥t✐♦♥s✿

✕ a st❛♥❞s ❢♦r arg ✳

✕ vd st❛♥❞s ❢♦r ❡✐t❤❡r var❴decl ♦r var❴decl❴non❴init ✳

✕ dl st❛♥❞s ❢♦r ❡✐t❤❡r decl❴list ♦r decl❴list❴non❴init ✳

✕ al st❛♥❞s ❢♦r ❡✐t❤❡r ✏a0 . . . an ✑✳

✕ block ✭r❡s♣❡❝t✐✈❡❧②✱ environment ✱ medium✮ st❛♥❞s ❢♦r t❤❡ ♥♦♥✲t❡r♠✐♥❛❧ block❴instance ✭r❡✲
s♣❡❝t✐✈❡❧②✱ environment❴instance✱ medium❴instance✮✳

✕ ρglobal st❛♥❞s ❢♦r t❤❡ st♦r❡ ❛ss✐❣♥✐♥❣ ✈❛❧✉❡s t♦ ❣❧♦❜❛❧ ❝♦♥st❛♥ts✳

❉❡✜♥✐t✐♦♥s✳ ❲❡ ❞❡✜♥❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛✉①✐❧✐❛r② ❢✉♥❝t✐♦♥s✳

✕ ■♥✐t✐❛❧ st♦r❡✿ t❤❡ ❢✉♥❝t✐♦♥ ✐♥✐t ♠❛♣s ❡❛❝❤ ✈❛r✐❛❜❧❡ ✐♥ ❛ ❞❡❝❧❛r❛t✐♦♥ ❧✐st t♦ ✐ts r❡s♣❡❝t✐✈❡
✐♥✐t✐❛❧✐③❛t✐♦♥ ✈❛❧✉❡✱ ✐❢ ❛♥②✳

✐♥✐t(〈vd0 , . . . , vdn〉, ρ) = ✐♥✐t(vd0 , ρ)⊕ . . .⊕ ✐♥✐t(vdn , ρ)
✐♥✐t(X0✱ . . . ✱Xm✿type, ρ) = []

✐♥✐t(X0✱ . . . ✱Xm✿type ✿❂ E , ρ) = [X0 ← e, ...,Xm ← e] ✇❤❡r❡ {E} ρ→e e

✕ ❱❛r✐❛❜❧❡ ❧✐st✿ t❤❡ ❢✉♥❝t✐♦♥ ✈❛rs r❡t✉r♥s t❤❡ ♦r❞❡r❡❞ ❧✐st ♦❢ ✈❛r✐❛❜❧❡ ✐❞❡♥t✐✜❡rs ✐♥ ❡✐t❤❡r ❛
✈❛r✐❛❜❧❡ ❞❡❝❧❛r❛t✐♦♥ ❧✐st✱ ❛ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ❞❡❝❧❛r❛t✐♦♥✱ ♦r ❛♥ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ❧✐st✳ ❚❤❡
s②♠❜♦❧ ǫ ❞❡♥♦t❡s t❤❡ ❡♠♣t② ❧✐st✳ ❖♣❡r❛t♦r ✰✰ ❞❡♥♦t❡s ❧✐st ❝♦♥❝❛t❡♥❛t✐♦♥✳

✈❛rs(vd0 , . . . , vdn) = ✈❛rs(vd0 )✰✰ . . . ✰✰✈❛rs(vdn)
✈❛rs(X0✱ . . . ✱Xm✿type) = 〈X0 , . . . ,Xm〉

✈❛rs(X0✱ . . . ✱Xm✿type ✿❂ E ) = 〈X0 , . . . ,Xm〉
✈❛rs(X0✱ . . . ✱Xm) = 〈X0 , . . . ,Xm〉

✈❛rs(❄X0✱ . . . ✱❄Xm) = 〈X0 , . . . ,Xm〉
✈❛rs(❴✱ . . . ✱❴) = ǫ

✈❛rs(❄❴✱ . . . ✱❄❴) = ǫ

✕ ❚②♣❡ ❧✐st✿ t❤❡ ❢✉♥❝t✐♦♥ t②♣❡s r❡t✉r♥s t❤❡ ♦r❞❡r❡❞ ❧✐st ♦❢ t②♣❡s ✐♥ ❛ ✈❛r✐❛❜❧❡ ❞❡❝❧❛r❛t✐♦♥ ❧✐st✳

t②♣❡s(vd0 , . . . , vdn) = t②♣❡s(vd0 )✰✰ . . . ✰✰t②♣❡s(vdn)
t②♣❡s(X0✱ . . . ✱Xm✿type) = typem+1

t②♣❡s(X0✱ . . . ✱Xm✿type ✿❂ E ) = typem+1

❘❘ ♥➦ ✽✺✷✼



✹✷ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✕ P❛r❛♠❡t❡r ❛ss✐❣♥♠❡♥t✿ t❤❡ ❢✉♥❝t✐♦♥ ❛ss✐❣♥ ♠❛♣s ✐♥♣✉t ❛♥❞ r❡❝❡✐✈❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs t♦
t❤❡✐r r❡s♣❡❝t✐✈❡ ❛❝t✉❛❧ ✈❛❧✉❡s✳

❛ss✐❣♥(〈a0 , . . . , an〉, 〈X0 , . . . ,Xn〉, ρ) = ❛ss✐❣♥(a0 ,X0 , ρ)⊕ . . .⊕ ❛ss✐❣♥(an ,Xn , ρ)
❛ss✐❣♥(❴,X , ρ) = {[]}
❛ss✐❣♥(E ,X , ρ) = {[X ← e] | vars(E ) ⊆ dom(ρ) ∧ {E} ρ →e e}

❛ss✐❣♥(any T ,X , ρ) = {[X ← e] | e ∈ T}

✕ ❆r❜✐tr❛r② ❛ss✐❣♥♠❡♥t✿ t❤❡ ❢✉♥❝t✐♦♥ ❛♥② ❛ss✐❣♥s ❛r❜✐tr❛r② ✈❛❧✉❡s t♦ ♣❛r❛♠❡t❡rs✳

❛♥②(〈X0 , . . . ,Xn〉, 〈T0 , . . . ,Tn〉, ρ) = {[X0 ← e0, ...,Xn ← en] | (∀i ∈ 0..n) ei ∈ Ti}

✕ P❛r❛♠❡t❡r ✉♣❞❛t❡✿ t❤❡ ❢✉♥❝t✐♦♥ ✉♣❞❛t❡ ♠❛♣s ♦✉t♣✉t ❛♥❞ s❡♥❞ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs t♦ t❤❡
✈❛❧✉❡s ♦❢ t❤❡✐r r❡s♣❡❝t✐✈❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs✳

✉♣❞❛t❡(〈a0 , . . . , an〉, 〈X1 , . . . ,Xn〉, ρ) = ✉♣❞❛t❡(a0 ,X0 , ρ)⊕ . . .⊕ ✉♣❞❛t❡(an ,Xn , ρ)
✉♣❞❛t❡(?❴,X , ρ) = ❬❪

✉♣❞❛t❡(?Y,X, ρ) =

{

[Y ← ρ(X )] ✐❢ X ∈ dom(ρ)
❬❪ ♦t❤❡r✇✐s❡

✕ ▲❛❜❡❧ ♣r✐♥t✐♥❣✿ t❤❡ ❢✉♥❝t✐♦♥ ❧❛❜❡❧ ❞❡✜♥❡s t❤❡ ❧❛❜❡❧ t❤❛t ✇✐❧❧ ❜❡ ✈✐s✐❜❧❡ ♦♥ t❤❡ ❣❡♥❡r❛t❡❞
▲❚❙ ❛♥❞ t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ♦♥❡ ❜❧♦❝❦ t♦❣❡t❤❡r ✇✐t❤ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳
P❛r❛♠❡t❡rs ❞❡✜♥❡❞ ✐♥ t❤❡ s②st❡♠ ♣r♦✜❧❡ ✇✐❧❧ ❜❡ ✈✐s✐❜❧❡ ♦♥ t❤❡ ❧❛❜❡❧ ✇❤❡r❡❛s ♦t❤❡r ✈❛r✐❛❜❧❡s
✇✐❧❧ ❜❡ ❤✐❞❞❡♥ ✭✐✳❡✳✱ r❡♣❧❛❝❡❞ ❜② ✉♥❞❡rs❝♦r❡s✮✳ ▲❛❜❡❧s ❛r❡ ✇r✐tt❡♥ ✐♥ t❡❧❡t②♣❡❢♦♥t ✐♥ t❤❡
s❡q✉❡❧✳

❧❛❜❡❧(Bi(al0, . . . , alm){al′0, . . . , al
′
n}, ρ) = ❇✐ ✭❧❛❜❡❧(〈al0, . . . , alm〉, ρ)✮

④❧❛❜❡❧(〈al′0, . . . , al
′
n〉, ρ)⑥

❧❛❜❡❧(〈al0 , . . . , alm〉, ρ) = ❧❛❜❡❧(al0 , ρ)❀ . . . ❀❧❛❜❡❧(alm , ρ)
❧❛❜❡❧(〈a0 , . . . , am〉, ρ) = ❧❛❜❡❧(a0 , ρ)✱ . . . ✱❧❛❜❡❧(am , ρ)

❧❛❜❡❧(X , ρ) =

{

ρ(X) ✐❢ X ∈ ✈❛rs(dlsys)
❴ ♦t❤❡r✇✐s❡

❧❛❜❡❧(any T , ρ) = ❴

❧❛❜❡❧(❴, ρ) = ❴

❧❛❜❡❧(❄X , ρ) =

{

❄ρ(X) ✐❢ X ∈ ✈❛rs(dlsys)
❄❴ ♦t❤❡r✇✐s❡

❧❛❜❡❧(❄❴, ρ) = ❄❴

✕ ❙t♦r❡ r❡str✐❝t✐♦♥✿ t❤❡ ♦♣❡r❛t♦r � ❛❧❧♦✇s t♦ r❡t✉r♥ s✉❜s❡ts ♦❢ st♦r❡s✳

ρ � 〈X0 , ...,Xn〉 = [X0 ← ρ(X0 ), ...,Xn ← ρ(Xn)] ✇❤❡r❡ {X0 , . . . ,Xn} ⊆ dom(ρ)

❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ st♦r❡ ρglobal✳ ❆❢t❡r ❜✐♥❞✐♥❣ ❛♥❛❧②s✐s✱ ❣❧♦❜❛❧ ❝♦♥st❛♥ts ❛r❡ ❛ss✉♠❡❞ t♦
❜❡ ♦r❞❡r❡❞ ❛s ❢♦❧❧♦✇s✳ ■❢ X1, . . . , Xn ✐s t❤❡ s❡t ♦❢ ❣❧♦❜❛❧ ❝♦♥st❛♥ts ❞❡✜♥❡❞ r❡s♣❡❝t✐✈❡❧② ✇✐t❤
❡①♣r❡ss✐♦♥s E1, . . . , En✱ t❤❡♥ ❢♦r ❡❛❝❤ i ✐♥ 1..(n − 1) ❛♥❞ ❢♦r ❡❛❝❤ j ✐♥ (i + 1)..n ✇❡ ♠✉st ❤❛✈❡
vars(Ej) ⊆ {X1, . . . , Xi} ✭✐✳❡✳✱ Xj ♠✉st ♥♦t ❜❡❧♦♥❣ t♦ vars(Ei)✮✳

❚❤❡ st♦r❡ ρglobal ✐s ❝♦♥str✉❝t❡❞ ❜② ❛ss✐❣♥✐♥❣ ❡❛❝❤ ❣❧♦❜❛❧ ❝♦♥st❛♥t Xi t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✐ts
❡①♣r❡ss✐♦♥ Ei ✐♥ t❤❡ st♦r❡ ρi−1✱ ρ0 ❜❡✐♥❣ t❤❡ ❡♠♣t② st♦r❡✳

■♥r✐❛
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ρ0 = []
ρi ∈ ❛ss✐❣♥(Ei, Xi, ρi−1) ∀i ∈ 1..n

ρglobal =
⊕

i∈1..n

ρi

❇❧♦❝❦ s❡♠❛♥t✐❝s✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❛ ❜❧♦❝❦ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❚❤❡ ❜❧♦❝❦ ❝♦♥s✉♠❡s ✐ts ✐♥✲
♣✉t ♣❛r❛♠❡t❡rs✱ ❝♦♠♣✉t❡s ✐♥ ③❡r♦ t✐♠❡✱ t❤❡♥ ♣r♦❞✉❝❡s ✐ts ♦✉t♣✉t ♣❛r❛♠❡t❡rs✳ ❚❤❡s❡ st❡♣s ❛r❡
❛ss✉♠❡❞ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ ③❡r♦✲❞❡❧❛② ❢♦❧❧♦✇✐♥❣ t❤❡ st❛♥❞❛r❞ ❛❜str❛❝t✐♦♥ ✐♥ s②♥❝❤r♦♥♦✉s ♣r♦✲
❣r❛♠♠✐♥❣✳ ❋r♦♠ ♦♥❡ ❡①❡❝✉t✐♦♥ ❝②❝❧❡ t♦ ❛♥♦t❤❡r✱ t❤❡ s❡t ♦❢ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♣r❡s❡r✈❡ t❤❡✐r
✈❛❧✉❡s ❝♦♥st✐t✉t✐♥❣ t❤❡ ♠❡♠♦r② ♦❢ t❤❡ ❜❧♦❝❦✳

■♥s✐❞❡ ❛ ❜❧♦❝❦✱ t❤❡ s❝❤❡❞✉❧✐♥❣ ♦❢ ♥❡st❡❞ s✉❜❜❧♦❝❦s ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ s✉❜❜❧♦❝❦s ❛r❡
✐♥❤❡r❡♥t❧② s♣❡❝✐✜❡❞ ❜② t❤❡ ♦r❞❡r ✐♥ ✇❤✐❝❤ t❤❡ s✉❜❜❧♦❝❦s ❛r❡ ✐♥✈♦❦❡❞✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ t❤❡ ❜♦❞②
I0 ♦❢ ❛ ❜❧♦❝❦ B ❝♦♥t❛✐♥s t❤❡ ❝❛❧❧ s❡q✉❡♥❝❡ ✏Bi0❀ Bi1❀ Bi2 ✑ ✭✇❤❡r❡ Bi0 ✱ Bi1 ✱ ❛♥❞ Bi2 ❛r❡ ❜❧♦❝❦
✐♥st❛♥❝❡s✮✱ Bi0 ✱ Bi1 ✱ ❛♥❞ Bi2 ❛r❡ ❡①❡❝✉t❡❞ ✐♥ t❤✐s s♣❡❝✐✜❝ ♦r❞❡r✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✇❡ ❛ss✉♠❡
t❤❛t ❜❧♦❝❦s ✐♥✈♦❦❡❞ ✐♥s✐❞❡ ❛♥ ❛❝t♦r ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

block B ❬const dlconst❪ ✭in dlin0
❀ . . . ❀in dlinm

❀out dlout0 ❀ . . . ❀out dloutn✮ is

allocate . . .
perm dlperm✱

temp dltemp

I0
end block

❇❧♦❝❦ B ✐s ❛❧❧♦❝❛t❡❞ ❛s ❢♦❧❧♦✇s✿ B❬alconst❪ as Bi ✭✇❤❡r❡ alconst ✐s t❤❡ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ❧✐st t❤❛t
❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞❡❝❧❛r❛t✐♦♥ ❧✐st dlconst✮✱ ❛♥❞ Bi ❝❛♥ t❤❡♥ ❜❡ ✐♥✈♦❦❡❞ ❛s ❢♦❧❧♦✇s✿

Bi✭alin0
❀ . . . ❀alinm

❀alout0 ❀ . . . ❀aloutn✮

✳ ❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿

{I0} σ.Bi , ρvar, µ
ǫ
−→i ρbody, µbody

{Bi✭alin0
❀ . . . ❀alinm

❀alout0 ❀ . . . ❀aloutn} σ, ρ, µ
ǫ
−→i ρ′, µ′

✇❤❡r❡ st♦r❡s ρvar ❛♥❞ ρ′ ❛♥❞ ♠❡♠♦r② µ′ ❛r❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳
■♥ ❛ ✜rst st❡♣✱ t❤❡ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥ st❛rts ❜② ❝♦♥str✉❝t✐♥❣ t❤❡ st♦r❡ ρvar✱ ✐♥ ✇❤✐❝❤ Bi s❤♦✉❧❞

❝♦♠♣✉t❡ ✐ts ❜♦❞② I0 ✳ ❚❤❡ st♦r❡ ρvar ✐s ❜✉✐❧t ❜② ❝♦♠♣♦s✐♥❣ ✐♥t❡r♠❡❞✐❛t❡ st♦r❡s ρconst✱ ρinput✱
ρperm✱ ❛♥❞ ρtemp ❛s ❢♦❧❧♦✇s✿

✶✳ ❙t♦r❡ ρconst st❛rts ❜② ❛ss✐❣♥✐♥❣ ❞❡❢❛✉❧t ✈❛❧✉❡s t♦ ✐♥✐t✐❛❧✐③❡❞ ❝♦♥st❛♥t ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs
✉s✐♥❣ ❢✉♥❝t✐♦♥ ✐♥✐t✳ ❈♦♥st❛♥t ♣❛r❛♠❡t❡rs ❞❡♣❡♥❞ ♦♥❧② ♦♥ ❣❧♦❜❛❧ ❝♦♥st❛♥ts✱ ✇❤♦s❡ ✈❛❧✉❡s
❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρglobal✳ ❚❤❡♥✱ t❤❡ st♦r❡ ρconst ✉♣❞❛t❡s t❤❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ✇✐t❤
r❡s♣❡❝t✐✈❡ ✈❛❧✉❡s ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs✱ ✉s✐♥❣ ❢✉♥❝t✐♦♥ ❛ss✐❣♥ ✐♥ t❤❡ st♦r❡ ρ ♦❢ t❤❡ ❝❛❧❧❡r✳

ρconst ∈ ✐♥✐t (dlconst , ρglobal)⊕ ❛ss✐❣♥ (alconst , ✈❛rs(dlconst), ρ)

✷✳ ❙t♦r❡ ρinput st❛rts ❜② ❛ss✐❣♥✐♥❣ ❞❡❢❛✉❧t ✈❛❧✉❡s t♦ ✐♥✐t✐❛❧✐③❡❞ ✐♥♣✉t ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ✉s✐♥❣
❢✉♥❝t✐♦♥ ✐♥✐t✳ ■♥♣✉t ♣❛r❛♠❡t❡rs ❞❡♣❡♥❞ ♦♥ ❣❧♦❜❛❧ ❝♦♥st❛♥ts ❛♥❞ ❝♦♥st❛♥t ♣❛r❛♠❡t❡rs ♦❢
t❤❡ ❝✉rr❡♥t ❜❧♦❝❦✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤♦s❡ ♣❛r❛♠❡t❡rs ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρglobal⊕ρconst✳

❘❘ ♥➦ ✽✺✷✼



✹✹ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

❚❤❡♥✱ t❤❡ st♦r❡ ρinput ✉♣❞❛t❡s t❤❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs ✇✐t❤ r❡s♣❡❝t✐✈❡ ✈❛❧✉❡s ♦❢ ❛❝t✉❛❧
♣❛r❛♠❡t❡rs✱ ✉s✐♥❣ ❢✉♥❝t✐♦♥ ❛ss✐❣♥ ✐♥ t❤❡ st♦r❡ ρ ♦❢ t❤❡ ❝❛❧❧❡r✳

ρinput ∈
⊕

i∈0..m

✐♥✐t (dlini
, ρglobal ⊕ ρconst)⊕

⊕

i∈0..m

❛ss✐❣♥ (alini
, ✈❛rs(dlini

), ρ)

✸✳ ❙t♦r❡ ρperm ❛ss✐❣♥s t♦ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s t❤❡✐r r❡s♣❡❝t✐✈❡ ✈❛❧✉❡s st♦r❡❞ ✐♥ t❤❡ ♠❡♠♦r②
µ✱ ❡①❝❡♣t ✐♥ t❤❡ ✜rst ❡①❡❝✉t✐♦♥ ❝②❝❧❡ ♦❢ Bi ✇❤❡r❡ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ❛r❡ ❛ss✐❣♥❡❞ t❤❡✐r
❞❡❢❛✉❧t ✈❛❧✉❡s ✉s✐♥❣ ❢✉♥❝t✐♦♥ ✐♥✐t✳ P❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ❞❡♣❡♥❞ ♦♥ ❜♦t❤ ❣❧♦❜❛❧ ❝♦♥st❛♥ts
❛♥❞ ❝♦♥st❛♥t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝✉rr❡♥t ❜❧♦❝❦✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤♦s❡ ♣❛r❛♠❡t❡rs ❛r❡ ❛✈❛✐❧❛❜❧❡
✐♥ t❤❡ st♦r❡ ρglobal ⊕ ρconst✳

ρperm =

{

µ(σ.Bi) ✐❢ σ.Bi ∈ dom(µ)
✐♥✐t (dlperm , ρglobal ⊕ ρconst) ♦t❤❡r✇✐s❡

✹✳ ❙t♦r❡ ρtemp ❛ss✐❣♥s ❞❡❢❛✉❧t ✈❛❧✉❡s t♦ t❡♠♣♦r❛r② ✈❛r✐❛❜❧❡s✳ ❚❡♠♣♦r❛r② ✈❛r✐❛❜❧❡s ❞❡♣❡♥❞ ♦♥
❣❧♦❜❛❧ ❝♦♥st❛♥ts✱ ❝♦♥st❛♥t ♣❛r❛♠❡t❡rs✱ ❛♥❞ ✐♥♣✉t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝✉rr❡♥t ❜❧♦❝❦✳ ❚❤❡
✈❛❧✉❡s ♦❢ t❤♦s❡ ♣❛r❛♠❡t❡rs ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρglobal ⊕ ρconst ⊕ ρinput✳

ρtemp = ✐♥✐t (dltemp , ρglobal ⊕ ρconst ⊕ ρinput)

✺✳ ❙t♦r❡ ρvar ✐s ♦❜t❛✐♥❡❞ ❜② t❤❡ s✉♠ ♦❢ st♦r❡s ρglobal✱ ρconst✱ ρinput✱ ρperm✱ ❛♥❞ ρtemp✳

ρvar = ρglobal ⊕ ρconst ⊕ ρinput ⊕ ρperm ⊕ ρtemp

■♥ ❛ s❡❝♦♥❞ st❡♣✱ t❤❡ ❜♦❞② I0 ✐s ❡✈❛❧✉❛t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ❛♥❞ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② µ✱ ♣r♦✲
❞✉❝✐♥❣ ❛♥ ✉♣❞❛t❡❞ st♦r❡ ρbody ❛♥❞ ❛♥ ✉♣❞❛t❡❞ ♠❡♠♦r② ρbody✳ ◆♦t❡ t❤❛t t❤❡ ✈❛❧✉❡s ♦❢ ♣❡r♠❛♥❡♥t
✈❛r✐❛❜❧❡s ♦❢ s✉❜❜❧♦❝❦s ✐♥✈♦❦❡❞ ✐♥s✐❞❡ I0 ❤❛s ❜❡❡♥ ✉♣❞❛t❡❞ ✐♥ t❤❡ ♠❡♠♦r② µbody✳

❋✐♥❛❧❧②✱ t❤❡ ❡①❡❝✉t✐♦♥ t❡r♠✐♥❛t❡s ♥♦r♠❛❧❧② ❜② ✉♣❞❛t✐♥❣ t❤❡ ❝✉rr❡♥t st♦r❡ ρ ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢
♦✉t♣✉t ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ✉s✐♥❣ ❢✉♥❝t✐♦♥ ✉♣❞❛t❡ ✐♥ t❤❡ st♦r❡ ρbody✱ ❛♥❞ ❜② ✉♣❞❛t✐♥❣ t❤❡ ❝✉rr❡♥t
♠❡♠♦r② ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♦❢ Ni ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρbody✱ t❤❡ ✈❛❧✉❡s ♦❢
♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♦❢ s✉❜❜❧♦❝❦s ✐♥✈♦❦❡❞ ✐♥s✐❞❡ I0 ❜❡✐♥❣ ✉♣❞❛t❡❞ ✐♥ ♠❡♠♦r② µbody✳

ρ′ = ρ⊕
⊕

i∈0..n

✉♣❞❛t❡ (alouti , ✈❛rs(dlouti ), ρbody)

µ′ = µbody ⊕ [σ.Bi← ρbody � ✈❛rs(dlperm)]

✼✳✹ ❉②♥❛♠✐❝ s❡♠❛♥t✐❝s ♦❢ s②st❡♠s

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❜② ❛ s❡♣t✉♣❧❡ ♦❢ t❤❡ ❢♦r♠ ✏{instance} σ, ρ, µ
ℓ
−→c

ρ′, µ′✑ ✇❤❡r❡ instance ❞❡♥♦t❡ ❛♥ ❛❝t♦r ✐♥✈♦❝❛t✐♦♥✱ σ ✐s t❤❡ ❛❝t♦r ✐♥st❛♥❝❡ st❛❝❦✱ ρ ❛♥❞ ρ′ ❛r❡
st♦r❡s✱ µ ❛♥❞ µ′ ❛r❡ ♠❡♠♦r✐❡s✱ ❛♥❞ ℓ ✐s ❛ ❧❛❜❡❧✳

✼✳✹✳✶ ❇❧♦❝❦ ✐♥✈♦❝❛t✐♦♥

❲❡ ❛ss✉♠❡ t❤❛t ❛ ❜❧♦❝❦ ✐♥✈♦❦❡❞ ✐♥s✐❞❡ ❛ s②st❡♠ ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✹✺

block B ❬const dlconst❪ ✭in dlin0
❀ . . . ❀in dlinm

❀out dlout0 ❀ . . . ❀out dloutn✮

④receive dlrec0 ❀ . . . ❀receive dlrecp❀send dlsend0
❀ . . . ❀send dlsendq

⑥ is

allocate . . .
perm dlperm✱

temp dltemp

I0
end block

❇❧♦❝❦ B ✐s ❛❧❧♦❝❛t❡❞ ❛s ❢♦❧❧♦✇s✿ B❬alconst❪ as Bi ✭✇❤❡r❡ alconst ✐s t❤❡ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r ❧✐st t❤❛t
❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞❡❝❧❛r❛t✐♦♥ ❧✐st dlconst✮✱ ❛♥❞ Bi ❝❛♥ t❤❡♥ ❜❡ ✐♥✈♦❦❡❞ ❛s ❢♦❧❧♦✇s✿

Bi✭alin0
❀ . . . ❀alinm

❀alout0 ❀ . . . ❀aloutn✮④alrec0 ❀ . . . ❀alrecp❀alsend0
❀ . . . ❀alsendq

⑥

❚❤❡ s❡♠❛♥t✐❝s ♦❢ ❜❧♦❝❦s ✐♥✈♦❦❡❞ ✐♥s✐❞❡ ❛ s②st❡♠ ❛r❡ s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤♦s❡ ♦❢ ❜❧♦❝❦s ✐♥✈♦❦❡❞
✐♥s✐❞❡ ❛♥ ❛❝t♦r ❜❡❝❛✉s❡ ♦❢ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ s❡♥❞ ❛♥❞ r❡❝❡✐✈❡ ♣❛r❛♠❡t❡rs✳ ❘❡❝❡✐✈❡ ✭r❡s♣✳ s❡♥❞✮
♣❛r❛♠❡t❡rs ❛r❡ ❝♦♠♣✉t❡❞ s✐♠✐❧❛r❧② t♦ ✐♥♣✉t ✭r❡s♣✳ ♦✉t♣✉t✮ ♣❛r❛♠❡t❡rs✱ ❡①❝❡♣t t❤❛t r❡❝❡✐✈❡
♣❛r❛♠❡t❡rs ❝❛♥ ♥♦t ❤❛✈❡ ❞❡❢❛✉❧t ✈❛❧✉❡s✳ ❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

{I0} σ.Bi , ρvar, µ
ǫ
−→i ρbody, µbody

{

Bi✭alin0
❀ . . . ❀alinm

❀alout0 ❀ . . . ❀aloutn✮
④alrec0 ❀ . . . ❀alrecp❀alsend0

❀ . . . ❀alsendq
⑥

}

σ, ρ, µ
ǫ
−→c ρ′, µ′

✇❤❡r❡ st♦r❡s ρvar ❛♥❞ ρ′ ❛♥❞ ♠❡♠♦r② µ′ ❛r❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳

ρconst ∈ ✐♥✐t (dlconst , ρglobal)⊕ ❛ss✐❣♥ (alconst , ✈❛rs(dlconst), ρ)
ρinrec ∈

⊕

i∈0..m

✐♥✐t (dlini
, ρglobal ⊕ ρconst)⊕

⊕

i∈0..m

❛ss✐❣♥ (alini
, ✈❛rs(dlini

), ρ)

⊕
⊕

i∈0..p

❛ss✐❣♥ (alreci , ✈❛rs(dlreci ), ρ)

ρperm =

{

µ(σ.Bi) ✐❢ σ.Bi ∈ dom(µ)
✐♥✐t (dlperm , ρglobal ⊕ ρconst) ♦t❤❡r✇✐s❡

ρtemp = ✐♥✐t (dltemp , ρglobal ⊕ ρconst ⊕ ρinrec)
ρvar = ρglobal ⊕ ρconst ⊕ ρinrec ⊕ ρperm ⊕ ρtemp

ρ′ = ρ⊕
⊕

i∈0..n

✉♣❞❛t❡ (alouti , ✈❛rs(dlouti ), ρbody)

⊕
⊕

i∈0..q

✉♣❞❛t❡ (alsendi
, ✈❛rs(dlsendi

), ρbody)

µ′ = µbody ⊕ [σ.Bi← ρbody � ✈❛rs(dlperm)]

✼✳✹✳✷ ❊♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥

❲❡ ❛ss✉♠❡ t❤❛t ❛♥ ❡♥✈✐r♦♥♠❡♥t ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

environment N ❬const dlconst❪ ✭in dlin0
⑤ . . . ⑤in dlinm

⑤out dlout0 ⑤ . . . ⑤out dloutn✮ is

allocate . . .
perm dlperm✱

temp dltemp

I0
end environment

❘❘ ♥➦ ✽✺✷✼



✹✻ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

❊♥✈✐r♦♥♠❡♥t N ✐s ❛❧❧♦❝❛t❡❞ ❛s ❢♦❧❧♦✇s✿ N ❬const alconst❪ as Ni ✱ ❛♥❞ Ni ❝❛♥ t❤❡♥ ❜❡ ✐♥✈♦❦❡❞ ❛s
❢♦❧❧♦✇s✿ Ni✭alin0

⑤ . . . ⑤alinm
⑤alout0 ⑤ . . . ⑤aloutn✮✳

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❡♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥ ✐s ❣✉✐❞❡❞ ❜② s✐❣♥❛❧s✳ ■t st❛rts ❜② t❤❡ s❡❧❡❝t✐♦♥
♦❢ ♦♥❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ❛♠♦♥❣ t❤♦s❡ ♣❛ss❡❞ t♦ t❤❡ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡ s❡❧❡❝t✐♦♥ ✐s ❢♦r❝❡❞ ❜② t❤❡
❝❛❧❧ ❝♦♥t❡①t✱ ✐✳❡✳✱ r❡❝❡♣t✐♦♥ ♦r s❡♥❞✐♥❣ ♦❢ ♠❡ss❛❣❡s ❢r♦♠ ♦r t♦ ❛ ❜❧♦❝❦✳ ■❢ t❤❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✐s
❝♦♥♥❡❝t❡❞ ✭✐✳❡✳✱ t❤❡ s❡t ♦❢ ✐ts ✈❛r✐❛❜❧❡s ✐s ♥♦t ❡♠♣t②✮✱ t❤❡♥ t❤❡ ❡①❡❝✉t✐♦♥ ❝♦♥t✐♥✉❡s ❜② ❝❤❡❝❦✐♥❣
✇❤❡t❤❡r t❤❡ ❜♦❞② ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❞❡✜♥❡s ❛ s✐❣♥❛❧ st❛t❡♠❡♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❝❤❛♥♥❡❧
✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ t❤❡ ❜♦❞② I0 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ ❝✉rr❡♥t st♦r❡ ❛♥❞ t❤❡ ❝✉rr❡♥t
♠❡♠♦r② ❛♥❞ t❡r♠✐♥❛t❡s ♥♦r♠❛❧❧② ❜② ♣r♦❞✉❝✐♥❣ ❛♥ ✉♣❞❛t❡❞ st♦r❡✱ ❛♥❞ ✉♣❞❛t✐♥❣ ♠❡♠♦r②✱ ❛♥❞
♣❛ss✐♥❣ ❛ ❧❛❜❡❧ t♦ t❤❡ ❝♦♥t❡①t✳ ■♥ s✉❝❤ ❛ ❝❛s❡✱ ❜♦t❤ t❤❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t
❛r❡ ❝❛❧❧❡❞ ❛❝t✐✈❛t❡❞✳ ■❢ t❤❡ ❝❤❛♥♥❡❧ ✐s ♥♦t ❝♦♥♥❡❝t❡❞ ♦r t❤❡ ❜♦❞② I0 ❞♦❡s ♥♦t ❝♦♥t❛✐♥ ❛ s✐❣♥❛❧
st❛t❡♠❡♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧✱ t❤❡♥ I0 ✐s ♥♦t ❡①❡❝✉t❡❞✳

❋♦r t❤❡ s❛❦❡ ♦❢ ❛❝❝✉r❛❝②✱ ✇❡ ❞✐st✐♥❣✉✐s❤ t❤❡ s❡♠❛♥t✐❝ r✉❧❡s ♦❢ ❡♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥ ✇❤❡♥
❛♥ ✐♥♣✉t ❝❤❛♥♥❡❧ ✐s ❛❝t✐✈❛t❡❞ ❛♥❞ ✇❤❡♥ ❛♥ ♦✉t♣✉t ❝❤❛♥♥❡❧ ✐s ❛❝t✐✈❛t❡❞ s✐♥❝❡ ❝♦♠♣✉t❛t✐♦♥s ♦♥
st♦r❡s ❛r❡ ♥♦t t❤❡ s❛♠❡✳

❆❝t✐✈❛t✐♦♥ ♦❢ ✐♥♣✉t ❝❤❛♥♥❡❧s✳ ❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ ❡♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥ ♦✈❡r t❤❡ ❛❝t✐✈❛✲
t✐♦♥ ♦❢ ❛♥ ✐♥♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

i ∈ 0..m vars(alini
) 6= ǫ

{I0} σ.Ni , ρvar, µ
vars(dlini

)
−−−−−−−→i ρbody, µbody

{Ni ✭alin0
⑤ . . . ⑤alinm

⑤alout0 ⑤ . . . ⑤aloutn✮} σ, ρ, µ
vars(alini

)
−−−−−−−→c ρ, µ′

✇❤❡r❡ st♦r❡ ρvar ❛♥❞ ♠❡♠♦r② µ′ ❛r❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳

✶✳ ❙t♦r❡ ρconst ✐s ❝♦♥str✉❝t❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ✐♥ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥✳

ρconst ∈ ✐♥✐t (dlconst , ρglobal)⊕ ❛ss✐❣♥ (alconst , ✈❛rs(dlconst), ρ)

✷✳ ■♥♣✉t ♣❛r❛♠❡t❡rs ♦❢ ❡♥✈✐r♦♥♠❡♥ts ❤❛✈❡ ♥♦ ❞❡❢❛✉❧t ✈❛❧✉❡s ✭❙❡❡ r✉❧❡ ❆❈■✷ ✐♥ s❡❝t✐♦♥ ✻✳✻✳✸✮✳
❙t♦r❡ ρinput ❛ss✐❣♥s t❤❡ ✈❛❧✉❡s ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧s t♦ t❤❡✐r
r❡s♣❡❝t✐✈❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡rs✱ ✉s✐♥❣ ❢✉♥❝t✐♦♥ ❛ss✐❣♥ ✐♥ t❤❡ st♦r❡ ρ ♦❢ t❤❡ ❝❛❧❧❡r✳

ρinput ∈ ❛ss✐❣♥ (alini
, ✈❛rs(dlini

), ρ)

✸✳ ❙t♦r❡s ρperm✱ ρtemp✱ ❛♥❞ ρvar ❛r❡ ❝♦♥str✉❝t❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ✐♥ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥✳

ρperm =

{

µ(σ.Ni) ✐❢ σ.Ni ∈ dom(µ)
✐♥✐t (dlperm , ρglobal ⊕ ρconst) ♦t❤❡r✇✐s❡

ρtemp = ✐♥✐t (dltemp , ρglobal ⊕ ρconst ⊕ ρinput)
ρvar = ρglobal ⊕ ρconst ⊕ ρinput ⊕ ρperm ⊕ ρtemp

✹✳ ◆♦ ♦✉t♣✉t ♣❛r❛♠❡t❡rs ❛r❡ ♣r♦❞✉❝❡❞ ✇❤❡♥ ❛♥ ✐♥♣✉t ❝❤❛♥♥❡❧ ✐s ❛❝t✐✈❛t❡❞ t❤❡♥ t❤❡ st♦r❡ ρ ✐s
♥♦t ✉♣❞❛t❡❞✳ ▼❡♠♦r② µ′ ✉♣❞❛t❡s t❤❡ ❝✉rr❡♥t ♠❡♠♦r② ✇✐t❤ ✈❛❧✉❡s ♦❢ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s
♦❢ ❛❧❧ Ni s✉❜❜❧♦❝❦s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ♠❡♠♦r② µbody ❛♥❞ ✈❛❧✉❡s ♦❢ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♦❢ Ni
❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρbody✳

µ′ = µbody ⊕ [σ.Ni← ρbody � ✈❛rs(dlperm)]

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✹✼

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❜♦❞② I0 t❡r♠✐♥❛t❡s ❜② ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ t♦ ✐ts ❝♦♥t❡①t ✭Ni ✐♥✈♦❝❛t✐♦♥✮ ❝♦♥✲
t❛✐♥✐♥❣ t❤❡ ❧✐st ♦❢ ✈❛r✐❛❜❧❡s ♦❢ t❤❡ ❡①❡❝✉t❡❞ s✐❣♥❛❧✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ Ni ✐♥✈♦❝❛t✐♦♥ t❡r♠✐♥❛t❡s
❜② ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ t♦ ✐ts ❝♦♥t❡①t ✭t❤❡ ❝❛❧❧❡r ♦❢ Ni✮ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❧✐st ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡
❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧✳

❆❝t✐✈❛t✐♦♥ ♦❢ ♦✉t♣✉t ❝❤❛♥♥❡❧s✳ ❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ ❡♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥ ♦✈❡r t❤❡ ❛❝t✐✲
✈❛t✐♦♥ ♦❢ ❛♥ ♦✉t♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

i ∈ 0..n vars(alouti) 6= ǫ

{I0} σ.Ni , ρvar, µ
?{vars(dlouti

)}
−−−−−−−−−−→i ρbody, µbody

{Ni ✭alin0
⑤ . . . ⑤alinm

⑤alout0 ⑤ . . . ⑤aloutn✮} σ, ρ, µ
?{vars(alouti

)}
−−−−−−−−−−→c ρ′, µ′

✇❤❡r❡ st♦r❡s ρvar ❛♥❞ ρ′✱ ❛♥❞ ♠❡♠♦r② µ′ ❛r❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳

✶✳ ❙t♦r❡ ρconst ✐s ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳

ρconst ∈ ✐♥✐t (dlconst , ρglobal)⊕ ❛ss✐❣♥ (alconst , ✈❛rs(dlconst), ρ)

✷✳ ❚❤❡r❡ ✐s ♥♦ ✐♥♣✉t ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛✈❛✐❧❛❜❧❡ ✇❤❡♥ ❛♥ ♦✉t♣✉t ❝❤❛♥♥❡❧ ✐s ❛❝t✐✈❛t❡❞✳

✸✳ ❙t♦r❡s ρperm✱ ρtemp✱ ❛♥❞ ρvar ❛r❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳

ρperm =

{

µ(σ.Ni) ✐❢ σ.Ni ∈ dom(µ)
✐♥✐t (dlperm , ρglobal ⊕ ρconst) ♦t❤❡r✇✐s❡

ρtemp = ✐♥✐t (dltemp , ρglobal ⊕ ρconst)
ρvar = ρglobal ⊕ ρconst ⊕ ρperm ⊕ ρtemp

✹✳ ❙t♦r❡ ρ′ ✉♣❞❛t❡s t❤❡ ❝✉rr❡♥t st♦r❡ ρ ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧
❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρbody✳ ▼❡♠♦r② µ′ ✉♣❞❛t❡s t❤❡ ❝✉rr❡♥t ♠❡♠♦r② ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢
♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♦❢ Ni ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡ ρbody✱ t❤❡ ✈❛❧✉❡s ♦❢ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ♦❢
s✉❜❜❧♦❝❦s ✐♥✈♦❦❡❞ ✐♥s✐❞❡ I0 ❜❡✐♥❣ ✉♣❞❛t❡❞ ✐♥ ♠❡♠♦r② µbody✳

ρ′ = ρ⊕ ✉♣❞❛t❡ (alouti , ✈❛rs(dlouti ), ρbody)
µ′ = µbody ⊕ [σ.Ni← ρbody � ✈❛rs(dlperm)]

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❜♦❞② I0 t❡r♠✐♥❛t❡s ❜② ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ t♦ ✐ts ❝♦♥t❡①t ✭Ni ✐♥✈♦❝❛t✐♦♥✮ ❝♦♥✲
t❛✐♥✐♥❣ t❤❡ ❧✐st ♦❢ ✈❛r✐❛❜❧❡s ♦❢ t❤❡ ❡①❡❝✉t❡❞ s✐❣♥❛❧ ♣r❡❝❡❞❡❞ ❜② ❛ q✉❡st✐♦♥ ♠❛r❦✳ ❚❤❡ ❡①❡❝✉t✐♦♥
♦❢ Ni ✐♥✈♦❝❛t✐♦♥ t❡r♠✐♥❛t❡s ❜② ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ t♦ ✐ts ❝♦♥t❡①t ✭t❤❡ ❝❛❧❧❡r ♦❢ Ni✮ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❧✐st
♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧ ♣r❡❝❡❞❡❞ ❜② ❛ q✉❡st✐♦♥ ♠❛r❦✳

✼✳✹✳✸ ▼❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥

▼❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥ ❤❛s ❡①❛❝t❧② t❤❡ s❛♠❡ s❡♠❛♥t✐❝s ❛s ❡♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥✱ ❡①❝❡♣t t❤❛t ✐♥♣✉t
♣❛r❛♠❡t❡rs ✭r❡s♣✳✱ ♦✉t♣✉t ♣❛r❛♠❡t❡rs✮ ❛r❡ r❡♣❧❛❝❡❞ ❜② r❡❝❡✐✈❡ ♣❛r❛♠❡t❡rs ✭r❡s♣✳✱ s❡♥❞ ♣❛r❛♠❡✲
t❡rs✮✳ ❲❡ ❛ss✉♠❡ t❤❛t ❛ ♠❡❞✐✉♠ ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

❘❘ ♥➦ ✽✺✷✼



✹✽ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

medium M ❬const dlconst❪ ④receive dlrec0 ⑤ . . . ⑤receive dlrecp⑤send dlsend0
⑤ . . . ⑤send dlsendq

⑥ is

allocate . . .
perm dlperm✱

temp dltemp

I0
end medium

▼❡❞✐✉♠ M ✐s ❛❧❧♦❝❛t❡❞ ❛s ❢♦❧❧♦✇s✿ M ❬const alconst❪ as Mi ✱ ❛♥❞ Mi ❝❛♥ t❤❡♥ ❜❡ ✐♥✈♦❦❡❞ ❛s
❢♦❧❧♦✇s✿ Mi✭alrec0 ⑤ . . . ⑤alrecp⑤alsend0

⑤ . . . ⑤alsendq
✮✳

❆❝t✐✈❛t✐♦♥ ♦❢ r❡❝❡✐✈❡ ❝❤❛♥♥❡❧s✳ ❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ ♠❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥ ♦✈❡r t❤❡ ❛❝t✐✈❛t✐♦♥
♦❢ ❛ r❡❝❡✐✈❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

i ∈ 0..p vars(alreci) 6= ǫ

{I0} σ.Mi , ρvar, µ
vars(dlreci )−−−−−−−−→i ρbody, µbody

{Mi ✭alrec0 ⑤ . . . ⑤alrecp⑤alsend0
⑤ . . . ⑤alsendq

✮} σ, ρ, µ
vars(alreci )−−−−−−−−→c ρ, µ′

✇❤❡r❡✳

ρconst ∈ ✐♥✐t (dlconst , ρglobal)⊕ ❛ss✐❣♥ (alconst , ✈❛rs(dlconst), ρ)
ρrec ∈ ❛ss✐❣♥ (alreci , ✈❛rs(dlreci ), ρ)

ρperm =

{

µ(σ.Mi) ✐❢ σ.Mi ∈ dom(µ)
✐♥✐t (dlperm , ρglobal ⊕ ρconst) ♦t❤❡r✇✐s❡

ρtemp = ✐♥✐t (dltemp , ρglobal ⊕ ρconst ⊕ ρrec)
ρvar = ρglobal ⊕ ρconst ⊕ ρrec ⊕ ρperm ⊕ ρtemp

µ′ = µbody ⊕ [σ.Mi← ρbody � ✈❛rs(dlperm)]

❆❝t✐✈❛t✐♦♥ ♦❢ s❡♥❞ ❝❤❛♥♥❡❧s✳ ❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ ♠❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥ ♦✈❡r t❤❡ ❛❝t✐✈❛t✐♦♥
♦❢ ❛ s❡♥❞ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

i ∈ 0..q vars(alsendi
) 6= ǫ

{I0} σ.Mi , ρvar, µ
?{vars(dlsendi

)}
−−−−−−−−−−−→i ρbody, µbody

{Mi ✭alrec0 ⑤ . . . ⑤alrecp⑤alsend0
⑤ . . . ⑤alsendq

✮} σ, ρ, µ
?{vars(alsendi

)}
−−−−−−−−−−−→c ρ′, µ′

✇❤❡r❡✳
ρconst ∈ ✐♥✐t (dlconst , ρglobal)⊕ ❛ss✐❣♥ (alconst , ✈❛rs(dlconst), ρ)

ρperm =

{

µ(σ.Mi) ✐❢ σ.Mi ∈ dom(µ)
✐♥✐t (dlperm , ρglobal ⊕ ρconst) ♦t❤❡r✇✐s❡

ρtemp = ✐♥✐t (dltemp , ρglobal ⊕ ρconst)
ρvar = ρglobal ⊕ ρconst ⊕ ρperm ⊕ ρtemp

ρ′ = ρ⊕ ✉♣❞❛t❡ (alsendi
, ✈❛rs(dlsendi

), ρbody)
µ′ = µbody ⊕ [σ.Mi← ρbody � ✈❛rs(dlperm)]

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✹✾

✼✳✹✳✹ ❉②♥❛♠✐❝ s❡♠❛♥t✐❝s ♦❢ s②st❡♠

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ s②st❡♠ ✐s ❣♦✈❡r♥❡❞ ❜② t❤❡ ♣❛r❛❧❧❡❧ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❜❧♦❝❦ ✐♥st❛♥❝❡s ✐♥✲

✈♦❦❡❞ ❜② t❤❡ s②st❡♠✳ ■t ✐s ❞❡✜♥❡❞ ❜② tr✐♣❧❡s ♦❢ t❤❡ ❢♦r♠ ✏µ
ℓ
−→s µ′✑ ✇❤❡r❡ µ ❛♥❞ µ′ ❛r❡

♠❡♠♦r✐❡s✱ ❛♥❞ ℓ ✐s ❛ ❧❛❜❡❧ ♦❢ t❤❡ s②st❡♠✳ ❚❤❡ ▲❚❙ ♦❢ t❤❡ s②st❡♠ ✐s ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳
❙t❛t❡s ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ♠❡♠♦r✐❡s ♦❢ ❛❧❧ ❛❝t♦rs ✐♥✈♦❦❡❞ ✐♥s✐❞❡ t❤❡ s②st❡♠✱ t❤❡ ✐♥✐t✐❛❧
st❛t❡ ❜❡✐♥❣ t❤❡ ❡♠♣t② ♠❡♠♦r②✳ ▲❛❜❡❧s ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥s ❛♥❞ ❤❛✈❡ t❤❡
❢♦r♠ ✏Bi✭alin0

❀ . . . ❀alinm
❀alout0 ❀ . . . ❀aloutn✮④alrec0 ❀ . . . ❀alrecp❀alsend0

❀ . . . ❀alsendq
⑥✑✳ ❚r❛♥s✐t✐♦♥

✏µ
Bi(alin0

;...;alinm ;alout0
;...;aloutn ){alrec0 ;...;alrecp ;alsend0

;...;alsendq}
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→s µ′✑ ♠❡❛♥s t❤❛t t❤❡ ❝♦♠❜✐♥❡❞

❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ Bi t♦❣❡t❤❡r ✇✐t❤ ✐ts ❝♦♥♥❡❝t❡❞ ❡♥✈✐r♦♥♠❡♥ts ❛♥❞ ♠❡❞✐✉♠s ✐♥ t❤❡ ♠❡♠♦r② µ
♣r♦❞✉❝❡s t❤❡ ♠❡♠♦r② µ′ ✉♣❞❛t✐♥❣ t❤❡ ♠❡♠♦r② ♦❢ Bi ❛♥❞ t❤❡ ♠❡♠♦r✐❡s ♦❢ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳
▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✇❡ ❛ss✉♠❡ t❤❛t ❛ s②st❡♠ ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

system S ✭dlsys✮ is

allocate . . .
temp dltemp

network

block0✱ . . . ✱blockr
constrainedby

environment0✱ . . . ✱environments
connectedby

medium0✱ . . . ✱mediumt

end system

✇❤❡r❡✿

block ::= Bi ✭alin0
❀ . . . ❀alinm

❀alout0 ❀ . . . ❀aloutn✮④alrec0 ❀ . . . ❀alrecp❀alsend0
❀ . . . ❀alsendq

⑥

environment ::= Ni ✭alin0
⑤ . . . ⑤alinm

⑤alout0 ⑤ . . . ⑤aloutn✮
medium ::= Mi ④alrec0 ⑤ . . . ⑤alrecp⑤alsend0

⑤ . . . ⑤alsendq
⑥

❙②st❡♠ ❡①❡❝✉t✐♦♥ ✐s ❢♦❝✉s❡❞ ❛r♦✉♥❞ ❜❧♦❝❦ ❡①❡❝✉t✐♦♥s✳ ❆ ❜❧♦❝❦ ❤❛s ❛♥ ❛❝t✐✈❡ ❜❡❤❛✈✐♦✉r✿ ✐t
❡①❡❝✉t❡s ❝②❝❧✐❝❛❧❧② ✭✐♥❞❡✜♥✐t❡❧②✮ ❛♥❞ ❛t ❡❛❝❤ ❝②❝❧❡ ❛❝t✐✈❛t❡s ✐ts ❝♦♥♥❡❝t❡❞ ❡♥✈✐r♦♥♠❡♥ts ❛♥❞
♠❡❞✐✉♠s✱ ✇❤✐❝❤ ❤❛✈❡ ♣❛ss✐✈❡ ❜❡❤❛✈✐♦✉r✳ ●✐✈❡♥ ❛ ❜❧♦❝❦ ✐♥✈♦❝❛t✐♦♥ ♦❢ t❤❡ ❢♦r♠

Bii ✭alin0
❀ . . . ❀alinm

❀alout0 ❀ . . . ❀aloutn✮④alrec0 ❀ . . . ❀alrecp❀alsend0
❀ . . . ❀alsendq

⑥

✱ ✇❡ ❞❡✜♥❡ t❤❡ ❢♦❧❧♦✇✐♥❣ s②♠❜♦❧s✳

❈♦♥♥❡❝t✐♦♥s ✐❞❡♥t✐✜❝❛t✐♦♥✳

✕ Ii ✭❢♦r ✐♥♣✉t✮ ✭r❡s♣✳✱ Oi ✭❢♦r ♦✉t♣✉t✮✮ ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ✐♥❞❡①❡s ♦❢ ❡♥✈✐r♦♥♠❡♥ts t❤❛t ❤❛✈❡
♦✉t♣✉t ✭r❡s♣✳✱ ✐♥♣✉t✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ❝♦♥♥❡❝t❡❞ t♦ ✐♥♣✉t ✭r❡s♣✳✱ ♦✉t♣✉t✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♦❢
❜❧♦❝❦ Bii ✳ ❚❤✐s s❡t ❝♦♥t❛✐♥s ❛t ♠♦st ♦♥❡ ❡❧❡♠❡♥t✳

✕ Ri ✭❢♦r r❡❝❡✐✈❡✮ ✭r❡s♣✳✱ Si ✭❢♦r s❡♥❞✮✮ ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ✐♥❞❡①❡s ♦❢ ♠❡❞✐✉♠s t❤❛t ❤❛✈❡ s❡♥❞
✭r❡s♣✳✱ r❡❝❡✐✈❡✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ❝♦♥♥❡❝t❡❞ t♦ r❡❝❡✐✈❡ ✭r❡s♣✳✱ s❡♥❞✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♦❢ ❜❧♦❝❦
Bii ✳ ❚❤✐s s❡t ❝♦♥t❛✐♥s ❛t ♠♦st ♦♥❡ ❡❧❡♠❡♥t✳

✕ Ai ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ✐♥❞❡①❡s ♦❢ ✐♥♣✉t ❛♥❞ r❡❝❡✐✈❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♦❢ ❜❧♦❝❦ Bii ♦❢ t❤❡ ❢♦r♠
✏X0✱ . . . ✱Xn ✑ t❤❛t ❛r❡ ♥♦t ❝♦♥♥❡❝t❡❞ t♦ ❛♥② ♦✉t♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❡♥✈✐r♦♥♠❡♥ts ♦❢ S
❛♥❞ s❡♥❞ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ♠❡❞✐✉♠s ♦❢ S ✱ r❡s♣❡❝t✐✈❡❧②✳

Ai = {k ∈ {in0, . . . , inm} | ✈❛rs(alk) 6= ǫ ∧ ∀j ∈ 0..s j /∈ Ii}
∪{k ∈ {rec0, . . . , recp} | ✈❛rs(alk) 6= ǫ ∧ ∀j ∈ 0..t j /∈ Ri}

❘❘ ♥➦ ✽✺✷✼



✺✵ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

▲❛❜❡❧s ❝♦♥str✉❝t✐♦♥✳

✕ link(j, Ii) ✇❤❡r❡ j ∈ Ii ✭r❡s♣✳✱ link(j,Oi) ✇❤❡r❡ j ∈ Oi✮ ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ✈❛r✐❛❜❧❡s ✉s❡❞
t♦ ❝♦♥♥❡❝t ❛♥ ✐♥♣✉t ✭r❡s♣✳✱ ♦✉t♣✉t✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❜❧♦❝❦ Bii t♦ ❛♥ ♦✉t♣✉t ✭r❡s♣✳✱ ✐♥♣✉t✮
❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❡♥✈✐r♦♥♠❡♥t Nij ✳

✕ link(j,Ri) ✇❤❡r❡ j ∈ Ri ✭r❡s♣✳✱ link(j,Si) ✇❤❡r❡ j ∈ Si✮ ❞❡♥♦t❡s t❤❡ s❡t ♦❢ ✈❛r✐❛❜❧❡s ✉s❡❞
t♦ ❝♦♥♥❡❝t ❛ r❡❝❡✐✈❡ ✭r❡s♣✳✱ s❡♥❞✮ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ❜❧♦❝❦ Bii t♦ ❛ s❡♥❞ ✭r❡s♣✳✱ r❡❝❡✐✈❡✮
❛❝t✉❛❧ ❝❤❛♥♥❡❧ ♦❢ ♠❡❞✐✉♠ Mij ✳

❚❤❡ s❡♠❛♥t✐❝ r✉❧❡ ♦❢ t❤❡ s②st❡♠ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

i ∈ 0..r

(∀j ∈ Ri) {mediumj} ǫ, [], µRj

?{link(j,Ri)}
−−−−−−−−−→c ρRj

, µ′
Rj

(∀j ∈ Ii) {environmentj} ǫ, [], µIj

?{link(j,Ii)}
−−−−−−−−→c ρIj

, µ′
Ij

{blocki} ǫ, ρi, µi
ǫ
−→c ρ′i, µ′

i

(∀j ∈ Oi) {environmentj} ǫ, ρOj
, µOj

link(j,Oi)
−−−−−−→c ρOj

, µ′
Oj

(∀j ∈ Si) {mediumj} ǫ, ρSj
, µSj

link(j,Si)
−−−−−−→c ρSj

, µ′
Sj

µ
❧❛❜❡❧(blocki , ρ′

i
)

−−−−−−−−−−→s µs

■♥t❡r♠❡❞✐❛t❡ st♦r❡s ❛♥❞ ♠❡♠♦r✐❡s ❛r❡ ❝♦♥str✉❝t❡❞ ❛s ❢♦❧❧♦✇s✳

✶✳ ❙t♦r❡ ρany ❛ss✐❣♥s ❛r❜✐tr❛r② ✈❛❧✉❡s t♦ ♣❛r❛♠❡t❡rs ♦❢ ✐♥♣✉t ❛♥❞ r❡❝❡✐✈❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♦❢
❜❧♦❝❦ Bii ✭i ∈ 0..r✮ ✇❤♦s❡ ✐♥❞❡①❡s ❛r❡ ✐♥ Ai✳

ρany ∈
⊕

j∈Ai

❛♥② (alj , t②♣❡s(dlj ), [])

✷✳ ❊❛❝❤ ♠❡❞✐✉♠✱ ✇❤♦s❡ ✐♥❞❡① ✐s ✐♥ Ri✱ ✐s ✐♥✈♦❦❡❞ ✐♥ t❤❡ ❡♠♣t② st♦r❡ [] ❛♥❞ t❤❡ ♠❡♠♦r② µRj

❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② ♦❢ ♠❡❞✐✉♠ Mij ✐❢ ❛♥② ❛♥❞ t♦ t❤❡ ❡♠♣t② ♠❡♠♦r②
♦t❤❡r✇✐s❡✳ ❚❤❡ ❡①❡❝✉t✐♦♥ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st♦r❡ ρRj

✱ ❛♥ ✐♥t❡r♠❡✲
❞✐❛t❡ ♠❡♠♦r② µ′

Rj
✱ ❛♥❞ ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ ❝♦♥t❛✐♥✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧ t♦

t❤❡ ❝♦♥t❡①t✳

µRj
=

{

[Mij ← µ(Mij)] ✐❢ Mij ∈ ❞♦♠(µ)
❬❪ ♦t❤❡r✇✐s❡

▼❡❞✐✉♠ ✐♥✈♦❝❛t✐♦♥ ♦✈❡r t❤❡ ❛❝t✐✈❛t✐♦♥ ♦❢ ❛ s❡♥❞ ❝❤❛♥♥❡❧ r❡q✉✐r❡s ♦♥❧② t❤❡ ✈❛❧✉❡s ♦❢ ❝♦♥st❛♥t
❛❝t✉❛❧ ♣❛r❛♠❡t❡rs t♦ ❡①❡❝✉t❡✳ ❚❤♦s❡ ♣❛r❛♠❡t❡rs ❛r❡ ♥❡❝❡ss❛r✐❧② ❝♦♥st❛♥t ❡①♣r❡ss✐♦♥s t❤❡♥
❞❡♣❡♥❞ ♦♥❧② ♦♥ ❣❧♦❜❛❧ ❝♦♥st❛♥ts ❛t s②st❡♠ ❧❡✈❡❧ ✭t❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ❛t ❛❝t♦r ❧❡✈❡❧✱ ❡✳❣✳✱ ❛
❜❧♦❝❦ ❤❛✈✐♥❣ ❛ ❝♦♥st❛♥t ♣❛r❛♠❡t❡r ❝❛♥ ❞❡♣❡♥❞ ♦♥ ❝♦♥st❛♥t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝❛❧❧❡r ❛❝t♦r✮✳
❍❡♥❝❡✱ t❤❡ ❡♠♣t② st♦r❡ ✐s s✉✣❝✐❡♥t ❛s ✐♥♣✉t st♦r❡ ✐♥ ♠❡❞✐✉♠ ❡①❡❝✉t✐♦♥✳

✸✳ ❊❛❝❤ ❡♥✈✐r♦♥♠❡♥t✱ ✇❤♦s❡ ✐♥❞❡① ✐s ✐♥ Ii✱ ✐s ✐♥✈♦❦❡❞ ✐♥ t❤❡ ❡♠♣t② st♦r❡ [] ❛♥❞ t❤❡ ♠❡♠♦r②
µIj

❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② ♦❢ ❡♥✈✐r♦♥♠❡♥t Nij ✐❢ ❛♥② ❛♥❞ t♦ t❤❡ ❡♠♣t②
♠❡♠♦r② ♦t❤❡r✇✐s❡✳ ❚❤❡ ❡①❡❝✉t✐♦♥ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st♦r❡ ρIj

✱ ❛♥
✐♥t❡r♠❡❞✐❛t❡ ♠❡♠♦r② µ′

Ij
✱ ❛♥❞ ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ ❝♦♥t❛✐♥✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧

t♦ t❤❡ ❝♦♥t❡①t✳

µIj
=

{

[Nij ← µ(Nij)] ✐❢ Nij ∈ ❞♦♠(µ)
❬❪ ♦t❤❡r✇✐s❡

■♥r✐❛



●❘▲✿ ●❆▲❙ ❘❡♣r❡s❡♥t❛t✐♦♥ ▲❛♥❣✉❛❣❡ ✺✶

✹✳ ❚❤❡ ❜❧♦❝❦ Bii ✐s t❤❡♥ ✐♥✈♦❦❡❞ ✐♥ t❤❡ st♦r❡ ρi ❛ss✐❣♥✐♥❣ ✈❛❧✉❡s t♦ ✐♥♣✉t ❛♥❞ r❡❝❡✐✈❡ ❛❝t✉❛❧
❝❤❛♥♥❡❧s ♦❢ Bii ❛♥❞ ✐♥ t❤❡ ♠❡♠♦r② µi ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② ♦❢ Bii ✐❢ ❛♥②
❛♥❞ t♦ t❤❡ ❡♠♣t② ♠❡♠♦r② ♦t❤❡r✇✐s❡✳ ❚❤❡ ❡①❡❝✉t✐♦♥ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρ′i
❛♥❞ t❤❡ ♠❡♠♦r② µ′

i✳

ρi = ρany ⊕
⊕

j∈Ri

ρRj
⊕

⊕

j∈Ii

ρIj

µi =

{

[Bii ← µ(Bii)] ✐❢ Bii ∈ ❞♦♠(µ)
❬❪ ♦t❤❡r✇✐s❡

✺✳ ❊❛❝❤ ❡♥✈✐r♦♥♠❡♥t✱ ✇❤♦s❡ ✐♥❞❡① ✐s ✐♥ Oi✱ ✐s ✐♥✈♦❦❡❞ ✐♥ t❤❡ st♦r❡ ρOj
❛♥❞ t❤❡ ♠❡♠♦r② µOj

❦❡❡♣✐♥❣ ✉♥❝❤❛♥❣❡❞ t❤❡ st♦r❡ ρOj
✱ ♣r♦❞✉❝✐♥❣ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ♠❡♠♦r② µ′

Oj
✱ ❛♥❞ ♣❛ss✐♥❣ ❛

❧❛❜❡❧ ❝♦♥t❛✐♥✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧ t♦ t❤❡ ❝♦♥t❡①t✳

❊♥✈✐r♦♥♠❡♥t ✐♥✈♦❝❛t✐♦♥ ♦✈❡r t❤❡ ❛❝t✐✈❛t✐♦♥ ♦❢ ❛♥ ✐♥♣✉t ❝❤❛♥♥❡❧ r❡q✉✐r❡s t❤❡ ✈❛❧✉❡s ♦❢
❝♦♥st❛♥t ❛❝t✉❛❧ ♣❛r❛♠❡t❡rs ❛♥❞ ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧✳ ❚❤❡ ❧❛tt❡r
♣❛r❛♠❡t❡rs ❛r❡ ♣r♦❞✉❝❡❞ ❜② t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❜❧♦❝❦ Bii ❛♥❞ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ st♦r❡
ρ′i✳

■❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❤❛s ❛❧r❡❛❞② ❜❡❡♥ ✐♥✈♦❦❡❞ ♦✈❡r t❤❡ ❛❝t✐✈❛t✐♦♥ ♦❢ ❛♥ ♦✉t♣✉t ❝❤❛♥♥❡❧
❝♦♥♥❡❝t❡❞ t♦ ❜❧♦❝❦ Bii ✭✐✳❡✳✱ j ∈ Ii✮✱ t❤❡♥ t❤❡ ✉♣❞❛t❡❞ ✈❛❧✉❡s ♦❢ ♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ❛r❡
❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ♠❡♠♦r② µ′

Ij
♣r♦❞✉❝❡❞ ❜② t❤❡ ✜rst ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t tr✐❣❣❡r❡❞

❜② t❤❡ ❝✉rr❡♥t ❡①❡❝✉t✐♦♥ ❝②❝❧❡ ♦❢ Bii✳ ■❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❤❛s ❜❡❡♥ ✐♥✈♦❦❡❞ ✐♥ ❛ ♣r❡✈✐♦✉s
❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❜❧♦❝❦ Bii ♦r ♦❢ ❛♥♦t❤❡r ❜❧♦❝❦✱ t❤✐s ♠❡❛♥s t❤❛t t❤❡ ✉♣❞❛t❡❞ ✈❛❧✉❡s ♦❢
♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② µ✳ ❖t❤❡r✇✐s❡✱ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✐s
✐♥✈♦❦❡❞ ✐♥ t❤❡ ❡♠♣t② ♠❡♠♦r② []✳

ρOj
= ρ′i � link(j,Oi)

µOj
=







µ′
Ij

✐❢ j ∈ Ii
❬Nij ← µ(Nij)❪ ✐❢ j /∈ Ii ❛♥❞ Nij ∈ ❞♦♠(µ)
❬❪ ♦t❤❡r✇✐s❡

✻✳ ❊❛❝❤ ♠❡❞✐✉♠✱ ✇❤♦s❡ ✐♥❞❡① ✐s ✐♥ Si✱ ✐s ✐♥✈♦❦❡❞ ✐♥ t❤❡ st♦r❡ ρSj
❛♥❞ t❤❡ ♠❡♠♦r② µSj

❦❡❡♣✐♥❣ ✉♥❝❤❛♥❣❡❞ t❤❡ st♦r❡ ρSj
✱ ♣r♦❞✉❝✐♥❣ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ♠❡♠♦r② µ′

Sj
✱ ❛♥❞ ♣❛ss✐♥❣ ❛

❧❛❜❡❧ ❝♦♥t❛✐♥✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝❤❛♥♥❡❧ t♦ t❤❡ ❝♦♥t❡①t✳

ρSj
= ρ′i � link(j,Si)

µSj
=







µ′
Rj

✐❢ j ∈ Ri

❬Mij ← µ(Mij)❪ ✐❢ j /∈ Ri ❛♥❞ Mij ∈ ❞♦♠(µ)
❬❪ ♦t❤❡r✇✐s❡

✼✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ s②st❡♠ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρ′i ✭st♦r❡s ρOj
❛♥❞ ρSj

❜❡✐♥❣ ✐♥❝❧✉❞❡❞ ✐♥ ρ′i✮✱ ✉♣❞❛t✐♥❣ t❤❡ ❝✉rr❡♥t ♠❡♠♦r② µ ✇✐t❤ t❤❡ s❡♣❛r❛t❡ ✭❛♥❞ ✐♥❞❡♣❡♥❞❡♥t✮
♠❡♠♦r✐❡s ♦❢ ❛❧❧ ✐♥✈♦❦❡❞ ❛❝t♦rs✱ ❛♥❞ ♣❛ss✐♥❣ ❛ ❧❛❜❡❧ t♦ t❤❡ ❝♦♥t❡①t✳

µs = µ⊕
⊕

j∈Ri

µ′
Rj
⊕

⊕

j∈Ii

µ′
Ij
⊕ µ′

i ⊕
⊕

j∈Oi

µ′
Oj
⊕

⊕

j∈Si

µ′
Sj

❚❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ ✇❤♦❧❡ ♥❡t✇♦r❦ ❛r❡ ♦❜t❛✐♥❡❞ ❜② ✐♥t❡r❧❡❛✈✐♥❣ ❛❧❧ ♣♦ss✐❜❧❡ ❡①❡❝✉t✐♦♥s ♦❢ Bi0 ✱
✳ ✳ ✳ ✱ Bip ✳

❘❘ ♥➦ ✽✺✷✼



✺✷ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✼✳✺ ❉②♥❛♠✐❝ s❡♠❛♥t✐❝s ♦❢ ♣r♦❣r❛♠s

❆ ●❘▲ ♣r♦❣r❛♠ ❝❛♥ ✐♠♣♦rt ♦t❤❡r ♣r♦❣r❛♠s✳ ❚❤❡ s❡♠❛♥t✐❝s ♦❢ ❛ ♣r♦❣r❛♠ ❛r❡ ❞❡✜♥❡❞ ❛s t❤❡
s❡♠❛♥t✐❝s ♦❢ ❛ ♣❛rt✐❝✉❧❛r s②st❡♠ ✐♥ t❤❡ ♣r♦❣r❛♠ ♦r ✐♥ ❛♥ ✐♠♣♦rt❡❞ ♣r♦❣r❛♠✳ ❙✉❝❤ ❛ s②st❡♠ ✐s
❝❛❧❧❡❞ t❤❡ ♠❛✐♥ s②st❡♠ ♦❢ t❤❡ ♣r♦❣r❛♠✳ ❇② ❞❡❢❛✉❧t✱ t❤❡ ♠❛✐♥ s②st❡♠ ♦❢ t❤❡ ♣r♦❣r❛♠ ✐s ❛ s②st❡♠
♥❛♠❡❞ ✏▼❛✐♥✑✳ ❆❧t❡r♥❛t✐✈❡❧②✱ t♦♦❧s ✇✐❧❧ ♣r♦✈✐❞❡ t❤❡ ✉s❡r ✇✐t❤ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ s♣❡❝✐❢② ❛♥♦t❤❡r
s②st❡♠ ❛s t❤❡ ♠❛✐♥ s②st❡♠ ✉s✐♥❣ ❝♦♠♠❛♥❞✲❧✐♥❡ ♦♣t✐♦♥s✳

■♥r✐❛
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✽ ❇❛s✐❝ ❊①❛♠♣❧❡s

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts s♦♠❡ ❡①❛♠♣❧❡s ♦❢ s②st❡♠s ♠♦❞❡❧❡❞ ✐♥ ●❘▲✳

✽✳✶ ■♥❞❡♣❡♥❞❡♥t ❜❧♦❝❦s ✇✐t❤ ✐♥❞❡♣❡♥❞❡♥t ❡♥✈✐r♦♥♠❡♥ts

■♥ t❤✐s ❡①❛♠♣❧❡✱ ❡♥✈✐r♦♥♠❡♥t Ni1 ✭r❡s♣❡❝t✐✈❡❧② Ni2 ✮ ❡♥s✉r❡s t❤❛t t❤❡ ✐♥♣✉t X1 ♦❢ ❜❧♦❝❦ Bi1
✭r❡s♣❡❝t✐✈❡❧② t❤❡ ✐♥♣✉t X2 ♦❢ ❜❧♦❝❦ Bi2 ✮ ✐s ❛❧✇❛②s ❧❛r❣❡r t❤❛♥ t❤❡ ♦✉t♣✉t Y1 ✭r❡s♣❡❝t✐✈❡❧② Y2 ✮
❛t t❤❡ ♣r❡✈✐♦✉s ❝②❝❧❡✳

system S ✭X1✱X2✿nat✱ Y1✱Y2✿nat✮ is

allocate B as Bi1✱ B as Bi2✱

N as Ni1✱ N as Ni2
network

Bi1✭X1❀❄Y1✮✱

Bi2✭X2❀❄Y2✮

constrainedby

Ni1✭Y1⑤❄X1✮✱

Ni2✭Y2⑤❄X2✮

end system

block B ✭in X ✿nat❀ out Y ✿nat✮ is

Y ✿❂ X

end block

environment N ✭in Y ✿nat ⑤ out X ✿nat✮ is

perm lastY : nat ✿❂ 0

select

on Y ✲❃ lastY ✿❂ Y

❬❪

on ❄X ✲❃ X ✿❂ any nat where X ≥ lastY
end select

end environment

✽✳✷ ■♥❞❡♣❡♥❞❡♥t ❜❧♦❝❦s ✇✐t❤ s❤❛r❡❞ ❡♥✈✐r♦♥♠❡♥ts

■♥ t❤✐s ❡①❛♠♣❧❡✿

❼ ❊♥✈✐r♦♥♠❡♥t Ni1 ❡♥s✉r❡s t❤❛t Bi1 ❛♥❞ Bi2 ❛r❡ ❡①❡❝✉t❡❞ ❛❧t❡r♥❛t❡❧②✳

❼ ❊♥✈✐r♦♥♠❡♥t Ni2 ❡♥s✉r❡s t❤❛t t❤❡ ✐♥♣✉ts X1 ❛♥❞ X2 ♦❢ ❜❧♦❝❦s Bi1 ❛♥❞ Bi2 ✭r❡s♣❡❝t✐✈❡❧②✮
❝❛♥ ✈❛r② ✭✐♥❝r❡❛s❡ ♦r ❞❡❝r❡❛s❡✮ ❜② ❛t ♠♦st ♦♥❡ ✉♥✐t ❛t ❡❛❝❤ ❝②❝❧❡✳

❘❘ ♥➦ ✽✺✷✼



✺✹ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

system S ✭X1✱X2✿nat✱ Y1✱Y2✿nat✮ is

allocate B as Bi1✱ B as Bi2✱

N1 as Ni1✱ N2 as Ni2
network

Bi1✭X1❀❄Y1✮✱

Bi2✭X2❀❄Y2✮

constrainedby

Ni1✭Y1⑤Y2✮✱

Ni2✭❄X1⑤❄X2✮

end system

block B ✭in X ✿nat❀ out Y ✿nat✮ is

perm lastY ✿nat ✿❂ 0

Y ✿❂ X ✰1❀ lastY ✿❂ Y

end block

environment N1 ✭in Y1✿nat ⑤ in Y2✿nat✮ is

perm last1 : bool ✿❂ false

if not✭last1✮ then

on Y1 ✲❃ last1 ✿❂ true

else

on Y2 ✲❃ last1 ✿❂ false

end if

end environment

environment N2 ✭out X1✿nat ⑤ out X2✿nat✮ is

perm last1✱last2✿nat ✿❂ 0

select

on ❄X2 ✲❃ X2 ✿❂ any nat where X2✰1 ❃❂ last2 and X2 ❁❂ last2✰1❀

last2 ✿❂ X2

❬❪

on ❄X1 ✲❃ X1 ✿❂ any nat where X1✰1 ❃❂ last1 and X1 ❁❂ last1✰1❀

last1 ✿❂ X1

end select

end environment

✽✳✸ ◆❡t✇♦r❦ ♦❢ ❜❧♦❝❦s ❝♦♠♠✉♥✐❝❛t✐♥❣ ✈✐❛ ❛ ♠❡❞✐✉♠

■♥ t❤✐s ❡①❛♠♣❧❡✿

❼ ■♥ ❡✈❡r② ❡①❡❝✉t✐♦♥ ❝②❝❧❡✱ ❜❧♦❝❦ Bi1 r❡❝❡✐✈❡s ❢r♦♠ t❤❡ ♠❡❞✐✉♠ Mi t❤❡ ✈❛❧✉❡ ♦❢ ✐ts ♦✉t♣✉t
Y1 ✐♥ t❤❡ ❧❛st ❡①❡❝✉t✐♦♥ ❝②❝❧❡✳ ❚❤❡♥✱ ❛❢t❡r ❝♦♠♣✉t✐♥❣✱ Bi1 s❡♥❞s t❤❡ ♥❡✇ ✈❛❧✉❡ ♦❢ Y1 t♦
Mi ✳

❼ ■♥ ❡✈❡r② ❡①❡❝✉t✐♦♥ ❝②❝❧❡✱ ❜❧♦❝❦ Bi2 r❡❝❡✐✈❡s ❢r♦♠ t❤❡ ♠❡❞✐✉♠ Mi t❤❡ s✉♠ ♦❢ t❤❡ ♦✉t♣✉t
Y1 ✐♥ t❤❡ ♣r❡✈✐♦✉s ❡①❡❝✉t✐♦♥ ❝②❝❧❡s✳ ❚❤❡♥✱ ❛❢t❡r ❝♦♠♣✉t✐♥❣✱ Bi2 s❡♥❞s ❛ ❜♦♦❧❡❛♥ s✐❣♥❛❧ t♦
❛❧❧♦✇ ♦r ♥♦t Mi t♦ ✐♥✐t❧✐③❡ t❤❡ s✉♠✳

■♥r✐❛
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system S ✭X1✱X2✿nat✱ Y1✱Y2✿nat✮ is

allocate B1 as Bi1✱ B2❬128❪ as Bi2✱

M as Mi

network

Bi1✭X1❀❄Y1✮④Z1❀❄W1⑥✱

Bi2✭X2❀❄Y2✮④Z2❀❄W2⑥

connectedby

Mi④W1⑤W2⑤❄Z1⑤❄Z2⑥

end system

block B1 ✭in X1✿nat❀ out Y1✿nat✮ ④receive Z1✿nat❀ send W1✿nat⑥ is

Y1 ✿❂ X1 ✰ Z1❀

W1 ✿❂ Y1

end block

block B2 ❬const seuil✿nat❪✭in X2✿nat❀ out Y2✿nat✮

④receive Z2✿nat❀ send W2✿bool⑥ is

Y2 ✿❂ X2❀

if ✭Z2 ❃❂ seuil✮ then

W2 ✿❂ true

else

W2 ✿❂ false

end if

end block

medium M ④receive W1✿nat ⑤ receive W2✿nat ⑤ send Z1✿nat ⑤ send Z2✿nat⑥ is

perm buf1✱buf2 ✿nat✿❂ 0

select

on W1 ✲❃ buf1 ✿❂ W1❀

buf2 ✿❂ buf2✰W1

❬❪

on ❄Z1 ✲❃ Z1 ✿❂ buf1❀

buf1 ✿❂ 0

❬❪

on W2 ✲❃ if ✭W2 ❂❂ true✮ then

buf2 ✿❂ 0

end if

❬❪

on ❄Z2 ✲❃ Z2 ✿❂ buf2
end select

end medium

❘❘ ♥➦ ✽✺✷✼



✺✻ ❏❡❜❛❧✐ ✫ ▲❛♥❣ ✫ ▼❛t❡❡s❝✉

✾ ❈♦♥❝❧✉s✐♦♥

■♥ t❤✐s r❡♣♦rt✱ ✇❡ ❤❛✈❡ ❞❡✜♥❡❞ t❤❡ s②♥t❛① ❛♥❞ s❡♠❛♥t✐❝s ♦❢ t❤❡ ●❘▲ ❧❛♥❣✉❛❣❡ ❞❡s✐❣♥❡❞ t♦ ❢✉❧✜❧❧
t❤❡ ♥❡❡❞ ♦❢ ❛ ❣❡♥❡r❛❧✲♣✉r♣♦s❡ ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤ t♦ ♣r♦✈✐❞❡ ✐♥❞✉str✐❛❧ ❞❡s✐❣♥ ♣r♦❝❡ss ✇✐t❤ ❢♦r♠❛❧
✈❡r✐✜❝❛t✐♦♥ t♦ ❡♥s✉r❡ t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ ●❆▲❙ s②st❡♠s ❝♦♥str✉❝t✐♦♥✳ ●❘▲ ♣r♦❣r❛♠s ❞r❛✇ ❛♥
❛❜str❛❝t✐♦♥ ♦❢ t❤♦s❡ s②st❡♠s ❜❡❤❛✈✐♦✉r ❜② ♠❡❛♥s ♦❢ ✜♥✐t❡ st❛t❡ ♠❛❝❤✐♥❡s ♦r ❧❛❜❡❧❧❡❞ tr❛♥s✐t✐♦♥
s②st❡♠s ✭▲❚❙s✱ ❢♦r s❤♦rt✮✳ ❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ❡❛❝❤ ❛❝t♦r ♦❢ t❤❡ s②st❡♠ ✭❜❧♦❝❦✱ ❡♥✈✐r♦♥♠❡♥t✱
♠❡❞✐✉♠✮ ✐s ♠♦❞❡❧❡❞ s❡♣❛r❛t❡❧② ❛♥❞ t❤❡♥ ❛❧❧ ♠♦❞❡❧s ❛r❡ ❝♦♠♣♦s❡❞ ✐♥ ♣❛r❛❧❧❡❧✱ ❡✐t❤❡r ✐♥ ❛ ✢❛t ♦r
❤✐❡r❛r❝❤✐❝❛❧ ♠❛♥♥❡r✳

❆ ♣❛rs❡r ♦❢ t❤❡ ❧❛♥❣✉❛❣❡ ❤❛s ❛❧r❡❛❞② ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✉s✐♥❣ ❙②♥t❛① ❬✼❪ ❛♥❞ ▲◆❚ t❡❝❤♥♦❧♦❣②
❬✶✶❪ ❢♦r ❝♦♠♣✐❧❡r ❝♦♥str✉❝t✐♦♥✳ ▲◆❚ ✐s ❛❧s♦ ❛♥ ✐♥♣✉t ❧❛♥❣✉❛❣❡ ♦❢ ❈❆❉P ❬✶✷❪✱ ❛ ✇✐❞❡❧② s♣r❡❛❞
t♦♦❧❜♦① ❢♦r ❝♦♥❝✉rr❡♥t s②st❡♠s ❝♦♥str✉❝t✐♦♥✱ ✇❤✐❝❤ ♦✛❡rs ❛ ❧❛r❣❡ r❛♥❣❡ ♦❢ ❢✉♥❝t✐♦♥❛❧✐t✐❡s✱ ✐♥❝❧✉❞✲
✐♥❣ ✐♥t❡r❛❝t✐✈❡ s✐♠✉❧❛t✐♦♥✱ ❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥✱ ❛♥❞ t❡st✐♥❣✳ ❆ tr❛♥s❧❛t♦r ❢r♦♠ ●❘▲ t♦ ▲◆❚ ❤❛s
❜❡❡♥ ❞❡s✐❣♥❡❞ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞ ❜✉t ✐s ♦✉t ♦❢ t❤❡ s❝♦♣❡ ♦❢ t❤✐s r❡♣♦rt✳ ❚❤✐s ✇❛②✱ ▲◆❚ ♠♦❞❡❧s
❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ ❛♥❞ s②st❡♠ ♣r♦♣❡rt✐❡s ❝❛♥ ❜❡ ✈❡r✐✜❡❞ ✉s✐♥❣ ❡✣❝✐❡♥t ✈❡r✐✜❝❛t✐♦♥ ♠❡t❤♦❞s s✉❝❤
❛s ♠♦❞❡❧✲❝❤❡❝❦✐♥❣✱ ❡q✉✐✈❛❧❡♥❝❡✲❝❤❡❝❦✐♥❣✱ ❛♥❞ ❝♦♠♣♦s✐t✐♦♥❛❧ ✈❡r✐✜❝❛t✐♦♥✳

■♥r✐❛
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❘❡❢❡r❡♥❝❡s

❬✶❪ ▲✉❝❛ ❆❝❡t♦✱ ❆♥♥❛ ■♥❣ó❧❢s❞ótt✐r✱ ❑✐♠ ●✉❧❞str❛♥❞ ▲❛rs❡♥✱ ❛♥❞ ❏✐r✐ ❙r❜❛✳ ❘❡❛❝t✐✈❡ ❙②st❡♠s✿
▼♦❞❡❧❧✐♥❣✱ ❙♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ❱❡r✐✜❝❛t✐♦♥✳ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✱ ◆❡✇ ❨♦r❦✱ ◆❨✱ ❯❙❆✱
✷✵✵✼✳

❬✷❪ ❆❧❢r❡❞ ❱✳ ❆❤♦✱ ❘❛✈✐ ❙❡t❤✐✱ ❛♥❞ ❏❡✛r❡② ❉✳ ❯❧❧♠❛♥✳ ❈♦♠♣✐❧❡rs✿ ♣r✐♥❝✐♣❧❡s✱ t❡❝❤♥✐q✉❡s✱ ❛♥❞
t♦♦❧s✳ ❆❞❞✐s♦♥✲❲❡s❧❡② ▲♦♥❣♠❛♥ P✉❜❧✐s❤✐♥❣ ❈♦✳✱ ■♥❝✳✱ ❇♦st♦♥✱ ▼❆✱ ❯❙❆✱ ✶✾✽✻✳

❬✸❪ ●✳ ❇❡rr②✱ ❙✳ ❘❛♠❡s❤✱ ❛♥❞ ❘✳ ❑✳ ❙❤②❛♠❛s✉♥❞❛r✳ ❈♦♠♠✉♥✐❝❛t✐♥❣ r❡❛❝t✐✈❡ ♣r♦❝❡ss❡s✳ ■♥ ▼❛r②
❙✳ ❱❛♥ ❉❡✉s❡♥ ❛♥❞ ❇❡r♥❛r❞ ▲❛♥❣✱ ❡❞✐t♦rs✱ P❖P▲✱ ♣❛❣❡s ✽✺✕✾✽✳ ❆❈▼ Pr❡ss✱ ✶✾✾✸✳
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❈ ❖♣❡r❛t✐♦♥❛❧ s❡♠❛♥t✐❝s t❤r♦✉❣❤ ❡①❛♠♣❧❡s

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ s❤♦✇ ❤♦✇ ▲❚❙s ❛r❡ ❝♦♥str✉❝t❡❞ ❢r♦♠ ●❘▲ ♣r♦❣r❛♠s ❜② ❛♣♣❧②✐♥❣ t❤❡ ❙❖❙
r✉❧❡s ❞❡✜♥❡❞ ✐♥ ❝❤❛♣t❡r ✼ ♦♥ t✇♦ s✐♠♣❧❡ ❡①❛♠♣❧❡s✳

❈✳✶ ◆❡st❡❞ ❜❧♦❝❦s

❚❤❡ ✜rst ●❘▲ ♣r♦❣r❛♠ ✇❡ ❝♦♥s✐❞❡r ✐s ❣✐✈❡♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❧✐st✐♥❣✿

system S ✭a✱b✱c✿nat✮ is

allocate B as B

temp d : nat
network

B✭a✱b❀❄c❀❄d✮

end system

constant C✿nat is 2 end constant

block B ✭in x✿nat ✿❂ 0✱ y✿nat ✿❂ 0❀ out z✿nat❀ out w✿nat✮ is

allocate Sum ❬0❪ as Sum

perm p : nat ✿❂ 0

Sum ✭x✱ y❀ ❄z✮❀

p ✿❂ p✰1❀

w ✿❂ p

end block

block Sum ❬const thres✿nat ✿❂ C❪✭in i1✱i2✿nat❀ out o✿nat✮ is

perm p : nat ✿❂ thres

o ✿❂ i1✰i2❀

p ✿❂ p✰1

end block

◆♦t❡ t❤❛t ✐♥ t❤✐s ❡①❛♠♣❧❡✱ t❤❡ ✈❛❧✉❡s ♦❢ ✈❛r✐❛❜❧❡ p ✭✐♥ ❜❧♦❝❦ B ❛♥❞ ❜❧♦❝❦ Sum✮ ❛♥❞ ♦❢ ✈❛r✐❛❜❧❡
o ✭✐♥ ❜❧♦❝❦ Sum✮ ❛r❡ ✐♥❝r❡♠❡♥t❡❞ ✐♥✜♥✐t❡❧②✳ ❚♦ ❦❡❡♣ t❤❡ ❡①❛♠♣❧❡ ❛s s✐♠♣❧❡ ❛s ♣♦ss✐❜❧❡✱ ✇❡ ❞♦
♥♦t tr❡❛t t❤❡ ❝❛s❡ ✇❤❡♥ ❛♥ ♦✈❡r✢♦✇ ♦❝❝✉rs✳

❈✳✶✳✶ ■♥✐t✐❛❧ st❛t❡

❚❤❡ ✐♥✐t✐❛❧ ♠❡♠♦r② ♦❢ S ✐s ❡♠♣t②✿ µ0 = []✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ S ❛♥❞ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡
r❡s♣❡❝t✐✈❡ ▲❚❙ ❛r❡ ❣✉✐❞❡❞ ❜② t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B✳

❈✳✶✳✷ ❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ tr❛♥s✐t✐♦♥s

❇❧♦❝❦ B ✐s ♥♦t ❝♦♥♥❡❝t❡❞ t♦ ❛♥② ❛❝t♦r ✐♥s✐❞❡ t❤❡ s②st❡♠ S✳ ❚❤❡♥✱ R0 = ǫ✱ S0 = ǫ✱ I0 = ǫ✱ O0 = ǫ
✭✵ ❜❡✐♥❣ t❤❡ ✐♥❞❡① ♦❢ ❇ ✇✐t❤✐♥ t❤❡ ❧✐st ♦❢ ❜❧♦❝❦s ♦❢ S✮✳

■♥♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ✏a, b✑✱ ✇❤♦s❡ ✐♥❞❡① ✐s ✵ ✐♥ t❤❡ ❧✐st ♦❢ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♦❢ ❜❧♦❝❦ B✱ ❛r❡
♥♦t ❝♦♥♥❡❝t❡❞ t♦ ❛♥② ❡♥✈✐r♦♥♠❡♥t t❤❡♥ A0 = {0} ❛♥❞ ♣❛r❛♠❡t❡rs ✏a✑ ❛♥❞ ✏b✑ ❛r❡ ❛ss✐❣♥❡❞
❛r❜✐tr❛r② ✈❛❧✉❡s ♦❢ t②♣❡ nat✳ ❚❤❡ st♦r❡ ρany ✐s t❤❡♥✿

ρany ∈ ❛♥②(〈a, b〉, nat× nat, [])
ρany ∈ ❛♥②(a, nat, [])⊕ ❛♥②(b, nat, [])
ρany = [a← ea, b← eb] ✇❤❡r❡ ea ∈ nat ❛♥❞ eb ∈ nat

■♥r✐❛
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❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ▲❚❙ ✐s ❣♦✈❡r♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡✿

{B✭a✱b❀❄c❀❄d✮}ǫ, ρany, µ0
ǫ
−→c ρ1, µ1

µ0
❇✭❡❛✱ ❡❜❀ ❄❡❛✰❡❜❀ ❄❴✮
−−−−−−−−−−−−−−→s µ1

(R1)

❇❧♦❝❦ B ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρany ❛♥❞ t❤❡ ♠❡♠♦r② µ0 ❛♥❞ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡
ρ1 ❛♥❞ t❤❡ ♠❡♠♦r② µ1 ✭❙❡❡ r✉❧❡ ❘✷ ❜❡❧♦✇ ❢♦r ρ1 ❛♥❞ µ1 ❝♦♠♣✉t❛t✐♦♥✮✳

ρ1 = [a← ea, b← eb, c← ea+ eb, d← 1]

µ1 =

[

B.Sum← [p← 1]
B ← [p← 1]

]

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B✳ ■♥t❡r♠❡❞✐❛t❡ st♦r❡s t❤❛t ❇ ♥❡❡❞s t♦ ❝♦♠♣✉t❡ ✐ts ❜♦❞② ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✳

ρglobal ∈ ❛ss✐❣♥(2, c, [])
= [c← 2]

ρconst = []
ρinrec ∈ ✐♥✐t(x✿nat ✿❂ 0✱ y✿nat ✿❂ 0 , ρglobal ⊕ ρconst)⊕ ❛ss✐❣♥(〈a, b〉, 〈x, y〉, ρany)

∈ ✐♥✐t(x, 0, ρglobal ⊕ ρconst)⊕ ✐♥✐t(y, 0, ρglobal ⊕ ρconst)
⊕❛ss✐❣♥(a, x, ρany)⊕ ❛ss✐❣♥(b, y, ρany)

= [x← 0]⊕ [y ← 0]⊕ [x← ρany(a)]⊕ [y ← ρany(b)]
= [x← ea, y ← eb]

ρperm = ✐♥✐t(p✿nat ✿❂ 0 , ρglobal ⊕ ρconst) s✐♥❝❡ B /∈ ❞♦♠(µ0) (❞♦♠(µ0) = ǫ)
= [p← 0]

ρtemp = []
ρvar = ρglobal ⊕ ρconst ⊕ ρinrec ⊕ ρperm ⊕ ρtemp

= [c← 2]⊕ []⊕ [x← ea, y ← eb]⊕ [p← 0]⊕ []
= [c← 2, x← ea, y ← eb, p← 0]

❚❤❡ ❜♦❞② ♦❢ B ✐s t❤❡♥ ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ❛♥❞ t❤❡ ♠❡♠♦r② µ0 ❛♥❞ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣
t❤❡ st♦r❡ ρbody ❛♥❞ t❤❡ ♠❡♠♦r② µbody✳

{Sum✭x❀y❀❄z✮}B, ρvar, µ0
ǫ
−→i ρ11, µ11

{p ✿❂ p✰1}B, ρ11, µ11
ǫ
−→i ρ12, µ12

{w ✿❂ p}B, ρ12, µ12
ǫ
−→i ρbody, µbody

{B✭a✱b❀❄c❀❄d✮}ǫ, ρany, µ0
ǫ
−→c ρ1, µ1

(R2)

❙t♦r❡ ρ11 ❛♥❞ ♠❡♠♦r② µ11 ❛r❡ ♦❜t❛✐♥❡❞ ❜② t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ ❙✉♠ ✐♥✈♦❝❛t✐♦♥ ✐♥ t❤❡ st♦r❡
ρvar ❛♥❞ t❤❡ ♠❡♠♦r② µ0 ✭❙❡❡ r✉❧❡ ❘✸ ❢♦r ρ11 ❛♥❞ µ11 ❝♦♠♣✉t❛t✐♦♥✮✳

ρ11 = [c← 2, x← ea, y ← eb, p← 0, z ← ea+ eb]
µ11 =

[

B.Sum← [p← 1]
]

❙t♦r❡s ρ12✱ ρbody✱ ❛♥❞ ρ1 t♦❣❡t❤❡r ✇✐t❤ ♠❡♠♦r✐❡s µ12✱ µbody✱ ❛♥❞ µ1 ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

❘❘ ♥➦ ✽✺✷✼
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ρ12 = ρ11 ⊕ [p← ρ11(p) + 1]
= [c← 2, x← ea, y ← eb, p← 0, z ← ea+ eb]⊕ [p← 1]
= [c← 2, x← ea, y ← eb, p← 1, z ← ea+ eb]

ρbody = ρ12 ⊕ [w ← ρ12(p)]
= [c← 2, x← ea, y ← eb, p← 1, z ← ea+ eb]⊕ [w ← 1]

[c← 2, x← ea, y ← eb, p← 1, z ← ea+ eb, w ← 1]
ρ1 = ρany ⊕ ✉♣❞❛t❡(❄c, z, ρbody)⊕ ✉♣❞❛t❡(❄d, w, ρbody)

= [a← ea, b← eb]⊕ [c← ρbody(z)]⊕ [d← ρbody(w)]
= [a← ea, b← eb, c← ea+ eb, d← 1]

µ12 =
[

B.Sum← [p← 1]
]

µbody =
[

B.Sum← [p← 1]
]

µ1 = µbody ⊕ [B ← ρbody � ✈❛rs(p✿nat ✿❂ 0 )]

=

[

B.Sum← [p← 1]
B ← [p← 1]

]

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ ❙✉♠✳ ■♥t❡r♠❡❞✐❛t❡ st♦r❡s t❤❛t ❜❧♦❝❦ Sum ♥❡❡❞s t♦ ❝♦♠♣✉t❡ ✐ts ❜♦❞②
❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✳

ρconst1 ∈ ✐♥✐t(thres✿nat ✿❂ C , ρglobal)⊕ ❛ss✐❣♥(0, thres, ρvar)
= [thres← ρglobal(C)]⊕ [thres← 0]
= [thres← 2]⊕ [thres← 0]
= [thres← 0]

ρinput1 = ❛ss✐❣♥(x, i1, ρvar)⊕ ❛ss✐❣♥(y, i2, ρvar)
= [i1← ρvar(x)]⊕ [i2← ρvar(y)]
= [i1← ea, i2← eb]

ρperm1 = ✐♥✐t(p✿nat ✿❂ thres, ρglobal ⊕ ρconst1) s✐♥❝❡ B.Sum /∈ ❞♦♠(µ0)
= [p← (ρglobal ⊕ ρconst1)(thres)]
= [p← 0]

ρtemp1 = []
ρvar1 = ρglobal ⊕ ρconst1 ⊕ ρinput1 ⊕ ρperm1 ⊕ ρtemp1

= [c← 2]⊕ [thres← 0]⊕ [i1← ea, i2← eb]⊕ [p← 0]⊕ []
= [c← 2, thres← 0, i1← ea, i2← eb, p← 0]

❚❤❡ ❜♦❞② ♦❢ ❜❧♦❝❦ Sum ✐s t❤❡♥ ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρvar1 ❛♥❞ t❤❡ ♠❡♠♦r② µ0 ❛♥❞ t❡r♠✐♥❛t❡s
❜② ♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρ11 ❛♥❞ t❤❡ ♠❡♠♦r② µ11✳

{o ✿❂ i1✰i2}B.Sum, ρvar1, µ0
ǫ
−→i ρ111, µ111

{p ✿❂ p✰1}B.Sum, ρ111, µ111
ǫ
−→i ρbody1, µbody1

{Sum✭x❀y❀❄z✮}B, ρvar, µ0
ǫ
−→i ρ11, µ11

(R3)

❙t♦r❡s ρ111✱ ρbody1✱ ❛♥❞ ρ11 t♦❣❡t❤❡r ✇✐t❤ ♠❡♠♦r✐❡s µ111✱ µbody1✱ ❛♥❞ µ11 ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

■♥r✐❛
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ρ111 = ρvar1 ⊕ [o← ρvar1(i1) + ρvar1(i2)]
= [c← 2, thres← 0, i1← ea, i2← eb, p← 0]⊕ [o← ea+ eb]
= [c← 2, thres← 0, i1← ea, i2← eb, p← 0, o← ea+ eb]

ρbody1 = ρ111 ⊕ [p← ρ111(p) + 1]
= [c← 2, thres← 0, i1← ea, i2← eb, p← 0, o← ea+ eb]⊕ [p← 1]
= [c← 2, thres← 0, i1← ea, i2← eb, p← 1, o← ea+ eb]

ρ11 = ρvar ⊕ ✉♣❞❛t❡(❄z, o, ρbody1)
= [c← 2, x← ea, y ← eb, p← 0]⊕ [z ← ρbody1(o)]
= [c← 2, x← ea, y ← eb, p← 0, z ← ea+ eb]

µ111 = µ0

= []
µbody1 = µ111

= []
µ11 = µbody1 ⊕ [B.Sum← ρbody1 � ✈❛rs(p✿nat ✿❂ thres)]

= [B.Sum← [p← 1]]

❈✳✶✳✸ ●❡♥❡r❛t❡❞ ▲❚❙

❚❤❡ ❧❛❜❡❧ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B ✐♥s✐❞❡ s②st❡♠ S ✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❢✉♥❝t✐♦♥
❧❛❜❡❧ ❛s ❢♦❧❧♦✇s✳

❧❛❜❡❧(B ✭a✱ b❀ ❄c❀ ❄d✮, ρ1) = ❇ ✭❧❛❜❡❧(〈〈a, b〉, ?c, ?d〉, ρ1)✮
= ❇ ✭❧❛❜❡❧(a, ρ1)✱ ❧❛❜❡❧(b, ρ1)❀

❧❛❜❡❧(?c, ρ1)❀ ❧❛❜❡❧(?d, ρ1)✮
= ❇ ✭ρ1(a)✱ ρ1(b)❀ ❄ρ1(c)❀ ❄❴✮

= ❇ ✭❡❛❀ ❡❜❀ ❄❡❛✰❡❜❀ ❄❴✮

❚❤❡ ✈❛❧✉❡ ♦❢ ✈❛r✐❛❜❧❡ d ✐s ❤✐❞❞❡♥ ✐♥ t❤❡ ♣r♦❞✉❝❡❞ ❧❛❜❡❧ s✐♥❝❡ d ❤❛s ❜❡❡♥ ❞❡❝❧❛r❡❞ ❛s t❡♠♣♦r❛r②
✈❛r✐❛❜❧❡ ♦❢ t❤❡ s②st❡♠✳

❚❤❡ ❣❡♥❡r❛t❡❞ ▲❚❙ ❝♦♥s✐sts ♦❢ ❛♥ ✐♥✜♥✐t❡ s❡q✉❡♥❝❡ ♦❢ st❛t❡s✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢
♣❡r♠❛♥❡♥t ✈❛r✐❛❜❧❡s ✐♥ ❜❧♦❝❦s ❇ ❛♥❞ ❙✉♠ ✇❤♦s❡ ✈❛❧✉❡s ✐♥❝r❡♠❡♥t ✐♥❞❡✜♥✐t❡❧②✳ ❊❛❝❤ st❛t❡ ❝♦r✲
r❡s♣♦♥❞s t♦ t❤❡ ♠❡♠♦r② ♦❢ ❜❧♦❝❦ ❇✱ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ❜❡✐♥❣ ❡♠♣t②✳ ❆❧❧ tr❛♥s✐t✐♦♥s ❤❛✈❡ t❤❡ ❢♦r♠
✏❇ ✭❡❛❀ ❡❜❀ ❄❡❛ ✰ ❡❜❀ ❄❴✮✑✳

❈✳✷ ❙tr✐❝t ❛❧t❡r♥❛t✐♦♥ ♦❢ ❜❧♦❝❦s

❚❤❡ s❡❝♦♥❞ ●❘▲ ♣r♦❣r❛♠ ✇❡ ❝♦♥s✐❞❡r ✐s ❣✐✈❡♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❧✐st✐♥❣✳

❘❘ ♥➦ ✽✺✷✼
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system S ✭a1✱a2✿nat✱ b1✱b2✿nat✱ c1✱c2✿nat✮ is

allocate B as B1✱ B as B2✱

N as N1✱ N as N2

temp d1✱d2✿nat

network

B1✭a1✱b1❀❄c1❀❄❴✮✱

B2✭a2✱b2❀❄c2❀❄❴✮

constrainedby

N1✭d1⑤d2✮✱

N2✭c1⑤c2✮

end system

block B ✭in x✱y✿nat ✿❂ 0❀ out z✿nat❀ out w✿nat✮ is

perm p✿nat ✿❂ 0

z ✿❂ x✰y❀

p ✿❂ p✰1❀

w ✿❂ p

end block

environment N ✭in z1✿nat ⑤ in z2✿nat✮ is

perm last1✿bool ✿❂ false

if not✭last1✮ then

on z1 ✲❃ last1 ✿❂ true

else

on z2 ✲❃ last1 ✿❂ false

end if

end environment

❈✳✷✳✶ ■♥✐t✐❛❧ st❛t❡

❚❤❡ ✐♥✐t✐❛❧ ♠❡♠♦r② ♦❢ S ✐s ❡♠♣t②✿ ρ0 = []✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ S ❛♥❞ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ▲❚❙
❛r❡ ❣✉✐❞❡❞ ❜② t❤❡ ♣❛r❛❧❧❡❧ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦s B1 ❛♥❞ B2✳

❈✳✷✳✷ ❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ✜rst tr❛♥s✐t✐♦♥

❇❧♦❝❦s B1 ❛♥❞ B2 ❡✈♦❧✈❡ ✐♥ ❛s②♥❝❤r♦♥♦✉s ♣❛r❛❧❧❡❧✐s♠✱ t❤❡♥ t✇♦ tr❛♥s✐t✐♦♥s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞
❢r♦♠ t❤❡ ✐♥✐t✐❛❧ st❛t❡✱ ❡❛❝❤ tr❛♥s✐t✐♦♥ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ ♦♥❡ ❜❧♦❝❦ t♦❣❡t❤❡r ✇✐t❤
✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B1 ❛♥❞ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳ ❈♦♥♥❡❝t✐♦♥s ♦❢ B1 ✭✇❤♦s❡ ✐♥❞❡① ✐s 0
✇✐t❤✐♥ t❤❡ ❧✐st ♦❢ ❜❧♦❝❦s ✐♥s✐❞❡ S✮ ✇✐t❤ ♦t❤❡r ❛❝t♦rs ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

✕ ◆♦ ♠❡❞✐✉♠ ✐s ❝♦♥♥❡❝t❡❞ t♦ B1✱ t❤❡♥ R0 = ǫ ❛♥❞ S0 = ǫ✳

✕ ◆♦ ❡♥✈✐r♦♥♠❡♥t ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✐♥♣✉ts ♦❢ B1✱ t❤❡♥ I0 = ǫ✳

✕ B1 ❤❛s t❤❡ ♦✉t♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✏❄c1 ✑ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✐♥♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✏c1 ✑ ♦❢
❡♥✈✐r♦♥♠❡♥t N2 ✭✇❤♦s❡ ✐♥❞❡① ✐s 1 ✇✐t❤✐♥ t❤❡ ❧✐st ♦❢ ❡♥✈✐r♦♥♠❡♥ts ✐♥s✐❞❡ S✮✱ t❤❡♥ O0 = {1}
❛♥❞ link(1,O0) = {c1}✳

■♥r✐❛
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✕ ❚❤❡ ✐♥♣✉t ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✏a1✱b1 ✑ ✭✇❤♦s❡ ✐♥❞❡① ✐s 0 ✐♥ t❤❡ ❧✐st ♦❢ ❛❝t✉❛❧ ❝❤❛♥♥❡❧s ♦❢ ❜❧♦❝❦
B1✮ ✐s ♥♦t ❝♦♥♥❡❝t❡❞ t♦ ❛♥② ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡♥✱ A0 = {0} ❛♥❞ ♣❛r❛♠❡t❡rs ✏a1✑ ❛♥❞ ✏b1✑
❛r❡ ❛ss✐❣♥❡❞ ❛r❜✐tr❛r② ✈❛❧✉❡s ♦❢ t②♣❡ nat✳

❚❤❡ st♦r❡ ρ0 ✐♥ ✇❤✐❝❤ B1 s❤♦✉❧❞ ❡①❡❝✉t❡ ✐s t❤❡♥✿

ρ0 ∈ ❛♥②(〈a1, b1〉, nat× nat, [])
ρ0 = [a1← ea1, b1← eb1] ✇❤❡r❡ ea1 ∈ nat ❛♥❞ eb1 ∈ nat

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B1 ✐♥s✐❞❡ s②st❡♠ S ✐s ❣♦✈❡r♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡✿

{B1✭a1✱b1❀❄c1❀❄❴✮}ǫ, ρ0, µ01
ǫ
−→c ρ01, µ02

{N2✭c1⑤c2✮}ǫ, ρ02, µ03
c1
−→c ρ02, µ04

µ0
❇✶✭❡❛✶✱ ❡❜✶❀ ❄❡❛✶✰❡❜✶❀ ❄❴✮
−−−−−−−−−−−−−−−−−→s µ1

(R4)

❇❧♦❝❦ B1 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ ✐♥✐t✐❛❧ st♦r❡ ρ0 ❛♥❞ t❤❡ ♠❡♠♦r② µ01 ❛♥❞ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣
t❤❡ st♦r❡ ρ01 ❛♥❞ t❤❡ ♠❡♠♦r② µ02 ✭❙❡❡ r✉❧❡ ❘✺ ❜❡❧♦✇ ❢♦r ρ01 ❛♥❞ µ02 ❝♦♠♣✉t❛t✐♦♥✮✳

µ01 = [] s✐♥❝❡ B1 /∈ ❞♦♠ (µ0)

ρ01 = [a1← ea1, b1← eb1, c1← ea1 + eb1]
µ02 = [B1← [p← 1]]

❊♥✈✐r♦♥♠❡♥t N2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρ02 ❛♥❞ t❤❡ ♠❡♠♦r② µ02 ❞❡✜♥❡❞ ❜❡❧♦✇ ❛♥❞ t❡r♠✐♥❛t❡s
❜② ❦❡❡♣✐♥❣ ✉♥❝❤❛♥❣❡❞ t❤❡ st♦r❡ ρ02✱ ♣r♦❞✉❝✐♥❣ t❤❡ ♠❡♠♦r② µ04 ✭❙❡❡ r✉❧❡ ❘✻ ❜❡❧♦✇ ❢♦r ρ02 ❛♥❞
µ04 ❝♦♠♣✉t❛t✐♦♥✮✱ ❛♥❞ ♣❛ss✐♥❣ t❤❡ ❧❛❜❡❧ c1 t♦ ✐ts ❝♦♥t❡①t✳

ρ02 = ρ01 � link(1,O0)
= [c1← ea1 + eb1]

µ03 = [] s✐♥❝❡ 1 /∈ I0 ❛♥❞ N2 /∈ ❞♦♠(µ0)

µ04 = [N2← [last1← true]]

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B1✳ ■♥t❡r♠❡❞✐❛t❡ st♦r❡s t❤❛t ❇✶ ♥❡❡❞s t♦ ❝♦♠♣✉t❡ ✐ts ❜♦❞② ❛r❡ t❤❡
❢♦❧❧♦✇✐♥❣✳

ρglobal = []
ρconst = []
ρinrec ∈ ✐♥✐t(x✱y✿nat ✿❂ 0 , ρglobal ⊕ ρconst)⊕ ❛ss✐❣♥(〈a1, b1〉, 〈x, y〉, ρ0)

= [x← 0, y ← 0]⊕ [x← ρ0(a1)]⊕ [y ← ρ0(b1)]
= [x← ea, y ← eb]

ρperm = ✐♥✐t(p✿nat ✿❂ 0 , ρglobal ⊕ ρconst) s✐♥❝❡ ❞♦♠(µ0) = ǫ
= [p← 0]

ρtemp = []
ρvar = ρglobal ⊕ ρconst ⊕ ρinrec ⊕ ρperm ⊕ ρtemp

= []⊕ []⊕ [x← ea1, y ← eb1]⊕ [p← 0]⊕ []
= [x← ea1, y ← eb1, p← 0]
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❚❤❡ ❜♦❞② ♦❢ B1 ✐s t❤❡♥ ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ❛♥❞ t❤❡ ♠❡♠♦r② µ01 ❛♥❞ t❡r♠✐♥❛t❡s ❜②
♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρbody ❛♥❞ t❤❡ ♠❡♠♦r② µbody✳

{z ✿❂ x✰y}B1, ρvar1, µ01
ǫ
−→i ρ011, µ011

{p ✿❂ p✰1}B1, ρ011, µ011
ǫ
−→i ρ012, µ012

{w ✿❂ p}B1, ρ012, µ012
ǫ
−→i ρbody, µbody

{B1✭a1✱b1❀❄c1❀❄❴✮}ǫ, ρ0, µ0
ǫ
−→i ρ01, µ02

(R5)

❙t♦r❡s ρ011✱ ρ012✱ ❛♥❞ ρbody t♦❣❡t❤❡r ✇✐t❤ ♠❡♠♦r✐❡s µ011✱ µ012✱ ❛♥❞ µbody ❛r❡ ❝♦♥str✉❝t❡❞ ❛s
❢♦❧❧♦✇s✳

ρ011 = [x← ea1, y ← eb1, p← 0, z ← ea1 + eb1]
ρ012 = [x← ea1, y ← eb1, p← 1, z ← ea1 + eb1]
ρbody = [x← ea1, y ← eb1, p← 1, z ← ea1 + eb1, w ← 1]
ρ01 = ρ0 ⊕ ✉♣❞❛t❡(❄c, z, ρbody)⊕ ✉♣❞❛t❡(❄❴, w, ρbody)

= [a1← ea1, b1← eb1, c1← ea1 + eb1]

µ011 = []
µ012 = []
µbody = []
µ02 = µ0 ⊕ [B1← ρbody � ✈❛rs(p✿nat ✿❂ 0 )]

= [B1← [p← 1]]

❊①❡❝✉t✐♦♥ ♦❢ ❡♥✈✐r♦♥♠❡♥t N2✳ ❚❤❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ N2 ✐s tr✐❣❣❡r❡❞ ❜② t❤❡ r❡❝❡♣t✐♦♥ ♦❢
t❤❡ ✈❛❧✉❡ ✏ea1 + eb1✑ ❢r♦♠ ❜❧♦❝❦ B1 ♦✈❡r t❤❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✏c1✑✳ ■♥t❡r♠❡❞✐❛t❡ st♦r❡s t❤❛t N2
♥❡❡❞s t♦ ❝♦♠♣✉t❡ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✳

ρglobal = []
ρconst = []
ρinput ∈ ❛ss✐❣♥(c1, z1, ρ02)

= [z1← ea1 + eb1]
ρperm = ✐♥✐t(last1✿bool ✿❂ false, ρglobal ⊕ ρconst) s✐♥❝❡ N2 /∈ ❞♦♠(µ03)

= [last1← false]
ρtemp = []
ρvar = ρglobal ⊕ ρconst ⊕ ρinput ⊕ ρperm ⊕ ρtemp

= []⊕ []⊕ [z1← ea1 + eb1]⊕ [last1← false]⊕ []
= [z1← ea1 + eb1, last1← false]

❚❤❡♥✱ t❤❡ ❜♦❞② ♦❢ N2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ❛♥❞ t❤❡ ♠❡♠♦r② µ03 ✐❣♥♦r✐♥❣ ❛❧❧ s✐❣♥❛❧
st❛t❡♠❡♥ts t❤❛t ❞♦ ♥♦t ❝♦rr❡s♣♦♥❞ t♦ ✏z1✑ ✭t❤❡ r❡s♣❡❝t✐✈❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ♦❢ ❛❝t✉❛❧ ♣❛r❛♠❡t❡r
✏c1✑✮ ❛♥❞ t❡r♠✐♥❛t❡s ❜② ❦❡❡♣✐♥❣ ✉♥❝❤❛♥❣❡❞ t❤❡ st♦r❡ ρvar✱ ♣r♦❞✉❝✐♥❣ t❤❡ ♠❡♠♦r② µ04✱ ❛♥❞
♣❛ss✐♥❣ t❤❡ ❧❛❜❡❧ ❝✶ t♦ t❤❡ ❝♦♥t❡①t✳

■♥r✐❛
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{last1 ✿❂ true}N2, ρvar, µ03
ǫ
−→i ρbody, µbody

{not✭last1✮}ρvar →e true

{on z1 ✲❃ last1 ✿❂ true}N2, ρvar, µ03
z1
−→i ρbody, µbody

z1 ∈ ❞♦♠(ρvar)

(R62)























if not✭last1✮ then

on z1 ✲❃ last1 ✿❂ true

else

on z2 ✲❃ last1 ✿❂ false

end if























N2, ρvar, µ03
z1
−→i ρbody, µbody

(R61)

{N2✭c1⑤c2✮}ǫ, ρ02, µ03
c1
−→i ρ02, µ04

(R6)

❙t♦r❡ ρbody t♦❣❡t❤❡r ✇✐t❤ ♠❡♠♦r✐❡s µbody ❛♥❞ ρ03 ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

ρbody = ρvar ⊕ [last1← true]
= [z1← ea1 + eb1, last1← false]⊕ [last1← true]
= [z1← ea1 + eb1, last1← true]

µbody = µ03

= []
µ04 = µbody ⊕ [N2← ρbody � ✈❛rs(last1✿bool ✿❂ false)]

= [N2← [last1← true]]

❋✐♥❛❧ st♦r❡ ❛♥❞ ♠❡♠♦r②✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B1 ❛♥❞ ✐ts ❝♦♥♥❡❝t❡❞ ❡♥✈✐r♦♥♠❡♥t N2
t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρ1 ❛♥❞ t❤❡ ♠❡♠♦r② µ1✳

ρ1 = ρ01
= [a1← ea1, b1← eb1, c1← ea1 + eb1]

µ1 = µ0 ⊕ µ02 ⊕ µ04

=

[

B1← [p← 1]
N2← [last1← true]

]

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2 ❛♥❞ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳ ❈♦♥♥❡❝t✐♦♥s ♦❢ B2 ✭✇❤♦s❡ ✐♥❞❡① ✐s 0
✇✐t❤✐♥ t❤❡ ❧✐st ♦❢ ❜❧♦❝❦s ✐♥s✐❞❡ S✮ ✇✐t❤ ♦t❤❡r ❛❝t♦rs ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

✕ R1 = ǫ ❛♥❞ S1 = ǫ✳

✕ I1 = ǫ✳

✕ O1 = {1} ❛♥❞ link(1,O1) = {c2}✳

✕ A1 = {0}✳

❚❤❡ st♦r❡ ρ0 ✐♥ ✇❤✐❝❤ B2 s❤♦✉❧❞ ❡①❡❝✉t❡ ✐s t❤❡♥✿

ρ0 ∈ ❛♥②(〈a2, b2〉, nat× nat, [])
ρ0 = [a2← ea2, b2← eb2] ✇❤❡r❡ ea2 ∈ nat ❛♥❞ eb2 ∈ nat

❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2 ✐♥s✐❞❡ s②st❡♠ S ✐s ❣♦✈❡r♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡✿

❘❘ ♥➦ ✽✺✷✼
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{B2✭a2✱b2❀❄c2❀❄❴✮}ǫ, ρ0, µ01
ǫ
−→c ρ11, µ11

{N2✭c1⑤c2✮}ǫ, ρ12, µ12
c2
−→c ρ12, µ13

µ0
❇✷✭❡❛✷✱ ❡❜✷❀ ❄❡❛✷✰❡❜✷❀ ❄❴✮
−−−−−−−−−−−−−−−−−→s µ1

(R7)

❇❧♦❝❦ B2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ ✐♥✐t✐❛❧ st♦r❡ ρ0 ❛♥❞ t❤❡ ♠❡♠♦r② µ01 ❛♥❞ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣
t❤❡ st♦r❡ ρ11 ❛♥❞ t❤❡ ♠❡♠♦r② µ11✳

µ01 = [] s✐♥❝❡ B2 /∈ ❞♦♠ (µ0)

ρ11 = [a2← ea2, b2← eb2, c2← ea2 + eb2]
µ11 = [B2← [p← 1]]

❊♥✈✐r♦♥♠❡♥t N2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρ12 ❛♥❞ t❤❡ ♠❡♠♦r② µ12 ❞❡✜♥❡❞ ❜❡❧♦✇ ❛♥❞ ✐s ❡①♣❡❝t❡❞
t♦ t❡r♠✐♥❛t❡ ❜② ❦❡❡♣✐♥❣ ✉♥❝❤❛♥❣❡❞ t❤❡ st♦r❡ ρ12 ❛♥❞ ♣r♦❞✉❝✐♥❣ t❤❡ ♠❡♠♦r② µ13 ✭❙❡❡ r✉❧❡ ❘✽
❜❡❧♦✇ ❢♦r ρ12 ❛♥❞ µ13 ❝♦♠♣✉t❛t✐♦♥✮✳

ρ12 = ρ11 � link(1,O1)
= [c2← ea2 + eb2]

µ12 = [] s✐♥❝❡ 1 /∈ I1 ❛♥❞ N2 /∈ ❞♦♠(µ0)

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2✳ ❇❧♦❝❦s B1 ❛♥❞ B2 ❛r❡ ✐♥st❛♥❝❡s ♦❢ t❤❡ s❛♠❡ ❜❧♦❝❦ B✱ t❤❡♥ t❤❡
❡①❡❝✉t✐♦♥ ♦❢ B2 ✐s s✐♠✐❧❛r t♦ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ B1 ✭❙❡❡ r✉❧❡ ❘✺ ❛❜♦✈❡✮✳

❊①❡❝✉t✐♦♥ ♦❢ ❡♥✈✐r♦♥♠❡♥t N2✳ ❚❤❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ N2 ✐s tr✐❣❣❡r❡❞ ❜② t❤❡ r❡❝❡♣t✐♦♥ ♦❢ t❤❡
✈❛❧✉❡ ✏ea2 + eb2✑ ❢r♦♠ ❜❧♦❝❦ B2 ♦✈❡r t❤❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✏c2✑✳ ❚❤❡♥ t❤❡ ❜♦❞② ♦❢ N2 ✐s ❡①❡❝✉t❡❞
✐❣♥♦r✐♥❣ ❛❧❧ s✐❣♥❛❧ st❛t❡♠❡♥ts t❤❛t ❞♦ ♥♦t ❝♦rr❡s♣♦♥❞ t♦ ✏z2✑✱ t❤❡ r❡s♣❡❝t✐✈❡ ❢♦r♠❛❧ ♣❛r❛♠❡t❡r ♦❢
❛❝t✉❛❧ ♣❛r❛♠❡t❡r ✏c2✑✳ ■♥t❡r♠❡❞✐❛t❡ st♦r❡s t❤❛t N2 ♥❡❡❞s t♦ ❝♦♠♣✉t❡ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✳

ρglobal = []
ρconst = []
ρinput ∈ ❛ss✐❣♥(c2, z2, ρ12)

= [z2← ea2 + eb2]
ρperm = ✐♥✐t(last1✿bool ✿❂ false, ρglobal ⊕ ρconst) s✐♥❝❡ N2 /∈ ❞♦♠(µ12)

= [last1← false]
ρtemp = []
ρvar = ρglobal ⊕ ρconst ⊕ ρinput ⊕ ρperm ⊕ ρtemp

= []⊕ []⊕ [z2← ea2 + eb2]⊕ [last1← false]⊕ []
= [z2← ea2 + eb2, last1← false]

❚❤❡ ❜♦❞② ♦❢ N2 ❝❛♥ t❤❡♥ ❜❡ ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ❛♥❞ t❤❡ ♠❡♠♦r② µ12 ❛❝❝♦r❞✐♥❣ t♦ t❤❡
❢♦❧❧♦✇✐♥❣ r✉❧❡✿

■♥r✐❛
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{last1 ✿❂ false}N2, ρvar, µ12
ǫ
−→i ρbody, µbody

{not✭last1✮}ρvar →e false

{on z2 ✲❃ last1 ✿❂ false}N2, ρvar, µ12
z2
−→i ρbody, µbody

z2 ∈ ❞♦♠(ρvar)

(R82)























if not✭last1✮ then

on z1 ✲❃ last1 ✿❂ true

else

on z2 ✲❃ last1 ✿❂ false

end if























N2, ρvar, µ12
z2
−→i ρbody, µbody

(R81)

{N2✭c1⑤c2✮}ǫ, ρ12, µ12
c2
−→i ρ12, µ13

(R8)

❱❛r✐❛❜❧❡ ✏last1✑ ✐s ❡✈❛❧✉❛t❡❞ t♦ ✏false✑ ✐♥ t❤❡ st♦r❡ ρvar✱ t❤❡♥ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ st❛t❡♠❡♥t ❛❧❧♦✇s
♦♥❧② t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ✏on z1 ✲❃ last1 ✿❂ true✑ ❣✉❛r❞❡❞ ❜② t❤❡ ❝♦♥❞✐t✐♦♥ ✏not✭last1✮✑
✭r✉❧❡ ❘✽✶✮✳ ❍♦✇❡✈❡r✱ ✈❛r✐❛❜❧❡ z1 ❝❛♥ ♥♦t ❜❡ ❡✈❛❧✉❛t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ✭z1 /∈ rhovar✮✳ ❘✉❧❡ ❘✽✶
❝❛♥ ♥♦t ❜❡ ❝r♦ss❡❞ ❜❧♦❝❦✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❡♥✈✐r♦♥♠❡♥t ◆✷✱ ❛♥❞ ♥♦ st♦r❡ ♥❡✐t❤❡r ♠❡♠♦r② ❝❛♥
❜❡ ♣r♦❞✉❝❡❞✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2 ✐s ❝❛♥❝❡❧❧❡❞ ❛♥❞ t❤❡ ❣❧♦❜❛❧ ♠❡♠♦r② ♦❢ t❤❡
s②st❡♠ S ✐s ♥♦t ✉♣❞❛t❡❞ s✐♥❝❡ ✐t r❡q✉✐r❡s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❜❧♦❝❦ ❛♥❞ ❛❧❧ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs
t♦ ❜❡ ♣❡r❢♦r♠❡❞ ♥♦r♠❛❧❧② ❛♥❞ ❛t♦♠✐❝❛❧❧②✳

❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ tr❛♥s✐t✐♦♥✳ ❲❡ ❤❛✈❡ s❤♦✇♥ ♣r❡✈✐♦✉s❧② t❤❛t ♦♥❧② ❜❧♦❝❦ B1 ❝❛♥ ❜❡
❡①❡❝✉t❡❞ ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ st❛t❡ µ0 ♦❢ t❤❡ s②st❡♠✳ ❚❤❡ ❧❛❜❡❧ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✜rst tr❛♥s✐t✐♦♥
♦❢ t❤❡ s②st❡♠ ✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❢✉♥❝t✐♦♥ ❧❛❜❡❧ ❛s ❢♦❧❧♦✇s✳

❧❛❜❡❧(B1 ✭a1✱ b1❀ ❄c1❀ ❄❴✮, ρ1) = ❇✶ ✭❧❛❜❡❧(〈〈a1, b1〉, ?c1, ?❴〉, ρ1)✮
= ❇✶ ✭❧❛❜❡❧(a1, ρ1)✱ ❧❛❜❡❧(b1, ρ1)❀

❧❛❜❡❧(?c1, ρ1)❀ ❧❛❜❡❧(?❴, ρ1)✮
= ❇✶ ✭ρ1(a1)✱ ρ1(b1)❀ ❄ρ1(c1)❀ ❄❴✮

= ❇✶ ✭❡❛✶❀ ❡❜✶❀ ❄❡❛✶✰❡❜✶❀ ❄❴✮

❚❤❡ ▲❚❙ ♦❢ t❤❡ s②st❡♠ ❛❢t❡r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ B1 ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

❈✳✷✳✸ ❊①❡❝✉t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞ tr❛♥s✐t✐♦♥✳

❇❧♦❝❦ B1 ❜❡❤❛✈❡s s✐♠✐❧❛r❧② t♦ ❜❧♦❝❦ B2 ✐♥ t❤❡ ✜rst r♦✉♥❞ ✭tr❛♥s✐t✐♦♥✮✱ ❛♥❞ ❝♦♥✈❡rs❡❧②✳

❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2 ❛♥❞ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳ ❈♦♥♥❡❝t✐♦♥s ♦❢ B2 ✇✐t❤ ♦t❤❡r ❛❝t♦rs
❛r❡ ❛s ❞❡✜♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✿ R1 = ǫ✱ S1 = ǫ✱ I1 = ǫ✱ O1 = {1} ❛♥❞ link(1,O1) = {c2}✱
A1 = {0}✳ ❚❤❡ ✐♥✐t✐❛❧ st♦r❡ ✐s ρ0 = [a2← ea2, b2← eb2] ✇❤❡r❡ ea2 ∈ nat ❛♥❞ eb2 ∈ nat✳
❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ s②st❡♠ S ✐s ❣♦✈❡r♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡✿

{B2✭a2✱b2❀❄c2❀❄❴✮}ǫ, ρ0, µ11
ǫ
−→c ρ11, µ12

{N2✭c1⑤c2✮}ǫ, ρ12, µ13
c2
−→c ρ12, µ14

µ1
❇✷✭❡❛✷✱ ❡❜✷❀ ❄❡❛✷✰❡❜✷❀ ❄❴✮
−−−−−−−−−−−−−−−−−→s µ2

(R7)

❘❘ ♥➦ ✽✺✷✼
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❇❧♦❝❦ B2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ ✐♥✐t✐❛❧ st♦r❡ ρ0 ❛♥❞ t❤❡ ♠❡♠♦r② µ11✱ ❛♥❞ t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣
t❤❡ st♦r❡ ρ11 ❛♥❞ t❤❡ ♠❡♠♦r② µ12 ❡①❛❝t❧② ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❜❧♦❝❦ B1 ❡①❡❝✉t✐♦♥ ✐♥ t❤❡ ♣r❡✈✐♦✉s
s❡❝t✐♦♥ s✐♥❝❡ ✐ts t❤❡ ✜rst ❡①❡❝✉t✐♦♥ ♦❢ B2 t♦❣❡t❤❡r ✇✐t❤ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs ✭s❡❡ r✉❧❡ ❘✺ ❛❜♦✈❡
❢♦r ✐♥t❡r♠❡❞✐❛t❡ ❝♦♠♣✉t❛t✐♦♥s✮✳

µ11 = [] s✐♥❝❡ B2 /∈ ❞♦♠ (µ1)

ρ11 = [a2← ea2, b2← eb2, c2← ea2 + eb2]
µ12 = [B2← [p← 1]]

❊♥✈✐r♦♥♠❡♥t N2 ✐s ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρ12 ❛♥❞ t❤❡ ♠❡♠♦r② µ13 ❞❡✜♥❡❞ ❜❡❧♦✇ ❛♥❞ t❡r♠✐♥❛t❡s
❜② ❦❡❡♣✐♥❣ ✉♥❝❤❛♥❣❡❞ t❤❡ st♦r❡ ρ12✱ ♣r♦❞✉❝✐♥❣ t❤❡ ♠❡♠♦r② µ14 ✭❙❡❡ r✉❧❡ ❘✶✵ ❜❡❧♦✇ ❢♦r ρ12 ❛♥❞
µ14 ❝♦♠♣✉t❛t✐♦♥✮✱ ❛♥❞ ♣❛ss✐♥❣ t❤❡ ❧❛❜❡❧ c2 t♦ ✐ts ❝♦♥t❡①t✳

ρ12 = ρ11 � link(1,O1)
= [c2← ea2 + eb2]

µ13 = µ1(N2) s✐♥❝❡ 1 /∈ I1 ❛♥❞ N2 ∈ ❞♦♠ (µ1)
= [N2← [last1← true]]

µ14 = [N2← [last1← false]]

❊①❡❝✉t✐♦♥ ♦❢ ❡♥✈✐r♦♥♠❡♥t N2✳ ❚❤❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ N2 ✐s tr✐❣❣❡r❡❞ ❜② t❤❡ r❡❝❡♣t✐♦♥ ♦❢
t❤❡ ✈❛❧✉❡ ✏ea2 + eb2✑ ❢r♦♠ ❜❧♦❝❦ B2 ♦✈❡r t❤❡ ❛❝t✉❛❧ ❝❤❛♥♥❡❧ ✏c2✑✳ ■♥t❡r♠❡❞✐❛t❡ st♦r❡s t❤❛t N2
♥❡❡❞s t♦ ❝♦♠♣✉t❡ ❛r❡ ❛s t❤❡ ❢♦❧❧♦✇✐♥❣✳

ρglobal = []
ρconst = []
ρinput = [z2← ea2 + eb2]
ρperm = µ13(N2) s✐♥❝❡ N2 ∈ ❞♦♠(µ13)

= [last1← true]
ρtemp = []
ρvar = ρglobal ⊕ ρconst ⊕ ρinput ⊕ ρperm ⊕ ρtemp

= []⊕ []⊕ [z2← ea2 + eb2]⊕ [last1← true]⊕ []
= [z2← ea2 + eb2, last1← true]

❚❤❡ ❜♦❞② ♦❢ N2 ❝❛♥ t❤❡♥ ❜❡ ❡①❡❝✉t❡❞ ✐♥ t❤❡ st♦r❡ ρvar ❛♥❞ t❤❡ ♠❡♠♦r② µ13 ❛♥❞ t❡r♠✐♥❛t❡s ❜②
♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρbody ❛♥❞ t❤❡ ♠❡♠♦r② µbody ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ r✉❧❡✿

{last1 ✿❂ false}N2, ρvar, µ13
ǫ
−→i ρbody, µbody

{not✭last1✮}ρvar →e false

{on z2 ✲❃ last1 ✿❂ false}N2, ρvar, µ13
z2
−→i ρbody, µbody

z2 ∈ ❞♦♠(ρvar)

(R102)























if not✭last1✮ then

on z1 ✲❃ last1 ✿❂ true

else

on z2 ✲❃ last1 ✿❂ false

end if























N2, ρvar, µ13
z2
−→i ρbody, µbody

(R101)

{N2✭c1⑤c2✮}ǫ, ρ12, µ13
c2
−→i ρ12, µ14

(R10)

■♥r✐❛
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❙t♦r❡ ρbody t♦❣❡t❤❡r ✇✐t❤ ♠❡♠♦r✐❡s µbody ❛♥❞ ρ13 ❛r❡ ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳

ρbody = ρvar ⊕ [last1← false]
= [z2← ea2 + eb2, last1← true]⊕ [last1← false]
= [z2← ea2 + eb2, last1← false]

µbody = µ13

= [N2← [last1← true]]
µ14 = µbody ⊕ [N2← ρbody � ✈❛rs(last1✿bool ✿❂ false)]

= [N2← [last1← false]]

❋✐♥❛❧ st♦r❡ ❛♥❞ ♠❡♠♦r②✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2 ❛♥❞ ✐ts ❝♦♥♥❡❝t❡❞ ❡♥✈✐r♦♥♠❡♥t N2
t❡r♠✐♥❛t❡s ❜② ♣r♦❞✉❝✐♥❣ t❤❡ st♦r❡ ρ2 ❛♥❞ t❤❡ ♠❡♠♦r② µ2✳

ρ2 = ρ11
= [a2← ea2, b2← eb2, c2← ea2 + eb2]

µ2 = µ1 ⊕ µ12 ⊕ µ14

=

[

B1← [p← 1]
N2← [last1← true]

]

⊕
[

B2← [p← 1]
]

⊕
[

N2← [last1← false]
]

=





B1← [p← 1]
B2← [p← 1]
N2← [last1← false]





❊①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B1 ❛♥❞ ✐ts ❝♦♥♥❡❝t❡❞ ❛❝t♦rs✳ ❚❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B1 ✐s ❜❧♦❝❦❡❞
✐♥ ♠❡♠♦r② µ1 ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❜❧♦❝❦ B2 ✐♥ ♠❡♠♦r② µ0 ✭❙❡❡ r✉❧❡ ❘✽ ❛❜♦✈❡
❢♦r ❞❡t❛✐❧s✮✳

❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ tr❛♥s✐t✐♦♥✳ ❖♥❧② ❜❧♦❝❦ B2 ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ❢r♦♠ t❤❡ st❛t❡ µ1 ♦❢ t❤❡
s②st❡♠✳ ❚❤❡ ❧❛❜❡❧ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s❡❝♦♥❞ tr❛♥s✐t✐♦♥ ♦❢ t❤❡ s②st❡♠ ✐s ♦❜t❛✐♥❡❞ ❛s ❢♦❧❧♦✇s✳

❧❛❜❡❧(B2 ✭a2✱ b2❀ ❄c2❀ ❄❴✮, ρ1) = ❇✷ ✭❡❛✷❀ ❡❜✷❀ ❄❡❛✷✰❡❜✷❀ ❄❴✮

❚❤❡ ▲❚❙ ♦❢ t❤❡ s②st❡♠ ❛❢t❡r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ B2 ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✳

❈✳✷✳✹ ❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ✇❤♦❧❡ ▲❚❙✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ▲❚❙ ✐s ❝♦♥str✉❝t❡❞ ❛s ❞❡t❛✐❧❡❞ ❛❜♦✈❡✳ ❊❛❝❤ st❛t❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡
❛❝t✉❛❧ ♠❡♠♦r✐❡s ♦❢ ❜❧♦❝❦s B1 ❛♥❞ B2 ❛♥❞ ❡♥✈✐r♦♥♠❡♥t N2✳ ❚r❛♥s✐t✐♦♥s ❝♦rr❡s♣♦♥❞ t♦ ❡✐t❤❡r
t❤❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ B1 ♦r t❤❡ ✐♥✈♦❝❛t✐♦♥ ♦❢ B2✱ t❤❡ ❛❧t❡r♥❛t✐♦♥ ❜❡✐♥❣ ❡♥s✉r❡❞ ❜② ❡♥✈✐r♦♥♠❡♥t
N2✳ ◆♦t❡ t❤❛t ❡♥✈✐r♦♥♠❡♥t N1 ✐s ♥❡✈❡r ✐♥✈♦❦❡❞ s✐♥❝❡ ♥♦t ❝♦♥♥❡❝t❡❞ t♦ ♥❡✐t❤❡r B1 ♥♦r B2 ❛♥❞
✈❛r✐❛❜❧❡s d1 ❛♥❞ d2 ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ ❝♦♠♣✉t❛t✐♦♥s✳

❘❘ ♥➦ ✽✺✷✼
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