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❚❡❡♥ ❚❛❧❦ ❇❛r❜✐❡

✭❛♣♦❝r②♣❤❛❧✮

Chapter 1

Introduction

❍♦✇ ❝❛♥ ✇❡ ❢✉❧❧② ✉t✐❧✐③❡ t❤❡ ❝♦♠✐♥❣ ❣❡♥❡r❛t✐♦♥ ♦❢ ♣❛r❛❧❧❡❧ s②st❡♠s❄ ❚❤❡

♣r✐♠✐t✐✈❡s ❛✈❛✐❧❛❜❧❡ t♦ t♦❞❛②✬s ♣r♦❣r❛♠♠❡rs ❛r❡ ❧❛r❣❡❧② ✐♥❛❞❡q✉❛t❡✳ Trans-

actions ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡ ❡①✐st✐♥❣ ♠❡❝❤❛♥✐s♠s

❢♦r ❡①♣r❡ss✐♥❣ ❝♦♥❝✉rr❡♥❝② ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥✱ ❜✉t ❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥s ♦❢ tr❛♥s❛❝t✐♦♥s ❛r❡ ❡✐t❤❡r t♦♦ ❧✐♠✐t❡❞ ♦r t♦♦ ✐♥❡✍❝✐❡♥t ❢♦r ❣❡♥❡r❛❧ ✉s❡✳

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts t❤❡ ❞❡s✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❡✍❝✐❡♥t ❛♥❞ ♣♦✇❡r❢✉❧

tr❛♥s❛❝t✐♦♥ s②st❡♠s t♦ ❤❡❧♣ ❛❞❞r❡ss t❤❡ ❝❤❛❧❧❡♥❣❡s ♣♦s❡❞ ❜② ❝✉rr❡♥t tr❡♥❞s

✐♥ ❝♦♠♣✉t✐♥❣ ❤❛r❞✇❛r❡✳

1.1 The rising challenge of multicore systems

Pr♦❝❡ss♦r t❡❝❤♥♦❧♦❣② ✐s ♥❡❛r✐♥❣ ✐ts ❧✐♠✐ts✿ ❡✈❡♥ t❤♦✉❣❤ tr❛♥s✐st♦r q✉❛♥t✐t✐❡s

❝♦♥t✐♥✉❡ t♦ ❣r♦✇ ❡①♣♦♥❡♥t✐❛❧❧②✱ ✇❡ ❛r❡ ♥♦✇ ✉♥❛❜❧❡ t♦ ❡☛❡❝t✐✈❡❧② ❤❛r♥❡ss

t❤♦s❡ ✈❛st q✉❛♥t✐t✐❡s ♦❢ tr❛♥s✐st♦rs t♦ ❝r❡❛t❡ s♣❡❡❞✐❡r s✐♥❣❧❡ ♣r♦❝❡ss♦rs✳ ❚❤❡

s♠❛❧❧❡r tr❛♥s✐st♦rs ②✐❡❧❞ r❡❧❛t✐✈❡❧② s❧♦✇❡r s✐❣♥❛❧ ♣r♦♣❛❣❛t✐♦♥ t✐♠❡s✱ ❞♦♦♠✲

✐♥❣ ❛tt❡♠♣ts t♦ ❝r❡❛t❡ ❛ s✐♥❣❧❡ s②♥❝❤r♦♥✐③❡❞ ♣r♦❝❡ss♦r ❢r♦♠ ❛❧❧ ♦❢ t❤♦s❡ r❡✲

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

multicore s②st❡♠s ✇❤✐❝❤ ✐♥t❡❣r❛t❡ ♠✉❧t✐♣❧❡ ♣❛r❛❧❧❡❧ ♣r♦❝❡ss♦rs ♦♥ ♦♥❡ ❝❤✐♣✳

❚❤❡ ✇✐❞❡s♣r❡❛❞ ❛❞♦♣t✐♦♥ ♦❢ ♣❛r❛❧❧❡❧ s②st❡♠s ❝r❡❛t❡s ♣r♦❜❧❡♠s✿ ❤♦✇ ❝❛♥

✇❡ ❡♥s✉r❡ t❤❛t ♦♣❡r❛t✐♦♥s ♦❝❝✉r ✐♥ ❛♥ ❛♣♣r♦♣r✐❛t❡ ♦r❞❡r❄ ❍♦✇ ❝❛♥ ✇❡
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❡♥s✉r❡ ❝❡rt❛✐♥ ♦♣❡r❛t✐♦♥s ♦❝❝✉r ❛t♦♠✐❝❛❧❧②✱ s♦ t❤❛t ♦t❤❡r ❝♦♠♣♦♥❡♥ts ♦❢

t❤❡ ♣❛r❛❧❧❡❧ s②st❡♠ ♦♥❧② ♦❜s❡r✈❡ ❞❛t❛ str✉❝t✉r❡s ✐♥ ✇❡❧❧✲❞❡☞♥❡❞ st❛t❡s❄

❆t♦♠✐❝✐t② ✐♥ s❤❛r❡❞✲♠❡♠♦r② ♠✉❧t✐♣r♦❝❡ss♦rs ✐s ❝♦♥✈❡♥t✐♦♥❛❧❧② ♣r♦✈✐❞❡❞

✈✐❛ ♠✉t✉❛❧✲❡①❝❧✉s✐♦♥ locks ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❬✾✸✱ ♣✳ ✸✺❪✮✳ ❆❧t❤♦✉❣❤ ❧♦❝❦s

❛r❡ ❡❛s② t♦ ✐♠♣❧❡♠❡♥t ✉s✐♥❣ t❡st✲❛♥❞✲s❡t✱ ❝♦♠♣❛r❡✲❛♥❞✲s✇❛♣✱ ♦r ❧♦❛❞✲❧✐♥❦❡❞✴

st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥str✉❝t✐♦♥s✱ t❤❡② ✐♥tr♦❞✉❝❡ ❛ ❤♦st ♦❢ ❞✐✍❝✉❧t✐❡s✳ Pr♦t♦❝♦❧s

t♦ ❛✈♦✐❞ ❞❡❛❞❧♦❝❦ ✇❤❡♥ ❧♦❝❦✐♥❣ ♠✉❧t✐♣❧❡ ♦❜❥❡❝ts ♦❢t❡♥ ✐♥✈♦❧✈❡ ❛❝q✉✐r✐♥❣ t❤❡

❧♦❝❦s ✐♥ ❛ ❝♦♥s✐st❡♥t ❧✐♥❡❛r ♦r❞❡r✱ ♠❛❦✐♥❣ ♣r♦❣r❛♠♠✐♥❣ ✇✐t❤ ❧♦❝❦s ❡rr♦r✲

♣r♦♥❡ ❛♥❞ ✐♥tr♦❞✉❝✐♥❣ s✐❣♥✐☞❝❛♥t t✐♠❡ ❛♥❞ s♣❛❝❡ ♦✈❡r❤❡❛❞s ✐♥ t❤❡ r❡s✉❧t✐♥❣

❝♦❞❡✳ ❚❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ ❡❛❝❤ ❧♦❝❦ ♠✉st ❛❧s♦ ❜❡ ❡①♣❧✐❝✐t❧② ❝❤♦s❡♥✱ ❛s ❧♦❝❦s

t❤❛t ❛r❡ t♦♦ ☞♥❡ ✐♥tr♦❞✉❝❡ ✉♥♥❡❝❡ss❛r② s♣❛❝❡ ❛♥❞ t✐♠❡ ♦✈❡r❤❡❛❞✱ ✇❤✐❧❡ ❧♦❝❦s

t❤❛t ❛r❡ t♦♦ ❝♦❛rs❡ s❛❝r✐☞❝❡ ❛tt❛✐♥❛❜❧❡ ♣❛r❛❧❧❡❧✐s♠ ✭♦r ♠❛② ❡✈❡♥ ❞❡❛❞❧♦❝❦✮✳

❊✈❡r② ❛❝❝❡ss t♦ ❛ s❤❛r❡❞ ♦❜❥❡❝t ♠✉st ❤♦❧❞ s♦♠❡ ❧♦❝❦ ♣r♦t❡❝t✐♥❣ t❤❛t ♦❜❥❡❝t✱

r❡❣❛r❞❧❡ss ♦❢ ✇❤❡t❤❡r ❛♥♦t❤❡r t❤r❡❛❞ ✐s ❛❝t✉❛❧❧② ❛tt❡♠♣t✐♥❣ t♦ ❛❝❝❡ss t❤❡

s❛♠❡ ♦❜❥❡❝t✳

1.2 Advantages of transactions

Transactions ❛r❡ ❛♥ ❛❧t❡r♥❛t✐✈❡ ♠❡❛♥s ♦❢ ♣r♦✈✐❞✐♥❣ ❝♦♥❝✉rr❡♥❝② ❝♦♥tr♦❧✳

❆ tr❛♥s❛❝t✐♦♥ ❝❛♥ ❜❡ t❤♦✉❣❤t ♦❢ ❛s ❛ s❡q✉❡♥❝❡ ♦❢ ❧♦❛❞s ❛♥❞ st♦r❡s ♣❡r❢♦r♠❡❞

❛s ♣❛rt ♦❢ ❛ ♣r♦❣r❛♠ ✇❤✐❝❤ ❡✐t❤❡r commits ♦r aborts✳ ■❢ ❛ tr❛♥s❛❝t✐♦♥

❝♦♠♠✐ts✱ t❤❡♥ ❛❧❧ ♦❢ t❤❡ ❧♦❛❞s ❛♥❞ st♦r❡s ❛♣♣❡❛r t♦ ❤❛✈❡ r✉♥ ❛t♦♠✐❝❛❧❧②

✇✐t❤ r❡s♣❡❝t t♦ ♦t❤❡r tr❛♥s❛❝t✐♦♥s✳ ❚❤❛t ✐s✱ t❤❡ tr❛♥s❛❝t✐♦♥✬s ♦♣❡r❛t✐♦♥s ❛r❡

♥♦t ✐♥t❡r❧❡❛✈❡❞ ✇✐t❤ t❤♦s❡ ♦❢ ♦t❤❡r tr❛♥s❛❝t✐♦♥s✳ ■❢ ❛ tr❛♥s❛❝t✐♦♥ ❛❜♦rts✱

t❤❡♥ ♥♦♥❡ ♦❢ ✐ts st♦r❡s t❛❦❡ ❡☛❡❝t ❛♥❞ t❤❡ tr❛♥s❛❝t✐♦♥ ♠❛② ❜❡ r❡st❛rt❡❞✱

✇✐t❤ s♦♠❡ ♠❡❝❤❛♥✐s♠ t♦ ❡♥s✉r❡ ❢♦r✇❛r❞ ♣r♦❣r❡ss✳

❇② str✉❝t✉r✐♥❣ ❝♦♥❝✉rr❡♥❝② ❛t ❛ ❤✐❣❤ ❧❡✈❡❧ ✇✐t❤ tr❛♥s❛❝t✐♦♥s✱ ❤✉♠❛♥

♣r♦❣r❛♠♠❡rs ♥♦ ❧♦♥❣❡r ♥❡❡❞ t♦ ♠❛♥❛❣❡ t❤❡ ❞❡t❛✐❧s r❡q✉✐r❡❞ t♦ ❡♥s✉r❡ ❛t♦♠✲

✐❝✐t②✳ ❆ ❢✉❧❧ ♠❡♥t❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ❣❧♦❜❛❧ ❝♦♥❝✉rr❡♥❝② str✉❝t✉r❡ ♠✉st ❜❡ ❦❡♣t

✐♥ ♠✐♥❞ ✇❤❡♥ ✇r✐t✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ❝♦❞❡✱ ✇❤✐❝❤ ♣r♦❣r❛♠♠❡rs ❤❛✈❡ ❞✐❢✲

☞❝✉❧t② ❝♦rr❡❝t❧② ♠❛✐♥t❛✐♥✐♥❣✳ ❚❤❡ s✐♠♣❧❡r ❭❣❧♦❜❛❧ ❛t♦♠✐❝✐t②✧ ❣✉❛r❛♥t❡❡❞
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✉♥❞❡r t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ♠♦❞❡❧ ❡❧✐♠✐♥❛t❡s ♣♦t❡♥t✐❛❧ ❡rr♦rs ❛♥❞ s✐♠♣❧✐☞❡s t❤❡

❝♦♥❝❡♣t✉❛❧ ♠♦❞❡❧ ♦❢ t❤❡ s②st❡♠✱ ♠❛❦✐♥❣ ❢✉t✉r❡ ♠♦❞✐☞❝❛t✐♦♥s s❛❢❡r ❛s ✇❡❧❧✳

❚❤❡ tr❛♥s❛❝t✐♦♥ ♣r✐♠✐t✐✈❡s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❝❛♥ ❡①♣❧♦✐t ♦♣t✐✲

♠✐st✐❝ ❝♦♥❝✉rr❡♥❝②✱ ♣r♦✈✐❞❡ ❢❛✉❧t t♦❧❡r❛♥❝❡✱ ❛♥❞ ♣r❡✈❡♥t ❞❡❧❛②s ❜② ✉s✐♥❣

♥♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❆❧t❤♦✉❣❤ tr❛♥s❛❝t✐♦♥s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞

✉s✐♥❣ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ✭❧♦❝❦s✮✱ ♦✉r ❛❧❣♦r✐t❤♠s ✉t✐❧✐③❡ ♥♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦✲

♥✐③❛t✐♦♥ ❬✹✵✱ ✺✹✱ ✺✻✱ ✻✺✱ ✼✸❪ t♦ ❡①♣❧♦✐t ♦♣t✐♠✐st✐❝ ❝♦♥❝✉rr❡♥❝② ❛♠♦♥❣ tr❛♥s✲

❛❝t✐♦♥s✳ ◆♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ♦☛❡rs s❡✈❡r❛❧ ❛❞✈❛♥t❛❣❡s❀ ❢r♦♠ t❤❡

s②st❡♠ ❜✉✐❧❞❡r✬s ♣❡rs♣❡❝t✐✈❡ t❤❡ ♣r✐♥❝✐♣❧❡ ❛❞✈❛♥t❛❣❡ ✐s ❢❛✉❧t t♦❧❡r❛♥❝❡✳ ■♥ ❛

tr❛❞✐t✐♦♥❛❧❧② ❝♦♥str✉❝t❡❞ s②st❡♠✱ ❛ ♣r♦❝❡ss t❤❛t ❢❛✐❧s ♦r ♣❛✉s❡s ✇❤✐❧❡ ❤♦❧❞✐♥❣

❛ ❧♦❝❦ ✇✐t❤✐♥ ❛ ❝r✐t✐❝❛❧ r❡❣✐♦♥ ❝❛♥ ♣r❡✈❡♥t ❛❧❧ ♦t❤❡r ♣r♦❝❡ss❡s ❢r♦♠ ♠❛❦✐♥❣

♣r♦❣r❡ss✳ ■t ✐s ✐♥ ❣❡♥❡r❛❧ ♥♦t ♣♦ss✐❜❧❡ t♦ r❡st♦r❡ ❧♦❝❦❡❞ ❞❛t❛ str✉❝t✉r❡s t♦

❛ ❝♦♥s✐st❡♥t st❛t❡ ❛❢t❡r s✉❝❤ ❛ ❢❛✐❧✉r❡✳ ◆♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ♦☛❡rs

❛ ❣r❛❝❡❢✉❧ s♦❧✉t✐♦♥✱ ❛s ♥♦♥✲♣r♦❣r❡ss ♦r ❢❛✐❧✉r❡ ♦❢ ❛♥② ♦♥❡ t❤r❡❛❞ ❞♦❡s ♥♦t

❛☛❡❝t t❤❡ ♣r♦❣r❡ss ♦r ❝♦♥s✐st❡♥❝② ♦❢ ♦t❤❡r t❤r❡❛❞s ♦r t❤❡ s②st❡♠✳

■♠♣❧❡♠❡♥t✐♥❣ tr❛♥s❛❝t✐♦♥s ✉s✐♥❣ ♥♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ♦☛❡rs ♣❡r✲

❢♦r♠❛♥❝❡ ❜❡♥❡☞ts ❛s ✇❡❧❧✳ ❲❤❡♥ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ✐s ✉s❡❞ t♦ ❡♥❢♦r❝❡ ❛t♦♠✐❝✲

✐t②✱ ♣❛❣❡ ❢❛✉❧ts✱ ❝❛❝❤❡ ♠✐ss❡s✱ ❝♦♥t❡①t s✇✐t❝❤❡s✱ ■✴❖✱ ❛♥❞ ♦t❤❡r ✉♥♣r❡❞✐❝t❛❜❧❡

❡✈❡♥ts ♠❛② r❡s✉❧t ✐♥ ❞❡❧❛②s t♦ t❤❡ ❡♥t✐r❡ s②st❡♠✳ ◆♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛✲

t✐♦♥ ❛❧❧♦✇s ✉♥❞❡❧❛②❡❞ ♣r♦❝❡ss❡s ♦r ♣r♦❝❡ss♦rs t♦ ❝♦♥t✐♥✉❡ t♦ ♠❛❦❡ ♣r♦❣r❡ss✳

■♥ r❡❛❧✲t✐♠❡ s②st❡♠s✱ t❤❡ ✉s❡ ♦❢ ♥♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ❝❛♥ ♣r❡✈❡♥t

♣r✐♦r✐t② ✐♥✈❡rs✐♦♥ ✐♥ t❤❡ s②st❡♠ ❬✻✵❪✱ ❛❧t❤♦✉❣❤ ♥❛✐✈❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♠❛②

r❡s✉❧t ✐♥ st❛r✈❛t✐♦♥ ♦❢ ❧♦✇✲♣r✐♦r✐t② t❛s❦s ✭s❡❡ ❙❡❝t✐♦♥ ✽✳✷ ❢♦r ❛ ❞✐s❝✉ss✐♦♥✮✳

1.3 Unlimited transactions

❚❤❡ transactional memory ❛❜str❛❝t✐♦♥ ❬✹✾✱ ✺✵✱ ✻✸✱ ✽✶✱ ✽✼✱ ✽✾❪✱ ❤❛s ❜❡❡♥

♣r♦♣♦s❡❞ ❛s ❛ ❣❡♥❡r❛❧ ❛♥❞ ✌❡①✐❜❧❡ ✇❛② t♦ ❛❧❧♦✇ ♣r♦❣r❛♠s t♦ r❡❛❞ ❛♥❞ ♠♦❞✐❢②

❞✐s♣❛r❛t❡ ♣r✐♠❛r② ♠❡♠♦r② ❧♦❝❛t✐♦♥s ❛s ❛ s✐♥❣❧❡ ♦♣❡r❛t✐♦♥ ✭❛t♦♠✐❝❛❧❧②✮✱ ♠✉❝❤

❛s ❛ ❞❛t❛❜❛s❡ tr❛♥s❛❝t✐♦♥ ❝❛♥ ❛t♦♠✐❝❛❧❧② ♠♦❞✐❢② ♠❛♥② r❡❝♦r❞s ♦♥ ❞✐s❦✳
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Hardware transactional memory ✭❍❚▼✮ s✉♣♣♦rts ❛t♦♠✐❝✐t② t❤r♦✉❣❤

❛r❝❤✐t❡❝t✉r❛❧ ♠❡❛♥s✱ ✇❤❡r❡❛s software transactional memory ✭❙❚▼✮

s✉♣♣♦rts ❛t♦♠✐❝✐t② t❤r♦✉❣❤ ❧❛♥❣✉❛❣❡s✱ ❝♦♠♣✐❧❡rs✱ ❛♥❞ ❧✐❜r❛r✐❡s✳ ■ ✇✐❧❧ ♣r❡s❡♥t

❜♦t❤ s♦❢t✇❛r❡ ❛♥❞ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ ♠♦❞❡❧✳

❘❡s❡❛r❝❤❡rs ♦❢ ❜♦t❤ ❍❚▼ ❛♥❞ ❙❚▼ ❝♦♠♠♦♥❧② ❡①♣r❡ss t❤❡ ♦♣✐♥✐♦♥ t❤❛t

tr❛♥s❛❝t✐♦♥s ♥❡❡❞ ♥❡✈❡r t♦✉❝❤ ♠❛♥② ♠❡♠♦r② ❧♦❝❛t✐♦♥s✱ ❛♥❞ ❤❡♥❝❡ ✐t ✐s r❡❛✲

s♦♥❛❜❧❡ t♦ ♣✉t ❛ ✭s♠❛❧❧✮ ❜♦✉♥❞ ♦♥ t❤❡✐r s✐③❡ ❬✹✾✱ ✺✵❪✳✶ ❋♦r ❍❚▼ ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥s✱ t❤❡② ❝♦♥❝❧✉❞❡ t❤❛t ❛ s♠❛❧❧ ♣✐❡❝❡ ♦❢ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡⑤t②♣✐❝❛❧❧② ✐♥

t❤❡ ❢♦r♠ ♦❢ ❛ ☞①❡❞✲s✐③❡ ❝♦♥t❡♥t✲❛❞❞r❡ss❛❜❧❡ ♠❡♠♦r② ❛♥❞ s✉♣♣♦rt✐♥❣ ❧♦❣✐❝⑤

s❤♦✉❧❞ s✉✍❝❡✳ ❋♦r ❙❚▼ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✱ s♦♠❡ r❡s❡❛r❝❤❡rs ❛r❣✉❡ ❛❞❞✐t✐♦♥✲

❛❧❧② t❤❛t tr❛♥s❛❝t✐♦♥s ♦❝❝✉r ✐♥❢r❡q✉❡♥t❧②✱ ❛♥❞ ❤❡♥❝❡ t❤❡ s♦❢t✇❛r❡ ♦✈❡r❤❡❛❞

✇♦✉❧❞ ❜❡ ❞✇❛r❢❡❞ ❜② t❤❡ ♦t❤❡r ♣r♦❝❡ss✐♥❣ ❞♦♥❡ ❜② ❛♥ ❛♣♣❧✐❝❛t✐♦♥✳ ■♥ ❝♦♥✲

tr❛st✱ t❤✐s t❤❡s✐s s✉♣♣♦rts tr❛♥s❛❝t✐♦♥s ♦❢ ❛r❜✐tr❛r② s✐③❡ ❛♥❞ ❞✉r❛t✐♦♥✳ ❏✉st

❛s ♠♦st ♣r♦❣r❛♠♠❡rs ♥❡❡❞ ♥♦t ♣❛② ❛♥② ❛tt❡♥t✐♦♥ t♦ t❤❡ ❡①❛❝t s✐③❡ ❛♥❞ r❡✲

♣❧❛❝❡♠❡♥t ♣♦❧✐❝② ♦❢ t❤❡✐r s②st❡♠✬s ❝❛❝❤❡✱ ♣r♦❣r❛♠♠❡rs ♦✉❣❤t ♥♦t ❝♦♥❝❡r♥

t❤❡♠s❡❧✈❡s ✇✐t❤ ❧✐♠✐ts ♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s ♦❢ t❤❡✐r tr❛♥s❛❝t✐♦♥ s②st❡♠✳

▼② ❣♦❛❧ ✐s t♦ ♠❛❦❡ ❝♦♥❝✉rr❡♥t ❛♥❞ ❢❛✉❧t✲t♦❧❡r❛♥t ♣r♦❣r❛♠♠✐♥❣ ❡❛s✐❡r✱

✇✐t❤♦✉t ✐♥❝✉rr✐♥❣ ❡①❝❡ss✐✈❡ ♦✈❡r❤❡❛❞✳ ❚❤✐s t❤❡s✐s ❛❞✈♦❝❛t❡s ✉♥❜♦✉♥❞❡❞

tr❛♥s❛❝t✐♦♥s ❜❡❝❛✉s❡ ♥❡✐t❤❡r ♣r♦❣r❛♠♠❡rs ♥♦r ❝♦♠♣✐❧❡rs ❝❛♥ ❡❛s✐❧② ❝♦♣❡

✇❤❡♥ ❛♥ ❛r❝❤✐t❡❝t✉r❡ ✐♠♣♦s❡s ❛ ❤❛r❞ ❧✐♠✐t ♦♥ tr❛♥s❛❝t✐♦♥ s✐③❡✳ ❆♥ ✐♠♣❧❡✲

♠❡♥t❛t✐♦♥ ♠✐❣❤t ❜❡ ♦♣t✐♠✐③❡❞ ❢♦r tr❛♥s❛❝t✐♦♥s ❜❡❧♦✇ ❛ ❝❡rt❛✐♥ s✐③❡✱ ❜✉t

♠✉st st✐❧❧ ♦♣❡r❛t❡ ❝♦rr❡❝t❧② ❢♦r ❧❛r❣❡r tr❛♥s❛❝t✐♦♥s✳ ❚❤❡ s✐③❡ ♦❢ tr❛♥s❛❝t✐♦♥❛❧

❤❛r❞✇❛r❡ s❤♦✉❧❞ ❜❡ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣❛r❛♠❡t❡r✱ ❧✐❦❡ ❝❛❝❤❡ s✐③❡ ♦r ♠❡♠♦r②

s✐③❡✱ ✇❤✐❝❤ ❝❛♥ ✈❛r② ✇✐t❤♦✉t ❛☛❡❝t✐♥❣ t❤❡ ♣♦rt❛❜✐❧✐t② ♦❢ ❜✐♥❛r✐❡s✳

■♥ ❈❤❛♣t❡r ✼ ■ s❤♦✇ ❤♦✇ ❛ ❢❛st ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❢♦r ❢r❡q✉❡♥t

s❤♦rt tr❛♥s❛❝t✐♦♥s ❝❛♥ ❣r❛❝❡❢✉❧❧② ❢❛✐❧ ♦✈❡r t♦ ❛ s♦❢t✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡✲

s✐❣♥❡❞ t♦ ❡✍❝✐❡♥t❧② ❡①❡❝✉t❡ ❧❛r❣❡ ❧♦♥❣✲❧✐✈❡❞ tr❛♥s❛❝t✐♦♥s✳ ❚❤❡ ❤②❜r✐❞ ❛♣✲

✶❋♦r ❡①❛♠♣❧❡✱ ❬✹✾✱ s❡❝t✐♦♥ ✺✳✷❪ st❛t❡s✱ ❭❖✉r ❬❍❚▼❪ ✐♠♣❧❡♠❡♥t❛t✐♦♥ r❡❧✐❡s ♦♥ t❤❡ ❛s✲

s✉♠♣t✐♦♥ t❤❛t tr❛♥s❛❝t✐♦♥s ❤❛✈❡ s❤♦rt ❞✉r❛t✐♦♥s ❛♥❞ s♠❛❧❧ ❞❛t❛ s❡ts✧❀ ✇❤✐❧❡ t❤❡ ❙❚▼

❞❡s❝r✐❜❡❞ ✐♥ ❬✺✵❪ ❤❛s q✉❛❞r❛t✐❝ s❧♦✇❞♦✇♥ ✇❤❡♥ tr❛♥s❛❝t✐♦♥s t♦✉❝❤ ♠❛♥② ♦❜❥❡❝ts✿ ♣❡r❢♦r✲

♠❛♥❝❡ ✐s O((R + W)R)✱ ✇❤❡r❡ R ❛♥❞ W ❛r❡ t❤❡ ♥✉♠❜❡r ♦❢ ♦❜❥❡❝ts ♦♣❡♥❡❞ ❢♦r r❡❛❞✐♥❣ ❛♥❞

✇r✐t✐♥❣✱ r❡s♣❡❝t✐✈❡❧②✳

✶✻
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♣r♦❛❝❤ ❛❧❧♦✇s ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ tr❛♥s❛❝t✐♦♥ ♠♦❞❡❧s t♦ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✱

✇❤✐❧❡ ❛❧❧♦✇✐♥❣ ❛ s✐♠♣❧❡r ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ t♦ ♣r♦✈✐❞❡ s♣❡❡❞

✐♥ t❤❡ ❝♦♠♠♦♥ ❝❛s❡✳

1.4 Strong atomicity

❇❧✉♥❞❡❧❧✱ ▲❡✇✐s✱ ❛♥❞ ▼❛rt✐♥ ❬✶✼❪ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ strongly atomic

tr❛♥s❛❝t✐♦♥ s②st❡♠s✱ ✇❤✐❝❤ ♣r♦t❡❝t tr❛♥s❛❝t✐♦♥s ❢r♦♠ ✐♥t❡r❢❡r❡♥❝❡ ❢r♦♠ ♥♦♥✲

tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱ ❛♥❞ weakly atomic tr❛♥s❛❝t✐♦♥ s②st❡♠s ✇❤✐❝❤ ❞♦ ♥♦t

❛☛♦r❞ t❤✐s ♣r♦t❡❝t✐♦♥✳ ◆❡❛r❧② ❛❧❧ ❝✉rr❡♥t s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s ❛r❡

✇❡❛❦❧② ❛t♦♠✐❝✱✷ ❤♦✇❡✈❡r✱ ❞❡s♣✐t❡ t❤❡ ♣✐t❢❛❧❧s t❤✉s ♦♣❡♥❡❞ ❢♦r t❤❡ ✉♥✇❛r②

♣r♦❣r❛♠♠❡r✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣❡r❝❡✐✈❡❞ ❞✐✍❝✉❧t② ✐♥ ❡✍❝✐❡♥t❧② ✐♠♣❧❡♠❡♥t✐♥❣

t❤❡ r❡q✉✐r❡❞ ♣r♦t❡❝t✐♦♥✳

❙tr♦♥❣ ❛t♦♠✐❝✐t② ✐s ❝❧❡❛r❧② ♣r❡❢❡r❛❜❧❡✱ ❛s t❤❡ ♣r♦❣r❛♠♠❡r ✇✐❧❧ ✐♥❡✈✐t❛❜❧②

♦✈❡r❧♦♦❦ s♦♠❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❢❡r❡♥❝❡s t♦ s❤❛r❡❞ ❞❛t❛❀ ✇❡ ✇✐s❤ t♦ ♣r❡✲

s❡r✈❡ ❝♦rr❡❝t♥❡ss ✐♥ t❤✐s ❝♦♠♠♦♥ ❝❛s❡✳ ❇❧✉♥❞❡❧❧ ❡t ❛❧✳ ♣♦✐♥t ♦✉t t❤❛t ♣r♦✲

❣r❛♠s ✇r✐tt❡♥ ❢♦r ❛ ✇❡❛❦❧② ❛t♦♠✐❝ ♠♦❞❡❧ ✭t♦ r✉♥ ♦♥ ❛ ❝✉rr❡♥t s♦❢t✇❛r❡

tr❛♥s❛❝t✐♦♥ s②st❡♠✱ s❛②✮ ♠❛② ❞❡❛❞❧♦❝❦ ✇❤❡♥ r✉♥ ✉♥❞❡r str♦♥❣ ❛t♦♠✐❝✐t②

✭❢♦r ❡①❛♠♣❧❡✱ ♦♥ ❛ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✮✳ ❚❤❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s

❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s t❤❡s✐s ♣r❡s❡r✈❡ t❤❡ ❝♦rr❡❝t ❛t♦♠✐❝ ❜❡❤❛✈✐♦r ♦❢ tr❛♥s❛❝t✐♦♥s

❡✈❡♥ ✐♥ t❤❡ ❢❛❝❡ ♦❢ ✉♥s②♥❝❤r♦♥✐③❡❞ ❛❝❝❡ss❡s ❢r♦♠ ♦✉ts✐❞❡ t❤❡ tr❛♥s❛❝t✐♦♥✳

1.5 Summary of contributions

■♥ s✉♠♠❛r②✱ t❤✐s t❤❡s✐s ♠❛❦❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s✿

✎ ■ ♣r♦✈✐❞❡ ❡✍❝✐❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ str♦♥❣❧② ❛t♦♠✐❝ tr❛♥s❛❝t✐♦♥

♣r✐♠✐t✐✈❡s t♦ ❡♥❛❜❧❡ t❤❡✐r ❣❡♥❡r❛❧ ✉s❡✳ ▼② ❡①♣❡r✐♠❡♥ts ❤❛✈❡ ♥♦t

✷❚❤❡r❡ ❛r❡ s♦♠❡ s②st❡♠s ✇❤✐❝❤ ✉s❡ t②♣❡ s②st❡♠s t♦ ❞✐s❛❧❧♦✇ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❛❝❝❡ss

t♦ ♦❜❥❡❝ts ✇✐t❤ ❛ ❭s❤❛r❡❞✧ t②♣❡ ❬✹✺✱ ✺✵✱ ✽✹❪✱ ❜✉t t♦ ♠② ❦♥♦✇❧❡❞❣❡ ❛❧❧ s②st❡♠s ✇❤✐❝❤ ❛❧❧♦✇

✭♦r ❝❛♥♥♦t ♣r❡✈❡♥t✮ ❛❝❝❡ss t♦ s❤❛r❡❞ ♦❜❥❡❝ts ❢r♦♠ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ ❞♦ s♦ ✉♥s❛❢❡❧②

❬✷✻✱ ✸✶✱ ✹✹✱ ✺✶✱ ✺✸✱ ✽✼❪✳
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s❤♦✇♥ ❛♥ ♦✈❡r❤❡❛❞ ♦❢ ♠♦r❡ t❤❛♥ ✶✺✵✪ ✐♥ r❡❛❧ ❛♣♣❧✐❝❛t✐♦♥s✱ ❛❧t❤♦✉❣❤

♣r♦♣❡r ❝♦♠♣✐❧❡r s✉♣♣♦rt s❤♦✉❧❞ r❡❞✉❝❡ t❤❛t ✇♦rst ❝❛s❡ ❝♦♥s✐❞❡r❛❜❧②✳

✎ ❚❤❡ tr❛♥s❛❝t✐♦♥ ♣r✐♠✐t✐✈❡s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❝❛♥ ❡①♣❧♦✐t ♦♣✲

t✐♠✐st✐❝ ❝♦♥❝✉rr❡♥❝②✱ ♣r♦✈✐❞❡ ❢❛✉❧t t♦❧❡r❛♥❝❡✱ ❛♥❞ ♣r❡✈❡♥t ❞❡❧❛②s ❜②

✉s✐♥❣ ♥♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥✳

✎ ❚❤✐s t❤❡s✐s ♣r♦♣♦s❡s s②st❡♠s ✇❤✐❝❤ ❝❛♥ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s ♦❢ ❛r❜✐✲

tr❛r② s✐③❡ ❛♥❞ ❞✉r❛t✐♦♥✱ s♣❛r✐♥❣ t❤❡ ♣r♦❣r❛♠♠❡r ❢r♦♠ ❞❡t❛✐❧❡❞ ❦♥♦✇❧✲

❡❞❣❡ ♦❢ t❤❡ s②st❡♠✬s ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s✳

✎ ■ ♣r❡s❡♥t ❜♦t❤ s♦❢t✇❛r❡ ❛♥❞ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ t❤❡ tr❛♥s✲

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

✇r✐tt❡♥ ✐♥ ❏❛✈❛❀ ■ ❞✐s❝✉ss t❤❡ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s ❡♥❝♦✉♥✲

t❡r❡❞✳ ❚❤❡ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s r❡q✉✐r❡ ♦♥❧② s♠❛❧❧ ❝❤❛♥❣❡s

t♦ t❤❡ ♣r♦❝❡ss♦r ❝♦r❡ ❛♥❞ ❝❛❝❤❡✳

✎ ■ s❤♦✇ ❤♦✇ ❛ ❢❛st ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❢♦r ❢r❡q✉❡♥t s❤♦rt tr❛♥s✲

❛❝t✐♦♥s ❝❛♥ ❣r❛❝❡❢✉❧❧② ❢❛✐❧ ♦✈❡r t♦ ❛ s♦❢t✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡s✐❣♥❡❞

t♦ ❡✍❝✐❡♥t❧② ❡①❡❝✉t❡ ❧❛r❣❡ ❧♦♥❣✲❧✐✈❡❞ tr❛♥s❛❝t✐♦♥s✳

■♥ ❈❤❛♣t❡r ✷ ■ ♣r♦✈✐❞❡ s♦♠❡ ❝♦♥❝✉rr❡♥t ♣r♦❣r❛♠♠✐♥❣ ❡①❛♠♣❧❡s t❤❛t

✐❧❧✉str❛t❡ t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ ❝✉rr❡♥t ❧♦❝❦✲❜❛s❡❞ ♠❡t❤♦❞♦❧♦❣✐❡s✳ ■ ❛❧s♦ ♣r♦✈✐❞❡

❡①❛♠♣❧❡s ✐❧❧✉str❛t✐♥❣ t❤❡ ✉s❡s ✭s♦♠❡ ♥♦✈❡❧✮ ♦❢ ❛ tr❛♥s❛❝t✐♦♥ s②st❡♠✱ ❛♥❞

❝♦♥❝❧✉❞❡ ✇✐t❤ ❛ ❜r✐❡❢ ❝❛✉t✐♦♥ ❛❜♦✉t t❤❡ ❝✉rr❡♥t ❧✐♠✐ts ♦❢ tr❛♥s❛❝t✐♦♥s✳

■♥ ❈❤❛♣t❡r ✸ ■ ♣r❡s❡♥t t❤❡ ❞❡s✐❣♥ ♦❢ ❆♣❡❳✱ ❛♥ ❡✍❝✐❡♥t s♦❢t✇❛r❡✲♦♥❧②

✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥s✳ ❙♦❢t✇❛r❡✲♦♥❧② tr❛♥s❛❝t✐♦♥s ❝❛♥ ❜❡ ✐♠♣❧❡✲

♠❡♥t❡❞ ♦♥ ❝✉rr❡♥t ❤❛r❞✇❛r❡✱ ❛♥❞ ❝❛♥ ❡❛s✐❧② ❛❝❝♦♠♠♦❞❛t❡ ♠❛♥② ❞✐☛❡r❡♥t

tr❛♥s❛❝t✐♦♥ ❛♥❞ ♥❡st✐♥❣ ♠♦❞❡❧s✳ ❙♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥s ❡①❝❡❧ ❛t ❝❡rt❛✐♥ ❧♦♥❣✲

❧✐✈❡❞ tr❛♥s❛❝t✐♦♥s✱ ✇❤❡r❡ t❤❡ ♦✈❡r❤❡❛❞ ✐s s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ tr❛♥s❛❝t✐♦♥

❡①❡❝✉t✐♦♥ t✐♠❡✳ ❆♥ ❡❛r❧② ✈❡rs✐♦♥ ♦❢ ❆♣❡❳ ✇❛s ♣✉❜❧✐s❤❡❞ ❛s ❬✹❪✳ ■ ❝♦♥❝❧✉❞❡

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

♦❢ t❤❡ ❞❡s✐❣♥✳
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■♥ ❈❤❛♣t❡r ✹ ■ ❞✐s❝✉ss t❤❡ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❆♣❡❳✳ ■ ♣r❡s❡♥t

❞❡t❛✐❧s ♦❢ t❤❡ ❝♦♠♣✐❧❡r ❛♥❛❧②s❡s ❛♥❞ tr❛♥s❢♦r♠❛t✐♦♥s ♣❡r❢♦r♠❡❞✱ ❛s ✇❡❧❧ ❛s

s♦❧✉t✐♦♥s t♦ ♣r♦❜❧❡♠s t❤❛t ❛r✐s❡ ✇❤❡♥ ✐♠♣❧❡♠❡♥t✐♥❣ ❏❛✈❛✳ ■ t❤❡♥ ♣r❡s❡♥t

❜❡♥❝❤♠❛r❦ r❡s✉❧ts ✉s✐♥❣ r❡❛❧ ❛♣♣❧✐❝❛t✐♦♥s✱ ❞✐s❝✉ss t❤❡ ❜❡♥❡☞ts ❛♥❞ ❧✐♠✐t❛✲

t✐♦♥s r❡✈❡❛❧❡❞✱ ❛♥❞ ❞❡s❝r✐❜❡ ❤♦✇ t❤❡ ❧✐♠✐ts ❝♦✉❧❞ ❜❡ ♦✈❡r❝♦♠❡✳

❈❤❛♣t❡r ✻ ❡①♣❧♦r❡s ♦♥❡ s✉❝❤ ❧✐♠✐t❛t✐♦♥ ✐♥ ❞❡♣t❤✱ ❞❡s❝r✐❜✐♥❣ ❤♦✇ ❧❛r❣❡

❛rr❛②s ☞t ✐♥t♦ ❛♥ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ tr❛♥s❛❝t✐♦♥ s❝❤❡♠❡✳ ■ ♣r❡s❡♥t ❛ ♣♦t❡♥t✐❛❧

s♦❧✉t✐♦♥ t♦ t❤❡ ♣r♦❜❧❡♠ ❜❛s❡❞ ♦♥ ❢❛st ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✳

■♥ ❈❤❛♣t❡r ✼ ■ ♣r❡s❡♥t ▲❚▼ ❛♥❞ ❯❚▼✱ ❤❛r❞✇❛r❡ s②st❡♠s t❤❛t ❡♥❛❜❧❡

❢❛st s❤♦rt tr❛♥s❛❝t✐♦♥s✳ ❚❤❡ tr❛♥s❛❝t✐♦♥ ♠♦❞❡❧ ✐s ♠♦r❡ ❧✐♠✐t❡❞✱ ❜✉t s❤♦rt

❝♦♠♠✐tt✐♥❣ tr❛♥s❛❝t✐♦♥s ♠❛② ❡①❡❝✉t❡ ✇✐t❤ ♥♦ ♦✈❡r❤❡❛❞✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧

❤❛r❞✇❛r❡ ✐s s♠❛❧❧ ❛♥❞ ❡❛s✐❧② ❛❞❞❡❞ t♦ ❝✉rr❡♥t ♣r♦❝❡ss♦r ❛♥❞ ♠❡♠♦r② s②st❡♠

❞❡s✐❣♥s✳ ❚❤✐s ♣♦rt✐♦♥ ♦❢ t❤❡ ❝❤❛♣t❡r ✐s ❥♦✐♥t ✇♦r❦ ✇✐t❤ ❑rst❡ ❆s❛♥♦✈✐✓❝✱

❇r❛❞❧❡② ❈✳ ❑✉s③♠❛✉❧✱ ❈❤❛r❧❡s ❊✳ ▲❡✐s❡rs♦♥✱ ❛♥❞ ❙❡❛♥ ▲✐❡✱ ❛♥❞ ❤❛s ❜❡❡♥

♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ ❛s ❬✻✱ ✼❪✳

❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ❝❤❛♣t❡r✱ ■ ♣r❡s❡♥t ❍②❆♣❡❳✱ ❛ hybrid tr❛♥s❛❝t✐♦♥

✐♠♣❧❡♠❡♥t❛t✐♦♥ t❤❛t ❜✉✐❧❞s ♦♥ t❤❡ str❡♥❣t❤s ♦❢ s✐♠♣❧❡ ❤❛r❞✇❛r❡ s✉♣♣♦rt

✇❤✐❧❡ ❛❧❧♦✇✐♥❣ s♦❢t✇❛r❡ ❢❛❧❧❜❛❝❦ t♦ s✉♣♣♦rt ❛ r♦❜✉st ❛♥❞ ❝❛♣❛❜❧❡ tr❛♥s❛❝✲

t✐♦♥ ♠❡❝❤❛♥✐s♠✳ ❯♥❧✐❦❡ t❤❡ ❡①t❡♥❞❡❞ ❤❛r❞✇❛r❡ s❝❤❡♠❡✱ t❤❡ tr❛♥s❛❝t✐♦♥

♠♦❞❡❧ ✐s st✐❧❧ ❡❛s② t♦ ❝❤❛♥❣❡ ❛♥❞ ✉♣❞❛t❡❀ t❤❡ ❤❛r❞✇❛r❡ ♣r✐♠❛r✐❧② s✉♣♣♦rts

❢❛st s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ❛♥❞ ❝♦♥✌✐❝t ❝❤❡❝❦✐♥❣ ✐♥ t❤❡ ❝♦♠♠♦♥ ❝❛s❡✳ ■ ❞✐s❝✉ss

s♦♠❡ ✇❛②s ❝♦♠♣✐❧❡rs ❝❛♥ ❢✉rt❤❡r ♦♣t✐♠✐③❡ s♦❢t✇❛r❡ ❛♥❞ ❤②❜r✐❞ tr❛♥s❛❝t✐♦♥

s②st❡♠s✳ ❚❤❡s❡ ♦♣♣♦rt✉♥✐t✐❡s ♠❛② ♥♦t ❜❡ ❛✈❛✐❧❛❜❧❡ t♦ ♣✉r❡✲❤❛r❞✇❛r❡ ✐♠♣❧❡✲

♠❡♥t❛t✐♦♥s✳

■♥ ❈❤❛♣t❡r ✽ ■ ❞✐s❝✉ss r❡♠❛✐♥✐♥❣ ❝❤❛❧❧❡♥❣❡s t♦ t❤❡ ✉s❡ ♦❢ ✉❜✐q✉✐t♦✉s

tr❛♥s❛❝t✐♦♥s ❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥✱ ❛♥❞ ♣r❡s❡♥t s♦♠❡ ✐❞❡❛s t♦✇❛r❞ s♦❧✉t✐♦♥s✳

❈❤❛♣t❡r ✾ ❞✐s❝✉ss❡s r❡❧❛t❡❞ ✇♦r❦✱ ❛♥❞ ♠② ☞♥❛❧ ❝❤❛♣t❡r s✉♠♠❛r✐③❡s ♠②

☞♥❞✐♥❣s ❛♥❞ ❞r❛✇s ❝♦♥❝❧✉s✐♦♥s✳
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s♦❢t✇❛r❡ ♣r♦❜❧❡♠✳

❙❡r✈✐❝❡ ♠❛♥✉❛❧ ❢♦r

●❡st❡t♥❡r ✸✷✹✵

Chapter 2

Transactional programming:

The good, bad, and the ugly

❇❡❢♦r❡ ❞✐✈✐♥❣ ✐♥t♦ t❤❡ ❞❡s✐❣♥ ♦❢ ❛♥ ❡✍❝✐❡♥t tr❛♥s❛❝t✐♦♥ s②st❡♠✱ ■ ♠♦t✐✈❛t❡

t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧ ❜② ♣r❡s❡♥t✐♥❣ ❢♦✉r ❝♦♠♠♦♥ s❝❡♥❛r✐♦s

t❤❛t ❛r❡ ♥❡❡❞❧❡ss❧② ❞✐✍❝✉❧t ✉s✐♥❣ ❧♦❝❦✲❜❛s❡❞ ❝♦♥❝✉rr❡♥❝②✳ ■ t❤❡♥ ♣r❡s❡♥t

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

t❤❡ ❞✐s❝✉ss✐♦♥ ✐♥ r❡❛❧✐t②✱ ■ ❝♦♥❝❧✉❞❡ ❜② ❡♥✉♠❡r❛t✐♥❣ ❛ ❢❡✇ ❝❛s❡s ✇❤❡r❡ tr❛♥s✲

❛❝t✐♦♥s ♠❛② ♥♦t ❜❡ t❤❡ ❜❡st s♦❧✉t✐♦♥✳

2.1 Four old things you can’t (easily) do with locks

▲♦❝❦s ❡♥❣❡♥❞❡r ♣♦♦r ♠♦❞✉❧❛r✐t② ❛♥❞ ❝♦♠♣♦s❛❜✐❧✐t②✱ ❛♥ ✐♥❛❜✐❧✐t② t♦ ❞❡❛❧

❣r❛❝❡❢✉❧❧② ✇✐t❤ ❛s②♥❝❤r♦♥♦✉s ❡✈❡♥ts✱ ❛♥❞ ❢r❛❣✐❧❡ ❛♥❞ ❝♦♠♣❧❡① s❛❢❡t② ♣r♦✲

t♦❝♦❧s t❤❛t ❛r❡ ♦❢t❡♥ ❡①♣r❡ss❡❞ ❡①t❡r♥❛❧❧② t♦ t❤❡✐r ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ❚❤❡s❡

❧✐♠✐t❛t✐♦♥s ♦❢ ❧♦❝❦s ❛r❡ ✇❡❧❧✲❦♥♦✇♥ ❬✺✷❪✳ ■ ♣r❡s❡♥t ❢♦✉r ❝♦♠♠♦♥ t❛s❦s ✇❤✐❝❤

❧♦❝❦s ♠❛❦❡ ✉♥♥❡❝❡ss❛r✐❧② ❞✐✍❝✉❧t✿ ♠❛❦✐♥❣ ❧♦❝❛❧✐③❡❞ ❝❤❛♥❣❡s t♦ s②♥❝❤r♦✲

♥✐③❛t✐♦♥✱ ♣❡r❢♦r♠✐♥❣ ❛t♦♠✐❝ ♦♣❡r❛t✐♦♥s ♦♥ ❝♦♥t❛✐♥❡rs✱ ❝r❡❛t✐♥❣ ❛ t❤r❡❛❞✲s❛❢❡

❞♦✉❜❧❡✲❡♥❞❡❞ q✉❡✉❡✱ ❛♥❞ ❤❛♥❞❧✐♥❣ ❛s②♥❝❤r♦♥♦✉s ❡①❝❡♣t✐♦♥s✳
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Tweak performance with localized changes

Pr❡✈❡♥t✐♥❣ ❞❡❛❞❧♦❝❦s ❛♥❞ r❛❝❡s r❡q✉✐r❡s ❣❧♦❜❛❧ ♣r♦t♦❝♦❧s ❛♥❞ ♥♦♥✲❧♦❝❛❧ r❡❛✲

s♦♥✐♥❣✳ ■t ✐s ♥♦t ❡♥♦✉❣❤ t♦ s✐♠♣❧② s♣❡❝✐❢② ❛ ❧♦❝❦ ♦❢ ❛ ❝❡rt❛✐♥ ❣r❛♥✉❧❛r✐t②

♣r♦t❡❝t✐♥❣ ❝❡rt❛✐♥ ❞❛t❛ ✐t❡♠s❀ t❤❡ ♦r❞❡r ♦r ❝✐r❝✉♠st❛♥❝❡s ✐♥ ✇❤✐❝❤ t❤❡ ❧♦❝❦

♠❛② ❜❡ ❛❝q✉✐r❡❞ ❛♥❞ r❡❧❡❛s❡❞ ♠✉st ❛❧s♦ ❜❡ s♣❡❝✐☞❡❞ ❣❧♦❜❛❧❧②✱ ✐♥ t❤❡ ❝♦♥t❡①t

♦❢ ❛❧❧ ❧♦❝❦s ✐♥ t❤❡ s②st❡♠✱ ✐♥ ♦r❞❡r t♦ ♣r❡✈❡♥t ❞❡❛❞❧♦❝❦s ♦r ✉♥❡①♣❡❝t❡❞ r❛❝❡s✳

❚❤✐s r❡q✉✐r❡♠❡♥t ♣r❡✈❡♥ts t❤❡ ♣r♦❣r❛♠♠❡r ❢r♦♠ ❡❛s✐❧② t✉♥✐♥❣ t❤❡ s②st❡♠

✉s✐♥❣ ❧♦❝❛❧✐③❡❞ ❝❤❛♥❣❡s✿ ❡✈❡r② s♠❛❧❧ ❝❤❛♥❣❡ ♠✉st ❜❡ r❡✲✈❡r✐☞❡❞ ❛❣❛✐♥st t❤❡

♣r♦t♦❝♦❧s s♣❡❝✐☞❡❞ ✐♥ t❤❡ ✇❤♦❧❡✲♣r♦❣r❛♠ ❝♦♥t❡①t ✐♥ ♦r❞❡r t♦ ♣r❡✈❡♥t r❛❝❡s

❛♥❞✴♦r ❞❡❛❞❧♦❝❦✳

❋✉rt❤❡r♠♦r❡✱ t❤✐s ✇❤♦❧❡✲♣r♦❣r❛♠ ♣r♦t♦❝♦❧ ✐s ♥♦t t②♣✐❝❛❧❧② ❡①♣r❡ss❡❞ ❞✐✲

r❡❝t❧② ✐♥ ❝♦❞❡✳ ❲✐t❤ ❝♦♠♠♦♥ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s✱ ❛❝q✉✐r❡✴r❡❧❡❛s❡ ♦r✲

❞❡r✐♥❣ ❛♥❞ ❣✉❛r❛♥t❡❡s ♠✉st ❜❡ ❡①♣r❡ss❡❞ ❡①t❡r♥❛❧❧②✱ ♦❢t❡♥ ❛s ❝♦♠♠❡♥ts ✐♥

t❤❡ s♦✉r❝❡ ❝♦❞❡ t❤❛t ❡❛s✐❧② ❞r✐❢t ♦✉t ♦❢ s②♥❝ ✇✐t❤ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋♦r

❡①❛♠♣❧❡✱ ✐♥ ❬✻❪ ✇❡ ❝♦✉♥t❡❞ t❤❡ ❝♦♠♠❡♥ts ✐♥ t❤❡ ▲✐♥✉① ☞❧❡s②st❡♠ ❧❛②❡r✱ ❛♥❞

❢♦✉♥❞ t❤❛t ❛❜♦✉t ✶✺✪ ♦❢ t❤❡s❡ r❡❧❛t❡ t♦ ❧♦❝❦✐♥❣ ♣r♦t♦❝♦❧s❀ ♦❢t❡♥ ❞❡s❝r✐❜✐♥❣

❣❧♦❜❛❧ ✐♥✈❛r✐❛♥ts ♦❢ t❤❡ ♣r♦❣r❛♠ ✇❤✐❝❤ ❛r❡ ❞✐✍❝✉❧t t♦ ✈❡r✐❢②✳ ▼❛♥② r❡♣♦rt❡❞

❦❡r♥❡❧ ❜✉❣s ✐♥✈♦❧✈❡ r❛❝❡s ❛♥❞ ❞❡❛❞❧♦❝❦s✳

Atomically move data between thread-safe containers

❆♥♦t❤❡r ❝♦♠♠♦♥ ♣r♦❣r❛♠♠✐♥❣ ♣✐t❢❛❧❧ ✇✐t❤ ❧♦❝❦s ✐s t❤❡✐r non-composability ✳

❋♦r ❡①❛♠♣❧❡✱ ❣✐✈❡♥ t✇♦ t❤r❡❛❞✲s❛❢❡ ❝♦♥t❛✐♥❡r ❝❧❛ss❡s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❧♦❝❦s✱

✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ s❛❢❡❧② ❝♦♠♣♦s❡ t❤❡ ❣❡t ❢✉♥❝t✐♦♥ ♦❢ ♦♥❡ ✇✐t❤ t❤❡ ♣✉t ❢✉♥❝✲

t✐♦♥ ♦❢ t❤❡ ♦t❤❡r t♦ ❝r❡❛t❡ ❛♥ ❛t♦♠✐❝ ♠♦✈❡✳ ❲❡ ♠✉st ♣❡❡❦ ✐♥s✐❞❡ t❤❡ ✐♠♣❧❡✲

♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝♦♥t❛✐♥❡rs t♦ s②♥t❤❡s✐③❡ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❧♦❝❦✐♥❣ ♠❡❝❤❛♥✐s♠

❢♦r s✉❝❤ ❛♥ ❛❝t✐♦♥⑤❢♦r ❡①❛♠♣❧❡✱ t♦ ❛❝q✉✐r❡ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝♦♥t❛✐♥❡r✱ ❡❧❡✲

♠❡♥t✱ ♦r ♦t❤❡r ❧♦❝❦s ♦♥ ❜♦t❤ ❝♦♥t❛✐♥❡rs⑤❛♥❞ ❡✈❡♥ t❤❡♥✱ ✇❡ ♥❡❡❞ t♦ r❡s♦rt

t♦ s♦♠❡ ❣❧♦❜❛❧ ❧♦❝❦ ♦r❞❡r✐♥❣ t♦ ❣✉❛r❞ ❛❣❛✐♥st ❞❡❛❞❧♦❝❦✳ ▼♦❞✉❧❛r✐t② ♠✉st

❜❡ ❜r♦❦❡♥ ✐♥ ♦r❞❡r t♦ s②♥t❤❡s✐③❡ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝♦♠♣♦s❡❞ ❢✉♥❝t✐♦♥✱ ✐❢ ✐t ✐s

♣♦ss✐❜❧❡ ❛t ❛❧❧✳
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■♥ t❤❡ ❏❛❞❡ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡✱ ❘✐♥❛r❞ ♣r❡s❡♥ts ❛ ♣❛rt✐❛❧ s♦❧✉t✐♦♥

✉s✐♥❣ ❭✐♠♣❧✐❝✐t❧② s②♥❝❤r♦♥✐③❡❞✧ ♦❜❥❡❝ts ❬✽✸✱ ♣✶✹❪✳ ▲♦❝❦ ❛❝q✉✐s✐t✐♦♥ ❢♦r ❡❛❝❤

♠♦❞✉❧❡ ✐s ❡①♣♦s❡❞ ✐♥ t❤❡ ♠♦❞✉❧❡✬s ❆P■ ❛s ❛♥ ❡①❡❝✉t❛❜❧❡ ❭❛❝❝❡ss ❞❡❝❧❛r❛✲

t✐♦♥✳✧ ❖♣❡r❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥ ✐s ❛❝❝♦♠♣❧✐s❤❡❞ ❜② ❝r❡❛t✐♥❣ ❛♥ ❛❝❝❡ss ❞❡❝✲

❧❛r❛t✐♦♥ ❢♦r t❤❡ ❝♦♠♣♦s❡❞ ♦♣❡r❛t✐♦♥ ✇❤✐❝❤ ✐♥✈♦❦❡s t❤❡ ❛♣♣r♦♣r✐❛t❡ ❛❝❝❡ss

❞❡❝❧❛r❛t✐♦♥s ❢♦r t❤❡ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡ r✉♥t✐♠❡ s②st❡♠ ♦r❞❡rs t❤❡ ❧♦❝❦ ❛❝✲

q✉✐s✐t✐♦♥s t♦ ♣r❡✈❡♥t ❞❡❛❞❧♦❝❦✳ ❚❤✐s ♣r♦❝❡ss s✉✍❝❡s ❢♦r ❝♦♥s❡r✈❛t✐✈❡ ♠✉t✉❛❧

❡①❝❧✉s✐♦♥✱ ❜✉t ♣r❡✲❞❡❝❧❛r❛t✐♦♥ ♠❛❦❡s ✐t ❞✐✍❝✉❧t t♦ ❡①♣r❡ss ♦♣t✐♠✐st✐❝ ❧♦❝❦✐♥❣

♣r♦t♦❝♦❧s✱ ✇❤❡r❡ ♦♥❡ ♦r ♠♦r❡ ❧♦❝❦s ❛r❡ ♦♥❧② r❛r❡❧② r❡q✉✐r❡❞✳

❚r❛♥s❛❝t✐♦♥s ❞♦ ♥♦t s✉☛❡r ❢r♦♠ t❤❡ ❝♦♠♣♦s❛❜✐❧✐t② ♣r♦❜❧❡♠ ❬✹✺❪✳ ❇❡❝❛✉s❡

tr❛♥s❛❝t✐♦♥s ♦♥❧② s♣❡❝✐❢② t❤❡ ❛t♦♠✐❝✐t② ♣r♦♣❡rt✐❡s✱ ♥♦t t❤❡ ❧♦❝❦s r❡q✉✐r❡❞✱

t❤❡ ♣r♦❣r❛♠♠❡r✬s ❥♦❜ ✐s ♠❛❞❡ ❡❛s✐❡r ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❛r❡ ❢r❡❡ t♦ ♦♣t✐✲

♠✐st✐❝❛❧❧② s②♥❝❤r♦♥✐③❡ ✐♥ ❛♥② ✇❛② t❤❛t ♣r❡s❡r✈❡s ❛t♦♠✐❝✐t②✳✶

Create a thread-safe double-ended queue

❍❡r❧✐❤② s✉❣❣❡sts ❝r❡❛t✐♥❣ ❛ t❤r❡❛❞✲s❛❢❡ ❞♦✉❜❧❡✲❡♥❞❡❞ q✉❡✉❡ ✉s✐♥❣ ❧♦❝❦s ❛s

❭s❛❞✐st✐❝ ❤♦♠❡✇♦r❦✧ ❢♦r ❝♦♠♣✉t❡r s❝✐❡♥❝❡ st✉❞❡♥ts ❬✺✷❪✳ ❆❧t❤♦✉❣❤ ❞♦✉❜❧❡✲

❡♥❞❡❞ q✉❡✉❡s ❛r❡ ❛ s✐♠♣❧❡ ❞❛t❛ str✉❝t✉r❡✱ ❝r❡❛t✐♥❣ ❛ s❝❛❧❛❜❧❡ ❧♦❝❦✐♥❣ ♣r♦t♦❝♦❧

✐s ❛ ♥♦♥✲tr✐✈✐❛❧ ❡①❡r❝✐s❡✳ ❖♥❡ ✇❛♥ts ❞❡q✉❡✉❡ ❛♥❞ ❡♥q✉❡✉❡ ♦♣❡r❛t✐♦♥s t♦

❝♦♠♣❧❡t❡ ❝♦♥❝✉rr❡♥t❧② ✇❤❡♥ t❤❡ ❡♥❞s ♦❢ t❤❡ q✉❡✉❡ ❛r❡ ❭❢❛r ❡♥♦✉❣❤✧ ❛♣❛rt✱

✇❤✐❧❡ s❛❢❡❧② ❤❛♥❞❧✐♥❣ t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ✐♥ t❤❡ s♠❛❧❧✲q✉❡✉❡ ❝❛s❡✳ ■♥ ❢❛❝t✱ t❤❡

s♦❧✉t✐♦♥ t♦ t❤✐s ❛ss✐❣♥♠❡♥t ✇❛s ❛ ♣✉❜❧✐s❤❛❜❧❡ r❡s✉❧t✱ ❛s ▼✐❝❤❛❡❧ ❛♥❞ ❙❝♦tt

❞❡♠♦♥str❛t❡❞ ✐♥ ✶✾✾✻ ❬✼✺❪✳

❚❤❡ s✐♠♣❧❡ ❭♦♥❡ ❧♦❝❦✧ s♦❧✉t✐♦♥ t♦ t❤❡ ❞♦✉❜❧❡✲❡♥❞❡❞ q✉❡✉❡ ♣r♦❜❧❡♠✱ r✉❧❡❞

♦✉t ❛s ✉♥s❝❛❧❛❜❧❡ ✐♥ t❤❡ ❧♦❝❦✐♥❣ ❝❛s❡✱ ✐s s❝❛❧❛❜❧❡ ❛♥❞ ❡✍❝✐❡♥t ❢♦r ♥♦♥❜❧♦❝❦✐♥❣

tr❛♥s❛❝t✐♦♥s ❬✺✷✱ ✺✻❪✳

✶❙❡❝t✐♦♥ ✷✳✷ ♣r❡s❡♥ts ❛ ❝♦♥❝r❡t❡ ❡①❛♠♣❧❡✳
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Handle asynchronous exceptions

Pr♦♣❡r❧② ❤❛♥❞❧✐♥❣ ❛s②♥❝❤r♦♥♦✉s ❡✈❡♥ts ✐s ❞✐✍❝✉❧t ✇✐t❤ ❧♦❝❦s✱ ❜❡❝❛✉s❡ ✐t ✐s

✐♠♣♦ss✐❜❧❡ t♦ s❛❢❡❧② ❣♦ ♦☛ t♦ ❤❛♥❞❧❡ t❤❡ ❡✈❡♥t ✇❤✐❧❡ ❤♦❧❞✐♥❣ ❛♥ ❛r❜✐tr❛r②

s❡t ♦❢ ❧♦❝❦s⑤❛♥❞ ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ s❛❢❡❧② ❞r♦♣ t❤❡ ❧♦❝❦s✳ ❚❤❡ s♦❧✉t✐♦♥

✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❘❡❛❧✲❚✐♠❡ ❙♣❡❝✐☞❝❛t✐♦♥ ❢♦r ❏❛✈❛ ❬✶✾❪ ❛♥❞ s✐♠✐❧❛r s②st❡♠s

✭s❡❡ ❬✼✶✱ s❡❝t✐♦♥ ✾❪✮ ✐s t♦ ❣❡♥❡r❛❧❧② ❢♦r❜✐❞ ❛s②♥❝❤r♦♥♦✉s ❡✈❡♥ts ✇✐t❤✐♥ ❧♦❝❦❡❞

r❡❣✐♦♥s✱ ❛❧❧♦✇✐♥❣ t❤❡ ♣r♦❣r❛♠♠❡r t♦ ❡①♣❧✐❝✐t❧② s♣❡❝✐❢② ❝❡rt❛✐♥ ♣♦✐♥ts ✇✐t❤✐♥

t❤❡ r❡❣✐♦♥ ❛t ✇❤✐❝❤ ❡①❡❝✉t✐♦♥ ❝❛♥ ❜❡ ✐♥t❡rr✉♣t❡❞✱ ❞r♦♣♣✐♥❣ ❛❧❧ ❧♦❝❦s ✐♥ ♦r❞❡r

t♦ ❞♦ s♦✳ ▼❛✐♥t❛✐♥✐♥❣ t❤❡ ❝♦rr❡❝t♥❡ss ✐♥ t❤❡ ❢❛❝❡ ♦❢ ❡✈❡♥ ❡①♣❧✐❝✐t❧② ❞❡❝❧❛r❡❞

✐♥t❡rr✉♣t✐♦♥ ♣♦✐♥ts ✐s st✐❧❧ ❞✐✍❝✉❧t✳

❚r❛♥s❛❝t✐♦♥❛❧ ❛t♦♠✐❝ r❡❣✐♦♥s ❤❛♥❞❧❡ ❛s②♥❝❤r♦♥♦✉s ❡①❝❡♣t✐♦♥s ❣r❛❝❡❢✉❧❧②✱

❜② ❛❜♦rt✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥ t♦ ❛❧❧♦✇ ❛♥ ❡✈❡♥t t♦ ♦❝❝✉r✳

2.2 Four new things transactions make easy

■ ♣r❡s❡♥t ❢♦✉r ❡①❛♠♣❧❡s ✐♥ t❤✐s s❡❝t✐♦♥✱ ✐❧❧✉str❛t✐♥❣ ❤♦✇ tr❛♥s❛❝t✐♦♥s ❝❛♥

s✉♣♣♦rt ❢❛✉❧t t♦❧❡r❛♥❝❡ ❛♥❞ ❜❛❝❦tr❛❝❦✐♥❣✱ s✐♠♣❧✐❢② ❧♦❝❦✐♥❣✱ ❛♥❞ ♣r♦✈✐❞❡ ❛

♠♦r❡ ✐♥t✉✐t✐✈❡ ♠❡❛♥s ❢♦r s♣❡❝✐❢②✐♥❣ t❤r❡❛❞✲s❛❢❡t② ♣r♦♣❡rt✐❡s✳ ■ ☞rst ❡①❛♠✐♥❡

❛ ❞❡str✉❝t✐✈❡ tr❛✈❡rs❛❧ ❛❧❣♦r✐t❤♠✱ s❤♦✇✐♥❣ ❤♦✇ ❛ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥ ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ❛♥ ❡①❝❡♣t✐♦♥✲❤❛♥❞❧✐♥❣ ♠❡❝❤❛♥✐s♠✳ ■ s❤♦✇ ❤♦✇ ❛

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

❯s✐♥❣ ❛ ♥❡t✇♦r❦ ✌♦✇ ❡①❛♠♣❧❡✱ ■ t❤❡♥ s❤♦✇ ❤♦✇ t❤❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠

❝❛♥ ❜❡ ✉s❡❞ t♦ s✐♠♣❧✐❢② t❤❡ ❧♦❝❦✐♥❣ ❞✐s❝✐♣❧✐♥❡ r❡q✉✐r❡❞ ✇❤❡♥ s②♥❝❤r♦♥✐③✐♥❣

❝♦♥❝✉rr❡♥t ♠♦❞✐☞❝❛t✐♦♥s t♦ ♠✉❧t✐♣❧❡ ♦❜❥❡❝ts✳ ❋✐♥❛❧❧②✱ ■ s❤♦✇ ❛♥ ❡①✐st✐♥❣

r❛❝❡ ✐♥ t❤❡ ❏❛✈❛ st❛♥❞❛r❞ ❧✐❜r❛r✐❡s ✭✐♥ t❤❡ ❝❧❛ss java.lang.StringBuffer✮✳

❭❚r❛♥s❛❝t✐☞❝❛t✐♦♥✧ ♦❢ t❤❡ ❡①✐st✐♥❣ ❝❧❛ss ❝♦rr❡❝ts t❤✐s r❛❝❡✳

Destructive traversal

▼❛♥② r❡❝✉rs✐✈❡ ❞❛t❛ str✉❝t✉r❡s ❝❛♥ ❜❡ tr❛✈❡rs❡❞ ✇✐t❤♦✉t t❤❡ ✉s❡ ♦❢ ❛ st❛❝❦ ❜②

✉s✐♥❣ ♣♦✐♥t❡r r❡✈❡rs❛❧✳ ❚❤✐s t❡❝❤♥✐q✉❡ ✐s ✇✐❞❡❧② ✉s❡❞ ✐♥ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦rs✱
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// destructive list traversal.
void traverse(List l) {
List last = null, t;

/* zip through the list, reversing links */
for (int i=0; i<2; i++) {

do {
if (i==0) visit(l); // visit node
t = l.next;
l.next = last;
last = l;
l = t;

} while (l!=null);
l = last;
// now do again, backwards. (restoring links)

}
}

❋✐❣✉r❡ ✷✳✶✿ ❉❡str✉❝t✐✈❡ ❧✐♥❦❡❞✲❧✐st tr❛✈❡rs❛❧✳

❛♥❞ ✇❛s ☞rst ❞❡♠♦♥str❛t❡❞ ✐♥ t❤✐s ❝♦♥t❡①t ❜② ❙❝❤♦rr ❛♥❞ ❲❛✐t❡ ❬✽✻❪✳ ❆♥

✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛ ♣♦✐♥t❡r✲r❡✈❡rs❛❧ tr❛✈❡rs❛❧ ♦❢ ❛ s✐♠♣❧❡ s✐♥❣❧②✲❧✐♥❦❡❞ ❧✐st

✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳

❚❤❡ traverse() ❢✉♥❝t✐♦♥ tr❛✈❡rs❡s t❤❡ ❧✐st✱ ✈✐s✐t✐♥❣ ♥♦❞❡s ✐♥ ♦r❞❡r ❛♥❞

t❤❡♥ r❡✈❡rs✐♥❣ t❤❡ next ♣♦✐♥t❡r✳ ❲❤❡♥ t❤❡ ❡♥❞ ♦❢ t❤❡ ❧✐st ✐s r❡❛❝❤❡❞✱ t❤❡

r❡✈❡rs❡❞ ❧✐♥❦s ❛r❡ tr❛✈❡rs❡❞ t♦ r❡st♦r❡ t❤❡ ❧✐st✬s ♦r✐❣✐♥❛❧ st❛t❡✳

❖❢ ❝♦✉rs❡✱ ■ ❤❛✈❡ ❝❤♦s❡♥ t❤❡ s✐♠♣❧❡st ♣♦ss✐❜❧❡ ❞❛t❛ str✉❝t✉r❡ ❤❡r❡✱ ❜✉t

t❤❡ t❡❝❤♥✐q✉❡ ✇♦r❦s ❢♦r tr❡❡s ❛♥❞ ❣r❛♣❤s⑤❛♥❞ t❤❡ r❡❛❞❡r ♠❛② ♠❡♥t❛❧❧②

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

■♥ ♥♦r♠❛❧ ❡①❡❝✉t✐♦♥✱ t❤❡ ❞❛t❛ str✉❝t✉r❡ ✐s ❧❡❢t ❝♦♠♣❧❡t❡ ❛♥❞ ✐♥t❛❝t ❛❢t❡r

t❤❡ ♦♣❡r❛t✐♦♥✳ ❇✉t ✐♠❛❣✐♥❡ t❤❛t ❛♥ ❡①❝❡♣t✐♦♥ ♦r ❢❛✉❧t ♦❝❝✉rs ✐♥s✐❞❡ t❤❡

visit() ♠❡t❤♦❞ ❛t s♦♠❡ ♣♦✐♥t ❞✉r✐♥❣ t❤❡ tr❛✈❡rs❛❧✿ ❛♥ ❛ss❡rt✐♦♥ ☞r❡s✱ ❛♥

❡①❝❡♣t✐♦♥ ♦❝❝✉rs✱ t❤❡ ❤❛r❞✇❛r❡ ❤✐❝❝✉♣s✱ ♦r ❛ t❤r❡❛❞ ✐s ❦✐❧❧❡❞✳ ❈♦♥tr♦❧ ♠❛②

❧❡❛✈❡ t❤❡ traverse() ♠❡t❤♦❞✱ ❜✉t t❤❡ ❞❛t❛ str✉❝t✉r❡ ✐s ❧❡❢t ✐♥ s❤❛♠❜❧❡s✳

❲❤❛t ✐s ♥❡❡❞❡❞ ✐s s♦♠❡ ❡①❝❡♣t✐♦♥✲❤❛♥❞❧✐♥❣ ♣r♦❝❡❞✉r❡ t♦ r❡st♦r❡ t❤❡ ♣r♦♣❡r

st❛t❡ ♦❢ t❤❡ ❧✐st✳ ❚❤✐s ❤❛♥❞❧❡r ❝❛♥ ❜❡ ♠❛♥✉❛❧❧② ❝♦❞❡❞ ✇✐t❤ ❏❛✈❛✬s ❡①✐st✲

✐♥❣ try✴catch ❝♦♥str✉❝t✱ ❜✉t t❤❡ ❡①❝❡♣t✐♦♥✲❤❛♥❞❧✐♥❣ ❝♦❞❡ ♠✉st ❜❡ t✐❣❤t❧②✲

❝♦✉♣❧❡❞ t♦ t❤❡ tr❛✈❡rs❛❧ ✐❢ ✐t ✐s ❣♦✐♥❣ t♦ ✉♥❞♦ t❤❡ ❧✐st ♠✉t❛t✐♦♥s✳
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■♥st❡❛❞✱ ■ ❝❛♥ ♣r♦✈✐❞❡ ❛ ♥♦♥✲❞❡t❡r♠✐♥✐st✐❝ ❝❤♦✐❝❡ ♦♣❡r❛t♦r✱ try✴else✱

❛♥❞ ✇r✐t❡ t❤❡ r❡❝♦✈❡r② ❝♦❞❡ ❛t ❛ ❤✐❣❤❡r ❧❡✈❡❧ ❛s✿

try {
traverse(list);

} else { // try-else construct
throw new Error();

}

❚❤❡ try✴else ❜❧♦❝❦ ❛♣♣❡❛rs t♦ ♠❛❦❡ ❛ ♥♦♥✲❞❡t❡r♠✐♥✐st✐❝ ❝❤♦✐❝❡ ❜❡t✇❡❡♥

❡①❡❝✉t✐♥❣ t❤❡ try ♦r t❤❡ else ❝❧❛✉s❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤❡t❤❡r t❤❡ try ✇♦✉❧❞

s✉❝❝❡❡❞ ♦r ♥♦t✳ ❚❤✐s ❝♦♥str✉❝t ❝❛♥ ❜❡ str❛✐❣❤t❢♦r✇❛r❞❧② ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤

❛ tr❛♥s❛❝t✐♦♥ ❛r♦✉♥❞ t❤❡ tr❛✈❡rs❛❧✱ ❛❧✇❛②s ✐♥✐t✐❛❧❧② ❛tt❡♠♣t✐♥❣ t❤❡ try✳ ❊①✲

❝❡♣t✐♦♥s ♦r ❢❛✉❧ts ❝❛✉s❡ t❤❡ tr❛♥s❛❝t✐♦♥ t♦ ❛❜♦rt❀ ✇❤❡♥ ✐t ❞♦❡s s♦ ❛❧❧ t❤❡

❤❡❛♣ s✐❞❡✲❡☛❡❝ts ♦❢ t❤❡ try ❜❧♦❝❦ ❞✐s❛♣♣❡❛r✳

Backtracking search

■♥tr♦❞✉❝✐♥❣ ❛♥ ❡①♣❧✐❝✐t fail st❛t❡♠❡♥t ❛❧❧♦✇s ✉s t♦ ✉s❡ t❤❡ s❛♠❡ try✴else

t♦ ❢❛❝✐❧✐t❛t❡ ❜❛❝❦tr❛❝❦✐♥❣ s❡❛r❝❤✳ ❇❛❝❦tr❛❝❦✐♥❣ s❡❛r❝❤ ✐s ✉s❡❞ t♦ ✐♠♣❧❡✲

♠❡♥t ♣r❛❝t✐❝❛❧✷ r❡❣✉❧❛r ❡①♣r❡ss✐♦♥s✱ ♣❛rs❡rs✱ ❧♦❣✐❝ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡s✱

❙❝r❛❜❜❧❡✲♣❧❛②✐♥❣ ♣r♦❣r❛♠s ❬✾❪✱ ❛♥❞ ✭✐♥ ❣❡♥❡r❛❧✮ ❛♥② ♣r♦❜❧❡♠ ✇✐t❤ ♠✉❧t✐♣❧❡

s♦❧✉t✐♦♥s ♦r ♠✉❧t✐♣❧❡ s♦❧✉t✐♦♥ t❡❝❤♥✐q✉❡s✳

❆s ❛ s✐♠♣❧❡ ❡①❛♠♣❧❡✱ ❧❡t ✉s ❝♦♥s✐❞❡r ❛ r❡❝✉rs✐✈❡✲❞❡❝❡♥t ♣❛rs❡r s✉❝❤ ❛s

t❤❛t s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✳ ❲❡ ❞♦♥✬t ❦♥♦✇ ✇❤❡t❤❡r t♦ ❛♣♣❧② t❤❡ sum()

♦r difference() ♣r♦❞✉❝t✐♦♥ ✉♥t✐❧ ❛❢t❡r ✇❡✬✈❡ ♣❛rs❡❞ s♦♠❡ ❝♦♠♠♦♥ ❧❡❢t

♣r❡☞①✳ ❲❡ ❝❛♥ ✉s❡ ❜❛❝❦tr❛❝❦✐♥❣ t♦ ❛tt❡♠♣t ♦♥❡ r✉❧❡ ✭sum✮ ❛♥❞ fail ♦✉t ♦❢ ✐t

✐♥s✐❞❡ t❤❡ eat() ♠❡t❤♦❞✱ ✐♥ t❤❡ ♣r♦❝❡ss ✉♥❞♦✐♥❣ ❛♥② ❞❛t❛ str✉❝t✉r❡ ✉♣❞❛t❡s

♣❡r❢♦r♠❡❞ ♦♥ t❤✐s ♣❛t❤✱ ❛♥❞ t❤❡♥ ❛tt❡♠♣t t❤❡ ♦t❤❡r ♣♦ss✐❜❧❡ ♣r♦❞✉❝t✐♦♥✳

Optimistic synchronization

▲❡t✬s ♥♦✇ t✉r♥ ♦✉r ❛tt❡♥t✐♦♥ ♥♦✇ t♦ ♣❛r❛❧❧❡❧ ❝♦❞❡s✱ t❤❡ ♠♦r❡ ❝♦♥✈❡♥t✐♦♥❛❧

❛♣♣❧✐❝❛t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥ s②st❡♠s✳ ❈♦♥s✐❞❡r ❛ s❡r✐❛❧ ♣r♦❣r❛♠ ❢♦r ❝♦♠♣✉t✐♥❣

✷❆s ♦♣♣♦s❡❞ t♦ t❤❡ ❧✐♠✐t❡❞ r❡❣✉❧❛r ❡①♣r❡ss✐♦♥s ❞❡♠♦♥str❛t❡❞ ✐♥ t❤❡♦r② ❝❧❛ss❡s ✇❤✐❝❤

❛r❡ ❛❧✇❛②s ♥❡❛t❧② ❝♦♠♣✐❧❡❞ t♦ ❞❡t❡r♠✐♥✐st✐❝ ☞♥✐t❡ ❛✉t♦♠❛t❛ ❬✸✸❪✳
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char buffer[];
int pos;

void eat(char token) {
if (buffer[pos++] != token)

fail;
}

int expr() {
try {
return sum();

} else {
return difference();

}
}

int sum() {
int a = number();
eat(ADD);
int b = number();
return a+b;

}

int difference() {
int a = number();
eat(MINUS);
int b = number();
return a-b;

}

❋✐❣✉r❡ ✷✳✷✿ ❆ s✐♠♣❧❡ ❜❛❝❦tr❛❝❦✐♥❣ r❡❝✉rs✐✈❡✲❞❡❝❡♥t ♣❛rs❡r✱ ✉s✐♥❣ tr❛♥s❛❝✲

t✐♦♥❛❧ try✴else✴fail✳

✷✼
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♥❡t✇♦r❦ ✌♦✇ ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❬✷✹✱ ❈❤❛♣t❡r ✷✻❪✮✳ ❚❤❡ ✐♥♥❡r ❧♦♦♣ ♦❢ t❤❡ ❝♦❞❡

♣✉s❤❡s ✌♦✇ ❛❝r♦ss ❛♥ ❡❞❣❡ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❭❡①❝❡ss ✌♦✇✧ ♦♥ ♦♥❡ ✈❡rt❡①

❛♥❞ ❞❡❝r❡❛s✐♥❣ ✐t ❜② t❤❡ s❛♠❡ ❛♠♦✉♥t ♦♥ ❛♥♦t❤❡r ✈❡rt❡①✳ ❖♥❡ ♠✐❣❤t s❡❡

t❤❡ ❢♦❧❧♦✇✐♥❣ ❏❛✈❛ ❝♦❞❡✿

void pushFlow(Vertex v1, Vertex v2, double flow) {
v1.excess += flow; /* Move excess flow from v1 */
v2.excess -= flow; /* to v2. */

}

❚♦ ♣❛r❛❧❧❡❧✐③❡ t❤✐s ❝♦❞❡✱ ♦♥❡ ♠✉st ♣r❡❝❧✉❞❡ ♠✉❧t✐♣❧❡ t❤r❡❛❞s ❢r♦♠ ♠♦❞✐✲

❢②✐♥❣ t❤❡ ❡①❝❡ss ✌♦✇ ♦♥ t❤♦s❡ t✇♦ ✈❡rt✐❝❡s ❛t t❤❡ s❛♠❡ t✐♠❡✳ ▲♦❝❦s ♣r♦✈✐❞❡

♦♥❡ ✇❛② t♦ ❡♥❢♦r❝❡ t❤✐s ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥✿

void pushFlow(Vertex v1, Vertex v2, double f) {
Object lock1, lock2;
if (v1.id < v2.id) { /* Avoid deadlock. */
lock1 = v1; lock2 = v2;

} else {
lock1 = v2; lock2 = v1;

}
synchronized(lock1) {
synchronized(lock2) {
v1.excess += f; /* Move excess flow from v1 */
v2.excess -= f; /* to v2. */

} /* unlock lock2 */
} /* unlock lock1 */

}

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

✐♥❛❧✳ ❙♣❛❝❡ ❢♦r ❡❛❝❤ ♦❜❥❡❝t✬s ❧♦❝❦ ♠✉st ❜❡ r❡s❡r✈❡❞✳ ❚♦ ❛✈♦✐❞ ❞❡❛❞❧♦❝❦✱

t❤❡ ❝♦❞❡ ♠✉st ❛❝q✉✐r❡ t❤❡ ❧♦❝❦s ✐♥ ❛ ❝♦♥s✐st❡♥t ❧✐♥❡❛r ♦r❞❡r✱ r❡s✉❧t✐♥❣ ✐♥

❛♥ ✉♥♣r❡❞✐❝t❛❜❧❡ ❜r❛♥❝❤ ✐♥ t❤❡ ❝♦❞❡✳ ■♥ t❤❡ ❝♦❞❡ s❤♦✇♥✱ ■ ❤❛✈❡ r❡q✉✐r❡❞

t❤❡ ♣r♦❣r❛♠♠❡r t♦ ✐♥s❡rt ❛♥ id ☞❡❧❞ ✐♥t♦ ❡❛❝❤ ✈❡rt❡① ♦❜❥❡❝t t♦ ♠❛✐♥t❛✐♥ ❛

t♦t❛❧ ♦r❞❡r✐♥❣✳ ❚❤❡ t✐♠❡ r❡q✉✐r❡❞ t♦ ❛❝q✉✐r❡ t❤❡ ❧♦❝❦s ♠❛② ❜❡ ❛♥ ♦r❞❡r ♦❢

♠❛❣♥✐t✉❞❡ ❧❛r❣❡r t❤❛♥ t❤❡ t✐♠❡ t♦ ♠♦❞✐❢② t❤❡ ❡①❝❡ss ✌♦✇✳ ❲❤❛t✬s ♠♦r❡✱

❛❧❧ ♦❢ t❤✐s ♦✈❡r❤❡❛❞ ✐s r❛r❡❧② ♥❡❡❞❡❞✦ ❋♦r ❛ ❣r❛♣❤ ✇✐t❤ t❤♦✉s❛♥❞s ♦r ♠✐❧❧✐♦♥s

♦❢ ✈❡rt✐❝❡s✱ t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❛❞s ♦♣❡r❛t✐♥❣ ♦♥ t❤❡ ❣r❛♣❤ ✐s ❧✐❦❡❧② t♦ ❜❡

❧❡ss t❤❛♥ ❛ ❤✉♥❞r❡❞✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❝❤❛♥❝❡s ❛r❡ q✉✐t❡ s♠❛❧❧ t❤❛t t✇♦

❞✐☛❡r❡♥t t❤r❡❛❞s ❛❝t✉❛❧❧② ❝♦♥✌✐❝t✳ ❲✐t❤♦✉t t❤❡ ❧♦❝❦s t♦ ✐♠♣❧❡♠❡♥t ♠✉t✉❛❧

❡①❝❧✉s✐♦♥✱ ❤♦✇❡✈❡r✱ t❤❡ ♣r♦❣r❛♠ ✇♦✉❧❞ ♦❝❝❛s✐♦♥❛❧❧② ❢❛✐❧✳
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❙♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥s ✭❛♥❞ s♦♠❡ ❧❛♥❣✉❛❣❡ s✉♣♣♦rt✮ ❛❧❧♦✇ t❤❡ ♣r♦❣r❛♠✲

♠❡r t♦ ♣❛r❛❧❧❡❧✐③❡ t❤❡ ♦r✐❣✐♥❛❧ ❝♦❞❡ ✉s✐♥❣ ❛♥ atomic ❦❡②✇♦r❞ t♦ ✐♥❞✐❝❛t❡

t❤❛t t❤❡ ❝♦❞❡ ❜❧♦❝❦ s❤♦✉❧❞ ❛♣♣❡❛r t♦ ❡①❡❝✉t❡ ❛t♦♠✐❝❛❧❧②✿

void pushFlow(Vertex v1, Vertex v2, double flow) {
atomic { /* Transaction begin. */

v1.excess += flow; /* Move excess flow from v1 */
v2.excess -= flow; /* to v2. */

} /* Transaction end. */
}

❚❤✐s atomic r❡❣✐♦♥ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❛s ❛ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ ✇✐t❤ ❛♥ ❛♣✲

♣r♦♣r✐❛t❡❧② ♥♦♥❜❧♦❝❦✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ✐t ✇✐❧❧ s❝❛❧❡ ❜❡tt❡r✱ ❡①❡❝✉t❡ ❢❛st❡r✱

❛♥❞ ✉s❡ ❧❡ss ♠❡♠♦r② t❤❛♥ t❤❡ ❧♦❝❦✐♥❣ ✈❡rs✐♦♥ ❬✻✱ ✹✵✱ ✹✹✱ ✹✾✱ ✼✸✱ ✽✼❪✳ ❋r♦♠

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

✐♥❣ ♣r♦t♦❝♦❧ ✇❤✐❝❤ ♠✉st ❜❡ ♦❜s❡r✈❡❞ r✐❣♦r♦✉s❧② ❡✈❡r②✇❤❡r❡ t❤❡ r❡❧❛t❡❞ ☞❡❧❞s

❛r❡ ❛❝❝❡ss❡❞✱ ✐❢ ❞❡❛❞❧♦❝❦ ❛♥❞ r❛❝❡s ❛r❡ t♦ ❜❡ ❛✈♦✐❞❡❞✳

❋✉rt❤❡r✱ ■ ❝❛♥ ✐♠♣❧❡♠❡♥t atomic ✉s✐♥❣ t❤❡ try✴else ❡①❝❡♣t✐♦♥✲❤❛♥❞❧✐♥❣

♠❡❝❤❛♥✐s♠ ■ ❤❛✈❡ ❛❧r❡❛❞② ✐♥tr♦❞✉❝❡❞✿

for (int b=0; ; b++) {
try {

// atomic actions
} else {

backOff(b);
continue;

}
break; // success!

}

■ ♥♦♥✲❞❡t❡r♠✐♥✐st✐❝❛❧❧② ❝❤♦♦s❡ t♦ ❡①❡❝✉t❡ t❤❡ ❜♦❞② ♦❢ t❤❡ atomic ❜❧♦❝❦

✐❢ ❛♥❞ ♦♥❧② ✐❢ ✐t ✇✐❧❧ ❜❡ ♦❜s❡r✈❡❞ ❜② ❛❧❧ t♦ ❡①❡❝✉t❡ ❛t♦♠✐❝❛❧❧②✳ ❚❤❡ s❛♠❡ ❧✐♥✲

❣✉✐st✐❝ ♠❡❝❤❛♥✐s♠ ■ ✐♥tr♦❞✉❝❡❞ ❢♦r ❢❛✉❧t t♦❧❡r❛♥❝❡ ❛♥❞ ❜❛❝❦tr❛❝❦✐♥❣ ♣r♦✈✐❞❡s

❛t♦♠✐❝ r❡❣✐♦♥s ❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥ ❛s ✇❡❧❧✳

Bug fixing

❚❤❡ ❡①✐st✐♥❣ monitor synchronization ♠❡t❤♦❞♦❧♦❣② ❢♦r ❏❛✈❛✱ ❜✉✐❧❞✐♥❣ ♦♥

s✉❝❤ ❢❡❛t✉r❡s ✐♥ ♣r♦❣❡♥✐t♦rs s✉❝❤ ❛s ❊♠❡r❛❧❞ ❬✶✻✱ ✻✶❪✱✸ ✐♠♣❧✐❝✐t❧② ❛ss♦❝✐❛t❡s

✸❙❡❡ ❙❡❝t✐♦♥ ✾✳✹✳

✷✾



❈❍❆P❚❊❘ ✷✳ ❚❘❆◆❙❆❈❚■❖◆❆▲ P❘❖●❘❆▼▼■◆●

❛♥ ❧♦❝❦ ✇✐t❤ ❡❛❝❤ ♦❜❥❡❝t✳ ❉❛t❛ r❛❝❡s ❛r❡ ♣r❡✈❡♥t❡❞ ❜② r❡q✉✐r✐♥❣ ❛ t❤r❡❛❞ t♦

❛❝q✉✐r❡ ❛♥ ♦❜❥❡❝t✬s ❧♦❝❦ ❜❡❢♦r❡ t♦✉❝❤✐♥❣ t❤❡ ♦❜❥❡❝t✬s s❤❛r❡❞ ☞❡❧❞s✳ ❚❤❡ ❧❛❝❦

♦❢ r❛❝❡s ✐s ♥♦t s✉✍❝✐❡♥t t♦ ♣r❡✈❡♥t ✉♥❛♥t✐❝✐♣❛t❡❞ ♣❛r❛❧❧❡❧ ❜❡❤❛✈✐♦r✱ ❤♦✇❡✈❡r✳

❋❧❛♥❛❣❛♥ ❛♥❞ ◗❛❞❡❡r ❬✷✾❪ ❞❡♠♦♥str❛t❡❞ t❤✐s ✐♥s✉✍❝✐❡♥❝② ✇✐t❤ ❛♥ ❛❝✲

t✉❛❧ ❜✉❣ t❤❡② ❞✐s❝♦✈❡r❡❞ ✐♥ t❤❡ ❙✉♥ ❏❉❑ ✶✳✹✳✷ ❏❛✈❛ st❛♥❞❛r❞ ❧✐❜r❛r✐❡s✳

❚❤❡ java.lang.StringBuffer ❝❧❛ss✱ ✇❤✐❝❤ ✐♠♣❧❡♠❡♥ts ❛ ♠✉t❛❜❧❡ str✐♥❣

❛❜str❛❝t✐♦♥✱ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❛s ❢♦❧❧♦✇s✿

public final class StringBuffer ... {
private char value[];
private int count;
...
public synchronized
StringBuffer append(StringBuffer sb) {
...

A: int len = sb.length();
int newcount = count + len;
if (newcount > value.length)
expandCapacity(newcount);

// next statement may use stale len
B: sb.getChars(0, len, value, count);

count = newcount;
return this;

}
public synchronized int length() { return count; }
public synchronized void getChars(...) { ... }

}

❚❤❡ ❧✐❜r❛r② ❞♦❝✉♠❡♥t❛t✐♦♥ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♠❡t❤♦❞s ♦❢ t❤✐s ❝❧❛ss ❛r❡

♠❡❛♥t t♦ ❡①❡❝✉t❡ ❛t♦♠✐❝❛❧❧②✱ ❛♥❞ t❤❡ synchronized ♠♦❞✐☞❡rs ♦♥ t❤❡ ♠❡t❤✲

♦❞s ❛r❡ ♠❡❛♥t t♦ ❛❝❝♦♠♣❧✐s❤ t❤✐s✳

❚❤❡ append() ♠❡t❤♦❞ ✐s ♥♦t ❛t♦♠✐❝✱ ❤♦✇❡✈❡r✳ ❆♥♦t❤❡r t❤r❡❛❞ ♠❛②

❝❤❛♥❣❡ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♣❛r❛♠❡t❡r sb ✭❜② ❛❞❞✐♥❣ ♦r r❡♠♦✈✐♥❣ ❝❤❛r❛❝t❡rs✮

❜❡t✇❡❡♥ t❤❡ ❝❛❧❧ t♦ sb.length() ❛t ❧❛❜❡❧ ❆ ❛♥❞ t❤❡ ❝❛❧❧ t♦ sb.getChars(...)

❛t ❧❛❜❡❧ ❇✳ ❚❤✐s ♥♦♥✲❛t♦♠✐❝✐t② ♠❛② ❝❛✉s❡ ✐♥❝♦rr❡❝t ❞❛t❛ t♦ ❜❡ ❛♣♣❡♥❞❡❞ t♦

t❤❡ t❛r❣❡t ♦r ❛ StringIndexOutOfBoundException t♦ ❜❡ t❤r♦✇♥✳ ❆❧t❤♦✉❣❤

t❤❡ ❝❛❧❧s t♦ sb.length() ❛♥❞ sb.getChars() ❛r❡ ✐♥❞✐✈✐❞✉❛❧❧② ❛t♦♠✐❝✱ t❤❡②

❞♦ ♥♦t ❝♦♠♣♦s❡ t♦ ❢♦r♠ ❛♥ ❛t♦♠✐❝ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ append()✳

❘❡♣❧❛❝✐♥❣ synchronized ✇✐t❤ atomic ✐♥ t❤✐s ❝♦❞❡ ❣✐✈❡s ✉s t❤❡ s❡♠❛♥✲

t✐❝s ✇❡ ❞❡s✐r❡✿ t❤❡ ❛t♦♠✐❝✐t② ♦❢ ♥❡st❡❞ atomic ❜❧♦❝❦s ✐s ❣✉❛r❛♥t❡❡❞ ❜② t❤❡
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❛t♦♠✐❝✐t② ♦❢ t❤❡ ♦✉t❡r♠♦st ❜❧♦❝❦✱ ❡♥s✉r✐♥❣ t❤❛t t❤❡ ❡♥t✐r❡ ♦♣❡r❛t✐♦♥ ❛♣♣❡❛rs

❛t♦♠✐❝✳

❇♦t❤ t❤❡ ♥❡t✇♦r❦ ✌♦✇ ❡①❛♠♣❧❡ ❛♥❞ t❤✐s StringBuffer ❡①❛♠♣❧❡ r❡q✉✐r❡

s②♥❝❤r♦♥✐③❛t✐♦♥ ♦❢ ✉♣❞❛t❡s t♦ ♠♦r❡ t❤❛♥ ♦♥❡ ♦❜❥❡❝t✳ ▼♦♥✐t♦r s②♥❝❤r♦♥✐③❛✲

t✐♦♥ ✐s ♥♦t ✇❡❧❧✲s✉✐t❡❞ t♦ t❤✐s t❛s❦✳ ❆t♦♠✐❝ r❡❣✐♦♥s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ tr❛♥s✲

❛❝t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ t♦ s✐♠♣❧✐❢② t❤❡ ❧♦❝❦✐♥❣ ❞✐s❝✐♣❧✐♥❡ r❡q✉✐r❡❞ t♦ s②♥❝❤r♦✲

♥✐③❡ ♠✉❧t✐♦❜❥❡❝t ♠✉t❛t✐♦♥ ❛♥❞ ♣r♦✈✐❞❡ ❛ ♠♦r❡ ✐♥t✉✐t✐✈❡ s♣❡❝✐☞❝❛t✐♦♥ ❢♦r t❤❡

❞❡s✐r❡❞ ❝♦♥❝✉rr❡♥t ♣r♦♣❡rt✐❡s✳ ❋✉rt❤❡r✱ t❤❡ StringBuffer ❡①❛♠♣❧❡ s❤♦✇s

t❤❛t s✐♠♣❧② r❡♣❧❛❝✐♥❣ synchronized ✇✐t❤ atomic ♣r♦✈✐❞❡s ❛ ❛❧t❡r♥❛t✐✈❡ s❡✲

♠❛♥t✐❝s t❤❛t ♠❛② ✐♥ ❢❛❝t ❝♦rr❡❝t ❡①✐st✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ❡rr♦rs✳ ❋♦r ♠❛♥②

❏❛✈❛ ♣r♦❣r❛♠s✱ t❤❡ s❡♠❛♥t✐❝s ♦❢ atomic ❛♥❞ synchronized ❛r❡ ✐❞❡♥t✐❝❛❧❀

s❡❡ ❙❡❝t✐♦♥ ✽✳✸✳

2.3 Some things we still can’t (easily) do

❚❤❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ♣r❡s❡♥t❡❞ ❤❡r❡ ✐s ♥♦t ❛ ✉♥✐✈❡rs❛❧ r❡♣❧❛❝❡♠❡♥t ❢♦r

❛❧❧ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ tr❛♥s❛❝t✐♦♥s ❝❛♥♥♦t r❡♣❧❛❝❡ ♠✉t✉❛❧ ❡①✲

❝❧✉s✐♦♥ r❡q✉✐r❡❞ t♦ s❡r✐❛❧✐③❡ ■✴❖✱ ❛❧t❤♦✉❣❤ t❤❡ ♥❡❡❞❡❞ ❧♦❝❦s ❝❛♥ ❝❡rt❛✐♥❧② ❜❡

❜✉✐❧t ✇✐t❤ tr❛♥s❛❝t✐♦♥s✳ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ♦❢ ✐♥t❡❣r❛t✐♥❣ ■✴❖ ✇✐t❤✐♥ ❛ tr❛♥s❛❝✲

t✐♦♥❛❧ ❝♦♥t❡①t ✐s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✽✳✹✳ ▲❛r❣❡ ♣r♦❣r❛♠s⑤t❤❡ ▲✐♥✉① ❦❡r♥❡❧✱

❢♦r ❡①❛♠♣❧❡⑤❤❛✈❡ ❜❡❡♥ ✇r✐tt❡♥ s✉❝❤ t❤❛t ❧♦❝❦s ❛r❡ ♥❡✈❡r ❤❡❧❞ ❛❝r♦ss ❝♦♥✲

t❡①t s✇✐t❝❤❡s ♦r ■✴❖ ♦♣❡r❛t✐♦♥s✱ ❤♦✇❡✈❡r✳ ❚r❛♥s❛❝t✐♦♥s ♣r♦✈✐❞❡ ❛ ❝♦♠♣❧❡t❡

s♦❧✉t✐♦♥ ❢♦r t❤✐s ❧✐♠✐t❡❞ ❢♦r♠ ♦❢ s②♥❝❤r♦♥✐③❛t✐♦♥✳

❇❧♦❝❦✐♥❣ ♣r♦❞✉❝❡r✲❝♦♥s✉♠❡r q✉❡✉❡s✱ ♦r ♦t❤❡r ♦♣t✐♦♥s t❤❛t r❡q✉✐r❡ ❛

tr❛♥s❛❝t✐♦♥ t♦ ✇❛✐t ✉♣♦♥ ❛ ❝♦♥❞✐t✐♦♥ ✈❛r✐❛❜❧❡✱ ♠❛② ✐♥tr♦❞✉❝❡ ❝♦♠♣❧✐❝❛t✐♦♥s

✐♥t♦ ❛ tr❛♥s❛❝t✐♦♥ s②st❡♠✿ tr❛♥s❛❝t✐♦♥s ❝❛♥♥♦t ✐♠♠❡❞✐❛t❡❧② r❡tr② ✇❤❡♥ t❤❡②

❢❛✐❧✱ ❜✉t ✐♥st❡❛❞ ♠✉st ✇❛✐t ❢♦r s♦♠❡ ❝♦♥❞✐t✐♦♥ t♦ ❜❡❝♦♠❡ tr✉❡✳ ❙❡❝t✐♦♥ ✹✳✹✳✹

❞❡s❝r✐❜❡s s♦♠❡ s♦❧✉t✐♦♥s t♦ t❤✐s ♣r♦❜❧❡♠✱ r❛♥❣✐♥❣ ❢r♦♠ ♥❛✐✈❡ ✭❦❡❡♣ r❡tr②✐♥❣

❛♥❞ ❛❜♦rt✐♥❣ ✇✐t❤ ❡①♣♦♥❡♥t✐❛❧ ❜❛❝❦♦☛ ✉♥t✐❧ t❤❡ ❝♦♥❞✐t✐♦♥ ✐s ☞♥❛❧❧② tr✉❡✮ t♦

❝❧❡✈❡r❀ t❤❡ ❝❧❡✈❡r s♦❧✉t✐♦♥s r❡q✉✐r❡ ❛❞❞✐t✐♦♥❛❧ tr❛♥s❛❝t✐♦♥ ♠❛❝❤✐♥❡r②✳
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❊❛s② t❤✐♥❣s s❤♦✉❧❞ st❛② ❡❛s②✱

❤❛r❞ t❤✐♥❣s s❤♦✉❧❞ ❣❡t ❡❛s✐❡r✱

❛♥❞ ✐♠♣♦ss✐❜❧❡ t❤✐♥❣s s❤♦✉❧❞ ❣❡t

❤❛r❞✳

▼♦tt♦ ❢♦r P❡r❧ ✻ ❞❡✈❡❧♦♣♠❡♥tChapter 3

Designing a software

transaction system

■♥ t❤✐s ❝❤❛♣t❡r ■ ❞❡t❛✐❧ t❤❡ ❞❡s✐❣♥ ♦❢ ❆♣❡❳✱ ❛ ❤✐❣❤✲♣❡r❢♦r♠❛♥❝❡ s♦❢t✇❛r❡

tr❛♥s❛❝t✐♦♥ s②st❡♠✳ ■ ☞rst ♣r❡s❡♥t ❛ ♠❡t❤♦❞♦❧♦❣② ❢♦r ✐s♦❧❛t✐♥❣ ❧✐❦❡❧② tr❛♥s✲

❛❝t✐♦♥s ❢r♦♠ ❜❡♥❝❤♠❛r❦s✳ ■ t❤❡♥ ❞❡s❝r✐❜❡ t❤❡ s②st❡♠ ❣♦❛❧s✱ ❛♥❞ ✉s❡ q✉❛♥✲

t✐t❛t✐✈❡ ❞❛t❛ ❢r♦♠ ❜❡♥❝❤♠❛r❦s t♦ ❜✉ttr❡ss t❤❡ ❞❡s✐❣♥ ❝❤♦✐❝❡s✳ ■ ❢♦r♠❛❧✐③❡

❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♠❡❡t✐♥❣ t❤♦s❡ ❣♦❛❧s ✐♥ t❤❡ ♠♦❞❡❧✐♥❣ ❧❛♥❣✉❛❣❡ Pr♦♠❡❧❛✳

❚❤❡ ❝♦rr❡❝t♥❡ss ♦❢ t❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝❛♥ ❜❡ ♠♦❞❡❧✲❝❤❡❝❦❡❞ ✉s✐♥❣ t❤❡ ❙♣✐♥

t♦♦❧❀ t❤❡ ❞❡t❛✐❧s ♦❢ t❤✐s ❡☛♦rt ❛r❡ ✐♥ ❆♣♣❡♥❞✐① ❆✳

❆❢t❡r ♦✉t❧✐♥✐♥❣ t❤❡ ❞❡s✐❣♥ ♦❢ ❆♣❡❳ ✐♥ t❤✐s ❝❤❛♣t❡r✱ ❈❤❛♣t❡r ✹ ❞✐s❝✉ss❡s

✐ts ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

3.1 Finding transactions

❖♥❡ ♦❢ t❤❡ ❞✐✍❝✉❧t✐❡s ♦❢ ♣r♦♣♦s✐♥❣ ❛ ♥♦✈❡❧ ❧❛♥❣✉❛❣❡ ❢❡❛t✉r❡ ✐s t❤❡ ❧❛❝❦ ♦❢

❜❡♥❝❤♠❛r❦s ❢♦r ✐ts ❡✈❛❧✉❛t✐♦♥✳ ❆❧t❤♦✉❣❤ t❤❡r❡ ✐s ♥♦ ❡①✐st✐♥❣ ❜♦❞② ♦❢ ❝♦❞❡

t❤❛t ✉s❡s tr❛♥s❛❝t✐♦♥s✱ t❤❡r❡ ✐s ❛ s✉❜st❛♥t✐❛❧ ❜♦❞② ♦❢ ❝♦❞❡ t❤❛t ✉s❡s ❏❛✈❛

✭❧♦❝❦✐♥❣✮ s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❚❤✐s t❤❡s✐s ✉t✐❧✐③❡s t❤❡ ❋❧❡① ❝♦♠♣✐❧❡r ❬✸❪ t♦

s✉❜st✐t✉t❡ atomic ❜❧♦❝❦s ✭♠❡t❤♦❞s✮ ❢♦r synchronized ❜❧♦❝❦s ✭♠❡t❤♦❞s✮ ✐♥

♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡ ♣r♦♣❡rt✐❡s ❏❛✈❛ tr❛♥s❛❝t✐♦♥s ❛r❡ ❧✐❦❡❧② t♦ ❤❛✈❡✳ ❚❤❡
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s❡♠❛♥t✐❝s ❛r❡ ♥♦t ♣r❡❝✐s❡❧② ❝♦♠♣❛t✐❜❧❡✿ t❤❡ ❡①✐st✐♥❣ ❏❛✈❛ ♠❡♠♦r② ♠♦❞❡❧

❛❧❧♦✇s ✉♥s②♥❝❤r♦♥✐③❡❞ ✉♣❞❛t❡s t♦ s❤❛r❡❞ ☞❡❧❞s t♦ ❜❡ ♦❜s❡r✈❡❞ ✇✐t❤✐♥ ❛

s②♥❝❤r♦♥✐③❡❞ ❜❧♦❝❦✱ ✇❤✐❧❡ s✉❝❤ ✉♣❞❛t❡s ❛r❡ ♥❡✈❡r ✈✐s✐❜❧❡ t♦ ❛ tr❛♥s❛❝t✐♦♥

❡①♣r❡ss❡❞ ✇✐t❤ ❛♥ atomic ❜❧♦❝❦✳✶ ❉❡s♣✐t❡ t❤❡ ❞✐☛❡r❡♥❝❡s ✐♥ s❡♠❛♥t✐❝s✱ t❤❡

❛✉t♦♠❛t✐❝ s✉❜st✐t✉t✐♦♥ ♦❢ atomic ❢♦r synchronized ❞♦❡s✱ ✐♥ ❢❛❝t✱ ♣r❡s❡r✈❡

t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s ■ ❡①❛♠✐♥❡ ❤❡r❡✳

❚❤❡ ✐♥✐t✐❛❧ r❡s✉❧ts ♦❢ t❤✐s ❝❤❛♣t❡r ❡①♣❧♦r❡ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ❡①♣♦s✐♥❣

t❤❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ t♦ ✉s❡r✲❧❡✈❡❧ ❝♦❞❡ t❤r♦✉❣❤ ❛ ❝♦♠♣✐❧❡r✳ ■ ❝♦♠♣✐❧❡❞

t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡ ✇✐t❤ t❤❡ ❋❧❡① ❏❛✈❛ ❝♦♠♣✐❧❡r✱ ♠♦❞✐☞❡❞ t♦

t✉r♥ s②♥❝❤r♦♥✐③❡❞ ❜❧♦❝❦s ❛♥❞ ♠❡t❤♦❞s ✐♥t♦ tr❛♥s❛❝t✐♦♥s✱ ✐♥ ♦r❞❡r t♦ ✐♥✈❡s✲

t✐❣❛t❡ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥s ✐♥ s✉❝❤ ❭❛✉t♦♠❛t✐❝❛❧❧② ❝♦♥✈❡rt❡❞✧

❝♦❞❡✳ ❋❧❡① ♣❡r❢♦r♠❡❞ ♠❡t❤♦❞ ❝❧♦♥✐♥❣ t♦ ❞✐st✐♥❣✉✐s❤ ♠❡t❤♦❞s ❝❛❧❧❡❞ ❢r♦♠

✇✐t❤✐♥ tr❛♥s❛❝t✐♦♥s✱ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞ ♥❡st❡❞ ❧♦❝❦s ❛s ❛ s✐♥❣❧❡ tr❛♥s❛❝t✐♦♥

❛r♦✉♥❞ t❤❡ ♦✉t❡r♠♦st✳✷ ■ ✐♥str✉♠❡♥t❡❞ t❤✐s tr❛♥s❢♦r♠❡❞ ♣r♦❣r❛♠ t♦ ♣r♦✲

❞✉❝❡ ❛ tr❛❝❡ ♦❢ ♠❡♠♦r② r❡❢❡r❡♥❝❡s ❛♥❞ tr❛♥s❛❝t✐♦♥ ❜♦✉♥❞❛r✐❡s ❢♦r ❛♥❛❧②s✐s✳

■ ❢♦✉♥❞ ❜♦t❤ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s ✭✐♥✈♦❧✈✐♥❣ ♠✐❧❧✐♦♥s ♦❢ ❝❛❝❤❡ ❧✐♥❡s✮ ❛♥❞ ❢r❡✲

q✉❡♥t tr❛♥s❛❝t✐♦♥s ✭✉♣ t♦ ✹✺ ♠✐❧❧✐♦♥ ♦❢ t❤❡♠✮✳ ❲❡ ✇✐❧❧ s❤♦✇ t❤❛t t❤❡s❡

♣r♦♣❡rt✐❡s ❛r❡ ♥♦t ✉♥✉s✉❛❧ ❢♦r t②♣✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳

❚❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡ r❡♣r❡s❡♥ts ❛ ✈❛r✐❡t② ♦❢ t②♣✐❝❛❧ ❏❛✈❛ ❛♣✲

♣❧✐❝❛t✐♦♥s t❤❛t ✉s❡ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ t❤❡ ❏❛✈❛ st❛♥❞❛r❞ ❧✐❜r❛r②✳ ❆❧t❤♦✉❣❤

t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦s ❛r❡ ❧❛r❣❡❧② s✐♥❣❧❡✲t❤r❡❛❞❡❞✱ t❤❡② ❝♦♥t❛✐♥ s②♥✲

❝❤r♦♥✐③❡❞ ❝♦❞❡ ✇✐t❤✐♥ t❤❡ t❤r❡❛❞✲s❛❢❡ ❏❛✈❛ st❛♥❞❛r❞ ❧✐❜r❛r✐❡s ✇❤✐❝❤ ✐s tr❛♥s✲

❢♦r♠❡❞ ✐♥t♦ tr❛♥s❛❝t✐♦♥s✳ ❇❡❝❛✉s❡ ✐♥ t❤✐s ❡✈❛❧✉❛t✐♦♥ ■ ❛♠ ❧♦♦❦✐♥❣ ❛t tr❛♥s✲

❛❝t✐♦♥ ♣r♦♣❡rt✐❡s ♦♥❧②✱ t❤❡ ♠✉❧t✐t❤r❡❛❞❡❞ 227 mtrt ❜❡♥❝❤♠❛r❦ ✐s ✐❞❡♥t✐❝❛❧

t♦ ✐ts s❡r✐❛❧✐③❡❞ ✈❡rs✐♦♥✱ 205 raytrace✳ ❋♦r ❝♦♥s✐st❡♥❝②✱ ■ ♣r❡s❡♥t ♦♥❧② t❤❡

❧❛tt❡r✳

✶❚❤❡ ❏❛✈❛ ✺✳✵ r❡✈✐s✐♦♥ ♦❢ t❤❡ ❏❛✈❛ ♠❡♠♦r② ♠♦❞❡❧ ❬✻✽④✼✵❪ ♥❛rr♦✇s t❤❡ s❡♠❛♥t✐❝ ❣❛♣✳

❚❤❡ ❢✉❧❧ ♠❡♠♦r② ♠♦❞❡❧ ✐♥❝❧✉❞❡s ❞❡t❛✐❧s⑤s✉❝❤ ❛s volatile ☞❡❧❞s⑤✇❤✐❝❤ ■ ❞♦ ♥♦t tr❡❛t

✐♥ t❤✐s ✇♦r❦✳ ❙❡❝t✐♦♥ ✽✳✸ ❞✐s❝✉ss❡s t❤❡ ❝❤❛❧❧❡♥❣❡s ✐♥✈♦❧✈❡❞ ✐♥ ❛✉t♦♠❛t✐❝ tr❛♥s❛❝t✐☞❝❛t✐♦♥✱

❛♥❞ ❬✹✶❪ ❝♦♥t❛✐♥s ❛ ❢✉❧❧❡r ❞✐s❝✉ss✐♦♥ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ tr❛♥s❛❝t✐♦♥s ❛♥❞ ❤✐❣❤✲❧❡✈❡❧

♠❡♠♦r② ♠♦❞❡❧s✳
✷❙❡❡ ❙❡❝t✐♦♥ ✹✳✷ ❢♦r ♠♦r❡ ❞❡t❛✐❧s ♦♥ t❤✐s tr❛♥s❢♦r♠❛t✐♦♥✳

✸✹
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t♦t❛❧ tr❛♥s❛❝t✐♦♥❛❧ ❜✐❣❣❡st

♣r♦❣r❛♠ ♠❡♠♦r② ♦♣s tr❛♥s❛❝t✐♦♥s ♠❡♠♦r② ♦♣s tr❛♥s❛❝t✐♦♥

201 compress ✷✱✾✽✶✱✼✼✼✱✽✾✵ ✷✱✷✼✷ <✵✳✶✪ ✷✱✸✵✷

202 jess ✹✵✺✱✶✺✸✱✷✺✺ ✹✱✽✾✷✱✽✷✾ ✾✳✶✪ ✼✱✵✾✷

205 raytrace ✹✷✵✱✵✵✺✱✼✻✸ ✹✱✶✼✼ ✶✳✼✪ ✼✱✶✹✾✱✵✾✾

209 db ✽✹✽✱✵✽✷✱✺✾✼ ✹✺✱✷✷✷✱✼✹✷ ✷✸✳✵✪ ✹✾✽✱✸✹✾

213 javac ✹✼✷✱✹✶✻✱✶✷✾ ✻✻✽ ✾✾✳✾✪ ✶✶✽✱✵✹✶✱✻✽✺

222 mpegaudio ✷✱✻✷✵✱✽✶✽✱✶✻✾ ✷✱✾✾✶ <✵✳✶✪ ✷✱✷✽✶

228 jack ✶✽✼✱✵✷✾✱✼✹✹ ✶✷✱✵✶✼✱✵✹✶ ✸✹✳✷✪ ✶✹✱✷✻✻

❋✐❣✉r❡ ✸✳✶✿ ❚r❛♥s❛❝t✐☞❝❛t✐♦♥ ♦❢ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡✿ r❡s✉❧t✐♥❣

tr❛♥s❛❝t✐♦♥ ❝♦✉♥ts ❛♥❞ s✐③❡s✱ ❝♦♠♣❛r❡❞ t♦ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♠❡♠♦r② ♦♣❡r✲

❛t✐♦♥s ✭❧♦❛❞s ❛♥❞ st♦r❡s✮✳ ❚❤❡s❡ ♥✉♠❜❡rs r❡♣r❡s❡♥t ❢✉❧❧ ✐♥♣✉t s✐③❡ r✉♥s✳

IIII

IVII

205_raytrace

209_db

222_mpegaudio

201_compress

202_jess
High

Low

213_javac

Large
Size of Largest Transaction

Small

memory operations
% transactional

228_jack

❋✐❣✉r❡ ✸✳✷✿ ❈❧❛ss✐☞❝❛t✐♦♥ ♦❢ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦s ✐♥t♦ q✉❛❞r❛♥ts ❜❛s❡❞

♦♥ tr❛♥s❛❝t✐♦♥ ♣r♦♣❡rt✐❡s✳

✸✺
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❋✐❣✉r❡ ✸✳✶ s❤♦✇s t❤❡ r❛✇ s✐③❡s ❛♥❞ ❢r❡q✉❡♥❝② ♦❢ tr❛♥s❛❝t✐♦♥s ✐♥ t❤❡ tr❛♥s✲

❛❝t✐☞❡❞ ❙P❊❈❥✈♠✾✽ s✉✐t❡✳ ❇❡❝❛✉s❡ t❤❡ r✉♥ t✐♠❡s ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s ❛r❡

r♦✉❣❤❧② ❝♦♠♣❛r❛❜❧❡✱✸ tr❛♥s❛❝t✐♦♥ ❝♦✉♥t ✐s ❛❧s♦ ❛♥ ✐♥❞✐❝❛t♦r ♦❢ tr❛♥s❛❝t✐♦♥

r❛t❡✳ ❋✐❣✉r❡ ✸✳✷ ♣r♦♣♦s❡s ❛ t❛①♦♥♦♠② ❢♦r ❏❛✈❛ ❛♣♣❧✐❝❛t✐♦♥s ✇✐t❤ tr❛♥s❛❝✲

t✐♦♥s✱ ❣r♦✉♣✐♥❣ t❤❡ ❙P❊❈❥✈♠✾✽ ❛♣♣❧✐❝❛t✐♦♥s ✐♥t♦ q✉❛❞r❛♥ts ❜❛s❡❞ ♦♥ t❤❡

♥✉♠❜❡r ❛♥❞ s✐③❡ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥s t❤❛t t❤❡② ♣❡r❢♦r♠✳ ❆♣♣❧✐❝❛t✐♦♥s ✐♥

◗✉❛❞s ■■ ❛♥❞ ■❱ r❡q✉✐r❡ ❛♥ ❡✍❝✐❡♥t tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❜❡❝❛✉s❡

t❤❡② ❝♦♥t❛✐♥ ♠❛♥② tr❛♥s❛❝t✐♦♥❛❧ ♦♣❡r❛t✐♦♥s✳ ◗✉❛❞s ■■■ ❛♥❞ ■❱ ❝♦♥t❛✐♥ ❛t

❧❡❛st s♦♠❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s✱ ✇❤✐❝❤ ♣♦s❡ ❞✐✍❝✉❧t✐❡s ❢♦r ❝✉rr❡♥t❧② ♣r♦♣♦s❡❞

❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② s❝❤❡♠❡s✳ ❲❡ ♥♦✇ ❡①❛♠✐♥❡ t❤❡ ❜❡♥❝❤♠❛r❦s

✐♥ ❡❛❝❤ q✉❛❞r❛♥t t♦ ❞❡t❡r♠✐♥❡ ✇❤② ✐ts ♣r♦❣r❛♠ ❧♦❣✐❝ ❝❛✉s❡❞ ✐t t♦ ❜❡ ❝❧❛ss✐☞❡❞

✐♥ t❤❛t q✉❛❞r❛♥t✳

◗✉❛❞ ■ ❛♣♣❧✐❝❛t✐♦♥s ♣❡r❢♦r♠ ❢❡✇ ✭✉♣ t♦ ❛❜♦✉t ✷✵✵✵✮ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s✳

❚❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s ✐♥❝❧✉❞❡ 201 compress✱ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❣③✐♣ ❝♦♠✲

♣r❡ss✐♦♥✱ ❛♥❞ 222 mpegaudio✱ ❛♥ ▼P✸ ❞❡❝♦❞❡r✳ ❇♦t❤ ♦❢ t❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s

♣❡r❢♦r♠ ✐♥❤❡r❡♥t❧② s❡r✐❛❧ t❛s❦s✳ ❚❤❡② ♣❡r❢♦r♠ q✉✐t❡ ✇❡❧❧ ✇✐t❤ ❧♦❝❦s✱ ❛♥❞

✇♦✉❧❞ ❧✐❦❡❧② ❡①❡❝✉t❡ ✇✐t❤ ❛❝❝❡♣t❛❜❧❡ ♣❡r❢♦r♠❛♥❝❡ ❡✈❡♥ ✇✐t❤ ❛ ♥❛✐✈❡ s♦❢t✇❛r❡

✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥s✱ ❛s ❧♦♥❣ ❛s t❤❡ ✐♠♣❛❝t ♦♥ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

♦♣❡r❛t✐♦♥s ✇❛s ♠✐♥✐♠❛❧✳

◗✉❛❞ ■■ ❛♣♣❧✐❝❛t✐♦♥s ♣❡r❢♦r♠ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s✳ ❚❤❡

❡①♣❡rt s②st❡♠ 202 jess ❢❛❧❧s ✐♥ t❤✐s ❝❛t❡❣♦r②✱ ❛s ❞♦❡s t❤❡ ♣❛rs❡r ❣❡♥❡r❛t♦r

228 jack ❛♥❞ s♠❛❧❧ ✐♥♣✉t s✐③❡s ♦❢ 209 db✱ ❛ ❞❛t❛❜❛s❡✳ ❚❤❡s❡ ❜❡♥❝❤♠❛r❦s

♣❡r❢♦r♠ ❛t ❧❡❛st ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♠♦r❡ tr❛♥s❛❝t✐♦♥s t❤❛♥ ◗✉❛❞ ■ ❛♣✲

♣❧✐❝❛t✐♦♥s✱ ❛♥❞ ❛❧❧ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥s ❛r❡ s♠❛❧❧ ❡♥♦✉❣❤ t♦ ❝♦♠❢♦rt❛❜❧② ☞t

t❤❡ ❦♥♦✇♥ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② s❝❤❡♠❡s ❬✹✾✱ ❡t❝❪✱ ✐❢ ♦♥❡ ✇❡r❡ t♦

❜❡ ✐♠♣❧❡♠❡♥t❡❞✳

◗✉❛❞ ■■■ ✐♥❝❧✉❞❡s 205 raytrace✱ ❛ r❛②✲tr❛❝✐♥❣ r❡♥❞❡r❡r✳ ❆ s♠❛❧❧ ♥✉♠❜❡r

♦❢ tr❛♥s❛❝t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞✱ ❜✉t t❤❡② ♠❛② ❣r♦✇ ❧❛r❣❡✳ ❊①✐st✐♥❣ ❜♦✉♥❞❡❞

✸❚❤❡ ❝❛♥♦♥✐❝❛❧ r✉♥ t✐♠❡s ✉s❡❞ ❢♦r ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❙♣❡❝ r❛t✐♦ r❛♥❣❡ ❢r♦♠ ✸✽✵ t♦

✶✶✼✺ s❡❝♦♥❞s✳ ❙♦rt❡❞ ❜② r✉♥ t✐♠❡✿ 202 jess✱ ✸✽✵ s❀ 213 javac✱ ✹✷✺ s❀ 228 jack✱ ✹✺✺ s❀

227 mtrt✱ ✹✻✵ s❀ 209 db✱ ✺✵✺ s❀ 222 mpegaudio✱ ✶✶✵✵ s❀ 201 compress✱ ✶✶✼✺ s✳
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❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥❛❧ s❝❤❡♠❡s ❞♦ ♥♦t s✉✍❝❡✳ ❚❤❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s ♠❛②

❛❝❝♦✉♥t ❢♦r ❛ ❧❛r❣❡ ♣❡r❝❡♥t❛❣❡ ♦❢ t♦t❛❧ ♠❡♠♦r② ♦♣❡r❛t✐♦♥s✱ ✇❤✐❝❤ ♠❛② ♠❛❦❡

s♦❢t✇❛r❡ s❝❤❡♠❡s ✐♠♣r❛❝t✐❝❛❧✳

❋✐♥❛❧❧②✱ ◗✉❛❞ ■❱ ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s 209 db ❛♥❞ t❤❡ 213 javac ❏❛✈❛

❝♦♠♣✐❧❡r ❛♣♣❧✐❝❛t✐♦♥ ♣❡r❢♦r♠ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ♦♣✲

❡r❛t✐♦♥s ✇✐t❤ ❛t ❧❡❛st ❛ ❢❡✇ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s✳

❚❤❡ 213 javac ❏❛✈❛ ❝♦♠♣✐❧❡r ❛♣♣❧✐❝❛t✐♦♥ ❛♥❞ t❤❡ ❧❛r❣❡ ✐♥♣✉t s✐③❡ ♦❢ t❤❡

209 db ❜❡♥❝❤♠❛r❦ ✐❧❧✉str❛t❡ t❤❛t s♦♠❡ ♣r♦❣r❛♠s ❝♦♥t❛✐♥ ❡①tr❡♠❡❧② ❧❛r❣❡

tr❛♥s❛❝t✐♦♥s✳ ❲❤❡♥ 213 javac ✐s r✉♥ ♦♥ ✐ts ❢✉❧❧ ✐♥♣✉t s❡t✱ ✐t ❝♦♥t❛✐♥s ✹ ❤✉❣❡

tr❛♥s❛❝t✐♦♥s✱ ❡❛❝❤ ♦❢ ✇❤✐❝❤ ❝♦♥t❛✐♥s ♦✈❡r ✶✶✽ ♠✐❧❧✐♦♥ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r②

♦♣❡r❛t✐♦♥s✳ ❈❧♦s❡r ❡①❛♠✐♥❛t✐♦♥ r❡✈❡❛❧s t❤❛t t❤❡ ♠❡t❤♦❞ Javac.compile()✱

✇❤✐❝❤ ✐♠♣❧❡♠❡♥ts t❤❡ ❡♥t✐r❡ ❝♦♠♣✐❧❛t✐♦♥ ♣r♦❝❡ss✱ ✐s ♠❛r❦❡❞ ❛s s②♥❝❤r♦♥✐③❡❞✿

t❤❡ ♣r♦❣r❛♠♠❡r ❤❛s ❡①♣❧✐❝✐t❧② r❡q✉❡st❡❞ t❤❛t t❤❡ ❡♥t✐r❡ ❝♦♠♣✐❧❛t✐♦♥ ♦❝❝✉r

❛t♦♠✐❝❛❧❧②✳

❚❤❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s ✐♥ ◗✉❛❞ ■■■ ❛♥❞ ■❱ ♠❛② ❜❡✱ ❛s ✐♥ t❤✐s ❝❛s❡✱ ❛ r❡s✉❧t

♦❢ ♦✈❡r❧② ❝♦❛rs❡✲❣r❛✐♥❡❞ ❧♦❝❦✐♥❣✱ ❜✉t ♠② ❣♦❛❧ ✐s t♦ r❡❧✐❡✈❡ t❤❡ ♣r♦❣r❛♠♠❡r

❢r♦♠ t❤❡ ❜✉r❞❡♥ ♦❢ s♣❡❝✐❢②✐♥❣ ❝♦rr❡❝t ❛t♦♠✐❝ r❡❣✐♦♥s ♦❢ s♠❛❧❧❡r ❣r❛♥✉❧❛r✐t②✳

P❡r❢♦r♠❛♥❝❡ ♠❛② ❜❡♥❡☞t ❢r♦♠ ♥❛rr♦✇✐♥❣ t❤❡ ❛t♦♠✐❝ r❡❣✐♦♥s✱ ❜✉t ❡①❡❝✉t✐♦♥

✇✐t❤ ❝♦❛rs❡ r❡❣✐♦♥s s❤♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ ❛♥❞ ♥♦t ♣r♦❤✐❜✐t✐✈❡❧② s❧♦✇✳

❚❤❡ 209 db ❜❡♥❝❤♠❛r❦ s✉☛❡rs ❢r♦♠ ❛ ❞✐☛❡r❡♥t ♣r♦❜❧❡♠✿ ❛t ♦♥❡ ♣♦✐♥t

t❤❡ ❜❡♥❝❤♠❛r❦ ❛t♦♠✐❝❛❧❧② s❝❛♥s ❛♥ ✐♥❞❡① ✈❡❝t♦r ❛♥❞ r❡♠♦✈❡s ❛♥ ❡❧❡♠❡♥t✱

❝r❡❛t✐♥❣ ❛ ♣♦t❡♥t✐❛❧❧② ❧❛r❣❡ tr❛♥s❛❝t✐♦♥ ✐❢ t❤❡ ✐♥❞❡① ✐s ❧❛r❣❡✳ ❚❤❡ s✐③❡ ♦❢ t❤✐s

✐♥❞❡① ✐s ❝♦rr❡❧❛t❡❞ ✐♥ t❤❡s❡ ❜❡♥❝❤♠❛r❦s ✇✐t❤ t❤❡ ✐♥♣✉t s✐③❡✱ ❜✉t ✐t ♥❡❡❞ ♥♦t

❜❡✿ ❛ ❧❛r❣❡ ✐♥♣✉t ❝♦✉❧❞ st✐❧❧ r❡s✉❧t ✐♥ ❛ s♠❛❧❧ ✐♥❞❡①✱ ❛♥❞ ✭t♦ s♦♠❡ ❞❡❣r❡❡✮

✈✐❝❡✲✈❡rs❛✳

❆ s✐♠✐❧❛r s✐t✉❛t✐♦♥ ❛r✐s❡s ✐♥ t❤❡ java.lang.StringBuffer ❝♦❞❡ s❤♦✇♥

✐♥ ❙❡❝t✐♦♥ ✷✳✷✿ ❛ ❝❛❧❧ t♦ t❤❡ s②♥❝❤r♦♥✐③❡❞ sb.getChars() ♠❡t❤♦❞ ♠❡❛♥s

t❤❛t t❤❡ s✐③❡ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ ❢♦r t❤✐s ♠❡t❤♦❞ ❣r♦✇s ❧✐❦❡ t❤❡ ❧❡♥❣t❤ ♦❢

t❤❡ ♣❛r❛♠❡t❡r sb✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❝❛♥ ❜❡ ♠❛❞❡ ❛r❜✐tr❛r✐❧②

❧❛r❣❡ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❧❡♥❣t❤ ♦❢ sb❀ ♦r✱ ❡q✉✐✈❛❧❡♥t❧②✱ t❤❡r❡ ✐s ♥♦ ❜♦✉♥❞ ♦♥

tr❛♥s❛❝t✐♦♥ s✐③❡ ✇✐t❤♦✉t ❛ ❜♦✉♥❞ ♦♥ t❤❡ s✐③❡ ♦❢ t❤❡ str✐♥❣ sb✳

✸✼
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Transactional size distribution for SPECjvm98
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Transaction size (# memory operations)
1 10 100 1k 10k 100k 1M 10M 100M

201_compress

202_jess

205_raytrace

209_db

213_javac

222_mpegaudio

228_jack

❋✐❣✉r❡ ✸✳✸✿ ❉✐str✐❜✉t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥ s✐③❡ ✐♥ t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦

s✉✐t❡✳ ❚❤❡ ①✲❛①✐s ✉s❡s ❛ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡✳

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

✐❢②✐♥❣ ❞❡s✐r❡❞ tr❛♥s❛❝t✐♦♥ ❛♥❞✴♦r ❛t♦♠✐❝✐t② ♣r♦♣❡rt✐❡s ✇✐❧❧ r❡s✉❧t ✐♥ s♦♠❡ ❛♣✲

♣❧✐❝❛t✐♦♥s ✐♥ ❡❛❝❤ ♦❢ t❤❡s❡ ❝❛t❡❣♦r✐❡s✳ ▲❛r❣❡ tr❛♥s❛❝t✐♦♥s✱ ❢♦r ❡①❛♠♣❧❡✱ ❛r❡

❛ s✐❞❡✲❡☛❡❝t ♦❢ ♠♦❞✉❧❛r✐t②✿ ✇❤❡♥ ❛ ❝r♦ss✲♠♦❞✉❧❡ ❝❛❧❧ ♦❝❝✉rs ✐♥s✐❞❡ ❛ tr❛♥s✲

❛❝t✐♦♥✱ t❤❡ ❛❜str❛❝t✐♦♥ ❜♦✉♥❞❛r② ♣r❡✈❡♥ts ♣r❡❝✐s❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ♠❡♠✲

♦r② ❛❝❝❡ss❡s ✐♠♣❧✐❝✐t❧② ✐♥❝❧✉❞❡❞✳ ❊①✐st✐♥❣ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r②

s❝❤❡♠❡s ♦♥❧② ❡✍❝✐❡♥t❧② ❤❛♥❞❧❡ r❡❧❛t✐✈❡❧② s❤♦rt✲❧✐✈❡❞ ❛♥❞ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s

✭◗✉❛❞ ■ ♦r ■■✮✱ ❛❧t❤♦✉❣❤ t❤❡② ❛r❡ ❡✍❝✐❡♥t ❢♦r t❤❡s❡ tr❛♥s❛❝t✐♦♥s✳ ❖❜❥❡❝t✲

❜❛s❡❞ tr❛♥s❛❝t✐♦♥ s②st❡♠s ❝❛♥ ❛s②♠♣t♦t✐❝❛❧❧② ❛♣♣r♦❛❝❤ t❤❛t ❡✍❝✐❡♥❝② ❢♦r

❧♦♥❣✲❧✐✈❡❞ tr❛♥s❛❝t✐♦♥s❀ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✸✱ ✇❤✐❝❤

♣❧♦ts t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥ s✐③❡s ✐♥ ❙P❊❈❥✈♠✾✽ ♦♥ ❛ s❡♠✐✲❧♦❣ s❝❛❧❡✳

❚❤❡s❡ ✐♥✐t✐❛❧ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t r❡❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❝❛♥ ❜❡ tr❛♥s❛❝t✐☞❡❞

✇✐t❤ ♠♦❞❡st ❡☛♦rt✱ ②✐❡❧❞✐♥❣ s✐❣♥✐☞❝❛♥t ❣❛✐♥s ✐♥ ❝♦♥❝✉rr❡♥❝②✳ ■♥ ♦t❤❡r ✇♦r❦

❬✻❪ ✇❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ❛ ❢❛❝t♦r ♦❢ ✹ ✐♥❝r❡❛s❡ ✐♥ ❝♦♥❝✉rr❡♥❝② ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞

❜② ❞♦✐♥❣ ♥♦t❤✐♥❣ ♠♦r❡ t❤❛♥ ❝♦♥✈❡rt✐♥❣ ❧♦❝❦s t♦ tr❛♥s❛❝t✐♦♥s✳ ❙✐♥❝❡ t❤❡
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tr❛♥s❛❝t✐☞❡❞ ❛♣♣❧✐❝❛t✐♦♥s ♠❛② ❝♦♥t❛✐♥ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s✱ ♣r✐♦r ♣r♦♣♦s❡❞

❤❛r❞✇❛r❡ s✉♣♣♦rt ❢♦r tr❛♥s❛❝t✐♦♥s ✐s ✐♥❛❞❡q✉❛t❡✳

3.2 Design goals

■♥ t❤✐s s❡❝t✐♦♥ ■ ❜r✐❡✌② ❞❡s❝r✐❜❡ t❤❡ ❞❡s✐r❡❞ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❆♣❡❳ s♦❢t✇❛r❡

tr❛♥s❛❝t✐♦♥ s②st❡♠✿ str♦♥❣ ❛t♦♠✐❝✐t②✱ ♦❜❥❡❝t✲♦r✐❡♥t❛t✐♦♥✱ ❧♦✇ ❜❧♦❛t✱ ❛♥❞ ❢❛st

r❡❛❞s✳ ❲❤❡r❡ ♣♦ss✐❜❧❡ ■ ❥✉st✐❢② t❤❡s❡ ❞❡s✐❞❡r❛t❛ ✉s✐♥❣ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛

♦❜t❛✐♥❡❞ ❢r♦♠ ❛♥❛❧②s❡s ♦❢ t❤❡ ❙♣❡❝❏❱▼✾✽ ❜❡♥❝❤♠❛r❦s✱ ✇❤✐❝❤ ■ ✐♠♣❧❡♠❡♥t❡❞

✉s✐♥❣ t❤❡ ❋❧❡① ❏❛✈❛ ❝♦♠♣✐❧❡r ❢r❛♠❡✇♦r❦✳

3.2.1 Weak vs. strong atomicity

❆s ♣r❡✈✐♦✉s❧② ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✹✱ strongly atomic tr❛♥s❛❝t✐♦♥ s②s✲

t❡♠s ♣r♦t❡❝t tr❛♥s❛❝t✐♦♥s ❢r♦♠ ✐♥t❡r❢❡r❡♥❝❡ ❢r♦♠ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱

✇❤✐❧❡ weakly atomic tr❛♥s❛❝t✐♦♥ s②st❡♠s ❞♦ ♥♦t ❛☛♦r❞ t❤✐s ♣r♦t❡❝t✐♦♥✳

❈♦♥s✐❞❡r ✉♥s②♥❝❤r♦♥✐③❡❞ ❝♦❞❡ ❞✐r❡❝t❧② ❛❧t❡r✐♥❣ t❤❡ ❧❡♥❣t❤ ☞❡❧❞ ♦❢ t❤❡ String-

Buffer ❝❧❛ss✱ t❤❡ ❡①❛♠♣❧❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✷✳ ■♥ ❛ ✇❡❛❦❧② ❛t♦♠✐❝ s②s✲

t❡♠✱ ❛♥ ✉♥s②♥❝❤r♦♥✐③❡❞ ❞❡❝r❡♠❡♥t t♦ t❤❡ count ☞❡❧❞ ❜❡t✇❡❡♥ ❧❛❜❡❧s ❆ ❛♥❞ ❇

✐♥ StringBuffer.append() ♦♥ ♣❛❣❡ ✸✵ ❝❛✉s❡s ❛ StringIndexOutOfBound-

Exception t♦ ❜❡ t❤r♦✇♥ ✐♥ t❤❡ ❝❛❧❧ t♦ getChars() ❛t ❧❛❜❡❧ ❇✳ ❚❤✐s ❡①❝❡♣t✐♦♥

s❤♦✉❧❞ ♥❡✈❡r ❜❡ t❤r♦✇♥ ❜② ❛♥ ❛t♦♠✐❝ ❡①❡❝✉t✐♦♥ ♦❢ StringBuffer.append()✳

❈✉rr❡♥t s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s ✐♠♣❧❡♠❡♥t ♦♥❧② ✇❡❛❦ ❛t♦♠✐❝✐t②

❜❡❝❛✉s❡ ♦❢ t❤❡ ❛ss✉♠❡❞ ❡①♣❡♥s❡ ♦❢ ✐♠♣❧❡♠❡♥t✐♥❣ str♦♥❣ ❛t♦♠✐❝✐t②✳ ❚❤❡

❆♣❡❳ s②st❡♠ ❛❝❤✐❡✈❡s str♦♥❣ ❛t♦♠✐❝✐t② ✇✐t❤♦✉t ❛❞❞✐♥❣ ❡①❝❡ss✐✈❡ ♦✈❡r❤❡❛❞✱

s♦ t❤❛t ❝♦rr❡❝t ♦♣❡r❛t✐♦♥ ✐s ❛ss✉r❡❞ ❡✈❡♥ ❞❡s♣✐t❡ ❝♦♥❝✉rr❡♥t ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

♦♣❡r❛t✐♦♥s ♦♥ ❧♦❝❛t✐♦♥s ✐♥✈♦❧✈❡❞ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✳

3.2.2 Object-oriented vs. flat TM

❚❤❡ ❆♣❡❳ tr❛♥s❛❝t✐♦♥ s②st❡♠✱ ✉♥❧✐❦❡ ♠♦st ❝✉rr❡♥t ♣r♦♣♦s❛❧s ❬✹✹✱ ✹✾❪ ✭✐♥✲

❝❧✉❞✐♥❣ t❤❡ ❯❚▼ ❛♥❞ ▲❚▼ ❤❛r❞✇❛r❡ s②st❡♠s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✼✮✱ ✉s❡s
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❛♥ ❭♦❜❥❡❝t✲♦r✐❡♥t❡❞✧ ❞❡s✐❣♥✳ ▼✉❝❤ ❝♦♥t❡♠♣♦r❛r② r❡s❡❛r❝❤ ✐s ❢♦❝✉s❡❞ ♦♥ ✐♠✲

♣❧❡♠❡♥t✐♥❣ ❛ ✌❛t ✭tr❛♥s❛❝t✐♦♥❛❧✮ ♠❡♠♦r② ❛❜str❛❝t✐♦♥ ✐♥ s♦❢t✇❛r❡✱ ♣r✐♠❛r✐❧②

❜❡❝❛✉s❡ ✌❛t s②st❡♠s s✐❞❡✲st❡♣ t❤❡ ❧❛r❣❡ ♦❜❥❡❝t ✐ss✉❡s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✻✳

❚❤❡ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ ❛♣♣r♦❛❝❤✱ ❤♦✇❡✈❡r✱ ♦☛❡rs s❡✈❡r❛❧ ❜❡♥❡☞ts✿

Efficient execution of long-running transactions. ❆s ❞✐s❝✉ss❡❞ ❜r✐❡✌②

✐♥ ❙❡❝t✐♦♥s ✾✳✷ ❛♥❞ ✾✳✸✱ ✌❛t ✇♦r❞✲♦r✐❡♥t❡❞ tr❛♥s❛❝t✐♦♥ s❝❤❡♠❡s t②♣✐✲

❝❛❧❧② r❡q✉✐r❡ ♦✈❡r❤❡❛❞ ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✇♦r❞s r❡❛❞✴✇r✐tt❡♥

✐♥ t❤❡ tr❛♥s❛❝t✐♦♥✱ ❡✈❡♥ ✐❢ t❤❡s❡ ❧♦❝❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❛❝❝❡ss❡❞ ❜❡❢♦r❡

✐♥s✐❞❡ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❖❜❥❡❝t✲♦r✐❡♥t❡❞ s❝❤❡♠❡s ✐♠♣♦s❡ ❛ ❝♦st ♣r♦✲

♣♦rt✐♦♥❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ♦❜❥❡❝ts t♦✉❝❤❡❞ ❜② t❤❡ tr❛♥s❛❝t✐♦♥⑤❜✉t

♦♥❝❡ t❤❡ ❝♦st ♦❢ ❭♦♣❡♥✐♥❣✧ t❤♦s❡ ♦❜❥❡❝ts ✐s ♣❛✐❞✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❝❛♥

❝♦♥t✐♥✉❡ t♦ ✇♦r❦ ✐♥❞❡☞♥✐t❡❧② ✉♣♦♥ t❤♦s❡ ♦❜❥❡❝ts ✇✐t❤♦✉t ♣❛②✐♥❣ ❛♥②

❢✉rt❤❡r ♣❡♥❛❧t②✳ ❖❜❥❡❝t✲♦r✐❡♥t❡❞ s❝❤❡♠❡s ❛r❡ t❤✉s s❡❡♥ t♦ ❜❡ ♠♦r❡

❡✍❝✐❡♥t ❢♦r ❧♦♥❣✲r✉♥♥✐♥❣ tr❛♥s❛❝t✐♦♥s✳

Preservation of optimization opportunities. ❋✉rt❤❡r♠♦r❡✱ tr❛♥s❛❝t✐♦♥✲

❧♦❝❛❧ ♦❜❥❡❝ts ❝❛♥ ❜❡ ✐❞❡♥t✐☞❡❞ ✭st❛t✐❝❛❧❧② ♦r ❞②♥❛♠✐❝❛❧❧②✮ ❛♥❞ ❝r❡✲

❛t✐♦♥✴✉♣❞❛t❡s t♦ t❤❡s❡ ♦❜❥❡❝ts ❝❛♥ ❜❡ ❞♦♥❡ ✇✐t❤♦✉t ❛♥② tr❛♥s❛❝t✐♦♥

t❛① ❛t ❛❧❧✳ ❲♦r❞ ♦r✐❡♥t❡❞ s❝❤❡♠❡s ❞✐s❝❛r❞ t❤❡ ❤✐❣❤✲❧❡✈❡❧ ✐♥❢♦r♠❛t✐♦♥

r❡q✉✐r❡❞ t♦ ✐♠♣❧❡♠❡♥t t❤❡s❡ ♦♣t✐♠✐③❛t✐♦♥s✳

■ ❝♦♥t❡♥❞ t❤❛t t❤❡ ♣r♦❜❧❡♠s ✇✐t❤ ♣r❡✈✐♦✉s ♦❜❥❡❝t✲♦r✐❡♥t❡❞ s❝❤❡♠❡s ❝❛♥ ❜❡

s♦❧✈❡❞ ✇❤✐❧❡ ♣r❡s❡r✈✐♥❣ t❤❡ ✐♥❤❡r❡♥t ❜❡♥❡☞ts ♦❢ ❛♥ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ ❛♣♣r♦❛❝❤✱

❛♥❞ t❤❡ ❝✉rr❡♥t t❤❡s✐s ♣r❡s❡♥ts ♦♥❡ s✉❝❤ s♦❧✉t✐♦♥✳

3.2.3 Tolerable limits for object expansion

❆♥ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ tr❛♥s❛❝t✐♦♥ s❝❤❡♠❡ r❡q✉✐r❡s tr❛♥s❛❝t✐♦♥ st❛t❡ ✐♥❢♦r♠❛✲

t✐♦♥ ❛❜♦✉t ❡❛❝❤ ♦❜❥❡❝t✳ ■♥ ❆♣❡❳✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ❛❞❞❡❞ ❞✐r❡❝t❧② t♦

t❤❡ ♦❜❥❡❝ts✱ t♦ ❡❧✐♠✐♥❛t❡ ✐♥❞✐r❡❝t✐♦♥ ❝♦st✳ ■ ♠❡❛s✉r❡❞ t❤❡ s❧♦✇❞♦✇♥ ❝❛✉s❡❞

❜② ✈❛r✐♦✉s ❛♠♦✉♥ts ♦❢ ♦❜❥❡❝t ❭❜❧♦❛t✧ t♦ ❞❡t❡r♠✐♥❡ r❡❛s♦♥❛❜❧❡ ❜♦✉♥❞s ♦♥

t❤❡ s✐③❡ ♦❢ t❤✐s ❡①tr❛ ✐♥❢♦r♠❛t✐♦♥✳ ❋✐❣✉r❡ ✸✳✹ ♣r❡s❡♥ts t❤❡s❡ r❡s✉❧ts ❢♦r t❤❡
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❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ ❛♣♣❧✐❝❛t✐♦♥s✳
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tr❛♥s❛❝t✐♦♥❛❧ tr❛♥s❛❝t✐♦♥❛❧

♣r♦❣r❛♠ ♠❡♠♦r② ♦♣s st♦r❡s ✪

201 compress ✺✵✱✵✷✾ ✷✻✳✷✪

202 jess ✸✻✱✼✵✶✱✵✸✼ ✵✳✻✪

205 raytrace ✼✱✷✾✹✱✻✹✽ ✷✸✳✷✪

209 db ✶✾✺✱✸✼✹✱✹✷✵ ✻✳✸✪

213 javac ✹✼✷✱✶✸✹✱✷✽✾ ✷✷✳✾✪

222 mpegaudio ✹✶✱✹✷✷ ✶✽✳✻✪

228 jack ✻✸✱✾✶✷✱✸✽✻ ✶✼✳✵✪

❋✐❣✉r❡ ✸✳✺✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❧♦❛❞s ❛♥❞ st♦r❡s ✐♥s✐❞❡ tr❛♥s❛❝t✐♦♥s ❢♦r t❤❡

❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡✱ ❢✉❧❧ ✐♥♣✉t r✉♥s✳

❙P❊❈❥✈♠✾✽ ❛♣♣❧✐❝❛t✐♦♥s❀ ■ ❞❡t❡r♠✐♥❡❞ t❤❛t t✇♦ ✇♦r❞s ✭❡✐❣❤t ❜②t❡s✮ ♦❢ ❛❞✲

❞✐t✐♦♥❛❧ st♦r❛❣❡ ♣❡r ♦❜❥❡❝t ✇♦✉❧❞ ♥♦t ✐♠♣❛❝t ♣❡r❢♦r♠❛♥❝❡ ✉♥r❡❛s♦♥❛❜❧②✳

❚❤✐s ❛♠♦✉♥t ♦❢ ❜❧♦❛t ❝❛✉s❡s ❛ ❣❡♦♠❡tr✐❝ ♠❡❛♥ ♦❢ ✷✪ s❧♦✇❞♦✇♥ ♦♥ t❤❡s❡

❜❡♥❝❤♠❛r❦s✳

3.2.4 Reads vs. writes

■ ❛❧s♦ ♠❡❛s✉r❡❞ t❤❡ ♥✉♠❜❡r ❛♥❞ t②♣❡s ♦❢ r❡❛❞s ❛♥❞ ✇r✐t❡s ❢♦r t❤❡ ❙♣❡❝❏❱▼✾✽

❜❡♥❝❤♠❛r❦s✳ ❋✐❣✉r❡ ✸✳✺ s❤♦✇s t❤❛t tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞s t②♣✐❝❛❧❧② ♦✉t♥✉♠✲

❜❡r tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s ❜② ❛t ❧❡❛st ✹ t♦ ✶❀ ✐♥ s♦♠❡ ❝❛s❡s r❡❛❞s ♦✉t♥✉♠❜❡r

✇r✐t❡s ❜② ♦✈❡r ✶✵✵ t♦ ✶✳✹ ■t ✐s ✇♦rt❤✇❤✐❧❡✱ t❤❡r❡❢♦r❡✱ t♦ ♠❛❦❡ r❡❛❞s ♠♦r❡

❡✍❝✐❡♥t t❤❛♥ ✇r✐t❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s✐♥❝❡ t❤❡ ✌❛❣✲♦✈❡r✇r✐t❡ t❡❝❤♥✐q✉❡ ❞✐s✲

❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✳✺ r❡q✉✐r❡s ✉s t♦ ❛❧❧♦❝❛t❡ ❛❞❞✐t✐♦♥❛❧ ♠❡♠♦r② t♦ st♦r❡

t❤❡ ❭r❡❛❧✧ ✈❛❧✉❡ ♦❢ t❤❡ ☞❡❧❞✱ ■ ✇✐s❤ t♦ ❛✈♦✐❞ t❤✐s ♣r♦❝❡ss ❢♦r tr❛♥s❛❝t✐♦♥❛❧

r❡❛❞s✱ r❡s❡r✈✐♥❣ t❤❡ ❡①tr❛ ❛❧❧♦❝❛t✐♦♥ ❡☛♦rt ❢♦r tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s✳

✹❚❤❡ t②♣✐❝❛❧ r❛t✐♦ r♦✉❣❤❧② ♠❛t❝❤❡s t❤❡ ✸✿✶ ❛✈❡r❛❣❡ ♦❜s❡r✈❡❞ ✐♥ ❍❡♥♥❡ss② ❛♥❞ P❛tt❡rs♦♥

❬✹✻✱ ♣♣✳ ✶✵✺✱ ✸✼✾❪✳

✹✷
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3.2.5 The big idea: Waving FLAGs

■ ✇♦✉❧❞ ❧✐❦❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ t♦ ❡①❡❝✉t❡ ✇✐t❤ ♠✐♥✐♠❛❧ ♦✈❡r❤❡❛❞✱ ❜✉t

tr❛♥s❛❝t✐♦♥s s❤♦✉❧❞ st✐❧❧ ❛♣♣❡❛r ❛t♦♠✐❝ t♦ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✳ ▼② ❜❛s✐❝

♠❡❝❤❛♥✐s♠ ✐s ❧♦♦s❡❧② ❜❛s❡❞ ♦♥ t❤❡ ❞✐str✐❜✉t❡❞ s❤❛r❡❞ ♠❡♠♦r② ✐♠♣❧❡♠❡♥✲

t❛t✐♦♥ ♦❢ ❙❝❛❧❡s ❛♥❞ ●❤❛r❛❝❤♦r❧♦♦ ❬✽✺❪✳ ■ ♣✐❝❦ ❛ s♣❡❝✐❛❧ ❭✌❛❣✧ ✈❛❧✉❡✱ ❛♥❞

❭❝r♦ss✲♦✉t✧ ❧♦❝❛t✐♦♥s ❝✉rr❡♥t❧② ✐♥✈♦❧✈❡❞ ✐♥ ❛ tr❛♥s❛❝t✐♦♥ ❜② ♦✈❡r✇r✐t✐♥❣ t❤❡♠

✇✐t❤ t❤❡ ✌❛❣ ✈❛❧✉❡✳ ❘❡❛❞✐♥❣ ♦r ❛tt❡♠♣t✐♥❣ t♦ ♦✈❡r✇r✐t❡ ❛ ✌❛❣❣❡❞ ✈❛❧✉❡ ✐♥✲

❞✐❝❛t❡s t♦ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ t❤❛t ❡①❝❡♣t✐♦♥❛❧ ♣r♦❝❡ss✐♥❣ ✐s ♥❡❝❡ss❛r②❀

❛❧❧ ♦t❤❡r ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ♦♣❡r❛t✐♦♥s ♣r♦❝❡❡❞ ❛s ✉s✉❛❧✳ ❚❤❡ ✌❛❣❣❡❞ ☞❡❧❞

❡✐t❤❡r ✐s ❝✉rr❡♥t❧② ✐♥✈♦❧✈❡❞ ✐♥ ❛♥ ❛❝t✐✈❡ tr❛♥s❛❝t✐♦♥✱ ❜❡❧♦♥❣s t♦ ❛ ❝♦♠♠✐tt❡❞

♦r ❛❜♦rt❡❞ tr❛♥s❛❝t✐♦♥ ❛♥❞ r❡q✉✐r❡s ❝♦♣② ❜❛❝❦✱ ♦r ✐♥❞✐❝❛t❡s ❛ ❭❢❛❧s❡ ✌❛❣✧✱ ❛

☞❡❧❞ ✇✐t❤ ❛ tr✉❡ ✈❛❧✉❡ ❡q✉❛❧ t♦ t❤❡ ✌❛❣ ✈❛❧✉❡ ✭s❡❡ ♣❛❣❡ ✹✻✮✳

❚❤✐s t❡❝❤♥✐q✉❡ ❡①♣❧✐❝✐t❧② ❛❧❧♦✇s s❛❢❡ ❛❝❝❡ss t♦ ☞❡❧❞s ✐♥✈♦❧✈❡❞ ✐♥ ❛ tr❛♥s❛❝✲

t✐♦♥ ❢r♦♠ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s str♦♥❣ ❛t♦♠✐❝✐t②✱ ❛ ❞❡s✐❣♥

❣♦❛❧ ♦❢ t❤❡ s②st❡♠✳

3.3 Specifying the basic mechanism

■ ♥♦✇ ♣r❡s❡♥t ❛❧❣♦r✐t❤♠s t❤❛t ❤❛✈❡ t❤❡s❡ ❞❡s✐r❡❞ ♣r♦♣❡rt✐❡s✳ ❚❤❡❆♣❡❳ ❛❧❣♦✲

r✐t❤♠s ♣r♦✈✐❞❡ str♦♥❣❧②✲❛t♦♠✐❝ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ tr❛♥s❛❝t✐♦♥s ✇✐t❤ ❧♦✇ ❜❧♦❛t

❛♥❞ ❢❛st r❡❛❞s✳ ❋✉rt❤❡r✱ t❤❡ ❆♣❡❳ ❛❧❣♦r✐t❤♠s ❛r❡ ❝♦♠♣❧❡t❡❧② ♥♦♥❜❧♦❝❦✐♥❣✱

✇❤✐❝❤ ❛❧❧♦✇s ❣♦♦❞ s❝❛❧✐♥❣ ❛♥❞ ♣r♦♣❡r ❢❛✉❧t✲t♦❧❡r❛♥t ❜❡❤❛✈✐♦r✳ ❙♣❡❝✐☞❝❛❧❧②✱

♦♥❡ ❢❛✉❧t② ♦r s❧♦✇ ♣r♦❝❡ss♦r ❝❛♥♥♦t ❤♦❧❞ ✉♣ t❤❡ r❡♠❛✐♥✐♥❣ ❣♦♦❞ ♣r♦❝❡ss♦rs✳

■ ✐♠♣❧❡♠❡♥t t❤❡ s②♥❝❤r♦♥✐③❛t✐♦♥ r❡q✉✐r❡❞ ❜② t❤❡ ❆♣❡❳ ❛❧❣♦r✐t❤♠s ✉s✐♥❣

❧♦❛❞✲❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥str✉❝t✐♦♥s✳ ■ r❡q✉✐r❡ ❛ ♣❛rt✐❝✉❧❛r ✈❛r✐❛♥t ♦❢

t❤❡s❡ ✐♥str✉❝t✐♦♥s t❤❛t ❛❧❧♦✇s t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❧♦❛❞✲❧✐♥❦❡❞ t♦ ❜❡ ❞✐☛❡r❡♥t

❢r♦♠ t❤❡ t❛r❣❡t ♦❢ t❤❡ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧✳ ❚❤✐s ✈❛r✐❛♥t ✐s s✉♣♣♦rt❡❞ ♦♥ ♠❛♥②

❝❤✐♣s ✐♥ t❤❡ P♦✇❡rP❈ ♣r♦❝❡ss♦r ❢❛♠✐❧②✱ ❛❧t❤♦✉❣❤ ✐t ❤❛s ❜❡❡♥ ❞❡♣r❡❝❛t❡❞ ✐♥

✈❡rs✐♦♥ ✷✳✵✷ ♦❢ t❤❡ P♦✇❡rP❈ ❛r❝❤✐t❡❝t✉r❡ st❛♥❞❛r❞✳✺ ❚❤✐s ❞✐s❥♦✐♥t ❧♦❝❛t✐♦♥

✺❱❡rs✐♦♥ ✷✳✵✷ ♦❢ t❤❡ P♦✇❡rP❈ ❛r❝❤✐t❡❝t✉r❡ st❛♥❞❛r❞ s❛②s✱ ❭■❢ ❛ r❡s❡r✈❛t✐♦♥ ❡①✐sts ❜✉t

t❤❡ st♦r❛❣❡ ❧♦❝❛t✐♦♥ s♣❡❝✐☞❡❞ ❜② t❤❡ stwcx. ✐s ♥♦t t❤❡ s❛♠❡ ❛s t❤❡ ❧♦❝❛t✐♦♥ s♣❡❝✐☞❡❞

✹✸
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❝❛♣❛❜✐❧✐t② ✐s ❡ss❡♥t✐❛❧ t♦ ❛❧❧♦✇ ✉s t♦ ❦❡❡♣ ❛ ☞♥❣❡r ♦♥ ♦♥❡ ❧♦❝❛t✐♦♥ ✇❤✐❧❡

♠♦❞✐❢②✐♥❣ ❛♥♦t❤❡r✿ ❛ ♣♦♦r ♠❛♥✬s ❭❉♦✉❜❧❡ ❈♦♠♣❛r❡ ❆♥❞ ❙✇❛♣✧ ✐♥str✉❝t✐♦♥✳

■ ❞❡s❝r✐❜❡ t❤❡ ❆♣❡❳ ❛❧❣♦r✐t❤♠s ✐♥ t❤❡ Pr♦♠❡❧❛ ♠♦❞❡❧✐♥❣ ❧❛♥❣✉❛❣❡ ❬✺✼❪✱

✇❤✐❝❤ ■ ✉s❡❞ t♦ ❛❧❧♦✇ ♠❡❝❤❛♥✐❝❛❧ ♠♦❞❡❧ ❝❤❡❝❦✐♥❣ ♦❢ t❤❡ r❛❝❡✲s❛❢❡t② ❛♥❞

❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ❞❡s✐❣♥✳ P♦rt✐♦♥s ♦❢ t❤❡ ♠♦❞❡❧ ❤❛✈❡ ❜❡❡♥ ❛❜❜r❡✈✐❛t❡❞ ❢♦r

t❤✐s ♣r❡s❡♥t❛t✐♦♥❀ t❤❡ ❢✉❧❧ Pr♦♠❡❧❛ ♠♦❞❡❧ ✐s ❣✐✈❡♥ ✐♥ ❆♣♣❡♥❞✐① ❆✱ ❛❧♦♥❣ ✇✐t❤

❛ ❜r✐❡❢ ♣r✐♠❡r ♦♥ Pr♦♠❡❧❛ s②♥t❛① ❛♥❞ s❡♠❛♥t✐❝s✳

3.3.1 Object structures

❋✐❣✉r❡ ✸✳✻ ✐❧❧✉str❛t❡s t❤❡ ❜❛s✐❝ ❞❛t❛ str✉❝t✉r❡s ♦❢ t❤❡ ❆♣❡❳ s♦❢t✇❛r❡ tr❛♥s✲

❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❖❜❥❡❝ts ❛r❡ ❡①t❡♥❞❡❞ ✇✐t❤ t✇♦ ❛❞❞✐t✐♦♥❛❧ ☞❡❧❞s✳

❚❤❡ ☞rst ☞❡❧❞✱ versions✱ ♣♦✐♥ts t♦ ❛ s✐♥❣❧② ❧✐♥❦❡❞ ❧✐st ♦❢ ♦❜❥❡❝t ✈❡rs✐♦♥s✳

❊❛❝❤ ♦♥❡ ❝♦♥t❛✐♥s ☞❡❧❞ ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❝♦♠♠✐tt❡❞✱ ❛❜♦rt❡❞✱ ♦r ✐♥✲

♣r♦❣r❡ss tr❛♥s❛❝t✐♦♥✱ ✐❞❡♥t✐☞❡❞ ❜② ✐ts owner ☞❡❧❞✳ ❚❤❡r❡ ✐s ❛ s✐♥❣❧❡ ✉♥✐q✉❡

tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t ❢♦r ❡❛❝❤ tr❛♥s❛❝t✐♦♥✳

❚❤❡ ♦t❤❡r ❛❞❞❡❞ ☞❡❧❞✱ readers✱ ♣♦✐♥ts t♦ ❛ s✐♥❣❧② ❧✐♥❦❡❞ ❧✐st ♦❢ tr❛♥s❛❝✲

t✐♦♥s t❤❛t ❤❛✈❡ r❡❛❞ ❢r♦♠ t❤✐s ♦❜❥❡❝t✳ ❈♦♠♠✐tt❡❞ ❛♥❞ ❛❜♦rt❡❞ tr❛♥s❛❝t✐♦♥s

❛r❡ ♣r✉♥❡❞ ❢r♦♠ t❤✐s ❧✐st✳ ❚❤❡ readers ☞❡❧❞ ✐s ✉s❡❞ t♦ ❡♥s✉r❡ t❤❛t ❛ tr❛♥s✲

❛❝t✐♦♥ ❞♦❡s ♥♦t ♦♣❡r❛t❡ ✇✐t❤ ♦✉t✲♦❢✲❞❛t❡ ✈❛❧✉❡s ✐❢ t❤❡ ♦❜❥❡❝t ✐s ❧❛t❡r ✇r✐tt❡♥

❜② t❤❡ ▲♦❛❞ ❆♥❞ ❘❡s❡r✈❡ ✐♥str✉❝t✐♦♥ t❤❛t ❡st❛❜❧✐s❤❡❞ t❤❡ r❡s❡r✈❛t✐♦♥✳ ✳ ✳ ✐t ✐s ✉♥❞❡☞♥❡❞

✇❤❡t❤❡r ❬t❤❡ ♦♣❡r❛♥❞ ✐s❪ st♦r❡❞ ✐♥t♦ t❤❡ ✇♦r❞ ✐♥ st♦r❛❣❡ ❛❞❞r❡ss❡❞ ❜② ❬t❤❡ s♣❡❝✐☞❡❞ ❡❢✲

❢❡❝t✐✈❡ ❛❞❞r❡ss❪✧ ❛♥❞ st❛t❡s t❤❛t t❤❡ ❝♦♥❞✐t✐♦♥ ❝♦❞❡ ✐♥❞✐❝❛t✐♥❣ ❛ s✉❝❝❡ss❢✉❧ st♦r❡ ✐s ❛❧s♦

✉♥❞❡☞♥❡❞ ✐♥ t❤✐s ❝✐r❝✉♠st❛♥❝❡ ❬✺✽✱ ♣ ✷✺❪✳ ❚❤❡ ✉s❡r ♠❛♥✉❛❧ ❢♦r t❤❡ ▼P❈✼✹✹✼✴✼✹✺✼ ✭❭●✹✧✮

P♦✇❡rP❈ ❝❤✐♣s st❛t❡s✱ ❤♦✇❡✈❡r✱ ❭❚❤❡ stwcx. ✐♥str✉❝t✐♦♥ ❞♦❡s ♥♦t ❝❤❡❝❦ t❤❡ r❡s❡r✈❛t✐♦♥

❢♦r ❛ ♠❛t❝❤✐♥❣ ❛❞❞r❡ss✳ ❚❤❡ stwcx. ✐♥str✉❝t✐♦♥ ✐s ♦♥❧② r❡q✉✐r❡❞ t♦ ❞❡t❡r♠✐♥❡ ✇❤❡t❤❡r

❛ r❡s❡r✈❛t✐♦♥ ❡①✐sts✳ ❚❤❡ stwcx. ✐♥str✉❝t✐♦♥ ♣❡r❢♦r♠s ❛ st♦r❡ ✇♦r❞ ♦♣❡r❛t✐♦♥ ♦♥❧② ✐❢ t❤❡

r❡s❡r✈❛t✐♦♥ ❡①✐sts✱✧ ❬✸✷✱ ❙❡❝t✐♦♥ ✸✳✸✳✸✳✻❪ ✇❤✐❝❤ ✐s t❤❡ ❜❡❤❛✈✐♦r ✇❡ r❡q✉✐r❡✳ ■ ❜❡❧✐❡✈❡ ✈❡rs✐♦♥

✶✳✶✵ ♦❢ t❤❡ P♦✇❡rP❈ ❆r❝❤✐t❡❝t✉r❡ s♣❡❝✐☞❝❛t✐♦♥ r❡q✉✐r❡❞ t❤✐s ❜❡❤❛✈✐♦r✱ ❛❧t❤♦✉❣❤ ■ ❤❛✈❡ ♥♦t

❜❡❡♥ ❛❜❧❡ t♦ ❧♦❝❛t❡ ❛ ❝♦♣② t♦ ❝♦♥☞r♠ t❤✐s r❡q✉✐r❡♠❡♥t✳ ❚❤❡ ❈❡❧❧ ❛r❝❤✐t❡❝t✉r❡ s♣❡❝✐☞❝❛t✐♦♥

❢♦❧❧♦✇s ✈❡rs✐♦♥ ✷✳✵✷ ♦❢ t❤❡ P♦✇❡rP❈ s♣❡❝✐☞❝❛t✐♦♥✱ ❛❧t❤♦✉❣❤ ✐t ❛❞❞s ❝❛❝❤❡✲❧✐♥❡ r❡s❡r✈❛t✐♦♥

♦♣❡r❛t✐♦♥s t❤❛t ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t ♦✉r ❛❧❣♦r✐t❤♠ ❢♦r r❡❛s♦♥❛❜❧②✲s✐③❡❞ ♦❜❥❡❝ts

❛❧✐❣♥❡❞ ✇✐t❤✐♥ ❝❛❝❤❡ ❧✐♥❡s❀ s❡❡ ❬✾✽❪ ❢♦r ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❏❛✈❛ ■ ❝r❡❛t❡❞ t❤❛t ♦❜s❡r✈❡s

t❤❡ ❛♣♣r♦♣r✐❛t❡ ❛❧✐❣♥♠❡♥ts✳

✹✹
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versions
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status
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status
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Version
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FLAG

owner

next

Version
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FLAG

owner

next

{OID25}

Transaction ID #68 Transaction ID #56

Transaction ID #23

.
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.
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❋✐❣✉r❡ ✸✳✻✿ ■♠♣❧❡♠❡♥t✐♥❣ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥s ✇✐t❤ ✈❡rs✐♦♥ ❧✐sts✳ ❆ tr❛♥s✲

❛❝t✐♦♥ ♦❜❥❡❝t ❝♦♥s✐sts ♦❢ ❛ s✐♥❣❧❡ ☞❡❧❞ st❛t✉s✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ✐❢ ✐t ❤❛s ❈❖▼✲

▼■❚❚❊❉✱ ❆❇❖❘❚❊❉✱ ♦r ✐s ❲❆■❚■◆●✳ ❊❛❝❤ ♦❜❥❡❝t ❝♦♥t❛✐♥s t✇♦ ❡①tr❛

☞❡❧❞s✿ r❡❛❞❡rs✱ ❛ s✐♥❣❧②✲❧✐♥❦❡❞ ❧✐st ♦❢ tr❛♥s❛❝t✐♦♥s t❤❛t ❤❛✈❡ r❡❛❞ t❤✐s ♦❜✲

❥❡❝t❀ ❛♥❞ ✈❡rs✐♦♥s ❛ ❧✐♥❦❡❞ ❧✐st ♦❢ ✈❡rs✐♦♥ ♦❜❥❡❝ts✳ ■❢ ❛♥ ♦❜❥❡❝t ☞❡❧❞ ✐s FLAG✱

t❤❡♥ t❤❡ ✈❛❧✉❡ ❢♦r t❤❡ ☞❡❧❞ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❧✐♥❦❡❞ ✈❡rs✐♦♥

♦❜❥❡❝t✳

✹✺
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#define FLAG 202 /* special value to represent ’not here’ */

typedef Object {
byte version;
byte readerList; /* we do LL and CAS operations on this field */
pid fieldLock[NUM_FIELDS]; /* we do LL operations on fields */
byte field[NUM_FIELDS];

};
typedef Versi0n { /* ’Version’ misspelled because SPIN #define’s it. */
byte owner;
byte next;
byte field[NUM_FIELDS];

};
typedef ReaderList {
byte transid;
byte next;

};
mtype = { waiting, committed, aborted };
typedef TransID {
mtype status;

};

❋✐❣✉r❡ ✸✳✼✿ ❉❡❝❧❛r✐♥❣ ♦❜❥❡❝ts ✇✐t❤ ✈❡rs✐♦♥ ❧✐sts ✐♥ Pr♦♠❡❧❛✳ ❚❤❡ byte

❞❛t❛t②♣❡ ❡♥❝♦❞❡s ♣♦✐♥t❡rs✳ ❚❤❡ fieldLock ☞❡❧❞ ❛ss✐sts ✐♥ t❤❡ ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥ ♦❢ t❤❡ ❧♦❛❞✲❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♣❛✐r ♦❢ ♦♣❡r❛t✐♦♥s ✐♥ Pr♦♠❡❧❛✳

♥♦♥tr❛♥s❛❝t✐♦♥❛❧❧②✳

❚❤❡r❡ ✐s ❛ s♣❡❝✐❛❧ ✌❛❣ ✈❛❧✉❡✱ ❤❡r❡ ❞❡♥♦t❡❞ ❜② FLAG ✳ ■t s❤♦✉❧❞ ❜❡ ❛♥

✉♥❝♦♠♠♦♥ ✈❛❧✉❡✱ ✐✳❡✳ ♥♦t ❛ s♠❛❧❧ ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ✐♥t❡❣❡r ❝♦♥st❛♥t✱ ♥♦r

③❡r♦✳ ■♥ ♠② ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ■ ❤❛✈❡ ❝❤♦s❡♥ t❤❡ ❜②t❡ 0xCA t♦ ❜❡ t❤❡ ✌❛❣

✈❛❧✉❡✱ r❡♣❡❛t❡❞ ❛s ♥❡❝❡ss❛r② t♦ ☞❧❧ ♦✉t t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ❛♣♣r♦♣r✐❛t❡ t②♣❡✳

❚❤❡ s❡♠❛♥t✐❝ ✈❛❧✉❡ ♦❢ ❛♥ ♦❜❥❡❝t ☞❡❧❞ ✐s t❤❡ ✈❛❧✉❡ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♦❜❥❡❝t

str✉❝t✉r❡✱ ✉♥❧❡ss t❤❛t ✈❛❧✉❡ ✐s FLAG ✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ t❤❡ ☞❡❧❞✬s ✈❛❧✉❡ ✐s t❤❡

✈❛❧✉❡ ♦❢ t❤❡ ☞❡❧❞ ✐♥ t❤❡ ☞rst ❝♦♠♠✐tt❡❞ tr❛♥s❛❝t✐♦♥ ✐♥ t❤❡ ♦❜❥❡❝t✬s ✈❡rs✐♦♥

❧✐st✳ ❆ ❭❢❛❧s❡ ✌❛❣✧ ♦❝❝✉rs ✇❤❡♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✇✐s❤❡s t♦ ❭r❡❛❧❧②✧ st♦r❡ t❤❡

✈❛❧✉❡ FLAG ✐♥ ❛ ☞❡❧❞✳ ❚♦ ❞♦ s♦ ✇❡ ❝r❡❛t❡ ❛ ❢✉❧❧②✲❝♦♠♠✐tt❡❞ ✈❡rs✐♦♥ ❛tt❛❝❤❡❞

t♦ t❤❡ ♦❜❥❡❝t ❛♥❞ st♦r❡ FLAG ✐♥ t❤❛t ✈❡rs✐♦♥✱ ❛s ✇❡❧❧ ❛s ✐♥ t❤❡ ♦❜❥❡❝t ☞❡❧❞✳

❋✐❣✉r❡ ✸✳✼ ❞❡❝❧❛r❡s t❤❡s❡ ♦❜❥❡❝t str✉❝t✉r❡s ✐♥ Pr♦♠❡❧❛✳
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3.3.2 Operations

■ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞✴✇r✐t❡ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞✴✇r✐t❡ ❛s ✇❡❧❧

❛s tr❛♥s❛❝t✐♦♥ ❜❡❣✐♥✱ tr❛♥s❛❝t✐♦♥ ❛❜♦rt✱ ❛♥❞ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐t✳ ❚r❛♥s✲

❛❝t✐♦♥ ❜❡❣✐♥ s✐♠♣❧② ✐♥✈♦❧✈❡s t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛ ♥❡✇ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r

♦❜❥❡❝t✳ ❚r❛♥s❛❝t✐♦♥ ❝♦♠♠✐t ❛♥❞ ❛❜♦rt ❛r❡ s✐♠♣❧② ❝♦♠♣❛r❡✲❛♥❞✲s✇❛♣ ♦♣❡r❛✲

t✐♦♥s t❤❛t ❛t♦♠✐❝❛❧❧② s❡t t❤❡ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t✬s status ☞❡❧❞ ❛♣♣r♦♣r✐❛t❡❧②

✐❢ ❛♥❞ ♦♥❧② ✐❢ ✐t ✇❛s ♣r❡✈✐♦✉s❧② ✐♥ t❤❡ ❲❆■❚■◆● st❛t❡✳ ❚❤❡ s✐♠♣❧✐❝✐t② ♦❢

❝♦♠♠✐t ❛♥❞ ❛❜♦rt ❛r❡ ❛♣♣❡❛❧✐♥❣✿ t❤❡ ❆♣❡❳ ❛❧❣♦r✐t❤♠ r❡q✉✐r❡s ♥♦ ❝♦♠♣❧✐✲

❝❛t❡❞ ♣r♦❝❡ss✐♥❣✱ ❞❡❧❛②✱ r♦❧❧✲❜❛❝❦ ♦r ✈❛❧✐❞❛t❡ ♣r♦❝❡❞✉r❡ t♦ ❝♦♠♠✐t ♦r ❛❜♦rt

❛ tr❛♥s❛❝t✐♦♥✳

■ ❝♦✉❧❞ s✉♣♣♦rt ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛♥❞ ✇r✐t❡ ✭t❤❛t ✐s✱ r❡❛❞s ❛♥❞ ✇r✐t❡s

t❤❛t t❛❦❡ ♣❧❛❝❡ ♦✉ts✐❞❡ ♦❢ ❛♥② tr❛♥s❛❝t✐♦♥✮ ❜② ❝r❡❛t✐♥❣ ❛ ♥❡✇ s❤♦rt tr❛♥s✲

❛❝t✐♦♥ t❤❛t ❡♥❝❧♦s❡s ♦♥❧② t❤❡ s✐♥❣❧❡ r❡❛❞ ♦r ✇r✐t❡✳ ❙✐♥❝❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

❛❝❝❡ss❡s t♦ ♦❜❥❡❝ts ❝❛♥ ❜❡ ❢r❡q✉❡♥t✱ ■ ♣r♦✈✐❞❡ ♠♦r❡ ❡✍❝✐❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥s

✇✐t❤ t❤❡ s❛♠❡ s❡♠❛♥t✐❝s✳

■ ♥♦✇ ♣r❡s❡♥t t❤❡ ♦♣❡r❛t✐♦♥s ♦♥❡✲❜②✲♦♥❡✳

Nontransactional read

❚❤❡ readNT ❢✉♥❝t✐♦♥ ♣❡r❢♦r♠s ❛ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ♦❢ ☞❡❧❞ f ❢r♦♠ ♦❜❥❡❝t

o✱ ♣✉tt✐♥❣ t❤❡ r❡s✉❧t ✐♥ v✳ ■♥ t❤❡ ❝♦♠♠♦♥ ❝❛s❡✱ t❤❡ ♦♥❧② ♦✈❡r❤❡❛❞ ✐s t♦ ❝❤❡❝❦

t❤❛t t❤❡ r❡❛❞ ✈❛❧✉❡ ✐s ♥♦t FLAG ✳ ■❢ t❤❡ ✈❛❧✉❡ r❡❛❞ ✐s FLAG✱ ❤♦✇❡✈❡r✱ ✇❡ ❝♦♣②

❜❛❝❦ t❤❡ ☞❡❧❞ ✈❛❧✉❡ ❢r♦♠ t❤❡ ♠♦st✲r❡❝❡♥t❧② ❝♦♠♠✐tt❡❞ tr❛♥s❛❝t✐♦♥ ✭❛❜♦rt✐♥❣

❛❧❧ ♦t❤❡r tr❛♥s❛❝t✐♦♥s✮ ❛♥❞ tr② ❛❣❛✐♥✳ ❚❤❡ ❝♦♣②✲❜❛❝❦ ♣r♦❝❡❞✉r❡ ♥♦t✐☞❡s t❤❡

❝❛❧❧❡r ✐❢ t❤✐s ✐s ❛ ❭❢❛❧s❡ ✌❛❣✧✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤✐s ☞❡❧❞ r❡❛❧❧② ✐s

FLAG ✳ ❲❡ ♣❛ss t❤❡ kill writers ❝♦♥st❛♥t t♦ t❤❡ ❝♦♣②✲❜❛❝❦ ♣r♦❝❡❞✉r❡ t♦

✐♥❞✐❝❛t❡ t❤❛t ♦♥❧② tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡rs ♥❡❡❞ ❜❡ ❛❜♦rt❡❞✱ ♥♦t tr❛♥s❛❝t✐♦♥❛❧

r❡❛❞❡rs✳ ❆❧❧ ♣♦ss✐❜❧❡ r❛❝❡s ❛r❡ ❝♦♥☞♥❡❞ t♦ t❤❡ ❝♦♣②✲❜❛❝❦ ♣r♦❝❡❞✉r❡✱ ✇❤✐❝❤

■ ❞❡s❝r✐❜❡ ♦♥ ♣❛❣❡ ✹✾✳

❚❤❡ t♦♣ ♦❢ ❋✐❣✉r❡ ✸✳✽ s♣❡❝✐☞❡s t❤❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ♦♣❡r❛t✐♦♥ ✐♥

Pr♦♠❡❧❛✳

✹✼
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inline readNT(o, f, v) {
do
:: v = object[o].field[f];

if
:: (v!=FLAG) -> break /* done! */
:: else
fi;
copyBackField(o, f, kill_writers, _st);
if
:: (_st==false_flag) ->

v = FLAG;
break

:: else
fi

od
}

inline writeNT(o, f, nval) {
if
:: (nval != FLAG) ->

do
:: atomic {

if /* this is a LL(readerList)/SC(field) */
:: (object[o].readerList == NIL) ->

object[o].fieldLock[f] = _thread_id;
object[o].field[f] = nval;
break /* success! */

:: else
fi

}
/* unsuccessful SC */
copyBackField(o, f, kill_all, _st)

od
:: else -> /* create false flag */

/* implement this as a short *transactional* write. */
/* start a new transaction, write FLAG, commit the */
/* transaction; repeat until successful. */
/* Implementation elided. */
...

fi;
}

❋✐❣✉r❡ ✸✳✽✿ Pr♦♠❡❧❛ s♣❡❝✐☞❝❛t✐♦♥ ♦❢ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛✲

t✐♦♥s✳

✹✽



✸✳✸✳ ❙P❊❈■❋❨■◆● ❚❍❊ ❇❆❙■❈ ▼❊❈❍❆◆■❙▼

Nontransactional write

❚❤❡ writeNT ❢✉♥❝t✐♦♥ ♣❡r❢♦r♠s ❛ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡ ♦❢ ♥❡✇ ✈❛❧✉❡ nval

t♦ ☞❡❧❞ f ♦❢ ♦❜❥❡❝t o✳ ❋♦r ❝♦rr❡❝t♥❡ss✱ ✇❡ ♠✉st ❡♥s✉r❡ t❤❛t t❤❡ r❡❛❞❡r

❧✐st ✐s ❡♠♣t② ❜❡❢♦r❡ ✇❡ ❞♦ t❤❡ ✇r✐t❡✳ ■ ✐♠♣❧❡♠❡♥t t❤✐s ❝❤❡❝❦ ✇✐t❤ ❛ ❧♦❛❞✲

❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♣❛✐r✱ ✇❤✐❝❤ ✐s ♠♦❞❡❧❡❞ ✐♥ Pr♦♠❡❧❛ s❧✐❣❤t❧② ❞✐☛❡r✲

❡♥t❧②✱ ❡♥s✉r✐♥❣ t❤❛t t❤❡ ✇r✐t❡ ♦♥❧② s✉❝❝❡❡❞s s♦ ❧♦♥❣ ❛s t❤❡ r❡❛❞❡r ❧✐st r❡♠❛✐♥s

❡♠♣t②✳✻ ■❢ ✐t ✐s ♥♦t ❡♠♣t②✱ ✇❡ ❝❛❧❧ t❤❡ ❝♦♣②✲❜❛❝❦ ♣r♦❝❡❞✉r❡ ✭❛s ✐♥ readNT✮✱

♣❛ss✐♥❣ t❤❡ ❝♦♥st❛♥t kill all t♦ ✐♥❞✐❝❛t❡ t❤❛t ❜♦t❤ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞❡rs

❛♥❞ ✇r✐t❡rs s❤♦✉❧❞ ❜❡ ❛❜♦rt❡❞ ❞✉r✐♥❣ t❤❡ ❝♦♣②✲❜❛❝❦✳ ❚❤❡ ❝♦♣②✲❜❛❝❦ ♣r♦❝❡✲

❞✉r❡ ❧❡❛✈❡s t❤❡ r❡❛❞❡r ❧✐st ❡♠♣t②✳

■❢ t❤❡ ✈❛❧✉❡ t♦ ❜❡ ✇r✐tt❡♥ ✐s ❛❝t✉❛❧❧② t❤❡ FLAG ✈❛❧✉❡✱ t❤✐♥❣s ❣❡t ❛ ❧✐tt❧❡

❜✐t tr✐❝❦✐❡r✳ ❚❤✐s ❝❛s❡ ❞♦❡s ♥♦t ♦❝❝✉r ♦❢t❡♥✱ ❛♥❞ s♦ t❤❡ s✐♠♣❧❡st ❝♦rr❡❝t

✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s t♦ tr❡❛t t❤✐s ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡ ❛s ❛ s❤♦rt tr❛♥s❛❝✲

t✐♦♥❛❧ ✇r✐t❡✱ ❝r❡❛t✐♥❣ ❛ ♥❡✇ tr❛♥s❛❝t✐♦♥ ❢♦r t❤✐s ♦♥❡ ✇r✐t❡✱ ❛♥❞ ❛tt❡♠♣t✐♥❣

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

❛❞❡q✉❛t❡ ❢♦r t❤✐s ✉♥❝♦♠♠♦♥ ❝❛s❡✳

❚❤❡ ❜♦tt♦♠ ♦❢ ❋✐❣✉r❡ ✸✳✽ s♣❡❝✐☞❡s t❤❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡ ♦♣❡r❛t✐♦♥

✐♥ Pr♦♠❡❧❛✳

Field Copy-Back

❋✐❣✉r❡s ✸✳✾ ❛♥❞ ✸✳✶✵ ♣r❡s❡♥t t❤❡ ☞❡❧❞ ❝♦♣②✲❜❛❝❦ r♦✉t✐♥❡✳ ❲❡ ❝r❡❛t❡ ❛ ♥❡✇

✈❡rs✐♦♥ ♦✇♥❡❞ ❜② ❛ ♣r❡✲❛❜♦rt❡❞ tr❛♥s❛❝t✐♦♥ ✇❤✐❝❤ s❡r✈❡s ❛s ❛ r❡s❡r✈❛t✐♦♥

♦♥ t❤❡ ❤❡❛❞ ♦❢ t❤❡ ✈❡rs✐♦♥ ❧✐st✳ ❲❡ t❤❡♥ ✇r✐t❡ t♦ t❤❡ ♦❜❥❡❝t ☞❡❧❞ ✇✐t❤ ❛

❧♦❛❞✲❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♣❛✐r ✐❢ ❛♥❞ ♦♥❧② ✐❢ ♦✉r ✈❡rs✐♦♥ ✐s st✐❧❧ ❛t t❤❡

❤❡❛❞ ♦❢ t❤❡ ✈❡rs✐♦♥s ❧✐st✳✼ ❚❤✐s ❛❞❞r❡ss❡s t❤❡ ♠❛❥♦r r❛❝❡ ♣♦ss✐❜❧❡ ✐♥ t❤✐s

r♦✉t✐♥❡✳

✻❆ st❛♥❞❛r❞ ❈❆❙ ✇♦✉❧❞ ♥♦t s✉✍❝❡✱ ❛s t❤❡ ❧♦❛❞✲❧✐♥❦❡❞ t❛r❣❡ts ❛ ❞✐☛❡r❡♥t ❧♦❝❛t✐♦♥ t❤❛♥

t❤❡ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧✳
✼❆❣❛✐♥✱ ❛ ❈❆❙ ❞♦❡s ♥♦t s✉✍❝❡✳

✹✾
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inline copyBackField(o, f, mode, st) {
_nonceV=NIL; _ver = NIL; _r = NIL; st = success;
/* try to abort each version. when abort fails, we’ve got a committed
* version. */
do
:: _ver = object[o].version;

if
:: (_ver==NIL) ->

st = saw_race; break /* someone’s done the copyback for us */
:: else
fi;
/* move owner to local var to avoid races
* (owner set to NIL behind our back) */

_tmp_tid=version[_ver].owner;
tryToAbort(_tmp_tid);
if
:: (_tmp_tid==NIL || transid[_tmp_tid].status==committed) ->

break /* found a committed version */
:: else
fi;
/* link out an aborted version */
assert(transid[_tmp_tid].status==aborted);
CAS_Version(object[o].version, _ver, version[_ver].next, _);

od;
/* okay, link in our nonce. this will prevent others from doing the
* copyback. */
if
:: (st==success) ->

assert (_ver!=NIL);
allocVersion(_retval, _nonceV, aborted_tid, _ver);
CAS_Version(object[o].version, _ver, _nonceV, _cas_stat);
if
:: (!_cas_stat) ->

st = saw_race_cleanup
:: else
fi

:: else
fi;
/* check that no one’s beaten us to the copy back, then kill readers. */
checkCopyAndKill(o,f,mode,st);
/* done */

}

❋✐❣✉r❡ ✸✳✾✿ ❋✐rst ❤❛❧❢ ♦❢ t❤❡ ☞❡❧❞ ❝♦♣②✲❜❛❝❦ r♦✉t✐♥❡✳ ❚❤❡ ☞♥❛❧ st❡♣s ❤❛✈❡

❜❡❡♥ s♣❧✐t ♦☛ ✐♥t♦ checkCopyAndKill✱ ✇❤✐❝❤ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✵✳

✺✵
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inline checkCopyAndKill(o, f, mode, st) {
/* check that no one’s beaten us to the copy back */
if
:: (st==success) ->

if
:: (object[o].field[f]==FLAG) ->

_val = version[_ver].field[f];
if
:: (_val==FLAG) -> /* false flag... */

st = false_flag /* ...no copy back needed */
:: else -> /* not a false flag */

d_step { /* LL/SC */
if
:: (object[o].version == _nonceV) ->

object[o].fieldLock[f] = _thread_id;
object[o].field[f] = _val;

:: else /* hmm, fail. Must retry. */
st = saw_race_cleanup /* need to clean up nonce */

fi
}

fi
:: else /* may arrive here because of readT, which doesn’t set _val=FLAG*/

st = saw_race_cleanup /* need to clean up nonce */
fi

:: else /* !success */
fi;
/* always kill readers, whether successful or not. This ensures that we
* make progress if called from writeNT after a readNT sets readerList
* non-null without changing FLAG to _val (see immediately above; st will
* equal saw_race_cleanup in this scenario). */

if
:: (mode == kill_all) ->

killAllReaders(o, _r); /* see Appendix for details */
:: else /* no more killing needed. */
fi;
/* done */

}

❋✐❣✉r❡ ✸✳✶✵✿ ❋✐♥❛❧ ♣♦rt✐♦♥ ♦❢ t❤❡ ☞❡❧❞ ❝♦♣②✲❜❛❝❦ r♦✉t✐♥❡ ♦❢ ❋✐❣✉r❡ ✸✳✾✳

✺✶
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Transactional Read

❆ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ✐s s♣❧✐t ✐♥t♦ t✇♦ ♣❛rts✳ ❚❤❡ ☞rst ♣❛rt✱ ✇❤✐❝❤ ♦❝❝✉rs

❜❡❢♦r❡ t❤❡ r❡❛❞✱ ✐s ❡♥❝❛♣s✉❧❛t❡❞ ✐♥ ❛ r♦✉t✐♥❡ ♥❛♠❡❞ ensureReader✳ ■ts

♣r✐♠❛r② t❛s❦ ✐s t♦ ❡♥s✉r❡ t❤❛t ♦✉r tr❛♥s❛❝t✐♦♥ ✐s ♦♥ t❤❡ r❡❛❞❡r ❧✐st ❢♦r t❤❡

♦❜❥❡❝t✳ ❚❤✐s ❝❤❡❝❦ ✐s str❛✐❣❤t❢♦r✇❛r❞ t♦ ❞♦ ✐♥ ❛ ♥♦♥❜❧♦❝❦✐♥❣ ♠❛♥♥❡r ❛s ❧♦♥❣

❛s ✇❡ ❛❧✇❛②s ❛❞❞ r❡❛❞❡rs t♦ t❤❡ ❤❡❛❞ ♦❢ t❤❡ ❧✐st✳ ❚❤❡ ensureReader r♦✉t✐♥❡

♠✉st ❛❧s♦ ✇❛❧❦ t❤❡ ✈❡rs✐♦♥s ❧✐st t♦ ❛❜♦rt ❛♥② ✉♥❝♦♠♠✐tt❡❞ tr❛♥s❛❝t✐♦♥ ♦t❤❡r

t❤❛♥ ♦✉r ♦✇♥✳ ❙✐♥❝❡ t❤❡ ensureReader ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ ♦❜❥❡❝t ✐♥✈♦❧✈❡❞✱

♥♦t t❤❡ ♣r❡❝✐s❡ ☞❡❧❞✱ r❡❞✉♥❞❛♥t r❡❛❞ ❝❤❡❝❦s ❢♦r ❞✐☛❡r❡♥t ☞❡❧❞s ✐♥ t❤❡ ♦❜❥❡❝t

❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ ❛♥❞ ❤♦✐st❡❞ s♦ t❤❛t ensureReader ✐s ♣❡r❢♦r♠❡❞ ♦♥❝❡ ❜❡❢♦r❡

t❤❡ ☞rst r❡❛❞ ❢r♦♠ ❛♥ ♦❜❥❡❝t ❛♥❞ ♥♦t r❡♣❡❛t❡❞✳

❆t r❡❛❞ t✐♠❡✱ ✇❡ ✐♥✐t✐❛❧❧② r❡❛❞ ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ♦❜❥❡❝t✳ ■❢ t❤❡ ✈❛❧✉❡ r❡❛❞

✐s ♥♦t FLAG✱ ✇❡ ✉s❡ ✐t✳ ❖t❤❡r✇✐s❡✱ ✇❡ ❧♦♦❦ ✉♣ t❤❡ ✈❡rs✐♦♥ ♦❜❥❡❝t ❛ss♦❝✐❛t❡❞

✇✐t❤ ♦✉r tr❛♥s❛❝t✐♦♥ ✭♦✉r ✈❡rs✐♦♥ ✐s t②♣✐❝❛❧❧② ❛t t❤❡ ❤❡❛❞ ♦❢ t❤❡ ✈❡rs✐♦♥ ❧✐st✮

❛♥❞ r❡❛❞ t❤❡ ❛♣♣r♦♣r✐❛t❡ ✈❛❧✉❡ ❢r♦♠ t❤❛t ✈❡rs✐♦♥✳ ❚❤❡ ✐♥✐t✐❛❧ r❡❛❞✲❛♥❞✲❝❤❡❝❦

❝❛♥ ❜❡ ♦♠✐tt❡❞ ✐❢ ✇❡ ❦♥♦✇ t❤❛t ✇❡ ❤❛✈❡ ❛❧r❡❛❞② ✇r✐tt❡♥ t♦ t❤✐s ☞❡❧❞ ✐♥s✐❞❡

t❤✐s tr❛♥s❛❝t✐♦♥✳

❚❤❡ t♦♣ ♦❢ ❋✐❣✉r❡ ✸✳✶✶ s♣❡❝✐☞❡s r❡❛❞✲t✐♠❡ ♣♦rt✐♦♥ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥❛❧

r❡❛❞ ♦♣❡r❛t✐♦♥ ✐♥ Pr♦♠❡❧❛✳ ❚❤❡ ✐♥✐t✐❛❧ ensureReader ♣♦rt✐♦♥ ✐s str❛✐❣❤t❢♦r✲

✇❛r❞❀ ✐t ✐s ✐♥❝❧✉❞❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳

Transactional Write

❆❣❛✐♥✱ ✇r✐t❡s ❛r❡ s♣❧✐t ✐♥ t✇♦✳ ❖♥❝❡ ❢♦r ❡❛❝❤ ♦❜❥❡❝t✱ ✇❡ ♠✉st tr❛✈❡rs❡

t❤❡ ✈❡rs✐♦♥ ❧✐st✱ ❛❜♦rt✐♥❣ ♦t❤❡r ✈❡rs✐♦♥s ❛♥❞ ❧♦❝❛t✐♥❣ ♦r ❝r❡❛t✐♥❣ ❛ ✈❡rs✐♦♥

❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♦✉r tr❛♥s❛❝t✐♦♥✳ ❲❡ ♠✉st ❛❧s♦ tr❛✈❡rs❡ t❤❡ r❡❛❞❡r ❧✐st✱

❛❜♦rt✐♥❣ ❛❧❧ tr❛♥s❛❝t✐♦♥s ♦♥ t❤❡ ❧✐st ❡①❝❡♣t ♦✉rs❡❧❢✳ ❚❤✐s ♣♦rt✐♦♥ ♦❢ t❤❡

❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ t❤❡ ensureWriter r♦✉t✐♥❡ ✐♥ ❋✐❣✉r❡ ✸✳✶✷✳

❖♥❝❡ ❢♦r ❡❛❝❤ ☞❡❧❞ ✇❡ ✐♥t❡♥❞ t♦ ✇r✐t❡✱ ✇❡ ♠✉st ♣❡r❢♦r♠ ❛ ❝♦♣②✲t❤r♦✉❣❤✿

❝♦♣② t❤❡ ♦❜❥❡❝t✬s ☞❡❧❞ ✈❛❧✉❡ ✐♥t♦ ❛❧❧ t❤❡ ✈❡rs✐♦♥s ❛♥❞ t❤❡♥ ✇r✐t❡ FLAG t♦

t❤❡ ♦❜❥❡❝t✬s ☞❡❧❞✳ ❲❡ ✉s❡ ❧♦❛❞✲❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ t♦ ✉♣❞❛t❡ ✈❡rs✐♦♥s

✺✷
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inline readT(tid, o, f, ver, result) {
do
::

/* we should always either be on the readerList or
* aborted here */
result = object[o].field[f];
if
:: (result==FLAG) ->

if
:: (ver!=NIL) ->

result = version[ver].field[f];
break /* done! */

:: else ->
findVersion(tid, o, ver);
if
:: (ver==NIL) ->/*use val from committed vers.*/

assert (_r!=NIL);
result = version[_r].field[f];/*false flag?*/
moveVersion(_r, NIL);
break /* done */

:: else /* try, try, again */
fi

fi
:: else -> break /* done! */
fi

od
}

inline writeT(ver, f, nval) {
/* easy enough: */
version[ver].field[f] = nval;

}

❋✐❣✉r❡ ✸✳✶✶✿ Pr♦♠❡❧❛ s♣❡❝✐☞❝❛t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛✲

t✐♦♥s✳

✺✸
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/* per-object, before write. */

inline ensureWriter(tid, o, ver) {

assert(tid!=NIL);

ver = NIL; _r = NIL; _rr = NIL;

do

:: assert (ver==NIL);

findVersion(tid, o, ver);

if

:: (ver!=NIL) -> break /* found a writable version for us */

:: (ver==NIL && _r==NIL) ->

/* create and link a fully-committed root version, then

* use this as our base. */

allocVersion(_retval, _r, NIL, NIL);

CAS_Version(object[o].version, NIL, _r, _cas_stat)

:: else ->

_cas_stat = true

fi;

if

:: (_cas_stat) ->

/* so far, so good. */

assert (_r!=NIL);

assert (version[_r].owner==NIL ||

transid[version[_r].owner].status==committed);

/* okay, make new version for this transaction. */

assert (ver==NIL);

allocVersion(_retval, ver, tid, _r);

/* want copy of committed version _r. No race because

* we never write to a committed versions. */

version[ver].field[0] = version[_r].field[0];

version[ver].field[1] = version[_r].field[1];

assert(NUM_FIELDS==2); /* else ought to initialize more fields */

CAS_Version(object[o].version, _r, ver, _cas_stat);

moveVersion(_r, NIL); /* free _r */

if

:: (_cas_stat) ->

/* kill all readers (except ourself) */

/* all changes have to be made from the front of the

* list, so we unlink ourself and then re-add us. */

do

:: moveReaderList(_r, object[o].readerList);

if

:: (_r==NIL) -> break

:: (_r!=NIL && readerlist[_r].transid!=tid)->

tryToAbort(readerlist[_r].transid)

:: else

fi;

/* link out this reader */

CAS_Reader(object[o].readerList, _r, readerlist[_r].next, _)

od;

/* okay, all pre-existing readers dead & gone. */

assert(_r==NIL);

/* link us back in. */

ensureReaderList(tid, o);

break

:: else

fi;

/* try again */

:: else

fi;

/* try again from the top */

moveVersion(ver, NIL)

od;

/* done! */

assert (_r==NIL);

}

❋✐❣✉r❡ ✸✳✶✷✿ ❚❤❡ ♣❡r✲♦❜❥❡❝t ✈❡rs✐♦♥✲s❡t✉♣ r♦✉t✐♥❡ ❢♦r tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s✳

✺✹
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/* per-field, before write. */

inline checkWriteField(o, f) {

_r = NIL; _rr = NIL;

do

::

/* set write flag, if not already set */

_val = object[o].field[f];

if

:: (_val==FLAG) ->

break; /* done! */

:: else

fi;

/* okay, need to set write flag. */

moveVersion(_rr, object[o].version);

moveVersion(_r, _rr);

assert (_r!=NIL);

do

:: (_r==NIL) -> break /* done */

:: else ->

object[o].fieldLock[f] = _thread_id;

if

/* this next check ensures that concurrent copythroughs don’t stomp on each other’s versions,

* because the field will become FLAG before any other version will be written. */

:: (object[o].field[f]==_val) ->

if

:: (object[o].version==_rr) ->

atomic {

if

:: (object[o].fieldLock[f]==_thread_id) ->

version[_r].field[f] = _val;

:: else -> break /* abort */

fi

}

:: else -> break /* abort */

fi

:: else -> break /* abort */

fi;

moveVersion(_r, version[_r].next) /* on to next */

od;

if

:: (_r==NIL) ->

/* field has been successfully copied to all versions */

atomic {

if

:: (object[o].version==_rr) ->

assert(object[o].field[f]==_val ||

/* we can race with another copythrough and that’s okay; the locking strategy

* above ensures that we’re all writing the same values to all the versions

* and not overwriting anything. */

object[o].field[f]==FLAG);

object[o].fieldLock[f]=_thread_id;

object[o].field[f] = FLAG;

break; /* success! done! */

:: else

fi

}

:: else

fi

/* retry */

od;

/* clean up */

moveVersion(_r, NIL);

moveVersion(_rr, NIL);

}

❋✐❣✉r❡ ✸✳✶✸✿ ❚❤❡ ♣❡r✲☞❡❧❞ ❝♦♣②✲t❤r♦✉❣❤ r♦✉t✐♥❡ ❢♦r tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s✳

✺✺
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♦♥❧② ✐❢ t❤❡ ♦❜❥❡❝t✬s ☞❡❧❞ ❤❛s ♥♦t ❛❧r❡❛❞② ❜❡❡♥ s❡t t♦ FLAG ❜❡❤✐♥❞ ♦✉r ❜❛❝❦s

❜② ❛♥♦t❤❡r ❝♦♣②✲t❤r♦✉❣❤✳ ❚❤❡ checkWriteField r♦✉t✐♥❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✲

✉r❡ ✸✳✶✸✳

❚❤❡♥✱ ❢♦r ❡❛❝❤ ✇r✐t❡✱ ✇❡ s✐♠♣❧② ✇r✐t❡ t♦ t❤❡ ✐❞❡♥t✐☞❡❞ ✈❡rs✐♦♥✱ ❛s s❤♦✇♥

❛t t❤❡ ❜♦tt♦♠ ♦❢ ❋✐❣✉r❡ ✸✳✶✶✳

Implementation

❙♦♠❡ ❞❡t❛✐❧s ❛r❡ ♥♦t ②❡t ❝♦✈❡r❡❞ ❜② ♦✉r ♠♦❞❡❧✳ ❋♦r ❡①❛♠♣❧❡✱ ❤♦✇ ❛r❡ ☞❡❧❞s ♦❢

❞✐☛❡r❡♥t ❜②t❡ ❧❡♥❣t❤s ❤❛♥❞❧❡❞❄ ❍♦✇ ❞♦❡s tr❛♥s❛❝t✐♦♥❛❧ ❏❛✈❛ ❝♦❞❡ ✐♥t❡r❛❝t

✇✐t❤ t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r✱ ♦r ✇✐t❤ ♥❛t✐✈❡ ❝♦❞❡ ✐♥ t❤❡ r✉♥t✐♠❡ s②st❡♠❄

❈❤❛♣t❡r ✹ ❛❞❞r❡ss❡s t❤❡ r❡❛❧✲✇♦r❧❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s ♦❢ ♦✉r s♦❢t✇❛r❡

tr❛♥s❛❝t✐♦♥ s②st❡♠✳

✺✻
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❜❡t✇❡❡♥ t❤❡♦r② ❛♥❞ ♣r❛❝t✐❝❡✳

❏❛♥ ▲✳ ❆✳ ✈❛♥ ❞❡ ❙♥❡♣s❝❤❡✉t

Chapter 4

ApeX implementation:

Efficient software

transactions

❚❤✐s ❝❤❛♣t❡r ❞✐s❝✉ss❡s t❤❡ ❝❤❛❧❧❡♥❣❡s ✐♥✈♦❧✈❡❞ ✐♥ tr❛♥s❢♦r♠✐♥❣ t❤❡ ❞❡s✐❣♥

♦❢ ❈❤❛♣t❡r ✸ ✐♥t♦ ❛ ♣r❛❝t✐❝❛❧ ❏❛✈❛ ❝♦♠♣✐❧❡r✳ ■ ❞❡s❝r✐❜❡ t❤❡ ❢♦✉♥❞❛t✐♦♥ ♦❢

t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ t❤❡ ❋❧❡① ❝♦♠♣✐❧❡r ✐♥❢r❛str✉❝t✉r❡ ❛♥❞ ✐ts ❭Pr❡❝✐s❡ ❈✧

❜❛❝❦❡♥❞✳ ■ t❤❡♥ ♦✉t❧✐♥❡ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥s ❛♥❞ ❛♥❛❧②s❡s ❋❧❡① ♣❡r❢♦r♠s✳

❚❤❡ r✉♥t✐♠❡ s②st❡♠ ♠✉st ❛❧s♦ ❜❡ ♠♦❞✐☞❡❞ t♦ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s❀ ❋❧❡①

♠♦❞✐☞❡s t❤❡ ❏❛✈❛ ◆❛t✐✈❡ ■♥t❡r❢❛❝❡ t♦ ❛❧❧♦✇ ♠♦st ♥❛t✐✈❡ ❧✐❜r❛r✐❡s t♦ ✇♦r❦

s❡❛♠❧❡ss❧② ✇✐t❤ ❆♣❡❳✳ ■ ❧✐st s♦♠❡ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ♣r❡s❡♥t ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥✱ ✐♥❝❧✉❞✐♥❣ ❛❝❝❡ss ❣r❛♥✉❧❛r✐t② ❛♥❞ s✉♣♣♦rt ❢♦r st❛t✐❝ ☞❡❧❞s ❛♥❞ ❝♦♥❞✐t✐♦♥

✈❛r✐❛❜❧❡s✱ ❛♥❞ ❞✐s❝✉ss ❤♦✇ t❤❡② ♠❛② ❜❡ ♦✈❡r❝♦♠❡ ✐♥ ❛ ♣r♦❞✉❝t✐♦♥✲q✉❛❧✐t②

❝♦♠♣✐❧❡r✳ ■ ❝♦♥❝❧✉❞❡ ❜② ❧✐st✐♥❣ ❛❞❞✐t✐♦♥❛❧ ♦♣t✐♠✐③❛t✐♦♥s ✇❤✐❝❤ ❝♦✉❧❞ ❜❡

✐♠♣❧❡♠❡♥t❡❞ t♦ ✐♠♣r♦✈❡ ❆♣❡❳ ♣❡r❢♦r♠❛♥❝❡✳

4.1 The Flex compiler infrastructure

■♥ ✶✾✾✽ ■ ❜❡❣❛♥ ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ❋❧❡① ❝♦♠♣✐❧❡r ✐♥❢r❛str✉❝t✉r❡ ❢♦r ❏❛✈❛

❬✸❪✱ ✇❤✐❝❤ ■ ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t t❤❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s ✐♥ t❤✐s t❤❡s✐s✳ ❋❧❡①
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✐s ❛ ✇❤♦❧❡✲♣r♦❣r❛♠ st❛t✐❝ ❝♦♠♣✐❧❡r ❢♦r ❏❛✈❛ ✇✐t❤ ❛ r✉♥t✐♠❡ s②st❡♠ ❜✉✐❧t

❛r♦✉♥❞ t❤❡ ●◆❯ ❈❧❛ss♣❛t❤ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❏❛✈❛ st❛♥❞❛r❞ ❧✐❜r❛r✐❡s

❬✸✻❪✳ ❋❧❡① t❛❦❡s ❛s ✐♥♣✉t ❏❛✈❛ ❜②t❡❝♦❞❡✱ ❣❡♥❡r❛t❡❞ ❜② ❛♥② ❏❛✈❛ ✶✳✵✲✶✳✻ ❝♦♠✲

♣✐❧❡r ❢r♦♠ ✉s❡r ❝♦❞❡ ❛♥❞ t❤❡ ●◆❯ ❈❧❛ss♣❛t❤ ✵✳✵✽ ❧✐❜r❛r② ✐♠♣❧❡♠❡♥t❛t✐♦♥✱

❛♥❞ ✐t ❡♠✐ts ❡✐t❤❡r ❛ss❡♠❜❧② ❝♦❞❡ ❢♦r ▼■P❙✱ ❙♣❛r❝✱ ♦r ❙tr♦♥❣❆❘▼✱ ♦r ❡❧s❡

❭♣♦rt❛❜❧❡ ❛ss❡♠❜❧② ❧❛♥❣✉❛❣❡✧ ✇r✐tt❡♥ ✐♥ gcc ✸✳✹✬s ✈❛r✐❛♥t ♦❢ ❈✳ ❚❤❡ ❡♠✐tt❡❞

❝♦❞❡ ✐s ❝♦♠♣✐❧❡❞ ❛♥❞ ❧✐♥❦❡❞ ❛❣❛✐♥st t❤❡ ❋❧❡① r✉♥t✐♠❡ s②st❡♠ ❛♥❞ t❤❡ ●◆❯

❈❧❛ss♣❛t❤ ✵✳✵✽ ♥❛t✐✈❡ ❧✐❜r❛r✐❡s t♦ ♣r♦❞✉❝❡ ❛ st❛♥❞✲❛❧♦♥❡ ❜✐♥❛r② ❢♦r t❤❡ t❛r❣❡t

s②st❡♠✳ ❚❤❡ ❋❧❡① ❝♦♠♣✐❧❡r ❛♥❞ ❛♥❛❧②s✐s ❝♦❞❡ ✐s ✇r✐tt❡♥ ✐♥ ❏❛✈❛✱ ✇❤✐❧❡ t❤❡

❋❧❡① r✉♥t✐♠❡ s②st❡♠ ✐s ✇r✐tt❡♥ ✐♥ ❈✳ ❋❧❡① ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ♦✈❡r ✷✵ ♣✉❜✲

❧✐s❤❡❞ ♣❛♣❡rs ❬✷✱ ✹④✼✱ ✶✸✱ ✶✹✱ ✷✵✱ ✷✺✱ ✷✽✱ ✸✵✱ ✸✹✱ ✸✺✱ ✻✷✱ ✽✷✱ ✾✵④✾✷✱ ✾✺④✾✾✱ ✶✵✶❪✱

♦♥ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ t♦♣✐❝s✳

Using C as a target

❚❤❡ ❡①♣❡r✐♠❡♥ts ✐♥ t❤✐s t❤❡s✐s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ ❡✐t❤❡r t❤❡ ①✽✻ ♦r P♦✇❡rP❈

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

❭Pr❡❝✐s❡ ❈✧ ❜❛❝❦❡♥❞ ✇❛s t❤✉s ✉s❡❞✱ s♦ ♥❛♠❡❞ ❜❡❝❛✉s❡✱ ❛s✐❞❡ ❢r♦♠ ❡♠✐tt✐♥❣

❈ ❝♦❞❡✱ ✐t✬s ♦r✐❣✐♥❛❧ ♣✉r♣♦s❡ ✇❛s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ♣r❡❝✐s❡

❣❛r❜❛❣❡ ❝♦❧❧❡❝t✐♦♥ ✇❤✐❧❡ ❡♠✐tt✐♥❣ ❤✐❣❤✲❧❡✈❡❧ ❝♦❞❡✳ ❚♦ t❤❛t ❡♥❞✱ t❤❡ ❜❛❝❦❡♥❞

❝♦♥t❛✐♥s ❝♦❞❡ t♦ ♠❛✐♥t❛✐♥ ❛ s❡♣❛r❛t❡ st❛❝❦ ❢♦r ✈❛❧✉❡s ♦❢ ♥♦♥✲♣r✐♠✐t✐✈❡ t②♣❡s

❛♥❞ t♦ ♣✉s❤ ❛♥❞ ♣♦♣ ❛❧❧ ❧✐✈❡ ✈❛r✐❛❜❧❡s t♦ t❤✐s st❛❝❦ ❛t ❣❝ ♣♦✐♥ts✳ ❙✐♥❝❡

❋❧❡①✬s ❧♦✇✲❧❡✈❡❧ ■❘ ♠❛② ❝r❡❛t❡ ❞❡r✐✈❡❞ ♣♦✐♥t❡rs t❤❛t ♣♦✐♥t ✐♥s✐❞❡ ♦❜❥❡❝ts✱ ❢♦r

❡①❛♠♣❧❡ ❞✉r✐♥❣ ❧♦♦♣ ♦♣t✐♠✐③❛t✐♦♥s✱ t❤❡ Pr❡❝✐s❡ ❈ ❜❛❝❦❡♥❞ ❛❧s♦ r❡❝♦♥str✉❝ts

t❤❡ ❞❡r✐✈❡❞ ♣♦✐♥t❡rs ❛❢t❡r t❤❡ ❣❝ ♣♦✐♥t✱ ✐♥ ❝❛s❡ t❤❡ ♦❜❥❡❝ts ✐♥✈♦❧✈❡❞ ❤❛✈❡

♠♦✈❡❞✳

❊①♣❡r✐♠❡♥ts s❤♦✇❡❞ t❤❛t t❤✐s ♠❡❝❤❛♥✐s♠ ❤❛s ♠✐♥✐♠❛❧ ✐♠♣❛❝t ♦♥ ♣❡r✲

❢♦r♠❛♥❝❡✱ ❜❡❝❛✉s❡ ✈❛r✐❛❜❧❡s ♣✉s❤❡❞ ♦♥t♦ t❤❡ ❡①♣❧✐❝✐t❧② ♠❛♥❛❣❡❞ ❭♦❜❥❡❝t

st❛❝❦✧ ❛r❡ t❤❡♥ ❞❡❛❞ ❛❝r♦ss t❤❡ ❝❛❧❧ ❢r♦♠ t❤❡ ♣❡rs♣❡❝t✐✈❡ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣

❈ ❝♦♠♣✐❧❡r❀ ✐♥ ❡☛❡❝t ♦✉r ❡①♣❧✐❝✐t st❛❝❦ ♠❛♥❛❣❡♠❡♥t r❡♣❧❛❝❡❞ t❤❡ ✐♠♣❧✐❝✐t

st❛❝❦ s❛✈❡✴r❡st♦r❡ ✇❤✐❝❤ t❤❡ ❈ ❝♦♠♣✐❧❡r ✇♦✉❧❞ ♦t❤❡r✇✐s❡ ❤❛✈❡ ♣❡r❢♦r♠❡❞ t♦

♠❛✐♥t❛✐♥ ✐ts ❝❛❧❧✐♥❣ ❝♦♥✈❡♥t✐♦♥✳
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❏❛✈❛ ❡①❝❡♣t✐♦♥s ♣r❡s❡♥t❡❞ ❛♥♦t❤❡r ❞✐✍❝✉❧t② ✇❤❡♥ ✐♠♣❧❡♠❡♥t✐♥❣ ❛ ❈

❜❛❝❦❡♥❞✳ ❚❤❡ ♠❡❝❤❛♥✐s♠s ✉s❡❞ ✐♥ ♦✉r ❛ss❡♠❜❧② ❜❛❝❦❡♥❞s ✭s❡♣❛r❛t❡ r❡✲

t✉r♥ ❛❞❞r❡ss❡s ❢♦r ❭r❡t✉r♥✐♥❣✧ ❛♥ ❡①❝❡♣t✐♦♥✱ ❡✐t❤❡r ❞❡r✐✈❡❞ ❜② r✉❧❡ ❢r♦♠ t❤❡

♥♦r♠❛❧ r❡t✉r♥ ❛❞❞r❡ss ♦r st♦r❡❞ ✐♥ ❛ s♦rt❡❞ t❛❜❧❡ ❦❡②❡❞ ❜② t❤❡ ♥♦r♠❛❧ r❡✲

t✉r♥ ❛❞❞r❡ss✮ ❝❛♥♥♦t ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❈✳ ❋❧❡① s✉♣♣♦rts t✇♦ ❛❧t❡r♥❛t❡

tr❛♥s❧❛t✐♦♥s✿ t❤❡ ☞rst ✉s❡s setjmp ❛♥❞ longjmp t♦ ❜r❛♥❝❤ ❞✐r❡❝t❧② ❢r♦♠ t❤❡

s✐t❡ ✇❤❡r❡ t❤❡ ❡①❝❡♣t✐♦♥ ✐s t❤r♦✇♥ t♦ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❤❛♥❞❧❡r✱ ❛♥❞ t❤❡ s❡❝✲

♦♥❞ r❡t✉r♥s ❛ ♣❛✐r ✈❛❧✉❡ ❢r♦♠ ❡✈❡r② ❢✉♥❝t✐♦♥ ❝❛❧❧✳ ■♥ t❤❡ setjmp ♠❡t❤♦❞

❋❧❡① ❡♠✐ts ❛ setjmp ❝❛❧❧ ✇❤❡♥ ❛ ♥❡✇ ❡①❝❡♣t✐♦♥✲❤❛♥❞❧✐♥❣ r❡❣✐♦♥ ✭try✴catch

❜❧♦❝❦✮ ✐s ❡♥t❡r❡❞ ❛♥❞ ❛ longjmp ✇❤❡♥ ❛♥ ❡①❝❡♣t✐♦♥ ✐s t❤r♦✇♥✱ ❜✉t setjmp

❛♥❞ longjmp ❛r❡ r❛t❤❡r ❡①♣❡♥s✐✈❡✳ ❚❤❡ ♣❛✐r✲r❡t✉r♥ ♠❡t❤♦❞ r❡t✉r♥s ❛ ❈

struct ❢r♦♠ ❡✈❡r② ❝❛❧❧ ❝♦♥s✐st✐♥❣ ♦❢ t❤❡ ❭r❡❛❧✧ r❡t✉r♥ ✈❛❧✉❡ ❛❧♦♥❣ ✇✐t❤ ❛♥

❡①❝❡♣t✐♦♥ ✈❛❧✉❡✳✶ ❲❤❡♥ t❤❡ ❢✉♥❝t✐♦♥ r❡t✉r♥s✱ t❤❡ ❝❛❧❧❡r ♠✉st ☞rst t❡st t❤❡

❡①❝❡♣t✐♦♥ ✈❛❧✉❡❀ ✐❢ ✐t ✐s ♥♦♥✲NULL✱ t❤❡♥ ❛♥ ❡①❝❡♣t✐♦♥ ❤❛s ❜❡❡♥ t❤r♦✇♥ ❛♥❞

t❤❡ ❝❛❧❧❡r ♠✉st ❤❛♥❞❧❡ ✐t ✭✐❢ ✐t ❝❛♥✮ ♦r r❡✲t❤r♦✇ ✐t✳ ❚❤❡ ♠❛♥❞❛t♦r② t❡st ✐♥ t❤❡

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

❊①♣❡r✐♠❡♥ts ♦♥ ①✽✻ ✐♥❞✐❝❛t❡❞ t❤❛t ❛ s♠❛❧❧ ❜❡♥❝❤♠❛r❦ ❝♦♥s✐st✐♥❣ ♦❢

✺✵✱✵✵✵ ♠❡t❤♦❞ ❝❛❧❧s ❡①❡❝✉t❡❞ ✐♥ ✷ ♠✐❧❧✐s❡❝♦♥❞s ✭♠s✮ ✉s✐♥❣ ♣❛✐r✲r❡t✉r♥✱ r❡✲

❣❛r❞❧❡ss ♦❢ ✇❤❡t❤❡r t❤❡ ❝❛❧❧s r❡t✉r♥❡❞ ♥♦r♠❛❧❧② ♦r t❤r❡✇ ❛♥ ❡①❝❡♣t✐♦♥✳ ❚❤❡

s❛♠❡ ❜❡♥❝❤♠❛r❦ ✉s✐♥❣ t❤❡ setjmp ♠❡t❤♦❞ r❛♥ ✐♥ ♦♥❧② ✶♠s ✇❤❡♥ ❛❧❧ ❝❛❧❧s

r❡t✉r♥❡❞ ♥♦r♠❛❧❧②✱ ❜✉t t♦♦❦ ✼✸♠s ✇❤❡♥ ❡❛❝❤ ❝❛❧❧ t❤r❡✇ ❛♥ ❡①❝❡♣t✐♦♥✳ ❆s ❛

r❡s✉❧t✱ setjmp ✐s ❞r❛♠❛t✐❝❛❧❧② s❧♦✇❡r ❢♦r ❛♣♣❧✐❝❛t✐♦♥s t❤❛t ❤❡❛✈✐❧② ✉s❡ ❡①❝❡♣✲

t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ 228 jack ❡①❡❝✉t❡s ✐♥ ✹✻✵

s❡❝♦♥❞s ✇✐t❤ ♣❛✐r r❡t✉r♥✱ ❜✉t ✼✵✸ s❡❝♦♥❞s ✇✐t❤ setjmp✳ ❋✐❣✉r❡ ✹✳✶ ♣r❡s❡♥ts

❢✉❧❧ r❡s✉❧ts ❢♦r t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡✳

❚❤❡ ❡①♣❡r✐♠❡♥ts ✐♥ t❤✐s t❤❡s✐s ❛❧❧ ✉s❡ ♣❛✐r✲r❡t✉r♥ t♦ ✐♠♣❧❡♠❡♥t ❡①❝❡♣✲

t✐♦♥s✳ ❆❧❧ ❡①♣❡r✐♠❡♥ts ❛❧s♦ ✉s❡ ❝♦♥s❡r✈❛t✐✈❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t✐♦♥ ❬✶✽❪✱ ♠❛❦✐♥❣

t❤❡ ❭Pr❡❝✐s❡ ❈✧ st❛❝❦ ✉♥♥❡❝❡ss❛r②✳

✶▼❡t❤♦❞s ❞❡❝❧❛r❡❞ ❛s void r❡t✉r♥ ♦♥❧② t❤❡ ❡①❝❡♣t✐♦♥ ✈❛❧✉❡✱ ♦❢ ❝♦✉rs❡✳
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❡①❡❝✉t✐♦♥ t✐♠❡ ✭s❡❝♦♥❞s✮

❜❡♥❝❤♠❛r❦ ❛ss❡♠❜❧② ♣❛✐r r❡t✉r♥ setjmp

201 compress ✷✷✸✳✷ ✶✾✸✳✵ ✶✽✸✳✼

202 jess ✲ ✹✹✻✳✶ ✹✻✸✳✸

205 raytrace ✷✻✺✳✽ ✽✺✹✳✽ ✽✺✽✳✸

209 db ✺✾✶✳✸ ✺✼✽✳✶ ✺✾✼✳✼

222 mpegaudio ✶✱✷✶✵✳✸ ✸✱✵✸✺✳✵ ✸✱✵✶✹✳✵

227 mtrt ✷✼✼✳✵ ✽✻✻✳✵ ✽✻✼✳✾

228 jack ✽✾✺✳✼ ✹✻✵✳✶ ✼✵✸✳✵

❋✐❣✉r❡ ✹✳✶✿ ❙♣❡❡❞ ❝♦♠♣❛r✐s♦♥ ♦❢ ❡①❝❡♣t✐♦♥ r❡t✉r♥ t❡❝❤♥✐q✉❡s ❢♦r

❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦s ♦♥ ❛ ◆❡t✇✐♥❞❡r ♣❧❛t❢♦r♠✳ ❚❤❡ ◆❡t✇✐♥❞❡r ✐s ❛

s♠❛❧❧✱ ❧♦✇ ♣♦✇❡r ❝♦♠♣✉t✐♥❣ ♣❧❛t❢♦r♠ ❞❡s✐❣♥❡❞ ❜② ❈♦r❡❧ ❈♦♠♣✉t❡r ❛r♦✉♥❞

t❤❡ ❙tr♦♥❣❆❘▼ ✶✶✵ ♣r♦❝❡ss♦r✳ ❋♦r t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts✱ ❧♦✇❡r ❡①❡❝✉t✐♦♥

t✐♠❡ ✐s ❜❡tt❡r✳ ❚❤❡ ❭❛ss❡♠❜❧②✧ ❝♦❧✉♠♥ ✉s❡s ❋❧❡①✬s ❙tr♦♥❣❆❘▼ ❜❛❝❦❡♥❞

❛♥❞ ✉s❡s ❛ ❧♦♦❦✉♣ t❛❜❧❡ ❦❡②❡❞ ♦♥ t❤❡ ♣r♦❝❡❞✉r❡ r❡t✉r♥ ❛❞❞r❡ss t♦ ☞♥❞ ❛♥

❛♣♣r♦♣r✐❛t❡ ❡①❝❡♣t✐♦♥ ❤❛♥❞❧❡r✳ ❚❤❡ ❭♣❛✐r r❡t✉r♥✧ ❛♥❞ ❭setjmp✧ ❝♦❧✉♠♥s

✉s❡ ❋❧❡①✬s ❭Pr❡❝✐s❡ ❈✧ ❜❛❝❦❡♥❞✱ ❛♥❞ ✉s❡ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ str❛t❡❣✐❡s ❞❡✲

s❝r✐❜❡❞ ✐♥ t❤❡ t❡①t✳
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synchronized {
...
x = o.f;
...
o.f = y;
...
z = foo(a, b, c);
...

}

⇒

t = CommitRecord.newTransaction();
while(true) {
try {
...
v = ensureReader(o, t);
x = readT(o, FIELD_F, &v, t);
...
v = ensureWriter(o, t);
checkWriteField(o, FIELD_F);
writeT(o, FIELD_F, y, v); /* v.f = y */
...
z = foo$$withtrans(t, a, b, c);
...
t.commitTransaction();
break;

} catch (TransactionAbortException tex) {
t = t.retryTransaction();

}
}

❋✐❣✉r❡ ✹✳✷✿ ❙♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥✳ ❚❤❡ ❝♦❞❡ ♦♥ t❤❡ ❧❡❢t ✐s t❤❡

♦r✐❣✐♥❛❧ ❏❛✈❛ s♦✉r❝❡❀ t❤❡ tr❛♥s❢♦r♠❡❞ s♦✉r❝❡ ✐s ♦♥ t❤❡ r✐❣❤t✳

4.2 Transforming synchronization

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

tr❛♥s❛❝t✐♦♥ ❞❡s✐❣♥ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ s❡✈❡r❛❧ ♦t❤❡r tr❛♥s❢♦r✲

♠❛t✐♦♥s ❛♥❞ ❛♥❛❧②s❡s ♦❢ ♦✉r ❏❛✈❛ ❜❡♥❝❤♠❛r❦s ♠✉st ❜❡ ♣❡r❢♦r♠❡❞✿ tr❛♥s❛❝✲

t✐♦♥s ♠✉st ❜❡ s②♥t❤❡s✐③❡❞ ❢r♦♠ t❤❡ ❜❡♥❝❤♠❛r❦✬s ♠♦♥✐t♦r s②♥❝❤r♦♥✐③❛t✐♦♥✱

♠❡t❤♦❞s ♠✉st ❜❡ ❝❧♦♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝♦♥t❡①t ✭✇❤❡t❤❡r ✐♥s✐❞❡ ❛ tr❛♥s✲

❛❝t✐♦♥ ♦r ♥♦t✮ ♦❢ t❤❡✐r ❝❛❧❧ s✐t❡✱ ❛♥❞ ❛♥❛❧②s❡s ♠✉st ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦

r❡❞✉❝❡ r❡❞✉♥❞❛♥t ❝❤❡❝❦s ✐♥ t❤❡ tr❛♥s❢♦r♠❡❞ ❝♦❞❡✳ ■♥ ❛❞❞✐t✐♦♥✱ s♦♠❡ ♠✐♥♦r

❞❡s✉❣❛r✐♥❣ ✐s ❞♦♥❡ t♦ ❡❛s❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

4.2.1 Method transformation

■ ❛✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t❡❞ tr❛♥s❛❝t✐♦♥s ✐♥ t❤❡ ❜❡♥❝❤♠❛r❦s ■ ♣r❡s❡♥t ❢r♦♠ ❏❛✈❛

s②♥❝❤r♦♥✐③❡❞ ❜❧♦❝❦s ❛♥❞ ♠❡t❤♦❞s✳ ❋✐❣✉r❡ ✹✳✷ ✐❧❧✉str❛t❡s t❤❡ tr❛♥s❢♦r♠❛t✐♦♥

❛♣♣❧✐❡❞✳

❊♥t❡r✐♥❣ ❛ t♦♣✲❧❡✈❡❧ s②♥❝❤r♦♥✐③❡❞ ❜❧♦❝❦ ❝r❡❛t❡s ❛ ♥❡✇ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t

❛♥❞ st❛rts ❛ ♥❡✇ ❡①❝❡♣t✐♦♥ ❤❛♥❞❧❡r ❝♦♥t❡①t✳ ❊①✐t✐♥❣ t❤❡ ❜❧♦❝❦ ❝❛✉s❡s ❛ ❝❛❧❧
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t♦ t❤❡ tr❛♥s❛❝t✐♦♥✬s ❝♦♠♠✐t ♠❡t❤♦❞✳ ■❢ t❤❡ ❝♦♠♠✐t✱ ♦r ❛♥② ♦t❤❡r ♦♣❡r❛t✐♦♥

✐♥s✐❞❡ t❤❡ ❜❧♦❝❦✱ t❤r♦✇s TransactionAbortException ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡

tr❛♥s❛❝t✐♦♥ ♠✉st ❜❡ ❛❜♦rt❡❞✱ ✇❡ r❡❝r❡❛t❡ t❤❡ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t ❛♥❞ ❧♦♦♣

t♦ r❡tr② t❤❡ tr❛♥s❛❝t✐♦♥✬s ♦♣❡r❛t✐♦♥s✳ ❚❤❡ retryTransaction ♠❡t❤♦❞ ♣❡r✲

❢♦r♠s ❜❛❝❦♦☛✳ ❆❧t❤♦✉❣❤ ♥♦t ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤✐s ✇♦r❦✱ retryTransaction

♠❛② ❛❧s♦ ♣❡r❢♦r♠ ❧✐✈❡❧♦❝❦ ❞❡t❡❝t✐♦♥ ♦r ♦t❤❡r tr❛♥s❛❝t✐♦♥ ♠❛♥❛❣❡♠❡♥t ❢✉♥❝✲

t✐♦♥s✳

■♥s✐❞❡ t❤❡ tr❛♥s❛❝t✐♦♥ ❝♦♥t❡①t✱ r❡❛❞s ❛♥❞ ✇r✐t❡s ♠✉st ❜❡ tr❛♥s❢♦r♠❡❞✳

❇❡❢♦r❡ t❤❡ r❡❛❞✱ t❤❡ ensureReader ❛❧❣♦r✐t❤♠ ♠✉st ❜❡ ✐♥✈♦❦❡❞ ✭s❡❡ ❙❡❝✲

t✐♦♥ ✸✳✸✳✷✮✳ ❚❤✐s ✐s ♦♥❧② ❞♦♥❡ ♦♥❝❡ ❢♦r ❡❛❝❤ ♦❜❥❡❝t r❡❛❞ ✐♥ t❤✐s tr❛♥s❛❝t✐♦♥✳

❙❡❝t✐♦♥ ✹✳✷✳✷ ❞❡s❝r✐❜❡s ❤♦✇ t❤❡s❡ ❝❤❡❝❦s ❛r❡ ❤♦✐st❡❞ ❛♥❞ ❝♦♠❜✐♥❡❞ t♦ r❡❞✉❝❡

t❤❡✐r ♥✉♠❜❡r✳ ❚❤❡ ensureReader r♦✉t✐♥❡ r❡t✉r♥s ❛ ♣♦✐♥t❡r t♦ ❛ version

object ❝♦♥t❛✐♥✐♥❣ t❤✐s tr❛♥s❛❝t✐♦♥✬s ☞❡❧❞ ✈❛❧✉❡s ❢♦r t❤❡ ♦❜❥❡❝t✳ ❚❤❡ ♣♦✐♥t❡r

♠❛② ❜❡ ◆❯▲▲✱ ❤♦✇❡✈❡r✱ ✐❢ t❤✐s tr❛♥s❛❝t✐♦♥ ❤❛s ♥♦t ✇r✐tt❡♥ t❤❡ ♦❜❥❡❝t✳ ❚❤❡

❛❝t✉❛❧ r❡❛❞ ✐s ❞♦♥❡ ✈✐❛ t❤❡ readT ❛❧❣♦r✐t❤♠ ❞❡s❝r✐❜❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✶ ❛♥❞

❙❡❝t✐♦♥ ✸✳✸✳✷❀ ✐t ♠❛② ✉♣❞❛t❡ t❤❡ ❝❛❝❤❡❞ ✈❡rs✐♦♥ ♦❜❥❡❝t ❢♦r t❤❡ ❣✐✈❡♥ ♦❜❥❡❝t

✭❢♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ ♦❜❥❡❝t ❤❛s ❜❡❡♥ ✇r✐tt❡♥ ✇✐t❤✐♥ t❤✐s tr❛♥s❛❝t✐♦♥ s✐♥❝❡

t❤❡ ♣♦✐♥t ❛t ✇❤✐❝❤ ensureReader ✇❛s ✐♥✈♦❦❡❞✮✳✷

❇❡❢♦r❡ ❡❛❝❤ ✇r✐t❡✱ ensureWriter ❛♥❞ checkWriteField ♠✉st ❜❡ ❡①❡✲

❝✉t❡❞✳ ▲✐❦❡ ensureReader✱ ensureWriter ✭❋✐❣✉r❡ ✸✳✶✷✮ ♥❡❡❞ ♦♥❧② ❜❡ ♣❡r✲

❢♦r♠❡❞ ♦♥❝❡ ❢♦r ❡❛❝❤ ♦❜❥❡❝t ✇r✐tt❡♥ ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ ✐t ✐s ❤♦✐st❡❞ ❛♥❞

❝♦♠❜✐♥❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛②✳ ❚❤❡ checkWriteField ❛❧❣♦r✐t❤♠ ✭❋✐❣✉r❡ ✸✳✶✸✮

♥❡❡❞ ♦♥❧② ❜❡ ❡①❡❝✉t❡❞ ♦♥❝❡ ❢♦r ❡❛❝❤ ♦❜❥❡❝t ☞❡❧❞ ✇r✐tt❡♥❀ ✐❢ t❤❡ s❛♠❡ ☞❡❧❞ ✐♥

t❤❡ s❛♠❡ ♦❜❥❡❝t ✐s ✇r✐tt❡♥ ♠✉❧t✐♣❧❡ t✐♠❡s✱ t❤❡ s✉❜s❡q✉❡♥t checkWriteField

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

✭❋✐❣✉r❡ ✸✳✶✶✮✱ ✇❤✐❝❤ ✐s ❛ s✐♠♣❧❡ st♦r❡ t♦ t❤❡ ✈❡rs✐♦♥ ♦❜❥❡❝t✳

◆❡st❡❞ tr❛♥s❛❝t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✈✐❛ s✉❜s✉♠♣t✐♦♥❀ t❤❛t ✐s✱ ♥❡st❡❞

✷❙✐♥❝❡ t❤❡ ❋❧❡① ✐♥❢r❛str✉❝t✉r❡ ❝❛♥♥♦t ❝r❡❛t❡ ♣♦✐♥t❡rs t♦ t❡♠♣♦r❛r✐❡s✱ ♦r ❛❧t❡r♥❛t❡❧②

r❡t✉r♥ ♠✉❧t✐♣❧❡ ✈❛❧✉❡s ❢r♦♠ ❢✉♥❝t✐♦♥ ❝❛❧❧s✱ t❤❡ ✈❡rs✐♦♥ ♦❜❥❡❝t ✐♥ ♠② ❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥

❝❛♥♥♦t ❜❡ ✉♣❞❛t❡❞ ❜② readT✳ ❚❤✐s ❧✐♠✐t❛t✐♦♥ ✐♠♣❛✐rs t❤❡ ❛❜✐❧✐t② t♦ ❤♦✐st ❛♥❞ ❝♦♠❜✐♥❡

ensureReader ❛♥❞ r❡q✉✐r❡s r❡❞✉♥❞❛♥t ❝❛❧❧s ✐♥ ♦✉r ❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥✳
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s②♥❝❤r♦♥✐③❡❞ ❜❧♦❝❦s ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥ ❝♦♥t❡①t ❛r❡ ✐❣♥♦r❡❞✿ t❤❡ ✐♥♥❡r

tr❛♥s❛❝t✐♦♥ ✐s s✉❜s✉♠❡❞ ❜② t❤❡ ♦✉t❡r♠♦st✳

▼❡t❤♦❞ ✐♥✈♦❝❛t✐♦♥s ✐♥s✐❞❡ tr❛♥s❛❝t✐♦♥ ❝♦♥t❡①t ♠✉st ❜❡ tr❛♥s❢♦r♠❡❞✱

s✐♥❝❡ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ❞✐☛❡r❡♥t❧② ❞❡♣❡♥❞✐♥❣ ♦♥

✇❤❡t❤❡r ♦r ♥♦t t❤❡ ❝✉rr❡♥t ❡①❡❝✉t✐♦♥ ✐s ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✳ ❋❧❡① ❝r❡✲

❛t❡s ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝❧♦♥❡ ❢r♦♠ ❡❛❝❤ ♠❡t❤♦❞✱ ♥❛♠❡❞ ✇✐t❤ ❛ $$withtrans

s✉✍①✱ ✇❤✐❝❤ ✐s ✐♥✈♦❦❡❞ ✇❤❡♥ ❡①❡❝✉t✐♥❣ ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✳ ❚❤❡ ❝✉rr❡♥t

tr❛♥s❛❝t✐♦♥ ✐s ♣❛ss❡❞ ❛s t❤❡ ☞rst ♣❛r❛♠❡t❡r ♦❢ t❤❡ ❝❧♦♥❡❞ ♠❡t❤♦❞✳✸

◆♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ ✐♥s✐❞❡ ❛ ♠❡t❤♦❞ ♠✉st ❜❡ tr❛♥s❢♦r♠❡❞ t♦ ✉s❡ t❤❡

readNT ❛♥❞ writeNT ♠❡❝❤❛♥✐s♠s t♦ ♣❡r❢♦r♠ ♦❜❥❡❝t r❡❛❞s ❛♥❞ ✇r✐t❡s ✭❋✐❣✲

✉r❡ ✸✳✽✮❀ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s s✐♠✐❧❛r t♦ t❤❛t s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✷ ❛♥❞

❋✐❣✉r❡ ✺✳✸✳

4.2.2 Analyses

P❡r❢♦r♠❛♥❝❡ ✐♠♣r♦✈❡s ✐❢ ❋❧❡① ❝❛♥ ✐❞❡♥t✐❢② ♦❜❥❡❝ts ♦r ☞❡❧❞s t❤❛t ❛r❡ ❣✉❛r❛♥✲

t❡❡❞ ♥♦t t♦ ❜❡ ❝♦♥❝✉rr❡♥t❧② ♠✉t❛t❡❞ ❛♥❞ r❡♣❧❛❝❡ t❤❡ ❝❤❡❝❦s ❛♥❞ r❡❛❞✴✇r✐t❡

♣r♦t♦❝♦❧s ✇✐t❤ ❞✐r❡❝t ❛❝❝❡ss❡s✳ ■ ♣❡r❢♦r♠❡❞ t✇♦ ❛♥❛❧②s❡s ♦❢ t❤✐s s♦rt❀ ❙❡❝✲

t✐♦♥ ✹✳✺ ❞❡s❝r✐❜❡s ❛❞❞✐t✐♦♥❛❧ ❛♥❛❧②s❡s ✇❤✐❝❤ ✇❡ ❤❛✈❡ ♥♦t ✐♠♣❧❡♠❡♥t❡❞✳

❖✉r ☞rst ❛♥❛❧②s✐s ❝❧❛ss✐☞❡s ❛❧❧ ☞❡❧❞s ✐♥ t❤❡ ♣r♦❣r❛♠ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ✉s❡

✐♥ tr❛♥s❛❝t✐♦♥❛❧ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❣✐♦♥s✳ ❚❤✐s ❛♥❛❧②s✐s ✐s ❡♥❝❛♣s✉❧❛t❡❞

✐♥ ❛ ❋❧❡① ❝❧❛ss ♥❛♠❡❞ GlobalFieldOracle✳ ❋✐❡❧❞s t❤❛t ❝❛♥ ♥❡✈❡r ❜❡ ✇r✐t✲

t❡♥ ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥ ❞♦ ♥♦t ♥❡❡❞ t❤❡ s♣❡❝✐❛❧ readNT ♠❡❝❤❛♥✐s♠ ❢r♦♠

♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡❀ t❤❡✐r ✈❛❧✉❡s ❝❛♥ ❜❡ ❧♦❛❞❡❞ ❞✐r❡❝t❧② ✇✐t❤♦✉t t❡st✐♥❣

❢♦r FLAG✳ ❚❤❡ ♦♥❧② ✇❛② t❤❛t t❤❡ ☞❡❧❞ ❝❛♥ ❤❛✈❡ t❤❡ FLAG ✈❛❧✉❡✱ ✐❢ ✐t ✐s ♥♦t

✇r✐tt❡♥ ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥✱ ✐s ✐❢ ✐t ✐s ❛ ❢❛❧s❡ ✌❛❣✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ ✐ts ✈❛❧✉❡

r❡❛❧❧② ✐s FLAG✳ ❙✐♠✐❧❛r❧②✱ ☞❡❧❞s t❤❛t ❝❛♥ ♥❡✈❡r ❜❡ r❡❛❞ ♦r ✇r✐tt❡♥ ✇✐t❤✐♥ ❛

tr❛♥s❛❝t✐♦♥ ❞♦ ♥♦t ♥❡❡❞ t♦ ✉s❡ t❤❡ writeNT ♠❡❝❤❛♥✐s♠❀ t❤❡② ❝❛♥ ❥✉st st♦r❡

❞✐r❡❝t❧② t♦ t❤❡ ☞❡❧❞✳✹ ❚❤✉s✱ GlobalFieldOracle ❝❛♥ ♠❛❦❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

✸❈❧♦♥✐♥❣ ♠✉st t❛❦❡ ✈✐rt✉❛❧ ❞✐s♣❛t❝❤ ✐♥t♦ ❛❝❝♦✉♥t✿ ❝❧♦♥✐♥❣ ❛ ♠❡t❤♦❞ ✐♥ ❛ s✉♣❡r❝❧❛ss

♠✉st ❛❧s♦ ❝r❡❛t❡ ❛♣♣r♦♣r✐❛t❡ ❝❧♦♥❡❞ s✉❜❝❧❛ss ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳
✹■t ✐s ♥♦t ❡♥♦✉❣❤ ❢♦r t❤❡ ☞❡❧❞ ♥♦t t♦ ❜❡ ✇r✐tt❡♥❀ ✇❡ ♠✉st ❛❧s♦ ♣r♦t❡❝t ❛❣❛✐♥st ✇r✐t❡✲
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❝♦❞❡ ♠♦r❡ ❡✍❝✐❡♥t ❜② ❡❧✐♠✐♥❛t✐♥❣ t❤❡ ♦✈❡r❤❡❛❞ ♦❢ t❤❡ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥

s②st❡♠ ✐♥ s♦♠❡ ❝❛s❡s✳

❲❤✐❧❡ GlobalFieldOracle t❛r❣❡ts ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱ t❤❡ Check-

Oracle ❛♥❛❧②s✐s ❝❧❛ss❡s ♠❛❦❡ tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ ♠♦r❡ ❡✍❝✐❡♥t ❜② r❡♠♦✈✐♥❣

✉♥♥❡❡❞❡❞ r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s✳ ❆s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡✱ t❤❡ ensureReader

❛♥❞ ensureWriter ❝❤❡❝❦s ♥❡❡❞ ♦♥❧② ❜❡ ✐♥✈♦❦❡❞ ♦♥❝❡ ♦♥ ❡❛❝❤ ✉♥✐q✉❡ ♦❜❥❡❝t

r❡❛❞✴✇r✐tt❡♥ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✳ ❙✐♠✐❧❛r❧②✱ checkWriteField ♥❡❡❞ ♦♥❧②

❜❡ ♣❡r❢♦r♠❡❞ ♦♥❝❡ ♦♥ ❡❛❝❤ ♦❜❥❡❝t ☞❡❧❞ ✇r✐tt❡♥ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✳ ❚❤❡

CheckOracle ❝❧❛ss❡s ❤♦✐st ❡❛❝❤ ❝❤❡❝❦ t♦ ✐ts ✐♠♠❡❞✐❛t❡ ❞♦♠✐♥❛t♦r ❬✻✼✱ ✼✼✱

✾✹❪ ✐❢ ❛♥❞ ♦♥❧② ✐❢ t❤✐s ♥❡✇ ❧♦❝❛t✐♦♥ ❢♦r t❤❡ ❝❤❡❝❦ ✐s ♣♦st❞♦♠✐♥❛t❡❞ ❜② t❤❡

❝✉rr❡♥t ❧♦❝❛t✐♦♥ ❛♥❞ t❤❡ ♥❡✇ ❧♦❝❛t✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ❞❡☞♥✐t✐♦♥ ♦❢

t❤❡ ✈❛r✐❛❜❧❡ r❡❢❡r❡♥❝❡❞ ✐♥ t❤❡ ❝❤❡❝❦✳ ❚❤✐s ❝♦♥❞✐t✐♦♥ ❡♥s✉r❡s t❤❛t ❛❧❧ ♣❛t❤s

t♦ t❤❡ ♦r✐❣✐♥❛❧ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❝❤❡❝❦ ♠✉st ♣❛ss t❤r♦✉❣❤ t❤❡ ♥❡✇ ❧♦❝❛t✐♦♥✳

▼♦r❡♦✈❡r✱ ✐t ❡♥s✉r❡s t❤❛t t❤❡ ♦❜❥❡❝t ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ❝❤❡❝❦ ✐s st✐❧❧ ❞❡☞♥❡❞

❛♣♣r♦♣r✐❛t❡❧② ❛t t❤❡ ♥❡✇ ❝❤❡❝❦ ❧♦❝❛t✐♦♥✱ s✐♥❝❡ t❤❡ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞

♦♥ ❛ s✐♥❣❧❡✲❛ss✐❣♥♠❡♥t ✐♥t❡r♠❡❞✐❛t❡ r❡♣r❡s❡♥t❛t✐♦♥ ❬✷❪✳ ❚❤❡ ❝❤❡❝❦✲❤♦✐st✐♥❣

♣r♦❝❡ss ✐s r❡♣❡❛t❡❞ ✉♥t✐❧ ♥♦ ❝❤❡❝❦s ❝❛♥ ❜❡ ♠♦✈❡❞ ❤✐❣❤❡r✱ ❛♥❞ t❤❡♥ ❋❧❡①

❡❧✐♠✐♥❛t❡s ❛♥② ❝❤❡❝❦ t❤❛t ✐s ❞♦♠✐♥❛t❡❞ ❜② ❛♥ ✐❞❡♥t✐❝❛❧ ❝❤❡❝❦✳

4.2.3 Desugaring

❋❧❡① ❛❧s♦ ❞❡s✉❣❛rs s♦♠❡ ❏❛✈❛ ✐❞✐♦♠s t♦ ❡❛s❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❏❛✈❛ s♣❡❝✲

✐☞❡s ❛ clone() ♠❡t❤♦❞ ♦❢ java.lang.Object✱ ❢r♦♠ ✇❤✐❝❤ ❡✈❡r② ♦❜❥❡❝t ✐s

❞❡r✐✈❡❞✳ ❚❤❡ t♦♣✲❧❡✈❡❧ clone() ♠❡t❤♦❞ ✐s s♦♠❡✇❤❛t ♠❛❣✐❝❛❧✱ ❛s ✐t ❝r❡❛t❡s

❛♥ ❡①❛❝t ❝♦♣② ♦❢ ✐ts s✉❜❝❧❛ss✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ ✐ts ☞❡❧❞s✱ ✇❤✐❝❤ ❛r❡ ♦t❤❡r✇✐s❡

❤✐❞❞❡♥ ❢r♦♠ ♠❡t❤♦❞s ♦❢ ❛ s✉♣❡r❝❧❛ss✳ ❚❤❡ tr❛♥s❛❝t✐♦♥❛❧ tr❛♥s❧❛t✐♦♥ ♦❢ t❤✐s

♠❡t❤♦❞ ✐s ❛❧s♦ s♦♠❡✇❤❛t ❜❛r♦q✉❡✿ ✐t ✇♦✉❧❞ ❤❛✈❡ t♦ ♠❛r❦ ❛❧❧ ☞❡❧❞s ♦❢ t❤❡

♦r✐❣✐♥❛❧ ♠❡t❤♦❞ ❛s ❭r❡❛❞✧ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ t❤❡♥ ❝♦♥str✉❝t ❛ ✈❡rs✐♦♥❡❞

♦❜❥❡❝t ✇r✐tt❡♥ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✳ ❆s ❛♥ ❡♥❞✲r✉♥ ❛r♦✉♥❞ t❤✐s ❝♦♠♣❧❡①✐t②✱

✇❡ ❞❡s✉❣❛r clone() ✐♥t♦ ✐♥❞✐✈✐❞✉❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✐♥ ❛♣♣r♦♣r✐❛t❡ ❝❧❛ss❡s✱

❛❢t❡r✲✇r✐t❡ ❝♦♥✌✐❝ts✳
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❡❛❝❤ ♦❢ ✇❤✐❝❤ r❡❛❞s ❛❧❧ ☞❡❧❞s ♦❢ t❤❡ ❝❧❛ss✱ ❛♥❞ ❝♦♥str✉❝ts ❛ ♥❡✇ ♦❜❥❡❝t ❜②✲

♣❛ss✐♥❣ ✐ts ❝♦♥str✉❝t♦rs✱ ❛♥❞ t❤❡♥ ✐♥❞✐✈✐❞✉❛❧❧② s❡ts ❛❧❧ t❤❡ ☞❡❧❞s t♦ t❤❡✐r

♥❡✇ ✈❛❧✉❡s✳ ❆rr❛②s ❣❡t ❛ s✐♠✐❧❛r clone() ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❤❛t r❡❛❞s ❛♥❞

✇r✐t❡s t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❛rr❛②✳ ❚❤❡s❡ ♥❡✇ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❝❛♥ t❤❡♥ ❜❡

tr❛♥s❢♦r♠❡❞ ❜② t❤❡ tr❛♥s❛❝t✐♦♥ ♣❛ss ❧✐❦❡ ❛♥② ♦t❤❡r ♣✐❡❝❡ ♦❢ ❝♦❞❡ t❤❛t r❡❛❞s

❛♥❞ ✇r✐t❡s ☞❡❧❞s✳

❚❤❡ ❋❧❡① ✐♥❢r❛str✉❝t✉r❡ ❛❧s♦ ❝♦♥t❛✐♥s ❛ ♠❡❝❤❛♥✐s♠ ❢♦r ❢❛st ✐♥✐t✐❛❧✐③❛t✐♦♥

♦❢ ❛rr❛②s✳ ❚❤✐s ♠❡❝❤❛♥✐s♠ ✐s ❞❡s✉❣❛r❡❞ ✐♥t♦ ✐♥❞✐✈✐❞✉❛❧ ❛rr❛② s❡t ♦♣❡r❛t✐♦♥s

s♦ t❤❛t ✐t✱ t♦♦✱ ❝❛♥ ❜❡ ✉♥✐❢♦r♠❧② tr❛♥s❢♦r♠❡❞ ❜② t❤❡ tr❛♥s❛❝t✐♦♥ ♣❛ss✳

4.3 Runtime system implementation

❚❤❡ ❋❧❡① r✉♥t✐♠❡ s②st❡♠ ✇❛s ❡①t❡♥❞❡❞ t♦ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s✳ ❚❤❡ r✉♥✲

t✐♠❡ ✉s❡s t❤❡ st❛♥❞❛r❞ ❏❛✈❛ ◆❛t✐✈❡ ■♥t❡r❢❛❝❡ ✭❏◆■✮ ❬✼✻❪ ❢♦r ♥❛t✐✈❡ ♠❡t❤♦❞s

✭✇r✐tt❡♥ ✐♥ ❈✮ ❝❛❧❧❡❞ ❢r♦♠ ❏❛✈❛✳ ❈❡rt❛✐♥ ♣❛rts ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ s②st❡♠

✇❡r❡ ✇r✐tt❡♥ ❛s ♥❛t✐✈❡ ♠❡t❤♦❞s ✐♥✈♦❦❡❞ ✈✐❛ ❏◆■✱ ❜✉t ♦t❤❡rs ✐♥t❡r❛❝t ✇✐t❤

t❤❡ r✉♥t✐♠❡ s②st❡♠ ❛t ❛ ♠✉❝❤ ❧♦✇❡r ❧❡✈❡❧✳

❚❤❡ r✉♥t✐♠❡ s②st❡♠ ✐s ♣❛r❛♠❡t❡r✐③❡❞ t♦ ❛❧❧♦✇ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠❡♠♦r②

❛❧❧♦❝❛t✐♦♥ str❛t❡❣✐❡s ❛♥❞ ❝♦❧❧❡❝t♦rs✱ ❜✉t ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts r❡♣♦rt❡❞ ❤❡r❡✱ ■

✉s❡❞ t❤❡ ❇♦❡❤♠✲❉❡♠❡rs✲❲❡✐s❡r ❝♦♥s❡r✈❛t✐✈❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ❬✶✽❪✳ ■❞❡❛❧❧②

t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ✇♦✉❧❞ ❦♥♦✇ ❡♥♦✉❣❤ ❛❜♦✉t t❤❡ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥✲

t❛t✐♦♥ t♦ ❜❡ ❛❜❧❡ t♦ ❛✉t♦♠❛t✐❝❛❧❧② ♣r✉♥❡ ✉♥♥❡❡❞❡❞ ❝♦♠♠✐tt❡❞ ♦r ❛❜♦rt❡❞

✈❡rs✐♦♥s ❢r♦♠ t❤❡ ♦❜❥❡❝t✬s ✈❡rs✐♦♥ ❧✐st ❞✉r✐♥❣ ❝♦❧❧❡❝t✐♦♥✳ ❋❧❡① r❡❧✐❡s ♦♥ ♦♣✲

♣♦rt✉♥✐st✐❝❛❧❧② ♥✉❧❧✐♥❣ ♦✉t t❛✐❧ ♣♦✐♥t❡rs ❞✉r✐♥❣ ✈❡rs✐♦♥ ❧✐st tr❛✈❡rs❛❧✱✺ ❤♦✇✲

❡✈❡r✱ ✇❤✐❝❤ ♠❛② r❡s✉❧t ✐♥ ✐♥❝♦♠♣❧❡t❡ ❝♦❧❧❡❝t✐♦♥s ✭❛♥❞ ♠♦r❡ ♠❡♠♦r② ✉s❛❣❡

t❤❛♥ str✐❝t❧② ♥❡❝❡ss❛r②✮✳

❊❛❝❤ tr❛♥s❛❝t✐♦♥ ❤❛❞ ❛ CommitRecord ♦❜❥❡❝t st♦r✐♥❣ ✐ts st❛t❡✱ ✇❤❡t❤❡r

COMMITTED✱ ABORTED✱ ♦r st✐❧❧ WAITING✳ ▼♦st CommitRecord ♠❡t❤♦❞s ✇❡r❡

✇r✐tt❡♥ ✐♥ ❏❛✈❛✱ ✐♥❝❧✉❞✐♥❣ ♦❜❥❡❝t ❝r❡❛t✐♦♥✱ ❡①♣♦♥❡♥t✐❛❧ ❜❛❝❦♦☛ ♦♥ r❡tr②✱ ❛♥❞

t❤r♦✇✐♥❣ t❤❡ ❛♣♣r♦♣r✐❛t❡ TransactionAbortException ♦♥ ❛❜♦rt✳ ❖♥❧② t❤❡

✺❋♦r ❡①❛♠♣❧❡✱ ✇❤✐❧❡ ❧♦♦❦✐♥❣ ❢♦r t❤❡ ❧❛st ❝♦♠♠✐tt❡❞ ✈❡rs✐♦♥✳
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❝r✉❝✐❛❧ commit() ❛♥❞ abort() ♦♣❡r❛t✐♦♥s✱ ✇❤✐❝❤ ❛t♦♠✐❝❛❧❧② s❡t t❤❡ tr❛♥s✲

❛❝t✐♦♥ st❛t✉s ✐❢ ❛♥❞ ♦♥❧② ✐❢ ✐t ✐s st✐❧❧ WAITING✱ ✇❡r❡ ✇r✐tt❡♥ ✐♥ ❈✱ ❛s ❏◆■

♠❡t❤♦❞s✳

4.3.1 Implementing the Java Native Interface

◆♦ ❏❛✈❛ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ❝♦♠♣❧❡t❡ ✇✐t❤♦✉t s♦♠❡ ♠❡❝❤❛♥✐s♠

❢♦r ❡①❡❝✉t✐♥❣ ♥❛t✐✈❡ ♠❡t❤♦❞s✱ t❤❛t ✐s✱ ❈ ❝♦❞❡✳ ❖♥❡ ❝❛♥♥♦t ❜❛♥✐s❤ ❛❧❧ ♥❛t✐✈❡

♠❡t❤♦❞s✱ s✐♥❝❡ t❤❡ ❏❛✈❛ st❛♥❞❛r❞ ❧✐❜r❛r② ✐s ❜✉✐❧t ♦♥ t❤❡♠✳ ■❢ ♦♥❡ ❝❛♥♥♦t

♠❛❦❡ ♥❛t✐✈❡ ❝♦❞❡ ♦❜s❡r✈❡ t❤❡ readNT ❛♥❞ writeNT ♣r♦t♦❝♦❧s✱ ♦♥❡ ♠✉st

❡♥s✉r❡ t❤❛t t❤❡ ♥❛t✐✈❡ ❝♦❞❡ ♥❡✈❡r r❡❛❞s ❛♥② ♦❜❥❡❝t ✇r✐tt❡♥ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✱

♦r ✇r✐t❡s ❛♥② ♦❜❥❡❝t r❡❛❞ ♦r ✇r✐tt❡♥ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✳✻ ❚❤❡s❡ r❡str✐❝t✐♦♥s

✇♦✉❧❞ ❜❡ ✐♥❝♦♥✈❡♥✐❡♥t✳

▼② s♦❧✉t✐♦♥ ❡♥s✉r❡s ♥♦t ♦♥❧② t❤❛t ✭s❡♣❛r❛t❡❧② ❝♦♠♣✐❧❡❞✮ ♥❛t✐✈❡ ❝♦❞❡

♣r♦♣❡r❧② ✉s❡s t❤❡ readNT ❛♥❞ writeNT ♣r♦t♦❝♦❧s ♦✉ts✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✱ ❜✉t

❛❧s♦ t❤❛t r❡❛❞s ❛♥❞ ✇r✐t❡s ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥ ❛r❡ ❤❛♥❞❧❡❞ ♣r♦♣❡r❧②✳ ❚❤✐s

❛❜✐❧✐t② ❛❧❧♦✇s t❤❡ ✉s❡ ♦❢ ❭s❛❢❡✧ ♥❛t✐✈❡ ♠❡t❤♦❞s ✭t❤♦s❡ ✇✐t❤♦✉t ❡①t❡r♥❛❧ s✐❞❡

❡☛❡❝ts✮ ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✳

■ ❛♠ ❛❜❧❡ t♦ tr❛♥s❢♦r♠ ♥❛t✐✈❡ ♠❡t❤♦❞s ❜❡❝❛✉s❡ ❋❧❡① ✉s❡s t❤❡ ❏❛✈❛ ◆❛✲

t✐✈❡ ■♥t❡r❢❛❝❡ ❬✼✻❪ t♦ ✐♥t❡r❛❝t ✇✐t❤ ♥❛t✐✈❡ ❝♦❞❡✳ ❚❤❡ ❏◆■✱ ❛ ♣♦rt✐♦♥ ♦❢ ✇❤✐❝❤

✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✸✱ ❛❜str❛❝ts ☞❡❧❞ ❛❝❝❡ss❡s ❛♥❞ ❏❛✈❛ ♠❡t❤♦❞ ✐♥✈♦❝❛✲

t✐♦♥s ❢r♦♠ ♥❛t✐✈❡ ❝♦❞❡✱ s♦ ■ ❝❛♥ s✉❜st✐t✉t❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s t❤❛t ❜❡❤❛✈❡

❛♣♣r♦♣r✐❛t❡❧② ✇❤❡t❤❡r ✐♥ ❛ tr❛♥s❛❝t✐♦♥ ♦r ♥♦t✳

■ ❞✐st✐♥❣✉✐s❤ ❛♠♦♥❣ t❤r❡❡ ❝❧❛ss❡s ♦❢ ♥❛t✐✈❡ ♠❡t❤♦❞s✳ ❚❤❡ ☞rst ❛r❡ ♥❛✲

t✐✈❡ ♠❡t❤♦❞s t❤❛t ❛r❡ ❭s❛❢❡✧ ✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝♦♥t❡①t✳ ❚❤❛t ✐s✱ t❤❡② ❤❛✈❡

♥♦ ❡①t❡r♥❛❧ s✐❞❡ ❡☛❡❝ts ✭✇❤✐❝❤ ✇♦✉❧❞ ♥❡❡❞ t♦ ❜❡ ✉♥❞♦♥❡ ✐❢ t❤❡ tr❛♥s❛❝✲

t✐♦♥ ❛❜♦rt❡❞✮ ❛♥❞ ❜❡❤❛✈❡ ❝♦rr❡❝t❧② ✐♥ ❛ tr❛♥s❛❝t✐♦♥ ✐❢ ❛❧❧ r❡❛❞s✱ ✇r✐t❡s✱ ❛♥❞

♠❡t❤♦❞ ❝❛❧❧s ❛r❡ s✐♠♣❧② r❡♣❧❛❝❡❞ ❜② t❤❡ ❛♣♣r♦♣r✐❛t❡ tr❛♥s❛❝t✐♦♥❛❧ ♣r♦t♦❝♦❧✳

❚❤❡ s❡❝♦♥❞ ❛r❡ ♠❡t❤♦❞s t❤❛t ❤❛✈❡ ❛ ❞✐☛❡r❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❛ tr❛♥s❛❝✲

t✐♦♥❛❧ ❝♦♥t❡①t✳ ❖♥❡ ❡①❛♠♣❧❡ ✇♦✉❧❞ ❜❡ t❤❡ ♥❛t✐✈❡ ♠❡t❤♦❞s t❤❛t ✐♠♣❧❡♠❡♥t

✻■❢ ♦♥❡ ❝❛♥ ✐♠♣❧❡♠❡♥t writeNT ❜✉t ♥♦t readNT✱ ♦♥❡ ♥❡❡❞ ♦♥❧② ❡♥s✉r❡ t❤❛t ♥❛t✐✈❡ ❝♦❞❡

❞♦❡s ♥♦t ✇r✐t❡ ☞❡❧❞s t❤❛t ❛r❡ ❛❧s♦ ✇r✐tt❡♥ ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✷✳

✻✻
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struct JNINativeInterface {
· · ·
/* Calling instance methods */
jmethodID (*GetMethodID)

(JNIEnv *env, jclass clazz, const char *name, const char *sig);
jobject (*CallObjectMethod)

(JNIEnv *env, jobject obj, jmethodID methodID, ...);
· · ·
jboolean (*CallBooleanMethod)

(JNIEnv *env, jobject obj, jmethodID methodID, ...);
· · ·
jbyte (*CallByteMethod)

(JNIEnv *env, jobject obj, jmethodID methodID, ...);
· · ·
/* Accessing fields of objects */
jfieldID (*GetFieldID)

(JNIEnv *env, jclass clazz, const char *name, const char *sig);
jobject (*GetObjectField)

(JNIEnv *env, jobject obj, jfieldID fieldID);
jboolean (*GetBooleanField)

(JNIEnv *env, jobject obj, jfieldID fieldID);
· · ·
void (*SetObjectField)

(JNIEnv *env, jobject obj, jfieldID fieldID, jobject value);
void (*SetBooleanField)

(JNIEnv *env, jobject obj, jfieldID fieldID, jboolean value);
· · ·
/* Array Operations */
jobject (*GetObjectArrayElement)

(JNIEnv *env, jobjectArray array, jsize index);
void (*SetObjectArrayElement)

(JNIEnv *env, jobjectArray array, jsize index, jobject value);
· · ·
jboolean* (*GetBooleanArrayElements)

(JNIEnv *env, jbooleanArray array, jboolean *isCopy);
jbyte* (*GetByteArrayElements)

(JNIEnv *env, jbyteArray array, jboolean *isCopy);
· · ·

};

❋✐❣✉r❡ ✹✳✸✿ ❆ ♣♦rt✐♦♥ ♦❢ t❤❡ ❏❛✈❛ ◆❛t✐✈❡ ■♥t❡r❢❛❝❡ ❢♦r ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡

❏❛✈❛ r✉♥t✐♠❡ ❢r♦♠ ❈ ♥❛t✐✈❡ ♠❡t❤♦❞s ❬✼✻❪✳ ❚❤❡r❡ ❛r❡ ❢✉♥❝t✐♦♥ ✈❛r✐❛♥ts ❢♦r

❛❧❧ ♦❢ t❤❡ ❜❛s✐❝ ❏❛✈❛ t②♣❡s✿ ❜♦♦❧❡❛♥✱ ❜②t❡✱ ❝❤❛r✱ s❤♦rt✱ ✐♥t✱ ❧♦♥❣✱ ✌♦❛t✱ ❞♦✉✲

❜❧❡✱ ❛♥❞ ❖❜❥❡❝t✳ ❚❤❡ jobject ❛♥❞ j*Array t②♣❡s ❛r❡ ♥♦t ❞✐r❡❝t r❡❢❡r❡♥❝❡s

t♦ t❤❡ ❤❡❛♣ ♦❜❥❡❝ts✱ ❜✉t r❛t❤❡r ♦♣❛q✉❡ ✇r❛♣♣❡rs t❤❛t ♣r❡s❡r✈❡ t❤❡ ❣❛r❜❛❣❡

❝♦❧❧❡❝t♦r✬s ✐♥✈❛r✐❛♥ts ❛♥❞ ♣r♦t❡❝t t❤❡ r✉♥t✐♠❡ s②st❡♠✬s ♣r✐✈❛t❡ ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥✳

✻✼
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☞❧❡ ■✴❖❀ ✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝♦♥t❡①t✱ t❤❡s❡ ♠❡t❤♦❞s s❤♦✉❧❞ ✐♥st❡❛❞ ✐♥t❡r❢❛❝❡

✇✐t❤ ❛ ✉♥❞❡r❧②✐♥❣ tr❛♥s❛❝t✐♦♥❛❧ ☞❧❡ s②st❡♠ ❛♥❞ ❛rr❛♥❣❡ ❢♦r t❤❡ ■✴❖ ♦♣❡r✲

❛t✐♦♥s t♦ ❝♦♠♠✐t ✐❢ ❛♥❞ ♦♥❧② ✐❢ t❤❡ ❝✉rr❡♥t tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts✳ ❆♥♦t❤❡r

❡①❛♠♣❧❡ ✐s t❤❡ Object.wait() ♠❡t❤♦❞❀ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❛❧t❡r♥❛t❡ ✐♠♣❧❡✲

♠❡♥t❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✹✳✹✳ ❚❤❡ ❧❛st ❝❧❛ss ♦❢ ♥❛t✐✈❡ ♠❡t❤♦❞s ❛r❡

t❤♦s❡ t❤❛t ❛r❡ ✐♥❤❡r❡♥t❧② ✐♠♣♦ss✐❜❧❡ ✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝♦♥t❡①t✱ ✉s✉❛❧❧② ❞✉❡

t♦ ✐rr❡✈❡rs✐❜❧❡ ❡①t❡r♥❛❧ ■✴❖ ✭❙❡❝t✐♦♥ ✽✳✹ ❞✐s❝✉ss❡s ■✴❖ ✐♥t❡r❛❝t✐♦♥s ✐♥ ♠♦r❡

❞❡t❛✐❧✮✳ ❆ ❝♦♠♣✐❧❡r ❝♦♥☞❣✉r❛t✐♦♥ ☞❧❡ ✐❞❡♥t✐☞❡s t❤❡ s❛❢❡ ♥❛t✐✈❡ ♠❡t❤♦❞s✳

❋♦r ❭s❛❢❡✧ ♥❛t✐✈❡ ♠❡t❤♦❞s✱ t❤❡ ❋❧❡① ❝♦♠♣✐❧❡r ❝r❡❛t❡s ❛ t❤✉♥❦ t❤❛t st♦r❡s

t❤❡ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t ✐♥ t❤❡ ❏◆■ ❡♥✈✐r♦♥♠❡♥t str✉❝t✉r❡ ✭JNIEnv✮ ✇❤✐❝❤

✐s ♣❛ss❡❞ t♦ ❡✈❡r② ❏◆■ ♠❡t❤♦❞✳ ❲❤❡♥ t❤❛t ♥❛t✐✈❡ ♠❡t❤♦❞ ✐♥✈♦❦❡s t❤❡

☞❡❧❞ ♦r ❛rr❛② ♦♣❡r❛t✐♦♥s ✐♥ t❤❡ ❏◆■ ✭❢♦r ❡①❛♠♣❧❡✱ Get*Field✱ Set*Field✱

Get*ArrayElements✱ ❡t❝✳✮ t❤❡ r✉♥t✐♠❡ ❝❤❡❝❦s t❤❡ ❡♥✈✐r♦♥♠❡♥t str✉❝t✉r❡

t♦ ❞❡t❡r♠✐♥❡ ✇❤❡t❤❡r t♦ ✉s❡ t❤❡ ❛♣♣r♦♣r✐❛t❡ tr❛♥s❛❝t✐♦♥❛❧ ♦r ♥♦♥tr❛♥s❛❝✲

t✐♦♥❛❧ r❡❛❞ ♦r ✇r✐t❡ ♣r♦t♦❝♦❧✳ ❲❤❡♥ ❏❛✈❛ ♠❡t❤♦❞s ❛r❡ ✐♥✈♦❦❡❞✱ ✈✐❛ t❤❡

Call*Method ❢❛♠✐❧② ♦❢ ♠❡t❤♦❞s✱ ✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝♦♥t❡①t t❤❡ r✉♥t✐♠❡

❧♦♦❦s ✉♣ t❤❡ $$withtrans s✉✍①❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞ ✭s❡❡ ❙❡❝t✐♦♥ ✹✳✷✳✶✮

❛♥❞ ✐♥✈♦❦❡s ✐t✱ ♣❛ss✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t ❢r♦♠ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❛s t❤❡

☞rst ♣❛r❛♠❡t❡r✳

❋♦r ✉♥s❛❢❡ ♥❛t✐✈❡ ♠❡t❤♦❞s✱ ❋❧❡① ❣❡♥❡r❛t❡s ❛ ❝❛❧❧ t♦ ❛ $$withtrans✲

s✉✍①❡❞ ❏◆■ ♠❡t❤♦❞✱ ♣❛ss✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥ ❛s t❤❡ ☞rst ♣❛r❛♠❡t❡r ❛s ✐s

❞♦♥❡ ❢♦r ♣✉r❡ ❏❛✈❛ ❝❛❧❧s ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥ ❝♦♥t❡①t✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❡r ✐s

t❤❡♥ r❡s♣♦♥s✐❜❧❡ ❢♦r ❝♦rr❡❝t tr❛♥s❛❝t✐♦♥❛❧ ❜❡❤❛✈✐♦r✳

4.3.2 Preprocessor specialization

P❛rt ♦❢ t❤❡ ❝❤❛❧❧❡♥❣❡ ✐♥ ❡♥❣✐♥❡❡r✐♥❣ ❛ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ♣r♦♣❡r❧②

❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ✇✐❞❡ r❛♥❣❡ ♦❢ ❞❛t❛ t②♣❡s ✐♥ ❛ r❡❛❧ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥✲

❣✉❛❣❡✳ ❏❛✈❛ ❝♦♥t❛✐♥s ✽ ♣r✐♠✐t✐✈❡ t②♣❡s ✐♥ ❛❞❞✐t✐♦♥ t♦ t②♣❡s ❞❡r✐✈✐♥❣ ❢r♦♠

java.lang.Object✱ ✇❤✐❝❤ ❛r❡ t❤❡♠s❡❧✈❡s ❞✐✈✐❞❡❞ ✐♥t♦ ❛rr❛② ❛♥❞ ♥♦♥✲❛rr❛②

✻✽
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/* Framework for use of preprocessor specialization. */
/* (from readwrite.c) */

#define VALUETYPE jboolean
#define VALUENAME Boolean
#include "transact/readwrite-impl.c"
#define ARRAY
#include "transact/readwrite-impl.c"
#undef ARRAY
#undef VALUENAME
#undef VALUETYPE

/* ... etc ... */

#define VALUETYPE jdouble
#define VALUENAME Double
#include "transact/readwrite-impl.c"
#define ARRAY
#include "transact/readwrite-impl.c"
#undef ARRAY
#undef VALUENAME
#undef VALUETYPE

#define VALUETYPE struct oobj *
#define VALUENAME Object
#include "transact/readwrite-impl.c"
#define ARRAY
#include "transact/readwrite-impl.c"
#undef ARRAY
#undef VALUENAME
#undef VALUETYPE

❋✐❣✉r❡ ✹✳✹✿ ❙♣❡❝✐❛❧✐③✐♥❣ tr❛♥s❛❝t✐♦♥ ♣r✐♠✐t✐✈❡s ❜② ☞❡❧❞ s✐③❡ ❛♥❞ ♦❜❥❡❝t t②♣❡✿

readwrite.c✳ ❚❤✐s ☞❣✉r❡ s❤♦✇s ❤♦✇ readwrite.c s♣❡❝✐❛❧✐③❡s t❤❡ ❝♦❞❡

✐♥ readwrite-impl.c ✭❋✐❣✉r❡ ✹✳✺✮ t❤r♦✉❣❤ t❤❡ ✉s❡ ♦❢ ♠✉❧t✐♣❧❡ #include

st❛t❡♠❡♥ts✳

✻✾
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/* Implementing generic functions. */
/* (from readwrite-impl.c) */
#include "transact/preproc.h" /* Defines ’T()’ and ’TA’() macros. */

VALUETYPE TA(EXACT_readNT)(struct oobj *obj, unsigned offset);

VALUETYPE TA(EXACT_readNT)(struct oobj *obj, unsigned offset) {
do {

VALUETYPE f = *(VALUETYPE*)(FIELDBASE(obj) + offset);
if (likely(f!=T(TRANS_FLAG))) return f;
if (unlikely(SAW_FALSE_FLAG ==

TA(copyBackField)(obj, offset, KILL_WRITERS)))
return T(TRANS_FLAG); // "false" transaction: field really is FLAG.

// okay, we’ve done a copy-back now. retry.
} while(1);

}

/* ... undefine macros at end of readwrite-impl.c ... */

❋✐❣✉r❡ ✹✳✺✿ ❙♣❡❝✐❛❧✐③✐♥❣ tr❛♥s❛❝t✐♦♥ ♣r✐♠✐t✐✈❡s ❜② ☞❡❧❞ s✐③❡ ❛♥❞ ♦❜❥❡❝t t②♣❡✿

readwrite-impl.c✳ ■♥ t❤✐s s♥✐♣♣❡t t❤❡ readNT ❛❧❣♦r✐t❤♠ ✐s ✐♠♣❧❡♠❡♥t❡❞

✉s✐♥❣ ♠❛❝r♦s ✭❞❡☞♥❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✱ preproc.h✮ t♦ ✐♠♣❧❡♠❡♥t ❣❡♥❡r✐❝ ☞❡❧❞

t②♣❡s ❛♥❞ ♥❛♠✐♥❣ ❝♦♥✈❡♥t✐♦♥s✳ ❚❤❡ ♠❛❝r♦s likely ❛♥❞ unlikely ❝♦♠♠✉✲

♥✐❝❛t❡ st❛t✐❝ ❜r❛♥❝❤ ♣r❡❞✐❝t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡ ❈ ❝♦♠♣✐❧❡r✳

/* Preprocessor specialization macros */
/* (from preproc.h) */
#define x1(x,v) x2(x,v)
#define x2(x,v) x ## _ ## v

#if defined(ARRAY)
# define A(x) x1(x,Array)
# define OBJ_OR_ARRAY(x,y) (y)
#else
# define A(x) x
# define OBJ_OR_ARRAY(x,y) (x)
#endif

#define T(x) x1(x,VALUENAME)
#define TA(x) T(A(x))

#define FIELDBASE(obj) \

OBJ_OR_ARRAY(obj->field_start,((struct aarray *)obj)->element_start)

❋✐❣✉r❡ ✹✳✻✿ ❙♣❡❝✐❛❧✐③✐♥❣ tr❛♥s❛❝t✐♦♥ ♣r✐♠✐t✐✈❡s ❜② ☞❡❧❞ s✐③❡ ❛♥❞ ♦❜❥❡❝t t②♣❡✿

preproc.h✳ ■♥ t❤✐s ♣♦rt✐♦♥ ♦❢ t❤❡ ☞❧❡✱ ✇❡ ❞❡☞♥❡ t❤❡ s♣❡❝✐❛❧✐③❛t✐♦♥ ♠❛❝r♦s

✉s❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✳
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t②♣❡s✳✼

❋✐❣✉r❡s ✹✳✹✱ ✹✳✺✱ ❛♥❞ ✹✳✻ ❞❡♠♦♥str❛t❡ ❤♦✇ ☞❡❧❞ s✐③❡ ❛♥❞ ♦❜❥❡❝t t②♣❡ s♣❡✲

❝✐❛❧✐③❛t✐♦♥ ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❋❧❡① tr❛♥s❛❝t✐♦♥ r✉♥t✐♠❡✳ ❚❤❡ ♠❛✐♥

❤❡❛❞❡r ❛♥❞ s♦✉r❝❡ ☞❧❡s ❞♦ ♥♦t❤✐♥❣ ❜✉t r❡♣❡❛t❡❞❧② #include ❛♥ -impl✲

s✉✍①❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ☞❧❡ ✇✐t❤ VALUETYPE✱ VALUENAME✱ ❛♥❞ ARRAY ❞❡☞♥❡❞

t♦ r❛♥❣❡ ♦✈❡r t❤❡ ♣♦ss✐❜❧❡ ♣r✐♠✐t✐✈❡ ❛♥❞ ❛rr❛② t②♣❡s✳ ❚❤✐s t❡❝❤♥✐q✉❡ ❛❧✲

❧♦✇s ❝♦♠♣❛❝t ♥❛♠✐♥❣ ❛♥❞ ❞❡☞♥✐t✐♦♥ ♦❢ s♣❡❝✐❛❧✐③❛❜❧❡ ❢✉♥❝t✐♦♥s t♦ ❛❝❝♦✉♥t

❢♦r ❛rr❛②✴♦❜❥❡❝t ✭❛♠♦♥❣ ♦t❤❡r✮ ❞✐☛❡r❡♥❝❡s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ FIELDBASE

♠❛❝r♦ ✭❞❡☞♥❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✱ ✉s❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✮ ❛❧❧♦✇s t❤❡ ✉♥✐❢♦r♠ tr❡❛t✲

♠❡♥t ♦❢ ♦❜❥❡❝t ☞❡❧❞s ❛♥❞ ❛rr❛② ❡❧❡♠❡♥ts✱ ❡✈❡♥ t❤♦✉❣❤ t❤❡ ☞rst ❛rr❛② ❡❧❡♠❡♥t

st❛rts ❛t ❛ ❞✐☛❡r❡♥t ♦☛s❡t ❢r♦♠ t❤❡ ☞rst ☞❡❧❞ ✭s✐♥❝❡ ❛rr❛② ❞❛t❛ st❛rts ✇✐t❤

❛♥ ✐♠♠✉t❛❜❧❡ ❧❡♥❣t❤ ☞❡❧❞✮✳

❙❡❝t✐♦♥ ✹✳✹✳✸ ❞✐s❝✉ss❡s s♦♠❡ ♦❢ t❤❡ ♦t❤❡r ❝❤❛❧❧❡♥❣❡s ✐♥✈♦❧✈❡❞ ✐♥ s②♥t❤❡✲

s✐③✐♥❣ ❛t♦♠✐❝ ♦♣❡r❛t✐♦♥s ♦♥ s✉❜✇♦r❞ ❛♥❞ ♠✉❧t✐✇♦r❞ ❞❛t❛t②♣❡s✳

4.4 Limitations

❚❤❡ ♣r❡s❡♥t ❆♣❡❳ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦♥t❛✐♥s ❛ ❢❡✇ ♥♦♥✲❢✉♥❞❛♠❡♥t❛❧ ❧✐♠✐✲

t❛t✐♦♥s ✇✐t❤ ✇❡❧❧✲✉♥❞❡rst♦♦❞ s♦❧✉t✐♦♥s ✇❤✐❝❤✱ ♥♦♥❡t❤❡❧❡ss✱ ✇♦✉❧❞ ❛❞❞ ❛❞✲

❞✐t✐♦♥❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦♠♣❧❡①✐t②✳ ❚❤❡s❡ ❧✐♠✐t❛t✐♦♥s ✐♥✈♦❧✈❡ st❛t✐❝ ☞❡❧❞s✱

❝♦❛rs❡ ❣r❛♥✉❧❛r✐t② ♦❢ ▲▲✴❙❈ ✐♥str✉❝t✐♦♥s✱ s✉❜✇♦r❞ ❛♥❞ ♠✉❧t✐✇♦r❞ ☞❡❧❞s✱ ❛♥❞

❝♦♥❞✐t✐♦♥ ✈❛r✐❛❜❧❡s ✭Object.wait()✮✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡r❡ ❛r❡ ❧✐♠✐t❛t✐♦♥s r❡✲

❧❛t❡❞ t♦ t❤❡ ♠❛♥✐♣✉❧❛t✐♦♥ ♦❢ ❧❛r❣❡ ♦❜❥❡❝ts ✭✉s✉❛❧❧② ❛rr❛②s✮❀ ✇❡ ♣✉t ♦☛ t♦

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

✼❚❤❡ ❋❧❡① ✌❛❣ ✈❛❧✉❡ ✇❛s ❝❛r❡❢✉❧❧② ❝❤♦s❡♥ s♦ ❛s ♥♦t t♦ ❜❡ ❛ ◆❛◆ ❢♦r ❡✐t❤❡r ♦❢ t❤❡

✌♦❛t✐♥❣✲♣♦✐♥t t②♣❡s✱ s✐♥❝❡ ❝♦♠♣❛r✐s♦♥s ❛❣❛✐♥st ◆❛◆ ❝❛♥ ❜❡ s✉r♣r✐s✐♥❣✳ ❚❤❡ ✌❛❣ ✈❛❧✉❡

❝♦♥s✐sts ♦❢ ❛ r❡♣❡❛t❡❞ ❜②t❡ ✈❛❧✉❡ s♦ t❤❛t ❛ ♥❡✇ ♦❜❥❡❝t ❝❛♥ ❜❡ ✐♥✐t✐❛❧✐③❡❞ ✇✐t❤ ❛❧❧ ☞❡❧❞s

FLAG ✇✐t❤♦✉t ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❡①❛❝t t②♣❡s ❛♥❞ ❧♦❝❛t✐♦♥s ♦❢ ❡❛❝❤ ☞❡❧❞✳

✼✶
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class C {
static int f;
...
void foo() {
... = C.f;
C.f = ...;

}
}

⇒

class C$$static {
int f;

}
class C {
final static C$$static $static = new C$$static();
...
void foo() {

... = C.$static.f;
C.$static.f = ...;

}
}

❋✐❣✉r❡ ✹✳✼✿ ❙t❛t✐❝ ☞❡❧❞ tr❛♥s❢♦r♠❛t✐♦♥✳ ❙t❛t✐❝ ☞❡❧❞s ♦❢ ❝❧❛ss C ❤❛✈❡ ❜❡❡♥

❤♦✐st❡❞ ✐♥t♦ ❛ ♥❡✇ ❝❧❛ss C$$static✳ ❙✐♥❝❡ t❤❡ ♥❡✇ ☞❡❧❞ $static ✐s ✇r✐t❡✲

♦♥❝❡ ❞✉r✐♥❣ ✐♥✐t✐❛❧✐③❛t✐♦♥✱ ✐t ✐s s❛❢❡ t♦ r❡❛❞✴✇r✐t❡ ❞✐r❡❝t❧②✱ ✉♥❧✐❦❡ t❤❡ ♦❧❞

☞❡❧❞ f✳

4.4.1 Static fields

❙t❛t✐❝ ☞❡❧❞s ❛r❡ ♥♦t ❡♥❝❛♣s✉❧❛t❡❞ ✐♥ ❛♥ ♦❜❥❡❝t ❛s ♦t❤❡r ☞❡❧❞s ❛r❡❀ t❤❡② ❛r❡

r❡❛❧❧② ❛ ❢♦r♠ ♦❢ ❝♦♥tr♦❧❧❡❞✲✈✐s✐❜✐❧✐t② ❣❧♦❜❛❧ ✈❛r✐❛❜❧❡✳ ❚❤❡ ♣r❡s❡♥t ✐♠♣❧❡♠❡♥✲

t❛t✐♦♥ ✐❣♥♦r❡s st❛t✐❝ ☞❡❧❞s ✇❤❡♥ ♣❡r❢♦r♠✐♥❣ t❤❡ s②♥❝❤r♦♥✐③❛t✐♦♥ tr❛♥s❢♦r✲

♠❛t✐♦♥❀ r❡❛❞s ❛♥❞ ✇r✐t❡s t♦ st❛t✐❝ ☞❡❧❞s ❛r❡ ❛❧✇❛②s ❞✐r❡❝t✳ ■♥ t❤❡♦r② t❤✐s

❝♦✉❧❞ ❝❛✉s❡ r❛❝❡s✱ ❜✉t ✐♥ ♦✉r ❜❡♥❝❤♠❛r❦s ♠♦st st❛t✐❝ ☞❡❧❞s ❛r❡ ✇r✐tt❡♥ ♦♥❧②

❞✉r✐♥❣ ✐♥✐t✐❛❧✐③❛t✐♦♥✳ ❆♥ ❛♥❛❧②s✐s t❤❛t ♣r♦✈❡❞ t❤❛t ✇r✐t❡s ♦♥❧② ♦❝❝✉rr❡❞ ❞✉r✲

✐♥❣ ❛ s✐♥❣❧❡✲t❤r❡❛❞❡❞ ❝❧❛ss ✐♥✐t✐❛❧✐③❛t✐♦♥ ♣❤❛s❡ ♦❢ ❡①❡❝✉t✐♦♥ ❝♦✉❧❞ ♣r♦✈❡ t❤❛t

t❤❡s❡ ❞✐r❡❝t ❛❝❝❡ss❡s ❛r❡ s❛❢❡ ✐♥ ♠♦st ❝❛s❡s✳ Pr♦♣❡r ❤❛♥❞❧✐♥❣ ♦❢ st❛t✐❝ ☞❡❧❞s

t❤❛t ❞♦ ♥♦t ♠❡❡t t❤✐s ❝♦♥❞✐t✐♦♥ ✐s str❛✐❣❤t❢♦r✇❛r❞✿ ♥❡✇ s✐♥❣❧❡t♦♥ ❝❧❛ss❡s

✇♦✉❧❞ ❜❡ ❝r❡❛t❡❞ ❡♥❝❛♣s✉❧❛t✐♥❣ t❤❡s❡ ☞❡❧❞s✱ ❛♥❞ ❛❝❝❡ss ✇♦✉❧❞ ❜❡ ✈✐❛ ❛♥

❡①tr❛ ✐♥❞✐r❡❝t✐♦♥✳ ❋✐❣✉r❡ ✹✳✼ ✐❧❧✉str❛t❡s t❤✐s tr❛♥s❢♦r♠❛t✐♦♥✳

4.4.2 Coarse-grained LL/SC

■♥ ♦✉r ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ ❛❧❣♦r✐t❤♠s ✇❡ ❤❛✈❡ s♦ ❢❛r

♥❡❣❧❡❝t❡❞ t♦ st❛t❡ t❤❡ s✐③❡ ♦❢ t❤❡ r❡s❡r✈❛t✐♦♥ ❝r❡❛t❡❞ ❜② t❤❡ ♣❧❛t❢♦r♠ ❧♦❛❞✲

❧✐♥❦❡❞ ✐♥str✉❝t✐♦♥✳ ❚❤❡ ✐♠♣❧✐❝✐t ❛ss✉♠♣t✐♦♥ ✐s t❤❛t t❤❡ r❡s❡r✈❛t✐♦♥ ✐s r♦✉❣❤❧②

✇♦r❞✲s✐③❡❞✿ ♦✉r ❛❧❣♦r✐t❤♠ ✉s❡s ❧♦❛❞✲❧✐♥❦❡❞ t♦ ✇❛t❝❤ t❤❡ ♣♦✐♥t❡r✲✈❛❧✉❡❞

readerList ✭❋✐❣✉r❡s ✸✳✽✱ ✸✳✶✷✮ ❛♥❞ version ✭❋✐❣✉r❡s ✸✳✾✱ ✸✳✶✵✱ ✸✳✶✷✱ ✸✳✶✸✮
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☞❡❧❞s✱ ❛♥❞ t♦ ♣❡r❢♦r♠ t❤❡ ❝♦♠♣❛r❡✲❛♥❞✲s✇❛♣ ♦♣❡r❛t✐♦♥ ♦♥ t❤❡ tr❛♥s❛❝t✐♦♥

st❛t✉s ☞❡❧❞ ♥❡❝❡ss❛r② ❢♦r ❛❜♦rt✐♥❣ ❛♥❞ ❝♦♠♠✐tt✐♥❣ tr❛♥s❛❝t✐♦♥s✳ ■♠♣❧❡♠❡♥✲

t❛t✐♦♥s ♦❢ ❧♦❛❞✲❧✐♥❦❡❞ ❛♥❞ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♦♥ ♠♦st ❛r❝❤✐t❡❝t✉r❡s✱ ❤♦✇❡✈❡r✱

✉s✉❛❧❧② ♣❧❛❝❡ ❛ r❡s❡r✈❛t✐♦♥ ♦♥ ❛ s♣❡❝✐☞❝ ❝❛❝❤❡ ❧✐♥❡✱ ✇❤✐❝❤ s♣❛♥s ♠❛♥② ✇♦r❞s✳

■♥ t❤❡ ❝❛s❡ ♦❢ ♦✉r ▼P❈✼✹✹✼ ✭●✹✮ P♦✇❡rP❈ ♣r♦❝❡ss♦r✱ ❛ r❡s❡r✈❛t✐♦♥ ✭❛♥❞

❝❛❝❤❡ ❧✐♥❡✮ ✐s ✸✷ ❜②t❡s✳

■♥ ♦✉r ♣r❡s❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ✇❡ ❤❛✈❡ ♥♦t t❛❦❡♥ ❛♥② s♣❡❝✐❛❧ ❛❝t✐♦♥

t♦ ❛❝❝♦✉♥t ❢♦r t❤✐s ❞✐☛❡r❡♥❝❡✳ ■♥ ❣❡♥❡r❛❧✱ ❛ ❧❛r❣❡r✲t❤❛♥✲❡①♣❡❝t❡❞ r❡s❡r✈❛✲

t✐♦♥ ♠❛② ❝❛✉s❡ ❢❛❧s❡ ❝♦♥✌✐❝ts ❜❡t✇❡❡♥ ✐♥❞❡♣❡♥❞❡♥t tr❛♥s❛❝t✐♦♥s✱ ❛♥❞ t❤❡

❢❛❧s❡ ❝♦♥✌✐❝ts ❝❛♥ ❧❡❛❞ t♦ ❞❡❛❞❧♦❝❦ ♦r ❧✐✈❡❧♦❝❦ ✐❢ ❝♦♥t❡♥t✐♦♥ ✐s ♥♦t ♠❛♥❛❣❡❞

♣r♦♣❡r❧②✳ ❖✉r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s❡s r❛♥❞♦♠✐③❡❞✽ ❡①♣♦♥❡♥t✐❛❧ ❜❛❝❦♦☛✱ ✇❤✐❝❤

❡♥s✉r❡s t❤❛t ❡✈❡r② tr❛♥s❛❝t✐♦♥ ❡✈❡♥t✉❛❧❧② ❤❛s ❛♥ ♦♣♣♦rt✉♥✐t② t♦ ❡①❡❝✉t❡ ✐♥

✐s♦❧❛t✐♦♥✱ ✇❤✐❝❤ ✇✐❧❧ ♠♦♦t ❛♥② ❢❛❧s❡ ❝♦♥✌✐❝t✳

❖t❤❡r ♠❡❝❤❛♥✐s♠s t♦ r❡s♦❧✈❡ ❝♦♥t❡♥t✐♦♥ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ t♦ ❛❞❞r❡ss

❢❛❧s❡ ❝♦♥✌✐❝ts✳ ■♥ ❛♥ ❡①tr❡♠❡ ❝❛s❡✱ ❛ ❝♦♥t❡♥t✐♦♥ ♠❛♥❛❣❡r ❝♦✉❧❞ ✐♥✈♦❦❡ ❛

❝♦♣②✐♥❣ ❝♦❧❧❡❝t♦r t♦ r❡❧♦❝❛t❡ ♦❜❥❡❝ts ✐♥✈♦❧✈❡❞ ✐♥ ❛ ❢❛❧s❡ ❝♦♥✌✐❝t✱ ❛❧t❤♦✉❣❤

t❤✐s t❛❝t✐❝ ✐s ❧✐❦❡❧② ♠❡r✐t❡❞ ♦♥❧② ✇❤❡♥ t❤❡ ❝♦♥✌✐❝ts ❛r❡ ❡①tr❡♠❡❧② ❢r❡q✉❡♥t

♦r ✇❤❡♥ ❧♦♥❣✲❧✐✈❡❞ tr❛♥s❛❝t✐♦♥s ♠❛❦❡ t❤❡ ❝♦♣②✐♥❣ ❝♦st ❧❡ss t❤❛♥ t❤❡ ❝♦st ♦❢

s❡r✐❛❧✐③✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥s ✐♥✈♦❧✈❡❞✳

❆❧t❡r♥❛t✐✈❡❧②✱ ❢❛❧s❡ ❝♦♥✌✐❝ts ❝❛♥ ❜❡ ♠❛♥❛❣❡❞ ✇✐t❤ ❛ ❝❛r❡❢✉❧ ❛❧❧♦❝❛t✐♦♥

♣♦❧✐❝②✳ ❚❤❡ ❛❧❧♦❝❛t♦r ✐♥ t❤❡ ♣r❡s❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❡♥s✉r❡s ✽✲❜②t❡ ❛❧✐❣♥✲

♠❡♥t ♦❢ ♦❜❥❡❝ts✳ ❆s ✇❡ ❤❛✈❡ ❞♦♥❡ ✐♥ ♣r✐♦r ✇♦r❦ ❬✾✽❪✱ t❤❡ ❏❛✈❛ ❛❧❧♦❝❛t♦r ❝❛♥

❜❡ ♠♦❞✐☞❡❞ t♦ ❛❧✐❣♥ ♦❜❥❡❝ts t♦ ❝❛❝❤❡ ❧✐♥❡ ✭✸✷✲❜②t❡✮ ❜♦✉♥❞❛r✐❡s✱ t♦ ❡♥s✉r❡

t❤❡r❡ ❛r❡ ♥♦ ❢❛❧s❡ ❝♦♥✌✐❝ts ❜❡t✇❡❡♥ ♦❜❥❡❝ts✳ ❙♦♠❡ ♦❢ t❤❡ ✇❛st❡❞ s♣❛❝❡ ❝❛♥

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

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

❛r❡ ❦♥♦✇♥ ♥❡✈❡r t♦ ♣❛rt✐❝✐♣❛t❡ ✐♥ tr❛♥s❛❝t✐♦♥s t❤❛t ♠✐❣❤t ❝♦♥✌✐❝t✳

✽❚❤❡ r❛♥❞♦♠✐③❛t✐♦♥ ✐s ✈✐❛ t❤❡ ✈❛r②✐♥❣ ❧❛t❡♥❝② ♦❢ t❤❡ ❯♥✐① sleep s②s❝❛❧❧❀ str♦♥❣❡r

r❛♥❞♦♠✐③❛t✐♦♥ ❝♦✉❧❞ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐❢ ✐t ♠❛tt❡r❡❞✳
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4.4.3 Handling subword and multiword reads/writes

❚❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ t❤❡ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥str✉❝t✐♦♥ ✐s ♠♦r❡ ♣r♦❜❧❡♠❛t✐❝✳

❆❧t❤♦✉❣❤ ✇❡ ❤❛✈❡ s♣❡❝✐☞❡❞ ♦✉r ❛❧❣♦r✐t❤♠s ❛ss✉♠✐♥❣ t❤❛t ❛ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧

♦❢ ❛♥② ☞❡❧❞ ✐s ♣♦ss✐❜❧❡✱ ✐♥ ♣r❛❝t✐❝❡ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♦♣❡r❛t✐♦♥s ❛r❡ ♦♥❧②

♣r♦✈✐❞❡❞ ❢♦r ❛ r❡str✐❝t❡❞ s❡t ♦❢ ❞❛t❛ t②♣❡s✿ t❤❡ P♦✇❡rP❈ ❛r❝❤✐t❡❝t✉r❡ ❞❡☞♥❡s

♦♥❧② ✸✷✲❜✐t ❛♥❞ ✻✹✲❜✐t st♦r❡s✱ ❛♥❞ ✸✷✲❜✐t ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✭❧✐❦❡ ♦✉r ●✹✮ ❞♦♥✬t

✐♠♣❧❡♠❡♥t t❤❡ ✻✹✲❜✐t ✈❛r✐❛♥t✳ ❲❡ ♥❡❡❞ t♦ ❝❛r❡❢✉❧❧② ❝♦♥s✐❞❡r ❤♦✇ t♦ s❛❢❡❧②

✐♠♣❧❡♠❡♥t ♦✉r ❛❧❣♦r✐t❤♠s ✇✐t❤ ♦♥❧② ❛ ✇♦r❞✲s✐③❡❞ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧✳

❋✐rst✱ ❧❡t ✉s ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ✇❤❡r❡ t❤❡ ☞❡❧❞ s✐③❡ ✐s ❧❛r❣❡r t❤❛♥ ❛ ✇♦r❞✱

✇❤✐❝❤ ❢♦r ❛ ❏❛✈❛ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ❧✐♠✐t❡❞ t♦ ☞❡❧❞s ✇✐t❤ double ❛♥❞ long

t②♣❡s✳ ❲✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥ ✇❡ ❝❛♥ s✐♠♣❧② ✇r✐t❡ t✇♦ ints ✭❢♦r ❡①❛♠♣❧❡✮ t♦

✐♠♣❧❡♠❡♥t t❤❡ st♦r❡ ♦❢ ❛ long❀ t❤❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ❛❧r❡❛❞② ❡♥s✉r❡s

t❤❛t t❤❡ ♠✉❧t✐♣❧❡ ✇r✐t❡s ❛♣♣❡❛r ❛t♦♠✐❝✳

❚❤✐s ♣❛rt✐❛❧ s♦❧✉t✐♦♥ ❧❡❛✈❡s ♦♥❧② ❧❛r❣❡ ✇r✐t❡s ♦✉ts✐❞❡ ♦❢ ❛ tr❛♥s❛❝t✐♦♥✳

❖♥❡ s♦❧✉t✐♦♥ ✐s t♦ ❞❡❝♦♠♣♦s❡ t❤❡s❡ ☞❡❧❞s ✐♥t♦ ♠✉❧t✐♣❧❡ s♠❛❧❧❡r ☞❡❧❞s ❛s

✇❡ ❞✐❞ ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ❝❛s❡❀ ✇❡ ❞♦♥✬t ❣✐✈❡ ✉♣ str♦♥❣ ❛t♦♠✐❝✐t② ❜✉t ✇❡

❛❧❧♦✇ ♦t❤❡r r❡❛❞❡rs ✭❜♦t❤ tr❛♥s❛❝t✐♦♥❛❧ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧✮ t♦ s❡❡ t❤❡ ♣❛r✲

t✐❛❧ ✇r✐t❡s✳ ❚❤❡ ❏❛✈❛ ♠❡♠♦r② ♠♦❞❡❧ ❛❝t✉❛❧❧② ♣❡r♠✐ts t❤✐s ❜❡❤❛✈✐♦r ✭❏❛✈❛

▲❛♥❣✉❛❣❡ ❙♣❡❝✐☞❝❛t✐♦♥ ❝❤❛♣t❡r ✶✼✳✼✱ ❭◆♦♥✲❛t♦♠✐❝ ❚r❡❛t♠❡♥t ♦❢ ❞♦✉❜❧❡ ❛♥❞

❧♦♥❣✧ ❬✸✼❪✮✳ ❚❤❡ s♣❡❝✐☞❝❛t✐♦♥ ❝♦♥t✐♥✉❡s✱ ❭❱▼ ✐♠♣❧❡♠❡♥t❡rs ❛r❡ ❡♥❝♦✉r❛❣❡❞

t♦ ❛✈♦✐❞ s♣❧✐tt✐♥❣ t❤❡✐r ✻✹✲❜✐t ✈❛❧✉❡s ✇❤❡r❡ ♣♦ss✐❜❧❡✳✧ ❲❡ ❝❛♥ ❡❛s✐❧② ✐♠♣❧❡✲

♠❡♥t t❤✐s ❜❡❤❛✈✐♦r ❛s ❛♥ ❛❧t❡r♥❛t✐✈❡✿ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s ♦❢ ❞♦✉❜❧❡s ❛♥❞

❧♦♥❣s ❝❛♥ ❜❡ ❝♦♥✈❡rt❡❞ t♦ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ❡♥❝♦♠♣❛ss✐♥❣ ♥♦t❤✐♥❣ ❜✉t t❤❡

♠✉❧t✐♣❧❡ ✇♦r❞✲s✐③❡ ✇r✐t❡s✳

◆♦✇ ❧❡t ✉s ❝♦♥s✐❞❡r s✉❜✇♦r❞✲s✐③❡❞ ✇r✐t❡s✳ ❙❡❝t✐♦♥ ✶✼✳✻ ♦❢ t❤❡ ❏❛✈❛ ▲❛♥✲

❣✉❛❣❡ ❙♣❡❝✐☞❝❛t✐♦♥ s♣❡❝✐☞❝❛❧❧② s❛②s✿

❖♥❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦♥s✐❞❡r❛t✐♦♥ ❢♦r ❏❛✈❛ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡s ✐s

t❤❛t ❡✈❡r② ☞❡❧❞ ❛♥❞ ❛rr❛② ❡❧❡♠❡♥t ✐s ❝♦♥s✐❞❡r❡❞ ❞✐st✐♥❝t❀ ✉♣❞❛t❡s

t♦ ♦♥❡ ☞❡❧❞ ♦r ❡❧❡♠❡♥t ♠✉st ♥♦t ✐♥t❡r❛❝t ✇✐t❤ r❡❛❞s ♦r ✉♣❞❛t❡s

♦❢ ❛♥② ♦t❤❡r ☞❡❧❞ ♦r ❡❧❡♠❡♥t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t✇♦ t❤r❡❛❞s t❤❛t
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✉♣❞❛t❡ ❛❞❥❛❝❡♥t ❡❧❡♠❡♥ts ♦❢ ❛ ❜②t❡ ❛rr❛② s❡♣❛r❛t❡❧② ♠✉st ♥♦t

✐♥t❡r❢❡r❡ ♦r ✐♥t❡r❛❝t ❛♥❞ ❞♦ ♥♦t ♥❡❡❞ s②♥❝❤r♦♥✐③❛t✐♦♥ t♦ ❡♥s✉r❡

s❡q✉❡♥t✐❛❧ ❝♦♥s✐st❡♥❝②✳

❙♦♠❡ ♣r♦❝❡ss♦rs ❞♦ ♥♦t ♣r♦✈✐❞❡ t❤❡ ❛❜✐❧✐t② t♦ ✇r✐t❡ t♦ ❛ s✐♥❣❧❡

❜②t❡✳ ■t ✇♦✉❧❞ ❜❡ ✐❧❧❡❣❛❧ t♦ ✐♠♣❧❡♠❡♥t ❜②t❡ ❛rr❛② ✉♣❞❛t❡s ♦♥

s✉❝❤ ❛ ♣r♦❝❡ss♦r ❜② s✐♠♣❧② r❡❛❞✐♥❣ ❛♥ ❡♥t✐r❡ ✇♦r❞✱ ✉♣❞❛t✐♥❣

t❤❡ ❛♣♣r♦♣r✐❛t❡ ❜②t❡✱ ❛♥❞ t❤❡♥ ✇r✐t✐♥❣ t❤❡ ❡♥t✐r❡ ✇♦r❞ ❜❛❝❦ t♦

♠❡♠♦r②✳ ❚❤✐s ♣r♦❜❧❡♠ ✐s s♦♠❡t✐♠❡s ❦♥♦✇♥ ❛s ✇♦r❞ t❡❛r✐♥❣✱

❛♥❞ ♦♥ ♣r♦❝❡ss♦rs t❤❛t ❝❛♥♥♦t ❡❛s✐❧② ✉♣❞❛t❡ ❛ s✐♥❣❧❡ ❜②t❡ ✐♥

✐s♦❧❛t✐♦♥ s♦♠❡ ♦t❤❡r ❛♣♣r♦❛❝❤ ✇✐❧❧ ❜❡ r❡q✉✐r❡❞✳

❆❣❛✐♥✱ ✇r✐t❡s ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥ ❛r❡ str❛✐❣❤t❢♦r✇❛r❞✿ r❡❛❞✐♥❣ ❛♥ ❡♥t✐r❡

✇♦r❞✱ ✉♣❞❛t✐♥❣ ✐t✱ ❛♥❞ r❡✇r✐t✐♥❣ ✇✐❧❧ ❛♣♣❡❛r ❛t♦♠✐❝ ❞✉❡ t♦ t❤❡ tr❛♥s❛❝t✐♦♥

♠❡❝❤❛♥✐s♠✱ ❛♥❞ ♥♦ ♦❜s❡r✈❛❜❧❡ ✇♦r❞ t❡❛r✐♥❣ ✇✐❧❧ ♦❝❝✉r✳ ❆ ♠✐♥♦r ❞✐✍❝✉❧t②

✐s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❭❢❛❧s❡✧ ❝♦♥✌✐❝ts ❜❡t✇❡❡♥ ✉♣❞❛t❡s t♦ ❛❞❥❛❝❡♥t ☞❡❧❞s ♦❢ ❛♥

♦❜❥❡❝t❀ t❤❡s❡ ❛r❡ ❤❛♥❞❧❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✹✳✷✳

❚❤❡ ☞♥❛❧ ❝❛s❡ ✐s t❤❡♥ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s t♦ s✉❜✇♦r❞ ✈❛❧✉❡s✱ ✇❤✐❝❤

♦❝❝✉r ❢r❡q✉❡♥t❧② ✐♥ r❡❛❧ ♣r♦❣r❛♠s ❞✉r✐♥❣ str✐♥❣ ♠❛♥✐♣✉❧❛t✐♦♥s✳ ❲❡ ❝♦✉❧❞

❛❞❞r❡ss t❤✐s ❜② ✉s✐♥❣ ❛ s❤♦rt tr❛♥s❛❝t✐♦♥ t♦ ❞♦ t❤❡ r❡❛❞✲♠♦❞✐❢②✲✇r✐t❡ ♦❢ t❤❡

✇♦r❞ s✉rr♦✉♥❞✐♥❣ t❤❡ s✉❜✇♦r❞ ☞❡❧❞✱ ❜✉t t❤✐s ✐s ❧✐❦❡❧② t♦♦ ❡①♣❡♥s✐✈❡✱ ❝♦♥✲

s✐❞❡r✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ s✉❜✇♦r❞ ♠❛♥✐♣✉❧❛t✐♦♥s ✐♥ ♠♦st ♣r♦❣r❛♠s✳ ❆ ❜❡tt❡r

❛❧❣♦r✐t❤♠ t♦ ❛❞❞r❡ss t❤✐s ♣r♦❜❧❡♠ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✽❀ ❝♦♠♣❛r❡ t❤✐s

t♦ t❤❡ ❡❛r❧✐❡r ❡①♣r❡ss✐♦♥ ♦❢ t❤❡ writeNT ❛❧❣♦r✐t❤♠ ✐♥ ❋✐❣✉r❡ ✺✳✸✳ ❚❤❡ r❡✲

✈✐s❡❞ ❛❧❣♦r✐t❤♠ st❡❛❧s t❤❡ ❧♦✇❡r t✇♦ ❜✐ts ♦❢ t❤❡ readerList ♣♦✐♥t❡r t♦ s❡r✈❡

❛s s✉❜✇♦r❞ r❡s❡r✈❛t✐♦♥s✱ ❡♥s✉r✐♥❣ t❤❛t r❛❝✐♥❣ ✇r✐t❡s t♦ ❞✐☛❡r❡♥t s✉❜✇♦r❞s

✐♥ t❤❡ s❛♠❡ ✇♦r❞ ❛r❡ ♣r❡✈❡♥t❡❞✳ ❚❤❡ ❝♦st ♦❢ t❤✐s ❛❧❣♦r✐t❤♠ ✐s ♠♦st❧② ❡①✲

tr❛ ♠❛s❦✐♥❣ ✇❤❡♥ t❤❡ r❡❛❞❡r▲✐st ✐s r❡❛❞✱ ❛♥❞ ❛♥ ❡①tr❛ st♦r❡ ✭t♦ s❡t t❤❡

readerList r❡s❡r✈❛t✐♦♥✮ ♦♥ ❡✈❡r② s✉❜✇♦r❞ ✇r✐t❡✳✾

✾■t ✇♦✉❧❞ ❜❡ ♥✐❝❡ ✐❢ ✇❡ ❝♦✉❧❞ ❛✈♦✐❞ ✉♣❞❛t✐♥❣ t❤❡ readerList ♣♦✐♥t❡r ♦♥ ❡✈❡r② ✇r✐t❡

✇❤❡♥ ✉s✐♥❣ ❝♦♠♠♦♥ ❛❝❝❡ss ♣❛tt❡r♥s✱ ❧✐❦❡ st❡♣♣✐♥❣ ❧✐♥❡❛r❧② t❤r♦✉❣❤ t❤❡ ❛rr❛②✱ ❜✉t ■ ❞♦♥✬t

s❡❡ ❛ ✇❛② t♦ ❞♦ t❤❛t✳

✼✺
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void writeNT(struct oobj *obj, int byte_idx, small_field_t val) {
if (unlikely(val==FLAG))
unusualWrite(obj,byte_idx,val); // do a short transactional write

else {
do {
int r = (int) LL(&(obj->readerList));
if (unlikely((r & ~3) != 0)) {
// readerList is not "NULL"; have to kill readers, etc.
unusualWrite(obj,idx,val);
return;

} else if (r == (byte_idx & 3)) {
// okay to write to this subword
word_t w = obj->word[byte_idx>>2];
if (SC(&(obj->word[byte_idx>>2]), combine(w, val, byte_idx)))
return;

} else
// last write was to some other subword; switch to this one.
SC(&(obj->readerList), byte_idx & 3);

} while (1);
}

}

❋✐❣✉r❡ ✹✳✽✿ ◆♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡ t♦ ❛ s♠❛❧❧ ✭s✉❜✇♦r❞✮ ☞❡❧❞✳ ❈♦♠♣❛r❡ t♦

❋✐❣✉r❡ ✺✳✸✳ ❚❤❡ byte idx ✈❛❧✉❡ ✐s t❤❡ ♦☛s❡t ♦❢ t❤❡ ☞❡❧❞ ✇✐t❤✐♥ t❤❡ ♦❜❥❡❝ts✱ ✐♥

❜②t❡s✱ ❛♥❞ t❤❡ combine ❢✉♥❝t✐♦♥ ❞♦❡s t❤❡ ❛♣♣r♦♣r✐❛t❡ s❤✐❢t✐♥❣ ❛♥❞ ♠❛s❦✐♥❣

t♦ ❝♦♠❜✐♥❡ t❤❡ ♥❡✇ s✉❜✇♦r❞ ✈❛❧✉❡ ✇✐t❤ t❤❡ r❡❛❞ ✈❛❧✉❡ ♦❢ t❤❡ s✉rr♦✉♥❞✐♥❣

✇♦r❞✳

❚❤❡ ♣r❡s❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞♦❡s ♥♦t s♣❡❝✐❛❧❧② ❤❛♥❞❧❡ s✉❜✇♦r❞✲s✐③❡❞

✇r✐t❡s✱ r❡s✉❧t✐♥❣ ✐♥ ♣r♦❣r❛♠♠❡r✲✈✐s✐❜❧❡ ✇♦r❞ t❡❛r✐♥❣✳

4.4.4 Condition variables

❆ ❝♦♥❞✐t✐♦♥ ✈❛r✐❛❜❧❡ ✐s ❛ s②♥❝❤r♦♥✐③❛t✐♦♥ ❞❡✈✐❝❡ t❤❛t ❛❧❧♦✇s t❤r❡❛❞s t♦ s✉s✲

♣❡♥❞ ❡①❡❝✉t✐♦♥ ❛♥❞ r❡❧✐♥q✉✐s❤ t❤❡ ♣r♦❝❡ss♦rs ✉♥t✐❧ s♦♠❡ ♣r❡❞✐❝❛t❡ ♦♥ s❤❛r❡❞

❞❛t❛ ✐s s❛t✐s☞❡❞✳ ❲❤❡♥ t❤❡ ♣r❡❞✐❝❛t❡ ❜❡❝♦♠❡s tr✉❡✱ ❛ t❤r❡❛❞ s✐❣♥❛❧s t❤❡ ❝♦♥✲

❞✐t✐♦♥ ✭Object.notify() ❛♥❞ Object.notifyAll() ✐♥ ❏❛✈❛✮❀ ♦t❤❡r t❤r❡❛❞s

❝❛♥ s✉s♣❡♥❞ t❤❡♠s❡❧✈❡s ✇❛✐t✐♥❣ ❢♦r t❤❡ s✐❣♥❛❧ ✭Object.wait()✮✳ ■♥ ♦r❞❡r

t♦ ♣r❡✈❡♥t r❛❝❡s ❜❡t✇❡❡♥ ♥♦t✐☞❝❛t✐♦♥ ❛♥❞ ✇❛✐t✐♥❣✱ ❝♦♥❞✐t✐♦♥ ✈❛r✐❛❜❧❡s ❛r❡

❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ♠✉t❡① ✭t❤❡ ♦❜❥❡❝t ♠♦♥✐t♦r✱ ✐♥ ❏❛✈❛✮ ❛♥❞ wait ❛♥❞ notify

r❡q✉✐r❡ t❤❡ ❧♦❝❦ t♦ ❜❡ ❤❡❧❞ ✇❤❡♥ t❤❡② ❛r❡ ❝❛❧❧❡❞✳ ❚❤❡ wait ♦♣❡r❛t✐♦♥ ❛t♦♠✐✲

✼✻
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public class Drop {
//Message sent from producer to consumer.
private String message;
//True if consumer should wait for producer to send message, false
//if producer should wait for consumer to retrieve message.
private boolean empty = true;

public synchronized String take() {
//Wait until message is available.
while (empty) {

try {
wait();

} catch (InterruptedException e) {}
}
//Toggle status.
empty = true;
//Notify producer that status has changed.
notifyAll();
return message;

}

public synchronized void put(String message) {
//Wait until message has been retrieved.
while (!empty) {

try {
wait();

} catch (InterruptedException e) {}
}
//Toggle status.
empty = false;
//Store message.
this.message = message;
//Notify consumer that status has changed.
notifyAll();

}
}

❋✐❣✉r❡ ✹✳✾✿ ❉r♦♣ ❜♦① ❡①❛♠♣❧❡ ✐❧❧✉str❛t✐♥❣ t❤❡ ✉s❡ ♦❢ ❝♦♥❞✐t✐♦♥ ✈❛r✐❛❜❧❡s ✐♥

❏❛✈❛✱ ❢r♦♠ ❬✶✵✵❪✳

✼✼
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❝❛❧❧② r❡❧❡❛s❡s t❤❡ ❧♦❝❦ ❛♥❞ ✇❛✐ts ❢♦r t❤❡ ✈❛r✐❛❜❧❡❀ ✇❤❡♥ ♥♦t✐☞❝❛t✐♦♥ ✐s r❡❝❡✐✈❡❞

wait r❡✲❛❝q✉✐r❡s t❤❡ ❧♦❝❦ ❜❡❢♦r❡ r❡s✉♠✐♥❣✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ✉s❡ ♦❢ t❤❡s❡

♦♣❡r❛t✐♦♥s ✐♥ ❏❛✈❛ ✐s ♣r♦✈✐❞❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✾✳

■♠♣❧❡♠❡♥t✐♥❣ t❤❡s❡ s❡♠❛♥t✐❝s ♣r♦♣❡r❧② ✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝♦♥t❡①t ✐s ❝❤❛❧✲

❧❡♥❣✐♥❣❀ ❛ ❜❡tt❡r s♦❧✉t✐♦♥ t♦ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣r♦❜❧❡♠ ✐s ❛ ♠❡❝❤❛♥✐s♠ ❧✐❦❡

❍❛rr✐s ❛♥❞ ❋r❛s❡r✬s guarded transactions ❬✹✹❪✳ ❆ r❡❛s♦♥❛❜❧❡ ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥ ✐s ♣♦ss✐❜❧❡✱ ❤♦✇❡✈❡r✳

❚❤❡ ❏❉❑✶✳✻ s♣❡❝✐☞❝❛t✐♦♥ ❢♦r t❤❡ Object.wait() ♠❡t❤♦❞ s❛②s✿

❆ t❤r❡❛❞ ❝❛♥ ❛❧s♦ ✇❛❦❡ ✉♣ ✇✐t❤♦✉t ❜❡✐♥❣ ♥♦t✐☞❡❞✱ ✐♥t❡rr✉♣t❡❞✱

♦r t✐♠✐♥❣ ♦✉t✱ ❛ s♦✲❝❛❧❧❡❞ s♣✉r✐♦✉s ✇❛❦❡✉♣✳ ❲❤✐❧❡ t❤✐s ✇✐❧❧ r❛r❡❧②

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

❢♦r t❤❡ ❝♦♥❞✐t✐♦♥ t❤❛t s❤♦✉❧❞ ❤❛✈❡ ❝❛✉s❡❞ t❤❡ t❤r❡❛❞ t♦ ❜❡ ❛✇❛❦✲

❡♥❡❞✱ ❛♥❞ ❝♦♥t✐♥✉✐♥❣ t♦ ✇❛✐t ✐❢ t❤❡ ❝♦♥❞✐t✐♦♥ ✐s ♥♦t s❛t✐s☞❡❞✳ ■♥

♦t❤❡r ✇♦r❞s✱ ✇❛✐ts s❤♦✉❧❞ ❛❧✇❛②s ♦❝❝✉r ✐♥ ❧♦♦♣s✳ ✳ ✳

❚❤✐s ❛❧❧♦✇❛♥❝❡ s✐♠♣❧✐☞❡s t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♥♦t✐☞❝❛t✐♦♥ ♠❡t❤♦❞s✳

■t ✐s ❛❧✇❛②s s❛❢❡ t♦ ❞♦ t❤❡ ♥♦t✐❢② ✐♠♠❡❞✐❛t❡❧②⑤✇❡ ♥❡❡❞♥✬t ✇❛✐t ✉♥t✐❧ t❤❡

tr❛♥s❛❝t✐♦♥ ❞♦✐♥❣ t❤❡ ♥♦t✐❢② ✐s s✉r❡ t♦ ❝♦♠♠✐t✳ ■❢ ✇❡ ❡♥❞ ✉♣ ❣❡tt✐♥❣ ❛❜♦rt❡❞

✇❡✬❧❧ ❥✉st r❡❞♦ t❤❡ ♥♦t✐❢② ❧❛t❡r ✇❤❡♥ ✇❡ r❡tr②✳ ❙♦✱ ✇❡ ❛❝q✉✐r❡ ❛ s♣❡❝✐❛❧ ♠✉t❡①

✭❡✐t❤❡r ♣❡r✲♦❜❥❡❝t ❛s ✇✐t❤ st❛♥❞❛r❞ ❏❛✈❛ ♦r ❣❧♦❜❛❧❀ t❤❡ ❧♦❝❦ ✐s ♥♦t ❤❡❧❞ ❧♦♥❣✮✱

❞♦ t❤❡ ♥♦t✐☞❝❛t✐♦♥✱ ❛♥❞ r❡❧❡❛s❡ t❤❡ ♠✉t❡①✳

❚❤❡ wait ♠❡t❤♦❞✱ ❤♦✇❡✈❡r✱ ✐s ❛ ❝♦♠♠✐t ♣♦✐♥t✱ s✐♥❝❡ ✐t r❡❧❡❛s❡s ❛♥❞

r❡❛❝q✉✐r❡s t❤❡ ♠♦♥✐t♦r ❧♦❝❦✳ ❚❤✉s✱ ✐t s♣❧✐ts t❤❡ tr❛♥s❛❝t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ✐t ✐♥t♦

t✇♦✳✶✵ ❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♠❡❝❤❛♥✐s♠ ✐s str❛✐❣❤t❢♦r✇❛r❞✳ ❲❡ ☞rst ❛❝q✉✐r❡ ♦✉r

s♣❡❝✐❛❧ ♠✉t❡①✱ t❤❡♥ ❛tt❡♠♣t t♦ ❝♦♠♠✐t t❤❡ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ ❝❤❡❝❦ t❤❡ r❡s✉❧t✳

■❢ ✇❡ ❞♦♥✬t ❝♦♠♠✐t s✉❝❝❡ss❢✉❧❧②✱ ✇❡ ✉♥❧♦❝❦ t❤❡ ♠✉t❡① ❛♥❞ t❤r♦✇ t❤❡ ✉s✉❛❧

TransactionAbortException✳ ■❢ ✇❡ ❤❛✈❡ ❝♦♠♠✐tt❡❞ s✉❝❝❡ss❢✉❧❧②✱ ✇❡ ❝❛♥

s❛❢❡❧② ✇❛✐t ✭r❡❧❡❛s✐♥❣ ♦✉r ♠✉t❡① ❛t♦♠✐❝❛❧❧②✮✳ ❲❤❡♥ ✇❡✬r❡ ✇♦❦❡♥✱ ✇❡ ❝r❡❛t❡

✶✵❲❤✐❝❤ ❛r❣✉❛❜❧② ❝❛❧❧s ❢♦r ❛ s♣❡❝✐❛❧ t②♣❡ ❛♥♥♦t❛t✐♦♥ ♦♥ ♠❡t❤♦❞s t❤❛t ♠❛② ❝❛❧❧ wait()✱

s♦ t❤❛t ✉s❡rs ❛r❡ ♥♦t ♠✐s❧❡❞ ✐♥t♦ t❤✐♥❦✐♥❣ ❛ ❜❧♦❝❦ ✐s ❛t♦♠✐❝ t❤❛t ♠❛② ✐♥✈♦❦❡ s♦♠❡t❤✐♥❣

t❤❛t ❝❛❧❧s wait()✳
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❛ ♥❡✇ tr❛♥s❛❝t✐♦♥✱ r❡❧❡❛s❡ ♦✉r ♠✉t❡①✱ ❛♥❞ ❝♦♥t✐♥✉❡✳ ❚❤❡ ♠✉t❡① ♣r❡✈❡♥ts

♥♦t✐☞❝❛t✐♦♥ ❢r♦♠ ♦❝❝✉rr✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❝♦♠♠✐t ❛♥❞ t❤❡ ✇❛✐t✳✶✶

■♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❛ ♣r❛❝t✐❝❛❧ s②st❡♠ ✐♥tr♦❞✉❝❡s s♦♠❡ ❞✐✍❝✉❧t✐❡s✳ ❆s ❞❡✲

s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✱ t❤❡ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t ✐s ♣❛ss❡❞ ❛s t❤❡ ☞rst ❛r❣✉♠❡♥t

✇❤❡♥ ❝❛❧❧✐♥❣ ♠❡t❤♦❞s ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥ ❝♦♥t❡①t✳ ❙✐♥❝❡ Object.wait()

❝♦♠♠✐ts t❤❡ ✐♥✐t✐❛❧ tr❛♥s❛❝t✐♦♥ ❛♥❞ ❜❡❣✐♥s ❛ ♥❡✇ ♦♥❡✱ ✇❡ ♠✉st ❡✐t❤❡r ❢❛❝t♦r

♦✉t ❛ ❝♦♥t✐♥✉❛t✐♦♥ ❛❢t❡r t❤❡ ❝❛❧❧ t♦ Object.wait() ✇❤✐❝❤ ❝❛♥ ❜❡ ✐♥✈♦❦❡❞

✇✐t❤ t❤❡ ♥❡✇ tr❛♥s❛❝t✐♦♥ ❛❢t❡r t❤❡ ✇❛✐t ✐s ❝♦♠♣❧❡t❡✱ ♦r ❡❧s❡ ♣r♦✈✐❞❡ ❛ ♠❡❛♥s

t♦ ✉♣❞❛t❡ t❤❡ ❛❝t✐✈❡ tr❛♥s❛❝t✐♦♥ ♣♦✐♥t❡r ❛♥❞ t❤❡ r❡tr② ♣♦✐♥t✳ ❖♥❡ ✇❛② t♦

✉♣❞❛t❡ t❤❡ ❛❝t✐✈❡ tr❛♥s❛❝t✐♦♥ ♣♦✐♥t❡r ✐s t♦ ✉s❡ ✐♥❞✐r❡❝t✐♦♥✿ ✐♥st❡❛❞ ♦❢ ❦❡❡♣✲

✐♥❣ ❛ ❞✐r❡❝t ♣♦✐♥t❡r t♦ t❤❡ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t✱ ✇❡ ❝❛♥ ❦❡❡♣ ❛ ♣♦✐♥t❡r t♦ ❛

❝❡❧❧ ❝♦♥t❛✐♥✐♥❣ t❤❡ ♣♦✐♥t❡r❀ t❤❡ ❝❡❧❧ ❝❛♥ t❤❡♥ ❜❡ ✉♣❞❛t❡❞ t♦ ♣♦✐♥t t♦ t❤❡ ♥❡✇

tr❛♥s❛❝t✐♦♥ ❜② Object.wait()✳ ❆❧t❡r♥❛t✐✈❡❧②✱ ❛♥ ❡①tr❛ r❡t✉r♥ ✈❛❧✉❡ ❝❛♥ ❜❡

❛❞❞❡❞ t♦ ♠❡t❤♦❞s ❝❛❧❧❡❞ ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥✱ s♦ t❤❛t ♠❡t❤♦❞ ❝❛♥ r❡t✉r♥

❛♥ ✉♣❞❛t❡❞ tr❛♥s❛❝t✐♦♥ ♦❜❥❡❝t ❛s ✇❡❧❧ ❛s t❤❡✐r ✉s✉❛❧ r❡t✉r♥ ✈❛❧✉❡✳ ❊✐t❤❡r ♦❢

t❤❡s❡ tr❛♥s❢♦r♠❛t✐♦♥s ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ s❡❧❡❝t✐✈❡❧② t♦ ♦♥❧② t❤♦s❡ ♠❡t❤♦❞s t❤❛t

❝♦✉❧❞ ♣♦ss✐❜❧② ✐♥✈♦❦❡✱ ❞✐r❡❝t❧② ♦r ✐♥❞✐r❡❝t❧②✱ Object.wait()✳ ❚❤❡ ♠♦r❡ ❞✐❢✲

☞❝✉❧t ❝❤❛❧❧❡♥❣❡ ✐s t♦ ✉♣❞❛t❡ t❤❡ ❧♦❝❛t✐♦♥ ❛t ✇❤✐❝❤ ✇❡✬❧❧ r❡s✉♠❡ ❢♦r ❛♥♦t❤❡r

❛tt❡♠♣t ✇❤❡♥ t❤❡ tr❛♥s❛❝t✐♦♥ ✐s ❛❜♦rt❡❞❀ t❤✐s r❡tr② ♣♦✐♥t s❤♦✉❧❞ ❜❡ ✐♠♠❡✲

❞✐❛t❡❧② ❢♦❧❧♦✇✐♥❣ t❤❡ wait()✳ ❚❤❡ r❡tr② ♠❡❝❤❛♥✐s♠ ❜❡❝♦♠❡s ♠✉❝❤ ♠♦r❡

❝♦♠♣❧✐❝❛t❡❞✱ ❛♥❞ s♦♠❡ ♠❡❛♥s t♦ r❡❝♦♥str✉❝t t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝❛❧❧✲st❛❝❦ ✐s

♥❡❝❡ss❛r②✳

❋♦r ❝♦❞❡ ❧✐❦❡ t❤❡ ❡①❛♠♣❧❡ ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✾ t❤❡ ❭❝♦rr❡❝t✧ r❡s✉♠♣t✐♦♥

❜❡❤❛✈✐♦r ✐s ❛❝t✉❛❧❧② ✐❞❡♥t✐❝❛❧ t♦ r❡st❛rt✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥ ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧

st❛rt ♣♦✐♥t ✭✐✳❡✳ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ put() ♦r take() ♠❡t❤♦❞✮✱ ❛ss✉♠✐♥❣

✶✶■♥ t❤❡ ❞r♦♣ ❜♦① ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✹✳✾ t❤❡ st❛♥❞❛r❞ ♠♦♥✐t♦r ❧♦❝❦ ✐s ♣r❡s❡♥t t♦ ♣r❡✈❡♥t

✭❢♦r ❡①❛♠♣❧❡✮ put() ❢r♦♠ s❡tt✐♥❣ empty t♦ ❢❛❧s❡ ❛♥❞ ❞♦✐♥❣ t❤❡ notifyAll() ❛❢t❡r take()

❤❛s s❡❡♥ t❤❛t empty ✐s tr✉❡ ❜✉t ❜❡❢♦r❡ t❤❡ wait() ❤❛s ♦❝❝✉rr❡❞ ✭❤❡♥❝❡ t❤❡ ♥♦t✐☞❝❛t✐♦♥

✇♦✉❧❞ ❜❡ ❧♦st✮✳ ❲✐t❤ t❤❡ tr❛♥s❛❝t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥✱ t❤❡ ❧♦st ♥♦t✐☞❝❛t✐♦♥ ✐s ♣r❡✈❡♥t❡❞

❜❡❝❛✉s❡ put✬s ✇r✐t❡ t♦ empty ✇✐❧❧ ❛❜♦rt t❤❡ take tr❛♥s❛❝t✐♦♥ ✐❢ ✐t ♦❝❝✉rs ❜❡❢♦r❡ take ✐s

❝♦♠♠✐tt❡❞ ✭❝❛✉s✐♥❣ t❤❡ wait() t♦ ❜❡ r❡tr✐❡❞✮✱ ❛♥❞ t❤❡ s♣❡❝✐❛❧ ♠✉t❡① ✇✐❧❧ ♣r❡✈❡♥t t❤❡

♥♦t✐☞❝❛t✐♦♥ ❢r♦♠ ♦❝❝✉rr✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❝♦♠♠✐t ❛♥❞ t❤❡ wait✳
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t❤❛t t❤❡ put() ♦r take() ✐s♥✬t ✐♥ ❛ s✉❜s✉♠❡❞ ♥❡st❡❞ tr❛♥s❛❝t✐♦♥✳ ■t ✐s

♣r♦❜❛❜❧② ✇♦rt❤ ✐❞❡♥t✐❢②✐♥❣ t❤✐s s✐t✉❛t✐♦♥ t❤r♦✉❣❤ ❝♦♠♣✐❧❡✲t✐♠❡ ❛♥❛❧②s✐s✱ ❛s

✐t s✐♠♣❧✐☞❡s t❤❡ r❡s✉♠♣t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥ ❝♦♥s✐❞❡r❛❜❧②✳

■♥ t❤❡ ♣r❡s❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ■ ✐♠♣❧❡♠❡♥t ❝♦rr❡❝t notify s❡♠❛♥t✐❝s✱

❜✉t ■ ❞♦ ♥♦t ❛❧❧♦✇ wait t♦ ❜❡ ❛ ❝♦♠♠✐t ♣♦✐♥t✳ ■♥st❡❛❞ ❋❧❡① t❛❦❡s t❤❡ s♣❡❝✐❛❧

♠✉t❡① ❛♥❞ s❧❡❡♣s ♦♥ t❤❡ ❝♦♥❞✐t✐♦♥ ✈❛r✐❛❜❧❡ ✇✐t❤♦✉t ❛tt❡♠♣t✐♥❣ t♦ ❝♦♠♠✐t

t❤❡ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ r❡s✉♠❡s ❡①❡❝✉t✐♥❣ ✐♥ t❤❡ s❛♠❡ tr❛♥s❛❝t✐♦♥ ✇❤❡♥ ✐t

❛✇❛❦❡s✳ ❚❤✐s ✐s s✉✍❝✐❡♥t ❢♦r t❤❡ ❧✐♠✐t❡❞ ✉s❡s ♦❢ wait ✐♥ t❤❡ ❜❡♥❝❤♠❛r❦s ♦❢

t❤✐s t❤❡s✐s✳

4.5 Additional optimizations

❚❤✐s s❡❝t✐♦♥ ❞✐s❝✉ss❡s s♦♠❡ ❛❞❞✐t✐♦♥❛❧ ♦♣t✐♠✐③❛t✐♦♥s t❤❛t ❝♦✉❧❞ ✐♠♣r♦✈❡

♣❡r❢♦r♠❛♥❝❡ ♦♥ tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡❀ t❤❡② ❤❛✈❡ ♥♦t ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡

♣r❡s❡♥t ❝♦♠♣✐❧❡r✳ ❚❤❡ ✐♠♣r♦✈❡♠❡♥ts ✐♥❝❧✉❞❡ ✈❡rs✐♦♥ ♣❛ss✐♥❣✱ ❡s❝❛♣❡ ❛♥❛❧②✲

s✐s✱ ♦❜❥❡❝t ✐♠♠✉t❛❜✐❧✐t② ❛♥❛❧②s✐s✱ ❛♥❞ ❢❛st ❛❧❧♦❝❛t✐♦♥✳

❆s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✱ t❤❡ ❜❛s✐❝ tr❛♥s❛❝t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥ ✐♥✲

s❡rts ❛ ❝❛❧❧ t♦ ensureReader✴ensureWriter ♦♥❝❡ ♣❡r ♦❜❥❡❝t ♣r✐♦r t♦ ❛

r❡❛❞✴✇r✐t❡ ♦❢ ❛ ☞❡❧❞ ✐♥ t❤❡ ♦❜❥❡❝t✳ ❚❤❡s❡ ♠❡t❤♦❞s r❡t✉r♥ ❛ ✈❡rs✐♦♥ ♦❜✲

❥❡❝t ✭t❤❡ ❭❝✉rr❡♥t ✈❡rs✐♦♥✧✮ ✇❤✐❝❤ ✐s t❤❡♥ ♣❛ss❡❞ t♦ t❤❡ readT✴writeT

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

ensureReader✴ensureWriter ❜② ♣❛ss✐♥❣ t❤❡ ❭❝✉rr❡♥t ✈❡rs✐♦♥✧ ♦❢ t❤❡ ✈❛r✐✲

♦✉s ♣❛r❛♠❡t❡rs ✇❤❡♥ ❛ ♠❡t❤♦❞ ✐s ✐♥✈♦❦❡❞✳ ❆ str✐❝t♥❡ss ❛♥❛❧②s✐s s❤♦✉❧❞ ❜❡

♣❡r❢♦r♠❡❞✱ t♦ ❛✈♦✐❞ ♠❛r❦✐♥❣ ☞❡❧❞s ❛s r❡❛❞✴✇r✐tt❡♥ t❤❛t ❛r❡ ♥♦t ❣✉❛r❛♥t❡❡❞

t♦ ❜❡ r❡❛❞✴✇r✐tt❡♥ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ t❤❡ ❭❝✉rr❡♥t ✈❡rs✐♦♥✧ ❛❞❞❡❞ ❛s

❛♥ ❡①tr❛ ❛r❣✉♠❡♥t ❢♦r t❤❡ str✐❝t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠❡t❤♦❞✳ ❚❤✐s ❛❧❧♦✇s t❤❡

❝❛❧❧❡r t♦ ❝♦♠❜✐♥❡ r❡❞✉♥❞❛♥t ensureReader✴ensureWriter ✐♥✈♦❝❛t✐♦♥s ❢♦r

t❤❡ ❛r❣✉♠❡♥t✳✶✷

✶✷❖♥❡ ❝♦✉❧❞ ❛❧s♦ ❝♦♥s✐❞❡r ❛❞❞✐♥❣ ❭❝✉rr❡♥t ✈❡rs✐♦♥✧ ❛r❣✉♠❡♥ts ❡✈❡♥ ❢♦r ♥♦♥✲str✐❝t ♣❛✲

r❛♠❡t❡rs✱ ✇✐t❤ t❤❡ ❝❛✈❡❛t t❤❛t t❤❡ ❝❛❧❧❡r ♣❛ss ✐♥ ◆❯▲▲ ✐❢ ✐t ❤❛❞ ♥♦t ❛❧r❡❛❞② r❡❛❞✴✇r✐tt❡♥

t❤❡ ♥♦♥✲str✐❝t ♣❛r❛♠❡t❡r✳ ❆❧❧ ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥ ❛ ♠❡t❤♦❞ ♦r t❤❡ ♠❡t❤♦❞✬s ❝❛❧❧❡❡s ✇♦✉❧❞

t❤❡♥ ❜❡ ♣♦t❡♥t✐❛❧❧② ❡❧✐❣✐❜❧❡ ❢♦r ✈❡rs✐♦♥ ♣❛ss✐♥❣✱ ❤♦✇❡✈❡r✳ ❙♦♠❡ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ❤❡✉r✐s✲

✽✵



✹✳✺✳ ❆❉❉■❚■❖◆❆▲ ❖P❚■▼■❩❆❚■❖◆❙

❊s❝❛♣❡ ❛♥❛❧②s✐s ❬✾✼❪ ✐s ❛ st❛♥❞❛r❞ t❡❝❤♥✐q✉❡ t♦ r❡❞✉❝❡ ✉♥♥❡❝❡ss❛r② s②♥✲

❝❤r♦♥✐③❛t✐♦♥ ✐♥ ❏❛✈❛ ♣r♦❣r❛♠s✳ ■♥ ❛ t②♣✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥✱ ♠♦♥✐t♦r ❧♦❝❦s ♦♥

♦❜❥❡❝ts t❤❛t ❞♦ ♥♦t ❡s❝❛♣❡ t❤❡✐r t❤r❡❛❞ ❛r❡ ❡❧✐♠✐♥❛t❡❞❀ t❤❡s❡ ❧♦❝❦ ❡❧✐♠✐✲

♥❛t✐♦♥s ❝❛♥ tr❛♥s❧❛t❡ t♦ tr❛♥s❛❝t✐♦♥ ❡❧✐♠✐♥❛t✐♦♥s ❛s ✇❡❧❧✳ ❋✉rt❤❡r✱ ❡s❝❛♣❡

❛♥❛❧②s✐s ❝❛♥ ✐❞❡♥t✐❢② ✐♥❞✐✈✐❞✉❛❧ ♦❜❥❡❝ts t❤❛t ❞♦ ♥♦t ❡s❝❛♣❡ t❤❡✐r ♠❡t❤♦❞✱

t❤r❡❛❞✱ ♦r ❝❛❧❧ ❝♦♥t❡①t✱ ❛♥❞ r❡♣❧❛❝❡ t❤❡ readT✴writeT ♦r readNT✴writeNT

♣r♦t♦❝♦❧ ✇✐t❤ ❞✐r❡❝t ❛❝❝❡ss✳

❆♥♦t❤❡r ♦rt❤♦❣♦♥❛❧ ❛♥❛❧②s✐s ❝❛♥ ✐❞❡♥t✐❢② ♦❜❥❡❝t ✐♠♠✉t❛❜✐❧✐t② ❬✶✵✸❪✳ ■♠✲

♠✉t❛❜❧❡ ♦❜❥❡❝ts ❝❛♥ ❜❡ r❡❛❞ ❞✐r❡❝t❧② ❛♥❞ t❤❡✐r ☞❡❧❞ ✈❛❧✉❡s ❝❛♥ ❜❡ s❛❢❡❧②

❝❛❝❤❡❞ ❛❝r♦ss tr❛♥s❛❝t✐♦♥ ❜♦✉♥❞❛r✐❡s✳ ❋✉rt❤❡r✱ t❤❡ ✐♥✐t✐❛❧✐③❛t✐♦♥ ♦❢ ✐♠✲

♠✉t❛❜❧❡ ♦❜❥❡❝ts t②♣✐❝❛❧❧② ❝❛♥ ❜❡ ❞♦♥❡ ✇✐t❤ ❞✐r❡❝t ✇r✐t❡s ❛s ✇❡❧❧✳

❋✐♥❛❧❧②✱ ❛ s✉❜st❛♥t✐❛❧ ♣♦rt✐♦♥ ♦❢ t❤❡ ❝♦st ♦❢ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ✐s s♣❡♥t

❛❧❧♦❝❛t✐♥❣ t❤❡ ✈❡rs✐♦♥ ♦❜❥❡❝t✱ ❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ❝♦♥s❡r✈❛t✐✈❡ ❝♦❧❧❡❝t♦r ✉s❡❞ ✐♥

t❤❡ ♣r❡s❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋❛st ❛❧❧♦❝❛t♦rs ❝♦✉❧❞ ❛❧❧❡✈✐❛t❡ t❤✐s ❜♦tt❧❡♥❡❝❦

❬✽❪✳ ❆❧t❡r♥❛t✐✈❡❧②✱ ❛ ❢r❡❡ ❧✐st ♦❢ ✈❡rs✐♦♥s ❝♦✉❧❞ ❜❡ ❤✉♥❣ ❢r♦♠ ♦❜❥❡❝ts ✐♥✈♦❧✈❡❞

✐♥ ♠❛♥② tr❛♥s❛❝t✐♦♥s✿ ❛s s♦♦♥ ❛s ❛ ✈❡rs✐♦♥ ❝♦♠♠✐ts✱ t❤❡ ♣r❡✈✐♦✉s ✈❡rs✐♦♥

❝❛♥ ❜❡ ❛❞❞❡❞ t♦ t❤❡ ❢r❡❡ ❧✐st ❢♦r t❤❡ ✉s❡ ♦❢ t❤❡ ♥❡①t tr❛♥s❛❝t✐♦♥✳

t✐❝ ✇♦✉❧❞ ❜❡ ♥❡❡❞❡❞ t♦ ❞❡t❡r♠✐♥❡ ❢♦r ✇❤✐❝❤ ♦❜❥❡❝ts ✈❡rs✐♦♥ ♣❛ss✐♥❣ ✐s ✇♦rt❤✇❤✐❧❡✳
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❆❧❧ ②♦✉ ♦✇❡ t❤❡ ♣✉❜❧✐❝ ✐s ❛ ❣♦♦❞

♣❡r❢♦r♠❛♥❝❡✳

❍✉♠♣❤r❡② ❇♦❣❛rt

Chapter 5

ApeX performance

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡

❆♣❡❳ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✳ ❙✐♥❝❡ ❆♣❡❳ ❛❞❞s r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s

t♦ ❡✈❡♥ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱ ✇❡ ❜❡❣✐♥ ❜② ❡①❛♠✐♥✐♥❣ ❛ ♠✐❝r♦❜❡♥❝❤♠❛r❦

t♦ ❞✐s❝♦✈❡r t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❧✐♠✐ts ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ tr❛♥s❛❝t✐♦♥s✳ ❲❡ t❤❡♥

♠♦✈❡ ♦♥ t♦ ❢✉❧❧ tr❛♥s❛❝t✐♦♥❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❜❡♥❝❤♠❛r❦s✳ ❲❡ ❢♦r♠✉❧❛t❡ ❛ ❧✐♥❡❛r

♠♦❞❡❧ t♦ ❡①♣❧❛✐♥ ❆♣❡❳ ♦✈❡r❤❡❛❞✱ ❛♥❞ ❞❡s❝r✐❜❡ ❤♦✇ ❛ ♣r♦❣r❛♠♠❡r ❝❛♥ ✉s❡

t❤✐s ♠♦❞❡❧ t♦ ♣r❡❞✐❝t ❛♥❞ ✐♠♣r♦✈❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡✐r ❝♦❞❡ r✉♥♥✐♥❣

✉♥❞❡r ❆♣❡❳✳

❙✐♥❝❡ ♣r❡✈✐♦✉s ✇♦r❦ ❤❛s ❛❞❡q✉❛t❡❧② ❞❡♠♦♥str❛t❡❞ t❤❡ s❝❛❧❛❜✐❧✐t② ❜❡♥❡✲

☞ts ♦❢ ♥♦♥❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ❬✻✱ ✹✵✱ ✹✸✱ ✻✹✱ ✼✸✱ ✽✵✱ ✽✶❪✱ ■ ❝♦♥❝❡♥tr❛t❡

♦♥ s✐♥❣❧❡✲t❤r❡❛❞❡❞ ❡✍❝✐❡♥❝② ♠❡❛s✉r❡s✳ ❆❧❧ ❡①♣❡r✐♠❡♥ts ✐♥ t❤✐s ❝❤❛♣t❡r ✇❡r❡

♣❡r❢♦r♠❡❞ ♦♥ ❛ ✶●❍③ ▼P❈✼✹✹✼ ✭●✹✮ P♦✇❡rP❈ ♣r♦❝❡ss♦r✱ ✇✐t❤ ✺✶✷❦❇ ✉♥✐✲

☞❡❞ ▲✷ ❝❛❝❤❡ ❛♥❞ ✺✶✷▼❇ ♦❢ ♠❛✐♥ ♠❡♠♦r②✱ r✉♥♥✐♥❣ ❯❜✉♥t✉ ✻✳✶✵ ♦♥ ❛ ▲✐♥✉①

✷✳✻✳✶✼ ❦❡r♥❡❧✳ ❚❤❡ ❋❧❡① ❝♦♠♣✐❧❡r ❛♥❞ r✉♥t✐♠❡ s②st❡♠ s♦✉r❝❡s ✇❡r❡ ❢r♦♠ t❤❡

❤❡❛❞ ❈❱❙ r❡✈✐s✐♦♥ ♦♥ ✷✵✵✼✲✵✺✲✷✼✳ ❈ s♦✉r❝❡s ✇❡r❡ ❝♦♠♣✐❧❡❞ ✉s✐♥❣ gcc-3.4✳

❆♣♣❡♥❞✐① ❇ ❝♦♥t❛✐♥s t❤❡ ❢✉❧❧ ❋❧❡① ❝♦♠♠❛♥❞✲❧✐♥❡s ❛♥❞ ❝♦♥☞❣✉r❛t✐♦♥s ✉s❡❞

t♦ ♦❜t❛✐♥ t❤❡ r❡s✉❧ts ✐♥ t❤✐s ❝❤❛♣t❡r✳
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5.1 Performance limits for nontransactional code

❚❤❡ ❆♣❡❳ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ ❞❡♣❡♥❞s ♦♥ t❤❡ ✐♥s❡rt✐♦♥ ♦❢ s✐♠♣❧❡

r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s ✐♥ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ r❡❛❞

❛♥❞ ✇r✐t❡ ❜❛rr✐❡rs ❤❛s ❜❡❡♥ ✇❡❧❧✲st✉❞✐❡❞ ✐♥ t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t✐♦♥ ❝♦♠♠✉✲

♥✐t②✱ ❜✉t ♦✉r ❝❤❡❝❦s ❛r❡ s❧✐❣❤t❧② ❞✐☛❡r❡♥t✿ ✐♥ ♣❛rt✐❝✉❧❛r✱ t❤❡② ❛r❡ ❝❤❡❝❦s ♦♥

t❤❡ ❝♦♥t❡♥ts ♦❢ ❛ ♠❡♠♦r② ❝❡❧❧✱ r❛t❤❡r t❤❛♥ ♦♥ ✐ts ❛❞❞r❡ss✳ ❚❤✉s ♦✉r ❝❤❡❝❦s

✐♥tr♦❞✉❝❡ ❛ ♠♦r❡ ❞✐r❡❝t ❞❡♣❡♥❞❡♥❝② ✇❤✐❝❤ ♠❛② ❛☛❡❝t ♣❡r❢♦r♠❛♥❝❡✳ ❋✉r✲

t❤❡r✱ ♦✉r ✇r✐t❡ ❝❤❡❝❦ ✐♥✈♦❧✈❡s ❛ ▲▲✴❙❈ ✐♥str✉❝t✐♦♥ ♣❛✐r✱ ✇❤✐❝❤ ♠❛② ❜❡❤❛✈❡

❞✐☛❡r❡♥t❧② ❢r♦♠ t❤❡ st❛♥❞❛r❞ ❧♦❛❞s ❛♥❞ st♦r❡s ✉s❡❞ ✐♥ ❜❛rr✐❡rs✳

■♥ t❤✐s s❡❝t✐♦♥ ■ ✉s❡ ❛ s✐♠♣❧❡ ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ t♦ ❡✈❛❧✉❛t❡ t❤❡

❭❜❡st ✇♦rst ❝❛s❡✧ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❆♣❡❳✳ ■t ✐s ❛♥ ✐❞❡❛❧✐③❡❞

❭❜❡st ❝❛s❡✧ ✐♥ t❤❛t ■ ❞♦♥✬t ❜❡♥❝❤♠❛r❦ t❤❡ ❡☛❡❝ts ♦❢ ❭❢❛❧s❡ ✌❛❣s✧ ♦r ♦t❤❡r

❢♦r❛②s ✐♥t♦ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ ♣❛t❤✱ ♥♦r ❞♦ ■ ❛❝❝♦✉♥t ❢♦r ❞♦✉❜❧❡✲✇♦r❞

♦r s✉❜✇♦r❞ ✇r✐t❡s✱ ❝❛❝❤❡ ❡☛❡❝ts ❞✉❡ t♦ ❝♦❞❡ ❞✉♣❧✐❝❛t✐♦♥✱ ♦r ♦t❤❡r ❞❡t❛✐❧s ♦❢

❛ r❡❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ■ ✐♥✈❡st✐❣❛t❡ t❤❡s❡ ❡☛❡❝ts ✇✐t❤ ❢✉❧❧ ❜❡♥❝❤♠❛r❦s ✐♥

❙❡❝t✐♦♥ ✺✳✷✳ ■♥ t❤✐s s❡❝t✐♦♥ ■ ❛❧s♦ ❢r❡❡❧② ❤❛♥❞✲♦♣t✐♠✐③❡ ❞♦✇♥ t♦ t❤❡ ❛ss❡♠❜❧②

❧❡✈❡❧ t♦ ❜❡tt❡r ❞❡t❡r♠✐♥❡ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❡r❢♦r♠❛♥❝❡ ❧✐♠✐ts✳

❚❤❡ t✐❣❤t r❡❛❞✴✇r✐t❡ ❞❡♣❡♥❞❡♥❝② ♠❛❦❡s ❝♦✉♥t❡r ✐♥❝r❡♠❡♥t ❛ ❭✇♦rst

❝❛s❡✧ ❜❡♥❝❤♠❛r❦✱ ❤♦✇❡✈❡r✳ ■♥ ❣❡♥❡r❛❧✱ ♠♦❞❡r♥ ❝♦♠♣✐❧❡rs ❛r❡ ❣♦♦❞ ❛t s❡♣❛✲

r❛t✐♥❣ r❡❛❞s ❢r♦♠ ✇r✐t❡s ✐♥ ❭r❡❛❧✧ ❝♦❞❡ t♦ ♠❛s❦ ❧♦❛❞ ❧❛t❡♥❝②✱ ❜✉t t❤✐s ♣❛r✲

t✐❝✉❧❛r ♠✐❝r♦❜❡♥❝❤♠❛r❦ ❝❛♥♥♦t ❜❡ r❡❛s♦♥❛❜❧② ✉♥r♦❧❧❡❞ t♦ ❛❝❝♦♠♣❧✐s❤ t❤❡

s❡♣❛r❛t✐♦♥✳ ▼② ❝♦♥❝❧✉s✐♦♥s ❛❜♦✉t t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❝♦sts ♦❢ r❡❛❞ ❛♥❞ ✇r✐t❡

❝♦sts s❤♦✉❧❞ t❤✉s ❜❡ t❡♠♣❡r❡❞ ❜② t❤❡ ❦♥♦✇❧❡❞❣❡ t❤❛t s♦♠❡ ♦❢ t❤❡s❡ ❝♦sts

❛r❡ ✐♥ ♣r❛❝t✐❝❡ ♠❛s❦❡❞ ❜② t❤❡ s❛♠❡ st❛♥❞❛r❞ ❝♦♠♣✐❧❡r t❡❝❤♥✐q✉❡s ✉s❡❞ t♦

♠✐t✐❣❛t❡ ♠❡♠♦r②✲❛❝❝❡ss ❧❛t❡♥❝✐❡s✳

❋✐❣✉r❡ ✺✳✶ ♣r❡s❡♥ts t❤❡ ❜❛s✐❝ str✉❝t✉r❡ ♦❢ t❤❡ ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦✳

❚❤❡ read() ❛♥❞ write() ♠❡t❤♦❞s ❤❛✈❡ ❛♣♣r♦♣r✐❛t❡ ❞❡☞♥✐t✐♦♥s ✐♥❧✐♥❡❞ ❢♦r

❡❛❝❤ ✈❛r✐❛♥t ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦✳ ❚❤❡ readerList ❛♥❞ field ☞❡❧❞s ♦❢ t❤❡

struct oobj ❛r❡ ♠❛r❦❡❞ volatile t♦ ♣r❡✈❡♥t t❤❡ ❈ ❝♦♠♣✐❧❡r ❢r♦♠ ♦♣t✐✲

♠✐③✐♥❣ ❛✇❛② t❤❡ ❛❝❝❡ss❡s ✇❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ ❜❡♥❝❤♠❛r❦✐♥❣✳ ❲✐t❤♦✉t t❤❡s❡
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typedef int32_t field_t;

struct oobj {
struct version *version;
struct readerList * volatile readerList;
volatile field_t field[NUM_FIELDS];

};
void do_bench(struct oobj *obj) {
int i;
for (i=0; i<REPETITIONS; i++) {

field_t v = read(obj, 0);
v++;
write(obj, 0, v);

}
}

❋✐❣✉r❡ ✺✳✶✿ ❈♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ t♦ ❡✈❛❧✉❛t❡ r❡❛❞✲ ❛♥❞ ✇r✐t❡✲❝❤❡❝❦ ♦✈❡r✲

❤❡❛❞ ❢♦r ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✳

#if !defined(WITH_READ_CHECKS)

static inline field_t read(struct oobj *obj, int idx) {
field_t val = obj->field[idx];
return val;

}

#else

static inline field_t read(struct oobj *obj, int idx) {
field_t val = obj->field[idx];
if (unlikely(val==FLAG))

return unusualRead(obj,idx);
else return val;

}

#endif

❋✐❣✉r❡ ✺✳✷✿ ❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ r❡❛❞ ❝❤❡❝❦s ❢♦r ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦✳

✽✺
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#if !defined(WITH_WRITE_CHECKS)

static inline void write(struct oobj *obj, int idx, field_t val) {
obj->field[idx] = val;

}

#else

static inline void write(struct oobj *obj, int idx, field_t val) {
if (unlikely(val==FLAG))
unusualWrite(obj,idx,val); // never called

else {
do {
if (unlikely(NULL != LL(&(obj->readerList)))) {
unusualWrite(obj,idx,val); // never called
break;

}
} while (unlikely(!SC(&(obj->field[idx]), val)));

}
}

#endif

❋✐❣✉r❡ ✺✳✸✿ ❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ✇r✐t❡ ❝❤❡❝❦s ❢♦r ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦✳

❞❡❝❧❛r❛t✐♦♥s✱ gcc ✹✳✶✳✷ ♦♣t✐♠✐③❡s ❛✇❛② t❤❡ ❡♥t✐r❡ ❜❡♥❝❤♠❛r❦ ❧♦♦♣ ❛♥❞ r❡✲

♣❧❛❝❡s ✐t ✇✐t❤ ❛ ❞✐r❡❝t ❛❞❞✐t✐♦♥ ♦❢ REPETITIONS✳

❋✐❣✉r❡ ✺✳✷ s❤♦✇s t❤❡ ❜❛s❡❧✐♥❡ read() ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ✇❤✐❝❤ ✐♥❧✐♥❡s t♦

❛ s✐♥❣❧❡ lwz ✐♥str✉❝t✐♦♥ ♦♥ P♦✇❡rP❈✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥

♦❢ t❤❡ r❡❛❞ ❝❤❡❝❦ ♥❡❝❡ss❛r② ❢♦r ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ ✉♥❞❡r ♦✉r tr❛♥s❛❝✲

t✐♦♥ s②st❡♠✳ ❲❡ ✉s❡ t❤❡ unlikely() ♠❛❝r♦✱ ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ t❤❡ gcc

❡①t❡♥s✐♦♥ builtin expect()✱ t♦ ❛♣♣❧② t❤❡ ❛♣♣r♦♣r✐❛t❡ st❛t✐❝ ♣r❡❞✐❝t✐♦♥

❜✐ts ✐♥❞✐❝❛t✐♥❣ t❤❛t FLAG ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ❛♥ ✉♥✉s✉❛❧ ✈❛❧✉❡✳ ■♥ ♦✉r ♠✐✲

❝r♦❜❡♥❝❤♠❛r❦✱ t❤✐s ♣r❡❞✐❝t✐♦♥ ✐s ❛❧✇❛②s ❝♦rr❡❝t✳ ❚❤❡ ❈ ❝♦♠♣✐❧❡r ♠✉st st✐❧❧

s❛✈❡ ✇❤❛t❡✈❡r r❡❣✐st❡rs ❛r❡ ♥❡❝❡ss❛r② t♦ ❛❧❧♦✇ t❤❡ ❝❛❧❧ t♦ unusualRead()✱

❛❧t❤♦✉❣❤ t❤✐s ❢✉♥❝t✐♦♥ ✐s ♥❡✈❡r ❛❝t✉❛❧❧② ❝❛❧❧❡❞ ❞✉r✐♥❣ t❤❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦✳

❚❤❡ unusualRead ❢✉♥❝t✐♦♥ ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ t♦ ♣❡r❢♦r♠ t❤❡ r❡♠❛✐♥❞❡r ♦❢

t❤❡ readNT ❛❧❣♦r✐t❤♠ ❢r♦♠ ❋✐❣✉r❡ ✸✳✽✱ ✐♥❝❧✉❞✐♥❣ ❧♦♦❦✐♥❣ ✉♣ ❛♥❞ ❝♦♣②✐♥❣

❜❛❝❦ t❤❡ ♠♦st r❡❝❡♥t❧②✲❝♦♠♠✐tt❡❞ ✈❛❧✉❡ ❢♦r t❤✐s ☞❡❧❞✳

❋✐❣✉r❡ ✺✳✸ s❤♦✇s t❤❡ ❡q✉✐✈❛❧❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣❛✐rs ❢♦r ❛ ♥♦♥tr❛♥s✲
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❛❝t✐♦♥❛❧ ✇r✐t❡✳ ❚❤❡ ❜❛s✐❝ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥❧✐♥❡s t♦ ❛ s✐♥❣❧❡ stw ✐♥str✉❝✲

t✐♦♥✳ ❚❤❡ ✇r✐t❡✲❝❤❡❝❦ ✈❡rs✐♦♥ ❛t t❤❡ ❜♦tt♦♠ ♠✉st ♣❡r❢♦r♠ t❤r❡❡ t❡sts✳

❋✐rst✱ ✐t ♠✉st ❡♥s✉r❡ t❤❛t t❤❡ ✈❛❧✉❡ t♦ ❜❡ ✇r✐tt❡♥ ✐s ♥♦t FLAG✳ ■❢ ✐t ✐s✱

✇❡ ♠✉st ✉s❡ t❤❡ ❭❢❛❧s❡ ✌❛❣✧ ♠❡❝❤❛♥✐s♠ t♦ ✇r✐t❡ ✐t✱ ♠♦❞❡❧❡❞ ❤❡r❡ ❜② ❛ ❝❛❧❧

t♦ unusualWrite()✳ ❚❤✐s ❝❤❡❝❦ ❝❛♥ ❜❡ ♦♣t✐♠✐③❡❞ ❛✇❛② ✇❤❡♥ ✇r✐t✐♥❣ ❛ ❝♦♥✲

st❛♥t✱✶ ❜✉t t❤❡ volatile ❞❡❝❧❛r❛t✐♦♥s ❡♥s✉r❡ t❤❛t ♦✉r ❜❡♥❝❤♠❛r❦ ❛❧✇❛②s

♣❡r❢♦r♠s t❤❡ ❝❤❡❝❦✳ ❙❡❝♦♥❞✱ ✇❡ ♠✉st ♣❡r❢♦r♠ ❛ ❧♦❛❞✲❧✐♥❦❡❞ ♦❢ t❤❡ ♦❜❥❡❝t✬s

readerList t♦ ❝❤❡❝❦ t❤❛t t❤❡r❡ ❛r❡ ♥♦t ❛♥② ❝✉rr❡♥t tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞❡rs

♦❢ t❤✐s ♦❜❥❡❝t✳ ▲❛st✱ ✇❡ ♣❡r❢♦r♠ ❛ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♦❢ t❤❡ ✈❛❧✉❡ ✇❡ ✇✐s❤ t♦

✇r✐t❡ ❛♥❞ ❝❤❡❝❦ t❤❛t ✐t ✇❛s s✉❝❝❡ss❢✉❧✳ ❯♥❧✐❦❡ t❤❡ ♦t❤❡r t✇♦ t❡sts✱ t❤✐s ❝❤❡❝❦

❢❛✐❧s ♦❝❝❛s✐♦♥❛❧❧②✷ ❞✉r✐♥❣ t❤❡ ❜❡♥❝❤♠❛r❦ r✉♥ ❞✉❡ t♦ ❝♦♥t❡①t s✇✐t❝❤❡s t❤❛t

♠❛② ♦❝❝✉r ❜❡t✇❡❡♥ t❤❡ ❧♦❛❞✲❧✐♥❦❡❞ ❛♥❞ t❤❡ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥str✉❝t✐♦♥s✳

❋✐❣✉r❡ ✺✳✹ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤✐s ❜❡♥❝❤♠❛r❦ ♦♥ t❤❡ P♦✇❡rP❈

❤❛r❞✇❛r❡ ❢✉❧❧② ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✺✳ ❘❡❛❞ ❝❤❡❝❦s✱ ❡✈❡♥ ✐♥ t❤✐s ✇♦rst

❝❛s❡ ✇❤❡r❡ t❤❡ ✈❛❧✉❡ r❡❛❞ ✐s ❞❡♠❛♥❞❡❞ ✐♠♠❡❞✐❛t❡❧②✱ ♦♥❧② ❛❞❞ ✶✹✪ ♦✈❡r✲

❤❡❛❞✳ ❲r✐t❡ ❝❤❡❝❦s ❛r❡ ♠♦r❡ ❝♦st❧②✱ ❞✉❡ t♦ t❤❡ ❧♦❛❞✲❧✐♥❦❡❞ ❛♥❞ st♦r❡✲

❝♦♥❞✐t✐♦♥❛❧ ♣❛✐r✳ ❙♣❡❝✐☞❝❛❧❧②✱ t❤❡② ❛❞❞ ✷✵✵✪ ♦✈❡r❤❡❛❞ t♦ t❤❡ ❜❡♥❝❤♠❛r❦✳

❈♦♠❜✐♥✐♥❣ r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s ②✐❡❧❞s t❤❡ ❡①♣❡❝t❡❞ ✷✶✹✪ ♦✈❡r❤❡❛❞✱ ❛s

♦✉r ♠✐❝r♦❜❡♥❝❤♠❛r❦ ✇❛s ❝❛r❡❢✉❧❧② ❝♦♥str✉❝t❡❞ t♦ ❛✈♦✐❞ t❤❡ ♦♣♣♦rt✉♥✐t✐❡s

❢♦r ✐♥str✉❝t✐♦♥✲❧❡✈❡❧ ♣❛r❛❧❧❡❧✐s♠ ♦♥❡ ♠✐❣❤t ❡①♣❡❝t ✐♥ r❡❛❧✲✇♦r❧❞ ❛♣♣❧✐❝❛t✐♦♥s✳

❚❤❡ ❜❛s❡ ❜❡♥❝❤♠❛r❦ ♣❡r❢♦r♠s 109 r❡❛❞s ❛♥❞ 109 ✇r✐t❡s ✐♥ ❛♥ ❡❧❛♣s❡❞

t✐♠❡ ♦❢ ✼✳✵✻ s❡❝♦♥❞s✳ ❖✉r r❡❛❞ ✭✇r✐t❡✮ r❛t❡ ✐s t❤✉s 142× 106 r❡❛❞s ✭✇r✐t❡s✮

♣❡r s❡❝♦♥❞✳ ❘❡❛❞ ❝❤❡❝❦s ❝♦st ✶✳✵ ♥s✴r❡❛❞✱ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s ❝♦st ✶✹✳✶

♥s✴✇r✐t❡✳ ❲❡ ❝❛♥ ♣r❡❞✐❝t t❤❡ ♦✈❡r❤❡❛❞ ❢r❛❝t✐♦♥ o ❢♦r ❛♥ ❛r❜✐tr❛r② ♣r♦❣r❛♠

✇✐t❤ t❤❡ ❧✐♥❡❛r ❡q✉❛t✐♦♥✿

o = (1.0 × 109)r + (14.1 × 109)w ✭✺✳✶✮

✶❍❡♥♥❡ss② ❛♥❞ P❛tt❡rs♦♥ ✐♥❞✐❝❛t❡ t❤❛t ✸✺✪ ♦❢ ✐♥t❡❣❡r ✐♥str✉❝t✐♦♥s ✉s❡ ❛♥ ✐♠♠❡❞✐❛t❡

♦♣❡r❛♥❞ ❬✹✻✱ ♣✳ ✼✽❪✳ ❚❤❡✐r ♠❡t❤♦❞♦❧♦❣② ❞♦❡s ♥♦t ❛❧❧♦✇ ❜r❡❛❦✐♥❣ ♦✉t t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢

st♦r❡s s♣❡❝✐☞❝❛❧❧②✳
✷❊①♣❡r✐♠❡♥t❛❧❧②✱ ❛❜♦✉t ✸✱✻✵✵ t✐♠❡s ✐♥ t❤❡ ✶ ❜✐❧❧✐♦♥ r❡♣❡t✐t✐♦♥s ♦❢ t❤❡ ✇r✐t❡ ❞✉r✐♥❣ t❤❡

❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦✳
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None Read Write Read and Write
Checks Added
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e

C Implementation
Optimized Write
Fully Optimized

Read/Write Check Overheads
Counter Microbenchmark

1.00
1.14

2.86
3.00

3.14
2.99

2.43

❋✐❣✉r❡ ✺✳✹✿ ❚✐♠❡ ♦✈❡r❤❡❛❞ ♦❢ r❡❛❞ ❝❤❡❝❦s✱ ✇r✐t❡ ❝❤❡❝❦s✱ ❛♥❞ ❜♦t❤ r❡❛❞ ❛♥❞

✇r✐t❡ ❝❤❡❝❦s ❢♦r ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱ ✐♥ ❜♦t❤ ❛ ♣✉r❡ ❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥

❛♥❞ ♦♣t✐♠✐③❡❞ ❛ss❡♠❜❧②✳
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✇❤❡r❡ r ✭w✮ ✐s t❤❡ r❡❛❞ ✭✇r✐t❡✮ r❛t❡✳

❊①❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❛ss❡♠❜❧② ❝♦❞❡ ❣❡♥❡r❛t❡❞ ❢♦r t❤✐s s✐♠♣❧❡ ❜❡♥❝❤♠❛r❦

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

♠❡❝❤❛♥✐s♠ ♦❢ gcc✴❈ ♣r♦✈✐❞❡s ♥♦ ✐♥❤❡r❡♥t s✉♣♣♦rt ❢♦r ✐♥str✉❝t✐♦♥s ❧✐❦❡ t❤❡

P♦✇❡rP❈✬s ❭st♦r❡✲❝♦♥❞✐t✐♦♥❛❧✧ ✭stwcx.✮ t❤❛t ❧❡❛✈❡ t❤❡✐r r❡s✉❧ts ✐♥ ❛ ❝♦♥❞✐✲

t✐♦♥ ❝♦❞❡ r❡❣✐st❡r✳ ❋✐❣✉r❡ ✺✳✺ s❤♦✇s t❤❡ ❛ss❡♠❜❧② ❡♠✐tt❡❞ ❢♦r t❤❡ ✇r✐t❡✲❝❤❡❝❦

✈❡rs✐♦♥ ♦❢ t❤❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦✱ ✇✐t❤ t❤❡ ❝✉♠❜❡rs♦♠❡ ♠❡❝❤❛♥✐s♠ r❡q✉✐r❡❞

t♦ ♠♦✈❡ t❤❡ ❝♦♥❞✐t✐♦♥ ❝♦❞❡ t♦ ❛ r❡❣✐st❡r s♦ t❤❛t ✐t ❝❛♥ t❤❡♥ ❜❡ r❡t❡st❡❞✳

❲❡ ❝❛♥ ❡❛s✐❧② ❤❛♥❞✲❝♦❞❡ ❛ ❜❡tt❡r ✇r✐t❡✲❝❤❡❝❦ ♠❡❝❤❛♥✐s♠✱ s❤♦✇♥ ✐♥ t❤❡

r✐❣❤t✲❤❛♥❞ ❝♦❧✉♠♥ ♦❢ t❤❡ ☞❣✉r❡✳✸ ❚❤❡ ♦♣t✐♠✐③❡❞ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ t❡st r❡✲

❞✉❝❡s ✇r✐t❡✲❝❤❡❝❦ ♦✈❡r❤❡❛❞ t♦ ✶✽✻✪ ✭✶✸✳✶ ♥s✴✇r✐t❡✮ ❛♥❞ ❝♦♠❜✐♥❡❞ r❡❛❞✲ ❛♥❞

✇r✐t❡✲❝❤❡❝❦ ♦✈❡r❤❡❛❞ t♦ ✶✾✾✪✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✹✳

❋✉rt❤❡r ♣❡r❢♦r♠❛♥❝❡ ✐♠♣r♦✈❡♠❡♥t ✐s ♣♦ss✐❜❧❡ ❜② ♦♣t✐♠✐③✐♥❣ t❤❡ ❜❡♥❝❤✲

♠❛r❦ ✇✐t❤ ❜♦t❤ r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s ❛s ❛ ✇❤♦❧❡✳ ❋✐❣✉r❡ ✺✳✻ s❤♦✇s ❛♥

♦♣t✐♠✐③❡❞ ❛ss❡♠❜❧② ✈❡rs✐♦♥ ♦❢ ♦✉r do bench() ❢✉♥❝t✐♦♥✳ ■✬✈❡ ♣r✐♠❛r✐❧②

r❡s❝❤❡❞✉❧❡❞ t❤❡ ❝♦❞❡ ❤❡r❡ t♦ s❡♣❛r❛t❡ ❞❡♣❡♥❞❡♥t ✐♥str✉❝t✐♦♥s ❛s ♠✉❝❤ ❛s

♣♦ss✐❜❧❡✱ ❜✉t ■✬✈❡ ❛❧s♦ ❡♥s✉r❡❞ r❡♣❡❛t❛❜❧❡ ✐♥str✉❝t✐♦♥ ❝❛❝❤❡ ❛❧✐❣♥♠❡♥t✱✹ r❡✲

♣❧❛❝❡❞ ♦✉r ❝❛♥♦♥✐❝❛❧ FLAG ✈❛❧✉❡ ✇✐t❤ 0xFFFFCACA✱ ✇❤✐❝❤ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞

❜② t❤❡ P♦✇❡rP❈✬s ✶✻✲❜✐t s✐❣♥❡❞ ✐♠♠❡❞✐❛t❡ ✐♥str✉❝t✐♦♥ ☞❡❧❞ ✭❡❧✐♠✐♥❛t✐♥❣ t❤❡

♥❡❡❞ ❢♦r ❛ r❡❣✐st❡r✮✱ ❛♥❞ ❝♦♠❜✐♥❡❞ t❤❡ ✌❛❣ ❝❤❡❝❦s ✐♥ t❤❡ r❡❛❞ ❛♥❞ ✇r✐t❡

r♦✉t✐♥❡s ❜② ♠❛s❦✐♥❣ ❛♥❞ ❝♦♠♣❛r✐♥❣ ❛❣❛✐♥st 0xFFFFCACB✳✺ ❚❤❡ r❡❛❞✲❛♥❞✲

✇r✐t❡ ❝❤❡❝❦ ♦✈❡r❤❡❛❞ ✐s ✐♠♣r♦✈❡❞ t♦ ✶✹✸✪ ✇✐t❤ t❤❡s❡ ♦♣t✐♠✐③❛t✐♦♥s✳ ❚❤❡

r❡♠❛✐♥✐♥❣ ♦✈❡r❤❡❛❞ ✐s ❞✉❡ ♠♦st❧② t♦ t❤❡ ✐rr❡❞✉❝✐❜❧❡ ❞❡♣❡♥❞❡♥❝② ❜❡t✇❡❡♥

✸❚❤✐s ✈❡rs✐♦♥ ❤❛s ❛ st✉❜ ✇❤❡r❡ ❛ ❢✉♥❝t✐♦♥ ❝❛❧❧ t♦ unusualWrite ✇♦✉❧❞ ✉s✉❛❧❧② ❣♦❀

t❤❡ ❝♦rr❡❝t ❝♦❞❡ ❤❡r❡ ✇♦✉❧❞ ❜r❛♥❝❤ t♦ ❛ s♠❛❧❧ t❤✉♥❦ t❤❛t ♣❡r❢♦r♠s t❤❡ ❢r❛♠❡ ♦♣❡r❛t✐♦♥s

❛♥❞ r❡❣✐st❡r s❛✈❡s ♥❡❝❡ss❛r② t♦ ❛❞❤❡r❡ t♦ t❤❡ ❈ ❝❛❧❧✐♥❣ ❝♦♥✈❡♥t✐♦♥❀ gcc ♠❛❦❡s ✐t ❞✐✍❝✉❧t

t♦ ❡♥s✉r❡ t❤❛t t❤✐s t❤✉♥❦ ✐s ❭♥❡❛r ❡♥♦✉❣❤✧ ❢♦r ❛ ❞✐r❡❝t ❜r❛♥❝❤ ✭✇✐t❤✐♥ ❛ ✷✹✲❜✐t s✐❣♥❡❞

❞✐s♣❧❛❝❡♠❡♥t✮ ✇✐t❤♦✉t ❞✉♣❧✐❝❛t✐♥❣ ✐t ♥❡❡❞❧❡ss❧②✳
✹❚❤❡ ▼P❈✼✹✹✼ ✭●✹✮ P♦✇❡rP❈ ❤❛s ❛ ✸✷✲❜②t❡ ❝❛❝❤❡ ❧✐♥❡✱ ❛❧t❤♦✉❣❤ ❢❡t❝❤❡s ♦❝❝✉r ✐♥

✶✻✲❜②t❡ ✭✹ ✐♥str✉❝t✐♦♥✮ ❝❤✉♥❦s✳
✺❆❣❛✐♥✱ t❤❡ ❜r❛♥❝❤❡s t♦ unusualRead() ❛♥❞ unusualWrite() ❛r❡ ❞✐✍❝✉❧t t♦ ❡①♣r❡ss

✐♥ t❤✐s ❤②❜r✐❞ ♦❢ ❈ ❛♥❞ ❛ss❡♠❜❧②✱ ❜✉t s♠❛❧❧ st✉❜s ✇♦✉❧❞ ❜❡ ✇r✐tt❡♥ t♦ s❛✈❡ r❡❣✐st❡rs ❛♥❞

♣❡r❢♦r♠ ❛ ❜r❛♥❝❤ ✇✐t❤ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝❛❧❧✐♥❣ ❝♦♥✈❡♥t✐♦♥s✳
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do_bench: do_bench:
mflr 0 mflr 0
stwu 1,-16(1) stwu 1,-16(1)
lis 5,0x3b9a addi 10,3,8
li 8,0 addi 11,3,4
ori 5,5,51712 stw 0,20(1)
addi 6,3,4 lis 0,0x3b9a
addi 7,3,8 ori 0,0,51712
stw 0,20(1) mtctr 0
b .L4 b .L4

.L22:
mr 10,6
mr 11,7 ✳▲✺✿

✳▲✺✿ ✵✿

❧✇❛r① ✵✱✵✱✶✵ ❧✇❛r① ✵✱✵✱✶✶

❝♠♣✇✐ ✼✱✵✱✵ ❝♠♣✇✐ ✵✱✵

❜♥❡✲ ✼✱✳▲✶✾ ❜❡q✰ ✶❢

st✇❝①✳ ✾✱✵✱✶✶ ❜ ✳ ★ st✉❜ ❢♦r ✉♥✉s✉❛❧❲r✐t❡ ❜r❛♥❝❤

❧✐ ✵✱✵ ✶✿st✇❝①✳ ✾✱✵✱✶✵

❜♥❡✲ ✵❢ ❜♥❡ ✵❜

❧✐ ✵✱✶

✵✿ ❜❞③ ✳▲✶✹

❝♠♣✇✐ ✼✱✵✱✵

❜❡q✲ ✼✱✳▲✺

❛❞❞✐ ✽✱✽✱✶

❝♠♣✇ ✼✱✽✱✺

❜❡q✲ ✼✱✳▲✷✶

.L4: .L4:
lwz 9,8(3) lwz 9,8(3)
cmpwi 7,9,-13623 cmpwi 7,9,-13623
addi 9,9,1 addi 9,9,1
bne+ 7,.L22 bne+ 7,.L5

.L21: .L14:
lwz 0,8(3) lwz 0,8(3)

xoris 9,0,0xc465
cmpw 7,0,8 cmpwi 7,9,-13824
bne- 7,.L23 bne 7,.L15
lwz 0,20(1) lwz 0,20(1)
addi 1,1,16 addi 1,1,16
mtlr 0 mtlr 0
blr blr

❋✐❣✉r❡ ✺✳✺✿ P♦✇❡rP❈ ❛ss❡♠❜❧② ❢♦r ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ ✇✐t❤ ✇r✐t❡

❝❤❡❝❦s✳ ❚❤❡ r✐❣❤t✲❤❛♥❞ ❝♦❧✉♠♥ ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ❈ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

❚❤❡ ❧❡❢t✲❤❛♥❞ ❝♦❧✉♠♥ ❤❛s ❛♥ ♦♣t✐♠✐③❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ✇r✐t❡ ❝❤❡❝❦ ✐♥❧✐♥❡❞

✐♥t♦ t❤❡ ❝♦❞❡ ✉s✐♥❣ t❤❡ asm ❦❡②✇♦r❞✳ ■t❛❧✐❝✐③❡❞ ❝♦❞❡ ✐s ❡ss❡♥t✐❛❧❧② ✉♥✲

❝❤❛♥❣❡❞✳ ❚❤❡ ♦♣t✐♠✐③❡❞ s❡❝t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❜♦❧❞❢❛❝❡✳

✾✵
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# repetition count is in the count register to start
b 0f
.balign 32 # align to 32-byte cache-line boundary
nop
nop
nop
nop
nop
nop

0: lwarx 5,0,0
lwz 6, 0(9)

1: ori 8, 6, 3
addi 7, 6, 1
cmpwi 1, 5,0
cmpwi 2, 8, 0xFFFFCACB
bne- 1, 0b # stub: unusualWrite
beq- 2, 0b # stub: unusualRead or unusualWrite
stwcx. 7,0,9
lwarx 5,0,0
lwz 6, 0(9)
bne- 0, 1b
bdnz 1b

❋✐❣✉r❡ ✺✳✻✿ ❖♣t✐♠✐③❡❞ P♦✇❡rP❈ ❛ss❡♠❜❧② ❢♦r ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ ✇✐t❤

❜♦t❤ r❡❛❞ ❛♥❞ ✇r✐t❡ ❝❤❡❝❦s✳

t❤❡ ❧♦❛❞✲❧✐♥❦❡❞ ❛♥❞ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥str✉❝t✐♦♥s✳

❍❡♥♥❡ss② ❛♥❞ P❛tt❡rs♦♥✬s ♠❡❛s✉r❡♠❡♥ts ✐♥❞✐❝❛t❡ t❤❛t ❧♦❛❞ ❛♥❞ st♦r❡ ✐♥✲

str✉❝t✐♦♥s ❝♦♠♣r✐s❡ r❡s♣❡❝t✐✈❡❧② ✷✻✪ ❛♥❞ ✾✪ ♦❢ ❞②♥❛♠✐❝ ✐♥str✉❝t✐♦♥ ❝♦✉♥ts

✐♥ ❙P❊❈✐♥t✾✷ ♦♥ ❛ ❘■❙❈ ♠✐❝r♦❛r❝❤✐t❡❝t✉r❡ ✭❉▲❳✮ ❬✹✻✱ ♣✳ ✶✵✺❪✳ ❆s ❛

r♦✉❣❤ ❡st✐♠❛t❡✱ ✉s✐♥❣ ❞②♥❛♠✐❝ ✐♥str✉❝t✐♦♥ ❝♦✉♥t ❛s ❛ ♣r♦①② ❢♦r ✐♥str✉❝✲

t✐♦♥ t✐♠❡✱ t❤❡ ✶✹✪ r❡❛❞ ♦✈❡r❤❡❛❞ ❛♥❞ ✶✽✻✪ ✇r✐t❡ ♦✈❡r❤❡❛❞ ♠❡❛s✉r❡❞ ✐♥

t❤✐s ♠✐❝r♦❜❡♥❝❤♠❛r❦ t❤✉s tr❛♥s❧❛t❡ ✐♥t♦ ✷✵✪ ♥❡t ♦✈❡r❤❡❛❞ ❢♦r ♥♦♥tr❛♥s❛❝✲

t✐♦♥❛❧ ❝♦❞❡✳✻ ■❢ ✇❡ ❝♦♥s❡r✈❛t✐✈❡❧② ❛ss✉♠❡ t❤❛t ♠♦st ♦❢ t❤❡ ✐♠♣r♦✈❡♠❡♥t

✐♥ ❋✐❣✉r❡ ✺✳✻✬s ♦♣t✐♠✐③❡❞ ❝❤❡❝❦s s❤♦✉❧❞ ❜❡ ❝r❡❞✐t❡❞ t♦ r❡❞✉❝❡❞ ✇r✐t❡✲❝❤❡❝❦

♦✈❡r❤❡❛❞✱ ❣✐✈✐♥❣ t❤❡ s❛♠❡ ✶✹✪ r❡❛❞ ♦✈❡r❤❡❛❞ ❜✉t ♦♥❧② ✶✷✾✪ ✇r✐t❡ ♦✈❡r✲

❤❡❛❞✱ t❤❡ s❛♠❡ ♠❡tr✐❝ ❣✐✈❡s ♦♥❧② ✶✺✪ ♥❡t ♦✈❡r❤❡❛❞✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳✼✳

❚❤✐s ☞❣✉r❡ s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛ r♦✉❣❤ ❧♦✇❡r ❜♦✉♥❞ ❢♦r t❤❡ t✐♠❡ ♦✈❡r❤❡❛❞✱

♣♦ss✐❜❧❡ ✇✐t❤ ❛❣❣r❡ss✐✈❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ s❝❤❡❞✉❧✐♥❣✳✼

✻
0.65 + (1.14 × 0.26) + (2.86 × 0.09) = 1.20

✼❚❤✐s ❝❛❧❝✉❧❛t✐♦♥ ❝♦♠❜✐♥❡s ♦✈❡r✲ ❛♥❞ ✉♥❞❡r❡st✐♠❛t✐♦♥✱ ♠❛❦✐♥❣ t❤✐s ♥✉♠❜❡r ♦♥❧② ❛

✾✶
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Unmodified With Checks
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Check Overhead
as part of total instruction mix

❋✐❣✉r❡ ✺✳✼✿ ❈❤❡❝❦ ♦✈❡r❤❡❛❞ ❛s ♣❡r❝❡♥t❛❣❡ ♦❢ t♦t❛❧ ❞②♥❛♠✐❝ ✐♥str✉❝t✐♦♥

❝♦✉♥t✳ ❚❤❡ ❜❛r ♦♥ t❤❡ ❧❡❢t ✐s t❤❡ ❉▲❳ ✐♥str✉❝t✐♦♥ ♠✐① ❢♦r ❙P❊❈✐♥t✾✷ ❢r♦♠

❬✹✻✱ ♣✳✶✵✺❪✳ ❖♥ t❤❡ r✐❣❤t ✐s t❤❡ s❛♠❡ ✐♥str✉❝t✐♦♥ ♠✐① ❛❢t❡r s❝❛❧✐♥❣ t❤❡ ❧♦❛❞s

❛♥❞ st♦r❡s ❛❝❝♦r❞✐♥❣ t♦ ❋✐❣✉r❡ ✺✳✹✳

✾✷
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5.2 Full application benchmarks

■♥ t❤✐s s❡❝t✐♦♥ ■ ❡✈❛❧✉❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❆♣❡❳ ✐♠♣❧❡♠❡♥t❛t✐♦♥

♦♥ ❢✉❧❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ ❧✐♠✐t❛t✐♦♥s ♥♦t❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✹ ❝♦✉♥s❡❧ t❤❛t t❤❡

♥✉♠❜❡rs ■ ♦❜t❛✐♥ ♦✉❣❤t t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❣✉✐❞❡❧✐♥❡s t♦ ♣♦t❡♥t✐❛❧ ♣❡r❢♦r♠❛♥❝❡✱

♥♦t ❢✉♥❞❛♠❡♥t❛❧ ❧✐♠✐ts✳

■ ❡①❛♠✐♥❡ t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡✱ ❛ ❝♦❧❧❡❝t✐♦♥ ♦❢ ♣r❛❝t✐❝❛❧

❏❛✈❛ ♣r♦❣r❛♠s ✐♥❝❧✉❞✐♥❣ ❛♥ ❡①♣❡rt s②st❡♠✱ ❛ s✐♠♣❧❡ ❞❛t❛❜❛s❡✱ ❛ ❏❛✈❛ ❝♦♠✲

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

♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✶✳ ❋✐❣✉r❡ ✸✳✶ ❧✐sts t❤❡ ✼

❜❡♥❝❤♠❛r❦s ✐♥ ❙P❊❈❥✈♠✾✽✳ ❆s ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ✇❡ ✉s❡ t❤❡ s✐♥❣❧❡✲

t❤r❡❛❞❡❞ 205 raytrace ❜❡♥❝❤♠❛r❦ ✐♥ t❤❡ ♣❧❛❝❡ ♦❢ ✐ts ♠✉❧t✐t❤r❡❛❞❡❞ ✈❛r✐❛♥t

227 mtrt✳ ❲❡ ♦♠✐t t❤❡ 201 compress ❜❡♥❝❤♠❛r❦ s✐♥❝❡ ❛ ♣♦♦r ✐♥t❡r❛❝✲

t✐♦♥ ✇✐t❤ t❤❡ ❜❧❛❝❦❧✐st ♠❡❝❤❛♥✐s♠ ♦❢ t❤❡ ❇♦❡❤♠✲❉❡♠❡rs✲❲❡✐s❡r ❝♦♥s❡r✈❛✲

t✐✈❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r ❝❛✉s❡s t❤❡ ❧❛r❣❡ ❛rr❛② ✐t ❛❧❧♦❝❛t❡s t♦ ❜❡ ❧❡❛❦❡❞✳ ❘✉♥s

♦❢ 201 compress ❛r❡ ❞✐st♦rt❡❞ ❜② t❤❡ r❡s✉❧t✐♥❣ ❧❛r❣❡ ♠❡♠♦r② ✇♦r❦✐♥❣ s❡t✳

❚♦ ❝❧❛r✐❢② t❤❡ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ❜❛s❡❧✐♥❡ ❢♦r ❛❧❧ ❝♦♠♣❛r✐s♦♥s ✇✐❧❧ ❜❡

❛ ✈❡rs✐♦♥ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s ❝♦♠♣✐❧❡❞ ✇✐t❤ t❤❡ s❛♠❡ ♠❡t❤♦❞ ❝❧♦♥✐♥❣ ❛♥❞

❞❡s✉❣❛r✐♥❣ ✭❙❡❝t✐♦♥ ✹✳✷✮ t❤❛t ✐s ❞♦♥❡ ❢♦r t❤❡ tr❛♥s❛❝t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥✳ ■♥

❛❞❞✐t✐♦♥ t♦ t❤❡ ❢✉❧❧ ❭✶✵✵✪✧ ✐♥♣✉t ❢♦r ❡❛❝❤ ❜❡♥❝❤♠❛r❦✱ ❙P❊❈❥✈♠✾✽ ❞❡☞♥❡s

t✇♦ s♠❛❧❧❡r ✐♥♣✉ts✱ s✐③❡❞ t♦ r♦✉❣❤❧② ❝♦rr❡s♣♦♥❞ t♦ ✶✪ ❛♥❞ ✶✵✪ ♦❢ t❤❡ r✉♥✲

t✐♠❡ ♦❢ t❤❡ ❢✉❧❧ ❜❡♥❝❤♠❛r❦✳ ❯♥❧❡ss ♦t❤❡r✇✐s❡ s♣❡❝✐☞❡❞✱ ❛❧❧ ❜❡♥❝❤♠❛r❦s ✇❡r❡

r✉♥ ♦♥ t❤❡ ❢✉❧❧ ❭✶✵✵✪✧ ✐♥♣✉t✳

5.2.1 Nontransactional check overhead

■♥ ❙❡❝t✐♦♥ ✺✳✶ ■ ❡①❛♠✐♥❡❞ ❛ s✐♠♣❧❡ ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ t♦ ❞✐s❝♦✈❡r t❤❡

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

r♦✉❣❤ ❜♦✉♥❞✳ ❚❤❡ ✉s❡ ♦❢ ❞②♥❛♠✐❝ ✐♥str✉❝t✐♦♥ ❝♦✉♥t✱ r❛t❤❡r t❤❛♥ ❞②♥❛♠✐❝ ✐♥str✉❝t✐♦♥

t✐♠❡✱ ❧✐❦❡❧② ✉♥❞❡r❡st✐♠❛t❡s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❧♦❛❞s ❛♥❞ st♦r❡s t♦ t❤❡ r✉♥ t✐♠❡✳ ❙❝❤❡❞✉❧✲

✐♥❣✱ ♣r❡❢❡t❝❤✐♥❣✱ ❛♥❞ st♦r❡ ❜✉☛❡rs ❝❛♥ ♣✐♣❡❧✐♥❡ t❤❡ ❝♦st ♦❢ t❤❡ ❧♦❛❞s ❛♥❞ st♦r❡s✱ ❤♦✇❡✈❡r✱

✇❤✐❝❤ ♠✐❣❤t ❝❛✉s❡ ♦✉r ♦✈❡r❤❡❛❞ ❡st✐♠❛t❡ t♦ ❡①❝❡❡❞ t❤❡ ❛❝t✉❛❧ ❝♦st✳

✾✸
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❋✐❣✉r❡ ✺✳✽✿ ◆♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝❤❡❝❦ ♦✈❡r❤❡❛❞ ❢♦r ❙P❊❈❥✈♠✾✽✳ ❆❧❧ ❜❡♥❝❤✲

♠❛r❦s ❛r❡ ❝♦♠♣✐❧❡❞ ✇✐t❤ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥s ✐♥ ❙❡❝t✐♦♥ ✹✳✷ ✭♠❡t❤♦❞ ❝❧♦♥✐♥❣✱

❞❡s✉❣❛r✐♥❣✮ ❛♥❞ ❛❧❧ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐s r❡♠♦✈❡❞✳ ❚❤❡ ❧❡❢t ❜❛r ✐♥ ❡❛❝❤ ❣r♦✉♣

♣❡r❢♦r♠s ❞✐r❡❝t ☞❡❧❞ ❛❝❝❡ss✳ ❚❤❡ ♠✐❞❞❧❡ ❜❛r ♣❡r❢♦r♠s ❛❧❧ r❡❛❞s ✇✐t❤ ❧♦❛❞✲

❧✐♥❦❡❞✱ ❛♥❞ ♣❡r❢♦r♠s ❛❧❧ ✇r✐t❡s ✇✐t❤ ❛ ❧♦❛❞✲❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ♣❛✐r✳

❚❤❡ r✐❣❤t ❜❛r ❤❛s ❛❧❧ r❡❛❞s ❛♥❞ ✇r✐t❡s tr❛♥s❢♦r♠❡❞ ✉s✐♥❣ t❤❡ readNT ❛♥❞

writeNT ♣r♦t♦❝♦❧s✳ ❚❤❡ ❧✐♥❡ ❣r❛♣❤ ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ s❤♦✇s t❤❡ ✇r✐t❡ r❛t❡

✭st♦r❡s ♣❡r❢♦r♠❡❞ ❞✐✈✐❞❡❞ ❜② ❜❛s❡ r✉♥t✐♠❡✮ ❢♦r ❡❛❝❤ ❜❡♥❝❤♠❛r❦✳
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❋✐❣✉r❡ ✺✳✶✵✿ ❆❝t✉❛❧ ✭s♦❧✐❞✮ ✈❡rs✉s ♣r❡❞✐❝t❡❞ ✭str✐♣❡❞✮ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝❤❡❝❦

♦✈❡r❤❡❛❞ ❢♦r ❙P❊❈❥✈♠✾✽✳ ▼❡❛s✉r❡♠❡♥t ♠❡t❤♦❞♦❧♦❣② ✐s ✐❞❡♥t✐❝❛❧ t♦ ❋✐❣✲

✉r❡ ✺✳✽✳ ❖✈❡r❤❡❛❞ ✐s ♣r❡❞✐❝t❡❞ ❛s ✷✳✹ ♥s ♣❡r r❡❛❞✱ ❛♥❞ ✻✸✳✺ ♥s ♣❡r ✇r✐t❡✳

❇❡♥❝❤♠❛r❦ r❡❛❞s ❢❛❧s❡ ✌❛❣s r❡❛❞ ✇r✐t❡s ❢❛❧s❡ ✌❛❣s ✇r✐tt❡♥

❥❡ss ✷✺✱✺✽✸✱✽✼✽ ✵ ✭✵✪✮ ✼✵✸✱✸✵✸ ✵ ✭✵✪✮

r❛②tr❛❝❡ ✷✺✱✹✸✾✱✸✼✻ ✵ ✭✵✪✮ ✸✱✻✵✺✱✹✻✸ ✵ ✭✵✪✮

❞❜ ✶✶✱✵✼✽✱✶✼✼ ✵ ✭✵✪✮ ✾✶✷✱✾✻✺ ✵ ✭✵✪✮

❥❛✈❛❝ ✶✵✱✸✶✺ ✵ ✭✵✪✮ ✷✱✸✶✷ ✵ ✭✵✪✮

♠♣❡❣❛✉❞✐♦ ✷✸✾✱✾✷✽✱✷✼✻ ✷✱✵✺✻ ✭<✵✳✵✵✶✪✮ ✹✷✱✶✻✹✱✹✶✻ ✾✱✶✸✷ ✭✳✵✷✪✮

❥❛❝❦ ✾✱✽✽✷✱✽✹✻ ✵ ✭✵✪✮ ✹✱✺✾✺✱✼✼✹ ✵ ✭✵✪✮

❋✐❣✉r❡ ✺✳✶✶✿ ◆✉♠❜❡r ♦❢ ❢❛❧s❡ ✌❛❣s r❡❛❞✴✇r✐tt❡♥ ✐♥ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦s✳

❚♦ ❝♦♠♣✐❧❡ t❤✐s t❛❜❧❡ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ✇❡r❡ r✉♥ ✇✐t❤ t❤❡ ✶✵✪ ✐♥♣✉t s✐③❡✳

✾✻
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❝♦sts ♦❢ str♦♥❣ ❛t♦♠✐❝✐t②✿ t❤❡ ♣❡♥❛❧t② ✇❡ ♠✉st ♣❛② ❡✈❡♥ ✐❢ ✇❡ ❛r❡ ♥♦t ✉s✐♥❣

tr❛♥s❛❝t✐♦♥s ❛t ❛❧❧✳✽ ❋✐❣✉r❡ ✺✳✽ s❤♦✇s ❡q✉✐✈❛❧❡♥t ♠❡❛s✉r❡♠❡♥ts ♦♥ ❢✉❧❧ ❏❛✈❛

❛♣♣❧✐❝❛t✐♦♥s✳ ❋❧❡① ❤❛s r❡♠♦✈❡❞ ❛❧❧ t❤❡ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐♥ t❤❡s❡ ❜❡♥❝❤♠❛r❦s

✭s❛❢❡ ❜❡❝❛✉s❡ t❤❡② ❛r❡ s✐♥❣❧❡✲t❤r❡❛❞❡❞✮ ❧❡❛✈✐♥❣ ♦♥❧② t❤❡ ❝♦sts ♦❢ t❤❡ r❡❛❞ ❛♥❞

✇r✐t❡ ❝❤❡❝❦s r❡q✉✐r❡❞ ❜② t❤❡ tr❛♥s❛❝t✐♦♥ ♣r♦t♦❝♦❧s✳

■♥ t❤❡ ☞❣✉r❡✱ t❤❡ r✐❣❤t♠♦st ❜❛r ✐♥ ❡❛❝❤ ❣r♦✉♣ s❤♦✇s t❤❡ ❝♦sts ♦❢ ♣❡r✲

❢♦r♠✐♥❣ t❤❡ readNT ❛♥❞ writeNT ♣r♦t♦❝♦❧s ♦♥ ❡✈❡r② r❡❛❞ ❛♥❞ ✇r✐t❡ ✐♥ t❤❡

❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡ ❡❛r❧✐❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ ❤✐♥t❡❞ t❤❛t ✇❡ ♠✐❣❤t ♦❜t❛✐♥ ♥♦♥✲

tr❛♥s❛❝t✐♦♥❛❧ ♦✈❡r❤❡❛❞s ❛s ❧♦✇ ❛s ✶✺✪✲✷✵✪✳ ■♥ ❢❛❝t✱ ✇❡ s❡❡ ❛ ✶✾✪ ♦✈❡r❤❡❛❞

♦♥ t❤❡ 209 db ❜❡♥❝❤♠❛r❦✱ ❛❧t❤♦✉❣❤ t❤❡ ♦t❤❡r ❜❡♥❝❤♠❛r❦s s❤♦✇ t❤❛t ❛♥

♦✈❡r❤❡❛❞ ♦❢ ✹✵✪④✺✵✪ ✐s ♠♦r❡ t②♣✐❝❛❧✳

❚❤❡ ♠✐❞❞❧❡ ❜❛r ✐♥ t❤❡ ☞❣✉r❡ s❤♦✇s t❤❡ ♦✈❡r❤❡❛❞ ✐♥❝✉rr❡❞ ❜② s✐♠♣❧②

r❡♣❧❛❝✐♥❣ t❤❡ ❧♦❛❞s ❛♥❞ st♦r❡s ✇✐t❤ ❧♦❛❞✲❧✐♥❦❡❞ ❛♥❞ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥✲

str✉❝t✐♦♥s✱ ❛s ♦✉r ♣r♦t♦❝♦❧ ♠✉st ❞♦✳ ❚❤❡ P♦✇❡rP❈ ●✹ ✐s ♥♦t ♦♣t✐♠✐③❡❞

❢♦r ❢r❡q✉❡♥t ❭s②♥❝❤r♦♥✐③❛t✐♦♥✧ ✐♥str✉❝t✐♦♥s s✉❝❤ ❛s ❧♦❛❞✲❧✐♥❦❡❞ ❛♥❞ st♦r❡✲

❝♦♥❞✐t✐♦♥❛❧✱ ❛♥❞ st♦r❡ ❜✉☛❡rs ❛♥❞ ♦t❤❡r ❛r❝❤✐t❡❝t✉r❛❧ ❢❡❛t✉r❡s ❛r❡ ❜②♣❛ss❡❞

❢♦r t❤❡✐r ❡①❡❝✉t✐♦♥✳ ❋♦r ♠♦st ❛♣♣❧✐❝❛t✐♦♥s✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐♠♣❛❝t ✐s ♥♦t

s✐❣♥✐☞❝❛♥t✳ ❆♣♣❧✐❝❛t✐♦♥s ✇✐t❤ ❧❛r❣❡ ✇r✐t❡ r❛t❡s✱ s✉❝❤ ❛s mpegaudio✱ ❛r❡

❛☛❡❝t❡❞ t♦ ❛ ❣r❡❛t❡r ❞❡❣r❡❡✳

❚❤❡ ❧✐♥❡ ❣r❛♣❤ ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❋✐❣✉r❡ ✺✳✽ s❤♦✇s t❤❡ ✇r✐t❡ r❛t❡

❢♦r ❡❛❝❤ ❜❡♥❝❤♠❛r❦✳ ❘❡❛❞ ❛♥❞ ✇r✐t❡ r❛t❡s ❢♦r t❤❡ ❜❡♥❝❤♠❛r❦ ❛r❡ s❤♦✇♥ ✐♥

♠♦r❡ ❞❡t❛✐❧ ✐♥ ❋✐❣✉r❡ ✺✳✾✳ ❲r✐t❡ r❛t❡ ✐s ❛ ❣♦♦❞ ♣r❡❞✐❝t♦r ❢♦r ♦✈❡r❛❧❧ ❝❤❡❝❦

♦✈❡r❤❡❛❞✳ ❚❤❡ ❧❛r❣❡st ♠❡❛s✉r❡❞ ♦✈❡r❤❡❛❞✱ ✷✹✾✪✱ ❝♦♠❡s ❢r♦♠ ❛ mpegaudio✱

✇❤✐❝❤ ❤❛s ❛ ✇r✐t❡ r❛t❡ ✹ t✐♠❡s ❛s ❧❛r❣❡ ❛s ❛♥② ♦t❤❡r ❜❡♥❝❤♠❛r❦✳

❯s✐♥❣ t❤❡ ♠❡❛s✉r❡❞ ❜❡♥❝❤♠❛r❦ ♣❡r❢♦r♠❛♥❝❡✱ ✇❡ ❝❛♥ ❝♦♠♣✉t❡ ❛ ♠✐♥✐✲

♠✉♠ ♥♦r♠ s♦❧✉t✐♦♥ t♦ t❤❡ ❧✐♥❡❛r ❡q✉❛t✐♦♥

oNT = krNT
rNT + kwNT

wNT ✭✺✳✷✮

✇❤❡r❡ oNT ✐s t❤❡ ♦✈❡r❤❡❛❞ ❢r❛❝t✐♦♥ ❞✉❡ t♦ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝❤❡❝❦s✱ r ❛♥❞ w

✽❆❧t❤♦✉❣❤✱ ♦❢ ❝♦✉rs❡✱ ✐♥ ♣r❛❝t✐❝❡ ♦♥❡ ✇♦✉❧❞ t✉r♥ ♦☛ t❤❡ tr❛♥s❛❝t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥

❝♦♠♣❧❡t❡❧② ✐❢ st❛t✐❝ ♦r ❞②♥❛♠✐❝ ❛♥❛❧②s✐s ✐♥❞✐❝❛t❡❞ ❛ ♣r♦❣r❛♠ ✐s s✐♥❣❧❡✲t❤r❡❛❞❡❞✱ ❢♦r ❡①❛♠✲

♣❧❡ ✐❢ ♥♦ Thread ♦❜❥❡❝ts ❛r❡ ❡✈❡r② ❝r❡❛t❡❞✳
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❛r❡ ✭♥♦♥tr❛♥s❛❝t✐♦♥❛❧✮ r❡❛❞ ❛♥❞ ✇r✐t❡ r❛t❡s✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ krNT
❛♥❞ kwNT

❛r❡ t❤❡ ✉♥❦♥♦✇♥ ❝♦❡✍❝✐❡♥ts✳ ❚❤❡ s♦❧✉t✐♦♥ ②✐❡❧❞s ♦✈❡r❤❡❛❞ ❝♦♥tr✐❜✉t✐♦♥s✿

krNT
= 2.4 ♥s/r❡❛❞

kwNT
= 63.5 ♥s/✇r✐t❡

❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ 1.0 ♥s/r❡❛❞ ❛♥❞ 13.1 ♥s/✇r✐t❡ ♦✈❡r❤❡❛❞s

♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❝❤❡❝❦s ✇❡ ✇r♦t❡ ❢♦r t❤❡ ❝♦✉♥t❡r ♠✐❝r♦❜❡♥❝❤♠❛r❦ ♦❢ ❙❡❝✲

t✐♦♥ ✺✳✶✳ ❚❤❡ ❆♣❡❳ ❝❤❡❝❦ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s s❧♦✇❡r t❤❛♥ t❤❡ ❤❛♥❞✲t✉♥❡❞

❛ss❡♠❜❧② ❝♦❞❡✳

❈❧♦s❡ ✐♥s♣❡❝t✐♦♥ ♦❢ t❤❡ ❛ss❡♠❜❧② ❝♦❞❡ ❡♠✐tt❡❞ ❜② t❤❡ ❈ ❝♦♠♣✐❧❡r ❢♦r

t❤❡s❡ ❜❡♥❝❤♠❛r❦s ✐♥❞✐❝❛t❡s t❤❛t✱ ❛s ✐♥ t❤❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦ ♦❢ ❙❡❝t✐♦♥ ✺✳✶✱

❝♦♠♣✐❧❡r ❧✐♠✐t❛t✐♦♥s ❛❝❝♦✉♥t ❢♦r s♦♠❡ ♦❢ t❤❡ ❞✐☛❡r❡♥❝❡✳ ■t ✐s ❤❛r❞ t♦ ♦❜t❛✐♥

♠❛①✐♠✉♠ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤ ❛ ❈ ❜❛❝❦❡♥❞ ✭s✉❝❤ ❛s ✉s❡❞ ❜② ❋❧❡①✮ ❞✉❡ t♦

❡①♣r❡ss✐✈❡ ❧✐♠✐ts✱ ❛♥❞ t❤❡ ❡♠✐tt❡❞ ❛ss❡♠❜❧② ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❝♦♠♣✐❧❡r ✐s

♥♦t ♦♣t✐♠❛❧❧② ❛❝t✐♥❣ ♦♥ t❤❡ ❤✐♥ts ✇❡ ❝❛♥ ❣✐✈❡ ✐t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❡ ✇❛♥t

❛s ❧✐tt❧❡ ❡①tr❛♥❡♦✉s ❝♦❞❡ ❛s ♣♦ss✐❜❧❡ ♦♥ t❤❡ ❢❛st ♣❛t❤ t❤r♦✉❣❤ t❤❡ ❝♦♠♠♦♥

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

❛r❡ ♥❡❝❡ss❛r② ♦♥❧② ✐♥ ✉♥✉s✉❛❧ ❝❛s❡s✳ ❋✉rt❤❡r✱ ❜❡❝❛✉s❡ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❧♦❛❞✲

❧✐♥❦❡❞ ❛♥❞ st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✐♥str✉❝t✐♦♥s ❛r❡ ✐♥s✐❞❡ ✐♥❧✐♥❡ ❛ss❡♠❜❧② ❜❧♦❝❦s

❛♥❞ t❤✉s ♦♣❛q✉❡ t♦ t❤❡ gcc-3.4 ❜❛❝❦❡♥❞ ❝♦♠♣✐❧❡r✱ ♠❛♥② ♦♣♣♦rt✉♥✐t✐❡s ❢♦r

❝♦❞❡ ♠♦t✐♦♥ ❛♥❞ s❝❤❡❞✉❧✐♥❣ ❛r❡ ❜❡✐♥❣ ♠✐ss❡❞✳

❙❧♦✇❡r ❝❤❡❝❦s ❛r❡ ❛❧s♦ ♣❛rt✐❛❧❧② t❤❡ r❡s✉❧t ♦❢ s✉❜✇♦r❞ ❛♥❞ ♠✉❧t✐✇♦r❞ ❛❝✲

❝❡ss❡s ✐♥ t❤❡ ❢✉❧❧ ❜❡♥❝❤♠❛r❦s✱ ✇❤✐❝❤ ❛r❡ ♥♦t ♣r❡s❡♥t ✐♥ ♦✉r ♠✐❝r♦❜❡♥❝❤♠❛r❦✳

❚❤❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥s ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s ♠✉st st✐❧❧ ♣r♦♣❡r❧②

❤❛♥❞❧❡ ❢❛❧s❡ ✌❛❣ ✈❛❧✉❡s✳ ❋✐❣✉r❡ ✺✳✶✶ s❤♦✇s t❤❛t ❢❛❧s❡ ✌❛❣s ❛r❡ ♥♦t ❛ s✐❣♥✐☞✲

❝❛♥t ♣❡r❝❡♥t❛❣❡ ♦❢ ✈❛❧✉❡s r❡❛❞ ♦r ✇r✐tt❡♥✱ ❛♥❞ t❤✉s ♥♦t ❛ ♠❛❥♦r ❝♦♥tr✐❜✉t✐♦♥

t♦ ♦✈❡r❤❡❛❞✳

❋✐❣✉r❡ ✺✳✶✵ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♣r❡❞✐❝t❡❞ ❜② ❊q✉❛t✐♦♥ ✺✳✷ ♦✈❡r❧❛✐❞

♦♥ ❛❝t✉❛❧ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ jess ❜❡♥❝❤♠❛r❦ ❤❛s ✸✾✪ ❤✐❣❤❡r ♦✈❡r❤❡❛❞ t❤❛♥

raytrace✱ ❛❧t❤♦✉❣❤ ✐ts ✇r✐t❡ r❛t❡ ✐s ♦♥❧② ✾✪ ❤✐❣❤❡r✳ ❙✐♠✐❧❛r❧②✱ db ❤❛s ❛ ✻✹✪

❧♦✇❡r ✇r✐t❡ r❛t❡ t❤❛♥ raytrace ❜✉t ❛ ✼✻✪ ❧♦✇❡r ♦✈❡r❤❡❛❞✳ ❚❤❡ r❡❛❞ r❛t❡s
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❢♦r t❤❡s❡ t❤r❡❡ ❜❡♥❝❤♠❛r❦s ❛r❡ t♦♦ s✐♠✐❧❛r t♦ ❡①♣❧❛✐♥ t❤❡ ❞✐☛❡r❡♥❝❡✳ ❚❤❡

♦✈❡r❤❡❛❞ ♥♦♥❧✐♥❡❛r✐t② ❝❛♥✬t ❜❡ ❝❛♣t✉r❡❞ ❜② t❤❡ ❧✐♥❡❛r ♠♦❞❡❧✳ ❋✉rt❤❡r♠♦r❡✱

❛❝t✉❛❧ ♣❡r❢♦r♠❛♥❝❡ ✐s ❛☛❡❝t❡❞ ❜② ✉♥♠♦❞❡❧❡❞ ❢❛❝t♦rs s✉❝❤ ❛s t❤❡ ♣r♦❣r❛♠s✬

r❡❛❞ ❛♥❞ ✇r✐t❡ ❞❡♣❡♥❞❡♥❝✐❡s✳ ❚❤❡ jess ❜❡♥❝❤♠❛r❦ ❝♦♥t❛✐♥s t✐❣❤t ❞❡♣❡♥✲

❞❡♥❝✐❡s ✇❤✐❝❤ ♠❛❦❡ ✐ts ♦✈❡r❤❡❛❞ ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ❛ s♠❛❧❧ ✐♥❝r❡❛s❡ ✐♥ ✇r✐t❡

r❛t❡✱ ✇❤✐❧❡ db ❤❛s ❧♦♦s❡ ❞❡♣❡♥❞❡♥❝✐❡s t❤❛t ❧♦✇❡r ✐ts ♦✈❡r❤❡❛❞✳ ◆❡✈❡rt❤❡❧❡ss✱

t❤❡ ♠♦❞❡❧ ♠❛t❝❤❡s ❛❝t✉❛❧ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤✐♥ ✶✹✪ ❢♦r ❛❧❧ ❜❡♥❝❤♠❛r❦s✳

5.2.2 Transaction overhead

❋✐❣✉r❡ ✺✳✶✷ ♣r❡s❡♥ts t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥s ♦❢ t❤❡

❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦s✳ ❆s ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱ t❤❡ ❧❡❢t♠♦st ❜❛r r❡♣r❡s❡♥ts t❤❡

♦r✐❣✐♥❛❧ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ ♥❡①t t✇♦ ❜❛rs r❡♣r❡s❡♥t ✈❡rs✐♦♥s ♦❢ t❤❡ ❜❡♥❝❤✲

♠❛r❦s ❝♦♠♣✐❧❡❞ ✇✐t❤ ♦♥❧② ♣❛rt ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥ ❡♥❛❜❧❡❞✳

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

♠♦st s♦❧✐❞ ❜❛r s❤♦✇s t❤❡ ♦✈❡r❤❡❛❞ ♦❢ t❤❡ ❢✉❧❧ tr❛♥s❛❝t✐☞❡❞ ❜❡♥❝❤♠❛r❦✳ ❚❤❡

☞♥❛❧✱ str✐♣❡❞✱ ❜❛r s❤♦✇s ♣r❡❞✐❝t❡❞ ♦✈❡r❤❡❛❞ ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ ❜r♦❦❡♥ ❞♦✇♥

❜② s♦✉r❝❡✳

❚❤❡ s❡❝♦♥❞ ❜❛r ✐♥ ❋✐❣✉r❡ ✺✳✶✷ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ tr❛♥s❛❝t✐✲

☞❡❞ ❜❡♥❝❤♠❛r❦ ❛❢t❡r ❛❧❧ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛t✐♦♥s ❤❛✈❡ ❜❡❡♥

r❡♣❧❛❝❡❞ ❜② ❞✐r❡❝t r❡❛❞s ❛♥❞ ✇r✐t❡s✳ ❲❡ ❧❛❜❡❧ t❤✐s t❤❡ ❭♥♦ ❝❤❡❝❦✧ ✈❛r✐❛♥t✳

❋♦✉r ❝❤❛♥❣❡s t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ r❡♠❛✐♥✿ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞s ❛r❡ ❝r❡❛t❡❞

❛t t❤❡ st❛rt ♦❢ ❡✈❡r② ❛t♦♠✐❝ r❡❣✐♦♥✱ ♠❡t❤♦❞ ❝❛❧❧s ✐♥s✐❞❡ tr❛♥s❛❝t✐♦♥s ❛r❡

tr❛♥s❢♦r♠❡❞ t♦ ♣❛ss t❤❡ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ ❛♥❞ t♦ ❝❤❡❝❦ ❢♦r ❛❜♦rt ♦♥ ❛♥

❡①❝❡♣t✐♦♥❛❧ r❡t✉r♥✱ ♠❡t❤♦❞ ❝❧♦♥✐♥❣ ♦❝❝✉rs t♦ s❡♣❛r❛t❡ tr❛♥s❛❝t✐♦♥❛❧ ❢r♦♠

♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡✱ ❛♥❞ ❛ ❢❡✇ ❧✐✈❡ ✈❛r✐❛❜❧❡s ❛r❡ ♣❛ss❡❞ ❛r♦✉♥❞ ✐♥s✐❞❡ t❤❡

♠❡t❤♦❞ ❜♦❞②✱ ✐♥❝r❡❛s✐♥❣ r❡❣✐st❡r ♣r❡ss✉r❡✳

❚❤❡ tr❛♥s❛❝t✐♦♥ r❛t❡ ✐s t❤❡ ❧❛r❣❡st ❝♦♥tr✐❜✉t♦r t♦ ♦✈❡r❤❡❛❞ ❢♦r t❤❡ ❭♥♦

❝❤❡❝❦✧ ✈❛r✐❛♥t✳ ❚❤❡ ♥✉♠❜❡r ♦❢ tr❛♥s❛❝t✐♦♥❛❧ ♠❡t❤♦❞ ❝❛❧❧s ✐s ❛ s❡❝♦♥❞❛r②

❢❛❝t♦r✳ ❈r❡❛t✐♦♥ ♦❢ ❛ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ ❛t t❤❡ st❛rt ♦❢ ❡✈❡r② ❛t♦♠✐❝ r❡❣✐♦♥

❝❛♥ ❜❡ ❛ ❝♦♥s✐❞❡r❛❜❧❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♦✈❡r❤❡❛❞ ✐❢ t❤❡ ♥✉♠❜❡r ♦❢ tr❛♥s❛❝t✐♦♥s

✾✾
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Base
No checks
Nontransactional nonarray
Transactional nonarray
Nontransactional array
Transactional array

3.16

1.59

6.81

4.55
4.27

7.89
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Measured Predicted performance

❋✐❣✉r❡ ✺✳✶✷✿ ❚r❛♥s❛❝t✐♦♥ ♦✈❡r❤❡❛❞ ❢♦r ❙P❊❈❥✈♠✾✽✳ ❚❤❡ ❧❡❢t♠♦st ❭❇❛s❡✧ ❜❛r

✐s ❝♦♠♣✐❧❡❞ ✇✐t❤ ♠❡t❤♦❞ ❝❧♦♥✐♥❣ ❛♥❞ ❞❡s✉❣❛r✐♥❣✱ ❛❧❧ tr❛♥s❛❝t✐♦♥s r❡♠♦✈❡❞✱

❛♥❞ ❞✐r❡❝t r❡❛❞s ❛♥❞ ✇r✐t❡s✳ ❚❤❡ ❭◆♦ ❝❤❡❝❦s✧ ❜❛r tr❛♥s❢♦r♠s ♠❡t❤♦❞s✱ ❝r❡✲

❛t❡s ❝♦♠♠✐t r❡❝♦r❞s ❛t t❤❡ st❛rt ♦❢ ❡❛❝❤ tr❛♥s❛❝t✐♦♥✱ ❛♥❞ ❝❤❡❝❦s ❢♦r ❛❜♦rt

❛❢t❡r ❡✈❡r② ❝❛❧❧✱ ❜✉t ✉s❡s ❞✐r❡❝t ❧♦❛❞s ❛♥❞ st♦r❡s ❢♦r ❛❧❧ ❛❝❝❡ss❡s✳ ❚❤❡ ❭❚r❛♥s✲

❛❝t✐♦♥❛❧ ✭♥♦♥❛rr❛②✮✧ ❜❛r ✐s ❢✉❧❧② tr❛♥s❛❝t✐♦♥❛❧ ❢♦r ♦❜❥❡❝t ❛❝❝❡ss❡s✱ ❜✉t ✉s❡s

❞✐r❡❝t ❧♦❛❞s ❛♥❞ st♦r❡s ❢♦r r❡❛❞s ❛♥❞ ✇r✐t❡s ♦❢ ❛rr❛②s✳ ❚❤❡ ❭❚r❛♥s❛❝t✐♦♥❛❧✧

❜❛r ✐s ❢✉❧❧② tr❛♥s❛❝t✐♦♥❛❧✳ ❚❤❡ str✐♣❡❞ ☞♥❛❧ ❜❛r s❤♦✇s ♣r❡❞✐❝t❡❞ ♣❡r❢♦r♠❛♥❝❡

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

✶✵✵
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✐s ❧❛r❣❡✳ ❚❤❡ ❭♥♦ ❝❤❡❝❦✧ ❝♦♥tr✐❜✉t✐♦♥ ✐s ♠♦❞❡❧❡❞ ❛s ❢♦❧❧♦✇s✿

ot = ktt + kcT
cT ✭✺✳✸✮

✇❤❡r❡ ot ✐s t❤❡ ♦✈❡r❤❡❛❞ ❢r❛❝t✐♦♥ ❞✉❡ t♦ t❤✐s ♣♦rt✐♦♥ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥

tr❛♥s❢♦r♠❛t✐♦♥✱ t ✐s t❤❡ tr❛♥s❛❝t✐♦♥ r❛t❡✱ cT ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♠❡t❤♦❞ ❝❛❧❧s

✇❤✐❝❤ ❛r❡ ✐♥s✐❞❡ tr❛♥s❛❝t✐♦♥s✱ ❛♥❞ kt ❛♥❞ kcT
❛r❡ ✉♥❦♥♦✇♥ ❝♦♥st❛♥ts✳ ❚❤❡

❧❡❛st sq✉❛r❡s s♦❧✉t✐♦♥ ✐s✿

kt = 855 ♥s/tr❛♥s❛❝t✐♦♥

kcT
= 18.2 ♥s/♠❡t❤♦❞ ❝❛❧❧ ✇✐t❤✐♥ tr❛♥s❛❝t✐♦♥

❚❤❡ ❤✐❣❤ ✈❛❧✉❡ ❢♦r kt r❡♣r❡s❡♥ts t❤❡ ❤✐❣❤ ❝♦st ♦❢ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ✉♥❞❡r

t❤❡ ❇♦❡❤♠✲❉❡♠❡rs✲❲❡✐s❡r ❝♦♥s❡r✈❛t✐✈❡ ❝♦❧❧❡❝t♦r✳ ■♥ ❋✐❣✉r❡ ✺✳✶✷ t❤❡ r❡❞

str✐♣❡❞ ❝♦♠♣♦♥❡♥t r❡♣r❡s❡♥ts ot✱ ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✺✳✸✳ ❚❤❡

♣r❡❞✐❝t✐♦♥ tr❛❝❦s t❤❡ ❛❝t✉❛❧ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ✭r❡❞ s♦❧✐❞ ❜❛rs✮ ✇✐t❤✐♥ ✷✶✪ ♦❢

t❤❡ ❛❝t✉❛❧ ♦✈❡r❤❡❛❞ ✭✐❣♥♦r✐♥❣ raytrace ❛♥❞ mpegaudio✱ ✇❤❡r❡ ot ✐s ✇✐t❤✐♥

t❤❡ ♠❡❛s✉r❡♠❡♥t ♥♦✐s❡✮✳

■ ❝❛♥ ✉s❡ ❊q✉❛t✐♦♥ ✺✳✷ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ t♦ ❝♦♠♣✉t❡ t❤❡ ♦✈❡r❤❡❛❞

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

❛♥❞ ❧✐❣❤t ❜❧✉❡ str✐♣❡❞ ♣♦rt✐♦♥s ♦❢ t❤❡ ♣r❡❞✐❝t❡❞ ♦✈❡r❤❡❛❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✷ r❡♣✲

r❡s❡♥t oNT✱ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❊q✉❛t✐♦♥ ✺✳✷ ❢r♦♠ t❤❡ r❛t❡ ♦❢ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

r❡❛❞s ❛♥❞ ✇r✐t❡s ❛♥❞ t❤❡ ♣r❡✈✐♦✉s❧② ❝♦♠♣✉t❡❞ krNT
❛♥❞ kwNT

✈❛❧✉❡s✳

❚❤❡ ☞♥❛❧ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♦✈❡r❤❡❛❞ ✐s ❢r♦♠ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛♥❞

✇r✐t❡ ♣r♦t♦❝♦❧s ♦♥ ❛❝❝❡ss❡s ♦❝❝✉rr✐♥❣ ✐♥s✐❞❡ tr❛♥s❛❝t✐♦♥s✳ ▼♦❞❡❧✐♥❣ t❤✐s

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

❛❝t✐♦♥❛❧ r❡❛❞ ❝♦st ❞❡♣❡♥❞s ♦♥ ✇❤❡t❤❡r t❤❡ ♦❜❥❡❝t ✐♥✈♦❧✈❡❞ ✇❛s ♣r❡✈✐♦✉s❧②

✇r✐tt❡♥ ✐♥s✐❞❡ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❚r❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡ ❝♦st ❞❡♣❡♥❞s ♦♥ ✇❤❡t❤❡r

t❤✐s ✐s t❤❡ ☞rst t✐♠❡ t❤✐s ♣❛rt✐❝✉❧❛r ♦❜❥❡❝t ❤❛s ❜❡❡♥ ✇r✐tt❡♥ ✐♥s✐❞❡ ❛ tr❛♥s❛❝✲

t✐♦♥✱ ❛♥❞ ✐❢ s♦✱ ♦♥ t❤❡ s✐③❡ ♦❢ t❤❡ ♦❜❥❡❝t✳ ❇♦t❤ r❡❛❞ ❛♥❞ ✇r✐t❡ ❝♦sts ❛r❡ ❛❧s♦

❛☛❡❝t❡❞ ❜② t❤❡ ❡☛❡❝t✐✈❡♥❡ss ♦❢ ❝❤❡❝❦ ❤♦✐st✐♥❣ ❛♥❞ ❝♦❛❧❡s❝✐♥❣ ✭❙❡❝t✐♦♥ ✹✳✷✳✷✮✳

❚❤❡ ♠♦❞❡❧ ■ ✉s❡ ❢♦r tr❛♥s❛❝t✐♦♥❛❧ ❛❝❝❡ss ❝♦sts ❞✐st✐♥❣✉✐s❤❡s virgin writes

✭virgin reads✮✱ ✇❤✐❝❤ ❛r❡ ✇r✐t❡s ✭r❡❛❞s✮ t♦ ❛♥ ♦❜❥❡❝t ✇❤✐❝❤ ❤❛s ♥♦t ♣r❡✈✐✲

♦✉s❧② ❜❡❡♥ ✇r✐tt❡♥ t♦ ✭r❡❛❞ ❢r♦♠✮ ✐♥ t❤❡ ❝✉rr❡♥t tr❛♥s❛❝t✐♦♥✳ ❚❤❡s❡ ❛❝❝❡ss❡s

✶✵✶



❈❍❆P❚❊❘ ✺✿ ❆P❊❳ P❊❘❋❖❘▼❆◆❈❊

✐♥✈♦❧✈❡ tr❛♥s❛❝t✐♦♥ ❜♦♦❦❦❡❡♣✐♥❣ ✇❤✐❝❤ ✐s ♥♦t r❡q✉✐r❡❞ ❢♦r s✉❜s❡q✉❡♥t ❛❝✲

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

♠♦❞❡❧ t❤❡ ❝♦sts ♦❢ ❝r❡❛t✐♥❣ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝❧♦♥❡✳ ❚❤❡ r❡s✉❧t✐♥❣ ♠♦❞❡❧ ✐s✿

oT = kwv
wv + kwswvsv + krv

rv + krT
rT ✭✺✳✹✮

✇❤❡r❡ oT ✐s t❤❡ ♦✈❡r❤❡❛❞ ❢r❛❝t✐♦♥ ❞✉❡ t♦ tr❛♥s❛❝t✐♦♥❛❧ ❛❝❝❡ss❡s✱ wv ✐s t❤❡

✭tr❛♥s❛❝t✐♦♥❛❧✮ ✈✐r❣✐♥ ✇r✐t❡ r❛t❡✱ sv ✐s t❤❡ ❛✈❡r❛❣❡ s✐③❡ ♦❢ ❛♥ ♦❜❥❡❝t t❛r❣❡t❡❞

❜② ❛ ✈✐r❣✐♥ ✇r✐t❡✱ rv ✐s t❤❡ ✭tr❛♥s❛❝t✐♦♥❛❧✮ ✈✐r❣✐♥ r❡❛❞ r❛t❡✱ rT ✐s t❤❡ tr❛♥s❛❝✲

t✐♦♥❛❧ r❡❛❞ r❛t❡✱ ❛♥❞ kwv
✱ kws✱ krv

✱ ❛♥❞ krT
❛r❡ ✉♥❦♥♦✇♥ ❝♦♥st❛♥ts✳ ❙♦❧✈✐♥❣

❢♦r t❤❡ ❝♦♥st❛♥ts ②✐❡❧❞s✿

kwv
= 680 ♥s/✈✐r❣✐♥ ✇r✐t❡

kws = 85 ♥s/❜②t❡ t❛r❣❡t❡❞ ❜② ❛ ✈✐r❣✐♥ ✇r✐t❡

krv
= 660 ♥s/✈✐r❣✐♥ r❡❛❞

krT
= 54 ♥s/tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞

❚❤❡ kwv
✭✈✐r❣✐♥ ✇r✐t❡✮ ❛♥❞ krv

✭✈✐r❣✐♥ r❡❛❞✮ ❝♦sts ❛r❡ ❝♦♠♣❛r❛❜❧❡ t♦ kt✱ s✐♥❝❡

t❤❡ ♣r✐♠❛r② ❝♦♠♣♦♥❡♥t ♦❢ ❛❧❧ ♦❢ t❤❡s❡ ❝♦sts ✐s ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ✭♦❢ ❛ ❝❧♦♥❡

♦❜❥❡❝t✱ ❛ r❡❛❞❡r ❧✐st ❡♥tr②✱ ❛♥❞ ❛ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐t r❡❝♦r❞✱ r❡s♣❡❝t✐✈❡❧②✮✳

❲❤❡♥ t❤❡ ♦❜❥❡❝t t♦✉❝❤❡❞ ❜② t❤❡ ✈✐r❣✐♥ ✇r✐t❡ ✐s ❧❛r❣❡✱ kws ❛❝❝♦✉♥ts ❢♦r t❤❡

♠♦r❡ ❡①♣❡♥s✐✈❡ ❛❧❧♦❝❛t✐♦♥ ❛♥❞ ✐♥✐t✐❛❧✐③❛t✐♦♥✳ ❚❤❡ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❝♦st✱

krT
✐s ❝♦♠♣❛r❛❜❧❡ t♦ kwNT

✱ t❤❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡ ❝♦st✳ ❚❤❡ ♦♣❡r❛t✐♦♥s

✐♥✈♦❧✈❡❞ ❛r❡ s✐♠✐❧❛r✿ ❛ r❡❛❞ ♦❢ t❤❡ ❤❡❛❞ ♦❢ t❤❡ r❡❛❞❡r ❧✐st✱ ❛ ❝♦♠♣❛r✐s♦♥✱

❛♥❞ t❤❡♥ t②♣✐❝❛❧❧② ❛♥ ❛❝❝❡ss t♦ t❤❡ ☞❡❧❞ ❧♦❝❛t✐♦♥✳ ❚❤❡ ❧✐❣❤t ❣r❡❡♥✱ ❣r❡❡♥✱

❧✐❣❤t ❜❧✉❡✱ ❛♥❞ ❜❧✉❡ str✐♣❡❞ ❜❛rs ✐♥ ❋✐❣✉r❡ ✺✳✶✷ r❡✌❡❝ts t❤❡s❡ ❝♦♠♣♦♥❡♥t ♦❢

t❤❡ ❝♦st ♣r❡❞✐❝t✐♦♥✳ ❚❤❡ ♦✈❡r❛❧❧ ♣r❡❞✐❝t✐♦♥ ✐s ✇✐t❤✐♥ ✶✵✪ ♦❢ ❛❝t✉❛❧ ❝♦sts ❢♦r

❡✈❡r② ❛♣♣❧✐❝❛t✐♦♥ ❡①❝❡♣t ❢♦r raytrace✱ ✇❤❡r❡ t❤❡ ♣r❡❞✐❝t✐♦♥ ✉♥❞❡r❡st✐♠❛t❡s

❛❝t✉❛❧ ❝♦sts ❜② ✸✽✪✳

❚❤❡ ❝♦♥st❛♥ts ✐♥ ♦✉r ♠♦❞❡❧ ✇❡r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ♣❡r❢♦r✲

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

❛rr❛② ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♦✈❡r❤❡❛❞ s❡♣❛r❛t❡❧②✳ ❚❤❡ ❣r❡❡♥ ❜❛r ✐♥ ❋✐❣✉r❡ ✺✳✶✷

r❡♣r❡s❡♥ts ✈❛r✐❛♥ts ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s ✇❤✐❝❤ r❡♣❧❛❝❡❞ ❛rr❛② r❡❛❞s ❛♥❞ ✇r✐t❡s
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❇❡♥❝❤♠❛r❦ t cT rNT wNT

❥❡ss ✹✵✽✱✹✶✻ ✶✱✵✵✻✱✸✼✻ ✷✻✱✼✵✵✱✸✷✻ ✹✱✵✺✹✱✸✸✹

r❛②tr❛❝❡ ✸✵✶ ✶✸✸✱✻✽✻ ✷✻✱✶✵✹✱✶✺✹ ✸✱✻✵✽✱✻✻✷

❞❜ ✶✱✸✷✽✱✺✶✽ ✷✱✵✶✺✱✸✶✾ ✶✽✱✶✽✼✱✷✺✹ ✾✽✼✱✹✽✹

❥❛✈❛❝ ✺✺ ✾✱✽✶✼✱✼✷✶ ✶✺✱✵✾✶ ✼✱✾✽✸

♠♣❡❣❛✉❞✐♦ ✷✽✼ ✾✱✻✶✽ ✷✶✷✱✽✺✵✱✶✻✷ ✸✽✱✻✻✸✱✾✷✶

❥❛❝❦ ✶✱✽✶✺✱✷✻✸ ✷✱✷✸✻✱✼✷✵ ✶✷✱✻✾✺✱✵✻✻ ✺✱✾✵✷✱✼✷✷

❋✐❣✉r❡ ✺✳✶✸✿ ❚r❛♥s❛❝t✐♦♥✱ ❝❛❧❧✱ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛♥❞ ✇r✐t❡ r❛t❡s ❢♦r

❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦s✳

✇✐t❤ ❞✐r❡❝t ❛❝❝❡ss❡s✳ ❚❤❡ r❡s✉❧t✐♥❣ ♦✈❡r❤❡❛❞ ✐♥❝❧✉❞❡s ot✱ t❤❡ ❭♥♦ ❝❤❡❝❦s✧

♦✈❡r❤❡❛❞✱ ❛s ✇❡❧❧ ❛s ❜♦t❤ tr❛♥s❛❝t✐♦♥❛❧ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ♦✈❡r❤❡❛❞s ❢♦r

♥♦♥❛rr❛② ♦❜❥❡❝ts✳ ❚❤✐s ❜r❡❛❦❞♦✇♥ ✇❛s ♠♦t✐✈❛t❡❞ ❜② t❤❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t

sv✱ t❤❡ ❛✈❡r❛❣❡ s✐③❡ ♦❢ ❛♥ ♦❜❥❡❝t t♦✉❝❤❡❞ ❜② ❛ ✈✐r❣✐♥ ✇r✐t❡✱ ✐♥ s♦♠❡ ❝❛s❡s

✈❛r✐❡s q✉✐t❡ ❛ ❧♦t ❜❡t✇❡❡♥ ❛rr❛② ❛♥❞ ♥♦♥❛rr❛② ♦❜❥❡❝ts✱ ❛s ❋✐❣✉r❡ ✺✳✶✹ s❤♦✇s✳

❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❆♣❡❳ tr❛♥s❛❝t✐♦♥ s②st❡♠ ♥❡❝❡ss✐t❛t❡s ❛♥ ♦❜❥❡❝t ❝♦♣② ❢♦r

❡✈❡r② ✉♥✐q✉❡ ♦❜❥❡❝t ✇r✐tt❡♥ t♦ ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥❀ ✐❢ t❤❡ ♦❜❥❡❝ts ❛r❡ ❧❛r❣❡✱

t❤❡♥ t❤✐s ❝♦st ❜❡❝♦♠❡s ❡①❝❡ss✐✈❡✳ ❈❤❛♣t❡r ✻ ✇✐❧❧ ❞✐s❝✉ss t❤✐s ♣r♦❜❧❡♠ ❛t

❧❡♥❣t❤ ❛♥❞ ♣r♦♣♦s❡ ❛ s♦❧✉t✐♦♥ ❜❛s❡❞ ♦♥ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ❞❛t❛ str✉❝t✉r❡s✳

❚❤❡ ❧✐❣❤t ❣r❡❡♥ ❛♥❞ ❞❛r❦ ❣r❡❡♥ ❜❛rs ✐♥ ❋✐❣✉r❡ ✺✳✶✷ s❤♦✇ ♦✉r ♣r❡❞✐❝t✐♦♥s

❢♦r t❤❡ ♥♦♥❛rr❛② ✈❛r✐❛♥ts ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦s✱ ❜❛s❡❞ ♦♥ t❤❡ wv✱ sv✱ rT✱ ❛♥❞

rv ✈❛❧✉❡s ❢♦r ♥♦♥❛rr❛② ❛❝❝❡ss❡s✳ ❚❤❡s❡ tr❛❝❦ t❤❡ s♦❧✐❞ ❣r❡❡♥ ❜❛r ✐♥❞✐❝❛t✐♥❣

❛❝t✉❛❧ ♣❡r❢♦r♠❛♥❝❡ ❢❛✐r❧② ✇❡❧❧✳

5.3 Performance recommendations

❖✉r ♣r❡❞✐❝t✐✈❡ ♠♦❞❡❧ ♦❢ ❆♣❡❳ ♣❡r❢♦r♠❛♥❝❡ ✉s❡s ✽ ♣❛r❛♠❡t❡rs✱ ♦r❞❡r❡❞ ❤❡r❡

❜② t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ ♦✈❡r❛❧❧ ♦✈❡r❤❡❛❞✿

✎ rNT✱ t❤❡ ♥✉♠❜❡r ♦❢ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞s✳ ❊❛❝❤ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

r❡❛❞ ❛❞❞s ✷✳✹ ♥s ♦✈❡r❤❡❛❞✳

✎ cT✱ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡t❤♦❞ ❝❛❧❧s ✇✐t❤✐♥ tr❛♥s❛❝t✐♦♥s✳ ❊❛❝❤ ❝❛❧❧ ❛❞❞s
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♥♦♥❛rr❛② ❛rr❛②

❇❡♥❝❤♠❛r❦ wv sv rv rT sv sv

❥❡ss ✺✱✷✾✶ ✼✶✵ ✶✱✺✼✸✱✼✶✷ ✸✱✵✹✻✱✻✺✸ ✸✵ ✽✺✶

r❛②tr❛❝❡ ✶✵✱✽✸✸ ✹✹ ✶✱✹✷✶ ✹✵✸✱✹✹✷ ✷✾ ✻✼

❞❜ ✾✵✱✻✹✾ ✷✻✸ ✷✱✽✸✷✱✾✼✵ ✺✱✸✼✽✱✶✷✸ ✷✹ ✹✱✷✹✼

❥❛✈❛❝ ✹✻✹✱✷✾✹ ✸✼ ✹✱✻✸✵ ✷✾✱✽✵✹✱✺✵✶ ✸✷ ✺✵

♠♣❡❣❛✉❞✐♦ ✼✵✵ ✸✺ ✷✱✷✽✺ ✸✱✷✸✻ ✶✸ ✷✽✸

❥❛❝❦ ✹✶✷✱✽✾✶ ✻✹ ✸✱✷✻✽✱✾✷✹ ✽✱✵✶✻✱✶✾✼ ✸✷ ✻✾

❋✐❣✉r❡ ✺✳✶✹✿ ❚r❛♥s❛❝t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ♠♦❞❡❧ ✐♥♣✉ts ❢♦r ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤✲

♠❛r❦s✳ ❊❛❝❤ ❜❡♥❝❤♠❛r❦ ❧✐sts wv✱ t❤❡ ✈✐r❣✐♥ ✇r✐t❡ r❛t❡✱ sv✱ t❤❡ ❛✈❡r❛❣❡

♦❜❥❡❝t s✐③❡ t♦✉❝❤❡❞ ❜② ❛ ✈✐r❣✐♥ ✇r✐t❡✱ rv✱ t❤❡ ✈✐r❣✐♥ r❡❛❞ r❛t❡✱ ❛♥❞ rT✱ t❤❡

tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ r❛t❡✳ ❚❤❡ ♥♦♥❛rr❛② ❛♥❞ ❛rr❛② ✈❛❧✉❡s ♦❢ sv ❛r❡ ❜r♦❦❡♥ ♦✉t

✐♥ t❤❡ ☞♥❛❧ t✇♦ ❝♦❧✉♠♥s✳

✶✽✳✷ ♥s ♦✈❡r❤❡❛❞✳

✎ rT✱ t❤❡ ♥✉♠❜❡r ♦❢ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞s✳ ❊❛❝❤ tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞ ❛❞❞s

✺✹ ♥s ♦✈❡r❤❡❛❞✳

✎ wNT✱ t❤❡ ♥✉♠❜❡r ♦❢ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s✳ ❊❛❝❤ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧

✇r✐t❡ ❛❞❞s ✻✸✳✺ ♥s ♦✈❡r❤❡❛❞✳

✎ wvsv✱ t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ ✈✐r❣✐♥ ✇r✐t❡ r❛t❡ ✇✐t❤ t❤❡ ❛✈❡r❛❣❡ ♦❜❥❡❝t s✐③❡

t♦✉❝❤❡❞ ✐♥ ❛ ✈✐r❣✐♥ ✇r✐t❡✳ ❚❤✐s ❝♦♥tr✐❜✉t❡s ✽✺ ♥s ♦✈❡r❤❡❛❞ ♣❡r ❜②t❡ ✐♥

❛♥ ♦❜❥❡❝t t♦✉❝❤❡❞ ❜② ❛ ✈✐r❣✐♥ ✇r✐t❡✳

✎ rv✱ t❤❡ ♥✉♠❜❡r ♦❢ ✈✐r❣✐♥ r❡❛❞s✳ ❊❛❝❤ ✈✐r❣✐♥ r❡❛❞ ❛❞❞s ✻✻✵ ♥s ♦✈❡r❤❡❛❞✳

✎ wv✱ t❤❡ ♥✉♠❜❡r ♦❢ ✈✐r❣✐♥ ✇r✐t❡s✳ ❊❛❝❤ ✈✐r❣✐♥ ✇r✐t❡ ❛❞❞s ✻✽✵ ♥s ♦✈❡r✲

❤❡❛❞✳

✎ t✱ t❤❡ ♥✉♠❜❡r ♦❢ tr❛♥s❛❝t✐♦♥s✳ ❊❛❝❤ tr❛♥s❛❝t✐♦♥ ❛❞❞s ✽✺✺ ♥s ♦✈❡r❤❡❛❞✳

❚❤❡ ❝♦sts ❛ss♦❝✐❛t❡❞ ✇✐t❤ t✱ wv✱ ❛♥❞ rv ♠✐❣❤t ❜❡ r❡❞✉❝❡❞ ✇✐t❤ t❤❡ ✉s❡

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

☞rst r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ tr❛♥s❛❝t✐♦♥s ❝r❡❛t❡❞✳ ❆♣❡❳ ✐s s✉✐t❡❞ t♦ s♠❛❧❧

♥✉♠❜❡rs ♦❢ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s✳ ❈❤❛♣t❡r ✼ ♣r❡s❡♥ts ❛♥ ❛❧t❡r♥❛t✐✈❡ tr❛♥s❛❝t✐♦♥

s②st❡♠ ✇❤✐❝❤ ✐s ❜❡tt❡r s✉✐t❡❞ ❢♦r ❧❛r❣❡ ♥✉♠❜❡rs ♦❢ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s✳

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

❜② str✉❝t✉r✐♥❣ tr❛♥s❛❝t✐♦♥s t♦ ❣r♦✉♣ ☞❡❧❞s ✐♥✈♦❧✈❡❞ ✐♥ ❛ tr❛♥s❛❝t✐♦♥ ✐♥s✐❞❡

❛ s✐♥❣❧❡ ♦❜❥❡❝t✳ ❈♦♠❜✐♥✐♥❣ s♠❛❧❧❡r tr❛♥s❛❝t✐♦♥s ✇✐❧❧ ❛❧s♦ t❡♥❞ t♦ r❡❞✉❝❡ t❤❡

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

s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ✐s t♦ r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡♠♦r② ❛❝❝❡ss❡s ❝♦✈❡r❡❞ ❜②

t❤❡ tr❛♥s❛❝t✐♦♥✱ s✐♥❝❡ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞s ❛r❡ t✇❡♥t② t✐♠❡s ❝❤❡❛♣❡r t❤❛♥

tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞s✳

❉❡❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡♠♦r② ♦♣❡r❛t✐♦♥s ❛❧s♦ ❞✐r❡❝t❧② r❡❞✉❝❡s ♦✈❡r✲

❤❡❛❞✳ ❚❤❡r❡ ❛r❡ ✇❡❧❧✲❦♥♦✇♥ ❝♦♠♣✐❧❡r ♦♣t✐♠✐③❛t✐♦♥s ✇❤✐❝❤ ❝❛❝❤❡ ♠❡♠♦r②

❝♦♥t❡♥ts ✐♥ ❧♦❝❛❧ ✈❛r✐❛❜❧❡s ♦r r❡❣✐st❡rs✳ ❚r❛❞✐t✐♦♥❛❧❧②✱ t❤❡✐r ✇✐❞❡s♣r❡❛❞ ✉s❡

✐s ❛✈♦✐❞❡❞ ❜❡❝❛✉s❡ t❤❡ ✐♥❝r❡❛s❡ ✐♥ r❡❣✐st❡r ♣r❡ss✉r❡ ♠❛❦❡s ❝❛❝❤✐♥❣ ❝♦✉♥t❡r✲

♣r♦❞✉❝t✐✈❡✳ ❆♣❡❳✬s ♠♦r❡✲❡①♣❡♥s✐✈❡ ♠❡♠♦r② ❛❝❝❡ss❡s s❤♦✉❧❞ ❡♥❝♦✉r❛❣❡ ✉s❡

♦❢ t❤❡s❡ ♦♣t✐♠✐③❛t✐♦♥s✳

❘❡❞✉❝✐♥❣ t❤❡ s✐③❡ ♦❢ ♦❜❥❡❝ts ✇r✐tt❡♥ ❜② ❛ tr❛♥s❛❝t✐♦♥ ✇✐❧❧ r❡❞✉❝❡ t❤❡

wvsv t❡r♠ ❛♥❞ ✐♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s❡✈❡r❛❧ ❙P❊❈❥✈♠✾✽

❜❡♥❝❤♠❛r❦s ❛❧❧♦❝❛t❡ ❛ ❧❛r❣❡ ❛rr❛② ❛♥❞ t❤❡♥ ♣❡r❢♦r♠ ♠✉❧t✐♣❧❡ s♠❛❧❧ tr❛♥s❛❝✲

t✐♦♥s ✇❤✐❝❤ ♠♦❞✐❢② ❛ s✐♥❣❧❡ ❡❧❡♠❡♥t ♦❢ t❤❡ ❛rr❛②✳ ❚❤✐s ❛❝❝❡ss ♣❛tt❡r♥ ❝❛✉s❡s

t❤❡ ❧❛r❣❡ ❛rr❛② t♦ ❜❡ ❝♦♣✐❡❞ ♠✉❧t✐♣❧❡ t✐♠❡s✱ ✐♥❝r❡❛s✐♥❣ ♦✈❡r❤❡❛❞✳ ❈❤❛♣t❡r ✻

❞❡s❝r✐❜❡s ❛ ♠♦❞✐☞❝❛t✐♦♥ t♦ ❆♣❡❳ ✇❤✐❝❤ ❛✈♦✐❞s t❤✐s ❞❡♣❡♥❞❡♥❝❡ ♦♥ ♦❜❥❡❝t

s✐③❡✱ r❡♠♦✈✐♥❣ t❤❡ wvsv t❡r♠ ❢r♦♠ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠♦❞❡❧✳
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❲❡❧❧✱ ②♦✉ ❣♦ ✐♥ ❛♥❞ ②♦✉ ❛s❦ ❢♦r s♦♠❡ t♦♦t❤✲

♣❛st❡⑤t❤❡ s♠❛❧❧ s✐③❡⑤❛♥❞ t❤❡ ♠❛♥ ❜r✐♥❣s

②♦✉ t❤❡ ❧❛r❣❡ s✐③❡✳ ❨♦✉ t❡❧❧ ❤✐♠ ②♦✉ ✇❛♥t❡❞

t❤❡ s♠❛❧❧ s✐③❡ ❜✉t ❤❡ s❛②s t❤❡ ❧❛r❣❡ s✐③❡ ✐s

t❤❡ s♠❛❧❧ s✐③❡✳ ■ ❛❧✇❛②s t❤♦✉❣❤t t❤❡ ❧❛r❣❡

s✐③❡ ✇❛s t❤❡ ❧❛r❣❡st s✐③❡✱ ❜✉t ❤❡ s❛②s t❤❛t t❤❡

❢❛♠✐❧② s✐③❡✱ t❤❡ ❡❝♦♥♦♠② s✐③❡ ❛♥❞ t❤❡ ❣✐❛♥t

s✐③❡ ❛r❡ ❛❧❧ ❧❛r❣❡r t❤❛♥ t❤❡ ❧❛r❣❡ s✐③❡⑤t❤❛t

t❤❡ ❧❛r❣❡ s✐③❡ ✐s t❤❡ s♠❛❧❧❡st s✐③❡ t❤❡r❡ ✐s✳

❈❤❛r❛❞❡ ✭✶✾✻✸✮
Chapter 6

Arrays and large objects

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts ❛ s♦❧✉t✐♦♥ t♦ t❤❡ ❭❧❛r❣❡ ♦❜❥❡❝t ♣r♦❜❧❡♠✳✧ ❈❧♦♥✐♥❣ ♦❜✲

❥❡❝ts t♦ st♦r❡ r♦❧❧❜❛❝❦ ♦r tr❛♥s❛❝t✐♦♥❛❧ st❛t❡ ❜❡❝♦♠❡s ✐♠♣r❛❝t✐❝❛❧ ✇❤❡♥ t❤❡

♦❜❥❡❝ts ❛r❡ ❧❛r❣❡✳ ▼② s♦❧✉t✐♦♥ ✐♥✈♦❧✈❡s t❤❡ functional array ❞❛t❛t②♣❡✱

✇❤✐❝❤ ■ ☞rst r❡✈✐❡✇✳ ■ t❤❡♥ r❡❝❛st t❤❡ ❜❛s✐❝ ❆♣❡❳ ❞❡s✐❣♥ ♦❢ t❤❡ ♣r❡✈✐✲

♦✉s ❝❤❛♣t❡rs ❛s ❛ ❭s♠❛❧❧✲♦❜❥❡❝t ♣r♦t♦❝♦❧✧ ✉s✐♥❣ ♥❛✐✈❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✳ ■

❡①t❡♥❞ t❤❡ ✐♠♣r♦✈❡❞ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ ❇❛❦❡r ❬✶✵❪ ❛♥❞

❈❤✉❛♥❣ ❬✷✶❪ t♦ ♦❜t❛✐♥ ❛ ❧♦❝❦✲❢r❡❡ ✈❛r✐❛♥t ♦❢ t❤❡ ❞❛t❛ str✉❝t✉r❡✳ ❙✉❜st✐t✉t✐♥❣

t❤✐s ✐♠♣r♦✈❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❢♦r t❤❡ ♥❛✐✈❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✐♥ ♦✉r r❡❝❛st

tr❛♥s❛❝t✐♦♥ s②st❡♠ ❝r❡❛t❡s ▲❛r❣❡ ❆♣❡❳✱ ✇❤✐❝❤ s♦❧✈❡s t❤❡ ❧❛r❣❡ ♦❜❥❡❝t ♣r♦❜✲

❧❡♠✳ ■ ❝♦♥❝❧✉❞❡ ❜② ❡✈❛❧✉❛t✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❧♦❝❦✲❢r❡❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s

♦♥ ❛ s✐♠♣❧❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦✱ s❤♦✇✐♥❣ t❤❛t t❤❡② ❜❡❝♦♠❡ ✇♦rt❤✇❤✐❧❡ ✇❤❡♥

t❤❡ ♦❜❥❡❝t ❜❡✐♥❣ ❛❝❝❡ss❡❞ ✐s ❧❛r❣❡r t❤❛♥ ✸✷ ✇♦r❞s✳

❚❤❡ ❜❛s✐❝ ❆♣❡❳ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ ❝❧♦♥❡s ♦❜❥❡❝ts ♦♥ tr❛♥s❛❝✲

t✐♦♥❛❧ ✇r✐t❡s s♦ t❤❛t t❤❡ ♣r❡✈✐♦✉s st❛t❡ ♦❢ t❤❡ ♦❜❥❡❝t ❝❛♥ ❜❡ r❡st♦r❡❞ ✐❢ t❤❡

tr❛♥s❛❝t✐♦♥ ❛❜♦rts✳ ❋✐❣✉r❡ ✻✳✶ s❤♦✇s t❤❡ ♦❜❥❡❝t s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❛♥s❛❝✲

t✐♦♥❛❧ ✇r✐t❡s ❢♦r ❙P❊❈❥✈♠✾✽✱ ❛♥❞ ✐♥❞✐❝❛t❡s t❤❛t ♦✈❡r ✶✵✪ ♦❢ ✇r✐t❡s ♠❛② ❜❡

t♦ ❧❛r❣❡ ♦❜❥❡❝ts✳ ❆s ✇❡✬✈❡ s❡❡♥ ✐♥ ❙❡❝t✐♦♥ ✺✳✷✱ t❤❡ ❝♦♣②✐♥❣ ❝♦st ❝❛♥ ❜❡❝♦♠❡

❡①❝❡ss✐✈❡✳
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Transactional−write distribution for SPECjvm98
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Object size (bytes)
10 100 1k 10k 100k

201_compress

202_jess

205_raytrace

209_db

213_javac

222_mpegaudio

228_jack

❋✐❣✉r❡ ✻✳✶✿ Pr♦♣♦rt✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥❛❧ ✇r✐t❡s t♦ ♦❜❥❡❝ts ❡q✉❛❧ t♦ ♦r s♠❛❧❧❡r

t❤❛♥ ❛ ❣✐✈❡♥ s✐③❡✳

6.1 Basic operations on functional arrays

▲❡t ✉s ❜❡❣✐♥ ❜② r❡✈✐❡✇✐♥❣ t❤❡ ❜❛s✐❝ ♦♣❡r❛t✐♦♥s ♦♥ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✳ ❋✉♥❝✲

t✐♦♥❛❧ ❛rr❛②s ❛r❡ ♣❡rs✐st❡♥t ❀ t❤❛t ✐s✱ ❛❢t❡r ❛♥ ❡❧❡♠❡♥t ✐s ✉♣❞❛t❡❞✱ ❜♦t❤ t❤❡

♥❡✇ ❛♥❞ t❤❡ ♦❧❞ ❝♦♥t❡♥ts ♦❢ t❤❡ ❛rr❛② ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ✉s❡✳ ❙✐♥❝❡ ❛rr❛②s ❛r❡

s✐♠♣❧② ♠❛♣s ❢r♦♠ ✐♥t❡❣❡rs ✭✐♥❞❡①❡s✮ t♦ ✈❛❧✉❡s✱ ❛♥② ❢✉♥❝t✐♦♥❛❧✲♠❛♣ ❞❛t❛t②♣❡

✭❢♦r ❡①❛♠♣❧❡✱ ❛ ❢✉♥❝t✐♦♥❛❧ ❜❛❧❛♥❝❡❞ tr❡❡✮ ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t ❢✉♥❝✲

t✐♦♥❛❧ ❛rr❛②s✳ ❖✬◆❡✐❧❧ ❛♥❞ ❇✉rt♦♥ ❬✼✾❪ ❣✐✈❡ ❛ ❢❛✐r❧② ✐♥❝❧✉s✐✈❡ ♦✈❡r✈✐❡✇ ♦❢

❢✉♥❝t✐♦♥❛❧ ❛rr❛② ❛❧❣♦r✐t❤♠s✳

■♥ ❝♦♥tr❛st✱ ❛♥ ✐♠♣❡r❛t✐✈❡ ❛rr❛②⑤s✉❝❤ ❛s t❤♦s❡ ✐♥ ✐♠♣❡r❛t✐✈❡ ❧❛♥❣✉❛❣❡s

s✉❝❤ ❛s ❏❛✈❛⑤✐s ♠✉t❛❜❧❡✳ ❊❧❡♠❡♥ts ♦❢ t❤❡ ❛rr❛② ❛r❡ ✉♣❞❛t❡❞ ❭✐♥ ♣❧❛❝❡✧✱

❞❡str♦②✐♥❣ t❤❡ ♦❧❞ ✈❛❧✉❡ ♦❢ t❤❡ ❡❧❡♠❡♥t✳ ❖♥❧② t❤❡ ✉♣❞❛t❡❞ ❛rr❛② ✐s ❛✈❛✐❧❛❜❧❡

❢♦r ✉s❡ ❛❢t❡r ❛♥ ✉♣❞❛t❡✳ ❚❤❡ ❞✐st✐♥❣✉✐s❤✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❛♥ ✐♠♣❡r❛t✐✈❡

❛rr❛② ✐s ✐ts t✐♠❡ ❝♦♠♣❧❡①✐t②✿ O(1) t✐♠❡ t♦ ❛❝❝❡ss ♦r ✉♣❞❛t❡ ❛♥② ❡❧❡♠❡♥t✳ ■♠✲

♣❧❡♠❡♥t✐♥❣ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✇✐t❤ ❛ ❢✉♥❝t✐♦♥❛❧ ❜❛❧❛♥❝❡❞ tr❡❡ ②✐❡❧❞s O(❧❣n)

✶✵✽
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✇♦rst✲❝❛s❡ ❛❝❝❡ss ♦r ✉♣❞❛t❡✳✶

❋♦r ❝♦♥❝r❡t❡♥❡ss✱ ❛ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ❞❡☞♥❡s t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❡ ♦♣❡r❛✲

t✐♦♥s✿

✎ ❋❆✲❈r❡❛t❡(n)✿ ❘❡t✉r♥ ❛♥ ❛rr❛② A ♦❢ s✐③❡ n✳ ❚❤❡ ❝♦♥t❡♥ts ♦❢ t❤❡

❛rr❛② ❛r❡ ✐♥✐t✐❛❧✐③❡❞ t♦ 0✳

✎ ❋❆✲❯♣❞❛t❡(A, i, v)✿ ❘❡t✉r♥ ❛♥ ❛rr❛② A ′ t❤❛t ✐s ❢✉♥❝t✐♦♥❛❧❧② ✐❞❡♥t✐❝❛❧

t♦ ❛rr❛② A ❡①❝❡♣t t❤❛t ❋❆✲❘❡❛❞(A ′, i) = v✳ ❆rr❛② A ✐s ♥♦t ❞❡str♦②❡❞

❛♥❞ ❝❛♥ ❜❡ ❛❝❝❡ss❡❞ ❢✉rt❤❡r✳

✎ ❋❆✲❘❡❛❞(A, i)✿ ❘❡t✉r♥ A(i) ✭t❤❛t ✐s✱ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ it❤ ❡❧❡♠❡♥t ♦❢

❛rr❛② A✮✳

❲❡ ❛❧❧♦✇ ❛♥② ♦❢ t❤❡s❡ ♦♣❡r❛t✐♦♥s t♦ ❢❛✐❧✳ ❋❛✐❧❡❞ ♦♣❡r❛t✐♦♥s ❝❛♥ ❜❡ s❛❢❡❧②

r❡tr✐❡❞✱ ❛s ❛❧❧ ♦♣❡r❛t✐♦♥s ❛r❡ ✐❞❡♠♣♦t❡♥t ❜② ❞❡☞♥✐t✐♦♥✳

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

✎ ❋❆✲❈r❡❛t❡(n)✿ ❘❡t✉r♥ ❛♥ ♦r❞✐♥❛r② ✐♠♣❡r❛t✐✈❡ ❛rr❛② ♦❢ s✐③❡ n✳

✎ ❋❆✲❯♣❞❛t❡(A, i, v)✿ ❈r❡❛t❡ ❛ ♥❡✇ ✐♠♣❡r❛t✐✈❡ ❛rr❛② A ′ ❛♥❞ ❝♦♣② t❤❡

❝♦♥t❡♥ts ♦❢ A t♦ A ′✳ ❙❡t A ′[i] = v✳ ❘❡t✉r♥ A ′✳

✎ ❋❆✲❘❡❛❞(A, i)✿ ❘❡t✉r♥ A[i]✳

❙✐♥❝❡ t❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦sts O(1) t♦ r❡❛❞ ❛♥❞ O(n) t♦ ✉♣❞❛t❡✱ ✐t ♠❛t❝❤❡s

t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✐♠♣❡r❛t✐✈❡ ❛rr❛②s ♦♥❧② ✇❤❡♥ R = O(U·n)✱ ✇❤❡r❡ R ✐s t❤❡

♥✉♠❜❡r ♦❢ r❡❛❞s ❛♥❞ U ✐s t❤❡ ♥✉♠❜❡r ♦❢ ✉♣❞❛t❡s✳ ■♥ ♠♦st ❝♦❞❡✱ R ≈ 3U ❬✹✻✱

♣✳ ✶✵✺❪ ❛♥❞ t❤❡ ❝♦♥st❛♥t ❢❛❝t♦rs ❤✐❞❞❡♥ ❜② t❤❡ ❜✐❣✲❖ ♥♦t❛t✐♦♥ ❛r❡ s♠❛❧❧✱

s♦ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❡q✉✐✈❛❧❡♥❝❡ ✐s ♦♥❧② ✈❛❧✐❞ ✇❤❡♥ n ✐s r❡❧❛t✐✈❡❧② s♠❛❧❧✳

■ t❤❡r❡❢♦r❡ ❝❛❧❧ t❤❡s❡ s♠❛❧❧✲♦❜❥❡❝t ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✳ ❖♣❡r❛t✐♦♥s ✐♥ t❤✐s

✐♠♣❧❡♠❡♥t❛t✐♦♥ ♥❡✈❡r ❢❛✐❧✳ ❊✈❡r② ♦♣❡r❛t✐♦♥ ✐s ♥♦♥❜❧♦❝❦✐♥❣ ❛♥❞ ♥♦ s②♥❝❤r♦✲

♥✐③❛t✐♦♥ ✐s ♥❡❝❡ss❛r②✱ s✐♥❝❡ t❤❡ ✐♠♣❡r❛t✐✈❡ ❛rr❛②s ❛r❡ ♥❡✈❡r ♠✉t❛t❡❞ ❛❢t❡r

t❤❡② ❛r❡ ❝r❡❛t❡❞✳ ❙❡❝t✐♦♥ ✻✳✹ r❡✈✐❡✇s ❜❡tt❡r ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥s ❛♥❞ ♣r❡s❡♥ts ❛ ♥❡✇ ❧♦❝❦✲❢r❡❡ ✈❛r✐❛♥t✳

✶■ r❡t✉r♥ t♦ ❛ ❞✐s❝✉ss✐♦♥ ♦❢ ♦♣❡r❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ✐♥ ❙❡❝t✐♦♥ ✻✳✹✳
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Functional Array

Functional Array

Object

type

fields

Result of Operation

Prior State(atomic swap)

❋✐❣✉r❡ ✻✳✷✿ ■♠♣❧❡♠❡♥t✐♥❣ ♥♦♥❜❧♦❝❦✐♥❣ s✐♥❣❧❡✲♦❜❥❡❝t ❝♦♥❝✉rr❡♥t ♦♣❡r❛t✐♦♥s

✇✐t❤ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✳

6.2 A single-object protocol

●✐✈❡♥ ❛ ♥♦♥❜❧♦❝❦✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✱ ✇❡ ❝❛♥ ❝♦♥str✉❝t

❛ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❢♦r s✐♥❣❧❡ ♦❜❥❡❝ts✳ ■♥ t❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥✱

☞❡❧❞s ♦❢ ❛t ♠♦st ♦♥❡ ♦❜❥❡❝t ♠❛② ❜❡ r❡❢❡r❡♥❝❡❞ ❞✉r✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡

tr❛♥s❛❝t✐♦♥✳

❈♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ t✇♦ ♦♣❡r❛t✐♦♥s ♦♥ ♦❜❥❡❝ts✿

✎ ❘❡❛❞(o, f)✿ ❘❡❛❞ ☞❡❧❞ f ♦❢ o✳ ❆ss✉♠❡ t❤❛t t❤❡r❡ ✐s ❛ ❝♦♥st❛♥t ♠❛♣✲

♣✐♥❣ ❢✉♥❝t✐♦♥✱ ✇❤✐❝❤✱ ❣✐✈❡♥ ❛ ☞❡❧❞ ♥❛♠❡ f✱ r❡t✉r♥s ❛♥ ✐♥t❡❣❡r ✐♥❞❡①✱

f.index✳ ❋♦r s✐♠♣❧✐❝✐t② ❛♥❞ ✇✐t❤♦✉t ❧♦ss ♦❢ ❣❡♥❡r❛❧✐t②✱ ❛ss✉♠❡ t❤❛t

❛❧❧ ☞❡❧❞ s✐③❡s ❛r❡ ❡q✉❛❧✳

✎ ❲r✐t❡(o, f, v)✿ ❲r✐t❡ ✈❛❧✉❡ v t♦ ☞❡❧❞ f ♦❢ o✳

❆❧❧ ♦t❤❡r ♦♣❡r❛t✐♦♥s ♦♥ ❏❛✈❛ ♦❜❥❡❝ts✱ s✉❝❤ ❛s ♠❡t❤♦❞ ❞✐s♣❛t❝❤ ❛♥❞ t②♣❡ ✐♥✲

t❡rr♦❣❛t✐♦♥✱ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ✐♠♠✉t❛❜❧❡ type ☞❡❧❞ ✐♥ t❤❡ ♦❜❥❡❝t✳

❇❡❝❛✉s❡ t❤❡ type ☞❡❧❞ ♥❡✈❡r ❝❤❛♥❣❡s ❛❢t❡r ♦❜❥❡❝t ❝r❡❛t✐♦♥✱ ✐♠♣❧❡♠❡♥t✐♥❣

♥♦♥❜❧♦❝❦✐♥❣ ♦♣❡r❛t✐♦♥s ♦♥ t❤❡ type ☞❡❧❞ ✐s str❛✐❣❤t❢♦r✇❛r❞✳

❆s ❋✐❣✉r❡ ✻✳✷ s❤♦✇s✱ ♦✉r s✐♥❣❧❡✲♦❜❥❡❝t tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ r❡♣✲

r❡s❡♥ts ♦❜❥❡❝ts ❛s ❛ ♣❛✐r✱ ❝♦♠❜✐♥✐♥❣ type ❛♥❞ ❛ r❡❢❡r❡♥❝❡ t♦ ❛ ❢✉♥❝t✐♦♥❛❧

❛rr❛②✳ ❲❤❡♥ ♥♦t ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✱ ♦❜❥❡❝t r❡❛❞s ❛♥❞ ✇r✐t❡s ❛r❡ ✐♠♣❧❡✲

♠❡♥t❡❞ ✉s✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ♦♣❡r❛t✐♦♥✱ ✇✐t❤ t❤❡ ❛rr❛②
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r❡❢❡r❡♥❝❡ ✐♥ t❤❡ ♦❜❥❡❝t ❜❡✐♥❣ ✉♣❞❛t❡❞ ❛♣♣r♦♣r✐❛t❡❧②✿

✎ ❘❡❛❞(o, f)✿ ❘❡t✉r♥ ❋❆✲❘❡❛❞(o.fields, f.index)✳

✎ ❲r✐t❡(o, f, v)✿ ❘❡♣❧❛❝❡ o.fields ✇✐t❤ t❤❡ r❡s✉❧t ♦❢

❋❆✲❯♣❞❛t❡(o.fields, f.index, v)✳

❚❤❡ ✐♥t❡r❡st✐♥❣ ❝❛s❡s ❛r❡ r❡❛❞s ❛♥❞ ✇r✐t❡s ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✳ ❆t ❡♥tr②

t♦ ❛ tr❛♥s❛❝t✐♦♥ t❤❛t ✇✐❧❧ ❛❝❝❡ss ✭♦♥❧②✮ ♦❜❥❡❝t o✱ t❤❡ s✐♥❣❧❡✲♦❜❥❡❝t ✈❡rs✐♦♥

♦❢ ▲❛r❣❡ ❆♣❡❳ st♦r❡s o.fields ✐♥ ❛ ❧♦❝❛❧ ✈❛r✐❛❜❧❡ u✳ ❲❡ ❝r❡❛t❡ ❛♥♦t❤❡r

❧♦❝❛❧ ✈❛r✐❛❜❧❡ u ′ ✐♥✐t✐❛❧✐③❡❞ t♦ u✳ ❚❤❡♥✱ t❤❡ r❡❛❞ ❛♥❞ ✇r✐t❡ ♦♣❡r❛t✐♦♥s ❛r❡

✐♠♣❧❡♠❡♥t❡❞ ❛s ❢♦❧❧♦✇s✿

✎ ❘❡❛❞❚(o, f)✿ ❘❡t✉r♥ ❋❆✲❘❡❛❞(u ′, f.index)✳

✎ ❲r✐t❡❚(o, f, v)✿ ❯♣❞❛t❡ ✈❛r✐❛❜❧❡ u ′ t♦ t❤❡ r❡s✉❧t ♦❢

❋❆✲❯♣❞❛t❡(u ′, f.index, v)✳

❆t t❤❡ ❡♥❞ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥✱ ✇❡ ✉s❡ ❈♦♠♣❛r❡✲❆♥❞✲❙✇❛♣ t♦ ❛t♦♠✐❝❛❧❧②

s❡t o.fields t♦ u ′ ✐❢ ❛♥❞ ♦♥❧② ✐❢ ✐t ❝♦♥t❛✐♥❡❞ u✳ ■❢ t❤❡ ❈❆❙ ❢❛✐❧s✱ t❤❡

tr❛♥s❛❝t✐♦♥ ✐s ❛❜♦rt❡❞ ✭✇❡ s✐♠♣❧② ❞✐s❝❛r❞ u ′✮ ❛♥❞ r❡tr✐❡❞✳

❲✐t❤ ♦✉r ♥❛✐✈❡ ❭s♠❛❧❧ ♦❜❥❡❝t✧ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✱ t❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥

✐s ❡①❛❝t❧② t❤❡ ❭s♠❛❧❧✲♦❜❥❡❝t ♣r♦t♦❝♦❧✧ ♦❢ ❍❡r❧✐❤② ❬✹✽❪✳ ❍❡r❧✐❤②✬s ♣r♦t♦❝♦❧ ✐s

r✐❣❤t❧② ❝r✐t✐❝✐③❡❞ ❢♦r ❛♥ ❡①❝❡ss✐✈❡ ❛♠♦✉♥t ♦❢ ❝♦♣②✐♥❣✳ ■ ❛❞❞r❡ss t❤✐s ❝r✐t✐❝✐s♠

✇✐t❤ ❛ ❜❡tt❡r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✐♥ ❙❡❝t✐♦♥ ✻✳✹✳ ❋✐rst✱

❤♦✇❡✈❡r✱ ■ r❡♠♦✈❡ t❤❡ r❡str✐❝t✐♦♥ t❤❛t ♦♥❧② ♦♥❡ ♦❜❥❡❝t ♠❛② ❜❡ r❡❢❡r❡♥❝❡❞

✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥✳

6.3 Extension to multiple objects

■ ❡①t❡♥❞ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ t♦ ❛❧❧♦✇ t❤❡ ☞❡❧❞s ♦❢ ❛♥② ♥✉♠❜❡r ♦❢ ♦❜❥❡❝ts

t♦ ❜❡ ❛❝❝❡ss❡❞ ❞✉r✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❋✐❣✉r❡ ✻✳✸ s❤♦✇s ♦✉r ♥❡✇ ♦❜❥❡❝t

r❡♣r❡s❡♥t❛t✐♦♥✳ ❈♦♠♣❛r❡ t❤✐s ☞❣✉r❡ t♦ ❋✐❣✉r❡ ✸✳✻❀ ✇❡✬✈❡ s✉❝❝❡ss❢✉❧❧② r❡✲

❝❛st t❤❡ ❜❛s✐❝ ❆♣❡❳ ❞❡s✐❣♥ ✐♥ t❡r♠s ♦❢ ♦♣❡r❛t✐♦♥s ♦♥ ❛♥ ❛rr❛② ❞❛t❛t②♣❡✳

✶✶✶
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status

Operation ID

status

Operation ID

owner

fields

next

Version

owner

fields

next

Version

status

Operation ID

owner

fields

next

Version

owner

fields

next

Version

COMPLETEIN−PROGRESS
Object

versions

type

COMPLETE
Object

versions

type

Functional Array

Functional Array Functional Array

❋✐❣✉r❡ ✻✳✸✿ ❉❛t❛ str✉❝t✉r❡s t♦ s✉♣♣♦rt ♥♦♥❜❧♦❝❦✐♥❣ ♠✉❧t✐♦❜❥❡❝t ❝♦♥❝✉rr❡♥t

♦♣❡r❛t✐♦♥s✳ ❖❜❥❡❝ts ♣♦✐♥t t♦ ❛ ❧✐♥❦❡❞ ❧✐st ♦❢ ✈❡rs✐♦♥s✱ ✇❤✐❝❤ r❡❢❡r❡♥❝❡ tr❛♥s✲

❛❝t✐♦♥ ✐❞❡♥t✐☞❡rs✳ ❱❡rs✐♦♥s ❝r❡❛t❡❞ ✇✐t❤✐♥ t❤❡ s❛♠❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ tr❛♥s✲

❛❝t✐♦♥ s❤❛r❡ t❤❡ s❛♠❡ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r✳ ❱❡rs✐♦♥ str✉❝t✉r❡ ❛❧s♦ ❝♦♥t❛✐♥

♣♦✐♥t❡rs t♦ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✱ ✇❤✐❝❤ r❡❝♦r❞ t❤❡ ✈❛❧✉❡s ❢♦r t❤❡ ☞❡❧❞s ♦❢ t❤❡

♦❜❥❡❝t✳ ■❢ ♥♦ ♠♦❞✐☞❝❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ t♦ t❤❡ ♦❜❥❡❝t✱ ♠✉❧t✐♣❧❡ ✈❡rs✐♦♥s

✐♥ t❤❡ ❧✐st ♠❛② s❤❛r❡ t❤❡ s❛♠❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②✳ ✭❈♦♠♣❛r❡ t❤✐s ♠♦❞❡❧ ♦❢ ❛

tr❛♥s❛❝t✐♦♥ s②st❡♠ t♦ ♦✉r ❝♦♥❝r❡t❡ ❞❡s✐❣♥ ✐♥ ❋✐❣✉r❡ ✸✳✻✳✮

✶✶✷
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❘❡❛❞(o, f)✿

❜❡❣✐♥

r❡tr②✿

u← o.versions

u ′
← u.next

s← u.owner.status

✐❢ ✭s = ❉■❙❈❆❘❉❊❉✮ ❬❉❡❧❡t❡ ❉■❙❈❆❘❉❊❉❄❪

❈❆❙(u, u ′, &(o.versions))

❣♦t♦ r❡tr②

❡❧s❡ ✐❢ ✭s = ❈❖▼P▲❊❚❊✮

a← u.fields ❬u ✐s ❈❖▼P▲❊❚❊❪

u.next← null ❬❚r✐♠ ✈❡rs✐♦♥ ❧✐st❪

❡❧s❡

a← u ′.fields ❬u ′ ✐s ❈❖▼P▲❊❚❊❪

r❡t✉r♥ ❋❆✲❘❡❛❞(a, f.index) ❬❉♦ t❤❡ r❡❛❞❪

❡♥❞

❘❡❛❞❚(o, f)✿

❜❡❣✐♥

u← o.versions

✐❢ ✭♦✐❞ = u.owner✮ ❬▼② ❖■❉ s❤♦✉❧❞ ❜❡ ☞rst❪

r❡t✉r♥ ❋❆✲❘❡❛❞(u.fields, f.index) ❬❉♦ t❤❡ r❡❛❞❪

❡❧s❡ ❬▼❛❦❡ ♠❡ ☞rst✦❪

u ′
← u.next

s← u.owner.status

✐❢ ✭s = ❉■❙❈❆❘❉❊❉✮ ❬❉❡❧❡t❡ ❉■❙❈❆❘❉❊❉❄❪

❈❆❙(u, u ′, &(o.versions))

❡❧s❡ ✐❢ ✭♦✐❞.status = ❉■❙❈❆❘❉❊❉✮ ❬❆♠ ■ ❛❧✐✈❡❄❪

❢❛✐❧

❡❧s❡ ✐❢ ✭s = ■◆✲P❘❖●❘❊❙❙✮ ❬❆❜♦rt ■◆✲P❘❖●❘❊❙❙❄❪

❈❆❙(s,❉■❙❈❆❘❉❊❉, &(u.owner.status))

❡❧s❡ ❬▲✐♥❦ ♥❡✇ ✈❡rs✐♦♥ ✐♥✿❪

u.next← null ❬❚r✐♠ ✈❡rs✐♦♥ ❧✐st❪

u ′
← ♥❡✇ Version(♦✐❞, u,null) ❬❈r❡❛t❡ ♥❡✇ ✈❡rs✐♦♥❪

✐❢ ✭❈❆❙(u, u ′, &(o.versions)) 6= ❋❆■▲✮

u ′.fields← u.fields ❬❈♦♣② ♦❧❞ ☞❡❧❞s❪

❣♦t♦ r❡tr②

❡♥❞

❋✐❣✉r❡ ✻✳✹✿ ❘❡❛❞ ❛♥❞❘❡❛❞❚ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❢♦r t❤❡ ♠✉❧t✐♦❜❥❡❝t ♣r♦t♦❝♦❧✳

✶✶✸
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❲r✐t❡(o, f, v)✿

❜❡❣✐♥

r❡tr②✿

u← o.versions

u ′
← u.next

s← u.owner.status

✐❢ ✭s = ❉■❙❈❆❘❉❊❉✮ ❬❉❡❧❡t❡ ❉■❙❈❆❘❉❊❉❄❪

❈❆❙(u, u ′, &(o.versions))

❡❧s❡ ✐❢ ✭s = ■◆✲P❘❖●❘❊❙❙✮ ❬❆❜♦rt ■◆✲P❘❖●❘❊❙❙❄❪

❈❆❙(s,❉■❙❈❆❘❉❊❉, &(u.owner.status))

❡❧s❡ ❬u ✐s ❈❖▼P▲❊❚❊❪

u.next← null ❬❚r✐♠ ✈❡rs✐♦♥ ❧✐st❪

a← u.fields

a ′
← ❋❆✲❯♣❞❛t❡(a, f.index, v)

✐❢ ✭❈❆❙(a, a ′, &(u.fields)) 6= ❋❆■▲✮ ❬❉♦ t❤❡ ✇r✐t❡❪

r❡t✉r♥ ❬❙✉❝❝❡ss✦❪

❣♦t♦ r❡tr②

❡♥❞

❲r✐t❡❚(o, f, v)✿

❜❡❣✐♥

u← o.versions

✐❢ ✭oid = u.owner✮ ❬▼② ❖■❉ s❤♦✉❧❞ ❜❡ ☞rst❪

u.fields← ❋❆✲❯♣❞❛t❡(u.fields, f.index, v)❬❉♦ ✇r✐t❡❪

❡❧s❡ ❬▼❛❦❡ ♠❡ ☞rst✦❪

u ′
← u.next

s← u.owner.status

✐❢ ✭s = ❉■❙❈❆❘❉❊❉✮ ❬❉❡❧❡t❡ ❉■❙❈❆❘❉❊❉❄❪

❈❆❙(u, u ′, &(o.versions))

❡❧s❡ ✐❢ ✭♦✐❞.status = ❉■❙❈❆❘❉❊❉✮ ❬❆♠ ■ ❛❧✐✈❡❄❪

❢❛✐❧

❡❧s❡ ✐❢ ✭s = ■◆✲P❘❖●❘❊❙❙✮ ❬❆❜♦rt ■◆✲P❘❖●❘❊❙❙❄❪

❈❆❙(s,❉■❙❈❆❘❉❊❉, &(u.owner.status))

❡❧s❡ ❬▲✐♥❦ ♥❡✇ ✈❡rs✐♦♥ ✐♥✿❪

u.next← null ❬❚r✐♠ ✈❡rs✐♦♥ ❧✐st❪

u ′
← ♥❡✇ Version(♦✐❞, u,null) ❬❈r❡❛t❡ ♥❡✇ ✈❡rs✐♦♥❪

✐❢ ✭❈❆❙(u, u ′, &(o.versions)) 6= ❋❆■▲✮

u ′.fields← u.fields ❬❈♦♣② ♦❧❞ ☞❡❧❞s❪

❣♦t♦ r❡tr②

❡♥❞

❋✐❣✉r❡ ✻✳✺✿ ❲r✐t❡ ❛♥❞ ❲r✐t❡❚ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❢♦r t❤❡ ♠✉❧t✐♦❜❥❡❝t ♣r♦✲

t♦❝♦❧✳

✶✶✹
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❖❜❥❡❝ts ❝♦♥s✐st ♦❢ t✇♦ s❧♦ts✱ ❛♥❞ t❤❡ ☞rst r❡♣r❡s❡♥ts t❤❡ ✐♠♠✉t❛❜❧❡ type✱

❛s ❜❡❢♦r❡✳ ❚❤❡ s❡❝♦♥❞ ☞❡❧❞✱ versions✱ ♣♦✐♥ts t♦ ❛ ❧✐♥❦❡❞ ❧✐st ♦❢ Version

str✉❝t✉r❡s✳ ❚❤❡ Version str✉❝t✉r❡s ❝♦♥t❛✐♥ ❛ ♣♦✐♥t❡r fields t♦ ❛ ❢✉♥❝t✐♦♥❛❧

❛rr❛②✱ ❛♥❞ ❛ ♣♦✐♥t❡r owner t♦ ❛♥ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r✳ ❚❤❡ tr❛♥s❛❝t✐♦♥

✐❞❡♥t✐☞❡r ❝♦♥t❛✐♥s ❛ s✐♥❣❧❡ ☞❡❧❞✱ status✱ ✇❤✐❝❤ ❝❛♥ ❜❡ s❡t t♦ ♦♥❡ ♦❢ t❤r❡❡

✈❛❧✉❡s✿ ❈❖▼▼■❚❚❊❉✱ ■◆✲P❘❖●❘❊❙❙✱ ♦r ❆❇❖❘❚❊❉✳ ❲❤❡♥ t❤❡ tr❛♥s✲

❛❝t✐♦♥ ✐❞❡♥t✐☞❡r ✐s ❝r❡❛t❡❞✱ t❤❡ st❛t✉s ☞❡❧❞ ✐s ✐♥✐t✐❛❧✐③❡❞ t♦ ■◆✲P❘❖●❘❊❙❙✱

❛♥❞ ✐t ✇✐❧❧ ❜❡ ✉♣❞❛t❡❞ ❡①❛❝t❧② ♦♥❝❡ t❤❡r❡❛❢t❡r t♦ ❡✐t❤❡r ❈❖▼▼■❚❚❊❉ ♦r

❆❇❖❘❚❊❉✳ ❆ ❈❖▼▼■❚❚❊❉ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r ♥❡✈❡r ❧❛t❡r ❜❡❝♦♠❡s ■◆✲

P❘❖●❘❊❙❙ ♦r ❆❇❖❘❚❊❉✱ ❛♥❞ ❛ ❆❇❖❘❚❊❉ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r ♥❡✈❡r

❜❡❝♦♠❡s ❈❖▼▼■❚❚❊❉ ♦r ■◆✲P❘❖●❘❊❙❙✳

❲❡ ❝r❡❛t❡ ❛♥ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r ✇❤❡♥ ✇❡ ❜❡❣✐♥ ♦r r❡st❛rt ❛ tr❛♥s✲

❛❝t✐♦♥ ❛♥❞ ♣❧❛❝❡ ✐t ✐♥ ❛ ❧♦❝❛❧ ✈❛r✐❛❜❧❡ t✐❞✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥✱

✇❡ ✉s❡ ❈❆❙ t♦ s❡t t✐❞.status t♦ ❈❖▼▼■❚❚❊❉ ✐❢ ❛♥❞ ♦♥❧② ✐❢ ✐t ✇❛s ■◆✲

P❘❖●❘❊❙❙✳ ■❢ t❤❡ ❈❆❙ ✐s s✉❝❝❡ss❢✉❧✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❤❛s ❛❧s♦ ❡①❡❝✉t❡❞

s✉❝❝❡ss❢✉❧❧②❀ ♦t❤❡r✇✐s❡ t✐❞.status = ❆❇❖❘❚❊❉ ✭✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t ♦✉r

tr❛♥s❛❝t✐♦♥ ❤❛s ❜❡❡♥ ❛❜♦rt❡❞✮✱ ❛♥❞ ✇❡ ♠✉st ❜❛❝❦ ♦☛ ❛♥❞ r❡tr②✳ ❆❧❧ Version

str✉❝t✉r❡s ❝r❡❛t❡❞ ✇❤✐❧❡ ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥ r❡❢❡r❡♥❝❡ t✐❞ ✐♥ t❤❡✐r owner ☞❡❧❞✳

❙❡♠❛♥t✐❝❛❧❧②✱ t❤❡ ❝✉rr❡♥t ☞❡❧❞ ✈❛❧✉❡s ❢♦r t❤❡ ♦❜❥❡❝t ❛r❡ ❣✐✈❡♥ ❜② t❤❡ ☞rst

✈❡rs✐♦♥ ✐♥ t❤❡ ✈❡rs✐♦♥s ❧✐st ✇❤♦s❡ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r ✐s ❈❖▼▼■❚❚❊❉✳

❚❤❡s❡ s❡♠❛♥t✐❝s ❛❧❧♦✇ ✉s t♦ ❧✐♥❦ ■◆✲P❘❖●❘❊❙❙ ✈❡rs✐♦♥s ✐♥ ❛t t❤❡ ❤❡❛❞ ♦❢

♠✉❧t✐♣❧❡ ♦❜❥❡❝ts✬ ✈❡rs✐♦♥s ❧✐sts ❛♥❞ ❛t♦♠✐❝❛❧❧② ❝❤❛♥❣❡ t❤❡ ✈❛❧✉❡s ♦❢ ❛❧❧ t❤❡s❡

♦❜❥❡❝ts ❜② s❡tt✐♥❣ t❤❡ ♦♥❡ ❝♦♠♠♦♥ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r t♦ ❈❖▼▼■❚❚❊❉✳

❲❡ ♦♥❧② ❛❧❧♦✇ ♦♥❡ ■◆✲P❘❖●❘❊❙❙ ✈❡rs✐♦♥ ♦♥ t❤❡ ✈❡rs✐♦♥s ❧✐st✱ ❛♥❞ ✐t ♠✉st

❜❡ ❛t t❤❡ ❤❡❛❞✳ ❚❤✉s✱ ❜❡❢♦r❡ ✇❡ ❝❛♥ ❧✐♥❦ ❛ ♥❡✇ ✈❡rs✐♦♥ ❛t t❤❡ ❤❡❛❞✱ ✇❡ ♠✉st

❡♥s✉r❡ t❤❛t ❡✈❡r② ♦t❤❡r ✈❡rs✐♦♥ ♦♥ t❤❡ ❧✐st ✐s ❆❇❖❘❚❊❉ ♦r ❈❖▼▼■❚❚❊❉✳

❙✐♥❝❡ ✇❡ ♥❡✈❡r ❧♦♦❦ ♣❛st t❤❡ ☞rst ❈❖▼▼■❚❚❊❉ ✈❡rs✐♦♥ ✐♥ t❤❡ ✈❡rs✐♦♥s

❧✐st✱ ✇❡ ❝❛♥ ❢r❡❡ ❛❧❧ ✈❡rs✐♦♥s ♣❛st t❤❛t ♣♦✐♥t✳ ■♥ ♦✉r ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡

❛❧❣♦r✐t❤♠✱ ✇❡ ❞♦ t❤✐s ❞❡❛❧❧♦❝❛t✐♦♥ ❜② ❡①♣❧✐❝✐t❧② s❡tt✐♥❣ t❤❡ next ☞❡❧❞ ♦❢

❡✈❡r② ❈❖▼▼■❚❚❊❉ ✈❡rs✐♦♥ ✇❡ s❡❡ t♦ null❀ ♦✈❡r✇r✐t✐♥❣ t❤❡ r❡❢❡r❡♥❝❡ ❛❧❧♦✇s

t❤❡ ✈❡rs✐♦♥s ♣❛st t❤❛t ♣♦✐♥t t♦ ❜❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t❡❞✳ ❆♥ ♦♣t✐♠✐③❛t✐♦♥ ✐s ❢♦r

✶✶✺
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t❤❡ ❣❛r❜❛❣❡ ❝♦❧❧❡❝t♦r t♦ ❞♦ t❤❡ ❧✐st tr✐♠♠✐♥❣ ❢♦r ✉s ✇❤❡♥ ✐t ❞♦❡s ❛ ❝♦❧❧❡❝t✐♦♥✳

❇❡❝❛✉s❡ ✇❡ ❞♦♥✬t ✇❛♥t t♦ ✐♥❛❞✈❡rt❡♥t❧② ❝❤❛s❡ t❤❡ ♥✉❧❧ next ♣♦✐♥t❡r ♦❢

❛ ❈❖▼▼■❚❚❊❉ ✈❡rs✐♦♥✱ ✇❡ ❛❧✇❛②s ❧♦❛❞ t❤❡ next ☞❡❧❞ ♦❢ ❛ ✈❡rs✐♦♥ ❜❡❢♦r❡

✇❡ ❧♦❛❞ owner.status✳ ❙✐♥❝❡ t❤❡ ✇r✐t❡s ♦❝❝✉r ✐♥ t❤❡ r❡✈❡rs❡ ♦r❞❡r ✭❈❖▼✲

▼■❚❚❊❉ t♦ owner.status✱ t❤❡♥ null t♦ next✮✱ ✇❡ ❤❛✈❡ ❡♥s✉r❡❞ t❤❛t ♦✉r

next ♣♦✐♥t❡r ✐s ✈❛❧✐❞ ✇❤❡♥❡✈❡r t❤❡ st❛t✉s ✐s ♥♦t ❈❖▼▼■❚❚❊❉✳✷

❲❡ ❜❡❣✐♥ ❛♥ ❛t♦♠✐❝ ♠❡t❤♦❞ ✇✐t❤ ❚r❛♥s❙t❛rt ❛♥❞ ❛tt❡♠♣t t♦ ❝♦♠♣❧❡t❡

❛♥ ❛t♦♠✐❝ ♠❡t❤♦❞ ✇✐t❤ ❚r❛♥s❊♥❞✳ ❚❤❡② ❛r❡ ❞❡☞♥❡❞ ❛s ❢♦❧❧♦✇s✿

✎ ❚r❛♥s❙t❛rt✿ ❝r❡❛t❡ ❛ ♥❡✇ tr❛♥s❛❝t✐♦♥ ✐❞❡♥t✐☞❡r ✇✐t❤ ✐ts st❛t✉s ✐♥✐✲

t✐❛❧✐③❡❞ t♦ ■◆✲P❘❖●❘❊❙❙✳ ❆ss✐❣♥ ✐t t♦ t❤❡ t❤r❡❛❞✲❧♦❝❛❧ ✈❛r✐❛❜❧❡ t✐❞✳

✎ ❚r❛♥s❊♥❞✿ ■❢

❈❆❙(■◆✲P❘❖●❘❊❙❙,❈❖▼▼■❚❚❊❉, &(t✐❞.status))

✐s s✉❝❝❡ss❢✉❧✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❛s ❛ ✇❤♦❧❡ ❤❛s ❝♦♠♣❧❡t❡❞ s✉❝❝❡ss❢✉❧❧②

❛♥❞ ❝❛♥ ❜❡ ❧✐♥❡❛r✐③❡❞ ❛t t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❈❆❙✳ ❖t❤❡r✇✐s❡✱ t❤❡

tr❛♥s❛❝t✐♦♥ ❤❛s ❜❡❡♥ ❛❜♦rt❡❞✳ ❇❛❝❦ ♦☛ ❛♥❞ r❡tr② ❢r♦♠ ❚r❛♥s❙t❛rt✳

Ps❡✉❞♦❝♦❞❡ ❞❡s❝r✐❜✐♥❣ ❘❡❛❞✱ ❲r✐t❡✱ ❘❡❛❞❚✱ ❛♥❞ ❲r✐t❡❚ ✐s ♣r❡s❡♥t❡❞

✐♥ ❋✐❣✉r❡s ✻✳✹ ❛♥❞ ✻✳✺✳ ■♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❝♦♥t❡♥t✐♦♥✱ ❛❧❧ ♦♣❡r❛t✐♦♥s t❛❦❡

❝♦♥st❛♥t t✐♠❡ ♣❧✉s ❛♥ ✐♥✈♦❝❛t✐♦♥ ♦❢ ❋❆✲❘❡❛❞ ♦r ❋❆✲❯♣❞❛t❡✳

6.4 Lock-free functional arrays

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ ❧♦❝❦✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✇✐t❤

O(1) ♣❡r❢♦r♠❛♥❝❡ ❢♦r ❜♦t❤ r❡❛❞ ❛♥❞ ✉♣❞❛t❡ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❝♦♥t❡♥t✐♦♥✳

❚❤❡ ❝r✉❝✐❛❧ ♦♣❡r❛t✐♦♥ ✐s ❛ r♦t❛t✐♦♥ ♦❢ ❛ ❞✐☛❡r❡♥❝❡ ♥♦❞❡ ✇✐t❤ t❤❡ ♠❛✐♥ ❜♦❞②

♦❢ t❤❡ ❛rr❛②✳ ❯s✐♥❣ t❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✐♥ t❤❡ ♠✉❧t✐♦❜✲

❥❡❝t tr❛♥s❛❝t✐♦♥ ♣r♦t♦❝♦❧ ♦❢ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ❝r❡❛t❡s ▲❛r❣❡ ❆♣❡❳✱ ♦✉r

✷▼❡♠♦r② ❜❛rr✐❡rs ✇✐❧❧ ❜❡ ♥❡❝❡ss❛r② ❤❡r❡ ✐❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❞♦❡s ♥♦t s✉♣♣♦rt s❡q✉❡♥t✐❛❧

❝♦♥s✐st❡♥❝②✳
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❋✐❣✉r❡ ✻✳✻✿ ❙❤❛❧❧♦✇ ❜✐♥❞✐♥❣ s❝❤❡♠❡ ❢♦r ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ❬✷✶✱ ❋✐❣✉r❡ ✶❪✳ ❚❤❡

❛rr❛② ✐s ♦❢ s✐③❡ ✷ ❛♥❞ ✐s ✐♥❞❡①❡❞ ❜② x ❛♥❞ y✳ ❚❤❡ ✐♥✐t✐❛❧ ❛rr❛② A ✐s ✉♥❞❡☞♥❡❞✱

❛♥❞ B ✐s ❞❡☞♥❡❞ ❛s ❛♥ ✉♣❞❛t❡ t♦ A ❛t ✐♥❞❡① x ❜② ✈❛❧✉❡ 0✳ ❙✐♠✐❧❛r❧② ❢♦r C

❛♥❞ D✳ ❚❤❡ ❞❛r❦ ♥♦❞❡ ✐s t❤❡ r♦♦t ♥♦❞❡ ✇❤✐❝❤ ❤❛s t❤❡ ❝❛❝❤❡✳ ❲❤✐t❡ ♥♦❞❡s

❛r❡ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡s ✇❤✐❝❤ ♠✉st ☞rst ❜❡ r❡r♦♦t❡❞ ❜❡❢♦r❡ ❜❡✐♥❣ r❡❛❞✳ ◆♦t❡

t❤❛t ♦♥❧② t❤❡ r♦♦t ♥♦❞❡ ❤❛s t❤❡ ❝❛❝❤❡✳
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r❡✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♥♦♥❜❧♦❝❦✐♥❣ tr❛♥s❛❝t✐♦♥s ✇❤✐❝❤ s♦❧✈❡s t❤❡ ❧❛r❣❡✲♦❜❥❡❝t

♣r♦❜❧❡♠✳

▲❡t✬s ❜❡❣✐♥ ❜② r❡✈✐❡✇✐♥❣ t❤❡ ✇❡❧❧✲❦♥♦✇♥ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛✲

t✐♦♥s✳ ❆s ♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧②✱ ❖✬◆❡✐❧❧ ❛♥❞ ❇✉rt♦♥ ❬✼✾❪ ❣✐✈❡ ❛♥ ✐♥❝❧✉s✐✈❡

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

❝❛t❡❣♦r✐❡s✿ tr❡❡✲❜❛s❡❞✱ ❢❛t✲❡❧❡♠❡♥ts✱ ♦r s❤❛❧❧♦✇✲❜✐♥❞✐♥❣✳

❚r❡❡✲❜❛s❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥s t②♣✐❝❛❧❧② ❤❛✈❡ ❛ ❧♦❣❛r✐t❤♠✐❝ t❡r♠ ✐♥ t❤❡✐r

❝♦♠♣❧❡①✐t②✳ ❚❤❡ s✐♠♣❧❡st ✐s t❤❡ ♣❡rs✐st❡♥t ❜✐♥❛r② tr❡❡ ✇✐t❤ O(❧♥n) ❧♦♦❦✲✉♣

t✐♠❡❀ ❈❤r✐s ❖❦❛s❛❦✐ ❬✼✽❪ ❤❛s ✐♠♣❧❡♠❡♥t❡❞ ❛ ♣✉r❡❧② ❢✉♥❝t✐♦♥❛❧ r❛♥❞♦♠✲❛❝❝❡ss

❧✐st ✇✐t❤ O(❧♥ i) ❡①♣❡❝t❡❞ ❧♦♦❦✉♣ t✐♠❡✱ ✇❤❡r❡ i ✐s t❤❡ ✐♥❞❡① ♦❢ t❤❡ ❞❡s✐r❡❞

❡❧❡♠❡♥t✳

❋❛t✲❡❧❡♠❡♥ts ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❤❛✈❡ ♣❡r✲❡❧❡♠❡♥t ❞❛t❛ str✉❝t✉r❡s ✐♥❞❡①❡❞

❜② ❛ ♠❛st❡r ❛rr❛②✳ ❈♦❤❡♥ ❬✷✸❪ ❤❛♥❣s ❛ ❧✐st ♦❢ ✈❡rs✐♦♥s ❢r♦♠ ❡❛❝❤ ❡❧❡♠❡♥t ✐♥

t❤❡ ♠❛st❡r ❛rr❛②✳ ❖✬◆❡✐❧❧ ❛♥❞ ❇✉rt♦♥ ❬✼✾❪✱ ✐♥ ❛ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ t❡❝❤♥✐q✉❡✱

❤❛♥❣ ❛ s♣❧❛② tr❡❡ ♦☛ ❡❛❝❤ ❡❧❡♠❡♥t ❛♥❞ ❛❝❤✐❡✈❡ O(1) ♦♣❡r❛t✐♦♥s ❢♦r s✐♥❣❧❡✲

t❤r❡❛❞❡❞ ✉s❡✱ O(1) ❛♠♦rt✐③❡❞ ❝♦st ✇❤❡♥ ❛❝❝❡ss❡s t♦ t❤❡ ❛rr❛② ❛r❡ ❭✉♥✐❢♦r♠✧✱

❛♥❞ O(❧♥n) ❛♠♦rt✐③❡❞ ✇♦rst ❝❛s❡ t✐♠❡✳

❙❤❛❧❧♦✇ ❜✐♥❞✐♥❣ ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② ❇❛❦❡r ❬✶✶❪ ❛s ❛ ♠❡t❤♦❞ t♦ ❛❝❤✐❡✈❡

❢❛st ✈❛r✐❛❜❧❡ ❧♦♦❦✉♣ ✐♥ ▲✐s♣ ❡♥✈✐r♦♥♠❡♥ts✳ ❇❛❦❡r ❝❧❛r✐☞❡❞ t❤❡ r❡❧❛t✐♦♥s❤✐♣

t♦ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✐♥ ❬✶✵❪✳ ❙❤❛❧❧♦✇ ❜✐♥❞✐♥❣ ✐s ❛❧s♦ ❝❛❧❧❡❞ ✈❡rs✐♦♥ tr❡❡

❛rr❛②s✱ tr❛✐❧❡r ❛rr❛②s✱ ♦r r❡✈❡rs✐❜❧❡ ❞✐☛❡r❡♥t✐❛❧ ❧✐sts✳ ❆ t②♣✐❝❛❧ ❞r❛✇❜❛❝❦

♦❢ s❤❛❧❧♦✇ ❜✐♥❞✐♥❣ ✐s t❤❛t r❡❛❞s ♠❛② t❛❦❡ O(u) ✇♦rst✲❝❛s❡ t✐♠❡✱ ✇❤❡r❡ u

✐s t❤❡ ♥✉♠❜❡r ♦❢ ✉♣❞❛t❡s ♠❛❞❡ t♦ t❤❡ ❛rr❛②✳ ❚②♥❣✲❘✉❡② ❈❤✉❛♥❣ ❬✷✶❪ ✉s❡s

r❛♥❞♦♠✐③❡❞ ❝✉ts t♦ t❤❡ ✈❡rs✐♦♥ tr❡❡ t♦ ❧✐♠✐t t❤❡ ❝♦st ♦❢ ❛ r❡❛❞ t♦ O(n) ✐♥

t❤❡ ✇♦rst ❝❛s❡✳ ❙✐♥❣❧❡✲t❤r❡❛❞❡❞ ❛❝❝❡ss❡s ❛r❡ O(1)✳

❖✉r ✉s❡ ♦❢ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✐s s✐♥❣❧❡✲t❤r❡❛❞❡❞ ✐♥ t❤❡ ❝♦♠♠♦♥ ❝❛s❡✱ ✇❤❡♥

tr❛♥s❛❝t✐♦♥s ❞♦ ♥♦t ❛❜♦rt✳ ❈❤✉❛♥❣✬s s❝❤❡♠❡ ✐s ❛ttr❛❝t✐✈❡ ❜❡❝❛✉s❡ ✐t ❧✐♠✐ts

t❤❡ ✇♦rst✲❝❛s❡ ❝♦st ♦❢ ❛♥ ❛❜♦rt ✇✐t❤ ❧✐tt❧❡ ❛❞❞❡❞ ❝♦♠♣❧❡①✐t②✳ ■♥ t❤✐s s❡❝t✐♦♥

■ ✇✐❧❧ ♣r❡s❡♥t ❛ ❧♦❝❦✲❢r❡❡ ✈❡rs✐♦♥ ♦❢ ❈❤✉❛♥❣✬s r❛♥❞♦♠✐③❡❞ ❛❧❣♦r✐t❤♠✳

■♥ s❤❛❧❧♦✇ ❜✐♥❞✐♥❣✱ ♦♥❧② ♦♥❡ ✈❡rs✐♦♥ ♦❢ t❤❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✭t❤❡ r♦♦t✮

❦❡❡♣s ✐ts ❝♦♥t❡♥ts ✐♥ ❛♥ ✐♠♣❡r❛t✐✈❡ ❛rr❛② ✭t❤❡ ❝❛❝❤❡✮✳ ❊❛❝❤ ♦❢ t❤❡ ♦t❤❡r

✶✶✽
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✈❡rs✐♦♥s ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛ ♣❛t❤ ♦❢ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡s✱ ✇❤❡r❡ ❡❛❝❤ ♥♦❞❡

❞❡s❝r✐❜❡s t❤❡ ❞✐☛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❝✉rr❡♥t ❛rr❛② ❛♥❞ t❤❡ ♣r❡✈✐♦✉s ❛rr❛②✳

❚❤❡ ❞✐☛❡r❡♥❝❡ ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛ ♣❛✐r 〈✐♥❞❡①, ✈❛❧✉❡〉✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♥❡✇

✈❛❧✉❡ t♦ ❜❡ st♦r❡❞ ❛t t❤❡ s♣❡❝✐☞❡❞ ✐♥❞❡①✳ ❆❧❧ ♣❛t❤s ❧❡❛❞ t♦ t❤❡ r♦♦t✳ ❆♥

✉♣❞❛t❡ t♦ t❤❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐s s✐♠♣❧② ✐♠♣❧❡♠❡♥t❡❞ ❜② ❛❞❞✐♥❣ ❛ ❞✐☛❡r❡♥t✐❛❧

♥♦❞❡ ♣♦✐♥t✐♥❣ t♦ t❤❡ ❛rr❛② ✐t ✐s ✉♣❞❛t✐♥❣✳

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

t❤❡ r❡❛❞ ♦♣❡r❛t✐♦♥✳ ❆ r❡❛❞ t♦ t❤❡ r♦♦t s✐♠♣❧② r❡❛❞s t❤❡ ❛♣♣r♦♣r✐❛t❡ ✈❛❧✉❡

❢r♦♠ t❤❡ ❝❛❝❤❡✳ ❆ r❡❛❞ t♦ ❛ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡✱ ❤♦✇❡✈❡r✱ tr✐❣❣❡rs ❛ s❡r✐❡s

♦❢ r♦t❛t✐♦♥s t❤❛t s✇❛♣ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡s ❛♥❞ r❡s✉❧t ✐♥ t❤❡

❝✉rr❡♥t ❛rr❛② ❛❝q✉✐r✐♥❣ t❤❡ ❝❛❝❤❡ ❛♥❞ ❜❡❝♦♠✐♥❣ t❤❡ ♥❡✇ r♦♦t✳ ❚❤✐s s❡q✉❡♥❝❡

♦❢ r♦t❛t✐♦♥s ✐s ❝❛❧❧❡❞ r❡r♦♦t✐♥❣✱ ❛♥❞ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✻✳ ❊❛❝❤ r♦t❛t✐♦♥

❡①❝❤❛♥❣❡s t❤❡ r♦♦t ♥♦❞❡s ❢♦r ❛ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡ ♣♦✐♥t✐♥❣ t♦ ✐t✱ ❛❢t❡r ✇❤✐❝❤ t❤❡

❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡ ❜❡❝♦♠❡s t❤❡ ♥❡✇ r♦♦t ❛♥❞ t❤❡ r♦♦t ❜❡❝♦♠❡s ❛ ❞✐☛❡r❡♥t✐❛❧

♥♦❞❡ ♣♦✐♥t✐♥❣ t♦ t❤❡ ♥❡✇ r♦♦t✳ ❚❤❡ ❝♦st ♦❢ ❛ r❡❛❞ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ ✐ts

r❡r♦♦t✐♥❣ ❧❡♥❣t❤✱ ❜✉t ❛❢t❡r t❤❡ ☞rst r❡❛❞ ❛❝❝❡ss❡s t♦ t❤❡ s❛♠❡ ✈❡rs✐♦♥ ❛r❡

O(1) ✉♥t✐❧ t❤❡ ❛rr❛② ✐s r❡r♦♦t❡❞ ❛❣❛✐♥✳

❙❤❛❧❧♦✇ ❜✐♥❞✐♥❣ ♣❡r❢♦r♠s ❜❛❞❧② ✐❢ r❡❛❞ ♦♣❡r❛t✐♦♥s ♣✐♥❣✲♣♦♥❣ ❜❡t✇❡❡♥

t✇♦ ✇✐❞❡❧② s❡♣❛r❛t❡❞ ✈❡rs✐♦♥s ♦❢ t❤❡ ❛rr❛②✱ ❛s ✇❡ ✇✐❧❧ ❝♦♥t✐♥✉❛❧❧② r❡r♦♦t t❤❡

❛rr❛② ❢r♦♠ ♦♥❡ ✈❡rs✐♦♥ t♦ t❤❡ ♦t❤❡r✳ ❈❤✉❛♥❣✬s ❝♦♥tr✐❜✉t✐♦♥ ✐s t♦ ♣r♦✈✐❞❡ ❢♦r

❝✉ts t♦ t❤❡ ❝❤❛✐♥ ♦❢ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡s✿ ♦♥❝❡ ✐♥ ❛ ✇❤✐❧❡ ✇❡ ❝❧♦♥❡ t❤❡ ❝❛❝❤❡

❛♥❞ ❝r❡❛t❡ ❛ ♥❡✇ r♦♦t ✐♥st❡❛❞ ♦❢ ♣❡r❢♦r♠✐♥❣ ❛ r♦t❛t✐♦♥✳ ❙✐♥❝❡ t❤✐s ♦♣❡r❛t✐♦♥

t❛❦❡s O(n) t✐♠❡✱ ✇❡ ❛♠♦rt✐③❡ ✐t ♦✈❡r n ♦♣❡r❛t✐♦♥s ❜② r❛♥❞♦♠❧② ❝❤♦♦s✐♥❣ t♦

♣❡r❢♦r♠ ❛ ❝✉t ✇✐t❤ ♣r♦❜❛❜✐❧✐t② 1/n✳

❋✐❣✉r❡ ✻✳✼ s❤♦✇s t❤❡ ❞❛t❛ str✉❝t✉r❡s ✉s❡❞ ❢♦r t❤❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠✲

♣❧❡♠❡♥t❛t✐♦♥✱ ❛s ✇❡❧❧ ❛s t❤❡ s❡r✐❡s ♦❢ ❛t♦♠✐❝ st❡♣s ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t ❛

r♦t❛t✐♦♥✳ ❚❤❡ Array ❝❧❛ss✱ ✇❤✐❝❤ r❡♣r❡s❡♥ts ❛ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②✱ ❝♦♥s✐sts ♦❢ ❛

size ❢♦r t❤❡ ❛rr❛② ❛♥❞ ❛ ♣♦✐♥t❡r t♦ ❛ Node✳ ❚❤❡r❡ ❛r❡ t✇♦ t②♣❡s ♦❢ ♥♦❞❡s✿ ❛

CacheNode st♦r❡s ❛ ✈❛❧✉❡ ❢♦r ❡✈❡r② ✐♥❞❡① ✐♥ t❤❡ ❛rr❛②✱ ✇❤❡r❡❛s ❛ DiffNode

st♦r❡s ❛ s✐♥❣❧❡ ❝❤❛♥❣❡ t♦ ❛♥ ❛rr❛②✳ Array ♦❜❥❡❝ts t❤❛t ♣♦✐♥t t♦ CacheNodes

❛r❡ r♦♦ts✳

✶✶✾
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. . .
. . .

A

0
CacheNode

n

x y

node

size

Array
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size

Array

B

DiffNode

index
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d
A

z

x

. . .
. . .
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d
B
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0
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❋✐❣✉r❡ ✻✳✼✿ ❆t♦♠✐❝ st❡♣s ✐♥ ❋❆✲❘♦t❛t❡(B)✳ ❚✐♠❡ ♣r♦❝❡❡❞s t♦♣✲t♦✲❜♦tt♦♠

♦♥ t❤❡ ❧❡❢t ❤❛♥❞ s✐❞❡✱ ❛♥❞ t❤❡♥ t♦♣✲t♦✲❜♦tt♦♠ ♦♥ t❤❡ r✐❣❤t✳ ❆rr❛② A ✐s ❛ r♦♦t

♥♦❞❡✱ ❛♥❞ ❋❆✲❘❡❛❞(A, x) = z✳ ❆rr❛② B ❤❛s t❤❡ ❛❧♠♦st t❤❡ s❛♠❡ ❝♦♥t❡♥ts

❛s A✱ ❜✉t ❋❆✲❘❡❛❞(B, x) = y✳

✶✷✵
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❋❆✲❯♣❞❛t❡(A, i, v)✿

❜❡❣✐♥

d← ♥❡✇ ❉✐☛◆♦❞❡(i, v,A)

A ′
← ♥❡✇ ❆rr❛②(A.size, d)

r❡t✉r♥ A ′

❡♥❞

❋❆✲❘❡❛❞(A, i)✿

❜❡❣✐♥

r❡tr②✿

dC← A.node

✐❢ dC ✐s ❛ ❝❛❝❤❡✱ t❤❡♥

v← A.node[i]

✐❢ (A.node 6= dC)❬❝♦♥s✐st❡♥❝② ❝❤❡❝❦❪

❣♦t♦ r❡tr②

r❡t✉r♥ v

❡❧s❡

❋❆✲❘♦t❛t❡✭❆✮

❣♦t♦ r❡tr②

❡♥❞

❋✐❣✉r❡ ✻✳✽✿ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❧♦❝❦✲❢r❡❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✉s✐♥❣ s❤❛❧❧♦✇ ❜✐♥❞✲

✐♥❣ ❛♥❞ r❛♥❞♦♠✐③❡❞ ❝✉ts ✭♣❛rt ✶✮✳

✶✷✶
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❋❆✲❘♦t❛t❡(B)✿

❜❡❣✐♥

r❡tr②✿

dB← B.node ❬st❡♣ ✭✶✮✿ ❛ss✐❣♥ ♥❛♠❡s ❛s ♣❡r ❋✐❣✉r❡ ✻✳✼✳❪

A← dB.array

x← dB.index

y← dB.value

z← ❋❆✲❘❡❛❞(A, x) ❬r♦t❛t❡s ❆ ❛s s✐❞❡ ❡☛❡❝t❪

dC← A.node

✐❢ dC ✐s ♥♦t ❛ ❝❛❝❤❡✱ t❤❡♥

❣♦t♦ r❡tr②

✐❢ (0 = (r❛♥❞♦♠ ♠♦❞ A.size)) ❬r❛♥❞♦♠ ❝✉t❪

d ′
C
← ❝♦♣② ♦❢ dC

d ′
C
[x]← y

s← ❉❈❆❙(dC, dC, &(A.node), dB, d ′
C
, &(B.node))

✐❢ (s 6= ❙❯❈❈❊❙❙) ❣♦t♦ r❡tr②

❡❧s❡ r❡t✉r♥

C← ♥❡✇ ❆rr❛②(A.size, dC)

dA← ♥❡✇ ❉✐☛◆♦❞❡(x, z, C)

s← ❈❆❙(dC, dA, &(A.node)) ❬st❡♣ ✭✷✮❪

✐❢ (s 6= ❙❯❈❈❊❙❙) ❣♦t♦ r❡tr②

s← ❈❆❙(A, C, &(dB.array)) ❬st❡♣ ✭✸✮❪

✐❢ (s 6= ❙❯❈❈❊❙❙) ❣♦t♦ r❡tr②

s← ❈❆❙(C, B, &(dA.array)) ❬st❡♣ ✭✹✮❪

✐❢ (s 6= ❙❯❈❈❊❙❙) ❣♦t♦ r❡tr②

s← ❉❈❆❙(z, y, &(dC[x]), dC, dC, &(C.node)) ❬st❡♣ ✭✺✮❪

✐❢ (s 6= ❙❯❈❈❊❙❙) ❣♦t♦ r❡tr②

s← ❉❈❆❙(dB, dC, &(B.node), dC,nil, &(C.node))❬st❡♣ ✭✻✮❪

✐❢ (s 6= ❙❯❈❈❊❙❙) ❣♦t♦ r❡tr②

❡♥❞

❋✐❣✉r❡ ✻✳✾✿ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❧♦❝❦✲❢r❡❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✉s✐♥❣ s❤❛❧❧♦✇ ❜✐♥❞✲

✐♥❣ ❛♥❞ r❛♥❞♦♠✐③❡❞ ❝✉ts ✭♣❛rt ✷✮✳

✶✷✷
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■♥ st❡♣ ✶ ♦❢ t❤❡ ☞❣✉r❡✱ ✇❡ ❤❛✈❡ ❛ r♦♦t ❛rr❛② A ❛♥❞ ❛♥ ❛rr❛② B ✇❤♦s❡

❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡ dB ♣♦✐♥ts t♦ A✳ ❚❤❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s A ❛♥❞ B ❞✐☛❡r ✐♥

♦♥❡ ❡❧❡♠❡♥t✿ ❡❧❡♠❡♥t x ♦❢ A ✐s z✱ ✇❤✐❧❡ ❡❧❡♠❡♥t x ♦❢ B ✐s y✳ ❲❡ ❛r❡ ❛❜♦✉t

t♦ r♦t❛t❡ B t♦ ❣✐✈❡ ✐t t❤❡ ❝❛❝❤❡✱ ✇❤✐❧❡ ❧✐♥❦✐♥❣ ❛ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡ t♦ A✳

❙t❡♣ ✷ s❤♦✇s ♦✉r ☞rst ❛t♦♠✐❝ ❛❝t✐♦♥✳ ❲❡ ❤❛✈❡ ❝r❡❛t❡❞ ❛ ♥❡✇ DiffNode

dA ❛♥❞ ❛ ♥❡✇ Array C ❛♥❞ ❧✐♥❦❡❞ t❤❡♠ ❜❡t✇❡❡♥ A ❛♥❞ ✐ts ❝❛❝❤❡✳ ❚❤❡

DiffNode dA ❝♦♥t❛✐♥s t❤❡ ✈❛❧✉❡ ❢♦r ❡❧❡♠❡♥t x ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ❝❛❝❤❡✱ z✱ s♦

t❤❡r❡ ✐s ♥♦ ❝❤❛♥❣❡ ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ A✳

❲❡ ❝♦♥t✐♥✉❡ s✇✐♥❣✐♥❣ ♣♦✐♥t❡rs ✉♥t✐❧ st❡♣ ✺✱ ✇❤❡♥ ✇❡ ❝❛♥ ☞♥❛❧❧② s❡t t❤❡

❡❧❡♠❡♥t x ✐♥ t❤❡ ❝❛❝❤❡ t♦ y✳ ❲❡ ♣❡r❢♦r♠ t❤✐s ♦♣❡r❛t✐♦♥ ✇✐t❤ ❛ ❉❈❆❙ ♦♣❡r✲

❛t✐♦♥ t❤❛t ❝❤❡❝❦s t❤❛t C.node ✐s st✐❧❧ ♣♦✐♥t✐♥❣ t♦ t❤❡ ❝❛❝❤❡ ❛s ✇❡ ❡①♣❡❝t✳ ❆

❝♦♥❝✉rr❡♥t r♦t❛t✐♦♥ ✇♦✉❧❞ s✇✐♥❣ C.node ✐♥ ✐ts st❡♣ ✶✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡r❡❢♦r❡✱

t❤❡ ❧♦❝❛t✐♦♥ ♣♦✐♥t✐♥❣ t♦ t❤❡ ❝❛❝❤❡ s❡r✈❡s ❛s ❛ r❡s❡r✈❛t✐♦♥ ♦♥ t❤❡ ❝❛❝❤❡✳

❚❤✉s✱ ✐♥ st❡♣ ✻ ✇❡ ♥❡❡❞ t♦ ❛❣❛✐♥ ✉s❡ ❉❈❆❙ t♦ s✐♠✉❧t❛♥❡♦✉s❧② s✇✐♥❣

C.node ❛✇❛② ❢r♦♠ t❤❡ ❝❛❝❤❡ ❛s ✇❡ s✇✐♥❣ B.node t♦ ♣♦✐♥t t♦ t❤❡ ❝❛❝❤❡✳

❋✐❣✉r❡s ✻✳✽ ❛♥❞ ✻✳✾ ♣r❡s❡♥t ♣s❡✉❞♦❝♦❞❡ ❢♦r ❋❆✲❘♦t❛t❡✱ ❋❆✲❘❡❛❞✱ ❛♥❞

❋❆✲❯♣❞❛t❡✳ ▲✐❦❡ ❋❆✲❘♦t❛t❡✱ ❋❆✲❘❡❛❞ ♣r♦❝❡❞✉r❡ ❛❧s♦ ✉s❡s t❤❡ ❝❛❝❤❡

♣♦✐♥t❡r ❛s ❛ r❡s❡r✈❛t✐♦♥✱ ❞♦✉❜❧❡✲❝❤❡❝❦✐♥❣ t❤❡ ❝❛❝❤❡ ♣♦✐♥t❡r ❛❢t❡r ✐t ☞♥✐s❤❡s

✐ts r❡❛❞ t♦ ❡♥s✉r❡ t❤❛t t❤❡ ❝❛❝❤❡ ❤❛s♥✬t ❜❡❡♥ st♦❧❡♥ ❢r♦♠ ✐t✳

▲❡t ✉s ♥♦✇ ❝♦♥s✐❞❡r ❝✉ts✱ ✇❤❡r❡ ❋❆✲❘❡❛❞ ❝❧♦♥❡s t❤❡ ❝❛❝❤❡ ✐♥st❡❛❞ ♦❢

♣❡r❢♦r♠✐♥❣ ❛ r♦t❛t✐♦♥✳ ❈✉ts ❛❧s♦ ❝❤❡❝❦ t❤❡ ❝❛❝❤❡ ♣♦✐♥t❡r t♦ ♣r♦t❡❝t ❛❣❛✐♥st

❝♦♥❝✉rr❡♥t r♦t❛t✐♦♥s✳ ❇✉t✱ ✇❤❛t ✐❢ t❤❡ ❝✉t ♦❝❝✉rs ✇❤✐❧❡ ❛ r♦t❛t✐♦♥ ✐s ♠✉t❛t✲

✐♥❣ t❤❡ ❝❛❝❤❡ ✐♥ st❡♣ ✺❄ ■♥ t❤✐s ❝❛s❡✱ ❜❡❝❛✉s❡ t❤❡ ♦♥❧② ❛rr❛② ❛❞❥❛❝❡♥t t♦ t❤❡

r♦♦t ✐s B✱ t❤❡ ❝✉t ♠✉st ❜❡ ♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ❛♥ ✐♥✈♦❝❛t✐♦♥ ♦❢ ❋❆✲❘♦t❛t❡(B)✱

✐♥ ✇❤✐❝❤ ❝❛s❡ t❤❡ ❞✐☛❡r❡♥t✐❛❧ ♥♦❞❡ dB ✇✐❧❧ ❜❡ ❛♣♣❧✐❡❞ ❛❢t❡r t❤❡ ❝❛❝❤❡ ✐s

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

❲✐t❤ ❤❛r❞✇❛r❡ s✉♣♣♦rt ❢♦r s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ❬✹✾❪ ✇❡ ❝♦✉❧❞ ❝❤❡❛♣❧② ♣❡r✲

❢♦r♠ t❤❡ ❡♥t✐r❡ r♦t❛t✐♦♥ ❛t♦♠✐❝❛❧❧②✱ ✐♥st❡❛❞ ♦❢ ✉s✐♥❣ t❤✐s s✐①✲st❡♣ ❛♣♣r♦❛❝❤✳

✶✷✸
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#define REPETITIONS 100000
typedef int32_t field_t;
typedef int32_t index_t;

void do_bench(struct aarray *obj, index_t len) {
int i, j;

/** Initialize the array */
for (i=0; i<len; i++)
obj = write(obj, i, i);

/** Now reverse the array many times. */
for (j=0; j<(REPETITIONS*2); j++) {

#if defined(SINGLETHREAD) // single-threaded access
for (i=0; i<len/2; i++) {
field_t v1 = read(obj, i);
field_t v2 = read(obj, len-i-1);
obj = write(obj, i, v2);
obj = write(obj, len-i-1, v1);

}
#else // multithreaded access

struct aarray *robj = obj;
for (i=0; i<len; i++)
obj = write(obj, len-i-1, read(robj, i));

#endif
}
/** Check that the array has the expected values */
for (i=0; i<len; i++)
assert(read(obj, i)==i);

}

❋✐❣✉r❡ ✻✳✶✵✿ ❆rr❛② r❡✈❡rs❛❧ ♠✐❝r♦❜❡♥❝❤♠❛r❦ t♦ ❡✈❛❧✉❛t❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢

❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳

6.5 Performance of functional array implementa-

tions

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ♣❡r❢♦r♠❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r ♦✉r ❧♦❝❦✲❢r❡❡ ❢✉♥❝✲

t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s✐♥❣ ❛ s✐♠♣❧❡ r❡❛❞✴✉♣❞❛t❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦✳

❲❡ ❝♦♠♣❛r❡ ♦✉r ❧♦❝❦✲❢r❡❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✇✐t❤ ✐♠♣❡r❛t✐✈❡ ❛rr❛②s✱ ♥❛✐✈❡

❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ✭❙❡❝t✐♦♥ ✻✳✶✮✱ s❤❛❧❧♦✇✲❜✐♥❞✐♥❣ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ❬✶✵❪✱ ❛♥❞

❈❤✉❛♥❣✬s r❛♥❞♦♠✐③❡❞✲❝✉t s❤❛❧❧♦✇✲❜✐♥❞✐♥❣ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ❬✷✶❪✳

❋✐❣✉r❡ ✻✳✶✵ s❤♦✇s t❤❡ ❜❛s✐❝ str✉❝t✉r❡ ♦❢ t❤❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦✳ ❚❤❡

read() ❛♥❞ write() ♠❡t❤♦❞s ❤❛✈❡ ❛♣♣r♦♣r✐❛t❡ ❞❡☞♥✐t✐♦♥s ✐♥❧✐♥❡❞ ❢♦r ❡❛❝❤
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✈❛r✐❛♥t ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦✳ ❚❤✐s ♠✐❝r♦❜❡♥❝❤♠❛r❦ ✐s ♣❛tt❡r♥❡❞ ❛❢t❡r t❤❛t

✉s❡❞ ✐♥ ❬✼✾✱ ♣✳✺✵✼❪✳ ❲✐t❤ SINGLETHREAD ❞❡☞♥❡❞✱ ❛❝❝❡ss❡s ❛r❡ ✐♠♣❡r❛t✐✈❡ ♦r

❭s✐♥❣❧❡✲t❤r❡❛❞❡❞✧⑤♦♥❧② t❤❡ ❧❛t❡st ✈❡rs✐♦♥ ♦❢ t❤❡ ❛rr❛② ✐s r❡❢❡r❡♥❝❡❞✳ ❚❤❡ ❛❧✲

❣♦r✐t❤♠ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ t②♣✐❝❛❧ ✐♠♣❡r❛t✐✈❡ ❛rr❛② r❡✈❡rs❛❧ ❛❧❣♦r✐t❤♠✳ ❲❡

s✇❛♣ t❤❡ ❧❡❢t♠♦st ❛♥❞ r✐❣❤t♠♦st ❡❧❡♠❡♥t ♦❢ t❤❡ ❛rr❛② ❛♥❞ ♠♦✈❡ ✐♥✇❛r❞ ❛s ✇❡

❝♦♥t✐♥✉❡ t♦ s✇❛♣✳ ❲✐t❤♦✉t SINGLETHREAD ❞❡☞♥❡❞✱ t❤❡ r❡✈❡rs❛❧ ❛❧❣♦r✐t❤♠

❛❧✇❛②s r❡❛❞s ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ❛rr❛②✳ ❚❤✐s ♣❛tt❡r♥ ♦❢ ❛❝❝❡ss ❝♦rr❡s♣♦♥❞s t♦ ❛

s❝❡♥❛r✐♦ ✇❤❡r❡ ❛❜♦rts ❛r❡ ❢r❡q✉❡♥t✳ ■♥ ♦✉r ❡①♣❡r✐♠❡♥ts t❤❡ s✐♥❣❧❡✲t❤r❡❛❞❡❞

❛♥❞ ♠✉❧t✐t❤r❡❛❞❡❞ ✈❛r✐❛♥ts ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ ❤❛❞ ❛❧♠♦st ✐❞❡♥t✐❝❛❧ ♣❡r❢♦r✲

♠❛♥❝❡✱ ❝♦♥tr❛r② t♦ t❤❡ ❝❧❛✐♠s ♦❢ ❬✼✾❪✳ ❙t❛♥❞❛r❞ s❤❛❧❧♦✇✲❜✐♥❞✐♥❣ ✇✐❧❧ ❤❛✈❡

♣♦♦r ♣❡r❢♦r♠❛♥❝❡ ♦♥❧② ✐❢ r❡❛❞s ♦❢ t❤❡ ❤❛❧❢✲r❡✈❡rs❡❞ ❛rr❛② ✇❡r❡ t♦ ♦❝❝✉r ✐♥

t❤❡ ♠✉❧t✐t❤r❡❛❞❡❞ ✈❛r✐❛♥t✳ ❚❤❡s❡ r❡❛❞s ❛r❡ ♥♦t ♥❡❝❡ss❛r② ❢♦r ❛rr❛② r❡✈❡rs❛❧✳

❋✐❣✉r❡ ✻✳✶✶ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✈❛r✐♦✉s ❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥s

✉s✐♥❣ t❤❡ s✐♥❣❧❡✲t❤r❡❛❞❡❞ ✈❛r✐❛♥t ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦✳ ■ ♠❡❛s✉r❡❞ t❤❡ ♥✉♠❜❡r

♦❢ ♠✐❝r♦s❡❝♦♥❞s r❡q✉✐r❡❞ ❢♦r ❛ r❡❛❞ ❛♥❞ ✉♣❞❛t❡ ♣❛✐r ♦♥ t❤❡ ❛rr❛②✱ ❛s t❤❡ s✐③❡

♦❢ t❤❡ ❛rr❛② r❛♥❣❡❞ ❢r♦♠ ✽ t♦ ✹✵✾✻ ❡❧❡♠❡♥ts✳ ❇❡♥❝❤♠❛r❦s ✇❡r❡ ❡①❡❝✉t❡❞ ♦♥

t❤❡ P♦✇❡rP❈ ❤❛r❞✇❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✷✳✸

❙t❛♥❞❛r❞ ✐♠♣❡r❛t✐✈❡ ❛rr❛②s ❛✈❡r❛❣❡❞ ✺✳✵ ♥❛♥♦s❡❝♦♥❞s ♣❡r r❡❛❞✲✉♣❞❛t❡✱

♠♦st❧② ✐♥✈❛r✐❛♥t ✇✐t❤ ❛rr❛② s✐③❡✳ ❚❤❡ ♥❛✐✈❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥✱

❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✶✱ r❛♥❣❡❞ ❢r♦♠ ✹✼✺ ♥s ❢♦r ✽✲❡❧❡♠❡♥t ❛rr❛②s ✉♣ t♦

✹✼✱✻✷✾ ♥s ❢♦r ✹✵✾✻✲❡❧❡♠❡♥t ❛rr❛②s✳ ❚❤❡ ❡①♣♦♥❡♥t✐❛❧ ❣r♦✇t❤ ✐♥ r✉♥ t✐♠❡

✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛rr❛② s✐③❡ ❞❡♠♦♥str❛t❡s t❤❡ ❭❧❛r❣❡ ♦❜❥❡❝t ♣r♦❜❧❡♠✧ ✇❤✐❝❤

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

❙❤❛❧❧♦✇✲❜✐♥❞✐♥❣ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ❬✶✵❪ ❛✈❡r❛❣❡❞ ✸✷✼ ♥❛♥♦s❡❝♦♥❞s ♣❡r

r❡❛❞✲✉♣❞❛t❡✳ ❚❤✐s ✐s ♦✈❡r ✻✵ t✐♠❡s s❧♦✇❡r t❤❛♥ st❛♥❞❛r❞ ✐♠♣❡r❛t✐✈❡ ❛rr❛②s✱

❜✉t ✐s ✐♥✈❛r✐❛♥t ✇✐t❤ ❛rr❛② s✐③❡✳ ❙❤❛❧❧♦✇ ❜✐♥❞✐♥❣ s❤♦✇s ♣♦♦r ♣❡r❢♦r♠❛♥❝❡

✇❤❡♥ ❛❝❝❡ss❡s ❛r❡ ♥♦t s✐♥❣❧❡✲t❤r❡❛❞❡❞⑤✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❛♣♣❧✐❝❛t✐♦♥✱ ✇❤❡♥

tr❛♥s❛❝t✐♦♥s ❛❜♦rt ♦❢t❡♥✳

❈❤✉❛♥❣✬s r❛♥❞♦♠✐③❡❞✲❝✉t s❤❛❧❧♦✇✲❜✐♥❞✐♥❣ ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s ❬✷✶❪✱ ❧❛❜❡❧❡❞

❭r❛♥❞♦♠ ❝✉t✧ ✐♥ ❋✐❣✉r❡ ✻✳✶✶✱ ❛❧❧♦✇ ❣♦♦❞ ♣❡r❢♦r♠❛♥❝❡ ❡✈❡♥ ✇❤❡♥ tr❛♥s❛❝✲

✸❘❡s✉❧ts ♦♥ ❛ ✶✳✹●❍③ P❡♥t✐✉♠ ▼ ✇❡r❡ s✐♠✐❧❛r✳
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❋✐❣✉r❡ ✻✳✶✶✿ ❋✉♥❝t✐♦♥❛❧ ❛rr❛② ♣❡r❢♦r♠❛♥❝❡ ♦♥ ❛♥ ❛rr❛② r❡✈❡rs❛❧ ♠✐❝r♦❜❡♥❝❤✲

♠❛r❦ ❛s t❤❡ s✐③❡ ♦❢ t❤❡ ❛rr❛② ✐s ✈❛r✐❡❞✳ ❇♦t❤ ❛①❡s ❛r❡ ❧♦❣❛r✐t❤♠✐❝✳ ❚❤❡ ②

❛①✐s s❤♦✇s t❤❡ ❛✈❡r❛❣❡ t✐♠❡✱ ✐♥ ♥❛♥♦s❡❝♦♥❞s✱ r❡q✉✐r❡❞ t♦ ❞♦ ❛♥ ❛rr❛② r❡❛❞

❢♦❧❧♦✇❡❞ ❜② ❛♥ ✉♣❞❛t❡✳ ❚❤❡ ❜❡♥❝❤♠❛r❦ ✐♥✐t✐❛❧✐③❡❞ t❤❡ ❛rr❛② ❛♥❞ t❤❡♥ r❡✲

✈❡rs❡❞ ✐ts ❝♦♥t❡♥ts ✷✵✵✱✵✵✵ t✐♠❡s✳ ❚❤❡ r❡✈❡rs❛❧ s✇❛♣♣❡❞ t❤❡ ☞rst ❛♥❞ ❧❛st

❡❧❡♠❡♥ts✱ t❤❡♥ t❤❡ s❡❝♦♥❞ ❛♥❞ s❡❝♦♥❞✲t♦✲❧❛st ❡❧❡♠❡♥ts✱ ❡t❝✳
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t✐♦♥s ❛❜♦rt ♦❢t❡♥✳ ▼② ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛✈❡r❛❣❡❞ ✹✵✵ ♥s ♣❡r r❡❛❞✲✉♣❞❛t❡✳

❚❤❡ r♦♦t✲❝❧♦♥✐♥❣ ✇❤✐❝❤ ❛❧❧♦✇s ♠✉❧t✐t❤r❡❛❞❡❞ ❛❝❝❡ss ✐♠♣♦s❡s ❛♥ ❛❞❞✐t✐♦♥❛❧

✷✷✪ ♦✈❡r❤❡❛❞ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ st❛♥❞❛r❞ s❤❛❧❧♦✇ ❜✐♥❞✐♥❣ ❢✉♥❝t✐♦♥❛❧

❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

❋✐♥❛❧❧②✱ ♠② ❧♦❝❦✲❢r❡❡ ✈❡rs✐♦♥ ♦❢ ❈❤✉❛♥❣✬s ❢✉♥❝t✐♦♥❛❧ ❛rr❛②s✱ ❧❛❜❡❧❡❞ ❭❧♦❝❦✲

❢r❡❡✧ ✐♥ t❤❡ ☞❣✉r❡✱ ❛✈❡r❛❣❡s ✽✾✹ ♥s ♣❡r r❡❛❞✲✉♣❞❛t❡✳ ❚❤❡ ♣❡♥❛❧t② ❢♦r ♣❡r✲

❢♦r♠✐♥❣ t❤❡ ❧♦❝❦✲❢r❡❡ ❛❧❣♦r✐t❤♠ ✐s ✶✷✹✪✱ r❡s✉❧t✐♥❣ ✐♥ r❡❛❞✲✉♣❞❛t❡s ✇❤✐❝❤

❛r❡ ♦✈❡r ✶✼✺ t✐♠❡s s❧♦✇❡r t❤❛♥ ✐♠♣❡r❛t✐✈❡ ❛rr❛② r❡❛❞✲✉♣❞❛t❡s✳ ❋✐❣✉r❡ ✻✳✶✶

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

✉♣❞❛t❡ ✇❤❡♥ t❤❡ ♦❜❥❡❝ts ❛r❡ ❧❛r❣❡r t❤❛♥ ✸✷ ✇♦r❞s ❧♦♥❣✳

■♥ ❛ ❤②❜r✐❞ tr❛♥s❛❝t✐♦♥ s②st❡♠ ✇❤✐❝❤ ✉s❡❞ s♠❛❧❧ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥

s✉♣♣♦rt ❢♦r t❤❡ ❢✉♥❝t✐♦♥❛❧ ❛rr❛② ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ♦♥❡ ❝♦✉❧❞ ❡①♣❡❝t ♣❡r❢♦r✲

♠❛♥❝❡ s✐♠✐❧❛r t♦ t❤❡ st❛♥❞❛r❞ r❛♥❞♦♠✐③❡❞✲❝✉t s❤❛❧❧♦✇✲❜✐♥❞✐♥❣ ✐♠♣❧❡♠❡♥✲

t❛t✐♦♥✳ ❖♥❡ ✇♦✉❧❞ s✐♠♣❧② ♠❛❦❡ t❤❡ r♦t❛t✐♦♥ ♦♣❡r❛t✐♦♥s ❛t♦♠✐❝ ✉s✐♥❣ t❤❡

❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✳
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P❡♦♣❧❡ ✇❤♦ ❛r❡ r❡❛❧❧② s❡r✐♦✉s

❛❜♦✉t s♦❢t✇❛r❡ s❤♦✉❧❞ ♠❛❦❡

t❤❡✐r ♦✇♥ ❤❛r❞✇❛r❡✳

❘❡♠❡♠❜❡r✱ ✐t✬s ❛❧❧ s♦❢t✇❛r❡✱ ✐t

❥✉st ❞❡♣❡♥❞s ♦♥ ✇❤❡♥ ②♦✉

❝r②st❛❧❧✐③❡ ✐t✳

❆❧❛♥ ❑❛②
Chapter 7

Transactions in hardware:

Unbounded Transactional

Memory

❲✐t❤ ❤❛r❞✇❛r❡ s✉♣♣♦rt✱ ✇❡ ❝❛♥ ❝♦♥str✉❝t tr❛♥s❛❝t✐♦♥ s②st❡♠s t❤❛t ❛r❡ ♠♦r❡

❡✍❝✐❡♥t t❤❛♥ ❆♣❡❳ ❢♦r ❝❡rt❛✐♥ t②♣❡s ♦❢ tr❛♥s❛❝t✐♦♥s✳ ❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts

❯❚▼✱ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ✉♥❜♦✉♥❞❡❞ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ❬✻✱ ✼❪ ✇❤✐❝❤

❢✉❧❧② ✈✐rt✉❛❧✐③❡s tr❛♥s❛❝t✐♦♥s✳ ■ ❛❧s♦ ♣r❡s❡♥t ▲❚▼✱ ❛ ♠✉❝❤ s✐♠♣❧❡r ❞❡s✐❣♥

✇❤✐❝❤ ❝❛♥ ❜❡ ♣✐♥✲❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t♦❞❛②✬s ♣r♦❝❡ss♦rs✳ ❆❧t❤♦✉❣❤ ▲❚▼ s✉♣✲

♣♦rts ♠♦r❡ ❧✐♠✐t❡❞ tr❛♥s❛❝t✐♦♥s✱ ■ s❤♦✇ ❤♦✇ ▲❚▼ ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡

s♦❢t✇❛r❡ ❆♣❡❳ tr❛♥s❛❝t✐♦♥ s②st❡♠ t♦ ②✐❡❧❞ ❍②❆♣❡❳✱ ❛ ❤②❜r✐❞ s②st❡♠ ✇✐t❤

❛ ❣r❡❛t ❞❡❛❧ ♦❢ ♣♦✇❡r ❛♥❞ ✌❡①✐❜✐❧✐t②✳✶

7.1 The UTM architecture

❯❚▼✱ ❛ s②st❡♠ t❤❛t ✐♠♣❧❡♠❡♥ts ✉♥❜♦✉♥❞❡❞ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ✐♥ ❤❛r❞✲

✇❛r❡✱ ❛❧❧♦✇s tr❛♥s❛❝t✐♦♥s t♦ ❣r♦✇ ✭♥❡❛r❧②✮ ❛s ❧❛r❣❡ ❛s ✈✐rt✉❛❧ ♠❡♠♦r②✳ ■t

❛❧s♦ s✉♣♣♦rts ❛ s❡♠❛♥t✐❝s ❢♦r ♥❡st❡❞ tr❛♥s❛❝t✐♦♥s✱ ✇❤❡r❡ ✐♥t❡r✐♦r tr❛♥s❛❝✲

✶P♦rt✐♦♥s ♦❢ t❤✐s ❝❤❛♣t❡r ❛r❡ ❛❞❛♣t❡❞ ❢r♦♠ ❬✻✱ ✼❪✱ ❝♦✲✇r✐tt❡♥ ✇✐t❤ ❑rst❡ ❆s❛♥♦✈✐✓❝✱

❇r❛❞❧❡② ❈✳ ❑✉s③♠❛✉❧✱ ❈❤❛r❧❡s ❊✳ ▲❡✐s❡rs♦♥✱ ❛♥❞ ❙❡❛♥ ▲✐❡✳
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t✐♦♥s ❛r❡ s✉❜s✉♠❡❞ ✐♥t♦ t❤❡ ❛t♦♠✐❝ r❡❣✐♦♥ r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ♦✉t❡r tr❛♥s✲

❛❝t✐♦♥✳ ❯♥❧✐❦❡ ♣r❡✈✐♦✉s s❝❤❡♠❡s t❤❛t t✐❡ ❛ t❤r❡❛❞✬s tr❛♥s❛❝t✐♦♥❛❧ st❛t❡ t♦

❛ ♣❛rt✐❝✉❧❛r ♣r♦❝❡ss♦r ❛♥❞✴♦r ❝❛❝❤❡✱ ❯❚▼ ♠❛✐♥t❛✐♥s ❜♦♦❦❦❡❡♣✐♥❣ ✐♥❢♦r♠❛✲

t✐♦♥ ❢♦r ❛ tr❛♥s❛❝t✐♦♥ ✐♥ ❛ ♠❡♠♦r②✲r❡s✐❞❡♥t ❞❛t❛ str✉❝t✉r❡✱ t❤❡ transaction

log ✳ ❚❤✐s ❧♦❣ ❡♥❛❜❧❡s tr❛♥s❛❝t✐♦♥s t♦ s✉r✈✐✈❡ t✐♠❡s❧✐❝❡ ✐♥t❡rr✉♣ts ❛♥❞ ♣r♦✲

❝❡ss ♠✐❣r❛t✐♦♥ ❢r♦♠ ♦♥❡ ♣r♦❝❡ss♦r t♦ ❛♥♦t❤❡r✳ ❲❡ ☞rst ♣r❡s❡♥t t❤❡ s♦❢t✇❛r❡

✐♥t❡r❢❛❝❡ t♦ ❯❚▼ ❛♥❞ t❤❡♥ ❞❡s❝r✐❜❡ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s✳

7.1.1 New instructions

❯❚▼ ❛❞❞s t✇♦ ♥❡✇ ✐♥str✉❝t✐♦♥s t♦ ❛ ♣r♦❝❡ss♦r✬s ✐♥str✉❝t✐♦♥ s❡t ❛r❝❤✐t❡❝t✉r❡✿

❳❇❊●■◆ ♣❝: ❇❡❣✐♥ ❛ ♥❡✇ tr❛♥s❛❝t✐♦♥✳ ❚❤❡ pc ❛r❣✉♠❡♥t t♦ XBEGIN s♣❡❝✐☞❡s

t❤❡ ❛❞❞r❡ss ♦❢ ❛♥ abort handler ✭❡✳❣✳✱ ✉s✐♥❣ ❛ P❈✲r❡❧❛t✐✈❡ ♦☛s❡t✮✳

■❢ ❛t ❛♥② t✐♠❡ ❞✉r✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ tr❛♥s❛❝t✐♦♥ t❤❡ ❤❛r❞✇❛r❡

❞❡t❡r♠✐♥❡s t❤❛t t❤❡ tr❛♥s❛❝t✐♦♥ ♠✉st ❢❛✐❧✱ ✐t ✐♠♠❡❞✐❛t❡❧② r♦❧❧s ❜❛❝❦

t❤❡ ♣r♦❝❡ss♦r ❛♥❞ ♠❡♠♦r② st❛t❡ t♦ ✇❤❛t ✐t ✇❛s ✇❤❡♥ XBEGIN ✇❛s

❡①❡❝✉t❡❞✱ t❤❡♥ ❥✉♠♣s t♦ pc t♦ ❡①❡❝✉t❡ t❤❡ ❛❜♦rt ❤❛♥❞❧❡r✳

❳❊◆❉: ❊♥❞ t❤❡ ❝✉rr❡♥t tr❛♥s❛❝t✐♦♥✳ ■❢ XEND ❝♦♠♣❧❡t❡s✱ t❤❡♥ t❤❡ tr❛♥s❛❝t✐♦♥

✐s ❝♦♠♠✐tt❡❞✱ ❛♥❞ ❛❧❧ ♦❢ ✐ts ♦♣❡r❛t✐♦♥s ❛♣♣❡❛r t♦ ❜❡ ❛t♦♠✐❝ ✇✐t❤ r❡s♣❡❝t

t♦ ❛♥② ♦t❤❡r tr❛♥s❛❝t✐♦♥✳

❙❡♠❛♥t✐❝❛❧❧②✱ ✇❡ ❝❛♥ t❤✐♥❦ ♦❢ ❛♥ XBEGIN ✐♥str✉❝t✐♦♥ ❛s ❛ ❝♦♥❞✐t✐♦♥❛❧

❜r❛♥❝❤ t♦ t❤❡ ❛❜♦rt ❤❛♥❞❧❡r✳ ❚❤❡ XBEGIN ❢♦r ❛ tr❛♥s❛❝t✐♦♥ t❤❛t ❢❛✐❧s ❤❛s

t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❛ ♠✐s♣r❡❞✐❝t❡❞ ❜r❛♥❝❤✳ ■♥✐t✐❛❧❧②✱ t❤❡ ♣r♦❝❡ss♦r ❡①❡❝✉t❡s

t❤❡ XBEGIN ❛s ❛ ♥♦t✲t❛❦❡♥ ❜r❛♥❝❤✱ ❢❛❧❧✐♥❣ t❤r♦✉❣❤ ✐♥t♦ t❤❡ ❜♦❞② ♦❢ t❤❡

tr❛♥s❛❝t✐♦♥✳ ❊✈❡♥t✉❛❧❧② t❤❡ ♣r♦❝❡ss♦r r❡❛❧✐③❡s t❤❛t t❤❡ tr❛♥s❛❝t✐♦♥ ❝❛♥♥♦t

❝♦♠♠✐t✱ ❛t ✇❤✐❝❤ ♣♦✐♥t ✐t r❡✈❡rts ❛❧❧ ♣r♦❝❡ss♦r ❛♥❞ ♠❡♠♦r② st❛t❡ ❜❛❝❦ t♦

t❤❡ ♣♦✐♥t ♦❢ ♠✐s♣r❡❞✐❝t✐♦♥ ❛♥❞ ❜r❛♥❝❤❡s t♦ t❤❡ ❛❜♦rt ❤❛♥❞❧❡r✳

■♥ t❤❡ s❛♠❡ ♠❛♥♥❡r ❛s t❤❡❆♣❡❳ s♦❢t✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✭❙❡❝t✐♦♥ ✹✳✷✳✶✮✱

❯❚▼ s✉♣♣♦rts t❤❡ ♥❡st✐♥❣ ♦❢ tr❛♥s❛❝t✐♦♥s ❜② s✉❜s✉♠✐♥❣ t❤❡ ✐♥♥❡r tr❛♥s❛❝✲

t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ✇✐t❤✐♥ ❛♥ ♦✉t❡r tr❛♥s❛❝t✐♦♥✱ ❛ s✉❜r♦✉t✐♥❡ t❤❛t ❝♦♥t❛✐♥s
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❛♥ ✐♥♥❡r tr❛♥s❛❝t✐♦♥ ♠❛② ❜❡ ❝❛❧❧❡❞✳ ❯❚▼ s✐♠♣❧② tr❡❛ts t❤❡ ✐♥♥❡r tr❛♥s❛❝✲

t✐♦♥ ❛s ♣❛rt ♦❢ t❤❡ ❛t♦♠✐❝ r❡❣✐♦♥ ❞❡☞♥❡❞ ❜② t❤❡ ♦✉t❡r ♦♥❡✳ ❚❤✐s str❛t❡❣② ✐s

❝♦rr❡❝t✱ ❜❡❝❛✉s❡ ✐t ♠❛✐♥t❛✐♥s t❤❡ ♣r♦♣❡rt② t❤❛t t❤❡ ✐♥♥❡r tr❛♥s❛❝t✐♦♥ ❡①❡✲

❝✉t❡s ❛t♦♠✐❝❛❧❧②✳ ❙✉❜s✉♠❡❞ ♥❡st❡❞ tr❛♥s❛❝t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ✉s✐♥❣ ❛

❝♦✉♥t❡r t♦ ❦❡❡♣ tr❛❝❦ ♦❢ ♥❡st✐♥❣ ❞❡♣t❤✳ ■❢ t❤❡ ♥❡st✐♥❣ ❞❡♣t❤ ✐s ♣♦s✐t✐✈❡✱ t❤❡♥

XBEGIN ❛♥❞ XEND s✐♠♣❧② ✐♥❝r❡♠❡♥t ❛♥❞ ❞❡❝r❡♠❡♥t t❤❡ ❝♦✉♥t❡r✱ r❡s♣❡❝t✐✈❡❧②✱

❛♥❞ ♣❡r❢♦r♠ ♥♦ ♦t❤❡r tr❛♥s❛❝t✐♦♥❛❧ ❜♦♦❦❦❡❡♣✐♥❣✳

7.1.2 Rolling back processor state

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

❝❛♥ r♦❧❧ ❜❛❝❦ r❡❣✐st❡r st❛t❡ ♦♥❧② ❢♦r t❤❡ s♠❛❧❧ ✇✐♥❞♦✇ ♦❢ r❡❝❡♥t ✐♥str✉❝t✐♦♥s

t❤❛t ❤❛✈❡ ♥♦t ❣r❛❞✉❛t❡❞ ❢r♦♠ t❤❡ r❡♦r❞❡r ❜✉☛❡r✳ ❚♦ ❝✐r❝✉♠✈❡♥t t❤❡ ✇✐♥❞♦✇✲

s✐③❡ r❡str✐❝t✐♦♥ ❛♥❞ ❛❧❧♦✇ ❛r❜✐tr❛r② r♦❧❧❜❛❝❦ ❢♦r ✉♥❜♦✉♥❞❡❞ tr❛♥s❛❝t✐♦♥s✱ t❤❡

♣r♦❝❡ss♦r ♠✉st ❜❡ ♠♦❞✐☞❡❞ t♦ r❡t❛✐♥ ❛♥ ❛❞❞✐t✐♦♥❛❧ s♥❛♣s❤♦t ♦❢ t❤❡ ❛r❝❤✐✲

t❡❝t✉r❛❧ r❡❣✐st❡r st❛t❡✳ ❆ ❯❚▼ ♣r♦❝❡ss♦r s❛✈❡s t❤❡ st❛t❡ ♦❢ ✐ts ❛r❝❤✐t❡❝t✉r❛❧

r❡❣✐st❡rs ✇❤❡♥ ✐t ❣r❛❞✉❛t❡s ❛♥ XBEGIN✳ ❚❤❡ s♥❛♣s❤♦t ✐s r❡t❛✐♥❡❞ ❡✐t❤❡r ✉♥✲

t✐❧ t❤❡ tr❛♥s❛❝t✐♦♥ ❛❜♦rts✱ ❛t ✇❤✐❝❤ ♣♦✐♥t t❤❡ s♥❛♣s❤♦t ✐s r❡st♦r❡❞ ✐♥t♦ t❤❡

❛r❝❤✐t❡❝t✉r❛❧ r❡❣✐st❡rs✱ ♦r ✉♥t✐❧ t❤❡ ♠❛t❝❤✐♥❣ XEND ❣r❛❞✉❛t❡s ✐♥❞✐❝❛t✐♥❣ t❤❛t

t❤❡ tr❛♥s❛❝t✐♦♥ ❤❛s ❝♦♠♠✐tt❡❞✳

❯❚▼✬s ♠♦❞✐☞❝❛t✐♦♥s t♦ t❤❡ ♣r♦❝❡ss♦r ❝♦r❡ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✶✳

❲❡ ❛ss✉♠❡ ❛ ♠❛❝❤✐♥❡ ✇✐t❤ ❛ ✉♥✐☞❡❞ ♣❤②s✐❝❛❧ r❡❣✐st❡r ☞❧❡✱ ❛♥❞ s♦ r❛t❤❡r t❤❛♥

s❛✈✐♥❣ t❤❡ ❛r❝❤✐t❡❝t✉r❛❧ r❡❣✐st❡rs t❤❡♠s❡❧✈❡s✱ ❯❚▼ s❛✈❡s ❛ s♥❛♣s❤♦t ♦❢ t❤❡

r❡❣✐st❡r✲r❡♥❛♠✐♥❣ t❛❜❧❡ ❛♥❞ ❡♥s✉r❡s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❤②s✐❝❛❧ r❡❣✐st❡rs ❛r❡

♥♦t r❡✉s❡❞ ✉♥t✐❧ t❤❡ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts✳ ❚❤❡ r❡♥❛♠❡ st❛❣❡ ♠❛✐♥t❛✐♥s ❛♥

❛❞❞✐t✐♦♥❛❧ ❭s❛✈❡❞✧ ❜✐t ❢♦r ❡❛❝❤ ♣❤②s✐❝❛❧ r❡❣✐st❡r t♦ ✐♥❞✐❝❛t❡ ✇❤✐❝❤ r❡❣✐st❡rs

❛r❡ ♣❛rt ♦❢ t❤❡ ✇♦r❦✐♥❣ ❛r❝❤✐t❡❝t✉r❛❧ st❛t❡✱ ❛♥❞ ✐t t❛❦❡s ❛ s♥❛♣s❤♦t ❛s ❡❛❝❤

❜r❛♥❝❤ ♦r XBEGIN ✐s ❞❡❝♦❞❡❞ ❛♥❞ r❡♥❛♠❡❞✳ ❲❤❡♥ ❛♥ XBEGIN ✐♥str✉❝t✐♦♥

❣r❛❞✉❛t❡s✱ ❛❝t✐✈❛t✐♥❣ t❤❡ tr❛♥s❛❝t✐♦♥✱ t❤❡ ❛ss♦❝✐❛t❡❞ ❭S ❜✐t✧ s♥❛♣s❤♦t ❤❛s

❜✐ts s❡t ♦♥ ❡①❛❝t❧② t❤♦s❡ r❡❣✐st❡rs ❤♦❧❞✐♥❣ t❤❡ ❣r❛❞✉❛t❡❞ ❛r❝❤✐t❡❝t✉r❛❧ st❛t❡✳

P❤②s✐❝❛❧ r❡❣✐st❡rs ❛r❡ ♥♦r♠❛❧❧② ❢r❡❡❞ ♦♥ ❣r❛❞✉❛t✐♦♥ ♦❢ ❛ ❧❛t❡r ✐♥str✉❝t✐♦♥

t❤❛t ♦✈❡r✇r✐t❡s t❤❡ s❛♠❡ ❛r❝❤✐t❡❝t✉r❛❧ r❡❣✐st❡r✳ ■❢ t❤❡ S ❜✐t ♦♥ t❤❡ s♥❛♣s❤♦t
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❈❍❆P❚❊❘ ✼✳ ❚❘❆◆❙❆❈❚■❖◆❙ ■◆ ❍❆❘❉❲❆❘❊✿ ❯❚▼

❢♦r t❤❡ ❛❝t✐✈❡ tr❛♥s❛❝t✐♦♥ ✐s s❡t✱ t❤❡ ♣❤②s✐❝❛❧ r❡❣✐st❡r ✐s ❛❞❞❡❞ t♦ ❛ ❋■❋❖

❝❛❧❧❡❞ ❛ Register Reserved List ✐♥st❡❛❞ ♦❢ t❤❡ ♥♦r♠❛❧ Register Free

List ✱ t❤❡r❡❜② ♣r❡✈❡♥t✐♥❣ ♣❤②s✐❝❛❧ r❡❣✐st❡rs ❝♦♥t❛✐♥✐♥❣ s❛✈❡❞ ❞❛t❛ ❢r♦♠ ❜❡✐♥❣

♦✈❡r✇r✐tt❡♥ ❞✉r✐♥❣ ❛ tr❛♥s❛❝t✐♦♥✳ ❲❤❡♥ t❤❡ tr❛♥s❛❝t✐♦♥✬s XEND ❝♦♠♠✐ts✱

t❤❡ ❛❝t✐✈❡ s♥❛♣s❤♦t✬s S ❜✐ts ❛r❡ ❝❧❡❛r❡❞ ❛♥❞ t❤❡ ❘❡❣✐st❡r ❘❡s❡r✈❡❞ ▲✐st ✐s

❞r❛✐♥❡❞ ✐♥t♦ t❤❡ r❡❣✉❧❛r ❘❡❣✐st❡r ❋r❡❡ ▲✐st✳ ■♥ t❤❡ ❡✈❡♥t t❤❛t t❤❡ tr❛♥s❛❝t✐♦♥

❛❜♦rts✱ t❤❡ s❛✈❡❞ r❡❣✐st❡r✲r❡♥❛♠✐♥❣ t❛❜❧❡ ✐s r❡st♦r❡❞ ❛♥❞ t❤❡ r❡♦r❞❡r ❜✉☛❡r

✐s r♦❧❧❡❞ ❜❛❝❦✱ ❛s ✐♥ ❛♥ ❡①❝❡♣t✐♦♥✳ ❆❢t❡r r❡st♦r✐♥❣ t❤❡ ❛r❝❤✐t❡❝t✉r❛❧ r❡❣✐st❡r

st❛t❡✱ t❤❡ ❜r❛♥❝❤ ✐s t❛❦❡♥ t♦ t❤❡ ❛❜♦rt ❤❛♥❞❧❡r✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ ♣r♦❝❡ss♦r

❝❛♥ ✐♥t❡r♥❛❧❧② s♣❡❝✉❧❛t✐✈❡❧② ❡①❡❝✉t❡ ❛❤❡❛❞ t❤r♦✉❣❤ ♠✉❧t✐♣❧❡ tr❛♥s❛❝t✐♦♥s✱

tr❛♥s❛❝t✐♦♥s ♦♥❧② ❛☛❡❝t t❤❡ ❣❧♦❜❛❧ ♠❡♠♦r② s②st❡♠ ❛s ✐♥str✉❝t✐♦♥s ❣r❛❞✉❛t❡✱

❛♥❞ ❤❡♥❝❡ ❯❚▼ r❡q✉✐r❡s ♦♥❧② ❛ s✐♥❣❧❡ s♥❛♣s❤♦t ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❛❧ r❡❣✐st❡r

st❛t❡✳

❚❤❡ ❝✉rr❡♥t tr❛♥s❛❝t✐♦♥ ❛❜♦rt ❤❛♥❞❧❡r ❛❞❞r❡ss✱ ♥❡st✐♥❣ ❞❡♣t❤✱ ❛♥❞ r❡❣✲

✐st❡r s♥❛♣s❤♦t ❛r❡ ♣❛rt ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ st❛t❡✳ ❚❤❡② ❛r❡ ♠❛❞❡ ✈✐s✐❜❧❡

t♦ t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ✭❛s ❛❞❞✐t✐♦♥❛❧ ♣r♦❝❡ss♦r ❝♦♥tr♦❧ r❡❣✐st❡rs✮ t♦ ❛❧❧♦✇

t❤❡♠ t♦ ❜❡ s❛✈❡❞ ❛♥❞ r❡st♦r❡❞ ♦♥ ❝♦♥t❡①t s✇✐t❝❤❡s✳

7.1.3 Memory state

Pr❡✈✐♦✉s ❍❚▼ s②st❡♠s ❬✹✾✱ ✻✸❪ r❡♣r❡s❡♥t ❛ tr❛♥s❛❝t✐♦♥ ♣❛rt❧② ✐♥ t❤❡ ♣r♦❝❡s✲

s♦r ❛♥❞ ♣❛rt❧② ✐♥ t❤❡ ❝❛❝❤❡✱ t❛❦✐♥❣ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❝♦✐♥❝✐❞❡♥❝❡ ❜❡t✇❡❡♥ t❤❡

❝❛❝❤❡✲❝♦♥s✐st❡♥❝② ♣r♦t♦❝♦❧ ❛♥❞ t❤❡ ✉♥❞❡r❧②✐♥❣ ❝♦♥s✐st❡♥❝② r❡q✉✐r❡♠❡♥ts ♦❢

tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r②✳ ❯♥❧✐❦❡ t❤♦s❡ s②st❡♠s✱ ❯❚▼ tr❛♥s❛❝t✐♦♥s ❛r❡ r❡♣r❡✲

s❡♥t❡❞ ❜② ❛ s✐♥❣❧❡ xstate ❞❛t❛ str✉❝t✉r❡ ❤❡❧❞ ✐♥ t❤❡ ♠❡♠♦r② ♦❢ t❤❡ s②st❡♠✳

❚❤❡ ❝❛❝❤❡ ✐♥ ❯❚▼ ✐s ✉s❡❞ t♦ ❣❛✐♥ ♣❡r❢♦r♠❛♥❝❡✱ ❜✉t t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ ❯❚▼

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

❞❡s❝r✐❜❡ t❤❡ ①st❛t❡ ❛♥❞ ❤♦✇ t❤❡ s②st❡♠ ✉s❡s ✐t ❛ss✉♠✐♥❣ t❤❡r❡ ✐s ♥♦ ❝❛❝❤✐♥❣✳

❚❤❡♥✱ ✇❡ ❞❡s❝r✐❜❡ ❤♦✇ ❝❛❝❤✐♥❣ ❛❝❝❡❧❡r❛t❡s ①st❛t❡ ♦♣❡r❛t✐♦♥s✳

❚❤❡ ①st❛t❡ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✷✳ ❚❤❡ ①st❛t❡ ❝♦♥t❛✐♥s ❛ tr❛♥s❛❝t✐♦♥

❧♦❣ ❢♦r ❡❛❝❤ ❛❝t✐✈❡ tr❛♥s❛❝t✐♦♥ ✐♥ t❤❡ s②st❡♠✳ ❆ tr❛♥s❛❝t✐♦♥ ❧♦❣ ✐s ❛❧❧♦❝❛t❡❞

❜② t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ❢♦r ❡❛❝❤ t❤r❡❛❞✱ ❛♥❞ t✇♦ ♣r♦❝❡ss♦r ❝♦♥tr♦❧ r❡❣✐st❡rs
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✼✳✶✳ ❚❍❊ ❯❚▼ ❆❘❈❍■❚❊❈❚❯❘❊

❤♦❧❞ t❤❡ ❜❛s❡ ❛♥❞ ❜♦✉♥❞s ♦❢ t❤❡ ❝✉rr❡♥t❧② ❛❝t✐✈❡ t❤r❡❛❞✬s ❧♦❣✳ ❊❛❝❤ ❧♦❣

❝♦♥s✐sts ♦❢ ❛ commit record ❛♥❞ ❛ ✈❡❝t♦r ♦❢ log entries✳ ❚❤❡ ❝♦♠♠✐t

r❡❝♦r❞ ♠❛✐♥t❛✐♥s t❤❡ tr❛♥s❛❝t✐♦♥✬s st❛t✉s✿ PENDING✱ COMMITTED✱ ♦r ABORTED✳

❊❛❝❤ ❧♦❣ ❡♥tr② ❝♦rr❡s♣♦♥❞s t♦ ❛ ❜❧♦❝❦ ♦❢ ♠❡♠♦r② t❤❛t ❤❛s ❜❡❡♥ r❡❛❞ ♦r

✇r✐tt❡♥ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✳ ❚❤❡ ❡♥tr② ♣r♦✈✐❞❡s ❛ ♣♦✐♥t❡r t♦ t❤❡ ❜❧♦❝❦ ❛♥❞

t❤❡ ♦❧❞ ✭❜❛❝❦✉♣✮ ✈❛❧✉❡ ❢♦r t❤❡ ❜❧♦❝❦ s♦ t❤❛t ♠❡♠♦r② ❝❛♥ ❜❡ r❡st♦r❡❞ ✐♥ ❝❛s❡

t❤❡ tr❛♥s❛❝t✐♦♥ ❛❜♦rts✳ ❊❛❝❤ ❧♦❣ ❡♥tr② ❛❧s♦ ❝♦♥t❛✐♥s ❛ ♣♦✐♥t❡r t♦ t❤❡ ❝♦♠♠✐t

r❡❝♦r❞ ❛♥❞ ♣♦✐♥t❡rs t❤❛t ❢♦r♠ ❛ ❧✐♥❦❡❞ ❧✐st ♦❢ ❛❧❧ ❡♥tr✐❡s ✐♥ ❛❧❧ tr❛♥s❛❝t✐♦♥

❧♦❣s t❤❛t r❡❢❡r t♦ t❤❡ s❛♠❡ ❜❧♦❝❦✳

❚❤❡ ☞♥❛❧ ♣❛rt ♦❢ t❤❡ ①st❛t❡ ❝♦♥s✐sts ♦❢ ❛ log pointer ❛♥❞ ♦♥❡ RW bit

❢♦r ❡❛❝❤ ❜❧♦❝❦ ✐♥ ♠❡♠♦r② ✭❛♥❞ ♦♥ ❞✐s❦✱ ✇❤❡♥ ♣❛❣✐♥❣✮✳ ■❢ t❤❡ ❘❲ ❜✐t ✐s R✱

❛♥② tr❛♥s❛❝t✐♦♥s t❤❛t ❤❛✈❡ ❛❝❝❡ss❡❞ t❤❡ ❜❧♦❝❦ ❞✐❞ s♦ ✇✐t❤ ❛ ❧♦❛❞❀ ♦t❤❡r✇✐s❡✱

✐❢ ✐t ✐s W✱ t❤❡ ❜❧♦❝❦ ♠❛② ❤❛✈❡ ❜❡❡♥ t❤❡ t❛r❣❡t ♦❢ ❛ tr❛♥s❛❝t✐♦♥✬s st♦r❡✳ ❲❤❡♥

❛ ♣r♦❝❡ss♦r r✉♥♥✐♥❣ ❛ tr❛♥s❛❝t✐♦♥ r❡❛❞s ♦r ✇r✐t❡s ❛ ❜❧♦❝❦✱ t❤❡ ❜❧♦❝❦✬s ❧♦❣

♣♦✐♥t❡r ✐s ♠❛❞❡ t♦ ♣♦✐♥t t♦ ❛ tr❛♥s❛❝t✐♦♥ ❧♦❣ ❡♥tr② ❢♦r t❤❛t ❜❧♦❝❦✳ ❋✉rt❤❡r✱ ✐❢

t❤❡ ❛❝❝❡ss ✐s ❛ ✇r✐t❡✱ t❤❡ ❘❲ ❜✐t ❢♦r t❤❡ ❜❧♦❝❦ ✐s s❡t t♦ W✳ ❲❤❡♥❡✈❡r ❛♥♦t❤❡r

♣r♦❝❡ss♦r r❡❢❡r❡♥❝❡s ❛ ❜❧♦❝❦ t❤❛t ✐s ❛❧r❡❛❞② ♣❛rt ♦❢ ❛ ♣❡♥❞✐♥❣ tr❛♥s❛❝t✐♦♥✱

t❤❡ s②st❡♠ ❝♦♥s✉❧ts t❤❡ ❘❲ ❜✐t ❛♥❞ ❧♦❣ ♣♦✐♥t❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝♦rr❡❝t

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

t❤❡ tr❛♥s❛❝t✐♦♥✳

❲❤❡♥ ❛ ♣r♦❝❡ss♦r ♠❛❦❡s ❛♥ ✉♣❞❛t❡ ❛s ♣❛rt ♦❢ ❛ tr❛♥s❛❝t✐♦♥✱ t❤❡ ♥❡✇

✈❛❧✉❡ ✐s st♦r❡❞ ✐♥ ♠❡♠♦r② ❛♥❞ t❤❡ ♦❧❞ ✈❛❧✉❡ ✐s st♦r❡❞ ✐♥ ❛♥ ❡♥tr② ✐♥ t❤❡

tr❛♥s❛❝t✐♦♥ ❧♦❣✳ ■♥ ♣r✐♥❝✐♣❧❡✱ t❤❡r❡ ✐s ♦♥❡ ❧♦❣ ❡♥tr② ❢♦r ❡✈❡r② ❧♦❛❞ ♦r st♦r❡

♣❡r❢♦r♠❡❞ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✳ ■❢ t❤❡ ♠❡♠♦r② ❛❧❧♦❝❛t❡❞ t♦ t❤❡ ❧♦❣ ✐s ♥♦t ❧❛r❣❡

❡♥♦✉❣❤✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❛❜♦rts ❛♥❞ t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ❛❧❧♦❝❛t❡s ❛ ❧❛r❣❡r

tr❛♥s❛❝t✐♦♥ ❧♦❣ ❛♥❞ r❡tr✐❡s t❤❡ tr❛♥s❛❝t✐♦♥✳ ❲❤❡♥ ♦♣❡r❛t✐♥❣ ♦♥ t❤❡ s❛♠❡

❜❧♦❝❦ ♠♦r❡ t❤❛♥ ♦♥❝❡ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✱ t❤❡ s②st❡♠ ❝❛♥ ❛✈♦✐❞ ✇r✐t✐♥❣ ♠✉❧t✐♣❧❡

❡♥tr✐❡s ✐♥t♦ t❤❡ tr❛♥s❛❝t✐♦♥ ❧♦❣ ❜② ❝❤❡❝❦✐♥❣ t❤❡ ❧♦❣ ♣♦✐♥t❡r t♦ s❡❡ ✇❤❡t❤❡r

❛ ❧♦❣ ❡♥tr② ❢♦r t❤❡ ❜❧♦❝❦ ❛❧r❡❛❞② ❡①✐sts ❛s ♣❛rt ♦❢ t❤❡ r✉♥♥✐♥❣ tr❛♥s❛❝t✐♦♥✳

❇② ❢♦❧❧♦✇✐♥❣ t❤❡ ❧♦❣ ♣♦✐♥t❡r t♦ t❤❡ ❧♦❣ ❡♥tr② ❛♥❞ t❤❡♥ ❢♦❧❧♦✇✐♥❣ t❤❡ ❧♦❣

❡♥tr② ♣♦✐♥t❡r t♦ t❤❡ ❝♦♠♠✐t r❡❝♦r❞✱ ♦♥❡ ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡ tr❛♥s❛❝t✐♦♥ st❛t✉s
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❋✐❣✉r❡ ✼✳✶✿ ❯❚▼ ♣r♦❝❡ss♦r ♠♦❞✐☞❝❛t✐♦♥s✳ ❚❤❡ ❙ ❜✐t ✈❡❝t♦r tr❛❝❦s t❤❡ ❛❝t✐✈❡

♣❤②s✐❝❛❧ r❡❣✐st❡rs✳ ❋♦r ❡❛❝❤ r❡♥❛♠❡ t❛❜❧❡ s♥❛♣s❤♦t✱ t❤❡r❡ ✐s ❛♥ ❛ss♦❝✐❛t❡❞

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

♣❤②s✐❝❛❧ r❡❣✐st❡rs ✉♥t✐❧ t❤❡ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts✳ ❚❤❡ ▲P❘ ☞❡❧❞ ✐s t❤❡ ♥❡①t

♣❤②s✐❝❛❧ r❡❣✐st❡r t♦ ❢r❡❡ ✭t❤❡ ❧❛st ♣❤②s✐❝❛❧ r❡❣✐st❡r r❡❢❡r❡♥❝❡❞ ❜② t❤❡ ❞❡st✐✲

♥❛t✐♦♥ ❛r❝❤✐t❡❝t✉r❛❧ r❡❣✐st❡r✮✳
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8ab30000
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Pending
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Commit Record
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Reader list
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Block Pointer

43

42R

W

8ab30000

42

8ab30000

42

Application Memory xstate Transaction log #1

Transaction log entry

8ab3ab00

32

Transaction log entry

Transaction log #2

Commit Record

Transaction log entry

Block

New valueRW Bit Log Pointer

❋✐❣✉r❡ ✼✳✷✿ ❚❤❡ ①st❛t❡ ❞❛t❛ str✉❝t✉r❡✳ ❚❤❡ tr❛♥s❛❝t✐♦♥ ❧♦❣ ❢♦r ❛ tr❛♥s❛❝t✐♦♥

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

❜❧♦❝❦ ✐♥ ♠❡♠♦r② ♣♦✐♥ts t♦ ❛ ❧♦❣ ❡♥tr②✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s t❤❡ ♦❧❞ ✈❛❧✉❡ ♦❢ t❤❡

❜❧♦❝❦ ❛♥❞ ❛ ♣♦✐♥t❡r t♦ t❤❡ tr❛♥s❛❝t✐♦♥✬s ❝♦♠♠✐t r❡❝♦r❞✳ ❚✇♦ tr❛♥s❛❝t✐♦♥

❧♦❣s ❛r❡ s❤♦✇♥ ❤❡r❡❀ ❣❡♥❡r❛❧❧②✱ t❤❡ ①st❛t❡ ✐♥❝❧✉❞❡s t❤❡ ❛❝t✐✈❡ tr❛♥s❛❝t✐♦♥

❧♦❣s ❢♦r t❤❡ ❡♥t✐r❡ s②st❡♠✳
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✭♣❡♥❞✐♥❣✱ ❝♦♠♠✐tt❡❞✱ ♦r ❛❜♦rt❡❞✮ ♦❢ ❡❛❝❤ ❜❧♦❝❦✳ ❚♦ ❝♦♠♠✐t ❛ tr❛♥s❛❝t✐♦♥✱

t❤❡ s②st❡♠ s✐♠♣❧② ❝❤❛♥❣❡s t❤❡ ❝♦♠♠✐t r❡❝♦r❞ ❢r♦♠ PENDING t♦ COMMITTED✳

❆t t❤✐s ♣♦✐♥t✱ ❛ r❡❢❡r❡♥❝❡ t♦ t❤❡ ❜❧♦❝❦ ♣r♦❞✉❝❡s t❤❡ ♥❡✇ ✈❛❧✉❡ st♦r❡❞ ✐♥

♠❡♠♦r②✱ ❛❧❜❡✐t ❛❢t❡r s♦♠❡ ❞❡❧❛② ✐♥ ❝❤❛s✐♥❣ ♣♦✐♥t❡rs t♦ ❞✐s❝♦✈❡r t❤❛t t❤❡

tr❛♥s❛❝t✐♦♥ ❤❛s ❜❡❡♥ ❝♦♠♠✐tt❡❞✳ ❚♦ ❛✈♦✐❞ t❤✐s ❞❡❧❛②✱ ❛s ✇❡❧❧ ❛s t♦ ❢r❡❡ t❤❡

tr❛♥s❛❝t✐♦♥ ❧♦❣ ❢♦r r❡✉s❡✱ t❤❡ s②st❡♠ ♠✉st ❝❧❡❛♥ ✉♣ ❛❢t❡r ❝♦♠♠✐tt✐♥❣✳ ■t

❞♦❡s s♦ ❜② ✐t❡r❛t✐♥❣ t❤r♦✉❣❤ t❤❡ ❧♦❣ ❡♥tr✐❡s✱ ❝❧❡❛r✐♥❣ t❤❡ ❧♦❣ ♣♦✐♥t❡r ❢♦r

❡❛❝❤ ❜❧♦❝❦ ♠❡♥t✐♦♥❡❞✱ t❤❡r❡❜② ☞♥❛❧✐③✐♥❣ t❤❡ ❝♦♥t❡♥ts ♦❢ t❤❡ ❜❧♦❝❦✳ ❋✉t✉r❡

r❡❢❡r❡♥❝❡s t♦ t❤❛t ❜❧♦❝❦ ✇✐❧❧ ❝♦♥t✐♥✉❡ t♦ ♣r♦❞✉❝❡ t❤❡ ♥❡✇ ✈❛❧✉❡ st♦r❡❞ ✐♥

♠❡♠♦r②✱ ❜✉t ✇✐t❤♦✉t t❤❡ ❞❡❧❛② ♦❢ ❝❤❛s✐♥❣ ♣♦✐♥t❡rs✳ ❚♦ ❛❜♦rt ❛ tr❛♥s❛❝t✐♦♥✱

t❤❡ s②st❡♠ ❝❤❛♥❣❡s t❤❡ ❝♦♠♠✐t r❡❝♦r❞ ❢r♦♠ PENDING t♦ ABORTED✳ ❚♦ ❝❧❡❛♥

✉♣✱ ✐t ✐t❡r❛t❡s t❤r♦✉❣❤ t❤❡ ❡♥tr✐❡s✱ st♦r✐♥❣ t❤❡ ♦❧❞ ✈❛❧✉❡ ❜❛❝❦ t♦ ♠❡♠♦r② ❛♥❞

t❤❡♥ ❝❧❡❛r✐♥❣ t❤❡ ❧♦❣ ♣♦✐♥t❡r✳ ❲❡ ❝❤♦s❡ t♦ st♦r❡ t❤❡ ♦❧❞ ✈❛❧✉❡ ♦❢ ❛ ❜❧♦❝❦ ✐♥

t❤❡ tr❛♥s❛❝t✐♦♥ ❧♦❣ ❛♥❞ t❤❡ ♥❡✇ ✈❛❧✉❡ ✐♥ ♠❡♠♦r②✱ r❛t❤❡r t❤❛♥ t❤❡ r❡✈❡rs❡✱ t♦

♦♣t✐♠✐③❡ t❤❡ ❝❛s❡ ✇❤❡♥ ❛ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts✳ ◆♦ ❞❛t❛ ❝♦♣②✐♥❣ ✐s ♥❡❡❞❡❞

t♦ ❝❧❡❛♥ ✉♣ ❛❢t❡r ❛ ❝♦♠♠✐t✱ ♦♥❧② ❛❢t❡r ❛♥ ❛❜♦rt✳

❲❤❡♥ t✇♦ ♦r ♠♦r❡ ♣❡♥❞✐♥❣ tr❛♥s❛❝t✐♦♥s ❤❛✈❡ ❛❝❝❡ss❡❞ ❛ ❜❧♦❝❦ ❛♥❞ ❛t

❧❡❛st ♦♥❡ ♦❢ t❤❡ ❛❝❝❡ss❡s ✐s ❛ st♦r❡✱ t❤❡ tr❛♥s❛❝t✐♦♥s ❝♦♥✌✐❝t✳ ❈♦♥✌✐❝ts ❛r❡

❞❡t❡❝t❡❞ ❞✉r✐♥❣ ♦♣❡r❛t✐♦♥s ♦♥ ♠❡♠♦r②✳ ❲❤❡♥ ❛ tr❛♥s❛❝t✐♦♥ ♣❡r❢♦r♠s ❛

❧♦❛❞✱ t❤❡ s②st❡♠ ❝❤❡❝❦s t❤❛t ❡✐t❤❡r t❤❡ ❧♦❣ ♣♦✐♥t❡r r❡❢❡rs t♦ ❛♥ ❡♥tr② ✐♥ t❤❡

❝✉rr❡♥t tr❛♥s❛❝t✐♦♥ ❧♦❣✱ ♦r ❡❧s❡ t❤❛t t❤❡ ❘❲ ❜✐t ✐s R ✭❛❞❞✐t✐♦♥❛❧❧② ❝r❡❛t✐♥❣

❛♥ ❡♥tr② ✐♥ t❤❡ ❝✉rr❡♥t ❧♦❣ ❢♦r t❤❡ ❜❧♦❝❦ ✐❢ ♥❡❡❞❡❞✮✳ ❲❤❡♥ ❛ tr❛♥s❛❝t✐♦♥

♣❡r❢♦r♠s ❛ st♦r❡✱ t❤❡ s②st❡♠ ❝❤❡❝❦s t❤❛t ♥♦ ♦t❤❡r tr❛♥s❛❝t✐♦♥ ✐s r❡❢❡r❡♥❝❡❞

❜② t❤❡ ❧♦❣ ♣♦✐♥t❡r ✭✐✳❡✳✱ t❤❛t t❤❡ ❧♦❣ ♣♦✐♥t❡r ✐s ❝❧❡❛r❡❞ ♦r t❤❛t t❤❡ ❧✐♥❦❡❞ ❧✐st

♦❢ ❧♦❣ ❡♥tr✐❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤✐s ❜❧♦❝❦ ❛r❡ ❛❧❧ ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t

tr❛♥s❛❝t✐♦♥ ❧♦❣✮✳ ■❢ t❤❡ ❝♦♥✌✐❝t ❝❤❡❝❦ ❢❛✐❧s✱ t❤❡♥ s♦♠❡ ♦❢ t❤❡ ❝♦♥✌✐❝t✐♥❣

tr❛♥s❛❝t✐♦♥s ❛r❡ ❛❜♦rt❡❞✳ ❚♦ ❣✉❛r❛♥t❡❡ ❢♦r✇❛r❞ ♣r♦❣r❡ss✱ ❯❚▼ ✇r✐t❡s ❛

t✐♠❡st❛♠♣ ✐♥t♦ t❤❡ tr❛♥s❛❝t✐♦♥ ❧♦❣ t❤❡ ☞rst t✐♠❡ ❛ tr❛♥s❛❝t✐♦♥ ✐s ❛tt❡♠♣t❡❞✳

❚❤❡♥✱ ✇❤❡♥ ❝❤♦♦s✐♥❣ ✇❤✐❝❤ tr❛♥s❛❝t✐♦♥s t♦ ❛❜♦rt✱ ♦❧❞❡r tr❛♥s❛❝t✐♦♥s t❛❦❡

♣r✐♦r✐t②✳ ❆s ❛♥ ❛❧t❡r♥❛t✐✈❡✱ ❛ ❜❛❝❦♦☛ s❝❤❡♠❡ ❬✼✹❪ ❝♦✉❧❞ ❛❧s♦ ❜❡ ✉s❡❞✳

❲❤❡♥ ❛ ✇r✐t✐♥❣ tr❛♥s❛❝t✐♦♥ ✇✐♥s ❛ ❝♦♥✌✐❝t✱ t❤❡r❡ ♠❛② ❜❡ ♠✉❧t✐♣❧❡ r❡❛❞✲
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✐♥❣ tr❛♥s❛❝t✐♦♥s t❤❛t ♠✉st ❜❡ ❛❜♦rt❡❞✳ ❚❤❡s❡ tr❛♥s❛❝t✐♦♥s ❛r❡ ❢♦✉♥❞ ❡✍✲

❝✐❡♥t❧② ❜② ❢♦❧❧♦✇✐♥❣ t❤❡ ❜❧♦❝❦✬s ❧♦❣ ♣♦✐♥t❡r t♦ ❛♥ ❡♥tr② ❛♥❞ tr❛✈❡rs✐♥❣ t❤❡

❧✐♥❦❡❞ ❧✐st ❢♦✉♥❞ t❤❡r❡✱ ✇❤✐❝❤ ❡♥✉♠❡r❛t❡s ❛❧❧ ❡♥tr✐❡s ❢♦r t❤❛t ❜❧♦❝❦ ✐♥ ❛❧❧

tr❛♥s❛❝t✐♦♥ ❧♦❣s✳

7.1.4 Caching

❆❧t❤♦✉❣❤ ❯❚▼ ❝❛♥ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s ♦❢ ✉♥❜♦✉♥❞❡❞ s✐③❡ ✉s✐♥❣ t❤❡ ①s✲

t❛t❡ ❞❛t❛ str✉❝t✉r❡✱ ♠✉❧t✐♣❧❡ ♠❡♠♦r② ❛❝❝❡ss❡s ❢♦r ❡❛❝❤ ♦♣❡r❛t✐♦♥ ♠❛② ❜❡

r❡q✉✐r❡❞✳ ❈❛❝❤✐♥❣ ✐s ♥❡❡❞❡❞ t♦ ❛❝❤✐❡✈❡ ❛❝❝❡♣t❛❜❧❡ ♣❡r❢♦r♠❛♥❝❡✳ ■♥ t❤❡

❝♦♠♠♦♥ ❝❛s❡ ♦❢ ❛ tr❛♥s❛❝t✐♦♥ t❤❛t ☞ts ✐♥ ❝❛❝❤❡✱ ❯❚▼✱ ❧✐❦❡ t❤❡ ❡❛r❧✐❡r ♣r♦✲

♣♦s❡❞ ❍❚▼ s②st❡♠s ❬✹✾✱ ✻✸❪✱ ♠♦♥✐t♦rs t❤❡ ❝❛❝❤❡✲❝♦❤❡r❡♥❝❡ tr❛✍❝ ❢♦r t❤❡

tr❛♥s❛❝t✐♦♥✬s ❝❛❝❤❡ ❧✐♥❡s t♦ ❞❡t❡r♠✐♥❡ ✐❢ ❛♥♦t❤❡r ♣r♦❝❡ss♦r ✐s ♣❡r❢♦r♠✐♥❣ ❛

❝♦♥✌✐❝t✐♥❣ ♦♣❡r❛t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ✇❤❡♥ ❛ tr❛♥s❛❝t✐♦♥ ✇r✐t❡s t♦ ❛ ♠❡♠♦r②

❧♦❝❛t✐♦♥✱ t❤❡ ❝❛❝❤❡ ♣r♦t♦❝♦❧ ♦❜t❛✐♥s ❡①❝❧✉s✐✈❡ ♦✇♥❡rs❤✐♣ ♦♥ t❤❡ ✇❤♦❧❡ ❝❛❝❤❡

❜❧♦❝❦✳ ◆❡✇ ✈❛❧✉❡s ❝❛♥ ❜❡ st♦r❡❞ ✐♥ ❝❛❝❤❡ ✇✐t❤ ♦❧❞ ✈❛❧✉❡s ❧❡❢t ✐♥ ♠❡♠♦r②✳

❆s ❧♦♥❣ ❛s ♥♦t❤✐♥❣ r❡✈♦❦❡s t❤❡ ♦✇♥❡rs❤✐♣ ♦❢ ❛♥② ❜❧♦❝❦✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❝❛♥

s✉❝❝❡❡❞✳ ❙✐♥❝❡ t❤❡ ❝♦♥t❡♥ts ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ ❧♦❣ ❛r❡ ✉♥❞❡☞♥❡❞ ❛❢t❡r t❤❡

tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts ♦r ❛❜♦rts✱ ✐♥ ♠❛♥② ❝❛s❡s t❤❡ s②st❡♠ ❞♦❡s ♥♦t ❡✈❡♥ ♥❡❡❞

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

✇✐t❤♦✉t ✐♥t❡r✈❡♥t✐♦♥ ❢r♦♠ ❛♥♦t❤❡r tr❛♥s❛❝t✐♦♥✱ ♥♦ ❛❞❞✐t✐♦♥❛❧ ✐♥t❡r♣r♦❝❡ss♦r

❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s r❡q✉✐r❡❞ ❜❡②♦♥❞ t❤❡ ❝♦❤❡r❡♥❝❡ tr❛✍❝ ❢♦r t❤❡ ♥♦♥tr❛♥s❛❝✲

t✐♦♥❛❧ ❝❛s❡✳ ❲❤❡♥ t❤❡ tr❛♥s❛❝t✐♦♥ ✐s t♦♦ ❜✐❣ t♦ ☞t ✐♥ ❝❛❝❤❡ ♦r ✐♥t❡r❛❝t✐♦♥s

✇✐t❤ ♦t❤❡r tr❛♥s❛❝t✐♦♥s ❛r❡ ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❝❛❝❤❡ ♣r♦t♦❝♦❧✱ t❤❡ ①st❛t❡ ❢♦r

t❤❡ tr❛♥s❛❝t✐♦♥ ♦✈❡r✌♦✇s ✐♥t♦ t❤❡ ♦r❞✐♥❛r② ♠❡♠♦r② ❤✐❡r❛r❝❤②✳ ❚❤✉s✱ t❤❡

❯❚▼ s②st❡♠ ❞♦❡s ♥♦t ❛❝t✉❛❧❧② ♥❡❡❞ t♦ ❝r❡❛t❡ ❛ ❧♦❣ ❡♥tr② ♦r ✉♣❞❛t❡ t❤❡ ❧♦❣

♣♦✐♥t❡r ❢♦r ❛ ❝❛❝❤❡❞ ❜❧♦❝❦ ✉♥❧❡ss ✐t ✐s ❡✈✐❝t❡❞✳ ❆❢t❡r ❛ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts

♦r ❛❜♦rts✱ t❤❡ ❧♦❣ ❡♥tr✐❡s ♦❢ ✉♥s♣✐❧❧❡❞ ❝❛❝❤❡❞ ❜❧♦❝❦s ❝❛♥ ❜❡ ❞✐s❝❛r❞❡❞ ❛♥❞

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

tr❛✍❝ ❢♦r t❤❡ ❧♦❣ ♣♦✐♥t❡r✱ ✇❤✐❝❤ ✐s ♥♦ ❧♦♥❣❡r ♥❡❡❞❡❞✳ ▼♦st ♦❢ t❤❡ ♦✈❡r❤❡❛❞

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

❚❤❡ ✐♥✲❝❛❝❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ tr❛♥s❛❝t✐♦♥❛❧ st❛t❡ ❛♥❞ t❤❡ ①st❛t❡ ❞❛t❛
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str✉❝t✉r❡ st♦r❡❞ ✐♥ ♠❡♠♦r② ♥❡❡❞ ♥♦t ♠❛t❝❤✳ ❚❤❡ s②st❡♠ ❝❛♥ ♦♣t✐♠✐③❡ t❤❡

♦♥✲♣r♦❝❡ss♦r r❡♣r❡s❡♥t❛t✐♦♥ ❛s ❧♦♥❣ ❛s✱ ❛t t❤❡ ❝❛❝❤❡ ✐♥t❡r❢❛❝❡✱ t❤❡ ✈✐❡✇ ♦❢

t❤❡ ①st❛t❡ ✐s ♣r♦♣❡r❧② ♠❛✐♥t❛✐♥❡❞✳ ❋♦r ❝♦♥✈❡♥✐❡♥❝❡✱ t❤❡ tr❛♥s❛❝t✐♦♥ ❜❧♦❝❦

s✐③❡ ❝❛♥ ♠❛t❝❤ t❤❡ ❝❛❝❤❡ ❧✐♥❡ s✐③❡✳

7.1.5 System issues

❚❤❡ ❣♦❛❧ ♦❢ ❯❚▼ ✐s t♦ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s t❤❛t ❝❛♥ r✉♥ ❢♦r ❛♥ ✐♥❞❡☞✲

♥✐t❡ ❧❡♥❣t❤ ♦❢ t✐♠❡ ✭s✉r✈✐✈✐♥❣ t✐♠❡ s❧✐❝❡ ✐♥t❡rr✉♣ts✮✱ ❝❛♥ ♠✐❣r❛t❡ ❢r♦♠ ♦♥❡

♣r♦❝❡ss♦r t♦ ❛♥♦t❤❡r ❛❧♦♥❣ ✇✐t❤ t❤❡ r❡st ♦❢ ❛ ♣r♦❝❡ss✬s st❛t❡✱ ❛♥❞ ❝❛♥ ❤❛✈❡

❢♦♦t♣r✐♥ts ❜✐❣❣❡r t❤❛♥ t❤❡ ♣❤②s✐❝❛❧ ♠❡♠♦r②✳ ❙❡✈❡r❛❧ s②st❡♠ ✐ss✉❡s ♠✉st ❜❡

s♦❧✈❡❞ ❢♦r ❯❚▼ t♦ ❛❝❤✐❡✈❡ t❤❛t ❣♦❛❧✳ ❚❤❡ ❭❜✐❣ ✐❞❡❛✧ ♦❢ ❯❚▼ ✐s t♦ tr❡❛t t❤❡

①st❛t❡ ❛s ❛ s②st❡♠✲✇✐❞❡ ❞❛t❛ str✉❝t✉r❡ t❤❛t ✉s❡s ❣❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss❡s✳

❚r❡❛t✐♥❣ t❤❡ ①st❛t❡ ❛s ❞❛t❛ str✉❝t✉r❡ ❞✐r❡❝t❧② s♦❧✈❡s ♣❛rt ♦❢ t❤❡ ♣r♦❜❧❡♠✳

❋♦r ❛ tr❛♥s❛❝t✐♦♥ t♦ r✉♥ ❢♦r ❛♥ ✐♥❞❡☞♥✐t❡ ❧❡♥❣t❤ ♦❢ t✐♠❡✱ ✐t ♠✉st ❜❡ ❛❜❧❡ t♦

s✉r✈✐✈❡ ❛ t✐♠❡✲s❧✐❝❡ ✐♥t❡rr✉♣t✳ ❇② ❛❞❞✐♥❣ t❤❡ ❧♦❣ ♣♦✐♥t❡r t♦ t❤❡ ♣r♦❝❡ss♦r

st❛t❡ ❛♥❞ st♦r✐♥❣ ❡✈❡r②t❤✐♥❣ ❡❧s❡ ✐♥ ❛ ❞❛t❛ str✉❝t✉r❡✱ ✐t ✐s ❡❛s② t♦ s✉s♣❡♥❞

❛ tr❛♥s❛❝t✐♦♥ ❛♥❞ r✉♥ ❛♥♦t❤❡r t❤r❡❛❞ ✇✐t❤ ✐ts ♦✇♥ tr❛♥s❛❝t✐♦♥✳ ❙✐♠✐❧❛r❧②✱

tr❛♥s❛❝t✐♦♥s ❝❛♥ ❜❡ ♠✐❣r❛t❡❞ ❢r♦♠ ♦♥❡ ♣r♦❝❡ss♦r t♦ ❛♥♦t❤❡r✳ ❚❤❡ ❧♦❣ ♣♦✐♥t❡r

✐s s✐♠♣❧② ♣❛rt ♦❢ t❤❡ t❤r❡❛❞ ♦r ♣r♦❝❡ss st❛t❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ♦♣❡r❛t✐♥❣

s②st❡♠✳

❯❚▼ ❝❛♥ s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s t❤❛t ❛r❡ ❡✈❡♥ ❧❛r❣❡r t❤❛♥ ♣❤②s✐❝❛❧ ♠❡♠✲

♦r②✳ ❚❤❡ ♦♥❧② ❧✐♠✐t❛t✐♦♥ ✐s ❤♦✇ ♠✉❝❤ ✈✐rt✉❛❧ ♠❡♠♦r② ✐s ❛✈❛✐❧❛❜❧❡ t♦ st♦r❡

❜♦t❤ ♦❧❞ ❛♥❞ ♥❡✇ ✈❛❧✉❡s✳ ❚♦ ♣❛❣❡ t❤❡ ①st❛t❡ ♦✉t ♦❢ ♠❛✐♥ ♠❡♠♦r②✱ t❤❡

❯❚▼ ❞❛t❛ str✉❝t✉r❡s ♠✐❣❤t ❡♠♣❧♦② ❣❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss❡s ❢♦r t❤❡✐r ♣♦✐♥t✲

❡rs✳ ●❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss❡s ❛r❡ s②st❡♠✲✇✐❞❡ ✉♥✐q✉❡ ❛❞❞r❡ss❡s t❤❛t r❡♠❛✐♥

✈❛❧✐❞ ❡✈❡♥ ✐❢ t❤❡ r❡❢❡r❡♥❝❡❞ ♣❛❣❡s ❛r❡ ♣❛❣❡❞ ♦✉t t♦ ❞✐s❦ ❛♥❞ r❡❧♦❛❞❡❞ ✐♥ ❛♥✲

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

✈✐❞❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❧❡✈❡❧ ♦❢ ❛❞❞r❡ss tr❛♥s❧❛t✐♦♥✱ ❝♦♠♣❛r❡❞ t♦ ♦r❞✐♥❛r② ✈✐rt✉❛❧

♠❡♠♦r② s②st❡♠s✳ ❍❛r❞✇❛r❡ ☞rst tr❛♥s❧❛t❡s ❛ ♣r♦❝❡ss✬s ✈✐rt✉❛❧ ❛❞❞r❡ss ✐♥t♦

❛ ❣❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss✳ ❚❤❡ ❣❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss ✐s t❤❡♥ tr❛♥s❧❛t❡❞ ✐♥t♦ ❛

♣❤②s✐❝❛❧ ❛❞❞r❡ss✳ ▼✉❧t✐❝s ❬✶✺❪ ♣r♦✈✐❞❡❞ ✉s❡r✲❧❡✈❡❧ ❣❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss✐♥❣

✶✸✽



✼✳✷✳ ❚❍❊ ▲❚▼ ❆❘❈❍■❚❊❈❚❯❘❊

✉s✐♥❣ s❡❣♠❡♥t✲♦☛s❡t ♣❛✐rs ❛s t❤❡ ❛❞❞r❡ss❡s✳ ❚❤❡ ❍P Pr❡❝✐s✐♦♥ ❆r❝❤✐t❡❝t✉r❡

❬✻✻❪ s✉♣♣♦rts ❣❧♦❜❛❧ ✈✐rt✉❛❧ ❛❞❞r❡ss❡s ✐♥ ❛ ✻✹✲❜✐t ❘■❙❈ ♣r♦❝❡ss♦r✳

❚❤❡ ❧♦❣ ♣♦✐♥t❡r ❛♥❞ st❛t❡ ❜✐ts ❢♦r ❡❛❝❤ ✉s❡r ♠❡♠♦r② ❜❧♦❝❦✱ ✇❤✐❧❡ t②♣✐❝❛❧❧②

♥♦t ✈✐s✐❜❧❡ t♦ ❛ ✉s❡r✲❧❡✈❡❧ ♣r♦❣r❛♠♠❡r✱ ❛r❡ t❤❡♠s❡❧✈❡s st♦r❡❞ ✐♥ ❛❞❞r❡ss❛❜❧❡

♣❤②s✐❝❛❧ ♠❡♠♦r② t♦ ❛❧❧♦✇ t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ t♦ ♣❛❣❡ t❤✐s ✐♥❢♦r♠❛t✐♦♥ t♦

❞✐s❦✳ ❚❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♠❡♠♦r② ❤♦❧❞✐♥❣ t❤❡ ❧♦❣ ♣♦✐♥t❡r ✐♥❢♦r♠❛t✐♦♥ ❢♦r ❛

❣✐✈❡♥ ✉s❡r ❞❛t❛ ♣❛❣❡ ✐s ❦❡♣t ✐♥ t❤❡ ♣❛❣❡ t❛❜❧❡ ❛♥❞ ❝❛❝❤❡❞ ✐♥ t❤❡ ❚▲❇✳

❉✉r✐♥❣ ❡①❡❝✉t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ ❧♦❛❞ ♦r st♦r❡ ✐♥str✉❝t✐♦♥✱ t❤❡ ♣r♦❝❡ss♦r

❝❛♥ ♣♦t❡♥t✐❛❧❧② t♦✉❝❤ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❞✐s♣❛r❛t❡ ♠❡♠♦r② ❧♦❝❛t✐♦♥s ✐♥ t❤❡

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

❡✐t❤❡r t❤❡ s②st❡♠ ♠✉st ❛❧❧♦✇ ❧♦❛❞ ♦r st♦r❡ ✐♥str✉❝t✐♦♥s t♦ ❜❡ r❡st❛rt❡❞ ✐♥ t❤❡

♠✐❞❞❧❡ ♦❢ t❤❡ ①st❛t❡ tr❛✈❡rs❛❧✱ ♦r✱ ✐❢ ♦♥❧② ♣r❡❝✐s❡ ✐♥t❡rr✉♣ts ❛r❡ ❛❧❧♦✇❡❞✱ t❤❡

♦♣❡r❛t✐♥❣ s②st❡♠ ♠✉st ❡♥s✉r❡ t❤❛t ❛❧❧ ♣❛❣❡s r❡q✉✐r❡❞ ❜② ❛♥ ①st❛t❡ tr❛✈❡rs❛❧

❝❛♥ ❜❡ r❡s✐❞❡♥t s✐♠✉❧t❛♥❡♦✉s❧② t♦ ❛❧❧♦✇ t❤❡ ❧♦❛❞ ♦r st♦r❡ t♦ ❝♦♠♣❧❡t❡ ✇✐t❤♦✉t

♣❛❣❡ ❢❛✉❧ts✳

❯❚▼ ❛ss✉♠❡s t❤❛t ❡❛❝❤ tr❛♥s❛❝t✐♦♥ ✐s ❛ s❡r✐❛❧ ✐♥str✉❝t✐♦♥ str❡❛♠ ❜❡✲

❣✐♥♥✐♥❣ ✇✐t❤ ❛♥ XBEGIN ✐♥str✉❝t✐♦♥✱ ❡♥❞✐♥❣ ✇✐t❤ ❛ XEND ✐♥str✉❝t✐♦♥✱ ❛♥❞

❝♦♥t❛✐♥✐♥❣ ♦♥❧② r❡❣✐st❡r✱ ♠❡♠♦r②✱ ❛♥❞ ❜r❛♥❝❤ ✐♥str✉❝t✐♦♥s ✐♥ ❜❡t✇❡❡♥✳ ❆

❢❛✉❧t ♦❝❝✉rs ✐❢ ❛♥ ■✴❖ ✐♥str✉❝t✐♦♥ ✐s ❡①❡❝✉t❡❞ ❞✉r✐♥❣ ❛ tr❛♥s❛❝t✐♦♥✳

7.2 The LTM architecture

❯❚▼ ✐s ❛♥ ✐❞❡❛❧✐③❡❞ ❞❡s✐❣♥ ❢♦r ❍❚▼ ✇❤✐❝❤ r❡q✉✐r❡s s✐❣♥✐☞❝❛♥t ❝❤❛♥❣❡s t♦

❜♦t❤ t❤❡ ♣r♦❝❡ss♦r ❛♥❞ t❤❡ ♠❡♠♦r② s✉❜s②st❡♠ ♦❢ ❛ ❝♦♥t❡♠♣♦r❛r② ❝♦♠✲

♣✉t❡r ❛r❝❤✐t❡❝t✉r❡✳ ❇② s❝❛❧✐♥❣ ❜❛❝❦ ♦♥ t❤❡ ❞❡❣r❡❡ ♦❢ ❭✉♥❜♦✉♥❞❡❞♥❡ss✱✧

❤♦✇❡✈❡r✱ ❛ ❝♦♠♣r♦♠✐s❡ ❜❡t✇❡❡♥ ♣r♦❣r❛♠♠❛❜✐❧✐t② ❛♥❞ ♣r❛❝t✐❝❛❧✐t② ❝❛♥ ❜❡

❛❝❤✐❡✈❡❞✳ ❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts s✉❝❤ ❛♥ ❛r❝❤✐t❡❝t✉r❛❧ ❝♦♠♣r♦♠✐s❡✱ ❝❛❧❧❡❞

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

✐♥❣ ❯❱❙■▼ ❬✶✵✷❪✳ ❚❤❡ ❧✐♠✐t❡❞ tr❛♥s❛❝t✐♦♥s s✉♣♣♦rt❡❞ ❜② ▲❚▼ ❛r❡ st✐❧❧

♣♦✇❡r❢✉❧ ❡♥♦✉❣❤ t♦ s❡r✈❡ ❛s t❤❡ ❜❛s✐s ❢♦r ❛ ❤②❜r✐❞ s②st❡♠✱ ❛s ✇❡ ✇✐❧❧ s❤♦✇

✐♥ ❙❡❝t✐♦♥ ✼✳✹✳
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▲❚▼✬s ❞❡s✐❣♥ ✐s ❡❛s✐❡r t♦ ✐♠♣❧❡♠❡♥t t❤❛♥ ❯❚▼✱ ❜❡❝❛✉s❡ ✐t ❞♦❡s ♥♦t

s✉♣♣♦rt tr❛♥s❛❝t✐♦♥s ♦❢ ✈✐rt✉❛❧✲♠❡♠♦r② s✐③❡✳ ■♥st❡❛❞✱ ▲❚▼ ❛✈♦✐❞s t❤❡ ✐♥✲

tr✐❝❛❝✐❡s ♦❢ ✈✐rt✉❛❧ ♠❡♠♦r② ❜② ❧✐♠✐t✐♥❣ t❤❡ ❢♦♦t♣r✐♥t ♦❢ ❛ tr❛♥s❛❝t✐♦♥ t♦

✭♥❡❛r❧②✮ t❤❡ s✐③❡ ♦❢ ♣❤②s✐❝❛❧ ♠❡♠♦r②✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❞✉r❛t✐♦♥ ♦❢ ❛ tr❛♥s❛❝✲

t✐♦♥ ♠✉st ❜❡ ❧❡ss t❤❛♥ ❛ t✐♠❡ s❧✐❝❡✱ ❛♥❞ tr❛♥s❛❝t✐♦♥s ❝❛♥♥♦t ♠✐❣r❛t❡ ❜❡t✇❡❡♥

♣r♦❝❡ss♦rs✳ ❲✐t❤ t❤❡s❡ r❡str✐❝t✐♦♥s✱ ▲❚▼ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❜② ♦♥❧② ♠♦❞✲

✐❢②✐♥❣ t❤❡ ❝❛❝❤❡ ❛♥❞ ♣r♦❝❡ss♦r ❝♦r❡ ❛♥❞ ✇✐t❤♦✉t ♠❛❦✐♥❣ ❝❤❛♥❣❡s t♦ t❤❡ ♠❛✐♥

♠❡♠♦r②✱ t❤❡ ❝❛❝❤❡✲❝♦❤❡r❡♥❝❡ ♣r♦t♦❝♦❧s✱ ♦r ❡✈❡♥ t❤❡ ❝♦♥t❡♥ts ♦❢ t❤❡ ❝❛❝❤❡✲

❝♦❤❡r❡♥❝❡ ♠❡ss❛❣❡s✳ ❯♥❧✐❦❡ ❛ ❯❚▼ ♣r♦❝❡ss♦r✱ ❛♥ ▲❚▼ ♣r♦❝❡ss♦r ❝❛♥ ❜❡

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

❜❛s❡❞ ♦♥ t❤❡ ❙●■ ❖r✐❣✐♥ ✸✵✵✵ s❤❛r❡❞✲♠❡♠♦r② ♠✉❧t✐♣r♦❝❡ss♦r✱ ✇✐t❤ ♠❡♠✲

♦r② ❞✐str✐❜✉t❡❞ ❛♠♦♥❣ t❤❡ ♣r♦❝❡ss♦r ♥♦❞❡s ❛♥❞ ❝❛❝❤❡ ❝♦❤❡r❡♥❝② ♠❛✐♥t❛✐♥❡❞

✉s✐♥❣ ❛ ❞✐r❡❝t♦r②✲❜❛s❡❞ ✇r✐t❡✲✐♥✈❛❧✐❞❛t❡ ♣r♦t♦❝♦❧✳

❚❤❡ ❯❚▼ ❛♥❞ ▲❚▼ s❝❤❡♠❡s s❤❛r❡ ♠❛♥② ✐❞❡❛s✳ ▲✐❦❡ ❯❚▼✱ ▲❚▼ ♠❛✐♥✲

t❛✐♥s ❞❛t❛ ❛❜♦✉t ♣❡♥❞✐♥❣ tr❛♥s❛❝t✐♦♥s ✐♥ t❤❡ ❝❛❝❤❡ ❛♥❞ ❞❡t❡❝ts ❝♦♥✌✐❝ts

✉s✐♥❣ t❤❡ ❝❛❝❤❡✲❝♦❤❡r❡♥❝② ♣r♦t♦❝♦❧ ✐♥ ♠✉❝❤ t❤❡ s❛♠❡ ✇❛② ❛s ♣r❡✈✐♦✉s ❍❚▼

♣r♦♣♦s❛❧s ❬✺✺✱ ✻✸❪✳ ▲❚▼ ❛❧s♦ ❡♠♣❧♦②s ❛♥ ❛r❝❤✐t❡❝t✉r❛❧ st❛t❡✲s❛✈❡ ♠❡❝❤❛♥✐s♠

✐♥ ❤❛r❞✇❛r❡✳ ❯♥❧✐❦❡ ❯❚▼✱ ▲❚▼ ❞♦❡s ♥♦t tr❡❛t t❤❡ tr❛♥s❛❝t✐♦♥ ❛s ❛ ❞❛t❛

str✉❝t✉r❡✳ ■♥st❡❛❞✱ ✐t ❜✐♥❞s ❛ tr❛♥s❛❝t✐♦♥ t♦ ❛ ♣❛rt✐❝✉❧❛r ❝❛❝❤❡✳ ❚r❛♥s❛❝✲

t✐♦♥❛❧ ❞❛t❛ ♦✈❡r✌♦✇s ❢r♦♠ t❤❡ ❝❛❝❤❡ ✐♥t♦ ❛ ❤❛s❤ t❛❜❧❡ ✐♥ ♠❛✐♥ ♠❡♠♦r②✱

✇❤✐❝❤ ❛❧❧♦✇s ▲❚▼ t♦ ❤❛♥❞❧❡ tr❛♥s❛❝t✐♦♥s t♦♦ ❜✐❣ t♦ ☞t ✐♥ t❤❡ ❝❛❝❤❡ ✇✐t❤♦✉t

t❤❡ ❢✉❧❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ①st❛t❡ ❞❛t❛ str✉❝t✉r❡✳

▲❚▼ ❤❛s s✐♠✐❧❛r s❡♠❛♥t✐❝s t♦ ❯❚▼✱ ❛♥❞ t❤❡ ❢♦r♠❛t ❛♥❞ ❜❡❤❛✈✐♦r ♦❢ t❤❡

XBEGIN ❛♥❞ XEND ✐♥str✉❝t✐♦♥s ❛r❡ t❤❡ s❛♠❡✳ ❚❤❡ ✐♥❢♦r♠❛t✐♦♥ t❤❛t ❯❚▼

❦❡❡♣s ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥ ❧♦❣ ✐s ❦❡♣t ♣❛rt❧② ✐♥ t❤❡ ♣r♦❝❡ss♦r✱ ♣❛rt❧② ✐♥ t❤❡

❝❛❝❤❡✱ ❛♥❞ ♣❛rt❧② ✐♥ ❛♥ ❛r❡❛ ♦❢ ♣❤②s✐❝❛❧ ♠❡♠♦r② ❛❧❧♦❝❛t❡❞ ❜② t❤❡ ♦♣❡r❛t✐♥❣

s②st❡♠✳

▲❚▼ r❡q✉✐r❡s ♦♥❧② ❛ ❢❡✇ s♠❛❧❧ ♠♦❞✐☞❝❛t✐♦♥s t♦ t❤❡ ❝❛❝❤❡✱ ❛s s❤♦✇♥ ✐♥

❋✐❣✉r❡ ✼✳✸✳ ❋♦r s♠❛❧❧ tr❛♥s❛❝t✐♦♥s✱ t❤❡ ❝❛❝❤❡ ✐s ✉s❡❞ t♦ st♦r❡ t❤❡ s♣❡❝✉❧❛t✐✈❡

tr❛♥s❛❝t✐♦♥❛❧ st❛t❡✳ ❋♦r ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s✱ tr❛♥s❛❝t✐♦♥❛❧ st❛t❡ ✐s s♣✐❧❧❡❞ ✐♥t♦

❛♥ ♦✈❡r✌♦✇ ❞❛t❛ str✉❝t✉r❡ ✐♥ ♠❛✐♥ ♠❡♠♦r②✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ❜✐t ✭❚✮ ✐s ❛❞❞❡❞
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base register
Overflow

index offsettag
Address

Way 0 Way 1

· · ·

· · ·datatagdatatag

Uncached DRAM

Overflow Storage

O T T

Overflow

Handler

❋✐❣✉r❡ ✼✳✸✿ ▲❚▼ ❝❛❝❤❡ ♠♦❞✐☞❝❛t✐♦♥s✳ ❚❤❡ ❚ ❜✐t ✐♥❞✐❝❛t❡s ✐❢ t❤❡ ❧✐♥❡ ✐s

tr❛♥s❛❝t✐♦♥❛❧✳ ❚❤❡ ❖ ❜✐t ✐♥❞✐❝❛t❡s ✐❢ t❤❡ s❡t ❤❛s ♦✈❡r✌♦✇❡❞✳ ❖✈❡r✌♦✇❡❞

❞❛t❛ ✐s st♦r❡❞ ✐♥ ❛ ❞❛t❛ str✉❝t✉r❡ ✐♥ ✉♥❝❛❝❤❡❞ ❉❘❆▼✳

♣❡r ❝❛❝❤❡ ❧✐♥❡ t♦ ✐♥❞✐❝❛t❡ ✐❢ t❤❡ ❞❛t❛ ❤❛s ❜❡❡♥ ❛❝❝❡ss❡❞ ❛s ♣❛rt ♦❢ ❛ ♣❡♥❞✐♥❣

tr❛♥s❛❝t✐♦♥✳ ❲❤❡♥ ❛ tr❛♥s❛❝t✐♦♥❛❧✲♠❡♠♦r② r❡q✉❡st ❤✐ts ❛ ❝❛❝❤❡ ❧✐♥❡✱ t❤❡ ❚

❜✐t ✐s s❡t✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ❜✐t ✭❖✮ ✐s ❛❞❞❡❞ ♣❡r ❝❛❝❤❡ s❡t t♦ ✐♥❞✐❝❛t❡ ✐❢ ✐t ❤❛s

♦✈❡r✌♦✇❡❞✳ ❲❤❡♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝❛❝❤❡ ❧✐♥❡ ✐s ❡✈✐❝t❡❞ ❢r♦♠ t❤❡ ❝❛❝❤❡ ❢♦r

❝❛♣❛❝✐t② r❡❛s♦♥s✱ t❤❡ ❖ ❜✐t ✐s s❡t✳

■♥ ▲❚▼✱ t❤❡ ♠❛✐♥ ♠❡♠♦r② ❛❧✇❛②s ❝♦♥t❛✐♥s t❤❡ ♦r✐❣✐♥❛❧ st❛t❡ ♦❢ ❛♥②

❞❛t❛ ❜❡✐♥❣ ♠♦❞✐☞❡❞ tr❛♥s❛❝t✐♦♥❛❧❧②✱ ❛♥❞ ❛❧❧ s♣❡❝✉❧❛t✐✈❡ tr❛♥s❛❝t✐♦♥❛❧ st❛t❡

✐s st♦r❡❞ ✐♥ t❤❡ ❝❛❝❤❡ ❛♥❞ ♦✈❡r✌♦✇ ❤❛s❤ t❛❜❧❡✳ ❆ tr❛♥s❛❝t✐♦♥ ✐s ❝♦♠♠✐tt❡❞ ❜②

s✐♠♣❧② ❝❧❡❛r✐♥❣ ❛❧❧ t❤❡ ❚ ❜✐ts ✐♥ ❝❛❝❤❡ ❛♥❞ ✇r✐t✐♥❣ ❛❧❧ ♦✈❡r✌♦✇❡❞ ❞❛t❛ ❜❛❝❦ t♦

♠❡♠♦r②✳ ❈♦♥✌✐❝ts ❛r❡ ❞❡t❡❝t❡❞ ✉s✐♥❣ t❤❡ ❝❛❝❤❡✲❝♦❤❡r❡♥❝② ♣r♦t♦❝♦❧✳ ❲❤❡♥

❛♥ ✐♥❝♦♠✐♥❣ ❝❛❝❤❡ ✐♥t❡r✈❡♥t✐♦♥ ❤✐ts ❛ tr❛♥s❛❝t✐♦♥❛❧ ❝❛❝❤❡ ❧✐♥❡✱ t❤❡ r✉♥♥✐♥❣

tr❛♥s❛❝t✐♦♥ ✐s ❛❜♦rt❡❞ ❜② s✐♠♣❧② ❝❧❡❛r✐♥❣ ❛❧❧ t❤❡ ❚ ❜✐ts ❛♥❞ ✐♥✈❛❧✐❞❛t✐♥❣ ❛❧❧

♠♦❞✐☞❡❞ tr❛♥s❛❝t✐♦♥❛❧ ❝❛❝❤❡ ❧✐♥❡s✳

❚❤❡ ♦✈❡r✌♦✇ ❤❛s❤ t❛❜❧❡ ✐♥ ✉♥❝❛❝❤❡❞ ♠❛✐♥ ♠❡♠♦r② ✐s ♠❛✐♥t❛✐♥❡❞ ❜②

❤❛r❞✇❛r❡✱ ❜✉t ✐ts ❧♦❝❛t✐♦♥ ❛♥❞ s✐③❡ ❛r❡ s❡t ✉♣ ❜② t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠✳ ■❢ ❛
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r❡q✉❡st ❢r♦♠ t❤❡ ♣r♦❝❡ss♦r ♦r ❛ ❝❛❝❤❡ ✐♥t❡r✈❡♥t✐♦♥ ♠✐ss❡s ♦♥ t❤❡ r❡s✐❞❡♥t t❛❣s

♦❢ ❛♥ ♦✈❡r✌♦✇❡❞ s❡t✱ t❤❡ ♦✈❡r✌♦✇ ❤❛s❤ t❛❜❧❡ ✐s s❡❛r❝❤❡❞ ❢♦r t❤❡ r❡q✉❡st❡❞

❧✐♥❡✳ ■❢ t❤❡ r❡q✉❡st❡❞ ❝❛❝❤❡ ❧✐♥❡ ✐s ❢♦✉♥❞✱ ✐t ✐s s✇❛♣♣❡❞ ✇✐t❤ ❛ ❧✐♥❡ ✐♥ t❤❡

❝❛❝❤❡ s❡t ❛♥❞ ❤❛♥❞❧❡❞ ❧✐❦❡ ❛ ❤✐t✳ ■❢ t❤❡ ❧✐♥❡ ✐s ♥♦t ❢♦✉♥❞✱ ✐t ✐s ❤❛♥❞❧❡❞ ❧✐❦❡ ❛

♠✐ss✳ ❲❤✐❧❡ ❤❛♥❞❧✐♥❣ ♦✈❡r✌♦✇s✱ ❛❧❧ ✐♥❝♦♠✐♥❣ ❝❛❝❤❡ ✐♥t❡r✈❡♥t✐♦♥s ❛r❡ st❛❧❧❡❞

✉s✐♥❣ ❛ ◆❆❈❑✲❜❛s❡❞ ♥❡t✇♦r❦ ♣r♦t♦❝♦❧✳

❚❤❡ ▲❚▼ ♦✈❡r✌♦✇ ❞❛t❛ str✉❝t✉r❡ ✉s❡s t❤❡ ❧♦✇✲♦r❞❡r ❜✐ts ♦❢ t❤❡ ❛❞❞r❡ss

❛s t❤❡ ❤❛s❤ ✐♥❞❡① ❛♥❞ ✉s❡s ❧✐♥❡❛r ♣r♦❜✐♥❣ t♦ r❡s♦❧✈❡ ❝♦♥✌✐❝ts✳ ❲❤❡♥ t❤❡

♦✈❡r✌♦✇ ❞❛t❛ str✉❝t✉r❡ ✐s ❢✉❧❧✱ t❤❡ ❤❛r❞✇❛r❡ s✐❣♥❛❧s ❛♥ ❡①❝❡♣t✐♦♥ s♦ t❤❛t

t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ❝❛♥ ✐♥❝r❡❛s❡ t❤❡ s✐③❡ ♦❢ t❤❡ ❤❛s❤ t❛❜❧❡ ❛♥❞ r❡tr② t❤❡

tr❛♥s❛❝t✐♦♥✳

▲❚▼ ✇❛s ❞❡s✐❣♥❡❞ t♦ ❜❡ ❛ ☞rst st❡♣ t♦✇❛r❞s ❛ tr✉❧② ✉♥❜♦✉♥❞❡❞ tr❛♥s✲

❛❝t✐♦♥❛❧ ♠❡♠♦r② s②st❡♠ s✉❝❤ ❛s ❯❚▼✳ ▲❚▼ ❤❛s ♠♦st ♦❢ t❤❡ ❛❞✈❛♥t❛❣❡s

♦❢ ❯❚▼ ✇❤✐❧❡ ❜❡✐♥❣ ♠✉❝❤ ❡❛s✐❡r t♦ ✐♠♣❧❡♠❡♥t✳ ▲❚▼✬s ♠♦r❡ ♣r❛❝t✐❝❛❧ ✐♠✲

♣❧❡♠❡♥t❛t✐♦♥ ♦❢ q✉❛s✐✲✉♥❜♦✉♥❞❡❞ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② s✉✍❝❡s ❢♦r ♠❛♥②

r❡❛❧✲✇♦r❧❞ ❝♦♥❝❡r♥s✳ ▼♦r❡♦✈❡r✱ ❛s ❙❡❝t✐♦♥ ✼✳✹ s❤♦✇s✱ ▲❚▼ ❝❛♥ ❜❡ s②♠❜✐✲

♦t✐❝❛❧❧② ♣❛✐r❡❞ ✇✐t❤ t❤❡ ♠♦r❡ ✌❡①✐❜❧❡ ❆♣❡❳ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ t♦

❛❝❤✐❡✈❡ tr✉❧② ✉♥❜♦✉♥❞❡❞ tr❛♥s❛❝t✐♦♥s ❛t ♠✐♥✐♠❛❧ ❤❛r❞✇❛r❡ ❝♦st✳

7.3 Evaluation

❚❤✐s s❡❝t✐♦♥ ❡✈❛❧✉❛t❡s t❤❡ ❯❚▼ ❛♥❞ ▲❚▼ ❞❡s✐❣♥s✱ ❞❡♠♦♥str❛t✐♥❣ ❧♦✇ ♦✈❡r✲

❤❡❛❞ ❛♥❞ s❝❛❧❛❜✐❧✐t②✳ ❲❡ ❡①❛♠✐♥❡ ♦✈❡r✌♦✇ ❜❡❤❛✈✐♦r✱ ♣r♦✈✐❞✐♥❣ ♠♦t✐✈❛t✐♦♥

❢♦r t❤❡ ❤②❜r✐❞ s②st❡♠ ♣r♦♣♦s❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✹✳

7.3.1 Scalability

❲❡ ✉s❡❞ ❛ ♣❛r❛❧❧❡❧ ♠✐❝r♦❜❡♥❝❤♠❛r❦ t♦ ❡①❛♠✐♥❡ ♣r♦❣r❛♠ ❜❡❤❛✈✐♦r ❢♦r s♠❛❧❧

tr❛♥s❛❝t✐♦♥s ✇✐t❤ ❤✐❣❤ ❝♦♥t❡♥t✐♦♥✳ ❖✉r r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❡①tr❡♠❡❧②

❧♦✇ ♦✈❡r❤❡❛❞ ♦❢ s♠❛❧❧ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥s ❡♥❛❜❧❡ t❤❡♠ t♦ ❛❧♠♦st ❛❧✇❛②s

❝♦♠♣❧❡t❡ ❡✈❡♥ ✇❤❡♥ ❝♦♥t❡♥t✐♦♥ ✐s ❤✐❣❤✳
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❋✐❣✉r❡ ✼✳✹✿ Counter ♣❡r❢♦r♠❛♥❝❡ ♦♥ ❯❱❙■▼✳

❚❤❡ Counter ♠✐❝r♦❜❡♥❝❤♠❛r❦ ❤❛s ♦♥❡ s❤❛r❡❞ ✈❛r✐❛❜❧❡ t❤❛t ❡❛❝❤ ♣r♦❝❡s✲

s♦r ❛t♦♠✐❝❛❧❧② ✐♥❝r❡♠❡♥ts r❡♣❡❛t❡❞❧② ✇✐t❤ ♥♦ ❜❛❝❦♦☛ ♣♦❧✐❝②❀ t❤❡ ❜❛s✐❝ ✐❞❡❛

✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦ ✇❡ ✉s❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✶✳ ❊❛❝❤ tr❛♥s❛❝✲

t✐♦♥ ✐s ♦♥❧② ❛ ❢❡✇ ✐♥str✉❝t✐♦♥s ❧♦♥❣ ❛♥❞ ❡✈❡r② ♣r♦❝❡ss♦r ❛tt❡♠♣ts t♦ ✇r✐t❡

t♦ t❤❡ s❛♠❡ ❧♦❝❛t✐♦♥ r❡♣❡❛t❡❞❧②✳ ❇♦t❤ ❛ ❧♦❝❦✐♥❣ ❛♥❞ ❛ tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥

♦❢ Counter ✇❡r❡ r✉♥ ♦♥ ❯❱❙■▼ ✇✐t❤ ▲❚▼✱ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥

❋✐❣✉r❡ ✼✳✹✳ ■♥ t❤❡ ❧♦❝❦✐♥❣ ✈❡rs✐♦♥✱ t❤❡r❡ ✐s ❛ ❣❧♦❜❛❧ s♣✐♥✲❧♦❝❦ t❤❛t ❡❛❝❤ ♣r♦✲

❝❡ss♦r ♦❜t❛✐♥s ✉s✐♥❣ ❛ ❧♦❛❞✲❧✐♥❦❡❞✴st♦r❡✲❝♦♥❞✐t✐♦♥❛❧ ✭▲▲❙❈✮ s❡q✉❡♥❝❡ ❢r♦♠

t❤❡ ❙●■ s②♥❝❤r♦♥✐③❛t✐♦♥ ❧✐❜r❛r✐❡s✳

❚❤❡ ❧♦❝❦✐♥❣ ✈❡rs✐♦♥ s❝❛❧❡s ♣♦♦r❧②✱ ❜❡❝❛✉s❡ t❤❡ ▲▲❙❈ ❝❛✉s❡s ♠❛♥② ❝❛❝❤❡

✐♥t❡r✈❡♥t✐♦♥s ❡✈❡♥ ✇❤❡♥ t❤❡ ❧♦❝❦ ❝❛♥♥♦t ❜❡ ♦❜t❛✐♥❡❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥ s❝❛❧❡s ♠✉❝❤ ❜❡tt❡r✱ ❞❡s♣✐t❡ ❤❛✈✐♥❣ ♥♦ ❜❛❝❦♦☛ ♣♦❧✲

✐❝②✳ ❲❤❡♥ ❛ tr❛♥s❛❝t✐♦♥ ♦❜t❛✐♥s ❛ ❝❛❝❤❡ ❧✐♥❡✱ ✐t ✐s ❧✐❦❡❧② t♦ ❜❡ ❛❜❧❡ t♦

❡①❡❝✉t❡ ❛ ❢❡✇ ♠♦r❡ ✐♥str✉❝t✐♦♥s ❜❡❢♦r❡ r❡❝❡✐✈✐♥❣ ❛♥ ✐♥t❡r✈❡♥t✐♦♥ s✐♥❝❡ t❤❡

♥❡t✇♦r❦ ❧❛t❡♥❝② ✐s ❤✐❣❤✳ ❚❤❡r❡❢♦r❡✱ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ❝❛♥ st❛rt ❛♥❞ ❝♦♠✲

♣❧❡t❡ ✭❛♥❞ ♣❡r❤❛♣s ❡✈❡♥ st❛rt ❛♥❞ ❝♦♠♣❧❡t❡ t❤❡ ♥❡①t tr❛♥s❛❝t✐♦♥✮ ❜❡❢♦r❡ t❤❡

❝❛❝❤❡ ❧✐♥❡ ✐s t❛❦❡♥ ❛✇❛②✳ ❙✐♠✐❧❛r ❜❡❤❛✈✐♦r ✐s ❡①♣❡❝t❡❞ ❢r♦♠ ❯❚▼✱ ❛♥❞ ♦t❤❡r

tr❛♥s❛❝t✐♦♥❛❧✲♠❡♠♦r② s②st❡♠s t❤❛t ✉s❡ t❤❡ ❝❛❝❤❡ ❛♥❞ ❝❛❝❤❡✲❝♦❤❡r❡♥❝② ♣r♦✲

t♦❝♦❧ t♦ st♦r❡ tr❛♥s❛❝t✐♦♥❛❧ st❛t❡✱ s✐♥❝❡ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ❡☛❡❝t✐✈❡❧② ✉s❡ t❤❡

❝❛❝❤❡ t❤❡ s❛♠❡ ✇❛②✳
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7.3.2 Overhead

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

✐♥ ❙❡❝t✐♦♥ ✸✳✶✱ t❤❡ ❝♦♠♠♦♥ ❝❛s❡ ✐s ✇❤❡♥ tr❛♥s❛❝t✐♦♥s ❛r❡ s♠❛❧❧ ❛♥❞ ☞t ✐♥

t❤❡ ❝❛❝❤❡✳ ❚❤❡r❡❢♦r❡✱ ❜② ✉s✐♥❣ t❤❡ ❝❛❝❤❡ ❛♥❞ ❝❛❝❤❡ ❝♦❤❡r❡♥❝② ♠❡❝❤❛♥✐s♠ t♦

❤❛♥❞❧❡ s♠❛❧❧ tr❛♥s❛❝t✐♦♥s✱ ▲❚▼ ✐s ❛❜❧❡ t♦ ❡①❡❝✉t❡ ✇✐t❤ ❛❧♠♦st ♥♦ ♦✈❡r❤❡❛❞

♦✈❡r s❡r✐❛❧ ❝♦❞❡ ✐♥ t❤❡ ❝♦♠♠♦♥ ❝❛s❡✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❞✐s❝✉ss q✉❛❧✐t❛t✐✈❡❧②

❤♦✇ t❤❡ ▲❚▼ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ♦♣t✐♠✐③❡❞ ❢♦r t❤❡ ❝♦♠♠♦♥ ❝❛s❡ ❛♥❞ ❤♦✇

s✐♠✐❧❛r t❡❝❤♥✐q✉❡s ❛r❡ ✉s❡❞ ✐♥ ❯❚▼✳ ❚❤❡ ❞✐s❝✉ss✐♦♥ ✐s ❜r♦❦❡♥ ✐♥t♦ t❤❡

❢♦❧❧♦✇✐♥❣ t❤r❡❡ ❝❛s❡s✿ st❛rt✐♥❣✱ r✉♥♥✐♥❣✱ ❝♦♠♠✐tt✐♥❣ ❛ tr❛♥s❛❝t✐♦♥✳

❙t❛rt✐♥❣ ❛ tr❛♥s❛❝t✐♦♥ ✐♥ ▲❚▼ r❡q✉✐r❡s ✈✐rt✉❛❧❧② ♥♦ ♦✈❡r❤❡❛❞ ✐♥ t❤❡ ❝♦♠✲

♠♦♥ ❝❛s❡ s✐♥❝❡ t❤❡ ❤❛r❞✇❛r❡ ♦♥❧② ♥❡❡❞s t♦ r❡❝♦r❞ t❤❡ ❛❜♦rt ❤❛♥❞❧❡r ❛❞❞r❡ss✳

◆♦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ t❤❡ ❝❛❝❤❡ ♦r ♦t❤❡r ❡①t❡r♥❛❧ ❤❛r❞✇❛r❡ ✐s ♥❡❝❡ss❛r②✳

❚❤❡r❡ ✐s t❤❡ ❛❞❞❡❞ ♦✈❡r❤❡❛❞ ♦❢ ❞❡❝♦❞✐♥❣ t❤❡ XBEGIN ❤♦✇❡✈❡r t❤❛t ♦✈❡r❤❡❛❞

✐s ❣❡♥❡r❛❧❧② ✐♥s✐❣♥✐☞❝❛♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦st ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❋✉rt❤❡r✱

✐♥str✉❝t✐♦♥ ❞❡❝♦❞❡ ♦✈❡r❤❡❛❞ ✐s ♠✉❝❤ ❧♦✇❡r ✐♥ ▲❚▼ t❤❛♥ ✇✐t❤ ❧♦❝❦s✳ ❊✈❡♥

s❝❤❡♠❡s ✇❤❡r❡ t❤❡ ❧♦❝❦ ✐s ♥♦t ❛❝t✉❛❧❧② ❤❡❧❞ s✉❝❤ ❛s ❙▲❊ ❬✽✵❪ ❤❛✈❡ ❤✐❣❤❡r

❞❡❝♦❞❡ ♦✈❡r❤❡❛❞ s✐♥❝❡ t❤❡② ❤❛✈❡ ♠♦r❡ ✐♥str✉❝t✐♦♥s✳ ▲❚▼✬s ❧♦✇ tr❛♥s❛❝t✐♦♥

st❛rt✉♣ ♦✈❡r❤❡❛❞ ✐s ❛ ❣♦♦❞ ✐♥❞✐❝❛t♦r ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♦✈❡r❤❡❛❞ ✐♥ ❯❚▼✱

s✐♥❝❡ tr❛♥s❛❝t✐♦♥ st❛rt ✉♣ ✐♥ ❯❚▼ ✐s ✈✐rt✉❛❧❧② t❤❡ s❛♠❡✳

❘✉♥♥✐♥❣ ❛ tr❛♥s❛❝t✐♦♥ ✐♥ ▲❚▼ r❡q✉✐r❡s ♥♦ ♠♦r❡ ♦✈❡r❤❡❛❞ t❤❛♥ r✉♥♥✐♥❣

t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♥♦♥✲s②♥❝❤r♦♥✐③❡❞ ❝♦❞❡ ✐♥ t❤❡ ❝♦♠♠♦♥ ❝❛s❡✳ ■♥ ▲❚▼✱ t❤❡

❚ ❜✐t ✐s s✐♠♣❧② s❡t ♦♥ ❡❛❝❤ tr❛♥s❛❝t✐♦♥❛❧ ❝❛❝❤❡ ❛❝❝❡ss✳ ▲❚▼✬s ❧♦✇ ♦✈❡r❤❡❛❞

✐♥ t❤✐s ❝❛s❡ ✉♥❢♦rt✉♥❛t❡❧② ❞♦❡s ♥♦t tr❛♥s❧❛t❡ ❞✐r❡❝t❧② t♦ ❯❚▼ s✐♥❝❡ ❯❚▼

♠♦❞✐☞❡s t❤❡ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ ♦♥ ❡❛❝❤ ♠❡♠♦r② r❡q✉❡st✳ ■♥ t❤❡ ❝♦♠♠♦♥

❝❛s❡✱ ❤♦✇❡✈❡r✱ t❤❡ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ ❡♥tr② ✐s ❛❧s♦ ✐♥ t❤❡ ❝❛❝❤❡✳ ❚❤✉s✱ ❛❧❧

♦♣❡r❛t✐♦♥s ❛r❡ ❧♦❝❛❧ ❛♥❞ ♥♦ ❡①t❡r♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ♥❡❡❞❡❞✳ ❆❧s♦✱ ✐♥ s♦♠❡

❝❛s❡s✱ t❤❡ ❝❛❝❤❡ ❝❛♥ r❡s♣♦♥❞ t♦ t❤❡ ♠❡♠♦r② r❡q✉❡st ♦♥❝❡ t❤❡ r❡q✉❡st❡❞ ❞❛t❛

✐s ❢♦✉♥❞✳ ■❢ t❤❡ r❡q✉❡st r❡q✉✐r❡s ❞❛t❛ ❢r♦♠ t❤❡ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ ❜❡❢♦r❡ ✐t

❝❛♥ ❜❡ s❡r✈✐❝❡❞✱ ❤♦✇❡✈❡r✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❛❝❤❡ ❧♦♦❦✉♣ ✐s ♥❡❝❡ss❛r②✱ ❜✉t t❤❡

❧♦♦❦✉♣ ✐s ❧♦❝❛❧ ❛♥❞ ❝❛♥ ❜❡ ❞♦♥❡ r❡❧❛t✐✈❡❧② q✉✐❝❦❧②✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦♠♠♦♥

❝❛s❡ ♦✈❡r❤❡❛❞ ♦❢ r✉♥♥✐♥❣ ❛ tr❛♥s❛❝t✐♦♥ ❝❛♥ ❜❡ ♠✐♥✐♠❛❧ ❡✈❡♥ ✐♥ ❯❚▼✳
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❈♦♠♠✐tt✐♥❣ ❛ tr❛♥s❛❝t✐♦♥ ✐♥ ▲❚▼ ❤❛s ✈✐rt✉❛❧❧② ♥♦ ♦✈❡r❤❡❛❞ ✐♥ t❤❡ ❝♦♠✲

♠♦♥ ❝❛s❡✱ s✐♥❝❡ ✐t ❝❛♥ ❜❡ ❞♦♥❡ ✐♥ ♦♥❡ ❝❧♦❝❦ ❝②❝❧❡✳ ▲❚▼ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts

♦♥❧② r❡q✉✐r❡s ❛ s✐♠♣❧❡ ✌❛s❤ ❝❧❡❛r ♦❢ ❛❧❧ t❤❡ tr❛♥s❛❝t✐♦♥ ❜✐ts ✐♥ t❤❡ ❝❛❝❤❡✳ ❙✐♠✲

✐❧❛r❧②✱ ❯❚▼ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐ts ♦♥❧② r❡q✉✐r❡ ❛ s✐♥❣❧❡ ❝❤❛♥❣❡ ♦❢ t❤❡ ❝❛❝❤❡❞

tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ t♦ ❭❝♦♠♠✐tt❡❞✳✧ ❆❧t❤♦✉❣❤ ❯❚▼ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐t ❛❧s♦

✇r✐t❡s t❤❡ ✉♣❞❛t❡❞ ✈❛❧✉❡s ❢r♦♠ t❤❡ tr❛♥s❛❝t✐♦♥ r❡❝♦r❞ ❜❛❝❦ t♦ ♠❡♠♦r②✱ t❤✐s

✇r✐t❡✲❜❛❝❦ ❝❛♥ ❜❡ ❞♦♥❡ ❧❛③✐❧② ✐♥ t❤❡ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡r❡❢♦r❡✱ s✐♥❝❡ tr❛♥s❛❝✲

t✐♦♥ ❝♦♠♠✐t r❡q✉✐r❡s ♦♥❧② ❛ s✐♥❣❧❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝❛❝❤❡ ❢♦r ❜♦t❤ ▲❚▼ ❛♥❞

❯❚▼✱ t❤❡ ♦✈❡r❤❡❛❞ ✐s ♠✐♥✐♠❛❧ ✐♥ ❜♦t❤ ❝❛s❡s✳

7.3.3 Overflows

❆❧t❤♦✉❣❤ ♦✈❡r✌♦✇s ♦❝❝✉r ♦♥❧② ✐♥ t❤❡ ✉♥❝♦♠♠♦♥ ❝❛s❡✱ ♦✉r st✉❞✐❡s s❤♦✇

t❤❛t ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❤❛✈❡ ❛ s❝❛❧❛❜❧❡ ❞❛t❛ str✉❝t✉r❡ ❡✈❡♥ t❤♦✉❣❤ ✐t ✐s ✉s❡❞

✐♥❢r❡q✉❡♥t❧②✳

❋♦r ❡✈❛❧✉❛t✐♦♥✱ ✇❡ ❝♦♠♣✐❧❡❞ t❤r❡❡ ✈❡rs✐♦♥s ♦❢ t❤❡ ❙P❊❈❥✈♠✾✽ ❜❡♥❝❤✲

♠❛r❦ s✉✐t❡ t♦ r✉♥ ✉♥❞❡r ❯❱❙■▼ ✉s✐♥❣ ❋❧❡①✳ ❲❡ ❝♦♠♣✐❧❡❞ ❛ Base ✈❡r✲

s✐♦♥ ✇❤✐❝❤ ✉s❡s ♥♦ s②♥❝❤r♦♥✐③❛t✐♦♥✱ ❛ Locks ✈❡rs✐♦♥ ✇❤✐❝❤ ✉s❡s s♣✐♥✲❧♦❝❦s

❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥✱ ❛♥❞ ❛ Trans ✈❡rs✐♦♥ ✇❤✐❝❤ ✉s❡s ▲❚▼ tr❛♥s❛❝t✐♦♥s

❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥✳ ❚♦ ♠❡❛s✉r❡ ♦✈❡r❤❡❛❞s✱ ✇❡ r❛♥ t❤❡s❡ ✈❡rs✐♦♥s ♦❢ t❤❡

❙P❊❈❥✈♠✾✽ ❜❡♥❝❤♠❛r❦ s✉✐t❡ ♦♥ ♦♥❡ ♣r♦❝❡ss♦r ♦❢ ❯❱❙■▼✳

❆s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✱ ♦✉r tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥ ✉s❡s ♠❡t❤♦❞ ❝❧♦♥✐♥❣

t♦ ✌❛tt❡♥ tr❛♥s❛❝t✐♦♥s✳ ❲❡ ♣❡r❢♦r♠❡❞ t❤❡ s❛♠❡ ❝❧♦♥✐♥❣ ♦♥ t❤❡ ♦t❤❡r ❝♦♠✲

♣✐❧❡❞ ✈❡rs✐♦♥s s♦ t❤❛t ♣❡r❢♦r♠❛♥❝❡ ✐♠♣r♦✈❡♠❡♥ts ❞✉❡ t♦ t❤❡ s♣❡❝✐❛❧✐③❛t✐♦♥

✇♦✉❧❞ ♥♦t ❜❡ ✐♠♣r♦♣❡r❧② ❛ttr✐❜✉t❡❞ t♦ tr❛♥s❛❝t✐♦♥✐☞❝❛t✐♦♥✳ ❚❤❡ t❤r❡❡ ❞✐☛❡r✲

❡♥t ❜❡♥❝❤♠❛r❦ ✈❡rs✐♦♥s ✇❡r❡ ❜✉✐❧t ❢r♦♠ ❛ ❝♦♠♠♦♥ ❝♦❞❡✲❜❛s❡ ✉s✐♥❣ ♠❡t❤♦❞

✐♥❧✐♥✐♥❣ ✐♥ gcc✷ t♦ r❡♠♦✈❡ ♦r r❡♣❧❛❝❡ ❛❧❧ ✐♥✈♦❝❛t✐♦♥s ♦❢ ❧♦❝❦ ❛♥❞ tr❛♥s❛❝✲

t✐♦♥ ❡♥tr② ❛♥❞ ❡①✐t ❝♦❞❡ ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ◆♦ ❣❛r❜❛❣❡

❝♦❧❧❡❝t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ t❤❡s❡ ❜❡♥❝❤♠❛r❦ r✉♥s✳

✷❲❡ ❝♦♠♣✐❧❡❞ t❤❡ ☞❧❡s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❭Pr❡❝✐s❡ ❈✧ ❜❛❝❦❡♥❞ ✭❙❡❝t✐♦♥ ✹✳✶✮ ♦❢ ❋❧❡①

✇✐t❤ -O9 ❢♦r ❛ -mips4 t❛r❣❡t ✉s✐♥❣ t❤❡ n64 ❆P■ t♦ ❣❡♥❡r❛t❡ ❢✉❧❧② st❛t✐❝ ❜✐♥❛r✐❡s ❡①❡❝✉t❛❜❧❡

❜② ❯❱❙■▼✳
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❖✉r ✐♥✐t✐❛❧ r❡s✉❧ts ❢r♦♠ ❙❡❝t✐♦♥ ✸✳✶ s✉❣❣❡st❡❞ t❤❛t ♦✈❡r✌♦✇s ♦✉❣❤t t♦ ❜❡

✐♥❢r❡q✉❡♥t✱ ✐♠♣❧②✐♥❣ t❤❛t t❤❡ ❡✍❝✐❡♥❝② ♦❢ t❤❡ ♦✈❡r✌♦✇ ❞❛t❛ str✉❝t✉r❡ ✇♦✉❧❞

❤❛✈❡ ❛ ♥❡❣❧✐❣✐❜❧❡ ❡☛❡❝t ♦♥ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡✳ ❈♦♥s❡q✉❡♥t❧②✱ ♦✉r ☞rst ▲❚▼

✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s❡❞ ❛♥ ✉♥s♦rt❡❞ ❛rr❛② ✇❤✐❝❤ r❡q✉✐r❡❞ ❛ ❧✐♥❡❛r s❡❛r❝❤ ♦♥

❡❛❝❤ ♠✐ss t♦ ❛♥ ♦✈❡r✌♦✇❡❞ s❡t✳ ❚❤❡ ✉♥s♦rt❡❞ ❛rr❛② ✇❛s ❡☛❡❝t✐✈❡ ❢♦r ♠♦st

♦❢ ♦✉r t❡st ❝❛s❡s✱ ❛s t❤❡② ❤❛❞ ❧❡ss ♦✈❡r❤❡❛❞ t❤❛♥ ❧♦❝❦s✳ ❯s✐♥❣ ▲❚▼ ✇✐t❤

t❤❡ ✉♥s♦rt❡❞ ❛rr❛②✱ ❤♦✇❡✈❡r✱ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥ ♦❢ 213 javac ✇❛s

✶✹ t✐♠❡s s❧♦✇❡r t❤❛♥ t❤❡ ❜❛s❡ ✈❡rs✐♦♥✳ ❱✐rt✉❛❧❧② ❛❧❧ ♦❢ t❤❡ ♦✈❡r❤❡❛❞ ❝❛♠❡

❢r♦♠ ❤❛♥❞❧✐♥❣ ♦✈❡r✌♦✇s✱ ✇❤✐❝❤ ✐s ♥♦t s✉r♣r✐s✐♥❣✱ s✐♥❝❡ t❤❡ ❡♥t✐r❡ ❛♣♣❧✐❝❛t✐♦♥

✐s ❡♥❝❧♦s❡❞ ✐♥ ♦♥❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥✳ ❚❤❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥ t♦✉❝❤❡s ✶✸❑

❝❛❝❤❡ ❧✐♥❡s ✇✐t❤ ✾❑ ❧✐♥❡s ♦✈❡r✌♦✇❡❞✳ ❙♦✱ ❡✈❡♥ t❤♦✉❣❤ ♦♥❧② ✵✳✺✪ ♦❢ t❤❡

tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ♦♣❡r❛t✐♦♥s ♠✐ss ✐♥ t❤❡ ❝❛❝❤❡✱ ❡❛❝❤ ♦♥❡ ✐♥❝✉rs ❛ ❤✉❣❡

s❡❛r❝❤ ❝♦st✳ ❚❤✐s ✉♥❡①♣❡❝t❡❞ s❧♦✇❞♦✇♥ ✐♥❞✐❝❛t❡❞ t❤❛t ❛ ♥❛✐✈❡ ✉♥s♦rt❡❞

❛rr❛② ✐s ✐♥s✉✍❝✐❡♥t ❛s ❛♥ ♦✈❡r✌♦✇ ❞❛t❛ str✉❝t✉r❡✳ ❚❤❡r❡❢♦r❡✱ ▲❚▼ ✇❛s

r❡❞❡s✐❣♥❡❞ t♦ ✉s❡ ❛ ❤❛s❤ t❛❜❧❡ t♦ st♦r❡ ♦✈❡r✌♦✇s✳

❙✐♥❝❡ t❤❡ ❡♥t✐r❡ ❛♣♣❧✐❝❛t✐♦♥ ✇❛s ❡♥❝❧♦s❡❞ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✱ t❤❡ 213 javac

❛♣♣❧✐❝❛t✐♦♥ ✇❛s ❝❧❡❛r❧② ♥♦t ✇r✐tt❡♥ t♦ ❜❡ ❛ ♣❛r❛❧❧❡❧ ❛♣♣❧✐❝❛t✐♦♥✳ ■t ✐s ✐♠♣♦r✲

t❛♥t✱ ❤♦✇❡✈❡r✱ t❤❛t ❛♥ ✉♥❜♦✉♥❞❡❞ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② s②st❡♠ ❜❡ ❛❜❧❡ t♦

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

r❡❞❡s✐❣♥❡❞ ▲❚▼ t♦ ✉s❡ ❤❛s❤ t❛❜❧❡ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✷✳

❯s✐♥❣ ▲❚▼ ✇✐t❤ t❤❡ ❤❛s❤ t❛❜❧❡✱ t❤❡ ❙P❊❈❥✈♠✾✽ ❛♣♣❧✐❝❛t✐♦♥ ♦✈❡r❤❡❛❞s

✇❡r❡ ♠✉❝❤ ♠♦r❡ r❡❛s♦♥❛❜❧❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✺✳ ❚❤❡ ❤❛s❤ t❛❜❧❡ ❞❛t❛

str✉❝t✉r❡ ❞❡❝r❡❛s❡❞ t❤❡ ♦✈❡r❤❡❛❞ ❢r♦♠ ❛ ✶✹① s❧♦✇❞♦✇♥ t♦ ✉♥❞❡r ✶✺✪ ✐♥

213 javac✳ ❯s✐♥❣ t❤❡ ❤❛s❤ t❛❜❧❡✱ ▲❚▼ tr❛♥s❛❝t✐♦♥❛❧ ♦✈❡r❤❡❛❞ ✐s ❧❡ss t❤❛♥

❧♦❝❦✐♥❣ ♦✈❡r❤❡❛❞ ✐♥ ❛❧❧ ❝❛s❡s✳

7.4 A hybrid transaction implementation

❲❡✬✈❡ s❡❡♥ t❤❛t ❯❚▼ ❛♥❞ ▲❚▼ ❝❛♥ ♦♣❡r❛t❡ ✇✐t❤ ❧✐tt❧❡ ♦✈❡r❤❡❛❞✱ ❜✉t ❤❛r❞✲

✇❛r❡ s❝❤❡♠❡s ❡♥❝♦✉♥t❡r ❞✐✍❝✉❧t✐❡s ✇❤❡♥ s❝❛❧✐♥❣ t♦ ❧❛r❣❡ ♦r ❧♦♥❣✲❧✐✈❡❞ tr❛♥s✲

❛❝t✐♦♥s✳ ❲❡ ❤❛✈❡ ♦✈❡r❝♦♠❡ s♦♠❡ ♦❢ t❤❡ ❞✐✍❝✉❧t✐❡s ✇✐t❤ ❛♥ ♦✈❡r✌♦✇ ❝❛❝❤❡
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❇❡♥❝❤♠❛r❦ ❇❛s❡ ▲♦❝❦s ❚r❛♥s ❚✐♠❡ ✐♥ ❚✐♠❡ ✐♥

❛♣♣❧✐❝❛t✐♦♥ t✐♠❡ t✐♠❡ t✐♠❡ tr❛♥s ♦✈❡r✌♦✇

✭❝②❝❧❡s✮ ✭✪ ♦❢ ❇❛s❡ t✐♠❡✮ ✭✪ ♦❢ ❚r❛♥s t✐♠❡✮

200 check ✽✳✶▼ ✶✷✹✳✵✪ ✶✵✶✳✵✪ ✸✷✳✺✪ ✵✳✵✵✽✺✪

202 jess ✼✺✳✵▼ ✶✹✵✳✾✪ ✶✵✽✳✵✪ ✺✾✳✹✪ ✵✳✵✵✼✷✪

209 db ✶✶✳✽▼ ✶✹✷✳✹✪ ✶✵✺✳✷✪ ✺✹✳✵✪ ✵✪

213 javac ✸✵✳✼▼ ✶✻✾✳✾✪ ✶✶✹✳✷✪ ✽✹✳✷✪ ✶✵✪

222 mpegaudio ✾✾✳✵▼ ✶✵✵✳✸✪ ✾✾✳✻✪ ✵✳✽✪ ✵✪

228 jack ✷✻✶✳✹▼ ✶✼✺✳✸✪ ✶✵✹✳✸✪ ✸✷✳✶✪ ✵✳✵✵✺✻✪

❋✐❣✉r❡ ✼✳✺✿ ❙P❊❈❥✈♠✾✽ ♣❡r❢♦r♠❛♥❝❡ ♦♥ ❛ ✶✲♣r♦❝❡ss♦r ❯❱❙■▼ s✐♠✉❧❛t✐♦♥✳

❚❤❡ ❚✐♠❡ ✐♥ tr❛♥s ❛♥❞ ❚✐♠❡ ✐♥ ♦✈❡r✌♦✇ ❛r❡ t❤❡ t✐♠❡s s♣❡♥t ❛❝t✉❛❧❧②

r✉♥♥✐♥❣ ❛ tr❛♥s❛❝t✐♦♥ ❛♥❞ ❤❛♥❞❧✐♥❣ ♦✈❡r✌♦✇s r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ✐♥♣✉t s✐③❡

✐s ✶✳ ❚❤❡ ♦✈❡r✌♦✇ ❤❛s❤ t❛❜❧❡ ✐s ✶✷✽▼❇✳
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❋✐❣✉r❡ ✼✳✻✿ P❡r❢♦r♠❛♥❝❡ ✭✐♥ ❝②❝❧❡s ♣❡r ♥♦❞❡ ♣✉s❤ ♦♥ ❛ s✐♠♣❧❡ q✉❡✉❡ ❜❡♥❝❤✲

♠❛r❦✮ ♦❢ ▲❚▼ ❬✻❪ ✭❍❚▼✮✱ t❤❡ ♦❜❥❡❝t✲❜❛s❡❞ s②st❡♠ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r

✭❙❚▼✮ ❛♥❞ ❛ ❤②❜r✐❞ s❝❤❡♠❡ ✭❍❙❚▼✮✳
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✭▲❚▼✮✱ ♦r ❜② ✈✐rt✉❛❧✐③✐♥❣ tr❛♥s❛❝t✐♦♥s ❛♥❞ ❞✉♠♣✐♥❣ t❤❡✐r st❛t❡ t♦ ❛ ❞❛t❛

str✉❝t✉r❡ ✭❯❚▼✮✳ ■t ✐s ✇♦rt❤ ❝♦♥s✐❞❡r✐♥❣✱ ❤♦✇❡✈❡r✱ ✇❤❡t❤❡r t❤✐s ❡①tr❛ ❝♦♠✲

♣❧❡①✐t② ✐s ✇♦rt❤✇❤✐❧❡✿ ✇❤② ♥♦t ❝♦♠❜✐♥❡ t❤❡ str❡♥❣t❤s ♦❢ ♦✉r ♦❜❥❡❝t✲❜❛s❡❞

s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ ✭❡①♣❧✐❝✐t tr❛♥s❛❝t✐♦♥ st❛t❡✱ ✉♥❧✐♠✐t❡❞ tr❛♥s❛❝✲

t✐♦♥ s✐③❡✱ ✌❡①✐❜✐❧✐t②✮ ✇✐t❤ t❤❡ ❢❛st s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ❛t ✇❤✐❝❤ ❛ ❤❛r❞✇❛r❡

s②st❡♠ ♥❛t✉r❛❧❧② ❡①❝❡❧s❄

❋✐❣✉r❡ ✼✳✻ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ s✉❝❤ ❛ ❝♦♠❜✐♥❛t✐♦♥✳ ■♥ t❤❡ ☞❣✉r❡✱

❝♦♠❜✐♥✐♥❣ t❤❡ s②st❡♠s ✐s ❞♦♥❡ ✐♥ t❤❡ ♠♦st s✐♠♣❧❡✲♠✐♥❞❡❞ ✇❛②✿ ❛❧❧ tr❛♥s✲

❛❝t✐♦♥s ❛r❡ ❜❡❣✉♥ ✐♥ ▲❚▼✱ ❛♥❞ ❛❢t❡r ❛♥② ❛❜♦rt t❤❡ tr❛♥s❛❝t✐♦♥ ✐s r❡st❛rt❡❞

✐♥ t❤❡ ♦❜❥❡❝t✲❜❛s❡❞ s♦❢t✇❛r❡ s②st❡♠✳ ❚❤❡ ☞❡❧❞ ✌❛❣ ♠❡❝❤❛♥✐s♠ ❞❡s❝r✐❜❡❞ ✐♥

❙❡❝t✐♦♥ ✸✳✷✳✺ ❡♥s✉r❡s t❤❛t s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥s ♣r♦♣❡r❧② ❛❜♦rt ❝♦♥✌✐❝t✐♥❣

❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥s✿ ✇❤❡♥ t❤❡ s♦❢t✇❛r❡ s❝r✐❜❜❧❡s FLAG ♦✈❡r t❤❡ ♦r✐❣✐♥❛❧

☞❡❧❞✱ t❤❡ ❤❛r❞✇❛r❡ ❞❡t❡❝ts t❤❡ ❝♦♥✌✐❝t✳ ❍❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥s ♠✉st ♣❡r❢♦r♠

t❤❡ ReadNT ❛♥❞ WriteNT ❛❧❣♦r✐t❤♠s t♦ ❡♥s✉r❡ t❤❡② ✐♥t❡r❛❝t ♣r♦♣❡r❧② ✇✐t❤

❝♦♥❝✉rr❡♥t s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥s✱ ❛❧t❤♦✉❣❤ t❤❡s❡ ❝❤❡❝❦s ♥❡❡❞ ♥♦t ❜❡ ♣❛rt ♦❢

t❤❡ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠✳ ■♥ t❤❡ ☞❣✉r❡✱ t❤❡ ❝❤❡❝❦s ✇❡r❡ ❞♦♥❡ ✐♥

s♦❢t✇❛r❡✱ ✇✐t❤ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ s✐♠✐❧❛r t♦ t❤❛t ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✶✳

❚❤❡ ☞❣✉r❡ s❤♦✇s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ s✐♠♣❧❡ q✉❡✉❡ ❜❡♥❝❤♠❛r❦ ❛s t❤❡

tr❛♥s❛❝t✐♦♥ s✐③❡ ✐♥❝r❡❛s❡s✳ ❚❤❡ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ✐s ❢❛st❡st✱

❛s ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t✱ ❜✉t ✐ts ♣❡r❢♦r♠❛♥❝❡ ❢❛❧t❡rs ❛♥❞ t❤❡♥ ❢❛✐❧s ❛t ❛ tr❛♥s❛❝✲

t✐♦♥ s✐③❡ ♦❢ ❛r♦✉♥❞ ✷✺✵✵ ♥♦❞❡s ♣✉s❤❡❞✳ ❆t t❤✐s tr❛♥s❛❝t✐♦♥ s✐③❡✱ t❤❡ ❤❛r❞✇❛r❡

s❝❤❡♠❡ r❛♥ ♦✉t ♦❢ ❝❛❝❤❡❀ ✐♥ ❛ ♠♦r❡ r❡❛❧✐st✐❝ s②st❡♠ ✐t ♠✐❣❤t ❛❧s♦ ❤❛✈❡ r✉♥

♦✉t ♦❢ ✐ts t✐♠❡s❧✐❝❡✱ ❛❜♦rt✐♥❣ ✭▲❚▼✮ ♦r s♣✐❧❧✐♥❣ ✭❯❚▼✮ t❤❡ tr❛♥s❛❝t✐♦♥ ❛t

t❤❡ ❝♦♥t❡①t s✇✐t❝❤✳

❆❜♦✈❡ ❍❚▼ ✐♥ t❤❡ ☞❣✉r❡ ✐s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥

s②st❡♠✿ ❛❜♦✉t ✹① s❧♦✇❡r✱ ✇❤✐❝❤ ✐s ❛ ♣❡ss✐♠✐st✐❝ ☞❣✉r❡✳ ◆♦ s♣❡❝✐❛❧ ❡☛♦rt

✇❛s ♠❛❞❡ t♦ t✉♥❡ ❝♦❞❡ ♦r ♦t❤❡r✇✐s❡ ♠✐♥✐♠✐③❡ s❧♦✇❞♦✇♥✱ ❛♥❞ t❤❡ ♣r♦❝❡s✲

s♦r s✐♠✉❧❛t❡❞ ❤❛❞ ❧✐♠✐t❡❞ ❛❜✐❧✐t② t♦ ❡①♣❧♦✐t ■▲P ✭✷ ❆▲❯s ❛♥❞ ✹✲✐♥str✉❝t✐♦♥

✐ss✉❡ ✇✐❞t❤✮✳ ❚❤❡ s♦❢t✇❛r❡ s❝❤❡♠❡✱ ❤♦✇❡✈❡r✱ ✐s ✉♥❛☛❡❝t❡❞ ❜② ✐♥❝r❡❛s✐♥❣

tr❛♥s❛❝t✐♦♥ s✐③❡✳

❚❤❡ ❤②❜r✐❞ s❝❤❡♠❡ s✉❝❝❡ss❢✉❧❧② ❝♦♠❜✐♥❡s t❤❡ ❜❡st ❢❡❛t✉r❡s ♦❢ ❜♦t❤✳ ■t
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✐s ♦♥❧② ❛❜♦✉t ✷✵✪ s❧♦✇❡r t❤❛♥ t❤❡ ❜❛s✐❝ ❤❛r❞✇❛r❡ s❝❤❡♠❡✱ ❞✉❡ t♦ t❤❡ r❡❛❞

❛♥❞ ✇r✐t❡ ❜❛rr✐❡rs ✐t ♠✉st ✐♠♣❧❡♠❡♥t✱ ❜✉t ❛t t❤❡ ♣♦✐♥t ✇❤❡r❡ t❤❡ ❤❛r❞✇❛r❡

st♦♣s ✇♦r❦✐♥❣ ✇❡❧❧✱ ✐t s♠♦♦t❤❧② ❝r♦ss❡s ♦✈❡r t♦ tr❛❝❦ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡

s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✳

❚❤❡r❡ ❛r❡ ♠❛♥② ❢♦rt✉✐t♦✉s s②♥❡r❣✐❡s ✐♥ s✉❝❤ ❛♥ ❛♣♣r♦❛❝❤✳ ❍❛r❞✇❛r❡ s✉♣✲

♣♦rt ❢♦r s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ♠❛② ❜❡ ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t t❤❡ s♦❢t✇❛r❡ tr❛♥s✲

❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥✬s ▲♦❛❞ ▲✐♥❦❡❞✴❙t♦r❡ ❈♦♥❞✐t✐♦♥❛❧ s❡q✉❡♥❝❡s✱ ✇❤✐❝❤

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

s✉♣♣♦rt ❝❛♥ ❛❧s♦ ❢❛❝✐❧✐t❛t❡ ❛ ❢✉♥❝t✐♦♥❛❧✲❛rr❛② s♦❧✉t✐♦♥ t♦ t❤❡ ❧❛r❣❡✲♦❜❥❡❝t

♣r♦❜❧❡♠✱ ❛s ✇❡ s❛✇ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✳ ❲❡ ♠✐❣❤t ❢✉rt❤❡r ✐♠♣r♦✈❡ ♣❡r❢♦r♠❛♥❝❡

❜② ❛❞❞✐♥❣ ❛ ❜✐t ♦❢ ❤❛r❞✇❛r❡ s✉♣♣♦rt ❢♦r t❤❡ readNT✴writeNT ❜❛rr✐❡rs ❬✷✷❪✳

■ ❜❡❧✐❡✈❡ t❤✐s ❤②❜r✐❞ ❛♣♣r♦❛❝❤ ✐s t❤❡ ♠♦st ♣r♦♠✐s✐♥❣ ❞✐r❡❝t✐♦♥ ❢♦r tr❛♥s✲

❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ✐♥ t❤❡ ♥❡❛r ❢✉t✉r❡✳ ■t ♣r❡s❡r✈❡s t❤❡ ✌❡①✐❜✐❧✐t② t♦

✐♥✈❡st✐❣❛t❡ ♥♦✈❡❧ s♦❧✉t✐♦♥s t♦ t❤❡ ♦✉tst❛♥❞✐♥❣ ❝❤❛❧❧❡♥❣❡s ♦❢ tr❛♥s❛❝t✐♦♥❛❧

♠♦❞❡❧s✱ ✇❤✐❝❤ ✇❡ r❡✈✐❡✇ ✐♥ ❈❤❛♣t❡r ✽✱ ❛♥❞ ✐t s♦❧✈❡s ❛♥ ✐♠♣♦rt❛♥t ❝❤✐❝❦❡♥✲

❛♥❞✲❡❣❣ ♣r♦❜❧❡♠ ♣r❡✈❡♥t✐♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ tr❛♥s❛❝t✐♦♥❛❧ s♦❢t✇❛r❡ ❛♥❞

t❤❡ ❞❡♣❧♦②♠❡♥t ♦❢ tr❛♥s❛❝t✐♦♥❛❧ ❤❛r❞✇❛r❡✳ ❙✐♥❝❡ t❤❡ s♣❡❡❞ ♦❢ t❤❡ ❤❛r❞✇❛r❡

♠❡❝❤❛♥✐s♠ ✐s t❡♠♣❡r❡❞ ❜② t❤❡ ❝♦♦♣❡r❛t✐♦♥ ♣r♦t♦❝♦❧ ♦❢ t❤❡ s♦❢t✇❛r❡ tr❛♥s✲

❛❝t✐♦♥ s②st❡♠✱ ❤✐❣❤✲❡✍❝✐❡♥❝② s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠s✱ s✉❝❤ ❛s t❤❡

♦♥❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✱ ❛r❡ t❤❡ ❦❡② ❡♥❛❜❧❡r ❢♦r ❤②❜r✐❞ s②st❡♠s✳
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❚❤❡ t❤✐♥❣ ✐s t♦ r❡♠❡♠❜❡r t❤❛t

t❤❡ ❢✉t✉r❡ ❝♦♠❡s ♦♥❡ ❞❛② ❛t ❛

t✐♠❡✳

❉❡❛♥ ❆❝❤❡s♦♥

Chapter 8

Challenges

❚❤✐s ❝❤❛♣t❡r r❡✈✐❡✇s ♦❜❥❡❝t✐♦♥s t❤❛t ❤❛✈❡ ❜❡❡♥ r❛✐s❡❞ t♦ str❛✐❣❤t❢♦r✇❛r❞ ♦r

♥❛✐✈❡ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ❆❧t❤♦✉❣❤ s♦♠❡ ♦❢ t❤❡s❡ ♦❜❥❡❝t✐♦♥s ❞♦

♥♦t ❛♣♣❧② t♦ ♦✉r ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❞✐s❝✉ss✐♥❣ t❤❡♠ ♠❛② ❢✉rt❤❡r ✐❧❧✉♠✐♥❛t❡

♦✉r ❞❡s✐❣♥ ❝❤♦✐❝❡s✳ ❖t❤❡r ♦❜❥❡❝t✐♦♥s ❛♣♣❧② t♦ ❝❡rt❛✐♥ s✐t✉❛t✐♦♥s✱ ❛♥❞ s❤♦✉❧❞

❜❡ ❦❡♣t ✐♥ ♠✐♥❞ ✇❤❡♥ ❝r❡❛t✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s✳ ❙♦♠❡ ♦❢ t❤❡ ♣r♦❜❧❡♠s r❛✐s❡❞

r❡♠❛✐♥ ✉♥s♦❧✈❡❞ ❛♥❞ ❛r❡ t❤❡ s✉❜❥❡❝t ♦❢ ❢✉t✉r❡ ✇♦r❦✳ ❋♦r t❤❡s❡ ♣r♦❜❧❡♠s ✇❡

❛tt❡♠♣t t♦ s❦❡t❝❤ r❡s❡❛r❝❤ ❞✐r❡❝t✐♦♥s✳

8.1 Performance isolation

❩✐❧❧❡s ❛♥❞ ❋❧✐♥t ❬✶✵✹❪ ✐❞❡♥t✐☞❡❞ performance isolation ❛s ❛ ♣♦t❡♥t✐❛❧ ✐ss✉❡

❢♦r tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ■♥ ❛ s②st❡♠ ✇✐t❤ ♣❡r❢♦r♠❛♥❝❡ ✐s♦❧❛t✐♦♥✱

t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ♦♥❡ t❛s❦ ✭♣r♦❝❡ss✱ t❤r❡❛❞✱ tr❛♥s❛❝t✐♦♥✮ s❤♦✉❧❞ ❝♦♠♣❧❡t❡ ✐♥

❛♥ ❛♠♦✉♥t ♦❢ t✐♠❡ ✇❤✐❝❤ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ♦t❤❡r t❛s❦s

✭♣r♦❝❡ss❡s✱ t❤r❡❛❞s✱ tr❛♥s❛❝t✐♦♥s✮ ✐♥ t❤❡ s②st❡♠✳ ❋♦r ❛ s②st❡♠ ✇✐t❤ ◆ ♣r♦✲

❝❡ss♦rs✱ ✐t ✐s ✐❞❡❛❧ ✐❢ ❛ t❛s❦ ✐s ❣✉❛r❛♥t❡❡❞ t♦ ❝♦♠♣❧❡t❡ ❛t ❧❡❛st ❛s q✉✐❝❦❧② ❛s

✐t ✇♦✉❧❞ r✉♥♥✐♥❣ ❛❧♦♥❡ ♦♥ ✶ ♣r♦❝❡ss♦r✳

▼♦st ❝♦♠♠♦♥ s②st❡♠s ❞♦ ♥♦t ♣r♦✈✐❞❡ ❛♥② ❣✉❛r❛♥t❡❡ ♦❢ ♣❡r❢♦r♠❛♥❝❡

✐s♦❧❛t✐♦♥✳ ❖♥ ❛ t②♣✐❝❛❧ ♠✉❧t✐✉s❡r s②st❡♠✱ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ ❣✐✈❡♥ t❛s❦ ❝❛♥
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❜❡ ♠❛❞❡ ❛r❜✐tr❛r✐❧② s❧♦✇ ❜② t❤❡ ❝♦♥❝✉rr❡♥t ❡①❡❝✉t✐♦♥ ♦❢ ❝♦♠♣❡t✐♥❣ t❛s❦s✳✶

❆ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ s②st❡♠ ❝❛♥ ♥❡✈❡rt❤❡❧❡ss ❜❡ ❝♦♥str✉❝t❡❞ ✇✐t❤ ❛ ❣♦♦❞ ❞❡❛❧

♦❢ ♣❡r❢♦r♠❛♥❝❡ ✐s♦❧❛t✐♦♥ ❜② ❛♣♣r♦♣r✐❛t❡❧② r❡str✐❝t✐♥❣ t❤❡ ♣r♦❝❡ss❡s t❤❛t ❝❛♥

❜❡ r✉♥ ❛♥❞ t❤❡ r❡s♦✉r❝❡s t❤❡② ❝♦♥s✉♠❡✳

❩✐❧❧❡s ❛♥❞ ❋❧✐♥t ♦❜❥❡❝t t❤❛t ♠❛♥② tr❛♥s❛❝t✐♦♥❛❧ s②st❡♠s ❛r❡ ❝♦♥str✉❝t❡❞

s✉❝❤ t❤❛t ❛ s✐♥❣❧❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥ ♠❛② ♠♦♥♦♣♦❧✐③❡ t❤❡ ❛t♦♠✐❝✐t② r❡s♦✉r❝❡s

s✉❝❤ t❤❛t ♥♦ ♦t❤❡r tr❛♥s❛❝t✐♦♥s ♠❛② ❝♦♠♠✐t✳ ❇② ♦♣❡♥✐♥❣ ❛ tr❛♥s❛❝t✐♦♥✱

t♦✉❝❤✐♥❣ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠❡♠♦r② ❧♦❝❛t✐♦♥s✱ ❛♥❞ t❤❡♥ ♥❡✈❡r ❝❧♦s✐♥❣ t❤❡

tr❛♥s❛❝t✐♦♥✱ ❛ ♠❛❧✐❝✐♦✉s ❛♣♣❧✐❝❛t✐♦♥ ♠❛② ❞❡♥② s❡r✈✐❝❡ t♦ ❛❧❧ ❝♦♥❝✉rr❡♥t ❛♣✲

♣❧✐❝❛t✐♦♥s ✐♥ ❛ tr❛♥s❛❝t✐♦♥ s②st❡♠✳

❋♦r t❤✐s r❡❛s♦♥✱ ✐t ✐s ✐♠♣♦rt❛♥t t❤❛t t❤❡r❡ ❛r❡ ♥♦ ❣❧♦❜❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞

t♦ ❝♦♠♣❧❡t❡ ❛ tr❛♥s❛❝t✐♦♥✳ ❆♣❡❳ ❛♥❞ t❤❡ ❯❚▼ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥

❛❝❤✐❡✈❡ t❤✐s ❡♥❞✱ ❜✉t t❤❡ ▲❚▼ ❞❡s✐❣♥ ✉s❡s ❛ ♣❡r✲♣r♦❝❡ss♦r ♦✈❡r✌♦✇ t❛❜❧❡✳

■❢ ❛♥ ▲❚▼ ❞❡s✐❣♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❛ s♥♦♦♣② ❜✉s ❢♦r ❝♦❤❡r❡♥❝❡ tr❛✍❝✱

♦✈❡r✌♦✇s ♦♥ ♦♥❡ ♣r♦❝❡ss♦r ❝❛♥ ✐♠♣❛❝t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛❧❧ ♦t❤❡r ♣r♦❝❡s✲

s♦rs ♦♥ t❤❡ ❜✉s✳ ❆ ❞✐r❡❝t♦r②✲❜❛s❡❞ ❝♦❤❡r❡♥❝❡ ♣r♦t♦❝♦❧ ✭❛s ✇❡ ❤❛✈❡ ❞❡s❝r✐❜❡❞

✐♥ t❤✐s t❤❡s✐s✮ ❡❧✐♠✐♥❛t❡s t❤✐s ♣r♦❜❧❡♠✳ ❍②❜r✐❞ s❝❤❡♠❡s ❜❛s❡❞ ♦♥ ▲❚▼ ❛❧s♦

❡❧✐♠✐♥❛t❡ t❤❡ ♣r♦❜❧❡♠✱ ❜❡❝❛✉s❡ ❛♥ ♦✈❡r✌♦✇✐♥❣ tr❛♥s❛❝t✐♦♥ ❝❛♥ ❜❡ ❛❜♦rt❡❞

❛♥❞ r❡tr✐❡❞ ✐♥ s♦❢t✇❛r❡✱ ✇❤✐❝❤ r❡q✉✐r❡s ♥♦ ❣❧♦❜❛❧ r❡s♦✉r❝❡s✳

❈♦♥❝❡r♥s ❛❜♦✉t ♣❡r❢♦r♠❛♥❝❡ ✐s♦❧❛t✐♦♥ ❛r❡ ♥♦t ❧✐♠✐t❡❞ t♦ tr❛♥s❛❝t✐♦♥ s②s✲

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

❧♦❝❦✲❜❛s❡❞ ❝♦♥❝✉rr❡♥❝②✱ ❤♦✇❡✈❡r✿ t❤❡ ♦☛❡♥❞✐♥❣ tr❛♥s❛❝t✐♦♥ ❝❛♥ ❜❡ s❛❢❡❧②

❛❜♦rt❡❞ ❛t ❛♥② ♣♦✐♥t t♦ ❛❧❧♦✇ t❤❡ ♦t❤❡r tr❛♥s❛❝t✐♦♥s t♦ ♣r♦❣r❡ss✳

8.2 Progress guarantees

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

✇❡ ❣✉❛r❛♥t❡❡ t❤❛t ♦✉r s②st❡♠ ♠❛❦❡s ❢♦r✇❛r❞ ♣r♦❣r❡ss❄ ❩✐❧❧❡s ❛♥❞ ❋❧✐♥t ❬✶✵✹❪

♥♦t❡ t❤❛t tr❛♥s❛❝t✐♦♥ s②st❡♠s ❛r❡ s✉❜❥❡❝t t♦ ❛♥ ❭❛❧❧✲♦r✲♥♦t❤✐♥❣✧ ♣r♦❜❧❡♠✿

✐t✬s ☞♥❡ t♦ ❛❜♦rt ❛ tr♦✉❜❧❡s♦♠❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥ t♦ ❛❧❧♦✇ ♦t❤❡r ✇♦r❦ t♦

✶●r✉♥✇❛❧❞ ❛♥❞ ●❤✐❛s✐ ❬✹✷❪ ❝❛❧❧ t❤✐s ❛ ❭♠✐❝r♦❛r❝❤✐t❡❝t✉r❛❧ ❞❡♥✐❛❧ ♦❢ s❡r✈✐❝❡✧ ❛tt❛❝❦✳
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❝♦♠♣❧❡t❡✱ ❜✉t t❤❡♥ ✇❡ t❤r♦✇ ❛✇❛② ❛♥② ♣r♦❣r❡ss ✐♥ t❤❛t tr❛♥s❛❝t✐♦♥✳ ❚❤❡

♦♣❡r❛t✐♥❣ s②st❡♠ ✐s ❢♦r❝❡❞ ❡✐t❤❡r t♦ ❛❧❧♦❝❛t❡ ❢♦r ❛ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥ ❛❧❧ t❤❡

r❡s♦✉r❝❡s ✐t r❡q✉✐r❡s✱ ♦r t♦ r❡❢✉s❡ t♦ ♠❛❦❡ ❛♥② ♣r♦❣r❡ss ♦♥ t❤❡ tr❛♥s❛❝t✐♦♥✳

❚❤❡r❡ ✐s ♥♦ ♠✐❞❞❧❡ ❣r♦✉♥❞✳

❚❤✐s ❝r✐t✐❝✐s♠ ❛♣♣❧✐❡s t♦ t❤❡ ▲❚▼ ❤❛r❞✇❛r❡ s❝❤❡♠❡ ❛♥❞ ♦t❤❡r ✉♥✈✐rt✉❛❧✲

✐③❡❞ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ■♥ ❛♥ ▲❚▼ s②st❡♠✱ ✐t ✐s t❤❡ ♣r♦❣r❛♠♠❡r✬s

r❡s♣♦♥s✐❜✐❧✐t② t♦ str✉❝t✉r❡ tr❛♥s❛❝t✐♦♥s s✉❝❤ t❤❛t t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐s ❧✐❦❡❧②

t♦ ❝♦♠♣❧❡t❡✳ ❚❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ❝❛♥ ❞❡♥② ♣r♦❣r❡ss ✇❤❡♥ ♥❡❝❡ss❛r② t♦

♣r❡✈❡♥t ♣r✐♦r✐t② ✐♥✈❡rs✐♦♥✳

❚❤❡ ❯❚▼✱ ❤②❜r✐❞✱ ❛♥❞ s♦❢t✇❛r❡✲♦♥❧② ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❞♦ ♥♦t s✉☛❡r t❤❡

s❛♠❡ ♣r♦❜❧❡♠✳ ❯❚▼ ❛♥❞ s♦❢t✇❛r❡✲♦♥❧② ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❝❛♥ ✈✐rt✉❛❧✐③❡ t❤❡

tr❛♥s❛❝t✐♦♥✱ ❛s ❛❧❧ tr❛♥s❛❝t✐♦♥ st❛t❡ r❡s✐❞❡s ✐♥ ♠❡♠♦r②✱ t❤❡r❡❜② ❛❧❧♦✇✐♥❣

t❤❡ r❡s♦✉r❝❡s r❡q✉✐r❡❞ t♦ ❜❡ ♣❛❣❡❞ ✐♥ ✐♥❝r❡♠❡♥t❛❧❧② ❛s ♥❡❡❞❡❞✳ ❚❤❡ ❤②❜r✐❞

s❝❤❡♠❡✱ ❡✈❡♥ ✇❤❡♥ ❜✉✐❧t ♦♥ ❛♥ ✉♥✈✐rt✉❛❧✐③❡❞ ♠❡❝❤❛♥✐s♠ s✉❝❤ ❛s ▲❚▼✱ ❝❛♥

❛❜♦rt ❛♥❞ ❢❛✐❧✲♦✈❡r t♦ ❛ ✈✐rt✉❛❧✐③❡❞ s♦❢t✇❛r❡ s②st❡♠ ✐❢ s✉✍❝✐❡♥t r❡s♦✉r❝❡s ❛r❡

♥♦t ❛✈❛✐❧❛❜❧❡✳

8.3 The semantic gap

■♥ ❛ ✈❡✐♥ ♦❢ ♦♣t✐♠✐s♠✱ tr❛♥s❛❝t✐♦♥s ❛r❡ ♦❢t❡♥ ❝❛s✉❛❧❧② s❛✐❞ t♦ ❜❡ ❭❝♦♠♣❛t✐✲

❜❧❡✧ ✇✐t❤ ❧♦❝❦s✿ tr❛♥s❢♦r♠ ②♦✉r ❧♦❝❦ ❛❝q✉✐s✐t✐♦♥ ❛♥❞ r❡❧❡❛s❡ st❛t❡♠❡♥ts t♦

❜❡❣✐♥✲tr❛♥s❛❝t✐♦♥ ❛♥❞ ❡♥❞✲tr❛♥s❛❝t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ ②♦✉r ❛♣♣❧✐❝❛t✐♦♥

✐s tr❛♥s❢♦r♠❡❞✳ ❙♦♠❡ ❡✈❡♥ ❝❧❛✐♠ t❤❛t ②♦✉r ❛♣♣❧✐❝❛t✐♦♥ ✇✐❧❧ s✉❞❞❡♥❧② ❜❡

❢❛st❡r✴♠♦r❡ ♣❛r❛❧❧❡❧ ❛♥❞ t❤❛t s♦♠❡ ❧✐♥❣❡r✐♥❣ ❧♦❝❦✐♥❣ ❜✉❣s ❛♥❞ r❛❝❡ ❝♦♥❞✐✲

t✐♦♥s ✇✐❧❧ ❜❡ ❝✉r❡❞ ❜② t❤❡ ❝❤❛♥❣❡ ❛s ✇❡❧❧✳

■t ✐s t❤❡ ❧❛tt❡r ♣❛rt ♦❢ t❤❡ ❝❧❛✐♠ t❤❛t ❞r❛✇s ☞rst s❝r✉t✐♥②✳ ■❢ ②♦✉✬✈❡ ❭☞①❡❞✧

♠② r❛❝❡ ❝♦♥❞✐t✐♦♥s✱ ❤❛✈❡♥✬t ②♦✉ ❛❧t❡r❡❞ t❤❡ s❡♠❛♥t✐❝s ♦❢ ♠② ♣r♦❣r❛♠❄ ❲❤❛t

♦t❤❡r ❜❡❤❛✈✐♦rs ♠✐❣❤t ❤❛✈❡ ❝❤❛♥❣❡❞❄

❇❧✉♥❞❡❧❧✱ ▲❡✇✐s✱ ❛♥❞ ▼❛rt✐♥ ❬✶✼❪ ❞❡s❝r✐❜❡ t❤❡ ❭s❡♠❛♥t✐❝ ❣❛♣✧ ♦♣❡♥❡❞

❜❡t✇❡❡♥ t❤❡ ❧♦❝❦✐♥❣ ❛♥❞ ♥❛✐✈❡❧② tr❛♥s❛❝t✐☞❡❞ ❝♦❞❡✳ ❚❤❡② ♣♦✐♥t ♦✉t t❤❛t

♣r♦❣r❛♠s ✇✐t❤ ❞❛t❛ r❛❝❡s⑤❡✈❡♥ ❭❜❡♥✐❣♥✧ ♦♥❡s⑤♠❛② ❞❡❛❞❧♦❝❦ ✇❤❡♥ ❝♦♥✲
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✈❡rt❡❞ t♦ ✉s❡ tr❛♥s❛❝t✐♦♥s✱ s✐♥❝❡ t❤❡ ❞❛t❛ r❛❝❡ ✇✐❧❧ ♥❡✈❡r ♦❝❝✉r✳✷ ❖♥❡ ♠❛②

❡✈❡♥ ✇r❛♣ ❡✈❡r② ❛❝❝❡ss ✇✐t❤ ❛ ❧♦❝❛t✐♦♥✲s♣❡❝✐☞❝ ❧♦❝❦ t♦ ❭r❡♠♦✈❡✧ t❤❡ r❛❝❡

✭❢♦r s♦♠❡ ❞❡☞♥✐t✐♦♥s✮ ✇✐t❤♦✉t ❛❧t❡r✐♥❣ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❧♦❝❦✐♥❣ ❝♦❞❡ ♦r

t❤❡ ❞❡❛❞❧♦❝❦ ❢♦r t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ✈❡rs✐♦♥✳

❚❤✐s ❝♦♥❝❡r♥ ✐s ✈❛❧✐❞✱ ❛♥❞ ❝❧❛✐♠s ♦❢ ❛✉t♦♠❛t✐❝ tr❛♥s❛❝t✐☞❝❛t✐♦♥ s❤♦✉❧❞

♥♦t ❜❡ t❛❦❡♥ t♦♦ ❧✐❣❤t❧②✳ ◆❡✈❡rt❤❡❧❡ss✱ ♠♦st ❭❜❡st✲♣r❛❝t✐❝❡s✧ ❝♦♥❝✉rr❡♥t

❝♦❞❡ ✇✐❧❧ ❜❡❤❛✈❡ ❛s ❡①♣❡❝t❡❞✱ ❛♥❞ ✭✉♥❧✐❦❡ t✐♠✐♥❣✲❞❡♣❡♥❞❡♥t ❝♦❞❡ ✇✐t❤ r❛❝❡s✮

❞❡❛❞❧♦❝❦s ♠❛❦❡ ✐t ♦❜✈✐♦✉s ✇❤❡r❡ t❤✐♥❣s ❣♦ ✇r♦♥❣✳ ❋✉rt❤❡r✱ t②♣❡ s②st❡♠s

❛r❡ ❝❛♣❛❜❧❡ ♦❢ ❞❡t❡❝t✐♥❣ t❤❡ ❞❡❛❞❧♦❝❦s ✐♥ tr❛♥s❛❝t✐☞❡❞ ❝♦❞❡ ❛♥❞ ❛❧❡rt✐♥❣ t❤❡

♣r♦❣r❛♠♠❡r ♦❢ t❤❡ ♣r♦❜❧❡♠✳

❇❧✉♥❞❡❧❧✱ ▲❡✇✐s✱ ❛♥❞ ▼❛rt✐♥ ❛❧s♦ ♣♦✐♥t ♦✉t t❤❛t s♦♠❡ tr❛♥s❛❝t✐♦♥ ✐♠✲

♣❧❡♠❡♥t❛t✐♦♥s ✐❣♥♦r❡ ❭♥♦♥tr❛♥s❛❝t✐♦♥❛❧✧ ❛❝❝❡ss❡s⑤❡✈❡♥ ✐❢ t❤❡② ❛❝❝❡ss ❧♦❝❛✲

t✐♦♥s t❤❛t ❛r❡ ❝✉rr❡♥t❧② ✐♥✈♦❧✈❡❞ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✳ ❚❤✐s ♦✈❡rs✐❣❤t ❧❡❛❞s t♦

❛❞❞✐t✐♦♥❛❧ ❛❧t❡r❛t✐♦♥s ✐♥ t❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ ❝♦❞❡✳ ■♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s

❞❡s❝r✐❜❡❞ ✐♥ t❤✐s t❤❡s✐s✱ ✇❡ ❛r❡ ❝❛r❡❢✉❧ t♦ ❡♥s✉r❡ t❤❛t ❭♥♦♥tr❛♥s❛❝t✐♦♥❛❧✧

❝♦❞❡ st✐❧❧ ❡①❡❝✉t❡s ❛s ✐❢ ❡❛❝❤ st❛t❡♠❡♥t ✐s ✐ts ♦✇♥ ✐♥❞✐✈✐❞✉❛❧ tr❛♥s❛❝t✐♦♥✱

✇❤❛t ❇❧✉♥❞❡❧❧✱ ▲❡✇✐s✱ ❛♥❞ ▼❛rt✐♥ t❡r♠ strong atomicity ✳

8.4 I/O mechanisms

❚♦ ❜❡ ✉s❡❢✉❧✱ ❝♦♠♣✉t✐♥❣ s②st❡♠s ♠✉st ❜❡ ❡☛❡❝t✐✈❡❧② ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦✉t✲

s✐❞❡ ✇♦r❧❞✳ ❭❘❡❛❧✐t②✧ ❝r❡❛t❡s ❛ ❞✐s❝♦♥t✐♥✉✐t② ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ♠♦❞❡❧✿

r❡❛❧✲✇♦r❧❞ ❡✈❡♥ts ❝❛♥♥♦t ❜❡ r♦❧❧❡❞ ❜❛❝❦ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❝❛♥ ❝❤❛♥❣❡s

t♦ ♣r♦❣r❛♠ st❛t❡✳ ❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❢♦✉r ♠❡❝❤❛♥✐s♠s t♦ ❛❝❝♦♠♠♦❞❛t❡

■✴❖ ✐♥ ❛ tr❛♥s❛❝t✐♦♥❛❧ ♠♦❞❡❧✳ ❲❡ ❝❛♥ ❢♦r❜✐❞ ■✴❖ ✐♥s✐❞❡ ❛ tr❛♥s❛❝t✐♦♥✱ ✈✐❛

r✉♥t✐♠❡ ❝❤❡❝❦ ♦r t②♣❡ s②st❡♠✳ ■❢ ✇❡ ♠✉st ❤❛✈❡ ■✴❖✱ ✇❡ ❝❛♥ ❡✐t❤❡r ❝r❡❛t❡

✉♥✐♥t❡rr✉♣t✐❜❧❡ tr❛♥s❛❝t✐♦♥s t♦ ♣❡r❢♦r♠ t❤❡ ■✴❖✱ ♦r ♠♦✈❡ t❤❡ ■✴❖ t♦ t❤❡

✷❋♦r ❡①❛♠♣❧❡✱ ♦♥❡ t❤r❡❛❞ ❝❛♥ ❛❝q✉✐r❡ ❧♦❝❦ ▲✶ ❛♥❞ t❤❡♥ ❧♦♦♣ ✇❛✐t✐♥❣ ❢♦r ✌❛❣ ❋✶ t♦ ❜❡

s❡t✳ ❆♥♦t❤❡r t❤r❡❛❞ ❝❛♥ ❛❝q✉✐r❡ ❧♦❝❦ ▲✷✱ s❡t ✌❛❣ ❋✶ ❛♥❞ ❧♦♦♣ ✇❛✐t✐♥❣ ❢♦r ❋✷✳ ❚❤❡ ☞rst

t❤r❡❛❞ s❡❡s t❤❡ ✉♣❞❛t❡ t♦ ❋✶✱ s❡ts ❋✷✱ ❛♥❞ t❤❡♥ r❡❧❡❛s❡s ▲✶✳ ❚❤❡ s❡❝♦♥❞ t❤r❡❛❞ s❡❡s t❤❡

✉♣❞❛t❡ t♦ ❋✷ ❛♥❞ r❡❧❡❛s❡s ▲✷✳ ◆❡✐t❤❡r t❤r❡❛❞ ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ ❝♦♠♣❧❡t❡ ✐❢ t❤❡s❡ ❧♦❝❦s ❛r❡

t✉r♥❡❞ ✐♥t♦ ❛t♦♠✐❝ r❡❣✐♦♥s✳
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st❛rt ♦r ❡♥❞ ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❚❤❡ ♠♦st ❣❡♥❡r❛❧ ♠❡❝❤❛♥✐s♠ ✐s t♦ ✐♥t❡✲

❣r❛t❡ ♣r♦❣r❛♠♠❡r✲s♣❡❝✐☞❡❞ ❝♦♠♣❡♥s❛t✐♥❣ ❛❝t✐♦♥s t♦ ❛❝❤✐❡✈❡ ❭r♦❧❧❜❛❝❦✧ ♦❢

✐rr❡✈♦❝❛❜❧❡ ❛❝t✐♦♥s ✇✐t❤✐♥ tr❛♥s❛❝t✐♦♥s✳

8.4.1 Forbidding I/O

❚❤❡ ♠♦st str❛✐❣❤t❢♦r✇❛r❞ ♠❡❛♥s t♦ ❛❝❝♦♠♠♦❞❛t❡ ■✴❖ ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥❛❧

❢r❛♠❡✇♦r❦ ✐s t♦ ❢♦r❜✐❞ ✐t✿ ■✴❖ ♠❛② ♦♥❧② ❤❛♣♣❡♥ ♦✉ts✐❞❡ ♦❢ ❛ tr❛♥s❛❝t✐♦♥✳ ❆

r✉♥t✐♠❡ ❝❤❡❝❦ ♦r s✐♠♣❧❡ t②♣❡ s②st❡♠ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡♥❢♦r❝❡ t❤✐s r❡str✐❝t✐♦♥✳

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

❝♦♥❝✉rr❡♥t t❤r❡❛❞ ❢♦r ■✴❖✳ ❆ tr❛♥s❛❝t✐♦♥ ❝❛♥ ✐♥t❡r❛❝t ✇✐t❤ ❛ q✉❡✉❡ t♦

r❡q✉❡st ■✴❖✱ ❛♥❞ t❤❡ ■✴❖ t❤r❡❛❞ ❞❡q✉❡✉❡s r❡q✉❡sts ❛♥❞ ❡♥q✉❡✉❡s r❡s♣♦♥s❡s✳

❚❤✐s str❛t❡❣② ✇♦r❦s ✇❡❧❧ ❢♦r ✉♥✐❞✐r❡❝t✐♦♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❙✐♥❝❡ r♦✉♥❞✲tr✐♣

❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ t❤❡ ■✴❖ t❤r❡❛❞ ❝❛♥♥♦t ❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ✇✐t❤✐♥ ❛ s✐♥❣❧❡

tr❛♥s❛❝t✐♦♥✱✸ tr❛♥s❛❝t✐♦♥s st✐❧❧ ♠✉st ❜❡ ❜r♦❦❡♥ ❜❡t✇❡❡♥ ❛ r❡q✉❡st ❛♥❞ r❡♣❧②✳

❚❤✉s✱ s♦♠❡ ❢♦r♠s ♦❢ ✐♥t❡r❛❝t✐♦♥ ❝❛♥♥♦t ❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ❛t♦♠✐❝❛❧❧②✳

8.4.2 Mutual exclusion

❆♥♦t❤❡r ❛❧t❡r♥❛t✐✈❡ ✐s t♦ ✐♥t❡❣r❛t❡ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ✐♥t♦ t❤❡ tr❛♥s❛❝t✐♦♥

♠♦❞❡❧✳ ❖♥❝❡ ✇❡ st❛rt ❛♥ ■✴❖ ❛❝t✐✈✐t② ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥✱ t❤❡ tr❛♥s❛❝t✐♦♥

❜❡❝♦♠❡s uninterruptible✿ ✐t ♠❛② ♥♦ ❧♦♥❣❡r ❜❡ ❛❜♦rt❡❞ ❛♥❞ ♠✉st ❜❡ s✉❝✲

❝❡ss❢✉❧❧② ❡①❡❝✉t❡❞ t❤r♦✉❣❤ ❝♦♠♠✐t✳ ❖♥❧② ❛ s✐♥❣❧❡ ✉♥✐♥t❡rr✉♣t✐❜❧❡ tr❛♥s❛❝✲

t✐♦♥ ♠❛② ❡①❡❝✉t❡ ❛t ❛ ❣✐✈❡♥ t✐♠❡ ✭❛❧t❤♦✉❣❤ ♦t❤❡r ✐♥t❡rr✉♣t✐❜❧❡ tr❛♥s❛❝t✐♦♥s

♠❛② ❜❡ ❝♦♥❝✉rr❡♥t✮✳ ❊☛❡❝t✐✈❡❧② t❤❡r❡ ✐s ❛ s✐♥❣❧❡ ❣❧♦❜❛❧ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥

❧♦❝❦ ❢♦r ■✴❖ ❛❝t✐✈✐t②✳ ❚r❛♥s❛❝t✐♦♥s ❛tt❡♠♣t✐♥❣ ■✴❖ ✇❤✐❧❡ t❤❡ ❧♦❝❦ ✐s ❛❧r❡❛❞②

❤❡❧❞ ❛r❡ ❡✐t❤❡r ❞❡❧❛②❡❞ ♦r ❛❜♦rt❡❞✳

❚❤✐s s❝❤❡♠❡ ✐s r❡❛s♦♥❛❜❧❡ ❛s ❧♦♥❣ ❛s ■✴❖ ✐s ✐♥❢r❡q✉❡♥t ✐♥ tr❛♥s❛❝t✐♦♥s✳ ❆

s✐♥❣❧❡ ❞❡❜✉❣❣✐♥❣ ♣r✐♥t✲st❛t❡♠❡♥t✱ ❤♦✇❡✈❡r✱ ✐s s✉✍❝✐❡♥t t♦ s❡r✐❛❧✐③❡ ❛ tr❛♥s✲

✸❉❡❛❞❧♦❝❦ ✇♦✉❧❞ r❡s✉❧t✱ s✐♥❝❡ ■ ❝❛♥✬t s❡♥❞ ❛ ♠❡ss❛❣❡ ❛♥❞ t❤❡♥ ✇❛✐t ❢♦r ❛ r❡♣❧②

❛t♦♠✐❝❛❧❧②⑤♠② ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❛rt♥❡r ✇♦♥✬t s❡❡ t❤❡ s❡♥t ♠❡ss❛❣❡ ❛♥❞ ❦♥♦✇ t♦ r❡♣❧②

✉♥t✐❧ t❤❡ tr❛♥s❛❝t✐♦♥ ✐s ❝♦♠♠✐tt❡❞✳

✶✺✺



❈❍❆P❚❊❘ ✽✳ ❈❍❆▲▲❊◆●❊❙

❛❝t✐♦♥✱ ❛♥❞ ❡☛♦rts t♦ ♠❛❦❡ t❤❡ s✐♥❣❧❡ ❣❧♦❜❛❧ ■✴❖ ❧♦❝❦ ♠♦r❡ ☞♥❡✲❣r❛✐♥❡❞

♠❛② ✉❧t✐♠❛t❡❧② ❞✐ss✐♣❛t❡ t❤❡ ❣❛✐♥s ✐♥ s✐♠♣❧✐❝✐t② ❛♥❞ ❝♦♥❝✉rr❡♥❝② ❛☛♦r❞❡❞

❜② tr❛♥s❛❝t✐♦♥s ✐♥ t❤❡ ☞rst ♣❧❛❝❡✳

8.4.3 Postponing I/O

❆ ❤②❜r✐❞ ❛♣♣r♦❛❝❤ ❛tt❡♠♣ts t♦ ❛♥t✐❝✐♣❛t❡ ♦r ♣♦st♣♦♥❡ ■✴❖ ♦♣❡r❛t✐♦♥s s♦

t❤❛t t❤❡② r✉♥ ♦♥❧② ❛t tr❛♥s❛❝t✐♦♥ st❛rt ♦r ❡♥❞✳ ❖♥❧② t❤❡ ■✴❖ ♦♣❡r❛t✐♦♥s

t❤❡♥ ♥❡❡❞ t♦ ❜❡ r✉♥ s❡r✐❛❧❧②✱ ❛♥❞ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ ♠❛② st✐❧❧

❡①❡❝✉t❡ ❝♦♥❝✉rr❡♥t❧②✳ ■♥♣✉t ♠✉st ❜❡ ♠♦✈❡❞ t♦ t❤❡ st❛rt ♦❢ ❛ tr❛♥s❛❝t✐♦♥✱ ❛♥❞

♦♥❝❡ t❤❡ ✐♥♣✉t ❤❛s ❜❡❡♥ ❝♦♥s✉♠❡❞✱ t❤❡ tr❛♥s❛❝t✐♦♥ ♠✉st r✉♥ ✉♥✐♥t❡rr✉♣t❡❞✳

■t ♠❛② ❜❡ ❛❜♦rt❡❞ ♦♥❧② ✐❢ ❛ ♣✉s❤✲❜❛❝❦ ❜✉☛❡r ❝❛♥ ❜❡ ❝♦♥str✉❝t❡❞ ❢♦r t❤❡

✐♥♣✉t✱ ✇❤✐❝❤ ✐s ♥♦t ❛❧✇❛②s r❡❛s♦♥❛❜❧❡✳ ❖✉t♣✉t ✐s ♠♦✈❡❞ t♦ t❤❡ ❡♥❞ ♦❢ t❤❡

tr❛♥s❛❝t✐♦♥✱ ❜✉t ♦♥❧② t❤❡ ❛❝t✉❛❧ ■✴❖ ♠✉st ❜❡ ♣❡r❢♦r♠❡❞ ✉♥✐♥t❡rr✉♣t❡❞✿ t❤❡

tr❛♥s❛❝t✐♦♥ ❝❛♥ st✐❧❧ ❜❡ ❛❜♦rt❡❞ ❛t ❛♥② t✐♠❡ ♣r✐♦r t♦ ❝♦♠♠✐t✳

■❢ ♦✉t♣✉t ❛♥❞ ✐♥♣✉t ♥❡❡❞ t♦ ❜❡ ✐♥t❡r❧❡❛✈❡❞✱ ♦r t❤❡ ✐♥♣✉t ♦❝❝✉rs ❛❢t❡r ❛♥

♦✉t♣✉t ❛♥❞ t❤✉s ❝❛♥♥♦t ❜❡ ♠♦✈❡❞ t♦ t❤❡ st❛rt ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥✱ ✉♥✐♥t❡r✲

r✉♣t✐❜❧❡ tr❛♥s❛❝t✐♦♥s ❛r❡ st✐❧❧ r❡q✉✐r❡❞✳ ❚❤✐s ❛♣♣r♦❛❝❤ t❤✉s ✇♦r❦s ❛r♦✉♥❞

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

❞❡❜✉❣❣✐♥❣ st❛t❡♠❡♥t ❝❛♥ st✐❧❧ ❢♦r❝❡ s❡r✐❛❧✐③❛t✐♦♥✳

■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ♠♦❞❡r♥ ✐♥t❡r❢❛❝❡ ❤❛r❞✇❛r❡ ✐s ♦❢t❡♥ ❞❡s✐❣♥❡❞ s✉❝❤

t❤❛t ✐t ✇♦r❦s ✇❡❧❧ ✇✐t❤ t❤✐s ❛♣♣r♦❛❝❤✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ●P❯ ♦r ♥❡t✇♦r❦ ❝❛r❞

t❛❦❡s ❝♦♠♠❛♥❞s ❢r♦♠ ♦r ❞❡❧✐✈❡rs ✐♥♣✉t t♦ ❛ ❜✉☛❡r✳ ❆ s✐♥❣❧❡ ♦♣❡r❛t✐♦♥ ✐s

s✉✍❝✐❡♥t t♦ ❤❛♥❞ ♦✈❡r ❛ ❜✉☛❡r t♦ t❤❡ ❝❛r❞ t♦ ❝♦♠♠❡♥❝❡ ■✴❖✳ ❚❤✐s s✐♥❣❧❡

■✴❖ ❛❝t✐♦♥ ♠❛② ❜❡ ♠❛❞❡ ❛t♦♠✐❝ ✇✐t❤ t❤❡ tr❛♥s❛❝t✐♦♥ ❝♦♠♠✐t✳

8.4.4 Integrating do/undo

❚❤❡ ♠♦st s♦♣❤✐st✐❝❛t❡❞ ✐♥t❡❣r❛t✐♦♥ ♦❢ ■✴❖ ✇✐t❤ tr❛♥s❛❝t✐♦♥s ❛❧❧♦✇s t❤❡ ♣r♦✲

❣r❛♠♠❡r t♦ s♣❡❝✐❢② ❭✉♥❞♦✧ ❝♦❞❡ ❢♦r ■✴❖ ✇❤✐❝❤ ❝❛♥♥♦t ♦t❤❡r✇✐s❡ ❜❡ r♦❧❧❡❞

❜❛❝❦✳ ■♥ t❤❡ ❞❛t❛❜❛s❡ ❝♦♠♠✉♥✐t②✱ ✉♥❞♦ ❝♦❞❡ ✐s r❡❢❡rr❡❞ t♦ ❛s ❛ compen-

sating transaction ✳
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❆❣❛✐♥✱ ■✴❖ ✐s ❢♦r❜✐❞❞❡♥ ✇✐t❤✐♥ ❭♣✉r❡✧ tr❛♥s❛❝t✐♦♥s✱ ❜✉t ❞♦✴✉♥❞♦ ❜❧♦❝❦s

♠❛② ❜❡ ♥❡st❡❞ ✇✐t❤✐♥ tr❛♥s❛❝t✐♦♥s✳ ❆ do ❜❧♦❝❦ ❡①❡❝✉t❡s ✉♥✐♥t❡rr✉♣t✐❜❧②✳ ■❢

❛ tr❛♥s❛❝t✐♦♥ ❛❜♦rts ❜❡❢♦r❡ ✐t r❡❛❝❤❡s ❛ do ❜❧♦❝❦✱ r♦❧❧❜❛❝❦ ♦❝❝✉rs ❝♦♥✈❡♥✲

t✐♦♥❛❧❧②✳ ■❢ ✐t ❛❜♦rts ❛❢t❡r ✐t ❤❛s ❡①❡❝✉t❡❞ ❛ do ❜❧♦❝❦✱ t❤❡♥ t❤❡ undo ❜❧♦❝❦ ✐s

❡①❡❝✉t❡❞ ✉♥✐♥t❡rr✉♣t✐❜❧② ❛s ♣❛rt ♦❢ tr❛♥s❛❝t✐♦♥❛❧ r♦❧❧❜❛❝❦✳ ▼✉t✉❛❧ ❡①❝❧✉s✐♦♥

♠✉st st✐❧❧ ❜❡ ✉s❡❞ ✐♥ ♣♦rt✐♦♥s ♦❢ t❤❡ tr❛♥s❛❝t✐♦♥ ♣r♦❝❡ss✐♥❣✱ ❜✉t ✐❞❡❛❧❧② t❤❡

❝r✐t✐❝❛❧ r❡❣✐♦♥s ❛r❡ s❤♦rt ❛♥❞ ✐♥❢r❡q✉❡♥t❧② ✐♥✈♦❦❡❞✳

❚❤❡ ❞♦✴✉♥❞♦ ❜❡❤❛✈✐♦r ❛❧❧♦✇s s♦♣❤✐st✐❝❛t❡❞ ❡①❝❡♣t✐♦♥ ♣r♦❝❡ss✐♥❣✿ ❛♥

undo ❜❧♦❝❦ ♠❛② ❡♠✐t ❛ ❜❛❝❦s♣❛❝❡ t♦ t❤❡ t❡r♠✐♥❛❧ ❛❢t❡r do ❡♠✐ts ❛ ❝❤❛r❛❝t❡r✱

♦r ✐t ♠❛② s❡♥❞ ❛♥ ❛♣♦❧♦❣② ❡♠❛✐❧ ❛❢t❡r ❛♥ ❡♠❛✐❧ ✐s s❡♥t ✐rr❡✈♦❝❛❜❧② ✐♥ ❛ do

❜❧♦❝❦✳ ❚❤❡ ❞♦✴✉♥❞♦ ✐s ✐♥✈✐s✐❜❧❡ t♦ ❝❧✐❡♥ts ♦✉ts✐❞❡ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❙♦♣❤✐s✲

t✐❝❛t❡❞ ❧✐❜r❛r✐❡s ❝❛♥ ❜❡ ❜✉✐❧t ✉♣ ✉s✐♥❣ t❤✐s ♠❡❝❤❛♥✐s♠✳ ❋♦r ❡①❛♠♣❧❡✱ ❞✐s❦

■✴❖ ❝❛♥ ❜❡ ♠❛❞❡ tr❛♥s❛❝t✐♦♥❛❧ ✉s✐♥❣ ☞❧❡ ✈❡rs✐♦♥✐♥❣ ❛♥❞ ❥♦✉r♥❛❧❧✐♥❣✳

❚❤❡ undo ❜❧♦❝❦s ♠❛② ❜❡ ❞✐✍❝✉❧t t♦ ♣r♦❣r❛♠✳ ❚❤❡ ♠♦st str❛✐❣❤t❢♦r✇❛r❞

✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣r❡✈❡♥ts t❤❡ undo ❢r♦♠ ❛❝❝❡ss✐♥❣ ❛♥② tr❛♥s❛❝t✐♦♥❛❧ st❛t❡✱

❛♥❞ t❤❡ ♣r♦❣r❛♠♠❡r ♠✉st t❛❦❡ s♣❡❝✐❛❧ ❝❛r❡ ✐❢ s❤❡ ✐s t♦ ♠❛✐♥t❛✐♥ ❛ ❝♦♥s✐s✲

t❡♥t ✈✐❡✇ ♦❢ ♣r♦❣r❛♠ st❛t❡✳ ❆ ❢r✐❡♥❞❧✐❡r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣r❡s❡♥ts ❛ ✈✐❡✇ ♦❢

♣r♦❣r❛♠ st❛t❡ s✉❝❤ t❤❛t ✐t ❛♣♣❡❛rs t❤❛t t❤❡ undo ❜❧♦❝❦ ❡①❡❝✉t❡s ✐♠♠❡❞✐✲

❛t❡❧② ❛❢t❡r t❤❡ do ❜❧♦❝❦ ✐♥ t❤❡ s❛♠❡ ❧❡①✐❝❛❧ ❡♥✈✐r♦♥♠❡♥t ✭r❡❣❛r❞❧❡ss ♦❢ ✇❤❛t

✉❧t✐♠❛t❡❧② ❛❜♦rt❡❞ tr❛♥s❛❝t✐♦♥❛❧ ❝♦❞❡ ❤❛s ❡①❡❝✉t❡❞ ✐♥ t❤❡ ✐♥t❡r✐♠✮✳ ❚❤❡

♣r♦❣r❛♠♠❡r ✐s t❤❡♥ ❛❜❧❡ t♦ ♥❛t✉r❛❧❧② ✇r✐t❡ ❝♦❞❡ s✉❝❤ ❛s t❤❡ ❢♦❧❧♦✇✐♥❣✿

String from = ..., to = ..., subject = ...;
do {
sendEmail(from, to, subject);

} undo {
sendApology(from, to, "Re: "+subject);

}
/* code here can modify from, to, subject */
/* before transaction commit */

Pr❡s❡♥t✐♥❣ ❛ t✐♠❡✲✇❛r♣❡❞ ✈✐❡✇ t♦ t❤❡ undo ❜❧♦❝❦ ❝❛♥ ❜❡ ❞✐✍❝✉❧t ♦r

✐♠♣♦ss✐❜❧❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❤✐st♦r② ♠❡❝❤❛♥✐s♠ ✐♥✈♦❧✈❡❞✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐❢

t❤❡ undo r❡❛❞s ❛ ♥❡✇ ❧♦❝❛t✐♦♥ ♣r❡✈✐♦✉s❧② ✉♥t♦✉❝❤❡❞ ❜② t❤❡ tr❛♥s❛❝t✐♦♥✱ t❤❡

✈❛❧✉❡ ♦❢ t❤✐s ❧♦❝❛t✐♦♥ ❛t t❤❡ ✭♣r❡✈✐♦✉s✮ t✐♠❡ ✐♠♠❡❞✐❛t❡❧② ❢♦❧❧♦✇✐♥❣ t❤❡ do

✶✺✼
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♠✐❣❤t ❜❡ ✉♥❛✈❛✐❧❛❜❧❡✳ Pr❡s❡♥t✐♥❣ ❛♥ ✐♥❝♦♥s✐st❡♥t ✈✐❡✇ ♦❢ ♠❡♠♦r② ♠❛② ❜❡

✉♥❞❡s✐r❛❜❧❡✳

8.5 OS interactions

❲❤✐❧❡ tr❛♥s❛❝t✐♦♥✲st②❧❡ s②♥❝❤r♦♥✐③❛t✐♦♥ ❤❛s ❜❡❡♥ s✉❝❝❡ss❢✉❧❧② ✉s❡❞ t♦ str✉❝✲

t✉r❡ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤✐♥ ❛♥ ♦♣❡r❛t✐♥❣ s②st❡♠ ❬✼✸❪✱ tr❛♥s❛❝t✐♦♥s ❝r♦ss✐♥❣ t❤❡

❜♦✉♥❞❛r② ❜❡t✇❡❡♥ ♦♣❡r❛t✐♥❣ s②st❡♠ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥ ♣r❡s❡♥t ❛❞❞✐t✐♦♥❛❧ ❝❤❛❧✲

❧❡♥❣❡s✳ ❙♦♠❡ ♦♣❡r❛t✐♥❣ s②st❡♠ r❡q✉❡sts ❛r❡ ❡✐t❤❡r ■✴❖ ♦♣❡r❛t✐♦♥s ♦r ❝❛♥ ❜❡

❤❛♥❞❧❡❞ ✇✐t❤ t❤❡ s❛♠❡ ♠❡❝❤❛♥✐s♠ ✉s❡❞ t♦ ❤❛♥❞❧❡ ■✴❖ ✇✐t❤✐♥ tr❛♥s❛❝t✐♦♥s✱

❛s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✳ ❯s✐♥❣ ♠❡♠♦r② ❛❧❧♦❝❛t✐♦♥ ❛s ❛♥ ❡①✲

❛♠♣❧❡ ♦❢ ❛♥ ❖❙ r❡q✉❡st✱ tr❛♥s❛❝t✐♦♥s ❝❛♥ ❜❡ ❢♦r❜✐❞❞❡♥ t♦ ❛❧❧♦❝❛t❡ ♠❡♠♦r②✱

r❡q✉✐r❡❞ t♦ t❛❦❡ ❛ ❧♦❝❦✱ ❢♦r❝❡❞ t♦ ♣r❡❛❧❧♦❝❛t❡ ❛❧❧ r❡q✉✐r❡❞ ♠❡♠♦r②✱✹ ♦r ✉s❡ ❛

❝♦♠♣❡♥s❛t✐♦♥ ♠❡❝❤❛♥✐s♠ t♦ ❞❡❛❧❧♦❝❛t❡ r❡q✉❡st❡❞ ♠❡♠♦r② ✐♥ ❝❛s❡ ♦❢ ❛❜♦rt✳

❙✐♥❝❡ t❤❡ r♦❧❡ ♦❢ ❛♥ ♦♣❡r❛t✐♥❣ s②st❡♠ ✐s t♦ ❛❞♠✐♥✐st❡r s❤❛r❡❞ r❡s♦✉r❝❡s✱

s♣❡❝✐❛❧ ❝❛r❡ ♠✉st ❜❡ t❛❦❡♥ t❤❛t tr❛♥s❛❝t✐♦♥s ✐♥✈♦❧✈✐♥❣ ♦♣❡r❛t✐♥❣ s②st❡♠

r❡q✉❡sts ❞♦ ♥♦t ❭❝♦♥t❛♠✐♥❛t❡✧ ♦t❤❡r ♣r♦❝❡ss❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐❢ ❞❛t❛ ✐♥

❦❡r♥❡❧ s♣❛❝❡ ✐s t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ ❛ tr❛♥s❛❝t✐♦♥✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛❧❧❡♥❣❡s

❛r✐s❡✿

✎ ■❢ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ♠❛② ✉s❡❞ t♦ ✐♠♣❧❡♠❡♥t ❛♥② ♣❛rt ♦❢ t❤❡ tr❛♥s❛❝✲

t✐♦♥ s❡♠❛♥t✐❝s ✭❛s ✐♥ t❤❡ ✈❛r✐♦✉s ■✴❖ s❝❤❡♠❡s ❛❜♦✈❡✮✱ t❤❡♥ ✐t ♠❛② ❜❡

♣♦ss✐❜❧❡ t♦ t✐❡ ✉♣ t❤❡ ❡♥t✐r❡ s②st❡♠ ✭✐♥❝❧✉❞✐♥❣ ✉♥r❡❧❛t❡❞ ♣r♦❝❡ss❡s✮

✉♥t✐❧ ❛ tr❛♥s❛❝t✐♦♥ t♦✉❝❤✐♥❣ ❦❡r♥❡❧ str✉❝t✉r❡s ❝♦♠♠✐ts✳

✎ ■❢ tr❛♥s❛❝t✐♦♥ st❛t❡ ✐❢ t♦ ❜❡ tr❛❝❦❡❞ ✐♥ t❤❡ ❝❛❝❤❡✱ t❤❡ ❦❡r♥❡❧ ❛❞❞r❡ss

s♣❛❝❡ ♠✉st ❜❡ r❡s❡r✈❡❞ ❢r♦♠ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♠❡♠♦r② ♠❛♣ ♦♥ ❛r❝❤✐✲

t❡❝t✉r❡s ✇✐t❤ ✈✐rt✉❛❧❧② ❛❞❞r❡ss❡❞ ❝❛❝❤❡s✳

✎ ■t ♠❛② ❜❡ ❞❡s✐r❛❜❧❡ t♦ ✐♥❝❧✉❞❡ s♦♠❡ ❧♦♦♣❤♦❧❡ ♠❡❝❤❛♥✐s♠ s♦ t❤❛t ❦❡r✲

♥❡❧ ❞❛t❛ str✉❝t✉r❡s ❝❛♥ ❜❡ r❡❧❡❛s❡❞ ❢r♦♠ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❙✐♠✐❧❛r❧②✱ ✐❢

✹❆ r❡tr② ♠❡❝❤❛♥✐s♠ ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐♥❝r❡♠❡♥t❛❧❧② ✐♥❝r❡❛s❡ t❤❡ ♣r❡❛❧❧♦❝❛t✐♦♥ ✉♥t✐❧ t❤❡

tr❛♥s❛❝t✐♦♥ ❝❛♥ s✉❝❝❡ss❢✉❧❧② ❝♦♠♣❧❡t❡✳
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t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ✇✐s❤❡s t♦ ✉s❡ tr❛♥s❛❝t✐♦♥s ✇✐t❤✐♥ ✐ts❡❧❢✱ ✐t ♠❛②

❜❡ ❞❡s✐r❛❜❧❡ ❢♦r t❤❡s❡ tr❛♥s❛❝t✐♦♥s t♦ ❜❡ ✐♥❞❡♣❡♥❞❡♥t ❢r♦♠ t❤❡ ❛♣✲

♣❧✐❝❛t✐♦♥✬s ✐♥✈♦❦✐♥❣ tr❛♥s❛❝t✐♦♥✳ ▼♦t✐✈❛t✐♥❣ ❡①❛♠♣❧❡s ✐♥❝❧✉❞❡ ❢❛✉❧t

❤❛♥❞❧❡rs ❛♥❞ t❤❡ ♣❛❣✐♥❣ ♠❡❝❤❛♥✐s♠✱ ✇❤✐❝❤ ♦✉❣❤t t♦ ❜❡ tr❛♥s♣❛r❡♥t

t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✬s tr❛♥s❛❝t✐♦♥✳

■t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛♥❞❧❡ t❤❡s❡ ❝❤❛❧❧❡♥❣❡s s✐♠♣❧②✱ ❢♦r ❡①❛♠♣❧❡ ❜② ❢♦r❜✐❞✲

❞✐♥❣ ❖❙ ❝❛❧❧s ✇✐t❤✐♥ ❛ tr❛♥s❛❝t✐♦♥ ❛♥❞ ❛❜♦rt✐♥❣ tr❛♥s❛❝t✐♦♥s ✐❢ ♥❡❝❡ss❛r② ♦♥

❝♦♥t❡①t s✇✐t❝❤❡s ♦r ❢❛✉❧ts✳ ❙✉❝❤ ❛♥ ❛♣♣r♦❛❝❤ r❛✐s❡s ❤✉r❞❧❡s ❢♦r t❤❡ ❛♣♣❧✐❝❛✲

t✐♦♥ ♣r♦❣r❛♠♠❡r ❜✉t s✐♠♣❧✐☞❡s t❤❡ ♦♣❡r❛t✐♥❣ s②st❡♠✬s t❛s❦ ❝♦♥s✐❞❡r❛❜❧②✳ ■♥

✉♥✈✐rt✉❛❧✐③❡❞ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s s✉❝❤ ❛s ▲❚▼✱ t❤✐s ❛♣♣r♦❛❝❤ ❛❧s♦

❧✐♠✐ts t❤❡ ♠❛①✐♠✉♠ ❞✉r❛t✐♦♥ ♦❢ ❛ tr❛♥s❛❝t✐♦♥ t♦ ❛ s✐♥❣❧❡ t✐♠❡ s❧✐❝❡✱ ❛❧t❤♦✉❣❤

t❤❡ ❖❙ ♠❛② ❜❡ ❛❜❧❡ t♦ str❡t❝❤ ❛ ♣r♦❝❡ss❡s t✐♠❡ s❧✐❝❡ ✇❤❡♥ ♥❡❝❡ss❛r②✳

❆ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ❛♣♣r♦❛❝❤ ✇✐t❤ ❡①♣❧✐❝✐t ❖❙ ♠❛♥❛❣❡♠❡♥t ♦❢ tr❛♥s✲

❛❝t✐♦♥s ♠❛② ❜❡ ❛❜❧❡ t♦ ♣r♦✈✐❞❡ ❜❡tt❡r tr❛♥s♣❛r❡♥❝② ♦❢ ❖❙✴tr❛♥s❛❝t✐♦♥ ✐♥✲

t❡r❛❝t✐♦♥s ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♣r♦❣r❛♠♠❡r ❛♥❞ ✐♠♣r♦✈❡❞ ♣❡r❢♦r♠❛♥❝❡✳

8.6 Recommendations for future work

❇❛s❡❞ ♦♥ t❤❡ ❞✐s❝✉ss✐♦♥ ✐♥ t❤✐s s❡❝t✐♦♥✱ ❛ ✈✐rt✉❛❧✐③❛❜❧❡ tr❛♥s❛❝t✐♦♥ ♠❡❝❤❛✲

♥✐s♠ ✐s r❡❝♦♠♠❡♥❞❡❞✿ ✐❢ ▲❚▼ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❤❛r❞✇❛r❡✱ ❛ ❤②❜r✐❞ s❝❤❡♠❡

❧✐❦❡ ❍②❆♣❡❳ s❤♦✉❧❞ ❜❛❝❦ ✐t ✉♣ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ♣❡r❢♦r♠❛♥❝❡ ✐s♦❧❛t✐♦♥

❛♥❞ ♣r♦❣r❡ss ❣✉❛r❛♥t❡❡s✳ ❚❤❡ ❆♣❡❳ ❛♥❞ ❯❚▼ s②st❡♠s ❛r❡ ❛❧r❡❛❞② ✈✐rt✉❛❧✲

✐③❛❜❧❡✳

❆ ❞♦✴✉♥❞♦ ♠❡❝❤❛♥✐s♠ ❢♦r tr❛♥s❛❝t✐♦♥s ❛❧❧♦✇s ❜❡tt❡r ♠❛♥❛❣❡♠❡♥t ♦❢ ❝r✐t✲

✐❝❛❧ r❡❣✐♦♥s ✇❤❡r❡ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ♠✉st ❜❡ ✐♥t❡❣r❛t❡❞ ✇✐t❤ t❤❡ tr❛♥s❛❝t✐♦♥

♠❡❝❤❛♥✐s♠ t♦ s✉♣♣♦rt ■✴❖ ❛♥❞ ❝❡rt❛✐♥ ❖❙ ✐♥t❡r❛❝t✐♦♥s✳ ❆❧❧ ❖❙ ✐♥t❡r❛❝t✐♦♥s

❝❛♥ t❤❡♥ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥ do ❜❧♦❝❦ s♦ t❤❛t ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ♥❡❡❞ ♥♦t ❜❡

❡①t❡♥❞❡❞ ❛❝r♦ss t❤❡ ❖❙ ❜♦✉♥❞❛r②✳ ❚❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❞♦✴✉♥❞♦ ♣r♦❜❛❜❧②

❛r❣✉❡s ❢♦r ❆♣❡❳ ♦r ❍②❆♣❡❳ ✐♥st❡❛❞ ♦❢ ❛ ♣✉r❡ ❤❛r❞✇❛r❡ s❝❤❡♠❡✳
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❊✈❡r②t❤✐♥❣ ✐♥ t❤❡ ✉♥✐✈❡rs❡

r❡❧❛t❡s t♦ ❬tr❛♥s❛❝t✐♦♥s❪✱ ♦♥❡ ✇❛②

♦r ❛♥♦t❤❡r✱ ❣✐✈❡♥ ❡♥♦✉❣❤

✐♥❣❡♥✉✐t② ♦♥ t❤❡ ♣❛rt ♦❢ t❤❡

✐♥t❡r♣r❡t❡r✳

Pr✐♥❝✐♣✐❛ ❉✐s❝♦r❞✐❛ ✭❛♠❡♥❞❡❞✮Chapter 9

Related work

▼❛♥② r❡s❡❛r❝❤❡rs ❤❛✈❡ ❜❡❡♥ ✐♥✈❡st✐❣❛t✐♥❣ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② s②st❡♠s✳

❚❤✐s ❝❤❛♣t❡r ❞✐s❝✉ss❡s t❤❡✐r r❡❧❛t❡❞ ✇♦r❦ ❛♥❞ ❞✐st✐♥❣✉✐s❤❡s t❤❡ ✇♦r❦ ♦❢ t❤✐s

t❤❡s✐s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤✐s t❤❡s✐s ✐s ✉♥✐q✉❡ ✐♥ ♣r❡s❡♥t✐♥❣ ❛ ❤②❜r✐❞ ❤❛r❞✲

✇❛r❡✴s♦❢t✇❛r❡ ♠♦❞❡❧✲❝❤❡❝❦❡❞ ♥♦♥❜❧♦❝❦✐♥❣ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ s②st❡♠ t❤❛t ❛❧✲

❧♦✇s ❝♦✲❡①✐st❡♥❝❡ ♦❢ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❛♥❞ tr❛♥s❛❝t✐♦♥❛❧ ❛❝❝❡ss❡s t♦ ❛ ❞②✲

♥❛♠✐❝ s❡t ♦❢ ♦❜❥❡❝t ☞❡❧❞s✳

9.1 Nonblocking synchronization

▲❛♠♣♦rt ❬✻✺❪ ♣r❡s❡♥t❡❞ t❤❡ ☞rst ❛❧t❡r♥❛t✐✈❡ t♦ s②♥❝❤r♦♥✐③❛t✐♦♥ ✈✐❛ ♠✉t✉❛❧

❡①❝❧✉s✐♦♥ ❢♦r ❛ ❧✐♠✐t❡❞ s✐t✉❛t✐♦♥ ✐♥✈♦❧✈✐♥❣ ❛ s✐♥❣❧❡ ✇r✐t❡r ❛♥❞ ♠✉❧t✐♣❧❡ r❡❛❞✲

❡rs✳ ▲❛♠♣♦rt✬s t❡❝❤♥✐q✉❡ r❡❧✐❡s ♦♥ r❡❛❞✐♥❣ ❣✉❛r❞ ❡❧❡♠❡♥ts ✐♥ ❛♥ ♦r❞❡r ♦♣✲

♣♦s✐t❡ t♦ t❤❛t ✐♥ ✇❤✐❝❤ t❤❡② ❛r❡ ✇r✐tt❡♥✱ ❣✉❛r❛♥t❡❡✐♥❣ t❤❛t ❛ ❝♦♥s✐st❡♥t

❞❛t❛ s♥❛♣s❤♦t ❝❛♥ ❜❡ r❡❝♦❣♥✐③❡❞✳ ❚❤❡ ✇r✐t❡r ❛❧✇❛②s ❝♦♠♣❧❡t❡s ✐ts ♣❛rt ♦❢

t❤❡ ❛❧❣♦r✐t❤♠ ✐♥ ❛ ❝♦♥st❛♥t ♥✉♠❜❡r ♦❢ st❡♣s✱ ❜✉t r❡❛❞❡rs ❛r❡ ❣✉❛r❛♥t❡❡❞ t♦

❝♦♠♣❧❡t❡ ♦♥❧② ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❝♦♥❝✉rr❡♥t ✇r✐t❡s✳

❍❡r❧✐❤② ❬✺✹❪ ❢♦r♠❛❧✐③❡❞ ✇❛✐t✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ ❝♦♥❝✉rr❡♥t ❞❛t❛

♦❜❥❡❝ts✳ ❆ ✇❛✐t✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❣✉❛r❛♥t❡❡s t❤❛t ❛♥② ♣r♦❝❡ss ❝❛♥ ❝♦♠✲

♣❧❡t❡ ❛♥② ♦♣❡r❛t✐♦♥ ✐♥ ❛ ☞♥✐t❡ ♥✉♠❜❡r ♦❢ st❡♣s r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❛❝t✐✈✐t✐❡s ♦❢

♦t❤❡r ♣r♦❝❡ss❡s✳ ▲❛♠♣♦rt✬s ❛❧❣♦r✐t❤♠ ✐s ♥♦t ✇❛✐t✲❢r❡❡✱ ❜❡❝❛✉s❡ r❡❛❞❡rs ❝❛♥
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❜❡ ❞❡❧❛②❡❞ ✐♥❞❡☞♥✐t❡❧②✳

▼❛ss❛❧✐♥ ❛♥❞ P✉ ❬✼✸❪ ✐♥tr♦❞✉❝❡❞ t❤❡ t❡r♠ ❧♦❝❦✲❢r❡❡ t♦ ❞❡s❝r✐❜❡ ❛❧❣♦✲

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

❛♥t❡❡s ♦♥❧② t❤❛t s♦♠❡ ♣r♦❝❡ss ❝♦♠♣❧❡t❡s ✐♥ ❛ ☞♥✐t❡ ♥✉♠❜❡r ♦❢ st❡♣s✳ ❯♥❧✐❦❡

❛ ✇❛✐t✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❧♦❝❦✲❢r❡❡❞♦♠ ❛❧❧♦✇s st❛r✈❛t✐♦♥✳ ❙✐♥❝❡ ♦t❤❡r s✐♠✲

♣❧❡ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ❧❛②❡r❡❞ t♦ ♣r❡✈❡♥t st❛r✈❛t✐♦♥ ✭❢♦r ❡①❛♠♣❧❡✱ ❡①♣♦♥❡♥t✐❛❧

❜❛❝❦♦☛✮✱ s✐♠♣❧❡ ❧♦❝❦✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❛r❡ ✉s✉❛❧❧② s❡❡♥ ❛s ✇♦rt❤✇❤✐❧❡

♣r❛❝t✐❝❛❧ ❛❧t❡r♥❛t✐✈❡s t♦ ♠♦r❡ ❝♦♠♣❧❡① ✇❛✐t✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳

❆♥ ❡✈❡♥ ✇❡❛❦❡r ❝r✐t❡r✐♦♥✱ ♦❜str✉❝t✐♦♥✲❢r❡❡❞♦♠✱ ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② ❍❡r✲

❧✐❤②✱ ▲✉❝❤❛♥❣❝♦✱ ❛♥❞ ▼♦✐r ❬✺✻❪✳ ❖❜str✉❝t✐♦♥✲❢r❡❡❞♦♠ ♦♥❧② ❣✉❛r❛♥t❡❡s ♣r♦❣r❡ss

❢♦r t❤r❡❛❞s ❡①❡❝✉t✐♥❣ ✐♥ ✐s♦❧❛t✐♦♥❀ t❤❛t ✐s✱ ❛❧t❤♦✉❣❤ ♦t❤❡r t❤r❡❛❞s ♠❛② ❤❛✈❡

♣❛rt✐❛❧❧② ❝♦♠♣❧❡t❡❞ ♦♣❡r❛t✐♦♥s✱ ♥♦ ♦t❤❡r t❤r❡❛❞ ♠❛② t❛❦❡ ❛ st❡♣ ✉♥t✐❧ t❤❡ ✐s♦✲

❧❛t❡❞ t❤r❡❛❞ ❝♦♠♣❧❡t❡s✳ ❖❜str✉❝t✐♦♥✲❢r❡❡❞♦♠ ♥♦t ♦♥❧② ❛❧❧♦✇s st❛r✈❛t✐♦♥ ♦❢ ❛

♣❛rt✐❝✉❧❛r t❤r❡❛❞✱ ✐t ❛❧❧♦✇s ❝♦♥t❡♥t✐♦♥ ❛♠♦♥❣ t❤r❡❛❞s t♦ ❤❛❧t ❛❧❧ ♣r♦❣r❡ss ✐♥

❛❧❧ t❤r❡❛❞s ✐♥❞❡☞♥✐t❡❧②✳ ❊①t❡r♥❛❧ ♠❡❝❤❛♥✐s♠s ❛r❡ ✉s❡❞ t♦ r❡❞✉❝❡ ❝♦♥t❡♥t✐♦♥

✭t❤✉s✱ ❛❝❤✐❡✈❡ ♣r♦❣r❡ss✮ ✐♥❝❧✉❞✐♥❣ ❜❛❝❦♦☛✱ q✉❡✉❡✐♥❣✱ ♦r t✐♠❡st❛♠♣✐♥❣✳

■ ✉s❡ t❤❡ t❡r♠ ♥♦♥❜❧♦❝❦✐♥❣ t♦ ❞❡s❝r✐❜❡ ❣❡♥❡r❛❧❧② ❛♥② s②♥❝❤r♦♥✐③❛t✐♦♥

♠❡❝❤❛♥✐s♠ t❤❛t ❞♦❡s♥✬t r❡❧② ♦♥ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ♦r ❧♦❝❦✐♥❣✱ ✐♥❝❧✉❞✐♥❣ ✇❛✐t✲

❢r❡❡✱ ❧♦❝❦✲❢r❡❡✱ ❛♥❞ ♦❜str✉❝t✐♦♥✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳ ■ ❝♦♥s✐❞❡r ♠❛✐♥❧② ❧♦❝❦✲

❢r❡❡ ❛❧❣♦r✐t❤♠s✳✶

9.2 Efficiency

❍❡r❧✐❤② ❬✹✼✱ ✺✹❪ ♣r❡s❡♥t❡❞ t❤❡ ☞rst ✉♥✐✈❡rs❛❧ ♠❡t❤♦❞ ❢♦r ✇❛✐t✲❢r❡❡ ❝♦♥❝✉r✲

r❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛♥ ❛r❜✐tr❛r② s❡q✉❡♥t✐❛❧ ♦❜❥❡❝t✳ ❚❤✐s ♦r✐❣✐♥❛❧ ♠❡t❤♦❞

✇❛s ❜❛s❡❞ ♦♥ ❛ ❢❡t❝❤✲❛♥❞✲❝♦♥s ♣r✐♠✐t✐✈❡✱ ✇❤✐❝❤ ❛t♦♠✐❝❛❧❧② ♣❧❛❝❡s ❛♥ ✐t❡♠

✶❙♦♠❡ ❛✉t❤♦rs ✉s❡ ❭♥♦♥❜❧♦❝❦✐♥❣✧ ❛♥❞ ❭❧♦❝❦✲❢r❡❡✧ ❛s s②♥♦♥②♠s✱ ✉s✉❛❧❧② ♠❡❛♥✐♥❣ ✇❤❛t

✇❡ ❤❡r❡ ❝❛❧❧ ❧♦❝❦✲❢r❡❡✳ ❖t❤❡rs ❡①❝❤❛♥❣❡ ♦✉r ❞❡☞♥✐t✐♦♥s ❢♦r ❭❧♦❝❦✲❢r❡❡✧ ❛♥❞ ❭♥♦♥❜❧♦❝❦✐♥❣✧✱

✉s✐♥❣ ❧♦❝❦✲❢r❡❡ ❛s ❛ ❣❡♥❡r✐❝ t❡r♠ ❛♥❞ ♥♦♥❜❧♦❝❦✐♥❣ t♦ ❞❡s❝r✐❜❡ ❛ s♣❡❝✐☞❝ ❝❧❛ss ♦❢ ✐♠♣❧❡✲

♠❡♥t❛t✐♦♥s✳ ❆s t❤❡r❡ ✐s ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ☞❡❧❞✱ ✇❡ ❝❤♦♦s❡ t♦ ✉s❡ t❤❡ ♣❛r❛❧❧❡❧ ❝♦♥str✉❝t✐♦♥

✇❛✐t✲❢r❡❡✱ ❧♦❝❦✲❢r❡❡✱ ❛♥❞ ♦❜str✉❝t✐♦♥✲❢r❡❡ ❢♦r ♦✉r t❤r❡❡ s♣❡❝✐☞❝ ♣r♦❣r❡ss ❝r✐t❡r✐❛✱ ❛♥❞ t❤❡

❞✐ss✐♠✐❧❛r ♥♦♥❜❧♦❝❦✐♥❣ ❢♦r t❤❡ ❣❡♥❡r❛❧ ❝❧❛ss✳
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♦♥ t❤❡ ❤❡❛❞ ♦❢ ❛ ❧✐st ❛♥❞ r❡t✉r♥s t❤❡ ❧✐st ♦❢ ✐t❡♠s ❢♦❧❧♦✇✐♥❣ ✐t✳ ❍❡r❧✐❤②

s❤♦✇❡❞ t❤❛t ❛❧❧ ❝♦♥❝✉rr❡♥t ♣r✐♠✐t✐✈❡s ❝❛♣❛❜❧❡ ♦❢ s♦❧✈✐♥❣ t❤❡ n✲♣r♦❝❡ss ❝♦♥✲

s❡♥s✉s ♣r♦❜❧❡♠⑤✉♥✐✈❡rs❛❧ ♣r✐♠✐t✐✈❡s⑤❛r❡ ♣♦✇❡r❢✉❧ ❡♥♦✉❣❤ t♦ ✐♠♣❧❡♠❡♥t

❢❡t❝❤✲❛♥❞✲❝♦♥s✳ ■♥ ❍❡r❧✐❤②✬s ♠❡t❤♦❞✱ ❡✈❡r② s❡q✉❡♥t✐❛❧ ♦♣❡r❛t✐♦♥ ✐s tr❛♥s✲

❧❛t❡❞ ✐♥t♦ t✇♦ st❡♣s✳ ■♥ t❤❡ ☞rst✱ ❢❡t❝❤✲❛♥❞✲❝♦♥s ✐s ✉s❡❞ t♦ ♣❧❛❝❡ t❤❡ ♥❛♠❡

❛♥❞ ❛r❣✉♠❡♥ts ♦❢ t❤❡ ♦♣❡r❛t✐♦♥ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ❛t t❤❡ ❤❡❛❞ ♦❢ ❛ ❧✐st✱ r❡✲

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

♦❜❥❡❝t ✐s ❝♦♠♣❧❡t❡❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❤✐st♦r② ♦❢ ♦♣❡r❛t✐♦♥s ♣❡r❢♦r♠❡❞ ♦♥

✐t✱ ❛♣♣❧②✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥s r❡t✉r♥❡❞ ✐♥ ♦r❞❡r ❢r♦♠ ❧❛st t♦ ☞rst ✐s s✉✍❝✐❡♥t t♦

❧♦❝❛❧❧② r❡❝♦♥str✉❝t t❤❡ ♦❜❥❡❝t st❛t❡ ♣r✐♦r t♦ t❤❡ ♦♣❡r❛t✐♦♥✳ ❚❤❡ ♣r✐♦r st❛t❡

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

❢✉rt❤❡r s②♥❝❤r♦♥✐③❛t✐♦♥ ✇✐t❤ t❤❡ ♦t❤❡r ♣r♦❝❡ss❡s✳

❚❤✐s ☞rst ✉♥✐✈❡rs❛❧ ♠❡t❤♦❞ ✇❛s ♥♦t ✈❡r② ♣r❛❝t✐❝❛❧✱ ❛ s❤♦rt❝♦♠✐♥❣ ✇❤✐❝❤

❍❡r❧✐❤② s♦♦♥ ❛❞❞r❡ss❡❞ ❬✹✽❪✳ ■♥ ❛❞❞✐t✐♦♥✱ ❤✐s r❡✈✐s❡❞ ✉♥✐✈❡rs❛❧ ♠❡t❤♦❞ ❝❛♥

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

■♥ t❤❡ ❧♦❝❦✲❢r❡❡ ✈❡rs✐♦♥ ♦❢ t❤✐s ♠❡t❤♦❞✱ ♦❜❥❡❝ts ❝♦♥t❛✐♥ ❛ s❤❛r❡❞ ✈❛r✐❛❜❧❡

❤♦❧❞✐♥❣ ❛ ♣♦✐♥t❡r t♦ t❤❡✐r ❝✉rr❡♥t st❛t❡✳ Pr♦❝❡ss❡s ❜❡❣✐♥ ❜② ❧♦❛❞✐♥❣ t❤❡

❝✉rr❡♥t st❛t❡ ♣♦✐♥t❡r ❛♥❞ t❤❡♥ ❝♦♣②✐♥❣ t❤❡ r❡❢❡r❡♥❝❡❞ st❛t❡ t♦ ❛ ❧♦❝❛❧ ❝♦♣②✳

❚❤❡ s❡q✉❡♥t✐❛❧ ♦♣❡r❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ❝♦♣②✱ ❛♥❞ t❤❡♥ ✐❢ t❤❡ ♦❜❥❡❝t✬s

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

t♦ ♣♦✐♥t ❛t t❤❡ ✉♣❞❛t❡❞ st❛t❡✳

❍❡r❧✐❤② ❝❛❧❧❡❞ t❤✐s t❤❡ ❭s♠❛❧❧ ♦❜❥❡❝t ♣r♦t♦❝♦❧✧ ❜❡❝❛✉s❡ t❤❡ ♦❜❥❡❝t ❝♦♣②✲

✐♥❣ ♦✈❡r❤❡❛❞ ✐s ♣r♦❤✐❜✐t✐✈❡ ✉♥❧❡ss t❤❡ ♦❜❥❡❝t ✐s s♠❛❧❧ ❡♥♦✉❣❤ t♦ ❜❡ ❝♦♣✐❡❞

❡✍❝✐❡♥t❧② ✭✐♥✱ s❛②✱ O(1) t✐♠❡✮✳ ❍❡ ❛❧s♦ ♣r❡s❡♥t❡❞ ❛ ❭❧❛r❣❡ ♦❜❥❡❝t ♣r♦t♦❝♦❧✧

✇❤✐❝❤ r❡q✉✐r❡s t❤❡ ♣r♦❣r❛♠♠❡r t♦ ♠❛♥✉❛❧❧② ❜r❡❛❦ t❤❡ ♦❜❥❡❝t ✐♥t♦ s♠❛❧❧

❜❧♦❝❦s✱ ❛❢t❡r ✇❤✐❝❤ t❤❡ s♠❛❧❧ ♦❜❥❡❝t ♣r♦t♦❝♦❧ ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞✳ ✭❚❤✐s tr♦✉✲

❜❧❡ ✇✐t❤ ❧❛r❣❡ ♦❜❥❡❝ts ✐s ❝♦♠♠♦♥ t♦ ♠❛♥② ♥♦♥❜❧♦❝❦✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥s❀ ❛

s♦❧✉t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✻✳✮

❇❛r♥❡s ❬✶✷❪ ♣r♦✈✐❞❡❞ t❤❡ ☞rst ✉♥✐✈❡rs❛❧ ♥♦♥❜❧♦❝❦✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♠❡t❤♦❞

t❤❛t ❛✈♦✐❞s ♦❜❥❡❝t ❝♦♣②✐♥❣✳ ❍❡ ❡❧✐♠✐♥❛t❡s t❤❡ ♥❡❡❞ t♦ st♦r❡ ❭♦❧❞✧ ♦❜❥❡❝t

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

✶✻✸



❈❍❆P❚❊❘ ✾✳ ❘❊▲❆❚❊❉ ❲❖❘❑

♣❧② ♦♣❡r❛t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ t❤❡ ☞rst ♣r♦❝❡ss♦r ❜❡❣✐♥s ❛♥ ♦♣❡r❛t✐♦♥ ❛♥❞

t❤❡♥ ❤❛❧ts✱ ❛♥♦t❤❡r ♣r♦❝❡ss♦r ✇✐❧❧ ❝♦♠♣❧❡t❡ t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ☞rst ❜❡❢♦r❡

❛♣♣❧②✐♥❣ ✐ts ♦✇♥✳ ❇❛r♥❡s ♣r♦♣♦s❡s t♦ ❛❝❝♦♠♣❧✐s❤ t❤❡ ❝♦♦♣❡r❛t✐♦♥ ❜② ❝r❡✲

❛t✐♥❣ ❛ ♣❛r❛❧❧❡❧ st❛t❡ ♠❛❝❤✐♥❡ ❢♦r ❡❛❝❤ ♦♣❡r❛t✐♦♥ s♦ t❤❛t ❡❛❝❤ t❤r❡❛❞ ❝❛♥

✐♥❞❡♣❡♥❞❡♥t❧② tr② t♦ ❛❞✈❛♥❝❡ t❤❡ ♠❛❝❤✐♥❡ ❢r♦♠ st❛t❡ t♦ st❛t❡ ❛♥❞ t❤✉s ❛❞✲

✈❛♥❝❡ ✐♥❝♦♠♣❧❡t❡ ♦♣❡r❛t✐♦♥s✳✷ ❆❧t❤♦✉❣❤ t❤✐s str❛t❡❣② ❛✈♦✐❞s ❝♦♣②✐♥❣ st❛t❡✱

t❤❡ ❧♦❝❦✲st❡♣ ❝♦♦♣❡r❛t✐✈❡ ♣r♦❝❡ss ✐s ❡①tr❡♠❡❧② ❝✉♠❜❡rs♦♠❡ ❛♥❞ ❞♦❡s ♥♦t

❛♣♣❡❛r t♦ ❤❛✈❡ ❡✈❡r ❜❡❡♥ ✐♠♣❧❡♠❡♥t❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❞♦❡s ♥♦t ♣r♦t❡❝t

❛❣❛✐♥st ❡rr♦rs ✐♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♦♣❡r❛t✐♦♥s✱ ✇❤✐❝❤ ❝♦✉❧❞ ❝❛✉s❡

❡✈❡r② t❤r❡❛❞ t♦ ❢❛✐❧ ✐♥ t✉r♥ ❛s ♦♥❡ ❜② ♦♥❡ t❤❡② ❛tt❡♠♣t t♦ ❡①❡❝✉t❡ ❛ ❜✉❣❣②

♦♣❡r❛t✐♦♥✳

❆❧❡♠❛♥② ❛♥❞ ❋❡❧t❡♥ ❬✶❪ ✐❞❡♥t✐☞❡❞ t✇♦ ❢❛❝t♦rs ❤✐♥❞❡r✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡

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

❛♥❞ t❤❡ ❝♦st ♦❢ ❞❛t❛ ❝♦♣②✐♥❣✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡② ♣r♦❝❡❡❞❡❞ t♦ ❭s♦❧✈❡✧ t❤❡s❡

♣r♦❜❧❡♠s ❜② ✐❣♥♦r✐♥❣ s❤♦rt ❞❡❧❛②s ❛♥❞ ❢❛✐❧✉r❡s ❛♥❞ ✉s✐♥❣ ♦♣❡r❛t✐♥❣ s②st❡♠

s✉♣♣♦rt t♦ ❤❛♥❞❧❡ ❞❡❧❛②s ❝❛✉s❡❞ ❜② ❝♦♥t❡①t s✇✐t❝❤❡s✱ ♣❛❣❡ ❢❛✉❧ts✱ ❛♥❞ ■✴❖

♦♣❡r❛t✐♦♥s✳ ❚❤✐s str❛t❡❣② ✇♦r❦s ✐♥ s♦♠❡ s✐t✉❛t✐♦♥s✱ ❜✉t ✐t ♦❜✈✐♦✉s❧② s✉☛❡rs

❢r♦♠ ❛ ❜♦♦tstr❛♣♣✐♥❣ ♣r♦❜❧❡♠ ❛s t❤❡ ♠❡❛♥s t♦ ✐♠♣❧❡♠❡♥t ❛♥ ♦♣❡r❛t✐♥❣

s②st❡♠✳

❆❧t❤♦✉❣❤ ❧♦❝❦✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❛r❡ ✉s✉❛❧❧② ❛ss✉♠❡❞ t♦ ❜❡ ♠♦r❡ ❡❢✲

☞❝✐❡♥t t❤❛t ✇❛✐t✲❢r❡❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✱ ▲❛▼❛r❝❛ ❬✻✹❪ s❤♦✇❡❞ ❡①♣❡r✐♠❡♥t❛❧

❡✈✐❞❡♥❝❡ t❤❛t ❍❡r❧✐❤②✬s s✐♠♣❧❡ ✇❛✐t✲❢r❡❡ ♣r♦t♦❝♦❧ s❝❛❧❡s ✇❡❧❧ ♦♥ ♣❛r❛❧❧❡❧ ♠❛✲

❝❤✐♥❡s✳ ❲❤❡♥ ♠♦r❡ t❤❛♥ ❛❜♦✉t t✇❡♥t② t❤r❡❛❞s ❛r❡ ✐♥✈♦❧✈❡❞✱ t❤❡ ✇❛✐t✲❢r❡❡

♣r♦t♦❝♦❧ ❜❡❝♦♠❡s ❢❛st❡r t❤❛♥ ❍❡r❧✐❤②✬s ❧♦❝❦✲❢r❡❡ s♠❛❧❧✲♦❜❥❡❝t ♣r♦t♦❝♦❧ ❬✹✽❪✱

t❤r❡❡ ❖❙✲❛✐❞❡❞ ♣r♦t♦❝♦❧s ♦❢ ▲❛▼❛r❝❛ ❬✻✹❪ ❛♥❞ ❆❧❡♠❛♥② ❛♥❞ ❋❡❧t❡♥ ❬✶❪✱ ❛♥❞

❛ t❡st✲❛♥❞✲❈♦♠♣❛r❡✫❙✇❛♣ s♣✐♥✲❧♦❝❦✳

✷■t ✐s ✐♥t❡r❡st✐♥❣ t❤❛t ❇❛r♥❡s✬ ❝♦♦♣❡r❛t✐✈❡ ♠❡t❤♦❞ ❢♦r ♥♦♥❜❧♦❝❦✐♥❣ s✐t✉❛t✐♦♥ ♣❧❛②s ♦✉t

✐♥ ❛ r❡❛❧✲t✐♠❡ s②st❡♠ ✈❡r② s✐♠✐❧❛r❧② t♦ ♣r✐♦r✐t② ✐♥❤❡r✐t❛♥❝❡ ❢♦r ❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥✳
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9.3 Transactional memory systems

❚r❛♥s❛❝t✐♦♥s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❞❛t❛❜❛s❡ ❝♦♥t❡①t ❜② ●r❛② ❬✸✽❪✱ ❛♥❞ ●r❛②

❛♥❞ ❘❡✉t❡r ❬✸✾❪ ❝♦♥t❛✐♥s ❛ t❤♦r♦✉❣❤ tr❡❛t♠❡♥t ♦❢ ❞❛t❛❜❛s❡ ✐ss✉❡s✳ ❍❛r❞✇❛r❡

❚r❛♥s❛❝t✐♦♥❛❧ ▼❡♠♦r② ✭❍❚▼✮ ✇❛s ☞rst ♣r♦♣♦s❡❞ ❜② ❑♥✐❣❤t ❬✻✸❪✱ ❛♥❞ ❍❡r✲

❧✐❤② ❛♥❞ ▼♦ss ❝♦✐♥❡❞ t❤❡ t❡r♠ ❭tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r②✧ ❛♥❞ ♣r♦♣♦s❡❞ ❍❚▼

✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❧♦❝❦✲❢r❡❡ ❞❛t❛ str✉❝t✉r❡s ❬✹✾✱ ✺✺❪✳ ❚❤❡ ❇❇◆ P❧✉r✐❜✉s ❬✽✽✱

❈❤✳ ✷✸❪ ♣r♦✈✐❞❡❞ tr❛♥s❛❝t✐♦♥s ✇✐t❤ ❛♥ ❛r❝❤✐t❡❝t✉r❛❧ ❧✐♠✐t ♦♥ t❤❡ s✐③❡ ♦❢ ❛

tr❛♥s❛❝t✐♦♥✳ ❊①♣❡r✐❡♥❝❡ ✇✐t❤ P❧✉r✐❜✉s s❤♦✇❡❞ t❤❛t t❤❡ ❤❡❛❞❛❝❤❡s ♦❢ ♣r♦✲

❣r❛♠♠✐♥❣ ❝♦rr❡❝t❧② ✇✐t❤ s✉❝❤ ❧✐♠✐ts ❝❛♥ ❜❡ ❛t ❧❡❛st ❛s ❝❤❛❧❧❡♥❣✐♥❣ ❛s ✉s✐♥❣

❧♦❝❦s✳ ❚❤❡ Oklahoma Update ❬✽✾❪ ✐s ❛♥♦t❤❡r ✈❛r✐❛t✐♦♥ ♦♥ tr❛♥s❛❝t✐♦♥❛❧

♦♣❡r❛t✐♦♥s ✇✐t❤ ❛♥ ❛r❝❤✐t❡❝t✉r❛❧ ❧✐♠✐t ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ✈❛❧✉❡s ✐♥ ❛ tr❛♥s❛❝✲

t✐♦♥✳

❚r❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ✐s s♦♠❡t✐♠❡s ❞❡s❝r✐❜❡❞ ❛s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ ▲♦❛❞✲

▲✐♥❦❡❞✴❙t♦r❡✲❈♦♥❞✐t✐♦♥❛❧ ❬✺✾❪ ❛♥❞ ♦t❤❡r ❛t♦♠✐❝ ✐♥str✉❝t✐♦♥ s❡q✉❡♥❝❡s✳ ■♥

❢❛❝t✱ s♦♠❡ ❈■❙❈ ♠❛❝❤✐♥❡s✱ s✉❝❤ ❛s t❤❡ ❱❆❳ ❬✷✼❪✱ ❤❛❞ ❝♦♠♣❧❡① ❛t♦♠✐❝ ✐♥✲

str✉❝t✐♦♥s s✉❝❤ ❛s ❡♥q✉❡✉❡ ❛♥❞ ❞❡q✉❡✉❡✳

❖❢ ♣❛rt✐❝✉❧❛r r❡❧❡✈❛♥❝❡ ❛r❡ Speculative Lock Elision ✭❙▲❊✮ ❬✽✵❪ ❛♥❞

Transactional Lock Removal ✭❚▲❘✮ ❬✽✶❪✱ ✇❤✐❝❤ s♣❡❝✉❧❛t✐✈❡❧② ✐❞❡♥t✐❢②

❧♦❝❦s ❛♥❞ ✉s❡ t❤❡ ❝❛❝❤❡ t♦ ❣✐✈❡ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛t♦♠✐❝✐t②✳ ❙▲❊ ❛♥❞ ❚▲❘

❤❛♥❞❧❡ ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ t❤r♦✉❣❤ ❛ st❛♥❞❛r❞ ♣r♦❣r❛♠♠❡r ✐♥t❡r❢❛❝❡ ✭❧♦❝❦s✮✱

❞②♥❛♠✐❝❛❧❧② tr❛♥s❧❛t✐♥❣ ❧♦❝❦s ✐♥t♦ tr❛♥s❛❝t✐♦♥❛❧ r❡❣✐♦♥s✳ ▼② r❡s❡❛r❝❤ t❤r✉st

❞✐☛❡rs ❢r♦♠ t❤❡✐rs ✐♥ t❤❛t ■ ❤♦♣❡ t♦ ❢r❡❡ ♣r♦❣r❛♠♠❡rs ❢r♦♠ t❤❡ ♣r♦t♦❝♦❧

❝♦♠♣❧❡①✐t✐❡s ♦❢ ❧♦❝❦✐♥❣✱ ♥♦t ❥✉st ♦♣t✐♠✐③❡ ❡①✐st✐♥❣ ♣r❛❝t✐❝❡✳ ❚❤❡ q✉❛♥t✐t❛✲

t✐✈❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✺ ♦❢ t❤✐s t❤❡s✐s ❝♦♥☞r♠ t❤❡✐r ☞♥❞✐♥❣ t❤❛t

tr❛♥s❛❝t✐♦♥❛❧ ❤❛r❞✇❛r❡ ❝❛♥ ❜❡ ♠♦r❡ ❡✍❝✐❡♥t t❤❛♥ ❧♦❝❦s✳

▼❛rt✐♥❡③ ❛♥❞ ❚♦rr❡❧❧❛s ♣r♦♣♦s❡❞ Speculative Synchronization ❬✼✷❪✱

✇❤✐❝❤ ❛❧❧♦✇s s♦♠❡ t❤r❡❛❞s t♦ ❡①❡❝✉t❡ ❛t♦♠✐❝ r❡❣✐♦♥s ♦❢ ❝♦❞❡ s♣❡❝✉❧❛t✐✈❡❧②✱

✉s✐♥❣ ❧♦❝❦s✱ ✇❤✐❧❡ ❣✉❛r❛♥t❡❡✐♥❣ ❢♦r✇❛r❞ ♣r♦❣r❡ss ❜② ♠❛✐♥t❛✐♥✐♥❣ ❛ ♥♦♥s♣❡❝✲

✉❧❛t✐✈❡ t❤r❡❛❞✳ ❚❤❡s❡ t❡❝❤♥✐q✉❡s ❣❛✐♥ ♠❛♥② ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛❞✈❛♥t❛❣❡s

♦❢ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r②✱ ❜✉t t❤❡② st✐❧❧ r❡q✉✐r❡ ♥❡✇ ❝♦❞❡ t♦ ♦❜❡② ❛ ❧♦❝❦✐♥❣
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♣r♦t♦❝♦❧ t♦ ❛✈♦✐❞ ❞❡❛❞❧♦❝❦✳

❚❤❡ r❡❝❡♥t ✇♦r❦ ♦♥ Transactional memory Coherence and Con-

sistency ✭❚❈❈✮ ❬✹✸❪ ✐s ❛❧s♦ r❡❧❡✈❛♥t t♦ ♦✉r ✇♦r❦✳ ❚❈❈ ✉s❡s ❛ ❜r♦❛❞❝❛st

❜✉s t♦ ✐♠♣❧❡♠❡♥t t❤❡ tr❛♥s❛❝t✐♦♥ ♣r♦t♦❝♦❧s✱ ♣❡r❢♦r♠✐♥❣ ❛❧❧ t❤❡ ✇r✐t❡s ♦❢

❛ ♣❛rt✐❝✉❧❛r tr❛♥s❛❝t✐♦♥ ✐♥ ♦♥❡ ❛t♦♠✐❝ ❜✉s ♦♣❡r❛t✐♦♥✳ ❚❤✐s str❛t❡❣② ❧✐♠✐ts

s❝❛❧❛❜✐❧✐t②✱ ✇❤❡r❡❛s ❜♦t❤ t❤❡ ❯❚▼ ❛♥❞ ▲❚▼ ♣r♦♣♦s❛❧s ✐♥ ❈❤❛♣t❡r ✼ ❝❛♥ ❡♠✲

♣❧♦② s❝❛❧❛❜❧❡ ❝❛❝❤❡✲❝♦♥s✐st❡♥❝② ♣r♦t♦❝♦❧s t♦ ✐♠♣❧❡♠❡♥t tr❛♥s❛❝t✐♦♥s✳ ❚❈❈

❛✍r♠s t❤❡ ❝♦♥❝❧✉s✐♦♥ ✇❡ ❞r❛✇ ❢r♦♠ ♦✉r ♦✇♥ ❋✐❣✉r❡ ✸✳✸✿ ♠♦st tr❛♥s❛❝t✐♦♥s

❛r❡ s♠❛❧❧✱ ❜✉t s♦♠❡ ❛r❡ ✈❡r② ❧❛r❣❡✳ ❚❈❈ s✉♣♣♦rts ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s ❜②

❧♦❝❦✐♥❣ t❤❡ ❜r♦❛❞❝❛st ❜✉s ❛♥❞ st❛❧❧✐♥❣ ❛❧❧ ♦t❤❡r ♣r♦❝❡ss♦rs ✇❤❡♥ ❛♥② ♣r♦✲

❝❡ss♦r ❜✉☛❡r ♦✈❡r✌♦✇s✱ ✇❤❡r❡❛s ❯❚▼ ❛♥❞ ▲❚▼ ❛❧❧♦✇ ♦✈❡r❧❛♣♣❡❞ ❡①❡❝✉t✐♦♥

♦❢ ♠✉❧t✐♣❧❡ ❧❛r❣❡ tr❛♥s❛❝t✐♦♥s ✇✐t❤ ❧♦❝❛❧ ♦✈❡r✌♦✇ ❜✉☛❡rs✳ ❚❈❈ ✐s s✐♠✐❧❛r t♦

▲❚▼ ✐♥ t❤❛t tr❛♥s❛❝t✐♦♥s ❛r❡ ❜♦✉♥❞ t♦ ♣r♦❝❡ss♦r st❛t❡ ❛♥❞ ❝❛♥♥♦t ❡①t❡♥❞

❛❝r♦ss ♣❛❣❡ ❢❛✉❧ts✱ t✐♠❡r ✐♥t❡rr✉♣ts✱ ♦r t❤r❡❛❞ ♠✐❣r❛t✐♦♥s✳

❙❡✈❡r❛❧ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ❬✹✹✱ ✺✵✱ ✽✹✱ ✽✼❪✳

❙♦♠❡ ❝♦♥str❛✐♥ t❤❡ ♣r♦❣r❛♠♠❡r ❛♥❞ ♠❛❦❡ tr❛♥s❛❝t✐♦♥s ❞✐✍❝✉❧t t♦ ✉s❡✳ ❆❧❧

❤❛✈❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ ♦✈❡r❤❡❛❞s✱ ✇❤✐❝❤ ♠❛❦❡ tr❛♥s❛❝t✐♦♥s ✉♥❛ttr❛❝t✐✈❡ ❢♦r

✉♥✐♣r♦❝❡ss♦r ❛♥❞ s♠❛❧❧ ❙▼P s②st❡♠s✳ ✭❖♥❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❝❡ss♦rs ✐s

❧❛r❣❡ ❡♥♦✉❣❤✱ t❤❡ ✐♥❝r❡❛s❡❞ ♣❛r❛❧❧❡❧✐s♠ t❤❛t ❝❛♥ ❜❡ ♣r♦✈✐❞❡❞ ❜② ♦♣t✐♠✐st✐❝

tr❛♥s❛❝t✐♦♥s ♠❛② ❝❛♥❝❡❧ ♦✉t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♣❡♥❛❧t② ♦❢ t❤❡✐r ✉s❡✳✮

❙♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ✇❛s ☞rst ♣r♦♣♦s❡❞ ❜② ❙❤❛✈✐t ❛♥❞ ❚♦✉✐t♦✉

❬✽✼❪✳ ❚❤❡✐r s②st❡♠ r❡q✉✐r❡s t❤❛t ❛❧❧ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ❧♦❝❛t✐♦♥s t♦✉❝❤❡❞ ❜② ❛

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

❛t ❧❡❛st ✶✵ ❢❡t❝❤❡s ❛♥❞ ✹ st♦r❡s ♣❡r ❧♦❝❛t✐♦♥ ❛❝❝❡ss❡❞ ✭♥♦t ❝♦✉♥t✐♥❣ t❤❡

❧♦❛❞s ❛♥❞ st♦r❡s ❞✐r❡❝t❧② r❡q✉✐r❡❞ ❜② t❤❡ ❝♦♠♣✉t❛t✐♦♥✮✳ ❚❤❡ ❜❡♥❝❤♠❛r❦s

♣r❡s❡♥t❡❞ ✇❡r❡ r✉♥ ♦♥ ❜❡t✇❡❡♥ ✶✵ ❛♥❞ ✻✹ ♣r♦❝❡ss♦rs✳

❘✉❞②s ❛♥❞ ❲❛❧❧❛❝❤ ❬✽✹❪ ♣r♦♣♦s❡❞ ❛ ❝♦♣②✐♥❣✲❜❛s❡❞ tr❛♥s❛❝t✐♦♥ s②st❡♠

t♦ ❛❧❧♦✇ r♦❧❧❜❛❝❦ ♦❢ ❤♦st✐❧❡ ❝♦❞❡❧❡ts✳ ❚❤❡② s❤♦✇ ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡

s❧♦✇❞♦✇♥ ❢♦r ☞❡❧❞ ❛♥❞ ❛rr❛② ❛❝❝❡ss❡s✱ ❛♥❞ ✻① t♦ ✷✸① s❧♦✇❞♦✇♥ ♦♥ t❤❡✐r

❜❡♥❝❤♠❛r❦s✳

❍❡r❧✐❤②✱ ▲✉❝❤❛♥❣❝♦✱ ▼♦ss✱ ❛♥❞ ❙❝❤❡r❡r ❬✺✵❪ ♣r❡s❡♥t ❛ s❝❤❡♠❡ t❤❛t ❛❧❧♦✇s

✶✻✻
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tr❛♥s❛❝t✐♦♥s t♦ t♦✉❝❤ ❛ ❞②♥❛♠✐❝ s❡t ♦❢ ♠❡♠♦r② ❧♦❝❛t✐♦♥s✳ ❚❤❡ ✉s❡r st✐❧❧

♠✉st ❡①♣❧✐❝✐t❧② ♦♣❡♥ ❡✈❡r② ♦❜❥❡❝t t♦✉❝❤❡❞✱ ❤♦✇❡✈❡r✱ ❜❡❢♦r❡ ✐t ❝❛♥ ❜❡ ✉s❡❞

✐♥ ❛ tr❛♥s❛❝t✐♦♥✳ ❚❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ♦❜❥❡❝t ❝♦♣②✐♥❣✱ ❛♥❞ s♦

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

♥❡❝❡ss❛r② t♦ ❝♦♣② ♦❜❥❡❝ts ✐♥✈♦❧✈❡❞ ✐♥ ✇r✐t❡s✱ t❤❡② r❡q✉✐r❡ O(R(R + W))

✇♦r❦ t♦ ♦♣❡♥ R ♦❜❥❡❝ts ❢♦r r❡❛❞✐♥❣ ❛♥❞ W ♦❜❥❡❝ts ❢♦r ✇r✐t✐♥❣✱ ✇❤✐❝❤ ♠❛②

❜❡ q✉❛❞r❛t✐❝ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ♦❜❥❡❝ts ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥✳ ❆ ❧✐st

✐♥s❡rt✐♦♥ ❜❡♥❝❤♠❛r❦ t❤❛t t❤❡② ♣r❡s❡♥t s❤♦✇s ✾① s❧♦✇❞♦✇♥ ♦✈❡r ❛ ❧♦❝❦✐♥❣

s❝❤❡♠❡✱ ❛❧t❤♦✉❣❤ t❤❡② ❜❡❛t t❤❡ ❧♦❝❦✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇❤❡♥ ♠♦r❡ t❤❛♥

✺✲✶✵ ♣r♦❝❡ss♦rs ❛r❡ ❛❝t✐✈❡✳ ❚❤❡② ♣r❡s❡♥t ❜❡♥❝❤♠❛r❦ ❞❛t❛ ✇✐t❤ ✉♣ t♦ ✺✼✻

t❤r❡❛❞s ♦♥ ✼✷ ♣r♦❝❡ss♦rs✳

❍❛rr✐s ❛♥❞ ❋r❛s❡r ❬✹✹❪ ❜✉✐❧t ❛ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ ♦♥ ❛ ✌❛t ✇♦r❞✲

♦r✐❡♥t❡❞ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ❛❜str❛❝t✐♦♥✱ r♦✉❣❤❧② s✐♠✐❧❛r t♦ s✐♠✉❧❛t✐♥❣

❍❡r❧✐❤②✬s ♦r✐❣✐♥❛❧ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥❛❧ ♠❡♠♦r② ♣r♦♣♦s❛❧ ✐♥ s♦❢t✇❛r❡✳ ❚❤❡

✌❛t ♠❡♠♦r② ❛❜str❛❝t✐♦♥ ❛✈♦✐❞s ♣r♦❜❧❡♠s ✇✐t❤ ❧❛r❣❡ ♦❜❥❡❝ts✳ P❡r❢♦r♠✐♥❣ m

♠❡♠♦r② ♦♣❡r❛t✐♦♥s t♦✉❝❤✐♥❣ l ❞✐st✐♥❝t ❧♦❝❛t✐♦♥s ❝♦sts ❛t ❧❡❛st m + l ❡①tr❛

r❡❛❞s ❛♥❞ l+1 ❈❆❙ ♦♣❡r❛t✐♦♥s✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ r❡❛❞s ❛♥❞ ✇r✐t❡s r❡q✉✐r❡❞

❜② t❤❡ ❝♦♠♣✉t❛t✐♦♥✳ ❚❤❡② ❛♣♣❡❛r t♦ ❡①❡❝✉t❡ ❛❜♦✉t t✇✐❝❡ ❛s s❧♦✇❧② ❛s ❛

❧♦❝❦✐♥❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦♥ s♦♠❡ ♠✐❝r♦❜❡♥❝❤♠❛r❦s✳ ❚❤❡② ❜❡♥❝❤♠❛r❦ ♦♥ ❛

✹✲♣r♦❝❡ss♦r ❛s ✇❡❧❧ ❛s ❛ ✶✵✻✲♣r♦❝❡ss♦r ♠❛❝❤✐♥❡✳ ❚❤❡✐r ❝r♦ss♦✈❡r ♣♦✐♥t ✭❛t

✇❤✐❝❤ t❤❡ ❜❧♦❝❦✐♥❣ ♦✈❡r❤❡❛❞ ♦❢ ❧♦❝❦s ♠❛t❝❤❡s t❤❡ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ ♦✈❡r✲

❤❡❛❞✮ ✐s ❛r♦✉♥❞ ✹ ♣r♦❝❡ss♦rs✳ ❍❛rr✐s ❛♥❞ ❋r❛s❡r ❞♦ ♥♦t ❛❞❞r❡ss t❤❡ ♣r♦❜❧❡♠

♦❢ ❝♦♥❝✉rr❡♥t ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ♦♣❡r❛t✐♦♥s ♦♥ ❧♦❝❛t✐♦♥s ✐♥✈♦❧✈❡❞ ✐♥ ❛ tr❛♥s✲

❛❝t✐♦♥✱ ❤♦✇❡✈❡r✳ ❏❛✈❛ s②♥❝❤r♦♥✐③❛t✐♦♥ ❛❧❧♦✇s s✉❝❤ ❝♦♥❝✉rr❡♥t ♦♣❡r❛t✐♦♥s✱

✇✐t❤ s❡♠❛♥t✐❝s ❣✐✈❡♥ ❜② t❤❡ ❏❛✈❛ ♠❡♠♦r② ♠♦❞❡❧ ❬✻✽④✼✵❪✳ ❚❤❡ ♠❡❝❤❛♥✐s♠s

♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✸ s✉♣♣♦rt t❤❡s❡ ♦♣❡r❛t✐♦♥s s❛❢❡❧②✳

❍❡r❧✐❤② ❛♥❞ ▼♦ss ❬✹✾❪ s✉❣❣❡st❡❞ t❤❛t s♠❛❧❧ tr❛♥s❛❝t✐♦♥s ♠✐❣❤t ❜❡ ❤❛♥✲

❞❧❡❞ ✐♥ ❝❛❝❤❡ ✇✐t❤ ♦✈❡r✌♦✇s ❤❛♥❞❧❡❞ ❜② s♦❢t✇❛r❡✳ ❚❤❡s❡ s♦❢t✇❛r❡ ♦✈❡r✌♦✇s

♠✉st ✐♥t❡r❛❝t ✇✐t❤ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ❤❛r❞✇❛r❡ ✐♥ t❤❡ s❛♠❡ ✇❛② t❤❛t t❤❡

❤❛r❞✇❛r❡ ✐♥t❡r❛❝ts ✇✐t❤ ✐ts❡❧❢✱ ❤♦✇❡✈❡r✳ ❙❡❝t✐♦♥ ✼✳✹ ♣r❡s❡♥t❡❞ ❥✉st s✉❝❤ ❛

s②st❡♠✳
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9.4 Language-level approaches to synchronization

❖✉r ✇♦r❦ ♦♥ ✐♥t❡❣r❛t✐♥❣ tr❛♥s❛❝t✐♦♥s ✐♥t♦ t❤❡ ❏❛✈❛ ♣r♦❣r❛♠♠✐♥❣ ❧❛♥❣✉❛❣❡

✐s r❡❧❛t❡❞ t♦ ♣r✐♦r ✇♦r❦ ♦♥ ✐♥t❡❣r❛t✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❢♦r ♠✉❧✲

t✐♣r♦❣r❛♠♠✐♥❣✱ ❛♥❞ ✐♥ ♣❛rt✐❝✉❧❛r✱ t♦ ♣r✐♦r ✇♦r❦ ♦♥ s②♥❝❤r♦♥✐③❛t✐♦♥ ✐♥ ❛♥

♦❜❥❡❝t✲♦r✐❡♥t❡❞ ❢r❛♠❡✇♦r❦✳

❚❤❡ ❊♠❡r❛❧❞ s②st❡♠ ❬✶✻✱ ✻✶❪ ✐♥tr♦❞✉❝❡❞ ♠♦♥✐t♦r❡❞ ♦❜❥❡❝ts ❢♦r s②♥❝❤r♦✲

♥✐③❛t✐♦♥✳ ❊♠❡r❛❧❞ ❝♦❞❡ t♦ ✐♠♣❧❡♠❡♥t ❛ s✐♠♣❧❡ ❞✐r❡❝t♦r② ♦❜❥❡❝t ✐s s❤♦✇♥

✐♥ ❋✐❣✉r❡ ✾✳✶✳ ❊❛❝❤ ♦❜❥❡❝t ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❍♦❛r❡✲st②❧❡ ♠♦♥✐t♦r✱ ✇❤✐❝❤

♣r♦✈✐❞❡s ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ❛♥❞ ♣r♦❝❡ss s✐❣♥❛❧✐♥❣✳ ❊❛❝❤ ❊♠❡r❛❧❞ ♦❜❥❡❝t ✐s

❞✐✈✐❞❡❞ ✐♥t♦ ❛ ♠♦♥✐t♦r❡❞ ♣❛rt ❛♥❞ ❛ ♥♦♥✲♠♦♥✐t♦r❡❞ ♣❛rt✳ ❱❛r✐❛❜❧❡s ❞❡❝❧❛r❡❞

✐♥ t❤❡ ♠♦♥✐t♦r❡❞ ♣❛rt ❛r❡ s❤❛r❡❞✱ ❛♥❞ ❛❝❝❡ss t♦ t❤❡♠ ❢r♦♠ ♠❡t❤♦❞s ✐♥ t❤❡

♥♦♥✲♠♦♥✐t♦r❡❞ ♣❛rt ✐s ♣r♦❤✐❜✐t❡❞⑤❛❧t❤♦✉❣❤ ♥♦♥✲♠♦♥✐t♦r❡❞ ♠❡t❤♦❞s ♠❛②

❝❛❧❧ ♠♦♥✐t♦r❡❞ ♠❡t❤♦❞s t♦ ❡☛❡❝t t❤❡ ❛❝❝❡ss✳ ▼❡t❤♦❞s ✐♥ t❤❡ ♠♦♥✐t♦r❡❞ ♣❛rt

❛❝q✉✐r❡ t❤❡ ♠♦♥✐t♦r ❧♦❝❦ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ r❡❝❡✐✈❡r ♦❜❥❡❝t ❜❡❢♦r❡ ❡♥tr②

❛♥❞ r❡❧❡❛s❡ ✐t ♦♥ ❡①✐t✱ ♣r♦✈✐❞✐♥❣ ❢♦r ♠✉t✉❛❧ ❡①❝❧✉s✐♦♥ ❛♥❞ s❛❢❡ ✉♣❞❛t❡ ♦❢

t❤❡ s❤❛r❡❞ ✈❛r✐❛❜❧❡s✳ ▼♦♥✐t♦r❡❞ ♦❜❥❡❝ts ♥❛t✉r❛❧❧② ✐♥t❡❣r❛t❡ s②♥❝❤r♦♥✐③❛t✐♦♥

✐♥t♦ t❤❡ ♦❜❥❡❝t ♠♦❞❡❧✳

❯♥❧✐❦❡ ❊♠❡r❛❧❞ ♠♦♥✐t♦r❡❞ ♦❜❥❡❝ts✱ ✇❤❡r❡ ♠❡t❤♦❞s ❝❛♥ ♦♥❧② ❛❝q✉✐r❡ t❤❡

♠♦♥✐t♦r ♦❢ t❤❡✐r r❡❝❡✐✈❡r ❛♥❞ ✇❤❡r❡ r❡str✐❝t❡❞ ❛❝❝❡ss t♦ s❤❛r❡❞ ✈❛r✐❛❜❧❡s ✐s

❡♥❢♦r❝❡❞ ❜② t❤❡ ❝♦♠♣✐❧❡r✱ ❏❛✈❛ ✐♠♣❧❡♠❡♥ts ❛ ❧♦♦s❡ ✈❛r✐❛♥t ✇❤❡r❡ ❛♥② ♠♦♥✐t♦r

♠❛② ❜❡ ❡①♣❧✐❝✐t❧② ❛❝q✉✐r❡❞ ❛♥❞ ♥♦ s❤❛r❡❞ ✈❛r✐❛❜❧❡ ♣r♦t❡❝t✐♦♥ ❡①✐sts✳ ❆s ❛

❞❡❢❛✉❧t✱ ❤♦✇❡✈❡r✱ ❏❛✈❛ ♠❡t❤♦❞s ❞❡❝❧❛r❡❞ ✇✐t❤ t❤❡ synchronized ❦❡②✇♦r❞

❜❡❤❛✈❡ ❧✐❦❡ ❊♠❡r❛❧❞ ♠♦♥✐t♦r❡❞ ♠❡t❤♦❞s✱ ❡♥s✉r✐♥❣ t❤❛t t❤❡ ♠♦♥✐t♦r ❧♦❝❦ ♦❢

t❤❡✐r r❡❝❡✐✈❡r ✐s ❤❡❧❞ ❞✉r✐♥❣ ❡①❡❝✉t✐♦♥✳

❏❛✈❛✬s s②♥❝❤r♦♥✐③❛t✐♦♥ ♣r✐♠✐t✐✈❡s ❛r❣✉❛❜❧② ❛❧❧♦✇ ❢♦r ♠♦r❡ ❡✍❝✐❡♥t ❝♦♥✲

❝✉rr❡♥t ❝♦❞❡ t❤❛♥ ❊♠❡r❛❧❞✬s⑤❢♦r ❡①❛♠♣❧❡✱ ❏❛✈❛ ♦❜❥❡❝ts ❝❛♥ ✉s❡ ♠✉❧t✐♣❧❡

❧♦❝❦s t♦ ♣r♦t❡❝t ❞✐s❥♦✐♥t s❡ts ♦❢ ☞❡❧❞s✱ ❛♥❞ ❝♦❛rs❡✲❣r❛✐♥ ❧♦❝❦s ❝❛♥ ❜❡ ✉s❡❞

✇❤✐❝❤ ♣r♦t❡❝t ♠✉❧t✐♣❧❡ ♦❜❥❡❝ts⑤❜✉t ❏❛✈❛ ✐s ❛❧s♦ ♠♦r❡ ♣r♦♥❡ t♦ ♣r♦❣r❛♠♠❡r

❡rr♦r✳ ❊✈❡♥ ❊♠❡r❛❧❞✬s r❡str✐❝t✐✈❡ ♠♦♥✐t♦r❡❞ ♦❜❥❡❝ts✱ ❤♦✇❡✈❡r✱ ❛r❡ ♥♦t s✉❢✲

☞❝✐❡♥t t♦ ♣r❡✈❡♥t ❞❛t❛ r❛❝❡s✳ ❆s ❛ s✐♠♣❧❡ ❡①❛♠♣❧❡✱ ✐♠❛❣✐♥❡ t❤❛t ❛♥ ♦❜❥❡❝t

✶✻✽



✾✳✹✳ ▲❆◆●❯❆●❊✲▲❊❱❊▲ ❆PP❘❖❆❈❍❊❙ ❚❖ ❙❨◆❈❍❘❖◆■❩❆❚■❖◆

const ♠②❉✐r❡❝t♦r② ❂❂ object ♦♥❡❊♥tr②❉✐r❡❝t♦r②

export ❙t♦r❡✱ ▲♦♦❦✉♣

monitor

var ♥❛♠❡ ✿ ❙tr✐♥❣

var ❆♥❖❜❥❡❝t ✿ ❆♥②

operation ❙t♦r❡ ❬ ♥ ✿ ❙tr✐♥❣✱ ♦ ✿ ❆♥② ❪

♥❛♠❡ ← ♥

❆♥❖❜❥❡❝t ← ♦

end ❙t♦r❡

function ▲♦♦❦✉♣ ❬ ♥ ✿ ❙tr✐♥❣ ❪ → ❬ ♦ ✿ ❆♥② ❪

if ♥ ❂ ♥❛♠❡

then ♦ ← ❆♥❖❜❥❡❝t

else ♦ ← nil

end if

end ▲♦♦❦✉♣

initially

♥❛♠❡ ← nil

❆♥❖❜❥❡❝t ← nil

end initially

end monitor

end ♦♥❡❊♥tr②❉✐r❡❝t♦r②

❋✐❣✉r❡ ✾✳✶✿ ❆ ❞✐r❡❝t♦r② ♦❜❥❡❝t ✐♥ ❊♠❡r❛❧❞ ❬✶✻❪✱ ✐❧❧✉str❛t✐♥❣ t❤❡ ✉s❡ ♦❢ ♠♦♥✐t♦r

s②♥❝❤r♦♥✐③❛t✐♦♥✳

✶✻✾
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class Account {

int balance = 0;

atomic int deposit(int amt) {

int t = this.balance;

t = t + amt;

this.balance = t;

return t;

}

atomic int readBalance() {

return this.balance;

}

atomic int withdraw(int amt) {

int t = this.balance;

t = t - amt;

this.balance = t;

return t;

}

}

❋✐❣✉r❡ ✾✳✷✿ ❆ s✐♠♣❧❡ ❜❛♥❦ ❛❝❝♦✉♥t ♦❜❥❡❝t✱ ❛❞❛♣t❡❞ ❢r♦♠ ❬✷✾❪✱ ✐❧❧✉str❛t✐♥❣

t❤❡ ✉s❡ ♦❢ t❤❡ atomic ♠♦❞✐☞❡r✳
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♣r♦✈✐❞❡s t✇♦ ♠♦♥✐t♦r❡❞ ♠❡t❤♦❞s read ❛♥❞ write ✇❤✐❝❤ ❛❝❝❡ss ❛ s❤❛r❡❞ ✈❛r✐✲

❛❜❧❡✳ ◆♦♥✲♠♦♥✐t♦r❡❞ ❝♦❞❡ ❝❛♥ ❝❛❧❧ read✱ ✐♥❝r❡♠❡♥t t❤❡ ✈❛❧✉❡ r❡t✉r♥❡❞✱ ❛♥❞

t❤❡♥ ❝❛❧❧ write✱ ❝r❡❛t✐♥❣ ❛ ❝❧❛ss✐❝ r❛❝❡✲❝♦♥❞✐t✐♦♥ s❝❡♥❛r✐♦✳ ❚❤❡ ❛t♦♠✐❝✐t② ♦❢

t❤❡ ♣❛rts ✐s ♥♦t s✉✍❝✐❡♥t t♦ ❣✉❛r❛♥t❡❡ ❛t♦♠✐❝✐t② ♦❢ t❤❡ ✇❤♦❧❡ ❬✷✾❪✳

❚❤✐s ❡①❛♠♣❧❡ s✉❣❣❡sts t❤❛t ❛ ❜❡tt❡r ♠♦❞❡❧ ❢♦r s②♥❝❤r♦♥✐③❛t✐♦♥ ✐♥ ♦❜❥❡❝t✲

♦r✐❡♥t❡❞ s②st❡♠s ✐s ❛t♦♠✐❝✐t② ✳ ❋✐❣✉r❡ ✾✳✷ s❤♦✇s ❏❛✈❛ ❡①t❡♥❞❡❞ ✇✐t❤ ❛♥

atomic ❦❡②✇♦r❞ t♦ ✐♠♣❧❡♠❡♥t ❛♥ ♦❜❥❡❝t r❡♣r❡s❡♥t✐♥❣ ❛ ❜❛♥❦ ❛❝❝♦✉♥t✳ ❘❛t❤❡r

t❤❛♥ ❡①♣❧✐❝✐t❧② s②♥❝❤r♦♥✐③✐♥❣ ♦♥ ❧♦❝❦s✱ ■ s✐♠♣❧② r❡q✉✐r❡ t❤❛t t❤❡ ♠❡t❤♦❞s

♠❛r❦❡❞ atomic ❡①❡❝✉t❡ ❛t♦♠✐❝❛❧❧② ✇✐t❤ r❡s♣❡❝t t♦ ♦t❤❡r t❤r❡❛❞s ✐♥ t❤❡ s②s✲

t❡♠✳ ❚♦ ❡①❡❝✉t❡ ❛t♦♠✐❝❛❧❧②✱ ❡✈❡r② ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ♣r♦❣r❛♠ ♠✉st ❝♦♠♣✉t❡

t❤❡ s❛♠❡ r❡s✉❧t ❛s s♦♠❡ ❡①❡❝✉t✐♦♥ ✇❤❡r❡ ❛❧❧ ❛t♦♠✐❝ ♠❡t❤♦❞s ✇❡r❡ r✉♥ ✐♥

✐s♦❧❛t✐♦♥ ❛t ❛ ❝❡rt❛✐♥ ♣♦✐♥t ✐♥ t✐♠❡✸ ❜❡t✇❡❡♥ t❤❡✐r ✐♥✈♦❝❛t✐♦♥ ❛♥❞ r❡t✉r♥✳

❆t♦♠✐❝ ♠❡t❤♦❞s ✐♥✈♦❦❡❞ ❞✐r❡❝t❧② ♦r ✐♥❞✐r❡❝t❧② ❢r♦♠ ❛♥ ❛t♦♠✐❝ ♠❡t❤♦❞ ❛r❡

s✉❜s✉♠❡❞ ❜② ✐t✿ ✐❢ t❤❡ ♦✉t❡r♠♦st ♠❡t❤♦❞ ❛♣♣❡❛rs ❛t♦♠✐❝✱ t❤❡♥ ❜② ❞❡☞♥✐✲

t✐♦♥ ❛❧❧ ✐♥♥❡r ♠❡t❤♦❞ ✐♥✈♦❝❛t✐♦♥s ❛❧s♦ ❛♣♣❡❛r ❛t♦♠✐❝✳ ❋❧❛♥❛❣❛♥ ❛♥❞ ◗❛❞❡❡r

❬✷✾❪ ♣r♦✈✐❞❡ ❛ ♠♦r❡ ❢♦r♠❛❧ s❡♠❛♥t✐❝s✳ ❆t♦♠✐❝ ♠❡t❤♦❞s ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ✉s✲

✐♥❣ s❡q✉❡♥t✐❛❧ r❡❛s♦♥✐♥❣ t❡❝❤♥✐q✉❡s✱ ✇❤✐❝❤ s✐❣♥✐☞❝❛♥t❧② s✐♠♣❧✐☞❡s r❡❛s♦♥✐♥❣

❛❜♦✉t ♣r♦❣r❛♠ ❝♦rr❡❝t♥❡ss✳

❆t♦♠✐❝ ♠❡t❤♦❞s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ ❧♦❝❦s✳ ❆ s✐♠♣❧❡ ✐❢ ✐♥❡✍❝✐❡♥t

✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇♦✉❧❞ s✐♠♣❧② ❛❝q✉✐r❡ ❛ s✐♥❣❧❡ ❣❧♦❜❛❧ ❧♦❝❦ ❞✉r✐♥❣ t❤❡ ❡①❡✲

❝✉t✐♦♥ ♦❢ ❡✈❡r② ❛t♦♠✐❝ ♠❡t❤♦❞✳ ❋❧❛♥❛❣❛♥ ❛♥❞ ◗❛❞❡❡r ❬✷✾❪ ♣r❡s❡♥t ❛ ♠♦r❡

s♦♣❤✐st✐❝❛t❡❞ t❡❝❤♥✐q✉❡ t♦ ♣r♦✈❡ t❤❛t ❛ ❣✐✈❡♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s✐♥❣ st❛♥❞❛r❞

❏❛✈❛ ♠♦♥✐t♦rs ❝♦rr❡❝t❧② ❣✉❛r❛♥t❡❡s ♠❡t❤♦❞ ❛t♦♠✐❝✐t②✳

❚❤❡ tr❛♥s❛❝t✐♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❛❧❧ ✉s❡ ♥♦♥✲

❜❧♦❝❦✐♥❣ s②♥❝❤r♦♥✐③❛t✐♦♥ t♦ ✐♠♣❧❡♠❡♥t ❛t♦♠✐❝ ♠❡t❤♦❞s✳

✸❚❤❡ linearization point ✳

✶✼✶
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❭❇❡❣✐♥ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣✱✧ t❤❡

❑✐♥❣ s❛✐❞✱ ✈❡r② ❣r❛✈❡❧②✱ ❭❛♥❞ ❣♦

♦♥ t✐❧❧ ②♦✉ ❝♦♠❡ t♦ t❤❡ ❡♥❞✿

t❤❡♥ st♦♣✳✧

▲❡✇✐s ❈❛rr♦❧❧✱ ❆❧✐❝❡✬s

❆❞✈❡♥t✉r❡s ✐♥ ❲♦♥❞❡r❧❛♥❞Chapter 10

Conclusion

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

❞♦❡s ♥♦t ❤❛✈❡ t♦ ❜❡ ❛s ❢r❛✉❣❤t ❛s ✐t ✐s ♣r❡s❡♥t❧②✱ ❤♦✇❡✈❡r✳ ■ ❜❡❧✐❡✈❡ t❤❛t tr❛♥s✲

❛❝t✐♦♥s ♣r♦✈✐❞❡ ❛ ♣r♦❣r❛♠♠❡r✲❢r✐❡♥❞❧② ♠♦❞❡❧ ♦❢ ❝♦♥❝✉rr❡♥❝② ✇❤✐❝❤ ❡❧✐♠✐✲

♥❛t❡s ♠❛♥② ♣♦t❡♥t✐❛❧ ♣✐t❢❛❧❧s ♦❢ ♦✉r ❝✉rr❡♥t ❧♦❝❦✐♥❣✲❜❛s❡❞ ♠❡t❤♦❞♦❧♦❣✐❡s✳

■♥ t❤✐s t❤❡s✐s ■ ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐♠♣❧❡♠❡♥t ❛♥

❡✍❝✐❡♥t str♦♥❣❧② ❛t♦♠✐❝ s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✱ ❆♣❡❳✳ ■ ❤❛✈❡ s❤♦✇♥

t❤❛t ♥♦♥❜❧♦❝❦✐♥❣ tr❛♥s❛❝t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❛♣♣❧✐❝❛t✐♦♥s ❜❡②♦♥❞ s②♥❝❤r♦✲

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

✐♠♣❧❡♠❡♥t❛t✐♦♥ ❞❡t❛✐❧s t♦ ❛❞❞r❡ss t❤❡ ♣r❛❝t✐❝❛❧ ♣r♦❜❧❡♠s ♦❢ ❜✉✐❧❞✐♥❣ s✉❝❤ ❛

s②st❡♠✳

■ ❤❛✈❡ ❛r❣✉❡❞ t❤❡ tr❛♥s❛❝t✐♦♥s s❤♦✉❧❞ ♥♦t ❜❡ s✉❜❥❡❝t t♦ ❧✐♠✐ts ♦♥ s✐③❡

♦r ❞✉r❛t✐♦♥✳ ■ ❤❛✈❡ ♣r❡s❡♥t❡❞ ❜♦t❤ s♦❢t✇❛r❡ ❛♥❞ ❤❛r❞✇❛r❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s

❢r❡❡ ♦❢ s✉❝❤ r❡str✐❝t✐♦♥s✳

❙✐♥❝❡ t❤❡ ❧♦✇ ♦✈❡r❤❡❛❞ ♦❢ t❤❡ ❆♣❡❳ s♦❢t✇❛r❡ s②st❡♠ ❛❧❧♦✇s ✐t t♦ ❜❡

♣r♦☞t❛❜❧② ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✱ ■ ❤❛✈❡ s❤♦✇♥ ❤♦✇

t♦ ❜✉✐❧❞ ❛ ❤②❜r✐❞✱ ❍②❆♣❡❳✱ ✇❤✐❝❤ ②✐❡❧❞s ❢❛st ❡①❡❝✉t✐♦♥ ♦❢ s❤♦rt ❛♥❞ s♠❛❧❧

tr❛♥s❛❝t✐♦♥s ✇❤✐❧❡ ❛❧❧♦✇✐♥❣ ❢❛❧❧❜❛❝❦ t♦ s♦❢t✇❛r❡ ❢♦r ❧❛r❣❡ ♦r ❝♦♠♣❧✐❝❛t❡❞

tr❛♥s❛❝t✐♦♥s✳

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts s❡✈❡r❛❧ ❞❡s✐❣♥s ❢♦r ❡✍❝✐❡♥t tr❛♥s❛❝t✐♦♥ s②st❡♠s t❤❛t

❡♥❛❜❧❡ t❤❡ tr❛♥s❛❝t✐♦♥❛❧ ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡❧✳ ❚❤❡ ❆♣❡❳ s♦❢t✇❛r❡✲♦♥❧② s②s✲
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❈❍❆P❚❊❘ ✶✵✳ ❈❖◆❈▲❯❙■❖◆

t❡♠ r✉♥s ♦♥ ❝✉rr❡♥t ❤❛r❞✇❛r❡✱ ❛♥❞ ▲❚▼ ❛♥❞ ❯❚▼ ✐♥❞✐❝❛t❡ ♣♦ss✐❜❧❡ ❞✐r❡❝✲

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

✐♥❣✱ ❤♦✇❡✈❡r✳ ❍♦✇ s❤♦✉❧❞ ■✴❖ ❜❡ ❤❛♥❞❧❡❞❄ ❲❤❛t ❛r❡ t❤❡ ♣r♦♣❡r s❡♠❛♥t✐❝s

❢♦r ♥❡st❡❞ tr❛♥s❛❝t✐♦♥s❄ ❲❤❛t ❧♦♦♣❤♦❧❡ ♠❡❝❤❛♥✐s♠s ❛r❡ ♥❡❝❡ss❛r② t♦ ❛❧❧♦✇

✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ tr❛♥s❛❝t✐♦♥✬s ♣r♦❣r❡ss t♦ ❡s❝❛♣❡❄

■ ❜❡❧✐❡✈❡ ❤②❜r✐❞ s②st❡♠s s✉❝❤ ❛s ❍②❆♣❡❳ ♦☛❡r t❤❡ ❜❡st ❛♥s✇❡r t♦ t❤❡s❡

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

t❤❡ ✌❡①✐❜✐❧✐t② ♦❢ s♦❢t✇❛r❡✱ ❛❧❧♦✇✐♥❣ ♥♦✈❡❧ s♦❧✉t✐♦♥s t♦ ❜❡ ❛tt❡♠♣t❡❞ ✇✐t❤♦✉t

r❡q✉✐r✐♥❣ t❤❛t ❞❡s✐❣♥ ❞❡❝✐s✐♦♥s ❜❡ ❝❛st ✐♥ s✐❧✐❝♦♥✳ ❚❤❡ ✌❛❣✲❜❛s❡❞ ❆♣❡❳

s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s t❤❡s✐s ✐♠♣♦s❡s ❧♦✇ ♦✈❡r❤❡❛❞✱

❛❧❧♦✇✐♥❣ tr❛♥s❛❝t✐♦♥❛❧ ♣r♦❣r❛♠♠✐♥❣ t♦ ❣❡t ♦☛ t❤❡ ❣r♦✉♥❞ ✇✐t❤♦✉t ❤❛r❞✇❛r❡

s✉♣♣♦rt ✐♥ t❤❡ ♥❡❛r t❡r♠✱ ✇❤✐❧❡ ❧❛t❡r s✉♣♣♦rt✐♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♥❡✇

tr❛♥s❛❝t✐♦♥❛❧ ♠♦❞❡❧s ❛♥❞ ♠❡t❤♦❞♦❧♦❣✐❡s ❛s ♣❛rt ♦❢ ❛ ❤②❜r✐❞ s②st❡♠✳

❉❡s✐❣♥✐♥❣ ❝♦rr❡❝t tr❛♥s❛❝t✐♦♥ s②st❡♠s ✐s ♥♦t ❡❛s②✱ ❤♦✇❡✈❡r✳ ■♥ t❤❡ ❛♣✲

♣❡♥❞✐① ②♦✉ ✇✐❧❧ ☞♥❞ ❛ Pr♦♠❡❧❛ ♠♦❞❡❧ ♦❢ ♠② s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠✳

❆✉t♦♠❛t❡❞ ✈❡r✐☞❝❛t✐♦♥ ✇❛s ❡ss❡♥t✐❛❧ ✇❤❡♥ ❞❡s✐❣♥✐♥❣ ❛♥❞ ❞❡❜✉❣❣✐♥❣ t❤❡ s②s✲

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

❢♦r ♠❡ t♦ ❞✐s❝♦✈❡r ❜② ♦t❤❡r ♠❡❛♥s✳ ■ ❜❡❧✐❡✈❡ ❛♥② ❝r❡❞✐❜❧❡ tr❛♥s❛❝t✐♦♥ s②st❡♠

♠✉st ❜❡ ❜✉ttr❡ss❡❞ ❜② ❢♦r♠❛❧ ✈❡r✐☞❝❛t✐♦♥✳
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❊ss❡♥t✐❛❧❧②✱ ❛❧❧ ♠♦❞❡❧s ❛r❡

✇r♦♥❣✱ ❜✉t s♦♠❡ ❛r❡ ✉s❡❢✉❧✳

●❡♦r❣❡ ❊✳ P✳ ❇♦①✱ ❊♠♣✐r✐❝❛❧

▼♦❞❡❧✲❇✉✐❧❞✐♥❣ ❛♥❞ ❘❡s♣♦♥s❡

❙✉r❢❛❝❡sAppendix A

Model-checking the software

implementation

▼② ✇♦r❦ ♦♥ ❜♦t❤ s♦❢t✇❛r❡ ❛♥❞ ❤❛r❞✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠s ❤❛s r❡✐t❡r❛t❡❞

t❤❡ ❞✐✍❝✉❧t② ♦❢ ❝r❡❛t✐♥❣ ❝♦rr❡❝t ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ ❝♦♥❝✉rr❡♥t ❛♥❞ ❢❛✉❧t✲

t♦❧❡r❛♥t ❝♦♥str✉❝ts✳ ❆✉t♦♠❛t✐❝ ♠♦❞❡❧ ❝❤❡❝❦✐♥❣ ✐s ❛ ♣r❡r❡q✉✐s✐t❡ t♦ ❛❝❤✐❡✈✐♥❣

❝♦♥☞❞❡♥❝❡ ✐♥ t❤❡ ❞❡s✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❱❡rs✐♦♥s ♦❢ t❤❡ s♦❢t✇❛r❡ tr❛♥s✲

❛❝t✐♦♥ s②st❡♠ ❤❛✈❡ ❜❡❡♥ ♠♦❞❡❧❡❞ ✐♥ Pr♦♠❡❧❛ ✉s✐♥❣ ❙♣✐♥ ✹✳✶✳✵ ❛♥❞ ✈❡r✐☞❡❞

♦♥ ❛♥ ❙●■ ✻✹✲♣r♦❝❡ss♦r ▼■P❙ ♠❛❝❤✐♥❡ ✇✐t❤ ✶✻● ♦❢ ♠❛✐♥ ♠❡♠♦r②✳

❙❡q✉❡♥❝❡s ♦❢ tr❛♥s❛❝t✐♦♥❛❧ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ ❧♦❛❞ ❛♥❞ st♦r❡ ♦♣❡r❛✲

t✐♦♥s ✇❡r❡ ❝❤❡❝❦❡❞ ✉s✐♥❣ t✇♦ ❝♦♥❝✉rr❡♥t ♣r♦❝❡ss❡s✱ ❛♥❞ ❛❧❧ ♣♦ss✐❜❧❡ ✐♥t❡r❧❡❛✈✲

✐♥❣s ✇❡r❡ ❢♦✉♥❞ t♦ ♣r♦❞✉❝❡ r❡s✉❧ts ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ s❡♠❛♥t✐❝ ❛t♦♠✐❝✐t② ♦❢

t❤❡ tr❛♥s❛❝t✐♦♥s✳ ❙❡✈❡r❛❧ t❡st s❝r✐♣ts ✇❡r❡ r✉♥ ❛❣❛✐♥st t❤❡ ♠♦❞❡❧ ✉s✐♥❣ s❡♣✲

❛r❛t❡ ♣r♦❝❡ss♦rs ♦❢ t❤❡ ✈❡r✐☞❝❛t✐♦♥ ♠❛❝❤✐♥❡ ✭❙♣✐♥ ❝❛♥♥♦t ♦t❤❡r✇✐s❡ ❡①♣❧♦✐t

❙▼P✮✳ ❙♦♠❡ r❡♣r❡s❡♥t❛t✐✈❡ ❝♦sts ✐♥❝❧✉❞❡✿

✎ t❡st✐♥❣ t✇♦ ❝♦♥❝✉rr❡♥t writeT ♦♣❡r❛t✐♦♥s ✭✐♥❝❧✉❞✐♥❣ ❭❢❛❧s❡ ✌❛❣✧ ❝♦♥✲

❞✐t✐♦♥s✮ ❛❣❛✐♥st ❛ s✐♥❣❧❡ ♦❜❥❡❝t r❡q✉✐r❡❞ 3.8 × 106 st❛t❡s ❛♥❞ 170▼

♠❡♠♦r②❀

✎ t❡st✐♥❣ s❡q✉❡♥❝❡s ♦❢ tr❛♥s❛❝t✐♦♥❛❧ ❛♥❞ ♥♦♥tr❛♥s❛❝t✐♦♥❛❧ r❡❛❞s ❛♥❞ ✇r✐t❡s

❛❣❛✐♥st t✇♦ ♦❜❥❡❝ts ✭❝❤❡❝❦✐♥❣ t❤❛t ❛❧❧ ✈✐❡✇s ♦❢ t❤❡ t✇♦ ♦❜❥❡❝ts ✇❡r❡
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❆PP❊◆❉■❳ ❆✳ ▼❖❉❊▲✲❈❍❊❈❑■◆● ❚❍❊ ❙❖❋❚❲❆❘❊ ■▼P▲❊▼❊◆❚❆❚■❖◆

❝♦♥s✐st❡♥t✮ r❡q✉✐r❡❞ 4.6 × 106 st❛t❡s ❛♥❞ 207▼ ♠❡♠♦r②❀ ❛♥❞

✎ t❡st✐♥❣ ❛ ♣❛✐r ♦❢ ❝♦♥❝✉rr❡♥t ✐♥❝r❡♠❡♥ts ❛t ✈❛❧✉❡s ❜r❛❝❦❡t✐♥❣ t❤❡ FLAG

✈❛❧✉❡ t♦ ✾✾✳✽✪ ❝♦✈❡r❛❣❡ ♦❢ t❤❡ st❛t❡ s♣❛❝❡ r❡q✉✐r❡❞ 7.6 × 107 st❛t❡s

❛♥❞ 4.3● ♠❡♠♦r②✳ ❙✐♠✉❧t❛♥❡♦✉s❧② ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❛ r❛♥❣❡ ♦❢ ✈❛❧✉❡s

❝❛✉s❡❞ t❤❡ st❛t❡ s♣❛❝❡ ❡①♣❧♦s✐♦♥ ✐♥ t❤✐s ❝❛s❡✳

❙♣✐♥✬s ✉♥r❡❛❝❤❛❜❧❡ ❝♦❞❡ r❡♣♦rt✐♥❣ ✇❛s ✉s❡❞ t♦ ❡♥s✉r❡ t❤❛t ♠② t❡st ❝❛s❡s

❡①❡r❝✐s❡❞ ❡✈❡r② ❝♦❞❡ ♣❛t❤✱ ❛❧t❤♦✉❣❤ ❡①❡r❝✐s✐♥❣ ❛❧❧ ❝♦❞❡ ♣❛t❤s ❞♦❡s ♥♦t ❣✉❛r✲

❛♥t❡❡ t❤❛t ❡✈❡r② ✐♥t❡r❡st✐♥❣ ✐♥t❡r❛❝t✐♦♥ ✇❛s ❝❤❡❝❦❡❞✳

■♥ t❤❡ ♣r♦❝❡ss ♦♥❡ ❜✉❣ ✐♥ ❙♣✐♥ ✇❛s ❞✐s❝♦✈❡r❡❞✱✶ ❛♥❞ s❡✈❡r❛❧ s✉❜t❧❡ r❛❝❡

❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ ♠♦❞❡❧ ✇❡r❡ ❞✐s❝♦✈❡r❡❞ ❛♥❞ ❝♦rr❡❝t❡❞✳ ❚❤❡s❡ r❛❝❡ ❝♦♥✲

❞✐t✐♦♥s ✐♥❝❧✉❞❡❞ s❡✈❡r❛❧ ♠♦❞❡❧✐♥❣ ❛rt✐❢❛❝ts✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ■ ✇❛s ❡①tr❡♠❡❧②

❛❣❣r❡ss✐✈❡ ❛❜♦✉t r❡❢❡r❡♥❝❡✲❝♦✉♥t✐♥❣ ❛♥❞ ❞❡❛❧❧♦❝❛t✐♥❣ ♦❜❥❡❝ts ✐♥ ♦r❞❡r t♦ ❝♦♥✲

tr♦❧ t❤❡ s✐③❡ ♦❢ t❤❡ st❛t❡ s♣❛❝❡✱ ✇❤✐❝❤ ♣r♦✈❡❞ ❞✐✍❝✉❧t t♦ ❞♦ ❝♦rr❡❝t❧②✳ ■ ❛❧s♦

❞✐s❝♦✈❡r❡❞ s♦♠❡ s✉❜t❧❡✲❜✉t✲❧❡❣✐t✐♠❛t❡ r❛❝❡ ❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ tr❛♥s❛❝t✐♦♥s

❛❧❣♦r✐t❤♠✳ ❋♦r ❡①❛♠♣❧❡✿

✎ ❆ r❛❝❡ ❛❧❧♦✇❡❞ ❝♦♥✌✐❝t✐♥❣ r❡❛❞❡rs t♦ ❜❡ ❝r❡❛t❡❞ ✇❤✐❧❡ ❛ ✇r✐t❡r ✇❛s

✐♥s✐❞❡ ensureWriter ❝r❡❛t✐♥❣ ❛ ♥❡✇ ✈❡rs✐♦♥ ♦❜❥❡❝t✳

✎ ❆❧❧♦✇✐♥❣ ❛❧r❡❛❞②✲❝♦♠♠✐tt❡❞ ✈❡rs✐♦♥ ♦❜❥❡❝ts t♦ ❜❡ ♠✉t❛t❡❞ ✇❤❡♥ writeT

♦r writeNT ✇❛s ❛s❦❡❞ t♦ st♦r❡ ❛ ❭❢❛❧s❡ ✌❛❣✧ ♣r♦❞✉❝❡❞ r❛❝❡s ❜❡t✇❡❡♥

ensureWriter ❛♥❞ copyBackField✳ ❚❤❡ ❝♦❞❡ t❤❛t ✇❛s ❡①♣❡❝t❡❞ t♦

♠❛♥❛❣❡ t❤❡s❡ r❛❝❡s ❤❛❞ ✉♥❡①♣❡❝t❡❞ ❝♦r♥❡r ❝❛s❡s✳

✎ ❯s✐♥❣ ❛ ❜✐t♠❛s❦ t♦ ♣r♦✈✐❞❡ ♣❡r✲☞❡❧❞ ❣r❛♥✉❧❛r✐t② t♦ t❤❡ ❧✐st ♦❢ r❡❛❞✲

❡rs ♣r♦✈❡❞ ✉♥♠❛♥❛❣❡❛❜❧❡ ❛s t❤❡r❡ ✇❡r❡ t❤r❡❡✲✇❛② r❛❝❡s ❛♠♦♥❣ t❤❡

❜✐t♠❛s❦✱ t❤❡ r❡❛❞❡rs ❧✐st✱ ❛♥❞ t❤❡ ✈❡rs✐♦♥ tr❡❡✳

■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♠♦❞❡❧✲✐♥✲♣r♦❣r❡ss ♣r♦✈❡❞ ❛ ✈❛❧✉❛❜❧❡ ❞❡s✐❣♥ t♦♦❧✱ ❛s ♣♦rt✐♦♥s

♦❢ t❤❡ ❛❧❣♦r✐t❤♠ ❝♦✉❧❞ r❡❛❞✐❧② ❜❡ ♠❡❝❤❛♥✐❝❛❧❧② ❝❤❡❝❦❡❞ t♦ ✈❛❧✐❞❛t❡ ✭♦r ❞✐s✲

❝r❡❞✐t✮ t❤❡ ❞❡s✐❣♥❡r✬s r❡❛s♦♥✐♥❣ ❛❜♦✉t t❤❡ ❝♦♥❝✉rr❡♥t s②st❡♠✳ ❍✉♠❛♥s ❞♦

✶❇r❡❛❞t❤✲☞rst s❡❛r❝❤ ♦❢ ❛t♦♠✐❝ r❡❣✐♦♥s ✇❛s ♣❡r❢♦r♠❡❞ ✐♥❝♦rr❡❝t❧② ✐♥ ❙♣✐♥ ✹✳✵✳✼❀ ❛❢t❡r ■

r❡♣♦rt❡❞ t❤✐s ❜✉❣✱ ❛ ☞① ✇❛s ✐♥❝♦r♣♦r❛t❡❞ ✐♥ ❙♣✐♥ ✹✳✶✳✵✳

✶✼✻
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♥♦t ❡①❝❡❧ ❛t ❡①❤❛✉st✐✈❡ st❛t❡✲s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳ ■♥ ❢❛❝t✱ ❛❢t❡r ❞✐s❝♦✈❡r✐♥❣

t❤❡ t❤❡s❡ ✭❛♥❞ ♦t❤❡r✮ ❜✉❣s ❛♥❞ ☞①✐♥❣ t❤❡♠ ✐♥ t❤❡ ♠♦❞❡❧✱ ■ r❡♣❧❛❝❡❞ ♠②

♦r✐❣✐♥❛❧ ❛❞✲❤♦❝ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❆♣❡❳ ✇✐t❤ ♥❡✇ ❝♦❞❡ ✇❤✐❝❤ ♠♦r❡ ❝❧♦s❡❧②

❢♦❧❧♦✇❡❞ t❤❡ ♠♦❞❡❧✳

❙♣✐♥ ✐s ♥♦t ♣❛rt✐❝✉❧❛r❧② s✉✐t❡❞ t♦ ❝❤❡❝❦✐♥❣ ♠♦❞❡❧s ✇✐t❤ ❞②♥❛♠✐❝ ❛❧❧♦❝❛✲

t✐♦♥ ❛♥❞ ❞❡❛❧❧♦❝❛t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐t ❝♦♥s✐❞❡rs t❤❡ ❧♦❝❛t✐♦♥ ♦❢ ♦❜❥❡❝ts ❛s

♣❛rt ♦❢ t❤❡ st❛t❡ s♣❛❝❡✱ ❛♥❞ ❛❧❧♦❝❛t✐♥❣ ♦❜❥❡❝t ❆ ❜❡❢♦r❡ ♦❜❥❡❝t ❇ ♣r♦❞✉❝❡s ❛

❞✐☛❡r❡♥t st❛t❡ t❤❛♥ ✐❢ ♦❜❥❡❝t ❇ ✇❡r❡ ❛❧❧♦❝❛t❡❞ ☞rst✳ ❚❤✐s ❜❡❤❛✈✐♦r ❛rt✐☞❝✐❛❧❧②

❡♥❧❛r❣❡s t❤❡ st❛t❡ s♣❛❝❡✳ ❆ ❣r❡❛t ❞❡❛❧ ♦❢ ❡☛♦rt ✇❛s ❡①♣❡♥❞❡❞ t✇❡❛❦✐♥❣ t❤❡

♠♦❞❡❧ t♦ ❛♣♣r♦❛❝❤ ❛ ❝❛♥♦♥✐❝❛❧ ❛❧❧♦❝❛t✐♦♥ ♦r❞❡r✐♥❣✳ ❚❤❡ #ifdef REFCOUNT

❜r❛❝❦❡t❡❞ ♣♦rt✐♦♥s ♦❢ t❤❡ ♠♦❞❡❧ ❛r❡ ❡✈✐❞❡♥❝❡ ♦❢ t❤✐s❀ t❤❡② ❝❛♥ ❜❡ s❛❢❡❧② ✐❣✲

♥♦r❡❞ ✇❤❡♥ st✉❞②✐♥❣ t❤❡ s❡♠❛♥t✐❝s ♦❢ t❤❡ ♠♦❞❡❧✱ ❜✉t ❛r❡ ♥❡❝❡ss❛r② ❢♦r ♠❡✲

❝❤❛♥✐❝❛❧ ✈❡r✐☞❝❛t✐♦♥✳ ❆ ❜❡tt❡r s♦❧✉t✐♦♥ t♦ t❤✐s ♣r♦❜❧❡♠ ✇♦✉❧❞ ❛❧❧♦✇ ❧❛r❣❡r

♠♦❞❡❧ ✐♥st❛♥❝❡s t♦ ❜❡ ❝❤❡❝❦❡❞✳

A.1 Promela primer

❆ ❝♦♥❝✐s❡ Pr♦♠❡❧❛ r❡❢❡r❡♥❝❡ ✐s ❛✈❛✐❧❛❜❧❡ ❛t http://spinroot.com/spin/

Man/Quick.html✳ ❍❡r❡✱ ■ ❛tt❡♠♣t t♦ s✉♠♠❛r✐③❡ ❥✉st ❡♥♦✉❣❤ ♦❢ t❤❡ ❧❛♥❣✉❛❣❡

t♦ ❛❧❧♦✇ t❤❡ ♠♦❞❡❧ ■✬✈❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s t♦ ❜❡ ✉♥❞❡rst♦♦❞✳

Pr♦♠❡❧❛ s②♥t❛① ✐s ❈✲❧✐❦❡✱ ✇✐t❤ t❤❡ s❛♠❡ ❧❡①✐❝❛❧ ❛♥❞ ❝♦♠♠❡♥t✐♥❣ ❝♦♥✲

✈❡♥t✐♦♥s✳ ❙t❛t❡♠❡♥ts ❛r❡ s❡♣❛r❛t❡❞ ❜② ❡✐t❤❡r ❛ s❡♠✐❝♦❧♦♥✱ ♦r✱ ❡q✉✐✈❛❧❡♥t❧②✱

❛♥ ❛rr♦✇✳ ❚❤❡ ❛rr♦✇ ✐s t②♣✐❝❛❧❧② ✉s❡❞ t♦ s❡♣❛r❛t❡ ❛ ❣✉❛r❞ ❡①♣r❡ss✐♦♥ ❢r♦♠

t❤❡ st❛t❡♠❡♥ts ✐t ✐s ❣✉❛r❞✐♥❣✳

❚❤❡ ♣r♦❣r❛♠ ❝♦✉♥t❡r ♠♦✈❡s ♣❛st ❛ st❛t❡♠❡♥t ♦♥❧② ✐❢ t❤❡ st❛t❡♠❡♥t ✐s

❡♥❛❜❧❡❞✳ ▼♦st st❛t❡♠❡♥ts✱ ✐♥❝❧✉❞✐♥❣ ❛ss✐❣♥♠❡♥ts✱ ❛r❡ ❛❧✇❛②s ❡♥❛❜❧❡❞✳ ❆

st❛t❡♠❡♥t ❝♦♥s✐st✐♥❣ ♦♥❧② ♦❢ ❛♥ ❡①♣r❡ss✐♦♥ ✐s ❡♥❛❜❧❡❞ ✐❢ ❛♥❞ ♦♥❧② ✐❢ t❤❡ ❡①✲

♣r❡ss✐♦♥ ✐s tr✉❡ ✭♥♦♥✲③❡r♦✮✳ ❖✉r ♠♦❞❡❧ ✉s❡s t❤r❡❡ ❜❛s✐❝ Pr♦♠❡❧❛ st❛t❡♠❡♥ts✿

s❡❧❡❝t✐♦♥✱ r❡♣❡t✐t✐♦♥✱ ❛♥❞ atomic✳

✶✼✼
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❚❤❡ s❡❧❡❝t✐♦♥ st❛t❡♠❡♥t

if
:: guard -> statements
...
:: guard -> statements
fi

s❡❧❡❝ts ♦♥❡ ❛♠♦♥❣ ✐ts ♦♣t✐♦♥s ❛♥❞ ❡①❡❝✉t❡s ✐t✳ ❆♥ ♦♣t✐♦♥ ❝❛♥ ❜❡ s❡❧❡❝t❡❞

✐❢ ❛♥❞ ♦♥❧② ✐❢ ✐ts ☞rst st❛t❡♠❡♥t ✭t❤❡ ❣✉❛r❞✮ ✐s ❡♥❛❜❧❡❞✳ ❚❤❡ s♣❡❝✐❛❧ ❣✉❛r❞

else ✐s ❡♥❛❜❧❡❞ ✐❢ ❛♥❞ ♦♥❧② ✐❢ ❛❧❧ ♦t❤❡r ❣✉❛r❞s ❛r❡ ♥♦t✳

❚❤❡ r❡♣❡t✐t✐♦♥ st❛t❡♠❡♥t

do
:: statements
...
:: statements
od

✐s s✐♠✐❧❛r✿ ♦♥❡ ❛♠♦♥❣ ✐ts ❡♥❛❜❧❡❞ st❛t❡♠❡♥ts ✐s s❡❧❡❝t❡❞ ❛♥❞ ❡①❡❝✉t❡❞✱ ❛♥❞

t❤❡♥ t❤❡ ♣r♦❝❡ss ✐s r❡♣❡❛t❡❞ ✭✇✐t❤ ❛ ❞✐☛❡r❡♥t st❛t❡♠❡♥t ♣♦ss✐❜❧② ❜❡✐♥❣ s❡✲

❧❡❝t❡❞ ❡❛❝❤ t✐♠❡✮ ✉♥t✐❧ ❝♦♥tr♦❧ ✐s ❡①♣❧✐❝✐t❧② tr❛♥s❢❡rr❡❞ ♦✉t ♦❢ t❤❡ ❧♦♦♣ ✇✐t❤

❛ break ♦r goto✳

❋✐♥❛❧❧②✱

atomic { statements }

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

t❤✐s ♠♦❞❡❧✱ ❛ d step ❜❧♦❝❦

d_step { statements }

✐s ❢✉♥❝t✐♦♥❛❧❧② ✐❞❡♥t✐❝❛❧✳ ❖✉ts✐❞❡ atomic ♦r d step ❜❧♦❝❦s✱ Pr♦♠❡❧❛ ❛❧❧♦✇s

✐♥t❡r❧❡❛✈✐♥❣ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❡✈❡r② st❛t❡♠❡♥t✱ ❜✉t st❛t❡♠❡♥ts ❛r❡ ✐♥❞✐✈✐s✐❜❧❡✳

❋✉♥❝t✐♦♥s ❛s s♣❡❝✐☞❡❞ ✐♥ t❤✐s ♠♦❞❡❧ ❛r❡ s✐♠✐❧❛r t♦ ❈ ♠❛❝r♦s✿ ❡✈❡r②

♣❛r❛♠❡t❡r ✐s ♣♦t❡♥t✐❛❧❧② ❜♦t❤ ❛♥ ✐♥♣✉t ❛♥❞ ❛♥ ♦✉t♣✉t✳ ❈❛❧❧s t♦ ❢✉♥❝t✐♦♥s

✇✐t❤ ♥❛♠❡s st❛rt✐♥❣ ✇✐t❤ move ❛r❡ s✐♠♣❧❡ ❛ss✐❣♥♠❡♥ts✱ ❜✉t ■✬✈❡ t✉r♥❡❞ t❤❡♠

✐♥t♦ ♠❛❝r♦s s♦ t❤❛t r❡❢❡r❡♥❝❡ ❝♦✉♥t✐♥❣ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✳

✶✼✽
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A.2 Spin model for software transaction system

❚❤❡ ❝♦♠♣❧❡t❡ ❙♣✐♥ ✹✳✶✳✵ ♠♦❞❡❧ ❢♦r t❤❡ ❋❧❡① s♦❢t✇❛r❡ tr❛♥s❛❝t✐♦♥ s②st❡♠ ✐s

♣r❡s❡♥t❡❞ ❤❡r❡✳ ■t ♠❛② ❛❧s♦ ❜❡ ❞♦✇♥❧♦❛❞❡❞ ❢r♦♠ http://flex-compiler.

csail.mit.edu/Harpoon/swx.pml✳

/************************************************************************
* Detailed model of software transaction code.
* Checking for safety and correctness properties. Not too worried about
* liveness.
*
* (C) 2006 C. Scott Ananian <cananian@alumni.princeton.edu>
************************************************************************/

/* CURRENT ISSUES:
* none known.
*/
/* MINOR ISSUES:
* 1) use smaller values for FLAG and NIL to save state space?
*/

/* Should use Spin 4.1.0, for correct nested-atomic behavior. */

#define REFCOUNT

#define NUM_OBJS 2
#define NUM_VERSIONS 6 /* each obj: committed and waiting version, plus nonce

* plus addition nonce for NT copyback in test3 */
#define NUM_READERS 4 /* both ’read’ trans reading both objs */
#define NUM_TRANS 5 /* two ’real’ TIDs, plus 2 outstanding TIDs for

* writeNT(FLAG) [test3], plus perma-aborted TID. */
#define NUM_FIELDS 2

#define NIL 255 /* special value to represent ’alloc impossible’, etc. */
#define FLAG 202 /* special value to represent ’not here’ */

typedef Object {
byte version;
byte readerList; /* we do LL and CAS operations on this field */
pid fieldLock[NUM_FIELDS]; /* we do LL operations on fields */
byte field[NUM_FIELDS];

};
typedef Versi0n { /* ’Version’ misspelled because spin #define’s it. */
byte owner;
byte next;
byte field[NUM_FIELDS];

#ifdef REFCOUNT
byte ref; /* reference count */

#endif /* REFCOUNT */
};

✶✼✾
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typedef ReaderList {
byte transid;
byte next;

#ifdef REFCOUNT
byte ref; /* reference count */

#endif /* REFCOUNT */
};
mtype = { waiting, committed, aborted };
typedef TransID {
mtype status;

#ifdef REFCOUNT
byte ref; /* reference count */

#endif /* REFCOUNT */
};
Object object[NUM_OBJS];
Versi0n version[NUM_VERSIONS];
ReaderList readerlist[NUM_READERS];
TransID transid[NUM_TRANS];
byte aborted_tid; /* global variable; ’perma-aborted’ */

/* --------------------------- alloc.pml ----------------------- */
mtype = { request, return };

inline manager(NUM_ITEMS, allocchan) {
chan pool = [NUM_ITEMS] of { byte };
chan client;
byte nodenum;
/* fill up the pool with node identifiers */
d_step {
i=0;
do
:: i<NUM_ITEMS -> pool!!i; i++
:: else -> break
od;

}
end:
do
:: allocchan?request(client,_) ->

if
:: empty(pool) -> assert(0); client!NIL /* deny */
:: nempty(pool) ->

pool?nodenum;
client!nodenum;
nodenum=0

fi
:: allocchan?return(client,nodenum) ->

pool!!nodenum; /* sorted, to reduce state space */
nodenum=0

od
}

chan allocObjectChan = [0] of { mtype, chan, byte };

✶✽✵



❆✳✷✳ ❙P■◆ ▼❖❉❊▲ ❋❖❘ ❙❖❋❚❲❆❘❊ ❚❘❆◆❙❆❈❚■❖◆ ❙❨❙❚❊▼

active proctype ObjectManager() {
atomic {

byte i;
manager(NUM_OBJS, allocObjectChan)

}
}
chan allocVersionChan = [0] of { mtype, chan, byte };
active proctype VersionManager() {
atomic {

byte i=0;
d_step {
do
:: i<NUM_VERSIONS ->

version[i].owner=NIL; version[i].next=NIL;
version[i].field[0]=FLAG; version[i].field[1]=FLAG;
assert(NUM_FIELDS==2);
i++

:: else -> break
od;

}
manager(NUM_VERSIONS, allocVersionChan)

}
}
chan allocReaderListChan = [0] of { mtype, chan, byte };
active proctype ReaderListManager() {
atomic {

byte i=0;
d_step {
do
:: i<NUM_READERS ->

readerlist[i].transid=NIL; readerlist[i].next=NIL;
i++

:: else -> break
od;

}
manager(NUM_READERS, allocReaderListChan)

}
}
chan allocTransIDChan = [0] of { mtype, chan, byte };
active proctype TransIDManager() {
atomic {

byte i=0;
d_step {
do
:: i<NUM_TRANS -> transid[i].status=waiting; i++
:: else -> break
od;

}
manager(NUM_TRANS, allocTransIDChan)

}
}
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inline alloc(allocchan, retval, result) {
result = NIL;
do
:: result != NIL -> break
:: else -> allocchan!request(retval,0) ; retval ? result
od;
skip /* target of break. */

}
inline free(allocchan, retval, result) {
allocchan!return(retval,result)

}
inline allocObject(retval, result) {
atomic {
alloc(allocObjectChan, retval, result);
d_step {
object[result].version = NIL;
object[result].readerList = NIL;
object[result].field[0] = 0;
object[result].field[1] = 0;
object[result].fieldLock[0] = _thread_id;
object[result].fieldLock[1] = _thread_id;
assert(NUM_FIELDS==2); /* else ought to initialize more fields */

}
}

}
inline allocTransID(retval, result) {
atomic {
alloc(allocTransIDChan, retval, result);
d_step {
transid[result].status = waiting;

#ifdef REFCOUNT
transid[result].ref = 1;

#endif /* REFCOUNT */
}

}
}
inline moveTransID(dst, src) {
atomic {

#ifdef REFCOUNT
_free = NIL;
if
:: (src!=NIL) ->

transid[src].ref++
:: else
fi;
if
:: (dst!=NIL) ->

transid[dst].ref--;
if
:: (transid[dst].ref==0) -> _free=dst
:: else
fi
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:: else
fi;

#endif /* REFCOUNT */
dst = src;

#ifdef REFCOUNT
/* receive must be last, as it breaks atomicity. */
if
:: (_free!=NIL) -> run freeTransID(_free, _retval); _free=NIL; _retval?_
:: else
fi

#endif /* REFCOUNT */
}

}
proctype freeTransID(byte result; chan retval) {
chan _retval = [0] of { byte };
atomic {

#ifdef REFCOUNT
assert(transid[result].ref==0);

#endif /* REFCOUNT */
transid[result].status = waiting;
free(allocTransIDChan, _retval, result)
retval!0; /* done */

}
}
inline allocVersion(retval, result, a_transid, tail) {
atomic {

alloc(allocVersionChan, retval, result);
d_step {

#ifdef REFCOUNT
if
:: (a_transid!=NIL) -> transid[a_transid].ref++;
:: else
fi;
if
:: (tail!=NIL) -> version[tail].ref++;
:: else
fi;
version[result].ref = 1;

#endif /* REFCOUNT */
version[result].owner = a_transid;
version[result].next = tail;
version[result].field[0] = FLAG;
version[result].field[1] = FLAG;
assert(NUM_FIELDS==2); /* else ought to initialize more fields */

}
}

}
inline moveVersion(dst, src) {
atomic {

#ifdef REFCOUNT
_free = NIL;
if
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:: (src!=NIL) ->
version[src].ref++

:: else
fi;
if
:: (dst!=NIL) ->

version[dst].ref--;
if
:: (version[dst].ref==0) -> _free=dst
:: else
fi

:: else
fi;

#endif /* REFCOUNT */
dst = src;

#ifdef REFCOUNT
/* receive must be last, as it breaks atomicity. */
if
:: (_free!=NIL) -> run freeVersion(_free, _retval); _free=NIL; _retval?_
:: else
fi

#endif /* REFCOUNT */
}

}
proctype freeVersion(byte result; chan retval) {
chan _retval = [0] of { byte };
byte _free;
atomic { /* zero out version structure */

#ifdef REFCOUNT
assert(version[result].ref==0);

#endif /* REFCOUNT */
moveTransID(version[result].owner, NIL);
moveVersion(version[result].next, NIL);
version[result].field[0] = FLAG;
version[result].field[1] = FLAG;
assert(NUM_FIELDS==2);
free(allocVersionChan, _retval, result)
retval!0; /* done */

}
}

inline allocReaderList(retval, result, head, tail) {
atomic {
assert(head!=NIL);
alloc(allocReaderListChan, retval, result);
d_step {

#ifdef REFCOUNT
readerlist[result].ref = 1;
transid[head].ref++;
if
:: (tail!=NIL) -> readerlist[tail].ref++
:: else

✶✽✹
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fi;
#endif /* REFCOUNT */

readerlist[result].transid = head;
readerlist[result].next = tail;

}
}

}
inline moveReaderList(dst, src) {
atomic {

#ifdef REFCOUNT
_free = NIL;
if
:: (src!=NIL) ->

readerlist[src].ref++
:: else
fi;
if
:: (dst!=NIL) ->

readerlist[dst].ref--;
if
:: (readerlist[dst].ref==0) -> _free=dst
:: else
fi

:: else
fi;

#endif /* REFCOUNT */
dst = src;

#ifdef REFCOUNT
/* receive must be last, as it breaks atomicity. */
if
:: (_free!=NIL) -> run freeReaderList(_free, _retval); _free=NIL; _retval?_
:: else
fi

#endif
}

}
proctype freeReaderList(byte result; chan retval) {
chan _retval = [0] of { byte };
byte _free;
atomic {

#ifdef REFCOUNT
assert(readerlist[result].ref==0);

#endif /* REFCOUNT */
moveTransID(readerlist[result].transid, NIL);
moveReaderList(readerlist[result].next, NIL);
free(allocReaderListChan, _retval, result)
retval!0; /* done */

}
}

/* --------------------------- atomic.pml ----------------------- */
inline DCAS(loc1, oval1, nval1, loc2, oval2, nval2, st) {
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d_step {
if
:: (loc1==oval1) && (loc2==oval2) ->

loc1=nval1;
loc2=nval2;
st=true

:: else ->
st=false

fi
}

}
inline CAS(loc1, oval1, nval1, st) {
d_step {
if
:: (loc1==oval1) ->

loc1=nval1;
st=true

:: else ->
st=false

fi
}

}
inline CAS_Version(loc1, oval1, nval1, st) {
atomic {
_free = NIL;
if
:: (loc1==oval1) ->

#ifdef REFCOUNT
if
:: (nval1!=NIL) -> version[nval1].ref++;
:: else
fi;
if
:: (oval1!=NIL) -> version[oval1].ref--;

if
:: (version[oval1].ref==0) -> _free = oval1
:: else
fi

:: else
fi;

#endif /* REFCOUNT */
loc1=nval1;
st=true

:: else ->
st=false

fi;
#ifdef REFCOUNT

/* receive must be last, as it breaks atomicity. */
if
:: (_free!=NIL) -> run freeVersion(_free, _retval); _free=NIL; _retval?_
:: else
fi
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#endif /* REFCOUNT */
}

}
inline CAS_Reader(loc1, oval1, nval1, st) {
atomic {

/* save oval1, as it could change as soon as we leave the d_step */
_free = NIL;
if
:: (loc1==oval1) ->

#ifdef REFCOUNT
if
:: (nval1!=NIL) -> readerlist[nval1].ref++;
:: else
fi;
if
:: (oval1!=NIL) -> readerlist[oval1].ref--;

if
:: (readerlist[oval1].ref==0) -> _free = oval1
:: else
fi

:: else
fi;

#endif /* REFCOUNT */
loc1=nval1;
st=true

:: else ->
st=false

fi;
#ifdef REFCOUNT

/* receive must be last, as it breaks atomicity. */
if
:: (_free!=NIL) -> run freeReaderList(_free, _retval); _free=NIL; _retval?_
:: else
fi

#endif /* REFCOUNT */
}

}

/* ---------------- end atomic.pml ------------------ */

mtype = { kill_writers, kill_all };
mtype = { success, saw_race, saw_race_cleanup, false_flag };

inline tryToAbort(t) {
assert(t!=NIL);
CAS(transid[t].status, waiting, aborted, _);
assert(transid[t].status==aborted || transid[t].status==committed)

}
inline tryToCommit(t) {
assert(t!=NIL);
CAS(transid[t].status, waiting, committed, _);
assert(transid[t].status==aborted || transid[t].status==committed)
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}
inline copyBackField(o, f, mode, st) {
_nonceV=NIL; _ver = NIL; _r = NIL; st = success;
/* try to abort each version. when abort fails, we’ve got a
* committed version. */
do
:: moveVersion(_ver, object[o].version);

if
:: (_ver==NIL) ->

st = saw_race; break /* someone’s done the copyback for us */
:: else
fi;
/* move owner to local var to avoid races (owner set to NIL behind
* our back) */

_tmp_tid=NIL;
moveTransID(_tmp_tid, version[_ver].owner);
if
:: (_tmp_tid==NIL) ->

break; /* found a committed version */
:: else
fi;
tryToAbort(_tmp_tid);
if
:: (transid[_tmp_tid].status==committed) ->

moveTransID(_tmp_tid, NIL);
moveTransID(version[_ver].owner, NIL); /* opportunistic free */
moveVersion(version[_ver].next, NIL); /* opportunistic free */
break /* found a committed version */

:: else
fi;
/* link out an aborted version */
assert(transid[_tmp_tid].status==aborted);
CAS_Version(object[o].version, _ver, version[_ver].next, _);
moveTransID(_tmp_tid, NIL);

od;
/* okay, link in our nonce. this will prevent others from doing the
* copyback. */
if
:: (st==success) ->

assert (_ver!=NIL);
allocVersion(_retval, _nonceV, aborted_tid, _ver);
CAS_Version(object[o].version, _ver, _nonceV, _cas_stat);
if
:: (!_cas_stat) ->

st = saw_race_cleanup
:: else
fi

:: else
fi;
/* check that no one’s beaten us to the copy back */
if
:: (st==success) ->
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if
:: (object[o].field[f]==FLAG) ->

_val = version[_ver].field[f];
if
:: (_val==FLAG) -> /* false flag... */

st = false_flag /* ...no copy back needed */
:: else -> /* not a false flag */

d_step { /* could be DCAS */
if
:: (object[o].version == _nonceV) ->

object[o].fieldLock[f] = _thread_id;
object[o].field[f] = _val;

:: else /* hmm, fail. Must retry. */
st = saw_race_cleanup /* need to clean up nonce */

fi
}

fi
:: else /* may arrive here because of readT, which doesn’t set _val=FLAG*/

st = saw_race_cleanup /* need to clean up nonce */
fi

:: else /* !success */
fi;

/* always kill readers, whether successful or not. This ensures that we
* make progress if called from writeNT after a readNT sets readerList
* non-null without changing FLAG to _val (see immediately above; st will
* equal saw_race_cleanup in this scenario). */

if
:: (mode == kill_all) ->

do /* kill all readers */
:: moveReaderList(_r, object[o].readerList);

if
:: (_r==NIL) -> break
:: else
fi;
tryToAbort(readerlist[_r].transid);
/* link out this reader */
CAS_Reader(object[o].readerList, _r, readerlist[_r].next, _);

od;
:: else /* no more killing needed. */
fi;

/* finally, clean up our mess. */
moveVersion(_ver, NIL);
if
:: (st == saw_race_cleanup || st == success || st == false_flag) ->

CAS_Version(object[o].version, _nonceV, version[_nonceV].next, _);
moveVersion(_nonceV, NIL);
if
:: (st==saw_race_cleanup) -> st=saw_race
:: else
fi

✶✽✾



❆PP❊◆❉■❳ ❆✳ ▼❖❉❊▲✲❈❍❊❈❑■◆● ❚❍❊ ❙❖❋❚❲❆❘❊ ■▼P▲❊▼❊◆❚❆❚■❖◆

:: else
fi;
/* done */
assert(_nonceV==NIL);

}

inline readNT(o, f, v) {
do
:: v = object[o].field[f];

if
:: (v!=FLAG) -> break /* done! */
:: else
fi;
copyBackField(o, f, kill_writers, _st);
if
:: (_st==false_flag) ->

v = FLAG;
break

:: else
fi

od
}
inline writeNT(o, f, nval) {
if
:: (nval != FLAG) ->

do
::

atomic {
if /* this is a LL(readerList)/SC(field) */
:: (object[o].readerList == NIL) ->

object[o].fieldLock[f] = _thread_id;
object[o].field[f] = nval;
break /* success! */

:: else
fi

}
/* unsuccessful SC */
copyBackField(o, f, kill_all, _st)
/* ignore return status */

od
:: else -> /* create false flag */

/* implement this as a short *transactional* write. this may be slow,
* but it greatly reduces the race conditions we have to think about. */
do
:: allocTransID(_retval, _writeTID);

ensureWriter(_writeTID, o, _tmp_ver);
checkWriteField(o, f);
writeT(_tmp_ver, f, nval);
tryToCommit(_writeTID);
moveVersion(_tmp_ver, NIL);
if
:: (transid[_writeTID].status==committed) ->
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moveTransID(_writeTID, NIL);
break /* success! */

:: else ->/* try again */
moveTransID(_writeTID, NIL)

fi
od

fi;
}
inline readT(tid, o, f, ver, result) {
do
::

/* we should always either be on the readerlist or aborted here */
atomic { /* complicated assertion; evaluate atomically */
if
:: (transid[tid].status == aborted) -> skip /* okay then */
:: else ->

assert (transid[tid].status == waiting);
_r = object[o].readerList;
do
:: (_r==NIL || readerlist[_r].transid==tid) -> break
:: else -> _r = readerlist[_r].next
od;
assert (_r!=NIL); /* we’re on the list */
_r = NIL /* back to normal */

fi
}
/* okay, sanity checking done -- now let’s get to work! */
result = object[o].field[f];
if
:: (result==FLAG) ->

if
:: (ver!=NIL) ->

result = version[ver].field[f];
break /* done! */

:: else ->
findVersion(tid, o, ver);
if
:: (ver==NIL) -> /* use value from committed version */

assert (_r!=NIL);
result = version[_r].field[f]; /* false flag? */
moveVersion(_r, NIL);
break /* done */

:: else /* try, try, again */
fi

fi
:: else -> break /* done! */
fi

od
}
inline writeT(ver, f, nval) {
/* easy enough: */
version[ver].field[f] = nval;
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}

/* make sure ’tid’ is on reader list. */
inline ensureReaderList(tid, o) {
/* add yourself to readers list. */
_rr = NIL; _r = NIL;
do
:: moveReaderList(_rr, object[o].readerList); /* first_reader */

moveReaderList(_r, _rr);
do
:: (_r==NIL) ->

break /* not on the list */
:: (_r!=NIL && readerlist[_r].transid==tid) ->

break /* on the list */
:: else ->

/* opportunistic free? */
if
:: (_r==_rr && transid[readerlist[_r].transid].status != waiting) ->

CAS_Reader(object[o].readerList, _r, readerlist[_r].next, _)
if
:: (_cas_stat) -> moveReaderList(_rr, readerlist[_r].next)
:: else
fi

:: else
fi;
/* keep looking */
moveReaderList(_r, readerlist[_r].next)

od;
if
:: (_r!=NIL) ->

break /* on the list; we’re done! */
:: else ->

/* try to put ourselves on the list. */
assert(tid!=NIL && _r==NIL);
allocReaderList(_retval, _r, tid, _rr);
CAS_Reader(object[o].readerList, _rr, _r, _cas_stat);
if
:: (_cas_stat) ->

break /* we’re on the list */
:: else
fi
/* failed to put ourselves on the list, retry. */

fi
od;
moveReaderList(_rr, NIL);
moveReaderList(_r, NIL);
/* done. */

}

/* look for a version read/writable by ’tid’. Returns:
* ver!=NIL -- ver is the ’waiting’ version for ’tid’. _r == NIL.
* ver==NIL, _r != NIL -- _r is the first committed version in the chain.
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* ver==NIL, _r == NIL -- there are no commited versions for this object
* (i.e. object[o].version==NIL)
*/
inline findVersion(tid, o, ver) {
assert(tid!=NIL);
_r = NIL; ver = NIL; _tmp_tid=NIL;
do
:: moveVersion(_r, object[o].version);

if
:: (_r==NIL) -> break /* no versions. */
:: else
fi;
moveTransID(_tmp_tid, version[_r].owner);/*use local copy to avoid races*/
if
:: (_tmp_tid==tid) ->

ver = _r; /* found a version: ourself! */
_r = NIL; /* transfer owner of the reference to ver, without ++/-- */
break

:: (_tmp_tid==NIL) ->
/* perma-committed version. Return in _r. */
moveVersion(version[_r].next, NIL); /* opportunistic free */
break

:: else -> /* strange version. try to kill it. */
/* ! could double-check that our own transid is not aborted here. */
tryToAbort(_tmp_tid);
if
:: (transid[_tmp_tid].status==committed) ->

/* committed version. Return this in _r. */
moveTransID(version[_r].owner, NIL); /* opportunistic free */
moveVersion(version[_r].next, NIL); /* opportunistic free */
break /* no need to look further. */

:: else ->
assert (transid[_tmp_tid].status==aborted);
/* unlink this useless version */
CAS_Version(object[o].version, _r, version[_r].next, _)
/* repeat */

fi
fi

od;
moveTransID(_tmp_tid, NIL); /* free tmp transid copy */
assert (ver!=NIL -> _r == NIL : 1)

}

inline ensureReader(tid, o, ver) {
assert(tid!=NIL);
/* make sure we’re on the readerlist */
ensureReaderList(tid, o)
/* now kill any transactions associated with uncommitted versions, unless
* the transaction is ourself! */

findVersion(tid, o, ver);
/* don’t care about which committed version to use, at the moment. */
moveVersion(_r, NIL);
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}

/* per-object, before write. */
/* returns NIL in ver to indicate suicide. */
inline ensureWriter(tid, o, ver) {
assert(tid!=NIL);
/* Same beginning as ensureReader */
ver = NIL; _r = NIL; _rr = NIL;
do
:: assert (ver==NIL);

findVersion(tid, o, ver);
if
:: (ver!=NIL) -> break /* found a writable version for us */
:: (ver==NIL && _r==NIL) ->

/* create and link a fully-committed root version, then
* use this as our base. */

allocVersion(_retval, _r, NIL, NIL);
CAS_Version(object[o].version, NIL, _r, _cas_stat)

:: else ->
_cas_stat = true

fi;
if
:: (_cas_stat) ->

/* so far, so good. */
assert (_r!=NIL);
assert (version[_r].owner==NIL ||

transid[version[_r].owner].status==committed);
/* okay, make new version for this transaction. */
assert (ver==NIL);
allocVersion(_retval, ver, tid, _r);
/* want copy of committed version _r. Race here because _r can be
* written to under peculiar circumstances, namely: _r has
* non-flag value, non-flag value is copied back to parent,
* flag_value is written to parent -- this forces flag_value to
* be written to committed version. */

/* IF WRITES ARE ALLOWED TO COMMITTED VERSIONS, THERE IS A RACE HERE.
* But our implementation of false_flag writes at the moment does
* not permit *any* writes to committed versions. */

version[ver].field[0] = version[_r].field[0];
version[ver].field[1] = version[_r].field[1];
assert(NUM_FIELDS==2); /* else ought to initialize more fields */
CAS_Version(object[o].version, _r, ver, _cas_stat);
moveVersion(_r, NIL); /* free _r */
if
:: (_cas_stat) ->

/* kill all readers (except ourself) */
/* note that all changes have to be made from the front of the
* list, so we unlink ourself and then re-add us. */

do
:: moveReaderList(_r, object[o].readerList);

if
:: (_r==NIL) -> break

✶✾✹
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:: (_r!=NIL && readerlist[_r].transid!=tid)->
tryToAbort(readerlist[_r].transid)

:: else
fi;
/* link out this reader */
CAS_Reader(object[o].readerList, _r, readerlist[_r].next, _)

od;
/* okay, all pre-existing readers dead & gone. */
assert(_r==NIL);
/* link us back in. */
ensureReaderList(tid, o);
break

:: else
fi;
/* try again */

:: else
fi;
/* try again from the top */
moveVersion(ver, NIL)

od;
/* done! */
assert (_r==NIL);

}
/* per-field, before read. */
inline checkReadField(o, f) {
/* do nothing: no per-field read stats are kept. */
skip

}
/* per-field, before write. */
inline checkWriteField(o, f) {
_r = NIL; _rr = NIL;
do
::

/* set write flag, if not already set */
_val = object[o].field[f];
if
:: (_val==FLAG) ->

break; /* done! */
:: else
fi;
/* okay, need to set write flag. */
moveVersion(_rr, object[o].version);
moveVersion(_r, _rr);
assert (_r!=NIL);
do
:: (_r==NIL) -> break /* done */
:: else ->

object[o].fieldLock[f] = _thread_id;
if
/* this next check ensures that concurrent copythroughs don’t stomp
* on each other’s versions, because the field will become FLAG
* before any other version will be written. */
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:: (object[o].field[f]==_val) ->
if
:: (object[o].version==_rr) ->

atomic {
if
:: (object[o].fieldLock[f]==_thread_id) ->

version[_r].field[f] = _val;
:: else -> break /* abort */
fi

}
:: else -> break /* abort */
fi

:: else -> break /* abort */
fi;
moveVersion(_r, version[_r].next) /* on to next */

od;
if
:: (_r==NIL) ->

/* field has been successfully copied to all versions */
atomic {
if
:: (object[o].version==_rr) ->

assert(object[o].field[f]==_val ||
/* we can race with another copythrough and that’s okay;
* the locking strategy above ensures that we’re all
* writing the same values to all the versions and not
* overwriting anything. */
object[o].field[f]==FLAG);

object[o].fieldLock[f]=_thread_id;
object[o].field[f] = FLAG;
break; /* success! done! */

:: else
fi

}
:: else
fi
/* retry */

od;
/* clean up */
moveVersion(_r, NIL);
moveVersion(_rr, NIL);

}
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Appendix B

Compiler and runtime

system configurations

❚❤✐s s❡❝t✐♦♥ ❝♦♥t❛✐♥s ❞❡t❛✐❧s ♦♥ t❤❡ ❝♦♠♣✐❧❡r ❛♥❞ r✉♥t✐♠❡ s②st❡♠ ❝♦♥☞❣✉✲

r❛t✐♦♥s ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ r❡s✉❧ts ✐♥ ❙❡❝t✐♦♥ ✺✳✷✳

Four variants of the spec benchmarks were compiled, labeled T, TNOA,
NT, and TUNIQ.

T: Basic transaction transformation
$ SPECSUFFIX=T \
CLASSPATH_HOME=.../classpath-0.08-install \
bin/build-spec-precisec -T 1 10

TNOA: "No array" transformation
$ SPECSUFFIX=TNOA \
CLASSPATH_HOME=.../classpath-0.08-install \
bin/build-spec-precisec -Dharpoon.synctrans.noarraymods=true -T 1 10

NT: Strip all transactions so we can discover non-transactional overhead.
$ SPECSUFFIX=NT \
CLASSPATH_HOME=.../classpath-0.08-install \
bin/build-spec-precisec -Dharpoon.synctrans.removetrans=true -T 1 10

TUNIQ: Count methods called within a transaction and unique objects
touched during a transaction.

$ FLEXSTACK=64m OPT_FLEX_SUPPORT_FILES=Support/jutil.jar \
SPECSUFFIX=TUNIQ \
CLASSPATH_HOME=.../classpath-0.08-install \
bin/build-spec-precisec -Dharpoon.synctrans.uniquerwcounters=true \

-Dharpoon.counters.enabled.synctrans.virgin_{read,write}_array=true \
-Dharpoon.counters.enabled.synctrans.virgin_{read,write}_array_size=true \
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-Dharpoon.counters.enabled.synctrans.virgin_{read,write}_object=true \
-Dharpoon.counters.enabled.synctrans.virgin_{read,write}_object_size=true\
-Dharpoon.counters.enabled.synctrans.{read,write}_t_{array,object}=true \
-Dharpoon.counters.enabled.synctrans.{read,write}_nt_{array,object}=true \
-Dharpoon.counters.enabled.synctrans.trans_call=true \
-T 6 7

These source files were then built and linked against a number of
different configurations of the runtime. The following script was used.

-----------------------------------------------------------------------
#!/bin/bash
BENCHMARKS="200CHECK 201COMPRESS 202JESS 205RAYTRACE 209DB 213JAVAC"
BENCHMARKS="$BENCHMARKS 222MPEGAUDIO 227MTRT 228JACK"

function buildone() {
pushd $RT
( ./configure "${CONFIG[@]}" && make clean && make ) || return
popd
mkdir -p $DST || return
tar -C src -xzf src/$SRC.tgz || return
for f in $BENCHMARKS ; do
make -C src/$SRC/as${f}sa$SUF -j2 CC="$CFLAGS" && \
mv src/$SRC/as${f}sa$SUF/Java.a ${RT}/${f}sa${SUF}-Java.a && \
make -C src/$SRC/as${f}sa$SUF clean && \
make -C ${RT} run${f}sa$SUF && \
mv ${RT}/${f}sa${SUF}-Java.a ${RT}/run${f}sa$SUF $DST && \
gzip -9 -f $DST/run${f}sa$SUF

done
/bin/rm -rf src/$SRC/
}

# non-transactional runtime
RT=/home/cananian/Harpoon/Runtime
CFLAGS="gcc-3.4 -I${RT}/include -g -O9"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install)

# 0-NO is nontransactional
SRC=NO
DST=0-NO
SUF=
buildone

# transactional runtime
RT=/home/cananian/Harpoon/TRANS/Runtime
CFLAGS="gcc-3.4 -I${RT}/include -g -O9"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8)
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# 1-T is pure transactional
SRC=T
DST=1-T
SUF=T
buildone

# 2-NOA only transforms non-array references
SRC=TNOA
DST=2-NOA
SUF=TNOA
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8 \
--with-extra-cflags=-DTRANS_NO_ARRAY)

buildone

# 8-NT strips all the transactions, so we can see non-transactional overhead
SRC=NT
DST=8-NT
SUF=NT
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8 \
--with-extra-cflags=-DTRANS_NT)

buildone

# 9-NONT strips all the transactions, so we can see non-transactional overhead
# also substitutes plain reads & writes.
SRC=NT
DST=9-NONT
SUF=NT
CFLAGS="gcc-3.4 -I${RT}/include -g -O9 -DDONT_REALLY_DO_TRANSACTIONS"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8 \
--with-extra-cflags="-DDONT_REALLY_DO_TRANSACTIONS -DTRANS_NT")

buildone

# B-NONTSC is similar, but it replaces the stores with LL/SC to see how large
# that effect is.
DST=B-NONTSC
CFLAGS="gcc-3.4 -I${RT}/include -g -O9 -DDONT_REALLY_DO_TRANSACTIONS "
CFLAGS="$CFLAGS -DSTUB_LLSC"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8 \

--with-extra-cflags="-DDONT_REALLY_DO_TRANSACTIONS -DTRANS_NT -DSTUB_LLSC")
buildone
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# 6-NOT is transactional code, but with plain reads & writes substituted
SRC=T
DST=6-NOT
SUF=T
CFLAGS="gcc-3.4 -I${RT}/include -g -O9 -DDONT_REALLY_DO_TRANSACTIONS"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8 \
--with-extra-cflags=-DDONT_REALLY_DO_TRANSACTIONS)

buildone

# E-TUNIQ has code to count unique objects
SRC=TUNIQ
DST=E-TUNIQ
SUF=TUNIQ
CFLAGS="gcc-3.4 -I${RT}/include -g -DDONT_REALLY_DO_TRANSACTIONS"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=16 \
--with-extra-cflags=-DDONT_REALLY_DO_TRANSACTIONS)

buildone

# 7-TS is the transactional code w/ some statistics gathering stuff
RT=/home/cananian/Harpoon/TRANS/Runtime
CFLAGS="gcc-3.4 -I${RT}/include -g -O9"
CONFIG=(--with-precise-c --with-gc=conservative --with-thread-model=heavy \

--with-classpath=/home/cananian/Harpoon/classpath-0.08-install \
--with-transactions --with-object-padding=8 --with-statistics)

SRC=T
DST=7-TS
SUF=T
buildone

# done!
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