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❞❛#❛ $#♦&❡ ❜❛$❡❞ ❛♣♣❧✐❝❛#✐♦♥$ ♥❡❡❞ #♦ ❜❡ ❢❛♠✐❧✐❛& ✇✐#❤ ❛❧❧ #❤❡$❡ ❆@■$ ✇❤❡♥

❝♦❞✐♥❣ #❤❡✐& ❛♣♣❧✐❝❛#✐♦♥$✳ ❆$ ❞❡✈❡❧♦♣❡&$ ❛&❡ ❝❡♥#&❛❧ #♦ #❤✐$ ♣❧❡#❤♦&❛ ♦❢ ❆@■$✱

#❤❡② $❤♦✉❧❞ ✉♥❞❡&$#❛♥❞ ❞❛#❛ ♠♦❞❡❧$ ❛♥❞ ❆@■$ ♦❢ ❡❛❝❤ ❞❛#❛ $#♦&❡ #♦ ♣&♦♣❡&❧②

❝♦❞❡ ❛ ♣♦❧②❣❧♦# ♣❡&$✐$#❡♥❝❡ ❜❛$❡❞ ❛♣♣❧✐❝❛#✐♦♥✳ ■♥ #❤✐$ ❝♦♥#❡①#✱ #❤❡ ❞❡✈❡❧♦♣❡&$

#❛$❦ ✐$ ❝✉♠❜❡&$♦♠❡ ❛♥❞ &❡C✉✐&❡$ ❛ ❤✐❣❤ ❛❞❛♣#❛#✐♦♥ #✐♠❡ #♦ #❤❡ ❆@■$ #❤❛#

❝❛♥ ❜❡ ❥✉❞❣❡❞ ❛$ ❛ ✇❛$#❡❞ #✐♠❡✳

Pb2 ◆♦ ❞❡❝❧❛'❛,✐✈❡ ✇❛② ❢♦' ❡①❡❝✉,✐♥❣ ❝♦♠♣❧❡① 8✉❡'✐❡1✿ ❉✉❡ #♦ #❤❡ ❤❡#✲

❡&♦❣❡♥❡✐#② ♦❢ ❞❛#❛ ♠♦❞❡❧$ ❛♥❞ #❤❡ ❛❜$❡♥❝❡ ♦❢ $❝❤❡♠❛$ ✐♥ ◆♦❙◗▲ ❞❛#❛ $#♦&❡$✱

#❤❡&❡ ✐$ ❝✉&&❡♥#❧② ♥♦ ❞❡❝❧❛&❛#✐✈❡ ✇❛② #♦ ❡①♣&❡$$ ❛♥❞ ❡①❡❝✉#❡ ❝♦♠♣❧❡① C✉❡&✐❡$

♦✈❡& $❡✈❡&❛❧ ❞❛#❛ $#♦&❡$✳ ❚❤✐$ ✐$ ♠❛✐♥❧② ❞✉❡ #♦ #❤❡ ❛❜$❡♥❝❡ ♦❢ ❛ ❣❧♦❜❛❧ $❝❤❡♠❛

✉♥✐❢②✐♥❣ #❤❡ ❛❝❝❡$$ #♦ &❡❧❛#✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛#❛ $#♦&❡$✳ ■♥ ❛❞❞✐#✐♦♥✱ ◆♦❙◗▲

❞❛#❛ $#♦&❡$ ❛&❡ $❝❤❡♠❡❧❡$$❀ ❚❤❛# ♠❡❛♥$ ❞❡✈❡❧♦♣❡&$ ❤❛✈❡ #♦ ❝♦♣❡ #❤❡♠$❡❧✈❡$

✇✐#❤ #❤❡ ✐♠♣❧❡♠❡♥#❛#✐♦♥ ♦❢ $✉❝❤ C✉❡&✐❡$ ✐♥ #❤❡✐& ❛♣♣❧✐❝❛#✐♦♥ $♦✉&❝❡ ❝♦❞❡✳

❉♦✐♥❣ $♦✱ #❤❡ ❡①❡❝✉#✐♦♥ ♦❢ ❝♦♠♣❧❡① C✉❡&✐❡$ ✇✐❧❧ ❜❡ ♥❛✐✈❡ ❛♥❞ ♥♦♥ ♦♣#✐♠❛❧✳

■# ✐$ ✇♦&#❤ ♥♦#✐♥❣ #❤❛# ❛ ❝♦♠♣❧❡① C✉❡&② ♠❛② ❜❡ ❛ ❥♦✐♥✱ ❛ ✉♥✐♦♥✱ ❡#❝✳

Pb3 ❈♦❞❡ ❛❞❛♣,❛,✐♦♥✿ ❲❤❡♥ ♠✐❣&❛#✐♥❣ ❛♣♣❧✐❝❛#✐♦♥$ ❢&♦♠ ♦♥❡ ❈❧♦✉❞ ❡♥✈✐&♦♥✲

♠❡♥# #♦ ❛♥♦#❤❡&✱ ❛♣♣❧✐❝❛#✐♦♥ ❞❡✈❡❧♦♣❡&$ ❤❛✈❡ #♦ &❡✲❛❞❛♣# #❤❡✐& ❛♣♣❧✐❝❛#✐♦♥

$♦✉&❝❡ ❝♦❞❡ ✐♥ ♦&❞❡& #♦ ✐♥#❡&❛❝# ✇✐#❤ ♥❡✇ ❞❛#❛ $#♦&❡$ ❛♥❞ ♠✐❣&❛#❡ #❤❡✐& ❞❛#❛

❢&♦♠ #❤❡ ♦❧❞ ❞❛#❛ $#♦&❡$ #♦ #❤❡ ♥❡✇ ♦♥❡$✳ ❍♦✇❡✈❡&✱ #❤✐$ ✐$ ❛ #❡❞✐♦✉$ #❛$❦ $✐♥❝❡

❞❡✈❡❧♦♣❡&$ ❤❛✈❡ ♣♦#❡♥#✐❛❧❧② #♦ ❧❡❛&♥ ❛♥❞ ♠❛$#❡& ♥❡✇ ♣&♦♣&✐❡#❛&② ❆@■$✳ ❚❤✐$

♠❛② ❝❛✉$❡ ❛♥ ✐♠♣♦&#❛♥# ❞❡❧❛② ❞✉&✐♥❣ #❤❡ ♠✐❣&❛#✐♦♥ ♣&♦❝❡$$ ❛♥❞ ❤❛♠♣❡& #❤❡

❛♣♣❧✐❝❛#✐♦♥ ❧✐❢❡❝②❝❧❡✳

Pb4 ❚❡❞✐♦✉1 ❛♥❞ ♥♦♥✲1,❛♥❞❛'❞ ❞✐1❝♦✈❡'② ❛♥❞ ❞❡♣❧♦②♠❡♥, ♣'♦❝❡11❡1✿
❖♥❝❡ ❛♥ ❛♣♣❧✐❝❛#✐♦♥ ✐$ ❞❡✈❡❧♦♣❡❞ ♦& ❜❡❢♦&❡ ✐$ ♠✐❣&❛#❡❞✱ ❞❡✈❡❧♦♣❡&$ ❤❛✈❡ #♦

❞❡♣❧♦② ✐# ✐♥#♦ ❛ ❈❧♦✉❞ ♣&♦✈✐❞❡& ✇✐#❤ &❡$♣❡❝# #♦ ✐#$ &❡C✉✐&❡♠❡♥#$✳ ❚♦ ❞♦ $♦✱

❞❡✈❡❧♦♣❡&$ ♠✉$# ❞✐$❝♦✈❡& #❤❡ ♠♦$# $✉✐#❛❜❧❡ ❈❧♦✉❞ ❡♥✈✐&♦♥♠❡♥# ♣&♦✈✐❞✐♥❣ #❤❡

&❡C✉✐&❡❞ ❞❛#❛ $#♦&❡$ ❛♥❞ ❞❛#❛ ❝❤❛&❛❝#❡&✐$#✐❝$✳ ❍♦✇❡✈❡&✱ #❤✐$ $#❡♣ ✐$ #❡❞✐♦✉$

❛♥❞ ♠❡#✐❝✉❧♦✉$ ❜❡❝❛✉$❡ ✐# ❧❛❝❦$ ♦❢ ❛✉#♦♠❛#✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣❡&$ ❤❛✈❡ #♦ ❞♦

✐# ♠❛♥✉❛❧❧②✳ ■♥❞❡❡❞✱ ❞❡✈❡❧♦♣❡&$ ♠✉$# ❞✐$❝♦✈❡& ❞❛#❛ $#♦&❡$ $❡&✈✐❝❡$ ♦❢ ❡❛❝❤

❈❧♦✉❞ ♣&♦✈✐❞❡& ❛♥❞ #&② #♦ ♠❛#❝❤ ❜❡#✇❡❡♥ #❤❡✐& &❡C✉✐&❡♠❡♥#$ ❛♥❞ #❤❡ ❈❧♦✉❞

♣&♦✈✐❞❡&$ ❝❛♣❛❜✐❧✐#✐❡$✳ ❚❤✐$ ✇♦✉❧❞ ❜❡ ❧❡$$ ❝♦♠♣❧❡① ✐❢ #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ✐♥#❡&❛❝#$

✇✐#❤ ❛ $✐♥❣❧❡ ❞❛#❛ $#♦&❡✳

❈♦♥$✐$#❡♥❝② ✐$ ❛❧$♦ ❛♥ ✐♠♣♦&#❛♥# ✐$$✉❡ ✐♥ ♠✉❧#✐♣❧❡ ❞❛#❛ $#♦&❡$ ❜❛$❡❞ ❛♣♣❧✐❝❛✲

#✐♦♥$✳ ■♥ ❢❛❝#✱ ❈❧♦✉❞ ❞❛#❛ $#♦&❡$ ✐♥ ❣❡♥❡&❛❧ ✐♠♣❧❡♠❡♥# ❞✐✛❡&❡♥# ❝♦♥$✐$#❡♥❝② ♠♦❞✲

❡❧$ ✭❡✳❣✳ $#&♦♥❣ ❝♦♥$✐$#❡♥❝② ♠♦❞❡❧ ❢♦& ❘❉❇▼❙ ❛♥❞ ✇❡❛❦ ❝♦♥$✐$#❡♥❝② ♠♦❞❡❧$ ❢♦&



❚❤❡#✐# %&✐♥❝✐♣❧❡# ❆♥❞ ❖❜❥❡❝0✐✈❡# ✺

◆♦❙◗▲ ❉❇▼❙✮✳ ❚❤✐. ✐♠♣❧✐❡. 3❤❛3 3❤❡ ❝♦♥.✐.3❡♥❝② ♠♦❞❡❧ ❛3 3❤❡ ❛♣♣❧✐❝❛3✐♦♥ ❧❡✈❡❧

✐. ♥♦3 :❡❛❧❧② ❞❡✜♥❡❞✳ ❲❡ ❞♦ ♥♦3 ❛❞❞:❡.. 3❤✐. ✐..✉❡ ✐♥ 3❤✐. 3❤❡.✐.✱ ❢♦❝✉.✐♥❣ ♦♥❧② ♦♥

A✉❡:②✐♥❣✳ ❚❤❡ ✐♥3❡:❡.3❡❞ :❡❛❞❡: ♠❛② :❡❛❞ ❬✾❪ ✇❤✐❝❤ ♣:♦♣♦.❡. ❛ ♠✐❞❞❧❡✇❛:❡ .❡:✈✐❝❡

❛❞❞:❡..✐♥❣ 3❤❡ ♣:♦❜❧❡♠ ♦❢ ❝❧✐❡♥3✲❝❡♥3:✐❝ ❝♦♥.✐.3❡♥❝② ♦♥ 3♦♣ ♦❢ ❡✈❡♥3✉❛❧❧② ❝♦♥.✐.3❡♥3

❞✐.3:✐❜✉3❡❞ ❞❛3❛ .3♦:❡. ✭❆♠❛③♦♥ ❙✸ ❢♦: ❡①❛♠♣❧❡✮✳

✶✳✸ ❚❤❡&✐& ()✐♥❝✐♣❧❡& ❆♥❞ ❖❜❥❡❝3✐✈❡&

■♥ 3❤✐. 3❤❡.✐.✱ ✇❡ ❛✐♠ 3♦ ♣:♦♣♦.❡ .♦❧✉3✐♦♥. ❢♦: .✉♣♣♦:3✐♥❣ ♠✉❧3✐♣❧❡ ❜❛.❡❞ ❛♣♣❧✐✲

❝❛3✐♦♥ ❞❡✈❡❧♦♣❡:. ✐♥ ❈❧♦✉❞ ❡♥✈✐:♦♥♠❡♥3.✳ ❖✉: ♦❜❥❡❝3✐✈❡ ✐. ❢♦✉:❢♦❧❞✿ ✭✶✮ ✉♥✐❢②✐♥❣

:❡❧❛3✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛3❛ ♠♦❞❡❧.✱ ✭✷✮ ❡❛.✐♥❣ 3❤❡ ♣:♦❣:❛♠♠✐♥❣ ♦❢ ♣♦❧②❣❧♦3 ♣❡:✲

.✐.3❡♥❝❡ ❜❛.❡❞ ❛♣♣❧✐❝❛3✐♦♥.✱ ✭✸✮ ❛✉3♦♠❛3✐♥❣ ♠✉❧3✐♣❧❡ ❞❛3❛ .3♦:❡. ❞✐.❝♦✈❡:② ❛♥❞

❛♣♣❧✐❝❛3✐♦♥. ❞❡♣❧♦②♠❡♥3✱ ❛♥❞ ✭✹✮ ❡✈❛❧✉❛3✐♥❣ ❛♥❞ ♦♣3✐♠✐③✐♥❣ ❝♦♠♣❧❡① A✉❡:✐❡. ❡①❡✲

❝✉3✐♦♥✳

■♥ ♦✉: ❛♣♣:♦❛❝❤✱ ✇❡ ❝♦♥.✐❞❡: 3❤❡ ❢♦❧❧♦✇✐♥❣ ♣:✐♥❝✐♣❧❡.✿

• ❈❧♦✉❞ ❈♦♠♣✉3✐♥❣ ❛♥❞ ❇✐❣ ❉❛3❛✿ ❚❤✐. 3❤❡.✐. ✐. ❞❡✈❡❧♦♣❡❞ ✇✐3❤✐♥ 3❤❡ ✜❡❧❞ ♦❢

❈❧♦✉❞ ❈♦♠♣✉3✐♥❣ ❛♥❞ ❇✐❣ ❉❛3❛✳ ■♥❞❡❡❞✱ ✇❡ .❤♦✉❧❞ 3❛❦❡ ✐♥3♦ ❛❝❝♦✉♥3 3❤❡

❞✐✛❡:❡♥3 ❝❤❛:❛❝3❡:✐.3✐❝. ♦❢ ❡❛❝❤ ❛:❡❛ ♥❛♠❡❧② 3❤❡ ❜✐❣ ✈♦❧✉♠❡ ♦❢ ❞❛3❛ ❛♥❞ 3❤❡

✈❛:✐❡3② ♦❢ ❞❛3❛ .3♦:❡. :❡❣❛:❞✐♥❣ 3❤❡ ❇✐❣ ❉❛3❛ ❛:❡❛✱ ❛♥❞ 3❤❡ ❞②♥❛♠✐❝✐3② ✭✐✳❡✳

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

3♦ 3❤❡ ✜❡❧❞ ♦❢ ❈❧♦✉❞ ❈♦♠♣✉3✐♥❣✳

• ◆♦❙◗▲ ❞❛3❛ .3♦:❡. .✉♣♣♦:3✿ ❚❤❡ ❞✐✛❡:❡♥3 ♣:♦♣♦.❡❞ .♦❧✉3✐♦♥. .❤♦✉❧❞ 3❛❦❡

✐♥3♦ ❛❝❝♦✉♥3 :❡❧❛3✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛3❛ .3♦:❡.✳

• ▼✉❧3✐♣❧❡ ❞❛3❛ .3♦:❡. ❜❛.❡❞ ❛♣♣❧✐❝❛3✐♦♥.✿ ❚❤❡ ❞✐✛❡:❡♥3 .♦❧✉3✐♦♥. .❤♦✉❧❞ .✉♣✲

♣♦:3 ♠✉❧3✐♣❧❡ ❞❛3❛ .3♦:❡. ❜❛.❡❞ ❛♣♣❧✐❝❛3✐♦♥. .✐♥❝❡ ❛♥ ❛♣♣❧✐❝❛3✐♦♥ ♠❛② ♠❡❡3

✐3. :❡A✉✐:❡♠❡♥3. ✐♥ ❞✐✛❡:❡♥3 ❞❛3❛ .3♦:❡. .❡:✈✐❝❡. ✐♥ ❛ ❈❧♦✉❞ ❡♥✈✐:♦♥♠❡♥3✳

• ❊❛.② ❛❝❝❡.. 3♦ ❤❡3❡:♦❣❡♥❡♦✉. ❞❛3❛ .3♦:❡.✿ ■♥ 3❤✐. 3❤❡.✐.✱ .♦❧✉3✐♦♥. .❤♦✉❧❞

3❛❦❡ ✐♥3♦ ❛❝❝♦✉♥3 3❤❡ ✐♠♣♦:3❛♥❝❡ ♦❢ ❢❛❝✐❧✐3❛3✐♥❣ 3❤❡ ❛❝❝❡.. 3♦ :❡❧❛3✐♦♥❛❧ ❞❛3❛

.3♦:❡. ✐♥ ♦:❞❡: 3♦ ❡❛.✐❧② ❡①♣:❡.. A✉❡:✐❡. ❛♥❞ ❝♦::❡❝3❧② ❡✈❛❧✉❛3❡ ❛♥❞ ♦♣3✐♠✐③❡

3❤❡✐: ❡①❡❝✉3✐♦♥✳

• ❆✉3♦♠❛3✐♦♥✿ ❚❤❡ ❞✐✛❡:❡♥3 .♦❧✉3✐♦♥. .❤♦✉❧❞ ❜❡ ❛✉3♦♠❛3✐❝ ✐♥ ♦:❞❡: 3♦ :❡✲

❧✐❡✈❡ ✉3♠♦.3 ❞❡✈❡❧♦♣❡:. 3❛.❦ ❜② :❡♠♦✈✐♥❣ 3❤❡ ❜✉:❞❡♥ ♦❢ ♠❛♥❛❣✐♥❣ 3❤❡ ❤✐❣❤

❤❡3❡:♦❣❡♥❡✐3② ♦❢ ❞❛3❛ .3♦:❡. ✐♥ ❈❧♦✉❞ ❡♥✈✐:♦♥♠❡♥3.✳

✶✳✹ ❚❤❡&✐& ❈♦♥3)✐❜✉3✐♦♥&

■♥ 3❤✐. 3❤❡.✐.✱ ✇❡ ♣:♦♣♦.❡ ❛♥ ✐♥3❡❣:❛3❡❞ .❡3 ♦❢ ♠♦❞❡❧.✱ ❛❧❣♦:✐3❤♠. ❛♥❞ 3♦♦❧. ❛✐♠✐♥❣

❛3 ❛❧❧❡✈✐❛3✐♥❣ ❞❡✈❡❧♦♣❡:.✬ 3❛.❦. ❢♦: ❞❡✈❡❧♦♣✐♥❣ ♠✉❧3✐♣❧❡ ❞❛3❛ .3♦:❡. ❜❛.❡❞ ❛♣♣❧✐✲

❝❛3✐♦♥.✱ ❞✐.❝♦✈❡:✐♥❣ ❈❧♦✉❞. ❞❛3❛ .3♦:❡. ❝❛♣❛❜✐❧✐3✐❡.✱ ❡①❡❝✉3✐♥❣ ❝♦♠♣❧❡① A✉❡:✐❡.✱

❞❡♣❧♦②✐♥❣ ❛♥❞ ♠✐❣:❛3✐♥❣ ❛♣♣❧✐❝❛3✐♦♥. ✐♥ ❈❧♦✉❞ ❡♥✈✐:♦♥♠❡♥3.✳ ■3 ✐. ✇♦:3❤② 3♦ .❛②

3❤❛3 ✇❡ 3❛❦❡ ✐♥3♦ ❛❝❝♦✉♥3 :❡❧❛3✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛3❛ .3♦:❡.✳



✻ ●❡♥❡#❛❧ ■♥'#♦❞✉❝'✐♦♥

❋✐#$%✱ ✇❡ ❞❡✜♥❡ ❛ ✉♥✐✜❡❞ ❞❛%❛ ♠♦❞❡❧ ✉$❡❞ ❜② ❛♣♣❧✐❝❛%✐♦♥$ ❞❡✈❡❧♦♣❡#$ %♦ ✐♥%❡#❛❝%

✇✐%❤ ❞✐✛❡#❡♥% ❞❛%❛ $%♦#❡$✳ ❚❤✐$ ♠♦❞❡❧ %❛❝❦❧❡$ %❤❡ ❤❡%❡#♦❣❡♥❡✐%② ♣#♦❜❧❡♠ ❜❡%✇❡❡♥

❞❛%❛ ♠♦❞❡❧$ ❛♥❞ %❤❡ $❝❤❡♠❡$ ❛❜$❡♥❝❡ ✐♥ ◆♦❙◗▲ ❞❛%❛ $%♦#❡$✳ ■% ✐$ ✉$❡❞ %♦ ❡①♣#❡$$

❈❘❯❉ ❛♥❞ ❝♦♠♣❧❡① F✉❡#✐❡$✳ ■♥ ❛❞❞✐%✐♦♥✱ ✇❡ ✉$❡❞ %❤❡ ♣#♦♣♦$❡❞ ✉♥✐✜❡❞ ❞❛%❛ ♠♦❞❡❧

%♦ ❡✈❛❧✉❛%❡ ❛♥❞ ♦♣%✐♠✐③❡ ❝♦♠♣❧❡① F✉❡#✐❡$ ❡①❡❝✉%✐♦♥ ✭%❛❝❦❧✐♥❣ %❤❡#❡❢♦#❡ ♣#♦❜❧❡♠$

Pb1 ❛♥❞ Pb2✮✳

❙❡❝♦♥❞✱ ✇❡ ♣#♦♣♦$❡ ❖L❊◆✲L❛❛❙✲❉❛%❛❇❛$❡ ❆L■ ✭❖❉❇❆L■✮ %❤❛% ❞❡✈❡❧♦♣❡#$

♠❛② ✉$❡ %♦ ❡①♣#❡$$ ❛♥❞ ❡①❡❝✉%❡ ❛♥② %②♣❡ ♦❢ F✉❡#✐❡$✳ ❚❤✐$ ❆L■ ✐$ ❛ $%#❡❛♠❧✐♥❡❞ ❛♥❞

❛ ✉♥✐✜❡❞ ❘❊❙❚✲❜❛$❡❞ ❆L■ ❢♦# ❡①❡❝✉%✐♥❣ F✉❡#✐❡$ ♦✈❡# #❡❧❛%✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛%❛

$%♦#❡$✳ ❚❤❡ ❤✐❣❤❧✐❣❤%$ ♦❢ ❖❉❇❆L■ ❛#❡ %✇♦❢♦❧❞✿ ✭✐✮ ❞❡❝♦✉♣❧✐♥❣ ❈❧♦✉❞ ❛♣♣❧✐❝❛%✐♦♥$

❢#♦♠ ❞❛%❛ $%♦#❡$ ✐♥ ♦#❞❡# %♦ ❢❛❝✐❧✐%❛%❡ %❤❡ ♠✐❣#❛%✐♦♥ ♣#♦❝❡$$✱ ❛♥❞ ✭✐✐✮ ❡❛$✐♥❣ %❤❡

❞❡✈❡❧♦♣❡#$ %❛$❦ ❜② ❧✐❣❤%❡♥✐♥❣ %❤❡ ❜✉#❞❡♥ ♦❢ ♠❛♥❛❣✐♥❣ ❞✐✛❡#❡♥% ❆L■$ ✭%❛❝❦❧✐♥❣

%❤❡#❡❢♦#❡ ♣#♦❜❧❡♠$ Pb1✱ Pb2✱ ❛♥❞ Pb3✮✳

❚❤✐#❞✱ ✇❡ ♣#♦♣♦$❡ ✈✐#%✉❛❧ ❞❛%❛ $%♦#❡$ ✭❱❉❙✮ %♦ ❡✈❛❧✉❛%❡ ❛♥❞ ♦♣%✐♠✐③❡ F✉❡#✐❡$

❡①❡❝✉%✐♦♥ ✲ ❡$♣❡❝✐❛❧❧② ❝♦♠♣❧❡① ♦♥❡$✲ ♦✈❡# ❞✐✛❡#❡♥% ❞❛%❛ $%♦#❡$✳ ■♥ ♦#❞❡# %♦ $✉♣♣♦#%

F✉❡#✐❡$ ❞❡✜♥✐%✐♦♥ ❛♥❞ ❡①❡❝✉%✐♦♥ ♦✈❡# ❤❡%❡#♦❣❡♥❡♦✉$ ❞❛%❛ ♠♦❞❡❧$✱ ✇❡ ✉$❡ %❤❡ ✉♥✐✜❡❞

❞❛%❛ ♠♦❞❡❧ %❤❛% ✇❡ ❡①%❡♥❞ ✇✐%❤ ❝♦##❡$♣♦♥❞❡♥❝❡ #✉❧❡$✳ ❚❤❡ ❱❉❙ ✐♠♣❧❡♠❡♥%$ ❛

❞②♥❛♠✐❝ ♣#♦❣#❛♠♠✐♥❣ ❜❛$❡❞ ❛❧❣♦#✐%❤♠ %♦ ❣❡♥❡#❛%❡ ♦♣%✐♠❛❧ ❡①❡❝✉%✐♦♥ ♣❧❛♥$ ✉$✐♥❣ ❛

❝♦$% ♠♦❞❡❧ %❤❛% ✇❡ ❤❛✈❡ ❞❡✜♥❡❞✳ ❖✉# $♦❧✉%✐♦♥ ✐$ ❜❛$❡❞ ♦♥ ❛❧❣❡❜#❛✐❝ %#❡❡$ ❝♦♠♣♦$❡❞

♦❢ ❞❛%❛ $♦✉#❝❡$ ❛♥❞ ❛❧❣❡❜#❛✐❝ ♦♣❡#❛%♦#$ ❛♥❞ ❛❧❣❡❜#❛✐❝ %#❡❡$ ❛♥♥♦%❛%✐♦♥ ✭%❛❝❦❧✐♥❣

%❤❡#❡❢♦#❡ ♣#♦❜❧❡♠ Pb2✮✳

❋♦✉#%❤✱ ✇❡ ♣#❡$❡♥% ❛ ❞❡❝❧❛#❛%✐✈❡ ❛♥❞ ❛♥ ❛✉%♦♠❛%✐❝ ❛♣♣#♦❛❝❤ ❢♦# ❞✐$❝♦✈❡#✐♥❣ ❛♣✲

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

❛♣♣#♦❛❝❤ ❧❡%$ ❞❡✈❡❧♦♣❡#$ $✐♠♣❧② ❢♦❝✉$ ♦♥ $♣❡❝✐❢②✐♥❣ %❤❡✐# $%♦#❛❣❡ ❛♥❞ ❝♦♠♣✉%✐♥❣

#❡F✉✐#❡♠❡♥%$✳ ❚❤❡ ❦❡② ✐♥❣#❡❞✐❡♥%$ ♦❢ %❤✐$ $♦❧✉%✐♦♥ ❛#❡ ✭✶✮ %❤❡ ✉$❡ ♦❢ ♠❛♥✐❢❡$%$ %♦

❡①♣♦$❡ ❛♣♣❧✐❝❛%✐♦♥$ #❡F✉✐#❡♠❡♥%$ ❛♥❞ ❞❛%❛ $%♦#❡$ ❝❛♣❛❜✐❧✐%✐❡$✱ ❛♥❞ ✭✷✮ %❤❡ ♠❛%❝❤✲

✐♥❣ ❛❧❣♦#✐%❤♠ %❤❛% ❡❧❡❝%$ %❤❡ ♠♦$% ❛♣♣#♦♣#✐❛%❡ ❈❧♦✉❞ ♣#♦✈✐❞❡# %♦ ❛♥ ❛♣♣❧✐❝❛%✐♦♥✳

❋♦# %❤❡ ❞❡♣❧♦②♠❡♥% $%❡♣✱ ✇❡ ♣#♦♣♦$❡ %♦ ❡①%❡♥❞ ❛♥❞ ✉$❡ %❤❡ ❈❖❆L❙ ❆L■ ✇❤✐❝❤ ✐$ ❛

❞❡♣❧♦②♠❡♥% ❆L■ ♣#♦♣♦$❡❞ ✐♥ ♦✉# %❡❛♠ ❛♥❞ ✐♥ %❤❡ ❈♦♠♣❛%✐❜❧❡❖♥❡ ♣#♦❥❡❝% ✭%❛❝❦❧✐♥❣

%❤❡#❡❢♦#❡ ♣#♦❜❧❡♠$ Pb1 ❛♥❞ Pb4✮✳

❆ ♣#♦%♦%②♣❡ ♦❢ ♦✉# ❛♣♣#♦❛❝❤ ❤❛$ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❤❛$ ❜❡❡♥ ✉$❡❞ %♦ ✐♠♣❧❡✲

♠❡♥% ✉$❡ ❝❛$❡$ ❢#♦♠ ❛ ❢#❡♥❝❤ L❛❛❙ ♣#♦❥❡❝% ❝❛❧❧❡❞ ❖L❊◆✲L❛❛❙✳ ❲❡ ✇✐❧❧ ❞❡%❛✐❧ %❤❡

❞✐✛❡#❡♥% ❛$♣❡❝%$ ♦❢ %❤❡ #❡❛❧✐③❡❞ ✐♠♣❧❡♠❡♥%❛%✐♦♥$ ❛$ ❛ ♣#♦♦❢ ♦❢ ❝♦♥❝❡♣%✳ ■♥ ❛❞❞✐%✐♦♥✱

✇❡ ✇✐❧❧ ❞❡$❝#✐❜❡ %❤❡ #❡❛❧✐③❡❞ $❝❡♥❛#✐♦$ ❛♥❞ ♣❡#❢♦#♠ $♦♠❡ ❡①♣❡#✐♠❡♥%$ %♦ ❡✈❛❧✉❛%❡

♦✉# ♣#♦♣♦$❛❧$✳

✶✳✺ ❚❤❡&✐& ❖✉*❧✐♥❡

❚❤❡ #❡♠❛✐♥❞❡# ♦❢ %❤✐$ ♠❛♥✉$❝#✐♣% ✐$ ♦#❣❛♥✐③❡❞ ❛$ ❢♦❧❧♦✇$✳ ❈❤❛♣%❡# ✷ ❝♦♥%❛✐♥$ %✇♦

♠❛✐♥ ♣❛#%$✳ ❖♥ %❤❡ ♦♥❡ ❤❛♥❞✱ ✇❡ ♣#♦✈✐❞❡ ❛ ❞❡$❝#✐♣%✐♦♥ ♦❢ %❤❡ ❞✐✛❡#❡♥% ❝♦♥❝❡♣%$

♥❡❡❞❡❞ ❢♦# %❤❡ ✉♥❞❡#$%❛♥❞✐♥❣ ♦❢ ♦✉# ✇♦#❦✳ ■♥ ❢❛❝%✱ ✇❡ ❣✐✈❡ %❤❡ ❞❡✜♥✐%✐♦♥$ ♦❢ ❈❧♦✉❞

❈♦♠♣✉%✐♥❣ ❛♥❞ ❇✐❣ ❉❛%❛ ❛#❡❛$✳ ❲❡ ❛❧$♦ ❞❡✜♥❡ %❤❡ ❞✐✛❡#❡♥% ✈❛#✐❛♥%$ %❤❛% ✇❡ ❛✐♠ %♦
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personId personName

1 Leslie Valient

2 John Hopcroft

Person

personCountry

United States

United Kingdom

3 Jeffrey Ullman United States

initiator receptor

1 2

2 3

relationship

know

coauthor

Relationship

✭❛✮ ❊①❛♠♣❧❡ ✇✐+❤ ❛ -❡✲

❧❛+✐♦♥❛❧ ❞❛+❛ 2+♦-❡

person

"personId" : "1",

"personFirstName": 

"Leslie",

"personLastName": 

"Valiant",

"personCountry": 

"United Kingdom", 

"Knows":["John 

Hopcroft"]

"personId": "2",

"personName": "John 

Hopcroft",

"personCountry": 

"United States",

"Co-author":["Jeffrey 

Ullman"]

"personId": 3,

"personName": "Jeffrey 

Ullman",

"personCountry": 

"United States"

✭❜✮ ❊①❛♠♣❧❡ ✇✐+❤ ❛ ❞♦❝✉♠❡♥+

❞❛+❛ 2+♦-❡

1

2

3

personName: Leslie 

Valient

PersonCountry: 

United Kingdom

personName: John

Hopcroft

PersonCountry: 

United States

personName: Jeffrey

Ullman

PersonCountry: 

United States

Knows Co-author

✭❝✮ ❊①❛♠♣❧❡ ✇✐,❤ ❛ ❣/❛♣❤

❞❛,❛ 1,♦/❡

❋✐❣✉$❡ ✷✳✸✿ ❊①❛♠♣❧❡0 ♦❢ ✐❧❧✉03$❛3✐♥❣ 3❤❡ 0❛♠❡ ❞❛3❛ ♠♦❞❡❧ ✇✐3❤ ❞✐✛❡$❡♥3 3②♣❡0 ♦❢

❞❛3❛ 03♦$❡0

■♥ 3❤❡ $❡03 ♦❢ 3❤✐0 0❡❝3✐♦♥✱ ✇❡ ♣$♦♣♦0❡ 3♦ 0❤♦✇ ❤♦✇ 3❤❡ =✉❡$②✐♥❣ ♠❡❝❤❛♥✐0♠ ❞✐❢✲

❢❡$0 ❢$♦♠ ♦♥❡ ❞❛3❛ 03♦$❡ 3♦ ❛♥♦3❤❡$ ❜② ❣✐✈✐♥❣ ❡①❛♠♣❧❡0 ♦❢ 3❤❡ 0❛♠❡ =✉❡$② ♣$♦❝❡00❡❞

❛❝$♦00 3❤❡ 3❤$❡❡ ❞❛3❛ 03♦$❡0✿

• ◗✉❡#② ✶✿ ❚❤❡ ✜$03 =✉❡$② ✐0 ❣❡" "❤❡ ♣❡%&♦♥ ❤❛✈✐♥❣ ✐❞ ❡-✉❛❧& ✶✳ ■3 ✐0 ❡①✲

♣$❡00❡❞ ♦✈❡$ ❛ $❡❧❛3✐♦♥❛❧ ❞❛3❛ 03♦$❡ ✉0✐♥❣ 3❤❡ ❞❡❝❧❛$❛3✐✈❡ =✉❡$② ❧❛♥❣✉❛❣❡ ❙◗▲

❛0 ❢♦❧❧♦✇0✿ ❙❊▲❊❈❚ ✯ ❋❘❖▼ ♣❡%&♦♥ ❲❍❊❘❊ ✐❞❂✶✳ ■♥ 3❤❡ ❣$❛♣❤ ❞❛3❛ 03♦$❡✱

❧❡3 ✉0 0✉♣♣♦0❡ 3❤❛3 ✇❡ ❛$❡ ✉0✐♥❣ 3❤❡ ◆❡♦✹❥ ❞❛3❛ 03♦$❡✱ 3❤❡ =✉❡$② ✇✐❧❧ ❜❡ ✇$✐3✲

3❡♥ ✉0✐♥❣ 3❤❡ ❈②♣❤❡$ =✉❡$② ❧❛♥❣✉❛❣❡ ❛0 ❢♦❧❧♦✇0✿ ▼❆❚❈❍ ♥ ❲❍❊❘❊ ♥✳✐❞❂✶

❘❊❚❯❘◆ ♥✳ ❋✐♥❛❧❧②✱ ✐♥ 3❤❡ ❞♦❝✉♠❡♥3 ❞❛3❛ 03♦$❡✱ ✐❢ ✇❡ 0✉♣♣♦0❡ 3❤❛3 ✇❡

❛$❡ ✉0✐♥❣ 3❤❡ ❈♦✉❝❤❉❇ ❞❛3❛ 03♦$❡✱ 3❤❡ =✉❡$② ✇✐❧❧ ❜❡ ✇$✐33❡♥ ❛0 ❢♦❧❧♦✇0✿

❝✉%❧ ✲❳ ●❊❚ ❤""♣✿✴✴✶✷✼✳✵✳✵✳✶✿ ✺✾✽✹✴♣❡%&♦♥✴✶✳

• ◗✉❡#② ✷✿ ❚❤❡ 0❡❝♦♥❞ =✉❡$② ✐0 ❣❡" "❤❡ ❧✐&" ♦❢ ♣❡%&♦♥& ❤❛✈✐♥❣ "❤❡ %❡❧❛"✐✲

♦♥&❤✐♣ ♦❢ ❛✉"❤♦%&❤✐♣✳ ❯0✐♥❣ ❙◗▲ 0②♥3❛①✱ 3❤❡ =✉❡$② ❝❛♥ ❜❡ ❡①♣$❡00❡❞ ❛0

❢♦❧❧♦✇0✿ ❙❊▲❊❈❚ P✶✳♣❡%&♦♥◆❛♠❡✱ P✷✳♣❡%&♦♥◆❛♠❡ ❋❘❖▼ P❡%&♦♥ P✶✱ P❡%&♦♥ P✷✱

❘❡❧❛"✐♦♥&❤✐♣ ❘ ❲❍❊❘❊ ❘✳%❡❧❛"✐♦♥&❤✐♣❂✧❝♦❛✉"❤♦%✧ ❆◆❉ P✶✳♣❡%&♦♥■❞❂❘✳



✶✽ ❙!❛!❡ ❖❢ ❚❤❡ ❆)!

✐♥✐"✐❛"♦% ❆◆❉ )✷✳♣❡%.♦♥■❞❂❘✳%❡❝❡♣"♦%✳ ❇❛%❡❞ ♦♥ ❈②♣❤❡. /✉❡.② ❧❛♥✲

❣✉❛❣❡✱ 5❤❡ /✉❡.② ✐% ✇.✐55❡♥ ❛% ❢♦❧❧♦✇%✿ ▼❆❚❈❍ ✭♥✮✲❬✿❝♦✲❛✉"❤♦%❪✲❃✭♠ ✮

❘❊❚❯❘◆ ♥✱ ♠✳ ❋✐♥❛❧❧②✱ ✇❡ ❡①♣.❡%% 5❤❡ %❛♠❡ /✉❡.② ✇✐5❤ 5❤❡ ❈♦✉❝❤❉❇ %②♥5❛①

✉%✐♥❣ 5❤❡ ✈✐❡✇ ♥♦5✐♦♥ %✐♥❝❡ 5❤✐% /✉❡.② .❡/✉✐.❡% ✜❧5❡.✐♥❣✳ ■5 ❝❛♥ ❜❡ ✇.✐55❡♥ ❛%

❢♦❧❧♦✇%✿

❢✉♥❝"✐♦♥✭❞♦❝✮ ④

✐❢✭❞♦❝✳♣❡%.♦♥◆❛♠❡ ✫✫ ❞♦❝✳❝♦✲❛✉"❤♦%✳❧❡♥❣"❤ ❃ ✵✮ ④

❢♦%✭✈❛% ✐❞① ✐♥ ❞♦❝✳❝♦✲❛✉"❤♦%✮ ④

❡♠✐"✭❞♦❝✳♣❡%.♦♥◆❛♠❡✱ ❞♦❝✳❝♦✲❛✉"❤♦%❬✐❞①❪✮❀

⑥

⑥

⑥

✷✳✷✳✸✳✹ ◆♦❙◗▲ ✈* ❘❉❇▼❙

◆♦❙◗▲ %②%5❡♠% ❛.❡ ❣❛✐♥✐♥❣ ♣♦♣✉❧❛.✐5② ❛% ❛ ♥❡✇ ❣❡♥❡.❛5✐♦♥ ♦❢ ❞❛5❛❜❛%❡ ♠❛♥❛❣❡✲

♠❡♥5 %②%5❡♠% ❛❣❛✐♥%5 ❘❉❇▼❙✳ ◆❡✈❡.5❤❡❧❡%%✱ ✇❡ ❞♦ ♥♦5 ❞❡♥② 5❤❛5 ❡❛❝❤ %②%5❡♠

%5.❡%%❡% %5.❡♥❣5❤% ❛♥❞ ❧✐♠✐5❛5✐♦♥%✳ ■♥ 5❤❡ .❡♠❛✐♥❞❡. ♦❢ 5❤✐% %❡❝5✐♦♥✱ ✇❡ 5.② 5♦ %❤♦✇

5❤❛5 5❤❡ ◆♦❙◗▲ %②%5❡♠% ❛.❡ ♥♦5 ♠❡❛♥5 ❛% 5❤❡ %✐❧✈❡. ❜✉❧❧❡5 5♦ ♦✈❡.5❛❦❡ ❘❉❇▼❙

♣.♦❜❧❡♠% %✐♥❝❡ 5❤❡② ❛❧%♦ %❤♦✇❝❛%❡ %♦♠❡ ♥♦5❛❜❧❡ ❧✐♠✐5❛5✐♦♥%✿

• ❈♦♥*✐*2❡♥❝②✿ ❈♦♥%✐%5❡♥❝② ❤❛% ❜❡❡♥ ✇✐❞❡❧② %5✉❞✐❡❞ ✐♥ 5❤❡ ❝♦♥5❡①5 ♦❢ 5.❛♥%✲

❛❝5✐♦♥% ✭%❡❡ ❬✶✷❪ ❢♦. ❛ ❣❡♥❡.❛❧ ♣.❡%❡♥5❛5✐♦♥ ♦❢ ❞✐%5.✐❜✉5❡❞ 5.❛♥%❛❝5✐♦♥ ♣.♦❝❡%%✲

✐♥❣✮✳ ❆ %5.♦♥❣ ❝♦♥%✐%5❡♥❝② ♠♦❞❡❧ ❤❛% ❡♠❡.❣❡❞ ❢♦. .❡❧❛5✐♦♥❛❧ ❉❇▼❙% ♥❛♠❡❞

❆❈■❉✳ ❚❤✐% ♠♦❞❡❧ ✐% ❞✐✣❝✉❧5 5♦ %❝❛❧❡ 5❤❛5 ✐% 5❤❡ .❡❛%♦♥ ✇❤② ❧❛.❣❡ %❝❛❧❡ ✇❡❜

❛♣♣❧✐❝❛5✐♦♥% ❤❛✈❡ ♣♦♣✉❧❛.✐③❡❞ ❛ ♥❡✇ ❦✐♥❞ ♦❢ ❝♦♥%✐%5❡♥❝② ♠♦❞❡❧ ♥❛♠❡❞ 5❤❡

❇❆❙❊ ♠♦❞❡❧✳ ❇❆❙❊ ❡♥%✉.❡% %❝❛❧❛❜✐❧✐5② ❜✉5 ❛5 5❤❡ ❝♦%5 ♦❢ ❛ ♠♦.❡ ❝♦♠♣❧❡①

✇.✐5✐♥❣ ♦❢ ❛♣♣❧✐❝❛5✐♦♥%✱ ❜❡❝❛✉%❡ ♣.♦❣.❛♠♠❡.% ❤❛✈❡ 5♦ ♠❛♥✉❛❧❧② ❡♥%✉.❡ ♣❛.5

♦❢ 5❤❡ ❝♦♥%✐%5❡♥❝②✳ ❋♦. ❡①❛♠♣❧❡✱ ❛♣♣❧✐❝❛5✐♦♥% ❤❛✈❡ 5♦ ❛❝❝❡%% ♦♥❧② ❞❛5❛ ✐♥ ❛

%✐♥❣❧❡ ♥♦❞❡✱ ❛✈♦✐❞✐♥❣ 5❤❡ ✉%❡ ♦❢ ❝♦%5❧② ❞✐%5.✐❜✉5❡❞ ♣.♦5♦❝♦❧% 5♦ %②♥❝❤.♦♥✐③❡

♥♦❞❡%✳

• ❙❝❛❧❛❜✐❧✐2②✿ ❖♥ 5❤❡ ♦♥❡ ❤❛♥❞✱ .❡❧❛5✐♦♥❛❧ ❞❛5❛ %5♦.❡% ❛.❡ %❝❛❧❛❜❧❡ ❛♥❞ ✇❡ ❝❛♥

✜♥❞ ❛ ❧♦5 ♦❢ ♣.♦❞✉❝5% ❞❡%✐❣♥❡❞ 5♦ ❡♥%✉.❡ 5❤✐% ♣.♦♣❡.5② ✭❡✳❣✳ ❖.❛❝❧❡❘❆❈✮✳

❚❤✐% ❦✐♥❞ ♦❢ ♣.♦❞✉❝5% ✇♦.❦ ❡✣❝✐❡♥5❧② ❞✉.✐♥❣ ❞❛5❛ /✉❡.②✐♥❣✳ ❍♦✇❡✈❡.✱ ✐5 ♠❛②

❢❛✐❧ ✇❤❡♥ ✐5 ❝♦♠❡% 5♦ ❢✉♥❝5✐♦♥ ✇✐5❤ ❞✐%5.✐❜✉5❡❞ ❞❛5❛✱ 5♦ ❡①❡❝✉5❡ ❥♦✐♥ /✉❡.✐❡%

❛❝.♦%% ❞✐%5.✐❜✉5❡❞ 5❛❜❧❡%✱ 5♦ ✉♣❞❛5❡ ❞✐%5.✐❜✉5❡❞ ❞❛5❛✱ ❡5❝ ❬✶✽❪✳ ❚❤✐% ✇✐❧❧ ❧❡❛❞

5♦ ❛ ♣.♦❜❧❡♠ ♦❢ ❝♦♥%✐%5❡♥❝②✳ ■♥ ❛❞❞✐5✐♦♥✱ ✐5 ✐% ✈❡.② ❡①♣❡♥%✐✈❡ %✐♥❝❡ 5❤❡② ❛.❡

♥♦5 ❢.❡❡✳ ❖♥ 5❤❡ ♦5❤❡. ❤❛♥❞✱ ✇❡ ❝❛♥ %❝❛❧❡ ◆♦❙◗▲ ❞❛5❛ %5♦.❡% ❜② .❡♣❧✐❝❛5✐♥❣

❛♥❞ ❞✐%5.✐❜✉5✐♥❣ ❞❛5❛ ♦✈❡. ♠❛♥② %❡.✈❡.%✳ ❆% ◆♦❙◗▲ ❞❛5❛ %5♦.❡% %✉♣♣♦.5

5❤❡ ❡①❡❝✉5✐♦♥ ♦❢ %✐♠♣❧❡ ♦♣❡.❛5✐♦♥% ✭✐✳❡✳ .❡❛❞ ❛♥% ✇.✐5❡ ♦♣❡.❛5✐♦♥%✮✱ 5❤✐% ✇✐❧❧

❡✣❝✐❡♥5❧② ✇♦.❦ ❛♥❞ ✐5 ✇✐❧❧ ✐♥❝.❡❛%❡ 5❤❡ ♥✉♠❜❡. ♦❢ /✉❡.✐❡% ♣❡. %❡❝♦♥❞✳

• ❉❛2❛ ♠♦❞❡❧✿ ❘❡❧❛5✐♦♥❛❧ ❞❛5❛ %5♦.❡% ❛.❡ ❜❛%❡❞ ♦♥ 5❤❡ .❡❧❛5✐♦♥❛❧ ❞❛5❛ ♠♦❞❡❧

✇❤✐❝❤ ✐% ❛ ❣❡♥❡.✐❝ ♠♦❞❡❧ ❢♦. ❛❧❧ ❞❛5❛ %5♦.❡% 5❤❛5 ✇❡ ✜♥❞ ♥♦✇❛❞❛②% ✭❡✳❣✳



❇❛❝❦❣%♦✉♥❞ ✶✾

▼②❙◗▲✱ ❖)❛❝❧❡✱ ❡.❝✳✮✳ ❚❤✐4 ✐4 ❛ ✈❡)② ✐♥.❡)❡4.✐♥❣ ♣♦✐♥. 4✐♥❝❡ ✐. ❛❧❧♦✇4 ✉4❡)4 .♦

♠♦❞❡❧ .❤❡✐) ❞❛.❛❜❛4❡4 ✇❤❛.❡✈❡) .❤❡ ❝♦♠♣❧❡①✐.② ♦❢ .❤❡✐) ♣)♦❜❧❡♠4✳ ■♥ ❛❞❞✐.✐♦♥

✐. ✐4 ✈❡)② ✉4❡❢✉❧ ✐♥ 4❡✈❡)❛❧ 4✐.✉❛.✐♦♥ 4✉❝❤ ❛4 ✐♥.❡❣)❛.✐♥❣ 4❡✈❡)❛❧ )❡❧❛.✐♦♥❛❧ ❞❛.❛

4.♦)❡4 .❤❛. )❡B✉✐)❡4 ♦♥❧② .❤❡ ❞❡✜♥✐.✐♦♥ ♦❢ ❛ ❣❧♦❜❛❧ 4❝❤❡♠❛ ❣)♦✉♣✐♥❣ .❤❡ ❧♦❝❛❧

4❝❤❡♠❡4 ♦❢ .❤❡ ✐♥.❡❣)❛.❡❞ ❞❛.❛ 4.♦)❡4✳ ❯♥❧✐❦❡ ◆♦❙◗▲ ❞❛.❛ 4.♦)❡4 .❤❛. ♣)♦✈✐❞❡

❛ 4♣❡❝✐✜❝ ❞❛.❛ ♠♦❞❡❧ ❢♦) ❡❛❝❤ ❞❛.❛ 4.♦)❡✳ ❚❤✐4 ❞❛.❛ ♠♦❞❡❧ ✐4 ✇❡❧❧ .❛✐❧♦)❡❞
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/❛✐❧♦,❡❞ ✇,❛♣♣❡, /♦ /❤✐( ❞❛/❛ (/♦,❡✱ ❛♥ ❛❜(♦,❜❡, ♠❛♥❛❣❡,✱ ❛♥❞ ❛ ✜♥❛❧✐③❡, ♠❛♥❣❡,✳

❇'✐❞❣✐♥❣ '❡❧❛"✐♦♥❛❧ ❛♥❞ ❞♦❝✉♠❡♥"✲❝❡♥"'✐❝ ❞❛"❛ ."♦'❡. ❬✹✼❪ ❘♦✐❥❛❝❦❡,( ❡/

❛❧✳ ♣,♦♣♦(❡ ❛ ❤②❜,✐❞ ♠❡❞✐❛/✐♦♥ ❛♣♣,♦❛❝❤ ✐♥ ✇❤✐❝❤ /❤❡② ✐♥/❡❣,❛/❡ ,❡❧❛/✐♦♥❛❧ ❛♥❞

❞♦❝✉♠❡♥/ ❞❛/❛ (/♦,❡(✳ ❚♦ ❞♦ (♦✱ /❤❡② ❞❡✜♥❡ ❛ ❧♦❣✐❝❛❧ ,❡♣,❡(❡♥/❛/✐♦♥ /♦ (/♦,❡

❞♦❝✉♠❡♥/ ❞❛/❛ ✐♥ ,❡❧❛/✐♦♥❛❧ ❞❛/❛ (/♦,❡(✱ ❛♥❞ /❤❡② ❡①/❡♥❞ /❤❡ ❙◗▲ 9✉❡,② ❧❛♥❣✉❛❣❡

✐♥ ♦,❞❡, /♦ (❡❛♠❧❡((❧② 9✉❡,② ❞❛/❛✳ ❚❤❡ ♣,♦♣♦(❡❞ ❡①/❡♥❞❡❞✲❙◗▲ ❧❛♥❣✉❛❣❡ ✐( ❝❛❧❧❡❞

◆♦❙◗▲ 9✉❡,② ♣❛//❡,♥ ✭◆◗S✮✳ ❇❛(❡❞ ♦♥ /❤❛/✱ /❤❡② ❞❡✈❡❧♦♣ ❛ ❜❛(✐❝ ❛♣♣,♦❛❝❤ ❢♦,

✸
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♣#♦❝❡''✐♥❣ '✉❝❤ ❡①.❡♥❞❡❞ 0✉❡#✐❡'✱ ❛♥❞ ♣#❡'❡♥. ❛ #❛♥❣❡ ♦❢ ♣#❛❝.✐❝❛❧ ♦♣.✐♠✐③❛.✐♦♥'✳

◆❡✈❡#.❤❡❧❡''✱ .❤✐' ❛♣♣#♦❛❝❤ ❞♦❡' ♥♦. .❛❦❡ ✐♥.♦ ❛❝❝♦✉♥. ♦.❤❡# ◆♦❙◗▲ ❞❛.❛ '.♦#❡'✳

❈❧♦✉❞▼❞&◗▲✿ *✉❡,②✐♥❣ ❤❡2❡,♦❣❡♥❡♦✉& ❈❧♦✉❞ ❞❛2❛ &2♦,❡& ✇✐2❤ ❛ ❝♦♠✲

♠♦♥ ❧❛♥❣✉❛❣❡ ❬✹✽❪ ❱❛❧❞✉#✐❡③ ❡. ❛❧✳ ♣#♦♣♦'❡ .❤❡ ❈❧♦✉❞ ♠✉❧.✐❞❛.❛'.♦#❡ 0✉❡#②

❧❛♥❣✉❛❣❡ ✭❈❧♦✉❞▼❞'◗▲✮ ✇❤✐❝❤ ✐' ❛ ❝♦♠♠♦♥ ❧❛♥❣✉❛❣❡ ❢♦# #❡❧❛.✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲

❞❛.❛ '.♦#❡' 0✉❡#②✐♥❣✳ ■♥❞❡❡❞✱ ✐. ❡♥❛❜❧❡' .♦ 0✉❡#② ♠✉❧.✐♣❧❡ ❤❡.❡#♦❣❡♥❡♦✉' ❞❛.❛

'.♦#❡' ✉'✐♥❣ ❛ '✐♥❣❧❡ 0✉❡#② ❝♦♥.❛✐♥✐♥❣ ♥❡'.❡❞ '✉❜✲0✉❡#✐❡'✳ ❊❛❝❤ '✉❜✲0✉❡#② .❛#❣❡.'

❛ ♣❛#.✐❝✉❧❛# ❞❛.❛ '.♦#❡ ❛♥❞ ♠❛② ❝♦♥.❛✐♥ ❡♠❜❡❞❞❡❞ ✐♥✈♦❝❛.✐♦♥' .♦ .❤❡ ❞❛.❛ '.♦#❡✬'

♥❛.✐✈❡ 0✉❡#② ✐♥.❡#❢❛❝❡✳ ❉✉❡ .♦ .❤❡ ❛❜'❡♥❝❡ ♦❢ '❝❤❡♠❡' ✐♥ ◆♦❙◗▲ ❞❛.❛ '.♦#❡'✱

❛✉.❤♦#' ♣#♦♣♦'❡ .♦ ✉'❡ .❛❜❧❡ ❡①♣#❡''✐♦♥' ✇❤✐❝❤ ✐' ❣❡♥❡#❛❧❧② ❛♥ ❡①♣#❡''✐♦♥ .❤❛.

#❡.✉#♥' ❛ .❛❜❧❡✳ ❚❤✐' ♥♦.✐♦♥ ❛❧❧♦✇' .♦ #❡♣#❡'❡♥. ❛ ♥❡'.❡❞ 0✉❡#② ❛♥❞ ❡'♣❡❝✐❛❧❧② .❛#✲

❣❡.' '❝❤❡♠❡❧❡'' ❞❛.❛ '.♦#❡'✳ ❚❤❡'❡ .❛❜❧❡ ❡①♣#❡''✐♦♥' ❛#❡ '❛✈❡❞ ✐♥ ❞❛.❛ '.♦#❡'❀ ❤❡♥❝❡

.❤✐' ②✐❡❧❞' ✐♠♣♦#.❛♥. ♦♣.✐♠✐③❛.✐♦♥ ♦♣♣♦#.✉♥✐.✐❡' ✭❡✳❣✳ ♠✐♥✐♠✐③✐♥❣ ❞❛.❛ .#❛♥'❢❡#'

❜❡.✇❡❡♥ ♥♦❞❡'✱ #❡✉'✐♥❣ 0✉❡#✐❡' ❞❡❝♦♠♣♦'✐.✐♦♥ ❛♥❞ ♦♣.✐♠✐③❛.✐♦♥ .❡❝❤♥✐0✉❡'✱ ❡.❝✳✮✳

❚❤❡② ❛❧'♦ ♣#♦♣♦'❡ ❛ 0✉❡#② ❡♥❣✐♥❡ .❤❛. ❢♦❧❧♦✇' ❛ ❞✐'.#✐❜✉.❡❞ ♠❡❞✐❛.♦#✴✇#❛♣♣❡#

❜❛'❡❞ ❛#❝❤✐.❡❝.✉#❡ ✇❤❡#❡ .❤❡② #❡❢❡# .♦ .❤❡ ♠❡❞✐❛.♦# ❛' ♠❛'.❡# ❛♥❞ .♦ .❤❡ ✇#❛♣✲

♣❡#' ❛' ✇♦#❦❡#'✳ ❆❧.❤♦✉❣❤ .❤❡✐# ♣#♦♣♦'❛❧ ✐' ♣#♦♠✐'✐♥❣✱ ❛✉.❤♦#' ❞♦ ♥♦. ♣#♦♣♦'❡ ❛

❝♦'. ♠♦❞❡❧ .♦ ♦♣.✐♠❛❧❧② ❡①❡❝✉.❡ ❛ 0✉❡#②✳ ■♥ ❛❞❞✐.✐♦♥✱ .❤❡② ❞♦ ♥♦. '♣❡❝✐❢② ✇❤❡.❤❡#

❈❧♦✉❞▼❞'◗▲ ♠❛② ✇♦#❦ ✐♥ ❛ ❇✐❣ ❉❛.❛ ❝♦♥.❡①. ♦# ♥♦.✳

❖♥2♦♣✿ ❛♥ ❖❇❉❆ ❜❛&❡❞ ,❡❧❛2✐♦♥❛❧ ❞❛2❛ ✐♥2❡❣,❛2✐♦♥ ❬✹✾✱✺✵❪ ❖♥.♦♣ ✐' ❛♥

❖♥.♦❧♦❣② ❇❛'❡❞ ❉❛.❛ ❆❝❝❡'' ✭❖❇❉❆✮ ❢♦# #❡❧❛.✐♦♥❛❧ ❞❛.❛ ✐♥.❡❣#❛.✐♦♥✳ ■. ❡①♣♦'❡'

#❡❧❛.✐♦♥❛❧ ❞❛.❛ '.♦#❡' ❛' ✈✐#.✉❛❧ ❘❉❋ ❣#❛♣❤' ❜② ❧✐♥❦✐♥❣ .❤❡ .❡#♠ ✐♥ .❤❡ ♦♥.♦❧♦❣②

.♦ .❤❡ ❞❛.❛ '.♦#❡' .❤#♦✉❣❤ ♠❛♣♣✐♥❣' ❣♦. ✉'✐♥❣ .❤❡ ♠❛♣♣✐♥❣ ❧❛♥❣✉❛❣❡ ❘✷❘▼▲✳

❚❤❡♥ .❤❡ #❡'✉❧.❡❞ ❘❉❋ ❣#❛♣❤ ✐' 0✉❡#✐❡❞ ✉'✐♥❣ ❙T❆❘◗▲✳ ❚❤❡ ♦♥.♦♣ ❢#❛♠❡✇♦#❦

✐' ❝♦♠♣♦'❡❞ ♦❢ ❢♦✉# ✐♥♣✉.' .❤❛. ❛#❡✿ ✭✶✮ ❛♥ ♦♥.♦❧♦❣② .♦ ✉♥✐0✉❡❧② #❡♣#❡'❡♥. ❞❛.❛

'.♦#❡'✱ ✭✷✮ ❛ '❡. ♦❢ ♠❛♣♣✐♥❣' .♦ ❧✐♥❦ ❞❛.❛ '.♦#❡' .♦ .❤❡ ♦♥.♦❧♦❣②✱ ✭✸✮ .❤❡ ✐♥.❡❣#❛.❡❞

❞❛.❛ '.♦#❡'✱ ❛♥❞ ✭✹✮ .❤❡ 0✉❡#✐❡' ✇#✐..❡♥ ✐♥ ❙T❆❘◗▲✳ ❆❧.❤♦✉❣❤ .❤❡ ♦♥.♦♣ #❡♣#❡'❡♥.'

❛ ♥❡✇ ✢❛✈♦# .♦ ✐♥.❡❣#❛.❡ ❞❛.❛✱ ✐. '❤♦✇❝❛'❡' '♦♠❡ ❧✐♠✐.'✳ ■♥❞❡❡❞✱ ✐. ❞♦❡' ♥♦. ❡♥❛❜❧❡

◆♦❙◗▲ ❞❛.❛ '.♦#❡' ✐♥.❡❣#❛.✐♦♥✳ ■♥ ❛❞❞✐.✐♦♥✱ ✐. ❞♦❡' ♥♦. '✉♣♣♦#. ❝♦♠♣❧❡① 0✉❡#✐❡'

❡①❡❝✉.✐♦♥ '✉❝❤ ❥♦✐♥ 0✉❡#✐❡' ♦✈❡# #❡❧❛.✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛.❛ '.♦#❡'✳ ❋✐♥❛❧❧②✱ ✐. ✐'

♥♦. ♠❡❛♥. .♦ ❜❡ ❞❡♣❧♦②❡❞ ✐♥ ❛ ❈❧♦✉❞ ❡♥✈✐#♦♥♠❡♥.✳

❙②♥2❤❡&✐&

■♥ .❤✐' '❡❝.✐♦♥✱ ✇❡ ♣#❡'❡♥. ❛ '②♥.❤❡'✐' ♦❢ .❤❡ ✇♦#❦' .❤❛. ✇❡ ❤❛✈❡ ❛♥❛❧②③❡❞ ❛❜♦✈❡

✐♥ ❚❛❜❧❡ ✷✳✸✳ ■♥❞❡❡❞✱ ✇❡ ✐♥✈❡'.✐❣❛.❡ ✇❤❡.❤❡# .❤❡'❡ '♦❧✉.✐♦♥' ❡♥❛❜❧❡ .❤❡ ✐♥.❡❣#❛.✐♦♥

♦❢ #❡❧❛.✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛.❛ '.♦#❡' ✐♥ ❈❧♦✉❞ ❡♥✈✐#♦♥♠❡♥.✳ ■♥ ❛❞❞✐.✐♦♥✱ ✇❡ .❛❦❡

✐♥.♦ ❛❝❝♦✉♥. ❛♣♣❧✐❝❛.✐♦♥ ✉'✐♥❣ ❛ ❜✐❣ '✐③❡ ♦❢ ❞❛.❛✳ ❉✉#✐♥❣ ♦✉# '.✉❞②✱ ✇❡ ❝❤❡❝❦ ❛❧'♦
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❞❛.❛ '.♦#❡'✳ ❚❤✐' ♥❡✇ ❦✐♥❞ ♦❢ ❞❛.❛ '.♦#❡' #❡♣#❡'❡♥.' ❛ ♣❧❡.❤♦#❛ ♦❢ ❝❛.❡❣♦#✐❡' ❛♥❞
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❚❙■▼▼■❙ ❬✷✷❪ − + − + + −

●❆❘▲■❈ ❬✹✸❪ − + − + + −

❈✉-9 ❡# ❛❧✳ ❬✹✹✱ ✹✺❪ − + +/− − − −

❇✐❣■♥#❡❣-❛#♦- ❬✹✻❪ − + +/− − − +

❘♦✐❥❛❝❦❡-+ ❡# ❛❧✳ ❬✹✼❪ − + +/− − − −

❈❧♦✉❞▼❞+◗▲ ❬✹✽❪ − + + + − +

❖♥#♦♣ ❬✹✾✱✺✵❪ + + − − +/− −

❚❛❜❧❡ ✷✳✸✿ ❙②♥#❤❡+✐+ ♦❢ #❤❡ -❡❧❛#❡❞ ✇♦-❦+ ❡♥+✉-✐♥❣ #-❛♥+♣❛-❡♥# ❛❝❝❡++ #♦ ✐♥#❡❣-❛#❡❞

❞❛#❛ +#♦-❡+

✈❛-✐❛♥#+ ❝❛✉+✐♥❣ ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❤❡#❡-♦❣❡♥❡✐#②✳ ❆❞❞✐#✐♦♥❛❧❧②✱ ◆♦❙◗▲ ❞❛#❛ +#♦-❡+ ❛-❡

+❝❤❡♠❛❧❡++ ✐✳❡✳✱ #❤❡-❡ ✐+ ♥♦ ❧♦❝❛❧ +❝❤❡♠❛+ #♦ -❡♣-❡+❡♥# #❤❡ ✐♥#❡❣-❛#❡❞ ❞❛#❛ +#♦-❡+✳

❙✉❜+❡S✉❡♥#❧②✱ ✐# ✇✐❧❧ ❜❡ ❝♦♠♣❧✐❝❛#❡❞ #♦ ❝♦♥+#-✉❝# ❛ ❣❧♦❜❛❧ +❝❤❡♠❛ ✐♥ #❤❡ ♠❡❞✐❛#♦-✳

❆❞❞❡❞ #♦ #❤❛#✱ #❤❡ +#✉❞✐❡❞ ✇♦-❦+ ❞♦ ♥♦# ✐♥✈♦❧✈❡ ❈❧♦✉❞ ❝♦♠♣✉#✐♥❣ ❛♥❞ ❇✐❣ ❉❛#❛

❛-❡❛+✳ ❋✐♥❛❧❧②✱ ❢❡✇ ♦❢ #❤❡♠ ♣-♦♣♦+❡ ❛ ❝♦+# ♠♦❞❡❧ #♦ ♦♣#✐♠✐③❡ #❤❡ ❡①❡❝✉#✐♦♥ ♦❢

S✉❡-✐❡+✳

✷✳✸✳✹ ❈❛♣'✉)✐♥❣ ❉❛'❛ ❘❡0✉✐)❡♠❡♥'2 ❆♥❞ ❈❧♦✉❞ ❉❛'❛ ❙'♦)❡ ❈❛✲

♣❛❜✐❧✐'✐❡2

❈❤♦♦+✐♥❣ ♦♥❡ ♦- ♠✉❧#✐♣❧❡ ❞❛#❛ +#♦-❡+ ❜❛+❡❞ ♦♥ ❞❛#❛ -❡S✉✐-❡♠❡♥#+ ✐+ ❛ ✈❡-② ✐♠♣♦-✲

#❛♥# +#❡♣ ❜❡❢♦-❡ ❞❡♣❧♦②✐♥❣ ❛♥❞ -✉♥♥✐♥❣ ❛♣♣❧✐❝❛#✐♦♥+ ✐♥ ❈❧♦✉❞ ❡♥✈✐-♦♥♠❡♥#+✳ ■♥ #❤✐+

❝♦♥#❡①#✱ ✇❡ ❤❛✈❡ #♦ ✭✶✮ ❞❡✜♥❡ ❛♣♣❧✐❝❛#✐♦♥ ♥❡❡❞+ ❛♥❞ -❡S✉✐-❡♠❡♥#+ #♦✇❛-❞+ ❞❛#❛✱

✭✷✮ ❡①♣♦+❡ ❞❛#❛ +#♦-❡+ ❝❛♣❛❜✐❧✐#✐❡+✱ ❛♥❞ ✭✸✮ ❞❡✜♥❡ ❛ ♠❛#❝❤✐♥❣ ❛❧❣♦-✐#❤♠ ❜❡#✇❡❡♥

❛♣♣❧✐❝❛#✐♦♥ ♥❡❡❞+ ❛♥❞ ❞❛#❛ +#♦-❡+ ❝❛♣❛❜✐❧✐#✐❡+✳

❋♦- #❤✐+ ♣✉-♣♦+❡✱ ✇❡ ♣-❡+❡♥# ❛♥❞ ❞✐+❝✉++ +♦♠❡ ♣-❡✈✐♦✉+ ✇♦-❦+ #❤❛# ♣-♦✈✐❞❡

#❤❡ -❡S✉✐-❡♠❡♥#+ ❝✐#❡❞ ❛❜♦✈❡✳ ❲❡ ✐♥#-♦❞✉❝❡ ✜-+# #❤❡ ❈❆▼^ +#❛♥❞❛-❞ ✐♥ ♦-❞❡- #♦

❞✐+❝♦✈❡- #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ♥❡❡❞+ ❛♥❞ #❤❡ ❞❛#❛ +#♦-❡+ -❡S✉✐-❡♠❡♥#+ ❬✺✶❪✳ ❚❤❡♥✱ ✇❡ ❣✐✈❡

❛ +❤♦-# ♦✈❡-✈✐❡✇ ♦❢ #❤❡ ❈❉▼■ +#❛♥❞❛-❞ #❤❛# ❛❧❧♦✇+ #♦ ❞❡+❝-✐❜❡ ❛♥❞ ❞✐+❝♦✈❡- ❞❛#❛

+#♦-❛❣❡ ❝❛♣❛❜✐❧✐#✐❡+ ❬✺✷❪✳ ❲❡ ✇❛♥# #♦ ❡♠♣❤❛+✐③❡ #❤❛# ✐# ✐+ ❛❧+♦ ♣♦++✐❜❧❡ #♦ ♦❜#❛✐♥



❘❡❧❛$❡❞ ❲♦(❦ ✸✸

❞❛#❛ $#♦&❡$ ❝❛♣❛❜✐❧✐#✐❡$ ✉$✐♥❣ #❤❡ ❞❛#❛ $#♦&❡$ ♣&♦♣&✐❡#❛&② ❆3■✳ ❋✐♥❛❧❧②✱ ✇❡ ❞✐$❝✉$$

$♦♠❡ ✇♦&❦$ #❤❛# ❡♥❛❜❧❡ ❛♥ ❛♣♣❧✐❝❛#✐♦♥ #♦ ♥❡❣♦#✐❛#❡ ✐#$ &❡;✉✐&❡♠❡♥#$ ✇✐#❤ ❈❧♦✉❞

❞❛#❛ $#♦&❡$ ❛♥❞ #♦ ❡①♣&❡$$ #❤❡$❡ &❡;✉✐&❡♠❡♥#$ ✐♥ ❞❛#❛ ❝♦♥#&❛❝#$ ✭♦& ♠❛♥✐❢❡$#$✮

❬✺✸✕✺✽❪✳ ❚❤✐$ ❧❛##❡& ✐$ ❛♥ ❛❣&❡❡♠❡♥# ❜❡#✇❡❡♥ #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ❛♥❞ #❤❡ ❈❧♦✉❞ ❞❛#❛

$#♦&❡$✳

❈❧♦✉❞ ❆♣♣❧✐❝❛*✐♦♥ ▼❛♥❛❣❡♠❡♥* ❢♦1 2❧❛*❢♦1♠3 ❬✺✶❪ ❈❧♦✉❞ ❛♣♣❧✐❝❛#✐♦♥ ♠❛♥✲

❛❣❡♠❡♥# ❢♦& ♣❧❛#❢♦&♠$ ✭❈❆▼3✮ ✐$ ❛ $♣❡❝✐✜❝❛#✐♦♥ ❞❡✜♥❡❞ ❢♦& ❛♣♣❧✐❝❛#✐♦♥$ ♠❛♥❛❣❡✲

♠❡♥#✱ ✐♥❝❧✉❞✐♥❣ ♣❛❝❦❛❣✐♥❣ ❛♥❞ ❞❡♣❧♦②♠❡♥#✱ ✐♥ #❤❡ 3❛❛❙✳ ■♥❞❡❡❞✱ ❈❆▼3 ♣&♦✈✐❞❡$

#♦ #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ❞❡✈❡❧♦♣❡&$ ❛ $❡# ♦❢ ✐♥#❡&❢❛❝❡$ ❛♥❞ ❛&#✐❢❛❝#$ ❜❛$❡❞ ♦♥ #❤❡ ❘❊❙❚

❛&❝❤✐#❡❝#✉&❡ ✐♥ ♦&❞❡& #♦ ♠❛♥❛❣❡ #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ❞❡♣❧♦②♠❡♥# ❛♥❞ #❤❡✐& ✉$❡ ♦❢ #❤❡

3❛❛❙ &❡$♦✉&❝❡$✳ ❆♥ ❛♣♣❧✐❝❛#✐♦♥ ♠❛② ❜❡ #❤❡&❡❛❢#❡& ❞❡♣❧♦②❡❞✱ &✉♥✱ $#♦♣♣❡❞✱ $✉$✲

♣❡♥❞❡❞✱ $♥❛♣$❤♦##❡❞✱ ❛♥❞ ♣❛#❝❤❡❞ ✐♥ #❤❡ 3❛❛❙✳ ❈♦♥❝❡&♥✐♥❣ #❤❡ &❡❧❛#✐♦♥$❤✐♣ ❞❛#❛

$#♦&❛❣❡✴❛♣♣❧✐❝❛#✐♦♥✱ ❈❆▼3 ❛❧❧♦✇$ ❛♥ ❛♣♣❧✐❝❛#✐♦♥ #♦ ❞❡✜♥❡ ✐#$ ♥❡❡❞$ ❡$♣❡❝✐❛❧❧② ✐♥

#❡&♠$ ♦❢ ❞❛#❛ $#♦&❛❣❡✳

❈❆▼3 ♣&♦♣♦$❡$ ❛ 3❛❛❙ &❡$♦✉&❝❡ ♠♦❞❡❧✳ ❚❤✐$ ♠♦❞❡❧ ❛❧❧♦✇$ #❤❡ ❞❡✈❡❧♦♣❡& #♦

❝♦♥#&♦❧ #❤❡ ✇❤♦❧❡ ❧✐❢❡ ❝②❝❧❡ ♦❢ ❤✐$✴❤❡& ❛♣♣❧✐❝❛#✐♦♥ ❛♥❞ ✐#$ ❞❡♣❧♦②♠❡♥# ❡♥✈✐&♦♥♠❡♥#✳

❚❤✐$ ♠♦❞❡❧ ❝♦♥#❛✐♥$ #❤❡ ❢♦✉& ❢♦❧❧♦✇✐♥❣ &❡$♦✉&❝❡$✿

• *❧❛$❢♦(♠✿ ❚❤✐$ &❡$♦✉&❝❡ ♣&♦✈✐❞❡$ ❛♥ ♦✈❡&✈✐❡✇ ♦♥ #❤❡ 3❛❛❙ ❛♥❞ ❛❧❧♦✇$ #♦

❞✐$❝♦✈❡& ✇❤✐❝❤ ❛♣♣❧✐❝❛#✐♦♥ ✐$ &✉♥♥✐♥❣✳ ■♥❞❡❡❞✱ #❤✐$ &❡$♦✉&❝❡ &❡❢❡&❡♥❝❡$ #❤❡

❞❡♣❧♦②❡❞ ❛♣♣❧✐❝❛#✐♦♥$✱ #❤❡ &✉♥♥✐♥❣ ❛♣♣❧✐❝❛#✐♦♥$ ❛♥❞ #❤❡ 3❛❛❙ ❝❛♣❛❜✐❧✐#✐❡$

✇❤✐❝❤ ❛&❡ ❝❛❧❧❡❞ &❡$♣❡❝#✐✈❡❧② ❆..❡♠❜❧② ❚❡♠♣❧❛$❡.✱ ❆..❡♠❜❧✐❡.✱ ❛♥❞ ❈♦♠♣♦✲

♥❡♥$.✳ ■# ❛❧$♦ ❡♥❛❜❧❡$ #❤❡ 3❛❛❙ ❝❛♣❛❜✐❧✐$✐❡. ❛♥❞ (❡8✉✐(❡♠❡♥$. ❞✐$❝♦✈❡&②✳ ■♥

♦✉& ❝❛$❡ ✐# ❛❧❧♦✇$ #♦ ❣❡# ❛ ♣&✐♠❛&② ✈✐❡✇ ♦♥ #❤❡ ❛♣♣❧✐❝❛#✐♦♥ ❛♥❞ #❤❡ ❞❛#❛

$#♦&❛❣❡ ♣❧❛#❢♦&♠✳

• ❆..❡♠❜❧✐❡.✿ ❚❤✐$ &❡$♦✉&❝❡ ❡①✐$#$ ✉♥❞❡& #✇♦ ♣♦$$✐❜❧❡ ❢♦&♠$✳ ❚❤❡ ✜&$# ♦♥❡ ✐$

#❤❡ ❆..❡♠❜❧② ❚❡♠♣❧❛$❡ ❛♥❞ ✐# ❞❡✜♥❡$ ❛ ❞❡♣❧♦②❡❞ ❛♣♣❧✐❝❛#✐♦♥ ❛♥❞ ✐#$ ❞❡♣❡♥✲

❞❡♥❝✐❡$✳ ❲❤❡&❡❛$✱ #❤❡ $❡❝♦♥❞ ✐$ #❤❡ ❆..❡♠❜❧② ❛♥❞ ✐# &❡♣&❡$❡♥#$ ❛♥ ❛♣♣❧✐❝❛#✐♦♥

✐♥$#❛♥❝❡✳

• ❈♦♠♣♦♥❡♥$. ✿ ❚❤✐$ &❡$♦✉&❝❡ ♠❛② ❡①✐$# ✐♥ #✇♦ ❦✐♥❞$ #❤❛# ❛&❡ ❆♣♣❧✐❝❛$✐♦♥ ❈♦♠✲

♣♦♥❡♥$ ❛♥❞ *❧❛$❢♦(♠ ❈♦♠♣♦♥❡♥$✳ ❊❛❝❤ ❦✐♥❞ ♠❛② ❜❡ ✉♥❞❡& #✇♦ ❢♦&♠$ ❛❧$♦✳

❖♥ #❤❡ ♦♥❡ ❤❛♥❞✱ #❤❡ ❆♣♣❧✐❝❛$✐♦♥ ❈♦♠♣♦♥❡♥$ ❛♥❞ ❆♣♣❧✐❝❛$✐♦♥ ❈♦♠♣♦♥❡♥$

❚❡♠♣❧❛$❡ ❞❡✜♥❡ &❡$♣❡❝#✐✈❡❧② ❛♥ ✐♥$#❛♥#✐❛#❡❞ ✐♥$#❛♥❝❡ ♦❢ ❛♥ ❛♣♣❧✐❝❛#✐♦♥ ❝♦♠✲

♣♦♥❡♥# ❛♥❞ ❛ ❞✐$❝&❡#❡ ❝♦♥✜❣✉&❛#✐♦♥ ♦❢ ❛ ❞❡♣❧♦②❡❞ ❛♣♣❧✐❝❛#✐♦♥ ❝♦♠♣♦♥❡♥#✳

❖♥ #❤❡ ♦#❤❡& ❤❛♥❞✱ ✇❡ ❤❛✈❡ *❧❛$❢♦(♠ ❈♦♠♣♦♥❡♥$ ❛♥❞ *❧❛$❢♦(♠ ❈♦♠♣♦♥❡♥$

❚❡♠♣❧❛$❡ #❤❛# &❡♣&❡$❡♥# ❛♥ ✐♥$#❛♥#✐❛#❡❞ ✐♥$#❛♥❝❡ ♦❢ ❛ ♣❧❛#❢♦&♠ ❝♦♠♣♦♥❡♥#

❛♥❞ ❛ ❞✐$❝&❡#❡ ❝♦♥✜❣✉&❛#✐♦♥ ♦❢ ❛ ♣❧❛#❢♦&♠ ❝♦♠♣♦♥❡♥#✳
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❡❧❡♠❡♥#1 ❡♥❛❜❧❡ ♦✈❡%❝♦♠✐♥❣ #❤❡ ♣%♦❜❧❡♠1 ✭Pb1 ✲ Pb4✮ ❧✐1#❡❞ ✐♥ #❤❡ ✜%1# ❝❤❛♣#❡%

♦❢ #❤✐1 ♠❛♥✉1❝%✐♣# ✭1❡❡ ❈❤❛♣#❡% ✶✮✳ ❋✐❣✉%❡ ✸✳✶ ❞❡♣✐❝#1 ❤♦✇ #❤❡1❡ ❝♦♥1#✐#✉❡♥#1

✐♥#❡%✈❡♥❡ ❞✉%✐♥❣ #❤❡ ❞❡✈❡❧♦♣♠❡♥#✱ ❞✐1❝♦✈❡%②✱ ❞❡♣❧♦②♠❡♥# ❛♥❞ ❡①❡❝✉#✐♦♥ 1#❡♣1✳ ❖✉%

❛♣♣%♦❛❝❤ %❡❧✐❡1 ♦♥ #❤❡ ❢♦❧❧♦✇✐♥❣ ✹ ❡❧❡♠❡♥#1✿

❋✐❣✉%❡ ✸✳✶✿ ❆♥ ❡♥❞✲#♦✲❡♥❞ ♦✈❡%✈✐❡✇ ♦❢ ♦✉% 1♦❧✉#✐♦♥

• ❯♥✐❢②✐♥❣ ❞❛(❛ ♠♦❞❡❧-✿ ❲❡ ❞❡✜♥❡ ❛ ❞❛#❛ ♠♦❞❡❧ ✇❤✐❝❤ ❛❜1#%❛❝#1 #❤❡ ✉♥✲

❞❡%❧②✐♥❣ ✭❡①♣❧✐❝✐#✴✐♠♣❧✐❝✐#✮ ✐♥#❡❣%❛#❡❞ ❞❛#❛ 1#♦%❡1 ♠♦❞❡❧1✱ ❛♥❞ ✇❡ ♣%♦✈✐❞❡

❛ ❝♦♠♠♦♥ ❛♥❞ ✉♥✐✜❡❞ ✈✐❡✇ 1♦ #❤❛# ❞❡✈❡❧♦♣❡%1 ❝❛♥ ❞❡✜♥❡ ❛♥❞ ❡①❡❝✉#❡ #❤❡✐%

>✉❡%✐❡1 ♦✈❡% ❤❡#❡%♦❣❡♥❡♦✉1 ❞❛#❛ 1#♦%❡1✳ ❲❡ ♣%♦♣♦1❡ #♦ %❡✜♥❡ #❤✐1 ❞❛#❛ ♠♦❞❡❧



❖✈❡#✈✐❡✇ ❖❢ ❖✉# ❆♣♣#♦❛❝❤ ✹✶

❜② $❤❡ '❡✜♥❡♠❡♥$ '✉❧❡- ✐♥ ♦'❞❡' $♦ ♣'♦✈✐❞❡ ♠♦'❡ ✐♥❢♦'♠❛$✐♦♥ $♦ $❤❡ ❞❡✈❡❧✲

♦♣❡'-✳ ❉✉'✐♥❣ $❤❡ ❞❡✈❡❧♦♣♠❡♥$ -$❡♣✱ $❤❡ ❞❡✈❡❧♦♣❡'- ❞✐-♣♦-❡ ♦❢ ❛ ❣❧♦❜❛❧ ❞❛$❛

♠♦❞❡❧ ❡①♣'❡--❡❞ ❛❝❝♦'❞✐♥❣ $♦ ♦✉' ✉♥✐✜❡❞ ♠♦❞❡❧ ❛♥❞ ✇❤✐❝❤ ✐♥$❡❣'❛$❡- ❧♦❝❛❧

❞❛$❛ -$♦'❡ ♠♦❞❡❧-✳ ❖✉' ✉♥✐✜❡❞ ❞❛$❛ ♠♦❞❡❧ ❞❡❝♦✉♣❧❡- >✉❡'② ❞❡✜♥✐$✐♦♥- ❢'♦♠

$❤❡ ❞❛$❛ -$♦'❡- -♣❡❝✐✜❝ ❧❛♥❣✉❛❣❡-✳ ❉✉'✐♥❣ $❤❡ ❡①❡❝✉$✐♦♥ -$❡♣✱ $❤❡ ✉♥✐✜❡❞

❞❛$❛ ♠♦❞❡❧ ✐- ✉-❡❞ ❜② $❤❡ ✈✐'$✉❛❧ ❞❛$❛ -$♦'❡- ✐♥ ♦'❞❡' $♦ ♣'♦❝❡-- ❝♦♠♣❧❡①

>✉❡'✐❡- ❛♥❞ $♦ ♦♣$✐♠❛❧❧② ❡①❡❝✉$❡ ✐$ ✭❝♦♥$'✐❜✉$✐♥❣ $♦ '❡-♦❧✈✐♥❣ $❤❡'❡❛❢$❡'✳

• ❖❉❇❆$■✱ ❛ ❘❊❙❚✲❜❛.❡❞ ❆$■✿ ❇❛-❡❞ ♦♥ ♦✉' ✉♥✐✜❡❞ ❞❛$❛ ♠♦❞❡❧✱ ✇❡

❞❡✜♥❡ ❛ '❡-♦✉'❝❡ ♠♦❞❡❧ ✉♣♦♥ ✇❤✐❝❤ ✇❡ ❞❡✈❡❧♦♣ ❛ -$'❡❛♠❧✐♥❡❞ ❛♥❞ ❛ ✉♥✐✲

✜❡❞ ❘❊❙❚ ❆G■✳ ❲❡ ❝❛❧❧❡❞ ✐$ ❖❉❇❆G■ $❤❛$ -$❛♥❞- ❢♦' ❖♣❡♥G❛❛- ❉❛$❛❇❛-❡

❆G■✳ ❚❤✐- ❆G■ ❡♥❛❜❧❡- $♦ ✐♥$❡'❛❝$ ✇✐$❤ '❡❧❛$✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛$❛ -$♦'❡-

✐♥ ❛ ✉♥✐>✉❡ ❛♥❞ ✉♥✐❢♦'♠ ✇❛②✳ ❖✉' ❆G■ ❞❡❝♦✉♣❧❡- $❤❡ ✐♥$❡'❛❝$✐♦♥- ✇✐$❤

❞❛$❛ -$♦'❡- ❢'♦♠ $❤❡✐' -♣❡❝✐✜❝ ❞'✐✈❡'-✳ ❚❤❡ ♣'♦♣♦-❡❞ ✉♥✐✜❡❞ ❞❛$❛ ♠♦❞❡❧

❡♥❛❜❧❡- $♦ ❡①♣'❡-- >✉❡'✐❡- ❛♥❞ $♦ ✐♥$❡'❛❝$ ✇✐$❤ ❤❡$❡'♦❣❡♥❡♦✉- ❞❛$❛ -$♦'❡-

✉-✐♥❣ ❖❉❇❆G■✳ ❍❡♥❝❡✱ ❞❡✈❡❧♦♣❡'- ❞♦ ♥♦$ ❤❛✈❡ $♦ ❞❡❛❧ ✇✐$❤ ✈❛'✐♦✉- >✉❡'②

❧❛♥❣✉❛❣❡- ❛♥❞ ❆G■-✳ ■♥ ❛❞❞✐$✐♦♥✱ $❤❡② ❞♦ ♥♦$ ❤❛✈❡ $♦ ❛❞❛♣$ $❤❡✐' ❝♦❞❡ ✇❤❡♥

♠✐❣'❛$✐♥❣ $❤❡✐' ❛♣♣❧✐❝❛$✐♦♥-✳ ❖❉❇❆G■ ✐- ❛❧-♦ ✉-❡❞ ✐♥ ♦✉' -♦❧✉$✐♦♥ ✐♥$❡❣'❛$✲

✐♥❣ ◆♦❙◗▲ ❛♥❞ '❡❧❛$✐♦♥❛❧ ❞❛$❛ -$♦'❡- $♦ ❡①❡❝✉$❡ ❝♦♠♣❧❡① >✉❡'✐❡-✳ ■♥❞❡❡❞✱

✐$ ♣❧❛②- $❤❡ '♦❧❡ ♦❢ ✇'❛♣♣❡'- ✐♥ ♦'❞❡' $♦ ❝♦♥✈❡'$ >✉❡'✐❡- ❛♥❞ '❡-✉❧$ -❡$- ❢'♦♠

$❤❡ -♦✉'❝❡- ❢♦'♠❛$ $♦ $❤❡ ✈✐'$✉❛❧ ❞❛$❛ -$♦'❡- ✭❱❉❙ ❢♦' -❤♦'$✮ ❢♦'♠❛$ ❛♥❞ ✈✐❝❡

✈❡'-❛✳

• ❱✐34✉❛❧ ❞❛4❛ .4♦3❡.✿ ❲'❛♣♣❡' ❘❊❙❚ -❡'✈✐❝❡- ✭✐✳❡✳ ❖❉❇❆G■ -❡'✈✐❝❡-✮ ❡♥✲

❛❜❧❡ ❡①❡❝✉$✐♥❣ -✐♠♣❧❡ >✉❡'✐❡- ♦✈❡' $❤❡ ✐♥✈♦❧✈❡❞ ❞❛$❛ -$♦'❡-✳ ❍♦✇❡✈❡'✱ $❤❡②

❛'❡ ♥♦$ ♠❡❛♥$ $♦ ❡①❡❝✉$❡ ❝♦♠♣❧❡① >✉❡'✐❡- ✭-✉❝❤ ❛- ❥♦✐♥✱ ✉♥✐♦♥✱ ❡$❝✳✮ ♦♥ ♠✉❧✲

$✐♣❧❡ ❞❛$❛ -$♦'❡- ♦' ❡♥$✐$② -❡$-✳ ■♥ ♦✉' ❛♣♣'♦❛❝❤✱ ✇❡ ❝♦♥-✐❞❡' ❱❉❙ ❛ -♣❡❝✐✜❝

❝♦♠♣♦♥❡♥$ '❡-♣♦♥-✐❜❧❡ ❢♦' ❡①❡❝✉$✐♥❣ >✉❡'✐❡- -✉❜♠✐$$❡❞ ❜② ❛ ♠✉❧$✐♣❧❡ ❞❛$❛

-$♦'❡ ❛♣♣❧✐❝❛$✐♦♥✳ ❆ ❱❉❙ ❤♦❧❞- $❤❡ ❣❧♦❜❛❧ ❞❛$❛ ♠♦❞❡❧ ✐♥$❡❣'❛$✐♥❣ $❤❡ ❞✐✛❡'✲

❡♥$ ❞❛$❛ -$♦'❡- ❛♥❞ ✇❤✐❝❤ ✐- -♣❡❝✐✜❡❞ ❛❝❝♦'❞✐♥❣ $♦ ♦✉' ✉♥✐✜❡❞ ❞❛$❛ ♠♦❞❡❧

❛♥❞ ❛ -❡$ ♦❢ $❤❡ '❡✜♥❡♠❡♥$ '✉❧❡-✳ ❇❡-✐❞❡-✱ ✐$ ✐- ❛❝❝❡--✐❜❧❡ ❛- ❛ ❘❊❙❚ -❡'✲

✈✐❝❡ ❝♦♠♣❧②✐♥❣ $♦ $❤❡ ❖❉❇❆G■ ❛♥❞ ♠❛✐♥$❛✐♥- $❤❡ ❡♥❞✲♣♦✐♥$- ♦❢ $❤❡ ✇'❛♣♣❡'

❘❊❙❚ -❡'✈✐❝❡- ✭✐♥ ♦$❤❡' ✇♦'❞ $❤❡ ✐♥$❡❣'❛$❡❞ ❞❛$❛ -$♦'❡-✮✳ ❆ ♠✉❧$✐♣❧❡ ❞❛$❛

-$♦'❡ ❛♣♣❧✐❝❛$✐♦♥ -✉❜♠✐$- ❈❘❯❉ ❛♥❞ ❝♦♠♣❧❡① >✉❡'✐❡- $♦ $❤❡ ❱❉❙ ✇❤✐❝❤ ✐-

'❡-♣♦♥-✐❜❧❡ ♦❢ $❤❡✐' ❡①❡❝✉$✐♦♥ ❜② ✐♥$❡'❛❝$✐♥❣ ✇✐$❤ ❛♣♣'♦♣'✐❛$❡ ❞❛$❛ -$♦'❡-

✈✐❛ $❤❡✐' ❘❊❙❚ -❡'✈✐❝❡-✳ ❱❉❙- ❡♥❛❜❧❡ ❞❡✈❡❧♦♣❡'- $♦ ❡①♣'❡-- $❤❡✐' ❝♦♠♣❧❡①

>✉❡'✐❡- ♦✈❡' ♠✉❧$✐♣❧❡ ❞❛$❛ -$♦'❡- ✐♥ ❛ ❞❡❝❧❛'❛$✐✈❡ ✇❛② ❛♥❞ $❛❦❡ ✐♥ ❝❤❛'❣❡ $❤❡

❜✉'❞❡♥ ♦❢ $❤❡✐' ❡①❡❝✉$✐♦♥-✳

• ❉❡❞✐❝❛4❡❞ ❝♦♠♣♦♥❡♥4. ❢♦3 ❞✐.❝♦✈❡3② ❛♥❞ ❞❡♣❧♦②♠❡♥4✿ ■♥ ♦✉' ❛♣✲

♣'♦❛❝❤✱ ✇❡ ❝♦♥-✐❞❡' $✇♦ ❝♦♠♣♦♥❡♥$-✿ $❤❡ ❞✐-❝♦✈❡'② ❛♥❞ ❞❡♣❧♦②♠❡♥$ ♠♦❞✲

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

❞❡♣❧♦②✐♥❣ ♠✉❧$✐♣❧❡ ❞❛$❛ -$♦'❡ ❛♣♣❧✐❝❛$✐♦♥- ♦♥ $❤❡♠ '❡-♣❡❝$✐✈❡❧②✳ ❆- ❞❡♣✐❝$❡❞

✐♥ ❋✐❣✳ ✸✳✶✱ ❞❡✈❡❧♦♣❡'- ✜'-$ ❡①♣'❡-- $❤❡✐' '❡>✉✐'❡♠❡♥$- ❛❜♦✉$ $❤❡ ✉-❡❞ ❞❛$❛

-$♦'❡- ❛- ✇❡❧❧ ❛- $❤❡ ❝♦♠♣✉$❛$✐♦♥ ❡♥✈✐'♦♥♠❡♥$ ✈✐❛ ❛♥ ❛❜-$'❛❝$ ❛♣♣❧✐❝❛$✐♦♥

♠❛♥✐❢❡-$✳ ❇❛-❡❞ ♦♥ $❤❛$ ♠❛♥✐❢❡-$✱ $❤❡ ❞✐-❝♦✈❡'② ❝♦♠♣♦♥❡♥$ ✜♥❞- ❛♥❞ ❡❧❡❝$-
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dblp

author: ["Leslie Valiant"]

year: "1999"

title: "Robust Logics"

Conference: "STOC"

title: "Manipulation-Resistant 

Reputations Using Hitting Time"

Year: "2007"

author: ["John Hopcroft", 

"Jeffrey Ullman"]

Conference:"WAW"

author: ["Dana Angluin", 

"Martins Krikis"]

title: "Teachers, 

Learners 

and Black Boxes"

year: "1997"

Conference: "COLT"

author:[ "Serge Abiteboul"]

title: "Issues in Monitoring 

Web Data"

Year: "2002"

Conference: "DEXA"

year: "1996"

title: "Computational Aspacts of 

Organization Theory (Extended 

Abstract)"

author: ["Christos 

Papadimitriou"]

Conference:"ESA" 

year: "1991"

title: "Optimal Coteries"

author: ["Christos 

Papadimitriou", "Martha Sideri"]

Conference:"PODC" 

Conference ranking

Conference Rank

STOC A*

WAW C

COLT A*

DEXA B

ESA A

PODC A*

personId personName

1 Leslie Valient

2 John Hopcroft

Person

... ...

personCountry personAffiliation

United States Cornell University

United Kingdom Harvard University

... ...

3 Jeffrey Ullman United States Stanford University

4 Dana Angluin United States Yale University

6 Serge Abiteboul France INRIA Saclay

7 Christos Papadimitriou United States University of California at Berkeley

8 Martha Sideri United States University of Pennsylvania

5 Martins Krikis United States Yale University
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Application A

dblpDB

MongoDB 

data store

personDB

Relational 

data store

RankDB

Riak 

data store

• a
{t, q} t q

t

A

• e e =
{a1, .., an} ai|i∈{1..n} ∈ A

E

• es
es = {e1, .., en} ei|i∈{1..n} ∈ E ES

• d d =
{es1, .., esn} esi|i∈{1..n} ∈ ES D

• env
env = {d1, .., dn} di|i∈{1..n} ∈ D ENV
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• OurEnvironment ∈ ENV, OurEnvironment = {dblpDB} ✇❤❡%❡ dblpDB ∈
D✱

• dblpDB ∈ D, dblpDB = {dblp} ✇❤❡%❡ dblp ∈ ES✱

• dblp ∈ ES, dblp = {e} ✇❤❡%❡ e ∈ E✱

• e ∈ E, e = {author, year, title, Conference} ✇❤❡%❡ author, year, title,
Conference ∈ A✱

• author, year, title, Conference ∈ A,

author = {set of String,OurEnvironment.dblpDB.dblp.author },

year = {String,OurEnvironment.dblpDB.dblp.year},

title = {String,OurEnvironment.dblpDB.dblp.title},

Conference = {String,OurEnvironment.dblpDB.dblp. Conference}✳
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*
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personDB RankDB
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Conference

ConferenceRanking

Conference
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♥❛0✐♦♥ ♦❢ A1 0♦ A2 ✐+ ❡F✉✐✈❛❧❡♥0 0♦ A3 ✐❢ ❛♥❞ ♦♥❧② ✐❢ t1✱ t2 ❛♥❞ t3 ❛7❡ ❝♦♠♣❛0✐❜❧❡✱
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❚♦ 7❡♣7❡+❡♥0 +✉❝❤ 7❡❧❛0✐♦♥✱ ✇❡ ✉+❡ 0❤❡ ❜✐♥❛7② ♦♣❡7❛0♦7 ≡ ❛♥❞ 0❤❡ ❝♦♥❝❛0❡♥❛0✐♦♥

+②♠❜♦❧ • 0♦ ❞❡♥♦0❡ q1 • q2 ≡ q3✳
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cor1 Address • City • Country • ZIP ≡ fullAddress✳

❲✐5❤ 5❤❡ 0❛♠❡ ✐❞❡❛✱ ✐5 ✐0 ♣♦00✐❜❧❡ 5♦ ❛❞❞ ♥❡✇ 5②♣❡0 ♦❢ ❛♥♥♦5❛5✐♦♥0 ♦♥ 5❤❡
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.✉❡0✐❡6 ♦♥ ✐,✳ ■♥❞❡❡❞✱ ✐, ✐6 ❛ ,❤❡♦0② ✐♥ ✇❤✐❝❤ ✇❡ ❞❡✜♥❡ ❛ 6❡, ♦❢ ♦♣❡0❛,✐♦♥6 ,❤❛,
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✇❡ ♣0♦♣♦6❡ ,♦ ❞❡♥♦,❡ ❊♥(✐(②❙❡(. ❜② ,❛❜❧❡6 ❛6 ,❤❡ 0❡❧❛,✐♦♥❛❧ ♠♦❞❡❧✳ ■♥ ❛❞❞✐,✐♦♥✱ ✇❡

✇✐❧❧ ✉6❡ ,❤❡ ♣❡06♦♥ ❛♥❞ ❞❜❧♣ ❊♥(✐(②❙❡(. ,♦ ✐❧❧✉6,0❛,❡ ,❤❡ ❡①❛♠♣❧❡6 ✭6❡❡ ❚❛❜❧❡✸✳✷

❛♥❞ ❚❛❜❧❡ ✸✳✸✮✳

♣❡06♦♥■❞ ♣❡06♦♥◆❛♠❡ ♣❡06♦♥❈♦✉♥,0② ♣❡06♦♥❆✣❧✐❛,✐♦♥

✶ ▲❡6❧✐❡ ❱❛❧✐❡♥, ❯♥✐#❡❞ ❑✐♥❣❞♦♠ ❍❛,✈❛,❞ ❯♥✐✈❡,.✐#②

✷ ❏♦❤♥ ❍♦♣❝,♦❢# ❯♥✐#❡❞ ❙#❛#❡. ❈♦,♥❡❧❧ ❯♥✐✈❡,.✐#②

✸ ❙❡,❣❡ ❆❜✐#❡❜♦✉❧ ❋,❛♥❝❡ ■◆❘■❆ ❙❛❝❧❛②

❚❛❜❧❡ ✸✳✷✿ ❙❛♠♣❧❡ ♦❢ #❤,❡❡ ❊♥"✐"✐❡% ❢,♦♠ #❤❡ ♣❡,.♦♥ ❊♥"✐"②❙❡"

❛✉#❤♦, #✐#❧❡ ②❡❛, ❈♦♥❢❡,❡♥❝❡

▲❡.❧✐❡ ❱❛❧✐❡♥# ❘♦❜✉.# ▲♦❣✐❝. ✶✾✾✾ ❙❚❖❈

❙❡,❣❡ ❆❜✐#❡❜♦✉❧ ■..✉❡. ✐♥ ▼♦♥✐#♦,✐♥❣ ❲❡❜ ❉❛#❛ ✷✵✵✷ ❉❊❳❆

❚❛❜❧❡ ✸✳✸✿ ❙❛♠♣❧❡ ♦❢ #✇♦ ❊♥"✐"✐❡% ❢,♦♠ #❤❡ ❞❜❧♣ ❊♥"✐"②❙❡"

✸✳✸✳✹✳✶ $%♦❥❡❝*✐♦♥ ❖♣❡%❛*✐♦♥

❆ ♣,♦❥❡❝#✐♦♥ ✐. ❛ ✉♥❛,② ❛♥❞ ♠❛#❤❡♠❛#✐❝❛❧ ♦♣❡,❛#✐♦♥ #❤❛# #❛❦❡. ❛. ✐♥♣✉# ❛♥ ❊♥"✐"②✲

❙❡" ❛♥❞ ,❡#✉,♥. ❛. ♦✉#♣✉# ❛♥ ❊♥"✐"②❙❡"✳ ❚❤❡ ,❡.✉❧#❡❞ ❊♥"✐"②❙❡" ❝♦♥#❛✐♥. ❊♥"✐"✐❡%

,❡.#,✐❝#❡❞ #♦ ❛ .❡# ♦❢ ❆""*✐❜✉"❡%✳ ❉✉,✐♥❣ #❤❡ ♣,♦❥❡❝#✐♦♥✱ ✇❤❡#❤❡, ❛♥ ❊♥"✐"② ❞♦❡. ♥♦#

❝♦♥#❛✐♥ ♦♥❡ ♦, ♠✉❧#✐♣❧❡ #❛,❣❡# ❆""*✐❜✉"❡%✱ #❤✐. ❊♥"✐"② ✇✐❧❧ ❜❡ ❞✐.❝❛,❞❡❞ ♦❢ #❤❡ ♦✉#✲

♣✉#✳ ❚❤✐. ♣,♦❜❧❡♠ ❝❛♥ ❜❡ ❡♥❝♦✉♥#❡,❡❞ ✐♥ #❤❡ ❝❛.❡ ♦❢ ❛♥ ❊♥"✐"②❙❡" ♦❢ #②♣❡ ◆♦❙◗▲

❜❡❝❛✉.❡ #❤✐. ❦✐♥❞ ♦❢ ❞❛#❛ .#♦,❡. ✐. .❝❤❡♠❛✲❧❡..✳ ❋♦,♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ #❤❡ ♣,♦❥❡❝#✐♦♥

♦♣❡,❛#✐♦♥ ❛. ❢♦❧❧♦✇.✿

❉❡✜♥✐*✐♦♥ ✸✳✸✳✸ ✭$%♦❥❡❝*✐♦♥ ♦♣❡%❛*✐♦♥✮ πattributes : ES→ ES

▲❡" E = {e1, ..., en} ⊂ ES ❛♥❞ R = {r1, ..., rl} ⊂ ES✳



✹✽

❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡++ ❚♦ ❘❡❧❛0✐♦♥❛❧ ❆♥❞ ◆♦❙◗▲ ❉❛0❛ ❙0♦7❡+ ■♥ ❈❧♦✉❞

❊♥✈✐7♦♥♠❡♥0+

❚❤❡ ♣7♦❥❡❝0✐♦♥ ❢7♦♠ E ✐+ ❞❡✜♥❡❞ ❛+ ❢♦❧❧♦✇+✿ R = πattributes(E) = {r|r ❢♦7♠❡❞
♦♥❧② ❜② ❛007✐❜✉0❡+ ♦❢ 0❤❡ ♣7♦❥❡❝0✐♦♥ }

❲❡ ❣%❛♣❤✐❝❛❧❧② %❡♣%❡-❡♥/ /❤❡ ♣%♦❥❡❝/✐♦♥ ❛- ❞❡♣✐❝/❡❞ ✐♥ ❋✐❣✉%❡ ✸✳✻✳ ❋♦% ✐♥✲

-/❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣❧② /❤❡ ♣%♦❥❡❝/✐♦♥ ♦♥ /❤❡ ♣❡%-♦♥ ❊♥0✐0②❙❡0 /❛❦✐♥❣ ✐♥/♦ ❛❝❝♦✉♥/ /❤❡

❛//%✐❜✉/❡- ♣❡%-♦♥■❞ ❛♥❞ ♣❡%-♦♥◆❛♠❡✳ ❲❡ ❝❛♥ ❞❡♥♦/❡ /❤❡ ♣%♦❥❡❝/✐♦♥ ❛- Result =
πpersonId, personName(person) ❛♥❞ /❤❡ ❊♥0✐0②❙❡0 ❘❡-✉❧/ ✐- ✐❧❧✉-/%❛/❡❞ ✐♥ ❚❛❜❧❡ ✸✳✹✳

Set of 

attributes RE

❋✐❣✉%❡ ✸✳✻✿ ❚❤❡ ❣%❛♣❤✐❝ ♥♦/❛/✐♦♥ ♦❢ /❤❡

♣%♦❥❡❝/✐♦♥ ♦♣❡%❛/✐♦♥

♣❡%-♦♥■❞ ♣❡%-♦♥◆❛♠❡

✶ ▲❡-❧✐❡ ❱❛❧✐❡♥/

✷ ❏♦❤♥ ❍♦♣❝%♦❢/

✸ ❙❡%❣❡ ❆❜✐/❡❜♦✉❧

❚❛❜❧❡ ✸✳✹✿ ❘❡-✉❧/ ♦❢ /❤❡ ♣%♦❥❡❝/✐♦♥ ♦❢

/❤❡ ♣❡%-♦♥ ❊♥0✐0②❙❡0 ✉-✐♥❣ /❤❡ ❛//%✐❜✉/❡-

♣❡%-♦♥■❞ ❛♥❞ ♣❡%-♦♥◆❛♠❡

✸✳✸✳✹✳✷ ❙❡❧❡❝(✐♦♥ ❖♣❡.❛(✐♦♥

❆ -❡❧❡❝/✐♦♥ ✐- ❛ ✉♥❛%② ❛♥❞ ♠❛/❤❡♠❛/✐❝❛❧ ♦♣❡%❛/✐♦♥ /❤❛/ /❛❦❡- ❛- ✐♥♣✉/ ❛♥ ❊♥0✐0②✲

❙❡0 ❛♥❞ %❡/✉%♥- ❛- ♦✉/♣✉/ ❛♥ ❊♥0✐0②❙❡0✳ ❚❤❡ %❡-✉❧/❡❞ ❊♥0✐0②❙❡0 ❝♦♥/❛✐♥- /❤❡ -❡/ ♦❢

❊♥0✐0✐❡+ -❛/✐-❢②✐♥❣ ❛ ❣✐✈❡♥ ♣%❡♣♦-✐/✐♦♥❛❧ ❧♦❣✐❝ ❡①♣%❡--✐♦♥ /❤❛/ ✇❡ ♥❛♠❡ ♣7❡❞✐❝❛0❡+✳

❉✉%✐♥❣ /❤❡ -❡❧❡❝/✐♦♥✱ ✐❢ ❛ ♣%❡❞✐❝❛/❡ ❝♦♥/❛✐♥- ❛♥ ❆007✐❜✉0❡ /❤❛/ ✐- ♠✐--✐♥❣✱ /❤❡ ❛♣✲

♣%♦♣%✐❛/❡ ❊♥0✐0② ✇✐❧❧ ❜❡ ✐❣♥♦%❡❞✳ ❋♦%♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ /❤❡ -❡❧❡❝/✐♦♥ ♦♣❡%❛/✐♦♥ ❛-

❢♦❧❧♦✇-✿

❉❡✜♥✐(✐♦♥ ✸✳✸✳✹ ✭❙❡❧❡❝(✐♦♥ ♦♣❡.❛(✐♦♥✮ σpredicates : ES→ ES

▲❡0 E = {e1, ..., en} ⊂ ES ❛♥❞ R = {r1, ..., rl} ⊂ E✳
❚❤❡ +❡❧❡❝0✐♦♥ ❢7♦♠ E ✐+ ❞❡✜♥❡❞ ❛+ ❢♦❧❧♦✇+✿ R = σpredicates(E) = {r|r ∈ E ∧

predicates(r)}

❲❡ ❣%❛♣❤✐❝❛❧❧② %❡♣%❡-❡♥/ /❤❡ -❡❧❡❝/✐♦♥ ❛- ❞❡♣✐❝/❡❞ ✐♥ ❋✐❣✉%❡ ✸✳✼✳ ❋♦% ✐♥-/❛♥❝❡✱

✐❢ ✇❡ ❛♣♣❧② /❤❡ -❡❧❡❝/✐♦♥ ♦♥ /❤❡ ♣❡%-♦♥ ❊♥0✐0②❙❡0 /❛❦✐♥❣ ✐♥/♦ ❛❝❝♦✉♥/ /❤❡ ♣%❡❞✐❝❛/❡

personId = 1✱ ✇❡ ❝❛♥ ❞❡♥♦/❡ /❤❡ -❡❧❡❝/✐♦♥ ❛- Result = σpersonId=1(person) ❛♥❞

/❤❡ ❊♥0✐0②❙❡0 ❘❡-✉❧/ ✐- ✐❧❧✉-/%❛/❡❞ ✐♥ ❚❛❜❧❡ ✸✳✺✳

RE
Set of 

predicates

❋✐❣✉%❡ ✸✳✼✿ ❚❤❡ ❣%❛♣❤✐❝

♥♦/❛/✐♦♥ ♦❢ /❤❡ -❡❧❡❝/✐♦♥

♦♣❡%❛/✐♦♥

♣❡"#♦♥■❞ ♣❡"#♦♥◆❛♠❡ ♣❡"#♦♥❈♦✉♥-"② ♣❡"#♦♥❆✣❧✐❛-✐♦♥

✶ ▲❡#❧✐❡ ❱❛❧✐❡♥- ❯♥✐-❡❞ ❑✐♥❣❞♦♠ ❍❛"✈❛"❞ ❯♥✐✈❡"#✐-②

❚❛❜❧❡ ✸✳✺✿ ❘❡-✉❧/ ♦❢ /❤❡ -❡❧❡❝/✐♦♥ ♦❢ /❤❡ ♣❡%-♦♥ ❊♥0✐0②❙❡0

/❛❦✐♥❣ ✐♥/♦ ❛❝❝♦✉♥/ /❤❡ ♣%❡❞✐❝❛/❡ personId = 1

✸✳✸✳✹✳✸ ❈❛.(❡5✐❛♥ 6.♦❞✉❝(

❆ ❈❛%/❡-✐❛♥ ♣%♦❞✉❝/ ✐- ❛ ❜✐♥❛%② ❛♥❞ ♠❛/❤❡♠❛/✐❝❛❧ ♦♣❡%❛/✐♦♥ /❤❛/ /❛❦❡- ❛- ✐♥♣✉/

/✇♦ ❊♥0✐0②❙❡0+ ❛♥❞ %❡/✉%♥- ❛- ♦✉/♣✉/ ❛♥ ❊♥0✐0②❙❡0✳ ❚❤❡ %❡-✉❧/❡❞ ❊♥0✐0②❙❡0 ❝♦♥/❛✐♥-



❯♥✐❢②✐♥❣ ❉❛(❛ ▼♦❞❡❧. ✹✾

"❤❡ %❡" ♦❢ ❛❧❧ ✉♥✐♦♥% ❝♦♠❜✐♥✐♥❣ "✇♦ ❊♥(✐(✐❡. ❜❡❧♦♥❣✐♥❣ "♦ "❤❡ ❡❛❝❤ ✐♥♣✉" ❊♥(✐(②❙❡(✳

❋♦5♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ "❤❡ ❈❛5"❡%✐❛♥ ♣5♦❞✉❝" ❢✉♥❝"✐♦♥ ❛% ❢♦❧❧♦✇%✿

❉❡✜♥✐%✐♦♥ ✸✳✸✳✺ ✭❈❛-%❡.✐❛♥ ♣-♦❞✉❝% ♦♣❡-❛%✐♦♥✮ × : ES ∗ ES→ ES

▲❡( E = {e1, ..., en} ⊂ ES✱ F = {f1, ..., fm} ⊂ ES ❛♥❞ R = {r1, ..., rl} ⊂ ES✳

❚❤❡ ❈❛7(❡.✐❛♥ ♣7♦❞✉❝( ♦❢ E ❛♥❞ F ✐. ❞❡✜♥❡❞ ❛. ❢♦❧❧♦✇.✿ R = E×F = {(e1•f1)✱
(e1 • f2)✱ ✳✳✳✱ (e1 • fm)✱ ✳✳✳✱ (ei • fj)✱ ✳✳✳✱ (en • fm)}

❲❡ ❣5❛♣❤✐❝❛❧❧② 5❡♣5❡%❡♥" "❤❡ ❈❛5"❡%✐❛♥ ♣5♦❞✉❝" ❛% ❞❡♣✐❝"❡❞ ✐♥ ❋✐❣✉5❡ ✸✳✽✳ ❋♦5

✐♥%"❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣❧② "❤❡ ❈❛5"❡%✐❛♥ ♣5♦❞✉❝" ♦❢ ❞❜❧♣ ❛♥❞ ♣❡5%♦♥ ❊♥(✐(②❙❡(.✱ ✇❡ ❝❛♥

❞❡♥♦"❡ Result = dblp × person ❛♥❞ ✇❡ ♦❜"❛✐♥ "❤❡ 5❡%✉❧"❡❞ ❊♥(✐(②❙❡( 5❡♣5❡%❡♥"❡❞

✐♥ ❚❛❜❧❡ ✸✳✻✳

R

E F

❋✐❣✉5❡ ✸✳✽✿ ❚❤❡ ❣5❛♣❤✐❝ ♥♦"❛"✐♦♥ ♦❢ "❤❡ ❈❛5"❡%✐❛♥ ♣5♦❞✉❝" ♦♣❡5❛"✐♦♥
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▲❡/❧✐❡ ❘♦❜✉/" ✶✾✾✾ ❙❚❖❈ ✶ ▲❡/❧✐❡ ❯♥✐"❡❞ ❍❛%✈❛%❞

❱❛❧✐❡♥" ▲♦❣✐❝/ ❱❛❧✐❡♥" ❑✐♥❣❞♦♠ ❯♥✐✈❡%/✐"②

▲❡/❧✐❡ ❘♦❜✉/" ✶✾✾✾ ❙❚❖❈ ✷ ❏♦❤♥ ❯♥✐"❡❞ ❈♦%♥❡❧❧

❱❛❧✐❡♥" ▲♦❣✐❝/ ❍♦♣❝%♦❢" ❙"❛"❡/ ❯♥✐✈❡%/✐"②

▲❡/❧✐❡ ❘♦❜✉/" ✶✾✾✾ ❙❚❖❈ ✸ ❙❡%❣❡ ❋%❛♥❝❡ ■◆❘■❆

❱❛❧✐❡♥" ▲♦❣✐❝/ ❆❜✐"❡❜♦✉❧ ❙❛❝❧❛②

❙❡%❣❡ ■//✉❡/ ✐♥ ✷✵✵✷ ❉❊❳❆ ✶ ▲❡/❧✐❡ ❯♥✐"❡❞ ❍❛%✈❛%❞

❆❜✐"❡❜♦✉❧ ▼♦♥✐"♦%✐♥❣ ❱❛❧✐❡♥" ❑✐♥❣❞♦♠ ❯♥✐✈❡%/✐"②

❲❡❜ ❉❛"❛

❙❡%❣❡ ■//✉❡/ ✐♥ ✷✵✵✷ ❉❊❳❆ ✷ ❏♦❤♥ ❯♥✐"❡❞ ❈♦%♥❡❧❧

❆❜✐"❡❜♦✉❧ ▼♦♥✐"♦%✐♥❣ ❍♦♣❝%♦❢" ❙"❛"❡/ ❯♥✐✈❡%/✐"②

❲❡❜ ❉❛"❛

❙❡%❣❡ ■//✉❡/ ✐♥ ✷✵✵✷ ❉❊❳❆ ✸ ❙❡%❣❡ ❋%❛♥❝❡ ■◆❘■❆

❆❜✐"❡❜♦✉❧ ▼♦♥✐"♦%✐♥❣ ❆❜✐"❡❜♦✉❧ ❙❛❝❧❛②

❲❡❜ ❉❛"❛

❚❛❜❧❡ ✸✳✻✿ ❘❡%✉❧" ♦❢ "❤❡ ❈❛5"❡%✐❛♥ ♣5♦❞✉❝" ♦❢ "❤❡ ❞❜❧♣ ❛♥❞ ♣❡5%♦♥ ❊♥(✐(②❙❡(.
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❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡++ ❚♦ ❘❡❧❛0✐♦♥❛❧ ❆♥❞ ◆♦❙◗▲ ❉❛0❛ ❙0♦7❡+ ■♥ ❈❧♦✉❞

❊♥✈✐7♦♥♠❡♥0+

✸✳✸✳✹✳✹ ❏♦✐♥ ❖♣❡*❛,✐♦♥

❆ ❥♦✐♥ ♦♣❡)❛+✐♦♥ ❝❛♥ ❜❡ .❡❡♥ ❛. ❛ ❝♦♥❞✐+✐♦♥❛❧ ❈❛)+❡.✐❛♥ ♣)♦❞✉❝+ ✇❤❡)❡ ❛♥ ❡❧❡♠❡♥+ ♦❢

+❤❡ ❥♦✐♥ )❡.✉❧+ ❤❛. +♦ .❛+✐.❢② +❤❡ ❥♦✐♥ ❝♦♥❞✐+✐♦♥✳ ❚❤❡ ❊♥0✐0②❙❡0 )❡.✉❧+❡❞ ❢)♦♠ ❛ ❥♦✐♥

♦♣❡)❛+✐♦♥ ❝♦♥+❛✐♥. +❤❡ .❡+ ♦❢ ❛❧❧ ❝♦♠❜✐♥❛+✐♦♥. ♦❢ ❊♥0✐0✐❡+ ✐♥ +❤❡ ✐♥♣✉+ ❊♥0✐0②❙❡0+

+❤❛+ ❛)❡ ❡:✉❛❧ ♦♥ ❛ ❣✐✈❡♥ ❝♦♠♠♦♥ ❛++)✐❜✉+❡. ❞❡♥♦+❡❞ ❜② ❛ ❧♦❣✐❝❛❧ ❡①♣)❡..✐♦♥ cond✳

❋♦)♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ +❤❡ ❥♦✐♥ ♦♣❡)❛+✐♦♥ ❛. +❤❡ ❢♦❧❧♦✇✐♥❣ ❢✉♥❝+✐♦♥✿

❉❡✜♥✐,✐♦♥ ✸✳✸✳✻ ✭❏♦✐♥ ♦♣❡*❛,✐♦♥✮ ×cond : ES ∗ ES→ ES

▲❡0 E = {e1, ..., en} ⊂ ES✱ F = {f1, ..., fm} ⊂ ES ❛♥❞ R = {r1, ..., rl} ⊂ ES✱

0❤❡ ❥♦✐♥ ♦♣❡7❛0✐♦♥ ♦❢ E ❛♥❞ F ✐+ ❞❡✜♥❡❞ ❛+ ❢♦❧❧♦✇+✿ R = E ×cond F = {r|r ∈
E × F ∧ cond(r)}

❲❡ ❣)❛♣❤✐❝❛❧❧② )❡♣)❡.❡♥+ +❤❡ ❥♦✐♥ ♦♣❡)❛+✐♦♥ ❛. ❞❡♣✐❝+❡❞ ✐♥ ❋✐❣✉)❡ ✸✳✶✷✳ ❋♦)

✐♥.+❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣❧② +❤❡ ❥♦✐♥ ❜❡+✇❡❡♥ ❞❜❧♣ ❛♥❞ ♣❡).♦♥ ❊♥0✐0②❙❡0+ ❜❛.❡❞ ♦♥ +❤❡

❧♦❣✐❝❛❧ ❡①♣)❡..✐♦♥ person.personName in dblp.author✱ ✇❡ ❝❛♥ ❞❡♥♦+❡ Result =
person×person .personName in dblp.authordblp ❛♥❞ ✇❡ ♦❜+❛✐♥ +❤❡ )❡.✉❧+❡❞ ❊♥0✐0②❙❡0

)❡♣)❡.❡♥+❡❞ ✐♥ ❚❛❜❧❡ ✸✳✼✳ ■+ ✐. ✇♦)+❤ ♥♦+✐♥❣ +❤❛+ +❤❡ ❧♦❣✐❝❛❧ ❡①♣)❡..✐♦♥ ✐. ❞❡✜♥❡❞

❜❛.❡❞ ♦♥ +❤❡ ❣❧♦❜❛❧ .❝❤❡♠❛ +❤❛♥❦. +♦ +❤❡ ❝♦))❡.♣♦♥❞❡♥❝❡ )✉❧❡. ✭.❡❡ ❙❡❝+✐♦♥ ✸✳✸✳✸✮✳

R

E F

cond

❋✐❣✉)❡ ✸✳✾✿ ❚❤❡ ❣)❛♣❤✐❝ ♥♦+❛+✐♦♥ ♦❢ +❤❡ ❥♦✐♥ ♦♣❡)❛+✐♦♥
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♥

▲❡/❧✐❡ ❘♦❜✉/" ✶✾✾✾ ❙❚❖❈ ✶ ▲❡/❧✐❡ ❯♥✐"❡❞ ❍❛%✈❛%❞

❱❛❧✐❡♥" ▲♦❣✐❝/ ❱❛❧✐❡♥" ❑✐♥❣❞♦♠ ❯♥✐✈❡%/✐"②

❙❡%❣❡ ■//✉❡/ ✐♥ ✷✵✵✷ ❉❊❳❆ ✸ ❙❡%❣❡ ❋%❛♥❝❡ ■◆❘■❆

❆❜✐"❡❜♦✉❧ ▼♦♥✐"♦%✐♥❣ ❆❜✐"❡❜♦✉❧ ❙❛❝❧❛②

❲❡❜ ❉❛"❛

❚❛❜❧❡ ✸✳✼✿ ❘❡.✉❧+ ♦❢ +❤❡ ❥♦✐♥ ❜❡+✇❡❡♥ +❤❡ ❞❜❧♣ ❛♥❞ ♣❡).♦♥ ❊♥0✐0②❙❡0+



❯♥✐❢②✐♥❣ ❉❛(❛ ▼♦❞❡❧. ✺✶

✸✳✸✳✹✳✺ ❯♥✐♦♥ ❖♣❡+❛-✐♦♥

❆ ✉♥✐♦♥ ✐' ❛ ❜✐♥❛*② ❛♥❞ ♠❛.❤❡♠❛.✐❝❛❧ '❡. ♦♣❡*❛.✐♦♥ .❤❛. .❛❦❡' ❛' ✐♥♣✉. .✇♦ ❊♥✲

(✐(②❙❡(. ❛♥❞ *❡.✉*♥' ❛' ♦✉.♣✉. ❛♥ ❊♥(✐(②❙❡(✳ ❚❤❡ *❡'✉❧.❡❞ ❊♥(✐(②❙❡( ❝♦♥.❛✐♥' .❤❡

'❡. ♦❢ ❛❧❧ ❞✐'.✐♥❝. ❊♥(✐(✐❡. ❜❡❧♦♥❣✐♥❣ .♦ .❤❡ ♦♥❡ ♦❢ .❤❡ ❊♥(✐(②❙❡(. ✐♥ ❡♥.*②✳ ■. ✐'

♥♦.❡✇♦*.❤② .❤❛. .❤❡ ✐♥✈♦❧✈❡❞ ❊♥(✐(②❙❡(. ♠✉'. ❜❡ ✉♥✐♦♥✲❝♦♠♣❛.✐❜❧❡ ✭✐✳❡✳ .❤❡ .✇♦

❊♥(✐(②❙❡(. ♠✉'. ❤❛✈❡ .❤❡ '❛♠❡ '❡. ♦❢ ❛..*✐❜✉.❡'✮✳ ❋♦*♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ .❤❡ ✉♥✐♦♥

❢✉♥❝.✐♦♥ ❛' ❢♦❧❧♦✇'✿

❉❡✜♥✐-✐♦♥ ✸✳✸✳✼ ✭❯♥✐♦♥ ♦♣❡+❛-✐♦♥✮ ∪ : ES ∗ ES→ ES

▲❡( E = {e1, ..., en} ⊂ ES✱ F = {f1, ..., fm} ⊂ ES ❛♥❞ R = {r1, ..., rl} ⊂ ES✳

❚❤❡ ✉♥✐♦♥ ♦❢ E ❛♥❞ F ✐. ❞❡✜♥❡❞ ❛. ❢♦❧❧♦✇.✿ R = E ∪ F = {r|r ∈ E ∨ r ∈ F}

❲❡ ❣*❛♣❤✐❝❛❧❧② *❡♣*❡'❡♥. .❤❡ ✉♥✐♦♥ ❛' ❞❡♣✐❝.❡❞ ✐♥ ❋✐❣✉*❡ ✸✳✶✵✳ ❚♦ ❣✐✈❡ ❛♥

❡①❛♠♣❧❡ ♦❢ .❤❡ ✉♥✐♦♥ ♦♣❡*❛.✐♦♥ ❜❡.✇❡❡♥ .✇♦ ❊♥(✐(②❙❡(.✱ ❧❡. ✉' ❝♦♥'✐❞❡* .❤❛. .❤❡

♣❡*'♦♥ ❊♥(✐(②❙❡( ✐' ❝♦♥'.*✉❝.❡❞ ❢*♦♠ .✇♦ ❊♥(✐(②❙❡(. ❝❛❧❧❡❞ G✶ ❛♥❞ G✷ *❡'♣❡❝.✐✈❡❧②

✭'❡❡ ❚❛❜❧❡ ✸✳✽ ❛♥❞ ❚❛❜❧❡ ✸✳✾✮✳ ❋♦* ✐♥'.❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣❧② .❤❡ ✉♥✐♦♥ ♦❢ G✶ ❛♥❞ G✷

❊♥(✐(②❙❡(.✱ ✇❡ ❝❛♥ ❞❡♥♦.❡ person = P1∪P2 ❛♥❞ ✇❡ ♦❜.❛✐♥ .❤❡ *❡'✉❧.❡❞ ❊♥(✐(②❙❡(

*❡♣*❡'❡♥.❡❞ ✐♥ ❚❛❜❧❡ ✸✳✷✳ ■. ✐' ✇♦*.❤ ♥♦.✐♥❣ .❤❛. .❤❡ ❡♥.✐.② ❤❛✈✐♥❣ ♣❡*'♦♥■❞ ❡K✉❛❧'

.♦ ✷ ❛♣♣❡❛*' ✐♥ ❜♦.❤ ❊♥(✐(②❙❡(. G✶ ❛♥❞ G✷ ❛♥❞ ❛♣♣❡❛*' ✐♥ .❤❡ ❊♥(✐(②❙❡( ♣❡*'♦♥

❥✉'. ♦♥❡ .✐♠❡ '✐♥❝❡ .❤❡ *❡'✉❧.❡❞ ❊♥(✐(②❙❡( *❡♣*❡'❡♥.' .❤❡ '❡. ♦❢ ❛❧❧ ❞✐'.✐♥❝. ❊♥(✐(✐❡.

❜❡❧♦♥❣✐♥❣ .♦ .❤❡ ♦♥❡ ♦❢ .❤❡ ❊♥(✐(②❙❡(. ✐♥ ❡♥.*②✳

R

E F

❋✐❣✉*❡ ✸✳✶✵✿ ❚❤❡ ❣*❛♣❤✐❝ ♥♦.❛.✐♦♥ ♦❢ .❤❡ ✉♥✐♦♥ ♦♣❡*❛.✐♦♥

♣❡*'♦♥■❞ ♣❡*'♦♥◆❛♠❡ ♣❡*'♦♥❈♦✉♥.*② ♣❡*'♦♥❆✣❧✐❛.✐♦♥

✶ ▲❡'❧✐❡ ❱❛❧✐❡♥. ❯♥✐.❡❞ ❑✐♥❣❞♦♠ ❍❛*✈❛*❞ ❯♥✐✈❡*'✐.②

✷ ❏♦❤♥ ❍♦♣❝*♦❢. ❯♥✐.❡❞ ❙.❛.❡' ❈♦*♥❡❧❧ ❯♥✐✈❡*'✐.②

❚❛❜❧❡ ✸✳✽✿ ❙❛♠♣❧❡ ♦❢ .✇♦ ❊♥(✐(✐❡. ❢*♦♠ .❤❡ G✶ ❊♥(✐(②❙❡(

✸✳✸✳✹✳✻ ■♥-❡+5❡❝-✐♦♥ ❖♣❡+❛-✐♦♥

❆♥ ✐♥.❡*'❡❝.✐♦♥ ✐' ❛ ❜✐♥❛*② ❛♥❞ ♠❛.❤❡♠❛.✐❝❛❧ '❡. ♦♣❡*❛.✐♦♥ .❤❛. .❛❦❡' ❛' ✐♥♣✉. .✇♦

❊♥(✐(②❙❡(. ❛♥❞ *❡.✉*♥' ❛' ♦✉.♣✉. ❛♥ ❊♥(✐(②❙❡(✳ ❚❤❡ *❡'✉❧.❡❞ ❊♥(✐(②❙❡( ❝♦♥.❛✐♥' ❛❧❧

❊♥(✐(✐❡. ❜❡❧♦♥❣✐♥❣ .♦ ❜♦.❤ ❊♥(✐(②❙❡(. ✐♥ ❡♥.*②✳ ■. ✐' ♥♦.❡✇♦*.❤② .❤❛. .❤❡ ✐♥✈♦❧✈❡❞
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❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡++ ❚♦ ❘❡❧❛0✐♦♥❛❧ ❆♥❞ ◆♦❙◗▲ ❉❛0❛ ❙0♦7❡+ ■♥ ❈❧♦✉❞

❊♥✈✐7♦♥♠❡♥0+

♣❡$%♦♥■❞ ♣❡$%♦♥◆❛♠❡ ♣❡$%♦♥❈♦✉♥/$② ♣❡$%♦♥❆✣❧✐❛/✐♦♥

✷ ❏♦❤♥ ❍♦♣❝(♦❢* ❯♥✐*❡❞ ❙*❛*❡1 ❈♦(♥❡❧❧ ❯♥✐✈❡(1✐*②

✸ ❙❡(❣❡ ❆❜✐*❡❜♦✉❧ ❋(❛♥❝❡ ■◆❘■❆ ❙❛❝❧❛②

❚❛❜❧❡ ✸✳✾✿ ❙❛♠♣❧❡ ♦❢ *✇♦ ❊♥"✐"✐❡% ❢(♦♠ *❤❡ E✷ ❊♥"✐"②❙❡"

❊♥"✐"②❙❡"% ♠✉1* ❜❡ ✐♥*❡(1❡❝*✐♦♥✲❝♦♠♣❛*✐❜❧❡ ✭✐✳❡✳ *❤❡ *✇♦ ❊♥"✐"②❙❡"% ♠✉1* ❤❛✈❡ *❤❡

1❛♠❡ 1❡* ♦❢ ❛**(✐❜✉*❡1✮✳ ❋♦(♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ *❤❡ ✐♥*❡(1❡❝*✐♦♥ ❢✉♥❝*✐♦♥ ❛1 ❢♦❧❧♦✇1✿

❉❡✜♥✐%✐♦♥ ✸✳✸✳✽ ✭■♥%❡,-❡❝%✐♦♥ ♦♣❡,❛%✐♦♥✮ ∩ : ES ∗ ES→ ES

▲❡" E = {e1, ..., en} ⊂ ES✱ F = {f1, ..., fm} ⊂ ES ❛♥❞ R = {r1, ..., rl} ⊂ ES✳

❚❤❡ ✐♥"❡/%❡❝"✐♦♥ ♦❢ E ❛♥❞ F ✐% ❞❡✜♥❡❞ ❛% ❢♦❧❧♦✇%✿ R = E∩F = {r|r ∈ E∧ r ∈
F}

❲❡ ❣(❛♣❤✐❝❛❧❧② (❡♣(❡1❡♥* *❤❡ ✐♥*❡(1❡❝*✐♦♥ ❛1 ❞❡♣✐❝*❡❞ ✐♥ ❋✐❣✉(❡ ✸✳✶✶✳ ❚♦ ❣✐✈❡

❛♥ ❡①❛♠♣❧❡ ♦❢ *❤❡ ✐♥*❡(1❡❝*✐♦♥ ♦♣❡(❛*✐♦♥ ❜❡*✇❡❡♥ *✇♦ ❊♥"✐"②❙❡"%✱ ❧❡* ✉1 ❝♦♥1✐❞❡(

*❤❛* *❤❡ ♣❡(1♦♥ ❊♥"✐"②❙❡" ✐1 ❝♦♥1*(✉❝*❡❞ ❢(♦♠ *✇♦ ❊♥"✐"②❙❡"% ❝❛❧❧❡❞ E✸ ❛♥❞ E✹

(❡1♣❡❝*✐✈❡❧② ✭1❡❡ ❚❛❜❧❡ ✸✳✶✵ ❛♥❞ ❚❛❜❧❡ ✸✳✶✶✮✳ ❋♦( ✐♥1*❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣❧② *❤❡ ✐♥*❡(✲

1❡❝*✐♦♥ ♦❢ E✸ ❛♥❞ E✹ ❊♥"✐"②❙❡"%✱ ✇❡ ❝❛♥ ❞❡♥♦*❡ person = P1 ∩ P2 ❛♥❞ ✇❡ ♦❜*❛✐♥

*❤❡ (❡1✉❧*❡❞ ❊♥"✐"②❙❡" (❡♣(❡1❡♥*❡❞ ✐♥ ❚❛❜❧❡ ✸✳✷✳

R

E F

❋✐❣✉(❡ ✸✳✶✶✿ ❚❤❡ ❣(❛♣❤✐❝ ♥♦*❛*✐♦♥ ♦❢ *❤❡ ✐♥*❡(1❡❝*✐♦♥ ♦♣❡(❛*✐♦♥

♣❡(1♦♥■❞ ♣❡(1♦♥◆❛♠❡ ♣❡(1♦♥❈♦✉♥*(② ♣❡(1♦♥❆✣❧✐❛*✐♦♥

✶ ▲❡1❧✐❡ ❱❛❧✐❡♥* ❯♥✐*❡❞ ❑✐♥❣❞♦♠ ❍❛(✈❛(❞ ❯♥✐✈❡(1✐*②

✷ ❏♦❤♥ ❍♦♣❝(♦❢* ❯♥✐*❡❞ ❙*❛*❡1 ❈♦(♥❡❧❧ ❯♥✐✈❡(1✐*②

✸ ❙❡(❣❡ ❆❜✐*❡❜♦✉❧ ❋(❛♥❝❡ ■◆❘■❆ ❙❛❝❧❛②

✺ ▼❛(*✐♥1 ❑(✐❦✐1 ❯♥✐*❡❞ ❙*❛*❡1 ❨❛❧❡ ❯♥✐✈❡(1✐*②

❚❛❜❧❡ ✸✳✶✵✿ ❙❛♠♣❧❡ ♦❢ *✇♦ ❊♥"✐"✐❡% ❢(♦♠ *❤❡ E✶ ❊♥"✐"②❙❡"

✸✳✸✳✹✳✼ ◆❡-% ❛♥❞ ❯♥♥❡-% ❖♣❡,❛%✐♦♥-

❚❤❡ ♦♣❡(❛*✐♦♥1 ✇❡ ❤❛✈❡ ✐♥*(♦❞✉❝❡❞ 1♦ ❢❛( ❛(❡ ✉1❡❞ *♦ ❤❛♥❞❧❡ 1✐♠♣❧❡ ❛**(✐❜✉*❡1✳ ■♥

*❤✐1 1❡❝*✐♦♥✱ ✇❡ ❣✐✈❡ ♠♦(❡ ✐♠♣♦(*❛♥❝❡ *♦ *❤❡ ❝♦♠♣❧❡① ❛**(✐❜✉*❡1 ✭❡✳❣✳ ❛♥ ❛**(✐❜✉*❡



❯♥✐❢②✐♥❣ ❉❛(❛ ▼♦❞❡❧. ✺✸

♣❡$%♦♥■❞ ♣❡$%♦♥◆❛♠❡ ♣❡$%♦♥❈♦✉♥/$② ♣❡$%♦♥❆✣❧✐❛/✐♦♥

✶ ▲❡%❧✐❡ ❱❛❧✐❡♥/ ❯♥✐/❡❞ ❑✐♥❣❞♦♠ ❍❛$✈❛$❞ ❯♥✐✈❡$%✐/②

✷ ❏♦❤♥ ❍♦♣❝$♦❢/ ❯♥✐/❡❞ ❙/❛/❡% ❈♦$♥❡❧❧ ❯♥✐✈❡$%✐/②

✸ ❙❡$❣❡ ❆❜✐/❡❜♦✉❧ ❋$❛♥❝❡ ■◆❘■❆ ❙❛❝❧❛②

✹ ❉❛♥❛ ❋♥❣❧✉✐♥ ❯♥✐/❡❞ ❙/❛/❡% ❨❛❧❡ ❯♥✐✈❡$%✐/②

❚❛❜❧❡ ✸✳✶✶✿ ❙❛♠♣❧❡ ♦❢ /✇♦ ❊♥(✐(✐❡. ❢$♦♠ /❤❡ M✷ ❊♥(✐(②❙❡(

❝♦♠♣♦%❡❞ ❜② ♠✉❧/✐♣❧❡ ❛//$✐❜✉/❡%✱ ❛ ♠✉❧/✐✈❛❧✉❡❞ ❛//$✐❜✉/❡✱ ❡/❝✳✮✳ ■♥ ♣❛$/✐❝✉❧❛$✱ ✇❡

❢♦❝✉% ♦♥ /❤❡ ♥❡%/ ❛♥❞ ✉♥♥❡%/ ♦♣❡$❛/✐♦♥% /❤❛/ ❛❧❧♦✇ /♦ ❝$❡❛/❡ ❛ ❝♦♠♣❧❡① %/$✉❝/✉$❡

❛♥❞ /♦ ✢❛//❡♥ ✐/ $❡%♣❡❝/✐✈❡❧②✳

❚❤❡ ✉♥♥❡%/ ♦♣❡$❛/✐♦♥ /❛❦❡% ❛% ✐♥♣✉/ ❛♥ ❊♥(✐(②❙❡( E ❤❛✈✐♥❣ ❛/ ❧❡❛%/ /✇♦ ❛/✲

/$✐❜✉/❡% ✐♥❝❧✉❞✐♥❣ ♦♥❡ ❝♦♠♣❧❡① ❛//$✐❜✉/❡ ❝❛❧❧❡❞ a ✭✐✳❡✳ ❛ ✐% ❝♦♠♣♦%❡❞ ♦❢ ❛ %❡/ ♦❢

❛//$✐❜✉/❡%✮ ❛♥❞ F /❤❡ %❡/ ♦❢ /❤❡ ♦/❤❡$ ❛//$✐❜✉/❡%✳ ❚❤✐% ♦♣❡$❛/✐♦♥ ♦✉/♣✉/% /❤❡ ❊♥✲

(✐(②❙❡( E ✇✐/❤ /❤❡ ❛//$✐❜✉/❡ a ✢❛//❡♥ ✐♥/♦ ❛ %❡/ ♦❢ %✉❜✲❛//$✐❜✉/❡%✳ ❇❡❧♦✇ ✇❡ ❞❡✜♥❡

/❤❡ ✉♥♥❡%/ ♦♣❡$❛/✐♦♥ ✭%❡❡ ❉❡✜♥✐/✐♦♥ ✸✳✸✳✾✮✳

❉❡✜♥✐%✐♦♥ ✸✳✸✳✾ ✭❯♥♥❡,% ♦♣❡.❛%✐♦♥✮ unnest : ES ∗ A→ ES

▲❡( E = {e1, ..., en, a} ⊂ ES✱ a = {a1, ..., am} ⊂ A|∃ak|k∈{1..m}, ak = {vk1..vkp} ❛
❝♦♠♣❧❡① ❛((8✐❜✉(❡ ✭✐✳❡✳ E = {e1, ..., en, {a1, ..., am}}✮ ❛♥❞ R = {r1, ..., rl} ⊂ ES✳

❚❤❡ ✉♥♥❡.( ♦♣❡8❛(✐♦♥ ✐. ❞❡✜♥❡❞ ❛. ❢♦❧❧♦✇.✿

R = unnest(E, ak) = {rj|j∈{1..l}| ∃t ∈ {1..p}, rj = {ai|i∈{1..m}\{k}} • {vkt}}

■♥ ❚❛❜❧❡ ✸✳✶✷✱ ✇❡ %❤♦✇❝❛%❡ ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❝♦♠♣❧❡① ❛//$✐❜✉/❡ ✇❤✐❝❤ ✐% /❤❡

❛✉(❤♦8 ❛//$✐❜✉/❡✳ ❚❤✐% ❧❛//❡$ ✐% ♠✉❧/✐✈❛❧✉❡❞ ❛♥❞ ❤❛% /✇♦ ✈❛❧✉❡%✿ ❏♦❤♥ ❍♦♣❝8♦❢(

❛♥❞ ❏❡✛8❡② ❯❧❧♠❛♥✳ ❇② ❛♣♣❧②✐♥❣ /❤❡ ✉♥♥❡%/ ♦♣❡$❛/✐♦♥✱ ✇❡ ❞❡♥♦/❡ ✐/ ❛% ❢♦❧❧♦✇%✿

unnest(dblp, author) ❛♥❞ ✇❡ ♦❜/❛✐♥ /✇♦ ♥❡✇ ❡♥/✐/✐❡% ❛♥❞ ❡❛❝❤ ♦♥❡ ❝♦♥/❛✐♥% ♠♦♥♦✲

✈❛❧✉❡❞ ❛//$✐❜✉/❡ ❝❛❧❧❡❞ ❛✉(❤♦8 ✭%❡❡ ❚❛❜❧❡ ✸✳✶✸✮✳

❛✉/❤♦$ /✐/❧❡ ②❡❛$ ❈♦♥❢❡$❡♥❝❡

❏♦❤♥ ❍♦♣❝$♦❢/ ▼❛♥✐♣✉❧❛/✐♦♥ $❡%✐%/❛♥/ $❡♣✉/❛/✐♦♥% ✷✵✵✼ ❲❆❲

❏❡✛$❡② ❯❧❧♠❛♥ ✉%✐♥❣ ❤✐//✐♥❣ /✐♠❡

❚❛❜❧❡ ✸✳✶✷✿ ❙❛♠♣❧❡ ♦❢ ❝♦♠♣❧❡① ❛//$✐❜✉/❡% ❢$♦♠ /❤❡ ❞❜❧♣ ❊♥(✐(②❙❡(

❛✉/❤♦$ /✐/❧❡ ②❡❛$ ❈♦♥❢❡$❡♥❝❡

❏♦❤♥ ❍♦♣❝$♦❢/ ▼❛♥✐♣✉❧❛/✐♦♥ $❡%✐%/❛♥/ $❡♣✉/❛/✐♦♥% ✷✵✵✼ ❲❆❲

✉%✐♥❣ ❤✐//✐♥❣ /✐♠❡

❏❡✛$❡② ❯❧❧♠❛♥ ▼❛♥✐♣✉❧❛/✐♦♥ $❡%✐%/❛♥/ $❡♣✉/❛/✐♦♥% ✷✵✵✼ ❲❆❲

✉%✐♥❣ ❤✐//✐♥❣ /✐♠❡

❚❛❜❧❡ ✸✳✶✸✿ ❘❡%✉❧/ ♦❢ /❤❡ ✉♥♥❡%/ ♦♣❡$❛/✐♦♥

❚❤❡ ♥❡%/ ♦♣❡$❛/✐♦♥ /❛❦❡% ❛% ✐♥♣✉/ ❛♥ ❊♥(✐(②❙❡( E ❛♥❞ ❛ ♥♦♥✲❡♠♣/② %❡/ ♦❢

❛//$✐❜✉/❡% a ❛♥❞ $❡/✉$♥% ❛% ♦✉/♣✉/ ❛♥ ❊♥(✐(②❙❡( R ❝♦♥/❛✐♥✐♥❣ ❛ ❝♦♠♣❧❡① ❛//$✐❜✉/❡



✺✹

❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡++ ❚♦ ❘❡❧❛0✐♦♥❛❧ ❆♥❞ ◆♦❙◗▲ ❉❛0❛ ❙0♦7❡+ ■♥ ❈❧♦✉❞

❊♥✈✐7♦♥♠❡♥0+

❝♦♠♣♦&❡❞ ❢*♦♠ +❤❡ ❛++*✐❜✉+❡& ♦❢ a✳ ❚❤✐& ♦♣❡*❛+✐♦♥ ✐& ❞❡✜♥❡❞ ❛& ❢♦❧❧♦✇& ✐♥ ❉❡✜♥✐+✐♦♥

✸✳✸✳✶✵✳

❉❡✜♥✐%✐♦♥ ✸✳✸✳✶✵ ✭◆❡-% ♦♣❡/❛%✐♦♥✮ Nest : ES ∗ A→ ES

▲❡0 E = {e1, ..., en} ⊂ ES✱ a = {a1, ..., am} ⊂ A|∃ak|k∈{1..m}, ak ∈ {vk1..vkp} ❛♥
❛007✐❜✉0❡ 0♦ ♥❡+0 ❛♥❞ R = {r1, ..., rl} ⊂ ES✳

❚❤❡ ♥❡+0 ♦♣❡7❛0✐♦♥ ✐+ ❞❡✜♥❡❞ ❛+ ❢♦❧❧♦✇+✿

R = nest(E, ak) = {rj|j∈{1..l}| rj = {ai|i∈{1..m}\{k}} • {vk1..vkp}}

■♥ ❚❛❜❧❡ ✸✳✶✹✱ ✇❡ &❤♦✇❝❛&❡ ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛♥ ❡♥+✐+② &❡+ ❝♦♥+❛✐♥✐♥❣ &✐♠♣❧❡ ❛+✲
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"interface"

Resource

GET()

PUT()

POST()

DELETE()

/odbapi/metadata

GET - getEnvMetaData()

/odbapi/entitySet/{esName}

GET -getEntitySetByName()

PUT - createEntitySet()

DELETE -deleteEntitySET()

/odbapi/entitySet/{esName}/

entity/{entityID}

GET- getEntityById()

PUT - updateEntity()

POST - createEntity()

DELETE - deleteEntity()

/odbapi/entitySet/

GET - getAllEntitySet()

/odbapi/entitySet/{esName}/

entity/

GET - getAllEntity()

/odbapi/accessright

GET - getAccessRight()

/odbapi/database/{dbName}/

metadata

GET - getDBMetaData()

/odbapi/entitySet/{esName}/

metadata

GET- getESMetaData()

/odbapi/query

POST - executeQuery()

/odbapi/database/{dbName}/

query

POST - executeQuery()
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❋✐❣✉-❡ ✹✳✶✿ ▼❡❞✐❛$✐♦♥ ❛-❝❤✐$❡❝$✉-❡



✼✵ ❱✐"#✉❛❧ ❉❛#❛ ❙#♦"❡+ ❋♦" ◗✉❡"② ❊✈❛❧✉❛#✐♦♥ ❛♥❞ ❖♣#✐♠✐③❛#✐♦♥

■♥ ♦✉& ✇♦&❦✱ ✇❡ ❝♦♥,✐❞❡& /❤❛/ ✇❡ ❝❛♥ ❤❛✈❡ /❤&❡❡ ❦✐♥❞, ♦❢ ♦♣❡&❛/✐♦♥,✳ ■♥❞❡❡❞✱

,✐♠♣❧❡ ✭✐✳❡✳ ❈❘❯❉✮ ♦♣❡&❛/✐♦♥, ❛&❡ ❞✐&❡❝/❧② ❡①❡❝✉/❡❞ ❜② /❤❡ /❛&❣❡/ ✇&❛♣♣❡& ✇✐/❤✲

♦✉/ ❛♥② ❣❧♦❜❛❧ ♦♣/✐♠✐③❛/✐♦♥ ❛/ /❤❡ ❱❉❙ ❧❡✈❡❧✳ ■♥ /❤✐, ❝❛,❡✱ /❤❡ ❱❉❙ ❥✉,/ &♦✉/❡,

/❤❡ G✉❡&② /♦ /❤❡ /❛&❣❡/ ✇&❛♣♣❡& ✇❤✐❝❤ ♣&♦❝❡,,❡, /❤❡ G✉❡&② ❛♥❞ /&❛♥,❢♦&♠, ✐/, &❡✲

,✉❧/ ✐♥ ❏❙❖◆ ✐❢ ♥❡❡❞❡❞ ❜❡❢♦&❡ ,❡♥❞✐♥❣ ✐/ ❜❛❝❦ /♦ /❤❡ ❝❧✐❡♥/ ❛♣♣❧✐❝❛/✐♦♥✳ ◆❛/✐✈❡

❝♦♠♣❧❡① G✉❡&✐❡, ❛&❡ ❛❧,♦ ❞✐&❡❝/❧② ❡①❡❝✉/❡❞ ❜② /❤❡ /❛&❣❡/ ✇&❛♣♣❡& ✇✐/❤♦✉/ /❤❡ ♥❡❡❞

♦❢ &❡✇&✐/✐♥❣ ❛♥❞ ♦♣/✐♠✐③❛/✐♦♥✳ ❋✐♥❛❧❧②✱ ❝♦♠♣❧❡① G✉❡&✐❡, ❛&❡ ,✉♣♣♦&/❡❞ ❜② /❤❡ ❱❉❙

/❤❛/ ❛❝/, ❛, ❛ ♠❡❞✐❛/♦& ❛♥❞ ✐♠♣❧❡♠❡♥/, G✉❡&② ♦♣/✐♠✐③❛/✐♦♥ /❡❝❤♥✐G✉❡,✳ ■/ ❛♥❛❧②③❡,

/❤❡ ✐♥♣✉/ G✉❡&②✱ ,♣❧✐/, ✐/ ✐♥ ,✉❜✲G✉❡&✐❡,✱ ,❡♥❞, /❤❡♠ /♦ /❤❡ ✐♥✈♦❧✈❡❞ ❞❛/❛ ,/♦&❡,

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

/❤❡ ❛♣♣❧✐❝❛/✐♦♥✳

❚❤❡ G✉❡&② ♦♣/✐♠✐③❛/✐♦♥ ❛♥❞ ❡✈❛❧✉❛/✐♦♥ ♣&♦❝❡,, ✐, ❝♦♠♣♦,❡❞ ♦❢ ✜✈❡ ,/❡♣, ✭,❡❡

/❤❡ ❧✐,/ ♦❢ /❤❡ ,/❡♣, ✐♥ ❋✐❣✉&❡ ✹✳✶✮✳ ❋✐&,/✱ /❤❡ G✉❡&② ✐, ♣❛&,❡❞ ❛♥❞ &❡♣&❡,❡♥/❡❞ ❜② ❛♥

❛❧❣❡❜&❛✐❝ /&❡❡ ❝♦♠♣♦,❡❞ ♦❢ ❞❛/❛ ,/♦&❡, ❛♥❞ ❛❧❣❡❜&❛✐❝ ♦♣❡&❛/♦&, ✭,❡❡ ❙❡❝/✐♦♥ ✸✳✸✳✹✮✳

❙❡❝♦♥❞✱ /❤✐, /&❡❡ ✐, ♦♣/✐♠✐③❡❞ ✉,✐♥❣ ❜❛,✐❝ ❛❧❣❡❜&❛✐❝ ♦♣/✐♠✐③❛/✐♦♥ ❜② ♣✉,❤✐♥❣ ✉♥❛&②

♦♣❡&❛/♦&, /♦✇❛&❞, ❞❛/❛ ,/♦&❡,✳ ❚❤✐&❞✱ ❞❛/❛ ,/♦&❡, ✐♥ /❤❡ /&❡❡ ❛&❡ ❛♥♥♦/❛/❡❞ ❜②

♠❡/❛❞❛/❛ ❡①/&❛❝/❡❞ ❢&♦♠ /❤❡ ❝❛/❛❧♦❣ ✭,❡❡ ❙❡❝/✐♦♥ ✹✳✹✳✶✮✳ ❚❤❡,❡ ❛♥♥♦/❛/✐♦♥, ❛&❡

✉,❡❞ /♦ /&❛♥,❢♦&♠ /❤❡ /&❡❡ ✐♥ ❛ ❝♦♠❜✐♥❛/✐♦♥ ♦❢ ,❡✈❡&❛❧ ❖❉❇❆T■ ❡①♣&❡,,✐♦♥, ♦♥

,✐♥❣❧❡ ❞❛/❛ ,/♦&❡,✳ ❆♥ ♦♣/✐♠❛❧ ❝♦♠❜✐♥❛/✐♦♥ ✐, ❝♦♥,/&✉❝/❡❞ ✉,✐♥❣ ❛ ❝♦,/ ❢✉♥❝/✐♦♥

❛♥❞ ❞②♥❛♠✐❝ ♣&♦❣&❛♠♠✐♥❣ ✭,❡❡ ❙❡❝/✐♦♥ ✹✳✸✳✷✮✳ ❚❤✐, ❧❛//❡& ✐, ❝♦♠♣♦,❡❞ ♦❢ ,❡✈❡&❛❧

❖❉❇❆T■ ,✉❜✲G✉❡&✐❡, ❡①♣&❡,,❡❞ ♦♥ ❛ ,✐♥❣❧❡ ❞❛/❛ ,/♦&❡ ❛♥❞ ♦/❤❡&, ,✉❜✲G✉❡&✐❡, /♦

&❡❝♦♠❜✐♥❡ /❤❡ ♣❛&/✐❛❧ &❡,✉❧/, ✐♥/♦ /❤❡ ✜♥❛❧ ♦♥❡✳ ❋♦✉&/❤✱ /❤❡ ♦♣/✐♠✐③❛/✐♦♥ ✐, ❞♦♥❡

✉,✐♥❣ ❛ ❝♦,/ ❢✉♥❝/✐♦♥ ❬✻✸❪ ❞❡✜♥❡❞ ❜② ❛ ❧✐♥❡❛& ❝♦♠❜✐♥❛/✐♦♥ ♦❢ /❤❡ &❡,♣♦♥,❡ /✐♠❡ ♦❢

/❤❡ ❈T❯✱ /❤❡ /✐♠❡ ♦❢ /❤❡ ✐♥♣✉/✴♦✉/♣✉/✱ ❛♥❞ /❤❡ /✐♠❡ ♦❢ /❤❡ ❝♦♠♠✉♥✐❝❛/✐♦♥ ♦& /❤❡

❞❛/❛ ,❤✐♣♣✐♥❣ ✭Cost model = α∗tCPU+β∗tI/O+γ∗tCOM ✮✳ ❆ ❝❛❧✐❜&❛/✐♦♥ ✐, ♥❡❡❞❡❞

/♦ ❛❞❥✉,/ /❤❡ ❝♦,/ ♠♦❞❡❧ /♦ ❛♥ ❛❝/✉❛❧ ✐♥❢&❛,/&✉❝/✉&❡ ✭,❡❡ ❙❡❝/✐♦♥ ✹✳✹✳✷✮✳ ❋✐♥❛❧❧②✱ /❤❡

G✉❡&② ✐, ❡✈❛❧✉❛/❡❞✳ ❚♦ ♣&❡,❡♥/ ✐♥ ❞❡/❛✐❧, ♦✉& G✉❡&② ❡✈❛❧✉❛/✐♦♥ ❛♥❞ ♦♣/✐♠✐③❛/✐♦♥

♣&♦❝❡,,✱ ✇❡ ✇✐❧❧ ❢♦❝✉, ❡,♣❡❝✐❛❧❧② ♦♥ ❥♦✐♥ G✉❡&✐❡, ❜✉/ /❤❡ ,❛♠❡ ♣&✐♥❝✐♣❧❡, ❝❛♥ ❜❡

❛♣♣❧✐❡❞ /♦ ♦/❤❡& ❝♦♠♣❧❡① G✉❡&✐❡,✳

✹✳✸✳✷ ◗✉❡'② ❊①❡❝✉,✐♦♥ 0❧❛♥

❚❤❡ ♠❛✐♥ ,/❡♣ ✐♥ ❡✈❛❧✉❛/✐♥❣ G✉❡&✐❡, ✐♥ ❛ ♠❡❞✐❛/✐♦♥ ❜❛,❡❞ ,♦❧✉/✐♦♥ ✐, /♦ ❣❡♥❡&❛/❡ ❛

G✉❡&② ❡①❡❝✉/✐♦♥ ♣❧❛♥✳ ❚❤✐, ❧❛//❡& &❡♣&❡,❡♥/, ❛ ,❡/ ♦❢ ♦&❞❡&❡❞ ♦♣❡&❛/✐♦♥, /❤❛/ /❤❡

❱❉❙ ❤❛, /♦ ❢♦❧❧♦✇ /♦ ✐♥/❡&❛❝/ ✇✐/❤ /❤❡ ✐♥/❡❣&❛/❡❞ ❞❛/❛ ,/♦&❡, ✐♥ ♦&❞❡& /♦ ❡①❡❝✉/❡

/❤❡ ,✉❜✲G✉❡&✐❡, ❛♥❞ &❡/✉&♥ /♦ /❤❡ ❛♣♣❧✐❝❛/✐♦♥ /❤❡ &❡,✉❧/ ,❡/✳ ❆♥ ❡①❡❝✉/✐♦♥ ♣❧❛♥

♠❛② ❜❡ &❡♣&❡,❡♥/❡❞ ❡✐/❤❡& ❣&❛♣❤✐❝❛❧❧② ♦& /❡①/✉❛❧❧②✳ ■♥ ♦✉& ✇♦&❦✱ ✇❡ ♣&♦♣♦,❡ /♦

✉,❡ /❤❡ ❣&❛♣❤✐❝❛❧ &❡♣&❡,❡♥/❛/✐♦♥ /❤&♦✉❣❤ ❛ /&❡❡ ✇❤❡&❡ ♥♦❞❡, ❞❡♥♦/❡ /❤❡ ♦♣❡&❛/✐♦♥,

❛♥❞ ❡❞❣❡, &❡♣&❡,❡♥/ /❤❡ ❞❡♣❡♥❞❡♥❝✐❡, ❜❡/✇❡❡♥ /✇♦ ♦♣❡&❛/✐♦♥, ✭,❡❡ /❤❡ ❡①❛♠♣❧❡ ✐♥

❋✐❣✉&❡ ✻✳✽✮✳ ■/ ✐, ♥♦/❡✇♦&/❤② /❤❛/ ❧❡❛✈❡, &❡♣&❡,❡♥/ /❤❡ ✜&,/ ♦♣❡&❛/✐♦♥, ✇✐/❤ ✇❤✐❝❤

✇❡ ,❤♦✉❧❞ ,/❛&/ ❛♥❞ /❤❡ &♦♦/ &❡♣&❡,❡♥/, /❤❡ ❧❛,/ ♦♣❡&❛/✐♦♥ /♦ ❡①❡❝✉/❡✳ ❍❡♥❝❡✱ ✇❡ ❝❛♥

❡①♣❧❛✐♥ /❤❡ ♥♦/✐♦♥ ♦❢ ❞❡♣❡♥❞❡♥❝✐❡, ❜❡/✇❡❡♥ ♦♣❡&❛/✐♦♥, ✐♥ ❛ G✉❡&② ❡①❡❝✉/✐♦♥ ♣❧❛♥ ❜②

/❤❡ ❢❛❝/ /❤❛/ ❛♥ ♦♣❡&❛/✐♦♥ ❝❛♥ ❜❡ ❡①❡❝✉/❡❞ ✐❢ ❛♥❞ ♦♥❧② ✐❢ /❤❡✐& /✇♦ ❝❤✐❧❞ ♦♣❡&❛/✐♦♥,

✜♥✐,❤ /❤❡✐& ❡①❡❝✉/✐♦♥✳ ❆♥ ♦♣❡&❛/✐♦♥ ♠❛② ❜❡ ♦♥❡ ♦❢ /❤❡ ❢♦❧❧♦✇✐♥❣ ♦♣❡&❛/✐♦♥,✿

•  ✉"❤✲❞♦✇♥ ❖♣❡,❛.✐♦♥✿ ❚❤✐, ♦♣❡&❛/✐♦♥ ✐, ❛ ,✉❜✲G✉❡&② /❤❛/ ❝❛♥ ❜❡ ❡✈❛❧✲



◗✉❡#② ❊✈❛❧✉❛)✐♦♥ ✼✶

✉❛$❡❞ ♦♥ ❛ )✐♥❣❧❡ ❞❛$❛ )$♦-❡✳ ■♥ ♠♦)$ ❝❛)❡)✱ ✐$ ✐) ❛ )✐♠♣❧❡ ❝♦♠❜✐♥❛$✐♦♥ ♦❢

-❡)$-✐❝$✐♦♥ ❛♥❞ ♣-♦❥❡❝$✐♦♥ ❜✉$ ✐$ ❝❛♥ ✐♥✈♦❧✈❡ ♠♦-❡ ❝♦♠♣❧❡① ♦♣❡-❛$✐♦♥) ❧✐❦❡

❥♦✐♥) ✐❢ $❤❡ ❞❛$❛ )$♦-❡ ✐) ❝❛♣❛❜❧❡ $♦ ❝♦♠♣✉$❡ $❤❡♠✳ ■$ ❡♥❛❜❧❡) $♦ -❡❞✉❝❡ $❤❡
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■♥ $❤❡ <✉❡-② ❡①❡❝✉$✐♦♥ ♣❧❛♥✱ $❤✐) ❦✐♥❞ ♦❢ ♦♣❡-❛$✐♦♥ -❡♣-❡)❡♥$) $❤❡ ❧❡❛✈❡)✳

• ❱✐"#✉❛❧ ❉❛#❛ ❙#♦"❡ ❏♦✐♥ ✭❱❉❙ ❏♦✐♥✮ ❖♣❡"❛#✐♦♥✿ ❚❤✐) ♦♣❡-❛$✐♦♥ ❝♦-✲

-❡)♣♦♥❞) $♦ ❛ ❥♦✐♥ ♦♣❡-❛$✐♦♥ ❡①❡❝✉$❡❞ ✐♥ $❤❡ ❱❉❙✳ ■$ ✐) ❛ ❜✐♥❛-② ♦♣❡-❛$✐♦♥

)✐♥❝❡ ✐$ ❡♥❛❜❧❡) $♦ ❥♦✐♥ $✇♦ ❡♥$✐$② )❡$)✳

• ❊①#❡"♥❛❧ ❏♦✐♥ ❖♣❡"❛#✐♦♥✿ ❚❤✐) ♦♣❡-❛$✐♦♥ ❝♦--❡)♣♦♥❞) $♦ ❛ ❥♦✐♥ ♦♣❡-❛$✐♦♥
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.♦ ❛ '❡❧❛.✐♦♥❛❧ ❞❛.❛ (.♦'❡ ▼②❙◗▲✱ ❛ ❞♦❝✉♠❡♥. ❞❛.❛ (.♦'❡ ▼♦♥❣♦❉❇ ❛♥❞ ❛
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Person.authorName in dblp.author

personAffiliation

personName

Result

RDBMS Document 

MySQL, join MongoDB, No join

120 MO 10 MO

Host1 host2

?

?

?

Pushdown

ConferenceRanking
dblp

Rank=A
Conference

Author
ConferenceRanking.Conference 

=dblp.Conference

RDBMS 

MySQL, join

10 MO

host1

RDBMS 

MySQL, join

50 MO

host1

RDBMS RDBMS 

MySQL, join MySQL, join

4 MO 35 MO

Host1 host1

personAffiliation

personName

Person
Document

MongoDB, No join

15 MO

host2

Pushdown

❋✐❣✉&❡ ✹✳✸✿ ❆♥♥♦.❛.❡❞ ❛❧❣❡❜&❛✐❝ .&❡❡ ❛❝❝♦&❞✐♥❣ .❤❡ ❙❝❡♥❛&✐♦ ✶

❦❡② ✈❛❧✉❡ ❞❛.❛ :.♦&❡ ❘✐❛❦ &❡:♣❡❝.✐✈❡❧②✳ ❚❤❡ :✐③❡ ♦❢ .❤❡ &❡❧❛.✐♦♥❛❧ ❡♥.✐.② :❡.

✐: ✈❡&② ❧❛&❣❡✳

ConferenceRanking.Conference 

=dblp.Conference

Person.authorName in dblp.author

personAffiliation

personName

Result

?

Key/value Document

Riak; No join MongoDB, No join 

12 MO 80 MO

Host1 host2
? RDBMS

MySQL, join

8 GO

host3

?

?

?

ConferenceRanking

Rank=AKey/value

Riak; No join

host1

Key/value

Riak; No join

30 MO

host1

dblp

Conference

Author

Document

MongoDB, No join

host2

Document

MongoDB, No join

150 MO

host2

personAffiliation

personName

RDBMS

MySQL, join

10 GO

host3

RDBMS

MySQL, join

host3

Person

Pushdown Pushdown Pushdown
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❆❢,❡$ 6♦♠❡ ♣$❡❧✐♠✐♥❛$② ♦♣,✐♠✐③❛,✐♦♥ ♠❛❞❡ ♦♥ ,❤❡ ❛❧❣❡❜$❛✐❝ ;✉❡$②✱ ,❤❡ ❱❉❙

❛♥♥♦,❛,❡6 ,❤❡ ❛❧❣❡❜$❛✐❝ ,$❡❡ ✇✐,❤ ♠❡,❛❞❛,❛ ❛❜♦✉, ,❤❡ ,❛$❣❡, ❉❇▼❙ ❛♥❞ ❞❛,❛ ❣♦,

❢$♦♠ ,❤❡ ❝❛,❛❧♦❣ ✭6❡❡ ❋✐❣✳ ✹✳✸ ❢♦$ ,❤❡ 6❝❡♥❛$✐♦ ✶ ❛♥❞ ❋✐❣✳ ✹✳✹ ❢♦$ 6❝❡♥❛$✐♦ ✷✮✳ ❚❤❡

❛♥♥♦,❛,✐♦♥6 ❛$❡ ♣✉, ♦♥ ,❤❡ ❧❡❛✈❡6 ♦❢ ,❤❡ ,$❡❡ ✭,❤❡ ❡♥,✐,② 6❡,6 ,❤❛, ❛$❡ ♦♥ ,❤❡ ,♦♣ ♦❢

,❤❡ ❛❧❣❡❜$❛✐❝ ,$❡❡6✮ ❛♥❞ ❛$❡ ♣$♦♣❛❣❛,❡❞ ,♦ ,❤❡ ♦,❤❡$ ♥♦❞❡6 ✉6✐♥❣ ❡6,✐♠❛,✐♦♥ ♠♦❞❡❧6

❢♦$ 6,❛,✐6,✐❝6 ✭❢♦$ ❡①❛♠♣❧❡ ,♦ ❡6,✐♠❛,❡ ,❤❡ ♦✉,♣✉, 6✐③❡ ♦❢ ❛ ❥♦✐♥✮✳ ❋♦$ ❡①❛♠♣❧❡✱ ❢♦$

,❤❡ ❛❧❣❡❜$❛✐❝ ,$❡❡ ♦❢ 6❝❡♥❛$✐♦ ✶ ✐♥ ❋✐❣✳ ✹✳✸✱ ✇❡ ❞❡♣✐❝, ,❤❛, ,❤❡ ❥♦✐♥ ❜❡,✇❡❡♥ ,❤❡

❡♥,✐,② 6❡,6 ❈♦♥❢❡%❡♥❝❡❘❛♥❦✐♥❣ ❛♥❞ ❞❜❧♣ ❝❛♥ ❜❡ ❞♦♥❡ ♦♥ ❛ ▼②❙◗▲ ❘❉❇▼❙ ❧♦❝❛,❡❞

♦♥ ❤♦12✶ ✭✐✳❡✳ ❜♦,❤ ♦♣❡$❛♥❞6 ❛$❡ ♦♥ ,❤❡ 6❛♠❡ ❞❛,❛ 6,♦$❡ ❛♥❞ ,❤❡ 6❛♠❡ ♥♦❞❡✮ ❛♥❞

❤❛6 ❛♥ ❡6,✐♠❛,❡❞ ♦✉,♣✉, 6✐③❡ ♦❢ ✹ ▼❜②,❡6✳ ❲❤❡$❡❛6 ,❤❡ ❛❧❣❡❜$❛✐❝ ,$❡❡ ♦❢ 6❝❡♥❛$✐♦
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PushDown PushDownPushDown

VDSJoin

ExternalJoin

ETSL

Database: personDB

EntitySet: [person]

Attributes:[personNa

me, personAffiliation]

Cardinality: 40

...

Database: dblpDB

EntitySet: [dblp]

Attributes:[dblp.confe

rence]

Cardinality: 100

...

Database: rankDB

EntitySet: 

[ConferenceRanking]

Attributes:[Conferenc

eRanking.conference]

Cardinality: 100

...

Database: VDS

EntitySet: [person, dblp]

Attributes:[personName, 

personAffiliation, 

dblp.conference]

Cardinality: 100

...

Database: rankDB

EntitySet: [person, dblp, 

ConferenceRanking]

Attributes:[personName, 

personAffiliation]

Cardinality: 200

...

Database: VDS

EntitySet: [person, dblp, 

ConferenceRanking]

Attributes:[personName, 

personAffiliation]

Cardinality: 200

...

ETSL

Database: VDS

EntitySet: [dblp]

Attributes:[dblp.confe

rence]

Cardinality: 100

...
ETSL

Database: VDS

EntitySet: [person]

Attributes:[personNa

me, personAffiliation]

Cardinality: 40

...

ETSL

Database: rankDB

EntitySet: [person, dblp]

Attributes:[personName, 

personAffiliation, 

dblp.conference]

Cardinality: 100

...
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costProjection(S,L, estimate(att, L)) = initProjection(S) + scan(S) ∗ L+

projection(S) ∗ estimate(att, L)
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❙✿ ❛ ♥♦❞❡✱ ▲✿ ❧❡♥❣+❤ ♦❢ ❛♥ ❡♥+✐+② 0❡+✱ ❝♦♥❞✿ 2❡0+2✐❝+✐♦♥ ❝♦♥❞✐+✐♦♥

costRestriction(S,L, estimate(con, L)) = initRestriction(S) + scan(S) ∗ L+

restriction(S) ∗ estimate(con, L)

✭✹✳✷✮

❚❤❡♥ ✇❡ ❞❡✜♥❡ ❛ ❝♦,- ❢♦/♠✉❧❛ ❢♦/ -❤❡ ❥♦✐♥ ♦♣❡/❛-✐♦♥ -❤❛- ✇❡ /❡❢❡/ -♦ ❛, ❝♦*'❏♦✐♥

✭,❡❡ ❋♦/♠✉❧❛ ✹✳✸✮✳ ■- ✐♥✈♦❧✈❡, -❤❡ ❡①-❡/♥❛❧ ❥♦✐♥ ♦/ -❤❡ ❱❉❙ ❥♦✐♥✳ ❚❤✐, ♦♣❡/❛-✐♦♥

✐, -❤❡ ❧✐♥❡❛/ ❝♦♠❜✐♥❛-✐♦♥ ♦❢ -❤❡ ♣❛/❛♠❡-❡/, ✐♥✐'❏♦✐♥✱ *❝❛♥✱ ❛♥❞ ❥♦✐♥✳ ❚❤❡ ❝♦*'❏♦✐♥

-❛❦❡, ❛, ✐♥♣✉- -❤❡ ♣❛/❛♠❡-❡/ S -♦ ❞❡♥♦-❡ ❡✐-❤❡/ ❛♥ ✐♥-❡❣/❛-❡❞ ❞❛-❛ ,-♦/❡ ♦/ ❛ ❱❉❙

✇❤❡/❡ -❤❡ ❥♦✐♥ ✇✐❧❧ ❜❡ ❡①❡❝✉-❡❞✱ -❤❡ ✈❛/✐❛❜❧❡ L -♦ ❞❡♥♦-❡ -❤❡ -♦-❛❧ ,✐③❡ ♦❢ -❤❡ ❡♥-✐-②

,❡-, ✐♥ ❡♥-/②✱ ❛♥❞ ❛♥ ❡,-✐♠❛-✐♦♥ ❢✉♥❝-✐♦♥ -❤❛- ✇❡ ❝❛❧❧ ❡,-✐♠❛-❡✳ ■- ✐♥✈♦❧✈❡, -❤❡ ❥♦✐♥

❝♦♥❞✐-✐♦♥ ❛♥❞ -❤❡ ,❡❧❡❝-✐✈✐-② ♣❛/❛♠❡-❡/✳ ❆- ❜❡,-✱ -❤❡ ✈❛❧✉❡ ♦❢ -❤✐, ❡,-✐♠❛-✐♦♥

,❤♦✉❧❞ ❜❡ ❡I✉❛❧ -♦ -❤❡ ❝❛/❞✐♥❛❧✐-② ♦❢ -❤❡ /❡,✉❧-❡❞ ❡♥-✐-② ,❡-✳ ❆- ✇♦/,-✱ -❤❡ ✈❛❧✉❡

♦❢ -❤❡ ❡,-✐♠❛-✐♦♥ ✐, ❡I✉❛❧ -♦ -❤❡ ❝❛/❞✐♥❛❧✐-② ♦❢ -❤❡ ❈❛/-❡,✐❛♥ ♣/♦❞✉❝- ♦❢ -❤❡ -✇♦

❡♥-✐-② ,❡-, -♦ ❥♦✐♥✳

❙✿ ❛ ♥♦❞❡✱ ▲✿ ❧❡♥❣+❤ ♦❢ ❛♥ ❡♥+✐+② 0❡+✱ ❝♦♥❞✿ ❥♦✐♥ ❝♦♥❞✐+✐♦♥

costJoin(S,L, estimate(con, L)) = initJoin(S) + scan(S) ∗ L+ join(S) ∗ estimate(con, L)

✭✹✳✸✮

❆❢-❡/✇❛/❞✱ ✇❡ ❞❡✜♥❡ ❛ ❝♦,- ❢♦/♠✉❧❛ ❢♦/ -❤❡ ✉♥✐♦♥ ♦♣❡/❛-✐♦♥ -❤❛- ✇❡ ❝❛❧❧ ❝♦*'❯✲

♥✐♦♥ ✭,❡❡ ❋♦/♠✉❧❛- ✹✳✹✮✳ ❚❤✐, ♦♣❡/❛-✐♦♥ ✐, -❤❡ ❧✐♥❡❛/ ❝♦♠❜✐♥❛-✐♦♥ ♦❢ -❤❡ ♣❛/❛♠❡-❡/,

✐♥✐'❯♥✐♦♥✱ *❝❛♥✱ ❛♥❞ ✉♥✐♦♥✳ ■- -❛❦❡, ❛, ✐♥♣✉- -❤❡ ♣❛/❛♠❡-❡/ S -♦ ❞❡♥♦-❡ ❡✐-❤❡/ ❛♥

✐♥-❡❣/❛-❡❞ ❞❛-❛ ,-♦/❡ ♦/ ❛ ❱❉❙ ✇❤❡/❡ -❤❡ ✉♥✐♦♥ ✇✐❧❧ ❜❡ ❡①❡❝✉-❡❞ ❛♥❞ -❤❡ ✈❛/✐❛❜❧❡

L -♦ ❞❡♥♦-❡ -❤❡ -♦-❛❧ ,✐③❡ ♦❢ -❤❡ ❡♥-✐-② ,❡-, ✐♥ ❡♥-/②✳

❙✿ ❛ ♥♦❞❡✱ ▲✿ ❧❡♥❣+❤ ♦❢ ❛♥ ❡♥+✐+② 0❡+

costUnion(S,L) = initUnion(S) + L ∗ (scan(S) + union(S))

✭✹✳✹✮

❲❡ ❞❡✜♥❡ ❛❧,♦ ❛ ❝♦,- ❢♦/♠✉❧❛ ❢♦/ -❤❡ ✐♥-❡/,❡❝-✐♦♥ ♦♣❡/❛-✐♦♥ -❤❛- ✇❡ ❝❛❧❧ ❝♦*'■♥✲

'❡#*❡❝'✐♦♥ ✭,❡❡ ❋♦/♠✉❧❛ ✹✳✺✮✳ ■- -❛❦❡, ❛, ✐♥♣✉- -❤❡ ♣❛/❛♠❡-❡/ S -♦ ❞❡♥♦-❡ ❡✐-❤❡/

❛♥ ✐♥-❡❣/❛-❡❞ ❞❛-❛ ,-♦/❡ ♦/ ❛ ❱❉❙ ✇❤❡/❡ -❤❡ ✐♥-❡/,❡❝-✐♦♥ ✇✐❧❧ ❜❡ ❡①❡❝✉-❡❞✱ -❤❡

✈❛/✐❛❜❧❡ L -♦ ❞❡♥♦-❡ -❤❡ -♦-❛❧ ,✐③❡ ♦❢ -❤❡ ❡♥-✐-② ,❡-, ✐♥ ❡♥-/②✱ ❛♥❞ ❛♥ ❡,-✐♠❛-✐♦♥

❢✉♥❝-✐♦♥ -❤❛- ❡♥❛❜❧❡, ❛, -♦ ❝♦♠♣✉-❡ ❤♦✇ ♠❛♥② -✐♠❡ -❤❡ ✐♥-❡/,❡❝-✐♦♥ ♦♣❡/❛-✐♦♥ ✇✐❧❧

❜❡ ❡①❡❝✉-❡❞✳

❙✿ ❛ ♥♦❞❡✱ ▲✿ ❧❡♥❣+❤ ♦❢ ❛♥ ❡♥+✐+② 0❡+

costIntersection(S,L, estimate(L)) = initIntersection(S) + scan(S) ∗ L+

intersection(S) ∗ estimate(L)
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❋✐♥❛❧❧②✱ ✇❡ ✐♥+,♦❞✉❝❡ +❤❡ ❊❚❙▲ ♦♣❡,❛+✐♦♥✳ ❚❤✐5 ♦♣❡,❛+✐♦♥ ❝❛♥ ❜❡ ♦❝❝✉,,❡❞

✐♥ +❤,❡❡ 5✐+✉❛+✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ +❤❡ +②♣❡ ♦❢ +❤❡ ♦♣❡,❛+✐♦♥ +❤❛+ ♣,❡❝❡❞❡5 ✐+✱ +❤❡

❢♦,✇❛,❞✐♥❣ ❞❛+❛ 5+♦,❡ ❛♥❞ +❤❡ ❛❞❞,❡55❡❡ ❞❛+❛ 5+♦,❡✳ ■+ ✐5 ✇♦,+❤ ♥♦+✐♥❣ +❤❛+ ❛ ❞❛+❛

5+♦,❡ ♠❛② ❜❡ ❡✐+❤❡, ❛ ❱❉❙ ♦, ❛♥ ✐♥+❡❣,❛+❡❞ ❞❛+❛ 5+♦,❡✳ ■♥❞❡❡❞✱ +❤❡5❡ 5✐+✉❛+✐♦♥5 ❛,❡✿

✭✶✮ ✐♥ +❤❡ ❝❛5❡ ♦❢ ❛ ❱❉❙ ❥♦✐♥✱ +❤❡ ❢♦,✇❛,❞✐♥❣ ❞❛+❛ 5+♦,❡ ✐5 ❛♥ ✐♥+❡❣,❛+❡❞ ♦♥❡ ❛♥❞ +❤❡

❛❞❞,❡55❡❡ ❞❛+❛ 5+♦,❡ ✐5 ❛ ❱❉❙ ✭5❡❡ ❋♦,♠✉❧❛ ✹✳✻✮✱ ✭✷✮ ✐♥ +❤❡ ❝❛5❡ ♦❢ ❛♥ ❡①+❡,♥❛❧ ❥♦✐♥✱

+❤❡ ❢♦,✇❛,❞✐♥❣ ❞❛+❛ 5+♦,❡ ✐5 ❛ ❱❉❙ ❛♥❞ +❤❡ ❛❞❞,❡55❡❡ ❞❛+❛ 5+♦,❡ ✐5 ❛♥ ✐♥+❡❣,❛+❡❞ ♦♥❡

✭5❡❡ ❋♦,♠✉❧❛ ✹✳✼✮✱ ❛♥❞ ✭✸✮ ✐♥ +❤❡ ❝❛5❡ ♦❢ ❛♥ ❡①+❡,♥❛❧ ❥♦✐♥✱ +❤❡ ❢♦,✇❛,❞✐♥❣ ❞❛+❛ 5+♦,❡

❛♥❞ +❤❡ ❛❞❞,❡55❡❡ ❞❛+❛ 5+♦,❡ ❛,❡ ✐♥+❡❣,❛+❡❞ ✭5❡❡ ❋♦,♠✉❧❛ ✹✳✽✮✳ ■♥ +❤❡ ❢♦❧❧♦✇✐♥❣✱

✇❡ ✐♥+,♦❞✉❝❡ +❤❡ +❤,❡❡ ❝♦5+ ❢♦,♠✉❧❛5 ❢♦, +❤❡ ❊❚❙▲ ♦♣❡,❛+✐♦♥ ✇✐+❤ ,❡5♣❡❝+ +♦ ❡❛❝❤

5❝❡♥❛,✐♦✳ ❚❤❡5❡ ❢♦,♠✉❧❛5 ❛,❡ ❛ ❧✐♥❡❛, ❝♦♠❜✐♥❛+✐♦♥ ♦❢ +❤❡ ♣❛,❛♠❡+❡, ✐♥✐#❊❚❙▲✱

+❝❛♥✱ ❝♦♥✈❡"#✱ +❤✐♣ ❛♥❞ ❧♦❛❞ ❞❡✜♥❡❞ ✐♥ +❤❡ ❝❛+❛❧♦❣✳ ❲❡ ✉5❡ ❛❧5♦ +❤❡ ✈❛,✐❛❜❧❡ N
✇❤✐❝❤ ✐5 +❤❡ ✈♦❧✉♠❡ ♦❢ ❞❛+❛ +❤❛+ ✇❡ ✇✐5❤ +♦ +,❛♥5❢❡, ❞✉,✐♥❣ ❛♥ ♦♣❡,❛+✐♦♥ ❛♥❞

✐+ ✐5 ❝♦♠♣✉+❡❞ ❛5 ❢♦❧❧♦✇5 N = cardinality ∗ averageLengthEntity✳ ❋✐♥❛❧❧②✱ +❤❡

✈❛,✐❛❜❧❡ V DS ❛♥❞ S ❞❡♥♦+❡ ❛ ❱❉❙ ❛♥❞ ❛♥ ✐♥+❡❣,❛+❡❞ ❞❛+❛ 5+♦,❡ ,❡5♣❡❝+✐✈❡❧②✳

❙✿ ❛♥ ✐♥%❡❣(❛%❡❞ ❞❛%❛ *%♦(❡✱ ❱❉❙✿ ❛ ❱❉❙✱ ◆✿ ❱♦❧✉♠❡ ♦❢ ❞❛%❛

costETSL(S, V DS,N) = initETSL(S) +N ∗ (scan(S) + convert(S) + ship(S) + load(V DS))

✭✹✳✻✮

❱❉❙✿ ❛ ❱❉❙✱ ❙✿ ❛♥ ✐♥%❡❣(❛%❡❞ ❞❛%❛ *%♦(❡✱ ◆✿ ❱♦❧✉♠❡ ♦❢ ❞❛%❛

costETSL(V DS, S,N) = initETSL(V DS) +N ∗ (scan(V DS) + convert(S) + Ship(S)+

load(V DS))

✭✹✳✼✮

Sforwarding,addressee✿ ✐♥%❡❣(❛%❡❞ ❞❛%❛ *%♦(❡*✱ ◆✿ ❱♦❧✉♠❡ ♦❢ ❞❛%❛

costETSL(Sforwarding, Saddressee, N) = initETSL(Sforwarding) +N ∗ (scan(Sforwarding)

+convert(Sforwarding) + ship(Sforwarding) + convert(Saddressee) + ship(Saddressee)

+load(Saddressee))

✭✹✳✽✮

✹✳✹✳✸ ❖♣%✐♠❛❧ ❊①❡❝✉%✐♦♥ 1❧❛♥ ●❡♥❡3❛%✐♦♥

■♥ +❤✐5 5❡❝+✐♦♥✱ ✇❡ ✐♥+,♦❞✉❝❡ ♦✉, ❛❧❣♦,✐+❤♠ +♦ ❣❡♥❡,❛+❡ +❤❡ ♦♣+✐♠❛❧ ❡①❡❝✉+✐♦♥

♣❧❛♥✳ ❚❤❡ ❤✐❣❤❧✐❣❤+5 ♦❢ ♦✉, ❛❧❣♦,✐+❤♠ ❛,❡ +✇♦❢♦❧❞✳ ❋✐,5+✱ ✇❡ ♣,♦♣♦5❡ +♦ ❞❡✜♥❡ ♦✉,

❛❧❣♦,✐+❤♠ ❜❛5❡❞ ♦♥ +❤❡ ❞②♥❛♠✐❝ ♣,♦❣,❛♠♠✐♥❣ ♠❡+❤♦❞✳ ❚❤✐5 ❧❛++❡, ✐5 ♣,♦♣♦5❡❞ +♦

5♦❧✈❡ ❝♦♠♣❧❡① ♦♣+✐♠✐③❛+✐♦♥ ♣,♦❜❧❡♠5 ❜② ❞✐✈✐❞✐♥❣ ♦♥❡ ♣,♦❜❧❡♠ ✐♥+♦ ❛ 5❡+ ♦❢ 5✉❜✲

♣,♦❜❧❡♠5 +❤❛+ ❛,❡ ❡❛5✐❡, +♦ 5♦❧✈❡✳ ❚❤❡ ♦♣+✐♠❛❧ 5♦❧✉+✐♦♥ ♦❢ +❤❡ ❝♦♠♣❧❡① ♣,♦❜❧❡♠ ✐5

❝♦♥5+,✉❝+❡❞ ✐♥ ❛ ❜♦++♦♠✲✉♣ ✇❛② ❢,♦♠ +❤❡ 5❡+ ♦❢ +❤❡ ♦♣+✐♠❛❧ 5♦❧✉+✐♦♥5 ♦❢ +❤❡ 5✉❜✲

♣,♦❜❧❡♠5✳ ■♥ ♦✉, ✇♦,❦✱ ✇❡ ❛♣♣❧② +❤✐5 ♠❡+❤♦❞ +♦ ❡❧❡❝+ +❤❡ ♦♣+✐♠❛❧ ❡①❡❝✉+✐♦♥ ♣❧❛♥

✇❤✐❝❤ ✐5 ,❡♣,❡5❡♥+❡❞ ❛5 ❛ +,❡❡ ✭5❡❡ ❙❡❝+✐♦♥ ✹✳✸✳✷✮✳ ■♥ ❢❛❝+✱ ✇❡ 5+❛,+ ❜② ❝♦♥5+,✉❝+✐♥❣

+❤❡ ❧❡❛✈❡5 ✭✇❤✐❝❤ ❛,❡ +❤❡ ✜,5+ ♦♣+✐♠❛❧ 5✉❜✲♣❧❛♥5✮ ❛♥❞ ❡✈❡,② +✐♠❡ ✇❡ ❣♦ ♦♥❡ ❧❡✈❡❧
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✽✷ ❱✐"#✉❛❧ ❉❛#❛ ❙#♦"❡+ ❋♦" ◗✉❡"② ❊✈❛❧✉❛#✐♦♥ ❛♥❞ ❖♣#✐♠✐③❛#✐♦♥

NodeCostParent operation =























































costParent operation ✐❢ L = R ✭#❡%✉❡♥(✐❛❧ ❡①❡❝✉(✐♦♥✮

+NodeCostRight operation

+NodeCostLeft operation

costParent operation ✐❢ L 6= R✭♣❛0❛❧❧❡❧ ❡①❡❝✉(✐♦♥✮

+Max(NodeCostRight and Left operations✮

❚❤❡♥✱ ✇❡ ❝♦♠♣✉-❡ -❤❡ ❲❛✐#❇❡❣✐♥ ♣❛/❛♠❡-❡/ ❜② 2✉♠♠✐♥❣ -❤❡ ✈❛❧✉❡2 ♦❢ -❤❡

❲❛✐#❇❡❣✐♥ ♣❛/❛♠❡-❡/2 ♦❢ -❤❡ ❝❤✐❧❞/❡♥ ♥♦❞❡2 ✭♥❛♠❡❧② ▲❡❢# ❛♥❞ ❘✐❣❤# ♦♣❡"❛#✐♦♥+✮✳

■- ✐2 ❝♦♠♣✉-❡❞ ❛2 ❢♦❧❧♦✇2✿

WaitBeginParent operation = WaitBeginRight operation +WaitBeginLeft operation

❋✐♥❛❧❧②✱ ✇❡ ❝♦♠♣✉-❡ -❤❡ ❲❛✐#▲❛#❡ ♣❛/❛♠❡-❡/ ❛❝❝♦/❞✐♥❣ -♦ -❤❡ 2✐-✉❛-✐♦♥ ♦❢ -❤❡

♥♦❞❡ ✇❤❡/❡ -❤❡ >❛"❡♥# ♦♣❡"❛#✐♦♥ ✇✐❧❧ ❜❡ ❡①❡❝✉-❡❞✳ ■♥ ❢❛❝-✱ ✇❡ ❝❤❡❝❦ ✐❢ -❤❡ 2♦✉/❝❡

✐2 ❛✈❛✐❧❛❜❧❡ -♦ -❤❡ ❡①❡❝✉-✐♦♥ ♦❢ ❛♥♦-❤❡/ ♦♣❡/❛-✐♦♥ ♦/ ♥♦-✳ ❍❡♥❝❡✱ ✇❡ ❝❛♥ ❞❡✜♥❡

-✇♦ ♣♦22✐❜❧❡ ✇❛② -♦ ❝❛❧❝✉❧❛-❡ -❤❡ ❲❛✐#▲❛#❡ ♣❛/❛♠❡-❡/ ✭❘❡❛❞❡/ 2❤♦✉❧❞ ♥♦-✐❝❡ -❤❛-

-❤❡ ♣❛/❛♠❡-❡/ ❞❡❧❛②Parent operation /❡♣/❡2❡♥-2 -❤❡ ✇❛✐-✐♥❣ -✐♠❡ ♦❢ -❤❡ /❡❧❡❛2❡ ♦❢ ❛

✇♦/❦✐♥❣ ♥♦❞❡✮✿

WaitLateParent operation =























































WaitLateRight operation ✐❢ (❤❡ ♥♦❞❡ ✐# ❛✈❛✐❧❛❜❧❡

+WaitLateLeft operation

WaitLateRight operation ✐❢ ♥♦(

+WaitLateLeft operation

+delayParent operation

■♥ ❆❧❣♦/✐-❤♠✶✱ ✇❡ ✐♥-/♦❞✉❝❡ ♦✉/ ❛❧❣♦/✐-❤♠ -♦ ❣❡♥❡/❛-❡ -❤❡ ♦♣-✐♠❛❧ ❡①❡❝✉-✐♦♥

♣❧❛♥✳ ❚❤✐2 ❛❧❣♦/✐-❤♠ -❛❦❡2 ❛2 ✐♥♣✉- ❛ F✉❡/② ✭✐♥ ♦✉/ ❝❛2❡ ❛ ❥♦✐♥ F✉❡/②✮ ❛♥❞ ✐- /❡-✉/♥2

❛2 ♦✉-♣✉- -❤❡ ♦♣-✐♠❛❧ ❡①❡❝✉-✐♦♥ ♣❧❛♥ ♦❢ -❤✐2 F✉❡/②✳ ❋♦/ ❡❛2❡ ♦❢ ♣/❡2❡♥-❛-✐♦♥✱

✇❡ ♣/♦♣♦2❡ -♦ ❞❡✜♥❡ -✇♦ ♠❛✐♥ 2-❡♣2 ✐♥ -❤❡ ❛❧❣♦/✐-❤♠ -❤❛- ✇❡ ✐♥-/♦❞✉❝❡ ✐♥ -❤❡

❢♦❧❧♦✇✐♥❣✿

• ■♥✐#✐❛❧✐③❛#✐♦♥ (#❡♣✭❧✐♥❡( ✸✲✷✹✮✿ ■♥ -❤✐2 2-❡♣✱ ✇❡ ♣❛/2❡ -❤❡ F✉❡/② ❛♥❞ ✇❡

❡①-/❛❝- ❛❧❧ -❤❡ /❡F✉✐/❡❞ ✐♥❢♦/♠❛-✐♦♥ -♦ ❣❡♥❡/❛-❡ -❤❡ ♦♣-✐♠❛❧ ❡①❡❝✉-✐♦♥ ♣❧❛♥✳

❲❡ 2-❛/- ❜② ❢♦❝✉2✐♥❣ ♦♥ -❤❡ ❝❧❛✉2❡ ❙❊▲❊❈❚ ✐♥ ♦/❞❡/ -♦ ❡①-/❛❝- ❡❛❝❤ ❛--/✐❜✉-❡

✐2 -❤✐2 ❝❧❛✉2❡ ❛♥❞ ✐❞❡♥-✐❢② -❤❡ ❡♥-✐-② 2❡- ❝♦♥-❛✐♥✐♥❣ ✐- ✭❧✐♥❡2 ✸✲✻✮✳ ❚❤❡♥✱ ❢♦/

❡❛❝❤ ❡♥-✐-② 2❡- ✐♥ -❤❡ ❝❧❛✉2❡ ❋❘❖▼✱ ✇❡ ❝/❡❛-❡ ❛ ♥❡✇ ♥♦❞❡ ✐♥ -❤❡ ❡①❡❝✉-✐♦♥

♣❧❛♥ ✭❧✐♥❡2 ✼✲✶✵✮✳ ❚❤✐2 ♥♦❞❡ /❡♣/❡2❡♥-2 ❛ ❧❡❛❢ ✐♥ -❤❡ ♣❧❛♥ ❛♥❞ ✐- ❞❡♥♦-❡2 ❛♥

♦♣❡/❛-✐♦♥ ♦❢ -②♣❡ ♣✉2❤✲❞♦✇♥✳ ■- ✐2 ✇♦/-❤ ♥♦-✐♥❣ -❤❛- ✇❡ ❝/❡❛-❡ ❛ ♥♦❞❡ ♦❢

-②♣❡ ♣✉2❤✲❞♦✇♥ ❢♦/ ❡❛❝❤ ❡♥-✐-② 2❡- ❡✈❡♥ -❤♦✉❣❤ -❤❡/❡ ✐2 ♥♦ ✉♥❛/② ♦♣❡/❛-✐♦♥ -♦

❡①❡❝✉-❡ ♦♥ ✐-✳ ❋✐♥❛❧❧②✱ ✇❡ ❢♦❝✉2 ♦♥ -❤❡ ❝❧❛✉2❡ ❲❍❊❘❊ ✭❧✐♥❡2 ✶✶✲✷✸✮✳ ❋♦/ ❡❛❝❤

❝♦♥❞✐-✐♦♥ ✐♥ -❤✐2 ❝❧❛✉2❡✱ ✇❡ ❝❤❡❝❦ ✐-2 ❦✐♥❞ ❛♥❞ ✇❡ ❞❡❝✐❞❡ ❛❜♦✉- -❤❡ ✇♦/❦ -❤❛-



◗✉❡#② ❖♣'✐♠✐*❛'✐♦♥ ✽✸

✇❡ ✇✐❧❧ ❛♣♣❧② )♦ ✐)✳ ■♥❞❡❡❞✱ ✇❡ ❤❛✈❡ )❤2❡❡ ♣♦33✐❜❧❡ ❦✐♥❞3 ♦❢ ❝♦♥❞✐)✐♦♥3✳ ❋✐23)✱

)❤❡ ❝♦♥❞✐)✐♦♥ ♠❛② ❜❡ ❛ ❥♦✐♥ ❝♦♥❞✐)✐♦♥ ❜❡)✇❡❡♥ )✇♦ ❡♥)✐)② 3❡)3 ❝♦✲❧♦❝❛)❡❞ ✐♥

)❤❡ 3❛♠❡ ❞❛)❛ 3)♦2❡ ❛♥❞ )❤✐3 ❧❛))❡2 3✉♣♣♦2)3 ❥♦✐♥ =✉❡2✐❡3 ❡①❡❝✉)✐♦♥✱ ❤❡♥❝❡

✇❡ ♠❡2❣❡ )❤❡ )✇♦ ♣✉3❤✲❞♦✇♥ ♥♦❞❡3 ♦❢ )❤❡ ❛♣♣2♦♣2✐❛)❡ ❡♥)✐)② 3❡)3 ✐♥ ♦♥❡

♣✉3❤✲❞♦✇♥ ♥♦❞❡ ❛♥❞ ✇❡ ❛❞❞ )❤❡ ❥♦✐♥ ♦♣❡2❛)✐♦♥ )♦ ✐)✳ ❙❡❝♦♥❞✱ )❤❡ ❝♦♥❞✐)✐♦♥

♠❛② ❜❡ ❛ ❥♦✐♥ =✉❡2② ✐♥ ❣❡♥❡2❛❧ ✭✐✳❡✳ ❛ ❱❉❙ ❥♦✐♥ ♦2 ❛♥ ❡①)❡2♥❛❧ ❥♦✐♥ ✐♥ )❤❡

❝❛3❡ ♦❢ ❛ ❜✐❣ ❞❛)❛ 3❝❡♥❛2✐♦✮✱ 3♦ ✇❡ 3❛✈❡ ✐) ❛3 ❛ ❥♦✐♥ ❝♦♥❞✐)✐♦♥ ❛♥❞ ✇❡ ✇✐❧❧

✉3❡ ✐) ❛❢)❡2✇❛2❞ ❞✉2✐♥❣ )❤❡ ♣❧❛♥ ❣❡♥❡2❛)✐♦♥✳ ❚❤✐2❞✱ )❤❡ ❝♦♥❞✐)✐♦♥ ♠❛② ❜❡ ❛

3❡❧❡❝)✐♦♥ ♦♥ ❛♥ ❡♥)✐)② 3❡)✱ ❤❡♥❝❡ ✇❡ ♠♦❞✐❢② )❤❡ ♥♦❞❡ ♣✉3❤✲❞♦✇♥ ❛33✐❣♥❡❞ )♦

)❤✐3 ❡♥)✐)② 3❡) ❜② ❞❡❧❡❣❛)✐♥❣ )❤❡ ❡①❡❝✉)✐♦♥ ♦❢ )❤❡ 3❡❧❡❝)✐♦♥ ♦♣❡2❛)✐♦♥ )♦ ✐)✳

• ❖♣"✐♠❛❧ ❡①❡❝✉"✐♦♥ ♣❧❛♥ ❣❡♥❡.❛"✐♦♥ ✭❧✐♥❡0 ✷✹✲✹✺✮✿ ■♥ )❤✐3 3)❡♣✱ ✇❡

❝♦♥3)2✉❝) )❤❡ ♦♣)✐♠❛❧ ❡①❡❝✉)✐♦♥ ♣❧❛♥ ❢♦❧❧♦✇✐♥❣ )❤❡ ❞②♥❛♠✐❝ ♣2♦❣2❛♠♠✐♥❣

♠❡)❤♦❞✳ ❲❡ 3)❛2) ❜② 3✉❜✲♣❧❛♥3 ❝♦♥3)2✉❝)❡❞ ✐♥ )❤❡ ✐♥✐)✐❛❧✐③❛)✐♦♥ 3)❡♣ ✇❤✐❝❤

❛2❡ 3)♦2❡❞ ✐♥ )❤❡ ✈❛2✐❛❜❧❡ ✐♥✐'◆♦❞❡* ✭❧✐♥❡ ✷✹✮✳ ❚❤❡♥✱ ✇❡ ❝♦♥3)2✉❝) )❤❡ 3✉❜✲

♣❧❛♥3 ❝♦♥)❛✐♥✐♥❣ i ❥♦✐♥ ❝♦♥❞✐)✐♦♥3 ✭❧✐♥❡ ✷✺✮✳ ❚♦ ❞♦ 3♦✱ ❢♦2 ❡❛❝❤ ❥♦✐♥ ❝♦♥❞✐)✐♦♥

✭❧✐♥❡ ✷✻✮✱ ✇❡ )❛❦❡ )✇♦ 3✉❜✲♣❧❛♥3 p1 ❛♥❞ p2 ✭❧✐♥❡3 ✷✼✲✷✽✮ ❛♥❞ ✇❡ ❝❤❡❝❦ ✐❢

✇❡ ❝❛♥ ❥♦✐♥ )❤❡♠ )❤2♦✉❣❤ )❤❡ ❝♦♥❞✐)✐♦♥ ✭❧✐♥❡ ✷✾✮✳ ■❢ ✐) ✐3 )❤❡ ❝❛3❡✱ ✇❡ ❛❞❞

)❤✐3 ❝♦♥❞✐)✐♦♥ )♦ )❤❡ ♥❡✇ 3✉❜✲♣❧❛♥ ❥♦✐♥✐♥❣ p1 ❛♥❞ p2 ✭❧✐♥❡ ✸✵✮ ❛♥❞ ✇❡ ❝2❡❛)❡

)❤❡ 2♦♦) ♥♦❞❡ ♦❢ )❤✐3 ♣❧❛♥✳ ■♥❞❡❡❞✱ )❤❡ 2♦♦) ♠❛② 2❡♣2❡3❡♥) ❡✐)❤❡2 ❛ ❱❉❙

❥♦✐♥ ♦♣❡2❛)✐♦♥ ✭❧✐♥❡3 ✸✶✲✸✷✮ ♦2 ❛♥ ❡①)❡2♥❛❧ ❥♦✐♥ ♦♣❡2❛)✐♦♥ ✭❧✐♥❡3 ✸✸✲✹✵✮✳ ❚❤❡

3❡❝♦♥❞ ❝❛3❡ ❞❡♣❡♥❞3 ♦♥ ✇❤❡)❤❡2 )❤❡ ❞❛)❛ 3)♦2❡ ✭✐✳❡✳ ❛ ❱❉❙ ♦2 ❛♥ ✐♥)❡❣2❛)❡❞

❞❛)❛ 3)♦2❡✮ ❝♦♥)❛✐♥✐♥❣ )❤❡ ❡♥)✐)② 3❡) 3✉♣♣♦2)3 ❥♦✐♥ =✉❡2✐❡3 ❡①❡❝✉)✐♦♥ ♦2 ♥♦)✳

■) ✐3 ✇♦2)❤ ♥♦)✐♥❣ )❤❛) ❡✈❡2② )✐♠❡ ✇❡ ❛❞❞ ❛ ♥❡✇ ♥♦❞❡ ✐♥ )❤❡ ♣❧❛♥✱ )❤✐3

♥♦❞❡ ✐3 ❛✉)♦♠❛)✐❝❛❧❧② ❛♥♥♦)❛)❡❞ ✇✐)❤ ✐♥❢♦2♠❛)✐♦♥ ❢2♦♠ )❤❡ ❝❛)❛❧♦❣ ❛♥❞ )❤❡

✈❛❧✉❡3 ♦❢ )❤❡ ♣❛2❛♠❡)❡23 ◆♦❞❡❈♦*'✱ ❲❛✐'❇❡❣✐♥✱ ❲❛✐'▲❛'❡✱ ❛♥❞ ❚♦'❛❧❈♦*'✳ ■♥

❛❞❞✐)✐♦♥✱ ❛ ♥♦❞❡ ♦❢ )②♣❡ ❊❚❙▲ ✐3 ❛❞❞❡❞ ❛❢)❡2 ❡❛❝❤ ♦♣❡2❛)✐♦♥ ♦❢ )②♣❡ ❱❉❙

❥♦✐♥✱ ❡①)❡2♥❛❧ ❥♦✐♥ ❛♥❞ ♣✉3❤✲❞♦✇♥✳ ❇❛3❡❞ ♦♥ )❤❡3❡ ❛♥♥♦)❛)✐♦♥3✱ ✇❡ ♣2✉♥❡

♥♦♥ ♦♣)✐♠❛❧ 3✉❜✲♣❧❛♥3✱ ❛♥❞ 3✉❜✲♣❧❛♥3 ❝♦✲❡①✐3)✐♥❣ ✐♥ )❤❡ 3❛♠❡ ❞❛)❛ 3)♦2❡ )❤❛)

❤❛✈❡ )❤❡ 3❛♠❡ ❝♦3) ♦2 ❛2❡ 3✐♠✐❧❛2 ✐♥ )❡2♠ ♦❢ ❡①❡❝✉)✐♦♥ 3❝❡♥❛2✐♦✳ ❆ ♣❧❛♥ ✐3

❝♦♥3✐❞❡2❡❞ ♦♣)✐♠❛❧✱ ✐❢ ✐) ❤❛3 )❤❡ 3♠❛❧❧❡3) ❝♦3) ✇❤❡♥ ✇❡ ❛♣♣❧② ♦✉2 ❝♦3) ♠♦❞❡❧✳

■♥ )❤❡ 2❡3) ♦❢ )❤✐3 3❡❝)✐♦♥✱ ✇❡ ♣2♦♣♦3❡ )♦ 2✉♥ )❤❡ ❆❧❣♦2✐)❤♠✶ ♦♥ )❤❡ ❥♦✐♥ =✉❡2②

✐♥)2♦❞✉❝❡❞ ✐♥ ❙❡❝)✐♦♥ ✹✳✷✳ ❚❤❡ ✜23) 3)❡♣ ✐♥ ♦✉2 ❛❧❣♦2✐)❤♠ ✐3 )❤❡ ✐♥✐)✐❛❧✐③❛)✐♦♥✳

■♥❞❡❡❞✱ ✇❡ ❝2❡❛)❡ )❤2❡❡ ♥♦❞❡3 ♦❢ )②♣❡ ♣✉3❤✲❞♦✇♥ ✭3❡❡ ❋✐❣✉2❡ ✹✳✼✮✳ ❚❤❡ ✜23) ♦♥❡

✐3 ❢♦2 )❤❡ ❡♥)✐)② 3❡) ♣❡23♦♥ ✇❤✐❝❤ ✐3 3)♦2❡❞ ✐♥ )❤❡ ❞❛)❛❜❛3❡ ♣❡#*♦♥❉❇✳ ❲❡ ♣2❡❝✐3❡

❛❧3♦ )❤❡ ❛))2✐❜✉)❡3 )❤❛) ✇❡ ♥❡❡❞ )♦ ❛♥3✇❡2 )❤❡ =✉❡2② )❤❛) ❛2❡ ♣❡#*♦♥◆❛♠❡ ❛♥❞

♣❡#*♦♥❆✣❧✐❛'✐♦♥✳ ❚❤❡ 3❡❝♦♥❞ ♦♥❡ ❝♦22❡3♣♦♥❞3 )♦ )❤❡ ❡♥)✐)② 3❡) ❞❜❧♣✳ ❚❤❡ )❤✐2❞ ♦♥❡

❞❡♥♦)❡3 )❤❡ ❡♥)✐)② 3❡) ❝♦♥❢❡#❡♥❝❡❘❛♥❦✐♥❣✳ ■) ✐3 ♥♦)❡✇♦2)❤② )❤❛) ✐♥ )❤✐3 ♥♦❞❡ ✇❡ ✜❧❧

)❤❡ ♣❛2❛♠❡)❡2 ✇❤❡2❡ ✇✐)❤ ❛ 3❡❧❡❝)✐♦♥ ❝♦♥❞✐)✐♦♥ ✇❤✐❝❤ ✐3 Rank = A✳ ❚❤✐3 ❡♥❛❜❧❡3

✉3 )♦ ♠❛①✐♠✐③❡ )❤❡ ✇♦2❦ ❞♦♥❡ ❜② )❤❡ ✐♥)❡❣2❛)❡❞ ❞❛)❛ 3)♦2❡3 ❜❡❢♦2❡ ❡①❡❝✉)✐♥❣ ❱❉❙

❥♦✐♥3 ♦♣❡2❛)✐♦♥✳

❆3 ✇❡ ❤❛✈❡ )✇♦ ❥♦✐♥ ❝♦♥❞✐)✐♦♥3 ✐♥ ♦✉2 ❥♦✐♥ =✉❡2②✱ ✇❡ ✇✐❧❧ ❝♦♥3)2✉❝) )❤❡ 3✉❜✲

♣❧❛♥3 ✐♥ )✇♦ )✐♠❡3✳ ■♥ ❋✐❣✉2❡ ✹✳✽✱ ✇❡ ✐♥)2♦❞✉❝❡ )❤❡ ✜23) ✐)❡2❛)✐♦♥ ♦❢ )❤❡ 3❡❝♦♥❞ 3)❡♣

♦❢ ♦✉2 ❛❧❣♦2✐)❤♠ ✇❤✐❝❤ ✐3 )❤❡ ❣❡♥❡2❛)✐♦♥ ♦❢ )❤❡ ♦♣)✐♠❛❧ ❡①❡❝✉)✐♦♥ ♣❧❛♥✳ ■♥❞❡❡❞✱ ✇❡

❝♦♥3)2✉❝) )❤2❡❡ 3✉❜✲♣❧❛♥3✳ ❚❤❡ ✜23) ♦♥❡ ❛❧❧♦✇3 )♦ ❡①❡❝✉)❡ ❛ ❱❉❙ ❥♦✐♥ ♦♣❡2❛)✐♦♥



✽✹ ❱✐"#✉❛❧ ❉❛#❛ ❙#♦"❡+ ❋♦" ◗✉❡"② ❊✈❛❧✉❛#✐♦♥ ❛♥❞ ❖♣#✐♠✐③❛#✐♦♥

❆❧❣♦$✐&❤♠ ✶ ●❡♥❡%❛'✐♦♥ ♦❢ '❤❡ ♦♣'✐♠❛❧ ❡①❡❝✉'✐♦♥ ♣❧❛♥

✶✿ ✐♥♣✉$ q✿ ❆ #✉❡&②

✷✿ ♦✉$♣✉$ ♣❧❛♥✿ ❚❤❡ ♦♣0✐♠❛❧ ❡①❡❝✉0✐♦♥ ♣❧❛♥ ♦❢ 0❤❡ #✉❡&② q
✸✿ selectAttributes← ∅
✹✿ ✇❤✐❧❡ ✭❡①✐90✭❛00&✐❜✉0❡ A ✐♥ 0❤❡ ❝❧❛✉9❡ ❙❊▲❊❈❚✮✮ ❞♦

✺✿ selectAttributes.add(entitySetOf(A), A)
✻✿ ❡♥❞ ✇❤✐❧❡

✼✿ initNodes← ∅
✽✿ ✇❤✐❧❡ ✭❡①✐90✭❡♥0✐0②❙❡0 ES ✐♥ 0❤❡ ❝❧❛✉9❡ ❋❘❖▼✮✮ ❞♦

✾✿ initNodes.createPushdown(ES, selectAttributes.get(ES))
✶✵✿ ❡♥❞ ✇❤✐❧❡

✶✶✿ JoinConditions← ∅
✶✷✿ ✇❤✐❧❡ ✭❡①✐90✭❝♦♥❞✐0✐♦♥ C ✐♥ 0❤❡ ❝❧❛✉9❡ ❲❍❊❘❊✮✮ ❞♦

✶✸✿ entitySetLeft← siteOfLeftEntitySet(C)
✶✹✿ site← siteOf(entitySetLeft)
✶✺✿ ✐❢ isJoinCondition(C) $❤❡♥

✶✻✿ ✐❢ site == siteOf(RightEntitySet(C)) ❛♥❞ canJoin(site) $❤❡♥

✶✼✿ initNodes.merge(entitySetLeft, RightEntitySet(C))
✶✽✿ ❡❧-❡

✶✾✿ JoinConditions.add(C)
✷✵✿ ❡♥❞ ✐❢

✷✶✿ ❡❧-❡

✷✷✿ initNodes.addRestrictionCondition(entitySetLeft, C)
✷✸✿ ❡♥❞ ✐❢

✷✹✿ ❡♥❞ ✇❤✐❧❡

✷✺✿ plans← initNodes
✷✻✿ ❢♦. i = 1 $♦ ♥✉♠❜❡& ♦❢ ❥♦✐♥ ❝♦♥❞✐0✐♦♥9 ❞♦

✷✼✿ ❢♦. ❡❛❝❤ ❝♦♥❞✐0✐♦♥ C ✐♥ JoinConditions ❞♦

✷✽✿ ❢♦. ❡❛❝❤ ♣❧❛♥ p1 ✐♥ plans ❞♦

✷✾✿ ❢♦. ❡❛❝❤ ♣❧❛♥ p2 ✐♥ plans ❞♦

✸✵✿ ✐❢ match(p1, p2, C) $❤❡♥

✸✶✿ newConditions.add(conditionsOf(p1), conditionsOf(p2), C)
✸✷✿ node← createV DSJoin(p1, p2, C)
✸✸✿ plans.add(node)
✸✹✿ ✐❢ canJoin(siteOf(p1) $❤❡♥

✸✺✿ node← createExternalJoin(p1, p2, C)
✸✻✿ plans.add(node)
✸✼✿ ❡♥❞ ✐❢

✸✽✿ ✐❢ canJoin(siteOf(p2) $❤❡♥

✸✾✿ node← createExternalJoin(p2, p1, C)
✹✵✿ plans.add(node)
✹✶✿ ❡♥❞ ✐❢

✹✷✿ ❡♥❞ ✐❢

✹✸✿ ❡♥❞ ❢♦.

✹✹✿ ❡♥❞ ❢♦.

✹✺✿ ❡♥❞ ❢♦.

✹✻✿ prune(plans)
✹✼✿ ❡♥❞ ❢♦.

PushDown PushDownPushDown

Database: personDB

EntitySet: [person]

Attributes:[personNa

me, personAffiliation]

Where: []

...

Database: dblpDB

EntitySet: [dblp]

Attributes:[dblp.confe

rence]

Where: []

...

Database: rankDB

EntitySet: 

[ConferenceRanking]

Attributes:[Conferenc

eRanking.conference]

Where: [Rank=A]

...

❋✐❣✉%❡ ✹✳✼✿ ❚❤❡ ✐♥✐'✐❛❧✐③❛'✐♦♥ 9'❡♣



◗✉❡#② ❖♣'✐♠✐*❛'✐♦♥ ✽✺

❜❡$✇❡❡♥ $❤❡ ❡♥$✐$② *❡$* ♣❡#*♦♥ ❛♥❞ ❞❜❧♣ ✉*✐♥❣ $❤❡ ❥♦✐♥ ❝♦♥❞✐$✐♦♥ personName in
authors ✭*❡❡ $❤❡ ❛33♦✇* ❧❛❜❡❧❡❞ ✇✐$❤ $❤❡ ♥✉♠❜❡3 1✮✳ ❚❤❡ $✇♦ ♦$❤❡3 *✉❜✲♣❧❛♥*

❡♥❛❜❧❡* $❤❡ ❡①❡❝✉$✐♦♥ ♦❢ ❥♦✐♥ =✉❡3② ❜❡$✇❡❡♥ $❤❡ ❡♥$✐$② *❡$* ❞❜❧♣ ❛♥❞ ❝♦♥❢❡#❡♥❝❡❘✲

❛♥❦✐♥❣ ✉*✐♥❣ $❤❡ ❝♦♥❞✐$✐♦♥ dblp.conference = ConferenceRanking.conference
✭*❡❡ $❤❡ ❛33♦✇* ❧❛❜❡❧❡❞ ✇✐$❤ $❤❡ ♥✉♠❜❡3 2✮✳ ■♥ ❢❛❝$✱ ✇❡ ❝❛♥ ❡①❡❝✉$❡ ❡✐$❤❡3 ❛♥

❡①$❡3♥❛❧ ❥♦✐♥ ✐♥ $❤❡ ❞❛$❛ *$♦3❡ #❛♥❦❉❇ ♦3 ❛ ❱❉❙ ❥♦✐♥✳

PushDown PushDownPushDown

Database: personDB

EntitySet: [person]

Attributes:[personNa

me, personAffiliation]

Where: []

...

Database: dblpDB

EntitySet: [dblp]

Attributes:[dblp.confe

rence]

Where: []

...

Database: rankDB

EntitySet: 

[ConferenceRanking]

Attributes:[Conferenc

eRanking.conference]

Where: [Rank=A]

...

PushDown PushDown

VDSJoin

ETSLETSL

Database: VDS

EntitySet: [person, dblp]

Attributes:[personName, 

personAffiliation, 

dblp.conference]

Where: [personName in 

authore]

...

1
1

PushDown PushDown

ExternalJoin

ETSL

PushDown PushDown

VDSJoin

ETSLETSL

2
2

2 2

Database: rankDB

EntitySet: [dblp, 

ConferenceRanking]

Attributes:[personName, 

personAffiliation, author]

Where: [dblp.conference = 

ConferenceRanking.confer

ence]

...

Database: VDS

EntitySet: [dblp, 

ConferenceRanking]

Attributes:[personName, 

personAffiliation, author]

Where: [dblp.conference = 

ConferenceRanking.confer

ence]
...

❋✐❣✉3❡ ✹✳✽✿ ❚❤❡ ✜3*$ ✐$❡3❛$✐♦♥

PushDown PushDownPushDown

Database: personDB

EntitySet: [person]

Attributes:[personNa

me, personAffiliation]

Where: []

...

Database: dblpDB

EntitySet: [dblp]

Attributes:[dblp.confe

rence]

Where: []

...

Database: rankDB

EntitySet: 

[ConferenceRanking]

Attributes:[Conferenc

eRanking.conference]

Where: [Rank=A]

...

PushDown PushDown

VDSJoin

ETSLETSL

Database: VDS

EntitySet: [person, dblp]

Attributes:[personName, 

personAffiliation, 

dblp.conference]

Where: [personName in 

authore]

...

1
1

PushDown PushDown

ExternalJoin

ETSL

PushDown PushDown

VDSJoin

ETSLETSL

2
2

2 2

Database: rankDB

EntitySet: [dblp, 

ConferenceRanking]

Attributes:[personName, 

personAffiliation, author]

Where: [dblp.conference = 

ConferenceRanking.confer

ence]

...

Database: VDS

EntitySet: [dblp, 

ConferenceRanking]

Attributes:[personName, 

personAffiliation, author]

Where: [dblp.conference = 

ConferenceRanking.confer

ence]
...

PushDown PushDown

ExternalJoin

ETSL

PushDown PushDown

ExternalJoin

ETSL

3

3

PushDown

VDSJoin

ETSL

ETSL

PushDown

ExternalJoin

ETSL

3

3

...

❋✐❣✉3❡ ✹✳✾✿ ❚❤❡ *❡❝♦♥❞ ✐$❡3❛$✐♦♥

❖♥❝❡ ✇❡ ❤❛✈❡ ❝♦✈❡3❡❞ ❛❧❧ $❤❡ ❥♦✐♥ ❝♦♥❞✐$✐♦♥*✱ ✇❡ ♠♦✈❡ $♦ $❤❡ *❡❝♦♥❞ ❛♥❞

❧❛*$ ✐$❡3❛$✐♦♥ $♦ ✜♥❛❧✐③❡ ❛♥❞ ❡❧❡❝$ $❤❡ ♦♣$✐♠❛❧ ❡①❡❝✉$✐♦♥ ♣❧❛♥✳ ■♥ ❋✐❣✉3❡ ✹✳✾✱ ✇❡

*❤♦✇❝❛*❡ $❤✐* *$❡♣ ✉*✐♥❣ $❤❡ ❛33♦✇* ❧❛❜❡❧❡❞ ✇✐$❤ $❤❡ ♥✉♠❜❡3 3✳ ■♥❞❡❡❞✱ ✇❡ ❣✐✈❡ ❥✉*$
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✹✳✺ ❈♦♥❝❧✉)✐♦♥
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<<Interface>> AllEntityResource

<<Interface>> AllEntitySetResource

<<Interface>> GetAllE

JSONObject retrieve(String es_name);

<<Interface>> GetAllES

JSONObject retrieve();

JSONObject retrieve(String db_name, String 

es_name);

JSONObject retrieve(String db_name);

<<Interface>> EntityResource

JSONObject updateEntity(Representation 

entity);

JSONObject deleteEntity();

JSONObject getEntityById(Representation 

entity);

JSONObject setEntity(Representation 

entity);

<<Interface>> EntityToolKit

JSONObject create(String es_name, String e_id, JSONObject 

jsonEntity);

JSONObject create(String db_name, String es_name, String 

e_id,JSONObject jsonEntity);

JSONObject retrieve(String es_name, String e_id);

JSONObject retrieve(String db_name, String es_name, String 

e_id);

JSONObject update(String es_name, String e_id, JSONObject 

jsonEntity);

JSONObject update(String db_name, String es_name, String 

e_id,JSONObject jsonEntity);

JSONObject delete(String es_name, String e_id);

JSONObject delete(String db_name, String es_name, String 

e_id);

<<Interface>> EntitySetResource

JSONObject deleteEntitySET()

Object

getEntitySetByName(Representation

entity);

JSONObject setEntitySet(Representation 

entity);

<<Interface>> EntitySetToolKit

JSONObject create(String es_name);

JSONObject create(String db_name, String es_name, JSONObject 

jsonEntity);

JSONObject retrieve(String es_name);

JSONObject retrieve(String db_name, String es_name);

JSONObject delete(String es_name);

JSONObject delete(String db_name, String es_name);

<<Interface>> Query

JSONObject executeQuery(Representation 

entity);

<<Interface>> ToolkitForQuery

Vector<String> getSelect(JSONObject jsonEntity);

Vector<String> getFrom(JSONObject jsonEntity);

Vector<String> getWhere(JSONObject jsonEntity);

JSONObject executeQuery(String es_name, Vector<String> 

selectList, Vector<String> fromtList, 

Vector<String>wheretList);

JSONObject executeQuery(String es_name, String db_name, 

Vector<String> selectList, Vector<String> fromtList, 

Vector<String>wheretList)

<<import>>

<<import>>

<<import>>

<<import>>

Object getAllEntitySets(Representation entity);

JsonRepresentation getAllEntities(Representation 

entity);
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/❤❡ ❢♦✉+ ❞❡✈❡❧♦♣❡+, ✇❡+❡ ❛❧+❡❛❞② ❢❛♠✐❧✐❛+ ✇✐/❤ ❏❉❇❈ ✭❥✉,/ ♦♥❡ ❆5■ /♦ ❧❡❛+♥ ❢♦+

❜♦/❤ ,❝❡♥❛+✐♦,✮✳ ❚♦ ❝♦✉♥/ ❧✐♥❡, ♥✉♠❜❡+✱ ✇❡ ,/❛+/ ❢+♦♠ /❤❡ ✜+,/ ❧✐♥❡ ✐♥ ❛ ❏❆❱❆

❝❧❛,, ✭✐✳❡✳ /❤❡ ♥❛♠❡ ♦❢ ❛ ❝❧❛,,✮ ❛♥❞ ✇❡ ✜♥✐,❤ ❜② /❤❡ ❝❧♦,✐♥❣ ❜+❛❝❡ ♦❢ /❤❡ ❏❆❱❆

❝❧❛,,✳ ❲❡ ❞♦ ♥♦/ /❛❦❡ ✐♥/♦ ❛❝❝♦✉♥/ /❤❡ ❧✐♥❡, ❝♦♥/❛✐♥✐♥❣ ❝♦♠♠❡♥/, ❛♥❞ /❤❡ ✐♠♣♦+/,

♦❢ /❤❡ ❧✐❜+❛+✐❡, ❛♥❞ /❤❡ ❞❡♣❡♥❞❡♥❝✐❡,✳ ❚♦ ❝♦♠♣❛+❡ ❜❡/✇❡❡♥ /❤❡ /✇♦ ✈❡+,✐♦♥,✱

✇❡ ♣+♦♣♦,❡ /♦ ❡✈❛❧✉❛/❡ /❤❡ ❣❛✐♥ ✐♥ /❡+♠, ♦❢ ✐♠♣❧❡♠❡♥/❛/✐♦♥ /✐♠❡ ❛♥❞ /❤❡ ❧✐♥❡,

♦❢ ,♦✉+❝❡ ❝♦❞❡ ♥✉♠❜❡+✳ ❚❤❡ ❣❛✐♥ ✐♥ /❡+♠, ♦❢ ✐♠♣❧❡♠❡♥/❛/✐♦♥ /✐♠❡ ✭+❡,♣✳ ❧✐♥❡,

♥✉♠❜❡+✮ ✐, ♦❜/❛✐♥❡❞ ❜② ❝❛❧❝✉❧❛/✐♥❣ /❤❡ +❛/✐♦ ❜❡/✇❡❡♥ /❤❡ ❞✐✛❡+❡♥❝❡ ❜❡/✇❡❡♥ /❤❡
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gainimplementation time =
(
timeversion2−timeversion1

timeversion2

)
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gainlines number =
(
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)
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❯,✐♥❣ /❤❡,❡ /✇♦ ❢♦+♠✉❧❛,✱ ✇❡ ♦❜/❛✐♥ ❛♥ ❛✈❡+❛❣❡ gainimplementation time ❡P✉❛❧,
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❧❡❛+) ❛ ❥♦✐♥ ❛))&✐❜✉)❡ ❛♥❞ ♠❛② ❝♦♥)❛✐♥ +♦♠❡ ♦)❤❡& ❛))&✐❜✉)❡+ ♦✈❡& ✇❤✐❝❤ ✇❡ ❛♣♣❧②

♣&♦❥❡❝)✐♦♥ ❛♥❞ +❡❧❡❝)✐♦♥ ♦♣❡&❛)✐♦♥+✳



❈♦♠♣❧❡① ◗✉❡)✐❡+ ❖♣-✐♠✐③❛-✐♦♥ ✶✶✺

▲■◆❊❆❘ ❏❖■◆ ◗❯❊❘❨

❃ ,❖❙❚ ✴♦❞❜❛♣✐✴6✉❡9②

❃ ❉❛<❛❜❛=❡✲❚②♣❡✿ ❞❛<❛❜❛=❡✴❱✐9<✉❛❧❉❛<❛❙<♦9❡

❃ ❆❝❝❡♣<✿ ❛♣♣❧✐❝❛<✐♦♥✴❥=♦♥

❃ ④

❃ ✧=❡❧❡❝<✧ ✿ ❬✧❉✳<❛❣✧✱ ✧✐❞❆✧✱ ✧❈✳❞❛<❛❈✧✱ ✧❋✳<❛❣✧❪✱

❃ ✧❢9♦♠✧ ✿ ❬✧❆✧✱ ✧❇✧✱ ✧❈✧✱ ✧❉✧✱ ✧❊✧✱ ✧❋✧❪✱

❃ ✧✇❤❡9❡✧ ✿

❃ ❬

❃ ✧9❛♥❦❂✸✧✱

❃ ✧❆✳✐❞❆❂❇✳❢❦❡②❇❆✧✱

❃ ✧❇✳✐❞❇❂❈✳❢❦❡②❈❇✧✱

❃ ✧❉✳❢❦❡②❉❆❂❆✳✐❞❆✧✱

❃ ✧❊✳❢❦❡②❊❉❂❉✳✐❞❉✧✱

❃ ✧❋✳❢❦❡②❋❊❂❊✳✐❞❊✧

❃ ❪

❃ ⑥

❏❖■◆ ◗❯❊❘❨ ❆❙ ❆ ❙❚❆❘

❃ ,❖❙❚ ✴♦❞❜❛♣✐✴6✉❡9②

❃ ❉❛<❛❜❛=❡✲❚②♣❡✿ ❞❛<❛❜❛=❡✴❱✐9<✉❛❧❉❛<❛❙<♦9❡

❃ ❆❝❝❡♣<✿ ❛♣♣❧✐❝❛<✐♦♥✴❥=♦♥

❃ ④

❃ ✧=❡❧❡❝<✧ ✿ ❬✧❉✳<❛❣✧✱ ✧✐❞❆✧✱ ✧❈✳❞❛<❛❈✧✱ ✧❋✳<❛❣✧❪✱

❃ ✧❢9♦♠✧ ✿ ❬✧❆✧✱ ✧❇✧✱ ✧❈✧✱ ✧❉✧✱ ✧❊✧✱ ✧❋✧❪✱

❃ ✧✇❤❡9❡✧ ✿

❃ ❬

❃ ✧9❛♥❦❂✸✧✱

❃ ✧❆✳✐❞❆❂❇✳❢❦❡②❇❆✧✱

❃ ✧❆✳✐❞❆❂❈✳❢❦❡②❈❆✧✱

❃ ✧❆✳✐❞❆❂❉✳❢❦❡②❉❆✧✱

❃ ✧❆✳✐❞❆❂❊✳❢❦❡②❊❆✧✱

❃ ✧❆✳✐❞❆❂❋✳❢❦❡②❋❆✧✱

❃ ❪

❃ ⑥

❉✉$✐♥❣ ♦✉$ ❡①♣❡$✐♠❡♥-.✱ ✇❡ ❝♦♥.✐❞❡$ -❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥.-$❛✐♥- ♦♥ -❤❡ ❝❛-❛❧♦❣✬.

♣❛$❛♠❡-❡$.✳ ■♥❞❡❡❞✱ ✇❡ .❡- -❤❡ ♣❛$❛♠❡-❡$. α✱ β✱ ❛♥❞ γ -♦ -❤❡ .❛♠❡ ✈❛❧✉❡ .✐♥❝❡

✇❡ ❛..✐❣♥ -❤❡ .❛♠❡ ✐♠♣♦$-❛♥❝❡ -♦ -❤❡ ❝♦.- ♦❢ -❤❡ ❈<❯✱ -❤❡ ✐♥♣✉-✴♦✉-♣✉-✱ ❛♥❞

-❤❡ ❝♦♠♠✉♥✐❝❛-✐♦♥ $❡.♣❡❝-✐✈❡❧②✳ ❚❤❡♥✱ ✇❡ .❡- -❤❡ ♣❛$❛♠❡-❡$. ❝♦♥✈❡)-✱ +❤✐♣✱ +❝❛♥✱

❧♦❛❞✱ ❛♥❞ ✐♥✐-❊❚❙▲ -♦ -❤❡ .❛♠❡ ✈❛❧✉❡ ❛- -❤❡ ❱❉❙ ❛♥❞ -❤❡ ✐♥-❡❣$❛-❡❞ ❞❛-❛ .-♦$❡.✳

❲❡ .✉♣♣♦.❡ -❤❛- -❤❡ ✐♥-❡❣$❛-❡❞ ❞❛-❛ .-♦$❡. ❛$❡ ♠♦$❡ ❡✣❝✐❡♥- ✐♥ ❡①❡❝✉-✐♥❣ ❥♦✐♥

F✉❡$✐❡. -❤❛♥ -❤❡ ❱❉❙ ✭❡.♣❡❝✐❛❧❧② ✇❤❡♥ ✐- ❝♦♠❡. -♦ ❤❛♥❞❧❡ ❛ ✈❡$② ❧❛$❣❡ .✐③❡ ♦❢

❞❛-❛✮✳ ❍❡♥❝❡✱ -❤❡ ✈❛❧✉❡. ♦❢ ✐♥✐-❏♦✐♥ ❛♥❞ ❥♦✐♥ ♣❛$❛♠❡-❡$. ❛$❡ ❧❛$❣❡$ ❛- -❤❡ ❱❉❙✳

❋✐♥❛❧❧②✱ ✇❡ ❛♣♣$♦①✐♠❛-❡❧② .❡- -❤❡ .❛♠❡ ❝❛$❞✐♥❛❧✐-② ❛♥❞ -❤❡ .❡❧❡❝-✐✈✐-② ♣❛$❛♠❡-❡$.



✶✶✻ ❊✈❛❧✉❛%✐♦♥ ✫ ❱❛❧✐❞❛%✐♦♥

❢♦$ %❤❡ ✐♥✈♦❧✈❡❞ ❡♥%✐%② .❡%.✳

■♥ ❚❛❜❧❡ ✻✳✻ ❛♥❞ ❚❛❜❧❡ ✻✳✼✱ ✇❡ .❤♦✇❝❛.❡ %❤❡ $❡.✉❧%. ♦❢ ❡①❡❝✉%✐♥❣ ❛ ❧✐♥❡❛$ ❥♦✐♥

<✉❡$② ❛♥❞ ❛ ❥♦✐♥ <✉❡$② ❛. ❛ .%❛$ ✇❤✐❧❡ ❝❤❛♥❣✐♥❣ %❤❡ ♥✉♠❜❡$ ♦❢ ❥♦✐♥. ❛♥❞ %❤❡

.❝❡♥❛$✐♦.✳ ❲❡ ❛❧.♦ ♣$❡.❡♥% ✐♥ ❋✐❣✉$❡ ✻✳✻ ❛♥❞ ❋✐❣✉$❡ ✻✳✼ %❤❡ %♦%❛❧ ❝♦.% ❡✈❛❧✉❛%✐♦♥

❛❝❝♦$❞✐♥❣ %♦ %❤❡ .❝❡♥❛$✐♦. ✶ %♦ ✹ ❛♥❞ %❤❡ ❥♦✐♥. ♥✉♠❜❡$✳ ❚❤❛♥❦. %♦ %❤❡.❡ $❡.✉❧%.✱ ✇❡

✈❛❧✐❞❛%❡ %❤❡ ❦❡② ✐♥❣$❡❞✐❡♥%. ♦❢ ♦✉$ ❛♣♣$♦❛❝❤ %♦ ❣❡♥❡$❛%❡ ❛♥ ♦♣%✐♠❛❧ ❡①❡❝✉%✐♦♥ ♣❧❛♥

✭✐♥❞❡♣❡♥❞❡♥%❧② ♦❢ %❤❡ ✈❛$✐❛♥% ♦❢ %❤❡ ❥♦✐♥ <✉❡$②✮✳ ❆❣❛✐♥.% %❤✐.✱ ✇❡ ❝♦♠♣✉%❡ %❤❡

❛✈❡$❛❣❡ ❣❛✐♥ ✐♥ %❤❡ ❢♦✉$ .❝❡♥❛$✐♦.✳ ❲❡ ♣$♦✈✐❞❡ ❛♥ ♦✈❡$✈✐❡✇ ♦❢ %❤❡ ❣❛✐♥. ❜❡%✇❡❡♥

%❤❡ ❞✐✛❡$❡♥% .❝❡♥❛$✐♦. ✐♥ ❚❛❜❧❡ ✻✳✽✳ ❚❤❡ ❣❛✐♥ ✐. ♦❜%❛✐♥❡❞ ❜② ❝❛❧❝✉❧❛%✐♥❣ %❤❡ $❛%✐♦

❜❡%✇❡❡♥ %❤❡ ❞✐✛❡$❡♥❝❡ ❜❡%✇❡❡♥ %❤❡ %♦%❛❧ ❝♦.% ♦❢ %❤❡ ✇♦$.% .❝❡♥❛$✐♦ ❛♥❞ %❤❡ %♦%❛❧

❝♦.% ♦❢ %❤❡ ❜❡.% .❝❡♥❛$✐♦✱ ❛♥❞ %❤❡ %♦%❛❧ ❝♦.% ♦❢ %❤❡ ✇♦$.% .❝❡♥❛$✐♦✳ ❲❡ ✉.❡ %❤❡

❢♦❧❧♦✇✐♥❣ ❢♦$♠✉❧❛ ✿

gain =
(
totalCostnaiveScenario−totalCostbestScenario

totalCostnaiveScenario

)
∗ 100

✿

• ■♠♣♦$%❛♥❝❡ ♦❢ %❤❡ ❡①%❡$♥❛❧ ❥♦✐♥0✿ ■♥ ❜♦%❤ .❝❡♥❛$✐♦. ✷ ❛♥❞ ✹ ✇❡ .❤♦✇

%❤❛% ✐♥✈♦❧✈✐♥❣ %❤❡ ✐♥%❡❣$❛%❡❞ ❞❛%❛ .%♦$❡. ✐♥ %❤❡ ❡①❡❝✉%✐♦♥ ♦❢ ❥♦✐♥ <✉❡$✐❡. ✐.

✐♠♣♦$%❛♥%✳ ■♥❞❡❡❞✱ ✇❡ ♦❜%❛✐♥ ❛ ❜❡%%❡$ %♦%❛❧ ❝♦.% ❝♦♠♣❛$❡❞ %♦ .❝❡♥❛$✐♦. %❤❛%

❛$❡ ❡①❝❧✉.✐✈❡❧② ✉.✐♥❣ %❤❡ ❱❉❙✳ ❲❡ ❝♦♠♣✉%❡ %❤❡ ❛✈❡$❛❣❡ ❣❛✐♥ ❜❡%✇❡❡♥ %❤❡

❣❛✐♥ ✐♥ .❝❡♥❛$✐♦. ✶ ❛♥❞ ✷✱ ❛♥❞ ✐♥ .❝❡♥❛$✐♦. ✸ ❛♥❞ ✹✳ ❲❡ ❤❛✈❡ ❛♥ ❛✈❡$❛❣❡ ❣❛✐♥

❡<✉❛❧. %♦ 89, 23✪✳

• ■♠♣♦$%❛♥❝❡ ♦❢ %❤❡ ♣❛$❛❧❧❡❧✐0♠✿ ■♥ ❜♦%❤ .❝❡♥❛$✐♦. ✸ ❛♥❞ ✹ ✇❡ ♣$♦✈❡ %❤❛%

♣❛$❛❧❧❡❧✐③✐♥❣ %❤❡ ❡①❡❝✉%✐♦♥ ♦❢ ❡①%❡$♥❛❧ ❥♦✐♥. ❛♥❞ ♣✉.❤❞♦✇♥ ♦♣❡$❛%✐♦♥. ✐. ❜❡♥✲

❡✜❝✐❛❧ ❛♥❞ ❣❡♥❡$❛%❡. ❛♥ ✐♠♣♦$%❛♥% ❣❛✐♥ ❝♦♠♣❛$❡❞ %♦ %❤❡ %✇♦ ♦%❤❡$ .❝❡♥❛$✐♦.

✭✐♥ ✇❤✐❝❤ %❤❡ ❡①❡❝✉%✐♦♥ ✐. .❡<✉❡♥%✐❛❧✮✳ ❚❤❡ ❛✈❡$❛❣❡ ❣❛✐♥ ♦❢ %❤✐. %✇♦ .❝❡♥❛$✐♦.

❝♦♠♣❛$❡❞ %♦ %❤❡ %✇♦ ♦%❤❡$. ✐. ❡<✉❛❧ %♦ 83, 61✪✳

• ■♠♣♦$%❛♥❝❡ ♦❢ ❝♦♠❜✐♥✐♥❣ ❞✐✛❡$❡♥% ♦♣%✐♠✐③❛%✐♦♥ 0%$❛%❡❣✐❡0✿ ■♥ %❤❡

.❝❡♥❛$✐♦ ✹✱ ✇❡ ♠❛①✐♠✐③❡ %❤❡ ✇♦$❦ ❞♦♥❡ ❜② %❤❡ ✐♥%❡❣$❛%❡❞ ❞❛%❛ .%♦$❡. ❛♥❞ ✇❡

❡①❡❝✉%❡ <✉❡$✐❡. ✐♥ ♣❛$❛❧❧❡❧✳ ❚❤✐. .❝❡♥❛$✐♦ ❤❛. %❤❡ ❜❡.% %♦%❛❧ ❝♦.% ❝♦♠♣❛$❡❞ %♦

%❤❡ ♥❛✐✈❡ .❝❡♥❛$✐♦ ✇❤✐❝❤ ✐. %❤❡ .❝❡♥❛$✐♦ ✶✳ ■♥❞❡❡❞✱ %❤❡ ❛✈❡$❛❣❡ ❣❛✐♥ ✐. ❡<✉❛❧

%♦ 99, 97✪✳

• ❆ 0♠❛❧❧ ♦♣%✐♠✐③❛%✐♦♥ %✐♠❡✿ ❆❧%❤♦✉❣❤ ✇❡ ♣$♦♣♦.❡ ❛ ❞②♥❛♠✐❝ ♣$♦❣$❛♠✲

♠✐♥❣ ❜❛.❡❞ ❛❧❣♦$✐%❤♠✱ %❤❡ ♦♣%✐♠✐③❛%✐♦♥ %✐♠❡ ✐. .♠❛❧❧ ❛♥❞ $❡❛.♦♥❛❜❧❡ ❡.♣❡✲

❝✐❛❧❧② ✇❤❡♥ ✇❡ %❛❦❡ ✐♥%♦ ❛❝❝♦✉♥% %❤❡ .✐③❡ ♦❢ %❤❡ $❡.❡❛$❝❤ ❛$❡❛✳

❆% %❤✐. .%❛❣❡✱ ✇❡ ❛♥.✇❡$ %❤❡ ◗✉❡.%✐♦♥3 ❛♥❞ ◗✉❡.%✐♦♥4✳ ■♥❞❡❡❞✱ ✇❡ ♣$♦✈❡ %❤❡

✐♠♣♦$%❛♥❝❡ ♦❢ %❤❡ ❡①%❡$♥❛❧ ❥♦✐♥. ❛♥❞ %❤❡ ♣❛$❛❧❧❡❧✐.♠ %♦ ♦❜%❛✐♥ ❛♥ ♦♣%✐♠❛❧ %♦%❛❧
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❝♦♥❝❧✉❞❡ .❤❛. ♠❛①✐♠✐③✐♥❣ .❤❡ ✇♦&❦ ♦❢ ✐♥.❡❣&❛.❡❞ ❞❛.❛ 2.♦&❡2 ✐2 ✈❡&② ✐♠♣♦&.❛♥.

❡2♣❡❝✐❛❧❧② ✇❤❡♥ ✐. ❝♦♠❡2 .♦ >✉❡&② ❛ ✈❡&② ❧❛&❣❡ ❛♠♦✉♥. ♦❢ ❞❛.❛✳



1011 2, 12.105 3, 68.1010 1, 49.1011 1, 56.1011

1011 2, 37.103 4, 26.108 4, 03.109 4, 58.109

1011 1, 61.102 1, 81.107 2, 53.108 3, 19.108

1011 9, 35 2, 64.106 4, 55.107 5, 74.107



✶✷✵ ❊✈❛❧✉❛%✐♦♥ ✫ ❱❛❧✐❞❛%✐♦♥

✸ ❥♦✐♥% ✺ ❥♦✐♥% ✼ ❥♦✐♥%

❚♦)❛❧ ❝♦%) ✭1011✮ 1, 28.108 3, 28.1016 2, 63.1017

❙❝❡♥❛1✐♦ ✶ ❖♣)✐♠✐③❛)✐♦♥ )✐♠❡✭♠%✮ ✽ ✸✸ ✶✷✼

❘❡%❡❛1❝❤ ❆1❡❛ ✭♥♦❞❡%✮ ✶✻ ✽✻ ✹✺✻

❚♦)❛❧ ❝♦%) ✭1011✮ 1, 30.106 3, 48.1014 2, 43.1015

❙❝❡♥❛1✐♦ ✷ ❖♣)✐♠✐③❛)✐♦♥ )✐♠❡ ✭♠%✮ ✶✾ ✻✾ ✷✷✷

❘❡%❡❛1❝❤ ❆1❡❛ ✭♥♦❞❡%✮ ✶✶✵ ✽✷✶ ✺✹✼✺

❚♦)❛❧ ❝♦%) ✭1011✮ 1, 61.102 2, 57.106 5, 15.106

❙❝❡♥❛1✐♦ ✸ ❖♣)✐♠✐③❛)✐♦♥ )✐♠❡ ✭♠%✮ ✾ ✸✻ ✶✸✽

❘❡%❡❛1❝❤ ❆1❡❛ ✭♥♦❞❡%✮ ✶✻ ✽✻ ✹✺✻

❚♦)❛❧ ❝♦%) ✭1011✮ 8, 35 1, 34.105 3, 29.105

❙❝❡♥❛1✐♦ ✹ ❖♣)✐♠✐③❛)✐♦♥ )✐♠❡ ✭♠%✮ ✷✷ ✽✹ ✷✷✽

❘❡%❡❛1❝❤ ❆1❡❛ ✭♥♦❞❡%✮ ✶✶✵ ✽✷✶ ✺✹✼✺

❚❛❜❧❡ ✻✳✶✵✿ ❘❡,✉❧., ♦❜.❛✐♥❡❞ ❢♦4 .❤❡ ❝❛,❡ ♦❢ 7✉❡4✐❡, ❛, ,.❛4 ✲ ❇✐❣ ❞❛.❛ ❝♦♥.❡①.

❋✐❣✉4❡ ✻✳✾✿ ❚♦.❛❧ ❝♦,. ❡✈❛❧✉❛.✐♦♥ ❛❝❝♦4❞✐♥❣ .♦ .❤❡ ,❝❡♥❛4✐♦, ✶ .♦ ✹ ❛♥❞ .❤❡ ❥♦✐♥,

♥✉♠❜❡4✲ ❈❛,❡ ♦❢ ❧✐♥❡❛4 ❥♦✐♥ 7✉❡4✐❡, ✐♥ ❛ ❜✐❣ ❞❛.❛ ❝♦♥.❡①. ✭▲♦❣❛4✐.❤♠✐❝ ❙❝❛❧❡✮

❋✐❣✉4❡ ✻✳✶✵✿ ❚♦.❛❧ ❝♦,. ❡✈❛❧✉❛.✐♦♥ ❛❝❝♦4❞✐♥❣ .♦ .❤❡ ,❝❡♥❛4✐♦, ✶ .♦ ✹ ❛♥❞ .❤❡ ❥♦✐♥,

♥✉♠❜❡4✲ ❈❛,❡ ♦❢ ❥♦✐♥ 7✉❡4✐❡, ❛, ❛ ,.❛4 ✐♥ ❛ ❜✐❣ ❞❛.❛ ❝♦♥.❡①. ✭▲♦❣❛4✐.❤♠✐❝ ❙❝❛❧❡✮



❈♦♥❝❧✉&✐♦♥ ✶✷✶

▲✐♥❡❛% ❥♦✐♥ (✉❡%② ❏♦✐♥ (✉❡%② ❛, ❛ ,-❛% ❆✈❡%❛❣❡

✸ ❥♦✐♥, ✺ ❥♦✐♥, ✼ ❥♦✐♥, ✾ ❥♦✐♥, ✸ ❥♦✐♥, ✺ ❥♦✐♥, ✼ ❥♦✐♥, ❣❛✐♥

gainScenario2\Scenario1 ✾✽✱✾ ✾✽✱✽ ✾✼✱✶ ✾✼✱✹ ✾✾ ✾✾ ✾✾ ✾✽✱✹✺

gainScenario3\Scenario1 ✾✾✱✾ ✶✵✵ ✾✾✱✽ ✾✾✱✽ ✶✵✵ ✶✵✵ ✶✵✵ ✾✾✱✾✷

gainScenario4\Scenario1 ✶✵✵ ✶✵✵ ✶✵✵ ✶✵✵ ✶✵✵ ✶✵✵ ✶✵✵ ✶✵✵

gainScenario4\Scenario2 ✾✾✱✻ ✾✾✱✹ ✾✽✱✾ ✾✽✱✻ ✶✵✵ ✶✵✵ ✶✵✵ ✾✾✱✺

gainScenario4\Scenario3 ✾✹✱✷ ✽✺✱✹ ✽✷ ✽✷ ✾✹✱✽ ✾✹✱✽ ✾✸✱✻ ✽✾✱✺✼

❚❛❜❧❡ ✻✳✶✶✿ ●❛✐♥ ❜❡-✇❡❡♥ /❝❡♥❛1✐♦/ ✲ ❇✐❣ ❞❛-❛ ❝♦♥-❡①-

✐-/ ❡✣❝✐❡♥❝② ✐♥ 1❡❛❧ ❡♥✈✐1♦♥♠❡♥-/✳ ❋♦1 -❤✐/ /❛❦❡✱ ✇❡ ♣1❡/❡♥-❡❞ ✐♥ -❤✐/ ❝❤❛♣-❡1 /♦♠❡

✐♠♣❧❡♠❡♥-❛-✐♦♥/ ❛♥❞ ❡①♣❡1✐♠❡♥-/ -♦ ✈❛❧✐❞❛-❡ ♦✉1 ❛♣♣1♦❛❝❤✳ ■♥❞❡❡❞✱ ✇❡ ♣1❡/❡♥-❡❞

/♦♠❡ ♣1♦♦❢/ ♦❢ ❝♦♥❝❡♣- ♣1♦♣♦/❡❞ ❛♥❞ ✐♥-❡❣1❛-❡❞ ✐♥ -❤❡ ❖♣❡♥E❛❛❙ ♣1♦❥❡❝-✳ ❲❡

✐♥-1♦❞✉❝❡❞ -❤❡ ❝✉11❡♥- /-❛-❡ ♦❢ ❖❉❇❆E■ ❛/ ✇❡❧❧ ❛/ -❤1❡❡ ❛♣♣❧✐❝❛-✐♦♥/ ✐♠♣❧❡♠❡♥-❡❞

✉/✐♥❣ ✐-✳ ❚❤❡♥ ✇❡ ♣1❡/❡♥-❡❞ ❛ -♦♦❧ ❛❧❧♦✇✐♥❣ -❤❡ ❛✉-♦♠❛-✐❝ ❞✐/❝♦✈❡1② ♦❢ ❈❧♦✉❞/

❞❛-❛ /-♦1❡/✳ ❆❢-❡1✇❛1❞/✱ ✇❡ ♣1❡/❡♥-❡❞ -❤❡ ❞✐✛❡1❡♥- ❡①♣❡1✐♠❡♥-/ -❤❛- ✇❡ 1❡❛❧✐③❡❞

-♦ ♣1♦✈❡ -❤❡ ❡✣❝✐❡♥❝② ♦❢ ♦✉1 ✇♦1❦✳ ❋✐1/-✱ ✇❡ ❡✈❛❧✉❛-❡ -❤❡ ♦✈❡1❤❡❛❞ ♦❢ ❖❉❇❆E■

❝♦♠♣❛1❡❞ -♦ -❤❡ ♣1♦♣1✐❡-❛1② ❆E■/✳ ■♥❞❡❡❞✱ ✇❡ ♦❜-❛✐♥ ❛ N✉✐❡- ❛❝❝❡♣-❛❜❧❡ ♦✈❡1❤❡❛❞

-❤❛- ✐- ❞♦❡/ ♥♦- ♣1❡✈❡♥- ❞❡✈❡❧♦♣❡1/ -♦ ✉/❡ ♦✉1 ❆E■✳ ❙❡❝♦♥❞✱ ✇❡ ❡✈❛❧✉❛-❡ -❤❡ ❣❛✐♥/

✐♥ -❡1♠/ ♦❢ ✐♠♣❧❡♠❡♥-❛-✐♦♥ -✐♠❡ ❛♥❞ ♥✉♠❜❡1 ♦❢ ❧✐♥❡/ ♦❢ /♦✉1❝❡ ❝♦❞❡ ✐♥ ♦1❞❡1 -♦

/❤♦✇ -❤❡ ❡❛/✐♥❡// ♦❢ ✉/✐♥❣ ❖❉❇❆E■✳ ■♥ ❢❛❝-✱ ✇❡ ♣1♦✈❡❞ -❤❛- ✇❡ 1❡❛❧❧② ❛❧❧❡✈✐❛-❡

-❤❡ ❜✉1❞❡♥ ♦♥ ❞❡✈❡❧♦♣❡1/ ✭❡✳❣✳ ❞✉1✐♥❣ ❛♣♣❧✐❝❛-✐♦♥ ✐♠♣❧❡♠❡♥-❛-✐♦♥✱ ❛♣♣❧✐❝❛-✐♦♥

✈❛❧✐❞❛-✐♦♥ ❛♥❞ -❡/-✐♥❣✱ ❡-❝✳✮✳ ❚❤✐/ ✇✐❧❧ ✐♥❝1❡❛/❡ -❤❡✐1 ♣1♦❞✉❝-✐✈✐-②✳ ■♥ ❛❞❞✐-✐♦♥✱ ✇❡

/❤♦✇ -❤❛- ❖❉❇❆E■ ✐/ ♣♦1-❛❜❧❡ ❛♥❞ ✉/❡1✲❢1✐❡♥❞❧②✳ ❚❤✐1❞✱ ✇❡ ❡✈❛❧✉❛-❡ ♦✉1 ❛❧❣♦1✐-❤♠

-♦ ❣❡♥❡1❛-❡ ♦♣-✐♠❛❧ ❡①❡❝✉-✐♦♥ ♣❧❛♥✳ ❚❤✐/ ❡♥❛❜❧❡/ ✉/ -♦ ♣1♦✈❡ -❤❡ ✐♠♣♦1-❛♥❝❡ ♦❢

♣❛1❛❧❧❡❧✐③✐♥❣ N✉❡1✐❡/ ❡①❡❝✉-✐♦♥ ❛♥❞ -❤❡ ✐♥✈♦❦✐♥❣ ✐♥-❡❣1❛-❡❞ ❞❛-❛ /-♦1❡/ -♦ ❡①❡❝✉-❡

❝♦♠♣❧❡① N✉❡1✐❡/✳

❚♦ /✉♠ ✉♣✱ -❤❡ ♦❜-❛✐♥❡❞ 1❡/✉❧-/ ❛1❡ ❡♥❝♦✉1❛❣✐♥❣✳ ❲❡ /❤♦✇❡❞ -❤❡ ❢❡❛/✐❜✐❧✐-②

❛♥❞ ❡✣❝✐❡♥❝② ♦❢ ♦✉1 ❛♣♣1♦❛❝❤ ♦❢ /✉♣♣♦1-✐♥❣ ♠✉❧-✐♣❧❡ ❞❛-❛ /-♦1❡/ ❛♣♣❧✐❝❛-✐♦♥/ ✐♥

❈❧♦✉❞ ❡♥✈✐1♦♥♠❡♥-/✳ ❆- -❤❡ /❛♠❡ -✐♠❡✱ -❤❡② ♦♣❡♥❡❞ ♥❡✇ ♣❡1/♣❡❝-✐✈❡/ -♦ ♦✉1 ✇♦1❦

-❤❛- ✇❡ ✇✐❧❧ ✐♥-1♦❞✉❝❡ ✐♥ -❤❡ ♥❡①- ❝❤❛♣-❡1✳



✶✷✷ ❊✈❛❧✉❛%✐♦♥ ✫ ❱❛❧✐❞❛%✐♦♥
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✶✷✹ ❈♦♥❝❧✉&✐♦♥ ✫ ❋✉*✉+❡ ❲♦+❦&

• ❖❉❇❆$■ &♦ ✉♥✐+✉❡❧② ✐♥&❡/❛❝& ✇✐&❤ /❡❧❛&✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛&❛
9&♦/❡9✿ ❇❛&❡❞ ♦♥ ♦✉, ✉♥✐✜❡❞ ❞❛/❛ ♠♦❞❡❧✱ ✇❡ ❞❡✜♥❡❞ ❛ ❣❡♥❡,✐❝ ,❡&♦✉,❝❡

♠♦❞❡❧ /♦ ,❡♣,❡&❡♥/ /❤❡ ❞✐✛❡,❡♥/ ❡❧❡♠❡♥/& ♦❢ ❤❡/❡,♦❣❡♥❡♦✉& ❞❛/❛ &/♦,❡& ✐♥ ❛

❈❧♦✉❞ ❡♥✈✐,♦♥♠❡♥/✳ ❚❤❡♥✱ ✇❡ ♣,♦♣♦&❡❞ ❛ ✉♥✐>✉❡ ❘❊❙❚ ❆C■ /❤❛/ ❡♥❛❜❧❡&

/❤❡ ♠❛♥❛❣❡♠❡♥/ ♦❢ /❤❡ ❞❡&❝,✐❜❡❞ ,❡&♦✉,❝❡& ✐♥ ❛ ✉♥✐❢♦,♠ ♠❛♥♥❡,✳ ❚❤✐& ❆C■

✐& ❝❛❧❧❡❞ ❖❉❇❆C■ ❛♥❞ ❛❧❧♦✇& /❤❡ ❡①❡❝✉/✐♦♥ ♦❢ ❈❘❯❉ ❛♥❞ ❝♦♠♣❧❡① ♦♣❡,❛✲

/✐♦♥& ♦♥ ,❡❧❛/✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛/❛ &/♦,❡&✳ ❚❤❡ ❤✐❣❤❧✐❣❤/& ♦❢ ❖❉❇❆C■ ❛,❡

/✇♦❢♦❧❞✿ ✭✐✮ ❞❡❝♦✉♣❧✐♥❣ ❝❧♦✉❞ ❛♣♣❧✐❝❛/✐♦♥& ❢,♦♠ ❞❛/❛ &/♦,❡& ✐♥ ♦,❞❡, /♦ ❢❛❝✐❧✲

✐/❛/❡ /❤❡✐, ❞❡✈❡❧♦♣♠❡♥/ ❛♥❞ /❤❡✐, ♠✐❣,❛/✐♦♥✱ ❛♥❞ ✭✐✐✮ ❡❛&✐♥❣ /❤❡ ❞❡✈❡❧♦♣❡,&

/❛&❦ ❜② ❧✐❣❤/❡♥✐♥❣ /❤❡ ❜✉,❞❡♥ ♦❢ ♠❛♥❛❣✐♥❣ ❞✐✛❡,❡♥/ ❆C■&✳ ■/ ✐& ♥♦/❡✇♦,/❤②

/❤❛/ ✐♥ /❤❡ ❝✉,,❡♥/ ✈❡,&✐♦♥ ♦❢ ❖❉❇❆C■ &❡,✈❡,✱ ✇❡ /♦♦❦ ✐♥/♦ ❛❝❝♦✉♥/ ❢♦✉,

❞❛/❛ &/♦,❡&✿ ▼②❙◗▲✱ ❘✐❛❦✱ ❈♦✉❝❤❉❇✱ ❛♥❞ ▼♦♥❣♦❉❇✳

• ❱✐/&✉❛❧ ❞❛&❛ 9&♦/❡9 ❢♦/ ❝♦♠♣❧❡① +✉❡/✐❡9 ❡①❡❝✉&✐♦♥✿ ❆❧/❤♦✉❣❤ ❖❉❇❆C■

❡♥❛❜❧❡& /❤❡ ❡①❡❝✉/✐♦♥ ♦❢ >✉❡,✐❡& ❛❝,♦&& ,❡❧❛/✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛/❛ &/♦,❡&✱ ✐/

❞♦❡& ♥♦/ &✉♣♣♦,/ ♠✉❧/✐✲&♦✉,❝❡& >✉❡,✐❡& ❡①❡❝✉/✐♦♥✳ ❚♦ ❝♦✈❡, /❤✐& ❣❛♣✱ ✇❡ ♣,♦✲

♣♦&❡❞ /❤❡ ❱❉❙ /❤❛/ ✐& ❛ ♠❡❞✐❛/♦, ❜❛&❡❞ ❝♦♠♣♦♥❡♥/ ✐♥/❡❣,❛/✐♥❣ ,❡❧❛/✐♦♥❛❧

❛♥❞ ◆♦❙◗▲ ❞❛/❛ &/♦,❡&✳ ❚❤❡ ,♦❧❡ ♦❢ /❤❡ ❱❉❙ ✐& ✜✈❡❢♦❧❞✿ ✭✶✮ ✐/ ♣❛,&❡& /❤❡

>✉❡,② ✐♥ ♦,❞❡, /♦ ❝,❡❛/❡ /❤❡ ❝♦,,❡&♣♦♥❞✐♥❣ ❛❧❣❡❜,❛✐❝ /,❡❡✱ ✭✷✮ ✐/ ♣❡,❢♦,♠& ❛❧✲

❣❡❜,❛✐❝ ♦♣/✐♠✐③❛/✐♦♥ ❜② ♣✉&❤✐♥❣ ❞♦✇♥ ✉♥❛,② ♦♣❡,❛/✐♦♥&✱ ✭✸✮ ✐/ ❛♥♥♦/❛/❡& /❤❡

❛❧❣❡❜,❛✐❝ /,❡❡ ✇✐/❤ ✐♥❢♦,♠❛/✐♦♥ ❢,♦♠ /❤❡ ❝❛/❛❧♦❣✱ ✭✹✮ ✐/ ❣❡♥❡,❛/❡& ❛♥ ♦♣/✐♠❛❧

❡①❡❝✉/✐♦♥ ♣❧❛♥✱ ❛♥❞ ✭✺✮ ✐/ ❡✈❛❧✉❛/❡& /❤❡ >✉❡,②✳ ■♥ ♦,❞❡, /♦ ❡♥&✉,❡ /❤✐&✱ ✇❡

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

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

♦♣/✐♠❛❧ ❡①❡❝✉/✐♦♥ ♣❧❛♥ /❤❛/ ✐& ❜❛&❡❞ ♦♥ ❛ ❞②♥❛♠✐❝ ♣,♦❣,❛♠♠✐♥❣ ❛♣♣,♦❛❝❤✳

• ❉❛&❛ 9&♦/❡9 ❞✐9❝♦✈❡/② ❛♥❞ ❛✉&♦♠❛&✐❝ ❛♣♣❧✐❝❛&✐♦♥ ❞❡♣❧♦②♠❡♥&✿ ❖♥❝❡

/❤❡ ❞❡✈❡❧♦♣❡, ❤❛& ❝♦♠♣❧❡/❡❞ /❤❡ ❞❡✈❡❧♦♣♠❡♥/ ♦❢ ❤✐&✴❤❡, ❛♣♣❧✐❝❛/✐♦♥✱ ✇❡ ♣,♦✲

✈✐❞❡❞ ❤✐♠ /❤❡ ♣♦&&✐❜✐❧✐/② /♦ ❡①♣,❡&& ❤✐&✴❤❡, ❛♣♣❧✐❝❛/✐♦♥ ,❡>✉✐,❡♠❡♥/& ✭♠❛✐♥❧②

❞❛/❛ &/♦,❡&✮ ✐♥ /❤❡ ❛❜&*+❛❝* ❛♣♣❧✐❝❛*✐♦♥ ♠❛♥✐❢❡&*✳ ❚❤❡♥✱ ❤❡✴&❤❡ &❡♥❞& ✐/ /♦

/❤❡ ❈❧♦✉❞ ♣+♦✈✐❞❡+& ❞✐&❝♦✈❡+② ❝♦♠♣♦♥❡♥/ /♦ ❡❧❡❝/ /❤❡ ❛♣♣,♦♣,✐❛/❡ ❈❧♦✉❞

♣,♦✈✐❞❡, /♦ /❤❡ ❛♣♣❧✐❝❛/✐♦♥ ,❡>✉✐,❡♠❡♥/&✳ ■♥❞❡❡❞✱ /❤✐& ❝♦♠♣♦♥❡♥/ ❞✐&❝♦✈❡,&

/❤❡ ❝❛♣❛❜✐❧✐/✐❡& ♦❢ ❈❧♦✉❞& ❞❛/❛ &/♦,❡& ❛♥❞ ,❡/✉,♥& /❤❡&❡ ❝❛♣❛❜✐❧✐/✐❡& ✐♥ /❤❡

♦✛❡+ ♠❛♥✐❢❡&*✳ ❇❛&❡❞ ♦♥ /❤❛/✱ ✇❡ ,✉♥ ♦✉, ♠❛*❝❤✐♥❣ ❛❧❣♦+✐*❤♠ /♦ ❡❧❡❝/ /❤❡

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

/❤❡ ❞❡♣❧♦②♠❡♥* ♠❛♥✐❢❡&* ♦❢ /❤❡ ❛♣♣❧✐❝❛/✐♦♥✳ ❋✐♥❛❧❧②✱ ✇❡ ❞❡♣❧♦② /❤❡ ❛♣♣❧✐❝❛✲

/✐♦♥ ✉&✐♥❣ /❤❡ ❈❖❆C❙ ❆C■ /❤❛/ /❛❦❡& ❛& ✐♥♣✉/ /❤❡ ❞❡♣❧♦②♠❡♥* ♠❛♥✐❢❡&*✳ ❲❡

❡①/❡♥❞❡❞ ❈❖❆C❙ ✐♥ ♦,❞❡, /♦ &✉♣♣♦,/ ♠✉❧/✐♣❧❡ ❞❛/❛ &/♦,❡& ❜❛&❡❞ ❛♣♣❧✐❝❛/✐♦♥&

❞❡♣❧♦②♠❡♥/ ✐♥ ❈❧♦✉❞ ❡♥✈✐,♦♥♠❡♥/&✳

❚❤❡ ❝♦♥/,✐❜✉/✐♦♥& /❤❛/ ✇❡ ♣,❡&❡♥/❡❞ ✐♥ /❤✐& ♠❛♥✉&❝,✐♣/ ❤❛✈❡ ❜❡❡♥ ✈❛❧✐❞❛/❡❞

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

✉&❡ ❝❛&❡& ❢,♦♠ /❤❡ ❖♣❡♥C❛❛❙ ♣,♦❥❡❝/✳ ■♥ ❛❞❞✐/✐♦♥✱ &❡✈❡,❛❧ ❡①♣❡,✐♠❡♥/& ❤❛✈❡ ❜❡❡♥

♣❡,❢♦,♠❡❞ ✐♥ ♦,❞❡, /♦ ❡✈❛❧✉❛/❡ /❤❡ ♦✈❡,❤❡❛❞ ♦❢ ❖❉❇❆C■ ❛♥❞ ♦✉, ❛❧❣♦,✐/❤♠ /♦

♦♣/✐♠✐③❡ ❛♥❞ ❡✈❛❧✉❛/❡ ❝♦♠♣❧❡① >✉❡,✐❡&✳



 ❡"#♣❡❝&✐✈❡# ✶✷✺

❚♦ %✉♠ ✉♣✱ *❤❡%❡ ❝♦♥*/✐❜✉*✐♦♥% /❡%♣❡❝* *❤❡ /❡%❡❛/❝❤ ♦❜❥❡❝*✐✈❡% *❤❛* ✇❡ ❞/❡%%❡❞

❛* *❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ *❤✐% *❤❡%✐% ❛% ❢♦❧❧♦✇% ✭%❡❡ ❙❡❝*✐♦♥ ✶✳✸✮✿

• ❈❧♦✉❞ ❈♦♠♣✉'✐♥❣ ❛♥❞ ❇✐❣ ❉❛'❛✿ ❚❤❡ ❞✐✛❡/❡♥* ❝♦♠♣♦♥❡♥*% *❤❛* ✇❡ ♣/♦✲

♣♦%❡❞ ✐♥ *❤✐% ♠❛♥✉%❝/✐♣* ❛/❡ ✐♥*❡♥❞❡❞ *♦ ✇♦/❦ ✐♥ ❛ ❈❧♦✉❞ ❝♦♠♣✉*✐♥❣ ❛/❡❛✳

❲❡ %✉♣♣♦/* ❛❧❧ *❤❡ ❧✐❢❡❝②❝❧❡ ♦❢ ❛♥ ❛♣♣❧✐❝❛*✐♦♥ ❢/♦♠ *❤❡ ❞✐%❝♦✈❡/② ♦❢ ❈❧♦✉❞

♣/♦✈✐❞❡/% *♦ *❤❡ ❈❧♦✉❞ ❞❡♣❧♦②♠❡♥*✱ ✐♥❝❧✉❞✐♥❣ *❤❡ ❝♦❞✐♥❣ ♦❢ *❤❡ ❛♣♣❧✐❝❛*✐♦♥

✉%✐♥❣ ❖❉❇❆J■ ✇❤✐❝❤ ✐% ❛ ❘❊❙❚✲❜❛%❡ ❆J■✳ ■♥ ❛❞❞✐*✐♦♥✱ *❤❡%❡ ❞✐✛❡/❡♥* ❝♦♥✲

*/✐❜✉*✐♦♥% *❛❦❡ ✐♥*♦ ❛❝❝♦✉♥* *❤❡ ✈❡/② ❧❛/❣❡ ✈♦❧✉♠❡ ♦❢ ❞❛*❛ ❛♥❞ *❤❡ ✈❛/✐❡*②

♦❢ ❞❛*❛ %*♦/❡% /❡❣❛/❞✐♥❣ *❤❡ ❇✐❣ ❉❛*❛ ❛/❡❛✳ ■♥ ❢❛❝*✱ ♦✉/ ❱❉❙✲❜❛%❡❞ %♦❧✉*✐♦♥

%✉♣♣♦/*% *❤❡ ♦♣*✐♠✐③❛*✐♦♥ ❛♥❞ ❡✈❛❧✉❛*✐♦♥ ♦❢ ❝♦♠♣❧❡① Q✉❡/✐❡% ♦✈❡/ ✈♦❧✉♠✐✲

♥♦✉% ❞❛*❛✳ ❇❡%✐❞❡%✱ ✇❡ ❝♦♥%✐❞❡/ ♠✉❧*✐♣❧❡ ❞❛*❛ %*♦/❡% ❜❛%❡❞ ❛♣♣❧✐❝❛*✐♦♥% ✐♥

*❤❡ ❞✐✛❡/❡♥* ❝♦♠♣♦♥❡♥*%✳

• ◆♦❙◗▲ ❞❛'❛ 2'♦3❡2 2✉♣♣♦3'✿ ❚❤❡ ❞✐✛❡/❡♥* ♣/♦♣♦%❡❞ %♦❧✉*✐♦♥% *❛❦❡ ✐♥*♦

❛❝❝♦✉♥* /❡❧❛*✐♦♥❛❧ ❛♥❞ ◆♦❙◗▲ ❞❛*❛ %*♦/❡%✳

• ▼✉❧'✐♣❧❡ ❞❛'❛ 2'♦3❡2 ❜❛2❡❞ ❛♣♣❧✐❝❛'✐♦♥2✿ ❚❤❛♥❦% *♦ ♦✉/ ❡♥❞✲*♦✲❡♥❞
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Résumé : Avec l’avènement du 
computing » et des « big data », de nouveaux 
systèmes de gestion de bases de données sont 
apparus, appelés les systèmes NoSQL
rapport aux systèmes relationnels, 
distinguent par une variété des types de 
données et l’absence de schéma et de langages 
de requêtes. De nombreuses applications 
peuvent avoir besoin de manipuler en même 
temps des données stockées dans des 
relationnels et/ou NoSQL. Le développeur
alors gérer au moins deux modèles de données 
/ langages de requêtes différents pour 
son application. De plus, il doit gérer tout 
cycle de vie de son application. Cette tâche est 
lourde et fast
Afin d’aider le programmeur tout au long du
cycle de vie de son application, nous proposons
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Abstract: The production of huge amount of 
data and the emergence of Cloud computing 
have introduced new requirements for data 
management. Many applications need to 
interact at the same time with several 
heterogeneous relational and NoSQL 
stores depending. This kind of applications
imposes challenging tasks to the developers. In 
addition, the execution of complex queries over 
heterogeneous data models cannot, currently, 
be declaratively, and therefore requires extra 
implementation 
In this thesis, we propose 
developers’ task during the lifecycle of 
multiple data stores applications in cloud 
environments. First, we provide a unified 
model   used  by  developers  to  interact 
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tout d’abord un modèle de données unifié
couvrir l’hétérogénéité entre les modèles de 
données relationnelles et NoSQL
nous proposons une interface de 
programmation  appelée ODBAPI, qui nous 
permet d’interagir de manière uniforme 
les bases de données relationnelles
NoSQL. Puis, nous définissons la notion de 
bases de données virtuelles qui interviennen
comme des médiateurs et interagissent avec les 
bases de données intégrées via ODBAPI. 
assurent l’exécution des requêtes 
d’une façon optimale grâce à notre
coût. Enfin, nous proposons une approche 
automatique de découverte de bas
données et de déploiement des applications 
dans des environnements « Cloud
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First, we provide a unified   data 
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relational and NoSQL data stores. Based on 
that, developers express queries using O
PaaS-DataBase API (ODBAPI) which is 
unique REST API allowing developers
their applications independently of the target 
data stores. Second, we propose virtual data 
stores which act as a mediator and interact with 
integrated data stores wrapped by ODBAPI. 
This component supports the execution of 
single and complex queries over he
data stores. It implements a cost model to 
optimally execute queries and a dynamic 
programming based algorithm to generate an 
optimal query execution plan. Finally, we 
present a declarative and automatic 
that enables relevant Cloud 
discovery and applications deployment
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