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Path DecompositionΛ༻͍ͨ
ϝϞϦޮͷྑ͍ಈతΩʔϫʔυࣙॻͷ࣮๏

ਆా फ़հ1,2,a) ా 1 ᔖా ਖ਼༤1

֓ཁɿΩʔϫʔυࣙॻͱจྻࣈΛΩʔͱ͢Δ࿈ྻͰ͋Γɼจूྻࣈ߹Λอ͢ΔͨΊͷσʔλߏ
ͱ͔ͯ͘͠ݹΒ༻͍ΒΕ͍ͯΔɽҰํͰۙɼ͜ͷΩʔϫʔυࣙॻΛ༻͍ͯେنͳจྻࣈσʔλΛओه

ԱͰཧ͢Δͱ͍࣮ͬͨྫ͕ଟ͘ใ͞ࠂΕ͓ͯΓɼϝϞϦޮͷྑ͍࣮͕ٻΊΒΕ͍ͯΔɽࡏݱͷͱ

͜Ζɼ੩త༻్ʹݶఆ͢Εଟ͘ͷ࣮͕͍ߴϝϞϦޮΛୡ͍ͯ͠Δɽ͔͠͠ɼͦΕΒʹൺͯط

ଘͷಈతͳ࣮ང͔ʹଟ͘ͷϝϞϦΛফඅ͢Δɽͦ͜ͰຊߘͰɼPath DecompositionΛ༻͍ͨϝϞϦ

ޮͷྑ͍ಈతΩʔϫʔυࣙॻͷ࣮๏ΛఏҊ͢ΔɽPath DecompositionͱຊདྷɼΩϟογϡϑϨϯυ

Ϧʔͳ TrieࣙॻΛ࣮͢ΔͨΊʹ༻͍ΒΕΔٕ๏Ͱ͋Δ͕ɼຊఏҊͰলϝϞϦͳಈతࣙॻΛ࣮͢ݱΔͨ

Ίʹ͜ͷٕ๏Λ༻͍Δɽେنͳ࣮ݱͷσʔληοτΛ༻͍࣮ͨݧʹΑΓɼఏҊख๏طଘͷ࠷ϝϞϦ

ޮͷྑ͍࣮ͱൺɼ࠷େͰ 2.8ഒίϯύΫτʹಈతࣙॻΛ࣮ݱͰ͖Δ͜ͱΛࣔ͢ɽ

1. ͡Ίʹ

େنͳจྻࣈσʔλΛ͍͔ʹޮΑ͘ओهԱͰཧ͢

Δ͔ͱ͍͏ͷɼݱͷػࢉܭՊֶʹ͓͍ͯجຊతͳ՝

ͷͻͱͭͰ͋Γɼࠓ·Ͱଟ͘ͷ͕ऀڀݚϝϞϦޮͷྑ͍

σʔλߏͷఏҊΛ͓͜ͳ͖ͬͯͨɽຊߘͰɼจྻࣈΛ

Ωʔͱ͢Δ࿈ྻͷ࣮ݱతͳσʔλߏʹ͍ͭͯ͑ߟΔɽ

͜ͷσʔλߏҰൠతʹΩʔϫʔυࣙॻͱΑΕɼࣗવ

యతͳσʔλݹΒΕΔ͍༺͍͓ͯʹࡧݕॲཧใޠݴ

ݙͷҰͭͰ͋ΔɽҰํͰۙͰจߏ [1]Ͱใ͞ࠂΕΔ

Α͏ʹɼڊେͳσʔλΛѻ͏ͨΊʹϝϞϦޮͷྑ͍Ωʔ

ϫʔυࣙॻͷ࣮͕ଟ͘ͷ༻్ͰٻΊΒΕ͍ͯΔɽྫ͑

ɼMavlyutovΒ [2] RDFσʔλετΞγεςϜʹ͓

͍ͯ 14GB͔ΒΔ URIू߹ͷอΛྀ͍ͯ͠ߟΔɽ

੩తͳࣙॻʹݶఆ͢ΕɼϝϞϦޮʹ༏Ε࣮ͨ๏

͕͍͔ͭ͘ఏҊ͞Ε͍ͯΔɽྫ͑Mart́ınez-PrietoΒ [1]

ɼ͞·͟·ͳٕ๏ΛΈ߹Θͤͨछྨͷ࣮๏ΛఏҊ

͠ධՁΛ༩͍͑ͯΔɽGrossiͱ OttavianoɼTrie [3]ͱ

ͯ͠ΒΕΔߏΛ༻͍ͨΩϟογϡϑϨϯυϦʔͳ࣮

๏ΛఏҊ͍ͯ͠ΔɽKandaΒ [4]ɼ͜ΕΒͷ࣮ʹର

ͯࣙ͠ॻූ߸ԽΛ༻͍ͨѹॖํࡦΛద༻͠ධՁΛ༩͑ͨɽ

·ͨ KandaΒ [5]ɼվྑܕ Double ArrayΛ༻͍ͨߴ

ͳࣙॻͷ࣮๏ఏҊ͍ͯ͠Δɽ͜ΕΒʹΑΔ࣮େن

ͳσʔληοτΛίϯύΫτʹอ͢Δ͜ͱ͕Ͱ͖Δ

1 ಙౡେֶେֶӃઌٕज़Պֶڭҭ෦
2 ֶज़ৼڵձಛผڀݚһ DC
a) shnsk.knd@gmail.com

͕ɼΩʔϫʔυͷՃআΛఏ͍ͯ͠ڙͳ͍ͨΊʹͦͷ

༻్ݶఆ͞ΕΔɽ

ಈతͳࣙॻʹؔͯ͠ɼJudy [6]HAT-trie [7]ɼCedar [8]

ͳͲͷޮతͳ࣮͕͍͔ͭ͘ଘ͍ͯ͠ࡏΔɽ͜ΕΒͷ࣮

ϙΠϯλͷΦʔόϔουΛ͢ݮΔ͜ͱͰϝϞϦޮ

ͷվળΛࢼΈ͍ͯΔ͕ɼ੩తͳࣙॻͱൺΔͱґવͱ

ͯ͠Δ͔ʹଟ͘ͷϝϞϦΛফඅ͢ΔɽҰํͰɼTrie Λ

ίϯύΫτ͔ͭಈతʹද͢ݱΔͨΊͷσʔλߏ͍͘

͔ͭఏҊ͞Ε͍ͯΔɽDarraghΒ [9]ίϯύΫτͳϋο

γϡදΛ༻͍ͨσʔλߏΛఏҊ͓ͯ͠Γɼۙ Poyiasͱ

Raman [10]ʹΑͬͯͦͷվྑͰ͋Δm-Bonsai͕ఏҊ͞

Εͨɽm-Bonsai TrieΛใཧతԼݶʹۙతʹҰக

͢ΔαΠζͰද͠ݱɼ͔ͭجຊతͳͷૢ࡞Λ O(1)ظ

Ͱ͖ΔɽTakagiΒߦͰ࣮ؒ࣌ [11]·ͨɼΦϯϥΠϯจ

ΛఏҊ͍ͯ͠Δɽ͠ߏॲཧͷͨΊͷޮతͳσʔλྻࣈ

͔͠ɼ͜ΕΒͷಈత Trieදݱʹؔͯ͠Ωʔϫʔυࣙॻͷ࣮

ʹର͢ΔٞධՁ༩͑ΒΕ͍ͯͳ͍ɽͦΕނʹɼΑ

ΓϝϞϦޮͷྑ͍ΩʔϫʔυࣙॻͷઃܭʹऔΓΉඞཁ

͕͋Δɽ

ͦ͜ͰຊߘͰɼTrieΛม͢ܗΔͨΊͷٕ๏Ͱ͋ΔPath

Decomposition [12]Λ༻͍ͨɼϝϞϦޮͷྑ͍ಈతΩʔ

ϫʔυࣙॻͷ৽͍࣮͠๏ΛఏҊ͢ΔɽPath Decomposi-

tionͱɼຊདྷΩϟογϡϑϨϯυϦʔͳ TrieߏΛܗ

͢ΔͨΊʹఏҊ͞Εٕͨ๏Ͱ͋Γɼࡏݱ੩తͳ༻్ʹ͓

͍ͯͷΈ༻͍ΒΕ͍ͯΔ [13, 14]ɽ͔͠͠ఏҊख๏Ͱಈ

తࣙॻΛߏங͢ΔͨΊʹ͜ͷٕ๏ΛԠ༻͢ΔɽՃ͑ͯɼߴ
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͍ϝϞϦޮΛಘΔͨΊʹ m-BonsaiΛద༻͢Δํ๏Λఏ

Ҋ͢ΔɽఏҊख๏ʹର͢ΔධՁɼେنͳ࣮ݱͷσʔλ

ηοτΛ༻͍࣮ͨݧʹΑΓ༩͑Δɽ

2. ४උ

2.1 ๏ͱఆٛهຊతͳج

nݸͷཁૉΛͭ࣋ྻ Aɼ͢ͳΘͪ A[0]A[1] . . . A[n− 1]

Λ A[0, n)ͱද͢ɽ͜ͷྻ A[0, n)ʹରͯ͠ɼ|A|ͦͷ
͞ nΛද͢ɽಛघͳऴจࣈʮ$ʯΛඌʹͭ࣋όΠτ

จྻࣈΛΩʔϫʔυͱΑͿɽ͢ͳΘͪɼΩʔϫʔυ w[0, n)

ʹରͯ͠ $ ̸∈ w[0, n− 1)ͱ w[n− 1] = $͕Γཱͭɽର

ͷఈ 2Ͱ౷Ұ͢Δɽ

2.2 Path Decomposition

Trie [3]ͱɼจूྻࣈ߹Λอଘ͢͠ࡧݕΔͨΊͷϥϕϧ

͖ॱংͰ͋Γɼจྻࣈͷ಄ࣙΛซ߹͢Δ͜ͱʹΑΓ

ங͞ΕΔɽPathߏ Decomposition [12]ͱɼ͜ͷ TrieΛ

ҎԼͷΑ͏ͳखॱͰ Path-Decomposed TrieʢPDTʣͱ

ม͢ܗΔٕ๏Ͱ͋Δɽ·ͣɼTrieͷ͔ࠜΒҙͷ༿·Ͱͷ

࿏Λܦ࿏Λબ͠ɼͦͷܦ PDTͷࠜͱؔ࿈͚ͯఆٛ͢

Δɽಉ༷ͷॲཧΛͦͷܦ࿏͔ΒਨΕԼ͕Δ֤෦ Trieʹ

ରͯ͠ؼ࠶తʹ࣮͠ߦɼͦ͏ͯ͠ಘΒΕ֤ͨ෦ PDTͷ

ࠜΛલॲཧͰఆٛͨ͠ PDTͷࠜͷࢠͱͯ͠ɼ෦ Trie

ͷذจࣈΛਵͨ͠ࢬͰ͙ܨɽ

Path DecompositionͷຊདྷͷతɼTrieͷղʹΑ

Γͷ͞ߴΛ͑Δ͜ͱͰɼ࣌ࡧݕʹઅؒͷϥϯμϜΞ

ΫηεճΛ͢ݮΔ͜ͱͰ͋ΔɽTrieΛղ͢Δͱ͖ɼ

ͲͷࢠΛ୧Γܦ࿏Λબ͢Δͷ͔ҙͰ͋Δ͕ɼͲͷΑ

͏ͳબͼํΛ༻͍ͯ PDTͷ͞ߴύτϦγΞ [15]ͷ

ͦΕΛ͑ͳ͍͜ͱ͕อূ͞Ε͍ͯΔͨΊɼ͋Δఔͷ

ΩϟογϡޮͷվળඞͣࠐݟΊΔɽຊ࣮ʹ͓͍ͯॏ

ཁͳ࣮ࣄΛҎԼʹࣔ͢ɽ

࣮ࣄ 1. PDTͷ֤અݩͷ Trieͷ͋Δઅ͔Β༿·Ͱ

ͷܦ࿏ʹରԠ͢ΔɽऴจࣈʹΑΓɼݩͷ Trieͷ༿ͷ

ొΩʔϫʔυͱҰக͢ΔͨΊɼPDTͷઅొ

ΩʔϫʔυͱҰக͢Δɽ

2.3 m-Bonsai

m-Bonsai [10]ͱϝϞϦޮͷྑ͍ಈతͳ Trieͷදݱ

๏Ͱ͋Γɼ։൪๏Λ༻͍֤ͯઅΛϋογϡද Q[0,m)

্ʹఆٛ͢ΔɽԾʹઅΛ n ͱͨ͠ͱ͖ɼα = n/m

ʢ0 ≤ α ≤ 1ʣΛϋογϡදQͷ༗ͱݺͿɽ͜͜Ͱ nͱ

m༧Ί༩͑ΒΕ͍ͯΔͷͱఆ͢Δɽ֤અQͷ͍

ͣΕ͔ͷཁૉʹஔ͞ΕΔͨΊɼͦͷ൪ 0 ≤ i < mΛઅ

ͷ IDͱͯ͠༻͍Δɽઅ v ͔Βจࣈ cʹΑΓࣔ͞ΕΔ

ΕΔɽͨͩ͠ɼ͞ݱͷखॱʹΑΓ࣮ͭࡾͷՃɼҎԼͷࢠ

σ ࢬʹਵ͢ΔจࣈͷΞϧϑΝϕοταΠζΛද͢ɽ·

ͣɼࢠʹର͢ΔϋογϡΩʔͱͯ͠ϖΞ ⟨v, c⟩Λੜ͢Δɽ

ɼϋογϡؔʹ࣍ h : {0, . . . ,m ·σ−1}→ {0, . . . ,m−1}
Λ༻͍ͯɼࢠͷॳظ൪ u = h(⟨v, c⟩)Λࢉग़͢Δɽޙ࠷
ʹɼQ্Λॳظ൪ u͔Βઢܗࠪ͠࠷ॳʹग़ձ͏ۭཁૉ

ͷ൪Λ u′ ͱͨ͠ͱ͖ɼQ[u′]ʹͦͷࢠΛஔ͢Δɽ͢ͳ

Θͪɼ৽ͨʹՃ͞Εͨࢠͷ ID u′ ͱͳΔɽ

ϝϞϦ༻ྔʹؔͯ͠ɼ୯७ʹϋογϡΩʔ ⟨v, c⟩ Λ
Q[u′]ʹهड़ͨ͠߹ɼ֤ཁૉ ⌈log(m · σ)⌉ϏοτΛফඅ
͢Δɽm-BonsaiͰॖΩʔ [3, ԋश 6.13]ͱΑΕ

Δٕ๏Λ༻͍ͯɼ͜ͷϝϞϦ༻ྔΛ ⌈log σ⌉Ϗοτʹ·
Ͱ͍ͯ͠ݮΔɽ͜ͷͱ͖ u′͔Β u·Ͱͷڑɼ͢ͳΘͪ

িಥճΛD[u′]ʹอͨ࣋͠సҠྻDΛ৽͘͠ಋೖ͢Δ

ඞཁ͕͋Δ͕ɼ[10, ิ 1]ΑΓͦͷฏۉখ͍͜͞ͱ͔

Βɼූ߸ԽͳͲΛ༻͍Δ͜ͱͰDίϯύΫτʹදݱͰ͖

Δɽͳ͓ɼઅ 4ͷ࣮ݧͰ༻͍ͨୈҰஶऀʹΑΔm-Bonsai

ͷ࣮ https://github.com/kamp78/bonsais ʹެ։

͍ͯ͠Δɽ

3. DynPDT

ຊઅͰɼPath DecompositionΛ༻͍ͨ৽͍͠ಈతΩʔ

ϫʔυࣙॻͷ࣮๏ɼDynPDTΛఏҊ͢Δɽ

3.1 ຊతͳΞΠσΞج

·ͣɼDynPDTͷجຊతͳΞΠσΞͰ͋Δஞ࣍తPath

DecompositionΛઆ໌͢Δɽஞ࣍తPath Decomposition

Ͱɼ֤ΩʔϫʔυʹରԠ͢ΔઅΛͦͷొॱʹஞ࣍త

ʹఆٛ͢Δ͜ͱͰ PDTΛߏங͢ΔɽҎԼʹΩʔϫʔυ w

ΛՃ͢Δͱ͖ͷखଓ͖Λࣔ͢ɽಉ࣌ʹ DynPDTͷߏ

ࣔ͢ɽ

• ࣙॻ͕ۭͰ͋Εɼจྻࣈ w͕ϥϕϧ͚͞ΕͨࠜΛ

ఆٛ͢ΔɽຊߘͰɼઅ v ʹਵ͢ΔϥϕϧΛ Lv

ͱද͢ɽ

• ࣙॻ͕ۭͰͳ͚Εɼม vʹࠜͷઅ IDΛઃఆ͠ɼ

ҎԼͷೋͭͷखॱʹΑΓΩʔϫʔυΛ୳͢ࡧΔɽख

ॱ 1 Ͱ w ͱ Lv Λൺֱ͢Δɽ͠ w = Lv Ͱ͋Ε

ɼ͜ͷΩʔϫʔυ͢Ͱʹొ͞Ε͍ͯΔͷͰख

ଓ͖Λऴྃ͢Δɽͦ͏Ͱͳ͚Εɼखॱ 2 ʹ͓͍ͯ

w[i] ̸= Lv[i]͔ͭ w[0, i) = Lv[0, i)Ͱ͋ΔΑ͏ͳϥϕ

ϧ ⟨i, w[i]⟩ʹΑΓࣔ͞ΕΔࢠΛ୳͢ࡧΔɽ͕͠ࢠͳ
͚Εɼ⟨i, w[i]⟩Λϥϕϧͱͯ͠ਵͨ͠ࢬͱඌࣙ
w[i + 1, |w|) Λϥϕϧͱͯ͠ਵͨ͠ࢠΛՃ͢Δɽ
͕͋͠ࢠΕɼvʹͦͷࢠͷઅ IDΛɼwʹඌࣙ

w[i+ 1, |w|)Λઃఆ͠खॱ 1Δɽ

͢ͳΘͪɼ֤અϥϕϧొΩʔϫʔυͷ͍ͣΕ͔ͷ

ඌࣙΛද͠ɼࢬϥϕϧઅϥϕϧ্ͷΦϑηοτͱό

ΠτจࣈͷϖΞʹΑΓߏ͞ΕΔɽࡧݕಉ༷ͷखଓ͖Ͱ

త࣍ΕΔɽஞ͞ݱ࣮ Path Decompositionͷಛͱͯ͠ɼ

ૣ͘ʹొ͞ΕͨΩʔϫʔυʹରԠ͢Δઅ΄Ͳࠜͷۙ

ʹஔ͞ΕɼͦͷΑ͏ͳΩʔϫʔυʹର͢Δ୳ࡧίετ
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ਤ 1: DynPDTͷྫʢλ = 8ʣ

͑͘ΒΕΔ͜ͱ͕͋͛ΒΕΔɽ͔͠͠ɼઅ 4Ͱͦͷ

Α͏ͳಛྀͣͤߟɼແ࡞ҝॱʹΩʔϫʔυ͕Ճ͞Ε

ͨ DynPDTʹରͯ͠ධՁΛ༩͑Δɽ

3.2 m-Bonsaiͷద༻

ϝϞϦޮΛಘΔͨΊʹɼDynPDTͰ͍ߴ m-Bonsai

Λ༻͍ͯ͜ͷ PDTΛද͢ݱΔɽͨͩ͠ɼҎԼͷ͕ੜ

͡Δɽ

 1. ϥϕϧઅϥϕϧ্ͷΦϑηοτࢬ iͱόΠτ

จࣈ c͔ΒΔϖΞ ⟨i, c⟩Ͱ͋Δɽઅϥϕϧͷ࠷େΛ
Λͱͨ͠ͱ͖ɼͦͷΞϧϑΝϕοταΠζ σ = 256 ·Λͱ
ͳΔɽm-Bonsaiϋογϡද QʹׂΓͯΔྖҬͱϋο

γϡؔ hΛ༧Ίఆٛ͢ΔͨΊʹύϥϝʔλ σΛݻఆ͢Δ

ඞཁ͕͋Δ͕ɼະͷΩʔϫʔυΛొ͢Δಈతͳ༻్ʹ

͓͍ͯ Λݻఆ͠ಘͳ͍ύϥϝʔλͰ͋Δɽ

͜ͷΛղܾ͢ΔͨΊʹɼ৽ͨͳύϥϝʔλ λΛಋೖ

͠ɼΞϧϑΝϕοταΠζΛ σ = 256 · λͱ੍ͯ͠ڧతʹ
ఆ͢Δɽ͠ݻ Lv ্ͷΦϑηοτ i͕ λҎ্Ͱ͋Εɼ

i < λͱͳΔ·ͰҎԼͷखॱΛ܁Γฦ͢ɽ

( 1 ) અ v͔Βಛघจࣈ φʹΑͬͯࣔ͞ΕΔࢠ uΛՃ͑Δɽ

( 2 ) v ← uɼi← i− λͱߋ৽͢Δɽ

͜ͷखॱʹΑΓఆٛ͞ΕΔઅΛεςοϓઅͱΑͿ

͜ͱʹ͢Δɽ͜ͷղܾҊͰ λʹԠͯ͡εςοϓઅΛ

Ճ͢ΔͨΊɼλ͕খ͗͢͞ΕେྔͷεςοϓઅΛఆ

ٛ͢Δ͜ͱʹͳΔɽٯʹ λ͕େ͖͗͢Ε Qͷ֤ཁૉ

⌈log(256 · λ)⌉ϏοτΛ֬อ͢ΔͨΊɼͦͷϝϞϦ༻ྔ͕
ͱͳΔɽނʹదͳ λΛఆٛ͢Δඞཁ͕͋Δɽ

ྫͱͯ͠ɼΩʔϫʔυ technology$ɼtechnics$ɼtech-

nique$ɼtechnically$ɼtechnological$Λɼ͜ͷॱʹ

Ճ͢Δ͜ͱʹΑΓߏங͞Εͨ DynPDTΛਤ 1ʹࣔ͢ɽྫ

ͷઅ v1, v2, . . . , v6ͷॱʹఆٛ͞Ε͍ͯΔɽྫ͑ɼ͜

ͷࣙॻΛ༻͍ͯ technically$Λ͢ࡧݕΔ߹ɼ·ͣ wʹ

͜ͷΩʔϫʔυΛઃఆ͠અϥϕϧ Lv1 ͱൺֱ͢Δɽ݁

Ռͱͯ͠ w[0, 5) = Lv1 [0, 5) = techn ͳͷͰɼࢬϥϕϧ

⟨5, w[5]⟩ = ⟨5, i⟩Λ༻͍ͯઅ v2 ʹҠಈ͢Δɽ͜ͷͱ͖ɼ

wʹΓͷඌࣙ cally$Λઃఆ͢Δɽ࣍ʹ wͱ Lv2 Λ

ൺֱ͠ɼw[0, 1) = Lv2 [0, 1) = cͳͷͰ ⟨1, w[1]⟩ = ⟨1, a⟩Λ
༻͍ͯઅ v4 Ҡಈ͠ɼwʹΓͷඌࣙ lly$Λઃఆ͢

Δɽ࠷ऴతʹɼw = Lv4 ΑΓ͜ͷࡧݕΩʔϫʔυ͕ొ͞

Ε͍ͯΔ͜ͱ͕Θ͔Δɽ

Ճ͑ͯɼtechnological$Λ͢ࡧݕΔͱ͖ͷྫࣔ͢ɽ

લྫͱಉ͡Α͏ʹɼw ΩʔϫʔυΛઃఆ͠અϥࡧݕʹ

ϕϧ Lv1 ͱൺֱ͢Δɽͦͷ݁Ռ w[0, 9) = Lv1 [0, 9) =

technologͰ͋Δ͕ɼλ ≤ 9ΑΓఆΊΒΕͨΞϧϑΝϕο

ταΠζΛա͢ΔͨΊɼࢬϥϕϧ ⟨9, i⟩ແޮͰ͋Δɽ
ࣈɼಛघจʹނ φΛ༻͍ͯઅ v5ʹҠಈ͢Δɽ9−λ < λɼ

͢ͳΘͪ 1 < λΑΓɼ⟨1, i⟩Λ༻͍ͯઅ v6 ʹҠಈ͢Δ͜

ͱ͕Ͱ͖Δɽ࠷ऴతʹɼΓͷඌࣙ cal$ͱ Lv6 ͕Ұக

͢ΔͨΊɼ͜ͷࡧݕΩʔϫʔυ͕ొ͞Ε͍ͯΔ͜ͱ͕Θ

͔Δɽ

3.3 ۩ମతͳ࣮

࿈ྻͱͯ͠ɼ֤ΩʔϫʔυʹҙͷΛ࿈͚

ΒΕΔ͜ͱඞਢػͰ͋ΔɽDynPDTͰઅͱΩʔ

ϫʔυ͕ҰҙʹରԠ͢ΔͨΊɼઅϥϕϧʹଓ͘ྖҬΛ༻

͍Δ͜ͱͰ࿈Λอ࣋͢Δ͜ͱ͕Ͱ͖ΔɽΩʔϫʔυͷ

ଘͷ։൪๏ͱಉ༷ʹ֤અʹରͯ͠طআʹؔͯ͠ɼ

ͦΕΛࣔ͢ϑϥάΛಋೖ͢Δ͜ͱͰ୯७ʹ࣮ݱͰ͖Δɽͨ

ͩ͠ɼআʹΑΓൃੜ͢ΔແବͳઅྖҬͷղ์ʹؔͯ͠

ޙࠓͷ՝ͱͯ͠Δɽ·ͨ m-BonsaiΛར༻͢ΔͨΊ

ʹɼઅͱ༗ʹґଘͨ͠QͷཁૉΛ༧Ίఆٛ͢

Δඞཁ͕͋Δɽ͍͑ݴΕɼσʔληοτʹରͯ͠༧ظ

͞ΕΔઅΛੵݟΔඞཁ͕͋Δɽૉͳ TrieΛ༻͍

Δ߹͜ͷੵݟΓ͍͕͠ɼ͍ʹ࣮ࣄ 1ʹΑΓɼ

DynPDTͷઅొΩʔϫʔυͱదͳ λʹԠ͡

ͨগྔͷεςοϓઅͷ߹ܭͱͳΔɽ͢ͳΘͪɼ͓͓Α

ͦͷઅ༰қʹੵݟΔ͜ͱ͕Ͱ͖Δɽ

3.4 અϥϕϧͷอ

અϥϕϧՄมͳจྻࣈͰ͋ΔͨΊɼm-Bonsaiͱ

ɼ͢ͳΘͪϋογϡද QͱసҠྻ DͱผͷྖҬͰ

อ͞ΕΔɽ͜ͷͱ͖ૉͳ࣮ͱͯ͠ɼྻ P [0,m)

Λ༻͍ͯ P [i]ʹ Li ͷϙΠϯλΛ֨ೲ͢Δํ๏͕͑ߟΒ

ΕΔɽຊߘͰɼ͜ͷ࣮๏Λ PlainͱΑͿɽPlainઅ

ϥϕϧͷࢀরͱՃ͕ఆؒ࣌Ͱ͓͜ͳ͑Δ͕ɼmݸͷ

ϙΠϯλྖҬΛཁ͢ΔͨΊϝϞϦ༻ྔ͕େ͖͍ͱ͍͏ܽ

͕͋Δɽਤ 2aʹͦͷྫΛࣔ͢ɽ

ͦ͜Ͱସखஈͱͯ͠ɼGoogle Sparse Hash*1ͱಉ༷ͷ

ٕ๏Ͱ Plainʹ͓͚ΔϙΠϯλͷΦʔόϔουΛ͢ݮΔ

࣮๏ΛఏҊ͢Δɽ͜ͷ࣮๏ͰઅϥϕϧΛͦͷ ID

ʹରͯ͠ɼℓͭͣݸͷάϧʔϓʹׂ͢Δɽྫ͑ɼҰ൪

ͷάϧʔϓ L0 . . . Lℓ−1͔ΒΓɼೋ൪ͷάϧʔϓ

Lℓ . . . L2ℓ−1 ͔ΒΔɽՃ͑ͯɼLi ͕ଘ͢ࡏΕ B[i] = 1

ͱͳΔΑ͏ͳϏοτྻ B Λಋೖ͢Δɽ֤άϧʔϓʹ͓͍

ͯɼB[i] = 1Ͱ͋Δઅϥϕϧ LiΛ IDॱΛҡ࣋͠ͳ͕Β

*1 https://github.com/sparsehash/sparsehash
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!

cal$technology$ cs$ ue$lly$

(a) Plain

! 1 0 1 1 0 1 0 1
$

3lly10technology2cs 3cal2ue

(b) Bitmapʢℓ = 4ʣ

ਤ 2: અϥϕϧͷอํ๏ͷྫ

࿈݁͠ɼ֤άϧʔϓͷ࿈݁ϥϕϧจྻࣈͷϙΠϯλΛอ

Δ͜ͱʹΑΓɼP࣋͢ ͷ͞Λ ⌈m/ℓ⌉ʹݮͰ͖Δɽ͜ͷ
࣮๏ΛBitmapͱΑͿɽਤ 2bʹͦͷྫΛࣔ͢ɽͨͩ͠ɼ

અϥϕϧதʹؚ·ΕΔଠࣈͷࣈʹؔͯ͠ޙड़͢Δɽ

BitmapͰɼྻ P ͱ B Λ༻͍ͯ Li ΛҎԼͷΑ͏ʹ

র͢Δɽ͠ࢀ B[i] = 0 Ͱ͋Ε Li ଘ͠ࡏͳ͍͜ͱ

͕Θ͔ΔɽB[i] = 1 Ͱ͋Ε g = ⌊i/ℓ⌋ ͱ͠ɼP [g] ͔Β

Li ؚ͕·ΕΔ࿈݁ϥϕϧจྻࣈΛऔಘ͢ΔɽՃ͑ͯɼ෦

Ϗοτྻ Bg = B[g · ℓ, (g + 1) · ℓ) औಘ͢ΔɽԾʹɼ
Bg[0, i mod ℓ+1)ʹؚ·ΕΔ 1ͷΛ jͱͨ͠ͱ͖ɼઌ΄

Ͳಘͨ࿈݁ϥϕϧจྻࣈͷ j ൪ͷϥϕϧ͕ Li Ͱ͋Δɽℓ

ఆͳͷͰɼpopcountؔ [16]Λ༻͍Δ͜ͱͰ Bg ʹ

ؚ·ΕΔ 1ͷఆؒ࣌ͰٻΊΔ͜ͱ͕Ͱ͖ΔɽͦΕނ

ʹɼࢀরؒ࣌࿈݁ϥϕϧจྻࣈͷ j ൪·ͰΛࠪ͢Δ

ͱҰக͢Δɽؒ࣌

୯७ʹઅϥϕϧΛ࿈݁ͨ͠߹ɼ͜ͷࠪऴจ

রࢀΕɼ͞ߦΛ্͑͛Δ͜ͱʹΑΓ࣮ࣈ O(ℓ · Λ) ࣌
ؒͰ͓͜ͳΘΕΔɽ͜ͷࢀরؒ࣌Λ͘͢ΔͨΊɼArray

Hash [17] Ͱ༻͍ΒΕ͍ͯΔ Skipping ٕ๏ΛԠ༻͢Δɽ

Skippingٕ๏ͰɼVByteූ߸Խ [18]Λ༻͍֤ͯઅϥ

ϕϧͷલʹͦͷ͞Λهड़͢Δɽ͜ͷͱ͖֤અϥϕϧͷ

ऴจࣈഉআ͢Δ͜ͱ͕Ͱ͖ΔɽSkippingٕ๏Ͱɼͦ

ͷ͞Λར༻࣍͠ͷઅϥϕϧͷ࢝·ͰҠಈ͢Δ͜ͱ͕

Ͱ͖ΔͷͰɼࢀরΛ O(ℓ)ؒ࣌Ͱ࣮ߦͰ͖ΔɽSkippingٕ

๏Λద༻ͨ݁͠Ռ͕ਤ 2bͰ͋Δɽ

4. ΑΔධՁʹݧ࣮

ຊઅͰ࣮ݧʹΑΓDynPDTΛධՁ͢Δɽ·ͨɼ࣮ ʹݧ

༻͍ͨDynPDTͷ࣮ https://github.com/kamp78/

dynpdtʹެ։͍ͯ͠Δɽ

4.1 ઃఆݧ࣮

ɼIntelߏͷػࢉܭ͍ͨ༺ʹݧ࣮ Xeon E5540 @2.53

GHz CPU, 32 GB RAMʢL2 cacheɿ1 MBɼL3 cacheɿ8

MBʣͰ͋ΓɼOSUbuntu Server 16.04 LTSͰ͋Δɽ࣮

ද 1: σʔληοτʹؔ͢Δใ

Wiki UK WebBase LUBM

SizeʢMiBʣ 227.2 2,723.3 6,782.1 3,194.1

KeysʢMʣ 11.5 39.5 118.1 52.6

NodesʢMʣ 111.0 748.6 1,426.3 247.7

NPK 9.6 19.0 12.1 4.7

BPK 20.7 72.4 60.2 63.7

ޠݴ C++Ͱɼ࠷దԽΦϓγϣϯͱͯ͠-O9Λࢦఆ͠ɼ

g++ version 5.4.0Λ༻͍ͯίϯύΠϧͨ͠ɽϝϞϦ༻

ྔͷܭଌʹ/proc/<PID>/statmΛ༻͍ͨɽ࣮ؒ࣌ߦͷ

ଌʹܭ std::chrono::duration cast Λ༻͍ͨɽ࣮ݧ

༻σʔληοτҎԼͰ͋Δɽ

• Wikiɿӳޠ൛WikipediaͷλΠτϧ2*߹ूࣄه

• UKɿ.ukυϝΠϯ্Ͱ UbiCrawler [19]ʹΑΓಘΒΕ

ͨ URLू߹*3

• WebBaseɿWebBaseΫϩʔϥ [20]ʹΑΓಘΒΕͨURL

ू߹*4

• LUBMɿLUBMϕϯνϚʔΫ [21]ʹΑΓੜ͞Εͨ

σʔληοτ͔Βநग़ͨ͠ URIू߹*5

ද 1ʹͦͷৄࡉΛࣔ͢ɽʮSizeʯੜσʔλͷ༰ྔɼʮKeysʯ

ొΩʔϫʔυɼʮNodesʯૉͳ TrieΛߏஙͨ͠

߹ͷઅɼʮNPKʯΩʔϫʔυͨΓͷૉͳ Trie

ͷઅͷฏۉɼʮBPKʯΩʔϫʔυͨΓͷฏۉόΠ

τɼ͢ͳΘͪΩʔϫʔυͷฏۉΛ͍ࣔͯ͠Δɽ

4.1.1 ࣮

ຊ࣮ݧͰɼDynPDT Λ m-Bonsai ଘͷಈతࣙطͼٴ

ॻͱൺֱ͢Δ͜ͱͰධՁΛ༩͑ͨɽDynPDT ʹؔͯ͠

ɼPlainͱ Bitmapʢℓ = 8, 16, 32, 64ʣͷ྆ํΛ࣮ͨ͠ɽ

DynPDTࣙॻͷ࿈ʹ intΛઃఆ͕ͨ͠ɼm-Bonsai

ࣙॻͱ࣮ͯ͠๏͕ఏҊ͞Ε͍ͯͳ͍ͷͰɼ࿈Λ࣋

ͨͳ͍ૉͳ Trieͱ࣮ͯͨ͠͠ɽطଘͷಈతࣙॻʹ

ϝϞϦޮͷྑ͍ҎԼͷ 3ͭͷ࣮ΛબΜͩɽ

• JudyɿHewlett-PackardڀݚॴʹΑΓ։ൃ͞Εͨಈత

Trieࣙॻ [6]

• HAT-trieɿTrieͱ Array HashͷϋΠϒϦουʹΑΔ

ಈతࣙॻ [7]

• CedarɿDouble ArrayΛ༻͍ͨ࠷খ಄ࣙ TrieʹΑ

Δಈతࣙॻ [8]

DynPDTͱಉ༷ʹɼ͜ΕΒʹ࿈ͱͯ͠ intΛઃ

ఆͨ͠ɽHAT-trieʹɼhttps://github.com/dcjones/

hat-trieͰެ։͞Ε͍ͯΔ࣮Λ༻͍ͨɽCedarͷΈΞ

υϨεදݱʹ 32ϏοτΛ༻͍͍ͯΔͨΊɼڊେͳσʔ

ληοτͷWebBaseʹରͯࣙ͠ॻΛߏங͢Δ͜ͱ͕Ͱ͖

ͳ͔ͬͨɽ

*2 https://dumps.wikimedia.org/enwiki/
*3 http://law.di.unimi.it/webdata/uk-2005/
*4 http://law.di.unimi.it/webdata/webbase-2001/
*5 https://exascale.info/projects/web-of-data-uri/
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ද 2: ϝϞϦ༻ྔʹؔ͢Δ࣮݁ݧՌ

Data Structure Wiki UK WebBase LUBM

Plain 46.6 54.4 47.5 45.0

Bitmap-8 21.2 31.3 24.0 15.5

Bitmap-16 18.8 28.2 21.0 13.8

Bitmap-32 17.4 27.1 19.8 12.1

Bitmap-64 16.9 26.4 19.2 11.5

m-Bonsai 23.6 46.1 29.3 11.4

Judy 50.5 60.3 53.5 33.9

HAT-trie 40.2 82.3 68.9 64.7

Cedar 41.1 58.4 – 29.7

4.1.2 ύϥϝʔλ

DynPDTͱm-Bonsai༗ αΛύϥϝʔλͱͯ࣋͠

ͭɽຊ࣮ݧͰɼطଘͷ࣮ݧ [9, 10]ͱಉ͡Α͏ʹ α = 0.8

Λઃఆͨ͠ɽނʹɼDynPDTͰొΩʔϫʔυΛ 0.8

ͰׂͬͨΛϋογϡද Qͷ͞ͱͯ͠ఆٛͨ͠ɽ͜͜

Ͱɼ݁Ռͱͯ͠ಘΒΕΔ DynPDT ͷ༗Λ α′ ͱ͢Δ

ͱɼεςοϓઅͷʹґଘ͠ α ≤ α′ Ͱ͋Δͱ͍͏͜ͱ

ʹཹҙ͞Ε͍ͨɽm-BonsaiͰɼ༧Ίੵݟͬͨૉͳ

TrieͷઅΛ 0.8ͰׂͬͨΛϋογϡද Qͷ͞ͱ

ͯ͠ఆٛͨ͠ɽ͢ͳΘͪɼNPK͕খ͘͞ͳΔʹ͕ͨͬ͠

ͯ DynPDTͱ m-Bonsaiʹ͓͚Δ Qͷ͞ͷࠩখ͘͞

ͳΔɽ

DynPDTʹ͍ͭͯɼεςοϓઅ QͷϝϞϦ

༻ྔΛࠨӈ͢Δύϥϝʔλ λࣄલʹઃఆ͢Δඞཁ͕͋Δɽ

λ͕େ͖͗͢ΔͱɼQʹׂΓͯΒΕΔྖҬ͕େ͖͘ͳΔɽ

ʹٯ λ͕খ͗͢͞Δͱɼεςοϓઅ͕େྔʹ࡞ΒΕ α′

͕େ͖͘ͳΔɽα′ ͕େ͖͘ͳΔͱিಥճ͕૿͑ D ͷฏ

૿Ճ͠ྔ༺͕େ͖͘ͳΔͨΊɼ݁Ռͱͯ͠ϝϞϦۉ

୳ࡧԼ͢Δɽͦ͜Ͱదͨ͠ λΛ͚ͭݟΔͨΊʹɼ

֤σʔληοτʹରͯ͠ λ ∈ [2, 4, 8, 16, 32, 64, 128]ͷൣғ

Ͱ༧උ࣮ݧΛ͓͜ͳͬͨɽͦͷ݁ՌΑΓɼα′ ≤ 0.81ͱͳΔ

Α͏ͳ࠷খͷ λͱͯ͠ɼWikiͰ 16ɼUKͰ 64ɼWebBase

Ͱ 32ɼLUBMͰ 16͕ಘΒΕͨɽ͜ΕΒͷΛຊ࣮ݧͰ

λʹઃఆͨ͠ɽ

4.2 Ռ݁ݧ࣮

ΩʔϫʔυΛແ࡞ҝͷॱʹՃ͢Δ͜ͱͰࣙॻΛߏங

͠ɼͦͷͱ͖ͷ Resident Set SizeΛϝϞϦ༻ྔͱͯ͠ܭ

ଌͨ͠ɽՃؒ࣌ 3ճͷߦࢼฏۉͰ͋Δɽࡧݕ֤σʔ

ληοτ͔Βແ࡞ҝʹநग़ͨ͠ 100ສͷΩʔϫʔυʹର͠

ɽࣔ݁͢Ռͨ͠ߦ࣮ 10ճͷߦࢼฏۉͰ͋Δɽ

4.2.1 ϝϞϦ༻ྔ

ද ՌΛࣔ͢ɽPlainʹ͓͚ΔϙΠϯλͷΦʔ݁ݧ࣮ʹ2

όϔου BitmapʹΑΓେ͖͘͞ݮΕ͍ͯΔͷ͕Θ͔

ΔɽLUBMʹ͓͍ͯɼBitmap-64 PlainΑΓ 3.9ഒখ

͍͞ɽ·ͨɼm-Bonsaiͱ Bitmap-64ΛൺΔͱɼLUBM

Λআ͍ͯBitmap-64 1.4–1.7ഒখ͍͞. ͔͠͠ LUBMͰ

ද 3: Ճؒ࣌ʹؔ͢Δ࣮݁ݧՌ

Data Structure Wiki UK WebBase LUBM

Plain 1.14 1.65 2.37 1.65

Bitmap-8 1.38 1.99 2.64 1.91

Bitmap-16 1.57 2.29 2.93 1.99

Bitmap-32 1.93 2.91 3.47 2.29

Bitmap-64 2.65 4.12 4.60 2.87

m-Bonsai 2.22 7.13 7.69 4.80

Judy 1.06 2.15 2.94 1.53

HAT-trie 1.13 1.63 1.75 2.58

Cedar 1.07 2.56 – 2.50

ද 4: Ռ݁ݧΔ࣮ؔ͢ʹؒ࣌ࡧݕ

Data Structure Wiki UK WebBase LUBM

Plain 1.13 1.53 2.20 1.12

Bitmap-8 1.38 2.15 2.40 1.26

Bitmap-16 1.61 2.47 2.74 1.43

Bitmap-32 2.06 3.25 3.72 1.61

Bitmap-64 3.01 4.88 5.29 2.16

m-Bonsai 2.06 6.69 8.30 3.08

Judy 0.88 2.02 2.42 0.79

HAT-trie 0.35 0.61 0.80 0.51

Cedar 0.69 2.51 – 0.69

ɼNPK͕খ͘͞m-BonsaiͱDynPDTͷQͷ͕ࠩখ͞

͍ͨΊɼm-Bonsaiͷํ͕Θ͔ͣʹখ͘͞ͳͬͨɽͨͩ͠ɼ

m-Bonsai࿈Λอ͓ͯ࣋͠ΒͣɼԾʹm-Bonsai͕ϝ

ϞϦʹؔͯ͠ͷΦʔόϔου͕Ұͳ͘ཧతʹ࿈Λ

อͨ࣋͠ͱ͢ΕɼΩʔϫʔυ͝ͱʹ sizeof(int) = 4ό

Πτ͕ͣͭՃ͞ࢉΕΔࢉܭʹͳΔɽ͢ͳΘͪɼࣙॻͱͯ͠

 Bitmap-64શͯͷσʔληοτʹରͯ͠m-BonsaiΑ

Γখ͘͞ͳΔɽطଘͷࣙॻͱൺͯ Bitmap-64࠷

খ͘͞ɼ֤σʔληοτʹ͓͚Δ࠷ίϯύΫτͳ݁Ռͱ

ൺֱͯ͠ɼͦͷࠩ 2.2–2.8ഒͰ͋ͬͨɽ

4.2.2 Ճؒ࣌

ද 3ʹ݁ՌΛࣔ͢ɽDynPDTʹ͓͍ͯɼඞવతʹ Plain

Ͱߴ࠷͕ Bitmap-64 ͱͳͬͨɽ͔͠͠ɼ࠷͕

Bitmap-8ͱ PlainʹϝϞϦ༻ྔ΄Ͳͷେ͖ͳࠩݟΒΕ

ͳ͍ɽҎԼͰɼBitmap-8ͱͦͷଞͷ࣮ͱΛൺֱ͢Δɽ

·ͣ m-Bonsaiͱൺֱͨ͠߹ɼͯ͢ͷσʔληοτʹ

͓͍ͯ Bitmap-8͕ߴͰ͋ͬͨɽBPKͷେ͖͍ UK

WebBaseʹ͓͍ͯ Path DecompositionͷޮՌ͕ݦஶʹ

Εɼͦݱ ͷࠩUKͰ 3.6ഒɼWebBaseͰ 2.9ഒͰ͋ͬͨɽ

ͱ͍ߴଘͷࣙॻͱൺͨ߹ɼBitmap-8ͬͱط

͏Θ͚Ͱͳ͔͕ͬͨɼWikiΛআ͍ͯ 2൪ʹྑͳ݁

ՌΛࣔͨ͠ɽ

4.2.3 ؒ࣌ࡧݕ

ද 4ʹ݁ՌΛࣔ͢ɽՃؒ࣌ͱಉ༷ʹɼDynPDTʹ͓

͍ͯ Plain͕ͬͱߴͱͳΓɼBitmap-8 m-Bonsai

ΑΓߴͰ͋ͬͨɽҰํͰطଘͷࣙॻͱൺΔͱɼDyn-
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PDTجຊతʹͰ͋ΓɼBitmap-8ͱ HAT-trieͱͷ

ࠩ࠷େͰ 3.9ഒͰ͋ͬͨɽͨͩ͠ɼUKͱWebBaseʹ

͓͍ͯɼBitmap-8 Judyͱ Cedarʹ͍ۙΛࣔͯ͠

͍Δɽ

5. ͓ΘΓʹ

ຊߘͰɼPath DecompositionΛ༻͍ͨϝϞϦޮͷΑ

͍ಈతΩʔϫʔυࣙॻͷ৽͍࣮͠๏Ͱ͋ΔDynPDTΛఏ

Ҋͨ͠ɽ·ͨɼ࣮ݧʹΑΓطଘͷ࣮ͱ͘ΒͯDynPDT

େ෯ʹίϯύΫτͰ͋Δ͜ͱΛࣔͨ͠ɽҰํͰɼͦͷ࣌

ؒޮ͋·Γ͘ߴͳ͔ͬͨɽm-Bonsaiʹ͓͚Δઅؒ

ͷભҠ͕ͦͷଞͷϙΠϯλϕʔεͷ࣮ͱ͘Βͯ

Ͱ͋ͬͨ͜ͱ͕ɼͦ ͷओͳݪҼͱͯ͑͠ߟΒΕΔɽ·ͨɼ

։൪๏Λ༻͍͍ͯΔͨΊɼϋογϡදͷ֦ுɼॖখ͕؆

୯ʹ͓͜ͳ͑ͳ͍͜ͱผͷͱͯ͛͠ڍΒΕΔɽࠓ

ͷ՝ͱͯ͠ɼ͜ΕΒͷܽΛվળ͢Δผͷޙ Trieදݱ

ΛߟҊ͢Δ͜ͱ͕͋͛ΒΕΔɽ

·ͨຊߘͰɼ༩͑ΒΕͨΩʔϫʔυʹରͦ͠ͷ࿈

Λฦ͢ͱ͍ͬͨ࿈ྻͱͯ͠ͷجຊతͳػͷΈΛऔ

Γѻ͕ͬͨɼΩʔϫʔυʹݻ༗ͷ IDΛ༩͑Մٯͳૢ࡞Λ

ఏ͢ڙΔࣙॻߏଟ͘ͷ༻్ʹ͓͍ͯॏཁͱ͞Ε͍ͯ

Δ [1]ɽm-Bonsai༿͔Βࠜʹ͔ͯͬͷભҠΛఏͯ͠ڙ

͍ΔͨΊɼݪཧతʹ DynPDT͜ͷՄٯͳૢ࡞ΛఏڙͰ

͖Δɽޙࠓͷ՝ͱͯ͠ɼ͜ͷΑ͏ͳࣙॻʹద߹ͨ͠

DynPDTͷఏҊ͓ΑͼධՁΛ͓͜ͳ͏ɽͳ͓ɼ͜ΕΒͷ

Ռจ [22]Ͱൃද༧ఆͰ͋Δɽ

ँࣙ ຊڀݚɼຊֶज़ৼڵձՊݚඅ 17J07555ͷॿ

Λड͚͓ͯ͜ͳΘΕͨɽ

ݙจߟࢀ

[1] Mart́ınez-Prieto, M. A., Brisaboa, N., Cánovas, R.,
Claude, F. and Navarro, G.: Practical compressed string
dictionaries, Information Systems, Vol. 56, pp. 73–108
(2016).

[2] Mavlyutov, R., Wylot, M. and Cudre-Mauroux, P.: A
Comparison of Data Structures to Manage URIs on the
Web of Data, Proc. 12th ESWC, pp. 137–151 (2015).

[3] Knuth, D. E.: The art of computer programming, 3:
sorting and searching, Addison Wesley, Redwood City,
CA, USA, 2nd edition (1998).

[4] Kanda, S., Morita, K. and Fuketa, M.: Practical string
dictionary compression using string dictionary encoding,
Proc. 3rd Innovate-Data (to appear).

[5] Kanda, S., Morita, K. and Fuketa, M.: Compressed
double-array tries for string dictionaries supporting fast
lookup, Knowledge and Information Systems, Vol. 51,
No. 3, pp. 1023–1042 (2017).

[6] Baskins, D.: Judy IV Shop Manual (2002).
[7] Askitis, N. and Sinha, R.: Engineering scalable, cache

and space efficient tries for strings, The VLDB Journal,
Vol. 19, No. 5, pp. 633–660 (2010).

[8] Yoshinaga, N. and Kitsuregawa, M.: A self-adaptive
classifier for efficient text-stream processing, Proc. 24th
COLING, pp. 1091–1102 (2014).

[9] Darragh, J. J., Cleary, J. G. and Witten, I. H.: Bonsai: a
compact representation of trees, Software: Practice and
Experience, Vol. 23, No. 3, pp. 277–291 (1993).

[10] Poyias, A. and Raman, R.: Improved practical compact
dynamic tries, Proc. 22nd SPIRE, pp. 324–336 (2015).

[11] Takagi, T., Inenaga, S., Sadakane, K. and Arimura, H.:
Packed compact tries: A fast and efficient data struc-
ture for online string processing, Proc. 27th IWOCA,
pp. 213–225 (2016).

[12] Ferragina, P., Grossi, R., Gupta, A., Shah, R. and Vitter,
J. S.: On searching compressed string collections cache-
obliviously, Proc. 27th PODS, pp. 181–190 (2008).

[13] Grossi, R. and Ottaviano, G.: Fast compressed tries
through path decompositions, ACM Journal of Exper-
imental Algorithmics, Vol. 19, No. 1, p. Article 1.8
(2014).

[14] Hsu, B.-J. P. and Ottaviano, G.: Space-efficient data
structures for top-k completion, Proc. 22nd WWW, pp.
583–594 (2013).

[15] Morrison, D. R.: PATRICIA: practical algorithm to re-
trieve information coded in alphanumeric, Journal of the
ACM, Vol. 15, No. 4, pp. 514–534 (1968).
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