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Efficient String Dictionary Compression
Using String Dictionaries
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จूྻࣈ߹Λอ͢ΔͨΊͷσʔλߏͰ͋Δจࣙྻࣈॻʹ
ؔͯ͠ɼۙɼଟ͘ͷ༻్ͰίϯύΫτੑ͕ٻΊΒΕΔͱ͍͏࣮
ྫ͕ใ͞ࠂΕ͍ͯΔɽ·ͨɼͦͷഎܠʹԠͯ͡ɼTrie Front-
CodingͳͲͷࣙॻΛ࣮͢ݱΔͨΊͷ༏Εٕͨ๏ʹɼRe-Pairͳ
Ͳͷྗڧͳจॻѹॖٕ๏ΛΈ߹Θͤͨѹॖจࣙྻࣈॻ͕ఏҊ͞
Ε͍ͯΔɽຊߘͰɼطଘͷѹॖจࣙྻࣈॻͷվྑΛతͱ͠ɼจ
ॻ͍ࣙͨͮجʹࡦॻΛ༻͍Δͱ͍͏ํࣙྻࣈॻͷѹॖʹจࣙྻࣈ
ྻࣈΑΓɼఏҊʹΑΔจݧ࣮͍ͨ༺ΛఏҊ͢Δɽ࣮σʔλΛߏ
ࣙॻ Re-PairʹΑΓѹॖͨࣙ͠ॻͱൺɼϝϞϦޮࡧݕɾ
෮ݩͷτϨʔυΦϑʹؔͯ͠ಉͷੑΛࣔͭͭ͠ɼ͍࣌
ؒͰߏஙͰ͖Δ͜ͱΛࣔͨ͠ɽ

A string dictionary is a data structure to store a set
of strings. Recently, instances have emerged in prac-
tice where the size of string dictionaries has become a
critical problem in many applications. Consequently,
compressed string dictionaries have been proposed by
leveraging efficient implementation techniques, such
as Trie and Front-Coding, and powerful text compres-
sion techniques, such as Re-Pair. In this paper, we
propose new dictionary structures based on a strategy
using string dictionaries for the compression in order
to improve existing compressed ones. We show that
our string dictionaries can be constructed in a shorter
time compared to the Re-Pair versions with competi-
tive space usage and operation speed, through exper-
iments on real-world datasets.

1. ͡Ίʹ
จࣙྻࣈॻͱɼจྻࣈͷू߹Λอ͢ΔͨΊͷσʔλߏͰ

͋Γɼ֤จྻࣈʹର͠ݻ༗ͷ ID ΛׂΓͯΔɽ͢ͳΘͪɼจࣈ
ྻͷೖྗʹର͠ɼͦͷ IDΛใ͢ࠂΔ LookupͱɼIDͷೖྗʹର
͠ɼͦͷจྻࣈΛใ͢ࠂΔ Accessͷ 2ͭͷૢ࡞Λఏ͢ڙΔσʔ
λߏͰ͋ΔɽࣗવޠݴॲཧใࡧݕɼηϚϯςΟοΫɾΣϒɼ
όΠΦΠϯϑΥϚςΟΫεɼཧใγεςϜͳͲͷଟ͘ͷ༻
్ʹ͓͍ͯ༻͍ΒΕ͍ͯΔɽҰํͰɼۙͰେنσʔλʹର
ࣙ͠ॻຊମͷαΠζ͕ͱͳΔ͕ྫࣄෳใ͞ࠂΕ͓ͯΓ [1]ɼ
ϝϞϦޮͷྑ͍ࣙॻߏɼ͍ΘΏΔѹॖจࣙྻࣈॻͷఏҊ͕ଟ
͘ͳ͞Ε͍ͯΔ [1–5]ɽ
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จࣙྻࣈॻͷѹॖʹؔͯ͠ɼςΩετσʔλʹର͢Δྗڧͳѹ
ॖख๏Λద༻͢Δํ͕ࡦɼۙͷڀݚͰଟ͘ݟΒΕΔɽྫ͑ɼ
Martı́nez-PrietoΒ [1]ɼจࣙྻࣈॻΛ࣮͢ݱΔͨΊͷ༷ʑͳٕ
๏ʹطଘͷσʔλѹॖΛΈ߹ΘͤΔ͜ͱʹΑΓɼϝϞϦޮʹ
༏ΕͨࣙॻΛෳݸఏҊ͍ͯ͠ΔɽதͰɼFront-Coding [6]Λ
ϕʔεͱͨࣙ͠ॻͷੑ͕͘ߴɼ෦తʹݱΕΔจྻࣈʹର͠σʔ
λѹॖΛద༻͢Δ͜ͱͰ͍ߴϝϞϦޮΛୡ͍ͯ͠ΔɽGrossi
ͱOttaviano [2]ɼTrie [7]Λϕʔεʹ Path Decomposion [8]
ͱݺΕΔٕ๏Λ༻͍Δ͜ͱͰɼΩϟογϡޮʹ༏ΕͨࣙॻΛ
ଘͷσʔλѹॖͱطʹ͓͍ͯɼߏΔɽ͜ͷࣙॻ͍ͯ͠ݱ࣮
Έ߹ΘͤΔ͜ͱͰ͍ߴϝϞϦޮΛ࣮͍ͯ͠ݱΔɽ
͜ͷΑ͏ʹɼςΩετσʔλʹର͢Δطଘͷѹॖख๏Λ༻͍ͨจ

ॻ͕ෳఏҊ͞Ε͍ͯΔɽதͰɼTrieFront-Codingͳࣙྻࣈ
ͲΛϕʔεͱͯ͠ߏஙͨࣙ͠ॻʹ෦తʹݱΕΔจྻࣈʹɼRe-
Pair [9]ͱݺΕΔจ๏ѹॖΛద༻͢Δ͜ͱʹΑΓಘΒΕΔѹॖจ
ϝϞϦޮΛୡ͠ɼLookup/Access͍ߴʹॻɼ൚༻తࣙྻࣈ
ͷ࣮ؒ࣌ߦʹؔͯ͠༏Ε͍ͯΔɽҰํɼRe-PairʹΑΔѹॖ
ೖྗจྻࣈʹର͠ઢؒ࣌ܗͰಈ͢࡞Δͷͷɼ࣮ࡍʹେ෯ͳ
ஙίετඇߏҬΛཁ͠ɼRe-PairΛ༻͍ͨࣙॻͷྖۀ࡞ͱؒ࣌
ৗʹେ͖͍ͱ͍͏ಉ࣌ʹଘ͢ࡏΔɽվળͷͨΊʹɼѹॖί
ετͷ໘Ͱͷ Re-Pair ͷվྑɼ͘͠ѹॖίετͷ͍ҟͳ
Δσʔλѹॖͷར༻ͳͲ͕͑ߟΒΕΔ͕ɼͦΕͰΦϦδφϧͷ
Re-Pair΄Ͳͷѹॖ͕ಘΒΕͳ͍ͱ͍͏δϨϯϚʹؕΔɽ͜ͷ
ɼѹॖจࣙྻࣈॻͷߋͳΔ࣮༻Խʹ͚ͨվળ͖͢ͷ
1ͭͱ͍͑Δɽ
ຊڀݚͰɼจࣙྻࣈॻͷѹॖʹจࣙྻࣈॻΛ༻͍Δͱ͍͏ํ

ॻͷࣙྻࣈଘͷѹॖจطͼٴɼ͜͏ͨ͠ͷվળɼ͖ͮجʹࡦ
ੑ্Λ͢ࢦɽ͜ͷํࡦʹؔͯ͠ಈػͱͳͬͨͷ͕ɼా [5]
ʹΑΓఏҊ͞ΕͨࣙॻߏͰ͋Δɽ͜ͷࣙॻͰ Trie Λϕʔε
ͱ͠ɼ෦తʹݱΕΔจྻࣈΛؼ࠶తʹ Trie ࣙॻʹΑΓѹॖ͢
Δͱ͍͏ํ๏Ͱ͍ߴϝϞϦޮΛୡ͍ͯ͠Δɽ͜ͷΑ͏ʹࣙॻ
ͷѹॖʹࣙॻΛ༻͍Δͱ͍͏ํ๏ɼطଘͷ Re-PairͳͲʹΑΓ
ѹॖ͞ΕΔࣙॻʹରͯ͠ద༻Ͱ͖ɼ৽ͨͳѹॖͷखஈͱͳΓಘ
Δɽͦ͜ͰຊߘͰɼ͜ͷํ͍ࣙͨͮجʹࡦॻߏΛ͍͔ͭ͘ఏ
Ҋ͠ɼ࣮ݧʹΑΓධՁΛ༩͑Δɽ

2. ४උ
ຊઅͰɼࣙॻΛ࣮͢Δ্ͰඞཁͱͳΔσʔλߏΛ؆୯ʹ

հ͢Δɽ͡ΊʹɼجຊతͳఆٛΛҎԼʹ༩͑Δɽจ͕ࣈऔΓ
ಘΔͷू߹ ΣΛΞϧϑΝϕοτͱ͍͍ɼͦͷαΠζΛ σ = |Σ|ͱ
ද͢ɽରͷఈ 2Ͱ౷Ұ͢Δɽ

Rank/Select ࣙॻ Ϗοτྻ B[1...n] ʹର͠ɼRank/Select ͱ
ຊతͳجΕΔݺ 2ͭͷૢ࡞Λಋೖ͢Δɽ

• Rankb(B, i)ɿB[1...i]தͷ b ∈ {0, 1}ͷΛฦ͢ɽ
• Selectb(B, i)ɿi൪ͷ b ∈ {0, 1}͕ग़͢ݱΔҐஔΛฦ͢ɽ
͜ΕΒͷૢ࡞ɼo(n)ϏοτͷิॿσʔλߏΛՃ͑Δ͜ͱʹ

Αͬͯɼఆؒ࣌Ͱ࣮ߦͰ͖Δ [10]ɽ

LOUDS දݱ LOUDSʢLevel-Ordered Unary Degree Se-
quenceʣ[10] ॱংΛද͢ݱΔͨΊͷ؆ܿσʔλߏɼ͍Θ
ΏΔ؆ܿͷ 1छͰ͋ΔɽLOUDSͰɼࢠΛ dͭ࣋ݸઅΛ d
ͷݸ ‘1’ͱ ͷݸ1 ‘0’ͷ࿈݁ʹΑΓද͠ɼ͜ΕΒΛ෯༏ઌʹ࿈݁͢
Δ͜ͱʹΑΓಘΒΕΔϏοτྻʹΑΓΛද͢ݱΔɽ͜ͷͱ͖ɼࠜ
ͷͷΑ͏ʹৼΔ͏εʔύʔϧʔτͱͯ͠ɼϏοτྻͷઌ಄ʹ
“10” Λ༩͢ΔɽઅͷҠಈɼϏοτྻ্ͷ Rank/Select Λ
հ࣮ͯ͠͞ݱΕΔͨΊɼԾʹͷઅΛ nͱͨ͠ͱ͖ɼͦͷϝ
ϞϦ༻ྔ 2n + o(n)ϏοτͱͳΔɽ

DFUDS දݱ DFUDSʢDepth-First Unary Degree Se-
quenceʣ[11] ɼLOUDS ͱಉ͘͡؆ܿͷ 1 छͰ͋Γɼׅހ

1 ຊσʔλϕʔεֶձจจࢽ
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ྻΛ༻͍ͯॱংΛද͢ݱΔɽDFUDSͰɼࢠΛ dͭ࣋ݸઅ
Λ d ͷݸ (ͱ ͷ)ͷ࿈݁ʹΑΓද͢ɽͦͯ͠ɼ͜ΕΒΛਂ͞ݸ1
༏ઌॱʹ࿈݁͠ɼઌ಄ʹ (ΛՃׅͨ͠ྻހʹΑΓΛද͢ݱΔɽ
DFUDSʹ͓͚ΔઅͷҠಈʹඞཁͳ্ׅྻހͷૢ࡞ɼo(n)Ϗο
τͷิॿσʔλߏʹΑΓఆؒ࣌Ͱ༩͑ΒΕΔ [10, 12]ɽઅ
 nʹର͠ɼͦͷϝϞϦ༻ྔ 2n + o(n)ϏοτͰ͋Δɽ

Elias-Fanoදݱ Elias-Fanoදݱ [13,14]ͱɼ࠷େ͕ nͰ
͋Δ mݸͷ͔Βߏ͞ΕΔٛ୯ௐ૿Ճྻʹର͠ɼఆ࣌
ؒͰͷΞΫηεΛอূͭͭ͠ɼ2m+m⌈log n

m ⌉+ o(m)ϏοτͰදݱ
͢ΔͨΊͷූ߸Ͱ͋ΔɽElias-Fanoදݱͷޮతͳ࣮͍ͭ͘
͔͋Δ͕ɼެ։͞Ε͍ͯΔ࣮ͱͯ͠ Succinct [15] ͕༗໊Ͱ
͋Δɽ

3. จࣙྻࣈॻ
จࣙྻࣈॻͱɼจྻࣈͷू߹ S ⊂ Σ∗ Λอ͠ɼ֤จྻࣈʹ

ର͠ݻ༗ͷ IDͱͯ͠ [1, |S |]ͷΛ༩͑ΔͨΊͷσʔλߏ
Ͱ͋Δɽ͜ͷͱ͖ɼҎԼͷ 2ͭͷૢ࡞Λఏ͢ڙΔɽ

• Lookup(s)ɿs ∈ S Ͱ͋Εɼͦͷ IDΛฦ͢ɽ
• Access(i)ɿID iʹରԠ͢ΔจྻࣈΛ෮͢ݩΔɽ
·ͨɼ͋Δจྻࣈͷྻܥ ⟨s1, s2, ..., sn⟩ΛɼจࣙྻࣈॻΛ༻͍ͯ

ͷྻܥ ⟨i1, i2, ..., in⟩ʹม͢Δૢ࡞Λࣙॻූ߸ԽͱݺͿɽج
ຊతʹɼจྻࣈΑΓͷํ͕֨ೲʹඞཁͳྖҬখ͘͞ɼ
ྻͱจࣙྻࣈॻͷϝϞϦ༻ྔΛ͠߹Θͤͨ݁Ռ͕ɼݩͷ
จྻܥྻࣈͷϝϞϦ༻ྔΑΓখ͍͞߹ɼࣙॻූ߸ԽʹΑΔ
ѹॖ͕ୡ͞ΕΔɽ
ຊڀݚͰɼTrieFront-Codingʹ෦తʹݱΕΔจྻࣈʹ

ରͯࣙ͠ॻූ߸ԽΛద༻͢Δ͜ͱͰɼطଘͷࣙॻߏͷվྑΛਤΔɽ
ͦ͜ͰຊઅͰɼCompact TrieʢC-TrieʣɼPath-Decomposed
TrieʢPD-TrieʣɼFront-Codingͷ 3ͭͷࣙॻߏɼ͓Αͼطଘ
ͷ࣮ํ๏ʹ͍ͭͯઆ໌͢ΔɽՃ͑ͯɼࣙॻූ߸ԽΛద༻͢Δͨ
ΊͷσʔλߏΛఏҊ͢Δɽ

3. 1 Compact TrieʢC-Trieʣ
Trieͱɼจྻࣈͷڞ௨಄ࣙΛซ߹͠ɼࢬʹจࣈΛਵ͢Δ͜
ͱͰߏங͞ΕΔϥϕϧ͖ॱংͰ͋Δɽొจྻࣈɼ͔ࠜΒ
༿ͷܦ࿏্ͷࢬϥϕϧΛ࿈݁͢Δ͜ͱʹΑΓ෮͞ݩΕΔɽͦ͠
ͯɼC-TrieͱɼTrieʹ͓͚ΔذΛͨ࣋ͳ͍અΛআ͠ɼࢬ
ʹจྻࣈͷϥϕϧΛ༩͑Δ͜ͱʹΑΓߏங͞ΕΔߏͰ͋Δɽ
ਤ 1aʹɼจूྻࣈ߹ S ex = {ideal,ideas,ideology,tea,
techie,technology,tie,trie}ʹର͢Δ C-TrieͷྫΛࣔ͢ɽ

C-Trie Λ༻͍ͨѹॖจࣙྻࣈॻͱͯ͠ΒΕΔͷ͕ɼຊڀݚ
ͷಈػͰ͋ΔɼాʹΑͬͯఏҊ͞ΕͨMARISAʢMatching
Algorithm with Recursively Implemented StorAgeʣ[5] Ͱ͋
ΔɽMARISA ͱɼC-Trie ͷϥϕϧѹॖʹ C-Trie Λ༻͍Δͱ
͍͏ॲཧΛؼ࠶తʹ܁Γฦ͢͜ͱͰߏங͞ΕΔσʔλߏͰ͋Δɽ
͜͜ͰMARISAΛߟࢀʹɼC-Trieͷѹॖʹࣙॻූ߸ԽΛ༻͍
Δํ๏Λઆ໌͢Δɽ

C-Trieͷѹॖʹࣙॻූ߸ԽΛ༻͍Δ߹ɼͦͷରͱͳΔͷ
ϥϕϧͰ͋ΔɽMARISAࢬ Ͱࢬϥϕϧʹؔͯ͠ɼ͞ 1 ͷϥ
ϕϧͱ͞ 2Ҏ্ͷϥϕϧΛ۠ผ͠ɼऀޙΛࣙॻූ߸ԽʹΑΓ
ʹஔ͖͑ΔɽԾʹઅ vʹࢬ͏͔ͷϥϕϧΛ֨ೲͨ͠
ྻΛ L[v]ͱ͢ΔͱɼLྻ L′ ͱϏοτྻ F Λ༻͍ͯҎԼͷΑ
͏ʹஔ͖͑ΒΕΔɽ

• |L[v]| = 1ͷ߹ɼL′[v]← L[v]͔ͭ F[v]← 0ɽ
• |L[v]| ≥ 2ͷ߹ɼจྻࣈ L[v]Λࣙॻූ߸Խ͠ಘΒΕΔ IDΛ

iv ͱ͢ΔͱɼL′[v]← iv ͔ͭ F[v]← 1ɽ
ਤ 1aͷC-TrieΛɼMARISAͱಉ༷ͷํ๏Ͱࣙॻූ߸ԽʹΑΓ

දྫͨ͠ݱΛਤ 1bʹࣔ͢ɽMARISAͰɼͷදݱʹ LOUDS
Λ༻͍͍ͯΔͨΊɼLࢬϥϕϧΛ෯༏ઌॱʹฒͨ݁ՌͰ͋Γɼ
ࣙॻූ߸ԽΛ༻͍ͯ LͷΘΓʹ L′ͱ F͕ಘΒΕΔɽBʹର
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(a) C-Trieɽ֤จྻࣈͷऴʹҐஔ͢Δઅ͕
Ͱඳ͔Ε͍Δ࢛֯

Dictionary	encoding
_BtaEeCFlsaACD
01001011000111

L’
F

12345678901234

|ide|t|a|ology|e|ie|rie|l|s|a|ch|ie|nologyL

12___3_4_5_____6_7__8___9_0_1_2__3__4

ch
ide
ie
nology
ology
rie

A
B
C
D
E
F10110110111011001100000011000

00001011111011
B
T

12345678901234567890123456789

(b) C-Trie ͷදݱ
ਤ 1: S ex ʹର͢Δ C-Trieɼٴͼදݱͷྫ

͢Δ LOUDSදݱͰ͋ΓɼT અ v͕จྻࣈͷऴʹҐஔ͢Ε
 T [v] = 1ͱͳΔΑ͏ͳϏοτྻͰ͋ΔɽT จྻࣈͷऴΛද
͚ͩ͢Ͱͳ͘ɼRank/SelectʹΑΓઅ ID͔Β [1, |S |]ͷจࣈ
ྻ IDͷࣸ૾Λ༩͑ΔׂՌͨ͢ɽ͜ͷͱ͖ɼLookup/Access
ҎԼͷΑ͏ʹ࣮͞ߦΕΔɽLookup(s)ɼsΛߏ͢ΔจࣈʹΑ
Γ͔ࠜΒ༿ vભҠ͠ɼRank1(T, v)Ͱͦͷ IDΛฦ͢ɽAccess(i)
ɼSelect1(T, i) ʹΑΓ෮͍ͨ͠ݩจྻࣈͷऴʹҐஔ͢Δઅ
ID Λऔಘ͠ɼ͔ͦ͜Βࠜ·ͰͷࢬϥϕϧΛ࿈݁͢Δ͜ͱͰొ
จྻࣈΛ෮͢ݩΔɽ͜ΕΒૢࢬ͍͓ͯʹ࡞ϥϕϧΛࢀর͢Δͱ͖ɼ
F[v] = 1Ͱ͋Ε L′[v]ʹ֨ೲ͞Εͨ IDΛ༻͍ͯࣙॻ͔Βࢬϥϕ
ϧΛਵ࣌෮͢ݩΔɽ

3. 2 Path-Decomposed TrieʢPD-Trieʣ
PD-TrieͱɼTrieΛઅ͔Β༿·Ͱͷܦ࿏ʹղ͢Δૢ࡞ʢPath
DecomposionʣΛؼ࠶తʹ܁Γฦ͢͜ͱʹΑΓߏங͞ΕΔߏ
Ͱ͋Γɼ֤અ͕֤ܦ࿏ʹରԠ͢Δɽ͜͜Ͱɼ·ͣॳΊʹɼਤ
2ʹࣔ͢ྫΛ༻͍ͯ Grossiͱ Ottaviano [2]ʹΑΔจࣙྻࣈॻʹ
ͮ͘ج PD-Trieͷσʔλߏɼٴͼैདྷͷ࣮ํ๏Λઆ໌͢Δɽ
ʹ͍ͭͯఏߏɼࣙॻූ߸ԽΛѹॖʹద༻͢ΔͨΊͷσʔλʹ࣍
Ҋ͢Δɽ
ਤ 2bʹࣔ͢ߏɼਤ 2aͷ TrieΛ࣮ઢͰ͕ܨΕͨܦ࿏͝

ͱʹղ͠ߏங͞Εͨ PD-TrieͰ͋Γɼ֤અʹ Trieͷ֤ܦ
࿏Λද͢અϥϕϧɼ֤ࢬʹذจ͕ࣈਵ͍ͯ͠Δɽઅϥ
ϕϧʹؚ·ΕΔ 1,2, ... ͱ͍͏จࣈ Σ ʹؚ·Εͳ͍ಛघจࣈͰ
͋Γɼ͕͋ذΔՕॴͱذΛ͍ࣔͯ͠Δɽ͜͏ͨ͠ PD-Trie
ҎԼͷखॱͰߏங͞ΕΔɽ·ͣɼTrieͷ͔ࠜΒҙͷ༿·Ͱͷ
࿏ܦ πΛબ͢Δɽ࣍ʹɼܦ࿏ π্ͷࢬͷจࣈͱɼ֤અʹ͓͍
ͯ෦ Trie͕ਨΕԼ͕͍ͬͯΔ߹ʹɼͦͷ෦ TrieͷΛ
ࣔ͢ಛघจࣈ ∈ {1,2, ...} ͱΛ࿈݁͢Δ͜ͱͰಘΒΕΔจྻࣈΛɼ
PD-Trieͷࠜ vπ ͷઅϥϕϧͱ͢Δɽࠜ vπ ͷࢠɼܦ࿏ π͔Β
ਨΕԼ͕Δ෦ Trieʹର͢Δ PDTͷࠜͱͯ͠ؼ࠶తʹఆٛ͢Δɽ
͜ͷͱ͖ɼࢠͷذจࣈʹ֤෦ Trieࢬ͏͔ͷϥϕϧΛ
༩͑Δɽ

Trieͷղʹؔͯ͠ɼͲͷࢠΛ୧Γܦ࿏Λબ͢Δ͔ҙͰ
͋Δ͕ɼ͜ͷྫͰHeavy PathͱݺΕΔܦ࿏Λબ͍ͯ͠Δɽ
Heavy Pathͱɼࢠͷબʹ͓͍ͯɼͦͷࢠΛࠜͱ͢Δ෦
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(a) Trieɽͨͩ͠ɼ֤༿ʹܦ͏࿏্ͷ෦અ
লུ͍ͯ͠Δɽ
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(b) PD-Trieɽ֤અͷࠨ෦અ IDɼӈ෦અϥ
ϕϧΛද͍ͯ͠Δ

Dictionary	encoding
GFADCBAEL’

12345678

1t2e1ch1ie|ology||ie|e|de1a1l||logyL 

1__________2____3_4__5_6_____7_8

de1a1l
e
ie
logy
ology
1t2e1ch1ie

A
B
C
D
E
F
G

irianos
((((((()))))))(()))

E 
B

1234567890123456789

(c) PD-Trie ͷදݱ
ਤ 2: S ex ʹର͢Δ TrieɼPD-Trieɼٴͼͦͷදݱͷྫ

Ͱ࠷ଟ͘ͷ༿Λࢠͭ࣋Λબ͠ଓ͚Δ͜ͱʹΑΓಘΒΕΔܦ࿏
Ͱ͋ΔɽHeavy Path Λબ͠ Trie Λղ͢Δૢ࡞ɼҰൠʹ
Centroid Path DecompositionʢCPDʣͱݺΕɼCPDʹΑΓ
ಘΒΕΔ PD-Trie ͷ͞ߴߴʑO(log |S |) ͱͳΔ͜ͱ͕ΒΕͯ
͍Δɽ͢ͳΘͪɼCPDઅؒͷϥϯμϜΞΫηεͷճΛ੍
͠ɼΩϟογϡޮͷΑ͍ TrieࣙॻΛߏஙͰ͖ΔɽຊߘͰ CPD
ʹΑΔ PD-TrieͷߏΛલఏͱ͢Δɽ

PD-Trieͷදݱʹؔͯ͠ɼ֤અ vઅϥϕϧΛ֨ೲͨ͠ Lvɼ
અ v͔Βग़ΔذจࣈΛٯॱʹ֨ೲͨ͠ Evɼઅ vͷ DFUDS
දݱ Bv ʹΑΓද͞ݱΕΔɽઅ൪߸ਂ͞༏ઌॱʹ༩͑ΒΕɼ
Lv, Ev, BvΛઅ൪߸ͷॱʹ࿈݁͢Δ͜ͱʹΑΓಘΒΕΔྻ L, E, B
ʹΑΓ PD-Trieද͞ݱΕΔʢਤ 2cʣɽPD-Trieʹ͍ͭͯදݱ
ํ๏ͷհʹཹΊΔͨΊɼLookup/Accessͷ࣮ํߦ๏ʹ͍ͭͯ
ஶจݪ [2]Λ͞ߟࢀΕ͍ͨɽ

ैདྷͷ࣮ LɼΣ′ = Σ∪ {1,2, ...,σ− 1}͔ΒͳΔจࣈΛཁૉͱ
͠ɼ࣮ࡍ Σ = [0, 256)ͳ͜ͱ͔Β Σ′ = [0, 511)Ͱ͋Δɽ͜ͷ Lͷ
࣮ʹؔͯ͠ɼจݙ [2]Ͱ 2ͭͷख๏ΛఏҊ͍ͯ͠Δɽ

1 ͭɼL Λ Vbyte [16] ʹΑΓόΠτྻʹஔ͖͑Δ୯७ͳ
ख๏Ͱ͋Δɽ͜ͷͱ͖ɼΣ′ ͷ֤Λ L ʹ͓͍ͯग़ݱස͕େ͖
͍ॱʹ 0 ͔ΒׂΓৼΔ͜ͱͰɼੜ͞ΕΔόΠτྻΛখ͘͢͞
Δ͜ͱ͕Ͱ͖Δ1ɽ͏ 1 ͭɼL Λ Re-Pair [9] ʹΑΓѹॖ͢

1จݙ [2] ͷ࣮Ͱɼӳจʹର͠େͷจ͕ࣈ [0, 128) ͷΛऔΔ
͜ͱΛલఏͱ͍ͯ͠ΔͨΊɼ͜ͷΑ͏ͳ͍ͯ͠ࢪͳ͍ɽ

ideal
ideas
ideology
tea
techie
technology
tie
trie

ideal
4 s
3 ology
0 tea
techie
4 nology
1 ie
1 rie

ideal
4 E
3 C
0 F
techie
4 B
1 A
1 D

Dictionary	encoding

Front-
Coding

ideal$techie$
17
430411
ECFBAD

H
P
C
L

1234567890123

ie
nology
ology
rie
s
tea

A
B
C
D
E
F

ਤ 3: S ex ʹର͢Δ Front-Codingͷྫ

Δख๏Ͱ͋Δɽͨͩ͠ɼΦϦδφϧͷ Re-Pair ͷ࣮Ͱͳ͘ɼ
Approximate Re-Pair [17]ʹमਖ਼ΛՃ࣮͑ͨΛద༻͍ͯ͠Δɽ
͜ͷ࣮Ͱɼ͋ΔఔͷѹॖΛ٘ਜ਼ʹɼѹॖίετͱ෮ݩί
ετΛҰఆʹ͑Δ͜ͱ͕Ͱ͖Δɽ·ͨɼͲͪΒͷख๏ʹରͯ͠
ɼL ʹ͓͚Δઅϥϕϧͷڥք Elias-Fano දݱΛ༻͍ͯه
Ա͓ͯ͘͠ɽ

ࣙॻූ߸ԽΛ༻͍ͨѹॖ ࣙॻූ߸ԽΛ༻͍ͨ PD-TrieͷѹॖͰ
ɼLʹؚ·ΕΔ֤અϥϕϧʢۭจྻࣈؚΉʣʹରࣙ͠ॻූ
߸ԽΛద༻͢Δɽਤ 2cͷ L′ ɼLͷ֤અϥϕϧΛࣙॻූ߸Խ
͠ɼIDʹஔ͖݁ͨ͑ՌͰ͋Δɽ͜ͷͱ͖ɼઅϥϕϧ Vbyte
ʹΑΓόΠτྻʹมࣙ͠ॻූ߸ԽΛద༻͢ΔɽL′ ୯ͳΔ
ྻʹͳΔͨΊɼ୯७ͳݻఆྻͱͯ͠ཧͰ͖ɼ֤અϥϕ
ϧͷڥքΛهԱ͢Δඞཁͳ͘ͳΔɽ

3. 3 Front-Coding
Front-Codingͱɼࣙॻࣜॱʹྻ͞Εͨจूྻࣈ߹ʹର͠ɼ֤
จྻࣈΛͦͷલͷจྻࣈͱͷ࠷ڞ௨಄ࣙͱɼͨͬඌ
ࣙͷϖΞʹූ߸Խ͢Δٕ๏Ͱ͋Δɽࣗવޠݴ URLͳͲɼ࣮ࡍ
ͷίʔύεʹͨࣅΑ͏ͳ಄͕ࣙଟ͘ݱΕΔͱ͍͏ಛΛར༻
͠ѹॖ͢Δɽࣙॻͱ֤ͯ͠จྻࣈʹϥϯμϜΞΫηε͍ͨ͠߹
ʹɼจूྻࣈ߹ΛҰఆݸͷจ͔ྻࣈΒͳΔόέοτʹׂ͠ɼ
όέοτͷ࠷ॳͷจྻࣈʢϔομʔʣΛූ߸Խͤͣʹͦͷ··֨
ೲ͓ͯ͘͠ɽ͜ͷͱ͖ɼจྻࣈͷ IDࣙॻࣜॱʹׂΓৼΒΕΔɽ
ਤ 3ͷ্෦ɼόέοτͷαΠζΛ 4ͱͯ͠ S exʹ Front-Coding
Λద༻ͨ͠߹ͷྫΛ͍ࣔͯ͠ΔɽLookupɼϔομʔʹର͢
Δೋ୳ࡧʹΑΓɼͦͷจؚ͕ྻࣈ·Ε͍ͯΔόέοτΛಛఆ͠ɼ
ͦͷதΛஞ࣍తʹௐΔ͜ͱͰ࣮͞ߦΕΔɽAccessɼड͚औͬ
ͨ ID͔ΒόέοτͱɼͦͷόέοτͰͷΦϑηοτΛࢉग़͠ɼ
ϔομʔ͔Βॱʹ෮͍ͯ͘͜͠ݩͱͰ࣮͞ߦΕΔɽ

ैདྷͷ࣮ Front-CodingΛ༻͍ͨࣙॻͷ୯७ͳ࣮ͱͯ͠ɼ
[1]ͰఏҊ͞ΕͨPlain Front-CodingʢPFCʣ͕ ͋͛ΒΕΔɽPFC
ɼऴจ͕ࣈ༩͞ΕͨจྻࣈͱɼVbyteʹΑΓόΠτྻʹஔ
௨಄ࣙΛɼϝϞϦ্ʹ࿈ଓͯ͠ஔ͠ɼ֤ڞΒΕ͖ͨ͑
ϔομʔͷઌ಄ҐஔΛهԱ͓ͯ͘͠σʔλߏͰ͋Δɽ·ͨ [1]
Ͱɼೋ୳ࡧͷରͱͳΔϔομʔҎ֎ͷόΠτྻʹର͠ Re-
PairΛద༻͢Δ͜ͱͰɼPFCΛѹॖ͍ͯ͠Δ2ɽఏҊऀͷ࣮Ͱ
ɼNavarroʹΑΓެ։͞Ε͍ͯΔΦϦδφϧʹ͍ۙ Re-Pair࣮
ʢhttps://www.dcc.uchile.cl/∼gnavarro/software/ʣΛ࠾༻ͯ͠
͍Δɽ

2จݙ [1] Ͱɼଞʹ Hu-Tucker ූ߸ [7] Λ༻͍ͨϔομʔͷѹॖ
ఏҊ͍ͯ͠Δ͕ɼຊߘͰϔομʔҎ֎ͷจྻࣈʹର͠ɼRe-PairΛద
༻ͨ͠߹ͱࣙॻූ߸ԽΛద༻ͨ͠߹ͱͷൺֱΛతͱ͍ͯ͠ΔͨΊɼ
ϔομʔͷѹॖʹ͍ͭͯධՁ͍ͯ͠ͳ͍ɽ
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ࣙॻූ߸ԽΛ༻͍ͨѹॖ ࣙॻූ߸ԽΛ༻͍ͨ Front-Codingͷ
ѹॖͰɼPFCͷѹॖͱಉ͘͡ϔομʔҎ֎ͷจྻࣈΛࣙॻූ߸
ԽʹΑΓ IDʹஔ͖͑Δɽਤ 3ͷԼ෦ʹͦͷྫΛࣔ͢ɽຊఏҊ
ʹ͓͚Δ Front-CodingࣙॻɼϔομʔจྻࣈΛ֨ೲ͢ΔͨΊ
ͷྻ H ͱɼϔομʔͷ֤ઌ಄ҐஔΛࣔ͢ϙΠϯλͷྻ Pɼڞ
௨಄ࣙΛ֨ೲ͢Δྻ Cɼࣙॻූ߸ԽʹΑΓಘΒΕͨ IDΛ
֨ೲ͢Δྻ LʹΑΓߏ͞ΕΔɽ

4. จࣙྻࣈॻѹॖͷͨΊͷจࣙྻࣈॻ
දهͷࠞಉΛආ͚ΔͨΊɼจࣙྻࣈॻͷѹॖΛతͱͯ͠༻͍

ΒΕΔจࣙྻࣈॻΛɼຊߘͰิॿจࣙྻࣈॻͱݺͿɽิॿจྻࣈ
ࣙॻɼઅͰհͨ͠Α͏ʹɼTrie Front-CodingʹΔจ
ΛผྖҬͰอ͢ΔͨΊྻࣈɼͦΕΒจ͑Λʹஔ͖ྻࣈ
ʹ༻͍ΒΕΔɽͨͩ͠ɼຊ༻్Ͱิॿจࣙྻࣈॻ͕จྻࣈʹׂ
ΓͯΔ IDʹ͍ͭͯɼͦͷҬΛ੍͠ݶͳ͍ɽLookup/Access
ʹ͓͍ͯจྻࣈΛ෮͢ݩΔ༻్Ͱ༻͍ΒΕΔิॿจࣙྻࣈॻʹͭ
͍ͯɼఏ͢ڙ͖ૢ࡞ΛҎԼʹఆٛ͢Δɽ

• Restore(i)ɿID iʹରԠ͢ΔจྻࣈΛ෮͢ݩΔɽ
• Compare(i, q)ɿRestore(i)ͱΫΤϦจྻࣈ qΛൺֱ͢Δɽ
Restore Accessͱಉ༷ͷૢ͕ͩ࡞ɼදهͷࠞಉΛආ͚Δͨ

ΊʹվΊͯఆٛͨ͠ɽCompare  Lookup ͼग़͞Εݺ͍͓ͯʹ
Δૢ࡞Ͱ͋ΔɽRestore͕࣮ߦͰ͖Ε Compare࣮ߦͰ͖Δ
͕ɼRestore෮͢ݩΔจྻࣈΛඞͣޙ࠷·ͰಡΈࠐΉͷʹର͠ɼ
CompareΫΤϦͱϛεϚονͯ͠Δ߹ɼޙ࠷·ͰಡΈࠐΉඞ
ཁͳ͍ɽ
ຊઅͰɼҎԼͷ͜ͱΛิྀ͠ߟॿจࣙྻࣈॻΛఏҊ͢Δɽ
• Ұճͷ Lookup ·ͨ Access ʹ͓͍ͯɼCompare ·ͨ

Restoreෳճݺͼग़͞ΕΔɽͦͷͨΊɼจࣙྻࣈॻҎ্
ΕΔɽ͞ࢹॏཁ͕ؒ࣌ߦ࣮ʹ

• Trie Front-CodingʹΑͬͯɼ಄͕ࣙڞ༗͞Εߏங͞Ε
ͨࣙॻʹΔ෦จྻࣈΛอͷରͱ͢Δɽ͜ΕΒͷจ
ΕΔ͜ͱ͕༧͞ΕΔɽݱΑ͏ͳඌ͕ࣙଟͨ͘ࣅɼʹྻࣈ

4. 1 ୯७ͳඌࣙซ߹
ิॿจࣙྻࣈॻΛ࣮͢ݱΔ࠷୯७ͳσʔλߏɼऴจࣈΛ
༩ͨ͠จྻࣈΛϝϞϦ্ʹ࿈ଓͯ͠ஔ͠ɼ֤จྻࣈͷઌ಄Ґ
ஔΛ IDͱͯ͠ಘΔख๏Ͱ͋Δɽ͜ͷͱ͖ɼ͋Δจ͕ྻࣈଞͷจࣈ
ྻͷඌࣙʹؚ·ΕΔ߹ɼͦΕΒΛซ߹͢Δ͜ͱ͕Ͱ͖Δɽ͜
ʹங͞ΕΔྻҰൠߏͯ͠͏ TAIL ͱݺΕΔ [4, 5]ɽޙʹࣔ
͢ Reverse Trie Back-CodingͱൺΔͱɼซ߹Ͱ͖Δจྻࣈ
ͷׂ߹গͳ͍͕ɼ୯७ͳจྻࣈͱͯ͠ߴʹࢀরͰ͖Δɽ

4. 2 Reverse Trie
ຊߘͰɼจྻࣈΛ͔ํޙΒซ߹͢Δ͜ͱʹΑͬͯߏங͞ΕΔ
Trie Λ Reverse Trie ͱݺͿɽReverse Trie Ͱɼจྻࣈͷऴ
͕ࠜʹରԠ͠ɼ༿͔Βࠜͷํʹ୧Δ͜ͱͰొจ͕ྻࣈ෮
ͱͳΔઅ࢝ͷྻࣈͰ͖Δɽ͢ͳΘͪɼจݩ IDΛอ͓ͯ࣋͠
͘͜ͱͰɼRestore Compare͕࣮ߦͰ͖Δɽ͜͜ͰɼCom-
pact TrieΛ༻͍ͨReverse Trieͷ࣮Ͱ͋ΔReverse Compact
TrieʢRC-TrieʣͱɼPD-TrieΛ༻͍࣮ͨͰ͋ΔReverse Path-
Decomposed TrieʢRPD-Trieʣͷ 2छྨͷσʔλߏʹ͍ͭͯ
આ໌͢ΔɽRC-Trie ɼMARISA ͷิॿจࣙྻࣈॻͱͯ͠༻͍
ΒΕ͍ͯΔطଘͷ࣮ख๏Ͱ͋ΔɽRPD-TrieɼຊߘͰ৽ͨʹ
ఏҊ͢ΔσʔλߏͰ͋ΓɼRC-TrieΑΓߴʹߋͳ෮ݩΛఏ
ॻͷ࣮Ͱ͋ΔɽࣙྻࣈΔิॿจ͢ڙ

Reverse Compact TrieʢRC-Trieʣ RC-TrieɼઅͰઆ໌
ͨ͠ํ๏ͱಉ༷ͷ࣮ͰɼReverse Trie ʹΑΔࣙॻΛ࣮͢ݱΔɽ
ͨͩ͠ɼ֤અ ID Λจྻࣈͷ ID ͱͯ͠༩͑ɼ͔ͦ͜Βࠜʹ
͔ͬͯ୧Δ͜ͱͰจྻࣈΛ෮͢ݩΔͨΊɼ֤จྻࣈͷऴΛද͢
Ϗοτྻ T ඞཁͱ͠ͳ͍ɽRC-Trie·ͨɼࣙॻූ߸ԽʹΑΓ
ѹॖ͞ΕΔσʔλߏͰ͋ΔɽMARISAͰ༧ΊܾΊͨͷͩ

e

h

y
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(a) Reverse Trie
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(b) RPD-Trie
ਤ 4: Reverse Trieͱ RPD-Trieͷྫ

͚ RC-TrieΛؼ࠶తʹߏங͠ɼʹޙ࠷Δจྻࣈ TAILʹΑΓ
อ͢Δɽ

Reverse Path-Decomposed TrieʢRPD-Trieʣ RC-Trie
ΑΓߴͳ Reverse Trieͷ࣮Λ͑ߟΔ߹ɼΩϟογϡޮ
ΛߴΊΔ Path Decomposionͷར༻͕༗ྗͳબࢶͱͳΔ͕ɼจ
ݙ [2]ͷ࣮Ͱɼ֤અϥϕϧΛઌ಄͔ΒಡΈࠐΜͰ͍͘ඞཁ͕
͋ΔͨΊɼCompareʹ͓͚ΔϛεϚονΛଈݕʹ࠲ग़Ͱ͖ͳ͍ɽ
ͦ͜ͰɼิॿจࣙྻࣈॻͷͨΊͷ PD-Trieͷ࣮ɼRPD-TrieΛ
ҎԼʹఏҊ͢Δɽ
ิॿจࣙྻࣈॻͷͨΊͷReverse TrieͰɼࢠΛಛఆ͢Δૢ࡞

Λඞཁͱ͠ͳ͍ͨΊɼRPD-Trieͷ࣮จݙ [2]ͷ࣮ͱൺ୯
७Ͱ͋Δɽਤ 1bͰ༻͍ΒΕ͍ͯΔิॿจࣙྻࣈॻΛReverse Trie
ʹΑΓ࣮ྫͨ͠ݱΛਤ 4aʹɼͦΕʹର͢Δ RPD-TrieͷྫΛਤ
4bʹࣔ͢ɽઆ໌ͷ߹্ɼReverse Trieʹऴจࣈ $ʹΑΓ
εʔύʔϧʔτΛ༩͍ͯ͠Δɽਤ 4bͷ RPD-TrieɼReverse
Trieʹ CPDΛద༻͠ɼ෯༏ઌॱʹઅ IDΛׂΓͯΔ͜ͱʹ
ΑΓߏங͞Ε͍ͯΔɽࢠΛಛఆ͢Δඞཁ͕ͳ͍ͨΊɼذใΛ
ࣔ͢ಛघจࣈ 1,2, ...ؚ·Ε͍ͯͳ͍ɽ

RPD-Trieͷදݱʹɼ3ͭͷྻ L, B, PΛ༻͍ΔɽLɼRPD-
Trieͷ֤અʹରͯ͠ɼͦͷઅ͏͔ذจࣈʢεʔύʔϧʔ
τҎ֎ʣͱઅϥϕϧΛ࿈݁͢Δ͜ͱʹΑΓಘΒΕΔจྻࣈΛɼઅ
 IDॱʹ࿈݁͢Δ͜ͱʹΑΓಘΒΕΔจྻࣈͰ͋ΔɽBɼL[i]
͕ذจࣈͳΒ B[i] = 1ɼઅϥϕϧͳΒ B[i] = 0Ͱ͋ΔΑ͏ͳ
ϏοτྻͰ͋ΔɽPɼ֤͕ࢬઅϥϕϧͷͲͷҐஔ͔Β͠ذ
͖͔ͯͨΛࣔ͢ྻͰ͋ΓɼL্ͷఴࣈΛઅ IDॱʹ֨ೲ͢
ΔɽRPD-Trieɼ֤จྻࣈͷ࢝ʹҐஔ͢Δ L্ͷఴࣈΛจࣈ
ྻͷ IDͱͯ͠ൃ͢ߦΔɽ͜ͷͱ͖ɼRPD-Trieͷ Restore(i)
ҎԼͷखॱͰ࣮͞ߦΕΔɽ

(1) str Λۭจྻࣈͱͯ͠ॳظԽ͢Δɽ
(2) L[i] = $ͳΒ str Λฦ͠ऴྃ͢Δɽ
(3) str ͷඌʹ L[i]ΛՃ͑Δɽ
(4) B[i] = 1ͳΒ i← P[Rank1(B, i)]ɼB[i] = 0ͳΒ iΛσΫϦϝ
ϯτ͢Δ͜ͱͰࢀরҐஔΛߋ৽͠ɼ(2)Δɽ

ϝϞϦ༻ྔʹؔͯ͠ɼReverse Trie ͷઅΛ n ͱͨ͠
߹ɼL n⌈logσ⌉ϏοτɼB n+ o(n)Ϗοτཁ͢ΔɽP
ྻ͕ͩɼ෯༏ઌʹઅ൪߸ΛׂΓͯΔ͜ͱͰٛ୯ௐ૿Ճྻͱͳ
ΔͷͰɼElias-Fanoද͕ݱద༻Ͱ͖ΔɽԾʹ |P| = mͱͨ͠ͱ͖ɼ
P 2m + m⌈log n

m ⌉ + o(m)Ϗοτཁ͢Δɽ؆ܿʹΑΓ Reverse
TrieΛද͢ݱΔ߹ɼͦͷϝϞϦ༻ྔ 2n+n⌈logσ⌉+o(n)Ϗο
τͰ͋Γɼ͓͓Αͦ 2m+m⌈log n

m ⌉ < nͷͱ͖ɼRPD-Trie؆ܿ
දݱΑΓখ͘͞ͳΔɽ͜͜Ͱɼm Reverse Trieͷ༿ͷ͔Β
1ΛҾ͍ͨͰ͋Γɼਤ 4ͷྫʹݟΒΕΔΑ͏ʹɼnͱൺΔ
ͱ࣮ࡍʹ͔ͳΓখ͍͞ͱͳΔɽͦͷͨΊɼRPD-Trie؆ܿ
ͱಉɼͦ͘͠ΕҎ্ͷϝϞϦޮ͕ظͰ͖ɼ͔ͭΩϟο
γϡޮͷྑ͍෮ݩΛఏڙͰ͖Δɽ
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4. 3 Back-Coding
Front-Coding ͷٕ๏Λɼඌࣙʹର͠ద༻͢Δ͜ͱͰิॿจࣈ
ྻࣙॻΛ࣮͢ݱΔɽຊߘͰɼ͜ͷٕ๏Λ Back-CodingͱݺͿɽ
Back-CodingͰ Front-Codingͱಉ༷ʹɼจूྻࣈ߹Λόέο
τʹׂ͠ϔομʔ͔Βॱʹ෮͢ݩΔɽิॿจࣙྻࣈॻͰߴੑ
ͰڀݚΊΒΕΔͨΊɼຊٻ͘ڧ͕ Back-CodingΛ୯७ʹ PFC
ʹΑΓ࣮͢Δɽ
·ͨɼߴʹߋੑΛ͢ٻΔͨΊɼલͱͷจྻࣈͷࠩҟͰ

ͳ͘ɼ֤όέοτ͝ͱʹϔομʔͱͷࠩҟΛ༻͍ͯஔ͖͑Δํ
๏ [18]ิॿจࣙྻࣈॻʹద༻͢ΔɽຊߘͰɼ͜ͷٕ๏Λ Fast
Back-CodingʢFBCʣͱݺͿɽFBC ʹΑΔࣙॻͰɼ్தͷจ
ʑ2ճߴΔඞཁ͕ͳ͘ɼϝϞϦΛίϐʔ͢Δճ͕͢ݩΛ෮ྻࣈ
ͰࡁΉɽͨͩ͠ɼʹஔ͖͑ΒΕΔจ͕ྻࣈগͳ͘ͳΔɼ
ϝϞϦޮͱͷτϨʔυΦϑͱͳΔɽ

5. ΑΔධՁʹݧ࣮
ຊઅͰɼઅͰհͨ͠จࣙྻࣈॻʹର͠ɼઅͰհͨ͠ิॿจ

ॻʹΑΔѹॖΛద༻ͨ͠߹ͷੑʹؔͯ͠ධՁΛ༩͑Δɽࣙྻࣈ

5. 1 ઃఆݧ࣮
ɼIntelߏͷػࢉܭ͍ͨ༺ʹݧ࣮ Core i7 4.0 GHz CPUɼ
16 GB RAM (L2 cache 256 KB, L3 cache 8 MB) Ͱ͋Γɼ
OS  OS X 10.12 Ͱ͋Δɽࣙॻͷ࣮ޠݴ C++Ͱɼ࠷దԽ
Φϓγϣϯͱͯ͠-O3 Λࢦఆ͠ɼApple LLVM version 8.0.0
(clang-800.0.42.1) Λ༻͍ͯίϯύΠϧͨ͠ɽ࣮ؒ࣌ߦͷܭଌʹ
ɼstd::chrono::duration castΛ༻͍ͨɽ

σʔλߏ C-TrieɼPD-TrieɼFront-Coding Λϕʔεͱ͢Δ
จࣙྻࣈॻʹର͠ɼTAILɼRC-TrieɼRPD-TrieɼBack-Codingɼ
FBCͷ 5छྨͷิॿจࣙྻࣈॻʹΑΔѹॖΛͦΕͧΕద༻ͨ͠ɽ
RC-Trieʹؔͯ͠ɼ1ͭͷ RC-Trieͱ TAILʹΑΓߏ͞ΕΔࣙ
ॻͱɼ2ͭͷ RC-Trieͱ TAILʹΑΓߏ͞ΕΔࣙॻΛධՁͨ͠
ʢͦΕͧΕ RCT1ɼRCT2 ͱදهʣɽBack-Coding ͱ FBC ͷό
έοταΠζʹؔͯ͠ɼ4ɼ8ɼ16ͷ 3छྨΛධՁ͠ ʢͨͦΕͧΕ
BC4ɼBC8ɼBC16ɼFBC4ɼFBC8ɼFBC16ͱදهʣɽҐஔ͚
ͱͯ͠ɼTAILͱRC-Trie͕طଘͷิॿจࣙྻࣈॻɼRPD-Trieɼ
Back-CodingɼFBC͕ఏҊ͞ΕͨิॿจࣙྻࣈॻͱͳΔɽ

PD-TrieɼFront-Coding ʹؔͯ͠ɼิॿจࣙྻࣈॻΛ༻͍
ͳ͍ैདྷͷ࣮ख๏ൺֱʹ༻͍ͨɽPD-TrieͰɼઅϥϕϧ
ͷදݱʹ Vbyte ͱ Re-Pair Λ༻͍Δ 2 ͭͷ࣮ΛධՁͨ͠ʢͦ
ΕͧΕ PlainɼRe-Pair ͱදهʣɽFront-Coding ͰɼPFC ͱ
ͦΕʹ Re-PairΛద༻ͨ͠ 2ͭͷ࣮ΛධՁͨ͠ʢಉ͘͡ Plainɼ
Re-Pair ͱදهʣɽRe-Pair ͷ࣮ѥछؚΊ͍͔ͭ͘ଘ͢ࡏΔ
͕ɼຊ࣮ݧͰઅͰհͨ͠Α͏ʹɼͦΕͧΕͷఏҊऀ͕ࣙॻͷ
ѹॖʹద༻͍ͯ͠Δ Re-Pairͷ࣮Λ༻͍ͯɼϕʔεϥΠϯͱ͠
ͨɽ·ͨɼFront-CodingࣙॻͷόέοταΠζɼաڈͷ࣮ݧΛ
ʹߟࢀ 8Ͱ౷Ұͨ͠ɽ

ίʔύε ࣙॻͷߏஙʹɼҎԼͷ 3ͭͷίʔύεΛར༻ͨ͠ɽ
• S Wɿӳޠ൛ Wikipedia ͷݟग़͠ू߹ʢhttps://dumps.

wikimedia.org/enwiki/ʣ
• S IɿΠϯυγφॾࠃͷυϝΠϯ্ͰΫϩʔϧ͠ಘΒΕ
ͨ URL ू ߹ʢhttp://data.law.di.unimi.it/webdata/
indochina-2004/indochina-2004.urls.gzʣ

• S Uɿ.ukυϝΠϯ্ͰΫϩʔϧ͠ಘΒΕͨURLू߹ʢhttp://
data.law.di.unimi.it/webdata/uk-2005/uk-2005.urls.gzʣ

ද 1ʹίʔύεͷجຊతͳσʔλΛࣔ͢ɽʮαΠζʯੜσʔλ
ͷαΠζɼ͢ͳΘͪจྻࣈͷ߹ܭΛ͓ࣔͯ͠Γɼ୯ҐMiBͰ
͋ΔɽʮจྻࣈʯɼίʔύεͷॏෳΛআ͍ͨจྻࣈͷɼʮฏ
ʹΛ͍ࣔͯ͠ΔɽʮσʯɼίʔύεࣈจۉʯͦΕΒͷฏۉ
͓͍ͯ༻͍ΒΕ͍ͯΔจࣈͷछྨͷΛ͍ࣔͯ͠Δɽ

ද 1: ίʔύεʹؔ͢Δใ
αΠζ จྻࣈ ฏۉ σ

S W 227.2 11,519,354 20.7 199
S I 612.9 7,414,866 86.7 98
S U 2,723.3 39,459,925 72.4 103

ද 2: ࣙॻʹݱΕΔจྻࣈʹؔ͢Δใ
(a) S W

αΠζ จྻࣈ-લ จྻࣈ-ޙ ฏۉ
C-Trie 90.9 11,580,413 3,027,555 12.8
PD-Trie 90.3 11,519,354 3,762,732 14.4
Front-Coding 83.0 10,079,434 2,921,168 13.5

(b) S I

αΠζ จྻࣈ-લ จྻࣈ-ޙ ฏۉ
C-Trie 135.8 6,472,460 1,251,149 39.1
PD-Trie 134.6 7,414,866 1,300,192 44.7
Front-Coding 121.6 6,488,007 1,204,600 42.5

(c) S U

αΠζ จྻࣈ-લ จྻࣈ-ޙ ฏۉ
C-Trie 663.3 41,001,910 11,396,164 32.5
PD-Trie 655.4 39,459,925 11,958,074 35.2
Front-Coding 591.7 34,527,434 10,756,301 34.2

·ͨɼ͜ΕΒίʔύε͔Β C-TrieɼPD-TrieɼFront-Coding
ʹΑͬͯࣙॻΛߏஙͨ͠߹ʹɼࣙॻූ߸Խͷରͱͯ͠ݱΕΔ
จྻࣈʹؔ͢ΔใΛද 2ʹࣔ͢ɽʮαΠζʯݱΕͨจྻࣈͷ߹
Λࣔ͠ྻࣈ-લʯͦͷจྻࣈΛMiBͰ͓ࣔͯ͠Γɼʮจܭ
͍ͯΔɽʮจྻࣈ-ޙʯ͔ͦ͜ΒॏෳΛআ͍ͨ߹ͷจྻࣈΛ
͓ࣔͯ͠ΓɼʮฏۉʯͦͷฏۉจࣈΛ͍ࣔͯ͠Δɽද 2͔Β
͔ΔΑ͏ʹɼॏෳΛআ͚ͩ͘ͰจྻࣈΛ ͢ݮʹ33%–18
Δ͜ͱ͕Ͱ͖Δɽ

5. 2 ݁ՌͱධՁ
ද3ʹ࣮݁ݧՌΛࣔ͢ɽ֤ ྻͷ߲ʹ͍ͭͯɼʮߏஙؒ࣌ʯࣙॻͷߏ
ஙʹཁͨؒ࣌͠Ͱ୯ҐඵɼʮѹॖʯίʔύεͷੜσʔλͷαΠ
ζʹର͢ΔѹॖͰ୯Ґ%ɼʮLookupʯͱʮAccessʯͦΕͧΕ
1ճͨΓͷ࣮ؒ࣌ߦͰ୯ҐϚΠΫϩඵͰ͋ΔɽLookup/Access
ͷ࣮ؒ࣌ߦΛܭଌ͢ΔͨΊʹɼίʔύε͔ΒϥϯμϜʹநग़ͨ͠
100ສݸͷจྻࣈɼٴͼͦͷจྻࣈʹରԠ͢Δ 100ສݸͷ IDΛ
༻͍ͨɽͦΕͧΕɼ10ճͷ͔ߦࢼΒಘΒΕͨ݁ՌͷฏۉͰ͋Δɽ

C-Trieͷ݁Ռʢද 3aʣʹର͢ΔධՁ ɼ͍ͯؔ͠ʹؒ࣌ஙߏ
ͣΕ TAIL͕ߴͰ͋ΓɼPRDT͕Ͱ͋ͬͨɽ͔͠͠ɼͦ
ͷࠩߴʑ1.4ഒͰ͋ΓେࠩͰͳ͍ɽѹॖʹؔͯ͠ɼRCT2
͕૯ͯ͘͡ߴɼLookup/Accessͷ࣮ؒ࣌ߦʹؔͯ͠ɼTAIL͕
૯ͯ͡༏Ε͍ͯͨɽ৽ఏҊͷิॿจࣙྻࣈॻʹؔͯ͠ɼS W ͷΑ
͏ʹฏۉ͕ൺֱత͍߹ʹ RPDT ͕ɼS I  S U ͷΑ͏ʹ
͍߹ʹ FBC4͕ɼશମͷόϥϯεͱͯ͠༏Ε͍ͯͨɽ͔͠
͠ɼͲͪΒͷੑ TAILͱ RCT1ͷؒʹҐஔ͠ɼC-Trieʹద
༻͢Δ্ͰಛผͲͷิॿจࣙྻࣈॻ͕༏Ε͍ͯΔͱ͍ͬͨ݁Ռ
ಘΒΕͳ͔ͬͨɽ

PD-Trie ͷ݁Ռʢද 3bʣʹର͢ΔධՁ ɼͯؔ͠ʹؒ࣌ஙߏ
͍ͣΕ Plain͕ߴͰ͋ͬͨɽิॿจࣙྻࣈॻΛ༻͍ͨ߹ͷ
େͰ࠷ɼ͍ͣΕ͍ۙΛऔΓɼPlainͱൺͯؒ࣌ஙߏ 3.4ഒ
Ͱ͋ͬͨɽҰํɼRe-PairΛ༻͍࣮ͨɼߏஙίετΛҰ
ఆʹ͑ΔΑ͏ͳ࣮Λ͍ͯ͠ΔͷͷɼPlainͱൺͯ࠷େͰ
15ഒͰ͋ͬͨɽ͜ͷ͜ͱ͔ΒɼิॿจࣙྻࣈॻΛ༻͍ͨ
߹ͷߏஙίετɼৗʹ҆͘ఆ͍ͯ͠Δɽ
ิॿจࣙྻࣈॻʹ͓͍ͯɼѹॖʹؔͯ͠RCT2ɼBC16͕༏

Εͨ݁ՌͰ͋ΔͷͷɼLookup/Accessͷ࣮͕ؒ࣌ߦඇৗʹ
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ද 3: Ռ݁ݧ࣮
(a) C-Trie

S W S I S U
ؒ࣌ஙߏ ѹॖ Lookup Access ؒ࣌ஙߏ ѹॖ Lookup Access ؒ࣌ஙߏ ѹॖ Lookup Access

TAIL 8.5 34.0 1.11 1.13 8.3 11.7 1.47 1.87 48.1 19.0 2.46 2.65
RCT1 10.1 26.1 1.61 1.59 9.1 8.1 2.87 3.20 57.0 13.4 4.47 4.51
RCT2 10.4 24.9 1.68 1.67 9.3 7.2 3.44 3.82 59.5 12.1 5.22 5.22
RPDT 11.8 27.6 1.39 1.42 9.6 9.5 2.25 2.73 65.2 15.0 3.53 3.70
BC4 11.2 30.8 2.05 1.37 9.2 9.6 4.26 2.55 61.4 15.5 5.24 3.59
BC8 11.1 29.2 2.23 1.45 9.2 9.1 5.67 3.56 61.3 14.6 5.87 3.95
BC16 11.1 28.3 2.59 1.63 9.2 8.8 7.45 4.66 61.1 14.1 7.07 4.64
FBC4 11.1 31.6 1.46 1.32 9.2 9.9 2.07 2.34 61.7 15.9 3.28 3.19
FBC8 11.1 30.9 1.53 1.36 9.3 9.8 2.37 2.61 61.2 15.5 3.47 3.29
FBC16 11.0 30.9 1.65 1.43 9.2 9.9 2.86 2.84 61.4 15.5 3.83 3.50

(b) PD-Trie

S W S I S U
ؒ࣌ஙߏ ѹॖ Lookup Access ؒ࣌ஙߏ ѹॖ Lookup Access ؒ࣌ஙߏ ѹॖ Lookup Access

Plain 2.1 49.6 1.25 1.42 2.5 24.5 1.39 1.78 12.8 27.1 1.89 2.26
Re-Pair 29.0 31.6 1.31 1.48 20.3 11.8 1.63 2.00 185.6 17.5 2.06 2.42
TAIL 4.7 41.7 1.13 1.26 4.0 13.5 1.23 1.56 24.1 20.7 1.67 1.96
RCT1 6.7 31.3 2.51 2.57 4.8 9.1 2.91 3.16 32.3 14.8 4.14 4.28
RCT2 7.2 29.3 3.66 3.63 5.0 8.2 4.55 4.75 35.5 13.4 6.55 6.57
RPDT 7.2 32.4 1.51 1.60 4.8 10.7 1.68 1.92 33.8 16.4 2.48 2.67
BC4 6.5 36.0 3.38 3.66 4.5 10.9 5.24 5.75 31.0 16.9 5.71 6.24
BC8 6.5 33.8 3.71 3.96 4.5 10.3 6.09 6.64 31.1 15.9 6.58 7.12
BC16 6.5 32.7 4.48 4.77 4.5 10.0 7.73 8.27 30.9 15.4 8.28 8.79
FBC4 6.5 37.0 1.61 1.74 4.5 11.3 1.78 2.08 31.1 17.3 2.42 2.69
FBC8 6.5 35.9 1.73 1.85 4.5 11.2 2.00 2.30 31.2 16.9 2.64 2.92
FBC16 6.5 35.9 1.97 2.12 4.5 11.3 2.40 2.73 31.2 16.9 3.03 3.33

(c) Front-Coding

S W S I S U
ؒ࣌ஙߏ ѹॖ Lookup Access ؒ࣌ஙߏ ѹॖ Lookup Access ؒ࣌ஙߏ ѹॖ Lookup Access

Plain 0.8 59.6 1.11 0.37 0.8 34.9 1.31 0.33 3.8 37.3 1.60 0.37
Re-Pair 470.9 36.5 2.09 1.31 1363.8 18.2 2.67 1.66 5861.6 22.3 3.29 1.91
TAIL 3.7 45.3 1.39 0.69 2.7 25.0 1.72 0.78 17.7 31.4 2.26 0.88
RCT1 5.2 37.4 2.42 1.50 3.6 21.1 2.30 1.22 26.7 25.7 3.84 2.13
RCT2 5.6 36.0 2.63 1.69 3.8 20.1 2.76 1.62 29.2 24.4 4.66 2.85
RPDT 6.2 38.7 1.95 1.10 3.9 22.3 2.13 1.08 30.6 27.1 3.31 1.73
BC4 5.7 41.9 1.82 1.03 3.6 22.5 2.27 1.22 27.3 27.7 3.00 1.54
BC8 5.6 40.2 2.01 1.19 3.6 22.0 2.60 1.54 27.2 26.8 3.40 1.87
BC16 5.6 39.4 2.36 1.56 3.6 21.7 3.37 2.30 27.3 26.4 4.31 2.72
FBC4 5.7 42.7 1.73 0.95 3.6 22.9 1.98 0.98 27.4 28.1 2.64 1.22
FBC8 5.7 42.0 1.78 1.01 3.6 22.7 2.04 1.04 27.4 27.7 2.72 1.30
FBC16 5.6 42.0 1.90 1.14 3.6 22.9 2.20 1.21 27.3 27.7 2.92 1.49

Ͱ͋Δɽѹॖͱ࣮ؒ࣌ߦͷόϥϯεͰ༏Ε͍ͯΔͷ RPDTͱ
FBC4ɼFBC8Ͱ͋ΓɼRe-PairͱൺͯɼS W ʹ͓͚Δ FBCΛ
আ͍ͯѹॖͱ࣮ؒ࣌ߦͰ͍ۙΛ͍ࣔͯ͠Δɽ͜ΕʹՃ͑ͯߏங
͍͜ͱ͕ɼैདྷͷѹॖʹର͢Δ͕ؒ࣌ RPDTͱ FBC4ɼFBC8
ͷརͱ͍͑Δɽ
·ͨɼ͖͢ͱͯ͠ɼPlain ΑΓ TAIL ͷํ͕

Lookup/Accessͷ࣮ؒ࣌ߦͰ্ճͬͨͱ͍͏͕͋͛ΒΕΔɽ͜
ͷཁҼͱͯ͠ɼࣙॻූ߸ԽʹΑΓ Elias-FanoදݱʹΑΔઅϥ
ϕϧͷڥքͷ෮͕ݩඞཁͳ͘ͳͬͨ͜ͱ͕͋͛ΒΕɼࣙॻූ߸Խʹ
ΑΔѹॖ͕ޮతʹಇ͍ͨ 1ͭͷྫͱ͍͑Δɽ·ͨɼTAILʹΑΔ
ѹॖɼS I  S U ͰRe-Pairͱൺ 2–3%͔͠ҧΘͳ͍ɽ෮ݩ
Λॏͨ͠ࢹଞͷσʔλѹॖΛ༻͍ͨͱͯ͠ɼ୯७ͳจࢀྻࣈ
রͰ͋Δ TAILΑΓߴʹͳΔͱͮ͑ߟΒ͘ɼLookup/Access
ͷ࣮ؒ࣌ߦΛॏ࣮ͨ͠ࢹʹ͓͍ͯɼTAIL༏ΕͨखஈͱͳΔɽ

Front-Coding ͷ݁Ռʢද 3cʣʹର͢ΔධՁ ɼؒ࣌ஙߏ
Lookup/Access ͷ࣮ߦʹؔͯ͠ɼPlain ͕૯ͯ͡࠷༏Ε

͍ͯΔ͕ɼѹॖʹؔͯ͠େ͖͘ྼΔ݁Ռͱͳͬͨɽิॿจྻࣈ
ࣙॻΛ༻͍࣮ͨͷߏஙؒ࣌ʹؔͯ͠ɼPlainʹٴͳ͍ͷ
ͷɼRe-PairͱൺɼS W Ͱ࠷େ 127ഒɼS I Ͱ࠷େ 505ഒɼS U Ͱ
େ࠷ 331ഒͱѹతʹߴͰ͋Δ͜ͱ͕Θ͔ͬͨɽFront-Coding
ͷ Re-PairͰɼΦϦδφϧʹ͍࣮ۙΛ͍ͯ͠Δͱ͍͏͜ͱʹ
ɽҰํͰɼѹॖʹ͍͕ͭͯͨͬҼ͠ɼ͜Ε΄Ͳʹ͕ࠩى
Re-Pair͕༏Ε͓ͯΓɼS I ͱ S U Ͱ࠷ίϯύΫτʹࣙॻΛߏ
ங͍ͯ͠Δɽ͔͠͠ɼѹॖʹͯ͠ Lookup/Access ͷ࣮࣌ߦ
ؒൺֱత͘ɼͦͷࠩ TAILͱൺͯ 1.5–2.2ഒɼFBC4ͱ
ൺͯ 1.2–1.7ഒͱͰ͋ͬͨɽ

ɼRPDTͱʹޙ࠷ FBC4ΛRe-Pairʹର͠ൺֱ͢ΔͱɼRPDT
ͱ FBC4 ѹॖͰ 2–6%ྼΔͷͷɼLookup/Access ͷ࣮ߦ
ؒ࣌ 1.1–1.7ഒߴͰ͋Γɼߏஙؒ࣌ 76–379ഒͱѹతʹ
ॻࣙྻࣈͰ͋Δɽ͜ΕΑΓɼิॿจߴ Re-PairΑΓ࣮ݱత
ͳѹॖखஈͱ͍͑Δɽ
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6. ͓ΘΓʹ
ຊߘͰɼจࣙྻࣈॻͷѹॖʹࣙॻූ߸ԽΛ༻͍Δํͮجʹࡦ

͖ɼطଘͷࣙॻߏʹࣙॻූ߸ԽΛద༻͢Δํ๏ɼٴͼࣙॻѹॖͷ
ͨΊͷࣙॻߏΛఏҊͨ͠ɽຊ࣮ݧͰɼPD-TrieɼFront-Coding
ͱʹɼͦΕͧΕͷఏҊऀ͕ద༻ͨ͠ Re-Pairͷ࣮Λϕʔεϥ
Πϯͱͯ͠༻͍͕ͨɼߏஙίετɼѹॖɼ෮ݩͳͲɼͲ͜ʹ
ॏΛஔ͔͘ʹΑͬͯɼRe-Pairͷ࣮ద༻͢Δσʔλѹॖ๏ͳ
Ͳʹબͷ༨͕͋Δɽ͔͠͠ɼRPDT FBCʹΑΓѹॖͨ͠
ࣙॻ Re-PairѹॖʹΑΔࣙॻͱൺɼѹॖɼLookup/Access
ͷ࣮ؒ࣌ߦͷτϨʔυΦϑʹ͓͍ͯಉͷੑΛࣔͭͭ͠ɼߏங
ίετʹؔͯ͠େ্͖͘ճͬͨͱ͍͏݁Ռ͔Βɼࣙॻූ߸ԽʹΑ
Δѹॖ༗ޮͳखஈͷ 1ͭͱͳΓಘΔɽͨͩ͠ɼຊ࣮ݧͰߏங
ʹ͓͚Δྖۀ࡞Ҭʹ͍ͭͯͷධՁΛ༩͑ΒΕ͍ͯͳ͍ͨΊɼͦΕ
ޙࠓͷ՝ͱͳΔɽ
·ͨຊߘͰɼจࣙྻࣈॻʹର͢Δࣙॻූ߸Խͷద༻Λ͠ߟ

͕ͨɼ෦తʹଟͷจݱ͕ྻࣈΕΔσʔλߏͰ͋Εɼಉ༷
ͷѹॖ͕ద༻Ͱ͖ΔɽͱΓΘ͚ɼPD-Trieͷద༻Ͱ Elias-Fano
ද͕ݱऔΓআ͚ͨΑ͏ʹɼจྻࣈΛʹஔ͖͑Δ͜ͱʹΑ
Γར͕͍ͤͩݟΔσʔλߏͰ͋Εɼࣙॻූ߸ԽʹΑΔѹॖ
ޮՌతͰ͋Δɽޙࠓͷ༧ఆͱͯ͠ɼͦ͏ͨ͠σʔλߏͷௐ
ࠪͱద༻࣮͕͛͋ݧΒΕΔɽ
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