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1. ͸͡Ίʹ
σʔλετϦʔϜʹର͢Δॏཁͳ໰୊ͷҰͭʹɼසग़

ΞΠςϜ໰୊ʢසग़஋໰୊ʣ͕͋Δɽ͍·ɼ͋Δू߹ Σ
ͷཁૉʢΞΠςϜʣ͕ઈ͑ؒͳ͘ೖྗ͞ΕΔσʔλετ
ϦʔϜΛ͑ߟΔɽ·ͨɼΣͷ֤ཁૉ͸ࣗવ਺ʹҰରҰʹ
ࣸ૾͞ΕΔ΋ͷͱ͢Δɽ͜ͷͱ͖ɼසग़஋໰୊ͱ͸ɼ༩
͑ΒΕͨᮢ஋Ҏ্ͷස౓ͰσʔλετϦʔϜதʹग़͢ݱ
Δࣗવ਺Λ͚ͭݟग़͢͜ͱͰ͋ΔɽσʔλετϦʔϜͷ
ੑ্࣭ɼ͢΂ͯͷ஋ͷग़ݱճ਺Λอ࣋͢Δͷ͸ଟ͘ͷه
Ա༰ྔΛඞཁͱ͢ΔͨΊɼසग़஋໰୊Λີݫʹղ͘͜ͱ
͸ࠔ೉Ͱ͋Δɽ͕ͨͬͯ͠ɼ͜͜Ͱ͸ɼग़ྗʹِཅੑͷ
ղؚ͕·ΕΔ͜ͱΛڐ༰͢Δ໰୊Λ͑ߟΔɽ

Cormode ͱ Hadjieleftheriou [1] ʹΑΔͱɼසग़஋໰
୊͸ೋछྨͷ໰୊ઃఆʢφසग़஋໰୊ͱ ϵۙࣅසग़஋໰
୊ʣʹ େผ͞Εɼطଘख๏͸ͭࡾͷํࡦʢܭ਺๏ɼ෼Ґ਺
๏ɼεέον๏ʣʹ෼ྨ͞ΕΔͱड़΂ΒΕ͍ͯΔɽຊߘ
Ͱ͸ɼͦΕΒͷ͏ͪܭ਺๏ͷख๏Ͱ͋Δ k-reduced Bag
๏ [4] ͱ Space Saving ๏ [3]ɼLossy Counting ๏ [2] ͷ
ʑ͸ɼલऀೋͭ͸ݩͷख๏ʹ஫໨͢Δɽͭࡾ φ සग़஋
໰୊ʹରͯ͠ఏҊ͞Εͨ΋ͷͰ͋Γɼޙ࠷ͷҰͭ͸ ϵۙ
සग़஋໰୊ʹରͯ͠ఏҊ͞Εͨ΋ͷͰ͋Δɽͦ͜Ͱɼࣅ
ຊߘͰ͸ɼ͜ΕΒͭࡾͷख๏͕྆ํͷ໰୊ʹద༻ՄೳͰ
͋Δ͜ͱΛࣔ͠ɼͦΕͧΕͷ໰୊ʹର͢ΔੑೳൺֱΛ
ɽͨͬߦ

2. ४උ
ఆٛ 1 (φසग़஋ू߹). ஋ iʹରͯ͠ɼͦ ͷස౓Λ fiͱ͢
Δɽφසग़஋ू߹ͱ͸ɼN ͷ஋ͱᮢ஋ݸ φ (0 < φ < 1)
Λ༩͑ͨͱ͖ɼू߹ A = {i | fi > φN}ʹରͯ͠ɼ৚݅
i ∈ A ⇒ i ∈ S Λຬͨ͢ू߹ S ͷ͜ͱΛ͍͏ɽ

ఆٛ 2 (ϵ .(߹සग़஋ूࣅۙ ஋ i ʹରͯ͠ɼͦͷස౓
Λ fi ͱ͢Δɽϵ සग़஋ू߹ͱ͸ɼNࣅۙ ͷ஋ͱᮢ஋ݸ
φ (0 < φ < 1) ,Τϥʔύϥϝʔλ ϵ (0 < ϵ < φ

2 ) Λ༩͑
ͨͱ͖ɼू ߹A = {i | fi > φN},B = {i | fi < (φ−ϵ)N}
ʹରͯ͠ɼ৚݅ (i ∈ A ⇒ i ∈ S) ∧ (i ∈ B ⇒ i /∈ S)Λ
ຬͨ͢ू߹ S Ͱ͋Δɽ

φ සग़஋ू߹Λग़ྗ͢Δ໰୊Λ φ සग़஋໰୊ͱ͍͍ɼ
ϵۙࣅසग़஋ू߹Λग़ྗ͢Δ໰୊Λ ϵۙࣅසग़஋໰୊ͱ
͍͏ɽ
߹සग़஋ूࣅɼ஋ͷਪఆස౓ͷΈΛ༻͍ͯɼϵۙʹ࣍
ΛٻΊΔख๏Λઆ໌͢Δɽ·ͣɼMankuͱ Motwaniͷ
࿦จ [2]ͷิ୊ 4.4ΑΓɼҎԼͷఆཧ 1͕੒Γཱͭɽ

ఆཧ 1. ஋ iʹରͯ͠ɼͦͷස౓Λ fiɼਪఆස౓Λ f̂i ͱ
͢Δɽ͢΂ͯͷ஋ʹରͯ͠ɼf̂i ≤ fi ≤ f̂i + ϵN ͕੒Γ

∗ ๺ւಓେֶɼ Hokkaido University

ཱͭͱ͖ɼS ′ = {i | f̂i > (φ − ϵ)N}͸ ϵۙࣅසग़஋ू
߹Ͱ͋Δɽ

MetwallyΒͷ࿦จ [3]ͷิ୊ 2ΑΓɼҎԼͷఆཧ 2Λ
ಋ͘͜ͱ͕Ͱ͖Δɽ

ఆཧ 2. ஋ iʹରͯ͠ɼͦͷස౓Λ fiɼਪఆස౓Λ f̂i ͱ
͢Δɽ͢΂ͯͷ஋ʹରͯ͠ɼf̂i − ϵN ≤ fi ≤ f̂i ͕੒Γ
ཱͭͱ͖ɼS ′ = {i | f̂i > φN} ͸ ϵ සग़஋ू߹Ͱࣅۙ
͋Δɽ

3. සग़஋໰୊Λղ͘ख๏
ϵۙࣅසग़஋໰୊ʹର͢Δख๏Λ φසग़஋໰୊ʹద༻

͢ΔͨΊʹ͸ ϵ = 0ͱ͢Ε͹Α͍ɽҰํɼφසग़஋໰୊
ʹର͢Δख๏Λ ϵ සग़஋໰୊ʹద༻͢ΔͨΊʹ͸ɼࣅۙ
·ͣɼස౓͕ ϵN ΑΓେ͖͍஋ΛඞؚͣΉΑ͏ʹ ϵසग़
஋ू߹ΛٻΊΔ͜ͱΛ͑ߟΔɽ͜ͷͱ͖ɼ஋ͷස౓ͱਪ
ఆස౓ͱͷ͕ࠩ ϵN Ͱ཈͑ΒΕΔͳΒ͹ɼఆཧ 1 ·ͨ
͸ఆཧ 2 ΑΓɼϵ සग़஋ू߹ΛಘΔ͜ͱ͕Ͱ͖Δɽࣅۙ
਺ͷ౎߹্ɼূ໌͸লུ͢Δ͕ɼk-reducedࢴ Bag ๏΋
Space Saving๏΋͜ͷ৚݅Λຬ͍ͨͯ͠Δɽ
3.1 k-reduced Bag๏
͜ͷख๏͸ɼk = ⌈ 1

φ⌉ʹରͯ͠ɼk − ͷ஋ݸ1 iͱͦ

ͷਪఆස౓ f̂i ͷ૊ (i, f̂i)Λ؅ཧ͢Δɽ
σʔλετϦʔϜ͔Β஋ i ͕ೖྗ͞Εͨͱ͖ɼ(i, f̂i)

͕อ࣋͞Ε͍ͯΔͳΒ͹ɼͦͷਪఆස౓ʹ 1 ΛՃ͑Δɽ
ͦ͏Ͱͳ͍৔߹ɼ৽ͨʹ૊ (i, 1) Λอ࣋͢Δɽͨͩ͠ɼ
؅ཧ͍ͯ͠Δ૊ͷݸ਺͕ k − 1Ͱ͋ͬͨ৔߹ʹ͸ɼ؅ཧ
͍ͯ͠Δ͢΂ͯͷ૊ͷਪఆස౓Λ Β͠ɼਪఆසݮ1ͣͭ
౓͕ 0ʹͳͬͨ΋ͷΛ؅ཧ͍ͯ͠Δσʔλߏ଄͔Β࡟আ
͢ΔɽN ͷ࡞আૢ࡟ΘΕΔߦʹͷ஋Λೖྗ͢Δ·Ͱݸ
ճ਺͸ɼߴʑ ⌊N

k ⌋ճͰ͋Δ [4]ɽ
3.2 Lossy Counting๏
͜ͷख๏͸ɼ஋ iͱͦͷਪఆස౓ f̂iɼ஋ొ࿥࣌ʹ͓͚

ΔೖྗࡁΈͷ஋ͷ਺Λ n ͱͨ͠ͱ͖ɼ∆i = ⌊φn⌋ ͷ஋
ͷ૊ (i, f̂i,∆i)Λ؅ཧ͢Δɽ
σʔλετϦʔϜ͔Β஋ i ͕ೖྗ͞Εͨͱ͖ɼ

(i, f̂i,∆i) ͕อ࣋͞Ε͍ͯΔͳΒ͹ɼͦͷਪఆස౓ʹ
1ΛՃ͑Δɽͦ͏Ͱͳ͍৔߹ɼ৽ͨʹ૊ (i, 1,∆i)Λอ࣋
͢Δɽ·ͨɼೖྗ͞Εͨ஋ͷݸ਺͕ 1

φ ͷഒ਺ʹͳͬͨ

ͱ͖ɼf̂i ͱ ∆i ͷ࿨͕ͦͷ࣌఺Ͱͷ ∆ ஋ΑΓ΋খ͍͞
૊Λɼ؅ཧ͍ͯ͠Δσʔλߏ଄͔Β࡟আ͢Δɽ͜͜Ͱɼ
Manku ͱ Motwani ͷ࿦จ [2] ͷิ୊ 4.4 ΑΓɼ೚ҙͷ
஋ iʹରͯ͠ f̂ ≤ f ≤ f̂ + φN ͕੒Γཱͭɽ

3.3 Space Saving๏
͜ͷख๏͸ɼk = ⌈ 1

φ⌉ʹରͯ͠ɼk − ͷ஋ݸ1 iͱͦ

ͷਪఆස౓ f̂i ͷ૊ (i, f̂i)Λ؅ཧ͢Δɽ
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σʔλετϦʔϜ͔Β஋ i ͕ೖྗ͞Εͨͱ͖ɼ(i, f̂i)
͕อ࣋͞Ε͍ͯΔͳΒ͹ɼͦͷਪఆස౓ʹ 1 ΛՃ͑Δɽ
ͦ͏Ͱͳ͍৔߹ɼ৽ͨʹ૊ (i, 1) Λอ࣋͢Δɽͨͩ͠ɼ
؅ཧ͍ͯ͠Δ૊ͷݸ਺͕ k Ͱ͋ͬͨ৔߹ʹ͸ɼਪఆස
౓͕Ұ൪খ͍͞૊Λ؅ཧ͍ͯ͠Δσʔλߏ଄͔Β࡟আ
͠ɼ৽ͨͳ૊ͱͯ͠ (i, f̂min + 1) Λอ࣋͢Δɽ͜͜Ͱɼ
f̂min ͸࡟আ͞Εͨ஋ͷਪఆස౓Ͱ͋ΔɽMetwally Βͷ
࿦จ [3]ͷิ୊ 2ΑΓɼอ࣋͞Ε͍ͯΔਪఆස౓ͷ࠷খ
஋͸ߴʑ ⌊N

k ⌋ Ͱ͋Δɽอ࣋͢Δ૊ΛೖΕସ͑Δૢ࡞ʹ
Αͬͯੜ͡Δਅͷස౓ͱਪఆස౓ͷࠩ͸͜ͷ࠷খ஋ʹ౳
͍͠ͷͰɼ೚ҙͷ஋ʹରͯ͠ f̂ − φN ≤ f ≤ f̂ ͕੒Γ
ཱͭɽ

4. ݧ࣮
4.1 σʔλ

σʔλͱͯ͠ɼZipf ଇʹͮ͘جਓ޻σʔλΛ༻͍ͨɽ
ਓ޻σʔλͷσʔλαΠζ͸ 1000 ສɼ|Σ| ͸ 100 ສ
ͱͨ͠ɽσʔλͷภΓΛࣔ͢ࢦඪͱͳΔ Zipf ଇͷύϥ
ϝʔλ s ͸ɼ0.5 ͔Β 2.5 ·Ͱ 0.5 ΈͰมԽͤͨ͞ɽࠁ
s ͷ஋͕খ͍͞ͱ͖͸σʔλ͸Ұ༷ʹۙ͘ɼs ͷ஋͕େ
͖͍ͱ͖͸σʔλͷภΓ͕େ͖͍ɽφ ͱ ϵ ͸ͦΕͧΕ
φ = 0.003ɼϵ = 0.001ͱͨ͠ɽ

4.2 ํ๏

φසग़஋໰୊ͱ ϵۙࣅසग़஋໰୊ͷ྆ํʹରͯ͠ɼલ
અͰઆ໌ͨͭ͠ࡾͷख๏Λ࣮૷͠ɼ֤ σʔλʹద༻ͨ͠ɽ
࣮૷ޠݴʹ͸ C++ Λ༻͍ͨɽ஋Λ؅ཧ͢Δσʔλߏ଄
ͱͯ͠͸νΣΠϯ๏Λ༻͍ͨϋογϡදΛ࠾༻ͨ͠ɽ࣮
ͱͯ͠ɼOS͸ڥ؀ߦ ubuntu 18.04 LTSɼg++ίϯύΠ
ϥ (g++ 7.3.0)Λ༻͍ͨɽ࣮ݧͰ͸ɼφසग़஋໰୊ʹର͠
ͯɼ֤ख๏ͷ࣮ؒ࣌ߦΛٻΊͨɽ·ͨɼϵۙࣅසग़஋໰
୊ʹରͯ͠ɼ֤ख๏ͷ࣮ؒ࣌ߦͱద߹཰ΛٻΊͨɽ

4.3 ݁Ռͱ࡯ߟ

ද 1 ʹɼφ සग़஋໰୊ͱ ϵ ͷͭࡾසग़஋໰୊Λࣅۙ
ख๏Λ༻͍ͯղ͍ͨ৔߹ͷ࣮ؒ࣌ߦΛࣔ͢ɽ͜͜Ͱɼද
ͷ KRB, LC, SS ͸ͦΕͧΕɼk-reduced Bag ๏ɼLossy
Counting๏ɼSpace Saving๏Λ͢ࢦɽsΛେ͖ͨ͘͠৔
߹ɼ͢΂ͯͷख๏Ͱ࣮͕ؒ࣌ߦখ͘͞ͳͬͨɽ͜Ε͸ɼ
͢Ͱʹσʔλߏ଄ʹอ࣋͞Ε͍ͯΔ஋ͷස౓Λ૿΍͢
ճ਺͕ଟ͘ͳΓɼ஋ͷ࡟আٴͼೖΕସ͑ૢ࡞ͷճ਺͕ɼ
૬ରతʹগͳΔͨΊͰ͋Δͱ͑ߟΒΕΔɽs͕খ͍͞ͱ
͖ɼSpace Saving๏͸ଞͷख๏ͱൺ΂࣮͕ͯؒ࣌ߦେ͖
͘ͳͬͨɽ͜Ε͸ɼҰ౓ͷ࡟আૢ࡞Ͱෳ਺ͷ૊Λ࡟আ͢
ΔՄೳੑ͕͋Δ k-reduced Bag ๏ͱ Lossy Counting ๏
ʹରͯ͠ɼSpace Saving๏͕Ұ౓ͷૢ࡞ͰҰͭͷ஋ͷ૊
͔͠ೖΕସ͑ͳ͍ͱ͍͏ੑ࣭ʹΑΔɽs ͕খ͍͞ͱ͖ɼ
σʔλߏ଄಺ʹ৽ͨͳ஋͕ೖྗ͞ΕΔճ਺͕૿͑Δͨ
Ίɼ஋ͷ࡟আٴͼೖΕସ͑ૢ࡞ͷճ਺͕૿͑ΔɽSpace
Saving๏ͷੑ࣭͔Βɼs͕খ͍͜͞ͱʹΑΔૢ࡞ճ਺ͷ
૿Ճ͕ଞͷख๏ͱൺ΂ͯେ͖͘ͳΔɽ͕ͨͬͯ͠ɼ࣮ߦ
େ͖͘ͳΔɽ͕ؒ࣌
ද 2ʹ ϵۙࣅසग़஋໰୊Λͭࡾͷख๏Λ༻͍ͯղ͍ͨ

৔߹ͷग़ྗͷݸ਺Λࣔ͢ɽ֤ख๏ͷݱ࠶཰͸͢΂ͯ 1Ͱ
͋ΔɽͦͷͨΊɼద߹཰͸ग़ྗͷݸ਺͕ਖ਼ղ਺ʹ͍ۙ΄
Ͳ͘ߴͳΔɽSpace Saving๏ͷద߹཰͸ɼଞͷೋͭͷख
๏ͱൺ΂ͯɼsʹΑΒ͍ͣߴ஋ʹͳͬͨɽ͜͜ͰɼSpace
Saving ๏͸ఆཧ 2 ख๏Ͱ͋Δɽఆཧͮ͘جʹ 2 ͮجʹ

ද 1: Zipfଇύϥϝʔλ sʹର͢Δ࣮ؒ࣌ߦ (ms)

φසग़໰୊ ϵۙࣅසग़໰୊
s KRB LC SS KRB LC SS
0.5 1368 1638 107829 1382 1632 109302
1.0 1320 1454 62034 1305 1477 57179
1.5 943 977 2930 945 968 3947
2.0 885 901 945 881 901 980
2.5 855 893 860 860 888 889

ද 2: ϵۙࣅසग़஋໰୊ʹ͓͚Δ Zipfଇύϥϝʔλ sʹ
ର͢Δ֤ख๏ͷग़ྗͷݸ਺

s ਖ਼ղ਺ KRB LC SS
0.5 0 0 0 0
1.0 22 25 34 22
1.5 25 32 33 25
2.0 14 17 17 14
2.5 9 10 10 9

͘ख๏͸ɼग़ྗ͢Δ஋ͷස౓ͱਪఆස౓ͷ͕ࠩখ͍͞΄
Ͳద߹཰͕͘ߴͳΔɽSpace Saving๏͸ɼग़ྗ͢Δ஋ͷ
ස౓͕͍ߴख๏Ͱ͋Γɼਪఆස౓ͱͷ͕ࠩখ͘͞ͳΓ΍
͍͢ɽ͕ͨͬͯ͠ɼSpace Saving๏ͷద߹཰͸ଞͷख๏
ͱൺ΂ͯ͘ߴͳΔɽ

5. ͓ΘΓʹ
ຊߘͰ͸ɼk-reduced Bag ๏ [4] ͱ Lossy Counting

๏ [2]ɼSpace Saving ๏ [3] ͷͭࡾͷख๏͕ φ සग़஋໰
୊ͱ ϵۙࣅසग़஋໰୊ͷ྆ํʹద༻ՄೳͰ͋Δ͜ͱΛࣔ
͠ɼͦΕͧΕͷ໰୊ʹର͢ΔੑೳൺֱΛͨͬߦɽ
ʢ෼Ґ਺๏ɼεࡦ਺๏Λଞͷํܭͷ՝୊ͱͯ͠ɼޙࠓ

έον๏ʣʹଐ͢Δख๏ͱൺֱ͢Δ͜ͱ΍ɼద߹཰͕ߴ
͘ɼσʔλͷภΓ͕খ͍͞৔߹ʹ΋ߴ଎Ͱಈ͘ख๏ͷ։
ΒΕΔɽख๏ͷ։ൃʹ͋ͨΓɼφසग़஋໰୊΍͛ڍ͕ൃ
ϵۙࣅසग़஋໰୊Λղ֬͘཰తख๏΍ɼۙࣅతख๏ʹؔ
ͯ͠΋ྀ͍ͯ͘͠ߟඞཁ͕͋Δɽ
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