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1 ͸͡Ίʹ
ղʹؚ·ΕΔΞΠςϜͷ૊߹ͤʹ੍໿͕͋Δφοϓ
αοΫ໰୊ͳͲͷॏཁͳ໰୊͸ɼลͷऔࣺʹؔ͢Δ੍
໿Λ൐͏༗޲ඇ८ճάϥϑʢDAGʣ্ͷ࠷୹࿏໰୊ʹ
ଘ๏ʹೋ෼ܾఆάϥϑطணͰ͖Δɽ͜ͷ໰୊Λղ͘ؼ
Λ༻͍ͨಈతܭը๏͕஌ΒΕ͍ͯΔɽ͔͠͠ɼطଘ๏
͸୳ۭؒࡧதͷ͢΂ͯͷঢ়ଶʹରͯ͠ܦ࿏෮ݩͷͨΊ
ͷ৘ใΛهԱ͢ΔͨΊɼۭ͕ؒྔࢉܭ୳ۭؒࡧαΠζ
ʹൺྫ͠ɼϝϞϦ࢖༻ྔ͕๲େʹͳΔͱ͍͏՝୊͕͋ͬ
ͨɽຊߘͰ͸࠷୹࿏͕ܦ༝͢ΔҰͭͷ௖఺ͷΈΛٻΊ
Δ໰୊͸খ͞ͳۭؒྔࢉܭͰࢉܭͰ͖Δ఺ʹண໨͠ɼ
ΊΔख๏Λٻ୹࿏Λ࠷తʹ෦෼໰୊Λղ͘͜ͱͰؼ࠶
ఏҊ͢Δɽ੍໿෇͖φοϓαοΫ໰୊΍੍໿෇͖഑ྻ
ΞϥΠϯϝϯτ໰୊Λղ͘৔߹ɼఏҊ๏ͷ࣌ؒྔࢉܭ
͸ैདྷ๏ͱมΘΒͳ͍ɽ࣮ݧͰ͸ఏҊ๏ͷϝϞϦ࢖༻
ۉଘ๏ͷฏط͕ྔ 1/100ҎԼͱͳΔҰํɼ଎౓௿Լ͸
ฏۉ 2ഒҎ಺ʹ཈͑ΒΕΔ͜ͱΛ֬ೝͨ͠ɽ

2 ࿦ཧ੍໿Λ൐͏DAG࠷୹࿏໰୊
࿦ཧ੍໿Λ൐͏ DAG࠷୹࿏໰୊͸ɼೖྗͱͯ͠ॏ
Έ෇͖ͷ DAG G = (V,E)ͱɼ௖఺ s, t ∈ Vɼลʹؔ
͢ΔॏΈؔ਺ w : E "→ Rɼลʹؔ͢Δ੍໿Λද͢ݱ
Δ࿦ཧؔ਺ F : {0, 1}|E| "→ {0, 1}͕༩͑ΒΕͨͱ͖ɼ
F (χ(p)) = 1ͱͳΔΑ͏ͳܦ࿏ p ∈ 2E ͷ͏ͪɼลॏΈ
খͱͳΔ࠷͕ s-tܦ࿏ΛٻΊΔ໰୊Ͱ͋Δɽͨͩ͠ಛੑ
ؔ਺ χ : 2E → {0, 1}|E|͸ ei ∈ pͳΒ͹ χ(p)ͷ i൪໨
ʹཁૉΛ 1ͱ͠ɼͦ ͏Ͱͳ͍ͳΒ͹ 0ͱ͢Δؔ਺ͱ͢Δɽ
ҎԼͰ͸ล (u, v)Λ euvͱද͢هΔɽਤ 1ʹྫ୊Λࣔ͢ɽ
͜ͷྫͰ͸ɼ࿦ཧ੍໿ F = (ev11v12 ∧ ev33v44)∨ ev22v33
Λຬͨ͢ v11 ͔Β v55 ·Ͱͷ࠷୹࿏ΛٻΊΔɽ
ಉ࣌ʹऔΔ͜ͱͷͰ͖ΔΞΠςϜʹ੍໿ͷ͋Δφο
ϓαοΫ໰୊΍ɼରԠͤ͞Δཁૉؒʹ੍໿Λ൐͏഑ྻ
ΞϥΠϯϝϯτͱ͍ͬͨछʑͷ࿦ཧ੍໿Λ൐͏૊߹ͤ
దԽ໰୊͸ɼ͜ͷ੍໿Λ൐͏࠷ DAG࠷୹࿏໰୊ʹؼ
ண͢Δ͜ͱ͕Ͱ͖Δɽ

3 BDD-Constrained SearchʢBCSʣ
࿦ཧ੍໿Λ൐͏ DAG࠷୹࿏໰୊Λղ͘ैདྷख๏ʹ

BDD-Constrained SearchʢBCSʣ[3]͕͋Δɽ͜ͷख
๏Ͱ͸ೋ෼ܾఆάϥϑʢBDDʣ[1]ͱݺ͹ΕΔσʔλ
ΔɽBDD͸࿦ཧؔ਺͢ݱ଄Λ༻͍ͯ࿦ཧ੍໿Λදߏ
F : {0, 1}n → {0, 1}Λਤ 1ͷӈͷΑ͏ʹάϥϑͷܗͰ
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ਤ 1: ࿦ཧ੍໿Λ൐͏ DAG࠷୹࿏໰୊ͷྫ

Ұҙʹද͢ݱΔ΋ͷͰ͋Γɼ͜ͷྫͰ͸ F = (ev11v12 ∧
ev33v44)∨ ev22v33 Λද͍ͯ͠ݱΔɽBDDதͷ֤અ఺ͷ
ଙ͔ΒͳΔ෦෼άϥϑ΋ࢠ BDDͰ͋Γɼ΋ͱͷ BDD
͕ද͢ݱΔ࿦ཧؔ਺ͷ෦෼ؔ਺Λද͢ݱΔɽϧʔτઅ
఺͔Β ʢഁઢʣ·ͨ͸ࢬ0 ͸ɼ࡞ʢ࣮ઢʣΛ୧Δૢࢬ1
અ఺ʹॻ͔Εͨϥϕϧม਺ʹ 0·ͨ͸ 1Λ୅ೖ͢Δ͜
ͱʹରԠ͠ɼ͖ߦண͍ͨ௖఺ҎԼͷ෦෼తͳ BDD͕
ͦͷม਺ׂΓ౰ͯʹର͢Δ෦෼ؔ਺ʹରԠ͢Δɽ
BCS͸Α͘஌ΒΕͨDAG࠷୹࿏໰୊Λղ͘ಈతܭ

ը๏Λ֦ுͨ͠΋ͷͰ͋Δɽ۩ମతʹ͸͋Δ௖఺ʹࢸ
Δ·Ͱͷܦ࿏ͷ͏ͪɼ࢒Γͷลʹؔ͢Δʢ෦෼తͳʣ
੍໿͕౳͍͠࠷୹ܦ࿏ΛهԱ͢Δಈతܭը๏ʹΑͬͯɼ
੍໿෇͖࠷୹࿏໰୊Λղ͘ɽͨͱ͑͹ਤ 1ͷྫʹ͓͍
ͯɼܦ࿏ v11 → v22 ͱܦ࿏ v11 → v21 → v22 Ͱ͸ɼ࢒
Γͷลʹؔ͢Δ੍໿͕ͲͪΒ΋ F ′ = ev22v33 ͱ౳͍͠
ͨΊɼܦ࿏௕͕ΑΓ୹͍ܦ࿏ͷΈΛهԱ͢ΔɽҰํɼܦ
࿏ v11 → v12 → v22 ͸ɼ࢒Γͷลʹؔ͢Δ෦෼తͳ࿦
ཧ੍໿͕ F ′′ = ev22v33 ∨ ev33v44 Ͱ͋Γɼઌͷ 2ͭͷܦ
࿏ͱ͸࢒Γͷ੍໿͕ҟͳΔͨΊͲͪΒͷܦ࿏΋هԱΛ
͢ΔɽBCSͰ͸ɼ෦෼੍໿ΛBDDͷ֤અ఺Ͱද͠ݱɼ
DAG্ͷ௖఺ vͱ࢒Γͷ෦෼੍໿Λද͢ݱΔBDDͷ
અ఺ nͷϖΞ (v, n)ΛҰͭͷঢ়ଶͱ͢Δ୳ۭؒࡧͰಈ
తܭը๏Λ࣮͢ߦΔ͜ͱͰ্هͷ୳ࡧΛ࣮͢ݱΔɽҎ
ԼͰ͸͜ͷϖΞΛ୳ࡧঢ়ଶɼ·ͨ͸ঢ়ଶͱݺͿɽBCS
Ͱ͸ঢ়ଶ (v, n)Ͱܦ࿏ΛهԱ͢Δࡍɼঢ়ଶ (v, n)ʹࢸΔ
Ұͭલͷঢ়ଶͷΈΛهԱ͠ɼΰʔϧঢ়ଶ͔Βελʔτ
ঢ়ଶʹࢸΔ·ͰόοΫτϥοΫʹΑΓܦ࿏Λ෮͢ݩΔɽ
BCS ͷ࣌ؒྔࢉܭ͸ O(|E|W )ɼۭؒྔࢉܭ͸

O(|V |W )Ͱ͋Δɽ͜͜ͰW ͸ BDDʹ͓͍ͯಉ͡ม
਺ʹରԠ͢Δઅ఺ͷ਺ͷ࠷େ஋ͱఆٛ͢Δɽۭؒࢉܭ
ྔ͸ɼঢ়ଶ਺͕O(|V |W )Ͱ͋Γɼ͔֤ͭঢ়ଶʹ͍ͭͯ
ͦͷঢ়ଶʹࢸΔ࠷୹ܦ࿏ͷܦ࿏௕ͱ࠷୹࿏ͰͷҰͭલ
ͷঢ়ଶΛهԱ͢Δඞཁ͕͋Δ͜ͱʹ༝དྷ͢Δɽ

4 ఏҊ๏
ຊઅͰ͸ۭؒྔࢉܭΛͨ͠ݮ࡟ख๏ΛఏҊ͢Δɽఏ

Ҋ๏Ͱ͸ɼ࠷୹࿏͕ܦ༝͢ΔҰͭͷ௖఺ͷΈΛٻΊΔ
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Algorithm 1 MemSavingBCS(G,B, (vs, ns), (vt, nt))

ೖྗɿ DAG G = (V,E), BDD Bɼελʔτঢ়ଶ (vs, ns)ɼ
ΰʔϧঢ়ଶ (vt, nt)ʢvs, vt ∈ Vɼns, nt͸ BDDͷઅ఺ʣ

ग़ྗɿ ࿦ཧ੍໿Λຬͨ͢ G্ͷ vs-vt ୹࿏࠷
1: Cost[vs][ns]← 0, Mid[vs][ns]← (vs, ns), p← []
2: for all vertex u in topological order from vs to vt do
3: for all state (u, n) do
4: for all edge euv outgoing from u do
5: n′ ← followBDD(euv, n)
6: if n′ = ⊥ then continue
7: if Cost[v][n′] > Cost[u][n] + wuv then
8: Cost[v][n′]← Cost[u][n] + wuv

9: Mid[v][n′]←Mid[u][n]
10: if isMidState((v, n′)) then
11: Mid[v][n′]← (v, n′)
12: delete Cost[u][n] and Mid[u][n]
13: (vm, nm)←Mid[vt][nt]
14: if (vm, nm) = (vs, ns) then
15: return {evsvt}
16: add MemSavingBCS(G,B, (vs, ns), (vm, nm)) to p
17: add MemSavingBCS(G,B, (vm, nm), (vt, nt)) to p
18: return p

໰୊͸খ͞ͳۭؒྔࢉܭͰࢉܭͰ͖Δ͜ͱΛར༻͠ɼ
͜ͷ໰୊Λؼ࠶తʹղ͘͜ͱͰ࠷୹࿏ΛٻΊΔɽ࠷୹
࿏͕ܦ༝͢ΔҰͭͷ௖఺ΛٻΊΔ໰୊͸ɼܦ࿏௕Λه
Ա͢Δͷͱಉ࣌ʹɼܦ༝ͨ͠௖఺ΛҰͭهԱ͢Δ͜ͱ
Ͱղ͘͜ͱ͕Ͱ͖Δɽ·ͨ௖఺ΛҰͭٻΊΔ໰୊Ͱ͸
͍͓ʹΔඞཁ͕ͳ͍ͨΊɼશͯͷঢ়ଶ͢ݩ୹࿏Λ෮࠷
ͯҰͭલͷঢ়ଶΛهԱ͢Δඞཁ͕ͳ͘ͳΔɽͦͷͨΊ
୳ࡧͷऴΘͬͨঢ়ଶΛϝϞϦ͔Β࡟আ͢Δ͜ͱ͕Ͱ͖ɼ
ʹͷैདྷ๏ࣅΔ͜ͱ͕Ͱ͖Δɽྨ͢ݮ࡟Λྔࢉܭۭؒ
φοϓαοΫ໰୊΍഑ྻΞϥΠϯϝϯτΛখ͞ͳۭؒ
Ͱղ͘ख๏͕͋Δྔࢉܭ [2, 4]ɽ
ఏҊ๏ͷΞϧΰϦζϜΛAlgorithm 1ʹࣔ͢ɽ1-13ߦ
໨Ͱ vs͔Β vt΁ͷ੍໿Λຬͨ͢࠷୹࿏௕ͱ࠷୹࿏͕ܦ
༝͢Δঢ়ଶΛٻΊɼ16ɼ17ߦ໨Ͱελʔτঢ়ଶ͔Βܦ༝
ঢ়ଶ·Ͱͷ෦෼໰୊ͱܦ༝ঢ়ଶ͔Βΰʔϧঢ়ଶ·Ͱͷ෦
෼໰୊Λؼ࠶తʹղ͘ɽ͜ ͷؼ࠶Λ෦෼໰୊͕ࣗ໌ͳղ
Λ࣋ͭ·Ͱ܁Γฦ͢ʢ14ɼ15ߦ໨ʣɽCost[u][n]͸ঢ়ଶ
(u, n)·Ͱͷ࠷୹࿏௕ΛهԱ͠ɼMid[u][n]͸ (u, n)·
Ͱͷ࠷୹࿏͕ܦ༝͢Δঢ়ଶΛͻͱͭهԱ͢Δɽۭ ࢉܭؒ
ྔΛ͢ݮ࡟ΔͨΊɼঢ়ଶ (u, n)·Ͱͷ৘ใ͕ͦΕҎ߱ͷ
୳ࡧͰඞཁͳ͘ͳͬͨ࣌఺ͰɼCost[u][n]ɼMid[u][n]Λ
ϝϞϦ͔Β࡟আ͢Δʢ12ߦ໨ʣɽؔ਺ followBDD(e, n)
͸ BDDઅ఺ n͔Βล eΛ௨ͬͨͱ͖ͷ෦෼ؔ਺Λද
ΔBDDઅ఺Λฦؔ͢਺Ͱ͋ΔɽisMidState(s)͸ɼ͢ݱ
ঢ়ଶ s͕ࣄલʹఆΊΒΕͨதؒঢ়ଶू߹ Sʹؚ·Εͯ
͍Δ৔߹ʹਅΛฦؔ͢਺Ͱ͋Δɽͨͩ͠ɼS ͸ҎԼͷ
ೋͭͷཁ݅Λຬͨ͢Α͏ʹઃ͢ܭΔඞཁ͕͋Δɽ(1)S
͸ݩ໰୊ͷ࠷୹࿏͕ͲͷΑ͏ͳܦ࿏Λ୧ͬͨͱͯ͠΋ɼ
S தͷ 1 ͭҎ্ͷঢ়ଶΛܦ༝͢ΔΑ͏ͳू߹Ͱ͋Δɽ
(2)ঢ়ଶ s1 ͔Βঢ়ଶ s2 ·Ͱͷ࠷୹࿏ͷࢉܭʹ͔͔Δ
εςοϓ਺ΛK(s1, s2)ͱͨ͠ͱ͖ɼSʹؚ·ΕΔ͢΂
ͯͷঢ়ଶ sʹରͯ͠ɼK((vs, ns), s) +K(s, (vt, nt)) ≤
r × K((vs, ns), (vt, nt))Λຬͨ͢ 1ະຬͷఆ਺ r ͕ଘ
Δɽ͢ࡏ
ఏҊ๏ͷ࣌ؒྔࢉܭ͸ैདྷ๏ͱ౳͍͠ɽͳͥͳΒɼ֤
લͷεςοϓ਺ؼ࠶ͷਂ͞ʹ͓͍ͯεςοϓ਺͕ؼ࠶

ैདྷ๏ɿBCS ఏҊ๏
༰ྔ ϝϞϦ MB ࣌ؒ ඵ ϝϞϦ MB ࣌ؒ ඵ
100 42 0.045 2 0.045
200 132 0.210 2 0.175
500 266 0.415 4 0.495

1,000 886 1.810 9 1.810
2,000 2,544 5.605 30 7.055
5,000 7,098 15.174 70 18.965

10,000 12,230 26.533 126 34.633
20,000 17,089 34.646 158 48.682
50,000 21,533 36.279 181 62.501

ද 1: ϝϞϦ࢖༻ྔʢMBʣͱؒ࣌ࢉܭʢඵʣͷൺֱ

ͷߴʑ1ഒະຬʹݮΔ͜ͱ͔ΒɼdΛؼ࠶ͷਂ͞ɼrΛ
1ະຬͷఆ਺ͱ͢Δͱɼશମͷεςοϓ਺͕

|E|W +
|E|W
r

+ ...+
|E|W
rd

= O(|E|W ) (1)

Ͱ཈͑ΒΕΔͨΊͰ͋Δɽਤ 1ͷྫͰ͸ɼͨͱ͑͹࠷୹
࿏͕ v33Λ௨Δ͜ͱ͕෼͔ͬͨͱ͖ɼv11-v33࠷୹࿏໰
୊ͱ v33-v55࠷୹࿏໰୊Ͱ͸ɼ࠷୹࿏͕ v14, v24, v34΍
v41, v42, v43ͳͲͷ௖఺Λܦ༝͢Δ͜ͱ͕ͳ͍ͨΊɼ͜
ΕΒͷ௖఺΁ͷลΛ୳͢ࡧΔඞཁ͕ͳ͘ͳΔɽ͜ͷੑ
࣭͸ؼ࠶తʹ੒ཱ͢ΔͨΊ (1)͕ࣜ੒ཱ͢ΔɽఏҊ๏ͷ
͸ɼτϙϩδΧϧॱংʹ͓͚Δ௖఺෼཭਺ྔࢉܭۭؒ
ʢvertex separation numberʣΛ S ͱͨ͠ͱ͖ O(SW )
ͱͳΔɽ

5 ݧ࣮
ఏҊ๏ͷϝϞϦ࢖༻ྔͱؒ࣌ࢉܭΛܭଌ͠ैདྷ๏ͱ

ൺֱΛͨͬߦɽ࣮ݧͰ͸ɼ͋ΔೋͭͷΞΠςϜΛಉ࣌
ʹબ୒Ͱ͖ͳ੍͍໿Λ൐͏φοϓαοΫ໰୊Λղ͍ͨɽ
۩ମతͳઃఆ͸ҎԼͷ௨ΓɽΞΠςϜ਺͸ 1,000ɼΞ
ΠςϜͷՁ஋ɼॏ͞͸ [1,100]ͷϥϯμϜɼഉଞ੍໿ͷ
਺͸ϥϯμϜͳ 10ϖΞͱ͠ɼφοϓαοΫͷ༰ྔ͸ද
1ʹࣔ͢Α͏ʹ 100͔Β 50000ͷؒͰม͑ɼ֤ઃఆʹ
͓͍ͯ ܭ߹ͷ໰୊Λੜ੒͠ݸ100 900໰Λղ͍ͨɽ࣮
͸ݧ Intel Core i7 3.5GHzɼϝϞϦ 32GBͷػࢉܭͰ
ɽͨͬߦ
ैདྷ๏͸ 900໰த 91໰ΛϝϞϦෆ଍ͷͨΊٻղͰ

͖ͳ͔͕ͬͨɼఏҊ๏͸͢΂ͯͷ໰୊Λղ͘͜ͱ͕Ͱ
͖ɼΑΓେن໛ͳ໰୊Λղ͘͜ͱ͕Ͱ͖ͨɽैདྷ๏͕
஋ۉͷฏؒ࣌ࢉܭϝϞϦྔͱ༺࢖ղͰ͖ͨ໰୊Ͱͷٻ
Λද 1ʹࣔ͢ɽ͢΂ͯͷ໰୊ͰఏҊ๏ͷϝϞϦ࢖༻ྔ
ۉଘ๏ΑΓখ͘͞ฏط͕ 1/100ҎԼͰ͋ͬͨɽ଎౓௿
Լ͸ฏۉ 2ഒҎ಺Ͱ͋ͬͨɽ
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