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ཁ໿

ηϧΦʔτϚτϯ (CA)͸ԽֶɼࣾձγεςϜͳͲ෯͍޿γϛϡϨʔγϣϯʹར༻͞Ε͍ͯΔɽCAͷঢ়૬

ͷભҠʹର͠ɼ୯ࣹੑͷ੍໿ΛՃ͑ͨ΋ͷ͕ՄٯηϧΦʔτϚτϯ (RCA)Ͱ͋ΔɽRCAͷҰͭͰ͋ΔɼՄٯ

෼ׂ CA(RPCA)͸ͦΕͧΕͷηϧ͕෼ׂ͞Ε͍ͯΔ CAͰ͋ΔɽRPCAͷՄٯϓϩάϥϛϯάޠݴ Janus

্ͰͷγϛϡϨʔγϣϯ͸ɼෳ਺࣮͞ݱΕ͓ͯΓɼपظతڥք৚݅ͷ͋Δ΋ͷ [2]ɼपظతڥք৚͕݅ͳ͘ɼભ

Ҡͷ౓ʹঢ়૬Λද͢ݱΔελοΫ͕ͪΐ͏Ͳ 2ηϧͿΜͣͭେ͖͘ͳΔ΋ͷ [7]ɼपظతڥք৚͕݅ͳ͘ɼঢ়૬

ͷද͕ݱৗʹޮ཰తͳ΋ͷʹͳΔ΋ͷ ݩΓͰ͸ɼ2࣍ݶΕ͍ͯΔɽ͔͠͠ɼզʑͷ஌Δ͞ݱ࣮͕[8] RPCAʹ

͍ͭͯ͸·࣮ͩ͞ݱΕ͍ͯͳ͍ɽ

ݩ2࣍ RCAʹ͸஄ੑিಥͷγϛϡϨʔγϣϯ [6]ͳͲɼ෺ཧγϛϡϨʔγϣϯͷԠ༻ྫ͕͋ΔɽՄੑٯ͸෺

ཧ๏ଇͱਂ͍͕ؔ͋܎Γɼ2࣍ݩՄٯηϧΦʔτϚτϯΛ࣮͢ݱΔ͜ͱ͸༷ʑͳ෺ཧγϛϡϨʔγϣϯͷૅج

ͱͳΔɽ2࣍ݩՄٯηϧΦʔτϚτϯͷ࣮ݱʹ͋ͨͬͯɼແݶ௕ͷঢ়૬Λ༗ݶͷϝϞϦͰѻ͏ඞཁ͕͋Δɽ

ຊڀݚͰ͸ɼ1࣍ݩ RPCAΛ࣮ࡍͨ͠ݱͷख๏Λ ு͢Δ͜ͱͰ֦ʹݩ2࣍ ݩ2࣍ RPCAͷ࣮ݱΛਤΔɽ·

ͨɼ2࣍ݩͷঢ়૬Λද͢ݱΔࡍʹ ഑ݩɼ2࣍ʹࡍɽͦͷ͏ߦ഑ྻΛ༻͍Δ͜ͱͰ௚઀తʹηϧͷભҠΛݩ2࣍

ྻΛ࣮ߦதʹ֦େ͢Δඞཁ͕͋ΔͨΊɼ഑ྻͷׂΓ෇͚ɾղ์Λಠཱͯ͑͠ߦΔΑ͏ʹ JanusΛ֦ு͢Δ͜ͱ

ʹΑΓ͜ͷ໰୊ͷղܾΛਤͬͨɽ͜ͷΑ͏ʹ࣮ͯ͠͞ݱΕͨ ͨ͏ߦηϧΦʔτϚτϯʹ͸ɼભҠΛٯՄݩ2࣍

ͼʹঢ়૬ͷେ͖͕ͪ͞ΐ͏Ͳ 1 ֦ͣͭେ͢Δͱ͍͏໰୊͕͋Δɽզʑ͸ͦͷ໰୊ʹର͠ɼೖྗফڈՄࢉܭٯ

[9, 10]ΛԠ༻͢Δͱ͍͏ΞϓϩʔνͰղܾΛࢼΈͨɽ

Abstract

A Cellular automata (CA) is used for science and social system simmulation. A reversible cellular

automaton (RCA) is a CA with an injective constraint. A reversible partitioned cellular automata is

RCA which each cell is divided. The simmulation of RPCA on Janus has been implemented multiple

times. One is periodic[2], the other one is not periodic and expand[7], and the other is not periodic and

not expand[8]. But 2 dimmentional RPCA is not implemented.

2 dimmentional RCA has many applications such as simulations of elastic collisions[6]. Reversibility is

closely related to the physics, and realization of a two-dimensional reversible cellular automaton is the

basis of various physical simulations. We need to implement infinitely configulation on finite memory.

In this paper, We aim to realize 2 dimmentional RPCA by extending the method used to realize 1

dimmentional RPCA to 2 dimensions. We use 2 dimmentional array to express 2 dimmentional configu-

lation. We expand Janus because we need to expand array. The 2 dimmentional RPCA realized in this

way has the problem that the size of the array increases by exactly 1 each time a transition. We tried to

solve that problem by use input-erasing reversible computation.
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ୈ 1ষ

͸͡Ίʹ

1.1 എܠɾ໨త

ηϧΦʔτϚτϯʢҎԼɼCAʣ͸݁থͷ੒௕ͳͲͷԽֶγεςϜ΍ަ௨ϞσϧͳͲͷࣾձγεςϜͱ͍ͬͨ

༷ʑͳڀݚ෼໺ʹ͓͍ͯγϛϡϨʔγϣϯʹ༻͍ΒΕ͍ͯΔࢉܭϞσϧͰ͋ΔɽCAͷঢ়૬ʢηϧۭؒશମͷ

ঢ়ଶʣͷભҠΛ͏ߦେҬؔ਺ʹ୯ࣹੑͷ੍໿Λ༩͑ɼ௚લͷঢ়૬͕Ұҙʹఆ·Δ΋ͷ͕Մٯ CAʢҎԼɼRCAʣ

Ͱ͋ΔɽՄࢉܭٯ͸ࢉܭʹؔΘΔফඅΤωϧΪʔʹਂ͍͕ؔ͋܎ΓɼՄٯ TuringػցʢҎԼɼRTMʣͳͲͷ

߹ͷ৔ٯͳͲ༷ʑͳԠ༻͕͋ΔɽඇՄࢉܭࢠ໿Λຬͨ͢ඞཁ͕͋Δྔ੍ੑٯՄ͕ࢉଌҎ֎ͷԋ؍Ϟσϧ΍ࢉܭ

ͱಉ༷ʹɼՄٯͳࢉܭϞσϧͷදݱೳྗͷղੳͷͨΊʹ༷ʑͳՄٯγϛϡϨʔγϣϯ͕࣮͞ݱΕ͍ͯΔɽͨͱ

͑͹ɼRTMͷՄٯϓϩάϥϛϯάޠݴʹΑΔՄٯγϛϡϨʔγϣϯ͕஌ΒΕ͍ͯΔɽ

ຊڀݚͰ͸ɼ2࣍ݩՄٯ෼ׂηϧΦʔτϚτϯʢҎԼɼ2D-RPCAʣΛঢ়૬ͷ͏ͪඇ੩ࢭঢ়ଶ͕͋Δۣൣܗ

ғͷΈͷηϧͷ৘ใΛ௚઀తʹ γϛϡϨʔγϣϯ͢Δɽٯ഑ྻͰ΋ͭ͜ͱͰՄݩ2࣍

1.2 ՝୊ڀݚ

2D-RPCAͷେҬؔ਺͸୯ࣹͰ͋Δʹ΋͔͔ΘΒͣɼঢ়૬ͷ੔ܗͳදݱͷΈΛ༻͍ͨ৔߹ɼঢ়૬ͷ৘ใΛ΋

ͭ ௕ͷݶ͸ɼແʹࡍΔ͢ݱ৽͸ඞͣ͠΋୯ࣹʹ͸ͳΒͳ͍໰୊͕͋Δɽঢ়૬Λදߋ഑ྻͷݩ2࣍ ঢ়૬Λݩ2࣍

༗ݶͳϝϞϦͰද͠ݱɼ͔ͭޮ཰తͳϝϞϦ࢖༻ྔͰ࣮ݱΛ͏ߦඞཁ͕͋Δɽ࣮૷্ͷ໰୊ʹΑΓɼϓϩάϥ

Ϝͷ࣮ߦதʹঢ়૬Λද͢ݱΔࡍʹ༻͍ͨ഑ྻͷ֦େɾॖখΛ͏ߦඞཁ͕͋Δɽ

1.3 Ξϓϩʔν

͜ͷՄٯγϛϡϨʔγϣϯͷ࣮ݱʹ͸ తʹׂ෇͚/ղ์Ͱ͖ΔΑ͏ٯՄʹ࣌ߦ഑ྻΛ࣮ݩ2࣍ Janusͷ֦ு

Λ͏ߦɽ͜ΕʹΑΓɼ࣮ߦதʹ഑ྻͷ֦େɾॖখ͕ՄೳʹͳΔɽզʑ͸࿦จ [8]ΛԠ༻͠ɼঢ়૬ΛϝϞϦ࢖༻ྔ

Λ࠷దʹͨ͠ՄٯಈతදͰอ࣋ͯ͠ແݶ௕ͷঢ়૬Λ༗ݶͳϝϞϦͰද͢ݱΔɽ·ͨɼೖྗফڈՄٯγϛϡϨʔ

γϣϯ [9, 10]ΛԠ༻͢Δ͜ͱͰޮ཰తͳϝϞϦ࢖༻ྔͰͷ࣮ݱΛਤΔɽ

1.4 ଴͞ΕΔޮՌظ

զʑ͕஌ΔݶΓͰ͸ 2D-RPCA ͷՄٯγϛϡϨʔγϣϯ͸ՄٯϓϩάϥϛϯάޠݴͰޮ཰తʹ࣮͞ݱΕͯ

͍ͳ͍ɽ2D-RPCAͷՄٯγϛϡϨʔγϣϯͷ JanusͰͷ࣮ݱ͸ɼJanusͷ r-Turing׬શੑͷผূ໌Ͱ͋Δɽ

·ͨɼՄੑٯ͸෺ཧ੍໿ʹਂ͍ؔΘΓ͕͋ΓɼՄٯγϛϡϨʔγϣϯΛ࣮͢ݱΔ͜ͱ͸ɼ༷ʑͳ෺ཧֶͷγ

ϛϡϨʔγϣϯΛ࣮͢ݱΔࡍͷૅجͱͳΔɽ

– 1 –
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ୈ 2ষ

ؔ࿈ڀݚ

2.1 ηϧΦʔτϚτϯ

CA͸࠷΋ࢉܭ͍ݹϞσϧͷҰͭͰ͋Γɼ༗ݶΦʔτϚτϯͰ͋ΔηϧΛنଇతʹ഑ஔɾ઀ଓͨ͠཭ࢉܭࢄ

ϞσϧͰ͋Δɽ݁থͷ੒௕ͳͲͷԽֶγεςϜ΍ަ௨ϞσϧͳͲͷࣾձγεςϜͳͲɼ෯͍޿෼໺Ͱར༻͞Ε

͍ͯΔɽ

2.2 ՄٯηϧΦʔτϚτϯ

ηϧΦʔτϚτϯʹର͠ɼ୯ࣹੑͷ੍ݶΛՃ͑ͨ΋ͷ͕ՄٯηϧΦʔτϚτϯͰ͋ΔɽRCAͷେҬؔ਺ͷ

୯ࣹੑͱશࣹੑ͸౳ՁͰ͋Δɽ೚ҙͷ ݩ1࣍ CA͕ՄٯͰ͋Δ͔Ͳ͏͔ܾఆ͢ΔΞϧΰϦζϜ͕ଘ͢ࡏΔ͜ͱ

͕஌ΒΕ͍ͯΔ [4]ɽd࣍ݩ CA͸ d+ ݩ1࣍ RCAʹຒΊࠐΈΛ͜͏ߦͱͰγϛϡϨʔτͰ͖ɼRCA͸ࢉܭ

ສೳੑΛ࣋ͭ͜ͱ͕஌ΒΕ͍ͯΔ [5]ɽ·ͨɼ1989೥ʹ͸ ݩ1࣍ RCA΋ࢉܭສೳੑΛ࣋ͭ͜ͱ͕จݙ [12]ʹ

Αͬͯࣔ͞Ε͍ͯΔɽ2࣍ݩ RCAͷԠ༻ྫͱͯ͠ɼ஄ੑিಥͷՄٯγϛϡϨʔγϣϯ [6]͕͋ΔɽࢉܭٯΛ࣮

૷͢Δ͜ͱʹΑΓɼGPUͷޮࢉܭ཰Λ্͛Δ͜ͱ͕ՄೳͰ͋Δɽ

2.3 Մٯ෼ׂηϧΦʔτϚτϯ

Մٯ෼ׂ CAͱ͸ɼRCAΛߏ੒͢Δख๏ͷҰͭͱͯ͠஌ΒΕ͍ͯΔɼͦΕͧΕͷηϧΛ෼ׂͨ͠ηϧΦʔ

τϚτϯͰ͋Δɽಛʹ֤ηϧ͕ෳ਺෦෼͔ΒͳΔ k ෼ׂݩ࣍ CAʢҎԼɼkD-PCAʣ͕஌ΒΕ͍ͯΔɽҎ߱

Ͱ͸ɼt͕จ຺ʹΑͬͯ૊ (t1, . . . , tm)ຢ͸ੵ t1 × · · · × tm Λද͢͜ͱͱ͢ΔɽkD-PCA͸ (Zk, Q, n, f,#)

ͱఆΊΒΕΔɽZk ͸ηϧ͕഑ஔ͞ΕΔ k ඪΛ΋ͭ఺ͷू߹Ͱ͋Δɽ֤ηϧ࠲ϢʔΫϦουۭؒͷ੔਺ݩ࣍

͸ m ͷ෦෼͔ΒͳΔɽQi(iݸ = 1, . . . ,m) ͸ɼ֤ηϧͷୈ i ෦෼ͷͱΓಘΔ಺෦ঢ়ଶͷඇۭ༗ूݶ߹Ͱ͋

Δɽm ૊ݸ n Ληϧͷۙ๣ͱΑͿɽؔ਺ f : Q → Q ͸֤ηϧͷঢ়ଶભҠΛද͢ہॴؔ਺Ͱ͋Δɽ# ∈ Q

͸ɼf(#) = #Λຬͨ͢੩ࢭঢ়ଶͰ͋Δɽࣸ૾ α : Zk → Q͸ঢ়૬Ͱ͋Δɽঢ়૬શͯͷू߹Λ Conf (Q)Ͱද

͢ɽू߹ {x | x ∈ Zk ∧ α(x) %= #} ͕༗ݶͰ͋ΔΑ͏ͳঢ়૬ α Λ༗ݶঢ়૬ͱ͍͏ɽؔ਺ pr i (i = 1, . . . ,m)

Λɼ೚ҙͷ q ∈ Qʹରͯ͠ɼpr i(q) = qi ͱͳΔΑ͏ͳࣹӨؔ਺ͱ͢Δɽہॴؔ਺ f ͔Β༠ಋ͞ΕΔେҬؔ਺

F : Conf (Q) → Conf (Q)Λ F (α)(x) = f(pr1(α(x+ n1)), . . . , prm(α(x+ nm))) ͱ͢Δɽ

Janus ্Ͱͷ 1D-RPCA ͷΫϦʔϯՄٯγϛϡϨʔγϣϯͷ࣮ݱʹ͍ͭͯ͸ɼෳ਺ͷํ๏͕ఏҊ͞Ε͍ͯ

Δɽจݙ [2]ʹ͓͍ͯɼपظతڥք৚݅Λ΋ͭ 1D-RPCA͕࣮͞ݱΕ͍ͯΔɽจݙ [7]͸ɼඇपڥظք৚݅Λ

΋ͭ ݩ1࣍ RCAͷΫϦʔϯՄٯγϛϡϨʔγϣϯΛελοΫ෇͖ͷ JanusͰ࣮ͨ͠ݱɽ͜ͷ࣮ํݱ๏Ͱ͸ঢ়

૬ͷભҠ͝ͱʹϝϞϦ࢖༻ྔ͕૿Ճ͢Δ໰୊͕͋ͬͨɽจݙ [8]ͷ 1D-RPCAͰ͸ɼঢ়૬ͷ੔ܗͳදݱͷΈΛ

༻͍Δ͜ͱʹΑΓϝϞϦ࢖༻ྔΛ࠷దԽͨ͠ɽ

– 2 –
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procedure CA(int t_end , stack conf , int rule [][])

iterate int t = 1 to t_end

call gmap(conf , rule)

end

ਤ 2.1 1D-RPCA P1 ͷΫϦʔϯՄٯγϛϡϨʔγϣϯ

2.4 Մٯϓϩάϥϛϯάޠݴ Janus

Janus[1]ͱ͸ՄٯϓϩάϥϛϯάޠݴͷҰछͰ͋ΔɽJanus͸ಈతͳϝϞϦ֬อ͕Ͱ͖ͣɼr-Turing׬શͰ

͸ͳ͍ɽจݙ [3]ʹ͓͍ͯελοΫ෇͖ͷ JanusΛ༻͍ͯ RTMͷΫϦʔϯՄٯγϛϡϨʔγϣϯΛ͜͏ߦͱ

ʹΑΓɼՄٯελοΫ෇͖ͷ Janus͕ r-Turing׬શͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔɽ

Janus ͸ C ड़ͰهͰ͋Γɼ୯ࣹͳҙຯΛ΋ͭจͷΈޠݴϓϩάϥϛϯάٯͷՄܕจΛ΋ͭखଓ͖ߏͨࣅʹ

͖Δͱ͍͏ҙຯͰՄٯͰ͋ΔɽJanusͰ͸୯ࣹͰͳ͍୯७ͳ୅ೖ͸Ͱ͖ͣɼ୅ΘΓʹՃࢉɼࢉݮɼഉଞత࿦ཧ

࿨ͷ 3 छྨͷෳ߹୅ೖԋࢠࢉͰ୅ೖΛ͏ߦɽہॴม਺ͱ 2 Խ͸ظ഑ྻͷׂ෇͚ͱ஋ͷॳݩ࣍ local Ͱ͏ߦɽ

localͰׂ෇͚Λͨ͠ہॴม਺ͱ ഑ྻ͸ݩ2࣍ delocalͰอ࣋͢Δ஋Λࢦఆͯ͠ղ์Ͱ͖ΔɽඇՄޠݴٯͷ

ifจͰ͸ɼͦͷ࣮ޙߦʹ thenઅͱ elseઅͷͲͪΒʹ෼͔͍ͨͯ͠ذ൑ผͰ͖ͳ͍ɽ͜ͷ੍ޚͷߋ৽͸୯ࣹͰ

͸ͳ͘Մࣦ͕ੑٯΘΕΔɽJanusͰ͸ ifจͷ຤ඌʹΞαʔγϣϯΛ΋ͪɼͲͪΒͷઅʹ෼ߦ͕ذΘΕ͔͕ͨ if

จͷ࣮ߦ௚ޙʹҰҙʹఆ·ΔΑ͏ʹ͢Δɽ͜ͷΞαʔγϣϯ͸ɼthenઅʹ෼ͨ͠ذ৔߹͸ਅΛද͢஋Λɼelse

અʹ෼ͨ͠ذ৔߹͸ِΛද͢஋Λ΋ͨͶ͹ͳΒͳ͍ɽඇՄޠݴٯͷ܁ฦ͠ʹೖΔ੍ޚͷ߹ྲྀ஍఺ʹ͓͍ͯ΋ɼ

ΘΕΔɽJanusࣦ͕ੑٯΘΕ͍ͯΔͷ͔͕ಛఆͰ͖ͳ͍ͷͰՄߦฦ͕͠܁ฦ͕͠։࢝͞Εͨͷ͔ɼ1ճҎ্܁

Ͱ͸܁ฦ͠จͷઌ಄ʹΞαʔγϣϯΛ΋ͪɼ܁ฦ͠ͷ಺෦ͱ֎෦ͷͲͪΒ͔Β੍͔͖͕ͨޚΛҰҙʹఆ·ΔΑ

͏ʹ͢Δɽ͜ͷΞαʔγϣϯ͸ɼ܁ฦ͠ͷ։࢝࣌ʹਅΛද͢஋Λɼ1ճҎ্܁ฦͨ͠ޙͰ͋Δ৔߹͸ِΛද͢

஋Λ΋ͨͶ͹ͳΒͳ͍ɽJanus Ͱ͸ call จʹΑΓɼϓϩγʔδϟΛݺͼग़͢͜ͱ͕Ͱ͖Δɽuncall จ͸ϓϩ

γʔδϟͷຊମΛ͢ߦ࣮ʹ޲ํٯΔݺٯग़͠Λ͢ΔɽελοΫ΁ͷϓογϡ͸ɼpush(x,g)Λ༻͍ͯ͏ߦɽε

λοΫ g ʹม਺ xͷ஋Λ֨ೲ͠ɼͦͷޙɼxͷ஋Λ 0ΫϦΞ͢Δɽϙοϓ͸ pop(x,g)Λ༻͍͍ͯߦɼελο

Ϋ g ͷઌ಄ͷ஋ΛऔΓग़͠ xʹ֨ೲ͢Δɽ͜ͷͱ͖ɼม਺ xͷ஋͸ 0Ͱͳ͚Ε͹ͳΒͳ͍ɽpushͱ pop͸ޓ

Ͱ͋Δɽٯʹ͍

2.5 ෼ׂηϧΦʔτϚτϯٯՄݩ1࣍

จݙ [8]Ͱ࣮͞ݱΕͨ 1D-RPCA͸ɼ༗ݸݶͷඇ੩ࢭঢ়ଶؚ͕·ΕΔঢ়૬ͷൣғͷΈΛ௚઀తʹ΋ͭ੔ܗε

λοΫΛ༻͍Δ͜ͱͰେҬؔ਺ͷ୯ࣹੑΛอͪͭͭϝϞϦ࢖༻ྔΛ࠷దԽͨ͠ɽ1D-RPCA͸ RTMΛՄٯత

ʹγϛϡϨʔτͰ͖ΔͷͰɼ͜ͷϓϩάϥϜ͸ Janusͷ r-Turing׬શੑͷূ໌ʹͳ͍ͬͯΔɽ

֤ηϧΛ 3෼ׂͨ͠ 1D-RPCA P1 = (Z, (L,C,R), f, (#1,#2,#3)) ΛఆΊΔɽ͜͜Ͱɼ#1 = #2 = #3 =

0, L = C = R = {0, 1}Ͱ͋Γɼf ͸ද 2.1Ͱఆ·Δہॴؔ਺Ͱ͋ΓɼP1 ͸༗ݶঢ়૬ͷΈΛ΋ͭ΋ͷͱ͢Δɽ

ਤ 2.1ʹ࣌ؒൃలʹ൐͏ P ͷঢ়૬ͷมԽΛ͢ࢉܭΔ CA(t_end,conf,rule)Λࣔ͢ɽ

ͨͩ͠ɼt_end͸ऴྃεςοϓ਺Λද͠ɼελοΫ conf͸ঢ়૬Λද͢΋ͷͰ͋ΓɼελοΫͷఈʹ͸ඞͣ

ඇ੩ࢭঢ়ଶ͕֨ೲ͞Εɼ͔ͭηϧͷ෼ׂҐஔ͕มΘΒͳ͍Α͏ͳ࠷খ਺ͷ੩ࢭঢ়ଶ͕༻͍ΒΕ͍ͯΔɽgmap

Ͱ͸ɼ܁ฦ͠͝ͱʹελοΫͰද͞ݱΕͨηϧ਺ճɼہॴؔ਺ f Λ͢ࢉܭΔ lmap͕ݺͼग़͞ΕΔɽ֤܁ฦ͠

Ͱ͸ɼελοΫ͔ΒऔΓग़ͨ͠ l, c, rͷ஋Λ༻͍ͯہॴؔ਺Λ࣮͠ߦɼޙʹελοΫ slʹηϧͷ 3ͭͷ෦෼

Λॱʹ֨ೲ͢Δɽ܁ฦ͠ऴྃޙ͸ɼՄٯϓϩγʔδϟ rewindʹΑͬͯ slʹ֨ೲ͞ΕͨηϧΛ ॱٯ3ͭͣͭ

ʹ srʹҠ͢ɽਤ 2.3ʹ lmapΛࣔ͢ɽlmapͰ͸ɼ·ͣ l, c, rͷ஋Λར༻ͯͦ͠ͷঢ়ଶͷࡍʹద༻͢ΔભҠ
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procedure gmap(stack sr , int rule [][])

local stack sl=nil ,int l=0,int c=0,int r=0,int next_r =0

call mypop(l, sr)

from empty(sl) && c=0 && r=0 && next_r =0 loop

call lmap(l, c, r, rule)

call mypush(l,sl) call mypush(c,sl) call mypush(r,sl)

call mypop(c,sr) call mypop(r,sr) call mypop(l,sr)

r <=> next_r

until empty(sr) && l=0 && c=0 && r=0 && next_r =0

call rewind(sl, sr)

delocal stack sl=nil ,int l=0,int c=0,int r=0,int next_r =0

ਤ 2.2 1D-RPCA P1 ͷେҬؔ਺

procedure lmap(int l, int c, int r, int rule [][])

local int no = (l<<2) + (c<<1) + (r<<0)

l ^= ((no&0x4)>>2) ^ rule[no][0]

c ^= ((no&0x2)>>1) ^ rule[no][1]

r ^= ((no&0x1)>>0) ^ rule[no][2]

from l = rule[no][0] &&

c = rule[no][1] &&

r = rule[no][2] loop

no -= 1 // zero clear no

until no = 0

delocal int no = 0

ਤ 2.3 1D-RPCA P1 ͷہॴؔ਺

ͯ͠ࢉܭଇͷ൪߸Λن no ʹ֨ೲ͢Δɽ3–5 ໨Ͱ͸ɼ֤ม਺Λߦ no Λ༻͍ͯ 0 ΫϦΞͯ͠ભҠنଇద༻ޙͷ

ঢ়ଶʹߋ৽͢Δɽ܁ฦ͠Ͱ͸ɼߋ৽ޙͷঢ়ଶͷ৘ใΛ༻͍ͯ noΛ 0ΫϦΞ͢Δɽແ͕޿ʹݶΔ ͷঢ়૬ݩ1࣍

Λද͢ݱΔࡍɼRTM ͷແݶ௕ͷςʔϓΛ༗ݶϝϞϦͰද͢ํ๏ [3] ΛԠ༻͢Δ͜ͱ͕Ͱ͖Δɽจݙ [8] Ͱ͸

จݙ [3]ͱಉ༷ʹϓογϡͱϙοϓͷ֦ுΛͨͬߦɽۭͷελοΫʹ੩ࢭঢ়ଶΛϓογϡ͢Δࡍʹ͸Կ΋ೖΕ

ͣɼmypop͸ mypushͷݺٯग़͠Λ༻͍ͯఆٛ͢ΔɽՄٯϓϩγʔδϟ CA(t,conf,rule)ͷۭؒྔࢉܭΛߟ

͑Δɽconf͕อ࣋͢Δͷ͸ɼඇ੩ࢭঢ়ଶͷηϧΛ྆୺ͱ͢Δඞͣ͠΋੩ࢭঢ়ଶͰ͸ͳ͍ηϧ͕ଘ͢ࡏΔൣғ

Ͱ͋Δɽ͜ΕʹΑΓɼແݸݶͷ੩ࢭঢ়ଶͷηϧΛ༗ݶϝϞϦͰදݱͰ͖ΔͷͰɼఏҊϓϩγʔδϟͷϝϞϦ࢖

༻ྔ͸খ͍͞ɽ

– 4 –
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ද 2.1 1D-RPCA P1 ͷہॴؔ਺ f(l, c, r) = (l′, c′, r′)

l c r l′c′r′

000 000

001 001

010 010

011 011

l c r l′c′r′

100 100

101 101

110 110

111 111

– 5 –
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ୈ 3ষ

Janusͷ֦ு

ຊڀݚͰ͸ Janusʹ จྖߏ΋ͷΛ༻͍ΔɽͨͬߦΔ֦ுΛ͑ߦ഑ྻͱ഑ྻͷׂ෇͚/ղ์͕ಠཱͯ͠ݩ2࣍

ҬΛ࣍ͷΑ͏ʹ֦ு͢Δɿ

d ::= · · · | x[c][c] εΧϥͱ഑ྻ

e ::= · · · | x[e][e] ࣜ

s ::= · · · | x[e][e]⊕= e | local t x = e | delocal t x = e จ

ঢ়ଶΛ σɼ஋Λ v ͱॻ͘͜ͱʹ͢Δɽࣜͱจͷ൑ఆΛͦΕͧΕ σ 'expr e ⇒ v ͱ σ 'stmt s ⇒ σ ͱ͢Δɽׂ෇

͚ͱղ์ͷࣗવҙຯ࿦ΛఆΊΔɿ

Local

x %∈ dom(σ)
σ 'expr e1 ⇒ v1 σ 'expr e2 ⇒ v2

σ 'stmt local t x[e1][e2] = {{0}} ⇒ σ[x[0][0] )→ 0] · · · [x[v1][v2] )→ 0]

Delocal

x %∈ dom(σ)
σ 'expr e1 ⇒ v1 σ 'expr e2 ⇒ v2

σ[x[0][0] )→ 0] · · · [x[v1][v2] )→ 0] 'stmt delocal t x[e1][e2] = {{0}} ⇒ σ

delocalจʹ͓͚Δ ఆ͞Εɼશཁૉ͕ࢦ഑ྻͷղ์͸ɼਖ਼͍͠഑ྻαΠζ͕ݩ2࣍ 0Λ΋ͭ৔߹ʹͷΈ੒ޭ͢

ΔɽຊڀݚͰ༻͍Δ Janusʹ͓͍ͯ͸ localͱ delocal͸ೖΕࢠͷܗͰ༻͍Δඞཁ͸ແ͍ɽ͜ͷΑ͏ͳ֦ு

Λͨͬߦ Janus΋ՄٯͰ͋ΔɽҎ߱Ͱ͸֦ு͞Εͨ JanusΛ୯ʹ JanusͱݺͿɽ

– 6 –
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可逆性が損われない「

前提」
が中間

審査の宿題であった 。



ୈ 4ষ

෼ׂηϧΦʔτϚτϯٯՄݩ2࣍

ຊষͰ͸ɼ2D-RPCAͱͦͷՄٯγϛϡϨʔγϣϯͷํ๏Λड़΂Δɽ

4.1 ෼ׂηϧΦʔτϚτϯٯՄݩ2࣍

2D-RPCA P2 = (Z2, Q,N, f,#) ΛఆΊΔɽ͜͜Ͱɼۙ๣͸ N = ((0,−1), (−1, 0), (0, 1), (1, 0))ɼQi =

{0, 1}ɼ#i = 0 (i = 1, 2, 3, 4), f (u, r, d, l) = (u′, r′, d′, l′)͸ද 4.1ʹࣔ͢ભҠنଇͷू߹Ͱ͋Δɽf ͷӈล͕

શͯҟͳΔͷͰ୯ࣹͰ͋ΓɼP2 ͸ՄٯͰ͋Δɽ

4.2 ݱঢ়૬ͷදݶ഑ྻʹΑΔ༗ݩ2࣍

P2 ͷঢ়૬Λ 2 ʹಈత഑ྻʢҎԼ୯ٯՄݩ࣍ 2 ഑ྻʣcݩ࣍ Ͱද͢ɽ෼ׂ͞Εͨηϧͷঢ়ଶ Qi Λ 0/1 Ͱ

ද͠ɼQi(i = 1, 2, 3, 4) ΛͦΕͧΕ 1, 2, 4, 8 ͱͷੵͷ࿨Ͱޮ཰తʹঢ়ଶΛද͢ɽ2 ഑ྻͷ୺Ҏ֎ʹ͋Δݩ࣍

ηϧ c[x][y] ͷۙ๣͸ c[x ± 1][y ± 1] ͱ͍͏Α͏ʹ௚઀తʹදͤΔʢ෮߸೚ҙʣɽແݶͷηϧΛ΋ͭঢ়૬

Λ cͰ௚઀తʹද͢͜ͱ͸Ͱ͖ͳ͍ɽզʑ͸ 1D-RPCAͷ༗ݶঢ়૬ΛελοΫͰදํͨ͠ݱ๏ [8]ΛԠ༻͠ɼ

2D-RPCAͷ༗ݶঢ়૬ͷηϧ͕ଘ͏͠ࡏΔۣྖܗҬͷΈΛ cͰ௚઀తʹ΋ͭɽ

4.3 େҬؔ਺ͷ࣮ݱ

P2 ͷେҬؔ਺ F ͸ఆٛΑΓ୯ࣹͰ͋Δɽ͔͠͠ɼcΛߋ৽͢Δࢉܭ͸୯ࣹͰ͸ແ͍ɽͳͥͳΒɼ্هͷۣ

ঢ়ଶΛ΋ͭແ਺ͷࢭքʹ੩ڥҬͷఆΊํʹΑΓྖܗ ͸ଟରࢉܭ৽͢Δߋ഑ྻ͸ಉҰͷঢ়૬Λද͠ɼcΛݩ2࣍

ଟͷؔ܎ʹͳΔ͔ΒͰ͋Δɽ

୯७ͳղܾ๏ͱͯ͠ cΛߋ৽͢Δͱ͖ʹඞͣपғʹ 1ཁૉͣͭ੩ࢭঢ়ଶΛ௥Ճ͢Δ͜ͱͰࢉܭΛ୯ࣹʹ͢Δ

͜ͱ͕͑ߟΒΕΔɽ͜ͷํ๏ͩͱ࣮૷͕ൺֱత؆୯ʹͳΔɽ

ผͷղܾ๏΋͑ߟΒΕΔɽڥքʹඇ੩ࢭঢ়ଶΛ΋ͭ ͱΑͿɽFܗ഑ྻΛ੔ݩ2࣍ Λද͢ࢉܭΛ ഑ྻͷݩ2࣍

੔ੑܗΛอͭΑ͏ʹೖྗফڈՄࢉܭٯ [9, 10] Ͱ࣮ݱͰ͖Δɽ͜ͷ࣮ݱʹ͸ඇՄٯͳࢉܭͱͦͷࢉܭٯͷՄٯ

ද 4.1 2D-RPCA P2 ͷہॴؔ਺ f(u, r, d, l) = (u′, r′, d′, l′)

urdl u′r′d′l′

0000 0000

0001 0001

0010 0010

0011 1100

urdl u′r′d′l′

0100 0100

0101 1010

0110 1001

0111 1101

urdl u′r′d′l′

1000 1000

1001 0110

1010 0101

1011 1110

urdl u′r′d′l′

1100 0011

1101 0111

1110 1011

1111 1111
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procedure CA(int t_end , int conf [][], int rule [][])

iterate int t = 0 to t_end

call gmap(conf , rule)

end

ਤ 4.1 2D-RPCA P2 ͷΫϦʔϯՄٯγϛϡϨʔγϣϯ

procedure gmap(int c1[][], int rule [][])

local int c2[size(c1) + 2][ size(c1) + 2] = {{0}}, int u = 0, int l =

0, int r = 0, int d = 0

call table_expand(c1)

iterate int y = 0 to size(c2) - 1

iterate int x = 0 to size(c2) - 1

call get_ulrd(u,l,r,d,c1,x,y)

local int t = 0

call lmap(t, u, l, r, d, rule)

t <=> c2[x][y]

delocal int t = 0

end

end

call swap(c2, c1) // zero clear c2

delocal int c2[size(c1)][ size(c1)] = {{0}} , int u = 0, int l = 0,

int r = 0, int d = 0

ਤ 4.2 2D-RPCA P2 ͷେҬؔ਺

తͳ࣮͕ݱඞཁͰ͋Δɽͦͷ྆ऀΛ੔ܗͷ c͔ΒͦͷۣྖܗҬͷपғʹ͔͔ͨͩ 1ཁૉͣͭ௥Ճͨ͠ඇ੔ܗͷ

c’΁ͦΕͧΕ F ͱ F−1 Λද͢ࢉܭͰඇՄٯతʹ࣮ݱͰ͖Δɽ͔͠͠ɼ͜ͷํ๏Ͱ͸࣮૷͕ෳࡶʹͳΔͱ͍͏

ܽ఺͕͋Δɽ

4.4 ՄٯϓϩάϥϛϯάޠݴʹΑΔ࣮ݱ

P2 ͷՄٯγϛϡϨʔγϣϯ͸ਤ 4.1ͷϓϩγʔδϟ CAʹΑΓ͏ߦɽCA͸ॳظঢ়૬ confʹେҬؔ਺ gmap

Λ t_endճద༻ͯ͠ߋ৽͢Δɽ

ਤ 4.2ʹେҬؔ਺Λ͢ࢉܭΔ gmapΛࣔ͢ɽ·ͣભҠޙͷঢ়૬ͷදݱΛҰ࣌อଘ༻ͷ ഑ྻݩ2࣍ c2ΛׂΓ

෇͚Δɽ࣍ʹਤ 4.3ͷ table_expandͰભҠલͷঢ়૬ͷදݱΛ΋ͭ c1ͷ্ԼࠨӈͷڥքΛ 1ηϧ֦ͣͭு͢

Δɽ͜ͷ֦ுʹ͸ localͱ delocalΛಠཱʹ࢖༻͢Δඞཁ͕͋Δɽ͕ͨͬͯ͠طଘͷ JanusͰ͸࣮ݱͰ͖ͳ

͍ɽଓ͘܁ฦ͠Ͱ͸֤ηϧͷۙ๣Λϓϩγʔδϟ get_ulrdͰҰ࣌ม਺ u, l, r, dʹҠ͠ɼͦΕΒΛҾ਺ͱ͠

ͨϓϩγʔδϟ lmapͰہॴؔ਺ΛΫϦʔϯՄٯγϛϡϨʔγϣϯͨ݁͠ՌΛͦΕͧΕ c2ʹ֨ೲ͢Δɽہॴ

ؔ਺͸ਤ 2.3ͱಉ༷Ͱ͋Δɽswap͸ c2ͱશཁૉ͕ 0ΫϦΞ͞Εͨ c1ͷશཁૉΛೖΕସ͑Δɽਤ 4.4ʹঢ়૬

Λද͢ ʹ഑ྻͷભҠͷྫΛࣔ͢ɽભҠ͝ͱݩ2࣍ ͱྻ͕ߦ഑ྻͷݩ2࣍ 2֦ͣͭେ͢Δɽཁૉ਺ n2 ͷ ݩ2࣍

഑ྻ͔ΒͷભҠʹ͓͍ͯɼϝϞϦ࢖༻ྔ͸ 4n+ 4૿͑ɼࢉܭεςοϓ਺͸ O(n2)Ͱ͋Δɽ
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procedure table_expand(int t[][])

local int t2[size(t)+2][ size(t)+2] = {{0}}

call move(t, t2) // zero clear t

delocal int t[size(t2)-2][ size(t2)-2] = {{0}}

local int t[size(t2)][ size(t2)] = {{0}}

call swap(t2, t) // zero clear t2

delocal int t2[size(t)][ size(t)] = {{0}}

ਤ 4.3 ഑ྻͷ֦େ

{{0,12},

3, 0}}

{{0, 0, 0, 0},

{0, 0,12, 0},

{0, 3, 0, 0},

{0, 0, 0, 0}}

{{0, 0, 0, 0, 0, 0},

{0, 0, 0, 0, 0, 0},

{0, 0, 6, 0, 0, 0},

{0, 0, 0, 9, 0, 0},

{0, 0, 0, 0, 0, 0},

{0, 0, 0, 0, 0, 0}}

ਤ 4.4 ͷޙঢ়ଶɼભҠલɼભҠظΒॳ͔ࠨ ഑ྻݩ2࣍

4.5 ޮ཰తͳঢ়૬ͷදํݱ๏

༗ݶঢ়૬Λද͢ ͱ͍ܗঢ়ଶؚ͕·ΕΔ৔߹ɼ੔ࢭͱྻʹͦΕͧΕඇ੩ߦ഑ྻ͸ɼ഑ྻͷઌ಄ͱ຤ඌͷݩ2࣍

͏ɽྫ͑͹ɼਤ 4.4ͷॳظঢ়ଶͷ഑ྻͱભҠલͷ഑ྻ͸ಉ͡ঢ়૬Λද͍ͯ͠Δɽ͕ͨͬͯ͠ɼ੔ܗͳ഑ྻʹࣸ

͢େҬؔ਺Λద༻͢ΔͱભҠޙͷঢ়૬͕ಉ͡ʹͳΓɼ୯ࣹੑ͕ࣦΘΕΔɽ4.4અͰ͸ඇ੔ܗͷ഑ྻʹࣸ͢େҬ

ؔ਺Λ༻͍Δ͜ͱͰ୯ࣹੑΛ࣮͍ͨͯ͠ݱɽຊઅͰ͸ਤ 4.4ͷॳظঢ়ଶͷ഑ྻͷΑ͏ʹɼ੔ܗͳ഑ྻͷΈΛ༻

͍ͯ୯ࣹੑΛ࣮͢ݱΔɽ

4.6 ೖྗফڈՄࢉܭٯΛ༻͍࣮ͨݱ

ޮ཰తͳભҠલޙͷঢ়૬ΛͦΕͧΕ α1, β1,ඇޮ཰ͳભҠલޙͷঢ়૬ΛͦΕͧΕ α2, β2 ͱͯ͠ɼ͜ΕΒͷঢ়

૬ͷม׵ΛՄٯతʹ͜͏ߦͱ͕Ͱ͖Δ͔ʹ͍ͭͯ͢࡯ߟΔɽࠓճ࣮૷͍ͨ͠ϓϩάϥϜ͸ α1 ͔Β β1 ΁ͷભ

ҠͰ͋Γɼ͜Ε͸ɼ2D-RPCAͷఆ͔ٛΒ୯ࣹͰ͋ΓɼՄٯͰ͋ΔɽΑͬͯɼೖྗফڈՄࢉܭٯ [9, 10]ΛԠ༻

͠ɼΰϛग़ྗΛফ͢ڈΔ͜ͱ͕ՄೳͰ͋Δɽͳ͓ɼ͜͜Ͱ͸ঢ়૬ͷදݱʹඞཁͳग़ྗҎ֎ͷग़ྗΛΰϛग़ྗͱ

Έͳ͢ɽ4.4અͰࣔͨ͠ϓϩάϥϜ͸ɼೖྗΛ α1 ఆ͢Δ͜ͱͰɼα1ݶʹ ͔Β β2 ΁ͷભҠΛ͏ߦΰϛग़ྗΛ

൐Θͳ͍ϓϩάϥϜͱΈͳ͢͜ͱ͕Ͱ͖Δɽ͜ͷΑ͏ʹભҠ͞Εͨ β2 ͔Βΰϛग़ྗΛ൐͍ͳ͕Β β1 ʹม׵Λ

Մೳɼͭ·Γɼα1ڈΛར༻ͯ͠ΰϛग़ྗ͕ফࢉܭٯՄڈ΋ɼೖྗফͯͬߦ ͔Β β1 ΁ͷΰϛग़ྗΛ൐Θͳ͍ભ

ҠΛ͏ߦϓϩάϥϜ͕࣮ݱՄೳͰ͋Δɽ
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͓ΘΓʹ

ຊڀݚͰ͸ɼՄٯಈతදΛ༻͍ͨ 2D-RPCA ͷ Janus ্ͰͷՄٯγϛϡϨʔγϣϯͱɼঢ়૬ͷදݱͷ࠷

దԽʹ͍ͭͯݕ౼Λͨͬߦɽզʑ͸ɼඇ੩ࢭঢ়ଶͷηϧ͕ଘ͢ࡏΔۣྖܗҬΛ௚઀తʹද͢ϝϞϦͷΈͰ

2D-RPCAͷՄٯγϛϡϨʔγϣϯͷ࣮ํݱ๏Λࣔͨ͠ɽ͜Ε͸ Janusͷ r-Turing׬શੑΛূ໌ͨ͜͠ͱʹ

ͳΔɽ͔͠͠ɼ࣮૷্ͷ໰୊͕ղܾͰ͖ͣɼ2D-RPCAͷՄٯγϛϡϨʔγϣϯ͸ભҠ͝ͱʹϝϞϦ࢖༻ྔ͕

૿͑Δ΋ͷͱͳͬͨɽ

ँࣙ

ຊڀݚΛਐΊΔʹ͋ͨΓɼࢦಋڭһͰ͋Γԣࢁ఩࿠ڭतʹ͸म࢜࿦จͷܭڀݚըΛ্͏ߦͰॿݴΛ௖͖·͠

ͨɽ·ͨɼ༧ߘɼຊߘɼཁࢫʹؔͯ͠΋ࠪಡͱଟ͘ͷॿݴΛ௖͖·ͨ͠ɽԣڭࢁतͷଟ͘ͷ͝ࢦಋʹਂ͘ँײ

͍ͨ͠·͢ɽ·ͨɼ੨װࢁ༤ڭतͱ٢ాರڭतʹ͸ɼதؒ৹ࠪʹ͓͍ͯڀݚʹؔ͢ΔίϝϯτΛ௖͍ͨ͜ͱͱɼ

ຊ࿦จΛ͝ਫ਼ಡ͍͍ͨͩͨ͜ͱʹ৺͔Β͍ͨ͠ँײ·͢ɽޙ࠷ʹɼڀݚʹڞΛ͍ߦɼ༧ߘɼຊߘɼཁࢫͷࠪಡɼ

·ͨͦΕʹݶΒͣڀݚͷલஈ֊͔Βଟ͘ͷॿݴΛ͍͍ͨͩͨԣࣨڀݚࢁͷօ͞·ʹ͍ͨ͠ँײ·͢ɽ
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