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Տ ਅ1࣏,a)

֓ཁɿ
Gears OSܧଓΛجຊͱ͢Δ Kernelͱ User Programͷهड़Λ࠾༻͍ͯ͠ΔɻϝλϓϩάϥϛϯάʹΑ

ΓɺݩͷϓϩάϥϜΛม͢ߋΔ͜ͱͳ͘ϞσϧࠪݕΛ͜͏ߦͱ͕Ͱ͖Δɻ͜͜Ͱ codeGear୯ҐͰͷՄ

ͳฒྻ࣮ߦͷྻڍΛొͨ͠ dataGearʹରͯ͜͠͏ߦͱʹΑΓ CTLͰهड़͞Ε༷ͨΛ͢ূݕΔ͜ͱ

͕Ͱ͖ͨɻূݕͷϝϞϦͱ CPUͷ༻ྔɺٕज़ख๏ʹ͍ͭͯͷߟΛ͏ߦɻ

ΩʔϫʔυɿϞσϧࠪݕ, OS

Implementing Gears OS Model Checking

Abstract: Gears OS has continuation based description of user programs and the kernel. Using meta pro-
gramming facility, we can perform model checks on the user program and even the kernel itself. In this paper,
we show an implmentation on the model checking and show the evalution.
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1. OS ͷ৴པੑ

OS ͱҰൠతʹϋʔυΣΞͷΞΫηεɺݯࢿཧ

Λ͍ͯͬߦΔιϑτΣΞͰ͋Δɻͭ·Γίϯϐϡʔλʹ

ଓ͞Ε͍ͯΔશͯͷϝϞϦϋʔυσΟεΫͱ͍ͬͨه

Աஔɺ·ͨ CPU  GPU ͱ͍ͬͨࢉܭॲཧஔʹ௨

ৗ OS ͷػΛར༻͢ΔࣄͰ͔͠ΞΫηε͢Δ͜ͱग़དྷ

ͳ͘ͳ͍ͬͯΔɻ

OSΞϓϦέʔγϣϯαʔϏεͷ৴པੑΛอূ͢Δ

ுੑඞཁͱͳΔɻ͔͠͠ɺ֦ʹ࣌ͱͳΔ෦͕ͩɺಉૅج

OS ඇܾఆతͳ࣮ߦΛͨͭ࣋Ίɺͦͷ৴པੑΛอূ͢Δ

ʹैདྷͷςετͱσόοΫͰෆेͱ͑ߟΒΕ͍ͯΔɻ

ςετͱιϑτΣΞΞϓϦέʔγϣϯͷূݕ༻

͍ΒΕΔख๏ͰɺιϑτΣΞ͋Δ͍ΞϓϦέʔγϣϯ

ʹରͯ͠ɺܾ·ͬͨͷೖྗΛ༩͑ͨ߹ʹઃܭͰ༧͞Ε

ͨग़ྗ͕ฦͬͯ͘ΔࣄΛ͔֬ΊΔࣄʹΑͬͯ৴པੑΛอূ

͢Δख๏Ͱ͋Δɻ͜ͷςετʹΑΔख๏ɺূݕଆ͕ఆΊ

ͨൣғͰͷೖྗʹΑΔূݕͰ͋ΔͨΊςετ͖͠Εͳ͍෦

͕ͯͬ͠·͏Մੑ͕͋Δɻ
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ςετҎ֎ͷ৴པੑΛอূ͢Δূݕͱ͕ͯ͠ূݕࣜܗ

͋Γɺূݕࣜܗʹఆཧূ໌ͱϞσϧࠪݕ [1]ͷ̎ͭͷख

๏͕͋Δɻఆཧূ໌ֶతͳূ໌Λ༻͍ͯ৴པੑΛอূ

͢Δख๏Ͱ͋Δɻূ໌Λ༻͍ΔͨΊɺೖྗɺঢ়ଶʹൺ

ֱతӨڹΛ͏͚ͣʹূݕΛ͕ࣄ͏ߦग़དྷΔ͕ɺ߹͚ͷ

ෳࡶԽɺ߹͚ࣗମ͕ଟ͘ͳΔ͕͋ࣄΔɻagda[2] ͱ

͍ͬͨఆཧূ໌ࢧԉثͱݴΘΕΔͷ͕͋Δɻ͔͠͠ূ໌

ʹֶతͳ͕ࣝෆՄܽͱͳΔϞσϧࠪݕநԽ͞

ΕͨιϑτΣΞͷ࣮Ͱ͋ΔɻϓϩάϥϜͷ༷Ͱ͋Δ

logic Λຬ͔ͨ͢Ͳ͏͔ΛϞσϧثࠪݕΛ༻͍ͯௐΔࣄ

Ͱ৴པੑΛอূ͢ΔɻϞσϧࠪݕͷ߹ɺࣗಈͰશͯͷঢ়

ଶΛཏతʹग़ྗ͠ௐΔͨΊؒ࣌ূݕΛͯ͘͢͠

Δ͜ͱ͕ग़དྷΔɻ

ຊࣨڀݚͰ։ൃ͍ͯ͠Δ Gears OS[3] ΞϓϦέʔγϣ

ϯιϑτΣΞͷ৴པੑΛ OS ͷػͱͯ͠อূ͢Δ͜

ͱΛ͓ͯ͠ࢦΓɺ৴པੑΛอূ͢Δख๏ͱͯ͠Ϟσϧݕ

ࠪ hoare logic Λ༻͍ͨఆཧূ໌ [4]Λ༻͍ͯ৴པੑͷ

ΞϓϩʔνΛ͍ͯͬߦΔɻຊจͰɺ͜ͷ Gears OS ʹ

͓͚ΔϞσϧࠪݕΛ࣮͢ݱΔख๏ʹ͍ͭͯ͢ߟΔɻ
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2. Ϟσϧࠪݕͱ

Ϟσϧࠪݕɺ͍ͨ͠ূݕ༰ͷ࣌૬ཧࣜ pΛͭ͘Γɺ

ରͷγεςϜͷॳظঢ়ଶ s ͷϞσϧ M ͕͋Δͱ͖ɺM,s

͕ p Λຬ͔ͨ͢ (M,s |= p ͱද͞هΕΔ)ϞσϧثࠪݕΛ

༻͍ͯௐΔ͜ͱʹΑͬͯ৴པੑΛอূ͢Δख๏Ͱ͋Δɻ

༷૬ཧࣜʹ CTL(Computational Tree Logic) Λ༻

͍ΔɻCTLͷ༷૬ԋࢠࢉɺࢬΛද͢ύεྔԽࢠͱɺ͍ͭ

Γཱ͔ͭΛද࣌͢૬ԋ͕͋ࢠࢉΔɻ

ύεྔԽࢠ

• ͋ΔࢬͰଘ͢ࡏΔ E

• શͯͷࢬͰଘ͢ࡏΔ A

ࢠࢉ૬ԋ࣌

• ͷঢ়ଶͰΓཱͭ࣍ͷࢬ X

• ͜ͷઌ͍͔ͭΓཱͭ F

• ͜ͷ͋ͱͣͬͱΓཱͭ G

• ͜ͷઌ͍͔ͭঢ়ଶ aʹͳΔɺͦͷͱ͖·Ͱঢ়ଶ b͕

Γཱͭ U

• ঢ়ଶ b͕ͳΓͨͭ·Ͱঢ়ଶ aΓཱͭ R

͜ͷ༷૬ԋࢠࢉΛ༻͍ͯදͨ͠ CTL ͷಋग़͕ਤ 2.1

͔Β 2.4ͷΑ͏ʹͳΔɻ

s0

ਤ 1 ͋ΔࢬͰ͍͔ͭਅ EF

s0

ਤ 2 ͯ͢ͷࢬͰ͍͔ͭਅ AF

s0

ਤ 3 ͋ΔࢬͰ͍ͭਅ EG

s0

ਤ 4 ͯ͢ͷࢬͰ͍ͭਅ AG

࿇ඌ:ߟࢀ Ұ,Ϟσϧࠪݕೖ (2009)p12[5]

3. Ϟσϧࠪݕͷ࣮ྫ

Ϟσϧࠪݕͷํ๏ͱͯ͠ SPIN ͱ java path finder(ҎԼ

JVM) ͱ͍͏πʔϧ͕͋ΔɻSPIN  Promela ͱ͍͏

Ͱࣄड़͢ΔهͰޠݴड़ه༷ CޠݴͷثূݕΛੜ͢Δࣄ

ͰɺίϯύΠϧ·࣮ͨ͢ূݕʹ࣌ߦΔ͕ࣄͰ͖Δɻνϟ

ωϧΛͯͬͷ௨৴ฒྻಈ͢࡞Δ༗ݶΦʔτϚτϯͷϞ

DataSegmentCodeSegment 
A

CodeSegment 
B

ਤ 5 codeGear ͱ DataGear

σϧ͕ࠪݕՄͰ͋ΔɻSPINͰΦʔτϚτϯͷฒྻ࣮

Δε͢ߦ࣮ʹີݫՄͰ͋Δ͕ɺ͜Ε͕ূݕॲཧͷߦ

ςʔτΛϥϯμϜʹબ͠ɺ࣮ Δɻ͍ͯ͠ݱΔ͜ͱͰ࣮͢ߦ

SPIN ͰҎԼͷੑ࣭Λࠪ͢ݕΔ͕ࣄͰ͖Δɻ

• Ξαʔγϣϯ

• σουϩοΫ

• ౸ୡੑ

• ਐੑߦ

• ઢ࣌ܗ૬ཧͰهड़͞Ε༷ͨ

Java Path Finder(JPF)  java ϓϩάϥϜʹର͢ΔϞ

σϧࠪݕπʔϧͰɺjavaόʔνϟϧϚγϯ (JVM)Λ

γϛϡϨʔγϣϯ࣮͍ͯͯ͠͠ߦΔɻͦͷͨΊɺjavaͷό

ΠτίʔυΛ࣮ߦՄͰ͋ΔɻόΠτίʔυΛঢ়ଶભ

ҠϞσϧͱͯ͠ѻ͍ɺ࣮࣌ߦʹભҠ͠ಘΔঢ়ଶΛཏతʹ

ʹύλʔϯΛཏతߦΔɻ͔͠͠όΠτίʔυͷ࣮ࠪ͢ݕ

ௐΔͨΊʹɺେͳ CPUؒ࣌Λඞཁͱ͢Δɻ·ͨ JVM

ϕʔεͰ͋ΔͨΊɺෳͷϓϩηεͷऔΓѻ͍͕ग़དྷͣɺ

ঢ়ଶۭ͕ؒڊେʹͳΔ߹࣮ߦग़དྷͣɺҰ෦Λൈ

͖ग़ͯ͠σόοΫΛ͢Δͷʹ༻͞ΕΔɻJPF Javaͷ

reflectionͷػʹґଘ͓ͯ͠Γɺ͜ͷ෦ Java9 ʹ͓

͍ͯେ෯ʹม͞ߋΕͯ͠·ͬͨͷͰɺJava9Ҏ߱Ͱಈ࡞

͠ͳ͍ɻ

JPF ͰҎԼͷ͕ࣄͰ͖Δɻ

• εϨουͷՄͳ࣮ߦશͯΛௐΔ

• σουϩοΫͷݕग़

• Ξαʔγϣϯ

• Partial Order Reduction

4. Continuation based C

Gears OS ܰྔܧଓΛجຊͱ͢Δޠݴ Continuation

based C (ҎԼ CbC )[6]Λ༻͍ͨ OS ͷ࣮Ͱ͋ΔɻCbC

 Code Gear ͱ͍͏୯ҐΛ༻͍ͯهड़͢Δ C ͷػΛ࣋

ͭϓϩάϥϛϯάޠݴͰ͋ΔɻίϯύΠϧʹ llvmcbc[7]

Λ༻͍ͯ͏ߦɻCode Gear Ұൠతͳॲཧهड़ʹ͋ͨΓؔ

ʹൺ͔ͯ͘ࡉׂ͞Ε͍ͯΔɻCode Gear ؒͷભҠ

ܰྔܧଓͰ͋Δ goto จʹΑͬͯߦΘΕΔɻܰྔܧଓͰ

͋Δ goto ܧଓલͷ Code Gear ʹΔ͜ͱͳ͍ͨΊɺ

ϓϩάϥϜͷهड़Λͦͷ··ঢ়ଶભҠʹམͱ͠ࠐΉ͜ͱ͕

ग़དྷΔɻCͷؔͷ͕ܕ__code Ͱ͋ΔΑ͏ͳߏจͰఆٛ

͢Δ͜ͱ͕Ͱ͖Δɻͭ·ΓɺcodeGear dataGearΛ௨͠

ͯɺ࣍ͷ codeGearʹ goto Ͱଓ͞ΕΔ (ਤ 5)ɻ

ྫ ͑  ɺι ʔ ε ί ʔ υ 3.1  DiningPhilosoher-

sPloblem(ҎԼ DPP) ͷྫͰӈͷ fork ΛऔΔͱ͍͏ॲ



ཧΛ͍ͯͬߦΔҎԼͷΑ͏ʹॻ͚Δɻ͜͜Ͱ cas

(check and set)ͱ busy wait Ͱॻ͍ͯ͋Δɻ௨ৗͷؔݺ

ͼग़͠ͱҟͳΓɺstackڥΛӅͯͭ࣋͜͠ͱ͕ͳ͘ɺܭ

ͷঢ়ଶࢉ codeGear ͷೖྗͰܾͯ͢·Δɻ
__code putdown_rfork(struct PhilsImpl* phils,

__code next(...)) {

struct AtomicT_int* right_fork = phils->Rightfork;

goto right_fork->set(-1, putdown_lfork);

}

5. ϝλࢉܭ ͱ stub

codeGear ͷೖྗ dataGear ͱݺΕΔߏମ͕ͩɺ

͜ΕʹϊʔϚϧϨϕϧͷ dataGear ͱϝλϨϕϧͷ

dataGear ͷ֊͕͋ΔɻϝλϨϕϧʹࢉܭΛ࣮͢ߦ

Δ CPU ϝϞϦɺࢉܭʹؔ༩͢Δͯ͢ͷϊʔϚϧϨϕ

ϧͷ dataGear Λ֨ೲ͢Δ context ͳͲ͕͋Δɻcontext

௨ৗͷ OS ͷϓϩηεʹ૬͢Δɻ

ભҠ࣍ͷਤ (6) ͷ্ͷΑ͏ʹ codeGear ͔Β Code

Gear ʹҠಈ͢Δ͚͕ͩͩɺͦ ͷલʹग़ྗ͢Δ dataGear Λ

context ʹॻ͖ग़͢ඞཁ͕͋Δɻ͜Ε௨ৗͷؔݺͼग़

͠ͷ returnͷॲཧʹ૬͢Δɻ

ਤ 3.2ͷԼϝλϨϕϧ͔Βͨݟ codeGearͰ͋Δɻgoto

ઌ meta ͱ͍͏ meta codeGaer Ͱ͋Γɺͦ ͜Ͱඞཁͳϝ

λߦ͕ࢉܭΘΕΔɻ͜͜ʹҙͷϝλࢉܭΛஔ͘͜ͱ͕Ͱ

͖Δɻ͜ͷ߹ͷҾ context ͱ͖ߦઌΛද͢൪߸͚ͩ

Ͱ͋Δɻιʔείʔυ 3.2 DPP ʹ͓͚Δ ӈͷϑΥʔΫ

Λ্͛ͪ࣋Δྫͷ stub Ͱ͋Δ pickup rfork stub ͱɺͦ

ͷ stub meta ʹ goto ͢Δ ϊʔϚϧϨϕϧͷͷʹͳΔɻ

͜ͷΑ͏ʹϊʔϚϧϨϕϧͷ CodeGear ͔ΒϝλϨϕϧʹ

ભҠ͢Δࡍʹ goto meta ͰҾΛ͚ͩ͢ͰɺϝλϨϕ

ϧͷࢉܭӅ͞Ε͍ͯΔɻ
__code pickup_rfork_stub(ContextPtr cbc_context)

{

PhisPtr self = GearRef(cbc_context,D_Phisoloper);

PhisPtr next = GearRef(cbc_context,D_next);

goto pickup_rfork(ContextPtr cbc_context, self,next);

}

__code pickup_rfork(PhilsPtr self,

__code __next(ContextPtr cbc_context));

{

if (cas(self->right_fork->owner, self) == self) {

goto meta(context,C_phil_think);

} else {

goto meta(context,C_pickup_rfork);

}

}

ϝλϨϕϧ͔ΒݟΔͱɺcodeGearͷೖྗ context ͨ

ͩҰͭͰ͋Γɺͦ ͔͜ΒඞཁͳϊʔϚϧϨϕϧͷ dataGear

Code Gear

Data Gear

Data Gear

Code Gear

Code Gear

Data Gear

Data Gear

Code GearMeta Gear

Meta Gear

Meta Gear

Meta Gear

ਤ 6 Gears OS ͷϝλࢉܭ

ΛऔΓग़ͯ͠ɺϊʔϚϧϨϕϧͷ codeGaerΛݺͼग़͢ɻ

͜ͷऔΓग़͠ stub ͱݺΕΔ meta codeGear ʹΑͬͯ

ΘΕΔɻ(ਤߦ 7) ͜Ε௨ৗͷؔݺͼग़͠ͷ ABI(Ҿ

ͱϨδελελοΫ্ͷؔΛܾΊͨόΠφϦΠϯλʔ

ϑΣʔε)ʹ૬͢Δɻ

stub codeGear codeGearͷଓͷؒʹڬ·ΕΔMeta

Code Gear Ͱ͋ΔɻϊʔϚϧϨϕϧͷ codeGear ͔Β

MetadataGear Ͱ͋Δ Context Λࢀরͯ͠͠·͏ͱɺ

Ϣʔβʔ͕ϝλࢉܭΛϊʔϚϧϨϕϧͰࣗ༝ʹهड़Ͱ͖

ͯ͠·͍ɺϝλࢉܭΛͨ͠ҙຯ͕ͳ͘ͳͬͯ͠·͏ɻ

stub Code Gear ͜ͷΛ͙ͨΊɺContext ͔Βඞཁ

ͳ dataGaerͷΈΛϊʔϚϧϨϕϧʹ͢ॲཧΛߦͳͬ

͍ͯΔɻ

͜ͷΑ͏ʹϊʔϚϧϨϕϧͷ Code Gear ͔Β context

ΛݟΔ͜ͱͰ͖ͣɺϝλࢉܭϨϕϧͰϊʔϚϧϨϕϧ

ͷҾͷৄࡉΛؾʹ͠ͳ͍ͰॲཧΛ͜͏ߦͱ͕Ͱ͖ΔΑ͏

ʹͳ͍ͬͯΔɻϊʔϚϧϨϕϧͱϝλϨϕϧɺඞཁͳΒ

 CPUͷ system mode ͱ user mode ͷঢ়ଶΛม͑ͯ

ྑ͍ɻ

6. Gears OS ʹ͓͚Δฏߦ࣮ߦͷূݕ

codeGearͷ࣮ߦ OSͷதͰͷجຊ୯Ґͱ࣮ͯ͠͞ߦ

ΕΔɻͭ·Γಈ࡞ͱͯ͠ codeGearฒߦॲཧͳͲʹΑΓ

ׂΓࠐ·ΕΔ͜ͱͳ͘هड़͞Εͨ௨Γʹ࣮͞ߦΕΔɻ͜Ε

 OSʹΑͬͯ૬ରతʹอূ͞ΕΔɻྫ͑ػցނোͷΑ

͏ͳ߹·Ͱอূ͢ΔͷͱҟͳΔɻଞͷ codeGearʹ

Αͬͯڞ༗͞Ε͍ͯΔ dataGearʹڝ߹తʹॻ͖ࠐΜͩΓɺ

ׂΓࠐΈʹΑΓॲཧ͕தஅͨ͠Γ͢Δͯ͠ɺ Gears OS

 codeGear ͕ਖ਼࣮͘͠͞ߦΔ͜ͱΛอূ͢Δɻ

ϓϩάϥϜͷඇܾఆతͳ࣮ߦೖྗ͋Δ͍ฒྻ࣮ߦͷ

ඇܾఆੑ͔Βൃੜ͢Δɻऀޙฒྻ࣮͞ߦΕΔ codeGear

ͷॱྻฒͼସ͑ͱͳΔɻΑͬͯ͜ΕΒͷฒͼସ͑Λੜ

͠ɺͦͷ࣌ʹੜ͡Δ context ͷঢ়ଶΛ্ͯ͑͛͢ΕΕ

ϞσϧࠪݕΛ࣮Ͱ͖Δ͜ͱʹͳΔɻͨͩ͠ɺcontext

ͷঢ়ଶ༗ݶঢ়ଶʹͳΔͱݶΒͣɺ·ͨ༗ݶʹͳΔͱ͠



`

Context

Data Gear

Data Gear

Data Gear

Code Gear

stub Code 
Gear1.Output

2.Input Data Gear 
として参照

Code Gear

3.goto
4.Output

2.Output Data Gear 
として参照

ਤ 7 Contex ͕ͭ࣋ DataGaer ͷΞΫηε

ͯڊେʹͳΔ߹͕͑ߟΒΕΔɻ͜ͷ߹ OS Ξϓ

Ϧέʔγϣϯͷςετͱͯ͠ಈ͢࡞Δेͳঢ়ଶʹ·Ͱɺ

context ͷঢ়ଶΛநԽ͢Δ͜ͱ͕Ͱ͖ΕϞσϧࠪݕΛ

Δɻ͑ߦ

context ϓϩηεશମʹ૬͢Δ͕ϞσϧࠪݕͰม

Εྑ͍ɻͦ͜ͰɺϝϞϦྖҬྀ͢ߟΕͨ෦ͷΈΛ͞ߋ

ͷू߹͔Βঢ়ଶΛ࡞Γ֨ೲ͢ΔσʔλϕʔεΛ༻ҙ͢Δɻ

codeGearͷγϟοϑϧͷਂ͞༏ઌ୳ࡧΛߦͳ͍ɺ৽͠

͘ੜ͞Εͨঢ়ଶΛσʔλϕʔεͰࢀর͠ɺطʹ͋Εɺ

ਂ͞ΛҰͭΓɺผͳ୳ࢬࡧʹҠΔɻ৽͍͠ঢ়ଶ͕ੜ͞

Εͳ͘ͳΔɺ͘͠ɺόάΛ͚ͭݟΕϞσϧࠪݕऴ

ྃͱ͜͏ݴͱʹͳΔɻ

͜͜Ͱྫͱͯ͠ Dining Phisopher ͷ dead lock

ͷݕग़Λ͏ߦɻ

(1) Dining PhisopherΛ Gears OS্ͷΞϓϦέʔγϣ

ϯͱ࣮ͯ͢͠Δ (DPP)ɻ

(2) DPPΛ codeGearͷγϟοϑϧͷҰ࣮ͭͯ͢͠ߦΔ

meta codeGear Λ࡞͢Δɻ

(3) Մͳ࣮ߦΛੜ͢Δ iterator Λ࡞͢Δɻ

(4) ঢ়ଶΛه͢Δ memory ͱঢ়ଶ DBΛ࡞͢Δɻ

(5) ঢ়ଶ DB͕ CTLͷ༷Λຬ͍ͨͯ͠Δ͔Λϑϥά

ΛͯͬௐΔɻ

(2)-(4) Gears OS ͷϝλࢉܭͱ࣮ͯ͠͞ΕΔɻ͜ͷ

ஈ֊Ͱ DPPͷϞσϧ͕ࠪݕՄʹͳΔͣͰ͋Δɻ

7. OSͦͷͷͷϞσϧࠪݕ

ҰํͰ Gears OSͦͷͷ codeGear Ͱهड़͞Ε͍ͯ

ΔɻCPUຖͷ C.contextɺͦͯ͠ɺͦΕ͕ڞ༗͢ΔKernel

ͷK.contextɺͦ Ε͔ΒϢʔβϓϩάϥϜͷU.contextͳͲ

ͷ context͔ΒͳΔͱ͑ߟΕɺ͜ ΕΒશମmeta dataGear

Ͱ͋Δ K.context ʹؚ·Ε͍ͯΔͱ͑ߟΔɻ

͜ΕΒͷ͏ͪͷ͍͔ͭ͘ϋʔυΣΞʹؔ࿈ͨ͠ಈ࡞

Λ͍ͯͬ࣋Δ͕ɺͦΕΛΤϛϡϨʔγϣϯʹஔ͖͑Δ͜

ͱ͕ৗʹՄͰ͋ΔɻGears OSΛߏ͍ͯ͠Δ dataGear

/ codeGear ಛघͳͷͰͳ͘ɺී௨ʹϞσϧࠪݕͷ

ରͱͳΔ context ʹొ࣮͍ͯ͠ྑͯ͠ߦɻͭ·ΓϞσ

ϧࠪݕΛ Gears OS શମʹର࣮ͯ͠ߦՄͰ͋Δͱ͑ߟ

ΒΕΔɻ͜ͷ࣌ɺ֎ଆͰී௨ͷ Gears OS͕ಈ͠࡞ɺϞ

σϧࠪݕͷରͱͳΔ context ͰΤϛϡϨʔτ͞Εͨ

dataGear / codeGear ΕΔɻ͞ߦ࣮͕

(5) Gears OSΛؚΉ codeGear ͷγϟοϑϧ࣮ߦΛߦͳ

͍ɺϞσϧࠪݕΛ͏ߦɻ

Gears OSͷ࣮ Unix্ͷΞϓϦέʔγϣϯͱͯ͠ͷ

࣮ͱɺx.v6[8]ͷॻ͖͑ʹΑΔ࣮ͷೋछྨ͕͋Δ͕ɺલ

ऀͰΞϓϦέʔγϣϯ OSʹϦϯΫ͞ΕΔɻऀޙ

Ͱ x.v6 ͷ execߏػʹΑΓ࣮͞ߦΕΔɻ࣮ࡍʹ OSͷϞ

σϧࠪݕΛ࣮͢ߦΔͨΊʹɺඞཁͳmeta dataGear/meta

codeGear ͷ emulatorΛॻ͘ඞཁ͕͋Δɻ͔͠͠ɺࠪ͢ݕ

Δඞཁ͕ͳ͍෦ແࢹͰ͖ΔΑ͏ʹ͍ͨ͠ͱ͍ͯ͑ߟΔɻ

Gears OSฒྻ࣮ߏػߦΛ͍ͯͬ࣋ΔͷͰɺ

(6) ϞσϧͦࠪݕͷͷΛฒߦ࣮ߦ [9]͢Δ͜ͱ͕Ͱ͖Δ

ͱ͑ߟΒΕΔɻ

8. Dining Philosophers

Ϟσϧࠪݕͷূݕ༻ͷαϯϓϧϓϩάϥϜͱͯ͠Dining

Philosohers Ploblem (ҎԼ DPP)Λ༻͍Δɻ͜Εڞݯࢿ

༗ͷ̍ͭͰɺ࣍ͷΑ͏ͳ༰Ͱ͋Δɻ

5ਓͷֶऀ͕ԁʹ͍͓ͭͯΓɺ֤ʑεύήοςΟʔ

ͷ͕ࡼͷલʹ༻ҙ͞Ε͍ͯΔɻεύήοΟʔͱͯབྷ

·͍ͬͯΔͷͰ৯Δʹ 2 ຊͷϑΥʔΫΛΘͳ͍ͱ

৯Εͳ͍ɻ͔͠͠ϑΥʔΫ͓ࡼͷؒʹҰຊ͓͍ͣͭͯ

͋ΔͷͰɺԁʹϑΥʔΫ͕ 5ຊ͔͠༻ҙ͞Ε͍ͯͳ͍ɻ

??ֶऀࡧࢥͱ৯ࣄΛަ܁ʹޓΓฦ͍ͯ͠ΔɻۭෲΛ֮

͑ΔͱɺࠨӈͷΦʔΫΛखʹऔΖ͏ͱࢼΈɺ2ຊͷϑΥʔ

ΫΛऔΔ͜ͱʹޭ͢Δͱ͠͠৯ࣄΛ͠ɺ͠Β͘͢Δ

ͱϑΥʔΫΛஔ͍ͯࡧࢥʹΔɻྡͷֶऀ͕৯ࣄதͰ

ϑΥʔΫ͕खʹऔΕͳ͍߹ɺͦͷ··ϑΥʔΫ͕ஔ͔

ΕΔͷΛͭɻ



ֶ֤ऀΛ̍ͭͷϓϩηεͱ͢Δͱɺ͜ͷͰ ݸ5

ͷϓϩηε͕ฒྻʹಈ͘͜ͱʹͳΓɺશһ͕ 1ຊͣͭϑΥʔ

ΫΛͯͬ࣋߹σουϩοΫ͍ͯ͠Δ͜ͱʹͳΔɻϓϩ

ηεͷฒྻ࣮ߦεέδϡʔϥʹΑ੍ͬͯ͢ޚΔ͜ͱͰ࣮

Δɻ͢ݱ

ҎԼ DPPʹ͓͚ΔӈଆͷϑΥʔΫΛऔΔϓϩάϥϜ

Ͱ͋Δɻ࠷ॳʹӈͷϑΥʔΫΛͨ࣋Ε͍ͯΔ͔Ͳ͏͔Λ֬

ೝ͠ɺ͍ͳ͚ΕࣗΛͪ࣋ओʹొ͢Δɻͦͷޙ next

ભҠ͢Δࣗͷঢ়ଶΛೖΕʹ࣍ʹ scheduler ʹભҠ͢Δ

͜ͱʹΑͬͯ scheduler Λ௨ͯ࣍͠ͷঢ়ଶʹભҠ͢Δɻ͜

ͷͱ͖ scheduler ͔ΒϝλࢉܭΛڬΉ͜ͱʹΑͬͯঢ়ଶΛ

MemoryTree ʹೖΕΔ͕ࣄͰ͖ΔɻࠨͷϑΥʔΫͷͪ࣋ओ

͕͍ͨ߹ٌծঢ়ଶΛొ͠ scheduler ʹભҠ͢ΔࣄͰ

ػঢ়ଶΛҡ࣋͢Δɻ
code pickup_lfork(PhilsPtr self,

TaskPtr current_task)

{

if (self->left_fork->owner == NULL) {

self->left_fork->owner = self;

self->next = pickup_rfork;

goto scheduler(self, current_task);

} else {

self->next = hungry1;

goto scheduler(self, current_task);

}

9. Gears OS Λ༻͍ͨ DPP

DPP ֶऀ 5ਓ͕ಉߦʹ࣌ಈ͢ΔͷͰɺ5ͭͷεϨο

υͰಉ࣌ʹॲཧ͢Δ͜ͱͰঢ়ଶΛੜ͢Δ͕ࣄͰ͖Δɻ·

ͣ Gears OSͷฒྻߏจͷ par goto͕༻͍Δ͜ͱͰϚϧν

εϨουॲཧͷ࣮Λ͏ߦɻ par goto Ҿͱͯ͠ɺdata

gaer ͱ࣮ܧʹޙߦଓ͢Δ__exitΛ͢ɻpar goto Ͱੜ

͞Εͨ Task __exit ʹͰऴྃ͢Δɻ͜Εࣄଓ͢Δܧʹ

ΑΓ Gears OS ෳεϨουͰͷ࣮ߦΛ͕ࣄ͏ߦՄͰ

͋Δɻ5ͭͷϑΥʔΫͷঢ়ଶ CASͰཧ͢ΔɻCASΛ

৽લߋͷΛ͠ɺ͞Εͨޙ৽ߋ৽લͷͱߋࡍ͏

ͷΛ࣮ࡍʹอଘ͞Ε͍ͯΔϝϞϦ൪ͷͱൺֱ͠ɺಉ

͡σʔλ͕ͳ͍ͨΊɺσʔλͷߋ৽ʹޭ͢ΔɻҟͳΔ

߹ଞͷॻ͖ࠐΈ͕͋ͬͨͱΈͳ͞Εɺͷߋ৽ʹࣦഊ͠ɺ

͏Ұ CAS Λ͏ߦɻ5εϨουͰߦΘΕΔॲཧͷঢ়ଶ

ҎԼͷ 6௨ΓͰɺthink ͷ͋ͱ Pickup Right fork ʹͬ

ͯ͘Δɻ

• Pickup Right fork

• Pickup Left fork

• eating

• Put Right fork

• Put Left fork

• Thinking

Scheduler

par goto

●Pick Right

●Eat

●Pick Leftt

●Put Right

●Put Left

●Think

Pherosoher Threads

Go to 
meta

fork１
fork2
fork3
fork4
fork5
　

Syncrhonized Queue

Cheack and  Set

Memory Tree

State.DB

ਤ 8 DPP on Gears OS

͜ͷঢ়ଶ goto next ʹΑͬͯભҠ͢Δɻঢ়ଶΛભҠ͢

ΔࡍɺMemoryTreeʹΑͬͯঢ়ଶΛอଘ͢Δɻ·ͨ͜ͷঢ়

ଶભҠແݶϧʔϓ͢ΔͷͰMemoryTree ʹอ͞ΕΔɻ

·ͨ͜ͷMemoryTreeεϨουͷ͚ͩ͋Γɺsutats DB

ʹΑͬͯ·ͱΊΒΕ͍ͯΔɻ

DPPͷঢ়ଶભҠ 6ͭͷঢ়ଶΛ܁Γฦͨ͢Ίɺಉ͡ঢ়ଶ

͕ग़ͨ߹ʹऴྃͤ͞ͳ͚ΕͳΒͳ͍ɻͦ͜Ͱ state

DBΛ༻͍ͯಉ͡ঢ়ଶΛ͢ࡧݕΔ͜ͱͰऴྃఆΛͩ͢ɻ

͜ͷ࣮ߦ Single thread ΘΕΔ͕ɺiteratorߦʹ Λͬ

ͯฒͯ͠ߦ࣮ߦྑ͍ɻ

ඞཁͳ࣌૬ཧతͳ༷ codeGear ʹίϯύΠϧ͢Δ

͜ͱ͕Ͱ͖ΔͷͰɺͦ ΕΛಉ࣌ʹΒͤΔ͜ͱʹΑΓνΣο

ΫͰ͖Δɻ͜Ε SPIN ͷ LTL ͷه༷ड़ͱಉ͜͡ͱʹ

ͳΔɻ͜ͷΑ͏ʹϞσϧࠪݕΛ codeGear ͱ dataGear ্

Δ͜ͱ͕Ͱ͖Δɻ͢ݱ࣮ʹ
ϝϞϦྖҬͷొʹ
add_mamory_area(ContextPtr cbc_contex ,void *addrss,long length)

ͷΑ͏ͳAPIΛ༻͍Δɻঢ়ଶͷ֨ೲɺmera codeGear Ͱ

ΘΕΔͷͰɺcustomizeߦ ͕ՄͰ͋Δɻ͜ͷஈ֊Ͱରশ

ੑͷར༻ঢ়ଶͷநԽΛ͜͏ߦͱՄͱͳΔɻ

10. Gears OS ͰͷϞσϧ࣮ࠪݕ

ϞσϧࠪݕΛ͏ߦͷʹɺ࣍ͷͷΛ༻ҙͨ͠ɻ

• MCTaskManagerImpl.cbc (ಋग़Λ࡞ΔͨΊʹ



dataGear ʹ process (context) Λొ͢Δɻ)

• MCWorker.cbc (ಋग़Λ࡞Δ meta codeGear)
• TaskIterator.c

Λબ͢Δߦͷ࣮࣍ interator

• memory.c ( memory range ͷѻ͍ (2))

• crc32.c ( memory ঢ়ଶͷ hash)

• state db.c (ঢ়ଶͷ data base (2))

CbC Ͱ࣮͞Εͨ DPP  ιʔείʔυ 4.2 ͷ Perl

script meta.pm ʹΑͬͯਖ਼نදݱΛ༻͍ͯ goto ͷϝλ࣌

Δɻ͢ݱΛ࣮ߦ࣮ࢉܭ

mcMeta ϞσϧࠪݕΛ͏ߦ߹Ͱ random ฒߦ࣮ߦ

ͷγϛϡϨʔγϣϯΛ͏ߦ߹ͱͳ͍ͬͯΔɻ7ߦଟ

Ϧετͷݩ࣍ PhilsImpls Λ regular expression ʹͯ͠

͍Δɻ͜Ε goto ͷભҠઌͰ͋Δɻͦͷޙ Ͱड͚ߦ11

औͬͨจྻࣈΛ gotoઌʹϥϯμϜʹɺஔ͓ͯ͠Γɻ16ߦ

ͰจྻࣈΛड͚औͬͨจྻࣈʹભҠ͢Δલʹ mcMeta

ΛڬΉΑ͏ʹ͍ͯ͠Δɻ

package meta;

use strict;

use warnings;

sub replaceMeta {

return (

[qr/PhilsImpl/ => \&generateMcMeta],

);

}

sub generateRandomMeta {

my ($context, $next) = @_;

return "goto random($context, $next);";

}

sub generateMcMeta {

my ($context, $next) = @_;

return "goto mcMeta($context, $next);";

}

1;

11. ಋग़ͷ࡞Γํ

__code putdown_lfork(struct PhilsImpl* phils, __code next(...)) {

struct AtomicT_int* left_fork = phils->Leftfork;

goto left_fork->set(-1, thinking);

}

ιʔείʔυ 5.5  DPP ͷྫͷͷͰɺPhilospher ͷ

Leftfork Λஔ͘෦Ͱ͋ΔɻϑΥʔΫ֤ Philosher ؒͰ

ʹͳ͍Α͏͖ى͕߹ڝ༗͞ΕΔσʔλͷͨΊɺڞ CAS Λ

ඞཁ͕͋Δɻ͜ͷιʔείʔυҎԼͷιʔείʔυ͏ߦ

5.6ʹม͞ΕΔɻGearef  Context ͔Β Data Gaer Λ

র͢ΔϚΫϩʹͳ͍ͬͯΔɻgotoࢀ ઌ͕ mcMeta ʹͳͬ

͍ͯΔɻ

__code putdown_lforkPhilsImpl(struct Context *context,

struct PhilsImpl* phils, enum Code next) {

struct AtomicT_int* left_fork = phils->Leftfork;

Gearef(context, AtomicT_int)->atomicT_int = (union Data*) left_fork;

Gearef(context, AtomicT_int)->newData = -1;

Gearef(context, AtomicT_int)->next = C_thinkingPhilsImpl;

goto mcMeta(context, left_fork->set);

}

Gears OS ͷϊʔϚϧϨϕϧͷ code ม͞ΕΔ͕ɺ

mcMeta  ncode ͱهड़͞Ε͓ͯΓɺ͜Ε meta ͱ͠

ͯѻ͍ม͠ͳ͍ҙຯͰ͋Δɻ9ߦʹ͋Δ mctiʹλε

ΫΛ͍ͯ͠Δɻ
__ncode mcMeta(struct Context* context, enum Code next) {

// Λߦͷ࣮࣍ context ʹ͓֮͑ͯ͘

context->next = next; // remember next Code Gear

// state Λ db ͔Β୳͢

// Ϟσϧࠪݕϑϥάͷߋ৽

if (found) {

// ঢ়ଶʹط db ʹ͋ͬͨ߹

// iterator Λ୳͢ɺऴΘ͍ͬͯͨΒ্ʹΔ

while(!(list = takeNextIterator(mcWorker->task_iter))) {

// ͏͕ذͳ͍ͷͰ্ʹΔ

TaskIterator* prev_iter = mcWorker->task_iter->prev;

if (!prev_iter) {

// ͏্͕ͳ͍ͷͰશ෦୳ͨ͠

memory_usage();

// flag ͷߋ৽ΛݟΔ

if (! mcWorker->change && mcWorker->checking) {

// ϑϥάͷม͕ߋͳ͚Εऴྃ

exit(0);

}

// ΊΔ࢝ॳ͔Β࠷

} else {

// Ұ্ͭʹΔ

}

}

// ͬͨ࣌ʹϝϞϦΛॻ͖͢

} else {

// Ұஈɺਂ࣮͘͢ߦΔͷͰɺ৽͘͠ iterator Λ࡞Δ

}

// normal level ʹΔ

goto meta(context, context->next);

}

12. Ϟσϧࠪݕͷϑϥάͷཧ

ιʔείʔυ 4.3 ͷ mcDPP.h ϞσϧࠪݕͰΘΕΔ

ϑϥάͷએݴΛ͍ͯ͠Δɻ
#ifndef MCDPP_H

#define MCDPP_H 0

#include "context.h"

#include "ModelChecking/state_db.h"

/*

00 don’t care

01 true

11 false



*/

enum DPPMC_F {

t_eating = 0x1, // eating

f_eating = 0x3, // ˯ eating

t_F_eating = 0x4, // <> eating

f_F_eating = 0xc, // ˯ <> eating

t_GF_eating = 0x10, // [] <> eating

f_GF_eating = 0x30, // ˯ [] <> eating

};

ճͷࠓ͔͠͠ DPPͷྫʹ͓͍ͯ t eatingͱ f F eating

ͷϑϥά͔͠༻͍ͯ͠͠ͳ͍ɻDPPͷྫ৯ࣄͱͦ

ΕҎ֎ͷঢ়ଶΛ॥͍ͯ͠ΔͨΊ t eating ϑϥάͷʮ৯ࣄ

தʯͱ f F eating ϑϥάͷʮ͍͔ͭ৯ࣄʹ͢Δʯͱ͍͏̎

ͭͷঢ়ଶͰද͢͜ͱ͕ՄͱͳΔɻ

ࡏݱ eating ͔Ͳ͏͔Λௐͯɺt eating Λ·ͣઃఆ͢

Δɻಋग़ͷੜΛ܁Γฦ͍͠ߦɺ࣍ͷঢ়ଶ͕ t eating·

ͨ f F eating ͷ࣌ʹ f F eating Λઃఆ͢Δɻϑϥά͕ม

Խ͠ͳ͘ͳͬͨΒऴྃͰ͋Δɻ͜ͷํ๏ͩͱಋग़Λ Fϑ

ϥάͷਂ͞ͷ͚ͩ܁Γฦ͢͜ͱʹͳΔɻ

f F eating ͷͳ͍ϊʔυ͕͋ΕɺͦΕϥΠϒϩοΫ

·ͨσουϩοΫͱ͍͏͜ͱʹͳΔɻҎԼͷϊʔυͰҰ

෦ f F eating ͕ͳ͍ϊʔυ͕͋ΕɺͦΕϥΠϒϩοΫ

ͱ͍͏͜ͱʹͳΔɻ
ϑϥά now ͱ next Λݟൺͳ͕Β update ͢Δɻ

ͯ͢ͷঢ়ଶ ͷࠓ context ʹͷ͍ͬͯΔ͕ɺաڈ
add memory rangeͰه͞Εͨͷ͋Δ͍ϑϥά͔͠
Εͳ͍Α͏ʹͳ͍ͬͯΔɻݟ

ιʔείʔυ 4.4 ͷ mcDPP.cbc ͰϑϥάͷൺֱʹΑΔ

ϞσϧࠪݕΛ͍ͯͬߦΔɻ
void mcDPP(struct MCTaskManagerImpl* mcti,

struct MCWorker* mcWorker,

StateDB now,StateDB next, int check) {

PhilsImpl* phils =

(PhilsImpl*)GearImpl(mcWorker->mcContext, Phils, phils);

int prev_now = now->flag;

int prev_next = next->flag;

if (phils->self != 1) return;

enum Code nextc = mcWorker->mcContext->next;

if (nextc == C_putdown_rforkPhilsImpl ) {

next->flag |= t_eating;

}

if ((next->flag & t_eating )

||(next->flag & t_F_eating) ) {

now->flag |= t_F_eating;

}

if ( prev_now != now->flag

|| prev_next != next->flag )

mcWorker->change = 1;

if (check) {

if (!(now->flag & t_F_eating)) {

printf("not <> eating\n");

}

}

}

ʹ࣍ͷϑϥάΛऔಘ͠ɺ࣍ͷϑϥάͱࠓʹॳ࠷ phils->self

͕ 1 Ͱ͋Δ߹ return Ͱ͵͚Δɻ12ߦͰ ͷࠓͱ࣍

ϑϥά͕ et ating ·ͨ t F eatingͰ͋Ε t F eating;

ͷϑϥάɺ·ͨલͷϑϥࠓͰલͷϑϥάͱߦ15

άͱ࣍ͷϑϥά͕ҧ͍ͬͯΔͱ changeʹ 1͕ೖΓɺಈ͖

ଓ͚ɺͦ͏Ͱͳ͚Ε ͷϑϥάͱࠓͰߦ18 t F eating

Λൺֱ͠ɺ͍͋ͬͯΔ߹ʹ not<>eating ͱͳΓɺऴ

ྃ͢Δɻ

13. Ռ݁ߦ࣮

Δɻ͢ࡌܝՌΛҰ෦ൈ͖ग़ͯ݁ͨͬ͠ߦΛࠪݕϞσϧʹ࣍

not¡¿eating σουϩοΫϑϥάͰ͋Δ࣍ͷ 5ͭͷ

ϑΥʔΫΛ͍ͯͬ࣋ΔεϨουΛද͓ͯ͠Γɺ͜ͷ߹

֤εϨου͕Ұຊ͍ͣͭͯͬ࣋Δঢ়ଶΛද͍ͯ͠Δɻ৯

Λ͍ͯ͠ΔεϨου͕͋Δ߹ࣄ 5 ͭͷͷ͏ͪ 2 ͭ

ಉ͡ʹͳ͍ͬͯΔɻͦͷ࣍ͷ 5ͭͷ͕֤εϨουͷ

ঢ়ଶΛ͍ࣔͯ͠Δɻflag 0 ͷޙͷ෦͕ stateDBʹΑͬͯ

ಉ͡ঢ়ଶͷͷΛ୳͠ϋογϡͰநԽ͍ͯ͠Δ෦ͱ

ͳΓɺޙ࠷ʹ͜ͷॲཧΛ͍ͨͯͬߦεϨου൪߸ͱͳͬͯ

͍Δɻ

Ϟσϧࠪݕͷ࣮݁ߦՌΛҰ෦ൈਮ
not <> eating

00000000 01000000 02000000 03000000 04000000

01000000 01000000 01000000 01000000 01000000

flag 0 0x7fb22255e090 -> 0x7fb22255e090 hash 5feba6a0 iter 5

not <> eating

00000000 01000000 02000000 03000000 04000000

01000000 01000000 01000000 01000000 01000000

flag 0 0x7fb22255e090 -> 0x7fb22255e090 hash 5feba6a0 iter 4

not <> eating

00000000 01000000 02000000 03000000 04000000

01000000 01000000 01000000 01000000 01000000

flag 0 0x7fb22255e090 -> 0x7fb22255e090 hash 5feba6a0 iter 3

not <> eating

00000000 01000000 02000000 03000000 04000000

01000000 01000000 01000000 01000000 01000000

flag 0 0x7fb22255e090 -> 0x7fb22255e090 hash 5feba6a0 iter 2

not <> eating

00000000 01000000 02000000 03000000 04000000

01000000 01000000 01000000 01000000 01000000

flag 0 0x7fb22255e090 -> 0x7fb22255e090 hash 5feba6a0 iter 1

14. ධՁ

Γฦ͠ಋग़Λੜ͢Δ܁ʹճͷ࣮ϑϥάͷઃఆࠓ

ΞϧΰϦζϜΛ༻͍ͯΔͷͰ͋·Γߴͳ࣮ߦʹͳ͍ͬͯ

ͳ͍ɻCTLࠪݕͰͳ͘ɺͯ͢ͷ߹Λਚ͚͕ͩ͘͢

తͰ͋Ε܁Γฦ͠ੜඞཁͳ͍ɻ܁Γฦ࣮ࣗ͠ߦମ



ঢ়ଶ DBʹ࣍ͷঢ়ଶΛه͢Εආ͚ΒΕΔ͕ϝϞϦ༻

ྔ૿͑Δɻ

ొ͢ΔϝϞϦྖҬɺͦͯ͠ਂ͞୳͢ࡧΔ෦ͷࢦఆ

खಈͰ͏ߦඞཁ͕͋Δɻ͞ΒʹɺCTL༻ͷϑϥάཧϝ

λࢉܭͱͯࣗ͠Ͱॻ͘ඞཁ͕͋Δɻ͜ͷ෦Λࣗಈੜ

͢Δ͜ͱࣗମ༰қͩͱࢥΘΕΔɻ

Αͼ͓ߦͷฒྻ࣮ࠪݕϞσϧࡏݱ Gears OSࣗମͷϞ

σϧࠪݕ͍ͯͬߦͳ͍ɻ

15. ͷల։ޙࠓ

͜ͷ OS ΛؚΉϞσϧࠪݕ OS ͷ֦ுੑΛσόΠε

υϥΠόͷ։ൃͳͲʹ͍͍ͯΔͱ͑ߟΒΕΔɻ͜ͷ߹

ɺσόΠεࣗମͷ͕༷ codeGear/dataGear Ͱॻ͔Ε

͍ͯΔඞཁ͕͋Δɻ

ঢ়ଶͷల։࣮ߦՄͳঢ়ଶͷΈ߹ΘͤΛਂ͞༏ઌ୳

ɺಉ͡ঢ়࣌Ͱอଘ͢Δํ๏Ͱ͋Δɻ͜ͷߏͰௐɺࡧ

ଶͷΈ߹Θ͕ͤ͋Εڞ༗͢Δ͜ͱͰঢ়ଶΛநԽ͢Δ

Λ͑ΔɻࣄͰɺঢ়ଶ͕૿͑͗͢Δࣄ

εϨου͕ϥϯμϜͰܾ·Δɺ·్ͨதͰεϨου

͕૿͑Δྫ͕͋Δ߹ʹ͍ͭͯ͑ߟΔɻͦͷྫΛࠪ

͢ΔͨΊʹɺεϨου ͷঢ়ଶΛ memoryTree ͱͯ͠อ

͢Δ iterator ΛεϨουͷ͚ͩ༻ҙ͢Δඞཁ͕͋Δɻ

ͷࡏݱ͔͠͠ Data Gear ༧Ίੜ͓͍ͯͨ͠ͷͰ͋

Γɺ࣮ தʹੜΛ͢Δํ๏͕ͳ͍ɻ·ͨੜ͞ΕΔߦ Data

Gear  iterator Ͱ͋ΔͨΊϊʔϚϧϨϕϧ͔Βݺͼग़

ͤͳ͍Α͏ʹ͓ͯ͘͠ඞཁ͕͋Δɻ͜ͷͨΊ Data Gear

ͷࣗಈੜ ʹ͕ඞཁͱͳΔɻ

ϞσϧࠪݕΛࡍͨͬߦʹɺϝϞϦͷঢ়ଶΛ iterator Ͱอ

͍ͯ͠Δɻ͜ͷmemoryTree Λ࣮ߦཤྺͱͯ͠ trace ͠

Δ͜ͱ͕ग़དྷΕɺల։͞Εͨঢ়ଶ͔Βҙͷ࣮ߦঢ়ଶ

Λ࡞Δ͕ࣄՄͰ͋Δͱ͑ߟΒΔɻ͞Βʹ mcMeta ʹର͠

ͯ debugger ΛຒΊࠐΉࣄʹΑͬͯɺঢ়ଶͷల։͔Β bug

ͷൃੜՕॴΛൃ͠ݟɺdebug ͢Δ͜ͱ͕ՄͰ͋Δͱ͑ߟ

ΒΕΔɻ

Red Black Tree ฏߧೋͷҰछͰෳࡶͳߏͰ

͋Δ͕ɺ୳ࡧɺૠೖɺআͷ࠷ѱྔࢉܭ O(logn)ͱͳΔ

ͷͰ͋Δɻ͜ͷྫͷϞσϧ͍ͨࠪ͠ݕͱ͍ͯ͑ߟΔɻ

Red Black Tree ΛϞσϧࠪ͢ݕΔͨΊʹϊʔυΛ॥

Ͱද͢ඞཁ͕͋Γɻ·ͨϊʔݶΑͬͯঢ়ଶΛ༗ʹࣄʹߏ

υͷΛ iterator Ͱ߹ੑͷূݕͷ͢ߟ͍ͯͭʹํΔ

ඞཁ͕͋Δɻ
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