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Abstract

Proving highly reliable software is important. One way is checking if the specification is

satisfied or not, the other way is to prove the implementation satisfies the specification

directly. If we can check or prove actual implementations, it it much better. In this

paper, we use Continuation base C programming language (CbC) which can be used in

both model checking and proof.

We propose model checking method by enumerating bounded computational state in

CbC code as a meta computation. Akasha Meta Computation library makes it possible

to check red-black tree algorithm within a bounded tree size.

To assure the property for arbitrary size of trees, we need proof method. Proofs in a

program are known to correspond λ calculus, which is a Curry-Howward Isomorphism.

We use dependently typed Agda proof assistance system. Formal definitions of CbC are

similarly defined by subtyped CbC terms using Agda. We prove properties of Single

Linked Stack using proposed formal definitions.
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ୈ1ষ CbC ͱϝλࢉܭͱͯ͠ͷূݕ
ख๏

ιϑτ΢ΣΞͷن໛͕େ͖͘ͳΔʹͭΕͯόά͸ൃੜ͠΍͘͢ͳΔɻόάͱ͸ιϑτ΢Σ
Ξ͕ظ଴͞ΕΔಈ࡞Ҏ֎ͷಈ࡞Λ͢Δ͜ͱͰ͋Δɻ͜͜Ͱظ଴͞Εͨಈ࡞͸༷࢓ͱݺ͹
Εɺࣗવޠݴ΍࿦ཧʹΑͬͯهड़͞ΕΔɻূݕͱ͸ఆΊΒΕͨڥ؀Լʹ͓͍ͯιϑτ΢Σ
Ξ͕༷࢓Λຬͨ͢͜ͱΛอূ͢Δ͜ͱͰ͋Δɻ
ιϑτ΢ΣΞͷূݕख๏ʹ͸Ϟσϧࠪݕͱఆཧূ໌͕͋Δɻ
Ϟσϧࠪݕͱ͸ιϑτ΢ΣΞͷશͯͷঢ়ଶΛ਺্͑͛ɺͦͷঢ়ଶʹ͍͕༷ͭͯ࢓ৗʹਅ

ͱͳΔ͜ͱΛ֬ೝ͢Δ͜ͱͰ͋ΔɻϞσϧثࠪݕʹ͸ɺ Promela ͱݺ͹ΕΔޠݴͰϞσ
ϧΛهड़͢Δ Spin [1] ΍ɺϞσϧΛঢ়ଶભҠܥͰهड़͢Δ NuSMV [2]ɺCޠݴ/C++ Λ
Δ͢ߦ࣮߸ه CBMC [3] ͳͲ͕ଘ͢ࡏΔɻఆཧূ໌͸ιϑτ΢ΣΞ͕ຬͨ͢΂͖༷࢓Λ
࿦ཧࣜͰهड़͠ɺͦͷ࿦ཧ͕ࣜ߃ਅͰ͋Δ͜ͱΛূ໌͢Δɻఆཧূ໌Λߦͳ͏͜ͱ͕Ͱ͖
Δޠݴʹ͸ɺґଘܕͰূ໌Λߦͳ͏ Agda [4] ΍ Coq [5] ɺ ATS2 [6] ͳͲ͕ଘ͢ࡏΔɻ
Ϟσϧثࠪݕ΍ূ໌Ͱιϑτ΢ΣΞΛ͢ূݕΔࡍɺূݕΛߦͳ͏ޠݴͱ࣮૷ʹ࢖ΘΕΔ

ड़͢ΔඞཁهҟͳΕ͹ೋॏͰಉ͡ιϑτ΢ΣΞΛ͕ޠݴҟͳΔͱ͍͏໰୊͕͋Δɻ͕ޠݴ
͕͋Δ্ɺূݕʹ༻͍Διʔείʔυ͸ঢ়ଶભҠܥͰϓϩάϥϜΛهड़͢ΔͳͲ࣮૷ίʔ
υʹൺ΂ͯهड़͕ࠔ೉Ͱ͋Δɻ͞ূݕΕͨίʔυ͔Β࣮ߦՄೳͳίʔυΛੜ੒Մೳͳূݕ
ଘͷ࣮૷ʹରطͰ͋ͬͨΓɺޠݴͷίʔυͱ͸ผͷূݕ΋͋Δ͕ɺੜ੒͞Εͨίʔυ͸ܥ
͢Δূݕ͸ߦͳ͑ͳ͍ͳͲͷ໰୊͕͋Δɻͦ͜Ͱɺ౰ࣨڀݚͰ͸ূݕͱ࣮૷͕ಉҰͷޠݴ
Ͱߦͳ͑Δ Continuation based C [7] Λ։ൃ͍ͯ͠Δɻޠݴ
Continuation based C (CbC)͸CޠݴͱߏͨࣅจΛ࣋ͭޠݴͰ͋ΔɻCbC Ͱ͸ॲཧͷ

୯Ґ͸ؔ਺Ͱ͸ͳ͘ CodeSegment ͱ͍͏୯ҐͰߦͳΘΕΔɻCodeSegment ͸஋Λೖྗ
ͱͯ͠ड͚औΓग़ྗΛߦͳ͏ॲཧ୯ҐͰ͋ΓɺCodeSegment Λ઀ଓ͍ͯ͘͜͠ͱʹΑΓ
ιϑτ΢ΣΞΛߏங͍ͯ͘͠ɻCodeSegment ͷ઀ଓॲཧ͸ϝλࢉܭͱͯ͠ఆٛ͞Ε͓ͯ
Γɺ࣮૷΍ڥ؀ʹΑͬͯ੾Γସ͑Λߦͳ͏͜ͱ͕Ͱ͖ΔɻূݕΛߦͳ͏ϝλࢉܭΛఆٛ͢
Δ͜ͱʹΑΓɺCodeSegment ͷఆٛΛূݕ༻ʹมͣͤߋιϑτ΢ΣΞͷূݕΛߦͳ͏ɻ
ຊ࿦จͰ͸ CbC ͷϝλࢉܭͱͯ͠ূݕख๏ͷఏҊͱ CbC ͷܕγεςϜͷఆٛΛߦͳ

͏ɻϞσϧࠪݕతͳূݕͱͯ͠ɺঢ়ଶͷ਺্͑͛Λߦͳ͏༗ݶͷϞσϧࠪݕͱ༷࢓ͷఆٛ
Λ CbC ࣗ਎Ͱߦͳ͏ɻCbC Ͱهड़͞Εͨ GearsOS ͷඇഁյ੺ࠇ໦ʹରͯ͠ɺϝλࢉܭ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 1ষ CbC ͱϝλࢉܭͱͯ͠ͷূݕख๏

ϥΠϒϥϦ akasha Λ༻͍༷ͯ࢓Λࠪ͢ݕΔɻ·ͨɺఆཧূ໌తͳূݕͱͯ͠ɺ CbC ͷ
ϓϩάϥϜΛূ໌ࢧԉޠݴܥ Agda ্Ͱূ໌͢ΔɻAgda Ͱ CbC ͷ߲Λද͢ݱΔͨΊʹ
෦෼ܕΛ༻͍ͯCbCΛܕ෇͚͠ɺAgdaͰͷఆ͔ٛΒCbCͷࣜܗతͳఆٛΛಘΔɻͦ͠
ͯɺAgda ্Ͱ Single Linked Stack ͷੑ࣭ͷূ໌Λߦͳ͏ɻ

1.1 ຊ࿦จͷߏ੒
ຊ࿦จͰ͸·ͣୈ 2ষͰ Continuation based C ͷղઆΛߦͳ͏ɻCbC Λهड़͢Δϓϩ

άϥϛϯάελΠϧͰ͋Δ CodeSegment ͱ DataSegment ͷղઆɺϝλࢉܭͷྫͱͯ͠
GearsOS ͷղઆΛߦͳ͏ɻୈ 3ষʹͯ GearsOS ্ͷඇഁյ੺ࠇ໦ͷূݕΛϝλࢉܭϥΠ
ϒϥϦ akasha ͳ͏ɻ࣍ʹୈߦͯʹ 4ষͰܕγεςϜʹ͍ͭͯऔΓ্͛ΔɻܕγεςϜͷ
ఆٛͱ CbC ͷܕγεςϜͷఆٛʹඞཁͳ୯७ܕɺϨίʔυܕɺ෦෼ܕʹ͍ͭͯड़΂Δɻ
ୈ 5ষͰ͸ূ໌ࢧԉܥϓϩάϥϛϯάޠݴ Agda ʹ͍ͭͯͷղઆΛߦͳ͏ɻAgda ͷߏจ
΍ํ͍࢖ɺCurry-Howard Isomorphism ΍ Natural Deduction ͱ͍ͬͨূ໌ʹؔ͢Δղઆ
΋ߦͳ͏ɻୈ 6ষͰ͸ɺ෦෼ܕΛ༻͍ͯ CbC ͷϓϩάϥϜΛ Agda Ͱهड़͠ɺূ໌Λߦ
ͳ͏ɻCodeSegment ΍ DataSegment ͷ Agda ্Ͱͷఆٛ΍ɺϝλࢉܭ͸ͲͷΑ͏ʹఆ
ٛ͞ΕΔ͔Λղઆ͢Δɻ
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ୈ2ষ Continuation based C

Continuation based C (CbC)͸౰ࣨڀݚͰ։ൃ͍ͯ͠ΔϓϩάϥϛϯάޠݴͰ͋ΓɺOS

΍૊ΈࠐΈιϑτ΢ΣΞΛओͳର৅ͱ͍ͯ͠ΔɻCbC ͸ CޠݴͷԼҐͷޠݴͰ͋Γɺߏ
จ͸΄΅Cޠݴͱಉ͡΋ͷΛ͕࣋ͭɺΑΓΞηϯϒϥʹ͍ۙܗͰϓϩάϥϜΛهड़͢Δɻ
CbC ͸ CodeSegment ͱݺ͹ΕΔ୯ҐͰॲཧΛఆٛ͠ɺͦΕΒΛ૊Έ߹ΘͤΔ͜ͱʹͰ
ϓϩάϥϜશମΛߏ੒͢Δɻσʔλͷ୯Ґ͸ DataSegment ͱݺ͹ΕΔ୯ҐͰఆٛ͠ɺͦ
ΕΒ CodeSegment ʹΑͬͯม͍ͯ͘͜͠ߋͱͰϓϩάϥϜͷ࣮ߦͱͳΔɻCbC ͷॲཧ
͸ʹܥ llvm/clang ʹΑΔ࣮૷ [8] ͱ gcc [9]ʹΑΔ࣮૷ͳͲ͕ଘ͢ࡏΔɻ

2.1 CodeSegment ͱ DataSegment

ຊࣨڀݚͰ͸ূݕΛߦͳ͍΍͍͢ϓϩάϥϜͷ୯Ґͱͯ͠ CodeSegment ͱ DataSeg-

ment Λ༻͍ΔϓϥάϥϛϯάελΠϧΛఏҊ͍ͯ͠Δɻ
CodeSegment ͸ॲཧͷ୯ҐͰ͋ΔɻೖྗΛड͚औΓɺͦΕʹରͯ͠ॲཧΛߦͳͬͨޙ

Λग़ྗΛߦͳ͏ɻ·ͨɺCodeSegment ͸ଞͷ CodeSegment ͱ૊Έ߹ΘͤΔ͜ͱ͕Մೳ
Ͱ͋Δɻ͋ΔCodeSegment A Λ CodeSegment B ʹ઀ଓͨ͠৔߹ɺ A ͷग़ྗ͸ B ͷೖ
ྗͱͳΔ (ਤ 2.1)ɻ
DataSegment ͸ CodeSegment ͕ѻ͏σʔλͷ୯ҐͰ͋Γɺॲཧʹඞཁͳσʔλ͕શ

ͯೖ͍ͬͯΔɻCodeSegment ͷೖྗͱͳΔ DataSegment ͸ Input DataSegment ͱݺ͹
Εɺग़ྗ͸ Output DataSegment ͱݺ͹ΕΔɻCodeSegment A ͱ CodeSegment B Λ઀
ଓͨ࣌͠ɺA ͷ Output DataSegment ͸ B ͷೖྗ Input DataSegment ͱͳΔɻ

DataSegmentCodeSegment 
A

CodeSegment 
B

ਤ 2.1: CodeSegment ͱ DataSegement
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

2.2 Continuation based C ʹ͓͚Δ CodeSegment ͱ

DataSegment

ຊతͳج΋࠷ CbCͷιʔείʔυΛϦετ 2.1ʹɺιʔείʔυ͕࣮͞ߦΕΔྲྀΕΛਤ
2.2ʹࣔ͢ɻContinuation based C ʹ͓͚Δ CodeSegment ͸ฦΓ஋Λ࣋ͨͳ͍ؔ਺ͱ͠
ͯද͞ݱΕΔɻCodeSegment Λఆٛ͢ΔͨΊʹ͸ɺCޠݴͷؔ਺Λఆٛ͢ΔߏจͷฦΓ
஋ͷܕ෦෼ʹ __codeΩʔϫʔυΛࢦఆ͢ΔɻInput DataSegment͸ؔ਺ͷҾ਺ͱͯ͠ఆ
ٛ͞ΕΔɻ࣍ͷ CodeSegment ΁ॲཧΛҠ͢ࡍʹ͸ gotoΩʔϫʔυͷޙʹ CodeSegment

໊ͱ Input DataSegment Λࢦఆ͢ΔɻॲཧͷҠಈΛܰྔܧଓͱݺͼɺϦετ 2.1಺ͷ
goto cs1(a+b); ͕͜Εʹ͋ͨΔɻ͜ͷ࣌ͷ (a+b) ͕࣍ͷ CodeSegment Ͱ͋Δ cs1 ͷ
Input DataSegment ͱͳΔ cs0 ͷ Output DataSegment Ͱ͋Δɻ

Ϧετ 2.1: CodeSegment ͷܰྔܧଓ
1 __code cs0(int a, int b){
2 goto cs1(a+b);
3 }
4

5 __code cs1(int c){
6 goto cs2(c);
7 }

cs0 cs1

goto cs1(a+b) goto cs2(c)

ਤ 2.2: CodeSegment ͷܰྔܧଓ

Scheme ͳͲͷ call/cc ͱ͍ͬͨܧଓ͸τοϓϨϕϧ͔Βࡏݱ·ͰͷҐஔΛڥ؀ͱͯ͠
อ࣋͢Δɻ௨ৗڥ؀ͱ͸ؔ਺ͷݺͼग़͠ελοΫͷঢ়ଶͰ͋ΔɻCbC ͷܰྔܧଓ͸ݺͼ
ग़͠ݩͷ৘ใΛ࣋ͨͳ͍ͨΊɺελοΫΛഁ͠غͳ͕ΒॲཧΛଓ͚͍ͯ͘ɻΑͬͯɺϦε
τ 2.1 ͷϓϩάϥϜͰ͸ cs0 ͔Β cs1 ΁ͱܧଓͨ͠ޙʹ͸ cs0 ΁໭ΒͣʹॲཧΛଓ͚Δɻ
΋͏গ͠ෳࡶͳ CbC ͷιʔείʔυΛϦετ 2.2ʹɺ࣮͞ߦΕΔྲྀΕΛਤ 2.3ʹࣔ͢ɻ

͜ͷιʔείʔυ͸੔਺ͷ֊৐ΛٻΊΔϓϩάϥϜͰ͋ΔɻCodeSegment factorial0 Ͱ͸
ࣗ෼ࣗ਎΁ͷؼ࠶తͳܧଓΛ༻͍ͯ֊৐Λ͍ͯ͠ࢉܭΔɻܰྔܧଓ࣌ʹ͸ؔ਺ݺͼग़͠ͷ
ελοΫ͸ଘ͠ࡏͳ͍͕ɺࢉܭதͷ஋Λ DataSegment Ͱ࣋ͭ͜ͱͰؼ࠶ΛؚΉϧʔϓॲ
ཧ΋ߦͳ͏͜ͱ͕Ͱ͖Δɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

Ϧετ 2.2: ֊৐ΛٻΊΔ CbC ϓϩάϥϜ
1 __code print_factorial(int prod)
2 {
3 printf("factorial = %d\n", prod);
4 exit(0);
5 }
6

7 __code factorial0(int prod, int x)
8 {
9 if (x >= 1) {

10 goto factorial0(prod*x, x-1);
11 } else {
12 goto print_factorial(prod);
13 }
14

15 }
16

17 __code factorial(int x)
18 {
19 goto factorial0(1, x);
20 }
21

22 int main(int argc, char **argv)
23 {
24 int i;
25 i = atoi(argv[1]);
26

27 goto factorial(i);
28 }

factorial factorial 
0

goto factorial0

goto factorial0

print_
factorial

goto print_factorial

ਤ 2.3: ֊৐ΛٻΊΔ CbC ϓϩάϥϜ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

2.3 MetaCodeSegment ͱ MetaDataSegment

ϓϩάϥϜΛهड़͢Δࡍɺຊདྷߦͳ͍͍ͨࢉܭͷଞʹ΋هड़͠ͳ͚Ε͹ͳΒͳ͍෦෼͕
ଘ͢ࡏΔɻϝϞϦͷ؅ཧ΍ωοτϫʔΫॲཧɺΤϥʔϋϯυϦϯά΍ฒྻॲཧͳͲ͕͜Ε
ʹ͋ͨΓɺຊདྷߦͳ͍͍ͨࢉܭͱ۠ผͯ͠ϝλࢉܭͱݺͿɻϓϩάϥϜΛಈͤ͞࡞ΔͨΊ
ʹϝλࢉܭ෦෼͸ඞਢͰ͋Γɺ͠͹͠͹ຊདྷͷॲཧΑΓ΋ෳࡶ౓͕͍ߴɻ
CodeSegment Λ༻͍ͨϓϩάϥϛϯάελΠϧͰ͸ࢉܭͱϝλࢉܭΛ෼཭ͯ͠هड़͢

Δɻͳ͓ɺ෼཭ͨ͠ࢉܭ͸֊૚ߏ଄Λ࣋ͭɻຊདྷߦͳ͍͍ͨॲཧ͸ϊʔϚϧϨϕϧͰ͋
Γɺϝλࢉܭ͸ϝλϨϕϧͱ্ͯ͠ҐʹҐஔ͢Δɻෳࡶͳϝλࢉܭ෦෼ΛϥΠϒϥϦ΍
OSଆ͕ఏ͢ڙΔ͜ͱͰɺϢʔβ͸ϊʔϚϧϨϕϧͷࢉܭͷهड़ʹूத͢Δ͜ͱ͕Ͱ͖Δɻ
·ͨɺϊʔϚϧϨϕϧͷϓϩάϥϜʹඞཁͳϝλࢉܭΛ௥Ճ͢Δ͜ͱͰɺฒྻॲཧ΍ωο
τϫʔΫॲཧͳͲΛؚΉϓϩάϥϜʹ֦ுͰ͖Δɻ͞ΒʹɺϊʔϚϧϨϕϧ͔Β͸ϝλϨ
ϕϧ͸Ӆณ͞Ε͍ͯΔͨΊɺϝλࢉܭͷ࣮૷Λ੾Γସ͑Δ͜ͱ΋ՄೳͰ͋Δɻྫ͑͹ɺฒ
ྻॲཧͷϝλࢉܭ༻͍ͨϓϩάϥϜΛ࡞੒͢ΔࡍɺCPUͰฒྻॲཧΛߦͳ͏ϝλࢉܭͱ
GPUͰฒྻॲཧϝλࢉܭΛڥ؀ʹԠͯ͡࡞੒͢Δ͜ͱ͕Ͱ͖Δɻ
ͳ͓ɺϝλࢉܭΛߦͳ͏ CodeSegment ͸ Meta CodeSegment ͱݺͼɺϝλࢉܭʹඞ

ཁͳ DataSegment ͸ Meta DataSegment ͱݺͿɻMeta CodeSegment ͸ CodeSegment

ͷલޙʹϝλࢉܭΛڬΉ͜ͱͰ࣮͞ݱΕɺMeta DataSegment ͸ DataSegment ΛؚΉ্
Ґͷ DataSegment ͱ࣮ͯ͠ݱͰ͖ΔɻΑͬͯɺϝλࢉܭ͸௨ৗͷࢉܭΛ෴͏Α͏ʹࢉܭ
Λ֦ு͢Δ΋ͷͩͱ͑ߟΒΕΔ (ਤ 2.4)ɻ

Meta DataSegment

CodeSegment Meta
CodeSegment DataSegment Meta

CodeSegment CodeSegment 

ਤ 2.4: Meta CodeSegment ͱ Meta DataSegment

2.4 Continuation based Cʹ͓͚Δϝλࢉܭͷྫ: Gear-

sOS

CbC Λ༻͍ͯϝλࢉܭΛ࣮ྫͨ͠ݱͱͯ͠ɺGearsOS [10]͕ଘ͢ࡏΔɻGearsOS ͸ฒ
ྻʹɺ৴པੑ͘ߴಈ͢࡞Δ͜ͱΛ໨ඪͱͨ͠OS Ͱ͋Γɺ ϚϧνίΞCPU΍GPUڥ؀
Ͱͷಈ࡞Λର৅ͱ͍ͯ͠Δɻࡏݱ͸OSͷઃܭͱฒྻॲཧ෦෼ͷ࣮૷͕ߦͳΘΕ͍ͯΔɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

GearsOS ʹ͓͚Δϝλࢉܭ͸Monad [11]Λ༻͍͍ͯΔ [12]ɻ࣮૷ࡁΈͷϝλࢉܭ͸ϝϞ
Ϧͷ؅ཧɺฒྻʹॻ͖ࠐΉ͜ͱ͕Մೳͳ Synchronized Queueɺσʔλͷอଘ༻ͷඇഁյ
੺ࠇ໦͕͋Δɻ
GearsOS Ͱ͸ CodeSegment ͱ DataSegment ͸ͦΕͧΕ CodeGear ͱ DataGear ͱݺ

͹Ε͍ͯΔɻϚϧνίΞCPUڥ؀Ͱ͸ CodeGear ͱ CodeSegment ͸ಉҰ͕ͩɺGPU ؀
Ͱ͸ڥ CodeGear ʹ͸ OpenCL [13]/CUDA [14] ʹ͓͚Δ kernel ΋ؚ·ΕΔɻkernel ͱ
͸ GPU Ͱ࣮͞ߦΕΔؔ਺ͷ͜ͱͰ͋ΓɺGPU্ͷϝϞϦʹ഑ஔ͞Εͨσʔλ܈ʹର͠
ͯฒྻʹ࣮͞ߦΕΔɻ௨ৗ GPU ͰσʔλͷॲཧΛߦͳ͏৔߹͸

• σʔλΛϝΠϯϝϞϦ͔Β GPUͷϝϞϦ΁సૹ

• సૹऴྃΛಉظͰ֬ೝ

• kernel ಈى (GPUϝϞϦ্ͷσʔλʹରͯ͠ฒྻʹॲཧ)

• ॲཧऴྃΛಉظͰ֬ೝ

• ՌͰ͋ΔσʔλΛ݁ࢉܭ GPU ͷϝϞϦ͔ΒϝΠϯϝϞϦ΁సૹ

• సૹऴྃΛಉظͰ֬ೝ

ͱ͍ͬͨखॱ͕ඞཁͰ͋ΓɺϢʔβ͸ॲཧ͍ͨ͠σʔλͷҐஔͳͲΛҙࣝ͠ͳ͕Βϓϩ
άϥϛϯά͢Δඞཁ͕͋ΔɻGearsOS Ͱ͸ CPU/GPU ͰͷॲཧΛϝλࢉܭͱͯ͠Ϣʔβ
͔ΒӅ͢͜ͱʹΑΓɺ CodeGear ΕΔσόΠε΍͞ߦ࣮͕ DataGear ͷҐஔΛҙࣝ͢Δ
ඞཁ͕ͳ͘ͳΔɻ
GearsOS Ͱར༻͢Δ Meta DataGear ʹ͸ҎԼͷ΋ͷؚ͕·ΕΔɻ

• DataGear ͷܕ৘ใ

• DataGear Λ֨ೲ͢ΔϝϞϦͷ৘ใ

• CodeGear ͷ໊લͱ CodeGear ͷؔ਺ϙΠϯλ ͱͷରԠද

• CodeGear র͢Δࢀ͕ DataGear ΁ͷϙΠϯλ

ͷࡍ࣮ GearsOS ʹ͓͚ΔϝϞϦ؅ཧΛؚΉϝλࢉܭ༻ͷ Meta DataGear ͷఆٛྫΛ
Ϧετ 2.3ʹࣔ͢ɻMeta DataGear ͸ Context ͱ͍͏໊લͷߏ଄ମͰఆٛ͞Ε͍ͯΔɻ
௨ৗϨϕϧͷ DataGear ΋ߏ଄ମͰఆٛ͞Ε͍ͯΔ͕ɺϝλࢉܭଆ͔Βͨݟ DataGear ͸
ͦΕͧΕͷߏ଄ମͷڞ༻ମͱͳ͓ͬͯΓɺҰ༷ʹѻ͑Δɻ

ϝλࢉܭΛ༻͍ͨ Continuation based C ͷূݕख๏ 7



େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

Ϧετ 2.3: GearsOS ʹ͓͚Δ Meta DataGearͷఆٛྫ
1 /* Context definition */
2

3 #define ALLOCATE_SIZE 1024
4

5 enum Code {
6 Code1,
7 Code2,
8 Allocator,
9 };

10

11 enum UniqueData {
12 Allocate,
13 Tree,
14 };
15

16 struct Context {
17 int codeNum;
18 __code (**code) (struct Context *);
19 void* heap_start;
20 void* heap;
21 long dataSize;
22 int dataNum;
23 union Data **data;
24 };
25

26 union Data {
27 struct Tree {
28 union Data* root;
29 union Data* current;
30 union Data* prev;
31 int result;
32 } tree;
33 struct Node {
34 int key;
35 int value;
36 enum Color {
37 Red,
38 Black,
39 } color;
40 union Data* left;
41 union Data* right;
42 } node;
43 struct Allocate {
44 long size;
45 enum Code next;
46 } allocate;
47 };

Ϧετ 2.3ͷιʔείʔυ͸ҎԼͷΑ͏ʹରԠ͍ͯ͠Δɻ

• DataGear ͷܕ৘ใ

DataGear ͸ߏ଄ମΛ༻͍ͯఆٛ͢Δ (Ϧετ 2.3 ɻTree(ߦ27-46 ΍ Nodeɺ Allo-

ϝλࢉܭΛ༻͍ͨ Continuation based C ͷূݕख๏ 8



େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

cate ଄ମ͕ߏ DataGear ʹ૬౰͢Δɻϝλࢉܭ͸೚ҙͷ DataGear ѻ͏ͨΊʹશͯ
ͷ DataGear Λѻ͑Δඞཁ͕͋Δɻશͯͷ DataGear ͷڞ༻ମΛఆٛ͢Δ͜ͱͰɺ
DataGear ΛҰ཯ʹѻ͏͜ͱ͕Ͱ͖Δ (Ϧετ 2.3 ߹ɻϝϞϦΛ֬อ͢Δ৔(ߦ26-47
͸͜ͷܕ৘ใ͔ΒαΠζΛܾఆ͢Δɻ

• DataGear Λ֨ೲ͢ΔϝϞϦͷ৘ใ

ϝϞϦྖҬͷ؅ཧ͸ɺࣄલʹྖҬΛ֬อͨ͠ޙɺඞཁʹԠͯͦ͡ͷྖҬΛׂΓ౰ͯ
Δ͜ͱͰ࣮͢ݱΔɻͦͷͨΊʹ Context ͸ׂΓ౰ͯࡁΈͷྖҬ heap ͱɺׂΓ౰ͯ
ͨ DataGear ͷ਺ dataNum Λ࣋ͭɻ

• CodeGear ͷ໊લͱ CodeGear ͷؔ਺ϙΠϯλ ͱͷରԠද

CodeGear ͷ໊લͱ CodeGear ͷؔ਺ϙΠϯλͷରԠ͸ enum ͱؔ਺ϙΠϯλʹ
Α࣮ͬͯ͞ݱΕ͍ͯΔɻCodeGear ͷ໊લ͸ enum (Ϧετ 2.3 (ߦ5-9 Ͱఆٛ͞Εɺ
ίϯύΠϧޙʹ͸੔਺΁ͱม͞׵ΕΔɻϓϩάϥϜશମͰར༻͢Δ CodeGear ͸
code ϑΟʔϧυʹ֨ೲ͞Ε͓ͯΓɺenum Λ༻͍ͯΞΫηε͢Δɻ͜ͷରԠදΛಈ
తʹม͢ߋΔ͜ͱͰɺ࣮࣌ߦʹൺֱϧʔνϯͳͲΛม͢ߋΔ͜ͱ͕ՄೳʹͳΔɻ

• CodeGear র͢Δࢀ͕ DataGear ΁ͷϙΠϯλ

Meta CodeGear ͸ Context ΛҾ਺ʹऔΔ CodeGear ͱͯ͠ఆٛ͞Ε͍ͯΔɻͦͷ
ͨΊɺMeta CodeGear ͕ DataGear ͷ஋Λ͏࢖ҝʹ͸ Context ͔Β DataGear Λ
औΓग़͢ඞཁ͕͋ΔɻऔΓग़͢ඞཁ͕͋Δ DataGear ͸ enum Λ༻͍ͯఆٛ͠ (Ϧ
ετ 2.3 ɺ(ߦ11-14 CodeGear Λ࣮͢ߦΔࡍʹ data ϑΟʔϧυ͔ΒऔΓग़͢ɻ

Meta CodeGear ͸ఆٛ͞Εͨ Meta DataGear Λॲཧ͢Δ CodeGear Ͱ͋ΔɻϝϞϦ
؅ཧ΍ฒྻॲཧͷ଴ͪ߹Θͤͱ͍ͬͨॲཧ͸͜ͷϝλϨϕϧʹ͔͠දΕͳ͍ɻ
GearsOS ʹ͓͍ͯ͸ܰྔܧଓ΋ϝλࢉܭͱ࣮ͯ͠͞ݱΕ͍ͯΔɻͱ͋Δ CodeGear ͔

Β࣍ͷ CodeGear ΁ͱܰྔܧଓ͢Δࡍʹ͸ɺ࣍ʹ࣮͞ߦΕΔ CodeGear ͷ໊લΛࢦఆ͢
Δɻͦͷ໊લΛ Meta CodeGear ͕ղऍ͠ɺରԠ͢Δ CodeGear ΁ͱॲཧΛҾ͖౉͢ (Ϧ
ετ 2.4ͷ meta)ɻ

Ϧετ 2.4: ௨ৗͷ CodeSegment ͷܰྔܧଓ
1 __code meta(struct Context* context, enum Code next) {
2 goto (context->code[next])(context);
3 }

CodeGear ͱ໊લͷରԠ͸ Meta DataGear ʹ֨ೲ͞Ε͓ͯΓɺैདྷͷ OS ͷ Process

΍ Thread ʹ૬౰͢Δɻ໊લͷରԠΛಈతʹ੾Γସ͑ͨΓɺThread ͝ͱʹ੾Γସ͑Δ͜
ͱʹΑΓɺ௨ৗϨϕϧͷϓϩάϥϜΛมߦ࣮ͣͤߋΛ্ॻ͖Ͱ͖Δɻ͜Ε͸ैདྷͷ OS ͷ
Dynamic Loading Libary ΍ Command ͷݺͼग़͠ʹ૬౰͢Δɻ

ϝλࢉܭΛ༻͍ͨ Continuation based C ͷূݕख๏ 9



େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 2ষ Continuation based C

·ͨɺ௨ৗϨϕϧͷ CodeGear ͔Β Meta DataGear Λૢ࡞Ͱ͖ͯ͠·͏ͱɺϢʔβ͕
ϝλϨϕϧૢ࡞Λࣗ༝ʹهड़Ͱ͖ͯ͠·͍ɺϝλࢉܭΛ෼཭ͨ͠ҙຯ͕ແ͘ͳͬͯ͠·
͏ɻ͜ΕΛ๷͙ͨΊʹɺCodeGearΛ࣮͢ߦΔࡍ͸ Meta DataGear͔Βඞཁͳ DataGear

͚ͩΛ౉͢ɻ͜ͷΑ͏ʹɺ Meta DataGear ͔Β DataGear ΛऔΓग़͢ Meta CodeGear

Λ stub ͱݺͿɻstub ͷྫΛϦετ 2.5ʹࣔ͢ɻ

Ϧετ 2.5: GearsOS ʹ͓͚Δ stub Meta CodeSegment
1 __code put(struct Context* context,
2 struct Tree* tree,
3 struct Node* root,
4 struct Allocate* allocate)
5 {
6 /* ࣮૷ίʔυ͸লུ */
7 }
8

9 __code put_stub(struct Context* context)
10 {
11 goto put(context,
12 &context->data[Tree]->tree,
13 context->data[Tree]->tree.root,
14 &context->data[Allocate]->allocate);
15 }

stub ͸ Context ͕࣋ͭ DataGear ͷϙΠϯλ data ʹରͯ͠ enum Λ༻͍ͯΞΫηε
͍ͯ͠Δɻͳ͓ɺࡏݱ͸ϝλϨϕϧͷࢉܭͱϊʔϚϧϨϕϧͷ෼཭͸ίϯύΠϥଆ͕α
ϙʔτ͍ͯ͠ͳ͍ͨΊɺҾ਺ʹ Meta DataGear Ͱ͋Δ Context ͕౉͞Ε͍ͯΔ͕ɺຊདྷ
͸ϊʔϚϧϨϕϧͰ͸ΞΫηεͰ͖ͳ͍ɻ
·ͨɺGearsOS ʹ͓͚Δϝλࢉܭͱͯ͠ CodeGear ͷϞσϧ͕͋ࠪݕΔɻ௨ৗϨϕϧ

ͷ CodeGear Λม͢ߋΔ͜ͱͳ͘ɺͦͷ༷࢓Λ͢ূݕΔ΋ͷͰ͋Δɻݸʑͷ CodeGear

ͷ༷࢓Λ͢ূݕΔ͜ͱʹΑΓɺΑΓ৴པੑͷ͍ߴOSΛ໨͢ࢦɻ

ϝλࢉܭΛ༻͍ͨ Continuation based C ͷূݕख๏ 10



ୈ3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓
͚Δূݕ

ୈ 2ষͰ͸ Continuation based C ͷ֓ཁͱɺCbCޠݴ Ͱهड़͞Εͨ GearsOS ʹ͍ͭͯ
ड़΂ͨɻGearsOS ͷ࣋ͭϝλࢉܭͱͯ͠ɺϞσϧࠪݕతͳΞϓϩʔνͰ CodeGear ͷ࢓
༷Λ͍ͯ͘͠ূݕɻ

3.1 Ϟσϧࠪݕ
Ϟσϧࠪݕͱ͸ɺιϑτ΢ΣΞͷશͯͷঢ়ଶʹ͓͍͕༷ͯ࢓ຬͨ͞ΕΔ͔Λ֬ೝ͢Δ΋

ͷͰ͋Δɻ͜ͷϞσϧࠪݕΛߦͳ͏ιϑτ΢ΣΞΛϞσϧثࠪݕͱݺͿɻϞσϧ͸ࠪݕ
Λຬͨ͞ͳ͍৔߹ʹ͸ιϑτ΢ΣΞ༷࢓Ͱ͖ΔɻՃ͑ͯɺ͕ূݕͷఆٛͱͦͷ༷࢓͸ɺث
͕ͲͷΑ͏ͳঢ়ଶͰ͔͋ͬͨ൓ྫΛฦ͢ɻ
Ϟσϧثࠪݕʹ͸ Spin [1] ΍CBMC [3] ͳͲ͕ଘ͢ࡏΔɻ
Spin ͸ Promela ͱݺ͹ΕΔޠݴͰϞσϧΛهड़͠ɺͦͷதʹ࿦ཧࣜͱ༷ͯ͠࢓Λهड़

͢Δɻ࿦ཧࣜ͸ assert ͰϞσϧͷ಺෦ʹຒΊࠐ·Εɺฒྻʹ࣮ͯ͠ߦ΋ͦͷ͕༷࢓ຬͨ
͞ΕΔ͔ΛνΣοΫ͢Δɻ·ͨɺPromela Ͱهड़͞ΕͨϞσϧ͔Β CޠݴΛੜ੒͢Δ͜
ͱ͕Ͱ͖Δɻ͔͠͠ɺPromela Ͱهड़͞ΕͨϞσϧ͸ݩͷ Cޠݴͱ͸͔ͳΓҟͳΔߏจ
Λ͓ͯ͠ΓɺϢʔβ͕هड़͢Δ೉қ౓͕͍ߴɻ
ͦ͜ͰɺϞσϧΛݸผʹهड़ͤͣʹ࣮૷ͦͷ΋ͷΛࠪ͢ݕΔΞϓϩʔν͕͋Δɻྫ͑

͹Ϟσϧثࠪݕ CBMC ͸ CޠݴΛ௚઀ূݕͰ͖ΔɻCBMC Ͱ΋༷࢓͸࿦ཧࣜͰهड़͞
Εɺ assert ͱ૊Έ߹ΘͤΔɻC ܗͱ͍͏ߦ࣮߸هͱ͸ҟͳΓɺߦ͸௨ৗͷ࣮ߦͷ࣮ޠݴ
Ͱ࣮͞ߦΕΔɻϓϩάϥϜ্ͷม਺͸ه߸ͱͯ͠ॲཧ͞Εɺa < b ͱ͍ͬͨ৚݅ࣜʹΑΓ
෼ߦ͕ذͳΘΕͨͷͳΒɺͦͷ৚݅Λ࣋ͭ৔߹ͷܦ࿏ɺ࣋ͨͳ͍৔߹ͷܦ࿏ɺͱ෼ͯ͠ذ
͍͘ͷͰ͋Δɻ
GearsOS ʹ͓͚ΔϞσϧࠪݕతͳΞϓϩʔν͸CBMC ͷΑ͏ʹ࣮૷ޠݴΛͦͷ··ݕ

ূͰ͖ΔΑ͏ʹ͍ͨ͠ɻͦͷͨΊʹɺassertΛར༻༷ͨ͠࢓ͷఆٛͱɺͦ ͷࠪݕɺඞཁͳΒ
൓ྫΛఏग़͢ΔΑ͏ͳϝλࢉܭΛఆٛ͢Δɻ͜ͷϝλࢉܭΛϝλࢉܭϥΠϒϥϦ akasha

ͱ࣮ͯ͠૷ͨ͠ɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓͚Δূݕ

͜ͷষͰ͸ɺϝλࢉܭϥΠϒϥϦ akasha Λ༻͍ͯ GearsOS ͷσʔλߏ଄Λͯ͠ূݕ
͍͘ɻ

3.2 GearsOS ʹ͓͚Δඇഁյ੺ࠇ໦
ঢ়ͷݱ GearsOS ʹ࣮૷͞Ε͍ͯΔϝλࢉܭͱͯ͠ɺඇഁյ੺ࠇ໦͕ଘ͢ࡏΔɻඇഁյ

੺ࠇ໦͸Ϣʔβ͕σʔλΛอଘ͢Δࡍʹར༻͢Δ͜ͱΛ૝ఆ͍ͯ͠Δɻϝλࢉܭͱͯ͠ఆ
ٛ͢Δ͜ͱͰɺϊʔϚϧϨϕϧ͔Β͸໦ͷόϥϯεΛྀͣͤߟ໦΁ͷૢߦ͕࡞ͳ͑Δɻ
ͳ͓ɺ੺ࠇ໦ͱ͸ೋ෼୳ࡧ໦ͷҰछͰ͋Γɺ໦ͷόϥϯεΛऔΔͨΊͷ৘ใͱ֤ͯ͠

ϊʔυ͸੺͔ࠇͷ৭Λ͍࣋ͬͯΔɻ
ೋ෼୳ࡧ໦ͷ৚݅͸ҎԼͰ͋Δɻ

• ଙͷ஋͸਌ͷ஋ΑΓখ͍͞ࢠͷࠨ

• ӈͷࢠଙͷ஋͸਌ͷ஋ΑΓେ͖͍

Ճ͑ͯɺ੺ࠇ໦͕࣋ͭ۩ମతͳ৚݅͸ҎԼͷ΋ͷͰ͋Δɻ

• ֤ϊʔυ͸੺͔ࠇͷ৭Λ࣋ͭɻ

• ϧʔτϊʔυͷ৭͸ࠇͰ͋Δɻ

• ༿ϊʔυͷ৭͸ࠇͰ͋Δɻ

• ੺ϊʔυ͸ 2ͭͷࠇϊʔυΛࢠͱͯ࣋ͭ͠ (Αͬͯ੺ϊʔυ͕ଓ͘͜ͱ͸ແ͍)ɻ

• ϧʔτ͔Β࠷ԼҐϊʔυ΁ͷܦ࿏ʹؚ·ΕΔࠇϊʔυͷ਺͸Ͳͷ࠷ԼҐϊʔυͰ΋
ҰఆͰ͋Δɻ

਺஋Λཁૉʹ࣋ͭ੺ࠇ໦ͷྫΛਤ 3.1ʹࣔ͢ɻ৚݅ʹࣔ͞Ε͍ͯΔ௨Γɺϧʔτϊʔυ
͸ࠇͰ͋Γɺ੺ϊʔυ͸࿈ଓ͍ͯ͠ͳ͍ɻՃ֤͑ͯ࠷ԼҐϊʔυ΁ͷܦ࿏ʹؚ·ΕΔࠇ
ϊʔυͷݸ਺͸શͯ 2Ͱ͋Δɻ
੺ࠇ໦ͷ࣋ͭ৚݅Λ͍ݴม͑ΔͷͳΒɺʮ໦Λϧʔτ͔Β୧ͬͨ࠷ʹࡍ΋௕͍ܦ࿏͸࠷

΋୹͍ܦ࿏ͷߴʑೋഒʹऩ·Δʯͱ΋͑ݴΔɻ͜ͷ͑׵͍ݴ͸ʮ੺͕ଓ͘͜ͱ͸ͳ͍ʯͱ
͍͏৚݅ͱʮϧʔτ͔Β࠷ԼҐ΁ͷܦ࿏ͷࠇϊʔυ͸Ͳͷ࠷ԼҐϊʔυͰ΋ಉ͡ʯͰ͋Δ
͜ͱ͔Βಋ͚Δɻ۩ମతʹ͸ɺ࠷୹ܦ࿏͸ʮࠇͷΈͷܦ࿏ʯͰ͋Γɺ࠷௕ܦ࿏͸ʮࠇͱ੺
ɻ͍ͯ͘͠ূݕͱ͠ɺ༷࢓ม͑ͨੑ࣭Λ͍ݴ࿏ʯͱͳΔɻ͜ͷ৚݅Λܦଓ͘ʹޓަ͕
GearsOS Ͱ࣮૷͞Ε͍ͯΔ੺ࠇ໦͸ಛʹඇഁյ੺ࠇ໦Ͱ͋ΓɺҰ౓ߏஙͨ͠໦ߏ଄͸

ഁյ͞ΕΔૢ͝࡞ͱʹ৽͍͠໦ߏ଄͕ੜ੒͞ΕΔɻඇഁյͷੑ࣭Λ෇༩ͨ͠ཧ༝ͱͯ͠ɺ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓͚Δূݕ

31

8 4124 79

10 45 59 74

73

50

ਤ 3.1: ੺ࠇ໦ͷྫ

ฒྻ࣮࣌ߦͷσʔλͷอଘ͕͋Δɻಉ͡੺ࠇ໦ΛϩοΫͤͣʹಉ࣌ʹߋ৽ͨ͠৔߹ɺϊʔ
υͷ஋͸࣮ߦॱʹґଘͨ͠Γɺڝ߹ͨ͠Γ͢Δɻ͔͠͠ɺϩοΫΛߦͳͬͯߋ৽ͨ͠৔߹
͸ಉ͡໦ʹର͢Δॲཧʹ଴ͪ߹Θ͕ͤൃੜ͠ɺશମͷฒྻ౓͕Լ͕Δɻ͜ͷ໰୊ʹର͠
GearsOS Ͱ͸ɺ֤εϨου͸ॲཧΛߦͳ͏ࡍʹ͸ඇഁյͷ໦Λར༻͢Δ͜ͱͰฒྻ౓͸
อͪɺ஋ͷߋ৽͕ൃੜ͢Δ࣌ͷΈ໦ΛΞτϛοΫͳૢ࡞Ͱஔ͖͑׵Δ͜ͱͰڝ߹Λճආ͢
Δɻ۩ମతʹ͸໦ͷૢ࡞Λߦͳͬͨޙ͸ϧʔτͷϊʔυΛݩʹ CAS Ͱஔ͖͑׵ɺࣦഊ͠
ͨ࣌͸໦ΛಡΈࠐΈ௚ͯ͠ॲཧΛ͢ߦ࣮࠶ΔɻCAS(Check and Set) ͱ͸ɺΞτϛοΫʹ
஋Λஔ͖͑׵Δૢ࡞Ͱ͋Γɺࡍ͏࢖͸ߋ৽લͷ஋ͱߋ৽ޙͷ஋Λ౉͢ɻCAS Ͱ౉͞Εͨ
৽ʹ੒ޭ͠ɺߋͳ͍ͨΊʹ஋ͷ͍ͯ͠߹ڝ৽લͷ஋͕ɺอଘ͍ͯ͠Δ஋ͱಉ͡Ͱ͋Ε͹ߋ
ҟͳΔ৔߹͸ଞʹॻ͖ࠐΈ͕͋ͬͨ͜ͱΛࣔͨ͢Ίʹ஋ͷߋ৽͕ࣦഊ͢Δૢ࡞ͷ͜ͱͰ
͋Δɻ
ඇഁյ੺ࠇ໦ͷ࣮૷ͷجຊతͳઓུ͸ɺม͍ͨ͠ߋϊʔυ΁ͷϧʔτϊʔυ͔Βͷܦ࿏

Λશͯෳ੡͠ɺมޙߋʹ৽ͨͳϧʔτϊʔυͱ͢Δ͜ͱͰ͋Δɻ͜ͷࡍʹม͞ߋΕ͍ͯͳ
͍෦෼͸มߋલͷ໦ͱڞ༗͢Δ (ਤ 3.2)ɻ͜Ε͸Ұ౓ߏங͞Εͨ໦ߏ଄͸ഁյ͞Εͳ͍ͱ
͍͏ඇഁյͷੑ࣭Λ༻͍ͨϝϞϦ࢖༻ྔͷ࠷దԽͰ͋Δɻ
CbC Λ༻͍ͯ੺ࠇ໦Λ࣮૷͢Δࡍͷ໰୊ͱͯ͠ɺؔ਺ͷݺͼग़͠ελοΫ͕ଘ͠ࡏͳ

͍͜ͱ͕͋ΔɻC ʹ͓͚Δ࣮૷Ͱ͸ؔ਺ͷݺؼ࠶ͼग़͠ʹΑͬͯ໦͕୧Δ͕ɺͦΕ͕ߦͳ
͑ͳ͍ɻܦ࿏Λ୧ΔͨΊʹ͸ɺϊʔυʹ਌΁ͷࢀরΛ࣋ͨͤΔ͔ɺૠೖ΍࡟আͷࡍʹ୧ͬ
༗ڞ௨෦෼ͷڞ଄͸ߏরΛ࣋ͭඇഁյ໦ࢀԱ͢Δඞཁ͕͋Δɻϊʔυ͕਌΁ͷه࿏Λܦͨ
Աʹ͸ελοΫΛ༻͍ɺελοه࿏ͷܦɻ͏࢖Ա͢Δํ๏Λه࿏Λܦͳ͑ͳ͍ͨΊɺߦ͕
Ϋ͸ Meta DataSegment ʹอ࣋͢Δɻ
੺ࠇ໦Λ֨ೲ͢Δ DataSegment ͱ Meta DataSegment ͷఆٛΛϦετ 3.1ʹࣔ͢ɻܦ

࿏ͷهԱʹ༻͍ΔελοΫ͸ Meta DataSegment Ͱ͋Δ Context ಺෦ͷ node_stack Ͱ
͋ΔɻDataSegment ͸֤ϊʔυ৘ใΛ࣋ͭ Nodeߏ଄ମͱɺ੺ࠇ໦Λ֨ೲ͢Δ Treeߏ଄
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓͚Δূݕ

1

4

32

5 6

1

4

32

5 6

編集前の木構造 編集後の木構造

新しく木構造を作成し
ノード6をAとして追加

1

3

A

ਤ 3.2: ඇഁյ੺ࠇ໦ͷฤू

ମɺૠೖͳͲͰૢ࡞தͷҰ࣌తͳ໦Λ֨ೲ͢Δ Traverseڞ༻ମͳͲ͕͋Δɻ

Ϧετ 3.1: ੺ࠇ໦ͷ DataSegment ͱ Meta DataSegment
1 // DataSegments for Red-Black Tree
2 union Data {
3 struct Comparable { // interface
4 enum Code compare;
5 union Data* data;
6 } compare;
7 struct Count {
8 enum Code next;
9 long i;

10 } count;
11 struct Tree {
12 enum Code next;
13 struct Node* root;
14 struct Node* current;
15 struct Node* deleted;
16 int result;
17 } tree;
18 struct Node {
19 // need to tree
20 enum Code next;
21 int key; // comparable data segment
22 int value;
23 struct Node* left;
24 struct Node* right;
25 // need to balancing
26 enum Color {
27 Red,
28 Black,
29 } color;
30 } node;
31 struct Allocate {
32 enum Code next;
33 long size;
34 } allocate;
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓͚Δূݕ

35 };
36

37

38 // Meta DataSegment
39 struct Context {
40 enum Code next;
41 int codeNum;
42 __code (**code) (struct Context*);
43 void* heapStart;
44 void* heap;
45 long heapLimit;
46 int dataNum;
47 stack_ptr code_stack;
48 stack_ptr node_stack;
49 union Data **data;
50 };

Meta DataSegmentΛॳظԽ͢ΔMeta CodeSegment initLLRBContextΛϦετ 3.2ʹ
ࣔ͢ɻ͜ͷ Meta CodeSegmentͰ͸ϝϞϦྖҬͷ֬อɺCodeSegment໊ͱ CodeSegment

ͷ࣮ମͷରԠදͷ࡞੒ͳͲΛߦͳ͏ɻϝϞϦྖҬ͸ϓϩάϥϜͷىಈ࣌ʹҰఆ਺ͷϝϞϦ
Λ֬อ͠ɺώʔϓͱͯ͠ heapϑΟʔϧυʹอ࣋ͤ͞ΔɻCodeSegment໊ͱ CodeSegment

ͷ࣮ମͱͷରԠ͸ɺenum Ͱఆٛ͞Εͨ CodeSegment ໊ͷఴࣈ΁ͱ CodeSegment ͷؔ
਺ϙΠϯλΛ୅ೖ͢Δ͜ͱʹΑΓ࣋ͭɻྫ͑͹ Put ͷ࣮ମ͸ put_stub Ͱ͋Δɻଞʹ΋
DataSegmentͷॳظԽ (Ϧετ3.2 34-48)ͱελοΫͷॳظԽ (Ϧετ3.2 50-51)Λߦͳ͏ɻ

Ϧετ 3.2: ੺ࠇ໦ͷ Meta DataSegment ͷॳظԽΛߦͳ͏ Meta CodeSegment
1 __code initLLRBContext(struct Context* context, int num) {
2 context->heapLimit = sizeof(union Data)*ALLOCATE_SIZE;
3 context->code = malloc(sizeof(__code*)*ALLOCATE_SIZE);
4 context->data = malloc(sizeof(union Data*)*ALLOCATE_SIZE);
5 context->heapStart = malloc(context->heapLimit);
6

7 context->codeNum = Exit;
8

9 context->code[Code1] = code1_stub;
10 context->code[Code2] = code2_stub;
11 context->code[Code3] = code3_stub;
12 context->code[Code4] = code4;
13 context->code[Code5] = code5;
14 context->code[Find] = find;
15 context->code[Not_find] = not_find;
16 context->code[Code6] = code6;
17 context->code[Put] = put_stub;
18 context->code[Replace] = replaceNode_stub;
19 context->code[Insert] = insertNode_stub;
20 context->code[RotateL] = rotateLeft_stub;
21 context->code[RotateR] = rotateRight_stub;
22 context->code[InsertCase1] = insert1_stub;
23 context->code[InsertCase2] = insert2_stub;
24 context->code[InsertCase3] = insert3_stub;
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓͚Δূݕ

25 context->code[InsertCase4] = insert4_stub;
26 context->code[InsertCase4_1] = insert4_1_stub;
27 context->code[InsertCase4_2] = insert4_2_stub;
28 context->code[InsertCase5] = insert5_stub;
29 context->code[StackClear] = stackClear_stub;
30 context->code[Exit] = exit_code;
31

32 context->heap = context->heapStart;
33

34 context->data[Allocate] = context->heap;
35 context->heap += sizeof(struct Allocate);
36

37 context->data[Tree] = context->heap;
38 context->heap += sizeof(struct Tree);
39

40 context->data[Node] = context->heap;
41 context->heap += sizeof(struct Node);
42

43 context->dataNum = Node;
44

45 struct Tree* tree = &context->data[Tree]->tree;
46 tree->root = 0;
47 tree->current = 0;
48 tree->deleted = 0;
49

50 context->node_stack = stack_init(sizeof(struct Node*), 100);
51 context->code_stack = stack_init(sizeof(enum Code), 100);
52 }

໦ͷ࣮૷ʹ༻͍ΒΕ͍ͯΔࠇͷ੺ࡍ࣮ Meta CodeSegment ͷҰྫΛϦετ 3.3ʹࣔ͢ɻ
Meta CodeSegment insertCase2 ͸ཁૉΛૠೖͨ͠৔߹ʹݺ͹ΕΔ Meta CodeSegment

ͷҰͭͰ͋Γɺ਌ϊʔυͷ৭ʹΑͬͯॲཧΛม͑Δɻ·ͣɺ৭Λ֬ೝ͢ΔͨΊʹܦ࿏Λ
ͳΒ͹ॲཧΛऴྃ͠ɺ࣍ͷࠇԱ͍ͯ͠ΔελοΫ͔Β਌ͷ৘ใΛऔΓग़͢ɻ਌ͷ৭͕ه
CodeSegment ΁ͱܰྔܧଓ͢Δ (Ϧετ 3.3 5-8)ɻ਌ͷ৭͕੺Ͱ͋ΔͳΒ͹͞ΒʹॲཧΛ
ଓͯ͠ߦ InsertCase3΁ͱܰྔܧଓ͢Δɻ͜͜Ͱɺܦ࿏৘ใΛ͢ݱ࠶ΔͨΊʹελοΫ΁
ͱ਌Λ࠶୅ೖ͔ͯ͠ΒܰྔܧଓΛߦͳ͍ͬͯΔɻͳ͓ɺMeta CodeSegment Ͱ΋ Context

͔Β DataSegment Λల։͢Δॲཧ͸ stub ʹΑͬͯߦͳΘΕΔ (Ϧετ 3.3 14-16)ɻ

Ϧετ 3.3: ੺ࠇ໦ͷ࣮૷ʹ༻͍ΒΕ͍ͯΔ Meta CodeSegmentྫ
1 __code insertCase2(struct Context* context, struct Node* current) {
2 struct Node* parent;
3 stack_pop(context->node_stack, &parent);
4

5 if (parent->color == Black) {
6 stack_pop(context->code_stack, &context->next);
7 goto meta(context, context->next);
8 }
9

10 stack_push(context->node_stack, &parent);
11 goto meta(context, InsertCase3);
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12 }
13

14 __code insert2_stub(struct Context* context) {
15 goto insertCase2(context, context->data[Tree]->tree.current);
16 }

3.3 ϝλࢉܭϥΠϒϥϦ akasha Λ༻͍ͨ੺ࠇ໦ͷ࣮૷ͷ

ূݕ
੺ࠇ໦ͷ༷࢓ͷఆٛͱͦͷ֬ೝΛ CbC Ͱߦͳ͍ͬͯ͘ɻ༷࢓ʹ͸੺ࠇ໦ͷར༻ํ๏ͳ

ͲʹΑ͍͔ͬͯͭ͘ͷ΋ͷ͕͑ߟΒΕΔɻ੺ࠇ໦ʹର͢Δૢ࡞ͷ༷࢓ͱɺͦͷૢ࡞ʹΑͬ
ͯอূ͞ΕΔ΂͖੺ࠇ໦ͷঢ়ଶΛࣔ͢ͱҎԼͷΑ͏ʹͳΔɻ

• ૠೖͨ͠σʔλ͸ࢀরͰ͖Δ͜ͱ

• রͰ͖ͳ͍͜ͱࢀআͨ͠σʔλ͸࡟

• ஋Λߋ৽ͨ͠ޙ͸ߋ৽͞Εͨ஋͕ࢀর͞ΕΔ͜ͱ

• ͷ໦͸όϥϯε͍ͯ͠Δ͜ͱޙͳͬͨߦΛ࡞ૢ

ఆ͠ɺͲͷΑ͏ͳॱ൪ͰཁૉݶʹΛૠೖ࡞Λ֬ೝ͢Δɻૢ༷࢓ճ͸όϥϯεʹؔ͢Δࠓ
Λૠೖͯ͠΋໦͕όϥϯε͢Δ͜ͱΛ͢ূݕΔɻূݕʹ͸౰ࣨڀݚͰ։ൃ͍ͯ͠Δϝλܭ
ϥΠϒϥϦࢉ akasha Λ༻͍Δɻ
akasha Ͱ͸༷࢓͸ৗʹ੒Γཱͭ΂͖ CbC ͷ৚݅ࣜͱͯ͠ఆٛ͢Δɻ۩ମతʹ͸ Meta

CodeSegment ʹఆٛͨ͠ assert ͷྫͱͯ͠ʮ໦Λϧʔτ͔Β༷࢓૬౰͢Δɻʹ༷࢓͕
୧ͬͨ࠷ʹࡍ΋௕͍ܦ࿏͸࠷΋୹͍ܦ࿏ͷߴʑ 2ഒʹऩ·Δʯͱ͍͏ࣜΛఆٛ͢Δ (Ϧε
τ 3.4)ɻ

Ϧετ 3.4: ໦ͷ͞ߴʹؔ͢Δه༷࢓ड़
1 void verifySpecification(struct Context* context, struct Tree* tree) {
2 assert(!(maxHeight(tree->root, 1) > 2*minHeight(tree->root, 1)));
3 return meta(context, EnumerateInputs);
4 }

Ϧετ 3.4 Ͱఆ͕༷ٛͨ͠࢓ϓϩάϥϜͷ࣋ͭશͯͷঢ়ଶʹ੒Γཱ͔ͭΛ֬ೝ͢Δɻ·
ͨɺ੒Γཱͨͳ͍৔߹ʹ͸༷࢓ʹ൓͢Δঢ়ଶΛ൓ྫͱͯ͠ఏग़͢Δɻ
·ͣ͸࠷΋୯७ͳূݕͱͯ͠ཁૉ਺Λ༗ݻʹݶఆ͠ɺͦͷૠೖॱ൪Λ਺্͑͛Δɻ࠷ॳ

ʹɺূݕͷର৅ͱͳΔ੺ࠇ໦ͱɺূݕʹඞཁͳ DataSegment ΛؚΉ Meta DataSegment

Λఆٛ͢Δ (Ϧετ 3.5)ɻ͜Ε͕ akasha ͷϨϕϧͰར༻͢Δ Meta DataSegment Ͱ͋Δɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 3ষ ϝλࢉܭϥΠϒϥϦ akasha ʹ͓͚Δূݕ

੺ࠇ໦ࣗମ͸Ϣʔβ͔ΒݟΔͱϝλϨϕϧࢉܭͰ͋Δ͕ɺࠓճ͸ͦͷ࣮૷ͷ͢ূݕΔͨ
Ίɺ੺ࠇ໦͕ϊʔϚϧϨϕϧͱͳΔɻΑͬͯ akasha ͸ϝλϝλϨϕϧͷࢉܭͱ΋͑ߟΒ
ΕΔ (ਤ 3.3)ɻ

Meta Meta CodeSegment (akasha)

Meta CodeSegment (stack, push, pop)

CodeSegment (user level)

ਤ 3.3: akasha ͱϝλͷ֊૚ߏ଄

akasha ͏࢖͕ DataSegment ͸ σʔλͷૠೖॱΛ਺্͑͛ΔͨΊʹ͸؀͏࢖ঢ়Ϧετ
Iterator ͱͦͷཁૉ IterElemɺ͏࢖ʹূݕ৘ใΛอ࣋͢Δ AkashaInfoɺ໦ΛͳͧΔࡍ
͏࢖ʹ AkashaNode ͕͋Δɻ

Ϧετ 3.5: ͳ͏ͨΊͷߦΛূݕ Meta DataSegment
1 // Data Segment
2 union Data {
3 struct Tree { /* ... ੺ࠇ໦ͷఆٛͱಉ༷ */ } tree;
4 struct Node { /* ... ੺ࠇ໦ͷఆٛͱಉ༷ */ } node;
5

6 /* for verification */
7 struct IterElem {
8 unsigned int val;
9 struct IterElem* next;

10 } iterElem;
11 struct Iterator {
12 struct Tree* tree;
13 struct Iterator* previousDepth;
14 struct IterElem* head;
15 struct IterElem* last;
16 unsigned int iteratedValue;
17 unsigned long iteratedPointDataNum;
18 void* iteratedPointHeap;
19 } iterator;
20 struct AkashaInfo {
21 unsigned int minHeight;
22 unsigned int maxHeight;
23 struct AkashaNode* akashaNode;
24 } akashaInfo;
25 struct AkashaNode {
26 unsigned int height;
27 struct Node* node;
28 struct AkashaNode* nextAkashaNode;
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29 } akashaNode;
30 };

ૠೖॱ൪ͷ਺্͑͛ʹ͸؀ঢ়ϦετΛ༻͍ͨਂ͞༏ઌ୳ࡧΛ༻͍Δɻ࠷ॳʹ͢ূݕΔ
ཁૉΛશͯ࣋ͭ؀ঢ়ϦετΛ࡞੒͠ɺ໦ʹૠೖͨ͠ཁૉΛআ͖ͳ͕Β؀ঢ়ϦετΛෳ੡͠
͍ͯ͘ɻ؀ঢ়Ϧετ͕ۭʹͳ͕ͬͨ࣌૊Έ߹ΘͤΛҰͭྻ͠ڍऴ͑ͨঢ়ଶͱͳΔɻྻڍ
͠ऴ͑ͨޙɺલͷਂ͞ͷ؀ঢ়ϦετΛͯ͠ݱ࠶Ϧετͷઌ಄ΛਐΊΔ͜ͱͰҟͳΔ૊Έ߹
ΘͤΛྻ͢ڍΔɻ
Λऔಘ͢Δ͞ߴΕΔͷͰɺ·ؚ͕͞ߴ͸໦ͷʹ༷࢓ Meta CodeSegment ͕ඞཁͱͳΔɻ

Ϧετ 3.6ʹ໦ͷ࠷΋௿͍ܦ࿏ͷ௕͞Λऔಘ͢Δ Meta CodeSegment Λࣔ͢ɻ
໦Λ୧ΔͨΊͷελοΫʹ૬౰͢Δ AkshaNodeΛ༻͍ͯܦ࿏Λอ࣋ͭͭ͠ɺ͞ߴΛ֬

ೝ͍ͯ͠ΔɻελοΫ͕ۭͰ͋Ε͹શͯͷϊʔυΛ֬ೝͨ͠ͷͰ࣍ͷ CodeSegment ΁ͱ
͞ߴ୧͍ͬͯΔϊʔυ͕༿Ͱ͋Δ͔֬ೝ͠ɺ༿ͳΒ͹ࠓͳ͏ɻۭͰͳ͚Ε͹ߦଓΛܧྔܰ
Λߋ৽ͯ࣍͠ͷϊʔυΛ֬ೝ͢ΔͨΊࣗ਎΁ͱܰྔܧଓ͢Δɻ༿Ͱͳ͚Ε͹͞ߴΛ 1૿΍
ͳ͏ɻߦଓΛܧΛελοΫʹੵΈɺࣗ਎΁ͱܰྔࢠӈͷࠨͯ͠

Ϧετ 3.6: ໦ͷ࠷΋୹͔͍ܦ࿏ͷ௕͞Λ֬ೝ͢Δ Meta CodeSegment
1 __code getMinHeight_stub(struct Context* context) {
2 goto getMinHeight(context, &context->data[Allocate]->allocate, &

context->data[AkashaInfo]->akashaInfo);
3 }
4

5 __code getMinHeight(struct Context* context, struct Allocate* allocate,
struct AkashaInfo* akashaInfo) {

6 const struct AkashaNode* akashaNode = akashaInfo->akashaNode;
7

8 if (akashaNode == NULL) {
9 allocate->size = sizeof(struct AkashaNode);

10 allocator(context);
11 akashaInfo->akashaNode = (struct AkashaNode*)context->data[

context->dataNum];
12

13 akashaInfo->akashaNode->height = 1;
14 akashaInfo->akashaNode->node = context->data[Tree]->tree.root;
15

16 goto getMaxHeight_stub(context);
17 }
18

19 const struct Node* node = akashaInfo->akashaNode->node;
20 if (node->left == NULL && node->right == NULL) {
21 if (akashaInfo->minHeight > akashaNode->height) {
22 akashaInfo->minHeight = akashaNode->height;
23 akashaInfo->akashaNode = akashaNode->nextAkashaNode;
24 goto getMinHeight_stub(context);
25 }
26 }
27

28 akashaInfo->akashaNode = akashaInfo->akashaNode->nextAkashaNode;
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29

30 if (node->left != NULL) {
31 allocate->size = sizeof(struct AkashaNode);
32 allocator(context);
33 struct AkashaNode* left = (struct AkashaNode*)context->data[

context->dataNum];
34 left->height = akashaNode->height+1;
35 left->node = node->left;
36 left->nextAkashaNode = akashaInfo->akashaNode;
37 akashaInfo->akashaNode = left;
38 }
39

40 if (node->right != NULL) {
41 allocate->size = sizeof(struct AkashaNode);
42 allocator(context);
43 struct AkashaNode* right = (struct AkashaNode*)context->data[

context->dataNum];
44 right->height = akashaNode->height+1;
45 right->node = node->right;
46 right->nextAkashaNode = akashaInfo->akashaNode;
47 akashaInfo->akashaNode = right;
48 }
49

50 goto getMinHeight_stub(context);
51 }

ಉ༷ʹ࠷΋͞ߴ͍ߴΛऔಘ͠ɺ༷࢓Ͱ͋ΔϦετ 3.4ͷ assert Λૠೖͷ౓ʹ࣮͢ߦΔɻ
assert ͸ CodeSegment ͷ݁߹Λߦͳ͏ϝλࢉܭͰ͋Δ meta Λ্ॻ͖͢Δ͜ͱʹΑΓ
ͳ͏ߦΔɻΠϝʔδͱͯ͠͸ɺૠೖΛ͢ݱ࣮ Meta CodeSegment Λར༻͢ΔϓϩάϥϜ
(ਤ 3.4) ͷ్தʹূݕ༻ͷϝλࢉܭΛڬΉ͜ͱͰ࣮ݱͰ͖Δ (ਤ 3.5)ɻ

Stack

DataSegmentCodeSegment put CodeSegment

ਤ 3.4: put Λར༻͢ΔϓϩάϥϜ

meta ͸Ϧετ 3.3ͷ insertCase2 ͷΑ͏ʹܰྔܧଓΛߦͳ͏ࡍʹ CodeSegment ໊ͱ
DataSegment Λࢦఆ͢Δ΋ͷͰ͋ΔɻূݕΛߦͳΘͳ͍௨ৗͷ meta ͷ࣮૷͸ CodeSeg-

ment ໊͔ΒରԠ͢Δ࣮ମ΁ͷܰྔܧଓͰ͋ͬͨ (Ϧετ 3.7)ɻ

Ϧετ 3.7: ௨ৗͷ CodeSegment ͷܰྔܧଓ
1 __code meta(struct Context* context, enum Code next) {
2 goto (context->code[next])(context);
3 }
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Akasha

Stack

DataSegmentCodeSegment put CodeSegment

verification

ਤ 3.5: put Λར༻͢ΔϓϩάϥϜͷϝλΛ্ॻ͖͢Δ

͜ΕΛɺূݕΛߦͳ͏Α͏ʹม͢ߋΔ͜ͱͰ insertCase2 ͱ͍ͬͨ੺ࠇ໦ͷ࣮૷ͷ
ίʔυΛमਖ਼͢Δ͜ͱͳ͘ূݕΛߦͳ͏͜ͱ͕Ͱ͖ΔɻূݕΛߦͳ͍ͳ͕Βܰྔܧଓ͢
Δ meta ͸Ϧετ 3.8ͷΑ͏ʹఆٛ͞ΕΔɻ࣮ࡍͷূݕ෦෼͸ PutAndGoToNextDepth ͷ
ड़͞Ε͍ͯͳ͍ɻ͜ͷهͳΘΕΔͨΊɺ௚઀͸ߦʹޙ meta ϝϞϦʹ༺ূݕͳ͏ͷ͸ߦ͕
ͷ؅ཧͰ͋Δɻঢ়ଶͷ਺্͑͛Λߦͳ͏ࡍʹঢ়ଶΛอଘͨ͠Γɺݩͷঢ়ଶʹ໭͢ॲཧ͕ߦ
ͳΘΕΔɻ͜ͷϝλࢉܭΛ༻͍ͨূݕͰ͸ɺཁૉ਺ ࢓ʹࡍͰͷ೚ҙͷॱͰૠೖͷ·ݸ13
༷͕ຬͨ͞ΕΔ͜ͱΛ֬ೝͰ͖ͨɻ·ͨɺ੺ࠇ໦ͷॲཧ಺෦ʹዞҙతͳόάΛ௥Ճͨ͠ࡍ
ʹ͸൓ྫΛฦͨ͠ɻ

Ϧετ 3.8: ͳ͏ߦΛূݕ CodeSegment ͷܰྔܧଓ
1 __code meta(struct Context* context, enum Code next) {
2 struct Iterator* iter = &context->data[Iter]->iterator;
3

4 switch (context->prev) {
5 case GoToPreviousDepth:
6 if (iter->iteratedPointDataNum == 0) break;
7 if (iter->iteratedPointHeap == NULL) break;
8

9 unsigned int diff =(unsigned long)context->heap - (unsigned
long)iter->iteratedPointHeap;

10 memset(iter->iteratedPointHeap, 0, diff);
11 context->dataNum = iter->iteratedPointDataNum;
12 context->heap = iter->iteratedPointHeap;
13 break;
14 default:
15 break;
16 }
17 switch (next) {
18 case PutAndGoToNextDepth: // with assert check
19 if (context->prev == GoToPreviousDepth) break;
20 if (iter->previousDepth == NULL) break;
21 iter->previousDepth->iteratedPointDataNum = context->dataNum;
22 iter->previousDepth->iteratedPointHeap = context->heap;
23 break;
24 default:
25 break;
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26 }
27

28 context->prev = next;
29 goto (context->code[next])(context);
30 }

3.4 Ϟσϧثࠪݕ CBMC ͱͷൺֱ
akasha ͷൺֱର৅ͱͯ͠ɺ Cޠݴͷ༗ݶϞσϧνΣοΧ CBMC [3] Λ༻͍ͯ੺ࠇ໦Λ

ɻCBMCͨ͠ূݕ ͸ ANSI-C Λ͠ߦ࣮߸هɺ༷࢓ͷ൱ఆͱͳΔΑ͏ͳ࣮ߦύλʔϯ͕ແ
͍͔Λ͢ূݕΔπʔϧͰ͋Δɻ
ൺֱͷͨΊʹશ͘ಉ͡੺ࠇ໦ͷιʔείʔυΛ༻͍͍͕ͨɺCbCͷߏจ͸ີݫʹ͸ C

ͱ͸ҟͳΔͨΊʹม͕׵ඞཁͰ͋Δɻ۩ମతʹ͸ɺ__code Λ void ʹɺ goto Λ return

ʹஔ͢׵Δ͜ͱͰػցతʹCޠݴʹม׵Ͱ͖Δɻ
CBMC ʹ͓͚Δ༷࢓͸ bool Λฦࣜ͢ͱͯ͠هड़͢ΔͨΊɺakashaͱಉ༷ͷ༷࢓ఆٛ

͕ར༻Ͱ͖Δ (Ϧετ 3.9ɻassert ͕ true ʹͳΔΑ͏ͳ࣮ߦύλʔϯΛ CBMC ෇͚ݟ͕
Δͱɺͦͷ࣮ߦύλʔϯ͕൓ྫͱͯ͠ग़ྗ͞ΕΔɻ

Ϧετ 3.9: CBMC ʹ͓͚Δه༷࢓ड़
1 void verifySpecification(struct Context* context,
2 struct Tree* tree) {
3 assert(!(maxHeight(tree->root, 1) >
4 2*minHeight(tree->root, 1)));
5 return meta(context, EnumerateInputs);
6 }

ૠೖॱͷ਺্͑͛ʹ͸CBMCͷػೳʹଘ͢ࡏΔඇܾఆతͳ஋ nondet_int() Λ༻͍ͨ
(Ϧετ 3.10)ɻ͜ͷ nondet_int() ؔ਺͸ int ͷ࣋ͪ͏Δ஋ͷ಺͔Βඇܾఆతʹ஋Λऔಘ
͢Δؔ਺Ͱ͋Δɻakasha Ͱ͸༗ݶͷཁૉݸ෼ͷ૊Έ߹ΘͤΛ༻͍ͯૠೖॱͷ਺্͑͛ͱ
͕ͨ͠ɺCBMC Ͱ͸ཁૉ਺ճ෼͚ͩϥϯμϜͳ஋Λೖྗͤ͞Δ͜ͱͰ਺্͑͛ͱ͢Δɻ

Ϧετ 3.10: CBMC ʹ͓͚Δૠೖॱͷ਺্͑͛
1 void enumerateInputs(struct Context* context,
2 struct Node* node) {
3 if (context->loopCount > LIMIT_OF_VERIFICATION_SIZE) {
4 return meta(context, Exit);
5 }
6

7 node->key = nondet_int();
8 node->value = node->key;
9 context->next = VerifySpecification;

10 context->loopCount++;
11
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12 return meta(context, Put);
13 }

CBMCͰ͸༗ݶͷεςοϓ਺͚ͩCޠݴΛ͠ߦ࣮߸هɺͦͷൣғ಺Ͱ͕༷࢓ຬͨ͞Ε
Δ͔Λ֬ೝ͢Δɻ৚݅෼ذ΍܁Γฦ͠ͳͲ͸ల։͞Ε࣮ͯ͞ߦΕΔɻجຊతʹ͸ϝϞϦ
ͷݶ͢ڐΓల։Λߦͳ͏͜ͱ͕Ͱ͖Δ͕ɺࠓճͷ੺ࠇ໦ͷূݕͰ͸ 411ճ·Ͱల։͢Δ͜
ͱ͕Ͱ͖ͨɻ͜ͷ 411ճͷ͏ͪͷ࣮ߦύεͰ͸੺ࠇ໦ͷ༷࢓͸ৗʹຬͨ͞ΕΔɻ͔͠͠ɺ
͜ͷల։͞Εͨճ਺͸ૠೖ͞Εͨճ਺ͱ͸ແؔ܎Ͱ͋Γɺ࣮ࡍͲͷఔ౓͢ূݕΔ͜ͱ͕Ͱ
͖͔ͨ֬ೝͰ͖ͳ͍ɻ࣮ࡍɺ੺ࠇ໦ʹዞҙతͳόάΛ௥Ճͨ͠ࡍʹ΋༷࢓ͷ൓ྫ͸ಘΒΕ
ͣɺCBMC Ͱѻ͑Δൣғ಺Ͱ͸੺ࠇ໦ͷੑ࣭͸ূݕͰ͖ͳ͔ͬͨɻ
ΑͬͯɺCBMCͰ͸ূݕͰ͖ͳ͍ൣғͷূݕΛ akasha Ͱߦͳ͑Δ͜ͱ͕֬ೝͰ͖ͨɻ
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ୈ4ষ ϥϜμࢉܭͱܕγεςϜ

3 ষͰ͸ CbC ͷϞσϧࠪݕతূݕΞϓϩʔνͱͯ͠ɺakasha Λ༻͍ͨ༗ݶͷཁૉ਺ͷૠ
ೖ࣌ͷ༷࢓ͷূݕΛߦͳͬͨɻ͔͠͠ɺཁૉ਺ ໦ͷૠೖࠇ΋੺ͯ͠ূݕ෼ͷૠೖΛݸ13
͕ඞͣόϥϯε͢Δͱ͸அͮ͠ݴΒ͍ɻ
ͦ͜Ͱɺ CbC ͷੑ࣭ΛΑΓີݫʹఆٛ͠ɺͦͷ্Ͱূ໌Λߦͳ͏͜ͱΛͨ͑ߟɻCbC

ͷϓϩάϥϜΛূ໌Ͱ͖Δܗʹม͠׵ɺ೚ҙͷճ਺ͷૠೖʹରͯ͠΋ੑ࣭͕อূͰ͖ΔΑ
͏ূ໌͢ΔͷͰ͋Δɻূ໌Λߦͳ͏ߏػͱͯ͠஫໨ͨ͠ͷ͕ܕγεςϜͰ͋Δɻ
4ষͰ͸ܕγεςϜͷ֓ཁͱ CbCͷܕγεςϜΛఏҊ͢Δɻ·ͨɺґଘܕΛ༻͍࣮ͨ

ͷূ໌ख๏ʹ͍ͭͯ͸ࡍ 5ষͰղઆ͢Δɻ

4.1 γεςϜͱ͸ܕ
ͳΘߦΔ஋Λ෼ྨ͢Δ͜ͱʹͰϓϩάϥϜ͕͋Δछͷৼ෣͍Λ͢ࢉܭγεςϜͱ͸ɺܕ

ͳ͍͜ͱΛอূ͢ΔߏػͷࣄͰ͋Δ [15] [16]ɻ͋Δछͷৼ෣͍ͱ͸ϓϩάϥϜதͷධՁෆ
Մೳͳࣜ΍ɺޠݴͱͯ͠ະఆٛͳࣜͳͲ͕౰ͯቕ·Δɻྫ͑͹ɺgcc ΍ clang ͱ͍ͬͨί
ϯύΠϥ͸ؔ਺ఆٛ࣌ʹࢦఆ͞ΕͨҾ਺ͷܕͱݺͼग़࣌͠ͷ஋ͷ͕ܕҟͳΔ࣌ʹࠂܯΛ
ग़͢ɻ͜ͷࠂܯ͸ؔ਺͕ड͚͚ͭΔൣғҎ֎ͷ஋ΛϓϩάϥϚ͕౉ͯ͠͠·ͬͨ৔߹ͳͲ
ʹ༗ޮʹಇ͘ɻՃ͑ͯɺؔ਺Λఆٛ͢Δଆ΋ड͚෇͚Δ஋ͷൣғΛݶఆͰ͖ΔͨΊؔ਺಺
෦ͷॲཧΛهड़͠΍͍͢ɻ
Δɻ͢ࡏͳ͑Δ͜ͱʹ͸ҎԼͷΑ͏ͳ΋ͷ͕ଘߦγεςϜͰܕ

• Τϥʔͷݕग़

จྻࣈԋࢉΛߦͳ͏ؔ਺ʹ੔਺Λ౉ͯ͠͠·ͬͨΓɺෳࡶͳ৔߹෼͚Ͱڥք৚݅Λ
ͷෆ੔߹ͱͯ͠දΕΔɻܕམ͢ͳͲɺϓϩάϥϚͷෆ஫ҙ͕ݟ

• ந৅Խ

଄ʹର͢Δߏ໛ϓϩάϥϜͷந৅Խͷ୯Ґʹ΋ͳΔɻྫ͑͹ಛఆͷσʔλن͸େܕ
ॲཧΛϞδϡʔϧԽ͠ɺύοέʔδϯά͢Δ͜ͱ͕Ͱ͖Δɻ

• υΩϡϝϯτԽ
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ؔ਺΍ϞδϡʔϧͷܕΛ֬ೝ͢Δ͜ͱʹΑΓɺϓϩάϥϜͷཧղͷॿ͚ʹͳΔɻ·
ͨɺܕ͸ίϯύΠϥ͕࣮͞ߦΕΔͨͼʹࠪ͞ݕΕΔͨΊɺৗʹ࠷৽ͷਖ਼͍͠৘ใΛ
ఏ͢ڙΔɻ

• ͷ҆શੑޠݴ

ྫ͑͹ϙΠϯλΛ௚઀ѻΘͳ͍Α͏ϝϞϦΞΫηεΛந৅Խ͠ɺσʔλΛഁյ͢Δ
ՄೳੑΛϓϩάϥϚʹఏ͠ڙͳ͍Α͏ʹͰ͖Δɻ

• ޮ཰ੑ

ͦ΋ͦ΋ɺՊֶػࢉܭʹ͓͚Δ࠷ॳͷܕγεςϜ͸ Fortran [17] ͳͲʹ͓͚Δ੔਺
ͱ࣮਺ͷࢉज़ࣜͷ۠ผͩͬͨɻܕͷಋೖʹΑΓɺιʔε͔ΒίϯύΠϥ͕ΑΓ࠷ద
Խ͞ΕͨίʔυΛੜ੒Ͱ͖Δɻ

ͳͲܕɺ෦෼ܕ΍૯শܕೳྗʹ͸୯७ݱͷදܕΔɻ͢ࡏγεςϜʹ͸ଟ͘ͷఆ͕ٛଘܕ
͕ଘ͢ࡏΔɻܕ෇͚ʹ΋ಈతܕ෇͚΍੩తܕ෇͚͕ଘ͠ࡏɺͲͷܕγεςϜΛ࠾༻͢Δ
͔͸ޠݴͷઃܭʹґଘ͢Δɻྫ͑͹ CޠݴͰ͸਺஋ͱจࣈΛೋ߲ԋࢠࢉ + ͰՃࢉͰ͖Δ
͕ɺHaskell Ͱ͸Ճ͢ࢉΔ͜ͱ͕Ͱ͖ͳ͍ɻ͜Ε͸ Haskell ͕ CޠݴΑΓ΋ີݫͳܕγε
ςϜΛ࠾༻͍ͯ͠Δ͔ΒͰ͋Δɻ۩ମతʹ͸ Haskell ͸҉໧తͳܕม׵Λͣ͞ڐɺ C ݴ
Λ͍࣋ͬͯΔɻ׵มܕͱͯ͠҉໧ͷ༷࢓ޠݴ͸ޠ
ͲͷΑ͏ͳಛ௃Λ͔࣋ͭΛܾΊΔ͕͜ޠݴγεςϜΛఆٛ͢Δ͜ͱ͸ϓϩάϥϛϯάܕ

ͱʹ΋͕ܨΔɻ

4.2 ୯७ܕ
୯७ܕͱ͸஋ͷܕͱؔ਺ܕͷΈͰߏ੒͞ΕΔܕγεςϜͷ͜ͱͰ͋Δɻͱ͋Δ஋͸ͱ

͋Δܕʹଐ͢Δɻྫ͑͹Ϧςϥϧ true ͸ bool ଐ͢Δ͠ɺ10ʹܕ ͸ int ଐ͢Δɻʹܕ
·ͨɺؔ਺͸஋Λऔͬͯ஋Λฦ͢ॲཧͱ͑ߟΔ͜ͱͰʮܕΛऔͬͯܕΛฦ͢ܕʯ→ Λ

࣋ͭɻྫΛ্͛Δͱ int Λऔͬͯ int Λฦؔ͢਺ f͸ int → int γεςϜܕଐ͢Δɻʹܕ
Λ࣋ͭ஋Ҏ֎ʹద༻͞ΕΔ͜ͱ͸ແܕ෇͚͞ΕΔͷͳΒ͹ɺؔ਺͕ॴ๬ͷܕ͕߲͍͓ͯʹ
͍ɻྫΛ্͛Δͱɺؔ਺ f ͕ f(true) ͷΑ͏ʹ bool ͷ஋΁ͱద༻͞ΕΔ͜ͱ͸ແ͍ɻܕ
ؔ਺ܕͰෳ਺ͷҾ਺Λද͢ݱΔ͜ͱ͸ʮؔ਺ܕΛฦؔ͢਺ܕʯΛ͑ߟΔ͜ͱͰ࣮ݱͰ͖

Δɻྫ͑͹ int ͱ bool Λऔͬͯ string Λฦ͢ܕ͸ int → bool → stringܕʹଐ͢Δɻ
→ ͸ӈ݁߹తͰ͋Γɺint → bool → string ͸ int → (bool → string) ͱಡΉɻ
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4.3 Ϩίʔυܕ
σʔλܕʹ͸ଟ͘ͷछྨ͕ଘ͢ࡏΔɻϢʔβ͕ఆٛՄೳͳܕͱ۠ผ͢ΔͨΊʹ͕ޠݴ

༻ҙ͍ͯ͠ΔܕΛϓϦϛςΟϒܕΛݺͿ͜ͱʹ͢ΔɻC ʹܕΔϓϦϛςΟϒ͚͓ʹޠݴ
͸ int ΍ char ͱ͍͕ͬͨ͋ܕΔɻ
C ଄ߏΔɻྫ͑͹͢ࡏଘ͕ܕҎ֎ʹ΋ɺϢʔβ͕ఆٛՄೳͳܕ͸ϓϦϛςΟϒʹޠݴ

ମ͸ෳ਺ͷ஋Λ࣋ͭΑ͏ͳ஋ΛऔΓѻ͏Α͏ͳܕͰ͋Δɻ͜͜Ͱߏ଄ମʹରͯ͠ʮߏ଄ମ
଄ߏ଄ମͷ۠ผ͕Ͱ͖ͳ͘ͳΔɻΑͬͯɺߏΛ༻ҙͨ͠৔߹ɺෳ਺ͷܕʯͱ͍͏Ұͭͷܕ
ମʹܕΛ෇͚ΔͳΒʮԿΛ಺෦ʹ͍࣋ͬͯΔͷ͔ʯΛ͍֮͑ͯΔΑ͏ͳܕͰͳͯ͘͸ͳΒ
ͳ͍ɻ
͜͜ͰϨίʔυܕͱ͍͏ܕΛಋೖ͢ΔɻϨίʔυܕ͸ෳ਺ͷܕΛ࣋ͪ͑ΔܕͰ͋Γɺ಺

෦ʹ͍࣋ͬͯΔ஋ʹ͸ϢχʔΫͳ໊લ͕ϥϕϧͱͯ͠෇͍͍ͯΔɻྫ͑͹ʮIntͷม਺ x

ͱ Intͷม਺ yΛ࣋ͭϨίʔυܕʯ͸ {x : Int, y : Bool}ͷΑ͏ʹهड़͢ΔɻC ʹ͓͚Δ
଄ମͰ͸Ϧετߏ 4.1ʹͷιʔείʔυʹରԠ͢Δɻ

Ϧετ 4.1: C ʹ͓͚ΔϨίʔυܕͰ͋Δߏ଄ମͷఆٛ
1 struct Point {
2 int x;
3 int y;
4 };

Ϩίʔυܕͷ஋Λߏ੒͢Δࡍʹ͸ɺ಺෦ʹ֨ೲ͢Δ஋Λશͯ༩͑Δ͜ͱͰߏ੒Ͱ͖Δɻ
C ͳΒ͹ϑΟʔϧυͷ஋Λޠݴ {} ಺෦ʹ , ۠੾ΓͰ༩͑Δ͜ͱͰߏ଄ମΛߏ੒Ͱ͖Δ
(Ϧετ 4.2)ɻ

Ϧετ 4.2: C Խظ଄ମͷॳߏͷޠݴ
1 struct Point p = {100 , 200};

Ϩίʔυ͔ܕΒ஋ΛऔΓग़͢ࡍʹ͸ϥϕϧ໊Λ༻͍ࣹͨӨΛར༻͢ΔɻC ߏͰ͸ޠݴ
଄ମͷޙʹ . ΩʔϫʔυΛ෇͚ͨޙʹϥϕϧ໊Λࢦఆ͢Δɻ
͜ΕͰߏ଄ମʹର͢Δܕ෇͚͕Ͱ͖ͨɻ

4.4 ෦෼ܕ෇͚
ϨίʔυΛ༻͍Δ͜ͱͰෳ਺ͷ஋ΛҰͭͷ஋ͱͯ͠·ͱΊͯѻ͏͜ͱ͕Ͱ͖Δɻ͔͠

͠ɺؔ਺͕Ҿ਺ʹϨίʔυΛऔΔ৔߹ɺͦͷܕͱ׬શʹҰகͤ͞Δඞཁ͕͋Δɻྫ͑͹
{x : Int} ΛҾ਺ʹऔΔؔ਺ʹରͯ͠ {x : Int, y : Bool} ͱ͍ͬͨ஋Λద༻͢Δ͜ͱ͕Ͱ
͖ͳ͍ɻ͔͠͠ɺ௚ײతʹ͸ؔ਺ͷཁٻ͸ϑΟʔϧυ x ܕ͕ IntΛ࣋ͭ͜ͱͷΈͰ͋Γɺ
ͦͷ෦෼ʹͷΈ஫໨͢Δͱ {x : Nat, y : Bool} ΋ཁٻʹԊ͍ͬͯΔɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 4ষ ϥϜμࢉܭͱܕγεςϜ

͜͜Ͱɺ෦෼ܕͱ͍͏ܕΛಋೖ͢Δɻ෦෼ܕ͸্هͷΑ͏ͳ৔߹ͷ߲Λ͢ڐΑ͏ʹܕ෇
͚Λ؇ΊΔ͜ͱͰ͋Δɻͭ·Γܕ S Λ࣋ͭ஋͕ɺܕ T ͷ஋͕ظ଴͞ΕΔจ຺ʹ͓͍ͯ҆
શʹར༻Ͱ͖Δ͜ͱΛࣔ͢ɻ͜ͷ࣌ɺS Λ T ͷ෦෼ܕͱݺͼɺ S <: T ͱॻ͘ɻ͜Ε͸
ܕ S ܕ͕ T ΑΓ΋৘ใΛଟ͍࣋ͬͯ͘Δ͜ͱΛ͓ࣔͯ͠ΓɺS͸ T ͷ෦෼ܕͰ͋Δɺͱ
ಡΉɻS <: T ͷผͷಡΈํͱͯ͠ɺܕ T ͸ܕ S ͷ্ҐܕͰ͋Δɺͱ͍͏ಡΈํ΋ଘࡏ
͢Δɻ
஋ʹؔ͢Δ෦෼ܕ͸ʮͱ͋Δσʔλܕ T ΑΓ΋ Sͷํ͕͍࣋ͬͯΔ৘ใ͕ଟ͍ͳΒɺS

͸ T ͱͯ͠ৼΔ෣ͬͯ΋ྑ͍ʯͱఆٛͰ͖ΔɻϑΟʔϧυͷଟ͍ํ͕෦෼ܕͱͳΔͷ͸
໊લʹ൓͢ΔΑ͏ʹ͑ࢥΔɻ͔͠͠ɺϑΟʔϧυ͕ଟ͍΄Ͳ੍໿͕ଟ͘ͳΓɺද͢͜ͱͷ
Ͱ͖Δू߹ͷൣғ͸খ͘͞ͳΔɻू߹ͷେ͖͞ͰݟΔͱ໌͔ʹϑΟʔϧυͷଟ͍ํ͕খ͞
͍ͷͰ͋Δɻ
·ͨɺ೚ҙͷܕ T ʹରͯ͠ T <: T Ͱ͋Δɻ͜Ε͸ʮT ͸ T ͱͯ͠ৼΔ෣ͬͯ΋ྑ͍ʯ

͜ͱΛ͍ࣔͯ͠ΔͷͰࣗ໌Ͱ͋Δɻ
ؔ਺ͷ෦෼ܕ͸ҎԼͷΑ͏ʹఆٛͰ͖Δɻ

T1 <: S1 S2 <: T2

S1 → S2 <: T1 → T2

͜Ε͸ʮԾఆ T1 <: S1 ͱ S2 <: T2 ͕੒Γཱͭ࣌ɺS1 → S2 <: T1 → T2 ͕੒Γཱͭʯ
ͱಡΉɻ͜ͷ෦෼ܕ͸Ҿ਺ͷܕͱฦΓ஋ͷ෦෼ܕʹ͍ͭͯड़΂͍ͯΔͨΊʹগʑෳࡶͰ
͋Δɻ
·ͣɺҾ਺෦෼ʹ஫໨͢Δɻ্Ґܕͷؔ਺ͷҾ਺͸ T1 Ͱ͋ΔɻҾ਺ʹର͢ΔԾఆ͸෦

෼܎ؔܕ T1 <: S1 Ͱ͋Δɻ͜Ε͸্Ґؔܕ਺ͷҾ਺͕෦෼ܕͱͳ͓ͬͯΓɺେ͖͍ɻͦ
ͯ͠ಋ͔ΕΔ෦෼ܕͷҾ਺ͷܕ͸ S1 Ͱ͋Δɻͭ·Γɺʮখ͍͞ܕ S1Λཁ͢ٻΔؔ਺͸େ
͖ͳܕ S1 Λड͚͚ͭΔʯͱ͑ݴΔɻ۩ମతʹ͸ T1 ͷϨίʔυΛ͍͔ͭͯͬ͘࡟ S1·Ͱ
খ͘͢͞Ε͹ྑ͍ͷͰ͋Δ (ਤ 4.1)ɻ

CodeSegment
S1 -> X

Record T1
x : Int
y : Int

Record S1
x : Int

Record S1
x : Int

Record X CodeSegment
T1 -> X

Record T1
x : Int
y : Int

Record X

<:

<:

S1 を引数として利用する関数はT1を受けつける

T1 が S1 の部分型であれば(T1の方が情報が多い)

ਤ 4.1: ෦෼ܕͷؔ਺ܕͱҾ਺ͷܕ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 4ষ ϥϜμࢉܭͱܕγεςϜ

࣍ʹฦΓ஋෦෼ʹ஫໨͢Δɻ্Ґܕͷؔ਺ͷฦΓ஋͸ T2 Ͱ͋ΔɻฦΓ஋ʹର͢ΔԾఆ
͸෦෼܎ؔܕ S2 <: T2 Ͱ͋ΓɺҾ਺ͱٯʹͳ͍ͬͯΔɻ͜Ε͸্Ґؔܕ਺ͷํ্͕Ґܕ
ͱͳ͓ͬͯΓɺখ͍͞ɻͭ·Γɺʮେ͖͍ܕ S2 Λฦؔ͢਺͸ɺখ͍͞ܕ T2 Λฦؔ͢਺ͱ
΋ྑ͍ʯͱ͍͏͜ͱͰ͋Δɻ۩ମతʹ͸ͪ͜Β΋ͯͬ࢖ͯ͠ S2 ͷϨίʔυΛͯͬ࡟ T2

ͱಉ͡ʹͳΔ·Ͱখ͘͞ͳΔΑ͏ʹ͢Ε͹ྑ͍ (ਤ 4.2)ɻ

CodeSegment
X -> S2

Record S2
a : Bool
b : Bool

Record T2
a : Bool

Record X Record S2
a : Bool
b : Bool

CodeSegment
X -> T2

Record X Record T2
a : Bool

<:

<:

S2を返す関数はT2も返していると考えて良い

S2 がT2の部分型であれば(S2の方が情報が多い)

ਤ 4.2: ෦෼ܕͷؔ਺ܕͱฦΓ஋ͷܕ

4.5 ෦෼ܕͱ Continuation based C

෦෼ܕΛ༻͍ͯ Conituation based C ͷܕγεςϜΛఆ͍ٛͯ͘͠ɻ
·ͣɺDataSegment ͷܕΛఆٛ͢ΔɻDataSegment ࣗମ͸Cͷߏ଄ମʹΑͬͯఆٛ͞

Ε͍ͯΔͨΊɺϨίʔυܕͱͯ͑͠ߟΔ͜ͱ͕Ͱ͖Δɻྫ͑͹Ϧετ 3.5ʹ͍ࣔͯͨ͠
DataSegment ͷҰͭʹ஫໨͢Δ (Ϧετ 4.3)ɻ

Ϧετ 4.3: akashaContext ͷ DataSegment Ͱ͋Δ AkashaInfo
1 struct AkashaInfo {
2 unsigned int minHeight;
3 unsigned int maxHeight;
4 struct AkashaNode* akashaNode;
5 };

͜ͷAkashaInfo͸ {minHeight : unsigned int,maxHeight : unsigned int, akashaNode :

AkashaNode∗} Λ࣋ͭɻCodeSegmentܕ ͸ DataSegment ΛҾ਺ʹऔΔͨΊɺDataSeg-

ment ͷܕ͸ CodeSegment ͕ཁ͢ٻΔ࠷௿ݶͷ੍໿Λ·ͱΊͨ΋ͷͱ͑ݴΔɻ
࣍ʹMeta DataSegmentʹ͍ͭͯ͑ߟΔɻMeta DataSegment͸ϓϩάϥϜʹग़͢ݱΔ

DataSegmentͷڞ༻ମͰ͋ͬͨɻ͜ΕΛ DataSegmentͷߏ଄ମʹม͢ߋΔɻ͜͏͢Δ͜
ͱʹΑΓɺMeta DataSegment͸ϓϩάϥϜதʹग़͢ݱΔ DataSegmentΛඞͣ࣋ͭͨΊɺ
Meta DataSegment͸೚ҙͷ DataSegmentͷ෦෼ܕͱͳΔɻ΋͘͠͸֤ DataSegmentͷ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 4ষ ϥϜμࢉܭͱܕγεςϜ

શͯͷϑΟʔϧυΛؚΉΑ͏ͳ1ͭͷߏ଄ମͰ΋ྑ͍ɻୈ 6ষʹ͓͚ΔMeta DataSegment

͸ͦͷΑ͏ʹఆ͍ٛͯ͠Δɻͳ͓ɺGearsOSͰ͸ DataSegment ͷڞ༻ମΛϓϩάϥϜͰ
ඞཁͳ਺͚࣮ͩ࣋ͭ૷ʹͳ͍ͬͯΔɻ
۩ମతͳ CbC ʹ͓͚Δ Meta DataSegment Ͱ͋ΔContext (Ϧετ 4.4)͸ɺDataSeg-

mentͷू߹Λ஋ͱ͍ͯ࣋ͬͯ͠ΔͨΊʹ໌Β͔ʹ DataSegmentΑΓ΋ଟ͘ͷ৘ใΛ࣋ͬ
͍ͯΔɻ

Ϧετ 4.4: CbC ͷ Meta DataSegment Ͱ͋Δ Context
1 struct Data { /* data segments as types */
2 struct Tree { /* ... */ } tree;
3 struct Node { /* ... */ } node;
4

5 struct IterElem { /* ... */ } iterElem;
6 struct Iterator { /* ... */ } iterator;
7 struct AkashaInfo { /* ... */} akashaInfo;
8 struct AkashaNode { /* ... */} akashaNode;
9 };

10

11

12 struct Context { /* meta data segment as subtype */
13 /* ... fields for meta computations ... */
14 struct Data **data; /* data segments */
15 };

෦෼ܕͱͯ͠ఆٛ͢ΔͳΒҎԼͷΑ͏ͳఆٛͱͳΔɻ

ఆٛ 4.1 Meta DataSegment ͷఆٛ

Meta DataSegment <:ϓϩάϥϜதͷ೚ҙͷDataSegment

࣍ʹ CodeSegment ͷ͑ߟ͍ͯͭʹܕΔɻCodeSegment ͸ DataSegment Λ DataSeg-

ment ΁ͱҠؔ͢਺ܕͱ͢Δɻ

ఆٛ 4.2 CodeSegment ͷఆٛ

DataSegment → DataSegment

ͦͯ͠ Meta CodeSegment͸ Meta DataSegment Λ Meta DataSegment ΁ͱҠؔ͢਺
ͱͳΔɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 4ষ ϥϜμࢉܭͱܕγεςϜ

ఆٛ 4.3 Meta CodeSegment ͷఆٛ

Meta DataSegment → Meta DataSegment

͜͜Ͱ۩ମతͳίʔυ (Ϧετ 4.5)ͱൺֱͯ͠ΈΔɻ

Ϧετ 4.5: ۩ମతͳCbCʹ͓͚Δ CodeSegment
1 __code getMinHeight_stub(struct Context* context) {
2 goto getMinHeight(context, &context->data[Allocate]->allocate, &

context->data[AkashaInfo]->akashaInfo);
3 }
4

5 __code getMinHeight(struct Context* context, struct Allocate* allocate,
struct AkashaInfo* akashaInfo) {

6 /* ... */
7 goto getMinHeight_stub(context);
8 }

CodeSegment getMinHeight͸DataSegment Allocateͱ AkashaInfoΛҾ਺ʹऔͬͯ
͍Δɻݱঢ়͸ Context΋ܰྔܧଓͷͨΊʹ౉͍ͯ͠Δ͕ɺຊདྷϊʔϚϧϨϕϧ͔Β͸ΞΫη
εͰ͖ͳ͍ͨΊʹӅΕ͍ͯΔͱ͢Δɻͦͷ৔߹ɺҾ਺ͷܕ͸ {allocate : Allocate, akashaInfo :
AkahsaInfo} ͱͳΔɻ·ͨɺฦΓ஋͸ߏจతʹ͸ଘ͍ͯ͠ࡏͳ͍͕ɺܰྔܧଓͰ౉͢஋
͸ Context Ͱ͋ΔɻΑͬͯ getMinHeight ͷܕ͸ {allocate : Allocate, akashaInfo :

AkahsaInfo} → Context ͱͳΔɻContext ͷܕ͸ Meta DataSegment ͳͷͰɺ෦෼ܕ
ͷఆٛΑΓ Contextͷ্Ґܕ΁ͷม͕ߋͰ͖Δ (ਤ 4.3)ɻ

getMinHeight

Context allocate : Allocate
akahsInfo : AkashaInfo

allocate : Allocate
akahsInfo : AkashaInfo Context getMinHeightallocate : Allocate

akahsInfo : AkashaInfo
allocate : Allocate
akahsInfo : AkashaInfo

<:

<:

Context を返している getMinHeignt は DataSegment を返していると考えても良い

Context は DataSegment の部分型なので

ਤ 4.3: CodeSegment ͷ෦෼ܕ෇͚

ฦΓ஋෦෼Λ෦෼ܕͱͯ͠ఆٛ͢Δ͜ͱʹΑΓɺܰ Ͱ͋Ε͹Ͳͷܕଓઌ্͕Ґܧྔ Code-

Segment ΁ͱભҠͯ͠΋ྑ͍ɻϓϩάϥϜʹΑͬͯ͸ભҠઌ͸֬ఆ͍ͯ͠ΔͨΊʹ෦෼
΍ϥΠϒϥϦͳͲͷભҠઌ͕ෆఆͷ৔ࢉܭମతͳ΋ͷͰ΋ྑ͍ɻ͔͠͠ɺϝλ۩ͣͤʹܕ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 4ষ ϥϜμࢉܭͱܕγεςϜ

߹͸Ұ౓෦෼ܕͱͯ֬͠ఆ͠ɺͦͷޙίϯύΠϧ࣌΍ϥϯλΠϜ࣌ʹ۩ମతͳܕΛಋ͚͹
ྑ͍ɻ
·ͨɺstubͷΈʹ஫໨͢Δͱɺstub͸ Context͔Β۩ମతͳ DataSegment XΛऔΓग़

ଓ͢ܧͷؔ਺ͷҾ਺ͷԾఆͷΑ͏ͳৼ෣͍Λ͢ΔɻՃ͑ͯɺܰྔܕ૬౰͠ɺ෦෼ʹ࡞ૢ͢
Δࡍʹ Xͷ݁ࢉܭՌΛ Contextʹ֨ೲ͔ͯ͠Β goto͢Δ෦෼Λผͷ Meta CodeSegment

ͱͯ͠෼཭͢Δͱɺ෦෼ܕͷฦΓ஋ͷԾఆͷΑ͏ͳৼ෣͍Λߦͳ͏ɻ͜ͷΑ͏ʹϊʔϚϧ
Ϩϕϧͷ CodeSegment ͷઌ಄ͱ຤ඌʹϝλࢉܭΛ઀ଓ͢Δ͜ͱʹΑͬͯϊʔϚϧϨϕϧ
ͷ CodeSegment ͸ʹࡍͳ͏ߦ෇͚Λܕ෇͚Ͱ͖Δɻܕ͕ DataSegment ͷू߹ͱͯ͠ͷ
Meta DataSegment ͕ඞਢʹͳΔ͕ɺߏ଄ମͱͯ͠ίϯύΠϧ࣌ʹੜ੒͢Δ͜ͱͰ CbC

ʹ૊ΈࠐΉ͜ͱ͕Ͱ͖Δɻ
ͳ͓ɺϝλࢉܭʹར༻͢Δ Meta DataSegment ͱ Meta DataSegment ΋ಉ༷ʹܕ෇͚

Ͱ͖ΔɻMeta DataSegment ͷ෦෼ܕʹ૬౰͢Δ Meta Meta DataSegment Λఆٛͯ͠΍
Ε͹ྑ͍ɻ͜͜Ͱڵຯਂ͍ͷ͸͋ΔϨϕϧͷ CodeSegment ͸ಉϨϕϧͷ DataSegment

ΔͱɺԼͷ֊૚ͷDataSegmentͱͯ͠Ұݟ෇͚͞ΕΔ͕ɺҰ্ͭͷ֊૚͔Βܕ͍͓ͯʹ
؏ͯ͠ѻ͑Δ͜ͱʹ͋Δɻ͜ͷΑ͏ʹϝλࢉܭΛ֊૚Խ͢Δ͜ͱʹΑΓɺϝλࢉܭͰ֦ு
͞Εͨࢉܭʹରͯ͠΋ଞͷϝλ͕ࢉܭ༰қʹద༻Ͱ͖Δɻ
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ୈ5ষ ޠݴܥԉࢧ໌ূ Agda ʹΑΔূ
໌ख๏

4ষͰ͸ CbCʹ͓͚Δ CodeSegment ͱ DataSegment ͕෦෼ܕͰఆٛͰ͖Δ͜ͱΛࣔ
ͨ͠ɻ
γεςϜ͸ܕ Curry-Howard ಉܕରԠʹΑΓ໋୊ͱܕ෇͖ϥϜμ͕ࢉܭҰରҰʹରԠ

͢Δɻґଘܕͱ͍͏ܕΛ࣋ͭূ໌ࢧԉޠݴܥ Agda Λ༻͍ͯܕγεςϜͰূ໌͕ߦͳ͑
Δ͜ͱΛࣔ͢ɻ

5.1 ґଘܕΛ࣋ͭূ໌ࢧԉޠݴܥ Agda

ʹޠݴͳ͏͜ͱ͕Ͱ͖ΔߦγεςϜΛ༻͍ͯূ໌Λܕ Agda [4] ͕ଘ͢ࡏΔɻAgda ͸
ґଘܕͱ͍͏ྗڧͳܕγεςϜΛ͍࣋ͬͯΔɻґଘܕͱ͸ܕ΋ୈҰڃΦϒδΣΫτͱ͢Δ
ड़ͰهΛฦؔ͢਺ͳͲ͕ܕΛҾ਺ʹऔΔؔ਺ɺ஋Λऔͬͯܕ΍ܕͷܕγεςϜͰ͋Γɺܕ
͖Δɻ͜ͷઅͰ͸ Agda ͷจ๏తͳ঺հΛߦͳ͏ [18] [19]ɻ
Agda ͸ΠϯσϯτʹҙຯΛ࣋ͭޠݴͰ͋ΔͨΊɺΠϯσϯτ͸͖ͪΜͱଗ͑Δඞཁ͕

͋Δɻ·ͨɺඇৗʹଟ͘ͷه߸Λར༻Ͱ͖ΔޠݴͰ͋Γɺεϖʔεͷ༗ແ͸֨ݫʹνΣο
Ϋ͞ΕΔɻͳ͓ɺ -- ͷޙ͸ίϝϯτͰ͋Δɻ
·ͣɺAgda ͷϓϩάϥϜΛهड़͢ΔϑΝΠϧΛ࡞੒͢ΔɻAgda ͷϓϩάϥϜ͸શͯ

Ϟδϡʔϧ಺෦ʹهड़͞ΕΔͨΊɺ·ͣ͸τοϓϨϕϧʹϞδϡʔϧΛఆٛ͢Δඞཁ͕͋
ΔɻτοϓϨϕϧͷϞδϡʔϧ͸ϑΝΠϧ໊ͱಉҰͱͳΔɻྫ͑͹ AgdaBasics.agda Λ
੒͢Δ࣌ͷϞδϡʔϧ໊͸Ϧετ࡞ 5.1ͷΑ͏ʹఆٛ͢Δɻ

Ϧετ 5.1: AgdaͷϞδϡʔϧͷఆٛ͢Δ
1 module AgdaBasics where

Agda ʹ͓͚Δࢦܕఆ͸ : Λ༻͍ͯߦͳ͏ɻྫ͑͹ɺม਺ x͕ܕAΛ࣋ͭɺͱ͍͏͜ͱ
Λද͢ʹ͸ x : A ͱهड़͢Δɻ
σʔλܕ͸ Haskell ΍ ML ͷఆٛ͸ܕ଄Ͱ͋Δɻσʔλߏ୅਺తͳσʔλͨࣅʹ data

ΩʔϫʔυΛ༻͍ΔɻdataΩʔϫʔυͷޙʹ where ۟Λॻ͖ΠϯσϯτΛਂͨ͘͠ޙɺ
஋ʹίϯετϥΫλͱͦͷܕΛྻ͢ڍΔɻྫ͑͹ Bool Λఆٛ͢ΔͱϦετܕ 5.2ͷΑ͏
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 5ষ ޠݴܥԉࢧ໌ূ Agda ʹΑΔূ໌ख๏

ʹͳΔɻBool ͸ίϯετϥΫλ true ͔ false Λ࣋ͭσʔλܕͰ͋ΔɻBool ࣗ਎ͷܕ
͸ Set Ͱ͋Γɺ͜Ε͸ Agda ͕૊ΈࠐΈͰ࣋ͭʮܕͷܕʯͰ͋ΔɻSet ͸֊૚ߏ଄Λ࣋
ͪɺܕͷܕͷܕΛࢦఆ͢Δʹ͸ Set1 ͱॻ͘ɻ

Ϧετ 5.2: Agdaʹ͓͚Δσʔλܕ Bool ͷఆٛ
1 data Bool : Set where
2 true : Bool
3 false : Bool

ؔ਺ͷఆٛ͸ Haskell ʹ͍ۙɻؔ਺໊ͱܕΛهड़ͨ͠ޙʹؔ਺ͷຊମΛ = ͷࢦʹޙఆ
͢Δɻؔ਺ͷܕ͸ → Λ༻͍Δɻͳ͓ɺ→ʹରͯ͠͸౶ҥߏจ -> ΋༻ҙ͞Ε͍ͯΔɻྫ
͑͹Ҿ਺͕ܕ A ͰฦΓ஋͕ܕ B ͷؔ਺͸ A -> B ͷΑ͏ʹॻ͚ΔɻBool ม਺ x Λऔͬͯ
true Λฦؔ͢਺ f͸Ϧετ 5.3ͷΑ͏ʹͳΔɻ

Ϧετ 5.3: Agda ʹ͓͚Δؔ਺ఆٛ
1 f : Bool → Bool
2 f x = true

Ҿ਺͸ม਺໊Ͱड͚Δ͜ͱ΋Ͱ͖Δ͕ɺ۩ମతͳίϯετϥΫλΛࢦఆ͢Δ͜ͱͰͦͷ
ίϯετϥΫλ͕౉͞Εͨ࣌ͷڍಈΛఆٛͰ͖Δɻ͜Ε͸ύλʔϯϚονͱݺ͹Εɺίϯ
ετϥΫλͰ case จΛߦͳ͍ͬͯΔΑ͏ͳ΋ͷͰ͋Δɻྫ͑͹ Bool ͷ஋Λ൓స͢Δܕ
not ؔ਺Λॻ͘ͱϦετ 5.4ͷΑ͏ʹͳΔɻ

Ϧετ 5.4: Agdaʹ͓͚Δؔ਺ not ͷఆٛ
1 not : Bool → Bool
2 not true = false
3 not false = true

ύλʔϯϚον͸શͯͷίϯετϥΫλͷύλʔϯΛؚ·ͳͯ͘͸ͳΒͳ͍ɻྫ͑͹ɺ
Bool Λड͚औΔؔ਺Ͱܕ true ͷ࣌ͷڍಈͷΈΛॻ͘͜ͱ͸Ͱ͖ͳ͍ɻͳ͓ɺίϯετ
ϥΫλΛ͍͔ͭ͘ࢦఆͨ͠ޙʹม਺Ͱड͚Δͱɺม਺͕࣋ͪ͏Δ஋͸ࢦఆͨ͠Ҏ֎ͷίϯ
ετϥΫλͱͳΔɻྫ͑͹Ϧετ 5.5ͷ not ͸ x ʹ͸ true ͔͠ೖΔ͜ͱ͸ແ͍ɻͳ͓ɺ
Ϛονͨ͠஋Λม਺ͱͯ͠ར༻͠ͳ͍৔߹͸ _ Λ༻͍ࣺͯͯΔ͜ͱ΋Ͱ͖Δɻ

Ϧετ 5.5: Agdaʹ͓͚ΔύλʔϯϚον
1 not : Bool → Bool
2 not false = true
3 not x = false

ؔ਺ʹ͸Ϧςϥϧ͕ଘ͠ࡏɺؔ਺໊Λఆٛͤͣͱ΋ͦͷ৔Ͱੜ੒͢Δ͜ͱ͕Ͱ͖Δɻ͜
ΕΛϥϜμࣜͱݺͼɺ\arg1 arg2 -> function body ͷΑ͏ʹॻ͘ɻྫ͑͹ Bool ͷܕ
Ҿ਺ b Λऔͬͯ not Λద༻͢Δ not-apply ΛϥϜμࣜͰॻ͘ͱϦετ 5.6ͷΑ͏ʹͳ
Δɻؔ਺ not-apply ΛϥϜμࣜΛ࢖Θͣʹఆٛ͢Δͱ not-apply-2 ʹͳΔ͕ɺ͜ͷೋ
ͭͷؔ਺͸ಉҰͷಈ࡞Λ͢Δɻ
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Ϧετ 5.6: Agda ʹ͓͚ΔϥϜμࣜ
1 not-apply : Bool → Bool
2 not-apply = (\b → not b) -- use lambda
3

4 not-apply : Bool → Bool
5 not-appy b = not b -- not use lambda

AgdaͰ͸ಛఆͷؔ਺಺ͷΈͰར༻͢Δؔ਺Λ where۟Ͱهड़Ͱ͖Δɻ͜Ε͸ؔ਺಺෦
ͷ৑௕ͳهड़Λলུ͢Δͷʹ׆༻Ͱ͖Δɻείʔϓ͸ where͕۟ଘ͢ࡏΔؔ਺಺෦ͷΈ
Ͱ͋ΔͨΊɺ໊લۭ͕ؒԚછͤ͞Δ͜ͱ΋ແ͍ɻྫ͑͹ࣗવ਺ 3ͭΛऔͬͯͦΕͧΕ 3ഒ
ͯ͠Ճ͢ࢉΔؔ਺ f Λఆٛ͢Δͱ͖ɺ where Λ͏࢖ͱϦετ 5.7 ͷΑ͏ʹॻ͚Δɻ͜Ε
͸ f’ ͱಉ༷ͷಈ࡞Λ͢Δɻwhere ۟͸ར༻͍ͨؔ͠਺ͷ຤ඌʹΠϯσϯτ෇͖Ͱ where

ΩʔϫʔυΛهड़͠ɺվߦͷޙΠϯσϯτΛͯؔ͠਺಺෦Ͱར༻͢Δؔ਺Λఆٛ͢Δɻ

Ϧετ 5.7: Agda ʹ͓͚Δ where ۟
1 f : Int → Int → Int
2 f a b c = (t a) + (t b) + (t c)
3 where
4 t x = x + x + x
5

6 f’ : Int → Int → Int
7 f’ a b c = (a + a + a) + (b + b + b) + (c + c + c)

σʔλܕͷίϯετϥΫλʹ͸ࣗ෼ࣗ਎ͷܕΛҾ਺ʹऔΔ͜ͱ΋Ͱ͖Δ (Ϧετ 5.8)ɻ
ࣗવ਺ͷίϯετϥΫλ͸ 2ͭ͋Γɺยํ͸ࣗવ਺θϩɺยํ͸ࣗવ਺Λऔͬͯޙଓ਺Λฦ
͢΋ͷͰ͋Δɻྫ͑͹ 0 ͸ zeroͰ͋Γɺ1 ͸ suc zeroʹɺ3͸ suc (suc (suc zero))

ʹରԠ͢Δɻ

Ϧετ 5.8: Agdaʹ͓͚Δࣗવ਺ͷఆٛ
1 data Nat : Set where
2 zero : Nat
3 suc : Nat → Nat

ࣗવ਺ʹର͢Δԋࢉ͸ؔؼ࠶਺ͱͯ͠ఆٛͰ͖Δɻྫ͑͹ࣗવ਺Ͳ͏͠ͷՃࢉ͸ೋ߲
ԋࢠࢉ+ͱͯ͠Ϧετ 5.9ͷΑ͏ʹॻ͚Δɻ
͜ͷೋ߲ԋࢠࢉ͸ਖ਼֬ʹ͸தஔؔ਺Ͱ͋Δɻલஔ΍ޙஔͰఆٛͰ͖Δ෦෼Λؔ਺໊ʹ

_ ͱͯ͠ຒΊࠐΜͰ͓͘͜ͱͰɺؔ਺ΛݺͿ࣌ʹ͔͋ͨ΋લஔ΍ޙஔԋࢠࢉͷΑ͏ʹৼ
Δ෣͏ɻྫ͑͹ !_ ؔ਺Λఆٛ͢Δͱ ! true ͷΑ͏ʹར༻Ͱ͖ɺ_~ ؔ਺Λఆٛ͢Δͱ
false ~ ͷΑ͏ʹར༻Ͱ͖Δɻ
·ͨɺAgda ͸ؔؼ࠶਺͕ఀ͢ࢭΔ͔Λ൑ఆͰ͖Δɻ͜ͷՃࢉͷೋ߲ԋࢠࢉ͸ࠨଆ͕θ

ϩʹରͯ͠͸໌Β͔ʹఀ͢ࢭΔɻࠨଆ͕ 1Ҏ্ͷ࣌ͷ࣌ؼ࠶ʹ͸ suc n ͔Β n΁ͱͬݮ
͍ͯΔͨΊɺؼ࠶Ͱ܁Γฦ͠ݮΒ͢͜ͱͰ͍͔ͭ͸ఀ͢ࢭΔɻ΋͠ suc n ͷ··ࣗ෼ࣗ
਎΁ͱͨ͠ؼ࠶৔߹ɺAgda ͸ࠂܯΛग़͢ɻ
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Ϧετ 5.9: Agda ʹ͓͚Δࣗવ਺ͷՃࢉͷఆٛ
1 _+_ : Nat → Nat → Nat
2 zero + m = m
3 suc n + m = suc (n + m)

࣍ʹґଘ͍ͯ͘ݟ͍ͯͭʹܕɻґଘܕͰ࠷΋جຊతͳ΋ͷ͸ؔ਺ܕͰ͋ΔɻґଘܕΛ
ར༻ͨؔ͠਺͸Ҿ਺ͷܕʹґଘͯ͠ฦ͢ܕΛܾఆͰ͖Δɻ
Agda Ͱ (x : A) -> B ͱॻ͘ͱؔ਺͸ܕ A Λ࣋ͭ x Λड͚औΓɺBΛฦ͢ɻ͜͜Ͱ

B ͷதͰ x Λѻͬͯ΋ྑ͍ɻྫ͑͹೚ҙͷܕʹର͢Δ߃౳ؔ਺͸Ϧετ 5.10ͷΑ͏ʹॻ
͚Δɻ

Ϧετ 5.10: ґଘܕΛ࣋ͭؔ਺ͷఆٛ
1 identity : (A : Set) → A → A
2 identity A x = x
3

4 identity-zero : Nat
5 identity-zero = identity Nat zero

͜ͷ߃౳ؔ਺ identitiy͸೚ҙͷܕʹద༻ՄೳͰ͋Δɻ࣮ࡍʹؔ਺ identitiyΛ Nat

΁ద༻ͨ͠ྫ͕ identitiy-zero Ͱ͋Δɻ
ଟ૬ͷ߃౳ؔ਺Ͱ͸ܕΛ໌ࣔతʹࢦఆͤͣͱ΋ zero ʹద༻ͨ͠৔߹ͷܕ͸ࣗ໌ʹ

Nat -> NatͰ͋ΔɻAgda ͸͜ͷΑ͏ͳਪ࿦Λαϙʔτ͓ͯ͠Γɺਪ࿦ՄೳͳҾ਺͸ল
ུͰ͖Δɻਪ࿦ʹΑͬͯղܾ͞ΕΔҾ਺Λ҉໧తͳҾ਺ (implicit arguments) ͱ͍ݴɺه
߸ {} Ͱ͘͘Δɻ
ྫ͑͹ɺidentitiy ͷର৅ͱ͢Δܕ AΛ҉໧తͳҾ਺ͱͯ͠লུ͢ΔͱϦετ 5.11ͷ

Α͏ʹͳΔɻ͜ͷ߃౳ؔ਺Λར༻͢Δࡍ͸ಛఆͷܕʹଐ͢Δ஋Λ౉͚ͩ͢Ͱͦͷ͕ࣗܕ
ಈతʹਪ࿦͞ΕΔɻΑͬͯؔ਺Λར༻͢Δࡍ͸ id-zero ͷΑ͏ʹܕΛলུͯ͠ྑ͍ɻͳ
͓ɺؔ਺ͷຊମͰ҉໧తͳҾ਺Λར༻͍ͨ͠৔߹͸ {variableName} Ͱଋറ͢Δ͜ͱ΋
Ͱ͖Δ (id’ ؔ਺)ɻద༻͢Δ৔߹΋ {}Ͱ͘͘Γɺid-trueͷΑ͏ʹ࢖༻͢Δɻ

Ϧετ 5.11: Agdaʹ͓͚Δ҉໧తͳҾ਺Λ࣋ͭؔ਺
1 id : {A : Set} → A → A
2 id x = x
3

4 id-zero : Nat
5 id-zero = id zero
6

7 id’ : {A : Set} → A → A
8 id’ {A} x = x
9

10 id-true : Bool
11 id-true = id {Bool} true

Agda ʹ͸ C ʹ͓͚Δߏ଄ମʹ૬౰͢ΔϨίʔυܕ΋ଘ͢ࡏΔɻఆٛΛߦͳ͏ࡍ͸
recordΩʔϫʔυͷޙʹϨίʔυ໊ɺܕɺwhere ͷޙʹ field ΩʔϫʔυΛೖΕͨޙɺ
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ϑΟʔϧυ໊ͱ໊ܕΛྻ͢ڍΔɻྫ͑͹ x ͱ y ͷೋͭͷࣗવ਺͔ΒͳΔϨίʔυ Point

Λఆٛ͢ΔͱϦετ 5.12ͷΑ͏ʹͳΔɻϨίʔυΛߏங͢Δࡍ͸ record Ωʔϫʔυͷ
ͷޙ {} ͷ಺෦ʹ fieldName = value ͷܗͰ஋Λྻ͍ͯ͘͠ڍɻෳ਺ͷ஋Λྻ͢ڍΔࡍ
͸ ; Ͱ۠੾Δɻ

Ϧετ 5.12: Agdaʹ͓͚ΔϨίʔυܕͷఆٛ
1 record Point : Set where
2 field
3 x : Nat
4 y : Nat
5

6 makePoint : Nat → Nat → Point
7 makePoint a b = record { x = a ; y = b }

͸ʹࡍங͞ΕͨϨίʔυ͔Β஋Λऔಘ͢Δߏ RecordName.fieldNameͱ͍͏໊લͷؔ਺
Λద༻͢Δ (Ϧετ 5.13಺2ߦ໨)ɻͳ͓ɺϨίʔυʹ΋ύλʔϯϚον͕ར༻Ͱ͖Δ (Ϧε
τ 5.13಺5ߦ໨)ɻ·ͨɺ஋Λߋ৽͢Δࡍ͸ record oldRecord {field = value ; ... }

ͱ͍͏ߏจΛར༻͢ΔɻPoint ͷதͷ x ͷ஋Λ 5૿΍ؔ͢਺ xPlus5 ͸Ϧετ 5.13ͷ 7,8

໨ͷΑ͏ʹॻ͚Δɻߦ

Ϧετ 5.13: Agda ʹ͓͚ΔϨίʔυͷࣹӨɺύλʔϯϚονɺ஋ͷߋ৽
1 getX : Point → Nat
2 getX p = Point.x p
3

4 getY : Point → Nat
5 getY record { x = a ; y = b} = b
6

7 xPlus5 : Point → Point
8 xPlus5 p = record p { x = (Point.x p) + 5}

Agda ʹ͓͚Δ෦෼ܕͷΑ͏ʹৼΔ෣͏ػೳͱͯ͠ Instance Arguments ͕ଘ͢ࡏΔɻ
͜Ε͸ͱ͋Δσʔλ͕ܕɺ͋Δܕͱ໊લΛ࣋ͭؔ਺Λ࣋ͭ͜ͱΛอূ͢ΔػೳͰ͋Γɺ
Haskell ʹ͓͚ΔܕΫϥε΍ Java ʹ͓͚ΔΠϯλʔϑΣʔεʹ૬౰͢ΔɻAgda ʹ͓͚
Δ෦෼ܕͷ੍໿͸ɺඞཁͳؔ਺Λఆٛͨ͠ record ʹ૬౰͠ɺͦͷ੍໿Λอূ͢Δʹ͸ͦ
ͷ record Λ instance ͱͯ͠ొ࿥͢Δ͜ͱʹͳΔɻྫ͑͹ɺಉ͡ܕͱൺֱ͢Δ͜ͱ͕Ͱ͖
Δɺͱ͍͏ੑ࣭Λද͢ͱϦετ 5.14ͷΑ͏ʹͳΔɻ۩ମతʹ͸ͱ͋Δܕ A ʹ͓͚Δதஔ
ؔ਺ _==_ Λఆٛ͢Δ͜ͱʹ૬౰͢Δɻ

Ϧετ 5.14: Agdaʹ͓͚Δ෦෼੍ܕ໿
1 record Eq (A : Set) : Set where
2 field
3 _==_ : A → A → Bool

͋Δܕ T ͕͜ͷ෦෼੍ܕ໿Λຬͨ͢͜ͱΛࣔ͢ʹ͸ɺܕ T Ͱ͜ͷϨίʔυΛ࡞੒Ͱ͖
Δ͜ͱΛࣔ͠ɺͦΕΛ instance NatܕจͰొ࿥͢Δɻߏ ͕ Eq ͷ্ҐܕͰ͋Δ͜ͱΛه
ड़͢ΔͱϦετ 5.15ͷΑ͏ʹͳΔɻ
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Ϧετ 5.15: Agdaʹ͓͚Δ෦෼܎ؔܕͷߏங
1 _==Nat_ : Nat → Nat → Bool
2 zero ==Nat zero = true
3 (suc n) ==Nat zero = false
4 zero ==Nat (suc m) = false
5 (suc n) ==Nat (suc m) = n ==Nat m
6

7 instance
8 natHas== : Eq Nat
9 natHas== = record { _==_ = _==Nat_}

͜ΕͰ Eq ͕ཁ͞ٻΕΔؔ਺ʹରͯ͠ Nat ͕ద༻Ͱ͖ΔΑ͏ʹͳΔɻྫ͑͹ܕ A ͷཁ
ૉΛ࣋ͭ List A ͔ΒཁૉΛ୳ͯ͘͠Δ elem Λఆٛ͢Δɻ෦෼ܕͷΠϯελϯε͸ {{}}

಺෦ʹ໊લͱ໊ܕͰهड़͢Δɻͳ͓ɺ໊લ෦෼͸ඞਢͰ͋ΔɻԾʹม਺ͱͯ͠ड͚ͯ΋
ར༻͠ͳ͍৔߹͸ _ ͰࣺͯΔͱྑ͍ɻ෦෼ܕͱͯ͠ొ࿥ͨ͠ record ͸ؔ਺ຊମʹ͓͍ͯ
{{variableName}} ͱ͍͏ߏจͰม਺ʹଋറͰ͖Δɻ

Ϧετ 5.16: Agdaʹ͓͚Δ෦෼ܕΛؔ͏࢖਺ͷఆٛ
1 elem : {A : Set} {{eqA : Eq A}} ˠ A ˠ List A ˠ Bool
2 elem {{eqA}} x (y :: xs) = (Eq._==_ eqA x y) || (elem {{eqA}} x xs)
3 elem x [] = false

͜ͷ elem ؔ਺͸Ϧετ 5.17 ͷΑ͏ʹར༻Ͱ͖ΔɻNatܕͷཁૉΛ࣋ͭϦετͷ಺෦
ʹ 4ؚ͕·ΕΔ͔֬ೝ͍ͯ͠Δɻ͜ͷ listHas4 ͸ true ʹධՁ͞ΕΔɻ

Ϧετ 5.17: ෦෼ܕΛ࣋ͭؔ਺ͷద༻
1 listHas4 : Bool
2 listHas4 = elem 4 (3 :: 2 :: 5 :: 4 :: []) -- true

Δɻͳ͢༺࡞Ϟδϡʔϧʹ͍ͭͯड़΂ΔɻϞδϡʔϧ͸΄ͱΜͲ໊લۭؒͱͯ͠ʹޙ࠷
͓ɺґଘܕͷղܾ͸ϞδϡʔϧͷΠϯϙʔτ࣌ʹߦͳΘΕΔɻϞδϡʔϧΛΠϯϙʔτ͢
Δ࣌͸ import ΩʔϫʔυΛࢦఆ͢Δɻ·ͨɺΠϯϙʔτΛߦͳ͏ࡍʹ໊લΛผ໊ʹมߋ
͢Δ͜ͱ΋Ͱ͖ɺͦͷࡍ͸ as ΩʔϫʔυΛ༻͍ΔɻϞδϡʔϧ͔Βಛఆͷؔ਺ͷΈΛΠ
ϯϙʔτ͢Δ৔߹͸ using ΩʔϫʔυΛɺؔ਺ͷ໊લΛม͑Δ࣌͸ renamingΩʔϫʔ
υΛɺಛఆͷؔ਺ͷΈΛӅ͢৔߹͸ hiding ΩʔϫʔυΛ༻͍Δɻͳ͓ɺϞδϡʔϧʹଘ
Δؔ਺ΛτοϓϨϕϧͰ༻͍Δ৔߹͸͢ࡏ open ΩʔϫʔυΛ͜͏࢖ͱͰల։Ͱ͖ΔɻϞ
δϡʔϧΛΠϯϙʔτ͢ΔྫΛϦετ 5.18ʹࣔ͢ɻ

Ϧετ 5.18: Agdaʹ͓͚ΔϞδϡʔϧͷΠϯϙʔτ
1 import Data.Nat -- import module
2 import Data.Bool as B -- renamed module
3 import Data.List using (head) -- import Data.head function
4 import Level renaming (suc to S) -- import module with rename suc to S
5 import Data.String hiding (_++_) -- import module without _++_
6 open import Data.List -- import and expand Data.List

ϝλࢉܭΛ༻͍ͨ Continuation based C ͷূݕख๏ 37



େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 5ষ ޠݴܥԉࢧ໌ূ Agda ʹΑΔূ໌ख๏

·ͨɺϞδϡʔϧʹ͸஋Λ౉͢͜ͱ͕Ͱ͖ΔɻͦͷΑ͏ͳϞδϡʔϧ͸ Parameterized

Module ͱݺ͹Εɺ౉͞Εͨ஋͸ͦͷϞδϡʔϧ಺෦ͰҰ؏ͯ͠ѻ͑Δɻྫ͑͹ཁૉͷܕ
ͱൺֱ͢Δೋ߲ԋࢠࢉΛͯͬ࢖ฒ΂ସ͑Λ͢ΔϞδϡʔϧ Sort Λ͑ߟΔɻͦͷϞδϡʔ
ϧ͸Ҿ਺ʹܕAͱೋ߲ԋࢠࢉ <ΛऔΓɺιʔτ͢Δؔ਺Λఏ͢ڙΔɻSortϞδϡʔϧΛ
Nat ͱ Bool Ͱར༻ͨ͠ྫ͕Ϧετ 5.19Ͱ͋Δɻ

Ϧετ 5.19: Agda ʹ͓͚Δ Parameterized Module
1 module Sort (A : Set) (_<_ : A → A → Bool) where
2 sort : List A → List A
3 sort = -- ࣮૷͸লུ ...
4

5 -- Parameterized Module ʹΑΓ N.sort ΍ B.sort ͕Մೳ
6 open import Sort Nat Nat._<_ as N
7 open import Sort Bool Bool._<_ as B

5.2 Natural Deduction

·ͣ࢝Ίʹূ໌Λߦͳ͏ͨΊʹNatural Deduction(ࣗવԋ៷)Λࣔ͢ɻ
Natural Deduction͸ GentzenʹΑͬͯ࡞ΒΕͨ࿦ཧͱɺͦ ͷূ໌γεςϜͰ͋Δ [20]ɻ

໋୊ม਺ͱه߸Λ༻͍ͨ࿦ཧࣜͰ࿦ཧΛهड़͠ɺਪ࿦نଇʹΑΓม͢ܗΔ͜ͱͰٻΊΔ࿦
ཧࣜΛಋ͘ɻ
natural deduction ʹ͓͍ͯ

... (5.1)

A

ͱॻ͍ͨ࣌ɺ࠷ऴతʹ໋୊AΛূ໌ͨ͜͠ͱΛҙຯ͢Δɻূ໌͸໦ߏ଄ͰදΘ͞Εɺ༿
ͷ໋୊͸ԾఆͱͳΔɻԾఆʹ͸ dead ͔ alive ͷ 2ͭͷঢ়ଶ͕ଘ͢ࡏΔɻ

A (5.2)
...

B

ࣜ 5.2ͷΑ͏ʹ A ΛԾఆͯ͠ B Λಋ͍ͨͱ͢Δɻ͜ͷ࣌ A ͸ alive ͳԾఆͰ͋Γɺূ
໌͞Εͨ B ͸ A ͷԾఆʹґଘ͍ͯ͠Δ͜ͱΛҙຯ͢Δɻ
͜͜Ͱɺਪ࿦نଇʹΑΓه߸ ⇒ Λಋೖ͢Δɻ
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[A]
...
B ⇒ IA ⇒ B

⇒ I Λద༻͢Δ͜ͱͰԾఆ A ͸ dead ͱͳΓɺ৽ͨͳ໋୊ A ⇒ B Λಋ͘͜ͱ͕Ͱ͖
ΔɻA ͱ͍͏Ծఆʹґଘͯ͠ B Λಋ͘ূ໌͔ΒɺʮA ͕ଘ͢ࡏΕ͹ B ͕ଘ͢ࡏΔʯͱ͍
͏ূ໌Λಋ͍ͨ͜ͱͱͳΔɻ͜ͷΑ͏ʹɺԾఆ͔Β࢝Ίͯ࠷ऴతʹશͯͷԾఆΛ dead ͱ
͢Δ͜ͱͰɺԾఆʹґଘ͠ͳ͍ূ໌Λಋ͚Δɻͳ͓ɺdead ͳԾఆ͸ [A] ͷΑ͏ʹ [] Ͱ
ғΜͰॻ͘ɻ
alive ͳԾఆΛ dead ʹ͢Δ͜ͱ͕Ͱ͖Δͷ͸ ⇒ I ଇͷΈͰ͋ΔɻͦΕΛ౿·͑ɺن

natural deduction ʹ͸ҎԼͷΑ͏ͳنଇ͕ଘ͢ࡏΔɻ

• Hypothesis

Ծఆɻ༿ʹ͋Δ͕ࣜԾఆͱͳΔͨΊɺ࿦ཧࣜAΛԾఆ͢Δ৔߹ʹҎԼͷΑ͏ʹॻ͘ɻ

A

• Introductions

ಋೖɻূ໌͞Εͨ࿦ཧࣜʹରͯ͠ه߸Λಋೖ͢Δ͜ͱͰ৽ͨͳূ໌Λಋ͘ɻ

...
A

...
B ∧IA ∧B

...
A ∨1IA ∨B

...
B ∨2IA ∨B

[A]
...
B ⇒ IA ⇒ B

• Eliminations

আڈɻ͋Δ࿦ཧه߸Ͱߏ੒͞Εͨূ໌͔Βผͷূ໌Λಋ͘ɻ
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...
A ∧B ∧1EA

...
A ∧B ∧2EB

...
A ∨B

[A]
...
C

[B]
...
C ∨EC

...
A

...
A ⇒ B ⇒ EB

߸ه ∨,∧,⇒ ͷಋೖͷআنڈଇʹ͍ͭͯड़΂ͨɻnatural deduction ʹ͸ଞʹ΋ ∀, ∃,⊥
ͱ͍ͬͨه߸͕ଘ͢ࡏΔ͕ɺ͜͜Ͱ͸ղઆΛলུ͢Δɻ
ͦΕͧΕͷه߸͸ҎԼͷΑ͏ͳҙຯΛ࣋ͭ

• ∧ conjunctionɻ2ͭͷ໋୊͕੒Γཱͭ͜ͱΛࣔ͢ɻA∧B ͱهड़͢ΔͱɺA ͔ͭ B

ͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ

• ∨ disjunctionɻ2ͭͷ໋୊ͷ͏ͪͲͪΒ͔͕੒Γཱͭ͜ͱΛࣔ͢ɻA ∨ B ͱهड़͢
Δͱɺ A ·ͨ͸ B ͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ

• ⇒ implicationɻࠨଆͷ໋୊͕੒Γཱͭ࣌ɺӈଆͷ໋୊͕੒Γཱͭ͜ͱΛࣔ͢ɻA ⇒ B

ͱهड़͢Δͱɺ A ͳΒ͹ B ͱ͑ߟΔ͜ͱ͕Ͱ͖Δɻ

ྫͱͯ͠ɺnatural deduction Ͱࡾஈ࿦๏Λূ໌͢Δɻͳ͓ɺࡾஈ࿦๏ͱ͸ʮA ͸ B Ͱ
͋Γɺ B ͸ C Ͱ͋ΔɻΑͬͯ A ͸ C Ͱ͋Δʯͱ͍ͬͨจΛࣔ͢ɻ

[A] (1)

[(A ⇒ B) ∧ (B ⇒ C)] (2)
∧1E

(A ⇒ B)
⇒ EB

[(A ⇒ B) ∧ (B ⇒ C)] (2)
∧2E

(B ⇒ C)
⇒ EC ⇒ I(1)A ⇒ C ⇒ I(2)

((A ⇒ B) ∧ (B ⇒ C)) ⇒ (A ⇒ C)
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·ͣɺࡾஈ࿦๏Λ࿦ཧࣜͰද͢ɻ
ʮA͸ BͰ͋ΓɺB͸ CͰ͋ΔɻΑͬͯ A͸ CͰ͋Δʯ͕ূ໌͢Δ΂໋͖୊Ͱ͋Δɻ

·ͣɺʮA ͸ B Ͱ͋Γʯ͔ΒɺA͔Βੑ࣭B͕ಋ͚Δ͜ͱ͕෼͔Δɻ͜Ε͕ A ⇒ B ͱͳ
Δɻ࣍ʹɺʮB ͸ C Ͱ͋Δʯ͔ΒɺB͔Βੑ࣭C͕ಋ͚Δ͜ͱ͕෼͔Δɻ͜Ε͕ B ⇒ C

ͱͳΔɻͦͯ͜͠ͷ 2ͭ͸ಉ࣌ʹ੒ΓཱͭɻΑͬͯ (A ⇒ B) ∧ (B ⇒ C) ͕ԾఆͱͳΔɻ
͜ͷԾఆ͕੒Γཱͭ࣌ ʮʹA͸ CͰ͋ΔʯΛࣔͤ͹ྑ͍ɻԾఆͱಉ͡Α͏ ʮʹA͸ CͰ͋
Δʯ͸ɺA ⇒ C ͱॻ͚ΔͨΊɺূ ໌͢Δ΂͖࿦ཧࣜ͸ ((A ⇒ B)∧ (B ⇒ C)) ⇒ (A ⇒ C)

ͱͳΔɻ
ূ໌ͷखॱ͸͜͏Ͱ͋Δɻ·ͣ৚݅ (A ⇒ B)∧ (B ⇒ C)ͱAͷ 2ͭΛԾఆ͢Δɻ৚݅

Λ ∧1E ∧2E ʹΑΓ෼ղ͢ΔɻA ͱ A ⇒ B ͔Β B Λɺ B ͱ B ⇒ C ͔Β C Λಋ͘ɻ͜
͜Ͱ ⇒ I ʹΑΓ A ⇒ C Λಋ͘ɻ͜ͷࡍʹ dead ʹ͢ΔԾఆ͸ A Ͱ͋Δɻ਺ճԾఆΛ
dead ʹ͢Δࡍ͸ (1) ͷΑ͏ʹରԠ͢Δ []ͷه߸ʹ਺஋Λ෇͚Δɻ͜ΕͰ࢒Δ alive ͳԾ
ఆ͸ (A ⇒ B) ∧ (B ⇒ C) ͱͳΓɺ͜Ε͔Β A ⇒ C Λಋ͘͜ͱ͕Ͱ͖ͨͨΊʹ͞Βʹ
⇒ I Λద༻͢Δɻ݁Ռɺূ໌͢΂͖࿦ཧࣜ ((A ⇒ B) ∧ (B ⇒ C)) ⇒ (A ⇒ C) ͕ಋ͚ͨ
ͨΊʹূ໌ऴྃͱͳΔɻ

5.3 Curry-Howard Isomorphism

5.2અͰ͸ Natural Deductionʹ͓͚Δূ໌ख๏ʹ͍ͭͯड़΂ͨɻNatural Deduction͸
ϓϩάϥϜ্Ͱ͸ܕ෇͖ͷϥϜμࣜͱͯ͠දݱͰ͖Δɻ͜Ε͸ Curry-Howard Isomorphism

ͱݺ͹ΕɺNatural Deductionͱܕ෇͖ λ͕ࢉܭಉ͡ߏ଄Ͱ͋Δ͜ͱΛද͍ͯ͠ΔɻCurry-

Howard Isomorphism ͷ֓ཁΛද 5.1ʹࣔ͢ɻ

౳ؔ਺߃૬౰͢Δɻྫ͑͹ʹܕΔ໋୊͸͚͓ʹࢉܭ෇͖ϥϜμܕ id ͷܕ͸ A → A ͱ
Λ͕࣋ͭɺ͜Ε͸ʮA͕੒ΓཱͭͳΒA͕੒Γཱͭʯͱ͍͏໋୊ͱ౳͍͠ɻ໋୊ͷܕ͏͍
Ծఆ͸Ҿ਺ͱͳͬͯදΕɺূ໌͸ͦͷܕΛಋͨ͘ΊͷࣜͱͳΔɻ
ྫ͑͹ Natural Deduction ʹ͓͚Δࡾஈ࿦๏͸ ((A ⇒ B) ∧ (B ⇒ C)) ⇒ (A ⇒ C) ͱ

Λ͍ͯͨ͠ɻԾఆ͸ܗ͏͍ ((A ⇒ B) ∧ (B ⇒ C)) ͱͳΔɻ
௚ੵʹରԠ͢Δܕʹ͸௚ੵ͕ܕଘ͢ࡏΔɻAgda ʹ͓͍ͯ௚ੵܕʹରԠ͢Δσʔλߏ଄

Product Λఆٛ͢ΔͱϦετ 5.20ͷΑ͏ʹͳΔɻྫ͑͹ Int ͱܕ String ΛऔΔ௚ੵܕ
͸ܕ Int × String Ͱ͋ΓɺNaturalܕΛऔΔܕͱͳΔɻ͜Ε͸ೋͭͷܕ Deduction ͷ ∧
ʹ૬౰͢Δɻ
௚ੵ͔ܕΒ஋ΛࣹӨ͢Δؔ਺ fst ͱ snd Λఆٛ͢Δɻ͜ΕΒ͸ Natural Deduction ʹ

͓͚Δ ∧1E ͱ ∧2E ʹ૬౰͢Δɻ
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Natural Deduction ෇͖ܕ λ ࢉܭ

A ܕ A Λ࣋ͭม਺ x

A ⇒ B ܕ A ΛऔΓܕ B ͷม਺Λฦؔ͢਺ f

⇒ I ϥϜμͷந৅Խ
⇒ E ؔ਺ద༻
A ∧ B ܕ A ͱܕ B ͷ௚ੵܕ Λ࣋ͭม਺ x

∧I ΁ͷίϯετϥΫλܕA,BΛ࣋ͭ஋͔Β௚ੵܕ
∧1E ௚ੵ͔ܕΒͷܕAΛऔΓग़ࣹ͢Ө fst

∧2E ௚ੵ͔ܕΒͷܕBΛऔΓग़ࣹ͢Ө snd

A ∨ B ܕ A ͱܕ B ͷ௚࿨ܕ Λ࣋ͭม਺ x

∨I ΁ͷίϯετϥΫλܕA,Bͷ஋͔Β௚࿨ܕ
∨E ௚࿨͔ܕΒܕCͷ஋Λฦؔ͢਺ f

ද 5.1: natural deuction ͱ ෇͖ܕ λ ͱͷରԠࢉܭ (Curry-Howard Isomorphism)

ͳ͓ɺ௚ੵܕ͸ܕAΛ࣋ͭϑΟʔϧυ fstͱܕBΛ࣋ͭϑΟʔϧυ sndΛ࣋ͭϨίʔ
υܕͱͯ͑ߟ΋ྑ͍ɻ

Ϧετ 5.20: Agda ʹ͓͚Δ௚ੵܕ
1 data _×_ (A B : Set) : Set where
2 <_,_> : A → B → A × B
3

4 fst : {A B : Set} → A × B → A
5 fst < a , _ > = a
6

7 snd : {A B : Set} → A × B → B
8 snd < _ , b > = b

ஈ࿦๏ͷূ໌͸ʮ1ͭͷԾఆ͔Βࡾ ∧1E ͱ ∧2E Λ༻͍ͯԾఆΛೋͭऔΓग़͠ɺͦΕͧ
Εʹ ⇒ E Λద༻ͨ͠ޙʹԾఆΛ ⇒ I Ͱ dead ʹ͢ΔʯܗͰ͋ͬͨɻ
⇒ I ʹରԠ͢Δͷ͸ؔ਺ద༻Ͱ͋ΔɻΑͬͯ͜ͷূ໌͸ʮҰͭͷม਺͔Β fst ͱ snd

Λؔͯͬ࢖਺ΛೋͭऔΓग़͠ɺͦΕͧΕΛؔ਺ద༻͢Δʯͱ͍͏ܗʹͳΔɻ͜ΕΛϥϜμ
ࣜͰॻ͘ͱϦετ 5.21ͷΑ͏ʹͳΔɻԾఆ A × B ͱԾఆ A ͔Β A → C Λಋ͍͍ͯΔɻ

Ϧετ 5.21: Agda ʹ͓͚Δࡾஈ࿦๏ͷূ໌
1 f : {A B C : Set} → (A → B) × (B → C) → (A → C)
2 f = (\p x → snd p ((fst p) x))

͜ͷΑ͏ʹ Agda Ͱ͸ূ໌Λهड़͢Δ͜ͱ͕Ͱ͖Δɻ
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5.4 Reasoning

࣍ʹґଘܕΛར༻ͯ͠౳ࣜͷূ໌Λهड़͍ͯ͘͠ɻ
ྫ୊ͱͯ͠ɺࣗવ਺ͷՃ๏ͷՄ׵๏ଇΛࣔ͢ɻূ໌Λߦͳ͏ͨΊʹ·ͣ͸ࣗવ਺Λఆٛ

͢Δɻࠓճ༻͍Δࣗવ਺ͷఆٛ͸ҎԼͷΑ͏ͳ΋ͷͰ͋Δɻ

• 0 ͸ࣗવ਺Ͱ͋Δ

• ೚ҙͷࣗવ਺ʹ͸ޙଓ਺͕ଘ͢ࡏΔ

• 0 ͸͍͔ͳΔࣗવ਺ͷޙଓ਺Ͱ΋ͳ͍

• ҟͳΔࣗવ਺Ͳ͏͠ͷޙଓ਺͸ҟͳΔ (n ̸= m → Sn ̸= Sm)

• 0͕͋Δੑ࣭Λຬͨ͠ɺa͕͋Δੑ࣭Λຬͨͤ͹ͦͷޙଓ਺ S(n) ΋ࣗવ਺Ͱ͋Δ

͜ͷఆٛ͸ peano arithmetic ʹ͓͚Δࣗવ਺ͷఆٛͰ͋Δɻ
Agda Ͱࣗવ਺ܕ Nat Λఆٛ͢ΔͱϦετ 5.22 ͷΑ͏ʹͳΔɻ

Ϧετ 5.22: Agda ʹ͓͚Δࣗવ਺ܕ Nat ͷఆٛ
1 module nat where
2

3 data Nat : Set where
4 O : Nat
5 S : Nat → Nat

ࣗવ਺ܕ Nat ͸ 2ͭͷίϯετϥΫλΛ࣋ͭɻ

• O

Ҿ਺Λ࣋ͨͳ͍ίϯετϥΫλɻ͜Ε͕ 0ʹ૬౰͢Δɻ

• S

Nat ΛҾ਺ʹऔΔίϯετϥΫλɻ͜Ε͕ޙଓ਺ʹ૬౰͢Δɻ

Αͬͯɺ਺஋ͷ 3 ͸ S (S (S O)) ͷΑ͏ʹද͞ݱΕΔɻSͷݸ਺͕਺஋ʹରԠ͢Δɻ
࣍ʹՃࢉΛఆٛ͢Δ (Ϧετ 5.23)ɻ

Ϧετ 5.23: Agdaʹ͓͚Δࣗવ਺ܕʹର͢ΔՃࢉͷఆٛ
1 open import nat
2 module nat_add where
3

4 _+_ : Nat → Nat → Nat
5 O + m = m
6 (S n) + m = S (n + m)
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Ճࢉ͸தஔؔ਺ _+_ ͱͯ͠ఆٛ͢Δɻ2ͭͷ Nat ΛऔΓɺNatΛฦ͢ɻؔ਺ _+_ ͸ύ
λʔϯϚονʹΑΓॲཧΛม͑Δɻ0ʹରͯ͠ m Ճ͢ࢉΔ৔߹͸ m Ͱ͋Γɺ n ͷޙଓ਺
ʹରͯ͠ m Ճ͢ࢉΔ৔߹͸ n ʹ m Ճͨ͠ࢉ਺ͷޙଓ਺ͱ͢ΔɻS Λࠨͷ਺͔Βӈͷ਺
΁ Ͱ͋ΔɻࢉతʹҠ͍ͯ͘͠Α͏ͳՃؼ࠶1ͭͣͭ
ྫ͑͹ 3 + 1 ͱ͍ͬͨࢉܭ͸ (S (S (S O))) + (S O) ͷΑ͏ʹهड़͞ΕΔɻ͜͜Ͱ 3 +

1 ͕ 4ͱ౳͍͜͠ͱͷূ໌Λߦͳ͏ɻ
౳ࣜͷূ໌ʹ͸ agda ͷ standard library ʹ͓͚Δ Relation.Binary.Core ͷఆٛΛ༻

͍Δɻ

Ϧετ 5.24: Relation.Binary.Core ʹΑΔ౳ࣜΛࣔ͢ܕ ≡
1 data _≡_ {a} {A : Set a} (x : A) : A ˠ Set a where
2 refl : x ≡ x

Agda ʹ͓͍ͯ౳ࣜ͸ɺ౳ࣜΛࣔ͢σʔλܕ ≡ ʹΑΓఆٛ͞ΕΔɻ≡ ͸ಉ྆͡ล͕ಉ͡
߲ʹ؆໿͞ΕΔ࣌ʹίϯετϥΫλ refl ͰߏஙͰ͖Δɻ
ʹࡍ࣮ 3 + 1 = 4 ͷূ໌͸ refl Ͱߏ੒Ͱ͖Δ (Ϧετ 5.25)ɻ

Ϧετ 5.25: Agda ʹ͓͚Δ 3 + 1 ͷ݁Ռ͕ 4 ͱ౳͍͠ূ໌
1 open import Relation.Binary.PropositionalEquality
2 open import nat
3 open import nat_add
4

5 module three_plus_one where
6

7 3+1 : (S (S (S O))) + (S O) ≡ (S (S (S (S O))))
8 3+1 = refl

3+1 ͱ͍͏ؔ਺Λఆٛ͠ɺͦͷܕͱͯ͠ূ໌͢΂͖ࣜΛهड़͠ɺূ໌Λؔ਺ͷఆٛͱ͠
ͯఆٛ͢Δɻূ໌͢Δࣜ͸ (S (S (S O))) + (S O) ˹ (S (S (S (S O)))) Ͱ͋Δɻࠓ
ճ͸ _+_ ؔ਺ͷఆٛʹΑΓ (S (S (S (S O)))) ʹ؆໿͞ΕΔͨΊʹίϯετϥΫλ
refl ͕ূ໌ͱͳΔɻ
≡ ʹΑͬͯূ໌͢Δࡍɺඞͣಉࣜ͡ʹ؆໿͞ΕΔͱ͸ݶΒͳ͍ͨΊɺ͍͔ͭ͘ͷૢ࡞

͕ Relation.Binary.PropositionalEquality ʹఆٛ͞Ε͍ͯΔɻ

• sym : x ≡ y → y ≡ x

౳͕ࣜূ໌Ͱ͖Ε͹ͦͷ౳ࣜͷࠨลͱӈลΛ൓సͯ͠΋౳͍͠ɻ

• cong : f → x ≡ y → fx ≡ fy

ূ໌ͨ͠౳ࣜʹಉؔ͡਺Λ༩͑ͯ΋౳ࣜ͸อͨΕΔɻ

• trans : x ≡ y → y ≡ z → x ≡ z

2ͭͷ౳ࣜʹදΕͨಉ߲͡Λ༻͍ͯ 2ͭͷ౳ࣜΛͨ͛ܨ౳ࣜ͸౳͍͠ɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 5ষ ޠݴܥԉࢧ໌ূ Agda ʹΑΔূ໌ख๏

Ͱ͸͜Ε͔Β nat ͷՃ๏ͷަ׵๏ଇΛূ໌͍ͯ͘͠ (Ϧετ 5.26)ɻ

Ϧετ 5.26: Agda ʹ͓͚ΔՃ๏ͷަ׵๏ଇͷূ໌
1 open import Relation.Binary.PropositionalEquality
2 open import nat
3 open import nat_add
4 open ≡-Reasoning
5

6 module nat_add_sym where
7

8 addSym : (n m : Nat) → n + m ≡ m + n
9 addSym O O = refl

10 addSym O (S m) = cong S (addSym O m)
11 addSym (S n) O = cong S (addSym n O)
12 addSym (S n) (S m) = {!!} -- ड़ޙ

ূ໌͢Δࣜ͸ n+m ≡ m+ n Ͱ͋Δɻn ͱ m ͸ Nat Ͱ͋ΔͨΊɺͦΕͧΕ͕ίϯε
τϥΫλ O ͔ S ʹΑΓߏ੒͞ΕΔɻͦͷͨΊʹύλʔϯ͸ 4௨Γ͋Δɻ

• n = O, m = O

_+_ ͷఆٛʹΑΓɺ O ʹ؆໿͞ΕΔͨΊ refl Ͱূ໌Ͱ͖Δɻ

• n = O, m = S m

O + (Sm) ≡ (Sm) + O Λূ໌͢Δ͜ͱʹͳΔɻ͜ͷ౳ࣜ͸ _+_ ͷఆٛʹΑΓ
O+ (Sm) ≡ S(m+O) ͱมܗͰ͖ΔɻS(m+O) ͸ m+O ʹ S ΛՃ͑ͨ΋ͷͰ͋
ΔͨΊɺ cong Λ༻͍ͯؼ࠶తʹ addSym Λ࣮͢ߦΔ͜ͱͰূ໌Ͱ͖Δɻ

͜ͷ 2ͭͷূ໌͸͜ͷΑ͏ͳҙຯΛ࣋ͭɻn ͕ 0 Ͱ͋Δͱ͖ɺm ΋ 0 ͳΒ؆໿ʹΑ
Γ౳͕ࣜ੒ཱ͢Δɻn ͕ 0 Ͱ͋Γɺm ͕ 0 Ͱͳ͍ͱ͖ɺm ͸ޙଓ਺Ͱ͋ΔɻΑͬ
ͯ m ͕ (S x) ͱॻ͔ΕΔ࣌ɺ x ͸ m ͷલͷ஋Ͱ͋Δɻલͷ஋ʹΑΔަ׵๏ଇΛ༻
͍͔ͯΒͦͷ݁Ռͷޙଓ਺΋ _+_ ͷఆٛʹΑΓ౳͍͠ɻ

͜͜Ͱɺ addSym ʹ౉͞ΕΔ m ͸ 1ͭ஋͕͍ͯͬݮΔͨΊɺ࠷ऴతʹ͸ n = 0, m

= 0 Ͱ͋Δ refl ʹ·Ͱ؆໿͞Εɺ౳͕ࣜಘΒΕΔɻ

• n = S n, m = O

(Sn) +O ≡ O+ (Sn) Λূ໌͢Δɻ͜ͷ౳ࣜ͸ _+_ ͷఆٛʹΑΓ S(n+O) ≡ (Sn)

ͱมܗͰ͖Δɻ͞Βʹม͢ܗΕ͹ S(n+O) ≡ S(O+ n) ͱͳΔɻΑͬͯ addSym ʹ
ΑΓ O ͱ n Λมޙͨ͠׵ʹ cong Ͱ S ΛՃ͑Δ͜ͱͰূ໌͕Ͱ͖Δɻ

͜͜Ͱɺ O + n ≡ n ͸ _+_ ͷఆٛʹΑΓࣗ໌Ͱ͋Δ͕ɺn + O ≡ n Λͦͷ··ಋ
ग़Ͱ͖ͳ͍͜ͱʹ஫ҙͯ͠ཉ͍͠ɻ_+_ ͷఆٛ͸ࠨଆͷ߲͔Β S Λӈଆͷ߲΁ͷҠ
͚ͩ͢Ͱ͋ΔͨΊɺӈଆͷ߲΁ͷԋࢉ͸͠ͳ͍ɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 5ষ ޠݴܥԉࢧ໌ূ Agda ʹΑΔূ໌ख๏

• n = S n, m = S m

3ͭͷύλʔϯ͸ূ໌͕ͨ͠ɺ͜ͷύλʔϯ͸গʑ௕͘ͳΔͨΊผʹղઆ͢Δ͜ͱ
ͱ͢Δɻ

3ͭͷύλʔϯʹ͓͍ͯ͸ refl΍ congͱ͍ͬͨ୯७ͳ߲Ͱূ໌Λߦͳ͏͜ͱ͕Ͱ͖ͨɻ
͔͠͠௕͍ূ໌ʹͳΔͱ refl ΍ cong ͱ͍ͬͨࣜΛ trans Ͱେྔʹ͍ͯ͛͘ܨඞཁੑ͕͋
Δɻ௕͍ূ໌Λ෼͔Γ΍͘͢هड़͢ΔͨΊʹ ≡-Reasoning Λ༻͍Δɻ
≡-Reasoning Ͱ͸౳ࣜͷࠨลΛ begin ͷهʹޙड़͠ɺ౳ࣜͷมܗΛ ≡ ⟨expression⟩ ʹ

ลΛࠨऴతʹ౳ࣜͷ࠷ɻ͍ͯ͘͠ܗड़͢Δ͜ͱͰมه ! ͷ߲΁ͱม͢ܗΔ͜ͱͰ౳ࣜͷ
ূ໌͕ಘΒΕΔɻ
ࣗવ਺ͷՃ๏ͷަ׵๏ଇΛ ≡-Reasoning Λ༻͍ͯূ໌ͨ͠ྫ͕Ϧετ 5.27Ͱ͋Δɻಛ

ʹ n ͱ m ͕ 1Ҏ্Ͱ͋Δ࣌ͷূ໌ʹ஫໨͢Δɻ

Ϧετ 5.27: ≡ - Reasoning Λ༻͍ͨূ໌ͷྫ
1 open import Relation.Binary.PropositionalEquality
2 open import nat
3 open import nat_add
4 open ≡-Reasoning
5

6 module nat_add_sym_reasoning where
7

8 addToRight : (n m : Nat) → S (n + m) ≡ n + (S m)
9 addToRight O m = refl

10 addToRight (S n) m = cong S (addToRight n m)
11

12 addSym : (n m : Nat) → n + m ≡ m + n
13 addSym O O = refl
14 addSym O (S m) = cong S (addSym O m)
15 addSym (S n) O = cong S (addSym n O)
16 addSym (S n) (S m) = begin
17 (S n) + (S m) ≡⟨ refl ⟩
18 S (n + S m) ≡⟨ cong S (addSym n (S m)) ⟩
19 S ((S m) + n) ≡⟨ addToRight (S m) n ⟩
20 S (m + S n) ≡⟨ refl ⟩
21 (S m) + (S n) !

·ͣ (S n) + (S m) ͸ _+_ ͷఆٛʹΑΓ S (n + (S m)) ʹ౳͍͠ɻΑͬͯ refl

Ͱಋ͔ΕΔɻͳ͓ɺجຊతʹఆٛͳͲͰಉ߲͡ʹ؆໿͞ΕΔ࣌͸ refl ʹΑͬͯهड़͢Δ
͜ͱ͕ଟ͍ɻ
࣍ʹ S (n + (S m)) ʹରͯ͠ addSym Λ༻͍ͯަ͠׵ɺ cong ʹΑͬͯ S Λ௥Ճ͢

Δ͜ͱͰ S ((S m) + n) ΛಘΔɻ͜Ε͸ɺલ 3ύλʔϯʹ͓͍ͯ + ͷӈลͷ߲͕ 1

Ҏ্Ͱ͋ͬͯ΋্ख͘ަ׵๏ଇ͕ఆٛͰ͖ͨ͜ͱΛར༻߲ͯ͠Λม͍ͯ͠ܗΔɻ͜ͷΑ͏
ʹಉ͡๏ଇͷதͰ΋ɺҧ͏ύλʔϯͰূ໌Ͱ͖ͨ෦෼Λ༻͍ͯผύλʔϯͷূ໌Λߦͳ͏
͜ͱ΋͋Δɻ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 5ষ ޠݴܥԉࢧ໌ূ Agda ʹΑΔূ໌ख๏

ʹޙ࠷ S ((S m) + n) ͔Β (S m) + (S n)Λಘͳͯ͘͸ͳΒͳ͍ɻ͔͠͠ɺ _+_ ͷ
ఆٛʹ͸ӈลʹରͯ͠ S ΛҠಈ͢Δԋؚ͕ࢉ·Ε͍ͯͳ͍ɻΑͬͯ͜ͷ··Ͱ͸ূ໌͢
Δ͜ͱ͕Ͱ͖ͳ͍ɻͦͷͨΊɺ౳ࣜ S(m+ n) ≡ m+ (Sn) Λ addToRight ͱͯ͠ఆٛ͢
ΔɻaddToRight ͸ίϯετϥΫλʹΑΔ෼ذΛ༻͍ͯূ໌Ͱ͖Δɻ஋͕ 0Ͱ͋Ε͹ࣗ໌
ʹ੒Γཱͪɺ1Ҏ্Ͱ͋Ε͹ؼ࠶తʹ addToRight Λద༻͢Δ͜ͱͰ೚ҙͷ਺ʹରͯ͠੒
ΓཱͭɻaddToRight Λ༻͍Δ͜ͱͰ S ((S m) + n) ͔Β (S m) + (S n)ΛಘΒΕͨɻ
͜ΕͰ౳ࣜ (Sm) + (Sn) ≡ (Sn) + (Sm) ͷূ໌͕ͨྃ͠׬ɻ
ࣗવ਺ʹର͢Δ + ͷԋࢉΛ࣌ͨ͑ߟʹ͋Γ͑ΔίϯετϥΫλͷ૊Έ߹ͤ 4ύλʔϯ

ͷ͍ͣΕ͔Ͱ΋ަ׵๏ଇͷ౳͕ࣜ੒Γཱͭ͜ͱ͕෼͔ͬͨɻ͜ͷΑ͏ʹɺAgda ʹ͓͚Δ
౳ࣜͷূ໌͸ɺఆٛ΍౳ࣜΛ༻͍ͯӈลͱࠨลΛಉ߲͡ʹม͢ܗΔ͜ͱͰߦͳΘΕΔɻ
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ୈ6ষ Agda ʹ͓͚Δ Continuation
based C ͷදݱ

5ষͰ͸ Curry-Howard ಉܕରԠʹΑΓɺܕ෇͖ϥϜμࢉܭΛ༻໋͍ͯ୊͕ূ໌Ͱ͖Δ
͜ͱΛࣔͨ͠ɻՃ͑ͯɺূ໌ࢧԉޠݴܥ Agda Λ༻͍ͯσʔλͷఆٛͱͦΕΛѻ͏ؔ਺ͷ
ੑ࣭ͷূ໌͕ߦͳ͑Δ͜ͱΛ֬ೝͨ͠ɻ
CbC Ͱࣗ਎Λূ໌͢ΔͨΊʹґଘܕΛར༻͍͕ͨ͠ɺCbC ʹ͸ઐ༻ͷܕγεςϜ͕ଘ

Λܕͳ͍ɻґଘ͠ࡏ CbCίϯύΠϥͰѻ͏ͨΊʹ΋·ͣݱঢ়ͷ CbC Λܕ෇͚͢Δඞཁ
͕͋Δɻ

6Ͱ͸ CbC ͷ߲͕෦෼ܕͰܕ෇͚Ͱ͖Δ͜ͱΛࣔ͢ɻఆٛͨ͠ܕγεςϜΛ༻͍ͯɺ
Agda্ʹ DataSegmentͱ CodeSegmentͷఆٛɺCodeSegmentͷ઀ଓͱ࣮ߦɺϝλࢉܭ
Λఆٛ͠ɺͦ ΕΒ͕ܕ෇͚͞ΕΔ͜ͱΛ֬ೝ͢Δɻ·ͨɺAgda্Ͱఆٛͨ͠ DataSegment

ͱͦΕʹ෇ਵ͢Δ CodeSegment ͷ࣋ͭੑ࣭Λ Agda Ͱূ໌͢Δɻ

6.1 DataSegment ͷఆٛ
·ͣ DataSegment ͔Βఆ͍ٛͯ͘͠ɻDataSegment ͸ϨίʔυܕͰදݱͰ͖ΔͨΊɺ

Agda ͷϨίʔυΛͦͷ··ར༻Ͱ͖Δɻྫ͑͸ 2.1 ʹ͍ࣔͯͨ͠ a ͱ b ΛՃͯ͠ࢉ c

Λग़ྗ͢ΔϓϩάϥϜʹඞཁͳ DataSegment Λهड़͢Δͱ 6.1ͷΑ͏ʹͳΔɻcs0 ͸ a

ͱ b ͷೋͭͷ Int ͷม਺Λར༻͢ΔͨΊɺରԠ͢Δܕ ds0 ͸ a ͱ b ͷϑΟʔϧυΛ࣋
ͭɻcs1 ͸݁ࢉܭՌΛ֨ೲ͢Δ c ͱ͍͏໊લͷม਺ͷΈΛ࣋ͭͷͰɺಉ༷ʹ ds1΋ cͷΈ
Λ࣋ͭɻ

Ϧετ 6.1: Agda ʹ͓͚Δ DataSegment ͷఆٛ
1 record ds0 : Set where
2 field
3 a : Int
4 b : Int
5

6 record ds1 : Set where
7 field
8 c : Int
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 6ষ Agda ʹ͓͚Δ Continuation based C ͷදݱ

6.2 CodeSegment ͷఆٛ
࣍ʹ CodeSegmentΛఆٛ͢ΔɻCodeSegment͸ DataSegmentΛऔͬͯ DataSegment

Λฦ͢΋ͷͰ͋ΔɻΑͬͯ I → O Λ಺แ͢ΔσʔλܕΛఆٛ͢Δɻ
Ϩίʔυܕͷܕ͸ SetͳͷͰɺSetܕΛ࣋ͭม਺ Iͱ OΛܕม਺ʹ࣋ͬͨσʔλܕ Code-

Segment Λఆٛ͢ΔɻI ͸ Input DataSegment ͷܕͰ͋Γɺ O ͸ Output DataSegment

Ͱ͋Δɻ
CodeSegmentܕͷίϯετϥΫλʹ͸ cs͕͋ΓɺInput DataSegmentΛऔͬͯ Output

DataSegment Λฦؔ͢਺ΛऔΔɻ۩ମతͳσʔλܕͷఆٛ͸Ϧετ 6.2 ͷΑ͏ʹͳΔɻ

Ϧετ 6.2: Agda ʹ͓͚Δ CodeSegment ͷఆٛܕ
1 data CodeSegment {l1 l2 : Level} (I : Set l1) (O : Set l2) : Set (l . l1

. l2) where
2 cs : (I → O) → CodeSegment I O

͜ͷ CodeSegment ͍ͯ༺Λܕ CodeSegment ͷॲཧຊମΛهड़͢Δɻ
ͷຊମͱͳΔࢉܭͣ· cs0 ʹ஫໨͢Δɻcs0 ͸ೋͭͷ Intܕม਺Λ࣋ͭ ds0 ΛऔΓɺҰ

ͭͷ Intܕม਺Λ্ͨͬ࡞Ͱ cs1 ͳ͏ɻDataSegmentߦଓΛܧྔܰʹ ͸ϨίʔυͳͷͰɺ
a ͱ b ͷϑΟʔϧυ͔Β஋ΛऔΓग़্ͨ͠ͰՃࢉΛߦͳ͍ɺcΛ࣋ͭϨίʔυΛੜ੒͢Δɻ
ͦͷϨίʔυΛҾ͖࿈Εͨ·· cs1 ΁ͱ goto ͢Δɻ
࣍ʹ cs1 ʹ஫໨͢Δɻcs1 ͸஋ʹ৮Εͣ cs2 ΁ͱ goto ͢Δ͚ͩͰ͋ΔɻΑͬͯԿ΋ͤ

ͣʹͦͷ·· goto ͢Δؔ਺ΛίϯετϥΫλ cs ʹ౉͚ͩ͢Ͱྑ͍ɻ
ʹޙ࠷ cs2 Ͱ͋Δɻcs2 ͸Ϧετ 2.1Ͱ͸লུ͍͕ͯͨ͠ɺࠓճ͸ࢉܭΛऴྃͤ͞Δ

CodeSegment ͱͯ͠ఆٛ͢ΔɻͲͷ CodeSegment ʹ΋ܰྔܧଓͤͣʹ஋Λ࣋ͬͨ··
Λऴྃͤ͞ΔɻίϯετϥΫλࢉܭ cs ʹ͸ؔ਺Λ༩͑ͳͯ͘͸஋Λߏ੒Ͱ͖ͳ͍ͨΊɺ
Կ΋͠ͳ͍ؔ਺Ͱ͋Δ id Λ౉͍ͯ͠Δɻ
Λ͢Δࢉܭʹޙ࠷ cs0 ΁ͱܰྔܧଓ͢Δ main Λఆٛ͢Δɻྫͱͯ͠ɺ a ͷ஋Λ 100

ͱ͠ɺ b ͷ஋Λ 50ͱ͍ͯ͠Δɻ
cs0, cs1, cs2, main ΛAgda Ͱఆٛ͢ΔͱϦετ 6.3ͷΑ͏ʹͳΔɻ

Ϧετ 6.3: Agda ʹ͓͚Δ CodeSegment ͷఆٛ
1 cs2 : CodeSegment ds1 ds1
2 cs2 = cs id
3

4 cs1 : CodeSegment ds1 ds1
5 cs1 = cs (\d → goto cs2 d)
6

7 cs0 : CodeSegment ds0 ds1
8 cs0 = cs (\d → goto cs1 (record {c = (ds0.a d) + (ds0.b d)}))
9

10 main : ds1
11 main = goto cs0 (record {a = 100 ; b = 50})
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 6ষ Agda ʹ͓͚Δ Continuation based C ͷදݱ

ਖ਼͘͠ߦ͕ࢉܭͳ͑ͨͳΒ஋ 150͕ಘΒΕΔ͸ͣͰ͋Δɻ

6.3 ϊʔϚϧϨϕϧࢉܭͷ࣮ߦ
ϓϩάϥϜΛ࣮͢ߦΔ͜ͱ͸ goto Λఆٛ͢Δ͜ͱͱಉٛͰ͋Δɻܰྔܧଓ goto ͷੑ

࣭ͱͯ͠͸

• Δ͢ߦ࣮ʹ࣍ CodeSegment Λࢦఆ͢Δ

• CodeSegment ʹ౉͢΂͖ DataSegment Λࢦఆ͢Δ

• Δ͍ͯ͠ߦ࣮ࡏݱ CodeSegment ͔Β੍ޚΛࢦఆ͞Εͨ CodeSegment ΁ͱҠಈ͞
ͤΔ

͕͋ΔɻAgda ʹ͓͚Δ CodeSegment ͷຊମ͸ؔ਺Ͱ͋Δɻؔ਺Λͦͷ··࢖༻͢Δ
ͱؼ࠶Λͯ͠͠ڐ·͏ͨΊʹ CbC ͱͷରԠ͕ࣦΘΕͯ͠·͏ɻΑͬͯɺgotoΛར༻Ͱ
͖Δͷ͸ؔ਺ͷ຤ඌͷΈͰ͋Δɺͱ͍͏੍໿Λؔ਺ʹ෇͚Ճ͑Δඞཁ͕͋Δɻ
͜ͷ੍໿͑͞ຬͨͤ͹ɺCodeSegment ͷ࣮ߦ͸ CodeSegment Βؔ਺ຊମΛऔΓ͔ܕ

ग़͠ɺϨίʔυܕΛ࣋ͭ஋Λద༻͢Δ͜ͱʹ૬౰͢Δɻ۩ମతʹ goto Λؔ਺ͱͯ͠ద༻
͢ΔͱϦετ 6.4ͷΑ͏ʹͳΔɻ

Ϧετ 6.4: Agdaʹ͓͚Δ goto ͷఆٛ
1 goto : {l1 l2 : Level} {I : Set l1} {O : Set l2}
2 → CodeSegment I O → I → O
3 goto (cs b) i = b i

͜ͷ goto ͷఆٛΛ༻͍Δ͜ͱͰ main ͳͲͷؔ਺͕ධՁͰ͖ΔΑ͏ʹͳΓɺ஋ 150͕
ಘΒΕΔɻຊจதͰͷ CodeSegment ͷఆٛ͸Ұ෦Λൈਮ͍ͯ͠Δɻ࣮ߦՄೳͳ Agda ͷ
ιʔείʔυ͸෇࿥ʹͤࡌΔɻ

6.4 Meta DataSegment ͷఆٛ
ϊʔϚϧϨϕϧͷ CbC Λ Agda ্Ͱهड़͠ɺ࣮͢ߦΔ͜ͱ͕Ͱ͖ͨɻ࣍ʹϝλϨϕϧ

ͷࢉܭΛ Agda ্Ͱهड़͍ͯ͘͠ɻ
Meta DataSegment ͸ϊʔϚϧϨϕϧͷ DataSegment ͷू߹ͱͯ͠ఆٛͰ͖Δ΋ͷ

Ͱ͋Γɺશͯͷ DataSegment ͷ෦෼ܕͰ͋ͬͨɻϊʔϚϧϨϕϧͷ DataSegment ͸ϓ
ϩάϥϜʹΑͬͯม͞ߋΕΔͷͰɺࣄલʹఆٛͰ͖Δ΋ͷͰ͸ͳ͍ɻ͜͜ͰɺAgda ͷ
Parameterized Module Λར༻ͯ͠ɺʮMeta DataSegment ͷ্Ґܕ͸ DataSegment Ͱ͋
ΔʯͷΑ͏ʹ DataSegment Λఆٛ͢Δɻ͜͏͢Δ͜ͱʹΑΓɺશͯͷϓϩάϥϜ͸Ұ
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େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ୈ 6ষ Agda ʹ͓͚Δ Continuation based C ͷදݱ

ͭҎ্ͷ Meta DataSegment Λ࣋ͪɺ೚ҙͷݸ਺ͷ DataSegment Λ࣋ͭɻ·ͨɺMeta

DataSegment ΛϝλϨϕϧͷ DataSegment ͱͯ͠ѻ͏͜ͱʹΑΓɺʮMeta DataSegment

ͷ෦෼ܕͰ͋Δ Meta Meta DataSegmentʯΛఆٛͰ͖ΔΑ͏ʹͳΔɻ֊૚ߏ଄ͰϝλϨ
ϕϧΛද͢ݱΔ͜ͱʹΑΓɺࢉܭͷ֦ுΛࣗߦʹࡏͳ͏͜ͱ͕Ͱ͖Δɻ
۩ମతͳ Meta DataSegment ͷఆٛ͸Ϧετ 6.5ͷΑ͏ʹͳΔɻܕγεςϜ subtype

͸ɺMeta DataSegment Ͱ͋Δ Context Λड͚ͱΔ͜ͱʹΑΓߏங͞ΕΔɻContext Λ
Meta DataSegment ͱ͢ΔϓϩάϥϜ্Ͱ͸ DataSegment ͸ Meta CodeSegment ͷ্
ҐܕͱͳΔɻͦͷ੍໿Λ DataSegment ͸දΘ͍ͯ͠Δɻܕ

Ϧετ 6.5: Agda ʹ͓͚Δ Meta DataSegment ͷఆٛ
1 module subtype {l : Level} (Context : Set l) where
2

3 record DataSegment {ll : Level} (A : Set ll) : Set (l . ll) where
4 field
5 get : Context → A
6 set : Context → A → Context

͜͜Ͱɺؔ਺Λ෦෼ܕʹ֦ு͢Δ S-ARROW Λ΋͏Ұ౓ࣔ͢ɻ

T1 <: S1 S2 <: T2

S1 → S2 <: T1 → T2
S-ARROW

S-ARROW ͸ɺલఏͰ͋Δ෦෼܎ؔܕ T1 <: S1 ͱ S2 <: T2 ͕੒Γཱͭ࣌ʹɺ ্Ґܕ
S1 → S2 ͷؔ਺Λɺ෦෼ܕ T1 → T2 ʹ֦ுͰ͖ͨɻ͜͜Ͱͷ্Ґܕ͸ DataSegment Ͱ͋
Γɺ෦෼ܕ͸ Meta DataSegment Ͱ͋Δɻ੍໿ DataSegment ͷ get ͸ɺMeta DataSeg-

ment ͔Β DataSegment ͕ੜ੒Ͱ͖Δ͜ͱΛද͢ɻ͜Ε͸લఏ T1 <: S1 ʹ૬౰͢Δɻͦ
ͯ͠ɺset ͸ S2 <: T2 ʹ૬౰͢Δɻ͔͠͠ɺ೚ҙͷ DataSegment ͕ Meta DataSegment

ͷ෦෼ܕͱͳΔʹ͸ɺ DataSegment ͕ Meta DataSegment ΑΓ΋ଟ͘ͷ৘ใΛඞͣ࣋
ͨͳͯ͘͸ͳΒͳ͍͕ɺ͜Ε͸௨ৗͰ͸੒Γཱͨͳ͍ɻ͕ͩɺϝλࢉܭΛߦͳ͏ࡍʹ͸
ৗʹ Meta DataSegment ΛҰͭҎ্͍࣋ͬͯΔͱԾఆ͢ΔͳΒ͹੒Γཱͭɻ࣮ࡍɺGear-

sOS ʹ͓͚Δ੺ࠇ໦Ͱ͸ Meta DataSegment ʹ૬౰͢Δ Context Λৗʹ࣋ͪา͍͍ͯ
ΔɻGearsOS ʹ͓͚Δ݁ࢉܭՌ͸ͦͷ࣋ͪา͍͍ͯΔ Meta DataSegment ͷߋ৽ʹ૬౰
͢ΔͨΊɺৗʹ Meta DataSegment ΛҾ͖࿈Ε͍ͯΔ͜ͱΛແ͢ࢹΕ͹ DataSegment ͔
Β Meta DataSegment Λಋग़Ͱ͖ΔɻΑͬͯ S2 <: T2 ͕੒Γཱͭɻ
ͳ͓ɺ S2 <: T2 ͸ Output DataSegment Λ Meta DataSegment Λ֨ೲ͢Δۀ࡞ʹ૬౰

͠ɺ T1 <: S1 ͸ Meta DataSegment ͔Β Input DataSegment ΛऔΓग़͢ۀ࡞Ͱ͋Δͨ
Ίɺ͜Ε͸໌Β͔ʹ stub Ͱ͋Δɻ
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6.5 Meta CodeSegment ͷఆٛ
Meta DataSegment͕ఆٛͰ͖ͨͷͰMeta CodeSegmentΛఆٛ͢Δɻ࣮ࡍɺDataSeg-

ment ͕ Meta DataSegment ʹ֦ுͰ͖ͨͨΊɺMeta CodeSegment ͷఆٛʹ͸ൺֱతม
͸ແ͍ɻϊʔϚϧϨϕϧͷߋ CodeSegment ɺDataSegmentʹܕ Λऔͬͯ DataSegment

Λฦ͢ɺͱ͍͏੍໿Λ໌ࣔతʹ෇͚Δ͚ͩͰ͋Δ (Ϧετ 6.6)

Ϧετ 6.6: Agda ʹ͓͚Δ Meta CodeSegment ͷఆٛ
1 data CodeSegment {l1 l2 : Level} (A : Set l1) (B : Set l2) : Set (l . l1

. l2) where
2 cs : {{_ : DataSegment A}} {{_ : DataSegment B}}
3 → (A → B) → CodeSegment A B

ϝλϨϕϧͷఆٛΛ෦෼ܕͰߦͳͬͯ෼͔ͬͨ͜ͱʹ͸ҎԼͷΑ͏ͳ΋ͷ͕͋Δɻ

• ϝλࢉܭ͸֊૚ߏ଄ԽͰ͖Δ

ϝλࢉܭ͸֊૚ߏ଄ΛऔΔ͜ͱ͕Ͱ͖ΔͨΊɺ૊Έ߹ΘͤΔ͜ͱ΋ՄೳͰ͋Δɻ

• ΛҰ༷ʹѻ͏ඞཁ͕͋Δܕଓઌ͕ෆఆͷ৔߹͸ܧ

ϝλ͕ࢉܭϊʔϚϧϨϕϧͷ۩ମతͳܕΛ஌Δ͜ͱ͕Ͱ͖Δͷ͸ίϯύΠϧ࣌ͷΈ
Ͱ͋ΔɻΑͬͯϝλࢉܭΛఆٛ͢Δ࣌͸෦෼੍ܕ໿͔͠هड़Ͱ͖ͳ͍ɻ͑ݴʹٯ͹
ϊʔϚϧϨϕϧࢉܭͷΈͰ͋Ε͹෦෼ܕ͸ղܾ͞ΕɺϨίʔυܕͰܕ෇͚͕Ͱ͖Δɻ

• stub ͸෦෼ܕ෇͚ʹ͓͍ͯ΋ඞཁͰ͋Δ

GearsOS Ͱ͸ Meta DataSegment ͔Β DataSegment ΛऔΓग़ͨ͢Ίͷॲཧͱͯ͠
stub͕ଘ͍ͨͯ͠ࡏɻ͜Ε͸Meta DataSegmentͰҰ༷ʹѻ͍ͬͯͨ DataSegment

’γεςϜʹ͓͍ͯ΋ඞཁͳ΋ͷͰ͋ΔɻܕΛ໭͢ॲཧͱͯ͠ɺܕʹ ·ͨɺܕγε
ςϜܦ༝Ͱ stub Λੜ੒͢Δ͜ͱ΋ՄೳͰ͋Δͱ͑ߟΒΕΔɻ

6.6 ϝλϨϕϧࢉܭͷ࣮ߦ
Meta DataSegment ͱ Meta CodeSegment ͷఆٛΛߦͳͬͨͷͰɺ࢒Δ͸࣮ߦͰ͋Δɻ
ଓܧ͸ϊʔϚϧϨϕϧʹ͓͍ͯ͸ܰྔߦ࣮ goto Λఆٛ͢Δ͜ͱʹΑͬͯදͤͨɻϝ

λϨϕϧ࣮ߦͰ͸ͦΕΛ Meta CodeSegment ͱ Meta DataSegment Λѻ͑ΔΑ͏ʹ֦
ு͢ΔɻMeta DataSegment ͸ Parameterized Module ͷҾ਺ Context ʹ૬౰͢ΔͨΊɺ
Meta CodeSegment ͸ Context Λऔͬͯ Context Λฦ͢ CodeSegment ͱͳΔɻܰྔܧ
ଓ goto ͱ۠ผ͢ΔͨΊʹ໊લΛ exec ͱ͢ΔϦετ 6.7ͷΑ͏ʹఆٛͰ͖Δɻߦͳͬͯ
͍Δ͜ͱ͸ Meta CodeSegment ͷຊମ෦෼ʹ Meta DataSegment Λ౉͢ɺͱ͍͏ goto
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ͱมΘΒͳ͍͕ɺset ͱ get Λ༻͍Δ͜ͱͰ্ҐܕͰ͋Δ೚ҙͷ DataSegment Λ࣮͢ߦ
Δ CodeSegment ΋ Meta CodeSegment ͱͯ͠Ұ༷ʹ࣮ߦͰ͖Δɻ

Ϧετ 6.7: Agda ʹ͓͚ΔϝλϨϕϧ࣮ߦͷఆٛ
1 exec : {l1 l2 : Level} {I : Set l1} {O : Set l2}
2 {{_ : DataSegment I}} {{_ : DataSegment O}}
3 → CodeSegment I O → Context → Context
4 exec {l} {{i}} {{o}} (cs b) c = set o c (b (get i c))

ͱͯ͠ɺϦετྫߦ࣮ 2.1ʹ͍ࣔͯͨ͠ aͱ bͷ஋ΛՃͯ͠ࢉ cʹ୅ೖ͢ΔϓϩάϥϜ
Λ͑ߟΔɻ࣮͢ߦΔࡍʹ cͷ஋Λ c’ʹอଘ͔ͯ͠ΒՃࢉΑ͏ͳϝλࢉܭΛ͑ߟΔɻcͷ஋
Λ c’ ʹอଘ͢ΔλΠϛϯά͸ܰྔܧଓ࣌ʹϢʔβ͕ࢦఆ͢ΔɻΑͬͯܰྔܧଓΛߦͳ͏
ͷͱಉ౳ͷ৘ใΛอ࣋ͯ͠ͳͯ͘͸ͳΒͳ͍ɻͦͷͨΊʹ Meta Meta DataSegment Meta

ʹ͸੍ޚΛҠ͢ର৅Ͱ͋ΔϊʔϚϧϨϕϧ CodeSegmentΛ࣋ͭɻ஋Λ֨ೲ͢Δ c’ͷҐஔ
͸ Meta DataSegmentͰ΋ Meta Meta DataSegmentͰ΋ߏΘͳ͍͕ɺࠓճ͸ Meta Meta

DataSegemnt ʹ֨ೲ͢Δ΋ͷͱ͢ΔɻͦΕΒΛ౿·্͑ͨͰͷ Meta Meta DataSegment

ͷ Agda ্Ͱͷఆٛ͸ 6.8ͷΑ͏ʹͳΔɻͳ͓ɺgoto ͳͲͷ໊લͷিಥΛආ͚ΔͨΊʹ
ϊʔϚϧϨϕϧͷఆٛ͸ N ʹɺϝλϨϕϧͷఆٛ͸ M ΁ͱ໊લΛ෇͚͔͍͑ͯΔɻ

Ϧετ 6.8: Agda ʹ͓͚Δ Meta Meta DataSegment ͷఆٛྫ

1 -- ্Ͱ֤ DataSegement ͷఆٛΛߦͳ͍ͬͯΔͱ͢Δ
2 open import subtype Context as N -- Meta Datasegment Λఆٛ
3

4 -- Meta DataSegment Λ࣋ͭ Meta Meta DataSegment ΛఆٛͰ͖Δ
5 record Meta : Set where
6 field
7 context : Context
8 c’ : Int
9 next : N.CodeSegment Context Context

10

11 open import subtype Meta as M
12 -- ҎԼΑΓϝλϝλϨϕϧͷϓϩάϥϜΛهड़Ͱ͖Δ

ఆٛͨ͠ Meta Λར༻ͯ͠ɺc Λ c’ʹอଘ͢Δϝλࢉܭ push Λఆٛ͢ΔɻΑΓߏจ
͕ CbC ʹΔΑ͏ࣅʹ gotoMeta Λ౶ҥߏจతʹఆٛ͢ΔɻgotoMeta ΍ push Ͱར༻͠
͍ͯΔ liftContext ΍ liftMeta ͸ϊʔϚϧϨϕϧࢉܭΛϝλࢉܭϨϕϧͱ͢ΔΑ͏ʹ
ʹΔ΋ͷͰ͋Δɻ݁Ռత͢ߋΛ໌ࣔతʹมܕ main ͷ goto Λ gotoMeta ʹஔ͖͑׵Δ͜
ͱʹΑΓɺc ͷ஋Λ͠ࢉܭͳ͕ΒอଘͰ͖ΔɻϦετ 6.9 ʹࣔͨ͠ϓϩάϥϜͰ͸ɺ௨ৗ
ϨϕϧͷίʔυηάϝϯτΛશ͘มͣͤߋʹϝλࢉܭΛؚΉܗʹ֦ு͍ͯ͠ΔɻՃࢉΛ
ͳ͏લͷߦ c ͷ஋͕ 70 Ͱ͋ͬͨͱͨ࣌͠ɺ݁ࢉܭՌ 150 ͸ c ʹ֨ೲ͞ΕΔ͕ɺc’ʹ͸
70ʹอଘ͞Ε͍ͯΔɻ

Ϧετ 6.9: Agda ʹ͓͚Δ Meta Meta CodeSegment ͷఆٛͱ࣮ྫߦ
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1 -- meta level
2 liftContext : {X Y : Set} {{_ : N.DataSegment X}} {{_ : N.DataSegment Y}}

→ N.CodeSegment X Y → N.CodeSegment Context Context
3 liftContext {{x}} {{y}} (N.cs f) = N.cs (\c → N.DataSegment.set y c (f (

N.DataSegment.get x c)))
4

5 liftMeta : {X Y : Set} {{_ : M.DataSegment X}} {{_ : M.DataSegment Y}}
→ N.CodeSegment X Y → M.CodeSegment X Y

6 liftMeta (N.cs f) = M.cs f
7

8 gotoMeta : {I O : Set} {{_ : N.DataSegment I}} {{_ : N.DataSegment O}}
→ M.CodeSegment Meta Meta → N.CodeSegment I O → Meta → Meta

9 gotoMeta mCode code m = M.exec mCode (record m {next = (liftContext code)
})

10

11 push : M.CodeSegment Meta Meta
12 push = M.cs (\m → M.exec (liftMeta (Meta.next m)) (record m {c’ =

Context.c (Meta.context m)}))
13

14 -- normal level
15

16 cs2 : N.CodeSegment ds1 ds1
17 cs2 = N.cs id
18

19 cs1 : N.CodeSegment ds1 ds1
20 cs1 = N.cs (\d → N.goto cs2 d)
21

22 cs0 : N.CodeSegment ds0 ds1
23 cs0 = N.cs (\d → N.goto cs1 (record {c = (ds0.a d) + (ds0.b d)}))
24

25 -- meta level (with extended normal)
26 main : Meta
27 main = gotoMeta push cs0 (record {context = (record {a = 100 ; b = 50 ; c

= 70}) ; c’ = 0 ; next = (N.cs id)})
28 -- record {context = record {a = 100 ; b = 50 ; c = 150} ; c’ = 70 ; next

= (N.cs id)}

CodeSegment ΍ Meta CodeSegment ͳͲͷఆ͕ٛଟ͔ͬͨΊɺͲͷॲཧ΍σʔλ͕Ͳ
ͷϨϕϧʹଐ͢Δ͔ෳࡶʹͳͬͨͨΊɺҰ౓ਤ 6.1ʹͯ·ͱΊΔɻMeta DataSegment Λ
ؚΉ೚ҙͷ DataSegment ͸ Meta DataSegment ʹͳΓ͑ΔͷͰɺ͜ͷ֊૚ߏ଄͸೚ҙͷ
ஈ਺ఆٛ͢Δ͜ͱ͕ՄೳͰ͋Δɻ
·ͨɺ͜ͷઅͰऔΓѻͬͨιʔείʔυ͸෇࿥ʹ෇͢ɻ

6.7 Agda Λ༻͍ͨ Continuation based C ͷূ໌
Agda ʹ͓͍ͯ CbC ͷ CodeSegment ͱ DataSegment Λఆٛ͢Δ͜ͱ͕Ͱ͖ͨɻ࣮ࡍ

ͷ CbC ͷίʔυΛ Agda Ͱهड़͠ɺͦΕΒͷੑ࣭Λূ໌͍ͯ͘͠ɻ
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Meta
c’ : Int

next : CodeSegment Context Context
context : Context

Context
a : Int
b : Int
c : Int

ds0 
a : Int
b : Int

cs0 : ds0 -> ds1ds1
c : Int cs1 : ds1 -> ds1 cs2 : ds1 -> ds1

push : Context -> Context

ਤ 6.1: ϝλͷ֊૚ߏ଄

͜͜Ͱ͸ GearsOS ͕࣋ͭ DataSegment SingleLinkedStack Λূ໌͍ͯ͘͠ɻ͜ͷ
SingleLinkedStack͸ϙΠϯλΛར༻ͨ͠ยํ޲ϦετΛ༻͍࣮ͯ૷͞Ε͍ͯΔɻ
CbC ʹ͓͚Δ DataSegment SingleLinkedStack ͷఆٛ͸Ϧετ 6.10ͷΑ͏ʹͳͬͯ

͍Δɻ

Ϧετ 6.10: CbC ʹ͓͚Δߏ଄ମ stack ͷఆٛ
1 struct SingleLinkedStack {
2 struct Element* top;
3 } SingleLinkedStack;
4 struct Element {
5 union Data* data;
6 struct Element* next;
7 } Element;

࣍ʹ Agda ʹ͓͚Δ SingleLinkedStackͷఆٛʹ͍ͭͯ৮ΕΔ͕ɺAgda ʹ͸ϙΠϯ
λ͕ແ͍ͨΊɺϝϞϦ֬อ΍ NULLͷఆٛ͸ଘ͠ࡏͳ͍ɻCbC ʹ͓͚ΔϝϞϦ֬อ෦෼͸
ϊʔϚϧϨϕϧʹ͸ग़͠ݱͳ͍ͱԾఆ͠ɺNULLͷදݱʹ͸Agda ͷඪ४ϥΠϒϥϦʹଘ
Δ͢ࡏ Data.Maybe Λ༻͍Δɻ
Data.Maybe ͷ maybe ͸ɺίϯετϥΫλΛೋͭ࣋ͭɻยํͷίϯετϥΫλܕ just

͸஋Λ࣋ͬͨσʔλͰ͋ΓɺϙΠϯλͷઌʹ஋͕͋Δ͜ͱʹରԠ͍ͯ͠ΔɻҰํͷίϯε
τϥΫλ nothing ͸஋Λ࣋ͨͳ͍ɻ͜Ε͸஋͕ଘͣͤࡏɺϙΠϯλͷઌ͕֬อ͞Ε͍ͯ
ͳ͍ (NULL ϙΠϯλͰ͋Δ)͜ͱΛදݱͰ͖Δɻ

Ϧετ 6.11: Agda ʹ͓͚Δ Maybe ͷఆٛ
1 data Maybe {a} (A : Set a) : Set a where
2 just : (x : A) → Maybe A
3 nothing : Maybe A
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Maybe Λ༻͍ͯยํ޲ϦετΛ Agda ্ʹఆٛ͢ΔͱϦετ 6.12ͷΑ͏ʹͳΔɻCbC

ͱ΄΅ಉ༷ͷఆ͕ٛͰ͖͍ͯΔɻCbCɺAgdaڞʹ SingleLinkedStack͸ Elementܕͷ
top Λ͍࣋ͬͯΔɻElement ͸஋ͱ࣍ͷܕ Element Λ࣋ͭɻCbC Ͱ͸ϙΠϯλͰද͠ݱ
͍ͯͨ෦෼͕ Agda Ͱ͸ Maybe Ͱද͞ݱΕ͍ͯΔ͕ɺElement ͷ࣋ͭ৘ใ͸มΘͬͯܕ
͍ͳ͍ɻ

Ϧετ 6.12: Agda ʹ͓͚Δยํ޲ϦετΛ༻͍ͨελοΫͷఆٛ
1 data Element (a : Set) : Set where
2 cons : a → Maybe (Element a) → Element a
3

4 datum : {a : Set} → Element a → a
5 datum (cons a _) = a
6

7 next : {a : Set} → Element a → Maybe (Element a)
8 next (cons _ n) = n
9

10 record SingleLinkedStack (a : Set) : Set where
11 field
12 top : Maybe (Element a)

Agda Ͱยํ޲ϦετΛར༻͢Δ DataSegment ͷఆٛΛϦετ 6.13ʹࣔ͢ɻϊʔϚϧ
Ϩϕϧ͔ΒΞΫηεՄೳͳ৔ॴͱͯ͠ Context ʹ element ϑΟʔϧυΛ௥Ճ͢Δɻͦ
ͯ͠ϊʔϚϧϨϕϧ͔ΒΞΫηεͰ͖ͳ͍Α͏෼཭ͨ͠ Meta Meta DataSegment Ͱ͋
Δ Meta ʹελοΫͷຊମΛ֨ೲ͢ΔɻCbC ʹ͓͚Δ࣮૷Ͱ͸ ... ͰෆఆͰ͋ͬͨ next

΋ɺagdaͰ͸ϝλϨϕϧͷίʔυηάϝϯτ nextCSͱͳΓɺ͖ ͪΜͱܕ෇͚͞Ε͍ͯΔɻ

Ϧετ 6.13: ελοΫΛར༻͢ΔͨΊͷ DataSegment ͷఆٛ
1 record Context : Set where
2 field
3 -- fields for stack
4 element : Maybe A
5

6

7 open import subtype Context as N
8

9 record Meta : Set1 where
10 field
11 -- context as set of data segments
12 context : Context
13 stack : SingleLinkedStack A
14 nextCS : N.CodeSegment Context Context
15

16 open import subtype Meta as M

࣍ʹελοΫ΁ͷૢ࡞ʹ஫໨͢ΔɻελοΫ΁ͱ஋ΛੵΉ pushSingleLinkedStackͱ
஋ΛऔΓग़͢ popSingleLinkedStackͷ CbC࣮૷ΛϦετ 6.14ʹࣔ͢ɻSingleLinkedStack

͸ Meta CodeSegment Ͱ͋ΓɺϝλࢉܭΛ࣮ޙͨ͠ߦʹ͸௨ৗͷ CodeSegment ΁ͱૢ
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ʹΛҠ͢ɻͦͷͨΊ࡞ next ͱ͍͏໊લͰ࣍ͷίʔυηάϝϯτΛอ͍࣋ͯ͠Δɻ۩ମత
ͳ next ͸ίϯύΠϧ࣌ʹ͔͠෼͔Βͳ͍ͨΊɺ... จΛ༻͍ͯෆఆͱ͍ͯ͠Δɻߏ
pushSingleLinkedStack ͸ element Λ৽֬͘͠อ͠ɺ஋ΛೖΕͨޙʹ next ΁ͱܨ

͛ɺ top Λߋ৽ͯܰ͠ྔܧଓ͢ΔɻpopSingleLinkedStack ͸ઌ಄͕ۭͰͳ͚Ε͹ઌ಄
ͷ஋Λ top ͔Βऔಘ͠ɺelementΛҰͭਐΊΔɻ஋͕ۭͰ͋Ε͹ data Λ NULL ʹͨ͠·
ͳ͏ɻߦଓΛܧྔܰ·

Ϧετ 6.14: CbC ʹ͓͚Δ SingleLinkedStack Λૢ͢࡞Δ Meta CodeSegment
1 __code pushSingleLinkedStack(struct SingleLinkedStack* stack,union Data*

data, __code next(...)) {
2 Element* element = new Element();
3 element->next = stack->top;
4 element->data = data;
5 stack->top = element;
6 goto next(...);
7 }
8

9 __code popSingleLinkedStack(struct SingleLinkedStack* stack, __code next(
union Data* data, ...)) {

10 if (stack->top) {
11 data = stack->top->data;
12 stack->top = stack->top->next;
13 } else {
14 data = NULL;
15 }
16 goto next(data, ...);
17 }

࣍ʹ Agda ʹ͓͚ΔఆٛΛϦετ 6.15ʹࣔ͢ɻಉ༷ʹ pushSingleLinkedStack ͱ
popSingleLinkedStack Λఆ͍ٛͯ͠Δɻpushsinglelinkedstack Ͱ͸ɺελοΫͷ஋
Λߋ৽ͨ͠ͷͪʹϊʔϚϧϨϕϧͷ CodeSegment Ͱ͋Δ n Λ exec ͍ͯ͠Δɻͳ͓ɺ
liftMeta ͸ϊʔϚϧϨϕϧͷࢉܭΛϝλϨϕϧͱ͢Δؔ਺Ͱ͋Δɻ
஋Λ௥Ճ͢Δ෦෼͸ʹࡍ࣮ where ۟ʹఆٛ͞Εͨؔ਺ push Ͱ͋Δɻ͜Ε͸ελοΫ

΁ͱੵΉ஋͕ۭͰ͋Ε͹௥ՃΛߦͳΘͣɺ஋͕͋Δ࣌͸৽ͨʹ element Λ࡞੒ͯ͠ top

Λߋ৽͍ͯ͠Δɻຊདྷͷ CbC ͷ࣮૷Ͱ͸ۭ͔νΣοΫ͸͍ͯ͠ͳ͍͕ɺ஋͕ۭͰ͋Δ͔
ʹؔΘΒͣʹελοΫʹੵΜͰ͍ΔͨΊʹڍಈ͸ಉ͡Ͱ͋Δɻ
࣍ʹ popSingleLinkedStack ʹ஫໨͢Δɻͪ͜Β΋ૢޙ࡞ʹ nextCS ΁ͱܧଓΛҠ͢

Α͏ʹͳ͍ͬͯΔɻ
͸ϊʔϚϧϨϕϧ͔ΒΞΫηεͰ͖Δ࡞஋ΛऔΓग़͢ૢʹࡍ࣮ element ͷ஋ͷ֬ఆͱɺ

ΞΫηεͰ͖ͳ͍ stack ͷߋ৽Ͱ͋Δɻ
elementʹ͍ͭͯ͸ɺ top ͕ۭͳΒऔΓग़ͨ͠ޙͷ஋͸ແ͍ͷͰ element ͸ nothing

Ͱ͋Δɻtop ͕ۭͰͳ͚Ε͹ element ͸ top ͷ஋ͱͳΔɻ
stack ͸ۭͳΒۭͷ··Ͱ͋Γɺtop ʹ஋͕͋Ε͹ͦͷઌ಄ΛࣺͯΔɻ͜͜Ͱɺpop ͷ
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࣮૷͸ελοΫ͕ۭͰ͋ͬͯ΋ɺྫ֎Λૹग़ͨ͠Γఀͨ͠ࢭΓͤͣʹॲཧΛଓߦͰ͖Δ͜
ͱ͕෼͔Δɻ

Ϧετ 6.15: Agda ʹ͓͚Δยํ޲ϦετΛ༻͍ͨελοΫͷఆٛ
1 pushSingleLinkedStack : Meta → Meta
2 pushSingleLinkedStack m = M.exec (liftMeta n) (record m {stack = (push s

e) })
3 where
4 n = Meta.nextCS m
5 s = Meta.stack m
6 e = Context.element (Meta.context m)
7 push : SingleLinkedStack A → Maybe A → SingleLinkedStack A
8 push s nothing = s
9 push s (just x) = record {top = just (cons x (top s))}

10

11 popSingleLinkedStack : Meta → Meta
12 popSingleLinkedStack m = M.exec (liftMeta n) (record m {stack = (st m) ;

context = record con {element = (elem m)}})
13 where
14 n = Meta.nextCS m
15 con = Meta.context m
16 elem : Meta → Maybe A
17 elem record {stack = record { top = (just (cons x _)) }} = just x
18 elem record {stack = record { top = nothing }} = nothing
19 st : Meta → SingleLinkedStack A
20 st record {stack = record { top = (just (cons _ s)) }} = record {top

= s}
21 st record {stack = record { top = nothing }} = record {top

= nothing}
22

23

24 pushSingleLinkedStackCS : M.CodeSegment Meta Meta
25 pushSingleLinkedStackCS = M.cs pushSingleLinkedStack
26

27 popSingleLinkedStackCS : M.CodeSegment Meta Meta
28 popSingleLinkedStackCS = M.cs popSingleLinkedStack

·ͨɺ͜ͷষͰऔΓ্͛ͨ CbC ͱ Agda ͷಈ͢࡞Διʔείʔυ͸෇࿥ʹͤࡌΔɻ

6.8 ελοΫͷ࣮૷ͷূ໌
ఆٛͨ͠ SingleLinkedStackʹରͯ͠ূ໌Λߦͳ͍ͬͯ͘ɻ͜͜Ͱͷূ໌͸ SingleLinked-

Stack ͷॲཧ͕ಛఆͷੑ࣭Λ࣋ͭ͜ͱΛอূ͢Δ͜ͱͰ͋Δɻ
ྫ͑͹

• ελοΫʹੵΜͩ஋͸औΓग़ͤΔ

• ஋͸ෳ਺ੵΉ͜ͱ͕Ͱ͖Δ
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• ελοΫ͔Β஋ΛऔΓग़͢͜ͱ͕Ͱ͖Δ

• ελοΫ͔ΒऔΓग़͢஋͸ੵΜͩ஋Ͱ͋Δ

• ελοΫ͔Β஋ΛऔΓग़ͨ͠Βͦͷ஋͸ແ͘ͳΔ

• ελοΫʹ஋ΛੵΜͰऔΓग़͢ͱελοΫͷ಺༰͸มΘΒͳ͍

ͱ͍ͬͨଟ͘ͷੑ࣭͕͋Δɻ
͜͜Ͱ͸ɺޙ࠷ʹࣔͨ͠ʮελοΫʹ஋ΛੵΜͰऔΓग़͢ͱελοΫͷ಺༰͸มΘΒͳ

͍ʯ͜ͱʹ͍͍ͭͯࣔͯ͘͠ɻ͜ͷੑ࣭Λ۩ମతʹॻ͖Լ͢ͱҎԼͷΑ͏ʹͳΔɻ

ఆٛ 6.1 ೚ҙͷελοΫ s ʹରͯ͠

• ೚ҙͷ஋ n

• ஋ xΛੵΉૢ࡞ push(x, s)

• ஋ΛҰͭελοΫ͔ΒऔΓग़͢ૢ࡞ pop(s)

͕͋Δ࣌ɺ

pop . push(n) s = s

Ͱ͋Δɻ

͜ΕΛ Agda ্Ͱఆٛ͢ΔͱϦετ 6.16 ͷΑ͏ʹͳΔɻAgda ্ͷఆٛͰ͸ελοΫ
ͦͷ΋ͷͰ͸ͳ͘ɺελοΫΛؚΉ೚ҙͷ Meta ʹରͯ͜͠ͷੑ࣭Λূ໌͢Δɻ͜ͷఆٛ
͕ Meta ͷ஋ʹΑΒͣ੒Γཱͭ͜ͱΛɺࣗવ਺ͷՃࢉͷަ׵๏ଇͱಉ༷ʹ౳ࣜมܗΛ༻͍
ͯূ໌͍ͯ͘͠ɻ

Ϧετ 6.16: Agda ʹ͓͚ΔελοΫͷੑ࣭ͷఆٛ (1)
1 pushOnce : Meta → Meta
2 pushOnce m = M.exec pushSingleLinkedStackCS m
3

4 popOnce : Meta → Meta
5 popOnce m = M.exec popSingleLinkedStackCS m
6

7 push-pop-type : Meta → Set1
8 push-pop-type meta =
9 M.exec (M.csComp (M.cs popOnce) (M.cs pushOnce)) meta ≡ meta

ճ஫໨͢Δ৚݅෼͚͸ɺελοΫຊମͰ͋Δࠓ stack ͱɺpush ΍ pop Λߦͳ͏ͨΊ
ͷ஋Λ֨ೲ͢Δ element Ͱ͋ΔɻͦΕͧΕ͕࣋ͪಘΔ஋Λ৔߹෼͚͍ͯͯ͑͘͠ߟɻ

• ελοΫ͕ۭͰ͋Δ৔߹
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– element ͕ଘ͢ࡏΔ৔߹

஋͕ଘ͢ࡏΔͨΊɺpush ͸࣮͞ߦΕΔɻpush ΕͨͨΊελοΫʹ஋͞ߦ࣮͕
͕͋ΔͨΊɺpop ͕੒ޭ͢Δɻpop ͕੒ޭͨ݁͠ՌελοΫ͸ۭͱͳΔͨΊݩ
ͷελοΫͱಉҰͱͳΓ੒Γཱͭɻ

– element ͕ଘ͠ࡏͳ͍৔߹

஋͕ଘ͠ࡏͳ͍ͨΊɺ push Εͳ͍ɻpush͞ߦ࣮͕ Εͳ͔ͬͨͨΊɺ͞ߦ࣮͕
ελοΫ͸ۭͷ··Ͱ͋Γɺpop ΋࣮͞ߦΕͳ͍ɻ݁ՌελοΫ͸ۭͷ··Ͱ
͋ΓɺݩͷελοΫͱҰக͢Δɻ

• ελοΫ͕ۭͰͳ͍৔߹

– element ͕ଘ͢ࡏΔ৔߹

elementʹઃఆ͞Εͨ஋ n͕ push͞ΕɺελοΫʹҰͭ஋͕ੵ·ΕΔɻελο
Ϋͷઌ಄͸ n Ͱ͋ΔͨΊɺpop Εͯ͞ߦ࣮͕ n ͸ແ͘ͳΔɻ݁ՌɺελοΫ
͸࣮͢ߦΔલͷঢ়ଶʹ໭Δɻ

– element ͕ଘ͠ࡏͳ͍৔߹

element ʹ஋͕ଘ͠ࡏͳ͍ͨΊɺpush ͸࣮͞ߦΕͳ͍ɻελοΫ͸ۭͰ͸ͳ͍
ͨΊɺpop͕࣮͞ߦΕɺઌ಄ͷ஋͕ແ͘ͳΔɻ࣮ޙߦɺελοΫ͸Ұͭ஋Λࣦ
ͳ͍ͬͯΔͨΊɺ͜Ε͸੒Γͨͨͳ͍ɻ

ελοΫ͕ۭͰͳ͘ɺpush ͢Δ஋͕ଘ͠ࡏͳ͍ͱ͖ʹ͜ͷੑ࣭͸੒Γཱͨͳ͍͜ͱ͕
෼͔ͬͨɻ·ͨɺelement ͕ۭͰͳ੍͍໿ΛԾఆʹՃ͑Δ͜ͱͰ͜ͷ໋୊͸੒ΓཱͭΑ
͏ʹͳΔɻ
push ͱ࡞ૢ pop ΕΔ͜ͱ͸෼͔ͬͨɻ͞ݩ෮ʹݩͳ͏ͱελοΫ͕ߦΛ࿈ଓͯ͠࡞ૢ

͜͜Ͱ SingleLinkedStack ΑΓ΋ൣғΛͯ͛޿ Meta ΋෮͞ݩΕΔ͔Λ͑ߟΔɻҰ͜ݟΕ
΋ࣗ໌ʹ੒Γཱͪͦ͏͕ͩɺpush ͱ࡞ૢ pop ΕΔ͞ߦ࣮ʹޙ࡞͸ૢ࡞ૢ CodeSegment

Λ͍࣋ͬͯΔɻ͜ͷ CodeSegment ͸೚ҙʹઃఆͰ͖ΔͨΊɺMeta ಺෦ͷ DataSegement

͕ॻ͖͑׵ΒΕΔՄೳੑ͕͋ΔɻΑͬͯ͜Ε΋੍໿ແ͠Ͱ͸੒Γཱͨͳ͍ɻ
͹ɺCodeSegment͍͑ʹٯ Λࢦఆͯ͠͠·͑͹ Meta ʹؔͯ͠΋ push/pop ͷӨڹΛ

ड͚ͳ͍͜ͱΛอূͰ͖Δɻશ͘஋Λม͠ߋͳ͍ CodeSegment id Λࢦఆͨ͠ࡍʹ͸ࣗ
໌ʹ͜ͷੑ࣭͕ಋ͚Δɻ࣮ࡍɺAgda ্Ͱ΋౳ࣜมܗΛ໌ࣔతʹࢦఆͤͣɺఆ͔ٛΒͷਪ
࿦Ͱ͜ͷূ໌Λಋ͚Δ (Ϧετ 6.17)ɻ
ͳ͓ɺࠓճ SingleLinkedStack ʹੵΉ͜ͱ͕Ͱ͖Δ஋͸ Agda ͷඪ४ϥΠϒϥϦͷ

(Data.Nat)Ϟδϡʔϧʹ͓͚Δࣗવ਺ܕ N ͱ͍ͯ͠Δɻ͜Ε͸ελοΫΛར༻͢Δࡍ
ʹ۩ମతͳ஋͕͋Δͱূ໌ʹ༗༻Ͱ͋Δ͔ΒͰ͋Δɻpush/pop ଓ͕ܧͷޙͷ࡞ૢ Meta

ʹӨڹΛ༩͑ͳ੍͍໿͸ id-meta ʹදΕ͍ͯΔɻ͜Ε͸ Meta Λߏ੒͢ΔཁૉΛड͚औ
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Γɺܧଓઌͷ CodeSegment ౳ؔ਺߃ʹ id Λࢦఆ͍ͯ͠ΔɻՃ͑ͯɺελοΫ͕ۭͰແ
੍͍໿ where ۟ͷ meta ʹදΕ͍ͯΔɻඞͣελοΫͷઌ಄ top ʹ͸஋ x͕ೖ͓ͬͯΓɺ
ͦΕҎ߱ͷ஋͸೚ҙͱ͍ͯ͠ΔɻΑͬͯελοΫ͸ඞͣҰͭҎ্ͷ஋Λ࣋ͪɺۭͰͳ͍ͱ
͍͏੍໿ΛදΘͤΔɻূ໌͸ refl ʹΑͬͯ༩͑ΒΕΔɻͭ·Γఆ͔ٛΒࣗ໌ʹਪ࿦Մೳ
ͱͳ͍ͬͯΔɻ

Ϧετ 6.17: Agdaʹ͓͚ΔελοΫͷੑ࣭ͷূ໌ (1)
1 id-meta : N → N → SingleLinkedStack N → Meta
2 id-meta n e s = record { context = record {n = n ; element = just e}
3 ; nextCS = (N.cs id) ; stack = s}
4

5 push-pop-type : N → N → N → Element N → Set1
6 push-pop-type n e x s = M.exec (M.csComp {meta} (M.cs popOnce) (M.cs

pushOnce)) meta ≡ meta
7 where
8 meta = id-meta n e record {top = just (cons x (just s))}
9

10 push-pop : (n e x : N) → (s : Element N) → push-pop-type n e x s
11 push-pop n e x s = refl

͜͜Ͱڵຯਂ͍఺͸ɺ SingleLinkedStack ͷ࣮૷͔Βূ໌ʹԾఆ͕ඞཁͳ͜ͱ͕ূ໌్
தͰʹ෼͔ͬͨ఺ʹ͋Δɻྫ͑͹ɺCbCͷ SingleLinkedStack࣮૷ͷ push/popૢ࡞͸ࣦ
ഊͯ͠΋੒ޭͯ͠΋ࢦఆ͞Εͨ CodeSegment ఆ͞ࢦଓ͢Δɻ͜ͷੑ࣭ʹΑΓɺܧྔܰʹ
Εͨ CodeSegment ʹΑͬͯ͸ɺελοΫͷૢ܎ؔʹ࡞ͳ͘ Meta ͷ಺෦ͷ DataSegemnt

͕ॻ͖͑׵ΒΕΔՄೳੑ͕͋Δ͜ͱ͕෼͔ͬͨɻελοΫͷૢ࡞ͷߦʹࡍͳΘΕΔܰྔܧ
ଓͷར༻ํ๏͸ෳ਺͑ߟΒΕΔɻྫ͑͹ɺελοΫ͕ۭͰ͋Δࡍʹ pop Λߦͳͬͨ࣌͸
Τϥʔॲཧ༻ͷܧଓΛߦͳ͏ɺͱ͍࣮ͬͨ૷΋ՄೳͰ͋Δɻ࣮૷͕ҟͳΕ͹ɺಉ༷ͷੑ࣭
Ͱ΋ূ໌͸ҟͳΔ΋ͷͱͳΔɻ͜ͷΑ͏ʹɺ࣮૷ͦͷ΋ͷΛద੾ʹܕγεςϜͰఆٛͰ͖
Ε͹ɺ໌ࣔ͞Ε͍ͯͳ͍࣮૷ґଘͷ༷࢓΋ূ໌࣌ʹ֬ఆͤ͞Δ͜ͱ͕Ͱ͖Δɻ
ূ໌ͨ͠ఆཧΛΑΓҰൠతͳʮ೚ҙͷࣗવ਺ճ͚ͩελοΫ΁஋ΛੵΈɺͦͷޙಉ͡ճ

਺ελοΫ͔Β஋ΛऔΓग़͢ͱελοΫ͸ૢ࡞લͱมΘΒͳ͍ʯͱ͍͏ܗʹ֦ு͢Δɻ͜
ͷੑ࣭Λ Agda Ͱఆٛ͢ΔͱϦετ 6.18ͷΑ͏ʹͳΔɻࣗવ਺ nճ͚ͩ push/pop ͢Δ
͜ͱΛهड़͢ΔͨΊʹ Agda ্ʹ n-push ؔ਺ͱ n-pop ؔ਺Λఆ͍ٛͯ͠ΔɻͦΕͧΕ
Ұ౓ૢ࡞Λߦͳͬͨؼ࠶ʹޙతʹࣗ਎Λݺͼग़ؔ͢ؼ࠶਺Ͱ͋Δɻ

Ϧετ 6.18: Agda ʹ͓͚ΔελοΫͷੑ࣭ͷఆٛ (2)
1 n-push : {m : Meta} {{_ : M.DataSegment Meta}} (n : N) → M.CodeSegment

Meta Meta
2 n-push {{mm}} (zero) = M.cs {{mm}} {{mm}} id
3 n-push {m} {{mm}} (suc n) = M.cs {{mm}} {{mm}} (\m → M.exec {{mm}} {{mm

}} (n-push {m} {{mm}} n) (pushOnce m))
4

5 n-pop : {m : Meta} {{_ : M.DataSegment Meta}} (n : N) → M.CodeSegment
Meta Meta
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6 n-pop {{mm}} (zero) = M.cs {{mm}} {{mm}} id
7 n-pop {m} {{mm}} (suc n) = M.cs {{mm}} {{mm}} (\m → M.exec {{mm}} {{mm}}

(n-pop {m} {{mm}} n) (popOnce m))
8

9 pop-n-push-type : N → N → N → SingleLinkedStack N → Set1
10 pop-n-push-type n cn ce s = M.exec (M.csComp {meta} (M.cs popOnce) (n-

push {meta} (suc n))) meta
11 ≡ M.exec (n-push {meta} n) meta
12 where
13 meta = id-meta cn ce s

͜ͷੑ࣭ͷূ໌͸গʑෳࡶͰ͋Δɻ݁࿦͔Βઌʹࣔ͢ͱϦετ 6.19ͷΑ͏ʹূ໌Ͱ
͖Δɻ

Ϧετ 6.19: Agda ʹ͓͚ΔελοΫͷੑ࣭ͷূ໌ (2)
1 pop-n-push-type : N → N → N → SingleLinkedStack N → Set1
2 pop-n-push-type n cn ce s = M.exec (M.csComp (M.cs popOnce) (n-push (suc

n))) meta
3 ≡ M.exec (n-push n) meta
4 where
5 meta = id-meta cn ce s
6

7 pop-n-push : (n cn ce : N) → (s : SingleLinkedStack N) → pop-n-push-
type n cn ce s

8 pop-n-push zero cn ce s = refl
9 pop-n-push (suc n) cn ce s = begin

10 M.exec (M.csComp (M.cs popOnce) (n-push (suc (suc n)))) (id-meta cn
ce s)

11 ≡⟨ refl ⟩
12 M.exec (M.csComp (M.cs popOnce) (M.csComp (n-push (suc n)) (M.cs

pushOnce))) (id-meta cn ce s)
13 ≡⟨ exec-comp (M.cs popOnce) (M.csComp (n-push (suc n)) (M.cs pushOnce

)) (id-meta cn ce s) ⟩
14 M.exec (M.cs popOnce) (M.exec (M.csComp (n-push (suc n)) (M.cs

pushOnce)) (id-meta cn ce s))
15 ≡⟨ cong (\x → M.exec (M.cs popOnce) x) (exec-comp (n-push (suc n)) (M.

cs pushOnce) (id-meta cn ce s)) ⟩
16 M.exec (M.cs popOnce) (M.exec (n-push (suc n))(M.exec (M.cs pushOnce)

(id-meta cn ce s)))
17 ≡⟨ refl ⟩
18 M.exec (M.cs popOnce) (M.exec (n-push (suc n)) (id-meta cn ce (record

{top = just (cons ce (SingleLinkedStack.top s))})))
19 ≡⟨ sym (exec-comp (M.cs popOnce) (n-push (suc n)) (id-meta cn ce (

record {top = just (cons ce (SingleLinkedStack.top s))}))) ⟩
20 M.exec (M.csComp (M.cs popOnce) (n-push (suc n))) (id-meta cn ce (

record {top = just (cons ce (SingleLinkedStack.top s))}))
21 ≡⟨ pop-n-push n cn ce (record {top = just (cons ce (SingleLinkedStack.

top s))}) ⟩
22 M.exec (n-push n) (id-meta cn ce (record {top = just (cons ce (

SingleLinkedStack.top s))}))
23 ≡⟨ refl ⟩
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24 M.exec (n-push n) (pushOnce (id-meta cn ce s))
25 ≡⟨ refl ⟩
26 M.exec (n-push n) (M.exec (M.cs pushOnce) (id-meta cn ce s))
27 ≡⟨ refl ⟩
28 M.exec (n-push (suc n)) (id-meta cn ce s)
29 !
30

31

32

33 n-push-pop-type : N → N → N → SingleLinkedStack N → Set1
34 n-push-pop-type n cn ce st = M.exec (M.csComp (n-pop n) (n-push n)) meta

≡ meta
35 where
36 meta = id-meta cn ce st
37

38 n-push-pop : (n cn ce : N) → (s : SingleLinkedStack N) → n-push-pop-
type n cn ce s

39 n-push-pop zero cn ce s = refl
40 n-push-pop (suc n) cn ce s = begin
41 M.exec (M.csComp (n-pop (suc n)) (n-push (suc n))) (id-meta cn ce s)
42 ≡⟨ refl ⟩
43 M.exec (M.csComp (M.cs (\m → M.exec (n-pop n) (popOnce m))) (n-push (

suc n))) (id-meta cn ce s)
44 ≡⟨ exec-comp (M.cs (\m → M.exec (n-pop n) (popOnce m))) (n-push (suc n

)) (id-meta cn ce s) ⟩
45 M.exec (M.cs (\m → M.exec (n-pop n) (popOnce m))) (M.exec (n-push (

suc n)) (id-meta cn ce s))
46 ≡⟨ refl ⟩
47 M.exec (n-pop n) (popOnce (M.exec (n-push (suc n)) (id-meta cn ce s)))
48 ≡⟨ refl ⟩
49 M.exec (n-pop n) (M.exec (M.cs popOnce) (M.exec (n-push (suc n)) (id-

meta cn ce s)))
50 ≡⟨ cong (\x → M.exec (n-pop n) x) (sym (exec-comp (M.cs popOnce) (n-

push (suc n)) (id-meta cn ce s))) ⟩
51 M.exec (n-pop n) (M.exec (M.csComp (M.cs popOnce) (n-push (suc n))) (id

-meta cn ce s))
52 ≡⟨ cong (\x → M.exec (n-pop n) x) (pop-n-push n cn ce s) ⟩
53 M.exec (n-pop n) (M.exec (n-push n) (id-meta cn ce s))
54 ≡⟨ sym (exec-comp (n-pop n) (n-push n) (id-meta cn ce s)) ⟩
55 M.exec (M.csComp (n-pop n) (n-push n)) (id-meta cn ce s)
56 ≡⟨ n-push-pop n cn ce s ⟩
57 id-meta cn ce s
58 !

͜Ε͸ҎԼͷΑ͏ͳܗͷূ໌ʹͳ͍ͬͯΔɻ

• ʮnճ pushͨ͠ޙʹ nճ popͯ͠΋ಉ༷ʹͳΔʯͱ͍͏ఆཧΛ n-push-popͱ͓͘ɻ

• n-push-pop ͸ࣗવ਺ nͱಛఆͷ Meta ʹରͯ͠
exec (n-pop (suc n)) . (n-push (suc n))) m = m ͕੒Γཱͭ͜ͱͰ͋Δ
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• ಛఆͷ Meta ͱ͸ɺ push/pop ଓ͕ܧͷޙͷ࡞ૢ DataSegment Λม͠ߋͳ͍ Meta

Ͱ͋Δɻ

• ·ͨɺ؆ུԽͷͨΊʹ csComp ʹΑΔ CodeSegment ͷ߹੒Λೋ߲ԋࢠࢉ . ͱ͓͘

– ྫ͑͹ exec (csComp f g) x ͸ exec (f . g) x ͱͳΔɻ

• n-push-pop Λূ໌͢ΔͨΊͷิ୊ pop-n-push Λఆٛ͢Δ

• n-push-pop ͱ͸ʮn+1ճ push ͯ͠ 1ճ pop ͢Δ͜ͱ͸ɺnճ push͢Δ͜ͱͱ౳
͍͠ʯͱ͍͏ิ୊Ͱ͋Δɻ

• n-push-pop ͸ exec (pop . n-push (suc n)) m = exec (n-push n) m ͱදݱ
Ͱ͖Δɻ

• n-push-pop ͷ n ͕ zero ͷ࣌͸௚ͪʹ੒Γཱͭɻ

• n-push-pop ͷ n ͕ zero Ͱͳ͍࣌ (suc n Ͱ͋Δ࣌)͸ҎԼͷΑ͏ʹূ໌Ͱ͖Δɻ

– exec (n-push (suc n)) m Λ X ͱ͓͘

– exec (pop . n-push (suc (suc n))) m = X

– n-push ͷఆٛΑΓ exec (pop . (n-push (suc n) . push)) m = X

– ิ୊ exec-comp ΑΓ exec (pop (exec (n-push (suc n) . push) m)) = X

– ิ୊ exec-compΑΓ exec (pop (exec (n-push (suc n) (exec push m)))) = X

– Ұ౓pushͨ݁͠ՌΛ m’ͱ͓͘ͱ exec (pop (exec (n-push (suc n) m’))) = X

– n-push-pop ΑΓ exec (exec (n-push n m’)) = X

– push ͷఆٛΑΓ exec (exec (n-push n (exec push m))) = X

– n-push ͷఆٛΑΓ exec (exec (n-push (suc n) m) = X ͱͳΔ

– શ͘ಉҰͷ߲ʹมߋͰ͖ͨͷͰূ໌ऴྃ

• ࣍ʹ n-push-pop ͷূ໌Λࣔ͢ɻ

• n-push-pop ͷ n ͕ zero ͷ࣌͸ɺ suc zero ճͷ push/pop ͳΘΕΔͨΊɺߦ͕
push-popΑΓ੒Γཱͭɻ

• n-push-pop ͷ n ͕ zero Ͱͳ͍࣌͸ҎԼʹΑΓূ໌Ͱ͖Δɻ

– exec ((n-pop (suc n)) . (n-push (suc n))) m = m ΛࣔͤΕ͹ྑ͍ɻ
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– Xʹ஫໨ͨ࣌͠ n-popͷఆٛΑΓ exec (n-pop n) . pop . (n-push (suc n)) m = m

– exec-comp ΑΓ exec (n-pop n) (exec pop (n-push (suc n)) m) = m

– exec-compΑΓ exec (n-pop n) (exec pop (exec (n-push (suc n)) m)) = m

– exec-comp ΑΓ exec (n-pop n) (exec pop . (n-push (suc n)) m) = m

– pop-n-push ΑΓ exec (n-pop n) (exec (n-push n) m) = m

– n-push-pop ΑΓ m = m ͱͳΓূ໌ऴྃɻ

– ͳ͓ɺn-push-pop ͸ (suc n) ͕ n Δ͜ͱ͔Β͢ࢭఀʹগ͢ΔͨΊɺ࣮֬ݮʹ
ࣗ਎Λࣗ਎ͷূ໌ʹద༻͍ͯ͠Δɻ

push-pop ΛҰൠԽͨ͠ n-push-pop Λূ໌͢Δ͜ͱ͕Ͱ͖ͨɻn-push-pop ͸ূ໌ͷ్
தͰิ୊ pop-n-push ͱ push-pop Λར༻ͨ͠ఆཧͰ͋Δɻ͜ͷΑ͏ʹɺCbC Ͱهड़͞Ε
ͨϓϩάϥϜΛ Agda ଄ͷੑ࣭Λఆཧͱͯ͠ূ໌͢Δ͜ͱߏड़͢Δ͜ͱͰɺσʔλهʹ্
͕Ͱ͖ͨɻ͜ΕΒͷূ໌ߏػΛ CbC ͷίϯύΠϥ΍ϥϯλΠϜɺϞσϧνΣοΧͳͲʹ
૊ΈࠐΉ͜ͱʹΑΓ CbC ͸ CbC Ͱهड़͞ΕͨίʔυΛূ໌͢Δ͜ͱ͕Ͱ͖ΔΑ͏ʹͳ
Δɻͳ͓ɺຊ࿦จͰऔΓѻ͍ͬͯΔ Agda ͷιʔείʔυ͸Մಡੑͷ্޲ͷͨΊʹ҉໧త
ͳҾ਺Λলུ͍ͯ͠Δɻ׬શͳίʔυ͸෇࿥ʹ෇͢ɻ
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ຊ࿦จͰ͸ϝλࢉܭΛ༻͍ͨ Continuation based C ϓϩάϥϜͷূݕख๏ΛೋͭఏҊ
ͨ͠ɻ
Ұͭ͸ϞσϧࠪݕతͳΞϓϩʔνͰ͋ΓɺϝλࢉܭϥΠϒϥϦ akashaΛ༻͍ͯ GearsOS

ͷඇഁյ੺ࠇ໦ͷ༷࢓Λอূͨ͠ɻCbC ʹ͓͚Δ༷࢓ͷఆٛ͸ assert ʹ౉͢࿦ཧࣜͱ͠
ͯఆٛ͞Εɺঢ়ଶͷ਺্͑͛͸ܰྔܧଓ meta Λ੾Γସ͑Δ͜ͱͰ࣮ݱͰ͖ͨɻCbC Ͱ
Δ͜ͱͳ͘ɺCbC͢ߋมʹ༺ূݕ໦ͷϓϩάϥϜΛࠇड़͞Εͨඇഁյ੺ه ࣗ਎Ͱ͠ূݕ
ͨɻূݕͰ͖ͨൣғ͸༗ݶͷཁૉ਺ͷΈͰ͋Δ͕ɺ༗ݶϞσϧνΣοΧ CBMC ΑΓ΋େ
͖ͳൣғΛͨ͠ূݕɻ
ೋͭΊ͸ఆཧূ໌తͳΞϓϩʔνͰ͋Δɻakasha Λ༻͍ͨূݕͰ͸ૠೖճ਺͸༗ݶͷ

਺ʹݶఆ͞Ε͍ͯͨɻϓϩάϥϜΛ௚઀ূ໌͢Δ͜ͱʹΑΓɺ೚ҙͷճ਺ͷૢ࡞ʹ͓͍ͯ
΋ੑ࣭Λอূ͢Δɻ෦෼ܕΛར༻ͯ͠ CbC ͷܕγεςϜͷఆٛΛߦͳ͍ɺґଘܕΛ࣋ͭ
ޠݴ Agda ্Ͱهड़͢Δ͜ͱͰ CbC ͷࣜܗతͳఆٛͱͨ͠ɻAgda ্Ͱهड़͞Εͨ CbC

ϓϩάϥϜͷੑ࣭Λূ໌͢Δ͜ͱͰɺ CbC ͕෦෼ܕͰ͖ͪΜͱܕ෇͚Ͱ͖Δ͜ͱɺґଘ
Ή͜ͱͰCbCࠐΛCbCίϯύΠϥʹ૊Έܕ ࣗ਎Λূ໌Ͱ͖Δ͜ͱ͕෼͔ͬͨɻ
·ͨɺܕγεςϜ͸ূ໌Ҏ֎ʹ΋࣮༻తʹར༻Ͱ͖Δ͜ͱ͕෼͔ͬͨɻakasha Λ༻͍

ɺશͯͷࡍͳ͏ߦΛূݕͯ CodeSegment ʹରͯ͠ stub ΛϢʔβ͕ఆٛ͢Δඞཁ͕͋ͬ
ͨɻCbC ͷܕΛఆٛ͢Δ͜ͱʹΑΓɺstub ͷࣗಈੜ੒ͱܕνΣοΫ͕ߦͳ͑Δ͜ͱ͕෼
͔ͬͨɻ

7.1 ͷ՝୊ޙࠓ
ͷఆٛΛܕͳੑ࣭ͷղੳ͕͋Δɻຊ࿦จͰ͸෦෼ࡉγεςϜͷৄܕͷ՝୊ͱͯ͠ɺޙࠓ

CbC ʹద༻ͨ͠ɻCodeSegment ͸ؔ਺ݺͼग़͠Λ຤ඌͰ͔͠͞ڐͳ੍͍͕͋ݶΔͷͰɺ
ؔ਺ܕͷنࢉܭଇΛΑΓ੍ݶͰ͖Δ͸ͣͰ͋Δɻͦͷ੍໿ͷݩʹੜ·Εͨࢉܭମܥͷ࣋ͭ
ੑ࣭΍දݱೳྗʹڵຯ͕͋Δɻ
·ͨɺఏҊͨ͠ܕγεςϜΛ CbC ίϯύΠϥͷ಺෦ʹ૊ΈࠐΈɺCodeSegment ͱ

DataSegment ͷܕνΣοΫΛߦͳ͑ΔΑ͏ʹ͍ͨ͠ɻՃ͑ͯ෦෼ܕΛ૊ΈࠐΉ͜ͱʹΑ
Γɺstubͷࣗಈੜ੒͕Ͱ͖Δɻ͞ΒʹґଘܕΛՃ͑Ε͹ CbCͰ CbCࣗ਎Λূ໌Ͱ͖ΔΑ
͏ʹͳΔɻଞʹ΋ SingleLinkedStack ͷূ໌Λݩʹͨ͠੺ࠇ໦ͷূ໌ͳͲ͕͑ߟΒΕΔɻ
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ϞσϧࠪݕతΞϓϩʔνͷల๬ͱͯ͠͸ɺґଘܕΛ CbC ίϯύΠϥʹ࣮૷͠ɺܕ৘ใ
Λ༻͍ͨߦ࣮߸ه΍ঢ়ଶͷྻڍΛߦͳ͏γεςϜͷߏஙͳͲ͕͋Δɻ
·ͨɺܕγεςϜͷ֦ுͱͯ͠͸૯শܕͳͲΛ CbC ʹద༻͢Δ͜ͱ΋͛ڍΒΕΔɻଟ

૬ܕ͸ Java ʹ͓͚ΔδΣωϦΫε΍ C++ ʹ͓͚ΔςϯϓϨʔτʹ૬౰͠ɺϢʔβ͕ఆ
ٛͰ͖Δσʔλߏ଄ͷදݱೳྗ্͕͢޲Δɻଞʹ΋ɺCbC ͷܕਪ࿦΍ਪ࿦ثͷ࣮૷ͳͲ
ΒΕΔɻ͛ڍ͕
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ຊڀݚͷ਱ߦɺຊ࿦จͷ࡞੒ʹ͋ͨΓɺޚଟ๩ʹ΋ؔΘΒͣऴ࢝࠙੾ͳΔࢦޚಋͱڭޚत
ΛࣀΘΓ·ͨ͠Տ໺ਅ࣏।ڭतʹ৺ΑΓँײக͠·͢ɻͦͯ͠ɺ ஆ͔ͳ͍ߦΛڀݚʹڞ
க͠·͢ɻँײʹͷશͯͷϝϯόʔࣨڀݚΕͨฒྻ৴པͯ͑͘ࢧͱྭ·͠Λ΋͍ͬͯݣؾ
ɺʹޙ࠷ ༗ҙٛͳ࣌ؒΛڞʹաͨ͝͠ཧڀݚֶ޻Պ৘ใֶ޻ઐ߈ͷֶ༑ɺฒͼʹ෺৺྆
໘Ͱͯ͑͘ࢧΕͨՈ଒ʹਂ͘ँײக͠·͢ɻ
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ൺՅ݈ଠ
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Aug 2016.
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ຊ࿦จதʹऔΓ্͛ͨ Agda ͷಈ͢࡞ΔιʔείʔυΛࣔ͢ɻ

A-1 ෦෼ܕͷఆٛ
Ϧετ A.1 ʹ Agda ্Ͱఆٛͨ͠ CbC ͷ෦෼ܕͷఆٛΛࣔ͢ɻ

Ϧετ A.1: Agda ্Ͱఆٛͨ͠ CbC ͷ෦෼ܕͷఆٛ (subtype.agda)
1 open import Level
2 open import Relation.Binary.PropositionalEquality
3

4 module subtype {l : Level} (Context : Set l) where
5

6

7 record DataSegment {ll : Level} (A : Set ll) : Set (l . ll) where
8 field
9 get : Context → A

10 set : Context → A → Context
11 open DataSegment
12

13 data CodeSegment {l1 l2 : Level} (A : Set l1) (B : Set l2) : Set (l . l1
. l2) where

14 cs : {{_ : DataSegment A}} {{_ : DataSegment B}} → (A → B) →
CodeSegment A B

15

16 goto : {l1 l2 : Level} {I : Set l1} {O : Set l2} → CodeSegment I O → I
→ O

17 goto (cs b) i = b i
18

19 exec : {l1 l2 : Level} {I : Set l1} {O : Set l2} {{_ : DataSegment I}} {{
_ : DataSegment O}}

20 → CodeSegment I O → Context → Context
21 exec {l} {{i}} {{o}} (cs b) c = set o c (b (get i c))
22

23

24 comp : {con : Context} → {l1 l2 l3 l4 : Level}
25 {A : Set l1} {B : Set l2} {C : Set l3} {D : Set l4}
26 {{_ : DataSegment A}} {{_ : DataSegment B}} {{_ : DataSegment C}}

{{_ : DataSegment D}}
27 → (C → D) → (A → B) → A → D
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28 comp {con} {{i}} {{io}} {{oi}} {{o}} g f x = g (get oi (set io con (f x))
)

29

30 csComp : {con : Context} → {l1 l2 l3 l4 : Level}
31 {A : Set l1} {B : Set l2} {C : Set l3} {D : Set l4}
32 {{_ : DataSegment A}} {{_ : DataSegment B}} {{_ : DataSegment C

}} {{_ : DataSegment D}}
33 → CodeSegment C D → CodeSegment A B → CodeSegment A D
34 csComp {con} {A} {B} {C} {D} {{da}} {{db}} {{dc}} {{dd}} (cs g) (cs f)
35 = cs {{da}} {{dd}} (comp {con} {{da}} {{db}} {{dc}} {{dd}} g f)
36

37

38

39 comp-associative : {A B C D E F : Set l} {con : Context}
40 {{da : DataSegment A}} {{db : DataSegment B}} {{dc :

DataSegment C}}
41 {{dd : DataSegment D}} {{de : DataSegment E}} {{df :

DataSegment F}}
42 → (a : CodeSegment A B) (b : CodeSegment C D) (c :

CodeSegment E F)
43 → csComp {con} c (csComp {con} b a) ≡ csComp {con} (

csComp {con} c b) a
44 comp-associative (cs _) (cs _) (cs _) = refl

A-2 ϊʔϚϧϨϕϧࢉܭͷ࣮ߦ
6.3અͰऔΓ্͛ͨιʔείʔυΛϦετ A.2ʹࣔ͢ɻCbC ͷίʔυʹΑΓ͚ۙͮΔ

Α͏ Agda ্ͷ Data.Nat Λ Int ͱ͍͏໊લʹม͍ͯ͠ߋΔɻ

Ϧετ A.2: ϊʔϚϧϨϕϧྫࢉܭͷ׬શͳιʔείʔυ (atton-master-sample.agda)
1 module atton-master-sample where
2

3 open import Data.Nat
4 open import Data.Unit
5 open import Function
6 Int = N
7

8 record Context : Set where
9 field

10 a : Int
11 b : Int
12 c : Int
13

14

15 open import subtype Context
16

17

18

19 record ds0 : Set where
20 field
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21 a : Int
22 b : Int
23

24 record ds1 : Set where
25 field
26 c : Int
27

28 instance
29 _ : DataSegment ds0
30 _ = record { set = (\c d → record c {a = (ds0.a d) ; b = (ds0.b d)})
31 ; get = (\c → record { a = (Context.a c) ; b = (Context.b

c)})}
32 _ : DataSegment ds1
33 _ = record { set = (\c d → record c {c = (ds1.c d)})
34 ; get = (\c → record { c = (Context.c c)})}
35

36 cs2 : CodeSegment ds1 ds1
37 cs2 = cs id
38

39 cs1 : CodeSegment ds1 ds1
40 cs1 = cs (\d → goto cs2 d)
41

42 cs0 : CodeSegment ds0 ds1
43 cs0 = cs (\d → goto cs1 (record {c = (ds0.a d) + (ds0.b d)}))
44

45 main : ds1
46 main = goto cs0 (record {a = 100 ; b = 50})

A-3 ϝλϨϕϧࢉܭͷ࣮ߦ
6.6અͰऔΓ্͛ͨιʔείʔυΛϦετ A.3ʹࣔ͢ɻ

Ϧετ A.3: ϝλϨϕϧྫࢉܭͷ׬શͳιʔείʔυ (atton-master-meta-sample.agda)
1 module atton-master-meta-sample where
2

3 open import Data.Nat
4 open import Data.Unit
5 open import Function
6 Int = N
7

8 record Context : Set where
9 field

10 a : Int
11 b : Int
12 c : Int
13

14 open import subtype Context as N
15

16 record Meta : Set where
17 field
18 context : Context
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19 c’ : Int
20 next : N.CodeSegment Context Context
21

22 open import subtype Meta as M
23

24 instance
25 _ : N.DataSegment Context
26 _ = record { get = id ; set = (\_ c → c) }
27 _ : M.DataSegment Context
28 _ = record { get = (\m → Meta.context m) ;
29 set = (\m c → record m {context = c}) }
30 _ : M.DataSegment Meta
31 _ = record { get = id ; set = (\_ m → m) }
32

33

34 liftContext : {X Y : Set} {{_ : N.DataSegment X}} {{_ : N.DataSegment Y}}
→ N.CodeSegment X Y → N.CodeSegment Context Context

35 liftContext {{x}} {{y}} (N.cs f) = N.cs (\c → N.DataSegment.set y c (f (
N.DataSegment.get x c)))

36

37 liftMeta : {X Y : Set} {{_ : M.DataSegment X}} {{_ : M.DataSegment Y}}
→ N.CodeSegment X Y → M.CodeSegment X Y

38 liftMeta (N.cs f) = M.cs f
39

40

41 gotoMeta : {I O : Set} {{_ : N.DataSegment I}} {{_ : N.DataSegment O}}
→ M.CodeSegment Meta Meta → N.CodeSegment I O → Meta → Meta

42 gotoMeta mCode code m = M.exec mCode (record m {next = (liftContext code)
})

43

44 push : M.CodeSegment Meta Meta
45 push = M.cs (\m → M.exec (liftMeta (Meta.next m)) (record m {c’ =

Context.c (Meta.context m)}))
46

47

48 record ds0 : Set where
49 field
50 a : Int
51 b : Int
52

53 record ds1 : Set where
54 field
55 c : Int
56

57 instance
58 _ : N.DataSegment ds0
59 _ = record { set = (\c d → record c {a = (ds0.a d) ; b = (ds0.b d)})
60 ; get = (\c → record { a = (Context.a c) ; b = (Context.b

c)})}
61 _ : N.DataSegment ds1
62 _ = record { set = (\c d → record c {c = (ds1.c d)})
63 ; get = (\c → record { c = (Context.c c)})}
64

65 cs2 : N.CodeSegment ds1 ds1
66 cs2 = N.cs id
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67

68 cs1 : N.CodeSegment ds1 ds1
69 cs1 = N.cs (\d → N.goto cs2 d)
70

71 cs0 : N.CodeSegment ds0 ds1
72 cs0 = N.cs (\d → N.goto cs1 (record {c = (ds0.a d) + (ds0.b d)}))
73

74

75 main : Meta
76 main = gotoMeta push cs0 (record {context = (record {a = 100 ; b = 50 ; c

= 70}) ; c’ = 0 ; next = (N.cs id)})
77 -- record {context = record {a = 100 ; b = 50 ; c = 150} ; c’ = 70 ; next

= (N.cs id)}

A-4 Agda Λ༻͍ͨ Continuation based C ͷূݕ
6.7અͰऔΓ্͛ͨιʔείʔυΛҎԼʹࣔ͢ɻ

Ϧετ A.4: Agda Λ༻͍ͨ Continuation based C ͷূݕίʔυ (SingleLinkedStack.cbc)
1 #include "../context.h"
2 #include "../origin_cs.h"
3 #include <stdio.h>
4

5 // typedef struct SingleLinkedStack {
6 // struct Element* top;
7 // } SingleLinkedStack;
8

9 Stack* createSingleLinkedStack(struct Context* context) {
10 struct Stack* stack = new Stack();
11 struct SingleLinkedStack* singleLinkedStack = new SingleLinkedStack()

;
12 stack->stack = (union Data*)singleLinkedStack;
13 singleLinkedStack->top = NULL;
14 stack->push = C_pushSingleLinkedStack;
15 stack->pop = C_popSingleLinkedStack;
16 stack->pop2 = C_pop2SingleLinkedStack;
17 stack->get = C_getSingleLinkedStack;
18 stack->get2 = C_get2SingleLinkedStack;
19 stack->isEmpty = C_isEmptySingleLinkedStack;
20 stack->clear = C_clearSingleLinkedStack;
21 return stack;
22 }
23

24 void printStack1(union Data* data) {
25 struct Node* node = &data->Element.data->Node;
26 if (node == NULL) {
27 printf("NULL");
28 } else {
29 printf("key = %d ,", node->key);
30 printStack1((union Data*)data->Element.next);
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31 }
32 }
33

34 void printStack(union Data* data) {
35 printStack1(data);
36 printf("\n");
37 }
38

39 __code clearSingleLinkedStack(struct SingleLinkedStack* stack,__code next
(...)) {

40 stack->top = NULL;
41 goto next(...);
42 }
43

44 __code pushSingleLinkedStack(struct SingleLinkedStack* stack,union Data*
data, __code next(...)) {

45 Element* element = new Element();
46 element->next = stack->top;
47 element->data = data;
48 stack->top = element;
49 goto next(...);
50 }
51

52 __code popSingleLinkedStack(struct SingleLinkedStack* stack, __code next(
union Data* data, ...)) {

53 if (stack->top) {
54 data = stack->top->data;
55 stack->top = stack->top->next;
56 } else {
57 data = NULL;
58 }
59 goto next(data, ...);
60 }
61

62 __code pop2SingleLinkedStack(struct SingleLinkedStack* stack, __code next
(union Data* data, union Data* data1, ...)) {

63 if (stack->top) {
64 data = stack->top->data;
65 stack->top = stack->top->next;
66 } else {
67 data = NULL;
68 }
69 if (stack->top) {
70 data1 = stack->top->data;
71 stack->top = stack->top->next;
72 } else {
73 data1 = NULL;
74 }
75 goto next(data, data1, ...);
76 }
77

78

79 __code getSingleLinkedStack(struct SingleLinkedStack* stack, __code next(
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union Data* data, ...)) {
80 if (stack->top)
81 data = stack->top->data;
82 else
83 data = NULL;
84 goto next(data, ...);
85 }
86

87 __code get2SingleLinkedStack(struct SingleLinkedStack* stack, __code next
(union Data* data, union Data* data1, ...)) {

88 if (stack->top) {
89 data = stack->top->data;
90 if (stack->top->next) {
91 data1 = stack->top->next->data;
92 } else {
93 data1 = NULL;
94 }
95 } else {
96 data = NULL;
97 data1 = NULL;
98 }
99 goto next(data, data1, ...);

100 }
101

102 __code isEmptySingleLinkedStack(struct SingleLinkedStack* stack, __code
next(...), __code whenEmpty(...)) {

103 if (stack->top)
104 goto next(...);
105 else
106 goto whenEmpty(...);
107 }

Ϧετ A.5: Agda Λ༻͍ͨ Continuation based C ͷূݕίʔυ (stack-subtype.agda)
1 open import Level hiding (lift)
2 open import Data.Maybe
3 open import Data.Product
4 open import Data.Nat hiding (suc)
5 open import Function
6

7 module stack-subtype (A : Set) where
8

9 -- data definitions
10

11 data Element (a : Set) : Set where
12 cons : a → Maybe (Element a) → Element a
13

14 datum : {a : Set} → Element a → a
15 datum (cons a _) = a
16

17 next : {a : Set} → Element a → Maybe (Element a)
18 next (cons _ n) = n
19

20 record SingleLinkedStack (a : Set) : Set where
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21 field
22 top : Maybe (Element a)
23 open SingleLinkedStack
24

25 record Context : Set where
26 field
27 -- fields for concrete data segments
28 n : N
29 -- fields for stack
30 element : Maybe A
31

32

33

34

35

36 open import subtype Context as N
37

38 instance
39 ContextIsDataSegment : N.DataSegment Context
40 ContextIsDataSegment = record {get = (\c → c) ; set = (\_ c → c)}
41

42

43 record Meta : Set1 where
44 field
45 -- context as set of data segments
46 context : Context
47 stack : SingleLinkedStack A
48 nextCS : N.CodeSegment Context Context
49

50

51

52

53 open import subtype Meta as M
54

55 instance
56 MetaIncludeContext : M.DataSegment Context
57 MetaIncludeContext = record { get = Meta.context
58 ; set = (\m c → record m {context = c}) }
59

60 MetaIsMetaDataSegment : M.DataSegment Meta
61 MetaIsMetaDataSegment = record { get = (\m → m) ; set = (\_ m → m) }
62

63

64 liftMeta : {X Y : Set} {{_ : M.DataSegment X}} {{_ : M.DataSegment Y}}
→ N.CodeSegment X Y → M.CodeSegment X Y

65 liftMeta (N.cs f) = M.cs f
66

67 liftContext : {X Y : Set} {{_ : N.DataSegment X}} {{_ : N.DataSegment Y}}
→ N.CodeSegment X Y → N.CodeSegment Context Context

68 liftContext {{x}} {{y}} (N.cs f) = N.cs (\c → N.DataSegment.set y c (f (
N.DataSegment.get x c)))

69

70 -- definition based from Gears(209:5708390a9d88) src/parallel_execution
71

72 emptySingleLinkedStack : SingleLinkedStack A
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73 emptySingleLinkedStack = record {top = nothing}
74

75

76 pushSingleLinkedStack : Meta → Meta
77 pushSingleLinkedStack m = M.exec (liftMeta n) (record m {stack = (push s

e) })
78 where
79 n = Meta.nextCS m
80 s = Meta.stack m
81 e = Context.element (Meta.context m)
82 push : SingleLinkedStack A → Maybe A → SingleLinkedStack A
83 push s nothing = s
84 push s (just x) = record {top = just (cons x (top s))}
85

86

87

88 popSingleLinkedStack : Meta → Meta
89 popSingleLinkedStack m = M.exec (liftMeta n) (record m {stack = (st m) ;

context = record con {element = (elem m)}})
90 where
91 n = Meta.nextCS m
92 con = Meta.context m
93 elem : Meta → Maybe A
94 elem record {stack = record { top = (just (cons x _)) }} = just x
95 elem record {stack = record { top = nothing }} = nothing
96 st : Meta → SingleLinkedStack A
97 st record {stack = record { top = (just (cons _ s)) }} = record {top

= s}
98 st record {stack = record { top = nothing }} = record {top

= nothing}
99

100

101

102

103 pushSingleLinkedStackCS : M.CodeSegment Meta Meta
104 pushSingleLinkedStackCS = M.cs pushSingleLinkedStack
105

106 popSingleLinkedStackCS : M.CodeSegment Meta Meta
107 popSingleLinkedStackCS = M.cs popSingleLinkedStack
108

109

110 -- for sample
111

112 firstContext : Context
113 firstContext = record {element = nothing ; n = 0}
114

115

116 firstMeta : Meta
117 firstMeta = record { context = firstContext
118 ; stack = emptySingleLinkedStack
119 ; nextCS = (N.cs (\m → m))
120 }
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A-5 ελοΫͷ࣮૷ͷূݕ
6.8અͰऔΓ্͛ͨιʔείʔυΛϦετ A.6ʹࣔ͢ɻ

Ϧετ A.6: ελοΫͷ࣮૷ͷূݕίʔυ (stack-subtype-sample.agda)
1 module stack-subtype-sample where
2

3 open import Level renaming (suc to S ; zero to O)
4 open import Function
5 open import Data.Nat
6 open import Data.Maybe
7 open import Relation.Binary.PropositionalEquality
8

9 open import stack-subtype N
10 open import subtype Context as N
11 open import subtype Meta as M
12

13

14 record Num : Set where
15 field
16 num : N
17

18 instance
19 NumIsNormalDataSegment : N.DataSegment Num
20 NumIsNormalDataSegment = record { get = (\c → record { num = Context.n

c})
21 ; set = (\c n → record c {n = Num.num

n})}
22 NumIsMetaDataSegment : M.DataSegment Num
23 NumIsMetaDataSegment = record { get = (\m → record {num = Context.n (

Meta.context m)})
24 ; set = (\m n → record m {context =

record (Meta.context m) {n = Num.num n}})}
25

26

27 plus3 : Num → Num
28 plus3 record { num = n } = record {num = n + 3}
29

30 plus3CS : N.CodeSegment Num Num
31 plus3CS = N.cs plus3
32

33

34

35 plus5AndPushWithPlus3 : {mc : Meta} {{_ : N.DataSegment Num}}
36 → M.CodeSegment Num (Meta)
37 plus5AndPushWithPlus3 {mc} {{nn}} = M.cs (\n → record {context = con n ;

nextCS = (liftContext {{nn}} {{nn}} plus3CS) ; stack = st} )
38 where
39 co = Meta.context mc
40 con : Num → Context
41 con record { num = num } = N.DataSegment.set nn co record {num = num

+ 5}
42 st = Meta.stack mc

ϝλࢉܭΛ༻͍ͨ Continuation based C ͷূݕख๏ 82



େֶେֶӃֶҐ࿦จٿླྀ (म࢜) ෇ ࿥A ιʔείʔυҰཡ

43

44

45

46

47 push-sample : {{_ : N.DataSegment Num}} {{_ : M.DataSegment Num}} →
Meta

48 push-sample {{nd}} {{md}} = M.exec {{md}} (plus5AndPushWithPlus3 {mc} {{
nd}}) mc

49 where
50 con = record { n = 4 ; element = just 0}
51 code = N.cs (\c → c)
52 mc = record {context = con ; stack = emptySingleLinkedStack ;

nextCS = code}
53

54

55 push-sample-equiv : push-sample ≡ record { nextCS = liftContext plus3CS
56 ; stack = record { top =

nothing}
57 ; context = record { n = 9} }
58 push-sample-equiv = refl
59

60

61 pushed-sample : {m : Meta} {{_ : N.DataSegment Num}} {{_ : M.DataSegment
Num}} → Meta

62 pushed-sample {m} {{nd}} {{md}} = M.exec {{md}} (M.csComp {m} {{md}}
pushSingleLinkedStackCS (plus5AndPushWithPlus3 {mc} {{nd}})) mc

63 where
64 con = record { n = 4 ; element = just 0}
65 code = N.cs (\c → c)
66 mc = record {context = con ; stack = emptySingleLinkedStack ;

nextCS = code}
67

68

69

70 pushed-sample-equiv : {m : Meta} →
71 pushed-sample {m} ≡ record { nextCS = liftContext

plus3CS
72 ; stack = record {

top = just (cons 0 nothing) }
73 ; context = record { n

= 12} }
74 pushed-sample-equiv = refl
75

76

77

78 pushNum : N.CodeSegment Context Context
79 pushNum = N.cs pn
80 where
81 pn : Context → Context
82 pn record { n = n } = record { n = pred n ; element = just n}
83

84

85 pushOnce : Meta → Meta
86 pushOnce m = M.exec pushSingleLinkedStackCS m
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87

88 n-push : {m : Meta} {{_ : M.DataSegment Meta}} (n : N) → M.CodeSegment
Meta Meta

89 n-push {{mm}} (zero) = M.cs {{mm}} {{mm}} id
90 n-push {m} {{mm}} (suc n) = M.cs {{mm}} {{mm}} (\m → M.exec {{mm}} {{mm

}} (n-push {m} {{mm}} n) (pushOnce m))
91

92 popOnce : Meta → Meta
93 popOnce m = M.exec popSingleLinkedStackCS m
94

95 n-pop : {m : Meta} {{_ : M.DataSegment Meta}} (n : N) → M.CodeSegment
Meta Meta

96 n-pop {{mm}} (zero) = M.cs {{mm}} {{mm}} id
97 n-pop {m} {{mm}} (suc n) = M.cs {{mm}} {{mm}} (\m → M.exec {{mm}} {{mm}}

(n-pop {m} {{mm}} n) (popOnce m))
98

99

100

101 initMeta : N → Maybe N → N.CodeSegment Context Context → Meta
102 initMeta n mn code = record { context = record { n = n ; element = mn}
103 ; stack = emptySingleLinkedStack
104 ; nextCS = code
105 }
106

107 n-push-cs-exec = M.exec (n-push {meta} 3) meta
108 where
109 meta = (initMeta 5 (just 9) pushNum)
110

111

112 n-push-cs-exec-equiv : n-push-cs-exec ≡ record { nextCS = pushNum
113 ; context = record {n = 2

; element = just 3}
114 ; stack = record {top =

just (cons 4 (just (cons 5 (just (cons 9 nothing)))))}}
115 n-push-cs-exec-equiv = refl
116

117

118 n-pop-cs-exec = M.exec (n-pop {meta} 4) meta
119 where
120 meta = record { nextCS = N.cs id
121 ; context = record { n = 0 ; element = nothing}
122 ; stack = record {top = just (cons 9 (just (cons 8 (

just (cons 7 (just (cons 6 (just (cons 5 nothing)))))))))}
123 }
124

125 n-pop-cs-exec-equiv : n-pop-cs-exec ≡ record { nextCS = N.cs id
126 ; context = record { n = 0

; element = just 6}
127 ; stack = record { top =

just (cons 5 nothing)}
128 }
129

130 n-pop-cs-exec-equiv = refl
131
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132

133 open ≡-Reasoning
134

135 id-meta : N → N → SingleLinkedStack N → Meta
136 id-meta n e s = record { context = record {n = n ; element = just e}
137 ; nextCS = (N.cs id) ; stack = s}
138

139 exec-comp : (f g : M.CodeSegment Meta Meta) (m : Meta) → M.exec (M.
csComp {m} f g) m ≡ M.exec f (M.exec g m)

140 exec-comp (M.cs x) (M.cs _) m = refl
141

142

143 push-pop-type : N → N → N → Element N → Set1
144 push-pop-type n e x s = M.exec (M.csComp {meta} (M.cs popOnce) (M.cs

pushOnce)) meta ≡ meta
145 where
146 meta = id-meta n e record {top = just (cons x (just s))}
147

148 push-pop : (n e x : N) → (s : Element N) → push-pop-type n e x s
149 push-pop n e x s = refl
150

151

152

153 pop-n-push-type : N → N → N → SingleLinkedStack N → Set1
154 pop-n-push-type n cn ce s = M.exec (M.csComp {meta} (M.cs popOnce) (n-

push {meta} (suc n))) meta
155 ≡ M.exec (n-push {meta} n) meta
156 where
157 meta = id-meta cn ce s
158

159 pop-n-push : (n cn ce : N) → (s : SingleLinkedStack N) → pop-n-push-
type n cn ce s

160

161 pop-n-push zero cn ce s = refl
162 pop-n-push (suc n) cn ce s = begin
163 M.exec (M.csComp {id-meta cn ce s} (M.cs popOnce) (n-push {id-meta cn

ce (record {top = just (cons ce (SingleLinkedStack.top s))})} (suc (
suc n)))) (id-meta cn ce s)

164 ≡⟨ refl ⟩
165 M.exec (M.csComp {id-meta cn ce s} (M.cs popOnce) (M.csComp {id-meta cn

ce s} (n-push {id-meta cn ce (record {top = just (cons ce (
SingleLinkedStack.top s))})} (suc n)) (M.cs pushOnce))) (id-meta cn ce
s)

166 ≡⟨ exec-comp (M.cs popOnce) (M.csComp {id-meta cn ce s} (n-push {id-
meta cn ce (record {top = just (cons ce (SingleLinkedStack.top s))})}
(suc n)) (M.cs pushOnce)) (id-meta cn ce s) ⟩

167 M.exec (M.cs popOnce) (M.exec (M.csComp {id-meta cn ce s} (n-push {id-
meta cn ce (record {top = just (cons ce (SingleLinkedStack.top s))})}
(suc n)) (M.cs pushOnce)) (id-meta cn ce s))

168 ≡⟨ cong (\x → M.exec (M.cs popOnce) x) (exec-comp (n-push {id-meta cn
ce (record {top = just (cons ce (SingleLinkedStack.top s))})} (suc n))
(M.cs pushOnce) (id-meta cn ce s)) ⟩

169 M.exec (M.cs popOnce) (M.exec (n-push {id-meta cn ce (record {top =
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just (cons ce (SingleLinkedStack.top s))})} (suc n))(M.exec (M.cs
pushOnce) (id-meta cn ce s)))

170 ≡⟨ refl ⟩
171 M.exec (M.cs popOnce) (M.exec (n-push {id-meta cn ce (record {top =

just (cons ce (SingleLinkedStack.top s))})} (suc n)) (id-meta cn ce (
record {top = just (cons ce (SingleLinkedStack.top s))})))

172 ≡⟨ sym (exec-comp (M.cs popOnce) (n-push {id-meta cn ce (record {top =
just (cons ce (SingleLinkedStack.top s))})} (suc n)) (id-meta cn ce (
record {top = just (cons ce (SingleLinkedStack.top s))}))) ⟩

173 M.exec (M.csComp {id-meta cn ce s} (M.cs popOnce) (n-push {id-meta cn
ce (record {top = just (cons ce (SingleLinkedStack.top s))})} (suc n))
) (id-meta cn ce (record {top = just (cons ce (SingleLinkedStack.top s
))}))

174 ≡⟨ pop-n-push n cn ce (record {top = just (cons ce (SingleLinkedStack.
top s))}) ⟩

175 M.exec (n-push n) (id-meta cn ce (record {top = just (cons ce (
SingleLinkedStack.top s))}))

176 ≡⟨ refl ⟩
177 M.exec (n-push n) (pushOnce (id-meta cn ce s))
178 ≡⟨ refl ⟩
179 M.exec (n-push n) (M.exec (M.cs pushOnce) (id-meta cn ce s))
180 ≡⟨ refl ⟩
181 M.exec (n-push {id-meta cn ce s} (suc n)) (id-meta cn ce s)
182 !
183

184

185

186 n-push-pop-type : N → N → N → SingleLinkedStack N → Set1
187 n-push-pop-type n cn ce st = M.exec (M.csComp {meta} (n-pop {meta} n) (n-

push {meta} n)) meta ≡ meta
188 where
189 meta = id-meta cn ce st
190

191 n-push-pop : (n cn ce : N) → (s : SingleLinkedStack N) → n-push-pop-
type n cn ce s

192 n-push-pop zero cn ce s = refl
193 n-push-pop (suc n) cn ce s = begin
194 M.exec (M.csComp {id-meta cn ce s} (n-pop {id-meta cn ce s} (suc n)) (

n-push {id-meta cn ce s} (suc n))) (id-meta cn ce s)
195 ≡⟨ refl ⟩
196 M.exec (M.csComp {id-meta cn ce s} (M.cs (\m → M.exec (n-pop {id-

meta cn ce s} n) (popOnce m))) (n-push {id-meta cn ce s} (suc n))) (id
-meta cn ce s)

197 ≡⟨ exec-comp (M.cs (\m → M.exec (n-pop n) (popOnce m))) (n-push {id-
meta cn ce s} (suc n)) (id-meta cn ce s) ⟩

198 M.exec (M.cs (\m → M.exec (n-pop {id-meta cn ce s} n) (popOnce m)))
(M.exec (n-push {id-meta cn ce s} (suc n)) (id-meta cn ce s))

199 ≡⟨ refl ⟩
200 M.exec (n-pop n) (popOnce (M.exec (n-push {id-meta cn ce s} (suc n)) (

id-meta cn ce s)))
201 ≡⟨ refl ⟩
202 M.exec (n-pop n) (M.exec (M.cs popOnce) (M.exec (n-push {id-meta cn ce
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s} (suc n)) (id-meta cn ce s)))
203 ≡⟨ cong (\x → M.exec (n-pop {id-meta cn ce s} n) x) (sym (exec-comp

(M.cs popOnce) (n-push {id-meta cn ce s} (suc n)) (id-meta cn ce s)))
⟩

204 M.exec (n-pop n) (M.exec (M.csComp {id-meta cn ce s} (M.cs popOnce) (n-
push {id-meta cn ce s} (suc n))) (id-meta cn ce s))

205 ≡⟨ cong (\x → M.exec (n-pop {id-meta cn ce s} n) x) (pop-n-push n cn
ce s) ⟩

206 M.exec (n-pop n) (M.exec (n-push n) (id-meta cn ce s))
207 ≡⟨ sym (exec-comp (n-pop n) (n-push n) (id-meta cn ce s)) ⟩
208 M.exec (M.csComp (n-pop n) (n-push n)) (id-meta cn ce s)
209 ≡⟨ n-push-pop n cn ce s ⟩
210 id-meta cn ce s
211 !
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