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Verification method of programs using Continuation based C

Yasutaka HIGA1,a) Shinji KONO2,b)

Abstract: We propose a verification method for executable programs using Continuation based C language.
Our laboratory develops Continuation based C language which supports programming unit called Code Seg-
ment, Data Segment. Code segments are calculation units which have input/output data segments that data
unit. Programs are represented by connections among with code segments and code segments. The output
data segment of some code segment is converted to the input data segment of connected one. We introduce
meta computations which split main computations and complicated computations such as memory control,
error handling and more. Meta computations represented to meta code segment and meta data segment,
which saves main computations. In this paper, We define a meta computation which connects code segments
with verifications and verify properties of data structures such as Red-Black Tree.
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ຬͨ͢͜ͱΛอূ͢Δ΋ͷͰ͋Δɻιϑτ΢ΣΞͷূݕख

๏ʹ͸ɺఆཧূ໌ͱϞσϧ͕͋ࠪݕΔɻఆཧূ໌͸ιϑτ

΢ΣΞ͕ຬͨ͢΂͖༷࢓Λ࿦ཧࣜͰهड़͠ɺͦͷ͕ࣜৗʹ

ਅͰ͋Δ͜ͱΛূ໌͢Δɻఆཧূ໌Λߦͳ͏ޠݴʹ͸ґ

ଘܕͰূ໌Λߦͳ͏ Agda[7] ΍ Coq[10] ͳͲ͕ଘ͢ࡏΔɻ

Ϟσϧࠪݕ͸ιϑτ΢ΣΞͷશͯͷঢ়ଶʹ͓͍͕༷ͯ࢓

ຬͨ͞ΕΔ͔Λ֬ೝ͢Δ΋ͷͰ͋ΔɻϞσϧثࠪݕʹ͸ɺ

Promela ͱݺ͹ΕΔޠݴͰϞσϧΛهड़͢Δ Spin[9] ΍Ϟ

σϧΛঢ়ଶભҠܥͰهड़͢Δ NuSMV[8] ɺANSI-CΛه߸

Δ͜ͱ͕Ͱ͖Δ͢ߦ࣮ CBMC[6] ͳͲ͕ଘ͢ࡏΔɻূ໌΍

ϞσϧثࠪݕͰূݕΛߦͳ͏ࡍɺ࣮ࡍʹಈ͢࡞ΔίʔυͰ

ͳ͘ূݕ༻ʹίʔυΛॻ͖௚͢ඞཁ͕͋ΔͳͲɺ࣮ࡍͷ࣮
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ਤ 1 Code Segment Ͳ͏͠ͷ૊Έ߹Θͤ

૷ͱͷဃ཭͕ଘ͢ࡏΔɻΑͬͯɺॻ͖௚ͨ͠هड़Ͱ͸༷࢓

͕ຬͨ͞Ε͍ͯͯ΋ɺ࣮૷ʹόά͕ೖΓࠐΈ৴པੑΛอূ

Ͱ͖ͳ͍Մೳੑ͕͋Δɻຊڀݚ͸࣮ࡍʹಈ͢࡞Δϓϩάϥ

Ϝͷ৴པੑΛอূ͢Δ͜ͱΛ໨తͱ͢Δɻ

2. Code SegmentͱData Segment

ಈ͢࡞ΔίʔυΛ͠ূݕ΍͍͢୯ҐͰهड़͢ΔͨΊʹຊ

Ͱ͸ࣨڀݚ Code Segmentͱ Data SegmentΛ༻͍Δϓϩ

άϥϛϯάελΠϧΛఏҊ͍ͯ͠ΔɻCode Segmentͱ͸

ॲཧͷ୯ҐͰ͋ΓɺϧʔϓΛؚ·ͳ͍Α͏ͳ୯७ͳॲཧͷ

ΈΛߦͳ͏ɻϓϩάϥϜ͸ Code SegmentͲ͏͠Λ૊Έ߹

ΘͤΔ͜ͱͰߏங͞ΕΔ (ਤ 1)ɻCode Segmentؒʹ͓͚

Δ஋ͷड͚౉͠ʹ͸ɺData Segmentͱ͍͏σʔλͷ୯Ґ

Ͱߦͳ͏ɻͳ͓ɺ઀ଓ͞Εͨ Code Segmentʹ͸ґଘؔ܎

͕ൃੜ͢Δ͕ɺґଘ͕ؔ܎ແ͍ Code Segment͸ฒྻʹ࣮

Δ͜ͱ͕ՄೳͰ͋Δɻ͢ߦ

͜͜ͰɺCode SegmentͲ͏͠ͷ઀ଓॲཧʹ͍ͭͯ͑ߟ

ΔɻॲཧΛද͢Code SegmentͲ͏͠ͷ઀ଓ΋ॲཧͰ͋Δɻ

͜ͷΑ͏ͳɺࢉܭΛ࣮͢ݱΔͨΊͷࢉܭΛϝλࢉܭͱݺͿɻ

ϝλࢉܭ͸ Code Segment Ͱهड़͢Δ͜ͱ͕ՄೳͰ͋Γɺ

ϝλࢉܭΛهड़ͨ͠Code SegmentΛMeta Code Segment

ͱݺͿɻMeta Code Segment͸ Code Segmentؒʹଘࡏ

͢Δ্Ґͷॲཧͱ͑ߟΔ͜ͱ΋Ͱ͖Δ (ਤ 2)ɻ

CS

MetaDS

DS

MetaDS

DSMeta CS Meta CS

ਤ 2 Meta Code Segment ͱ Meta Data Segment

·ͨɺϝλࢉܭʹඞཁͳσʔλ͸ Meta Data Segment

ʹ֨ೲ͠ɺ௨ৗͷॲཧʹඞཁͳData Segment΋಺แ͢Δɻ

ϓϩάϥϜͷੑ࣭Λ͢ূݕΔػೳΛϝλࢉܭͱͯ͠ఏ͢ڙ

Δ͜ͱͰɺϢʔβ͕ॻ͍ͨ Code SegmentΛม͢ߋΔ͜ͱ

ͳ͘ɺϝλࢉܭΛ௥Ճ͢Δ͚ͩͰϓϩάϥϜͷ৴པੑΛ্

͛Δɻ

code addTen(int a) {
int b = a+10;
goto twice(b);

}

code twice(int x) {
int y = 2∗x;
goto showValue(y);

}

ද 1 Code Segment ͷ઀ଓ (10 Ճͯ͠ࢉ 2 ഒ͢Δ)

3. Continuation based C

Code Segmentͱ Data SegmentΛ༻͍ͨϓϩάϥϛϯ

άελΠϧͰهड़͢Δޠݴͱͯ͠ Continuation based C[3]

Λ࡞੒ͨ͠ɻContinuation based C (ҎԼ CbC)͸ OS΍

૊ࠐΈγεςϜͳͲͷهड़Λߦͳ͏͜ͱΛ໨ඪʹ࡞ΒΕ

ͨɺΞηϯϒϥͱ CޠݴͷதؒͷΑ͏ͳޠݴͰ͋ΔɻCbC

ʹ͓͚Δ Code Segment͸ Cޠݴʹ͓͚Δؔ਺ʹɺؔ਺ݺ

ͼग़͕͠຤ඌͷΈͰ͋Δ੍໿ΛՃ͑ͨ΋ͷͰ͋ΔɻCode

SegmentͲ͏͠ͷ઀ଓ͸ goto ʹΑΔܰྔܧଓͰද͞ΕΔ

(ද 1)ɻܰྔܧଓͱ͸ݺͼग़͠ݩͷڥ؀Λ࣋ͨͣʹ࣍ͷॲ

ཧ΁ͱҠಈ͢Δ͜ͱͰ͋Γɺݺͼग़͠ݩͷελοΫϑϨʔ

ϜΛഁ͠غͳ͕Βؔ਺ݺͼग़͠Λߦͳ͏Α͏ͳ΋ͷͰ͋Δɻ

ͳ͓ɺC ߦͼग़͠ΛݺΛར༻͢ΔͨΊʹؔ਺࢈ࢿͷޠݴ

ͳ͏͜ͱ΋ՄೳͰ͋Δɻ·ͨɺCode Segment ͷΈ͕ಋೖ

͞Εͨ CbCͰূݕΛྫͨͬߦͱͯ͠ Dining Philosophers

Problem ͷσουϩοΫݕ஌ [4]͕͋Δɻ

CbCʹ͓͚Δ Code Segment͸ɺCޠݴͷؔ਺એݴͷ

ฦΓ஋ͷܕͷ෦෼ʹ __code Λهड़ͯ͠ఆٛ͢ΔɻCode

Segment಺෦ʹ͸ม਺ͷએݴ΍ ifจʹΑΔ෼ذͱ͍ͬͨ

C ड़͢Δɻදهͷจ๏Λ༻͍ͯॲཧΛޠݴ 1 ͷྫͰ͸ɺ

addTen ͱ twice ͱ͍͏ 2 ͭͷ Code Segment Λఆٛ͠

͍ͯΔɻaddTen Ͱ͸ int ͷ஋Λड͚ͱΓɺ10 Ճͯ͠ࢉ

twice Λ࣮͢ߦΔɻtwice Ͱ͸ड͚ͱͬͨ intͷ஋Λ 2ഒ

ͯ͠ showValue Λ࣮͢ߦΔɻ

·ͨɺCbCʹ͓͚ΔData Segment͸Cޠݴʹ͓͚Δߏ

଄ମͱڞ༻ମΛ༻͍ͨσʔλߏ଄Ͱ͋Δɻ֤Code Segment

Ͱඞཁͳ஋Λߏ଄ମͰఆٛ͠ɺͦ ΕΒͷڞ༻ମͱͯ͠Data

SegmentΛఆٛ͢Δ (ද 2)ɻ

union Data {
struct Count {

int x;
} count;
struct Port {

int port;
} port;

};

ද 2 Data Segment ͷྫ

ද 2Ͱ͸ Data Segmentͱͯ͠ int Λ࣋ͭ count ͱ un-

signed int Λ࣋ͭ port ͷ 2ͭΛఆ͍ٛͯ͠Δɻ
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Code Segment಺෦Ͱ͸ϙΠϯλԋࢉ͸ߦͳΘͣɺϝλܭ

ͳ͏ɻ͜Εʹ͸ϝϞϦ؅ཧΛϝߦΛࢉͰϙΠϯλ΁ͷԋࢉ

λࢉܭ෦෼ʹ෼཭͢Δ͜ͱͰɺϓϩάϥϜΛ͠ূݕ΍͘͢

͢ΔͶΒ͍͕͋ΔɻCode Segment ͕Ͳͷ Data Segment

ʹΞΫηε͢Δ͔ͱ͍ͬͨࢦఆ΋ Meta Code Segment Ͱ

ͳ͏ߦ (ද 3 ʹ͓͚Δ twice_stub)ɻCbC ʹ͓͚Δ Meta

Code Segment ͸ Code Segment ͱ Code Segment ؒʹଘ

Δ͢ࡏ Code Segment Ͱ͋Δɻ

// Code Segment
code addTen(union Data∗ ds, int a) {

int b = a+10;
goto twice stub(ds);

}

// Meta Code Segment
code twice stub(union Data∗ ds) {

goto twice(ds−>count.x);
}

// Code Segment
code twice(int x) {

int y = 2∗x;
goto showValue(y);

}

ද 3 Data Segment Λࢦఆ͢Δ Meta Code Segment

CbC ʹ͓͚Δ Meta Data Segment ͸ Data Segment Λ

಺แ͢Δߏ଄ମͱͯ͠ఆٛͰ͖Δ (ද 4 ͷ Context)ɻ·

ͨɺgoto ͢Δࡍʹඞͣ௨Δ Meta Code Segment Λఆٛ͢

Δ͜ͱͰɺ Code Segment Ͳ͏͠ͷ઀ଓ΋ϝλࢉܭͱ͠

ͯఆٛͰ͖Δ (ද 4 ͷ meta)ɻmeta Λ੾Γସ͑Δ͜ͱͰ

Code Segment Λม͢ߋΔ͜ͱͳ͘ϝλࢉܭͷΈΛม͢ߋ

Δ͜ͱ͕Ͱ͖Δɻ

ϝλࢉܭͷྫͱͯ͠ɺϝϞϦ؅ཧͷଞʹ΋ྫ֎ॲཧ΍ฒ

ΛࢉܭɺωοτϫʔΫΞΫηεͳͲ͕͋Δɻ௨ৗͷߦ࣮ྻ

อଘ͢ΔΑ͏ϝλࢉܭΛఆٛ͢Δ͜ͱͰɺྫ֎ॲཧͳͲΛ

ؚΉࢉܭʹ֦ு͢Δ͜ͱ͕Ͱ͖Δ [5]ɻ

4. CbC Ͱهड़ͨ͠ඇഁյ੺ࠇ໦

CbC Ͱهड़͞Εͨσʔλߏ଄ʹ੺ࠇ໦͕͋Δɻ੺ࠇ໦

ͱ͸໦ߏ଄ͷσʔλߏ଄Ͱ͋Γɺ֤ϊʔυʹ੺ͱࠇͷ৭Λ

ׂΓ౰ͯɺͦͷ৭Λ༻͍ͯ໦ͷ͞ߴͷόϥϯεΛऔΔɻ੺

໦ͱͯ͠ͷ৚݅ͷଞʹҎԼͷ৚݅Λࡧ໦͸௨ৗͷೋ෼୳ࠇ

࣋ͭɻ

• ֤ϊʔυ͸੺·ͨ͸ࠇͷ৭Λ࣋ͭɻ
• ϧʔτͷ৭͸ࠇͰ͋Δɻ
• ੺ϊʔυ͸ 2ͭͷࠇϊʔυΛࢠͱͯ࣋ͭ͠ (Αͬͯ੺

ϊʔυ͕ଓ͘͜ͱ͸ͳ͍)ɻ

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

͜ΕΒͷ৚݅ʹΑΓɺ໦Λϧʔτ͔Β୧ͬͨ࠷ʹࡍ΋௕

ʑߴ࿏ͷܦ΋୹͍࠷࿏͸ܦ͍ 2ഒʹऩ·Δɻ

// Meta Data Segment
struct Context {

union Data ∗data; // Data Segment
unsigned int gotoCount; // ϝλࢉܭʹඞཁͳσʔλ
unsigned int stepOfAddTen;

};

// Meta Code Segment
code meta(struct Context∗ context,

enum Code next) {
countext.gotoCount++;

/∗ ઀ଓ࣌ʹߦͳ͏ϝλࢉܭΛهड़∗/
switch (next) {

case AddTen:
// ಛఆͷ Code ΁ͷϝλࢉܭ Segment
context.stepOfAddTen++;
goto addTen stub(context);

case Twice:
goto twice stub(context);

}
}

// Code Segment
code addTen(struct Context∗ context, int a) {

x = x+10;
goto meta(context, Twice);

}

// Code Segment
code twice(struct Context∗ context, int x) {

x = x∗2;
goto meta(context, ShowValue);

}

ද 4 ϝλࢉܭΛ༻͍ͯ Code Segment Λ઀ଓ͢Δྫ

੺ࠇ໦ͷ࣮૷ͱͯ͠ɺ౰ࣨڀݚͰ CbC Λ༻͍ͯ։ൃ͠

͍ͯΔ Gears OS [1] ʹ͓͚Δඇഁյ੺ࠇ໦ [2]͕͋Δɻඇ

ഁյ੺ࠇ໦ͱ͸໦΁ͷૠೖ΍࡟আΛߦͳͬͨࡍɺҰ౓ߏங

ͨ͠໦ߏ଄Λഁյͤͣ৽͘͠໦ߏ଄Λੜ੒͢Δ੺ࠇ໦Ͱ

͋Δɻඇഁյ੺ࠇ໦ͷ࣮૷ͷجຊతͳઓུ͸ɺม͍ͨ͠ߋ

ϊʔυ΁ͷϧʔτϊʔυ͔Βͷܦ࿏Λશͯෳ੡͠ɺ্ʹଘ

༗͢Δ͜ͱͰ͋Δڞ଄ͱߏͷ໦ݩલߋͳ͍ϊʔυ͸ม͠ࡏ

(ਤ 3)ɻ

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 ඇഁյ੺ࠇ໦ͷฤू

ؔ਺ݺͼग़͕͠ՄೳͳޠݴͰ͸ݺى࠶ͼग़͠Ͱ໦Λ୧Δ

͜ͱ͔Մೳ͕ͩɺCbC ͸ gotoʹΑΔܰྔܧଓͷΈͰهड़

͢Δඞཁ͕͋ΔͨΊɺܦ࿏Λ୧Δʹ͸ϊʔυʹ਌΁ͷࢀর

Λ࣋ͨͤΔ͔ૠೖɾ࡟আ࣌ʹ୧ͬͨܦ࿏ΛهԱ͢Δ͔͠ͳ

͍ɻϊʔυ͕਌΁ͷࢀরΛ࣋ͭඇഁյ໦ߏ଄͸ߏஙग़དྷͳ
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͍ͨΊɺ୧ͬͨܦ࿏ΛهԱ͢Δํ๏Λ༻͍Δɻ୧ͬͨܦ࿏

ΛهԱ͢ΔͨΊ Meta Data Segment ʹελοΫΛ࣋ͨͤ

Δ (ද 5ʹ͓͚Δ Context ಺෦ͷ node_stack)ɻ੺ࠇ໦Ͱ

ར༻͢Δ Data Segment Λද 5ʹද͢ɻData Segment ͸

֤ϊʔυͷ৘ใΛ࣋ͭ Node ͱ੺ࠇ໦Λ֨ೲ͢Δ Treeͱɺ

ૠೖͳͲͷૢ࡞தͷҰ࣌తͳ໦Λ࣋ͭ Traverseͷڞ༻ମ

Ͱද͞ΕΔɻ

// Data Segment for Red−Black Tree
union Data {

struct Tree {
struct Node∗ root;

} tree;
struct Traverse {

struct Node∗ current;
int result;

} traverse;
struct Node {

int key;
union Data∗ value;
struct Node∗ left;
struct Node∗ right;
enum Color {

Red,
Black,

} color;
} node;

};

// Meta Data Segment
struct Context {

stack ptr node stack;
union Data ∗∗data;

};

ද 5 ੺ࠇ໦ͷ Data Segment

CbCʹΑΔ੺ࠇ໦࣮૷ͷྫͱͯ͠ɺ੺͕ଓ͔ͳ͍ͱ͍͏

੍໿ΛνΣοΫ͢Δ Code Segment Λද 6ʹࣔ͢ɻ·ͣɺ

੺͕࿈ଓ͢Δ͔൑ఆ͢ΔͨΊʹ਌ͷ৘ใ͕ඞਢͳͨΊɺܦ

࿏ΛهԱ͍ͯ͠ΔελοΫ͔Β਌ͷ৘ใΛऔಘ͢Δɻ਌ͷ

৭͕ࠇͰ͋Δ৔߹͸໦͕ฏߧͰ͋ΔͨΊʹॲཧΛऴྃ͠ɺ

Ϣʔβଆͷ Code Segment ΁ͱ goto ͢Δɻ਌ͷ৭͕੺Ͱ

͋Δ৔߹͸࣍ͷ৚݅൑ఆ΁ͱ goto ͢Δ͕ɺܦ࿏৘ใΛ࠶

౓ૠೖͭͭ͠࠶ΔͨΊʹελοΫ΁ͱ਌Λ͢ݱ goto ͢Δɻ

͜͜Ͱɺ੺ࠇ໦ʹର͢ΔॲཧΛ Code Segment ͱͨ͠৔

߹ɺ੺ࠇ໦ͷϝϞϦ؅ཧͳͲ͸ Meta Code Segment Ͱ͋

Δɻ੺ࠇ໦Λར༻͢Δ Code Segment ͔Β͸੺ࠇ໦ͷॲཧ

͸ҙࣝ͢Δඞཁ͕ͳ͍ͨΊɺ੺ࠇ໦ͷॲཧ͸ Meta Code

Segment ͷΑ͏ʹ͑ݟɺ੺ࠇ໦ͷϝϞϦ؅ཧ͸ Meta Meta

Code Segment ͱ͑ߟΒΕΔɻ͜ͷΑ͏ʹϝλࢉܭ͸֊૚

଄Λ࣋ͭͨΊɺ೚ҙͷߏ Code Segment ʹରͯ͠ϝλࢉܭ

Λద༻͢Δ͜ͱ͕ՄೳͰ͋Δɻ

5. ϝλࢉܭΛ༻͍ͨ੺ࠇ໦ͷূݕ

CbC Ͱهड़͞Εͨ੺ࠇ໦ͱɺͦΕʹର͢Δॲཧͷੑ࣭Λ

ΊΒΕΔੑ࣭ʹ͸ҎԼͷٻʹ໦ࠇɻ੺͍ͯ͘͠ূݕʹࡍ࣮

// Meta Code Segment
code insertCase2(struct Context∗ context, struct Node

∗ current) {
struct Node∗ parent;
stack pop(context−>node stack, &parent);
if (parent−>color == Black) {

stack pop(context−>code stack, &context−>next
);

goto meta(context, context−>next);
}
stack push(context−>node stack, &parent);
goto meta(context, InsertCase3);

}

// Meta Meta Code Segment
code insert2 stub(struct Context∗ context) {

goto insertCase2(context, context−>data[Traverse
]−>traverse.current);

}

ද 6 ੺ࠇ໦Ͱ੺ͷϊʔυ͕ଓ͔ͳ͍ͱ͍͏੍໿ͷ൑ఆ

Α͏ͳ΋ͷ͕͋Δ

• ૠೖͨ͠σʔλΛࢀরͰ͖Δ͜ͱ
• রͰ͖ͳ͍͜ͱࢀআͨ͠σʔλ͸࡟
• ஋Λߋ৽ͨ͠ޙ͸ߋ৽͞Εͨ஋͕ࢀর͞ΕΔ͜ͱ
• ͷ໦͸όϥϯε͍ͯ͠Δ͜ͱޙͳͬͨߦΛ࡞ૢ
ຊ࿦จͰ͸ૢ࡞Λૠೖʹݶఆ͠ɺ೚ҙͷॱͰ໦ʹཁૉΛ

ૠೖͯ͠΋໦͕όϥϯε͢Δ͜ͱΛ͢ূݕΔɻূݕʹ͸౰

ϥΠϒϥϦࢉܭϝλ༺ূݕͰ։ൃ͍ͯ͠Δࣨڀݚ akasha

Λ༻͍Δɻakasha Ͱ͸༷࢓Λ Meta Code Segment ड़هʹ

͢ΔͨΊɺCbCͰৗʹਅͱͳΔࣜͱͯ͠ఆٛ͢Δ੺ࠇ໦ͷ

ੑ࣭Ͱ͋Δɺ໦Λϧʔτ͔Β୧ͬͨ࠷ʹࡍ΋௕͍ܦ࿏͸࠷

΋୹͍ܦ࿏ͷߴʑ 2ഒʹऩ·Δ͜ͱΛ CbCͷίʔυͰه

ड़͢Δ (ද 7)ɻ

if (akashaInfo.maxHeight >
2∗akashaInfo.minHeight) {

goto meta(context, ShowTrace);
}

ද 7 ໦ͷ͞ߴͷه༷࢓ड़

ද 7 Ͱఆ͕༷ٛͨ͠࢓ৗʹ੒Γཱ͔ͭɺશͯͷૠೖॱ

ͷ૊Έ߹ΘͤΛྻ͠ڍͳ͕Β֬ೝ͍ͯ͘͠ɻແݶճͷૠ

ೖॱ൪Λ਺্͑͛Δ͜ͱ͸ঢ়ଶͷந৅Խແ͠ʹ͸ෆՄೳ

ͳͷͰɺݶΒΕͨཁૉ਺ͷૠೖΛ͢ূݕΔɻূݕͷର৅Ͱ

͋Δ੺ࠇ໦Λ಺แ͢Δ Meta Data Segment Λఆٛ͠ɺૠ

ೖॱͷྻڍʹඞཁͳσʔλΛ௥ՃͰఆٛ͢Δ (ද 8)ɻূݕ

ʹඞཁͳσʔλʹ͸ૠೖॱͷ਺্͑͛ʹ؀͏࢖ঢ়Ϧετ

Iterator ͱͦͷཁૉ IterElemɺ͏࢖ʹূݕ৘ใΛอ࣋͢

Δ AkashaInfoɺ໦ΛͳͧΔ͏࢖ʹࡍ AkashaNode͕͋Δɻ

ૠೖॱͷ਺্͑͛ʹ͸ਂ͞༏ઌ୳ࡧΛ༻͍Δ͕ɺCbCε

λοΫϑϨʔϜ͕ແ͍ͨΊʹؼ࠶Ͱ͸هड़Ͱ͖ͣɺσʔλ

Δཁૉ͢ূݕΔɻ͢ࡧͷঢ়ଶΛอ࣋ͤ͞ͳ͕Β୳ࠓʹ଄ߏ

Λશͯ࣋ͭ؀ঢ়ϦετΛ࡞੒͠ɺ໦ʹҰ౓ૠೖ͢Δ౓ʹૠ

ೖͨ͠ཁૉΛഉআͨ͠؀ঢ়ϦετΛෳ੡͍ͯ͘͠ɻ؀ঢ়Ϧ
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// Data Segment
union Data {

struct Tree { /∗ ... ∗/ } tree;
struct Node { /∗ ... ∗/ } node;

/∗ for verification ∗/
struct IterElem {

unsigned int val;
struct IterElem∗ next;

} iterElem;
struct Iterator {

struct Tree∗ tree;
struct Iterator∗ previousDepth;
struct IterElem∗ head;
struct IterElem∗ last;
unsigned int iteratedValue;
unsigned long iteratedPointDataNum;
void∗ iteratedPointHeap;

} iterator;
struct AkashaInfo {

unsigned int minHeight;
unsigned int maxHeight;
struct AkashaNode∗ akashaNode;

} akashaInfo;
struct AkashaNode {

unsigned int height;
struct Node∗ node;
struct AkashaNode∗ nextAkashaNode;

} akashaNode;
};

ද 8 akasha ͷ Data Segment

ετʹશͯͷཁૉ͕ແ͘ͳͬͨ࣌ɺ1ͭͷ૊Έ߹ΘͤΛྻ

ɺલͷਂ͞ͷ؀ޙڍͱʹͳΔɻ1ͭͷૠೖॱΛྻͨ͜͠ڍ

ঢ়ϦετΛ͠ݱ࠶ɺ؀ঢ়Ϧετͷઌ಄ΛਐΊΔ͜ͱͰ૊Έ

߹ΘͤͷྻڍΛଓ͚Δɻ

ૠೖॱΛྻͭͭ͠ڍɺ໦ʹཁૉΛૠೖ͢Δ౓ʹද 7ͷ࢓

༷͕੒Γཱ͔ͭ Code Segment Λ࣮֬ͯ͠ߦೝ͢Δɻ࢓

༷ʹ͸໦ͷؚ͕͞ߴ·ΕΔͨΊɺͦͷ஋Λऔಘ͢Δ Meta

Code Segment ͕ඞཁͰ͋Δ (ද 9)ɻ

໦ΛͳͧΔͨΊͷελοΫʹ૬౰͢Δ AkashaNode Λ༻

͍ͯϊʔυΛอ࣋ͭͭ͠ɺ͞ߴΛ֬ೝ͍ͯ͠ΔɻελοΫ

͕ۭͰ͋Ε͹શͯͷϊʔυΛͳͧͬͨͷͰɺ࣍ͷॲཧ΁ͱ

goto͢ΔɻۭͰͳ͚Ε͹ࠓͳ͍ͧͬͯΔϊʔυ͕༿Ͱ͋Δ

͔֬ೝ͢Δɻ༿ͳΒ͹͞ߴΛߋ৽͠ɺελοΫ͔Βϊʔυ

Λ ʹ਎ࣗͯ͠غ1ͭഁ goto͢Δɻ༿Ͱͳ͚Ε͹͞ߴΛ 1

ͭ૿΍͠ͳ͕ΒελοΫʹࠨӈͷڙࢠΛੵΈɺࣗ ਎ʹ goto

͢Δɻ

͜ͷΑ͏ʹɺCode Segment ͷূݕʹඞཁͳ༷࢓΍ॲཧ

͸ Meta Code Segment Ͱهड़͢Δ͜ͱ͕Ͱ͖Δɻakasha

ʹ͓͚ΔϝλࢉܭΛ༻͍ͯɺཁૉ਺ Ͱ೚ҙͷॱͰૠ·ݸ13

ೖΛߦͳͬͯ΋͕༷࢓ຬͨ͞ΕΔ͜ͱΛͨ͠ূݕɻ·ͨɺ

੺ࠇ໦ͷॲཧ಺෦ʹόάΛ௥Ճͨ͠ࡍʹ͸ akasha͸൓ྫ

Λฦͨ͠ɻ

6. CBMC Λ༻͍ͨ੺ࠇ໦ͷূݕ

ಉ༷ʹ੺ࠇ໦ͷ༷࢓Λ C ϞσϧνΣοΧݶͷ༗ޠݴ

code getMinHeight(struct Context∗ context,
struct AkashaNode∗ left,
struct AkashaNode∗ right,
struct AkashaInfo∗ ai) {

const struct AkashaNode∗ an = ai−>akashaNode;

if (an == NULL) {
ai−>akashaNode−>height = 1;
ai−>akashaNode−>node = context−>data[Tree

]−>tree.root;

goto getMaxHeight stub(context);
}

const struct Node∗ n = ai−>akashaNode−>node;
if (n−>left == NULL && n−>right == NULL) {

if (ai−>minHeight > an−>height) {
ai−>minHeight = an−>height;
ai−>akashaNode = an−>nextAkashaNode;
goto getMinHeight stub(context);

}
}

ai−>akashaNode = ai−>akashaNode−>
nextAkashaNode;

if (n−>left != NULL) {
left−>height = an−>height+1;
left−>node = node−>left;
left−>nextAkashaNode = ai−>akashaNode;
ai−>akashaNode = left;

}

if (n−>right != NULL) {
right−>height = an−>height+1;
right−>node = node−>right;
right−>nextAkashaNode = ai−>akashaNode;
ai−>akashaNode = right;

}

goto getMinHeight stub(context);
}

ද 9 ໦ͷ࠷΋௿͍͞ߴΛऔಘ͢Δ Code Segment

CBMC[6] Λ༻͍ͯͨ͠ূݕɻCBMC ͸ ANSI-C Λه߸

ύλʔϯ͕ແ͍͔Λߦͷ൱ఆͱͳΔΑ͏ͳ࣮༷࢓ɺ͠ߦ࣮

ΔπʔϧͰ͋Δɻ͢ূݕ

ൺֱͷͨΊʹશ͘ಉ͡੺ࠇ໦ͷιʔείʔυΛ༻͍ͨ

͍͕ɺCbCͷߏจ͸ Cͱ͸ҟͳΔͨΊʹม͕׵ඞཁͰ͋

ΔɻCbC͸CͱߏͨࣅจΛ࣋ͭͨΊɺ__code Λ void ʹɺ

goto Λ return ʹஔ͢׵Δ͜ͱͰػցతʹ Cޠݴʹม׵

Ͱ͖Δɻ

CBMC ʹ͓͚Δ༷࢓͸ bool Λฦࣜ͢ͱͯ͠هड़͢Δͨ

Ίɺakashaͱಉ༷ͷ༷࢓ఆ͕ٛར༻Ͱ͖Δ (ද 10ɻC Ͱ

͸ݺؼ࠶ͼग़͕͠Ͱ͖ΔͨΊɺ໦ͷ͞ߴ͸ؔؼ࠶਺Ͱ֬

ೝ͍ͯ͠Δɻassert ͕ true ʹͳΔΑ͏ͳ࣮ߦύλʔϯΛ

CBMC ύλʔϯ͕൓ྫͱͯ͠ग़ߦ෇͚Δͱɺͦͷ࣮ݟ͕

ྗ͞ΕΔɻ

ૠೖॱͷ਺্͑͛ʹ͸ CBMCͷػೳʹଘ͢ࡏΔඇܾఆ

తͳ஋ nondet_int() Λ༻͍ͨ (ද 11)ɻ͢ূݕΔ༗ݶͷ

ཁૉ਺ճ෼ɺϥϯμϜͳ஋Λೖྗͤ͞Δ͜ͱͰૠೖॱͷ਺
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void verifySpecification(struct Context∗ context,
struct Tree∗ tree) {

assert(!(maxHeight(tree−>root, 1) >
2∗minHeight(tree−>root, 1)));

return meta(context, EnumerateInputs);
}

ද 10 CBMC ʹ͓͚Δه༷࢓ड़

্͑͛ͱ͢Δɻ

void enumerateInputs(struct Context∗ context,
struct Node∗ node) {

if (context−>loopCount >
LIMIT OF VERIFICATION SIZE) {

return meta(context, Exit);
}

node−>key = nondet int();
node−>value = node−>key;
context−>next = VerifySpecification;
context−>loopCount++;

return meta(context, Put);
}

ද 11 CBMC ʹΑΔૠೖॱͷ਺্͑͛

CBMCͰ͸༗ݶͷεςοϓ਺͚ͩ CޠݴΛ͠ߦ࣮߸هɺ

ͦͷൣғ಺Ͱ͕༷࢓ຬͨ͞ΕΔ͔Λ֬ೝ͢Δɻ৚݅෼ذ΍

ʹ࣌ূݕ໦ࠇΕΔɻ੺͞ߦΓฦ͠ͳͲ͸ల։͞Ε࣮ͯ܁

CBMC͕ѻ্͑ͨݶͰ͋Δ 411 ճ·Ͱల։Λߦͳͬͯ΋

໦ʹόάΛ௥Ճͨ͠ࠇ͸ຬͨ͞Ε͍ͯͨɻ͔͠͠ɺ੺༷࢓

໦Λࠇͷ൓ྫΛಘΒΕͣɺ411ճͷల։Ͱ͸੺༷࢓΋ʹࡍ

ਖ਼͘͠ূݕͰ͖ͳ͍͜ͱ΋෼͔ͬͨɻ

ΑͬͯɺCBMCͰ͸ূݕͰ͖ͳ͍ൣғͷূݕΛ akasha

Ͱߦͳ͑Δ͜ͱ͕֬ೝͰ͖ͨɻ

7. ͷ՝୊ޙࠓͱ࡯ߟ

CbC Ͱهड़ͨ͠ϓϩάϥϜʹର͢Δ༷࢓ͷূݕΛߦͳ

͏͜ͱ͕Ͱ͖ͨɻCode Segmentͱ Data SegmentΛ༻͍

ͯϓϩάϥϛϯά͢Δ͜ͱͰɺূݕ༻ʹίʔυΛม͢ߋΔ

͜ͱͳ͘ূݕΛߦͳ͏͜ͱ͕Ͱ͖ͨɻ

ͷճ਺ૠೖ͞Εݶ໦͕೚ҙͷॱͰ༗ࠇͰ͸੺ূݕճͷࠓ

ͯ΋໦͕όϥϯε͍ͯ͠Δ͜ͱΛ֬ೝͨ͠ɻૠೖॱ͸ਂ͞

༏ઌ୳ࡧͰ૯͋ͨΓͰ୳͍ͯ͠ࡧΔͨΊɺ੺ࠇ໦ͷૢ࡞ʹ

ʹڈআؚ͕·ΕΔͱ্ख͘਺্͑͛ΒΕͳ͍ɻ͜Ε͸ա࡟

୳ͨ͠ࡧ໦ͷܗঢ়ΛهԱ͢Δ͜ͱͰղܾͰ͖Δɻ·ͨɺૠ

ೖΛߦͳͬͨޙͷ໦ͷ͞ߴΛௐ΂ΔͨΊʹຖճ໦ΛͳͧΔ

ͨΊɺ໦ͷཁૉ਺ʹൺྫ͍͔͔͕ͨͯͬؒ࣌͠ࢉܭΔɻ֤

ϊʔυʹ͞ߴ৘ใΛ࣋ͨͤɺ໦ͷૢ࣌࡞ʹϊʔυͷ͞ߴ΋

ΛνΣοΫ͢Δ͜ͱ͕Ͱ͖Δɻ༷࢓ʹ଎ߴ৽͢Δ͜ͱͰߋ

ϊʔυͷ͞ߴ৘ใͦͷ΋ͷͷॲཧ͕ਖ਼͍͔͠ͱ͍ͬͨɺϝ

λࢉܭͷ༷࢓΋͍ͨ͠ূݕɻMeta Code Segment ͸೚ҙ

ͷ Code Segment ʹద༻Ͱ͖ΔͨΊɺ akasha ͦͷ΋ͷͷ

ੑ࣭΋ akasha ͰূݕͰ͖Δͱ͍ͯ͑ߟΔɻՃ͑ͯɺࠓճ

ͷূݕʹ༻͍ͨϝλࢉܭ͸੺ࠇ໦΁ͷσʔλߏ଄ʹґଘ͠

͍ͯΔ෦෼͕ଟ͍ɻϙΠϯλ΁ͷෆਖ਼ΞΫηεݕग़ͱ͍ͬ

ͨ൚༻తͳػূݕೳΛ CBMCͷΑ͏ʹ akasha ʹ΋௥Ճ

͍͖͍ͯͨ͠ɻ
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