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Abstract

Checking desirable specifications of software are important. If it checks actual implemen-
tations, much better.

In this papaer, We propose two verification methods using meta computations which
save original implementations. On the hand method verify specification by enumerate
possible states on programs. We checked red-black tree specification using our meta
computation library named Akasha, which override program executions exhaustively.

On the other hand method veriy programs with proofs. Proposition and proofs have iso-
morphic relation to typed A calculus by Curry-Howard Isomorphism. We define the CbC
type system with subtype for proving ChbC itself. Agda proves properties of translated
CbC programs using proposed subtype definition.
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Continuation based C (CbC) [FSMHRETHAEL TS T BT T I VI FFETHH. OS
PHARAAY 7 h T =T ORAFE ELRE L TWS, CbC 1 CEFED PO SFETH
D, BXUTIFIXCERBEALBOERDD, K0TV T IJITEWETTR Y I L%
k945, CbC i& CodeSegment &IFIXN 5 HA CUEEZEHRL. T o zMMAGLES
T2 TTuaT T LA RENKRT 5, T —XDHLLIE DataSegment & FFIXI 2 B TE
FZ L., TN 5 CodeSegment IZL>TEHL TW Z T I L0EfFE%%5, CbC
DIFLRIZIE llvin/clang 1T & 555 [1] & gee [2] I K BFEELR EVFET 5,

1.1 CodeSegment & DataSegment

AMBETIIMGEEZ TRV T WIS T LADHALE LT CodeSegment & DataSeg-
ment WS T5 7T IVIARANEREL TN D,

CodeSegment IJMID B TH B, ANZEZITID, TUTH U T ZITR > 7218
21247725, £72. CodeSegment 1ZfhdD CodeSegment & flAELE S Z & W AEE
TH b, H5 CodeSegment A % CodeSegment B I[Z##i L7256, A OHJ1IE B DA
hhenns,

DataSegment & CodeSegment 23> 7 — X DHEALTH O, WHIZBE LT — X D34
TA>TW53, CodeSegment D AJ] &7 % DataSegment (& Input DataSegment & FE(E
. 71 Output DataSegment L IFEIX# 5, CodeSegment A & CodeSegment B % #
5t U 72, A @ Output DataSegment I& B @ AJJ Input DataSegment & 725,

1.2 Continuation based C (25175 CodeSegment &

DataSegment

BRHHEANL CbC DY —ZAT—RN%2 VAP LLIZ, V—RAI—FPEFINSHNEN
1.1 1289, Continuation based C (251 % CodeSegment (FiK D % K7z 72\ WBEIE & L
TRIINSB, CodeSegment ZEHET 57-0121F, C SEDHEBZERT LM XDIKRD
EDOBIERFZ __code ¥ —7 — KZ4$5ET %, Input DataSegment (ZBHEDFIH & U TE
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F2IN5, D CodeSegment ~NUH %2 9 ERIZI1E goto F—7 — FDIZ CodeSegment
% & Input DataSegment ZfEET 5, WHOBE 2 REMGE TV, VAN 1.1 HAD
goto csl(a+b); MINIZH7=5, ZDKED (a+b) MIXD CodeSegment TdH 5 csl D
Input DataSegment & 725 cs0 @ Output DataSegment TdH %,

) A b 1.1: CodeSegment D& ki

_code cs0(int a, int b){
goto csi(a+b);

}

_code cs1(int c){
goto cs2(c);

3

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

1.1: CodeSegment Ok

Scheme 72 £ D call/cc &\ o 7zfkfEiE by TV XU S BFEE TOMEZEREEE LT
RT3 5, BERECIXEBOIECHLUAZ Yy 2DRETH S, CbC OBERMGIZIFEO
U RE R 7z Wed, ARy 72 BRELURP SN ZHIT TNV, XoT, VA
F11DOTBT T LTI csO D5 csl NEMEBEL 72RIZ cs0 NRDB Z I TER L,

H D UEMEL ChbC DY —Aa—R%2 YA 1.212, EFFINIHENER1.21TRT,
ZDY—Ad— NIBHOMELZRDS T 5 L ThHb, CodeSegment factorial) Tl
H 23 HE ORI ik 2 W TRERZFE L TW5, Bk I IEBEBIF O H L o
AR ZIFFHEL RV, EHEFOME% DataSegment THRfD Z & THIFEZ &LV — 7L
HETHRSZEeNTE S,

AN 1.2: BEEZRD S CbC 7o 7 A

__code print_factorial(int prod)
printf("factorial = %d\n", prod);
exit (0);

}

__code factorialO(int prod, int x)

{

A XFHE % H W2 Continuation based C DWREETFIE 2
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if (x >=1) {

goto factorialO(prod+*x, x-1);
} else {
goto print_factorial(prod);
}
__code factorial(int x)
{
goto factorialO(1, x);
int main(int argc, char **argv)

{
int i;
i = atoi(argv[1]);

goto factorial(i);

3

goto factorialO

goto factorial

goto factorialO

factorial

main
0

print_
factorial

B 1.2: fEgEZ KOS CbC 717 J L

goto print_factorial

1.3 MetaCodeSegment & MetaDataSegment

TR 7 Leitid T HEE. ATV WEIREOMIZ B ELE U e I NiE e 5 Wi 3
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B0 REGFROVZVEHEEEAI L TAREELIER, T07 I L28ESE5720
IZAREHERSIEIBETH D VIEUIEAROMIL X b L EHER S,

CodeSegment Z W27 027 I I VT ARAINTIEHA L A XEHFEZ 0L Cilikd
%, HEEU-FREEBERE 2R, ARITRVWEZWLEEZ ) —< )b LN)Le L, A XE
BUREAZL NV UT/ =<V LRV EDE EOFEITAET 5, EHER A XS %
T4 77V O0SHPRMETEZ LT, 2—FE /) =NV VRNV OFEDEBIZEFT 2
ZEMNTED, £/, /=N LRLVOTAT T LIIHELRAREEEZEBINT S Z LT,
WHLELR 2y b7 — 7R X2 587005 MR TE S, 5612, /=<)L
IMSEFEA XL RVERHMEINT WSO, A XGFROELLYVFEZL I LHHHETDH
5, BIZIE, MFMELD A ZREFE W=7 07 5 L &2 ERT 5. CPU TS % 17
72D A REFHR L GPU T A X EHEZBREIZIG U TR T 5 Z A TE 5,

B, AREEETTLS CodeSegment X Meta CodeSegment & IFETY, A X FHEIZ &%
%i7% DataSegment 1 Meta DataSegment & FEZ, Meta CodeSegment (& CodeSegment
DHIERIZ A RFAEZHD Z & TEBE X, Meta DataSegment | DataSegment % & &k
ALD DataSegment & UTHBTE 5, Lo T, AXEREILEFEOEEZES £ 5 IZEHE
ZRT 25D EZ NS (K 1.3),
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1.3: Meta CodeSegment & Meta DataSegment
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1.4 Continuation based C IZ 81} 5% X ZEHEDH]: Gear-
sOS

CbC ZHWVWT A ZGFHEEZEBIL 72l & U T, GearsOS [3] BWFIET b, GearsOS (il
FNZ, FEMEEGEFET S I 2HBEELZ0S THD, UL Fa7 CPUX GPU B
BT @EM’F%E?]L%\% ELTW5, BT OS OFFEF & Wi FEER 7 DFELE T b TND
GearsOS 125 1) % A ZEFHREIX Monad [4] Z VT WS, BIEFEEFADRA XEFHEIIAE
Y DEM, jfﬁﬂ WZEEIADG Z & ADYA[EEZR Synchronized Queue, T — X DLRIFFH D IR IE
HRERDD 2,

GearsOS Tid CodeSegment & DataSegment (&% #1% # CodeGear & DataGear &
XN TW5B, ¥IVF a7 CPUEBREBETIE CodeGear & CodeSegment [Z[E—722%, GPU
BB TlE CodeGear 1213 OpenCL [5]/CUDA [6] (Z3B1) % kernel H & £ 5, kernel &
X GPU THETINIEBDOZ L THY, GPU LORXREVIIHES NZT — XBITH L
THiFNZEITES NS, @H GPU TT — X DU ZT4 5581

o T—REALVAEYDS GPUDAE Y ANHEE

o HRIER T % [RIIH CHER

e kernel ®2&H) (GPU A€ Y LD T — &It U CiFIZ ALHR)

o JLHR T % [RIIH CHER

o HHEMERTHET —X% GPU DAEY NS A A VAT AHKE
o HEIEHR T % [RII CHER

VWS FEPBETH D, I—FIFWHE L 2\WT — X DN EREER2ERLULNS 70
T IVITTERENDH D, GearsOS Tl CPU/GPU TOMH A X XGtHE L LT —H
MHBRTZEIZED, CodeGear DNFEFTE NS T /N1 A% DataGear DALIEZ BT 5
BN 70 B,

GearsOS THJfH 9 % Meta DataGear IZIZA RO EDHEEF NS,

e DataGear OEI[EH
e DataGear Z1&iNd % A € DIFHR
e CodeGear D% i & CodeGear DR A v X & DX IngR

e CodeGear "=l % DataGear ~NDKRA V&
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EBEED GearsOS 2B B ATV EMZ G A XA D Meta DataGear D & & Hl %
DA B 1312789, Meta DataGear & Context & WO HETOMERTERINT WS,
HE L)L D DataGear BFEARTER I N TWVWAB D, A XFHEM M 5 /7~ DataGear 1
ZTNETNOREERDOILFKE o TH D, —RRIZI/Z D,

) A B 1.3: GearsOS IZ81F 5 Meta DataGear D %€ ¥

/* Context definition */

#define ALLOCATE_SIZE 1024

enum Code {

Codel,
Code2,
Allocator,

};

enum UniqueData {
Allocate,
Tree,

};

struct Context {
int codelNum;
__code (**xcode) (struct Context *);
void* heap_start;
void* heap;
long dataSize;
int dataNum;
union Data **data;

};

union Data {
struct Tree {
union Data* root;
union Data* current;
union Datax prev;
int result;
} tree;
struct Node {
int key;
int value;
enum Color {
Red,
Black,
} color;
union Datax left;
union Data* right;
} node;
struct Allocate {
long size;
enum Code next;
} allocate;

A XFHE % H W2 Continuation based C DREETFIE 6




BRRZFRZ B Ehiam > (B +) %13 Continuation based C

47‘};

DAR 13DV —A2— R TDO LS IZaLTW5,

e DataGear OI[EH

DataGear |3H&EA %2 HWTEFRT S (Y A b 1.3 27-46 /7)., Tree X Node, Allo-
cate FEIERDS DataGear IZHHXM T 5, A XEHEIZAEED DataGear #49 72DIZ 2T
®D DataGear ZR A AN ENH 5, £ TD DataGear DI EZEET 5 Z & T,
DataGear & —fHIZH S 2 MW TES (VAN 1.326-4717), AEV ZMERT 255
2 Z ORGP ST X2 PET B,

DataGear Z &9 % A € OIFH

AT ) HEBOEMHIL, FHENIZHEEEZ R L 2%, BDEIZL U TEOMEEEZE D 24T
5L THEBTE, TD7=HIZ Context 1FE] D Y THADHEE heap &, D YT
7= DataGear D dataNum % fFD,

CodeGear D% Fi & CodeGear DR A v X & OXFIngk

CodeGear D%41ij & CodeGear DEHEIHR A >~ X DXl enum & BEEHE A > &Iz
Lo THEHAINTWVWS, CodeGear DHHTIE enum (Y A b 1.3 5-91T) TEHES 4,
TUNRAINVRIZIFBBEANEmING, T07 7 LA2KTRHHT % CodeGear 1
code 74 =)V RIZIHEINTEHEY, enum Z2HWTT 7L AT 5, ZOX k% H)
MIZEHT A IR0, EfFRFICHEBL—F VR E2EHT LI A FRIZR 5,

CodeGear 7’289 5 DataGear ~ND KA VX

Meta CodeGear (& Context % 5I#UZHL% CodeGear & UTEZEINTWS, TD
728, Meta CodeGear 7 DataGear O % {# 5 412 1% Context 7*5 DataGear %
O HdmENH D, WO T HEDND S DataGear 1& enum ZHWVTEZRL (Y
A b 1.311-1417). CodeGear % F179 DB data 7+ =)L K HHUD Y,

Meta CodeGear 1ZEF X 1172 Meta DataGear 29 5 CodeGear TH 5B, A E Y

W HUWEO/HELEDLE L WS B Z DA XL X)Lz UpERNL N,

GearsOS IZBWTITREMGED X XER L L TEHINTWS, &H D CodeGear 7

5IRD CodeGear ~ L&k 9 DEITIX, RIZFEITI NS CodeGear DA ZFEET
%, TD#Hi%Z Meta CodeGear DML, X9 5 CodeGear ~ &ML Z 5] S PET (V
A~ 2.7 D meta),

) AN 1.4: @85 D CodeSegment D& kit

1 |__code meta(struct Context* context, enum Code next) {

goto (context->code[next]) (context) ;
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CodeGear & ZHTD M Meta DataGear IZAANI N TE D, /KD OS ® Process
% Thread IZMH% T 5, HATONIGZ N D EZ 72D, Thread T2 IV FEZX S Z
CIZED, BELAALOTOST T L EEFEETESE EEETEDL, ZHIIREEED OS D
Dynamic Loading Libary ¥ Command OO UIZFHY T 5,

Tz, BELANVD CodeGear %5 Meta DataGear Z#ETETCULE S &, 2 —¥N
ARVRVEFEZHBIZEERTETLE W, AXEFHE DML 2RI EL > TLE
2, ZNZFIL7Z0DIZ, CodeGear %479 HBX X Meta DataGear 7 5 2272 DataGear
I EET, ZDXSIZ. Meta DataGear 75 DataGear ZHU D H 9™ Meta CodeGear
% stub &ML, stub OHfZE ) X b 1.51ZmRT,

YA b 1.5 GearsOS (2817 % stub Meta CodeSegment

__code put(struct Context* context,
struct Treex tree,
struct Nodex root,
struct Allocate* allocate)

/x ... %/

{
b

__code put_stub(struct Context* context)

goto put(context,
&context->data[Tree] ->tree,
context->datal[Tree] ->tree.root,
&context—->data[Allocate]->allocate);

stub ¥ Context A3F#> DataGear DR A >~ X data {2 LT enum ZFHWTT 7k A
LTWd, B, BEEFAZVRLVDEIRE ) =<V LNV a o1 S finsy
R—=bFLTWARWZO, 518UZ Meta DataGear TdH % Context DEI N TWBH DY, AE
/) =<V LR TIET Z2ATER,

F 72, GearsOS IZB1F 5 A X5 L U T CodeGear DETIUMMRENDH 5, EHE L )L
D CodeGear 22 W5 &7, ZTOMEEZMIETH2HDTH S, il %D CodeGear
DRk ZEMEET 2 Z 212k, K0 EEMEDEWNOS ZHIET,
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2.1 ETFILME

ETNVRELE. V7 b7 T7ORTOREBIZEWT DI N5 28T 5
DTHD, TOETIVREZITHRIV 7 MY 27 2 ETIVIRESR LR, ETIVITHRE
L, ERRDEZR MRV TE D, MAT, ERZHEZIBRVEETIZY 7 o2 T7HE
DEIWIREBTH - =K ZKT,

E T IV AT Spin [7] X CBMC [8] 7R EDFHET 5,

Spin 1% Promela & IEENB SFETET N ZGd L, ZOHIHwIEA L U TiEkk % Fdik
T 5, awfERIL assert TETIVONERIZHDIA F, WHNIZFETL THZ DOHBED -
INBEDEF Y VTS, £72, Promela Ttk EINZET LS CSiExERKT 52
EMTESD, LU, Promela TR EIN/ZETIIEILD C SEEE 1I0 7 B 5/
ZLTEO, 2—¥hiddd 28L&,

ZZT, ETNVEMEANCGERETICEEZDOEDEMRET ST 70 —F b5, #Hlx
TETNVRER CBMC 13 C 5% BEEMEETE 5, CBMC TH hkIGmEI A Tl X
N, assert LAlAGDLE S, C SEEOETITEFEDETLIIRE LD, LFEITEWVWIE
TEITIND, Tu7 7L EOERFFHSE UTUHEIN, a < b Vo725 fRIT kD
DILIT DN D70 6, ZDRMZ R DIGE DR, KW ORI, L 2iL T
W< DTH 5,

GearsOS (2B 5 ETNMMEN LT 70 —F I CBMC DX D IZERESHEEZ2TDOE M
FECE B EDIZU72\0, ZTD7DIT, assert ZRHU 2O EFR L, TOMRAE, BELS
Ml ZERET AL ARGHARTEE TS, ZOAXGFEEAXREET A7) akasha
& LTHEEL,
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2.2 GearsOS (28T B IERIEREAR

BURD GearsOS IZFHEIEINTWB A XGHHE & U T, IEWIERERIVGFIET 5, JEMIE
HERKII—VVR TR 2R ETIRICHHATEIZ L 2BELTWE, AXFHBEELLTE
F#THILT, /=~ LRURSIIRDONT v A%EEETARNDODEIENTRZ B,

EB\%%ﬁt@:ﬁ%%ﬁ@—@?%b\ﬁ@ﬂiyx%mék®®%%tbf%

R PEROBZRE->TWVWS
63\}“‘??7&0)*# iu?‘t%é

o EDFHDMEITHDMEL /NI W
o HDFFHDMEITHDMEEL D KE W

Mz T, HRERBEDBEALNLREMEIILTFTDOEDTH B,

o %/ — NiZFEMrROMERD,

o L— N/ —FDOBIZETH B,

o /) —FNDOBITIRTH S,

o i/ —RF2DDR/—FE2TFLUTHED (Lo ThH/ — KAH< Z &iEfEW),

o L—b"NOER N/ — RADORKIZEFTFNDIE ) — FORFIEDR L/ —RTH
—ETHh5b,

B % HZ IR ORBEARDHIZ K 2.1 1TRT, FMFEIRINTWEED, Lb—F/—FK
H%T%D\%/—F@EﬁbfwﬁwoMKT%%T&/—FA®ﬁ%K§iM6%

— FOEEIEET2TH 5,

fgﬁ@ﬁ’)%ﬁ:%mb\ SZBDIE5, TRZIV— N6l 72BRICERS BEWRKIT &
HEHEVREOE 2 fHIZNE S| EEERX D, ZOSWRZIT TR Z&idn] &
WIHEME V= IS FUADREBOR ) — NZEDHE M/ —RKTHERUL] THD
ZEeoEITS, BARKIZIE, BREREIZ TROADRE] TH O, mEREIT THE R
DEHIZH SR b, ZO5&MEE2EVWEZHEZMARE U, BRIFLTWL,
GearsOS TEEINTVWERERITIFHZIEMIERERTH D, —EHEEL - REE X
WX NBEBEZ L IZH UWAEENER I NS, JEEOME 2 M5 U-HEHE LT,
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Wi FEFTRED T — X DRAFEN D 5, FHUFREARZT Y 7T ITHFICER L Z5E, / —
N OMEIZETIEICERIEL 20, Bia L7035, L, By 227> TEHFLEZEE
R ARICHT 2L ELERKEL., 2RONMFIENR TS, ZOREIZN L
GearsOS TlE, &ALV v FIFWH 2177 5 BRIZIZIEBIEO R Z RIS 5 Z & TliFEIX
e, HOEFDFHETIROARET IV IV RBECEESHZ 52 & Tith & [\l
%, BARPNZIIROBIEZITIR 5 728&1FV— b D) — RZ5GIZ CAS TEEHZ, KL
RHIARZ FEAAAE L TUELZ FHE T 5, CAS(Check and Set) &1, 7 h I v I
E2ESHALSBETHO. O BRITERATOME L EHEOMEZIE T, CAS TEINE
BEHETOMA, REFEL TV AL L THNIFEA L TWIRW D ITEDEH IR L,
RIRDGEFMIIFBZIAADRD 572 L2 RTZOIHEOHEHP LB T 28/EOZ & T
bH5,

FEMIRAR BARDFEIL D EARWRHERIG X, ZH U2\ — FADIL— b J — K95 O
EETHHL, BHERBRIIHZBILV—F/ —NET5, ZOBRIZEEMTRDODN TRV
SIFEEFHOARE EEGT S (H2.2), TNIF—ERHESNZAREEIIREI N NE VWD
JEREDOME 2 W= XA ) HHEOREILTH 5,

CbC ZFHWTHREARZEL T IROMEE UT, BBOIFECH LA Xy 7 B FEL R
WIENHB, CIZBITHEETIIRMOBERITFOE UIZ L o TRBWS A, £ 778
ZIE\0N, R ZRD 72D,/ — FIZEANDOZIR 2 {72850 ffAXHIFROBRIZMW -
R AR T DM END B, / — RBBADOSIE % FFDIEMIEAR G I3 L@ oA
PTRZIRNT-0, R E R T 2 AEEZME S, BEEOFRICIEAZ Yy Z72HW, A&y
27 1% Meta DataSegment (Zf£FF3 5,

TREARZ AN 5 DataSegment & Meta DataSegment DEFHEZ Y A b 2.1 1R, &
HEDEERIZH WS AKX Y 71 Meta DataSegment T#H % Context WD node_stack T
» 5, DataSegment 1Z5 / — NIFHZ D Node fi&Ak L, REARZIEMNT 5 Tree HiiE
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K, AT ETEEFT O R K ZKINT 5 Traverse LKL EDH 5,

YA D 2.1: REARD DataSegment & Meta DataSegment

// DataSegments for Red-Black Tree
union Data {

© 00 O U W N~

W W W W W NDNDDNINDINNDNNINLNWHE = H 22
W= O © 00 T kW FE O OO0 O otk W= O

struct Comparable { // interface
enum Code compare;
union Datax data;

} compare;

struct Count {
enum Code next;
long 1i;

} count;

struct Tree {
enum Code next;
struct Node* root;
struct Node*x current;
struct Node*x deleted;
int result;

} tree;

struct Node {
// need to tree
enum Code next;
int key; // comparable data segment
int value;
struct Nodex left;
struct Nodex right;
// need to balancing
enum Color {

Red,
Black,

} color;

} node;

struct Allocate {
enum Code next;
long size;

} allocate;

A XFHE % H W2 Continuation based C DREETFIE
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// Meta DataSegment
struct Context {
enum Code next;
int codelNum;
__code (**xcode) (struct Contextx*);
void* heapStart;
void* heap;
long heapLimit;
int dataNum;
stack_ptr code_stack;
stack_ptr node_stack;
union Data **data;

};

Meta DataSegment % #JH#i{t.9~% Meta CodeSegment initLLRBContext % ) A k 2.21Z
RY, 2D Meta CodeSegment TlE A €V FHIEDOMER, CodeSegment % & CodeSegment
DFERDIIGRDIER 7R E 272D, ATV HRIE T 0T LDOEERZ —EBDAEY
ZHER L, B —7 & LT heap 7 4 —)V FIZfRKTE 5, CodeSegment £ & CodeSegment
DFERE DXL, enum THREFE S N7z CodeSegment £ DIRT- N & CodeSegment DR
BRA VR ERATEILITL0ED, HlZIE Put DFERIL put_stub TH S, fHiZH
DataSegment O#HL (U A b 2.2 34-48) & 2 X v 7 DAL (V A b+ 2.2 50-51) 247725,

DA 2.2 FREARD Meta DataSegment DFJHA{LZ 17725 Meta CodeSegment

__code initLLRBContext(struct Context* context, int num) {
context->heapLimit = sizeof (union Data)*ALLOCATE_SIZE;
context->code = malloc(sizeof (__code*)*ALLOCATE_SIZE) ;
context->data = malloc(sizeof (union Datax)*ALLOCATE_SIZE);
context->heapStart = malloc(context->heapLimit);

context->codeNum = Exit;

context->code [Replace]
context->code[Insert]
context->code [Rotatel] rotatelLeft_stub;
context->code [RotateR] rotateRight_stub;
context->code[InsertCasel] = insertl_stub;
context->code[InsertCase?2] insert2_stub;
context->code[InsertCase3] insert3_stub;

replaceNode_stub;
insertNode_stub;

context->code[Codel] = codel_stub;
context->code[Code?2] = code2_stub;
context->code[Code3] = code3_stub;
context->code[Code4] = code4;
context—->code[Codeb5] = code5;
context—->code[Find] = find;
context—->code[Not_find] = not_find;
context->code [Code6] = codeb;
context->code [Put] = put_stub;
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context->code[InsertCase4]
context->code[InsertCase4d_1]
context->code[InsertCase4d_2]
context->code[InsertCase5] insert5_stub;
context—->code[StackClear] stackClear_stub;
context->code[Exit] = exit_code;

insert4_stub;
insert4_1_stub;
insert4_2_stub;

context->heap = context->heapStart;

context->datal[Allocate] = context->heap;
context->heap += sizeof(struct Allocate);

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

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

context->dataNum = Node;

struct Treex tree = &context->datal[Tree] ->tree;
tree->root = 0;

tree->current
tree->deleted

0;
0;

stack_init(sizeof (struct Nodex), 100);
stack_init(sizeof (enum Code), 100);

context->node_stack
context->code_stack

EEROBRBEROEREIZHN SN T WS Meta CodeSegment D—lZ Y A+ 2.31Z/R7,
Meta CodeSegment insertCase2 (FHFE % i A L7255 12X 5 Meta CodeSegment
D—=DTHH, B/ —NOEIZI o TUEELER S, £T. EHERT 27-DICRKEKE
FRLUTWARAR Y IO BOEHREZID 13, BOG»ERSITWHEZHKT L, XD
CodeSegment ~ & #EEHkfEd 5 (U A b 2.3 5-8), BOBMRTHE%256I1XE o IT0H%E
%17 U T InsertCase3 N W EMGET 5, Z I T, RKERZHHTA72ODIZAX Y I
EEEBERAL T OREMGE 21T > TV, b, Meta CodeSegment TH Context
H & DataSegment % R 5 MWHLIL stub IZ & > TiTRbN B (U A b 2.3 14-16),

JADN 2.3 RERDFEEIZHWSNT WS Meta CodeSegment 4l

__code insertCase2(struct Context* context, struct Nodex 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);

A XFHE % H W2 Continuation based C DWREETFIE 14
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__code insert2_stub(struct Context* context) {
goto insertCase2(context, context->data[Tree]->tree.current);
}

= W N =

2.3 XAXHBE T A 77 akasha ZHW\W=HRERKDERZLZLD
MG

HREARDHEDERE L T OMER%EZ CbC T > TWL, HRRIZIZRBEAROR A G
ElZE 2TV ONRDEDNREZ5NE, HRERKIIHTLEMEDMLRE, ZDEEIZX -
THRIFEINDEREFRBERDIREZRTEUTFTDOLS L5,

o HALLET—RIIZTEALZ L
o HIRLZ=T —RIZIBHETE W &
o HAZEHLUZBIIEHFINLMENRZBINE Z &

o HMERITIRSTZHBDORIINT VAL TWVWEZ L

SIENENT BT S AR T 5, BIEZHAICREL, £ X5 RIHFE TER
ZIHALUTHRPNT VAT L L ZMREES S, MEEIZIXYWIEETHREL TWD A X
W74 77V akasha Z 5,

akasha TIXAERRIZF T D L DONE CbC DRMARNE U TEEI NS, BARMIZIX Meta
CodeSegment (ZEF U 7z assert DMIBRIZHY T 5, (ERRDAIE LT ITRZILV— 2 oil>
7B d RDWR IR S FLOVERREE D E 4 24512 E 51 L WS X2 EE TS (VA b 2.4),

DA R 2.4: KOESIZET 5 Hfkidid

void verifySpecification(struct Context* context, struct Tree* tree) {
assert (! (maxHeight (tree->root, 1) > 2*minHeight (tree->root, 1)));
return meta(context, Enumeratelnputs);

}

VAL 24 TEBLUMABRD T B Z AORDETOREICK D IO 2 RS 5, X
Too RO SML7Z IR WG EITIFARRIC K T 2R Z )l L U THRINT 5,

FIIEE EMAMGEE U CEERZEARICEE L, ZOMAEREZHZ LIP3, &
2. MEEDOXNRE BB RERE, MEEICHEZ DataSegment % & & Meta DataSegment
ZEHET D (VAD25), Z1h akasha DL X)L THHIHT 5 Meta DataSegment Td 5,
HRERABRIEZI-FNORE L AR VURUGETH B0, SHIEEDERKEDKREET 5 7=
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O, FRERAN ) —< NV eind, XoTakasha lZFAZXAZLVRN)VDFHELEEZS
N5,

akasha 73 5 DataSegment (£ 7 — X OFfi ANHZ A L2 72213 f# 5 Bk Y 2 b
Iterator & ZDHE IterElem. MGEIZ(E S HH % £FF 9 5 Akashalnfo, K% 7L F B
IZ{f 5 AkashaNode 7°H %,

YA N 2.5 MEEZ1T78 D 728 D Meta DataSegment

// Data Segment
union Data {
struct Tree { /* ... %/ } tree;
struct Node { /* ... */ } node;
/* for verification */
struct IterElem {
unsigned int val;
struct IterElem* next;
} iterElem;
struct Iterator {
struct Treex tree;
struct Iterator* previousDepth;
struct IterElem* head;
struct IterElem* last;
unsigned int iteratedValue;
unsigned long iteratedPointDataNum;
void* iteratedPointHeap;
} iterator;
struct AkashalInfo {
unsigned int minHeight;
unsigned int maxHeight;
struct AkashaNodex akashaNode;
} akashalnfo;
struct AkashaNode {
unsigned int height;
struct Nodex node;
struct AkashaNode* nextAkashaNode;
} akashaNode;
};

fRANER DA EIFITIZERRY A N 2HWZEIEBLRERE WS, OIS 5
HRE2RTRHOBERY A M EZER L. RITHAUZEREZREZASERY A 2 EHL
TWL, BRRY A MDPEIZ R P HAGDLEEZ —DHE LKA REL 25, §IZ
UM Z 7=, BTOHESDERY AN 2HELUTY A MDRFEHEZED D Z & TERLLMAL
bEEHFET 5,

ERRIZIFARDEEINEENZ DT, &S ZHFT 5 Meta CodeSegment DAHE L 725,
UAD 26 IZRDERBEWRERDOES ZHE T 5 Meta CodeSegment % /"9,

AREWBTZODAZR Y Z7IZHHY T % AkshaNode Z W TR ZRFFL DD, &3 2Hf
BLTWB, AZXY IWRETHNIEETD ) — R2HER L 7D TIRD CodeSegment &
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DG 2 TR, ZTRIFNIESW-S>TWE ) — RDRETH AR L, B o ITEX
ZHEHLUCIRD ) — RZ2MERT 520N BREMGE TS, ETRITNEEHI 2 1P
ULCTEADFZ ARy ZIZEA, BHENLBREMRGEEZITRD,

UAR 2.6 KOERHEMNREDE X 21T 5 Meta CodeSegment

__code getMinHeight_stub(struct Context* context) {
goto getMinHeight (context, &context->datal[Allocate]->allocate, &
context->data[AkashaInfo] ->akashalInfo);

3

__code getMinHeight(struct Context* context, struct Allocatex allocate,
struct Akashalnfox* akashalnfo) {
const struct AkashaNodex akashaNode = akashalnfo->akashaNode;

if (akashaNode == NULL) {
allocate->size = sizeof (struct AkashaNode);
allocator(context) ;
akashalInfo->akashaNode = (struct AkashaNodex*)context->datal
context->datalNum] ;

1 .

akashalnfo->akashaNode->height ;
context->data[Tree] ->tree.root;

akashaInfo->akashaNode->node

goto getMaxHeight_stub(context);

const struct Nodex node = akashalnfo->akashaNode->node;
if (node->left == NULL && node->right == NULL) {
if (akashaInfo->minHeight > akashaNode->height) {
akashalInfo->minHeight = akashaNode->height;
akashaInfo->akashaNode = akashaNode->nextAkashalNode;
goto getMinHeight_stub(context) ;

b

akashaInfo->akashaNode = akashalInfo->akashaNode->nextAkashaNode;

if (node->left != NULL) {
allocate->size = sizeof (struct AkashaNode);
allocator(context) ;
struct AkashaNodex left = (struct AkashaNodex)context->datal
context->datalNum] ;

left->height akashaNode->height+1;

left->node = node->left;
left->nextAkashaNode = akashaInfo->akashalNode;
akashaInfo->akashaNode = left;

b

if (node->right != NULL) {
allocate->size = sizeof (struct AkashaNode);
allocator(context) ;
struct AkashaNode* right = (struct AkashaNodex)context->datal

A XFHE % H W2 Continuation based C DREETFIE 17
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context->dataNum] ;
right->height
right->node
right->nextAkashaNode
akashaInfo->akashaNode

akashaNode->height+1;
node->right;
akashaInfo->akashaNode;
right;

+

goto getMinHeight_stub(context);

FRRICREmWEI Z2HEL, IR THD Y A b 24D assert 2l ADEIZFEITT 5,
assert 1& CodeSegment DFEHZITIRD A RFHETH S meta # LHEESTHILITEDE
Wi 5,

meta (Y A b 2.3 D insertCase2 D & 5 I[TEEEMEZ 1772 5 BRIZ CodeSegment 44 &
DataSegment Zf8E€ T 5HDTH D, MALZITRDLVETE D meta DFEHIE CodeSeg-
ment #4705 X BT D EEANDBEMGETH S (VAN 2.7),

YA 2.7 @D CodeSegment D& ki

__code meta(struct Context* context, enum Code next) {
goto (context->code[next]) (context);

IN%E, BEEZ21T%S XD IZEEHT S Z & T insertCase2 & \W\Wo 7R EARDELED
I—RZ2BETEIERAMIEZITRD ZENTE S, MELEZITRWVAD SR EMkGE T
% meta [FVAF28DEDITERIND, HEEDOMGEEL 71X PutAndGoToNextDepth D
BT b NS 720, BEIFHRINTVARY, 20 meta M7 D DIIMGEHIZ A E Y
DEHTH S, REOZ BT 2T 5BITREBEZ AT LD, STDREBIZE T T
B, TOARFEEHWZBREETIE, EREH 13 TOEEDIETHADEIZ
PRONi 723 N5 Z L 2 MR T E /2, T/, REROHPNERIZ KRR RN 7 2B U 72 B
WZIE R 2R U 7z,

DA 2.8 MEEZ1T72 5 CodeSegment D&k

__code meta(struct Context* context, enum Code next) {
struct Iterator* iter = &context->datal[lter]->iterator;

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

unsigned int diff =(unsigned long)context->heap - (unsigned
long)iter->iteratedPointHeap;
memset (iter->iteratedPointHeap, 0, diff);
context->dataNum = iter->iteratedPointDataNum;
context->heap = iter->iteratedPointHeap;
break;
default:

A XFHE % H W2 Continuation based C DWREETFIE 18
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break;

switch (next) {
case PutAndGoToNextDepth: // with assert check

if (context->prev == GoToPreviousDepth) break;
if (iter->previousDepth == NULL) break;
iter->previousDepth->iteratedPointDataNum = context->dataNum;
iter->previousDepth->iteratedPointHeap = context->heap;
break;

default:
break;

b

context->prev = next,
goto (context->code[next]) (context);

2.4 ETFILVHEZ CBMC & D Hig

akasha DIENG L LT, CEFHEDAMRETIVF = v CBMC [?7] 2 HWTHREAR%E
MREEL 72, CBMC & ANSI-C Zal 53T U, (RO ERE L7025 & 5 RETNR — VM
WA EREES 5 —ILTh 5,

BB OOz A URBROY =23 = F2HWZWA, CbC DRESUTEEIZIE C
IR D 7-DIZEBPIRBETH S, BRI,
IZEHT 5 Z & TN C SEEICERT E 5,

CBMC 128 1F B2 Lk bool 283 N& U TElikd 5728, akasha & [FAERDLHRE F
DHATES (VA 29, assert D true 12785 & 5 REIT/NX — % CBMC W REAHT
LY, FOEGNREZ=—UREHlIE LTHODE NS,

code % void (I, goto % return

) Z b 2.9: CBMC (281} 5 kkEdR

void verifySpecification(struct Context* context,
struct Treex tree) {
assert (! (maxHeight (tree->root, 1) >
2xminHeight (tree->root, 1)));
return meta(context, Enumeratelnputs);
}

fHEANEDEZ EF1Z1Z CBMC OBEEEIZFAE T 5 FEPEM 72{H nondet_int () % W7z
(VA B 210)s Z® nondet_int() BIHUZ int DFFH 5 BEDN D & FEIRIE I % HifF
THEBTH B, akasha TIXEROELZE D DMAELEZHWTHAIEOEZ LT &
U7zH, CBMC TIRERBE D727V XL AN E5 2 THA BT LT3,

) AN 2.10: CBMC 2B 3 AIEOEZ FIS
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void enumeratelnputs(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);

CBMC TIFERDOAT Y 7872 C SEZFSET L. T OHPFHN TRz S
L0 EMERT B, FMEDBERHEOIRLZEIIRBASINTHEITINS, EARKIZITAEY
DHFTIROEAZITHRD ZLNTE S0, SHEOFREROMGETIX 411 B X TRIET 5 Z
EMTE, ZDA1LED D B DEFTNATIIRBAROMARRIXEICH-ZE NS, L.
ORI NEEIIFEA I N B L IXEERTH D, EREOREMRIET 5 Z &8 T
S PHERTE R, FERE, RERKICRENZR NS 2B U 72 B2 B RO K435 5 1
3. CBMC THA 2 HFAN TIEAREAROWEIIMEET & e o 72,

& o T, CBMC TIIMEET & 72 W #HiPH OMGEE % akasha TITR A5 Z & WERTE /=,
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AEHCHNUZEL D B 72 Agda DEMEST HY —Aa2— KZ2RT,

A-1 ERRLDEFE
DA A11IZ Agda ETEFE L7 CbC OEHIDEHE KT,

JA B Al Agda ETEZE L 72 CbC OIS EDEF (subtype.agda)

open import Level
open import Relation.Binary.PropositionalEquality

module subtype {1 : Level} (Context : Set 1) where

record DataSegment {11 : Level} (A : Set 11) : Set (1 ~"e2778a""94 11)
where
field
get : Context -> A
set : Context -> A -> Context
open DataSegment

data CodeSegment {11 12 : Level} (A : Set 11) (B : Set 12) : Set (1 ~""e2
"7"8a""94 11 ""e27°78a""94 12) where
cs : {{_ : DataSegment A}} {{_ : DataSegment B}} -> (A -> B) ->
CodeSegment A B

goto : {11 12 : Level} {I : Set 11} {0 : Set 12} -> CodeSegment I 0 -> I
-> 0
goto (cs b) i =b i

exec : {11 12 : Level} {I : Set 11} {0 : Set 12} {{_ : DataSegment I}} {{
_ : DataSegment 0}}
-> CodeSegment I 0 -> Context -> Context
exec {1} {{i}} {{o}} (cs b) c = set o c (b (get i c))

comp : {con : Context} -> {11 12 13 14 : Level}
{A : Set 11} {B : Set 12} {C : Set 13} {D : Set 14}
{{_ : DataSegment A}} {{_ : DataSegment B}} {{_ : DataSegment C}}
{{_ : DataSegment D}}
-> (C->D) > (A ->B) >A->0D
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comg {con} {{i}} {{io}} {{oi}} {{o}} g f x = g (get oi (set io con (f x))

csComp : {con : Context} -> {11 12 13 14 : Level}
{A : Set 11} {B : Set 12} {C : Set 13} {D : Set 14}
{{_ : DataSegment A}} {{_ : DataSegment B}} {{_ : DataSegment C
> {{_ : DataSegment D}}
-> CodeSegment C D -> CodeSegment A B -> CodeSegment A D
csComp {con} {A} {B} {C} {D} {{da}} {{db}} {{dc}} {{dd}} (cs g) (cs £)
= cs {{da}} {{dd}} (comp {con} {{da}} {{db}} {{dc}} {{dd}} g £)

comp-associative : {A B CDEF : Set 1} {con : Context}

{{da : DataSegment A}} {{db : DataSegment B}} {{dc :
DataSegment C}}

{{dd : DataSegment D}} {{de : DataSegment E}} {{df :
DataSegment F}}

-> (a : CodeSegment A B) (b : CodeSegment C D) (c :
CodeSegment E F)

-> csComp {con} ¢ (csComp {con} b a) =

csComp {con} (csComp {con} c b)

a
44 |comp—assoclative (cs _ Ccs _ cs _) = re
| comp iative (cs ) (cs _) (cs ) = refl

0 O Uk W N

I e e e e
O © 00 O Uik W= OO

A-2 ) —< )NV R)VEHEDOFEST

27HiTHLD B2 — AT —=FKREY AN A2IZRT, CbCDIA—FRIZEVWEDITS &
212 A gda £ Data.Nat % Int & WD HKETIZEEL TW5S,

VAN A2 /=< U NVEEBIDERLY — A 3 — | (atton-master-sample.agda)

module atton-master—-sample where

open import Data.Nat
open import Data.Unit
open import Function
Int = N

record Context : Set where
field
a : Int
b : Int
c : Int

open import subtype Context

record dsO : Set where
field
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a Int
b Int
record dsl : Set where
field
c : Int
instance

_ : DataSegment dsO
= record { set

; get

B’
: DataSegment dsl
record { set
; get

(\c d — record c {a =
(\¢ = record { a

(\¢ 4 — record c {c
(\¢c — record { ¢ =

cs2 : CodeSegment dsl dsl
cs2 = cs 1id

csl : CodeSegment dsl dsl
csl = cs (\d — goto cs2 d)

cs0 : CodeSegment ds0O dsl

(ds0.a d) ; b = (ds0.b d)})

(Context.a c) ; b = (Context.b

(dst.c d)})
(Context.c c)})}

csO = cs (\d — goto csl (record {c = (dsO.a d) + (dsO0.b d)}))

main : dsi
main = goto csO (record {a = 100 ; b = 50})

A-3 AR VUN)VEEDET

PPEITCHND B Y 23— FE YA A3ITRT,

DA DN A3 ARVAVERBFIDOFES72Y — A T — N (atton-master-meta-sample.agda)

module atton-master-meta-sample where

open import Data.Nat
open import Data.Unit
open import Function
Int = N
record Context : Set where
field

a : Int

b : Int

c : Int

open import subtype Context as N

record Meta : Set where
field
context : Context

A XFHE % H W2 Continuation based C DWREETFIE

28




19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35

36
37

38
39
40
41

42

43
44
45

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66

BRER KRB AL (B ) A V—2Ra-F—-K

c’ : Int
next : N.CodeSegment Context Context

open import subtype Meta as M

instance

_ : N.DataSegment Context
record { get id ; set = (\_ ¢c — ¢) }
M.DataSegment Context
record { get = (\m — Meta.context m) ;

set = (\m ¢ — record m {context = c}) }

: M.DataSegment Meta
record { get = id ; set = (\_m — m) }

liftContext : {X Y : Set} {{_ : N.DataSegment X}} {{_ : N.DataSegment Y}}
— N.CodeSegment X Y — N.CodeSegment Context Context
liftContext {{x}} {{y}} (N.cs f) = N.cs (\c — N.DataSegment.set y c (f (
N.DataSegment.get x c)))

liftMeta : {X Y : Set} {{_ : M.DataSegment X}} {{_ : M.DataSegment Y}}
— N.CodeSegment X Y — M.CodeSegment X Y
liftMeta (N.cs f) = M.cs f

gotoMeta : {I 0 : Set} {{_ : N.DataSegment I}} {{_ : N.DataSegment 0}}
— M.CodeSegment Meta Meta — N.CodeSegment I 0 — Meta — Meta
gotoMeta mCode code m = M.exec mCode (record m {next = (liftContext code)

b

push : M.CodeSegment Meta Meta
push = M.cs (\m — M.exec (liftMeta (Meta.next m)) (record m {c’ =
Context.c (Meta.context m)}))

record dsO : Set where

field
a : Int
b : Int
record dsl : Set where
field
c : Int
instance

_ : N.DataSegment dsO
= record { set (\¢c d — record c {a = (ds0.a d) ; b = (ds0.b d)})

; get (\¢ =& record { a = (Context.a c) ; b = (Context.b
B}

: N.DataSegment dsl
record { set = (\c d — record c {c = (dsi.c d)})
; get = (\¢c =& record { c = (Context.c c)})}

cs2 : N.CodeSegment dsl dsl
cs2 = N.cs id
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csl : N.CodeSegment dsl dsi
csl = N.cs (\d — N.goto cs2 d)

csO0 : N.CodeSegment dsO dsi
csO = N.cs (\d = N.goto csl (record {c = (dsO.a d) + (dsO.b d)}))

main : Meta

main = gotoMeta push csO (record {context = (record {a = 100 ; b = 50 ; c
=70}) ; ¢’ =0 ; next = (N.cs id)})

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

A-4 Agda %#H\ 7z Continuation based C DIRAE
2?7/iTEL Y B2V — A= RKELAUTFIZRT,

U A B A4 Agda ZH\W7z Continuation based C OMRGEE 2 — K (SingleLinkedStack.chc)

#include "../context.h"
#include "../origin_cs.h"
#include <stdio.h>

// typedef struct SingleLinkedStack {
// struct Element* top;
// } SingleLinkedStack;

Stack* createSingleLinkedStack(struct Context* context) {
struct Stack* stack = new Stack();
struct SingleLinkedStack* singleLinkedStack = new SingleLinkedStack()
stack->stack = (union Datax)singleLinkedStack;
singleLinkedStack->top = NULL;
stack->push = C_pushSinglelLinkedStack;
stack->pop C_popSinglelLinkedStack;
stack->pop2 = C_pop2SinglelinkedStack;
stack->get C_getSinglelLinkedStack;
stack->get2 = C_get2SinglelinkedStack;
stack->isEmpty = C_isEmptySingleLinkedStack;
stack->clear = C_clearSingleLinkedStack;
return stack;

}

void printStackl(union Datax data) {
struct Node* node = &data->Element.data->Node;
if (node == NULL) {
printf ("NULL") ;
} else {
printf("key = %d ,", node->key);
printStackl((union Datax)data->Element.next);
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void printStack(union Data* data) {
printStackl(data);
printf("\n");

__code clearSingleLinkedStack(struct SingleLinkedStack* stack,__code next

(..0) A
stack->top = NULL;
goto next(...);

) ——

// TODO
__code pushSinglelLinkedStack(struct SingleLinkedStack* stack,union Datax
data, __code next(...)) {
Element* element = new Element();
element->next = stack->top;
element->data = data;
stack->top = element;
goto next(...);

3

__code popSingleLinkedStack(struct SingleLinkedStack* stack
union Datax* data, ...)) {
if (stack->top) {
data = stack->top->data;
stack->top = stack->top—>next;

code next(

b —_—

} else {
data = NULL;
}
goto next(data, ...);

}

__code pop2SingleLinkedStack(struct SingleLinkedStack* stack
(union Data* data, union Datax datal, ...)) {
if (stack->top) {
data = stack->top->data;
stack->top = stack->top—>next;
} else {
data = NULL;
by

if (stack->top) {
datal = stack->top->data;
stack->top = stack->top—>next;
} else {
datal = NULL;
}

goto next(data, datal, ...);

code next

b —
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__code getSingleLinkedStack(struct SingleLinkedStack* stack, __code next(
union Datax* data, ...)) {
if (stack->top)
data = stack->top->data;
else
data = NULL;
goto next(data, ...);
}

__code get2SingleLinkedStack(struct SingleLinkedStack* stack
(union Data* data, union Datax* datal, ...)) {
if (stack->top) {
data = stack->top->data;
if (stack->top—->next) {
datal = stack->top—>next->data;
} else {
datal = NULL;
}

} else {
data = NULL;
datal = NULL;

code next

b _—

}
goto next(data, datal, ...);

3

__code isEmptySingleLinkedStack(struct SingleLinkedStack* stack
next(...), __code whenEmpty(...)) {
if (stack->top)
goto next(...);
else
goto whenEmpty(...);

code

3 —_—

YA+ A5 Agda ZH\ 7z Continuation based C D#REE 2 — K (stack-subtype.agda)

open import Level hiding (1lift)
open import Data.Maybe

open import Data.Product

open import Data.Nat hiding (suc)
open import Function

module stack-subtype (A : Set) where
-- data definitions

data Element (a : Set) : Set where
cons : a — Maybe (Element a) — Element a

datum : {a : Set} — Element a — a
datum (cons a _) = a

next : {a : Set} — Element a — Maybe (Element a)
next (cons _ n) =n
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record SingleLinkedStack (a : Set) : Set where
field
top : Maybe (Element a)
open SinglelinkedStack

record Context : Set where
field
-- fields for concrete data segments
n : N
-- fields for stack
element : Maybe A

open import subtype Context as N

instance
ContextIsDataSegment : N.DataSegment Context
ContextIsDataSegment = record {get = (\c —+ ¢c) ; set = (\_ ¢ — ¢c)}

record Meta : Setl where
field
-—- context as set of data segments
context : Context
stack : SinglelLinkedStack A
nextCS : N.CodeSegment Context Context

open import subtype Meta as M

instance
MetaIncludeContext : M.DataSegment Context
MetaIncludeContext = record { get = Meta.context
; set = (\m ¢ — record m {context = c}) }
MetalsMetaDataSegment : M.DataSegment Meta
MetaIsMetaDataSegment = record { get = (\m — m) ; set = (\_m — m) }

liftMeta : {X Y : Set} {{_ : M.DataSegment X}} {{_ : M.DataSegment Y}}
— N.CodeSegment X Y — M.CodeSegment X Y
liftMeta (N.cs f) = M.cs f

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

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

-- definition based from Gears(209:5708390a9d88) src/parallel_execution
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emptySingleLinkedStack : SingleLinkedStack A
emptySingleLinkedStack = record {top = nothing}

pushSinglelLinkedStack : Meta — Meta
pushSi%gleLinkedStack m = M.exec (liftMeta n) (record m {stack = (push s
e) })
where
n = Meta.nextCS m
s = Meta.stack m
e = Context.element (Meta.context m)
push : SingleLinkedStack A — Maybe A — SinglelLinkedStack A
push s nothing s
push s (just x) = record {top = just (cons x (top s))}

popSingleLinkedStack : Meta — Meta
popSingleLinkedStack m = M.exec (liftMeta n) (record m {stack = (st m) ;
context = record con {element = (elem m)1}})

where
n = Meta.nextCS m
con = Meta.context m

elem : Meta — Maybe A

elem record {stack = record { top
elem record {stack = record { top
st : Meta — SingleLinkedStack A
st record {stack = record { top = (just (cons _ s)) }}
= s}

st record {stack = record { top = nothing 3
= nothing}

(just (cons x _)) }}
nothing 1}

just x
nothing

record {top

record {top

pushSinglelLinkedStackCS : M.CodeSegment Meta Meta
pushSingleLinkedStackCS = M.cs pushSingleLinkedStack

popSinglelLinkedStackCS : M.CodeSegment Meta Meta
popSingleLinkedStackCS = M.cs popSinglelLinkedStack

-- for sample

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

firstMeta : Meta

firstMeta = record { context = firstContext
; stack = emptySingleLinkedStack
; nextCS = (N.cs (\m — m))
}
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A-5 AR v 7 DEEOKEE
PP TCHLY BT Y — A3 —FREY AN AGIZRT,

DA N A6 ARy 7 DEEDMGEET — K (stack-subtype-sample.agda)

module stack-subtype-sample where

open import Level renaming (suc to S ; zero to 0)
open import Function

open import Data.Nat

open import Data.Maybe

open import Relation.Binary.PropositionalEquality

open import stack-subtype N
open import subtype Context as N
open import subtype Meta as M

record Num : Set where
field
num : N

instance
NumIsNormalDataSegment : N.DataSegment Num

NumIsNormalDataSegment = record { get = (\c¢c — record { num = Context.n

cH)

; set = (\¢c n — record ¢ {n = Num.num

n})}
NumIsMetaDataSegment : M.DataSegment Num

NumIsMetaDataSegment = record { get = (\m — record {num = Context.n (

Meta.context m)})
; set = (\m n — record m {context
record (Meta.context m) {n = Num.num n}})}

plus3 : Num — Num
plus3 record { num = n } = record {num = n + 3}

plus3CS : N.CodeSegment Num Num
plus3CS = N.cs plus3

plusbAndPushWithPlus3 : {mc : Meta} {{_ : N.DataSegment Num}}
— M.CodeSegment Num (Meta)

plus5AndPushWithPlus3 {mc} {{nn}} = M.cs (\n — record {context = con n ;

nextCS = (liftContext {{nn}} {{nn}} plus3CS) ; stack = st} )
where

co = Meta.context mc

con : Num — Context

con record { num = num } = N.DataSegment.set nn co record {num

+ 5}

st = Meta.stack mc
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push-sample : {{_ : N.DataSegment Num}} {{_ : M.DataSegment Num}} —
Meta
push-sample {{nd}} {{md}} = M.exec {{md}} (plus5AndPushWithPlus3 {mc} {{

nd}}) mc
where
con record { n = 4 ; element = just 0}

code = N.cs (\c — ¢)
mc = record {context = con ; stack = emptySingleLinkedStack ;
nextCS = code}

push-sample-equiv : push-sample = record { nextCS = liftContext plus3CS
; stack = record { top =
nothing}

; context = record { n = 9} }
push-sample-equiv = refl

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

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

where

con = record { n = 4 ; element = just 0}

code = N.cs (\c — ¢)

mc = record {context = con ; stack = emptySingleLinkedStack ;

nextCS = code}

pushed-sample-equiv : {m : Meta} —
pushed-sample {m} = record { nextCS = liftContext
plus3CS
record {

; stack
top = just (cons O nothing) }

= 12} }

pushed-sample-equiv = refl

; context = record { n

pushNum : N.CodeSegment Context Context
pushNum = N.cs pn

where
pn : Context — Context
pn record { n = n } = record { n = pred n ; element = just n}

pushOnce : Meta — Meta
pushOnce m = M.exec pushSingleLinkedStackCS m
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n-push : {m : Meta} {{_ : M.DataSegment Meta}} (n : N) — M.CodeSegment

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

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

popOnce : Meta — Meta
popOnce m = M.exec popSingleLinkedStackCS m

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

Meta Meta
n-pop {{mm}} (zero) M.cs {{mm}} {{mm}} id
n-pop {m} {{mm}} (suc n) = M.cs {{mm}} {{mm}} (\m — M.exec {{mm}} {{mm}}

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

initMeta : N — Maybe N — N.CodeSegment Context Context — Meta
initMeta n mn code = record { context = record { n = n ; element = mn}

; stack = emptySingleLinkedStack
; nextCS = code
}

n-push-cs-exec = M.exec (n-push {meta} 3) meta

where
meta = (initMeta 5 (just 9) pushNum)

n-push-cs-exec-equiv : n-push-cs-exec = record { nextCS = pushNum
; context = record {n = 2
; element = just 3}
; stack = record {top =
just (cons 4 (just (cons 5 (just (cons 9 nothing)))))}}
n-push-cs-exec-equiv = refl

n-pop-cs-exec = M.exec (n-pop {meta} 4) meta

where
meta = record { nextCS N.cs id
; context = record { n = 0 ; element = nothing}
; stack record {top = just (cons 9 (just (cons 8 (

just (cons 7 (just (cons % (just (cons 5 nothing)))))))))}
by

n-pop-cs-exec-equiv : n-pop-cs-exec = record { nextCS = N.cs id
; context = record { n =0
; element = just 6}

; stack = record { top

3

just (cons 5 nothing)}

n-pop-cs—exec—equiv = refl
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open =-Reasoning

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

exec-comp : (f g : M.CodeSegment Meta Meta) (m : Meta) — M.exec (M.
csComp {m} f g) m = M.exec £ (M.exec g m)
exec-comp (M.cs x) (M.cs _) m = refl

push-pop-type : N - N — N — Element N — Setl
push-pop-type n e x s = M.exec (M.csComp {meta} (M.cs popOnce) (M.cs
pushOnce)) meta = meta
where
meta = id-meta n e record {top = just (cons x (just s))}

push-pop : (n e x : N) — (s : Element N) — push-pop-type n e x s
push-pop n e x s = refl

pop—n-push-type : N - N — N — SingleLinkedStack N — Setl
pop—n-push-type n cn ce s = M.exec (M.csComp {meta} (M.cs popOnce) (n-
push {meta} (suc n))) meta
= M.exec (n-push {meta} n) meta
where
meta = id-meta cn ce s

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

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

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)

=( refl )

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)

=( 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) )

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))

=( 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)) )
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
))1))

1714 |  =( 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 — Setl

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 8)))

=( 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)))

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))

=( cong (\x — M.exec (n-pop {id-meta cn ce s} n) x) (pop-n-push n cn
ce s)

M.exec 2n—pop n) (M.exec (n-push n) (id-meta cn ce s))

=( sym (exec-comp (n-pop n) (n-push n) (id-meta cn ce s)) )

M.exec (M.csComp (n-pop n) (n-push n)) (id-meta cn ce s)

=( n-push-pop n cn ce s

id-meta cn ce s
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