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OS 7 7V r—yarvOFEEREETH S, FEMEEZ L2123 707 T Ah Mk
ZMZLUTCVWAZ L Z2MGET 20ENRDH D, THT T LADOKEETFIEL LT, Floyd-Hoare
logic (BA'N Hoare Logic) 2 F#E L T\ %, HoareLogic IdFHRIRMEDHK D Lo TWNWB L &
WZHLHEBEETLUT, TNRMEIET BBRICHBESM 22T I L 2HERTL22 2T, K
L2175, LA U, HoareLogic &> Y N7 Ta—FTHIWEFEDOD T T I I V7
SBTCHATAIZILNTET, JKEF->TWVWAEIFVAR,

ML= TIEEFME D EW OS & U T GearsOS ZFAF L TW5, BFE GearsOS TlE
CodeGear, DataGear L WO HfiZ W T TR Y 7 L 2R TE2FERZHAVWTE D, ik
DOHERIZIZEHFEHRTH 5 Agda ZHNT W3,

CodeGear 1% Agda ETIZMkGEE L Dk 2 FHW2B% e UCidid 35, F7-. Mkl
HDHEEFEITT DO DHEFGMEPHERMG R E LB ZED I ENARETH S,

% M7= Hoare Logic & CodeGear, DataGear & WS Hifiiz W70/ 7 I V7 F
IRECR 2 ITAHMEA R K, BEFED SEE L 13872 Y HoareLogic 2fi->7- 70205 I VPR
GATABDEBZEAT VWD,

AifFETlE Agda ETD HoareLogic DELiR % i\, 72 while Loop ® 7HZ J L
DIERR, FEZTT o7z, F£72. GearsOS D{IFRHEFE D 72012 CodeGear, DataGear &\
> BN % AW 7250k © Hoare Logic #X— 2 & U7z while Loop 7102 J A %GR, D
A ZAT72 5 72,
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1= Tnrs oI VIESEORKREF

BAED OS X7 7V r— a v OBGETIE, EREMNICHEIEHDOSFE TR I LKL
A FE D DN TH 5, FEBRIZ kernel MREEZ 1T o 7241 [1] [2] TlX C TRk S N7z
Kernel 12X U T, MEEHDADZEETELNTEM R kernel 2 HWT OS DMREEZ1T -
TWa, £72, o7 Fu—F& LT ATS2[3] ® Rust[4] R E DKL NVl o F
R RBEITHWAFIEPGFELTWS

AEA AT O Ta 75 3 ‘/ﬁiiﬁt LU Tl Agdal5]. Coq[6] 2 EDIEEL TV B D5,
INSDOSFEARIIETEEIPHFTEEEDTIER L,

Z 2T, B E TIIMGE & EEAF—DFFETIT S Continuation based C[7] (CbC)
WS EREEHFELTWD

CbC Tld, WELDH A% CodeGear, T — X DHLLLZ DataGear & L TW5, CodeGear
W fEZ AT E UTEZITHD B %217 S WD BEALTH D, CodeGear D)% IRD GodeGear
WZER LT Ta s I I %475, CodeGear DEERMILIZIA XA L L TERZINT
BD, EREPEBEIZLSTYOERAEITIZLNTES, TDA XGRS THRAEZLTS
Z & T, CodeGear DUBIZFZ2IMZ 5 Z LR MEEZIT D,

A#FETlE Agda ET CodeGear, DataGear &\ HifiZ FHH\WT 7077 L%k U
A ZEHEER S T Hoare Logic % JtiZ U 72 MREEZ 175 72,



# 2% Continuation based C

Continuation based C[7] (BAF CbC) I CodeGear % JLEED HAL, DataGear %7 — X
DHEALE LTRRTE2 707 IVIFHETHD, CbC IF C SFELIFIFR UM%
ROM, K07y T IIEVERBRIZRS, CbC DT BT T I VI Tid DataGear %
CodeGear TZEH L, TDZEHZIXRD CodeGear (2 U TUEZ 4TS, BfE CbC DML
AT v /clang (2 & 553 [8] [9] & gee [10] [11] 12 K BFEENFIET 5,

AEIL CbC OBEIZ DO W T DT 5,

2.1 Code Gear ¢ Data Gear

CbC TIEMEEL X T W T a o F LADHAL L LT DataGear & CodeGear &\ HifL %
HAWR 7075 IV IARAIVEREL TV,
DataGear & CodeGear TS T— X DHEATH O MPIZ BB T — X TH S, CodeGear
D A& 75 DataGear % Input DataGear & IEO, H31E Output DataGear & PRI,
CodeGear 1370277 ADWEZDEH DT, X 21 TRLUTWS LD IEREDED Input
DataGear Z 2 L., MHDSE T35 L{EEDOED Output DataGear 123 ZAEL,
CodeGear MDOBEN I Z AW TITON S, MEITEBIEOCH U & X80, IEUH
U722t 3= RIZE ST, IRD CodeGear Nk 2175, ik, BEEAI o s S
IV TIEREBEBECHL 2175 Z 1249 5,

2.2 Meta CodeGear. Meta DataGear

TS LADERTEEIE, ) —~< I LNV OHEDMIZ, AT VSR, ALy N
H, EIREFS 2 50 Ui s S WL EET %5, TNoDEHEIZ ) —< LA
NVDFE LKA U TRARGHE LS,

A REFEIL OS OFEREZ B L T T 5 Z 14 LK, EHEEOEBWERIRD 5N 5,
ZFD7=H., ChC TlEA REEZ BT 572012 Meta CodeGear, Meta DataGear % %€
HZLTW35,



% 2% Continuation based C

Input Data Gear

Data Gear

Output Data Gear

\ Data Gear

Data Gear §_>

Data Gear

\

/

Data Gear

2.1: CodeGear & DataGear

Meta CodeGear (¥ CbC ETD A XFET, BE D CodeGear % FEITT Az N
ARG E R DT DI-2DDHENTH S, 2.2 D X 512 CodeGear & FEIT9 BHiER
DataGear O K#tE LT Meta Gear DEEL TW 5,

)

Data Gear

»( Code Gear

\4

Data Gear

Meta Data Gear

Meta Data Gear

Meta
Data Gear Code Gear

Meta
—»{( Code Gear Code Gear —| Data Gear

|

2.2: AREFHEZAHIL L 72 CodeGear & DataGear

#lil & U T CodeGear #* DataGear 7* 5 fH % HUS 3 B2 {45 Meta CodeGear T
» 5 stub CodeGear IZDWTHIHHT 5, CbC TlE CodeGear 27T B, / —< L
L AOVDFFEN S IERZ RV E T DataGear % Context & FEIXIL 5 Meta DataGear
ZELUTHETAZLi12h5, ZHiEa—Y—=2E#ET — X 22 2 RETIXEHEMED



BRERRZF R FBe AL X (B 1) % 23 Continuation based C

BWEEEARWEEBZBENOTHS, TD-HIZ, Meta CodeGear % H W T Context
5 FEZ DataGear Z2HUD H U, CodeGear (2854t 9 5 stub CodeGear &5 Meta
CodeGear MEZEI N TV D,

Meta DataGear (& CbC ED X XFHE THFbN b DataGear TH 5, #lZ 1 stub
CodeGear Tld Context &IN5 G HEZR CodeGear, DataGear @ U A kX, DataGear
DA ) ZE2[EE% K> 72 Meta DataGear 2> T\ 5,
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H3E EHELH RSG5 Agda

Agda [5] & IFEHAEIARESRTH D, BB SETH 5, Agda IFEKAERE WS BT 2T
Lzt BaHE kA7 b UTHRS ZEMARETH D, £72. BV AT LI
Curry-Howard [EBIGIZ & 0 ddd & RIS & 5 A XFHEB - — Tt d 5728 Agda T
FRER L7270y I LT 2 Z 8RN TE B,

ARFETIE Agda TREHZ T 572 DITHELREREZ/RL, £/, Agda TOIEHIZDWT
Y 5,

3.1 BEHHBIEIEFELLTD Agda

Agda [5] IIHRBIBEISEECTH B, Agda IEKABE WS BRIV AT L% Fb, Bz —
ATz b LTS,

Agda DELIRTIZA VTV MDEKREZRL, AR—ZADERELF v rIhd, TIAY
M -- comment A {-- comment --} DX I IZEdBI N5, £/, _TZEIIZADS B
TRTCDIEZERTIENTE, ?TEICADERHE LR E ZIZLTEL Z AT
Z 5,

Agda D7 BT S KAZETEY 2a— VHMIZEREI NS, TDD, HET7ALD kY
TUVRIZEY a— NV EEBETIBENDHD, My TURLVDEV2a—)VIZT7 714
[[—IZ72 %,

EVa—I)VHNTRREZEYVa—)VE A1 VR — T 5R import ¥— 7 — FZ2fET
b5, 1TVR—DFZITHRIBE, EYVa— VHNHOBEBZNZKIZEETSHIZEas F—T7—F
ZHAVWS, MIZH, EVa - oREDEBROAZ A VR — T 5581 using F—
7— R, B E, EROAHTEZE X HFE renaming ¥F—7 — N %, FKEDOBEKO A%
R4 1F hiding F— YV —RFRZ2HWS, BB, EVa—I)WIFETLIHEHEEZ My TR
WTHWAEE1E open import ¥— 7 — KN%2fli5 2 TRATE S, EVa L&AV
R—FT200%Y—22a3—FK 31157,

V—=AdA—R 31 ®EYVa— )OS ViR—he AT ay

1 |import Data.Nat —-— import module
2 |import Data.Bool as B —-—- renamed module
3 |import Data.List using (head) -- import Data.head function

10



BRER KRB AL (B ) #3E EHEEWSRRER Agda

4 |import Level renaming (suc to S) -- import module with rename suc to S
5 |import Data.String hiding (_++_) -- import module without _++_
6 |lopen import Data.Llist -- import and expand Data.List

0 N O Ut W

3.2 Agda D7 —X&

Agda % 7 — X PEICEHR T 20 ENH L, Agda IZBTHHFEEIE : 2HWT
name : type DL DIZEIRT S, ZD L X name IZ EHDBD > TIEWIT AR, T—XH
k. RN T — X HEE T, TOERIZIE data F—T7— FZ2HW5, data ¥—7— K
DT data DFETE, B, where MEHE A VTV M2ES L, HICaAY AT IR
X DMEHZET B,

V—ZA3—= K 32FHABDORTH S N (Natural Number) ZHITH 5,

V—Aa—R 32 HR¥ %R KT T — XA Nat DEHE

data N : Set where
zero : N
suc : N — N

Nat Tl zero & suc D2 DODIAVANT IV REFFOT—XMTHS, suc I N 2%
ITE > T N 2RI HRHRT—XIZR>THED, suc 218N 57 & THRB SR RE
THIEMNTE B,

N HEORIL Set TH D, TNl Agda BWlARAATED MELHOR | THS, Set
EEEGEZRES, BESGOESDORZIRTET 5121% Set1 & FEL,

Agda 121X C EFBICB T AMERICHY T AL - R WS T—XEFET S, Hi
ZIEx Ly DZODOHREN 575 L 3— K Point 2E#ET 5, V—AI—R33D&
PR

YV —Z23—K 3.3: Agda B3 L a— REDES

record Envc : Set where
field
vari : N
varn : N
cl0 : N

makeEnv : N - N — N — Envc
makeEnv i n ¢ = record { vari =i ; varn =n ; ¢c10 = ¢ }

La— RZ2HERT HB1E record F—7— FED {} ODWNEIZ FieldName = value DF
T Z 52T 5, EHDOMEZNETBHITIE ; TRUYZBERD B,

11
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BRER KRB AL (B ) #3E EHEEWSRRER Agda

3.3 Agda OB

Agda TOBBUIRIDER L, BIBOEHRZ T HHENDH S, BHBORILT — & LA
(2 : Z\WT name : type (ZELR S BN ANEZITED HRSME U TRld TIN5,
— . F¥72lE— ZHWVT input — output D LD IR I N5, /2. _+_ DL I
BHT_ 2T EE 8P ZDONBEIZHE I LE2EHRL, FEEETHEKEZEETSZ
LHTED, MADERIIMUOERL D FDFTIZ. = 2\ name input = output D K
TR I NS,

B ZIEBI DL A TR D EDEL B OBIBUZ A > BOXSITHEI N TES, £/ 4
BOSIBEMBBBDRIZ A > A > BDOXSIZHE TS, ZOKOEIEA - (A = B)
DEIITFEZOND, Hle U THEDOHARBN 232D, +1 UEZ2KIEEILY —
Aa—R 34DEIITEHTE S,

V—Ad— R 3.4: Agda 28T EEHEFE

+1 : N - N

+1 m = suc m

-- eval +1 zero
—-— return suc zero

BIBIIZB4TZIIB I TE, BRI VAN S 2R 2 EET A TEDa Y
ARNT I RPEINZRFOBREFZ2ERTES, ZNINZX—UyF IR, TV A
T2 R T case X&fTHoTWVWBEIREDTH S, il UTHARKN OINE %K TE
REV—AO—F35D&DI1Z7%%5%,

V—Z3d—F 3.5 HRETONAEDEF

NREA=VUIVFTRETCDAVANI I RZRDNRR =V E2GEULRBREDH D, HlZIX, HR
BN %2 TEA BT zero & suc D2 DODNNRX—VUDEAET AR ENH S, b, O
LEDOLUMNEZITBEZENTES, HIZIXY —RAT—=NK 3.6 DEETIIFODNNZ—2 T2
DHDEB[ D zero DT RTDNE— VW AS,

V—A3—FR 3.6: BREDOBHEIZL BN XX =< v FOH

-_ : Nat — Nat — Nat

n - Zero = 1n
Zero — suc m = zero
sucn — suCcm=n -—m

12
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BRER KRB AL (B ) #3E EHEEWSRRER Agda

Agda IZIF A GHEPFEIEL TW5BH, AEIR L IZEABATERTE 2ELOEKTH D,
\argl arg2 — function 72| \argl arg2 — function DL I IZHELS I LN TE 5,
V—A3—=F 34 THlE U7z +1 25 AXFHETES LY -2 32— F 3.7 D$\lambdas+1
EICELZ W TES, ZOZODOBBIKFE - DOEEET 5,

YV —Z 33— R 3.7 Agda 12815 7 L XEHE

+1 : N =+ N

+1 n = suc n -- not use lambda

ML N = N

M1 = (\n — suc n) -— use lambda

Agda TIXREDBEABND A TH T E 588 % where W Tl TE 5, Aa2— 7%
where AIPMFET ZEBNIRDOATH 5720, LETEMBERIEL Z M|, HlXIE
HARB3 DZEW->TENENIM[/LUTINAT 2 £ 2 EHETHL &, where 2ffi5> &
DARY—=Z23—=R38DEDICETE, T £ LEAKOEEL T 5, where AJITH]
HUZWEBOREBIZA VT Y MY E T where ¥F—7— K2R L, df7081 VTV
b2 UCBEHBNECRHT 282 €& 5,

YV —A3—F 3.8: Agda IZ81F 5 where 4]

f : Int — Int — Int
fabc=1(a) + (t b))+ (t c)
where

tx=Xx+x +X

f’ : Int — Int — Int
f>abc=(a+a+a)+ (Mbd+b+b)+ (c+c+c)

3.4 Agda OB TOEIENE

Agda TRREIEMDOREBEFEDFAEL, 7025 AL LWk AFET 5 & 0
VS IOVIFIZ T S —h3 S, {-# TERMINATING #-}D X 7 %175 & ELnwT oy
TLEAVNRANTEIENTELIRHEVDEFIT LR,

CZTIRBEIET B EILLU R WEERORY — 23— R 77%# S,

ZDEIICHBWZEZDEENEILT S L EE, ASHLOENBATIHNEND S,

3.5 EMELIHXEARE L TD Agda

Agda TOFETIZBIBDELE & [FFERDTE TR ZGE R S G, N HED T
Nz A e E ZE T ZT D ZEPHRTH S, FEHOHE LT Code V — A&

13
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BRER KRB AL (B ) #3E EHEEWSRRER Agda

I—F39%2H5, 2ZZTD +zero 3605 zero Z L TH = DMHIFFELWI & %
AEBHILTWB, ZHid, 5[8E LTI TWS y H Nat 7RD T, zero D& suc y D
TODEE RGN MDD B,

y = zero DIFIIMIILA zero & TET, EADHMNEFELWEWD T L %2KT refl T
AEHT 22N TE S, y = suc y DL 2 =y DI} fo = fy KDDL WD cong
ZfioT, y OfZ 16 LzDBIZHIFRIZ +zero y ZHWTEEHL TW5A,

V—Z2a— R 3.9: EXEDH

tzero : {y: N} = y+zero =y
+zero {zero} = refl
+zero {suc y} = cong ( A x — suc x ) ( +zero {y} )

F- MUz NIEF D TERZE T XDV OPFELTWS, ZZ Tld rewrite
& =-Reasoning DX ZHHT 2L & HiZ, FXELRT IO L L THIED R
HNZDWTRT,

rewrite TlX BAD = HIIZ rewrite ZHA] O TEldk U, EE DA% {H 5 5HE
& rewrite AN | BEHA 2 LS5 | ZHVWCEAET S, V—AI—F 3.10
IZH B +-comm T x D zero DNX—VDRRWHITH S, ZZTlL, +zero ZF|HL.
zero + y 2 JIZAKTAI LT y=y b, EADEHPFELWI L %ZRT refl (2
o TW5,

YV — A 32— K 3.10: rewrite TDZEXZTE DM

rewrite-+-comm : (xy : N) - x+y =y +x
rewrite-+-comm zero y rewrite (+zero {y}) = refl
rewrite-+-comm (suc x) y = 7

V—A3—=N311, V—A3—FK 3.12, Y —AI— R 3.13 I =-Reasoning & 7= & X
ERDORMNTH 5, WBOIZERL 2D\ 2 T AT let open = -Reasoning in begin
CEUR U, 2T = ( Z2EHAI) Z2% O TR L T, &ERIC B 2D TERZK
2%, ZD let open 5 B EFTOWMNIKX 1T TRHRALTHRWVWL, ITe1 T v b
ZEDTHRV, V—Aa— R 311 OFITERPOBNEIASE 72 LEWTEE, 70
HTRINTVBHEIETIZAA Y FTRLTEL,

Y —2a— R 311 ZREROH1/3

+-comm : (xy : N) 2 x+y=y+x
+-comm zero y rewrite (+zero {y}) = refl
+-comm (suc x) y = let open =-Reasoning in

begin

70 =( 71 )

72 B

--= 70 : N {(suc x) + y?
-— 71l : sucx+y =y + sucx

14



BRER KRB AL (B ) 93 EHEENI SR

R Eit Agda

10‘—- 72 : N

CDRETEITTDE ? HAITABEZE Agda WRL TSNS, BOIZEILT 5EFX

Z 20 1ZFCR Uy 71 O ZIRRHI 2 M5 2 e TEAZLRTES, 22

> >

TODJiEtHE

(suc x) + y& suc (x + y) BIELTPO,.y + (suc x) BEAKKIZ suc (x + y) D
WERT S THELUI ZIEAT 5, Agda DI TIXEMIZ suc IOV TWHEIMT
suc #H L CHIFMIZHE L R UAEZITS 720, MHETIZ (suc x) + y ik suc (x + y)
AT E S, YV —A3—FK 312 Tl suc (x + y) IZH LT cong T suc ZAMIHL

+comm % FIFNIZRIAHT 2 Z £ T suc (y + x) NELTWVWD,

Y —23—F 3.12: EREKOH 2/3

1i+-comm: xy :N) =2x+y=y+x
2 |+-comm zero y rewrite (+zero {y}) = refl

3

= O © 0 g O Ut o

— =

0 N O Ut oW NN =

== e
N = O ©

+-comm (suc x) y = let open =-Reasoning in

begin

(suc x) +y =()

suc (x + y) =( cong suc (+-comm x y) )
suc (y + x) =( 70 )

71 W
-— 70 : suc (y + x) =y + suc x
-— 71 : y + suc x

V—ZA3—F 313 TlX suc (y + x) equiv y + (suc x) LWIEXIZHLU T equiv
DXSFRE sym 2o TEADIEE NEEXHEy + (suc x) equiv suc (y + x) DT L,
y + (suc x) A¥suc (y + x) ICAWTEEHI L% +-suc ZHWVWTRLZ, ZHTEDEFE

ROLELADENEL LK 572728 +-comm DRt 7=,

V= 23— K 3.13: SREOH 3/3

+-comm : (xy : N) - x+y=y+x
+-comm zero y rewrite (+zero {y}) = refl
+-comm (suc x) y = let open =-Reasoning in
begin
suc (x + y)
suc (x + y)
suc (y + x)
y + suc x W

—~
>

cong suc (+-comm x y) )
sym (+-suc {y} {x}) )

o~

-—+-suc : {xy: N} - x+ sucy = suc (x+7y)
-— +-suc {zero} {y} = refl
-- +-suc {suc x} {y} = cong suc (+-suc {x} {y})

Agda TRID LS LWL TEREZER LW SR ZT > HENTE 5,

15
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% 4% Hoare Logic

Floyd-Hoare Logic [12](BAF Hoare Logic) & i C.A.R Hoare, R.W Floyd 2"FE L 7=/
075 LADMGEDFIETH 5,

Hoare Logic TIXFHRIFMAEDVEL VLD E, MOoPDFHE (LRI U R) 257 L7
ZHBRRIEDR DD Z L 2 WGET 5, FRTRMEEZ P Mo DEHHEEZ C. FEREMA
ZQelLize &,

{r; C{Q}
EWwo gt b,

Hoare Logic TiE 7027 7 LD R ELMEEZREET 5 Z LA TE, FREMfOH L
ZHID ax YR 20T TTUT T LEWET ST, ¥y IIVEREHEITI % MGE
THILNTE S,

AEIF Agda THEEE X 72 Hoare Logic (ZDWTHER L. FEBIZ Hoare Logic % F\
T-MGEEZAT D,

4.1 Hoare Logic

BE Agda ET® Hoare Logic (F#I#D Agda[l13] TEEINZED L ZTNEZBED
Agda TR E7ZED [14] BFEELT WS,

Z 2 TIEBIE Agda 12X U 7z Hoare Logic ZfiH 9 %,

Fle LT V—RAa—=F 41 0&5%707 I 5%k Uiz, ZHIFEHn & i 2F
H. 00 XD KREVEEZ, i Z2HPLozE6T. BUTBTILTH S,

D707 I LATOREIX, FOD n =10, i=0 ZRAT S5/, while loop H1IZ K
DNL>TWBEM%E n+i =10, while loop BT L7722 EHDI->TVWBEEMEE i =10
ELTW5,

[FkkD 71 25 L% Hoare Logic ECRIBRD 70275 L&KL, MEEETTS.

Y —A 32— K 4.1: while Loop Program

10;
0;

\while (n > 0) {
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|

V—A3d— R 4.2 1% Agda ET® Hoare Logic D ¥ ThH 5, Env i V—AI—F
41Dn, 1 2Wo2AKAELI-RMTELDZEDT, n& i TNENHAELL LT Agda
ETORRBOMTH S N 2FKD,

PrimComm (¥ Primitive Command T. n. i ¥ Wo72ZHIZ RATH & ZIZHI N
LEETH B,

Cond (% Hoare Logic ® /T, Env 2% IJH{> T Bool fi, true ?* false %iKJ
B moT\W5,

Agda DT — R TEHEINTWVWSD Comnm ¥ Hoare Logic TD a~¥ >V N 2KT,

Skip IFAEHEAE LR\ IV N T, Abort (Z7BT I L%2HHWiT2 IV N THD,

PComm (¥ PrimComm %327 C I~V 8 ZIRIBUTERZINTED, BHERATS
LEIbNG,

Seq 1% Sequence T IV¥ Y KN 2220%IJTC av VN 2 RIMTEREINTNVWS, Z
NiE Hd av R o AN B, TOREEZIRO av Y P IZETRIZR ST
W5,

If |& Cond & Comm % 2 D3 IFHD . Cond ?° true ?* false 7T H{73 % Comm %
BZ5 avv R Thb,

While % Cond & Comm Z3ZIJHUD. Cond DHE A True TH A, Comm %D K
3 avr KN Thb,

YV —A3—F 4.2: Agda T® Hoare Logic DK

‘PrimComm : Set
PrimComm = Env — Env

Cond : Set
Cond = (Env — Bool)

data Comm : Set where
Skip : Comm
9 Abort : Comm

W O Ut W

11
12
13

PComm : PrimComm -> Comm
Seq : Comm -> Comm -> Comm

If : Cond -> Comm -> Comm -> Comm

While : Cond -> Comm -> Comm

Agda E® Hoare Logic Tfiboiva 7107 J Ll Comm RO 2%, T0r T Ak
2<% Y R Comm % Seq TORWTWE, RMEHRREBIZZEDELS LEEZEKLUTIEE 5,

V—Ad— K 431% VYV —A3—F 4.1 THF W7z While Loop % Hoare Logic TD I ¥
YRTRABLZHDTHS, ZZTD $iX () Otz EDLE S Agda DFEXRIESL T, 17
SN OITRETEZ () THoTWVWE I L LRAIRTH D,
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V—Ad— K43 V—A2— K 41 & L7z Hoare Logic D 7075 L

program : Comm
program =
Seq ( PComm (A env — record env {varn = 10}))
$ Seq ( PComm (A env — record env {vari = 0}))
$ While (A env — 1t zero (varn env ) )
(Seq (PComm (A env — record env {vari = ((vari env) + 1)} ))
$ PComm (A env — record env {varn = ((varn env) - 1)} ))
Y — A 3— KN 4.4: while Loop (F548)
n = 10;
i=0;
while (n > 0) {
it++;
n--;
}

Z®D Comm % Agda ETHETT B8, V—A3— K 4.5 O interpret B % ik
U7z,

YV —A3— K 4.5: Agda T® Hoare Logic interpreter

{-# TERMINATING #-}
interpret : Env — Comm — Env
interpret env Skip = env
interpret env Abort = env
interpret env (PComm x) = x env
interpret env (Seq comm comml) = interpret (interpret env comm) comml
interpret env (If x then else) with x env
| true = interpret env then
| false = interpret env else
interpret env (While x comm) with x env
| true = interpret (interpret env comm) (While x comm)
| false = env

V—Ad— K 453 FIHPIRREED Env & Ef7$ 25 av N OlitaZiF& > T, E
71D Env ZIRTED LR >TW5, interpret BIFIIMZIEVEZEZR L TWa W,
{-# TERMINATING #-} X7 2T TW%,

V—Ad— R 46D X 5IT interpret (Z vari = 0 , varn = 0 ® record Z{ L., 5
79 % Comm #7E L T lid 5 & record { varn = 0 ; vari = 10 } D X 572 Env H°
E>TLK %, interpret THITIND aA<¥ U N 1 V—A3— K 4.3 Tilif L7z While
Loop 563 RThH5

YV —A3d— R 4.6: Agda T®D Hoare Logic DF1T

test : Env
test = interpret ( record { vari = 0 ; varn = 0 } ) program
-- record { varn = 0 ; vari = 10 }

18
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4.2 While Program D43 1F 24 M:

ZIZTIHEREBR U7 V=23 —F 4.3 OIHELEDMEEZIT D,

YV —A3d— R 4.8 ® HTProof | Agda - T® Hoare Logic TD I~ ¥ NIZxn U7=MHEE
ZRIELTEeDZHDTH S, HTProof Tl Pre-Condition & I > K, Post-Condition
EZITMoTEREIND Agda DT —XTH5, V—AI—R 42 DAYV NTEHEI
7= Skip. Abort, PComm, Seq. If. While. (ZXF& U 7zZFHID 7= DMELMFLE L T
W5,

PrimRule (& Pre-Condition & PrimComm, Post-Condition, ¥ —A 32— K 4.7 @ Axiom
Z5[#& LT PComm @D A - 7z HTProof %K,

SkipRule (& Condition 2323 Hl{> TZ D £ £ D Condition %3 HTProof %X,

AbortRule & Pre-Contition %32 1JH{ > T, Abort %3179 % HTProof %3k,

WeakeningRule (i D Condition 2> 5 iillif) & #ED HERTITMHH T NS, 4.7 D Tautology
% {fi> T Condition BEILCTHB Z &%

SeqRule (X3 D® Condition & 220 I Y KN ZZIFEHD, ThoD T T T LDEF
IRI7R AT 2 RFES 5,

IfRule [ EAMEIZHW SN, 32D Condition & 2200 IV R 2ZIJEL ., HED
Condition 23K D Lo TWEDPWIRWHATETT S AV N 2EZL5NV—IVTHD,
DI, EHH600 a2V R BEFINDE L ZHEIEL TWE,

WhileRule IV —FIZHWHI, 120D A<V K & 2250 Condition 257D . &H
HISREDSK D SL> T WA, av Y K 2OETIE2HEHELTWS,

YV —A3—F 4.7: Axiom & Tautology
=_ : Bool — Bool — Bool

false = _ = true
true = true = true

true = false = false

Axiom : Cond — PrimComm — Cond — Set
Axiom pre comm post =V (env : Env) — (pre env) = ( post (comm env))
= true

N O Ut W N

©

Tautology : Cond — Cond — Set
10 |Tautology pre post = V (env : Env) — (pre env) = (post env) = true

V—A2— K 48 #ffioT V—A3—F 4.1 ® WhileProgram D{I:kk% K9 %,

YV —A3— R 4.8: Agda T®D Hoare Locig DK

1 \data HTProof : Cond — Comm — Cond — Set where \
2| PrimRule : {bPre : Cond} — {pcm : PrimComm} — {bPost : Cond} — \
3 | (pr : Axiom bPre pcm bPost) — \
4| |
5 | |

HTProof bPre (PComm pcm) bPost
SkipRule : (b : Cond) — HTProof b Skip b
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AbortRule : (bPre : Cond) — (bPost : Cond) —
HTProof bPre Abort bPost
WeakeningRule : {bPre : Cond} — {bPre’ : Cond} — {cm : Comm} —
{bPost’ : Cond} — {bPost : Cond} —
Tautology bPre bPre’ —
HTProof bPre’ cm bPost’ —
Tautology bPost’ bPost —
HTProof bPre cm bPost
SeqRule : {bPre : Cond} — {cml : Comm} — {bMid : Cond} —
{cm2 : Comm} — {bPost : Cond} —
HTProof bPre cml bMid —
HTProof bMid cm2 bPost —
HTProof bPre (Seq cml cm2) bPost
IfRule : {cmThen : Comm} — {cmElse : Comm} —
{bPre : Cond} — {bPost : Cond} —
{b : Cond} —
HTProof (bPre /\ b) cmThen bPost —
HTProof (bPre /\ neg b) cmElse bPost —
HTProof bPre (If b cmThen cmElse) bPost
WhileRule : {cm : Comm} — {bInv : Cond} — {b : Cond} —
HTProof (bInv /\ b) cm blnv —
HTProof bInv (While b cm) (bInv /\ neg b)

RO AALIE Code 4.9 D proofl DFkIZZ 5, proofl TIXH T initCond, Code 4.3
@ program, termCond %Gz L CH D, initCond #*5 program %547 L termCond (T
17 &% < Hoare Logic DFEIHIZ7Z2 5,

ZNnZEND Condition X Rule DEIZFER TN TWS {3 IZFHE N2 T, initCond
D AFESMT true %K T Condition 1272 > T\ 5,

ZNEND Rule ODHIZZ Z TIEAT 2 B EDH 5D lemma THID SN TW5B,
lemmal 7*5 lemma5 DFFHIFMEEDAZ R L., RRIIFRICHEHKYE 5,

ZH 5D lemma (& HTProof @ Rule (2> THERLELEDZFAINTE D, lemmal
TlZ PreCondition & PostCondition 2MF{ET 5 & & DRADLREE, lemma2 TlX While
Loop (Z A RTD Condition 75 )b — T REZMEANDEMDFEI, lemma3 Tld While Loop
NT® PComm DRADFEH, lemmad Tl While Loop % #1772 & & ® Condition D¥&
&M, lemma5 Tl While Loop Z#1) 72 DIV — T AZE M7 5 Condition N DA &
termCond ~NDBATOEEG M ZHRIEL TV 5B,

YV —A3— K 4.9: Agda ET® WhileLoop DG

proofl : HTProof initCond program termCond
proofl =
SeqRule {\ e — true} ( PrimRule empty-case )
$ SeqRule {\ e — Equal (varn e) 10} ( PrimRule lemmal )
$ WeakeningRule {\ e — (Equal (varn e) 10) A (Equal (vari e) 0)}
lemma2 (
WhileRule {_} {\ e — Equal ((varn e) + (vari e)) 10}
$ SeqRule (PrimRule {\ e — whileInv e A 1t zero (varn e) }
lemma3 )

20
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$ PrimRule {whileInv’} {_} {whileInv} lemma4d ) lemmab

proofl &Y — A 32— F 4.3 @ program &7z % & >TW%, Hoare Logic Tl
Comannd 12X 9 2EEHMAIAH 272, LRI 707 T Lzl Twb,

4.3 Hoare Logic T4

YV —ZA3d—FK 4.9 Tl& Agda T®D Hoare Logic % AWz {LEkDMK 217> 72, Z DAL
PRCEBICIEL K EIET 20085 2 (M) 2 MEET 2 BEDDH 5,

YV —A3d— K 4.10 I% Hoare Logic L TOIHPIEYMZ N D 572D DEAKTH 5,
SemComm Tl& Comm %32 > T D DR %Z KT, Satisfies Tk Pre Condition
& a< 2 K., Post Condition %3217 H{-> T, Pre Condition »*% Post Condition % iF L
CEIFB WS [EkEKRT,

YV — A 3— R 4.10: State Sequence D73 1E 4 M

0O N O Ut W N

NN NNNDNNE 2 2 2 e e e e e e
T W N R O © WO Ut W+ O ©

SemComm : Comm — Rel State (Level.zero)
SemComm Skip = RelOpState.deltaGlob
SemComm Abort = RelOpState.emptyRel
SemComm (PComm pc) = PrimSemComm pc
SemComm (Seq cl c2) = RelOpState.comp (SemComm c1) (SemComm c2)
SemComm (If b cl c2)
= RelOpState.union
(RelOpState.comp (RelOpState.delta (SemCond b))
(SemComm c1))
(RelOpState.comp (RelOpState.delta (NotP (SemCond b)))
(SemComm c¢2))
SemComm (While b ¢)
= RelOpState.unionInf
(A (n : $mathbb{N}$) —
RelOpState.comp (RelOpState.repeat

n
(RelOpState.comp
(RelOpState.delta (SemCond b))
(SemComm c)))
(RelOpState.delta (NotP (SemCond b))))

Satisfies : Cond — Comm — Cond — Set
Satisfies bPre cm bPost
= (sl : State) — (s2 : State) —
SemCond bPre s1 — SemComm cm s1 s2 — SemCond bPost s2

INoDEMEMGET A2 ZETENETND IV N I T 552 EL M Z2 R,

YV —A3— K 4.11 ® Soundness TIlX HTProof Z52IJHX YD . Satisfies IZ& - 7z5EHH
%3%9, Soundness Tld HTProof IZGLiA I N T WA Rule TRXEX—r < v FZ2ITW, X
S BEEHH 2 E R L T\W5, Soundness D I — RIFENRL WD HNIZEK L., X
BRIz HE S Z 2127 5,
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YV —Z 33— R 4.11: Agda T®D Hoare Logic D2

Soundness : {bPre : Cond} — {cm : Comm} — {bPost : Cond} —
HTProof bPre cm bPost — Satisfies bPre cm bPost
Soundness (PrimRule {bPre} {cm} {bPost} pr) s1 s2 qil g2
= axiomValid bPre cm bPost pr sl s2 ql g2
Soundness {.bPost} {.Skip} {bPost} (SkipRule .bPost) sl s2 gl g2
= substIdl State {Level.zero} {State} {si1} {s2} (proj_2 q2) (SemCond
bPost) ql
Soundness {bPre} {.Abort} {bPost} (AbortRule .bPre .bPost) sl s2 ql1 ()
Soundness (WeakeningRule {bPre} {bPre’} {cm} {bPost’} {bPost} tautPre pr
tautPost)
sl s2 ql g2
= let hyp : Satisfies bPre’ cm bPost’
hyp = Soundness pr
rl : SemCond bPre’ sl
rl = tautValid bPre bPre’ tautPre sl qil
r2 : SemCond bPost’ s2
r2 = hyp sl s2 rl1 g2
in tautValid bPost’ bPost tautPost s2 r2
Soundness (SeqRule {bPre} {cml1} {bMid} {cm2} {bPost} pril pr2)
sl s2 ql g2
= let hypl : Satisfies bPre cml bMid
hypl = Soundness prl
hyp2 : Satisfies bMid cm2 bPost
hyp2 = Soundness pr2
sMid : State
sMid = proj-1 g2
rl : SemComm cml sl sMid X SemComm cm2 sMid s2
rl = proj.2 g2
r2 : SemComm cml sl sMid
r2 = proj.1 r1
r3 : SemComm cm2 sMid s2
r3 = proj.2 rl
r4 : SemCond bMid sMid
r4 = hypl sl sMid ql r2
in hyp2 sMid s2 r4 r3
Soundness (IfRule {cmThen} {cmElse} {bPre} {bPost} {b} pThen pElse)
sl s2 ql g2
= let hypThen : Satisfies (bPre /\ b) cmThen bPost
hypThen = Soundness pThen
hypElse : Satisfies (bPre /\ neg b) cmElse bPost
hypElse = Soundness pElse
rThen : RelOpState.comp
(RelOpState.delta (SemCond b))
(SemComm cmThen) s1 s2 —
SemCond bPost s2
rThen = A h —
let t1 : SemCond b s1 X SemComm cmThen s1 s2
tl = (proj_2 (RelOpState.deltaRestPre
(SemCond b)
(SemComm cmThen) s1 s2)) h
t2 : SemCond (bPre /\ b) si
t2 = (proj-2 (respAnd bPre b s1))
(ql , proj-1 t1)
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in hypThen sl s2 t2 (proj_2 t1)
rElse : RelOpState.comp
(RelOpState.delta (NotP (SemCond b)))
(SemComm cmElse) sl s2 —
SemCond bPost s2
rElse = A h —
let t10 : (NotP (SemCond b) sl1) X
(SemComm cmElse sl s2)
t10 = proj_2 (RelOpState.deltaRestPre
(NotP (SemCond b)) (SemComm cmElse)
sl s2)
h
t6 : SemCond (neg b) si
proj-2 (respNeg b s1) (proj-1 t10)
t7 : SemComm cmElse sl s2
proj-2 t10
t8 : SemCond (bPre /\ neg b) sl
proj_2 (respAnd bPre (neg b) si)
(q1 , t6)
in hypElse sl s2 t8 t7
in when rThen rElse g2
Soundness (WhileRule {cm’} {bInv} {b} pr) sl s2 ql g2
= proj-2 (respAnd bInv (neg b) s2) t20
where
hyp : Satisfies (bInv /\ b) cm’ bInv
hyp = Soundness pr
n : $mathbb{N}$
n = proj_1 g2
Rell : $mathbb{N}$ — Rel State (Level.zero)
Rell = A m —
RelOpState.repeat
m
(RelOpState.comp (RelOpState.delta (SemCond b))
(SemComm cm’))

ct ct
~N~NOo
Il Il

t
(o9)
I

tl : RelOpState.comp

(Rell n)

(RelOpState.delta (NotP (SemCond b))) sl s2
tl = proj 2 g2
t15 : (Rell n sl s2) x (NotP (SemCond b) s2)

t15 = proj_2 (RelOpState.deltaRestPost
(NotP (SemCond b)) (Rell n) sl s2)
t1
t16 : Rell n sl s2
t16 = proj_1 t1b
t17 : NotP (SemCond b) s2
t17 = proj_2 t15

leml : (m : $mathbb{N}$) — (ss2 : State) — Rell m sl ss2 —
SemCond bInv ss2
leml $mathbb{N}$.zero ss2 h
= substIdl State (proj-2 h) (SemCond bInv) ql
leml ($mathbb{N}$.suc n) ss2 h
= let hyp2 : (z : State) — Rell n sl z —
SemCond blInv z
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s20 = proj_-1 h
t21 : Rell n sl s20
t21 = proj.1 (proj-2 h)
t22 : (SemCond b s20) X (SemComm cm’ s20 ss2)
t22 = proj_2 (RelOpState.deltaRestPre
(SemCond b) (SemComm cm’) s20 ss2)
(proj_2 (proj_2 h))
t23 : SemCond (bInv /\ b) s20
t23 = proj-2 (respAnd bInv b s20)
(hyp2 s20 t21 , proj_1 t22)
in hyp s20 ss2 t23 (proj_2 t22)
t20 : SemCond bInv s2 X SemCond (neg b) s2
t20 = leml n s2 t16 , proj_2 (respNeg b s2) t17

Y —Z 33— K 4.12 1% HTProof Tl SN7-ffk%E ., ERRIZM-T Z L NAETHS Z &
% Satisfies DK T, FFHAERZ) TlX HTProof THE X 7= (i %32 I17HU YD . Soundness
PRI U7-EEHZ IR T L 512> T\ 5,

Y — A 32— K 4.12: HTProof ® Soundness “~ D i FH

PrimSoundness : {bPre : Cond} -> {cm : Comm} -> {bPost : Cond} ->
HTProof bPre cm bPost -> Satisfies bPre cm bPost
PrimSoundness {bPre} {cm} {bPost} ht = Soundness ht

V—Ad—F 413 Tid VY —A3—F 4.3 @ program ® Hoare Logic TOMETDH 5,
Z OFEHTIIHIHAIRAE initCond & 4T3 5 27 NEf program Z3Z I FHLD & TRREE L
T termCond 7A* true TH DI & ZRT,

Y — A 3— K 4.13: while program D@4

1
2
3
4
5

proof0fProgram : (c10 : $mathbb{N}$) — (input output : Env )
— initCond input = true
— (SemComm (program c10) input output)
— termCond {c10} output = true

proof0fProgram c10 input output ic sem = PrimSoundness (proofl c10)
input output ic sem

Z DFEIIF BRI L 721k TH % proofl % \verbPrimSoundness/ IZAJ1& LT
W ZeTlildZeNnTEb, TIETRRT S & T Agda D Hoare Logic % H
7z while program ZMRFES 5 Z LA TE 7=,

24




S TR W N~

# 5% Continuation based C &
Agda

BIFE CbC TIIMEEHD EAISFEE LT Agda ZFIHL TE D, Agda Tl CbC O 71
I LERXAREREZEUVRTILRT S I LW TE S,
FeAiWEZE [15]) Tlk CbC & Agda 2 MG X5 720DMF T BTN TVWED, 22T
. TORIFHFEED T, FEMETH D Agda TORBDOATHIAZTT S,
ARETIELHRETHREL TWB BN TOMREEZ1TS 72012, Agda T DataGear,
CodeGear ZRIL L, TNODHENZHWZMEEZITO HEATEBH I L 2T,

5.1 DataGear. CodeGear ¥ Agda DX{)t

Agda T® DataGear 1% Agda TS5 Z 2 DTEEITRTOT—RIZHIET 5, F7z,
Agda TORIRIZA XFHE L U THFDONS DT, Context ZilT Z &R EFDEEHS,

CodeGear & DataGear %3217 H > TALEL % 47\ DataGear Z31K9, 7z, CodeGear
MOBEIIMGEE W TIThbNn 5, IR U & IF8R 0 IFOH L7220
I—RIZRE ST, IRD CodeGear #2175 ELDTH - 7z,

Zhid, BER 7072 I 7 CRREBBIFOH L Z175 Z & ITHY L, kgL
(Continuation Passing Style) TE 247z Agda OB E NIGT 5, MclENAEDH (1)
2RSS CRINDG, M TRICETT HEBOMZ5 e UTRITHRY AEDR ¢
ZR SRR E U TRl T, CodeGear HAHFEI UM ¢ 2RI BHE &L 72 5,

V—ZA3— K 51 1% Agda TEEABR LU ZME%Z475 CodeGear DHITH 5,

YV —A3—F 51: Agda TD CodeGear D

plus : {1 : Level} {t : Set 1} — (xy : N) — (next : N = t) — t
plus x zero next = next x
plus x (suc y) next = plus (suc x) y next

-- plus 10 20
- A next — next 30

plus 10 20 Z{Hifid 5 & next IZ 30 AT INTWVWBZ &b n 5,
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5.2 Meta Gears DRI

B D Meta Gears 1/ —< )L L X)L D CodeGear. DataGear TIEHFH AW A X LR
WVOGFREZRS AL TH 5, Meta DataGear (& A XFHHE TS DataGear T, FEIT9
BHARHEIZE TR B, MEETOD Meta DataGear 1%, DataGear 23 D[EMERLRX.
KNBERZ: & DR %Z RS DataGear B ZNUTH 25 L FEZ 65N 5, Agda ETIX Meta
DataGear 2D Z & TT — AMLEHKRDPEBRZFFOT— X 2EH 2 W TE 2, V—X
32— K 5.2 |¥ While Program TOHlf&RMf%2 £ DD TH S,

V—A3d— R 5.2: Agda 1281 % Meta DataGear

O © 00 O Ut WN =

—_

data whileTestState : Set where
sl : whileTestState
s2 : whileTestState
sf : whileTestState

whileTestStateP : whileTestState — Envc — Set

whileTestStateP sl env = (vari env = 0) /\ (varn env = cl10 env)
whileTestStateP s2 env = (varn env + vari env = c10 env)
whileTestStateP sf env = (vari env = c10 env)

Z Z Tl whileTestState T Meta DataGear % il 3 57280 D T — X %431}, whileTestStateP
TENZTND Meta DataGear 3R L T\W5, ZZ Tl (vari env = 0) (varn env =
cl0 env)/ 2 EDT — X % Meta DataGear & U T,

Meta CodeGear & % @O CodeGear TIFFEZ RN A XL X)L DFHEZHK S CodeGear
THb, Agda TD Meta CodeGear 1% Meta DataGear % 5[HBUZHLD Z 4 & DR % K
3~ CodeGear TH 5,

A REHETHGEEZ 1T 5 BED Meta CodeGear & Agda Tatik U 7z CodeGear DREEZ D
LEDOTH5, il LTV —AA—F 53 27,

YV —A3—F 53: Agda IZ281F % Meta CodeGear

whileTestPwP : {1 : Level} {t : Set 1} — (c10 : N) —
((env : Envc ) — (mdg : (vari env = 0) /\ (varn env = c10
env)) — t) — t

whileTestPwP c10 next = next env record { pil = refl ; pi2 = refl } where
env : Envc

env = whileTestP c10 ( A env — env )

whileTestPwP & Meta CodeGear DHITH 5, I Z TlX Meta DataGear (Z mdg &\
SHHTE DT THB, ZTD Meta CodeGear TIEIRD CodeGear (Z mdg #ELTH D,
CodeGear W Meta DataGear DMEEDIE L \WZ & ZMGEL TIRD CodeGear 1ZE 9
5N,

Meta CodeGear 1ZZ D & STtk XI5,

26
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% 5 % Tl CbC @ CodeGear, DataGear &\ atikd Agda ~Dxfin%z =L, CbC
TEPNZTO T I LDPBGEETE LI L 2R U7z, £7/2, 5 4 3 Tlk Agda ETO
Hoare Logic Z W CHGEEZ 1T - 7=z,

% 6 ETIX CbC TD CodeGear, DataGear &\ gk & Hoare Logic % Xt S,
Hoare Lo gic ZX—Z & U7z CbC DMGEEFIEEZEET 5, I 5T Hoare Logic THIE L
7= While Program (2 U CRIBRIZHMGEZ 1T D,

6.1 CbC T® Hoare Logic Dtk

Hoare Logic TIEHFISRM. MR, HERFMENDH 0. FHREIC K > THATSM» o FHE
ZMaEL Z e TEHANRIEN M2 Z 2 23T E 72, Hoare Logic DFHATSRMPH L
I ER D RNBRPFMER R TR I N D, Agda ETIXEKRE T —X & LTS
ZEeNTES7-D, BKRZEGIEE Uz CodeGear ZFIWT 7B I L %8RT 52 8T
HoareLogic & [RIBRDIHEIZT 5 Z &M TE 5,

CbC T®D Hoare Logic X X 6.1 2R$ L DI

Meta Data Gear Meta Data Gear

Meta Meta
Data Gear —— Code Gear Code Gear —»| Data Gear

__________________________________

Pre Condition

1 1
1 1
1 1
| o e |
| RCIRRN 77 Post T~ i
i Data Gear Condition  } Code Gear Condition  )——| Data Gear i
| | "~ Proof__-* S~ Proof__-7 1 |
1 1

6.1: CbC T® Hoare Logic

6.1 (X@%H D CodeGear & Hoare Logic X—A®D CodeGear Zfl& L TW5, #HFD
CodeGear T# % whileLoop’ & Hoare Logic X—A®D CodeGear T % whileLoopPwP’
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ZFRCEIEZ 9 5,

YV —A3—F 6.1: CbC ET® Hoare Logic

-- JBHE D CodeGear

whileLoop’ : {1 : Level} {t : Set 1} — (n : N) — (env : Envc) — (n =
varn env) — (next : Envc — t) — (exit : Envc — t) — t

whileLoop’ zero env refl _ exit = exit env

whileLoop’ (suc n) env refl next _ = next (record env {varn = pred (varn
env) ; vari = suc (vari env) })

—-- Hoare Logic \—A®D CodeGear
whileLoopPwP’ : {1 : Level} {t : Set 1} — (n : N) — (env : Envc ) — (n

= varn env) — (pre : varn env + vari env = c10 env)
— (next : (env : Envc ) — (pred n = varn env) — (post : varn env +
vari env = c10 env) — t)

— (exit : (env : Envc ) — (fin : vari env = cl10 env) — t) — t
whileLoopPwP’ zero env refl refl next exit = exit env refl
whileLoopPwP’ (suc n) env refl refl next exit = next (record env {varn =
pred (varn env) ; vari = suc (vari env) }) refl (+-suc n (vari env))

whileLoopPwP’ TIH[# & U THEIEM: pre Lk OB ZZITH > TE D, #ki
T DB Z T IS B post ¥ fin 72 E DGR DEBIZBE WTOHEESRME L5,

% 72, Hoare Logic Tl& HTProof &\5 2 <Y K&t Uz NEAFLEL TWZH3,
CbC TlE#% CodeGear 12Xt U 7z a1, FHESMAT E D Meta CodeGear Z5tikd 5 Z
ERFNITY 2B,

6.2 CbC LET® Hoare Logic % H\\7z5duk & MEE

Hoare Logic TIZAEINAZY Y IV ax Yy REFAWTC IO 7 I L%R L7225 ChbC
ETiX CodeGear WS AL TT BT T L%EEIRT S, D728 Hoare Logic DI < v
K & [A#kIZ CodeGear % - 7= kel iR 247 5 B ELH 5,

whileTestPCallwP’ & While Program & FIRRDEIE% 5 CodeGear ZfllAdHHOHE
7-{LPRkTdH 5., whileTestPwP TIILEDHRE ¢ Z%ZIJHYD, vari, varn, cl0 ® 3D
DE %= REFT % DataGear TH D env IZEFNTNARAZITV, env & env IZEK L 72
RAPITHONT VWS Z & %/RT Meta DataGear s ZIXRDOBEEIZIEL TW5, ZD Meta
DataGear s |& whileTestPwP D HBZLM Y725,

loopPwP’ & whileTestPwP IZAH X7z env & Condition TH B s ZZITHD ., B
BNTIV—T %475, loopPwP’ TIIMERIN — T % ktlS 2 72D )V — T HRE DA % #&
OAERETIEIET S LS5 T kE LTWaS, 72, While Program & FkkIZIL— T AT
ZTOFEDORMBEEN—TIEDLZENEL W2 conv % fli> TV —THALESMAAL
BT ET WS,
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INSDREFITUE EBED T LXRUIAS> TVEEFIRRE vari env = ¢10 env
WSO D E WD ERRIZ R > TV B,

whileTestPCallwP’ % MRFAFT 21Tk, V—RAI—NF 413 DL ST N%2ZITH>T
whileTestPCallwP’ N 23K D i DMz 5l U, EEIZEHID TER L TPNIXR W,
whileTestPwP R A D7z HHIZ Agda DFHHETE 22, loopPwP’ HE DI — TIFHE
BROMENPADETHAEZTTOEILENTERY, TDH, loop % i3 5 il
loopHelper ZAlIZHEL 7=,

loopHelper Tid loopPwP’ ZFEERIZFEIT L/ &, vari env = cl10 env 2K D 37
DI ZAPHLTWS,

loopHelper Zf#\» loopPwP % f#ifJ L. whileSoundness DEH %5 LM TE 7z,
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Condition D Ftik SFIEAHMEIZ 72 - 7=,

76D Hoare Logic TlZa~ > ROATD 717 T Ltk & MEEZ 1T > T\ CodeGear
ER—AZTEHIETEORMBEMNTOT O T T Ll U, EBRICHGEEZITZ 5 Z W
B o7,

DARTIZMRGERFIZ PRV — T TR THEL—TDREFEET D L. Agda DIEHEFIZ step T
DFEFTEITD 728, V— TG step ZETTDMEND o 7205 IV — TS 5 %
ik s 2T, AREIOIN— T2 KT TV EERTE 2 Z LI L 72, 51, V—
TREEIZ T 2L FEIRRICHRIR T E 2 LB X oD 720D, L DL DIEHMTREL 105
EHIFFL TV

7.1 SROFE

SHOMEL LT, OV —TDFETE 707 T LDKEEDZET 55, [FRRICHRGEE
DFZBDTHNWE, WETHXBEIAT7I7VDEIRETELDR I LT, LVAESK
BEENTED LD ITRBDTIERNALERZT WS, BUE, BEEATTOHTWIRWIL—
PFHET 5715 e UT, Binary Tree ¥ RedBlack Tree 72 & D 7 — X & DMFE T
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