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Abstract

OS and application reliability are important. To increase reliability, verifications of
program with specifications are necessary. Floyd-Hoare logic (hereafter Hoare Logic)
is a wellknown program verification method. Hoare Logic verifies the postonditions of
a function are satisfied when the postconditions are satisfied. It also checks the halt
condition of the program. Hoare Logic is a useful simple approach but often only applies
to a limited set of commands and while programs. It is not generaly suitable for complex
ordinary programming languages.

Our laboratory is developping Continuation based C (CbC) as a reliable language. In
CbC, programs are described using units of CodeGear and DataGear.

CodeGear can be described in Agda as a function using the description of a light weight
continuous passing. Agda is a theorem proof system based Curry Howard correspondence,
and it is also a functional programming language. In Agda, conditions can be described
as propositions, The continuation can have preconditions and postconditions.

In existing languages, conditions are described in asserts, etc., but the proof cannot be
done in that programming language. Since Agda can describe the proof itself, that is,
the inference among the propositions, as 4 terms, The proof of Hoare Logic itself can be
described as Meta CodeGear. This was not possible with existing languages. The point
is that the program itself can be described with CodeGear of Agda base. CodeGear has
only input and output, and executes continuously in a goto manner without calling a
function. This format is naturally define Hoare Logic commands.

Hoare Logic’s proof requires three conditions. One, Pre-conditions and post-conditions
are connected correctly throughout the program. The preconditions and postconditions
are equal in the loop (the connection of CodeGear including the loop) and constitute an
invariant condition. In addition, we need to show that the loop stops. For a program that
does not stop, it is possible to define partial validity without stopping.

In this paper, we created and proved a simple while Loop program using the description
of Hoare Logic on Agda. This proof includes termination and the overall soundness of the
proof. Previously, the soundness of Hoare Logic was limited to rather simple commands.
However, in this method, individual proofs are given as Meta CodeGears for complex
CodeGears.

This made it possible to prove the soundness itself.
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» 5 stub CodeGear IZDWTHIHHT 5, CbC TlE CodeGear 27T B, / —< L
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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
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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,
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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
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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,

V—ZA 33— R 3.7 Agda 1281} 5 7 LXEHE

+1 : N = N

+1 n = suc n -- not use lambda
ML : N - N

M1 = (\n — suc n) -— use lambda

Agda TIIREDOBEBND A TR TE 588 % where A) Ttk TE 5, Aa—7iX
where AJFIET BEABAERD A TH 5728, HEIEMPERIEL I LM, HIZIF
HRE 3 D2 CTENTNIR[/UTHET 20 £ 2EHKT DL E. where 25 &
DAY —=Z23—K38DESIZE TS, T £ LAKOEEE T 5, where f)IZH]
AU WEBOREIZA VT > MMP&E T where ¥F—7V—RZ2Ed L., ITDHB1 VT v
M2 U CHEBNE TR 582 E&HRT 5,

V—A3d— R 3.8 Agda I8} % where F]

f : Int — Int — Int
fabc=(ta + (tb) + (tc)
where
tx=x+x+ X

f> : Int — Int — Int
f>abc=((a+a+a)+ MdB+b+Db)+ (c+c+c)

72 Agda TIHZ IEMEDOMHEBEEENFAE L. 700 7 AiTEIE LR WElR A EE S
5L aAVNAINVIFIZT T =D 5D, {-# TERMINATING #-}D X 7 %1} 5 L{FIE LR W
TR L8 ANANTEIENTELNHEVLEELILL R, V—AT2—-F 39 T
FHNTz, loop & stop IHMEEDEHARKEZZITHD, 0185 ETIL—7LT0%KTH
B THb, loop TIE N OEZITED ., loop HEZMEUH LM S BERS 3K
pred ZIEATWS, LA U, loop DEtild TIXREABMWNIEIET 2L EXA RNV, EET D
(Z1X{-# TERMINATING #-}D X IV DNMETH B, stop CTIEHRBMP X -y FTH
TS5, zero D& Eid zero ZIB L., suc n D& & suc 2/ L7z n T stop Z2EAT9
57D1F1ET 5,

V—A3—F 3.9: {£1E U7 \WEEE loop. 15119 % BE%K stop

{-# TERMINATING #-}
loop : N - N
loop n = loop (pred n)

-—— pred : N = N

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

-- pred (suc n)

stop : N —- N
stop zero = zero

11 |stop (suc n) = (stop n)

DU W N

ZDESITHFENZERZDEBIZIT S & EE. MoOPDENEDT 2HEND S,

3.4 FEHIFHZEHREL L TD Agda

Agda TOFEATIIEER DGR & RIROE TR/ IZFEH T R E 5B, N H I %
N&7zdEEHZ EH L ZE THEHZITS 2L ARETH 5, GEHHDHIE LT Code V — A
a— N 310 215, T TD +zero 3655 zero 2R L TH = OMAIFFELVWI &
ZEEBHLTW5S, ZHi, BIEE LTEZIFTWD y A Nat DT, zero DIfE suc y
DZDODGEZGIHT 5 MBENDH 5,

y = zero O zero = zero L TET, EADEHNIFELWVWE WS T L %2KT refl T
AEHT 228N TE S, y = suc y DFIZ 2 =y O fo = fy KD IZDE WD cong
ZfioT, y DfEZ 1S LzDb, HIRWIZ +zero y ZHWTEERHL TW 5,

V—23— K 3.10: ERETFOH

+zero : {y : N} = y+ zero =y
+zero {zero} = refl
+zero {suc y} = cong suc ( +zero {y} )

-——cong : V(f :A =B {xy})>x=y—->fx=1£fy
-— cong f refl = refl

F - M NIEED TERZ LT APV ODRFEIELTWS, T2 Tld revwrite
¢ =-Reasoning DX ZFHHT L& & HiZ, FEXELRT XD L L TIIED
HILZDWTRT,

rewrite TlE BD = HiIZ rewrite ZIEHHI O TRldk LU, EEOHAIZ M S 5E
1 rewrite 2Bl 1 | 2B 2 X512 2HWTEHIKRT 5, V—ZAa—F 3.11
IZH B +-comm T x 2 zero DNNX—VDRRWHITH S, ZZTlL, +zero ZF|HL,
zero + y 2 yWEKTZI L Ty=y D, EADEIEFELWI L %E/RT refl 12
HoTW5B,

Y — A 3— K 3.11: rewrite TOERZTE DH

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

14



—_

—

O © 0 O Ut oW NN

= O © 00 N O Ut = W N =

BRER KRB AL (B ) #3E EHEEWSRRER Agda

YV —A32—NK 312,V —A3—FK 313, YV —AI— | 3.14 [¥ =-Reasoning & H\\ 725
EHROFTNTH 5, HRODIZHFRAE 2 h®7-\ & T AT let open = -Reasoning in begin
LR U, 2RI = ( Z2FHAI) 2% O TR LT, &I B 22 TEREZ&
2%, Z®D let open 75 B EFTORNIKX 1T TREABLTHRWVWL, I 1 T b
ZEDOTHRV, V—AI2—F 31200 TREANSBNWEIS%E 7 LEVWTHE, 7 0
HFTRINTVBHEFFIZIAY FTRLTEL,

YV —A3— N 3.12: FXEFEOH1/3

+-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 + suc x
-—- 72 : N

CORETEITT DL 2 AT AZEE Agda DR UL TS N5, HADIZERT 5%
Z 20 IR U, 71 OIS EEHIZ T 5 2 e TEAE LR TE S, T2 TOHEIX
(suc x) + yZ suc (x + y) BIELTPH.y + (suc x) BEAMKIZ suc (x + y) D
AT B THELIZUHT S, Agda DIE TIXAMNZ suc 23DV TWZHEIMT
suc ZH U CTHIFMNIZHEG L R UEZITS 720, HETIT (suc x) + yidsuc (x + y)
IZEMTE S5, Y —A3— K 313 Tid suc (x + y) I LT cong T suc ZAMNIHL

+comm % FIFAIZRIAHT A Z LT suc (y + x) NE#LTWVWD,

Y —A3— K 3.13: FAZRDOH2/3

+-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) =( cong suc (+-comm x y) ) |
suc (y + x) =( 70 )
71 N

--= 70 : suc (y + x) =y + suc x

-— 71 : y + suc x

V—A3d—F 314 Tli& suc (y + x) equiv y + (suc x) £WIHIERIZH U T equiv
DOXFE sym 2> TEADHZ KEIZH y + (suc x) equiv suc (y + x) DT L,
y + (suc x) Aisuc (y + x) AP TELI L% +-suc ZFHWVWTRL7Z, ZHUTLDEE
ARDLELADIENE L K 72272728 +-comm DR 7=,
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BRER KRB AL (B ) 93 EHEENI SR

R Eit Agda

Vo2 a— 314 SRELOH 3/3

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

Agda TR ID &S WL TEXZLER LR SAMET I FENTE S,
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2
3
4

% 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) {

17



BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

|

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 44% YV —A3—F 4.1 TEF 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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BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

U T WVWESIZ YV —AT2—F 41 %2 V—A2— KN 43 IZHEL,
Y —Z 33— K 4.3: while Loop (Fifg)

n = 10;
i=0;
while (n > 0) {
i++;
n--;
}
V—Ad—NK 4.4 V—A3—FK 4.3 &5 U7z Hoare Logic D 70275 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)} ))

Z® Comm % Agda ETHEITITSH72O, YV —AI—F 45 O interpret FH % (FE
U7z,

YV —A3— K 4.5: Agda T®D 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 4513 FIHPIREED Env & Ef7$ 25 av VN OlitaZiF&->T, E
7D Env ZIRTED LR >TWVW5, interpret BIFIIMZIEEZEZR L TWa W0,
{-# TERMINATING #-} X7 2T TW%,

V—Ad— R 46D X 5IT interpret (Z vari = 0 , varn = 0 @ record Z{# L., 5
79 % Comm 2E L T fid % & record { varn = 0 ; vari = 10 } D X 572 Env H°
E>TLK %, interpret THITEIND aA<Y U N I V—A3— K 44 TEif L7z While
Loop §56a%YRThH5b

YV —A 33— R 4.6: Agda T®D Hoare Logic DFE1T

1\test : Env

19




2 [test = interpret ( record { vari = 0

BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

; varn = 0 } ) program

3 ‘—— record { varn = 0 ; vari = 10 }

N O Ut W N

[ed]

4.2 while program D) F 24

ZIZTIRERER U7 V—A3— K 4.4 OMEE%Z1T S, Hoare Logic TlZa <> KNiZ
SIS UZARRNGFIELTE D, T o 2fllAGLE LB CHMREZRERTIHE L H L, Z
DRk ZGR T BB, M IELMEDL KDL > TWBBEDD B, HoELM &1 Hoare
Logic @3~ ¥ RAFEATI NS RNTITHATRMAEDRE D Lo TWT, avy FA3gIELE
SHBEMDPE D> TWBEI L TH D,

YV —Z3d— R 4.8 @ HTProof X Agda = T® Hoare Logic TD I~ > FiZxfa U 72 MHE
ERIELTEEDZEDTH S, HTProof Tld Pre-Condition & I < > R, Post-Condition
EZITI->TEHEIND Agda DT —XTH5, V—AI—R 42 DAYV NTEEI
7z Skip. Abort, PComm, Seq. If. While, (ZXJ& U 7zFEBHD 72 DMEMFIEL T
W5,

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

SkipRule & Condition 237> TZ D £ £ Condition %33 HTProof ZiKd,

AbortRule & Pre-Contition % 3Z1JH{ > T, Abort #3173 5 HTProof ik,

WeakeningRule (Fi# ¥ D Condition 2 5l % %D HERITMHH T NS, 4.7 D Tautology

% ffi-> T Condition BE U THDH I & %

SeqRule (& 3 D® Condition & 220 AV K 2ZITHD, ZN65DTOT T LDE
IR 72 AT 2 IRFET B,

IfRule XA IZHW S, 3 DD Condition & 2200 A< K #ZIFHLY, HED
Condition 2% D L > TWABPWRWHRTHEIFT S Iv VN 222X 5)0V—LVThHbd, Z
DI, 600 2V R BFEITINDE I L ZHRIEL TWE,

WhileRule IV —JIZHWOHN, 12D A< K £ 2O0 Condition 23 I7HLH . =
BISED R DV > TWABE, av Y R 280RTIE2EFLTWS,

YV —A3d—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

Tautology : Cond — Cond — Set

20




BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

10 ‘Tautology pre post =V (env : Env) — (pre env) = (post env) = true

O N O Ut i W N

NN NN NNNLNRE B B BB e e e e
N OOk WY O © 0000 WNY RO o

V—A3— R 48 %ffio>T Y —A3— K 41D while program DLz KT 5.
YV —Z3— R 4.8: Agda T®D Hoare Locig DFEL

data HTProof : Cond — Comm — Cond — Set where
PrimRule : {bPre : Cond} — {pcm : PrimComm} — {bPost : Cond} —
(pr : Axiom bPre pcm bPost) —
HTProof bPre (PComm pcm) bPost
SkipRule : (b : Cond) — HTProof b Skip b
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 A b) cmThen bPost —
HTProof (bPre A neg b) cmElse bPost —
HTProof bPre (If b cmThen cmElse) bPost
WhileRule : {cm : Comm} — {bInv : Cond} — {b : Cond} —
HTProof (bInv A b) cm bInv —
HTProof bInv (While b cm) (bInv A neg b)

2RO RRIE Code 4.9 D proofl OFRIZIR S, proofl TIFAEIT initCond, Code 4.4
@ program, termCond %G L CH D, initCond #*5 program % 547 L termCond (T
17 &% < Hoare Logic DFEHHIZZ: 5,

ZNZ D Condition & Rule DFEIZFER I NTWS {3 IZHEN7E2 T, initCond
D AESMT true %389 Condition 1272 > TW 5,

ZNEND Rule DHFIZZENZTNDOH D ELEZBREES 57O DFEHFAELTED ., £
NZEN lemma THDH SN TWS, lemmal 7*5 lemmab DFEFIFMED AZ R L. 2IKIX
Ekic#E s Z Licd 5,

I 6D lemma 1& HTProof @ Rule (2> THERHDZFHLABRINTH D, lemmal
Tl& PreCondition & PostCondition 2MF{ET 5 & & DRADLREE, lemma2 TlX While
Loop (Z A% 7D Condition 7* 5 )V— T ARZELEMpNDZEHDFEH, lemma3 Tld While Loop
WTO PComm DR ADIEMH, lemmad Tlk While Loop %1} 72 & & ®D Condition D*&
M. lemma5 Tl& While Loop %Ki 72 DIV — T ARZEZMH & Condition ~D A &
termCond ~DOBITOEEMWZRIEL TW5,
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BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

Y — X 3— R 4.9: while loop 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 )
$ PrimRule {whileInv’} {_} {whileInv} lemma4 ) lemmab

Hoare Logic T3~ > FIZHIG U 72 ERRDMFEIET 5728, proofl &Y —AJ— K 44
@ program (ZiFE\WFLRIZR B,

4.3 Hoare Logic TODfEeM:

Y —2Z23— K 4.9 Tl¥ Agda T®D Hoare Logic Z W7z tLDHERZ2iT>72z, ZZT
d, V—RZA3—F 4.9 THR LU 7LD EBRIZIEL SEET 2008 5 0 (E2M) ORMGE
2175,

YV —Z 33— K 4.10 ® SemComm Tl¥% Comm TH D LD % KT, Satisfies Tl
HETEM & av U N, HESME 2ZUE-T, Zhve, ELL Comm T D
RatEEd 5,

YV — A 3d— R 4.10: State Sequence DI\ E 24

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 cl) (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 ¢2))
SemComm (While b c)
= 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

22




BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

23 |Satisfies bPre cm bPost

24
25

S U W N

-~

10
11
12

13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28

29

30
31
32
33

= (sl : State) — (s2 : State) —
SemCond bPre s1 — SemComm cm sl1 s2 — SemCond bPost s2

EITTHEE. ZhoDBBRE2m-ZLTWAZ e CTHEWNHIHTE 5,

YV —A3— K 4.11 ® Soundness TlX HTProof %#%2IJHN YD . Satisfies IZ& - /=i
%3R3, Soundness Tld HTProof IZELiR XN T WS Rule TRXX—2 < w F 2TV, X
69 BEEHH 2 JE G LT\ 5, Soundness D — NIFENL W=D HNIZERK L., £
I ERIZHE TS Z 22T B,

YV —A3—F 4.11: Agda T® 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 ql 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
in tautValid bPost’ bPost tautPost s2 (hyp sl s2 (tautValid bPre bPre
> tautPre sl ql) q2)
Soundness (SeqRule {bPre} {cmi1} {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
in hyp2 (proj_1 g2) s2 (hypl s1 (proj_1 g2) q1 (proj.1 (proj 2 g2))) (
proj-2 (proj-2 q2))
Soundness (IfRule {cmThen} {cmElse} {bPre} {bPost} {b} pThen pElse)
sl s2 ql g2
= let hypThen : Satisfies (bPre A b) cmThen bPost
hypThen = Soundness pThen
hypElse : Satisfies (bPre A neg b) cmElse bPost
hypElse = Soundness pElse
rThen : RelOpState.comp (RelOpState.delta (SemCond b))
(SemComm cmThen) s1 s2 — SemCond bPost s2
rThen = A h — hypThen sl s2 ((proj_2 (respAnd bPre b s1)) (ql ,
proj_1 t1))
(proj-2 ((proj-2 (RelOpState.deltaRestPre (SemCond b) (SemComm
cmThen) sl s2)) h))
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
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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

BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

t10 = proj_2 (RelOpState.deltaRestPre
(NotP (SemCond b)) (SemComm cmElse) si
s2) h
in hypElse sl s2 (proj_2 (respAnd bPre (neg b) si1)
(g1 , (proj-2 (respNeg b s1) (proj-1 t10))))
(proj-2 t10)
in when rThen rElse g2
Soundness (WhileRule {cm’} {bInv} {b} pr) si1 s2 ql g2
= proj 2 (respAnd bInv (neg b) s2)
(leml (proj-1 q2) s2 (proj_1 t15) , proj_2 (respNeg b s2) (proj
-2 t15))
where
hyp : Satisfies (bInv A b) cm’ bInv
hyp = Soundness pr
Rell : N — Rel State (Level.zero)
Rell = A m —
RelOpState.repeat
m
(RelOpState.comp (RelOpState.delta (SemCond b))
(SemComm cm’))
t15 : (Rell (proj_1 g2) sl s2) x (NotP (SemCond b) s2)
t15 = proj_2 (RelOpState.deltaRestPost
(NotP (SemCond b)) (Rell (proj-1 g2)) sl s2) (proj-2 q2)
leml : (m : N) — (ss2 : State) — Rell m sl ss2 — SemCond bInv
582
leml zero ss2 h = substIdl State (proj_2 h) (SemCond bInv) qi
leml (suc n) ss2 h
= let hyp2 : (z : State) — Rell (proj.1l g2) sl z —
SemCond bInv z
hyp2 = leml n
t22 : (SemCond b (proj-1 h)) x (SemComm cm’ (proj_-1 h) ss2)
t22 = proj_2 (RelOpState.deltaRestPre (SemCond b) (SemComm
cm’) (proj_1 h) ss2)
(proj-2 (proj-2 h))
t23 : SemCond (bInv A b) (proj-1 h)
t23 = proj_2 (respAnd bInv b (proj_1 h))
(hyp2 (proj_1 h) (proj.1 (proj2 h)) , proj.1 t22)
in hyp (proj_1 h) ss2 t23 (proj 2 t22)

Y —Z 33— K 4.12 I% HTProof Tl SN7/-ffk%E, ERRIZM-T I ENAETH S Z L
% Satisfies DK T, AFHAERZ) TlX HTProof THEM X N7z (i #%17HL Y. Soundness
PG UGt Z R T L5 12> TnW3,

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— R 413 Tid VY —A3—F 4.4 ® program ® Hoare Logic TOETH 5,
Z OFEHTIIHIHAIREE initCond & 4T3 5 27 ¥ NEf program ZZ I THUD 4 TRFEL L
T termCond 7' true THD I & ZRT,
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BRERRZF R FBe AL X (B 1) 5 4% Hoare Logic

Y — A 3— K 4.13: while program D {4

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 RIS U 7218k TH % proofl % \verbPrimSoundness/ (ZAJj& LT
W ZeTHild I eNTES, TIETRBRTSI LT Agda =D Hoare Logic % H
W7z while program ZMRGEd 5 Z &N TE 7,
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# 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) A (varn env = cl1l0 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) A (varn env = cl10
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,
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% 4 % TlE Agda ET® Hoare Logic Z HH\WTHEEZ T 7z, % 5 & TliE CbC D
CodeGear, DataGear &9 EiR D Agda ~DXG%ExR L, CbC TELNZTB T T L
DMGEETE D Z L 2R L 7=,

ARETIX CbC TD CodeGear, DataGear &\ itk & Hoare Logic % Xt X+, Hoare
Logic 2 X—2A & L7z CbC OMGEFIEZEFKT D, S 5T Hoare Logic THIE U7z while
program (ZXf U CRIBRIZHREEZ 1T D,

6.1 CbC T® while program Dgtih

FMREE % 756D A HiZ CbC _ET while program % 5359 5,
6.1 i CbC ET®D while progam (ZfHY4 3 % CodeGear TH 5, Z I Tid B i, n.
AJ1EUTEIT S ¢l0 % record BITE &£ T Enve & LTV 5,

YV —A3—F 6.1: CbC ETO while program

whileTestP : {1 : Level} {t : Set 1} — (c10 : N) — (Code : Envc — t)
— t
whileTestP c10 next = next (record {c10 = c10 ; varn = c10 ; vari = 0 })

4 |[whileLoopP’ : {1 : Level} {t : Set 1} — Envc — (next : Envc — t) — (

exit : Envc — t) — t

whileLoopP’ record { c10 = c10 ; varn = zero ; vari = vari } _ exit =
exit record { c10 = ¢c10 ; varn = zero ; vari = vari }

whileLoopP’ record { c10 = c10 ; varn = suc varnl ; vari = vari } next
= next (record {cl10 = ¢10 ; varn = varnl ; vari = suc vari })

{-# TERMINATING #-}
loopP : {1 : Level} {t : Set 1} — Envc — (exit : Envc — t) — t
loopP env exit = whileLoopP’ env (A env — loopP env exit ) exit

whileTestPCall : (c10 : N ) — Envc
whileTestPCall c10 = whileTestP {_} {_} c10 (A env — loopP env () env
— env))

—-- whileTestPCall 10
-— record { ¢10 = 10 ; varn = 0 ; vari = 10 }
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whileTestP (IR A %175 CodeGear T, #HclZFEZEL 72 Env 2L T3,

W— T3 I — T DY %2 9§ 5 CodeGear & NV— T %175 CodeGear D 2 DIZ5MTT
Fif LT3, whileLoopP’ 13— 7% ¥}5]d % CodeGear T, varn DfEA zero 7% 5
TROWPTIL—TZ2MEZ 50601 502 HW L TW\Wb, loopP IF)V—T7%475 CodeGear
T #kFESEIC whileLoopP & 5EiZ whileLoopP D /tiZ HE TdH 5 loopP ZElik 3 5
ZeTLH—T7IHETWVSE, ZOFETIHFIELZR\W728 {-# TERMINATING #-} % DI} T
W5,

Z1ET 2508 1F, loopP? ¥ LT V—ZAa2—=F 620D &S IZHibT 5 & L\,

V—A3— R 6.2: {£1£9 %)V — 7 loopP’

loopP’ : {1 : Level} {t : Set 1} — Envc — (exit : Envc — t) — t
loopP’ record { c10 = c10 ; varn = zero ; vari = vari } exit =
exit (record { c10 = c10 ; varn = zero ; vari = vari })
loopP’ record { c10 = c10 ; varn = (suc varn_l) ; vari = vari } exit =
whileLoopP’ (record { c10 = c10 ; varn = (suc varn_l) ; vari = vari })
(A env — loopP’ (record { c10 = c10 ; varn = varn_l ; vari = vari })
exit ) exit

whileTestPCall’ : (c10 : N ) — Envc
whileTestPCall’ c10 = whileTestP’ {_} {_} c10 (A env — loopP’ env (A env
— env))

—-- whileTestP’ 10
-— record { c10 = 10 ; varn = 0 ; vari = 10 }

whileTestPCall IX5EKRIZ CodeGear ZHlAGLE- T 0I5 L TH S, while program
D n O 10 Z AN T whileTestPCall 10 D X S 25T T 5 &, record ¢l0 = 10 ; varn
=0;vari = 10 2> T<L %, loopP’ THERDEITMNTE S,

6.2 CbC T® Hoare Logic Dtk

Hoare Logic TIXHFIGM. FHHE. FERFZMEND V., HBEIC X THISEME» S5 HE
ZMaEL Z e TEHAMNRIENS M 2B Z 2 23T E 72, Hoare Logic DFHATSRM P H L
FAFIEH O RNEBRCEERRR ETREIND, Agda ETIHEARET—X L LTHED
ZEeMNTES7-0, BFRZESHE L7z CodeGear Z HANVT 707 I L%k dT5Z 8T
HoareLogic & [RIBRDIEIZS S Z A TE 5,

CbC T® Hoare Logic (& K 6.1 2R3 & 52, Hiligf (Pre Condition) #% Proof T
AL L THE D, CodeGear TEK U, FE&5AM: (Post Condition) A3 D 32D Z & % Proof
THEEL TW 5,

6.3 13 D CodeGear & Hoare Logic X—A®D CodeGear Zfil& L TW5, @D
CodeGear Td % whileLoop’ & Hoare Logic X—A® CodeGear Td % whileLoopPwP’
FECEIEZ S 5,
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Meta Data Gear Meta Data Gear
Meta Meta
Data Gear Code Gear Code Gear Data Gear
:""""""""’. P TTTTTTTTTTT
: Pre Condition | | Post Condition |

| o | |
| | //’ Pre “TPost” T~ |
| Data Gear —{—‘\ Condmon Code Gear Condmon ——»| Data Gear i
i !>~ Proof__ _Proof__-7 1 !
I

6.1: CodeGear, DataGear T® Hoare Logic

Y —A3d—F 6.3: CbC ETO Hoare Logic

-- Nomal 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) 1})

—-- Hoare Logic base CodeGear
whileLoopPwP’ : {1 : Level} {t :

— (n = varn env) — (pre : varn env + vari env = cl10 env)

— (next : (env : Envc ) — (pred n = varn env) — (post : varn env +

vari env = c10 env) — t)

— (exit : (env : Envc ) — (fin : vari env = c10 env)
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))

Set 1} - (n : N) — (env : Envc )

— t) — t

whileLoopPwP’ TIXAIE & U THATSRM pre &Mk DB Z ZITH > TH O, ki
e DB Z T HLS 5180 post X fin 78 EDEMEVZ OBBIZ B W TOHRERME L L5,

% 72, Hoare Logic Tl& HTProof £\5 2 <Y K&t U7z NEAFEL TWZh3,
CbC TlE#& CodeGear (ZX)i U 72 a1, FHESMAT E D Meta CodeGear 25tk d 5 Z
EMZENIT Y25

6.3 CbC LET® Hoare Logic % A\ 72 fRELE:

Hoare Logic TIZHEINAEZY Y IV ax Yy REFAWTC IO 7 I L%HR L7225, ChbC
ETiX CodeGear WS AL TT BT T L%EEIRT S, D728 Hoare Logic DA< v
R & [FRkIZ CodeGear % fifi o 72 LAkGIR 2 47 5 B ED D 5,
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while program (ZIFFJOD n =10, i =0 ZRAT S5, while loop HIZK D 32> T
WBEM%E n+i =10, while loop LT U772 ERD N> TWVWBEEME i =10 D3 D
DIRREDN B - 7=,

YV —A3— R 6.4 X while program ® 3 DDIREZFLRL7ZHDTH S,

YV —A3d—F 6.4: CbC X—AD Hoare Logic

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

whileTestStateP : whileTestState — Envc — Set

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

whileTestStateP Tl s1 2HIHPIRAE, s2 IV — THRELKAM:, fs DEAIRAEIZ
I LU TW5b, s1. s2. s3 13 FNFH whileTestState CEZBINZiBBFTH 5,

INSDIREZEM - T, CbC LD Hoare Logic % {# - T while program % {Ek L T
W<,

YV —Z 32— K 6.5 [FRAET D Meta CodeGear TH 5, fRATITEHFITENRL, F
B2 LT st @ (vari env = 0) A (varn env = c¢10 env) D3V% D 3D,

YV —Z 33— R 6.5: CbC E® Hoare Logic TD XA

whileTestPwP : {1 : Level} {t : Set 1} — (c10 : N) — ((env : Envc ) —
whileTestStateP sl env — t) — t
whileTestPwP c10 next = next env record { pil = refl ; pi2 = refl } where
env : Envc
env = whileTestP c10 ( A env — env )

V—A3—FR 6.6 13NV —T%f75I— RN THb, whileLoopP’ IF)N— T %&HilF 5. KX
% DY %2175 Meta CodeGear T, V— 7&Kl TWAMH, varn DfEZJES L, vari
DEZEPLTWB, J— 7% varn »% suc n Dk E, TOMDRMETH S s2, O F
D (varn env + vari env = c10 env) DIRFEDK D LD, varn ' zero 12745 L &
#D loopPwP’ IZ fs TH D (vari env = c10 env) ZJEL., LV—T %MK Z 5,

loopPwP’ IFFEFRIZIL— T % T % Meta CodeGear T, [A] o TH7FRIZ varn #¥ suc n
D% whileLoopPwP’ % 51T L. Z DfkfisdD Meta CodeGear (ZHE TdH 5 loopPwP’
ZANTIV—T%475, varn zero D7 — ALZ DHED whileLoopPwP’ %' zero T sf D
RAZREZ IR L TL 5728, loopPwP’ TH[EMRIZ sf THD (vari env = cl10 env)
ZIRU, V=TT T 5,

YV —A3—F 6.6: CbC LD Hoare Logic T® while loop

1 iwhileLooprP’ : {1 : Level} {t : Set 1} — (n : N) — (env : Envc )
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— (n = varn env) — whileTestStateP s2 env
— (next : (env : Envc ) — (pred n = varn env) — whileTestStateP s2
env — t)
— (exit : (env : Envc ) — whileTestStateP sf env — t) — t
whileLoopPwP’ zero env refl refl _ exit = exit env refl
whileLoopPwP’ (suc n) env refl refl next _ =
next (record env {varn = pred (varn env) ; vari = suc (vari env) })
refl (+-suc n (vari env))

loopPwP’ : {1 : Level} {t : Set 1} — (n : N) — (env : Envc )
— (n = varn env) — whileTestStateP s2 env
— (exit : (env : Envc ) — whileTestStateP sf env — t) — t
loopPwP’ zero env refl refl exit = exit env refl
loopPwP’ (suc n) env refl refl exit
= whileLoopPwP’ (suc n) env refl refl (A env x y — loopPwP’ n env x
y exit) exit

Z1 5D Meta CodeGear Zfi\WMERkZFLR U, MEET 5,
V—A32— K 6.7: CbC E®D Hoare Logic

whileTestPCallwP’ : (¢ : N ) — Set
whileTestPCallwP’ c¢ = whileTestPwP {_} {_} ¢ () env s — loopPwP’ (varn

env) env refl (conv env s) ( A env s — vari env = c10 env ) )
-— conv : (env : Envc ) — (vari env = 0) A (varn env = cl10 env) — varn
env + vari env = cl10 env

-- conv e record { pil = refl ; pi2 = refl } = +zero

whileTestPCallwP’ IV —A 32— F 6.5V —A3— R 6.6 TS L 72 Meta CodeGear
EHlAGDLEARRTDH 5,

% 7z, while program & [@#RIZIV—THNTIEZDEEFDORMFEZEN—T BT &0
L\Wzd conv Zffi> TV — FTHAREZHEANLEILIE TV S,

Z DfLRETIX whileTestPuP & loopPwP’ %S THEIT L7z &, RED T L XA
A2 TWBERIEIRRE vari env = c10 env 23T K D VD,

whileTestPCallwP’ ZHMFLET 212k, YV —AI—FK 68 ODLHIZ NZE2ZITH - T
whileTestPCallwP’ N 3k 0 i DEIZ IR U, EBRIZEHMA TERT 2 HENDH 5,

YV —A3d— K 6.8: CbC ETOEHF D Soundness

whileCallwP : (¢ : N) — whileTestPCallwP’ c
whileCallwP ¢ = whileTestPwP {_} {_} c
(A env s — loopPwP’ (c10 env) env (sym (pi2 s)) (conv env s) {!!})

-- Goal: (env_l : Envc) —

- vari env_l = c10 env.l —

-- loopPwP’ ¢ (whileTestP c (A env_2 — env_2)) refl +zero
- (N env2 s.1 — vari env.2 = c10 env_2)
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1 |-- s : (vari env = 0) A (varn env = c10 env)
12 |-— env : Envc

13‘——c : N

whileTestPwP R AD 72O HHIZ Agda MEHETE S, L2 L. loopPwP’ YV —2A
I—F68DAAYFDESIZEBEDMENAD ETEHREZTTDL I ENTE R o7,
ZDHY —A3—FK 6.10 T, loop %9 5HHBIER loopHelper % Flid L 7z,

V—A3—F 6.9: loopPwP’ DFfiBEE loopHelper

1 |loopHelper : (n : N) — (env : Envc ) — (eq : varn env = n) — (seq :
whileTestStateP s2 env)

2 — loopPwP’ n env (sym eq) seq (A env_l x — (vari env_.l = c10
env_1))

3 |loopHelper zero env eq refl rewrite eq = refl

4 |loopHelper (suc n) env refl refl =

5 loopHelper n (record { c10 = suc (n + vari env) ; varn = n ;
vari = suc (vari env) }) refl (+-suc n (vari env))

loopHelper Tl¥ loopPwP’ M3 {FIE L., vari env = c10 env KD VDI L %
AEFL TV 5,

Y — A 32— R 6.10: loopHelper % i > TEH L 7z Soundness

1 |whileCallwP : (c : N) — whileTestPCallwP’ c

2 |[whileCallwP ¢ = whileTestPwP {_} {_} c

(A env s — loopHelper c¢ (record { c1l0 = ¢ ; varn = ¢ ; vari = zero })
refl +zero)

loopHelper Zf#i\» loopPwP % f&i#J L. whileSoundness D&% T 5 LN TE 7,
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ARG Tl Continuation based C 7’02 F L IZxF L T Hoare Logic % R — A2 U 7z {Lkk
Fhik  MREEZ 1T 572, £72, CbC T®D Hoare Logic TldflhkZz & D5l D £ £, L
WA= RPETTELI L 2MERL T,

FBRIZ, Hoare Logic X—ADFiR %175 Z & T, MEED A XFHEIZfHbILE Meta
DataGear *, CodeGear OBE&DHME L 72572, F72, CbC _ET®D Pre Condition, Post
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 SGROZHE

SHOMEL UT, DN —TBHRETE 7007 LAOKREEVRZEIT S ND, FRIRIZHGEE
PWFZHD0THNE, HETHEZEI714T7I7VDEIIRFETELHBEI LT, LOESDE
BEEDRTE D LD ITRZDTIHRNPEEZT WD, BIfE, BEEATTON TV WIL—T
PFHET 5715 e UT, Binary Tree ¥ RedBlack Tree 72 & D 7 — X & DMFE T
5720, TNSDIN—TFIZH LU TEHEOFEZEH LU THRIEZ TV 20,

% 7z. Meta DataGear T DataGear DEARFOHIRIG M Z KD Z & T, FITHlH % fn
728 T —REERTAILNTESL, FOZTDLIRT—XE2TOTILE2MHTEZ
T, MEEZ T OO ST I A TEELEZTWVWSE, ZNHFAKKIZ Binary Tree
% RedBlack Tree 2 ED T — X G IZEH L, MEEO—BNZ 22 2 FEZTWVWD

ZOMOFEL L TiE, CbC THAEINTWS GearsOS (ZIF1E T 5 Wi FIHE L DIRGE
P, MEE %247 -7z Agda D CbC ik 5/ =< L_)LD CbC FaF T LD
ERgIFons,
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