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Inductive tree (X:Type) : Type :=
| leaf (x : X)
| node (tl t2 : tree X).

Check tree_ind :
forall (X : Type) (P : tree X -> Prop),
(forall x : X, P (leaf X x)) >
(forall t1 : tree X,
P t1 -> forall t2 : tree X, P t2 -> P (node X tl1 t2)) ->
forall t : tree X, P t.
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Definition nat_ind_explicit : forall P, P @ ->
(forall n : nat, Pn -> P (S n)) ->
forall n : nat, P n :=
fun P => fun PO => fun PS =>
fix F (n:nat) : Pn :=
match n with

| ® = PO
| Sk =>PS k (F k)
end.
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Definition ind_rev : forall P,
(forall n : nat, P (Sn) -> P n) >
forall n : nat, Pn :=
fun P => fun PS =>
fix F (n:nat) : Pn :=PSn (F (Sn)).
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Error:

Recursive definition of F is ill-formed.

In environment

P : nat -> Type

PS : forall n : nat, P (Sn) -> P n

F : forall n : nat, P n

n : nat

Recursive call to F has principal argument equal to

"S n" instead of a subterm of "n".
Recursive definition is: "fun n : nat => PS n (F (S n))".
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Error:

Recursive definition of F is ill-formed.

In environment

P : nat -> Type

PS : forall n : nat, P (Sn) -> P n

F : forall n : nat, P n

n : nat

Recursive call to F has principal argument equal to

"S n" instead of a subterm of "n".

Recursive definition is: "fun n : nat => PS n (F (S n))".
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Fix
: forall (A : Type) (R : A -> A -> Prop),
well_founded R ->
forall P : A -> Type,
(forall x : A, (forally : A, Ryx ->Py) ->Px) >
forall x : A, P x

well_founded =
fun (A : Type)
: forall

Inductive Acc
Acc_intro :

(R: A ->A ->Prop) => forall a : A, AccR a

[A : Type],

(A -> A -> Prop) -> Prop

(A : Type) (R : A->A ->Prop) (x : A) : Prop :=

(forall y :

A, Ry x -> Acc Ry) -> Acc R x.
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{#i ] Fix %% ¥ nat_ind:

Definition nat_ind_by_Fix (P : nat -> Prop) (H® : P 0)
(HS : forall n : nat, Pn -> P (S n))
forall n : nat, P n := Fix lt_wf

(fun n => P n)

(fun n rec =>
match n with
| ® => fun _ => HO
| Sn' => fun rec' => HS n' (rec' n' (lt_succ_diag_r n'))
end rec).

Hrr 1t_wf & 1t 1Y well-founded jIFBf . 1t_succ_diag_r & n < Sn ik
H.
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Theorem hoare_while : forall P (b:bexp) c,
{{P /\ b}} c {{P}} >
{{P}} while b do c end {{P /\ ~ b}}.
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skip, Assign, Seq, If FJfIRIZNFE SRt A?

wp(skip, Q) =Q
wp(x = a, Q =Q[x [-> a]
wp(cl; ¢2, Q = wp(cl, wp(c2, Q)
wp(if b then cl1 else c2 end, Q) =
(b —> wp(cl, Q) /\ (~b —> wp(c2, Q)
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wp(x = a, Q
wp(cl; c2, Q

wp(if b then c1
(b -> wp(cl,

wp(skip, Q) = Q

Q[x [-> a]

wp(cl, wp(c2, Q)

else c2 end, Q) =

Q) /\ (~b -> wp(c2, Q)

&7 while PASL, FHAhAr 1 wp #B AT DA FZIE V€ Lo T while 1Y wp
W) =5 Lol e S
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skip, Assign, Seq, If FJfIRIZNFE SRt A?

wp(skip, Q) =Q
wp(x = a, Q =Q[x [-> a]
wp(cl; ¢2, Q = wp(cl, wp(c2, Q)
wp(if b then cl1 else c2 end, Q) =
(b —> wp(cl, Q) /\ (~b —> wp(c2, Q)

7 while PASL, HAt Ay 1) wp #RAT DAEFEISIAE o 1 while ] wp
T35 200 2 1)
— AR while 1) wp ME—ND?
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Definition sqrt_dec (m:nat) : decorated :=

<{
H{HX=m}} > {X=m3}}Z:=0{{Z=0/\X=m1l};
while ((Z+1)*(Z+1) <= X) do {{ ... }}
Z =2+ 1{{Z*Z<=X/\X=m}}
end
{{ ... }} ->> {{ Z%Z<=m /\ m<(Z+1)*(Z+1) }}
3>,

Theorem sqrt_correct : forall m, outer_triple_valid (sqrt_dec m).
Proof. verify. Qed.
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// pre: 0 <= x
if (x >= 10) x = 10; else x = x + 1;

// post: 1 <= x <= 10

FEATDAE B2 wp 54 A -

0<x) > (x=210>51<10<10) A (x <10 > 1 < x+1 < 10))
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Frama-C f— -4 C F#11 H A BYFIIE TH, 35S RRIE i,
WIFET wp 7596, P ATATE C AU {1l ACSL (ANSIISO C
Specification Language) ¥4f 5L, X5 Frama-C £22i [H 3 IFix 2
N
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H 245 . R Frama-C (YI6AIF Lk IMP B A 2
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/*a@
requires x <= 10;
ensures \result == 10;

*/

int inc_to_ten(int x) {
/*a

loop invariant x <= 10;
loop assigns x;

loop variant 10 - x;

*/
while (x < 10) { x++; }
return x;
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{

if (a[i] > max
max = a[i];

it++;

return max;
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S2B5 b wp A2 Frama-C Hh— M, Frama-C iS4 T HABAEM:,
1 Eva Jl T35 #87, E-ACSL H Tz TR IIESE . ANk ik Se4d 1) Jit
FEANSEBANFT SRR N AR LR K.

MAEHUL, Frama-C wp 2 — PIIRER A TR, HlT CIESAGHNE
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fLEE (PKU) K 2R ER [ZS May 14, 2026



H BN LIE THA

(e]e} 0O00@e00000

ez XY

PEKING UNIVERSITY

VST-A

VST-A [Al¥E2— 00 CIEF I H SRR FEIE TH, BT VST/Coq it
1R C k.

VST-A 7£ VST g5t T 7 B ahfkiiodt. VST 2 —4 5T Separation
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VST-A

VST-A WAL — T AR, AR5 80 o W s Rl B
XX TR, A AT AR AL B LF- BLZK Y Hoare triple BEF /T, )%
RApfife 1 Bk A

Precondition : : i :
c : H H
false : :

Annotated (Assertion-free path) (Head path)
Program
L = : :
Postcondition - J T

(Tail path) (Full path)

Fig. 12. Control flow graphs v.s. paths in split results
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Dafny

method IncToTen(x®: int) returns (x: int)
requires x0 <= 10

ensures x == 10

x 1= x0;
while x < 10

invariant x <= 10 // This line is unnecessary
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XTSRS T RRET, Dafny 19 B ERCRAER 4, H L
PATEARPUEMIFE R, (HE2AWNAFEREEIAALX) . AXTE
SRRy Datny JUik B AL, RS PR A T

A
=
@ 1 fferenceMinMax( >) returns (diff: int)

{ diff := @; return; }

riant 1 <= i <= |al]
riant min == Min(a[..i])
nt max == Max(a[..i])

if a[i] <= min
min := a[i];

if a[i] >= max
max := a[i];
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method solve(time: seq<int>, value: seq<int>, totalTime: int)

prevMaxValue[i] <= prevM

best(prevTime, prevVal

Imax_possible(time, value, choose2, i, resul
ime|, choose2) &

sum_choose(tim oose2) <= 1 &&
sum_choose(value,

[choose2 o0se2(-1]

prev);

valid_

t, choose2_sub);
me, choose2_
revvalue, choose2_sub

m_choose:

t sum_choose

best(time, value, i, result);

}
maxvalue := maxvalue + [result];
i:=144+1;
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BAEA KB TARERZX AT, B4 RefinedLLM! 71 SpecGen?
FTH, B&fE—SRpET EHIS T AREIE8CR

Yufan Cai, Zhe Hou, David Sandn, Xiaokun Luan, Yun Lin, Jun Sun, Jin Song Dong: Automated Program Refinement: Guide and Verify
Code Large La age Model with Refi Calculus. Proc. ACM Program. Lang. 9(POPL): 2057-2089 (2025)

2Lezhi Ma, Shangging Liu, Yi Li, Xiaofei Xie, Lei Bu: SpecGen: Automated Generation of Formal Program Specifications via Large
Language Models. ICSE 2025: 16-28
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