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Abstract. We illustrate the sound and complete construction of pro-
gram logics by abstraction of a relational semantics into the theory of
the logic followed by the formal derivation of the proof system. We con-
sider Hoare logic, O’Hearn incorrectness logic and Hoare incorrectness
logic formalizing debugging.
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1 Introduction

We have recently proposed a methodology [6] to construct sound and complete
Hoare'style (or transformational) program logics by defining the structural re-
lational semantics of the programming language, which is abstracted into the
theory of the logic (specifying the true formulas of the logic) and then expressed
as an equivalent proof system using Peter Aczel correspondence between set-
theoretic fixpoints and deductive rules as well as fixpoint induction principles to
handle iteration. The construction of the logic consists in

1. Defining the relational semantics [S] of the programming language (in struc-
tural fixpoint form);

2. Defining the theory of the logics as an abstraction a({[S]}) of the collecting
semantics {[S]} (which is the strongest (hyper) property of statement S);

3. Calculating the theory a({[S]}) in structural fixpoint form by fixpoint ab-
straction;

4. Calculating the proof system by fixpoint induction and Aczel correspondence
[1] between fixpoints and deductive systems.

2 The Structural Natural Relational Semantics

We consider an imperative language S with assignments, sequential composition,
conditionals, and conditional iteration. The syntax is S € S::=x = A | skip |
S;S | if (B) S else S | while (B) S. States 0 € ¥ £ X — V (also called
environments) map variables x € X to their values o(x) in V. We deliberately
leave unspecified the syntax and semantics of arithmetic expressions A[JA] €
¥ — V and Boolean expressions B[B] € p(X) ~ X — {true,false}. The only
assumption on expressions is the absence of side effects. The natural (or angelic)
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semantics [S] € p(X x X) ignores nontermination [14]. We use judgements o +

S = ¢ for (o, o’) € [S]. In addition we write o - while (B) S = ¢’ to mean
that if o is a state before executing while (B) S, then ¢’ is reachable after 0 or
more iterations of the loop body (so o = ¢’ for 0 iterations, before entering the
loop in case (1.a)). The semantics of iteration W = while (B) Sis

P e B[B]¢', o' 8= o" cFWS o, B[-B]o’

Fw 1
(@)okFW=0 (b) b o (c) g (1)

Aczel correspondence between deductive systems and set-theoretic fixpoints [1]
allows us to derive an equivalent fixpoint definition of the semantics.

F(X)2idU(Xs5[B]5[S]), X €p(XxX) (2)
[while (B) S] = Ifp< F §[-B] (3)

where id is the identity relation and § is the composition of relations. The trans-
former F are defined on the complete lattice (p(X x X), C, 0, X' x X, U, N) and
is C-increasing, so Ifp< F' does exist [19].

3 Aczel correspondence between deductive systems and
fixpoints

Rules % on a universe U have a premise P € p(U) and a conclusion ¢ € U.
The premise P = ) is empty for axioms. A deductive system is a set of rules
R = {% i € A} € p(p(U) x U). The semantics of {R[} is the subset of the
universe U defined by the rules.

The traditional proof-theoretic semantics of deductive systems is the set of
provable terms (called theorems). Therefore { R}’ = {t, € U | 3t1,...,tn_1 €
U.vkelln]. 35 €R.PC{t1,...,tk—1} Ntx = ¢} (such finite proofs require
the premiss P to be finite but transfinite proofs are also possible [15, Chapter
11], [1, Definition 1.4.1]). The model-theoretic semantics of deductive systems is
the least fixpoint { R}™ = Ifp< Fr where the consequence operator Fr(X) £ {c |
3£ € R. P C X} is increasing. Peter Aczel [1] proves that {R}"™ = {R}". In the
case of finite premisses, the idea is that the n-th iterates of Fr from () is the set
of all proofs of length n (hence the axioms for the first iterates). Conversely, any
set-theoretic fixpoint Ifp< F' of an increasing operator F (continuous for finite
premisses) on the powerset p(U) of a set U is the semantics {Rp}" = {Rp[’ of
a deductive system Rp = {g | PepU)NceF(P)} (or {g ‘ PepU)Nce
F(P)AVP' € p(U) . c € F(P') = P C P'} to eliminate redundant rules). Given
the fixpoint characterization of the theory of a logic, obtained by abstraction
a({[S]}) of the fixpoint semantics [S], we can derive the proof system of the
logic using this correspondence between fixpoints and rules.

4 Abstractions

Since the strongest property {[S]} of (the semantics [S] of) a statement S is an
hyperproperty, it must be abstracted into an execution property ac({[S]}) = [S]



On the Design of Program Logics 3

where ac(P) £ |J P is surjective and v¢(S) = p(S) is injective and is a Galois
retraction (p(p(D)), C) <W——C» (p(D), C) [5, Chapter 11]. So [S] is the strongest

’ = «
property of executions of S.

Then program logics check reachability from preconditions or accessibility of
postconditions which can be formalized by the post-image isomorphism post([[S])
of the relational semantics where post(r)X = {y | 3z € X . (v, y) € r} maps a
relation r € p(&X x V) to its union-preserving right-image post(r) so that (p(X),

c) % {p()), C) is a Galois connection with pre(r)Q = —post(r—1)=Q =
post(r
{z|Vy.(z,y) er=yecQ}

Contrary to predicate transformers, program logics are not functions but
relations between predicates. Since a function f € X — ) is isomorphic to its
graph ag(f) = {(z, f(x)) | x € X}, we can abstract a predicate transformer
into a functional relation, which is a Galois isomorphism (X — ), =) %»

{pran(X x V), =) where ya(r) £ Az« (y such that (z, y) € r) is uniquely well-
defined since r is a functional relation.

5 The Strongest Postcondition Logic Theory

We can now define the strongest postcondition logic theory of a statement S as
T[8] = ag  post e ac({[S]}) = {(P, post[S|P) | P € p(X)} (4)

The next step is to express this theory in fixpoint form. The main result from
[9] is that the abstraction of a fixpoint is a fixpoint.

Theorem 1 (Fixpoint abstraction [9]). If (C, C) % (A, =) is a Galois
connection between complete lattices (C, C) and (A, <), f € C %) C and
fedH A are increasing and commuting, that is, a o f = [ o «a, then
a(ifp= f) = Ifp= f (while semi-commutation o o f <X f o a implies a(lfp= f) =
Ifp= /).

As a simple application, we have the following corollary (which will allows us
to define the predicate transformer for an iteration as the least fixpoint of a
predicate transformer, as opposed to a (predicate transformer) transformer).

Corollary 1 (Pointwise abstraction). Let (L, C, T, U) and (L', C', T', L")
be complete lattices. Assume that F € (L — L') — (L — L') is increasing and

that for all Q € L, Fg € L' = L' is increasing. Assume VQ € L .¥f € L —
L' . F(f)Q = Fo(f(Q)). ThenVQ € L . (Ifp= F)Q = Ifp= Fy.

By calculational design we get a fixpoint definition of the theory of strongest
postconditions logics (common to Hoare logic and incorrectness logic with no

consequence rules at all). For the iteration W = while (B) S, we get T[W] = {(P,
post[-B](Ifp< Fp)) | P € p(X)} where Fj(X) = P U post([B] 5 [S])X.

For the proof, we have the commutation
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post(F(X))P
= post(id U (X ¢ [B] 5 [S]))P (def. (2) of F§
= post(id)P U post(X ¢ [B] ¢ [S]) P {post preserves arbitrary set unions§
= P Upost([B] ¢ [S])(post(X)P) {def. post, post(X 3Y) = post(Y') o post(X)§
= Fp(post(X)P) {def. Fl, = XX « P U post([B] 5 [S]) X, Q.E.D.§

It follows that

post[W]
= AP post(Ifp< F §[-B])P {by (3) and Church A-notation §
= AP « post[-B](post(Ifp< F)P) {post(X ¢Y) = post(Y) o post(X)§
= post[-B](Ifp< Fp) {commutation and corollary 1, Q.E.D.§ (5)

The characterization T[S] = ag o post o ac({[S]}) = ag ° post([S]) = {(P,
post[S]P) | P € p(X)} follows directly from the definitions of ac and ag.

6 Deduction as Approximation

Lacking a consequence rule, the strongest postcondition logic theory is very
strong and would, e.g., require the use of the strongest invariant for iteration,
which by experience [20,16,12,13] is inadequately constraining.

The consequence abstraction can be defined by the component wise approx-
imation (2/, /) C,= (2, y) £ 2’ C 2 Ay’ < y. Then post(D,C) = AR« {(P,
Q)| HP',Q)e R.PC P AR CQ} adds an over approximating consequence
rule to the strongest postcondition logic theory to get the theory of Hoare logic

T [S] = post(2, S)(T[s]) = {(P, Q) | post[S]P € @} (6)

while the C-dual post(C,2) = AR-{(P, Q) | AP, Q)YeR.PCPAQCQ'}
adds an under approximating consequence rule to the strongest postcondition
logic theory to get the theory of incorrectness logic.

TiL[8] = post(C, 2)(T[S]) = {(P, Q) | Q < post[S] P} (7)

Proof (of (6) and (7)).
— post(2, C)(T[s])
= {(P, Q) |3HP, Q) eTl[s]. (P, Q) 2.C (P, Q)} (def. post§
= {{P.Q) 3P, Q)VeT[s].PC P NQ CQ}

{and component wise order D.Cf§
= {(P, Q) [3(P', Q) € {{P", post[s|P") | P" € p(X)} . P S P'ANQ" C Q}

{def. (4) of T[S]§

= {(P,Q)|3P,Q,P".P' =P"ANQ =post[S]P" AP C P'ANQ" CQ}
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{def. €5

— {(P,Q)|3P .PC P Apost[S]P' C Q) {def. =§
{(P, Q) | postS](P) € Q}

{(=) post[9] is increasing, (<) taking P’ = P, proving (6)§

— (7) follows from (6) by C-order duality. O

At this point, we could use Aczel correspondence between fixpoints and rules
to get sound and complete proof rules with common rules for statements and
different consequence rules for Hoare and incorrectness logics.

This is not satisfactory since, for iteration, we can approximate the pre and
postconditions by the consequence rules but not the loop invariant itself. Requir-
ing the invariant to be the strongest would be too demanding. This is precisely
the point of fixpoint induction, which enables the use of consequences for the loop
invariant. Fixpoint induction differs for Hoare logic (which requires a fixpoint
over approximation) and incorrectness logic (which requires a fixpoint under
approximation).

7 Fixpoint induction

A sound and complete least fixpoint over approximation method is provided by
David Park [18,4].

Theorem 2 (Least fixpoint over approximation [18]). Let (L, C, 1L, T, L,
M) be a complete lattice, f € L — L be increasing, and p € L. Then Ifp= f C p
if and only if Ji e L. f(i) TiAiCp.

where the inductive invariant ¢ is an over approximation of the strongest invariant
Ifp& £.

For under approximation of least fixpoints, we can use the generalization [4]
of Scott-Kleene induction based on transfinite induction when continuity does
not apply and follows directly from the constructive version of Tarski’s fixpoint
theorem [8].

Theorem 3 (Fixpoint Under Approximation by Transfinite Iterates).
Let f € L = L be an increasing function on a cpo (L, C, L, L) (i.e. every
increasing chain in L has a least upper bound in L, including 1 = Uf)). P € L
is a fizpoint under approzimation, i.e. P T Ifp= f, if and only if there exists an
increasing transfinite sequence (X°,6 € Q) such that X° = 1L, X0t C f(X?) for
successor ordinals, | |5y X0 emists for limit ordinals \ such that X» C Lls<a X0,
and 36 € Q. P C X9,

Theorem 3 could have assumed the existence of a well-founded set (W, <) € 20f
to replace the ordinals (O, <). If f is continuous then § = w is the first infinite
ordinal.

Finally, to propose an alternative axiomatization of incorrectness, we will use
the following theorem.
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Theorem 4 (Non empty intersection with abstraction of least fixpoint).
Assume that (1) (L, C, 1, T, M, U) is an atomic complete lattice; (2) f € L — L
preserves nonempty joins U; (3) (L, C) % (L, =, \); (4) Q € L\ {0} where
0= a(L); (5) There exists an inductive invariant I € L of f (i.e. f(I) T I); (6)
(W, <) is a well-founded set and v € atoms(I) — W is a (variant) function; (7)
There exists a sequence {a; € atoms(I), i € [1,00]) that (7.a) a1 € f(L), (7.b)
Vi € [1,00] . aj+1 € atoms(f(a;)), (7.c) Vi € [1,00] . (a; # aiy1) = (v(a;) >
v(aiy1), (7.d) Vi € [1,00] . (v(a;) # v(ait1) = ala;) A Q # 0; Then, hypotheses
(1) to (7) imply a(Ifp= f) A Q # 0. Conversely (1) to (4) and Ifp= fFN~y(Q) # L
imply (5) to (7).

Notice that if L = p(X) then atoms(L) = {{z} | z € L} so that I € p(X) and v
can be chosen in I — W instead of {{z} | z € I} — W. The proof of theorems
3 and 4 is given in [7].

8 Calculational Design of Hoare Logic

The calculus is by structural induction i.e. on the program syntax. The only

non-trivial case is iteration W = while (B) S. The theory of Hoare logic for

iteration is

Trw (W) £ post(2, C)(T[wW]) (8)
={(P,Q)|3I.PCIAN{INB[B], I} € TuL(S) A (IN-B[B]) C Q}

Proof (of (8)).

Tiw. [W]
= post(2.C)(TW]) {def. (6) of TLS§
= {{(P, Q)P Q) eT] . (P, Q) 2,C (P, Q")} (def. post]
= {(P,Q) 3P, Q) eTW.P CPAQCQ'} {component wise def. D, C§
= {{(P", Q) [3P,Q. P C PApost[-B](Ifp= Fp) CQAQ S Q'} ()5
= {(P', Q") |3P. P C P Apost[-B](Ifp< Fp) C Q'}
((S) 3Q . post[-B](Ifp< Fp) C QA Q C Q' and transitivity;
(2) take @ = Q'§

— (P, Q) |3P,Q. P'C PAIpS Fj € Q A post[-B](Q) € Q'}
{(C) take Q = Ifp= Fp; (D) post[B]P = P N B[B] so post[B] is increasing§
= {(P',Q)|3P,Q.I.P'CPAFHI)CIANICQApost[-B](Q) CQ'}
{Park fixpoint induction Th. 2§
= {(P, @) 13Q.1.Fp.(I) SINICQApost[-B](Q) € Q}
{(C) union hence Fp(X) = P U post([B] ¢ [S])X is C-increasing in P so
P’ C P implies Fp,(I) C Fp(I) C 1. (D) take P = P'§
= {(P, Q") |31 . Fp(I) C I Apost[-B](I) C Q'}
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{(Rename P’ into P. (C) I C @ implies post[-B] () C post[-B](Q) since
post[—B] is increasing hence post[-B](I) C @’ by transitivity;
(D) take Q = 1§
= {(P, Q) [ 3. PUpost([B] 5 [S])(1) € I A post[-B](I) € Q}
{renaming Q' into @, def. Fp§
= {(P,Q)|3I.PC1IApost([B]s[S])I C IApost[-B]J(I)C Q}{def. C and U]
= {(P, Q)| 3I.P CIApost[S](post[B]I) C I A post[-B](I) C Q}
{composition post(X 3Y) = post(Y) o post(X)§
= {(P,Q)|3I.PCIApost[S][(INB[B]) CIAIN-B[B]) CQ}
{post[B]P = P N B[B]}
= {(P,Q)|3.PCININB[B] I) e {(P,Q) | post[S]P C Q}A(IN-B[B]) C
} {def. €§
P,Q)|3I.PCIN(INB[B],I)e{(P,Q)|3P,Q . P C P Apost[S]P" C
Q' CQyA(IN-B[B]) € @}
((=) Take PP =Pand Q' =Q. (<) PC P' Apost[S]P’ CQ' ANQ' CQ
implies post[S]P C @ by transitivity.§
= {(P,Q)|3I.PCIAN{INB[B], I) € post(2.C) o T[S] A (I N-B[B]) C Q}
{def. post and TS]§
= {(P,Q)|3I.PCIN{INB[B], I) € TuL(S) A (IN-B[B]) C Q}
Zdef THLS O

Defining { P}S{Q} £ (P, Q) € T[S], we can now derive the Hoare rules. For
conditional iteration, it is

P, {InB[El}s{I}, (In-B[E]) CQ
{P}while (B) S{Q@}

(9)

Proof (of (9)). By structural induction (S being a strict component of while
(B) 8), the rule sfor {P}S{Q} have already been defined. By Aczel method,
the (constant) fixpoint Ifp< AX S is defined by {g | ¢ € S}. So for while (B)

0
S we have an axiom with side condition P C I, {I N

{P}while (B) S{Q}
B[B]}s{I}, (INn-B[B]) C Q. Traditionally, the side condition is written as a
premiss, to get (9). O

Notice that the proof system is semantically sound and complete by construction
(while using e.g. a logic for predicates might cause inexpressivity of the iteration
invariant [2,3]). The proof is machine checkable, if not machine checked!

As a last remark on the calculational design of Hoare logic, observe that
post is increasing so that (8) is TuL(S) = post(=.C) o T[S]. This means that
{P}s{Q}, Qcq

{Pys{Q}
of the precondition under approximation is that P C I of the invariant in the
iteration rule (9).

the consequence rule is complete and the unique necessary use
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9 Calculational Design of Incorrectness Logic

The incorrectness logic theory (7) is the C-order dual of the Hoare logic theory
(6). So the rules for statements, but for iteration, are the same because all corre-
spond to the strongest postcondition logic theory (4) together with consequence
P'CP {P ,QCQ ) P'DP, {P ,Q2Q’
Ch {PIS{Q}, QCQ for Hoare logic and the dual 1P1s{Q}, @34
{pP}ys{Q} {P}s{Q'}
for incorrectness logic. As for iteration, fixpoint induction is the over approxi-
mation theorem 2 for Hoare logic and under approximation theorem 3 for incor-
rectness logic.

rule

For iteration W = while (B) S, the theory of incorrectness logic is

Ti[W] £ post(C.2)(TW]) (10)
={(P,Q)|3(J", neN).J"=PA(J"NB[B], J*) € T[] A
Q g (UnEN Jn) N B[_'B]]}

(which is similar to OHearn backward variant [17] since the consequence rule
can also be separated).

Proof (of (10)). We let W =while (B) S.

TiL[w]
= post(C.2)(TW]) {def. (7) of TiL§
= {(P, Q) 3P, Q)e TN . (P, Q)C.2(P, Q)} (def. post§
= {(P,Q)|HP,Q)eTW.PPCPAQCQ'} {def. C.OF

= {(P, Q)| 3P, Q) € {(P", post[W]P") | P" € p(Z)} . PPC PAQ S Q'}
{def. (4) of TW]S§
= (P, Q)|3P,Q,P".P =P'"AQ =post[i]P" \P'CPAQCQ}

{def. €§
= {(P,Q)| 3P .P'C PAQ C post[W]P'} {def. =§
— {(P, @) | Q C post[W] P}

{(Q) post[W] increasing and transitivity; (2) take P’ = P and reflexivity§
= {(P, Q)| Q C post[-B](Ifp= Fp)} {(5) with Fpp(X) £ P U post([B]  [S]) X §
= {(P,Q)|3I.Q Cpost[-B](I) NI C Ifp= Fip}

U(CS) Take I = Ifp< Fp and reflexivity;
(2) By Galois connection (p(X), C) % (p(Y), C), post[—B] is
increasing so @ C post[-B](I) C post[[ﬂBF])]o(SIf; < F}) and transitivity §
= {(P,Q)|3I.Q C post[-B[(I)AI(J",n <w).J =0AJ" T C Fp(J")AI C
U J"} {fixpoint under approximation Th. I1.3.6§

n<w
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= {((P,Q) |3 n<w) . JO=0AT" CFp(J") AQ C post[-B](| ] J™)}
n<w
{(©) By Galois connection {p(X), C) % (p()), C) post[—B] is in-
post(r
creasing so @ C post[-B](I) C post[-B](UJ J™) and transitivity;
(2) take I =J,.,J"S

= {(P, Q) | 3J", n<w) . J" =0T C (PUpost([B] 3 [S))(J") A Q €

n<w

post[-B]( | J J™)} {def. Fi.§

= {(P, Q) \?&”, 1<n<w).J' =PAJ"™ C post([B] 5 [S(J™) AQ C
post[—B]( U J")} {getting rid of J° = 0§

I<n<w

= {(P,Q) |3, neN) . J = PnJ" C post([B] 5 [S])(J") A Q C
post[-B]( U JM} {changing n + 1 to n§

= {(P, Q) |nEaN<J", neN)y.J"=PAJ"™ C post[S](J" NB[B]) A Q C
(lJ 7™ nB[-B]} {post[B]P = P N B[B]S

= {72? Q) |3(J" neN) . J*=PA{J"NB[B], J*) e {(P, Q)| Q ¢
post[s])P)} A Q C (| J") n B[-B]} {def. €5

neN

= {(P,Q) | IJ",neN).J =PAJ"NB[B], J*") € T[] A Q C
(lJ 7" nB[-B]} {def. TiL§ O
neN

Defining [P]S[Q] £ (P, Q) € TiL[S], the calculational design of incorrectness
logic rules is as follows
JO =P, [J"nBElIs[/", @ < (U 7" n B8]

neN (11)
[P]while (B) S[Q)]

Proof (of (11)). By structural induction (S being a strict component of while
(B) 8), the rule for [P]S[Q] have already been defined. By Aczel method, the
(constant) fixpoint IfpS AX + S is defined by {2 | ¢ € S}. So for while (B) S
we have an axiom o with side condition J° = P, [J" N

{P}while (B) S{Q}
BBIIs [J"*], Q € (U,,en /™) NB[—B]; Traditionally, the side condition is writ-
ten as a premiss, to get (11). O

10 On Hoare Incorrectness

Incorrectness logic, a variant of reverse Hoare logic [21] was introduced by [17]
as a counterpoint of Hoare logic “When reasoning informally about a program,
people make abstract inferences about what might go wrong, as well as about what
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must go right. [...] We explore our hypothesis by defining incorrectness logic, a
formalism that is similar to Hoare’s logic of program correctness [13], except that
it is oriented to proving incorrectness rather than correctness.” However, incor-
rectness logic is not Hoare incorrectness logic. It is sufficient but not necessary.
Assuming @ # X, we have

~(Pys{@}h) Z [P]s[-Q] (12)
& IR e p(X) . [P]S[R]ARN-Q # 0
o 30eX.[P]S[{o}]AcdQ

The incompleteness of incorrectness logic [ P]S[—@Q ] to prove Hoare incorrect-
ness ~({ P} 8{@Q}) comes from the fact that we may have { P } ${ Q' } for some
Q' C Q. Therefore we have to select R = —Q \ Q' to ensure completeness. How-
ever, the formula 3R € p(X) . [P]S[R] A RN —=Q # 0 is not a formula of the
incorrectness logic. Moreover, R can be reduced to a single state {o} since a
single counter example is sufficient to prove Hoare incorrectness. This leads to
Hoare incorrectness logic.

Proof (of (12)).

— [P]3[-Q]

< (P, Q) € TiL[9] {incorrectness triple definition §
< =Q C post[S]P {def. (7) of TiL[S]§
= post[S]P N (-Q) # {assuming Q # X so (—Q) # 0§
< =(post[S]P C Q) {def. C§
< (P, Q) € {(P, Q) | post[S]P C Q}) {def. €5
< =((P, Q) € Taw[8]) {def. (6) of TuL[S]§
< =({P}s{@}) {Hoare triple definition, Q.E.D.§

The converse is not true, as shown by the counter example —({true} x = 0{x #
0 Ax # 1}) holds but not [truejx = 0[x =0V x =1].

— -({P}s{@Q}) {def. incorrect Hoare triple§
< (P, Q) € TurlS]) {def. Hoare triple]§
& (P, Q) € {(P, Q) | postIS]P € Q)) {det. (6) of Trxe [S]5
< —(post[S]P C Q) (def. €
& ({J |Jo e P. (o, d') €8]} CQ) {def. post§

-(Vo' . (3o e P.{(0,d") €[s]) = (¢’ €Q)) {def. C§
& Jo’' . JoeP. (0,0 )e[S]Ad €Q {def. negation —§
& 3JdogQ.3' eP. (0, 0)e 9] {commutativity and renaming§
SJdoeX . do'eP.(0),o)e[S]Aoc & Q {def. 3§
&S JoeX . Vo' e{o}.30' eP. {0/, 0")e[S]ANo & Q {def. €§

S doeX {o}C{d" |3 eP. (o, d"Ye[S]}rno¢&Q {def. C§
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< Joe X . {o} Cpost[S[P} Ao & Q {def. post[S]§
S JoeX (P, {o}) e {{(P, Q)| QC post[S|]P} Ao & Q {def. €5
S 3doeX (P, {o}) e T[S €Q {def. (7) of TiL[S]§
< 3Jdoe X . [PIS{oc}Ac€Q {def. incorrectness logic triple, Q.E.D.§

< IdRe p(X) . [PIS[RIARN-Q # 0

{(C) take R = {0}

(D) since RN —=Q # 0, we have 30 € R . 0 € Q and [P]S[{c}] since
otherwise we would have =(Vo” € {¢} . J0’ € P. (0", o) € [8]) &
Vo' € P. {0, ¢') € [S]), in contradiction with [P]S[R] and 0 € R. § O

11 Calculational Design of Hoare Incorrectness Logic

Incorrectness logic being incomplete to prove Hoare incorrectness, we design a

sound and semantically complete Hoare incorrectness logic HL.
Let us consider the negation of X € p(X), to be a”(X) £ =X (where =X
£ X\ X) with Galois isomorphisms (p(X), C) «—a—‘_ﬂ» (p(X), D) and {p(X),

)y =

D) % (p(X), C). The theory of Hoare incorrectness logic is

Trcls] = o7 (Tuwls]) (13)
For iteration W = while (B) S, the theory of Hoare incorrectness logic is

TarW]l ={(P, Q) |In>1.3o; €I, i€ [l,n]).c0 € PAVie[l,n[. (14)
(B[B] N {0}, ~{oit1}) € TaelSI Aon & B[B] Aown ¢ Q}

Proof (of (14)).

Tez W]
= o (TaL[W]) (def. (13) of Tr[W]S§
= o ({(P, Q) | post[W] P € Q}) {def. (6) of T [W]§
= {(P, Q) | ~(post[W[P C Q)} {def. o~
= {(P, Q) | post[W]P N —Q # 0} {def. C and —§
= {(P, Q) | post[-B](Ifp= Fp) N =Q # 0} {(5), Fp(X) = P U post([B] 5 [S])X§
= {(P, Q) | p= Fp N pre[-B](~Q) # 0}

{post(R)PNQ #0 < Pnpre(R)Q # 0

= ((P,Q) | epX). Fhll) CIAIW, <) €Wj. el —>W.H o €1,

i € [1,00]) . 01 € Fp(0) AVi € [1,00] . 0441 € Fp({o:}) AVi € [1,00] .

(0’,’ 7é O'i+1) = (V(O'Z‘ > V(Ui+1) AVi € [1,00] . (Z/(O'i) ?é V(O'H_l) = {O’z} N

pre[-B](—-Q) # 0} {induction principle Th. 4§

= {(P,Q)| 3T €pX). PCIApost([B]¢[SDI CITAIW, <) €Wf. v e

I->W.3o,€l,ic€[l,x]) .01 € PAVie[l,00]. (0541 € PV {011} C

post([B] ¢ [S]){oi}) AVi € [1,00] . (0 # dit1) = (W(0y) > v(oig1) AVi €
[1,00] . (v(03) # v(oiy1) = 0i € pre[-B](-Q)}
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{def. F)(X) = P U post([B] § [S])X, C, and post, which is (-strict§
= {((P,Q) |3 € p(X) . P C IApost([B] 5 [SI) € I AW, <) € f .
el >W.FHo, €l,i€[ly,x]) .o € PAVi € [l,00] . {oi41} C
post([[B]] H [[S]]){O’l} AVi € [1,00] . (0',‘ 7’5 Ui—i—l) = (V(O’i) > I/(O’H_l) AVi €
[1,00] . (v(0:) # v(oit1) = 03 € pre[-B](-Q)}
(since if 0;41 € P, we can equivalently consider the sequence (o; € I,
jeli+1,00])5
= {((P,Q) |3 cpX).PCTApost(B]3[S)I CIAI>1.3oi €1, i€
[1,n]> .01 € PA\Vi € [1,n[ . {Ui+1} - pOSt([B]];[[S]]){O‘Z‘}/\O'n € pre[[ﬁB]](ﬁQ)}
US) By (W, <) e Wf, v el - W,Viel[lod]. (07 # 0i1) =
(v(0y) > v(0i41), the sequence is ultimately stationary at some rank n.
For then on, 0,11 = 0, i = n and so v(o;) = v(0;41). Therefore Vi €
[1,00] . (v(0i) # v(0it1) = 0; € Q implies that o, € pre[-B](—Q);
(D) Conversely, from (o; € I, i € [1,n]) we can define W = {o; | i €
[1,n]}U{—oc0} with —c0 < 0; < 0441 and v(z) = (z € {o; | i € [1,n] ?
x : —oo|) and the sequence (o; € I, j € [1,00]) repeats o, ad infimum
for j > n.§
= {(P,Q) |3 epX). PCIApost([B]Js[SDICIATn=1.Fo;€1,i¢€
[1,n]) .01 € PAVi € [1,n[. {oit1} C post([B]s[S]){ci}Aow & B[B] Ao, & Q}
{def. pre§
={(PQ)|3In=>1.Fo,el,icln]).o1 € PAVie[l,n]. {041} C
post([B] 5 [S]){o:} Aow & B[B[ Aow & Q}
{{ is not used and can always be chosen to be X'§
= {(P,Q)|In=1.Fo;€l,ic[ln]).or €PAVYi € [l,n]. post([B] s
[sDici} N{oiz1t #ONo, € B[B] Ao, € Q} {since x € X & X N{z} # 0§
= {(P,Q)|In>1.Fo;€l,ie[l,n]).or € PAYi € [1,n]. post([B] 3
[sD{oi} N =(~{ois1}) # 0N on € B[B] Aow & Q} (def. =X = X'\ X§
= {(P,Q)|3In=>1.Fo;€l,iec[l,n]).o1 € PAVie][l,n].(post([B] s
[8D{oi} € (~{oira})) Aon € BB[ Aon € Q} (~(X CY) & (XN =Y # 0§
={P,Q) | In>1. 3o, € I,i € [I,n]) . o1 € PAVi € [L,n] .
~(post([S)(BIE] N {o}) € (~{ois1 1) Ao & BIEI Aoy & Q)
{def. post, [B], and g§
= {(P,Q)|In=1.Fo;€l,ic[ln]).or € PAVi€[l,n].(B[B]N{o:},
o} € {(P, Q) | ~(post([SI)P C @)} Ao ¢ BIB) Ao # Q) [def. €5
= {(P,Q)|3In=1.Fo,€l,ie[l,n]).or € PAVie[l,n]. (B[B]N{o},
~{oit1}) € T[Sl A on & B[B] Aoy, € Q} (def. T [8]§ O
Defining (P)S(Q) £ (P, Q) € Tar[S], the calculational design of incorrect-
ness logic rules is as follows,
Ho;el,ie[l,n]).o0 € PA
vie[Ln[. (B[B]N{o:i}) s (~{oit1}) A
on € B[B]ANop € Q
(P)while (B) S(Q)
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Proof (of (15)).

By structural induction (S being a strict component of while (B) S), the
rule for (P) S (@) have already been defined. By Aczel method, the (constant)

fixpoint Ifp< AX « S is defined by {% | ¢ € S}. So for while (B) S we have
0

an axiom with side condition 3(o; € I, i € [1,n]) .
(P)while (B) S(Q)

o1 € PAVie [Ln[. (B[B]N{o:})S(—{cit1}) Aon & B[B] A on, &€ Q where
(B[B]N{o:})S(—{oi+1}) is well-defined by structural induction. Traditionally,
the side condition is written as a premiss, to get (15). O

Rule (15) states that (o; € I,4 € [1,n]) is a finite iteration in the loop starting
with P true and finishing with @ false, which is obviously a counter example to
Hoare triple { P} while (B) S{Q@}. Notice that, by structural induction, ( B[B]N
{o:}) 8 (—{oit1}) enforces the execution of the loop body S to start in state o;
and terminate in state o;4.

It follows that Hoare incorrectness logic is nothing but debugging formalized
as a logic. So Hoare incorrectness logic could also be called the debugging logic,
to elevate debugging as the computer aided formal method of choice to prove
the presence of bugs [10, page 7].

12 Conclusion

A Hoare style (or transformational) logic is an abstract interpretation of a rela-
tional semantics, and together with fixpoint induction and Aczel correspondence
between set-theoretic fixpoint and deductive system, this leads to the calcula-
tional design of the logic proof system, which is semantically sound and complete,
by construction.

In this paper, we have considered the abstractions of figure 1. [6] exploits
this model theory-based point of view in greater details for many more logics.

Hoare incorrectness
o logic

post(2.C)
Hoare logic
a ac a post o ag g
i i s ost(C, D
collecting  relational postcondition tocedent post(S, 2)
semantics  semantics transformer 2ntecedent/
consequent

S S .
(s} [<] pairs incorrectness logic

Fig. 1. Hoare style logic abstractions

We think that, in computer science, the Tarskian/model theoretic approach,
which is semantic in nature, is superior to Gentzen/Prawitz proof-theoretic ap-
proaches, which are syntactic in nature. Whereas proof calculi are used in math-
ematics to define truth from which models are derived, we have, in computer
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science, the advantage that the models of interest are known a priori. They
are the semantics of programming languages and systems. Our approach simply
exploits this advantage.

Although for most mathematicians and computer scientists, writing a fully
formal proof is too pedantic and long-winded to be in common use, the study
of program logics is useful to provide the intuition for informal reasonings on
program behaviors. Showing that program logic are nothing but an abstract ex-
pression of the program semantics strongly supports that intuition. The only
difference between logics and semantics is that logic offers ways of making de-
duction and inference, as made clear by our calculational design which shows
that logic = semantics + abstraction 4+ deduction + inference. We have shown

Hoare logic = section 2 + (4) + (6) + theorem 2
Incorrectness logic = section 2 + (4) + (7) + theorem 3
Hoare incorrectness logic = section 2 + (4) + (8) + theorem 4

which provides a simple way to explain and compare logics. All the rest is iso-
morphisms, as shown by the calculational designs only based on equality. This
means that the automation of the calculational design might not need the full
power of theorem provers since it is essentially rewriting [11].

Disclosure of Interests. This paper is a written version of the talks I gave in London,
UK, at Peter O’Hearn Fest on January 14th, 2024 and at POPL’24 on January 19th
2024, with a few simplifications and improved results.

Acknowledgements. I thank Thomas Wies for careful proofreading.
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