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We give a language-parametric solution to the problem of fotal correctness, by automatically reduc-
ing it to the problem of partial correctness, under the assumption that a variant that decreases with
each program step in a well-founded order is provided. Our approach assumes that the programming
language semantics is given as a rewrite theory. We implement a prototype on top of the RMT tool
and we show that it works in practice on a number of examples.

1 Introduction

The line of work on reachability logic (see [23} 21,22} [15,|16]]) proposes language-parametric verification
tools for programs. We continue this line of work by introducing a language-parametric total correctness
checker. Our checker works by reducing the problem of total correctness to the problem of partial
correctness by a transformation of the semantics of the programming language.

A program is partially correct if its output satisfies the postcondition for all inputs on which it termi-
nates. A program is fotally correct if it terminates on all inputs and its output satisfies the post-condition.
Therefore, total correctness is usually proven by splitting the problem into two parts: first establish par-
tial correctness by using various Hoare-like logics (e.g., [8, [16]), and then establish termination using a
specialized termination prover (e.g., [[18, [1]).

More rarely, logics that can directly prove total correctness (e.g., [25} 20]) are used. However, recent
work in automated termination proving (e.g., [6} 4,147, [13]]) shows that it is beneficial to use information
obtained by proving properties of a program (e.g., invariants) in the termination argument. We attack the
problem of total correctness in a language-parametric setting. Most formal verification tools V take a
(possibly annotated) program P as input and return V (P), which is yes if the verification is successful
and no if there is a counterexample; additionally, because such problems are typically undecidable, the
verifier could return unknown or it could loop indefinitely. In this setting, if the programming language
of P changes (e.g., when a new language standard is published), the verifier V needs to be upgraded as
well and also proved sound — which may not be trivial. Another downside of this approach is that the
same verification techniques need to be implemented and proved sound for all languages of interest.

In our line of work (see [23} 21} 22} [15}[16]]), we propose to build language-parametric verifiers V:
in this parametric setting, V takes as input both the (possibly annotated) program P and the operational
semantics S of the programming language of P. Then V (S, P) returns yes, no or unknown (or loops
indefintely), depending on the particular property that it checks of the program P in the operational
semantics S. The advantage of this approach is that the verifier is proved sound once and can then be
used for various programming languages.

Reachability logic, which is a sound and relatively complete proof system for partial correctness,
was introduced in [[15]. For a verifier V that implements this logic, V (S, P) checks whether the (anno-
tated) program P is partially correct, when interpreted using the operational semantics S. In the present
article, we propose to construct a language-parametric verifier V; (S, P) that checks total correctness of
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2 Reducing Total Correctness to Partial Correctness

Id::= x|ylz]... identifiers (program variables)
Int:= 0,1,—1,... integers
Bool ::= True | False booleans
AE:= Int|Ild|AE+AE]| ... arithmetic expressions
BE ::=  Bool | AE = AE | AE < AE | not BE | ... boolean expressions
Stmt ::=  skip empty statement
| Stmt; Stmt sequence of statements
| Id .= AE assignment
| while BE do Stmt while loop
| if BE then Stmt else Stmt conditional statement

Figure 1: The abstract syntax, in BNF-like notation, of the IMP language, which is used throughout the
paper as a running example.

the program P in the operational semantics S. Our approach works by applying a transformation on
S and the program P. We develop and prove the soundness of a transformation function 6 such that
Vi(S,P) =V (6(S),0(P)). This means that total correctness of the program P in the semantics S is the
same as partial correctness of the program 6(P) in the semantics 6(S) and therefore the existing partial
correctness verifier can be used in conjunction with the transformation 0 to obtain a total correctness
prover for any language.

Our approach assumes that the operational semantics S of the language in question is given as a
rewrite theory with rules of the form / = rif b, where / and r are two terms representing program
configurations and b is a boolean constraint. For our running example, we use a simple imperative
language that we call IMP, whose abstract syntax is presented in Figure |1} IMP configurations are pairs
(€1 ~> €p ~> -+ ~o cy ~> & | env) where c1,c2,. .., ¢y is a list of expressions or statements that are to be
evaluated/executed in order and env is a map from program identifiers (program variables) to integers.
The notation & stands for the empty list. The semantics of IMP consists of rewrite rules like

((vi=i)~1]env) = (I | update(v,i,env)) and
((if b then s else s2) ~ [ | env) = (51~ | env) if b = True,

which define the meaning of all language operators. The two rules above illustrate part of the semantics
of the assignment statement and respectively of the if-then-else statement. The full details on the syntax
and semantics of IMP are formally given in Section 2] However, we note that it is possible to faithfully
model a variety of languages in this manner, as shown in [24]. Given a language semantics S as a
parameter, reachability logic (defined in [[15]) can prove sequents of the form

SHING =" 35.(rA¢,),

where [ and r are configuration terms and ¢, ¢, are constraints. The intuitive meaning of a sequent is
that any instance of the configuration / satisfying constraint ¢; either diverges (does not terminate) or
it reaches (along any path, hence the V) in a finite number of steps an instance of the configuration r
satisfying constraint ¢, and agreeing with / on all variables except X. The full syntax and semantics of
the sequents are presented formally in Section[2] Note that such sequents subsume the notion of partial
correctness. For example, the partial correctness of the SUM program

s :=0

while not (m =0) dos :(=s +m; m :=m - 1



S. Buruiana & S. Ciobaca 3

is represented by the following partial correctness sequent

S (SUM | envy) Alookup(m,envi) =nAn>0="
denv,.((skip | env2) A lookup(s,envy) =n(n+1)/2),

which is derivable using reachability logic. The sequent states that if we run the SUM program in a
configuration where the environment env; maps the program identifier m to a positive integer n, then the
program eventually reaches a configuration where there is nothing left to execute (hence the skip) and
where the identifier s is mapped to the sum of the first n positive naturals. The sequent

S (SUM | envy) Alookup(m,envy) = n ="
Jenv,.((skip | envo) Alookup(s,envy) =n(n+1)/2)

is also derivable (note that the constraint n > 0 does not appear anymore). The sequent is valid when
interpreted in a partial correctness sense, since the program loops forever when n < 0. We propose a
language transformation that builds an artificial semantics 8(S) from the semantics S by adding to the
configuration a program variant that decreases with each rewrite step. For example, the previously illus-
trated rewrite rules for the assignment statement and respectively for the conditional statement become:

(((v:i=i) ~1]env),n) = ((I | update(v,i,env)),n—1) and
((Gf b then s1 else s2) ~ I | env),n) = ({s; ~1|env),n—1)if b = True.

In the new semantics, 6(S), all programs terminate, since the variant is in a well-founded order and
therefore it cannot decrease indefinitely. Therefore, in order to prove total correctness of a program P in
S, it is sufficient to prove partial correctness of (P,B) in 6(S), where B is a sufficiently large bound. For
our running example, we can establish that

8(S) F ((SUM | envy),200|n| +200) A lookup(m,envi) =nAn >0 ="
dg, envy.(((skip | envy),g) Alookup(s,envy) =n(n+1)/2),

which implies by our soundness theorem that SUM is totally correct, under the precondition that the
program variable m starts with a nonnegative value. The upper bound 200|n| + 200 was chosen to be
sufficiently large to allow for the program to finish. The variable g denotes the number of steps remaining.
The sequent above can be proven automatically (by relying on an invariant-like annotation for the while
loop) in our implementation. However, by our soundness theorem, there is no bound B such that

0(S) - ((SUM | envy),B) Alookup(m,envy) = n ="
Jg,envy.(((skip | env2),g) Nlookup(s,envy) =n(n+1)/2),

meaning that it is impossible to prove the total correctness of the program SUM if there is no precondition
for the initial value of the program variable m.

Contributions. 1. We propose a language-parametric method of proving total correctness; the main
difficulty is to model total correctness in a language-parametric manner that is still sound; 2. Our ap-
proach works by reducing total correctness to partial correctness using a language transformation and
therefore it can also be seen as an argument for semantics-parametric program verifiers; 3. We imple-
ment the reduction in the RMT [11] tool and we use it to prove several interesting examples.
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- . Int — AE &, . — Eny

['] . ld— AE 14 . Stack x Env — Cfg
plus : AE XAE — AE isInt . AE— Bool

- : Bool — BE isBool . BE— Bool

eq : AEXAE — BE -+ : IntxInt— Int

not : BE— BE -=- . IntxInt— Bool
assign . Id x AE — Stmt - . Bool— Bool

seq : Stmt x Stmt — Stmt lookup : IdxEnv— Int

ite . BE x Stmt X Stmt — Stmt update : IdxIntx Env— Env
while : BE x Stmt — Stmt plushl  : AE—AFE

skip i — Stmt plushr  : AE—AE

-1l . AE — Code eqhl : BE—BE

] . Stmt — Code eqhr : BE—BE

M1 : BE — Code noth : —BE

& : — Stack assignh . Id— Stmt

-~ 1 Code x Stack — Stack iteh o Stmtx Stmt — Stmt

Figure 2: The symbols in the signature X used in our running example. For the infixed symbols, a
centered dot represents an argument. The first set of symbols are used to represent the syntax of IMP
programs. The second set of symbols are required to represent configurations, which consist of a stack
of code to be executed/evaluated, and an environment mapping identifiers to integers. The third set of
symbols represent mathematical operations. The last set consists of several auxilliary symbols, which are
necessary to specify the rules of the operational semantics. For brevity, not all operators are presented;
there are additional operations for less-than, boolean connectives, etc.

Organization. In Section[2] we briefly introduce our notations for many-sorted algebras and we recall
matching logic and reachability logic, which are the formalisms that we use to define and reason about
the operational semantics of languages. In Section [3| we present our transformation, which reduces total
correctness to partial correctness, we prove its soundness and we present the main difficulties. Section H]
discusses related work and Section [5| concludes the paper, including possible directions for future work.

2 Preliminaries: Proving Partial Correctness using Reachability Logic

This section fixes notations for many-sorted algebra and recalls matching logic and reachability logic.
We denote by S* the set of ordered tuples, possibly empty, with elements in S; we say that a set T is
S-indexed if T = {T; | s € S} is a collection of sets, each one corresponding to a different item in S. For
ease of notation, we sometimes write x € T instead of x € T; when s is clear from context. A many-sorted
signature ¥ is an ordered pair £ = (S, F), where S is the set of sorts, and F = {F, s | w € §*,s € S} is the
(8* x S)-indexed set of function symbols. If f € F,,;, we say that f is a function symbol of arity (w,s).
If w= (s1,...,5,), we sometimes write f : s1,...,s, — s instead of f € F,,,, which indicates that the
function symbol f has arguments of sorts s1,...,s, and a result of sort s (f € Fy,).

A X-algebra is a pair &7 = (A,l4), where A = {A; | s € S} is an S-indexed set called the carrier set of
o/ and I5(f) is a function, Iy (f) : Ay, X ... X Ay, — Ay, forall f € F;, - Thatis, the interpretation
map I, assigns to each function symbol in F' a function of the appropriate arity. For convenience, we
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sometimes refer to the algebra <7 as a set, in which case we mean its carrier set A. We assume as
usual that A; # 0 for any s € S. Given an S-indexed set of symbols Var, we denote by Termsy ;(Var)
the set of terms of sort s built with function symbols in X and variables in Var and by Terms(Var) the
S-indexed set of all terms with variables in Var. Given a X-algebra <7 with carrier set A = {A; | s € S},
a valuation p : J,cq Vars — | J,csAs 1s a function that assigns to each variable an element in A of the
appropriate sort. Valuations extend homomorphically to terms as usual. We now recall matching logic,
as introduced in [15]. Fix an algebraic signature ¥ = (S, F) with a distinguished sort Cfg € S called
the sort of configurations, an S-indexed set of variables Var and a X-algebra .7 with carrier set 7. T is
called the configuration model. The elements of the algebra .7 of sort Cfg, denoted by 7y, are called
configurations. Matching logic is a logic of program configurations.

Example 2.1. We consider a running example where the elements of .7 of sort Cfg are programs, running
in an environment, written in a simple imperative language that we call IMP. We work in the signature
(S,X), where S = {Int,Bool,AE,BE, Id, Stmt, Stack, Env,Cfg,Code} and where the function symbols in
X are presented in Figure 2] The sorts Inf and Bool are interpreted by mathematical integers and respec-
tively booleans. The sorts AE, BE and respectively Stmt are the sorts for arithmetic expressions, boolean
expressions and respectively statements. The sort /d is for program identifiers (program variables). There
are injections || - ||, [[-]] and respectively [-] from AE, BE and respectively Stmt into the sort Code. There-
fore Code refers to either arithmetic or boolean expressions, or statements. Env is the sort of maps from
Ids to Integers. The sort Stack refers to a stack of Codes that should be evaluated/executed in order, start-
ing with the top of the stack. Configurations (of sort Cfg) consist of a Stack and of an environment of sort
Env. The symbols in the signature X are presented in Figure |2} It includes all function symbols needed
to represent the initial configuration, but also helper symbols that occur during program execution.

Example 2.2. The SUM program introduced earlier, placed in an initial configuration with the empty
environment, &, is represented by the following term of sort Cfg:

([seq(assign(s,0), B
while(not(eq(0, [m])),seq(assign(s,plus([s], [m])),
assign(m,plus([m],—1)))))] ~ & | &)-

The rest of this section recalls definitions from [|15]].

Definition 2.1. A matching logic formula (or pattern), is a first-order logic (FOL) formula that addi-
tionally allows terms in Terms cf,(Var), called basic patterns, as atomic formulae. We recall that by
Termy ¢y (Var) we denote the terms of sort Cfg in the X-algebra of terms. We say that a pattern is struc-
tureless if it contains no basic patterns. More formally, a matching logic formula is defined as follows:
1.if w € Termy cgy(Var), then 1 is a formula; 2. if w = (s1,...,s,), t; € Termy s, (Var) foralli € {1,...,n}
and P € F, pooi, then P(ty,...,t,) is a formula; 3. if ¢; and ¢, are formulae, then @; A ¢, and ¢; \V ¢ are
formulae; 4. if ¢ is a formula, then —¢ is a formula; 5. if ¢ is a formula and x € Var, then Jx¢@ and Vx¢
are formulae.

By &4 we denote the set of all patterns over an algebra 7.

Definition 2.2. For a fixed algebra .7 = (A,I), we define satisfaction (y,p) |= ¢ over configurations
Y € Ty, valuations p : Var — 7 and patterns ¢ as follows: 1. (y,p) = P(t1,12,...,t,) if and only if
(U(P)(p(t1),p(t2),-.,p(ta)) = T35 2.(7,p) Ewiff y=p(7) where 7 € Terms cpo(Var); 3. (v,p) = (91 A 92)
iff (v,p) = @1 and (v,p) = @25 4. (v,p) = (@1 V @) iff (v,p) = @1 or (v.p) = @2 5. (.p) = ~¢
iff (y,p) = @; 6. (v,p) E X iff (y,p’) E @ for some p': Var — 7 with p’(y) = p (y) for all
Y€ Var\{X}; 7. (v,p) EVX@iff (v,p) ¥ 3X(—9).

We write = ¢ when (y,p) = ¢ forall y € Iy and all p = Var — 7.
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We now recall all-path reachability logic (as presented in [15]).

Definition 2.3. A (one-path) reachability rule is an ordered pair of patterns (¢, @’) (which can have free
variables). We write this pair as ¢ =7 ¢. We say that rule ¢ =7 ¢’ is weakly well-defined iff for any
y € Jcp and p : Var — 7 with (y,p) = @, there exists ¥ € Jy, such that (Y, p) = ¢'.

Definition 2.4. A reachability system is a set of reachability rules. A reachability system S is weakly well-
defined iff each rule is weakly well-defined. S induces a transition system (7, :>37 ) on the configuration
model: y :>S<7 Y for v,y € Jy, iff there is some rule ¢ =7 ¢’ € S and some valuation p : Var — 7
such that (7,p) = @ and (¥,p) |= ¢'. We write = instead of =¢ when it is clear from context that we
are referring to a particular transition system.

Example 2.3. We consider a fixed X-algebra .7 having the following properties: T, = Z, Tpoor =
{True, False}, T1g = {x,y,2. ..}, Tarp = Tu+ T for all a,b € Int, Tooup(x update(X E.env)) = JE for all
X €1d,E € AE, env € Env, Jjporup(v update(X E.env)) = Tlookup(v.em) Jor allY € Id\{X } ,E € AE, env € Env,
Tookup(x,&,) = 0 for all X € 1d, Fypyy() = True iff x =y, for some y € Int and Fspyoi(r) = True iff x =y,
for some y € Bool. The weakly well-defined system S definining the operational semantics of IMP is
presented in Figure The reachability system S generates the transition relation :Vs? on the model 7.
Note that reachability rules of the form / A ¢ =7 r (with I A ¢ and respectively r being matching logic
formulae) subsume the rewrite rules of the form / = r if ¢ used in the introduction.

Definition 2.5. A :Vs? -execution is a (potentially infinite) sequence Y :>’S7 " :>§7 - with Y,7 ... €
Tcfe- If a :>37 -execution is finite, we call it a j? -path. We say that such a path is complete iff it is not
a strict prefix of any other :>§7 -path(i.e., the last element is irreducible).

The following is an example of a complete = Sy -path:

([seq(skip,skip)]| ~ & | €) = ([skip] ~ [skip] ~ & | &) = ([skip] ~ & | €) = (& | &).
Definition 2.6 (Partial Correctness). An all-path reachability rule is a pair ¢ =" ¢’. We say that ¢ =" ¢’
is satisfied by S, denoted by S = @ =" ¢', iff for all complete = -paths 7 starting with ¥ € F¢y, and
for all p : Var — 7 such that (,p) = @, there exists some ¥ € 7 such that (Y, p) = ¢'.

The definition above generalizes typical partial correctness of Hoare tuples of the form {¢}P{¢'},
as the reachability formula P A ¢ =" (skip | env) A ¢’ can be used instead. See [[13] for a more detailed
discussion. Reachability logic has a sound and relatively complete proof system, which derives sequents
of the form S - ¢ =" ¢’ iff and only if S = @ =" ¢’ holds. The results in the present paper do not
depend on the proof system, and therefore the proof system is presented in Appendix

3 The Reduction of Total Correctness to Partial Correctness

We now present a transformation that reduces total correctness to the problem of partial correctness. We
first define what it means for a pattern to terminate.

Definition 3.1 (Termination of a Pattern). We say that a pattern ¢ terminates in S if for all y € J¢y, and
all p : Var — 7 such that (y,p) |= ¢, all executions y = ¥ = 1> = --- from yin (7, =) are finite.

Example 3.1. The following pattern does not terminate in S:
([while(C,skip)] ~~ & | &), where C € Vargg.
Its nontermination is witnessed by the following execution:

([while([[True]), skip)] ~ & | &) =¢
([ite([[ True]], seq(skip, while([[ True]), skip)), skip)]| ~ T | &) =¢ -+
([while([True]], skip)] ~ & | &) =¢ -+
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([assign(X,A)] ~ T | env) A —islnt(A) =7 (||A]] ~ [assignh(X)] ~ T | env)
(@] ~ [assignh(X)] ~ T | env) == ([assign(X,a)] ~ T | env)
(Jassign(X,a)] ~ T | env) =7 (T | update(X ,a,env))
(L[X]]] ~ T | env) =7 (|| lookup(X,env)|| ~ T | env)
([skip] ~ T | env) =7 (T | env)
([seq(S1,52)] ~ T | env) =7 ([S1] ~ [$2] ~ T | env)
([ite([[False]],S1,82)] ~ T | env) =7 ([Sa] ~ T | env)
([ite([[Truell,S1,82)] ~ T | env) =7 ([S1] ~ T | env)
([ite(C,S1,82)] ~ T | env) A =isBool(C) =3

(ICT) ~ [iteh(S1,82)] ~ T | env)
(ICT ~ [iteh(S1,S2)] ~ T | env) AisBool(C) ="

([ite(C,$1,82)] ~ T | env)
([while(C,S)] ~ T | env) =7 ([ite(C,seq(S,while(C,S)),skip)] ~ T | env)
(|[plus(@,b) | ~ T | env) =7 (|la+b|| ~ T | env)
(||plus(A,B) || ~ T | env) A—isint(A) =3 (||A]] ~ ||plushl(B)|| ~ T | env)
(|[plus(A,B)|| ~ T | env) AisInt(A) A —isInt(B) =

(|B]] ~ ||plushr(A) ]| ~ T | env)
(JA]] ~ ||plushi(B)|| ~ T | env) AisInt(A) =7 (|| plus(A,B)|| ~ T | env)
(IB]] ~ || plushr(A)|| ~ T | env) Aislnt(B) =7 (||plus(A,B)|| ~ T | env)

Figure 3: The reachability system S defining the semantics of IMP. Capital letters represent variables of
the appropriate sorts. The variables a, b stand for integers and the variable env for an environment. For
brevity, some rules that are similar to existing rules are missing (e.g., the rules for eq are similar to those
for plus). We discuss the first four rules, which define the assignment operator and the lookup. The first
rule schedules the expression on the rhs of an assignment to be evaluated, if it is not already an integer.
Once the expression evaluated to an integer (using the other rules), the second rule places the result
back into the assignment operator. Once the rhs is an integer, the third rule updates the environment
appropriately. The fourth rule evaluates a variable by looking it up in the environment.

The next definition is at the core of our proof. It is the total-correctness counterpart to Definition [2.6]

Definition 3.2 (Total Correctness). We say that an all-path reachability rule ¢ =" ¢’ is totally satisfied
by S, denoted by S |=, @ =" ¢/, iff for all complete or diverging :>f -executions 7 starting with y € Iy,
and for all p : Var — 7 such that (y,p) = ¢, there exists some ¥ € T such that (y,p) = ¢’.

We now discuss how the definition above generalizes the usual definition for total correctness found
in the literature.

A Hoare tuple {¢ }P{¢'} is valid in the sense of total correctness if the precondition ¢ entails 1. the
termination of the program P, and also 2. that the postcondition ¢’ holds after the program P terminates.

Our definition of S |=; ¢ =" ¢’ states that any execution starting from ¢, terminating or not, reaches
at some point ¢'. If we choose @’ to be a configuration that is known to terminate (e.g., for the case of
IMP, (skip ~ & | ...)), then it follows that ¢ must terminate along all paths. Otherwise, any nontermi-
nating path starting with ¢ would meet ¢, which terminates, leading to a contradiction.

In particular, the validity of the Hoare tuple {¢ }P{¢’} in the sense of total correctness is encoded
by S| PA @ =V (skip ~~ €& | env) A ¢'. In addition to encoding total correctness Hoare tuples, our
definition of total correctness is strictly more general, since it guarantees that ¢’ is reached in a finite
number of steps from @, even if ¢ does not terminate.
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We now present our transformation 6, which helps reduce total correctness guarantees of the form
S |=: @ = ¢’ to partial correctness sequents of the form 8(S) - f(¢) =" g(¢'), where f,g transform
their arguments as explained in Theorem [3.1] below.

Definition 3.3 (Reduction From Total Correctness to Partial Correctness). We define several homony-
mous maps 0 that encode our transformation for reducing total correctness to partial correctness. By
s we denote the class of all algebraic signatures, by .7 the class of all sorts and by % the class of all
algebras with distinguished sets of configurations.

1. Transforming signatures 0: (FHxS) = (FHxS)
Let £ = (S,F) be an algebraic signature and Cfg € S. We define 0(Z, Cfg) = (X',Cfg’), where
= (SUNCIZU Cfg/7F U {F(),NatvF(Cfg,NatLCfg’7F(Nat,Nal),Nat}) and where F(),Nat ={0,1,2,....},

F(Cfg,Nat),Cfg’ ={()} 7F(Nat,Nat),Nat ={+,—%,/}.

Intuitively, 6 adds a sort for the set of naturals and changes the configuration sort such that new
configurations consist of old configurations, plus a natural number. The natural intuitively repre-
sents a program variant that is added to the configuration, i.e. the maximum number of steps the
program can take before ending its execution. In addition to the standard operations +,—, X, /,
we may also consider other operations like |- | : Int — Nat (absolute value) that operate on Nar and
other existing sorts. Alternatively, we could consider any well-founded set instead of the set of
naturals; however, naturals make the presentation easier to follow.

2. Transforming algebras O :% —w)

Let o7 = (A,I4) be a X-algebra, where Cfg is the distinguished sort of configurations and assume
0(X,Cfg) = (¥,Cfg). Then 6(/) = (A’,1,) is a ¥'-algebra with a distinguished sort Cfg’ defined
as follows: (a) A C A’; (b) N = A}, € A’; (c) I, is an extension of I4 such that .7 (n) = ny,
T (abb) = T (adyb) for 6 € {+,—, %, /}; (d) T(Cfg') = 7 (Cfg) x N. Intuitively, each L-algebra
with a distinguished sort Cfg of configurations is transformed into a X-algebra with a distinguished
sort Cfg'. The sort Cfg’ is interpreted as pairs of old configurations and naturals.

3. Transforming patterns (matching logic formulae) (0 : (Pg x Terms yu(Var)) — Pg( 7))
Consider a X-algebra .7. Let ¢ be a pattern over .7 and n € Termsy yy(Var) (n is a term of sort
Nat). We define 0 as follows: (a) if @ is structureless, then 6(¢@,n) = @; (b) if ¢ is a basic
pattern, then 0(¢,n) = (¢,n) (note that this is the interesting case, as in the other cases the trans-
formation 6 simply applies homomorphically); (c) if @ = (¢; 8 @) and ¢ is not structureless,
then 0(@,n) = 6(@1,n) 6 6(@a,n), for & € {V,A}; (d) if ¢ = 6X(¢’) and ¢ is not structure-
less, then 6(p,n) = 6X6(¢’,n), for 6 € {3,V}; (e) if ¢ = —¢’ and @ is not structureless, then
0(@,n) =—06(¢',n). Intuitively, 6 transforms each old basic pattern into a new basic pattern by
adding the natural n and “propagates” this change for all basic patterns contained in the given
pattern.

4. Transforming one-path reachability rules 0:(P7xP7) = (Po7) % Po(7)))
Let ¢ =7 @' be a reachability rule. Then 8(¢ =7 ¢') = 6(¢@,n) =7 6(¢',n— 1), where n is a
fresh variable of sort Nat. The transformation forces each rule to decrease the program variant (by
1).

5. Transforming language semantics (0 :2Z7xP7) 4 2(Po7)xP0(7))
We define the transformation by 6(S) = {6(¢ =~ ¢') | (p =7 ¢’) € S} . Each one-path reacha-
bility rule is transformed independently.
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We now reduce the problem of total correctness to partial correctness. This is achieved by the fol-
lowing property of the transformation 6 defined previously:

Theorem 3.1. If there exists some term s € Termy yu(Var) of sort Nat such that
0(S) = 6(¢9,s) =" IM.0(¢', M),
where M € Vary,, then S |=; ¢ =7 ¢'.

Proof. Suppose there exist some valuation p : Var — 6(.7), some configuration y € J¢y, with the prop-
erty (7,p) = ¢ and a complete or diverging :>S‘7 -execution T =7y = S7 " :>’S7 .-+ such that there is no ¥’
in 7 for which (Y,p) = @’. Letn = p(s). As 8(S) |= 6(¢,s) =" IM.0(¢’,M), we have, by definition,

that for all complete :>gg)—paths 79 = (y%n) :>gg) (Yo,n—1) :>gg)) :>S§Sy)) (Y2 ,n—k) such that

((¥%,n),p) = 0(0,s), there exists some (yg,n — p) in 7% such that ((}/g,n —p),p) EIM.0(¢9" M).
We distinguish two cases. First, suppose 7 is complete and has at most n steps. Consider the path
7% = (y,n) :>gg) (y1,n—1) :>gg)) e :>3ES‘7)) (v, n—k). Ttis easy to see that since T has at most n steps,

7% is indeed a valid iggg)—path. Moreover, since T is complete, it is easy to see that 79 is also complete.

It follows that there exists some (},,n — p) in % such that ((y,,n— p),p) = IM.0(¢',M). By the
definition of satisfaction, this statement implies that (y,,p) = ¢’ and we have obtained a contradiction.

For the second case, we have that T has more than n steps. Consider the prefix of T of n steps:
v=y=n=¢ =7 %. Consider the égg))-path 7" = (y,n) :>SE;7)> (vi,n—1) égg) éggé?
(7,0). Note that 7" is indeed a valid path in 6(S) and additionally ((y,n),p) = 6(¢,s). Moreover, t”
"

This means that ((y,,n—p),p) =3IM.0(¢’, M) for some value p. It is easy to see from the definition
of satisfaction that this last statement implies (y,,p) |= ¢'. Since 6(y,,0) is in ", then 7, is in 7/, which
obviously implies that 7, is in 7 as well. Therefore, there exists 7, in T for which (,,p) = ¢'.

We have arrived at a contradiction in both cases, from which we draw the conclusion that for all
complete or diverging = -paths 7 starting with ¥ € Jy, such that (y,p) |= @, there exists some ¥ in T
such that (7, p) |= ¢'. By definition, this means that S |= (¢ = ¢'), which is what we had to prove. [

. . .6
is complete since (7,,0) cannot advance in =

Corollary 3.1. If there exists s € Termy yq (Var) of sort Nat such that 8(S) = 6(¢,s) =" 3IM.0(¢',M),
where M € Vary,, then: 1. S = @ =" ¢'; 2. If ¢’ terminates in S, then ¢ also terminates in S.

The converse of the corollary above, stating that if a partial correctness guarantee holds and ¢ ter-
minates then the total correctness guarantee holds as well, also holds. Given the program SUM in our
running example and the semantics S of IMP, the following sequent can be derived:

0(S) - ((SUM | envy),200|n| +200) A lookup(m,envy) =nAn >0 ="
M, env,.(((skip | enva), M) A lookup(s,envy) = n(n+1)/2),

which proves the total correctness of SUM. A fully worked out example of a proof of total correctness is
given in Appendix

4 Related Work

We critically rely on previous work on language-parametric partial program correctness, as developed
in [15]]. Starting with the operational semantics of the language of the program for which we prove total
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correctness, we transform it into an (artificial) language whose configurations consist of the configura-
tions of the initial language, plus a variant. This construction is automated. Given a program and a
program variant, its total correctness in the original language reduces to showing partial correctness in
the new language. Language transformations have been used before, for example to develop language-
parametric symbolic execution engines [19] or language-parametric partial equivalence checkers [10].

In general, the research community treats the subject of termination orthogonally to the subject of
partial correctness. There are several automated termination provers (e.g., 18, 13, [12} [1]) that are typi-
cally only concerned with termination, and not correctness. Therefore, to establish total correctness we
generally first establish partial correctness by using various Hoare-like logics (e.g., [8, [16]), and then
termination using a specialized termination prover (e.g., [I18, [1]]).

Logics that prove total correctness directly (e.g., [23 20]) are used more rarely. This is despite
the fact that relatively recent work in automated termination proving (e.g., [6} 4} [14, 7, [13]]) shows that
it is beneficial to use information obtained by proving a program (e.g., invariants) in the termination
argument: in [6], a cooperation graph is used to enable the cooperation between a safety prover and the
rank synthesis tool, in [4], a variance analysis is introduced that is parametric in an invariance analysis
and Ramsey-based termination arguments are improved with lexicographic ordering in [[14]].

In contrast with the automated termination provers above, our method requires to provide the upper
bound on the number of steps manually. The advantage and novelty of our method is that it is language-
parametric (the semantics of the language is given as an input to our reduction), which is important, since
constructing a provably sound total correctness logic [2]] may not be trivial.

5 Conclusion and Future Work

We have developed a language semantics transformation that can be used to prove total correctness
of programs. The method can be used for any programming language whose operational semantics is
given by a set of reachability rules. This is not a restriction, as any programming language [24] can
be faithfully encoded as such. Moreover, our definition of total correctness (Definition generalizes
the usual definition of total correctness, as it can also be used to reason about nonterminating programs
that are guaranteed to reach a desired configuration (which could be nonterminating) in a finite number
of steps. We have implemented our approach in the RMT tool [[L1, 9]. Instructions on obtaining RMT
are available at at http://profs.info.uaic.ro/~stefan.ciobaca/wpte2018, along with several
examples for total correctness (including our running example). Our examples show that our approach
works in practice, but in future work we must also benchmark realistic languages with reachability logic
semantics such as C (see [17]) or Java (see [5]). A limitation of our approach is that the number of steps
has to be computable upfront. This means that we cannot handle programs that nondeterministically
choose a value and loop for that number of steps.

There remain many exciting open questions for future work. The main question is proving our
reduction to be complete. In our present approach, the program variant must be a natural number, but
an important question is to analyze whether other well-founded orders could be needed as well. Another
open question is compositionality: instead of providing a program-wide variant, would it be possible
to have a more modular approach? Finally, can we combine our method with existing state of the art
automated termination provers like [[7,|13]] to obtain the benefits of both?


http://profs.info.uaic.ro/~stefan.ciobaca/wpte2018

S. Buruiana & S. Ciobaca 11

References

[1] Beatriz Alarcon, Raul Gutierrez, Jose Iborra & Salvador Lucas (2007): Proving Termi-
nation of Context-Sensitive Rewriting with MU-TERM. ENTCS 188, pp. 105 - 115,
doi:https://doi.org/10.1016/j.entcs.2007.05.041. Available at |http://www.sciencedirect.com/

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

science/article/pii/S1571066107004835.

Pierre America & Frank de Boer (1990): Proving total correctness of recursive procedures. Inf. and
Comp. 84(2), pp. 129 — 162, doi:https://doi.org/10.1016/0890-5401(90)90037-1. Available at http://www.
sciencedirect.com/science/article/pii/0890540190900371I.

Martin Avanzini, Christian Sternagel & René Thiemann (2015): Certification of Complexity Proofs using
CeTA. In: RTA, LIPIcs 36, pp. 23-39, doi:10.4230/LIPIcs.RTA.2015.23. Available at http://drops.
dagstuhl.de/opus/volltexte/2015/5187,

Josh Berdine, Aziem Chawdhary, Byron Cook, Dino Distefano & Peter O’Hearn (2007): Variance Analyses
from Invariance Analyses. In: POPL, pp. 211-224, doi:10.1145/1190216.1190249. Available at http:
//doi.acm.org/10.1145/1190216.1190249.

Denis Bogddnas & Grigore Rosu (2015): K-Java: A Complete Semantics of Java. In: POPL, pp. 445-456,
doij10.1145/2676726.2676982, Available athttp://doi.acm.org/10.1145/2676726.2676982.

Marc Brockschmidt, Byron Cook & Carsten Fuhs (2013): Better Termination Proving through Cooperation.
In: CAV, pp. 413-429.

Marc Brockschmidt, Byron Cook, Samin Ishtiaq, Heidy Khlaaf & Nir Piterman (2016): 72: Temporal Prop-
erty Verification. In: TACAS, pp. 387-393.

Qinxiang Cao, Lennart Beringer, Samuel Gruetter, Josiah Dodds & Andrew W. Appel (2018): VST-Floyd: A
Separation Logic Tool to Verify Correctness of C Programs. JAR, doi:10.1007/s10817-018-9457-5, Available
athttps://doi.org/10.1007/s10817-018-9457-5|

Stefan Ciobacd & Dorel Lucanu: A Coinductive Approach to Proving Reachability Properties in Logically
Constrained Term Rewriting Systems. In: IJICAR 2018. (to appear).

Stefan Ciobacd (2014): Reducing Partial Equivalence to Partial Correctness. In: SYNASC, pp. 164—
171, doi:10.1109/SYNASC.2014.30. Available at http://doi.ieeecomputersociety.org/10.1109/
SYNASC.2014.30.

Stefan Ciobacid & Dorel Lucanu (2016): RMT: Proving Reachability Properties in Constrained Term Rewrit-
ing Systems Modulo Theories. Technical Report TR 16-01, Alexandru Ioan Cuza University, Faculty of
Computer Science.

Evelyne Contejean, Pierre Courtieu, Julien Forest, Olivier Pons & Xavier Urbain (2007): Certification of
Automated Termination Proofs. In: FroCoS, pp. 148—162.

Byron Cook, Andreas Podelski & Andrey Rybalchenko (2006): Termination Proofs for Systems Code.
In: PLDI, pp. 415426, doi:10.1145/1133981.1134029. Available at http://doi.acm.org/10.1145/
1133981.1134029.

Byron Cook, Abigail See & Florian Zuleger (2013): Ramsey vs. Lexicographic Termination Proving. In:
TACAS, pp. 47-61.

Andrei Stefanescu, Stefan Ciobacd, Radu Mereutd, Brandon M. Moore, Traian Florin Serbanutd & Grigore
Rosu (2014): All-Path Reachability Logic. In: RTA-TLCA, pp. 425-440, doi:http://dx.doi.org/10.1007/978-
3-319-08918-8 29.

Andrei Stefanescu, Daejun Park, Shijiao Yuwen, Yilong Li & Grigore Rosu (2016): Semantics-Based Pro-
gram Verifiers for All Languages. In: OOPSLA, pp. 74-91, doi:http://dx.doi.org/10.1145/2983990.2984027.

Chucky Ellison & Grigore Rosu (2012): An Executable Formal Semantics of C with Applications. In: POPL,
pp. 533-544.


http://dx.doi.org/https://doi.org/10.1016/j.entcs.2007.05.041
http://www.sciencedirect.com/science/article/pii/S1571066107004835
http://www.sciencedirect.com/science/article/pii/S1571066107004835
http://dx.doi.org/https://doi.org/10.1016/0890-5401(90)90037-I
http://www.sciencedirect.com/science/article/pii/089054019090037I
http://www.sciencedirect.com/science/article/pii/089054019090037I
http://dx.doi.org/10.4230/LIPIcs.RTA.2015.23
http://drops.dagstuhl.de/opus/volltexte/2015/5187
http://drops.dagstuhl.de/opus/volltexte/2015/5187
http://dx.doi.org/10.1145/1190216.1190249
http://doi.acm.org/10.1145/1190216.1190249
http://doi.acm.org/10.1145/1190216.1190249
http://dx.doi.org/10.1145/2676726.2676982
http://doi.acm.org/10.1145/2676726.2676982
http://dx.doi.org/10.1007/s10817-018-9457-5
https://doi.org/10.1007/s10817-018-9457-5
http://dx.doi.org/10.1109/SYNASC.2014.30
http://doi.ieeecomputersociety.org/10.1109/SYNASC.2014.30
http://doi.ieeecomputersociety.org/10.1109/SYNASC.2014.30
http://dx.doi.org/10.1145/1133981.1134029
http://doi.acm.org/10.1145/1133981.1134029
http://doi.acm.org/10.1145/1133981.1134029
http://dx.doi.org/http://dx.doi.org/10.1007/978-3-319-08918-8_29
http://dx.doi.org/http://dx.doi.org/10.1007/978-3-319-08918-8_29
http://dx.doi.org/http://dx.doi.org/10.1145/2983990.2984027

12

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Reducing Total Correctness to Partial Correctness

Jiirgen Giesl, Cornelius Aschermann, Marc Brockschmidt, Fabian Emmes, Florian Frohn, Carsten Fuhs,
Jera Hensel, Carsten Otto, Martin Pliicker, Peter Schneider-Kamp, Thomas Stroder, Stephanie Swider-
ski & René Thiemann (2017): Analyzing Program Termination and Complexity Automatically with
AProVE. JAR 58(1), pp. 3-31, doi:10.1007/s10817-016-9388-y. Available athttps://doi.org/10.1007/
s10817-016-9388-y.

Dorel Lucanu, Vlad Rusu & Andrei Arusoaie (2017): A generic framework for symbolic execution: A coin-
ductive approach. J. Symb. Comput. 80, pp. 125-163, doi:10.1016/j.js¢.2016.07.012.

Pedro da Rocha Pinto, Thomas Dinsdale-Young, Philippa Gardner & Julian Sutherland (2016): Modular
Termination Verification for Non-Blocking Concurrency. In: ESOP, pp. 176-201.

Grigore Rosu & Andrei Stefanescu (2012): Checking Reachability using Matching Logic. In: OOPSLA, pp.
555-574.

Grigore Rosu, Andrei Stefianescu, Stefan Ciobacd & Brandon M. Moore (2013): One-Path Reachability
Logic. In: LICS, pp. 358-367.

Grigore Rosu, Chucky Ellison & Wolfram Schulte (2010): Matching Logic: An Alternative to Hoare/Floyd
Logic. In: AMAST, LNCS 6486, pp. 142-162.

Traian Florin Serbdnutd, Grigore Rosu & José Meseguer (2009): A Rewriting Logic Approach to Operational
Semantics. Information and Computation 207(2), pp. 305-340. Available at http://dx.doi.org/10.
1016/3j.1c.2008.03.026.

Dominic Steinhofel & Nathan Wasser (2017): A New Invariant Rule for the Analysis of Loops with Non-
standard Control Flows. In: iFM, pp. 279-294.


http://dx.doi.org/10.1007/s10817-016-9388-y
https://doi.org/10.1007/s10817-016-9388-y
https://doi.org/10.1007/s10817-016-9388-y
http://dx.doi.org/10.1016/j.jsc.2016.07.012
http://dx.doi.org/10.1016/j.ic.2008.03.026
http://dx.doi.org/10.1016/j.ic.2008.03.026

S. Buruiana & S. Ciobaca 13

STEP
Eo— \/ IFreeVars(@;) @
o=79.€S8 AXIOM
= 3e(@lc/O)A@c/O) A@. — ¢ forall g, => @, €S p="9' co
i by =" ¢ i by =" ¢
TRANSITIVITY
LA oo =" L AUECF =" 3
S e o =" @3
CASE ANALYSIS CIRCULARITY y
S Ao =" S drep="0 A Py fpmig) =0
S b oV gy =" @ L g =" ¢
ABSTRACTION REFLEXIVITY
S A g ="¢  XNFreeVars(¢') =0 .
i by IXe =7 ¢ S e =" ¢
CONSEQUENCE

T e e S e s
o g o1 =" @

Figure 4: The language-parametric proof system for partial correctness in [[15]

A Proof System for Partial Correctness

We recall in Figure [ the proof system for the problem of partial correctness from [[15]].

Matching logic formulae can be translated into FOL formulae such that matching logic satisfaction
reduces to FOL satisfaction in the model of configurations .7. This allows conventional theorem provers
to be used for matching logic reasoning. One of the proof rules of reachability logic depends on this
translation.

Definition A.1. Let (] be a fresh variable of sort Cfg. For a pattern ¢, let " be the FOL formula formed
from @ by replacing basic patterns 7 € Termy cp,(Var) with equalities O = z. If p : Var — .7 and
Y € Ty, then let the valuation p? : Var U {00} be such that p¥(x) = p(x) for all x € Var and p¥(00) = 7.

We have that

(v.p) E @ < p’ = o .

We use @[c/0] to denote the FOL formula resulting from eliminating [J from ¢ and replacing it with
a Cfg variable c.

The proof system was shown in [[15] to be sound (and also relatively complete) for the problem of
partial correctness. Note that, this provides no guarantees for configurations that do not terminate.
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B A Complete Example

In this section, we present in full details a very simple example of how the reduction presented above
work. We consider a very simple “language” with configurations of the form [s,i] (where s and i are
naturals) that add to s the first i positive naturals.

Let £ = ({Cfg,Nat,Bool} ,F), where:

o Fyna=1{0,1,2..}

® () oot = {True, False}

® FiNatNat)Nat = 15 —> /> %}

® FiNat.Nar)Bool = 1<,>,<,>,=}
® Finanar),cre = 111}

We consider a X-algebra .7 with the expected interpretation for common symbols and a system of
reachability rules S consisting of a single rule:

[s,i]] A (i >0) = [s+i,i— 1], where s,i € Varyy.
The algebra 6(.7) contains a sort Cfg’ and, by definition, 6(S) consists of the following rule:
([s,i],n) A (i >0) = ([s+i,i—1],n—1), where s,i,n € Varyy.

For ease of readability let SUM (x,y) =y (y+1)/2— (x— 1) xx/2 by notation. Let ¢, = ([SUM (n’' +
1,n),n'],n") An’ >0 and g = Im([SUM(1,n),0],m), where n’,n,m € Varyy. Let us now prove that

0(S) - ([0,n],n) =" ¢,

which establishes not only that [0,n] computes the sum from 1 to n (by the soundness of reachability
logic), but also that it terminates within n steps (by Theorem [3.1)):
14. 6(S), {3n'op =" @r} = I @ =" g by Axiom
13. 6(S),{In' oL =" @r} b (SUM(n',n),n’ —1],n' —=1)A(n' — 1) > 0=" @
by Consequence from 14
12. 6(S) W= or) ([SUM(n' 4 1,n),n'),n') A0’ >0 =
([SUM (W ,n),n" —1],n —=1)A(n' —=1) >0 by Step
11. Q(S) }_{En'(PLiV(PR} ([SUM(n’—F l,n),n’]’n/) A >0=" Or
by Transitivity from 12 and 13

10. 6(S) ([SUM(1,r),0],0) =" ([SUM(1,n),0],0)

'_{Hn/pr:W(pR}

by Reflexivity
9. 6(9) ETTIRIA ([SUM(1,n),0],0) =" g by Consequence from 10
8. 6(S) F{Hnl(PLjv(PR} I’ (([SUM (0’ 4+ 1,n),n’],n") An' > 0) =V Or

by Abstraction from 11
7. 6(S) l_{ﬂn’¢L:>V€0R} El(n’([SUM(n’ + 1,11)7;1’]7”/) An = 0) =7 Ok

by Consequence from 9
6. 6(S) |_{3n%pL:>V<pR} I’ (([SUM (0’ + 1,n),n’],n") A1/ > 0)V
I (([SUM (' + 1,n),n7'),n’) An' = 0) =7 @r by Case analysis from 7, 8
5.6(8)F e In' o =" @g by Consequence from 6
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4. 0(8) - ([0,n],n) =" ([0,n],n) by Reflexivity
3.0(S)F 3o =7 ¢r by Circularity from 5
2. 6(S)F ([0,n),n) =" 3n' @, by Consequence from 4
1. 6(S) - ([0,n),n) =" @g by Transitivity from 2 and 3

Our approach also works on the programming language IMP described above. We have shown,
for example, that the following program is (unsurprizingly) totally correct (when m starts up with a
nonnegative number):

s :=0
while not (m = 0) dos :(=s +m; m :=m - 1

The main idea in proving the program above totally correct is the same as in the fully developed
example above, but the formal proof is a lot longer.
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