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—— Abstract

Separation Logic (SL) enables reasoning about programs that manipulate pointers. Its key feature
is the separating conjunction %, which asserts that two formulas hold on disjoint portions of memory.
We consider an extension of SL, called Overlaid SL (OSL), that allows non-disjoint combinations
of data structures defined over different fields, enriched with set constraints on the nodes of these
structures. We prove that entailment is decidable for a broad class of data structures satisfying
the so-called PCE conditions of [9], thus extending this result to OSL. Our decision procedure is
nondeterministic with doubly exponential time complexity.
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1 Introduction

Separation Logic (SL) [11, 16] is a widely used framework in program verification. It supports
local reasoning, which improves scalability by enabling the verification of program properties
using only the portions of the heap that the program interacts with. In essence, SL provides
basic atoms such as x — (y1, - . -, Ya), expressing that the heap consists solely of the allocated
location x, at which is stored the tuple (y1,...,¥q), and emp, indicating the absence of any
allocated location (empty heap). It also features the connective @1 x w2 (called a separating
conjunction), which asserts that the heap can be split into two disjoint parts satisfying ¢1
and (o, respectively. To describe recursive data structures, SL additionally allows predicate
atoms defined by user-specified inductive rules with fixpoint semantics. A commonly studied
fragment, due to its widespread use [5] in automated verifiers based on SL, is the symbolic
heap fragment, where formulas are separating conjunctions of atoms. The central challenge
in automated program verification using SL is the entailment problem’: given two formulas ¢
and ¥, does @ logically entail ¥ — that is, does every structure satisfying ¢ also satisfy 1?7 Even

L The satisfiability problem is strictly less general (since full negation is not permitted in the symbolic
heap fragment) and corresponds to the special case where v is false.
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when restricted to symbolic heaps, the entailment problem remains undecidable; however,
several decidable sub-fragments have been identified [1, 6, 9, 10]. The most expressive known
decidable subclass is the PCE fragment (for Progress, Connected, and Established), which
imposes structural constraints on the inductive rules defining predicate semantics [9]. This
fragment captures a wide range of commonly used data structures, including lists, trees, and
doubly linked lists. Later, the entailment problem was shown to be 2-EXPTIME-complete for
PCE formulas [14, 3].

In standard SL, the separating conjunction * models the disjoint union of heaps: two heaps
can be combined only if they share no allocated locations. Although this operator provides
an elegant and concise way to express disjointness, it is often too restrictive in practice.
Many data structure specifications require more flexible forms of heap decomposition, in
which certain locations may be shared across substructures [13, 8, 17]. For example, consider
a program that maintains three lists of tasks (ongoing, waiting, and overall), with the
additional constraint that the third list contains exactly the union of the elements of the
first two (in arbitrary order). If list nodes are allocated locations, such a structure cannot be
specified in standard SL. A proposed solution is the framework of overlaid data structures
[13, 7, 2], in which each location may be allocated with multiple “fields”. This leads to
formulas such as z.f — (y1,...,Ya) ®x.g = (21,. .., 2q) which asserts that the fields f and
g of x are both allocated and store the tuples (y1,...,yq) and (21,...,zq), respectively. The
connective * is replaced by a slightly weaker connective ® (o-star), which permits the two
heap components to share allocated locations (in this case, z), provided the fields they
use are distinct. To express additional constraints on such structures, the framework also
incorporates set constraints over variables denoting finite sets of locations. A formula of the
form @X asserts that ¢ holds and that the set variable X corresponds exactly to the domain
of the heap. The example of overlaid lists of tasks defined above can then be described
with the formula (1sy(zq,nil)@X; % 1sf (22, nil)@Xs) @ 1s4(y, nil)QY + X3 U Xy = Y, where
1s¢(u,v) denotes a list segment from u to v whose pointers are stored in field f. Note that x
may still be used when the heap components are disjoint. Distinct fields (e.g., f for the lists
rooted at z;, and g for the list rooted at y) allow the logic to maintain separation at the field
level. Note that, in our framework, set constraints such as X; U Xs &~ Y hold only on empty
heaps. In [7], a fragment of the logic is introduced, for which satisfiability and entailment are
proven NP-complete and co-NP-complete, respectively, and which can describe nested linked
lists with shared nodes. However, the considered inductive rules are more restricted than
those in the PCE fragment [9]. In a recent work [15], we introduced a decision procedure for
the satisfiability problem which covers PCE rules.

Contribution. In the present paper, we show that the entailment problem is also decidable?.
We reduce this problem to a satisfiability problem in the logic BAPA [12], which combines
the Boolean algebra of sets of uninterpreted elements with Presburger arithmetic to capture
cardinality constraints on sets. The decision procedure runs in nondeterministic doubly
exponential time. In fact, we go beyond the symbolic heap fragment by considering entailments
of the form ¢ = 9, where ¢ contains no negation while 4 is arbitrary (both satisfiability
and entailment are undecidable for unrestricted formulas, even in standard SL [14]). Our
results increase the expressive power of SL, allowing one to describe a substantially more
general class of data structures. As in [7], our procedure relies on a reduction to BAPA. The

2 The fragment considered in [15] is actually slightly more general than the one used here, since it allows
inductive rules to compute sets of locations that need not coincide with the heap domain. For example,
one may define in [15] a predicate tree(z,Y) representing a tree with root z and set of leaves Y; in this
paper, Y shall denote the full set of the tree’s nodes. Although the fragment here is simpler, it is yet
sufficient to capture the most common data structures.
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key idea behind this reduction, however, differs significantly: instead of checking syntactic
isomorphisms between formulas, we exploit a sound and complete abstract characterisation
of their models. This allows us to handle a strictly more general fragment, both with respect
to the admissible inductive rules and the formulas appearing in entailments, while retaining
completeness of the decision procedure.

The remainder of the paper is organised as follows. We first formally introduce Overlaid
Separation Logic (OSL) in Section 2. Then, we present in Section 3 the first step of our
decision procedure, where the entailment problem is reduced to the search for a counter-
example for simpler, normalised formulas. Some results related to the entailment problem
in standard SL are recalled in Section 4, while the reduction to satisfiability in BAPA is
presented in Section 5. We conclude by pointing out limitations and possible improvements.

2 Separation Logic with Overlaid Structures

For conciseness, Z denotes a tuple (1, ...,,) of size n = | 7|, and the i-th element (: > 1)
of the tuple 7 is written Z[i]. We sometimes identify sequences with sets; for instance, we
may write z € ¥ to state that z = ¥[i] for some i € [1,|¥]|]. For any finite set S, card(S)
denotes the cardinality of S.

» Definition 1 (OSL formulas). Let F be a finite set of field symbols. Let V be a (countably
infinite) set of location variables, S a (countably infinite) set of set variables, and P a set
of spatial predicate symbols (with associated arity # : P — N). The set of OSL formulas
® is inductively defined as follows:

Ps>p:=emp | z.f = (Y1,..-,ya) | P(T1,. ., Tpp))
| 1% | p1®w2 | o1 A2 | 01 Ve | np | QT | 7

with:

pure formulas U m:=L | B | A | IXw | mAme | m Vme |~7
equational atoms L3 L=z~ y
set atoms B > B : =T C Ty
setterms T>T:={a} | X | @ | TyuTy | Ty MTy
arithmetic atoms A > A:=1t; <ty | Kdivt
arithmetic terms t3t:=K | t; @ ta | KOt | |T|

whered €N, K€ Z, f € F, x,y,21, ..., Ty, Y1,---,Yya €V, X €S, and p € P.

Atoms of the form x.f — (y1,...,ya) and p(x1,..., 74 ) are called points-to atoms and
predicate atoms, respectively. We write x % y, t1 < to, and T; [Z Ty for ~(z = y), ~(t2 < 1),
and ~(T; C Ts), respectively, T1 ~ Ty for (T; C To) A (T2 C T4) if Ty, Ty € T, and ¢1 =~ to
for (t1 <X ta) A (t2 = t1) if t1,t2 € t. To simplify notation, we do not include arithmetic
variables in the syntax, but they can be encoded using terms |X| where X is a fresh set
variable. There is no quantification over location variables, and quantification over sets occurs
only in pure formulas. We write fv'°°(¢) and fv*°*(y) for the free location variables and set

variables in ¢, with fv(p) et yloc (o) W fv**(p). Note that we use two different negation
symbols, ~ for pure formulas and — for OSL formulas. This distinction will be clarified later.

» Definition 2 (Substitutions). Let © = (z1,...,2,) and § = (y1,...,yn) be sequences of
location variables. We write [x;/y;] ey np- [Z/Y], or [x1/y1, -, Tn/yn] for the substitution
6 that simultaneously replaces x; by y; for every j € [1,n]. The formula ©8 is obtained by
substitution of every free occurrence of x; by y; in ¢.

94:3

MFCS 2026



94:4

The Entailment Problem for Separation Logic with Overlaid Structures

The semantics of predicate symbols is defined using inductive rules. An inductive rule
associated with the predicate p € P is a pair of the form p(z1,...,24)) < ¢, where ¢ is an
OSL-formula. The variables freely occurring in the right-hand side of a rule but not in its
left-hand side are called existential variables. A set of inductive definitions (SID) R contains
finitely many rules associated with predicate symbols in P.

Let £ be a countably infinite set of locations. A store is a mapping s : V — L which
associates each variable to a location. If S C V, we write s(S) for {s(z) | z € S}. We write
s [z — {] for the store that maps x to £ and agrees with s on all variables other than z. Also,
s [2/y] denotes the updated store that maps y to s(x) and agrees with s on everything else. A
set interpretation is a mapping ¥ : § — (L) from set variables to finite subsets of locations.
We denote by [t](sx) and [T](s 5 the interpretations of the arithmetic term ¢ and the set
term T, respectively, in a pair (s,X), defined inductively as usual. For any pure formula m,
we write (s, X) = 7 to indicate that 7 is true in (s, ), where all the symbols and connectives
are interpreted as usual.

A heap is a partial finite function mapping pairs in £ X F to tuples of locations in
L* (thus we_have dom(h) C L x F for all heaps h). A heap is usually denoted as a set
{(l;, fi) = (€;) | 1 < i < n}. We denote by domy(h) the set {¢ | (¢, f) € dom(h)}, by alloc(h)
the set {¢ | 3f € F.(¢, f) € dom(h)} and by loc(h) the set of locations occurring in b, i.e.,
the set: loc(h) = {lo,...,4n | 3f € F.H(o, ) = (¢1,...,4,)}. For any pair (s, ), we write
loc(s, h) for the set loc(h) Uimg(s). A location ¢ is allocated in a heap b if £ € alloc(h). If
dom(h;) Ndom(hs) = &, then by W by denotes the union of h; and ho; otherwise by W by is
not defined. An OSL structure is a tuple (s, b, X) where s is a store, ¥ is a set interpretation,
and b is a heap. A variable x is allocated in a structure (s, b, X) if s(z) is allocated in b.

» Definition 3 (Unfoldings). Let R be an SID, and p,1 two formulas. We write ¢ <x
Y when 1 is obtained by replacing a predicate atom p(yi,...,Yxp)) M ¢ by a formula
X [xj/yj]je[[l#(p)]] where p(1,...,Txp)) < X 45 a rule in R. We assume that the variables
occurring in the rules are renamed to avoid conflict with variables already occurring in ¢.
An R-unfolding is a sequence of formulas 1 <gr p2 <R ... <r Y. The R-unfolding is
complete when the last formula py, is predicate-free.

» Definition 4 (OSL semantics). Given a formula ¢, an SID R and a structure (s,h,%)
with fv(¢) C dom(s) Udom(X), we write (s,h,X) =r ¢ if and only if one of the following
conditions holds:

p =emp and h = J; or ¢ is a pure formula 7w, h = & and (s,2) E 7;

o= (x.f = (y1,---,9a)) and b = [(s(z), f) = (s(y1), - - -, 5(ya))];

©=p(21,.,25(p)), P € P, and there exists a complete unfolding ¢ <x ... <x ¥ such

that (s',b, %) Er ¢ for some 5" matching s on z1,.. ., 2Zup);

= VAT, (s,5,%) er ¢ and alloc(h) = [T]s);

© = 1 * w2 and there exist heaps h1, b2 such that h = by U bha, alloc(hy) Nalloc(hs) = @,

(5,b1,%) Fr @1, and (s,h2, %) Fr @25

© = p1 ® o and there exist heaps b1, ba such that h = b1 U by, dom(h;) Ndom(hy) = @,

(5,b1,%) FEr @1, and (s,h2, %) Fr ©2;

o =1 A p2, (5,h,5) Fr ¢1, and (5,5,%) Fr p2;

o =@1 Ve and ((5,5,%) Fr @1 or (5,5,%) Fr v2);

¢ =1 and (s,h,%) fFr .
We write ¢ =g ¥ if for every structure (s,bh,%) we have (s,5,X) Er ¢ = (5,5,%) Er ¢.
If both p Er ¥ and ¥ Ex @ hold, then we write p =g 1.
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Formulas are taken modulo the usual properties of SL connectives: associativity and

commutativity of x,®, A and V, neutrality of emp for * and ®, and commutativity of ~.

The pure formulas serve as an extension of emp, providing additional information on the

store and set interpretation. Thus, a valid pure formula (such as z ~ z) behaves like emp.

The operators A and V appear twice in the syntax and the semantics when dealing with
spatial or pure formulas. This is not a problem, as the definitions are compatible. On the
contrary, the negation symbols — and ~ have different meanings, as the latter requires the
heap to be empty: if 7 is pure, then ™ and ~7 are both false in (s, b, X) if the heap b is not
empty. In contrast, - denotes the usual negation. Notice that occurrences of — are restricted
here to the formulas in the right-hand side of the entailment to ensure decidability (see
Section 3). Since alloc(hy) Nalloc(hs) = @ = dom(hy) Ndom(hs) = &, v1 ® 2 is a logical
consequence of 1 xps. The interpretation of p; ® o is weaker, as it allows allocations at the
same locations in both ¢, and ¢s, provided the considered fields are distinct. For instance,

z.f = (y) ®x.g — (y) is satisfiable, but not z.f — (y)xx.g — (y) or z.f = (y) ®z.f — (y).

» Definition 5 (OSL model). An R-model of a formula ¢ is a structure (s,h, %) such that
(5,5, 2) Er . A formula ¢ admitting an R-model is R-satisfiable (or simply satisfiable if
R is clear from the context).

We need additional restrictions on the rules in R in order to obtain decidable decision
problems. To this purpose, we adapt the definition given in [9]. A formula ¢ is an { f}-formula
if, for every unfolding sequence ¢ = 1 <=g -+ <r @k, the formula ¢, contains no field
symbol other than f; every pure formula is a {f}-formula, for any f. A predicate p is an
{f}-predicate if the right-hand side of each rule associated with p is an {f}-formula. A
predicate is a l-predicate if it is an {f}-predicate for some f € F. These properties are
decidable by a straightforward fixpoint computation over R and OSL formulas.

» Definition 6 (PCE conditions). An SID R satisfies the PCE conditions if each rule p € R

is of the form p: p(Z) < 7 % ZT[].f = (¥) * *i_, ¢:i(Z) where:

1. the formula  is a x-conjunction of pure equational literals uw =~ v or u % v;

2. every predicate atom q;(z;) has Z;[1] € ¥, i.e., its first argument is a variable used by the
tuple Y ;

3. every ezistential variable u € (¥ U Ule z) \ @ is allocated by every structure (s,h,%)
satisfying  * T[1).f = (V) * ki, ¢i(Z).

The restrictions 2 and 3 above are equivalent, respectively, to the connectedness and

establishment conditions of the PCE fragment® [9]. The syntax of rules also satisfies the

progress condition of [9], as, by the definition above, they allocate exactly one location Z[1].

To these classic PCE restrictions, we add restriction 1, which precludes set or arithmetic

atoms in rules. In the following, we also assume that all predicates are 1-predicates.

A variable z is called an {f}-root of a formula ¢ if ¢ contains an atom of the form
x.f — (¥) or p(z, ¥)QT, where p is an {f}-predicate. We denote by roots(ip, f) the set of
{f}-roots of . By definition, for every PCE SID R, the root of an atom ¢ is allocated in
every R-model of ¢ (since, by Definition 6, all the rules associated with p allocate the first
argument of p). Furthermore, for every model (s, b, ¥) of ¢, we have loc(h) C alloc(h) Uimg(s)
(by the establishment condition 3, any location occurring in the heap is either allocated or
associated with a predicate parameter, i.e., variable in ).

3 The establishment condition is sometimes relaxed by allowing non-allocated existential variables, provided
that they are aliased to a variable in 2. For simplicity, we adopt the strongest definition, which entails
no loss of expressivity.
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» Example 7. Consider the following inductive rules.

tree(z) < x.t — (y1,y2) * tree(y) » tree(yz) tree(z) < x.t — ()
als(z,y) <zl — (2) xals(z,y)xx &£y als(z,y) < xl— (y)*xz #y

The predicate tree(z) describes a full binary tree rooted at x, whose internal nodes use
the field ¢ to point to their children; leaves point to an empty tuple of children. The predicate
als(z,y) describes a nonempty acyclic list segment from z to y, using the field I. The OSL
formula tree(z)@X ®als(y,2)QY ®Y C X describes a heap that can be decomposed into
two parts: a tree rooted at x, whose set of allocated nodes is recorded in the set variable X,
and a list segment from y to z, whose allocated nodes form the set Y. The constraint Y C X
enforces that every list’s cell also belongs to the tree. The heaps have disjoint domains, but
share allocated locations. Intuitively, the formula specifies a data structure in which the list
provides an alternative traversal of a part of the tree: all list locations appear in the tree, in
arbitrary order, but the structural connections of the tree and the list remain independent.
This independence is ensured by using distinct fields: ¢ for the tree and [ for the list.

3 Normalising the OSL Entailment Problem

In the remainder of the paper, we prove that the entailment problem is decidable if the
left-hand side formula contains no occurrence of the negation operator —. The general
problem, i.e., with no restrictions on the left-hand side, is undecidable for OSL because
it covers the entailment problem between SL formulas with negation, a problem shown
undecidable in [14], even if the inductive rules satisfy the conditions of [9].

» Theorem 8. Let R be an SID with PCE 1-predicate rules, and @, ¥ be two OSL formulas,
where ¢ contains no occurrence of =. Then, the entailment problem ¢ =g 1 is decidable.

We provide a nondeterministic algorithm intended to generate a representation of a
countermodel of ¢ Ex 1, i.e., a model of ¢ that does not satisfy . In this section, we
reduce the problem to a simpler instance of entailment, with additional hypotheses on the
left-hand side formulas, as required by Lemma 25. We assume for simplicity that ¢ contains
at least one spatial atom; this can be enforced, if needed, by adding dummy predicates on
both sides of the entailment.

3.1 Removing V, A, and x from the Left-hand Side

» Definition 9 (®-formula). An ®-formula is a formula ¢ of the form © ® ®I_,p;, where w
is pure, n > 1, and ¢; (fori € [1,n]) is either a points-to atom x;.f; — (¥;) or an atom of
the form p;(7;)QT;. The sequence of set terms associated with ¢ is (T;);cq1,n], where Ty is
defined as the term {z;} when ¢; is a points-to atom x;.f; — (Y;).

The first step consists of ensuring that the left-hand side of the entailment is an ®-formula.
To this purpose, we start by removing the connectives V, A, and x from the left-hand side of
the entailment. First, we remove disjunctions V from ¢ (except between pure formulas), by
guessing, for every disjunction o1 V @9 in the formula ¢, which one of ¢; or ¢s we keep to
obtain the countermodel. Formally, for a given formula ¢ with no negation —, we define the

set of formulas ND(p) inductively by:
if ¢ is an atom or a pure formula, then ND(y) et {¢}; otherwise:
if p = 1@, then ND(¢) “ {}@T | ¢} € ND(p1)}:
if ¢ = 1V 2, then ND(g) & ND(p1) UND(py):

if o = @1 @ s for ® € {x,®, A}, then ND(p) © {5} » 0, | ¢} € ND(01), ¢ € ND(p2)}.
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» Lemma 10. Let R be an SID and ¢ an OSL formula with no negation —. Let (s,h,%)
be an OSL structure. Then, (s,5,%) Er @ if and only if there exists a formula ¢’ € ND(y)
such that (5,5,%) Er ¢’

At this point, the entailment problem is reduced to a set of simpler instances in which the
left-hand side ¢ does not contain V or —. We further simplify the entailments by computing
a weakened form of the left-hand side ¢. This weaker formula is obtained by removing A
operators from ¢ by keeping only the left-most branch for every conjunction in ¢, by replacing
all occurrences of x by @ and by deleting all connectives @ operating on non-predicate atoms.
We also remove pure formulas from the weakened form of ¢. Formally, for any formula ¢

with no occurrences of V or -, we define the formula WK(y) € ® inductively by:

if o = 1 @y for @ € {x,®}, then WK(p) def WEK(¢1) ® WK(p2);
if o = 1 A 2, then WK(p) def WK(p1);

if o = 1@QT and ¢; is not a predicate atom, then WK(y) e WK(¢1);
d; def

if ¢ is pure, then WK(y) Lot emp; and otherwise WK(p) = ¢
It is easy to see that ¢ Er WK(p), thus ¢ Fr ¢ <= o AWK(p) Er ¢ <

WK(p) Fr ¢ V.
We immediately deduce the following:

» Proposition 11. For all formulas ¢ and :
pERY = ¢ ANWK(p) Fr v < WK(p) EFr ¢ Vo

By Lemma 10 and Proposition 11, we get an entailment whose antecedent (WK(@)) does
not contain occurrences of operators -, V, A, and . Finally, we replace every predicate
atom p(7) in WK(p) not already occurring in a pattern p(Z)@QT, by an atom p(7)@X
where X € S is a fresh set variable. We denote the resulting formula by AS(WK(p)). This
operation preserves the validity of the entailment, as any model of WK(¢) A =(¢) V —¢) can
be extended into a model of AS(WK()) by mapping each fresh set variable X to the domain
of the heap corresponding to the associated predicate atom p(Z). We get a reduction to a
problem, AS(WK(y)) =r 9 V —p, where the antecedent is an ®-formula.

» Example 12. Consider the entailment problem ¢ =r 9 with ¢ = (p(a:,y) A q(x,y)) Vv
(r(x) * s(y)). We have ND(¢) = {p(x,y) A q(x,y),r(x) * s(y)} which yields two branches
p(z,y) A qlz,y) Er ¥ and r(x) * s(y) Er ¥; any countermodel of one of these branches is a
countermodel of ¢ =5 1. These problems are then normalised into p(z,y) Exr 11)\/—|(p(x, Y)A
q(z,y)) and r(z) ®s(y) FEr ¢ V = (r(z) * s(y)), respectively. Finally, fresh set variables
are introduced to denote the heap domains corresponding to the predicate atoms in the
left-hand side, yielding: p(z,y)@X Er ¢V = (p(z,y) Aq(z,y)) and (r(z)QY) ®(s(y)QZ) Exr
YV = (r(z) *s(y)).

3.2 Allocating Every Right-hand Side’s Variable

The next step aims to ensure that all location variables in the entailment’s consequent
occur at root positions on the antecedent (possibly modulo aliasing). We first introduce a
transformation that allows one to focus on countermodels in which all these variables are
allocated. To this aim, we ®-conjunct dummy atoms £.f — () to both sides of the entailment,
where £ is a variable occurring in the consequent and f € F. As the allocated variables may
depend on the model, we need to guess nondeterministically which couples (&, f) need to be
allocated. The following lemma asserts the correctness of the transformation.
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» Lemma 13. Let ¢, ¢ be two OSL formulas over a SID R, and let {&,...,6,} €V be a
finite set of location variables. Let (s,5,%) be a structure. For every & C [1,n] x F, we
denote by e the formula @ ryee &i-f — (). A structure (s,h,%) satisfies ¢ but not 1 if
and only if, for some guess & C [1,n] x F, b can be extended into a heap ' of domain
dom(h) W {(s(&), f) | (4, f) € &} such that (s,h',X) satisfies ¢ ®Os but not ¥ ®0s, and
moreover {s(&;) | i € [1,n]} x F C dom(h’).

Next, we aim to further reduce the entailment problem to finding countermodels (s, b, )
of problems ¢ = ¥ satisfying s(fv'°°(¢))) C s(roots(¢p, f)), for all f € F. By Definition 6,
a location is allocated by a predicate atom if and only if it is associated with the root of
some atom occurring in an unfolding of the predicate atom. The previous transformation
ensures that every variable £ in fvloc(l/)) is allocated in ¢. So we have to ensure that predicate
atoms pan (5) with Q?[l] aliasing some £ € fvloc(d)), appearing in some unfolding of ¢, occur
immediately in the antecedent. This requires (i) transforming the inductive rules in R to
delete such pﬁn(f ) atoms from the unfolding of some predicate atom in ¢, and (ii) adding it
into the formula ¢*. To ensure that s(fv'°°(¢))) C Nfer s(roots(ip, f)) we need to guess the set
of couples (&, f) € £v'°°(1h) x F such that s(€) ¢ s(roots(, f)) and apply the transformation
described above on all such couples (as this set may depend on the countermodel).

More formally, let R be a SID and ¢ = 7 ® ®]_;9; an ®formula. Let (&, f) €
£v1°° (1) x F. We transform R and ¢ as follows. First, we make the following (nondeterministic)
guesses: (i) an {f}-predicate atom pinit(Zinit)@QT occurring in ¢, (ii) a rule ps, € R, and
(iii) an {f}-predicate atom pg,(Z) occurring as f-th predicate atom in pg,. Then, we
consider a tuple of #(pan) fresh variables Z, and we introduce new predicates p of arity
#(D) = #(p)+#(pan) for every { f}-predicate p occurring in R. Rules for p are added to R as
follows: for every rule p : p_()?c’) = ZLf = (V) > *Ty gj)(z?) * 7p, and for every k € [1,m],
we add a rule pyy : p(7, () <= ZALf = (V) * G2k, ¢) * Kjepm]\(r} (7)) * 7).
When p = pan, we also add a rule (where z7 = (24,1, -+, 20 #(psn))):

)=

pend : BT, C) < Z[f = (F) « *FE T[]~ 25 * Kjepimpin 4(Z) * 7.

We replace in ¢ the atom pm,t(xmlt)@T by the formula Pinit(Zinit, Q)@Y ® pﬁn(z)@Z
® C[ ] ¢ ® T~YUZ, where Q and Y,Z are new free variables. We denote by R,3 I
and <p§ 7,6 the results of the transformation, where & € {p(Z)QT occurring in ¢} X {pan €
R} x {p(Z) occurring in pg, } is the tuple of guesses made. Lemma 14 asserts the soundness
of the transformation.

» Lemma 14. Let R be an SID with PCE I-predicate rules and ¢ an ®-formula. Let (s,5,%)

be an OSL structure. Let & be a variable and let f € F.

1. If (s(€), f) € dom(h), s(&) ¢ s(roots(p, f)), and (s,0,%) Er ¢, then there exists a
guess &, a store §', a set interpretation X' and a variable x such that (s',5, %) ):Rﬁ e

Ve ® &~ x, roots(pf ;6. f) = {2} W roots(p, f) , roots(f ; 6,9) = Toots(p,g) for
all g e F\{Sf}, s(y) =5"(y) for ally € fvloc( ), and $(X) = ¥/(X) for all X € fv°“(¢p).

2. For every guess &, if (5,h,%) Fr+ cp5 .60 then (5,5,2) Er ¢.
ere S

4 Note that new free variables may be introduced during this process, corresponding to the existential

variables introduced by recursive calls occurring above pﬁn(f) in the unfolding. This does not lead to
divergence, since these variables do not appear on the right-hand side.
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» Example 15. Consider the entailment problem p(x,y)@X Ex ¥ (z,y), with the following
rules (generating a list of length strictly greater than 1):

p(u,v) <= u.f — (w) *plw,v), qlu,v) <=uf— (v), plu,v)<uf—(w)*q(w,v).

The variable z already appears at an f-root position in p(z,y), but this is not the case
for y. We have to consider two possibilities nondeterministically.
1. The variable y is not allocated. This is encoded by transforming the entailment into:

2. The variable y is allocated. In this case, there must be a call to p or g that allocates y.

This yields two branches: p(z,y,(1,(2)QY ®p((1,()QZ® G ~y*xX = YUZ Er ¥(z,y)
and p(z,y,(1,)AY ®q((,R)AZ® (G ~ yx X ~ Y UZ Er ¥(z,y), with the rules®:

p(u,v,C1, () <= u.f — (w)xp(w, v, (1, ¢2) and p(u, v, (1, (2) <= u.f — (W)x(1 = wx(a ~ v.

4  Abstractions on Standard Separation Logic

We briefly recall some results concerning the entailment problem in standard SL (i.e., when
only a single field is present) and draw some easy consequences of them. For conciseness, we
omit the full entailment-testing algorithm and recall only the definitions needed to understand
our contribution. This choice highlights the modularity of our approach: the algorithm can
incorporate different abstraction-based decision procedures [10, 14, 4], depending on the
target fragment. An {f}-heap is a heap h such that dom,(h) = @ for all fields g # f. A
1-heap is a heap h such that there exists at most one field f such that dom;(h) # @. If a
formula ¢ contains no set variables, then its truth value depends solely on the store and heap;
we may thus omit the set interpretation from the structure and write (s,h) E=r ¢ rather
than (s,5,X) Er ¢. Let Vg be a special set of location variables denoting the variables
occurring in the entailment under consideration. In the following, we assume, w.l.o.g., that
these variables occur in the domain of every store s (so that the atoms occurring in the
entailment can be evaluated in any structure (s,5)). If V is a set of variables, we thus denote
by s|v the restriction of s to the set VU Vg.

» Lemma 16. There exists a total function mapping all structures (s,h), where s is a store
with dom(s) 2 Vg, and b is a {f}-heap, to so-called abstractions of (s,h), satisfying the
following properties:

1. For any finite set of variables V, there are finitely many abstractions of structures (s, )
such that dom(s) C VU Vg.

2. An abstraction A provides access to the field A.field = f used, as well as to the domain
of the store A.V, to the aliasing relation A.~ between free variables, and to the set of
allocated free variables A.alloc. More precisely, if A is the abstraction of (s,4), then: (a)
dom(s) = A.V; (b) A.~ is the set of pairs (z,y) such that s(x) = s(y); and (c) A.alloc
is the set of variables x € dom(s) such that s(x) € domy(h). A store s is compatible with
an abstraction A if dom(s) = A.V and {(z,y) | s(z) = s(y)} = A.~. Two stores s and s’
are compatible if dom(s) = dom(s’) and {(z,y) | s(z) =s(y)} = {(z,y) | §'(x) =5'(y)}.

3. The abstraction provides enough information to test whether the spatial atoms built on A.V
are satisfied. If fv(p) C dom(s) and A is the abstraction of (s,h), we write A X5t ¢ (and
say that A is associated with @) if and only if (s,h) Er ¢. Note that, by definition of Vg,
fv(p) C dom(s) holds for all atoms ¢ occurring in the entailment under consideration,
hence the truth value of these atoms can be obtained from the abstraction.

5 In this case, the rules are identical across all branches. For conciseness, the rules containing ¢ are
omitted, as there is no rule associated with g.
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4. Given two structures (s,h1) and (s,b2), the abstraction A of (s,h1 U b2) depends only on
the abstractions A; of (s,b;) (for i € {1,2}). We write A = Ay x Ay. Note that Ay * Ay
is defined exactly when A1.V = As.V, Aje~ = Ao~ and Aj.allocN As.alloc = @.

» Example 17. Consider the formula 1s(z,y), denoting a nonempty list segment from z
to y. It is associated with several abstractions, each described by the set of formulas it
satisfies. The most straightforward case is when the only additional satisfied formula is
1s(z,y) * x % y, representing an acyclic list segment of length > 1 with distinct endpoints.
In contrast, the abstraction satisfying 1s(x,y) x ¢ & y denotes a cyclic list. If the segment
length is 1, z.f — (y) also holds in both cases, yielding two other abstractions. A list
looping on an inner node yields the formula 1s(z,y)*1s(y,y) (implying % y). Special cases
where (at least) one of the two parts of the segment has length 1 must also be considered:

1s(@,y)xy.f = (y), v.f = (y) *1s(y,y), and . — (y) *y.f — (y).

We say that two abstractions Ay and Ay are combinable if and only if ( A;. V= A5V,
Aje~ = Age~ [ and if A;.field = As.field then A;.alloc N As.alloc = & ). Additionally, we
give a way to access the possible sizes of an abstraction:

» Lemma 18. There exists an algorithm computing, for any abstraction A associated with
an atom @, a Presburger formula A.card, with a single free variable® k, describing the set of
possible cardinalities of the abstracted structures, i.e., such that, for all k € Z and all stores
s compatible with A: A.card[k/k] is valid if and only if there is a heap b such that A is an
abstraction of (s,h), and card(dom(h)) = k.

Informally, A.card is computed by first extracting, from the inductive rules used to
compute abstractions, a context-free grammar that generates the possible cardinalities of
abstractions (in unary), and then using existing results for computing the Parikh image of a
context-free grammar with a single terminal [18].

5 Reduction to the Satisfiability Problem of a Pure Formula

In Section 3.1, we reduced the entailment problem to an instance where the antecedent is
an ®-formula ¢ =71 ® ®F_,p;, associated with terms T; (for 1 < i < n). In Section 3.2,
we reduced the entailment test ¢ FExr ¥ to the existence of a structure (s, b, 3) such that
(5,5,2) Er @, (5,5,%) Fr ¢ and s(fv'°°(1)) C s(roots(g, f)), for all f € F. In this section,
we reduce both tests to the satisfiability of a pure formula.

5.1 Left-hand Side

First, we reduce the test (s,h,X) |Er ¢ to the satisfiability of a pure formula using the
abstractions described in Section 4. Let ; def ; when ¢; = z;.fi — (y7) (and T; = {z;}),
and ¢; def p;(T;) when ¢; = p;(7;)@QT;. For every i € [1,n], we guess an abstraction A;
associated with ¢; such that all A; are pairwise combinable. The combination of these
abstractions represents models for ¢. Note that fv(4;) C Vg by definition of Vg ; thus,
A;. V= Vg necessarily holds for any abstraction 4; associated with ;. Moreover, since the
abstractions A; are combinable, A;.~ does not depend on i.

6 In our framework, the variable x is encoded by a term |K|, where K is a fresh set variable, as explained
in Section 2.
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Consider the pure formula g, defined as follows (assuming n > 1):
T A /\ Ty A /\ (x % y) /\< |_| {z} = Tiﬂ|_|{z}>
(z,y)EAL~ (z,y) ¢ A1~ = z€A;.alloc ZEA;V

A /\ T,NT; =@ A /\Ai.card[n/|Ti|]

i<j such that A;.field=Aj.field i=1

Note that mer; depends on A;; we keep this dependence implicit for the sake of readability.

The following lemma states that these abstractions give an alternative way to check the
satisfiability of the formula ¢:

» Lemma 19. Let R be an SID with PCE 1-predicate rules and ¢ = 7 ® ®_1p; an
®-formula. Let s be a store and X2 a set interpretation.

1.

If (s,0i,%) Er @i for every i € [1,n], (5,%) = m, and (dom(b;)),cy ) are pairwise
disjoint, then the abstractions A; of (s,b;) for i € [1,n] are pairwise combinable and
satisfy A; EXRSE @ for every i € [1,n] and (s5,%) E T

abst

. If pairwise combinable abstractions (‘Ai)ie[[l,n]] satisfy A; EX® @i for all i € [1,n] and

(8,%) = Miep, then there are heaps (i);cq ,p with (dom(h;)); ey pairwise disjoint such
that (5,%) =7, (8,0;,2) Er @i, and A; is the abstraction of (s,h;) for every i € [1,n].

Proof. We denote by (Ti)ie[[l,n]] the sequence of set terms associated with the ®-formula
=7 ® ® ;p; (see Definition 9).

(1) Let h =, b; be a heap, and suppose (s, h;, %) =r ¢; for every i € [1,n], (s,%) =,

(2) Suppose there exist pairwise combinable abstractions (.A4;)

and (dom(b;));eq ,p are pairwise disjoint.

For every i € [1,n], ¢; is a {f;}-formula for some f; € F, hence bh; is a 1-heap, and we
can define A; as the abstraction of (s,h;). We have (s,b;) Er ; hence A; =505t 3,
(as fv(¢;) € Vg). Now (5,%) E = = y if and only if (z,y) € A;.~ for all variables
z,y € dom(s) and ¢ € [1,n], thus aliasing relations (A;.~),cp; ,j are identical. We
recall that, by definition of abstractions, A;.alloc is the set of variables x € dom(s) such
that s(z) € domy,(h;) (for all 4 € [1,n]). Since (s,bs,X) Fr @i, we have [T;]x) =
alloc(h;) = domyp, (h;), hence the set [T; M| |, 4.y {#}Hix) = [Tils,z) Ns(Air V) =
domy, (h;) Nimg(s) = s(A;.alloc)= [|].c 4,.q110c 12} (s,5)- Additionally, for all 4 < j such
that Ai.ﬁeld = Aj-ﬁ@ld = f € ./T", we have [[Tz M Tj]](s,E) = domf(hz) N dOIIlf(hj) =,
thus Aj;.alloc N Aj.alloc = @. Finally, by Lemma 18, [|T;|](s,x) = card([Ti](s,x)) =
card(domy, (h;)) = k; with A;.card [k/k;] for every i € [1,n]. Therefore the abstractions
(Ai);eq1,n] are pairwise combinable, and (s, ) = mief:.

ie[1n] such that A; E525t 3,
for every i € [1,n] and (s, %) = et
For every i € [1,n], since A; =525 3; and Aj;.card [k/k;] is valid for k; = [|T;|] (s 5), we
deduce by Lemma 18 that 4; is the abstraction of some structure (s;, b)) Exr @; of size
card(dom(h})) = [|Ti|](s,x). From (s,%) |= mierr, we know that:

(5,X) E

for all z,y € A;1.V, s(z) = s(y) if and only if (z,y) € Aj.~; since A; and A; are

combinable for every i € [2,n], the same result applies to any A;;

s(Ajealloc) = [Ty](s,5) Ns(A;. V) for all i € [1,n];

[Ti](s,2) N [Tj](s,x) = @ for all i < j such that A;.field = Aj.field.
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From these results and for every i € [1,n], we can rename locations used in (s;, h}) by
mapping s;(z) to s(x) for every € A;. V and every location in dom 4,,fea(h}) \ img(s;) =
alloc(b;) \ si(A;-alloc) to locations in [T;]( ) \ img(s), since both sets of locations
have the same size. Let h; be the new heap obtained after renaming, and note that
A; is now an abstraction of (s,b;). We obtain (s,b;) Fr @i and alloc(h;) = [T4](s,x),
hence (s,h;,%) [=r @i. For all ¢ < j such that A;.field = A;.field = f € F, we have
domy(h;) Ndomy(b;) = [Ti](s,2) N[T;](s,s) = . Consequently, the sets (dom(h;)); ey nf
are pairwise disjoint, and (s, 4", h;, ) Fr ¢. <

» Example 20. Consider the formula @1 = p;(2)QX ® ¢,(z)@X together with the rules
pr() = w.f = 0, gr(u) = wf — 0, gp(u) <= w.f — (0) % t7(0), t;(w) <= w.f — () and
tr(u) < u.f = (v,w) xtp(v) xty(w). The atom ps(u) allocates a single memory cell u
containing an empty tuple, t;(u) denotes a binary tree rooted at u, and g¢(u) denotes a
memory cell u containing either an empty tuple or a link to the root of a binary tree (all
predicates are indexed by the field they use). Assume that Vg = {z}. Then, p¢(u) is
associated with exactly one abstraction, where w is allocated, and the heap is of cardinality 1.
The atom g4(u) has two abstractions, both allocating u, one where the heap is of cardinality 1
and the other where the heap is of any cardinality > 2. In the first case, we get (after removing
redundant subformulas) the following satisfiable formula: megs = {2} ~ XM{z} A |X| = 1. In
the second case, this yields meg = {2} ~ XM {z} A |X] = 1A1 < |X]| (which is unsatisfiable).

Next, consider the formula ¢, = t;(2)QX ®t;(y)@X. Assuming that Vo = {z,y}, and
considering abstractions such that x and y do not alias and each atom allocates both z and y,
we get the (unsatisfiable) formula: mes, = ¢ £ y A {z,y} = XM {z,y} AXMX = A1 < [X].

Finally, consider the formula 3 = t;(2)@X ®1t,(y)@X and V¢ = {z,y}. Using again
abstractions allocating both = and y, we get the following satisfiable formula: mes = x %
yA{x,y} = XM {x,y} A1 < |X|. This corresponds to models in which y and = occur in
the tree allocated by tf(x) and t4(y), respectively. In contrast, if we consider abstractions
allocating no free variables other than the root of the atom, then the obtained formula is
unsatisfiable: meee = x # y A{z} = XN {z,y} Ay} = XM {z,y} A0 < [X].

5.2 Right-hand Side

We now focus on reducing the test (s,h,X) Er 1 to the satisfiability of a pure formula.
Using Lemma 19, we try to match the combination of abstractions (-Ai)ie[[l,n]] (representing
sets of structures (s, h, X)) against the formula v, and to express the possibility of a matching
through a pure formula. For this, we use the following lemma, which ensures that the heaps
corresponding to the abstractions A; are distributed as a whole on each side of any separating
conjunction of 1, instead of being split.

» Lemma 21. Let R be an SID with PCE I-predicate rules and ¢ = m ® ®j_1@; an
®-formula. Let (5,8, h;, ) be a model of ¢, with (s,%) =, (s5,h;,%) Er ¢ for every
i € [1,n], and (dom(h;));cq n Pairwise disjoint.

Let 1y ® o be an OSL-formula such that s(fv'°° (1) ®1s)) C s(roots(y, f)) for all fields
f€F, and J C[1,n] such that (s,ld;cybi, X) Fr ¥1 ® 2. Then, there exists a decomposi-
tion J = J1 W Ja such that (s,1d;c;, 0, X) Fr ¥1 and (5,5, bi, X) Fr ¥2.

The following definition builds a pure formula mgny (¢, [1,n]) expressing the match
between ¢ and (A4;) ie[1,n]- The definition is done by induction on . For each sub-formula
¥" of 1, the parameter J C [1,n] tracks the abstractions to be matched by 1’. At separating
conjunctions, we guess how J is split over the two sub-formulas.
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» Definition 22. Given fized abstractions (‘Ai)ie[[l,n]]7 for any subformula ' of ¥ and any
set of natural numbers J C [1,n], the formula Trigh: (V',J) is defined by induction on ':

1. for ¢/ =emp, if J = &, then mpgn (¢, J) d:eftrue otherwise Trighs (V',J) def false;

2. for' =ax.f = (¥), if I ={i}, A;.field = f andA Eabst o (for some i € [1,n]) then
Tright (U, J) :ftrue, otherwise Trighs (V',J) de, false,
3. for o' = p(Z) where p is an {f}-predicate, if A;.field = f for every i € J and

*iciAi EXL p(T) then mrgne (Y',J) d:eftrue, otherwise Trignt (V' J) = false;

4. for v’ = 1QU, Trig (&', 3) < moagns (1,3) A Ly Ti ~ U
5. for ' = ® 2, Trigne (V') dEfVJlqu 3 (Trighe (1, J1) A Trigne (¥2,J2));
6. for " =1 x 2, Tright (W', ) = V3, w5,=3 (Tright (01, J1) A Trigne (12, J2)
Aiey, Ti M iy, T = @);
7. for ' =1y e thy (with @ € {N\,V}), Trignt (¢, J) dzefﬂm'ght (¥1,d) ® Tright (2, J);
8. for ¢" = =1, mrignt (Y, J) dZEfNﬂ'right (Y1, J);
9. for ¢ a pure formula, if J = @, then wpigns (', J) S, otherwise mpigns (4, 3) = false.

def

» Lemma 23. Let R be an SID with PCE I-predicate rules and ¢ = 7 ® ®_,p; an

®-formula. Let (s,\d;—, hi, ) be a model of ¢, where (s,3) ==, (s,h;,2) Er @ for every
i € [1,n], and (dom(h;));cp1 . are pairwise disjoint, and let A; be the abstraction of (s, b;).
Let ¢ be an OSL-formula such that s(fv'°(1)) C s(roots(p, f)) for all fields f € F. Then,
(5,1 0:, ) Er ¥ if and only if (,2) = Trigne (¥, [1,n]).

Proof. We show that (s,H;c;h;,%) Fr ¢ if and only if (s,%) = Tignt (¢',J), for all
J C [1,n] and ¢’ sub-formula of ), by induction on . Then, it suffices to take ¢’ = ¢ and
J = [1,n] to get the result. We denote by (T;);c[1,,] the sequence of set terms associated
with the formula ¢ =7 ® ®]_;¢; in Definition 9. We recall that, by the progress condition,
a predicate atom cannot hold if the heap is empty. Thus, the heaps b; (for i € [1,n]) are all
nonempty. Moreover, h; is an {A4;.field}-heap. Note also that fvloc(w’ ) C V¢ by definition
of Vg, so that fv'°°(¢') C A.V, for all abstractions A.

For ¢/ = emp, if J = @, then dom (HjeJ f)j> = &, which implies (s,2,Y) Fr emp and

(8,%) [ true, hence the equivalence. On the other hand, if J # &, since no b, are empty,

we have both (s,#;.5b;, %) Fr emp and (s, %) [~ false.

For o' = x.f = (y1,...,yq), if (s, LﬂjeJ h;,X) Er ¢, in that case Lﬂjej hj = [(s(x), f) —

(s(y1),-..,58(ya))] and therefore J = {i} for some i € [1,n]. A; is the abstraction of

(s,h:), hence A;.field = f and A; =5t ¢/ (as fv(y)') C Vg).

Conversely, if (5,%) E Trigne (¢, J), then J = {i} and A; 225t ¢/ for some i € [1,n] by

definition, which implies that (s,b;,X) =r ¢’

For ¢/ = p(Z) for a {f}-predicate p, if (s, Wicsh5, %) Er ¢, then domy(h;) = @ for

all fields g # f and for all j € J. Consequently, every ¢; must be an {f}-formula and

A;.field = f for j € J. By combining the abstractions, we obtain that J;c;.A; is the

abstraction of (s,d,c;b;), thus %;esA; E=abst ' (since fv(¢') C V@), which implies

(8, %) [= Mrignt (¥, ).

Conversely, if (5,%) | Trignt (¢, J), then v c1.A; E225t )’ by definition, hence we obtain

(s,W;c5bj) Er ¢’ by the same reasoning as before.
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For ¢/ = ¢1QU, using (s,h;,5) Fr ¢, for all j € J, we have alloc(f;c;h;) =
Wieyalloc(h;) = W;c;[Tilsm) = [Ujes Tils,z). Therefore, (s,;c; 05, %) Fr ¢ if
and only if (5,L+Jj€J h;,X) =r ¥1 and aulloc(LJriGJ b;) = [Uls,xn if and only if (s,%) =
Tright (¢1,J) and (s, %) |= | ;5 T & U if and only if (s, X) = rigns (¢, J).

For operators A, V, and —, the equivalence follows immediately from the induction
hypothesis. For instance, (s,H;c; b5, %) Fr ¢ if and only if (s, ,c; 0. %) FEr 1 if
and only if (s, X) [~ mrigne (1, J) if and only if (s, 3) =~ Tright (¢1,J).

For 4" = 91 ® s, suppose (s,#;c50;,%) Fr 11 ®1P2. By Lemma 21, there exists a
decomposition J = J; W Jo that verifies (s,H;c;, ;,%) Fr ¢1 and (s,,¢5, 5, %) Fr
ho. Therefore, we obtain, (s,%) = Mgt (¥1,J1) and (8,%) = mright (Y2, J2) using the
induction hypothesis, which gives the result.

Conversely, if (s,%) = mrignt (', J), then there exist sets J1,Jo such that J = J; & J, and
(5,%) [ Mright (¥1,J1) A Tright (¥2, J2). By induction hypothesis (s,l#;c5, b5, ) Fr 91
and (s, Lﬂjng hj,X) Er 12, hence the result.

For ' = 1)1 * 92, suppose (s,1H;c5,u5, 05,E) Fr ¥1 x ¢2. Then, 1 x ¢ implies
11 ® 19 thus, with Lemma 21, there exists J = J; W Jo such that (57L+J].€J1 h;,X) Er
1 and (s, JE hj,X) Er 2. Both sub-structures are combinable, ensuring & =
alloc(ly 5, bj) Nalloc(W;c 5, ) = Ujeg, alloc(h;) N, ey, alloc(h;)

= Ujen, [Tilem) NU e [Tilm) = Wjes, Ti MUjes, Tile.n)-

The reciprocal works exactly like 11 ® ).

Finally when ¢ is pure, (s, b;,X) = 9" implies J = & as in the case ¢’ = emp. <

» Example 24. Lemma 23 crucially depends on the fact that all location variables on the
entailment’s right-hand side occur as roots on the left-hand side (modulo aliasing). Consider,
for instance, the formulas ¢ = p(z,y)@X and ¥ = y.f — () xz.f — (y), and the entailment
problem ¢ =g v, with the rules p(u,v) < u.f — (v) x ¢(v) and q(v) < v.f — (). Let s
be any store such that s(z) # s(y), let h = b1 W hy with b1 = {(s(z), f) — (s(y))} and
ha = {(s(y), f) — ()}, and let £(X) = {s(x),s(y)}. It is clear that (s,5,3) Er @ A .
Observe that s(y) ¢ s(roots(p(z,y)@X, f)), hence the hypothesis of the lemma is not
fulfilled. The left-hand side contains a unique atom p(z,y). By Item 2 in Definition 22,
Tright (Y-f = (), D) = Tright (z.f — (y), D) = false, thus mugns (¢, {1}) = false (by Item 6,
since {1} cannot be decomposed into a disjoint union of two nonempty sets). Hence, the
equivalence stated in the lemma does not hold.

In contrast, when the reduction in Section 3.2 is applied, the left-hand side is re-

placed by p(z,y,()QY ® ( ~y ® ¢(Q)QZ ® X ~ Y U Z with p(u,v,{) < u.f —
(v) *x ¢ =~ v and s(¢) = s(y). The left-hand side now contains two predicate atoms
&1 = p(z,y,¢) and @3 = ¢(¢), associated with terms Ty = Y and Ty = Z, respect-
ively. Let A; be the abstractions of (s, ;) (these abstractions may be computed from the
formulas @; using the algorithm in [4]). By Definition 22 (6), the formula myigne (¥, {1,2}) is:
\/lezz{m} (Tright (Y-f = (), J1)A Teigne (@.f = (y), J2) A Liey, Ti M iy, Ti = @).
We consider all possible decompositions: If J; = @ or Jo = &, then myigh, (y.f — (), J1)
or Mgt (z-f — (y),J2) is false as shown previously. If J; = {1} and Jo = {2}, then
both myight (y-f — (),J1) and mygne (z.f — (y),J2) are false (since A; g y.f — () and
Ay Fr z.f — (y)). Finally, if J; = {2} and J, = {1}, then mygne (y.f — (), J1) =
Tright (2.f — (y),J2) = true (since Ay Fr y.f — () and A Fr 2.f — (y)). We get
Tright (¥, {1,2}) =ZNY =~ & and (8, %) = might (¥, {1,2}), as expected.

Now consider the formula ¢ = y.f — () x2.g — (y). By the same reasoning, we get
Tright (¥, {1,2}) = Tright (Y-f = (), {2}) A Trighe (2.9 = (¥), {1}) AZNY = &. As A;.field=
f# g, Tignt (.9 = (), {1}) = false, so that migns (¢, {1,2}) = false.
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Consider the formula ¢” = ¢@X. By Definition 22 (4), we get: mgn (¥”,{1,2}) =
Tright (U, {1,2}) AYUZ~=X=ZNY~@AYUZ~=X.

Finally, let r(x) be a predicate atom denoting a list ending at (), defined by the rules:
r(u) < u.f = (v) xr(v) and r(u) < u.f — (). Using the same structures (s, bh;) and
abstractions A; (for i € {1,2}) as above, we get (by Definition 22 (3)): myight (7(x),{1,2}) =
true, since A; x A2 |Er 7(x) (the latter condition can be tested by computing the abstraction
Aj x A as explained in [4]).

5.3 Combining both Formulas

Now we combine the two previous results, over the left-hand side ¢ and the right-hand side
1 of the entailment, to obtain the following lemma.

» Lemma 25. Let R be an SID with PCE I-predicate rules, ¢ = m @ ®I_;p; be an
®-formula, and v be an OSL-formula.

There exists a structure (s,5,%) such that (5,5,%) Er @ A = and s(fv'°(¢)) C
s(roots(p, f)) for all fields f € F if and only if there exist pairwise combinable abstractions
(Ai)ieqi,n) Such that: (i) A; =abst 5, for all i € [1,n]; (i) for all f € F and z € fv'°(¢)),
there exists y € roots(p, f) such that (z,y) € Aje~; and (1) Tiep ~ Tright (¥, [1,n]) is
satisfiable.

The existence of a structure satisfying the previous conditions is thus decidable:

» Lemma 26. Given an SID with PCE 1-predicate rules R, an ®-formula ¢ and a formula 1),
the problem that asks whether there exists a structure (s,h,X) such that (s,5,2) Er @ A )
and for all f € F, s(tv'°°(4)) C s(roots(p, f)) is in 2-NEXPTIME.

Proof. The decision problem exactly matches the first part of the equivalence in Lemma 25,
ie1,n] Which satisfy points (i)
to (iit). Given ¢; for i € [1,n], there exists a finite number of abstractions .A; which may

thus we need to decide whether there exist abstractions (A;)

be associated with ¢;, and the size of these abstractions is simply exponential w.r.t. the
size of R, ¢; and V. We may thus guess one abstraction A; for every i € [1,n] and check
that A; 2% ;. As abstractions are essentially defined as the sets of formulas they satisfy,
this test can be performed in polynomial time” w.r.t. A;. Then, one can check whether the
abstractions are pairwise combinable and if point (i7) holds with straightforward polynomial
algorithms.

It is clear that the size of T is polynomial w.r.t. ¢, (Ai)ie[[l,n]] and (A;.card);cq1 ). The
formulas A;.card are computed (using the polynomial time algorithm in [18]) from a context-
free grammar which is polynomial w.r.t. the number of abstractions (as the abstractions
correspond to non terminals of the grammar). Consequently, 7 is of size double-exponential
w.r.t. the size of R, ¢ and . Meanwhile, the formula myigh (¢, [1,n]) has a construction
linear in v except for the cases x and @, where all decompositions of J are considered, yielding
an exponential blow-up. This leads to a global BAPA formula miegA ~ Tright (¢, [1,7]) of
size at most double-exponential in the size of ¥. Therefore, we can check the satisfiability
of the global formula in nondeterministic double-exponential time using the algorithm for
BAPA in [12].

As a consequence, this entailment problem is decidable in at most nondeterministic
double-exponential time. |

Theorem 8 is established by combining the reduction of Section 3 with the previous
lemma.

7 In practice, instead of using a generate-and-test algorithm, the abstraction associated with each formula
i should be computed using a fixed-point algorithm.
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6 Conclusion

In this paper, we design a decision procedure for the entailment problem in SL extended
to support overlaid data structures strictly more general than those described in [13, 7, 2].
The algorithm runs in nondeterministic double-exponential time. Two interesting problems
remain open. The first problem concerns the optimality of the procedure. It follows from the
result of [3] that the entailment problem is 2-ExpTIME-hard; however, it is unclear whether
the 2-NEXPTIME upper bound is tight. The second problem concerns extending the logic
to allow less rigid ways of associating sets of locations with heaps. Currently, these sets
always denote the domain of the heap corresponding to sub-formulas, due to construct p@T,
which states that the domain of the heap corresponding to ¢ is T. In [15], more general
associations are possible. They are encoded in the inductive rules, where set variables appear
as parameters of predicate symbols and may denote specific subsets of the heap computed
inductively. For instance, the framework [15] allows the definition of predicates such as
1s(z,y,Z), denoting a list segment from x to y, where Z contains all locations occurring at,
say, odd positions. The satisfiability problem for the logic in [15] is in NEXPTIME by means
of a reduction to BAPA. However, it is unclear whether our entailment procedure can be
extended to cover such definitions, or even whether the entailment is decidable in this setting.
A long-term target is identifying decidable fragments in those proposed in [8, 17], where not
all fields are allocated, a property incompatible with the establishment property of PCE.
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