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Abstract. Abstract interpretation provides an over-approximation of
program behaviours that is used to prove the absence of bugs. When the
computed approximation in the chosen abstract domain is as precise as
possible, we say the analysis is complete and false alarms cannot arise.
Unfortunately for any non trivial abstract domain there is some program
whose analysis is incomplete. In this paper we want to characterize the
classes of complete programs on some non-trivial abstract domains for
studying their expressiveness. To this aim we introduce the notion of
bounded domains for posets with ascending chains of bounded length
only. We show that any complete program on bounded domains can be
rewritten in an equivalent canonical form without nontrivial loops. This
result proves that program termination on the class of complete pro-
grams on bounded domain is decidable. Moreover, semantic equivalence
between programs in the above class can be reduced to determining the
equivalence of a set of guarded statements. We show how our approach
can be applied to a quite large class of programs. Indeed, abstract do-
mains defined on Boolean abstractions that are complete for the same
functions can be composed by preserving boundedness and complete-
ness also w.r.t. any expressible guard. This suggests that new complete
bounded abstract domains can be tailored on the guards and functions
appearing in the program. Their existence is sufficient to prove decid-
ability of termination and program equivalence for such programs.

Keywords: Abstract Interpretation, Complete abstraction, Bounded
domains, Program transformation, Termination, Program equivalence

1 Introduction

The current spread of software-driven computing devices and the fact that our
daily activities and lives are dependent on them makes program verification
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extremely important to prevent crashes that may involve millions of users (see,
for example, [12I2I823|10]). Formal methods and static analysis techniques
[T921] are a useful tool to verify program properties before deployment and
to gain confidence on programs behaviour without running the actual code.
Unfortunately the founding fathers of Computer Science had well established the
limits of such approaches, by showing that all interesting problems about Turing
equivalent programming languages are undecidable, like program termination
and extensional equivalence [20022], so that the pretension of devising universal
analysis procedures that works fine for any program is deemed to fail. Intensional
analysis is more subtle, because it takes into account how a program is written
and not just what a program computes.

Abstract Interpretation [7JT6I2T5] is an intensional, sound-by-construction
static analysis method whose precision depends very much on the way in which
the program is coded. The basic idea of Abstract Interpretation is to execute
the program over an abstract domain that over-approximate the concrete pro-
gram semantics. In this sense, each set of concrete stores is approximated by
its least superset available in the abstract domain. For example, if one is inter-
ested in sign analysis, the abstract domain can be the finite set {5, Z o, Z>0, Z}
such that the empty set is approximated by (J, any set of negative values, like
{—4, -2}, is approximated by Z., any set of non-negative values by Z=o and
any other (non-empty) set by Z. The symbolic execution of the program on the
abstract domain is performed by a so-called abstract interpreter that may loose
precision because it operates on abstract elements only. The abstract interpreter
is sound-by-construction in the sense that it is guaranteed to return an over-
approximation of the concrete result. Completeness of the abstract interpreter
would ensure that the abstract result is the least representative available in the
abstract domain of the concrete result, that is the abstract result is as much pre-
cise as possible. Recent work has shown that only trivial abstract domains can
be complete for all programs of a Turing equivalent language [3I14]. However, if
the abstract analysis is complete for all primitives appearing in a program then
we can conclude that, for that particular program, the analysis is also complete-
by-construction. Consequently, if we consider the sublanguage consisting of all
programs composed by complete primitives, then Abstract Interpretation gives
us an analysis framework that is sound-and-complete by construction.

Contribution. In this paper, we investigate the connections between complete-
ness in Abstract Interpretation and decidability of program termination and
(extensional) equivalence. The idea is to fix some constraints over the abstract
domain that guarantees the decidability of relevant properties for any program
for which the analysis is complete-by-construction. The notion we put forward
is that of bounded abstract domain (see Definition [13), where the termination of
the abstract interpreter is always guaranteed. Note that, in the general case, ter-
mination of the abstract interpreter does not imply termination of the concrete
program.

As a first result we show that for programs that are complete-by-construction
on a bounded abstract domain termination is decidable. This is obtained by
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showing that each such program can be rewritten in an equivalent form by
unrolling each loop a finite number of times, possibly ending up in a trivial loop.
Since the equivalent form can only contain trivial loops, which are immediate to
detect, it follows that program termination is decidable.

As a second main result, we show a convenient way of attacking program
equivalence for programs that are complete-by-construction on a bounded ab-
stract domain. This can be done by unrolling each program as specified above
and by then rewriting the code in a so-called reduced select normal form (see
Definition that is essentially a series of nested if-then-else structures whose
basic commands are assignments and trivial loops. Finally, we give a procedure
to decide whether two programs in reduced select normal form are equivalent
or not by reducing the problem to the validity of a set of guarded statements
defined using the primitives appearing in the programs only.

To support the applicability of our approach we prove how abstract domains
defined on Boolean abstractions complete for the same functions can be com-
posed to obtain new bounded domains complete for the same functions and for
any guard expressible in one of the original domain. By composing different do-
mains each one complete for a different guard of the program we may end up
in designing a new abstract domain complete for any guard appearing in the
program.

Structure of the paper: In Section[2] we introduce the notation and recall the ba-
sic concepts of Abstract Interpretation. The notion of bounded abstract domain
is introduced in Section [3] together with some results on their composition. In
Section {4 we prove that any program whose analysis is complete on a bounded
domain can be transformed in an equivalent one for which termination is de-
cidable. We conclude Section [4 by discussing the applicability of the approach
when Boolean abstractions are used. Section [5| shows that equivalence between
complete programs on abstract bounded domain is decidable. Finally, Section [f]
draws some conclusions and discusses future work. All technical proofs are col-
lected in the Appendix for reviewers’ convenience.

2 Background

2.1 Notation

We let N be the set of natural numbers, Z the set of integers and B the set of
Booleans and write X UY for the union of X and Y, X nY for their intersection,
X\Y for their difference, X x Y for their cartesian product, and X™ for the
cartesian product of X with itself n times. The powerset of X is denoted by
P(X). Set inclusion is denoted as X € Y and strict inclusion as X c Y.

The identity function over a set X is written idx : X — X and we omit the
subscript when it is clear from the context. The composition of two functions
f: X —>Yandg:Y — Zisdenoted by go f : X — Z or more concisely by gf.

We also define the iterated application of a function f : X — X as f° 4t id x and
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fm % £ o =1 Abusing the notation, we extend function application to denote

its lifting to sets of elements f(X) def {f(z) | z € X}. Tuples will be denoted by

T ={x1,...,2ny € X", however, by overloading the notation Z will also denote
the set {x1,...,7,} when no ambiguity arises, moreover, let ' € X™ we denote
as & + &’ the concatenation {(x1,...,%n,2,...,2,,). X n'Y indicates the tuple

(X1nY,...., X, nY) when each X; is a set itself.
We formally define a partitioning of a set U where each partition does not
need to be nonempty.

Definition 1 (Partitioning). Given n € N, we say that P = {Py,...,P,} is a
partitioning of a set U iff U =J!_, P; and P, " P; = & fori # j

We will refer to complete lattices as C = (C,<¢, ve, Ao, Te, Loy where
v, Ac are the lub and glb respectively and T¢, Lo are the top and bottom
elements. When clear from the context the subscripts will be omitted. We define
an order on functions f,g : C — D between lattices, denoted by f < g, iff for
all ¢ e C it holds that f(c) <p g(c).

We say that a function f between posets is monotone if it is order preserving.
The function f is called additive if it is lub preserving and co-additive if it
preserves glbs. Moreover, we say that a mapping f : X — X on a poset is
extensive (or reductive) iff for all x it holds that < f(z) (resp. f(z) < z). We
also denote with Ifp (f) the least fixpoint of f (w.r.t. <) when it exists.

2.2 Abstract Interpretation

Abstract interpretation [7] is based on the notion of Galois connections/inser-
tions. We recall the basic concepts here, but see [BI7I96] for further details.

Given two complete lattices C and A, a pair of functions a : ¢ — A and
~v: A — C forms a Galois connection (GC) iff for allae A,ce C :

alc) <aa = ¢ =<¢c(a)

holds. The two domains C and A are called the concrete and the abstract domain,
respectively. « is the abstraction map while v is the concretization map.

The elements of the abstract domain are usually denoted by using the sym-
bol #, as S* . As some relevant properties: ya is extensive and oy is reductive,
both o and v are monotone, and « is additive, while ~ is co-additive.

Definition 2 (Galois Insertion). A Galois connection where ay = ida is
called a Galois Insertion (GI), in this case « is onto and 7y is one-to-one.

An abstract domain A is said to be strict when y(L4) = L. In a GI the
property v(S*) = L <= S% = 1 4 also holds. From now on we consider GIs on
strict abstract domains (unless otherwise specified).

Some elements of the concrete domain can be approximated without any loss
of informations: we call them expressible values.
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Definition 3 (Expressible Value). We say that a concrete element ¢ € C is
expressible in A when ya(c) = c. When instead ¢ < ya(c) we say that ¢ is strictly
approzimated in A.

Also functions need to be approximated on abstract domains.

Definition 4 (Correct Approximation). Given a concrete function f : C —
C, we say that f*: A — A is a correct approzimation of f iff af < fia.

It is known that if f is a correct approximation of f then we also have fixpoint
correctness when least fixpoints exist, i.e., a(lfp (f)) < lfp ( fﬁ) holds.

Between all abstract functions that approximate a concrete one we can define
the most precise one.

Definition 5 (Best Correct Approximation). We define the best correct
approzimation (BCA) of a concrete function f as f4 def afy.

Such function is called best correct approximation because it holds f4 < f# for
any other correct approximation f* of f.

Definition 6 (Complete approximation). A correct approzimation f* is
complete iff af = ffa holds.

Analogously to soundness, completeness transfers to fixpoints, meaning that if
f* is complete for f then fixpoint completeness a(lfp (f)) = Ifp ( fﬁ) holds.

An abstract domain is said to be complete for f if there exists a complete ap-
proximation for f in that domain. A known result is that a complete abstraction
exists iff af = afya, or equivalently yaf = vf4a.

We use C4(f) to indicate that f admits a complete approximation in A (the
abstraction domain will be omitted when clear from the context), this notation
naturally extends to sets of functions F' in the sense that we write C*(F) when
all the functions in F' admit a complete approximation in A.

Abstract domains can be finite or infinite with some desiderable properties
that ensure the termination of the abstract semantics computation.

Definition 7 (ACC Poset). A poset is ACC (satisfies the Ascending Chain
condition) if it has no infinite strictly increasing chain.

Any analysis through abstract interpretation over an ACC domain is guaranteed
to terminate, since by definition it follows that any fixpoint computation will
converge in a finite number of steps.

2.3 Programs

Syntax. We consider the usual definitions for Boolean and integer expressions,
where, for simplicity we omit expressions that can generate runtime errors, like
division by zero. At the level of the concrete collecting semantics, runtime errors
could be handled either with the introduction of distinguished elements in the
domain or by using the bottom element (the empty set of results). In the former
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case, runtime errors are distinguished from divergence and must be propagated
ad hoc in the semantic definitions, while in the latter case they are just handled
as absence of result. We let:

AExpsa s=veZ | xeVar | a+a | a—a | axa | a+k
BEzpab:u=tt | f | a=a | a>a | bAab | —b

where Var is a denumerable set of program variables and k € Z is different from
0. We will introduce some syntax sugar whenever required to keep the notation
short by writing e.g. z < y instead of —(x > y) or (z v y) instead of —(—z A —y).

Moreover, we define the syntactic substitution of all the occurrences of a
variable z with an expression a’ inside the expression a, denoted by a[a’/x], as:

a ify==x
ofa’/a] Zo, sl &0
y  otherwise

(a1 op as)[a’/z] def aila’/z] op asld’/x], for op € {+, —, *}
(a + k)[d /2] ¥ a[d /2] = k.

Such definition extends naturally to Boolean expressions in BEzp.

Given any subset of arithmetic expressions A € A Fzp and of Boolean expres-
sions B € BEzxp, we define two sets of programs: Imp(A, B) the set of imperative
programs on A and B , and Imp~ (A, B) a set of programs using only trivial loops
of the form while tt do skip, for which we use the shorthand w .

The set of programs Imp(A, B) and Imp~ (A, B) are generated by the follow-
ing grammars, where a € A and b € B:

Impsc = skip | z:=a | ¢;c | if b then celse ¢ | while b do ¢

Imp~ scu=skip | x:=a | ¢;c | if bthencelsec | w
The two sets A and B will be omitted when clear by the context.

Concrete semantics. In order to define the semantics of an imperative program,

we consider a store o € X as a function from V < Var to integers, that is,

2 €'YV s Z. We define the semantics for integer expressions () : AEzpx X — Z

as:

(v)o def (x)o def o(x)
(a1 + az)o < (ar)o @ (az)o (a1 — az)o < (a1)o © (az)o
(a1 * az)o def (a1)o ® (az)o (o= k)o def lalc @k

where @,0,® and @ are the usual mathematical operations. Analogously we
define the semantic of Boolean expressions () : BEzp x ¥ — B corresponding
to the usual comparison and logical operators =, >, A, —.
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We define the concrete collecting semantics by extending the previous seman-
tics to sets of stores. Let S % P(X), [[] : AExp xS — P(Z) and [-] : BExp xS —

S where [a] S def {(a)o | o € S} and [b]S def {o €S| (b)o = tt}. The concrete
collecting semantics for programs in Imp (and Imp~) is defined as follows:

[z == a]S ¥ {o[z — (a)o] | o € S}
[skip]S g
[ers ]S = [ea][en]S
[if b then c; else ¢3]S < [c1][b]S U [e2][-b]S
[while b do ]S & [-b]1fp (rg)

where I'y° LENX.S U [c][b] X . We also denote with b the set [b] X of all stores

satisfying b. By this convention, abusing the notation, [b]S =bn S.

Abstract semantics. By considering A as an abstract domain for S, we can define
the abstract collecting semantics as follows. For integer and Boolean expressions,
consider the best correct approximations [[a}]ﬁ4 def [a]# and [[b]]ﬁA def [b]#. The
semantics for Imp and Imp~ is defined as follows:

[z = a]]tquﬁ o afz = a]yS*
[skip]#, st ' st
[er: oy S* < [ealfy [ea]fy S°
[if b then 1 else ¢, S* % [e1]%, [0]F,S* v 4 [ea], [-0]%, 5"
A 1Al®A AlC2]a A
[while b do c]’, 5% < [0, 1fp (Ag;)

where Ag’f LEAXESE 4 [[c]]&[[b]]%X #. For our following applications we need to
observe the following straightforward property, which is a consequence of [14].

Lemma 8. If all assignments in A and all guards in B are complete on A, then
any program in Imp(A, B) (and in Imp~ (A, B)) is complete on A.

Note that for any X € S, X¥ € A, we have [w, ]X = & and [[WL}]%Xﬁ =1

The concrete semantics is additive and, moreover, when A and B are sets
of respectively complete assignments and guards, then for any ¢ € Imp™~ (A, B),
[[c]]?4 is also additive.

In the paper we will exploit Boolean abstraction domains [I]. They are defined
by mapping concrete elements into sets of bitvectors as follows (we use o = p
for a given predicate p and a concrete state o to denote that p holds in o):

Definition 9 (Boolean abstraction). Given a set of Boolean predicates P =

{p1,...,pn} defined over concrete states, we define the associated Boolean ab-

straction on the abstract domain Bool(P) & (P{0,1}™),<,u,n,{0,1}", &) via
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the following abstraction/concretization maps, where 1- p; def pi and 0- p; def —p;:

ap(S) E {1,000 [ S {o |0 Evi-pL A AV D) # D)

’yp(Sﬁ) def {J ’ Hvy,...,vn) € St oEUvPLA A Un-pn}

2.4 Conditions for Completeness of Guards

The only abstract domains that are complete for all programs in any Turing
complete programming language are the trivial onesE| (see [1413]). In [14] the
authors further observed that the completeness of (the semantic functions as-
sociated with) assignments and Boolean guards occurring in a program is a
sufficient condition to guarantee the completeness of the whole program (see
Lemma (8] above). While the completeness of assignments has been extensively
studied (e.g., the completeness conditions for assignments in major numerical
domains such as intervals, congruences, octagons and affine relations have been
fully settled [T416], while the case of Boolean guards is more troublesome and
has been studied in [4], from which we report below the main results we exploit
here. Formally, completeness of guards is defined as follows:

Definition 10 (Complete Guard). We say that a guard b is complete (in
short C(b) ) to indicate that the filtering functions for both b and —b are complete,

that is, letting F, < ADXeS. bnX,AX eS.-bn X}, then C(b) < C(Fp).

Both b and —b being expressible is a necessary condition for C(b) to hold.
Moreover:

Theorem 11 (cf. [4]). Ifb and —b are expressible in A, then:
C(b) < VSeS.(a(Snb)=a(S)raald) ~r a(Sn-b)=a(S)rasal—b))
— vSi SieA. (Sg <a) A S5 <a(-b) = (SF vaSh) =~(5Hu 7(55))

Theorem [11] offers a convenient way to check guard completeness: it is necessary
and sufficient to check that the join of every two points under b and —b respec-
tively is expressible in the domain. Theorem also gives a way to compute
the completeness closure w.r.t. to a guards b, by enforcing the presence in the
abstract domain of the elements b and —b together with the (concrete) join of
every two (abstract) points under b and —b.

3 Bounded Domains

We first introduce the notion of bounded (abstract) domain in order to char-
acterize the class of programs that we will manipulate in order to remove any
nontrivial loop.

4 Namely, the identical abstraction, making abstract and concrete semantics the same,
and the top abstraction, making all programs equivalent by abstract semantics.
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Definition 12 (k-ACC Poset). A poset is k-ACC iff all ascending chain
lengths are bound by a value k € N.

Definition 13 (Bounded domain). A poset is said to be bounded if there
exists some value k for which it is k-ACC.

Whenever a complete abstract interpretation can be conducted on a bounded
domain, then we can exploit the parameter k which gives us an upper bound to
the number of iterations required to compute any abstract fixpoint.

Focusing on the chain of iterates produced when computing lfp (Ag’f ) we
observe that if our abstract domain is bounded, then it is (k+1)-ACC for some
k, thus it holds that the produced chain contains no more than k + 1 distinct
values, meaning that the fixpoint computation converges in no more than k + 1
steps, that is 1fp (A) = AR (L 4).

An interesting result about complete abstractions is the following:

Lemma 14. Let A be a strict domain for which [c1] and [eo] are complete. If
[[cl]]?4 = [[62]]?4 it holds that:

[]S = L — [ea]S=1

We present two well-known abstract domains Sign and Mod3 in Figure
which are both bounded and will be used in the upcoming examples.

SN PARN

Z<o Zzo Zxo Lgy  Lgz1  ZLszo
[ XX XX
Z<0 Z:O Z>0 ZEO ZEI ZEQ
N N
& %]

(a) Sign domain. (b) Mod8 domain.

Fig. 1: Abstract domains

Note that we use the symbol =3, or = when no ambiguity arises, to identify
modulo 3 congruences.

The abstraction function for the Sign domain is defined by mapping each set
X of concrete values based on the sign of its elements, let us define an auxiliary
function sgn(z) : Z — {Z<o,Z—0,Z~0} which maps concrete values based on
their sign (and zero in Z_), the abstraction map is then defined as:

arsign(8) = \/ sgn(x)

z€S
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The concretization map is then defined intuitively over Z_( as

def
75ig7L(Z<O) = {-T e | T < 0}

and following a similar approach for all the other abstract values.

Both the abstract and the concretization maps for the Mod3 domain are de-
fined in a similar fashion, by mapping every concrete value based on its modulo 3
reminder as classically defined.

Multiplication is a complete operation in both domains, while addition and
difference are complete in Mod3 only.

‘We now show that Boolean abstractions give rise to bounded domains which
can be composed via predicate union while preserving functional completeness.

Lemma 15. Let P < {p1,..-,pn}, Q@ def {q1,...,qm} be sets of predicates, and

let P Bool(P) and Q def Bool(Q) be the Boolean abstraction domains built
over the two predicate sets, respectively, and let f : X — X be a complete function

over both P and Q. Then, the Boolean abstraction domain D def Bool(P u Q)
built over the set of predicates P u Q is such that:

1. D is bounded
2. The predicate filter for every predicate in P U Q is complete
3. f is complete over D

We also note that the class of bounded domains is closed under reduced
product [8, Section 10.1] (which also preserves completeness for functions which
are complete on both domains). Moreover, computing the completeness closure
w.r.t. to guards as per Theorem |11 preserves boundedness, too.

It is worth noting that using Cartesian predicate abstraction [I] instead of
Boolean abstraction would not offer the same guarantees about completeness for
predicate filters. Indeed Lemma requires the presence of the disjunction of
predicate filters, which is in general missing in the Cartesian predicate abstrac-
tion.

4 Program Termination

In this section we explore the connections between complete abstractions in
bounded domains and program termination on a given input. Formally, given
a command ¢ € Imp(A, B) and an input set S, the termination problem corre-
sponds to deciding whether [¢]S = L or not, i.e., we want to establish if there
is some input in S where ¢ terminates or not | We show that the bound on the
length of any ascending chain in the abstract domain can be used to infer the
largest number of times each loop must be unrolled. This allows us to define
a program transformation that replaces each loop with its bounded unrolling

® Note that this is different from establishing termination for all input in S, which
should be addressed separately.
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while preserving the concrete collecting semantics. While the original program
belongs to Imp(A, B), the transformed program will belong to Imp~ (A, B), that
is the only loops have the form w, which is the only source of divergence. As
a main result, termination is thus decidable for any complete program (and any
input).

The first observation is that in any (k+1)-ACC domain and for any Imp (A, B)
program while b do ¢ we have that, for all S¥,

[while b do ], 5% = [ify" V]% S* (1)

)

where ifg{?l is the Imp~ (A4, B) command inductively defined as:

if{") < if b then w. else skip

if)""" if b then (cif{")) else skip

(&

To see this, we exploit the equality
i=0

k
A (Ly) = (V(ﬂeﬂ%ﬂbﬂ%)wsﬁ) vala @)

which can be immediately proved by induction on k. Then, the equality can
be proved as follows:

[while b do c]]tquﬁ = [[ﬂb]]ilfp (A) = {Hypothesis}
[[ﬂb]]i‘A(k)(LA) = {Equation
k—1
)%, ((\/([[c]]&[[b]]a)%ﬂ) VA ¢A> = {Additivity of [-b]%}
i=0
k—1
(\/[[ﬁbﬂﬁl([[c]]&ﬂb]}%)(“sg val-b]4Ls=  {Definition of [skip]%, [—0]%}
=0
k—1
(\/[[Skip]]ﬁ‘[[ﬁb]]%([[cﬂi[[b]]%)(i)Sg vala= {By induction on k}
i=0

ep(k—1
lify T s?

This process of “unrolling” while loops introduces a sequence of nested
if-else commands of depth k; unrolling a while loop having d — 1 nested loops
inside produces a program having a total of k% if-else commands. Equation
proves that the transformed program will exhibit an equivalent behaviour as the
original one on the abstract domain A (for any abstract input).

Next we exploit the notion of complete abstraction. Assuming that the set
A contains only complete assignments and B only complete guards on the ab-
stract domain A, we have that every program in Imp(A, B) is complete as well
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as its transformed version in Imp~ (A, B), because the transformation does not
introduce any new guard or assignment (see Lemmalg)). By Lemma([14and Equa-
tion , we conclude that, from a divergence perspective, the while command
is equivalent to its transformed version in if-else form, that is, the concrete se-
mantics of the first one diverges if and only the concrete semantics of the second
does.

Theorem 16 (Termination). Let A contain only complete assignments and
B only complete guards on the abstract domain A. For any guard b e B and any
command ¢ € Imp(A, B) we have

[while b do ]S = L « [if{" V]S =1 (3)

In fact, a much stronger result can be obtained, namely that the concrete
collecting semantics of the program and its transformation coincide.

Theorem 17 (Unrolling). Let A contains only complete assignments and B
only complete guards on the abstract domain A. For any guard b € B and any
command ¢ € Imp(A, B) we have

[while b do ¢] = [if}" "] (4)
Proof. By applying k — 1 expansions
[while b do ¢] = [if b then (¢; while b do ¢) else skip]

we get an equivalent command which is identical to ifg’fc) except for the ifl()(_)c)
element which is replaced by while b do c. Morever, by Equation , we obtain
the thesis. o

This result lets us conclude that:

Corollary 18. For any complete program ¢ € Imp(A, B) on a bounded strict
abstract domain there exists an Imp~ (A, B) program which is equivalent under
the concrete semantics.

The above procedure also gives us a constructive way to obtain such an
equivalent program that will also be complete.

4.1 Deciding Program Termination

We now use our results to solve the program termination problem, which consists
of, given a program c¢ and an input o, determinining if [¢]{c} = &.

Let us consider the command ¢ € Imp~ obtained by the previous transforma-
tion of ¢. The result builds on the fact that for any Imp~ program, termination
is decidable since it can only involve trivial loops w, i.e., we can safely state
that any nonterminating computation will reach some w in a finite number of
steps.
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In fact, for any input, we can safely execute the semantics of the equivalent
Imp~ program ¢’ and as soon as we enter any loop we can safely conclude that
the program diverges on such input.

On the other hand, executing ¢ on any terminating input will never enter
any loop, since that would lead to divergence. Observing that the number of
executed steps in absence of any loop is bounded by the program length (since
no program line can be executed more than once) concludes that termination
will be decided in a finite number of steps.

Putting it all together:

Theorem 19 (Deciding termination). Let ¢ € Imp(A, B) be any program
which admits a complete approximation in a bounded strict abstract domain,
then program termination of ¢ is decidable for any input o.

This gives some interesting insight in characterizing the expressiveness of the
class of programs for which such an analysis is effective, since classical results
such as Rice’s Theorem and the undecidability of the halting problem state that
program termination is, in general, undecidable. This result can also be applied in
a different way: given a program c for which we want to investigate termination,
we aim at finding a bounded abstract domain in which all of the guards and
assignments appearing in ¢ are complete. By exhibiting such a domain we are
able to conclude that termination is decidable for c.

We now show an example to give an idea of the manipulations occurring
during the proposed program transformation.

Ezxample 20. Consider the program w; defined as follows:

w, % while (x #30) do (x == 2 x)
where = #3 0 is a shorthand for —(x — 3 * (z =+ 3) = 0). The program w;
does not contain any other while loops inside its body and admits a complete
approximation in the domain Mod8, which is 4-ACC thus we conclude that
termination is decidable on wi, and its equivalent form is:

.0 (2)
[wi] = [[lf(xaégo),(x::z*x)ﬂ

2)

e -
that is, if (o) (icone) =

if z#£35 0 then

X = 2 * X;
if z#35 0 then
X = 2 % X;

if z#£5 0 then
while true do skip
else skip
else skip
else skip
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For example, it is now immediate to check that if initially x = 1, then we
multiply = by 2 twice and we reach the innermost if with x = 4, thus entering
the trivial non-terminating loop. Similarly, for z = 5 we reach the innermost if
with = 20 and detect divergence.

4.2 Exploiting Boolean Abstractions

The decidability result presented in Theorem (but the same considerations
will also hold for Theorem can be applied whenever we can prove the exis-
tence of a bounded domain satisfying the required hypotheses. Lemma [15| sug-
gests a strong approach to proving the existence of such a domain. The idea is to
tailor some boolean abstraction domain to each fragment of the program, pos-
sibly using different guards, but complete w.r.t. the same kinds of assignments,
and then derive the existence of a complete bounded abstract domain for the
whole program from Lemma

As a notable example, we observe that domains built over congruences mod-
ulo some given number, like Mod3, are complete w.r.t. sum, difference and prod-
uct. They are also complete w.r.t. all the guards testing the remainder of the
division modulo the given number. As they are all boolean abstractions, it fol-
lows that both termination and program equivalence are decidable for programs
in which all guards test for congruences, and assignments apply arithmetic op-
erations.

5 Program Equivalence

In this section we address the problem of checking program equivalence, which
can formally be stated as follows: given two programs ci,co € Imp(A, B) we
want to decide whether [e1] = [c2] or not. Thanks to the results in Section
we define here a program transformation that produces a so-called reduced select
normal form, such that program equivalence reduces to decide the validity of a
set of guarded statements. The technique presented here applies to deterministic
programs as the ones in Imp. Its extension to more general analysis frameworks
where nondeterministic languages are also considered may not be trivial and
needs further investigation.

First, we introduce an intermediate syntax defining a select command which
constitutes a generalization of if-else as a n-way conditional.

Definition 21 (select). Given two vectors be BExp",ée (Imp™)" such that b
forms a partitioning of X, we call n the branching factor of the select construct
with a semantics defined as:

[select(b: &)]S <" | J[e:[b:]S
i=1

This can be seen as a generalized multi-way if command, like Dijkstra’s guarded
statements, and can be expressed as a sequence of nested if-else by following a
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nested structure of the form if b; then ¢; else (if by then c; else ...). Since b
forms a partitioning of X, the order in which the various disjoint cases are nested
is not important: semantic equivalence holds under any arbitrary permutation
applied to the entries of both b and & We note that as a special case:

[if b then ¢, else ¢ = [select({b, —b) : {c1,c2))].
By this observation we can define a new auxiliary grammar:
Select 3¢ == skip | z:=a | ¢;c | select(b:¢é) | wy

In the following we refer to skip, w and assignments as basic commands. We will
also use the notation Select(A, B) to explicitly indicate the sets of expressions
and guards used to construct the Select commands, as we did for Imp and Imp~.
We will show that every I'mp~ program can be translated in an equivalent Select
one (and every Select program can be translated into an I'mp~ one by applying
the above definition of select as nested if statements).

The program transformation is defined in two phases: first we transform the
I'mp~ program in a so-called select normal form (see Deﬁnition that consists
of at most one select statement and then we compress series of assignments
into a single one (called reduced select normal form, see Definition . The
transformation to select normal form requires the ability to invert the order
in which assignments and guards are applied, so to move all guards upfront.
The next section on backward computation introduces the main concepts and
notation exploited in the reduction to normal form. Finally, in Section it is
explained how to compare two programs in reduced select normal forms.

5.1 Backward Computation

In order to manipulate the program structure obtained in the previous section
we are going to introduce a concept of inverse semantics for Imp~ commands,
which is a function mapping a command ¢ and a set of states S to all possible
states for which the execution of the semantics of ¢ may lead to some state in
S, also called the weakest liberal precondition [11].

Definition 22 (Inverse Concrete Semantics). We define X = [c]71S as
the largest set X such that [c]X < S, this can be computed as:

[z:=a] 'S & {o'|oceS, o' €(a) o(x)}
[skip] 'S ' s
ersea] ™S = fer] e 'S
[if b then c; else c3] 'S % [b][ci] S U [~b][c2] 1S
[wi]'s € x

where (a) =1 (x) = {o | (a)o = }.
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In general [-]~! is not the inverse function (in the mathematical sense) of
the concrete semantics, this can be observed for example as:

[if x = 0 then (z := z + 1) else (z := z + 2)[{0} = {1}
but [if z =0 then (v =2 + 1) else (z := x + 2)]"1{1} = {0, -1} # {0}

This is due to the fact that we can loose some information related to the previous
state at each conditional branching. We also note that the function (a) ! in the
definition maps each post-value to a set of possible pre-states, this is needed in
cases such as that of constant assignment, since we loose any information about
the previous value of x after we assign a constant value to it:

[z:=0]""{0}=T

Moreover, let us notice that the inverse semantics could give us a set of values
smaller (in cardinality) than the input, as for:

[x:=0]""1} = L

In general, it holds for all Imp~ commands ¢ that [¢] ! is additive, implying that
it is also monotone, that [¢] ~![c] is extensive and dually [c][c] ™! is reductive.

We now observe that, in general, [c¢][c]7'S # S whenever there exists
some z € S such that z is not reachable through [¢] from any input, then
x ¢ [c][e] 1S, for example:

[z = 0][x :== 0]~*{0,1} = [z := 0] T = {0}.
The following result follows from the literature.

Lemma 23 (Adjointness). For any c€ Imp~ and X, S € X it holds
Xc]'S=|[]XcS

We now show an important result that arises whenever we apply [¢]~! to
sets which constitute a partitioning. In our case we will apply this result to the
partitioning {b, —b} whenever b is a valid guard.

Lemma 24. For any c € Imp~ and any partitioning P = {Py,..., P,} of X it
holds that:

= U[c]]_lPi

Lemma 25. For any Imp~ command ¢ and any partitioning P = {Py,..., P,}
of X it holds that:

[l{o} =L <= oe ([ 'Pin]] 'P) for any i # j

We now introduce b—¢ % [e]~'b as a shorthand which we will use in the
upcoming sections.

Another key result which can be obtained by using the inverse semantics
enables us to swap the order of a command execution and a filtering as follows:
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Lemma 26. For any guard b and command c:

[61[c]S = [e] ([e] "o n )
that is, in a more succinct notation: [b][c]S = [c][b~°]S.

We now address the problem of guaranteeing that the process of applying
the inverse semantics of ¢ to any guard b produces some b~ ¢ which is contained
in our language I'mp~ (A, B). In the upcoming sections we will show that the
only commands for which we will need to apply Lemma are those where ¢
is a basic command. Of these three cases, skip is trivial and does not need
any manipulation, since [b][skip] = [skip][b] = [b], and the same holds for
[blIw.] = [w.][b) = [w.]-

The case for assignment can be resolved by applying the following property.

Theorem 27. For any a € AExp and b€ BFExp it holds:

[b][z == a] = [ == a][bla/x]]

The previous theorem together with the previous observations allow us to
conclude the main result of this section.

Corollary 28. If the set of guards B is closed under syntactical substitution,
in the sense that for any a € A and b € B we have bla/x] € B, then for any
ce Imp~ and b€ B, there exists some b' € B such that [b][c] = [¢][¥]-

5.2 Select Normal Form

Next, we define select normal form and prove that any Select command can be
put in such format by a semantic-preserving transformation.

Definition 29 (Select normal form, SNF). We say that a program c € Select
is in normal form (in short, SNF) if either:

— C1S WL

— ¢ is a sequential composition of skips and assignments;

— c is in the form select(l; : ¢) and every ¢; is W or a sequential composition
of skips and assignments.

We also use ¢; ¢ as a shorthand for the vector {(c1;¢), ..., (¢p;c)) obtained by
post-composing ¢ to every command ¢; in a sequential way, and the same goes
for c; ¢ using pre-composition. We now introduce some rewriting rules involving
select which are helpful in manipulating Select programs:

Post-composition with arbitrary c: The case [select(b : &);c] can be rewritten
as [select (b : ¢ c)], post-composing ¢ to every ¢; sequentially; the equality holds
in a straightforward way by expanding the definition and applying additivity.
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Pre-composition with w| and skip: These two cases are trivial, since:

[skip; select (b : &)] = [select(b : &)]
[wyi;select(b: é)] = [w.]

Pre-composition with an assignment: In the case [z := a;select(b : )] we
can safely observe that x := a is always terminating, thus by expanding the
definitions:

[z := a;select(b: &)]S = U[[cz]][[b,]][[x =a]S = U[[ci]] [z :=a][b;*~°])S

where the fact that the set of states on which x := a diverges is empty ensures
that p—==a &' [z :=a]~'b = (b7™71, , b, =) forms a partitioning by means
of Lemmas ﬂ and ., thus [z := a; select(b &) = [select(b=*=1 : ¢;&)].

Nested select commands: Let us consider the case select(l; : €) where some
ci = select(V : &), with |b| = n and || = m, we take i = 1 (without loss of
generality, since the semantics is preserved under permutation of the indexes)
and by expanding the definition we get:

[select (b : &)]S = [select(d’ : &)][b1]S U U[[cl]] [b:]S

and expanding the isolated term: [select(d' : &@)][b1]S = Ui, [ 010511810 S-

_ Since V' is a partitioning of X, then & n by is a partitioning of by, thus
b = m bi,..., b, Nby,ba,...,by) is a partitioning of ¥ and defining & =
(.o, cn> gives the equahty [select(b : ¢)] = [select(D” : & )] which
has one less select command and [b"| = n +m — 1.

Sequence of select commands: We now consider the case where for some 5, v .G, ¢
s.t. [b| = n and |b'| = m we have a sequential composition of select(b : ¢) and
select(b’ : &). We first give an intuitive reasoning for this case: we can expand
this term by applying the post-composition rule and we get a new command of
the form select(b : (¢;select(d’ : &))) and by (recursively) applying these rules
we can obtain a new command such that [select(d! : &)] = [ci; select(d' : &)]
for each i = 1...n, thus allowing us to apply the rule for nested selects to each
of the n branches, successfully producing a single select command.

We now consider the case where select(b : ¢) is in normal form, in order to
get an explicit formula to rewrite these terms we observe that:

[select(b : ¢); select (V' : &)]S = U AL U leil[bi] S

which by additivity of [-] can be rewritten as (i~ (i, [¢;][0;][ci][b:]S-
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Since we are in normal form, then the vector ¢ does not contain any select
command and each of its entries is either w or a composition of assignments
and skips.

We now consider the case where ¢; = w, and we notice that the corre-
sponding terms are (i~ [¢;][0;][w . ][b:]S = UL, [wi][b:]S = [wi][b:]S by
definition of w .

When considering any other ¢; # c;, then ¢; converges for any input since it
consist of a composition of assignments and skips, thus the corresponding term
can be rewritten as
m
Il ly; 101
i=1

j=

U110 1Led]s =

Since ¢; is always terminating, by Lemmas the sets b;-_c" form a partition-
ing of Y. Thus we conclude that the sets b;_ci N b; form a partitioning of b;.

The assumption we made on select(E : ¢) being in normal form can always
be achieved, since by these rules we can always rewrite in normal form the
innermost select constructs first and proceed our way merging them with the
outer ones (a more detailed proof of how we can reduce every Select program to
normal form is given in Lemma. We thus conclude that every composition of
two select commands can be substituted with a single select command having
a branching factor less or equal than nm (equality holds when no w, appear).

Successive applications of the above rewriting rules give us an effective way
to reduce every Select program to a normal form, in fact:

Lemma 30. Fvery Select command ¢ can be reduced in normal form using the
above rules.

We note that the reduction procedure is guaranteed to terminate, therefore
giving an effective procedure to obtain a SNF. We also introduce some auxiliary
rules which are not necessary in order to reach a normal form but which could
help in simplifying some program structures:

Select branch pruning: If we have a command of the form select(b : ¢) such that
there exists b; for which [b;] = [ff], then we can drop the corresponding branch
by removing both b; and ¢; from b and ¢.

Select branch merging: If we have a command of the form select(i) : ¢) such
that there exist two indexes i # j and [¢;] = [¢;] we can safely merge the

two branches by removing b; and c; from b and ¢ respectively and updating
bi = bl \ bj.

Select remowval: This rule is dual to the select introduction one: every command
of the form select({b) : {c)) (thus having branching factor 1) can be rewritten by
removing the select construct as [c]; this follows directly observing that since
{b} forms a partitioning then [b] = [tt] and by expanding the definition.
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Newly introduced guards: We now examine the new guards which are introduced
by the aforementioned manipulations, let a € A be an arithmetic expression and
b, b1, b2 € B be guards in the program we are rewriting, then the newly introduced
guards will be of the forms:

bla/x]: If we are applying either the rule for pre-composition with an assignment
or that for a sequence of select commands;

b1 A ba: If we are applying the rule for nested select commands.

b1 v by If we are applying the select branch merging rule, this guard can be
rewritten as —(—b; A —by) by means of De Morgan.

tt: If we are applying the select introduction rule.

We now observe that main rules (that is, the non-auxiliary ones) only intro-
duce new guards in the form of b[a/x] or by A by and we observe that:

Lemma 31. If C(by),C(bs), then the filtering function for by A be is also com-
plete:

This lets us conclude that, under the hypothesis:
C(a) A C(b) = C(bla/x]) (5)

the rewriting process we defined to reduce every Select program into normal
form produces new guards by preserving completeness of their filtering functions.
Moreover, if B is closed under syntactical substitution for every a € A to x
and forms a Boolean algebra (i.e. is closed under A, v and —), then for every
c € Select(A, B) its rewritten normal form ¢’ is such that ¢’ € Select(A, B).

5.3 Normal Form Scaling in Combined Domains

In order to discuss how the normal form may scale when different abstract do-
mains are combined, we consider the following program p, whose conditions of
termination are not easy to detect.

while x #5 0:
X = 5 % X
while x #3 0:
x (= 2 x x + 1

We can observe that each assignment is complete w.r.t. modulo k congruences
and this allows us to build a complete bounded domain following the approach
of Lemma [I5] Given the guards in the program p, the idea is to consider the
sets of predicates My def {“ =5 17} and Mj3 def {*x =3 1”7, “x =3 27} so that
the predicates in Ms ensure completeness of the outer while-guard and those
in M3 ensure completeness for the inner while-guard. Note that the Boolean
domain Bool(M3) has 16 elements (it is a powerset of four 2-bitvectors) but
only 8 elements are relevant, because the 2-bitvector associated with “x =3 17
and “x =3 2” corresponds to false. In fact Bool(M3) is equivalent to Mod3 and
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its ascending chains have at most 4 elements. For similar reasons, the resulting
bounded abstract domain Bool(My U M3) is 7 — ACC, since it is defined as the
powerset over the set of 3-bitvectors corresponding to value assignments for each
of the predicates in My and Msj.

The result of this paper assures us that we can detect the inputs for which p
terminates by investigating its SNF form obtained considering k = 7. However,
computing the SNF form of p leads to select form with a quite high branching
factor. Even if we are interested in characterizing the diverging executions only,
the computed SNF will contain several thousands of diverging branches (assum-
ing that the select branch pruning rule is never applied). Also the size of the
guards corresponding to such branches will grow rapidly due to the subsequent
syntactical substitutions. For example, for program p there will be one diverging
branch whose guard is semantically equivalent to “z =2 1 A x =3 07, but its
syntactical expression is more complex. This poses a challenge to gaining useful
insight on the program behavior by analyzing the SNF.

We can observe, however, that even if the different branches of the SNF
contain syntactically different guards, the number of such guards that are se-
mantically distinct ones is limited by the number of elements in the abstract
domain (which in the case of the example is at most 32). This allows us to con-
clude that many guards appearing in the SNF will be semantically equivalent.
Moreover, since the guards in any select command are mutually exclusive, we
can be sure that all such redundant guards are indeed semantically equivalent to
false. Of course, the problem to detect such false guards must be entrusted to a
SMT solver that should support an effective SNF reduction tool implementation.
This would allows us to maintain a concise select structure during the rewriting
process.

5.4 Deciding Program Equivalence

The problem of deciding semantic equivalence is defined as, given two programs
c1 and cg, determining whether [c;] = [cz], that is, the two diverge on the same
set of inputs and for every converging input, they give the same result.

We now present the main idea to solving program equivalence for programs
containing a single variable x. This approach can be straightforwardly gener-
alized to multiple variables by extending our language with a notion of multi-
assignments (i.e. every assignment is defined by a tuple of variable-expression
pairs and its semantics executes every variable assignment at the same time),
but we prefer to keep the notation simpler for the sake of exposition.

The notion of a reduced normal form is as follows.

Definition 32 (Reduced select normal form (RSNF)). We say that a
program ¢ € Select is in reduced select normal form (in short RSNF) if either:

— ¢ is a basic command (that is either w , skip or an assignment);
— ¢ has the form select(b : &) where every ¢; is a basic command.
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We first observe that Select programs in this form do not allow for arbitrary
sequences of assignments and skip to occur either inside (or outside) any select
branch, but every sequence ¢ = cy;c¢a;...;c3 of said commands can always be
reduced into either one single skip or one single assignment as follows:

— If for every i it holds ¢; = skip, then [¢] = [skip]
— Otherwise, we remove every ¢; for which ¢; = skip and merge the remaining
assignments observing that:

[z == a1;2 = as] = [z = az[a1/z]] (6)
which follows directly from the definition.

We also note that the process of merging two complete assignments preserves
completeness.

Lemma 33. C([z := a1]) A C([z = az]) = C([x := az[a1/x]]).

These observations let us conclude that any SNF program can be easily
transformed into RSNF by collapsing every sequence of assignments (and skips)
into one single command, and the procedure is guaranteed to terminate.

More in detail, given any program c € Select(A, B) we can compute its SNF
¢’ € Select(A, B*) where B* is the closure of B under A and substitution b[a/z]
for a € A, then we can rewrite ¢’ as some RSNF ¢’ € Select(A*, B*) where A*
is the closure of A under substitution af[a’/z].

When considering two RSNF programs, proving their semantic equivalence
can be done by observing that (RSNF programs not containing any select con-
struct can be checked as if they contained a single branch):

Lemma 34. Given two RSNF programs c = select(b : &) and ¢ = select(V : &)
such that |b| = n and |b/'| = m, then semantic equivalence between ¢ and ¢’ holds
iff every formula in the set E = J!'_, U;n:l E(i,7) is valid, where E(i, j) is defined
according to:

= Ifei=cj=wy, then (i, j) = &

If c; # cj and wi € {c;, c;} then E(i,j) = {—(bi A D)}

— If¢; = ¢} = skip, then £(i,j) = &

If {ci,c;} = {skip, = := a} then £(i,j) = {b;i AV} = a =z}
If {ciycj} = {z = a,x = d'} then £(i,j) = {bi AV, = a=d}

‘We can now make use of our previous results to conclude that:

Theorem 35. Let ¢; € Imp(Ay,By), ca € Imp(As, By) be any two single-
variable programs admitting complete approzimation in some (possibly different)
bounded strict abstract domains, then the problem of deciding semantic equiva-
lence between ¢y and co can be reduced to that of determining the validity of a
set of formulas built by using only Boolean and arithmetic expressions contained
in the closures (by substitution) A¥, A% Bf and B3.
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Proof. By applying the program transformation defined in Section [ both ¢;
and c¢o can be reduced to some ¢} € Imp~ (A1, By), ¢b € Imp~ (Az, Ba). Those
two programs can then be expressed as Select commands and reduced to SNF by
means of Lemma [30] and further reduced to RSNF as discussed in Applying
Lemma [34] completes the proof. O

In a similar way to what we proposed for Theorem we can apply the
result given in Theorem [35 whenever we want to investigate the decidability
of semantic equivalence between programs: if we are able to exhibit a domain
for each program in which all the guards and assignments are complete, then
we have successfully proven that their equivalence is reducible to checking a set
of guarded statements, which can be done, e.g., by exploiting SMT solvers like
Z3 [11].

Ezxample We consider the following Imp program:

w = —lsx;whilex <0doxz:=2=xx

In order to reduce w to RSNF we first transform w is SNF. In fact, since it is
complete in Sign we can find an equivalent Imp~ which can be translated into
a select program as:

X = —1 % x;
select (
x < 0: x := 2 % x;
select (
x < 0: x = 2 % x;
select (

x < 0: wp,
x = 0: skip )
x = 0: skip )
x = 0: skip )

we can now reduce this program to RSNF and obtain:

select (
x > 0: w_,
x € 0: x = —Isx )

Now, by taking another equivalent program such as:

if z# 0 then
X = x 4+ 1;
if < 1 then
x = —1 % x + 1;
else
while z < 0 do
X = x — 2;
else skip
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which gets reduced to the following RSNF:

select (

ﬁ(X < 0): W],

x = 0: skip,

x < 0: x = —Ix(x+1)+1 )

we can reduce the problem of determining their semantic equivalence to that of
proving the validity of the following set of guarded statements:

—((z > 0) A (z=0))
=((z>0) A (z<0))
E=<—~((z<0)A—(r<0)
<0 A(z=0) = (—lxx)==x
(<0 A(x<0) = (—1lxa)=(-1x(xz+1)+1)

Since they are all tautologies, the two programs are equivalent.

The same considerations of Section [£.2]about the applicability of the method
based on Boolean abstractions for deciding termination are straightforwardly
extended to the case of program equivalence.

6 Conclusions

We have investigated the relationship between completeness in Abstract Inter-
pretation and expressiveness of programs, showing that several important prop-
erties become decidable for the class of complete programs in certain domains.
In particular, we have given a notion of bounded domain and we have studied
classes of programs that are parametric on sets of guards and assignments whose
abstract semantics is complete on such domains.

In order to study the expressiveness of this class, we have considered two well-
known problems: program termination and semantic equivalence, which are of
course not decidable in the general case. Our findings seem interesting: as a first
result we have shown that under the above hypotheses the termination problem
becomes decidable for complete programs. This, of course, severely limits the
expressiveness of our class of programs. Then, we defined an intermediate Select
syntax and a notion of inverse semantics in order to derive a set of rewriting rules
for Select programs. Applying such rules gives an effective way to express every
program from our target class in a canonical form that highlights the program
semantics. By further program transformations to the so-called reduced select
normal form we are also able to rephrase the problem of deciding semantic
equivalence to that of proving the validity of a set of formulas constructed using
the original guards and assignments (along with their composition as needed by
normalization), giving an effective procedure to solve the semantic equivalence
problem. We have developed a proof-of-concept Haskell implementation that
has been used to check the program transformations reported in the examples.
The tool takes an input program and the bound k of the abstract domain and
transforms it in (reduced) select normal form. Note that completeness has to
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be checked beforehand, as the tool just assumes the existence of the bounded
abstract domain.

We have also investigated the applicability of our approach by proposing a
method to compose Boolean abstractions, each one designed for being complete
for all functions and for some guards appearing in the program. The proposed ap-
proach is structural, in the sense that it builds on the functions and guards used
in programs, for which suitable complete bounded domains must be detected.
Here the main limitation is therefore the completeness requirement: although
abstract domains can always be refined to achieve completeness for a given
set of functions [13], it is often the case that this process leads to the whole
(unbounded) concrete domain. On the other hand, once a library of bounded
domains is available, Boolean abstractions could be used to compose them and
make the technique applicable to larger sets of programs.

The process described in this work focused on an imperative language with
standard single-variable assignments, and reduction to normal form has been
defined for single-variable programs only. Considering a more general notion of
multi-assignments & := a (i.e. where multiple variables are assigned simultane-
ously to corresponding expressions) gives a direct generalization of our approach
to programs with more than one variable (observing that every assignment is a
trivial case of multi-assignment). The select normal form we used can be seen as
a star-free fragment of Kleene Algebra with Test (KAT) [I5]. In this sense, it is
worth pushing the analogy even further and consider the full KAT instead of Imp
as a reference language, finding suitable conditions under which star expressions
can be equivalently iterated only a bounded number of times.

We think that further studies could be conducted on several aspects, such as
investigating whether weakening the constraint over boundedness of the domain
(that is, when considering ACC domains with finite but not bounded chains)
makes program termination undecidable.
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