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Abstract

The essential part of abstract interpretation isto build amachine-representabl e abstract domain
expressing interesting properties about the possible states reached by a program at run-time.
Many technigques have been developed which assume that one knows in advance the class of
properties that are of interest. There are cases however when there are no a priori indications
about the “best” abstract properties to use. We introduce a new framework that enables non-
unique representations of abstract program properties to be used, and expose a method, called
dynamic partitioning, that allows the dynamic determination of interesting abstract domains
using data structures built over simpler domains. Finally, we show how dynamic partitioning
can be used to compute non-trivial approximations of functions over infinite domains and give
an application to the computation of minimal function graphs.

Résumé

L’une des principales difficultés de I’ interprétation abstraite consiste a construire un domaine
abstrait, représentable en machine, qui permette d’ exprimer un ensembl e de propri étés suffisant
a décrire de maniere précise I’ ensemble des états dans lequel peut se trouver un programme
lorsqu’il est exécuté. De nombreuse techniques d'interprétation abstraite ont été développées
apartir del’ hypothése que la classe des “bonnes’ propriétés est, des le départ, bien identifiée.
Cependant, dans de nombreux cas, il n'y a aucune indication a priori quant al’intérét relatif
des différentes classes de propriétés envisageables. Nous présentonsici une nouvelle méthode,
appel ée partitionnement dynamique, qui autorise la détermination dynamique des “bonnes’
propriétéspar I’ utilisation de structures de donnée construitesapartir d’ approximationssimples
du domaine concret. Nous montrons en particulier comment des approximations finies et non
triviales de fonctions sur des domaines infinis peuvent étre calculées de maniére automatique,
et hous donnons une application au calcul des graphes fonctionnels minimaux.
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Abstract Interpretation by Dynamic Partitioning 1

1 Introduction

Abstract interpretation, as defined in Cousot [2, 4, 6], provides a general framework aimed
at computing invariance properties of programs. These properties describe the run-time states
that can be reached from a set of initial states P, by means of a transition function = over
the subsets of the set of run-time states S, which defines the operational semantics of agiven
program. When 7 is continuous over the lattice (P(S), C), theinvariant | = N 7"(Fo) IS
also the least fixed point [fp(P) of the function ® = AP.(Py, U 7(P)). In most cases however,
S is infinite, and methods must be developed to determine a safe and finitely represented
approximation of this least fixed point. Patrick and Radhia Cousot introduced the notion of
Galois connection (a, ) as a general tool for building such approximate frameworks. The
abstraction function a maps aset of states P to an element P¥ of afinitely represented abstract
(approximate) lattice (P#(S), C) whereas the concretization function 4 maps an abstract state
P#to aset of states, called its meaning. Then, by defining a safe approximation &* of @, i.e.,
afunction such that ®* J a o @ o -y, one can determine an approximate invariant 1# = [fp(®*)
which is a safe approximation of |, i.e., y(1*) D I.

However, when the approximate lattice is of infinite height, the iterative computation of the
approximate invariant may not finitely converge, and speedup techniques, such as widening
and narrowing, must be used to determine a safe approximation of I#. But in many cases, there
is not even aclear indication about how to build agood and finitely represented abstract | attice.
This happens when there is no indication about what the least fixed point will “look like”,
and therefore no advance knowledge of the properties that should be expressed in the abstract
|lattice P#(S) to precisely describe the invariant |. Differently stated, there is a gap between
the exact lattice P(S) and the abstract lattices that one can a priori build or think about.
Thisis true in particular when functions over infinite domains are approximated. Moreover,
most implementations of abstract interpretation have to dea with the problem of testing the
equivalence of the data structures used to represent lattice elements (i.e., testing the equality
of their meaning). Thistest is often very costly and difficult to implement, aswith the abstract
interpretation of functional or logic programs for instance, and it would be desirable to design
aframework that avoids such atest.

The aim of this paper is to discuss a technique, which we call dynamic partitioning, that
can be used to compute non-trivial, safe approximations of program invariants in the above
cases, by dynamically selecting interesting and finitely represented abstract properties without
having to test the equality of their meaning.

We shall first recall, in section 2, the classical definition of a widening operator, and then
describe, in section 3, a framework that generalizes the classical lattice-oriented framework
to cases where no Galois connection can be defined and where testing the equivalence of
data structures can be avoided by using properly generalized widening operators over general
partial orders. We shall then discuss in section 4 several classical situationsin interprocedural
abstract interpretation and show how our technique can be applied in each case. We will show
in particular how non-trivial approximations of functional fixed points can be computed by
using our framework and an adequate data structure. Finally, we shall give in section 5 two
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2 Francois Bourdoncle

practical applications and show how dynamic partitioning can be used to effectively compute
non-trivial, safe approximations of minimal function graphs.

2 Widening operators

The Galois connection approach described above is perfectly adequate when the abstract
lattice P#(S) is of finite height, since the iterative computation of the least fixed point of ®*
over P#(S) will necessarily converge in afinite amount of time. However, some interesting
program properties, such as the range of integer variables, are expressed in alattice of infinite
height. Even if the integer variables were bounded, choosing for instance Z = {w™,...,w"},
w™ = —2¥~1l ot = 2wl _ 1 theinterval lattice I(Z) is till of height 2, and fixed point
computations may in theory require up to the same number of iterations. A speedup technique
has been proposed in Cousot [2] that uses so called widening operators to transform infinite
iterative computations into finite but approximated ones. So let us suppose for instance that
one has a program function Loop defined in ML asfollows:

fun Loop i = if i < 100 then
Loop (i + 1)

else

i

Suppose now that one wants to compute the values returned by Loop for a set of input data
specifications. Loop being recursive, this computation may require computing the value
returned by Loop for arguments that were not present in the initial data set. Therefore, the
goal of an interprocedural abstract interpretation framework will be to determine this minimal
function graph describing the minimal information about Loop needed to compute its value
for every argument in the original specification. This notion of minimal function graph was
first introduced in Jones and Mycroft [10], but was in essence aready present in Cousot [5].
A program state (a,b) € Z x Z, therefore consists of an input value a and a return value
b = Loop(a), where the special value 1 denotes nontermination. Generalizing the idea used
by Jones and Mycroft for constant propagation, we can approximate the minimal function
graph of Loop by apair of intervals representing an approximation of all of Loop’s arguments
and all of Loop’sresults. This approximate minimal function graph is therefore the least fixed
point X # of the monotonic function ®* over the lattice 1 (Z) x 1(Z) defined asfollows:

i, v) = (io, L) V (PY(i), (4, )
where iy isthe input data specification, and the two functions ®# and @ are defined by:

@@ = incr (@A [w,99)])
®¥(G,v) = vV (@EA[100,w™])

where the strict abstract function incr  is defined by:

incrf(L) = L
incr[a,b] = [min(a+1,w),min®+1,w")]
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Abstract Interpretation by Dynamic Partitioning 3

The least fixed point X # is known to be the upper limit of the increasing chain:

X(?)# = <J—aJ—>
Xﬁﬂ = q)#(X-j)

But thislimit can take avery long time to compute. For instance, if ig = [0, 0], thisleast fixed
point is equal to ([0,100],[100,100]) and is reached after 102 iterations. One must therefore
find away to speedup this computation in order for it to be tractable. To thisend, weintroduce
the widening operator V, over 1(Z), taken from Cousot [2] p. 247, or [6] p. 334:

1Vie = 2V, 1L = =
[(11, b1] Vi [(12, bz] = [|f a; < a; thenw™ elseal,
if by > by thenw* elseby]

This non-commutative operator generalizes “unstable” bounds of its right argument. It isa
safe approximation of the join operator, and is such that for every increasing chain (z,),¢eN,
the increasing chain (yy),.cn defined by:

Yo = &
Ynt1 = Un V| Tn+l
is always eventually stable, i.e., there existsang such that: Vo > ng : y, = yn,. Under

these assumptions, it iswell known ([6], theorem 10-30, p. 334) that the upper limit Y # of the
increasing chain:

YO# = (J-a J—>
Yia = YIVoiy)) if 2@ <Y
Yn#+1 = Yn# if q)#(Yn#) S Yn#

where the widening operator is applied componentwise, is a post fixed point of ®*, i.e,
d*(Y#) < Y#, and, therefore, is a safe approximation of X#,i.e.,, X# < Y*. Notethat since
here:

y<e — zViy==z

this chain could be simply defined by:
YO# = <J-a J—>
Yn#l-l = Yn# V' q)#(Yn#)

So for example, with input data specification ¢, = [0, 0], one can compute the increasing
chain:

YO# = <J-7J—>
Yl# = <[0a0]7J—>
YZ# = <[07w+]7J—>

Yy = Y* = ([0,w'],[100,w"])
whose limit Y# is a safe approximation of the least fixed point:

X* = ([0,100],[100,100])
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4 Francois Bourdoncle

This result could also be improved by using the narrowing operator A, defined by:
1A = 2A 1L = L
[(11, bl] A [ag, bz] = [|f a = w then ag ese min(al,az),
if by = w” then by else maX(bl, bz)]
This operator satisfies the canonical condition:

Ve,yel(Z) 2>y = z > zANy >y

and is such that for every decreasing chain (y,),eN. the chain (z,),, N defined by:

20 Yo
Zntl = Z2n A| Yn+1

is always eventually stable. It isknown that the lower limit Z* of the decreasing chain:

z§¢ = Y*
z# ZF A @H(ZH

n+l

starting from the post fixed point Y'#, is a safe approximation of X#. On our example, this
gives, after only 2 iterations:

z§¢ = ([0,w"],[100,w™])
z¥ = z* = ([0,100],[100,w"])

This example shows how good results can be obtained by using very naive and “ brute force”
widening and narrowing operators. Of course, it might be argued that the interval [0, 100]
inferred by the computation could have been easily determined by simply looking at the text of
the program, and that afinite abstract lattice could thus have been built a priori. We shall see,
in section 5.2, an example that shows that thisis not always the case, and in practice, building
ad-hoc approximate functional latticesissimply not feasible. However, since we already know
how to deal with intervals, it is very tempting to describe minimal function graphs by sets of
interval pairs, instead of a single pair of intervals. The advantage of such a representation
is that it is very flexible, and does not establish in advance any particular tradeoff between
complexity and precision.

There is however a difficult problem to solve if we want to use this approach, in that there
is no canonical representation of abstract minimal function graphs. For example, it is quite
clear that the two sets {([1,2],[0,0])} and {([1,1],[0,0]),([2,2],[0,0])} are equivalent in
the sense that they represent the same minimal function graph, but no oneis “better” than the
other. What we would like to do however, is to work with such representations, even though
they are not unique, and still ensure the convergence and safeness of every computation. The
traditional complete lattice framework is clearly not appropriate in this case, so we need to
generalize the approach to general partial orders.
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Abstract Interpretation by Dynamic Partitioning 5

3 Representations

Definition 1 Let (D, L,C) be a countable complete partial order (cpo), R a set, and
v : R — D ameaning function. Then (R, <,v, V) issaid to be a representation of D if:

i) (R, L,=X)isapartial order
z) The meaning function v is monotonic
1i2) Each element d € D can be safely abstracted by an element a(d) € R, i.e.
v(a(d) 2 d
iv) Each binary operator V; : R x R — R of the sequence V = (V});cn is such that:

r = r\ir!

1 .
v ER'{v(r') C i)

v) For every {r;};cn C R, thechain (r});cn defined by:

rg = To
/ /
Ti+1 T Vi Tiv1

has an upper bound.

A representation is said to be complete if (R, <) is a cpo, finite if every element of R has a
finite encoding, and tractable if the chain (r});cN is always eventually stable.

This definition has some similarities with the definition of the upper approximation (D¥, <) of
acomplete lattice (D, C) using a Galois connection, i.e., a pair of monotonic functions («, v),
a:D — D¥andy : D¥ - D suchthat:

V(d,d") e D x D¥ : a(d) <d’ < dC~y(d"

The difference between the two definitionsisthat our framework makesvery weak assumptions
about R and D and generalizes the case where R and D are both complete lattices, since
we only require that o be safe. As a matter of fact, a is not even needed in the framework,
and only the existence of a safe approximation for every concrete element is required. This
allows in particular different representations to have the same meaning and one can choose
arbitrarily between them, hence the term representation. Therefore, the traditional inequality
aoy = ldg, which becomesan equality when - isone-to-one, does not hold in thisframework.

Each elementary widening operator V, of the widening operator V. = (V);eN IS an
alternative to ajoin operator over the abstract lattice D* which does not necessarily exist if R
isapartial order. The conditionsimposed on V; simply ensure that safe and increasing chains
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6 Francois Bourdoncle

over R can be built from increasing chains over D, as we shall see below. When R and D
are both complete lattices, the operator V of a tractable representation is a straightforward
generalization of the classical widening operator, inthesensethat y(r ¥ #') J v(r) Liy(#") and
every increasing chain built using V is eventually stable.

Another remark concerning this framework is that condition (v) istrivially satisfied for any
complete representation, for every increasing chain hasaleast upper bound. Differently stated,
the widening operator V is not necessary in a complete representation to prove the existence
of aleast upper approximation. But even so, it can be very interesting to have such awidening
operator to define finite and tractable frameworks, as we have seen in section 2. Also, note
that the use of widening operators over non-complete lattices was aready present in Cousot
and Halbwachs [3], where the lattice of finitely represented convex hullsis not complete.

Finally, it should be noted that our framework can be very easily generalized to cases where
(R, <) isonly apreorder!, in which case the meaning function need not be monotonic and the
conditions imposed on the elementary widening operators must be:

e [ A0 T o)
ek {7(7") C y(rvir)

Preorders have been used for instance in Stransky [12]. However, the problem with such
very general frameworks is that not much can be said about them, for they are essentially
defined by the properties of the widening operator V. Moreover, preorders are not very
easy to work with, for representations having the same meaning can “oscillate” during the
computation and one must be able to finitely compute the equivalence of representations (i.e.,
~(r) = v(r)) to detect the stabilization of increasing chains. As we noted earlier, thisis not
necessary here since stabilization is detected by the equality of representations (i.e., r = »’).
Hence, our framework is perfectly suited to cases where R isimplemented using very complex
data structures for which the equivalence test is intractable or very costly, since we require
that equivalent representations be comparable only when they are “ similar enough”. It is
interesting to note that a comparable idea, which was only a heuristic at the time, was used in
the design of the widening operator of Cousot and Halbwachs [3] which preserves as much as
possible the representations of convex hulls during iterative computations.

So let (R, <,7, V) be arepresentation of D, and ® € D — D be a continuous function,
that is, a monotonic function such that for every directed subset C C D: (| C) = | D(C).
It iswell known that the least fixed point of ® is:

¢ = lip@) = |]| @)
ieN
If the elements of D do not have a finite encoding, it may be impossible to compute this
increasing chain. So let us suppose that one can define a safe approximation ®* of ® operating
over the set of (supposedly finitely encoded) representations R, that is, a function ®* such
that:
yod* I Doy

L A preorder is areflexive and transitive binary relation.
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Abstract Interpretation by Dynamic Partitioning 7

One can choose in particular? any function ®* such that ®* > a o ® o v, for by monotonicity
of v and property (z¢2):

7oCI># d (yoa)oPoy O Doy

but thisis not mandatory. The only thing we really need isany safe approximation of ®. Our
problem is now: how can we compute a safe representation of ¢ using ®* which is the only
function that we can possibly compute? To this end, let us define the chain (r;);cn by:

To = L
Piv1 = TiViqD#(Ti)

Theorem 2 The chain (r;);cN IS an increasing chain over R that has an upper bound r,
which is a safe representation of the least fixed point of @, that is:

y(ry) 2 ¢

Proof. Let usfirst define the increasing chain (¢;);cn by ¢o = L and ¢;41 = P(¢;). Itis
clear that 4(ro) 2 L = ¢o. Suppose by induction that v (r;) 2 ¢;. Then by definition of the
widening operator V:

Y(rin) = Y %PH(r)) 2 y(@F(r)
But ®* being a safe approximation of &, and by monotonicity of ®:

Y@*r;)) 2 P(y(r) T Db) = din

which proves that each »; is a safe approximation of ¢;. But thanks to the first property of
V, ri+1 = 75, and (r;);eN IS an increasing chain which has an upper bound »,,. Finally, by
monotonicity of y : Vi : ¢; C v(r;) C v(ry), which impliesthat ¢ C v(r,,). B

Using a finite and tractable representation, one can therefore compute a non-trivial, safe and
finitely represented approximation of the least fixed point ¢ of any continuous function & over
D, eveniif the representation R does not have a maximum element (which would be of course
atrivial safe approximation of any element of D).

However, as in section 2, it is possible to compute an even better representation r!, of
the least fixed point of & by defining a narrowing operator A = (A;);eN such that every
elementary narrowing operator A; satisfies:

rA;r <r

Vr,'€R, Ve D : ¢Cx(r), 7(r) = { ¢ Cy(rA;r)

2 Asin Cousot [6] p. 331 for instance.
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8 Francois Bourdoncle

and computing the lower limit of the decreasing chain (r:);«n defined as follows:

/

) = Ty

! _ ' AL B!
Tiy = 1;A; P(r))

Note that, once again, the first condition imposed on A; enforces the chain condition whereas
the second condition enforces the safeness of the computation, that is, this condition ensures
that the narrowing operator will not “jump below” the least fixed point, as shown by the
following theorem.

Theorem 3 When the decreasing chain (r});aN IS eventually stable, its lower limit is a safe
representation of the least fixed point of .

Proof. Wefirst note that », = r,, being a safe representation of ¢, we have:

(rp) I ¢

Now, suppose by induction that:
() 3 ¢
then obviously, by monotonicity of &:

Y@ r}) 2 (r(r) 2 D) = ¢

and therefore:
V(i) = (A @) 3 4
which shows that the lower limit 7/, = | for someio € N isa safe representation of 4. ®

Note that, contrary to the classical widening/narrowing approach, we do not require that the
meaning of the first element »; = »,, be a post fixed point of ®, which, consequently, avoids
comparing «(r;) with ®(y(r;)) at each stage of the iterative computation of »,,, asin section
2. This property is very important if, as stated in the introduction, comparing the meaning of
representations is very costly. However, if the elementary widening operator V; satisfies the
natural stability condition:

Ve’ € R . 4() C 4(r) = N7 =1

as does the widening operator V| over theinterval lattice | (Z), then y(r,,) will aways be apost
fixed point of ®. Elementary widening operators satisfying this condition will be called stable.
Note that complex widening operators, such asthe onesthat will be presented in the following
sections, will not generally be stable. Intuitively, since we require that two representations
r and r’ be comparable only when they are “similar enough”, the stability test y(r') C «(r)
will be approximated, and, therefore, redundant information »’ added to a representation = will
sometimes lead to aloss of precision.

Finally, note that widening and narrowing are not dual operations. However, for the sake of
simplicity, we shall only focus on widening operatorsin the rest of this paper.
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Abstract Interpretation by Dynamic Partitioning 9

4 Dynamic partitioning

The am of this section is to build generic representations based on the idea of “non-
redundancy”. We shall first talk about what we call basic partitioning, which is a technique
that can be used to build representations of a concrete completelattice(Z, L, T,C, U, M)using
well chosen subsets of A when A is an upper approximation of L. We shall then discuss two
other methods, called basic functional partitioning and functional partitioning used to build
representations of functions F : C — B over an infinite set C, using subsets of A x B when
A is an upper approximation of P(C) and B is alattice. We start by defining two notions of
non-redundancy for the subsets of alattice A.

Definition 4 A subset P of a lattice A is said to be non-redundant if it does not contain L
and:
Va,d €P : a<d = a=4d

P issaid to be strongly non-redundant if it does not contain 1 and:

Va,a' € P i a#d = aAd =1

Non-redundant subsets are often called crowns or antichains. The set of non-redundant and
strongly non-redundant subsets of A will be noted respectively By (A4) and Py (4). Two
elements of a non-redundant subset are either equal or not comparable, whereas they are equal
or have “nothing in common” if they belong to the same strongly non-redundant subset. Note
that strong non-redundancy implies non-redundancy.

4.1 Basic partitioning

So let us suppose that A is an upper approximation of a complete lattice L and let (a, )
denote the Galois connection between the two lattices. We wish to build a representation of L
using the subsets of A. The most natural meaning of asubset P of A isof course:

) = |16
a€P
that is, the least upper bound of the set of concrete elements denoted by the abstract elements
of P. Let usdefine the binary relation < over P(A) by:
P<P <« VaeP JdecP :a<d

This relation is similar to the preorder used to build the lower powerdomain (see Gunter and
Scott [8] p. 653), sometimes called the Hoare powerdomain, or the relational powerdomain
(see Schmidt [14], p. 295). The originality of our framework isthat using well chosen subsets
of P(A), we can turn this preorder into a partial order and avoid using principal ideals and
complex power domains, asin Mycroft and Nielson [11] for instance.

Theorem 5 (By(4), X) and (Pnr(4), X) are partial ordersand I" is monotonic over P(A).
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10 Francois Bourdoncle

Proof. < isobviously apreorder. Solet P < P/, P < P,and a € P. Then there exists
a' € P'"and a@” € P such that: a < o’ < a”, and by non-redundancy: a = ", which
impliesthat: a = o’ € P’,andhence P C P’. Butsimilarly P’ C P, andthus < isapartia
order. Finally, it is easy to show that the monotonicity of 4 implies the monotonicity of T
]

Under more restrictive conditions, we can show that (P (4), <) isacomplete partial order.

Theorem 6 If A ismeet-continuous?, then (P (4), <) isa cpo.

Proof. To show that (Ps(4), <) is complete, let (P;);cn be an increasing chain. Using the
diagonal argument and the definition of <, one can build a(possibly infinite) set of increasing
chains{C’j}jeJ, J CN, Cj = (c.'ii)iGN1 suchthat foral: e N: P, = {cji}jGJ - {J_} But
A being a complete lattice, each increasing chain C; hasalimit I; € A. The only possible
candidate to the upper limit of the chain (P;);cn istherefore {I;},c5. Butthenforal j # 5

Vi (eji AV Cji)
Vi,i’ (Cﬁ A le,L'r
- Vi,i’ 1 = 1L

which shows that {I;};cs is strongly non-redundant and is the least upper bound of the
chain (P)ic. ™

Under the light of this theorem, one might think that it is a good idea to limit oneself to the
strongly non-redundant subsets of A, since they form a complete partial order, and appear
to be “less arbitrary” than the general non-redundant subsets of A. But it depends a lot on
the “shape” of the abstract lattice A. Intuitively, for strongly non-redundant subsets to be
useful, every abstract element a € A should be the least upper bound of a set of atoms. This
can be formalized by saying that A should be an algebraic atomic lattice with a strongly
non-redundant basis 4 of atoms such that:

Vac A : a:\/(Aﬂla)

where|a = {a’ € A : o’ < a} isthe principal ideal generated by a. Standard examples of
such lattices are (P(S), C) and the interval lattice 1(Z), with bases {{s}}scs and {[Z,7]};cz
respectively. Counter-examples are complete total orders, for which every subset with more
than two elements is necessarily redundant. More generally, one can prove the following
theorem.

3 A complete lattice L is meet-continuous (see Gierz [7] p. 30) if for every directed subset D C L and every
dementz e L: z A\/ D =\/{z Ad:d € D}
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Abstract Interpretation by Dynamic Partitioning 11

Theorem 7 Let (4, L, T, <,V,A)beanupper approximation of P(S), such that - is one-to-
one, y(L) = 0, and:

[s] #[s1 = [sIn[s1=L1  (where[s] = a({s}))

Then A is an algebraic atomic lattice, A = {[s] : s € S} isa strongly non-redundant basis
of A, and {y(a) : a € A} isa partition of S. Moreover, if 4 is v-continuous, then A is
meet-continuous.

Proof. We first note that 4 being one-to-one, a oy = Idy, v is A-continuous and « is
U-continuous (Cousot [4], theorem 4.2.7.0.3, p. 4.33). Suppose now that there exists s € S
such that [s] = L. Then [s] = a({s}) < L and by definition of Galois connections,
{s} € v(L) = 0 whichisimpossible. Thus A is strongly non-redundant. But:

tcANla < dseS :z=a({s})<a
< dse S :z=[s]A{s} Cr(a)
<~ dscy(a) : z=1[s]

Therefore A N |a = B(a) = {[s] : s € y(a)}. In order to show that a =V B(a), we shall
first show that 7(a) = Ugege)7(a)- Buty o a 2 ldp(sy and thus:

= Uae—y(a)(‘y ° a)({s})

2 UaE’y(a){s} = 7(0’)

Conversely, let 2 € U,c @) 7([8])- Then there exists {s} C (a) such that {z} C v([s]),
and hence by monotonicity of a:

afe}) < [s8] = a({s})) < aly(@) = a
which impliesthat {z} C y(a), that is, z € y(a). Therefore:

Ugeﬂ(a) ¥(a)

a = (ao7)(@) = aUsep)7(2)
= Vaep@(@07)(@) = VB(a)

Now, when « is V-continuous, then for every a € A and every subset X C A:

Y@AVX) = y@nU{y(): ze X}
= U{r(@nv(z): ze X}
= U{ylenz):ze X}

and therefore, a being U-continuous:

aANVX = (ao¥y)enVX)

V{(@oy)anz):ze X}
= V{aenz:ze X}

which shows that A is meet-continuous. Finaly, v([s]) # v([s']) implies that [s] # [s'],
and 4 being A-continuous, v([s]) N v([s']) = v([s] A [s']) = (L) = 0, which proves that
{7(a) : a € A} isa(set-theoretic) partitionof S. m
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12 Francois Bourdoncle

What we need now in order to complete our framework is to define elementary widening
operators V such that: P < PV P’ andI'(P') C I'(P V P’). There are of course many ways
to define these operators. When working with Ry.(4), the most precise widening operator can
be defined by:

PVP = (PUuP)—{deP,3acP:d<a}

In fact, thiswidening operator behaves rather like ajoin operator. More generally, at each step
of the computation, one can choose (either deterministically or not) a subset Py of the current
invariant P to coalesce. Theidea of such ageneralizationisto replace P by:

(PU{ap}) —{a€P : a<ap}

where aq is any element greater than \/ Py. Of course, one might choose to define a very poor
widening, which does not improve the expressible properties of the framework, by:

PVP = {\/(PUP')}

It is easy to see that these definitions turn Ry (A) into a representation framework abstracting
the lattice L whenever the “generalizations” are properly used. It isdifficult to say more about
these generalizations since widening operators are well known to be highly lattice-dependent.
When working with Py, (A), widening operators are even more difficult to definein the general
case, and we shall only develop an example in section 5.1. Note that in practice, one will
always work with the set of finite strongly non-redundant subsets of A which is generally not
a cpo, so the completeness of Py (A) will not help. Finaly, note that the definition of the
widening operator has a great influence over the quality of the result of the computation, as
we shall seein section 5.2. Therefore, the general idea one should follow in the definition of a
widening operator (V;);cn should be to use very precise elementary operators (i.e., join-like)
a the beginning of an iteration sequence, and to generalize only after these operators have
precisely defined the “shape” of the least fixed point. However, as we shall see in section
5.2, there are also cases where it can be a good idea to alternate join-like operators and
generalizations.

4.2 Basic functional partitioning

A central problem in abstract interpretation is to find a safe approximation of aleast fixed
point F that belongsto afunctional lattice C — B, where (B, L, T,C, LI, M) isitself alattice.
For instance, for very simple, non-recursive programming languages, C' is usualy the finite
set of lexical control points, and B the powerset of run-time memory states. But for more
complicated, recursive languages, a control point is more naturally defined as a subpart of the
run-time stack, and C' isinfinite. More generally, there are cases where it can be interesting
to consider that control points are indeed execution traces and not only static control points.
Finally, in the minimal function graph approach, C' is the set of admissible inputs of program
functions, and B isthelattice of possible outputs, the bottom value of B being used to denote
nontermination. In this paper, we shall refer to the elements of the possibly infinite set C' as
control points.
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Very often however, there is no need to know the value of F' for every control point, and
it is sufficient to determine a safe approximation F; J | |{ F(c) : ¢ € C;}, of the values taken
by F over each subset of a given partition {C;};cr of C. This partition can be defined in a
very natural way by assigning a token to each control point. This method has been proposed
for instance in Sharir and Pnueli [13] and Jones [9], where tokens are used to group execution
traces and coalesce the memory states associated with them.

If the set of tokens isfinite, then the framework is said to be partitioned (see Cousot [6] p.
315) and the problem is equivalent to the resolution of a finite system of semantic equations.
This is the case for instance in Bourdoncle [1], where a token is assigned to each run-time
stack. These tokens model the “shape” of the stack (pointers, control stack. ..) and generalize
the tokens used in Sharir and Pnueli [13] that only took into account the control part of the
run-time stacks.

However, if the set of tokensisinfinite (or very large) and one has no idea of agood way of
defining a finite partition, then the original problem of finding a safe and finitely represented
approximation of F' remains to be solved. The ideais then to “lift” F' so that it operates on
sets of control points, and to dynamically calculate a partition of C', instead of it being “hard
wired”.

We are going to study two general methods for doing this dynamic partitioning. For each
of these methods, we suppose that there is a basic (and supposedly not satisfactory) way
of finitely representing sets of control points, and we intend to build a representation from
this initial approximation. We shall therefore suppose that (A4, L, T, <,V,A) is an upper
approximation of (P(C),0,C, C,U,n), and call (a,+) the Galois connection between the two
lattices. We shall also suppose that 7 is one-to-one and that () = @, which implies that
is A-continuous. The elements of A will be called abstract control points and the elements
of T = {[c] : ¢ € C}, where[c] = a({c}), will be called the tokens. Theorem 7 shows that
whenever T is strongly non-redundant, then A is an algebraic atomic lattice, and T defines a
partition of C', but this hypothesis will not be necessary. Our definition therefore generalizes
the classical notion of token. Finally, the elements of B will be called abstract values.

Thefirst representation that we shall defineisbased on the very naive observation that every
abstract control point ¢ € A implicitly defines a (possibly infinite) set of control points +y(a)
that we shall informally call a“region”. Therefore, an easy way to approximate a function
from C into B isto “cover” the region over which thisfunction is different from L by afinite
subset of A4, and to associate an abstract value b with each element a of this subset.

If the regions of such a representation P C A x B do not overlap, the natural meaning of
P will map every control point ¢ to the unique abstract value b associated with the element a
by which its token [¢] is covered, or to L if itstoken is not covered. However, if the regions
overlap, the meaning of P can be defined in several ways. We shall study in this section the
most natural idea which is to map every control point ¢ to the union of the abstract values
associated with the abstract control point ¢ with which its token intersects. We will show that
these representations can be constrained in order to form a partial order compatible with this
meaning, and then explain how widening operators can be effectively designed. We shall then
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14 Francois Bourdoncle

study, in the next section, a different and non standard meaning of overlapping representations
that is better suited to generalization.

Definition 8 A subset P of A x B issaid to be normalized if;
V{a,b)e P, V(d,b')eP 1 a=d = b=1¥

For every normalized subset P, and a, a;, a2 € A, we define:

A(P) = {a€A:3be B:(a,b) € P}
C(P) = U{y(a):{a,b) € P}

P(a) = Y{b€ B:(a,b) € P}
Pl(ai,a;) = {b:(a,b) e P A a1 <a<ay}

The set A(P) is called the domain of P, and the abstract value P(a) is the image of a by P.
The set C(P) is the concrete domain of P, i.e., the “region” of C' covered by the domain of
P. For anormalized subset P of A x B, theimage P(a) of every element of the domain of
P isthe unique element b such that (a, b) € P. Wecal P(4, B) the set of normalized subsets
P whose domains do not contain L, and Ry (4, B) (resp. Pnr(A4, B)) the set of normalized
subsets which have a non-redundant (resp. strongly non-redundant) domain. Obviously:

Pnw(4,B) C By(4,B) C P(4,B)

We then define the meaning I'(P) of arepresentation P € P(A, B) by:
I(P)(c) = Mbplc]
where the monotonic function Mp : A — B isdefined by:

Mp) = || Pl)

a€A(P)
ahz# L

When T is astrongly non-redundant basis of A, we obviously have:
VreT, VaceA : aANT# 1L < 71<a

and therefore:
T(P)e) = | [{b:(a,B)€P A [] <a}

which states that each control point ¢ is mapped to the union of the abstract values b attached
to the elements of A(P) by which itstoken[c] is“covered”, orto L if itstoken isnot covered.
Notethat if A(P) isstrongly non-redundant, then an element of the basisis at most covered by
asingle element in A(P). It isworth mentioning at this stage that although any set of tokens
can be chosen, it seems reasonable to impose that 7' be strongly non-redundant. To see the
problem, let uschose C = Z, A = Z,, and [¢] = ¢. Thenv(c) = {w™,...,c}, the lattice
(4, L,w", <, max, min) istotally ordered, and:

Va,d € Aia# 1L ANd#1 < and#1
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which shows that I'(P) is constant over C' and:

IL(P)c) = [ |{b:(a,b)€ P}

Intuitively, all the“regions’ defined by the abstract control points overlap, and therefore, there
is no way to distinguish between the different abstract valuesb € B of the representation. We
are now going to show that Ry (A4, B) and Py (A, B) can be turned into partial orders.

Theorem 9 Ry(A4, B) and Py (A4, B) are partial ordersfor the binary relation:
PP < Vi{ab)je P, I, bjeP :a<d ADBLCV

and the meaning function I" is monotonic over By (A4, B) and Py (4, B).

The proof is straightforward. Note that every function F in C — B can dways be finitely
abstracted by {(T, T)} and, when T is non-redundant, it can also be safely abstracted by
{{le]l, F(¢)) : ¢ € C}. Therefore, defining a widening operator over By (A4, B) will turn

RPr(A, B) into arepresentation of C — B. Elementary widening operators can be defined as
follows:

o Wefirst define the domain of P V P’ by:
APV P = AP)W A(P)
where ¥ is any basic partitioning widening operator defined in section 4.1.
e Then, for every a in the domain of PV P’, we define the image of a by:
(PVP)a) = b
where b € B isany abstract value such that:

b 3 Mp(a) U Mpi(a)

To provethat P < PV P’, weremark that by definition A(P) < A(P V P’), and therefore:
V{a,b) € P, 3a' € APV P) : a<d
hence:
b = P(a) & Mp(a) E Mp(a) E Mp(a)UMpi(a) E (PV P')(a)

and thus:
I, bYe PVP :a<ad ANBCY

Let us now prove that I'(P') C I'(PV P’'). Solet (a’,b') € P’ and z € A be such that
z A a’' # L. By construction, we have:

cPy= U 7@ ¢ U 7@ =c@vP)
a€A(P") aCA(PV PY)
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16 Francois Bourdoncle

and therefore, thereexistsapair (a,b) € PV P’ suchthata A z A &' # L, otherwise, v being
A-continuous:

y@@Ad) = y@Aa) N y()
C v(@=Aa) N Usearprv(a)
C Uscaevey ((zAd) N v(a)
C Uscapvpyy@nzrd) =0

and thus, 4 being one-to-one, z A @’ = L, which is absurd. Consequently, a A @' # L, and
therefore:
b 3 Mp@UMpi(a) I Mp(and) 3 ¥

which shows that:
Mp@) = || @) C ] ® = Mpvp()
(o' ,b"yeP! (a,b)eP V P!
zAhal#£ L zNha# L
and hence:

I(P") T [(PVP)

Provided that condition (v) of definition 1 is satisfied, (Ry (4, B), <X, I, V) is thus a represen-
tation of the functional lattice C' — B.

4.3 Functional partitioning

The main interest of basic functional partitioning is that it is indeed very natural and easy
to understand: the value mapped to a control point ¢ by the meaning of a representation P
is defined as the union of the abstract values b associated with the abstract control points a
which have “something in common” with itstoken [¢], i.e, [¢] A @ # L. But basic functional
partitioning has several shortcomings.

Firstly, as we noted earlier, basic functional partitioning is reasonably applicable only when
thelattice A isan algebraic atomic lattice with astrongly non-redundant basis. Thiscanbevery
annoying when approximating higher order functions for instance, since abstract functional
lattices do not generally have a strongly non-redundant basis.

Secondly, there are cases where the ordering < over Ry(A, B) is not appropriate, and
one would like abstract control points of representations to be maintained during iterative
computations. This happens to be the case for interprocedural abstract interpretation since
abstract control points naturally correspond to function calls in the fixed point computation
algorithm, and the abstract call graph, which is generally needed to determine the set of
recursive procedures, is therefore defined in terms of abstract control points. Of course, this
goal can be easily achieved by dightly modifying the definition of < asfollows:

V{a,b)e P, 3(a',b'Ye P : a=d ADBLCV

However, this ordering has a major drawback with respect to the definition of widening
operatorsin that, intuitively, the only way to generalize a representation P without losing too
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- -

Figure 1: Basic functional partitioning vs. functional partitioning.

much information is to “pave’ C' using strongly non-redundant subsets of A, because every
extra element (a’, ') added to P leads to aloss of information for every token “covered” by
a'. Thisisillustrated by the left part of figure 1in the case of theinterval lattice 1 (Z2). But this
pavement can turn out to be much too complicated when working with sophisticated lattices
such as the linear inequalities lattice for instance. Worse, it can even be impossible to define
such a pavement for atomic lattices that do not have a strongly non-redundant basis. What we
would liketo do istherefore to map small regions {a; };cy of C to agiven set of values {b;}.cr,
while defining some kind of default value b’ for a larger and possibly overlapping areaa’, as
illustrated by the right part of figure 1. This can be achieved by generalizing the definition of
the meaning function I to every element P of P(A, B) by:

['(P)(e) = Mplc]

where Mp : A — B isdefined by:

Mp(z) = I_Ia,GA;(éI? Dp(anz,a)
and  Dp(u,v) = [ Pi(u,v)

Given two abstract control points » and v, Dp(u, v) is equal to the greatest lower bound of
the abstract values b associated with the abstract control points e that belong to the (possibly
empty) convex subset {z : u < =z < v}. It iseasy to see that this function is increasing
in its first argument and decreasing in its second argument. The function Mp is therefore
monotonic and maps every abstract control point z € A to the union of the abstract values
b associated with the minimum elements a € A(P) such that A @ # L. The meaning of
arepresentation in Ry (A, B) isthusidentical to the meaning defined in the previous section,
since every element of a non-redundant domain A(P) is minimum. The meaning of Mp
for the representation P = {(a, b), (a’, '), (a”, ")} and three particular values a = [2,13],
a’ =[10,18] and a” = [6, 21], isillustrated in figure 2 in the case of the interval lattice | (Z).
The function M p maps an abstract control point, represented by a point on the plane using
the usual encoding of intervals:

[z,9] — ((z+y)/2,(y—z)/2)
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bub'Lb" .
(a,b")
(a,b)
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Figure 2: Meaning of Mp for P = {(a,b), (a’,b’), (a",b")}.

to an abstract value in B. The function I'(P) : Z — B maps every integer k& to Mp[k],
where the token [k] = [k, k] is the one-point interval. Note how the intervals below a’ are
“protected” from the value b associated with the abstract control point a”.

The problem however with this new meaning function T' is that it is not monotonic
over P(4, B). Intuitively, non-monotonicity arises when an element (a’, ') is added to a
representation P and a’ “masks’ aregion previously mapped to a value greater than b’. This
would be the case for instancein figure 2 if (a’, b') was added to {(a, b), (a”,b")} and b’  b".
In order to avoid this situation, one can require that b’ be greater than Sp(a’), where the
smallest safe value Sp(z) is defined by:

Sp(x) = || Dr(z,a)
aEA(P)
1<z < a
Intuitively, this condition ensures that the new value ¥’ is at |east the union of every value that
a' could mask, i.e., the values associated with the minimum elementsin A(P) that are above
a'. Thisintuition can be formalized by defining the relation < over P(A4, B) asfollows:

V{a,b) e P, 3(a’,b') € P! - a=da A DLV

!
PL P — {V<al,bl>epl : a’%A(P) — b'QSP(a')

Note that since Sp(a) = P(a) for every a in the domain of P, this condition could also be
written as follows:

A(P) C A(P")

!
P3P < {V(a’,b’>EP’ L ¥ 3 8p(a)

Theorem 10 (P(A, B), <) isapartial order, and I" ismonotonic over P(A, B).
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Proof. Let usfirst show that I" is monotonic over P(A, B). So let us supposethat P < P’.
Then A(P) C A(P'),andforevery z € Asuchthatz # L :
Spr(z) 3 |Jecaw Dpr(aAz,a)
l<z<a
Mpi(z) O |lecaw) Dpi(a Az, a)
ahz# L

But for every a € A(P) suchthateitherz Aa# Lor L <z < a:

Dpl(a/\ ;I:,a) = |_|(a,’7bl)epl (b’)

ahz Sa,’ga,

Let us now suppose that there exists (a',b’) € P’ suchthat a A 2 < @’ < a. Then by
hypothesis:

b 1 Sp(a) = |_| Dp(d',a") 3 |_| Dp(a’,a")
a’cA(P) al’cA(P)
a'<al a'<a’<a

ButaAz < a' <d’ <aimpliesthat Dp(a A z,a) C Dp(a’,a”), and sincea € A(P), the
set {a" € A(P):d' < d" < a} isnon-empty and thus:

¥ 2 Dpanez,a)
which implies that:
Dpi(anz,a) J DplaAnz,a)

and therefore:
Spi(z) 2 Sp(=z)
Mpi(z) I Mp(z)

Consequently, since Sg(L) = Mg(L) = L for every representation @, then Mp T Mpr,
Sp C Spr, and I' is monotonic over P(4, B). Finally, < being trivialy reflexive and
antisymmetric, let us prove that it is aso transitive. Solet P < P’ < P”. Then for every
(a",b") € P" suchthat a” ¢ A(P), either a” € A(P'), and thusbd” J b’ 3 Sp(a”), or else:

bII g SP’ (all) g SP (all)
which provesthat P < P". m
We have proventhat (P(A4, B), <) isapartial order, but we must note that the meaning function

is not strictly monotonic, i.e., one can find two distinct representations such that P; < P, and
I['(P) = T'(P,). Thisholds for instance whenever b, C b, for:

P = {<[171]7b>7([273]7bl>7<[173]7bi>} (Z € {172})

since:
[(P) = I[(P) = {1 5,2 b,3> b}

This problem can be solved by considering well chosen subsets of P(4, B), but we shall not
study this problem here. We have thus defined a very flexible framework such that abstract
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Figure 3: Widening in afunctional partitioning framework.

control points are added and never removed during a given computation. Moreover, the
information associated with each control point is only allowed to increase. Finaly, we have
avery easy criterion to check whether or not a pair (a,b) € A x B can be safely added to a
representation, which is very important if one wishesto be able to generalize at some point of
the computation. What we need now isto define elementary widening operators, i.e., operators
suchthat: P < PV P'and'(P')CT(PV P').

In the rest of this section, we shall only consider finite representations, for they have the
greatest practical interest, and for the sake of simplicity, we start by defining P = P V P’ for
asingleton P! = {(a’, b')}. Therearebasically three casesin the definition of P”. Each oneis
illustrated in figure 3, where we havetaken A = 1(Z), and P = {(a1, b1), (az, b2), (as, b3)}.

e If o’ € A(P), then for every (a,b) € P such that a < a’, the replacement of b by any
element greater than b’ LI b ensures that the meaning of P” is greater than the meaning
of {{(a’,b')}, and at the sametimethat P < P” (fig. 3a).

e If o’ ¢ A(P). Suppose one wishes to add this new abstract control point to the domain
of the current representation P. Obviously (a’, by cannot simply be added to P. But
adding any pair (a”, ") suchthat a” > o' andd” 1 b'LISp(a”) will ensurethat P < P".
However, as in the previous case, every (a,b) € P such that a < a” may “mask” the
value b’ to severa elements of the basis. Hence, each value b must be replaced by an
element greater than b’ LI b to ensure that the meaning of P” is greater than the meaning
of {{a’, ¥')} (fig. 3b and 3c).

e There are cases however where o' ¢ A(P) but one does not want to add o’ to the
domain of P. In fact, this will almost aways be the case when working with finite
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representations. There are then two subcases to consider. If y(a’) C C(P), every
control point ¢ represented by o’ is already represented by at least one element a such
that (a,b) € P and[c] < a, and replacing b by b LI b’ will ensure that the meaning of P”
is greater than the meaning of {(a’, ')} — provided of course that, as in the previous
cases, every b” such that (a”,b"”) € P and a” < a be replaced by an element greater
than b’ U b” (fig. 3d). Butif v(a') € C(P), then theregion defined by a’ contains “ new”
control points, and there is no way to avoid the addition of a’ to A(P). The previous

case must thus be applied, choosing for instance a” = T.

Note that, in practice, the test y(a’) C C(P) will always be approximated, and a given
abstract control point a’ will not be added to the domain of P only if there exists
(a,b) € P such that a’ < a. Such an approximation will thus generally imply the

non-stability of the widening operator (cf. section 3).

This definition shows that functional partitioning iswell suited to generalization processes, for
it enables one to easily generalize without losing too much information. In order to complete
our framework, we now define P V @ for any finite representation @ € P(A, B) by arbitrarily

numbering the elements (a;, b;), ¢ € [1, k] of @, and adding them one at atimeto P, i.e..

PVQ = (PVQ1) -)VQk
where Q; = {(a;, b;)}. Thisdefinition trivialy implies that:

PVQ = (PVQ1) )VQk1 = -+ = P
and thanks to the next theorem:
I(PVE) = I(((PVQ1): )V Qk
J T@)u---Ul(Qk)
J I(@iU---UQg)
= I'@)

which shows that condition iv) of definition 1 is satisfied.

Theorem 11 For every Q1,Q2 € P(A, B) suchthat @, U @, € P(A4, B):
@:UQ:z) C I(Q1)UI(Q2)

Proof. Wefirst remark that for every u,v € A:
(Q1UQ2)'(w,v) = Q1'(u,v)U Q2 (u,v)

thus:
DQ1U Q2 (u,v) = DQ1(u7 v) M DQz (u,v) C DQ1(u7 v), DQZ (u,v)
and therefore;
MQ,uq,(e) = UafA;qucm Do,ug,(anz,a)
= I_la.EA(Ql) DQ1UQ2(a A m,a) LJ I_la.EA(QZ) DQ1UQ2(a A m,a)
ahz# L ahz# L

C Mg, (z) U Mgq,(z)

which provesthat T'(Q; U @2) C T'(Q1) U T(Q2). W
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Figure 4: Widenings over Py (1(Z2)).

5 Applications

We are now going to present two possible applications of dynamic partitioning. Thefirst one
is simply the application of basic partitioning to the bi-dimensional interval lattice 1 (Z2). Its
interest is rather academic, but we shall use this example to illustrate how widening operators
can be effectively built. In the second example, we will show how a precise description of the
input/output behavior of a program function can be computed using functional partitioning.
This example will exemplify the case where the shape of a program invariant cannot be
predicted and hasto be considered as an output of the fixed point computation itself.

5.1 Multi-intervals

The am of this section is to show how sets of bi-dimensional intervals can be used to
represent sets of integer pairs. Following the method developed in section 4.1, we can either
use non-redundant subsets or strongly non-redundant subsets of 1(Z2). Note that strongly
non-redundant subsets of 1(Z2) are alwayslarger than non-redundant subsets. We are going to
illustrate the ideas that can be used to build elementary widening operators over such subsets.
Figure 4ashows an element P = {a1, az, az} of Py (1(Z2)) plus an extraelement o’ € 1(Z2).
We wish to calculate P’ = P V {a’}. Figure 4b illustrates how P’ can be defined using a
join-like operator. Note that such an operator might be very difficult to implement. So let
us focus on Ry (1(Z%)). We shall define two elementary operators. The first one V; (fig. 4c)
behaves like a join operator and shall be used in the first steps of a computation. The second
one 'V, (fig. 4d) computes a generalization as follows. Using the widening operator V; over
1 (Z2) defined in section 2, one first computes a” = (\V P) Vi a’. Intuitively, \/ P isused asa
reference to determinein “which direction” &’ is“moving”. Of course, different references can
be used, such as the most recently added elements of P for instance. Finaly, P’ is calculated
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Figure 5: Safe representation of Ifp(d).

by removing the redundant elementsof P U {a"}. We shall use these two elementary widening
operators to compute a non-trivial, safe and finitely represented approximation of the least
fixed point of ® : P(N2) — P(N?) defined by:

M) = {(2,1),(2,2)}u{(l=zy/2],2 +9) }ay)em

This least fixed point cannot be finitely represented in any usual lattice used for modeling
sets of integer pairs, such as the linear inequalities lattice of Cousot and Halbwachs [3] for
instance. But one can very easily define a safe approximation &* of @ by:

¥ (P) = {{[2,2],[1,2)} U {®{(X, ")} x.v)cP

where:
i ((i,8],[¢',8) = ([lid'/2], [s8'/2]], [ +i', 5 +"])
Then, using the framework of section 3 with the widening operator:

V = (Vjsvgw) = (VJ:VJaVJan )
one can finitely compute the following non-trivial approximation displayed in figure 5:

{{12,2],11,21), ([1,2],[3,41), ([1,4],[4,61),([2,12], [5,10]), ([5, 0], [7,"]) }
5.2 Minimal function graphs
We are now going to present an application of functional partitioning to interprocedural
abstract interpretation, which in fact originally motivated this work. Let us suppose that one

has a program function @ : Z — Z, such as the Loop function introduced in section 2 or
MacCarthy’s 91-function defined by:
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24 Francois Bourdoncle

fun Mc n = if (n > 100) then
n-10
else
Mc(Mc(n + 11))

We wish to determine a safe approximation of the minimal function graph of & for a given
set of input data specifications. We are not going to formally describe a minimal function
graph semantics but rather give an intuition about the way finite representations of minimal
function graphs can be computed using functional partitioning. Ashinted at the end of section
2, we shall abstract minimal function graphs using representations in P(1(Z), | (2)), and input
data specifications using representations in By (1 (Z)). So let us suppose that we have an initial
representation Ip of the set of input data specifications. We can define the first representation
of the minimal function graph of ® with respect to the input data specification I by:

P = {<i0: J->}‘i()€Io
The meaning of arepresentation P isthe one introduced in section 4.3, that is:

I'(P)(n) = Mp[n,n]

where:
Mp(@) = VA {v' (@A) <d <i}ponep
(i,v)eP
zNi £ L
Note that, contrary to what is proposed in Jones and Mycroft [10], we have not introduced
a special value “!”  to denote non-termination. Therefore, at the end of the computation,

I['(P)(n) = L either meansthat ® has never been called with n as argument or that it has been
called and looped. Note that this is not too important since these two interpretations can be
easily distinguished by looking at the domain of the representation. The approximate minimal
function graph is therefore the limit of theincreasing chain defined by:

Pra = PV Y(B)
where V is an elementary widening operator, and ®*(P) is defined as follows:
1) Forevery (i,v)in P, anupdated valuev’ I v of v iscomputed by applying the definition
of @ to the set of values denoted by ¢ and replacing the values of the recursive calls

d(') by Mp(i'). The latter is the best approximation of d(:’) that can be given using
the current approximation of ®.

2) Then ®*(P) = {(¢/, L)}irer V% {(i,7") }inyep, Where I’ is the set of new abstract
control points over which @ has been called in step 1.

In other words, we compute an updated approximation v’ of the value v of ® over each
abstract control point ¢ in the domain of the representation P, taking into account the fact that
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recursive calls have generated new abstract control points s’ by inserting these intervals into
the representation, and we then insert the new pair (¢, v') itself.

The insertion of (z,v’) can be done for instance in a fairly simple way by using the
usual widening operator V, over |(Z) defined in section 2, and replacing (¢, v) in the initia
representation by (¢, v V, v'), in order to make sure that the increasing chain of abstract values
(v,v V, v',...) will beeventualy stable. Of course, at the beginning of the iteration sequence,
it isalso safeto replace (2, v) by (¢,v Vv v').

Theinsertion of the new abstract control pointsz’ into the representation is more subtle, and
uses the elementary widening operator V defined in section 4.3. Obvioudly, it is generally
unsafe to add directly (', L) into the representation since, as discussed in section 4.3, ¢’
might “mask” one of the intervals z in the domain of the representation and thus invalidate its
meaning. The smallest pair that can be safely inserted is therefore (', Sp(:')). But abstract
control points themselves need to be generalized in order to enforce afinite computation, and
at some point of the iteration sequence, we will have to replace theinterval i’ by a greater one
", e.g., the maximum element T. This can be formalized by introducing three elementary
widening operators defined as follows.

(V) Addthepair (¢',Sp(i')). Thisisthe most precise, join-like, widening operator.

(%) When it is safe not to add ¢', i.e., when the region covered by ¢’ is aready covered by
the domain of P, then do nothing, otherwise generalize by adding (", Sp(:")), where
" > 4'. A good choice can befor instance:” = (\V A(P)) v ¢, i.e, the smallest interval
representing all the values over which @ has been computed so far, in which case
Sp(") = L.

(V.) Finally, to avoid adding an infinite number of abstract control points, one can use the
widening operator over theintervalsand add ((\V A(P)) Vi ¢/, L).

Of course, the choice of the sequence of elementary widening operatorsis essential. The first
elementary widening operator V, will generally be used at the beginning of the computation,
and V., will systematically be used at the end. Moreover, it is often useful, after having
generalized using V., to make afew more precise stepsusing V, or %. The motivation behind
this choice is that once the domain of the minimal function graph has been delimited, a few
more precise steps are generally needed to determine the abstract control points that are useful
to precisely describe this graph and allow these intervals to “propagate” along recursive calls.

Finally, note that the insertion of the updated abstract values v’ and the insertion of the new
abstract control points i’ can be freely mixed in pratice, and newly generated control points
can be added on the fly to the representation without problem.

The widening operator that we have described turns the functional partitioning framework
into atractable framework. So for instance, using the widening operator (V. V, V.*), one can
automatically compute, after 4 iterations, the following representation of the minimal function
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26 Frangois Bourdoncle

graph of Loop for the input data specification {[0, 0]}:
{{10,0], 1100, 100]), ([0, "], [100,&°]), {[1, 1], [100, 100]), ([1,100], [100,100]) }

which has the following meaning:

i Loop(z)
0 <n <100 | [100,100]
100 < n [100,w™]

Thisresult isinteresting in that it shows that the exact information: Loop [0, 100] = [100, 100]
has been obtained, as opposed to section 2, and this has been achieved without the help of a
narrowing operator. However, contrary to the result of section 2, the approximate minimal
function graph seems to indicate that the computation of Loop(0) might require computing
Loop for values greater than 100, but starting this time from the input data specification
{[0,100]}, and using the “brute force” widening operator (V,*) we can compute the following
representation:

{<[0, 100], [100, 100]>}

which invalidates this interpretation. Similarly, using the widening operator (V. V,2 V%) one
can compute, after 4 iterations, the following representation of the minimal function graph of
Mc for the input specification {[0, 50]}:

{{10,501,[91,911), ([0,w* — 10],[91,&*]), ([11,111],[91,101]), ([11,61],[91, 91]),
([22,72],[91,911),([22, 111], [91, 101]), ([91,101], [91,91])}

This representation has the following meaning:

n Mc(n)
n<0 1
0<n< T2 [91,91]

73<n<90 | [91,101]
91<n<101 | [91,91]
102<n<111| [91,101]

112<n | [91,w" —10]

which is agood and safe approximation of the exact meaning of Mc, i.e.:

Me(m) = | 10 if n>101
o 91 otherwise

It isinteresting to compare this result to the one obtained in Bourdoncle [1] using a method
based on static partitioning. In this method, the representation of MacCarthy’s 91 function
would consist of three interval pairs, each pair being associated with a syntactically different
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call toMc, that is, themain call to Mc and the two recursive calls. Thisformally correspondsto
having three mutually recursive functions Mc1, Mc2 and Mc3 with the following definition:

if (n > 100) then
n-10

else
Mc3(Mc2(n + 11))

and describing each of these functions by a pair of intervals representing al of the function’s
inputs and all of the function’s outputs. The result obtained is the following:

Mcl : ([0,50],[91,w" — 20])
Mc2 : ([11,w7],[91,w™ — 10])
Mc3 : ([91,w* — 10],[91,w" — 20])

This quite mediocre result can be explained by noting that the induction property:
Vn €[91,101] : Mc(n) = 91

has not been inferred by the framework because the number of interval pairs was fixed in
advance. This phenomenon can be worked around by using an ad-hoc input data specification,
namely {[0, 100]}, which gives the following, optimum, result:

Mci : ([0,100],[91,91])
Mc2 @ ([11,111],[91,101])
Mc3 @ ([91,101],[91,91])

However, this“trick” is not necessary when using the functional partioning framework, since
thisframework inferstheinteresting program properties by itself, and automatically determines
the number of interval pairs needed to describe the program invariant. Howevever, it isworth
mentioning that the widening operator has a major impact on the result’'s quality, and for
instance, the “brute force” widening operator would only compute, after 2 iterations, the
following, mediocre but concise, representation:

{{10,501, [91, 0" — 10]), {[0,w"], [91,&" — 10]) }
with the obvious meaning:
Vn € [0,w'] : Mc(n) € [91,w" — 10]

This example shows that the data-oriented approach of dynamic partitioning is much more
versatile than the syntax-oriented approach of static partitioning, and generally gives better
results. But on the other hand, static partitioning guarantees the size of the least fixed point’'s
representation, and can lead to faster analyses. Finally, note that the two approaches can
be easily mixed. For example, using the widening operator (V. V, V.*) and the input data
specification ({[0, 50]}, 0, #), onecan compute, after Siterations, thefollowing representations:
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28 Frangois Bourdoncle

Mc1

{([0,50], [91, 91])
Mc2 @ {

( }
([11,61],[91,91]), ([11,w"], [91, w* — 10]),
([22,72],[91,91]), ([22,111],[91,101])}
Mc3 @ {([91,101],[91,91])}

which have the following, coalesced meaning, obtained by intersecting their individual
meanings.

n Mc(n)
n<0 1
0<n<T72 [91,91]

73<n<90 | [91,101]
91 <n<101 | [91,91]
102<n<111| [91,101]

112<n  |[91,w* —10]

6 Conclusion

We have presented a technique that enables rich abstract interpretation frameworks to
be built from simpler ones even in cases when one has no indication about what such
frameworks should look like. We believe in particular that functional partitioning is of great
interest to interprocedural abstract interpretation for it incrementally builds finite, non-trivial
representations of minimal function graphs and monotonic functions. More generaly, the
representation framework can be used every time there is no canonical representation of
abstract program properties and the equivalence test over these propertiesisintractable or very
costly.

We have shown how widening operators can be built in dynamic partitioning frameworks,
and exemplified their behavior over a set of examples. However, this paper has not addressed
a number of interesting problems such as the effective design of narrowing operators,
the combination of forward and backward analyses, and the generalization of functiona
partitioning to higher order functions.
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