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Abstract. We propose an automated method for vHFLz validity check-
ing. HFLz is an extension of the higher-order fixpoint logic HFL with
integers, and vHFLz is a restriction of it to the fragment without the
least fixpoint operator. The validity checking problem for HFLz has re-
cently been shown to provide a uniform approach to higher-order pro-
gram verification. The restriction to vHFLz studied in this paper al-
ready provides an automated method for a large class of program veri-
fication problems including safety and non-termination verification, and
also serves as a key building block for solving the validity checking prob-
lem for full HFLz. Our approach is based on predicate abstraction and
counterexample-guided abstraction refinement (CEGAR). We have im-
plemented the proposed method, and applied it to program verification.
According to experiments, our tool outperforms a closely related tool
called Horus in terms of precision, and is competitive with a more spe-
cialized program verification tool called MOCHI despite the generality
of our approach.

1 Introduction

HFLy [12] is an extension of the higher-order fixpoint logic HFL [21] with in-
tegers. Kobayashi et al. [12,22] have shown that various program verification
problems for functional programs can be reduced to HFLyz validity checking
problems.? For example, consider the following OCaml program.

let rec sum f n k = if n<=0 then k O
else f n (fun x-> sum f (n-1) (fun y -> k(x+y)))
let main n = sum (fun x k -> k(x+x)) n (fun r->assert(r>=n))

The main function takes an integer n as an argument, computes the sum r =
Son_(z+x), and asserts that r > n (here, the function sum is represented in the
continuation-passing style to make the correspondence with the formula below
clear). By using the reduction of [12], the property that the assertion never fails

3 Kobayashi et al. [12] actually considered model checking problems, but it is actu-
ally sufficient to consider validity checking problems for formulas without modal
operators, as shown in a follow-up paper [22]; thus, throughout this paper, we shall
consider only validity checking for formulas without modal operators.



2 N. Iwayama et al.

for any integer n can be expressed by the HFLy formula Vn.main n, where main
is defined by:

main n =, sum Az k.k(x +x)) n (Aror >n)
sum fnk=, n<0=k0)A(n>0= fn(Az.sum f (n—1) \y.k(z+y))).

Here, the subscript v of each equality symbol indicates that main and sum are
the greatest predicates that satisfy the equations. Notice that the formulas above
(whose precise semantics will be introduced later) directly correspond to the def-
initions of the main and sum functions; for example, the part n < 0 = k 0 in the
equation for the sum predicate corresponds to the then-part of the sum function.
Watanabe et al. [22] have shown that verification of arbitrary regular properties
(i.e., those expressible in the modal p-calculus) of simply-typed, higher-order
recursive functional programs can be reduced to HFLy validity checking in a
similar (but a little more elaborated) manner: more precisely, given a closed
program P and a regular property A, one can construct a closed HFLz for-
mula ¢p 4 such that P satisfies A just if pp 4 is valid. Thus, an automated
HFLy validity checker would yield a very general automated verification tool for
higher-order functional programs.

As the first step towards the development of an automated HFLy validity
checker, in the present paper, we focus on a fragment of HFLy called vHFLy,
and develop an automated method for validity checking of vHFLy, formulas (note
that our method is sound but necessarily incomplete, as the problem is undecid-
able). The fragment vHFLy is obtained by removing the least fixpoint operator
from HFLy. A vHFLz validity checker can be used for verifying various prop-
erties of higher-order functional programs, such as safety and non-termination
properties. In fact, the verification of properties expressible in the v-only frag-
ment of the modal p-calculus can be reduced to validity checking of a vHFLg
formula. This fragment is powerful enough to verify the (un)reachability prob-
lem in the presence of both angelic and demonic branches; in contrast, most
of the previous automated verification tools for higher-order programs (such as
MoCHTI [10]) only deal with demonic branches. A vHFLy validity checker can
also be used as a building block for a (forthcoming) full HFLy validity checker
(which can then be used for verification of arbitrary properties expressive in the
full the modal p-calculus, like “an event A occurs infinitely often”), by using the
technique developed for a first-order fixpoint logic [9].

Our method is based on predicate abstraction and counterexample-guided
abstraction refinement (CEGAR). The techniques of predicate abstraction and
CEGAR have been used in the context of model checking. In this paper, we adapt
them for proving the validity of a vHFLy formula. Given a vHFLy formula ¢
and a set of predicates on integers, we compute a pure HFL formula ¢’ without
integers, as an underapproximation of ¢, so that if ¢’ is valid, so is . The va-
lidity of the pure HFL formula ¢’ is decidable; one can use either an HFL model
checker (such as HOMUSAT [6]) or a HORS model checker (such as [7]) based on
the reduction from HORS to HFL model checking [8]. For example, suppose that
we have chosen the predicate Az.xz > 0 for abstracting integers. Then, the integer
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predicate Az.\y.z +y > 0 can be abstracted to Aby~0.-Abj~¢-be>0 A by =, Where
b0 (b)~0, resp.) is instantiated to true just if the value of the original argu-
ment = (y, resp.) is positive. The formula )\bz>0./\b;>0.bm>0 A b;>0 semantically
represents the predicate Ax.A\y.z > 0Ay > 0, which is an underapproximation of
the original predicate Az.Ay.x +y > 0. As in the ordinary predicate abstraction
technique for model checking, the success of validity checking heavily depends on
the choice of the predicates used for abstraction; we thus use CEGAR to refine
the set of predicates in an on-demand manner, based on counterexamples. Due
to the generality of vHFLy validity checking (which, as mentioned earlier, can
deal with the reachability in the presence of both angelic and demonic branches),
we need a more elaborate method for CEGAR than the previous methods for
CEGAR for higher-order program verification.

We have implemented an automated vHFLz validity checker PAHFL based
on the method above, and compared through experiments with two related tools:
Horus [2] and MoCHI [10]. Horus is a satisfiability checker for HoOCHC, higher-
order constrained Horn clauses. As we discuss in Section 2, the validity check-
ing problem for vHFLy and the satisfiability problem for HoOCHC are reducible
to each other; thus Horus can also be used as a vHFLy validity checker. As
demonstrated through the experiments, however, Horus is not powerful enough
to prove the validity of many formulas obtained from higher-order program ver-
ification problems, although Horus often terminates quickly when it succeeds.
MoCHTI [10] is an automated program verification tool for OCaml, developed
based on HORS model checking. The original version of MOCHTI is tailor-made
for (non-)reachability verification, although various extensions for proving and
disproving termination and fair termination have been developed later. In con-
trast, our vHFLy validity checker can deal with a wider class of properties than
the original version of MOCH]I, in a more uniform and general manner than the
various extensions of MOCHI mentioned above. According to our experiments,
PAHFL is competitive with MOCHI, despite the generality.

The rest of this paper is structured as follows. Section 2 reviews the defi-
nition of HFLy and its validity checking problem. Sections 3 and 4 formalize
our method. Section 5 reports our implementation and experiments. Section 6
discusses related work and Section 7 concludes the paper.

2 Preliminaries: Higher-Order Fixed-Point Logic vHFL

This section reviews (modal-free) vHFLy and its validity checking problem. The
logic vHFLy is a higher-order logic with arithmetic (over integers) and greatest
fixed-point operators vz.1), hence the name. It is a fragment of HFLy [12], which
is an extension of HFL [21] with arithmetic (over integers).*

The set of types, ranged over by 7, is defined by:

7 (types) i=eo | T — T 7 (extended types) ::= 7 | int.

4 Tt is possible to further extend HFLz with other data structures such as lists and
trees, and extend our predicate abstraction method accordingly, as long as the back-
ground solvers (such as SMT and CHC solvers) support them.
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Fig. 1. Simple typing of vHFLz,

The type e describes propositions. Note that int can occur only on the lefthand
side of —; for example, int — int is invalid. Every type 7 can be written in the
form7m — - — 7 — .

The set of vHFLy formulas, ranged over 1, is defined by:

¥ (formula) n=a7 | true | false | 11 Vs | 01 A 1o
| va | A | 0 | p(a)

a (arithmetic expression) :=n | z3** | op(a)

1 (extended formula) w=la

Here, the metavariables z, n, p, and op respectively range over the sets of vari-
ables, integers, integer predicates (such as <) , and integer operators (such as
+). We often use infix notations for predicates and operators. The formula vz .4
denotes the greatest fixpoint of A\z7.1). We often omit the type annotation on
the shoulder of a variable.

We use a standard simple type system for the A-calculus to restrict the shape
of formulas. As usual, a type environment, denoted by the metavariablel’, is a
finite map from a set of variables to the set of extended types. The typing relation
I' Fgr 9 : 7 is defined by the rules in Figure 1. Henceforth, we consider only
well-typed formulas.

The interpretation of a type 7 is a poset (D, C+), inductively defined by:

D, := {t, ff} Co = { (1), (A 1), (&, 1) }
Dipt :=7Z Cine == {(n,n) | n € Z}
]D)‘I_'*)T = ]D)‘F — D’T T~>T = {(f7 g) | Vo € D f( ) (’U)}

Here, D> — DD, denotes the set of monotone functions from D> to D,. Note
that (D,,C;) is a complete lattice (although (Dipe,Cine) is not). Hence, for
every function f € D,_,., there exists a greatest fixpoint. gfp(f) of f, given by:

gfp(f) = L{veD, [vEs f(v) }.
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We define the interpretation of formulas. Given a type environment I, a
valuation for I' is a mapping p such that p(z) € D, for each (x : 7) € I'. We
assume that the interpretations [op] and [p] of operators and atomic predicates
are given a priori. For a formula I Fgr % : 7 and a valuation p for I', the
interpretation [¢], is defined by:

[z], == p(z) [true], =1t [false], = ff [n], :=n
[op(ars. .. an)], = lopl(laily, - - - [anl,)
[p(ar, .- an)l, = [pl([aa]ps - - s [anl,)
[l = Who([¥],) D™ 4], = {v— [Y]uesey [vED:}
[va™ 4], := sip([Ae9],).

For a formula 9 of type e, we write p = 1 to mean [¢], = #. If p =
¢ for every valuation p, we write = v and say that v is wvalid. The vHFLy
validity checking problem asks if a formula of type e is valid. Since the universal
quantifiers are definable (see Examples 3 and 4 below), we can assume without
loss of generality that an input of the validity checking problem is a closed
formula. The validity checking problem for vHFLjy is undecidable.

Ezample 1. Let ¢ be vX.An.(n =0V (n > 0A X(n — 2))). Then = ¢(n) holds

just if n is a non-negative even number. a

Ezxample 2. The example in Section 1 is expressed by Vn.main n, where main is
defined by:

main := An**.sum (Az.\k.k(z + x)) n (Ar.or > n)
sum := vsum” )\ fint—(ntoe) e \pint pint—e (n 5 0V k 0)

An <0V fn Az sum f (n—1) Ay .k(z +v)))
7:= (int — (int — ) — e¢) — int — (int — ) — .

Note that the subformula n > 0V k 0 is equivalent to n < 0 = k 0, which in
turn corresponds to the then-part of the sum function in the source program.
We emphasize again that the formula above mimics the structure of the source
program in the continuation passing style, where the answer type of the source
program corresponds to the type e of formulas. a

Ezample 3. The universal quantifier over integers is definable. Let forallj,, :=
AfinH°.((VXinH'.Ayint.(f YA X (y+1) A (X (y— 1)) o). Then, given a
formula of type int — e, one has [forallin ¢], = tt iff Vn € Z. [¢],(n) =t. O

Ezxample 4. The universal quantifiers over predicates can be given without using
the fixed-point operators. Since the interpretation of a formula is monotone,
[¥],(Lr) =t if and only if Vv € D,. [¢] ,(v) = #, where L, is the least element
of D,. Since L, = [Azy..... Azy.false] (where 7 =7 — .-+ — 7, — o), the
universal quantifier can be defined by forall := Af77*.f (Azy..... Azy.false).
One can define existential quantifiers on predicates by the same technique, using
the greatest element A\zj..... Azj.true instead of the least one.? a

5 In contrast, the existential quantifier over integers is not definable in this logic.
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A vHFL formula is a vHFLy formula that has no arithmetic subformula. It
is known that the validity checking of closed vHFL formulas is decidable. We
shall use vHFL as the target of the predicate abstraction in Section 3.

Remark 1. The vHFLy validity checking problem is polynomial-time equivalent
to the HoCHC satisfiability checking problem [2] with arithmetic as the un-
derlying constraint language. The mutual reductions between the two problems
are obtained in essentially the same way as those between the validity checking
problem for the first-order fragment of vHFLz and the satisfiability problem for
CHC [9]. Existential quantifiers in HoCHC correspond to universal quantifiers
in vHFLz, which can be expressed as discussed in Examples 3 and 4 above. O

3 Predicate Abstraction

This section formalizes a predicate abstraction method for vtHFLy. It computes
a pure vHFL formula ¢ (for which validity checking is decidable) as an under-
approximation of an input vHFLyz formula v, by abstracting information about
integers. We can then check the validity of ¢ by using either a (pure) vHFL
model checker [6], or using a reduction to HORS model checking [8]. If ¢ is
valid, we can conclude that the original formula 1 is also valid; otherwise, we
proceed to the CEGAR phase described in Section 4.

Following the predicate abstraction method of Kobayashi et al. [10] for higher-
order functional programs, we use abstraction types to express how each subfor-
mula should be abstracted. The syntax of abstraction type is given by:

(abstraction type) o :=e |z :int[Py,..., Py > 0| 01 — 09
(predicate) P,Q ::=true | false | p(a) | AN P2 | PLV P
(environment) Y u=0|X,z:int|X,z:0
Here z in z:int[P,..., Py] — o is a binding variable whose scope is Pi, ..., P
and o. The type (z : int[Py,...,P,] — o) describes predicates whose first

integer argument x should be abstracted by using the predicates Pi,..., P,.
For example, given an abstraction type (z : int[z = 0,1 < z,z < 5] — e),
the predicate Az.(0 < 2 Az < 10) on integers is abstracted to the predicate
/\bmzob1<xbm<5.(b$:0 V (bi<z A bz<5)) on Booleans b,—q, b1<,, and b, .5, which
respectively represent underapproximations of the values of x = 0, 1 < z, and
x < 5. Thus, (Az.(0 < z Az < 10))2 is abstracted to (Aby—ob1<abi<s.byeo V
(bi<z N by<s))false true true, which evaluates to #. Intuitively, the abstract
Boolean predicate above corresponds to )\:E.(x =0V(l<zAz< 5))7 which is
an underapproximation of the original predicate Az.(0 < z Az < 10). As another
example, let us consider the higher-order predicate A\x.\k.k(z 4+ x). Given the
abstraction type x : int[x > 0] — (r:int[r > z] — o) — e, Az A\k.k(x + x) is
abstracted to Aby>0.Ak'.k' by>0. Here, k' expects as its argument an underap-
proximation of r > x, where r refers to the argument x 4+ x of £ in the original
expression. Since x > 0 implies  + z > x, we can pass by>o to k' as an un-
derapproximation of r > z. The formula (Az.Ak.k(z + ))1 (Ar.r > 1) is then
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abstracted to (Abgy>0.Ak".k' by>o)true (Aby>1.0,>1), which evaluates to true. In
contrast, by using the same abstraction type, (Az.Ak.k(z+z))1 (Ar.r > 2) is ab-
stracted to (Aby>0.Ak".k" by>0)true (Ab,>1.false), which is equivalent to false;
note that b,>; only gives an underapproximation of » > 1, which is not useful
to conclude r > 2, although r in the original formula evaluates to 2.5 As the
last example shows, the result of predicate abstraction only provides an under-
approximation of the original formula (which is equivalent to true in the last
example).

In order to clarify the shapes of input and output formulas of predicate
abstraction, let us define the following two translations from abstraction types
to simple types:

o= (z:int[Py, ..., Py] = 0)f = int — of (o1 = 02)f = o — of
k
b

o =e (r:int[Py,..., Py] —>a)b —e 0 - S e—g’

(01 = 03)” =0) — 0.
Given an abstraction type o, our predicate abstraction converts a vHFLz formula
of type ¢! to a vHFL formula of type ¢”; for instance, as in the above examples,
the abstraction type z : int[z = 0,1 < z,x < 5] — e is used to abstract a
formula of type (z:int[z = 0,1 < 2,2 < 5] — @)® = int — e to a formula of
type (z:intfz =0,1 <z, 2 <5 > e’ =0 >0 — e e

Our predicate abstraction is formalized as the predicate abstraction relation
Y| ©F¢:o~ ¢ (where the metavariable © denotes a sequence of predi-
cates Py, ..., P;; we sometimes use set notations for @ when the order is not
important) given in Figure 2. It means that assuming that the free variables
in v are abstracted according to the abstraction type environment X', and that
underapproximations of © = P,..., P, are available as special Boolean vari-
ables bp,,...,bp,, ¢ can be abstracted to ¢ according to the abstraction type
o. The abstraction relation X | P,..., P, F ¢ : 0 ~ ¢ is used to convert
a vHFLy formula v such that X% - 9 : of to a vHFL formula ¢ such that
P, bp, :e,....,bp, 10 o”, where X% and X° are pointwise extensions of the
corresponding translations for types, defined by:

0t =0 (X,z:int)? := X% z: int (X, z:0) =% 0
0 =0 (E,fvsint)b T i (E,x:a)b =X z:0

We explain the main rules in Figure 2. (A-PRED) translates a predicate into
a corresponding Boolean variable provided that the predicate is currently avail-
able. In (A-INTABS), the integer variable = of Az.¢ is translated into Boolean
variables bp,,...,bp, where P,..., Py is predicates attached to x; the predi-
cates P, ..., Pk, as well as corresponding variables bp,, are available in the body
1. These Boolean variables are supplied in (A-INTAPP), which applies Boolean

variables bp to the abstraction ¢ of the function. The (A-COERCE) rule is used

5 We can prove the validity of (Az.\k.k(z + x))1 (Ar.r > 2) if we use a different
abstraction type, like z : int[] — (r : int[r > 2z] — o) — e for Az.\k.k(z + ).
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A-VAR
Yx:0|OFx:0~zx ( )
Pco
S| OFP:e—bp (A-PreD)
YX|OFY:(x:int[P,..., P Y+ :int
| V(@ nt] A b= o) = - sTac (A-INTAPP)
X106, la/z]Pta: [a/x]o ~ ©ba /)P
Y,z int |©,PF ¢ :
@i int| j’b R A (A-INTABS)
Y|OF Az (z:int[P] = o) ~ Abp.p
Y|OFY1:01— 02~ g1 Y| OF o1~ p2 (A-APP)
2|9"’lﬂ1¢220’2”‘>§01§02
Yx:01|OFY:ior~p
A-ABs
Y|OFXxap:o1 — o2~ Az ( )
Y| OF Y1 e~ Y| OF e~ o (A-AnD)
X OF 1 Ah2 ~ o1 A2 )
Y|OF Yo~ Y| Ok e~ o (A-OR)
2|6F1/)1\/1/)2W(p1\/g02
Yx:0|OFY:o~p
A-Nu
Y|Okvzap:o v ( )
Y/IOFY:io~ Yk (0,0) (0 ,d)~ ¢
|OF Yo~ p:(0,0) X(0,0) » ¢ (A-Comrer)

YO kYo~
X:ok—>o}—sT§:ol—>o
[XPi..Pi], de [€Q1...Qi], for all p s.t. dom(p) = {X}U{z |z :int € X}

PO @ (P17...7Pk,.) j (Q]_, "'7Ql7.) ~ [)\bplbpk(p/Xlnglel
(AC-BASE)

Y,x :int F pbp,...bp, : ((G1, P1y...y Py)yo1) 2 ((O2,Q1,...,Q1),02) ~ (p/

Yk (01,2 int[P1, ..., P] = 01) X (@2, : int[Q1, ..., Q1] — 02) ~> Abg, - ‘le.cpl
(AC-INTARROW)

Yx:orba:(e,01) 2(0,01) o1 Zy:o1kpy:(0,02) X (0',05) ~ ¢h
Y@ (0,01 = 02) 2 (0,01 = 03) ~ Ax.[01/y]s

(AC-ARROW)

Fig. 2. Abstraction relation
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to change the abstraction type o and predicates P in a judgment. Its major
premise is the coercion relation X' - ¢ : (0,0) < (0',0") ~ ¢', which we shall
explain below.

The coercion relation ¥ F ¢ : (0,0) < (0',0") ~ ¢’ transforms an ab-
straction ¢ following (6, 0) into another abstraction ¢’ following (©’,0’). For
example, let © = (z =0, P) and ©' = (z < 0,2 > 0, P). Then an abstraction ¢
following (©,0) can be rewritten to another abstraction [(by<o A bz>0)/bz=0]¢
following (©’,0) since =z =0 <= (¢ < 0Az > 0); hence X' F ¢ : (0,0) <
(©',0) ~ [(br<o A bz>0)/bzo]@.” Another interesting example is

Yhe:((x<0,2>0),0) =<((),e)
~ ([true/by<o, false/by>0]e) A ([false/by<o, true/by>ole).

Although an abstraction following ((),e) has no information on z, we know
that = (z < 0) V (z > 0) and the above coercion means that it suffices to
check the two cases, namely the cases that x < 0 and that x > 0.8 The most
important rule is (AC-BASE), which is a generalization of the above argument.
Since [XP;---Pyll, Do [EQ1---Qi], for arbitrary X, substituting )\l/);.go for
X results in the judgment of the conclusion. Note that (AC-BASE) is non-
deterministic in the choice of £. In general, the most precise £ is given by the
following formula.

& = . \V @ (bg) A A X0
v B vE{true,false}”
U (Q) = B(P) (@)

where n and m are the lengths of P and Q, and @ and ¥ range over positive
Boolean formulas over n and m variables. In practice, since computing the best
abstraction is too costly, we restrict the shape and size of ¥ and @ (for example,
¥ is restricted to conjunctive formulas of a certain size, as in [1]).

We present basic properties of the proposed abstraction. The first property
is soundness, as stated in the following theorem; see Appendix A for a proof.

Theorem 1 (Soundness of predicate abstraction). Suppose - ¢ : @ ~ .
If p is valid, so is .

The second property is about expressivity. The theorem below (see Ap-
pendix C for a proof) says that the proposed predicate abstraction (followed
by vHFL validity checking) is at least as expressive as a refinement intersec-
tion type system (see Appendix C for the definition). In particular, this result

" More precisely there exists a formula ¢’ such that X - ¢ : (0,0) < (0',0) ~ ¢’
and ¢’ =gy [(ba<o A bz>0)/bz=0]p.

® Note that the case where both z < 0 and = > 0 hold (ie. z = 0) is not
problematic because of monotonicity: if [true/b,<o,false/b,>ol¢ is true, then
[true/by<o, true/by>0]p is true as well.
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indicates that our approach is more powerful than the approach of Horus for
HoCHC [2], because their approach is based on a refinement type system with-
out intersection types.

Theorem 2 (Completeness with respect to refinement intersection sys-
tem). Ift 1) : &t is provable in the refinement dependent intersection type system,
then there exists a VHFL formula ¢ such that 1 : @ ~> ¢ and ¢ is valid.

As indicated in the example below, an abstraction of a valid formula is not
necessarily valid. One needs to find a good abstraction type to obtain an ab-
straction that is valid.

Ezxample 5. Let 1 := 1)y 711 where
o= AnAL(FB) A (Fn) and oy = (O(0 < y Ay < 10)).
It is easy to see that 1 is valid. For the abstraction type g := (n : int[0 < n] —
(y:int[0 < y,y < 5] — o) — »), we obtain:
= ”(/J()IO'() ~ >\b0§n)\f
ftruetrue A ((bo<, A f truefalse)V (ftruefalse A ffalsetrue)).

Here f truetrue is the abstraction of f5 and the remaining part of the body
of the function is the abstraction of fn. This is indeed the “most precise” ab-
straction of g following og. An abstraction of 1, following o9 := (y : int[0 <
Y,y < 5] — @) is Abo<yby<s.bo<y A by<s. Hence

FtoTyr:e ~
(Abogn.)\f‘f true true A ((bogn A f truefalse)

V (f truefalse A ffalse true)))true (Abo<yby<s.bo<y A by<s).

The result of the abstraction is invalid. This suggests that a better abstraction
type is required for . ad

Ezample 6. Recall Example 2. Let the abstraction type oy, for sum be:
(z:int[x > 0] — (y:int[y > 2] — e) — @) — n:int[] — (r:int[r > n] — e) — e.
The body ¥gy.m of sum can be abstracted as follows.

Iin>0n<0F sgum: o~
(bn>0 Vk bnSO)
/\(bngo V f bn>0 (Aben.sum f (/\byZn—Lk(ben A byZn—l A bn§0>)))

Here, I' = sum : Ogym,x : int, f: (y : intly > a] — &) — e.n:int, k:r:
int[r > n] — e. By (A-COERCE) (let £ in (AC-BASE) be (AX.X false true A
X true false)X), we get:

I'sE Ysum : Osum ~» (AX. X false true A X true false)
(Abn>0bn<0-(bn>o0 V k bp<o)
/\(bngo V f bn>o (/\bac2n~5um f (Abyzn—lk(bxzn A byZn—l A bn>0)))))-
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The output formula can be simplified to:
k true A f true Abg>p.sum f Aby>n—1.k(bg>n Aby>n_1).

Thus, the whole formula is abstracted to sum’ (Aby>0.Mk.kby>0) Abpr>n.bp>n,
where

sum’ := vsum Af.\k.k true A f true Abg>p.sum f Aby>n—1.k(bg>n Aby>n_1),

which is equivalent to true (as can be confirmed by a HFL model checker);
hence, we can conclude that the original formula is also valid. ad

4 Counterexample-Guided Abstraction Refinement

This section describes the second component of our method, counterexample-
guided abstraction refinement (CEGAR). Let ¢ be an abstraction of ¥, i.e. 1 :
o ~~ . If ¢ is valid, then v is valid and we are done, as discussed in the previous
section. Otherwise either 1) is invalid or the abstraction is too coarse (or both).
Below we first introduce the notion of a counterexample (which shows why ¢ is
invalid) in our context in Section 4.1. We then discuss, in Section 4.2, a way to
determine whether the counterexample also implies the invalidity of . If that is
the case, we can conclude that ¢ is invalid; otherwise, we refine the abstraction
by finding new predicates, as discussed in Section 4.3.

4.1 Counterexample

In the context of our vHFLz validity checking, a counterexample is a witness of
the invalidity of a closed proposition. Formally the set of candidate counterex-
amples used in this paper is given by the following grammar:

cu=false|cAx|*xAclcVe

Intuitively a candidate counterexample is a sufficiently large part of a formula,
which ensures the invalidity of the formula; replacing each * in a counterexample
to an arbitrary formula results in a false formula.

A candidate counterexample ¢ is a counterexample of 1, written ¢ > 1, if ¢
witnesses the invalidity of 4. Intuitively c> means that 1) matches the pattern
of c. For example, counterexamples of

(1=0)A(10>1))V(4#24+2)A(3<0))

are
(false A %) V (false Ax) and (falseA *) V(% A false).

Here, the subformulas 1 =0, 4 # 2+ 2, and 3 < 0 “match” false, since they are
equivalent to false. The counterexamples above evaluate to false irrespectively
of which formula we substitute for .

The relation ¢ > 1) is formally defined inductively by the rules in Fig. 3.
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= —p(a) c1 > 1 c2 > 2
false > p(a) c1 AxD> o1 AP * N\ ca D> 1 A 2
aler g > ([¢'/x]e) ¥ > ([vap/z)p) P
c1 Ve > g1V e (Az.) @' ¥ et (va.p) )

Fig. 3. Rules for the counterexample relation c > v

Ezample 7. Let ¢ be the result of the abstraction in Example 5, i.e.,

|— wo 7’(/)1 o ~
(Abogn.)\f.f true true A ((bogn A f true false)

V (f truefalse A ffalse true)))true (Abo<yby<s.bo<y A by<s).
Then ¢ > ¢ for
c=xA (*A(xAfalse)) V (x A (false Ax)).

In fact, we have
cr>(true Atrue) A ((true/\(true/\false)) V((truenfalse) /\(false/\true))) ,

from which we can derive ¢ > ¢ by using the rule for g-redexes in Figure 3. O

Every invalid formula has a counterexample. This follows easily from the fact
that, for co-continuous arguments, [vz™.¢], coincides with [, [Az".]5(T7)
in the semantics of vHFLz formulas’; see, e.g. Lemma 14 of [11]:

Proposition 1. For any closed vHFLy formula ¢ of type o, [¢] = ff if and
only if ¢ > for some c.

Let ¥ be a vHFLy formula, and ¢ be a vHFL formula obtained by applying
predicate abstraction to ¢, and suppose that ¢ is invalid. The goal of the rest
of this subsection is to compute a set of candidate counterexamples for .

By using a model-checker for vHFL (without arithmetic), we can obtain a
counterexample ¢ for ¢ (i.e., ¢ such that ct>¢). Note, however, that the shape of
¢ does not necessarily match that of ¢, due to the conjunctions and disjunctions
that may have been introduced in the predicate abstraction phase. For example,
recall ¢ in Example 7, which is an abstraction of the formula v in Example 5.
The counterexample ¢ in Example 7 is not a counterexample of . In fact, the
original formula has just conjunctions, and the disjunctions (and also some of
the conjunctions) in ¢ have been introduced by the abstraction.

To address the issue above, we distinguish between boolean connectives in
an original formula and those introduced in the abstraction phase, by writing

9 This is not the case for full HFL;.
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A and V for the latter. We assume that the boolean connectives in (AC-BASE)
(used in &) are A and V. A counterexample with A or V is called an abstract
counterexample.

An abstract counterexample ¢ induces a set of (candidate) counterexamples
C(c) defined by:

C(false) := {false} C(c1Vea):={c|Vd,|c,el(c)}
CxNne):={xANd|d€Clc)} Clenx)={dAnx|d €C(c)}
Cler Veg) :=C(c1) UC(c2) C(xAc):=C(c) Clc A %) :=C(c).

Ezample 8. The formula in Example 7 should be written as
(/\bogn.)\f.f true true A ((bo<n A f truefalse)

V (f truefalse A ffalse true)))true (Abo<yby<s.bo<y A by<s).

and an abstract counterexample is ¢ = x A ((* A (%A false)) \% (* A (false A

*))) Then C(c) = {* A (x A false), * A (false A %) }. O

Assume that - 1) : @ ~» p and @ is invalid. Then a model-checker generates an
abstract counterexample ¢ of . We randomly pick a candidate counterexample
from C(c) and proceed to feasibility checking.

4.2 Feasibility Check

Let 1 be a closed formula, and ¢ be a candidate counterexample of 1. We would
like to check whether ¢ > 1.

The rules in Fig. 3 can be seen as the definition of a procedure for checking
c > 1. For example, to check whether c¢; V ¢y > 91 V ¥4, the procedure checks
whether ¢; > 91 and ¢y > ¥5. If the candidate counterexample ¢ comes from an
abstract counterexample of an abstraction of v, the procedure to check ¢ > ¥
terminates. '°

If ¢ >, then v is invalid. Otherwise we refine the abstraction by using c, as
discussed in the next subsection.

Remark 2. In the actual implementation, we allow i to contain free integer
variables z1,...,zg, and judge the validity of Vzi,...,zg.v0. In this case, the
feasibility check is a little more involved.

4.3 Predicate Discovery and Abstraction Refinement

Let ¢ be an infeasible candidate counterexample ¢ of 9. To improve the precision
of abstraction, we would like to find predicates that are useful to show the validity
of 9. Our approach is based on a refinement dependent intersection type system.

10 This procedure does not terminate in general. An example is false > (vf.\z.f z) 0.
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Our type system is a variant of the refinement intersection type system for
higher-order functional programs [18]. An important feature of our type system
is a type of the form —¢, for each candidate counterexample c. Intuitively, a
formula 1 has type —c if ¢ does not have ¢ as a counterexample (i.e. if ¢ [¢ ).
The typing rules include:

APl —c g AP iioe (i=1or2)
A|@E gy Aha i =(x Ac) A|®Epy Vi =(c1 Vea)

where A is a type environment and @ is a precondition. The former rule checks
the specified branch, ignoring the discarded part (i.e. ¢1) corresponding to *. So
F false A true : —(x A false) is a valid type judgment although false A true
is an invalid formula. The latter rule says that, to show (¢1 V ¢2) 1F (11 V 2), it
suffices to prove either ¢ ¢ 9 or co ¥ ¥5. The complete list of typing rules can
be found in Appendix C.

Ezample 9. Here is an example of a derivation in the refinement intersection
type system.
y:int |y <9F (y <10) : —(false)
yrint |y <9F (0<y)A(y <10) : —(xAfalse)
e]true F Ay.(0 <y) A (y <10)) : y:{int | y <9} = —(x A false)

Although the condition y < 9 does not imply that the body is true, y < 9 implies
that « Afalse is not a valid counterexample for the body (since the right branch
of the conjunction y < 10 is actually true). a

The abstraction refinement phase proceeds as follows. Given an infeasible
candidate counterexample ¢ of ¥, we construct a derivation - % : —¢, a proof of
c ¥ 1. Then we extract predicates from the derivation.

We can use a template-based dependent type inference [18,19] to find a deriva-
tion for k- 1) : =c. We first prepare a template of each refinement type, which is
completely determined by 1 and c. For example, the template for the formula v
in Example 5 with candidate counterexample * A (x A false) is

(MAf.fn) -
n:{int | P(n)} = (y:{int | Q(n,y)} — —(x A false)) — —(x A false)
My.(0<y) A (y <10)) : y:{int | R(y)} — —(*x A false)

where P, (Q and R are predicate variables. We then generate constraints on
predicate variables so that the formula has type —c if and only if the constraints
are satisfied, in a manner similar to [10]. We then solve the constraints by using
a CHC solver [19,4] (see the remark below) and obtain a derivation for - 1 : —c.

Remark 3. The constraints generated are actually more complex than those gen-
erated in the CEGAR phase of [10]. The constraints generated in our CEGAR
phase are conjunctions of clauses of the form:

P1(5c1)\/-~-\/Pk(£k)<:A1/\--~/\Am,
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where k > 0, and each 4; is an atom of the form P,(g) or p(a). The constraints
are acyclic (in the sense that there is no circular dependency like P(z) V - <
Q(z)A---and Q(z)V--- < P(z)A---). In contrast, the constraints generated in
the CEGAR phase of [10] are acyclic CHCs, obtained by imposing the restriction
k <1 to the form of constraints above. Thanks to the acyclicity, we can solve
the extended constraints by invoking a CHC solver multiple times. O

The extraction of predicates from a derivation for - v : —¢ is rather straight-
forward. For example, suppose a subformula Axz.iy of ¢ that has simple type
int — 7. Because our type system has intersection types, this subformula may
have several types, say « : {int | P;(z)} — §; for each i = 1,... k. Then the
extracted abstraction type for this subformula is z : int[P,..., Py] — o for
some 0.

Ezxample 10. Let ¢ be a formula in Example 5, i.e. ¢ = 1o 711 where g =
(AnAf.f5 A fn) and ¥ = (Ay.(0 < y) A (y < 10)). Assume that a candidate
counterexample is x A (x A false) (cf. Example 8). A derivation of F ¢ : =(x A
(x A false)) contains the following typing to subformulas:

Yo :n:{int |n < 7} — (y:{int | y < 8} — (x A false)) — =(x A (x A false))
1y {int |y <9} — —(x A false)

The abstraction types for 1y and 1 extracted from this proof are
oy = n:int[n <7 = (y:intly < 8] — o) — oy = y:intly < 9] — e.

By adding this information to the abstraction types in Example 5, one obtains

of = n:int[0<n,n<7 = (y:int[0 <y, y<5,y<8 —e) e
of = y:int[0<y,y<5,y<9 —e.
After this refinement, there exists an abstraction that is true. a

The refinement process enjoys the progress property in the following sense.

Theorem 3 (Progress). Assume a derivation of b @ : —c in the dependent
intersection type system. Then there exists an abstraction - 1 : @ ~ ¢ following
the abstraction types extracted from the derivation such that, for any abstract
counterexample ¢ of ¢, the set C(c') contains a candidate counterezample that
differs from c.

5 Implementation and Evaluation

We have implemented a vHFLz validity checker PAHFL based on the method
described so far. PAHFL uses the following tools as backend solvers:

— Z3 [14], as a backend SMT solver for computing predicate abstraction.
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— HorSat2, as a backend model checker for checking the validity of (pure)
vHFL formulas and extracting an abstract counterexample if there is any.
(HorSat2 is a HORS model checker, but it can also be used as a vHFL model
checker by using the reduction of Kobayashi et al. [8].)

— RCaml [19] and Holce [4] as backend constraint solvers, for the predicate
discovery phase.

Given a vHFLyz formula, PAHFL starts with the empty set of predicates, and
repeats the CEGAR loop until it succeeds to prove or disprove the validity of
the formula; of course, it may run forever since the validity checking problem is
undecidable.

We have conducted experiments to compare our tool with two related tools:

— A HoCHC solver called Horus [2], which solves the satisfiability of HoCHC
(a higher-order extension of CHC, constrained Horn Clauses). Since the
HoCHC satisfiability problem and vHFLz can be mutually reducible (re-
call Remark 1), Horus is a direct competitor of our tool.

— An automated higher-order program verification tool MoCHI, developed by
Kobayashi et al. [10,16,13]. Since the main application of our vHFLy, validity
checking is higher-order program verification, MOCHLI is also an (indirect)
competitor of our tool. Like PAHFL, MOCHTI uses predicate abstraction and
CEGAR, though its main building block is HORS model checking (rather
than HFL validity checking. Actually, the goal of our project has been to
replace the HORS-based approach of MoCHI with the HFL-based approach,
where the latter provides a more uniform approach to program verification.
Thus the goal of the comparison with MOCHI is to confirm that our new
tool PAHFL works at least as effectively as MOCHLI, for program verification
problems. There are other fully automated verification tools for functional
programs, including those based on refinement type inference [23,5,24,25,3].
We have chosen MOCHTI as the target of the experimental comparison, as
the underlying technique is directly related; other tools can be indirectly
compared through their experimental comparison with MOCHI1 found in the
respective papers [24,25,3].

Both experiments were conducted on a Linux server with Intel Xeon CPU E5-
2680 v3 and 64 GB of RAM with a timeout set to 180 seconds.

Comparison with Horus We used two benchmark sets in this experiment:
Benchmarks A and B. Benchmark A has been taken from that of Horus [2],
which in turn comes from a benchmark set of MOCHI for safety property ver-
ification [10]. Benchmark B has been obtained from another benchmark set of
MoCHLI, by using our own translation (based on [12,22]). Benchmark A has 10
instances and B has 58. We used Z3 as a backend CHC solver of Horus.

The result is shown in Table 1 and Figure 4. In the table, the row ‘Unknown’
means that Horus could not prove the validity of vHFLy; formula due to its
incompleteness; as mentioned in Section 1, Horus reduces HoCHC problems
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Benchmark A Benchmark B
Ours Solved 8 50
Timeout 0 8
Solved 7 19
Horus|Timeout 0 3
Unknown 1 35

Table 1. Comparison of PAHFL with Horus

to CHC problems in a sound but incomplete manner. The “unknown” case of
Horus in Benchmark A is attributed to the lack of intersection types in the
type system used by Horus; recall our remark before Theorem 2. As is clear
from Figure 4, Horus is much faster than PAHFL when Horus succeeds. In fact,
Horus terminated within 0.1 seconds in those cases. In contrast, PAHFL clearly
outperforms Horus in the number of solved instances. That is more apparent for
the subset of benchmarks consisting of only higher-order inputs: see Appendix E.

Timeout/Error —===--------ssoooooo oo / Timeout/Error —-------- 6 e w .~ A6 866 S0 /
100.0 - 100.0
b .
.
. . .
= 10.0F o2 ; > 10.0 -
2 o4
i o~ 8
[¢] [¢]
10 & H 1.0
oo ©
fo .
0.1 0.1
o
1.0e-2 1.0e-2
1.0e-2 1.0 10.0 Timeout/Error 1.0e-2 1.0 10.0 Timeout/Error
Horus (sec) MoCHi (sec)

® o e Benchmark A Benchmark |

® e e Benchmark B @ e e Benchmark Il

Fig. 4. Comparison of PAHFL with Horus (left) and MoCHi (right)

Comparison with MoCHi Figure 4 shows the result of the comparison with
MoCHi. We used two benchmark sets; Benchmark I consists of 258 of 262 safety
property verification problems of OCaml programs used in [16] and Benchmark
IT consists of a modified version'! of 10 non-termination property verification
problems used in [13]. All the benchmark programs are small (each around 10
lines of OCaml programs), but many of them are tricky. The vHFLy formulas

11 Existential quantifiers that arise from the original programs have been replaced

with finite disjunctions.
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in both benchmark sets have been obtained by using the translation used for
obtaining Benchmark B. Different modes of MOCHI have been used for the two
benchmark sets: the reachability verification mode [10] for Benchmark I, and
the non-termination verification mode [13] for Benchmark II. PAHFL solved 221
instances for Benchmark I and 4 for II while MOCHI solved 252 for Benchmark
I and 9 for II. Although PAHFL is a little inferior to MOCHTI in the number of
solved instances, PAHFL is competitive in terms of the running times for solved
instances, as shown in Figure 4.

Figure 5 and Table 2 respectively show the distribution of the number of CE-
GAR loops and the average percentage of the time spent in each phase for solved
instances in Benchmark I and II. PAHFL and MOCHI have similar tendencies
in both the figure and the table.

60

@
S

IS
S

PAHFL| MoCHI

Frequency (%)
w
8

Preprocess 31.0 39.2
" Abstraction 47.7 454
Refine 19.1 13.9
10 Model Checking 2.21 1.49
% 2 Narber ot CEcAR s 8 10 Table 2. Average percentage of time spent
Bl PaHFL in each phase

I Mochi

Fig. 5. Distribution of the number of CE-
GAR loops

6 Related Work

Burn et al. [2] introduced higher-order constrained Horn clauses (HoCHC), and
developed Horus, a type-based HoCHC satisfiability checker. As already men-
tioned, Horus is a direct competitor of our tool PAHFL, since the satisfiability
problem for HoCHC is essentially equivalent to the validity problem for vHFLy.
As confirmed by experiments, our tool is often slower than Horus, but can solve
more problem instances. Ong and Wagner [15] also studied some theoretical
aspects of HoOCHC, but have not developed an actual verification tool, to our
knowledge.

Our technique of predicate abstraction has been inspired by the correspond-
ing techniques developed for MOCHI [10,13]; in particular, we have borrowed the
notion of abstraction types from their work. Our predicate abstraction technique
is, however, different from theirs, in that our technique is used for abstracting
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formulas, while their technique is for abstracting programs. Our technique can
also be considered more general since the techniques of MOCHI [10,13] are spe-
cialized for the verification of either reachability or non-termination, whereas
our technique can be used for the verification of arbitrary branching-time safety
properties, including the reachability and non-termination properties.

Higher-order fixpoint logic (HFL) has originally been proposed by Viswanathan
and Viswanathan [21]. Kobayashi et al. [12,22] introduced HFLz, an extension of
HFL with integers, and showed its applications to higher-order program verifica-
tion. Although a pure HFL model checker has already been developed by Hosoi
et al. [6], there is no automated validity checker for HFLy, to our knowledge.
Kobayashi et al. [9] have recently developed a validity checker for the first-order
fragment of HFLz, which reduces (in a sound but incomplete manner) the valid-
ity problem for the first-order fragment of HFLy to that for the v-only, first-order
fragment of HFLy. We expect that the same technique can be used to obtain a
full HFLy, validity checker from our vHFLy validity checker.

Another major approach to automated verification of higher-order programs
is a type-based one [23,5,24,25,3,18], some of which incorporates counterexample-
guided refinement [23,18]. Most of them are restricted to verification of the
(un)reachability problem in the presence of only demonic branches (except [20]),
and do not support intersection types (except [18]). Our support of both kinds
of (i.e., angelic and demonic) branches is crucial for building the full HFLy va-
lidity checker as mentioned above. Intersection types are also crucial for high
precision. To mitigate the high cost of predicate abstraction and discovery, Sato
et al. [16] combined higher-order model checking and type inference.

7 Conclusion

We have proposed a new method for automated vHFLyz validity checking based
on predicate abstraction and CEGAR, and developed a tool based on the pro-
posed technique. According to our experiments on applications to program veri-
fication, our tool outperformed Horus in terms of precision, and was competitive
with a more specialized program verification tool MOCHI1. We plan to develop
a full HFLy validity checker, by combining the present work with the work of
Kobayashi et al’s [9] for the first-order HFLyz validity checker. It is also left for
future work to extending the logic with data structures (such as lists and trees),
which is important for verification of higher-order functional programs that ma-
nipulate data structures. To this end, we plan to exploit two approaches: one
is to encode data structures as higher-order functions as in MOCHI [17], and
the other is to directly handle data structures, as in the refinement-type-based
approach [5,25].
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A Soundness of Predicate Abstraction

As usual, the correctness of the predicate abstraction is ensured by a semantic
characterization of the abstraction. For each closed abstraction type o, we define
the abstraction function a, and the concretization function ~,, which give us

translations between the concrete domain of and the abstract domain o”.

Definition 1 (abstraction function and concretization function). Given
a closed abstraction type o, the abstraction function of : Doy — Dg» and the
concretization function v2 : D,y — D¢ are defined as follows:

ae(v) :=w Yo(v) :=w
Qo) -0 (v)(m) = Qg (v(’yﬂl (:L’))) Yor—02 (U)(:C) = Yoo (v(aﬂl ((E)))

and, for int[P] — o,

aw:int[ﬁ]—)o’(v)(b) = |_| a[n/x]g(v(n))
_neZ
[P(n)]=b

71:1nt[ﬁ]—>a(”)<n) = V[n/x]a(v(ﬂp(n)]]))'

‘We first check well-definedness.

Lemma 1. Let o be a closed abstraction type and assume o = o1 — 0y or

x :int[P] — 0¢. Then a,(v) and v,(v) are monotone.

Proof. The only nontrivial case is ov,;,4 ()0, (v). Assume b < ¥'. It suffices to
show that

[T ameom) <[] apuelem),

_neL _n€L _
[P(n)]=b [P(n)]2b
which follows from the fact that [P(n)] > & implies [P(n)] > b. O

We prove some basic properties.

Lemma 2. «a, and v, are monotonic for every closed abstraction type o.
Proof. Easy induction on the structure of o. d
Lemma 3. For every closed abstraction type o,

(VweD)(Yw € Dy)| vEyp ap(w) <= 7,(v) Eprw .
Proof. By induction on o.

— Case o = e: Trivial.



24 N. Iwayama et al.

— Case o =0] — 09: Let v € Da'{—mg and w € Dag_nfg Then

0 Eps a0 (w) = (V2 € D) [ 0(2) Sy oWy ()]
= (V2 € Dpy) [ 70a (0(2)) C o w70, (2)) ]
= (Y €Ds) [ You (v(0, (1)) Cp w(Vor, (e (1)) ]
= (Y €Dys) [ You (v(0o, (1)) T,z w(y) |

where we use 7, (a0, () E_: y, which follows from the induction hypothe-
1
sis. The other direction is similar.

— Case 0 = x : int[P] — o¢: Assume that v T, a,(w). Let n be an arbitrary
integer. Then

v([PM)]) T, ao(w)([P(n)])
= [1 myajo, (w(m)

_ mEZ _
[P(n)]=[Pn]

Lot Qn/aloo (w(n)).

By the induction hypothesis, we have

Vo (0)(n) = Amsaleo (([P(R)]))  Coe w(n).

Since n is arbitrary, we obtain v, (v) C,: w as desired.
To prove the converse, assume 7, (v) C,: w and let b be a sequence of Boolean
values. Let n be an integer such that b T [P(n)]. Then

Yinfaloo W) Tt Ynsaloo WIPM])) = @) Ei wn)

o}

since Y[n /)0, and v are monotone. By the induction hypothesis,

o) T ae(w(n)).

90

Since n is an arbitrary integer such that b = [P(n)],

vd) Cp ] mysew(n)) = ag(w)(d).
~nEZ -
[P(n)]>b

Since b is arbitrary, we obtain
v Lo ag(w)

as required.
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Let (C,) € D> x Dy be a relation defined by

vE,w = vl ag(w)
=  v,(v) C,t w.
This is the criterion of the soundness of the abstraction: we shall show that
F 4 : o~ ¢ implies [¢] C, [¢], which immediately leads to the soundness of
the predicate abstraction (i.e. [¢] = # implies [¢/] = #).
We extend the relation C to valuations. Let X be an abstraction type envi-

ronment and @ be a sequence of predicates. For valuations x and p of (X | 6)°
and (X | ©)F, respectively, we write y Cyopif

— x(2) Cpo) p() for all z: 0 € X, and
— x(bp) T4 [P], for all P € 6.

Here p(o) is obtained by replacing all free variables x in o with p(z) (note that
free variables in o are integers).

Lemma 4. f T, ., g if and only if f(x) C,, g(y) for every x C,, y.

Proof. Assume that f Eal_mQ g and x Eal y. Hence

Yor— 05 (f) Co1202)t g and vy, () Eag Y.
We have

Voo (f (%)) E Yoo (f (5, (75, (2))))
= Yor—02 (f) (Yo, (2))
C 9(Yo, (2))
E g(y).
To prove the converse, assume that x Zal y implies f(:v) Eoz g(y). For every

y € Daﬁ’ one has ay, (y) Cop Qo (y) and thus oy, (y) T4, y. So f(as, (y)) Co,

g(y). Hence
Vo1—02 (f)(y) = Yoo (f(a"’l (y))) Egg g(y)

Since y is arbitrary, Vo, 5o, (f) E(oy—0,) g as required. O

Before the proof of the soundness, we prepare lemmas to prove soundness of
(A-Nvu) and (A-COERCE), respectively.

Lemma 5. If f C,_,, g, then gfp(f) C, gfp(g).

Proof. Let f € D,»_,,» and g € D,s_, ¢ and assume that f C,_,, g. Since D,
is a complete lattice, we have

efp(9) = | HvlvCorgw)}

by the Knaster-Tarski theorem.
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Let x be an arbitrary fixed-point of f, i.e. f(x) = x. Then

= f(z) Lo ame(9)(®) = as(9(rs(2))).
Hence
Yo(z) Eor 9(v0(2)).
So
Yolx) Cor | fuluCoglw)} = s(g),
that means, = C, gfp(g). Since 2 is an arbitrary fixed-point of f, we have
gfp(f) Co efp(g). 0

Lemma 6. Assume that X+ @1 : (01,01) 2 (O2,02) ~ 2 and that xo Cx - p.
If xoWx2 Ex.e, p, there exists x1 such that xoWx1 Ex 0, p and Yy(e,) ([2]xowy.) E
Yotor) ([£1]xowy, ) - Furthermore, for every P € ©1, the value x1(bp) depends only
on the restriction of p to the free variables of P (in particular, on the restriction
of p to integer variables).

Proof. By induction on the structure of the derivation X' F ¢; : (01,01) =<
(92, 02) ~ 2.
— (AC-BASE). Then the last rule is the following.
X:oF s eb(:0 e
[XPi... Plpwix—soy Do [£Q1 .. Qi] pwix vy for all p for Xt and v € Der_,,
YE@:(Pr,..., Py, 0) 2(Q1,...,Q1,0) ~ [Abp.o/X]Ebg

Assume xq 2278 p and xo W x2 Ez o p- Let x1 be a valuation defined by

x1(bp,) = [Pi],-

Then ot x1 C 5 p p and X satisfies the dependency requirement. We have

Vo[NP -/ X1E balxouxs) = [Abp-o/X1Ebolxowxe
[IAbP -0/ X1E] o (x2(bQ))
Il

I

C [[Aop-o/ Xl xo (1Q,))
€H{XH[W;;.¢]]XO}(HQ]]M)

= [[5 Q]]pw{XH[AE;~<P]]x0}
=[x P]

Ir1

Pe{X—>[Nbp ¢l }
= [[)‘Z;\I;"P]]Xo([[ﬁ]]ﬂ)

= [[Sﬁﬂxotwa

= 'Y-([[‘P]]Xowm)-
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— (AC-INTARROW). The last rule is the following.

Y,x:int by l/); : ((91,}5),01) = ((927Q)702) ~ 2
YEe: (61,2 int[ﬁ’] —01) 3 (O, 1z : int[@} — 09) ~ )\55.(,02

Assume that g Ez’g p and xo W x2 Ez,(~)2 p- Let n be an arbitrary integer.
Then X0 E(Z],m:int),s py {ZC = n}

xo W x2 W {bg — [Qlpw{zsny | Q € Q} E(z,gc:iut),(@z,c}) pW{z — n}.
By the induction hypothesis, there exists y; such that xoWx1 ;(z,z:int),(eg,cj)
pW{x — n} and

To(o2) ([P2] xgunawivor Q1w am 0@ E Voton) ([91 0PI xowxa )-

Let x1,1 and x1,2 be the restriction of x; to ©; and ]5, respectively. We claim
that x1,1 satisfies the requirements. Obviously xo & x1,1 Ex e, p and x1,1
satisfies the requirement on the dependency. It suffices to show that

/yp(x:int[é]%ag)([[)\bP‘SOZ]]XO@XZ)(n) (- ’yp(x:int[Q]ﬁal)([[901]]X0@X1,1)(n)
since n is arbitrary and y; is independent of n. We actually have
ryp(x:int[@]%crg)([[)‘bp'(pQ]]XOL*J)@)(n)
= Vp(o2) ([[)‘bQ'QOQHXO'ﬂ)@ ([Q]]pw{m»—m}))

= Vp(o2) ([VP?]]Xowzw{bquﬂpw{m} \QGQ})

E Yo(o1) ([[@1 I;;HXO&JXM&JXLQ)

= Yo(on) ([[@1 bPD s 54 bPHnPnpw{MHPeﬁ})
= Yoo (IprTasns ([Plosasny))

= Vp(z:int[P]—0y) ([[‘Pl]]XOMXlJ)(n)

as required.
— (AC-ARROW). Then the last rule is the following.

Yx:iogiba:(e,001) X (O2,011) ~ &
Yoy:o11 b1y :(01,012) 2 (O2,022) ~ 2
Y 1: (01,011 = 01,2) 2 (O2,021 = 022) ~ Ax.[€/y]e2

Assume that xq 2275 p and xo W x2 ;2792 p. Let v be an arbitrary element
in Dau = ]D)a“ . Then
1,2 2,1

Xo W {y = O4p(rr1,1)(v)} ;(E,y:m,l),s py {y — U}
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and
(Xo 8 {y = 2oy 1) (V)}) W X2 E(xyior1),0, P {y— v}
By the induction hypothesis, there exists x; such that
o (o W{y = o) (V) W1 Eoyionn),e PY{y = w}, and
® Vp(o2,2) ([[SDQHXO&J{ZIH(XP(ULU(U)}&JX?,) - ’Yp(tﬁ.z)([[gal yﬂxotﬂ{y’—)ap(gl’l)(v)}&bﬂ)'
By a similar argument using the induction hypothesis to the first premise,
we also have
'70(01,1)([[5]]X0&J{f'3*—>04p(02,1)(U)}&sz) - 70(02‘1)([[w]]xow{mHap(az,l)(“)})
= ’yp(o'zyl) (ap(o'2,1) (U))
Co
and thus
Hg]]Xo&J{IHap<az,1)(v)}&JX2 - O‘P(Gl,l)(v)'
Obviously xo W x1 T 5,0, p and the dependency requirement for x; follows
from the same condition for the induction hypothesis. It suffices to show that

’YP(Uz,lHUz,z)([[)"r'[g/y}WQ]]XO&JXJ(W) C Yp(o1,1—01,2) ([[‘pl]]Xo&J)m )(U)

since v is arbitrary and x; is independent of v. We actually have

Yp(o2,1—02,2) ([[)\:E [g/y]QDQ]]XOMXz)(U)
= ton. (I [E/3102 000 (@00 (1))

= ’Vp(az,z) [Hg/y]902]])(0@)(2@{%—)0%(02)1)(U)}>

302]}XOLﬂXz&J{yH[[iﬂXOWqu{mHap(GQ 1)(1})})
C Yo(o2.0) [2]

(
= Yo(o2,2) ([[
(

xowxw{w%wl,ﬁ(v)})
E Vo(or.2) ([1 Yl kot anio, 1)) hexa)
= Yo(o1,2) ([P1]xowx1 (Qp(or 1) (V)

= Vp(o1,102.2) ([P1]xowx ) (V)

as desired.
O

Lemma 7. Suppose that X+ ¢ : (P,0) = (Q,0') ~ ¢'. Let v}, v e {t ff}
and assume v, T, [Q;], for each i. There exist vi,..., vy € {t, ff} such that

— v; Co [B]l, for each i and
=90 ((Z1Q &2 Lugiomin) Bot 1o (I 1PV F 5 L)
Proof. Induction on the derivation with case analysis on the last rule used. We

show only the case of (AC-BASE) since other cases are easy. Thus, required
conditions hold. O
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Now we can describe the main lemma.
Lemma 8. If ¥ |OF ¢ :0~ ¢ and x Cxo p, then [¢]y Zp(a) [¥],-
Proof. By induction on the structure of the derivation X' | O F 1 : o ~ .

— (A-VAR) and (A-PRED). By the definition of Cy; .

— (A-AppP), (A-ABS), (A-AND), (A-ORr). By straightforward application of
the induction hypothesis. We use Lemma 4 for (A-ApP) and (A-ABS).

— (A-Nv). By Lemma 5.

— (A-InTAPP). The last rule of the derivation is the following:

Y|OkFy:(z:int[Py,..., Py = 0) ~ ¢ YFgra:int
X | @a [a/x]P17~'~a[a/x]Pk = 7/“15 [&/1’]0’ ~ @b[a/w]}% b[a/w]Pk

Assume that EE,(@_’[G‘/I]PI la/z]P,) P- Let X’ be the restriction of x to

,,,,,

(X Q)b; then x’ Cx o p. By the induction hypothesis, [¢],/ Ep(z:int[p}%a)
[¥],, ie. 7p(m:int[ﬁ']~>a)<[[(pﬂ><') C [¢],. Therefore

Vo(a/alo) (£ Bfasa1py -+ - Olasalp]x) = Vp(lasalo) ([¥]x ([Braya1plx))
C Vp(ja/alo) (Lol ([la/21P],))
= Vp(@:int[P]—0) (lelx)(laly)
C [¥1,([al,)
= [[¢ aﬂp'

— (A-INTABS). The last rule is the following;:

Y,x:int |, Pk :0~
S1OF Axap: (z:int[P] = o) ~ Abp.g

Assume y ZE@ p. The goal is to show

Vp(z:int[P]—0) ([[/\bPQO]]X> Cint—ot [P‘xw]]/)

Let n be an arbitrary integer. Then

Yy stnstPloo) (0P ) (1) = Yp(ina1o) (N0p 21 [In/2]o(P)D))
= Yp([n/x]o) (H/\g\f;(p]]x([[ﬁ)ﬂpu{an}))
= Telln/2lo) (H“"qu{ﬁwupﬂp/&;n}})'

Since

—_~—

XU{bp = [Plosgesny}  Exiop pULz—n},
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by applying the induction hypothesis, we obtain

’yP([n/:E]a')(H@qu{;};,_}ﬂpﬂ:;_;_}n}}> E [[w]]pU{Jm—H?,}

Therefore

Yyasinstise) (NP2l ) () E Yp(inate) (qu{a;Hupﬂ:J{;n} )
C W]]pu{an}
= [Az.y],(n).

Since n is arbitrary, Vp(w:int[P]—o) ([[Al;;.go]]x) C [Az.¢], as required.
— (A-CoERCE). The last rule of the derivation is
YO FY:a ~ ¢ YE¢ :(0,0)2(0,0)~ ¢
Y| OkFYp:io~p

Let x and p be valuations with x Egﬁ p. By Lemma 6, there exists x’ such
that X' Cx o p and fyp(g)([[gpﬂx) Cot fyp(al)([[gp’]]xz). By induction hypothesis,
we have [¢]/ Cor [4],- Thus [¢]y Es, [¥],- O

Soundness of the predicate abstraction (Theorem 1) is an immediate conse-
quence of the previous lemma.

B Counterexample interpretation

This section introduces a new interpretation of formulas, in which the interpre-
tation of a proposition is the counterexamples of the proposition.

The counterexample interpretation is obtained by replacing the interpretation
of e, which is {ff,#} in the standard interpretation, with the set of sets of
counterexamples:

DS =  P({ counterexamples }), c) = {(X,V)| X2V}

Note that the maximum element with respect to C¢ is the empty set, which

is the denotation of formulas with no counterexample (i.e. valid formulas). The
interpretation of other type constructors are unchanged, e.g. DY, is the set of
monotone functions from D¢ to DY. The interpretation of formulas is essentially
the same as in the standard interpretation, but the interpretation of boolean
connectives are changed:

[e1V <P2ﬂg ={caVel|cac [[@ﬂ]g,cz € [[Lﬂzﬂg}
o1 Aga]S =={cr Ax|er €[]S PU{*Aea|ea €[]S }-

Proposition 2. Let ¢ be a closed proposition. Then ¢ € [¢]€ if and only if
c> .
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Proof (Sketch). The right-to-left direction can be easily shown by induction on
the derivation ¢ > ¢; note that the rewriting rules (A\z.¢) ¢’ ¥ — [’ /2] ¢ and
(vx.) P — [ve.p/ :E](p’l[) preserve the interpretation of propositions.

The proof of the left-to-right direction is a consequence of a game-theoretic
characterization of [¢]; since the fixed-point operations in ¢ are greatest fixed-
points, a refutation of a formula should be finite. That means, if [¢] = ff, then
its falsehood should be made obvious by unfolding v finitely many times. Such
a refutation induces a counterexample. a

Recall Proposition 1, which says that a closed formula v of type e is valid if
and only if ¢ has no counterexample. Hence the above proposition leads to the
following.

Proposition 3. Let ¢ be a closed proposition. Then [¢] = & if and only if
[e]€ = 0.

By this reason, we shall write # for §) in the sequel.

Recall that a result of predicate abstraction of a proposition ¢ contains two
kinds of boolean operations: those originate from ¢ and those introduced in the
abstraction phase. In order to distinguish them, we shall use A and V for boolean
operations introduced in the abstraction phase. A formula possibly having A or
V is called an abstracted formula. The interpretation of abstracted formulas are
given by the rules for the standard formulas and

le A9lg = Lelg U Ivly
le Voly = Lely N I¥l5-
The corresponding rules is given by:
cl> ¢
c> 1 A Qo
c> g

c> o1 Ao

cBy1 cB> 2
CI>(,01\_/§02

Lemma 9. If a closed abstracted formula ¢ has a counterexample ¢ such that
C(c) = {d}, then d € [¢]°.

Proof. By induction of the derivation of ¢ > . O

C Refinement intersection type system for vHFL,

We define a refinement type system for vHF Ly, which is a variant of a refinement
intersection type system for higher-order functional language [18], and show that
the soundness of the type system.
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C.1 Type System

The set of refinement types is defined by the following grammar:

(prime type) du=t|-c|z:{v:int | P} =00 — 4
(intersection type) 6 =31 A+ A

(extended type) 0 :=int |0

(formula) @ ::=true | false | p(a) | &1 A Py | Py V Do
(

environment) A=t |Az:0

We regard types defined above as refinements of abstraction types.!? We
write @ :: [Py,..., P,] if atomic propositions in ¢ are in {P,...,P,}. For a
dependent refinement type § and an abstraction type o, the refinement relation
6 :: 0 is defined by the following rules:

t::e
Sce
& is a positive boolean combination of { Py,..., P, } duo
(x:{v:int | P} = 9) 2 (x: int[Py,..., P,] — 0)
0:0 & o’

0 —=8):(c—d)

00 ... Opu0
(Ot AN Ndp) 0

We write  : & — ¢ for the abbreviation of z : {v : int | [v/z]®} — §. Note
that the syntax of formula @ is the same as that of the predicate P and thus
compatible. In the intersection d; A - -+ A dx, each §; is a refinement of the same
abstraction type.

The typing relation X' | @ ) : 6 is defined in Figure 6. This relation means
that v has refinement type § under the environment X if formula @ holds. Each
rule is self-explanatory.

12 Since each abstraction type follows the structure of a simple type, one can regard
refinement types defined above refine simple types as usual.



Predicate Abstraction and CEGAR for vHFLz Validity Checking 33

r:0€A
Aldrz:o (R-Var)
A|dtEp(a):t
AldFp:(z: P —0)
R-INTAPP
A[DA[a/z]d Fda:[a)z]o (R-INTAPP)
Az int |OAP Fp:§ (RINTABS)
-INTABS
AP Az (z: P —6)
A|PEYr: ANk — 0 A| D F gt §; (for each 1) (R-APP)
-APP
A|¢}_¢1¢2(5
Az:dy,...,x: 0, | PHY:6 (R-ABS)
-AB
A|PFEXzY 1A N — 6
A|¢1|"l[}12# A‘@Q"@Qiﬂf
R-ANDT
A|@1/\¢2|—’L/)1/\’L/)2:1t ( )
A|¢|—1/)1161
R-ANDC1
A‘@Fd)l/\d)gi—!(cl/\*) ( Np )
A|DF s e
R-ANDC1
A‘@"l/h/\l/)g:ﬁ(*/\CQ) ( Np )
A|¢1|_1/)1Zit A‘@Q'_wQ:tt (RORT)
Al BV DBy bapy Vapy i i
A|¢1}—w1:—\01 A‘@Ql—d)zl—\CQ (RORC)
A|¢1\/@2F’(/)1\/’(/)2:—\((31\/02)
Ayx:do,x:01,...,2: 08 | PH1p:0; foreveryi=0,...,k (R-NU)
-NU
A|dFvzap:do
A|PHY:46 A|dF6=4
(R-COERCE)

Al Do

A | PF:d; (for each i)
A[PFQ: 0 A Ads

(R-INTERSECTION)

01 =t or 61 =y = —c
A|DPF§ <2

(RSuUB-BASE)

EPAND, — &, Ajz:int | AP, FS <
AlPF(x: Py —6) 2 (z: D, — )

(RSUB-INTARROW)

AlOFHO =0 A|dF§=0
A|dFO—6=260 =4

(RSUB-ARROW)

Vi’ 3A| D5 =5
AlPESGIA Ak 2L A NS

(RSUB-INTERSECTION)

Fig. 6. Typing rules of the refinement type system
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C.2 Soundness of refinement intersection type system

We prove the soundness of the type system, i.e. - ¢ : =c implies ¢ ¢ [¢]¢ for
every closed proposition . The proof is based on semantics. For a refinement
type environment A which refines X', a valuation for A means a valuation for
(the corresponding simple-type environment of) X

Definition 2 (Semantics of types). Let 0 be a refinement type § with 0 :: 7
and p be a valuation that assigns integers to free variables of §. The semantics
(6) € DS is defined by following equations:
(), := tt
(—d)p :={ counterexzamples } \ {c}
0 o3
(2@ — 8),(n) = {@ Dotarsm) & ple = n] =

1 otherwise

o-au-{ L

(]61/\"'/\6k[)p = (]61DI_IU(]6kl)
The set of valuations (A; P) is defined by

(A;P) :={p| (V(x:6) € Ap(x) 3 (d),) and p =P}

Lemmas 10 and 11 are justifications of the semantics, relating type judgments
@ : d to a semantic inequation.

Lemma 10. If A |®F 6 2§ and p € (A; D), then (0), 3 (¢'),.
Proof. By induction on the structure of derivation.
— (RSuUB-BASE): Easy.
— (RSUB—ARROW): Let p € (A;9). By the induction hypothesis, (0'), 2 ()
and (8), 3 (0). We prove (6 — ), 2 (¢ — 0),, ie. (0 — I)yp(x) 3
0 — ), ( ) for every z. If © 2 (0'),, the inequation trivially holds since
0" — ¢'),(z) = L. Otherwise z J (0'), 3 (0), and thus (6 — 0),(z) =
(9)p 31" = 0" — ) ().
(RSUB INTARROW):
EOND, = &, Az :int |PAPL S
AP (z: Py —0) = (z: D, =)
(RSUB-INTARROW)

Let p € (A;P) and n be an integer. We prove that (z : &, — 0),(n) 3
(z : @, = ') p(n). If plxr — n] = &), the inequation holds since (x : P, —
8')p(n) = L. Assume p[z — n| |= §; then p[r — n] € (A;z : int, A D).
By the first premise, we have p[x — n] = @,. By the induction hypothesis,
we have
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— (RSUB-INTERSECTION): Let p € (A;®). By the induction hypothesis, for
each 4', there exists ¢ such that (d;), 3 (0},),. Hence

ANy = DU U@k, I @G, 3 (5D,
for each i’ (where i depends on i’). Since ¢’ is arbitrary, we have
OrA- Aoy 2 (DU U0k = (0L A AdD,

Lemma 11. If A| &+ ¢ : 6 and p € (A;P), then [¢]S 3 (6),.
Proof. By induction on the derivation with case analysis on the last rule used.

— (R-VAR), (R-PRED). By definition of (A4; ).
— (R-AND), (R-OR). By simple application of the induction hypothesis.
— (R-APP). Let p € (A;P)). By the induction hypothesis,

105 3 (61 A -+ A bk — b)),
[WQ]],? 3 (6:),, for each i.

We have [v1]S([¥2]$) 3 00, since [a]§ 2 (81 A+ -+ A 8l
— (R-ABs).

A7$Z(517...,$:(5k|¢'—’(/}:5
A|PEXz) 1 A ANd — 6

(R-ABS)

Let p € (A;P) and v be a value with v J (61 A --- A dg),. We have

[[/\wl/)ﬂf(v) = [W’ng{g;HU} 3(9),
by the induction hypothesis. Since v 3 (01 A - - A dg)), is arbitrary, we have
[Azap]S 361 A -+ A g — d),.

— (R-INTAFPP). Let p € (4;9 A [a/2]®) C (A;®) and n = [a]§. By the
induction hypothesis, we have [¢]S 3 (z : &' — 6),. Since [[a/z]®], =
[9'] pu{z—sn} = true, we have [1) OL]]f)j = W]],?(n) 3 (0D pjzsn) = ([a/x]d),-

— (R-INTABS). Let p € (A;P) and n be an integer with [[(P']]fu{z%} = 1. By

the induction hypothesis, we have

a9l () = [9] 5 arsny 2 (0 plasn-

— (R-NU). Let p € (A;P) and v = (dp A ... 0k),. By the induction hypothesis,
we have [[w]]ﬁsz] 3 (0;), for every i =1,..., k. Hence [[wﬂg[rﬁv] J (0N A
0k), = v. This means that v C [Az.¢]S (v), and thus v  gfp([Az.¢]S) =
[[wc.w}]g.

— (R-COERCE). By Lemma 10.

O

The soundness theorem is an immediate consequence of the previous lemma.

Theorem 4 (Soundness of refinement type system). Let ¢ be a closed
proposition . If tt | true - ¢ : —c, then ¢ ¢ [¢]C. If t | true F ¢ : t, then
[l =t, i.e. [o] = t.
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D Proofs of Theorems 2 and 3

Theorem 2 states that, if the validity of ¢ is provable in the refinement type sys-
tem, then there exists an abstraction (following the abstraction types extracted
from the refinement type derivation) that is valid. The proof is an adaptation of
the proof of a similar statement in Kobayashi et al. [10] for functional programs.
Interestingly Progress (Theorem 3) can be proved by the same technique. This
is because Theorem 3 can be rephrased as follows: if ¢ ¢ ¥ (i.e. ¢ ¢ [¢]°) is
provable in the refinement intersection type system, then there exists an abstrac-
tion ¢ (following the abstraction types extracted from the derivation) such that

c ¢ []°.

A formula with abstraction type annotation is a formula of which each binding
variable (i.e. x in Az.p or vz.p) is annotated by an abstraction type as in Az7.¢
and vz?.p. We assume an abstraction type o annotated to a variable z is a
refinement of the simple type 7 of x. An abstraction type judgment is of the form
Y | ©OF ¢ : o0 where ¢ is a formula with abstract type annotation. We assume
that an annotated judgment respects the corresponding simple-type judgment,
but do not require further conditions: for example, z : ¢ | - - z : ¢’ is a valid
annotated judgment even if o # ¢’ (provided that both o and ¢’ are refinements
of the simple type ).

Let ® = (Py,..., P;) be a sequence of predicates. We often abbreviate the
sequence bp,bp, ...bp, of variables as bp or be.

Definition 3 (Type template).

(template) C ::=true | false|[]; | C1 ACy | C1V Cy
(type) fu=e|z:C—=E[x—¢

(intersection type) x ==& N... A&

(extended type) X i=int | x

( =

environment) Eu=0]5,2:x

Type templates are used to obtain refinement type by combination with abstrac-
tion types (template application).

Definition 4 (Template application). When template C does not have any
hole [|; with i > k, the template application C|P1, ..., D] denotes formula ob-
tained by replacing all []; in C with ®;. The refinement type E[o] and the re-
finement type environment Z[X] are also defined by recursively applying this
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template applications. Formally,

.[. = e
(x:C = &)[z: int[P] = o] = z : C[P] — ¢[o]
X =9l =0

]

]

]
(LN AE)lo] = &io

]

]

]

) A oo N Eglo]
0] =0
(Z,z:int)[ X,z int] = Z[X],z : int
(E,z:Q)[X,x:0]=E[X],z: o]

Definition 5. For a closed template type £ and a closed abstraction type o, a
set of abstract values [§] C D,» is defined by

[o] = {tt}
[0] == {0}
[—c] := {X C {counterexzamples} | ¢ ¢ X}
[C =& ={g|Voe[C].(90) € [¢]}
[x =&l :={gvvelx](gvelcD}
(& Ao A&k] = [6] NN [
[C] = {(0n, .., wx) € {#, f1}* | = CLal}.

A subset of abstract valuations [Z | C€ is defined as

{p| E Clobe)] and ¥(z : x) € =.p(x) € [x] }.

We often omit © from [Z | C]®. We write | C = e: & if p € [Z | C] implies
[el§ € [€]- O

We shall prove that, if Z[X] | C[O] F ¢ : £[o], then there exists ¢ that is an
abstraction of ¥, i.e.,
Y|OFy:o~0p

such that
Z|CHy:E.

Theorems 2 and 3 are corollaries of this result, applied to refinement intersection
type judgments - 1 : ) and F 4 : —c, respectively.

The proof is by induction on the structure of 1. Since a subformula 1)’ of ¢
may appear several times in a derivation of Z[X] | C[O] F ¢ : £[o], associated
to several different judgments, say (Z/[X'] | C{[@'] F ¢ : &[0"])ier. This family
of judgments that share the same subject and the same abstraction type is the
main object in the proof.

We first prepare some lemmas.

Lemma 12. For each &, [€] is upward closed and closed under meets. That
means
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— a € [€] and a T b implies b € [€], and
— X C [¢] implies | | X € [£].

A similar statement holds for [x].
Proof. Easy. a

Lemma 13. For each &, the set [€] has the minimum element. A similar state-
ment holds for x.

Proof. By induction on &.

— & = (—¢): Recall that [-c] is the set of subsets X of counterexamples
such that ¢ ¢ X. The minimum element is the largest subset, which is
{counterexamples} \ {c}.

— & = x1 — &: Let w be the minimum element of [¢:]. Then the minimum
element in [x1 — &2] is the mapping

if
o Hect

1, otherwise,
where L is the minimum element of the whole domain.
Other cases are similar. O

The following lemma is used to handle the subsumption rule:

EXGlOIF¢:&lo]  ECOT= CilO]  CiO']F &lo] X &[]

Lemma 14. Assume that

- Ei|CilEp:& foreveryi=1,... k,
— ClO'| F &lo] 2 &lo’'] for everyi=1,...,k, and
- E Cll0'] = Ci[O].

Then there exists @' such that

-S| ClE¢ & foreveryi=1,...,k, and
— Xk p:(0,0) 2(0,0)~¢.

A similar statement holds for intersections.
Proof. By induction on the structure of o.
— o = e: Then C/[O'] F o] = &[o'] implies & = # or & = .. Therefore
[&] € [&:]. Let ¢(X) be the following formula with free variable X:

CX) = Mo \/ (C’{[b@/]/_\ A Xf;),

1<i<k ¥ such that =C;[7]
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where C is obtained by replacing A and V in C' with A and V. Because
E C'0'] = C[O], we have [X O], 3 [¢ O], for every valuation p for X
and free integer variables in ©, @’. Hence, by applying (AC-BASE) to the
assumption, we obtain

Th@:(0,0) 2 (0, 0) ~ ((Abo.¥)).

We show that =; | C! = ((Abe.tp) : & for every ¢ = 1,...,k. Assume
1<i<kandpe[Z;]C/]®°. Then

[CMbo.)]S 2 [Cilber] A A (\bo.1) 7]

© such that =C;[7]

= [ A (\be.1) 0]

¥ such that =C;[7]

= [ [(\bo.1) 7]

¥ such that =C;[0]

= |_| Wﬂﬁb(_)Hm

¥ such that =C;[0]
€ [&]
< [l

0 =01 — 09: For every i, & = (x;1 — &2) and & = (X;,l — &;.2). We have
GO+ x;1lo1] 2 xialoi]

and
CilO'TF &inloa] = & 5[0

Since
S, x;, | true Ex X,

for each i, by applying the induction hypothesis, there exists ¢’ such that
Sha: X |CHE ¢ xin

for every i and
Yw:oyba:(e0)) 2(0,01) ~ ¢

Since X | Ci k¢ = xiq — &2,
Zoyixin| Cikpy:&io

for each 4. By the induction hypothesis, there exists ¢’ such that
Enyixinl CiEQ" €,

for every ¢ and

Yy:orbey:(0,02) 2(0,05) ~ ¢
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By (AC-INTARROW),
Y9 (0,01 = 09) (0,07 — b)) ~ Ax.[¢ Jyle”.
Then
Ei | Ci o' /yle” - Xin = €
follows from =i,y : xi1 | Cf F ¢ : & and Zj,2: x5 1 | Cf = ¢ i

— 0 = (z: int[P] = 0p): Then ¢’ = (x : int[P'] — o), & = (D; — & o) and
§ = (Dj — & ). For every i, we have

= CilO) A Di[P'] = D[P

and R
CilO] ADi[P] F &io = & o
Since = Cl[@'] = C;[O)], we have
= Cl[@]ADIP) = C;[0] AD[P].

Because

Z;,x :int | C; ND ): pbo : 5@07
by the induction hypothesis, there exists ¢’ such that

Snxcint |[CIAD =o' &,

for every ¢ and

S,z int b obp : (0, P),00) < (0, P'),00) ~ ¢'.
Hence
Yt (0,(zx:int[P] = 00)) = (@', (z : int[P'] = 0})) ~ Aopr ..
Then =; | C! E Al;vp.ap' 1 D" — & follows from Z;, 2 : int | C{A D" = o' :
i0°

We prove the case of intersections. Assume that x; = A Jedi &, and x} =
Aier, & x- Then CIO'] F x; =< x; implies that, for each i and k € K;, there
exists j € J; such that C/[O'] F &, ; =< fé,k- Let us write the mapping k — j by
fi. Therefore, for each i and k € K,

GO &isry 2 &
Since =; | C; | ¢ : x4, we have
Zi|CiEe: &i (k)
for every i and k € K;. By the induction hypothesis, there exists ¢’ such that

Ei|cz{':‘p:€z/‘,k
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for every ¢ and k € K; and
Yhe:(0,0)2(0,0)~¢.

The former implies

5i|C“:S01 /\ fll',k

keK,;

as desired. O

The following lemma is mentioned above, relating intersection type deriva-
tions and abstractions.

Lemma 15. Let (5;[X] | Ci[0] F ¢ fi[a])iel be a family of refinement inter-
section type derivations. Then there exists ¢ such that

Y|OFy:io~o

and
ZilCiEy:&
for every i € I. Furthermore, if 1 has abstraction type annotation and all deriva-

tions =;[X] | Ci[O] F 4 : &;[o] respects the annotation, then the above abstraction
respects the abstraction type as well.

Proof. By induction on the structure of families of derivations.

Assume that at least one of derivations ends with (R-COERCE). One can
assume without loss of generality that all derivations in the family end with
(R-COERCE), by applying the trivial coercion &;[o] < &[o] if necessary. The
claim follows from the induction hypothesis and Lemma 14.

Otherwise the last rule of a derivation is completely determined by ).

— Case ¥ = x: Then ¢ = z satisfies the requirements.
— Case ¢ = p(a): Because = C;[0] = p(a) for every i € I, we have

= (Vo) = .
Therefore

S10,p@)Fpla): e~ bya X bya :((0,p(a),) = (0,8) =\, Cilbe)]
Y1 6,p(@)F p(@) : e ~ Ve, Cilbe]

(More precisely, the result of the abstraction is a formula that is fn-equivalent
to \/,c; Ci[be].) It is easy to see that this satisfies the requirement.
— Case 1 = 9p a: Then the premises are

S X) | CHOTF o : (D; — &)[(x : int[P] — o')]
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for some C!, @', &, P and o’. Then
o= la/x]o’
&ilo] = &lla/x]o’]
6 = (0',[a/z]P)
Ci[6] = C'[0'] A Di[ [a/x]P).
By the induction hypothesis, there exists ¢ such that

YO Fy:(x:int[P] = o) ~ ¢

and
SilCiEe:(Di= &)

—~

for every i € I. Therefore by, /,)p satisfies the requirements.
Case 1) = vx.1pg: The premises for the i-th derivation is

VielJi.  (Zhz: \ &5 0] GO ¢ : & o]
jeJi

where & = &; ; for some j € J;. By applying the induction hypothesis to the
family indexed by { (¢,7) | i € I,j € J; }, we have ¢ such that

Yx:0|OFYy:0~¢
and for every i € [ and j € J;,
S,z /\ §ij | Ci E oy &y
JjE€J;

Let p € [Z; | C;] and v be the minimum element of [ ;¢ ;. &i;] (cf. Lemma 13).
Then plz — v] € [Z5,2 1 N\je;, & | Ci]- So ﬂ@]}g[va] € [&,;] for every

j € J;, and thus
[[‘p]]g[m»—m] € [[/\ fi,j]],
i€J;

Jwv. So

that means, HSDHS[W—M)] =

[va.elg (v) 3o,

that means, [[Vx.cp]]g € [Aje, sl € [&is]-

Other cases are similar. O

We prove the theorems.

Proof of Theorem 2

Assume that F ¢ : #. By Lemma 15, there exists ¢ such that - ¢ : @ ~» ¢ and
= ¢ : tt. By definition, [p]¢ = #. By Proposition 3, we have [p] = .
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Proof of Theorem 3

Assume F 1 : —¢. Let ¥ be the formula with abstract type annotation extracted
from the derivation. The derivation respects the annotation 1. So by Lemma 15,
there exists o such that F 1) : @ ~ p and = ¢ : —¢, ie. ¢ ¢ [¢]°. By (the
contraposition of) Lemma 9, for every counterexample ¢’ of ¢, one has C(c') #

{c}. Since C(c’) # B, we have C(c') \ {c} # 0.

E Additional Information about Experimental Results

Figure 7 shows the breakdown of the result reported in the lefthand side of
Figure 4 into the results for first-order inputs and higher-order inputs.
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Fig. 7. Comparison with Horus for first-order and higher-order benchmarks



