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Abstract. Kobayashi et al. have recently shown that various verifica-
tion problems for higher-order functional programs can naturally be re-
duced to the validity checking problem for HFLz, a higher-order fixpoint
logic extended with integers. We propose a refinement type system for
checking the validity of vHFLy formulas, where vHFLy is a fragment of
HFLz without least fixpoint operators, but sufficiently expressive for en-
coding safety property verification problems. Our type system has been
inspired by the type system of Burn et al. for solving the satisfiability
problem for HoCHC, which is essentially equivalent to the vHFLy; va-
lidity checking problem. Our type system is more expressive, however,
due to a more sophisticated subtyping relation. We have implemented
a type-based vHFLz validity checker RETHFL based on the proposed
type system, and confirmed through experiments that RETHFL can
solve more instances than Horus, the tool based on Burn et al.’s type
system.

1 Introduction

Kobayashi et al. [7,16] have recently shown that various verification problems
for higher-order functional programs can naturally be reduced to the validity
checking problem for HFLyz, an extension of HFL [15] with integers. In this paper,
we focus on a fragment of HFLy called vHFLy, which is a fragment of HFLy
without least fixpoint operators, and propose an automated method for solving
the validity checking problem (which, in turn, serves as an automated method
for higher-order program verification, thanks to the reduction mentioned above).
The fragment vHFLy is sufficiently expressive for encoding safety properties of
programs. A validity checker for vHFLz can also be used as a building block for
a validity checker for full HFLy, as briefly discussed in [16], and worked out for
the first-order fixpoint logic [6].

To see the connection between program verification and vHFLy validity
checking, let us consider the following ML program.

let rec sum n k =

if n <= 0 then k n

else sum (n - 1) (funr -> k (n + 1))
let main m = sum m (fun r -> assert(r >= m))
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This program calculates the sum of integers from 1 to n, and then asserts that
the value is no less than n. Suppose that we wish to verify that the assertion
never fails for any integer n. By using the reduction of Kobayashi et al. [7], the
verification problem can be reduced to the validity checking problem for the
following vHFLy, formula.

P = Vm.(vSum.An.\k.
(n<0=kn)A
(n>0=Sum (n—1) (Ar.k (n+7r)))
ym (Ar.r > m)

(1)

Here, the part vSum.An.--- denotes the greatest predicate such that Sum =
An.---. A detailed explanation is deferred to Section 2, but the reader should be
able to notice the close correspondence between the program and the formula
above: for example, the part (n <0=---)A(n > 0= ---) corresponds to the
conditional expression in the program.

In this paper, we propose a refinement type system for proving the validity
of a vHFLy formula, and develop an automated procedure for refinement type
inference. In our refinement type system, the type of propositions is refined to
a type of the form e(f), which is the type of propositions that hold whenever 6
holds; in other words, if a proposition ¥ has type (), then 6 is an underapprox-
imation of ¢ (with respect to the order false < true). For example, vHFLy
formula = > 0 has type e(x > 0) because x > 0 = z > 0 holds.

Our type system has been inspired by that of Burn et al. [2] for proving
the satisfiability of Higher-order Constrained Horn Clauses (HoCHC), a higher-
order extension of Constrained Horn Clauses (CHC) [1]. In fact, the HoCHC
satisfiability problem? is essentially the same as the vHFLy validity checking
problem (in the sense that for any HoCHC C, there exists a vHFLy formula
e such that C is satisfiable if and only if ¢ is valid, and vice versa). The
main difference between our type system and theirs is in the subtyping relation.
We introduce more sophisticated subtyping relations, which makes the resulting
subtyping relation complete with respect to the semantic subtyping relation. In
contrast, the subtyping relation in Burn et al.’s system is too conservative, which
makes their type system too weak; in fact, as confirmed through experiments,
there are many vHFL7 formulas whose validity can be proved in our type system
but the satisfiability of the corresponding HoOCHC cannot be proved in Burn et
al.’s type system.

An alternative existing approach to automatically proving the validity of a
vHFLz formula is a combination of (pure) HFL model checking and predicate
abstraction [5]. Though our type-based approach is less powerful in theory than
the model checking approach, ours tends to be faster, as confirmed by our ex-
periments. Thus, we consider that the two approaches are complementary.

The rest of this paper is structured as follows. Section 2 reviews the definition
of vHFLy,. Section 3 presents our refinement type system for vHFLy; and proves

3 Throughout the paper, we assume integer arithmetic as the underlying constraint
language of HoCHC.
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the soundness of the type system and the relative completeness of the subtyping
relation. Section 4 discusses the relationship between our type system for vHFLy
and Burn et al.’s one for HOCHC. Section 5 presents an automated method
for vHFLy validity checking based on our type system. Section 6 reports an
implementation and experimental results. Section 7 discusses related work, and
Section 8 concludes the paper.

2 Preliminaries: vHFL,

We review the syntax and semantics of vHFLy [7], which is a simply-typed
higher-order logic with arithmetic operations and the greatest fixed-point oper-
ator.

2.1 Syntax
The logic vHFLz is simply typed. The syntax of simple types is given by:
pu=e|n—p and n = p | Int.

The type e is for propositions and Int is for integers. The types are constructed
from these atomic types and the function type constructor —. The above syn-
tax restricts occurrences of Int only to argument positions. The reason will be
explained in the next subsection.

The syntax of vHFLy formulas is given by:

P n= n|Yropy | p(Yr, - Un) |t [ Y Vo [ Adhe | VX : Int)
| X [AX int [ Yripe v X pt)

where n ranges over integers, op over basic binary operations on integers (such
as summation and multiplication), p over basic predicates on integers (such as
equality), and X over variables. The constructors in the first line are standard;
those in the second line are those from the simply-typed A-calculus (i.e. variable
X, abstraction AX : 7.4 and application 7 19) and the greatest fixed-point
operator vX : p.ip. The occurrences of X in VX : Int.¢p, AX : . and vX :
p-¥ are binding occurrences. We shall not distinguish a-equivalent terms. We
shall often omit the type annotations. Lower case letters such as z, y and z are
sometimes used as variables of type Int.

The typing rules are straightforward. A judgment is a triple I' Fg ¥ : n,
where I' is a (simple) type environment (i.e. finite map from variables to simple
types). The type system is basically the simply-typed A-calculus with typed
constants

n : Int op : Int — Int — Int p:Int—»---—Int — e
tt,ff: o V,A:e—>e— e
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and the following additional typing rules:

X IntkFgiy:e d I'X :pkgv:p
81 .
TravX Intg:e ¢ TrguvX:pa:p

The complete list of typing rules can be found in Appendix A. In the sequel, we
shall consider only well-typed formulas.
A closed formula of type e is called a sentence.

Ezample 1. Let ¢ be the vHFLy formula defined by
P = vX:Int—>ely:Int.yA0AX (y+1).

The meaning of this formula can be intuitively understood as follows. Since it is
a fixed-point, (the meaning of) this formula must be a solution of the equation

X = MyZ0AX(y+1).

More specifically it is the greatest solution, where a predicate A is greater than
BifVneZ.(An = Bn).

A more intuitive way to guess the greatest solution is to iteratively apply the
equation. Since (the meaning of) 1) satisfies the above equation, one has

Yvn = MmA0)AYn+1l) = HAZODAM+LIA0)AY(R+2) =
= RZOAM+1IAOOA---A(n+k£O0)A....

This informal argument shows that ¢yn must be false for every n < 0. The
greatest solution is obtained by letting @ n be true if ¢y n does not have to be
false by this argument based on expansion of the definition. Hence ¢ n is true
for every n > 0. O

2.2 Semantics

A type 7 is interpreted as a poset D, and a formula ¢ of type 7 as an element
of D,. The formal definition is as follows.
The poset D, = (D, =, is defined by induction on #:

De={T,1} LCe={(L,L),(L,T),(T,T)}

Dt =7 Cmt={(n,n) | n € Z}

Dysp={f €Dy =D, |Vz,y.(x Cy = f(x) C, f(y))}
Cop={(f,9) | V2 € Dy.f(2) C) g(2)}.

We note that D,_,, is not the set of all functions but monotone functions.
Observe that D, is a complete lattice (i.e., for each subset A C D,, the greatest
lower bound [ ] A of A exists). The interpretation Dryt is not a complete lattice,
and this is why we distinguish Int from other simple types.
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For a simple type environment I', we write [I'] for the set of functions that
maps a variable X in (the domain of) I" to an element of Dp(x). We call an
element of [I'] a valuation. Valuations are ordered by the point-wise ordering.

The interpretation [¢)] of a formula I" g 4 : ) is a monotone function from
[I'] to D,,. It is defined by induction on v. For example,

X p](0) = [HveDyloC, [WIKIX =)}

where x[X +— v] is the valuation defined by x[X +— v](X) = v and x[X —
v](Y) = x(Y) (X #Y). The right-hand-side of the above definition is an explicit
formula that calculates the greatest fixed-point of the mapping v — [](x[X —
v]). The well-definedness and correctness of this explicit formula is ensured by the
facts that D, is a complete lattice and that v — [](x[X — v]) is monotone. We
omit other cases since they are straightforward; see Appendix B for the complete
definition.

We write the interpretation of a sentence ¢ as [¢] since it is independent
of a valuation (as a sentence has no free variable). If [¢](#) = T, then the
sentence v is valid and we write = 1. The vHFLy validity checking problem is
the problem of checking whether a given sentence is valid. Note that this problem
is undecidable in general.

Ezxample 2. Let us consider the following formula vHFLy formula:

¢ = Vm.(vSum.\n.\k.
(n>0VEn)A
(n<0VSum (n—1) (M\r.k (n+71)))
) m (Ar.ar > m).

This formula is essentially the same as the example in Introduction (Section 1)
except that = is replaced with with other connectives (since = is not in vHFLy).
The relationship between this formula and the safety verification of the program
at the beginning of Introduction can be now explained as follows.

The reduction of the program corresponds to the S-reduction, the expansion
of Sum (cf. Example 1), and some trivial rewriting of formulas such as (0 #
0) Vo — 0. The safety verification asks whether the program fails in some
finite steps. If the program fails, then the corresponding rewriting of the formula
shows that the formula is false. If there is no such rewriting, the formula is true
as expected since the greatest fixed-point is true “by default” (cf. Example 1).

O

3 Refinement Type System

This section introduces a refinement type system, which our validity checker
is based on. The refinement type system introduced in this section is inspired
by and closely related to that of Burn et al. [2]. This section focuses on our
refinement type system; a comparison of the two systems is the topic of the next
section.
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3.1 Syntax of Refinement Types

Our type system uses refinement types to describe properties of formulas. Here
we define the syntax and semantics of refinement types.
The syntax of refinement types is given by the following grammar:

arithmetic expressions az=n|z|op(ay,---,a,)

constraint formulas 0:=tt|ff|pag,---,a,) 01 A02| 61V 0
extended constraint formulas © :=01] 61 A Oy | 2.0

refinement types Tu=e(@) |z:Int = 7|7 — To.

The occurrence of z in x : Int — 7 is a binding occurrence. We shall not distin-
guish between a-equivalent refinement types.

Each refinement type 7 describes a property on formulas and semantic el-
ements of a simple type p. This relationship is formalized as the refinement
relation, which is defined by the following rules:

TP Ty p1r T2 ipP2
o(f):: e (x:Int — 7) :: (Int — p) (11 = 72) :: (p1 — p2)’

For every refinement type 7, there exists a unique simple type p such that 7 :: p.
We write I' -7 pif 7 i pand fv(7) C{x | I'(z) = Int }.

The meaning of arithmetic expressions and constraint formulas should be
obvious. We explain the intuitive meaning of refinement types. If 7 :: p, then 7
is for formulas of simple type p that satisfies a certain property.

A formula ¢ of type e has the refinement type ¢(f) if 6 implies 3. More
precisely, the type judgement 1 : () means “if § holds, then the interpretation
of ¢ is T.” The simplest example is e(tt); if 1) : e(tt), then the interpretation
of ¥ is T. Another extreme example is o(ff); ¢ : o(ff) holds for every formula 1
of simple type e since the condition ff never holds. Both ¥ and # may contain
free variables. For example, 1) : #(z > 0) holds if the interpretation of ¥[n/x] is
T for every n > 0.

The meaning of the refinement type 7 — 7 is similar to the standard
function type. A formula 1) has type 71 — 72 just if ¥ ¢ : 7 for every formula ¢
of type 71.

The meaning of z : Int — 7 is similar to the above case, but 7 can refer to
the argument z in this case. For example, = : Int — o(z > 0) is for formulas 1
of simple type Int — e such that 1) n : e(n > 0) for every n.* In other words, it
is a type for predicates that are true on every positive integer.

It is worth emphasising that a refinement type describes a situation in which
a formula should be true. It does not say anything about a situation in which a
formula should be false. Therefore the constantly true function AX : p.tt has all
refinement type 7 such that 7 :: p — e. So a (valid) refinement type judgement
1 : T gives an underapproximation of 1.

4 Equivalently, ¢ « : e(z > 0), provided that ¢ has no free occurrence of x.
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3.2 Semantics of Refinement Types

In order to clarify the informal definition of the meaning of refinement types
given above, we formalize the semantics of refinement types. For a refinement
type T :: p, we give two interpretations. In the first interpretation, the refinement
type is interpreted as the subset (7|) C D, of semantic elements that satisfies
7. This is a direct formarization of the above discussed meaning of refinement
types. In the second interpretation, the refinement type is seen as an element
v- € D,. As expected, the two interpretations are closely related: we have (7] =
{veDy [y Cpv}

We give some auxiliary definitions. The interpretation [6] of constraint for-
mulas 6 is straightforward as constraint formulas can be seen as vHFLjy for-
mulas. It is a map from valuations « on free variables of 6 to Dy = { L, T }.
The interpretation can be naturally extended to extended constraint formulas
by [32.01(a) := |, [ (afa > v).

The first interpretation (7| of a refinement type I' 7 :: p is a function
from valuations a € [I'] to subsets (7))(a) C D, of the interpretation of p. It is
defined by induction on the structure as follows:

ciohe . JATYH (faE0)
(*@))(a): {{J_,T} (if o [~ 0)

(z:Int = 7))(a) == { f € Dint—p | Y0 € Dns. f(v) € (7)) (a[z — v]) }
(1 = 7)) == {f €Dpnp, [ Vo € (i)(a). f(v) € (m2)(e) }-

This is basically a direct translation of the informal semantics discussed in the
previous subsection.
The second interpretation v, is a map from [I'] to D,, inductively defined

by

o (fal=0
Yot (@) = {I Eif a bi o§

VoInt—r(Q) := [Dlnt Sv = Y (afz— v])]

Vra (a) (lf T (a) Em ’U)
=T =Dy, v = .
Tnioma (@) l p 20 {J_pz (otherwise)

where we assume (71 — 72) :: (p1 — p2) in the last case. Here T, and L, are the
greatest and least element of D,. The element v, () is the minimum element in

(m)().

Lemma 1. Assume I' -7 :: p and o € [I']. Then

Vo € Dp.[v e (@) < 7.(a)C,uvl.



8 Hiroyuki Katsura, Naoki Iwayama, Naoki Kobayashi, and Takeshi Tsukada

Az :Int-vy:e(0) z¢fv(0)

Alx) =7 RALLI
Aras. - (RVAR) A V™ 1 e (0) ( )
o (RPRED)
AFyY:z:Int -7 (RAPPT) AFp(al,---,a,):ep(an, - ,a,))
Akwai[a/w]T A"’LZ)1271—)T2 Al—’(/)QIT1 RA
Abriell)  AFs:eld) AF orin 7 (RAPE)
AbEpr Aipz (01 A O2) Abapy - e(f) Al e(fs)
(RAND) X (ROR)
A X :7F: A}_wlvw2~.<91\/92>
AT YT (RGFP) ARy :m Attt 1 <12
ArvXap:T - (RSuB)
Az:Inth AFg:m
. T n .1/1.7 (RABSI) Ax:miby:in (RABS)
FAx.y:xz:Int —» 7 AF dzdp 1 — 1
Fig. 1. Refinement typing rules
AIZ@/\022>01 A,$:Int;@|—T1-<T2
(S-INTFUN)
A;0+ o(01) < o(6:2) A;0Fz:Int 571 <z:Int - 7
(S-Boor) A0 Arty(ma) T <7 A;OF 13 <15
(S-Fun)

A0 T =T =T =T

Fig. 2. Subtyping rules

3.3 Typing Rules

Now we define our refinement type system by giving the typing rules.

A refinement type environment A is a finite map from a subset of variables
to refinement types or Int. We write A :: I' if the domains of A and I' coincide
and A(X) :: I'(X) for every X in the domain. Here we assume Int :: Int.

A refinement type judgement is a triple A F ¢ : 7. We shall only consider a
refinement type judgement that refines a simple type judgement. That means,
when we consider A F 9 : 7, we implicitly assume a simple type judgement
I'Fg v : p and refinement relations A :: I"and I'F 7 :: p.

Figure 1 shows typing rules of the refinement type system. We explain some
key rules. The rule RAND says that 67 A 85 is an underapproximation of 1 A 1
if 0; is an underapproximation of v; for ¢ = 1,2. The rule RAPPI substitutes
the actual argument a for = in 7. The rule RGFP is the standard coinductive
(i.e. greatest) fixed-point rule, saying that the fixed-point vX.¢) has type 7 if ¢
has type 7 under the assumption that X has type 7. The most important rule
for this paper is RSUB, which allows us to construct a derivation of A F 1) : 7
from that of A 1 : 71 under a certain assumption. We explain this rule in more
detail.

The rule RSUB refers to the subtyping judgement A;© + 11 < 7o, defined
by the subtyping rules listed in Fig. 2. Among the rules in Fig. 2, S-FUN is the
only nontrivial rule. Similar to the standard subtyping rule for function types,
it concludes 71 — 72 < 7 — 74 from 7] < 71 and 75 < 74. A notable point is
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that the assumption for 71 < 71 is strengthened by rty(75), which is defined by
the following equations:

rty(e(0)) := 0 rty(z:Int — 7) := Jz.rty(r) and rty(n — 72) = rty(m).
A key property of rty(7) is the following lemma.

Lemma 2. Assume I' =7 :: p and o € [I']. If o = rty(7), then (7))(a) = D,.

This means that, if rty(7) is false, then 7 is the trivial property that all elements
satisfy. Therefore, to show that 7 < 7/, we can assume without loss of generality
that rty(7’) holds because otherwise 7 < 7’ trivially holds. This explains why
we can assume rty(74) in the premise of S-FUN.5

The significance of the assumption rty(75) in S-FUN is demonstrated by the
next example.

Ezample 3. Recall the formula v in Introduction (Section 1) and Example 2:
Vm.(vSum.An.Ak.(n > 0VEn)A(n < 0VSum (n—1) (Ar.k(r+n)))) m (Ar.or > m).

We would like to show that F 1 : e(tt), which implies the validity of ¥ as we
shall see. The most interesting part is the typing of (vSum....):

F(@Sum....) : n:Int — (z:Int — e(x > n)) — e(tt).
Let A be the refinement type environment:
Sum: (n:Int — (z:Int — e(x > n)) — e(tt)), n:Int, k:(z:Int — e(x > n)).
It suffices to show:
AF(n>0VEkn)A(n<0VSum(n—1)(Ark(r+mn))) : e(tt).

We have:

: n<0:en<0) Sum(n-—1) ()\r.k&r—i—n)) s e(n > 0)
(n>0Vkn):e(tt) (n <0V Sum(n — 1) (AMr.k(r+n))) : e(tt)
(m>0VEkn)A(n<0VSum(n—1)Ark(r+n))) : e(tt)

where we omit A F from each judgement and implicitly rewrite ¢(n < 0V n >
0) to e(tt). Since the left judgement is easy to show, we focus on the right
judgement.

We have

AFSum(n—1) : (r:Int — o(r >n —1)) — e(tt)

® A reader may wonder why we do not assume rty(73) in the other premise. This is
because the subtyping judgements A;© F 7 < 75 and A; O Arty(m3) - 72 < 75 are
equivalent in the sense that the derivability of one of them implies the other’s. We
chose the simpler judgement.
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Ar:Int=En>0Ar>n—-1=r>0
Ar:Int;n >0 o(r >0) <e(r>n—1) AEn>0=tt
A;n>0F7:Int — o(r >0) <7:Int — o(r >n—1) A;tt o o(tt) < o(n > 0)
Attt (r:Int — o(r > n—1)) — o(tt) < (r: Int — e(r > 0)) — o(n > 0)

Fig. 3. A derivation of a subtyping judgement used in Example 3

but this is not immediately usable since
A¥F (Ark(r+mn))) : r:Int — o(r >n—1).

Actually this judgement is invalid®: the type of k requires that » +n > n but
r > n — 1 is not sufficient for this when n < 0. Therefore one needs subtyping.
Figure 3 proves a subtyping judgement. Note that the assumption n > 0
plays a crucial role in the left branch of the derivation. Since A - (Ar.k(r+n))) :
(r:Int — e(r > 0)) is easily provable, we have completed the proof. O

3.4 Soundness and Completeness

This subsection defines the semantic counterpart of (sub)typing judgements, and
discuss soundness and completeness of the refinement type system.

The interpretation of a refinement type environment A :: I is the subset
[A] C [I'] defined by

[A] = {a€[l]|¥X €dom(I). a(X) € [AX)](e) }.

We write [A; O] for the set of valuations {a € [4] | a = O}.
The semantic counterpart of (sub)typing judgements are defined as follows:

A,0ET<7 = (7)(a) C(7)() for every a € [A;0]
AEy:7 = [Y](a) € (7)(a) for every a € [A].

The (sub)typing rules are sound with respect to the semantics of judgements.

Theorem 1 (Soundness).

— If A;OF 11 < 1o, then A;0 =11 < To.
—IfAFY 7, then AEY: 1.

Proof. By induction on the derivations. See Appendix D. O

By applying Soundness to sentences, one can show that a derivation in the
refinement type system witnesses the validity of a sentence.

5 The formal definition of the validity of a refinement type judgement will be defined
in the next subsection.
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Corollary 1. Let ¢ be a vHFLy sentence. If 1 : o(tt), then = 1.

A remarkable feature is completeness. Although the type system is not com-
plete for typing judgements, it is complete for subtyping judgements.

Theorem 2 (Completeness of subtyping). If A; 0 =1 <, 72, then A;0
T1 <p T2.

Proof (Sketch). By induction on the structure of simple type p. Here we prove
only the case p = p; — p2. A complete proof can be found in Appendix E.

In this case 7 =7 — 72 and 7/ = 7{ — 74. Assume that 4;0 =7 < 7'. We
prove A; 0 = 19 < 74 and A; O Arty(74) = 7{ < 71. Then A;0 F 7 < 7/ follows
from the induction hypothesis and S-Fun.

We prove A;0 = 75 < 75. Let a € [A;0] and v € (72))(a) and define
f € (n — m|)(a) by f(z) := v. By the assumption, f € (77 — 74)(a). Since
T € (1) (), we have f(T,,) = v € (m3))(c). Since v € (72))() is arbitrary,
we obtain (72))(a) C (7)) ().

We prove A; 0 A rty(r5) = 71 < 71. Assume for contradiction that A;© A
rty(75) ¥ 71 < 71. Then, there exist a € [A;0 A rty(r5)] and g € (m4])(a)
such that g ¢ (71])(«). By Lemma 1, we have the minimal element 7., ., ()
in (11 — 7=))(a), which belongs to (77 — 73))(a) by the assumption. Since
g € (1) (), we have v, r,(a)(g) € (74))(a). One can prove that a = rty(5)
implies L,, & (7)) () and thus v, -, (a)(g9) # L,,. On the other hand, from
the definition of the minimal element 7., ., (o) and the assumption g € (1) (),
we have v-, -, (a)(g9) = L,,, a contradiction. O

4 Relationship with Higher-Order Constrained Horn
Clauses

Our work is closely related to the work on Higher-order constrained Horn clauses
(HoCHC for short) [2]. HOCHC has been introduced by Burn et al. [2] as a
higher-order extension of the standard notion of constrained Horn clauses. They
also gave a refinement type system that proves the satisfiability of higher-order
constrained Horn clauses. The satisfiability problem of higher-order constrained
Horn clauses is equivalent to the validity problem of vHFLy, and the refinement
type system of Burn et al. [2] is almost identical to ours, ezcept for the crucial
difference in the subtyping rules. Below we discuss the connection and the differ-
ence between our work on their work in more detail; readers who are not familiar
with HoCHC may safely skip the rest of this section.

4.1 The Duality of vHFL; and HoCHC

A HoCHC is of the form” ¢y = Z, where v is a vHFLy formula that does
not contain the fixed-point operator v and Z is a variable X or the constant

" The syntax of HoCHC is modified in a way that emphasises the relationship to
vHFLg.
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ff whose simple type is the same as 1. The formula ) in HoCHC may have
free variables that possibly include X. A valuation « satisfies the HoCHC if
[¥](«) C [Z] (). A solution of a set of HOCHCs is a valuation that satisfies all
given HoOCHCs. Burn et al. [2]| studied the HoCHC satisfiability problem, which
asks whether a given finite set of HoOCHC has a solution.

The HoCHC satisfiability problem can be characterized by using the least
fixed-points. Assume a set of HoCHCs C = {¢pg = ff,¢, = X1,..., ¢, =
X}, where Xi,..., X, are pairwise distinct variables. The HoCHCs { ¢4, =
X1, ..., ¥, = X,, } has the minimum solution, say «, and C has a solution if
and only if [¢)o](a) = L for the minimum solution a.

The connection to the vHFLy validity problem becomes apparent when we
consider the dual problem. Given a v-free formula v, we write v for the dual
of 1 obtained by replacing A with Vv, ff with tt, atomic predicates p(&) with
its negation —p(&) and a variable X with the dual variable X. Then C has a
solution if and only if so does

{Yg=tt, ¥, <= X1, ..., Y, <= X, }.

This dual problem has a characterisation using the greatest fixed-points: it has
a solution if and only if [¢y](a) = T where « is the greatest solution o of
{9, <= X1, ..., 9, < X, }. Since the greatest solution satisfies ), = X;
for every 1, it can be represented by using the greatest fixed-point operator v
of vHFLgz. By substituting X, in 1, with the vHFLz formula representation of
the greatest solution «, one obtains a vHFLy formula ¢. Now C has a solution
if and only if [¢] = T, that means, ¢ is valid.

4.2 The similarity and difference between two refinement type
systems

The connection between HoOCHC and vHFLz allows us to compare the refinement
type system for HoOCHC of Burn et al. [2] with our refinement type system for
vHFLy. In fact, as mentioned in Introduction, this work is inspired by their
work. Our refinement type system is almost identical to that of Burn et al. [2],
but there is a significant difference. The subtyping rule for function types in
their type system corresponds to:

A,0FT <7 A;OF 19 < T
A;OFT =<1 =T ’

The difference from S-FUN is that rty(75) cannot be used to prove 7{ < 71.
Because of this difference, our refinement type system is strictly more expressive
than that of Burn et al. [2]. Their refinement type system cannot prove the
(judgement corresponding to the) subtyping judgement in Example 3, namely,

Ajtt k- ((r:Int — o(r > n—1)) — o(tt)) < ((r:Int — e(r >0)) — e(n > 0));

recall that rty((r: Int — e(r > 0)) — e(n > 0)) = (n > 0) is crucial in the
derivation of the subtyping judgement in Example 3. In fact, their type system
cannot prove that the sentence in Example 3 is valid.
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The difference is significant from both theoretical and practical view points.
Theoretically our change makes the subtyping rules complete (Theorem 2). Prac-
tically this change is needed to prove the validity of higher-order instances. We
will confirm this claim by experiments in Section 6.

5 Type Inference

This section discusses a type inference algorithm for our refinement type system
in Section 3. The type system is based on constraint generation and solving. The
constraint solving procedure simply invokes external solvers such as Spacer [§],
Holce [3] and PCSAT [11]. In what follows, we describe the constraint generation
algorithm and discuss the shape of generated constraints.

5.1 Constraint generation

The constraint generation algorithm adopts the template-based approach. For
each subformula I" F ¢ : p of a given sentence + 1) : @, we prepare a refinement
type template, which is a refinement type with predicate variables. For example,
ifr=(X:p,y:Int,Z:p") and p = Int — (Int — ) — Int — e, then the
template is a:Int — (b:Int — ¢(P(y,a,b))) — c:Int — ¢(Q(y, a,c)). The ideas
are: (i) for each occurrence of type Int, we give a fresh variable of type Int (in
the above example, a, b and ¢), and (ii) for each occurrence of type e, we give
a fresh predicate variable (in the above example, P and Q). The arity of each
predicate variable is the number of integer variables available at the position.
Recall that the scope of z in (z:Int — 1) is 7.
Then we extract constraints. For example, assume that

z:Int ¢ : (Int — o) — z:Intk ¢y :Int —
z:Intk @105 : @

is a part of the simple type derivation of the input sentence. Then the refinement
type templates for ¢, and ¢, are

(y:Int — o(P(x,y))) — ¢(Q(x)) and z:Int — e(R(x,z)),
respectively. The refinement type system requires that
z:Int;tt - (2 : Int — o(R(x, 2))) < (y: Int — &(P(z,y))),

from which one obtains a constraint  : Int, z : Int; tt = P(z,2) = R(z,z2), or
more simply Vz, z.[P(z, z) = R(z, 2)].

Ezample 4. Recall the formula ¢ in Example 1:
v = vX Ayy#O0AX(y+1) : Int—e.

We generate constraints for the sentence Vz. (z < 0) V ¢ z. The refinement type
template for ¢ is y : Int — e(P(z,y)).
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The first constraint comes from the subtyping judgement filling the gap be-
tween

z:IntF 4 :y:Int — o(P(z,y))
z:IntF2<0:e(z2<0) z:Intk Y z:e(P(z,2))
z:IntF (2 <0)Vyz:e{(z<0)V P(z2))

and z : Int - (z < 0) V ¢z : e(tt). The required subtyping judgement is
z:Int;tt - o((z < 0) V P(z,2)) < e(tt), from which one obtains

Vz € Dint. tt = 2 <0V P(z,2).

The second constraint comes from the gap between

B X (Y :Int — o(P(z,9)))
by #0:e(y#0) - EX(y+1):e(P(z(y+1)
z:Int, X : (v : Int — &(P(2,y'))),y : Int -
(y # 0AX (y+1)) : o((y # 0)AP(2, (y+1)))

and the requirement z : Int, X : y:Int — o(P(z,y)),y : Int - (y # 0AX (y+1)) :
o(P(z,y)). The second constraint is

Yy, z € Dint. P(z,y) = P(z,y+1).
These two constraints are sufficient for the validity of Vz. (2 <0) V¢ z. O

Remark 1. The constraint generation procedure is complete with respect to the
typability: + ¢ : e(tt) is derivable for the input sentence if and only if the
generated constraints are satisfiable. However it is not complete with respect to
the validity since the refinement type system is not complete with respect to the
validity. a

5.2 Shape of generated constraints

Constraints obtained by the above procedure are of the from
VE. Pi(Z1) A AP (En) N0 = Q1(T1) V-V Qu(Tm)-

Here P; and @; are predicate variables and 6 is a constraint formula. If m < 1,
then this is called a constrained Horn clause (CHC for short). Following [11],
we call the general form pCSP. We invoke external solvers such as Spacer [§],
Holce [3] and PCSAT [11] to solve the satisfiability of generated constraints.

PCSAT [11] accepts the constraints of the above form, so it can be used as
a backend solver of the type inference. However PCSAT is immature at present
compared with CHC solvers, some of which are quite efficient. By this reason,
we use CHC solvers such as Spacer [8] and Holce [3] as the backend solver if the
constraints are CHCs.

It is natural to ask when generated constraints are CHCs. We give a conve-
nient sufficient condition on input vHFLz formulas. We say a formula is tractable
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if for every occurrence of disjunctions (11 V 1), at least one of ¢ and 1), is an
atomic formula. For example, ((F ) A (Gy)) V (b = 2) is tractable because b = 2
is atomic, and ((F z) A (b= 2)) V (Gy) is not. If the input formula is tractable,
the constraint generation algorithm generates CHCs.

In the context of program verification, the safety property verification of
higher-order programs are reducible to the validity problem of tractable for-
mulas. In fact, the reduction given in [7] satisfies this condition. Therefore the
translation in [7] followed by our type-based validity checking reduces the safety
property verification to CHCs, for which efficient solvers are available.

6 Implementation and Experiments

6.1 Implementation

We have implemented a vHFLy, validity checker RETHFL based on the inference
on the proposed refinement type system. RETHFL uses, as its backend, CHC
solvers Holce [3] and Spacer [8], and pCSP solver PCSAT [11]. In the experiments
reported below, unless explicitly mentioned, Holce is used as the backend solver.
We have also implemented a functionality to disprove the validity when a given
formula is untypable, as discussed below. For this functionality, Eldarica [4] is
used to obtain a resolution proof of the unsatisfiability of CHC.

A method to disprove the validity of a vHFL; formula. Since our re-
duction from the typability of a vHFLz formula 1 to the satisfiability of CHC
or pCSP is complete, we can conclude that i is untypable if the CHC or pCSP
obtained by the reduction is unsatisfiable. That does not imply, however, that
the original formula 1 is invalid, due to the incompleteness of the type system.
Therefore, when a CHC solver returns “unsat”, we try to disprove the validity of
the original formula. To this end, we first use Eldarica [4] to obtain a resolution
proof of the unsatisfiability of CHC, and estimate how many times each fixpoint
formula should be unfolded to disprove the validity of the vHFLy formula. Below
we briefly explain this idea through an example.

Ezxample 5. Let us consider the following formula:
Vnn <0V @X.(Ayy=1V(y>1AX (y—1)))) n.

By preparing a refinement type template y : Int — o(Px (y)) for X, we obtain
the following constraints:

Vx € Ding. tt = Px(x) Va <0
Vo € Dint. Px(z) =2 =1V (z > 1A Px(z —1)),

which correspond to the CHC:

Vx € Ding- © > 0 = Px(x) Ve € Dt Px(x) ANz A1 Nz <1=ff
Vo € Dint. Px(m)/\iﬂ7élépx(x—1)
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This set of CHC is unsatisfiable, having the following resolution proof:

0>0= Px(0) Px(0)AO#IA0<1=ff
0>0A0#1A0< 1= ff (=)

Here, the two leaves of the proof have been obtained from the first two clauses by
instantiating x to 0. Since the second clause is used just once in the proof, we can
estimate that a single unfolding of X is sufficient for disproving the validity of
the formula. We thus expand the fixpoint formula for X once and check whether
the following resulting formula holds by using an SMT solver:

Vnn <0V (n=1V(n>1Att)).

The SMT solver returns No’ in this case; hence we can conclude that the original
vHFLy formula is invalid.

6.2 Experiments
We have conducted experiments to compare RETHFL with:

— Horus [2]: a HoCHC solver based on refinement type inference [2].
— PAHFL [5]: a vHFLy, validity checker [5] based on HFL model checking and
predicate abstraction.

The experiments were conducted on a Linux server with Intel Xeon CPU E5-2680
v3 and 64 GB of RAM. We set the timeout as 180 seconds in all the experiments
below.

Comparison with Horus [2]. We prepared two sets of benchmarks A and B.
Both benchmark sets A and B consist of vHFLy validity checking problems
and the corresponding HoCHC problems. Benchmark set A comes from the
HoCHC benchmark for Horus [2], and we prepared vHFLg, versions based on the
correspondence between HoOCHC and vHFLy discussed in Section 4. Benchmark
set B has been obtained from safety verification problems for OCaml programs.
Benchmark set A has 8 instances, and benchmark set B has 56 instances. In the
experiments, we used Spacer as the common backend CHC solver of RETHFL
and Horus.

The result is shown in Fig. 4. In the figure, "Unknown" means that Horus
returned "unsat", which implies that it is unknown whether the program is safe,
due to the incompleteness of the underlying refinement type system. RETHFL
could solve 8 instances correctly for benchmark set A, and 46 instances for bench-
mark set B. In contrast, Horus could solve 7 instances correctly for benchmark
set A, and only 18 instances for benchmark set B; as already discussed, this is
mainly due to the difference of the subtyping relations of the underlying type
systems. The running times were comparable for the instances solved by both
RETHFL and Horus,
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Fig. 4. Comparison with Horus [2]. Fig. 5. Comparison with PAHFL [5].

Comparison with PAHFL [5]. We used two benchmark sets I and II. Bench-
mark set I is the benchmark set of PAHFL [5] consisting of vHFLy validity
checking problems, which have been obtained from the safety property verifi-
cation problems for OCaml programs [12]. Since the translation used to obtain
vHFLy formulas is tailor-made for and works favorably for PAHFL, we also
used benchmark set II, which consists of the original program verification prob-
lems [12]; for this benchmark set, RETHFL and PAHFL use their own transla-
tions to vHFL7 formulas.

The results of the two experiments are shown in Fig. 5. In the figure, "Fail"
means that the tool terminated abnormally, due to a problem of the backend
solvers, or a limitation of our current translator from OCaml programs to vHFLy
formulas. For benchmark set I, RETHFL and PAHFL solved 205 and 217 in-
stances respectively. For benchmark set II, RETHFL and PAHFL solved 247 and
217 instances respectively. Thus, both systems are comparable in terms of the
number of solved instances. As for the running times, our solver outperformed
PAHFL for most of the instances.

We also compared our solver with PAHFL by using 10 problems reduced from
higher-order non-termination problems, which were used in [9]. While PAHFL
could solve 4 instances, our solver could not solve any of them in 180 seconds.
This is mainly due to the bottleneck of the underlying pCSP solver; developing
a better pCSP solver is left for future work.

7 Related work

Burn et al. [2] introduced a higher-order extension of CHC (HoCHC) and pro-
posed a refinement type system for proving the satisfiability of HoCHC. As
already discussed in Section 4, the HoCHC satisfiability problem is essentially
equivalent to the vHFLy validity problem. Our type system is more expressive
than Burn et al.’s type system due to more sophisticated subtyping rules. We
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have confirmed through experiments that our vHFLz solver RETHFL outper-
forms their HOCHC solver Horus in terms of the number of solved instances.

Iwayama et al. [5] have recently proposed an alternative approach to vHFLy,
validity checking, which is based on a combination of (pure) HFL model check-
ing, predicate abstraction, and counterexample guided abstraction refinement.
In theory, their method is more powerful than ours, since theirs can be viewed as
a method for inferring refinement intersection types. In practice, however, their
solver PAHFL is often slower and times out for some of the instances which
RETHFL can solve. Thus, both approaches can be considered complementary.

Kobayashi et al. [6] have shown that a validity checker for a first-order fixpoint
logic can be constructed on top of the validity checker for the v-only fragment of
the first-order logic. We expect that the same technique can be used to construct
a validity checker for full HFLy on top of our vHFLz validity checker RETHFL.

There are other refinement type-based approach to program verification, such
as Liquid types [10,14] and F* [13]. They are not fully automated in the sense
that users must provide either refinement type annotations or qualifiers [10] as
hints for verification, while our method is fully automatic. Also, our vHFLy-
based verification method can deal with (un)reachability in the presence of both
demonic and angelic branches, while most of the type-based verification methods
including those mentioned above can deal with reachability in the presence of
only demonic branches.

8 Conclusion

We have proposed a refinement type system for vHFLy validity checking, and
developed an automated procedure for refinement type inference. Our refinement
type system is more expressive than the system by Burn et al. [2] thanks to the
refined subtyping relation, which is sound and relative complete with respect
to the semantic subtyping relation. We have confirmed the effectiveness of our
approach through experiments. Future work includes an improvement of the
backend pCSP solver (which is the current main bottleneck of our approach),
and an extension of the method to deal with full HFLy, based on the method
for the first-order case [6].
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Appendix

A Simple type system for vHFL;

I'tp ;e for each ¢ € {1,2}

I'Fgn:Int tai1Via:e
I' bg s : Int for each i € {1,2} I'Fg 1 : e for each ¢ € {1,2}
I' g 11 op ¥ : Int I'tgyirAia:e
Thutt:e LAiprav:ip
I'FevX:pay:p
Fhuft:e LX:nFut:p
I'tg AX nyY:n—
Arity(p) =k " YN p
I'tg 4; : Int for each ¢ € {1,--- ,k} Frutiin—p hmon
F}_Hp(wla"'vwk):. F#led&zp
X nkp X :n X :Intbg:e

T VX :Int.g: e

Fig. 6. Simple type judgement of vHFLy

B Semantics of vHFL; formulas

The semantics of a well-typed vHFLy, formula [I" b5 9 : p] is defined as a map
from [I'] to D, by induction as shown in Fig. 7. Note that (D,,C,) forms a
complete lattice; therefore, we can define that L, and M, are respectively the
least upper bound and greatest lower bound with respect to C,,.

Note that [op] is the function over integers denoted by op. Also, [p] is the
k-ary relation on integers denoted by p.

The greatest fixpoint operators gfp, are defined as follows.

gfp,(f) = |_|{5L’ €D, |25, fz)}

C Proof of Minor Lemmas

C.1 Well-definedness of the minimum element

One has to check that v, -, (a) is monotone. We first prove an auxiliary lemma.



22 Hiroyuki Katsura, Naoki Iwayama, Naoki Kobayashi, and Takeshi Tsukada

['Fan:Int)(a)=n [[Futt:e](a)=T [['tyf:e](a)=_1
[I" ta 1 op o Int](a) = ([I" Fa ¢ 2 Int](a))[op]([1" Fr 92 : Int](a))
HF Fu p(wlv 7wk) : .]](Oé) =
Tif ([ a1 Int](a), -+, [ Fa ¥r : Int] (@) € [p]
1 otherwise
[0,X:nka X :n](a) = a(X)
IIF o Vs ]](a) = IIF Fa o]](a) Lle IIF Fa s 0]](@)
[Cra by A2 o](a) = [T Fa bz o] () Mo [ 42 : o] (a)
[I'Fr vX?4:pl(a) = gfp, ([ AX : pyp 2 p— p](a))
[FEa AX in4p:n = pl(e) = {(v, [, X :nkw ¢z pl(alX = 0]) [v e Dy}
[FFu oz pl(@) = [ Fa i = pl(@(I1 Fa 2 = n)(a))
[CFa VX" o(@) =[ {1 X tnbu ¢ o] (alX —0]) | ve Dy}

[ ]
ol

Fig. 7. Semantics of vHFLy

Lemma 3. Let I' -7 :: p be a refinement type and o be a valuation in [I']. For
any z,y €D, if t T,y and x € (T (), then y € (7)) ().

Proof. By induction on the structure of the refinement type I' - 7 :: p.

— Case I't-o(0) :: o:
If y =T, then y € (7))(a) for every 7 and « (provided that 7 refines o).
Otherwise, z = y = L and thus y € (7|(a) follows from the assumption
z € (1) ().

— Case I'Fz:Int — 7 :: Int — p:
It suffices to show that y(v) € (7)(a[z — v]) for every v € Dint. Let v €
Dint- Then (a) z(v) € (7))(afz + v]) from the assumption, and (b) z(v) C,
y(v) from « Cing—, y. So by the induction hypothesis, we have y(v) €
(r)(alz - o).

— Case ' 11 — 75 11 p1 — pa:
Similar to the previous case.

O

The monotonicity of v, -, (@) is a consequence of this lemma. Assume that
T1 — T2 it p1 — p2. Let © and y be elements of D, and assume that z C y. If
x € [r1](«), then y € [11](c) by the previous lemma. Then

771%7'2(0‘)(1‘) = 772(05) = ’}/7—1%72(&)(];).

If x ¢ [11](c), then

Tmon(a)(@) = Ly T Anan(@)(y).
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C.2 Proof for Lemma 1
We prove the claim by induction on p. Assume I' 7 :: p and o € [I].

— Case e:
Then 7 = ¢(f). If @ =0, then v.(a) = T and (7)(a) = {T}. If « |~ 6, then
V(@) = L and (7)) () = {L, T}

— Case Int — p;:
Then 7 = z:Int — 7. Let v € Dint—p,- Then, by using the induction
hypothesis,

Vn € Ding. Vz'lnt—wl( )( ) (n)
Vn € Ding- ¥, (e[ = n]) E v(n)
Vn € Ding. v(n) € (1)) (afz — n])
v € (z:Int = 7)) ().

Ya:Int— 7y (Oé) Lo

1ot

— Case p1 — pa:
Then 7 = 7y — 7. Let v € D, ,,,. Then, by using the induction hypothesis,

Yw € Dy, . Vry—ry () (w) E v(w)

,771*>T2(a)gv Aand
—  VYw e (n)(a). ym(a) Ev(w)
—
=

Vw € (i) (). v(w) € (2)(a)

v € (1 = ) (a).

C.3 Proof of Lemma 2
By induction on the structure of 7.

— Case 7 = ¢(0):
Trivial.
— Case 7 =z:Int — 7"
Then p = Int — p’ for some p’. Since rty(x : Int — 7') = Jx.rty(r’), the
assumption is « & Jz.rty(7'), which is equivalent to a = Va.—rty(r’) and
to
Vv € Ding. [ afz — v] ety () ].

Let f be an arbitrary element in Ding—, . By definition, f € (z:Int — 7)) ()
if f(v) € (7)) (a]z — v]) for every v € Dint. So let v be an arbitrary element
in v € Dyt By the above proposition and the induction hypothesis, we
have (7')(a[z — v]) = D,. In particular, f(v) € D,. Since v is arbitrary,
we obtain f € Dy.int—r ().
— Case 7 =1 — To:

Then p = p1 — p2 and rty(m — 7o) = rty(m). So the assumption is
equivalent to a £~ rty(72). By the induction hypothesis, we have (72))(a) =
D,,. Let f be an arbitrary element in D, ,,,. By definition, f € (rn —
o)) (a) if f(v) € (72|) () for every v € D, . This follows from the induction
hypothesis (72))(a) = D,,.
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D Soundness (Theorem 1)

We prove the soundness of the subtyping rules.
Lemma 4. If A;O F 1 <, 7/, then A;0 =71 <, 7'.

Proof. By induction on the the derivation A;© F 7 <, 7. We appeal to the case
analysis on the shape of the judgement A; 0 7 <, 7.

— Case A;0+ o(0) <, o(0'):
Since A; O I () <, o(f) is derivable, we have

AEOND = 0.

Let a be a valuation in [A; ©]. We show that ( e (8))(a) C (e (6)])(c).
o If « = 0, then a = 0 by the assumptions. In this case, we have (| o
O))(c) = (o (@))(e) = { T }.
o If a £ ¢, then (o (0))(a) = {L, T} = D,. Hence (| o (§))(a) C
(e (6))(a) holds.
— Case A;0 F 2 :Int = 7 <mm¢p 2 : Int — 7"
The premise of the derivation is Iz : Int;© F 7 <, 7/. Assume that
a € [4;0] and f € (x:Int — 7))(«). By definition, f(v) € (7)) (afz — v]) for
every v € Dint. Since (7)) (afz — v]) C (7'))(afz — v]) from the induction
hypothesis, we have f(v) € (7/))(afz — v]) for every v € Dint. Therefore
fe(z:Int = 7)) ().
— Case A;O F 11 —= Ty <p,5py TL = T
The premises of the derivation are

IO Arty(mg) b1 <5 1

and
I'O k1 <, 7'2/.

Assume «a € [4;0], f € (11 — 7)) («) and v € (7{))(). It suffices to show
that f(v) € (2)(a).

e Assume that o = rty(75). Then a € [A; OArty(74)], and thus (7)) () C
(71)(a) by the induction hypothesis. So the assumption v € (|71])(«) im-
plies v € (71))(a). Since f € (11 — 72))(a), we have f(v) € (72])(«). Then
f(v) € (3] () since (72)(e) C (75)(c) by the induction hypothesis.

e Assume that « [~ rty(75). Then, by Lemma 2, we have (75])(«) = D
In particular, f(v) € (73] ().

P2
O

We then prove the soundness of the refinement type system.

Lemma 5. If Ab¢:7, then AEY:T.

Proof. By induction on the structure of derivation. Assume that A+ v : 7 and
let o € [A].
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— Case RAbs:
Then 7 =7 — 7 and ¥ = AX.¢. We have A, X : 71 F ¢ : 75 as the premise.
Let v be an arbitrary element in (71])(«). Since a[X — v] € [A, X : 7], we
have [¢](a[X — v]) € (m2)(a[X — v]) by the induction hypothesis. Note
that (72)(a[X — v]) = (72)(«) because X, which is not of simple type
Int, does not appear in 5. Therefore v € (71])(«) implies [¢](a[z — v]) €
(72) (). This means that [AX.¢](«) € (11 — T2|)(a) since [AX.¢](a)(v) =
[o](a[X +— v]) € (72)(a) for every v € (7)) ().

— Case RGip:
Then v = vX : 7.¢ and we have A, X : 7 F ¢ : 7 as the premise. Let
v = v,() be the minimum element in (7)) (a) (cf. Lemma 1). Since v €
(7) (), we have a[X — v] € [A,X : 7]. By the induction hypothesis,
[o](a[X — v]) € (7)(a[X — v]). Since X does not appear in 7, we have
(m)(a[X = v]) = (7)) () and thus [¢](a[X — v]) € (7))(a). By Lemma 1,
we have v C [¢](a[X — v]).
Recall that the goal is [vX : 7.¢](«) € (7)) (), which is equivalent to v C
[vX : 7.¢](a). By definition,

X :76)(a) = | fwlwC [g](alX — w])}.

We have v C [vX : 7.¢] () since v belongs to the set in the right-hand-side.
— Case RSub: Immediate from Lemma 4.

Other cases are easy. a

Proof (Theorem 1). The first claim is Lemma 4 and the second claim is Lemma 5.
a

E Completeness of Subtyping Rules (Theorem 2)

We start from auxiliary lemmas. We write L, for the minimum element in D,,.

Lemma 6. Let I' - 7 :: p be a refinement type and « be a valuation in [I']. If
a f=rty(r), then L, ¢ (7)) ().

Proof. By induction on the structure of the refinement type 7.

— Case o(0):
From the assumption, o =0 and thus (e (6))(«) = {T}.

— Case (z:Int — 7):
Since rty(z : Int — 7) = Jz.rty(r), the assumption is equivalent to o |=
Jz.rty(r). So afz — v] = rty(r) for some v. We fix v that satisfies this
condition. Then, by the induction hypothesis, we have L, ¢ (7)) (a[z — v]).
Assume for contradiction that Ling—, € (z:Int — 7|)(c). Then Line—,(v) =
1, € (7)(afz — v]), a contradiction.
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—Case I'1 = 7121 p1 — p2

Since rty(m — 72) = rty(72), the assumption is equivalent to « = rty (7).
By the induction hypothesis, L,, ¢ (7)) ().

Assume for contradiction that L ,, _,,, € (71 = 72))(c). Since T,, € (m1)(a),
we have L, ,,,(T, )= L1,, € (r))(a), a contradiction.

8

O

Proof (Theorem 2). Assume that A; 0 =1 <, 7'. We prove the claim by induc-
tion on p.

— Case p=e:

Then 7 = o(f) and 7/ = ¢(#’). Let o € [A; O]. If a = 0, then

{LTE < (@) < (),

which implies o £ ¢’ and thus a« EF  AO = 6. If a | 0, then a E
0’ NO = 0 as well.

Case p =Int — p;:

Then 7 = (z:Int — 71) and 7/ = (z:Int — 7{). Let o € [A;0] and
n € Dint. We have

Yeantom (@) € (z:Int = 7)(a) C  (z:Int — 1) ()
by Lemma 1 and the assumption. Hence, for every n € Dy,
Vi (O‘[‘r = nD = Yz:Int—7g (a) (’I’L) € (‘T{D(a[x — n])
By using Lemmas 1 and 3,

veE(n)laz—n]) <= q,(alz—n])Co
= v e () (afz — n]).

Since o € [A; 0] and v € Dy are arbitrary and a does not appear freely
in O, the above proposition says that v € (7|)(¢’) implies v € (77])(c)
for every o € [A,z : Int;0]. In other words, A,z : Int;© = 7 < 1.
Hence, by the induction hypothesis, A,z : Int;© + 71 < 71, from which
A;0F (z:Int — 71) < (2 : Int — 7) follows.

Case p = p1 — pa:

In this case 7 =7, — 7 and 7’ = 7{ — 75. Assume that A;0 =7 < 7/. We
prove A;0 = 15 < 75 and A;0 Arty(r4) =7 < 11. Then A;0 F 7 < 7/
follows from the induction hypothesis and S-Fun.

We prove A;0 | 75 < 7. Let a € [A;0] and v € (72))() and define
f € (n — m)(a) by f(z) := v. By the assumption, f € (71 — 7)) ().
Since T,, € (71))(cw), we have f(T,,) = v € (m3)(a). Since v € (=))(a) is
arbitrary, we obtain (|72])(«) C (74 ().

8 One can easily prove that T, € (7))(a) if I - 7 :: p and « € [I], by induction on the
structure of 7.
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We prove A; 0 Arty(r)) E 71 < 71. Assume for contradiction that A; © A
rty(75) = 71 < 71. Then, there exist a € [A;0 Arty(r5)] and g € (1) (@)
such that g ¢ (71])(«). By Lemma 1, we have the minimal element 7., —, ()
in (71 — 72f)(@), which belongs to (7{ — 75))(a) by the assumption. Since
g € (11)(a), we have v, ., (@)(9) € (75)(a). By Lemma 6, we have 1L ,, ¢
(73] () and thus v, -, ()(g) # L,,. On the other hand, from the definition
of the minimal element 7, ., («) and the assumption g ¢ (71])(«), we have
Ve () (g) = L,,, a contradiction.
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