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Abstract. Kobayashi et al. have recently shown that various verification prob-
lems for higher-order functional programs can naturally be reduced to the validity
checking problem for HFLy, a higher-order fixpoint logic extended with integers.
We propose a refinement type system for checking the validity of VHFL7 formu-
las, where VHFLy is a fragment of HFLy without least fixpoint operators, but
sufficiently expressive for encoding safety property verification problems. Our
type system has been inspired by the type system of Burn et al. for solving the
satisfiability problem for HoOCHC, which is essentially equivalent to the VHFL 7,
validity checking problem. Our type system is more expressive, however, due
to a more sophisticated subtyping relation. We have implemented a type-based
VHFLy, validity checker RETHFL based on the proposed type system, and con-
firmed 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
HFL7, an extension of HFL [15] with integers. In this paper, we focus on a fragment
of HFL7 called vHFLy, which is a fragment of HFL7 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 HFL7, 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) (fun r -> k (n + r))
let main m = sum m (fun r -> assert(r >=m))

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
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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 VHFL7 formula.

Yy = Vm.(vSum.An.Ak.
(n<0=kn)A
(n>0=Sum (n—1) (Ark (n+r)))
Ym (Arr > m)

ey

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
VHFL7 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
¢(0), which is the type of propositions that hold whenever 0 holds; in other words, if a
proposition y has type (6), then 0 is an underapproximation of y (with respect to the
order false < true). For example, VHFLy, formula x > 0 has type e(x > 0) because
x> 0= x>0 holds.

Our type system has been inspired by that of Burn et al. [2] for proving the satisfi-
ability of Higher-order Constrained Horn Clauses (HoCHC), a higher-order extension
of Constrained Horn Clauses (CHC) [1]. In fact, the HoOCHC satisfiability problem3 is
essentially the same as the VHFL7, validity checking problem (in the sense that for any
HoCHC C, there exists a VHFLyz formula y¢ such that C is satisfiable if and only if
Y 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 VHFLy, 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 VHFLy
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 experiments. Thus, we consider
that the two approaches are complementary.

The rest of this paper is structured as follows. Section 2 reviews the definition
of VHFL7. Section 3 presents our refinement type system for VHFLz and proves 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 vVHFL7 validity

3 Throughout the paper, we assume integer arithmetic as the underlying constraint language of
HoCHC.
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checking based on our type system. Section 6 reports an implementation and experi-
mental 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 operator.

2.1 Syntax
The logic VHFL7 is simply typed. The syntax of simple types is given by:
pr=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 syntax 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:

v o= nlyiopyn [ p(yi,c y) [ty Vs [y Ays | VX Inty
| X|AX:ny |y |vX:py

where n ranges over integers, op over basic binary operations on integers (such as sum-
mation 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 : 1.y and
application ¥ y») and the greatest fixed-point operator vX : p.y. The occurrences of X
inVX :Int.w, AX : .y and vX : p.y are binding occurrences. We shall not distinguish
a-equivalent terms. We shall often omit the type annotations. Lower case letters such
as x, y and z are sometimes used as variables of type Int.

The typing rules are straightforward. A judgment is a triple I' g y : 1, 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,AN:e—e—e
and the following additional typing rules:

'X:Intkg y:e an I'X:ptgw:p
by VX :Inty:e T'FyvX:py: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.
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Example 1. Let y be the VHFL7z formula defined by
y = vX:Int—eAdy:Inty#£0AX(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 = Ayy#0AX(y+1).

More specifically it is the greatest solution, where a predicate A is greater than B if
Vn e Z.(An=- Bn).

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

yn = m#0)Aynr+1l) = W#OAR+1#0)Ay(n+2) =
= mAOAM+TAO)A---A(n+k#O0)A....

This informal argument shows that ¥ n must be false for every n < 0. The greatest solu-
tion is obtained by letting W n be true if yn does not have to be false by this argument
based on expansion of the definition. Hence yn is true for every n > 0. a

2.2 Semantics

A type 1 is interpreted as a poset Z; and a formula y of type 7 as an element of Z,.
The formal definition is as follows.
The poset Zy = (P, Cy) is defined by induction on 7:

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

Pt =7 Eme={(n,n)|n€Z}

Dnsp ={f €D — Dp |Vx,y.(xCqy= f(x) Cp f(¥))}
Cnop={(f.8) | Vx € Zn.f(x) Tp g(x)}.

We note that Z;,_,, is not the set of all functions but monotone functions. Observe that
Yy is a complete lattice (i.e., for each subset A C &, the greatest lower bound []A of A
exists). The interpretation Zpy is not a complete lattice, and this is why we distinguish
Int from other simple types.

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 Zr(x). We call an element of [[I'] a
valuation. Valuations are ordered by the point-wise ordering.

The interpretation [y]] of a formula I" kg W : 1] is a monotone function from [[I']]
to Zy. It is defined by induction on y. For example,

vx:pyl(x) = [HveZp |vE, [vlxX—v])}

where x[X — v] is the valuation defined by ¥ [X — v](X) =vand x[X — v](Y) = x(Y)
(X #Y). The right-hand-side of the above definition is an explicit formula that calcu-
lates the greatest fixed-point of the mapping v — [w](x[X — v]). The well-definedness
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and correctness of this explicit formula is ensured by the facts that &, is a complete
lattice and that v — [y](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 W as [y] since it is independent of a
valuation (as a sentence has no free variable). If [[y](@) = T, then the sentence y
is valid and we write |= y. The VHFLy, validity checking problem is the problem of
checking whether a given sentence is valid. Note that this problem is undecidable in
general.

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

¢ = Vm.(vSum.An.Ak.
(n>0Vkn)A
(n<0vVSum (n—1) (Ark (n+r)))
Ym (Arr>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 relation-
ship 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 3-reduction, the expansion of Sum
(cf. Example 1), and some trivial rewriting of formulas such as (0 # 0) Vd — §. 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). a

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.

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|x|op(ay,---,a,)

constraint formulas 0 :=tt|ff|p(a;,---.,a,) |O1ANO| 01V 6,
extended constraint formulas ~ © =0 | O, AO, | Ix.O

refinement types 7:=e(0)|x:Int— 7|17 — 1.
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The occurrence of x in x : Int — 7 is a binding occurrence. We shall not distinguish
between o-equivalent refinement types.

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

T:p T1p1 Tip2
o(0)::e (x:Int—7):: (Int — p) (1 > m) (P —p2)

For every refinement type 7, there exists a unique simple type p such that 7 :: p. We
writte ['F7::pif7::pandfv(t) C{x|I(x) =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 y of type e has the refinement type o(0) if 6 implies y. More precisely,
the type judgement v : ¢(0) means “if 6 holds, then the interpretation of y is T.”
The simplest example is o(tt); if y : o(tt), then the interpretation of y is T. Another
extreme example is o(ff); y : o(ff) holds for every formula y of simple type e since
the condition ff never holds. Both y and 6 may contain free variables. For example,
v : o(x > 0) holds if the interpretation of y[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 y has type 71 — 7 justif w ¢ : 7, for every formula ¢ of type 7;.

The meaning of x : Int — 7 is similar to the above case, but T can refer to the
argument x in this case. For example, x : Int — o(x > 0) is for formulas y of simple
type Int — e such that wn : 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 for-
mula 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
T such that 7:: p — e. So a (valid) refinement type judgement y : T gives an underap-
proximation of y.

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 7 :: p, we
give two interpretations. In the first interpretation, the refinement type is interpreted as
the subset (|7]) C %) 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 y; € Z,. As expected, the two interpretations are
closely related: we have (7)) ={ve %, | 1 Cpv}.

We give some auxiliary definitions. The interpretation [0]] of constraint formulas 0
is straightforward as constraint formulas can be seen as VHFLy formulas. It is a map
from valuations o on free variables of 6 to %, = { L, T }. The interpretation can be

4 Equivalently, wx : (x > 0), provided that y has no free occurrence of x.
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naturally extended to extended constraint formulas by [3x.0] (&) := |,z [@] (at[x —
v]).

The first interpretation (|7]) of a refinement type I" - 7 :: p is a function from val-
uations & € [[I']] to subsets (|7[)(ct) € 2, of the interpretation of p. It is defined by
induction on the structure as follows:

_[{Ty  dtakEe)

<"<9>'>(°‘>~—{{L,T} ifa o)
(eIt — 7)) (@) == {f € Zntsp | WV € Tt f(v) € (] (@[x > ]) }
(1 = n)(a) :={f € Zp—p, | We (ul(a). f(v) € (n))(a)}.

This is basically a direct translation of the informal semantics discussed in the previous
subsection.
The second interpretation ¥; is a map from [I"] to ), inductively defined by

_[T. GtaE=0)
Voio) (@) = {J_. (if o £ 0)

Vetnto(@) == [ Zn 3 v = we(oe =)

Yo, (@)  Gf ¥ () Sp, v)
= |9,
Taon () [ 2V {Lpz (otherwise)

where we assume (7; — T2) :: (p1 — p2) in the last case. Here T and L, are the great-
est and least element of Z,. The element y;(«) is the minimum element in (|7|)().

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

WweZp.ve(t)(a) = rn(a)Cpv|.

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 refine-
ment 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 - y : 7. We shall only consider a re-
finement type judgement that refines a simple type judgement. That means, when we
consider A F vy : 7, we implicitly assume a simple type judgement I" -5 y : p and
refinement relations A :: I" and I' - 7 :: p.

Figure 1 shows typing rules of the refinement type system. We believe that most
rules are easy to understand. For example, (RAnd) says that 6; A 6, is an underapprox-
imation of yj A v, if 6; is an underapproximation of y; for i = 1,2. We explain some
notable rules. (RApp-Int) substitutes the actual argument a for x in 7. (RGfp) is the
standard coinductive (i.e. greatest) fixed-point rule, saying that the fixed-point vX.y
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Alx) =
# (RVar)
Abx:t (RPred)
Akp(al7"'7an):.<p(a17"'7an)>
Ay :x:Int—7
(RApp-Int)
At ya:|a/x]tT Abyit =1 ARyt
1:7T1 2 2T
(RApp-n)

AF 1T
Aty :e(6)) AF vy, :e(6) Viva:n

AFUA (617 6) (RAnd)
.o
L4 RAR'2) 1N\G2 Aty :e(6)) ARy, :e(6) (ROR)
AX:Thy:T Ay Vy,:e(6V6)
e S (RGfp)
AFVX.y:t - .
A : Astt =< ]
LA n=n (RSubtyping)
Ax:IntFy:1 Aty
(RAbs-Int)
AFAxy:x:Int— 1
Ax:tiby:n
Ax v - (RAbs-1)
Ax:Int-y:e(0) xgfv(0) AFAxy: 11— 1D

- (RForall-Int)
AFVYx"y:e(B)

Fig. 1: Refinement typing rules

has type 7 if y has type 7 under the assumption that X has type 7. The most important
rule to this work is (RSubtyping), which allows us to construct a derivation of A -y : 1
from that of A - y : 7| under a certain assumption. We explain this rule in more details.

(RSubtyping) refers to another kind of judgement A;® + 1) < 1, which we call a
subtyping judgement. The subtyping rules are listed in Fig. 2.

Among the rules in Fig. 2, (S-Higher-Order) is the only nontrivial rule. Similar to
the standard subtyping rule for function types, it concludes 7, — T, < 7| — 7} from
7; < 71 and T, < 7). A notable point is that the assumption for 7] < 7; is strengthened
by rty(7}), which is defined by the following equations:

rty(e(0)):=06 rty(x: Int — 7) ;= Jxrty(r) and rty(ty — ») :=rty(n).
A key property of rty(7) is the following lemma.

Lemma 2. Assume I' -1 :: p and o € [I]]. If ot [~ rty (), then (|T|)(t) = Dp.

This means that, if rty(7) is false, then 7, is the trivial property that all elements satisfy.
Therefore, to show that T < 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 ()
in the premise of (S-Higher-Order).’

The significance of the assumption rty(7}) in (S-Higher-Order) is demonstrated by
the next example.

5 A reader may wonder why we do not assume rty(t}) in the other premise. This is because the
subtyping judgements A;0 - 7, < 7} and A; O Arty(7}) b Ty < 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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A'Z@/\92:>9|

20T e(0)) < o(65) (S-Boolean)

Ax:Int;OF 17 <1

S-First-Ord
AQ@'_Xilnt—>71<x:Int_>¢2( irst-Order)

A O ATty (Th) T < T A0 T < T

(S-Higher-Order)
AOFT 5T <T =T

Fig. 2: Subtyping rules

Example 3. Recall the formula y in Introduction (Section 1) and Example 2:
Vm.(vSum.An.Ak.(n > 0Vkn)A(n <0V Sum(n—1) (Ark(r+n)))) m (Ar.r > m).

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

F(vSum....) : n:Int — (x:Int — e(x > n)) — e(tt).
Let A be the refinement type environment
Sum: (n:Int — (x:Int — e(x >n)) — e(tt)), n:Int, k: (x:Int — e(x>n)).
It suffices to show that
AF(n>0Vkn)A(n<0VSum(n—1)(Ark(r+n))) : e(tt).
We have

: n<0:e(n<0) Sum(n—l)(lr.k(.r—l—n)) : o(n>0)
(n>0Vkn): e(tt) (n<O0VSum(n—1)(Ark(r+n))) : e(tt)
(n>0Vkn)A(n<0VSum(n—1)(Ark(r+n))) : e(tt)

where we omit A F from each judgement and implicitly rewrite e(n < 0V n > 0) to
o(tt). Since the left judgement is easy to show, we focus on the right judgement.
We have
AFSum(n—1) : (r:Int — e(r >n—1)) — e(tt)

but this is not immediately usable since
AV (Ark(r+n))) : r:Int— e(r >n—1).

Actually this judgement is invalid®: the type of k requires that r+n > nbut r > n— 1 is
not sufficient for this when n < 0. Therefore one needs subtyping.

6 The formal definition of the validity of a refinement type judgement will be defined in the next
subsection.
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Ar:IntEn>0Ar>n—1=r>0
A,r:Int;n>0F o(r>0) <e(r>n—1) AEn>0=tt
Ain>0Fr:Int— o(r>0)<r:Int—e(r>n—1) AsttH o(tt) < o(n>0)
AsttE (r:Int— o(r>n—1)) — o(tt) < (r: Int — o(r > 0)) — o(n > 0)

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

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 - (Ark(r+n))) : (r: Int —
o(r > 0)) is easily provable, we have completed the proof. a

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] = {oc[I]]vX edom(I). a(X) € [A(X)](a)}.

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

A0 ET<T = (1))(a) C(7|)() forevery a € [A; O]
Ayt e [](@)€ (o) (@) forevery a € [A].

The (sub)typing rules are sound with respect to the semantics of judgements.
Theorem 1 (Soundness).

- IfAOF 171 <1, thenA;@)=71-<’L'2.
- IfAkFvy: 1, thenA =yt

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

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

Corollary 1. Let v be a VHFLy, sentence. If -y : o(tt), then = y.

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

Theorem 2 (Completeness of subtyping). If A;0 = 7| <, T, then A;0 - 71 <, To.
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Proof (Sketch). By induction on the structure of simple type p. Here we prove only the
case p = p1 — P2. A complete proof can be found in Appendix E.

In this case T = 7; — T» and 7/ = 7{ — 7}. Assume that A;0 |= 7 < 7. We prove
A0 =1, < 7h and A;0 Arty(7h) = 1] < 71. Then A;0 F 7 < 7/ follows from the
induction hypothesis and (S-Higher-Order).

We prove A;0 =1, < 7). Let o € [A;0] and v € (|72])(¢t) and define f € (|71 —
T|)(a) by f(x) :=v. By the assumption, f € (|7] — 75])(«). Since T,, € (|7{])(),
we have f(T,,) =v e (13))(). Since v € (|12 (x) is arbitrary, we obtain (|72[)(a) C
() (@)

We prove A; O Arty(T)) = 7] < 1. Assume for contradiction that A;© Arty(t5) |~
7 < 71. Then, there exist & € [A;0 Arty(7})] and g € (|7][)(c) such that g & (|71 ) ().
By Lemma 1, we have the minimal element ¥z, 4, (&) in (|71 — 72[)(et), which be-
longs to (|7; — 75[) () by the assumption. Since g € (|7{]) (), we have ¥, 1, (a)(g) €
(|75]) (o). One can prove that o |=rty(7}) implies Lo, ¢ (|75/) (o) and thus ¥z, -1, (o) (g) #
Lp,. On the other hand, from the definition of the minimal element Yz, -, (&) and the
assumption g & (|71]) (), we have ¥, ., (@) (g) = Lp,, 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 equiva-
lent to the validity problem of VHFLy, and the refinement type system of Burn et al. [2]
is almost identical to ours, except for the crucial difference in the subtyping rules. Be-
low we discuss the connection and the difference 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 vHFL7 and HoCHC

A HoCHC is of the form’
v = Z

where y is a VHFLz formula that does not contain the fixed-point operator v and Z
is a variable X or the constant ff whose simple type is the same as y. The formula y
in HoOCHC may have free variables that possibly include X. A valuation « satisfies the
HoCHC if [y] (&) C [Z]) (). A solution of a set of HOCHCs is a valuation that satisfies
all given HoCHCs. 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 has a characterization using the least fixed-points.
Assume a finite set of HOCHCs € = { yop = ff, y; = X, ..., ¥, = X,, }, where
Xi,...,X, are pairwise distinct variables. The HoOCHCs {y; = Xj, ..., ¥, = X,, }

7 The syntax of HoCHC is modified in a way that emphasises the relationship to VHFLy,.
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has the minimum solution, say o, and € has a solution if and only if [yp]](a) = L for
the minimum solution .

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

{Py=tt, ¥, <Xy, ..., ¥V, <X, }.

This dual problem has a characterisation using the greatest fixed-points: it has a so-
lution if and only if [¥,](x) = T where o is the greatest solution o of { W, <—
X1, ..., ¥, <= X, }. Since the greatest solution satisfies ¥; = X; for every i, it can be
represented by using the greatest fixed-point operator v of VHFL. By substituting X;
in Y, with the vVHFLy, formula representation of the greatest solution ¢, one obtains a
VHFLy formula ¢. Now ¢ 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 vHFL7 allows us to compare the refinement type
system for HOCHC 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

AOF T <1 AT < T,
AT 50 <T =T

The difference from (S-Higher-Order) is that rty(7}) is not usable to prove 7| < Tj.

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,

Asttt ((r:Int— o(r>n—1)) — o(tt)) < ((r:Int— o(r>0)) — o(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.

The difference is significant from both theoretical and practical view points. Theo-
retically our change makes the subtyping rules complete (Theorem 2). Practically this
change is needed to prove the validity of higher-order instances. We will confirm this
claim by experiments in Section 6.

S 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 con-
straint solving procedure simply invokes external solvers such as Spacer [8], Holce [3]
and PCSAT [11]. In what follows, we describe the constraint generation algorithm and
discuss the shape of generated constraints.
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5.1 Constraint generation

The constraint generation algorithm adopts the template-based approach.

For each subformula I" - ¢ : p of a given sentence - Y : e, we prepare a refinement
type template, which is a refinement type with predicate variables. For example, if " =
(X:p',y:Int,Z:p") and p = Int — (Int — e) — Int — e, then the template is a :
Int — (b:Int — e(P(y,a,b))) — c: Int — ¢(Q(y,a,c)). The idea is that

— for each occurrence of type Int, we give a fresh variable of type Int (in the above
example, a, b and ¢), and

— 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 x in (x: Int — 7) is T.
Then we extract constraints. For example, assume that

x:Intk¢;: (Int—e) e  x:Inth ¢ :Int— e
x:Int-¢1¢,: e

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

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

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

Example 4. Recall the formula y in Example 1:
v o= VX Ayy#AO0AX(y+1) : Int—e.

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

z:Intky:y:Int— e(P(z,y))
z:Intk-z<0:e(z<0) z:Int yz:e(P(z,2))
z:Intk (z<0)Vyz:e((z<0)VP(z,2))

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

V7 € Dmt- tt = z<0VP(z,2).
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The second constraint comes from the gap between
X (Y Int— e(P(z,))))
o Fy#0:e(y#0)  --FX(y+1):e(Pz,(y+1)))

z:Int,X : (y : Int — o(P(z,y'))),y : Int (y ZOAX (y+ 1)) : o((y ZO0) AP(z,(y + 1)))

and the requirement z : Int, X : y : Int — o(P(z,y)),y: Intk (y ZO0AX (y+1)) : ¢(P(z,y)).
The second constraint is

Vy,z2 € Y. P(z,y) = P(z,y+1).
These two constraints are sufficient for the validity of Vz. (z < 0) V yz. ad

Remark 1. The constraint generation procedure is complete with respect to the typabil-
ity: -y : o(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 refine-
ment 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 PIED)AAB(B)AO = Q1(F1) V-V On(Fm)-

Here F; and Q; are predicate variables and 0 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 [8], 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 convenient
sufficient condition on input VHFLyz formulas. We say a formula is tractable if for
every occurrence of disjunctions (Y V y»), at least one of y; and y; is an atomic
formula. For example, ((Fx)A(Gy))V (b=2) is tractable because b = 2 is atomic, and
((Fx)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 formulas. 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
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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 VHFL7; formula. Since our reduction from
the typability of a VHFL7, formula y to the satisfiability of CHC or pCSP is complete,
we can conclude that y is untypable if the CHC or pCSP obtained by the reduction
is unsatisfiable. That does not imply, however, that the original formula y 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 VHFL7 formula. Below we briefly explain this idea through an example.

Example 5. Let us consider the following formula:
Vnn <OV (vX.(Ayy=1V(y>1AX (y—1)))) n.

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

VX € Dt tt = Py (x) Vx <0
VX € Dt Px(x) = x=1V (x> 1APx(x—1)),

which correspond to the CHC:

VX € Dnt- x > 0= Px(x)
VX E Dint- Px(X) Ax £ 1Ax <1 =ff
Vx € Dt Px(x) Ax# 1= Py(x—1)

This set of CHC is unsatisfiable, having the following resolution proof:

0>0=Pc(0) P(0)AO#ITAOD<1=ff
0>0A0#£1A0< 1= ff (=ff)

Here, the two leaves of the proof have been obtained from the fist two clauses by in-
stantiating 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<O0V(n=1V(n>1Att)).

The SMT solver returns 'No’ in this case; hence we can conclude that the original
vVHFL7 formula is invalid.
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Fig. 4: Comparison with Horus [2]. Fig. 5: Comparison with PAHFL [5].

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 vHFL7 validity checker [5] based on HFL model checking and pred-
icate 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 cor-
responding HOCHC problems. Benchmark set A comes from the HoOCHC benchmark
for Horus [2], and we prepared VHFLy versions based on the correspondence between
HoCHC and vHFL7 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 incom-
pleteness of the underlying refinement type system. RETHFL could solve 8 instances
correctly for benchmark set A, and 46 instances for benchmark set B. In contrast, Horus
could solve 7 instances correctly for benchmark set A, and only 18 instances for bench-
mark 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,

Comparison with PAHFL [5]. We used two benchmark sets I and II. Benchmark set
I is the benchmark set of PAHFL [5] consisting of VHFL, validity checking problem:s,
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which have been obtained from the safety property verification problems for OCaml
programs [12]. Since the translation used to obtain VHFL7 formulas is tailor-made for
and works favorably for PAHFL, we also used benchmark set II, which consists of
the original program verification problems [12]; for this benchmark set, RETHFL and
PAHFL use their own translations to VHFL 7 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 limita-
tion of our current translator from OCaml programs to VHFL, formulas. For benchmark
set I, RETHFL and PAHFL solved 205 and 217 instances 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 proposed a
refinement type system for proving the satisfiability of HoOCHC. As already discussed
in Section 4, the HoCHC satisfiability problem is essentially equivalent to the VHFLz
validity problem. Our type system is more expressive than Burn et al.’s type system due
to more sophisticated subtyping rules. We have confirmed through experiments that
our VHFL7 solver RETHFL outperforms their HoOCHC solver Horus in terms of the
number of solved instances.

Iwayama et al. [5] have recently proposed an alternative approach to VHFL7 valid-
ity checking, which is based on a combination of (pure) HFL model checking, 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 refine-
ment 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 VHFL7 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 verifica-
tion, while our method is fully automatic. Also, our VHFL7-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.
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8 Conclusion

We have proposed a refinement type system for VHFL7 validity checking, and devel-
oped 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 re-
lation, 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 cur-
rent 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,

'ty y;:eforeachie {1,2}

Ity n:Int Frayivy;:e
Ity y; - Int for each i € {1,2} I'ty yi:eforeachic {1,2}
I'ty yiopy, :Int F'rgyiAy;:e
=TI 'X:pFpy:p
e Ty vX:py:p
Thpyff:e FX by p
I'tgAX:ny:n—
Arity(p) = k HAZANYER P
I'ty y; :Int foreachie {1,--- ,k} Thyviin—p Chyw:n
FFHp(Wlu"'vlllk):. FkHWlle:p
''X:nkpX:n I'X:Intkg y:e

FI—HVX:Int.y/:o

Fig. 6: Simple type judgement of VHFL,

B Semantics of VHFL; formulas

The semantics of a well-typed VHFLz, formula [I" 5  : p]| is defined as a map from
[I"]] to Z, by induction as shown in Fig. 7. Note that (Z,,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 Cp.

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, (/) = [{r€ Zp | xCp f(0)}

p

C Proof of Minor Lemmas

C.1 Well-definedness of the minimum element

One has to check that ¥z, _,¢, (¢t) is monotone. We first prove an auxiliary lemma.
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[Cryn:Int](a)=n [Crytt:e](a)=T [IFytf:e](a)=_L
[I" Fa yiop vy : Int]| (o) = ([I" Fa w1 Int] (o)) [op]([I" Fa w2 < Int]/(ax))
[CFap(yi, ) of(a) =
{Tif([[F Py s Int](a), - [T Fa oy Int] (@) € [p]
| otherwise
[IX:ntp X :n](a) =aX)
[CFEuyi vy :ef(a) =Tty :e(a)Us [y v : o] ()
[CFEuyi Ay o](a) =Ty e (a)Me [y w2 : o] ()
[T Fu vXPoy:p](a) =gfp, ([T by AX 1 p.yip — p](a))
[CFy 2X :n.y:n = pl(a) ={(» [ X :nky y:p](alX =) |ve Py}
[CFa vy :pll(a) =Tty yi:n = pl(a)([T Fa w2 :n(a))
[T Xy :e](a) =[ {I,X:ntu y:e(aX —v])|ve 2y}

Fig.7: Semantics of VHFL7

Lemma 3. Let I' - T :: p be a refinement type and o be a valuation in [[I']. For any
X,y € Dp, ifxCpyand x € (|t))(), theny € (|7])(x).

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

— CaseI'-e(0)::e:
If y=T, theny € (|7]) () for every T and & (provided that 7 refines o). Otherwise,
x=y=_1 and thus y € (|7])(cx) follows from the assumption x € (|7])().
— Case['+z:Int— 7:: Int — p:
It suffices to show that y(v) € (|7])(a]z — v]) for every v € Pyt Let v € Pyt
Then (a) x(v) € (|7|)(a[z — v]) from the assumption, and (b) x(v) Cp y(v) from
x Cint—sp ¥- So by the induction hypothesis, we have y(v) € (|7])(a[z — Vv]).
—CaseI'+17] = 1 p1 — P2
Similar to the previous case.
O

The monotonicity of Yz, ¢, (@) is a consequence of this lemma. Assume that 7| —

T :: p1 — p2. Let x and y be elements of %, and assume that x C y. If x € [71]](@),
then y € [11]() by the previous lemma. Then

Yoon(@)(x) = Mm@ = Yogn(@)y).

If x ¢ [71] (@), then

Yoon(@)(x) = Llp T Yoon(@))
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C.2  Proof for Lemma 1
We prove the claim by induction on p. Assume I' -7 :: p and o € ['].

— Case o:
Then 7 = ¢(6). If a |= 6, then % () = T and (|7|)(a) = {T}. If & [~ 0, then
Ye(a) = Land (7))(a) = {L, T}

— Case Int — py:
Then 7 =x: Int — 7i. Let v € Pn¢_sp, - Then, by using the induction hypothesis,

Yento1, (0) EV <= VN € Zint. Yot (&) (n) Ev(n)
= Y€ Dm. ¥, (atfx —n]) Cv(n
<~  Vn€ D.v(n) € (1) (afx— n])
= ve(x:Int— 7)) ().

— Case p; — p2:
Then T =171 — 7. Let v € 9, p,. Then, by using the induction hypothesis,

Yw € Dp, - Yry 0, () (W) E v(w)
o € (171 (). iy (@) E ()
vwe (nf)(a).v(w) € (nl)(a)
S (|‘L'1 — TQD((X).

7771—"2(0‘) Cv

1ot

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

— Case T =(0):
Trivial.

- Case t=x:Int— 7"
Then p = Int — p’ for some p’. Since rty(x : Int — 7') = Jx.rty(7’), the assump-
tion is o = Jx.rty(7’), which is equivalent to o }= Vx.—rty(7’) and to

W € Dne. | atlx = v] ety (T) |.

Let f be an arbitrary element in Zyy¢_,,. By definition, f € (|x : Int — 7'|) () if
F(v) € (7)) (alx — v]) for every v € Zipt. So let v be an arbitrary element in v €
Pt By the above proposition and the induction hypothesis, we have (|7])(ot[x —
v|) = 9. Inparticular, f(v) € 2. Since v is arbitrary, we obtain f € Zy.jp_z ().
- Caset=1 — T:

Then p = p; — p2 and rty(7) — T2) = rty(7). So the assumption is equivalent to
o [~ rty(72). By the induction hypothesis, we have (|72()(o) = Zp,. Let f be an
arbitrary element in 7, _,p,. By definition, f € (|71 — »|)(a) if f(v) € (n))(a)
for every v € 2, . This follows from the induction hypothesis (| 72[) (&) = Zp, .
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D Soundness (Theorem 1)

We prove the soundness of the subtyping rules.
Lemmad. [fA;0F 1<, 7, then A;0 =1 <, 7.

Proof. By induction on the the derivation A;® - T <, 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;0 + ¢(0) <, ¢(0’) is derivable, we have

AEONO = 0.

Let  be a valuation in [[A; ©]. We show that (| (0)[)(a) C (|e (6")|)().
e If a = 0/, then a |= 6 by the assumptions. In this case, we have (| e (8)])(a) =
(o (8"} )(c) = {T Y.
o I} 0, then (o (6")) (@) = { L, T } = Z. Hence (lo (6)])(e) C (o (6")) (@)
holds.
- Case A;0 Fx:Int — T <ypp x: Int — 7';
The premise of the derivation is I',x : Int;® - 7 <, 7'. Assume that & € [A; O]
and f € (|x: Int — t|) (). By definition, f(v) € (|7|)(a[x > v]) for every v € Diyt.
Since (7)) (otfx — v]) C (|7'])(a[x — v]) from the induction hypothesis, we have
F(v) € (7)) (etfx > v]) for every v € Ziy¢. Therefore f € (jx: Int — 7'|) ().
- Case A;O T = T <p,=p, T) — Ty
The premises of the derivation are

I;0Arty(1) F 71 <p, T

and
;01 <, o.

Assume ¢ € [A;0], f € (11 — n|)(a) and v € (|7]]) (). It suffices to show that
f) € (nh)(a).

e Assume that o |= rty(7;). Then o € [A;0 Arty(7})]], and thus (7]])(ct) €
(1)) (@) by the induction hypothesis. So the assumption v € (|7]])(¢t) implies
vE (|m1])(a). Since f € (|11 — ©|)(a), we have f(v) € (|1])(a). Then f(v) €
(175]) () since (|72])(a) C (|75) (@) by the induction hypothesis.

e Assume that & [~ rty(75). Then, by Lemma 2, we have (|75])(&) = %p,. In
particular, f(v) € (|55]) (o).

O

We then prove the soundness of the refinement type system.

Lemma 5. I[fA-y: T, thenAEy: 1.

Proof. By induction on the structure of derivation. Assume that A -y : 7 and let @ €

[A]-
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— Case (RAbs-1):
Thent=1 — T and y = A1X.¢. We have A, X : 7| I ¢ : T, as the premise. Let v be
an arbitrary element in (|71[) (). Since a[X — v] € [A,X : 71]], we have [¢] (a[X —
v]) € (m|)(a[X — v]) by the induction hypothesis. Note that (|72[)(a[X — V]) =
(|m]) () because X, which is not of simple type Int, does not appear in 7,. There-
fore v € (|71]) () implies [@] (a[x+— v]) € (|72]) (). This means that [AX.¢] (&) €
(71 — l)(@) since [AX.9](c)(v) = [O](@lX = v]) € (o) (@) for every v €
(%) (@),

— Case (RGfp):
Then ¥ = vX : 7.¢ and we have A, X : T+ ¢ : 7 as the premise. Let v = ¥ (&)
be the minimum element in (|7|)(e) (cf. Lemma 1). Since v € (|7|)(a), we have
o[X —v] € [A,X : 7]. By the induction hypothesis, [¢]](ax[X — v]) € (7)) ([X —
v]). Since X does not appear in 7, we have (|7])(a[X — v]) = (|t|)(e) and thus
[o](a[X —v]) € (7])(cr). By Lemma 1, we have v C [¢](a[X — V]).
Recall that the goal is [vX : 7.¢])(e) € (|7])(x), which is equivalent to v C [VX :
7.¢]|(e). By definition,

[vX:zol(e) = [J{wlwE[o](alX—w])}

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

Other cases are easy.

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

E Completeness of Subtyping Rules (Theorem 2)

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

Lemma 6. Let I' - 7 :: p be a refinement type and o, be a valuation in [I']. If o =
rty (1), then Lp ¢ (7)(c0).
Proof. By induction on the structure of the refinement type 7.
— Case ¢(6):
From the assumption, & = 0 and thus (|e (0)[)(a) = {T}.
- Case (x:Int — 7):
Since rty(x : Int — 7) = Jx.rty(7), the assumption is equivalent to ¢ = Jx.rty(7).
So afx — v] = rty(7) for some v. We fix v that satisfies this condition. Then, by
the induction hypothesis, we have L, ¢ (|7])(a[x — v]).
Assume for contradiction that Lyn—p € (jx:Int — 7|)(ct). Then Lynep(v) = Lp €
(7)) (etfx — v]), a contradiction.
—CaseI'F171 = Tipr—p2
Since rty(7; — 72) = rty(7), the assumption is equivalent to @ = rty(t;). By the
induction hypothesis, L, ¢ (| 72[) ().
Assume for contradiction that L, 5, € (|71 — T2|)(@). Since Tp, € (|71])(a).® we
have L, p,(Tp,) = Lp, € (|72]) (), a contradiction.

8 One can easily prove that T, € (|t))(a) if / - 7 :: p and & € [[], by induction on the structure
of 7.
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O

Proof (Theorem 2). Assume that A; O |= 7 <, 7. We prove the claim by induction on
p.

— Casep =e:
Then 7 = ¢(0) and 7' = ¢(0’). Let a € [[A;O]. If & }~ 0, then

{LTH S (@) < (e(&))(e),

which implies o [~ 6" and thus ot = 0'NO@ — 0. If ot =6, then ot = 0' NO —> O
as well.

— Case p =Int — py:
Then 7= (x:Int — 71) and 7/ = (x: Int — 7{). Let & € [A; O] and n € Py We
have

Yemtor (@) € (x:Int—=gf)(a) C  (x:Int— 7()) ()
by Lemma 1 and the assumption. Hence, for every n € Py,

Yo (afx—n]) = ’J’x:lnt—)rl(a)(n) € (|T{ ) (et[x — n]).
By using Lemmas 1 and 3,

ve(uhalrn)) < y(aln)Cy
= ve (1) (afx n]).

Since o € [[A;0] and v € Py are arbitrary and x does not appear freely in O, the
above proposition says that v € (|71 |)(a’) implies v € (|7][)(¢') forevery o € [A,x:
Int; ©]. In other words, A,x: Int; ® |= 7; < 7. Hence, by the induction hypothesis,
A,x:Int;® b 7y < 77, from which A;0 F (x: Int — 71) < (x : Int — 7] follows.
— Case p =p; — p2:
In this case T=T] — T and 7’ = 7] — 7}. Assume that A;©@ = 7 < 7’. We prove
A0 =1 < 1 and A;O Arty(7h) |= 7] < 71. Then A; O + 7 < 7’ follows from the
induction hypothesis and (S-Higher-Order).
We prove A;0 =1, < 7). Let o € [A; 0] and v € (|12]) () and define f € (|71 —
T|)(a) by f(x) :=v. By the assumption, f € (|7{ — T5])(@). Since Tp, € (|7{])(),
we have f(Tp,) =ve (|75])(a). Since v € (|72]) () is arbitrary, we obtain (|72[) (o) C
(1) (c0).
We prove A; O Arty (1)) = 7] < 71. Assume for contradiction that A; ® Arty(7}) [~
7| < 7. Then, there exist o € [A;0 Arty(7})]] and g € (|7])(¢ct) such that g ¢
(71])(cr). By Lemma 1, we have the minimal element ¥;, ., (@) in (|71 = ©2[)(t),
which belongs to (|7] — 73|)(¢ct) by the assumption. Since g € (|7][)(c), we have
Yo (0)(g) € (1) (x). By Lemma 6, we have Ly, & (73] (@) and thus 7, ¢, (e)(g) 7
Lp,. On the other hand, from the definition of the minimal element ¥z, _,, () and
the assumption g & (|71 )(), we have ¥;, .4, ()(g) = Lp,, a contradiction.
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