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Abstract

We will prove that type checking, typability, and type inference for
domain-free A2 are undecidable. The type checking problem for domain-
free A2 was posed by Barthe and Serensen (1997). A certain second or-
der unification problem is reduced to the problem of type inference for
domain-free A2. The restricted second order unification has been proven
undecidable by Schubert. The reduction method can be obtained from a
simplification of Pfenning’s reduction from the general problem of second
order unification to the partial type inference problem. An analysis of the
undecidability proof reveals that the typability problem is still undecid-
able even for a predicative fragment of domain-free A2, called the rank 2
fragment.
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1 Introduction

There are known three styles of (typed) A-terms, called Curry-style, Church-
style (for instance, see [Bare92]), and domain-free style [BHS96]. For some
systems such as simply typed A-calculus and ML [Mil78, DM8&2], it is well-
known that the Curry-style and the corresponding Church-style are essentially
equivalent [Bare92, HM93]. Hence, the Curry system serves as a short-hand for
the Church system. On the other hand, recently, Barthe, S¢rensen, and Hatcliff
[BHS96, BS97] introduced the notion of domain-free pure type system. Terms
in domain-free style have domain-free A-abstraction. There exist two styles of
domain-free pure type system, that is, a single syntactic category of expressions
(non-sorted variables) and explicit distinction between objects, constructors,
and kinds (sorted variables). Barthe and Serensen posed a question to know
whether the problem of type checking is decidable for domain-free A2 and Aw
(page 18 [BS97]). In this paper, we will show that type checking, typability,
and type inference are, in general, undecidable for domain-free A2. In order to
prove this, we reduce a certain second order unification problem to the problem
of strong type inference for domain-free A2. The restricted second order unifica-
tion problem has been proven undecidable by Schubert [Schu97, Schu98]. The
reduction method can be obtained by a simplification of Pfenning’s reduction
[Pfen88, Pfen93] from the general problem of second order unification to the
partial type inference problem.

Original motivation for domain-free systems comes from a study on classical
type system which i1s an extension of intuitionistic type theory together with
classical rules such as double negation elimination. The domain-free systems
are useful to give continuation-passing style translations [BHS96] which pro-
vide a certain semantics of classical type system. Further, when we construct a
polymorphic call-by-value calculus with control operators such as callcc or p-
operators [Pari92], the Curry style cannot work for a consistent system. For
instance, see the traditional counterexample (ML with callcc is unsound)
by Harper&Lillibridge [HL91], and see also a proof-theoretical observation in
[Fuji99]. Hence, we introduced domain-free Ap-calculus [Fuji99], where the ex-
plicit type annotations for polymorphic terms play a role of choosing an appro-
priate computation under call-by-value. Our result in this paper also gives a
negative answer to the problem of type checking for second-order Ap-calculus
in domain-free style, which is a variant of Parigot’s Au-calculus in Curry style
[Pari92].

Domain-free systems are also useful for a study on partial polymorphic type
reconstruction [Boeh85, Pfen88]. Boehm [Boeh85] and Pfenning [Pfen88] have
proven that the partial type reconstruction problem is, in general, undecidable
for second-order A-calculus. The typability problem for domain-free A2 can be
regarded as a special case of the problem of type reconstruction for partially
typed terms. Our result in this paper means that the restricted problem of
type reconstruction for partially typed terms is still undecidable. Moreover, the



observation from the undecidability proof reveals that the typability problem is
undecidable even for a predicative fragment of domain-free A2, called the rank
2 fragment [Leiv9l, KT92]. This analysis also implies that the partial type
reconstruction problem is still undecidable for the rank 2 fragment of second-
order A-calculus.

2 Curry-Style, Church-Style, and Domain-free

In Curry-style, terms are essentially type free [Curr34, CFC74, Hind97], and
types can be assigned by rules of a type theory if well-formed. Terms in Church-
style typed A-calculus, on the one hand, are originally defined only from vari-
ables uniquely type annotated [Chur40]. On the other hand, terms in domain-
free style have domain-free A-abstraction [BS97], and second-order A-calculus in
domain-free style can be regarded, in a sense, as an intermediate representation
between a la Curry and a la Church, as shown in the following table.

Styles of (typed) A-terms

| Style \ System || AT A2 |
Church-style || Aa:o. M | AXt.M, Mo
Domain-free || Az.M XM, Mo
Curry-style Az M M

We give a definition of domain-free A2-calculus. In terms of domain-free pure
type system [BHS96, BS97], this domain-free system is constructed from sorted
variables; term variable x and type variable t. Then, on the basis of the sorted
variables, type abstraction can be represented by At rather than the traditional
At, and we also have explicit distinction between terms and types.

Domain-free A2:

Types cu=t|o—o|Vto

Contexts T u=()|T,z:0

Terms M ==z | Az.M

MM | Xe.M | Mo
Type Assignment Rules

I'ka:T(x)

F"J\leO'IHUQ F"A[QZUl
'k ;‘7\11]\42 109

Dxtoy F M : oo
I'FAXeM:oy — oy

(= E) (— 1)



T'FM:Vto
' Moy : oy [1,’ = 0'2]

'-M:o %
(VE) T'F XM :Vio (1)
where (VI)* denotes the eigenvariable condition.

The introduction rules, (— I') and (VI) can be coded, respectively, as domain-
free A-abstractions based on the distinction between the sorted variables. The
elimination rules, (— E) and (VE) can also be represented, respectively, by the
pairs of two expressions, based on sorted variables. Hence, when well-typed
terms of domain-free A2 are given, the type assignment rules are uniquely de-
termined by the shape of the terms. From this syntactical property of terms,
we have the natural generation lemma for domain-free A2.

Lemma 1 (Generation lemma) (1) If T+ z: 0, then I'(z) = 0.

(2)IfT = MMy o, then T My : 01 — 0 and T = My : 01 for some oy.

(3) IfT - Aa.M : 0, then T w:0y = M : 09 and ¢ = 01 — 03 for some o, and
09.

(4) fTEXMM:0,then T'FM: oy and 0 = Vt.oy and t ¢ FV(T) for some
g71.

(5)IfTF Moy : o, then T = M :Vt.oy and o = o4t := 01| for some 7.

3 Type Checking, Typability, and Type Infer-
ence for Domain-Free )\2
The problems of type checking, typability, and type inference for Curry and

Church A2 are investigated by Jutting [Jutt93], Wells [Well94], and Schubert
[Schu97, Schu98], as shown in the following table.

Decidability for type checking, typability, and type inference of second-
order A-calculus (A2)

| A2\ Problem || I'EM:o? | I'+M:? ‘ THM:? |
Church-style || yes [Jutt93] | yes [Jutt93] | no [Schu97]
Domain-free | 77! 772 773

Curry-style no [Well94] | no [Well94] | no [Well94]

In this paper, we will prove that in the table above, all of ??%, 7?2, and 273
(case of strong type inference, see below) are “no”, i.e., undecidable.

The problem of type inference is a problem that given a term M, are there
a context I' and a type ¢ such that I' - M : ¢ is derivable? On the one hand,
the problem of strong type inference [Tiur90] is a problem that given a term M
and a context g, are there a context I' D I'g and a type ¢ such that ' M : o
is derivable? The strong type inference problem is naturally considered in the
case where the system contains constants. The typability problem is a problem



that given a term M and a context I, is there a type o such that T'F M : o is
derivable? Finally, the type checking problem is a problem that given a term
M, a type o, and a context I', is the judgement I' - M : o derivable?

By the use of a type forgetful map, the three styles of judgements are equiv-
alent in the following sense, where | | is a domain erasing map (|Az:0.M| =
Az.|M]), and || || is a type erasing map (|| Mc|| = ||M]], [| .M || = || M]]):

(1) fT'F M : ¢ in Church style, then T'F |[M] : ¢ in domain-free style.
(2) T F M : o in domain-free style, then I' F ||M]| : 0 in Curry style.

The inverse directions say that there exists a term whose erasure is the same as
the original term [HM93].

(-1) IfT'+ M : o in domain-free style, then I' = M, : o in Church style for some
M, such that |M;| = M.

(-2) f '+ M : o in Curry style, then I' - M> : ¢ in domain-free style for some
M, such that ||Ms|| = M.

For the problems above, however, the inverse directions are not straightfor-
ward, since the forgetful maps are not one-to-one. Here, we will directly study
the problems for domain-free A2.

Ou the basis of the generation lemma (Lemma 1), we first observe that the
strong type inference problem for domain-free A2 is reduced to the typability
problem, and the typability problem for domain-free A2 is reduced to the type
checking problem.

Lemma 2 AT do. I',Ty - M : ¢ in domain-free A2

<= do. Ty F AZ.M : 0 in domain-free A2
= Ty F (Aay.y)(AZ.M) : t — t in domain-free A2

4 Type Inference is Undecidable for Domain-
Free \2

In this section, we prove that the problem of strong type inference for domain-
free A2 is undecidable. To show this, we demonstrate a stronger result such
that the problem of strong type inference is undecidable for the fragment of
domain-free A2, called domain-free ML.

Domain-free ML:

Monotypes Tu=t|7— 7T

Polytypes o =1 | Vio



Terms M ==z | Az.M

MM | XM | M7 |let z=M in M
Contexts T'u=()|T,z:0
Type Assignment Rules

Tka:T(x)

e EM:m

THM :m—7 TFMy:n
Tl non =0 T MM : (= E)
I'tM:o I'EM:Vto
- - e * E'
TFXM:Vto (1) TEMr:oft:=7] (VE)

I't-My:0 T,z:ob-My:T
I'klet a= My in My : 7

In the discussion of this section, we essentially need the following subsystem
of the above domain-free ML:

M:u=a| XM | MM |xr -7,

[(z)=Vt1---t,.7

, >0
Tham -7, 7ty =7, by, i = 7] (n20)

o EFM:n I'FMy:m -1 T'FEMy:m
T'FAxeM:m — 1 THEMM:m

We first introduce a restricted second-order unification problem for well-
formed second-order expressions, which are defined from monotypes 7, binary
function constant —, and n-ary second-order function variable X (n > 0) whose
arguments contain no variables. Such terms for the second-order unification are
denoted by T or U. A well-formed expression is defined as follows:

(1) A type variable ¢ is a well-formed expression.

(2) If X is an n-ary variable (n > 0) and 7; (1 < ¢ < n) are monotypes, then
X7 -1, 1s well-formed.

(3) I T and Ty are well-formed, then so is T} — T5.

Given a well-formed expression T, a set of (unification) variables in T' de-
noted by «Var(T) and a set of constants in T denoted by Con(T) are defined,
respectively, as follows:
uVar(t) = 0;
wVar(Xm - 1,) ={X} (n >0);



uWVar(Ty = Tz) = uVar(Ty) UuVar(Ty).

Con(t) = {t};
Con(X7i-+-7) =0 (n > 0);
Con(Th — Ty) = Con(T1) U Con(Ty).

Given well-formed Ty and T». Let uVar(Ty,T5) be {X1,---, X, }. The unifi-
cation problem (T} = T5) is a problem to find well-formed U; for each X; where
1 <i < n, such that
(1) Let X; be k(4)-ary variable, and S be a substitution such that

[‘Yl = )\tl e tk(])-Ula e ,Xn = )\tl e tky(”).Un].
Then S(T1) =5 S(I%) holds.
(2) We have «Var(U;) = ) where 1 <i < n.

If we have a substitution S such that the above (1) and (2) are satisfied,
then we say that T} and T are unifiable, and that the unification problem has
an answer S. In this case, from the definition, there exists a monotype 7 such

that S(T1) =5 7 =3 S(I>).

Theorem 1 (Schubert[Schu97]) The second-order unification problem on the
well-formed expressions is undecidable.

Schubert [Schu97] has proved that the halting problem for two-counter au-
tomata is reduced to the unification problem, where a two-counter automata can
simulate an arbitrary Turing machine. On the basis of his result, it is enough
to consider one pair of T and T,, which contain binary function constant —
and at least one constant.

In order to give a reduction from the unification problem to the problem of
type inference for domain-free ML, we first define a (pre)context ¥. The context
itself may not be an ML-context, but it becomes an ML-context under some
substitution if unifiable. This can be justified, since the reduction is formalized
as follows:

the unification problem 77 = T has an answer if and

only if there exist I' and 7 such that I','g - M : 7 in domain-free ML.
Here, I'g and M are given by 77 and T,. Only if 77 and T3 are unifiable, say
the unifier S, then the ML-context T' can be obtained as a subcontext of S(Z),
such that S(X) = I, I'y. Moreover, the monotype 7 can also be obtained as a
substitution instance (of ty(-) defined below) by S.

Given a well-formed T', then we construct the context X[T], such that
(1) For each t€ Con(T), ¢t is inhabited in X[T], i.e., Z[T](x) = ¢t for some z.

(2) For each n-ary variable X € uVar(T) where n > 0, the universal closure
Yty -+ tn.(Xt1 -+ - t,) is inhabited in Z[T.



X[T1,T5] is also defined similarly, and we simply write ¥ for [T}, T3]
Let T7 and T3 be well-formed. Given a second-order unification problem
T, = Ty, then, following Pfenning [Pfen93], we construct a term of domain-free
ML by the use of the following U7 and 7Z:
UT(E[T1.T2], T] = Tz) =
Az1. A2 M f 21 (F22(Ag.g(TI(Z; 21 O (T I(Z; 225 10)))),
where TZ(Z; z;T) is defined by induction on T
(1) TZ(Z; 23 6) = M. f2(fz(Ng.g9))
where Z(2) =t € Con(T1,Ty)
(2) TZ(Z; 2 X - 1) = M f2(flam -+ 1) (Ag.9))
where X(x) = Vi1 -+ 5. (Xt - - )
B)TI(S; =T — Ty) =
Az1 Az A f(z20)(F2a(Agg(TL(Z5 20, TN T I(Z; 20: Tn))))

Remark 1 The reduction via UT and TI gives a B-normal term.

The translation 7Z(Z;z;T) says that type of z would be a substitution
instance of T, see Lemma 3 below.

We next construct ty(T) that is a type of T7Z(X; 2;T). Although ty(T) itself
may not be a monotype, it becomes a monotype under some substitution if
unifiable. Here of course we assume that we have countably many type variables
to use a fresh type variable ¢t for each application of the following definition:
O ty(r)=(r—=({E—t)ot—t) >t ot

for 7 € Con(T);

Dty Xy mp)=((Xmy o) m =) >t o t) =t >t

where n > 0;

(2) ty(T1 — TQ) =T —-Th—-(Th-A—A)— A
where A = (ty(Th) — ty(Tr) — t) — t.

Lemma 3 S(Z[T)),z:7 = TZ(Z[T);2;T) : S(ty(T)) in domain-free ML
if and only if S(T) =4 .

Proof. By induction on 7"

(LWT=t
From the definition, in domain-free ML we have

S(E),z:tE A fe(fy(hgg) (' = (t—=t) =t —ot) =t >t
where X(y) = t'. Here, type of  and y must be equal, i.e., 7 = t'.

2)T=Xn-m
Let S(X(y)) be Vit -+ t,.((SX)ty -+ - t,). We have
S(E),z:7F Af-fa(f(ym - 7 )(Ag.9))
{((SX)m ) 2 =)ot t) ot
in domain-free ML. Here, type of & and y7y---7, must be equal. That is,

T =5 ((8X)71 - mn).



3 T=T -1
From the definition, in domain-free ML, we have
S(Z),x:7 F Azp Az AL f (22 (F22(Ag.g(TI(Z; 21 T NT (T 29: T3))))
:S(T) - S(Te) = (S(Ty) -~ A—-A)—> A
where A = (S(ty(Th)) — S(ty(Ty)) — t) — t.
Then, we also have
S(E),z:7,21:5(10), z2:S(To) +
Aff(ez)(f2(Agg(TI(Z; 213 T ) )(TI(S: 22: T3))))
(S(T) - A—-A)— A.
Here, from the induction hypotheses, we have the following:
S(E)z1:ms FTI(E; 203 Th) : S(ty(Ty)) iff 13 =5 S(Th)
S(E), 20T ETI(Z; 203 1) : S(ty(Tn)) it 7 =5 S(T)
Now, type of (xz1) and z» must be equal, i.e., 7 =g S(T1) — S(T). O

Lemma 4 (main lemma) S(T1) =5 S(T2) if and
only if S(EZ)FUT(Z; Ty =Ts) : S(ty(Th — To)) in domain-free ML.

’Proof. SEYVFUT(E Ty =Ty) : S(ty(Th — 1))
iff (def)
S(EVF Ay Az A f 2 (f2Ag.g(TIZ(S; 25 TN TI(S; 22 12))))
2 S() — S() - (S(Th) = A—-A4)— A
where A = (S(ty(Th)) — S(ty(Tz)) — t) — ¢
iff
S(E), AR S(Tl), Z9. S(Tg) F
Affa(fza(Agg(TI(E: 21 1) N(TI(S; 225 13))))
(S(Ty) - A—-A)— A
iff (Lemma 3)
S(T1) =3 S(Tz) O

Proposition 1 The unification problem on the well-formed expressions s re-
duced to the problem of strong type inference for domain-free ML. In other

words, S(T1) =5 S(Tz) <= 3.3 I‘,I‘OT“ F Moz 1 in domain-free ML.

Proof. (=):

From Lemma 4, I‘gyl’ and M2 are determined by Ty and Ty, such that for each
t € Con(T1,Ts), we have [g(x) = ¢ for some @, and that M =UT (I;T1 = Tv).
Then the unifier S gives I' and 7, respectively, such that S(X[T1,T»]) = I, Ty
and S(ty(Ty — T)) = 7.

(=)

Given F(J;V"Z and M™1 2 and assume that there exist 7 and I' such that ' = {z1:
Tl t oy Ty 2 Vb -t T . For each X; € «Var(T1,Ty), assume that () =
X1, S(ay,) =Vt - -ty (Xt -+ t,). Then an answer to the trivial second-
order matching problem such that Xy = 7y, -+, (X,,t ---t,,,) = 1, finds a

matching S for ty(Ty — To) = 7, since if S(Z[T)),z:719 F TZ(Z[T];4;T) : 7 for

2



some 7, then S(ty(T)) =5 7. From Lemma 4, the unifier S is an answer to the
unification problem 77 = T5. O

Proposition 2 The problem of strong type inference is undecidable for domain-
free ML, even when the given term is in 3-normal.

Proof. From Theorem 1, Proposition 1, and Remark 1. O

Theorem 2 Type checking, typability, and strong type inference are undecidable
for domain-free 2.

Proof. From Proposition 2 and Lemma 2. Moreover, even in the case where
the given term is in f-normal, typability and strong type inference for domain-
free A2 are still undecidable. a

5 Related Work and Concluding Remarks

Relating to Proposition 2, the problem of strong type inference is also undecid-
able for domain-free ML with non-sorted variables [BS97], since the given proof
with a slight modification still works for the definition of T', where type variable
t is replaced with variable 2, and 7 ::= 2 | 7 — 7, by the use of a single syntactic
category of variables .

Pfenning [Pfen93] has proved that the second-order unification problem can
be reduced to the problem of type reconstruction for partially typed terms, such
that

P:= x| Av:0.P| PP | At.P | Po | Ax.P | P[],
where the mark [ | must be left to show a type has been erased. The typability
problem for domain-free A2 can be regarded as a special case of the problem
of type reconstruction for partially typed terms with neither Az:o.P nor P[].
Hence, from Theorem 2, the restricted problem of type reconstruction for par-
tially typed terms is still undecidable. This would mean that the difficulty for
the partial type reconstruction problem comes from “domain-free” especially
with respect to polymorphic abstraction (see the discussion below on typability
for domain-free MLy) rather than from a type-hole [ |.

Finally, we summarize decidability of type checking, typability, and strong
type inference for domain-free A2 and ML with sorted variables.

Decidability for type checking, typability, and strong type inference
of domain-free A2 and ML

’ Domain-free || T'oFM:o? | ToFM:? | 1 ToFM:? |
A2 no no (nf) no (nf)
ML ves yes no (nf)

10



In the above table, no (nf) means that even when the given term M is in §-
normal, the problem is undecidable. The context [y cannot be empty here,
since the undecidability result used in this paper requires at least one constant
[Schu97, Schu98]. The strong type inference with no predefined contexts is still
open.

The result obtained here finds a negative answer to the question posed by
Barthe and Sgrensen [BS97] to know whether the problem of type checking is
decidable for domain-free A2 and Aw. Moreover, the type checking problem for
domain-free Ap-calculus introduced in [Fuji99] also becomes undecidable.

Oun the one hand, the typability for domain-free ML can be obtained from
the well-known W [Mil78, DM82]. This algorithm can find the principal type
for the closed M in domain-free style. In the same way, the type reconstruction
for partially typed terms of ML can be solved. On the one haund, we cannot have
a principal type inference algorithm for Damas-Milner ML in Curry style, such
that PTI(M) gives principal type 7 and context I' which satisfy I' = M : 7 in
Damas-Milner ML (here, M may not be closed, and I' can contain polymorphic
types o). Otherwise, we could obtain a type inference algorithm for domain-free
ML, which is a contradiction to Proposition 2.

On the other hand, the problem of typability becomes undecidable for some
predicative extension of the domain-free ML. We introduce a predicative frag-
ment of domain-free A2, called domain-free ML,. This extension allows us to
abstract a term variable with a polymorphic type o (polymorphic abstraction),
but not to apply a polymorphic function to a polymorphic type (i.e., only to a
monomorphic type 7). For this purpose, an extension of type schemes is intro-
duced as follows:

pu= 01— >0y, — 71 (n>0)
This type p belongs to the so-called S(2)-class in [KT92|, which is a special form
of restrict types of rank 2 [Leiv91].

Domain-free MLo:

Iz)=0¢
I'kz:0
Fl—ﬂ/llza—Tp Fl_LM‘Z:O-(_)E) axitoEM:p (—)I)
TEMM :p TEXe M:o—p
' M :Vtty---t,. TFM:Vt---t,.
‘ el (vE) el (v
ThH M7Vt ty.p[t:=7] TE XM :Vity - ty.p

The problem of strong type inference in domain-free ML can be reduced to
the typability problem in domain-free MLy. That is, let {@, -, 2, } be a set
of free variables in M;

11



doy-+-op.37. Ty, 2101, -, 20, B M : 7 in domain-free ML  if and
only if oy ---0, 7. Ty F Az -2, M" 0y — - >0, =T
in domain-free ML,
since let-expression can be coded in MLy, such that (let x = M; in My)* =
(Aw.M5)M;. (Strictly speaking, we need no let-expression for the undecid-
ability of domain-free ML.) From Proposition2, we can obtain the undecidable
typability with respect to a certain predicative fragment of domain-free A2;
“the typability problem is undecidable for the rank 2 fragment
[Leivol, KT92] of domain-free A2”.
This result also means that the partial type reconstruction problem is still un-
decidable even for the rank 2 fragment of A2.

Corollary 1 The problem of typability (with non-empty context) for domain-
free MLy is undecidable.

Following Pfenning [Pfen93], the partial type reconstruction problem is un-
decidable for a predicative fragment of A2, and this fragment can be regared as
a subsystem of the rank 2 fragment of A2.
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