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The Inhabitation Problem for Intersection Types

M W Bunder!

1 School of Mathematics and Applied Statistics
University of Wollongong
Wollongong NSW 2522 AUSTRALIA
Email: mbunder@uow.edu.au

Abstract

In the system AA of intersection types, without w, the
problem as to whether an arbitrary type has an inhab-
itant, has been shown to be undecidable by Urzyczyn
in [10]. For one subsystem of AA, that lacks the A-
introduction rule, the inhabitation problem has been
shown to be decidable in Kurata and Takahashi [9)].
The natural question that arises is: What other sub-
systems of AA, have a decidable inhabitation prob-
lem?

The work in [2], which classifies distinct and
inhabitation-distinct subsystems of AA, leads to the
extension of the undecidability result to AA without
the (n) rule. By new methods, this paper shows, for
the remaining six (two of them trivial) distinct sub-
systems of AA, that inhabitation is decidable. For
the latter subsystems inhabitant finding algorithms
are provided.

Keywords: Lambda Calculus, Type Theory, Intersec-
tion Types, Inhabitation.

1 Introduction

In simple (Curry-style) type theory (see for example
Hindley [8]), not every closed lambda term (or com-
binator) has a type. Coppo and Dezani-Ciancaglini
in [7] extended simple type theory to include intersec-
tion types and the universal type w, in their system
all A—terms have types.

We consider the type assignment system T Ay (or
simply AA), which is that of [7], without w, in which
all closed A—terms with normal form have types. We
will be interested in the inhabitation problem which

asks if it can be decided whether, for a type «, there
is a term X such that F X : « in a given type the-
ory. For AA the inhabitation problem was shown to
be undecidable by Urzyczyn in [10]. For a subsystem
of AA, that lacks the A-introduction rule, the inhab-
itation problem has been shown to be decidable in
Kurata and Takahashi in [9]. We detemine which, of
the other natural subsystems of AA, as identified in
[2], have a decidable inhabitation problem, in some
cases this follows easily from the work in [9] and [10].
We also provide algorithms which allow us to find an
inhabitant X for a type «, in the decidable systems.

Before doing this we need to detail the type sys-
tems and list some results from [2].

Copyright (¢)2008, Australian Computer Society, Inc. This pa-
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tion for academic, not-for profit purposes permitted provided
this text is included.

1.1 Definition (Types)

The set of types T is given by:
1. a,b,c,..., atoms (or type variables) are types.
2. If a and (3 are types so are (o« — (3) and (a A f3).

A type a — (3 is called an —-type. A type a A
is called an A-type.
The usual bracketing rules of logic will apply.

1.2 Definition (Statements)

If M is a A-term and « a type, M : « is a statement.

1.3 Definition (Judgements)

If A is a set of statements {z1 : a1,...,2, @ ay}
where x1,...,x, are distinct variables and M : « is a
statement, A - M : « is a judgement.

1.4 Definition (Postulates for the Type As-
signment System T A),)

(Var) Az:abkz:a
AFM:a— 0 AFN:«
(— E)
AFMN:(
Ax:abFM:f3
(= 1)
AFXeM:a—f
AFM:« AFM:p
(AD) AFM:ang
(AE) AFM:ang AFM:ang
AFM:« AFM:p3
() AFXx.Nzx:a x ¢ FV(N)
K AFN:a

AF M : « (or more formally A Fxp M : «) will
represent: A F M : « can be derived from the above
postulates.

The system T' Ay, will usually be abbreviated to
AA.

An alternative formulation of AA uses a preorder
<onT.



1.5 Definition (<)

Axioms

(1) a<a

2) a<aAa

3) aNf<a

4) anp<p

5 (o HAla—r) Sa—BAy

Rules

6) a<pB<y = a<y

(7)) a<d &p<py = aANB<d NG
B) atd &pB<p = od—=pF<la—p.

In Definition 1.4 the (AE) and (1) rules can be
replaced by:

< AFM:«
(<) AFM:3

We will be interested in the following subsystems
of AA.

a<p

1.6 Definition (Notation for Type Systems)

We will denote the system involving the judgements of
Definition 1.3 for types, with postulates (Var), (— E)
and (— I), by A( ) and provability in this system by
F. Systems with additional rules will be denoted by
A(AI),M(AI,n) etc and the corresponding provabil-
ity by Far,Fary ete. Clearly A is AN(AI, AE,n) or
AN ).

We will use A and ) for Curry’s simple type the-
ory. This is A\( ) and - without the use of A in Defi-
nition 1.1(iii) and (AI) and (AE) in Definition 1.4.

We will write A, B,C, ... for arbitrary type sys-
tems.

1.7 Definition (Inhabitation)

If A is one of the type systems of Definition 1.6, we
say that a type « is inhabited if (3M) 4 M : a.

Note that a being inhabited does not imply that
there is any algorithm that guarantees to find an in-
habitant of a.

1.8 Definition (Inhabitation Problem)

The question as to whether, in a system A, it can
be decided if an arbitrary type is inhabited or not is
called the inhabitation problem of A.

Urzyczyn showed in [10] that the inhabitation
problem for AA is undecidable. Kurata and Taka-
hashi have shown in [9] that the problem is decidable
for A\(<). Note that their method does not include an
algorithm for finding an inhabitant for a given type.

In [2] we studied and classified the various subsys-
tems of AA. We found that some of the subsystems
A and B were equivalent in the sense that:

Va,M)[Fa M:a < bFp M:a] (1)
This is denoted by A ~; B.

Additional systems A and B had equivalent inhab-
itation problems in that

Va)[AN)FAN:a < (GN)FpN:a] (2)

This is denoted by A ~5 B.
Any pair of systems satisfying (2) that we found
also satisfied

Va,M)[FaM:a = FpM:a]V (3)
NMVa,M)[Fg M:a = FaM:q]
Work in [2] showed that systems equivalent in the

(2) - (3) sense come in the following groups (or inhab-
itation equivalence classes).

21 AN [= )\é/\I, AE,n) ~1 A(ALL <)), MAILAE)
2)  MAID),AAIn)

(4)  A(AE),A(AE,7)

(5)  A() [=1 An)]

Note that A(<) and A(AE,n) are distinct systems
that are both “AA without (AI)”. (a Ab— bAais
inhabited in A(<) but not in A(AE,7).)

Urcyczyn’s work in [10] for AA and the inhabita-
tion equivalence of the systems in Group 1 lead to:

1.9 Theorem

The inhabitation problems for the
AN, AATL <) and A(AI, AE) are undecidable.

The work of Kurata and Takahashi in [9] shows
that A(<) is decidable. As the systems in Group 3
are equivalent it follows that:

systems

1.10 Theorem

The inhabitation problems for A(<), A(<, AE,n) and
A<, AE) are decidable.

The system considered by Kurata and Takahashi
was actually A\(<) with (w), but the addition or dele-
tion of (w) does not affect the result.

We will show below, using generation lemmas
proved in [2], that inhabitation problems for the sys-
tems in Groups 2, 4 and 5 are also decidable. We
will in fact provide algorithms to find inhabitants for
arbitrary types in these systems.

Note that in systems that do not have both (AE)
and (AI) or the full strength of (<), we may have

AFM:ang

but not AFM:[BA
and AFM:anN(BAa)
but not AFM:(anhp)Aa.

Notation We write a; A ... A a,, to represent one of
the possible bracketings of a; A ... A ay,.

Of course, via the formulas as types isomorphism,
a type in a type system can be considered as a the-
orem of a logic and its inhabitant as a proof of that
theorem. The logics corresponding to the intersection
type systems however, are not particularly simple (see
Venneri [11] and Bunder [5] and [6]) and it is easier
to examine decidability for the type theories rather
than for the corresponding logics.



2 Inhabitation for A( )

It is easy to show that any valid judgement I' - « in
() can be transformed into a valid judgement IV - o/
in A by replacing all distinct A-types in I" and « by
distinct atoms. Hence as A\( ) &5 A(n):

2.1 Theorem

The inhabitation problems for the systems A( ) and
A(n) are decidable.

If « is a type, an inhabitant of «, or a guarantee
that there is none in A\( ) and A(n), can be provided
by an inhabitant finding algorithm, such as that in
3], for A, applied to the o . (The methods used in
3] are a simplified version of the Ben-Yelles algorithm
(see [4] and Hindley [8]).)

2.2 Example

7= (aAb— ¢) = aAb — (aAb — ¢ — (aAb)Ad) —
(aAb)Ad
Let T=(e—c)—oe—(e—c— f)—f.
Using the algorithm of [3] for A:
r1:e —c¢ xo:eand x3:
X129t ¢, Taxa(x122) : f.
So b Arjxexs.wsxa(rime) : 7' and
F Azi1xows.x3zo(T122) 0 T

e — ¢ — f, give

Our proof of the decidability of the inhabitation
problem for A(AE) requires some additional notation
and a number of preliminary lemmas.

3 Notation

3.1 Definition (Long Subterms)

An occurrence of a subterm N of a term M is said to
be long in M if (i) N = z;X;...X,, and the occur-
rence is not part of NX,, 41 or (i) if N = Azy ... 25.Q
and the occurrence is not part of Axg./N.

3.2 Definition (Positive and Negative Sub-
types)

1. 7 is a positive subtype of 7.

2. If @« — B is a positive (negative) subtype of 7
then « is a negative (positive) subtype of T and
0 is a positive (negative) subtype of 7.

3. If a A is a positive (negative) subtype of 7, «
and [ are positive (negative) subtypes of 7.

3.3 Definition (Long Subtypes)

An occurrence of a subtype « of a type 7 is said to
be a long —-subtype of 7 if the occurrence is not the
aina (8 — «ain 7.

An occurrence of a subtype a in 7 is a long A-
subtype of 7 if the occurrence is not the v in an a A 3
or BA«in T.

3.4 Example

—(anb—(c—d)— &) A(f = g).

7 and ¢ are long positive — and A subtypes of
7 (— A-subtypes).

aNb,c — d and f are long negative — A-subtypes
of 7.

aNb— (¢ —d) — eand f — g are long positive
—-subtypes of 7.

a and b are long negative —-subtypes of 7.

¢, e and g are long positive A-subtypes of 7.

d is a long negative A-subtype of 7.

3.5 Definition (Nontrivial Intersections)

A nontrivial intersection is any one other than one of
the form a A ... A «.

4 The Generation Lemma for A\(AE)

The Generation Lemma follows directly from the
work in [2], modified using Definition 1.11 and Lemma

4.3(v) of [2].

4.1 Lemma Generation Lemma for A\(AE)
If
Ak M: « (4)
then one of the following holds:
1. M=z, (38)z:LeA& B =N . AaA. . ABy.
2. M=PQ, (36,7) Abpg P:y— [

AbF g Q:v
where the derivations are shorter than those of
Dand =G A...AaA...ABy.

3. M=Xe.N, (38,7) Ajx:B8FAg N :v
where the derivation is shorter than that of (4) and

a=(B—7).
5 The Main Lemma for A\(AE)

A derivation is said to have a cut if it has a use of
(— E), as in Definition 1.4, where A M : o — [ is
derived by (— I), or a use of (AI) followed immedi-
ately by a use of (AE) (or an equivalent use of (<)).
A derivation is normalised if it has no cuts.

It is well known (see [1]) that all derivations in
AN with w can be normalised. All terms appearing
in such derivations are in normal form. This result
clearly applies to AA and its subsystems as well.

5.1 Definition
The type of a variable z,, in a derivation of

L1 T,y Zp :TnbFa N«

will be defined to be 7, (i) if 1 < m < n, or, (ii) if
Aty M is introduced into N by (— I) from

T1:Tlyeres T i T Ea M : 3.

In the derivation ( is defined to be the type of the
occurrence of M in N.

For systems without (AI) the type of a variable
and the type of a term introduced, as a subterm, into
a normalised derivation are uniquely defined. For sys-
tems with (A) an occurrence of a term may have a
finite set of types in a derivation.



5.2 Lemma

Ifzy:m,...,20 : Tw FAE N : @, there exists a term
M in B-normal form such that no two distinct vari-
ables of M have the same type and also:

1.
Tjy  Tjyse- Ly, T Fap Mo (5)
where {j1,...,7¢} € {1,...,n}.
2. For every occurrence of a long subterm P of M
with
FV(P) = {.’Eil,. ..,.’L‘ik}
there are types 7;,,...,7;, and 3 such that
Xiy S Tiyy-v oy iy P Tip, FaE P B (6)
where:
(I) 7,,..., 7, are long negative —A-subtypes of T =
T] = ... Tp — Q.

(IT) If P is of the form Ax,...z;.R, § has a long pos-
itive — A-occurrence in « or a long negative — A-
occurrence in one of 7;,,...,T;, .
(IIT) If P is of the form z, Py ... P, (t > 0), 8 has a
long positive A-occurrence in « or a long negative A-
occurrence in one of 7;,, ..., 7;, . Also 8 has a negative
occurrence in « or a positive occurrence in one of
TigseeosTipe -

Proof (i) If N’ is the 8-normal form of N there is
a normalised derivation of
T1 Tl s Ty T FAe N (7)

If in (7) a long subterm zsQ;...Q: of N’
has type a1 — — a, — 7, where 7«
is an atom or an intersection, this is replaced
by Axg...Tgru—1.7sQ1...Qrxq ... Tg4u—1, Where
Zg,-.-Tqru—1 are variables not in N’, ¢ > n and
Tq+i—1 = o5 for ¢ = 1,...,u. When all such changes
to N’ are made call the result N”.

Next free or bound variables z, and z,, with
the same type in N”, are identified. For example
Azq.Cr[Azy.Clag, ©,p]] becomes A\x,.C[Axzp.Clzy, ,]].
If 1 <p,q <n, x4 can be omitted from the left hand
side of the I in (7). None of these changes alter any
subtypes of 7.

When all such changes have been made we have
M and (7) becomes (5).

(ii) Let the variables in M other than z1,...,z, be
Tpgl,---,Tm and their types be 741, .., Tin-

Casel M =P.

In this case # = « and (6) is (5) with any z; ¢
FV(M) omitted. (This can always be done in a nor-
malised derivation). (I) and (II) clearly hold and if P
is of the form z,. P;...P; it follows from Lemma 4.1(ii)
that 8 has a positive occurrence in 7., so (III) holds.

We now prove the remaining cases by induction on
M.

Case 2 M =xz;M;...M,. (p>0)and P is, or is in,
an M;.
By Lemma 4.1(ii) applied p times we have:

Ty 1 Tjys- T (T, FAE T i1 — ... — oy — &
and
Tjy  Tjye oy gy, - T FaAE Myt @

where E =& A ... AaAN... AN and 1 <5 <p.

We have (6) and (I) by the induction hypothesis,
after leaving out variables not free in P. Also by the
induction hypothesis, if P is of the form A\z,...x;. R
and (8 does not have a long negative — A—occurrence
in one of 7;,,...,7,, it has a long positive — A-
occurrence in o and so a long negative one in 7; and
a long positive one in «. Thus (IT) holds.

If P is of the form z,.P;...P;, [ has a long positive
A-occurrence in a; (and so a long negative one in 7;)
or a long negative A-occurrence in one of 7;,, ..., 7, .
Also 8 has a negative occurrence in ¢; (and so a
positive one in 7'12 or a positive occurrence in one of

Tiyy e Tip,- Lhus (III) holds.

Case 3 M = Az, 41.Q, where P is, or is in, Q.

By Lemma 4.1 (iii)

Ty P Ty ey Ljy t Tigs Tngl Tl FaAE @ 1§
where a = 7,41 — &.

By the induction hypothesis and the omission of
variables that are duplicated or not free in Q, (6)
and (I) hold. If P is of the form Az,..z;.R, B has
a long positive A-occurrence in £, and so in «, or a
long negative A-occurrence in one of 7y, ..., 7,41. If
this is in 7,41 it has a long positive A-occurrence in
«. (Note that P can’t be @, in this case, as then P
is not long in M.) Thus (II) holds.

If P is of the form x,.P;... P, (8 has a long positive
A-occurrence in ¢ (and so in «) or a long negative A-
occurrence in one of 7;,, ..., 7;, . If this is in 7,41 this
is a positive A-occurrence in «. Also § has a negative
occurrence in £ (and so in «) or a positive occurrence
in one of 7,,...,m,. If this is 7,41, this is negative
in @. Thus (III) holds.

Note 1. In many modern trteatments of A—calculus,
clashes of bound variables, as introduced in part (i) of
the proof, though strictly allowed, are avoided. The
identification of variables with the same types, in this
proof, and that of Lemma 8.2, simplifies the proof
and leads to finitely bounded inhabitation search al-
gorithms for A(AE) and A(AT) in Sections 6 and 9.
2. In the lemma corresponding to 5.2 in [3] (and also
in the Ben-Yelles algorithm in Hindley [8]), we could
assume that M was in long normal form, which meant
that every long subterm of M, formed by application
had an atomic type. Here we can only assume that
M must have an atomic or an intersection type. For
example M = zix5 in:

z1:a—=b—c)N(e— f),z2:a,

z3:(b—=c)N(e—=f) = gbap z3(z122) 1 g

cannot be expanded to \z4.x12x214 Where x1x2x4 has
an atomic type.

5.3 Lemma
If

Ab g M:T, (8)

N appears in M and is introduced into the derivation
of (8) by

A g N:a (9)
where A C A/, then if
A'bap Pia (10)
where FV(P) C FV(N), we have
AFn g [P/NIM : T (11)



where in [P/N]M only the given occurrence of N with
type «, introduced in (9), is replaced by P.

Proof By induction, on M.
Case 1 M = N then A’ = A and (11) is (10).

Case 2 M = RQ where N is (in) R or Q
By Lemma 4.1 (ii)

AFR:~v— 0

AFQ:~v

where B=0G1A...ATNA...A\ (.
By the induction hypothesis we have

AFag [P/NJR:v— 0
or Abap [P/N]Q vy

and (— E) and (AE) gives (11).

Case 3 M = Az.R where N is (in) R
By Lemma 4.1 (iii) we have

Ax:BF g Ry

where 8 — v =1T.
( The result follows by the induction hypothesis and
—I).

6 The Type Inhabitant Search Algorithm for
AMAE)

Aim Given a — A-type 7, to find a A-term M such
that
l_/\E‘ M:T

Step 1 To each distinct long negative — A-subtype
of 7 assign a distinct variable, giving a list:

L1 T1y---3Tm * Tm

Step 2 For each type 7; = a A 8 from Step 1 write
r; : a,x; : (3, repeat the procedure if @ or § are
intersections. Identical types for the same x; may
be omitted, identical types may also be obtained for
distinct x;s.

Step 3 For each set A C {z1,...,2,,} and for each
( that has both a long positive A- and a negative
occurrence in 7 find an N , by application and (AE),
such that FV(N) C A and N : 3, if there is not
already such an N.

Step 4 For each set A C {x1,...,2,,} and each
which has both a long positive and a long negative
— A-occurrence in 7, if possible, find a term N by
abstraction with respect to some or all of the vari-
ables found in Step 1 such that FV(N) C A and
N : 3, if there isn’t already such an N. (More than
one abstraction with respect to the same variable is
allowed.)

If after a Step 4 a closed M : 7 is found stop. If
not continue with further applications of Steps 3 and
4 until no new terms are created. If that happens,
without forming M : 7,7 has no inhabitants. This

same algorithm, without Step 2, can be used to find
inhabitants in A( ) of \.

6.1 Example
T=(a—=bA(c—>d) —arhc—d

Stepl z1:a—bA(c—d), z2:aANc
Step 2 xz5:a, z3:cC
Step 3 z122:bA(c —d), v129 : ¢ = d, T12029 1 d

Step 4 AL1X2.21%2L2 & T.

6.2 Example
T=[a—=b—c)ha—b—b— (]

Stepl z1:(a—b—c)Aa, z2:b

Step2 z1:a—b—c x1:0a
Step 3 xz1x1:b—c, 11175 :C

Step 4 Arixo.x171 : T and Ax1x0T0. 212122 ;T

6.3 Theorem

Given a type 7, the Type Inhabitant Search Al-
gorithm for A(AE) will produce an inhabitant in (-
normal form for 7 in A(AE) and A(AE,n), or show
that there is no such inhabitant in either system.

Proof By Lemma 5.2, if 7 has an inhabitant, it has
one M in -normal form with no two variables of the
same type.

Also by Lemma 5.2, Step 1 of the algorithm pro-
vides us with a finite set of typed variables which is
the largest set that need appear in M. Step 2 pro-
vides each of these variables with a finite (possibly
empty) set of additional types which includes all the
types these variables need take in M.

Lemma 5.2 also provides us with all the composite
types subterms of M can have and these again form
a finite set. By Lemma 5.3, once we have a subterm
for M with a certain set of free variables, there is no
need to look for another with a superset of this set
of free variables. Hence the number of terms that
can be formed is finite and these are systematically
constructed by Steps 3 and 4.

As the inhabitant Search Algorithm for A(AFE) is
inherently finite, if it terminates without having found
an inhabitant for 7, then 7 has none.

Given that AM(AE) ~o AAE,n) and that A(AE)
is a subsystem of A\(AE,n), this algorithm also finds
inhabitants of 7 in A(AE,n) or shows that there are
none.

7 The Generation Lemma for A(A])

The Generation Lemma follows directly from the
work in [2], modified using Definition 1.11 and Lemma
4.3(iv) of [2].

7.1 Lemma Generation Lemma for A\(AI)

If
A l_/\[ M« (12)

where M is in normal form, then one of the following
holds:

1. M=z, (38)z:8 eA&a=FAN...AS.



2. M= .PQ7 (Elﬂl,al,...ﬁk,ak)A |—/\[ P 51 —
a;
Abar Q: ;.
for 1 <4 <k, where a = a3 A... A ai and the

derivations, together, are shorter than those of
(12).

3. M= )\JZN, (361,’)/1,...
N’yl

for 1 <i <k, where a = (81 = y1)A ... A Bk — &)
and each derivation is shorter than that of (12).

aﬁ]ﬁf}/k‘) wa : ﬁi }_/\I

8 The Main Lemmas for A\(AI)

The two lemmas below are generalisations of two lem-
mas used in [3] to prove that the inhabitation find-
ing algorithm for simple type theory, that appears
there, is valid. The situation here is little more com-
plex because one occurrence of a subterm of X in
A Far X ¢ 7 can have more than one type in the
derivation.
For example with = : 8 we might prove:

Absrde.M: 0 — «
and with x : v, we might prove:
Abpar A M v — 9,
and so by (AI):
Abpr de.M: (8 — a)A(y—9).

So not only Az.M, but also z, can have more than
one type in a derivation.

8.1 Lemma

If X is in normal form, U is an occurrence of a sub-
term of X which has types a; ... ax in the derivation
of A bar X @ 7, then if V, with FV(V) C FV(U),
can also be assigned types aq,...,ax, given A, and
if the types of F'V(V) are the same as they were for
FV(U), then

Abar XU =V]:T.

Proof By induction on X, as in Lemma 5.3.

8.2 Lemma

If
STpiTebAr Z T (13)

then there is an X =g Z in B-normal form such that:

T1 P T1y. -

1. No two distinct variables of X have the same set
of types.

i) CA{L,... 0
ST T Far X T (14)

2. For some {i1, ..
Ly Tiqgy -

3. Each type of each variable z;; in Az;, ...7; . X
that is used in a derivation of (14), will have a
long negative — - occurrence in 7' =71, — ... —

Tiy — T

4. Each occurrence of a composite subterm Y of X,
that is, in the derivation of (14), an abstraction,
or is long and formed by application, will have a
type which is a long positive A-occurrence in 7’.

Proof (i), (ii). Theorem 4.13 of [1] proves that every
7 satisfying (13), with AA for A(AI), has a B-normal
form. Clearly this also holds for A(AI). Subject re-
duction can be proved for A(AI), by standard means,
so (13) holds with nf(Z) for Z.

If nf(Z) contains two variables x,, and x4, with the
same set of types, we can change, by Lemma 8.1, all
occurrences of z, to x,, without altering any types.
Also we can drop one of two, now identical x, : 7,
and z4 : 7, from x; : T,...,2¢ : T,. We then have
(14), so (i) and (ii) hold.

(iii), (iv) By induction on the length of X.

If X, which is in normal form, is formed by appli-
cation, X = x;, X1 ... X,, then by Lemma 7.1(ii) and
(i) we have:

iy S Tiyy-o oy Tig i Tip, Far iy 01— ... — B — 0
iy T Tiys-e-sZiy 2T, Ear Xyt Br (15)
for 1 <r<m,wherer=0A...AN03, 1 <t<kand
Tip, =1 = oo = B — B

If 2, = x;,,7;, = 7;, has a long negative — -

occurrence in 7/, so (iii) holds.

If z;; is in X, for some r, then, by the induction
hypothesis (iii), 7;; has a long negative — - occurrence
inm, —... =7, — B

If this occurrence isin 73, — ... — 7;, —, thisis a
long negative — - occurrence in 7’. If it is in 3,, then
7;; has a long positive — - occurrence in 7;, and so a
long negative — - occurrence in 7’. Hence (iii) holds.

If Y is a long composite subterm of X formed by
application, it may be X itself, in which case (iv)
holds with 7 as the type of Y.

Otherwise Y is (in) an X,.. By the induction hy-
pothesis (iv), applied to (15), we have that this oc-
currence of Y has a type with a long positive A -
occurrence in 7, — ... — 7;, — . If the occur-
rence is in 7, — ... — 7, —, it is also one in 7. If
the occurrence is in 3., as 0, has a long negative —
- occurrence in 7;, and so a positive one in 7/, each
type of Y has a long positive A - occurrence in 7/, i.e.
(iv) holds.

If X is formed by abstractions, X = Az; .V,
then by Lemma 7.1 (iii)

. . ) . S
l'il.Til,...,xik.ﬁk,fﬂik+l.’7' F/\]V-ﬂ (16)

for1<s<wand 7= (! = BY)A...A(TY = BY).

As the derivation of (14) can come via (16), for
1 <s <u, and (AI), any types 7;; of the variable z;,
used in the derivation of (14) , must be used in the
derivation of (16) for at least one value of s.

By the induction hypothesis (iii), applied to (16),
we have that each 7;; has a long negative — - occur-
rence in 7, — ... —» 7, — 7° — [(° and so in 7'.
Thus (iii) holds.

If Y is formed by application and is long in X, it
is also long in V, so, by the induction hypothesis (iv),
each occurrence of Y, in the derivation of (16), for
some s,1 < s < u, has a type with a long positive A
- occurrence in 7, — ... = 7, — 7° — (3% and so in
7’. So (iv) holds.

If Y is formed by abstraction and is (in) V, the
result (iv) holds by induction hypothesis (iv).

If Y is X, (iv) holds as the type of Y is 7.

The A(AI) Inhabitant Search Algorithm, given be-
low, is a generalised version of the algorithm for A
given in [4]. The latter, in turn, is a simplified ver-
sion of the Ben-Yelles Algorithm for A (see Hindley

[8])-



9 The A(AI) Inhabitant Search Algorithm

Aim To find a A-term X such that, foralli,1 <i¢ < k

LT T i T A X 06 (17)
where Xz ... 2, has (i) a minimal number of distinct
variables and (ii) a minimal total number of occur-
rences of these variables.

Notes 1. To find an inhabitant X of a type 7, we
only need to solve (17) for n = 0,k =1, and §; = 7,
but we require to solve more general versions of (17)
in the process.

2. For no value of m and £ (1 < m < £ < n)

is 7 = 7, for all 4,1 < i < k, as otherwise
X[z := x] will be a solution of (17) where X[z, :=
Tm]T1 ... Te—1Tpy1 ... Ty has fewer distinct variables
than Xxq...z,

3. We assume that no two instances of (17), for
distinct values of i, are identical.

4. We will call a set of judgements, such as (17),
for 1 < i < k, with a common set of variables on the
left of the - and a common unknown A-term, such
as X, on the right of the I, a simultaneous set of
judgements (ssj).

5. An ssj of the form

X1 :T ey T AT Y 165
for 1 <1 < k is said to be equivalent to the ssj (17).

6. In the algorithm we will construct a tree where

the nodes are ssj’s, with (17) at the root.

Step 1 If in (17) 7} = d; for some j (1 < j < n)
and all 7, (1 < i < k), then the tree consists only of
the root, the ssj (17), and the algorithm stops with
X = Zj.

Otherwise, if 7§ =} — ... — (. — §; for all i,
1 < i <k, construct a group of ssj’s

Ty T Tt Th bar Xy 1 B (18)
each with 1 <4 < k, provided there is no ssj equiv-
alent to (18) for any t1(1 < ¢t; < r) in the branch
from (17) to the root of the tree. If there is such an
equivalent ssj, (17) has no solution.

For each T; of the appropriate form, that is not

excluded in this way, there is a group of ssj’s of the
form (18) with 1 < ¢; < r, that appears in the tree
directly below (17).

If all of the ssj’s in a group have a solution, found
by going back to Step 1, then (17) has as solution
X :.Tle...Xr.

If there is no solution of (18) for any ¢;, there is
no solution of (17) for that value of j, and the tree is
not extended below the ssj’s in the group with that
value of j.

If there is no solution of (17) for any value of j or

no T} is of the right form and if §; = 77, ; — ; for all

1 (1 <i<k), goto Step 2. If &; = o; Ny, for some
i, go to Step 3.

Step 2 If 7, # T for some i and all j the ssj

T1 Ty Tt Ty Par X (19)
with 1 < ¢ < k, appears directly below (17) in the
tree (as a singleton group), provided no equivalent ssj
appears in the branch from (17) to the root of the tree.
(19) is then solved by returning to Step 1. If there is

a solution then the solution to (17) is Azp41.X.

Ifri,, = ’7'; for some j and all 4,1 < i < k, the ssj

LTy Ty T Ear X iy (20)
appears directly below (17) in the tree, provided no
equivalent ssj appears in the branch from (17) to the
root.

(20) is solved by returning to Step 1. If there is a
solution, then X = Az;.X".

Step 3 We assume that (17) is ordered so that
this ¢ = k. In each of the four cases below we add a
new ssj directly below (17) in the tree (as a singleton
group), provided no equivalent ssj has appeared in
the branch from (17) to the root.

1. If7F, ...

tinct from each 77, ... S Tos
from each other the ssj is

TE ay, and Tl,...7 7k~ are both dis-
0; for 1 < j < k, and

Tf;L Far X o 0; (21)

X1 T1yeees Tyt

for 1 <i < k+1, where 03, = ag, Op+1 = Yk, and
Ttk = Ttk“ forl1 <t<n.

2.1t ™, ., tF ap is  distinct from each
Tf ce, 705 but T, 7E Ok, =
.. .,78,8; for some j,(1 < j < k) or
= Tf,...,TT]f,ak the new ssj is similar to (17)
but with oy, instead of .

3. It o7k 4, is  distinet from  each
T n,éj, but 7F,..., 78 ap = Tf, T8

for some j, (1 < j < k) the new ssj is similar to
(17) but with ~y, for dy.

k k _
4. It T Tk = ..., 7,0 and
Ttk = T{,...,Tn,é for some j

and r,1 < j,r < k, the new ssj is similar to (17),
but with 1 <¢ <k —1.

In each case now go back to Step 1.

We now prove that the algorithm is effective.

9.1 Theorem

The A(AI) Inhabitation Search Algorithm provides a
solution X for (17), for all i(1 < ¢ < k) or a guarantee
that there is no solution, by generating a tree with an
ssj at each node and (17) at the root. No node will
have more than rs+ 1 nodes directly below it and no

branch is longer than 25"~ where r is the number
of long negative —-subtypes of

a:(Tllﬂ...HTnlﬂfh)/\.../\(Tfﬂ .Hn’fﬂék)

and s is the number of long positive A-subtypes of .

Proof In the algorithm, Step 1 considers all the pos-
sible ways in which (17) can be derived by (Var) or
using (— E) as the final step, Step 2 considers the
ways in which (17) can be derived by (— I) as a fi-
nal step and Step 3 the ways in which (17) is derived
using (AI) as a final step. Any X satisfying (17), for
1 < i <k, must be found in an indefinitely extended
tree.

Coming down any branch of the tree from the root,
the algorithm has each unknown A-term as a subterm
of the ones above it. If the step above it is Step 1
(other than Tt =0;for 1 <i < k) or Step 2, it will be



a proper subterm of the terms higher in the branch.
If on a branch there is an ssj

T :Tli,...,xp ZT; Far Xe, o1, :ﬂzlmts (22)
for 1 <1 < g, appearing below an equivalent ssj
:E:Tf,...,xp:T;; Far Xey o1, :5;:1__% (23)

(ie. Bf, 4. = Bi, 4, for 1 < i < q), then Xy, 4,
is a proper part of Xy, .+, , as there must be at least
one nontrivial Step 1 or a Step 2 between the ssj’s.
This however means that X, ;. is a shorter solution
than X, ¢, of the ssj (23), so the branch from (23) to
(22) does not lead to an X satisfying (i) and (ii). So
‘Ehe)algorithm rightly does not search branches below
22).

We now show that the tree must be finite.

By Lemma 7.1 (17) holds for 1 < i < k, if and
only if

Far Ax1...x2,.X .

By Lemma 8.2 the variables in Az ...xz,.X, and so
in X, have types which are long negative —-subtypes
of a.. Let there be r of these.

In a node (i.e. an ssj)

LT ey T i T FAT Y 2 B (24)
for 1 < i </, as by the algorithm the types of differ-
ent variables are distinct and n < m < r, there can
be at most (r — n)! different sequences 7,41, ..., Tm.

Also by Lemma 8.2, each 3; is a long positive A-
subtype of «. Let there be s of these. Then there
can be at most s(r — n)! distinct judgements, of the
form (24) in the tree generated by the algorithm and
as each node (i.e. each ssj) in the tree consists of a
subset of this set of judgements, there can be no more
than 25("=™)" distinct nodes (ssj’s) in the tree.

Given that there can be no two equivalent ssj’s on
any branch, no branch can be longer than 25("—™)',

Below any ssj, such as (24), there can be at most
m groups of ssj’s resulting from Step 1, where m < r.
Each group can have no more than s members. Also
below (24) there can be an ssj stemming from Step 2
or 3. Thus there can be no more than rs 4+ 1 nodes
below any node in the tree.

9.2 Corollary
The inhabitation problem for A(A)is decidable.

9.3 Example
To find X such that

Far X:(a—a—ana)A((a—b)— (b—a)—a—Db)

Step 3
|
FarX:a—a—ala
Far X:(a—b)—(b—a)—a—b
|
Step 2 (X = Az1.X)
|
z1:abar X'a—ana
r1:a—bbar X'(b—a)—a—b

Step 2 (X' = Az2.X")
|
z1:a, xo:abpar X" taNa
zi:a—b zo:b—abla X" :a—b

|
Step 3

z1:a, xa:abar X" ta

z1:a—b, xo:b—aklar X" :a—b

|
Stepl X" =ux;
So X = A\z129.21.

10 Conclusion

The inhabitation problem is decidable for the
systems A(<), M, AE, 7)), M(S,AE), MAI), MAIn),
AMAE),\N(AE,n),A(), and A(n) and undecidable for
AN, AN, <) and A(AT,AE).

We have given inhabitant finding algorithms for
MO, M), AMAE), AMAE, ), \(AI) and A(AL, 7).
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