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—— Abstract

In combinatory logic one usually assumes a fixed set of basic combinators (axiom schemes),
usually K and S. In this setting the set of provable formulas (inhabited types) is PSPACE-
complete in simple types and undecidable in intersection types. When arbitrary sets of axiom
schemes are considered, the inhabitation problem is undecidable even in simple types (this is
known as Linial-Post theorem).

Bounded combinatory logic (BCLy) arises from combinatory logic by imposing the bound &
on the depth of types (formulae) which may be substituted for type variables in axiom schemes.
We consider the inhabitation (provability) problem for BCLg: Given an arbitrary set of typed
combinators and a type 7, is there a combinatory term of type 7 in k-bounded combinatory logic?

Our main result is that the problem is (k 4 2)-EXPTIME complete for BCLj, with intersection
types, for every fixed k (and hence non-elementary when k is a parameter). We also show that
the problem is EXPTIME-complete for simple types, for all k.

Theoretically, our results give new insight into the expressive power of intersection types.
From an application perspective, our results are useful as a foundation for composition synthesis
based on combinatory logic.
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1 Introduction

In standard combinatory logic (see, e.g., [5]), one usually considers a fixed set of typed
combinators (a combinatory basis), for example S: (a = (8 — 7)) = (a = ) = (o = 7)
and K : @ = 8 — «. Under the propositions-as-types correspondence, combinator types
correspond to axiom schemes of propositional logic in a Hilbert-style proof system, with
modus ponens and a rule of axiom scheme instantiation as the principles of deduction. The
schematic interpretation of axioms corresponds to implicit polymorphism of combinator
types, where type variables (a, 83,7, ...) may be instantiated with arbitrary types. Thus, the
combinator K has types 7 — o — 7 for all 7 and o.
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2 Bounded Combinatory Logic

In this paper we consider bounded combinatory logic (BCLg), which arises from combinatory
logic by imposing the bound & on the depth of types (formulae) which may be substituted for
type variables in axiom schemes. For example, in BCLy the type scheme of the combinator K
can only be instantiated to 7 — ¢ — 7 for 7 and o with depth < k. By imposing the bound,
inhabitation becomes decidable in cases where the unbounded problem is undecidable.

Our interest in bounded combinatory logic is motivated both by theoretical concerns and

from the standpoint of applications. Theoretically, we are interested in the complexity and
expressive power of the system, depending on the bound. From an application perspective,
we consider bounded combinatory logic as a foundation for type-based synthesis, following [8].
In the present paper we generalize from the monomorphic case of [8] to arbitrary bounded
levels of polymorphism.
Bounded combinatory logic. In contrast to standard combinatory logic (see, e.g., [5]), we
bound the depth of types used to instantiate types of combinators, but rather than considering
a fized base of combinators (for example, the base S, K) as is usual in combinatory logic,
we consider the inhabitation problem relativized to an arbitrary set I' of typed combinators,
given as part of the input:

Given I and 7, is there an applicative term e such that T'Fpe: 77

The relativized problem is generally much harder than the fixed-base problem. For example,
inhabitation in standard (unbounded) simple-typed SK-calculus is PSPACE-complete [11],
whereas the unbounded relativized problem is undecidable, even in simple types. We recall
that the latter type of problem has been considered since 1948 when Linial and Post [6]
initiated a line of work studying decision problems for arbitrary propositional axiom systems
(often referred to as partial propositional calculi, abbreviated PPC) answering a question
posed by Tarski in 1946. They proved (among other things) that there exists a PPC with
an unsolvable decision problem (Linial-Post theorem). Since then, many results have been
obtained for various PPC, e.g., Gladstone [3] and Singletary [9] showed that every r.e. degree
can be represented by a PPC. In 1974, Singletary [10] showed that the implicational fragment
of PPC can represent every r.e. many-one degree. The problem considered there is identical
to the unbounded relativized inhabitation problem for simple types.

Our main result is that the relativized inhabitation problems for BCL, with intersection
types form an infinite hierarchy, being (k + 2)-EXPTIME-complete for each fixed k. A non-
elementary lower bound follows for the problem where k is taken as an input parameter. Our
lower bound techniques, which may be of independent interest, expose new aspects of the
expressive power of intersection types. We generically simulate alternating Turing machines
operating in exp,,, ; (n)-bounded space, where exp,, denotes the iterated exponential function.
For each k, we devise a numeral representation with intersection types in BCLj for numbers
between 0 and exp,,,;(n) — 1, and we use this system to achieve a succinct representation
(exploiting k-bounded polymorphism) of the Turing tape. In contrast, we show that the
k-bounded inhabitation problem is EXPTIME-complete for simple types, for all k.

A foundation for composition synthesis With this paper we continue the work begun in [8] on
investigating limited systems of combinatory logic as a foundation for type-based synthesis
(automatic synthesis of function compositions from a repository of typed functions). In [8], we
proved the monomorphic inhabitation problem EXPTIME-complete and devised inhabitation
algorithms that we have since implemented and applied to synthesis. In our applications,
the set I' models a repository, the goal type 7 is considered as a specification of a desired
composition, and the inhabitation algorithm automatically constructs solutions (if any) to the
synthesis problem. The relativized inhabitation problem is the natural basis for applications
in synthesis, where I" models a changing repository of functions. As argued in [8], intersection
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types play a key role in these applications, since they can be used to specify deep semantic
properties.

A limited degree of polymorphism has been found to be very useful in applications, since
it allows for succinct specifications. In particular, the lowest level (BCLg) of the hierarchy
studied here turns out to be already of major importance. At this level, we are able to
instantiate type variables with atoms or intersections of such. Since type structure can be
atomized by introducing type names (atoms) for structured types through definitions, many
interesting problems can be specified and solved in BCLy.

As a simple example of succinctness, consider that we can represent any finite function
[+ A — B as an intersection type 7 = (),c 4 a — f(a), where elements of A and B are
type constants. Suppose we have combinators F; : 7¢, in I', and we want to synthesize
compositions of such functions represented as types (in some of our applications they could,
for example, be refinement types [2]). We might want to introduce composition combinators
of arbitary arity, say g : (A - A)™ — (A — A). In the monomorphic system, a function
table for g would be exponentially large in n. In BCLg, we can represent g with the single
declaration G : (g = 1) = (@1 = ag) = -+ = (ap—1 — an) = (o = a5 ) in I'. Through
level-0 polymorphism, the action of g is thereby fully specified.

Interestingly, by the present results, the complexity of BCLg is 2-EXPTIME complete and
hence comparable in complexity to other known synthesis frameworks (such as, e.g., variants
of temporal logic and of propositional dynamic logic). It is also interesting to observe that
the lower bound techniques of the present paper appear to reveal a methodology by which
inhabitation of intersection types can be used to express a form of logic programming at the
type level, which appears to be useful in synthesis. Space limitations preclude us from going
into further details here, and we report on our experience in synthesis in a separate paper.

2 Preliminaries

Types: Type expressions, ranged over by 7,0 etc., are defined by
T o= alToT|TNT

where a, b, ¢, ... range over atoms comprising of type constants, drawn from a finite set A
including the constant w, and type variables, drawn from a disjoint denumerable set V ranged
over by «, 8 etc. We let T denote the set of all types.

As usual, types are taken modulo commutativity (tNo = oN7), associativity ((tNo)Np =
7N (o0 Np)), and idempotency (7 N7 = 7). As a matter of notational convention, function
types associate to the right, and N binds stronger than —. A type environment I is a finite
set of type assumptions of the form x : 7. We let Dm(T") and Rn(T") denote the domain
and range of I'. Let Var(r), Cnst(r) and At(r) denote, respectively, the set of variables,
the set of constants and the set of atoms occurring in 7, and we extend the definitions to
environments, written Var(T'), Cnst(T') and A¢(T") in the standard way.

A type 7 N o is said to have 7 and o as components. For an intersection of several
components we sometimes write ()i, 7; or (\,c; 7 or ({7 | ¢ € I}, where the empty
intersection is identified with w.

iel
Subtyping: Subtyping < is the least preorder (reflexive and transitive relation) on T, with

cfw, wliw—=w, oNtr<o, oN7<T1T, oc<oNo;
(c=71)N(c—=p) <o—7Np;

Ifo<o andr <7 thenonNrt<o' N7 ando -7<0 —1.
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We identify o0 and 7 when o < 7 and 7 < ¢. The following distributivity properties follow
from the axioms of subtyping:

(c—=1)N(c—p)=0c—(TNp) (c—=1m)N(e =71)<(ond) = (rN7)

Paths: Ifr=7 — -+ = 7, — o, then we write 0 = tgt,,,(7) and 7, = arg,(7), for i < m.

If arg;(T) = p for all i we also write 7 = p™ — 0. A type of the foom 74 — -+ = 7,,, = a,
where a # w is an atom,! is called a path of length m. A type T is organized if it is a (possibly
empty) intersection of paths (those are called paths in 7). Note that premises in an organized
type do not have to be organized, i.e., organized is not necessarily normalized [4].

» Lemma 1. Fvery type T is equal to an organized type T, computable in polynomial time.

Proof. Define @ = a if a is an atom and let 7o = 7Na. If 7 = [,c;0; then take
T =0 =i (T = 0i). <«

Sets of paths: For an organized type o, we let P,,,(c) denote the set of all paths in o of
length m or more. We extend the definition to arbitrary 7 by implicitly organizing 7, i.e., we
write P,,,(7) as a shorthand for P, (7).

Type size: The size of a type 7, denoted |7], is defined to be the number of nodes in the

syntax tree of 7 (this is identical to the textual size of 7). The path length of a type 7 is
denoted ||7|| and is defined to be the maximal length of a path in 7.

Substitutions: A substitution is a function S : V — T such that S is the identity everywhere
but on a finite subset of V. For a substitution .S, we define the support of S, written
Supp(S), as Supp(S) = {a € V| a # S(«)}. We may write S : V — T when V is a finite
subset of V with Supp(S) C V. We write A#(S) to denote the set {At(S(x)) | & € Supp(S)}.
A substitution S is tacitly lifted to a function on types, S : T — T, by homomorphic extension.
Finally, a constant-function is a map ¢ : A — A such that ¢(w) = w. Constant-functions are
tacitly lifted to functions ¢: T — T.

The following property, probably first stated in [1], is often called beta-soundness. Note
that the converse is trivially true.

» Lemma 2. Let aj, for j € J, be atoms.
1. If ﬂiel(oi — 7) ﬂﬂjeJ a; < « then a = a;, for some j € J.

2. If Nierloi = 1) NNjeya; <0 — 7, where 0 — 7 # w, then the set

{iel|o<o;}is nonempty and {7 | 0 <oy} < 7.

» Lemma 3. Let (),c;7i < 1 — -+ — B — p, where 7; are paths. Then there is ani € I
such that 7, =01 — -+ = o, — p and B; < «y, for all j <m.

Proof. Induction with respect to m, using the beta soundness (Lemma 2). <

» Lemma 4. Let S be a substitution and let ¢ be a constant-function. Then o < T implies
S(o) < S(r) and c(o) < c(1).

Proof. Induction with respect to the definition of o < 7. ]

1 Observe that 71 — -+ = Tm — W = w.
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Alternating Turing Machines

An alternating Turing machine is a tuple M = (X,Q,qo,qa,qr,A). The set of states
@ = Q3 W Qv is partitioned into a set ()3 of existential states and a set @Qy of universal
states. There is an initial state qg € @, an accepting state g, € Qv, and a rejecting
state ¢ € Q3. We take ¥ = {0, 1, ,}, where , is the blank symbol (used to initialize the tape
but not written by the machine). The transition relation A satisfies

ACYxQxXxQx{LR},

where h € {L, R} are the moves of the machine head (left and right). For b € ¥ and ¢ € Q,
we write A(b,q) = {(c,p,h) | (b,q,c,p,h) € A}. We assume A(b, q,) = A(b,g.) = 0, for all
be X, and A(b,q) # 0 for ¢ € Q\ {qa,qr}- A configuration of M is a word wqw’ with ¢ € Q
and w,w’ € ¥*. The successor relation C = C’ on configurations is defined as usual [7],
according to A. We classify a configuration wquw’ as ezistential, universal, accepting etc.,
according to g. The notion of eventually accepting configuration is defined by induction:?

An accepting configuration is eventually accepting.
If C is existential and some successor of C is eventually accepting then so is C.
If C is universal and all successors of C are eventually accepting then so is C.

3 Bounded combinatory logic
» Definition 5. (Levels) Given a type 7 we define the level of 7, written ¢(7), as follows.

{(a) = 0, forae AUYV;
oUr — o) = 1+max{{(r),£4(0)};
Nieym) = max{l(r)|i=1,...,n}

The level of a substitution S, written £(.5), is defined as
£(S) = max{{(S(a)) | « € V}.

A level-k type is a type 7 with £(7) < k, and a level-k substitution is a substitution S with
£(S) < k. For k > 0, we let Tj, denote the set of all level-k types. For a subset A of atomic
types, we let Ty (A) denote the set of level-k types with atoms (leaves) in the set A. <

Notice that the level of a type is independent from the width (number of arguments) of
intersections. Notice also that £(S) is completely determined by the restriction of S to Supp(S):
if Supp(S) = 0, then £(S) = 0, and if Supp(S) # 0, then £(S) = max{l(S(a)) | @ € Supp(S)}.
Finally, we have £(S 0 S") < £(S) + £(5").

Type assignment: For each k > 0 the system BOLy(—,N) (k-bounded combinatory logic with
intersection types) is defined by the type assigment rules shown in Figure 1. In rule (var),
the condition ¢(S) < k is understood as a side condition to the axiom I',x : 7 by x : S(7).
The restriction to simple types (types without N) is called BCLi(—) and is defined by the
rules (var), (—E) and (<), where 7 and 7’ range over simple types, by dropping all axioms
from the subtyping relation that involve N, and by considering only substitutions .S mapping

2 Formally we define the set of all eventually accepting configurations as the smallest set satisfying the
appropriate closure conditions.
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type variables to simple types. Recall from [8] finite combinatory logic with intersection types,
denoted FcL. This system can be presented as the restriction of BCLy in which the (var) rule
is simplified to the axiom I';z : 7+ x : 7.
In this paper we are addressing the following relativized inhabitation problem:
Given I' and 7, is there an applicative term e such that ' Fpe: 77

[4(S) < k] Fkre:mr =7 Thie:r
Dox:7hgx:S(7) (var) Thy(ee): 7 (—F)

I'bre:m Thrpe:m
F}—kelTlﬂTg

I'kFre:7 <7
Thpe:7!

(nI)

(<)

Figure 1 Bounded combinatory logic BCLy

Algorithm

In this section we formulate an algorithm to decide the relativized inhabitation problem
for BCL, and derive the (k + 2)-EXPTIME upper bound.

» Lemma 6. Let 'y e : 7 and let S be a level-m substitution. Then there exists a derivation
of T'Fgm €: S(7) of the same depth.

Proof. Induction with respect to the derivation of I' -y e : 7. <

» Lemma 7. Let T' F; e : 7 and let ¢ be a constant-function such that c is the identity
on Cnst(T"). Then there exists a derivation of T' by e : ¢(7) of the same depth.

Proof. Induction with respect to the derivation of I" 4 e : 7. In case the derivation ends
with rule (<), we use Lemma 4 and apply the induction hypothesis. |

Let At,(T',7) = At(T") U At(7) U {w}. The following proposition shows that, in order to
solve an inhabitation question I' k- 7 : 7, one needs only consider rule (var) restricted to
substitutions of the form S : Var(T') — Ty (At, (T, 7)).

We say that a substitution S occurs in a derivation D, whenever S is used in an application
of rule (var) in D.

» Proposition 8. If Ty e : 7, then there exists a derivation D of T ki e: T such that

every substitution S occurring in D satisfies the conditions
1. Supp(S) C Var(T);
2. At(S) C At, (T, 7).

Proof. By induction with respect to derivations, using Lemmas 6 and 7. |

The following lemma shows that inhabitation in BCLg(—,N) is equivalent to inhabitation in
FCL modulo expansion of the type environment. Given a number k, an environment I and
a type 7, define for each € Dm(T") the set of substitutions

SR = Var(T(x)) = Tr(Aty (T, 7))
and define the environment T'(™*) with domain Dm(T") so that, for z € Dm(T),

r9 (@) = N{S(0() | S € 8577)
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» Lemma 9 (Expansion). One has Tk e: 7 in BCLy(—,N) iff TF) e 7 in FCL.

Proof. If T' k-, e : 7 by a derivation D, consider each application of rule (var) of the form
I",x: 0ty x:S(0), occurring in D. By Proposition 8, we can assume that S is a member
of the set ST, Hence, one has T'(™*) |- 2 : S(¢) in FOL, by an application of rule (var),
followed by an application of rule (<). It follows that I'(™*) }- ¢ : 7 holds in FCL.

For the implication in the other direction, consider that one has in BCLg(—,N)

Tk z: ({ST()) | S est™
for all € Dm(T"), by multiple applications of rule (var), followed by rule (NI). <

» Lemma 10 (Path Lemma for FCL [8]). The following are equivalent conditions:
1. Thxei...epm:T;
2. There exists a set P of paths in P, (I'(x)) such that

a. Npeptgtn(m) < 75

b. T'Fe;:(,cparg;(m), for all i <m.

» Lemma 11 (Path Lemma for BCL,(—,N)). The following are equivalent conditions:
1. Thyzep...epm: 75
2. There exists a set P of paths in P, (({S(T(x)) | S € SéF’T’k)}) such that

2 pep 9hn(7) < 7

b. T ke eparg(m), for alli <m.

Proof. Immediate, by Lemma 9 and Lemma 10. |
The following corollary will be used later.

» Corollary 12. Let I'(z) = ﬂjeJ(Tf — =7l = 0)). If Tz er...em: T then there
are substitutions Sy, for £ € L, and numbers jy; such that

1 nzeL SE(UjZ) <7 ‘

2. Pl—k ei:ﬂzeLSZ(Tiﬂ)-

Let exp,, be the iterated exponential function, given by exp,(n) = n, expy41(n) = 25%Px (),
The lemma below can be shown by an elementary counting argument.

» Lemma 13. For every k, there is a polynomial p(n) such that the number of level-k types
over n atoms is at most expy1(p(n)), and the size of such types is at most expy(p(n)). The
number and size of simple level-k types (for a fized k) is respectively bounded by a polynomial
and a constant.

» Theorem 14. Inhabitation in BCLL(—,N) is in (k + 2)-EXPTIME.

Proof. The alternating Turing machine shown in Figure 2 is a decision procedure for
inhabitation in BoLg(—,N) for each k& > 0, being a direct alternating implementation of
Lemma 11. In Figure 2 we use shorthand notation for instruction sequences starting from
existential states (CHOOSE...) and instruction sequences starting from universal states
(FORALL(i = 1...k) S;). A command of the form CHOOSE z € S branches from an existential
state to successor states in which x gets assigned distinct elements of S. A command of the
form FORALL(% = 1...k).S; branches from a universal state to successor states from which
each instruction sequence S; is executed.

The machine operates in bounded space, because, for all I', 7, k, z, the set Sg(g
finite. More precisely, it follows from Lemma 13 that the size of SQ(CFJ”C) can be bounded

Tr,7,k) is
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by expy,1(p(n)), and the size of each level-k type can be bounded by exp,(p(n)), for some
polynomial p(n). It follows that the types o’ (Figure 2, line 2) can be written down in
space bounded by exp,,;(p(n)), and hence the algorithm is bounded in alternating space
expy41(p(n)). By the identity ASPACE(f(n)) = DTiME(29U/ (")) inhabitation is therefore
in (k + 2)-EXPTIME. <

Input : T,7,k

loop :

CHOOSE (z : 0) € T

o ={S(o) | S e SR
cnoose m € {0,..., |lo’||};
CHOOSE P C P,,(0");

- W N =

1IF (,cp tgt,,(7m) < 7) THEN
IF (m = 0) THEN ACCEPT;
ELSE
FORALL(i =1...m)
7= (rep 019:(7);
10 GOTO loop;

© 00 3 & Ot

Figure 2 Alternating Turing machine deciding inhabitation in BCLy

4 Simple types, BCL,(—)
The upper bound for simple types is obtained as a special case of the analysis in Section 3.
» Theorem 15. Inhabitation in BCLy(—) is in EXPTIME, for all k.

Proof. The proof uses the same argument as the proof of Theorem 14. The difference is that
now we only substitute simple types. Under this restriction, the machine of Figure 2 operates
in alternating polynomial space, because all types of the form S(o) are of linear size. |

» Theorem 16. For every k > 0, the inhabitation problem for BCLi(—) is EXPTIME-complete.

Proof. Take an alternating TM, working in polynomial space p(n). We use fresh type atoms
to represent every state and tape symbol. A configuration C = wquw’, where w = by ... b1
and w' = by, ... by is encoded as a type ¢ = b1 — -+ = b1 = @ = by = -0 = by
We define an environment I' so that, for all C,

C is eventually accepting if and only if T'kec. ()

We put into I' polymorphic patterns a1 — -+ = Q-1 = Ga = am — =+ = Q) for
accepting configurations, and types representing machine moves, as we now define.

For any g, b, the patterns (pgm(Q) =1 = -++ = Q1 = ¢ = b = Qg1 = - = Q)
represents all configurations where A(b, ¢) is applicable. Let A(b, q) = {(c;,p;,hj) | j <},
and for j <7, let 7pgm; (&) represent the j-th successor configuration. For example, if h; =R
then anmj(&) =Q1 =7 7 Q1 72 Cj 2 Py Qppl 7 =2 Qp(p) -
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If C = b1...0;m-1gbbpy1 ... by, then there exists exactly one substitution S (mapping
each «o; to b;) such that S((pgm) = ¢c. In addition, if Dy,..., D, are all the successor
configurations of C then we have S(ngm;j) = ¢p,. Now if ¢ is an existential state then we
include in I' all types of the form 7ygm; — Cpgm - For a universal g, we let I' contain just one
type, Hamely Nogm1 — * =+ — Nogmr —7 qum .

The “only if” part of (*) can now be proved by induction with respect to the definition of
acceptance. In the “if” part we use induction with respect to proofs. <

5 Lower bound for intersection types

In this section we fix a number K and an expy,(n)-space bounded alternating Turing
machine M. In what follows it is assumed that k < K, whenever level k is considered. The
basic idea is to represent a configuration of M by, essentially, a type of the form

M1 Cell(ag, g, (m) e, (i) i),

where a; € 3, ¢ € Q, 0 < m < expg(n) — 1. Each component Cell(a;,q, (m)x, (i) k)
represents one of the tape cells, where a; represents the symbol in the i-th cell, ¢ represents
the current state, type (m)k represents the address (number) of the cell which is under the
current ATM head position, and (i) k¢ represents the address of the cell itself. Notice that
the types ¢ and (m) g are identical across all the components of the type (i.e., across all
indexes 7). The adresses (i) x impose a numerical order on the cell representations, so that we
can represent a tape consisting of a sequence of cells. Moreover, we can use these addresses
to compute the head position of the ATM (moving left or right of the current cell address).

Since we need a representation which is polynomial bounded in the size of the ATM
input, we cannot represent such types explicitly in our reduction. In order to achieve
a succinct (polynomial sized) representation, we exploit polymorphism. The basic insight in
the reduction is to represent the large configuration types implicitly, as polymorphic types
Cell(a, ¢, 8,7), and to arrange the environment I' coding the behavior of M in such a way
that large expansions (under polymorphic instantiation) of such types become forced into
the explicit form shown. As in the proof of Theorem 16, the basic strategy for coding the
ATM behavior is to represent a computation sequence C1Cs - - - C,, by a sequence of forced
inhabitation goals in reverse order of implication, by (essentially) having the implications
[Ci+1] — [C;] in T such that asking for inhabitation of [C;] forces the inhabitation of [C; 1]
(letting [C] denote the type representing the configuration C).

Predicates

The predicates we use are certain type patterns serving as “containers” for their arguments.
The idea is that a predicate like F(7,0) encodes a pair of types 7 and o and a “flag” F in
a unique way. This is achieved by making sure that type F'(7,0) is large enough to never be
substituted for a variable. In addition, 7 and ¢ are placed inside F(r, o) several times to
avoid unwanted subtyping.

Some auxiliary notation for the beginning. Write FI[! for F and FI"t1 for FI"l - F.
For instance, Fi! = (F = F) = F) - F. Alsolet Q, = (1 = 7) = 7 — 7.

Let N > K be a fixed number. Type F(71, 72,73, 74) (a predicate of four arguments) is
defined using a dedicated type constant F' (the predicate identifier), as follows:

F(r1,79,m3,71) = (FM = Q) = Q) = Q) = Q.

Predicates of fewer arguments are defined by repeating the last one, e.g. G(7,0) will stand
for G(7,0,0,0). In what follows, the word “predicate” may refer to any F(7,..., 7).
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The level of F(ry,...,74) is larger than K, and therefore types of the form F(ry,...,74)
never occur in the range of a substitution. Further properties are as follows:

» Lemma 17. For all types 7, o and all predicates ®; and P:
L If Nier Q7 £ Qp then 7 = 0, for some i.
2. If Nyer @i < @ then & = &;, for some i.

Proof. Use Lemma 2. Details omitted. <

In our construction we use the following forms of predicates (for k¥ < K and j < n):

Unary: Zeroy (), zi(c), my(a), Maxy(a), Numg(a), n*(a), Num’(a), Bit(a), Tape’ ().
Binary: SUCCk(OZ,ﬂ), Diﬂ:k(aaﬂ)7 dk(aaﬂ)a nk(a>ﬁ)'

Ternary: Ry(e, B,7), Li(a, 8,7).

Quaternary: Cell(«, 3,7, 0).

In addition to that we also have the following constants (for j < n):
0,1, 04, 1, e.
and special constants for all internal states and tape symbols of the machine.

Intersection type numerals

Fix a natural number n. Let B[n| denote the union of n copies of B = {0,1}, written
B[n] ={04,...,0,} U{1y,...,1,}. We let b range over B and we let b range over B[n|. The
sets of level-k numerals (k > 0), denoted N, are constructed from B[n] by induction:

No = {n?:l b; | b; € {01,11} for i = 1n}
Nig1 = {ﬂreNk (1 = b;) | b, €{0,1}, for 7 € Ny}

Clearly, the size of N}, is exp,;(n). The value of a numeral o € N, is denoted [o] and is
defined by induction with respect to k:

k=0: [[m?:l bz]] = 27:1[[[31]] X 2i_17 with [[OZH =0 and [[]-z]] =1
k>0 [Nyen, (T = b)) =32 cpr, br x 207

For instance, if n = 4 then the value of 01 N 15N 03N 14 is 2+ 8 = 10. And if n = 2 then the
value of ((01 N 02) — O) N ((01 N 12) — 1) N ((11 n 02) — 0) N ((11 n 12) — 1) is 10 as well.
It is easy to prove by induction that for o € Nj we have 0 < [o]] < exp;,,(n) — 1, and
for k > 0 we can write o canonically as 0 = ﬂfi%k(n)fl(n — b;), where [1;] = ¢ and b; € B,
and with [o] = Z?i%’“(n')_l b; x 2°.
It is also straightforward to see that, for any x between 0 and exp;,,(n) — 1, there is
ezactly one o € N with [o] = z. We use the notation o = (x)y.

The encoding

Our goal is to define a BCLx type environment I', representing the behavior of the machine M.
The environment I' consists of several groups of declarations, to handle predicates over
numerals, the tape, and the transition function. Note that each type ¢ in I' is an intersection
which has a component of the form (e™ — o), for some m, and that all other components
are arrows of m arguments, ending with predicates of the same identifier F'. We then say
that o, and the corresponding combinator, is m-ary, and that F' is the target identifier of o.

» Lemma 18. Ifz is m-ary and I' Fx xey ...e, : ® then r = m.
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Proof. If T'Fx xe; ...e, : @ then by Lemma 11 we have (. p tgt,.(7) < e, for some set P
of paths in types of the form S(I'(z)). The only such path is ™ — e, whence m = r. <

» Lemma 19. Let I' bx e : F(ry,...,74) Ne, where F(m,...,74) s a predicate. Then
e =xey...em, for some m-ary combinator x with target identifier F'. More precisely, T'(x)
has the form EN (¢4 — -+ = Cm — F(p1,...,p4)), and there is a substitution S such that
S(pi)=m1i, fori=1,...,4, and T Fx e; : S(¢;), fori=1,...,m.

Proof. The term e must be of the form e = ze;...e,, where x is a combinator of some
arity m in I'. Tt follows from Lemma 18 that m = r, and from Corollary 12 we obtain that
MNecr PeNe < F(ry,...,74) Ne, where @, are predicates with the same target G. Since e
is a constant, we actually have (,.; ®¢ < F/(71,...,74). By Lemma 17, one of ®, must be
equal to F(11,...,74), in particular F' = G. Note that ®, is obtained as S(tgt,,(¢)), for
some component ¢ of I'(x), and this S is the substitution required by the lemma. |

Numeral predicates

The declarations shown in Figure 3 and Figure 4 are included in T, for every k < K. Together
they specify the way numerals are handled at each level k. The predicates are defined
inductively with respect to k. Thus, in Figure 3 we define the base predicates for numerals
in Ny, whereas Figure 4 contains definitions for predicates at all higher levels k& + 1. These
latter definitions may inductively refer to definitions at lower levels (for example, in Figure 4,
the declaration for the combinator Ny refers to the lower level predicate Zeroy).

Zo : Zel’Oo(OlﬁOgﬂ"'ﬁOn) Ne
MO : MaXo(llmlgm"'ﬁln)ﬂ.

Ny : [n?(a) = Numg(l; Na)] N [n?(a) = Numg(0; Na)]N[e — e
n2 : [n¥(a) > n?(lz2Nna)]N[n3(a) = n2(02Na)Nje — e
g : (1) Nn(0,) Ne
Do : [do(e,8) = Numg(a) = Numg(8) — Diffg(a, 8)] N[e — ¢ — e — o]
do : ﬂ?zl(do(oz ﬂa,liﬂﬁ)ﬁdo(liﬁa,()iﬁﬂ))ﬁo
So  : [Numg(0; Na) = Numg(1; N ) = Succo(0; N, 13 Ne)] N
[Numg(1; N0z Na) — Numg(01 N1a Na) = Succp(l1 N0 N, 01 N1 Na)] N
.N

[Numo(ll n 12 N---N ]-nfl ﬂOn) —
Num0(01 002 M- ﬂOn,l N ]-n) —
Succo(l3NIaN-+-N1y—1N0,,00N02N---N0,_1 N1,)]N
[6 — o — o]

Figure 3 Numeral predicates, level 0
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B : Bit(0) N Bit(1) N

Zit1  : [Numpii(o) = zgp1(o) = Zerogyi(a))Nje — e — e

Zoy1 1 [zZesi(@) 2 zpa (B = 0)Na)|N e — o

zi., zZeri(B—0)Ne

Mk+1 : [Nukarl(Oz) — mk+1(o¢) — Man+1 (o4 } N [0 — & — o]

my1 o [Mepa(e) = mea((B > 1) Na)lNje — o]

m,, : mpa(B—=1)Ne

Nit1 Bit(y) = ngt1(8 = v, ) = Zerog(8) — Nump1((B — v) Na)lN

[

[6e—0—e—
niy1  : [Bit(e) = Succy

[

[

[

o]
(8,
e —>e—e e
(8
o]

§) = ngy1(6 = &,a) = np1 (B — 7, (0 =€) Na)|N

n; ., Bit(e) — Succy(8,9) = Maxg(0) = ng11(8 — 7,0 — €)]|N
o —He — e —

Dy ¢ [dg+1(e, 8) = Numgyq(a) = Numgyq(8) — Diffiiq (o, 8)]N
[0 —>0— 0 — 0

dpr1 0 dgpi((v—=> D Nna,(v—=0)NB)Nder1((0 = 0)Na, (6 = 1)NG)N

Skt [Ri+1(8, a,y) = Zerog(8) — Succp+1((B—=0)Na, (8= 1)Ny)] N
[Lit+1(8, a,y) = Zerog(8) — Succi+1((8 — 1) N, (B — 0)Ny)|N
[0 — o — 0]

Sk+1 [Sucer(B,0) = Lrt1(d, a,7) = Lg4a (B, (6 = 1) Na, (6 = 0) Ny)] N
Succ(8,8) = i1 (6,0,7) = Lis1 (5, (6 = 0) N (6 1) A7) 1
[SUCCk(ﬁ, ) - Rk+1(5a avly) - Rk+1(ﬁ» (5 - 0) Na, (5 - 0) N ’Y)] n
[Succi(5,5) — Rica(6,0,7) = Rt (8, (6 1) (5 )1yl 0
[. o — .]

Skt1 [Maxy (6 —>Succk(ﬁ 6)—>Rk+1(ﬁ d—0, 5—>0)]
[
[
[

Figure 4 Numeral predicates, level k + 1

Turing machine

Now we turn to the actual machine simulation. Declarations in Figure 5 are used to “create”

the initial configuration with input word a; ...a, and with further tape cells filled with
blanks up to length expy  ;(n). Tape cells are identified by numbers from 0 to expy,;(n)—1.

Before we define the core part of our coding, we introduce one more notational convention.
A multiple implication 71 — 72 — + -+ = T,,, — 7T is sometimes written as (71,...,Tn) — 7.
We extend this style by using informal abbreviations for sequences of premises. For instance,
type 1 — T2 — T3 — 01 — 02 — 03 — T may be written as A — B — 7, where
A = (11,72,73) and B = (01,02,03).

Given q and b, let A(b,q) = {(ci,pi,hi) | i =1,...,r}. By V&(§) and U%(a, 6, ) we
abbreviate triples of types used to represent the transition defined by (¢;, pi, hi). The role
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Init [Zerog (o) — Cell(a1, qo, o, )N Tape'(a) — Tape] N[e — o — o]
init’ [Zero () — Succk (a, B) — Tape' ™ (8) N Cell(as, qo, v, B) — Tape'(a)] N
[Zerok () — Succk (a, B) — Cell(n, qo, 6, €) — Cell(n, qo, 6, €)] N
[0 —0— e — 0 (for all i < n)
init" : [Zerox(y) — Succk(a,8) — Tape™(8) N Cell(y, g0, v, B) — Tape™(a)] N
[Zerok () — Succk (a, 8) — Cell(n, qo, 6, €) — Cell(n, qo, 6, €)] N
[6— 0 — 0 — e
finit [Max g (a)) — o — Tape™(a)] N
[

Max g (o) — Cell(n, qo, 6, €) — Cell(n, qo, §, €)] N[e — & — o]

Figure 5 Initial configuration under construction

of V%(§) is to encode the action at the presently scanned tape cell, while U?%(a, §,) applies
to all other tape cells. Assume first that h; = L. Then we define:

VQbi<5) - (SUCCK(ﬂaé)a Dlﬂ:K(gaC)v Ce”(ci,piaﬂvé)),

Uqbi(O‘?é’ 7) = (SUCCK(ﬂaé)a DifFK(’V»é)a Cell(a,pi,ﬂ,'y)).
If h; = R then the definition is altered as follows:

qui (6) = (SUCCK (5> ﬁ)v lefK (57 g)a Ce”(cia Di, 57 5))3

Uqbi(avd, ’7) = (SUCCK((Sv ﬁ)v Dlﬂ:K(’y’(S)v Cell(avpivﬁvv))'

Now, if g is an existential state then for every i < r there is a combinator

Step? : [V®i(§) — Cell(b,q,d,6)] N
(U9 (v, &, 7) — Cell(, ¢, 6,7)] N
¢ — o]

For universal ¢, we declare one combinator Stequ:

Step? : [VO(5) — ... — V() — Cell(b,q,8,8)] N
[Ule(avéa ’Y) — Uqbr(a,& 7) - Ce”(aquév ’Y)] N
[0 — - — @3 — o]

Properties of the coding

We now collect the main properties of our coding. The first two lemmas state that our
numeral system works properly.

» Lemma 20. For every k < K there are terms Zeroy, Maxy, Numy, Diff,, Succk, such
that for all types o and T:

Ifo =(0)g then T'bg Zeroy : Zerog(o)Ne.
If o = (exppyq(n) — 1) then T kg Mazy : Maxg(o)Ne.
If o € Ny then T kg Numyg : Numg(o)Ne.

If o,7 € Ny, and [o] # [7] then T'Fg Diff), : Diff(o,7)Ne.
If o,7 € N, and [o] + 1 = [r] then T kg Succy : Succg(o,7)Ne.

Gh N

Proof. Beginning with k = 0, we have Numg = No(nZ(n3(...(n§ *(n}))...))), Zeroy = Zo,
Mazg = My, Diff, = DodoNumoNumg, and Succo = SoNumoNumyg. Take maz = exp;,,,(n)
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and for k > 0 define Numpy, = Nk+1B((nk+1BSucck)m“I_2(n;HBSucckMaxk))Zerok,
~1 -1

Zeropy1 = Ziy1 Numpy1 (2147 (2311)), and Mazy 1 = My Numpg o (myf7 7 (my ).

Now we can define successor Succyi1 = SkJrl((SkJrlSU/CC}{;)maw_Q(S;i,_i_lMakaU/CCk))ZeTOk,

and the last term we need is Diff 1 = Dgy1dpy1 Numpgqi Numpgy ;. |

» Lemma 21. For every k < K and every e:

1. If Tkie:Zerog(o)Ne  then o= (0).

2. If Tk e:Maxg(o)Ne  then o= (expy,(n)—1)k.

3. If Trkge:Numg(o)Ne then o€ N.

4. If Tk e: Diffy(o,7) Ne then o,7 € Ny, and [o] # [7].

5. If T kg e:Succi(o,7)Ne then o,7 € Ny, and [o] +1 = [7].

Proof. The proof is by induction with respect to k, and we show the five claims in the
order of their numbers. Of the ten possible cases we consider I' g e : Numgi1(o) Ne as
an example. It follows from Lemma 19 that e = Ny jejeses, and o = S((8 — 7) N «)
and we can derive I' Fg e; : Bit(S(7)) Ne, T' Fx e2 : ngy1(S(B8 — 7),5(a)) Ne, and
I'Fk es: Zerog1(S(B)) Ne, for some S. Then S(8) = (0); and S(v) is 0 or 1. We prove
by induction that I' b €' : ngy1(p, 7) implies ¢ = (i)r — ¢’ and 7 =(,;,(j )k — b, for
some 7, and conclude that o = (;5¢(j)x — b, i.e., that o is indeed a numeral. <

Let C = wquw’ be a configuration of our machine M. Assume that w = by ...b,_1 and
w =by... bepr+1(n)_1. That is, the address of the currently scanned tape cell is h. We take
the following type to be the encoding of C:

eXPK+1(”)_1

€ = [ Cell(bi,q, (h)x, (i)x)-

i=0
Now let Cp be the initial configuration for input a; ...a,. (Thus b; = a;41, for i <n.)
» Lemma 22. The intersection Tape N e is inhabited in T' iff so is [Co] N e.

Proof. Suppose that T'Fe: [Co)lNe. If T; = init’ Zerog Succy, for i = 1,...,n, then
I'FInitZerog (Th (To(- - - (T—1 (T " (finit Maz g €)))---))) : TapeNe.

On the other hand, if T'F e : TapeNe then e = xe; ... e, where z is m-ary (Lemma 18).
Since I" F e : Tape, the only possibility is that e = Init ejes, where I' ey @ Zerog ((0) k)
and T F ey : Tape! ((0)x) N Cell(a1, qo, (0)x,(0)k ). We prove by induction wrt r that
eo =T (To(---(¢')--+)), where €’ has type e N Tapeé(<r>) N;<, Cell(bs, g0, (0), (%)), and
¢ =min{r 4+ 1,n}. For r = expg,(n) — 1, term €’ is of type o NTape"((r)x)N[Col. =

» Lemma 23. A configuration C is eventually accepting iff T+ [C]Ne.

Proof. The “only if” part goes by induction with respect to the definition of acceptance.
If C is an accepting configuration (universal without successors) then we have a declaration

Step?® : Cell(b, qa,6,0) N Cell(a, ga,0,7) N o,

for appropriate b, whence I’ - Step?® : [C] Ne. Let C = wgbw’ be existential, with ¢ at
address t. If C — C’, with C’ eventually accepting then, by the induction hypothesis, [C']Ne is
inhabited. Assume for example that C’ is obtained from C using a triple (¢;, p;, hi) € A(b, q),
with h; = L. Then [C'] differs from [C] in that we have Cell(¢c;,p;, (t — 1), (t)) instead of
Cell(b, g, (t),(t)) and Cell(bj,p;, (t —1),(j)) instead of Cell(b;,q,(t),(j)), for all j # t.
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It follows that T' + Step®!Succy, Diff), e : [C] N o, where Succy, and Diff,, are defined as in
Lemma 20 for appropriate k, and e is an inhabitant of [C'] N e.
In the universal case, we build an inhabitant of [C] N e as

StequSucckDijj‘”;€ e1...Suce Diff, ey

where Succy, and Diff,, are as above, and ey, ..., e, prove the codes of all successor configur-
ations.

The proof from right to left is by induction with respect to length of inhabitants. Let
I'Fe:[ClNe. If e is a single combinator then e = Step?’, by Lemma 19. Otherwise
e =xej...en, for an m-ary z. It is possible that e = initieoeleg or finitejey, but then eq
also proves [C] Ne. Therefore the shortest inhabitant must begin with Step?® or Step?’,
and we proceed as in the proof of Lemmas 21 and 22, using Lemma 19 as a basic tool. <«

» Theorem 24. For every k > 0, the relativized inhabitation problem for BCLy(—,N) is
complete in (k+2)-EXPTIME.

Proof. By a routine padding argument® it suffices to prove that the halting problem for
expy1(n)-space bounded ATM’s is reducible to inhabitation in BCLy(—,N). The latter
claim follows from Lemmas 22 and 23: to determine if M accepts the input it is enough to
ask if I' - e N Tape. <
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