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Abstract

A system of linear dependent types for the lambda calculus with full higher-order recursion,
called d¢/PCF, is introduced and proved sound and relatively complete. Completeness holds
in a strong sense: d¢PCF is not only able to precisely capture the functional behaviour of
PCF programs (i.e. how the output relates to the input) but also some of their intensional
properties, namely the complexity of evaluating them with Krivine’s Machine. d¢PCF is
designed around dependent types and linear logic and is parametrized on the underlying
language of index terms, which can be tuned so as to sacrifice completeness for tractability.

1 Introduction

Type systems are powerful tools in the design of programming languages. While they have been
employed traditionally to guarantee weak properties of programs (e.g. “well-typed programs
cannot go wrong”), it is becoming more and more evident that they can be useful when stronger
properties are needed, such as security [VIS96, SM03], termination [BGRO08], monadic temporal
properties [KO09] or resource bounds [JHLH10].

One key advantage of type systems seen as formal methods is their simplicity and their close
relationship with programs — checking whether a program has a type or even inferring the (most
general) type of a program is often decidable. The price to pay is the incompleteness of most
type systems: there are programs satisfying the property at hand which cannot be given a type.
This is in contrast with other formal methods, like program logics [AdBO09] where completeness is
always a desirable feature, although it only holds relatively to an oracle. Graphically, the situation
is similar to the one in Figure 1: type systems can be found in the lower left corner of the diagram,
where both the degree of completeness and the complexity of type checking or type inference are
kept low; program logics, on the other hand, are confined to the upper-right corner, where checking
for derivability is almost always undecidable.

One specific research field in which the just-described scenario manifests itself is implicit com-
putational complexity, in which one aims at defining characterizations of complexity classes by
programming languages and logical systems. Many type systems have been introduced capturing,
for instance, the polynomial time computable functions [Hof99, BT09a, BGM10]. All of them,
under mild assumptions, can be employed as tools to certify programs as asymptotically time ef-
ficient. However, a tiny slice of the polytime programs are generally typable, since the underlying
complexity class FP is only characterized in a purely extensional sense — for every function in
FP there is at least one typable program computing it.

The main contribution of this paper is a type system for the lambda calculus with full recur-
sion, called d¢/PCF, which is sound and complete. Types of d/PCF are obtained, in the spirit of
DML [XP99, Xi07], by decorating types of ordinary PCF [Plo77, Gun92| with indez terms. These
are first-order terms freely generated from variables, function symbols and a few more term con-
structs. They are indicated with metavariables like I, J, K. Type decoration reflects the standard
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Figure 1: Type Systems and Program Logics

decomposition of types into linear types (as suggested by linear logic [Gir87]), and is inspired by
recent works on the expressivity of bounded logics [DLHO09].

Index terms and linear types permit to describe program properties with a fine granularity.
More precisely, d/PCF enjoys the following two properties:

e Soundness: if t is a program and b ¢ : Nat[I, J], then ¢ evaluates to a natural number which

lies between I and J and this evaluation takes at most a linear number of steps in K;

o Completeness: if t is typable in PCF and evaluates to a natural number n in m steps, then

b1t : Nat[n,n] where I < m.

Completeness of d¢PCF holds not only for programs (i.e. terms of ground types) but also for
functions on the natural numbers (see Section 5.3 for further details). Moreover, typing judgments
tell us something about the functional behaviour of programs but also about their non-functional
one, namely the number of steps needed to evaluate the term in Krivine’s Abstract Machine.

As the title of this paper suggests, completeness of d/PCF holds in a relative sense. Indeed,
the behaviour of programs can be precisely captured only in presence of a complete oracle for
the truth of certain assumptions in typing rules. This is exactly what happens in program logics
such as Floyd-Hoare’s logic, where all the sound partial correctness assertions can be derived
provided one is allowed to use all the true sentences of first order arithmetic as axioms [CooT78].
In d¢PCF, those assumptions take the form of (in)equalities between index terms, to be verified
when function symbols are interpreted as functions on natural numbers according to an equational
program £. Actually, the whole of d¢/PCF is parameterized on such an &£, but while soundness holds
independently of the specific £, completeness, as is to be expected, holds only if £ is sufficiently
powerful to encode all total computable functions (i.e. if £ is universal). In other words, d¢/PCF
can be claimed to be not a type system, but a family of type systems obtained by taking a
specific £ as the underlying “logic” of index terms. The simpler &, the easier type checking and
type inference are; the more complex &, the larger the class of captured programs.

The design of d¢PCF have been very much influenced by linear logic [Gir87], and in particular
by systems of indexed and bounded linear logic [GSS92, DLH09], which have been recently shown
to subsume other ICC systems as for the class of programs they can capture [DLH09]. One of the
many ways to “read” d¢PCF is as a variation on the theme of BLL [GSS92] obtained by generalizing
polynomials to arbitrary functions. The idea of going beyond a restricted, fixed class of bounds
comes from Xi’s work on DML [XP99, Xi07]. Cost recurrences for first order DML programs have
been studied [Gro01]. No similar completeness results for dependent types are known, however.

This is a revised and extended version of a paper with the same title which has appeared in
the proceedings of LICS 2011.



2 Types and Program Properties: An Informal Account
Consider the following program:
dbl = fix f.Az. ifz = then x else s(s(f(p(x)))).

In a monomorphic, traditionally designed type system like PCF [Plo77, Gun92], the term dbl
receives type Nat — Nat. As a consequence, dbl computes a function on natural numbers without
“going wrong”: it takes in input a natural number, and produces in output another natural
number (if any). The type Nat — Nat, however, does not give any information about which
specific function on the natural numbers dbl computes. Indeed, in PCF (and in most real-world
programming languages) any program computing a function on natural numbers, being it for
instance the identity function or (a unary version of) the Ackermann function, can be typed by
Nat — Nat.

Some modern type systems allow one to construct and use types like 7 = Nat[a] — Nat[2 x a],
which tell not only what set or domain (the interpretation of) the term belongs to, but also which
specific element of the domain the term actually denotes. The type 7, for example, could be
attributed only to those programs computing the function n — 2 x n. Types of this form can
be constructed in dependent and sized type theories [XP99, BGR08]. The type system d¢PCF
introduced in this paper offers this possibility, too. But, as a first contribution, it further allows to
specify imprecise types, like Nat[5, 8], which stands for the type of those natural numbers between
5 and 8.

A property of programs which is completely ignored by ordinary type systems is termination,
at least if full recursion is in the underlying language. Typing a term ¢ with Nat — Nat does not
guarantee that ¢, when applied to a natural number, terminates. In PCF this is even worse: t
could possibly diverge itself! Consider, as another example, a slight modification of dbl, namely

omega = fix f.\x. ifz x then x else s(s(f(z))).

It behaves as dbl when fed with 0, but it diverges when it receives a positive natural number as
an argument. But look: omega is not so different from dbl. Indeed, the second can be obtained
from the first by feeding not x but p(z) to f. And any type systems in which dbl and omega are
somehow recognized as being fundamentally different must be able to detect the presence of p in
dbl and deduct termination from it. Indeed, sized types [BGRO8] and dependent types [Xi01] are
able to do so.

Going further, we could ask the type system to be able not only to guarantee termination,
but also to somehow evaluate the time or space consumption of programs. For example, we
could be interested in knowing that dbl takes a polynomial number of steps to be evaluated
on any natural number. This cannot be achieved neither using classical type systems nor using
systems of sized types, at least when traditionally formulated. However, some type systems able to
control the complexity of program exist. Good examples are type systems for amortized analysis
[JHLH10, HAH11] or those using ideas from linear logic [BT09a, BGM10]. In those type systems,
typing judgements carry, besides the usual type information, some additional information about
the resource consumption of the underlying program. As an example, dbl could be given a type
as follows

-1 dbl : Nat — Nat

where I is some cost information for dbl. This way, building a type derivation and inferring
resource consumption can be done at the same time.

The type system d¢PCF we propose in this paper makes some further steps in this direction.
First of all, it combines some of the ideas presented above with the ones of bounded linear logic.
BLL allows one to explicitly count the number of times functions use their arguments (in rough
notation, !,,,0 —o 7 says that the argument of type o is used m times). This permits to extract
natural cost functions from type derivations. The cost of evaluating a term will be measured by
counting how many times function arguments need to be copied during evaluation. Making this



information explicit in types permits to compute the cost step by step during the type derivation
process. By the way, previous works by the first author [DL09] show that this way of attributing a
cost to (proofs seen as) programs is sound and precise as a way to measure their time complexity.
Intuitively, typing judgements in d/PCF can be thought as:

i)t : lm Nat[a] — Nat[I(a)].

where g and f can be derived while building a type derivation, exploiting the information carried
by the modalities. In fact, the quantitative information in !,, allows to statically determine
the number of times any subterm will be copied during evaluation. But this is not sufficient:
analogously to what happens in BLL, d/PCF makes types more parametric. A rough type as
Ino —o 7 is replaced by the more parametric type [a < n]-o —o 7, which tell us that the argument
will be used n times, and each instance has type o where, however the variable a is instantiated
with a value less than n. This allows to type each copy of the argument differently but uniformly,
since all instances of o have the same PCF skeleton. This form of uniform linear dependence is
actually crucial in obtaining the result which makes d¢PCF different from similar type systems,
namely completeness.

Finally, as already stressed in the introduction, d¢PCF is also parametric in the class of functions
(in the form of an equational program &) that can be used to reason about types and costs. This
permits to tune the type system, as described in Section 6 below.

Anticipating on the next section, we can say that dbl can be typed as follows in d¢PCF:

& dbl : [b < a] - Nat[a] —o Nat[2 x a].

This tells us that the argument will be used a times by dbl, namely a number of times equal to
its value. And that the cost of evaluation will be itself proportional to a.

3 d/PCF

In this section, the language of programs and the type system d¢PCF for it will be introduced
formally. Some of their basic properties will be described. The type system d¢PCF is based on
the notion of index terms whose semantics, in turn, is defined by an equational program. As a
consequence, all these notions must be properly introduced and are the subject of Section 3.1
below.

3.1 Index Terms and Equational Programs

Syntactically, index terms are built either from function symbols from a given signature or by
applying any of two special term constructs.

Formally, a signature ¥ is a pair (S, ) where S is a finite set of function symbols and o : S - N
assigns an arity to every function symbol. Index terms on a given signature ¥ = (S,«a) are
generated by the following grammar:

I,J
LILK:=a|f(,... . Iag) | DT DK

a<I

where £ € § and a is a variable drawn from a set V of index variables. We assume the symbols 0,
1 (with arity 0) and 4, = (with arity 2) are always part of ¥. An index term in the form > _;J
is a bounded sum, while one in the form @fl‘] K is a forest cardinality. For every natural number
n, the index term n is just

1+1+4+...+1.

n times

Index terms are meant to denote natural numbers, possibly depending on the (unknown) values
of variables. Variables can be instantiated with other index terms, e.g. I{J/a}. So, index terms



can also act as first order functions. What is the meaning of the function symbols from X7 It is
the one induced by an equational program £. Formally, an equational program £ over a signature
3 and a set of variables V is a set of equations in the form ¢ = s where both ¢ and s are in
O(%2,V). We are interested in equational programs guaranteeing that, whenever symbols in ¥ are
interpreted as partial functions over N and 0, 1, + and — are interpreted in the usual way, the
semantics of any function symbol £ can be uniquely determined from £. This can be guaranteed
by, for example, taking £ as an Herbrand-Godel scheme [0di89] or as an orthogonal constructor
term rewriting system [BN98]. One may wonder why the definition of index terms is parametric
on ¥ and £. As we will see in Section 6, being parametric this way allows us to tune our concrete
type system from a highly undecidable but truly powerful machinery down to a tractable but less
expressive formal system. An example of an equational program over the signature ¥ consisting of
two function symbols add and mult of arity two is the following set of rewriting rules (we tacitly
assume succ to be part of ¥ and to have its standard meaning):

add(0,b) - b
add(succ(a),b) — succ(add(a b))
mult(0,b) —
mult(succ(a),b) — add(b mult(a,b))

What about the meaning of bounded sums and forest cardinalities? The first is very intuitive:
the value of >, _;J is simply the sum of all possible values of J with a taking the values from 0 up
to I, excluded. Forest cardinalities, on the other hand, require some more effort to be described.
Informally, @iJ K is an index term denoting the number of nodes in a forest composed of J trees
described using K. All the nodes in the forest are (uniquely) identified by natural numbers. These
are obtained by consecutively visiting each tree in pre-order, starting from I. The term K has
the role of describing the number of children of each forest node n by properly instantiating the
variable a, e.g the number of children of the node 0 is K{0/a}. More formally, the meaning of a
forest cardinality is defined by the following two equations:

1,0
AK=0 (1)

LJ+1 LJ I+1+@% K K{I+@®%7 K/a}
© - (Gx) 14 o 'k ®

a

Equation (1) says that a forest of 0 trees contains no nodes. Equation (2) tells us that a forest of
J + 1 trees contains:
e The nodes in the first J trees;
e plus the nodes in the last tree, which are just one plus the nodes in the immediate subtrees of
the root, considered themselves as a forest.
To better understand forest cardinalities, consider the following forest comprising two trees:

N
N T

2 s 6! 10 12

and consider an index term K with a free index variable a such that K{n/a} = 3 for n = 1;
K{n/a} = 2 for n € {2,8}; K{n/a} = 1 when n € {0,6,9,11}; and K{n/a} = 0 when n €



{3,4,7,10,12}. That is, K describes the number of children of each node. Then @2’2 K = 13 since
it takes into account the entire forest; @2’1 K = 8 since it takes into account only the leftmost
tree; @i’l K = 5 since it takes into account only the second tree of the forest; finally, @ig K=6
since it takes into account only the three trees (as a forest) in the dashed rectangle.

One may wonder what is the role of forest cardinalities in the type systems. Actually, they play
a crucial role in the treatment of recursion, where the unfolding of recursion produces a tree-like
structure whose size is just the number of times the (recursively defined) function will be used
globally. Note that the value of a forest cardinality could also be undefined. For instance, this
happens when infinite trees, corresponding to diverging recursive computations, are considered.

The expression [[I]]i denotes the meaning of I, defined by induction along the lines of the
previous discussion, where p : ¥V — N is an assignment and £ is an equational program giving
meaning to the function symbols in I. Since £ does not necessarily interpret such symbols as total
functions, and moreover, the value of a forest cardinality can be undefined, [[I]]ff can be undefined
itself. A constraint is an inequality in the form I < J. A constraint is true in an assignment p if
[1]5 and [J]§ are both defined and the first is smaller or equal to the latter. Now, for a subset ¢
of V, and for a set ® of constraints involving variables in ¢, the expression

¢ ETI< (3)

denotes the fact that the truth of I < J semantically follows from the truth of the constraints in
®. Similarly, one can define the meaning of expressions like ¢; ® |=¢ I = J or ¢;® = 1 ~ J, the
latter standing for the equality of I and J in the sense of Kleene. When both ¢ and ® are empty,
such expressions can be written in a much more concise form, e.g. I ~ J stands for &f; & [=° T~ J.
The expression ¢; ® =€ I =1 indicates that (the semantics of) I is defined for the relevant values
of the variables in ¢; this is usually written as ¢; ® =°1 |.

The following two lemmas are useful, and will be crucial when proving the Substitution Lemma.

Lemma 1
I+J,K

JK
@ H~@H{a+1/a}.

Proof. We use a coinductive argument. By definition:

1+J,0

@ H ~0;

JK
@ H{a +I/a} ~0;

1+J,K+1 1+1,K [+I+1+@ 5 H H{I+J+@L X H/a}
O ns"Burs o i
a a a
JK+1 J.K

@ H{a+1/a} ~@H{a+1/a} + 1+

J+1+@) K H{a+1/a} H{I+I+@) ¥ H{a+1/a}/a}
H{a +1/a}.

This concludes the proof. O

Lemma 2
0,

1 1,b
AOHa+1+®d]1/a}.

a

1,3
@I ~ Z
b<J

a



Proof. We use a coinductive argument. By definition:

1,0

@I:O

a

ZOCASI{GJ-Fl-F&ASI/a} ~0

b<0 @ a

1,J+1 K+2,I{K+1/a}

D I~K+1+ @ 1

a

0,1 1,b 0,1 1,J
> OYa+1+@Tja} ~H+Qla+ 1+ D1/a}

b<J+1 @ a

where K is @i"]l and His Y, _; @Y Ha +1+ @ib I/a}. Now, by definition and by Lemma 1

1,I{K+1/a}

EA)lI{a—i-l—i-&Aj]I/a}:l—i- @ Ha+1+K/a}

K+2,1{K+1/a}
~1+ @ L

This concludes the proof. OJ

Before embarking in the description of the type system, a further remark on the role of index
terms could be useful. Index terms are not meant to be part of programs but of types. As a
consequence, computation will not be carried out on index terms but on proper terms, which are
the subject of Section 3.2 below.

3.2 The Type System

Terms are generated by the following grammar:

tu=x|n|s(t)]|p) | zt]tu

| ifz ¢t then u else v | fix a.t

where n ranges over natural numbers and x ranges over a set of variables. A notion of size |t| for
a term t will be useful in the sequel. This can be defined as follows:

lz] = [p| = 1;
Is| = 2;
ln| = n;

s(®)] = [s| +[t] + 1;
Ip(t)] = [p| + [t] + 1;
[Az.t] = |t| + 1;
|tu| = [t] + [ul + 1;
| ifz ¢ then u else v| = [t| + |u| + |v| + 1;
|fix z.t| = || + 1.
Notice that for technical reasons it is convenient to take here the size of s equal to 2. Terms can

be typed with a well-known type system called PCF. Types are those generated by the basic type
Nat and the binary type constructor —. Typing rules are in Figure 2. A notion of weak-head
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I'-n:Nat I'+ s(t) : Nat I' - p(¢) : Nat
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'+ ifztthenuelsev:o N—fixat:o

Figure 2: The PCF Type System.

(Az.t)u — t{u/z} s —-n+1  pl+i)—n  p(0)—0
ifz O then u else v > u ifzn+ 1 then u else v > v fix x.t — t{fix z.t/x}
t—u t—u t—> v

s(t) — s(u) p(t) — p(u) tu — vu

t—w
ifz ¢t then u else v —» ifz w then u else v

Figure 3: Weak-head Reduction

reduction — can be easily defined: see Figure 3. A term t is said to be a program if it can be
given the PCF type Nat in the empty context.

Almost all the definitions about d¢/PCF in this and the next sections should be understood as
parametric on an equational program & over a signature ¥. For the sake of simplicity, however,
we will often avoid to explicitly mention £ and leave it implicit.

d¢/PCF can be seen as a refinement of PCF obtained by a linear decoration of its type derivation.
Basic and modal types are defined as follows:

o,7 :=Nat[[,J] | A— 0o basic types
ABu=[a<]] o modal types

where I, J range over index terms and a ranges over index variables. Nat[I] is syntactic sugar for
Nat[I,I]. Modal types need some comments. As a first approximation, they can be thought of
as quantifiers over type variables. So, a type like A = [a <I] - o acts as a binder for the index
variable a in the basic type o. Moreover, the condition a < I says that A consists of all the
instances of the basic type o where the variable a is successively instantiated with the values from
0 to (the value of) I — 1, i.e. o{0/a},...,0{I —1/a} . For those readers who are familiar with
linear logic, and in particular with BLL, the modal type [a < I] - o is a generalization of the BLL
formula !,<p0 to arbitrary index terms. As such it can be thought of as representing the type
0{0/a}®---®c{I—1/a}. In analogy to what happens in the standard linear logic decomposition of
the intuitionistic arrow, i.e. !A — B = A = B, it is sufficient to restrict to modal types appearing
in negative position, similarly to DLAL [BT09b]. Finally, for those readers with some knowledge
of DML, modal types are in a way similar to DML’s subset sort constructions [Xi07].

We always assume that index terms appearing inside types are defined for all the relevant
values of the variables in ¢. This is captured by the judgement ¢; ® ¢ ¢ |, whose rules are in
Figure 4.

In the typing rules, modal types need to be manipulated in an algebraic way. For this reason,
two operations on modal types need to be introduced. The first one is a binary operation w on
modal types. Suppose that A = [a < I]-p{a/c} and that B = [b < J] - p{I + b/c}. In other words,
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Figure 5: The subtyping relation

A consists of the first I instances of p, i.e. pu{0/c},...,u{l —1/c} while B consists of the next J
instances of p, i.e. u{I+0/c},...,p{I+J—1/c}. Their sum Aw B is naturally defined as a modal
type consisting of the first I + J instances of p, i.e. [c <14 J]-pu. An operation of bounded sum
on modal types can be defined by generalizing the idea above: suppose that

A=[b<J]-o{))] J{d/a} +b/c}.

d<a

Then its bounded sum Y, _; Ais [c <>, J] 0.
To every type o corresponds a type (o] of ordinary PCF, namely a type built from the basic
type Nat and the arrow operator —:

(Nat[L, J]) = Nat;
([a <1]-0 —7) = (o) = (7).

Central to d¢/PCF is the notion of subtyping. An inequality relation E between (basic and
modal) types can be defined using the formal system in Figure 5. This relation corresponds
to lifting index inequalities at the type level. The equivalence ¢;® o = 7 holds when both
¢; @+ o= 7and ¢;P - 7 E o can be derived from the rules in Figure 5.

It is now time to introduce the main object of this paper, namely the type system d¢PCF.
Typing judgements of d¢PCF are expressions in the form

0T Et:o (4)

where T' is a typing context, that is, a set of term variable assignments of the shape x : A where
each variable x occurs at most once. The expression (4) can be informally read as follows: for
every values of the index variables in ¢ satisfying ®, ¢ can be given type o and cost I once its free
term variables have types as in I'. In proving this, equations from & can be used.

Typing rules are in Figure 6, where binary and bounded sums are used in their natural gen-
eralization to contexts. A type derivation is nothing more than a tree built according to typing
rules. A precise type derivation is a type derivation such that all premises in the form o & 7
(respectively, in the form I < J) are required to be in the form o = 7 (respectively, I = J).

First of all, observe that the typing rules are syntax-directed: given a term ¢, all type derivations
for ¢t end with the same typing rule, namely the one corresponding to the last syntax rule used in
building ¢. In particular, no explicit subtyping rule exists, but subtyping is applied to the context
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Figure 6: Typing rules

in every rule. A syntax-directed type system offers a key advantage: it allows one to prove the
statements about type derivations by induction on the structure of terms. This greatly simplifies
the proof of crucial properties like subject reduction.
Typing rules have premises of three different kinds:
e Of course, typing a term requires typing its immediate subterms, so typing judgements can be
rule premises.
e As just mentioned, typing rules allow to subtype the context I', so subtyping judgements can
be themselves rule premises.
e The application of typing rules (and also of subtyping rules, see Figure 5) sometimes depends
on the truth of some inequalities between index terms in the model induced by £.
As a consequence, typing rules can only be applied if some relations between index terms are
consequences of the constraints in ®. These assumptions have a semantic nature, but could of
course be verified by any sound formal system. Completeness (see Section 5), however, only holds
if all true inequalities can be used as assumptions. As a consequence, type inference but also
type (derivation) checking are bound to be problematic from a computational point of view. See
Section 6 for a more thorough discussion on this issue.
As a last remark, note that each rule can be seen as a decoration of a rule of ordinary PCF.
More: for every d¢PCF type derivation m of ¢;®;T I—IS t : o there is a structurally identical
derivation in PCF for the same term, i.e. a derivation (x| : (I') ¢ : (o).

3.3 An Example

In this section, we will show how d¢/PCF can give a sensible type to the example we talked about
in the Introduction, namely

dbl = fix f.\z. ifz = then 0 else s(s(f(p(x))))-

10



First of all, let us take a look at a subterm of dbl, namely ¢t = ifz x then 0 else s(s(f(p(x))))-
In plain PCF, t receives the type Nat in an environment where z has type Nat and f has type
Nat — Nat. Presumably, a d¢PCF type for ¢ can be obtained by appropriately decorating the type
above. In other words, we are looking for a type derivation with conclusion:

¢;®; 2 : [a <1I]-Nat[J], f : [b < K] - ([c < H] - Nat[L] — Nat[M]) % ¢ : Nat[P],

But how should we proceed? What we would like, at the end of the day, is being able to describe
how the value of ¢ depends on the value of z, so we could look for a type derivation in this form:

d; @y x: [1]-Nat[d], f : [b < K] - ([H] - Nat[d — 1] — Nat[2(d — 1)]) % ¢ : Nat[2d],

where [a < I] (respectively, [c < H]) has been abbreviated into [I] (respectively, [H]) because the
bound variable a (respectively, ¢) does not appear free in the underlying type. But how to give
values to I, K, and H? One could be tempted to define I simply as 2, since there are two occurrences
of z in t. However, in view of the role played by x and f in dbl, I should be rather defined taking
into account the number of times a will be copied along the computation of dbl on any input. A
good guess could be, for example, d + 1. Similarly, H could be d. But how about K? How many
times f is used? If d = 0, then f is not called, while if d > 0, the function is called once. In other
words, a guess for H could be d > 0, where we use the infix notation for the operator > just to
improve readability. Let us now try to build a derivation for

d; @2 [d+1]-Nat[d], f : [d > 0] - ([d] - Nat[d — 1] — Nat[2(d — 1)]) F§ ¢ : Nat[2d].
Actually, it has the following shape

7 d; @ [1] - Nat[d] =5 « : Nat[d]
p:d;d < 0;z:[d] -Nat[d], f : [d > 0] - ([d] - Nat[d — 1] —o Nat[2(d — 1)]) I-§ O : Nat[2d]
o:d;d> 0yz: [d]-Nat[d], f : [d > 0] - ([d] - Nat[d — 1] —o Nat[2(d — 1)]) 5 s(s(f(p(z)))) : Nat[2d]

d; @ w: [d+1]-Nat[d], f : [d > 0] - ([d] - Nat[d — 1] —o Nat[2(d — 1)]) - ¢ : Nat[2d]

where assignments to types in the form [0] - o have been omitted from contexts. Now, m and p
can be easily built, while ¢ requires a little effort: it is the type derivation

pidid>0;f:[d>0]-([d]-Nat[d — 1] —oNat[2(d — 1)]) -5 f : [d] - Nat[d — 1] —o Nat[2(d — 1)]
¢€:d;d > 0;z: [1] - Nat[d] 5§ p(x) : Nat[d — 1]

d;d > 0;z : [d] - Nat[d], f : [d > 0] - ([d] - Nat[d — 1] —oNat[2(d — 1)]) =§ f(p(z)) : Nat[2(d — 1)]
d;d > 0;z : [d] - Nat[d], f : [d > 0] - ([d] - Nat[d — 1] —o Nat[2(d — 1)]) -5 s(f(p(x))) : Nat[2d — 1]
d;d > 0;z : [d] - Nat[d], f : [d > 0] - ([d] - Nat[d — 1] —o Nat[2(d — 1)]) § s(s(f(p(z)))) : Nat[2d]

where p and & can be easily built. Summing up, ¢ can indeed be given the type we wanted it to
have. As a consequence, we can say that

d: @ f : [d> 0] ([d] - Nat[d — 1] — Nat[2(d — 1)]) F& Azt : [d+ 1] - Nat[d] —o Nat[2d].

However, we have only solved half of the problem, since the last step (namely typing the fixpoint)
is definitely the most complicated. In particular, the rule R requires an index variable b which
somehow ranges over all recursive calls. A different but related type can be given to Az.t, namely
a,b;b < a+1; f : [a > b]-(Ja — b] - Nat[a — b — 1] —o Nat[2(a — b —1)]) F§ Az.t : [a — b+ 1]-Nat[a — b] —o Nat[2(a—b)].

By the way, this does not require rebuilding the entire type derivation (see the properties in the
forthcoming Section 3.4). Let us now check whether the judgement above can be the premise of
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the rule R. Following the notation in the typing rule R we can stipulate that:

I=a>0b;
K =0;
L=a+1;

o =[a—0b]-Nat[a—b—1] —o Nat[2(a — b —1)];
T =[a—b+ 1] Nat[a — b] — Nat[2(a —D)];
p=7{0/b} = [a + 1] - Nat[a] —o Nat[2a].
P=A=g

We can the conclude that, since a < (a > b) implies a = 0:

0,1
Dl=a+1=1J
b
b+1,a
aba<(a>bE @ I=0

b
b+1,a

@ I+b+1/b} =7{b+1/b} =0
b
and, ultimately, that a; &; & l—i dbl : p.

3.4 Properties

This section is mainly concerned with subject reduction. Subject reduction will only be proved for
closed terms, since the language is endowed with a weak notion of reduction and, as a consequence,
reduction cannot happen in the scope of a lambda abstraction. The system d¢/PCF enjoys some
nice properties that are both necessary intermediate steps towards proving subject reduction and
essential ingredients for proving soundness and relative completeness. These properties permit to
manipulate the judgements being sure that derivability is preserved.

First of all, the constraints ® in a typing judgement can be made stronger without altering the
rest:

Lemma 3 (Constraint Strenghtening) Let ¢; ;T -1t : 0 and ¢;V =€ ®. Then, ¢; ;T
t:o.

Proof. It follows easily by definition of ¢; ¥ ¢ &. O

Note that a sort of strengtening holds also for weights.

Lemma 4 (Weight Monotonicity) Let ¢;®;T -1t : 0 and ¢;® = 1 < J. Then, ¢;®;T +;
t:o.

Proof. It follows easily by induction on the derivation proving ¢; ®;I" 1t : 0. O

Moreover, subtyping can be freely applied both to the context I' (contravariantly) and to the
type o (covariantly), leaving the rest of the judgement unchanged:

Lemma 5 (Subtyping) Suppose ¢;®;x1 : Ay,...,xn : Ay b1t o and ¢;9 + B; & A; for
1<i<nand ¢;® 0= 7. Then, ¢;P;21: B1,..., T : By 1t 7.

Proof. By induction on the structure of a derivation II for
O;P;x1 1 Ap, ., Ap it o

Let us examine some interesting cases:
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e If II is just
¢; ¢ EFK=0
;@ la<I]-pEfa<l1] o

O;P;x:fa<I] pbkx:o{0/a}

then, by assumption we have ¢; ® - B E [a <I]-py, so in particular B = [a < J]-v and ¢; ®
[a <J]-vE [a <1]:0. Moreover, by assumption we have ¢; ® - 0{0/a} E 7, so in particular
7 =7{0/a}. Hence, we have ¢;® - [a < 1]-0 E [a < 1]-7. Thus ¢; @ - [a < J]-y E [a < 1]-T.
So we can derive
60 =S K >0
P la<J]-vyEJa<1]-T

¢; P2 [a<J]-vFkx:7{0/a}

o If ITis
;& Tk t:fa<I]-0c—y
¢,a;P,a<L;Abgu:o
PPt Ayt A ET W Y, A

¢;¢);xl : A1,-..,$n : An |_K+I+ZQ<IH tu

then, by assumption we have ¢;® ¢ B; E A; for 1 < i < n and ¢;® ¢ v E 7. So,
by transitivity we have ¢;® ~ 21 : By,...,2n : B, & T'w >, _{A. Moreover, since we
clearly have ¢;® + [a<I]-0 — 7 & [a<I]-0 — 7, by induction hypothesis we have
¢;P;T kg t:[a<I] -0 —o 7. So we can conclude:

g 0T hxtifa<I] o—or
d,a;P,a<;AbFgu:o
¢§<I)I—IE13B17--~axn:BnEFwZa<IA

¢; P21 By ooyt By Fryrgy, _mitu:T

The other cases are similar. O

Weakening holds for term contexts

Lemma 6 (Context Weakening) Let ¢;®;T 1t: 0. Then, ¢; ;A 1t:0
Proof. Easy, by induction on the derivation proving ¢; ®;T" 1t : 0. O

Another useful transformation on type derivations is substitution of an index variable for an index
term:

Lemma 7 (Index Term Substitution respect subtyping) Let ¢,a;® - 6 = ~v and I be an
index term. Then, ¢; ®{I/a} + 0{I/a} E v{I/a}.

Proof. Easy. O
Lemma 8 (Index Term Substitution) Let ¢,a;®;T 1t: 0. Then we have
65 ©{3/aki T{J/a} Frygjay 1 o{3/a)
for every J such that ¢, ® =€ J |.
Proof. By induction on the structure of a derivation II for
o, ;T Fgt:o

Let us examine some cases:
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e If II is just
P PEEK =0
»e-[b<J]-ocb<1] T
¢,a;P;2: [b<J] 0k x:7{0/b}
then, by Lemma 7 we have ¢; ®{I/a} + [b < J{I/a}] - o{l/a} E [b < 1]-7{I/a}. So, we can
derive 5% =€ K{I/a) > 0
¢; {I/a} + [b < J{I/a}] - o{l/a} E [b < 1] - 7{I/a}
¢; @{l/a}; 2 : [b < J{I/a}] - o{l/a} /ey @ 2 T{1/a}{0/b}
Enllee. obviously 7{I/a}{0/b} = 7{0/b}{I/a} and [b < J{I/a}] - o{I/a} = ([b < J] - 0){I/a}.

d,a;0;0,x:[b<J]-obkt:T
d,0; ;0 g Azt [b<J]-0—7T

then, by the induction hypothesis we get
¢; &{l/a}; T{l/a}, 2« [b < H{I/a}] - o{l/a} Fiqiyay t: T{I/a}
As a consequence, we can conclude by

¢; @{l/a}; T{l/a}, z : [b < J{I/a}] - o{l/a} Fxpyay t 2 T{/a}
¢; ®{l/a}; T{I/a} Frjay Avt : [b < J{I/a}] - o{I/a} — 7{I/a}

since [a < J{I/a}] - o{l/a} — T{I/a} = ([a < J] - 0 — T){I/a}.

The other cases are similar. O

Index variables can be instantiated:

Lemma 9 (Instantiation) Let ¢,a;®,a <Itkt:o. If ;@ e J <1, then, ¢; ®{J/a} Fks/a}
t:o{J/a}.

Proof. By Lemma 8 and Lemma 5. O
Moreover a Generation Lemma will be useful.

Lemma 10 (Generation)

1. Let ;0T Fi Azt :o, theno =[a<I]-7—pand ¢;®; T,z : [a <I]- Tk t: p.
2. Let ¢;®;T -k 0 : Nat[L,J], then ¢;® =° 1= 0.

3. Let ¢;®;T g n + 1 :Nat[I,]J], then ¢;® =€ J > 1.

Proof. All the points are immediate by an inspection of the rules. |

We are now ready to embark on a proof of subject reduction. As usual, the first step is a
substitution lemma:

Lemma 11 (Term Substitution) Let ¢,a;P,a <L, 3t : 0 and ¢;P;2 : [a <I]-0,A Fk
w:T. Then we have ¢; ®; A by uft/z} : 7 with ;@ EEHSKK+I1+Y,_J.

Proof. As usual, this is an induction on the structure of a type derivation for u. All relevant
inductive cases require some manipulation of the type derivation for . The previous lemmas give
exactly the right degree of “malleability”. Let II be a derivation for

¢z [a<I]-o,Abgu:T

Let us examine some interesting cases:

14



Suppose we have ¢,a;P,a <I; J 3 t: o and consider II to be just
¢; @ EK=0
p;Pr-la<I]-ocE[a<l] T
¢;P;x:[a<I]-0,A bk ax:7{0/a} v

Then, by definition, from ¢; ® I [a <I]-0 E [a < 1] - 7 it follows that
¢p;P,a<lb-oET (5)

and
»;PE1<LL (6)

Applying Lemma 9 we have
¢; ©{0/a}; & tj0ay t - T{0/a}
and since ¢ does not contain free occurrences of a we obtain:
¢; 9 F 500/ay t: T{0/a}
Now, by applying Lemma 6 and Lemma 4 we can conclude

;9 A Frirey, gt 7{0/a}

since clearly Equation 6 implies

¢ @ b= J{0/a} <K +1+ )]

a<l

Let us consider the case Il ends by an instance of the A rule. In particular, without loss of
generality we can consider a situation as:

oAz [a<K]-ybp,v:i[b<J]-p—orT
60,0, b <J; A,z [a <H|-v{K+a+, ,H{d/b}/a} Fr, u:p
G-z la<Il-cCATw), ;Asz:la<K]-ywla<), ;H v{K+a/a}

o708, w: [a<I]-0bp, 44y, _ L, 0u:T

By assumption we have
p;Qa<iFrg,t:o

and
gb;@l—[a<I]-JE[a<K+ZH]-’y=[a<K]-'yL+J[a< ZH]-V{K—Fa/a}
b<J b<J

By definition of subtyping,
;P a<K+LEoEvy

where L =%}, _;H and
p;® EEK+L<I

So, by Lemma 3, we have
;P a<K+L;FrHy,t:0

and by Lemma 5 we have
¢;P,a<K+LiFb5,t:y

Applying again Lemma 3 we obtain

0, a<Ki By, bty
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and by induction hypothesis we get
G Qs Ay by, vit/at i [b< Il p—oT
with ¢; ® =€ J3 <Ly + K+ > <k J2. Recalling that
;P a<K+LiFr5,t:y
we observe that

¢.b,c;a <K+c+ Y H{dbhb<Jc<HE & a<K+L
d<b

By Lemma 3 we get

¢,b,¢; 0,0 <K+c+ Y H{d/bhb<J e <H; F g, t:y
d<b

and by Lemma 5 we obtain

¢:®,a <Hb<J; @by, t:v{K+a+ ) H{d/b}/a}
d<b

then, by the induction hypothesis we get
6 0,b < J; Mg by, ult/z} : p
with ¢; ® |=‘g Ja<Ly+H+3Y,_;J2 And we can conclude as follows:

&P A g, vt/ [b< T p—oT
¢ @3 Ag by, uft/ah : p
G,a; P YA WY, A

¢ P8 gy, 0. vit/atu{t/a) o T

with
G0 =E I+ I+ ) Ju < (Ly+K+ D) Jo)+J+ ) (Lo+H+ Y. Jo) < (Li+J+ ), L) +14+ > Ja.
b<J a<K b<J a<H b<J a<I
The other cases are similar. OJ

Theorem 1 (Subject Reduction) Let ¢;®;F 1t : 0 andt — u. Then, ¢;P;F 5 u : o,
where ¢; @ = J < L

Proof. By induction on the structure of a derivation II for ¢; ®; & 1 ¢ : 0 Let us examine the
distinct cases:

o If ITis
0,0y Mt Ja<I]-0—T

¢;Pa<;drku:o
o0 S iy, x (Azt)u:T

By Lemma 10, case 1, we have ¢; ®;x : [a <I]-0 ;¢ : 7. Then by lemma 11 we can conclude:

¢; ®; b t{u/z} :u

A

for ¢;¢|=5L$J+I+ZQ<IK.
o If Il is
o; ®; & u 0: Nat[J, K]
G2, <P bpv T
¢, K= hFLve:T
¢;P; F Fuyr, ifz 0 then vy else vy i T

By Lemma 10, case 2, we have ¢; ® |=‘g J £ 0. So, by Lemma 3 we can conclude ¢; ®; & 1,
V1 - T.
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IfIT is
¢; P Fun+1:Nat[J, K]
6P, I <0 LT
6 K21, F kv T

¢;P; P Fuyr ifzn+ 1 then vy else vy : 7T F

By Lemma 10, case 3, we have ¢; ® =£ J > 1. So, by Lemma 3 we have ¢; ®; & 1, v3 : 7.

If IT is
$:® - @, ' I<L,P
0, b;0,b<Lsz:a<I]-obkt:T
¢;® + 7{0/b} E u
$,a,b;0,0a<Lb<Lm{@® """ 1+b+1/b} o
o0 S Fpoigy,_ k fixztip

Since ¢; ® =g 0 < L, by Lemma 9 we have

¢; ;2 : [a <T{0/b}] - 0{0/b} Fxqopmy t : T{0/b}.

Now, by Lemma 2, we can easily obtain that
0,1 0,1 le
He-DI=1+ > OLb+1+QI/b}.
b c<I{0/b} b b

With some manipulations of the indices and by defining M to be

0,1 1,c
DI +1+D1/b}
b b

and N to be 1 +b+ 3. _. M we obtain

c<a
¢,a,b;®,a <T1{0/b},b < M{a/c};x : [d < {N/b}] - o{d/a}{N/b} Frny t : T{N/b}
Moreover, since by Lemma 2 we have for every e:
l,e
dIM=@1
c<e b
we can show

EA)ll{N/b} ~ 851{1 +b+ Y M/b} ~ E@ll{l +b+ &Asl/b} ~ M{a/c}
b b b b

c<a

By Lemma 9 and thanks to the fact that:

¢, a,b,d; ®, a < 1{0/b},b < M{a/c},d < I{N/b} -
b+1,d N+1,d

T{N/BHb+ 1+ @ IN/b}/b} ~7{N+1+ @ 1/b}
b b

we also obtain:

¢,a,b,d; ®,a <I{0/b},b < M{a/c},d < I{N/b} -
b+1,d

T{N/bHb+1+ @ I{N/b}/b} E o{d/a}{N/b} (9)
b
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So, using the equations 7, 8 and 9 as premises in R rule application, we can conclude

¢ ®,a <H{O/b}; & Fafa/e) =145, cyygayey KN/ Tix 2t 2 T{N{0/b}/b}

ajc

But instantiating the last hypothesis of II, we obtain

¢,a;P,a < T{0/b} T{&ASI +1/b} £ 0{0/b}
b

By Lemma 2, we can prove that

1l,a

@AT1+1=N{0/b}

b
and, as a consequence, that

¢; @, a < H{O/b}; & Ffa/e} =143, yigu)ey KN} Tix 2.t 2 0{0/b}.
By the substitution Lemma 11 we obtain:
¢&; ®; I Fu t{fix x.t/z} : 7{0/b}

with

¢;® - H<K{0/b} + {0/} + >, (M{a/c} =1+ > K{N/b})

a<I{0/b} b<M{a/c}

By Lemma 5 we obtain the wanted type and since we have

¢ @ - K{0/b} +T{0/b} + > (M{a/c} =14+ > K{N/b})

a<I{0/b} b<Mf{a/c}
1,1{0/b}
< @ T+K{p+ Y > K{l+b+ Y M/b}
b a<I{0/b} b<Mf{a/c} c<a

and

1,1{0/b}
b D @1+(K{0/b}+ >N K{1+b+ZM/b})$P;1+ZK
b

a<I{0/b} b<Mf{a/c} c<a b<L

the conclusion follows.
This concludes the proof. O

4 Intensional Soundness

Subject reduction already implies an extensional notion of soundness for programs: if a term ¢
can be typed with &; &; & Fx ¢ : Nat[[,J], then its normal form (if any) is a natural number
between [[I] and [J]. However, subject reduction does not tell us whether the evaluation of ¢
terminates, and in how much time. Has K anything to do with the complexity of evaluating ¢7
The only information that can be extracted from the Subject Reduction Theorem is that K does
not increase.

In this section, intensional soundness (Theorem 2 below) for the type system d¢PCF will be
proved. A Krivine’s Machine Kpcg for PCF programs will be first defined in Section 4.1. Given
a program (i.e. a closed term of base type), the machine Kpcg either evaluates it to normal form
or diverges. A formal connection between the machine Kpcg and the type system d¢PCF will be
established by means of a weighted typability notion for machine configurations, introduced in
Section 4.2. This notion is the fundamental ingredient to keep track of the number of machine
steps.
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Term Environment Stack Term Environment Stack

tu p 3 - t p (u,p) - €
Ax.t p c-& — t c-p 13
T (to, po) - -+ (tn, pn) § - 12 Pz §
ifz t then u else v p £ — t P (u,v,p) - &
fix x.t p ¢ — t (fix x.t,p) - p £
n p s-§ — n+1 p 3
n p p-< - n—1 p 3
n+1 P (t,u,p) & — u I 3
s(t) P 3 - t P s-¢
p(t) P 3 - p p-§

Figure 7: The Kpcr machine transition steps.

4.1 The Kpcg Machine

The Krivine’s Machine has been introduced as a natural device to evaluate pure lambda-terms
under a weak-head notion of reduction [Kri07]. Here, the standard Krivine’s Machine is extended
to a machine Kpcg which handles not only abstractions and applications, but also constants,
conditionals and fixpoints.

The configurations of the machine Kpcg, ranged over by C, D, .. ., are triples C = (¢, p, £) where
p and £ are two additional constructions: p is an environment, that is a (possibly empty) finite
sequence of closures; while £ is a (possibly empty) stack of contexts. Stacks are ranged over by
£,0,.... A closure, as usual, is a pair ¢ = (t, p) where ¢ is a term and p is an environment. A
context is either a closure, a term s, a term p, or a triple (u, v, p) where u, v are terms and p is an
environment.

The transition steps between configurations of the machine Kpcg are given in Figure 7. The
transition rules need some comments. First of all, a naive management of name variables is used.
A more effective description could be, however, given by using the standard de Bruijn indexes.
Note that the triple (u, v, p) is used as a context for the conditional construction; moreover, in a
recursion step, a copy of the recursive term is put in a closure on the top of the current environment.
As usual, the symbol —* denotes the reflexive and transitive closure of the transition relation —.
The relation —* implements weak-head reduction. Weak-head normal form and the normal form
coincide for programs. So the machine Kpcg is a correct device to evaluate programs. For this
reason, the notation ¢ || n can be used as a shorthand for (¢,¢,¢) —* (n, ¢, €). Moreover, notations
like C' || could also be used to stress that C reduces to an irreducible configuration in exactly
n steps. The proof of the formal correctness of the implementation is outside the scope of this
paper, however it should be clear that it could be obtained as a simple extension of the original
one [Kri07].

Intensional soundness will be proved by studying how the weight I of any program ¢ evolves
during the evaluation of ¢t by Kpcg. This is possible because every reduction step in ¢ is decomposed
into a number of transitions in Kpcg, and this decomposition highlights when, precisely, the weight
changes. The same would be more difficult when performing plain reduction on terms. Proving
intensional soundness this way requires, however, to keep track of the types and weights of all
objects in a machine configuration. In other words, the type system should be somehow generalized
to an assignment system on configurations.

4.2 Types and Weights for Configurations

Assigning types and weights to configurations amounts to somehow keeping track of the nature
of all terms appearing in environments and stacks. This is captured by the following complex,
although natural, definitions:
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Definition 1 A closure (t,cq1-+-c,) is said to be (¢; P)-typable with type o and weight J if
O;Pixy i [a<ly] 1, xn i fa<Iy] Thbkt:io
and each c; is (¢, a; P, a < 1;)-typable with type 7; and weight H; (1 <i<n), and

$OEI=K+hL+... +L,+ > Hi+...+ > H,.

a<lIq a<l,

A stack £ is said to be (¢; ®)-acceptable for o with weight J and type 7 if either:
E=¢,and p; @ =J=0, and o = 7;

e or{=c-0,0=[a<]I]-v—pu,cis(oda®a<]I)-typable with type v and weight K, 0 is
(¢; ®)-acceptable for p with weight H and type 7 and ¢;@ =J =H+ > [ K+1;

e or & =s-0, 0 =Nat[l,L] and 0 is itself (¢; D)-acceptable for some Nat[K, H] with weight J
and type T, where ¢; ® - Nat[I+ 1,L + 1] E Nat[K, H];

e or{ =p-0, 0 =Nat[l,L] and 0 is itself (¢; P)-acceptable for some Nat[K, H] with weight J
and type T, where ¢; ® - Nat[I - 1,L — 1] E Nat[K, H];

e or& = (t,u,p)-0, c =Nat[L,L], (t,p) is (¢; ®,1 < 0)-typable with type p and weight K, (u, p)
is (¢; @, L = 1)-typable with type p and weight K, 6 is (¢; ®)-acceptable for p with weight H
and type T, and ¢;® = J =K + H.

A configuration (t,p,£) is (¢; ®)-typable with type 7 and weight I if the closure (t,p) is (¢; ®)-
typable with type o and weight K and the environment £ is (¢; ®)-acceptable for o with type T and
weight J, and ¢; @ =1=J+ K.

A formal connection between typed terms and typed configurations could be established as
expected, moreover, such connection could be shown to be preserved by reduction. However, the
following lemma will be sufficient in the sequel.

Lemma 12 Let t € P. Then, ¢;®; & b1t : o if and only if (t,¢,€) is (¢; ®)-typable with type o
and weight 1.

Proof. It follows immediately from the definition. O

Analogous notions of acceptability and typability can be given for PCF. They can be obtained by
simplifying those for d¢PCF:

Definition 2 A closure (t,c1---¢,) is typable with type o if 1 : T1,...,&p : T = € : 0, and
each c¢; is itself typable with type 7, (1 < i < n). A stack £ is acceptable for o with type 7 if
either:

e f{=cando=rT;

e oré=c-0,0=p—o, cis typable with type u, 0 is acceptable for v with type T;

e or =s-0, 0 =Nat and 0 is acceptable for Nat with type T;

e or{ =p-0, 0 =Nat and 0 is acceptable for Nat with type T;

e or & = (t,u,p) -0, o = Nat, (t,p) is typable with type p, (u,p) is typable with type p, 6 is

acceptable for p with type T.

A configuration (t,p,€) is typable with type 7 if the closure (¢, p) is typable with type o and the
environment & is acceptable for o with type T.

4.3 Measure Decreasing and Intensional Soundness

An important property of Krivine’s Machine says that during the evaluation of programs only
subterms of the initial program are recorded in the environment. This justifies the notion of size
for configurations, denoted |C|, that will be used in the sequel. This is defined as |(t, p, §)| = || +]¢].
The size [£]| of a stack ¢ is defined as the sum of sizes of its elements, and |(¢, p)| = [t], |s| = 2,
lpl = 1, and |(t,u,p)| = |t| + |u|. Moreover, another consequence of the same property is the
following lemma.
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Lemma 13 Let t € P and let C = (t,e,¢€). Then, for each D = (u,p,&) such that C —»* D and
for each v in p and £, |v| < |¢].

Proof. Easy, by induction on the length of the reduction C' —»* D. Infact, a strenghtening of the
statement is needed for induction to work. In particular, not only |v| < |¢| for every v in p and
&, but also for the non-head-subterms of u, where the set of head subterms of any term w can be
defined easily by induction on the structure of w, e.g. the head subterms of w = de are w itself
and the head subterms of d. O

Intensional Soundness (Theorem 2) will express the fact that for a program ¢ € P such that
[ %] I—Ig t : Nat[J,K], the number [[I]],‘f is a good estimate of the number of steps needed to
evaluate the program. Moreover, thanks to subject reduction, the numbers [J]5 and [K]5 give
an upper and a lower bound, respectively, to the result of such an evaluation. This is proved by
showing that during the reduction a measure, expressed as the combination of the weight and the
size of a configuration, decreases. This requires, in particular, to extend some of the properties
in Section 3.4 from terms to configurations. As an example, substitution holds on configurations,
too:

Lemma 14 If (¢, p) is (¢, a; ®)-typable with type o and weight H, then it is also (¢; ®{J/a})-typable
with type a{J/a} and weight H{J/a} for every J such that ¢,® =€ J |l.

Proof. By induction on the definition of (¢; ®)-typability using Lemma 9. O

Moreover, we have:

Lemma 15 Let ¢;® + [a <I]-0 E [a < J + K]-7 and let (t, p) be (¢, a; P, a < I)-typable with type
o and weight H . Then, (t,p) is also (¢, a; P, a < J)-typable with type T and weight H. Moreover,
(t,p) is also (¢,a; P, a < K)-typable with type 7{J + a/a} and weight H{J + a/a}.

The key step towards intensional soundness is the following:

Lemma 16 (Measure Decreasing) Suppose (t,e,¢) —»* D — E and let D be (¢; ®)-typable
with weight I and type o. Then one of the following holds:

1. E is (¢; ®)-typable with weight J and type o, ¢;® =1=1J but |D| > |E|;

2. E is (¢; ®)-typable with weight J and type o, ¢;® E1>J and |E| < |D| + |t|;

Proof. The proof is by cases on the reduction D — E. Condition 1 can be shown to apply to all
the cases but the one in which D = (z,¢; -+ -¢,,£). In that one, weight decreasing relies on the
side condition in the typing rule for variables, while the bound on the size increasing comes from
Lemma 13. We just present some cases, the others can be obtained analogously:
e Consider the case D = ( ifz t; then u else v, p, &) is (¢; ®)-typable with weight I and type
~v. We want to prove the point 1, that is E = (¢, p, (u, v, p) - §) is (¢; D)-typable with weight
J and type v where ¢;® |= I = J and |D| > |E|. The latter (i.e. |D| > |E]) is immediate,
so we consider the former. By definition we have for some ¢ and some J;,K such that I =
J1 + Kt
(i) (ifz t; then u else v, p) is (¢; P)-typable with type o and weight J,
(ii) & is (¢; @)-acceptable for type o and weight K with type v
Point (i) implies that if p = ¢, ..., ¢, we have a situation like the following

&Py [a<B]-pr, .. 20 [a <IL] - pin b3, 1 : Nat[Ly, Lo]
¢;®, Ly <0521 : [a<B]-wm{li +a/a},...,zp:[a<2] p,{l} +aja} bk, u:o
¢;®, Lo =121 : [a < B3] {li +afa},...,xn: [a <I2] po{ll +a/a} Fx, v:o
¢;P-la<L] mCla<li] pwla<I?]-wi{ll +aja}

O; Pz [a<li]-m,...,zn i [a<],] T Fy,qn, ifz ¢ thenuelsev:o
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and for every 1 <14 < n, ¢; is itself (¢, a; ®,a < I;)-typable with type 7; and weight H; and,
finally,
Ji=lo+Ki+h 4. 4L+ Y Hi+...+ Y H,.
a<lIy a<lIy,
By Lemma 15, we have that every ¢; for 1 < i < n is also (¢, a; ®,a < I})-typable with type 7;
and weight H; and (¢, a; ®,a < 12)-typable with type 7;{I} +a/a} and weight H;{I} +a/a}. So
we have that (¢1, p) is (¢; ®)-typable with type Nat[Lq, Lo] and weight

Js=Ki+L+...+0,+ > Hi+...4+ ) H,
a<I} a<I}
Analogously, we have that (u, p) is (¢; ®,L; < 0)-typable with type o and weight
=K +LG 4. +2+ Y Hi+...+ ) H,
a<I? a<I?
Moreover, we have that (u, p) is (¢; ®, Lo > 1)-typable with type o and weight
Ji=Ki+T+...+0+ ) H{lj +a/a}+...+ > Hufl} +a/a}

2 2
a<Ij a<IZ

So, by definition we have that (¢,u,p) is (¢; ®)-acceptable for Nat[L;,Ly] with type v and
weight

Js = Lo+ Ko+ +. . A0 4T+ A1+ > Hi+oo4 Y Hot ) Hi{Ij+a/a}+.. .+ ). Hy{I)+a/a}

a<I} a<I} a<I? a<I?

and this is clearly equal to Jp, so the conclusion I = J; + K = J5 + K = J follows.

Consider the case D = (A\z.t, p,c- &) is (¢; P)-typable with weight I and type 7. We want to
prove the point 1, that is E = (¢,¢- p, &) is (¢; P)-typable with weight J and type v where
¢;® =1 =J and |D| > |E|. The latter (i.e. |D| > |FE|) is immediate, so we consider the
former. By definition we have for some o and some J;, K such that I = J; + K:

(i) (Az.t,p) is (¢; ®)-typable with type o and weight Jq,

(ii) ¢- & is (¢; ®)-acceptable for type o with weight K and type v

By definition and by Generation Lemma 10, the point (i) implies 0 = [a < L] - 07 —o 7 and

that if p = ¢1,..., ¢, we have a situation like the following
Py i [a<ly] -1, xn i fa<ly] mm,z:ifa<l] o by, tiT
Py i [a<hy] T, xn i fa<Iy] Thbg, Art:ifa<L]-op—T

and for every 1 <14 < n, ¢; is itself (¢, a; ®,a < I;)-typable with type 7; and weight H; and,
finally,
Ji=Jdo+hi+.. 41+ > Hi+...4+ ) H,.
a<lIy a<Iy,
By definition, point (ii) implies that ¢ is (¢, a; ®,a < L)-typable with type o1 and weight K
and, £ is (¢; ®)-acceptable for type 7 and weight H with type v and K = H+ >, _; K; + L.
Hence we have:

a<L

O; P [a<ly] -1, la<l,]-mh,x:fa<L]-o1 by, t:7

where ¢ is (¢,a;®,a < L)-typable with type o1 and weight Ky, and for every 1 < i < n,
c; is itself (¢, a; P,a < I;)-typable with type 7; and weight H,;. This means that (¢,c- p) is
(¢; ®)-typable with type 7 and weight Ks, where

Ko=Jo4+1 +...41L, + Z Hi +...+ Z Hn+L+ZK1.
a<ly a<l, a<L

Moreover, since £ is (¢; ®)-acceptable for type 7 and weight H, we can conclude that E is
(¢; @)-typable with weight J = Ky + H. Finally it is immediate to verify that ¢;® € 1=1J
and so the conclusion.
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e Consider the case D = (n,p,s - &) is (¢; P)-typable with weight I and type v. We want to
prove the point 1, that is £ = (n + 1, p,&) is (¢; ®)-typable with weight J and type v where
¢;® =1=Jand |D| > |E|.

The latter is easy: |D| =|n| +[s- & =n+2+[{>n+1+[{ = n+1]+ [ = |E|, so we
consider the former.

By definition we have for Nat[H, L] and some J;, K such that I = J; + K:

(i) (n,p) is (¢; ®)-typable with type Nat[H, L] and weight J;,

(ii) s-¢ is (¢; P)-acceptable for type Nat[H, L] and weight K with type ~

The point (i) implies that if p = ¢1, ..., cx we have a situation like the following

GPEM=0 ¢;PFH<n ¢;PEn<L
O;P;x1: [a<i] 1, . 2k [a<Ii] 76 v Nat[H, L]

and for every 1 <14 < n, ¢; is itself (¢, a; ®,a < I;)-typable with type 7; and weight H; and,
finally,
Ji=M+L+.. . +L+ Y H+...+ ) H.
a<lIy a<lIg
The point (ii) implies that £ is itself (¢; ®)-acceptable for type Nat[H;,L;] and weight K with
type v where ¢; ® - Nat[H + 1,L + 1] E Nat[Hy, L1]. So, in particular we have that:

P PEM=20 ¢g;2=H<n ¢;P=n<L
O; @1 [a<ly] 71, . 2k [a <Ig] 76 Fmn+1:Nat[Hy, Lq]

and since for every 1 < ¢ < n, ¢ is itself (¢, a; ®,a < I;)-typable with type 7; and weight
H; we have that (n+1,p) is (¢; ®)-typable with type Nat[H;,L;] and weight J;, and & is
(¢; @)-acceptable for type Nat[H;, L] and weight K with type v. And so, the conclusion.

e Counsider the case D = (fix x.t,p,§) is (¢; ®)-typable with weight I and type v. We want to
prove the point 1, that is E = (¢, (fix z.t, p) - p, &) is (¢; P)-typable with weight J and type =y
where ¢;® =1=J and |D| > |E|.

The latter is easy: |D| = |fix x.t| + [£| > |t| + |€| = | E|, so we consider the former.
By definition we have for some p and some J;, K such that I =J; + K:

(1) (fix x.t,p) is (¢; )-typable with type pu and weight Jy,

(ii) € is (¢; ®)-acceptable for type p and weight K with type 7

The point (i) implies that if p = ¢1, ..., ¢, we have a situation like the following

¢, b;0,b<LiT,w:[a<Pl-orgt:T
;@ € T{0/b} €
¢,a,b;®,0a <P.b<L 7 {@ P +b+1/b}Co
p@RExe Y, T
0,1
¢;® @, P<LR

.- £ : .
¢; P; % '_R*1+Zb<LK fixaxt:p

R

with X =21 :[a<Di]-71,...,25 : [a <1,] -7, and for every 1 < i < n, ¢; is itself (¢, a; P,a <
I;)-typable with type 7; and weight H; and, finally,

J=R=1+ > K+L+...+L+ > H+...+ ) H,

b<L a<lIy a<lI,

By using manipulations of the indices similar to the one used in the proof of the Subject
Reduction, we can derive:

¢; ®; Ty 2 [a < P{O/bY] - o{0/b} Fiqopmy 2
for T'y such that ¢; ® + I'y £ T'{0/b}, and
¢; ®,a < P{0O/b}; X4 }_fA{a/C};1+Zb<M{ KNy Tix @t a{0/b}

ale
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for M = @) ' P{b+1+ @y P/b} and N = 14+b+ >, _ Mand ¢;®,a < P{O/b} - £; =
2bemia/ey T{N/b}. In particular, we can choose I'y and ¥ such that:

BP-Tx > S+ Y > TINB} 4T} = YT

a<P{0/b} a<P{0/b} b<M{a/c} b<L

12

So we have that (¢, (fix .t p) - p) is (¢; ®)-typable with type p and weight Ko where

Ky = K{0/b} + P{O/b} + > (M{a/c} =1+ >, K{N/b})

a<P{0/b} b<Mf{a/c}
+h 4. 41, + Z Hy +...+ Z H,
a<Iy a<l,
=R=1+ > K+hL+...+L,+ > Hi+...4+ Y H, =]
b<L a<ly a<I,,

Since by point (i) we have also that £ is (¢; ®)-acceptable for type u and weight K with type
v, the conclusion.

e Consider the case D = (x, ((to, p0),- -, (tn, pn)), &) is (¢; ®)-typable with weight T and type
~v. We want to prove the point 2, that is E = (t,n, pm, &) is (¢; ®)-typable with weight J and
type v where ¢; ® =1 > J and |E| < |D|+ |t|. The latter (i.e. |E| < |D|+|t|) is immediate by
Lemma 13, so we consider the former. By definition we have for some ¢ and some Jq, K such
that IT=J; + K:

(1) (®m, ((tos p0)s-- -, (tn, pn))) is (¢; @)-typable with type o and weight J;,
(ii) & is (¢; @)-acceptable for type o and weight K with type v
The point (i) implies a situation like the following where o = 7{0/a}:

¢;PE=J22=0
p;PHla<Iy] - TmEla<l] T
O; @1 [a<i] 71,y [a <] T, g, Tm s T{0/a}

and for every 1 < i < n, (t;,p;) is itself (¢, a; ®,a < I;)-typable with type 7; and weight H;
and, finally,
Ji=Jo+Li+. 4L+ > Hi+...4+ ) H,.
a<ly a<ly

So, in particular we have that (¢, pm) is (¢,a; ®,a < L,,)-typable with type 7, and weight
H,,. Since ¢; ® = 1 < 1,,,, from Lemma 9 and since a is not free in ® we have that (¢, pm) is
also (¢; ®)-typable with type 7{0/a} and weight H,,{0/a}. From this and point (ii) it follows
that E is (¢; ®)-typable with weight J = H,,,{0/a} + K. Now, note that by hypothesis we have
#;® =° 1 <1, and so in particular we have ¢;® =€ H,,{0/a} < J;. Thus, the conclusion
¢; ® =€ 1> J follows.

This concludes the proof. O

It is worth noticing that if ® is inconsistent, the inequality ¢; ® =1 > J in Lemma 16, point 2,
does not necessary imply weight decreasing. Indeed, intensional soundness only holds in presence
of a consistent set of constraints:

Theorem 2 (Intensional Soundness) Let &; ;& 1t : Nat[J, K] and t | m. Then,
n < |t - [1]

Proof. By induction on n, making essential use of Lemma 16 and Lemma 13. O
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5 Relative Completeness

This section is devoted to proving relative completeness for the type system d¢PCF. In fact,
two relative completeness theorems will be presented. The first one (Theorem 4) states relative
completeness for programs: for each PCF program ¢ that evaluates to a numeral n there is a type
derivation in d/PCF whose index terms capture both the number of reduction steps and the value
of n. The second one (Theorem 5) states relative completeness for functions: for each PCF term
t : Nat — Nat computing a total function f in time expressed by a function g there exists a
type derivation in d¢PCF whose index terms capture both the extensional behaviour f and the
intensional property embedded into g.

Relative completeness does not hold in general. Indeed, it holds only when the underlying equa-
tional program & is universal, i.e. when it is sufficiently expressive to encode all total computable
functions. A universal equational program is introduced in Section 5.1.

Relative completeness for programs will be proved using a weighted form of subject expansion
(Theorem 3) similar to the one holding in intersection type theories. This will be proved in Section
5.2. The proof of relative completeness for functions needs a further step: a uniformization result
(Lemma 23) relying on the properties of the universal model. This is the subject of Section 5.3.

5.1 Universal Equational Program

Since the class of equational programs is clearly recursively enumerable, it can be put in one-to-one
correspondence with natural numbers, using a coding scheme "' a la Gédel. Such a coding, as
usual, can be used to define a universal equational program U that is able to simulate all equational
programs (including itself).

Let "E,£" be the natural number coding an equational program £ and a function symbol £
defined on it. This can be easily computed from (a description of) £ and f. A signature X,
containing just the symbol empty of arity 0 and the symbols pair and eval of arity 2 is sufficient
to define the universal program U. For each f of arity n, the equational program U satisfies

[eval(“E, £, pairing,, (z1, . . . ,rn))]]lff = [£(z1,... ,xn)ﬂg
where pairing,,(t1,...,t,) is defined by induction on n:

pairing, = empty;
pairing,, .1 (t1, ..., tn+1) = pair(pairing,, (t1,...,tn), the1)-

This way, U acts as an interpreter for any equational program.

The universal equational program U enjoys some nice properties which are crucial when proving
subject expansion. The following lemma says, for example, that sums and bounded sums can
always be formed (modulo =) whenever index terms are built and reasoned about using the
universal program:

Lemma 17 1. For every A and B such that (A]) = (B)) there are C and D such that ¢; & +4
C=A, ¢;:FHFY D =B and C w D is defined.
2. For every A and 1 there is B such that ¢,a; J -4 B =~ A and Du<1 B is defined.

5.2 Subject Expansion and Programs Relative Completeness

Weighted subject expansion (Theorem 3) says that typing is preserved while weights increase
by at most one along any Kpcg expansion step. This is somehow the converse of the Measure
Decreasing Lemma. Weighted subject expansion, however, does not hold in general but only when
the universal equational program U is considered.

In order to prove weighted subject expansion, only typing that carry precise weight information
should be considered. Formally, a configuration D is said to be (¢; ®)-precisely-typable with weight
I and type o if it is (¢; @)-typable with weight I and type o by precise type derivations. The type
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of a precisely-typable configuration, in other words, carries exact information about the value of
the objects at hand.

Furthermore, only particular typing transformations should be considered, namely those that
leave the weight information unaltered. In order to achieve this, some properties of (¢; ®)-
typability for the Kpcg machine should be exploited. As an example, if a closure (¢, p) is (¢; )-
typable with type o and weight I; then it is also (¢; ®)-typable with type 7 and weight J for every
7 and J such that ¢;® o x~7and ;@ =1=J.

Finally, it is worth noticing that by considering an inconsistent set of constraints ®, it is possible
to make a closure (¢, p) typable with type o (in the sense of PCF) to be also (¢; ®)-typable with
type 7 and weight I for each 7 such that (|7|) = o and for each weight I. This says that inconsistent
sets cover a role similar to the w-rule in intersection type systems.

The following two lemmas will be useful in the sequel:

Lemma 18 Let (t,p) be (¢,a;P,a < I)-typable with type o and weight H and (¢, a; ®,a < J)-
typable with type oc{a +1/a} and weight H{a +1/a}. Then, (t,p) is also (¢, a; P, a < I+ J)-typable
with type o and weight H.

Proof. By simultaneous induction on the derivations that (¢, p) is typable with type o and o{a +
I/a} and weight H and H{a + I/a} respectively. Using the universal model properties. O

Lemma 19 Let (t,p) be (¢,a,b; @, a < I,b < J)-typable with type o{}.._, J{c/a}+b/c} and weight
H{> ..., J{c/a} +b/c}. Then, (t,p) is also (¢,a;P,c <>, _;J)-typable with type o and weight H.

Proof. By induction on the derivations that (¢, p) is typable with type {3,
weight H{>’

eea J{c/a} +b/c} and
J{c/a} + b/c}. Using the universal model properties. O

c<a

It is now time to state weighted subject expansion, since all the necessary ingredients have been
introduced:

Theorem 3 (Weighted Subject Expansion) Let D be (¢; ®)-precisely-typable with weight 1
and type o and let C be typable with type (o). Then, C — D implies that C is (¢; P)-precisely-
typable with weight J and type o where ¢;® |=J <1+ 1.

Proof. The proof is by cases on the shape of the reduction C — D. We just present some cases,
the others can be obtained analogously.
e Consider the case

C= (vav(tvua:u’)g) - (t,u,é) =D

By assumption we have that C' is typable and that D is (¢; ®)-precisely-typable with weight I
and type . So, for some J;,K and o we have I = J; + K where:

(1) (¢, ) is (¢; ®)-typable with type o and weight Jy,

(ii) & is (¢; ®)-acceptable for type o and weight K with type

Since (¢) we clearly also have (¢, 1) is (¢; ®,0 < 0)-typable with type o and weight J;. Moreover,
since ®,1 < 0 is an inconsistent set of constraints, and since C' is typable, as remarked above,
we also have that (u, u) is (¢; ®,1 < 0)-typable with type o and weight J;. This means in
particular that (¢,u, u) - € is (¢; ®)-acceptable for type Nat[0] and weight J; + K with type +.
Now, assume that p = (t1,01) - ... (tn, pn) Where (¢;, p;) is typable with type 7;. By Lemma
6 we can build a derivation for

;@521 2 [ag < 0]+ 7], ..., 20 ¢ [an < 0]+ 7} o O : Nat[0]

where each 7} is a decoration of 7;. Moreover, since for every i the set of constraints ®,a; < 0
is inconsistent, as remarked above, we have that every (t;, p;) is (¢, a;; @, a; < 0)-typable with
weight 0 and type 7}. So, we have that (0, p) is (¢; ®)-typable with weight 0 and type Nat[0].
Summing up, we obtain that C' is (¢; ®)-precisely-typable with weight 0 +J; + K = I and type
~ and so the conclusion follows.
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e Consider the case
C= (/\x'tapac'g) - (t»C‘Paf) =D

By assumption we have that C' is typable and that D is (¢; ®)-precisely-typable with weight I
and type . So, for some J1,K and o we have I = J; + K where:
(i) (t,c-p) is (¢; P)-typable with type o and weight Jy,
(ii) & is (¢; ®)-acceptable for type o and weight K with type v
By (4) we have
G; Oy [ay <1 -0f,.. . 2 i [an <IX] -0k i, t: 0o

and each ¢; € ¢+ p is (¢, a; @, a < I})-typable with type o} and weight H} where:
Ji=Li+0+...+I+ Y Hi+---+ > H,
a1 <Ij an<I}L

Without loss of generality we can consider the case where x = x; and ¢ = ¢;. So, in particular
we can build a derivation ending as

¢; @21 [ar <T) -0l zn i fan <t] ol b, t:o
&;P;x9: [ag <B) 03, .. xn i [an <] ol b, Azt ifar <] 0 — 0o

and we have that (Az1.t, p) is (¢; ®)-typable with type [a1 < I}]- 0} —o o and weight Jo where

Jo=Ly+1+.. . +1 + Z H +---+ Z H.

as <Ié an<IL

Since clearly c; is (¢, a; ®,a < I})-typable with type of and weight H}, by definition we have
that c; - € is (¢; ®)-acceptable for [a; < 3] - of —o o and weight K + I} + Za<1} Hi with type
~. So we can conclude that D = (Ax.t, p,c- &) is (¢; @)-typable with type v and weight

Jo+K+1} + > H

1
a<lIy

Since clearly
I=J+K=J,+K+Ij+ ) Hj =]

1
a<lIj

we have the conclusion.
e Consider the case
C=(fix at,p,§) — (¢, (fix z.t,p) - p,§) = D

By assumption we have that C' is typable and that D is (¢; ®)-precisely-typable with weight I
and type . So, for some J1,K and o we have I = J; + K where:
(1) (¢, (fix x.t, p) - p) is (¢; P)-typable with type o and weight Jy,
(ii) & is (¢; @)-acceptable for type o and weight K with type
By (4) we have
6; 02 [a<1i]-08,T L, t:o
where

1

D=x:[as <j] 01,20 [an <1.] 0}

and (fix z.t,p) is (¢, a;®,a < I})-typable with type of and weight H} and each ¢; € p is
(¢; @, a; < I})-typable with type o} and weight H} where:

Ji=Li+I+ Y Hy+I 4. 41+ > Hi+--+ > H,

ao<I(1) ai <I% an <IL
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By the definition of precise-typability and by the fact that (fix z.t, p) is (¢, a; @, a < I})-typable
with type o} and weight H} we have

d,a;P,a < I(l);Al b1, fix x.t : o)
where Hj = Ly + M. Moreover, we have P,M; and 7 such that
0,1
L=@P=1+ > M
b b<@)' P

and
0,1 b+1,c

$,a,b;®,a <1\, b<DP;z:[c<P]-7{@ P+b+1/b}, Ay, t:T
b b
with ¢; ® - of = 7{0/b} and A; = Zb<@8‘1PA =x1:[a; <BB]-02,... 2, : [a, <12]-02 and

M=T+...++ > Hi+---+ > H?

ay<I? an <12

where each ¢; € p is also (¢, a; ®,a < I}, a; < 1?)-typable with type 02 and weight HZ.
By manipulations of the indices similar (but in the opposite direction) to the ones used in the
proof of Subject Reduction and of the Intensional Soundness, and by using Lemma 17 we have

an index term N such that o o1
AON=1+ > QP
b

a<I} b
and
0,1
¢,b;®,b<@N;x:[a<N]-u1,E Frs t:u
b
where:
0,1
¢,0;0,0=0pu=0 and ¢,b;¢,b>0,b<@Nl—,u=T
b
and

0,1 b+1,a
6, 0;®,b=0F puy = o and  ¢,b,0;2,a <N,b>0,b< @ONF p1 =7{ @D P+b+1/b}
b b

and
0,1

¢, b;@,b=0+Ly=L; and  ¢,b;®,b>0b<@NHEL;=M,
b

Analogously we have:

0,1
¢ b;d,b=0FX=T and ¢,bPBb>0b<@NFI=A
b

So, by using again the R rule we obtain:

¢; P; Z DX F@o N=143, 0.1y Ls fixaxt:o
b<@2'1N b

Note in particular that we have:

Y Z=Tw > A=T+> > A

b<@P' N b<@* N1 a<If b<@O' P
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So, suppose

Z Y=ux:[a; <I} + Z Bl-od, .. e [a, <IL + Z 2] o3

b<@2’1 N a<I} a<I}

where with some manipulations of the indices we have o} = o} and ¢3{a; + I} + Zc o Bla;} =
o?. Similarly we have H} such that H} = H} and H}{a; + I} + >, _, I?/a;} =

Since as outlined above, we have that ¢; € pis (¢, a;; @, a; < I})-typable with type o} and weight
H}! and also that each ¢; € p is (¢,a,a;;®,a < I},a; < I?)-typable with type o2 and weight
Hf, by Lemma 18 and Lemma 19 we have that each ¢; € p is also (¢, a;; P, a; < I% + Za<l(1] I?)—
typable with type af and weight Hf

From this follows that (fix x.t, p) is (¢; ®)-typable with type o and weight:

(@N—1+ D L3)+<I}+ZI§)+...+<I711+2131)+

b<@)01 a<I(1) a<I(1)
3 3
S owees N
@<} 15, 13 1) a1} 42y 1)
Since:
3 _ 1 2 _ 1 2
2 HI= Y H+ ) HI= ) Hi+ ) ) H
a<I%+Za<I[1) 12 ai<I% a,;<2a<lé I? ai<111 a<I(1, ai<I?

what remains to show is that the weight is preserved. This is a consequence of the following:

@N—1+ L (1+Z%A3P);1+L1+<L1+Z > M)

b<@%* N a<1} b a<t} p<@' p
- L1+IO+Z(@P—1+ D Ml)_L1+IO+ZL2
a<I} b<@g 1p a<I}

So, we have that (fix x.t,p) is also (¢, a; P)-typable with type o and weight J;. Since & is
(¢; @)-acceptable for type o and weight K with type v, we can conclude that D = (fix z.t, p, )
is (¢; ®)-typable with type v and weight I = J; + K = J and so we have the conclusion.
Consider the case

C = ( ifz t then u else v,p, &) — (¢, p, (u,v,p) &) =D

By assumption we have that C' is typable and that D is (¢; ®)-precisely-typable with weight I
and type . So, for some J;,K and ¢ we have I = J; + K where:

(i) (t,p) is (¢; @)-typable with type o and weight J;,

(ii) (u,v,p) - & is (¢; P)-acceptable for type o and weight K with type

So, in particular by (i7) and by the definition of precise-typability we have o = Nat[K;, K]
for some K; and K = Ky + K3 where (u, p) is (¢; ®,K; < 0)-precisely-typable with type 7 and
weight Ko, and (v, p) is (¢; ®,K; > 1)-precisely-typable with type 7 and weight Ky and £ is
(¢; ©)-acceptable for type 7 and weight K3 with type 7. By (i) we have

6@y [ay < T3] 0,2t [an <IL]- o} Fp, t: Nat[Ky, K]
and each (t;, p;) € p is (¢, a; @, a < I})-typable with type o} and weight H} where:

Ji=Li+1 4+ +1 + Z HI+---+ Z H.

a;<It an<IL
Analogously, by (i) we have

6; 0, Ky <0jzy: [ag <I3]-0f, .. 2 : [an <IB]-02 b, u:T
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and each (t;, p;) € p is (¢, a; ®,K; < 0,a < I?)-typable with type o? and weight HZ, where:

Ko=Lo+1+... +12 + Z H2 4+ Z 02

ay <If an<I2

Moreover,
¢; 0, Ky = Ly :[ay <1§] 0%, 2 i [an <] 0l b, v T
and each (t;,p;) € pis (¢,a; ®,J2 < 0,a < I3)-typable with type o} and weight H?, where:
Ko=Lg+I{+...+1 + Y Hi+---+ > H

ay<I? an<I3

One between ¢; @, K; > 1 and ¢; ®,K; < 0 is clearly inconsistent. Without loss of generality
suppose the latter, this means that we have

6; 0, Ky = Liay s [ag <T3]-03,...,20 : [an <T2]-02 b, v:T

and each (t;, p;) € pis (¢,a; ®,J2 < 0,a < 1?)-typable with type o2 and weight HZ. Moreover,
since by asssumption ([a; < I}]-0})) = ([a; < 1?]-02)) by Lemma 17 we have types [a; < I}]-o}
and [a; < I?]-09 with ¢; & + [a; < 1}]-0f = [a; < 1}]-0} and ¢; & + [a; < IP]-07 = [a; < I?]-07
and such that ¢ - [a; < 1}] o} w [a; <15]-0?. So we can build a derivation as

¢ Py [ar <I3]-0f, .. a2 i [an <TE]-0d p, t: Nat[Ky, K]

&P, Ky <051 :[ag <B3]-00,.. i [an <B]-0d Fr,u:T
&P, Ky = iy i [ar <B3] 00, an i fan <BB]0d b, v T
;P21 [ar <1 +13] -0ty mp i [an <12 +13] -0} 1,41, ifztthenuelsev:T

Moreover, by the properties of the subtyping equivalence stressed above, by the properties of
the universal model and by Lemma 18 we have that each (t;,p;) € p is (¢,a;®,a < I} + I9)-
typable with type o} and weight H}. So, ( ifz ¢ then u else v, p) is typable with type 7 and
weight
Jo=Li+ Lo+ + B+ 4+ +0+ > Hi+---+ > H)
I+13 I +I3

So, clearly I = J; + Ko + K3 = Jo + K3 = J and so the conclusion.
Consider the case

C= (zma ((to,po), ceey (tnapn))7§) - (tm,Pm,é) =D

By assumption we have that C' is typable with type v and that D is (¢; ®)-typable with weight
1. So, in particular, each (tg, po) is typable with some type p;. Moreover, we have that for
some J1, K and o we have I = J; + K and:

(1) (tm,pm) is (¢; ®)-typable with type o and weight Jq,

(ii) & is (¢; D)-acceptable for type o and weight K with type

Clearly, for a fresh a from (i) we have also that (t,,, pm) is (¢, a; ®,a < 1)-typable with type
o and weight J;. So, for z,, we can consider a derivation as:

pPE[la<l] cEfa<l] o
d; @1 : [a1 <0]-01,..,xm:la<1]-0,...,2, : [an < O] 04, o &m : 0{0/a} =0

where (|o;]) = p;. Since clearly each ®,a; < 0 is inconsistent, we also have that each (t;, p;)
with 1 <i < nand ¢ #mis (¢,a;; P, a; < 0)-typable with type o; and weight 0. So, we have
that (z, ((to, po); - - - (tn, pn))) is (¢; ®)-typable with type o and weight H = 0+1+>, _, J1 =
14+ J;. Thus, C is (¢; ®)-typable with weight J = 1+ J; + K and type - and so the conclusion
follows.

O
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Relative completeness for programs is a direct consequence of weighted subject expansion:

Theorem 4 (Relative Completeness for Programs) Let t be a PCF program such that t ||™
m. Then, there exist two index terms 1 and J such that [I]¥ < n and [J]¥ = m and such that the
term t is typable in d(PCF as &; &; & Y t : Nat[J].

Proof. By induction on n using the Weighted Subject Expansion Theorem and Lemma 12. []

5.3 Uniformization and Relative Completeness for Functions

It is useful to recall that by relative completeness for functions we mean the following: for each
PCF term t computing a total function f in time expressed by a function g there exists a type
derivation in d/PCF whose index terms capture both the extensional functional behaviour f and
the intensional property g. Anticipating on what follows, and using an intuitive notation, this can
be expressed by a typing judgement similar to

a; s Nat[a] bgq) T : Nat[£f(a)].

In order to show this form of relative completeness, a uniformization result for type derivations
needs to be proved.

Suppose that {7},en is a sufficiently “regular” (i.e. recursively enumerable) family of type
derivations such that any m, is mapped by (|- to the same PCF type derivation. Uniformization
tells us that with the hypothesis above, there is a single type derivation m which captures the
whole family {m,}nen. In other words, uniformization is as an extreme form of polymorphism.
Note that, for instance, uniformization does not hold in intersection types, where uniform typing
permits only to define small classes of functions [Lei90, BLPS99, BPS03].

More formally, a family {m, }nen of type derivations is said to be recursively enumerable if there
is a computable function f which, on input n, returns (an encoding of) m,. Similarly, recursively
enumerable families of index terms, types and modal types can be defined.

Before embarking on the proof of uniformization for type derivations, it makes sense to prove
the same result for index terms and types, respectively.

Lemma 20 (Uniformizing Index Terms) Suppose that:

1. {I,}nen is recursively enumerable, where for every n € N, 1,, is an index term on a signature
ZZ/I;

2. There is a finite set of variables ¢ = ay,...,ay such that any variables appearing in any L, is
m @

Then there is a term 1 on the signature Yy such that ¢; & FY 1{n/a} ~1,, for every n.

Proof. Consider the function f: N"*! — N defined as follows:

,fEm) R HI [a1T1,...,0n—Tm]

(LC()7.%'1,... zo 510

An algorithm computing f can be defined as follows:
e From z(, compute I,,. Again, this can be done effectively.

o Evaluate I, where the variables aq,...,a, takes values z1,...,x,, respectively.
In other words, f is computable. Thus, the existence of a term I like the one required is a
consequence of the universality of the equational program U. O

Lemma 21 (Uniformizing Types and Modal Types) Suppose that {7, }nen is recursively enu-
merable and that:

1. for everyneN, m, : ¢;:®, 4 o, ||;

2. for everyn,meN, (o) = (om);

3. every ®, have the form It < J7,... 17 < J%, where m does not depend on n.

Then there is one type o and one derivation w such that:
1. m:¢,a;0 Y o |;
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2. d=1,<Jy,....L, <Jn

3. for every 1 < p < m, both ¢; & ¥ I,{n/a} ~ LD and ¢; & FY Jp{n/a} ~ Jy-
4. for every n € N, it holds that ¢;® Y o{n/a} = o,.

Moreover, the same statement holds for modal types.

Proof. The proof goes by induction on the structure of the type (oo and of the modal type
(Ap)). An essential ingredient in the proof is, of course, Lemma 20. O

Lemma 22 1. If for every n € N it holds that ¢; ®{n/a} " 1{n/a} ~ J{n/a}, then ¢,a;® 4
I~J.

2. If for every n € N it holds that ¢; ®{n/a} ¥ 1{n/a} = J{n/a}, then ¢,a;® ¥ 1 =J.

3. If for every n € N it holds that ¢;® Y o{n/a} E T{n/a}, then ¢,a;®{nja} +" c E 7.

Lemma 23 (Uniformizing Type Derivations) Suppose {7, }nen recursively enumerable, and

that:

1. for everyneN, m, : ¢;P,; T, |_Zfi t:on;

2. for everyneN, @, = J} <KFT,. .., Jr, < K7 where m does not depend on n;

3. for everyn,me N, (T',) = (Tml);

4. for everyn,meN, (o,) = (om)-

Then there is one type derivation w such that:

1. m:¢,a; ;T Y t:0;

2.®=1J; <Ky,...,Jm < Ky, where ¢; 3 EY J,{nja} ~ Jy and ¢; S EY Ky{n/a} ~ K} for
every n € N and for every 1 < p < m.

3. ¢; P FY a{n/a} = o, for every n € N;

4. ¢, B Y T{n/a} =T, for every n e N;

5. ¢, EY Y{n/a} =1,, for ever n € N.

Proof. The proof goes by induction on the structure of . Some interesting cases:
e If ¢ is a variable z, then the type derivations m, all have the following shape:

¢ P, FY [a<K,] 0, E[a<1] -7,
¢;®n; Ty 2 i [a <Kyl on HY x:7,{0/a}

By the hypothesis 2. and by Lemma 20, all the &, can be made uniform into a single ®
with the desired properties. Also by Lemma 20, all the J,, can be made uniform into a single
J. The same holds for the I';,, using hypothesis 3 and Lemma 21. Now, observe that all the
[a < K,] - o, have the same PCF skeleton. By Lemma 21, they can be made uniform into a
single modal type [a < K] - 0. The same for [a < 1] - 7,,. By Lemma 22, we obtain that

o b;® - [a<K]-o=[a<1]-T
since ¢; ®{n/a} =Y ®,,. We can the conclude that

6,0 @Y [a<K]-oE[a<1]-T
¢,b;9; 0,2 :[a<K]-o Y z:7{0/a}

This concludes the proof. OJ

Uniformization is the key to prove relative completeness for functions from relative complete-
ness for programs:

Theorem 5 (Relative Completeness for Functions) Suppose that t is a PCF term such that
- t : Nat — Nat. Moreover, suppose that there are two (total and computable) functions f,g :
N — N such that t n |9 £(n). Then there are terms 1, J, K with [I +J] < g and [K] = f, such
that

a; F; Bt [b < J] - Nat[a] —o Nat[K].
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Proof. A consequence of relative completeness for programs (Theorem 4) and Lemma 23. In-
deed, a type derivation for a; &; & b1 t : [b < J] - Nat[a] — Nat[K] can be obtained simply by
uniformizing all type derivations 7, for programs in the form ¢n. In turn, those type derivations
can be built effectively by way of subject expansion. O

6 On the Undecidability of Type Checking

As we have seen in the last two sections, d/PCF is not only sound, but complete: all true typing
judgements involving programs can be derived, and this can be indeed lifted to first-order functions,
as explained in Section 5.3.

There is a price to pay, however. Checking a type derivation for correctness is undecidable in
general, simply because it can rely on semantic assumptions in the form of inequalities between
index terms, or on subtyping judgements, which themselves rely on the properties of the underlying
equational program &. If £ is sufficiently involved, e.g. if we work with U, there is no hope to
find a decidable complete type checking procedure. In this sense, d/PCF is a non-standard type
system.

Indeed, d¢PCF is not actually a type system, but rather a framework in which various distinct
type systems can be defined. Concrete type systems can be developed along two axis: on the one
hand by concretely instantiating £, on the other by choosing specific and sound formal systems for
the verification of semantic assumptions. This way sound and possibly decideable type systems
can be derived. Even if completeness can only be achieved if £ is universal, soundness holds
for every equational program £. Choosing a simple equational program & results in a (probably
incomplete) type system for which the problem of checking the inequalities can be much easier, if
not decidable. And even if £ remains universal, assumptions could be checked using techniques
such as abstract interpretation or theorem proving.

By the way, the just described problem is not peculiar to d¢PCF. Unsurprisingly, program
logics have the same problem, since the rule

p=r {r}P{s} s=gq
{p}Pig}

is part of most relatively complete Hoare-Floyd logics and, of course, the premises p = 7 and
s = q have to be taken semantically for completeness to hold.

7 d/PCF and Implicit Computational Complexity

One of the original motivations for the studies which lead to the definition of d¢PCF came from
Implicit Computational Complexity. There, one aims at giving characterizations of complexity
classes which can often be turned into type systems or static analysis methodologies for the
verification of resource usage of programs. Historically [Hof00, Mar00], what prevented most ICC
techniques to find concrete applications along this line was their poor expressive power: the class
of programs which can be recognized as being efficient by (tools derived from) ICC systems is often
very small and does not include programs corresponding to natural, well-known algorithms. This
is true despite the fact that ICC systems are extensionally complete — they capture complexity
classes seen as classes of functions.

The kind of intensional completeness enjoyed by d¢/PCF is much stronger: all PCF programs
with a certain complexity can be proved to be so by deriving a typing judgement for them.

Of course, d¢/PCF is not at all an implicit system: bounds appear everywhere! On the other
hand, d¢PCF allows to analyze the time complexity of higher-order functional programs directly,
without translating them into low level programs. In other words, d/PCF can be viewed as an
abstract framework where to experiment new implicit computational complexity techniques.
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8 Related Work

Other type systems can be proved to satisfy completeness properties similar to the ones enjoyed
by d¢PCF.

The first example that comes to mind is the one of intersection types. In intersection type dis-
ciplines, the class of strongly and weakly normalizable lambda terms can be captured [DCGAL98].
Recently, these results have been refined in such a way that the actual complexity of reduction of
the underlying term can be read from its type derivation [dC09, BL11]. What intersection types
lack is the possibility to analyze the behaviour of a functional term in one single type derivation
— all function calls must be typed separately [Lei90, BLPS99, BPS03]. This is in contrast with
Theorem 5 which gives a unique type derivation for every PCF program computing a total function
on the natural numbers.

Another example of type theories which enjoy completeness properties are refinement type
theories [FP91], as shown in [Den98]. Completeness, however, only holds in a logical sense: any
property which is true in all Henkin models can be captured by refinement types. The kind of
completeness we obtain here is clearly more operational: the result of evaluating a program and
the time complexity of the process can both be read off from its type.

As already mentioned in the Introduction, linear logic has been a great source of inspiration
for the authors. Actually, it is not a coincidence that linear logic was a key ingredient in the
development of one of the earliest fully-abstract game models for PCF. Indeed, d/PCF can be seen
as a way to internalize history-free game semantics [AJMO00] into a type system. And already BLL
and QBAL, both precursors of d/PCF, have been designed being greatly inspired by the geometry
of interaction. d/PCF is a way to study the extreme consequences of this idea, when bounds are
not only polynomials but arbitrary first-order total functions on natural numbers.
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