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ABSTRACT

In this thesis we analyze how the concept of linearity can be fruitfully exploited in
studying the properties of programming languages. By the term linearity, we in fact
refer to different concepts, more or less related to the ideas underlying Girard’s Linear
Logic |Girard, 1987].

The great innovation of linear logic with respect to classical or intuitionistic logics is
that the former gives the opportunity to deal with resources. For this reason, since its
origins, linear logic has attracted many researchers and has inspired different works in
programming language design.

In this thesis we consider, in particular, two important aspects of programming
languages: implicit computational complezity and denotational semantics.

In the first part of the thesis we study some problems related to the implicit
computational complexity of programming languages.
The first step is an examination of the problem of designing a programming language
correct and complete for polynomial time computations. We consider the use of
A-calculus as an abstract paradigm of programming languages and the use of types to
characterize program complexity properties.
We propose a type assignment system in sequent calculus style, named Soft Type
Assignment (STA). This system is inspired by Soft Linear Logic, a logical system
characterizing PTIME. The set of STA types is a subset of Soft Linear Logic formulae,
where the modality ! is not allowed in the right hand side of an arrow. Consequently,
the applications of some rules are restricted to linear types.
STA enjoys the subject reduction property. This specific property is of great impor-
tance, since typing is intended to assure the complexity bound on terms reductions.
STA 1is correct and complete for polynomial time computations. Indeed, the typable
terms have a polynomial number of G-reductions to normal form. Moreover, they are

sufficient to encode polynomial time Turing machines.
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Type assignment systems in sequent calculus style are usually difficult to manage.
For this reason, we study the problem of designing a natural deduction version of the
Soft Type Assignment system STA.

The first solution we propose is a simple natural deduction system named STAy.
We prove that, besides being equivalent to STA, it also enjoys the same complexity
properties. While simple, STAy has the disadvantage of allowing the explicit renaming
of variables in the subject.

To overcome this problem, we propose another natural deduction system, named
STA). We prove that STAy; derivations are in one to one correspondence with STAy
derivations. Hence, STAp enjoys the same complexity properties as STAy. The idea
underlying STAjy; is to use multisets as contexts. A multiset allows to reuse variable

names, hence rules for renaming variables can be avoided.

As a natural continuation of the previous work we look at the type inference problem
for the system STApn. Due to the presence of second order quantifier, it seems in
general undecidable.

We propose an algorithm IT such that, for every A-term, returns a set of constraints.
These constraints need to be satisfied in order to type the term in STAp. We prove that
II is correct in the sense that, given a term, if the generated constraints are satisfiable,
a typing for it exists. Moreover, we prove that IT is also complete in the sense that, for
every typable term, the set of constraints generated by II is satisfiable.

Satisfiability of constraints of this kind is in general undecidable. Consequently, some
restriction of the system seems necessary.

To conclude the first part of the thesis we look at the problem of designing a
programming language correct and complete for polynomial space computations. The
most natural way to study this problem is by considering how STA can be extended in
order to characterize PSPACE.

We consider a language extending the A-calculus by basic boolean constants and we
propose a type assignment system, STAp, extending the natural deduction version
STAyx of STA by rules for booleans.

v



The peculiarity of STAg is the treatment of contexts in the conditional rule. The
conditional rule treats the contexts in an additive way. In every other rule, on the other
hand, contexts are treated in a multiplicative way, as in STAy.

STAR is equipped with an operational semantics based on a big step abstract machine.
This is a useful tool in order to prove correctness for polynomial space computations.
Every STAp program can in fact be executed, by the abstract machine, in polynomial
space in the size of the input.

Alternating Turing machines working in polynomial time are easily representable by
terms typable in STAg. Hence, by a well known result on alternating Turing machines,
polynomial space decision problems can be programmed in STAg. The system is thus
complete for PSPACE.

In the second part of the thesis we study the problem of designing a programming
language fully abstract with respect to a denotational interpretation in a specific linear
model. The model we consider is the fragment of Girard’s coherence spaces, including
the infinite flat domain representing natural numbers, and the linear function space
constructor as the only coherence space constructor.

We propose a new language, named SPCF. Such language is a restriction of PCF.
S¢PCF is naturally equipped with an operational semantics mixing call-by-name and
call-by-value parameter passing and it can be interpreted in linear coherence space in a
standard way. We prove that the interpretation is correct with respect to the operational
semantics. This means that S¢PCF is able to programme only functions of the considered
linear model.

S¢PCF is recursive complete. Nevertheless, it is not complete, and thus not fully abstract,

with respect to linear coherence spaces. An extension is therefore necessary.
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Part I.

Linearity and Complexity



In this part of the thesis we consider some problems that fit in the Implicit Compu-
tational Complexity research line.
Computational complexity, since its birth in the 70’s, has attracted the attention
of many computer scientists both from the theoretical and practical points of view.
From a theoretical perspective, computational complexity is a step towards the better
understanding of the notion of computability, its properties and its limits. From a
practical perspective, its interest lies in the possibility to improve, predict and guarantee
the resource usage of software. This is an important step in the development of more
efficient and correct programs.
The Implicit Computational Complexity research line aims at the study of computa-
tional complexity classes through machine independent characterizations, in particular
recursion-theoretic and logical characterizations. From a theoretical perspective, im-
plicit computational complexity tries to understand the logical and recursion-theoretic
principles usually hidden in the definitions of complexity classes. From a practical
perspective, it aims at the design of systems and tools that can be useful for the static
verification and certification of resource usage of programs.

The starting point of Implicit Computational Complexity is the seminal paper of
Cobham [Cobham, 1964]. In this work the author gives a characterization of the
class of functions computable by Turing machines in polynomial time in the size of
the input (FPTIME) through a class of recursive functions based on a particular
recursion scheme called bounded recursion on notation. Cobham’s characterization of
functions computable in polynomial time, while being the first machine independent
characterization of a complexity class, has the disadvantage of involving a resource
bound (in the form of a bound on the result size) in the definition of the system.
Further important developments in the same direction date back to the eighties and
nineties, in a series of works characterizing different complexity classes through bounded
recursion schemas. See [Clote, 1995] for a survey.

In [Bellantoni and Cook, 1992|, the authors give a characterization of FPTIME through
a recursion schema, called predicative recursion on notation, which takes into account
an explicit stratification over data. The use of stratification over data permits to avoid
explicit bounds. A similar result has been independently founded in [Leivant, 1991].

Following the ideas of Bellantoni, Cook and Leivant many other complexity classes have
been characterized through recursion schema taking into account data stratification.
See for instance [Bellantoni, 1992, [Leivant and Marion, 1994], [Oitavem, 2001] and
|[Bonfante et al., 2006]. The same principle of data stratification has been used for



characterizations of complexity classes through typed lambda calculus systems in
|[Leivant and Marion, 1993] and [Leivant and Marion, 1997].

In [Hofmann, 2000] and [Hofmann, 2003] the author proposes another interesting
approach to the characterization of complexity classes. Polynomial time computations
are characterized by using a type system including a resource type and recursion

operators. In this approach, the data stratification is no more necessary.

In parallel with the development of the recursion-theoretic approach, another
approach to the characterization of complexity classes that has attracted more and
more attention is the design of logical systems with intrinsic computational complexity
properties based on linear logic.

One of the innovations of linear logic with respect to classical or intuitionistic logic
is the explicit control of structural rules, i.e. contraction, weakening, exchange. A
careful treatment of the contraction rule permits to control the complexity of the proof
normalization process. This feature allows the use of Linear Logic subsystems in order
to obtain purely logical characterizations of complexity classes.

This is achieved by designing logical systems around the proofs-as-programs paradigm,
where proofs correspond to algorithms and the normalization process corresponds
to algorithm execution. Therefore, limiting the complexity of proof normalization
corresponds to limiting the computational complexity. This approach is in contrast
with previous logical approaches to the characterization of complexity classes where
the characterizations are in terms of provability of certain restricted formulas. See
[Immerman, 1999] for a wide treatment of this subject.

In [Girard et al., 1992] the authors propose Bounded Linear Logic (BLL), a first
attempt in designing a subsystem of linear logic characterizing a particular complexity
class. Bounded Linear Logic is a subsystem of second order linear logic corresponding
to the complexity class FPTIME. Each BLL proof is normalizable, via cut-elimination,
in polynomial time in the size of the proof, and each function computable in polynomial
time by a Turing machine is representable by a proof in BLL. The drawback of this
proposal is that size bounds appear explicitly in BLL modalities. Nevertheless, it
should be noted that the preservation of the complexity bound is intrinsic in the logic
itself.

A more recent proposal of a system capturing FPTIME is Light Linear Logic (LLL)
|Girard, 1998|. In LLL the complexity bound on the proofs normalization, via cut-
elimination, is assured only by restricting contraction. Hence, no explicit resource

bound appears in the modalities. Nevertheless, a new modality is needed in order to



gain the necessary expressivity.

BLL and LLL have shown the effectiveness of the linear logic approach to the char-
acterization of complexity class. As a result, during the last years, many different
subsystems of linear logic have been proposed in order to characterize different
complexity classes. Some of them are: Soft Linear Logic (SLL) [Lafont, 2004] and
Elementary Linear Logic (ELL) [Girard, 1998], Intuitionistic Light Affine Logic (ILAL)
[Asperti and Roversi, 2002|, non deterministic Intuitionistic Light Affine Logic (nILAL)
[Maurel, 2003] and Stratified Bounded Affine Logic (SBAL) [Schopp, 2007]. In what
follows all these systems will be referred to as light logics.

Since the discovery of light logics, different authors have worked in order to study
their properties, possible extensions and possible restrictions. The collection of these
works brought to a well-established theory. Nevertheless, many important problems are

waiting for an answer.

In this part of the thesis we analyze in more depth the problem of designing program-
ming languages which characterize complexity classes using properties of light logics, in
particular of Soft Linear Logic. In what follows, we outline and motivate the content of
this part of the thesis.

Chapter 1. Soft Linear Logic

Soft Linear Logic is a logical counterpart of polynomial time computations. Its proofs are
normalizable, via cut-elimination, in polynomial time in the size of the proofs. More-
over, each decision problem computable in polynomial time by a Turing machine is
representable by a proof in Soft Linear Logic. Hence, Soft Linear Logic characterizes the
complexity class of decision problems computable in polynomial time by deterministic
Turing machines (PTIME).

In this chapter we recall the syntax and the rules, in sequent calculus, of Soft Linear
Logic and consider some of the logical laws underlying it Finally, we state formally the
complexity properties which permit the characterization of the complexity class.

Chapter 2: A Soft Type Assignment System for  A-calculus

In this chapter we study how to use Soft Linear Logic for the design of a program-
ming language with intrinsic polynomial time complexity bound, through the proofs-as-
programs correspondence.

A way to do this is by considering a term language simulating the logical principles

of the system in the syntax, and by decorating the logical rules by the constructs



of such a specific term language. This approach has been followed for example in
[Baillot and Mogbil, 2004] for SLL and in [Benton et al., 1993] and [Terui, 2001] for LL
and ILAL respectively. Unfortunately, due to the presence of modalities, the resulting
language of [Baillot and Moghbil, 2004] has a complex syntactical structure that makes
the programming task awkward.

Here we follow a different approach. We fix as starting points:
1. The use of A-calculus as an abstract paradigm of programming languages.
2. The use of types to characterize program properties.

The objective is the design of a type assignment system for A-calculus, where types are
formulae of Soft Linear Logic, in such a way that the logical properties are inherited by
the well typed terms. In this way types can be used for statically checking, beside the
usual notion of correctness, also the property of having polynomial time complexity.
The effectiveness of this approach has been shown by Baillot and Terui in
|Baillot and Terui, 2004], where they propose Dual Light Affine Logic (DLAL), a
type assignment for A-calculus correct and complete with respect to polynomial time
computations. DLAL corresponds to a fragment of Light Affine Logic [Asperti, 1998],
using as types a language with a linear and intuitionistic type arrow, and one modality.
We consider the design of a type assignment system for A-calculus correct and complete
with respect to polynomial time computations inspired by Soft Linear Logic. The
motivation is twofold.

The design of A-calculi with implicit complexity properties is a very new research line.
Therefore, exploring different approaches is necessary in order to compare them. In
particular, SLL formulae look simpler than L AL ones since they have just one modality.
LAL has two modalities, and this could in principle give rise to a greater easiness of
the system. Moreover, SLL has been proved to be complete just for PTIME, while we
want a type assignment system complete for FPTIME: we thus prefer to explore at the

same time if it is possible, when switching from formulae to types, to prove this further
property.

We start from the original version of second order SLL with the only connective —o,
the modality ! and the quantifier V, given in sequent calculus style. The main problem
in designing the desired type assignment system is that, in general, in a modal logic
setting, the good properties of proofs are not easily inherited by A-terms.

In particular, there is a mismatch between B-reduction in the A-calculus and cut-

elimination in logical systems, which makes it difficult to obtain the subject reduction



property. Here, subject reduction is an important property since we would use
typing to assure the complexity bound on terms reductions. Moreover, this mismatch
makes it difficult to inherit the complexity properties from the logic, as discussed
in |Baillot and Terui, 2004]. To solve these problems we make use of the fact that, in
a “naive” decorated sequent calculus, there is a redundancy of proofs, in the sense that
the same A-term can arise from different proofs.

Therefore, we propose a restricted system called Soft Type Assignment (STA). In this
system the set of derivations corresponds to a proper subset of proofs in the affine
version of Soft Linear Logic. Types are a subset of SLL formulae where, in the same
spirit as [Baillot and Terui, 2004], the modality ! is not allowed in the right hand of an
arrow and the applications of some rules, in particular the cut rule, are restricted to
linear types.

STA enjoys subject reduction, and the good properties of SLL can be adapted to
the case of STA. We prove that A-terms typable in STA reduce to normal form in
polynomial time. Moreover, we prove that the language of typable terms is complete
both for PTIME and FPTIME. In fact, polynomial time functions can be computed,
through a simulation of polynomial time deterministic Turing machines, by terms
typable in STA.

The content of this chapter is an extended version of the works appeared in
|[Gaboardi and Ronchi Della Rocca, 2006|, [Gaboardi and Ronchi Della Rocca, 2007].

Chapter 3: Soft Type Assignment system in Natural Deduction style

In the previous chapter we have introduced the Soft Type Assignment system STA in
sequent calculus style. Here we consider the problem of designing a natural deduction
type assignment system corresponding to STA.

Light Logics are usually presented in sequent calculus style, because sequent calculus
is considered an appropriate framework to study structural properties. Moreover, since
cut elimination steps correspond to atomic computation steps, sequent calculus seems
particularly interesting for studying complexity properties.

On the other hand, type assignment systems for A-calculus are usually presented in
natural deduction style because derivation trees in natural deductions correspond more
directly to the abstract syntax trees of terms, making natural deduction derivations
easier to manage. Furthermore, proof normalization steps correspond directly to 3-
reduction. See [Barendregt and Ghilezan, 2000] for an interesting discussion about this

topic.



We here propose the STAy system, which is a simple Natural Deduction system corre-
sponding in an intuitive way to STA. The proof that the two systems are equivalent can
be obtained in a standard way. Nevertheless, since we are interested in the preservation
of complexity measures, we prefer to take two subsequent steps. Firstly we prove the
equivalence at the typability level. Then, we show that the measures defined over STA
derivations can be easily adapted to STAy derivations. In this way, we can prove that
each STAy derivation enjoys the same measures of the corresponding STA derivation,
and vice-versa.

STAy is simple and intuitive, but it has the drawback that the multiplexor rule allows
the renaming of variables in the subject. This fact, while being essential for STAy ex-
pressivity, prevents the possibility of reasoning by induction on the structure of terms.
Moreover, this makes the task of designing a type inference algorithm more difficult.
For this reason, we introduce another natural deduction system, named STAy;.
Contexts in STA); are multisets of type assignments. We make use of multisets to trace
the different uses of variable names. This makes the renaming unnecessary. Hence, as
usual for natural deduction systems, subjects in STAy; are built just by the axiom and
arrow introduction, and by elimination rules.

The use of multisets could seem unpleasant, nevertheless a multiset can be collapsed into
a set by using the multiplexor rule repeatedly. In fact, we prove that STAy derivations
are in one-to-one correspondence with STAy derivations. Hence, the two systems enjoy
the same complexity properties.

The use of multisets to trace different uses of variable names has been already used in
some intersection types systems. In particular, a treatment of the contexts similar to the
one presented here has also been used in [Coppo et al., 1980] and [de Carvalho, 2007].
It could be interesting to study the relations between STA); and these works.

Chapter 4: A Taste of Type Inference for STA

In this chapter we examine the problem of type inference for the Soft Type Assignment
system. In Chapter 2, in designing the Soft Type Assignment system, we have used
A-calculus as language and types to characterize complexity properties of terms. An
important aspect of this approach is that types allow to statically check the program
properties of interest. This approach is particularly suitable when there is an effective
and efficient automatic procedure for checking if a term is typable. The problem of
deciding if a term is typable in a given system is usually referred to as the type inference
problem.

The decidability of the type inference problem for the simply typed A-calculus has been



shown independently in [Curry, 1969, [Hindley, 1969] and [Milner, 1978]. Moreover, it
has been shown that for this system the type inference can be performed efficiently.
These results are the core of the well-established theory of type inference for the ML
language.

In the presence of the second order quantifier the situation gets more complicated. The
type inference problem for System F has been shown undecidable in [Wells, 1994] and
[Wells, 1999]. Nevertheless, since System F is interesting both from the theoretical
and practical point of view, different partial solutions have been proposed, e.g.
|Giannini and Ronchi Della Rocca, 1994], [Kfoury and Wells, 1994] and [Rémy, 2005].
Here we are particularly interested in [Giannini and Ronchi Della Rocca, 1994], where
the authors propose a stratification of System F in a countable set of type assignment
systems with decidable type inference.

The possibility of statically checking complexity properties of programs is particularly
appealing. For this reason, different authors have considered the type inference problem
for light logics. Unfortunately, type assignment systems inspired by light logics usually
include the second order quantifier. The undecidability of type inference for System
F has brought different authors to consider only the propositional fragments of these
logics.

The type inference problem for the propositional fragment of LAL has been studied
in [Baillot, 2002] and [Baillot, 2004]. The author, in [Baillot, 2004], has shown that
such problem is decidable by reducing it to a problem of satisfiability for a system of
inequalities on words over a binary alphabet.

In [Coppola and Martini, 2001], the type inference problem for the propositional
fragment of EAL has been shown decidable. Moreover, different algorithms performing
type inference in EAL have been proposed in [Coppola and Ronchi della Rocca, 2003],
[Coppola et al., 2005] and [Baillot and Terui, 2005]. The interest in type inference
for EAL is also due to the fact that typable terms can be evaluated by optimal
reduction much more easily than general terms, see [Coppola and Martini, 2006] and
[Baillot et al., 2007].

An approach not limited to the propositional fragment of a light logic has been taken
in [Atassi et al., 2006]. The authors have therein considered the problem of deciding
if a System F term can be decorated in a DLAL typed term. They have shown that
there is an effective procedure to do this and, moreover, that the decoration can be

performed in polynomial time.

Subsequently, we here tackle the type inference problem for the Soft Type Assignment



system. We consider the entire system including second order quantifier and we follow
what has been done in |[Giannini and Ronchi Della Rocca, 1994] for System F.

We consider the multiset natural deduction system STAp which was proved in Chapter
3 to be equivalent to STA. Furthermore, we propose an algorithm IT for STAy;. For
every A-term, II returns the set of constraints that need to be satisfied in order to type
the term.

We prove that IT is correct: given a term M, if the constraints generated by II(M) are
satisfiable then a typing for M exists. Moreover, we prove that IT is also complete: for
every typable term M, the set of constraints returned by IT(M) is satisfiable.

The type inference problem for STAp can indeed be reformulated as the problem
of deciding if a substitution satisfying the constraints generated by II exists. In
|Giannini and Ronchi Della Rocca, 1994], the authors show that the problem of sat-
isfiability of this kind of constraints is equivalent to the semi-unification problem, and
hence undecidable.

Thus, following what has been done in [Giannini and Ronchi Della Rocca, 1994] for
System F, in future works we will stratify STAp in a countable set of type assign-
ment systems STAY; with decidable type inference. In this way, we hope to obtain a

system for polynomial time computation with decidable type inference.

Chapter 5: A logical account of PSPACE

In this chapter we study the problem of designing a programming language, inspired
by light logics, correct and complete for the class of decision problems computable by
deterministic Turing machines in polynomial space (PSPACE).

The main motivation is to show that the light logic approach can be fruitfully used in
the characterization of different complexity classes. While there are different light logic
systems characterizing complexity classes, none of them characterizes polynomial space
complexity classes.

In the literature there are some implicit characterizations of polynomial space computa-
tions. The characterizations in [Leivant and Marion, 1994], |[Leivant and Marion, 1997]
and [Oitavem, 2001] are based on ramified recursions over binary words. In finite model
theory, PSPACE is captured by first order queries with a partial fixed point operator
[Vardi, 1982} [Abiteboul and Vianu, 1989|. The reader may consult the recent book
|Gradel et al., 2007]. Finally, there are some algebraic characterizations like the ones
in [Goerdt, 1992] or in [Jones, 2001]. Neverthelees these are, in essence, over finite
domains.

None of the above characterizations is based on the light logics approach. Indeed, the



only proposal for a characterization of PSPACE with a light system has been made by
Terui in |Terui, 2000], but the work has never been completed.

Characterizing space complexity classes through the light logics approach seems a
difficult task. In fact, the control of the cut elimination procedure is a direct way to
control execution time, but its relations with execution space are not so clear.

Only recently, the first characterization of a space complexity class through a light
logic has appeared. In [Schopp, 2007], the author proposes Stratified Bounded Affine
Logic (SBAL), a logical system characterizing logarithmic space computations. In
the characterization, the difficult part is to achieve logarithmic space soundness. In
order to do this, the author considers only proofs of certain sequents to represent the
functions in logarithmic space. The author interprets such proofs in a space-efficient

game semantic model.

In this chapter, the same approach followed in Chapter 2 is used for studying poly-

nomial space complexity classes. In particular, we consider as starting points the use
of a A-calculus like language and the use of types to guarantee, besides the functional
correctness, also complexity properties. This is done in order to use types in a static
way to check the correct behaviour of the programs, also with respect to the resource
usage.
A well-known fact, in computational complexity, is that polynomial space deterministic
Turing machine computations and polynomial space non-deterministic Turing machine
computations (NPSPACE) both coincide with polynomial time alternating Turing ma-
chine computations (APTIME) [Savitch, 1970, [Chandra et al., 1981]. In particular,

PSPACE = NPSPACE = APTIME

Inspired by the above result, we consider possible extensions to the type assignment
STA for A-calculus presented in Chapter 2.

We propose STAp a type assignment system, where the types are STA types plus a type
B for booleans, and the language Ap is an extension of A-calculus with two boolean con-
stants and a conditional constructor. The elimination rule for booleans is the following:

'trgM:B I'tgNg: A T'FgN;i: A
I'g if M then Ng else N; : A

(BE)

In the if-rule above, contexts are managed in an additive way, i.e. with free contractions.
From a computational point of view, this intuitively means that a computation can
repeatedly forks into subcomputations and the result is obtained by a backward

computation from all subcomputation results.
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A similar rule has been proposed by Maurel in his non deterministic Intuitionistic
Light Affine Logic (nILAL) [Maurel, 2003] in order to characterize non deterministic
polynomial time. More precisely nILAL introduces an explicit sum rule to deal with
non deterministic computations.

While the polytime soundness result for STA is not related to a particular evaluation
strategy, here, for characterizing space complexity, the evaluation should be done
carefully. Indeed, a wrong evaluation can bring to exponentially sized terms. We thus
define a call-by-name evaluation machine, inspired by Krivine’s machine [Krivine, 2007]
for A-calculus, where substitutions are made only on head variables. This machine is
equipped with a memory device which allows to easily determine the space used, as the
dimension of the maximal machine configuration.

We prove that, if the machine takes as input a program, i.e. a closed term typable
with a ground type, then the size of each configuration is bounded in a polynomial
way in the size of the input. Every program is therefore evaluated by the machine in
polynomial space. On the other hand, we encode every polynomial time alternating
Turing machine by a program of STAg. The simulation relies on a higher order
representation of a parameter substitution recurrence schema analogous to the one
introduced in |Leivant and Marion, 1994].

The content of this chapter will appear in a concise version in [Gaboardi et al., 2008|.

11



1. Soft Linear Logic

In this chapter we recall Soft Linear Logic [Lafont, 2004]. Soft Linear Logic has been in-
troduced by Lafont as: “a subsystem of second-order linear logic with restricted rules for
exponentials so that proofs correspond to polynomial time algorithms, and vice-versa.”
We present SLL in a sequent calculus version. We consider some of the logical laws
underlying it. Finally we recall the complexity properties which permit the characteri-
zation of PTIME.

1.1. Soft Linear Logic syntax

We introduce the intuitionistic second order version of Soft Linear Logic in a sequent
calculus setting.

Definition 1. The formulae of Second order Intuitionistic Soft Linear Logic (SLL)

are inductively defined as:
e propositional variables o, B,... and the constant 1 are formulae
e if A and B are formulae, then so are A—o B, AQ B, A&B and !A
e if A 1s a formula and a 1s a propositional variable, then Va.A is a formula

Connectives and modalities of SLL can be classified in the following way. —o and ®
are multiplicative connectives, & is an additive connective and ! is an exponential.
Moreover 1 is the multiplicative unit. Formulae of SLL are classified according to their
main connective.

As usual the propositional variable o is bound in B, if B contains a subformula of
the shape Va.A. It is free otherwise. FTV(A) denotes the set of free variables of A.
Formulae of Soft Linear Logic are considered modulo renaming of bound variables. They
are ranged over by A, B, C. The symbol = denotes the syntactical equivalence between
formulae modulo renaming of bound variables.

In order to avoid superfluous parentheses, as usual —o associates to the right and has

precedence over the other connectives. All connectives have precedence over V, while !

12



Chapter 1. Soft Linear Logic

Axiom and cut:
T'HA AAFB
Ara 49 rarp ()
Multiplicatives:
I'A B,A+C I A+ B
rasBarc Ll rraog (R
INA,BFEC 'A AFB
raeBrc®) T Ardes ®F
Multiplicative Unit:
Trc -
1,TFC (1L) 1 (1F)
Additives:
TAFC I,B+C
T,A%BF C (&Ln) T,A%BF C (&L>)
'tA T+B
T AgB (&R
Exponentials:
r,A™+ B THA
riars ™ irpa P
Quantifier:
', A[B/a]F C I'HA ag¢FTV(I)
T,Va. Al C (VL) THVo.A (VE)

Table 1.1.: Second order Intuitionistic Soft Linear Logic

13




Chapter 1. Soft Linear Logic

has precedence on everything else. A™ is a short for AQ- - -® A where A appears n-times.

Y4 = A. A formula A is modal if A =!B for some formula B. A[B/a] denotes the
capture free substitution in A of all occurrences of the propositional variable o by the
formula B.

The rules of Soft Linear Logic are depicted in Table Soft Linear Logic proves
sequents of the shape:

I'FA

where A is an SLL formula and I' is a context. Differently from [Lafont, 2004] where
contexts are sequences of SLL formulae, we here consider contexts as multisets of Soft
Linear Logic formulae. Contexts are denoted by capital greek letters I'y A. The empty
multiset is denoted by 0 and we usually write - A instead of @ - A. The multiset union of
I" and A is simply denoted by I', A. FTV(T') denotes the set {a € FTV(A) | A € I'} while
A(™) denotes the multiset 4, . .., A where A appears n > 0 times. If ' = Ay, ..., A, then
IT" denotes the context 'A4;,...,!A4,. Proofs in SLL are denoted by I1,%,®. II>T"F A
denotes a proof II proving the sequent I' - A.

The exponential rules:

LA™+ B 'R
riars ™ g P

are called respectively multiplezor and soft promotion, while the natural number n in
(m) is the rank of the multiplexor rule.

We end this section by recalling a fundamental property of Soft Linear Logic.
Theorem 1. Soft Linear Logic satisfies cut elimination.

The reader interested in the proof of the above theorem can consult [Lafont, 2004].

1.2. Some SLL theorems

We consider here some of the logical laws provable in Soft Linear Logic. We detail proofs
just to give some examples of SLL derivations. In what follows, we write A oo B when
both A+ B and B+ A are provable in SLL.

1.2.1. Linear Theorems

As usual, for SLL we have the following exponential free theorems.

14



Chapter 1. Soft Linear Logic

Commutativity A® B oo B® A, A&B oo B&A, provable by:

AFA BEB AFA B+ B
£0 L ST 5 (@R _AFA _BEB

A B-FAQ®B ((®L)) B&AI—A(&L2) B&Al—Aggél))
BRAF-AQB and B&A A&B

Associativity (A® B)® C oo A® (B®C), (A& B)&C oo A&(B&C), provable by
BFB CkC A-rA BFB

A+ A B,CFB@C(SS) ABrAgB (©F) CEC o)
AB,CHA®(B®C) (®L) A B,CH(A®B)®C (®L)
A®B,CHA®(B®CQC) (®L) A BRCHF(A®B)®C (®L)
(A®B)® C+A® (B®C) , A®(BR®C)F (A®B)®C
B+ B
LT 5 _ (&Ly)
A A A&B+ B T CEHC I
A9BL A (&{41) (A&B)&C + B (&Ln) (A&B)&C + C Ei};))
(A&B)&C+ A = ! (A&B)&C + B&C (&R)
(A&B)&C + A&(B&C)
and
B+ B
AF A B&C+ B ¥l CrC
(&L1) (&Lz) _CEC (g1,
A&(B&C) + A A&(B&C) + B B&C - 2
(&R) CrC  (&L,)
A&(B&C) - A&B A&(B&C)F C (&R)
A&(B&C) + (A&B)&C
Unit 1 ® A oo A, provable by:
A A
5 (L)
1,AFA F1 AFA
Tear 4 ®) 4 Ariga ®F)
Adjointness ((A® B) — C) oo (A — (B — C)), provable by:
A-A BrB BFB CFrC
ABFrAgB (®F Cl—C(_OL) AF A B,B—oCl—C((__OOIIII))
A B, (A®B) - CFC (- 1) AB,A—-(B—-C)FC ®L)
—o
A/ (A®B) oCFB—-oC A® B,A—o (B—-oC)FC
(L) (= R)

(A B) o CFA—o(B—oCQC) and A—o(B—oC)F(A®B)—oC

Distributivity (A — (B&C)) oo (A — B)&(A — C), provable by:

_BFrB_ _CcrC
AF A B&C‘I—B(fiﬁ'll)l) AF A B&C’I—C(g'QI)I)
A — (B&C),A+ B A — (B&C),AFC -
—o —o
A—o(B&C)I—A—oB( ) A—o(B&C)I—A—oCE&R))

A — (B&C) (A — B)&(A — C)

15



Chapter 1. Soft Linear Logic

and
A-rA BFB AFA CHC
= £ = = == (= L)

A—B,AF B AA—<CFC
(A— B)&(A - C),Ar B A,(A—- B)&(A—C)FC
(A — B)&(A - C),A+ B&C
(A — B)&(A — C) F A — (B&C)

(&L1)

1.2.2. Exponential Theorems

The exponential rules of SLL allows us to prove the following theorems.

Monoidalness 1 (!A®!B) —!(A ® B), provable as:

AFA BFB
ABFA®B
4, B (4@ B) P
140!B (A B) (D)

"4gB <l(As B) T

(®R)

Monoidalness 2 1, provable as:

Dereliction 'A — A provable as:

Weakening !'A —o 1, provable as:

FIA o1

Multiplexing !A — A™, provable as:

AFA AFA

ArA AArAga ®F)

(®R)

At A :
Al | Am
!AFNIT@R)
FA — A7

(®R)

Moreover as usual we have:

Functoriality A — B implies !A —!B

16



Chapter 1. Soft Linear Logic

1.3. Polynomial time soundness

In this section we recall the complexity properties that make Soft Linear Logic correct
for polynomial time computations. We consider the sequent calculus version of SLL
introduced at the begin of this section. We refer to |[Lafont, 2004] for a proofs of these
properties using the proof nets technology.

In the following, we need some measures over SLL proofs.
Definition 2.

e The rank of a proofII, denoted rk(Il) is the mazimal rank of multiplezor rules
in II. A proofIl is homogeneous if the ranks of the multiplezor rules in Il are
all the same. A proof Il is generic if there is no multiplezor in it. A generic

proof II will be considered as a homogeneous proof of rank n for any n € IN.

e The degree of a proof I1, denoted d(II) ts the mazimal nesting of applications
of the (sp) rule in II.

e Let r be a natural number. Then, the weight W(II,r) of II with respect to r s

defined inductively as follows:

If the last applied rule is (Az) or (1R) then W(II,r) = 1.
— If the last applied rule 1s:

S>T,AF B S>TFHA
rFaop (8 or T Fvas (VB

then W(II,r) =W(2,r) + 1.
— If the last applied rule 1is:

>I'HA
THA (CP)
then W(II,r) = rW(32,r) + 1.
— If the last applied rule 1is:
Y>I'FA OG> AFB X>I'FA ©>T'FHB
TArAeB @R T+ A&B (&)

then W(II,r) =W(Z,r) + W(©,r) + 1.
— In every other case W(II,r) is the sum of the weights of the premises with

respect to r.

17



Chapter 1. Soft Linear Logic

Following [Lafont, 2004], we use the word “degree” to denote the maximal nesting of
applications of the (sp) rule. The word “depth” is also commonly used in the literature.

The next lemma is a direct consequence of the definition of measures.
Lemma 1. For every SLL proof II:
W(TL, rk(IT)) < |74+

Here we would show that the weight of a proof strictly decreases when a cut elim-
ination step is performed. We consider only aziom reductions, reductions of (cut)
applications where one of the premise is an axiom, and symmetric reductions, reduc-
tions of (cut) applications where the left premise ends by a logical right rule and the
right premise ends by the corresponding left logical rule. We don’t consider commuta-
twe reductions. In fact the notion of weight has been introduced by Lafont over proof

nets, and proof net dispense from considering commutative reductions.
Lemma 2. Let II and II' be proofs in SLL. Then, if II' can be obtained via an
external or an axziom reduction by Il then:
W(II,7) > W(Il',r)
for every r > rk(II).

Proof. We analyze the different cases one by one.

Case (7)-(Az):

(Az)

Y>I'FHA Ai_A(cut)

'FA

reduceto X >I'FHA

clearly W(II,r) = W(X,7) + 1 hence conclusion follows trivially. The case (Az)-(?) is

analogous.

Case (1R)-(1L):

YX>I'FA
F1 (1R) 1,T'HA ((15)
I'-B cu reduceto L >T'FHA

clearly W(II,r) = W(XZ, ) + 1 hence conclusion follows trivially.

Case (sp)-(m): "
“>THA e A" AFB
rria °P) 407 B g")
T, AF B v

18



Chapter 1. Soft Linear Logic

reduces to:
>THFA A AMEB

>THA r»-1) A A+ B
™) A+ B
IT,AF B

(cut)

(cut)

(m)

W(IL,7r) = rW(Z,7) + 1+ W(O,r) while W(II',r) = nW(Z, ) +W(O, ), since r > rk(II) > n
we have: W(II,r) > W(IT', r).

Case (sp)-(sp):

SeTHA O AAFB S>TFA ©>AAFB
Tz P TZiariE ((st’;) LAFB o (cut)
T, 1A FIB U reduces to T, IAFB \°P

W(IL,7r) = rW(S,r) + 1 + rW(©,7) + 1 while W(IT',r) = r(W(Z,r) + W(©, 7)) + 1, hence
clearly: W(II,r) > W(IT', ).

Case (— R)-(—o L):

Bel,AFB o ©10AFA 6,05 B MK C

— (—o
rra-p (°f) B,A=B,AFC
T,AL A FC v

(- L)

reduces to:

1> MiFA ZeTARE
T,Ai,F B U @y B, AL FC ,
T,AL, A FC (cut)

W(IL7r) =W(Z,7)+ 1+ W(O1,r) +W(O2,r) while W(IT',r) = W(Lq1,7) +W(Z2,7) + W(O,T),
hence clearly: W(II,7) > W(IT, 7).

Case (QR)-(®L):

oA 22>P2|—B(®R) O AABEC
r','y-FA®B ANARBRFC
I',I'y), ARC

(®L)
(cut)

reduces to:
Yo>IhFB ©p>AA BEC

S, >T A I‘z,A,AI—C( )
T, 05, AFC cu

(cut)

19



Chapter 1. Soft Linear Logic

W(IL,7r) =W(Zq,7) + W(E2,7) + 1 +W(O,r) while W(IT',r) = W(q1,7) +W(Z2,7) + W(O,T),
hence clearly: W(II,7) > W(IT',r).
Case (&R)-(&L):

“weI'HFA Y,>TFHB
'+ A&B

> A AFC
(&FR) A, A&BF C (&Ln)

T,AFC (cut)

reduces to:
1>I'FA OG> AAFC

T,AFC

(cut)

W(IL,7r) = W, 7) + W(E2,7) + 1 + W(O,r) while W(IT',7) = W(Zq,7) + W(O, ), hence
clearly: W(II,r) > W(IT', ).

Case (VR)-(VL):
N>THA © > A[C/a],A+ B
TFvaa (B Va.A, A+ B (VL)
T AF B (cut)

reduces to:
Y[C/a)>TF A[C/a] ©> A,A[C/a]- B

T,AF B

(cut)

where X[C/a] denotes a derivation obtained by X substituting every occurrence of a by
the formula C, clearly W(X[C/al,r) = W(Z, 7).

Then, W(IT,7) = W(E,r) + 1 + W(O,r) while W(II',r) = W(Z,r) + W(O, r), hence clearly:
W(II,r) > W(IT', 7). O

A direct consequence of the above lemma is the following theorem.

Theorem 2.
A proof II reduces, via cut elimination, to normal form in at most |1'I|d(H)Jrl steps

of aziom and symmetric reductions.

Proof. By Lemma [I] and Lemma |

The above theorem gives an upper bound on the cut elimination complexity. The
complexity becomes polynomial in the size of the proof once the degree is fixed. From a
complexity point of view, this is not problematic since, as we will see in the next section,

the degree can be considered as a program property.
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Chapter 1. Soft Linear Logic

1.4. PTIME Completeness

The proof that deterministic Turing machines deciding problems in polynomial time in
the size of the input can be represented by proofs in Soft Linear Logic is quite involved.
Moreover, in the next chapter a similar proof will be detailed. For these reasons, here
we only briefly sketch the main expressivity properties that make Soft Linear Logic
complete for PTIME.

Firstly we recall that Lafont in [Lafont, 2004] introduces a programming discipline for
Soft Linear Logic which consists in representing programs by generic proofs and data
by homogeneous proofs.

Let the symbol = denotes definitional equivalence. If N = Va.!(a —o a) o o —o a then

natural numbers are definable by homogeneous proofs deriving the sequent:
FIN

Polynomials in one variable are sufficient to our scope. For technical reasons instead
of polynomials Lafont has introduced a notion of polynomzial expressions, terms built
from natural numbers and a variable X, using addition and multiplication. The notation

A™ is extended to polynomial expressions:
AX =14 APTQ = AP @ A9 APQ = (AF)@

Polynomial expressions are in one to one correspondence with polynomials in Horner
normal form, i.e. of the form ap+ X (a1 +X(---(an_1+Xay,)---). If P is a polynomial
expression we denote by §(P) its degree. The formula representing natural numbers can
be extended to polynomial expressions, i.e. N(P) = Va.(a —o a)f —o a —o a. Note that
N(X) = N.

The following theorem assures that all polynomial expression can be represented in SLL.

Theorem 3. If P is a polynomial expression, there is a generic proof for the se-

quent:
NCP) - N(P)

The above theorem corresponds to a polynomial iteration principle for Soft Linear
Logic. Booleans and boolean strings are definable in SLL by proofs of the following

formulae:
B =Va.(a&a) < a S =Va.!l((a — a)&(a o a)) o a o«

We refer to |[Lafont, 2004] for the definition of Turing machine configurations. Here we

only recall the PTIME completeness theorem for SLL.
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Chapter 1. Soft Linear Logic

Theorem 4. If a predicate on boolean strings is computable by a Turing machine
in polynomaial time P(n) and in polynomial space Q(n), there is a generic proof for

the sequent:
g(deg(P)+deg(Q)+1) - B

which corresponds to this predicate.
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2. A Soft Type Assignment system for
A-Calculus

2.1. Introduction

In this chapter we present a type assignment system for A-calculus inspired by Lafont’s
Soft Linear Logic |[Lafont, 2004]. We start by considering a naive decoration of SLL which
lacks the subject reduction property. Here, subject reduction is an important property
since we would use the typing to assure the complexity bound on terms reductions.
Hence after a finer analysis of the failure of subject reduction in the naive decoration we
propose the Soft Type Assignment system (STA).

The idea underlying the introduction of STA is to design a system where terms are built
only by substitutions replacing variables occurring once. We show that STA enjoys the
subject reduction property and that types can be effectively used to assures complexity
properties on A-terms. Finally we shows that the terms typable in STA are sufficient to
define Turing machines working in polynomial time and space.

2.2. Soft Linear Logic and A-calculus

In this section we recall the naive decoration of Soft Linear Logic presented in
[Mairson and Terui, 2003]. This system has the problem of lacking the subject reduc-
tion property. In order to better understand this problem we analyze the different ways
terms can be built up through applications of rules involving substitutions, in particular

applications of the cut rule.

2.2.1. SLL,: a naive decoration of SLL

In [Mairson and Terui, 2003] the authors have proposed the system depicted in Table
[2.1] as a technical tool for studying the expressive power of SLL. We call such a system
SLLy. It proves sequents of the shape:

].—‘l—LMiA
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Chapter 2. A Soft Type Assignment system for A-Calculus

Axiom and Cut:
'L N:A x:AAFLM:B

(42) T Ao MN/x]: B

X: AL x: A (cut)

Multiplicatives:

'L N:A x:B,AFLM:C I‘#A(_OL) I'x:A+pLM: B
Iy*:A— B,Abp MyN/x]: C L AxM: A—oB

(— R)

Exponentials:

I'xi:A,...,xp: AL M: B (m) LM A
I'x Ay Mx/x1, - ,X/%,) : B T b, M:A (sp)

Quantifier:

I'x:AB/a]FLM: C F'FLM:A a¢FTV(D)
Nx:VaAFLM: C (VL) 'y M:Va.A

(VR)

(*) y is a fresh variable

Table 2.1.: SLLj
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Chapter 2. A Soft Type Assignment system for A-Calculus

where M is a A-term, A is a Soft Linear Logic formula and I" is a context.

In this thesis we will consider only some basic notions about the A-calculus. The reader
interested in a complete treatment can refer to [Barendregt, 1984].

A context is a finite set of type assignments of the shape x : A, where x is a variable and
A is a Soft Linear Logic formula. Variables in a context are all distinct. By an abuse of
notation, we will denote contexts by I', A, as for SLL contexts. If I' = {x; : A1, ..., Xy :
Ay}, then dom(T') = {x1,...,Xn}, 1g(T') = {41,... A,} and !T' denotes the context {x; :
A1, ..., %, 1A}, T'#A denotes the fact that dom(I') N dom(A) = @. Derivations in
SLLjy are denoted by II,%,©. II > I' i, M : 0 denotes a derivation II with conclusion
I'bg, M: o while ;, M: o is a short for 0 ¢, M : 0.

Note that the side condition I'#A in rule (— L) and (cut) is necessary in order to avoid
free contractions. In general we will omit it when it is clear from the context.

A fundamental notion in a type assignment system is typability.

Definition 3.

A X-term M is typable in SLLy if and only if there exists a derwation II with
concluston ' 1, M : A for some formula A and some context I' such that FV (M) C
dom(T").

We assume the above notion tacitly extended to other systems presented in the sequel.
We can now understand in which sense SLLy is a decoration of Soft Linear Logic.

Lemma 3.

The sequent A1,...,A, F A 1s provable in SLL if and only if there exist a term
M such that FV(M) C {x1...,X,} and M s typable in SLLy by a deriwation with
conclusion x1 : A1,...,Xn : Ap FL M A,

Proof. Easy since there is a one-to-one correspondence between Soft Linear Logic rules
and SLL) rules. O

SLL) considered as a type assignment system where types characterize, beside the
correctness of terms, also the term reductions complexity, suffers of the failure of an
important property: subject reduction. Let us give a detailed analysis of the problem.

2.2.2. The lack of the Subject Reduction Property

In what follows it will be useful to distinguish between three classes of SLLj derivations.
Consider a derivation IT in SLL) with conclusion I' b, M : A. The formula A can be
either modal or not. In the latter case we say that II is a linear derivation. Otherwise

we can distinguish two cases. If II can be transformed by commutations of rules in a
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derivation IT' ending by a rule (sp) then we say that IT is duplicable. Otherwise we say
that it is shareable. Note that in other words II is duplicable if it corresponds to a !-box
in the respective proof-net of SLL [Lafont, 2004].

In a decorated sequent calculus system, like SLL3, B-reduction is usually considered the
counterpart, in terms, of the cut rule of the logic. So consider an occurrence of a rule

(cut) as:
Nel'FLM:A Z>Ax:AFLN: B
I'AFL NM/x]: B

(cut)

We can split it in the following three distinct rules, according to the class of II:

DeT'FLM:A > Ax: AL N: B A not modal II linear
I'A b NM/x]: B

(L cut)

Il M:IC Ax:!\CH,N: B A=!IC T =!I T1I duplicable
TV, A b, NM/x] : B

o T'FLM:IC A,x:!ICHL,N: B A=!C II shareable
LA L NM/x]: C

(D cut)

(S cut)

where L, D and S are shorts for Linear, Duplication and Sharing respectively.
The failure of the subject reduction property is due to the fact that, (S cut) can break
the correspondence between cut elimination and B-reduction. Let us show it by an

example.

Example 1. Consider the term M = y((Az.sz)w)((Az.sz)w). A possible type deriva-
tion II for M wn SLLjy 1s:

Y>s:A—olBw: Aty (Az.sz)w:!B Opy:B—-oB-—-oC,x:!!Btpyxx:C
y:B—oB—oC,s:A—o!Bw: Aty yxx[(Az.sz)w/x] = y((Az.sz)w)((Az.sz)w) : C

(S cut)

where ¥ 1s the derivation:

z: Atz A r:!B}—Lr:!B(_OL)

s:A—olB,z: Aty sz:!B (= R) w:AtFpw: A r:!Brpr:B

s:A—o!Bly Az.sz: A—!B t:A—o!Bw:Ably tw:!B
s:A—olBw: Al (Az.sz)w:!B

(= L)
(L cut)

and © 1s the derwation:

X1:BbFp x1: B l:C’I—Ll:C’(_OL)
Xo: Bt x0: B r:B—OC,xlzBl—erlzc(_oL)
y:B—oB-—oC,xy:B,x1: BFyyxyx;: C
y:B—-oB—-oC,x:!!BFpyxx:C (m)
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Note that ¥ 1s shareable, in fact it cannot be transformed in a derivation ending
with (sp) rule since there is a non modal formula in the context, i.e. A —o!B. For
this reason the last application of a cut rule in Il is a (S cut). For similar reasons
the application of a cut rule in & is a (L cut).
Now, since

y((Az.sz)w)((Az.sz)w) —g y(sw)((Az.sz)w)

we want to type the reduced term in the same context
y:B—oB—oC,s:A—olBw: Al y((sw)((Az.sz)w): C
but wn fact it is not derwable in SLLy.

The technical reason is that, in II, there is a mismatch between the term and the
derivation in the sense that in M there are two copies of (Az.sz)w, while in IT there is just
one subderivation X with subject (Az.sz)w, and this is not duplicable, since in particular
A —o!B is not modal. So the two copies of (Az.sz)w must be treated in a non uniform
way.

We want to stress that if instead of using the (S cut) we use a (D cut), and we modify
the types according to this modification, the situation is different.

Example 2. Consider again the term M = y((Az.sz)w)((Az.sz)w). Another derivation
I1; for M in SLLy s:

L>s:(A—-oB),w!Aby (Az.sz)w:!!B ©p>y:B-—-oB-oC,x:!!Blbyxx:C

D
y: B —o B —oC,s:(A— B),w:!Ary y((Az.sz)w)((Az.sz)w) : C (D cut)
where ¥ 1s the derwation:
z:AFpLz: A r:B}—Lr:B(_OL)
s:A—oB,z: Al sz: B (= R) w:AbLw: A r:BI—Lr:B(_OL)
s:A—-o Bty Azsz: A—-oB t:A—oBw:Ablytw: B
(L cut)

s:A—-oBw:Aly (Az.sz)w: B
s:I(A — B),w:!AtFy, (Az.sz)w:!B

(sp)

and © 1s the derivation:

Xx1:BFpx1:B 1:ChHy,1:C L)
Xo: Bbp x9: B r:B—OC,xl:BI—erl:C(_OL)
y:B—oB—oC,x3:B,x1: Bl yxox; : C
y:B—-oB—-oC,x:!!BFpyxx:C (m)

Note that & 1s now duplicable. For this reason the last application of a cut rule in

IT) is a (D cut). In this case there is no problem in assigning the same type in the
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same context to the reduced term y(sw)((Az.sz)w). In fact let D =B —o B — C and
E = A — B. The term y(sw)((Az.sz)w) can be typed by the following derivation:

Yo sy :Ews:Abpsows: B ©1>y:D,xs: B,sy: Eyw : Abg, yxa((Az.s12)wp) : C
y:D,s;:E,w: A sy Ews: Al y(saws)((Az.s12)wy) : C
y:D,s:Ew : Awy: Aty y(sw)((Az.sz)wy) : C (m)
y:D,s:'E,w:!Aly y((sw)((Az.sz)w) : C (m)

where ©1 1s the derwation:
X1:Brpx1:B 1:CH,1:C

Xo: Bbp X0: B r:B—oC,x1:Bltprx;:C
Yy>sy: Byw Ay (Az.syz)wy - B y:D,x5: B,x1: Bbp yx3%1: C

L cut
y:D,xp: B,s1: E,w : Abyg yxo((Az.s12)wy) : C (L cut)
21 18 the deriwvation:
z:AFpz: A r:BI—Lr:B(_OL)
sle,z:Ai—lez:B(_oR) wiAFLw A r:BI—Lr:B(_OL)
s1: Bty Az.s1z: B t:E,w:Abptw : B
(L cut)

s1:E,w: Ay (Az.s12)w; : B

and Y5 1s the deriwvation:

wy:Abpw:A r:Bblpr:B
(— L)
Sg:E,WzZA"LSZWQZB

The problem described above is not new, and all the type assignment systems for
A-calculus derived from Linear Logic need to deal with it. Until now the proposed solu-
tions follow three different paths, all based on a natural deduction definition of the type
assignment.

The first one, proposed in [Ronchi Della Rocca and Roversi, 1997] based on Intuitionis-
tic Linear Logic, explicitly checks the duplicability condition before to perform a nor-
malization step. So in the resulting language (which is a fully typed A-calculus) the set
of redexes is a proper subset of the set of classical #-redexes.

In [Baillot and Terui, 2004] a type assignment for A-calculus, based on Light Affine
Logic, is designed where the modality ! is no more explicit. In fact there are two
arrows, a linear and an intuitionistic one, whose elimination reflects the linear and the
duplication cut respectively.

In [Coppola et al., 2005|, a type assignment for the A-calculus, based on Elementary
Affine Logic, is designed. There the authors use the call-by-value A-calculus, where the
restricted definition of reduction are reflected exactly in linear and duplication cut.
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All the approaches need a careful control of the context, which technically has been
realized by splitting it in different parts, collecting respectively the linear and modal
assumptions (in case of [Coppola et al., 2005 a further context is needed).

Here we want to explore a different approach. In SLL) there is not a direct correspon-
dence between typable terms and derivation structure, in fact the same term can be
typed by a plethora of derivations with different structures. Nevertheless, there is a
correspondence between such different derivations and the different ways of building the
same term. In fact this holds usually for every sequent calculus based type system for
A-calculus, in particular, in the presence of modality.

In SLLj the rules (cut) and (— L) build the subject by substitution while the rule (m)
can be used to collapse variables. Depending on the application of such rules we have
different constructions of the same term.

We call linear substitution the substitution acting on variables occurring once in the
term. Linear substitutions are at work in the (L cut) and they are sufficient for our
goals. In fact, a key observation is that we can always build a term by linear substi-
tution and by collapsing variables. So we can restrict the set of proofs, in such a way
that both sharing and duplication are forbidden, and terms are built by means of linear

substitutions only.

Example 3. Consider again the term y((Az.sz)w)((Az.sz)w) and let N; = (Az.s;z)w;
forie€{1,2}, D=B o B —oC and E = A — B. It can be typed by the following
derwation Ily:

Yob>sy:H,w: AL Ny B ©p>y:D,xs:B,s1: E,w1: AL yxoN,: C (L cut)
y:D,s;1:E,w: A sy Ewp: Al y((Az.s2z)we)((Az.s12)w1) = yNaoNp : C (m)
y:D,s:\Ew : Awa: Ay y((Az.sz)we)((Az.sz)wy : C (m) m
y:D,s:\E,wlAbFy y((Az.sz)w)((Az.sz)w) : C m
where &; for 1 € {1,2} s the deriwation:
z: Aty z:A r:Brpr: B
(— L)
s;: B,z: Aty s;z: B w,:Arpw;: A r:BbtLr:B
(- R) (— L)
s;: Bty Azs;z: B t:EBEw: Al tw;: B
(L cut)

s;: B,w; : Aty (Az.s;z)w; : B

and © 1s the derwation:

Xx1: Bty x3:B 1:ChHp,1:C

Xy : Bty x0: B r:B—oC,x1:Bltprx;:C

Y1 >s1:HBw:AFL Ny B y:D,xp:B,x3: BbFp, yxox1: C
y:D,xs: B,s1: E,w: AL yxoN; : C

(- L)
(- L)

(L cut)
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Note now that the reduced term y(sw)((Az.sz)w) can be typed in the same context

by replacing X1 in Il by the following derivation:

wi:AblpLw A r:Blyr:B
s1:E,w : Ay sywy: B

(= L)

In the Ezample[1] and Ezample[d the term y((Az.sz)w)((Az.sz)w) has been built by

the derwation II and II; as:

YXoX1[X/X1, X2][(Az.5Z)w/X]

while in the Ezample[d it has been built by the derwation Iy as:

yx1X2[(Az.512)w1 /x1][(Az.522)wa/X2][S/S1, S2][W/wW1, Wa)

In order to achieve our goal, we start from an affine version of Soft Linear Logic
and restrict the set of types to SLL formulae which are, in some sense that will be
made precise in the next section, recursively linear. Such restriction preserves subject

reduction since as we will see duplication is a derived rule.

2.3. The Soft Type Assignment System

In this section we present the Soft Type Assignment system (STA). STA assigns to
A-terms as types a proper subset of SLL formulae corresponding in some sense to “re-
cursively linear” formulae where the quantifier can be applied only to linear types. In
particular as a consequence of the analysis carried out in the previous section, STA is
such that the rules (—o L) and (cut) dealing with substitution are applicable only if the
type of the replaced variable is linear. So all terms are built through linear substitutions

and collapsing of variables.

2.3.1. The system STA

The set of types is a strict subset of Soft Linear Logic formulae.

Definition 4. Linear soft types and soft types are mutually inductively defined as:

A:i=a|oc—oA|Va.A (Linear soft types)
ou=Allo

The set of soft types is denoted by T.
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Axiom and Cut:

A 'FpN:A x:AAFpM:o T#HA
X:AI—TX:A( z) DA MN/X] o

(cut)

Multiplicatives:

I'tpN:io x:AAFTM: T THA
y*:0—o A AT MyN/x|: T

Nx:obpM: A
't AxM:0—o A

(— L) (— R)

Exponentials:

xy:0,..., X0k M7

Iyxobp Mx/xq, - ,X/Xp] 1 T
Quantifier:

I'x:AB/alFrM: 0o 'FrM: A a¢FTV(D)
Nx:VaAFrM: o (VL) 'pM:Va.A

(VR)

Weakening:

P}—TMiU
I‘,x:AI—TM:U(w)

(*) vy is a fresh variable

Table 2.2.: The Soft Type Assignment system.
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Type variables are denoted by a,(, linear soft types by A, B,C and soft types by
0, T, 4. In this chapter we usually omit the prefix “soft” and we simply write linear types
and types respectively. As usual the variable « in the type Va. A is said bound and types
will be considered modulo renaming of bound variables. o[A/a] denotes the capture free
substitution in ¢ of all occurrences of the type variable a by the linear type A. FTV (o)
denotes the set of free type variables of 0. As usual —o associates to the right and has

precedence on V, while ! has precedence on everything else. In what follows V&.A is an

each type has the shape I"Va.A.

Terms are considered modulo renaming of bound variables. Variables are ranged over by
X,Y,Z,... and A-terms are ranged over by M,N,P,... As usual, FV(M) denotes the set of
free variables of the term M. n,(x,M) is the number of free occurrences of the variable x
in the term M. The symbol = denotes the syntactical equality both for types and terms,
modulo renaming of bound variables.

A context I is a set of type assignment assumptions of the shape x : o, where all variables
are different. By abuse of notation contexts will be ranged over by I', A. dom(T') and
FTV(I') denotes respectively the set {x | 3x : o € I'} and the set {a € FTV(o) | Ix :
o € T'}. I'#A denotes the fact that dom(I') Ndom(A) =0. Let I' = x;1 : 01,...,Xy : Op,
then 'I' denotes the context x; :lo1,...,x, lo,.

STA proves sequents of the shape:

P}—TMZO'

where I' is a context, M is a A-term, and o is a soft type. The rules defining STA are
depicted in Table Derivations in STA are denoted by II,Z,®. II > ' Fpr M : o
denotes a derivation II with conclusion I' 1t M : 0. Moreover, - M : ¢ is a short for
OFrM:o.

It is worth noting that both the (Az) and (w) rules can introduce only linear types. The
(cut) rule corresponds, according to the classification given in the previous section, to a
linear cut. The rule (—o L) requires that the type of the replaced variable is linear. These
facts and the following lemma assure that all substitutions act on a variable occurring

at most once in the subject.

Lemma 4. T',x: AbpM: o tmplies ny(x,M) <1

Proof. By induction on the derivation proving I'yx : A b M : g. The base case is
trivial, the other cases follow directly by induction hypothesis remembering the side

condition on contexts of (cut) and (—o L) rules. O
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The following lemma will be useful in the sequel.
Lemma 5. TI',x : A7 M:lo implies x ¢ FV(M).

Proof. By induction on the derivation proving I',x : A b M :lo. The cases where the
last applied rule is either (Az), (— R), (VR) or (sp) are not possible. In the case the last
applied rule is (w), the conclusion follows trivially. In the cases where the last applied
rule is either (cut), (VL) or (m), the conclusion follows directly by induction hypothesis.
The case where the last applied rule is (—o L) follows by induction hypothesis noting
that the replaced variable is necessary linear. O

As usual for type systems including second order quantification STA enjoys some

substitution properties on types.

Lemma 6.
1. Tk M: o implies T[A/&] Fr M : o[A/d].
2. 'Fp M:Va.A implhiesT'Fp M: A.

Proof.

1. By induction on the derivation proving I' -t M : ¢. The base case is trivial. All
the other cases follow directly by induction hypothesis. We show as an example
only the case where the last rule is:

I''x:B[C/B]FrM:0o
x:VB.BFpM:o

(VL)

By induction hypothesis we have I'[A/d], x : B[C/B][A/d] bt M : o[A/d], which
can be rewritten as I'|A/d], x : B[A/&|[C[A/d]/B] Fr M : 0[A/d], hence by apply-
ing (VL) rule we obtain the conclusion:

T[A/d),x : B[A/Q][C[A/&]/B] Fr M: o[A)d]

= = = (VL)
I'[A/a],x: VB.B[A/d] Fr M: o[A/d]

2. By induction on the derivation proving I' - M : Va.A. Let the last rule be:
(Az)

x:VaAbr x:Va.A

it is easy to build a derivation as

x: Ala/a] br x: Ala/al
x:Va.Abr x: Ala/a]
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and so the conclusion. The cases where the last rule is (— R) or (sp) are not
possible, in the case where the last rule is (VR) the conclusion follows directly by
the assumption. In every other case the conclusion follows directly by induction
hypothesis. O

In what follows we need to identify the positions in a derivation where variables are
introduced. In order to do this we define the notion of a chainof xinII>I',x: 7Fp M: 0.
A chain will be used to remember the successive renaming of the assumptions which give
rise to the assumption x : 7. The notion of s-chain is necessary to deal with the particular

case of the replacement of a variable by another one in a cut rule.

Definition 5.
LetIIcx:7hkpM: 0.

e A chain of x wn II s a sequence of variables inductively defined as follows:

— Let the last applied rule of I1 be:

| AbrpP:7 z:AT'FpN:o
x:Abpx: A, I',x:AbpP:o or x:7—o AT, AT NxP/z]:0

Then the only chain of x s x itself.
— Let the last applied rule of II be:

IIioTy,x1:7,.., X :THD N: O
Ty, x 7 Fp N[X/X1, o0, X/Xge] 1 O

Then a chain of x in Il 1s every sequence xC, where C is a chain of x; in
II; for1<:<k.

— In every other case there 1s an assumption with subject x both in the
conclusion of the rule and in one of its premises ¥. Then a chain of x

in I1 is every sequence xC, where C 1s a chain of x in X.

e Let C be a chain of x in Il and let x; be the last variable of €. Then X s an

ancestor of x in II. ny(x,II) denotes the number of ancestors of x in II.

e y 15 an effective ancestor of x if and only if it is an ancestor of x, and moreover
every vartable z wn the chain of x ending with y occurs in sequent where z
belongs to the free variable set of the subject of the sequent. n.(x,II) denotes

the number of effective ancestors of x wn II.
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e A s-chain of x wn II s inductiwvely defined analogously to the chain of x in II
but the (cut) case:

I'FrM:A > A,z:AFpN:o (cut)
AT NM/z] 0

If M # x then an s-chain of x in I 1s defined as a chain of x in II, otherwise
an s-chain of x in Il is every sequence zC, where C 1s a chain of z 1n 1.

An s-ancestor s defined analogously to ancestor, but with respect to s-chains.

Consider the derivation II:

(Az) X1:Abpx1 A (Aa:()w)
Xs: AFpx3: A Xo: AXx1 :Abpx A
Xz A, Xt AT X3 A (cut)
x'AFpx: A m

Both x3 and x5 are ancestors of x in IT but only x3 is an effective ancestor. Analogously,
X1 and X» are s-ancestors of x in IT and x; is the only effective s-ancestor.

The following lemma follows easily from the previous definition.
Lemma 7. LetII>T Fp M: 0. Then Vx: ny(x,M) < n.(x,II) < ng(x,II).
Proof. Easy by induction on II. O

The notion of effective ancestor will be used in Section In what follows, we will

need to talk about proofs modulo commutations of rules.

Definition 6. Let II and II' be two derivations in STA, proving the same conclusion.:
I ~ II' denotes the fact that II' is obtained from Il by commuting some rule
applications, by erasing m rule applications, by inserting n < m applications of

rule (w), for some n,m > 0, and by renaming some variables.

The Generation Lemma connects the shape of a term with its possible typings, and
will be useful in the sequel.
In what follows M{z} and M{zQ} denote that z and zQ respectively occurs once in M.

Lemma 8 (Generation Lemma).
1. T'Fp Ax.M: 0 implies o =1*(Va.T —o A), for some T, A, 4,4.

2. II>T k7 Ax.P: 0 — A wmplies II ~» II', whose last rule is (— R).
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3. II>I'x:Va.T — Al M{xN}: o implies that IT is composed by a subderivation
Y., followed by a sequence § of rules not containing rule (sp), and the last rule

of & 1s:
DybFp Q7' Toyz: A'Fp P{z}: 0’

F11F21y : T/ — A’ l_T P{Z}[YQ/Z] : OJ

(= I)

where 7' = T[B/d], A' = A[B/d)], y is the only s-ancestor of x in I, for some
a

P,Q, ].—‘]_, ].—‘2, .é, ,O'I.

4. I > T bp M :lo implies T1 ~ II' where II' is composed by a subderivation,
ending with the rule (sp) proving IV k¢ M:lo, followed by a sequence of rules
(w), (L), (m),(VL), (cut), all dealing with variables not occurring in M.

5. IIp!l' by M:lo implies I1 ~ IT', whose last rule is (sp).

6. I>T Fkp AxM: Va.A implies I1 ~» II' where the last rule of II' is (VR).
Proof.

1. Easy, by inspection of the rules in Table

2. By induction on II. If the last applied rule is (—o R) then the conclusion follows
immediately. Otherwise consider the case where Ax.M = (Ax.N)[zP/y] and the last

applied rule is:

I'FpP:7 Zby:BIybFpAxN:oc—oA

(L)
z:7— B,I'1,I's Fp (Ax.N)[zP/y] : 0 < A
Then by induction X can be rewritten as:
Y1 >y:B Iy, x:0FbpN: A (= R)
y:B,Tobr AxN:0c o A
and the desired derivation IT’ is:
I'MFpP:7 Ziyp>y:BI'y,x:0obpN: A (= L)
o
z:7— B,I'1,T'9,x:0Fp N[zP/y]: A (< R)
—0

z:7—o B,I'1,['s b Ax.N[zP/y| : 0 < A

The cases where the last applied rule is either (cut), (VL) or (m) are similar. The
cases where the last applied rule is either (Az), (sp) or (VR) are not possible, while

the case where the last applied rule is (w) is trivial.

3. Easy by induction on II. If the last applied rule is a (—o L) rule introducing x then
the conclusion follows immediately. In every other case the conclusion follows by

induction hypothesis.
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4. By induction on II. In case the last applied rule is (sp), the proof is obvious. The
cases where the last applied rule is either (Az), (—o R) or (VR) are not possible.
Consider the case M = P[yQ/x] and the last applied rule is:

I'yFrQ: T >x:ATDskFpPilo
', o,y : T — Al PlyQ/x] :lo

(— L)

By induction hypothesis £ ~» ¥;, where ¥; is composed by a subderivation prov-
ing !A Fr P :lo, ending with a rule (sp), followed by a sequence § of rules (w),
(- L), (m),(VL), (cut), all dealing with variables not occurring in P. Since in
the conclusion x has a linear type, by Lemma [5, it can only be introduced by
the sequence 4, so in particular x ¢ dom(A). x does not occur in P consequently
P =P[yQ/x] =M, and the conclusion follows by applying the sequence § and by
some applications of the rule (w).
The case where the last applied rule is (cut) is similar to the previous one.
Consider the case where M = N[x/xy, ..., X/X,] and the last applied rule is:
2> AKX T, Xy i THED N O
A, x I Fp N[x/X, .., X/Xp] o

(m)

In the case x3,...,%, ¢ FV(N) the conclusion follows immediately. Otherwise by
induction hypothesis X ~» X1, where X; is composed by a subderivation proving
!A1 b N :lo, ending with a rule (sp), followed by a sequence § of rules (w), (—o L),
(m),(VL), (cut), all dealing with variables not occurring in N. Note that for each
x; with 1 < ¢ < n such that x; € FV(N) then necessary x; : 7/ € A; and 7 =!7'.

Let Ap be the context A; — {x; : 7/,...,%, : 7'}, then the conclusion follows by
the derivation:
Do,y :7 ..., Xp:T' b N: 0o
Ao, x M Fp N[x/X1, - ,X/X,] 10 (m)
Ao, x 17 o N[x /X1, -+ ,X/Xy] 1o (sp)

followed by a sequence d; of rules (w) recovering the context A from the context
As.

In case the last applied rule is (VL), the proof follows directly by induction hy-
pothesis. Also in this case it turn out that x ¢ FV(M).

5. By induction on II. The only possible cases are the ones where the last applied
rule is either (sp), (cut) or (m). The case where the last applied rule is (sp) is
obvious. Consider the case where M = N[P/x] and the last applied rule is:

AibFpP: A ZplAg,x: AbpNilo
1A1,!Ag b N[P/%] :lo

(cut)
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By the point 4 of this lemma ¥ ~» X; where ¥; is composed by a subderivation

ending as:
O> Az N:o
Ag bp N:lo (sp)

followed by a sequence § of rules (w), (— L), (m),(VL), (cut), all dealing with
variables not occurring in N. Since x has a linear type then, by Lemma [5] § needs
to contain a rule introducing it. Let §; be the sequence of rules obtained by § by
removing such a rule. Then the desired derivation IT' is ©, followed by 47, followed
by (sp).
Consider the case where M = N[x/xy, ..., X/X,] and the last applied rule is:
DA X T, Xy i THE N O (m)
A, x 7 b N[x/%1, ..., X/%,] ilo

If 7 =!7/, by induction hypothesis & ~» ¥, where ©; ends as:

(sp)

O Ax T, X :T b N:o
IA, xy M, X T B Nl

So the desired derivation IT' is ©, followed by a rule (m) and a rule (sp). In the
case 7 is linear, by Lemma |5, x; ¢ FV(N) for each 1 < i < n. Moreover by point 4
of this lemma, ¥ can be rewritten as:

21 DAl }_TNZO'
Ay Fp N:lo (sp)

followed by a sequence ¢ of rules, all dealing with variables not occurring in N. So
d needs to contain some rules introducing the variables xi,...,X,. Let ¢’ be the
sequence of rules obtained from § by erasing such rules, and inserting a (w) rule

introducing the variable x. The desired derivation I1’ is 3 followed by &', followed

by (sp).

6. By induction on II. Similar to the proof of point 2 of this lemma. O

2.3.2. Subject reduction

STA enjoys the subject reduction property. The proof is based on the fact that, while
formally the (cut) rule is linear, the duplication cut is a derived rule. To prove this, we

need a further lemma.

Lemma 9. II>T', x :!I"VAd.AbFp M: 0 where A # VE.B and y 1s an ancestor of x in II
imply that y has been introduced with type Va].A[é /az], for some (possible empty)

sequences a1, oz such that & = o, a;
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Proof. Easy by induction on II. O

Lemma 10. The following rule is derivable in STA:

PFrM:I"A x:1"A,AFpN:o TH#HA
AT NM/X]: o

(dup)

Proof. The case n = 0 is trivial, since (dup) coincides with the (cut) rule. So consider
the case n > 0. Let II and X be derivations with conclusion I' Fp M :!"A and x :I" A, A b
N : o respectively. By Lemma 4, IT can be transformed into a derivation II' composed
by a subderivation ending as:
I"e>IMbEpM: A
"M bp M:I"A

(sp)”

followed by a sequence § of rules dealing with variables not occurring in M. Without loss
of generality we can consider A = Va.B. Let the ancestors of x in X be x4, ...,X. By
Lemma [9] for each ¢ such that 1 < ¢ < m the ancestor x; has been introduced with type
V()Z.A[C—"i/a?], for some C;, OZ’: aZ’. By Lemma @, for each % such that 1 <17 < m there
are disjoint derivations I} > I, - M; : Vc;'i.A[C_"i /a_i’], where M; and I", are fresh copies
of M and I".

Then, for every ancestor x; introduced by an (Az) rule, replace such rule by II,. Now

consider every ancestor x; introduced by a (—o L) rule as:
D1 trQ:7(Ci/al] As,y: B(Ci/al]FaP:p
Ay, x; ¢ (T — B')[C;/all], Ay b PxiQ/y] : p

(— L)

where VaZ.A[C’Z/aZ’] = (1 — B’)[@/a?] and so |aZ| = 0. After this insert the rule:

I > T bp My« (1 — B)[C;/a] Ay, x;: (1 — B)[C;/a!], Ay Fr P[xQ/y] : 0
I, A',T'; Fr PM;Q/y] : o

(cut)

For every ancestor x; introduced by a (w) rule, just erase this rule. Moreover arrange
the context and the subject in all rules according with these modifications. Then replace
every application of a rule (m), when applied on variables in a chain of x in X, by a
sequence of rules (m) applied to the free variables of the corresponding copy of M. So
the resulting derivation © followed by the sequence § proves I', A -1 N[M/y] : ¢ and the

conclusion follows. O

The rule (dup) doesn’t correspond to a (S cut), in fact Lemma 84 and Lemma [8]5
assure that a derivation with the conclusion proving a modal type corresponds to a !-
box.

The above lemma allow us to freely use (dup) rule in what follows.
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Theorem 5 (Subject Reduction). If'FrM:0 and M —»g M thenT'p M : 0

Proof. By induction on the derivation © > I' Fp M : 0. The only interesting case is
when the last rule is (cut), creating the redex (Ay.P)Q reduced in M. So, without loss of
generality, consider the case M = N{xQ}[Ay.P/x] and the last applied rule is:

O>ThrkpAyP:A T Ax:Abp N{xQ}:0 TH#A
')A bp N{xQ}[Ay.P/x] : 0

(cut)

By Lemma [8]1, and by the constraint on the (cut) rule, A = Va.7 — B. By Lemma 8|3,
Y is composed by a subderivation 3, followed by a sequence J of rules not containing
(sp). 1 ends as:

©1>A Q7 O3> Ag,z: B FpN{z}: 0
Ay, %' i7" — B, Ag b N{z}[x'Q /2] : 0’

where 7/ = 7[C/d], B' = B[C/d] and x' is the only s-ancestor of x, for some
Ay, Ay, N, Q,0',C . By Lemma 2 and Lemma 6, I1 ~» II; where I1; ends as:
y:7FpP: B

'tpAy.P:7T—oB
I'kr Ay.P:Va.r - B

(~ R)
(VR)*

So by Lemma@l, there is a derivation IIs > I',y : 7/ 1 P : B’, since & are not free in I,
Without loss of generalities 7/ =!"A’ for some linear type A’. So we can apply the

derived rule (dup) obtaining a derivation ©3 ending as:

©1 > A b QI A A I, > 1",y A A Fo P B’
F, Al '_T P[Q’/Y] . B'

(dup)

Hence we can conclude:

©3>T,A1+rP[Q)y]: B ©3> Ag,z: B'Fp N'{z}: ¢’
I' Ay, A o N'{z}[P[Q'/y]/2] : 0

(cut)

and by applying the sequence of rules § the desired derivation @' can be built. O

The proof of subject reduction described above sets the correspondences between the
B-reduction mechanism and the cut elimination procedure. In particular G-reduction
corresponds to the usual small-step cut elimination procedure (local transformation
of the derivation) in case the bound variable has a linear type (there is no need of
duplication). Instead it corresponds to a big-step cut elimination procedure (global

transformation of the derivation in the style of natural deduction normalization) in case
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the bound variable has a modal type (a duplication of the argument is necessary).

A similar big-step cut elimination procedure, named g-protocol, has been described
in [Danos et al., 1997, [Danos and Joinet, 2003]| for classical logic and elementary linear
logic sequent calculus respectively.

Example (4] shows how the big-step cut elimination procedure works on the term
(Az.yzz)((Az.82)w).

2.4. Complexity

In this section we show that STA is correct and complete for polynomial time complex-
ity. We prove that, if a term M can be typed in STA by a derivation II, then it reduces
to normal form in a number of S-reduction steps which is bounded by |M|/4™+! where
|M| is the number of symbols of M and d(II) is the number of nested applications of rule
(sp) in I1. So working with terms typed by derivations of fixed degree assures us to keep
only a polynomial number of computation steps. Moreover, since the typing gives also
a polynomial upper bound on the size of terms that can be obtained by reduction, the
polynomial time soundness follows.

Moreover, we prove that STA is complete both for PTIME and FPTIME, using a rep-
resentation of Turing machine working in polynomial time by A-terms, typable in STA
through derivations obeying suitable constraints.

The idea behind this kind of characterization is that data can be represented by terms
typable by linear types using derivations of degree 0. We allow programs to duplicate
their data. Then, a derivation typing an application of a program to its data, in general,
can have degree greater than 0, but this degree depends only on the program. So, the
complexity measure is well formulated.

2.4.1. Complexity of reductions in STA
Definition 7. Let I1 be a derivation in STA. Then for every subderivation II' of II
ending as:

Y>I'FpN: A A,x:AI—TM:a(cut) Y>TFpNipy Ax:AbFpM:io
NAFpMN/X] o or Dyy:p—oAAFpMyN/x]:0o

(= L)

the subderivation & of II' is erasing if x ¢ FV(M).

SLL enjoys a polynomial time bound, namely the cut-elimination procedure is poly-
nomial in the size of the proof. This result holds obviously also for STA. But we need

something more, namely to relate the polynomial bound to the size of the A-terms. So
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we prove this result by defining notions of measures of both terms and proofs. Such
measures are an adaptation of that given by Lafont, where the subderivations that do
not contribute to the term formation, which we have called above “erasing”, are not

considered.
Definition 8.
e The size |M| of a term M is defined as |x| =1, |Ax.M| = [M|+1, |[MN| = M|+ |N|+1.
The size |II| of a proof I1 1s the number of rules in II.
e The rank of a rule (m) as:

' :7T,0., X :THETM: 0
Dx 7 bp M[x/X1,...,X/%p] 1 O

(m)

1s the number k < n of vartables x; such that x; € FV(M) for 1 <1 <n.
Let r be the the mazimum rank of a rule (m) in II, not considering erasing

subderivations. The rank rk(II) of IT s the maztmum between 1 and r.

e The degree d(II) of II is the mazimum nesting of applications of rule (sp) in

I1, not considering erasing subderivations,

e Let r be a natural number. Then, the weight W(II,r) of II with respect to r s
defined inductively as follows:
— If the last applied rule is (Az) then W(II,r) = 1.
— If the last applied rule 1is:

Z}DP,X:UI—TM:A( R)
—o
' AxM:0—o A

then W(II,r) =W(2,r) + 1.
— If the last applied rule 1s:
el bkrM:o
TrrMdo P
then W(II,r) = ri(XZ, 7).
— If the last applied rule 1is:

Y>I'FpN:A Opbx:AAFpM:0
DAFTMN/X] o

(cut)

then W(II,r) =W(%, r)+W(©,r)—1 i x € FV(M), W(II,r) =W(O, r) otherwise.
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T

— In every other case W(II,r) is the sum of the weights of the premises with

respect to r, not counting erasing subderivations.

he previously introduced measures are related each other as shown explicitly by the

following lemma:

Lemma 11.

Let

1.

2

3

4.

5

II>T'FpM:0. Then:

rk(IT) < || < |1,

(T, ) < r4Mw(TI, 1)

- W(IL, 1) = M|

x 1A €T implies ny(x,M) < ne(x,IT) < rk(II)4.

. I~ I smplies W(IT',r) < W(II, 7).

Proof.

1

. The first inequality follows directly by the definition of rank. The second one
holds because the constraints on the rules (cut) and (— L) assure that terms are
linearly built.

. Basy by induction on II. Note that by definition the weight is multiplied by r
only by instances of the (sp) rule, so the exponent corresponds to the degree of
the proof.

. By induction on II. The base case is trivial. Consider the case where II ends as:

YpIl'FpN:A Opx: AAFpN: 0O
(cut)
NAFpMN/X] o

By induction hypothesis W(X,1) = |N| and W(©,1) = M|. If x € FV(M) then by
Lemma [4] [M[N/x]| = |[M|+|N|—1 = W(©, 1)+W(Z, 1) — 1 hence the conclusion follows.
Otherwise |M[N/x]| = M| = W(©, 1) and also in this case the conclusion follows.
Consider the case where II ends as:
Y>T'FpN:ipy Op>x:AAFTM:0
Dyy:p—oAAFTMyN/x|:0

(— L)

By induction hypothesis W(2, 1) = |N| and W(©, 1) = |M|. If x € FV(M) then clearly
[M[yN/x]| = |[M| + |N| = W(®, 1) + W(X, 1) hence the conclusion follows. Otherwise
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MyN/x]| = M| = W(©,1) and also in this case the conclusion follows since ¥ is
erasing.

The other cases follows directly by induction hypothesis remembering that erasing
subderivations must not be counted.

4. The first inequality holds because the constraints on the rules (cut) and (— L)
assure that terms are linearly built and in particular that variable are linearly
introduced.

The second inequality can be easily proved by induction using Lemma [4| for the

base case.

5. The erasing of rules can decrease the weight while the commutation of rules and

the insertion of (w) rules leave the weight unchanged. O

The following lemma extends the weight definition to the derived rule (dup) by taking
into account the weight of the involved proofs.
Lemma 12. Let © be a derivation ending with the derived rule:

OoTkEM:I"A T x:!I"A/AFrN:o T#A
A NM/X]: 0

(dup)

Then, for every r > rk(II):
W(e,r) <W(IL,r) +u(x, )

Proof. The proof is analogous to the proof of Lemma but taking in consideration
how the weights are modified.

The case n = 0 is trivial, since (dup) coincides with the (cut) rule. So consider the
case n > 0. By Lemma 5, IT can be transformed into a derivation IT' composed by a

subderivation ending as:
N> M: A
mMEpM:iI™A

(sp)™

followed by a sequence § of rules dealing with variables not occurring in M. So by
Lemma [II}6 and by definition of weight since ¢ deals only with variable not occur-
ring in M: W(IT,7) = »"™W(II",r). In particular for each fresh copy II; of II" clearly
W(IT, r) =w(II’, r).

Now, consider ¢ =!*B. By Lemma 4 and Lemma 5 Y} can be transformed in a
derivation ' followed by 0 < k < n applications of rule (sp) and by a sequence of rules
dealing with variables not occurring in N. So in particular W(Z, ) = r¥w(X/, 7).
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Then, for every ancestor x; in ¥ the replacement by II/ increases the weight W(X',r) of
at most a quantity W(II',r). By definition of weight we are interested only in effective
ancestors, hence by Lemma [11]4:

Woe,r) rE(W(Z', 7) + ne(x, Z)W(IT", 7))
rRu(%, r) + rkrnrw(n”, r)
rRW(S!, r) + rPW(IIY, )

WX, r) +W(II,7)

VANVAN

Now we can show that the weight decreases when a B-reduction is performed.

Lemma 13. Let © >T'Fp M: 0 and M —g M. There is a derwation © > T o M : 0o,
with rk(©) > rk(©'), such that if r > rk(©’') then W(O',r) < W(O,r).

Proof. The proof is analogous to the proof of Theorem [5| but taking in consideration
how the weight are modified, using Lemma

We will use exactly the same notations as in the theorem. Note that a sequence of rule
0 not containing rule (sp) increment a weight of a constant factor ¢ which depends on 4.

So looking at the definition of weight and to the theorem we can state the following

(in)equalities:
We',r) = W(Osr)+W(Osr)+c—1
< W(O1,7)+ Wy, r)+W(Os,r)+c—1
= W, r)+W(Zy,7)+c—1
= W(II,r)+WZ,r) —1
< Wy, r)+w(z,r)—1
= W©e,r)

Finally the desired results can be obtained.

Theorem 6 (Strong Polystep Soundness). Let II >T' 1 M: o, and M B-reduces to
M in m steps. Then:

1. m S |M|d(H)+1
2. |Ml| < |M|d(H)+1

Proof.
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1. By Lemmal11]2, Lemmal[11]3 and by repeatedly using Lemma 13 since [M| > rk(II).

2. By repeatedly using Lemma there is a derivation & > I' ¢ M : o such that
W(Z,7) < W(II,7). By Lemma [11]3 [M'| = W(%,1). Since clearly W(Z, 1) < W(Z,r)
we have |M'| < W(II,7) and by Lemma [I1]2 the conclusion follows. O

Theorem 7 (Polytime Soundness). Let [I>T 1 M: o, then M can be evaluated to

normal form on a Turing machine in time O(JM|3(dM+1)),

Proof. Clearly, as pointed in [Terui, 2001], a 8 reduction step N —g N’ can be simulated
in time O(|N|?) on a Turing machine. Let M = Mg —g M1 —g - —p M, be a reduction
of M to normal form M,. By Theorem @2 M;| < M4+ for 0 < 4 < m, hence each
step in the reduction takes time O([M[>(@(™M+1)). Furthermore since by Theorem @1 n is
O(M[4™+1), the conclusion follows. m

Theorem [7| holds for every strategy. In fact analogously to [Terui, 2002] it could have
been formulated as a strong polytime soundness, considering Turing machine with an

oracle for strategies. We refer to [Terui, 2002] for further details.

2.4.2. Polynomial Time Completeness

In order to prove polynomial time completeness for STA we need to encode Turing
machines (TM) configurations, transitions between such configurations and iterators.
We encode input data in the usual way, TM configurations and transitions following the
lines of [Mairson and Terui, 2003] and iterators as usual by Church numerals.

We stress that we allow a liberal typing of terms. In fact we don’t request an analogous of
Lafont’s programming discipline, i.e. the distinction between programs as terms typable
by generic proofs and data as terms typable by homogeneous proofs.

Nevertheless, in order to make the bound in Theorem [6] polynomial, we show that each
input data can be typed through derivations with fixed degree. In particular we show

that they are typable with derivation with degree equal to 0.

Definability = We generalize the usual notion of lambda definability, given in
|[Barendregt, 1984], to different kinds of input data.

Definition 9. Let f : I} x --- x I, = O be a total function and let elements o € O
and i; € I;, for 0 < 7 < n, be encoded by terms o and i; such that A Fr o : O
and A; b i; : I;. Then, f s definable if, there exists a term f € A such that
Abq fiy--in: O and:
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In what follows the symbol = denotes the definitional equivalence. Moreover, as usual
M"(N) denotes the term inductively defined as M°(N) = N and M™*1(N) = M(M™(N)) for
every n € IN.

Composition  The composition of two terms M and N, denoted M o N is definable as
Az.M(Nz). In particular for composition we can derive the following rule:

'FpM:A—oB AbFpN:0—oA T#HA
I'N'AbFpMoN:o—oB

(comp)

Composition can be generalized to the n-ary case, denoted M; o My o - - - 0 M,,, definable
by the term Az.Mj(Ma(-- - (Mn2))).

Tensor product  Tensor product is definable by second order quantifier as
oQT=Va.(oc oT—oa)—oa
The constructors and destructors for this data type are definable as:
(M,N) = Ax.xMN let z be x,y in N = z(Ax.Ay.N)

The following are derived rules:

'reM:io AbpN:7 TH#A x:oyy:ThETM:p
AR (M,N):0Q®T I'Nz:o®@Thkrpletzbex,yinlM:p

n-ary tensor product can be easily defined through the binary one as follows:

01® - Q0, = (01® - ®0n_1)® 0,
(M]_, - ,Mn+1> = )\X.X(Ml, R ,Mn>Mn+1
let zbe x3,¥in M = z(At.Ax;.let t be X in M)

In what follows o™ denotes 0 ® --- ® 0 n-times. Note that, since STA is an affine
system, tensor product enjoys some properties of the additive conjunction, as to allow

the projectors.

Multiplicative Unit  The multiplicative unit is definable by second order quantifier as:
1=Va.a—oa
The constructors and destructors for this data type are definable as:
I=2xxXx let zbe I in M =zNM

The following are derived rules:

FI—TMiU
FrI:1 I''x:1FpletzbeIinM:o
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Church numerals  To encode natural numbers we will use Church numerals:
n = As.Az.s"(z)
Church numerals are typable by the usual SLL type for natural numbers
N =Valla oa)oa—oa

nevertheless we prefer, for reasons that will become clear, to introduce the following

more general notion of indexed type.
Definition 10. The indexed type N; for each i € IN s defined as:
N; =Va.!l'(a o a) oa —oa

Clearly N3 = N. We have introduced indexed types since they give more information

on the typing of terms than the usual ones. An example of this is the following lemma.
Lemma 14. For each Church numerals n and for each 1 > 0 € IN:
|_T n: Ni

Proof. By induction on n. We show only an example by considering how to type the

church numeral 2 with a generic index ¢ > 0.

Ziarrzia B Tiarr1:q (49
(= L) v (Az)
Ssra—oaq,z:abpsyzia l:al—lea(_oL)

s;ta—oa,Ssp:a—oa,z:abrsi(s:z):a ,

1 . ; (m)*

s!a—oa),z:abtrs(sz):a
s:(a—oa)br Az.s(sz):a—oa
Fr As.Az.s(sz) M(a —-a) oa—oa (VR)

Fr As.Az.s(sz) : Vol (a - a) - a — «

Iteration  As usual Church numerals behave as iterators. In fact we can define the
iteration N times of the term S (representing the step function) over the term B (repre-
senting the base function) as:

Iter(N,S,B) = NSB

Clearly for every Church numeral n:

Iter(n,S,B) —5 S"B
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moreover it is easy to verify that the following is a derived rule:

P}_TNIN All_TBIA Agl‘TSIA—OA
I'AL, Ay bp Iter(N, S,B) A

It is worth noting that in contrast with what happens in linear logic here the step
function is iterable only if it is definable through a term typable with type A — A for

some linear type A.

Polynomials  Successor, addition and multiplication are definable through the usual
terms [Barendregt, 1984].

Lemma 15. The term succ = Ap.As.\z.s(psz) defines the successor function and is
typable in STA as 1 succ: N; —o N;,1 for each 2 >0 € IN.

Proof. It is well known that succ behaves on Church numerals as a successor, so we
only need to show that it is typable in STA. This can be proved by induction on % using

the following derivation.

z:atrz:a l:abpl:«a

Ss:a—oalpsy:a—oa (sp)’ x:a—oaq,z:akFrxz:a l:akrl:a

S9 :!i(a—oa) Fr ss :!i(a—oa) sita—oq,x:a—ooa,z:abFrsi(xz):a

pl(a—oa)oa-—oa,s;!(a—oa)s :a—oaz:abty s (psz):a

p:N;, s (a—oa)s;:a—oa,z:abrsi(pssz):a

1

, : m
p:Njs2 a—oa)s; Pa—oa),z:abrsi(psyz):a )

, m
p:N;s:"(a—oa)z:abtr s(psz): a (m)

p:N;, s (a — a)Fr Az.s(psz) : a — a

p:N; Fp As.Az.s(psz) T (a < a) oa —oa
p:N;Fp As.Az.s(psz) : N;yg
Fr Ap.As.Az.s(psz) : N; — Ny

Lemma 16. The term add = Ap.Aq.As.\z.ps(qsz) defines the addition function and
1s typable in STA as bt add : N; —o Nj — Nyay(; j)41 for each 1,7 >0 € IN.

Proof. It is easy to verify that add behaves on Church numerals as the addition function,

so we only need to show that it is typable in STA. This can be proved by induction on
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1 and 7 using the following derivation where A = a — a.

m:abrm:a r:abpr:a

Sy:Abpsy: A sp)’ z:abtpz:a m:o,l: A Im: a
si:AFrsi:A . sy WAFpsy A P zioar:ALl: AFrl(rz): o

s, liArps, 1A P Q:PA oA s VAL Az abr1(gs:z): a

p:ltA —o A, q WA — A, sy :!iA, sy :FA z:abp psi(as2z) : a

p:N;,qg:WA o A, sy :!iA, Sa :!jA, z:abrpsi(as:z) : o

p:N;q:Nj,s1 VA sy VA z:alby psi(gs2z) :
p:N;q:Nj, s (max(ig) 4 g, max(ii) A 7z 2 o b psi(as2z) :
p:N;q:Nj,s :!max(i’j)HA, z:atrps(qsz) : o
p:N;,q:Nj,s Amax(2,7)+1 4 Az.ps(qsz) : A
p:N;,q: N, Fr As.Az.ps(gsz) 1m0+ 4 o A
p:N;,q: NjFp As.Az.ps(asz) : Npax(s,j)+1

) max(i,j) -min(i, )]

p: N; Fr Aq.As.Az.ps(qsz) : N; —o Nyax(i j)+1

Fr Ap.Aq.As.Az.ps(qsz) : N; — Nj — Ny j)41
O

Lemma 17. The term mul = Ap.Aq.As.p(qs) defines the multiplication function and
15 typable in STA as Frmul : N; —lUN; —o N;4; for each 1,7 >0 € IN.

Proof. It is easy to verify that mul behaves on Church numerals as the multiplication
function, so we only need to show that it is typable in STA. This can be proved by
induction on ¢ and j using the following derivation.

s:a—oafFps:a—oa

(sp)*

pl(a—oa)oa—oas:!(a—oa)lrps:a—oa

s:I(a—oa)krs:(a—oa) m:a—oabrm:a—oa

p:N;, sl (a—oa)Frps:a—oa

RY; 4t Y (5P)j .
p:VN;,s:!I"(a —oa)trps:V(ia—oa) m:a—oabrn

q:¥(a—oa)oa—oa,p:PN;,s:"(a—oa)krqps):a—oa

a:N;,p:¥N;, s (a—oa)kFpq(ps):a—oa

q:Nj,p:¥N; Fr As.q(ps) ! (a o a) oa —oa
a:Nj,p UN; Fr As.q(ps) : Niy;
q: N; B Ap.As.q(ps) WN; — Niy;
Fr AQ.Ap.As.q(ps) : N; —lN; —o Ny
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Note that the terms succ, add and mul cannot be typed using only the type N, in fact
this is the reason why we have introduced the notion of indexed types. We have chosen
to introduce indexed types instead of using a translation of STA into itself as done by
Lafont in the completeness proof for SLL because it is a more natural typing for such
usual A-terms. In fact for addition and multiplication Lafont in [Lafont, 2004] has used
proof-nets with underlying A-terms different from the usual one.

It should also be remarked that the above terms cannot be iterated as step function
through Church numerals iteration, indeed they can be typed only in a non uniform
way, i.e. using a type A — B with A # B.

Even if the terms succ, add and mul cannot be iterated, they can be composed to obtain

all the polynomials. Note that also the composition is not uniform.

Example 5. If we want to multiply two natural numbers we can use mul typed as:
Frmul : N —!N — Ny

If we want to multiply three natural numbers, we can wuse the term

Ax Ay Azmul (mul xy)z. Such term is typable by the following derwation:

Frmul : Ng —!!N —o N3 II>r: Ny —olIN — N3, x: N,y :IN,z:!IN Fp r(mulxy)z : N3
x:N,y:IN,z !N Fpmul(mulxy)z : N3
x:N,y:INFr Azmul(mul xy)z /N — Nj
x:NFp Ay Azmul(mulxy)z :IN —o!!IN — N3
Fo AxAy.Azmul(mulxy)z : N —o!N —o!!N — N3

where II s the following derivation:

O x:N,y:!!INFrmulxy: Ny Xb>r:Ny;—ol!N-—oNs t: Ny z:!'NFprtz: N3
r: Ny —olIN — N3, x: N,y :IN,z !N Fp r(mulxy)z : N3

© 1s the dertvation:

y:NFpy: N
y:INFpy:!IN o:Nygbpo: Ny
x:NFpx:N p:!IN — Ny, y:IN Fr py: No
Frmul : N —o!IN —o Nj q: N —!N — Ny, x: N,y :INFpgxy: Ny
x:N,y:INFpmulxy: Ny

and X s the deriwation:

z:NFpz:N
t:Nobpt: Ny uN—-oNzbkpu!N-—-oN3 z:IINFpz:IIN 1:Nzkg1l:Ng3
r: Ny —o!!IN — N3, t: Ny Fprt:!'N — Nj s :MN — N3,z "N 7 sz : N3

r: Ny —o!lIN — N3, t: Ny, z !N Fprtz: N3
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So wn particular the two occurrences of mul need to be typed by different types.
In the derivation we have assigned the type N —o!N —o Ny to the innermost and

Ny !N — N3 to the outermost one.

It is important to stress that the change of type as in the Example [5, in particular on
the number of modalities, does not depend on the values of data.
We can finally show that STA is complete for polynomials.

Lemma 18. Let P be a polynomzial in the variable X and deg(P) its degree. Then
there i1s a term P defining P typable as :

x 199N b1 P : Nogeg(p)11

Proof. Consider P in Horner normal form, i.e., P = ag+X(a1+X(- - (an—1+Xan) ).

By induction on deg(P) we show something stronger, i.e., for ¢ > 0, it is derivable:
Xo : Nuyxp NG, ., Xy (P9I "DING b P* 2 Ny(geg(pe)) s deg(Pr) 11

where P* = ag+ Xo(a1 + X1(- - - (an—1 + Xnan) - - - ) so conclusion follows using (m) rule
and taking : = 1.
Base case is trivial, so consider P* = ag + Xo(P’'). By induction hypothesis:

11 Niy o, Xy PSP DN b P Ny geg(P1) 4+ deg(P) 11
Take P* = add(ag, mul(xg, P')), clearly we have:
X0 : Niyx1 PNy, ..., %, HESP)=DHN, b P2 Ni(deg(P')+1)+deg(P)+1+1
Since deg(P*) = deg(P') + 1: it follows
X0 : Ni, x1 'Ny, ..., %y, 109(P)-UN,; b0 P* Ni(deg(P*))+deg(P*)+1
Now by taking 2 = 1 and repeatedly applying (m) rule we conclude

x 199PIN -0 P = P*[x/X1, -, X/Xn] : Nageg(p) 11 o

Booleans Let us encode booleans, as usual, by:
0 = Ax.Ay.X 1= Ax.Ay.y if x then M else N = xMN

By convention we use 0 and 1 for true and false respectively. They can be typed in

STA by the usual linear logic type for booleans:

B=Va.a—oa—oa
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It is easy to verify that the following are derived rules:

b e {0,1} 'btrM:o AbpN:o TH#A (BL)
I'krb:B Ax:Bbp if x thenMelseN: o

(BR)

With the help of the conditional we can define all the usual boolean functions

Lemma 19.

The terms And = Abj.Abs.if b; then by else 1, Or = Ab;.Abs.if b; then 1 else by
and Not = Ab;.if b; then 1 else 0 define the boolean conjunction, disjunction and
negation respectiwely. They are typable as:

FrAnd: B - B —< B FrOr:B—-B —-B Fr Not: B —-o B
Proof. Easy by using the derived rules (BL) and (BR). ]

Furthermore we have two terms defining boolean contraction and weakening respec-

tively.

Lemma 20.
The terms Cnt = Ab. if b then (0,0) else (1,1) and Weak = Ab.Ax.x define the
boolean contraction and weakening respectively. They are typable as:

FrCnt:B-B®B FpWeak : B — 1
Proof. Hasy. O

The above functions are useful to prove the following lemma.

Lemma 21. Each boolean total function f : B® — B™, where n,m > 1, can be
defined by a term £ typable in STA as 1 £: B™ — B™.

Proof. It follows easily by Lemma [20| and Lemma O

Strings  String of booleans can be encoded as:
[]=Ac.Az.z [bg, b1,...,bs] = Ac.Az.cbg(- - (cbpz)---)
where b; € {0, 1}. Boolean strings are typable in STA by the indexed type:
S; =Va.!'(B - a — a) — (a — a)

In particular for each n,z > 0 € IN the following is a derived rule:

(SiR)

bo : B,...,anBI—T [bo,...,bn] : S,;

In what follows we will use the following.
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Lemma 22. The term len = Ac.As.c(Ax.\y.sy) defines the function returning the
length of an input string. It is typable in STA with typing:

Frlen:S; - N;

Proof. Hasy. O

Turing Machine  We can define Turing machine configurations by terms of the shape
Ac.(cbho---ochl, cbfo---ocb’ Q)

where cbé o---ochl and cbjo--- o chl, represent respectively the left and the right
part of the tape, while Q = (b, - ,b,) is a n-ary tensor product of boolean values
representing the current state.

We assume without loss of generality, that by convention the left part of the tape is
represented in a reversed order, that the alphabet is composed by the two symbols O
and 1, that the scanned symbol is the first symbol in the right part and that final states
are divided in accepting and rejecting.

Definition 11. The indexed type TMY? for each i,q € N is defined as:
TM? = Va.l"(B — a — a) — ((a — a)? ® BY)
The above indexed type is useful to type Turing machine configurations.

Lemma 23. Let n € N. Every term Ac.(cb}o---ocbl,cbfo---ochl,(do,...,qn))
defines a Turing machine configuration. For every i > 0 such terms are typable in
STA as:

Fr Ac.(cb}o---ocbl, cbio---ochl,(qo,...,qs)) : TMP?

The initial configuration of a Turing machine is represented by a tape of fixed length
filled by 0 with the head at the begin of the tape and in the initial state Qp. The following
lemma shows how the initial configuration of a Turing machine can be obtained starting

from a numeral representing the length of the tape.

Lemma 24. The term Init = At.Ac.(Az.z, Az.t(c0)z, Qo) defines the function that,
taking as input a Church numeral n, gives as output a Turing machine with tape
of length n filled by 0’s in the initial state Qo = (o, .-.,qn) and with the head at
the beginning of the tape. For each i1 € N it 1s typable in STA as:

Fr Init : N; o TM?
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Proof. Hasy. O

Following [Mairson and Terui, 2003|, in order to show that Turing machine transitions
are definable we consider two distinct phases. In the first one the TM configuration is
decomposed to extract the first symbol of each part of the tape. In the second phase the
symbols obtained in the previous one are combined, depending on the transition func-
tion, to reconstruct the tape after the transition step. In order to type the decomposition
of a TM configuration we will use the type ID; defined as:

ID; =Va."(B—oa—oa)—o(a—oa)P’?®Boa—oa)®B®(B—a-—-a)®B®BY)
For the decomposition phase we have the following lemma.

Lemma 25. The term:

Dec = As.\c.let s(F[c]) be 1,r,q in let 1(I, Ax.I,0)
be t;,c;, b} in let r(I,Ax.I,0) be t,,c,, b} in (t;, t, ¢, bh, ¢y, b5, Q)

where F[c] = Abz.let z be g,h,i in (hiog,c,b) s typable as:
Fr Dec : TM; — ID;
Its behaviour is to decompose a configuration as:
Dec(Ac.(cbfo- - -ochl, cbjo- - -ochy,,Q)) =% Ac.(cbjo- - -ochh, cbio- - -ocb],, ¢, bf, ¢, bf, Q)
Proof. In order to type Dec it is convenient to have some type abbreviations:

A = a—oa D = (C—-C)®(C —C)®B?
B = B—oa—ou«o EFE = ARARBR®RBR® BRB®B?
C = A®B®B

and some term abbreviations:

= (ty,tc;,bh,cr,bh,q)

let x; be t;,c;, b} in let x, be t,,c,, b} in P
(I, Ax.1,0)

let 1N be tl,cl,bé in let x, be t,,C,,bj in P
= let 1N be t;,c;,bh in let rN be t,,c,,b} in P

== 0
Il
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F[c| is typable in STA by the following derivation II:
i:BFpi:B s:Abps: A
h:B,i:BFtrhi: A g:Abpg: A
h:B,i:B,g: AFprhiog: A c:BFpc:B
h:B,i:B,g: A,c:BFp(hiog,c):A®B b:BFtb:B
h:B,i:B,g: A, c:B,b:BbFg (hiog,c,b):C

z:C,b:B,c: Bbrlet zbe g,h,i in (hiog,c,b):C
b:B,c: Btr Az.let zbe g,h,i in (hiog,c,b): C - C

c: BFr Ab.Az.let z be g,h,i in (hiog,c,b) : B o C — C

It is quite obvious how to construct a derivation © > t; : A, t, : A,¢; : B,bé :B,c,
B,by:B,q:B" 1 P: E so, let ©; be the following derivation:

tl:A,tr:A,cl:B,bé:B,cr:B,bB:B,q:B" FpP: B
x,:C,t;: A,c: B,by : B,q: B" Fr let x, be t,,c,,b} inP: E
x:C,%,:C,q:B*"F1Q: E

and X be the following:

X:abrx:a

Frl:a—oa
X:albpx:ao x:BFprl:a—oa
FrI:a—oa FpAxI:B—oa—oa +Fp0:B
Fr (I,2x.1,0) : (¢ < a)® (B < a — a)® B)

Hence we have a derivation ¥; as:
>k N:C ©:6%:C%x.:C,q:B"FrQ: E
b N: C 1:C—-C)x,:C,q:B*" -t L. E
1:C—0C,r:C’—OC’,q:B”I—T1etleetl,cl,bé inM: E
z:DFpletzbel,r,qinM: E

and so we can conclude:
MI>c:BbFpFc]:BoC—oC
c'BFrF[c]!(B—-C—-C) Xi>z:Drpletzbel,r,qinM:E
s:!*(B—-oC —C)— D,c:""Blrplet sF[c]be 1,r,qin M: E
s: TM;,c "B tr let s(F[c]) be 1,r,q inM: E
s: TM; Fr Ac.let s(F[c]) be 1,r,q inM:'B - E
s: TM,; Fr Ac.let s(F[c]) be 1,r,q in M: ID;
Fr Dec : TM,; — ID;

To verify that Dec has the intended behaviour is boring but easy.
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Analogously for the combining phase we have the following lemma.

Lemma 26. The term:
Com = As.\Ac.let sc be 1,r, ¢, by, cp,br,q in
let §(b,,q) be b',q,m in (if m then R else L)b'q'(1,r, c;, by, Cp)
where R = Ab'.Aq.As.let s be 1l,r,c;,b;,c, in (cb’ o ¢b; o 1,r,q') and L =
Ab’.A\q’.As.let s be 1,r,¢;, by, ¢ in (1, b0 ¢, b’ o, q'), is typable as:
Fr Com : ID; — TM;

Its behaviour is, depending on the § transition function, to combine the symbols

returning a configuration as:
Com (Ac.(cb} o---ocbl,cb] o---0chl,c,b,c,bf,Q)
—% Ac.(cb’ o cbp o cbf o --- o bk, cb] o-- 0 cbl,, Q) 4f §(bp, Q) = (b',Q, Right)
or

—% Ac.(cb} o -+ o cbl,cbhocb’ocb]o---0chy,, Q) f §(b,Q) = (V,Q, Left)

Proof. In order to type Com it is convenient to have some type abbreviations:

A = a—oa D = BRARC®B®C
B = A®AQ®B? E = AQARCR®B®C®B®B?
C = Boa—oa F = BeB7®@B

and some term abbreviations:
M = ifmthenRelsel P = (1,r,c,by by, Q)
N = <1,I‘, Clibl;Cr> S = é<br1q>
Q = c,bogbol,r
Now let & be the following derivation:
b:Brpb':B g:AFprg:A b :Blrb:B g:Alpg: A
¢ :C,b:Bbtpcb: A ¢:C,bj:BbFpcb i A l1:AFp1: A
¢, :C,c;:C,b:B,b:B,1: A-pL: A

then we have the following derivation IIg typing R
X>c:Ccq:Cb:Bb:B,1:AFrQ:A r:Abpr:A
¢, :C,q:Cb:B,b:B,1: Ar: Atp (Qr): A® A q:Bltrpq B¢
¢, :Coc:Cb:B,b:B,1: A;r: Aq:Br(Qr,q): B
s:D,b':B,q : B?F7 let s be 1,r,¢, by, ¢, in (Q,r,q') : B
b’ :B,q : B¢t As.let s be 1,r,¢;, b, ¢ in (Q,r,q') : D — B
b’ : B Aq'.As.let s be 1,r,¢;,b;, ¢ in (Q,r,q') : B9 o D — B
Fr Ab’.Aq’.As.let s be 1,r, ¢, by, ¢, in (Q,r,q') : B—oB? - D — B
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analogously we have a derivation II;, with conclusion
FpL:B—-oB?—oD-—oB

Now let IT be the following derivation:

[t R:B—oB? oD -—-oB IlypkpL:B-—-oB?—-oD-—oB
m:BFpifmthenRelseL:B—oB?—-oD —oB

Furthermore, let I' = {1: A,r: A,c; : C,b; : B, c, : C}, then there is a derivation Xy
with conclusion: I' Fp N : D. Hence it is easy to construct a derivation © > m: B,b’ :
B,qd : B4, T' br Mb'g'N : B. By Lemma [21] there is a derivation ¥z with conclusion:
b, :B,q: B?F1 S: F. Hence we can conclude:
©>m:B,b:B,q : B I'r Mb'g'N: B
Yr>b,:B,q: B¢ S:F z:FTI'tgletzbeb,q,minMb'gN: B
r:Crkpr:C b, :B,q: B4, Ty let Sbe b/,q/,min Mb'q'N : B
r:'"C bpriC z:Etrlet zbeP in let Sbe b’,q,min Mb'g'N: B
s:1*'C — E,c:"C Fr let sc be P in let Sbe b/,q/,m in Mb/g'N : B
s:ID;,c:1"C b let sc be P in let Sbe b/,q’,m in Mb'g'N: B
s : ID; Fr Ac.let sc be P in let S be b/, ¢/, m in Mb/q'N :I'C — B
s :ID; b1 Ac.let sc be P in let S be b’,q’,m in Mb’g'N : TM;
Fr As.Ac.let sc be P in let S be b/,q’,m in Mb'g'N : ID; —o TM;

Again, checking that Com has the intended behaviour is boring but easy. O

By combining the above terms we obtain an entire Turing machine transition step.

Lemma 27. The term Tr = Com o Dec defines a Turing machine transition step
and 1s typable as:
Fro Tr : TM; — TM,

Proof. Easy, by Lemma [25| and Lemma O
We need a term that initialize a Turing machine with an input string.

Lemma 28. The term
In = As.Am.s(Ab.(Tb) o Dec)m

where T = Ab.As.Ac.let sc be 1,r,c;,b;,cr,b,,q in Rbq(l,r,c;,b;,c.) and R =
Ab’.A\q’ . As.let s be 1,r,¢;, b, ¢, in (c,b’ o ¢by o 1,r,q'), defines the function that,
when supplied by a boolean string and a Turing machine, writes the input string

on the tape of the Turing machine. Such a term is typable as

FpeIn:S — TM,; — TM;
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Proof. Similar to the proof of Lemma Note that for the term T we have the typing:
FTTiB—OIDi—OTMi. o

Finally we need a term that return the acceptance or not of a final configuration.

Lemma 29. Let f be a function deciding if a state is accepting or rejecting. Then
the term:
Ext = As.let s(Ab.Ac.c) be 1,r,q in £(q)

defines the function that giwven a Turing machine configuration returns 0 if it is

accepting, 1 otherwise. It is typable in STA as:
Fr Ext: TM; - B
Proof. Easy. Note that the existence of the term f is assured by Lemma O
Now we can show that STA is complete for PTIME.

Theorem 8 (PTIME Completeness). Let a decision problem P be decided in
polynomial time P, where deg(P) = m, and in polynomial space Q, where deg(Q) =,
by a Turing machine M. Then it s definable by a term M typable in STA as:

S :!ma:c(l,m,l)—l—ls FoM: B

Proof. By Lemma sp :!™S Fr Pllens, /x| : Nop,q1 and sq NS b Qlens,/z] : Nogjyq.
Furthermore, by composition:

s:8S,q: Noyy1,p: Nopyr Fr Ext(pTr(Ins(Init(q)))) : B
so by (cut) and by some applications of (m) rule the conclusion follows. O

Without loss of generality we can assume that a Turing machine stops on accepting
states with the head at the begin of the tape. The following lemma shows that the
function extracting the output string from the final configuration is easily definable.

Lemma 30. The term:
Extp = Asc.let sc be 1,r,q inr

defines the function that given an accepting Turing machine configuration extracts

the result from the tape. It is typable in STA as:

Fr Exty : TM; — S;
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Proof. Hasy. O
So we can conclude that STA is also complete for FPTIME.

Theorem 9 (FPTIME Completeness). Let a function F be computed in polyno-
mial time P, where deg(P) = m, and in polynomial space Q, where deg(Q) =1, by a
Turing machine M. Then 1t is definable by a term M typable in STA as:

!maz(l,m11)+1s I—T M : SZl-‘rl

Proof. Similar to the proof of Theorem [8 but using Extg. By Lemma Sp ™S b
Pllens,/x] : Napm41 and sq NS Fop Q[lens,/z] : Ngj41. Furthermore by composition:

s:8,q:Ng1,0: Nopmyy Fr Exte(pTr(Ins(Init(q)))) : Saqs

so by (cut) and some applications of (m) rule the conclusion follows. O
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3. Soft Type Assignment systems in
Natural Deduction style

3.1. Introduction

In this chapter we present two Natural Deduction versions for the Soft Type Assignment
system presented in Chapter

Firstly, we introduce the system STAy and we consider the equivalence between STAy
and STA. We prove that the two systems are equivalent with respect to typability power
and also with respect to complexity properties. In fact, we show that for every STAy
derivation there is a STA derivation, with the same conclusion and measures, and vice-
versa.

Then we introduce the system STAy, a natural deduction systems where contexts are
multisets. STAp differs from STAy since multisets allow the reuse of variable names
and avoid the use of rules renaming variables in the subject. We prove the equivalence
between STApy and STAy. Derivations in the two systems have the same structure,
and so the same complexity properties, but the proof involves some technicalities. To
overcome to some of them we introduce as a technical tool a further system where

contexts are lists.

3.2. A Natural Deduction version of the Soft Type
Assignment system

In this section we present the system STAy. To make the treatment complete, we
consider the equivalence between STAy and STA and we prove it in two steps.

Firstly, in a standard way, we prove that the two systems are equivalent, with respect
to typability power. This equivalence is not sufficient. In fact the complexity bound
expressed by Theorem |7}, which we would adapt to terms typable in STAy, depends, not
only on types and terms, but also on the type derivation structure.

For this reason, as a second step, we show that the measures defined over STA derivation
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Axiom and Weakening:

x:AI—Nx:A(Am)

'yM:o
I''x:AFyM:o

(w)

Multiplicatives:
I'kyM:o—oA AFgN:o P#A(_OE) I'x:obyM: A
AFNMN: A I'Fy AXxM:0—o A
Exponentials:
I'Nx1:7,..., X :THENM: 0 (m) I‘I—NM:U(S)
Dyxrm by Mx/x1,- - ,X/%p] 1 0 Ty M:lo P
Quantifier:
F'FyM:Va.A 'FyM:A a¢FTV(D)
VE
Tint:A4B/a D) Tinivad D)

(—

I)

Table 3.1.: Natural Deduction version of STA.
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in Section [2.4| can be straightforward defined over STAy derivations. Hence we extend
the proof of the equivalence between the two systems by considering measures over
derivations.

In Chapter [5| STAyx will be used as the core for a language characterizing polynomial

space computations.

3.2.1. The system STAy
STAy proves sequents of the shape:
'yM:o

where T' is a context, Mis a A-term and o € T is a soft type as defined in Definition[d The
rules defining STAy are depicted in Table STAy contexts are defined analogously
to STA contexts. For STAy contexts and derivations we will use the same notation used
in Chapter [2| for STA contexts and derivations respectively. We hope that it will be
clear from the context which system we refer to.

STAy enjoys the following standard properties for a natural deduction system.
Lemma 31.

1. TN M: o implies FV(M) C dom(T).

2.TFyM:o0, ACT and FV(M) C dom(A) tmply AFxM:o.

S T'kFyM:oand'CA imply Ay M: 0.

Proof.
All the three point can be proved by induction on the derivation proving I' by M : 0.
Base cases are trivial, the others follow directly by induction hypothesis. O

In order to prove in an easy way the equivalence between STA and STAy it will be

useful the following weaker form of the Substitution Lemma.

Lemma 32 (Linear Substitution Lemma).
LetT'x : ANy M: 0 and A by N: A where T'#A. Then

IAFNMN/X] o

Proof. By induction on the derivation IT proving I',x : A Fx M : 0. The base case is
trivial. The case where II ends by (sp) rule is not possible. The cases where II ends
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either by rule (—o I), (m), (VI) or (VE) follow directly by induction hypothesis. The case

where II ends as:
I'tyM:o

I‘,x:AI—NM:U(w)

follows trivially by Lemma [31]2. Let now II ends as:

Fll—NMliT—OB ].—‘zl_NN/:T Fl#Fg
P]_,].—‘g I—N M'N' : B

(— E)

then by the side condition I';#I's either, x : A € T'; and x ¢ FV(N), or x : A € '3 and
x ¢ FV(M). In the first case by induction hypothesis we have A,T'; by M[N/x] : 7 — B
so by applying a (— E) rule we conclude: A,T';,Ts by W[N/x]N' = (M'N')[N/x] : B. In
the second case by induction hypothesis we have A,T's by N'[N/x] : 7 and by applying a
(—o E) rule we conclude: A,T';,T's Fy WN'[N/x] = (M'N')[N/x] : B. O

3.2.2. Equivalence between STAy and STA

We would now prove the equivalence, with respect to the typability power, between
STAy and STA. The following lemma shows that STAy has at least the same typability
power as STA.

Lemma 33.

I'tpM:o tmplies'FyM: o

Proof. By induction on the derivation I proving I' Fp M : . Base case is trivial.
The cases where II ends either by rule (w), (— R),(m), (sp) or (VR) follow directly by
induction hypothesis. The case IT ends by the (cut) rule follows directly by Lemma
Consider the case II ends by the rule:
I'tpN:T x:AAFTP:C
Iy:7—o A AFpPlyN/x]: 0

(- L)

By induction hypothesis we have a derivation with conclusion I' -y N : 7 hence we can
construct a derivation ending as:

y:T—OAI—Ny:T—OA(Am) 'y N:T
y:T—oAFNYN: A

(— E)

and since by induction hypothesis we also have x : A, A Fx P : o, by applying Lemma
[32 the conclusion follows.
Consider the case II ends by the rule:
Ix: AB/albrM:0o
I''x:Va.AFrMN:o

(VL)
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By induction hypothesis we have a derivation with conclusion I',x : A[B/a] Fy M : o

and since we also have a derivation ending as:

x:Va.AFyx:Va.A (‘El;;)
x:Va. Aty z: A[B/qa]
by applying Lemma (32| the conclusion follows. O

Moreover, the following lemma shows that STA has at least the same typability power
as STAy.

Lemma 34.

I'tyM:0 tmpliesT'Fp M: o

Proof. By induction on the derivation II proving I' Fy M : 0. Base case is trivial.
The cases where IT ends either by rule (w), (—o I),(m), (sp) or (VI) follow directly by
induction hypothesis.

Consider the case II ends by the rule:

AFyP:7T—o A PI—NN:T(
I'AFnyPN: A

—OE)

By induction hypothesis we have derivations with conclusion A Fp P : 7 —o A and

' N : 7 hence we can conclude by constructing a derivation ending as:

'k N:T x:Al—Tx:A((ff)L)
AbpP:7T—oA T,y:7—oAbpx[yN/x]:0 :
T,AFpPN: A (cut)

Consider the case IT ends by the rule:

'y M:Va.A
I'FnM: A[B/a]

(VE)

By induction hypothesis we have a derivation with conclusion I' Fr M : Va.A hence we
can conclude by constructing a derivation ending as:
x: A[B/a]tr x: A[B/q]
'krM:Va.A x:Va.Abox: AB/al
I'FrM: AB/a]

(VL)
(cut)

Then, we can prove the following theorem.
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Theorem 10.
'tpM:io < T'tyM:0o
Proof. By Lemma [33| and Lemma i

By the above theorem it follows that also for STAy they hold the substitution and
the subject reduction properties.

Lemma 35 (Substitution Lemma). Let I'x : Ty M : 0 and A by N : 7 where
I'#A. Then:
IAFNMN/X] o

Proof. By Theorem [10] and Lemma O
Theorem 11 (Subject Reduction). IfT'FyM:o andM —g M then'Fxy M : o

Proof. By Theorem [10] and Theorem |

3.2.3. Measure Equivalence

The relation between STA and STAy goes beyond the equivalence stated by Theorem
Here, we show that the measures defined over STA derivations in Section can
be equivalently defined over STAy derivations. So, the equivalence between STA and
STAy can be reformulated considering also this measures. In fact, the results that follow

are the analogous of the results of the previous section where measures are considered.
Definition 12.

e The rank of a rule (m) as:

x1 Ty Xn i THNM: O

(m)

Dx 7 by M[x/X1, .., X/Xp] 1 0

1s the number k < n of vartables x; such that x; € FV(M) for 1 <1 <n.
Let r be the the mazimum rank of a rule (m) in II. The rank rk(IT) of IT s

the maxzimum between 1 and r.

e The degree d(II) of II is the mazimum nesting of applications of rule (sp) in
IT.

e Letr be a natural number. The weight W(II, r) of IT with respect to r is defined
inductively as follows.

— If the last applied rule s (Az) then W(II,7) = 1.
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— If the last applied rule 1is:

ZDF,X:JI—NM:A(
'y AxM:0—o A

—OR)

then W(II,r) =W(2,r) + 1.
— If the last applied rule 1s:
>I'FyM:o
Tryndo  (CP)
then W(II,r) = rW(2, ).
— If the last applied rule 1s:

Z>T'FyMip—oA O AbFNN:p
T AFyMN: A

(— E)

then W(II,r) =W(Z,7r) + 6(O, ).
— In every other case W(II,r) = W(X,r) where L is the unique premise

derivation.

Now, we are ready to prove that for every STAy derivation there exists an STA

derivation, with the same conclusion and measures, and vice-versa.

Lemma 36. Let II be a derivation in STAy proving I' -x M: 0. Then there exists a
deriwation ¥ wn STA proving I' = M: 0 such that for every r € IN:

WIL7) =W(S,r)  rk(I) =rk(Z)  d(II) =d(2)

Proof. The proof is analogous to the proof of Lemma [34] but considering how the mea-
sures are modified.
By induction on II. Base case is trivial. The cases where II end either by rule
(— I),(sp), (m), (VI) or (w) follows directly by induction hypothesis and weight def-
inition. Consider the case II ends as:
i AbnyP:7T—oA IIhT'FyN:T
AFNPN: A

(— E)

By induction hypothesis we have derivations ¥y > A Fp P: 7 —o A and ¥y > T' b
N : 7 such that for every » € IN: W(II;,7) = W(Zq1,7), W(IIz,7) = W(X2, ), rk(Il;) =
rk(X;),rk(II;) = rk(Z2), d(II;) = d(X2;) and d(II;) = d(X2). Hence we can build a

derivation X ending as:

Yo I'FpN:T x:AI—Tx:AEim)L)
1> AbFpP:ToA TDyy:T—oAbpx[yN/x]:0 :
AFDPN: A (cut)
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and by measures definition:
WS, 7) = (W(Sg, 7)+(W(D2, 7)+1))—1 = W(Sy, 7)-+W(Z2, 7) = W(Iy, 7)-+W(T2, 7) = W(IT, 7)
rk(2) = max(rk(%;), rk(Ts)) = max(rk(Il; ), rk(ITy)) = rk(I)
d(Z) = max(d(%y), d(52)) = max(d(IT;), d(Iz)) = d(II)

Analogously consider the case II ends by the rule:

iy M:Va.A
Ty M: A[B/a]

(VE)

By induction hypothesis we have a derivation ¥; > I' ¢ M : Va. A such that for every
r € N: W(IIy,r) = W(Xq,7), rk(II;) = rk(X;) and d(II;) = d(2;). Hence we can build a
derivation X ending as:

x: A[B/a] Fr x: A[B/a]

ik M:Va.A x:Va.AI—Tx:A[B/a]( "
T oM A[B/a] ¢

(VL)

and by measures definition:
W(E,r) = (W(51,7) +1) = 1 =W(Ey,r) = W(IIy, r) = W(II)

rk(X) = rk(X1) = rk(II;) = rk(II)

d(%) = d(%:) = d(T1;) = (1)

In order to prove the converse of the above lemma we need the following version of

the Linear Substitution Lemma, where measures are considered.

Lemma 37 (Weighted Linear Substitution Lemma).
Let IIDx: AFNM:0o and Z > A by N: A where '#A. Then there exists a
derwation © proving:

IAFNMN/X]: o

such that for every r € IN: W(©,r) = W(II,r)+W(Z,r)— 1, rk(©) = max(rk(II), rk(X))
and d(©) = max(d(II), d(X)).
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Proof. The proof is analogous to the proof of Lemma but considering how the
measures are modified.
By induction on II. The base case is trivial. The case where II ends by (sp) rule is not
possible. The cases where II ends either by rule (— I),(m), (w), (VI) or (VE) follow
directly by induction hypothesis and measures definition. Let now II ends as:
My byM:7—oB Ty Toby N7 Ti#Ds
I, N MN : B

(— E)

then by the side condition I'#A either, x : A € 'y and x ¢ FV(N'), or x : A € T'> and
x ¢ FV(M). In the first case by induction hypothesis we have a derivation ©; proving
A,T1 Fx M[N/x] : 7 —o B such that for every r € N: W(©y,7) = W(II;,7) +W(Z,r) — 1,
rk(©;) = max(rk(Il,), rk(2)) and d(©;) = max(d(II;),d(X)). So we can build = as:

©1> AT FNMN/x]:T—B Iy>TobyN:7T
AT, T by W[N/xN' = (M'N')[N/x] : B

(— B)

and by measures definition:
W(O,r) =W(Oy,7) + W(Ily, 7) = W(IIy, 7) + W(ITy, 7) + W(E,7) — 1 = W(IL, 7) + W(Z, 7) — 1
rk(6) = max(rk(©1 ), rk(Il;)) = max(rk(Il;), rk(T), rk(Il3)) = max(rk(II), rk())
d(©) = max(d(©1), d(II2)) = max(d(II1), d(X), d(ITz)) = max(d(II), d(X))

In the second case by induction hypothesis we have a derivation ©; proving A,I's Fy
N'[N/x] : 7 such that for every r € IN: W(©q,7) = W(IIo,7) + W(Z,7) — 1, rk(©) =
max(rk(X), rk(Ilz)) and d(©;) = max(d(X), d(II2)). so we can build ¥ as:

I > Iy I—NM:T ele,Pgl—NN/[N/X]iT
ATy, Ts Fy WN[N/x] = (WN)N/x] : B

(— E)

and by measures definition:
WO,r) =Wl r) +W(O1,7) =Wy, r) + Wy, ) + W(E,7) — 1 =W, 7) +W(Z,7)—1
rk(©) = max(rk(II;), rk(©1)) = max(rk(Il;), rk(Z), rk(Il»)) = max(rk(II), rk(T))
d(©) = max(d(I1;), d(©1)) = max(d(I,), d(X%), d(Tl2)) = max(d(II), d(%))
O

Lemma 38. Let IT be a derwvation in STA proving I' -p M: 0. Then there exists a
derivation & in STAy proving I' by M : 0 such that for every r € IN::

WIL7) =W(E,7)  rk(I)=rk(D)  d(II) = d(2)
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Proof. The proof is analogous to the proof of Lemma [33 but considering how the mea-
sures are modified.
By induction on II. Base case is trivial. The cases II end either by rule (w),(—o
R), (m), (sp) or (VR) follow directly by induction hypothesis. The case II ends by the
(cut) rule follows directly by Lemma Consider the case IT ends as:
IIi>TFpN:7 IIo>x: A AFrP:o
y:7—o A AT PlyN/x]: 0

(- L)

By induction hypothesis we have derivations X1 > 'y N: 7 and ¥ > x: A, A by
P : o such that for every r € IN: W(IIy,r) = W(Xq,7), W2, 7r) = W(X2,7), rk(II;) =
rk(El),I‘k(Hz) = I‘k(zg), d(]._.[l) = d(Z}l) and d(Hg) =

derivation ¥ ending as:

d(22). Hence we can build a

y:T—OAI—Ny:T—OA(Am) 1>y N:T

y:T—oAFNYN: A (— B)

such that W(®,r) = W(X1,7) + 1, rk(©1) = rk(2;1) and d(©1) = d(X1). So by Lemma
37| we have £ > I',y : 7 — A, A by P[yN/x] : o such that:

WX, r) =W(0y1,r)+W(Es,7r) — 1 =W(Eg,7) +W(E2, r) =Wy, r) + Wy, r) =W(II, 7)
rk(2) = max(rk(©1), rk(22)) = max(rk(X;), rk(22)) = max(rk(II), rk(Ilz)) = rk(II)
d(%) = max(d(©1), d(Z2)) = max(d(X1), d(Z2)) = max(d(Ily), d(II2)) = d(II)

Analogously consider the case IT ends as:

I, >T,x: A[B/a]FrM: 0o
x:Va.AFpM:o

(VL)

By induction hypothesis we have a derivation ¥; > I',x : A[B/a] Fn M: ¢ such that for
every r € IN: W(IIy,r) = W(¥q1,7), rk(I1;) = rk(X;1) and d(II;) = d(X1). Moreover we

can build a derivation ©; as:

Az)

: : (
x:Va. Ay x:Va.A (VE)

x:Va. Aty x: A[B/q]

such that W(©,7) = 1, rk(©1) = 1 and d(©1) = 0. So by Lemma [37] we have & > T',x :
Va.A by M: o such that:

WX, r)=W6,r)+W(Z,r) — 1 =Wy, r) =W, r) =W(,7r)
rk(X) = max(rk(©4), rk(Z1))
d(2) = max(d(©1),d(%1)) = d(X1) = d(I1;) = d(II)

rk(%) = rk(I1;) = rk(II)
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From the above Lemmas it follows that the polytime soundness and the FPTIME

completeness theorems holds also for STAy.

Theorem 12 (Polytime Soundness of STAy). Let [I > T' -y M: o, then M can be
evaluated to normal form on a Turing machine in time O(|M|3(dM+1)),

Proof. By Lemma Lemma [38| and Theorem [7} O

Theorem 13 (FPTIME Completeness of STAy). Let a function F be computed in
polynomial time P, where deg(P) = m, and in polynomial space Q, where deg(Q) =,
by a Turing machine M. Then it is definable by a term M typable in STAy as:

imaz(lm,)H1g LM Sory1

Proof. By Theorem [10] and Theorem [9 O

3.3. A Multiset Natural Deduction Soft Type Assignment
system

In this section we introduce the system STAjp. It differs from the natural deduction
system STAy presented in the previous section since it avoids the use of rules renaming
variables in the subject, i.e. notably the (m) rule in Table

The key idea underlying STAy; is to use as contexts, instead of sets, multisets of type
assignments. Multisets allow the reuse of variable names, hence renaming is no more
necessary. So the (m) rule in STAy is used only for collapsing a multiset into a set.
STAp has the advantage that subjects are built just by three rules (axiom, introduction
and elimination of the arrow) corresponding to the syntax formation rules of terms.
Thanks to this property STAy seems a simpler framework to study the design of a type
inference algorithm.

While clear in an intuitive way, the proof of the equivalence between STAy and STAy
involves some technicalities. Derivations in the two systems have the same structure,
and so the same complexity properties, but to pass to STAy from STAy is necessary
to identify occurrences of variables. Analogously, to prove the converse is necessary to
distinguish occurrences of variables. For this reason we introduce as a technical tool a

further system where contexts are ordered multisets, i.e. lists.

3.3.1. The system STAy

STAy proves sequents of the shape:

Ny M:o
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Axiom and Weakening:

Ay M: A[B/a] (VE)

e A C I e £ )
Multiplicatives:
Aty M:0 oA BFyN:o ‘II%EB(_OE) Wx:obyM: A x¢dom(N)

AW, By MN: A Ny AxM:0—o A

Exponentials:

U x:7) D FyM:o Ay M:o

Wx:r,Fy Mo m) 9y M:lo (sp)
Quantifier:

Ay M:Va.A Ay M: A a¢ FTV(Y)

Ny M:Va.A (V1)

(= 1)

Table 3.2.: Multiset Natural Deduction version of STA.
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where U is a context, M is a A-term and o € T is a soft type as defined in Definition
The rules defining STAy; are depicted in Table

STAp contexts are finite multiset of type assignments of the shape x : o, such that if
x:01 €A and x: 09 € A then there exist A € T and n,m € IN such that oy =" A4 and
o2 =!"A. Contexts are ranged over by U,B,E. As usual A C B denotes the fact that
x : 0 € A with multiplicity n implies x : ¢ € B with multiplicity m > n.

Moreover, U, B denotes multiset union, i.e. the union with the sum of multiplicities.
Note that in general, the union of two contexts 2 and B is not a context itself, in fact
it can be the case that x: 0; € A and x: 05 € B and there isno A € T, n,m € IN such
that oy =!"A and o5 =" A. Two contexts A and B are coherent, denoted A ~ B, if
and only if their union A, B is a context. The notations introduced in Chapter |2| for set
contexts can be easily extended to multiset contexts, e.g. dom(2A), FV(A), 1A, FTV(A).
Clearly a multiset of type assignments can in particular be a set of type assignments.
We denote as usual set of type assignments as I', A. For STA); derivations we will use
the same notation used in Chapter [2| for STA derivations. We hope that it will be clear
from the context which system we refer to.

Some comments on the rules of the system follow. As expected, in rule (—o E) there
is the side condition A ~ B assuring that the union of the contexts A and B is well
defined. In the rule (m) no renaming occurs. Moreover, it always permits to collapse a
multiset context into a set context.

The last remark can be made more precise. In fact we can define a maps from multiset

contexts to set contexts.

Definition 13. Let | ]# be the mapping between STAy contexts inductively defined

as:

[0]7 =0 [, x:0]” =W ,x:0 if x ¢ dom()
[, x ™A, x RAF = [T kA if k> 1, m= m%lx nj and x ¢ dom
]:
Then we clearly have the following lemma.

Lemma 39.

Wby M: o implies A FyM:o
Proof. Hasy, by repeatedly applying (m) rule. O

In what follows, as in the case of STA, we will need to talk about proofs modulo

commutations of rules.
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Definition 14. Let IT and IT' be two derivations in STAy, proving the same conclu-
sion: Il ~» II' denotes the fact that II' is obtained from II by commuting or deleting

some rules.
As usual the Generation Lemma connects the shape of a term with its typing.
Lemma 40 (Generation lemma).

1. TI> Aty Ay.M: Va.A implies there is I1' such that I1 ~ II' where the last rule
of IT' 1s (VI).

2. 11> Aby Ay.M: 0 — A implies there is II' such that Il ~ II', whose last rule
1s (—o I).

3. 11> Ak M:lo implies there is II' such that II ~ II' where II' consists of a
subderivation, ending with the rule (sp) proving U Fy M :lo, followed by a
(maybe empty) sequence dof rules (w) and/or (m), dealing with variables not

occurring in M.
4. I >y M:lo implies there is TI' such that I1 ~» IT', whose last rule is (sp).
Proof. Similar to the proof of Generation Lemma O
Moreover, in what follows we need the following analogous of Lemma [6]1.

Lemma 41. TI > A by M : o implies there exists IT' such that II' > [A/@] by M :
o[A/dl].

Proof. Similar to the proof of Lemma [6]1. Note that the derivation II' can be obtained
through a rule by rule correspondence. O

The other main properties of STAy will be directly inherited by STAyx once the

equivalence between the two systems will be proved.

3.3.2. STAy Vvs STAy

We would now prove that if a term is typable in STAy then it is also typable in STAy.
This proves one direction of the equivalence between STA)y and STAy. In fact what
we show is that there is a rule by rule correspondence. This means that measure and
complexity results given over STAy derivations holds in particular for the corresponding
STAy derivations.

Firstly, we need to extend the notion of substitution to derivations. Let A be a STAy
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context. Ax/y| denotes the context obtained from A by replacing every type assignment
y : 0 € A by the type assignment x : 0. Let II be a derivation in STAy; then II[x/y]
is the derivation obtained by replacing every sequent U Fy M : o in II by the sequent
Alx/y] Fm M[x/y] : 0. Note that substitution over contexts can transform a set in a
multiset.

Now we can define a function mapping STAy derivation in STAy; derivation.

Definition 15. The function ( )* mapping a STAy derivation II in a STAy deriva-
tion (II)* s defined inductively as:

o IfII end as:
X:Abnx: A (Az)
then:
(M) =3 dryx: 4 49
o IfIl end as:

eIy Mo
Fl—NMZO' (R)

where R 1is etther a rule (w), (sp), (- I),(VE) or (VI), then:
(ZoDMEgM:o)*

mn* =
(1) F'FrMM:o (R)
o IfII end as:
YoIl'FyM:0—o0 A @DAI—NN:U(_OE)
AFNMN: A
then: (E>ThyM A¥ (> AFyN:0)
N > NM:o —o A)* > nN:o)*
In* =
() T,AFyMN: A (= B)
o IfII end as:
EDI‘,xlzT,...,xn:'rl—NM:a(m)
Dyx:r by M[x/X1, - ,X/Xp] i 0
then:
(H)*:(EDF,XlZT,...,Xn2T|—NM20)*[X/X1,---,X/Xn] (m)
Dyxr by MR/Xe, - ,X/X,] 0 0

So we can prove one direction of the equivalence.
Theorem 14. Let I > T Fy M: 0. Then there exists a derivation II' > Ty M: 0.

Proof. Easy by induction on II, taking IT = (II')*. |
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3.3.3. A List natural deduction version of STA

In order to prove that for every STAy derivation there exists an analogous in STAy,
we introduce a further intermediary system STAg. STAg is obtained starting by STAy
and imposing an order between multiset elements. This permits to distinguish between
different occurrences of the same element.

STAg proves sequents of the shape:

AbgM:o

where A is a context, M is a A-term and o € T is a soft type as defined in Definition [4]
The rules defining STAg are depicted in Table [3.3]

STAg contexts are lists of type assignments of the shape x : ¢ such that if x : g7 isin A
and X : 05 is in A then there exist A € T and n, m € IN such that o1 =!"A and o5 =" A.
Lists are denoted by objects of the shape:

[1(X1:T1),..., 1 1 (Xt Tp)]

Elements in a list are identified by their index, i.e. .A[Z] denotes the type assignment
at position ¢. Index can have no assignment associated, i.e. A[¢ <= €] denotes that no
assignment is associated to the index ¢. The length of a list A, denoted |A| is the number
of element of the list.

Contexts are ranged over by A,B. If A = [1 <+ (x1 : T1),...,n < (X, : Tp)] and
B=[1i(y1:01),...,m <+ (Y : 0p)] then the list concatenation of A and B, denoted
AQZB, is the list:

ACB =[1(x1:T1),...,n 4 (Xp 1 Tp),n+ 1 (y1:01),...,n+ M 4 (Ym : Op)]

Two list contexts A and B are coherent, denoted A ~ B, if and only if their concatena-
tion AQB is a list. Usually we identify a list of the shape [1 <~ (x : 0)] with the type
assignment (x : o). Moreover, we use Aft1 <= (X1 : 01),...,%n < Xp : Op] to denote the
contexts A where to the index %, is assigned the type assignment (x; : 0;) for 1 < j < mn.
The notations introduced in Chapter [2| for set contexts can be easily extended to list
contexts, e.g. dom(A), FV(A), A, FTV(A). Furthermore, for STAg derivations we use
the same notation introduced in Chapter [2| for STA derivations. We hope that it will be
clear from the context which system we refer to.

List contexts can be easily identified with multiset contexts by using a map { }* forget-
ting the order structure. Moreover, it can be the case that a list context A is such that
{A}* is a set. As usual we write I', A for set of type assignments.

We here sketch a proof of the equivalence between STAg and STAy.
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Axiom and Weakening:

AbsM:o
(x:A)I—sx:A(Am) .A@<X:A>|_5M:0'(w)
Multiplicatives:
AbFsM:0 oA BlgN:o AxB (= E)
AQB g MN: A
AFsM: A Alll=(x:0) A'=Afi+i¢e] x¢dom(A) (= 1)
A'FsAxM:0 o A
Exponentials:
AFsM:0 Al = =Afty] = (x:7) (m)
Aftg = (x:17), 50 < €,...,1, 1€l Fg M0
AbgM: o
A Mo CP)
Quantifier:
AbgM:Va.A AFgM: A a¢FTV(.A)
AbgM: A[B/a] (VE) AFgM:Va.A (1)

Table 3.3.: List Natural Deduction version of STA.
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Theorem 15.
O {A}'FyM:o < Z>AtgM:o

Proof. Easy. Note that neither the subject nor the types change. The if part follows by
induction on the derivation IT imposing a list structure to the multisets. The converse
follows by induction on the derivation X by forgetting the list structure. O

3.3.4. STAy vs STAy

In the sequel we need to talk of variables occurrences in a term. We identify a variable
occurrence with the position in the syntactic tree of a term occurrence, e.g. the left
occurrence of x in xyx is in the position 00 while the right one is in the position 1 and
y is in the position € in Ax.y.

The following definition connects a variable in a context with its occurrences in the

subject.

Definition 16. Let [T > A g M: 0. For every ¢ < |A|, set;(II > AFg M: g) s the
set of variable occurrences in M associated to the variable at the i-th position in A.
set;(II > A kg M: o) s inductively defined on the structure of IT as follows:

o [f the last applied rule of II 1s:

(x:A)I—sx:A(Am)

then setq(IT) = {€}.

o If the last applied rule 1s:

> AbFgM:o (w)
AQ(x: AyFgM: o

then set;(IT) = set;(3) for 1 <1 <|A| and set| 441(IT) = 0.

e [f the last applied rule is:

Y>AFgM:0 oA ©Op>BrgN:o AxB
AQBFsMN: A

(— E)

then set;(I1) = {0ixlix € set;(X)} for 1 < i < |A| while set;(II) = {lig|ix €
set; (@)} for [A+1| <& <A+ |B].

e If the last applied rule 1s:
L>ArgM: A Al =(x:0) A =Ali<€ x¢dom(A)
A'FgAxM:0 o A

(= 1)

then set;(II) = 0 and set;(II) = set;(Z) for 1 < j < |A| and j # 1.
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e [f the last applied rule 1s:

L>AbsMio Al = =Aftp] =(x:7)
Aftg = (x:17),50 <~ €,...,1 €] Fs M0

(m)

then for each 1 < k < |A| different from i1,...,15,: setg(II) = setg(X).
Moreover, set;, (II) = UJ_q set;, () and for each 2 < j < n: set, (II) = 0.

e In every other case set;(II) is equal to set;(X) where & s the only premaise.

Let IT > A g M : o, then M{x;/set;(II),-- - ,x,/set,(II)} denotes the substitution of
all the occurrences associated to the variable in the i-th position in A by the variable x;
for1 <1< n.

In order to prove the equivalence between STAy and STA) we need to partially rename

variables. This can be done in STAg, as shown by the following lemma.

Lemma 42. Let II > A kg M : 0. Then, if Afty] = --- = Alip] = (x : 7) and
A= Aliy 4 (X1 T),y .o yin < (X 2 T)] then:

A’ g M{x; /set;, (), -+, xn/set; (I1)} : o

Proof. By induction on II. The base case is trivial. Consider the case II ends as:

2> BiFgN:og—oA O ByrsP:o By~ B

B1@B; g NP : A (—o E)
and suppose B1@B;[i1] = --- = B1@Bsy[i,] = (x : 7). Then for some ji1,...,Jm and
ki,...,k, we have Bi[j1] = -+ = Bi[jm] = (x : 7) and Bs[ki] = --- = Bolk,] = (x: T)
respectively. Let By = Bi[j1 <= (X5, : T), - ,Jm < (Xj,, : T)] and By = Balky = (g, :

T),- -+, kr <+ (Xg, : T)]. Then, by induction hypothesis we have:

o' > By s N{x;, /set;, (TT), -, X;,./set;, (1)} : 0
and

o> BIZ I—S P{Xk1 /Setk1 (H), BRI ,Xk,/SEtk,(H)} .o

clearly since By &2 B; then also B &~ B, hence the conclusion follows by an application
of the (—o E) rule. Consider now the case 7 =!77, j1 = 4 for some 1 < k < n and II

ends as:

T>AbgM:o A[jl]:---:A[jm]:(x:T’)( )
Aljr 1 (x M), jo €, Jm €] Fs Mo m
Let
A" = Al (X1 1T), o1 < (K1 0T, Thgy 2 (Rl D T)y e ey B 4 (R 1 T)]
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and let
M = M{xy/set;, (IT),- - - , xp—1/sets,_, (1), Xpr15€ts, , (IT) - - -, Xp /set;, (1)}
By induction hypothesis we have a derivation:
> A"V o

Since A"[j1] = -+ = A"[jm] = (x : 7') we can again apply induction hypothesis and
obtain:

A'lj1 1 (xe 7)o Jm (i 0 7)) Fs M{xk /set;, (2), -, xi/set;,, (2)}

then we can conclude:

A'J1 = (e 2 T'), - Jm (R 0 T)] B M{xg /set;, (), - -, xi/s€t5, (2)}
A'g1 = (e M), oo €] s M{xg/set;, (1)}

The other cases follow directly by induction hypothesis. O
Now we can prove that typing in STAg corresponds to typing in STAy.
Lemma 43. Let A be a context such that {A}* =T for some set I'. Then:
AFsM:0 — T'hkyM:o

Proof. By induction on the derivation IT proving A kg M : 0. Base case is trivial. Let II

ends as:
AiFgN:og—oA AytFsP:o A1~ A;

A1QA5 g NP : A

(— B)

Since {A1@A,}* =T for some set I', then clearly there are I'; and I'; such that {A;}* =
Iy, {A2}* =T9and I' =T'1, I's. Hence by induction hypothesis we have I’y Fy N: o — A
and I'; -y P : 0 and since clearly I'y #I'z, by an application of the rule (—o E') we obtain
I'\,['s Fn NP : A. Hence, the conclusion follows.

Let IT end as:
O'>AbsM:0 Afi] = = Afin] =(x:7)

Afty = (x:17),10 < €,...,ip < €|FgN: 0

(m)

and consider II'. Clearly there exists a multiset A such that {A}* = A but it is not
necessary a set. By Lemma [42| there exists 2 ending as:

Afty = (X1 :T), ..o, ip < (Xp : T)] Fg M{x1/set;, (II), - - , X, /€t (1)} : o
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In particular we can choose xi,..., X, fresh and distinct, hence for some set I":
{Aff1 = (X1 :T), v yin 1 (X : )]} =T

By induction hypothesis we have I'' by M{x; /set;, (II),- - - , X, /set;, (II)} hence the con-
clusion follows by the next application of the (m) rule.

I bn M{x; /set;, (II), - - , %, /set;, (1)} : o

T T 1 /56ty (ID), - -, %o 56bs (M)} /X1 - x/%0] 00 TV

The other cases follow directly by induction hypothesis. O

It is worth noting that the proof of the above lemma is in fact a rule by rule corre-
spondence. Now we are ready to prove the other direction of the equivalence between
the systems STAy and STAy.

Theorem 16. LetII > Aty M: 0. Then, there exists a derivation II' > [‘ZI]# FnM:o.

Proof. By Lemma [39, Theorem [I5 and Lemma O
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4. A Taste of Type Inference for STA

4.1. Introduction

In this chapter we propose an algorithm II for typing in the system STAjy; introduced
in the previous chapter. For every A-term, Il returns the set of constraints that need to
be satisfied in order to type the term.

We start by defining a type containment relation and by introducing the notions of type
schemes, of substitutions and of set of constraints. Then we give a unification algorithm
that unifies type schemes and we show its correctness and completeness with respect to
type schemes of a certain restricted form.

We prove that IT is correct in the sense that, given a term U, if the constraints generated
by II(M) are satisfiable then there exists a typing for M. Moreover, IT is also complete
in the sense that, for every typable term M, the set of constraints returned by II(M) is
satisfiable.

Satisfiability of constraints of the shape of the ones generated by the algorithm IT is
in general undecidable. So, we ends this chapter by discussing a possible restriction of
the system STAy for which satisfiability of constraints is decidable. Such restriction is
interesting since it enjoys the same complexity properties of the entire system STAj,
notably (F)PTIME completeness.

4.2. Some preliminaries

In this section we introduce some notions which will be necessary in the sequel. Firstly
we define a notion of type containment relation analogous to the one introduced in
|Giannini and Ronchi Della Rocca, 1994]. Then, we introduce type schemes and we de-
fine scheme and ground substitutions mapping type schemes in type schemes and type
schemes in types respectively. Finally we introduce the different kinds of constraints

and what does it mean to satisfy them.
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4.2.1. Type containment

We here adapt, to the case of soft types, the notion of containment relation used in
|Giannini and Ronchi Della Rocca, 1994] for System F types. Recall that V&.A is an
abbreviation for Va; ...Va,.A.

Definition 17. The containment relation <g between soft types is the relation defined
as follows:
Va.A <g A[B/d]

The above containment relation is a slight modification of the one introduced in
|[Damas and Milner, 1982], [Mitchell, 1984] and [Mitchell, 1988].
The relation <g is clearly decidable. Remembering that & could be an empty sequence,
<qg is obviously reflexive. Moreover, it is transitive, hence a preorder. Note that Va.7 —o
o <g 11 —o o1 implies V&.7 <y 11 and Vd&.c <g o1, while in general the converse does
not hold.
For what follows, the containment relation <g introduced above suffices. Nevertheless, it
is interesting to note that, following [Mitchell, 1988|, <+ can be extended to a subtyping

relation.

4.2.2. Schemes and substitutions

Definition 18. Linear type schemes and type schemes are respectively defined by the
grammars:

Ui=a|¢p—-oU]|Vta|Vt.p —U (Linear type schemes)
¢pu=U|PU

where the exponential p belongs to a set containing literals and the symbol 0, a
belongs to a set of linear scheme variables, t belongs to a set containing sequence

variables and the empty sequence €. T denote the set of type schemes.

Note that the symbol V does not introduce bound variables. Moreover, note that
schemes of the shape Vi.Vu.U are not allowed.
FV(¢) is the set of all linear scheme variables, sequence variables and exponentials
occurring in ¢. Linear scheme variables are ranged over by a,b, ¢, linear type schemes
are ranged over by U, V, Z, type schemes are ranged over by ¢, ¥, £, sequence variables
are ranged over by ¢,u,v and exponentials are ranged over by p, g, 7.
T~ denotes the set of non externally quantified linear types schemes, i.e. 7- ={U €
T | foreach t,V : U # Vt.V}. A type scheme 'PU is a modal type scheme. A type
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scheme is stmple if every variable or exponential appears in it at most once. Two type
schemes ¢, are distinct if FV(¢) NFV(y) =0

We need an equivalence over type schemes refining the syntactical one. =°C 7 x T is
the relation inductively defined as:

=9 ifp=9 poU=9Y oV if¢g=9andU=1V

VEU="U ift=e Pp="¢ ifp=0

A ground substitution s is a total function mapping linear scheme variables to fixed
non externally quantified linear types, sequence variables to (possibly empty) sequences
of type variables, the symbol € to empty sequence of type variables and exponentials to
natural numbers. So a ground substitution maps type schemes to types. The application

of s to a type scheme is inductively defined as:

s(a) =Aif[a— Al € s s(¢p o U) =s(¢p) — s(U)

U if [t —
s(Vt.U) = s(# ) 1 | Ej s('PU) =I"s(U) if [p—> n] € s
va.s(U) if [t — a]
In what follows, s[a; — T1,...,a, — T,] denotes the substitution defined as s except on
variables a1, ...,a, to which it assigns 7, ... T,.

A scheme substitution S is a total function mapping linear scheme variables to non
externally quantified linear type schemes, sequence variables to sequence variables or the
symbol € and exponentials to exponentials or the symbol 0. Hence, a scheme substitution
maps type schemes to type schemes. The application of S to a type scheme is inductively
defined as:

S@)=Uifla—UleS,UcT  S(¢—U)=_5(¢) - S(V)

S(VEU) =V S(U)if [t ] €S S(PU) =MS(U)if [p— gl € S

In what follows, S; denotes the identity substitution on schemes and S[a; +
Ui,...,an — U,] denotes the substitution defined as S except on variables ay, ..., a, to
which it assigns Uy, ...U,.

A type scheme context is a multiset of variable type scheme assignments of the
shape x : ¢ where x is a variable and ¢ is a type scheme. Type scheme contexts are
ranged over by ¥,$. As usual, dom(¥) denotes the set {x | 3x : ¢ € ¥}, range(¥)
denotes the set {¢ | Ix : ¢ € ¥}, while FV(¥) denotes the set {FV(¢) | Ix : ¢ € ¥}.
Multiset union of type scheme contexts is denoted by LI. The expression & = &' @ ¥
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denotes that = &' U ¥ and dom(®') N dom(¥) = 0. Substitutions (either scheme

or ground) are easily extended to type scheme contexts, .e. if p is a substitution and
¥ =x1:01,...,%n 1 $p then p(¥) = x1: p(P1), .-, Xn : p(¢Pn).

4.2.3. Constraints and satisfiability

A constraints sequence H is a triple (P, Q,C) of constraints sets. The set of scheme
variable constraints P is a set of constraints of the shape a = U where a is a linear
scheme variable and U is a linear type scheme.

The set of sequence variable constraints Q is a set of constraints of the shape t = ¢;
where t is a sequence variable and ¢; is either a sequence variable or the symbol €. The
set of exponentials constraints C is a set of linear constraints of the shape p = ¢q,p >
,p>2q+9,p>qp=0,p=>0o0rp>0.

Let H1 = (P41, Q1,C1) and Hy = (P2, Q2,Cs) be two constraints sequences. Hi W Ho
denotes the constraints sequence (P; U Py, Q1 U Qo,C1 U Co). Sometimes we omit the
empty set of a constraints sequence, i.e. H W {p = g} denotes H W (0,0, {p = q}).

A scheme system G is a set of pairs of type schemes. A set of binding constraints F
is a function from sequence variables to finite sets of schemes.

Definition 19.

1) If ajop;by,...,an0p,b, are constraints, where opy,---,0p, are logical opera-
tors, then a substitution p (either scheme or ground) satisfies them if and
only +f p(a1)op;p(b1) = - -- = p(an)op,p(bn) = true

1) Let S be a scheme substitution. S satisfies a constraint sequence H = (P, Q,C)
1f and only if it satisfies the equality constraints of all the sets P, Q and C.
11) Let s be a ground substitution.
- s satisfies a scheme system G = {(U1,V1),...,(Un, Vp)}if and only if
s(U1) <7 s(V1).

- s satisfies a binding constraints F = {u1 — I'1,...,u, — T'x} if and only
if Vi <n,Va € s(u;),VU €T : o ¢ FV(s(U))

- s satisfies a constraints sequence H = (P, Q,C)

if and only if it satisfies all the exponential constraints C.

The task of finding a scheme substitution satisfying a constraint sequence corresponds

with minor modifications to first order unification. Giannini and Ronchi Della Rocca
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UcT- ag¢FV(U)
U(a,a) = (0,0, 0) (U1) U(a,U) = ({a = U} 0,0) (U2)

U(a,U) = (P, Q,C)
U(a, Vt.U) = (P, QU{t = €}, C)

U(a,V) = (P, Q,C)
U(a,'?V)=(P,Q,CU{p=10})

(U3) (Us)

U(¢1’l/)) — <P1) Ql)C]-) U(U, V) = <P21 Q21C2> ( )
Up—o U9 —V)=(PLUPy, Q1 UQs,CrUCs)

Wp—=UV)=(PO.C) )  UP=UV=(POC)
Up o UVEV) = (P,QU{t=¢}C) - Ulp—oU,PV)=(P,Q,CU{p=0}) * "

u(U,v) = (P, 9,C) " u(vt.U, V) = (P, Q,C) .
U(Vt.U,Vu.V) = (P, QU {t = u},C) (Us) U(Vt.U, V) = (P, Q,C U {p = 0}) (Us)

U(’l/): ¢) = <Px th>
U(¢:¢) = <7D, Q:C>

u(U,v) = (P, 9,C)
Uy, V) = (P, Q,CU{p =q})

(U1o) (U11)

Table 4.1.: Unification Algorithm

in [Giannini and Ronchi Della Rocca, 1994] have shown how to effectively find partial
solutions to scheme system and binding constraints.

4.3. Unification Algorithm

As usual in order to perform type inference we need a unification algorithm. We intro-
duce an algorithm which permits to unify type schemes under some assumptions. The
algorithm U is defined by the rules in Table U proves judgments of the shape

U(¢’¢) = (P: Q,C>

where ¢ and ¢ are the two schemes that must be unified and (P, Q,C) is a constraint
sequence.

The unification algorithm in Table is a simplified instance of Robinson unification
algorithm. In fact, since the symbol V does not introduce bounded variables in type
schemes, we can consider it as a first order binary symbol. Then the unification problem

we are considering is an instance of first order unification. Moreover in the sequel we
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are interested in considering only type schemes of a particular shape.

Note that rule (Ujp) keeps down the number of rules nevertheless it can be cause of non
termination (infinite derivations). It is easy to give a different definition of the algorithm
dealing directly with symmetric rules. By now we will consider only finite derivations,
hence we consider the algorithm as always terminating. Note that some inputs does not
admit neither finite nor infinite derivations, in such a cases the unification fails.

In the sequel it will be sufficient the following weak form of correctness for the unification
algorithm U.

Theorem 17 (U Correctness). Let ¢, € T be simple and distinct. If U(¢,¥) =
(P, Q,C) then for every scheme substitution S satisfying P, Q and C:

Proof. Firstly note that the unification algorithm U builds sequence variable constraints
of the shape t = u or t = €. Since a substitution assigns sequence variables to sequence
variables or to the symbol € it is always possible to build a substitution satisfying these
kind of constraints. Analogously, U builds exponential constraints of the shape p = ¢ or
p = 0. Hence again it is always possible to build a substitution satisfying these kind of
constraints. On the other hand, the case of scheme variable constraints is not so obvious.
We prove the theorem by induction on the derivation with conclusion U(¢,%) =
(P, Q,C). Since ¢ and 9 are distinct then the only possible base case is when the
derivation is an application of the rule (U;), where ¢ = a and 9 = U for some scheme
variable a and U € 7. Obviously, in such case S is every substitution assigning to a
the scheme U.
Consider the case the derivation ends by an instance of the rule (Ujp), then the conclu-
sion follows directly by induction hypothesis.
Let the derivation ends as:
U(¢, ') = (P1,Q1,C1) UU,V) = (P, Q2,Ca)
U(¢' o U, ¢ = V)= (P1UP2, Q1 UQ5,C1 UCa)

(Us)

By induction hypothesis we have S; satisfying (P;, Q1,C1) such that Si(¢') =° S1(¢')
and Sy satisfying (P, Q2,C2) such that So(U) =° S2(V) . Since ¢’ <o U and ¢’ - V
are simple and distinct it is easy to build a substitution S, satisfying both ©; U Q5 and
C1 U Cs, which acts on ground variables in FV(¢' —o U) as S; and on ground variables
in FV(¢' — V) as S3. Hence S satisfy (P; U Py, Q1 U Q2,C1 UCs) and S(¢' — U) =°
S(9' — V). So the conclusion follows. The other cases are similar. O

The completeness of the unification algorithm U is stated by the following theorem.
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Theorem 18 (U Completeness). If S(¢) =° S(¢) then U(¢, %) = (P, Q,C) and S
satisfies P, Q and C.

Proof. By induction on the shape of ¢ and 9. The base cases are obvious. So consider
¢ = a, ¥ = Vt.U and a substitution S such that S(a) =° S(Vt.U). By definition of
scheme substitution and of the equivalence =°, S is such that S(a) =° S(U), hence
[t — €] € S. By induction hypothesis we have U(a,U) = (P1, Q1,C1) and S satisfies
Py, Q1 and C;. Applying the rule (Us) we obtain U(a,Vt.U) = (P1, Q1 U {t = €},C;1) and
obviously S satisfies P1, Q1 U {t = ¢} and C;.

Consider the case ¢ = ¢’ — U, ¢ = 9/ — V and there is a substitution S such that
S(¢' — U) =° S(¢' —o V). By definition of scheme substitution and of the equiva-
lence =°, S is such that S(¢') =° S(¥') and S(U) =° S(V). By induction hypothesis
U(¢',¥') = (P1, Q1,C1) and U(U,V) = (P2, Q2,C2), so by applying rule (Us) it follows
U(p) — U,9' — V) = (P UPs, Q1 U Qs,C; UCy). Moreover, S satisfies Py, P2, Q1,
Q», C1 and C», hence obviously it satisfies also P U P2, Q1 U Q@ and C; U Cy. So the
conclusion follows. The other cases are similar. O

4.4. The Algorithm

The type inference algorithm defined in Table proves statement of the shape:
(M) = (¥,¢,G,F,H)

where ¥ is a type scheme assignment context, ¢ is a type scheme, G is a scheme system,
F is a set of binding constraints and A is a constraints sequence.

The type inference algorithm recall the Unify procedure, defined in Table on con-
texts and schemes which need to be unified through the unification algorithm.

The next Lemma assures that the scheme which need to be unified are distinct.

Lemma 44. Let II(M) = (¥,U,G, F,H). Ifx: ¢ € ¥ then U and ¢ are simple and
distinct. Moreover, if x: ¢, x: 9 € ¥ then ¢ and Y are simple and distinct.

Proof. By induction on M. Base case is trivial. So let M = Ax.N and II(N) =
(Ty, V, Ox, Fu, Hy). Assume ¥y = ¥} 0 {x 11V, ..., x :1**V,;} for some n > 0. Clearly
if n = 0 then the conclusion follows directly by the freshness condition. Otherwise if
n = 1, by induction hypothesis for every y : ¢ € ¥y we have that V and ¢ are simple
and distinct. So in particular !*1V; and V' are distinct and simple, hence U =!*1V; o V

itself is simple. The case n > 1 is similar. Moreover, if y : ¢,y : ¥ € ¥} by induction
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II(x) = let u,t,a,b,p be fresh in
({x :"*Vt.a},Vu.b, {(Vt.a,b)}, [u — {Vt.a}],{0,0,{p > 0}})

II(Ax.M) = let II(M) = (¥,U,G, F,H) in
let ¥ =¥ o {x:"1V;,...,x:1*"V,} ,Z = range(¥’) in
let u,t,a,7 be fresh in
if n =0 then
(¥, Vu!"(Vt.a) = U,G,F + [u— Z],Hw {r > 0})
else if n =1 then
(' \Vul"Vi o U, G, F+[u—I|,HW{r > s1,})
else if n > 1 then
(¥ Vul"V; o U, G, F+u—I|,)HW{r > s1,...,7 > sn})

II(MN) = let II(M) = ( ¥y, U, Gy, Fu, Hy) and
II(N) = (¥y, V, Gy, Fx, Hy) be distinct in
let u,t,a,b,q;,p be fresh in
let Uy = {z:1%V; | 3z :1PiV; € Ty}, Z = range(Ty Ll Ty)
H = Unify(¥y, ¥y, U, PV —o Vt.a) in
(Ty U g, Yu.b, Gy U Gy U {(Vt.a,b)}, Fu + Fy + [u — I],
Hu W Hy WH W {g; > p; +p})

Table 4.2.: Type Inference Algorithm
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Unify(®,%,¢,9) = letxy,...,xy =dom(®)Ndom(¥),Vi<i<m
®(x;) = {!1*1V,..., 1"V, }
U(x;) ={I"Uy,...,"" U},
U(¢, %) = (Po, Qo, Co)
U(V1,U1) = (P4, Qi,Ci)
in(U Pj’ U Qj’ U Cj>:
3=0

i=0  j=0

Table 4.3.: Unify procedure

hypothesis it follows directly that ¢ and 1 are distinct and simple.
The case M = PQ is easier, it follows directly by induction hypothesis and freshness

conditions. O
The above lemma is useful to prove that the type inference algorithm is well defined.

Theorem 19 (IT Termination). For every M € A, there exist ¥,U,G,F and H such
that:
nm =(¥,0,G,F,H)

Proof. By induction on the structure of M. The base case is trivial. The case
where M = Ax.N follows directly by induction hypothesis. So, consider the case
M = N;N;. By induction hypothesis we have II(N;) = (¥4, Uy, G1, F1, H1) and TI(Np) =
(¥s,Us,Ga, Fo,Ha). Let ¥, = {z :1%V; | Iz :IPiV; € ¥5}. Then, it suffices to show
that Unify(¥;,%,,U;,PU; — Vt.a) ends. By hypothesis and freshness condition Uj,
IPU, — Vt.a and the schemes in ¥; and ¥} are all distinct. Moreover, by Lemma
they are simple. Hence, by Theorem the procedure ends and so the conclusion
follows. O

The following lemma justifies the fact that in the definition of II, in the abstraction
case we only take the type scheme of the first occurrence (if any) of the variable to be
abstracted. The same hold for the Unify procedure.

Lemma 45. Let II(M) = (¥, U, G, F,H). Then, there exists a scheme substitution S
satisfying H such that if x 1"V, x 1"V, € ¥ then S(V7) =° S(VL).

Proof. By induction on II(M) using Lemma [44] and Theorem |
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We can now finally prove the main theorems of this section. Firstly, we prove that

the algorithm IT is correct with respect to the type assignment STA ).

Theorem 20 (II Correctness). Let II(M) = (¥,U, G, F,H). Then, for each scheme
substitution S satisfying H, if there exists a ground substitution s satisfying S(G),
S(F) and S(H), then:

s(S(¥)) Fu M: s(S(U))
Proof. By induction on the derivation proving II(M). The base case is obvious.
Consider the case II(Ax.N) = (¥, U, G, F,H). By hypothesis II(N) = (¥y, Uy, G, Fy, Hx)-
Let S be a scheme substitution satisfying H and suppose there is a ground substitution
s satisfying S(G), S(F) and S(H) respectively. By induction hypothesis since S clearly
satisfies Hy and s satisfies S(G), S(Fx) and S(Hy), we have:

s(S(¥y)) Fm N = s(S(Uy))
Now, let ¥y = ¥ © {x:I*'V4,...,x 1°**V,,}. We have three distinct cases.
If n = 0 then x ¢ dom(¥y) then by hypothesis ¥y = ¥y, U = Vu.!I"(Vt.a) — Uy and

H = Hy W {r > 0} for some fresh u,r,¢,a. Hence in particular, there are k > 0, &, &1
and A such that:

s(S(U)) = s(S(Vu.!"(Vt.a) — Uy)) = Va.l* (Var.A) — s(S(Uy))

Then, the conclusion follows by the next derivation:

s(S(Ty)) Fu N2 s(S(Uy))
X : Vay. A, s(S(Ty)) Fu N : s(S(Uy))

x :1*Vai1. A, s(S(¥y)) Fu N = s(S(Uy))
s(S(¥y)) Fu AxN ¥(Vas1.A) —o s(S(Uy))
s(S(¥y)) Fu AxN : Va1 (Va1 . A) — s(S(Uy))

(m)*
(= 1)
(V1)

Note that we have freely applied the (VI) rule over variables in & since s satisfies the
binding constraints S(F).
If n = 1, then by hypothesis U = Vu.!" (V1) — Uy, ¥y = x:1*1V;, ¥, and H = Hyw {r >
51} for some fresh r and u. By induction hypothesis we have x : s(S(!**V1)), s(S(¥y)) Fum

s(S(Uy)). Since S satisfies H and s satisfies S(G), S(F) and S(H), in particular there
is k > 0 such that s(S(I"V1)) ='*s(S("*1V1)) and & such that s(S(u)) = & Then, the
conclusion follows by the next derivation:

x:s(S(11 V1)), s(S(¥y)) Fm N : 5(S(Uy))

k
x :*s(S(1° 11)), s(S(¥y)) Fum N : s(S(Uy)) 7(n_)o I
S(5(%4)) Fau Ml Fs(S( 7)) o s(S(Th)
M - (vI)

s(S(¥y)) Fum AxN: Va.l*s(S(1*117)) — s(S(Uy))
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Again we have freely applied the (VI) rule over variables in & since s satisfies the binding
constraints S(F).

If n > 1 then by hypothesis U = Vu.!"(V;) — Uy, ¥y = x 151V, ..., x:I°"V,, ¥ and H =
Hy W {r > s1,...,7 > s,} for fresh 7, u. By induction hypothesis x : s(S(!**V4)),...,x:
s(S(1*" V), s(S(¥y)) Fum N @ s(S(Uy)) and by Lemma [45] s(S(V4)) = -+ = s(S(Va)).
Since s satisfles S(#) in particular there are k; > 0 such that s(S(r)) = s(S(s;)) +k; +1
for 1 <12 <n. Let s(S(u)) = & Then, the conclusion follows by the next derivation:

x:8(S(1 ), ..., x: 5(S(1"V4,)), s(S(FL)) Fum N : s(S(Uy))
x Fs(S(11 L)), ..., x Pers(S(157 7)), s(S(TL)) Fm N : 5(S(Uy))
x MFtlg(S(1117)), s(S(TL)) Fum N 2 s(S(Uy)) (D)
s(S(TL)) Fu Ax.N (ki tls(S(15117)) —o s(S(Uy)) Iy
s(S(TL)) Fu Ax.N : Va. ki tls(S(151 1)) —o s(S(Uy))

m

(m)

Again we have freely applied the (VI) rule over variables in & since s satisfies the binding
constraints S(F).

Consider the case II(MN) = (¥, U, G, F,H). By hypothesis II(M) = (¥y, Uy, Gn, Fu, Hy),
II(N) = (¥y, Uy, G, Fy, Hy) and U = Vu.b. Let S be a scheme substitution satisfying
H and suppose there is a ground substitution s satisfying S(G), S(F) and S(H) re-
spectively. By induction hypothesis since S clearly satisfies Hy and Hy and moreover s
satisfies S(Gu), S(Gn), S(Fu), S(Fv), S(Hu) and S(Hy), then we have both:

s(S(%y)) Fm M: s(S(Un)) and s(S(Ty)) Fum N: s(S(Uy))

By hypothesis for t,a,p fresh: U(Uy,PUy —o Vt.a) = H' with H' C H. Since Uy and
IPUy —o Vt.a are distinct and since S satisfies H by Theorem[17} s(S(Un)) = s(S('PUy)) —o
s(S(Vt.a)). Let Ty = {z :1%V; | 3z :1PiV; € Ty}. Then clearly s(S(¥)) = s(S(¥yTy)) =
s(S(¥m)), s(S(¥y)). Moreover since by hypothesis s satisfies S(G), then in particular
5(S(Vt.a)) < s(S(b)). So, let s(S(u)) = @ and s(S(p)) = k. Then, the conclusion follows
by the next derivation:

s(S(¥y)) Fm N : s(S(Uy))

F3(8()) Faa N (S (0n)) F )f
s(S(Ty)) Fum M: s(S(PUY)) — s(S(VEt.a))  s(S(¥y)) Fum N :*s(S(Uy)) ™)
H(5(5%), (524) o W (5 (5ka)) =
5(S(¥n)), s(S(¥y)) Fum MN : 5(S(b)) X
s(S(¥Ty)), s(S(¥y)) Fum MN : Va.s(S(b)) (v1)
Again we have freely applied the (VI) rule over variables in & since s satisfies the binding
constraints S(F). m]
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Now we prove that the algorithm IT is also complete for the type assignment system
STAwm.

Theorem 21 (IT Completeness). Let II(M) = (¥,U,G,F,H). Then, if Uy M: o
then there exists a ground substitution s satisfying G, F and H such that:

L s(¥) v M:s(U)

Moreover, the sequent Ay M : o can be obtained from L by applying repeatedly
(w), (m) and/or (sp) rules.

Proof. By induction on the derivation IT proving A -y M : 0. The base case is when IT
ends as:

x:AI—Mx:A(Ax)

Let TI(x) = ({x :""Vt.a},Vu.b,{(Vt.a,b)}, [u — {Vt.a}],{0,0,{p > 0}}) where a,b,t,u
and p are fresh. Clearly for every ground substitution s’ the substitution:

s=s'la— Ab— B,t— €, urs €,p— 0

satisfies the constraints. Hence, the conclusion follows trivially.
Consider the case where II ends as:
Wx:oFyN: A x¢dom(UA)
A AxN:0—o A

(= 1)

Let TI(N) = (¥y, Uy, G, Fx, Hy) where ¥y = ¥4 0 {x :I"Vi,...,x 1"V, } and T =
range(¥y). Then, depending on the value of n, we have three distinct cases. If n = 0

then ¥y = ¥} and for u,7,t and a fresh we have:
II(Ax.N) = (Ty, Vu.!"(Vt.a) — Uy, Gy, Fy + [u — Z], Hy & {r > 0})

By induction hypothesis there exists a ground substitution s satisfying Gy, Fy and Hy
such that:
¥ > s(Ty) by N s(Uy)

and U, x : 0 -y N : A can be obtained from %' by applying repeatedly (w), (m) and/or
(sp) rules. Since x ¢ FV(s(¥y)), in order to recover A, x : ¢ by N : A from X' it is
necessary at least an application of the (w) rule, moreover A is linear hence no application
of the (sp) rule occurs. Since u,r,t and a are fresh, we can extend s to a ground
substitution s’ such that s'(u) = € and §'(!"Vt.a) = o, hence in particular s'(r) = k£ > 0.
Then:

s'(Vu.\"(Vt.a) — Uy) = s'(I"(Vt.a))) < s(Uy) =0 - A

94



Chapter 4. A Taste of Type Inference for STA

and s’ satisfies Gy, Fy + [u — Z] and Hy W {r > 0}. So = ends as follows:

%' > s(Ty) Fu N s(Uy)
s(Ty), x: §'(Vt.a) by N - s(Uy) (w) X
(), x 5 (V) Lt N2 s(T) ;

5(¥) o 2x 5 (Ft.a) —o s(0y) D)

and clearly A Fy; Ax.N : 0 —o A can be obtained from it by applying repeatedly (m)
and/or (w) rules.
If n =1 then ¥y = ¥y, x:I"V; and for u and r fresh we have:

H()\X.N) = (‘I’;I,V’U,'T'Vl —o Uy, Gy, Fy + [’U, — I],'HN ] {7‘ > 7‘1}>

By induction hypothesis there exists a ground substitution s satisfying Gy, Fy and Hy
such that:
2 > s(Py), x: s(1" VL) by N s(Uy)

and A, x : 0 Fy N : A can be obtained from ¥’ by applying repeatedly (w), (m) and/or
(sp) rules. Since u and 7 are fresh, we can extend s to a ground substitution s’ such
that s'(u) = € and §'(I"V1) ='*5(!"V}) = o, hence in particular s'(r) = k + s(r;) for
some k > 0. Then:

s'(Vu.l"Vi —o Uy) =1Fs(1" V) - s(Uy) =0 — A

and s’ satisfies Gy, Fy + [u — Z] and Hy W {r > r1}. So, & ends as follows:
o> s(Ty), x:s(1" V) b N os(Uy)

s(T), x (1Y) by Nz s(Uy)
s(TL) Fu AxN :1%s(1"1 V) —o s(Uy)

(m)*
(1)

and clearly A Fy; Ax.N : 0 —o A can be obtained from it by applying repeatedly (m)
and/or (w) rules.
If n > 1 then ¥y = ¥y, x:I"Vq,...,x:!"V, and for v and r fresh we have:

II(Ax.N) = (g, Vu.l"Vi — Uy, Gy, Fx + [u = Z), Hy W {r > r1,...,7 > 1,3})

By induction hypothesis there exists a ground substitution s satisfying Gy, Fy and Hy
such that:
o> s(Ty),x:s(1MV), .., x 81 V) Fu N s(Uy)

and A, x : 0y N: A can be obtained from ¥’ by applying repeatedly (w), (m) and/or
(sp) rules. In particular, this implies that for every 1 < 2 < n there is a k; > 0 such
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that !*<+15(1"V;) = 0. Since u and r are fresh, we can extend s to a ground substitution
s' such that §'(u) = € and §'(I"V}) =lk1tls(In1y) = ... =kntlg(I"mV,) = 0, hence in

particular s'(r) = k1 +s(r1) +1=--- = kp + s(rn) + 1. Then:
s'(Vul"Vi —o Uy) =R Ls(1M) - s(Uy) =0 — A

and s’ satisfies Gy, Fy + [u — Z] and HyW{r > r1,...,7 > r,}. Then, & ends as follows:

s(Tg),x:s(mVA), .., xs(1™ V) b Nt s(Uy)
s(Ty), x Fs(1m ), L x e g (17 V,) by N s(Uy)
s(Tf), x 11 Ts(1M V) -y N : s(Uy) (o 1)
s(TL) Fy AxN :Prtls(1m1) — 5(Uy)

e

m)

and clearly A Fy Ax.N : 0 —o A can be obtained from it by applying repeatedly (m)
and/or (w) rules.

Comnsider the case where IT ends as:

Nty N:og—o0A BrFyP:o AxB

A, By NP: A (— B)
Let II(NP) = (¥,U,G,F,H), II(N) = (¥y,Uy,Gn Fn,Hy) and II(P) =
(¥p, Up, Gp, Fp, Hp). By definition of IT algorithm ¥ = ¥y Ll ¥} where, if ¥p = x; :
P1Vy, ..., Xy PPV, then Up = x3 19V, ..., %, 197V, for fresh gi,...,¢,. Moreover,

for fresh u,t,a,b and p, if Z = range(¥) and Unify(¥y, ¥p, Uy, PUp —o Vt.a) = H' then
U=Vu.b, G=GyUGU{(Vt.a,0)}, F=Fy+Fp+[ur— Z] and H = HyWHpWH W{g; >
pi + D}

By induction hypothesis there exists a ground substitution sy satisfying Gy, Fy and
Hy such that &' > sy(¥y) Fm N : sy(Uy) and A by N : 0 — A can be obtained
from ¥’ by applying repeatedly (w), (m) and/or (sp) rules. Analogously by induction
hypothesis there exists a ground substitution sp satisfying Gp, Fp and Hp such that:
©' > sp(Sp(¥p)) Fm P : sp(Sp(Up)) and By P : 0 can be obtained from ©' by applying
repeatedly (w), (m) and/or (sp) rules.

Since II(N) and II(P) are distinct we can build a ground substitution s’ acting as sy
on schemes in II(N) and as sp on schemes in II(P). So s’ in particular is such that
§'(Ty) by N: 8'(Uy) and A by N : 0 —o A can be obtained from it by applying repeat-
edly (w) and/or (m) rules and moreover s'(¥p) by P : s'(Up) and By P : o can be
obtained from it by applying repeatedly (w), (m) and/or (sp) rules. Moreover, since
t,a and p are fresh, we can choose s’ satisfying also s'(Uy) = 0 — A = s'("PUp —o Vt.a).
Hence in particular s’ satisfies H'.

Since u, b, q1, .. ., gn are fresh, it is easy to extend s’ to a ground substitution s = s'[b —
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s(Vt.a),u — €,q1 — s(p1) +s(p), ..., qn +— S(pPn) + s(p)]. Clearly s satisfies G, F and H.
If s(p) = k, then the conclusion follows by X ending as:

©' > s(Tp) Fm P : s(Up)
¥ > s(y) by N:s(Uy)  %s(Tp) by P :1*s(Up)
s(Ty), "*s(¥p) Fy NP : s(VE.a)

(sp)*
(— B)

and A, B Fy NP : A can be obtained from it by applying repeatedly (w), (m) and/or

(sp) rules.
Comnsider now the case where II ends as:
Aty N:Va.A
VE
Abyp N: A[B/a] (VE)

We here need to proceed also by cases on the structure of N.

Let N = x. Then, II(x) = ({x :"*Vt.a},Vu.b, {(Vt.a,b)}, [u — {Vt.a}],{0,0,{p > 0}}).
By induction hypothesis there exists a ground substitution s satisfying the constraints
such that: &' > x: s(/PVt.a) by x @ s(Vu.b) and Ay x : Va.A can be obtained from %'
by applying repeatedly (w), (m) and/or (sp) rules.

Clearly A = Va.C for some C non externally quantified. Then, since s(Vu.b) = Va.Va.C
clearly s = s"[u — a,d,b — C] for some s”. Since u and b are fresh, we can build
a substitution s’ such that s’ = s”[u — &,b — C[B/a]]. Consider the scheme system
(Vt.a,b), by hypothesis s(Vt.a) < C, but s satisfies the constraints [u — {Vt.a}], so
VB € s(u) : B ¢ FTV(s(Vt.a)) and hence in particular o ¢ FTV(s(Vt.a)). This implies
that s(Vt.a) < C[B/a]. Then the conclusion follows by ¥ ending as:

¥ > x:s(!PVt.a) by x : s(Vu.b) = Va.d.C
x: s("PVt.a) by x @ §'(Vu.b) = Va.C[B/a]

(VE)

The case N = PQ is similar.

Consider the case N = Ax.P. Then, II(Ax.P) = (¥,U, G, F,H) where U = Vu.¢p — V for
some ¢,V and fresh u. By induction hypothesis there exists a ground substitution s
satisfying the constraints such that: &' > s(¥) by Ax.P: s(Vu.¢p — V) and A by Ax.P:
Va.A can be obtained from ¥’ by applying repeatedly (w), (m) and/or (sp) rules. Hence
in particular s(Vu.¢p — V) = Va.A. By Generation Lemma 1 Y ~ %" ending as:

O s(¥)FyAxP: A
(%) Fm Ax.P:Va.A = s(Vu.p o V)

\7

Moreover, since a ¢ FTV(s(¥)) by Lemma 41| we have a derivation © > s(¥) Fuy
Ax.P : A[B/a]. Hence by induction hypothesis we have a ground substitution s’ such
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that there exists © > s'(¥) Fy Ax.P : §'(Vu.¢p —o V) and s(¥) Fm Ax.P : A[B/q]
can be obtained from ' by applying repeatedly (w), (m) and/or (sp) rules. Since
also A Fy Ax.P : A[B/a] can be recovered from s(¥) v Ax.P : A[B/a] by applying
repeatedly (w), (m) and/or (sp) rules, then the conclusion follows.

The case Il ends by (— I) rule is simpler. The cases where II ends either by rule (w), (m)

or (sp) follow easily by induction hypothesis. O

4.5. An example

Let we show by an example how the algorithm works. The example term is Ax.xx. First
of all H(X) = <‘I’1, Ul, gl, .7:1, H1> where

\I’l = {X :!P1Vt1.a1}

U]_ = \V/’U,]_.b]_
g]_ = {(th.al, bl)}
.7:1 = [u1 — {th.al}]

Hi = <0) 0,{101 2 0}>
and again II(x) = (¥s, Uy, Go, Fa, Ho) where

‘1’2 = {X :!P2Vt2.a2}

Ug = V’U,g.bz
Go = {(Vtz.a2,b2)}
.7:2 = [’U,2 — {Vtg .o }]

He = <0) m){pZ > 0}>
Now U(Vuy.b1,!19(Vug.by) — Vt.a) = (P, Q,C) where

P = {b =19(Vuz.by) —o Vt.a}
Q = {u=¢}
cC =0

Moreover: U('PVt;.a1, P3Vts.a0) = (P!, @', C') where

'PI = {a.1 = 0.2}
o {t1 =t}
C¢'" = {p1=ps3}

hence we have

Unify({x :!p1Vt1.a1}, {X :!p3Vt2.a2},Vu1.b1, !q(V’U,g.bg) —o Vta) = <7D U PI, QuU Ql, CuU CI>
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So II(xx) = (¥, U, G, F,H) where:

{x :1P1Vt1.a1,x :1P3VEs.00}

Yv.c

{(Vt1.a1,b1), (Vt2.a2,b2), (Vt.a,c)}

{uy — {Vt1.a1}, up — {Vts.a2},v — {Vti.a1,Vtz.a2}}

= ({b1 =19(Vua.b2) —o Vt.a,a1 = az},{u1 = ¢,t; = ta},
{pP1 > 0,p2 > 0,p1 =p3,p3 > p2 +q})

concluding II(Ax.xx) = (¥, U, G, F, H) where:

=0

Yw."(Vt1.a1) — Vv.c

{(Vt1.a1,b1), (Vt2.a2,b2), (Vt.a,c)}

{u1 = {Vti.a1}, us — {Vt2.a2}, v — {Vti.a1,Viz.a2}}

= ({b1 =!9(Vuz.by) — Vt.a,a1 = az}, {u1 = ¢,t1 = ta},
{p1 >0,p2 > 0,p1 =p3,p3 > P2 +4q,7 > Pp1,7 > P3})

TYyYaq Q w
[l

%
U
g
T
H

The substitution S = S_r[b]_ »—>!q(Vu2.b2) —0 Vt.a, a1 — a2,u; — E,tl — t2,p1 — p3]
clearly satisfies H, and is such that:

S(U) = Yw.!"(Viz.az) - Vv.c

S(9) {(Vtz2.a2,!19(Vua.b2) —o Vt.a), (Viz.a2,b2), (Vt.a,c)}

S(F) {€ = {Vta.a2}, us — {Vts.a2}, v — {Vts.a2}}

S(H) = ({"(Vuza.ba) — Vt.a =19(Vua.by) — Vt.a,a2 = az}, {€ = €,t2 = ta},

{p3 > 0,p2 > 0,p3 = p3,p3 > p2 +q,7 > p3})

For every ground substitution s’, the substitution s = s'[ay — a,bs — B,¢c — 7,0 —
Y, t2 = o, uz — B,v — v, w — €,t— €,p3 — 0,p2 — 0,g — 0,7 — 1] satisfies S(G),
S(F) and S(H). In fact, we have:

s(5(9)) = {(Vea,(V6.6) =), (Veea, ), (7, 7)}
s(S(F)) = {er {Va.a},B — {Va.a},y — {Va.a}}
(8(H)) = {{(VB.f) =v=(VB.f) v, a=a}{e=¢a=a},
{0>0,0>0,0=0,0>0+0,1>0})

s
hence by Theorem [21| we have Fy Ax.xx :!(Va.a) —o Vy.y = s(S(U)), as we expected.

4.6. Deciding constraints

By Theorem for every A-term M, the algorithm IT ends returning a set of constraints.
Moreover, by the correctness result in Theorem [20] if there exists a scheme substitution
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and a ground substitution satisfying these constraints then the term M is typable in
STApy. The correctness of the unification algorithm U expressed by Theorem with
Lemma [44] assures that a scheme substitution satisfying such kind of constraints always
exists. Clearly the same cannot be concluded for the existence of a ground substitution
satisfying the constraints.

In fact the type inference problem for STAy; can be reformulated as the problem of
deciding if a ground substitution satisfying the constraints exists. Deciding if a ground
substitution satisfying a set of binding constraints and a constraints sequence is possi-
ble. On the other hand, deciding if a ground substitution satisfying a scheme system
exists, seems problematic. In [Giannini and Ronchi Della Rocca, 1994] the authors have
shown that the problem of satisfiability of generic scheme systems is equivalent to the
semi-unification problem, hence undecidable. Since here the shape of scheme systems
and the restrictions on types does not help, we conjecture that the satisfiability is still
undecidable.

So following what has been done in [Giannini and Ronchi Della Rocca, 1994] for
System F, for every n € IN we can define a bounded type containment relation <3}
such that V@.A <2 C if and only if C = A[B/qd] and the variables in & occur in the
syntax tree of A at a depth less or equal to n.

Then, we can define a countable set of type assignment systems STAJ; which is a com-
plete stratification of the system STA);. Roughly speaking, for each n € IN, the system
STAZJ; is obtained by replacing the (VE) rule in Table by the following rule:

ThyM:A A<MB
TryM:B

(n-VE)

hence every system STA}, internalize the type containment <f.

We conjecture that in every STA[; the type inference problem is decidable. Moreover
the encoding of polynomial time Turing machines given in Chapter 2 for STA still works
for every system STAf,[ by taking k > 11. So, what we can gain is a system complete for
polynomial time computation with decidable type inference. We leave this arguments

for future investigations.
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5.1. Introduction

In this chapter we present the system STApR: a type assignment system for a language
extending A-calculus by basic boolean constants that we prove correct and complete for
polynomial space computations.

We start by introducing the syntax of the system and by giving some basic proper-
ties. Then, we define the operational semantics of STAp programs (i.e. closed terms
typable with ground type) through a big step abstract machine. We show that every
program can be executed in polynomial space in the size of the input, by the abstract
machine. Moreover we show that STAp is also complete for PSPACE, by showing that
all decision functions computable in polynomial space can be programmed. Finally some

complementary argument are considered.

5.2. Soft Type Assignment system with Booleans

In this section we present the Soft Type Assignment system with Booleans (STAp).
STAp is an extension of STAy, the natural deduction version of the type assignment
system STA, introduced in Chapter It is obtained from STAy by extending both
the term language and the set of types. The term language of STAp is the A-calculus
extended by boolean constants 8, 1 and an if constructor, while types are defined anal-
ogously to STAy types considering also a constant type B for booleans.

5.2.1. The system STAg

We extend the A-calculus by basic boolean constants.

Definition 20. Let B = {0, 1} be the set of booleans and x range over a count-
able set of variables. Then, the set Ap of STAp-terms is defined by the following
grammar:

Miu=x|0|1|AxM|MM| if M then M else M
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Axiom and Weakening:
r }_B M:o
X:A}—BX2A(A:E) I‘,x:AI—BM:U(w)
Multiplicatives:
Nx:olgM: A (= 1) I'rgM:0—oA AlgN:o T'#A
—o
'FgXxM:0—o A AFBMN: A
Exponentials:
I'xi:0,...,X,:0FgM: T (m) I‘I—BM:U( )
Dyx:lobp Mx/x, - ,X/%p] T Tk M:lo 5P
Quantifier:
F'FgM: A a¢FTV(D I'FgM:Va.B
& #FTVID) (vp) R T2 (vE)
PI—BM:Va.A PI—BM:B[A/Q]
Booleans:
FpoB Bel) g (Bi)
PI—BMiB Pl—BN@:A FI—BNliA (BE)
I'g if M then Ng else N; : A

(—

E)

Table 5.1.: The Soft Type Assignment system with Booleans
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|M| denotes the size of the term M and it is defined as:
x| =10] =1 =1 IAx.M =M +1 |MN| = M| + |N| +1
| if M then Ng else Ny | = |M| + |No| + |N¢| + 1

Terms are denoted by M, N, V, P. As usual the variable x in Ax.M is said bound and terms
are considered up to a-equivalence, namely a bound variable can be renamed provided
no free variable is captured. Moreover M[N/x] denotes the capture-free substitution of
all free occurrences of x in M by N. FV(M) denotes the set of free variables of M, while
no(x,M) denotes the number of free occurrences of the variable x in M.

We extend the set of STA types by a constant type for booleans.

Definition 21. Let B be a ground type for booleans and o range over a countable set
of type variables. Then, linear STAp-types and STAp-types are mutually inductively
defined as:

A:=B|a|o—oA|Va.A (Linear Types)

ou:=A|lo
The set of STAg-types s denoted by Tg.

Type variables are denoted by a,, linear STAp-types by A, B,C, and STAp-types
by o, T, 4. In the sequel we usually omit the prefix STAg and we simply write linear
types and types respectively. As usual the variable o in the type Va.A is said bound
and types will be considered modulo renaming of bound variables. o[A/a] denotes the
capture free substitution in o of all occurrences of the type variable o by the linear
type A. FTV(o) denotes the set of free type variables of o. As usual —o associates to
the right and has precedence on V, while ! has precedence on everything else. In what

n-times. Note that each type has the shape I"Va.A.

The symbol = denotes the syntactical equality both for types and terms, modulo re-
naming of bound variables.

A context I' is a set of type assignment assumptions of the shape x : o, where all variables
are different. By abuse of notation contexts are denoted by I', A. dom(I') and FTV(T")
denote respectively the set {x | 3x: 0 € I'} and the set {a € FTV(o) | 3x: 0 € T'}. We
write I'#A if dom(I") N dom(A) = 0.

STAp proves sequents of the shape:

I'FgM:o
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where I is a context, M is a term, and ¢ is a STAp-type. The rules defining STAp are
depicted in Table

Derivations in STAp are denoted by II,X,®. Il > I' kg M : o denotes a derivation II
with conclusion ' Fg M: 0. Asusual Fg M: o is a short for O Fg M : 0.

It is worth noting that while all rules in STA have a multiplicative treatment of contexts,
the rule (BE) of STAp uses an additive treatment of contexts and so contraction is free.

Clearly STAy is a subsystem of STAp. So we have the following obvious result.
Lemma 46. ' M: 0 impliesT'Fg M: o
Proof. Obvious, by Theorem O
We have the following standard properties for a natural deduction system.
Lemma 47 (Free variables lemma).
1. 'Fg M: o tmplies FV(M) C dom(T").
2.TFgM:0,A CT and FV(M) C dom(A) imply AFgM:o.
3. T'FgM:0,'C A tmplies AFpM: 0.

Proof. All the three points can be easily proved by induction on the derivation proving
I'gM:o. O

Moreover, we have the following analogous of Lemma

Lemma 48. I',x : At M:lo tmplies x ¢ FV(M).

Proof. Easy, by induction on the derivation proving I',x: A+g M:lo. O
The functional behaviour of Ag is described in the next definition.

Definition 22. The reduction relation —gsC Ag X Ag 15 the conteztual closure of
the following rules:
(AXM)N —g M[N/x]

if 0 then M else N —5 M
if 1 then M else N —;s N

—ps denotes the reflezive and transitive closure of —gs.

Analogously to the case of STA, in what follows, we will need to talk about proofs

modulo commutations of rules.
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Definition 23. Let I1 and I’ be two deriations in STAg, proving the same conclu-
sion: Il ~ II' denotes the fact that II' is obtained from II by commuting or deleting

some rules.

In the sequel we need an analogous of the Generation Lemma |8 in order to connect
the shape of a term with its possible typings.

Lemma 49 (Generation lemma).

1. I>T Fg Ay.M: Va.A implies there is II' such that I1 ~ II' where the last rule
of ' is (VI).

2.l >TFg Ay.M: 0 — A implies there is II' such that I1 ~» II', whose last rule

1s (—o I).

3. Il >T kg M:lo implies there is II' such that I1 ~ II' where II' consists of a
subderivation, ending with the rule (sp) proving 'I' g M :lo, followed by a
(maybe empty) sequence §of rules (w) and/or (m), dealing with variables not

occurring in M.
4. I >IT g M:lo wmplies there is II' such that Il ~» II', whose last rule is (sp).
Proof.

1. Analogous to the proof of Lemma [8/6. By induction on II. If the last applied
rule is (VI) then the conclusion follows immediately. Otherwise consider the case
Ay.M = Ay.N[x/x1,- - ,X/X,] and II ends as:

oIxy:0,...,X, 0 Fg Ay.N: Va. A

I'x:lobg Ay.N[x/xq,- - ,X/X,] : Va. A (m)
By induction hypothesis 3 ~» ¥’ ending as:
1o x:0,...,X,:0FBAYN: A (V1)

''xy1:0,...,%,: 0 g Ay.N: Va. A

Then, the desired IT’ is:
1>V x1:0,...,%, 0 Ay N: A (m)
Ix:lobg Ay.N[x/xq, - ,x/x,] 1 A (V1)
I'x:lo g Ay.N[x/xq1, - ,X/%] : Va. A

The cases where II ends either by (VE) or (w) rule are easier. The other cases are

not possible.
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2. Analogous to the proof of Lemma 8|2 and similar to the proof of the previous point

of this lemma.

3. Analogous to the proof of Lemma [8]4. By induction on II. In the case the last
applied rule is (sp), the proof is obvious. The case where the last applied rule is
(w) follows directly by induction hypothesis.

Consider the case where M = N[x/x1, ..., X/X,] and the last applied rule is:

2> AKX T, Xy i THD N O
A, x 7 Fp N[x/X, .., X/Xp] o

(m)

In the case x3,...,%, ¢ FV(N) the conclusion follows immediately. Otherwise by
induction hypothesis ¥ ~» ¥1, where ¥; is composed by a subderivation ending
with a rule (sp) proving !A; - N :lo, followed by a sequence § of rules (w) or (m),
dealing with variables not occurring in N. Note that for each x; with 1 <7 < n
such that x; € FV(N) then necessary x; : 7/ € A; and 7 =!7'. Let A, be the

context Ay — {X1: T1,...,Xn : To}, then the conclusion follows by the derivation:

Ag,x1:7 ... Xpn:T' FpN: 0o

Ao, x M Fp N[X/X1, - ,X/Xp] 1 O

'Ag,x 17 Fp N[x/X1,- -+ ,X/Xy] 1o (sP)
followed by a sequence of rules (w) recovering the context A from the context A,.

The other cases are not possible.

4. Analogous to the proof of Lemma [8|5. By induction on II. In the case the last
applied rule is (sp), the proof is obvious. The only other possible case is when the
last applied rule is (m). Consider the case where M = N[x/x1, ..., X/X,]| and the last

applied rule is:
DoIA X T, Xy i THET N O

'A,x 7 b N[x/%1, ..., X/%,] ilo

(m)

If 7 =!7', by induction hypothesis ¥ ~» 31, where 3; ends as:

O Ax T, X :T b N:o
A, X1 M7, oy X T Ep N il

(sp)

So the desired derivation IT' is ©, followed by a rule (m) and a rule (sp). In the
case T is linear, by Lemma x; ¢ FV(M) for each 1 < 7 < m. Moreover by the
previous point of this lemma, X can be rewritten as:

Yi>AiFpN:o
1A, Fr N :lo (s7)
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followed by a sequence ¢ of rules, all dealing with variables not occurring in N. So
0 needs to contain some rules introducing the variables xi,...,X,. Let ¢’ be the
sequence of rules obtained from § by erasing such rules, and inserting a (w) rule
introducing the variable x. The desired derivation I’ is 33; followed by ¢’, followed

by (sp).

5.2.2. Some properties

We would now prove that STAp enjoys the subject reduction property. The proof is
similar to the one for STA. In particular the substitution lemma will be the key lemma.
Instead of introducing a notion of chain analogous to the one defined in Section [2.3.1
of STA, here we can restrict our attention to the simpler technical notion of height of
a variable in a derivation. This thanks to the fact that STAp, extending STAy, is a

natural deduction system.

Definition 24. LetII>T',x:7Fg M: 0. The height of x wn II is inductively defined
as follows:

o if the last applied rule of II 1s:

IMFgN:o
x:AFgx:A or IM)x:AlgN:o

then the height of x wn II s 0.

e if the last applied rule of II 1s:

eI x:7,...,X:TFeN: 0

I, x 7 F N[X/X1,...,X/Xi] 1 O

then the height of x in II is the maxzimum between the heights of x; in II for

1 <1<k plus one.

e Letx:T €T and let the last applied rule w of II be:

EDFI—BMZB @@DPI—BNQZA @1[>F|—BN12A
I''x:7Fp if M then Ng else N; : A

Then the height of x in Il 1s the mazimum between the heights of X 1n X, Oy

and ©; respectively, plus one.
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e In every other case there is an assumption with subject x both in the conclu-
sion of the rule and in one of its premises &. Then the height of x wn Il 1s

equal to the height of x in X plus one.
We can now prove the substitution lemma.

Lemma 50 (Substitution lemma). Let II>T,x: puFpM: o and 2> AFgN:p
such that I'#A. Then there exists © proving:

AR MN/X]: o

Proof. By induction on the height of x in II. Base cases (Az) and (w) are trivial.
The cases where II ends either by (— I),(VI),(VE) or (— E) follow directly from the
induction hypothesis.
Let IT ends by (sp) rule with premise II' > I'V,x : p' g M : ¢/ then by Lemma (49,3
¥ ~» ¥" which is composed by a subderivation ending with an (sp) rule with premise
%' > A’ g Ny followed by a sequence of rules (w) and/or (m). By the induction
hypothesis we have a derivation ©' > IV, A’ Fg M[N/x] : ¢'. By applying the rule (sp)
and the sequence of (w) and/or (m) rules we obtain ©® > T', A g M|N/x] : 0.
Consider the case II ends by:

o Tyx:pbkgMg:B ILipx:pFgMy A o Tx:pukpM: A

Dyx:ubg if My then M; else M; : A (BE)

Then by the induction hypothesis there are derivations © > I',A Fg My[N/x] : B,
©>I',AFg M[N/x] : A and ©; > I', A g Ma[N/x]| : A. By applying a (BE) rule we

obtain a derivation © with conclusion:
I'Atp if Mg[N/x] then M;[N/x] else My[N/x] : A

Consider the case IT ends by:

Me>D,x i u4,..., X, FpM:io
D,x:p P M[x/x1, -+ ,X/Xp] 1 0

(m)

By Lemma[49]3 £ ~» £" ending by an (sp) rule with premise &' > A’ -5 N : p/ followed
by a sequence of rules (w) and/or (m). Consider fresh copies of the derivation ¥’ i.e.
%; > Al g Nj @ ' where N; and A’ are fresh copies of N and A’ (1 <7 < m).

Let x; be such that its height is maximal between the heights of all x; (1 < j < m). By
induction hypothesis there is a derivation:

;> Dyxy i p, o x i Xty X AL FR NN, /X i 0
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Then, we can repeatedly apply induction hypothesis to obtain a derivation @' >
DAY, AL Fg M[Ny /%1, -+ , Ny /%] 0. Finally by applying repeatedly the rules
(m) and (w) the conclusion follows. O

We can finally prove the main property of this section.

Lemma 51 (Subject Reduction). Let ' g M: 0 and M —gs N. ThenT'FpN: 0.

Proof. By induction on the derivation © > I" g M : 0. Consider the case of a —;
reduction. Without loss of generality we can consider only the case © ends as:
OIeTkgb:B Ig>TgMg: A II1ipIFgM: A
I'g if b then Mg else M; : A

(BE)

where b is either ® or 1. The others follow directly by induction hypothesis. If b = 0
then if b then My else M; —4 My and since IIg > I' Fg Mg : A, the conclusion follows.
Analogously if b = 1 then if b then My else M; —4 M; and since IT; > I' g M; : A, the
conclusion follows.
Now consider the case of a —g reduction. Without loss of generality we can consider
only the case © ends as:

eIy FgAXxM:0—o0A Zp>I3FgN:o (

I, ToFg (AXMN: A

—oE)

where I' = I'1,T'5. The others follow directly by induction hypothesis. Clearly
(Ax.M)N —g M[N/x]|. By Lemma [49|2 IT ~» II; ending as

IIy>Ty,x:0FpM: A
T'MFgAxM:0 o A

By the Substitution Lemma since [Ip >y, x:0FgM: Aand X > Ty Fg N: o we
have I';, I's Fg M|N/x] : A, hence the conclusion follows. O
By strong normalization of STA we have the following.

Lemma 52 (Strong Normalization). Let I' g M : o then M is strongly normalizing

with respect to the reduction relation —gs.

Nevertheless due to the additive rule (BE), STAp is no more correct for polynomial
time, since terms with exponential number of reductions can be typed by derivations

with a priori fixed degree, i.e. the nesting of (sp) applications.
Example 6. Consider for n € N terms M,, of the shape:
(AfAz.£7(2))(Ax.if x then x else x)0

It 1s easy to verify that for each M,, there exist reduction sequences of length expo-

nential in n.
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5.3. Structural Operational Semantics

In this section the operational semantics of STAp programs is given, through an eval-
uation machine K%, defined in SOS style [Plotkin, 2004, Kahn, 1987], performing the
evaluation according to the leftmost outermost strategy. The machine, if restricted to
A-calculus, is quite similar to the Krivine machine [Krivine, 2007], since B-reduction is
not an elementary step, but the substitution of a term to a variable is performed one
occurrence at a time. The evaluation machine is related to the type assignment system
STAp in the sense that, when it starts on an empty memory, all the programs (closed
terms typable with ground type) can be evaluated.

5.3.1. Memory devices

K% uses two memory devices, the m-context and the B-context, that memorize respec-

tively the assignments to variables and the control.
Definition 25.

e An m-context A is a sequence of variable assignments of the shape x; := M;
where all variables x; are distinct. The set of m-contexts is denoted by Ctxy,.
The cardinality of an m-context A, denoted by #(A), is the number of variable
assignments in A.

The size of an m-context A, denoted by |A|, is the sum of the size of each
variable assignment in A, where a variable assignment x := M has size |M| + 1.

o Let o be a distinguished symbol. The set Ctxg of B-contexts is defined by the
following grammar:

Clo] =0 | ( if C[o] then M else N )V;---V,

The size of a B-context C[o] denoted |C[o]| is the size of the term obtained by
replacing the symbol o by a variable.

The cardinality of a B-context Clo], denoted by #(C[o]), ts the number of
nested B-contexts in 1t. i.e. #(o) =1, #(( if C[o] then M else N )V;---V,) =

#(Clo]) + 1

€ denotes the empty m-context and A;@A, denotes the concatenation of the m-
contexts A; and A;. Moreover, [x := M] € A denotes the fact that x := M is in the
m-context A. FV(A) denotes the set: Up._yjc 4 FV(H).

As usual C[M] denotes the term obtained by filling the hole [o] in C[o] by M. In general we
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omit the hole [o] and we range over B-contexts by C. FV(C) denotes the set FV(C[M])
for every closed term M.

Note that variable assignments in m-contexts are ordered; this fact allows us to define
the following closure operation.

Definition 26. Let A = [x; := Ni,...,%, : N,] be an m-context. Then ()*: Ag — Ag
1s the map associating to each term M the term M|N,/Xn|[Np—1/Xn—1]---[N1/x1].

5.3.2. The machine K§

In defining the operational semantics of STAg we restrict our attention to programs.

Definition 27. The set P of STAp programs s the set of closed terms typable by
the ground type. i.e. P ={M| FgM: B}.

Moreover the following characterization of terms underlies the design of the evaluation
machine.

Lemma 53. Let M € Ag such that ' g M: 0. Then, M has the following shape:
)\X]_. . )\Xn.CV]_ T Vm

where ( 1is either a boolean b, a variable x, a redex (Ax.N)P, or a subterm of the
shape if P then Ng else N; . Moreover if M € P then n = 0, while if ( s a boolean
b then m = 0.

Proof. By induction on M using the grammar of Definition i

The rules defining KCB are depicted in Table They need some comments. The
rules will be commented bottom-up, which is the natural direction of the evaluation
flow. Rule (Az) is obvious. Rule (8) applies when the head of the subject is a B-redex,
then the association between the bound variable and the argument is remembered
in the m-context and the body of the term in functional position is evaluated. Note
that an a-rule is always performed. Rule (k) replaces the head occurrence of the head
variable by the term associated to it in the m-context. Rules (if 0) and (if 1) perform
the § reductions. Here the evaluation naturally erases part of the subject, but the
erased information is stored in the B-context.

In order to state formally the behaviour of the machine K% we need the following

further definition.
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CAED Db A2

C,AQ[x' :=N] |= M[x/x]V; - - V), | D*
C,AE (AXMNVy -V, b

(6)

x:=NecA C,AEN;---V, b

C,AE=xVy -V, IIb (h)
C[( if [O] then Ng else N; )V]_-"Vm],.A |:MU® C,.A |: NeVi- -V, D (f@)
C,Al=(1if M then Ng else N; )V;---V,, || b t
C[( if [o] then Ng else Ny )V1---Vp,|, AEMI1 C,AENVi -V, D (if 1)
i

C,A|=(1if M then Ng else N; )V;---V,, || b

(*) %' is a fresh variable.

Table 5.2.: The Abstract Machine K§

Definition 28.

e The evaluation relation |JC Ctxp x Ctxy X Ap X B s the effective relation
inductively defined by the rules of K%. If M is a program, and if there is a
boolean b such that [o],e =M || b then we say that M evaluates, and we write
M. As usual =M | b ts a short for [o],e =M | b.

e Derwation trees in the abstract machine are called computations and are de-
noted by V,o. V i C,A =M || b denotes a computation with conclusion
C,A=M{b.

e Gwen a computation V each node of V, which is of the shape C,A|=M | b s
a configuration. C, A =M || b € V denotes that C, A |=M || b is a configuration
i the computation V. Configurations are ranged over by ¢,%. ¢>C, A =
M |} b means that ¢ s the configuration C, A =M |l b. The conclusion of the

derivation tree s called the initial configuration.

e Given a computation V, the path to reach a configuration ¢ denoted pathy(¢)
1s the sequence of configurations between the conclusion of V and ¢. In

general we write path(¢) when V is clear from the context.
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We are interested in the behaviour of the machine when applied to programs. By an
analysis of the rules of Table and from the previous comments, it is easy to verify
the following.

Lemma 54.

1. LetM e P and V=M | b. For each ¢ >C,A=N|b €V

(M)A =55 b’
2. LetMeP and V :=M | b. For each ¢>C,A|=N| b €V
M —%s (CIN)* =55 b

3. LetMeP, Vi=M{b and ¢>C,A=N|b € V. Then (C[N)#, (N)A € P.
Proof.

1. By induction on the height of the subderivation ¢ of V proving ¢>C, A =N | b’

The base case is trivial. Let <& ends as:
C,AQ[x' :=N] =EM[x'/x]Vy -V, D
¢>C, A= (AXMNVy - -V, |1

(6)

By induction hypothesis (M[x'/x]V; - - - V,y, )JACK =N —ps b'. Clearly since x' is fresh:
(M[x'/x]Vs - - V) AP = (UK /2]VL - Vi) [N/X)A = (UIN/R]VL - Vi )2

hence:
(AXM)NVL - - Vi )2 =5 (MN/[VL -+ V)2 =55 b
and the conclusion follows.
The case of a rule (h) follows directly by induction hypothesis.
Let ¢ ends as:
CLAENMLO C,AENgVy -V, b
¢>C,Al=(1if M then Ng else Ny )V;---V,,, | b

(if 0)
where C' = C[( if [o] then Ny else N; )V;---V,;]. By induction hypothesis
(M)A —5s 0, hence:
(( if M then Ng else Ny )V; --- V) —5s ((1f 0 then Ng else N; )V - e V)A
and by ¢ reduction
((if ® then Ng else Ny Vi --- V)4 =5 (NgVy - - - V)2

moreover, since by induction hypothesis we also have (NgVy - - - V,,)* —%5 b’, the
conclusion follows. The case ¢ ends by (if 1) rule is analogous.
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2. By induction on the height of V. The base case is trivial, so consider the case
the height of V is greater than 1. We proceed by induction on path(¢). The case
path(¢) = 0 is trivial, so suppose path(¢) =n+ 1.
Consider we are in the case:

¢>C,AQ[x' :=N] |= M[x'/x]Vy---Vp, |
Y>C A= ARMNVy -V, L1

(6)

By induction hypothesis since path(9) = n, we have:
M —%s (CIAXRMNVL - V) =55 b
Clearly since x’ is fresh, we have:
(CIUIX /xIVs - - Vo] 4O =M = (CIM[x /x]Vy - - Vo )IN/X])A = (CIMIN/KVs - - U]}
hence by B-reduction and confluence:
M —5s (CIAXRMNVL -V ])* =g (CIMIN/X]VL - - Vi ])* =55 b

and the conclusion follows.
The case of a rule (h) is simpler since by definition, the variables in A are all
distinct.
The case:
¢>C AEMLO C,LAENVL---V b
P>C, A= (if M then Ng else N; )Vi---V,, || b

(if 0)

where C' = C[( if [o] then Ny else N; )Vy---V,,] follows directly by induction
hypothesis since clearly (C[( if M then Ny else N; )V; - -- V,,])A = (C'[M])A.
Now, consider we are in the case:
CLAEMIO ¢>C,AENVL---V b
P>C, A= (if M then Ng else N; )Vy---V,, | b

(if 0)

where C' = C[( if [o] then Ng else N; )V; ---V,,]. By induction hypothesis since
path(y) =n:

M —%s (C[( 1f M then Ng else Ny Vi - Vp])* =55 b

moreover, by the previous point of this lemma (M)A —>}§ 5 0. So by d-reduction and

confluence:

M —ps (C[( if M then Ng else N; )Vy---
—%s (C[(if 0 then No else N; )Vy---
—5  (C[NgVy -~ V)2 —hs b

and the conclusion follows.
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C,As =040 ¢>CoAs =010

C,Asl=z1 0 Co,A3=2z1 0
Ci,As=x20 Co,A3=x%x200
Co, A3 |= 1f x> then x else x5 || 0

CQ,A4|:®U® .A4|:®U®

Co, Agl=z1 10 Agl=2z1 10

Co,As =230 Agl=x300
Ay |=1f x3 then x3 else x3 | 0

Co, A2 = (Ax.if x then x else x)z; | ® Ay |= (Ax.if x then x else x)z; || ®

Co, Az = f12; 1 0
Co, Ao |: x1 0

Az |=£1z; 1 0
P>A =% 00

Ao |=1f x; then x; else x; || ©
Aj = (Ax.if x then x else x)(f1z1) | ©
.Al |: f]_(f]_Z]_) U 0
.Ao |: ()\z.fl(flz))® U 0
= (AfAz.£2(z))(Ax.if x then x else x)0 |} 0

Ap = [f1 := Ax.if x then x else x] (p= if o then x; else x;

A1 = ApQ[z; := 0] C1 =Co[ if o then x; else x|
= A1Q[x; := £124] Co = if o then x3 else x3
= AxQ[xz 1= z1]
[

A4 = A2Q[x3 := z4]

Table 5.3.: An example of computation in K%.

3. By the previous points of this lemma and Lemma O

Note that, in the previous lemma, the m-context and the B-context are essential in
proving the desired properties. In fact the B-context recovers the part of the term
necessary to complete d-reductions, while the m-context completes B-reductions that

have been performed only partially by the machine.

Example 7. In Table we present an example of K% computation on the same
term of Ezample [6]

Note that by Definition [28]1 a term M evaluates only if it is a program and there exists
b such that =M |} b. We stress here, that the machine K% is complete with respect to

programs, in the sense that all the programs can be evaluated.
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Theorem 22.

MeP wmplies M|

Proof. The proof of the theorem proceed by mixing induction on the shape of M and
induction on the number of reduction steps to normal form, since by Lemma M is
strongly normalizing. Considering the characterization of Lemma since M € P, then
it has the shape (V; ---V,, where ( is either a boolean or a redex (Ax.N)P or a term of
the shape if M’ then Ny else N; .

The base case is trivial by (Az) rule. So consider the case M = (Ax.N)PV; - - -V,. Clearly
(Ax.N)PVy ---V, —gs N[P/x]Vy---V, hence by induction hypothesis there exists b such
that |= N[P/x]V;---V, || b. Now, for a fresh x/, clearly:

N[P/x]Vy -V, = (NVg -« -V, )70 = (N[x//x]Vy - - -V, ) =)

so, in particular o, [x" := P] |= N[x'/x]V; - - - V,, || b and by applying rule (8) the conclusion
follows.

Now let M = ( if M then Ny else N; )V;---V,. Clearly M € P, hence by induction
hypothesis |= M |} b for some boolean b, and by Lemma 1 M —5s b. Then, in
particular ( if M’ then Ny else N; )Vy---V, —>2‘35 ( if b then Ng else N; )Vy ---V,, and
by d-reduction ( if b then Ny else N; )Vy---V, —s NpVy---V, hence, by induction
hypothesis NyV; - - - V,, || b’ for some b’. So by rule (if b) the conclusion follows. O

5.3.3. A small step version of K§

In Table we give a small step version of the machine K§. The rules are similar to
the rules in Table but the use of a garbage collector procedure described in Table
which is needed in order to maintain the desired complexity property. In fact the
small step machine can be easily shown equivalent to the big step one.

We have introduced the small step machine since it explicits the evaluation order clar-
ifying that every configuration depends uniquely on the previous one, thanks to the
B-context. So the space necessary to evaluate a program turns out to be the maximum
space used by one of its configurations.

Nevertheless, the big step machine has the advantage of being more abstract and this
make it easy to prove the complexity properties. In fact, the garbage collector procedure
make more difficult the proofs of such properties for the small step machine. For this

reason in what follows we will work on the big step machine.
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(C, A > (AXM)NVy - --V,,) = (C, AQ[x' :=N] > M[x'/x]Vy1 -+ V) 8)
(C, A1Q[x :=N]@Ay > xV;---V,,) — (C, A1Q[x := N]@A2 > NVy - - V,p,)
C' =C[( if [o] then Ng else Nj )Vy ---V,] (if)
(C, A > (if M then Ng else Ny )Vy---Vp,) — (C', A > M) '
A’ = clear(C, A, NgVy - -+ Vy,)
(C[( if [o] then Ny else N; )Vy---V,], A > 0) — (C, A" = NogVy ---V,)
A" = clear(C, A, N;Vy --- V)
(C[( if [o] then Ng else N; )Vy---V,], A > 1) — (C, A" = N1Vy ---V,)

(ho)

Table 5.4.: The small step machine k§

clear(C,e,M) =¢

clear(C,A,M)=A" x€FV(C)UFV(M)UFV(A)
clear(C,[x := NJQA,M) = [x := N|JQA’

clear(C,A,M) = A" x¢FV(C)UFV(M)UFV(A)
clear(C,[x := NJQA,M) = A’

Table 5.5.: The garbage collector procedure.
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5.3.4. Space Measures

We can now define the space effectively used to evaluate a term. The remarks in the
previous section allow us to consider the following definition.

Definition 29. Let ¢ > C, A |= M || b be a configuration then its size denoted ||
1s the sum |C| + |A| + M|. Let V :: C,A =M | b be a computation, then its space

occupation denoted space(V) is the mazimal size of a configuration in V.

In particular since there is a one-to-one correspondence between a program M and its
computation V :: [o],e = M |} b, we usually write space(M) in place of space(V). In
order to have polynomial space soundness we show that there exists a polynomial P(X)
such that for each M € P: space(M) < P(|M|). The result will be proved in next section.

Example 8. By returning to the computation of Example[7 it is worth noting that to
pass from the configuration ¢ to the configuration 9 (as in Table all necessary
informations are already present in the configuration ¢ itself. We can view such a
step as a —4 step (if O then x; else x; ) —5 (x1)*® noting that (x1)3 = (x1)*2.
In fact this can be generalized, so in this sense we don’t need neither mechanism

for backtracking nor the memorization of parts of the computation tree.

In what follows we introduce some relations between the size of the contexts and the

behaviour of the machine, which will be useful later.

Definition 30. Let V be a computation and ¢ € V a configuration.
o #5(¢p) denotes the number of applications of the (B) rule in path(g).
o #n(¢) denotes the number of applications of the (h) rule in path(¢).

o #i:(¢) denotes the number of applications of (if 0) and (if 1) rules in
path(¢).

The cardinality of the contexts is a measure of the number of some rules performed
by the machine.

Lemma 55. Let V =M || b. Then for each configuration ¢1>C;, A; |=EP; | b/ € V:
1. #(A:) = #5(9)
2. #(C:) = #i£(9)

Proof.
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1. Easy, by induction on the length of path(¢), since m-contexts can grow only by
applications of the (8) rule.

2. Easy, by induction on the length of path(¢), since B-contexts can grow only by
applications of (if 0) and (if 1) rules. m]

. . . . c
The following is an important property of the machine Kj.

Property 1. Let M € P and V ::E= M || b then for each ¢ >C,A|=P | b € V if

[z; :=N;] € A then N; s an instance of a subterm of M.

Proof. The property is proven by contradiction. Take the configuration ¢ with minimal
path from it to the root of V, such that in its m-context Ay there is x; := N;, where N;
is not an instance of a subterm of M. Let p be the length of this path. Since the only

rule that makes the m-context grow is a (£) rule we are in a situation like the following:

C,A'Q[x; :=N;] |=P[x;/x]Vi---V, | b
C,A' = (AxP)N;Vy---V,, | b

If N; is not an instance of a subterm of M it has been obtained by a substitution. Substi-
tutions can be made only through applications of rule (k) replacing the head variable.
Hence by the shape of (Ax.P)N;V; ---V,, the only possible situation is that there exists
an application of rule (h) as:

[y:=M]eA CAENV -V, b
€A = V-V, b

with & > 1 and N; is an instance of a subterm of M. But this implies M is not an instance
of a subterm of M and it has been introduced by a rule of a path of length less than p,
contradicting the hypothesis. O

The next lemma gives upper bounds to the size of the m-context, of the B-context
and of the subject of a configuration.

Lemma 56. Let M € P and V ::=M || b then for each configuration ¢ >C, A =P |
b' e V:

1. Al < #p(P) (M + 1)
2. [P| < (#n(d) + 1)[M|
8. |C] < #is(¢)(max{|N| | ¥ >C', A" =N | b" € V})

Proof.
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1. By Lemma[55/1 and Property

2. By inspection of the rules of Table it is easy to verify that the subject can
grow only by substitutions through applications of the (k) rule. So the conclusion
follows by Property

3. The conclusion follows directly by Lemma [55] 1. o

5.4. PSPACE Soundness

In this section we show that STAp is correct for polynomial space computation, namely
each program typable through a derivation with degree d can be executed on the machine
K% in space polynomial in its size, where the maximum exponent of the polynomial is
d. The degree of a derivation counts the maximum nesting of applications of the rule
(sp) in it. So considering fixed degrees we get PSPACE soundness. Considering a
fixed d is not a limitation. Indeed until now, in STAg programs we do not distinguish
between the program code and input data. In fact, analogously to STA, data types are
typable through derivations with degree 0. Hence the degree can be considered as a real

characteristic of the program code.

5.4.1. Space and STAg

Consider the following measure on STAp derivations.

Definition 31. The degree d(II) of a STAp deriwation II is the mazimum nesting
of applications of rule (sp) in IL.

It is easy to verify that every STAp program can be typed through derivations with
different degrees, nevertheless for each program there is a sort of minimal derivation for
it, with respect to the degree. So we can stratify programs with respect to the degree

of their derivations, according to the following definition.

Definition 32. For each d € IN the set Py s the set of STAg programs typable

through derivation with degree d.
Pi={M| II>FgM:B A d(II) =d}
The next lemma follows easily by the above definition.

Lemma 57. P = U Pr.
ncN
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We here need to define measures of both terms and proofs, which are an adaptation

of those given in Definition
Definition 33.

e The rank of a rule (m) as:

x1:TyeeyXn:THFB M0

(m)

Dyx 7 b M[x/X1,..,X/Xs] 1 O

1s the number k < n of vartables x; such that x; € FV(M) for 1 <1 <n.
Let r be the the mazimum rank of a rule (m) in II. The rank rk(I1) of II s
the mazimum between 1 and r.

e Let r be a natural number. The space weight §(II,r) of II with respect to r s
defined inductively as follows.
— If the last applied rule is (Az), (Bol),(B1I) then 6(II,7) = 1.
— If the last applied rule 1s:

ZDP,X:UI—BM:A(_OI)
I'Fg AxM:0—o A

then 6(I1,r) = 6(%,r) + 1.
— If the last applied rule 1is:
YoI'FgM:o
Trpnio P
then 6(I1,7) = ré(%,r).
— If the last applied rule 1s:

2>T'FgM:p—oA O AFgN:pu
AFgMN: A

(— E)

then §(II,r) = 6(2,7) + 6(©,r) + 1.
— If the last applied rule 1is:

YoT'FgM:B ©Gg>I'FgNg:A ©:>T'FgN;: A
I'g if M then Ny else N; : A

then §(I1,7) = max{d(%,r), (O, 7),d(©1,7)} +1

— In every other case §(I1, r) = §(XZ, r) where & ts the unique premise deriva-

tion.
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We want to prove here that the subject reduction does not increase the space weight
of a derivation. In order to prove it we need to rephrase the Substitution Lemma taking

into account this measure.

Lemma 58 (Weighted Substitution Lemma). Let II > I'x : p Fg M : 0 and
L > AbpN:pu such that T'#A then there exists © > T', A g M[N/x| : ¢ such that for
each r > rk(II):

§(0,r) <6(I,r) +4(2,7)
Proof. It suffices to verify how the weights are modified by the proof of Lemma We
will use exactly the same notation as in the lemma.
Base cases are trivial and in the cases where II ends by (— I),(VI),(VE) and (— E)
rules the conclusion follows directly by induction hypothesis.
If IT ends by (sp) rule: §(II,r) = r6(II',7) and 6(2,r) = ré(X’,r). By the induction
hypothesis §(©',r) < §(I',r) + §(¥', r) and applying (sp):

6(©,r) <r(6(I',r) +6(2',r)) = 6(IL, ) +6(Z, 1)
If IT ends by (BE): 6(II, ) = maxg<;<2(d(Il;, 7)) + 1. By induction hypothesis we have
derivations §(©;,r) < d(IL;,7) + 6(X,r) for 0 < ¢ < 2. and applying a (BE) rule:

0(0,r) < Ongl%xz(é(l'[i,r) +4(2,7)) = 0121?%{2(6(1'[1',7‘)) +4(2,7)

If IT ends by (m): 6(I1,7) = 6(I',r) and (%, 7) = ré(X',r). Clearly 6(%',7) = 6(Z%,7)
so 6(@',r) < 4(IT',r) + mé(X', r) and since r > rk(II) then:
6(@,r) <6(Il,r) +ré(Z,r) =6(I,7) +6(Z,7)

Now the rules (m) and (w) leave the space weight § unchanged hence the conclusion
follows. |

We are now ready to show that the space weight § gives a bound on the number of

both (B) and (if) rules in a computation path of the machine K§.
Lemma 59. LetP € P and V =P | b.
1. Consider an occurrence in V of the rule:

C,AQ{x :=N} EM[x'/x]V;---V,, | b
C,AE (AXM)NVy -V, U b

(6)

Then, for every derivations & >hg ((AX.M)NVy---V,,)A : B there ezxists a
derivation © >tp (M[x'/x]Vy - - - V,p )JACH =N} . B such that for every r > rk(Z):

0(2,r) >46(0,r)
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2. Constder an occurrence in V of an if rule as:

CLA=MLO CAR=NgVy- VU U D
C,A|l=(1if M then Ng else N; )V;---V,, | b

where C' = C[( if [o] then Ny else N; )Vy---Vy]. Then, for each derivation
Y >Fp (( if M then Ny else N; )Vy---V,,)A : B there are derivations © >hp
(M)A : B and II >k (NgVy - - -V, )2 : B such that for every r > rk(X):

0(2,7)>4d4(0,r) and 4(2,r)>(I0,r)

Proof.

1. We can consider the case where m = 0 and prove that if II > I' Fg (AX.M)N : o,
then there exists II' > I' g M[N/x]o with rk(IT) > rk(IT') such that for » > rk(II):

6(TL,7) > (I, 7)

Since (VR), (VL), (m) and (w) rules don’t change the space weight §, without loss
of generality we can assume that II ends as follows:

IIipI',x:0FgM: A
I'iFg AXxM:0—o A ( [Io>I3FgN:o
yToFg (AXMN: A n
Ty, Ty s N A CP)

—oI)

(— E)

where 'y #I's, I' =!"T"1, "', 0 =!"A and n > 0. Clearly, by definition of the space
weight d, we have §(II,7) = r™(6(II1,7) + 1 + §(Il2,7)). By Lemma [58]there exists
a derivation IT3 > I' kg M[N/x] : A such that (I3, ) < &(I1y,7) + d(II2, 7). Hence,
we can construct IT' ending as:
I3>T,A>MNN/x]: A
"'y, 1"y > MN/x] :I" A

(sp)”

Clearly 6(IT',r) < r™(6(I1y,7) + d(II2,7)), so the conclusion follows.
2. It follows directly by the definition of the space weight 4. O

Since it is easy to verify that h rules leave the space weight unchanged, a direct

consequence of the above lemma is the following.

Lemma 60. Let [I>Fg M: B and V :E=M || b. Then for each ¢>C,A=N|b €V
and for each r > rk(II):

#p(®) + #i£(¢) < O(IL,7)
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Proof. 1t follows directly by Lemma O
Now we are ready to prove that subject reduction does not increase the space weight.

Property 2. LetII>T' g M: 0 and M =% N. Then there ezists IT' > I' bg N: o with
rk(IT) > rk(II') such that for each r > rk(II):

6(I1,7) > 6(IT, )

Proof. By Lemma [68|and definition of §, noting that a reduction inside an if can leave
0 unchanged. |

The previous result can be extended to the machine KCB in the following way.

Property 3. LetII>Fg M: B and V ::=M |l b. For each configuration ¢>C, A |=N |}
b € V such that C % o there ezist derivations T kg (C[N])* : B and © >Fg (N)A: B
such that © s a proper subderivation of & and for each r > rk(II):

(I, r) > (2, r) > d0(0, 1)

5.4.2. Proof of PSPACE Soundness

As stressed in the previous section, the space used by the machine KCB is the maximum
space used by its configurations. In order to give an account of this space, we need to
measure how the size of a term can increase during the evaluation. The key notion for
doing it is that of number of the sliced occurrences of a variable, which takes into account
that in performing an if reduction a subterm of the subject is erased. In particular by
giving a bound on the number of sliced occurrences we obtain a bound on the number
of applications of the (h) rule in a path.

Definition 34. The number of sliced occurrences ng,(x,M) of the variable x in M s
defined as:

Nso(X,x) =1 Nso(X,¥) = Nso(X,0) = ngo(x,1) =0
Nso(X, MN) = nso(X, M) + nso(x, N) Nso(X, AY.M) = nso(x, M),

Nso(X, 1f M then Ny else Ny ) = max{n;,(x, M), nso(X, Ng), 7s0o(%,N1)}

A type derivation gives us some informations about the number of sliced occurrences

of a free variable x in its subject M.
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Lemma 61. Let II>T,x:I"AFg M: 0 then ns(x,M) < rk(IT)".

Proof. By induction on 7.

Case n = 0. The conclusion follows easily by induction on II. Base cases are trivial.

In the case II ends by (BE) conclusion follows by n,(x,M) definition and induction

hypothesis. The other cases follow directly from the induction hypothesis remembering

the side condition I'#A in (—o E) case.

Case n > 0. By induction on II. Base case is trivial. Let the last rule of II be:
E>ThtgM:B ©y>ThHgNg:B ©;>T'FgN;: B

I'Fg if M then Ng else N; : B

(BE)

where z :I" A € I". By induction hypothesis n,,(x, M) < rk(Z)" and n,(x,N;) < rk(©;)”
for 2 € {0, 1}. By definition of rank rk(I1) = max{rk(X), rk(®g), rk(©;)} and since by
definition ns,(x, 1f M then Ng else N; ) is equal to max{ns,(x, M), nso(x, Ng), ns0(x,N1)},
then the conclusion follows.
Let the last rule of II be:
LoDxy LA x, M ARR N
Dx:1"AF N[x/X1, -, X/Xm] 1 p

(m)

where N[x/x;,- -+ ,X/X;] = M. By induction hypothesis ns,(x;,N) < rk(Z)" ! for 1 <
1 < m and since rk(X) < rk(II) the conclusion follows easily. In every other case the

conclusion follows directly by induction hypothesis. O

It is worth noting that the typing gives also dynamical informations about the number
of sliced occurrences of a variable.

Lemma 62. LetII>T',x:I"AtgM: 0 and M —gs N. Then ng(x,N) < rk(II)™.

Proof. By Lemma [51] and Lemma i

The lemma above is essential to prove the following remarkable property.

Lemma 63. Let M € P; and V ::=M || b then for each ¢ > C,A|=P | b € V:

#n(9) < #(A) M|

Proof. For each [x' := N] € A the variable x’ is a fresh copy of a variable x originally
bound in M. Hence, M contains a subterm (Ax.P)Q and there exists a derivation IT such
that IT>x:"A+gP: B.

By Lemma (62] for every P’ such that P —%; P’ we have nso(x,P') < rk(II)*. So, in
particular the number of applications of A rules on the variable x’ is bounded by rk(IT)™.
Since |M| > rk(II) and d > n, the conclusion follows. O
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The following lemma relates the space weight of a derivation with both the size of the

subject of the conclusion and the degree of the derivation itself.
Lemma 64. LetII>T'FgM:o.

1. 0(I1,1) < M

2. 6(T,r) < §(I, 1) x 74

8. 8(I1, rk(I1)) < |m|d+1
Proof.

1. By induction on II. Base cases are trivial. Cases (sp),(m), (w),(VI) and (VE)
follow directly by induction hypothesis. The other cases follow by definition of 4.

2. By induction on II. Base cases are trivial. Cases (sp), (m), (w), (VI) and (VE)
follow directly by induction hypothesis. The other cases follow by definition of §
and d.

3. By definition of rank it is easy to verify that rk(II) < |M|, hence by the previous
two points the conclusion follows. O

The next lemma gives a bound on the dimensions of all the components of a machine

configuration, namely the term, the m-context and the B-context.
Lemma 65. Let M€ Py and V :: =M || b. Then for each ¢>C,Al=N| b € V:
1 A] < 202
2. |N| < 2Mj2d+2
5. |C| < 2[M+3
Proof.
1. By Lemma[56]1, Lemma [60] and Lemma [64]3.
2. By Lemma [66]2, Lemma [63, Lemma [55/1, Lemma [60| and Lemma [64]3:

IN] < (#n (@) + 1)M| < #(A)MIT + 1] < 2042

3. By Lemma [56]3, the previous point of this lemma, Lemma [55/2, Lemma [60] and
Lemma [64]3:
[C] < #(C)2M**2 < |M|*H2fuPEe2 < 2P
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The PSPACE soundness follows immediately from the definition of space(II), for a

machine evaluation II, and from the previous lemma.

Theorem 23 (Polynomial Space Soundness).
Let M € Py. Then:

space(M) < 6|M|3¢+3

Proof. By definition of space(M) and Lemma ]

5.5. PSPACE completeness

It is well known that the class of problems decidable by Deterministic Turing machines
(DTM) in space polynomial in the length of the input coincides with the class of prob-
lems decidable by Alternating Turing machines (ATM) [Chandra et al., 1981] in time
polynomial in the length of the input.

In Section we have shown that polynomial time DTM are definable by A-terms
typable in STA. Analogously here we show that polynomial time ATM are definable
by programs of STAg. We achieve such a result considering a notion of function pro-
grammable in STAg. We consider the same representation of data types as in STA, in
particular data types are typable through derivations with degree 0. Finally we show
that for each polynomial time ATM M we can define a recursive evaluation procedure
which behaves as M. In what follows we use some of the notation introduced in Section
2.4.2]

Programmable functions The polynomial time completeness in Chapter |2 relies on
the notion of A-definability, given in [Barendregt, 1984], generalized to different kinds
of data.

The same can be done here for STAg, by using a generalization of A-definability to
the set of terms Ap. Nevertheless this is not sufficient, since we want to show that
polynomial time ATM can be defined by programs of STAg. In fact we also need the

following definition.

Definition 35. Let f : I} x ... x I, = B and let elements in I; be representable by
terms i;(1<j<mn).
f is programmable if, for a term f € Ap, fi;...i, € P and:

f(i1,...ip) =b <— |=1fi;...i, D
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Tensor Product  In Section we have seen that the tensor product ® is definable
in STA. In particular by Lemma it is definable in STAg. Moreover, since STAg
is an affine system, analogously to STA, tensor product enjoys some properties of the
additive conjunction, as to allow the projectors. So in particular we have terms:

m1(M) = M(Ax.Ay.X) mo (M) = M(Ax.Ay.y)

and the following are derived rules.

'rgM:0®T 'FrgM:0®T
'Fgm(M):o I'Fgme(M): 7

Natural numbers  In STAp, analogously to what happens in STA, natural numbers
are represented by Church numerals, i.e. n = As.Az.s™(z). As shown in Section [2.4.2]
Church numerals and some of the operation usually definable over them are typable by

indexed types:

N; =Va.!l'(a oa) oa —oa
In particular for STAg it holds the following analogous of Lemma

Lemma 66. Let P be a polynomzial in the variable X and deg(P) its degree. Then
there 1s a term P defining P typable as :

g P 199(FIN — Nogeg(P)+1

Proof. Obvious by Lemma [18/ and Lemma O

Boolean connectives Clearly since basic booleans constants are primitive in STAg
we can define easily the usual boolean connectives. In particular we have the following
terms:

Mand N = if M then (if N then ® else 1) else 1

MorN = if M then 0 else ( if N then 0 else 1)

It is worth noting that due to the presence of the (BE) rule, the following rules with an
additive management of contexts are derivable in STAR:

'kgM:B TI'gN:B I'kgM:B T'gN:B
PI—BM&dNZB PI—BMgN:B
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ATM Configurations  The encoding of Deterministic Turing machine configuration
given in Section [2.4.2| can be adapted in order to encode Alternating Turing machine
configurations. In fact, an ATM configuration can be viewed as a DTM configuration
with an extra information about the state. There are four kinds of state: accepting
(A), rejecting (R), universal (A), existential (V) . We can encode such information by

tensor pairs of booleans. In particular:

o) [af @y [r[ @1 Al (60 ]V]

We say that a configuration is accepting, rejecting, universal or existential depending
on the kind of its state.

Let o denote composition as defined in Section Then, we can encode ATM con-
figurations by terms of the shape:

Ac.(cbho---ocb), cbyo---ocbl,(Qk))

where cbé o...ocbl and cb}o...ocb? are respectively the left and right hand-side
words on the ATM tape, Q is a tuple encoding the state and k = (kj, k) is the tensor
pair encoding the kind of the state. Analogously to the case of Deterministic Turing
machines, by convention the left part of the tape is represented in a reversed order,
the alphabet is composed by the two symbols ® and 1, the scanned symbol is the first
symbol in the right part and final states are divided in accepting and rejecting.

Definition 36. The indexed type ATMY for each i,q € N s defined as:
ATM; = Vo' (B — a — a) — ((a — a)? @ B4?)
The above indexed type is useful to type ATM configurations.
Lemma 67. Let t € IN. Every term of the shape:
Ac.(cbgo---och,cbfo---o0cbl,(qo,...,q: ki, ks))
defines an ATM configuration. For every i > 0 such terms are typable in STAp as:
Fg Ac.(cbg o ---ocbl,cbfo---ocbl,(qo,...,a ki, k) : ATM?
Proof. Hasy. O

It is easy to adapt the terms described in dealing with TM to the case of ATM.
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Lemma 68. The term Initg = At.Ac.(Az.z, Az.t(c0)z, (Qo, ko)) defines the function
that, taking as input a Church numeral n, giwes as output an alternating Turing
machine with tape of length n filled by 0’s in the wnitial state Qo = (qo, - - ., dn), With
wnitial kind ko = (kp, kg) and with the head at the beginning of the tape. For each
1 € N 1t 1s typable in STA as:

Fg Init4 : N; - TM?
Proof. Hasy. O

While DTM behaviour is determined by a transition function, ATM behaviour is
instead determined by a transition relation. Nevertheless we can regard a transition
relation as the composition of different transition functions. So we can consider only
the latter.

Lemma 69. For every transition function f between ATM configurations, there
ezists a term Try defining an ATM transition step typable as:

I_B TI‘f . ATM,; — ATMi
Proof. Analogous to the proof of Lemma O

As in the case of Deterministic Turing machines we need a term that initialize an
Alternating Turing machine with an input string.

Lemma 70. There exists a term Iny defining the function that, when supplied by a
boolean string and an ATM, writes the input string on the tape of the ATM. Such
a term 1s typable as:

FelIng:S — ATM? —o ATM?

Proof. Similar to the proof of Lemma O
In what follows, we need a terms that returns the kind of a given configuration.
Lemma 71. The term:
Kind = Ax.let x(Ab.Ay.y) be 1,r,s in (let s be g,k in k)

defines the function returning the kind of an input configuration. It is typable in
STAR as:
g Kind : ATM; — B?

Proof. Hasy. O
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Moreover, we need a term that returns the acceptance or not of the final configuration.

Lemma 72. The term:
Ext = Ax.let (Kind x) be 1,r inr

defines the function that given an ATM configuration returns 0 if it is accepting,
1 otherwise. It is typable in STAg as:

Fg Ext : ATM; - B

Proof. Hasy. O

Evaluation function Given an ATM M working in polynomial time we define a recur-
sive evaluation procedure evaly, which takes a string s and returns 0 or 1 if the initial
configuration (with the tape filled with s) leads to an accepting or rejecting configura-
tion respectively.

Without loss of generality we consider ATMs with transition relation of degree two (at
each step we consider two transitions). We need to define some auxiliary functions.

Lemma 73. The term:

a(Mg, M1, Mz) = let My be aj,a; in if a; then (if a, then (aj,
m2(My) or m(Mz)) else (a;, m2(M;) and m,(Mz))) else (ai,az)

defines a function a acting as:

oA, M, M2) = A oA My, Ma) =My AMp
a(R, M]_,Mg) =R a(\/,Ml,Mg) =M VM,

It 1s typable in STAp by the following typing rule:

TtpMy:B? ThgM;:B2 TrHpMy:B2
r I—B Q(Mo,Ml,Mg) . B2

where the management of contexts is additive.

Proof. Checking that o has the intended behaviour and typing is boring but easy. O

We would now define evalps as an iteration of an higher order Step,, function over

a Base case.
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Lemma 74. Let Tr; and Trs be two closed terms defining the two components of

the transition relation. The terms:

Base = Ac.(Kind c) and Step,, = Ah.Ac.a((Kind c), (h(Tr; c)), (h(Tr; c)))
are typable respectively as:

g Base: ATM; - B? and g Stepy,: (ATM; — B?) o ATM; — B?

Proof. Hasy. O

Now we can finally define the evaluation function.
Lemma 75. Let P be a polynomial. Then, the term:

evaly = As.Ext((P (len s) Step,, Base)(Ing s (Init4(P (len s))))

defines the evaluation function of an ATM M working in time P(|s|), for every
wnput string s. It is typable in STAp as

g evaly, :Imax(des(P)1) g o B

Proof. Checking that o has the intended behaviour and typing is boring but easy. In
particular, it follows by Lemma [66] using Lemma Lemma Lemma [70, Lemma [73]
Lemma [74] and Lemma m|

Here, the evaluation is performed by a higher order iteration, which represents a
recurrence with parameter substitutions. Note that by considering an ATM M which
decides a language £ the final configuration is either accepting or rejecting hence the

term Ext can be applied with the intended meaning.

Lemma 76. A decision problem D : {0,1}* — {0,1} decidable by an ATM M n

polynomzial time s programmable in STAg.

Proof. By Lemma [75|it follows:

D(s) =b <= evalys b

From the well known result of [Chandra et al., 1981] we can conclude.

Theorem 24 (Polynomial Space Completeness). Every decision problem D €
PSPACE s programmable in STAR.
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5.6. Related Topic

In this section we briefly discuss some topic which are related to the topics presented in
the previous sections.

FPSPACE characterization.  FPSPACE is the class of functions computable in poly-
nomial space. The completeness for FPSPACE can be obtained by replacing booleans
by words over booleans. In particular we can add to STA the type W and the following

rules:
'EFM:' W 'FM:' W 'EFM:' W

Fe:W TFOM):W T'HF1M):W T'FpM):W

and the conditional
I'-M:W T'EN.:o T'FNg:o T'FNqyi:o
I' - D(M,N,No,N1) : 0

The obtained system STAw equipped with the obvious reduction relation can be shown
to be FPSPACE sound following what we have done for STAp. Moreover, analogously
to |[Leivant and Marion, 1993|, completeness for FPSPACE can be proved by considering
two distinct data types S (Church representations of Strings) and W (Flat words over
Booleans) as input and output data type respectively. The above is one of the reasons
that leads us to consider STAp instead of the above system.

STAg and Soft Linear Logic. STA has been introduced as a type assignment coun-
terpart of Soft Linear Logic [Lafont, 2004]. STAp is an extension of STA by booleans
constants. We now pose our attention to the question of which is the logical counterpart
of such extension.

We can add to SLL (or define by means of second order quantifier) the additive
disjunction @ and the rules to deal with it, which in a natural deduction style
[Ronchi Della Rocca and Roversi, 1997] are:

'FA '+B 'rAeB AAFC A,BRC
I'-Ae B 'rAe® B LAEC

We can so define B = 1@ 1, where 1 is the multiplicative unit, and specialize the above
rules to booleans:

T'-1 TH1 'HF1e1 A1FC ALIEC
Fl-l@l(o) I"l—lEBl(l) LAFC ()

It is worth noting that such rules do not change the complexity of SLL. In fact it is
essential in order to obtain a logical system behaving as STAg to modify the above
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elimination rule allowing free contraction between contexts I' and A. Hence we can

modify it as:
'rie1 THW1FC T,1FC E
'rC ()

We conjecture that the logical system obtained by adding the above modified rule to
SLL behaves like STAp. In order to prove the polynomial space soundness for such a
system we need to mimic in the cut elimination process the abstract machine mechanism
of Section For this reason it could be more interesting introduce proof-nets for such

a system and study cut elimination in this framework.
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Linearity and Semantics
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This part of the thesis studies the problem of designing a programming language for
computable functions which is, in a sense that will later on become clear, semantically
linear.

The Programming language for Computable Functions PCF was introduced by Plotkin
in [Plotkin, 1977] as the programming language counterpart of Scott’s Logic for
Computable Functions LCF [Scott, 1993]. The very name PCF stresses the fact that
it is a programming language where all the computable functions can be programmed.
PCF is in fact a paradigmatic example of a typed functional programming language. It
consists of the simply typed lambda calculus augmented by basic arithmetic constants
and by general recursion in the form of fixpoint combinators at every type.

PCF is simple and general. For these reasons, during the years, it has been widely
used as base language for semantical investigations. In particular, PCF has been at
the centre of the research on relations between operational and denotational semantics.
See [Ong, 1995| for an extensive treatment of the subject and [Curien, 2007] for a more
recent survey.

The operational semantics describe the meaning of a program in terms of the observable
result of its execution by an abstract mathematical machine. For this reason two
programs are considered operationally equivalent whenever they are interchangeable “in
all contexts” without affecting the observable outcome of the computation. Denotational
semantics, on the other hand, describes the meaning of a program in terms of its
interpretation in a mathematical model. Two programs are denotationally equivalent
in a given model only when they are interpreted in the same object of the model.

A model is said fully abstract with respect to an operational semantics if the denota-
tional equivalence induced by the model and the operational equivalence induced by
the operational semantics coincide.

The quest for a fully abstract model for PCF has influenced the researches in the study
of programming language semantics from the very beginning. In particular, as stressed
in [Curien, 2007], we can distinguish between two approaches in the investigations
related to this problem. The first approach is to look for a model fitting an intended
fixed language. Many works following this approach have led to the discovery of different
relevant semantical models. Among the most important, dI Domains [Berry, 1978],
coherence spaces [Girard, 1987], and game semantics, see [Hyland and Ong, 2000] for a
survey.

The second complementary approach is to look for a language fitting an intended
model. The content of this part of the thesis follows this second approach. The aim is

in fact to design a programming language for which a specific model is fully abstract.
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The model we are interested in is the fragment of Girard’s coherence spaces including
the infinite flat domain N, representing natural numbers, and the linear function space
constructor —o, as the only coherence space constructor.

It has been proved in [Plotkin, 1977], for the sake of varying the language to fit a model,
that Scott-continuous domains are fully abstract and universal for PCF™™, namely
PCF extended with a parallel conditional pif and an existential operator 3. Moreover,
Paolini has shown that stable domains are fully abstract for StPCF [Paolini, 2006],
an extension of PCF. The language StPCF is obtained by extending PCF with two
operators: gor and strict?. gor corresponds to a Gustave-like or function, while
strict? corresponds to a non-extensional, monotone function.

Linear functions are both continuous and stable, and they are both extensionally and
stably ordered. Moreover, they are strict in all their arguments. Consequently, the
language fully abstract for linear functions we are looking for must be, in some sense,
a restriction of the “intersection” of PCF'' and StPCF where programs are strict in
all their arguments. Nonetheless, strict? does not respect the extensional order, while
pif and 3 do not respect the stable order. For this reason, they cannot belong to our
language. gor respects both extensional and stable orders, but it is not strict, and
therefore not linear. As a result, it is natural to ask if a restriction of PCF is sufficient
in order to gain the full abstraction with respect to the linear model, or if it is nec-
essary to extend PCF with operators capturing the linear kernel of some operators above.

This framework led us to formalize a new language, named &PCF. The acronym
stands for Semantically finear Programming language for Computable Functions. The
S¢(PCF language, being a restriction of PCF, includes A-abstraction and application,
s,0 and p constants for the successor, the zero and predecessor functions respectively,
an if conditional, and a w-abstraction for fixpoint definitions. Specific to S(PCF is
the distinction between different kinds of variables: higher-order, ground and stable.
Higher-order variables must obey to some constraints, which are necessary in order to
respect linearity and strictness. Ground variables, on the other hand, can be freely
used. The strictness for functions with ground arguments is provided by the operational
semantics. Finally, stable variables are used only in fixpoint definitions, hence they can
only be p-abstracted. Linearity and strictness are again assured by constraints on terms
formation.

The operational semantics of S¢PCF, described through an abstract machine in the
style of a big-step Structural Operational Semantics [Plotkin, 2004, Kahn, 1987], mixes
call-by-name and call-by-value parameter passing. In particular, the parameter passing
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mechanism for the evaluation of redexes abstracting higher-order variables is call-by-
name, while the one for the evaluation of redexes abstracting ground variables is call-
by-value.

S¢PCF can be interpreted in linear coherence space and we show this interpretation is
correct with respect to the operational semantics. Correctness implies that S¢PCF cap-
tures some of the key points behind the linear coherence spaces model.

We show that all Kleene-recursive functions can be programmed in our language. There-
fore, in some sense we obtain the first-order full abstraction as a corollary result.
Nonetheless, the interpretation in the linear coherence spaces model is not fully abstract
with respect to the operational semantics. In particular, there are finite cliques in linear
coherence spaces which have no counterpart in the language, hence definability fails.

It should be stressed here that the S¢PCF language presented in this part of the thesis
is a first step toward a programming language for which the interpretation in the linear
coherence spaces model is fully abstract. We conclude by suggesting a possible exten-
sion.

S¢PCF can be compared to languages appeared in literature. Even if with different goals,
in [Alves et al., 2006| the authors propose a language whose treatment of conditional is
technically similar to the one in S¢PCF. A use of ground variables analogous to the one
in 8PCF can be found in the language proposed in [Bellantoni et al., 2000] with the
goal of implicitly characterizing complexity classes. Finally, in [Bierman et al., 2000 a
language with a fixpoint operator in a linear framework is studied. The authors make a
distinction between intuitionistic and linear variables which is similar to the distinction
in 8¢PCF between stable and linear variables. Nevertheless, none of these works put all
these things together.

The content of this chapter is an extended version of the work presented in
|Gaboardi and Paolini, 2007].
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6. A Semantically Linear Programming
Language for Computable Functions

6.1. Introduction

In this chapter we study the language S¢PCF, a syntactical restriction of PCF. The
main result of this chapter is the proof that S¢PCF is able to program only functions
of a purely linear model. We start by recalling the notion of linear coherence spaces,
we present the syntax of 8¢PCF and describe its operational semantics. Then we define
the denotational interpretation of the language in linear coherence spaces and we prove
that such interpretation is correct. We show that all partial recursive function can be
defined in 8¢PCF. We conclude by showing that S¢PCF is not complete (and so not
fully abstract) with respect to linear coherence spaces hence we describe the problem

connected with some possible extensions.

6.2. Linear Coherence Spaces

In this section we recall some notions about coherence spaces. We recall the notions
of continuous, stable and linear functions and we show how linear function can be
represented as a coherence space. We introduce two orders, the extensional and the
stable one, on stable and linear functions and we show their relations. Finally we

analyze the flat coherence space N of natural numbers.

6.2.1. Coherence spaces

Coherence spaces are a simple framework for Berry’s stable functions [Berry, 1978|, de-
veloped by Girard |Girard, 1987].

Definition 37. A coherence space X s a pair {|X|, Cx) where |X| is a set of tokens
called the web of X and Cx is a reflexive and transitive relation between tokens of
|X| called the coherence relation on X. A clique ¢ of X s a subset of | X| made of
pairuise coherent tokens. The set of cliques of X is denoted CI(X).
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The strict incoherence ~—x 1is the complementary relation of Cx; the incoherence
=x 1s the union of relations —x and =; the strict coherence ~x 1is the comple-

mentary relation of Xx.

Coherence spaces are ranged over by X,Y, Z, tokens are ranged over by a, b, c while
cliques by z,y,2. When there is no ambiguity we use X both to denote the coherence
space X and its web |X|. Cliques are sets, hence we use the standard set notation for
them.

Recall that a set D is directed if and only if it is non empty and for every ¢,y € D there
exists z € D such that z,y C 2. If X is a coherence space then CI(X) form a complete
partial order with respect to the set-theoretical inclusion. In particular:

Lemma 77. Let X be a coherence space. Then:

1. D € ClY(X) and {a} € CI(X), for each a € | X|,

2. ifyCz and z € Cl(X) then y € Cl(X),

3. if D C Cl(X) 1s directed then |y D € Cl(X).
Proof.

1. Easy by definition of CI(X).

2. Since Va,bcz: aCbthenVa,bczCy: alb.

3. Consider generic a,b € |JD. Clearly there exist z,y € D such that a € ¢ and
b € y. Since D is directed there exists z € D C CI(X) such that a,b € z but this
implies a Cx b hence the conclusion follows. O

We are interested in studying functions over cliques.

Definition 38. Let X and Y be coherence spaces and f : ClI(X) — CI(Y) be a

monotone function.

e f is continuous whenever Yz € Ci(X), Ya € f(z), 3zo Cfin T such that a €
f(zo).

o f 1s stable whenever Vz € CI(X), Va € f(z), 3z0 Cfin T such that a € f(zo)
and Vz' C z, if a € f(z') then zq C z'.

e f is linear whenever Vz € CI(X), Va € f(z), 3b € z such that a € f({b}).

Using the above definition it is easy to verify the following lemma.
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Lemma 78. Let X and Y be coherence spaces.
1. Ewvery stable function f : Cl(X) — CI(Y) is also continuous.
2. Bvery linear function f : Cl(X) — CI(Y) 1is also stable.

Proof. Hasy. O

The following lemma shows that linear functions are all strict.
Lemma 79. If f : CI(X) — Cl(X) is a linear function, then f(0) =0.

Proof. 1If f(0) = z for some z # 0 € CI(X) then by definition of linear function for each
a € z there is b € 0 such that a € f({b}). But clearly this is an absurd hence z must be
equal to 0. O

Continuous, stable and linear function can be characterized in a different way.
Lemma 80. Let X and Y be coherence spaces.

1. If f : Cl(X) — CI(Y') is a monotone function then f is continuous if and only
if f(UD) =U{f(z) | z € D}, for each directed D C Cl(X).

2. If f : CY(X) — CUY) s a continuous function then f s stable if and only if
Vz,y € CI(X), zUy € ClI(X) implies f(zNy) = f(z)N f(y).

3. If f : CY(X) — CIY) is a stable function then f s linear if and only if
Vz € Cl(X): f(z) =U{f({a}) | a € z}.

Proof.

1. Suppose f is continuous and consider D C X directed. Clearly for every z € D:
z C |J D hence by monotonicity f(z) C f(IUD) and so U{f(z) | z € D} C f(UD).
Now let b € f(U D), by definition of continuous function 3z¢ Cy;n (J D such that
b € f(zo). This implies that for every a; € zo there exists y; € D such that a; € y;.
Since D is directed there exist y € D such that y; C y. So zp C y and by mono-
tonicity f(zo) C f(y). Hence b € f(y) and we can conclude b € U{f(z) | z € D}.
Conversely consider ¢ € CI(X) and b € f(z). The set {z; | z; Csipn z} is di-
rected and U{z; | z; Csn z} = z, so f(z) = U{f(z:) | zi Csin z}. Now
b e U{f(z;) | z; Cyin z} implies that there exists z; Cs;, = such that b € f(z;)
and so the conclusion follows.
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2. Suppose f stable and consider z,y € CI(X) such that zUy € Cl(X). SincezNy C z
then by monotonicity f(z Ny) C f(z) and analogously f(z Ny) C f(y). Hence
f(zny) C f(z)N f(y). Now consider a € f(z)N f(y), then a € f(z) and a € f(y)
and since £ Uy € CI(X) by monotonicity a € f(z Uy). Since f is stable there
exists ¢g Cf;n £ Uy such that a € f(zo) and Vz' C zUvy, if a € f(z') then zo C z'.
So in particular o C z and zg C y but hence 2o Cz Ny and so a € f(z Ny).
Conversely consider z € CI(X) and b € f(z). Since f is continuous there exists
zo Cyin z such that b € f(z¢). Now take the minimal such z and consider ' Cz
such that b € f(z'). So we have b € f(z) N f(z') and by hypothesis b € f(zoNz').
Hence since we have chosen zy minimal we have o C 2o Nz’ and we can conclude

zq C 2.

3. Suppose f is linear and consider z € CI(X). Clearly for every b € z: {b} C =
hence by monotonicity f({b}) C f(z) and so U{f({b}) | b € 2} C f(z). Now for
every a € f(z), since f is linear, there exists b € z such that a € f({b}). So for
every a € f(z): a € U{f({b}) | b € z} and hence f(z) C U{f({b}) | b € z}.
Conversely consider z € CI(X) and a € f(z). Since by hypothesis f(z) =
U{f({b}) | b € z} it is immediate that there exists b such that a € f({b}). O

It is well known that every continuous function over a complete partial order has a
least fixed point. Let f™(0) denotes the iteration n-times of the function f over the
empty set recursively defined as f™*(0) = f(f™(0)) and f°(0) = 0. Then we have the
following.

Theorem 25. Let X be a coherence space. If f : Cl(X) — CI(X) is continuous then
there exists £fix(f) = U f™(0) € CI(X), such that £ix(f) = f(£fix(f)) and fix(f) Cz
for any = € Cl(X) such that ¢ = f(z).

Proof. Clearly the set {f*(0) | n € IN} is directed since f is monotone. Hence by
Lemma3 (U f*(0)) = U f(0) = U 1"(0).

Now suppose there is z € CI(X) such that z = f(z). We prove by induction over
n € N that f*(0) C z. Clearly @ C z. Suppose f™(P) C z then by monotonicity
f*(0) C f(z) = z. Hence in particular |J f*(0) C z. O

Note that Lemma [79| implies that the least fixed point of a linear function is always

0. In what follows it will be useful the following lemma.

Lemma 81. If f : ClI(X) — Cl(X) s a linear function, then Vz € Cl(X),Va € f(z),
b € z such that a € f({b}) and b is unique.
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Proof. Suppose b is not unique then there exists another ¢ € z such that a € f({c}).
Since b, c € £ by Lemma 2 it follows {b,c} € CI(X). So in particular since f is stable
by Lemma [80]2 a € f({b}) N f({c}) = f({b} N {c}) = F(?) but this contradicts Lemma
(9 O

6.2.2. The linear functions coherence space

We define the linear functions coherence space X — Y from X to Y.

Definition 39. Let X and Y be coherence spaces. X — Y 1s the coherence space
having | X — Y| =|X| x |Y| as web, while:

(a,0) Cx—y (a,b) < aTx a’ impliesb Cy b and a ~x a’ implies b ~y b’

In fact X —o Y does not corresponds to the set of linear functions from X to Y.

Nevertheless, we can give a different representation of linear functions.

Definition 40. Let X and Y be coherence spaces. The trace of a linear function
f:ClUX) — CI(Y) s the set defined as follows:

Tr(f) ={(a,0) € [X| x [Y] | b € f({a})}
Lemma 82. If f : CI(X) — CI(Y) is a linear function then Tr(f) € Cl(X —Y).

Proof. Let (a,b),(a’,b') € Tr(f), then we want to prove that (a,b) Cx_.y (a,b').
Suppose a Cx a' then there exists z € CI(X) such that a,a’ € z. Now by definition of
Tr(f): b,b' € f(z) hence in particular b Cy b'.

Otherwise suppose a ~x a’. Since {a,a’} € CI(X) then b,b' € f({a,a'}), if b = b’ then
by Lemma a = a', but this contradicts the hypothesis a ~x a’ hence necessarily
b~y b. O

So linear functions can be represented as cliques.

Definition 41. Let X and Y be coherence spaces, t € Cl(X — Y) and z € Cl(X).
Let us define the map F(t) : Cl(X) — CI(Y) to be the function such that

F@t)(z)={be|Y|| Ja € z,(a,b) € t}

Lemma 83. Ift € CI(X —Y) then F(t): Cl(X) — CI(Y) is a linear function.
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Proof. Clearly F(t) is monotone. In order to prove that it is also linear we use the
characterizations of Lemma

Consider D C CI(X) directed. Clearly for every z € D: z C |J D hence by monotonicity
F(t)(z) C F(t)(UD) and so U{F(t)(z) | z € D} C F(t)(U D). Now let b € F(¢t)(UD),
hence there exists a € |J D such that (a,b) € t but hence in particular b € F(¢)({a})
and b € U{F(t)(z) | ¢ € D}. So F(t) is continuous.

Now consider z,y € Cl(X) such that zUy € CI(X). Since zNy C z then by monotonicity
F(t)(zNny) C F(t)(z) and analogously F(t)(z Ny) C F(t)(y). Hence F(t)(zNy) C
F(t)(z) N F(t)(y). Suppose b € F(t)(z) N F(t)(y), then b € F(t)(z) and b € F(t)(y),
so in particular there exists a € z and a’ € y such that (a,bd), (a/,b) € t. This implies
(a,b) CZ (a',b) and since {a,a'} € z Uy € CI(X) it follows a = a’. Hence a € z Ny and
then b € F(t)(z Ny). So F(t) is also stable.

Finally consider z € CI(X). Clearly for every b € z: {b} C z hence by monotonicity
F(t)({b}) C F(t)(z) and so U{F(t)({b}) | b € =} C F(t)(z). Now suppose a € F(t)(z)
then there exists b € = such that (b,a) € ¢t but this implies that a € F(¢)({b}) hence
a € U{F()({b}) | b € z}. So F(t) is linear. O

So every clique of the coherence space X — Y is the representation of a linear function.
Lemma 84. Let f: Cl(X) — CI(Y) be a linear function. Then:
(a,0),(a,0) € Tr(f) = a=a

Proof. By Lemma Tr(f) € Cl(X — Y) hence in particular {(a,b),(a’,b)} €
Cl(X — Y). By Lemma F({(a,b),(a’,b)}) is a linear function such that b €
F({(a,d), (a',0)})(a) and b € F({(a,b), (a’,b)})(a’) hence by Lemma [81]a = a’. O

Functions between coherence spaces can be ordered in different ways. In particular

we are interested in two of them which can be defined over stable functions.
Definition 42. Let f,g: Cl(X) — CI(Y) be stable functions.

e f and g are extensionally ordered, in symbols f Cg g, if for every z € Cl(X):
f(z) C g(z)
e f and g are stably ordered, in symbols f Cg g, if for every z,z € CI(X):
z C z implies f(z) = f(2) N g(z)

It is easy to verify that Cg and C g are effectively preorders. The Cg order corresponds
to the inclusion between traces.
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Lemma 85. Let f,g:Cl(X) — CI(Y) be linear functions. Then:
fEsg <= Tr(f) CTr(g)

Proof. Suppose f Cg g and (a,b) € Tr(f). Clearly f({a}) C g({a}), since f({a}) =
f({a}) Ng({a}). So in particular b € g({a}) hence (a,b) € Tr(g).

Conversely suppose 7r(f) C Tr(9) and z,z € CI(X) such that z C 2. Then, since
f(z) C g(z) for every z € CI(X), by monotonicity f(z) C f(2) Ng(z). Now consider
b € f(z)Ng(z) then there exists a, € z and a, € z such thatb € f({a,}) and b € g({a:}),
hence in particular (a,,b) € 7r(f) and (a,,b) € Tr(g) and so (a,,b), (az,b) € Tr(g) since
by hypothesis 7r(f) C Tr(g). By Lemma [84] this implies a, = a, hence b € f({a,}) C

f(=z). O

The following lemma shows that if two stable functions are stably ordered then they

are also extensionally ordered.

Lemma 86. Let f,g:Cl(X) — CI(Y) be stable functions. Then:
fEsg9g = fLCryg

Proof. Suppose f Cg g. Then for each z € Ci(X), f(z) = f(z) N g(z), thus f(z) C
9(z). 0

The converse of the above lemma fails for stable functions. Nevertheless, it holds for

linear functions.

Lemma 87. If f,g9:Cl(X) — CI(Y) are linear functions then,
ftsg <= fCry

Proof. The if part follows directly by Lemma [78 and Lemma So consider the only if
part. Suppose f Cg g and let (a,b) € Tr(f). Since by hypothesis b € f({a}) C g({a}),
then (a,b) € Tr(g). Hence Tr(f) C Tr(g) and by Lemma 85| the conclusion follows. O

6.2.3. The coherence space N

In the following chapter we will study a model based on the coherence space of natural

numbers N.

Definition 43. Let N denotes the coherence space of natural numbers, namely
(IN], CnN) such that [N| = N and m Cn n if and only if m = n, for all m,n € |N|.
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The set of cliques of N: CI(N) = {0} U{ {n} | n € |N| } endowed with set-theoretical

inclusion form the following infinite flat domain:

{0} {1} {n}

0

We are interested in linear functions between natural numbers.

Lemma 88. For every linear function f : CI(N) — CI(N) the trace Tr(f) of f has
the shape:
{(ng,mo),...,(nk,mp) | ng #¥n1 # -+ # Ny}

for some ng,...ng, Mg,...,mr € N and k > 0.

Proof. By definition 7r(f) is a set of pairs of the shape (n,m) with n,m € IN. Now
consider (n,m),(n/,m') € Tr(f) then by Lemma [82] (n,m) Cnwon (n',m') hence by
definition n Cn n' implies m Cn m/ and n ~n n’ implies m ~n m'. Since a C b if
and only if @ = b, then either (n,m) = (n/,m') or n # n'. O

Let \zN.n be the non-strict function associating the natural number 7 to all possible
inputs (also the undefined one). We name such kind of functions erasing functions.
The above lemma assures that the class of linear functions does not contains erasing
functions. Moreover it shows that the set of linear function contains all the stable
functions except the erasing ones.

6.3. A Semantically Linear Programming Language

In this section we introduce &¢PCF, the Semantically-finear PCF language. S(PCF is a
syntactical restriction of PCF. We introduce &¢PCF as a typed language, we describe
terms by stressing the syntactical constraints in their formation. We define the opera-
tional semantics through an evaluation mechanism in the style of a big-step structural
operational semantics. Finally we introduce the interpretation of S¢PCF terms in linear
coherence spaces.

6.3.1. &/PCF

Definition 44. The set T of linear types s inductively defined as:
ogu=t|(c—oo0)

where ¢ 1s the only ground type t.e. the type of natural number.
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Term Condition Free Variables
0 FV(0Y) =0
st FV(s©™) = 0
Pt FV(p) =
Pl if 7 € Var? U SVar? FV(x?) = {x"}
(Ax7.M7)?™7 | if x7 € Var* or x? € HFV(M") FV((Ax7.M7)7™7)
= FY(r) — {x°}
(M7N9)" if HFV(M° ") NHFV(N?) = 0 FV((M7™°"N7)7)
=FV(M7™") UFV(N?)
(if M* L* RY)*| if HFV(L*) = HFV(R") and FV((if M* L* RY)")
HFV(M') NHFV(RY) =0 =FV(M) UFV(L*) UFV(RY)
(uFo.M7)° if F7 € SFV(M?) and HFV(M?) = 0 | FV((uF°.M7)?)
=Fv() —{F7}

Table 6.1.: ¢PCF: Semantically-finear PCF.

Linear types are ranged over by o, T, u. It is easy to see that all types 7 have the
shape ;3 — ... o 1, — ¢, for some type 71, ..., T, Where n > 0.
We need to distinguish between different kinds of variables. Associated with every
type 0 € T there are enumerable sets Var?,SVar? of variables of type ¢. HVar =

Ua,TeT Var
of stable variables and Var = Var‘* U HVar U SVar is the set of variables.

ag—oT

is the set of linear higher-order variables, SVar = |J, . SVar? is the set

Terms of S(PCF and their sets of free wvariables are mutually defined in Table
We denote GFV(M?) = FV(M?) N Var* the set of lznear ground free variables,
HFV(M?) = FV(M?) N HVar(M?) the set of linear higher-order free variables and
SFV(M?) = FV(M?) N SVar the set of stable free variables.

Letters x,y,2,... range over variables in Var? while Fq,F1,F2,... range over stable
variables. When useful, » denotes both kinds of variables. As usual M,N,L,... range
over terms. Sometimes types are omitted when they are clear from the context or un-
interesting. Note that given the types of all variables of a term M, there is a unique o
such that M°. Moreover, as usual, M[N/x| denotes the capture-free substitution of all free
occurrences of % in M by N both for stable and for linear variables.

Some comments about the terms construction follow. There are no truth-values since
they are coded on integers, as usual zero codes true while any other numeral stands for
false. Linear ground variables can occurs more than once in terms and it is possible to
A-abstract also linear ground variables not occurring in the body of the A-abstraction.

Moreover, they cannot be abstracted by the p-abstraction. Conversely, stable variables
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can be abstracted only by p-abstraction and only when they are free and there are no
free higher-order variables in the body of the p-abstraction. This to preserve the con-
straints on linear higher-order variables during the computation.

The higher-order variables require a more careful treatment. To better understand some
of the constraints on the higher-order variables in Table it could be useful to adapt
the notion of sliced occurrences of a variable in a term, defined in Definition to the
case of &¢PCF. This can be done as follows.

Definition 45. The number of sliced occurrences of a variable x € HVar in M7 1is

inductively defined as:

Nso(X,0) = Nso(X, 1) = Nso(X, S) = Nso(X, D) = Nso(X,Y) = Nso(x,F) =0
Nso(X,%x) =1 Nso(X, AY.N) = n50(x,N) Nso(X,PQ) = Nso(X,P) + ms0(%, Q)
Nso(X,1f N L R) = max{n;,(x,N), nso(X,L), ns0(%,R)} Nso(X, uF.N) = ng0(x, N)

Now, some of the constraints on higher-order variables are necessary to ensure that
such variables can be used at most once during the computation. This is expressed by

the following lemma.

Lemma 89. Let M € S(PCF. Then for every x € HVar: ng(x,M) <1

Proof. Easy, by induction on the structure of M. The base cases are trivial, the other
cases follow by induction hypothesis analyzing the constraints on the terms formation

and the definition of sliced occurrences of a variable in a term. O

Higher-order variables can be A-abstracted only if they effectively occurs free in the
body of the A-abstraction. Moreover, the constraint HFV(L) = HFV(R) in the construc-
tion of the term if M L R assures that, in the computation, linear higher-order variables
cannot disappear by the erasure of an if branch. These further constraints assure the
strictness for higher-order abstractions.

In the sequel, it will be useful the following characterization of the shape of S¢PCF

terms.

Lemma 90. If M € 8{PCF then there are unique n,m > 0 such that
M:)\xl...xn.CMl...Mm

for someMy, ..., M, € 8¢PCF, and ¢ s etther a constant (between 0,s,p), a vartable,
a term of the shape if N L R for some N,L,R € 8¢PCF, a term of the shape uF.N for
some N € 3¢PCF or a term of the shape (Ax.P)Q for some P,Q € S¢PCF.
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Proof. By induction on terms construction. O

In general 8¢PCF terms are not closed by substitution, i.e. M",N° € $PCF and
x% € FV(M") do not imply M"[N?/x°?] € S(PCF. Nevertheless we have the following

lemma.

Lemma 91. Let M™ € $PCF and xi',...,x%5» € FV(M"). Then for every

n

N7',...,N9" € 8¢(PCF such that HFV(N{') = --- = HFV(NZ") = 0:
MTINT' /%7t .. Nom /3] € SEPCF

Proof. Easy, by induction on M". The base cases are trivial, the other cases follow
directly by inductive hypothesis since the terms N;* satisfy every constraints of Table
6.1 O

6.3.2. Structural Operational Semantics

In what follows we define the operational semantics associated to S¢PCF. The opera-
tional semantics is given through an evaluation relation in the style of big-step structural
operational semantics [Plotkin, 2004, [Kahn, 1987]. As usual programs are closed terms

of ground type.

Definition 46. The set of programs P s the set of terms M* € &PCF such that
FV(M) = 0.

We are particularly interested in programs of a particular canonical form representing

natural numbers.

Definition 47. Let n denotes the term s(---(s(0))---) where s is applied n-times
to 0. The set of numerals N is the set of terms of the shape n for some n € IN.

Now we are ready to introduce the evaluation mechanism of S¢PCF.

Definition 48. The evaluation relation ||C P x N is the effective relation inductively
defined by the rules of Table[6.3. If there exists a numeral n € N such that M| n
then we say that M converges, and we write M |}, otherwise we say that it diverges,

and we write M {).

Some comments follow. The characterization of lemma [90| assures the determinism of
rules (A*), (A7) and (u). Moreover, Lemma [91] assures that the evaluation, in particular
for what concern the rule (A7), is well given.

In fact the relation |} implements a call-by-value parameter passing policy in the case

149



Chapter 6. A Semantically Linear Programming Language for Computable Functions

Nym Mm/x|P;---P; |n
(Ax“.M)NP;---P; In

(*)

M[N/x]P;---P; {n
(Ax°T M)NP; ---P; | n

(A7)

M{n My M| s(n)
ﬂ (0) S(M) U S(Q) (5) p(M) ) (pO) p(M) Un (pn)
MUO® Lim . Mlsn) Rim . M[uF M/F]Py---P; | n
GEnLR) o Y GEwim im O TFmp, b Gn P

Table 6.2.: Operational Semantics of S¢(PCF.

of ground abstraction and call-by-name parameter passing policy in the case of higher-
order abstraction. Moreover it implement a lazy (or weak) evaluation strategy. Note
that the evaluation of if M* L* R* asks to evaluate exactly one subterm between L* and
R

The usual notion of context can be generalized to the case of S¢PCF as follows.

Definition 49. Let [¢] be a special constant of type 0. The set of o-context Ctx, is

generated by the following grammar:
Clel == [o] | x" | F7| 6 |s | p| (if Clo] Cle] Cle]) | (Ax.Cl#]) | (CLIC)) | wF.Cle]

C[N?] denotes the result obtained by replacing all the occurrences of [¢] in the context
Cle] by the term N, allowing the capture of its free variables.

Note again that in general N° € $(PCF and C[¢] € Ctx, do not imply that
C[N?] € $¢PCF. 8(PCF can be studied by considering the usual operational preorder

and equivalence.
Definition 50 (Operational Equivalence). Let M°,N° € 8(PCF.

1. M <, N whenever for each context C[o] such that C[M],C[N] € P, «f CM] | n
then C[N] || n.

2. M, N if and only if M <o N and N S, M.

It is easy to verify that <, is a preorder while =/, is a congruence. For the sequel, it is
convenient to define some abbreviations. As usual, the symbol = denotes the definitional

equivalence.
Q" = uF*.F*
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and if 09 = g1 —o ... © Uy, —o ¢, for some m € IN, then:
QIO TRl = AxT0 L xIPAF(QITTO T TR T LRI ) (x0QM L QF ) (20QH1 L L QF )
Q% can be used to define the approximants of a fixpoint uF.M°.
ulFM7 = Q7 p"TIF MO = M[u™F .M/F]
The following lemma describes the operational behaviour of the above terms.
Lemma 92. Let M}°,...,M2™ be closed 8¢PCF terms (m >0). Then:
1. QI0T°TIm M, M, 1S @ program and Q70T My My, 1)

2. Let (uF.P?)My...M,, be a program. Then, (uF.P)My.. M, | n if and only if
(;L’“F.P")P’[(]...P’Im Un, for some k € N.

Proof.

1. Clearly every Q70—+ °9m=*My...M,, is a closed term of ground type. The proof that
they diverge can be done by induction on m. The base case is easy. The other
cases follows directly by induction hypothesis.

2. The proof is quite involved, but standard. See for example [Gunter, 1992], Section
4.4. O

6.3.3. Linear standard interpretation
In what follows we are concerned with a standard interpretation of S¢PCF

Definition 51. An interpretation is standard when ground types are interpreted on

flat partially ordered sets.

Emphatic brackets are used as notation in order to formalize both the correspondence
between types and coherence spaces and the correspondence between terms and cliques,
in particular [[¢]] = N and [[co — 7]] = [lo]] — [7]. Let [7o — ... — T,n —o ¢]| be
a coherence space; for sake of simplicity, its tokens are written as (a1, ..., am,b) where
a; € |[7:]] for each ¢ <m and b € | N]|.

In order to interpret open terms of S¢PCF as usual we need to introduce environments.

Definition 52. An environment p is a function that associates to each variable «?
a clique z € Cl([[e]). The set of environments is denoted by Env. If z € Ci([c])
and #° € Var then p[x := z| is the environment such that, p[x := z|(%) = z, but if
n' # n then p[n == z](#') = p(x').
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[»x°Tp = p(x)  [0lp={0} [s*™Ip={(n,n+1)|neN}
[p*~*1p = {(0,0)} U{(n,n — 1) | n > 0}

[(ifm N L) Ip= {neN|[M]p={0}A[N]p={n}}uU
{neN|[]p={m+1} AL*]p = {n}, m € N}

D 17 p = {(a0,) € [o] % [] | b € 7 To[x = {ao}]}

M7="N]p = F(IM"Tp)INDp  [(wF".M7)Np = fix(Az.[M]p[F := z])

Table 6.3.: Interpretation Map.

We are now ready to introduce the linear interpretation of 8¢PCF terms.

Definition 53. Let M° € $(PCF and p € Env. Then, the linear interpretation of M
in the environment p, denoted [M7]lp is defined in Table[6.5

Note that the map F has been defined in Lemma while fix has been defined
in Theorem Moreover, note that \ represent the semantical function abstraction.
Hence, it is easy to verify the following lemma.

Lemma 93. Let M? € 8¢PCF and p € Env. Then [M?]p € Ci([c])
As usual the interpretation induces an equivalence relation over terms of S¢PCF.

Definition 54. Let M°,N° € &¢PCF. Then, M° and N’ are denotationally equivalent,
denoted M —, N7, if and only 1f [M°]lp = [N]lp for every p € Env.

The interpretation of closed terms is invariant with respect to environments, thus in
such cases the environment can be omitted. Some basic properties of a lambda-model

are recalled in the next lemma.
Lemma 94. Let M°,N" € $¢PCF and p, p' € Env.
1. If p(x) C p'(x) for each x € FV(M), then [M]p C [M]p'.
2. IfM°[N/x"] € SEPCF then [M7[N/x"|]p = [Mlp[»™ := [N]p].

3. Let 0 = 7 and C[°] € Ctx, such that CM],C[N] € P. If [Mlp = [N]p then
[Cn] = [CN]].

Proof.
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1. By induction on the structure of M. The base cases ¥ = »,M = §,M = s and
M = p are obvious. The cases M = if N L R, M = Ax.N and uF.N follow directly by
induction hypothesis. The case M = PQ follows directly by induction hypothesis
and monotonicity of the map F.

2. By induction on the structure of M?. The base cases M = »,M = O,M = s and
M = p are obvious. The other cases follow directly by induction hypothesis using
the previous point of this lemma in the case » does not occurs in M.

3. By induction on the structure of C[?]. The base cases where C[?] is either
[?],x7,F7,0,s or p are obvious. The other cases follow directly by induction hy-
pothesis. O

As we expect, the interpretation of fixpoints enjoys the following property.

Lemma 95.
[uF ¥ ]p = M1 plF := [uF .M 1p]
Proof. By Theorem 25| f(£ix(f)) = fix(f), so in particular :
[(uFe 1)l = fix(\a.[MIplF := a])
(\z.[M]p[F := z])fix(\z.[M]p[F := z])

Ml plF := fix(A\z.[M]p[F := z])])
= [M7]p[F := [uF.M]p]

O

The following lemma shows that the linear interpretation is well defined with respect

to the approximants of the fixpoint operator.
Lemma 96. [uF M ]lp = U,enlp"FM]lp, for each o € T.

Proof. By Theorem [25] fix(\z.[M]|o[F := z]) = U,en(Mz.[M]p[F := z])"0. Hence we can
prove by induction on n that (\z.[M]p[F := z])"0 = [u"F.M ]p.
The base case is easy, in fact [u°F.M°]p = 0. For the inductive step, by definition:

(\e.[M]plF := 2])"*'0 = [MIp[F := (\e.[M]p[F := z])"0]
and by induction hypothesis:
[MlplF := (Az.[Mlp[F := z])"0] = [Mlp[F := [u"F .M ]p]

finally, since by Lemma 2 Mo 1p[F := [u"F.M°]p] = [u™"F.M°]p, the conclusion
follows. O
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In what follows we are particularly interested in the relations between the operational

and the denotational semantics.
Definition 55. Let M9 ,N° € S¢PCF. Then:

e the linear interpretation s correct with respect to the operational semantics

if M —~; N implies M x5, N.

e the linear interpretation ts complete with respect to the operational semantics

if M x, N implies M —, N.

e the linear interpretation is fully abstract with respect to the operational se-

mantics if M ~, N +f and only 1f M —~, N.

6.4. Correctness of Interpretation

In this section we show that the linear interpretation presented in Definition [63|is correct
with respect to the operational semantics presented in Definition To show this we
firstly prove, by means of the computability technique, that the linear interpretation is

adequate for the operational semantics.

6.4.1. Computability

In order to show that our interpretation is adequate we straightforward adapt the proof
of Plotkin [Plotkin, 1977] for Scott-continuous domains, based on a computability argu-

ment in Tait style.
Definition 56. The computability predicate is defined as:
e Case FV(M7) = 0.

— Subcase 0 = ¢. Comp(M*) if and only if [M]p = [nllp implies M || n.

— Subcase 0 = p — 7. Comp(M*™") if and only if Comp(M¥°"N*) for each
closed N* such that Comp(N#).

o Case FV(M?) = {«{,...,u"}, for somen > 1.
Comp(M?) if and only if Comp(M[N1/x1,...,Ny/%y]) for each closed N}* such
that Comp(N7").

The following lemma gives an equivalent formulation of the computability predicate.
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Lemma 97. Let M ™ ¢ §¢PCF and FV(M) = {x{*, ..., 5"} (n,m € N)
Comp(M) if and only if [M[N1/x#1,...,Np/#pn]P1...Ppllo = [n] tmplies
M[N1/%1,...,Np/#p]P1 ... Py | n for each closed Né“ and P;j such that Comp(N;) and
Comp(P;) where 1 <n,j <m.

Proof. Easy, by inspection of the cases in the definition of computability predicate. O

We can now prove that the computability predicate holds for every S¢PCF term.

Lemma 98. If M7 € $(PCF then Comp(M?).

Proof. The proof is done by induction on the “untyped syntax shape” of terms. At

each induction step we prove that the predicate holds for each typed term with such an

“untyped syntax shape”.

M = 0. The only possible type is ¢, so the proof is obvious.

M=x. Leto=7 — -+ — Ty —ot, where m € N. Let P and N* for 1 <3 <m
be closed terms such that Comp(P?) and Comp(N;*). Then if [PN; - - - N,y o = [n]p
then PNy ---N,, | n.

M = s. Clearly, ¢+ —o ¢ is the only possible type. Let P* be a closed term such
that Comp(P*), i.e [P‘]p = [n]p implies P* || n. Assume [s(P*)]p = [m]p. Since
[s(P“)p = {n+ 1| [Plp = {n}}, by operational rules s(P*) |} s(m).

M = p. Similar to the previous case.

M = if N* L* R* where FV(M) = {#{*,...,%;*} for k& > 0. Clearly, ¢ is the only
possible type. Let Ni*,...,N¢* be closed terms such that Comp(N;) for 1 <7 < k
and M be the term (if NLR)[Ny /x4, ..., Ng/x]. Suppose [M']p = [n]p, thus either
[N[Ny /21, ...,Ne/2i]lp = [O]p or [N[N1/31, ..., Ng/xk]llp = [s(m)]p by definition.
In the former case, [L[N;/x1,...,N,/%,]]p = [n]p, so by induction hypothesis
N[N1/x1,...,Ng/ne] U ® and L[N1/x4,...,N,/x,] |} n and applying (if;) rule, the
conclusion follows. The other case is similar.

M = NP. Assume N"°? and P7 for types ¢ and 7. By induction hypothesis
Comp(N"™?) and Comp(P”) and the conclusion follows immediately.

M = Ax.Q. Assume x* and Q" for types g and 7. Let FV(M) = {x{",...,#\*}
fork >0and 7 =17 — --- — 7, —o «, where h > 0. Let N{*,... Ni* P P,
...,P;" be closed terms such that Comp(N;) and Comp(P;) for 1 < ¢ < k and
0 < j < h respectively. Thus Comp(Q"[Po/x]|[N1/X1,...,Nk/%k]P1...Py), since
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Comp(Q") holds by induction hypothesis.

Consider the case p # ¢ and suppose [(Ax*.Q7)[N1/x1,...,Ng/#k]Po...Pr]lp = [n].
Thus [Q"[Po/x]|[N1/x#1,...,Ng/#k|P1...Prllp = [n] by Lemma Therefore
Q"[Po/x][N1/x1,...,Ng/%k|P1...Pr | n by induction hypothesis. The conclusion
follows by the evaluation rule (A™).

Now, suppose p = ¢ and [(Ax*.Q")[N1/x1,...,Ng/#k]|Pg...Ppllp = [n], so by def-
inition of F it is necessary that [Pg] = [m] for some m. But Comp(P§), thus
[Po] = [m] implies Py | m. Hence [Q"[m/x][N1/x1,...,Nk/x#x|P1...Pun]lp = [n], by
Lemma Therefore Q" [m/x][N1/x1,...,Ng/#g]P1 ... Py | n by induction hypoth-

esis. The conclusion follows by the evaluation rule (A*).

o M= uFN Let FV(M) = {&}",...,#}*}fork >0and o =7 — -+ —0 7, —0 ¢,
where A > 0. By induction on h.
The case h = 0 is trivial, so assume h > 1. Assume N{*,...,Ni* and P]},...,P}"
be closed terms such that Comp(N;) and Comp(P;) for 1 <i<kand1<j3<h
respectively. Let [(ufF.N?[N1/x1,...,Ng/#k])P1...Prllp = [n].
[(uF N[Ny /21, ..., Ni/2g])Py ... Prllo = [(u*F.N[Ny /21, ..., Ng/2k])P1. .. Prlp
for some k € IN, by Lemma Thus, by the previous points of this lemma,
uFF.N°[Q/v1,...,Q /Vvm]P1...Py |l n. The conclusion follows by Lemma O

6.4.2. Adequacy and Correctness

Now we are ready to prove the correctness of our interpretation. Firstly we show that

it is adequate.

Definition 57. An interpretation function [ ]| s adequate with respect to an oper-

ational evaluation | if for every program M € P and numeraln € N
M) =[n] < Min
In order to prove adequacy a further result is necessary.
Lemma 99. Let M€ P. IfM | n then [M] = [n].

Proof. By induction on the derivation proving M || n. The base case where the last ap-
plied rule is (0) is obvious. In the case the last applied rule is either (s), (ps), (Pn), (1£1)
or (ify), then the conclusion follows immediately by induction hypothesis and definition
of interpretation.

In the case the last applied rule is (A*): M = (Ax.M')NP; - - - P,. By induction hypothesis
[N] = [m] and [M'[m/x]P; - - - P;]] = [n]. Hence by Lemma 2 and by definition of linear
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interpretation the conclusion follows

In the case the last applied rule is (A™): M = (Ax.M')NP; - - - P;. By induction hypothesis
[M'[N/x]P;---P;] = [n]. Hence again by Lemma 2 and by definition of linear inter-
pretation the conclusion follows.

In the case the last applied rule is (u): M = (uF.M)P;---P;. By induction hypothe-
sis [M'[uF.M /F]P1---P;] = [n]. Hence by Lemma 2 and Lemma [95| the conclusion
follows. O

The fact that the computability predicate holds for ¢PCF terms is essential in proving
the following theorem.

Theorem 26. The linear interpretation s adequate for S¢(PCF.

Proof. Lemma|[98|and Definition [56| assure that [M] = [n] implies M |} n for any program
M and numeral n. Conversely Lemma [99 assures that M || n implies [M]] = [[n] for any

program M and numeral n. O
Moreover as usual the adequacy implies the correctness.
Theorem 27. The linear interpretation s correct for ¢PCF.

Proof. Let M7 and N° such that [M], = [N],, for each environment p € Env. Let
Cl°] € Ctx, such that C[M],C[N] € P. If C[M] | n for some value n, then [C[M]] = [n]
by Lemma Since [C[N]] = [C[M]] = [n]l by Lemma 94,3, C[N] || n by adequacy. By

definition of operational equivalence the proof is done. O

Note that since linear functions are all stricts, see Lemma the correctness implies

that also our terms are strict in all arguments, for all orders.

6.5. Recursive Completeness

In this section we show that S¢PCF is recursively complete. We show that all the partial

recursive functions can be programmed in it.

Definition 58. A numeric function f : N™ — IN s S¢PCF-programmable if there
1s a closed F € $¢{PCF such that Fn,...n,, € P and:

Fn,...n, | f(n1,...,nm)

for allny,...,n, € N. We say that F S¢PCF-programs f.

157



Chapter 6. A Semantically Linear Programming Language for Computable Functions

We now recall the definition of the class of partial recursive functions. More details
can be found for example in [Odifreddi, 1999|.

Definition 59. The class of partial recursive functions s the smallest class of func-

tions containing the initial functions U™(n1,...,nm) = n; for all 1 < i < m,
S(n) = n+1, Z(n) = 0 and closed under composition, primitive recursion, and
minimalization:
e if g:IN* - N and hi,...,ht : N™ — N are partial recursive functions, then
so 1s g(h1(n1, ...y m)y -y Bk(n1, ..y em));

e if g:IN™ — N and h : N2 — N are partial recursive functions, then so is
f:IN™! = N defined by

f(O:nlx"')nm) :g(nlt"')nm))

f(n+1,m1,...,nnm) =h(f(n,n1,...,7m),n, M1, ..., m);
e if g: IN™t! — N is a partial recursive function, then so is un.g(n,ni,...,m),
where pun.g(n,ni,...,Nny) denotes the smallest n € IN, f it exists, such that

the equation g(n,n1,...,nm) = 0 is satisfied and Yk < n, g(k,n1,...,Mm) s
defined.

We can now prove that all partial recursive functions are S¢PCF-programmable.
Theorem 28. Let f be a partial recursive function. Then, there exists F that
S(PCF-programs f.

Proof. Clearly S is programmable by s while Z is programmable by Ax*.0. The projec-
tion functions U} are programmable by terms of the shape: Ax§...Ax;,.x;.
The compositions between linear functions defined by G,Hy,...Hy. is S¢PCF-

programmable by terms of the shape:

AX{ . XL G(HixY ... xp) ... (HaX] ... Xp)

Primitive recursion on linear functions defined by G, H is ¢PCF-programmable by terms
of the shape:
uFAz* A% .. Ax,. if z* then (Gxi...x;) else (H(F(pz‘)xi...x;) (pz")x}...x;)

Finally, in order to show that minimalization schema is S¢PCF-programmable, let G

represent a recursive partial function g : N™*! — IN and let F be

(wF.Az"Ax] ... Axp. if (Gz'xy...x;) then z' else (F(sz')x]...x;,))0.

m

Assume n;,...,n, € N then Fn;...n, | k if and only if Gk n;...n, |} ® and for each
h <k € N exists n € N such that Gh n,; ...n, | s(n). O
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6.6. Lack of Full Abstraction

In order to prove the full abstraction, essentially, we need to prove the definability
of all finite cliques in our spaces, similarly to what has been done in [Plotkin, 1977,
Paolini, 2006]. If zy is a finite clique (in a linear coherence space interpretation of a type
o) then we seek a closed term M? of S¢PCF such that [M] = zo.

As we have already stressed the linear interpretation of S¢PCF is not fully abstract since
it is not complete with respect to the operational semantics. Here we analyze in more
depth why the completeness fails.

Firstly, let M,N € $¢PCF. Then M := N denotes the application to M and N of the term:

R AN YA x (ify01) (ify 1 (F(px)(py)))

It is easy to check that

[M=N]=<¢ 1 M = m # n = [[N],
0 otherwise.

Consider now the clique:

{(((1,3),5),7) , (((2,4),6),8)} € [((+ =) = 1) =] (6.1)

we want a term M defining it. Let My be the term Ax“.if(x = 1)3(if(x = 2)4Q,).
Consider the following term N:

AR (Xz.if(z == 5) 7 (if(z = 6) 8 Q))(F(M2))

Since [M2] = {(1,3), (2,4)}, we can think that the term N is interpreted on the clique
of Equation In fact this is not the case, since it is interpreted on the clique:

{(((1,3),5),7) , (((1,3),6),8) , (((2,4),5),7) , (((2,4),6),8)} € [((+ = ¢) = ¢) ]

So we need to make more distinctions between tokens. Now let Mg and M; be the terms
Axt.if(x:=1)3Q, and Ax“.if(x :=2)4Q, respectively. Consider the following term N':

AR~ 5 £(F(My) = 5 ) (if (F(Mo) := 5) 7 @) (if (F(M) := 6) 8 Q).

Clearly [Me] = {(1,3)} and [M:] = {(2,4)}. So we can think that the term N’ is this time
really interpreted on the clique of Equation[6.1] But unfortunately, it does not belong to
S¢PCF since, constraints on the higher-order variables of the first if are not respected.

On the other hand, the expected interpretation of the above term is straightforwardly
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linear.
This problem can be overcome by extending SPCF with a new operator
which?((t—)=)=~(®)and with constants dealing with tensor pairs. The operational be-

haviour of which? is sketched in the following not constructive rule:

M(Axx) yn Jk:MAx“if(x:=k)k Q) |n
which?(M(¢—9)=) || (n, k)

Note that if [M] is a linear function, M(Ax*.x) | n implies that there is k such that
M(Ax*.if(x := k) k @) || n. Essentially, the operator which?, given M returns a tensor-
pair of both the output of the evaluation of M applied to the identity function and
the information about the trace used by M. This kind of operators is not strange, in
fact it can be programmed in both stable and strongly stable domains, as shown in
|[Longley, 2002, [Paolini, 2006]. Moreover, we hope that it is possible to provide which?
with a constructive operational evaluation. So the add of the which? operator to S¢PCF
and the extension of the operational evaluation are initial steps toward the full abstrac-
tion.
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