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Introduction

The idea to control the use of formulae is present in Gentzen’s sequent calculus’
structural rules [23], whereas the idea to control the use of variables can be traced
back to Church’s Al-calculus [13]. Nowadays, the notion of resource awareness
and control has an important role both in theoretical and applicative domains,
from logic and lambda calculus to programming languages and compiler design.
The increased ability to control the quantity of resources, as well as the order in
which they are used, finds its relevance and application in many domains: memory
management that prevents memory leaking [62], construction of compilers [55] and
improvement of multi-core program efficiency for object-oriented languages [48], to
mention some of them.

The control of resources in the A-calculus is in the focus of our investigation.
Control of resources can be achieved by introducing new operators to the A-calculus,
namely operators of erasure and duplication, which on the logical side correspond
to thinning and contraction rules, respectively. Explicit control of erasure and
duplication leads to the decomposition of reduction steps into more atomic ones,
hence it changes the structure of a program. It is important to control these parts
of computation which are usually left implicit.

Extending the A-calculus and the sequent A\%-calculus with explicit erasure and
duplication provides the Curry—Howard correspondence for intuitionistic natural
deduction and sequent calculus with explicit structural rules, as investigated in
[41, 42, 30].

In this work we give an overview of the most important work in the field of
resource control and present the authors’ contributions in this field. This is the
continuation of the work on computational interpretations of logics in [31].
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Paper overview. In Section 1 we provide some useful background notions on
structural rules in logic (Section 1.1) and summarise the most significant contri-
butions in the field of resource control (Section 1.2). In Section 2 we start our
journey with the presentation of untyped version of the Resource control lambda
calculus \g [28, 24], its syntax and operational semantics (Section 2.1), followed
by its typed versions, both with simple and intersection types (Section 2.2). We
continue with Resource control sequent lambda calculus )\Q%tz [30] in Section 3, a
sequent counterpart of the Ag-calculus. We again provide the syntax and opera-
tional semantics of its untyped version (Section 3.1), followed by )\%Z—calculus with
simple and intersection types (Section 3.2). Section 4 deals with computational
interpretations of substructural logics [40] and presents Mg - a calculus without
thinning (Section 4.1) corresponding to a variant of the relevant logic. Finally, we
conclude in Section 5.

1. Background

1.1. Structural rules in logic. In this section we give a brief overview of the
formal systems of natural deduction and sequent calculus, both for intuitionistic and
classical logic, so that the correspondence with the syntax of the calculi presented
later is more clear. We then present the most common structural rules. Only
implicational fragments of these logical systems are in our focus, due to our interest
in the computational interpretations of logics.

1.1.1. Natural deduction: intuitionistic logic and classical logic. We pres-
ent the following Gentzen’s systems: natural deduction for intuitionistic logic (NJ)
and classical logic (NK), as well as sequent calculus for intuitionistic logic (LJ) and
classical logic (LK). More details can be found in [52].

The set of formulae of implicational fragment of propositional logic is given by
the following abstract syntax:

A=X|A—-B
where X denotes an atomic formula and capital Latin letters A, B, ... denote for-
mulae or single propositions. Hence, a formula can be either an atomic formula X

or implication A — B. Sequences of formulae, called antecedents and succedents
are denoted by capital Greek letters T', A, ... and ', A stands for T'U {A}.

(axiom)

T,AF A

T'rA—-B T'F A A+ B
(— elim) ——— (— intro)
I' - B ' A— B

FIGURE 1. NJ: intuitionistic natural deduction

Gentzen’s natural deduction rules for intuitionistic logic NJ and classical logic
NK are given in Figures 1 and 2, respectively. The systems consist of the axiom rule
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—— (axiom)
A - A A

' A—-BA Tk AA I'A+ B,A
(— elim) —— (— intro)
I+ BA I - A—BA

FIGURE 2. NK: classical natural deduction

and logical rules (introduction and elimination rules for each connective, in this case
only for implication). Introduction rules have the connective in the conclusion but
not in the premises, whereas elimination rules have the connective in the premises
but not in the conclusion.

1.1.2. Sequent calculus: intuitionistic logic LJ and classical logic LK. As
opposed to natural deduction derivations, sequents in sequent calculus have the
following form:
Al,...,AnFBl,...,Bm or A
which corresponds to the formula
Al/\.../\An—>Bl\/...\/Bm.

We can again distinguish axiom rule, logical rules (left and right), and the cut rule.
For each connective, as opposed to introduction and elimination rules characteristic
of natural deduction, here we have left and right logical rules, depending on whether
the connective is introduced in antecedent or succedent. The rules of Gentzen’s
sequent calculus intuitionistic logic LJ and classical logic LK are given in Figures 3
and 4, respectively. Right rules in sequent calculus correspond to introduction rules
in natural deduction, whereas left rules correspond to elimination rules.

—— (axiom)

TAF A
r-A ILBrC A+ B

(— left) ———— (—» right)
IN'A—BFC '+ A—-B

T'A T,AF B

cut
' B ( )

FI1GURE 3. LJ: intuitionistic sequent calculus

Notice the presence of the cut rule which is used to simplify and shorten the
proofs, while at the same time not increasing the number of theorems which can be
proved. Also, the cut rule precludes the proofs reconstruction, since it is impossible
to know which formula was eliminated using the cut rule. Fortunately, Gentzen’s
Cut elimination property (Hauptsatz) proves that it is possible to leave out the cut
rule and still obtain the system with the same set of derivable statements. Also,



Structural rules and resource control in logic and computation 83

—— (axiom)
T,AF AA
' AA T,BF A I A F BA
(—left) ————"" (- right)
A= BF A T A— BA

T AA T,AF A
TFA

(cut)

FIGURE 4. LK: classical sequent calculus

a formula is derivable in NJ if and only if it is derivable in LJ and a formula is
derivable in NK if and only if it is derivable in LK.

1.1.3. Structural rules. Structural rules are the inference rules which do not
refer to logical connectives, they rather deal with judgements or sequents directly.
The most common structural rules are the following:

e Thinning (or weakening), where either the hypotheses or the conclusion
may be extended with additional formula.
FFA(Th') FFA(Th')
_ in or —— in
TAF A . TFAA "
e Contraction, where two equal (or unifiable) formulae on the same side of a
turnstyle may be replaced by a single formula.
I‘,A,AI—A(C ) FD—A,A,A(C )
——  (Cont or ———  (Cont
TAF A . TF AA t
e Fxchange or permutation, where two formulae on the same side of a turnstile
may be swapped.
I',A, BTy A '+ A, A B, Ay

Exch or Exch
I.B. AT, A (Exchn) r - Al,B,A,AQ( ®)

Remark. Although the name weakening is now used more frequently, we prefer
the name thinning because Gentzen denoted by weakening slightly different, more
strict, structural rule:
rNNAr A 'k AA
——— (Weaky,) or ———— (Weakg)
IAJAE A ' - A A A
Here we presented structural rules for the classical sequent calculus, whereas in
the intuitionistic setting only left rules exist, and A is restricted to a single formula.
It is possible to define several variants of sequent calculi for both intuitionistic
and classical logic, by considering structural rules explicitly in some variants and
implicitly in others. The basic Gentzen’s sequent systems are denoted by G1, G2
and G3. They were formalized by Kleene in [44] and later revisited by Troelstra
and Schwichtenberg in [57]. Briefly, the essential difference between G1 and G3 is
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the presence/absence of the explicit structural rules. The distinguishing point in
the case of G2 is the use of the mix-rule instead of the more common cut-rule.

Apart from the differences in number and form of rules, these systems also differ
in the treatment of antecedents and succedents I', A:

e if all three structural rules are explicit, I', A are interpreted as lists;
e if exchange rule is implicit, I', A are interpreted as multisets;
e if all three structural rules are implicit, I', A are interpreted as sets.

Another difference caused by explicit/implicit structural rule of contraction is the
style of presenting the rules with two premises. Context-sharing or additive style
corresponds to systems with implicit contraction (as in the rule (Cut) in Figure 3),
whereas context-splitting or multiplicative style is characteristic for systems with
explicit contraction (as in the rule (Cut) in Figure 5). Finally, explicit/implicit
structural rule of thinning determines the form of axiom rule. Systems with explicit
thinning require minimal axiom (as in the rule (Ax) in Figure 5), whereas a more
general form of axiom is characteristic for systems with implicit thinning (as in the
rule (axiom) in Figure 3).

In Figure 5 we present the sequent calculus system whose computational inter-
pretation will be given in Section 3 of this paper. This system is a variant of the
system G1 for implicative intuitionistic logic, with implicit exchange.

Ara Ao

T Al B TEA ABEC
rrass B Taaspre &)

IAJAF B
—————— (Cont) LB

T,AFB T arp (Lhn)

A AAFB
T,AF B

(Cut)

FIGURE 5. System G1 with implicit exchange

There are also sequent systems in which some of the structural rules are for-
bidden, i.e. they are neither explicitly nor implicitly present. They define various
substructural logics [56, 53]. We distinguish the following substructural logics de-
pending on which structural rules do not hold:

o Relevant logic (also known as relevance or strict logic) was proposed in order to
overcome the paradoxes that existed in the systems with material implication,
which does not require any connection between premises and conclusion. Such
irrelevant implications are discarded by requiring that the variable sharing prin-
ciple between premises and conclusion holds. Proof-theoretically, the notion of
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relevance can be captured by the system of sequent calculus without thinning,
or by natural deduction with tagging (see e.g. [3]).

e Affine logic proof-theoretically corresponds to classical or intuitionistic logic
without the structural rule of contraction. Although usually derived from linear
logic by allowing thinning, it was also used in [34] as a foundation of the set-
theory in which Russell’s paradox cannot be derived.

e Linear logic is a substructural logic proposed as a refinement of classical and
intuitionistic logic [33]. Proof-theoretically, it corresponds to ordinary logic
where the uses of contraction and thinning are carefully controlled and formulae
cannot always be duplicated or discarded without control. Due to interpretation
of formulae as resources instead of traditional classical interpretation as truths,
linear logic found many applications in computer science.

e Ordered logic or non-commutative logic is a logic where neither thinning, nor
contraction, nor exchange are allowed. In the absence of all structural rules, the
order of formulae within context becomes an important feature of the logic. The
most well-known non-commutative logic is Lambek calculus [46], that was pro-
posed in order to model the syntax of natural languages, and as such represents
the foundation of computational linguistics.

Accordingly, in type theory, the type systems designed so that one or more of
the structural properties do not hold are called substructural type systems [62]. We
distinguish the following substructural type systems depending on which properties
do not hold:

o Relevant type systems allow exchange and contraction, but not thinning. This
ensures that every variable is used at least once.

e Affine type systems allow exchange and thinning, but not contraction. This
ensures that every variable is used at most once.

e Linear type systems allow exchange but not thinning or contraction. This en-
sures that every variable is used exactly once.

e Ordered type systems do not allow any of the structural properties. This ensures
that every variable is used exactly once and that it is used in the order in which
it is introduced.

1.2. Control of resources in computation and concurrency. The idea and need
to control the use of variables in A-calculus, i.e. in computation, can be traced back
to Church’s AI-calculus proposed in [13]. In this calculus, contrary to the standard
A-calculus (denoted by Church by AK), the variables bound by A-abstraction should
occur in the body of the term at least once. Therefore, a void A-abstraction is not
acceptable, and in order to have the abstraction Az.M the variable x has to occur
in M. Chapter 9 in Barendregt [4] provides a detailed account on AI-calculus.

Klop’s extended A-calculus [45], based on the ideas of Nederpelt [49], is very
simple and elegant: a redex (Ax.M)N, with z not being a free variable of M, reduces
to the pair [M, N], instead of reducing to M. In this way no subterm is discarded,
and as a consequence, strong normalisation coincides with weak normalisation, as
proved in [45].
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Currently, there are several different lines of research in resource aware term
calculi.

Resource aware lambda calculi. An interesting approach to the resource aware
lambda calculus, motivated mostly by the development of the process calculi, was
investigated by Boudol in [10]. Instead of extending the syntax of A-calculus with
explicit resource operators, Boudol proposed a non-deterministic calculus with a
generalised notion of application. In his work, a function is applied to a struc-
ture called a bag, having the form (N7"'|...|N;"") in which N;, i =1,...,k are
resources and m; € N U {oo}, ¢ = 1,...,k are multiplicities, representing the
maximum possible number of the resource usage. In this framework, the usual ap-
plication is written as M N°°. The theory was further developed in [11], connected
to linear logic via differential A-calculus by Ehrhard and Regnier in [16] and typed
with non-idempotent intersection types by Pagani and Ronchi Della Rocha in [50].
An account of this approach is given in [2].

Van Oostrom [59] and later Kesner and Lengrand [41], applying ideas from lin-
ear logic [33], proposed to extend A-calculus with explicit substitution [41] with
operators to control the use of variables (resources). Their linear Alxr-calculus is an
extension of the Ax-calculus [9, 54] with operators for linear substitution, erasure
and duplication which preserves confluence and full composition of explicit substi-
tutions. The simply typed version of this calculus corresponds to the intuitionistic
fragment of linear logic proof-nets, according to Curry-Howard correspondence [37],
and it enjoys strong normalisation and subject reduction. This approach was later
generalised in Kesner and Renaud’s Prismoid of Resources [42, 43], a complex sys-
tem of eight calculi which are obtained by explicit or implicit management of these
three operators.

In the realm of classical logic, resource control for sequent calculus was proposed
by Zuni¢ in [64] and Zunié¢ and Lescanne in [65]. Their *X-calculus introduces
terms for explicit erasure and duplication, in the context of explicit substitution.
This calculus features non-confluence and interface preservation. The first attempt
of introducing resource control in intuitionistic sequent A-calculus can be found
in [30] and we will provide more details in Section 3.1.

Linear logic. In mathematics, the functions which use each argument exactly
once are called linear functions. In linear logic, introduced by Girard [33], thin-
ning and contraction rules in the proofs are made explicit, which corresponds to
explicit copying and erasure operations. Computational interpretations of linear
logic originate from the work of Abramsky [1] and Benton et al. [7].

Substructural type theories. The idea of linear types, stems from Wadler’s
work presented in [60]. The values which have linear types, can be used only
once and cannot be duplicated or destroyed. Hence, there is no need for reference
counting or garbage collection. The values which have non-linear types may have
many pointers to them and do require garbage collection, but enable sharing.
Walker introduces substructural type systems in [62]. With these type systems
it is possible to control how many times and in which order a data structure or an
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operation was used. They are very useful when there is a need to constrain the
access to system resources, such as files, locks and memory, since they provide a
sound static mechanism for tracking state changes and preventing operations on
objects in an invalid state. In particular, he introduces two substructural type
systems: linear type system and ordered type system. Linear type system enables
safe deallocation of data since objects can be used exactly once. Ordered type sys-
tem enables managing memory allocated on the stack by controlling the exchange

property.

Resource awareness and linearity for functional calculi. Resource Aware
ML (RAML) is a functional programming language of Hoffman et al. [36] which
implements the resource analysis that automatically computes polynomial resource
bounds for first-order functional programs. Alves et al. [2] give details and main
results concerning three notions of linearity for functional calculi: syntactical, op-
erational and denotational [20]. For syntactical linearity a linear use of variables
in terms is required. Operational linearity ensures that function arguments are not
duplicated or erased during the evaluation process. In case of denotational linear-
ity, all the functions which can be defined in the language have the corresponding
linear function in a particular model.

Substructural types in concurrency. Several type disciplines for 7-calculi have
been proposed so far in which linearity plays a key role. The type system of Caires
and Pfenning [12] is based on a new interpretation of propositions-as-session types
and proofs-as-processes which ensures session fidelity, absence of deadlocks, and a
tight operational correspondence between m-calculus reductions and cut elimination
steps. Gay and Vasconcelos [21] manipulate asynchronous session types by means
of the standard structures of a linear type theory. Wadler [61] relates the two
previous approaches.

Mostrous and Vasconcelos [47] relax the condition of linearity to that of affinity,
by which channels exhibit at most the behaviour prescribed by their types. This
more liberal setting allows to incorporate an elegant error handling mechanism
which simplifies and improves related works on exceptions. However, this treatment
does not affect the progress properties of the language, i.e. sessions never get stuck.

Recent developments in this area by Pfenning and Griffith [51] make the usual
distinction between synchronous and asynchronous communication viewed through
modal logic. Polarizing the substructural propositions into positive and negative
connectives allows to elegantly express synchronization in the type itself.

Intersection types for resource control. Intersection types in the presence of resource
control were first introduced by Ghilezan et al. [24]. Later on non-idempotent
intersection types for Alxr-calculus were introduced by Bernadet and Lengrand in [8]
and used to prove the strong normalisation.

2. Resource control lambda calculus

The resource control lambda calculus, A\g [28, 24, 27], is an extension of the
A-calculus [6] with operators that erase and duplicate variables, thus enabling the
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control of resources involved in the process of computation. It operationally corre-
sponds to the A.y-calculus, one of the calculi of Kesner and Renaud’s Prismoid of
resources [42, 43].

2.1. Untyped \g-calculus.

2.1.1. Syntax. There are two ways to define Ag-terms. First is to define a larger
set of A\g-pre-terms, and then to extract from it the set of Ag-terms by imposing re-
strictions and conditions considering free variables. This approach was used in [24].
The approach presented here eliminates the need for auxiliary notion of pre-terms

and directly defines Ag-terms and their free variables using mutual recursion’.

Definition 2.1. (i) The set of Ag-terms, denoted by Ag, is defined by infer-

ence rules given in Figure 6.

(ii) The list of free variables of a term M, denoted by Fv[M], is defined by
inference rules given in Figure 7.

(iii) The set of free variables of a term M, denoted by Fuv(M), is obtained from
the list Fv[M] by unordering.

(iv) The set of bound variables of a term M, denoted by Bv(M), contains all
variables of M that are not free in it, i.e. Bo(M) = Var(M) \ Fv(M).

vchg (var)

MeAg z € Fv(M) MeAg NelAg Fv(M)NFu(N)=10
(abs) (app)
)\IMEA@ MNEA@

MeAg ¢ Fo(M)
JJ@MEA@

(era)

MeAg z1,20 € Fo(M) x1 #x2 x¢ Fo(M)~{z1,22}
:L'<£1M€A®

2

(dup)

FIGURE 6. Ag: the set of Ag-terms

A \g-term, ranged over by M, N, P,..., My,..., can be a variable from an enu-
merable set Ag (ranged over by z, vy, z, z1, . . .), an abstraction Az.M, an application
M N, an erasure x © M or a duplication x <7} M. The abstraction Az.M binds the
variable z in M. The duplication z <7 M binds the variables z; and x2 in M and
introduces a free variable x. The erasure x ® M introduces also a free variable x.

Our notion of terms corresponds to the notion of linear terms in [41], since a
term is well-formed in Ag if and only if bound variables appear actually in the term

We define both lists and sets of free variables, since the notion of a list Fv[M] is used to
define the substitution evaluation in the case of duplication (see Figure 8) where the order of
variables needs to be controlled, whereas in all other situations, where the order of free variables
is irrelevant, it is more convenient to work with sets.
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Fo[M] = [z1,22,. .., Tm)]
Fulz] = [z] Fohx; M) = [x1,Z2, .. . Ti1,Tit1, - T
Fu[M] =[z1,...,2m]) Fv[N]=[y1,...,Yn] Fo[M]=[21,...,Zm]
Fo[MN] = [Z1,. s Zm, Y1, - Yn) Folr © M| = [x,21,..., %]

F’U[M] = [$1,---7xm]

F’U[l‘ <f; M] = [l‘,l‘l,.. Y 7 G I /7 T [P Tj—1,Tj41,- ..,l‘m]

FIGURE 7. List of free variables of a Ag-term

and variables occur at most once. This assumption is not a restriction, since every
pure A-term has a corresponding Ag-term and vice versa, due to the embeddings
given in Definition 2.2 and 2.3 and illustrated by Example 2.1.

Definition 2.2. The mapping [ ], : A — Ag is defined in the following way:

[@]re = @
Az [t]re, x € Fo(t)
Az-t]re = {)\x.x O [the, ¢ Fo(t)
sl — {[t]m[s]m Fo(t) N Fu(s) =0
x <Gl [tler/x]s[za/x]]re, € Fu(t) N Fu(s)
Definition 2.3. The mapping [ |@ : Ag — A is defined in the following way:
[z]e =«
Az Mg = Az.[M]g
[M Nlg = [M]g [Nl
[z <%, Mlg = [M]glz/z1][x/z,]
[z © Mg = [M]e

Example 2.1. Pure A-terms A\z.y and A\z.zx are not Ag-terms, whereas [A\z.y,. =
Az.(x ©y) and [Av.xx],c = Av.x <(! (r122) are both A\g-terms.

y € Ag (var) x ¢ Fu(y) (era)

rOy €A r € Fo(zOy)

(abs)
A.rxOy € Ag

2122 € Ag = ¢ Fo(zim2) N\ {z1, 22} 21,22 € Fo(z122)

2 (dup) .
x <2 (z172) € Ag x € Fu(z <X (z122))

(abs)
Ar.x <3l (r1x2) € Ag
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2.1.2. Substitution. Tight control of resources also reflects on the treatment of
substitution, which is implicit and linear, because when we substitute N for x
in M, we know that there is exactly one free occurrence of x in M. Here, we
only outline our subtle definition of substitution (see [28] for a detailed account).
The concept of substitution is defined via an auxiliary calculus )\%, whose syntax
is equal to the syntax of Ag extended with the substitution operator M[N/z],
and whose reduction rules are only the rules of substitution evaluation, given in
Figure 8. We prove that the )\%—calculus is terminating, confluent and that its

z[N/z] —B— N

(\y.M)[N/z] —F— Xy.M[N/z], x#y
(MP)[N/z] —2— M[N/«|P, x € Fv?(M)
(MP)[N/z] —2— MP[N/z], x € Fv?(P)

(y© M)[N/z] —B— yoM[N/z], z#y

(r® M)[N/z] —B— Fo(N)oOM

(y <y M)[N/a] —B— y<yi M[N/a], a#y

(v <2 M)[N/a] —B— Fo[N) <puX1 MINy /21][Na /o]

FiGURE 8. Evaluation of the substitution operator in the )\%—calculus

normal forms are substitution free, i.e. that they belong to the Ag-calculus. We
then define substitution in Ag-calculus, denoted by M[N fz], as the normal form of
the corresponding A@-term M[N/z]. The normal form exists and is unique due to
termination and confluence. The simultaneous substitution M[Ny fz1, ..., Npfxp)
is defined as M|Ny fz41]...|Np Jxp|, provided that Fv(N;) N Fu(N;) =0 for i 7.

2.1.3. Operational semantics. The operational semantics of A\g is defined by
a reduction relation —, given in Figure 9. In the Ag-calculus, one works modulo
structural equivalence =g, defined as the smallest equivalence that satisfies the
axioms given in Figure 10 and closed under a-conversion.

The reduction rules are divided into four groups. The main computational step
is B-reduction. () reductions perform propagation of duplications into the expres-
sion, whereas (w) reductions extract erasures out of expressions. This discipline
allows us to optimise the computation by delaying duplication of terms on the one
hand, and by performing erasure of terms as soon as possible on the other. Finally,
the rules in the (yw) group explain the interaction between the explicit resource
operators that are of different nature. Notice that in the rule (yw2) the substitution
in Ag is actually a syntactic variable replacement, i.e., renaming. Reduction rules
are sound and preserve free variables during computation.
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(B8) Az.M)N — M]N [z}
() z<q (M) — \yx <M
(72) r <7l (MN) — (x<j! M)N, ifx,zs & Fv(N)
(73) r<jl (MN) — Mz <Z!N),ifx, 20 & Fo(M)
(w1) Az (yoM) — yoA\e.M), z#y
(w2) (x®@M)N — zO(MN)
(ws3) M(xzoN) — xz0(MN)
(Ywi) <L (OM) — yo(r<i M), y+#r,m2
(yw2) <G (x1OM) — M)z
FIGURE 9. Reduction rules
(€1) TOYOM) =g yo(@oM)
(€2) r<ZIM =\, <M
(e3) <l (y<ygM) =y z<§(y<iM)
(€a) <P (y<yp M) =yg y<P(z<G M), z#Yy1,y2, y# T1,22

FiGURE 10. Structural equivalence

2.2. Typed \g-calculus.
2.2.1. Simple types for A\g-calculus. Simple types, given by the syntax
az=pla—a

where p ranges over a denumerable set of type atoms, can be assigned to Ag-terms
by rules from Figure 11. The system is syntax directed and the rules are context-
splitting, i.e. multiplicative, which is a property characteristic for logical systems
with explicit structural rules. In the obtained system Ag —, erasure is explicitly
controlled by the choice of the axiom, whereas the control of the duplication is man-
aged by implementing context-splitting style, i.e. by requiring that I, A represents
disjoint union of the two bases, defined in the standard way.

(Az)

r:abx:«

Tz:aFM:3 (1) T'FM:a—p Al—N:a(_>)
TFxeM:a—p8 " ! [,AFMN:p E
Iax: tak M .

Fizrabz<gM: B Tz:bFxOM:«

FIGURE 11. A\g —: Ag-calculus with simple types

From the logical point of view, the obtained system Ag — corresponds to in-
tuitionistic natural deduction with explicit structural rules, the system that, to
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the best of our knowledge, has not been studied yet. As is the case with the A-
calculus [6], this system is too restrictive and does not characterise all strongly
normalising Ag-terms. For example, Az.x <¥ yz is a normal form of the Ag-
calculus that cannot be typed in Ag —. Moreover, the duplication operator seems
to be naturally connected to intersection of types, following the intuition that it
should be possible to contract two variables of different types, say x of type «a
and y of type 8, but then the resulting variable should preserve only information
shared by both z and y, i.e. it should be of type N . In order to provide a type
assignment system that characterises the set of strongly normalising Ag-terms and
fits better with the resource control operators, particularly with duplication, we
introduce intersection types to Ag-calculus.

2.2.2. Intersection types for Ag-calculus. The A\g-calculus with intersection
types was initially proposed by Ghilezan et al. in [24] as an auxiliary system in
which its sequent counterpart )\(Gl@tzﬁ could be translated in order to prove the strong
normalisation. Here we introduce an intersection type assignment AgN system
which assigns strict types to Ag-terms. Strict types were proposed in [58] and used
in [19] for characterisation of strong normalisation in A®%Z-calculus. See also [25]
for intersection types in the presence of explicit substitution and resource control
and [29)].
The syntax of types is defined as follows:

Strict types o u=p|la—o

Types a = Nlo;
where p ranges over a denumerable set of type atoms and

Ao, — o1N...No, forn>0
v T forn=0

T being the neutral element for the intersection operator, i.e. cNT = 0.

We denote strict types by o, 7,v ..., types by «, 8,7... and the set of all types
by Types. The set of strict types is a subset of Types, because each strict type o
can be written in the form N}o;. The intersection operator is commutative and
associative and intersection has priority over arrow.

A basic type assignment (declaration), basis and basis extension are defined in
the usual way, so we only give the definition of bases intersection ' A and of T'":

I'mA={z:anflz:aecl & z:cA & Dom(T') =Dom(A)}
I'" = {z: T|z € Dom()}.

Notice that bases intersection is defined only for bases with equal domains, and
that the basis I'T represents the neutral element for the bases intersection since
I'" M A = A for arbitrary bases I and A that can be intersected.

The type assignment system AgN is given in Figure 12.

The system AgN is characterised by the following properties:

— It is syntax directed, i.e. there is exactly one type assignment rule for each
syntactic category of Ag-terms. Therefore, there are no separate rules for
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— (A
:E:UF:E:U(Z)
Iz:abFM:o PEM:N!'mi =0 AgFN:img ... Ay F N7,
(—=1) T (—e)
''kXxM:a—0 LAy A ... MA,FMN 0o
zx:a,y:6FM:0o '-M:o .
: T
F,Z:aﬂﬁl—z<$M:U(Cont) F,x:TI—x@M:U( hin)

FIGURE 12. AgN: Ag-calculus with intersection types

the intersection introduction and for intersection elimination, contrary to
the original way of introducing intersection types to the A-calculus, pro-
posed by Coppo and Dezani-Ciancaglini in [14]. The intersection is incor-
porated into already existing rules of the simply-typed system Ag —.

— It assigns strict types to Ag-terms. Indeed, while non-restricted types can
be assigned to variables on the left-hand side of sequents (for instance, in
the rules (—;) or (Cont)), only strict types are assigned to Ag-terms on
the right-hand side of sequents.

— The form of the axiom (Az) (z:0 b x: 0 instead of usual T,z : o F 2 : o)
ensures that in a typeable term each free variable appears at least once.

— The context-splitting rule (— ) ensures that in a typeable term each free
variable appears not more than once.

Assume that we implement these properties in the type system containing only
rules (Az), (—g) and (—7), then the combinators K = Azy.z and W~! = \zy.zyy
would not be typeable. This motivates and justifies the introduction of the op-
erators of erasure and duplication and the corresponding typing rules (T'hin) and
(Cont), which further maintain the explicit control of resources and enable the
typing of K and W™!, namely of their corresponding Ag-terms Azy.y ® z and
Azy.y <yl xy1ye, respectively. Let us mention that on the logical side, structural
rules of thinning and contraction are present in Gentzen’s original formulation of
LJ, Intuitionistic Sequent Calculus, but not in NJ, Intuitionistic Natural Deduc-
tion [22, 23]. Here instead, the presence of the typing rules (T'hin) and (Cont)
completely maintains the explicit control of resources in A\g.

In the proposed system, intersection types occur only in two inference rules. In
the rule (Cont) the intersection type is created, this being the only place where this
happens. This is justified because it corresponds to the duplication of a variable.
In other words, the control of the duplication of variables entails the control of the
introduction of intersections in building the type of the term in question. In the
rule (—g), intersection appears on the right hand side of the turnstyle - which
corresponds to the usage of the intersection type after it has been created by the
rule (Cont) or by the rule (Thin) if n = 0.

Note that Ag in the rule (—g) is needed only when n = 0 to ensure that N has
a type, i.e. that N is strongly normalising. In the rule (Thin) the choice of the
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type of x is T, since this corresponds to a variable which does not occur anywhere
in M. Rules (Ax) and (—7) are the same as in the simply typed A-calculus. Notice
however that the type of the variable in (Ax) is a strict type.

Roles of the variables. In A\g, there are three kinds of variables according to the
way they are introduced, and each of them receives a specific type:

e variables as placeholders have a strict type (rule (Az)),
e variables resulting from a duplication have an intersection type (rule (Cont)),
e variables resulting from an erasure have the type T (rule (Thin)).

The following examples from [28] in which variables change their role during the
computation process emphasise the sensitivity of the system AgN w.r.t. the role
of a variable in a term. When the role of a variable changes, its type in the type
derivation changes as well, so that the correspondence between particular roles and
types is preserved.

Example 2.2. A variable as a “placeholder” becomes an “eraser” variable: this is
the case with the variable z in (A\z.z ® y)z, because

(Ar.z ©y)z =g (zOy)lefr] £ (x O y)lz/a] |P=20y.

Since z: T,y: 0 F 220Gy : 0, we want to show that z: T,y : o F (Az.x © y)z : 0.
Indeed:

— (Av)
y:oky:o
(Weak)
rz:T,y:oFx0Qy:0o
(=) —— (4x)
y:oFdXrzxoQy: T oo z:Thkz:T
(—B).

z:T,y:obF(AzxOy)z:0

In the rule (— ), we haven =0, Ag = z : 7 and AOT = z: T. Thus, in the previous
derivation, the variable z changed its type from a strict type to T, in accordance
with the change of its role in the bigger term.

Example 2.3. A variable as a “placeholder” becomes a “duplicator” variable: this

is the case with the variable v in (Az.z <Y yz)v, because

(ow <2 y2)o =g (@ <! y2)lof] 2 (o < y2)[o/o] 4
= Folo] <pulel] (y2)[v1/y][va/2] 1P=v <3} v1va.
Since v : (7 — o) N7 F v <P} vivz : 0, we want to show that
vi(t—=o)N1tkAza <Y yz)v:o.
Indeed:

(=1) (Az) (Az)
Flxxx <lyz:((t—=0o)NT) >0 viThov:T v:iT—oobv:iT >0

(—=r).
vi(roo)NtkEQzae <dyz)v:o
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In the rule (—g), we have n = 2, therefore Ag = N : 79 can be one of the two
existing typing judgements, for instance v : 7 - v : 7. In this case A] disappears
in the conclusion, because AOTI_IAll_IAQ =v:TNv:T=oNv:T=v:TN(T =
o)NT =wv:(r — o)N7. Again, we see that the type of the variable v changed
from strict type to (intersection) type.

Example 2.4. An “eraser” variable becomes a “duplicator” variable: this is the
case with the variable u in (Az.x <Y yz)(u ® v), because

M.z <¥ yz)(u©v) = (z <4 y2)lu©v/z|

2 (2 <Y y2)[u© v/a] 4

= Folu®v] <o O (y2)lur © v1 /yl[us © va/2) 17

=u <yt v <! (ug Ovr)(ug ©va).

The situation here is slightly different. Fresh variables v and us are obtained from
u using the substitution in Ag . The variable u is introduced by thinning, so its
type is T. Substitution in Ag does not change the types, therefore both u; and us
have the type T. Finally, u in the resulting term is obtained by contracting u; and
ug, therefore its type is TNT = T. Thus we have an interesting situation - the role
of the variable v changes from “eraser” to “duplicator”, but its type remains T.

However, this paradox (if any) is only apparent, as well as the change of the
role. Unlike the previous three examples, in which we obtained normal forms, in
this case the computation can continue:

u <yl v <P (u1 ©v1)(u2 ©V2) = (wypey) UV <pp U b U1 © v1(uz © v2)
s ¥ <q, 01((u2 © v2))ufusl

=0 <k vi(u©ug).

So, we see that the actual role of the variable u in the obtained normal form, is
“eraser”, as indicated by its type T.

To conclude the analysis, we point out the following key points:

e The type assignment system Ag is constructed in such way that the type
of a variable always indicates its actual role in the term. Due to this, we
claim that the system AgN fits naturally to the resource control calculus A\g.

e Switching between roles is not reversible: once a variable is meant to be
erased, it cannot be turned back to some other role. Moreover, the infor-
mation about its former role cannot be reconstructed from the type.

The main result involving the system AgN is the complete characterisation of
strong normalisation in the Ag-calculus by means of typeability, stated by the
following theorem, proved in [28] (see also [32]).

Theorem 2.1. In the Ag-calculus, a term is strongly normalising if and only if it
is typeable in the system AgN.
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3. Resource control sequent lambda calculus

3.1. Untyped )\Q%tz-calculus. The resource control lambda Gentzen calculus )\Q%tz is
derived from Espirito Santo’s A®Z-calculus introduced in [17] (more precisely from
its confluent sub-calculus )\‘6}2, proposed in [38]) by adding the explicit operators
for erasure and duplication to both terms and contexts. On the other hand, it
can be seen as a sequent counterpart of the Ag-calculus. The first variant of this
calculus was proposed in [30].

The main difference between computational interpretations of natural deduction
and sequent calculus is that besides terms, the syntax of sequent term calculi con-
tains a syntactic category of contexts. As pointed out by Espirito Santo in [18], the
computational meaning of the contexts is a prescription of what to do next with
an expression which is plugged into it.

There are two kinds of contexts: a selection Z.t that means “substitute for x
in 7, and a linear left introduction ¢ :: k that means “apply to ¢ and proceed
according to k”. Since an application also represents a plugging of a term ¢ into
a context k, it is in this calculus of the form tk, which is another major difference
with respect to the ordinary A-calculus, in which application is of the form ¢, i.e.
the application of a term to a term. In the presence of resource control operators,
there are two additional kinds of contexts, namely duplication on contexts = <¥ k
and erasure on contexts x ® k. Although there is no real difference between the
resource operators on terms and on contexts, these categories need to be separated
for technical reasons.

If one uses the usual analogy with the function theory, contexts could be roughly
understood as lists of arguments (i.e. terms). A list is constructed starting from
a term by selecting a variable in that term. A new element could be added to the
list using concatenation, performed via the t :: k operator. There are no context
variables - the trivial context is Z.z, which corresponds to an empty list [ ].

3.1.1. Syntax. Asin the case of the Ag-calculus, there are two approaches to syn-
tax. Here, we choose to define )\Q%tz—expressions via an auxiliary syntactic category
of pre-expressions. The abstract syntax of )\Q%tz pre-expressions is the following:

Pre-values F =gz e.fleo fle <3t f
Pre-terms f ==F|fc
Pre-contexts ¢ == 2Z.f[f :: clz O clr <7} c

where = ranges over a denumerable set of term variables.

A pre-value can be a variable, an abstraction, a thinning or a duplication; a pre-
term is either a value or a cut (an application). A pre-context is one of the following:
a selection, a context constructor (usually called “cons”), a thinning on pre-context
or a duplication on a pre-context. Pre-terms and pre-contexts are together referred
to as the pre-expressions and will be ranged over by E. Pre-contexts x ® ¢ and
x <Zl c behave exactly as the corresponding pre-terms x ©® f and z <7! f in the
untyped calculus, so they will mostly not be treated separately.

2Where it was named linear lambda Gentzen calculus and denoted by 26tz
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Definition 3.1. (i) The list of free variables of a pre-expression E, denoted by
Fv[E], is defined as follows (where I, m denotes the list obtained by the concate-
nation of the two lists [ and m and [ \ x denotes the list obtained by removing all
occurrences of an element x from the list [):

Fulx] =

Fo[Az.f] = Fulf]\x;

Folfd] = Fulf], Fulcl;

Folz.f] = Fulf]\x;

Fulfid = Fulf],Fold)

Folx © E] = z, Fv[E];

Folr <{} E] = x,((Fv[E] \ 21) \ 22).

(ii) The set of free variables of a pre-expression F, denoted by Fv(E), is extracted
from the list Fv[E], by un-ordering the list and removing multiple occurrences of
each variable, if any.

(iii) The set of bound variables of a pre-expression F, denoted by Buv(E), con-
tains all variables that exist in E, but are not free in it.

For example, let £ =z ®u <! z(z ©: 22 = 21 = §.y). Then Fv[E] = z,u,x, z,
Fu(E) ={z,u,z} and Bu(E) = {x1,z2,y}.

Now, using the notion of the set of free variables, we are able to extract the set of
)\%Z—expressions (namely values, terms and contexts) starting from the set of )\%Z
pre-expressions. The set of )\Q%tz—expressions A%Z = V%Z U TQ%“ U C&, where ng
denotes the set of )\%Z—Values, T %Z denotes the set of )\Q%tz—terms and CQ%“ denotes
the set of )\Q%tz—contexts.

Definition 3.2. The set of )\%Z—expressions denoted by A8 is a subset of the set
of pre-expressions, defined in Figure 13.

In the rest of the chapter, we will use the notation T, 77, T} . . . for values; ¢, u,v . ..
for terms; k, k', k1 ... for contexts and e, e/, eq ... for expressions.

Informally, we say that an expression is a pre-expression in which in every sub-
expression every free variable occurs exactly once, and every binder binds (exactly
one occurrence of) a free variable. When restricted to terms, this notion corresponds
to the notion of linear terms in [41]. However, this assumption is not a restriction,
since every A\®Z-expression has a corresponding )\%Z—expression.

Definition 3.3. Mapping [ ], : A®Z — A%Z is defined in the following way:
[]re =2

A [t]res z € Fo(t)
Ar.z ® [t]rw T ¢ F’U(t)

" _ /.f-[t]ra T € F’U(t)
[Z.t] e {fx O [tre, = ¢ Fo(t)

[tk] _ {[t]rc[k]rca FU(t) n F’U(k}) = Q]
e <@ [t /alklra/a]le, @ € Fu(t) N Fo(k)
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feTE xe Fu(f)
T € VQ%tZ Ax.f € VQ%tZ

fETE ce Cq* Fo(f)NnFu(c)=10 FeVge
Gtz Gtz
fee Ty FeTg

FeTG zeFu(f) feTE ceCg? Fu(f)NFu(c)=0
f.fGC(G@tZ fZSCEC(G@tZ

feTg® « ¢ Fo(f) ceCg x ¢ Fu(c)
T feVEr rOceCge

f6T6®tz r1 #F @2 1,22 € Fu(f) @ ¢ Fu(f) ~ {a1, 22}
x<§1f€V(G®tZ

2

ceCg® a1 # x2 11,22 € Fu(c) x ¢ Fo(e) N {1, 22}

T <jlce C%Z

FIGURE 13. A%Z: )\%Z—expressions

[t kpe = {[t]rc it [Klre, Fo(t)NFu(k) =10
e x <P [tler/x] 2 klxo/x]]re, € Fu(t) N Fu(k)

The correspondence between A\¢%-expressions and )\%Z—expressions is illustrated
by the following example. Pre-expressions F; = Az.y, Fs = Z.y and E3 = \v.z(x
7.y) are A\®Z-expressions, but are not )\%Z—expressions. The reason is the presence
of void abstraction or selection in E; and Fs, and two occurrences of the free
variable z in the sub-expression of E3. On the other hand, Az.z ® y, T.xz ® y and

Az.x <fl w1(x2 2 §.y) are their corresponding )\%Z—expressions.

3.1.2. Operational semantics. Reduction system of the )\G®tz—calculus is a mix-
ture of the reduction systems of the A$-calculus, that reflects the cut-elimination
process, and of the A\g-calculus, that optimises the usage of resource control oper-
ators. There are four groups of reductions in the )\G®tz—calculus - (8), (o), (7) and
(1) from A&, (v1)—(76) that propagate duplication, (w;)—(we) for erasure extrac-
tion, and finally (yw1), (yws) for resource operators interaction. Only the rules that
differ from the rules given in Figure 9 are given in Figure 143,

3Therefore rules (v1)—(y3), (w1)—(w3), (yw1), and (yws) are omitted because they look the
same, except for the fact that terms are denoted differently, and that (yw1) and (yw2) hold for
all /\G®tz—expressions, not only for terms.
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B) Qzt)(u:=k) — u(@.tk)

(o) T(Zw) — o[T/z]

(m) (tk)k' — t(kQk’)

(1) Tak — k

(va) =<3 1) — Yz <] t)

(vs) x<Fi(tuk) — (x<}! t wk, ifxy,xe & Fu(k)
(v6) <P (t=k) — tu(x <‘1”1 k), ifxy,z2 ¢ Fo(t)
(wa) Tyot) —» yo@t), z#y

(ws) (xot)uk — 20k

(we) t:(zoOk) - zO(t:k)

FIGURE 14. Reduction rules of the )\G®tz—calculus

As in the A\®Z-calculus, reductions (7) and (o) are executed via meta-operators.
The meta-operator for appending two contexts, k@Qk’, from the rule (7) is now
defined by:

(z.t)Qk’ z.tk' (t:: k)Qk’ t:: (kQK")
(x © k)Qk’ x © (kQk’) (x <3L k)QK! x <3l (kQRE').

The meta operator [ / ], representing the implicit substitution of free variables,
is treated similarly as in the Ag-calculus, i.e. an auxiliary calculus with explicit
substitution is defined and implicit substitution represents its normal form. How-
ever, it should be emphasized that the substitution is here introduced in the (o)
reduction: T'(Z.v) — v[T'/x], which means that we always substitute a value T for
a variable, therefore this calculus supports the call-by-value computational strat-
egy. Also, there are more rules for substitution evaluation in the auxiliary calculus,
which is a consequence of more complex syntax. These are new rules for evaluating
substitution on contexts *:

@0[T/a] —2= Gt[T/z], x#y
(t = k)[T/z) —B— t[T/z] =k, =z ¢ Fu(k)
(t = k)[T/x) —B—t k[T/x], =¢ Fo(t)

Besides reductions, operational semantics of the )\(G@tz—calculus contains also the
congruence relation defined by the equivalencies obtained from those given in Fig-
ure 10 by replacing Ag-term notation M for )\G®tz—expression notation e.

Notice that because we work only with the )\%Z—expressions, i.e. well-formed
expressions, no variable is lost during the computation, therefore preservation of
free variables holds.

L L
L L

E N

4Rules for duplication and erasure on contexts are omitted here because they completely
correspond to rules for duplication and erasure on contexts.
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3.2. Typed A\g*-calculus.

3.2.1. Simple types for )\%z-calculus. The type assignment system that assigns

simple types to )\Q%tz—expressions7 denoted by )\Q%tz —, is given in Figure 15. With

respect to the A% — from which it was derived, the system )\%Z — has four new
rules, namely (Thin;), (Cont:), (Thing) and (Conty), for assigning types to the
expressions containing explicit operators of erasure and duplication.

On the other hand, the main difference in comparison with the system Ag —,
given in Figure 11, is in the structure of typing rules for contexts. These four rules,
namely (Sel), (Cons), (Thiny) and (Conty), contain the special place between the
symbols ; and - on the left-hand side of the sequent, called stoup. Stoup is filled
with a selected formula, with which we continue the computation. For example, in
the sequent ',z : o; B k : y, formula $ is in the stoup. The stoup was introduced
by Girard and used by Herbelin in [35] in order to obtain a restricted form of the
sequent calculus which was isomorphic to natural deduction.

(Az)

r:abx:«

Tx:akFt:p
'tXzt:a—p

F'Ft:a A;BFE:vy
NAja—BFtk:y (=2)

(—r)

'Ft:a Ajabk:p Lz:akt:p

Fargg O Tarzip Y
Ne:oy:akt:p -t p '
F7Za|72<;t/8(contt) F,xakx@tﬂ(Thlnt)

I'z: oy E ko vk k-
rioyran Tk ﬁ(COHtk) kb (Thing)

Loziagyb2<gk:pB Tz:ayFxok: B

FIGURE 15. )\%Z —: simply typed )\%Z—calculus

This system satisfies standard properties, such as type preservation during com-
putation and strong normalisation of typeable terms. Also, it provides the Curry—
Howard correspondence between intuitionistic sequent calculus with explicit struc-
tural rules of thinning and contraction, and the )\Q%tz—calculus. However, for the same
reasons as in the case of the Ag-calculus, we introduce intersection types to )\%Z.

3.2.2. Intersection types for )\%z-calculus. The system that assigns a re-

stricted form of intersection types, namely strict types, to )\%Z—expressions is called

)\%Zﬂ and is given in Figure 16. This system essentially represents a sequent coun-
terpart of the system AgN from Figure 12, therefore all basic notions are defined
in the same way. It may also be considered as an extension of the strict type
assignment system for the A*-calculus, proposed in [19].
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— (A
:E:UF:U:U( ?)
Nzx:akt:o Nzx:akt:o
: ———————— (Sel
FFAx.t:a%o(%R) iakFZzt:o (Sel)
IT'obt:og ... ThFt:on A;ﬂ}”le—k:p
Lo MT M. N0, AN (Mo — 1) Ftkip
IoFtiog ... Thwktion, ANPobFk:T
= (Cut)
Lpnhyn...nly, Atk T
Tzx:ay:BFt:0o I'Ht:o .
Cont : Th
F,z:aﬂﬁl—z<$t:a( ontt) F,x:TI—x@t:a( i)
T x: G el ol S vk
Ty By T (Cont) ! o (Thing)

FizranBiykz<gk:o Fz: TiyyFax0k:o

FIGURE 16. )\%Zﬂ: the )\G®tz—calculus with intersection types

This system satisfies the same properties as the system AgN such as syntax-
directness, context-splitting i.e. multiplicative style for rules with more than one
premise, possibility to distinct three roles of variables according to assigned type
etc. It also provides the complete characterisation of strongly normalising )\%Z—
expressions, which is proved in [39, 24].

Theorem 3.1. In the )\%Z—calculus, an expression is strongly normalising if and
only if it is typeable in the system )\%Zﬂ.

4. Computational interpretations of substructural logic

In this section we propose a novel approach to obtaining a computational in-
terpretation of some substructural logics, starting from an intuitionistic (i.e. con-
structive) term calculi with explicit control of resources [40, 26].

As explained in Section 1.1, substructural logics [56] are a wide family of logics
obtained by restricting or rejecting some of Gentzen’s structural rules, such as thin-
ning, contraction or exchange. From the computational point of view, structural
rules of thinning and contraction are closely related to to the control of available
resources (i.e. term variables), as elaborated previously. Therefore, it is possible to
use the resource control lambda calculus \g (or its sequent counterpart )\%Z) as a
starting point for obtaining computational interpretations of implicative fragments
of some substructural logics.

This approach is different from the usual approach via linear logic. For instance,
if one excludes the (Thin) rule but preserves the axiom that controls the intro-
duction of variables, the resulting system would correspond to the logic without
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thinning and with explicit control of contraction i.e. to the variant of implicative
fragment of relevant logic. Similarly, if one excludes the (Cont) rule, but preserves
context-splitting style of the rest of the system, correspondence would be obtained
with the variant of the logic without contraction and with explicit control of thin-
ning i.e. implicative fragment of affine logic. Naturally, these modifications also
require certain restrictions on the syntactic level, changes in the definition of terms
and modifications of operational semantics as well.

The proposed approach is simpler than the standard one, where the starting
point is Girard’s linear logic and its corresponding calculi. Although the proposed
systems may be seen as naive due to the fact that they only correspond to im-
plicative fragments of relevant and affine logics and therefore are not able to treat
characteristic split conjunction and disjunction connectives, they could be useful
as a simple and neat logical foundation for the design of specific relevant and affine
programming languages.

In the sequel, we will illustrate our approach by providing detailed description
for one of the substructural resource control calculi, namely the \lg-calculus, a
calculus that corresponds to implicative fragment of relevant logic.

4.1. Mg - A calculus without thinning. In order to obtain a term calculus
which corresponds to the intuitionistic implicative logic without (either explicit or
implicit) thinning according to Curry-Howard correspondence [37], the following
steps are employed:

the Ag-calculus is taken as a starting point;

the erasure operator is removed from its syntax;

all the corresponding reduction and equivalence rules are removed;

but the related constraints in the definition of terms and in the type as-
signment rules are kept.

The obtained calculus is the Alg-calculus, corresponding to a variant of the rele-
vant logic.

Syntax and operational semantics of the AIg-calculus. The basic idea in
the construction of the Alg-calculus is that it does not allow void bindings and
“useless” variables in any way. For instance, the term Ax.y is a regular term of
the A-calculus. In the resource control calculus Ag it is not a term, but it has
a corresponding term Az.xz ® y, in which erasure operator adds useless variable x.
Therefore, even by looking at a sub-term containing x one can conclude that its role
in the term is different from “regular” variables, like y. However, although x can be
considered “useless” in Az.y and Az.x ® y, terms with void bindings are not useless
themselves. Without them, it would not be possible to represent all computable
functions by A-terms, i.e. A-calculus would not be Turing complete. For example,
term Az.\y.y is the standard representation of number zero via Church numerals.
However, in some situations it might be useful and important to completely
exclude void abstractions, which is strictly more restrictive than to just explic-
itly denote them, as in the Ag-calculus. That is a computational motivation for
introducing the Alg-calculus, a strict sub-calculus of both A and Ag calculi.
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Me-terms and lists (respectively sets) of free variables in Mg are mutually
recursively defined.

Definition 4.1.
(i) The set of Ag-terms, denoted by Alg), is defined by inference rules given

in Figure 17.
(ii) The list of free variables of a Ag-term M, denoted by Fuv[M], is defined

by inference rules given in Figure 18.
(iii) The set of free variables of a AMlg-term M, denoted by Fv(M), is obtained

from the list Fv[M] by unordering.

M e Alg xz € Fo(M)

ve g V) NeMEnlg b9
M e Alg N € Alg Fo(M)NFv(N) =10
MN € Mg (app)
MeAlg z,x0 € Fo(M) x1 #x2 x ¢ Fo(M) N {z1,22}
z (dup)
r <g M e AI®
FIGURE 17. Alg: the set of Alg—terms
FU[M] - [xlvaa' . axm]
Fulz] = [z] Fohx; M) = [x1,Z2, ... Ti1,Tit1, - T
Fo[M] = [21,...,2m] Fo[N]=[y1,...,yn]
Fo[MN] = [Z1,.. s Tm, Y1, -+ Yn)
Fo[M] = [21,...,%m]
F’U[l‘ <f; M] = [l‘,l‘l,.. Y 7 G I /7 T [P Tj—1,Tjt1,- ..,l‘m]

FIGURE 18. Lists of free variables of a Alg-term

In both figures, the only difference w.r.t. the syntax of the Ag-calculus is the
absence of items related to erasure rule. Alg-calculus is a strict sub-calculus of the
A@-calculus, hence there are A-terms and Ag-terms that cannot be represented in
the M g-calculus, i.e. Az.y and z <j z. It is easy to see, by inspecting the rules
of Figure 17 and Figure 18, that terms with void bindings cannot be built in Alg.
All the rules that introduce binders, namely (abs) and (dup) have conditions that
require presence of free variables (that will be bound) in the sub-term. Moreover,
since erasure operator is not part of the syntax, all these free variables are “regular”
ones, i.e. either introduced by axiom, or by duplication of two “regular” variables.
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Operational semantics of the Alg-calculus represents the part of the operational
semantics of the Ag-calculus that does not contain erasure operator. More precisely,
reduction rules are (8), (71), (72) and (vy3) from Figure 9, structural equivalence
is generated by the rules (e2), (e€3) and (es4) from Figure 10, and substitution is
defined analogously as in the Ag-calculus, via an auxiliary calculus whose syntax is
the syntax of Al extended with an operator of substitution M[N/z], and whose
reduction rules are the rules given in Figure 8 except the two rules that define
substitution evaluation in the presence of erasure operator (fifth and sixth rule
from the top).

The Alg-calculus with types. Both simple and intersection types can be in-
troduced to the Alg-calculus. Two type assignment systems, namely Alg — and
AN, are obtained as simple modifications of the corresponding systems for the
A@-calculus: the A\g — system defined in Figure 11 and the AgN system defined
in Figure 12.

Type assignment system Alg — is presented in Figure 19. It provides Curry-
Howard correspondence between simply typed Alg-calculus and implicative frag-
ment of the relevant logic in the natural deduction format.

x:abFM:p3
TFowdl aop Y

T:oab 2« (Ax)

'EM:a— g AI—N:a(%) z:a,y:ak-M:p
I[,AFMN:B Pl Tziak2<i M:p

(Cont)

FIGURE 19. Mg —: Ag-calculus with simple types

It is important to notice that, although (Thin) rule is excluded from A\g — in
order to obtain Alg —, due to the absence of erasure operator that corresponds to
the structural rule of thinning at the logical side, the form of the axiom associated
with explicit thinning is preserved. Such choice of the axiom enables tight control
of variable declarations in bases - only declarations of variables that appear as free
variables in the typed term are present in the bases. As expected, this calculus
satisfies strong normalisation i.e. all typeable Alg-terms are terminating, but all
terminating terms can not be assigned types. A typical example is A\x.x <Y yz,
AMg-term corresponding to A-term Az.zz, which is normal form but cannot be
typed by simple types. Also, the rule (Cont) may be considered too restrictive for
requiring that only two variables of the same type can be contracted. Therefore, in
order to capture all strongly normalising terms on one hand, and in order to enable
less restrictive conditions for typing terms involving duplication operator (that
corresponds to explicit contraction) on the other hand, we introduce intersection
types to the Alg-calculus.

Type assignment system AlgN is given in Figure 20.

Definitions of types and associated notions are the same as in the case of the
A@-calculus with intersection types, except for the fact that the type constant T,
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r-M:N'ri oA N1 ... Ay EN:T,

(Ax) CAN..NA,FMN:o (=)

r:okx:0

Nzx:akFM:o (1) zx:a,y:bFM:o
'Xze.M:aa—0 ! Fizranfrz<gM:o

(Cont)

FIGURE 20. AgnN: Alg-calculus with intersection types

defined as zero intersection i.e., N'o; for n = 0, is not defined here. Type T was
assigned only to variables introduced by erasure operator, which does not exist in
the Alg-calculus. Therefore, intersection types in the system AIgN are defined as
Mo, = o1 N...N oy, forn > 0 where 0;, ¢ € {1,...,n} are strict types. As a
consequence, the neutral element for the intersection of bases of domain Dom(T"),
namely I'T| is not defined. Hence, the rule (—g) here is significantly simpler than
in the system AgN. All the other rules of AN are the same as the corresponding
rules of AgN°.

It can be proved that a Alg-term is strongly normalising if and only if it is
typeable in the system AlgN.

5. Conclusion

This work gives an overview of authors’ contributions in the field of resource
control. It covers the work concerning the Resource control lambda calculus Ag [28,
24], the Resource control sequent lambda calculus )\G®tz [30] and the computational
interpretations of substructural logics, such as Alg — a calculus without thinning.

The presence of erasure and duplication operators in term calculi enables the
explicit control of resources, i.e. variables. On the logical side, these operators
correspond to the structural rules of thinning and contraction, respectively. Erasure
indicates that a variable is not present in the term anymore, whereas duplication
indicates that a variable will have two occurrences in the term, each receiving a
specific name to preserve the “linearity” of the term. Indeed, in the spirit of the
Al -calculus, in order to control all resources, void lambda abstractions are not
acceptable, Hence, A\xz.M is well-formed only if the variable z occurs in M. But
if z is not used in the term M, first the erasure must be performed, by using the
expression x ©® M. In this way, the term M does not contain the variable x, but
the term © ® M does. Similarly, a variable should not occur twice. If nevertheless,
two occurrences of the same variable are needed, it has to be duplicated explicitly,
using fresh names and the operator x <7! M, called duplication which creates two
fresh variables 1 and 5.

For all the calculi we considered both the untyped and typed versions of the
calculus, and in the typed case, we provided an account of type assignment sys-
tems with simple types and with intersection types. In all the cases, the proposed

50f course, there is no rule that would correspond to the rule (Thin).
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intersection type assignment systems completely characterise the strongly normal-
ising terms of the calculus. Notice that the strict control of the way variables are
introduced determines the way terms are typed in a given environment. Basically,
in a given environment no irrelevant intersection types are introduced. Moreover,
we showed that intersection types fit naturally with resource control, because each
of three kinds of variables (variables as placeholders, variables to be duplicated and
variables to be erased) is associated to different kind of types. Therefore, the type
of a variable provides an information about its role in the term.

The computational content of substructural logics [56, 53] in natural deduction
style and its relation to substructural type systems [62] is an interesting area of
research. The motivation for these logics comes from philosophy (Relevant Logics),
linguistics (Lambek Calculus) and computing (Linear Logic). Formulae-as-types
interpretation of a hierarchy of substructural logics of Wansing [63] can be embodied
in the Resource control lambda calculus, since the basic idea of resource control is
to explicitly handle structural rules, the control operators could be used to handle
the absence of (some) structural rules in substructural logics such as thinning,
weakening, contraction, commutativity, associativity. Also, intersection types are
powerful means for building models of lambda calculus [5, 15] and could be used
for construction of models for substructural type systems.
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