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The prismoid of resources

Delia Kesner and Fabien Renaud

PPS, CNRS and Université Paris Diderot

Abstract. We define a framework called the prismoid of resources where
each vertex is a A-calculus with the possibility of having different explicit
resources and/or explicit cut elimination based on a different choice to
make explicit or implicit (meta-level) the definition of the contraction,
weakening, substitution operations. For all the calculi in the prismoid
we show simulation of g-reduction, confluence, preservation of 3-strong
normalisation and strong normalisation for typed terms. Full compo-
sition also holds for the prismoid base handling explicit substitutions.
The whole development of the prismoid is done by making the set of re-
sources a parameter, so that the properties for each vertex are obtained
as a particular case of the general abstract proofs.

1 Introduction

Linear Logic [5] gives a logical framework to formalise the notion of control
of resources by means of weakening, contraction and linear substitution. MELL
Proof-Nets [5] are often used as the semantical support for various A-calculi with
explicit control operators [20,19,9, 7).

In this paper we develop an homogeneous framework called the prismoid of
resources. Each vertex is a A-calculus parametrized by a set of sorts wich are
of two kinds : resources w (weakening) and ¢ (contraction), and cut-elimination
operation s (substitution). Having one of them in a language means its manage-
ment is explicit. Resources will make easier choices for cut-elimination procedure.
Each edge is an operation to simulate and/or project one vertex into the other
one. The eight calculi of the prismoid correspond to 23 different ways to combine
sorts by means of explicit or implicit (meta-level) operations.

The asymmetry between different sorts will be reflected in the prismoid by
means of its two bases. They are distinguished by the presence or the absence
of explicit substitution. Some theorems will only hold for one base.
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Thus for example, the A\cg-calculus has only explicit control of contraction
and substitution, the A-calculus has no explicit control at all, and the Acgy-
calculus — a slight variation of Alxr [9] — has explicit control of everything.

For all calculi of the prismoid we show simulation of S-reduction, confluence,
preservation of [-strong normalisation (PSN) and strong normalisation (SN)
for typed terms. Thus in particular, none of the calculi suffers from Mellies’
counter-example [15]. Full composition, stating that explicit substitution is able
to implement the underlying notion of higher-order substitution, is also shown
for all calculi with sort s, ie. those included in the explicit substitution base.
Each property is stated and proved by making the set of sorts a parameter, so
that the properties for each vertex of the prismoid turn out to be a particular
case of some general abstract proof, which can be for the whole prismoid or for
one base.

While both implicit and explicit substitutions are usually [1,6,14] defined
by means of the propagation of an operator through the structure of terms, the
behaviour of calculi of the prismoid can be understood as a mechanism to de-
crease the multiplicity of variables that are affected by substitutions. This notion
is close in spirit to MELL Proof-Nets, and shares common ideas with Milner’s
Lambda Calculus [16], and the computational behaviour of Nets sketched out
by Accattoli and Guerrini [2]. However these two last formalisms only handle
substitution as explicit operation.

Road Map: Section 2 introduces syntax for all the terms of the prismoid as
well as reduction rules and equations. Section 3 explores how to enrich the -
calculus by adding more explicit control of resources, while Section 4 deals with
the dual operation which forgets rich information given by explicit weakening and
contraction. Sections 5 and 6 are, respectively, devoted to PSN and confluence
on untyped terms. Finally, typed terms are introduced in Section 7 together with
a SN proof for them. We conclude and give future directions of work in Section 8.

Full details of the proofs can be found in [10].

2 Terms and Rules of the Prismoid

We assume a denumerable set of variable symbols x,y, z, . ... Lists and sets of
variables are denoted by capital Greek letters I, A, IT,.... We write [';y for
I'u{y} when y ¢ I'. We use I'\ A for set difference and I'\\ A for obligation
set difference which is only defined if A C I'. Terms are given by the following
grammar: t,u i=x | Aot | tu | tx/u] | Wa(t) | CL*(2)

The terms xz, Az.t, tu, t{x/u], W, (t) and Cg‘z(t) are respectively called term
variable, abstraction, application, closure, weakening and contraction.
Free and bound variables of ¢, respectively written £v(¢) and bv(t), are defined
as usual: Az.u and w[z/v] bind z in » and Cglz(u) binds y and z in w. y is free
in W, (t).

We use the following abbreviations: tity...t, means ((t1t2)...)tn, t[Z/7]
means t[z1/v1] ... [T, /v,] when n is clear from the context. A closure ¢[Z/u] has



independent substitutions [z/u] iff z; N fv(u;) = 0 for all 4, j. For example
the substitutions are independent in z[x/y][x/z], but not in z[z/y]ly/z].

Given three lists of variables I' = z1,...,2,, A = y1,...,y, and I =
21,...,2n of same length, the notations Wr(¢t) and C?ln(t) mean, respectively,

Wi, (.. Wy, (£)) and CZ17 (.2 *" (#)). These notations will extend naturally
to sets of variables of same size thanks to the equivalence relation in Figure 1.
The particular cases Cg |w(t) and Wj(t) mean simply ¢.

Given lists I' = z1,...,2, and A = y1,...,Yn, the renaming of I" by A
in ¢, written RL (), is the capture-avoiding simultaneous substitution of y; for
every free occurrence of z; in ¢. For example Rj!%2 (CY (zoy2)) = C;’l‘z(ygyz).

Alpha-conversion is the (standard) congruence generated by renaming of
bound variables. For example, )\xl.xlCé’llzl (y121) =a AmQ.xQCi’?‘Z?(yng). We
may, without loss of generality, assume that bound and free variables are disjoint.

The set of positive free variables of a term ¢, written £v*(¢), denotes the
free variables of ¢ that represent term variables, ie. variables which are not only
weakened or absent at the end of a contraction chain. Formally,

v (y) ={v}

fvi(Ayu) = EvT(u) \ {y}

vt (uw) =fvT(u) UfvT(v)

£vF(uly/v]) = (Ev(u) \ {y}) UtvT(v)

vt Wy (u)) = £vh(u)

fv+(C§‘w(u)) = (fvt(u) \ {z,w}) U {y} if z € £vT(u) or w € £vT (u)
fv+(C§‘w(u)) =fvt(u)\ {z,w} otherwise

The number of occurrences of the positive free variable = in the term ¢t is
written |£v*(¢)],. We extend this definition to sets by |£vT (¢)|r = Xper|fvT(¢)|x

21|22

Thus for example, given t = W, (zz) W, (y) Cz''**(22), we have z,y, z € £vT (t)
with [£vT(¢)], = 2, [£vT(t)], = [£vT(¢)]. = 1 but 1 ¢ £vT(¢).

We write t[,;, for the non-deterministic replacement of one positive oc-
currence of x in ¢ by a fresh variable y. Thus for example, W (t) = x)[,), may
denote either W, (t) y « or W,(t) x y, but neither W, (t) = = nor W,(t) y v.

The deletion function removes a free non-positive variable x from ¢ and is
defined as follows :

del.(y) =y

del,(u v) = del,(u) del,(v)

del,(Ay.u = \y.del,(u)

del,(uly/v]) = del.(u)ly/del.(v)] .
del.(Wy(w)) = W,y (dely(u)) othe;wgiJse

y1ly2 dely, (dely,(u)) ifz = andmgéfv*(cglm(u))
delo(Cy T (w) = {C’yl'yz(del (w)) otherW?iJse

This operation does not increase the size of the term. Moreover, if x € fv(t)\
fvT(t), then size(del,(t)) < size(t).



Now, let us consider a set of sorts § = {c,s,w} and a set of resources
R = {c,w}. For every subset B C 8, we define a calculus Ag in the prismoid
of resources which is equipped with a set 73 of well-formed terms, called B-
terms, together with a reduction relation —¢ given by a subset of the reduction
system described in Figure 1. Each calculus belongs to a base : 9By (implicit
substitution base) if s ¢ B, Bp (explicit substitution base) otherwise. A term ¢
isin 7 iff 3 I' s.t. I' Ik t is derivable in the following system :

FFgu  Alkg v Iy u FliFsu e
we
zlFp x I'dg Albg wv I'\gzlkg dzu Izlkg We(u)
Trzv Alrgu Iy
(s €B) (ceB)
"9z (A\s 2) I ulr/v] 7 (M s {9, 2}) s €% (u)

In the previous rules, W means standard union if ¢ ¢ B and disjoint union
if c € B. Similarly, I' \ g A is used for I' \ Aif w ¢ B and for I'\\ A if w € B.

Notice that variables, applications and abstractions belong to all calculi of the
prismoid while weakening, contraction and substitutions only appear in calculi
having the correspondent sort. If ¢ is a B-term, then w € B implies that bound
variables of ¢ cannot be useless, and ¢ € B implies that no free variable of ¢ has
more than one free occurrence. Thus for example the term A\z.xy belongs to the
calculus Ag only if w ¢ B (thus it belongs to \g, Ac, As, Acs), and (z2)[z/yx]
belongs to A only if s € B and ¢ ¢ B (thus it belongs to As and Agy). A useful
property is that I" I3 ¢ implies I = £v(¢).

In order to introduce the reduction rules of the prismoid we need a meta-
level notion of substitution; it is the one implemented by the explicit control
of resources. A B-substitution is a pair of the form {z/v} with v € 7. The
application of a B-substitution {z/u} to a B-term ¢ is defined as follows: if
|£vT ()|, = 0 we have to check if z occurs negatively. If [£v(t)|, = 0 or w ¢ B then
t{z/u} = dely(t). Otherwise, t{x/u} = Weyu)\ev(r)(dely(t)). If [fvF(t)[, =
n+1 > 2, then t{z/u} = try, .. {vi/u}. . Ayn/ui{z/u}. If [EvT(t)], = 1,
t{z/u} = del, (t){x/u}} where {x/u}} is defined as follows :

effe/u}  =u yla/u} =y
(wo)fz/ul = Oyofa/up) (s v)f{z/u} = sfla/u} vffz/u}
lufeDtie/wh = sleublo/vle/al] W) o/ul = Wne (vlie/ul)
sy on O {2/ RA(w) Hw/R(w)}) ifz =y
Cy (){{ / }} {ng(v{{x/u}}) otherwise

This definition looks complex, this is because it is covering all the calculi of
the prismoid by a unique homogeneous specification. The restriction of this op-
eration to particular subsets of resources results in simplified notions of substitu-
tions. As a typical example, the previous definition can be shown to be equivalent
to the well-known notion of higher-order substitution on s-terms given by

y{z/u} =y (y # ) z{z/u} =u

Ay-o){z/u} = Ny.o{z/u} (y# 2 &y ¢ tv(u) (so){z/u} = s{z/ujviz/u}

sly/vl{z/uy = s{z/uily/v{z/u}] (y # = &y & £v(u))



We write t{Z/u} for t{z1/ui}...{xn/u,} when n is clear from the context.
Lemma 1. Definitions of t{z/u} and t{z/ul} are well-founded.

We now introduce the reduction system of the prismoid. In the last column
of Figure 1 we use the notation AT (resp. A~) to specify that the equation/rule
belongs to the calculus Ag iff A C B (resp. AN B = (). Thus, each calculus Ag
contains only a strict subset of the reduction rules and equations in Figure 1.

All these equations and rules can be understood by means of MELL Proof-
Nets reduction (see for example [9]). Most of the equations deal with associativity
and commutativity of weakenings and contractions, so both left-hand and right-
hand side projections to Proof-Nets are the same, as those last ones tend to get
rid of bureaucracy. The reduction rules can be split into four groups: the first
one fires implicit/explicit substitution, the second one implements substitution
by decrementing multiplicity of variables and/or performing propagation, the
third one pulls weakening operators as close to the top as possible and the
fourth one pushes contractions as deep as possible. The use of positive conditions
(conditions on positive free variables) in some of the rules will become clear when
discussing projection at the end of Section 4.

The notations =g, =¢ and —x_g, mean, respectively, the rewriting (resp.
equivalence and rewriting modulo) relation generated by the rules R (resp. equa-
tions £ and rules R modulo equations £). Similarly, =3, =g and —3 mean, re-
spectively, the rewriting (resp. equivalence and rewriting modulo) relation gener-
ated by the rules (resp. the equations and rules modulo equations) of the calculus
Ag. Thus for example — is the relation — g, well-known as beta-reduction. An-
other example is —¢ which can also be written — (3 cr ca,,can,cecl U ={cca,ce,cce}-
Sometimes we mix both notations to denote particular subrelations, thus for ex-
ample —c\p Means —cr ca, caq,cc} Y ={ccu,ce,cC0}-

Among the eight calculi of the prismoid we can distinguish the Ag-calculus,
known as A-calculus, and the Acgy-calculus, a variation of Alxr [9]. Another
example is Ay that can be used to keep track of all variables lost during -
reduction :

B) Axt)u —t{z/u} (LW) Az Wy (t) — W, (Az.t)
(AWy) Wy (u)v — Wi v () (uv) (AW,) uWy(v)  — Wi ev(u) (uv)
(WWe) Wa(Wy (1) = Wy, (Wa(t))

A B-term t is in B-normal form is there is no u s.t. ¢t —g u. A B-term ¢
is said to be B-strongly normalising, written ¢t € SN 3, iff there is no infinite
B-reduction sequence starting at t.

We now state some important properties of the system, which can be shown
by induction. The last one, known as full composition, relates explicit to implicit
substitution in the substitution base.

Lemma 2 (Preservation of Well-Formed Terms by Substitution). If
I'kgtand Albg uw and © ¢ A, then (I'\ z) Wz A kg t{x/u} if x € £v(t)
and I' lFg t{x/u} otherwise.



Equations :

(cca)  CuF(c¥P@)) = cilci? )
(Ce) A0 = cilv)

(cce)  cu¥crE) = crFen @)
(Wie) — WaWy(t)) = Wy(Wa())
(8Sc)  tlz/ully/v] = tly/v]x/u]
Rules

8) (Az.t) u — t{x/u}

(B) (Az.t) u — tlz/u]

(V) z[z /u] —u

(SGe) t[z/ul —t

(SDup)  t[z/u] =ty [2/u]ly/u]
(sL) Ayt)z/u]  — Ay.tlz/u]
(sAp) (t v)[z/u] — tlz/u] v

(sar) (t v)[z/u] — tv[z/u]

(S8) tlz/ully/v]  — tlz/uly/v]]

(SW1)  Wa(@)[z/u]  — Wi (t)
(SWa)  Wy)[z/u]  — Wiz (t[z/u])
@) AW (b)  — WAzt

EAwl) Wy (u) v = Witv(v)
(

(uv)
AW uW,(v) — Wiso(u) (u v)
Sw) tz/Wy(u)] = Winsu) (tz/u))

v#y, &a #yz

y ¢ ftv(u) & = ¢ £v(v)

z ¢ fu(t)

|£vT ()]s > 1 & y fresh
z ¢ fv(v)

(
z ¢ £v(t)

y € fv(u) \ £v(t)

Y,z € fvT ()

(sca)  CYF()[z/u]  — Cp(tly/RA(w)[z/ RE(w)]) {F = tv(u)

(cL) CUF(amt)  — Ax.CHF(t)
(cA)  CYF(tw) — CYF(t) u
(Caz)  CYF(tw) — t CY* (u)
(cs)  CiF(tlz/ul) — tlx/Ch* (w)]
(scb)  CHF(M)x/u] — CHF(tlx/u])
(eW)  CHFOW() — RL(t)

(CWa)  CEFONL(E)  — Wa(CY (1))
(cac)  CY* (1) — R5(1)

A and IT are fresh

Y,z & fv(u)

Y,z ¢ 1v(t)

Y,z € fvT(u)

r#w & y,z ¢ fv(u)

T £ Y,z
y & £v(t)

Fig. 1. The reduction rules and equations of the prismoid
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Lemma 3 (Preservation of Well-Formed Terms by Reduction). If I k3

t andt —g u, then 3 AC I s.t. Albg u. Moreover w € B implies A =1T.

Lemma 4 (Full Composition). Let t[g/7] € Tg be a term having independent

substitutions [y/v]. Then t[y/7v] —% t{y/v}.



3 Adding Resources

This section is devoted to the simulation of the Ag-calculus into richer calculi
having more resources. The operation is only defined in base 2;. We consider
the function ARg(_) : 7y — 7Tp for B C R which enriches a Ag-term in order to
fulfill the constraints needed to be a B-term.

ARB =
AWy ( ARg t)) weB & ¢ fv(t)
AR (Az.t) = { Az.ARg (¢ otherwise
MR (t u) = call RF L (ARg (1)) RE (AR (u))) ¢ € B & I'=£v(t) Nfv(u) & A, IT fresh
® AR (t) ARg( ) otherwise

2 (y1yo)

For example, adding resource c (resp. w) to t = Az.yy gives \z.Cy'
(resp. Az W,.(yy)), while adding both of them gives Az. W, (Cé’l‘yz (y12))-
We now need to establish the relation between ARz () and implicit substitu-

tion.
Lemma 5. Let t,u € Ty. Then

— Ifc ¢ B, then ARp(t){x/AR3(u)} = ARg(t{z/u}).
— Ifc € B, then C?‘H(RZ(AR'B (t){z/RL; (AR5 (u))}) —% ARg (t{z/u}), where
I =(fv(t) \ z) Nfv(u) and A, IT are fresh sets of variables.

Proof. By induction on ¢.
Theorem 1. Let t € Ty such that t —p t'.

— Ifwe B, then ARg(t) —& Wey\sv(e) (AR (1)).
— Ifw¢ B, then ARg(t) —4 ARz (t').

Proof. By induction on the reduction relation — g using Lemma 5.

While Theorem 1 states that adding resources to A\g-calculus is well behaved,
this does not necessarily hold for any arbitrary calculus of the prismoid. Thus
for example, what happens when the Ag-calculus is enriched with resource w?
Is it possible to simulate each s-reduction step by a sequence of sw-reduction
steps?

Unfortunately the answer is no: we have ¢t = (z y)[z/v] —s x y[z/v] = t2
but ARy (t1) = W (x y)[2/v] Asw © W, (y)[2/v] = ARy (t2). Indeed, a reduction
step of the form W, (z y) — = W, (y) would be needed for that to hold, but its
MELL Proof-Nets interpretation would give a rule pushing a weakening inside
a box, which is known to be ill-typed.



4 Removing Resources

In this section we give a mechanism to remove resources, that is, to change
the status of weakening and/or contraction from explicit to implicit. This is
dual to the operation allowing to add resources to terms presented in Section 3.
Whereas adding is only defined within the resources base (and only from Ag-
calculus), removing is defined in both bases. Notice that it does not relate them.
Removing is done not only on the level of (static) terms but also on (dynamic)
reduction. Thus for example, removing is able to translate any csw-reduction
sequence into a B-reduction sequence, for any B € {s, cs, sw}.

Given two lists of variables I" = y; ...y, (with all y; distinct) and A =
21...2n, then Ta(y) is y if y & I, or z; if y = y; for some i. The collapsing
function of a term without contractions is then defined as follows:

sh(y) =Ta(y) sh(yu) = Ay.sL(u) (y¢ 1)
Sh(uv) = s (u)sh(v) sh(uly/v]) = sh(u)[y/Sh(v)] (y ¢TI
_ [sh(v) if I'(y) € £v(S4(v))

r
stW,(v)) = . 2
A =100, s500)  if I(y) ¢ £(sh(v)
This function renames the variables of a term in such a way that every occurrence
of W, (t) in the term implies = ¢ £v(¢). Thus for example %7 (W, (W.(z))) = z.
The function RRy(-) : 73 + Tg\p, removes b € R from a B-term .

RRy(z) ==z RRp (t[z/u]) = RRyp()[z/RRp(u)]
RRb(Ax.t) = Az.RRy (t) RRp We(t)) = {;R/S:((é;b(t)) EE :é Z
ot ) =o(0) () Wl ) = { Qo) G

Let A range over P(R) , then RR4(¢) is RRy(?) if A = {b} , the identity if
A =0, and RRc(RRyw(t)) = RRy(RRc(t)) otherwise.

Lemma 6. Let t,u € Ts. Let b € R. Then RRy(t{x/u}) = RRyp (¢){x/RRp(u)}.

Calculi of the prismoid include rules/equations to handle substitution but
also other rules/equations to handle resources {c,w}. Moreover, implicit (resp.
explicit) substitution is managed by the S-rule (resp. the whole system s). We
can then split any reduction step —g in two different parts: one for (implicit or
explicit) substitution, which can be strictly projected into itself, and another one
for weakening and contraction, which can also be projected into a more subtle
way given by the following statement.

Theorem 2. Let A C R such that A C B and let t € Tx. If t =5 u, then
RR (t) =p\4 RRa(u). Otherwise, we sum up in the following array :

t=su |[RRa(t) —g RRu(u)
RR (1) =\ g\ 4 RRA (1)
RRp (t) = RRg (u)

@ [t=pu [RRA(?) —>'ﬂ" RR (u) «Q
AN * W
w |t =B\ U ARA (t) TB\B\A RRa (u) w

RRp (t) = RRgp (u)

t :>g\s u




Proof. By induction on the reduction relation using Lemma 6. For the points
involving RR 4 (_), one can first consider the case where A = {b}, with b € R.
Then the general result follows from two successive applications of the simpler
property.

It is now time to discuss the need of positive conditions (conditions involving
positive free variables) in the specification of the reduction rules of the prismoid.
For that, let us consider a relaxed form of S8y :t[x/u]ly/v] — t[z/uly/v]] if y €
fv(u) \ £v(t) (instead of y € £vt(u) \ £v(¢))

The need of the condition y € fv(u) is well-known [4], otherwise PSN does
not hold. The need of the condition y ¢ fv(¢) is also natural if one wants to
preserve well-formed terms. Now, the reduction step t1 = z[z/Wy(2)][y/y'] —ss,
zlx/Wy(2)y/y']] = t2 in the calculus with resources {s,w} cannot be projected
into RRy(t1) = z[x/2][y/y'] —ss, x[x/2[y/y']] = RRu(t2) since y ¢ £v(z). Similar
examples can be given to justify positive conditions in rules SDup, SCa and CS.

Lemma 7. Lett € Ty and let A C R. Then RR4(AR4 (1)) =t.
Proof. By induction on t.

The following property states that administration of weakening and/or con-
traction is terminating in any calculus. The proof can be done by interpreting
reduction steps by a strictly decreasing arithmetical measure.

Lemma 8. Ifs ¢ B, then the reduction relation — g\ g is terminating. If s € B,
then the reduction relation —g\g is terminating.

We conclude this section by relating adding and removing resources :

Corollary 1. Let() # A C R. The unique A-normal form oft € Ty is AR4 (RRu (t))
ifwé¢ A, and va(t)\fV(RRA(t))(AR_A(RR.A(t))) ifweA.

Proof. — Suppose w € A. Termination of — 4 (Lemma 8) implies that there
is ¢ in A-normal form such that ¢ —% t. We have fv(t) = £fv(¢') by
Lemma 3 and RR4(t) = RR4(¢') by Theorem 2. For ¢’ in A-normal form,
t" =4 Wy )\sv(rra () (ARA(RR4(t'))) holds (a simple induction). Hence,
t" =4 Wev)\svrra (1)) (ARaA(RRA(t))). To show uniqueness, let us consider
two A-normal forms ¢] and t} of ¢. By the previous remark, both ¢ and ¢,
are congruent to Wey(¢)\ev(rr4 (+)) (ARA (RR4 (f))) which concludes the proof.

— The case w ¢ A is very similar.

5 Preservation of 3-Strong Normalisation

We now show PSN for all the calculi of the prismoid. The proof will be split
in two different subcases, one for each base. This dissociation comes from the
fact that redexes are erased by (-reduction in base B; while they are erased by
SGc and/or SWi-reduction in base Bg. To achieve this, we relate the two bases
with a function which add sorts ASg(-) : 7y — 73 with B C § and defined as
ASg(t) = ARg\s(t). Adding sort s to a term does not change it but only the
rules and equations which are associated to it.



Theorem 3 (PSN for the prismoid). Let B C 8. Ift € Ty & t € SNy, then
ASg(t) € SNg.

Proof. There are tree cases, one for By and two subcases for Bg.

— Suppose s ¢ B. We first show that v € 73 & RR3(u) € SNy imply u € SN'p.
For that we apply Theorem 6 in the appendix with A; =—3, Ay =—3\g,
A =—g4 and R = RRz(-), using Theorem 2 and Lemma 8.

Now, take u = ARp (). Then RRy (AR5 (¢)) =17 t € SNy by hypothesis. We
thus conclude ARg (t) € SN'g as desired.

— Suppose B = {s}. The proof of ARg(t) =t € SNg follows a modular proof
technique to show PSN of calculi with full composition which is completely
developed in [8]. Details concerning the s-calculus can be found in [18].

— Suppose s € B. Then B = {s} UA. We show that v € 7 & RR4(u) € SNg
imply u € SN 5. For that we apply Theorem 6 in the appendix with A} =—g,
Ay =—g\s, A =—g and R = RRu(_), using Theorem 2 and Lemma 8.

Now, take u = ASgp(t). We have RR4(ASg(t)) = RRa(AR4(Y)) =L7 t €
SNy by hypothesis and t € SN'g by the previous point. We thus conclude
ASg(t) € SNz as desired.

6 Confluence

Confluence of each calculus of the prismoid is based on that of the Ag-calculus [3].
Thus, for any A C R, consider xc : Tysyua + Za which replaces explicit by
implicit substitution.

xc(y) =y xc(Wy (1)) = Wy(xc(t))
ve(tu) =xe(t) xew)  xe(C (1) = €I (xe(t)
xc(\y-t) = Ay.xc(t) xe(tly/u)) = xe(t){y/xc(u)}
RRp (xc(t)) would be the dual of ASg(t) if properties similar to Lemma 7 and

Corollary 1 were true which is not the case.

Lemma 9. Lett € T3. Then a) t —73 xc(t), b) RRp\s(xc(t)) = xc(RRm\s(t)).
c) if t —s u, then xc(t) —j xc(u).

Proof. The first and the second property are shown by induction on ¢ using,
respectively, Lemmas 4 and 6. The third property is shown by induction on
t —s wu using the simplified (but equivalent) notion of substitution on s-terms
given in Section 2.

Theorem 4. All the languages of the prismoid are confluent.

Proof. Let t —5 t1 and ¢ —>3 to. We remark that B = A or B = {s} U A, with
A C R. We have RRa(t) —%, 4 BRa(ti) (i=1,2) by Theorem 2; xc(RRa(t)) —5
xc(RRa(ti)) (i=1,2) by Lemma 9; and xc(RRa(t;)) —j t3 (i=1,2) for some
ts € Ty by confluence of the A-calculus [3]. Also, AR4(RRa(xc(t;))) =r.o
AR 4 (xc(RRu(ti))) =4 Wa, (AR4(t3)) for some A; (i=1,2) by Theorem 1.



But t; =% (L. 9) xc(t;) =% (C. 1) Wr,(AR4a(RRa(xc(t;)))) for some I
(i:1,2). Then Wr, (ARA(RRA(XC(ti)))) —% Wrua, (ARA(tg)) (121,2) Now, *)jl
C —7% so in order to close the diagram we reason as follows.

Ifw ¢ B, then ITUA; = [LUA,; = () and we are done. If w € B, then —5 pre-
serves free variables by Lemma 3 so that fv(t) = £v(t;) = £vOWVr,ua, (AR4(t3)))
(i:1,2) which gives I'T1 UA; =I5 U Ay

7 Typing

We now introduce simply typed terms for all the calculi of the prismoid, and
show that they all enjoy strong normalisation. Types are built over a countable
set of atomic symbols as follows: T ::= ¢ (atomic) | T — T

An environment is a finite set of pairs of the form z : T If I' = {z; :
Ty, ...;zpn : Ty} is an environment then dom(I") = {1, ..., 2, } Two environments
I and A are said to be compatible if x : T € I"and . : U € A imply T = U.
Two environments I" and A are said to be disjoint if there is no common variable
between them. Compatible union (resp. disjoint union) is defined to be the union
of compatible (resp. disjoint) environments only.

Typing judgements have the form I' - ¢ : T for ¢t a term, T a type and I’
an environment. Typing rules extend the inductive rules for well-formed terms
(Section 2) with type annotations. Thus, typed terms are necessarily well-formed
and each set of resources B has its own set of typing rules.

I'Fgt:T ( )
T — ceB
z:Trpax:T x:U;(F\g{y:U,z:U})}—ngjlz(t):T
't t: T I'tgu:U Abgt:T
(we B) (s € B)
iz :Ukg We(t): T I'veg (A\sz:U)Fsg tlz/u]: T
I'Fet:U I'rgt:T—-U Abrgu:T
I'\gz:TkrgXzt:T—-U INyg Abg tu:U

A term t € 73 is said to have type T (written t € T1) iff there is I” s.t.
I'bgt:T. A term t € T3 is said to be well-typed iff there is T s.t. t € T .
Remark that every well-typed B-term has a unique type.

Lemma 10. If '+ t: T, then

1. £v(t) = dom(I).

2. T\II;Atg RI(t): T, for every II C ' and fresh A.
3. RRa(t) € Tg\A, for every A C {c,w}.

Proof. By induction on I' 5 ¢t : T.

Theorem 5 (Subject Reduction). Ift € T/ & t —5 u, then u € 7L .



Proof. By induction on the reduction relation using Lemma 10. The proof is
very similar to that of Lemma 3.

Corollary 2. Lett € T, thent € SN'z.

Proof. Let A C R so that B =A or B = AU{s}. It is well-known that (simply)
typed Ag-calculus is strongly normalising (see for example [3]). It is also straight-
forward to show that PSN for the Ag-calculus implies strong normalisation for
well-typed s-terms (see for example [7]).

By Theorem 2 any infinite B-reduction sequence starting at ¢ can be projected
into an infinite (B \ A)-reduction sequence starting at RRy4(t). By Lemma 10
RR4 (1) is a well-typed (B \ A)-term, that is, a well-typed term in Ay or Ag. This
leads to a contradiction with the previous sentence.

8 Conclusion and Future Work

The prismoid of resources is proposed as an homogeneous framework to define \-
calculi being able to control weakening, contraction and linear substitution. The
formalism is based on MELL Proof-Nets so that the computational behaviour
of substitution is not only based on the propagation of substitution through
terms but also on the decreasingness of the multiplicity of variables that are
affected by substitutions. All calculi of the prismoid enjoy sanity properties such
as simulation of S-reduction, confluence, preservation of -strong normalisation
and strong normalisation for typed terms.

The technology used in the prismoid could also be applied to implement
higher-order rewriting systems. Indeed, it seems possible to extend these ideas
to different frameworks such as CRSs [12], ERSs [11] or HRSs [17].

Another open problem concerns meta-confluence, that is, confluence for terms
with meta-variables. This could be useful in the framework of Proof Assistants.

Finally, a more technical question is related to the operational semantics
of the calculi of the prismoid. It seems possible to extend the ideas in [2] to
our framework in order to identify those reduction rules of the prismoid that
could be transformed into equations. Equivalence classes will be bigger, but
reduction rules will coincide exactly with those of Nets [2]. While the operational
semantics proposed in this paper is more adapted to implementation issues, the
opposite direction would give a more abstract and flexible framework to study
denotational properties.
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A Appendix

Theorem 6 ([13]). Let Ay and Ay be two reduction relations on the set k and
let A be a reduction relation on the set K. Let R C k X K. Suppose

— For every u,v,U (u R U & u Ay v imply IV s.t. v RV and U AT V).
— For every u,v,U (u R U & u Ay v imply IV s.t. v RV and U A* V).
— The relation As is well-founded.

Then, t RT & T € SN imply t € SNy, ua,-



