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Abstract. Inspired by a recent graphical formalism for A-calculus based
on Linear Logic technology, we introduce an untyped structural A-calculus,
called A\j, which combines action at a distance with exponential rules de-
composing the substitution by means of weakening, contraction and dere-
liction. Firstly, we prove fundamental properties such as confluence and
preservation of [-strong normalisation. Secondly, we use Aj to describe
known notions of developments and superdevelopments, and introduce
a more general one called XL-development. Then we show how to refor-
mulate Regnier’s o-equivalence in A\j so that it becomes a strong bisim-
ulation. Finally, we prove that explicit composition or de-composition of
substitutions can be added to Aj while still preserving S-strong normal-
isation.

1 Introduction

Computer science has been greatly influenced by Linear Logic [8], especially
because it provides a mechanism to explicitly control the use of resources by
limiting the liberal use of the structural rules of weakening and contraction.
Erasure and duplication are restricted to formulas marked with an exponential
modality 7, and can only act on non-linear proofs marked with a bang modality !.
Intuitionistic and Classical Logic can thus be encoded by a fragment containing
such modalities, notably Multiplicative Exponential Linear Logic (MELL).

MELL proofs can be represented by sequent trees, but MELL Proof-Nets [8]
provide a better-suited geometrical representation of proofs that eliminates ir-
relevant syntactical details. They have been extensively used to develop different
encodings of intuitionistic logic/A-calculus, giving rise to the geometry of inter-
action [9].

Normalisation of proofs (i.e. cut elimination) in MELL Proof-Nets is per-
formed using three groups of rules, multiplicative, exponential and commutative.
Non-linear proofs are distinguished by surrounding bozes which are handled by
exponential rules: erasure, duplication and linear use correspond respectively to
a cut elimination step involving a box and either a weakening, a contraction or
a dereliction. The commutative rule allows to compose non-linear resources.

Different cut elimination systems [6, 15, 13], called explicit substitution (ES)
calculi, were explained in terms of, or inspired by, the notion of reduction of
MELL Proof-Nets. All of them use the idea that the content of a substitution/cut
is a non-linear resource, i.e. a box that can be composed with another one by
means of commutative rules. They also have in common an operational semantics



defined in terms of a propagation system in which a substitution traverses a term
to reach the variable occurrences.

A graph formalism for A-terms inspired by Intuitionistic MELL has recently
been proposed [1]. It avoids boxes by representing them through additional edges
called jumps, and has no commutative reduction rule. This paper studies the
term formalism, called Aj-calculus, resulting from the reading back of the graphs
Aj-dags (and their reductions) by means of their sequentialisation theorem [1].

No rule of A\j propagates cuts, as the constructors in a term interact at a
distance, i.e. they work modulo positions of cuts. Action at a distance is not
a complete novelty [21,4,22], but none of the previous approaches faithfully
reflect resource control as suggested by Linear Logic. We propose to recognise
such behaviour as a new paradigm, more primitive than ES, particularly because
propagations can be added on top of action at a distance (as we shall show).
Despite the absence of commutative rules in Aj, cuts can be composed, but in a
different (more natural) way.

Similarly to formalisms [16] inspired by Proof-Nets, cut elimination is defined
in terms of the number of free occurrences of variables in a term, here called
multiplicities. More precisely, the weakening-box rule (resp. dereliction-box and
contraction-box) applies to terms that are of the form ¢[z/u] when |t|, = 0
(resp. |t| = 1 and |t|, > 1). The computation is, however, performed without
propagating [z/u], which we call a jump to stress that such action at a distance is
really different from propagation in ES calculi. The rules of Aj therefore combine
action at a distance, due to the tight correspondance with a graphical formalism,
with exponential rules, due to the strong affinity with Linear Logic. Because
of the weakening and contraction rules we call our language the structural \-
calculus.

Some calculi using either distance or multiplicities already exist, but without
combining the two: only together those concepts unleash their full expressive
power. Indeed, [4,22] use distance rules to refine S-reduction, but add ES to the
syntax without distinguishing between dereliction and contraction. This causes
the formalism to be less expressive than Aj as discussed in Sections 4 and 6.
Milner defines a A-calculus with ES inspired by another graphical formalism,
Bigraphs [21], where cuts also act at a distance. Again, he neither distinguishes
between dereliction and contraction, nor does his g-rule exploit distance. The
same goes for [29, 23].

This paper studies the \j-calculus focusing on four different aspects:

— Basic properties: Section 2 presents the calculus while Section 3 shows
full composition, simulation of one-step S-reduction, confluence, and preser-
vation of S-strong normalisation (PSN). Particularly, we prove PSN using a
modular technique [14], which results in an extremely short formal argument
thanks to the absence of propagations.

— Developments: The Aj-calculus is a powerful, elegant and concise tool for
studying S-reduction. As an example, in Section 4 we analyse the redex cre-
ation mechanism of A-calculus, using normal forms of certain subsystems of
Aj to characterise the result of full developments [12,31] and full superde-
velopments [17]. By adding more distance to the previous subsystems, we
characterise the result of a new, more powerful notion of development, which
we call XL-development.



— Operational equivalence: Section 5 studies an operational equivalence
=, which equates Aj-terms behaving the same way but differing only in
the positioning of their jumps. The relation =, includes a reformulation of
Regnier’s o-equivalence [26], but also contains commutation for independent
jumps. We show that =, is a strong bisimulation on \j-terms. Interestingly,
this result holds only because of distance.

— (De)composition of jumps: In Section 6 we consider two further exten-
sions of the system devised in Section 5, including, respectively, explicit com-
position and decomposition of jumps. We prove both new reduction relations
to be confluent modulo =, and to enjoy PSN. The two systems, reintroduc-
ing some propagation rules, bridge the gap with traditional ES calculi and
implementations. The PSN proofs in this section are the more technically
demanding proofs of this paper, and a non-trivial contribution to the theory
of termination proofs of ES calculi.

2 The Calculus
The set T of terms is defined by the following grammar:

t ::= x (variable) | Az.t (abstraction) | ¢ ¢ (application) | t[x/t] (closure)

The object [x/t], which is not a term itself, is called a jump. A term without
jumps is a A-term. We use the notation v}, for a list of terms vy ... v,, t T} for
(...(tv1)...v,) and t[x; /u;]} for twy /uq] ... [xn/us] (n > 0).

Free and bound variables of ¢, respectively written fv(¢) and bv(t), are
defined as usual. The constructors Az.u and u[xz/v] bind the free occurrences
of x in u. The congruence generated by renaming of bound variables is called
a-conversion. Thus for example (Ay.z)[x/y] = (Ay.2")[2'/y].

The multiplicity of the variable z in the term ¢ is defined as the number
of free occurrences of x in t, written |t|,. We use [t|p for Xyer|t|.. When [t|, =
n > 2, we write [, for the non-deterministic replacement of i (1 < i <
n—1) occurrences of  in t by a fresh variable y. Thus, (z z)[z/]},), may denote
either (y z)[z/x] or (x 2)[z/y] but not (y 2)[z/y].

A (meta-level) substitution is a finite function from variables to terms.
We use var(o) to denote the variables of the domain and the codomain of the
substitution 0. We denote by id the empty substitution. Substitution is
defined, as usual, modulo a-conversion so that the capture of variables is avoided.
The application of a substitution ¢ to a term ¢ is defined by induction on the
structure of ¢ as follows:

xo = o(x) if x € dom(o)
yo =y if ¢ dom(o)
(ANy.uw)o = Ay.uo if y ¢ var(o)
uily/us)o = uyoly/ugo] if y ¢ var(o)
(uy ug)o = (ur0)(uz0)

Lemma 1. Let t be a term such that |t|, = n. Then t{x/v} satisfies the follow-
ing properties.



— Ifn =0, then t{x/v} =t.

— Ifn > 1, then t{z/v} =t {z/vi{y/v}.

— Ifn=1, then

t = x implies x{x/v} = v,

t=Xyu & v #y &y ¢ fv(v) implies t{z/v} = \y.u{x/v},
t=wuy us & x € fv(uy) implies t{x/v} = ur{x/v}us,
t=wuy ug & x € fv(ug) implies t{x/v} = uyua{z/v},
t=wuify/uz] & x € £v(uy) implies t{x/v} = ui{z/v}y/usl,
t =wuify/us] & x € £v(uz) implies t{x/v} = u1[y/uo{z/v}].

We use juxtaposition of substitutions to denote composition so that 7o is
the substitution given by x(ro) := (x7)o. Composition enjoys the following
well-known property.

Lemma 2 (Composition). Let t,u,v be terms such that x ¢ fv(v). Then

Ha/ul{y/vy = t{y/vi{z/u{y/v}}.
Proof. By induction on t.

Besides a-conversion, we consider the following rewriting rules:

(dB) (A\z.f)L u — t[x/u]L

(w) tlx/u]  —t if [t|, =0
(d) tle/u]  — t{x/u} if [t], =1
(©  tlofu -ty ofdlg/ad il > 2

where we use the (meta)notation L for a list [x;/u;]} with n > 0.

Note that dB reformulates the classical B-rule of ES calculi as a distance rule
which skips the jumps affecting the abstraction of the redex. This same rule no-
tably appears in weak ES calculi [19] to avoid the the S-redexes that are hidden
by blocked substitutions. Here, the dB-rule is the natural term counterpart of a
graphical and local rule in proof-nets and Aj-dags. Section 4 puts the expres-
siveness of this concept in evidence. The rules w, d and ¢ are to be understood
as the weakening, dereliction and contraction rules in \j-dags.

It is worth noting that Aj allows to compose jumps, as for example reduction
from t = y[z/zy]ly/v] computes the (simultaneous) jumps in y[z/zv]ly/v]. Usu-
ally, the so-called composition of the two jumps of ¢ rather yields y[y/v][x/zy[y/v]].
We will study this more structural notion in Section 6.

The rewriting relation —; (resp. —;) is generated by all (resp. all expect
dB) the previous rewriting rules modulo a-conversion. The j-rewriting rules are
based on global side conditions, which may seem difficult to implement. However,
if implementation is done via graphical formalisms (such as proof-nets, bigraphs,
Aj-dags), these conditions become local and completely harmless.

Now consider any reduction relation R. A term ¢ is said to be in R-normal
form, written R-nf, if there is no w so that t —x u. We use R(t) to denote
the unique R-nf of ¢, when it exists. A term ¢ is R-strongly normalising
or R-terminating, written t € SN'g, if there is no infinite R-reduction se-
quence starting at ¢, in which case ngr(t) denotes the maximal length of a
R-reduction sequence starting at ¢. The relation R is called complete if it
is strongly normalising and confluent. For a sequence of R-strongly normalising



terms 7, we write g (f)) for X", ng(t;). An inductive definition of SN’z is
usually given by:

t € SN iff Vs (t - s implies s € SNR)

Define R-reduction of meta-level substitutions by v —% + iff dom(y) =
dom(’) and ¥V x € dom(y) : y(z) =% ' (z).
The following properties hold for all the reduction relations in this paper.

Lemma 3 (Stability of Reduction by Substitution).

— Ift - t/, then to —x t'c. So that to € SN'r implies t'c € SNr and
nr(t'o) < nr(to).

— If v =R 7/, then ty =5 ty'. So that ty € SNg implies ty € SNr and
nr(ty') < nr(ty).

3 Main Properties

In this section we prove some sanity properties of the calculus: full composition,
simulation of one-step -reduction, confluence and PSN. Since the first three can
easily be shown using standard rewriting technology, we concentrate on proving
PSN, which usually is tricky, but turns out to be surprisingly simple in our case.

Lemma 4 (Full Composition (FC)). Let t,u € T. Then t[x/u] %JJT t{x/u}.
Moreover, |t|, > 1 implies t[x/u] =3 t{z/u}.

Proof. By induction on [t|;.

— If |t|, = 0, then t[z/u] —y t = t{x/u}.
— If [t|, = 1, then t[z/u] —q4 t{x/u}.
— If |t|, > 2, then

tlz/u] = t[y]m[y/u][x/u] %j (i.h.)

tryl. Y/ utz/u] —>;‘ (i.h.) typ Ay/u{z/u} = t{x/u}
Corollary 1 (Simulation). Let t € A-term. If t =g t’, then t —>1'j t'.

The following notion, which counts the maximal number of free occurrences
of a variable x that may appear during a j-reduction sequence from a term ¢,
will be useful for various proofs. The potential multiplicity of the variable
x in the term ¢, written M, (¢), is defined for a-equivalence classes as follows: if
x ¢ £v(t), then M, (¢) := 0; otherwise:

M, () =1

M, (Ay.w) =M, (u)

My(uv) = My(u) + My (v)

My (uly/v]) := My (u) + max(1,M,(u)) - My(v)

Potential multiplicities enjoy the following properties.



Lemma 5. Lett e T.
1. IfueT and y ¢ £v(u), then My (t) =M, (t{z/u}).
2. If |t|z Z 2, then Mz(t) = Mz(t[y]m) and Mm(ﬂ = Mz(t[y]m) =+ My(t[y]m)
3. If t — t', then My (t) > M,(t').

Proof. By induction on t.

We consider multisets of integers. We use [ ] to denote the empty multiset,

LI to denote multiset union and n - [a1,...,a,] to denote [n-ay,...,n- ay].
The j-measure of t € T, written jm(), is given by:
jm(z) =[]
jm(Ax.t) = jm(t)
jm(tu) = jm(¢) U jm(u)
jm(tfz/u]) := Ma ()] U jm(t) Umax(1, My (t)) - jm(w)

Lemma 6. Lett € T. Then,

1. jm(t) = Jm(t[y]z)
2. Ifu e T, then jm(t) U jm(u) > jm(t{z/u}).

Proof. By induction on t. The first property is straightforward so that we only
show the second one.

— t=x. Then jm(z)U jm(u) =[] U jm(u) = jm(z{z/u}).
~ t=y 4z Then jn(y)Ujn(u) = []Ujn(w) > ] = jn(y{s/u}).
— t =1t1[y/tz]. W.l.g we assume y ¢ fv(u). Then,

jm(taly/t2]) U jm(u)

My (£1)] U jm(t1) Umax(1, M, (¢1)) - jm(t2) U jm(w)

My (1 {z/u})] U gm(ti{z/u}) Umax(L, My (t{z/u})) - Jm(to{z/u})
jm(tr{z/u}ly/ta{x/u}])

— All the other cases are straightforward.

vl

i.h. & L.5:1

Lemma 7. Lett € T.

1. tg =4 t1 implies jm(to) = jm(ty).
2. to —j t1 implies jm(to) > jm(t1).

Proof. By induction on the relations. The first point is straightforward, so that
we only show the second one.

— to = tlx/u] =y t = t1, with [¢|; = 0. Then jm(tp) = jm(t) U1 - jm(u) U [0] >
Jn(t) = ().

— to = tlz/u] =4 t{ax/u} = t1, with |t|, = 1.
Then 3a(ts) = 330U 1 3o 1] > Ju0) 4 30(0) 21,02 3u (/) =
Jjm(ty).



— to = t[x/u] = ty), [z/u]ly/u] = t1, with [t|, > 2 and y fresh. Then,

jm(to)
jm(t) Umax(1,M,(¢)) - jm(u) U My (2)]
Jm(t) UMy (t) - jm(u) L Mg (2)]
Jm(t) U (Ma(try), ) + My (tpy), ) - Jm(u) U My (2)]
Jm(ty),) U (M (ty,) + My (ty),)) - Jm(u) U Me(2)]
Jm(ty), ) UMe(try), ) - Jm(u) U M (ty),)] UMy (), ) - Gm(u) U My (ty),)]
Jm(ty),) UM (try),) - Jm(w) U M (ty),)] UMy, (Ey, [2/a]) - 3m(u) U My (), [2/u])]
Jm(tpy), [o/u]) UMy (ty), [z/u]) - jm(u) U My (g, [2/u])]
jm(ty)
— to = t[z/u] — t'[x/u] = t1, where t — t'. Then
jm(to) =
jm(t) Umax(1, Mz (t)) - Jm( UM ()] >in.
jm(t") Umax(1, My(t)) - ( JUM(t)] >1. 53
ijgq)max( (1) 3 U (2] =
jm(ts

— to = t[z/u] — tlx/u'] = t1, where u — u’. Then

jm(to)
m(t) Umax(L, My (4)) - gm(u) U My (£)] >in
Ei) Umax(1, My (1)) - jm(w') U Me(2)] =

— All the other cases are straightforward
Lemma 8. The j-reduction relation is complete.
Proof. Using the Modular Abstract Theorem 5.

Confluence of calculi with ES can be easily proved by using Tait and Martin
Lof’s technique (see for example the case of Aes [13]). This technique is based
on the definition of a simultaneous reduction relation = ; which enjoys the
diamond property.

The simultaneous reduction relation = ); is defined on terms in j-normal
form as follows:

— TSN

If t =5; t/, then Az.t =55 Ax.t/

Ift=t &u=yyu, thent u=yyt o

— Ift =5t and u =y; v/, then (\z.t) u =55 j({'[z/u'])

Lemma 9. Ift =, t', thent %’;j t.
Proof. By induction on t =yj t'.

Lemma 10. Ift —y; t/, then j(t) =x; j(t).

v

L.6:1



Proof. By induction on t —yj t'.
Lemma 11. The relation = y; enjoys the diamond property.
Proof. By induction on = ; and case analysis.

Theorem 1 (Confluence). For all t,uy,us € T, if t =%y Wi (i =1,2), then
v s.toug =30 (0=1,2).

Proof. Let t —3; t; for i = 1,2. Lemma 10 gives j(t) =3; j(t:) for i = 1,2.
Lemma 11 implies = ; is confluent so that 3s such that j(t;) Ejj sfori=1,2.
We can then close the diagram with ¢; — j(¢;) —3; s by Lemma 9.

Remark that confluence does not use termination of the j-(sub)calculus. To
give a formal termination proof for it we introduce the following notions.

We now discuss PSN. A reduction system R is said to enjoy the PSN prop-
erty w.r.t. another system S iff every term which is S-strongly normalising is
also R-strongly normalising. Here PSN will mean PSN w.r.t. S-reduction.

The proof of PSN can be stated in terms of the IE property which relates
termination of Implicit substitution to termination of Explicit substitution. A
reduction system R enjoys the IE property iff for n > 0 and for all ¢, u, v}, € -
terms: u € SN'g and t{z/u}v., € SNz imply t[z/u]v} € SN'%.

Theorem 2 (IE implies PSN). A reduction relation R enjoys PSN if R ver-
ifies the IE-property and the following:

(Fo) If f,ll € A\-terms in SN'g, then xf,ll € SNx.

(F1) If u € A-term in SNz, then \x.u € SN'g.

(F2) The only R-reducts of a A\-term ()\x.u)vfi are u[z/v]ﬂll and those coming
from internal reduction on u, v,ﬂll.

Intuitively, the first two requirements (F0) and (F1) mean that head-normal
forms are stable under R. The last requirement (F2) means that the head-redex
can only be refined by R, but nothing else.

Proof. We show ¢t € SN’z by induction on the definition of t € SNz (as in [30]):

— If t = 27, with t; € SN'g, then (i.h.) t; € SN’z and thus (FO) 27, € SN'z.
— If t = Az.u with u € SNg, then (i.h.) u € SN and thus (F1) Az.u € SN'%.
— Ift = (Az.u)vl., with u{z/v}T, € SN and v € SN g, then (i.h.) both terms
are in SN g, IE gives U = u[z/v]f,ll € SN'g, so in particular u, v,f,ll € SNx.
We show ¢ € SN'g by induction on ng (u) + nr(v) + X; nr(t;). For that, we
show that every R-reduct of ¢ is in SN .
Now, if t =5 t’ is an internal reduction, apply the i.h. Otherwise, F2 gives
t =g u[z/v]ty ...t, = U which is in SN'R.

Theorem 3 (IE for \j). \j enjoys the IE property.



Proof. We show the following more general statement. For all terms ¢, (m >
1),7} (n>0),ifu), € SN & t{x;/u;}L, 0, € SNy, then tz; /u;]L v, € SNy,
where z; # x; for i,5 = 1...m and z; ¢ fv(u;) for 4,5 = 1...m. The IE
property then holds by taking m = 1.

Suppose Uy, € SN y; & t{z;/u;}L, 0% € SN y;. We show T = t[z; /u;]} o), €
SN 5 by induction on (nx;(t{z;/u;}L.0;), oz1 (1), (U @k,)) where o, (t) = 3ltl=:
and oz (t) = Yiem0q, (t).

To show T € SN Aj it is sufficient to show that every Aj-reduct of T is in
SN»j. Since m > 1, then we can write [z;/w;ly, = [i/ui]j_; [x; /ug][z:/u] ).

— T =5 tlwi/ui]j_ 1[x]/u'][xl/ul] #H7, = T with u; —»; u}. Then we have

that y; (t{ml/ul {xj/u }{$1/“1}J+1 ) <1 (t{xl/ul}m vy,) and oz (1) =

Ol;illjiﬁl(t), and g (@) ujul ) < mag(ua,@,). Since ) 1u1u]+1 €

SN and t{z;/u;}}_ {a;/ufH{ai/ui} 1D, € SNy by Lemma 3, then we
conclude by the i.h..

— T =5 [ /w00 oL =T’ with t —xj t'. Then we have that
g (' {@i/u; mvn) < g (H{@i/u;}L,0)). We conclude by the i.h. since
t'{@;fu;} Lok € SNy; by Lemma 3.

— T =y t[xi/ui]mvl v' . =T" with v; —»; v,. We have that
nxg (t{@i fui}h,vr . vn) < mag(H{xi/ui }L,0%). We conclude by the ih.
since t{xl/uz}}nvl o v Up € SN ;.

=T =y tloi/u]j_ 1[z1/u1]3+1 vy, with [t|,, = 0.We have that the measure

g (s} L/ L) s caqual 0 gt /)2, T1), but o (1) de-
creases since Oz _J+1(t) < oz (t). We can conclude by the i.h. since by
hypothesis t{xz/uz}] 1{gcl/ul}ﬂ‘l oL = t{x;/u;} L 0L € SN ;.

= T —a tlwifuilj_y{z; /e fuld o, 7l with [t], = 1. Then we have that
RS (t{ml/ul}j 1{55]/“]}{551/%}%’_1 711) = 1y (H{xi/ui},7y,)- Also, the jumps
are independent, so that Z}_, 77 "' Nfv(u;) = @ implies Oz it (t{z;/u;}) <
Oz L (t)
We conclude since tHaifui}; o {zg/ui s fuid 0, = t{ai fui} ), 0, € SN as
by hypothesis. ‘

=T —ec ty,, (i /uil} 1[5 /us]ly/ugllei /w1 0}, with [t],, > 2 and y fresh.
Then, ‘
g (g, i /s fug Hy fug Has fuii10,) = nag (@i /uity,0,)) and
Oz ayzit 41 (t [y, ) < oz (t). In order to apply the i.h. to ty),, we need.

o ujl LU, ug, e SN,\J This holds by hypothesis.
o by, Awi/uiti o {xi/uiH{y/uj{zi/ui})i o), € SNy This holds since

n

] 1

the term is equal to t{x;/u;}L vL which is S./\/',\J by hypothesis.
— T = (Aot [w; Jwi]t 0102 —ap t'[z/v1][2i/wi]t, 02 = T'. By hypothesis
U= (/\z.t’){zi/ui}mvlv € SN ;. Using full compos1t10n we obtain
U —ap t'{x;/ui}} [x/v1]02 _>er

t'{xi /it {z/v1}v;, = t{a/viH{zi/ui}, v, = U’
Thus 1);(U’) < nx3(U). To conclude T7 € SN »; by the i.h. we then need



e 01,7 € SN ;. But W, € SN,; holds by hypothesis and t{z; /u; }., 7} €
SN »j implies v € SN y;.
o U'=t"{x/vi}{z;/u;}} 52 € SN 5; which holds since 7,;(U’) < nx;(U).

In contrast to known PSN proofs for calculi with ES and composition of
substitutions [3, 13, 15], we get a very concise and simple proof of the IE property,
and thus of PSN, due to the fact that A\j has no propagation rule. Indeed, since
Aj-reduction enjoys the IE-property and FO, F1 and F2 in Theorem 2 are
straightforward for the \j-calculus, we get:

Corollary 2 (PSN for \j). Let t € A-term. If t € SN'g, thent € SN ;.

4 Developments and All That

In A-calculus creation of redexes can be classified in three types [18]:

(Type 1) ((Az.Ay.t) u) v =g (Ay.t{z/u}) v.
(Type 2) (A\z.x) (\y.t) u —p (Ay.t) u.

(Type 3) (M\x.Clz v]) (A\yu) —p C{x/Ay.u}[(Ay.u) v{z/Ay.u}]

When A-terms are considered as trees, the first and second type create a redex
upward, while the third creates it downward, which is the dangerous kind of
creation since it may lead to divergence.

According to the previous classification, different ways to compute a term
can be defined. A reduction sequence starting at ¢ is a development [12] (resp.
a full development) if only (resp. all the) residuals of redexes (resp. all the
redexes) of ¢ are contracted. A more liberal notion, called L-development here,
and known as superdevelopment [17], allows to also reduce created redexes of
type 1 and 2. A major result states that all developments (resp. L-developments)
of a A-term are finite, and that the results of all full developments (resp. full L-
developments) coincide.

Note that reductions of type 1 and 2 are acceptable because the created redex
is hidden in the initial term, so that non-termination only happens when creating
redexes of type 3. However, linear creations of type 3 - i.e. creations which do not
involve duplications - are also safe, and infinite reductions only happen if redexes
created after duplication are reduced - we call such cases non-linear creations of
type 3. As an example, consider 2 = (Az.x x) (Az.z x) whose infinite reduction
involves only non-linear creations of the third type. These observations suggest
that banning the third type of creation is excessive: it is sufficient to avoid non-
linear ones. This extended form of L-development needs a language capable of
distinguishing between the different linear /erasing/duplicating nature of redexes.
This section extends the notion of L-development to that of XL-development,
which also reduces linearly created redexes of type 3, and provides a finiteness
result.

The following table summarises the behaviour of each computational notion
studied in this section on the A-term ug = (I I) ((Az.z y) I), where I = \z.x.

full development of ug =1 (I y)
full L-development of ug =1y (1)
full XL-development of ug =y



The specification of all the reduction subsystems used in this section exploits
the idea of multiplicity. Thus, the Aj-calculus provides a uniform and expressive
framework to reason about creation of redexes in A-calculus.

A development (resp. full development) of a term ¢ is a reduction sequence
in which only (resp. all the) residuals of redex occurrences (resp. all the redex
occurrences) that already exist in ¢ are contracted. There are many proofs of
finiteness of developments, like [27,31,12,30]. The result of a full develop-
ment of a \-term is unique and can simply be defined by induction on the
structure of terms as follows:

o

8

=
Ax.t)° = Ax.t°

(Aa.t) u)° :=t°{z/u’}

t u)° =10 u°  ift#£ A

Remark that ¢° # X implies ¢ # A. This notion can be extended to jumps in
two different ways. The first way inductive definition can be given by

/_\/_\,_\

0w v :i iy e

() 0 = £/ ue]

(t ) =1t* u® if t 7é A
(Uaful)® i t*{a/ut)

For a A\-term t we have t° = t°; in particular t° —>JJ-r t°.

The second way consists in taking the opposite view, with the purpose to
simulate developments of A-calculus. This can be obtained with a function °°
which is exactly as ® except for:

((Az.t) w)®® :=t**{x/u*}

Developments are thus defined by induction on terms, but it is well-known
that the function ®® can also be defined in a more operational way. Let B be
the rewriting rule (Az.t)u —p t[x/u], which is the restriction of our dB-rule to a
prozimity action. This relation is trivially complete so that we use B(t) for the
(unique) B-nf of the term t¢.

Corollary 3. Lett € A-term. Then t° = j(B(t)).
Proof. By induction on t.

— Case t = x. Then 2° = © = 2°** = j(B(x)).

— Case t = Az.u. Then (Az.u)® = Az.u® =; 5. Az.u®® = Az.j(B(u)).

— Case T = u v, where t # \. We then have (u v)° = u® v° =; 5, u®® v*® =
(u v)®®. Similarly as u v is not a redex j(B(u v)) = j(B(u)) j(B(v)) and we
conclude using the i.h.

— Case t = (Az.u)v. We have t° = u®{z/v°} =; . u**{x/v**} = (A\r.u)v)®® =
t*°. Similarly u*{z/v°} =i n. 3(B(u)){z/3(B(v )} JB(w)z/B(v)]) = j(B(uv)).



Developments can be extended to L-developments which also reduce cre-
ated redexes of type 1 and 2 and are always finite. The result of a full L-
development of a A-term is unique and admits the following inductive defini-
tion [17]:

(
(t ’LL)OO - too uoo lf too 7& )\
(t U)OO = tl{ZC/UOO} lf too — )\.’I]tl

Remark that t°° £ A implies ¢ # A.

Let us recover t°° by means of our language Aj. The key to operationally
describe the first type of creation is the distance dB-rule, whose (unique) nf will
be noted dB(t). Replacing our definition of development j(B(t)) with j(dB(t))
gives: dB(((A\x.Ay.t)u)v) =

dB((Ay-t)[x/u] v) = dB(t[y/v][x/u]) = dB(¢)[y/dB(v)][x/dB(u)]

Then, computing jumps, we get:j(dB(((Ax.A\y.t)u)v)):

3(dB(t)[y/aB(v)][z/dB(u)]) = j(dB(t)){x/j(dB(u))}{y/3(dB(v))}

3(M) = 3(aB(#)){z/3(aB(u)) Hy/3(dB(v))}

And we are done. Now, to specify L-developments within our language \j we
also need to capture the second type of creation. We would therefore need to use
dB U d Uw instead of dB, but our (distance) d-rule turns out to be too powerful
since created redexes of type 3 would also be captured as shown by the term
(Ax.z t)(A\y.u), where = ¢ £v(t). Thus, the reduction 4 is restricted to act only
on variables, written md (for minimal dereliction), so that —pq is the context
closure of the rule z[x/u] — u. We then let A be the relation dBUmd U w.

Lemma 12. The reduction relation —, is complete.

Proof. Termination of A is straightforward. Confluence follows from local con-
fluence (straightforward by case-analysis) and Newman’s Lemma.

Interestingly, —, cannot be weakened to —4pung as illustrated by the term s =
((Az.((A\y.z) t)) Az.z) u. Now, to prove that j(A(-)) is an L-development some
technical lemmas are needed.

Lemma 13. A term in A-nf has either a V-Form x, an A-Form (u v)[x;/s;]L, or
an L-Form (A\z.v)[z;/s;]%, where u,v,3. (n > 0) are A-nfs, u is not an L-Form,
and |M|x;/s;] >1forj=1,....n—1and (M =uwv or M = \z.v).

}|%‘+1 =
Proof. By induction on t.

— If ¢ is a variable or an abstraction Az.u, then we are done, since u is neces-
sarily an A-nf.

— If t is an application t1 to, then t; and to are necessarily A-nfs. The subterm
t1 cannot have the shape (Ay.t})[y;/v:]} otherwise ¢ would be dB-reducible.



— If ¢ is a closure, it has the general form u[x;/v;]} (n > 1) where u,v) are

A-nfs. We reason by induction on n.

If n = 1, then |ul,, > 1 because t is in w-nf. Also, u # x1 because ¢ is in md-nf.
Thus, u is an application or an abstraction. As before, if u is an application
t1 to the subterm ¢; cannot have the shape (Ay.t})[y;/v;]} otherwise ¢ would
be dB-reducible.

If n > 1, then U = ulx;/v;]}_; already verifies the statement by the i.h. We
still need to show that |U|,, > 1, which is straightforward since |U|,, =0
would imply that the term is not in w-nf.

Lemma 14. If j(A(T)) = Azt then A(T) is an L-Form .

Proof. By Lemma 13 A(T') is a V-Form, an A-Form, or an L-Form. In the two
first cases j(A(T)) cannot be a A-abstraction, so that we trivially conclude.

Lemma 15. Let t = (A\z.v)[x;/v;]L (n > 0) and u be A-nfs. Then the sequence
tu —; A(tu) can be decomposed into tu —qp v[z/ul[z:/v:i]h ks Altw).

Proof. By Lemma 12 every term tu has a unique A-nf s.t. tu —j A(tu). Then,
if tu —5 ¢’ for some t' in A-nf, then ¢’ is necessarily A(tu). Thus, since tu —¢p
v[z/u]lx;/vi]} = s, it is sufficient to show that s can be (md U w)-reduced to a
A-nf. We proceed by cases.

— Ifz ¢ £v(v), then s —, v[z;/v;]L. We show that v[z; /v;]} =%, . v/, for some
v’ in A-nf. We proceed by induction on n.
If n =0, then v —}; v, which is a A-nf.
If n > 0, then by the i.h. v]x;/v]h —ise V'[Tn/vn], with v’ in A-nf.
If x, ¢ £v(v'), then v'[x,, /v,] =« v' and we are done.
If ©, = v/, then v'[z,, /v,] —na vn and we are also done.
If x, € £fv(v’) and x,, # v', then v'[x, /v,] is in A-nf and we are done.
— If 2 € fv(v) and © = v, then 1 ¢ fv(Az.v) so that ¢ is w-reducible which
leads to a contradiction with the hypothesis.
— If z € fv(v) and x # v, then s is in A-nf.

Corollary 4. Let t be a A\-term. Then t°° = j(A(t)).

Proof. By induction on t.

— Case t = x. Then 2°° = = j(A(x)).

— Case t = Az.u. Then (Az.u)®° = Az.u® =5 A\x.j(A(u
— Case t = u v, where u®® # \. By the i.h. v°° = j(A(u
and A(u) # A. We then have (u v)°° = u®® v°° =, j(A(u)) j(A(v))

3(A(u) AW)) = 3(Au v)).

— Case t = u v, where ©u°° = Ar.uy =, j(A(uw)) and v°° = j(A(v)). By
Lemma 14 A(u) is an L-Form (\z.u2)[z;/si]} so that in particular u; =
j(uz[zi/si]k). Hence A(u) A(v) —ap uz(z/A(v)][xi/s:]L = s. By Lemma 15
Alu) A(v) —ap § —auw A(A(u) A(v)) = A(u v) so that we get:



(A(u v)) =

(mdUw)(s)) =

(s) =

j (uzlz/A(v)][zi/si]5) =
(u2){z/3(A@) Hzi/i(s)i}, =L. 2

j(ua){wi/j(s)itn{z/3(A(0)} =

j(uales/silp ) {z/3(A@)}  =in

up{xz/v°°} = (uv)°°

It is now natural to relax the previous relation A from dBUmd U w to dB U
d U w, in other words, to also allow unrestricted d-steps. Thus L-developments
are extended to XL-developments, which also allow linear creations of type 3.
Completeness of this extended notion is stated as follows:

Lemma 16. The reduction relation —qpuauw 1S complete.

Proof. Since dBUd Uw C j, which is terminating (Lemma 8), then dBUd U w is
terminating as well. To show confluence it is sufficient to show local confluence,
which is straightforward by case-analysis, then apply Newman’s Lemma.

The result of a full XL-development of a A-term ¢, noted ¢°°°, is defined
by j((dBUdUw)(t)) where (dBUd Uw)(t) denotes the (unique) (dB U d U w)-nf
of t. This notion extends L-developments in a deterministic way, i.e. provides a
complete reduction relation for A-terms, more liberal than L-developments.

It is well known that every affine A-term ¢ (i.e. a term where no variable
has more than one occurrence in t) is S-strongly normalising (the number of
constructors strictly diminishes with each step). Moreover, S-reduction of affine
terms can be performed in Aj using only dBUdUw, i.e. S-nf(t) = (dBUdUw)(¢).
Thus:

Corollary 5. Let t be an affine A-term. Then t°°° = 5-nf(t).

We hope that our extended notion of XL-development can be applied to ob-
tain more expressive solutions for higher-order matching problems, which arise
for example in higher-order logic programming, logical frameworks, program
transformations, etc. Indeed, the approach of higher-order matching in untyped
frameworks [7, 5], which currently uses L-developments, may be improved using
XL-developments, as suggested by example (1) at the beginning of this section.

5 Bisimilar Terms

The simplicity of the Aj-calculus naturally suggests the study of some opera-
tional equivalence which should equate terms that differ only concerning the
positioning of their jumps but behave identically. For instance, if y ¢ £v(u), then
Ay.tlz/u] and (Ay.t)[x/u] behave equivalently: there is a bijection between their
redexes and their reducts, i.e. they are bisimilar. This idea is reminiscent of
Regnier’s equivalence on \-terms [25], here written o%:

Az Ay.t) u=,r Ay.((Az.t) u) iy ¢ £v(u)
Azt v)u =,r (Azt) uv if x ¢ fv(v)



Reduction of the dB-redexes in the previous equations yields the following
o-equivalence notion, now on Aj-terms:

My t)[x/u] =, Ay.tlx/u] if y & £v(u)
(tv)[x/u] =, tlx/u] v if x ¢ fv(v)

This is not very surprising since o’*-equivalence was introduced by not-
ing that the two terms of each equation represent the same MELL proof-net
modulo multiplicative redexes, which correspond exactly to the dB-redexes of
the Aj-calculus. Regnier proved that of-equivalent terms have the same maxi-
mal S-reduction length. However, this does not imply that of*-equivalence is a
strong bisimilarity on A-terms. Indeed, take A-terms to = ((Az.A\y.y) z) w =,r
(Ay.((Az.y) z)) w = t1. Both share the same S-normal form w and 7g(ty) =
ng(t1). Nevertheless, ¢ty has one redex, while ¢; has two redexes, and the redex
of t1 involving w has no corresponding redex in ty. They also differ in terms of
creation of redexes: the result of the full development of ¢y has a created redex,
while the result of the full development of ¢; is the normal form of the term. Our
reformulation of o, however, equates two Aj-terms ¢}, and #; which are strongly
bisimilar:

to —ae to = (\yy)lz/zlw  =o,  (Ayylz/z]) w=1; et (2)
Actually, bisimulation holds also for permutation of independent jumps [13]:
tlr/ully/v] =cs tly/vllx/u] ity ¢ fv(u) & x ¢ fv(v)

While CS should naturally remain an equivalence, o has often been restricted
to being considered a reduction relation [26], for no good reason. Here, we add
CS and o to Aj without any trouble, in particular without loosing the PSN
property (Corollary 9). The operational equivalence relation generated by
o ={a,C8,01,02} realises a strong bisimulation, proved by

induction on =¢g,+,,s, and using the following preliminary lemma:

Lemma 17. For all t,t' € T and substitution

1. Ift =, t', then ty =, t'.
2. If vy =, 7/, then ty =, tv'.

Proposition 1 (Strong Bisimulation). For all t,u,u’ € T s.t. t =, u —x; o
It st t =yt =

Proof. Here we consider =cs +, 5, as an atomic step of equivalence and rephrase
the statement as: for all ¢g,t1,s1 € T and n > 0 s.t. tg =Cs.01,00 11 725 51 there
exists so s.t. Lo —Aj S0 =¢s.0, 0, S1- Lhe proof is by induction on n. If n =1
then we reason by induction on ty =¢s,4,,0, t1, considered as an atomic step of
equivalence:

— Let to = t[z/u][y/v] =cs tly/v][x/u] = t1 with y ¢ fv(u) and x ¢ fv(v) . If
t1 —; 81 because
o t —; t' thenty = tlz/ully/v] —x; t'[z/u]ly/v] = so =cs 51 = t'[y/v][z/u].
® U ) u' or v A3 v’ then it is similar to the previous case.



tly/v][x/u] —a t{y/v}[z/u] = s1 then to —a tlx/ul{y/v} = s1.

o tly/lle/ul —ve ti [y/vllz/ola/u] = s then to —vc i, e/ully/ol[z /o] =2

S1.

o t[y/v][x/u] =y tlx/u] = s1 then tg —4 tlx/u] = s1.

The three cases where it is [2/u] which is reduced are similar to the last
three cases.

— Let to = (\y.t)[z/u] =5, My.tlz/u] =t with y ¢ £v(u). If t; —; s1 because

t —aj ' thenty = (Ay.t)[x/u] =5 (Ay.t')[z/u] = s0 =4, 51 = Ay.t'[z/ul].
u —; v’ then it is similar to the previous case.

Ay.tlz/u] =4 Ay.t{x/u} = s1 then tg —q (A\y.t){x/u} = s1.

Ay.tla/u] = Nyt [2/ullz/u] = s1 then to —c (Ay.t, ) [z/ul[z/u] =2,
S1.

Ay.tlx/u] =y Ayt = s1 then tg —q Ay.t = s1.

— Let tg = (t v)[z/u] =5, tlx/u] v =t; with x € fv(v). If t; —,; s1 because

t —aj t' then tg = (t v)[x/u] —x; (' v)[r/u] = 50 =5, 51 = t'[x/u] v.

U =) u' or v A3 v’ then it is similar to the previous case.

tlz/u] v =g t{x/u} v = s1 then tog =4 (t v){x/u} = 5.

tlr/u]l v —c t,lz/u]lr/u] v = s1 then to —q (t V)1, [2/u]lr/u] =
(t, lz/ulla/u] =2, s1.

tlz/u] v —y t v =51 then tg —q t v = s71.

to = (\y.t')L v)[x/u] and t; = (\y.t')L[x/u] v —ap t'[y/v]L[z/u] = s1.
Then, to = ((Ay.t')L v)[z/u] —a t'[y/v]L[x/u] = s1

— The inductive cases:

If to = Aot =cs,0y,00 ATE =11 =25 Azt = 51 then ¢ =cg 5,0, t' =15
t" and by the ih. there exists t" s.t. t —y5 t" =g, ,, " Then,
s0 = At is 8.6, to —xj 50 =s.01.00 S1-

Ifto =1 v =cs,01,00 ' V=11 =551 V' =51 thent v =55tV =cs,00,00
t'v'. So sg =t .

The case tg =t v =cg,01,0, t V' =t1 —xj ' ¥/ = 51 is analogous to the
previous one.

If to =tV =cs,00,00 ' 0 =11 =55t v =51 then t =cg0,,6, ' =25t
and by the i.h. there exists ¢’ s.t. t —x; t"" =g ,, ,, t"- Then, so = t"" v
is s.t. to —j S0 Eés,al,az S1.

The case tg =t v =cg,0,,0, t V' = t1 =5 t v = 51 is analogous to the
previous one.

Ifto = (A1) L v =cs,09.,00 (MYt )L v =11 —>gp ¢'[y/v]L then (\y.t)L v —gp
Hy/o]L =cs v 0 £ 01L.

The cases tg = (A\y.t)L v =cs.01,00 (AYE)L v = ¢ —as tly/v]L" and
to = (A\Y.1)L ¥ =¢5,01.00 (AY.t)L 0 =t1 —gp t[y/v']L are analogous to the
previous one.

to = (A\yt)L v =5, (Ay.tlz/u))l v = t; —gp t[z/u][y/v]L’, where L =
[x/u]l’; As y ¢ fv(u) and = ¢ fv(v) does not contain any variable
bounded by L, then tg = (Ay.t)L v —as t[y/v]L = tly/v][z/u]l’ =cs
ta/ully/v]L'.

The case tg = (\y.t[z/u])L'v =4, (Ay.t)L v = t; —gp tly/v]L’ , where
L = [z/u]L’ is analogous to the previous one.

to = (W)L v =4, (A\yH)L" v)[z/u] = t1 —ap tly/v|L[z/u] = t[y/v]L,
where L = L'[z:/u]; then, to = (\y.t)L v —gp tly/v]L = s7.



e The case tg = (\y.t)L v)[z/u] =4, (A\y.t)L[z/u] v) = t; has been al-
ready treated before.

o Iftg =1t [x/u] =cs,0y,00 ' [x/u] =11 —a5 t' [x/u'] = 51 then t [x/u] —;
t[x/u'] =cs,00,00 t' [2/0].

e The case tg = t [x/u] =cs 01,0, t [x/U'] = t1 —x5 t' /U] = 51 is
analogous to the previous one.

o Iftg =1t [x/u] =cs,01,00 t' [x/u] =t1 =25 t" [x/u] = 51 then t =cs.5, .0,

t" =y t" and by the i.h. there exists t"' s.t. t —xj t" =g ,, 5, 1+ Then,
so = t""[x/u] is s.t. tg —aj So =8.01.00 S1-
e The case tg = t [x/u] =cs,0,,0, t [x/U] = t1 =5 t [2/u] = 51 is

analogous to the previous one.

o Iftg =1t [x/u] =cs,0y,00 ¢ /U] =11 —4 t then tg —4 t = s1.

o Iftg =1 [v/u] Zcs,o1,00 ' [x/u] =11 =4t then to =4t Zcs,01,05, U = 51

o Iftg =1t [2/u] =cs,01,0, t [x/U'] = 11 —¢ ty), [2/u'][y/u'] then
to —e t =ty [w/ully/u] =is 5, 0, ty), [2/u]ly/u]-

o If tg =t [v/u] =cs,01,00 ' [v/u] = t1 —c (')}, [2/u]ly/u] observe that
the equivalences does not change the number of occurrences and the re-
naming does not change the position of substitutions so that we can write
(). = ()" and conclude with to —¢ t = ty, [2/u][y/u] =cs,01,0,
(¢ /).

o If tg =t [z/u] =cs,04,00 t [x/U] = t1 —a t{xz/u'}. Then, t [x/u] —4q
tH{z/u} =is 5, .0, Ho/u'} where the last equivalence is obtained by lemma
17:2.

o If tg =t [x/u] =cs.oy.00 U [x/u] = t1 —q t'{x/u}. Then, t [x/u] —4
tH{z/u} =is.5,.0, U'{2/u} where the last equivalence is obtained by lemma
17:1.

If n > 1 then we have to =¢s.0,.00 1o Egsfjhw t1 —xj s1. By the ih. there

exists s s.t. 1y —Aj S0 =és.oy.0. S1- Lhen, applying the i.h. once more to
to =cs,o1,00 to —xj So (Where the equivalence step is atomic), we get sg s.t.
to —Aj S0 Eés,al,o’g S/O Eés,al,o’g 51

Such bisimulation implies that two o-equivalent terms share the same maxi-
mal reduction length. Moreover, the strong bisimulation would not hold without
distance rules. Indeed, the two o1-equivalent terms ¢, and ¢} in (2) do not have
the same B-redexes but the same dB-redexes.

6 (De)composing Substitutions

Explicit substitution (ES) calculi may or may not include rewriting rules to
ezxplicitly compose substitutions. One often adds them to recover confluence on
terms with metavariables. However, naive rules may break the PSN property,
so that safe composition rules are needed to recover both PSN and confluence
on terms with metavariables [13]. The Aj-calculus is peculiar as it allows to
compose substitutions, but only implicitly. Indeed, a term t[x/ully/v] s.t. y €
fv(u) & y € £v(t) reduces in various steps to t[z/u{y/v}][y/v], but not to the
explicit composition t[x/uly/v]][y/v]. One of the aims of this section is adding
explicit composition to Aj keeping PSN and confluence.



The second aim of this section concerns explicit decomposition. Indeed, some
calculi [24, 20, 28, 11, 10] explicitly decompose substitutions, i.e. reduce t[x/uly/v]]
to t[z/u][y/v]. We show that even in such a case PSN and confluence still hold.

Composition (boxing) and decomposition (unboxing) are dual systems:

‘ The Boxing system b ‘ ‘ The Unboxing system u ‘
ifxdfv(t) & zefv(v): if v ¢ fv(t) & x € fv(v) :
(t v)[z/u] —ap t v[x/u] tofz/u] = (t0)[z/U]
tly/v]lx/u] —so tly/v[z/ul] tly/vlz/ul] —su tly/v][z/u]

The boxing system reflects the commutative box-box rule of Linear Logic,
the unboxing system is obtained by reversing its rules. Moreover, we consider the
system modulo the o-equivalence. Choosing a particular orientation for oy and
o9 leads to a full set of propagating rules, that is, something closer to traditional
ES calculi. We prefer, however, to work modulo an equivalence to obtain a more
general result. Remark that the constraint z ¢ £v(¢) for the unboxing rules does
not limit their applicability, as it can always be satisfied through a-equivalence.

Digression. It is natural to wonder if one could also work modulo (de)composition,
i.e. adding two more general axioms:

(tv)[z/u] =4q tv[z/u] if x & £(l)
tly/vllz/u] =5, ty/vlx/u]] if © & £v(t)

The answer is no, as these last two congruences break the PSN property, if
naively added. For example: let u = (z z)[z/y], then

= ufz/u] = (2 2)[z/yl[z/u] =0, (2 2)[z/ylz/u]] —-
22)[a/ylz/ulllz2/yla/ul] =4 ylz/u] (ylz/u]) Z0,.04.0
Yl /ullz/u] =ou (y y)la1/ulz/ul]

i.e. t reduces to a term containing ¢. Now, take (Az.((Az.22)y)) ((A\z.z2)y) €
SNz which reduces to ¢, so that it is no longer strongly normalising in the
Aj-calculus extended by the five previous equations {CS, o1, 02,03, 04}.

Such a counter-example can be avoided imposing the constraint "z € £v(v)”
to o3 and o4 (note that such constraint is also found in the definition of the
boxing system). Nevertheless, Aj-reduction modulo the constrained equivalences
{CS, 01,09,05,04} is an incredibly subtle and complex relation. For instance, w-
steps cannot be postponed, nor can the use of equivalences. Two natural canon-
ical representations of the equivalence classes are obtained by pushing jumps
towards the variables, or as far away from them as possible. None of them is
stable by reduction, so working with equivalence classes is impossible. The PSN
property for this calculus, if it holds, is very challenging.

One of the difficulties is that the equivalence {CS, o1, 03, 03, 04} is not a bisim-
ulation: observe that the reducts (xx1)[z/y[y/z]][x1/yly/z]] of ta = (zx)[z/yly/z]]
and (xxq)[x/y][x1/y]ly/z] of ts = (xzz)[x/y][y/z] are no longer equivalent. Nev-
ertheless, t2 and t3 share the same normal form, and thus are still operationally
equivalent, but in a weaker sense.

t
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From here on we use the letter p to denote a parameter which represents any
of the propagation systems {b,u}. For every p € {b,u} we consider its associated
structural reduction system \j;/o, written A\j,/o and Aj,/o respectively,
defined by the reduction relation dBU j U p modulo the equivalence relation o, a
relation which is denoted by (dB U j Up)/o. Both structural systems have good
properties.

Theorem 4 (Confluence Modulo). For all t1,ts € T, if t1 =, t2 and
ti %ij/o u; (i =1,2), then Ju; (i =1,2) s.t. u; %jj v, (i =1,2) and v1 =, va.

Proof. Straightforward, by interpreting ¢ into j(¢) and using Theorem 1.

To prove PSN for A\j,/o and Ajy/o it is sufficient, according to Theorem 2,
to show the IE property. However, a simple inductive argument like the one
used for Aj-reduction relation does no longer work. Therefore we shall show
the IE property by adapting the technique in [13]. This has proven a challeng-
ing venture, so that this section presents the perhaps most important technical
achievement in this paper. We split the proof into the following steps:

1. Define a labelling to mark some Ajp/o-strongly normalising terms used
within jumps. Thus for example ¢[x/u] means that « € T and u € SN y;, /o-
2. Enrich the original \jp/o-reduction system with a relation used only to
propagate terminating labelled jumps. Let 7,/0 be the resulting calculus.
3. Show that u € SN yj, /o and t{x/u}D, € SN );, o imply t[x/u]v), € SN 7 /0.
4. Show that t[z/u]v, € SN 7 jo implies t[z/u]v}, € SN y;, /o-

In Sections 6.1 and 6.2 points 1 and 2 are developed, while Section 6.3 deals
with points 3 and 4.

6.1 The Labelled Systems

Each labelled system is defined by a set of labelled terms together with a set of
reduction rules and axioms.

Definition 1 (Labelled Terms). Let p € {b,u}. The set T, of labelled p-
terms is generated using the following grammar:

to=a |t et | tle/t] | tlz/v] (ve T NSN, /)



Now consider the following reduction subsystems:

The Labelled Equations CS:

tle/ully/v] =cs, tly/v][z/u] ifydfv(u) & x ¢ fv(v)
tle/ul[y/v] =cs, tly/v]lz/u] ifydfv(u) & x ¢ fv(v)
The Labelled Equations ¢:

My t)[z/u] =5, My.tlz/u] if y & fv(u)

(t)[z/u]  =,, tlr/u]v if x ¢ fv(v)

The Labelled Jumping system j:

tlz/u] —_ - ifft, =0

t[z/u] —q  t{x/u} if t], =1

Hoful et lofully/l e > 2

The Labelled Boxing system b:

(tv)[x/u]  —ap tv[z/u] if v ¢ fv(t) & x € £v(v)
tly/vl[z/u] —s tly/v]x/u]] if v ¢ fv(t) & x € fv(v)
The Labelled Unboxing system u:

to[z/u] —an (t0)[z/u] if x € fv(v)

ty/oloful] —e ty/ollz/ul iz € £u(v)

Hyfolofull —e tlyfollo/ul i 2 € 29(0)

The Generalised dB rule:
(Az.t)lu  —gas tfx/u]L

where IL is a list of jumps, some of which, potentially all, may be labelled.
Note that dB-reduction on the set 7 just is a particular case of gdB-reduction
on Ty,. The equivalence relation o (resp. o) is generated by axiom «a (resp.
{a, C8,c}) on labelled terms. The equivalence relation 0 is generated by oUo.
The reduction relation 7, (resp. J,/0) is generated by (gdBUjUjUpUp) (resp.
gdBU j U j UpUp modulo 0). The relation J, can be understood as the union
of two disjoint reduction relations, respectively called forgettable and persistent.
Forgettable reductions do not create persistent redexes, and they are strongly
normalising (Lemmas 21 and 22). These two facts imply that termination of 7,
does not depend on its forgettable subsystem.

The forgettable reduction relation —pp:

Action on labelled jumps: If t —;, ¢/, then t =g, t'.

Action Inside labelled jump: If v —,; /o v/, then u[z/v] =g, ufz/v'].

Closure by non-labelling contexts: If t —g, t/, then tu —r, t'u, ut —p
ut', Aet —pp Avt!, tlz/u] —ep t'[x/ul, ulz/t] = ulz/t'] and t]z/u] —rp

t'[x/u].
The persistent reduction relation —pp:

Root non-labelling action: If t =445 5, t' (Where — denotes root reduction),
then ¢ —pp 1.

Closure by non-labelling contexts: If ¢ —p, t', then tu —pp t'u, ut —pp
ut’, Azt —pp Avt!, tlx/u] —pp t'[x/ul, ulz/t] —pp ulz/t'] and tlz/u] —pp

t'[x/u].



6.2 Well-Formed Labelled Terms

In order to prove that the Aj,/o-calculus enjoys PSN, according to Theorem 2
it is sufficient to show the IE-property. The reasoning for that is splitted in
two steps: we first show that u € SNy o and t{z/u}T), € SN, /o imply
t[x/u]v), € SN 7,/0 (Corollary 7), thereafter we prove that t[z/u]v,, € SN 7 o
implies t[x/u]v), € SN );, o (Corollary 8).

The first implication is much more difficult to prove, particularly because
termination of the forgettable subsystem Fy, proved using a strictly decreasing
measure on labelled terms, is required. This measure is based on the assumption
that all terms inside labelled jumps are Ajp/o-strongly normalising w.r.t. the
environment in which they are evaluated. Moreover, this property of labelled
jumps needs to be preserved by reduction and equivalence.

Unfortunately this is not enough, since labelled terms are not stable by reduc-
tion: the labelled term y[y/x z][xz/Nz.22] reduces to y[y/(Az.zz) Az.zz] which
has a non-strongly normalising term inside a labelled jump, and thus it is not
a labelled term according to our definition. Similarly the term x[z/y][y/z[z/v]]
reduces to z[x/z[z/v]] which has a labelled jump inside another labelled jump,
and thus it is not a labelled term.

We thus need labelled terms to be stable by equivalence and reduction. This
can be done by defining a predicate of well-formedness on labelled terms such
that WF(t) and t — 7, t’ imply WIF(#'). In order to formalize such a predicate we
need some definitions. The notion of free variable contained in a labelled jump
is particularly important.

The set of labelled free variables of ¢t € Ty, is given by:

Lfv(x) =10

Lfv(Az.u) :=Lfv(u)\ {z}

Lfv(uv) = Lfv(u) ULfv(v)
Lfv(u[z/v]) = (Lfv(u) \ {z}) ULfv(v)
Liv(u[z/v]) := (Lfv(u) \ {z}) Ufv(v)

Note that v € T implies Lfv(u) = 0. Also Lfv(t) C £v(t).
We now formalise the notion ensuring that a labelled jump is strongly nor-
malising with respect to labelled substitutions coming from the context.
A labelled term t € Ty is SN-labelled for a (meta-level) substitution -y iff
SNL,(t, v) holds:

SNL,(z ,’y) = true

SN]L p(Ax.t,y) = SNLy(t,7)

SNIL o(tu, ) = SNIL o(t,7) & SNLg(u,7)

SNL o(tlz/u],y) = SNL o(t,7) & SNLg(u,7)

SNIL o(tlz/u], ’y = SNIL ot {x/uty) & uy € SNy, /o

Finally, a p-labelled term t is p-well-formed, written ¢t € WFp, iff

1. SNLy(t, id)
2. every subterm uly/v] or Ay.u in t verifies y ¢ Lfv(u)
3. p =b implies subterms u[y/v] € t verify y ¢ Lfv(u).



Thus for example tg = (zz)[z/y][y/z] is not b-well-formed since y is not a
labelled free variable of ¢y, whereas ty is u-well-formed since z € SN Aju/o- Also,
t1 = yly/x][x/Az.22] is b and u well-formed but to = y[y/xx][x/\z.2z] is not.
More precisely, = is a labelled free variable of y[y/xzz] so that to is not b-well-
formed, and SNLy(t2,0) does not hold (since (Az.zz)(Az.2z) ¢ SNy, /) hence
t9 is not u-well-formed.

In order to show that well-formed terms are stable by equivalence and reduc-
tion we need the following lemmas:

Lemma 18. Lett e WF,.

1. Ifto =g t1, then Lfv(ty) = LEv(t1).
2. If to —Jp tl, then Lfv(to) D) Lfv(tl).

Proof. By induction on t.
Lemma 19. Lett € WF,.

1. If SNLLy(t,~) and ~y =34,/ 7', then SNLLy(t,7").
2. Ifu e T, then SNLy(t{x/u},v) = SNLy (¢, {z/u}v).

Proof.

1. By induction on t. Let ¢ = u[z/v]. We have SNLy(u,{z/v}y) and vy €
SN 53, /0- Since vy —34,/0 vy', then vy" € SNy, /0. Also {x/v}y 34, /0
{z/v}~" so that SNLy(u,{z/v}v") by the i.h. We thus conclude SNLy(t,~').
All the other cases are straightforward.

2. By induction on .

— t =x. Then SNLy(2{z/u},y) = SNLp(u,y
— t =y # . Then SNLy (y{x/u},~) = SNLy(
— ¢t =t1]y/t2]. W.lL.g. we can assume y ¢ £y

SNy (1 [y/ta]{x/u}, ) =

SNL, p(ti{z/u}y/t2{z/u}],v) =

SN]L Etl{w/u}, {y/to{z/u}}y) and to{x/u}y € SNy, /0 =ih.
p(

true = SNLy(z, {z/u}7).
= true = SNLy(y, {x/u}y).

) =
Y:7)
(u) and y # x. Then,

SNLy (t1, {z/ul{y/t2{z/u}}y) and ta{z/uly € SNyj /0
SNLy (t1, {y/ta}{z/u}y) and t2{z/u}y € SN );, /o
SNLy (t1 [y/ta], {z/u}y)

— All the other cases are straightforward.

Lemma 20 (Stability of SNIL). Let SNL,(to,7). If to =0 t1 or to —7, t1, then
SNLy (t1,7).

Proof. By induction on the reduction relations.

— CS: tg = tlz/ully/v] = tly/v][x/u] = t1 if y ¢ £v(u) and = & £v(v).
Then, SNL;(to,7) iff SNLLy(¢,~) and SNLy(u,~) and SNLy(v,v) so that we
conclude SNILy (%1, 7).

— C8;: to = tfz/u][y/v] = tly/v][z/u] =t1 if y ¢ £v(u) and z ¢ fv(v).
Then, SNLLy(to,) iff SNLy(t, {x/u}vy) and SNLy(v,v) and uy € SN 3, /0. We
also have
SNLy(v,7v) =r. 19:2 SNLp(v, {z/u}~). We thus conclude SNLy(t1,7).



— CS,: tog = tfz/u]y/v] = tly/v][x/u] = t1 if y ¢ £fv(u) and x ¢ £v(v).
Observe that the hypothesis implies u{y/v}y = wy and v{z/u}y = vy and
{o/uby/vby = {y/oHz/uby. Then, SNLy(ts, ) ift SNLg(t, {z/u}y/v}y)
and wy, vy € SN 3, /o- Thus we conclude also SNILy(t1,7).

— o1: to = (Ay.t)[x/u] = Ay.tlx/u] = t1 if y & £v(u).

Then, SNL;(to,) iff SNLy(t,7) and SNLg(u,y) so that SNLy(¢1,y) is imme-
diate.

— gy to= (Ayt)[z/u] = Aytfz/u] =t1 if y & £v(u).

Then, SNILy(to, ) iff SNLy(t, {z/u}y) and uy € SNyj, /o s0 that SNLg(t1,7)
is immediate.

— o9: tg = (tv)[z/u] = tlx/ujv =t1 if © ¢ £v(v) and = € £v(t).

Then, SNLy (to, ) iff SNLy (¢, ) and SNLy (v, v) and SNLg (u, v) so that SNLy(t1,7)
is immediate.

— gyt to =tz /u]v = (tv)[z/u] = t1 if z ¢ £v(v).

Then, SNLLy (o, ) iff SNILy (, {x/u}~) and SNLy (v, {x/u}y) and uy € SN y;, /o-
We have SNL; (v, {z/u}v) =r. 19.2 SNL;(v,y) so that we conclude SNL;(¢1, 7).
— w: to = tJy/u] — t = t1, where |t|, = 0.
Then, SNLLy(to,) iff SNLy(t, {y/u}vy) and uy € SNy, /o-
By Lemma 19:2 SNL (¢, ) so that we conclude.
— d: to = tly/u] = t{y/u} = ti, where [t]|, = 1.
Then, SNLLy(to,) iff SNLy(t, {y/u}y) and uy € SNy, /o-
By Lemma 19 SNL;(t{y/u},~) which concludes this case.
— ¢ to = tlz/u] = tyy, [y/ullz/u] = t1, where [t|, > 2 and y is fresh.
Then SNLg(to,v) iff SNLy(, {z/u}y) and uy € SNzj, /o-
On the other hand SNLy (t1,7) = SNLg(t1y),, {y/ul{z/u}y) and uy € SN xj, /o-
Since SNLy (¢, {z/u}y) =L 10:2 SNLp(t(y,, {y/u}{z/u}~) then we conclude.

— ab: tgp = (tv)[[:z:/u]] — tox/u] = t1, where x € fv(v) and x ¢ fv(t).

Then, SNL; (to, ) iff SNLy (¢, {z/u}y) =1. 190:2 SNLy(¢,7) and SNLy (v, {z/u}~)
and uy € SN yj, /0. We thus conclude SNLy(t1,7).

— sb: tg = tly/v][z/u] = t[y/v[z/u]] = t1, where z € £fv(v) and x ¢ £v(1).
Then, SNLy(to, ) iff SNLy, (¢, {x/u}y) =L. 19.2 SNLy(¢, ) and SNLy (v, {z/u}~)
and uy € SN 5, /0. We thus conclude SNLy(t1,7).

— au: tg = tv[z/u] = (tv)[z/u] = t1, where x € £v(v) and = ¢ £v(t).

Then, SNLy(to, ) iff SNLy (¢,7) =L. 19.2 SNLy(¢, {z/u}v) and SNL, (v, {z/u}~)
and uy € SN 5, /0. We thus conclude SNLy(t1,7).

— suy: to = tly/v[z/u]] — tly/v][z/u] = t1, where z € £v(v)

Then, SNLL, (to,y) iff SNLy(¢,v) =L. 190:2 SNLy (¢, {2 /u}v) and SNLL, (v, {x/u}v)
and uy € SNy, /0. We thus conclude SNLy(t1,7).

— suy: to = ty/v[z/u]] — tly/v][z/u] = t1, where x € £v(v) and = ¢ £v(t).
Then, SNLy(to, ) iff SNLy(t, {y/v[z/ul}v) and vz/u]y € SN )j, /0. To show
SNL, (tl, ) we need wy, v{z/u}y € SN z;, /o and SNLy(t, p), for p = {y/vi{z/u}~.
Since uy € v[z/u]y, then uy € SNy, /0. Since v[x/uly — v{x/u}y, then
v{z/uly € SNyj,/0- Finally, {y/v[z/ul}y —* {y/v{z/u}}y = p’ so that
SNL, (¢, p') holds by Lemma 19: 1. We conclude SNL, (¢1, 7).

— gdB: tg = (Az.t)Lu — t[z/u]lL = t;. We can reason by induction on L.

If L is empty, then SNL;(to,~) iff SNLy(w,~) and SNLy(t,~), which implies
SNLy(to,7)-



If L = [y/v], then it is straightforward. If L. = [y/v], then SNLy(to,7) iff

SNLyp(u,v) and SNLy(t, {y/v}y) and vy € SNy, /6. Since y ¢ £v(u), then

Lemma 19:2 gives SNL(u, {y/v}v) so that we conclude SNL,(¢1, ).

If L has more than one substitution, the proof is straightforward by the i.h.
— The inductive cases. We only show the interesting cases. Let ¢t = t[z/u] =

t'z/u] = t1 (resp. to = t[z/u] — t'[z/u] = t1). Then, SNLy(to,7) iff

SNy (¢, {x/u}y) and uy € SNyj,/o- The ih. gives SNLy (', {x/u}y) so that

SNLP (fl, ’7)

Let to = tz/u] = t[z/u'] = t1 or to = t]z/u] — t[x/u'] = t1. Then,

SNILy (to, ) iff SNLy (¢, {z/u}y) and uy € SNy, /0. We have uy = u'y (resp.

uy —* u'y) so that u'y € SNy;, /0. Lemma 19:1 gives SNLy(t, {z/u'}v) so

that we conclude SNLLy(¢1,7).

All the other cases are straightforward.

Corollary 6. Lett € WF,. Ift =qt" ort —g, t', then t' € WF,.

The given corollary is essential in developing the termination proofs for the
forgettable relations Fy, /0 and F,, /0. More precisely, for each forgettable reduction
Fp/0, with p € {b,u}, we define a measure on p-well-formed labelled terms which
strictly decreases by Fp/0-reduction.

Lemma 21. The relation —y, jo is terminating on b well-formed labelled terms.
Lemma 22. The relation —y, jq is terminating on u well-formed labelled terms.

We relegate the proofs of both Lemmas to the Appendix.

6.3 From Implicit to Explicit through Labelled

To show our first point, namely, that u € SNy, /o and tH{x/u}vl € SN 33, /0
imply t[x/u]v, € SN g7 0, we now consider the following projection function
P(_) from labelled terms to terms, which also projects J,/0 into the reduction

Ajp/o:

P(x) =z

P(A\x.t) = Xx.P(t)
P(tu) =P(t)P(u)
P(tlz/u)) = P(t)[z/P(u)]
P(t P(t){x/u}

Note that w € T implies P(u) = u.
Lemma 23. Let tqg € Tp. Then,

1. tg =g t1 implies P(to) =, P(t1).

2. to —Fp tq Zmplzes ]P)(to) %ijp/o P(tl)

3. to —Pp tq Zmplzes ]P)(to) 4)+ P(tl)

Ajp/o

Proof. By induction on labelled terms. The case to —gy, t1 uses Lemma 4.



Lemma 24. Lett € WFp. If P(t) € SNy, /o, then t € SN 7 so.

Proof. Since — 7 =—p, U —p, we show that ¢ € SN, up, /0 by using Lemma 23
and termination of the forgettable relations (Lemmas 21 and 22).

Now let p € {b,u} and consider ¢,u, v} € T s.t. u € S/\/'Ajp/o. We immediately
get t[x/u]vy, € WF,. Using P(t[z/u]v),) = t{z/u}v;, we thus conclude:

Corollary 7. Let t,u,v. € T. Ifu € SN, 0 & t{x/u}vl € SN aj, /05 then
t[x/u]v), € SN 7 /0.

The last point of our proof is to show that t[z/u]v), € SNz o implies

tlx/u]v, € SNj,/0 by relating labelled terms and reductions to unlabelled

n
terms and reductions. To do that, let us introduce an unlabelling function on

labelled terms:

U(x) =z

U(tu) :=U(t)U(u)
U(Az.t) = Ax.U(t)
U(tlx/u]) = U(t)[x/U(u)]
U(t[z/u]) = U(t)[z/u]

Remark that « € T implies U(u) = u. Also, £fv(t) = £v(U(¢)) and U(t{z/u}) =
U(t){z/U(u)}.

Lemma 25. Ift € W, and U(t) —x;,/0 u, then 3 v € WFy s.t. t — 7 0 v and
U(v) = u.

Proof. By induction on —,;, /. and case analysis. We only show the interesting
cases of root equivalence/reduction.

1. The congruence =,.
— ¢t = u[z/v][y/w] with y ¢ £v(v) & = ¢ fv(w) and

U(ulz/v][y/w])
U(w)[2/U(0)][y/w]
U(w)ly/wllz/U(v)] = U(uly/w]lz/v]) = #

We then let t1 = u[y/w][z/v] so that U(t;) = ¢} and ¢ =cs t1.
— t = ufz/v][y/w] with y ¢ fv(v) & = ¢ fv(w) and
U(u)[z/v][y/U(w)] =cs
U(w)ly/U(w)]fz/v] = U(uly/w][z/v]) = #

We then let t1 = u[y/w][z/v] so that U(t1) = ¢ and ¢ =cs t1.
— t = ufz/v]Jy/w] with y ¢ £v(v) & = ¢ £v(w) and

U(ulz/v]ly/w])
U(u)[z/v]ly/w] =cs
U(u)y/w][z/v] U(uly/wllz/v]) =t

We then let t1 = u[y/w][z/v] so that U(t;) =t} and ¢t =cs t1.



— t = Ay.ufz/v] with y ¢ £fv(v) and

UAy.ulz/v]) =
AyU( /v =s
Ay U(w)[z/v] = U((Ayw)[z/v]) =t

We then let t1 = (Ay.u)[z/v] so that U(t1) =t} and t =g, 1.
— t = ufz/v]w and

U(u[z/v]w)
U(u)[z/v]U(w) =sn,
(U(w)U(w))z/v] = U((uw)[z/v]) = #

We then let t; = (uw)[x/v] so that U(ty) =t} and t =g t;.
— All the other cases are straightforward.
2. The reduction relation — .
— t = ufz/v] with |u|; = 0 and

U(u[z/v]) =

U(u)[z/v] = U(u) =t

We then let t; = w so that U(ty) =t} and t —y ¢;.
— t = ufz/v] with |u|, =1 and

U(ulz/v]) =
U(w)[z/v] —q U(u){z/v} = U(u{z/v}) =t

We then let t1 = u{x/v} so that U(t1) =t} and t —q4 t1.
— t = ufz/v] with |u|; > 1 and

U(ufz/v]) =
U(u)[z/v] —e U(u)y), [2/v][y/v] = Ulugy, [2/v][y/v]) =t

We then let t; = ), [x/v][y/v] so that U(t1) = t| and t — t;.
3. The reduction relations —, and —.
— t = wwlz/v] with z ¢ fv(u) & x € fv(w) and

U(uwwlz/v]) =
U(w)U(w)[z/v]  —an
(U(w)U(w))z/v] = U((uw)[z/v]) =t

We then let t1 = (uw)[z/v] so that U(t;) =t} and t —ay 1.
— ¢t = (vw)[z/v] with = ¢ fv(u) & z € £v(w) and

(uw)[z/v]) =
(u)U(w))[z/v] —ab
U(w)le/v] = Uww[z/v]) =t

L

We then let t1 = uw]xz/v] so that U(t1) =t} and ¢t —ap t1.



— t =uly/wlz/v]] with = ¢ fv(u) & = € fv(w) and

Ululy/wlz/v]]) =
U(u)ly/U(w)[z/v]] <o
U(w)[y/O(w)][z/v] = Uuly/w][z/v]) = #;
We then let t; = uly/w]|[z/v] so that U(t;) =t} and t =g, t1.
— t = ufy/wlx/v]] with z ¢ fv(u) & = € fv(w) and .

U(uly/wlz/v]) =
U(u)[y/wlz/v] —su
U(w)y/w][z/v] = U(uly/w]lz/v]) =
We then let t; = u[y/w][z/v] so that U(t;) = t] and t —gy, t;.

— t = ufy/wlz/v]] with = ¢ £v(u) & = € £v(w).

Since t € WF,, this case is not possible since w]z/v] is not a term.

— ¢t = uly/w|[z/v] with z ¢ fv(u) & z € £v(w) and

U(uly/wl[z/v]) =
U(u)[y/U(w)][z/v] —sv
U(u)ly/U(w)lz/vl] = U(uly/wlz/v]]) =t
We then let t1 = u[y/w[z/v]] so that U(t1) = ¢ and ¢ —gp t1.

— t = ufy/w]z/v] with ¢ fv(u) & = € fv(w). But t € WEF, so that
x ¢ Lfv(uly/w]), which implies in particular z ¢ fv(w). This case is
not then possible.

— ¢t = ufy/w][z/v] with = ¢ fv(u) & x € fv(w). If t € WFy, then = ¢
fv(w) as before. This case is not then possible.

If t € W, then —, does not hold in the u-system.
4. The reduction relation —ggs.
Consider ¢ = (Az.u)Lv. Let L be the list containing all the unlabelling sub-
stitutions of the list .. Then,
u(t) =
(Ax.U(u))LU(v) —ap
U(u)[/U(v)]L = U(ulz/v]L) =
We then let ¢; = u[z/v]|L so that U(t1) =t} and t —gqg 1.
5. All the other cases are straightforward.

Lemma 26. Lett € WFy. Ift € SN g j0, then U(t) € SN 3;, /o

Proof. We prove U(t) € SN yj,/, by induction on 14 o(t). This is done by con-
sidering all the \jp/o-reducts of U(t) and using Lemma 25.

Now let p € {b,u} and consider ¢,u, v} € T s.t. u € SN 5j,/0- We immediately
get t[z/u]v} € WF,. Using U(t[z/u]v)) = t[x/u]v} we thus conclude:
Corollary 8. Let t,u,v), € T. If t[x/u]v, € WF, N SN 7y, then t[z/u]T), €
SN 33, /0-

From Corollaries 7 and 8 we get:

Lemma 27 (IE for \jy/o0). For p € {b,u}, Ajp/o enjoys the IE property.

Theorem 2 thus allows us to conclude with the main result of this section:
Corollary 9 (PSN for \j,/o0). Forp € {b,u}, A\jp/o enjoys PSN.



7 Conclusions

We have introduced the structural Aj-calculus, a concise but expressive A-calculus
with jumps. No prior knowledge of Linear Logic is necessary to understand Aj,
despite their strong connection. We have established many different sanity prop-
erties for A\j such as confluence and PSN. We have used A\j as an operational
framework to elaborate new characterisations of the well-known notions of full
developments and L-developments, and to obtain the new, more powerful notion
of XL-development. Finally, we have modularly added commutation of indepen-
dent jumps, o-equivalence and two kinds of propagations of jumps, while showing
that PSN still holds.

As noted in Section 6, PSN for the Aj-calculus plus the constrained equiva-
lences {CS,01,09,03,04} is - at present - a challenging conjecture. Indeed, the
merging of the two similar, yet different uses of {03, 04} that we study in this pa-
per presents several non-trivial difficulties. A further in-depth re-elaboration of
the labelling technique would be necessary, perhaps even the use of a completely
different technique dealing with reduction modulo a set of equations.

An interesting research direction is the study of linear head reduction [2] for
A-calculus - which is closely connected to game semantics and abstract machines
- whose formulation is not a strategy in the usual sense. Indeed, jumps and
distance permit to reformulate linear head reduction as a strategy of Aj.

It would also be interesting to exploit distance and multiplicities in other
frameworks for example when dealing with pattern matching, continuations or
differential features.
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Appendix

Theorem 5 (Modular Abstract Strong Normalisation). Let A1 and Ao
(resp. €) be two reduction (resp. equivalence) relations on s. Let A be a reduction
relation on S and let consider a relation R C s X S. Suppose that forall u,v,U

(PO) u RU &u&wvimplydV st.v RV &U =V.

P1) u RU & u by vimplydV st. v RV & U A* V.
(P2) uRU & u Ay v imply IV st. v RV & U AT V.
(P3) The relation Ay modulo £ is well-founded.

Then, t R T & T € SNy imply t € SN (4,un,)/¢ -



8.1 The Forgettable System Terminates

The termination proofs for —g, and —g, are not really parametric in p, nonethe-
less they both make use of potential multiplicities, which are extended to
labelled jumps by adding the following case to the notion given in Section 3.

My (ufly/v]) := Mg (u) + max (1, My (u)) - My (v)

We first prove that the equivalence 0 and the propagations p preserve poten-
tial multiplicities. B

Lemma 28. Letp € {b,u}. Let ty € Ty. Then,

— 1o =o,0 t1 implies My () = M, ().
— to —p 1 implies My, (t) = My (t).

Proof. As M, (t) is defined in the same way for labelled and unlabelled substi-
tutions it is sufficient to check just one of them. Moreover, we just show the
property for two p-steps, the other cases being similar.

— tlz/ully/v] =cs tly/v][z/u], with y ¢ fv(u) & x ¢ £v(v).
Observe that M, (t[z/u]) = M, (t) if w ¢ £v(u).

My, (t[x/u] [y /v]) =
My (t[2/u]) + max(1, My (t[z/u])) - My (v) =
My, (t]/u]) + max(1, My (%)) - My (v )
My (t) + max(1, My, (t)) - My (u) + max (1, My (¢)) - My (v ) =
My (t) + max(1, My, (t[y/v])) - My (u) —|—max( My (t) - M =
My, (t[y/v]) + max(1, My (¢[y/v])) - Mw(u) =
My, (ty/v] [z /u])
= (Mt)[z/u] =4, Ay.tlz/u], with y & £v(u).

Moy ((Ay-t)[2/u]) =

My (Ay.t) + max(1, M (Ay.t)) - My (u) =

My (2) —|—max(1 M (t)) - My (u) =

My, (t[z/u]) =

My (Ay.t[x/u])

= (tv)[z/u] =4, t[z/u] v, with © & fv(v).

t v)[x/u])

=
=
I

w [[z/u M (v) =

w(tlz/u] )

M ((

My, (t v) M

M, (¢ )+max(1,Mm

My, (1) + ( )erax(l,IVIz ) - My (w)
M,, (¢

My, (t



— (tv)[z/u] = t v][z/u], with z ¢ £v(t) and = € £v(v).

(¢ )[z/u]) -
My (t v) + max(1, My (¢t v)) - My (w) =
My (t v) + max(1, M, (v)) - My (u) =
My (t) + My, (v) + max(1, M, (v)) - My (u) =
M (1) + My (0] (¢ vl /u])

— tly/v[z/u]] —eu, t[y/v][z/u], where x € fv(v). First, let us show that
max(1,My(t)) - Mg(v) = max(1l,max(1,My(t)) - Mz(v)). If y € £v(t) then both
expression are equal to My (t) - My (v), as « € £v(v), otherwise are both equal
to My (v). Then,

My (t[y/v]z/u]]) =
My (1) 4+ max(1, My (t)) - M (v[2/u]) =
My (t) +max(1,M,(¢)) - (My(v) + max(1, M, (v)) - My (u)) =
My (t) —l—max(l,My(t)) (M (v) + Mg (v) - My, (1)) =
My (t) +max(1,M,(¢)) - My (v) + max(1,M, (1)) - My(v) - My (u) =
My (t[y/v]) + max(1,My(t)) - Mz (v) - My (w) =
My, (t[y/v]) + max(1,max(1,My(t)) - Mz(v)) - My (u0) =
My (t[y/v]) + max(1, M, (t) + max (1, My (t)) - My (v)) - My (u)

My (t[y/v]) + max(1, My (t[y/v])) - My (u) =
My (t[y/v][z/u])

— The inductive cases are all straightforward.

To relate potential multiplicities and reductions we need two lemmas. The
first is used for —-steps and the second for — 4-steps.

Lemma 29. Lett € Ty s.t. [t|p > 2. Let w # x,y and x # y. Then,

1. My () = My (try),)
2. My(t) = Ma(tz],) +My(ta), )-

Proof. We first enrich the notation by writing t[m]’; if #[;], renames k of occur-

rences of y as . We also admit (only for this proof) that k = 0 causes the renam-
ing to be the identity. The statement now becomes: M, (t) = Mx(t[z]lyc) + My(t[l]ﬁ)

for 0 < k < [t],. The proof now proceeds by induction on t.

— For t = z the statement is trivial.
— If t = u v then there exist ki, ko s. t. tmlyc =u

kl + kQ = k, kl S |u|y and kQ S |’U|y ‘We get

v

[z ko and kl,kg Z 0,

[z]y"

Mo (3% ) + My (£ ) =

Mo (upypn Upgpia) + My (g vppra) =
Mz(umﬁl )+ Mx(vm?) + My(u[ k) + My(v[z]EZ) =

Mo (ttpggi0 ) 4 My (U )+ Ma (Ve ) + My (V) =in.
My(u) + My(“) My(u v)



— If t = Az.u the i.h. is enough.
— Ift= u[Z/’U] then t[l]s = u[z]kl [Z/’U[m]kz] for kl, k2 > 0, kl +l€2 = k, kl < |u|y
and k2 < |v|,. Then,

My (tfa), ) + My (tap, ) =

Ma (e [2/vpgppa]) + My (g [2/ 01 521]) -
Ml(u[x]’jl) + max(1, Mz(u[m];;1 ) -Mm(v[x];y@]) + My(u[x]’jl) + max(1, Mz(u[m];;1 ) - My(v[z]’;?) =i n.
Mm(u[z];;l) + max(1,M.(u)) - MI(’U[I]);Z]) + My(u[z];;l) + max(1, M. (u)) - My(v[m]x;-z) =

Mz (U[I]’Jl) + My (u[z]kl) +max(1,M;(u)) - (M (U[z]’f]) + My(v[ 1k2 )

My (u) + max(1, M. (u)) - My(v) =

My (ulz/v =My (t)

— If t = u[z/v] then it is identical to the previous case.

Lemma 30. Lett € Ty, and uw € T. Then,

1. If |uly =0, then My (t{z/u}) = My(t).
2. If |tly = 1, then My (t{z/u}) = My (t) + max(1,Mz(t)) - My ()

Proof. The first statement follows from a straightforward induction on t. The
second point follows by showing that M, (t[z/u]) = My (t{z/u}) if |t|, = 1. We
show this property by induction on t.

—Ift==x
(z[z/u])
E:I:g + max(1, M (z)) - My (u)

M
M
M

g & g

My (2{2/u})
— Ift =Myt

My, ( L.28
My (Ay.t' [z /u])

M (

M (

0 (Ot e fu))

&
[\
o]

—Ift=vswitha € sand z ¢ v.

My ((v s)[z/u]) =r.28

My (v (s[z/u])) =

My (0) + My (s[x/u]) =in.

My (V) + My (s{x/u}) =

My (v (s{z/u})) =My ((v s){z/u})



— If t = v[y/s] then if = € £v(v) we have

ly/s][x/u])

My (v =r.28
My (v[z/u]ly/s]) =
My (v[z/u]) +max(1, My (v[z/u])) - Mw(s) =in.
My (v{z/u}) + max(1, My (v{z/u})) - Mu(s) =
My (v{z/utly/s]) =
Instead, if x € fv(s) we have
(v]y/s] [[z/u]]) =L.28

Mw( ly/slz/u]) =

My (v) + max (1, My (v)) - My (s[z/u]) =in

My (v) + max (1, My (v)) - My (s{z/u}) =in

My (v]y/s{z/u}]) =

My (vly/sl{z/u})

My (0]y/s]{z/u})

— If t = v[y/s] then the proof is similar to the case t = v[y/s].

The next lemmas show that potential multiplicities are not increased by — ;-

steps.

Lemma 31. Let tg € Ty. Then, tog —; t1 implies My, (t) >

Proof. By induction on —;.

— to = t[z/u] —u t = t1 with [t|, = 0. Then, M, (o) =

My (t) =

My ().

My (t1).

— to = tlz/u] =4 t{x/u} =t;1 with |t|, = 1. W.L.g. © # w. Then

Mw(tO) =
Mw(t) + max(1, M, (¢)) - My (u) =L. 30:2
/) N
— to = tfx/u] = tyy, [z/u]ly/u] = t1 with [t[, > 1. If w € fv(u), then
My (to0) =
My (t) + max(1, M (1)) - My (u) =
My (t) + My (t) - Mup(u) =L. 29
Moy (ty), ) + Mo (), ) - Moo (u) + My (Fy),. ) - Moo (u) =
Mo (£, )+max(1 Mz (), ) - Mw(u) + My(tpy), ) - Mo (u) =
Moy (2, [2/u]) + My (Ey), ) - Mo (u) =L.30:1
Mw(t[y] [z/u]) +M (t[y] [z/u]) - M (u) =
Mo (tpy), [2/2] )+max(1,My(t[y]m[[z u]))) - My (u) =
My (t1) =

— For the inductive cases, let tg = t[z/u] —; t'[z/u] = t; where t —; t’. The
only interesting case is when = € fv(¢) and = ¢ £v(¢'). Then

My (tO)

A1) s (1) Ha) >
M (1) + M () >,
M (1) 1 Moo o) -
Mo (¢) + max (1, M () - Mo (1) =
Mw(tl

i.h.



The cases for tg = t[x/u] is similar to the previous one when ¢ty —; ¢; because
t —; t'. Suppose instead that to = t[x/u| —; t[z/u'] = t; where u —; u'.

Then,

The other cases are straightforward.

Lemma 32. Let tg € WF, s.t. w ¢ Lfv(to). If to —rps t1, then My(to) =
My, (t1).

Proof. By induction on to —y t1. If tg = t[z/u] —pp: tlz/u'] then w ¢ u by
hypothesis so that also w ¢ fv(u’). Then, we get M, (u) = My, (u') = 0 and

My (t[z/u]) =
My (t) + max(1, M, (2)) - My (u) =
xw(? + maX(l,Mm(t)) 'Mw(ul) =

(t[x/u'])
The inductive cases are all straightforward, using the i.h.

Potential multiplicities can be altered only by w, w and gdB-steps. In the
first two cases they can decrease, in the last one they can be both increased or
decreased. Consider tg = (\y.z)z[z/w] —gae x[y/z[z/w]] = t1. Then M, (to) =1,
while M, (t1) = 0. Instead for to = (Ay.yy)z[z/w] —gas yyly/z[z/w]] = t3 we get
Mw(t2> =1 and Mw(t3> = 2.

Termination of —p,

We now consider multisets of pairs of integers. We use n- (x, y) to denote the pair
(x,n-y). The operation n-(x, y) is extended to multisets in the following way: if M
is a multiset of pairs of integers then n- M is the multiset [n-(z,y) | (x,y) € M].
Moreover, to improve readability, we write M U (x,y) rather than M U [{x,y)].

The boxing measure of t € WFy, is a multiset of pairs of integers, written
dep(t), and given by:

dep() =]

dep(Ax.t) :=dep(t)

dep(tu) = dep(t) LUl dep(u)

dep(t[z/u]) := dep(t) Umax(1,M.(t)) - dep(u)
dep(tli/ul) i= dep(t) U (g, (1), Mo (1)

Remark that for every w € T we have dep(u) = [].
Lemma 33. Letu € T, t € WFy, and x ¢ Lfv(t). Then dep(t) = dep(t{z/u}).
Proof. By induction on t.
— t = . Then, dep(x) =[] = dep(u) = dep(x{x/u}).



— t =y # x. Then, dep(y) = [] = dep(y{z/u}).
— t =1t1[y/ta]. W.lg. we assume y # = and y ¢ fv(u). Then,

dep(t) —
dep(t1) Limax(1, My (t1)) - dep(t2) =i.h.
dep(t1{z/u}) I_Imax(l,M (t1)) - dep(tg{x/u}) =7 30:1
depgtl{x/u} Umax(1,My(t1{x/u})) - dep(ta{z/u}) =

dep(t{z/u})

— t =t1]y/t2]. W.lg. we assume y # x and y ¢ fv(u). By hypothesis we have
x ¢ £v(t2). Then

dep(t) =
dep(t1) U (n(t2),My(t1)) =i.h.
dep(ti{z/u}) L (n (t )7My(t1)> =L. 30:1
dep(ti{z/u}) + (n(t2),My(t1i{z/u})) =
dep(ti{z/u}ly/t=]) =
dep(t{z/u})

— All the other cases are straightforward by the i.h.
Lemma 34. If [t|, > 2, then dep(t) = dep(t}y, )
Proof. By induction on t.

The next lemma give the exact relation between the boxing measure, the
reductions and the equivalences.

Lemma 35. Let ty € WIFy. Then,

1. Iftg =60 t1 , then dep(to) = dep(ty).

2. Ifto —p t1 , then dep(to) = dep(t1).

3. If to —; t1, then dep(tg) > dep(t1).

4. If to —rp.s t1, then dep(to) > dep(t1).
Proof. By induction on the relations. We only show the the interesting cases.

— to = (tv)[z/u] —a tv[z/u] = t1 with x ¢ £v(t) and = € £v(v). Then

aep((t0)]/u]) -
aep() U dep(v) U {n(u), M, (v)) =
dep(tv[z/u])
— to = tly/v][z/u] —comp tly/v]z/u]] =t with z ¢ £v(t) and = € fv(v). Then
dep(t[y/v][x/u]) =
dep(t) Umax(1,My (1)) - dep(v) U (n(w), Mz (t[y/v])) =
dep(t) Umax(1,M,(t)) - dep(v) Umax(1,M,(t)) - (n(u), Mz (v)) =
dep(t) U max(1, M, (t)) - (dep(v) U (n(u), Mz (v))) =
dep(t) Umax(1, My(t)) - dep(v]z/u]) =
dep(t[y/v]z/u]))



— to = t[z/u] —w t = t1 with [¢|, = 0. Then

dep(t[z/u]) =
dep(t) L (n(u), Ma(t)) >
dep(t)

— to = t[z/u] —4 t{x/u} =t; with |t|, = 1.

dep(t[z/u]) =
dep(t) L (n(u), Ma(t)) >
dep(t) =L. 33

dep(t{x/u})

— to = t[x/u] —¢ ty, [z/u][y/u] = t1 with [t[, > 1.

dep(t[z/u]) =
dep(t) U (n(u), Mz (1)) >, 29
dep(tpy), ) U (n(u), Mz (ty),)) U (n(w), My (ty),)) =L. 34
dep(tyy, [x/u]ly/u])

— to = t[z/u] —rps tx/u'] = t1. We have dep(to) = dep(t) U (n(u), Mz (t)) >
dep() U (n(u'), My (t))-

— to = tfx/u] —=jprpi t'[x/u] = t1, where t = ppis t'. Since tog € WFgps,
then the hypothesis gives 2 ¢ Lfv(t). Lemmas 28, 31 and 32 then gives
M, (t) > M, (t'). Since dep(tg) = dep(t) L (n(u), M, (¢)) and dep(t1) = dep(¢')
(n(u),M,(t)), then the property holds by the i.h.

— All the other cases are straightforward.

Now, we conclude with the main statement.

Lemma 21. The relation —p, modulo 0 is terminating on b well-formed labelled
terms.

Proof. Using the Modular Abstract Theorem 5, where A; is {ab, sb}, Ay is {j,Fp :
i}, £ is 0, A is the relation > on N and R is given by ¢ R T iff dep(t) = T.
Properties PO, P1 and P2 of the Theorem 5 are guaranteed by Lemma 35,
Property P3 (termination of A;/0) is straightforward.

Termination of —r,

To prove termination in the —g, case one hopes that the reasoning done for the
—rp case may be somehow re-used. However, reduction inside labelled jumps and
reduction out of labelled jumps are independent in Fb but not in Fu. Consider
the rule su,, the source of all complications:

to = tly/v[z/ul] —su, tly/v][z/u] = t1 if 2 € £v(v)

The status of the jump [z/u] is changed by this rule, so that the possible
j-reductions involving [2:/u] from ty become labelled j-reductions from t;. Thus,



inside and out of labelled reductions are no longer independent and need to be
treated together. As in the Fb case, one observes that length of reductions inside
labelled jumps decrease. Thus for example we have n(v[xz/u]) > n(u),n(v) in the
previous rule su,. This needs also to be combined with the multiplicity of the
jump in order to handle the duplicating rule. However, the situation is not so
simple: the d-rule, whose target can now be a variable inside a labelled jump,
introduces a (new) problematic case. Let us see an example:

tlz/uy]ly/v] —a t[z/uwv]

In general n(uv) is not smaller than n(uy), and can be even greater. Hence,
the natural idea is to compose labelled jumps before the computation of its
measure. Thus, coming back to the previous example, the weight of the left-
hand side term is determined by n(uy{z/v}) and n(v), while the weight of the
right-hand side term is only given by n(v).

Therefore, we define a measure which composes labelled jumps to compute
7, it is defined using an environment which stores the composition of all the
labelled jumps appearing in the context.

The unboxing measure of t € WF,, is given by D(¢,id), where for any
meta-level substitution +, D(¢,7) is defined as follows:

D(x,7) =[]
D(Ay.t,y) = D(t,7)
D(tu,y) ~ :=D(t,7)UD(u,)
D(t[y/ul,~) :=D(t,7) Umax(1,M,(t)) - D(u, )
D(t[y/ul,~) == D(t, {y/u}y) U (ag. 0 (wy), My (1))
Note that u € T implies D(u,7y) = [ ]. Some preliminaries are needed in order

to relate the measure, the equivalence and the reductions.
Lemma 36. Lett € WF,.

1. Ify —>j{ju/o ~', then D(t,y) > D(¢,v').
2. Ifue T, then D(t{x/u},v) =D(t, {x/u}y).

Proof. By induction on t.

1. Let t = ufz/v]. Then

D(ufz/v],~) =
D(u, {z/u}y) U (n(vy),Mz(u)) >in
D(u, {z/u}y') U (n(vy), Mz (u)) =
D(ulz/v],~")

All the other cases are straightforward.
2. — t=u. Then D(a{z/u},7) = D(u,~) = D(z, {z/u}r) = [|
— t =y # . Then D(y{z/u},v) =D(y,7) = D(y,{z/u}v) =[]
— t =t1[y/tz]. W.l.g. we can assume y ¢ fv(u) and y # 2. Then,



D(t1[y/t21{w/u}, )

D(t1 {w/u}y/to{/u}],
D(t{x/u}, 7) +max(1,
D(t:{x/u}, 7) + max(1,
D( 1
D( 1
(

(tr{w/u})) - D(ta{x/u}, )
(tr{w/u})) - D(ta{z/u},v) =
(t1{w/u})) - D(t2, {w/U}v) =L. 30:1
(1)) - D(t2, {x/u})

)
(1,M,
(1,M,
t1,{x/u}y) + max(1,M,
t1,{x/u}y) + max(1,M,
D(t1[y/ta], {x/u}y)

— t =t1]y/t2]. W.lLg. we can assume y ¢ fv(u)

D(t1[y/ta]{z/u},v)

D(ti{z/u}ly/t2{z/u}], )

D(ti{zw/u}, {y/ta{x/u}}y) U (n(ta{z/u}y), My(t1{z/u}))
D(t1, {z/ul{y/ta{x/u}}y) U (n(ta{z/u}v),¥y(t1{z/u}))
D(t1, {y/ta}{x/uly) U (n(t2{z/u}y), My(t1))

D(t1[y/t2], {z/u}y)

— All the other cases are straightforward.
Lemma 37. Lett € WF,.

1. to =g t1 implies D(tg,v) = D(t1,7).
2. to —rausu, t1 @mplies D(to,y) = D(t1,7)-
3. to —j.su, t1 implies D(to,y) > D(t1,7)-
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Proof. By induction on the relations.

1. The equivalence 0.

— CS: to = tlz/u]ly/v] = tly/v][z/u] = 1 if y ¢ fv(u) and = ¢ fv(v).
Observe that y ¢ fv(u) implies My (¢t[x/u]) = M, (¢)+max(1, M, (¢))-My (u)
M, (t). Then,

D(to,) -

D(t[x/u], ) Umax(1,My(t[z/u])) - D(v, 7) =
D(t, ) Umax(L, M, (8))  D(as, ) Umacx(1, 4, (t[a/u])) - D(v, 1) =
D(t,4) Umax(L,M, (1)) -D(u,7) Umax(LMy (1)) -D(v,7) =
D(t[y/v], ) Umax(1, My (t)) - D(u, ) =
D(t[y/v], ) Umax(1, My (t[y/v])) - D(u, ) =
D(tla’)/)

— C8y: to = t[x/u]ly/v] = tly/v][z/u] = t1 if y ¢ £v(u) and x ¢ fv(v

)-

As in the previous case we have y ¢ £v(u) implies M (t[z/u]) = M, (¢) +

max(1, M, (¢)) - My (u) = M,(¢). Then,
D(to,7)

D(t[z/u],~) Umax(1, M, (t[x /]]) =
D(t[x/u], )I_Imax(l My (t)) - D(v, vy =
D(t, {z/u}y) U (n(uy), Mz(ﬂ) max(1,My(¢)) - D(v,7) =
D(t, {x/u}y) U (n(uy), M (t[y/v])) U X(l My (t)) -D(v,y =
D(t, {z/u}y) Umax(1,My(t)) - D(v 7) (n(uy), Mz (t[y/v])) =136
D(t, {z/u}y) Umax(1,My(t)) - D(v, {z/u}y) U (n(uy), Mz (t[y/v])) =
ggt[y/g] Az/uty) U (n(uy), Mo (t [y/v])> =

1,7



— C8,: to = tlz/u][y/v] = tly/v][z/u] = t1 if y ¢ fv(u) and x ¢ fv(v).
gﬁserve that the hypotesis imply u({y/v}vy) = wy and v({x/u}vy) = vy.

(to,7)

(t[x/ul, {y/viv) U (n(vy
(t, {z/ul{y/viv) U (n(u
(t, {x/u{y/viy) U (n(u
(t, {y/vHz/u}y) U (n(vy
(t[y/v], {o/u}y) U (n(uy
Et[[y/v]] Az /uyy) U (n(uy

—~
~
=
&
~
<
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~
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— o1: to = (Ay.t)[x/u] = My.t[z/u] = t1 if y & £v(u).

)\y t,v) Uma
,7) Umax(1,
~) Umax(1,

— oy: to = (Ayd)[x/u] = Ay.t[z/u] =ty if y & £v(u).

— o9: tg = (tv)[x/u] = tlz/ulv = t1 if x ¢ £v(v). Then,

— g4 to = tfz/u]v = (tv)[z/u] = t; if © ¢ £v(v). Then,

D(tv, {z/u}y) U (n(uy), Mz (tv))
D(v, {x/u}y) U (n(
' {x/u}y) LD ( {x/U}v)Mg

:c/U]] v uD( {x/u}v)
tlz/u],v) UD(v,7)



2. The reductions au and su,.

—au: to = tvfz/u] — (tv)[z/u] = t1, where z € fv(v) and = ¢ fv(¢).
Then

— suy: tg = tly/v[z/u]] — tly/v][z/u] = t1, where z € fv(v) and x ¢
fv(t). Then
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3. The reductions j and su,.

— w: tg = tly/u] — t = t1, with [t[, = 0.

D(t[x/u], )

) - D(v[z/ul, )
) - (D(v, {z/u}y) U (n(uy), M (v)))

g “D(v, {x/u}y) Umax(1,M,(t)) - (n(uy), Mz (v))
)

)

-D(v, {z/u}y) U (n(uy), M (tly/v]))
My () - D(v, {z/u}y) U (n(wy), Ma (ty/v]))
n(uy), Mz (t[y/v]))

D(t, {z/u}y) U (n(uy), Ma (t)) >

D(t, {z/u}y)

=r. 362 D(,7)

— d: tg = t[x/u] = t{a/u} = t1, with |t|, = 1.

D(t, {z/u}y) U (n(uy), My (8)) >

D(t, {z/u}y)

=r.36:2 D(t{z/u},v)

D
: g(v, {a/u}y) U (n(uy), Mz (t) 4+ max(1, M,

-D(v, {z/u}y) U (n(uy),max(1,M,(t)) - Mz (v))

(t

)) Mz (v))

— c: to = tfz/u] — ty,), [y/u]lz/u] = t1, with |t|, > 2 and y fresh. Then,

el vlvivvleNel

(
(
(
(
(
(
(

) U n(uy), My (ty, )

th ’Y)

t{/uty) U (n(uy), M (1))

tH{x/u},v) U (n(uy), M (t))

ty Ay /ut{x/ul,v) U (n(uy), M

tiyles Ly u{@/uby) U (n(uy),M

tiyler Ly/u{x/u}y) U (n(uy), M

tiy), [y /ul, {o/uly) U (n(uy), M (try), )

>

L. 36:2

L. 36:2

(1)

D(t1,7)

Remark that (1) holds since M, (t(y), ), My (t,),) > 0 by hypothesis and

My (ty), ) + My (fy),) = Ma (D).

x



— su,: tg = tly/v[z/u]] = tly/v]]x/u] = t1, with € £fv(v) and = ¢ £v(t).
Then,

D(to, ") =

D(t, {y/vlar/u]}) L (n(vfa/uly), M, () >
R T e
D(

(

t) R

t{y/o{x/uty) U (n(vie/uly), My () U (n(wy), Ma (tly/o])) =1 36:2
t,{y/vi{x/ulr) U (1 (v{w/U}v) (t)>u< (), Me (Ey/v]))
tTy/o]. (e /u}y) U (o), Mty /o])) = D(t1,7)

Step (1) holds since n(v[z/uly) > n(v{x/u}y) and n(v[z/uly) > n(uy).
Now, for the inductive cases the only interesting case is when to = t[a/u] =
(resp. =) t'[z/u] = t1, where t = (resp. —) t'.

If t = (resp. —ausu,) ', We have

D(to,7) -

D(t, {z/uty) U (n(uy),Mz(t)) =in.
D(t', {z/u}y) U (n(uy), Ma(t)) =L. 28
D(t', {x/u}y) U (n(uy),Mz(¥')) = D(t1,7)

Ift —j su, t', we have

D(to,7) -

D(t, {z/uty) U (n(uy),Mz(t)) >in.
D(t', {z/u}y) U (n(uy), Ma(t)) >L. 37
D(t', {z/u}y) U (n(uy),Mz(t')) =D(t1,7)

All the other cases are straightforward.

The next and last lemma proves that the measure with store decreases by
—rgap-steps. The second point of the lemma is technical, used to prove the first
one.

Lemma 38. Let tg € WIFy s.t. tg —pp.s t1. Then

1. D(to,7) > D(t1, 7).
2. D(to, pU{z/uvy}) > (n(uy), K) VK and Va s.t. Mgy(to) < Mg(t1).

Proof. By induction on tg. Let us note v = p U {z/u~}.

— to = z is not possible.
— to = v v1. Suppose ty = vy V1 —pp:i Vo V1 = t1, where vg —pp:; vg. (the case
t = vy U1 —ppi Vo V) =t/, where v; —pp; v] being similar).

1. We have

D(t0,7) = D(vo, ) UD(v1,7) >i.n. D(vg,y) UD(v1,7) = D(t1,7)

2. We have D(tg,7’) = D(vo, ') UD(v1,v'). Also M, (tg) < M. (t1) implies in
particular M, (vg) < Mz (v(). The i.h. then states that D(vo,~’) verifies the
property, and so does also D(tg,’).

— to = voly/v1]. Suppose to = vo[y/v1] —rp:s VGly/v1] = t1, where vg —pp.s V).



1. We have

D(voly/v1],7) =
D(vo,y) Umax(1,My,(vo)) - D(v1,7) >i.n
D(vp, ) Limax(1,My(vo)) - D(v1,7) =
D(voly/v1],7)

2. As for the preceding case.
The case to = vo[y/v1] —p:i Voly/v]] = t1, where v1 —pp; v] is similar.
— to = vo[y/v1]-
Suppose to = vo[y/vi] —rp:s voly/vi] = t1, where vi =y, /6 V1.
1. We have

(Uo y/vl]] ’Y

(vo, {y/v1}v) U (n(v17y),My(vo))
(vo, {y/v} }y) U (n(v17y), My (vo))
(vo, {y/v1 }y) U (n(v17), My (vo))

<
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D(vo[y/v1],7)

2. Let Mg (to) < My(t1). Then necessarily 0 # My (v1) < Mz(v}). We have
D(vo[y/v1].7") = D(vo, {y/v1}y") U (n(v17"), My (vo))-
Since € fv(vy), then v1y’ contains wy and thus n(viy') > n(uy).
Moreover, vy is Aju/o-reducible so that n(v1y") > n(uy) + 1 and thus
n(v1y") > n(uy). We thus conclude.

Suppose tg = voy/v1] —rps v[y/v1] = t1, where vg —pp:s Vg

1. We have D(vo[y/v1], ) = D(vo, {y/v1}7) U (n(v17), My (vo)) and
D(vg[y/v1], 7) = D(wg, {y/v1}v) U (n(v17), My(vg)). Also,
D(vo, {y/v1}7) >in. (1) D(vo, {y/v1}7)-
1£ 4, (0p) > M, (o). then (n(u17),My(20)) > (1(017),M,(¢h)) and we con-
clude.
If My (vo) < My(v), then D(vo, {y/vi}y) >in. 2) (n(v17),My(vg)) and we
also conclude.

— All the other cases are straightforward.

Lemma 22. The relation —p, modulo 0 is terminating on u well-formed labelled
terms.

Proof. Using the Modular Abstract Theorem 5, where A; is {au,su,}, As is
{j,su,,Fp : i}, £ is 0, A is the relation > on N and R is given by ¢t R T iff
D(t,[ ]) = T. Properties PO, P1 and P2 of the Theorem 5 are guaranteed by
Lemmas 37 and 38 , Property P3 (termination of A;/0) is straightforward.



