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Abstract. We give an implicit, functional characterization of the class of non-
uniform polynomial time languages, based on an infinitary affine lambda-calculus
and on previously defined bounded-complexity subsystems of linear (or affine)
logic. The fact that the characterization is implicit means that the complexity
is guaranteed by structural properties of programs rather than explicit resource
bounds. As a corollary, we obtain a proof of the (already known) P-completeness
of the normalization problem for the affine lambda-calculus which mimics in an
interesting way Ladner’s P-completeness proof of CIRCUIT VALUE (essentially,
the argument giving the Cook-Levin theorem). This suggests that the relation-
ship between affine and usual lambda-calculus is deeply similar to that between
Boolean circuits and Turing machines.

1 Introduction

Loosely speaking, the aim of implicit computational complexity is to replace clocks (or
other explicit resource bounds) with certificates. For example, if we consider polyno-
mial time computation, the idea is to define a structured programming language whose
programs guarantee a polynomial dependence of the runtime on the input by construc-
tion, i.e., because they satisfy some syntactic condition, not because their execution is
artificially stopped after a polynomial number of steps. At the same time, such a pro-
gramming language must be expressive enough so that every polynomial time function
may be somehow implemented. Notable early examples of such methodology are the
work of Bellantoni and Cook [2], Leivant and Marion [9], and Jones [5].

We consider here the question of finding an implicit characterization of non-uniform
polynomial time, i.e., the class P/poly. Our approach brings together two lines of work,
both based on linear logic. The first is the linear-logical take at implicit computational
complexity initiated by Girard [4] and reformulated in the A-calculus, for example,
by Asperti and Roversi [1]. The second is the author’s work on the infinitary affine
A-calculus [11], previously considered also by Kfoury [6] and Mellies [12].

For our present purposes, the essence of linear logic is in its resource awareness.
Linear (or, more precisely, affine) types describe volatile data, which may be accessed
only once. Accordingly, the linear (or affine) functional type A — B describes pro-
grams producing an output of type B by using their input of type A exactly (or at most)
once. Persistent data is described by the type ! A, which may be understood as volatile
access to a bottomless pile of copies of A, thus obtaining unlimited access to A. The
usual functional type A — B may then be expressed by !4 — B.



In the A-calculus, which is the prototypical functional language, affinity takes the
form of forbidding duplication, which translates into an extremely simple syntactic re-
striction: each variable must appear at most once in a term. Our previous work [11]
shows how affine A-terms may approximate usual A-terms arbitrarily well, in a precise
topological sense which is compatible with computation (i.e., reduction is continuous).
In the limit, usual A-terms are recovered by considering infinitary affine terms (thus
taking quite literally the above idea of “bottomless pile””). However, the limit process
(which is just the completion of a uniform space) introduces a host of infinitary terms
which do not correspond to any usual A-term. The reason is easily explained: to act
as a persistent memory cell, a datum of type ! A must contain infinitely many identical
copies of a datum of type A. Without further constraints, the infinitary affine A-calculus
allows memory cells whose content changes arbitrarily with each access. This is the
“functional gateway” to non-uniform computation.

The technical contribution of this paper is to “tame” the non-uniformity of the un-
restricted calculus £4, of [11] so as to keep it within interesting boundaries, namely
those of P/poly. Let us give an informal description of what this means. Using (an
adaptation of) the standard A-calculus encodings of binary strings, we may say that a
term ¢ decides L C {0,1}* in A if, given w € {0,1}*, tw —* b with b € {0,1}
according to whether w belongs to L (w is the encoding of w and —* is the reduction
relation of the calculus). Now, ¢ is generally infinite, but we may define a canonical se-
quence |t],, of approximations of ¢, which are finite affine terms such that lim|¢|,, = ¢.
Intuitively, |¢],, behaves like ¢ in which every internal memory cell is limited to at most
n accesses. We may then appeal to the continuity of reduction, by which, if we let w,,
be the normal form of |¢], w, we have that b = lim u,,. But our topology is such that
pieces of data like b are isolated points, so there exists m € N such that u,, = b for all
n > m. This means that a finite approximation of ¢ suffices to compute tw. The size
of |t]., is linear in m, so the question is: How big is m? Can we relate it to |w]|? If
we can make m be polynomial in |w|, the language decided by ¢ is in P/poly: we may
use the |t],, as (polynomial) advice and then normalize |t],, w, which may be done in
polynomial time in |w| because it is a finite affine term.

There exist several A-calculus characterizations of P based on linear logic (most no-
tably Girard’s [4] and Lafont’s [8]) and the naive idea to polynomially bound m would
be to reuse the recipes given therein. However, non-uniformity in the A-calculus is ex-
tremely subtle and the approach “take your favorite A-calculus characterization of P
and add non-uniformity” does not necessarily yield P/poly. The most surprising aspect
is that polytime non-uniformity seems to refuse the logical principle of contraction (ex-
pressed by the formula!A — !A®!A): in its presence, m may be exponentially big and
we may therefore decide any language (an intuitive explanation is given below). This
rules out Girard’s approach [4]. Lafont’s system [8] does not use contraction but appears
to have the opposite problem: we are currently unaware of whether the expressiveness
of its non-uniform version reaches P/poly.

The key to our solution is a new structural constraint on terms, which we call parsi-
mony. In LA, affinity is enforced by giving a unique integer index to each occurrence
of non-linear variable z: intuitively, ; means “access to the ¢-th copy of the datum con-
tained in x”. In this setting, contraction (corresponding to duplication) is implemented



using “Hilbert’s hotel”: from an infinite family (x;);cn representing an argument of
type !4, we make two infinite families, e.g. x2; and zo;;. Iterating this n times, we
obtain a family whose first element is zp(2n), causing the exponential growth rate of
m mentioned above. A very high level description of parsimony is that, when such a
reallocation of a family of occurrences is performed, the resulting families may not
“waste” indices: each of them contains either finitely many z; (i.e., it is finite), or al-
most all of them (i.e., it is co-finite). Parsimony therefore refuses contraction, which
necessarily produces infinite co-infinite families. Instead, it allows an asymmetric form
of contraction, also known as absorption, expressed by the formula !4 — !4 ® A.

Parsimony is coupled with stratification, which is a staple of Girard’s work [4].
Stratification partitions a program into rigid levels which may not interact and, very
roughly speaking, forbids the self-reference that makes the A-calculus Turing powerful.
Alone, it guarantees termination (in elementary time, in the uniform case). Without it,
parsimonious terms may diverge and the question of bounding m may not make sense.

For brevity, most of the results are given here without proof. An extended version
of this paper, containing the missing proofs, is available on the author’s web page.

2 The Affine Lambda-Calculus

Pre-terms. We fix two denumerably infinite disjoint sets of linear variables, ranged
over by a, b, ¢, and non-linear variables, ranged over by x, vy, z. Patterns and pre-terms
are generated by the grammar

p,qi=alz|p®q, tbus=1|a|z; | Apt]tu|t@u|u,

where ¢ € N and u, which we refer to as a box, is a finite sequence of pre-terms, which
for convenience we identify with a function from N to pre-terms almost everywhere
equal to L. We also use the explicit notation (u(0), ..., u(n — 1)), in which we imply
that u(i) = L for all ¢ > n. If a variable a or z appears in a pattern p, we write a € p
or x € p. We require that, in p ® q, a variable cannot appear both in p and g. Free
and bound variables are defined as customary, the only point worth mentioning is that
if x € p, then all occurrences of the form x; are bound in Ap.t. As usual, we identify
two pre-terms if they only differ in the names of their bound variables (a-equivalence).
Shallow contexts and contexts are defined by the following grammar:

Su=e|Ap.S|St|tS|S®t|tx S C =8 (ug,...,C,... up),

where t,uq, ..., u, are arbitrary pre-terms. As usual, we denote by C[t] the term ob-
tained by substituting ¢ to e in the context C. We say that u is a subterm of ¢, and we
write u C ¢, if there exists a context C' such that t = C[u].

We will find useful to see pre-terms as labelled trees. Intuitively, this is done in
the obvious way: a pre-term ¢ induces a function ¢ : N* — 3 where Y :=
{L,a,z;,Ap,@,®,!} and N* is the set of finite sequences of natural numbers, ranged
over by « and with the empty sequence denoted by €. Sequences of arbitrary integers
are needed because of boxes. The symbol ¢[«] denotes the kind of constructor at posi-
tion v in t: L, a variable (a or x;), an abstraction (), an application (@), a tensor (®) or
a box (!). Also, when u C ¢, we say that u occurs at position « if u is rooted at position
« in ¢. Note that, when the position « does not exist in ¢, we assume that t[a] = L.



Terms and reduction. A term is a pre-term ¢ such that:
— every linear variable and occurrence of non-linear variable appears at most once in

t (i.e., if 2;, x; C ¢ occur at different positions, then i # j);

— whenever u L ¢, the free variables of u are all non-linear.
We denote by ¢4 the set of all terms.

We say that a term ¢ matches a pattern p, and write ¢ () p, when: ¢ {§ a for all
t;t § xjustift = wyandift § pandu () q, thent ® u () p ® g. In case u {
p, we define the substitution t[u/p] as follows: t[u/a] is defined as usual; t{u/z] is
obtained by substituting u(7) to the unique free occurrence z; in ¢, for all ¢ € N; and
tlur ® uz/p1 @ p2] = t[u1/p1][uz/pa].

We define — (shallow reduction) and ~~ (unboxing reduction) as the smallest bi-
nary relations ¢/ such that:

— (Ap.t)u — t[u/p] whenever u () p;

— if t = t/, then S[t] — S[t'] for every shallow context .S;

- u ~ u(0) for every box u.
Note that the unboxing step is not closed under any context: it applies only to a term
which is itself a box, “extracting” its first subterm. Usually, one allows reduction inside
boxes. The non-standard definition adopted here is technically simpler for our purposes.

A redex is a term of the form (Ap.t)u and such that u ) p. Each — step is obviously
associated with a redex, which we say is fired by the reduction step.

Reduction is defined by — := — U ~~. If --» is any reduction relation, we denote
by --»* its reflexive-transitive closure and by --»! the composition of exactly | € N
steps of --+. Reduction is obviously confluent and strongly normalizing. Both points
are a consequence of the affinity conditions: no redex is duplicated and the size of terms
(i.e., the number of symbols) strictly decreases with reduction.

Uniform structure. As noted above, £/l may be seen as a subset of the set of functions
N* — X.If we equip X with the discrete uniformity,' then we may endow terms with
the uniformity of uniform convergence on finitely branching trees (as subsets of N*).
More explicitly, let (NN, <, V) be the join-semilattice of infinite sequences of natural
numbers, ranged over by £, with the pointwise ordering. We denote by &; the ith element
of the sequence £ and by 7 - £ a sequence whose first element is n. We also write v < &
if @ € N* is a prefix of £. The uniformity of uniform convergence on finitely branching
trees is generated by the following basis of entourages, for ¢ € NN:

Ue = {(t,t') € LA X LA |V < & <&, ta] = t'[o]}.

The intuition is the following: with each ¢ € NY we associate an infinite but finitely
branching tree 7¢, such that every node at depth ¢ of 7¢ has exactly & + 1 siblings;
then, two terms are £-close (i.e., belong to U;) if they coincide on 7¢. A basis of open
neighborhoods of ¢ for the induced topology is Ue(t) = {t/ € A | Va < & <
&, t'[a] = t[a]}, for € € NV, j.e., the terms coinciding with ¢ on 7¢. Observe that the

"' The word “uniformity” takes here its standard topological sense [3], which is essentially a
generalization of the concept of metric still allowing one to speak of Cauchy sequences. This,
unfortunately, is completely unrelated to the equally standard meaning more common in com-
puter science (and employed, in particular, in the title of this paper).



local basis is uncountable. In fact, one can show that no countable local basis exists for
this topology, so the space is not metrizable.

The fundamental result concerning the uniform structure on ¢A is the Cauchy-
continuity of reduction. We remind that a function between uniform spaces is Cauchy-
continuous when it preserves Cauchy nets. In particular, it is continuous. Given o € N*,
we define R, : A — LA by R, (t) := t' if ¢ — ¢’ by reducing a redex at position
a, or R, (t) := t if no such reduction applies. Similarly, we define U (¢) := ¢’ if t ~ ¢
and U (t) := t otherwise.

Proposition 1 (Cauchy-continuity of reduction). For all o« € N*, R, is Cauchy-
continuous, and so is U.

Infinitary terms and approximations. Intuitively, Cauchy sequences in £/ are made of
terms that coincide on wider and wider trees, such as A,, := Az.z¢(x1,...,2,). Note,
however, that (A, ),en has no limit in £4, showing that the space is not complete. We
denote by ¢/, the completion of /A. From now on, the word “term” will refer to an
element of /A, whereas the elements of £/ will be called finite terms.

Indeed, the elements of ¢/, may be seen as infinitary terms. They still verify
the affinity constraints and we apply to them the same terminology and notations as
for finite terms (free and bound variable, subterm relation C, etc.). A typical exam-
ple of infinitary term is A := Az.xo(z1, z2, 3, . ..), which is the limit of (A, ),en-
Apart from being infinitely wide, terms of /1., may also have infinite height, such as
(Ax.xg, Az 2021, A2 20(2L122), . . .). Nevertheless, one may show that they are always
well-founded.

In fact, we will mostly be interested in infinitary terms of finite height, like A
above, but knowing that all terms are well-founded is quite useful because it al-
lows reasoning by induction. For example, given t € ¢A.,, we may define a default
sequence of finite terms converging to t, its n-th approximations [t|,, as follows:
|L]n = L |aln == a, |®i]n = 2 [Apt]n = Aplt]n; [tuln = [tn|w]ns
[t @ ulp == [t]n ® |u)n; [u]n = ((u(0)]n,...,[u(n)],). The definition makes
sense because of well-foundedness: technically, what we are saying is that |-|, is a
function satisfying the above equalities. One may prove by well-founded induction that
such a function is well defined and unique.

Reduction may be defined for terms of £/, in the obvious way, using substitution
(which may now require infinitely many substitutions in the case ¢[u/z]). Nevertheless,
we stress that, from a strictly technical point of view, by Proposition 1 we do not need
an explicit definition: indeed, Cauchy-continuity is exactly the property guaranteeing
that a function on a uniform space uniquely extends to its completion.

It is worthwhile noting that reduction in ¢/, although still strongly confluent (a
topological proof is given in [11]), is no longer normalizing. In fact, if we set {2 :=
A{A A A, .. ), with A as above, we have (2 — (2.

Correspondence with a non-linear \-calculus. For programming purposes, it will be
convenient to consider a more standard, non-linear A-calculus. We use the same sets of
linear and non-linear variables as ¢/ (ranged over by a and z, respectively) but for each
non-linear variable we also consider a corresponding §-variable denoted by x8. Patterns



p are defined as in £/, with the addition of §-variables. Terms and reduction contexts
are defined as follows:

M,N :=al|z% |z | Ap.M | MN|M®®N|§M|!M,
R:=e|Ap.R|RM|MR|R®M | M ® R.

The affinity constraint is on linear variables and §-variables, which must occur at most
once. Non-linear variables may occur arbitrarily many times. Also, the simultaneous
presence of % and x in a term is excluded. In ! M (resp. § ), called !-box (resp. §-box),
we require all free variables to be non-linear (resp. to be non-linear or §-variables). The
set of terms thus defined is denoted by A.

Matching between terms and patterns is defined as in £/, with both §M () 2% and
IM () 28, and !M () 2. Substitution is also extended in the obvious way: in M[§N/x%],
M]I!N/z%] and M[!N/z], N is substituted to all free occurrences of z or z¥ in M (so
several copies of N may be needed). Reduction, denoted by — g, is the union of — g
and ~~ g, which are the smallest binary relations on A defined as follows:

- (Ap.M)N — o M[N/p] whenever N { p;
- if M —po M’, then R[M] — o R[M'];
- §M ~p M.

We may represent terms of A in (A, as follows. Let ¢ : N* — N\ {0}
be an injection. If p is a pattern of A, we denote by p~ the pattern of ¢A,, ob-
tained by replacing every 2% with . Given a € N*, we define [M]!, by induc-
tion on M: [a]l, = a; [2%], = =o; [z]Y = z.a): [AP-M]Y = Ap~.[M]Y4:
[MNT, = [M]5. 0[N0 [M ® NI, = [M]50 @ [NI5.0: BMIG = (IML):
(MY = ([T, [M] o [M]5.0, - ..

We say that t € (A represents M € A, and we write ¢ « M, if there exist o and
¢ as above such that [M]:, = t.

Proposition 2. Lert €« M and M —p M', thent — t' < M'.
Proof. Essentially, this is one direction of the isomorphism of [11]. a

The converse of Proposition 2 fails: let ¢ > 0, ¢ := (Az.z;)(I) and M := (Az.x)81;
we have t « M, yet M is a normal form whereas { —5 L. The perfect correspon-
dence of [11] could be recovered by modifying the syntax of A (and ¢A..) but this is
inessential for our purposes.

3 The Parsimonious Stratified Calculus

Stratification. The box-depth of a specific occurrence of subterm w int € ¢4, denoted
by d,(t), is the number of nested boxes of ¢ in which w is contained. For instance,
d,(t) = 0iff t = S[u] for some shallow context S (this is the reason behind the
terminology “shallow”). The box-depth of t, denoted by d(t), is the supremum of the
box-depths of its subterms. It is always finite if the height of ¢ is finite, which will be
the case of interest to us.

The binder-relative box-depth of an occurrence x; appearing (free or bound) in ¢,
denoted by rd,, (t), is: d, (¢) if z is free in ¢; if 2 is bound, then there exists Ap.u C ¢



such that x € p and x; appears in u, in which case rd, () := dy, (¢t) — dxp..(t) (Which
is easily seen to be equal to d, (u)).

Definition 1 (Stratified term). A term t is stratified if, for all z; C t, vd,,(t) = 1.

We denote by (A3 the set of all stratified terms and by (A2 the set of stratified terms
having no free non-linear variable.

Proposition 3 (Reduction and stratification). 1) If t € (A5 andt —g t/, thent’' €
A5, and A(t') < d(t); 2) moreover, if t € (A and t ~~ t, then t' € €A and
d(t') = d(t) — 1; 3) every t € LA of finite height is strongly normalizing.

Parsimony. Givenm,n € Nand t,t' € £A.,, we write:

— t ~, t' if t and ¢’ differ only in the indices of the bound occurrences of their non-
linear variables, and the indices vary by at most n, i.e., if x; in ¢ corresponds to x;
int’, then |i — j| < n.

— ¢ :<™ t' if ¢’ is obtained from ¢ by replacing every free occurrence of non-linear
variable z; with ;4.

-t iff there is w s.t. &~y w :<™ ¢/ iff there is o/ s.t. ¢ :<™ u/ ~,, ¢/ (the latter
two conditions are equivalent because the relations act on disjoint occurrences).

Definition 2 (Parsimonious term). A box u is parsimonious if there exist c,k € N
such that, for all i > j > k, u(i) :<079 u(j). The smallest k € N realizing the
above definition is called the non-uniformity factor of u, or n.u. factor for short. A
term t € (Ao is parsimonious if all of its boxes are. We denote by (LAY the set of all

parsimonious terms.

Note that, unlike stratification, parsimony is inherited by subterms. Another dif-
ference is that every finite term is parsimonious. In fact, intuitively, the structure of a
parsimonious term admits a finite description: in every box u, all u(¢) ultimately have
the same ‘“shape”. Nonetheless, the term itself may not be finitely describable at all.
For instance, if I; := Az.xz; with ¢ € {0,1}, the term (I;,, I;,, I;,, ...} is parsimo-
nious (with n.u. factor 0) regardless of the sequence ¢,, (this will be a key ingredient for
encoding infinite binary words). Moreover, we have:

Lemma 1. /. Every parsimonious term has finite height;
2. let u be parsimonious of n.u. factor k and let x have infinitely many free occur-
rences inu. Then, forall h € N, there is exactly one free occurrence x, inu(k+h)
andjh =Jjo+ h.

Proposition 4 (Reduction and parsimony). Ift € (A andt — t/, thent € LAY,
Bounds on parsimonious stratified terms. By Propositions 3 and 4, parsimonious strat-
ified terms form a well defined calculus with respect to the reduction relation —.
Definition 3 (The calculus (AP0). We define (AR := (A0 N AB..

In what follows, ¢4 is the Kronecker symbol, equal to 1 if d = 0 and to 0 otherwise.
Let t € AR, . The size of t at box-depth d is defined as follows. First, we define the
size of a pattern by setting |a| := |z| := 1, and |p ® q| := 1 + |p| + |q|. Then, we set



|Lla == lala := 04; |zila := (1 4 9)da; |Ap-tla := dalp| + |t|a; [tulq == [t @ ulq :=

0a + [t|a + |u|a; Julo := 1 and |u|g41 := Zf:o |u(7)|q, where k is the n.u. factor of u.
. . d(t

Finally, we define the size by |t| = Zj(:()) [t];.

Lemma 2. Lett € (AP0 and let t —7 t'.

lj < [¢[at]5-

In what follows, we will make use of the n-th approximations of a term, defined
at page 5. We also introduce the following notation: given two terms ¢, and n € N,
t =, tjustif [t], = [t']n. Itis obviously a family of equivalence relations.

Definition 4. Let t € (A and let x appear in t. Given n € N, we define v, (n) =
sup{i € N | z; appears in |t|,}.
Let now t — t and n € N. We define my_v/(n) € N as follows. If t ~

t', myp(n) = n. Otherwise, t —4 t' by firing a redex (Ap.u)v such that
xl, ... 2P are the non-linear variables appearing in p. Then, we set my_,y(n) =
max (n, sup{vy1 ((n),...,ver t(n)}).

Lemma 3. Lett € (A, and lett — t'. Then, for all n € N and for all v € A,
UL, (n) timplies u — u such that v’ =, t'.

Lemmad4. Let t € (AR and let x be a bound variable of t. Then, v, (n) < |t| +n,
foralln € N.

Lemma 5. Lett € (AP and lett —' t'. Then:
Lo < 12" and 1 < (d(t) + D2 +d(b);
2. forallm € N, there ism < n + l|t|2dm such that |t|, —'t" =, t'.

Proof. Point 1 is proved by by induction on the number of ~~ steps in the reduction, in
a similar way as [4, 1]. In synthesis, Lemma 2 and Proposition 3 give d(¢) 4 1 “rounds”
each squaring the size. The result follows.

For point 2, we reason by induction on . The case [ = 0 is trivial, so let t —' Uy —
t’. The induction hypothes1s gives us, for all m; € N, m(my) < my + U'|t]? ““ such
that [¢],(m,) —' ©' 2, u. We then apply Lemma 3 to obtain [¢],,(m. .,/ (n)) -t
u’ — t"" =, t'. To conclude, we need to bound m(m, ¢ (n)) < m,_p(n) + l'|t|2d(t).
By definition, m,,_,4 (n) is either n, in which case we are done, or of the form v, ,,(n)
for some x appearing in u. By Lemma 4, v, ,,(n) < |u| 4+ n. Now, using the size bound
of point 1 (which does not depend on !’), we have |u| < |t|2d(t), which allows us to
conclude. O

Parsimony and stratification in the non-linear calculus. In A, the concepts of box-
depth and binder-relative box-depth are defined just as in £/, with !- and §-boxes both
counting as boxes.

Definition 5 (The uniform calculus AP%Y). We denote by AP0 the subset of terms of
A satisfying the following requirements, which correspond to those of (AP 1) occur-
rences of non-linear variables have binder-relative box-depth 1; 2) every non-linear
variable appears in at most one subterm of the form M, in which case it occurs exactly
once in M; 3) no §-variable or non-linear variable appears free.



Proposition 5. 1. Ift 4 M, then M € AP jfft € (AR,
2. if M € AP0 and M —g M', then M’ € AP0,

Proof. Point 1 is an immediate consequence of the definitions. Point 2 easily follows
from point 1, modulo Propositions 3 and 4. O

4 A Characterization of P/poly

Representing basic data and languages. We consider the usual Church encodings of
Booleans and binary strings (the members of W := {0, 1}*), adapted to £AR°. For the
Booleans, we set tt := Aa.\b.a and ff := Aa.\b.b. Given w = wy---w,, € W, we
say that a term ¢ is a Church encoding of w if t = As®As'.(Aa.s}" (... 57 a. . .)),
with 41, ..., i, € N arbitrary as long as affinity is assured. For example, the encodings
of 010 are all of the form As®.As'.(\a.s{, (s} (sy,a))), with iy # i5. We denote by
w a generic Church encoding of w. Observe that, by choosing the indices as small as
possible, every w € W admits a Church encoding such that |w| = O(|w|?) (where |w|
is the length of the string w). On the other hand, d(w) = 1 independently of w and of

the Church encoding.

Definition 6 (The class C..). We say that a language L. C W is decidable in £AR
(L € Cu) if there exists t € £AR such that, for all w € W and for any one of its
Church encodings w, tw —* tt if w € L, and tw —* ff otherwise.

Uniform programming. A good deal of the expressive power of /A2 may be shown
using the more standard calculus AP, This is especially convenient because AP may
be provided with a typing discipline which greatly facilitates programming.

The types are second order intuitionistic linear logic formulas, generated by
AB:=X|A—-B|A®B|§A|!A| VX A, with X ranging over propo-
sitional variables. The usual conventions for parentheses are applied (— associates to
the right). The typing rules are a decoration of the sequent calculus for a subsystem of
intuitionistic linear logic. Typing judgments are of the form I" - M : A, where I is a
finite list of variable assignments of the form p : A. In case p = 2% (resp. p = z), we
require that A = §B (resp. A = | B). The rules are as follows:

I'EN:A Ap:A-M:C

a:AFa:A IN'Abrletp=NinM:C ot
I'-M:C ) F,a::!A,y§:§A|—M:C’asymcntr
Ip:ArM:C "™ Iz \AF Mz/y8): C
I'p:A-M:B o I'-N:A Ap:BFM:C )
IT'FXApM:A—-B I'Aja:A—BFletp=aNinM:C
LEM:A AEN:B I''p:Aq:BFM:C oL
I'AFM®N:A®B I''p®q: AR BFM:C
T BrM:A T BrM:A

!

7§:§§I—§Iet?:7§inM:§A§ T BFletP = TinM: A



I'EM:A I''p: AFM:C
TEM:vx.A XD Tp:VXAFM:C ™

We used the following notational conventions: in the rules cut and —o L, the notation
letp = N in M stands for M[N/a] in case p = a or (Ap.M)N otherwise (the obvious
n-ary generalization of this notation is used in the § and ! rules); in rule asym cntr, the
substitution M [x/y®] simply means that the unique occurrence of % in M is replaced
by x (of which there may already be occurrences); in the § and ! rules, E) : B means
that the context is of the form p; : By,...,p, : B, and, in the conclusion, AR 8
(resp. T : !?) means that every p; : B; is replaced by x%% : §B; (resp. x* : | B)).

The reader may check that if p; : Ay,...,p, : A, B M : C is derivable, then
AP1 ... Apn.M € AP0, The system enjoys subject reduction with respect to — o but
not ~~ 4. This failure is to be expected and is actually rather mild: if - A : §A and
M ~»3 N, then = N : A. This is enough for our purposes; subject reduction in itself is
not essential for us, because we never use typing as a means of ensuring properties.

The types of Booleans and Church strings are Bool := VX.X — X — X and
Str:= VX.I(X — X) — (X — X) —o §(X —o X), which are adaptations of the
corresponding standard System F types. Booleans are the same as in £A25° and Church
strings are obtained by erasing indices. In particular, each string has a unique encoding,
e.g. 010 = As® Ast.§(Na.s" (s (s%a))).

Definition 7 (The class C). A language L is decidable in AP*° (L € C) if there is a
derivation = M : Str —o §*Bool, with §*A = §---§ A for some k € N, s.t. Mw —5tt
ifw € Land Mw —7 ff if w € L.

By Propositions 2 and 5 we have C C C,.

A slight variant of the type of binary strings gives us the Church numerals, i.e.,
unary integers, of type Nat := VX./(X — X) — §(X — X). These are of the
form n := As.§(Aa.s(...sa...)), with n occurrences of s. Ifa : I,c: AF F: A
and b : A F Z : A, we define it(F, Z) := (\22.8(28Z[y?/b]))(n!(A\c.F[z/a))).
It is readily verified that @ : !Iy% : §A,n : Nat - it(F,Z) : §A and that
it(F, Z)n =5 (Ae.F)(...(Ac.F)Z...), the n-fold iteration of /" on Z. Using itera-
tion, we may define the basic arithmetic functions, including any polynomial, by adapt-
ing the usual definitions, much as in [4, 1]. Furthermore, following [1], we may define
a type Tur of Turing machine configurations and, for any deterministic transition func-
tion, a term of type Tur F Tur implementing it. One may also easily implement the
function building an initial configuration from a string (of type Str F Tur), the function
telling whether a configuration is accepting (of type Tur - §Bool) and the function re-
turning the length of a string (of type Str - Nat). Composing all these, with the help of
iteration and the numerical functions shown above, every deterministic Turing machine
with a polynomial clock may be implemented in AP0, showing that P C C.

The characterization. We remind that P /poly is the class of languages decided by poly-
time Turing machines with polynomial advice, or by polynomial-size Boolean circuits.

Theorem 1. C., = P/poly and C = P.



Proof. The inclusion C,, C P/poly is obtained from Lemma 5, as delineated in Sect. 1:
if tw —! u, with u the encoding of a Boolean, we have |u |y = u. By Lemma 5, there
exists m < (d(tw) + 1)|tw|2d(w)+1 + d(t@)|t@\2d(fw such that |[tw],, = [t]mw —*
u. But [tw| = 1+ |t| + |w| = O(|w|?) (by choosing the suitable Church encoding)
and d(tw) = max(d(t),1) = O(1), so m is polynomial in |w|. From this, to prove
C C P it is enough to observe that, in case ¢t = [M] with M in AP0, the |¢],, are in
fact polytime computable (they are actually logspace computable, see Sect. 5).

For the converse, we need to encode Turing machines with advice as terms of EAg;O.
We will make the simplifying assumption that the advice strings a,, (where n € N
is the length of the input) are “cumulative”, i.e., for all n, a,, is a polynomially-long
prefix of an infinite binary word A. Every polynomial advice may be transformed into
a cumulative polynomial advice, so there is no loss of generality. We will show how
to encode the infinite string A in £A2%° and how a prefix of a given length may be
extracted. This is enough to conclude, because the rest is all uniform computation which
we already know is representable in £ABSY (via APSY): if w is the input string, the prefix
of A to be extracted is of length ¢(|w]|) with ¢ a polynomial, and we know that both ¢
and | - | are representable; the resulting advice string is then fed to the encoding of the
suitable polynomially-clocked Turing machine, together with a copy of w.

Let A; be the j-th bit of A, and let

Zp = <<§>> ® <IonIA1vIA2’ . ->a
F = w @ x. (A y-{foyo))(x0(So, S1))wo) ® (21, 2,23, ...),
extry = An.(Az.(Aa ® b.a)(20Z4)))(n(F, F, F, .. .)),

where, for ¢ € {0,1}, I, := Az.(x;) and S; represent the two constructors on
Church strings (s.t. S;w —* w). The reader may check that the above terms are all
in AP0, The term extr 4 takes a Church numeral n of £AR° (which is of the form
As.(Aa.si, (... si,a...)), with iy, ..., i, pairwise distinct but otherwise arbitrary) and
iterates n times F' on Z4. The result is a pair, of which the first component is taken
as the final result. The term Z 4 is where we fully exploit non-uniformity, representing
A. Finally, if we disregard boxes, F takes a pair (w, iW'), composed of a finite and an
infinite string, and returns (7w, W). Therefore, extr4 g(n) —* a, forall n € N. O

5 Affine Lambda-Terms and Boolean Circuits

Let L € P. By Theorem 1, we know that L is decided by M € APV, so deciding
whether w € L amounts to normalizing Mw, which, by Proposition 5, amounts to
normalizing [ M ]w (with w any encoding of w in £A250). But, for this, we know that it is
enough to normalize |[M] ], w with m polynomial in |w|. By inspecting the definition
of [-] and |-],, one may see that building | [M] |, from M may be done in logarithmic
space (in |w|), much like building the circuit representing the computation of a polytime
Turing machine from the trace of its execution on w.

We have therefore given an alternative proof of the P-completeness of the normal-
ization problem for the affine A-calculus (given an affine A-term, decide whether its



normal form is the Boolean tt). Mairson [10] showed this by encoding Boolean cir-

cuits in affine \-terms. The interest of the above proof is that it is virtually identical to

the usual P-completeness proof of CIRCUIT VALUE [7], which is essentially the Cook-

Levin theorem and does not rest on the P-completeness of another problem. It is also

noteworthy that the “locality of computation” is reflected in the continuity of reduction.
The results of this paper seem to suggest the following “equation”:

affine \-terms Boolean circuits

(infinitary affine) A-terms Turing machines (with advice)

The relationship between Boolean circuits and affine calculi was of course already
known [10, 13]. However, we are seeing a connection here which is deeper than what
was shown by any previous result. An interesting perspective given by the above “equa-
tion” is to study the notion of uniformity of families of Boolean circuits via the unifor-
mity of the infinitary affine A-calculus. This may be defined in a purely algebraic way:
the terms ¢ such that £ <€ M may be characterized by means of a partial equivalence
relation, as in [11]. This might be turned into a notion of uniform family of Boolean
circuits which is purely intrinsic, i.e., it depends only on the “shape” of the circuits in
the family and does not invoke external algorithms producing the circuits themselves.
Investigating such a notion is definitely a topic worth further investigation.
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A Nameless Pre-Terms

We formally introduce de Bruijn notation for pre-terms. Pattern indices and nameless pre-terms
are generated by the grammar

in=(n,d)|i®e|exi, tbus=L]i|At|tu|t@u]u,

where n, 7 € N and the remaining notations are identical to the case of pre-terms. An occurrence
of index pattern i corresponds to an occurrence of variable. It contains exactly one pair of integers
(n,1); n is the actual de Bruijn index: it identifies the A-binder in the usual way (i.e., n is the
number of binders between i and the binder of i); on the other hand, ¢ gives information on
the nature of the variable: ¢ = 0 means a linear variable, whereas ¢ > 0 means that it is the
(i — 1)-th occurrence of a non-linear variable. The structure of i gives information on where the
variable is within a larger pattern. With this in mind, every pre-term induces a unique nameless
pre-term in the usual way. As an example, the de Bruijn notation for Axz.Aa ® b.{xo(z1(b® a)))
is A.A((1,1)((1,2)((e ® (0,0)) ® ((0,0) ® »)))).

Although practically unreadable, de Bruijn notation allows us to see pre-terms as labelled
trees: if we set X' := {L,i, A\, @, ®,!} (with i ranging over index patterns), then nameless pre-
terms are just functions N* — Y. This is the formal description of terms that is intended to be
used in the definition of uniform structure.

B Cauchy-Continuity of Reduction

In the sequel, we denote by A\p.£A, fA@ LA, ¢A ® LA and [£A the sets of all terms of the form
Ap.t, tu, t ® u and u, respectively. All these sets are endowed with the subspace uniformity. We
will also use the following notations:
— LA X €A is the set of all pairs of terms (¢, u) such that tu is also a term (not just a pre-term),
endowed with the subspace uniformity of the product uniformity on A x ¢A;
- (6/1)<N) is the set /A endowed with the subspace uniformity of the product uniformity on
(€)X (i.e., the set of all sequences of terms).
The maps Ap : £A — ApAA, Q : A Xog A — A @ LA and ® : LA X €A — LA R LA,
defined by t — Ap.t, (t,u) — tu and (t,u) — t ® u, respectively, are obviously bijective.
Furthermore, they and their inverses are all uniformly continuous:

Proposition 6 (Isotropy). We have the following uniform homeomorphisms:
1. A\pALA = LA via \p;
2. IAQUIA 2 UIANQRIN2IN Xag LA via Q and Q;
3. WA= (A)D via the identity.

Proof. We consider directly point 2, and start with @™, We have to show that forall ¢/, " € NY,
there exists ¢ € N" such that (tu,t'u’) € Ug implies (t,t') € Ugr and (u,u’) € Uer. Tt is easy
to check that setting & := 1 - (£ V &) meets the requirement. For @, we have & = n - £ and
must determine &', &’ to get the converse implication. It is easily seen that setting &' := £” := &
is enough. The case of ® is virtually identical. Point 1 is also similar.

Before proving point 3, let us remind that the uniformity on (¢A) M) s given by the following
basis of entourages: we choose a finite F' C N, we chose one & € N for each i € F, and we
= {(u,u’) | Vi € F, (u(i),u’(i)) € Ug,}. Now, in the

define the basic entourage V(¢,), .
direction from !4/ to (¢A)™, we need to prove that, for all {i1,...,i,} C N and for every
Eiry - &i, € N, there exists £ € N' such that (u, u’) € U implies (u,u') € Ve, ¢, . We

define the integer k& := max{i1, ..., i} and the sequence of integers &’ := \/,,, &, We



invite the reader to check that £ := k - £’ meets the requirement. The other direction is easier: we
have £ and we need to determine a finite /' C N and & € N foreachi € F.Let& = n - £';
then, the reader may check that it is enough to set F' := {0,1,2,...,n} and &; := £ for all
0<i<n. a

In the following, given a net (¢,),c1, we say that a property “eventually” holds for ¢, if there
exists k € I such that, for all + > k, t, verifies the property. Also, if we define some ¢, for all
¢ > k by relying on the fact that ¢, satisfies the property, we speak of the net (¢} ),cr implicitly
assuming that ¢, is fixed arbitrarily for those ¢ such that ¢, does not satisfy the property.

Corollary 1. A net (t.).c1 is Cauchy iff one of the following eventually holds:
1. t, =1, where t is an occurrence of variable or L;
2. t, € Ap.lAand (A\p~*(t,)).er is Cauchy in £A;
3. t, € LA@ LA and both (m1(Q7Y(L,))).er and (m2(Q7Y(L,))).er are Cauchy;
4. t, € LA ® LA and both (71 (@ (t.))).er and (m2(®@ ' (t.))).er are Cauchy;
5. t,=u,and foralli € N, (u,(2)).cr is Cauchy.

Proof. That all terms are eventually of the same kind (variable, abstraction, application, etc.) is
immediate. Then, case 1 is obvious, whereas the other cases follow from the isomorphisms with
product uniformities (Proposition 6). O

In the following, we consider the functions I7; : 1¢A — €A, fori € N, defined by I7;(u) :=
u(i). We also define the set of functions F := {A\p~ ', m 0@ mo@ !, IT; | i € {1,2}, j €
N} Let (£.).er, (£,).er be two Cauchy nets. We write (£,).er T (t,).er just if, eventually,
t, = ¢(t,) for some p € F.

Lemma 6 (Well-foundedness). The relation T is well-founded.

Proof. Assume the contrary, and let (¢Y),c; 7 (¢} ).er 3 (t7).cr 3 - .. be an infinite descending
chain. By definition, we have a sequence (¢, )nen of functions in F such that, for all n € N, there
exists K, € I such that, for all ¢« > k,, tf”'l = ¢n(t}'). Define 1o := ko and, inductively, let
tn+1 be an element of I which is above both k.41 and ¢, (such an element must exist because
I is directed). We set u,, := t?n. Observe that, by construction, for arbitrary n € N we have
@n 00 po(Unt1) = tf:fl # 1. The latter disequality holds because, since tn+1 > Kn+1,

n+1
tbn+1

Let us now define & € N" by setting &, to be: 0if o, = Ap~'; ¢ — 1if ¢, = m 0 @*
or ¢, = m o® ' and i if ¢, = II;. We denote by a,, the prefix of £ of length n + 1. We
may prove by induction on n that ¢, 0 -+ 0 Yo(Un+1)[€] = Unt1[an], for all n € N. But
(un)nen is a Cauchy sequence (because it is the subsequence of a Cauchy net) and therefore
there exists k € N such that, forall ¢, j > k and for every n € N, u;[an] = u;[a,]. In particular,
Uk [an] = Un+1]an] # L forall n > k, which is absurd, because uy, is a finite term. O

is in the domain of ¢, 11, which never contains _L.

Lemma 7 (Substitution). Letr (u,).c1 be a Cauchy net such that, eventually, u, () p. In that
case, if a net (t,).c1 is Cauchy, then so is (t,[u./p]).cr-.

Proof. By well-founded induction on (¢,).er, using Corollary 1. ad

Given a € N*, we define Ry : 4 —> €A by Ra(t) := t' if t —5 ' by reducing a redex at
position a, or Rq(t) := t if no such reduction applies.

Proposition 7 (Cauchy-continuity of reduction). For all o« € N*, R, is Cauchy-continuous.



Proof. Let (t,),cr be a Cauchy net, and let ¢, := R,(t,). We need to show that (¢,),cs is
Cauchy. We do this by induction on the length of c. We start with the inductive case, which is
easy. Suppose o = n - o’. The proof depends on the value of n, but it is similar in all cases. To
give the idea, we let n = 1. Now, if we are not in one of cases 3, 4 or 5 of Corollary 1, then
eventually ¢,[«] = L and the result is vacuously true. Again, to show the idea, we pick case 4,
i.e., eventually ¢, = ¢,t;'. By Corollary 1 both (£,).cr and (¢,"),cr are Cauchy; by the induction
hypothesis, (R (t.')).er is Cauchy, so (¢, Ras(t)).cr is Cauchy (again by Corollary 1). But
observe that, for all u, v, Ro(uv) = uR, (v), hence we are done.

So we only need to prove the Cauchy-continuity of R.. We start by defining, for every pattern
p, a finite A(p) C N* as follows. First, we set A7 (a) := A7 (z) := {e}and A= (p® q) :=
0-A7(p)Ul- A" (q); then, welet A(p) :=1- A~ (p). Now, observe that ¢ is a redex (Ap.u)v
precisely if: t[e] = @; ¢[0] = A; forall &’ € A(p), ¢[a’] has a suitable value depending on p and

o (for instance: if p = a, there is no requirement; if p = =, then we must have ¢[1] = !; for more
complex patterns, we have at least ¢[1] = ® and the rest depends on the pattern). The essence
of the above discussion is that a pattern p induces a1, ...,a, € N* and 01,...,0, € X such

that ¢ is a redex of pattern p iff t[o;] = o for all 1 < ¢ < k. Therefore, by extending each «;
arbitrarily to get & € N™ and by setting £ := Vicicp&i-wehave oy < & < Eforalll <i <k
and, whenever (t,t') € Uy, t is a redex iff ' is.

The above means that, by virtue of the Cauchy property, either eventually ¢, is a redex,
or eventually none of ¢, is. In the latter case, (¢,).cr is trivially Cauchy. In the former case,
eventually t, = (Ap.s,)u, and u, {j p. Therefore, eventually ¢, = s,[u,/p]. Now, by Corollary 1,
(s.).er and (u,).er are both Cauchy, so Lemma 7 applies, and we are done. O

The Cauchy-continuity of unboxing reduction is trivial: an application of ~~ is simply an
application of the uniformly continuous map we called 1] above (remember that uniform conti-
nuity implies Cauchy-continuity).

C Proofs of Sect. 3

C.1 Proof of Proposition 3

Lemma 8. Lett,u € A, letu () p and suppose that x € p and x free int imply dz, (t) = 1 for
alli € N. Then, for allv C u, dy(t[u/p]) = dv(u) (provided v is not erased by the substitution).

Proof. The proof is by induction on p. If p = a, we may assume that a is free in ¢, in which case
it must appear at box-depth 0, so d., (¢[u/a]) = dy(u). If p = z, then v = uwand v C u(s) for
some ¢ € N, which means d,(u) = d,(u(¢)) + 1. But, by the hypothesis, d., (t) = 1 (again,
we may assume that x; does appear in t), so u(%) is substituted inside exactly one box of ¢ and
dy (t[u/z]) = dv(u(z)) + 1, as desired. The inductive case is immediate. O

The second part is an immediate consequence of the definitions, so let us concentrate on the
first. Let z; C ¢'; it is enough to show that rd,, (') = 1. Note that reduction does not create
occurrences of variables, so x; C ¢ and by hypothesis rd,, (¢) = 1. Let t = S[(Ap.u)v] and
t'" = S[ufv/p]]. If z; is in S, then the result is obvious. Otherwise, by a-equivalence we may
assume x ¢ p and we have two cases: either ; T w, in which case the lemma holds regardless of
stratification; or z; T v, in which case, thanks to stratification, we may apply Lemma 8 to obtain
da; (u[v/p]) = da, (v). If 2 is free in v, this is enough to conclude. Otherwise, we have A\q.v’ C v
which binds « and, applying again Lemma 8, we know that d 4.,/ (u[v/p]) = dxq..» (v), Which
allows us to conclude by definition of binder-relative box-depth. O



C.2 Proof of Lemma 1

Point 1 is immediate: by well-foundedness, the only way that a term may have infinite height is
if it contains a box u such that the height of u(i), for ¢ € N, is unbounded, contradicting the
definition of parsimony.

Let us turn to point 2. First of all, it may be established by a straightforward induction that,
for all n, t ~,, t’ implies that ¢, ¢’ have the same number (including co) of occurrences of every
free variable. Then, since u(k) ~5 u(k + h), the number of free occurrences of x is the same
in all u(k + h) for all h € N. Let z;1 and z;2 be two occurrences in each u(k + h). Fix

1 € {1,2} arbitrarily. We claim that the sequence (j;)nen is strictly increasing. First of all,
observe that parsimony implies |j;LJrl - j“ = 1 (because jﬁH_l = jlis impossible by affinity).
Then, the sequence is monotonic: if we had something like j, > jfbﬂ < jthQ, we would
have j! = jl 12, contradicting affinity. But then the sequence must be increasing, because it is
infinite. Therefore, we have j,, = j§ + h, for all b € N. Suppose now that jo < j3. We would
have j;g = jo + jé — jo = j&, contradicting affinity. A similar contradiction is obtained if

j& > j&,s0 jo = j&, which means there is only one occurrence. O

C.3 Proof of Proposition 4

Thanks to the fact that parsimony is inherited by subterms, the result may be proved by a straight-
forward induction from the following substitution lemma: if ¢t,u € ¢AS, and w () p, then
tlu/p] € €AS,.

To prove the lemma, we start by establishing the following claim. Let ¢ ~,, t' and let u
be parsimonious with n.u. factor k. Then, if all z; occurring free in ¢, ¢’ are such that i > k,
then t[u/x] ~, t'[u/z]. The proof is a straightforward induction, the important case being
t = z; and t' = z;, so that t{u/z] = u(i) and t'[u/x] = u(j), from which, by hypothesis, we
have u(i) ~;_; u(j), which implies u(i) ~, u(j) because the hypothesis x; ~, x; gives
li—jl <n.

The proof of the lemma is by induction on p. The base case p = a and the inductive case are
straightforward, so we concentrate on the case p = x, in which © = u. We proceed by induction
on t. All cases are immediate except t = v. Let v/ := v[u/x]. We need to show that v’ is
parsimonious. By definition, we have v'(i) = v(i)[u/z]. If all the free occurrences of z in v
are concentrated in finitely many v (%), we conclude trivially by parsimony of v. Otherwise, there
necessarily exists ¥ € N such that, for all ¢ > k, whenever x; appears free in v(4), j surpasses
the n.u. factor of u. Therefore, by the above claim and the parsimony of v, 4,7’ > k implies
V' (3) ~ji—ir) V' (i), as desired. ]

C.4 Proof of Lemma 2

The proof of this lemma basically mimics the usual proof of the similar result for light linear
logic [4], which is done using proof nets. Here, we consider instead a variant of £, with explicit
substitutions, following recent work of Accattoli. An explicit substitution is of the form [z := u]
where x is a non-linear variable and u is a box. We use o to range over finite lists of explicit
substitutions (simply called substitution lists) and we denote by oo’ the concatenation of such
lists and by e the empty list. We define o[u/p] by €[u/p] := € and ([z := u]o’)[u/p] := [z :=
ulu/pllofu/pl.

Given a pattern p and a term u {) p, we define t[u/p’] as follows: t[u/a’] := t[u/al,
tlu/z’] == t and tfu; ® ua/(p1 @ p2)¥] := tlu1/pi][ua/ps]. We also define the substitu-
tion list [p := u] as follows: [a := u] ;=€ [z := u] := [z := u]; [p1 ® p2 := w1 @ u2] :=
[p1 == ui][p2 := u2].



A configuration is a pair (¢t,0) where t € £/A and o is a substitution list. Configurations

will be ranged over by c. We define the following rewriting rules on configurations:
- (S[Op-t)u],00") —m (S[t[u/p’]], op := u]o’) whenever u () p and no non-linear vari-
able of p appears in ¢,
- (t,olx :== u]o’) = (tlu/z], o[u/z]o’),
where S is any shallow context. So, when a redex is fired, only the linear part of the substitution
is performed immediately, whereas the non-linear part is stored in the substitution list and may
be performed later. In fact, we obviously have that ¢ — ¢’ implies (¢,0) —m—e (¢, o) for all
0. Weset —¢:=—m U —e.

A reduction sequence ¢ —; ¢’ is normal if it can be decomposed as ¢ —1,—& ¢’. It is not
hard to verify that, in £A3,, —¢ steps may always be postponed: if ¢ € (A3, and (t,0) —.
c1 —m ¢, then there exists ¢z such that (t,0) —m c2 —e c. Therefore, if t € £AR? and
t —; t', then (t,€) —c (', €) via a normal reduction sequence and it is enough to prove the size
bound on ¢’ using such a sequence.

In the sequel, in order to name bound variables unambiguously, we use Barendregt’s conven-
tion: we assume that all A\’s occurring at box-depth 0 in a term ¢ bind distinct variables. Observe
that, since the calculus is affine, if ¢+ —¢ ¢’ and ¢ adheres to Barendregt’s convention, then so
does t’, without any renaming. This gives an implicit way to track residues during a reduction: an
occurrence z; in ' is necessarily the (unique) residue of z; in .

Definition 8 (Arity). Let x be a bound variable at box-depth 0 of t € (AL, i.e., thereis A\p.u C ¢
such thatx € pand dp.u(t) = 0. Let X := {i € N | x; is free in u}. The arity of x in t, denoted
by V(z), is defined as follows. If X is finite, then Vi(x) := max X. If X is infinite, then by
point 2 of Lemma 1 there is a unique box u T u containing all occurrences of x but finitely many;
more precisely, it contains (at least) xj,+n for all h € N and for some jo € N unambiguously
determined by the n.u. factor of u; then, we set V¢ (m) ‘= Jo.

We write <, y just if 0 = o1[y := Vv]oz[x := u]os and there are infinitely many free

occurrences of z in v. Given ¢ := (t,0), we define pc(z) = Y V:(y). Let, moreover,
1

zd5y
o = [z" :=ui] - [x" := uy]. Then, we define the potential size at box-depth j > 1 of ¢ by
(el = [l + 200y pe(2®) a5

One may prove that the order < is arborescent, which is an easy consequence of the fact
that there is at most one u containing infinitely many occurrences of x. In fact, the order is
dual with respect to that of the similar order relation defined in light linear logic [4] (i.e., ours
is downward-arborescent, that of light linear logic is upward-arborescent). At the level of the
dynamics of reduction, this is the main difference between our system and light linear logic. The
other key observation is that, by parsimony, if & is the n.u. factor of u, we have |u(k + p)|;j+1 <
(14+n)u(k)|;j+1, forall j,p € N. That is, the size of terms in a parsimonious sequence increases
linearly, with multiplicative constant 1.

From here, the proof proceeds much as in [4, 1]: we consider a normal sequence (¢, €) —,
(t1,0) =% (t',€) and observe that |t1| < [t[; then, we observe that [(#', €)]; = |¢|; and we show
that, whenever ¢1 —. c2, one has [c1]; > [c2];. Therefore, the potential sizes of (¢1, ) bound
the actual sizes at the end of the reduction. One then concludes by observing that the potential
size verifies the bound of the statement of the lemma. ad

C.5 Proof of Lemma 3
Lemma?9. Lett >, t'. Then:

1. ifn/ <m, thent 2,/ t';
2. ift=1t=aort=ux; thent =t;



3. ift = Ap.t1, thent’ = Ap.t} and t) =, t1;

4. ift = tita (resp. t = t1 @ t2), then t' = t1t5 (resp. ' = 1 @ t3) and t; =, t;, for
jefl,2}

5. ift =u, thent =1’ and, forall 0 < i < n, u(i) =, u'(4).

Proof. All points are proved by immediate well-founded inductions. O

First one proves that, for every pattern p containing exactly the non-linear vari-
ables z',...,zP, for all terms v and w 0 p, for al n € N and m >
max(n, sup{v,1 ,(n),...,Vzr,»(n)}), we have that v’ =, v and w’ =, w implies
v'[w’/p] =n v[w/p]. This is done by induction on p, the base cases being proved by well-
founded induction on v. The only interesting case is that in which p = y, v = y; and w = w.
In that case, the hypotheses and Lemma 9 give us v' = y; and w' = w’ such that, for all
0<j<m,w(j) =2m w(j). Since vy »(n) =i forall n € N, and since by hypothesis m > 1,
we may conclude.

The proof of the lemma has two cases: ¢ ~ t’ is immediate and t — t’ is a straightforward
induction on ¢, using the above substitution lemma in the key case t = (Ap.u)v. ad

C.6 Proof of Lemma 4

If there are only finitely many occurrences of x in ¢, then by definition v, :(n) < |¢| for all
n € N. Otherwise, let k be the n.u. factor of the unique box of ¢ containing zv, (245 for all
h € N.If n < k, then again v, (n) < [t|;if n > k, then v, ¢(n) < |t| + n — k, which also
satisfies the requirement. O

C.7 Proof of point 1 of Lemma 5

We reason by induction on the number of ~ steps in the reduction. Let ¢ —. ¢; be the longest
prefix of the reduction such that t; = ¢’ or ¢1 is a box. By Lemma 2, we have |t1]; < |t]1[t];
for all 5 > 1 and obviously I; < [t|. If t; = ¢/, this is enough to conclude. Otherwise, we
have t; ~ to —'2 ¢/, with I = I; + o + 1. Applying the induction hypothesis to the reduction
starting with to gives us [t'| < |t2|2d(t2). Observe that d(t2) = d(¢t1) — 1 < d(¢) — 1 (using
point 1 of Proposition 3). More generally, |t2]|; = |t1];41 for all j, so the bound on the sizes of
t gives us |t2| < |t|*>. Combined with the above, this allows us to infer the desired size bound

for ¢’. For the bound on [, the induction hypothesis gives Iz < (d(t2) + 1)\t2|2d(t2) +d(t2) <
d(t)|t\2d(t) +d(¢) — 1, hence I < |t| + d(t)|t\2d(t) + d(¢), from which we conclude. O

D Representing Basic Numerical Functions

Successor, addition and multiplication may be represented as follows:

succ := As.(Az%.§(Na.s(z%a)))(nls) n : Nat I succ : Nat
add := it(succ, m?) m? : §Nat,n : Nat - add : §Nat
mul := it(add[k/n], §0) k : INat,n : Nat - mul : §*Nat

We may also define coercions n : Nat | it(succ,0) : §°T'19Nat, with p,q € N. Coercions
compute the identity function (they are iterates of the successor on zero) and are useful for “strip-
ping” modalities from the types of the arguments of another term (thanks to the cut rule) with-
out altering the function computed by it. For instance, we may thus re-type multiplication as



Nat, Nat - §Nat (we omit the term annotations for briefness). From this, by means of a § rule,
we get §Nat, §Nat F §*Nat, then by weak !Nat, §Nat, §Nat - §*Nat and, after two applica-
tions of asym cntr, we get !Nat §4Nat. Using another coercion, we obtain a derivation of
Nat F §°Nat whose underlying term implements the squaring function. By repeating this pro-
cesses (via cut) we may program the function n +— n* for any fixed integer power and, hence,
any polynomial with non-negative integer coefficients.

The presence of second order allows us to type other numerical functions which are not
representable with simple types, such as the predecessor and subtraction, in the standard way.



