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Polarized Linear Logic with Fixpoints

Thomas Ehrhard™?  Farzad Jafarrahmani® Alexis Saurin*

IRIF, Université Paris Cité, CNRS € INRIA, Paris, France

Abstract

We introduce and study plLLP, which can be viewed both as an extension of Laurent’s Polarized Linear Logic, LLP, with
least and greatest fixpoints, and as a polarized version of Baelde’s Linear Logic with fixpoints (uMALL and pLL). We take
advantage of the implicit structural rules of uLLP to introduce a term syntax for this language, in the spirit of the classical
lambda-calculus and of system L in the style of Curien, Herbelin and Munch-Maccagnoni. We equip this language with a
deterministic reduction semantics as well as a denotational semantics based on the notion of non-uniform totality spaces and
the notion of categorical model for linear logic with fixpoint introduced by Ehrhard and Jafarrahmani. We prove an adequacy
result for uLLP between these operational and denotational semantics, from which we derive a normalization property for
uLLP thanks to the properties of the totality interpretation.

Keywords: linear logic, least and greatest fixed points, classical lambda-calculus, categorical semantics, relational semantics

1 Introduction

One major feature of Linear Logic (LL) is that it gives a very clear and clean status to the polarity of
formulas and connectives. Logical LL constants and connectives are organized in positive/negative dual
pairs 0/T, ©/&, 1/ and ®/% which are De Morgan dual pairs swapped by linear negation (_)*. From
a proof-search point of view, negative constants and connectives are characterized by the reversibility of
the associated sequent calculus inference rules and positive ones by the focusing property, see [5]. From a
Curry-Howard point of view polarization is also extremely meaningful. Positive formulas P, stable under
the positive connectives and containing the positive constants as well as all the formulas of shape A, are
equipped with a canonical proof of P —o !P. This implies that the negative formulas (the P’s) have
structural rules. This crucial property offers two ways to embed classical logic into LL (call-by-name and
call-by-value) and each of these embeddings equip classical logic with an operationally meaningful cut-
elimination ®. This canonical proof P —o ! P means that positive types are discardable and duplicable, that
is, have an associated let construct, in other words, positive types are data-types (see [29] for discussions
on this programming viewpoint, notably in connection with call-by-push-value [26,27]). This version of LL
which features two dual classes of positive and negative formulas exchanged by linear negation is called
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Polarized Linear Logic (LLP) and has been introduced and studied in [24], together with translations
from the Ap-calculus [31] to LLP, a sequent calculus, a theory of proof-nets, translations to LL as well as
a denotational semantics [25] which is based on the idea of representing positive formulas as objects of
the Eilenberg-Moore category of the !-comonad of a categorical model of LL as suggested in [20]. In this
system the exponential connectives allow to move from one polarity to the other one: if N is negative !N
is positive and if P is positive 7P is negative.

So LLP can be considered as a kind of “classical A-calculus” (in the sense that the structural rules are
kept implicit) where the fine-grained LL resource-handling associated with the exponentials is nevertheless
available. In the single-sided version of LLP that we use in this paper, there are two kinds of sequents: those
which have only negative formula (called negative sequents) and those which have negative formulas and
ezactly one positive formula (called positive sequents) . Various proof-term systems have been introduced
to account for LLP-like formalisms in a syntactic way that is closer to the A-calculus than the usual proof
systems such as sequent calculus or proof-nets, such systems are often called system L see for instance [11,29]
and are based on the distinction between three kinds of expressions: (i) negative terms, (ii) positive terms
and (iii) commands which are pairings (applications) of a negative term to a positive term representing
logical cuts.

Many other polarized calculi have been considered in the literature, ranging from strictly logically-
oriented calculi to more programming-oriented calculi. On the programming side of this spectrum, one
can refer to Abel et al’s copatterns [2,3,33], which account for the definition of codata by observations and
which revealed to be flexible enough to be integrated to various programming environment even with rich
type-systems, as well as Ariola and Downen computational calculi developed on system L [15,16,17] which
allow for the combination of various evaluation strategies. On the logical side, one can refer to Zeilberger’s
polarized calculi [34,28,35], directly inspired by Andreoli’s focusing, or Baelde et al’s polarized calculus
for uMALL [8] which follows a slightly different tradition on polarity [21]. On more related works from
a categorical models point of view, one can mention [23], [22] and [1]. However, those models are more
related to the proof-search paradigm and they deal with reversibility and focalization. And we emphasize
on the fact that what we will provide as model of kKuLLP is related to the Curry-Howard paradigm, that
is to say it deals with structural rules (i.e.,negative formulas have canonical contraction and weakening
rules).

In many of the above-mentioned works, polarities are instrumental in shaping the dual computational
behaviour of inductive versus coinductive types: while inductive data is positive in nature, coinductive
data is negative. This observation was made formal from a proof-theoretic point of view in the line of
work initiated by Baelde’s thesis and his follow up works [6,7,9] that the least fixpoint is a positive logical
construct while the greatest fixpoint is negative: in linear logic with fixpoints, the fixpoint operators satisfy
the focusing property, both in the finitary setting with Park’s rules and in the non-wellfounded and circular
setting.

In this paper, following the Curry-Howard-Lambek approach to the linear logic with least and greatest
fixpoints pLL initiated in [18], we study puLLP, an extension of LLP with least and greatest fixpoints (we
refer to [6,18] for a general introduction to uLL and the associated literature), by introducing and studying
a system L calculus for a polarized version of uLL. The search for a maximal syntactic simplicity guided
our design of this calculus, see Figure 2 where we use the Greek letter x for the name binder instead of the
more traditional p/fi which would lead to confusions with the standard notation associated with least and
greatest fixpoints (u/v). Related to this syntactical simplicity is that a negative term or a command can
be typed by a negative or a positive sequent so that there are actually five kinds of typing judgments and
this partitioning is taken into account by the semantics. The polarization of fixpoints means that least
fixpoints allow to define data-types (integers, lists, trees etc.) while greatest fixpoints allow to define co-
data-types, that is types of data-consumers”. We refer to [3] for a detailed discussion of the computational
duality between data- and co-data-types. As in [7,18] we use the two-premise Park’s rule for introducing
greatest fixpoints so that our terms are finite trees.

The typed calculus introduced in that way is called xulLLP. It features natural construction rules

6 This simple dichotomy relies on the fact that, in LLP, the introduction of an !-connective is possible only on a
negative sequent which corresponds to the fact that in LL promotion requires the context to have only ?-formulas.

7 This strongly suggests that lists and streams are not of the same nature, streams are not data but data consumers.
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associated with the positive connectives and constants (pairing for ®, injections for @ etc). It has a
positive promotion construct s' for putting a negative term s in a box (or thunk) which can be used as a
piece of data and a negative dereliction der(p) which allows to open such a box. Just as the Ap-calculus,
rpuLLP has names o, ... associated with the negative formulas of a sequent ® . Since at most one positive
formula can occur in an LLP sequent, we need only one variable that we denote as e. There are several
binders for names: one general binder xa.c which allows to select a negative formula in the context, and
the other ones are associated with 1, 2% and Park’s rule. All these binders produce a negative term whose
type is a negative formula made active for further uses. There is also a binder k.c associated with the
unique variable @ which produces a positive term. One crucial feature of e is that it can occur only linearly
in a command or negative term. Again, this is due to the fact that all the formulas in the context of a
promotion must be negative. Notice also that e cannot occur free in a positive term due to the fact that
a positive sequent has exactly one positive formula. All these binders apply to commands which are cuts
s*p between a negative term s and a positive term p. Our operational semantics provides only reduction
relations for commands and can be seen as describing the interactions between positive constructors and
negative destructors. One specific critical command is ka.c * k.d which could a priori lead to ¢ [k.d/a] or
d[ka.c/e]; we choose the second option (see Remark 2.9) making our reduction semantics deterministic;
we are actually defining a kind of abstract machine whose states are commands sxp where s is the program
and p is the stack (there are no environments because substitutions are executed immediately).

Our goal in this paper is twofold. On the one hand, we provide a categorical semantics of kulLLP

building on [18]. Given a model (£, B) (simply denoted as £) of uLL (in the sense of that paper) the main
idea is standard: interpret a closed positive formula P as an object of the Eilenberg-Moore category L£'.
This requires however to deal also with open positive formulas: we take them into account introducing
in Section 4 the notion of positive functors which are strong functors (as specified by L) equipped with a
distributive law wrt. the comonad !, they are a functorial generalization of the notion of !-coalgebra. We
illustrate this semantics in the concrete models Rel and Nuts used in [18].

On the other hand, we also prove some form of normalization (cut-elimination) for kuLLP. This turned
out to be surprisingly difficult. The solution came from understanding that proving a termination property
with respect to the relational semantics — saying very roughly that if a command has a non-empty
relational semantics its reduction terminates — would be possible because the points of the relational
model are finite trees on which induction is possible. Concretely this means that we associate sets of
terms to points of the relational models and these sets are easily defined by induction. To make this
proof of normalization more natural we also provide a presentation of the relational semantics of kuLLP
as an intersection typing system. To derive from this relational normalization a standard normalization
property, it is enough to prove that, in sufficiently many meaningful situations, when ¢ - « : N, the
command c has a non-empty relational semantics. We do that for N = 7nat where nat is a type of integers
defined as a least fixpoint formula. The model Nuts of non-uniform totality spaces gives us precisely this
information: any total subset of the relational interpretation of ?nat is non-empty and hence, in particular,
the interpretation of ¢ is non-empty.

2 The syntax

Remark 2.1 In this paper we present various deduction systems by means of inference rules. It is essential
to keep in mind that, for all of these systems, we consider only finite deduction trees. Of course in other
plL-based logical systems [10,14,19,32] such as uMALL®, some of these finite trees would be unfolded into
infinite deduction trees (satisfying suitable global conditions), but such infinite deductions will never be
considered here.

We assume to be given an infinite set of literals denoted (,&,.... Positive formulas P,Q,... and
negative formulas M, N,... are given in Figure 1. Linear negation is defined as usual by induction on
formulas, it turns positive formulas into negative ones and conversely. The main cases are ((*)* = ¢~,

(C)F = ¢*, (C.P)* = v¢.PE and (v(.N)- = p¢.N*.

8 Indeed in the Au-calculus all formulas are negative and the names are associated with the formulas occurring on
the right side of a sequent whereas variables are associated with formulas on the left.
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PQ,--:=C"|1|PQ|0|PaQ | u.P| !N
M,N,---:=(" | L| M3N | T| M&N | v(.N | 7P

Fig. 1. Syntax of formulas

Remark 2.2 With each literal ¢ are associated two distinct variables (* and ¢~ which are formulas (a
literal is not a formula). In the formula u¢.P, only the occurrences of ¢(* are bound and dually for v(.N
which binds only (. Although not strictly necessary, we adopt the convention that for a given literal
it is never the case that both (T and (= occur in a given formula. This property can be enforced by
a-renaming for closed formulas.

An important operation is substitution of formulas in formulas, it is defined in the obvious way (per-
forming as usual a-renaming of type variables when needed). More precisely we define by induction on a
negative or positive formula A:

e substitution of a positive formula P for a positive variable (* in A, written A [P/(T]
* and substitution of a negative formula N for a negative variable (™ in A, written A [N/(7],

both formulas having the same polarity as A. We use fv(A) for the set of free variable of the type A.
Lemma 2.3 One has A[P/¢tT]" = AL [PL/¢7] and AN/ = AL [NL/¢H].

The proof is a simple induction on A. We shall quite often deal with formulas A where pairwise
distinct positive variables (fr yoes C ,j are substituted by P, ..., P, and pairwise distinct negative variables
&, ..., &, are substituted by Ny,..., N, in parallel. Again the definition is a straightforward induction
on A but the use of such parallel substitutions can lead to quite heavy notations. We use letters such
as m, p to denote such type valuations m = (N1/& ..., No /&, Pr/¢ s oo, Pe/¢T) and write A [n] rather
than A [N1/&, ... N/ P/ Pe/C]. We set mb = (N{-/&F, .. Nx /&8, PE/C, o PG,
We use dom(r) for the domain of m which is the set {¢;F,...,¢ &, ..., &} We use 7 - (P/¢T) and
7+ (N/¢™) to denote extensions of such valuations (assuming of course that (*,({~ ¢ dom(w)). We say
that 7 is closed if all formulas P;, N; are closed.

The syntax of terms is given in Figure 2. There are three kinds of terms: (i) positive terms denoted
D,q, ..., (il) negative terms denoted s,t,... and (iii) commands (or processes) denoted ¢, d, . ...

A negative context is a sequence N' = (a1 : Ni,...,a, : N,) and a positive context is a sequence
P =(aq:Ni,...,an: Ny, P). We use I or N[, P] for contexts which are negative or positive.

Typing rules are provided in the same figure. Notice that there are actually five kinds of typing
judgments:

e Positive term in a negative context = N | p : P;

* negative term in a positive context = N, P | t: N;
e command in a positive context ¢ - N, P;

* negative term in a negative context = N | ¢t : N;

e and command in a negative context ¢ - N.

(This distinction will be crucial when dealing with the semantics.) It is also important to observe that in
all of these judgments, all formulas are closed. One major difference wrt. the A-calculus is that we put
the context on the right side of the - symbol, which means that in our setting the formulas of the context
are negated wrt. what they would be in a A-calculus with context on the left. This is why a name « is a
positive term and appears with a negative type in the context (see e.g. rule (t-n)).

Remark 2.4 The expression e should be considered as a variable, the unique variable of negative type.
Because of this uniqueness we do not need to mention it in the context and A, P should be read as N, e : P.

Lemma 2.5 If « does not occur in negative context N, the following holds. If ¢ N, P] then ¢ N« :
NLP). Ift N[,P] | t: M thent-N,a: N,P]|t: M. If= N |p: P thent-N,a: N |p:P.

4
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pigs=a | ()] (prp2) | ini(p) | Ree | fd(p) | ¢
s,t,...:=e | () | (t1,t2) | kac | Ki.c | Klag,a).c | Rnca.(c;s) | der(p)
c,d,...:=t*p
(tn) — (1) FNIp:P FN[p: P
pLl, - . t-®
FN,a:PL|a:P F5\//\/|()P.1 "N [ (p1.pa) - PL & Py (t-®)
1 B ) 1,2
Ip. i ie{1,2} (6-)
I—/\/’||ni(p):P1€BP2
cEN,P 67) FN | p:PuC.P/CT) . FNJt: N (b o (t-o)
FN | Rc: P - N ) pcp FTNIt!:!N ) FN,P|le:P
gt &
}—F|t11N1 }—F|t22N2 (t_&) C"N,QZN[,P] (t-/{,) ckHT (t—J_)
T (t1,t2) : N1 & No FN[,P|| ka.c: N FT | ki.c: L
Cl_N,OéliNl,OégiNQ[,P] (t 73’)
F N, P]| 6(a1,a2).c: Ny % Ny
ctN,Pa:RY[PH/CT] FN[Q]|s: Pt FN|p:P
(t-) ()
FNLQ] | Fpe ca(css) s vC.RE =N | der(p) : 7P
FN[P]|t:N FN|p:N*t
(t-cut)
txpt N[, P]

Fig. 2. Syntax of terms and typing rules

In other words, we can use freely weakening on negative formulas in the context. Assume that - N, P |
s:N. We have - V,a: N | a: N* and hence s xa - N,a: N, P so that - N,a: N | k(s xa) : P, we
shall often use this kind of change of active formula.

2.1 Substitution of terms in terms
Substitution for a variable o and for e are defined in the obvious way.

Lemma 2.6 Assume thatt=N |p: P.

o IfckN,a: PY[,Q] then c[p/a] - N[, Q),

e if FN,a:PL,Q]|t: N thent N[, Q]| t[p/a] : N

e and if - N,a: Pt |q:Q then=N | qlp/a] : Q.
Lemma 2.7 Assume that = N[,Q] |t : N.

o IfcN,N* then c[t/e] - N[,Q] and

e if FN,Nt|s: M thentN[,Q] | s[t/e] : M.

As a particular case of (t-v), if ¢ - N, P,a : R+ [PJ-/C_] then - N, P | RpLca.(c;e): v¢.Rt since
FN,P|e: Pt Weuse (t-') for this most important derived rule and use the notation Fp. ca.c =

ERJ_£OZ.(C ) .).

2.2 Substitution of terms in formulas

Assume that - N, P | s : N, let Q be a positive formula and let { be a variable. Let also m be a type
valuation such that ¢*,(~ ¢ dom(m). Then we define two negative terms Q [m,s/¢t] and Q [7,s/(”] in

5
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Sx R.c — c[s/e] ka.cxp —clp/a] ifpéR
(s1,82) xini(p) = si*p K(on, a2).cx (p1,p2) = c[p1/on, p2/as]
ki.cx()—c der(p) x s' = sxp

FrLca.(c;s)xfd(p) — (R [ERL7Ca.c/C+] *p) [ka.(c[s/e])/ 0]

Fig. 3. Reduction of commands

such a way that

FNLQ [m P/CT] | Q [ms/CT]  QF |t N/
FNLQ [ N/ Q[ms/CT] @ [7 PUCT]

In the first case (called positive substitution) we assume that fv(Q) C dom(w) U {¢*} and in the second
case (negative substitution), that fv(Q) C dom(mw) U {¢~}. The definition is by induction on Q. We give
only the most interesting cases, the others are in Appendix 6.1.
> Assume that @ = p¢.R and let us set Rp = R[P/(*] and Ry = R[N+ /(). Let p = m- (ué.Rp [r] /7).
By inductive hypothesis we have defined t = R [p, s/¢(*] with = N, Rp [p] | t : Ry [p*]. We have - N, o :
Ry [pt] | R-(tx@) : Rp [p]. Notice that, due to the definition of p, we have Rg [p] = Rg [r] [u€.Rp [r] /€]
for S = P,N. It follows that - N, : Ry [p*] | fd(R.(t x @) : p&.Rp [r]. Therefore (o fd(%.(t * ))) F
N, p&.Rp[r],a : Ry [pt] = (R [7][u&.Rp [7] /£T])T so we define (ué.R) [, s/¢T] as RRHWLLCOA(O *
fd(%.(t x ))) by (t-v1).
> Assume last that Q = !R'. By inductive hypothesis we have defined t = R [WL, s/C _} which satisfies
FN,R[xH N/ |t R [m, P/¢T). Tt follows that = N, : RY [, P/¢T] | R.(t %) : R [7t,N/(™] and
hence - N, a: Rt [, P/(1] | der(R.(txa)) : 7R [r+, N/(7] so that = N, B : 7R [n+, N/(7] | ka.(der(R.(t*
@) xB) : Rt [m, P/¢T]. Next we obtain = N, 8: 7R [n+, N/¢7] | ka.(der(R.(t * o)) *B) 1R [, P/CH] so
that = N, IRL [, P/CT] | kB.(e % kov.(der(F.(tx o)) x B)') : 7R [7+,N/¢™] and we define |R* [r, /("] as
the term x/3.(e * ko (der(7.(tx ) x B)').

In the same induction we define completely similarly the negative substitution @ [, s/¢~].

2.8 Reduction relation

We equip commands with a deterministic rewriting relation — specified in Figure 3. We use & for the set
of all positive terms of shape %.c. The reduction of K. ca.(c;s) xfd(p) deserves some typing. We must

have - N | p: R[u¢.R/CT] so that = N | fd(p) : u¢.R, ¢t N, P,ac: R+ [PL/(7] and - N[,Q] | s : P+ so
F N[, Q]| Fge ca.(c;s) : v¢.R* by (t-v) and hence KL con.(c;s) x fd(p) F N[, Q).

We also have = N, P | FpL ca.c: v¢.R*t by (t-v'). By positive substitution we get = N, R[P/¢7T] |
R [ERL7cOé.C/<+] . Rt [I/C.RJ‘/C_] and hence R [ERL7Ca.c/C+] xp = N,R[P/¢T]. Observe last that -
N,P | ka.c: R+ [PL/C_] thus - N[, Q] | ka.(c[s/e]) : R* [PL/C_] so that
(R [Fgu canc/CH] *p) [ra.(c[s/e]) /o] = N, Q].

As a special case of this reduction rule we have the following one that we shall often use:
RRL,Ca.c*fd(p) — (R [ERJ_£C)(.C/C+} *p) [ka.c/e].

Theorem 2.8 Ifc+T and ¢ — ¢ then ¢ FT.

The proof is an easy verification, using Lemmas 2.6 and 2.7.
We use SN for the set of all ¢’s which are normalizing for this reduction relation.
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a,b, = | (4,0) | (a,b) | (i,a) | [a1,...,an] | o(a) with j €I andie{1,2}

sz(x) =sz(j,() =1 sz(a,b) =sz(a) +sz(b) sz(i,a)=sz(o(a)) =1+sz(a) sz(lai,...,as]) =1+ Zsz(ai)
i=1

a: P b:Q VE(rgeaNrgeb =)

GOC (p-var) 1 (D) IiPe0 (p-®)
(ai s N, VEVi # i'(rgea; Nrgeay = @) a: P ) a: PuC.P/CT]
lat, - an] : IN () (i,a): PL& Py o) o(a) : u¢.P (P-1)
k~€ N (s-1) al f’lﬁz\ﬁ,/ al] fori=1,2 (=) k= Ei;i:l Ji o (ay: NL);?:l (s-))
* 1 k] (a',a%) Py @ P, [(a},a2),...(al,a2)] [a1,...,ax] N [[aj | j€ i) | i=1,...,n]
i€ {/1\2/} a P ay, ..., an) o) °F [,,LE.\R//&] laj | j € J] (54
(i,a) Pr & Py [((;a1), .- -, (4,an))] o(a) pC.R [o(a;) [ j € J]

Fig. 4. Syntax, size, typing rules and structural relation for points

Remark 2.9 Our choice of reducing the “critical pair” ka.cxk.d to d [ka.c/e] and not to ¢[k.d/a] will be
essential in our proof of normalization. However this choice is not as critical as in classical systems such
as system L [11] or the Ap-calculus [31,30]: our denotational semantics is compatible with both choices.

Lemma 2.10 Ifc-N,P, ¢ — ¢ and - N | s : Pt then c[s/e] = ' [s/e]. If c = N,a: PL[,Q], ¢ = ¢
and =N | p: P withp ¢ & then c[p/a] — ¢ [p/a].

The proof is a simple inspection of the reduction rules.

2.4 The example of integers

We define a type of integers as nat = u.(1 ¢ ¢"). We set 0 = fd(iny()) so that = A | 0 : nat and given a
positive term p such that = N | p : nat we set sucp = fd(inz(p)) so that = N | sucp : nat. Let p, ¢t and s
be such that F AN |p: P,FN,P|t: Pt and F N[,Q] | s: P+. Then - N, P | (ky.(exp),t): L & natt
and we set it(p,t;5) = K gc- ca.(((kL.(o % p),t) * a);s) so that = N[,Q] | it(p,t;s) : nat™ and it(p,t;s)
should be understood as iterating the function ¢ with p as initial value and s as continuation. Indeed one
can check that (1 ® (1) [u/¢T] = (ka.(e xiny @), ka.(® x ing(K.(u * )))) from which it follows by simple
computations that it(p,t;s) *0 —* s*p and it(p,t;s) xsucqg —* it(p,t;t[s/e]) x q.

3 An intersection typing system

3.1 The syntax of points

Let I be an infinite and countable set of indices (we can take I = N). The syntax of relational types
or points is given in Figure 4, as well as the size sz(a) of a point, which is an integer > 1. Given a
point a and a literal £, we define a finite subset rg¢(a) of I as follows: rgex = &, rge(a,b) = rgea U rgeb,

rge(4,6) = {7}, rge(4, Q) = D if ( # &, rge(i, a) = rgea, rgelan, . .., an] = Ui, rgea; and rgeo(a) = rgea. We
give a typing system for these points in Figure 4. Its main purpose is to enforce that, when a : P, given
a literal ¢, the indices of I associated with ¢ in a are pairwise distinct. Given a° : R, a literal ¢ and a

family of points b = (bj)jErgCaO such that b; : P for all j and such that for any literal £ the sets rggb;
are pairwise disjoint and disjoint from rggaO (when these disjointness conditions hold we say that the pair

%
(a°, b) is adapted) then we define in the obvious way the point a®{b;/(j,¢)}jes for J = rgca® such that
7
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a; P, ien\{j a; B; w
@B Dieny 0 @B,
F®|aj:a;: P }—q)\():ikv:l

(F(aiial i PRy I pjoby:Qp)jmi2 (ai P fa), a2,
@[ (p1,p2) i (b1,b2) : Q1 ® Q2

(i-®)

F®|p:a:Q; . ck®,a:P . F®|p:a:PuC.P/CT] .
: : (i-®) . i) (i-p)
F® |ini(p): (i,a) : Q1 ® Q2 F®|Rc:a:P F®|fd(p):o(a): uC.P
(F (i : a{ P)iy |50 N)jes  (ai P, [a{ |J € J])im (1) (a; P, [1)ie (i-e)
F®|s b |jEe T IN F®,a:P|e:a: Pt
ckF®,a:a:N[b: P] ) ck®,ay:a1: Ny, :ag: Ni[,b: P] (i)
i-k i-
F®Lb: P]|kac:a: N FOLb: P]|k(aa,a).c: (ar,az): N1 B Na
¢k ®a: P .
(i-1)
F®La:P]|ricix: L
F@[,G:P]|Si2b:Ni FN[,P]|83_Z‘:N3_¢ . |—<I>]p:a:P .
(%) (i-2)
F®[,a: P]| (s1,s2): (i,b) : Ny & No F® | der(p):[a] : 7P
F(aisal - PYLa:Pl|s:b:PY  F(a:a2:)|p:b: P (a; B lal,a?]),
(i-cut)
(txp)F Pla: P
Fig. 5. Point deduction system — the rule (i-v) is given in the body of Section 3.2.
a®{b;/(j,0)}jes : R[P/¢T]. One proves easily that, for any literal &
rgéaO{bj/(j, Q) }jes = rggao & L"_'J rgeb; - (1)

jergeal

Crucially, this point substitution is in some sense reversible.

Lemma 3.1 Let R and P be positive formulas and let ¢ be a literal. Let a be a point such that a : R[P/(T].
Let J C I be an infinite set. There is a point a® such that a® : R and rgcao C J and there is a family of

points ? = (bj)jErgCaO such that bj : P for all j € rgcao, (ao,ﬁ) is adapted and a = a®{b;/(j, C)}jErgCaO'

Given a closed positive type P, we define a binary relation P between points @ and multisets of points
la1,...,ay]) where a,aq,...,a, : P. The definition is provided as a deduction system in Figure 4. Notice
that in each of the deduction rules the sum of the sizes of the points occurring on the left in the premises
is strictly smaller than the size of the point occurring on the left in the conclusion. So the size of such a
deduction tree is upper-bounded by the size of the point occurring on the left in its conclusion.

3.2 The point typing system

A negative point typing context is a sequence ® = (g : a1 : Ni,...,qp : a; : Ni) where the «;’s are
pairwise distinct and a; : Nf- for each i. A positive point typing context is a sequence ®,a : P with a : P.
In these rules we use ® to denote the context (o : a; : P)"; and A for the ordinary typing context
(i » PH)"_,. All rules but (i-v) are given in Figure 5. Notice that there are two instances of the rules
(i-®) and (i-&), one for i = 1 and one for i = 2. We give now the lacking (i-v) inference rule: if h : Q,

d: R, (b : P)er where L = rg.d, and
e (a;:al : PR [[h:Q]|s:b: Pt
(0 :al: Pf)?zl,b s Pacd{b/(1,Q) ber : Rt [PL/(:_]

cht
o (F(a:af: PH)lybi: P|Rgecacc: fi: vC.R )er
8
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e a; P; [a; a'-’]—l—[a“lEL] fori=1,...,n

177"

then = @[, h: Q] [ Kpe ca.(c;s) : a(d){fi/(I, () }ier : vC.R*.
Upon taking s = @ we obtain the following derived rule (i-v!) (with the same notations as above). If

o ck(ajra: PR b Pa:d{by/(1,O)ber : RY [PL/¢T]

)

o (F(aj:al:PHr b :P| Rpica.c: fi: vC.RY)ier

e a; Pia))+[d|leLlfori=1,....n
then = ®,b: P |RpL ca.c:o(d){fi/(l,0) heL vC.R*.

3.8 Interpretation of points

Given a set P of positive terms p such that F| p: P, we set P* = {c|ck P and dp € (P \ k) ¢ =" exp}
and P* = P U {k.c| c € P*} so that any p € P" satisfies | p : P. We set 1L = SN. Given a : P we define
1 (a: P) = la|p® and we set |a|p = ||a]|’s where

o [+ =10}

o [[(a1,a2)||Pier, = {(p1,p2) | pi € lail p, for i = 1,2}

e ||(i,a)| pyop, = {ini(p) | p € |a|p,} for i =1,2

o |lla;|jeJ]inv= {t|VjeJVpe laj|yr t*p e AL} — notice that in that formula | ¢ : N.
o [lo(a)lluc.p = {fd(p) | p € |alppuc.p/c+}-

Notice that ||a|p = |a|p \ & since |ja||p N % = @. As an auxiliary notion, given a : P and b : N+ we set
bln(a:P)={s|FP|s:NandVpe|byr s*p€ LL(a: P)}. We will also use |b|y for the set of s such
that H| s: N and Vp € |b|y. sxp € L.

Lemma 3.2 Let a : P, b: Q and s be such that = P | s : Q+. IfVp € ||b]lg s*p € L(a : P) then
s € |blgL(a: P).

Lemma 3.3 Ifa P [ay,...,as]. Then ||a|lp C ||las||p and |a|p C |as|p for 1 <i < n.

Lemma 3.4 Let P be a closed positive formula and let a : P. Jfb : P, one has a P [b] iff a = b. Let
(bj : P)jes, (Jr)ker be such that \§,cp Jp = J. Then one has a P [b; | j € J] iff there is (ci : P)rer such
that a P [cy, | k € K| and ¢, P [b; | j € Jy] for each k € K.

Proof. Straightforward induction on the size of a. a

Upon taking K = J = @ this implies in particular Jde : P e P []. Such an e is called a coneutral point
of P. By Lemma 3.4, if a P [e,b] and e is coneutral then a = b, and if a : P there is a coneutral e such
that a P [e,a] (which depends generally on a). Coneutral points are generally not unique: for instance in
11, both (1,*) and (2, *) are coneutral.

Lemma 3.5 Let QQ be a positive formula, n a literal, m a closed type valuation such that all free type

variables of Q, but possibly n*,n~, are in dom(w). Let d : Q [r], assume that - (o : al : N;)I,bj : P |

s:cj: N foreach j€rg,d. If (a;: N2, are such that for all i € n one has a; Ni- [ag | j € rg,d] then

(aizai s Ny),d{bj/(5,m)}jerg,a s Qm, P/n™) | Qlm,s/nT]: d{cj/(4,m)}jerg,a: @ [7, N/n~] and

= (i s ai: Ni),d{e;/(5,m)} jerg,a » Qm, N/ 11 Qmys/n7] = d{bi/(G:m)}jerg,a s QF [75, P/nt].

Lemma 3.6 Let QQ be a positive formula, n a literal, ™ a closed type valuation such that all free type

variables of Q, but possibly n*,n~, are in dom(r) and let d : Q [x]. If s € |cj|n(bj : P) for all j € J = rg,d

then Q [r.5/n*] € 1d()] g [y (D) 2 QL. P/n*]) where d(T) = d{b/(G.1)}jergya and similarly
%

for d(@). And we have Q[r,s/n~] € |d(b NQL[WL,P/nJr](d(?) :Q[m,N/n7]).

9
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3.4  Ezxample: the integers

We continue the example initiated in Section 2.4. There is a bijection from N to the points a : nat which
maps 0 to 0 = o(1,%) and n+ 1 to n+ 1 = 0(2, 7). With these notations the following rules are derivable
in the point typing system.

o If (a; N; ()i, then t (a1 a; : P), | 0:0: nat.
e If-®|p:k:natthen - ® |sucp:k+1:nat.
e If - (o :al :N)y|p:ia:P,F(:a?:N)"[,b:Q]|a:s:Ptand (a Jr\f:I [al,a?])?_; then

K3 K3 177

F(agai s N)Py[,b: Q] |it(p,t;s):0:nath.
o If- (a:al : N [b:Q]|s:a: Pt (ai:a?: Nj)'y,a:P|t:d: Ptk (:ad: N)P,,d :P|

3 K3

it(p,t;e) : 7 : natt and (a; Ni* [a},a?,a3])?; then - (g i a; : Ni)™y[,b: Q] | it(p,t;s) :m+ 1 :natt.

1771

3.5 Interpretation Theorem

Using the previous lemmas it is not very hard to relate the point typing system with normalization.

Theorem 3.7 Let ® = (o : a; : Pl)?:1 be a point context and let a : P, let p; € |ai|p, fori=1,...,n.

(i) If c+ @ then c[pi/ou]?_, € L.
(i) Ifc ®,a: P then c[pi/o;]?_, € lL(a: P).
(ii) If - ® | s:b: N then slp;/a;|?_ € |bn.
(iv) If-®,a: P|t:b: N then t[pi/a;)}, € |bln(a: P).
(v) If = ® | p:a: P then plpi/a;]l € |a|p.

3.6  Application: a normalization property

Anticipating on Section 5, we explain now how one can use Theorem 3.7, combined with the Nuts
denotational semantics of Section 5.1, to prove “normalization” properties for xkuLLP commands. More
precisely we show that the reduction of programs of type integer in kulLLP terminates but of course many
more applications are possible. We explain first why the type of such a program should be 7nat and not
nat.

Imagine that we want to encode in kulLLP a typed A-calculus extended with primitive recursion on
some data types, in the spirit of Godel’s T; we shall simply call this system T. This calculus will have
two kinds of types: data-types which are associated with positive formulas of kulLLP and function types
o = 7. In T there will be at least a data-type of integers ¢ associated with nat and possibly other ones, for
instance a type of binary trees with leaves labeled by natural numbers associated with u¢.(nat @ (¢ ® ¢)).

We would like to use the Girard encoding (0 = 7)” = lo6~ —o 7~ where as usual A — B = A+ % B. In
other words (o = 7)~ = ?(¢7)* % 7. The polarity constraints of kuLLP require o~ to be negative, this
prevents us from setting simply ¢~ = nat since nat is positive. For benefiting from the structural rules

available for free on all negative formulas in kulLLP we introduce also a positive translation defined by
1™ = nat (and similarly for all data-types of T) and o = lo~ if ¢ is not a data-type and then the negative
translation can be defined by ¢+~ = ?nat (and similarly for all data-types) and (¢ = 7)~ = (¢7)+%7~. For
instance ((¢ = ¢) = 1)~ = ?(nat ® Inat™) 2 ?nat. A closed term of type ¢ of T will therefore be translated
into a kuLLP negative term ¢ such that | ¢ : 7nat and we can form ¢ = t x «. Now we explain how we can
extract effectively a value € N from such a ¢ which satisfies ¢ - 7nat.

First we define two mutually recursive partial functions val (on terms p such that | p : nat) and val®
(on terms ¢ such that | ¢ : 1 @ nat) with values in N. If F| p : nat then

e if p = fd(q) then we have | ¢ : 1 @ nat and we take valp = val® ¢;
* else if p = R.c then if ¢ —»* e xpg € AL (that is pg ¢ &) then | po : nat and we take val p = val py.

And if H| ¢ : 1 & nat then
10



EHRHARD, JAFARRAHMANI, SAURIN

e if g =iny 7 then if r = () or if r = &.c and ¢ —* e % (), then val® ¢ = 0;
e if ¢ = inyp’ then we have | p’ : nat and we take val® ¢ = 1 + val p/;
e if g = k.cand c —* exqo € L (that is gg ¢ %) then we have I-| go : 1@nat and we take val® ¢ = val® ¢o.

Lemma 3.8 Ift| p:nat and p € |n|hat for some n € N then valp is defined and has n as value.

The proof is a straightforward application of the definition of |n|nat. This lemma means that when we
know that p € |n|nat for some n we can extract algorithmically the value of n from p.

Then we extend xulLLP with a constant o which is a new command, typed by o = N where N is an
arbitrary negative context?. We also extend the point typing system with the rule o - (q; : a; : Ny

under the proviso that a; N [] for all i € n. The benefit of this extension is that now L contains closed
commands.

We have | () : 1, 1| e: L and F| k;.0: L. Therefore | rd = it((), ;% .0) : nat™. This negative
term is a “reader of integer” which behaves as follows: rd x0 —* o and rd xsucp —* rd xp. By induction on
n € N it is not hard to check that Vn € N | rd : @ : nat™. Let m = [y, ..., 7z : 7nat, we have therefore
H| rd' : m : Inat™ and hence rd' € ||m||;,,rr by Theorem 3.7.

If ck-a:m = [ny,...,ng) : ?nat then by Theorem 3.7 we have ¢ [rd!/a] € 1. By Lemma 2.10 this
implies that the reduction of ¢ terminates, so that ¢ —* t x & where - a:: mq : ?nat | ¢ : mg : ?nat, t is not
of shape kf.d and m = my + may. So we must have ¢ = der(p) with - « : my : 7nat | p : @ : nat for some
n € N and mg = [n]. So by Theorem 3.7 we have p [rd!/a] € |n|nat and hence by Lemma 3.8 valp = n. As
a whole we have described an algorithm which, under the assumption that ¢ - « : m : 7nat for some m,
produces an integer n that we denote as val, ¢, and we have m = my + [n].

By the results of Section 4 and 5 we know that the interpretation of [¢]7nat in Rel belongs to 7 ([?nat])
where [?nat] is the interpretation of 7nat in Nuts (that is [c]7nat is total in the interpretation of that
type). As explained in Section 5.4 [natt] = (N, {N}) and hence T([!nat*]) = {Mg.(N)}. Therefore
[c]72nat N Mgn(N) # @ that is [c]7nat # @ so by Theorem 5.13 there is m : 7nat such that ¢+ a : m : 7nat.

Assume ¢ - 7nat and ¢ does not contain o. By the considerations above the integer n = val, ¢ is
well defined (and we have given an algorithm to compute it consisting in executing xkuLLP commands).
Moreover ¢ = « : my + [n] : ?nat for some m; : ?nat. Using the model RelW introduced in [4] (it is
a variation on the relational model where each object is a set E equipped with a function £ — Z) it is
possible to prove that, because ¢ does not contain o, one has m; = [|. So we actually have ¢ - « : [1] : 7nat,
that is, the value obtained by execution coincides with the value provided by the semantics.

4 Categorical semantic of rulLLP

We use the following conventions: The identity morphism on an object A is written as A, and we very
often simply write Id for the sake of readability, when the object can easily be retrieved from the context.
Alg 4(IF) (resp. Coalg 4(IF)) is the category of algebra (resp. co-algbera) of the endofunctor F on A. Other
notations are based on [18].

Let (£, Z = (Ln)nen) be a categorical model of pLL in the sense of [18], Definition 7. We recall that £
is a categorical model of LL and that the elements F of £,, are strong functors L™ — L, that is F is a pair

(F, @) where F : £ — £ is a functor, and @A B € LIA® ?(ﬁ),ﬁ(!/} ® ﬁ)) is a natural transformation,
called strength, satisfying monoidality and compatibility with dig, see [18] Figure 1. Some additional
closedness properties must be satisfied by the £,,’s, see [18], Definition 7.

Definition 4.1 A (n,p)— positive functor P is a pair (P, ﬁ)) where P € L,4, and EDZ B €

E@(Z, @), !E(Z, ﬁ)) is a natural transformation called the distributive law of P. It is assumed moreover
that the diagrams of Figure 6 commute, expressing the compatibility of P with der, dig, and P.

9 This may seem surprising at first sight but remember that weakening is freely available for all negative formulas.
So the real meaning of this rule is o - which is the familiar 0-ary mix rule of LL. It is easy to check that all properties
of kuLLP proven so far are still valid for this extension.

11
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B4 B) 22, B(A,B)
P(4, _B> IP(A, B) mzjd;gg)l
d§>\ [terzan B4, 1) s 3 2)
P(4, B) P
B(4,1B) "i5 g (4, B)

B -
NC B4, B) —AP , Buce 4,10 @ 1B)

!!C@ﬁzgl l@(der@@Z:y?C,_B,)
NCw P(4, B) P(C® A,(C® B))
Hest s [Bcotticon
1C B4, B) —— P(C® 4,1C @ B)
o2,

Fig. 6. Compatibility of P with der, dig, and P

Lemma 4.2 Any (n,p)— positive functor P induces a functor P : L x (LY — L.

AE a consequence of Lemma 4.2, a (0,0)— positive functor P induces an object of £', and and in that
case P = hp.

We write X,Y,--- for objects of the category £', and A, B, --- for those of £. We recall that L[Z] is
the Kleisli category of the comonad (fcz, Wz, Cz) where fcz : £ — L is the functor which maps an object
Ato Z® A and a morphism f to Z® f, and Wy, Cz are weakening and contraction morphism respectively.

Given a strong functor F € L and object Z :%Z, hz) € L', one can extend F to a funEc)or_])F[Z] :
L[Z)¥ — £][Z]. On objects, one sets IEE](Z) = F(A). And given a morphism 7 € L[Z])F(AL, A3), we
define F[Z](f) as (F(7)) o (F(derz ® A1) o (F, 1) o (hz © F(A1))):

Lemma 4.3 Let P = (P, I@) be a positive functor and f € L(Z @ X,Y). If P is a (n,p + 1)— positive
functor, then

PZ ](_ci ld, f) € £(Z @ P*( A 71,X P A 71,Y And if P is a (n+ 1,p)— positive functor, then
PIZ)(7L 1, 1d) € £(2 & PH(¥)- ,Z,%,ﬂﬂ(@) ,Z,?i».

4.1  Operations on positive functors

4.1.1 LL operations on positive functors

Given a (n,p)— positive functor P, strong functors Fq,--- ,F, in Lf, and (n’,p’)— positive functors
Q1,- -+ ,Qp such that n’ + p’ = k, one can define a (n ,p) positive functor

R=Po(Fy, - ,Fp,Qp--- ,Qp) the strong functor R is just Po (Fy,--- ,Fp, Qy,---,Qp) as [18]. The

distributive law is defined as follows, and satisfies commutations of Fig. 6.

12



EHRHARD, JAFARRAHMANI, SAURIN

R(4,1B) = B(F(A,1B))r,, (@ (4, B),)
|BEserg @)
P((F:(4, B))iy, (@4, B)L))
F(E(K‘B)>>?=1@<X,‘B’>

B(F,(A, B)ry, (@ (4, B)),) = R(4, B)

The bifunctor ® can be turned into a (0,2)— positive functor: the distributive law is /11247 g€ LIA®
!B,!1(A® B)), and it satisfies commutations of Fig. 6.

The bifunctor & can be turned into a (0, 2)— positive functor: the distributive law is [71,72] € L(IA®
!B,!1(A® B)), and it satisfies commutations of Fig. 6.

The functor ! is a (1,0)— positive functor: the distributive law is digy € L(!A,114), and satisfies
commutations of Fig. 6.

Let P be a (n,p)— positive functor. One can define the De Morgan dual of it, denoted as Pt as a
strong functor: P = PL and the last term is just P*.

4.1.2  Fizpoint of positive functors
Let P be a (n,p + 1)— positive functor. We must define a (n, p)—positive functor uP. We set ulP = plP.

The distr. law P must be a natural transf. ,EI@Z B € E(@(Z, @), !@(X, ?)) To define it, we first
notice that ('@(Z, ﬁ),l@z(a@(zg))) is an object of Coalgﬁ@zg). So, by the universal property of
@(Z, @), there is a unique morphism ,L/_L\EDZ & such that the following diagram commutes:

5. 1B B4 1B) P s )

ZI @z,@@(z,g»l

AT AT B ) = B4, B (A, B))

Lemma 4.4 Given a strong functor F € L1 and an object Z = (Z,hz) in L', there is a unique functor
w(F[Z) : L[Z)F — L]Z] such that ,LL(IF[Z])(X) is the initial object of the category Alg i, (ﬁZ) for any
object Z e LF, and ,LL(IF[Z])(?) is the unique morphism satisfying commutation of the following diagram
for any ? e L[Z])"(B1, By):

W(F(Z)(Bl) — D 2B
_ ) — _ %\ —
oy DB~ P uEIZN ) — - P 2D (B))

where the composition is considered in category L[Z].

Lemma 4.5 Given a morphism g € L|Z](Q(Y),Y) where Q is a (0,1)— positive functor, there is a unique
morphism g € L]Z) (@, Y) such that g € Alqu] (@[Z])(@, Y).

Lemma 4.6 Given a (0,1)— positive functor Q, and a morphism g € L/(Z @ Qt(Y),Y), then there is a
unique morphism g € L'(Z @ (uQ)",Y) such that § € Alg, iy (QZ])(pQ,Y).

13
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4.2 Interpretation of proofs and formulas

— — — —
Definition 4.7 (¢7,&7) = (¢, ..., &, -, &) is adapted to P (resp. N) if ((7,£7) is repetition-free

and all the free variables of P (resp. IN) appear in that list.

— —

Given a positive formula P with an adapted list (¢7,&%) = (¢, ..., (00 &7 - - - , &1 ), its interpreted is

a (n,p)— positive functor [[Pﬂc—g & If n =p =0 we simply write [P].
’ — —

For a negative formula N with an adapted list (¢7,£%) = (¢, -..,¢,, &7+, &), we define its inter-
pretation [[N]]C_‘) &8s ([[NJ-]}C—g §—+>)L

One can define [P]—= — in the obvious way by induction on formulas and using the construction in
the section 41 [P 5 Ao 2 = @2 (Rl g [Pl ). B8 Al = 90 (Rl [Pz ),
[Nz gz =t (N ]z 2) and [wZ.P] = o = ([Pl = = )-

Lemma 4.8 Let A be a formula and 7 be a type valuation Ny/&7, ..., No/&, PL/¢s ... ,Pk/(,j. Then

[Al]] =[A)z g o (IN], - [N, 21D, - - D)

We define the interpretation of terms, as usual, by induction on proofs based on Figure 2. As we have
different judgments, we must have different ways of interpreting terms which is explained as follows:

o if N | p: P, then [p]{ € £'([N1], [P]);

« if N, P |t: N, then [t]} p € L(IN*F] @ [N*], [P]);

« if ¢ N, P, then [} p € LN TPD;

e« if N | ¢: N, then [t]y € L(IN4] @ [N1], L);

o if ¢+ N, then [c]n € L(IN'], L).

We only give the details of the interpretation of Ky ¢ca.(c;s), and the other cases are defined in 6.13.

By induction hypothesis, we know that [c] € LY(IN*] @ [N+ [P/¢TI]L [P]), and [s]}; €

LN @ [P, [QD).
By Lemma 4.8, [N*[P/¢T]] = ([N*]c+) o ([P]). So, we have [c]

+
N,P,N[P+/¢]
c LY(IN'] ®

[N+]e+([P]),[P]). Hence, by Lemma 4.6, we have a morphism [[C]]Xf,P,N[PL/C*] e LY(N'] ®
u[N+]e+, [P]). And by the interpretation of formula, we know that [u¢t.N+] = p[N+]e+. So, we

have [[c]]j\_/,P,N[PJ-/C*] € LY(INY] ® [u¢T.N+], [P]). Notice that [[CHXf,P,N[PL/Q*

lemma 4.6, so, we just take the following morphism of category £' as [Fy ca.(c; s)]]j\rﬂQ:

+
N,P,N[P+/¢7]

] is a unique morphism by

VY ® [uct N — P2 et @ VL] @ [uct N

—

lw ®Mﬁ,p,w[w/<f]

[Q] < V] @ [P]

[[5]],-/‘\—/’7@

4.8 Soundness
We first state the substitution lemmas (Lemmas 4.9, 4.10 & 4.11).
Lemma 4.9 Assume thatt+=N |p: P.
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W4 — e v

IfcH N, : P, then l[[c[p/a”]/v lld ®lpl
L Ve [Pl
fn.pt -
1 Cviy 1 1
W7 ——— Ve V]
Ifc-N,a: P+ Q, then i[[C[p/aH]j\? lld ®[pl
[e] e [N ® [P]
N, PL.Q
If-N,a: Pt |t: N, then
Crhrl 1 ®Id
WV w® Wie W e N
ﬁt[p/amN |wetge
gl i
= cur—1 ([t p) W e [Ple [N
IfFN,a:PLQ|t: N, then
Crh 1 ®Id
W N w® Wie W e N
l[[t[p/a]]]j(f lld 2[p]};@ld
[<] < i WA ® [Pl @[N]
N,PL.Q
CrnrL
W) — s Ve V]
if-N,a: PH[q:Q, then ﬁq[p/am l‘d@’ﬂpﬂﬁ
Q) N @ [P]
N,PL

Lemma 4.10 Assume that - N,Q | t: N.

Cral
W — s WA e V]
Ifc+ N, NJ‘, then iﬂc[t/'mj\—/’@ lld ®[[C]]/+\/,Nl
Q] i V] © [N
,Q
If-N,N*|s: M, then
C[[NJ_]]®Id 1 1 i
W[ » W ® WV © [MA]
ﬁs[t/-nm@ [eb]
[Q] < - V] @[N]
[tlv.o

Lemma 4.11 Assume that =N |t: N.
15
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W41 ﬂ) WA ® V4]
Ifc- N,N*t, then ﬁc[t/.]]],\, l'd@)[[cﬂj\/,wl
1 AT M@)w
IfE N,N*+ | s: M, then

C Id
W e [t WP e V@ (MY
ﬁs[t/-nw SIS
L - Vo [N

The following lemma relates syntactic functoriality (section 2.2) and the semantical one (Lemma 4.3).

Lemma 4.12 Assume that = N, P | s: N, let Q be a positive formula and let ¢ be a variable. Let also
be a type valuation such that (*,(~ ¢ dom(w). Then

[Q . /¢ o s = [@aomimyc+ IV TN, 1d [T p)
Q. /¢ W o et = [Qtomimy.c- N T(IsT ). 1d, 1)

As a direct conclusion of Lemma 4.3 and Lemma 4.12, we can have the following corollary:

Corollary 4.13 Assume that = N, P |s: N, let Q be a positive formula and let ¢ be a variable. Let also
7 be a type valuation such that (*,(~ ¢ dom(w). Then

[Q 1, /S opmpjcr) € LN [Qaomimyc+ AN, TP1 IN4D), [QUtomimy.c+* (TVT. TPL, 1PD))
Q1. /¢ o /e € LN ® [QLgommy.c+ " ([PT, INT, TPD). [Qlaomemyc+ H(ANAT™, INT, TPD))

Lemma 4.14 If ¢ — d, then either [c]|xy = [d]x or [[c]]j\rfp = [[d]]j\rfp depending on the typing derivation
of ¢ and d.

Theorem 4.15 Ifc —* d, then either [c]n = [d]x or [c]}; p = [d]}; p depending on the typing derivation
of ¢ and d.

Proof. By induction on the length of reductions from ¢ to d, and using Lemma 4.14. ]

5 Two concrete models of xkulLLP

We recall briefly the main definitions concerning the models Rel and Nuts, more details can be found
in [18].

5.1 Sets and relations as a model of kuLLP

The category Rel has sets as objects, and given sets E and F', Rel(E, F) = P(E x F). Identity is the
diagonal relation and composition is the usual composition of relations, denoted by simple juxtaposition.
Ifte Rel(E,F)and u C E thent-u={be€ F|3a € u (a,b) € t}.

This category is a well-known model of LL in which 1 = L ={*}, EQF =(F —- F)=E®F =EXF
so that (E)X = E. As to the additives, 0 = T = () and &ie; E; = @ier E; = Uier {i} x E;. The
exponentials are given by |E = 7E = Mg, (E) (finite multisets of elements of E). For the additives and
multiplicatives, the operations on morphisms are defined in the obvious way. Let us be more specific about
the exponentials. Given s € Rel(E, F), !s € Rel(!E,F) is s = {([a1, ..., an], [b1,-..,bn]) | Vi (ai,b;) €
s}, der(E) € Rel(lE,E) is given by der(E) = {([a],a) | a € E} and digy € Rel(!E,!|F) is given by
digg = {(m1 + -+ mp, [m1,...,my]) | Vi m; € Mgn(E)}. Last m® € Rel(1,!T) is m® = {(*,]])} and
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m2E’F € Rel(lE® !F,|(E & F)) is given by

sz,F = {(([al, e ,ak], [bl, e ,bl]), [(1,@1), ey (l,ak),
(2,b1),...,(0)]) | a1,...,ax € E and by,... b € F}.

Weakening wr € Rel(!E, 1) and contrg € Rel(lE,!E ® |E) are given by wg = {([], *)} and contrg =
{(m1 +ma, (m1,m2)) | mi € Mgn(E) fori=1,2}.

5.1.1 Positive functors on Rel

A functor F : Rel” — Rel is locally continuous if, for all ﬁ, ? € Rel” and all directed D C Rel"(ﬁ, ?),
F(UD)=U{F(¥)| s e D}.

Definition 5.1 An n-ary variable set is a strong functor F : Rel” — Rel such that F is locally continuous
and and maps inclusions to inclusions.

Definition 5.2 A positive n + p-ary variable set is a (n, p)— positive functor P : Rel”*” — Rel such that
P is an n 4 p-ary variable set.

5.2  Non-uniform totality spaces as a model of kulLLP

5.2.1 Basic definitions.
Let E be a set and let T C P(E). We define Tt = {«/ CE |Yu e T unu’ # 0}. If S C T C P(E) then
(T)*+ € St. We also have T C T++ and therefore 7+ = 7. One nice feature of this duality is:

Lemma 5.3 Let T C P(E), then Tt =1T ={v CE|Ju e T u C v}.

A non-uniform totality space (NUTS) is a pair X = (| X|, 7 (X)) where | X| is a set and 7 (X) C P(|X|)
satisfies T(X) = T(X)*t, that is 7(X) = 17 (X). Of course we set X+ = (|X|, 7(X)*). We define four
basic NUTS: 0 = (0,0), T = (0,{0}) and 1 = L = ({*},{{*}}). Given NUTS X; and X5 we define a
NUTS X7 ® X5 by |X1 ®X2| = |X1| X |X2| and T(Xl ®X2) = T{ul X Ug | U; € T(XZ) for i = 1,2}. And
then we define X — Y = (X @ Y1)+,

Lemma 5.4 te T(X o Y)eVueT(X)t-ueT(Y).

We define the category Nuts whose objects are the NUTS and Nuts(X,Y) = 7T (X — Y'), composition
being defined as the usual composition in Rel (relational composition) and identities as the diagonal
relations. Lemma 5.4 shows that we have indeed defined a category.

5.2.2  Multiplicative structure
Lemma 5.5 Lett C |X| x [Y|. One hast € Nuts(X,Y) iff (t)* = {(b,a) | (a,b) € t} € Nuts(Y+, X1).

Lemma 5.6 Let t C |X; ® Xo — Y|. One has t € Nuts(X; ® X9,Y) iff for all u; € T(X1) and uy €
T(X2) one has t - (u1 @ ug) € T(Y).

Lemma 5.7 The bijection o x| |x,||y| IS an isomorphism from (X1 ® Xa) — Y to X1 — (Xz —Y).

We turn now ® into a functor, its action on morphisms being defined as in Rel. Let t; € Nuts(X;,Y;)
for i = 1,2, we have t; ® to € Nuts(X; ® X»2,Y; ® Y2) by Lemma 5.6 and by the equation
(t1 ®@ta) - (ug @ ua) = (t1 - u1) ® (t2 - ug). This functor is monoidal, with unit 1 and symmetric monoidality
isomorphisms A, p, v and « defined as in Rel.

The SMC category Nuts is closed, with X — Y as internal hom object from X to Y, and evaluation
morphism ev = {(((a,b),a),b| a € | X]| and b € |Y|} which indeed belongs to Nuts((X —Y) ® X,Y) by
Lemma 5.6. This category Nuts is also *-autonomous with dualizing object L = 1.
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5.2.3 Additive structure.
Let (X;)ier be an at most countable family of objects of Nuts. We define X = & e X; by |X| =
Uier {Z} X ’XZ‘ and T(X) = {u C ‘X| ‘ Vielm ue T(Xl)}

It is clear that 7(X) = 177(X) and hence X is an object of Nuts. By definition of X and by
Lemma 5.4 we have Vi € I m; € Nuts(X, X;). Given T = (t;)ier with Vi € I t; € Nuts(Y, X;), we have

<?> € Nuts(Y, X) as easily checked (using Lemma 5.4 again). It follows that (&;er Xi, (mi)ier) is the
cartesian product of the X;’s in Nuts. This shows that the category Nuts has all countable products and
hence is cartesian. Since it is *-autonomous, the category Nuts is also cocartesian. Notice that the final

object is T = (1}, {0)}) and that 0 = T+ = (@ 0).

5.2.4 Exponential.
It is an extension of the multiset exponential of Rel with totality. =~ We set ['X| = Mg, (|X]|) and

TOX) = {Mgn(u) | ue T(X)} =1 {Mga(u) | u e T(X)}.

Remark 5.8 A formula is interpreted as exactly the same set in Rel and Nuts (with the additional
totality structure in Nuts of course). Similarly a proof is interpreted as the same set in both models;
Nuts gives us additionally that this set is total.

5.2.5 Variable non-uniform totality spaces (VNUTS)
Let E be a set, we use Tot(FE) for the set of all totality candidates on E, that is, of all subsets T of P(FE)

such that 7 = T+ (remember that 7+ = {u/ C E |Yu € T unNu’ # 0}). In other words 7 € Tot(E)
means that 17 by Lemma 5.3. Ordered by C, this set Tot(E) is a complete lattice.

Definition 5.9 Let n € N, an n-ary VNUTS is a pair X = (|]X|,7 (X)) where |X| : Rel® — Rel is a
variable set |X| = (]X],|X|) and T(X) is an operation which with each n-tuple A of objects of Nuts
associates T (X)(A) € Tot(|X|(| 4])) in such a way that

1 for ag? € Nuts”(z, ?), the element m(?) of
Rel([X(|4]), |X|(|B1)) belongs to Nuts(¥(A), T(B))
(where X'( A) denotes the NUTS (]X](]ZD, ’T(X)(Z))

2 and for any Be Obj(Nuts™) and any A € Obj(Nuts) one has |/)?]|A| B € Nuts(!A@?(?),f(!A@?))
Definition 5.10 Let n,p € N, an n + p-ary positive VNUTS is a pair P = (|P|, T(P)) such that

1 |77| is an n + p-ary positive variable set,
= (|P|, T(P)) is an n + p-ary VNUTS, and
3 for any Z Be Obj(Nuts") one has
Pl 3 € Nuts([P[( (4,1B),\(PI(4, B))).

Lemma 5.11 Any n + p-ary positive VNUTS P : Nuts"™? — Nuts induces a (n,p)— positive functor
P : Nuts"? — Nuts which satisfies

. |P (4.B)| = |7>| |X\ |B)),
B4, B)) = T(P)(4,B),
. ( ) =[PI(* ) € Nuts(P(Al,Bl),E(A2,§§))
for T € Nuts"?((A;, B)), (As, BY)),
¢ EA,T;’ = @|A|,|§|
e and @23 = |%||Z|,|_B>|

and P can be retrieved from P.
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5.3 Rel and the point typing system

In Section 3 we have introduced a point typing system. The points of this typing system are essentially
the same thing as points of the relational model, the only difference being that a point a : P contains the
ob construct at places corresponding to occurrences of y or v type constructs in P. It is easy to see that
there is a bijective correspondence between the a : P and the @’ € [P] in Rel. To simplify notations we

consider this correspondence as the identity function.
Lemma 5.12 Let P be a closed positive formula. Then a P [a, -+, an] iff (a,[a1,- -, an]) € hypp-

Theorem 5.13 Let ® = (ag : a1 : Ni,...,ax : ar : Ng) be a negative point typing context and let
N =(ay:Ny,...,an: Ny) . Then
(at,-- ,an,b) € (LR iff @ [t:b: N
( 7"‘aan707b)€[[tﬂ/1\1/‘?},iﬁ”l—@,c:P\t:b:N
o (a1, -+ ,an,b) € [q]R iff F® | q:b: P
(a1, ,an) € []R iff e+ @
(a1, ,an,b) € [JRp iff c-®,b: P

a

—_

The proof of Theorem 5.13 is a simple verification, and it uses Lemma 5.12.

5.4  FEzamples of nat

As we can see in [18], the interpretation of nat in Nuts is a totality space (N,{u C N | u # @}). So,
[nat™] = (N, {N}). Hence [!(nat")] = (Mgn(N), {Mgn(N)}), since {Mgn(N)} = 1 {Mgn(u) | u € {N}}.
The inductive definition of h,,t means this set is the least one satisfying
e (0,k[0]) € hnat for any k € N, and
o If (ﬁa [ﬁly o ,Wk]) = hnata
then (n+1,[n1 +1,--- ,ng + 1]) € hnat.

Hence we have hnat = {(7, k[R]) | k,n € N}.

Conclusion

We have decomposed the proof of termination results for kuLLP (such as in Section 3.6) in two steps: first
a normalization result for a non-idempotent intersection typing system in the style of [12,13,4] and then
a purely semantical result: non-uniform totality spaces are a denotational model of kuLLP where proofs
have the same interpretation as in Rel.

This approach was particularly useful here since, due to the presence of the K construct and the
alternation of polarities in kuLLP, we have not (yet) been able to define a direct realizability interpretation
of kuLLP formulas as sets of terms. In some sense we have handled denotationally the logically complex part
of this intended realizability semantics. One can also see our construction as a realizability interpretation
of formulas graded by the points of the relational model.

This method does not seem to say anything interesting about formulas which have an empty interpre-
tation in Rel. This drawback is not so dramatic since, as explained in the conclusion of [18], no finite
information (of type nat typically) can be extracted internally to kuLLP from proofs of such formulas.
Nevertheless the problem of proving some form of normalization for them is an interesting challenge.

Another goal for further work will be to analyze the expressive power of kulLLP as a programming
language. It seems clear that we can embed faithfully a version of Godel’s T in xkuLLP but we can
certainly do much more.

A further direction of work will consist in investigating a related polarized calculus for the circular
setting: while the construction Ky cco.c would be much simplified, the challenge will be to account for the
global validity condition.
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6 Appendix
6.1 Definition of substitution of terms in formulas

> If Q = ¢ then Q[m, s/¢T] = s.

> If Q = (" € dom(m) then Q[m,s/¢(t] = e with - N, P, | e : P
>IfQ=1weset Q[m,s/(T|=eowith-N,1|e: L.

> Assume Q = Q1 ® Q2. Let s; = Q;[m,s/¢t]. By inductive hypothesis we have = N, Q; [, P/{T] |
si © QF [m,N/(] so that b N, a; : QF [7H, N/CT] | R(si * oq) © Q[m, P/¢T] for i = 1,2. Hence
FN,oq : QF [7H N/ ag  Qy [mE NJCT] | (Ra(s1 % an), R(s2 x a2)) = (Q1 ® Q2) [m, P/¢T]. So we
have e x (K.(s1 x a1),f.(s2 x a2)) = N, : Q% [WL,N/C_] y Q2 L Qzl [WL,N/C_] Q1 ® Q2) [m, P/CT]
and = N,Q [m, P/¢T] | k(ar, az).(e * (R.(s1 % a1),&.(s2 * a2))) = QF [, N/(]. Hence we set (Q1 ®
Q2) [m,8/CT] = Kk(ag, a).(ex (F.(s1 x 1), k.(s2 % a2))).

> Assume Q = 0. We have F AV,0 | () : T and we set T [m,s/¢T] = ().

> If Q = Q1 ® Q, we use the same notations as for ®. We have F N, o; : Q- [WL,N/C_] | R.(si %) :

Qi [ﬂ',P/CJr] hence + N,Cvi : QZJ‘ [ﬂ'J‘,N/Ci] ’ |n2(,%(31 *ai)) : (Ql S, QQ) [W,P/C+]. So F N, (Ql S,
Q2) [, P/¢H] | Koy (exini(F.(si* i) : QFF [mh, N/(™] so we set (Q1®Q2) [m, s/¢T] = (kay.(exing (R.(s1*
041))),/4,042.(0*ing(l%.(Sg*Oég))».

> Assume that @ = p&.R and let us set Rp = R[P/(*] and Ry = R[N*+/(T]. Let p=m- (u&.Rp [7] /€T).
By inductive hypothesis we have defined ¢t = R [p, /(] with = N, Rp [p] | t : Ry [p*]. We have F NV, a :
Ry [p*] | &.(tx@) : Rp [p]. Notice that, due to the definition of p, we have Rg [p] = Rg [r] [ué.Rp [r] /€]
for S = P,N. It follows that - N, : Ry [p*] | fd(R.(t * )) : u¢.Rp [r]. Therefore (o * fd(%.(t x ))) b
N, p&.Rp[r],a : Ry [pt] = (B [7][€.Rp [r] /£F])* so we define (ué.R) [, s/¢T] as FRL[n] ca(ox

fd(%.(t x ))) by (t-v1h).

)

21



EHRHARD, JAFARRAHMANI, SAURIN

> Assume last that Q = !R'. By inductive hypothesis we have defined t = R [WL, s/C _} which satisfies
FN,R[xH N/ |t R [, P/¢T). Tt follows that - N, : RY [, P/¢T] | R.(t %) : R [7t,N/(7] and
hence = N, a1 Rt [, P/(Y] | der(R.(txa)) : 7R [1+, N/(7] so that = N, B : 7R [n+, N/(7] | ka.(der(R.(t*
@) xB) : Rt [m, P/¢T]. Next we obtain = N, 8: 7R [n, N/¢7] | ka.(der(R.(t * o)) *B) : \RL [r, P/ so
that = N, 'R+ [, P/¢T] | kf.(e x k. (der( (txa))xB)"): 7R [7+,N/¢™] and we define |R* [r, /("] as
the term x03.(® * ko (der(F.(t x a)) x 8)").
In the same induction we define the negative substitution @ [, s/¢~]; this is done as follows.

> If @ is a variable, it cannot be (™ since () is positive and we must have () = C;r . It follows that
Q[r,N/¢(7] = P; and Q* [7TJ‘,P/C+] = P so that we set Q[m,s/("] =e. The cases @ = 1 and Q = 0
are similar.

> Assume Q = Q1 ® Q2. Let s; = Q;[m,s/¢7] so that & N,Q;[7, N/CT] | s + QFf [v-, P/CT]. Tt
follows that = N,a; : Qf [7+,P/¢CT] | &.(si x ay) © Qi[m,N/¢7] for i = 1,2. Hence - N,oq :
Qf [rH,P/(t]az + Qy [7H, P/CT] | (Ru(s1 % an),R(s2 x a2)) + (Q1 ® Q2) [, N/¢T]. So we set
(Q1 ® Q2) [m,s/CT] = k(a1,a2).(e * (F.(s1 % a1),k.(s2 x az))). The other cases are similarly analogous
to the definition of the positive substitution.

6.2 Proof of Lemma 3.1

Proof. By induction on a assuming that we have a derivation of a : R [P/¢"]. We consider several cases,
according to the shape of R.

> If R = (" we choose j € J and set a’ = (4,¢), b; = a.

> If R = ¢F # ¢ we must have a = (4,€) and we set a° = a. In that case we have rgCa0 = & and so we
have no b;’s to define.

> If R = 1 we must have a = x and we take a’ = a. As before rgCa0 = @ and so we have no b;’s to define.
> If Ris Ry ® Ry so that a = (a1,a2) with a; : R; [P/CT] for i = 1,2. Let Jy,Jo C J be disjoint and
infinite. By inductive hypothesis, for ¢ = 1,2, we can find a ' R w1th rggao C J; as well as families

ﬂ jGI’gCaO such that Vjb(i); ﬁ is adapted and a; = a?{b(i);/(j, C)}]EFgCCLO For
je rgca rgcaf Wrgead we set by = b(i ) where i € {1,2} is uniquely determined by j € rgca defining

b = (bJ)Jerg .0 Let & be a literal, 7,5’ € rgga with j # j' and let K = rgeb; Nrgeby. If j, 5’ € rg£a0 for
1 =1or¢=2then K = @ since al,ﬂ is adapted. If j € rgga and j' € rg§a3 ; then K = @ because
we know that rgeb; C rgea;: this is due to the fact that, by inductive hypothesis a; = af{by/(k, C)}kErgCai

Similarly rg¢bj C rgeaz—; and moreover rgea; Nrgeaz—; = @ because a : Ry [P/¢1] ® Ry [P/¢T]. For the

_>

same reason, if j € rgea) we have rgeb(i); Nrgea_; = @. It follows that the pair (a°, b) is adapted.
The fact that a = a®{b;/(j, ¢ )}jerggao is an immediate consequence of the inductive hypothesis. The case
R =Ry (and hence a = [ay, ..., a,]) is dealt with similarly (applying the inductive hypothesis to the a;’s)
and the case R = Ry @ Ry is straightforward: we have a = (i,a0) with ag : R; [P/¢t] for i =1 or i = 2
and the inductive hypothesis directly applies to ap.

> Last if that R = p&.Q with € # ¢ and £ does not occur in P, so that a = o(ap) and that we have a

derivation of ag : R where R' = Q [P/ [u€.Q [P/¢T]/¢T] = Q[R/ET][P/¢T]. By inductive hypothesis

applied to ag there is a : Q [R/¢7] and a family (Cj)jergg(ag) satisfying the required properties wrt. a°.

We take a” = o(a) so that rgcao = rgcag and we set b; = ¢; for each j in that set. O
6.3 Proof of Lemma 3.2

Proof. Let p = k.c € |blg. This means that ¢ —* e x ¢ with ¢ € |blg \ & = ||b]lg. It follows that
sxp—cls/e] =* (exq)[s/e] =s*q € l(a: P) (notice that e cannot occur free in ¢ since ¢ is a typed
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positive term). It follows that sxp € 1 (a: P). O

6.4 Proof of Lemma 3.3

Proof. By induction on the derivation of a P [ay,...,a,] we prove that ||a||p C ||a;||p which implies the
announced inclusions. If the derivation consists of (s-1) then we have P =1 and Vi a = a; = * so that the
statement obviously holds. If the derivation ends with (s-®) then P = P, ® Py, a = (a',a?), a; = (a},a?)
and o’ P [a],...,a}] for j = 1,2. The inductive hypothesis gives la?|lp, € llal|lp, for j = 1,2 and for
each i whence the anounced inclusion by definition of |(a',a?)||p,gp,- The case where the last rule is
(s-@) is similar. If the last rule is (s-!) then P = IN, a = [by,...,bg], a; = [bj | j € J;] with k = ¥, J;.
Let p € ||a||p so that p = s' with Vj € kVq € |bj|yr s*q € 1. So a fortiori for each i € n one has
Vj € JiVq € |bj|yr s*q € 1L, that is p € [|a;||p. Assume that the last rule is (s-u) so that P = u(.Q,
a=o0(b), a; = o(b;) for i € n and we have b Q [P/(*] [bi,...,by]. Let p € |a|p, which means that p = fd(q)
with ¢ € |blg(p/c+)- For i € n we have g € [|b;||g[p/c+) by inductive hypothesis and hence p € ||a;||p- O

6.5 Proof of Lemma 3.5

Proof. By induction on the pairs (Q, d), ordered lexicographically, following the definition of substitution
of terms in formulas in Section 2.2. It is important to notice that the universal quantification on 7 is part

of the statement we prove by induction. We set J = rg,d.

>IfQ=1thend=x J =0, Q[r,s/nt]=e, d{bj/(j,n)}jes = d{c;/(j,n)}jes = * and (a; P; [])I,. We
have b (a; :a; : N;) 1, : 1] e:x: L asrequired. The case @ = (" # n™ is similar.
>IfQ=n",d=(jn) for some j € I then J {7} and hence d{by/(k,n)}res = b;j and d{cy/(k,n)}kes =

¢;j. Moreover we have (a P; lai])_, so that a] = a; for each ¢ € n by Lemma 3.4. We have Q [m,s/n"] = s
and the first conclusion is identical to the typlng assumption on s. Since @ [m,s/n"] = e the second
conclusion is obtained as in the previous cases.

> If Q = Q1 ® Q2 then d = (di,dp) with (di, : Qp [7])g=12. Let K = {1,2} and J, = rg,di, for k € K
so that J = Jy W Jo. By Lemma 3.4, for each i € n and k € K there is a(k); : N;- such that (a(k); Ni-
[a{ | j € Ji)), for k € K and (a; N;* [a(1);,a(2);])" ;. By inductive hypothesis we have - (o : a(k); :
NPy, di{by/(3,m)Yjes = Qlm P/nt) | Qi lm,s/nt) = difej/(Gim)}jes, » Q@ [n, N/n~] for k € K. Pick
some coneutral (e; : Ni" )™ and fj, : Qp [, N*/nt], we have b (c; : e; : N;))7_y, Br = di{cj/ (. m) }jes
Qr [WLﬂ/nf] Bas—k  famk Qi [N/ | B+ di{ci/(G.m)}Yjes, ¢ Q[ N*/nt].  Since
(a(k)i N+ [ei,a(k)i))ie; we get spx Br = (i @ a(k)i = Ni)ioy, di{bi/(3,m) Yjes, = Qrlm, P/0T], Br
difci/(GymYjen = Qi [7 N/n7], Bak = fa—k : Q3 [77, N/n~] where s = Qg [m,5/n"] and conse-
quently = (o = a(k); : Ny, B © def{c;/(,m)} e, + Qp [7F,N/n~ ] Bs_k t fa—k @ Qy_p [7 N/n7] |
R.(sk * Br) = di{bj/(4,n)}jes, + Qm, P/nT]. Using the fact that (a; Nf [a(1);,a(2)])}_, and the coneu-
trality of fi, f> we get = (o : ai = Ni)iy, B = dife;/(.m)}jen + Q1 [7, N/n™], Ba + do{e;/(G.m)}jeus
Qg [, N/~ ] | (R.(s1%B1), R.(s2%B2)) : (di{b;/ (4, m)}jen, d2{b;/(G. m)}jer) : Q[m, P/y*]. Since we have
d{b;/(Gn)}ies = (diib;/(5:m) e d2{b;/(jn)}ies,) and similarly for dic;/(j, 77)}J€Jv we finally get

F (st ai s Ni)iy, d{b;/(G.m)}jes = Qm, P/n*] | 5(B1, B2)-(o % (R.(s1% B1), K.(s2 % B2))) « d{c;/(§,m)}jer -
Q+ [TI'J‘, N/ n_] as contended. The case Q = Q1 & Q5 is similar. The second conclusion is obtained in the
same way. The case Q = Q1 ® ()2 is similar.

> Assume that Q = !R*, so that d = [dy | k € K] with dj, : R [Wﬂ. For k € K let J = rg,dj so that

J = Ji. By Lemma 3.4, for each i € n and k € K there is a(k); : N;- such that (a(k); ]VZI [l |5 e ),

for k € K and (a; ﬁ; la(k); | k € K])_,. By inductive hypothesis, for each k € K we have F (o : a(k); :

NPy i/ G byen, : RIm Nfno) |t didbs/Gymbies, : R- x5, Py*], where t = R[m, /i, 0

= (i = a(k)i © Ni)iey, B+ di{bj/(Gom)Yjes, « RY [, P/g*] | &.(t* B) + di{e;/(j,m)}jes, « Rlm, N/n™].
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So I (a; + a(k)i + Ni)iLy, B+ di{bj/(5,n)}jes, + BT [m, P/n*] | der(B.(t* B)) : [di{c;/(5.n)}jes] -
?R[m, N/n~] and hence & (e : a(k); : Ni)iLy, 7 ¢ [di{bi/(G,m)}jeq] : TR[m, N/n~] | £B.(der(R.(t  B)) *
) ¢ di{ei/GimYjes + BE [wh P/n*]. Since (@i Nit [a(k)i | k € K])iLy and [di{c;/(G,m)}jen | k €
K] 'Rl[ LN ] (ke /G e |k € K] we have &= (aq = ai = Ni)ily,y = [die{b;/ (5, n)}jes | b €
K| : ?R[m,N/n7] | 6B.(der(R.(t x B)) x7)" : [di{c;/(G.n)}jes | k € K] \RY [x1, P/n*] and therefore we

have (i : ai = NPy [dides/(GomYjes, | k€ K] \RE [ P/nt] | (o % mB.(der(7.(t % B)) x7)') :
[di{b;/ (7, n)}]e J. | k€ K] :?R[m,N/n~] as required. The second conclusion is dealt with similarly.

> Assume that @ = u(.R. We set Rp = R[P/nT] and Ry = R[N*/n"]. We have d = o(d°) with
d’ : R[n][Q[r]/¢t]. By Lemma 3.1 we can find f : R[n] as well as a family (d; : Q[n])icr where
L = rg.f such that d® = f{d;/(1,{) e Let J = rg,d, we have J = J' & UleL Ji where J' = rg, f and

Jlfrgndl for each [ € L. By Lemma 3.4 we can find a},a! : N such that a; Nl [a}] + [al | I € L] and

;Nf— [a] 71 jeJ)and al NL [a f |jeJi],foralli=1,...,n. Letl e L. Weset f; =di{bj/(j,n)}jcs, and
g = dl{c]/(j n)}jes,- By 1nductive hypothesis (since szd; < szd” < szd) we have, for all | € L,

(i af s Ni)iy, fi s pCRp [n] |
Qms/m] g vCRE [+4] )
Let p =7 - (uC.Rp[m] /¢T). Notice that all the free variables of R, but possibly n*, 7~ are in dom(p). Let
= f{fi/(,O)}er so that d' : R[p] since f: R[n] and f; : u¢.Rp [r]. Notice that rgnd1 J'. We apply
the inductive hypothesis to (R,d") and get - (o : a} : N;)7y,d"{b;/(j,m)}jes : Rlp, P/nT] | Rlp,s/nT]

d*{c;/(G,m)}jer « R [pt,N/n~]. Notice that R[p, P/¢*] = Rp [r][u¢.Rp [7]/¢t] and R [p, N+ /(H] =
Ry [7] [uC.Rp 7] /CT] so that

o «fd(R.(R [p,s/n"] *a)) b (o : aj : Ny)jy,
o(d'{b;/(G:m)}jer) - n¢.Rp [,
o d'e/(im)bje : R a]™ | (uC.Re [n) - /¢7| (3)

We have

o(d*{b;/(j,m)}jesr) = d{b;/(5,m)}jes
d*{c;/(G,m}jer
= flei/(Gm) Yier{fi/ (O er

hence by (2) and (3) applying rule (i-v!') and using also the fact that a; ﬁ; [a}]+[a | 1 € L], we get - (ay :

ai © Ny, d{b;/(j,m)}jes + pC.Rp [n | uC.Rlm, s/n*] = o(f){ej/(G.m)}jerd{a/ (L, Oher = vC.(Ry 7))+
and notice that o(f){c;/(J,m)}jer {9/, Oler = d{c;/(j, J)}jerg,a since g = di{c;/(j,n)}jes, and d =
o(f){d;/(1,¢)}ier; the announced statement is proven. For the second conclusion we proceed similarly. O

6.6 Proof of Lemma 3.6

Proof. By induction on the pairs (Q, d), ordered lexicographically, following the definition of substitution
of terms in formulas in Section 2.2.

> The cases Q = 1 and Q = 1" are trivial.

> If Q = Q1 ® Q2 then d = (di,dg) with (di : Qk [7])k=12 and J = J1 W Jy Where Jp = rgndk and by
inductive hypothesis we have s = Qg [7, s/n"] € |gk|n,, (f : Pr) where f, = d( b) Ny, = Qj [7+,N/n~],
g = di(?) and P, = Qi [m, P/nt] for k = 1,2. Tt suffices to prove that t € |(g1,92)| N3N, ((f1, f2)
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P, ® Py) where t = k(B1,52).(® * (5.(s1 x £1),k.(s2 x B2))). We use Lemma 3.2 so let ¢ € ’gk|QkL for

kE = 1,2, we have t x (q1,q2) — (o * (R.(s1 * q1),R.(s2 x ¢2))). We have s x q € 1L(fx : Pr) and hence

(/%.(81 * ql), /%.(82 * QQ)) S H(fl, f2)||P1®p2 so that e x (/Z‘,.(Sl * ql), /%.(82 * QQ)) S J.L((fl, f2) P ® PQ) and
hence t x (q1,q2) € 1L((f1, f2) : PL ® P3). The case Q = Q1 ® Q2 is similar.

> If Q = |RT then d = [d1,...,d] with J = L-ljle Ji where J; = rg,d, for each [ € k. By inductive
hypothesis s’ = R [rt,s/n]| € ’dl(?)’Ri[ﬂ.7P/n+](dl(?) : R[r*,N/n~]) for each | € k and we must
prove that t € |[dy(¢) | [ € Lllopfms - (di(B) | 1 € L] - |RL [x, P/nt]) where t = IR [xr,s/nT] =
kB.(e * (k. (der(F.(s' * @) * B))') where s’ = R [7+,s/n~] and for this we apply Lemma 3.2. Let s; €
Nicr ]dl(?)|Rl[le/n+], it suffices to prove that ¢ s;' € iL([dl(_b>) | 1€ L] : 'R [x, P/nt]). We have
txs' — ox (ra.(der(i.(s' x a)) *51!))! so it is sufficents to prove (ka.(der(%.(s" x ) *31!))! € |[dl(?) |
le L”!RL[K,P/,”«W, and hence it is enough to prove that xa.(der(%.(s' x a)) x 51') € Micr [di( b )’RL[,R.7P/77+].
So let ¢ € Ujep d( b )|R[7rl7PL/n—]’ it suffices to prove that (der(&.(s’ x q)) x s1') € .. Let | € L, since

s e ’dl(?)’RL[W7P/n+](dl(?) : R[nt,N/n~]) we have s xq € A (dy(€) - R [mt,N/n~]) and hence
fi.(s'xq) € |dl(7)|R[WL nyy-] @nd this holds for all I € L, that is 7.(s'xq) € Uyey, \dl(?)]R[ﬂL Nyy-]- Since
51 € (Ner \dﬂ?)\RL [ N /+] it follows that s; % &.(s' x ¢) € I, hence der(k.(s' x q)) * s1' € IL as expected
since der(%.(s' % q)) x 51" — 51 % &.(s' % q).

> Assume that @ = pu(.R. We set Rp = R[P/n"] and Ry = R[N*/n*], Qp = Q[P/n™] and Qn =
Q [N+/nt], and also t = Q|[m,s/nt]. We also use p = 7 (Qp[r]/¢(T). We have d = o(d°) with
d’ : R[n][Q[r]/¢t]. By Lemma 3.1 we can find f : R[r] as well as a family (d; : Q[r])icr where
L = rg.f such that d® = fldi/(I,O)ler. Let J = rg,d, we have J = J' & 4,cp J; where J' = rg, f
and J; = rg,d; for each [ € L. By inductive hypothesis applied to (Q,d;) (since szd; < sz d’ < szd)
we have t € |gl|QﬂﬂL](fl : Qpr]) where f; = dl(?) and g = di(@) for each | € L, since szd; <

szd’ < szd. Notice that f(@){g:/(,{)}er = d°(@) by definition of the g;’s. We must prove that
te ]d(?)]QMWL](d(?) :Qp|[n]) solet p € Hd(?)HQN[,r], it suffices to prove that txp € L(d(?) :Qp 7).
We have p = fd(q) with ¢ € ‘do(?”RN[mQN[ﬂ/C*]' We have (see Section 2.2) t = Q [, s/nT] = EQk’[ﬂ_L]’CO&.C
where ¢ = o x fd(£.(s' x a)) where s’ = R[p,s/n"]. So txp — (Rn [7,t/{T] % q) [ka.c/e)].

Notice that f(¢) = f {cj/(j,n)}je satistfies f (@) : Ry [r] and hence by inductive hypothesis applied
to (R, f(°@)) we have that Ry [r,t/¢] belongs to the set

1F () {9/, g)}leL‘Rﬁ[ﬂ{Qﬁ [xL]/¢-] (FCO{f/ (1, O el -
Ry [7,Qp[r] /CT]) since we have seen that t € ‘gl|QH7rL](fl : Qp|[r]) for each | € L. Since
g € 1d°()|rypmoniycs and d(T) = f(@)Ha/(.Oher it follows that ¢ = Ry[mt/¢T] *
¢ € W/, Oer : Rn[mQplr]/¢T]) which means ¢ —* o x r for some r €
Hf(7){fl/(laC)}IELHRN[W,QP[W]/G] and therefore ¢ [ka.c/o] =* ka.cxr = ka.(e x fd(k.(8' x a))) xr —

o x fd(R.(s" x71)).

Notice next that f' = f{fi/(l,{)}er : R[m, Qp[r] /¢T] = R|p]. Hence by ind. hyp. applied to (R, f’)
and since /() = (/1. Oher we have &' € |F(@) g1 xso ) (F(F) ¢ Rlp. P/]) and hence
s'xr e iL(f/(?) : R[p, P/n"]). Notice that f’(?) = do(?) and hence we have &.(s'xr) € |d0(€>)|R[p’P/n+}
and therefore, by definition of p, fd(%.(s'*r)) € Hd(?)HQPW. So we have exfd(&.(s'xr)) € AUL(d(b) : Qp[n])
and hence t xp € il_(d(?) : Qp [r]) as contended.

> The second statement of the lemma is proved similarly in the same induction of course since the case
Q = !R* (change of polarity) for a given statement uses the other one as an inductive hypothesis. a
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6.7 Proof of Theorem 3.7

Proof. By induction on the point derivation § for ¢, t and p. To increase readibility we use ¢ for ¢[p;/o;],
and similarly for s and p. In the induction, we use the notations introduced in the statement of the theorem
to avoid boring sentences introducing new symbols. But one has to keep in mind that the satement proven
by induction contains the universal quantification on the p;’s.

> 0 consists of (i-n) so that we are in case (v) with p = o for some j € n, and a = a;. In that case we
have p’ = p; and the expected conclusion follows from |[la;||p; C |a;|p;.

> & consists of (i-1) so that we are in case (v) with p = () and a = * We have p’ = () so that p’ € ||x[]; C |*]1.

> 0 ends with a (i-®) so that we are in case (v) with p = (q1,92), a = (b1, b2) and we have subderivations
§j of F (v s al - Pil)’;:1 | ¢j : bj : Q; for j € 2 and moreover a; P; [al,a?] for all i € n. For each i € n we

know that p; € |la;||p, and hence by Lemma 3.3 we have p; € ||a]||p, for each i € n and j € 2. Hence by
inductive hypothesis g; € |bj|q, so that p’ = (q1, ¢2") € [|(b1,b2)[lQ0Q. € (b1, b2)|Q100Q.-
> § ends with a left (i-@®) the case of a right (i-®) being of course completely similar. We are in case (v)

and P = Q1 ® Q2, p=ini1(q) and a = (1,b) and we have a subderivation d; of = ® | ¢ : b : @Q; so that by
inductive hypothesis ¢’ € |b|g, and hence p’ = in1(¢') € [|(1,b)]l0120, C [(1,0)]|Q,00,-

> 0 ends with a (i-k). We are in case (v) with p = kK.c and we have a subderivation ¢; of § which has
¢t ®,a: P as conclusion. By inductive hypothesis we have ¢ € 1 (a : P) = |a|p® = ||a|]|p®* and hence
p' = k.c € |a|p as required.

> ¢ ends with (i-u) so that we are in case (v) with P = u(.Q, p = fd(¢) and a = o(b) and ¢ has a
subderivation d; whose conclusion is = ® | ¢ : b: Q [P/¢"]. By inductive hypothesis we have ¢’ € [b|gp/¢+
and hence p’ = fd(¢') € |o(b)||.c.0 C |alp-

> § ends with (i-1) so that we are in case (v) with P = IN, p = s' and a = [b; | j € J] and § has a
subderivation &; of F (a; : a] : P1) | s:bj : N for each j € J and moreover we have a; P; [a] | j € J] for
each i € n. Since ||a;||p, C ||al||p, for each i € n and j € J we have s’ € |b;|y by inductive hypothesis
applied to §; for each j € J and hence p' = (s) e b5 | 7€ Jlhn € |alp.

> § is (i-e) so that we are in case (iv) with N = P-, s = e, b = a and a; P, [] for each i € n. We have
s’ = e 50 that for all p € |la||p we have s’ xp € IL(a: P) which means that s’ € |a|pL(a: P) as required.
>0 ends with a left (i-&) (the case of a right (i-&) is of course completely similar) and we are in case (iii) with
N = N1&Ng, a = (1,a1), s = (s1, s2) and we have a subderivation d; whose conclusion is - ® | s1 : aj : Nj.
The other subderivation o makes sure that s, is well typed in the typing system of Figure 2. Let
pE ||(1,a1)\|N1¢@N2¢ that is p = in1(p1) with p; € |Cl1|N11_. We have s’ *p = (s1/, s2’) xini(p1) = s1"*p1 € 1L
by inductive hypothesis and hence s’ € |a|y.

> 0 ends with a left (i-&) (the case of a right (i-&) is of course completely similar) and we are in case
(iv) with N = Ny & Na, b = (1,b1), s = (s1,s2) and we have a subderivation d; whose conclusion is
F ®.a: P | s;:b : Ni. The other subderivation d2 makes sure that sy is well typed in the typing
system of Figure 2. Let p € H(l,bl)”NIL®N2L that is p = iny(p1) with p; € ’bl‘NlL. We have s’ xp =
(s1',89") xin1(p1) — 81’ *p1 € l(a: P) by inductive hypothesis and hence s’ € |b|y(a : P).

> 0 ends with (i-x) and we are in case (iii) with s = ka.c and we have a subderivation d; whose conclusion

isck® a:a:N. Let p € ||a|]|y. we have s’ xp — ¢/ [p/a] € I by inductive hypothesis. It follows that
s' € |a|n.

> 0 ends with (i-x) and we are in case (iv) with s = ka.c and we have a subderivation d; whose conclusion
isck®a:Pa:b:N. Let p € ||b||yo we have s xp — ¢/ [p/a] € 1L(a : P) by inductive hypothesis. It
follows that s’ € |b|n(a : P) as required.

> 0 ends with (i-L) and we are in case (iii) with N = 1, a = %, s = k.c and 0 has a subderivation §;
whose conclusion is ¢ = ®. We have s’ x () = k.’ x () = ¢ and since, by inductive hypothesis, ¢’ € 1L, if
follows that s € | *|,.
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> ends with (i-L) and we are in case (iv) with N = L, b =%, s = k .c and 0 has a subderivation §; whose
conclusion is ¢ = ®. We have s’ x () = k. ./ x () = ¢ and since, by inductive hypothesis, ¢ € 1. (a : P), if
follows that s € | x|, (a: P).

> § ends with (i-%) and we are in case (iii) with N = N3 B Na, a = (a1,a2), s = k(a1, az).c and we have
a subderivation ¢; whose conclusion is ¢+ ®, a7 1 a1 : N1, a0 : ag : No. Let p € H(G/l,ag)HNli(g)NQL, that is

p = (q1,¢2) with g; € |aj| 1 for j € 2. We have s’ xp — [q1/a1, g2/ 2] € 1L by inductive hypothesis. It
J
follows that s’ € |a|n.

> § ends with (i-%) and we are in case (iv) with N = Ny % N, b = (b1,b2), s = k(a1, az).c and we have
a subderivation d; whose conclusion is ¢ = ®, a1 : by : Ny, 0 : by : No,a : P. Let p € H(bl,bg)HN%@)NQl,

that is p = (q1,¢q2) with g; € |bj|y. for j € 2. We have s’ xp — [q1/a1, g2/ 2] € 1L(a : P) by inductive
J
hypothesis. It follows that s’ € |b|y(a : P).

> ends with (i-7) so that we are in case (iii) (notice that there no case (iv) for this rule) with N = ?7Q),
a = [b], s = der(p) and J has a subderivation ¢; whose conclusion is = ® | p: b: Q. Let p € |[[b][,g+, that

is p=t' where t € blgr. We have s« p — tx p’ € I since p’ € |b|g by inductive hypothesis.

> 0 ends with (i-cut) and we are in case (i) with ¢ = s p and ¢ has two subderivations ¢; and o with

conclusions - (o : a} : PR, [ s:b: Qb and F (a; : a? : P, | p:b:Q and g P, [al,a?] for all

1 € n so that by Lemma 3.3 we have p; € ]af\pi for all i € n and j € 2. By inductive hypothesis we have
s' € |blgr and p’ € [blq so that ¢’ = s"xp' € 1.

> § ends with (i-cut) and we are in case (ii) with ¢ = s % p and ¢ has two subderivations §; and do with
conclusions - (a; :al : PR j;a: P |s:b: Qb and - (o :a? : PH), | p:b: Q and a; P; [a}, a?] for all

K3 (2 (2 7 177

1 € n so that by Lemma 3.3 we have p; € ]ag\pi for all i € n and j € 2. By inductive hypothesis we have
s' € |blgr(a: P) and p’ € |blg so that ¢’ = s"xp' € IL(a: P).

> 0 ends with (i-v), remember that this rule is given at the beginning of Section 3.2. Assume that
we are in case (iv) with N = v(.Rt, s = ERcha.(c;t), we have a point d : R, a subderivation ¢§”

of § whose conclusion is - (a; : @/ : PH),a : P |t : h : Q' a subderivation ¢ of § whose con-

clusion is ¢ F (a; : @} + PH),h + Qo + d{hy/(I,n)hier = RT[Q*/¢™], and for each | € L = rgcd
we have a subderivation & of § whose conclusion is - (o : al : PY)" by Q | w : fi : v(.R*
where u = Kp1 ca.c = FpLca.(c;e). With these notations we have b = o(d){fi/(l,()}ier- Moreover

a; P; [a},a!!] + [al | | € L] so that by Lemma 3.3 we have p; € |a|p, for all i € n and | € L, and p; € |a}|p,,

177

pi € |a|p, for all i € n. Let p € ||b]| 1 so that p = fd(q) with ¢ € ]d{fl/(l,Q)}ZGL\R[NL/CJF]. Then we have
s'xp — (R [u /CT]*q) [ka.c [t' /o] /e]. By inductive hypothesis applied to the &;’s we have v’ € |fi|n(h; : Q)

i‘flr eafch I € L and hence by Lemma 3.6, R [u'/¢*] € [d{/1/(l, O)hiecr|rinye-1(d{hu/ (1, Obier : R[Q/CT]),
erefore:

R[W /(T % q € A(d{hi/(l,{)}er : R[Q/CT]) which means that R[u//¢(T] x ¢ —* e xr with r €
ld{hi/(1, ) ierllrig/ct+]- Tt follows that (R[u'/(T] % q) [ka.c [t'/e] Jo] =* ka.c'[t'/e] T — ¢ [r/a][t'/e]
since r ¢ R, r is closed and t' has no free names. By inductive hypothesis applied to ¢ (with sub-
stituting positive terms the p;’s and r which satisfies r € |d{h;/(l, ) }ier|rig/c+] as required) we have
d[r/a] € IL(h: Q) and hence k.(c'[r/a]) € |h|g. We also have ¢’ € |h|g1(a : P) by inductive hypothesis
and hence t' x &.(¢' [r/a]) € AL(a : P) so that ¢ [r/a][t'/e] € 1.(a: P) and hence s’ xp € 1.(a : P). Since
this holds for all p € ||b|| ;. we have proven that s’ € |b|y(a : P) as required.

> 0 ends with (i-v) and we are in case (iii) with N = v(.Rt+, s = FgrLca.(c;t), we have a point d : R,
a subderivation §” of § whose conclusion is F (a; : @/ : PF) | ¢t : h : @1, a subderivation ¢’ of § whose
conclusion is ¢ F (o : a} : PH),h: Q.a : df{h/(I,n)her + R [QF/¢7], and for each | € L = rgqd
we have a subderivation §; of § whose conclusion is F (a; : aé : Pf)?:phz :Q | u: fi : vC.RT where
u = KpLco.c = Kpica.(c;e). With these notations we have b = o(d){fi/(l,()}ic. Moreover a; P;
[al,al] + [al | 1 € L] so that by Lemma 3.3 we have p; € |al|p, for all i € n and | € L, and p; € |d}|p,,

1

pi € |a|p, for all i € n. Let p € ||b]| ;1 so that p = fd(q) with ¢ € ]d{fl/(l,Q)}ZGL\R[NL/CJF]. Then we have
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s'xp — (R [ /CT]*q) [ka.c [t' /o] /e]. By inductive hypothesis applied to the &;’s we have v’ € |fi|n(h; : Q)
for each | € L and hence, by Lemma 3.6, R[u'/("] € ld{fi/ (1, ) herlrivye-1 (AP /(1 Q) hier R[Q/CT)),
therefore R[u//¢t] % q € 1L(d{hi/(l,{)}hier : R[Q/CT]) which means that R[u//¢T] ¢ —* e xr with
€ ld{hi/(l, ) herllrigc+)- It follows that (R[u'/¢T]xq) [ke.c [t /o] /o] =* ko [t /e]xr — ¢ [r/a][t'/e]
since r ¢ R, r is closed and t' is closed. By inductive hypothesis applied to ¢’ (with substituting positive
terms the p;’s and r which satisfies r € |d{h;/(l, () }ieL|rjg/c+] as required) we have ¢’ [r/a] € 1L(h: Q) and
hence &.(¢ [r/a]) € |h|g. We also have t' € |h|g. by inductive hypothesis and hence ' x &.(c' [r/a]) € 1L
so that ¢ [r/a][t'/e] € 1L and hence s’ x p € 1. Since this holds for all p € ||b||y. we have proven that
s € |b|y as required. O

6.8 Proof of Lemma 4.2

Proof.
Given Z 7 ) € L™ x (L)P where 7 ?, h7), we define ]P’*(X, ?) as E(X, Z) and hlp,(z ) as the

following composition of morphlsms in L:
; Py _
FA.Y) 24 52T A Ay
— — —
Lt (fifo) € (£7 x (L)P)(A], 1), (A3,73)), we define P*(f1, fo) € L{(P*+(A},Y}), P+ (A3, ?)) as
P(f1, f2). And the following diagram commutes which shows that P(fy, f2) is indeed a morphism in £'.

B(A;, V) —2) L B(a) 1)

E(z’hﬁ )l iﬁ(@ah%)
= = —
P(Ay, @ P(As,Y5)
Pz, 7| Pz:; 7
- P(f1>f2)
O
6.9 Proof of Lemma 4.3
Proof.
The first item hold because of commutation of the following diagram :
— — _d>7?7 — -
ZoP(A, Y, x) — 24D B v y)
hzg;n»ﬂZ,?{,X)l lhw(z’,?{y)
= ! Ly - —
(Z@B(A,Y,,Y) — A, B, YY)
And the second item is similar to the first one.
O

6.10 Proof of Lemma 4.4

Proof. o
Since F € £F*1 there is a functor uF : £F — L

such that W(X) is the initial object of the category Algﬁ(ﬁz) for any object A € L.
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Now, by the construction above, one can extend uF to a functor (uF)[Z] : L[Z]F — L£[Z]. We take
(uF)[Z] as the unique functor p(F[Z]). Let us take an object A € L. We have (MF)[Z](Z) = MTF(Z)
We need to show that uF(A) is the initial object of the cateogry Alg,z (ﬁz). First, one can see that

(MTF(Z), h) is an object of Alg,, (]Fz) where h is the following:
= T ®ld ~

Z@F4(F(A) —Y22, Fo(uF(A)) —= uF(4)

So, let us take an object (B, g) of Alg,,(F) where g € L[Z|(F+(B),B) = L(Z @ F4(B), B). We
need to provide a morphism g € Alg, (FX)(MTF(Z), B). Having a morphism g € £L(Z ® MTF(Z), B) is
equivalent to have morphism cur’(g) € [,(MTF(Z), Z — B). Since E(Z) is the initial object of Alg,(F+),
it is enough to have a morphism ¢' € E(FZ(Z — B),Z — B) in order to have cur’(g). And this is
equivalent to provide morphism cur’ ! (¢') € £(Z ® F—(Z — B), B) which is as follows:

ZoF4(Z - B) —2, 20 Z20F4(Z — B)
ild ®hzRId
ZOF4(1Z®(Z - B)) +—= Z®!Z9F4(Z — B)
Id @F
Id ®Fz(der£®ld)l —

ZeF3(2®(Z— B)) ————— Z@F3(B)

Id ®F— (ev)
ls
B
So, g is cur’_l(g’), and it satisfies the following diagram:
Z ® uF(A) g » B
Z T+ (uF(A)) (4)

lCZ®|d

_ Id ®F~ [Z](3) _

Z® ZoF3(uF(A) ——% ZoFy

One can see that the following diagram is just unfolding of Diagram 4:
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Z @ uF(A) g B
Id ®(Wz®:)/\
Z® Z 2 (uF(4)) g
Cold]
Z @ F+(uF(A)) ZoF4(B)
Cz®Hd Id ®F (9)
Z@Z@F;((MTF(A)) Z@ﬁZ(Z@@;TIF(Z))
Id ®hz Id _ Ald ®F— (derz®1d)
v Id ®F—

Z®'Z@F4(uF(A) ————— Z@F4(1Z® uF(A))

6.11 Proof of Lemma 4.5

Proof.
By Lemma 4.4, we know that there is a unique object p(Q[Z]) € L[Z] which is (uQ)[Z]. We also
know that p@ is the initial object in Alg,(Q), since Q € £. And (pQ)[Z] is same as uQ (considering

pQ, equivalently, as uQ : 1 — £). So, to define morphism g € L{Z](1(Q[Z]),Y), one need to provide a
morphism ¢ in L[Z](Q[Z](Y),Y) which is as follows:

Z2QZ|(Y)=22QY) —1— Y

6.12 Proof of Lemma 4.6

Proof.

By definition, we have uQ* = @ = @ = u@. The following diagram commutes which shows that g
is indeed a co-algebra morphism.

Z@opQ ——— Y
‘/ 1Z@uQ hy
Z@pQ) ——— 1Y,
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(DD ® )i ¢——=—— (" ® Z)D ® 2)i

(X)Di ® Zi

2R pI

(ZND ® Zi

(A)D®Zy

X0®7Z

((5)2® PDi

(@"ezZ

@1 ®©ZDD® Zi

((B)D)i® pI 2@l
(@1®7Z

(61)B® pI
CMy®Zy)a® Zy

———— (Q"®Z2)D07Z

(6)2® pI

«

Zm)5® pi ¢

((PI®Z32p) DX PI)i

@1QZi)E'Z,
I Ni

((PI®Z32p)D)i® PI

2R pI

——————— (@7 ®ZDDD® Zi

((PI®Z12p) )T PI
BT
20 Pl

(PI® Z112p)D® pI =
(O"y®Z3p)a® Z y

(PI® Z12p)D® PI =

(@7 ®ZND)i® Zi

O"i®z

L]

(@"OZNDR®2)i &= (@D R Zi® 2)i

(©® PDi

©NRZIZ.
1 Ni

& PI® PI

DR pI

A3 Z8pR Zy

- 2R Pl = =

—mariEm (@MBOZOD) fgm

PI® ZYy® p1)i

(@n5e7)7,

(@D ZNi®Zi ————— (@D 2)i @ Zi

(PI®ZY)i® P

@37,
2@ pl

@MDIVZiIi®Zi+———%——— @DV ZIRZi

PI® Z i@ pI

D& PI® PI

ND®Zit=—— @O RZii®Zi¢+——5——— Q"D ®ZiQZi

PI® ZYi® pI

@R ZyRZy

PI®ZY® Pl = =

-
PI® Z M

«—

@zZ,

o® pI

PI® Z M

@32y

@"Q®ZND®Z «=—— @NV®ZI®Z «———%——— 0ND®ZR®Z +——%— (@MD®7Z

PI®Zy = =

|

>

(@B ®2)i
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6.18 Interpretation of proofs

W1
ol o N @ [P) 2

7]
(0L : V1] —B1
[0 p0ll s V4] 22 v e vt BRI (b o py)

@) : W 25 (] T Po Py

[[/%c]]j\r/ V] % [P]
(@Y V1] 25 [P u¢ P/t ~ [uC.P]
15 : V4] —22L g
l!([[cur(t)wwmmﬂ,lﬂm
'IND = ['N]

WNL(X)[[P]]
—_—>

[l 5 : V] @ [P]
014 »: INT 020 =25 [P]

|nit0’L

[OIn:[N]®0~0 —= L

[P]

(i1 ol o]

[t t2)l% p : INT @ ([NT ] @ [N7]) > [P]

[t t2) ] : INT @ ([NT] @ [N5]) Moy ltaln]

[[CM/,N,P

[revelf p: INT] @ [NF] [F]

[ka.cly : [INF] @ [N+] v )
ﬂm_.c]]j\'/’P N @1~ [N % [P]

[51cy: IV @1~ V4] 95 [p]

+
[[C]]N,Nl,NQ,P

[, a2).clfy p - INFT @ ([NT] @ [N ]) [P]

[[CHN,Nl ,No

[0, az).clw : [NA] ® ([N ® [N5])

cur‘l((der[[PJ_]])Lo[[Pﬂj\r/),

[der(p)]y : [N ] @ [\P4] y L
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t*olly p: VY] — 220 WL o V]
l[[NJ'H‘@[[P]]X/
7] < IV @ [V

[1%

[t ply : VY] —22L, i@ VY
lw@@upm

p 1L 1
L V] ® [N

6.14 Proof of Lemma 4.1/

Proof. We prove it by case analysis of ¢ and d based on the reduction system in Figure 3.

> If we have s x k.c — c[s/e]:

[s  &.clv = (([slw) o (d @[F.c] ) o (Cpprey)
(([slw) o (d @[c]§)) © (Cparap)
e

[s/e]]a by Lemma 4.11

> If we have ka.cxp — c[p/al:

[sv.cx pla = (([5er.cly) o (d @[p] ) o (Cparsy)

= (([[C]]N,PJ-) o (Id ®[[p]]'—/+\_/’)) o (C[[NJ_]])
= [c[p/a]]a by Lemma 4.9

> If we have (s1, s2) *in;j(p) — s; * p:

[(s1,52) x ini(p)v = (([{51, 52)]w) © (Id @[ini (p)]X-)) © (Cpprep)
= (([[s1]w; [s2]w]) o (
ld @ ((7:) o ([PIx)))) © (Cparip)
= (([silw) o (
Id ®[[p]]j{/)) o (ClINL]]) since L is co-cartesian
= [si xplw

> If we have k(aq, ag).cx (p1,p2) — ¢[p1/a1, pa/asl:
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[K(en, a2).cx (p1, p2) v = (([£(a1, az).cln) o (
Id @[(p1,p2)I %)) © (Cpprep)
= (([dw,pp,py) o (d@(([p1lar @ [p2D3) o (
Cvep)))) © (Cpareg) by Diagram (5)
= (([dw,pppy) o (1d@ 1R[] {r © Wipyp) o (
Civigr,))) o (Id@[pal i) o (Cpaeg)
= (([(c[pr/ea])]n,) © (Id @[pal ) © (Cparey)

o (
o (

= [(c[p1/aa]) [p2/ )]
= [clp1/a1,p2/az]]n
C 1
V4] L Ve V]
ldpnsy ®C sy
Crarty V@ N ® [N
Nt @ [N4] ldp 1y @il @lp2l
ldpp 1 @lp2li
N] @ [Pe] N ® [Pi] ® [P2]
Civery] [l pt pgt
N ® [P] ® [N*] @ [P] 1
14 1d@[m LW, %
INY] @ [P] ® [Pi]
> If we have k) .cx () — ¢
[£1-cx Olv = ([xL.cln) o (Id[0])) o (Cppriy)
= (([e]w) o (1d@[OD)) © (Cparey)
= (([clw) o (1d @Wpriy)) o (Cparep)
= ([e]w) o (I1d) = [e]n

If we have der(p) x s' — s % p:

[der(p) » s T = (([der(p)]n) © (Id &[sT5)) © (Cpaip)
= ((cur™ ! ((derpprp) ™o [plf)) o ((ld®
({([eur(s)pvryeger, L)) © (hpareg)))) © (Cpareg)
= (([s]w) o (Id@[pl ) © (Cppr2p) by Diagram 6
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Cinvl
w1 e W eV

Cpni J’Id ®hppiy
WA VY V] @ INT]

Id®[[p]]j\r/ J’Id ®!([[CUY(S)HNJ_]]®HP]]’L]]N)
W e[P] Wi e [P

[sIn

+ mﬂwmm

> If we have Fgo ca.cxfd(p) = (Q [For ca.c/¢T] +p) [ka.c/e]: See Figure 8
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orpuewes Aq uorgonpax (d)py x (s ¢9)0? T4y Jo uorpeatese1d ‘g ‘I

o1y vunmory &q O X[(o/([o/s]9)0u] (A [ 5/o07 0x] )] =
(el o (Tl TO N @ [ 5/007 70 )@ pi) o (0N [([o/5] ) 030)) =
gry wanwor sq (1rM5) o (4 4(@x [13/007 10u] &)@ pi) o (PELT V) o ((U2/al0lyy g [/ Tl 70T N o) py) 0 (0N s]))) =
(Er)o((4 X (@x [ 3/o07 70s] o)) M )oYl piyo(= THTON[ /007 r0s] o)) piyo((PE LT M )o((U+ /10l [/ Tl T N g o4 s])) =
()o@ x [ 3/007 70u] &)1 (M )o((YTdle pi)o((F Yoo T3 T VT TB1)® po((MPL M )o( (U710l g [ Tl T0d N o py)o 0N s])))) =
NN (YTdl® po((4 Yoo O M P IoI)® pryo((MEL Mo (Il+2/al0l g [ Tl T0d N o py)o( DN s])))) =

(e s)o((d X (@x [ 3/o07 70x] o)) M )oYl pio(( 7 T T TN M ToD)® pio((MELT M )o( (Il alol g [ Tl O T N e py)o( DN [s])))) =

—_—

O
(N )o(( (@ x [ 13/>07 70u] &)

(L) o (T o (K@ pr) o (/T Ny 1 AT F D)@ Py 0 (2 THTOC N o)) =

pp wwnwory &g (IT¥5) o (Y[dl@ pr) o ((p1 @ [T¥5) o (/7T Ny 1A 2D p)) o (27 T TOC N o)) =

—_—

(L) o (K[dl@ pr) o ((p1 ® [TV o (/770 N1 py) o (0N [s])))) =

(TrVls) o (NT@psl@pr) o (4N [[(s £0) 07 THu])) = ON[(d)py ¥ (s £0) 07 THx]
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