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Abstract

Light linear logic (Girard, Inform. Comput. 14 (1998) 175-204) is a refinement of the
propositions-as-types paradigm to polynomial-time computation. A semantic setting for the un-
derlying logical system is introduced here in terms of fibred phase spaces. Strong completeness
is established, with a purely semantic proof of cut elimination as a consequence. A number
of mathematical examples of fibred phase spaces are presented that illustrate subtleties of light
linear logic. (©) 2002 Published by Elsevier Science B.V.

1. Introduction

Typed lambda calculi have long been recognized as analogous to formal logical
calculi of intuitionistic logic. In technical terms this correspondence is known as the
Curry—Howard isomorphism or the propositions-as-types paradigm. Logic provides
not only basic input/output specifications (i.e., types or formulas), but also a setting
for well-typed programs (i.e., terms or formal proofs), as well as a mode of execution
of well-typed programs by means of term reduction or normalization [4]. The advent
of linear logic [3] with its intrinsic ability to reflect computational resources has made
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it possible to refine the propositions-as-types paradigm to computational complexity
specifications. A bounded version of linear logic (BLL) was introduced in [6], in
which the reuse of resources is bounded in advance, and in which any functional term
of appropriate type encodes a polynomial-time algorithm. Conversely, any polynomial-
time function arises in this way. A detailed comparison of this approach to various
other logical characterizations of polynomial-time functions may be found in [6,5]. A
major advantage of BLL is that the system itself is (locally) polynomial time. The
run-time normalization complexity is implicit in the system and does not need to be
enforced explicitly in the syntax.

From a strictly logical point of view, however, BLL still suffers from the presence
of explicit resource parameters (whose technical role is to indicate input/output size
ratios.) In this sense BLL is not a purely logical system. This difficulty is resolved
in Girard’s light linear logic (LLL) [5], which keeps all the advantages of BLL, but
avoids mentioning the resources altogether. In LLL resources can be synthesized by
purely logical means.

The basic idea in [5] is to set up the structural rules and the logical rules for
modalities more carefully than in linear logic so that the computational power of nor-
malization can be well controlled. In the course of setting up such well-controlled
rules, central points are to dispense with the principles !4 —-4 and !4—!!4, but to
retain the exponential isomorphism 'A® B ~!(A&B). LLL shares some of these and
other technical features with the systems studied in [1, 11]. A more subtle, but equally
important point of LLL is to reject the principle !4 ® !B— (4 ® B). In order to com-
pensate for this, LLL adds a self-dual modality § that satisfies !4 —~§4 and §4 —?4
and §4 ® §B — §(4 ® B). Although syntax of LLL is well-understood owing to Girard’s
careful analysis [1], semantics for LLL has remained an open question.

Surprisingly, an answer is suggested by another research direction, namely by the
work of the first author and Ito on extensions of linear logic with certain features of
temporal logic [7]. Models of temporal logic [16] distinguish among semantic objects at
different “points in time” (much as Kripke models distinguish among semantic objects
in different “worlds”.) Temporal logic models also feature a semantic operator “next”
such that “next A” at time ¢ is 4 at time ¢+ 1. Our starting point is that not only does
LLL modality § behave in many ways like the operator “next” (except for the self-dual
nature of §), but that, for instance, the principle !4 — 4 fails in such a stratified setting.
Informally, consider a semantic setting for linear logic and repeat it, each time at a
different level ¢. Let (14), be the given definition of ! applied to 4,,;. In this reading,
for any ¢, (14), yields (§4), but there is no general reason why (!4), should yield 4;.
In fact, a closer analysis reveals that the semantic intuition of “levels” or “stages” ¢
is related to the syntactic notion of nesting depth of proof-boxes in LLL. (The basic
idea described above may be modified slightly by means of explicit transitions between
levels so that semantic definitions at a given level ¢ refer to transitions to ¢ rather than
to other levels, see Section 2.)

In this paper this analysis is applied in the context of phase semantics for linear
logic [3,9,10,12-15]. We explain how !4 ® !B—!(4 ® B) can fail “in nature.” We
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also establish strong completeness for LLL (i.e., valid formulas are provable without
the cut rule), and thus we obtain a purely semantic proof of Cut Elimination (i.e.,
provable formulas are also provable without the cut rule) following the technique in
[12—-14]. A preliminary version of this work appears in [8].

Similar analysis may also be carried out in other semantic settings such as coher-
ence spaces, which will be discussed elsewhere. It would also be interesting to see
if such semantic methods can also establish the stronger version of cut elimination
that proof normalization reductions terminate. See [17] for some references on recent
developments of Light Linear Logic and related Light Logics.

2. Fibred phase spaces

A phase space (M, 1) is a commutative monoid M with a distinguished subset
L CM, called bottom. For any subset aCM, define ot =df {(XEM|x-aC 1l}=
{xeM|Vyecoa xye L}. A subset « CM is closed iff o't =0 Writing 1 for the
neutral element of M, let 1 be the subset {1}“‘, that is, L. It is readily seen that
1 is a closed submonoid.

A homomorphism of phase spaces, or simply a phase homomorphism, is a monoid
homomorphism 4 : M — M’ such that A(L)C 1.

A phase space induces a natural preorder on the underlying monoid compatible with
monoid multiplication:

X < y <:>defx € {y}LL'
Note that a phase homomorphism is not required to be monotone in the induced pre-
order.

More generally, a phase structure is a commutative monoid M with a closure op-
erator on M, that is, a mapping C/ from subsets of M to subsets of M satisfying the
following four properties for any o, f C M:

(CI1) «C Cl(w),
(C12) CI(Cl(x))=Cl(),
(CB) aCp=Cl(a) C CI(P),
(Cl4) Cl(x)-CI(B)C Cl(a- B).

A subset « C M is said to be closed iff Cl(o)=0a. One can again define a preorder
compatible with monoid multiplication: x < y iff CI/({x}) C CI({y}). A phase space is
a special case where CI(or) =g 0"t

For a given mapping ¢g: M — M’, let us consider its lower approximations, that is,
mappings f : M — M’ such that for every a € M there exists b€ M such that b<Xa
and f(a)<Xg(b). In this case we also say that [ is bounded by g.

We are particularly interested in lower approximations that satisfy a certain continuity
property. A mapping f: M — M’ has the intermediate value property iff for every
a,b e M such that f(a) €1’ and f(b) €1, there exists c € M such that c < a, c < b, and
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f(a)f(b)= f(c). Note that the identity function has the intermediate value property
with ¢ = ab. However, in our applications, f will be bounded by 1/, which will provide
that f(a)<X'l’ for all ae M.

Example 2.1. Consider the reals with addition, where L consists of the negative reals.
In this phase space a <X b iff a < b. Any linear function /4(x)=kx, with a positive £,
is certainly a phase homomorphism. Let f be a continuous function such that f'<#h
and f<0.

m h(z)
“f(c) = f(a) + f(b)”

c a b M

=

f has the intermediate value property, both in the ordinary sense and as a mapping of
phase spaces. The latter is a special case of the former on (—oo, min{a,b}] because
lim,_, o f(x)=—00.

Example 2.2. Let the phase structure M, consist of the nonpositive integers, with
a - b=gr min{a,b}. Let Cl(at) =4y {z € My |Ix €.z < x}. The properties (CI1)—(Cl4)
hold. Note that all elements of M, are idempotent, that is, aa =a for all a. Also, 1 is
the entire monoid.

Let M, be the integers with addition. The properties (Cl1)—(Cl4) again hold if
Cl(0) =g {z€eM | Ix €.z < x}. In this case, 1=(—00,0], here meaning the in-
tegers <0.

Let hy : M; — M, be the constant function 0 and let f; : M; — M; be the function

if a >0,
, if a <0.

i ={o |

fo has the intermediate value property: if a<b take ¢ =a, and if b <a then take ¢ =b.

Then fo(a)fo(b) = min{ fo(a), fo(b)} = fo(c).

A fibred phase space is a family {(M,, L,),h,, fu}n=0, where for each integer
n=0, (M,,1,) is a phase space, h,: M, — M, is a phase homomorphism, and
fn: M, 1 — M, is a mapping with the intermediate value property such that f, is
bounded by 4,. A fibred phase structure is defined similarly, but each 4, is only
required to be a monoid homomorphism.

Given a fibred phase structure, consider a family o = {o, },>0, where each o, C M, is
closed in M,. One says that o is closed. For any closed o= {a,},>0 and f={f,}i>0
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one defines 1,a&p,a® f, and «® f in the natural way induced from the original
definition in [3]:

(Dn =15,

(T = M,,

(0), = CL,(0),

(a&f)n = 0tn O fns

(@@ Bl = Clu(oty U By),

(@ ® B = Clu(oty -n Bn)

(0= Py ={z € My |z -n0n S P}

8o and o are defined in the following way:

(§“)n = Cln(hn(“n-ﬁ-l ))a
(Yo)n = ClLi(fu(otnr1) N1, N Ty),

where J, C M, is a submonoid of M, such that every element of J, is a weak idem-
potent, i.e., YacJ,,a<,a -, a (after Y. Lafont).

In a fibred phase space one further defines:

(J—)i’l = J—ns

(o) = o7,

(@) = (%" o B ),

§o = (5™ )",

)y = (S N1, N
Example 2.2 (Continued). Let hy, fo: M; — My be as in Example 2.2 For n>1, let
M, = M, and h,(x)= f,(x)=x for all x. Let Jy =My, oy =(—00,—1], and let «, be any
closed subset of M,, n # 1. Then (lo)g=CI(fo(o1))=(—00,—2]. Thus (la® lo)g =
(—00,—2]. We show that (!(a® a))g = (—o0, —3], that is, (la ® !a)g is not a subset of
(N ®a))o. Indeed, o} ® oy = Cl(ot; 401 ) = (—00, —2]. Thus (!(a ® a))o=CI( fo(ot; ®@0t1))
= CI(fo((—o0, —2])) =(—00, -3].

Also note that (1) = CI(fo((—00,0]))=(—00,—1], which does not include the

neutral element 0 of M.

3. Fibred phase semantics
In this section we define the fibred phase semantics for propositional LLL. We shall

extend our fibred phase semantics to the second-order case (ie., to the full LLL [5])
in Section 5.
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Let us recall basic elements of the syntax of propositional LLL from [5]. A propo-
sitional formula is defined in the same way as in linear logic, but one adds the new
modalities § and §, namely, if 4 is a formula then §4 and §4 are formulas. As usual
in linear logic, linear negation A+ is used as an abbreviation in the sense of the de
Morgan dual, except for atomic formulas p*. § and § are duals of each other,* ie.,
(§4)* =ger §(4™F), and (§4)F =g §(41).

In addition to formulas, the syntax of LLL involves several punctuation marks that
facilitate the management of contexts. Intuitively, if 4 and B are formulas, an expression
A, B is intended to represent 4 @ B, an expression A; B is intended to represent A%B,
and an expression [A] is intended to represent ?4. These expressions are themselves
not formulas. Formally, a block is ecither a multiset 4;,4,,...,4, of formulas, where
/=1, or an expression [4], where 4 is a formula. A sequent is an expression F I,
where I' is a multiset A;; Aj;...; A; of blocks, where k>0. Note that sequents are
allowed to be empty, but the blocks are not. We shall observe the following notation:
Roman capitals for formulas, boldface Roman capitals for blocks, and Greek capitals
for finite multisets of blocks mutually separated by semicolons. The inference rules of
LLL are included in Appendix A.

Given a fibred phase space {(M,, L,), s, fu}n>0, for each propositional formula 4
one associates a closed family 4* ={(4*),},>0 in the obvious way by using the se-
mantic operations described in the previous section, starting with any valuation, i.e.,
any assignment of closed families to propositional atoms. That is, given an assignment
that to each propositional atom p associates a closed family p*, one defines 1* =1, L*
=1, T*=T,0=0, (pt) =p*t, (A®B)*=4* @ B*, (A®B)* =A*¥B*, (A&B)*=
A*&B*, (A®B) =A@ B*, (14)*=1(4%), (24)* =24*), (§4) =§(4*), and (§4)*=
§(4*). A* is called the inner value of A. It is readily shown that (4)* = A*L. A valua-
tion satisfies a formula A iff for each n, 1, € (4*),. A formula is valid iff it is satisfied
in any valuation in any fibred phase space. These notions are readily extended to
sequents by using the intended representation of punctuation marks. That is, [4]* =
2%, (A1,...,Ar) =A@ --- D AJ, and (A;...; Ap)" =A% ---BA;.

Lemma 3.1. In any fibred phase structure, (o), C (§%),.

Proof. It suffices to show f(o,1)N1,NJ, CClL,(h,(o,41)). But f, is bounded by #4,
and o, is closed, hence f,(a,+1)C Cly(hy(041)). O

Lemma 3.2. Let o and 5 be closed families in a fibred phase structure. Then (('oa) ®
(18))n € (H(o& ) )n-

4 Contrary to [5], we do not assume § = § because this is not needed for the main features of LLL related
to polynomial time. In particular, polynomial-time functions are naturally represented in an “intuitionistic”
version of LLL [5], which, as a type system, is a refinement of system F [2, 4].
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Proof. Since (la),®(f),=CL((12), (1)), it suffices to show (la),-(!p),C
(!(a&f)),. Then by (Cl4), it suffices to show

(fn(fanrl) N ln mJn) : (fn(ﬁnJrl) N ln mJn) c Cln(fn((anrl N ﬁnJrl) N 1n mJn)'

Take an arbitrary element d from the left hand side. d is of the form f,(a)- f,(b) for
some a € a1, b € f,y1. First, notice that f,(a)- f,(b) € J,. This is because f,(a) €J,,
fa(b)€J, and J, is a submonoid (of M,). Also, f,(a)- f,(b)€1,; this is because
fm(a)el,, f,(b)el,, and 1, is a submonoid of M,,. We need to show that f,(a)- f,(b)

Jfu(c) for some c € (a&f),+1. By the intermediate value property of f,, Jcé€
Myyic <pt1 a,¢ <, 10 and fy(a)- fu(b) = fu(c). But ¢ <, ja € o,y implies ¢ € o,
and ¢ <, b € B,y implies ¢ € f,41 since o, and B,41 are Cl,i-closed. [J

Theorem 3.1 (Soundness). If a formula is provable in propositional LLL, then it is
valid.

Proof. The argument is by induction on the length of LLL proof. Let us consider only
the modality rules, since all other cases are standard [3]. Indices of monoid operations
are omitted throughout the argument for the sake of readability.

Case 1. §-rule

(1.1) §-rule of the form:

FBi,....Bs..Ch, .., Cs Ay .. A D
FIBiLs. s [Bels . (Gl 5 [C 1 8455 845§D

Let 1 =B\,....0,=B;, n=Cf,....,7;=C, o1 =Aj,...,0; =47, and let 6 =D*. By
the induction hypothe51s, for any integer n >0,

Lt € (B2 N 0Bt - (G e a RN a Y ¢y wicy
N CTD SRR 75 it "H)Lw
that is,
(B NN (B - N (CID e Ma RN CT ety
(OC )nJ:Jlrl (al )y,J:Jlrl : 67,4:? Cc J—n+1-
Hence,
(B N B - N (CID e a R at s s
(061)114:41rl T (Ocl)i’H:Jlrl - 5"+1'

Because each 4, is a monoid homomorphism,

ha((BO N B oo G O N
hn((“l)nf{l e 'hn((“l)n.ﬁl)ch (5n+l)
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Hence by the properties of CI,,

CLb (B O DB - e Chb (027 O 0 ()t
CLib(()y 1)+ oo - Cluha((00),71) € Clahn(Sn11).

Then by Lemmas 3.1 and 3.2,

CLUABE N L) - e - CLU(BTI NN -
CLU GO N LN - e CLU () N 10 ,)
-Clyh ((ocl)nﬁ1 Co ~Clnhn((oc,)nﬁ‘) C Cl,hy(0p41)-
Therefore,

Bl oo IBA - oIl o Iyl G Boa)y € (86)n

that is,

Bl oo S IB - o sl e D
Go)y e o Bou)y - (§6), € L
In other words, the conclusion of the rule is satisfied.

(1.2) §-rule of the form:

FBi,....Bry 5 Cl. ., Cis Ay A
B [Bes -5 [C1)s 5 [CH): 84055 84,

Let us continue the notation from (1.1). By the induction hypothesis, as in (1.1),

(B v N (Bt - N (CID et a At o e
(OC )nJSI T ((xl)nj:lrl C J—rHrl-
Therefore,
(U et aRRRNRt(: 7S micts RENUURRY M (o170 miutha RRRN Ol 07 witk
“h ((Ocl)nJ:Jlrl cch ((al ,,14{1) g hn(J—lH-l)-

Since A,(L,+1)C 1,,

(U0 SeriaRERt (/7 wwicih RERORRRY M (G0 micka RERaY 619 weick
~h ((Otl)n-flrl e 'hn((%)n—ﬁl) c L.

Then, as in (1.1),

Bl e IRl Il ‘ [VJ]J'”
Go )y (§0<z)n CCl(Ly) =

and the conclusion of the rule is satisfied.
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Case 2. -rule:

- By.....B: A
F[Bi1l;...;[B/1;14°

where />1. Let i =Bj,...,f,=BJ, and let « =4*. By the induction hypothesis, for
any integer n =0,

n n n 1,
Livt € (B O 0Bty - oy,

that is,
(BOwtit N OB ot € Ly,
and hence
n 1,
(ﬁ )n+Y] n---N (ﬁ/)n+? g Xp+1-
Therefore,

Fu(BOR O 0B € ftin),

and consequently,

Cl (fn((ﬁl )y,ﬁJ]rl n---N (ﬁf)nllrl ) N ln mJn) c Cln(fn(“nﬂ) n ln mJn)~
Then by Lemma 3.2,

Bl - - [Bey € (e
that is,
Bl - - By - (la)r € Ly,

and therefore the conclusion of the !-rule is satisfied. Note that the argument does not
apply if /=0, which is not allowed in LLL. In the case when /=0 the argument
would apply if it were the case that 1, <, f,(1,+1) for each integer n>0.
Case 3. ?-rule:
E I [A]
FI24°

This case is obvious since (?4)* =[4]*.
Case 4. M-weakening:

FI
E Al

By the induction hypothesis, for any integer n>0, (I'*);>* C 1,. Because 1, = L},
follows that (I'* )l 1, C 1,. But 1, is closed, hence

(I - CL( (A7) N1, 0 C (T -1, € L,

n+1

and thus the conclusion of the M-weakening rule is satisfied.
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Case 5. M-contraction:
H T [A]; [4]
FIiA]

Recall that for any integer n >0, every a € J, is a weak idempotent, that is, a€ Cl,{a-a}.
Thus

AN 1L, N, © CLAS (A ) N LN - (A7), N 1, N J,))
C CL(CL( (A ) ) N 1N y) - CL (A N 1, NJ)).

Therefore,

CL(f (A YA 1,0 T,) C CL(CL(fo((A™) )y N 1, N )

n+1 n+1

CL(f (A1) N1, N ).

On the other hand, by the induction hypothesis,

(T CLf (A" Y N 1, 0 - CLf (AT N1, 0, € L,

n+1

But (I'* )j-" and 1, are closed, thus by the properties of C/,,,

() - CL(CL(f (A7) N 1, N ) - CL (A5 ) N 1, N ,)
- Cln(J—n) = L,

Thus,

(Y - CL(fu((A ) )N 1, N J,) C L,

n+1

that is, the conclusion of the M-contraction rule is satisfied. [

The soundness of ordinary phase semantics for linear logic is a special case of
Theorem 3.1 when for every n, M, =M, and h, and f, are the identity functions.
There is also an important generalization of Theorem 3.1 to fibred phase structures,
where every valuation satisfies every formula provable in an “intuitionistic” version of
propositional LLL, ILLL [5]. (A more detailed discussion of syntax and semantics of
ILLL is included in Appendix A.) Viewed in this way, our Example 2.2 provides a
natural mathematical setting in which the ILLL formulas !4 ® !4 —!(4® A) and !1 are
not satisfied. Note that in Example 2.2, redefining f((0) to be 0 instead of —1 yields
an example in which !1 is satisfied but !4 ® !4 — (4 ® 4) is not.

4. Strong completeness

The completeness theorem may be proved in the following strong form.
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Theorem 4.1 (Strong Completeness). If a propositional formula is valid, then it is
provable in propositional LLL without the cut rule.

This implies the cut-elimination theorem.

Theorem 4.2 (Cut-Elimination). If a formula is provable in propositional LLL, then
it is provable in propositional LLL without the cut rule.

Proof. If A4 is provable in LLL, then A is valid by the Soundness Theorem. Then by
the Strong Completeness Theorem, 4 is cut-free provable in LLL. [

Remark. Cut-Elimination fails if one adds to LLL the !-rule with the empty context,
i.e., when /=0 (see Appendix A) Indeed, let p be a propositional atom. The sequent
FI(pt & 1);?p;?L is cut-free provable in LLL itself, the sequent F!1 is cut-free prov-
able as an instance of the new rule, and hence the sequent F!( p~ & 1);?p is provable
by cut. But this sequent has no cut-free proofs.

We prove the Strong Completeness Theorem in the same manner as in Okada [12—14].
For that purpose, we consider the commutative monoid M of finite multisets of
blocks, with multiset union as the monoid operation (which we continue to indicate by
semicolon concatenation). The empty set () is the neutral element of M.
Let us write

ey 4

for
“ A4 is provable in propositional LLL without the cut rule”.
Given a sequent A4, define the outer value ||4|| as

Al ={T": ey T 47

Recall that the original definition of the canonical phase model for linear logic in [3]
uses, in the present notation, ||4||={I": F I'; 4 is provable}.
Let | C M be the subset ||(]|. Note that the outer value || 4| is closed since 4 € ||4||*.

Proposition 4.1. ., I'; L iff bop I That is, ||0]| =] L.
Proof. By a standard induction on cut-free LLL derivations. [

Let J be the submonoid {[4];[42];...;[4s]:4; is a formula and k>0}. The M-
contraction rule of LLL states precisely that every element of J is a weak idempotent.
In turn, A-weakening rule of LLL provides us with the following:

Proposition 4.2. Let A be a comma expression. If F.p A; A then . A,B; A That
is, A,B<XA.
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The fundamental Lemma 3.1 is reformulated in terms of our canonical model as
follows:

Proposition 4.3. If ., §4; A then \.; [A]; A. In other words, [A] < §4.

Proof. The proof is by induction on the size of cut-free LLL derivations. All the cases
are standard save the axiom case and the case where the formula §4 is a principal
formula of §-rule:

FA; Bi|...|Bi; A1 .. 3 Am—1;Am
F84; [Bi).. i [Bels84is i §4m1; Vi

(Where V is either § or §, and where each | is either a semicolon or a comma, namely,
By|...|Br means that formulas Bj,...,B, are separated by commas or semicolons.)
In the latter case, we apply the other version of just the same §-rule:

H A; Bll...|Bk;A1;...;Am,1;Am
FIAL [Bil-. o [Bels §4is s §4m1: Vi

In the case of the axiom: - §4;§41, we may use the following one-step derivation:

F A A4+

W §-l'u1€. O

In order to establish a direct correlation between comma expressions and plus formulas,
let us observe the following propositions, each readily shown by induction on the length
of cut-free proofs.

Proposition 4.4. If't-.; A®B; A, then .y A®(BDC); A. That is, AO(BEC)<ADB.
Proposition 4.5. ., A©B; A iff by BOA; A.

Proposition 4.6. -., (A®B)DC; 4 iff by AD(B®C); 4.

Proposition 4.7. ., A; A iff For ADA; A

The direct correlation between comma expressions and plus formulas is established
in the following two propositions by a standard induction on cut-free LLL derivations.

Pl‘OpOSitiOll 4.8. If Fcf (A4 DA, D - EBA/); A, then Fcf A, As, ..., Ay A

Proposition 4.9. If ., A1, A4s,...,4s; 4, then F.r (Aoy D Ac)® - ®Aow)); 4 for
any permutation o of 1,2,...,7.

Now, Proposition 4.3 is generalized as follows.
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Proposition 4.10. [f ., §(4, @42 - -+ ©Ay); A then bop [A1]; [42]; ... [A/]; A, which
results in

(A1 [42]; .. s[4 <8 @A & - B Ay).

Proof. Again we develop induction on the size of cut-free LLL derivations.
The only nonstandard case is that where the formula §(4, GA, ® --- B Ay) is a
principal formula of §-rule:

FAI @A D---DAr); Bi|...|Bi; Crs...s Cue1; Gy
F§U1 B A @ DA [Bil;.. . [Bili §C; .. 5§C_1;VCy

(Where V is either § or §, and where each | is either a semicolon or a comma.)
By the inductive hypothesis, Proposition 4.8 yields that

Fep A1,4z,...,Ar; Byl .. |Bi; Crs.. s et Cp
Now, by applying the corresponding version of §-rule, we obtain that
For [ 4L [4/L; [Bils -5 [Bil; §Cis -3 §Co13 VG
The case of the axiom:
F8A @A @ D A); §(AT&AF & -~ & AF)
is readily handled with the help of the following derivation:

F Ay Af- F A, Aj- FAy; Af-

"Al,Az,...,A/; A#‘ "AlAz,,A/, Aé‘ "Al,Az,,A/, A?‘

b A As,. . Ay A &AY & -+ &AF) 0
F LA [Ao]; .5 [Ar]; §(A&Ar & -+ - &AF)

The following definition formalizes the intended meaning of punctuation marks. We
assume a mapping 7 that orders formulas and blocks according to some canonical
ordering. The connectives @ and % are associated to the left. With these conventions,
given a sequent I, the formula I'” is defined as
1. IfI’'=0, then I'®=1,

2. If F:Al,. . .,A/’, /2 1, then F7g :An(l) D --- EBAH(/),
3. If ' =[A], then I'® =74,
4. If T'=Ay;...; A; where each A; is a block and k>1, then Fy:Azl)%’---%’Azk).

Proposition 4.11. If ., I'; A, then t; I'®; A. That is, I*<T.

Proof.
1. For the empty multiset I', it is readily seen that -., 4 implies ., L; 4.
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Proposition 4.9 may be used to prove Proposition 4.11 for I being a comma
expression: I'=4,,...,A4y,

The why-not rule provides Proposition 4.11 for all I' of the form [4].

Finally, let I be a nondegenerated multiset of blocks:

I'=A;; A Az Ay,

where each A; is a block and k>2.
By repeatedly applying the above arguments to each of the blocks, we obtain the
following cut-free derivable sequents:

For A A2 Az .5 Ay 4,
Fer AT A2 As;.. 5 Ags 4,
For AT AT Ay 5 Ay 4,
For AT AT AT A 4,
For AT; AT AT AT A
Now, we may complete the proof with the help of the par rule:

For (ATRATRAT® ... ®AT), 4. O

Let us define a mapping #: M — M as

h(0) =0,

WAy, .. Ay) =§(A1,... A%, £ =1,
h([A]) = §24,

WAL A =h(AD); .. (A, k=1

Proposition 4.12. % is a phase homomorphism.

Proof. Indeed, whatever multisets of blocks I' and 4:

I'=A;; Ay A,
A=B;By;...;B,,

we take, by definition

and

MI') = h(A1); h(Az); ... h(Ag),
h(4) = h(B1); h(By); ... h(By),

h(I'; 4) = h(A1); h(Az); .. h(AL); (B ); A(By); . .. s h(By).
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It is readily seen that
h(I); h(A) = h(T; 4).

It remains to show that A(||0||) C |||, that is, if F.; A4, then F.; h(A). There are four
cases.

Case 1: A=10. Then h(4)=0 and this case is a tautology.

Case 2: A is of the form A4,...,4,, where />1. h(Al,...,A/):§_(A1,...,A/)7?:
g(An(l)EB cee @An(/))~ But if }_cf Al,...,A/, then }_cf An(l) D --- @An(/) by Proposi-
tion 4.9, and therefore k., §(An(1) @ -+ ©Aqgy)) by the §-rule.

Case 3: A is of the form [A]. In this case h(A)=§?4. But if Fer [4], then .24
by the ?-rule, and hence ., §24 by the §-rule.

Case 4: A is of the form Ay;...; Ay, k=1, h(A)=h(A,);...; h(Ar) =8AT;...; §AT.
But if F.r Ay;...; Ay, then by several applications of Proposition 4.11 it follows that
Fer A’f;...;A}f, and therefore -, §A?;...;§A7,§ by the §-rule. [J

Consider the function f : M — M defined as
[A]],,[A/] ifF:Al,...,A/ fOI‘/?l,
I = .
S {[F’y] otherwise.

In particular, if I'=0, then I"® =1 by definition, and hence f(())=[L]. The M-
weakening rtule of LLL implies that f(@)=<X(. In fact, it is clearly the case that
f(I')yelndJ for any sequent I'. We also have the following lemma.

Lemma 4.1. f has the intermediate value property. Furthermore, f is bounded by h.

Proof. Let I' and 4 be multisets of blocks. There are three cases to be considered.
Case 1: Suppose that I and 4 are nondegenerated comma expressions:

>

I'=4,,...,4, for ¢
k

> 2
A:Bl,...,Bk for = 2

Take the following comma expression C:
C Z:A],...,A/,Bl,...,Bk.

By Proposition 4.2, both C<XI" and C< 4.
According to the first line of the definition of f:

S f(A) =[A1];.. 5[4 [B); -5 [Be] = f(C).
Case 2: Suppose that I' is a nondegenerated comma expression, and 4 is not of that
kind:
I'=A4,,...,A; for ¢ = 2,
S =[4i];...5[4/],
f(4) =[47].
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In that case, take the desired comma expression C as
C:=4A,,...,As,4%.

According to Propositions 4.2 and 4.11, both C< T and C< 4.
A simple calculation shows that

S f(A) =[] [4/1:[47] = f(C).

Case 3: Finally, assume that both I and A are not nondegenerated comma expres-
sions, and, hence,

f(DH)=[I"],
f(4)=[47].

Now we take the following comma expression C:
C:=TI74%.

Again, by Propositions 4.2 and 4.11, both C<X I and C< 4.
And we complete the proof that f satisfies the intermediate value property by the
equation:

S f(4) = [IL;[47] = f(C).

It remains to show that f is bounded by 4. Namely, for any I' we have to construct
I'" such that

r'<r
F(I) < W),

If I' is a nondegenerated comma expression:
I'=A4,,...,4, for £ = 2,

we take I'=T, else we take I'=17.
According to Proposition 4.11, I'" < T.
If I' is the above nondegenerated comma expression, then

SN =[41];...;[4/],
WI')=§(4,...,4,)%,

and, because of Proposition 4.10,

S < ().
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Otherwise,
1—-/ — I"75’

[ =1[r7,
h(I') = §(I).

And Proposition 4.3 may be used to show that

fD)<KI. O
Our canonical model is the fibred phase space {(M,, L), A, fu}n>0, where M, =M,
Llu=1, hy=h, and f,= f. We shall drop the indices for the rest of this section.

Finally, we consider the valuation p* = || p|| for any atomic formula p.
The following lemma is obtained in the manner similar to Okada [12—14].

Lemma 4.2 (Main Lemma). For any propositional formula A, A* C||A].

Strong Completeness follows from the Main Lemma.
Proof (Strong Completeness). Assume that A is valid. Hence 1 € A* for any model, in
particular for this canonical model. Therefore, () € 4* in this model. On the other hand,
A* C||A||. Hence 0 € ||4]|. By definition, this means “4 is provable in LLL without the
cut rule”. [

Let us also note another consequence of the Main Lemma.
Corollary 4.1. For any propositional formula A, A€ A**.
Proof. By the Main Lemma, A4* C||4||. It suffices to show A4*;4C 1, namely,
VAeA*(4;4€ L). But A* C||A|| means that for any A€4*, k., A4;A4. Therefore

A AC L. O

The Main Lemma has another formulation, which will be essential for the second-
order case in the next section.

Lemma 4.3. For any propositional formula A, A+ € A* C||A||.

Proof. By the Main Lemma, A* C ||4|| for any 4. By Corollary 4.1 for 4+, 4+ €
AL =4* O

Before we prove the Main Lemma, let us observe

Proposition 4.13. If =.; 4; B then ., h(4);8B.
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Proof.

Case 1: A is empty (). Then h(4)=0. If ., B, then F.; §B by the §-rule.

Case 2: A is of the form A4,,...,4,, where />=1. h(4,,...,4s)=
§8(A1,.. o, A/ =8 (Any® -+ ®Anr)). But if Fop Ai,...,As;B, then bop Ayiy® -
@ Ar(s); B by Proposition 4.11, and thus ., §(An(1) ® -+ DAry)); §B by the §-rule.

Case 3: A is of the form [4]. In this case A(A4)=§?4. But if Fer [A]; B, then
Fcr?4; B by the ?-rule, and hence ., §24; 8B by the §-rule.

Case 4: A is of the form Ay;...; Ay, k=1, h(A)=h(A,);...; h(Ay) =BAT;...;§AT.
But if .y Ay;...;Ag; B, then by several applications of Proposition 4.11 it follows
that ., A¥;...; AY; B, and therefore ., §AT;...;§AY; §B by the §-rule. [J

Proof (Main Lemma). By induction on the structure of the formula 4.

Basis. There are five cases.

When 4 is of the form p where p is a propositional atom, the claim is obvious
since p* =] p|| by definition.

When 4 is of the form L, then L*=||()|| by definition. But by Proposition 4.1,
191 = |-

When 4 is of the form 1, then by definition 1* =1 = ||(}]|*. Thus it suffices to show
that |||+ C||1||. Let I'€||0||*, ie., for any X, if F.; %, then k., I'; 2. In particular,
if 2 is the formula 1, then ., I'; 1. In other words, I" € ||1||, as required.

When 4 is of the form T, T* =M by definition. But M = || T|| by the T-rule.

When 4 is of the form 0, then by definition 0* =0=M". It suffices to show that
M+ C|0]|. Let ' € M+, ie., for any %, ., I'; . In particular, if X is the formula 0,
then ., I';0. In other words, I €||0|, as required.

Induction step. There are nine cases, depending on the main connective.

Case 1: When 4 is of the form p' where p is a propositional atom, p- € p* since
p*=|pll. Assume I' € p*+. Then pt; T €| L], ie, by pt; T L, and thus ., pt; T
Hence I €| pt].

Case 2. A4 is of the form B & C: By the induction hypothesis, B*C ||B|| and C* C ||C||.
Hence B* & C*=B*NC* C||B||N||C||. On the other hand, since

l_cf F;B |_ch; C
Fos [;B&C

IIBIIN||C|| € ||B & C||. Therefore B* & C* C ||[B& C||.
Case 3. A is of the form B@® C: By the induction hypothesis, B* C ||B|| and C*C ||C||.
Hence B*UC* C ||B||U||C]|. On the other hand, since

|—ch;B an |—ch;C
b I3BDC e B®C

Hence ||B|| C||B® C|| and ||C|| C ||BDC||. Therefore B*UC* C||B&C]||. Since ||B & C||
is closed, B*® C*=CI(B*UC*)C||Ba C]|.
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Case 4. A is of the form B® C: By the induction hypothesis, B*C ||B|| and C* C ||C||.
Hence B*; C* C||B||; ||C]|- On the other hand,

l_cf F,B l_cfA,C
ey I54,BC

Therefore B*; C* C |BQ C||. B* @ C* = CI(B*; C*)C ||B® C]| since ||B® C|| is closed.

Case 5. A is of the form B®C: Let I €B*® C* =(B*+;C*‘)L. Therefore, if
AeB*t, ¥eC*t then .y I';4;%. On the other hand, by the induction hypothe-
sis, B* C||B|| and C* C||C||. Then, B€ B**+ and C € C*! by Corollary 4.1. Take B
for A and C for X above. Then F I'; B; C. Therefore, I' € ||B% C||.

Case 6. A is of the form 'B: Because f(I')€1NJ for any sequent I, it suffices to
show that CI{ f(B*)} C||!B||. But ||!B]| is closed, hence it actually suffices to show that
f(B*)C||'B||. By the induction hypothesis, B* C ||B||. Let I € B*. Then t-.4 I'; B. There
are two cases. If I'=4,,...,4, for / = 1, then by the !-rule, ., [41];...;[4/];!B.
That is, f(I') € ||!B||, as required. Otherwise, ., I'*; B by Proposition 4.11, and then
Fer [I'®]; !B by the !-rule. That is, again f(I')€||!B|, as required.

Case 7. A is of the form ?B: Assume I' € (?B)* =(f(B*+))*, that is, f(B*1); I C
|@]|. By the induction hypothesis, B* C ||B||. Hence by Corollary 4.1, B € B**. Because
f(B)=[B], it is the case that ., [B];I', and thus .,?B;I" by the ?-rule. Therefore,
I €]?B]].

Case 8. A is of the form §B. By the induction hypothesis, B* C ||B||. Hence for any
A€ B*, it is the case that ., 4;B. But then ., h(4);§B by Proposition 4.13. Hence
h(B*) C||8B]|. Therefore, (§B)* = CI(h(B*)) C ||§B|| since ||§B]| is closed.

Case 9. A is of the form §B: (§B)* =(h(B*+))™*, so it suffices to show that (h(B**))*
C||8B|. Let I € (h(B*+))*, i.e., for any X € h(B*%), ., I'; 2. By induction hypothe-
sis, B* C ||B||, and hence by Corollary 4.1, B € B**. Thus, §B=h(B) € h(B*+) and we
may pick X to be the formula §B. Thus . s T §B as required. [

5. Second-order completeness

Girard [5] formulated LLL as a second-order propositional system. Let us adjust the
underlying idea in Okada [12—14] to extend the fibred phase semantics to the second-
order case so that the soundness, strong completeness and cut-elimination theorems
apply to the full LLL. A further extension to higher-order (finite-order) LLL may
also be possible using a modified version of higher-order phase models introduced in
Okada [12-14].

Let us write 4{X} to indicate that X is a vector of propositional variables containing
the free variables of 4. Let A{B/X} or A{B} denote the formula obtained from 4{X}
by substituting the vector of formulas B for X. Let A*{a/X} or 4*{a} denote the result
of the inner value construction starting with the vector of closed families « as the value
of the variable list X. In this section we use Form to denote the set of second-order
formulas.
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Let {(M,, L, fu,hn)}u=0 be a fibred phase space. Consider an assignment that to any
formula 4 (possibly with free propositional variables), associates a set (4) of closed
families. (4), denotes {(a),: a€(4)}. ;e o denotes {(V;c (% )n}nz0, Ujcq o de-
notes {U;c 4(%)n}n=0, and CI({J;c 4 %) denotes {CIL,(U,c4(%)n)}n=0. In this notation
the second-order propositional quantifiers may be interpreted as follows:

XA =iy () A{a/X),

o€ (B),BEForm

(3XA)Y* =41 Cl U 4 {yx}
o€ (B),B € Form

More generally, second-order operators are defined as follows. Let D={D,},>¢ be a
closed family. For any family of mappings ¢ ={¢&,},>¢, where &,: D, — D, let

VXEX) = ﬂ{é(fx): o € (B),B € Form}
= ﬂ{én(an): oy € (B)n, B € Form}},so,
XEX)=Cl (U{é(a): on € (B),Bc Form})

=Cl, (U{én(“n): O € <B>”’B € Form}) }n

=0

Then

(VXA)* = VXA* = (1 A{ow/Xx} :

0y € (B),, BEForm 230

cl, U 4{o/x}

0, € (B)», BEForm n>0

Note that the usual De Morgan equalities, (VX A4)* =(3XA+)*t and (IXA)* =
(VXA+)*+, are shown easily.

A second-order fibred phase model is a fibred phase space {(M,, L., fn, hn)}tnzo0
together with an assignment that associates a set (4) of closed families to any formula
A, such that the following condition holds:

For any formula A{X}, where X =Xj,..., X} is a vector of second-order proposi-
tional variables, for any vector of formulas B=B,,..., B, for any vector of closed
families o= o,...,, whenever («;), € (Bj>n forall » > 0 and all 1 < j < k,
then it is the case that (4%),{(a),/X} € (4{B/X}), for all n = 0.
A formula is closed iff it has no free variables. A closed formula 4 is valid iff in any
second-order phase model, 1, € (4*), for all n = 0.
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Theorem 5.1 (Soundness, second-order version). Let X =Xi,..., X, be a vector of
second—order propositional variables, containing all free second-order propositional
variables of the formulas Ai,...,As,...,B1,...,By. If the sequent

|—Al,...,A/;...;Bl,...,Bm

is provable in LLL, then for any vector of formulas C=C,...,Cy, for any second-
order fibred phase model, and for any vector of closed families o. = oy, ..., 0, whenever
a; €(C) for all 1 < j < k, then it is the case that

L, € (Ai{o/ X}t & @4/ {/X})® - B(B{o/X} & - & B, {o/X}))n
In particular, if a closed formula is provable in LLL, then it is valid.

Proof. The argument is carried out by the induction on the length of proof essentially
in the same way as that of the propositional case in Section 3, except for the following
second-order quantifier cases.

(1) V-rule

FI{X};A4{X, Y}
I {X L VYAX, Y)Y

where Y does not appear as a free variable in I.

By the induction hypothesis, for any o« € (D), D& Form, and for any fe(E),
E € Form, 1, € (I'*{a} 8 A*{o, B}),. Therefore, (I'*+{a}), - (4*+{a, f}), C L,. Hence
(r**{o}), C(A**++{a, })n = (4*{a, B}),. Since this holds for any B (E) and any
E € Form,

(b © () @B = (YA {0, Y},

pEe(E),EEForm

Hence (I'**+{a}),-((VY4*{o, Y}),)*" C L,, which means 1, € (I'*{a} ®VYA* {0, Y }),.
(2) J-rule

F I {X}; A{B{X}, X}
F I X} VAV, X )

By the induction hypothesis, for any o € (C), C € Form, 1, € (I'*{a} ® A*{B*{a},a})s,
namely (I'*+{a}), C(4*{B*{a},a}),. By the condition on (B{C}), B*{a} € (B{C}).
Therefore,

(o J @B, S EYA{Y0})

pe(D),DeForm

Hence, for any n, (I'*{«})" - (3YA*{Y,a})}»C1,, which means 1,€
(F*{a} 9 3YA*{Y,a}),. O
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The canonical phase space is defined as in the previous section, but -., now means
“provable in second-order LLL without the cut rule”. For any formula 4, define (4) as

(4) = {a closed: A4+ € o C ||4]|}.
The set (4) corresponds to the set of candidates of reducibility of type 4 in [2,4].

Lemma 5.1 (Main Lemma, second-order version). For any formulas A{X} and C,
and for any o€ (C), A{C/X}*+ € A*{a/X} C ||[4{C/X}|.

Proof. The proof is carried out in the way similar to that of Lemma 4.3 with the help
of Lemma 4.2 except for the following cases, which are treated essentially in the same
way as Okada [12].

Case 1. A{X} is of the form X;: Then by the definition of (C), A{C/X}*+ € A*{o/X}
C||4{C}| is obvious for any « € (C) and any C € Form.

Case 2. A{X} is of the form VYB{X,Y}: We prove VYB*{o/X, Y} C |VYB{C/X, Y }||
for any o€ (C) and any C € Form. Assume that

revyg{ey}= ()| B{wp}
pe(D),DEForm

By the induction hypothesis, B*{w, f} C ||B{C,D}||. Hence, I' € ||B{C,D}||. In partic-
ular, for a variable Y that does not occur in I', I € ||B{C, Y }||. On the other hand,
|_cf F;B{C, Y}
Fey T3VYB{C, Y}

is a LLL-rule. Hence, I' € [VYB{C, Y }|.

Case 3. A{X} is of the form 3YB{X,Y}: We prove 3YB*{o/X, Y} C |3YB{C/X, Y }||
for any o€ (C) and any C € Form. Take arbitrary C € Form and o € (C). Assume that
I'e 3YB{o/X, Y} = Cl(Up ¢ (p).p € Form B™ {2 B})- 1t suffices to show that IYB{C,Y}
belongs to (Uﬁ€<D>,DeF0rmB*{a,ﬁ})l, because then I';3YB{C,Y}€||0||, hence I' €
|3YB{C,Y}|. By the induction hypothesis, B*{a, f} C||B{C,D}| for any D € Form
and any € (D). Therefore, for any 4 € B*{o,f}, .y 4;B{C,D}, hence ., 4;3YB
{C,Y} by the 3-rule. Since this holds for any D € Form and any f§ € (D), it is the case
that IXB{C, Y} € (U e (py.n c rorm B 1% B}, as required. [

In other words, the canonical phase space and the assignment (4) just defined from
a second-order phase model. As before, we obtain strong completeness and hence cut
elimination. Note that the condition for (4) on the stability under substitution is verified
at the same time when the main lemma above is proved. Then with the same argument
in the previous Section we have the following theorems.

Theorem 5.2 (Strong Completeness, second-order version). If a closed formula is
valid, then it is provable in LLL without the cut rule.
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Theorem 5.3 (Cut-Elimination, second-order version). If a formula is provable in
LLL, then it is also provable in LLL without the cut rule.

The methods and results again extend to the intuitionistic version.
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Appendix A. LLL rules

Let us recall LLL inference rules from [5]. The § rules have been modified since
we are not assuming that § is self-dual. The exchange rules are omitted because we
are dealing with multisets.

Identity/ Negation
L T4 FA4+;4
m (ldentlty) W (Cut )
Structure

- FT;A
W(M—weakening) m(A-weakening)
H T [A]; [4] . FTI;A,B,B _
T (M-contraction) W(A-contractlon)

Logic
T
— fal
- 1(one) - F;J_( alse)
FLAEBA LS FDAB
FTARBA ) FTABY
T _|_(true) (no rule for zero)
FI;A4
———(left plus

Praers o FTAsE

- I;A&B R

iAo B et P
= Bl,...,B/;A

(of course) FI;[A]

EBil;...;[B/]: 14 ———(why not)
(where 7 > 1) =24
FBil...|Bi; A1 .. s Am—1;A4m
1| | ksl 5 1 (neutral),

FIBiLs- -5 [Bel; 84153 §4m—1; VA
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(where k,m > 0, where V is either § or §, and where each | is either a semicolon or
a comma, namely, Bj|...|B; means that By,...,B, are formulas separated by commas
or semicolons.) Note that the conclusion contains at most one principal §.

F 4 v . - I A{B/X}
m(for all: X is not free in I') W

(there is)

Intuitionistic propositional formulas are built from propositional atoms and the con-
stant 1 by the connectives ®, —o, &, and the modalities !,§. Intuitionistic sequents are
expressions of the form Aj;A;;...; Ay - B, where B and the formulas in the blocks
A; are intuitionistic. Because of the position of blocks to the left of the -, the in-
tended interpretation of the punctuation marks is dual to the one stated above, ie.,
A,B is intended to represent A&B, A;B is intended to represent A ® B, and [A4] is
intended to represent !4. An intuitionistic sequent Aj; Aj;...; Ay B may be inter-
preted in the language of LLL as the sequent = Ai-; Af;...; Aj; B, where A~ denotes
the block in which every formula in the block A; is negated (where (C —o D)t is
C®D%t,) and the punctuation marks are left the same. The inference rules of ILLL
are those that remain correct after this translation [5]. Note that the inner value for
intuitionistic propositional formulas may be defined in any fibred phase structure in
the straightforward way by interpreting each intuitionistic connective by its seman-
tic counterpart. However, the definition of the inner value for intuitionistic sequents
reflects the “left-handed” interpretation of the punctuation marks, ie., [4]* =!4* and
(A1,...,47)" =Af & ... &A;. A valuation satisfies an intuitionistic sequent A;;...; Ay = B
iff for each n, (A ® --- ® A}), CB.
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