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Abstract

We prove the cut-elimination theorems, the completeness theorems (with respect to Kripke
models), the relevance principle, the interpolation property, and a new property named the
“communication principle” for some variants of intuitionistic linear logic, and propose compu-
tational and process-algebraic interpretations for these logics and properties.

1 Imntroduction

It is well-known that Girard’s linear logic is useful for formalizing concurrent computation (9, 2,
3, 4, 17, 5]. In this paper, we consider a number of extensions (or modifications) obtained from
modal intuitionistic linear logic by adding communication-merge rules and give computational
interpretations for these logics.

The communication-merge rules ! are as follows:

's A=y

TLA = vy (mix),

'Y=y I, =xy
I‘111-‘212 ¢7

where IT" denotes the multiset {!y | 7 € I'}. The rules mix and !mingle are new rules introduced in
this paper. The mix rule is regarded as an intuitionistic version of Girard’s MIX in classical linear
logic [9]. The mingle rule was originally introduced by Ohnishi and Matumoto in 1964 [16]. In the
original form, ¥ in (mingle) above is empty. The mingle of the present form was proposed by Hori
et al. in 1994 [10]. Sequent calculi and the cut-elimination theorems for propositional substructural
logics with mingle were also discussed by Avron in the 1980s, Hori et al. in 1994, Girard in 1987,
and Kamide (12, 13, 15]. For a historical overview of mingle, see [12]. The cut-elimination theorem
does not hold for the propositional intuitionistic linear logic with the original mingle, but holds
for that with the mingle by Hori et al. [10]. The communication-merge rules proposed here are
strictly weaker than the weakening rule in the sequent calculus LJ for the intuitionistic logic.
The motivation for introducing the communication-merge rules is that the rules can be used
to formalize the “communication process”. For example, (mix) intuitively means that I' and A
communicate [9]. A process algebraic interpretation of (mix) and (mingle) is “communication
merge” (introduced by Milner) in concurrent computation. (mix) and (mingle) correspond to the

T, =9 M,T=y
1,10, =~

(mingle), ('mingle)

1 This name is borrowed from process algebra with communication merge. See the next paragraph.



following two transition rules in an operational semantics of process algebra:

5y gy zy gy
(v,w) (v,w)
zlly 2y olly =y

respectively, where (1) || is the merge operator and represents the parallel execution of two process
terms = and y, (2) <y is a communication function for each pair of atomic actions v and w, (3)
x —— 4/ expresses the ability of the process term z to terminate successfully by the execution of
action v, and (4) y -2, 4’ expresses the ability of the process term y to evolve into process term
v’ by the execution of action w. For the details of the transition rules, see [8] and section 6 in the
present paper. In section 6, we will discuss the correspondence between the transition rules and
the communication-merge rules.

We introduce eight variants, having (mix), (mingle) or (mingle), of the ?-free fragment ILL! of
modal intuitionistic linear logic. These logics give us a good formalization of the “communication
process” in concurrent computation. This is verified using a new characteristic property termed
the communication principle and the relevance principle (or variable sharing property) for these
logics. The communication principle and the relevance principle do not hold for ILL!.

Computational interpretations of linear logics have been proposed by many logicians and com-
puter scientists [9, 2, 3, 4, 17, 5]. For example, Bellin and Scott [4] propose an interpretation for
the w-calculus introduced by Milner et al., and a process-algebraic interpretation of positive linear
logic was proposed by Dam [5]. Abramsky’s “proofs-as-processes” paradigm [2, 3] produces some
good interpretations. An example of these interpretations is Okada’s interpretation [17] of con-
current process calculus based on ILL!. We consider, in this paper, a modified version of Okada’s
calculus, with the addition of the communication-merge rules. ‘

~ This paper is organized as follows. In section 2, we introduce eight variants MILL (= ILL! —
Iweakening + !mingle), MILLx (= MILL + mix), MILLy, (= MILL + mingle), MILL, (= MILL +
contraction), MILLy,, (= MILL + mix + mingle), MILLyc, MILLpyc and MILLyp, and prove the
cut-elimination theorems for these logics. Using these theorems, we can derive the fact that the
eight logics are completely separable. In section 3, using the cut-elimination theorems, we prove
the relevance principle for these eight logics, and the interpolation property for MILL,mn: and
MILL . In section 4, we introduce the communication principle, which expresses the property of
communication in concurrent computation, and prove that the principle holds for the eight logics.
The proof is based on the cut-elimination theorems. We also give a counter example of the principle
for ILL!. In section 5, we give a computational interpretation for a subsystem CC of MILLyp. In
section 6, we consider the correspondence between a process algebra with communication merge
and a subsystem of MILLym,. In section 7, we introduce Hilbert-style axiomatizations for the eight
logics and present Kriple-completeness of some logics.

In addition, we mention the related work [15] which is a classical analogue of the present
work. The paper [15] introduces five variants of classical linear logic. These variants have the new

tructural rule: _
structiral ra Ty, = 5,74, [Ty, = 5,74,

'Fl, 'FZ,H =3 ?Al, 7A2

(!?mingle)

and some logxcs presented have the classical versions of the mix and mingle rules:

Ly=A; To= A, (mix) [, =54, D lI= XA
', Ta= AL, A 1,02, 1= %,A1,4

(mingle).

The cut-elimination theorems, the completeness theorems (with respect to Girard’s phase models)
and a characteristic property named the “mix-separation principle” are proved for these logics.
Prior to the detailed discussion, we introduce the language used in this paper. Formulas
are constructed from propositional variables, the constants 1,0, T, and L, — (implicatidn), A
(conjunction), * (fusion), V (disjunction) and ! (modal operator called "of course”). We will
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follow the notation for the constants 1,0, T, and L in [20], which differs from that in [9]. Fur-
thermore, A,V, and * correspond to &,®, and ® in [9]. Lower case letters p,q,... are used for
propositional variables, lower case Greek letters «, 3, ... are used for formulas, and Greek capital
letters I', A, ... are used for finite (possibly empty) multisets of formulas. !I' denotes the mul-
tiset {!v | v € I'}. A sequent is an expression of the form I' = II, where II consists at most
of one formula. The symbol = is used to denote equality as sequences (or multisets) of sym-
bols. We adopt the convention of association to the right for omitting parentheses. For example
(a—B—7)—f—a—y = (a—(8—7)) = (B—(a—7)).

As all logics discussed in this paper are formulated as sequent calculi, we will occasionally
identify a sequent calculus with the logic determined by it.

2 Variants of intuitionistic linear logic

We give a precise definition of the basic systemm MILL which is an extended propositional intu-
itionistic linear logic with !mingle. In the following definitions, < in expression I' = v for any I'
means empty or single formula.

Initial sequents of MILL are of the forms:

a=aq, =1, 0=, '=T, 1,A=a.

The rules of inferences of MILL are as follows:

'=>a0 o,¥=279

Ty )

F;i;, 1‘?;::2::7 (—left), F—a;l—l;__)—% (—right),
% (*left), % (*right),
a—j\'lﬁ% (Aleft1), a—f—’ﬂ% (Aleft2), 1?_:};/\_?5 (Aright),
a, Aa=\>/ g Aﬁ,=>A7=>7 (Vieft), F'E:;:;Lvﬂ (vrightl), %cx,\‘iﬁ (vright2),
%1;;% (1we), _FL;LO (Owe),

BEZT ew), D22 righ)

%ﬁ' (‘co), !Fl’z!:rf!g%gi;i:'y (‘mingle).

Remark that exchange rule is omitted since we have agreed that the antecedents of the sequents
in this system are multisets. Also remark that the ?-free fragment ILL! of the modal intuitionistic
linear logic is obtained from MILL by adding the inference rule:

L=«

— N
T = ('we).

We consider the following structural rules:

I's A=9«y I',T=79 IyEX=y

. a,a,' =«
A= vy (mIX)’ I, I, 2= Y

a,l =y

(co).

(mingle),

We define the following systems:



MILL,, = MILL + (mingle),
MILL, = MILL + (mix),
MILL, = MILL + (co),
MILL,,. = MILL + (mingle) + (co),
MILLym = MILL + (mix) + (mingle),
- MILLy. = MILL + (mix) + (co),
MILLyyme = MILL + (mix) + (mingle) + (co).
(We use any combination of suffixes x, m and c to denote the systems obtained from MILL by

adding structural rules corresponding to these suffixes.) They shed a new light upon the study on

linear logics in computer science.

Next we prove the cut-elimination theorems for the logics defined above. Before the proof, we
introduce some notions. A rule R is said to be admissible in a system L if the following condition
is satisfied: for any instance

S1 Sz

S

of R, if S; (i € {1,2}) is provable in L, then S is provable in L. Moreover, R is said to be derivable
in L if there is a derivation from S; and Sz to S in L. Note that derivability implies admissibility.

Theorem 2.1 (Cut-Elimination Theorem) Let L be MILL, MILL,,, MILLy, MILL., MILL,,
MILLyp,, MILLy. o7 MILLyy. The rule (cut) is admissible in cut-free L.

Proof First, we consider the theorems for the logics without (co) (i.e., L is MILL, MILLy, MILL,,
or MILLym).
Let P be a proof

o iR
'ssa o=~y
Tyoq (o)

where @ and R are cut-free proofs .in L. The grade g of the proof P is the length of the cut formula
a. The rank r of the cut is the length of the proof P. We prove, by double induction on the grade
and rank of this cut (i.e., by transfinite induction on w - g + r), that there is a cut-free proof of
'Y= vin L.

We distinguish cases according to the forms of the cut formula c. (Case 1): the cut formula o
is not of the form !8, and (Case 2): the cut formula a is of the form !5.

Now we show (Case 1). We distinguish cases according to the forms of Q and R in the proof
P. It is enough to show the following cases: the last inferences of R and Q are (mix), (mingle) and
('mingle). The other cases are similar to the cases in the propositional intuitionistic linear logic
ILL. Here we show only the case for (mix). The case for (mingle) or (!mingle) is the same as that
in [10].

[(C]a,se (mix)(1)): The last inference of Q is (mix). In this case, P is of the form

o e

'y = I's=a . 'R

I',Il's=a (ml;c) a, Y =y
FI,F212:7

(cut).

Then the required proof is obtained from the proof
. ien iR

P @1 I'i=2a oYX=49

Fl = Pz, Y= vy .

Ply F27 Y= Y
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by the induction hypothesis.
(Case (mix)(2-1)): The last inference of R is (mix), and P is of the form

DRy : Ry

Q o,A=> Ay=vy
I'sa a, Ay, Ao, =y

DAL A=y

(mix)

Then the required proof is obtained from the proof

@ im |
'sa alA; = : Ry
T a5 W) Ay,
F,Al,Az = (mlx)

by the induction hypothesis.
(Case (mix)(2-2)): The last inference of R is (mix), and P is of the form

‘m iR
;Q A = a,A2=>7( ix)
I'sa Ay, a,Aq, = ( 31
Al, F, Ag = cut)-
Then the required proof is obtained from the proof
. ie  im
'Ry I'sa o,A2=1
A1 = F7 A27=> Y ( . ()CUt)
ALT, Ay = 7 i

by the induction hypothesis.

Next we consider (Case 2): the cut formula a is of the form !8. To consider the case, we
introduce the following rule:

=18 A=y
LAY = v

where A has at least one occurrence of !3, and A* is a multiset of formulas obtained from A by
deleting at least one occurrence of !3. We also call this (Icut) cut. Then we consider the following
proof P:

(‘cut)

q im
's!g A=y
[MA* =y
where @ and R are cut-free proofs in L. The grade and the rank of this (!cut) are same definition
of (cut). We distinguish cases according to the forms of Q@ and R. We consider the case: Q is
the initial sequent !3 =!8 or 1, A =!8. This case is obvious. We consider the cases: the last
inferences of Q are (mix), (mingle), (co), (!mingle), (Ico), (Nleft), (—left), (xleft), (Aleftl), (Aleft2),
(Vleft) and (1we). These cases are straightforward. Here we show only the case for (mix).
(Case (mix)): The last inference of Q is (mix). In this case, P is of the form

Q1 P Q2 _
T, = r2=>!ﬂ( _ 'R
T.,T; =18 mix) A=y
Fl,Fz,A*=>’Y

(lcut)

( !cut)




where A has at least one occurrence of of |3, and A* is a multiset of formulas obtained from A by
deleting at least one occurrence of !3. Then the required proof is obtained from the proof

D Q2 ‘R
Q1 =l A=y (leut)
r = [, A=y , "
Fl,Pz,A* =7 (mlx)

by the induction hypothesis.

The critical case is that the last inference of @ is (!right). Thus we consider the case for
(right) in the following. We consider the case that R is initial sequent ! =!3, ' = T or L,I' = «
where I' has at least one occurrence of !3. This case is obvious. We consider the cases that the
last inferences of R are (mix), (mingle), (co), (Ico), (—left), (—right), (xleft), (xright), (Aleftl),
(Aleft2), (Aright), (Vrightl), (Vvright2), (Vieft), (1we), (Owe), (lleft) and (!right). These cases are
straightforward.

We show only (Case (mix)): the last inference of @ is (!right) and the last inference of R is
(mix).

(Case (mix)(1)): P is of the form

0 FA
T=8 . A= A= .
=N
TSI (‘right) A A= . (:;I;IX)

T, AL, A7 =7 “

where A; (and A;) has at least one occurrence of |38, and A} (and A%) is a multiset of formulas
obtained from A; (and A, respectively) by deleting at least one occurrence of !3. Then the required
proof is obtained from the proof

L Q L Q
r=g,. P Ry T=48,. . Ry
T i (Teht) A oty L2 (right) ()
T, A% = ‘ TATS Y o '

IT, A%, 1T, AL = 7

(Ico)
IT, A%, Az =

by the induction hypothesis.
Case (mix)(2)): The lower sequent of the !cut is II', A}, Az = . This case is straightforward.
1
(Case (mix)(3)): The lower sequent of the lcut is II', Ay, Aj = ~. This case is also straightfor-

ward.
Next we consider the theorems for the logics with (co) (i.e., L is MILL., MILLy,., MILL,, or

MILLycm). To consider the case, we introduce the following:

'sa A=vy

1ti-
T A" = 5 (multi-cut)

where A has at least one occurrence of o, and A* is a multiset of formulas obtained from A bi
deleting at least one occurrence of a. We can prove the theorems by using (multi-cut).

By using Theorem 2.1, we can show the following.
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Theorem 2.2 (Separation) The systems MILL, MILLy,, MILL,, MILL., MILLpc, MILLym,
MILL,. and MILLy,. are completely separable. That is, we have the following: MILL C MILLy
C MILLy € MILLy e, MILL € MILL,, € MILLy C MILLyxpye, MILL € MILL, C MILL,, C
MILLyme, MILL,, € MILL,y,, MILL. € MILL,,., MILL, C MILL,. where C denotes the proper
inclusion between the sets of provable sequents.

For example, let S; = 0 = 1, S2 = p = p—p and S3 = p—p—q = p—q where p and q are distinct
propositional variables. Then S; is provable in MILL, but not provable in MILLy,¢, S2 is provable
in MILL,, but not provable in MILL,. and S5 is provable in MILL. but not provable in MILLp,.
Remark that ILL! is not an extension of MILL, or MILL,, since S; and Sz are not provable in
ILL!, but ILL! is an extension of MILL since (!mingle) is strictly weaker than (!we).

We also have the following using Theorem 2.1.

Theorem 2.3 (Conservativity) MILL is a conservative extension of the (modal-free) proposi-
tional fragment ILL of the intuitionistic linear logic.

3 Relevance principle and interpolation property

In the area of relevant logic (in philosophical motivation), the relevance principle (or variable
sharing property) is important in formalizing ”relevant implication” in pure human reasoning (see
[1, 13]). (In section 5, we will present a computational meaning of the principle.) Here we prove
that the relevance principle holds for the eight logics introduced in the previous section.

Before the precise discussion, we introduce the following notation. For a sequence A of formulas,
V(A) means the set of all propositional variables which occur in some formula in A. We say that
a logic L has the variable sharing property, when for any sequent o => § without propositional
constants, if & = (3 is provable in L then V(a)NV(8) is nonempty. It is clear by the definition that
if a logic L has the variable sharing property and L’ is weaker than L (i.e., every formula provable
in L’ is also provable in L), then L’ has also the property.

Theorem 3.1 (Relevance Principle) Let L be MILL, MILL,, MILL., MILLc, MILLym, MILLy
or MILLymc. L has the variable sharing property.

The theorem does not hold for ILL!. A counter example is !p = g—¢q where p and ¢ are dis-
tinct propositional variables. We remark that the theorem does not hold for logics with ('we) or
weakening in genaral. '

To show the theorem, it is enough to prove the following.

Lemma 3.2 For any sequent ' = a with nonempty T’ and without propositional constants, if
I = a is provable in MILLymc then V(I')NV(a) is nonempty.

Proof Suppose that I' = a satisfies the conditions in the theorem and is provable in MILLymc.
Then, it has a cut-free proof P, in which neither initial sequents for propositional constants nor
rules for them appear. Thus, for any sequent £ => A in P, A is nonempty. This can be shown
by checking that for any rule of inference in cut-free MILLypye without constants, if the upper
sequent(s) have no empty conclusion, then the lower sequent has no empty conclusion. Further we
remark that P has no application of the rule (mix), because P has no occurrence of the sequent
which is of the form ¥ =>. We will show that there exists the subtree (of the proof-tree) in P
starting from initial sequent(s) and ending at the sequent I' = a such that every sequent Il = =
in the subtree contains at least two formulas (in other words, such subtree is obtained from the
proof-tree of P by deleting every sequent of the form = ). The existence of the subtree can be
shown by checking that for any rule of inference of cut-free MILLymc (without mix and the rules
for the propositional constants), if the lower sequent contains at least two formulas then (at least
one of) the upper sequent(s) contains at least two formulas. (Of course, the above does not hold in



general when we have ('we) or weakening.) Now, let T be such subtree. For any sequent Il = 7 in
T containing at least two formulas, we say that (II;; I, 7) is a partition of II = = if the multiset
union of I1; and II5 is equal to II, and II; is nonempty. By our assumption on II = 7, there exists
at least one partition of II = w. Moreover, we say that a partition (II;; I, 7) shares variables if
V(I1;)NV(II2, 7) is nonempty. Then, we can show the following.

For any sequent Il = m in T, any partition of II = 7 shares variables. (In particular,
“taking I' = a for II = 7, we have that the partition (I'; &) shares variables.)

We prove this by induction on T'. In the following, we show this only when the last rule of
inference in 7" is (mingle).
(Case (mingle)): Suppose that IT is (¥, A, X) and that T is of the form:

\I/,E.=>7T A,E'=>7r
VA Y=

(mingle).

Let (¥y,A,%; ; U2, Az, X2, ) be any partition of ¥, A, ¥ = m, where the multiset union of ¥,
(A1 or £1) and U3 (A or Xp) is equal to ¥ (A or T respectively). Then, we consider the following
cases.

(1) ¥, is nonempty (in this case, the left upper sequent of the mingle is in T'),
(2) A; is nonempty (in this case, the right upper sequent of the mingle is in T'),

(3) X, is nonempty (in this case, both the right upper sequent and the left upper
sequent of the mingle are in T').

The case (1) can be treated symmetrically in the case (2). Also the case (3) can be treated similarly
in the case (2). Thus, we consider only the case (2). By the hypothesis of induction, the following
holds.

(*) the partition is (A1, X1; Az, Ta, ), and V(A,E;1) N V(Ag, Ty, 7) is nonempty.

By (*), we can show that V(¥y,A,X;) N V(¥2, Az, o, T) is nonempty. [

Next we show the interpolation theorem for MILLyc and MILL,.. The theorem for the other
systems is unknown whether holds or not.

We introduce the following notation. For any given finite multiset I" of formulas, we call a pair
('1;T2) of (possibly empty) multisets of formulas I'; and I'z, a partition of I, if the multiset union
of I'; and I'; is equal to T.

Theorem 3.3 (Interpolation for MILLyyn. and MILLy,) Let L be MILLymc or MILLyc. If
a sequent o = 3 is provable in L then there erists a formula 6 such that both a = 6 and 6 = (3
are provable in L, and moreover that V(§) C V(a) N V(B).

To show the theorem, it is enough to prove the following.

Lemma 3.4 Let L be MILLype or MILLy.. Suppose that a sequent I' = v is provable in L and
that (T'1;T2) is any partition of I'. Then there exists a formula § such that both I'y = and
0,T's = v are provable in L, and moreover that V() C V(I'1) N V([y,7).

Proof Since the cut elimination theorem holds for L, we can take a cut-free proof P of I = 7.
We prove this lemma by induction on P. We distinguish cases according to the last inference in
P. We show only the following case.
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(Case (mingle)): Suppose that ' is (A, A, X) and that P is of the form:

A=y AS=qy
ANAY =y

(mingle).

Let (A1, A1, £1; A2, Ag, T2) be any partition of I, where the multiset union of Ay (A; or ¥1) and
Ao (Az or X) is equal to A (A or ¥ respectively). By the hypothesis of induction, there exist
formulas 3 and ¢ such that

(1a) both A, %; = ¢ and ¢, Az, ¥3 = «y are provable,

(1b) V() € V(A1,Z1) N V(A2,2,7),

(2a) both Ay,%; = ¢ and ¢, Az, Es = v are provable and

(2b) V(¢) € V(A1,Z1) N V(Ag, E2,7).
Then, by (1a) and (2a) we have that both A1, A;, X1 = ¥ * ¢ and ¥ * ¢, Az, A2, Xo = 1 are prov-
able. The proofs are shown by the following.

AL, T =29 ALY =4
Al) Z:11 Aly E1 = w * ¢
(<o)
AI,AII E1 = w * ¢

(*right)

Y, A2, 52 =7 6,482,527

1/)’ A2a ¢)a A21 Z:2 =

Y* o, A2, Ag, Yo = vy

Moreover, by (1b) and (2b), we can show V(v * ¢) C V(A1,A1,%1) N V(A2, Az,¥2,7). Thus,
1 * ¢ is an interpolant. |

(mingle)
(xleft).

4 Communication principle

For any multiset T', we say that (I';;'2) is an nonempty partition of I" if the multiset union of I'y
and I'; is equal to I and both I'; and I'; are nonempty.

Theorem 4.1 (Communication Principle) Let L be MILL, MILL,,, MILL,, MILL., MILL,c,

147

MILLym, MILLy. or MILLyyc. For any {constants, —, V}-free formulas a, 8 and any {constants, —,V, *}-

free formula v, if o * 3 = v is provable in L then both o = v and 8 = 7 are also provable in L.

An intuitive meaning of the principle is that a trivial process communication is separable (or exe-
cutable in parallel), where the trivial process corresponds to {constants, —, V}-free formula, which
is not a theorem. In other words, an important (or a context sensitive) process communication is
difficult to separate (or to execute in parallel). Another intuitive interpretation of the principle
will be discussed in section 5. '

This theorem does not hold for ILL!. A counter example is !px ¢ = g where p and ¢ are
distinct propositional variables. We remark that the theorem does not hold for logics with (!we) or
weakening in general. Hence the principle is a characteristic property of logics with (mix), (mingle)
or (‘mingle).

To prove this theorem, it is enough to prove the following generalized form.

Theorem 4.2 (Generalized Communication Principle) Let L be MILL, MILLy,, MILL,,
MILL., MILLy, MILLym, MILLy. or MILLymc. Let T' be a multiset of {constants, —,V}-free
formulas and v be a {constants, —,V, *}-free formula. Suppose that T = v is provable in L and
(T1;T2) is any nonempty partition of I'. Then both I'y = v and 'y = 7 are provable in L.



Proof Since the cut-elimination theorem holds for L, we can take a cut-free proof P of I = v. We
prove this theorem by induction on P. By the cut-elimination theorem, the subformula property
holds for L. Thus we consider only when the last rule of inference in P is (mingle), ('mingle), (co),
(co), (Mleft), (Iright), (xleft), (Aleftl), (Aleft2) or (Aright). Of course we don’t have to consider the
case "I" = v is 4y = +” because in the considering any nonempty partition (I'y;T"2) of T, T'; and
I'; are nonempty. Also we don’t have to consider the case that the last rule of inference in P is
(mix). Because in the considering any sequent I = '7 in P, the succedent 4’ is nonempty since
the propositional constants are not occuring in I = ' (by the subformula property)

In the following, we show only the following case.

(Case ('mingle)): The last inference of P is (!mingle). Suppose that I" is (A,!A, ) and that
P is of the form:

INE=y AT =y
A A, = 7.

('mingle)

Let (!A1,!A1,Z1;!A2,!A2,X2) be any nonempty partition of I (both !A1,!A,X; and !Az,!A2,3,

are nonempty), where the multiset union of !A; (!A; or ;) and !A; (!A; or X3) is equal to !A (1A
or ¥ respectively).
We show that both !A;,!A;,X; = v and !A3,!A3, X5 = ~ are provable in L. To show this, we
must consider the following cases.
(1) (A1, Z1) # 0, (A2, 32) # 0, (1A1,%1) #0, (1A2,22) #0,
(2) (!Al, Z"1) 71: @’ (!A2a 22) 71: @7 (!Ala E1) 7é @v (!A% 22) = ma
(3) (A1, 1) # 0, ('A2,%2) #0, (1A1,51) =0, (182,52) #0,
(4) (MA1,51) #0, (A2, 22) =0, ('A1,%1) #0, (142,X2) #0,
(5) (A1, Z1) =0, (1A2,%2) #0, (141, %1) #0, (182, %2) # 0,
(6) ('A1,%1) #0, (1A2,%2) #0, (A1, E1) =0, (142,52) =0
(7) (!Ah Z1) # ®7 (!A21 22) = mi (!Ala 21) = m7 (!A27 22) # @7
(8) ('A1,Z1) =0, (1A2,52) #0, (1A1,51) #0, (142,52) =0,
(9) (A1, Z1) =0, (A2,E2) =0, (181, 51) #0, (1A2,32) #0.
It is enough to prove the cases (1), (2), (3), (6) and (7), because (2) ((3), (6) or (7)) is symmetric
to (5) ((4), (9) or (8) respectively).
We consider (1). By the hypothesis of induction, we get the following.
(1a) both !A;,¥; = v and !A2, X9 = v are provable in L,
(1b) both !A;, ¥, = v and !Az, ¥y = «y are provable in L.
Then, by using (!mingle) we can show that both !A;,!A;,3; = v and !A2,!A,, X5 = « are provable

in L.
We consider (2). In this case, P is of the form:

AL M2, Ty =7 1A, = v
!Al, !Az, !Al, Y= vy

(‘mingle).

By the hypothesis of induction, we get the following.
(2a) both !A;,X; = v and !A; = 7 are provable in L.
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Then we can show that both !Ay,!A;,¥; = v and !As = 7 are provable in L. By (2a), 1A, = v is
provable in L. By (2a) and the hypothesis that !A;,¥; = ~ is provable in L, we get

ALZi =y 1AL S =y
AL 1AL, S =y

('mingle).

We consider (3). In this case, P is of the form:

!Al, 'Az,zz = !Az, 2'2 =7
!Ala !A27 !A2a 22 =

('mingle).

By the hypothesis of induction, we get the following.
(3a) both !A; = v and Ay, 33 = v are provable in L.

Then we can show that both !A; = v and !As,!A3, 5 = v are provable in L. By (3a), !A; = v is
provable in L. By (3a) and the hypothesis that A3, £2 = v is provable in L, we get

A2, Ss =y 1Ag, 50 =y

b
TRV ('mingle).
We consider (6). In this case, P is of the form:
o=y =y (mingle).

!Al, A2 = vy

By the hypothesis of induction, we have that both !A; = + and !A; = -y are provable in L.
We consider (7). In this case, P is of the form:

Ay =y Ay =~
A1, 'Ag =

(‘mingle).

By the hypothesis, we have that both !A; = v and !As = + are provable in L. |

5 Computational interpretation

In this section, we present an intuitive interpretation in concurrent computation for a subsystem of
a linear logic with communication-merge rules. This interpretation is a modified version of Okada’s
paradigm [17]. _

We consider the following informal correspondence between logical notions and notions from
concurrency theory. A logical connective is an action name. A logical (complex) formula is a process
or an action (or specification). A propositional variable is a token or a message. A finite multiset
of formulas is a specification of a process schedule. An inference rule (on a logical connective)
represents state transition (by the corresponding action).

We consider the following interpretation. (1) a * 3 (parallel action): processes o and (3 are
started in parallel. (2) p * 8 (sending action): token (or message) p is sent, and process § is



started at the same time. (3) p—/ (receiving action): token p is received, and process [ is started.
(4) a A B (choice action): process a (or ) is chosen, and the chosen process is started. (5) la
(duplication action): as many copies of o as needed are produced, and a copy « is started.

Next we introduce a calculus named communication calculus CC.

Initial sequents of CC are of the form: p = p.

The rules of inferences of CC are as follows:

a,8,A =7 DB, A=~ ) B,T = 5 N
— llel), ————— ding), —2——T ’
axBA > (parallel), p+B.A Sy (sending) P BT = (receiving)
a,A:’Y . ﬂ,A=>')’ . a,!a’A#,y . .
aABAD (choice 1), aABASS (choice 2), e Ay (duplication),
I'i= T=y o [,S=v [X=q o
oo (communication 1), T7.T5,% = 7 (communication 2).

An interpretation of the rules defined above is given as follows. Each action corresponds to a
logical inference, by reading each logical inference rule bottom-up. (parallel): parallel-action a * 38
invokes two processes a and 8 in parallel. Here, A represents a finite multiset of processes in the
environment. (sending): sending-action px3 sends a token p and invokes subprocess 3. (receieving):
receiving-action p— (3 receives a token p and invokes 3 (when p exists in the environment). (choice
1, 2): choice-action a: A B chooses either a or 3, and invokes it. (duplication): !a produces a copy
o and invokes it. The above interpretation of the rules is from Okada [17]. (communication 1,
2): parallel specification (or environment) (I';,I'2) can be separated, and I'; and I'; are executed
in parallel. These two communication rules represent communication environment (or context)
splitting.

Some examples of figures generated by CC are given below. The following two different figures
in CC represent two different process schedules.

r=r r=rg
T\ T =T
TqAT =T r=r

T=T
T"PAGQAT =T q/\r=>rR q/\r=>rR
gAT,DAGQAT=>T PAGQAT =T PAGQAT =T
PAQAT,DAGQAT =T Q PAGQAT,DAGQAT =T Q
(pAgAT)*(DAGAT) =T (pAgAT)x(DAGAT)=>T -
P,p=(@AgAT) % (pAgAT) =T p,p—(PAGAT)* (PAGAT) =T

The left figure corresponds to the sequential process schedule PQRRRRS. Here, P, Q, R and S are
(receiving), (parallel), (choice 1) and (communication 2), respectively. The right figure corresponds
to the concurrent process schedule PQS((RR)||(RR)), where (RR)||{(RR) means RR and RR are
performed in parallel. PQS((RR)||(RR)) is a concurrent execution schedule of the sequential
PQRRRRS, and represents a faster computation than that of PQRRRRS.

A figure with at least one infinite path is interpreated as an infinite (reactive) process schedule
in CC. A finite figure, in which all processes end in initial sequents (i.e., the figure is a proof of
CCQ), is interpreated as a failed process (abort process or dead-lock process) schedule in CC. For
example, the process schedule PQRRRRS is a failed process. For any multiset I, the sequent I' =
expresses the ability of process specification I' to terminate successfully, and for any I" and ~, the
sequent I' = v expresses the ability of process specification I' to evolve into process 7. We also
call this expression I' = ~ specification.

We then have the following.

Observation 5.1 (Non Existence of Dead-lock Process Schedule) For any specification T,
there is no dead-lock process schedule of I' = in CC.
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Proof Suppose I is any multiset of formulas. By Theorem 2.1 (Cut-Elimination for MILLyy,),
the sequent I' = is not provable in the {A,*, —,!}-fragment of MILLyy,. This can be shown by
checking that for any rule of inference in the (cut-free part of) {A,*, —,!}-fragment of MILLyy,, if
none of the upper sequent(s) have empty conclusions, then the lower sequent has a non-empty con-
clusion. Then I' = is also unprovable in CC because CC is a subsystem of the {A, *, —,!}-fragment
of MILL,,,. Thus, I" = has no proof in CC. This means that there is no dead-lock process schedule
of I in CC.

The relevance principle is interpreted as follows.

Observation 5.2 (Computational Relevance Principle) For any specifications a and 3, if
o and B have no message p in common, then both the specifications o = 3 and B = o have no
dead-lock process schedule in CC.

The communication principle is interpreted as follows.

Observation 5.3 (Computational Communication Principle) If for any reciving-action-free
processes o, 3 and v, either o = v or 3 = 7 has no dead-lock process schedule in in CC, then the
specification o x 8 = v also has no dead-lock process schedule in CC.

6 Process algebra with communication merge

In this section, we introduce an operational semantics for a process algebra with communication
merge [8], and show that the operational semantics is analogous to a subsystem of MILLym.

Prior to the detailed discussion, we introduce the language used in this paper for the process
algebra with communication merge. Process terms are constructed from atomic actions a,b,c -- -,
+ (alternative composition operator) and || (communication merge operator). We assume the set
A of atomic actions, and the set P of process terms. z + y represents the choice execution of two
process terms x and y. x||y represents the parallel execution of two process terms x and y. We also
assume a communication function 4: A x A — A, which produces for each pair of atomic actions
v and w their communication (v, w). This communication function is required to be commutative
and associative. The expression y — 3’ shows that process term y can evolve into process term
' by the execution of action v, and £ —— / expresses the ability of process term z to terminate
successfully by the execution of action v.

We introduce the following transition rules of the operational semantics for the process algebra
with communication merge.

v/

2V (4+-1) y—v (+-2) _z—a' (+-3) vy (+._4)

T+y— T+y-—— T+y——z x+y—u*y
v v v
JJ—)\/ y—b\/ v ’ y__,
— (F) —— (F2) 25— (13 ———— (II19)
zily — y zlly — =z z|ly — ='|ly zlly — z|ly’
>y y—y gz y—y
o () o (9
zlly —" v zlly —" '
Ty y—"b4 z -1 y-—>y
o (D) o ()
zlly —" Vv zlly — Z|ly’

The metavariables z,z’,y and ¢’ in the transition rules defined above range over the set P and the
metavariables v and w range over the set A.
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We consider an analogy of the transition rules above and the inference rules in MILLyy,. v — Vv
corresponds to an initial sequent of the form a = a. The transition rules for + (i.e., (+-1), (+-2),
(+-3) and (+-4)) correspond to the rules (Aleftl) and (Aleft2), where we take A for +. The eight
transition rules for || correspond to the rules (xleft), (+right), (mix) and (mingle), where we take
the logical connective *x and the comma ”,” (of antecidents of sequents) for ||. The analogy for
the rules for || is explained as follows. For the operational semantics, we add the constant named
empty action € € A and the transition rule y AN y. Then y = y corresponds to an initial sequent
of the form a => a. We also assume ¢ is the unit of the communication function v (i.e., y(v,€) =
v(g,v) = v for all v € A). Here, for example, we consider the transition rule (||-1). This becomes
the following using (||-5).

Ty y—=
Ylvee 6)

2 (II-5)
zlly —

where v(v,€) = v. The rules (||-2), (|]-3) and ({|-4) can be simulated in the same way. Thus, the four
rules for || without 7 (i.e., (||-1), ({|-2), (||-3) and (||-4)) are redundant. The remaining four rules
for || with v (i.e., (||-5), (||-6), (I|-7) and (||-8)) are similar forms for (mix), (mingle) and (*right),
where the associativity and commutativity of -y correspond to that of the multiset union operation
for anticedents of sequents. Furthermore, an expression z — y (a € A, z,y € P) is interpreted
as the sequent £ = a *x y (z and y are considered to be formulas and a is a propositional variable).
For example, ((a + (b]|b))||c)||d N c||d (where a,b,c and d are atomic actions) is interpreted as
the sequent ((a A (b* b)) *c) xd = b (c* d) (where a, b, c and d are considered to be propositional
variables). In this example, the following two analogous figures are generated by the operational
semantics and MILL,y,.

P b b=>b b=>1D
b=b D2 (g bb=b
bllp 2 / ) bxb=b c=>c d=d
m+') aA(bsb)=>b cd=cxd
; (1F1) aA(bxb),c,d=bx(cxd)
(a+Gllle—c g (aA(bxb)) *c,d = b (c*d)
((a+ @I = clld ((@n(b*b))*c)*d=>bx* (c*d)

Thus we can conclude the following.

Observation 6.1 (Simulation) The operational semantics of the process algebra with communi-
cation merge can be simulated in MILLym.

7 Hilbert-style systems and Kripke models

In this section, we introduce Hilbert-style systems HMILL, HMILL,, HMILL., HMILL,,,, HMILL,,
HMILL,., HMILL,c, HMILLy and HILL! for the Gentzen-style sequent calculi MILL, MILL,,
MILL., MILL,,, MILLy, MILLy., MILLpyc, MILLyme and ILL! respectively, and introduce Kripke
models for HMILL, HMILL., HMILL,, HMILLy,., and HILL!. Further the completeness theorem
(with respect to the Kripke models) for these five systems is presnted. This theorem can be proved
the same way in [14]. This framework for these Kripke models and a canonical model construction
method for non-modal propositional substructural logics was originally proposed in [6, 7, 19, 11].
Informational or process algebraic interpretations of the framework were discussed in {21, 22, 5].
The axiom schemes and inference rules for a Hilbert-style system HMILL of MILL are as follows.
Non-modal part %:

2This axiomatization for non-modal part is due to Ishihara [11], which axiomatization corresponds to that for
ILL of non-modal propositional intuitionistic linear logic. Moreover note that the rules (pref), (suff), (or), (residu),
(ness) and the axiom scheme Al are redundant.
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Al: 1,

A2: a—T,

A3: 1 —aq,

Ad: a—a,

A5: anf—a,

A6: ang—0,

AT: (y—a) A (y=B)—y—a A B,
A8: a—aVp,

A9: f—aVi,

Al10: a—f—axp,

ALL: (@) A (B—7)aV fr,
A12: (B—v)—(a—B)—(a—),
Al13: (1—a)—a,

Al4: a— 10,

Al15: a—1—a,

AL6: (a—f-)—a s fo,
A7 (asfy)—B—sa—,

la (ness),

—Q

a a—f By a—f3

— ff
5 ™) Gy P Gosaoy O
S NN e R =<

(no axiom schemes and inference rules for 0).
Modal part 3:

A18: l(a—f)—la—!8,
Al9: la—a,

A20: la—la,

A21: (la—la—B)—la—p,
A22: la—la—la,

a
o ('ness).

We consider the following axiom schemes:
Bl: (a—a—pf)—a—p,
B2: a—a—a,
B3: 0—1,
B4: a—!f—a.

We can define the following Hilbert-style systems for MILL., MILL,;,, MILLy, MILL ¢, MILLxc,

MILL,p,, MILLyme and ILL!
3Note that A22 is new and differ from that in ILL!. See {20, 18].




HMILL. = HMILL + B1,

HMILL,, = HMILL + B2,

HMILL, = HMILL + B3,

HMILL,,. = HMILL + Bl + B2,

HMILL,. = HMILL + B1 + B3,

HMILL,,, = HMILL + B2 + B3,

HMILL,,. = HMILL + Bl + B2 + B3,

HILL! = HMILL + B4.

We can show equivalence between Hilbert-style axiomatizations and Gentzen-style systems.

Here we consider slight modifications of the sequent calculi. Such calculi have the exchange rule,
and moreover, in the sequent expression I' = v of the calculi, I" denotes sequence of formulas. We

use the same names for these modified calculi. Let I' be a sequence v, ---,~,, of formulas. Then
I'—a is defined by v;— - - - —»v,—a ('—a = a when n = 0).

Theorem 7.1 (Equivalence) (1) IfT' = o (or I' =) is provable in MILL, (z € {null, x, m, c,
xc, xm, mc, xmc}), then —a (or ['—0 respectively) is also provable in HMILL,. (2) If -« is
provable in HMILL, (z € {null, x, m, ¢, xc, xm, mc, xmc}), then ' = a is also provable in MILL,.

Of course, we also have the same result for ILL! and HILL!.
We remark that B1, B2, B3 and B4 respectively correspond to (co), (mingle), (mix) and ('we).
For example, we can present that 0—1 corresponds to (mix). 0—1 is provable in MILL, and
A—ny
(cut) ey — Enezs)
F—A—y cut)

r-0 0-1
I'-1

where (cut) is derivable using (suff) and (mp).
Next we define Kripke models for HMILL, (2 € {null, ¢, m, mc}) and HILL!.
A Kripke frame for HMILL is a structure (M, {,N, -, €, w) satisfying the following conditions:

1. (M,nN) is a meet-semilattice with the greatest element w,

2. - is a binary operation on M and € € M such that

Cl:e-z=zforallze M,

C2: w-z=wforall z € M,

C3: z < y implies z -z < z -y for all z,y,z € M (where the order relation
z < y is defined by z Ny = x),

C4: (zNy)-z=(xz-2)N(y-2) forallz,y,z€ M,
C5: (z-y)N(z-2)<z-(ynz)forallz,y,ze M,
C6:z-(y-2)<(x-y)-zforalz,y,ze M,
Cr:z-e<zforallze M,

C8 w<z-wforallz e M,

CO9: z<z-eforallze M,

Cl0: (r-y)-2<z-(y-2z)forall z,y,z€e M,

Cll: (x-2)-y<(z-y)-zforallz,y,2€ M,

3. 1 is a unary operation on M such that
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C12: je < ¢,

C13: {(z-y) <fz-tfyforall z,y € M,
Cl4: z <tz forall z € M,

Cl15: tfz <tz forallz € M,

C16: z <y implies fx < ty for all z,y € M,
Cit: (z-ty) -ty <z-fyforall z,y € M,
Cl18: tzNty < tzx-tyforall z,y € M.

The additional conditions on (M, 1,N,,&,w)

C19: (z-y) - y<z-yforall z,y € M,

C20: zNy<z-yforal z,ye M,

C2l:z<z-tyforallz,ye M
respectively correspond to Bl, B2 and B4. ‘

A valuation = on a Kripke frame (M, t,N, -, £,w) is a mapping which assigns a filter of M (i.e.,

a nonempty subset X of M such that z,y,e X iff z Ny € X) to each propositional variable. We
will write z = p for z €= (p). Each valuation |= can be extended to a mapping from the set of all
formulas to the power set of M by
.cE1life <Lz,
.z TforalzeM,
zE1iff z =w, A
.z a—fBifr-y<zandyk aimply 2= forall y,z € M,
cEaAfiffzEaand z =S, _
.zEaVpBifyEaoryl=pB,and z = or z |= B for some y,z € M withyNz <z,
.zEaxBiff y=aand z = 8 for some y,z2 € M withy-z <z,
8. z = la iff y = « for some y with ty < z.

N O U R W N R

Let |= be a valuation on a Kripke frame (M, t,N,-,&,w). Then |= (o) is a filter for any formula
a.
A Kripke model is a structure (M, 1,N, -, &, w, =) such that
1. (M,1,n,-,€,w) is a Kripke frame,
2. = is a valuation on (M, ,N, -, &,w).
A formula a is true in a Kripke model (M, t,N,,€,w, ) if € = a, and valid in a Kripke frame

(M, 1,0, € w) if it is true for any valuation = on the Kripke frame.
Then we can prove the following using the same way in [14].

Theorem 7.2 (Completeness) Let S be HMILL, (z € {null, ¢, m, mc}) or HILL!. Let C be
a class of Kripke frames for S, L(C) := {a | a is valid in all frames of C} and L := {a | a is
provable in S}. Then L = L(C).
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