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Generalized Bounded Linear Logic and its
Categorical Semantics

Yoji Fukihara! and Shin-ya Katsumata?

! Kyoto University
2 National Institute of Informatics

Abstract. We introduce GBLL and GBAL, generalizations of Girard et
al.’s BLL. The calculus extracts an underlying fundamental structure of
BLL, while separates complexity-related issues in BLL. We analyze the
complexity of cut-elimination in GBLL, and give a translation of QBLL,
a fragment of QBAL (a variant of BLL by Dal Lago and Hofmann), into
GBAL. We then introduce indezed linear exponential comonads (ILEC for
short) as a categorical structure for interpreting the l-modality of GBLL.
This is obtained by extending the grading semiring of graded linear ex-
ponential comonads to the 2-category Idx, which may be seen as a multi-
object pseudo-semiring. We give an elementary example of ILEC using
folding product, and its modification via symmetric monoidal comonads.
We then instantiate this elementary example with the category of assem-
blies of a BCI-algebra, and discuss (dis)similarity with the realizability
category studied by [I8/9].

Keywords: Linear Logic - Categorical Semantics - Linear Exponential
Comonad - Graded Comonad

1 Introduction

Girard’s linear logic is a refinement of the ordinary (non-linear) logic by restrict-
ing the usage of weakening and contraction in proofs [I4]. The linear logic also
has the of-course modality !, which partially restores these structural rules to
the formulas of the form !A.

Later, Girard et al. introduced an extension of the l-modality called bounded
I-modality, and applied it to a logical characterization of P-time computations
[15]. In their paper, the bounded !-modality is introduced in two steps.

First, a simple l-modality !, A is introduced [I5 Section 2.4]. The index r
ranges over a semiring, and in modern terminology r is called a grade [T0J12].
This simple !-modality and its variants has been considered in various logics and
programming languages [7I29/13I25/27]. The categorical structure corresponding
to !, A has been identified as graded linear exponential comonad in [6I12], and its
double-category theoretic characterization was given in [21]

Second, the bounded !-modality !;<,A involving variable binding is intro-
duced [15] Section 3]. This is the actual modality employed in the bounded linear
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logic (BLL for short) [15]; p is called a resource polynomial. The logic thus al-
lows two kinds of dependency: grade-dependent grades, which occurs as p in the
modal formula !;<, A, and grade-dependent formulas, such as !;<, A itself. These
two kinds of dependency significantly increases the expressiveness and flexibility
of the bounded linear logic, leading to the characterization of P-time complex-
ity. This characterization result is later proved through a realizability semantics
of BLL [I5IT8)9]. Inside this semantics, however, mechanisms for controlling the
complexity of proof reductions are hard-coded, and it is not very clear which
categorical structure is behind the semantics.

In this paper we propose a generalized bounded linear logic GBLL and its
categorical semantics. GBLL extracts the essence of the bounded linear logic,
while abstracts away complexity-related issues in BLL, such as resource poly-
nomials and computability constraints. The main feature of GBLL is the new
format of !-modal formula. It is of the form A - !yA, where f is a function of
type A — (A))*, A’ F A is a formula and A, A" are indexing sets of formu-
las. Intuitively, the !-modal formula !y A evaluated at an index i € A invokes A
with each index in the list f(¢) = j1 - - jn, then form the meaning of 1A from
A(j1) - - - A(jn), which is typically A(j1)®---® A(jn). This mechanism is enough
to encode the bounded quantification !;<,A of BLL. We regard the inequality
x < p as the function sending an environment p to the list of extended environ-
ments p{x +— 0},--- , p{x — [p]p — 1}. They are then passed to A in this order,
resulting the tensor product @<, .1, Ap{z — i}.

We equip this new format of !-modality with the structure of linear expo-
nential comonad, referred as weakening, contraction, dereliction, digging and
monoidality. For the case of graded linear exponential comonads, these struc-
tures interact with the semiring structure over grades. We follow the same strat-
egy in this paper: we find a semiring-like structure on the collection of functions
of the form A — (A”)*. For the multiplication g e f, we adopt the Kleisli compo-
sition of the free monoid monad (—)*, while for the addition f -+ g, the pointwise
concatenation (f 4 g)(z) = f(x)g(x). However, these operations fail to satisfy
one of the semiring axioms: (f + g) e h = f e h + g ¢ h. We make it hold up-to-
isomorphism by introducing 2-cells between functions of type A — (A’)* given
by (pointwise) list permutations. The resulting 2-category Idx may be naturally
seen as a multi-object pseudo-semiring. This 2-category is the common structure
for both the syntax and semantics of GBLL.

Upon this indexing mechanism, we first study syntactic properties of GBLL.
We introduce the cut elimination rules and study its complexity property. It
turns out that the proof technique used in BLL naturally extends to GBLL - as
done in [I5], we classify cuts into reducible and irreducible, introduce weights
of proofs, and show that the reduction steps of reducible cuts will terminate in
cubic time of the weight of the proof. We also examine the expressive power of
GBLL by giving a translation of QBLL, which is a monomorphic linear variant
of Dal Lago and Hofmann’s QBAL, to GBLL. The key idea of this translation is
the aforementioned encoding mentioned.
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We next give a categorical semantics of GBLL. We introduce the concept of
indezed linear exponential comonad (ILEC); it is a Idx-graded linear exponential
comonad satisfying a commutativity condition with respect to an underlying
indexed SMCCs. We then present a construction of ILEC from a symmetric
monoidal closed category C with a symmetric monoidal comonad on it. We
demonstrate this construction with the category of assemblies over a BCI algebra
[2I19] and relate the constructed model of GBLL with the realizability category
studied in [I8]/9].

Acknowledgment The authors are grateful to Masahito Hasegawa, Naohiko Hoshino,
Clovis Eberhert and Jérémy Dubut for fruitful discussions. This research was
supported by JST ERATO HASUO Metamathematics for Systems Design Project
(No. JPMJER1603).

Preliminaries For a set A, by A* we mean the set of finite sequences of A.
The empty sequence is denoted by (). Juxtaposition of A*-elements denotes the
concatenation of sequences. For x € A*, by |z| we mean the length of . We
identify a natural number n and the set {0,--- ,n—1}; note that 0 = (). We also
identify a sequence z € A* and a function of type |z| — A where x(¢) is the i-th
element of z.

2 Generalized Bounded Linear Logic

2.1 Indexing Category

As mentioned in introduction, we consider indexing sets A, A’ and functions
fig: A — (A)* listing up instantiation parameters of a formula A indexed by
A’. For two functions f, g such that f(i) is a permutation of g(i) for each i € A,
we would like to have isomorphisms between formulas !y A = !, A. To validate
this argument, 1) we introduce a notion of morphisms between functions of type
A — (A")*, and 2) we assume that the modality ! is functorial on f. Especially,
the notion of morphism introduced in 1) is designed so that f, g are isomorphic
when f(4) is a permutation of g(i) for each i.

To formulate this idea, we introduce the following 2-category Idxﬂ 0-cells

are sets, and the hom-category Idx(A, A’) is defined by:

— An object (1-cell) is a function f: A — (A")*.
— A morphism (2-cell) from f to g in Idx(A, A’) is a A-indexed family of
bijection {0, : |[g(x)| = |f(z)|}zea such that f(x)(0.(7)) = g(z)(7).

The identity 1-cell and the composition of 1-cells in Idx are denoted by in and

(e), respectively. The composition functor is defined by (ge f)(x) o g(y1) - g(yn)
where y; -+ -y, = f(x). The hom-category Idx(A, A’) has a symmetric strict
monoidal structure:

3 This is a full sub-2-category of the Kleisli 2-category CATs, where S is the 2-monad
of symmetric strict monoidal category [20].
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— the monoidal unit is the constant empty-sequence function 0(x) = (),
— the tensor product of f,g, denoted by f + g, is defined by the index-wise

concatenation (f + g)(z) def f@)g(x).

We write J : Set — Idx for the inclusion, namely JA = A and (Jf)(z) = f(z)
(the singleton sequence).

Proposition 2.1. The composition e is symmetric strong monoidal in each ar-
gument. FEspecially, we have

fe0=0 Oef=0 foe(g+h)=feg+feh (f+g)eh>=feh+geh.

We also define Idx, by replacing “bijection” in the definition of 2-cell of Idx
with “injection”. The hom-category Idx, (A, A’) has the 1-cell 0 as the terminal
object, hence is a symmetric affine monoidal category.

2.2 Formulas and Proofs

Definition of GBLL Formulas We first fix an indexed set {A(A)}aeset of
atomic propositions. We define the set of formulas by the following BNF":

A:::a*T|A®A|A—0A|!fA

where a € A(A) for some set A, r is a function and f is a 1-cell in Idx. Formula
formation rules are introduced to derive the pair A F A of an index set A and
a formula A, and are defined as follows:

a€ A(4A) reA—-A" AFA ArB _AFA ARB
A'FA feldx(A,A)
AT A

The formula a*r represents the atomic formula a precomposed with a reindexing
function 7. We next introduce reindexing of formulas.

Definition 2.1. Let r € Set(A, A’). We define the reindexing operation (—)|
as follows:

axrly Eax(ror), (A® B)|, & 4], ® By,

def def
(A - B)|T = A‘T - B|T7 ('fA)‘r = !foJrA~

It holds that for any r € Set(A,A"), A’ F A implies A F A|,. We iden-
tify well-formed formulas by the congruent equivalence relation on well-formed
formulas generated from (below r € Set(A’,; A”), f € Idx(A, A”), A" F A)

regd = 15(AL). (21)

We see some formations of formulas in GBLL.
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Example 2.1. Let us illustrate how a formula !, 2!, <o A in BLL is represented
in GBLL; here we assume that x,y, z are the only resource variables used in this
formula. We first introduce a notation. Let E be a mathematical expression using
variables x; - - - x,,. Then by [E], : N* — (N"*1)* we mean the function

[E]n(xl,"' ’xn) = (x17”' 717n,0)"'(1'1,"' ,‘TmE[zl/le"' 7In/xn] — 1)_

For instance, [x3]1(z) = (z,0),- -+, (z,2% —1). Then from a well-formed formula
N3 |- A, we obtain N ![xf]ll[xﬁx?]zA Generalizing this, a BLL formula !, . g A
under a resource variable {X1,- -+ ,X,} corresponds to the GBLL formula !z, A.

Ezample 2.2. We look at how we express the substitution of a resource polyno-
mial Az := p(z1,...,¥,)]. We define a function (p),, : N* — N+ by

P)n(x1, ey n) = (21, ey T, p(T1, oy Tn)
Then the reindexed formula N = A,y =~ corresponds to Alz := p(x1,- -+, )]

Ezxample 2.3. We illustrate the equality between well-formed formulas. Consider
a formula N - A and a function r : N> — N. Then we equate formulas N? |-
Uy 42 (Alr) and N2 =1, A, where h : N? — N* is given by

h déf Jre [Xl +X2]2(m7y) = T($,y,0>7~ ne ,’I"(Z&y,l' +y- 1)

Definition of GBLL Proofs A judgment of the GBLL is the form A | I' - A,
where A is a set, I' is a sequence of formulas well-formed under A, and A is
a well-formed formula under A, respectively. The inference rules of GBLL is
presented in Table [} Similarly, we define GBAL to be the system obtained by
replacing Idx in Table [1| with Idx,.

Ezxample 2.4. We mimic a special case of the contraction rule in BLL

F, 'l<.L1A? 'y<»LJA{w‘+y/T} +B
[ycoia,AF B

see also (!C)-rule of QBLL in Section We use the shift function s, ; : N"T1 —

N+ defined by s,(z1, -, Zn, y) def (1, y&n,x; +y). Then we easily see

[Xi]n + Jsn,i ® [Xj]n = [Xi + X;]n. Therefore by Contraction rule of GBLL, we
obtain the following derivation for well-formed formulas N**! A4 and N” - B,
mimicking the contraction of BLL:

Vil A Vg1 (Alsni) = B
Mot ln A = Niln 4 Jsn i0lx,1n A - B

Here, we use the formula equality ! s, e[x,], A = 'x,],. (A]5n,5)-

In
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Ak A A|TX,Y,I'+A

Ax) Axiom Exch) Exch
A|A}—A( ) ALY.X. T FA (Exch) Exchange
AlLEA Al I, A+ B
| 1 | I (Cut)
A|TL,InFB
A|LX,YFA A|NFX A|LFY
(®L) (®R)
AlNXeYEFA Al [LFXQY
Al FX AU}YFB( Ly A|LLXFY (R}
A[11,15,X <Y FB AT FX oY
Al FB 4 A|T, A+B o
—————— (IW) Weakening (!D) Dereliction
A|LLWAFB A[T,lwAF B

A|NNGAFB o eldx(A, A)(f,9)
AT AF B

(IF) !-Functor

A|T Al AFB
Al 4pAEB

(!C) Contraction

A |l Ay, Ny A F B f € Idx(A, A')
AllgefAr, - g efAr F 1B

(P!) Composition

Table 1. GBLL Proof Rules

Ezample 2.5. We consider reindexing of proofs. Let r € Set(A, A’) and I,
denotes a sequence C|.,- - ,Cyl|. for I' = Cy,--- ,C,,. For axiom rule A’ | A+
A, we give reindexing by r as A | A|,. - Al,. Other cases except (P!) are easily
defined. Each judgment A’ | I' - A in each rule is replaced A | I'|,. + A|, by
reindexing. For (P!) rule, reindexing by r is given as follows:

A"V Ay Ny AgE B fedr e Idx(A, A”)
Al (grarA)]r,+ (gperAr)lr E (1 B)lr

2.3 Complexity of Cut Elimination in GBLL

By a similar discussion to BLL [I5], cut inferences are divided in two classes:
reducible cuts and irreducible cuts. We define a weight of proof || (for each proof
7) and reduction steps of proofs such that every reducible cut will be eliminated
by reduction steps and every reduction steps will terminate in polynomial of |r|
(specifically, in |7|® steps).

Definition 2.2. In GBLL (resp. GBAL) proofs, an instance of the Cut infer-
ence is irreducible if there are at least one Composition rule below it or if its
left premise is obtained by a Composition rule with nonempty context and the
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other premise is obtained by a Weakening, !-Functor, Dereliction, Contraction or
Composition inference. A reducible Cut is Cut inferences that is not irreducible.

Definition 2.3. A GBLL or GBAL proof is irreducible if it contains only irre-
ducible Cut inferences.

Definition 2.4. For a given proof m> A | I' = A of GBLL or GBAL, the weight
of m is a function || : A — N defined as follows:

1. For an Aziom rule > A | AF A, |x|(9) defy,

2. If w is obtained from 7' by an unary rule except Contraction and Composi-
tion, || ef || + 1.

3. If ™ is obtained from m and w2 by a binary rule except Cut, |r| def || +
|| + 1.

4. If w is obtained from w1 and 7o by a Cut rule, || &f |701| + |72].

If w is obtained from 7' by a Contraction rule, || o |7’ + 2

6. If w is obtained from 7' by a Composition rule, such as

&

L

e
A g AL, 0 Ak E B
>
Al g efAr, - lapefAr H 14 B

then ||(9) et Y overe) (T(v) + 2k + 1) + k + 1. Note that the summation
> vef(s) Scans all elements in the list f(0), hence the weight depends on the

length of f(9).

Definitions of reduction steps for reducible cuts are shown in Section [A]
In each reduction step, the weight of proof is not increasing (some cases keep
the weight). We call such reductions (keeping the weight of proof) commutative
reductions, specifically L®, R®, L—o, R—o-L, R—-R, W, F, D and C. And we
call symmetric reductions as reductions of S®, S—o, 'W, IF D, !C and !P. The
axiom reductions Ax are the different case.

Definition 2.5. For a proof @ of GBLL or GBAL, the cut size of the proof ||7||

is defined as the same rule to the weight of the proof except Cut rule. When w

is obtained by Cut rule from m and s, then the cut size is defined as ||| of

Il + [lm2ll 4 [ma | + |l
Proposition 2.2. In each commutative reduction step, the cut size decreases.

Proof. We use 7', K, etc. as the same subproof named in each case of definition
of reduction steps.

— (L®),(R—-R),(W),(F),(D) The cut size decreases from |7y || + || 72| + |71| +
2| +2 to |||l + (w2l + [m1] + |m2| 4 1.



8 Y. Fukihara and S. Katsumata

— (R®),(R®-L) The cut size decreases from ||7'|| + |51 + ||kl + |7'| + |<1] +
k2| 42 to [|7']] + [[mall + 7’| + |s1] + |w2[ +1 (i = 0,1).

— (L—o) The cut size decreases from |71 || + [|m2|| + ||&]| + |71| + |72| + || + 2
to [|ma |l + |5l + |mi| 4 [m2| + [£] + 1.

— (C) The cut size decreases from ||m1 || + || 72| + |71] + | 72| + 4 to |71 || + ||72|| +
|’/T1| —+ |’/T2| +2

Lemma 2.1. For every proof 7, it holds ||x|| < |r|>.

Proof. By induction on the structure of 7. Clearly |7'|? +1 < (|='| +1)2, |m1]? +
|22 + 1 < (1] + |72| + 1)? and so on.

In the case that 7 is obtained from 7 and 7o by Cut rule, it holds |7 |? +
[mal? + |m1| + [m2| < (Im1| + [m2])? because |m1], 72| > 1.

Theorem 2.1. For every proof m, reduction steps will terminate in |x|® steps.

Proof. Since non-commutative reduction steps decrease the weight of proof ||,
these steps are at most |7|. In each non-commutative reduction step, commu-
tative reduction steps are at most ||| < |7|?. Therefore reduction steps are at
most |7 [3.

3 Translation from Constrained BLL

To examine the expressiveness of our general framework, we give a translation
from Dal Lago and Hofmann’s QBAL [9], a modern extension of BLL, to a minor
extension of GBLL. Actually, the source of the translation is a monomorphic,
linear fragment of QBAL, which we call QBLLEL Following QBAL, a judgment
of QBLL is of the form I' k& A, and is inferred under a set € of constraints
on free resource variables. Annotating judgments with constraints is one of the
main differences between the BLL and QBLL / QBAL. Especially each judgment
I'+ A in BLL corresponds to the QBLL judgment I" ¢ A.

The target of the translation is a minor extension of GBLL; the plain GBLL
is insufficient for the translation. The extension involves two points. First, we
add the weakening A | Iy, A 1A to GBLL; thus we actually work with GBAL.
This is to soundly interpret the weakening !,,;,A F% !, A in QBAL. Second, we
assume the positivity of each atomic formulas, which is assumed in QBAL. For
every n-ary atomic formula ¢ € A in QBAL, we introduce an atomic formula
[a] € A(N™) in GBLL together with the positivity aziom:

Vi (F) | OF [a] % (p1, -+ ,pn) — [a] * (g1, 1 qn)  (Vipi Ew qi).

Here the definition of each notation is given in section and Positivity
axiom induces proofs Vi (F) | A’ - A for every formulas A, A’ such that A’Co A
(the relation Cg for formulas defined in section [3.2)).

4 QBAL admits unrestricted weakening, which is not available in GBLL/GBAL.
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3.1 Resource Polynomials and Constraints

We introduce basic concepts around QBLL, referring to its original calculus QBAL
[9]. We put a reference in the beginning of each paragraph when the contents
comes from QBAL.

[9, Definition 2.1] Given a countably infinite set RV of resource variables, a
resource monomial over RV is a finite product of binomial coefficients []}", (le),
where the resource variables x1,--- ,x,, are distinct and nq,--- ,n,, € N are
natural numbers. A resource polynomial over RV is a finite sum of resource
monomials. We write 1 as (g) and x as (91:) for short. Each positive natural
number n denotes a resource polynomial 1 + 1+ --- 4+ 1. Resource polynomials
are closed under sum, product, bounded sum and composition [9, Lemma 2.2].

[9, Definition 2.3] A constraint is an inequality p < ¢, where p and ¢ are
resource polynomials. We abbreviate p+1 < g as p < ¢. A constraint p < q holds
(written F p < ¢) if it is true in the standard model. A constraint set (denoted
with €, 2) is a finite set of constraints. A constraint p < ¢ is a consequence
of a constraint set € (written € F p < q) if p < ¢ is logical consequence of %.
For every constraint sets ¥ and &, we write € F 2 iff € F p < ¢ for every
constraints p < g in Z. For each constraint set %', we define an order C¢ on
resource polynomials by p C¢ q iff € E p < q.

[9, Definition 2.3] We define the polarity of occurrences of free resource vari-
ables. For a constraint p < g, we say that an occurrence of a resource variable x
in p is called negative, while the one in ¢ is called positive.

3.2 Formulas and Inference Rules of QBLL

Let A be a set of atomic formulas and assume that each atomic formula a € A
is associated with an arity ar(a). Formulas of QBLL are defined by:

AvB = a'(p17"' 7par(a)) ‘ A® B ‘ A—B | !'£<pA

where a formula !, A satisfies z ¢ FV(p).

[9, Definition 2.6] Each occurrence of a free resource variable in a formula is
classified into positive or negative. Below we inductively define a positive occur-
rence of a resource variable. An occurrence of x in:

— a(p1,- -+, Par(a)) i always positive.

A ® B is positive iff it is in A and positive, or so in B.

— A —o B is positive iff it is in A and negative, or it is in B and positive.

— lw<pA is positive iff it is in A and positive. We remark that an occurrence
of a free resource variable in p is counted as negative in ! <, A.

[9, Definition 2.8] We extend the order C¢ on resource polynomials to the
one on QBLL formulas.

a(pla ce 7par(a)) E‘g a(qh e 7qar(a)) iff lez E%” q;
ARBLCoe(C®D iff (ACx C)A(BLC¢ D)

!w<pA Ce !$<qB iff (q Ce p) A (1} ¢ FV(%)) A (A E%”u{z<q} B)
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AC«¢B INke A I5,At¢ B

L= (6
Aren MY IIxrs B (Cut)
[A,BFe C NteA TIhbke B
L R
I'N'A® BFe C (®L) IN,ItF¢ A® B (®R)
Nite A InBreC IAbre B (CoR)
I, I5,A —<oBFgC I'Fe A B
I're A  9E% I't¢ B
I'Fo A (Str) Thoodren V)

A{%:}, '+ B
le<1A, ' B

I, !z<pA7 !y<qA{p+y/T} Fe B
IycprqAbe B

(ID) (1C)

A17 e 7An '_%U{z<p} B x ¢ FV(%)
!a;<pA17 Y !1'<pAn F%” '1<pB

(*P)

!y<p!z<q{y/w}A {(Z+Zw<y Q(w))/z} s I'+¢ B (lN)
!z<2w<p q(w)A, I'+¢ B
Table 2. Inference rules for QBLL

[0, Section 2.3] A QBLL judgment is an expression I' b4 A, where € is
a constraint set, I' is a multiset of formulas and A is a formula. A judgment
I' 4 A means that A is a consequence of I under the constraints %.

Inference rules are shown in Table [2| Basically this is a fragment of QBAL.
We restricted the Weakening rule (!W) and separated two operations from each
rules: (1) I' 4 A and 2 F € implies I' Fo A and (2) I,!;<,X Fo A implies
I pcprgX Fe A

3.3 Translation into GBAL

As mentioned at the beginning of section [3] the translation we will give is from
QBLL into GBAL. For a QBLL proof I' k¢ A, its translation is dependent on
the constraint set € and a set of free resource variables F' (satisfying FV(I") U
FV(A)UFV(%) C F). That is to say, the translation of I" ¢ A has the form
Ve (F) | [[)F5) - [A]F5€) in GBAL.

For Constraints We first define an environment over a finite set F' of resource
variables to be a function from F to N; by V (F') we mean the set of environments
over F. Given an environment p € V(F) and a resource variable z ¢ F and
n € N, by p{x — n} we mean the environment over F'U {z} that extends p
with a mapping x — n. Given a resource polynomial p such that F'V(p) C F, by
[p] : V(F) — N we mean the function that evaluates the resource polynomial
p under a given environment. For resource polynomials pq,--- ,p, such that
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FV(p;) C F, we give a map (p1, -+ ,pn) : (V(F)) = N" by (p1,-++ ,pn)p =
(IIpl]]pv T [[pnﬂp)

For a constraint p < ¢ with a set F of free resource variables (such that
FV(p) UFV(q) C F) and for an environment p € V(F), let p E p < ¢ denote
[plp < [¢lp- For a subset S C V(F) and for a constraint set ¢, S F % is also
defined similarly: for every p € S and for every p < ¢ € €, p F p < q. Given
a constraint set ¥ and a set F' of resource variables such that FV(%) C F, let
Ve (F) be a set given by:

Ve (F) ¥ {p e V(F) | pE %}

For a resource polynomial p, a free resource variable x such that = ¢ FV(p), a
constraint set ¢ and a set F' of resource variables such that FV(p)UFV(%) C F,
we introduce a map [z < p|(pe) : Vo (F) = Vigu(acpy (F U {z})* by

[ < plrgyp S pla e 0}, pfa = 1}, pla = ([plp — 1)}

For Formulas For a QBLL formula A, a constraint set % and a set of resource
variables F' such that FV(A) UFV(%) C F, the translation [A](¥3¢) of A under
F and % is defined inductively as follows:

[a(prs s )] EO L (] % (D1, s P vy [A® B]FO & (4] (F59)  [B)(FS9)

[A —o B)F€) & [ 4)(Fs6) _o [g)F€) 1, A)F6) ) [A]F g U{e<p})

Hz<pl(r, %)

Every translation [A](F3%) of QBLL formula is well-formed under Vi (F).

For Proofs To give a translation of proofs, we define another notation. For a
resource polynomial p,q, a set F' of resource variables and a constraint set %
such that FV(p) UFV(%) C F, a set [p, q)""%) of environments is defined by

P, )" ={p e V(FU{t}) | pE €, [pl(p) < p(t) < [p+ dlp}

here ¢ be a “fresh” resource variable such that ¢ ¢ F'.
For a proof 7> I' b4 A, a translation [7](F5€) s Vig (F) | [[]Fi%) | [A](F%)
is defined inductively on the structure of the proof:

— For Axiom rule, we can prove Vi (F) | [A](F3€) F [B](Fi%) for formulas A, B
such that A C¢ B.

— For rules (Cut), (®L), (®R), (—L), (—R) and (!W), the translation is simple
replacement of each formula A with [A](F3%).

— For (Str) rule, we have a map r : Vg(F) — Vi (F) then the translation is
given as reindexed proof [1/](¥7€)|,. of the translation [7'](F3%) of the premise.

— For (ID) rule, the premise is translated Vig(F) | A’, [IF%) B9,
where A’ = [A]FUzhEU{z<1})| and r is a map such that Jr = [z < 1](re).
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— For (IC) rule, let a morphism sty ¢ and maps riy ), i efe) j@ale)

(s,r,41 and iy for short) be defined by

s{e) Vi (F) = [p, q) %)
p = p{t = [plp}, - p{t—= ([p+dalp—1)}
Tz()%(g) : [p, Q)(F’(g) = Vﬁfu{y<q}(F U{y})

pit = (Iplp+k)} = ply = K}
.(p,q;F;€
PO Vi twepy (F U{2}) = Vig(aepra) (F U {})
plx — k} — plz — k}
(p,q; F;€ &
ng G F5E) . [p’ q)(F’(f) — VCgU{w<p+q} (F U {I})
p{t = ([plp + k)} = p{z > [plp + k}
In this time, ![w<p] [A](Fu{x};%’u{z<p}) :![I<p]([A](Fu{z};%“u{m<p+q})|il) and

<) [A{pty/a}] FHYECUY<dl) =) | ([A]FUlel@Ute<prad)|, 1) hold. We
obtain the conclusion of (IC) as

Ve (F) | [F](F;%)a!(Jiio[z<p])+(Jigos) [A}(Fu{x};‘fu{x<p+q}) = [B](F;%)

— For (IP) rule, let F/ = FU{z} and 4’ = ¥ U {z < p}. We can prove the
translated conclusion from the translated premise by the following proof:

Vigr (F') | [Al](F’;%”’), e ,[An](F'%%’”F [B]<F’;<€’)

n times (ID)’s :
Vigr (F') | ia[AL)F5€) o g [An)F5€)k [B](E'€")
V%F(F) | ![z<p] [Al](F/;‘zo”/) L ![z<p] [An](F’;cg/)l_ ![z<p] [B](F/;Cg/)

— For (IN) rule, let sets Ag, Ay, As and constraint sets 6o, €1, 2 be

%o =€ U{y < p} Ay = Veg, (F U {y})
%1:%U{y<p7Z<Q{y/w}} A1:V<gl(FU{y,Z})
G=¢U{x< Z q(w)} Ay = Vg, (F U {x})

In this time, there is an isomorphism 7 : A; = A, and an equation of mor-
phisms [z < q{¥/w}](rugy).0) @ Y < Dlre) = Jr oo <3, a(w)l(re)
holds. Therefore (IN) rule can be translated by using the following provable
judgment:

Ve (F) | oes, -, all A1 EH ) 1 ol copuu [A{E+ S ey 9fa}) (FU1238)

Since every BLL proof I' - A can be translated as a QBLL proof I' kg A, it
can be translated as a GBAL proof Vi (F) | [I'](F:9) |- [A](F59).
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4 Categorical Semantics for GBLL

In this section, we give a categorical semantics of the GBLL. First, notice that
each index set A determines a multiplicative linear logic under A. We model
this situation by a set-indexed symmetric monoidal closed categories, given by
a functor C : Set®” — SMCC;;,it. That is, for each A € Set, a symmetric
monoidal closed category C A is given, and any function f : A — A’ induces a
strict symmetric monoidal closed functor C'f : CA’ — C A, performing renaming
of indexes.

Upon this indexed symmetric monoidal closed categories, we introduce a
categorical structure that models !y modality. We call it indexed linear exponen-
tial comonad. This is a generalization of the semiring-graded linear exponential
comonad studied in [T212T]. Our generalization replaces the semiring with Idx,
which may be regarded as a many-object pseudo-semiring (Proposition .

We write [C, D]; for the category of symmetric lax monoidal functors from C
to D and monoidal natural transformations between them. We equip it with the
pointwise symmetric monoidal structure (I, ®) given by IX = I and (F&G)X =
FX ®GX for X € C.

Definition 4.1. An indexed linear exponential comonad (ILEC for short) over
a set-indexed SMCC C' consists of:

— A collection of symmetric colax monoidal functors
(D, w4, A2 Idx(A, A') — [CA',CA|, (A, A € Set).

The symmetric lax monoidal structure of Df is denoted by my : I — DfI
and myap: DfA®DfB - Df(A® B).

— Monoidal natural transformations €2 : D(ida) — Idpa and 8y : D(ge f) —
Df o Dy satisfying azioms in Figure [1]

— Cr'oDfoCr=D(JrefeJr') holds for any morphism f in Idx and r,r’
in Set of appropriate type.

The last axiom has two purposes: the equality Cr'(DfA) = D(f e Jr')A
is to allow reindexing functions to act from outside, and the other equality
Df(CrA) = D(Cr e f)A is to make D invariant under internal reindexing of
formulas. This will be tied up with the formula equivalence in Definition
and the definition of reindexing at !y A in Definition . We postpone a concrete
example of ILEC to Section

4.1 Semantics of GBLL

We interpret well-formed formula A - A as an object [AF A] € CA. This is
done by induction on the structure of formula. We assume that each atomic
formula a € A(A) comes with its interpretation as an object [a] € CA.

[AFaxr] Y Crlg] [AFA] < DA+ A]

[AFA®B] Y [A-A]®[A+B] [A+A—-B]% [AF A] - [AF B]
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D(feh+geh)A D((f+g)eh)A DOA=—=D(0eh)A
| | |
D(feh)A® D(geh)A Dh(D(f + g9)A) Dh(D0A)
| | |

Dh(DfA) @ Dh(DgA) — Dh(DfA ® DgA) I —— DhI

D(hef+heg)A-2Z% D(he(f+g)A  DOA= D(he0)A

| | |
D(he fYA@ D(he f)A D(f +g)(DhA) DO(DhA)
| | |
Df(DhA) ® Dg(DhA) = (Df @ Dg)(DhA) [ ———1
DfA —\%%)(DM) D(hege f)A——— D(ge f)(DhA)
Df(D(ida)A) ——— = DfA Df(D(heg)A) — Df(Dg(DhA))

Fig. 1. Axioms of Indexed Linear Exponential Comonad

Proposition 4.1. For any r : A — A’ and well-formed formula A" - A, we
have [AF Al.] = Cr[A" F A].

Proposition 4.2. [AF ;47 A] = [A"F 1 (A])]-

Each proof m>A | I' - A of GBLL is interpreted as a morphism [A | I' - A] :
[AFT] — [AF A] in CA. Here , for a sequence I' = C1, - -+ , Cy, of formulas,
[AtF I'] denotes [A F C1]®- - -®[A b C,,]. We write this interpretation only the
cases of modalities, because the other rules, Axiom, Exchange, Cut, ®(L,R) and
—o(L,R) are interpreted similarly to the semantics of multiplicative intuitionistic
linear logic. The rules related to the modality are interpreted as in Table

Theorem 4.1. For a proof n>A | I'F A, if 7 has a reducible cut and reduces
into ™ by a reduction step, then [x] = [#'] in CA.

4.2 Construction of an Indexed Linear Exponential Comonad

We present a construction of an indexed SMCCs C : Set®” — SMCCli,ic; and
an ILEC D : Idx(A, A') — [CA’,CA]; over C from a SMCC (C,®, I, —o), and
a symmetric lax monoidal comonad (V,m", m}/(’y, €,0) on C.

Construction of Indexed SMCCs First, for each set A, we define the cate-
gory A C to be the product of A-many copies of C. We represent objects and
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L . A4
T [[F | AH ld®w[[A]] [[Fﬂ ® I
A|T FB || =Y 0a —>[[W/]]Oy
AL, . AFB — 18]
! I, AH%’[[F]](@[[A]]
Alr, ArB | =" j
AT, WAF B | — [5]
- id® (Do
7 npA] ST A
A|TVGAFB o:f=9g | — [=']
— [B]
A|L;AF B
i [ A 987 Al e ([l;A] ® [l,A
A|T AN AF B = [+ ]][MO% [T ® (I Al ® [ A])
AT j2,AF B | —— 8]
T ;6 A
» ®illgies Al =% @, D(f)([ls; A)
— Tf,ltg; Agleee
A9 g A1, g Ak E B B : D(f) (®i[[!9iAiﬂ)
A‘ !glofAl,"',!gk.fAk}_!fB_ M[{WBH

Table 3. Interpretations of Modal Rules ([A] denotes [A F A] for each well-formed
formula AF A).

morphisms of this category by maps X : A — Obj(C) and maps f : A — Mor(C),
respectively. Since SMCCs are closed under products, A C is a SMCC by the
component-wise tensor product and internal hom:

(d) ¥ 1, X&Y() Y Xd)@Y(d), X-oY(d) % X(d)— Y(d)

We then define the indexed SMCCs C by CA ©fAmC.

Folding Product We next introduce the folding product functor T; we later
compose it with the symmetric lax monoidal comonad V so that we can derive
various ILECs over C'. Note that T itself is also an ILEC; set V' = Id. The type
of Tis SA X AthC — C and defined by

T(ivia -+ in, A) E Alir) @ Aiz) @ @ A(in), T((),A) €1

On morphisms, T maps a list permutation in the first argument to the symmetry
morphism in C. T is symmetric strong monoidal in each argument. Moreover,
each strong monoidal structure interacts well with each other, concluding that
it becomes a multi-symmetric strong monoidal functor in the sense of [20].
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Proposition 4.3. For A L A in Tdx and | = iv---ip € SA, let f(I) denote
f@1) - flir). Then it holds T(f(1),A) ~T(, T(f(—),A)) and this isomorphism
is natural for A.

Construction of ILEC We now compose the folding product functor with the
symmetric lax monoidal comonad V', to derive an ILEC. Fixed two sets A, A’ we
define a symmetric strong (hence colax) monoidal functor D : Idx(A, A") —
[CA", CA] by
.\ def . .\ def . def
DfA(i) = T(f(0),VoA) Dfp(i) = T(f(i),Vp) DaA= T(a, VoA).
(4.1)

Here, A €¢ A’ M C, and p and « are morphisms in A’ h C and Idx(A, A"),
respectively. We also define a helper morphism 4 : T(I,V o A) — VT(I,A) for
(Iy---lg) € SAand A e AMC. It is the multiple composite of m4 g:

It is routine to verify that this morphism is monoidal natural on [ and A.
Two monoidal natural transformations € : Dida — Idamnc and 645 : D(g ®
f) = Df o Dg is defined by:

en; T(i,V o A) = VA(®) (4.2)
So.ra T((g e F)(i),V o A) =5 T(£,T(g(=), V o A)) (4.3)
YT, T T(g(=).V 0V 0 A)
TURTD, pp(Dga))

Theorem 4.2. The symmetric colax monoidal functor D defined by with
monoidal natural transformations €,6 defined by and determines an
ILEC over C.

4.3 GBLL Semantics by Realizability Category

Hofmann et al., and also Dal Lago et al. employ a realizability semantics to
show that the complexity of BLL proof reductions belongs to P-time [I8/9].
In this section we compare their semantics and the simple semantics of GBLL
constructed in the previous section.

We instantiate C in the previous section with the realizability category over a
BCT algebra (A4, -), which is a combinatory algebra based on B, C, I-combinators;
see e.g. [2[19]. We then form the realizability category Ass(A) by the following
data: an object is a function f into Pt A, where PT is the nonempty powerset
construction, and a morphism from f to g is a function h : dom f — domg
with the following property: there exists an element e € A such that for any
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x € dom f and a € f(x), we have e - a € g(h(x)). The category Ass(A) is
symmetric monoidal closed; see e.g. [19, Proposition 4]. The tensor product of f
and g is given by (f ® g)(z,y) = {ullv | u € f(x),v € g(y)}, where u K v is the
BCl-algebra element corresponding to Az.zuv [19, Section 2].

Next, let A be a set and consider the power category A Ass(A). Under the
axiom of choice, A M Ass(A) is equivalently described as follows: an object is a
family of functions {f;}sca into PT A, and a morphism from {f;}ica to {g;i }ica
is a family of functions {h; : dom f; — dom g; };c o with the following property:
there exists a function e : A — A such that for any i € A, = € dom f; and
a € fi(x), we have e(i) - a € g;(h;(x)).

This power category is quite close to the realizability category introduced
in [I8 Section 4] and [9, Section 4]. This becomes apparent when identifying
a membership statement a € f;(x) for an object {f;}ica € Ah Ass(A) and a
realizability statement 4, a IF 2 in the realizability category (see [I8]). The major
difference between these categories is twofold: 1) In the realizability category, a
computability constraint is imposed on e : A — A to achieve the characterization
of P-time complexity. 2) Objects in the realizability category are limited to A h
Ass(A)-objects such that all f; share the common domain. This is to synchronize
with the a set-theoretic semantics ignoring resource polynomials [I8] Section 3]
[9, Section 3].

We compute the bounded !-modality using the folding product ILEC T with
respect to the indexed SMCC (—) h Ass(A). Let F be a finite set of variables,
x ¢ F be a resource variable, p be a resource polynomial and € be a constraint
set under F. For any object X in Vigyy<py (FU{v})MAss(A), the folding product
T([v < pl(r), X) is an object in Vi (F') h Ass(A) satisfying

T(lv < plire), X)(0)

= Mo, -+, Tpli-1) - {60 ® - @ app)i—1 | aj € X(i{v — j})(z;)} (4.4)
This is different from the modality over the realizability category introduced in
[18, Definition 16] and [9] Definition 4.6]:

(lo<pX)(@) = Az . {ap ® -+ - ® api—1 | a; € X(i{v = j})(7)};

it only takes a single argument. This is again because their realizability se-
mantics is designed to synchronize with the set-theoretic semantics ignoring
resource polynomials - especially it interprets [!;<,A] = [A]. On the other
hand, the bounded quantification computed in (4.4) does not ignore resource
polynomials and indexing, as the domain of (4.4) is the index-dependent prod-
uct []; dom(X(i{v — j})). From this, we conjecture that the semantics of BLL
using the ILEC T over (—) M Ass(A) realizes an index-dependent set-theoretic
semantics of BLL - we leave this semantics as a future work.

5 Conclusion and Related Work

We introduced GBLL, a generalization of Girard et al.’s BLL. The calculus ex-
tracts an underlying fundamental structure of BLL while separates complexity-
related issues in BLL. We analyzed the complexity of cut-elimination in GBLL,
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and gave a translation of QBLL, a variant of BLL by Dal Lago and Hofmann,
into GBLL. We then introduced ILEC as a categorical structure for interpret-
ing the !-modality of GBLL. The ILEC is an extension of semiring-graded linear
exponential comonad, replacing semirings with the 2-category Idx, which may
be seen as a multi-object pseudo-semiring. Additionally, it should interacts well
with a specified indexed SMCCs. We gave an elementary construction of ILEC
using folding product, and its variant inserting symmetric monoidal comonads.
We instantiated this elementary example with the category of assemblies of a
BClI-algebra, and discussed (dis)similarity with the realizability category studied
by [18/9].

Girard’s BLL has a great influence on the subsequent development of indexed
modalities and implicit complexity theory [I5]. Hofmann and Scott introduced
the realizability technique to BLL and semantically proved that BLL characterizes
P-time complexity [I8]. Their work was further enriched and studied by Dal Lago
and Hofmann [9]. Gaboardi combined the -modality involving variable binding
with PCF and showed that the combined system is relatively complete [23].

Bucciarelli and Ehrhard’s indezxed linear logic with exponential [] is one of
the closest systems to GBLL. However, the type of the !-modality is different:
their system derives A F 1;A from A’ F A and an almost injective function
f: A" = A; it is a function where each f~!(i) is finite. To relate their system
and GBLL, let us use the finite powerset construction Ps, and convert f into
its inverse f=! : A — Pj,(4’). This exhibit the similarity with GBLL: GBLL
relaxes Pg, to (—)*, and takes the inverse as the parameter for the !-modality.
The novelty of this work to [§] is that a categorical axiomatics for the ! modality
is identified as an extension of the graded linear exponential comonads [6I21].
Another novelty is to show that GBLL is enough to encode BLL.

As described in Section [} the simple form of -modality !, A is also widely
used in various type systems and programming languages. Examples include:
INTML [29], coeffct calculus [27)J7] and its combination with effect systems [12],
Granule language [25], bounded linear type system [I325], type systems for the
analysis of higher-order model-checking [I7UT6], a generic BLL-like logic BsLL
over semirings [5], Fuzz type system for function sensitivity and differential pri-
vacy [281TJ3], and many more. A combination of !,.A with dependent type the-
ory called QTT is also introduced in [24] and [4]. Among these systems, each of
[111250T] supports 1) full universal and existential, 2) full universal and 3) partial
universal quantification over grades, respectively.

The categorical structure corresponding to the simple form of -modality ap-
pears in [GIT2I21], and is identified as semiring-graded linear exponential comonad.
Breuvert constructed various examples of semiring-graded linear exponential
comonads on relational models of linear logic [5] using his slicing technique.
In this work we replaced semirings to Idx, which may be seen as a multi-object
pseudo-semiring. In the study of graded monad, Orchard et al. generalize the
grading structure from ordered monoids to 2-categories [26]. The main difference
from this work is that their generalized graded monad is defined over a single
categories, while an ILEC is defined over an indezed SMCCs.
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A Proofs for Section [2| (Generalized Bounded Linear
Logic)

In this section, we show reduction steps for reducible Cut eliminations of GBLL
and GBAL and the proof size is non-increasing in each reduction step.

Case 1. (Axiom)

AEA  (ay ! ”
AlAFA A|TAFB — :
| RE (Cut) A|TAFB
A|THB
R AR A .
—= (Ax) i
A|THA AJAFA —
t A|TAFB
A|TFA (Cut) R

The weight of each proof decreases from |7'| + 1 to |7
Case 2. (L®,R®-L)

’

el

A| T, X, YA (5L) o
Al XY EA A| I, A+ B (Cut)
u
A| I, [, XY FB
57'('1 E7T2
AT, X,)YFA Al I, AFB
— ‘ 1, 3 | 29 (Cut)
AN, I, X, Y+B (®L)
A| @, I, XY +FB
Eﬂ'g
Ty A| X, Y,AF B (oL)
A|MEA A| L, XQY, A+ B
(Cut)
A| 1, [, XY +B
;7T1 E7r2
A|lIMEA Al X, Y,AF B
— ‘ 1 | 2, A, 15, (Cut)
A| I, I, X, Y+B
(®L)

Al T5,X®YFB
The weight of the proof keeps |m1| 4 |m2| + 1 in this reduction step.
Case 3. (R®-R)

K1 ‘Ro

oy AT ARX A|TyEY
(@R)
A|TFA AT AFX@Y
(Cut)

AT T TLFX®Y
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.ﬂ_/ :Hl

N A|THA  A|IAFX (Cut) Ha
AT X A|TyFY @R)
A|L,IFX®Y
K1 Ko
o A|TFX  A|LARY @R)
A|TFHA AT T3 AFX QY (Cut)
A| LT FX®RY
! Ko
. A|THA Al AFX (Cut) K1
AT, X A|T{FY (@R)

AL FXQY
The weight of each proof keeps |7’| 4+ |#1] + |r2| + 1 in this reduction
step.
Case 4. (L—o)
T o
Al FX A|F2,Y|—A(_OL) »
A5, X oY FA A|I', A+ B
AN, I AX —-YFB

(Cut)

E7T2 ‘K
N o A|D,YHEA A|I"A-B
AlNhEX A| I,y YFB
; (—oL)
Al LI, " X -YFA
The weight of the proof keeps |71|+ |m2| + |k| 4+ 1 in this reduction step.
Case 5. (R—-L)

(Cut)

‘K1 ‘Ko

! A|T,AFX A\FQ’,YI—B( L)
—o
A|THA AT, I3 A/X -YHFB
(Cut)
Al NI, T}, X —-YHEB
! K1
_, A|I'FA A|T],AFX Ko
(Cut)
AlNITEX A|F2’,Y|—B( L)
Al T}, X -YFB
;Iil E/ig
! AlINTEX A|F2’,A,YFB( L)
A|THA AT, I}, A/ X -YHFB
(Cut)

A|LI T3, X -YFB



24 Y. Fukihara and S. Katsumata

.ﬂ./ :,{2

. ‘K1 A|TFA A|F2’,A,Y|—B(Ct)
A|FX AILEYEB ~ "

AL I5,X -YFB
The weight of each proof keeps |7’| 4+ |k1| + |2] + 1 in this reduction

step.
Case 6. (R—-R)

o

‘T A| I, AXFY
(—R)
Al A A\FQ,A}—X—oY(Ct)
Al Ih-X oY "
E7T1 E7T2
Al FA ATy, AXFY
— | 1 | 2,41, (Cut)
AN, XFY
(—R)

AT, FX oV
The weight of the proof keeps |71| + |m2| + 1 in this reduction step.
Case 7. (S®)

E7T1 E7T2 ff-e
A|lEX A|F2|—Y(®R) AT X,YEB
AN LFX®Y A|T",X®YFB
A, I A+B

(®L)
(Cut)

T2 K
. ry A| LY A|T',X,Y+B
Al FX ATy AXFB
A | Fl,FQ FB
The weight of the proof decreases from |m1| + |ma| + |&| + 2 to |m1| +
|ma| + |-
Case 8. (S—o)

(Cut)

(Cut)

! K1 Hg
A|LXFY (—R) A|T'FX  A|LLYFB
AT FX oY A|I,I5,X =Y+ B

AL, T} B

(—L)
(Cut)

! o
N K1 A|LLXFY A|T,Y+FB
A|TIFX AT, XFB
AT T,FB
The weight of the proof decreases from |7/| + |k1| + |k2| + 2 to |7/| +
1| + |2l

(Cut)

(Cut)



Generalized Bounded Linear Logic and its Categorical Semantics 25

Case 9. (W)
57'('1
AlFl HA ('W) T2
AT, XEA A| I, AFB (Cut)
A, T5 10X F B b
E7T1 E7T2
Al FA Al|Iy,AFB
— S ! (Cut)
ATy - B (W)
Al 0 XFB
E’/TQ
T A‘FQ ,AFB ('W)
Al A A|F2,!0X,AI—B(Ct)
u
A|, 15, 0X FB
57'&'1 571'2
AlITFA Al Iy, A+ B
— 3 | . (Cut)

Al L,I, B
Al I, I3, 10X B
The weight of the proof keeps |71| + |m2| + 1 in this reduction step.
Case 10. (D)

(‘W)

T

Al, XFA (D) o
Al g XEA Y A| Ty, A-B (Cut)
Ao, 'uX F B "
E’/Tl E’/TQ
Al FA Al X, A B
— ‘ 1 | 2 ) (Cut)
A| I, I, X+B (D)
A, 4X B ¥
Eﬂ'g
‘M A|L, X,A-B (D)
Al FA A\FQ,!idX,AFB('Ct)
u
A| Ty, X B
571'1 271'2
AL, XEFA Al| Ty, A+ B
— | 15 | 29 (Cut)
A| T, I, XFB
(D)

A| I, I, X B
The weight of the proof keeps |71| 4 |m2| + 1 in this reduction step.
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Case 11. (F)
57'('1
AL, X A (1F) T
Al XA Y A| Iy, AFB (Cut)
A| Ty, X - B "
37'('1 E7"'2
ANV, XFA  A|TbAFB
E— | 1y:g | 25 (Cut)
A| Ty, , X+ B )
A| T, Ty, [ XFB
27'('2
57'('1 A|F2,'gX,AFB ('F)
A|FA  A|LL,;X,AFB ('C 9
ATy, I, X F B B
;7T1 E7r2
AlFA  A|D,X,A+B
— |0 REL (Cut)
A, Ty, X+ B
('F)

ATy, I, XFB
The weight of the proof keeps |71| + |m2| + 1 in this reduction step.
Case 12. (C)

S

Al XX A () T
Al i, X EA A|I,,AFB (Cut)
Al oy, X B
Ty Ty
N Al X X A A| Ty, AFB (Cut)
Al X, 1, X F B (0)
A, oy, X - B
1T
M Al X, 1, X, AF B 10)
A|T FA Al Do,y 1, X, AF B (Cut)
Al oy, X B
Ty 1Ty
N AT A Al o)y X', X, AF B (Cut)
A,y X, 1, X F B (0)

A | I, I, !f1+f2X +B
The weight of the proof keeps |m1| 4 |m2| + 2 in this reduction step.
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Case 13. (IW)
271'1 E7T2
AlOFA A|lI'  FB :
ANorA gy | (w) "
A|ODFIA A\F,!OAI—B(C 0 A|T'+B
A|TFB "
The weight of the proof decreases from |73 4+ 2 to |m2| in this reduction
step.
Case 14. (ID)
E7T1 57'('2
A|OFA AT, AEB
e =t (D)
AlDFI4A A|4AFB (Cut)
A|TFB b
E7T1 E’/TQ
— A|lOFA  A|TAFB
(Cut)
A|TFB

The weight of the proof decreases from || + |m2| 4+ 3 to |m1| + |m2].

Case 15. (IF) Let f,g € Idx(A,A’) and there is o € Idx(A, A")(f,g) (resp.
o9 € Idx,(A, 4") and o € Idx, (A, A)(f,9))

sl D)
A|OFA (P) A|T,AFB IF)
A|OFLA Y TA|TAFB
(Cut)
A|TFB
271'1
— A/|@|_A (P) 271'2
A|lOFI A . A|GAFB Cut
A|TFB (Cut)

When o : f — ¢ is a morphism in Idx(A, A’), f(§) and g(d) (for 6 € A)
are just permutation of each other. Therefore } . ;) and > c )
are the same. On the other hand, when o is in Idx,(A, 4’), it holds
D ovef(5) 2 2omeq(s) from the definition.

The weight of proof (for § € A) decreases from 3. o5 (|m1[(y) +1) +
m2|(8) +2 0 32 e 5y (Imal(7) +1) + |m2[(6) + 1.

Case 16. (IC)
271'1 E’/TQ
A OFA ey AlIDnALARE .
A ‘ Ql_!fr‘rsz . A' I lyy5,AF B .
— (Cut)

A|TFB
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el

Ty A |OFA 7Ty
A|OFA (P A|OFIL,A () A| LAl A B (Cut)
AlOFIA & ALY ARE (o

A|TFB

The weight of the proof for § € A decreases from 37 ¢ . (5 (Im1[(7) +

1) +[m2|(6) +2 0 32 e r, (5 (Il (V) +1) + 22, 5 (Imal (7) +1) + |2 ()
in this reduction step.

Case 17. (IP)
E’iTl 27'('2
A" OFA PN A - 1g,BelgAF B PN
A|OF A 7 Al - 1gefBelgef A 1B (C;ut)
A | ,!Bé.fBg + !fB
E7T1
A” | @"A ETFQ
)
A TOFIA A -1, BelgAE B (Cut)
A| - 5B/ FB . "
A| ~~~,!,32.fBgF!fB '

For each 6 € A, the weight of proof decreases from

> (mlm+1)+ 3 (|7T2| )+ 20+1)+1) +£+3

yEge f(3) v Ef(s

to

S Y (ml() + 1) +Iml(y) +20+2 | ++1

YEf(8) \v'€9(v)

B Proofs for Section (3| (Translation from Constrained
BLL)

Proposition B.1. For a well-formed formula A of QBLL, Vig(F) F [A](F:€),

Proof. Recall we supposed it exists an atomic [a] € A(N"™) of GBLL for each
atomic a of QBLL with arity n(= ar(a)).

1. For an atomic a(p1,- - ,pn), a map from Vi (F) — N is given as the restric-
tion of (p1,- -+ ,pn) to Vg (F'). Soon we have Veg (F) = [a] x (p1, -+, pn) lvip(F)-

2. For a formula A ® B, from hypothesis of induction, we obtain Vg (F) +
[A]F5%) and Vi (F) - [B]F3). Then we have Vi (F) I [A @ B](F5%).

3. For a formula A — B, we obtain Vi (F) F [A — B]5%) from Vi (F) F
[A)F5%) and from Vi (F) = [B]F5%).

4. For a formula !,<,A, we obtain Vigyzep (FU{z}) F
from hypothesis of induction. Then we have Vig (F) F !},

[A](Fu{x};%{mp})
[A)(FUlzleUiz<p}l),

(F,€)
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C Proofs for Section {4| (Categorical Semantics for GBLL)

C.1 Semantics of GBLL

Proposition For anyr : A — A’ and well-formed formula A" - A, we
have [AF A|.] = Cr[A"+ A].

Proof. The crucial cases are atomic formulas and ! formulas.

[AFax(ror)] =C(ror)a] = CrCr'la] = Cr[A’ F d]
[AH tesr Al = D(f o Jr)[A'+ A] = Cr(Df[A" = A]) = Cr[A Hl A

O
Proposition [AFefA]l = [A" F16(Al)].
Proof. We have the following equality:
[AH jrefAl = D(Jre f)([A" F A]) = Df(Cr[A" + A]) = [A" H s (A])].
O

Theorem For a proof t> A | I'+ A, if m has a reducible cut and reduces
into ' by a reduction step, then [r] = [7'] in CA.

Proof. We will discuss according to cases in section [A] For the first eight cases,
because the category C'A is symmetric monoidal closed, we can verify the sound-
ness. Next, the first case of (W), (D), (F) and (C) are trivial. For the rest cases,
it is shown in Figure 2}

C.2 Construction of an Indexed Linear Exponential Comonad

In the following proofs, we use some specific natural isomorphisms:

~

rae 1 i € NAGE) ® [i € IB(i) = [i € [J(A® B)(4)
wka : [i € OJAG) = I, otk 1 [i € 1+ V]AG) = [i € JAG) @ [i € U)A(H)

Proposition E For ALy A" in Idx and | = i1-+-ip € SA, let f(I) denote
f@1) -+ flig). Then it holds T(f(1),A) ~ T, T(f(—),A)) and this isomorphism
18 natural for A.

Proof. Let f(ij) = (ij1-+ijm,). Then
T(f(),A) A1) @ @ Allim,) @ - @ Alin1) @ - - @ Alinm,,)
= T(Z’T<f(_)7A)>

clearly this equation is natural for A. O
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Proposition C.1. Forl = (l;---lx) € SA and A € AMC, we define a mor-
phism v, : T(I,V o A) = VT(,A) to be the multiple composition of ma p:

This morphism is monoidal natural on | and A.

Proof. For every | € S A and A € A C, 74 is natural for A because each mor-
phism mX(ll)@”@A(lj) Allj41) is natural. On the other hand, since C is symmetric

monoidal and V' is lax monoidal functor, 74 is natural for [ € S A. Moreover from
each definition the following diagram commutes hence 'y,& is monoidal natural
for [ and A.

TA®E

T, VoA @T(,VoB) 222, VT(I,A)® VT(l,B)

! v
J/TVOA,VQB lmT(I,A)WT(hB)

T(,(VoA)® (VoB)) V(T(,A)®@T(,B))
lT(l,mX(,%B(,)) z lVT/LA,B
T, Vo(AGB) — 2 VT(IL,AGB)
=2

TULVoA) @ T, VoA) 22, yT(1,A) @ VT, A)
l v
My 1,A),T(1 ,A)

ety V(T({I,A) @ T, A)

lV ct;1
141’

TI+1,VoA) T VT +1,A)

O

Theorem The symmetric colax monoidal functor D defined by with
monoidal natural transformations €,6 defined by and determines an
ILEC over C.

Proof. This theorem is proved by Prop. and [C4]
Proposition C.2. The following diagrams commute for every A ENNYEN
A" Ly A i Tdx.

id 6190
Df — , DidpoDf D(hegef) 2" D(gef)oDh

l&d\ lﬁon l‘siug,f l(sg,fODh

DfoDidA/WDf DfoD(hog)[m&ngngoDh
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Proof. In this proof, we write [¢ € {]A(¢) for T(I,A). First, for f: A — A’

copnodpan: DIA=[i € (Dlk e JHIVAR)
EOMETORN0, [ € (k€ FGIVVAGR)

(=)

i € (IVIk € FGIVAGK)
2% DA
Df(e) o diaa: DFA=[i € f(O]k € ()VAGR)
IEICIREIIN®, 1 € f()ik € (DIVVAG)
j € F-NVIE € GVAGK)
% [j € F(IV(DidaAG))

VLW, e f(-)vA)

Gef(=)va

> DA
Then it holds (e o Df)(d¢a) = (Df o €)(dia,f) = idps. On the other hand, for
NNy VLN A" each composite are shown that:
8g.5:0hA © Onges : D(hege fYA= [k € (g f)(=)][l € h(F)VA()
[k€(gof)()ILER(K)]oaw) ke (go f) (][ € h(k)VVAQ)

BEGNOMVER, 11 ¢ (g0 £V € h(R)VAQ)

% € SNk € gV (DRA) (k)
DELCNREII D0, 1 ¢ f(-))Ik € g()IVV(DRA)(K)

Jje(—= ’Y‘g/(g)DhA

DEOMetom, (5 e f(V[k € g(j)IV(DRA) (k)
— DF(Dg(DhA))

DfSgn o Snag.sn: D(hoge IA S [ e f(I € (heg) DIVAD)

OO0, [j € f(-NlL e (ho ) (IVVAQ)
[ € FEIVILE (b e g) (IVAQ)

= Df([k € g()]ll € h(k)]VAD))
D ([keg()lEn®énn), -

Ef()rymd

f(lk e g(=)Ill € h(R)VVA())

DIV, b (1 e o)Vl € HIIVAQ)

= Df(Dg(DhA))

Therefore 64, 10h,gor = (Df 0 9h,g)0heg,f- -
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Lemma C.1. For f,g € Idx(A, A", I,I' € S A and for A € A', the following

diagrams commute:

T(FD+9D),A) = T((f+9)().A) T(0,.A) T(O0@),A)
T D),A)RT(g(1),A) TELT(f+9)(=):A) T, T(0(=),A)

l l |

TUTA()ANBTET(9(-),A) — TALT(F(-)A)@T(g(—),A)) I ——— T

TEW+f(),A) == T(f(+1'),A) T((),A) T(FOA)
T(f(l)yA)iT(f(l’)A) T(()7T(}L(),A))
T(LT(f(—)7A))iT(l’»T(f(—)yA)) — T+ T(f(=).A) 1 :é
Proof. 1t follows from the definition of folding product. O
Proposition C.3. The following diagrams commute:

D(feh+geh)A D((f+g)eh)A  DOA == D(0eh)A
D(foh)AiD(g-h)A Dh(D£+g)A) Dh(lDOA)
Dh(DfA)Z(EDh(DgA) — Dh(Df\AL‘@DgA) | — Dj;zl

D(hef+heg)A ————— D(he(f+9))A  DOA —— D(he0)A
D(h-f)AiD(h-g)A D(f+})(DhA) Do(ﬁhA)
Df(DhA)iDg(DhA) = (Df®D£)(DhA) [ :‘lL

Proof. From lemma we obtain the following diagrams for each i:

D(feh+geh)A(i) D((f+g)eh)A(4)
D(feh)A(i)®@D(geh)A(7) T(h(i),D(f+g)A) — Dh(D(f+g)A)(i)

l |

T(h(i),DfA)QT(h(i),DgA) —> T(h(i),DfA®DgA)

| T

Dh(DfA)(i)®Dh(DgA) (i) Dh(DfAQDgA)(i)
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DOA(i) == D(0eh)A(3)

|

T(h(s),DOA) — Dh(DOA)(i)

l |

I —— T(h(i),) —— Dhl

D(hef+heg)A(i) == D(he(f+g))A(%)
D(h-f)A(i)iD(g-f)A(i) DOA(i) == D(he0)A(3)
T(f(i%DhA)iT(g(i),DhA) — T(f(i)+g(i),DhA) T(o(i)l,DhA) —> DO(DhA)(i)
Df(DhA)(i)iDg(DhA)(i) — D(f+9)(DhA)(i) I % %
\(IDf@Dy)(DhA)(i)

O

Proposition C.4. Cr' o Df o Cr = D(Jr e f e Jr') holds for every morphism
f in Idx and morphisms r,r’ in Set.

Proof. First, note that ((rmMC)A)(j) = A(r(j)) for a map r in Set. This equation
also holds when A is replaced by a family of morphisms f. We prove the goal
separately.

D(Jr e f)A(k) = T((Jr e f)k,V o A)
= € FRV(A(r())
=T(f(k),V o (rhA))
= Df(r hA)(k).

D(f o Jr)A(k) = [j € f(r(k)]V(A])
= (DfA)(r M C) (k).

Again, these equations also extend to morphisms. We have therefore proved the
functor equality

D(JrefeJr')y=(r"mMC)oDfo(rhC).
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[T, To, o X, A, 10X [Ty, T, ia X, 10 X A]

lid@w lid@w lid@e lid@e

A A
[0, 0] 2 A —— [B] [0, e X] 2 1, x, 4] —— [B]
A A
[[Fl,FszX]][[I*J[[F%!fX,A]] [T, e,y 1, X nedy [T, !5 45, X, A]
lid@Do lid@Do l’:Oid®Cﬂx]] l:Oid@)C[[XH

A INFA
[0y, Do,y X8 1, X, A —— [B] [0, I 4 X, XS 1, X 1 X, A] — [B]

] 2% ] ® por 2224 rrgA] (1] 2 [1] @ Didr 2254 [ ,4]

| b be > fo

] > [0l ——— [[]®I e —24 . r A
l[[F}—B]] lﬂF,A)—B]]
[B] 1B]

(1] 25 (1)@ D(fa + )] — P20 [0, 4]

lmh lcf1+f2 lcf1+f2

s o
()@ DT =3 (] @ (Dfil @ DI EEEERIT @ (1 Al © s AD
lDfl [o+-A] lDfl[[@l—A]] lz
m g I Ay AFB
[0, Al 2 [11, A] @ Dfel — 22 [, 40,4 02 g

®ills,0rBi] 21 (®,['s,05Bi]) © D(g e f)I Dloenior4) (. ['5:07Bil) ® ['ger Al
l@i Sg;.f l(®z 5Bisf)®‘sy,f l(®z 5ﬁi,f)®697f
Q. Df[ts Bl 22 (@, Dflls, Bil) ® DfDgl L2 (@, Df[15, B.l) @ DfDgA

l | |

Df (@[5 B:]) — Df (®;11s, Bil @ DgI) 222, b f (@16, Bi] @ [1A])
lDf[[m,!ﬁeBZ,!gAkB]]
I'sB]

Fig. 2. Commutativity for cases of cut reduction
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