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Abstract. We study a relationship between the Int construction of Joyal et al.
and a weakening of biproducts called semibiproducts. We then provide an appli-
cation of geometry of interaction interpretation for the multiplicative additive lin-
ear logic (MALL for short) of Girard. We consider not biproducts but semibiprod-
ucts because in general the Int construction does not preserve biproducts. We
show that Int construction is left biadjoint to the forgetful functor from the 2-
category of compact closed categories with semibiproducts to the 2-category of
traced symmetric monoidal categories with semibiproducts. We then illustrate a
traced distributive symmetric monoidal category with biproducts 8(Pfn) and re-
late the interpretation of MALL in Int(8(Pfn)) to token machines defined over
weighted MALL proofs.

1 Introduction

Traced monoidal categories introduced in [19] provide a convenient mathematical tool
to study feedback, interactive computation, fixed point operators and so on. In [19],
the structure theorem for traced monoidal categories is shown; the 2-category of traced
monoidal categories is freely embedded to the 2-category of tortile monoidal categories,
which arises as Int construction (also called G construction in [1]). Int appears in stud-
ies related to bidirectional / interactive computation such as geometry of interaction
(Gol) [7], context semantics [10], game semantics [4] and attribute grammars [20].

We are interested in the categorical structures that are preserved by Int construc-
tion. In this paper, we study the case of biproducts and see if the structure theorem
holds under the presence of biproducts. We found a counterexample to the preserva-
tion of biproducts by Int (see Appendix A), but still the pairwise biproducts (A*, A7) &
(B*,B7) := (A*®B*, A~ ®B") in Int(C) behave almost like biproducts; they satisfy the
axioms of biproducts except n-equalities. We characterise such a weak biproduct struc-
ture as semibiproducts. The main theorems of this paper are that Int(C) has semibiprod-
ucts when C is a traced distributive symmetric monoidal category with semibiproducts
(Theorem 4 in Section 4.1), and that the structure theorem holds under the presence of
semibiproducts (Theorem 5 in Section 4.2).

We then give an application of the above results to Gol interpretation of multiplica-
tive additive linear logic (MALL). We construct an example of a traced distributive sym-
metric monoidal category 8(Pfn) with biproducts and relate the interpretation of MALL
in Int(8(Pfn)) to token machines defined over weighted MALL proofs. Semibiproducts
in Int(B(Pfn)) are sufficient for this Gol interpretation because only g-equalities play a
role.



2 Categorical Preliminary

Traced Symmetric Monoidal Categories and Int Construction

We recall the concept of traced symmetric monoidal categories and Int construction by
Joyal et al [19] (also called G-construction in [1]). Below we mainly consider strict sym-
metric monoidal categories for legibility. A trace operator on a symmetric monoidal
category (C, 1,®,0) is a mapping tréyC . C(B® A,C®A) — C(B,C) satisfying the
following equations:

(Naturality) hotrgc(f)og=trg o (h®@A) o fo(goA)
(Dinaturality) trg .(C®g)o f) =trf(f o (B®Q))

(Vanishing 1) tryg(f) = f

(Vanishing 1) tré2(9) = tre o (treg a peal9))
(Superposing) trg - g,n(B® f) =Botg, f
(Yanking) traa(oan) = id.

We simplified the original superposing axiom in [19] using naturality and dinatu-
rality [13]. A traced symmetric monoidal category (TSMC) is a pair of a symmetric
monoidal category (SMC) and a trace operator on it.

Joyal et al’s Int construction freely constructs tortile monoidal categories from
traced monoidal categories. In this paper, we restrict this construction to TSMCs. Let
C be a TSMC. We define the category Int(C) by the following data. An object is a
pair (A*, A7) of C-objects, and a morphism from (A*, A™) to (B*, B™) is a C-morphism
f: A*@B~ — B*®A~. The composition of Int(C)-morphisms f : (A*,A”) — (B*,B")
andg: (B*,B™) — (C*,C") is define by the following trace:

go f =t e crpn ((i[d®0) 0 (g@id) o (id@0) o (f ®id) o (id®0)).

The category Int(C) is compact closed, whose structure on objects is given as follows.
For more detail, see [19].

|Int(C) = (Iv I)s (A+7 A_) ®Int(C) (B+7 B_) = (A+ ® B+,A_ ® B_),
(A", A7) = (A, AY).

Below we write CptCl for the 2-category of compact closed categories, strong sym-
metric monoidal functors and monoidal natural isomorphisms, and TSMC for the 2-
category of TSMCs, traced strong symmetric monoidal functors and monoidal natural
isomorphisms. Every compact closed category has a unique trace called canonical trace
[19,12], and this gives rise to the forgetful 2-functor i : CptCl — TSMC.

Theorem 1 ([19, 14]). Int construction can be extended to a pseudo-functor Int :
TSMC — CptCl, and it is a left biadjoint of 1.

The unit N¢ : C — Int(C) of this biadjunction is full and faithful, and defined by
NcC =Cw®id; and Nef = f ®id,.



Semifunctors, Seminatural Transformations and Karoubi Envelope

The material in this section is from [15-17]. A semifunctor F : C — D consists
of a mapping from C-objects to D-objects and a mapping from C-morphisms to D-
morphisms, and they satisfy the conditions of functors except the preservation of iden-
tity morphisms. A seminatural transformation @« : F — G between semifunctors
F.G : C — D is a collection of morphisms @a : FA — GA satisfying the natural-
ity condition plus an additional condition aa o F(ida) = aa (or G(ida) o aa = ap). * We
note that this extra condition is redundant when one of F, G is an ordinary functor. An
instance of a seminatural transformation is the identity {F(ida)}acc) on a semifunctor
F : C — D. Small categories, semifunctors and seminatural transformations form the
2-category Catsemi. An adjunction (F,G, n, €) : C — D in Catg, is called semiadjunc-
tion, and it specifies the following natural isomorphism (and vice versa):

{f e C(FA,B)| foF(ida) = f} - {g € D(A,GB) | G(idg) o g = g}.

Let C be a category. Karoubi envelope &(C) of C (also called Cauchy completion)
is the category defined as follows. An object is a pair (A, f) of a C-object A and an
idempotent f over A (i.e. a morphism f : A — Asuch that f o f = f). A morphism
¢ (A f) > (B,g) isaC-morphism¢ : A —» Bof Csuchthatgo o f = ¢. We can
extend & to a 2-functor & : Catsm — Cat as follows (Theorem 7.3, [16]):

KR(F)(A, f) = (FAFf), R(@nan=GCfoaa (@:F—G).
There are two major effects of Karoubi envelope.

1. It turns semifunctors and seminatural transformations to ordinary ones in a univer-
sal way; precisely speaking, it is a right 2-adjoint of the forgetful 2-functor from
Cat to Catery. 2

2. It freely adds a splitting to every idempotent in a category; that is, it is a left bi-
adjoint of the forgetful functor U : Catgyir — Cat, where Catgyi; is the full sub
2-category of Cat consisting of the small categories where all idempotents split.
The unit of this biadjunction is a full and faithful functor He : C — &(C) defined
by HcA = (A,ida) and He f = f. We note that Hg ¢ is an equivalence; the functor
P : & &(C) — K(C) defined by P((A, f), f") = (A, f’) and P(¢) = ¢ is an inverse of
Hgc-

By cutting down the 2-adjunction between Cat and Cateeny,i, We obtain:

Theorem 2 ([17]). Karoubi envelope & : Catsem — Cat induces the biequivalence
between Catsemi and Catagiit.

! This condition makes the category of small categories and semifunctors Cartesian closed; see
[16] for detail.

2In [5, 16], Karoubi envelope & is shown to be an ordinary right adjoint. This can easily be
extended to right 2-adjoint.



Karoubi Enverope of Symmetric Monoidal Categories

Let C be an SMC. The following data equip & C with a SMC structure:
IRC: (I’id|)’ (A’ f)®§\c (B$g):(A®C B,f®C g)

We take this as the default symmetric monoidal structure on & C. The functor H¢ :
C — RKC is strict symmetric monoidal w.r.t. the above structure. We also note that if
F : C — Dis strong symmetric monoidal, then so is ] F.

Proposition 1. 1. IfCisa TSMC, thensois & C.
2. If C is a compact closed category, then so is & C.

Proof. 1. We give the trace of ¢ : (B, f) ® (A,h) — (C,g) ® (A, h) by trg\.’c(@.
2. We define the duality by (A, f)* = (A*, f*). We also give the unit and counitin & C
by (f ® id) o na and ea o (id®f), where na and ea are the unit and counitin C.

Biproducts and Semibiproducts

The biproduct A @ B of A and B is the structure which is simultaneously the binary
product and coproduct of A and B. Typical categories having biproducts are the category
of Abelian groups, the category of vector spaces and the category of sets and relations.
Here we propose a definition of biproducts that is more friendly to 2-category theory.
We write 4 : C — C x C for the diagonal functor.

Definition 1. A category C has binary biproducts if there is a functor® : CxC — C
and adjunctions (& 4 4,n,€) and (4 4 &,7’, €’) such that € o n = id (we call this
equation (*)).

We omit the word “binary” when it is obvious from the context. In this paper we speak
about chosen biproducts. We write (—, —), [—, =], 1, 2, t1, t2 for tupling, cotupling, pro-
jections and injections associated to & 4 4 4 @. The equation (*) is the conjunction of
mot =idand w0 = id.
Recall that a zero object O is an object that is simultaniously initial and terminal.
We say that a category C has finite biproducts if it has biproducts and a zero object.
We next define the preservation of biproducts.

Definition 2. Let C and D be categories with biproducts. A functor F : C — D pre-
serves biproducts if the following canonical maps form an isomorphism:

[Fu1,Feo]
FA®FB <—F4F2> F(Ae B).
(Fry,Fr)

A symmetric monoidal category C with biproducts is called distributive if A® — :
C — C preserves biproducts for any C-object A.

Itis not difficult to see that G o F preserves biproductswhen F : C —» DandG: D —» &
preserve biproducts, and that any equivalence preserves biproducts.

In this paper we deal with a weakening of biproducts called semibiproducts as well.
We will see that semibiproducts arise in Int(C) when a TSMC C has semibiproducts
(Theorem 4). We take the following as the definition of semibiproducts.



Definition 3. A category C has (binary) semibiproducts if there is a semifunctor & :
C x C — C and semiadjunctions (& 4 4,n,¢€) and (4 4 &,n’,€’) such that ¢’ o = id
(we call this equation (*)).

The above abstract definition can be expanded in two ways: one using the operations
on morphisms and the other using seminatural transformations.

B-1 There exists a mapping @ : |C| X |C| — |C| and tupling, projections, cotupling and
injections
(=,—):C(A,B)xC(A,C) > C(A,B&C), (mi)a.a €C(A1®A2A),
[-.-]1:C(B,A)xC(C,A) > C(B®C,A), (ti)a.n € C(AL,A10Ay)
(where i € {1, 2}) subject to the following equalities:
mio(fy, fo)=fi, [fi,f]ou="i, (fom,gom)=[uof,wog],
(f,g)oh=(foh,goh), ho[f,g]=[hof,hog], moy¢=id.
B-2 There exists a semifunctor & : C x C — C and seminatural transformations
on-A->ADA  ya ADA A
(A, tAL@® A2 = AL (A, A = AL@ A
(where i € {1, 2}) subject to the following equalities:
mod=id, youy=id, moy =id,
(m@®m)od=iddid, 7yo(u1®w)=Iideid.

From Theorem 2, one can easily check that a category C has semibiproducts if and
only if & C has biproducts.

Definition 4. Let C and D be categories with semibiproducts. A functor F : C —» D
preserves semibiproducts if we have: the following equations:

F(ida@ids) = F(A@B) — ™ _ pagrg—"47 _ FagB)

. . [Fu,Feo] (Fm1,Fr2)
idra®iders = FA@FB—— = F(AeB)————— > FA®FB.
A symmetric monoidal category C with semibiproducts is called distributive if A®— :
C — C preserves semibiproducts.

This is a generalisation of Definition 2. Another equivalent definition is that the canoni-
cal seminatural transformations between F(-®+) and F(-)®F (+) form an isomorphism
in Catgemi. From Theorem 2, a semifunctor F : C — D preserves semibiproducts if and
only if RF : R C — & D preserves biproducts. In compact closed categories tensor
products always distribute over semibiproducts.

Commutative Monoid Enrichment by (Semi) Biproducts

We show that binary biproducts on a category C induces a commutative-monoid en-
richmenton C. This is a slight improvement of the well-known fact that a category with
finite biproducts is commutative monoid enriched. 3

3 The unicity of the enrichment is discussed in [26].



Proposition 2. 1. Let C be a category with binary biproducts. Then there is a com-
mutative monoid enrichment on C (which we call the canonical enrichment).

2. LetC, D be categories with binary biproducts. Then a functor F : C — D preserves

biproducts if and only if it is enriched w.r.t. the canonical enrichments on C and D.

Proof. We define the unit 0ag € C(A, B) and multiplication + € C(A, B)> — C(A, B)

byOas= A—>A®B->B = A->BaA->B and f +g = [ida, ida] o (f,g). See
Appendix C for the proof.

We also have 11 o 1 +tp 0o o = id.
We note that in a SMC (C, |, ®) with biproducts, tensor products are ditributive if
and only if they are bilinear:

0ef=f®0=0, (f+g)®eh=fh+geh, he(f+g)=hef+heg.

The next fact is probably less known. We weaken Proposition 2 by replacing biprod-
ucts with semibiproducts.

Proposition 3. 1. Let C be a category with binary semibiproducts. Then there is a

commutative monoid enriched on C (which we also call the canonical enrichment).

2. Let C, D be categories with binary semibiproducts. Then a functor F : C — D pre-

serves semibiproducts if and only if it is enriched w.r.t. the canonical enrichments
onC and D.

Comparison with Other Definitions of biproducts

In [22], the concept of binary biproducts is defined in Abelian categories (which are
Abelian-group enriched categories with extra properties). This definition reliese on the
enrichment, hence is not suitable for extending it to general categeories. In [18], Hous-
ton adopted the following definition: a category has finite biproducts if it has finite
products and finite coproducts such that the following two canonical maps are invert-
ible:

?2,:0-1, MaB = [(IdA, 0A,B>7 {Oga, IdB>] :A+B—> AXB,

where Oap is the zero morphism defined to be ?g o (?1)to!a. This definition is inde-
pendent from the enrichment. On the other hand, ma g refers to zero morphisms that are
defined through a zero object. The definition of binary biproducts in this paper is inde-
pendent from zero object and enrichment, and is written in the 2-categorical language.
The following proposition shows that our definition of binary biproducts is compatible
with Houston’s definition:

Proposition 4. A category C has finite biproducts in the sense of Houston if and only if
C has a zero object and binary biproducts in the sense of Definition 1.

Proof. See Appendix C.

The separation of zero objects and binary biproducts also revealed that the commutative
monoid enrichment by finite biproducts relies only on binary biproducts.



3 Categorical Structure of Int(C) for a Traced Distributive
Symmetric Monoidal Category C with Biproducts

We show that Int(C) has semibiproducts if C is a traced distributive SMC with biprod-
ucts. Motivation of this setting comes from the fact that if a compact closed category A
has a zero object and binary products or coproducts then A has biproducts [18]. In gen-
eral, Int(C) does not have biproducts for traced distributive SMCs C with biproducts;
in Appendix A we give such an example.

3.1 Matrix of Morphisms

Let C be a traced distributive SMC with biproducts. The trace operator preserves the
unit and multiplication on each homset:

Lemma 1. We have tr§ (0) = 0 and tr§ o(f +g) = try 5 f +try 5 0.

We next associate to a morphism f : A® (B1®B2)® A’ - C® (D1 @ D2) ® C’ a matrix

( fu fo

) (where f,; = (A®m ®A) o f o (C®¢; ®C)).
o1 T2

The original f can be recovered from the matrix by the following sum:

f= > (Ceual)ofjoAarah).
1<i,j<2

Below we identify morphisms and matrices associated to them. We show some useful
equations that hold for matrix representations of morphisms. They are very much like
matrix calculations in linear algebra.

9u 912 fin fi2) _ ((911 o f11 + 912 0 f21) (911 0 f12 + g1z 0 f20)

021 922 o1 T2 (921 0 f11 + 922 0 f21) (921 © f22 + 922 0 f22)
g®(f11 flz) :((g®f11®h)(g®f12®h)
fn T (9@ fa®h) (@® f2eh)

AR f®B 0 )

A®(f@g)®C:( 0 A®g®B

az(%—g_):A@)(B@C)H(B@C)@A.

Lemma2. 1. Forany C-morphism f : A® (B1® By) —» C ® (B1 @ By), we have

BB, [ T11 T2 B B
trA(? 2 ( fa1 fo = trAC(fll) + tI’A’ZC(fzz).

2. For any C-morphism f : (B1® B2) ® A — (C1 8 C,) ® A, we have

f1 flz) trg, ¢, (fun) trg, ¢, (f12)
far f22 ) ~ \trg, ¢, (f21) trg, o, (f22) |

A
trg o8, C6C, (



3.2 Semibiproducts in Int(C)

Our interest is whether we can construct biproducts in Int(C) from those in C. The
example in Appendix A shows that in general Int(C) may not have biproducts. Instead,
we show that semibiproducts exist in Int(C).
We define a binary operator & on Int(C)-objects by
(A", A)®(B",B)=(A"®B*",A"®B").

We show that this becomes the object part of the binary semibiproducts in Int(C). First,
the following isomorphism:

Int(C)(A,B1® B,) = C(A* ® (B] @ B}),(Bi ® B) ® A7)

=[] careB.BioA) = [ | IntC)(A. (B B)))
1<i,j<2 1<i,j<2

allows us to identify an Int(C)-morphism f : A— B1®B; and the tuple ( f11, f12, f21, f2o)
of Int(C)-morphisms fi; : A — (B, BJT). Similarly, we identify g : B & B, — C and
the tuple [[911, 912, 921, 922]] of morphisms g;; : (B}, Bj‘) — C. The composition of
Int(C)-morphisms involving B; @ B, is calculated like inner-product of vectors.

Lemma 3. We consider the following diagram in Int(C):

fi. i
c h A «fip) B,® B, [lgil] c—-p.

Then we have

[giill o «fij) = Zgij ofij,  (fipyoh=(fijohy, io[[gil]l=I[liogll
where the big sum means the addition of Int C-morphisms as C-morphisms.
We are now ready to give binary semibiproducts in Int(C).

Proposition 5. The assignment (B;, B,) — Bj @ B for By, B, in Int(C), together with
the following morphisms:

(f.9y =(f.0,0,9», 7 =[[id,0,0,0]], 72 =1[[0,0,0,id]]
[f.o]=1[[f.0,0,d]], ¢« =(id,0,0,0), > =¢0,0,0,id)

satisfy Condition B-1 (which is equivalent to Condition B in Definition 3).

Theorem 3. For any traced distributive SMC C with biproducts, Int(C) is a compact
closed category with semibiproducts. Moreover, Int(C) is distributive as an SMC and
the unit functor N¢ : C — Int(C) preserves semibiproducts.

Proposition 6. Let C be a traced distributive SMC C with biproducts. We write (O¢, +¢)
and (Oin(c), +int(c)) for the canonical enrichments over C and Int(C), respectively. Then
we have

Omte) =0c, F+ime) 9= f+co.
The preservation of zero object by Int is easy: one can easily show that if C has a

zero object O, then for any C-object A, the pair (A, 0) and (0, A) are both zero object in
Int(C); in particular, N(O) is a zero object.



4 Int Construction and Semibiproducts

4.1 Preservation of Semibiproducts

We Give an extension of Theorem 3. We show that we can construct semibiproducts
in Int(C) from semibiproducts in a traced distributive SMC C, and that the unit N of
biadjunction Int 4+ U preserves semibiproducts. We observe that it is enough to show
that N¢ preserves semibiproducts when C has biproducts. Then by Theorem 3, we see
that N¢ preserves semibiproducts for the general case.

Proposition 7. For a traced SMC C, & Int(C) is equivalent to & Int &(C) as SMCs.
Proof. We define @ : & Int(C) — & Int &(C) by
D(((A", A7), ) = (A%, ida), (A7,ida-), f) - D(p) = ¢
for o : ((A*,A7), f) = ((B*,B7),g)and ¥ : & Int&(C) — K Int(C) by
(A ), (A7 ) h) = (AT A7), h) - (o) =¢

for g (((A", £7), (A7, 7)), h) = (((B",g"), (B7. 97)), k). Obviously ¥ o & = idg in(c)-

We also have a monoidal natural isomorphism @ : @ o ¥ — idgintg(c) given by
(A t+).(A-. 1) = N. Hence & Int(C) and & Int }(C) are equivalent as SMCs.

Proposition 8. If a traced distributive SMC C has semibiproducts then & Int(C) has
biproducts and is distributive as an SMC.

Proof. By Theorem 7, & Int(C) is equivalent to & Int R(C) as SMCs. This equiva-
lence induces biproducts on & Int(C), and @ and ¥ preserves these biproducts. Since
K Int &(QC) is distributive, & Int(C) is also distributive.

Theorem 4. Let C be a traced distributive SMC with semibiproducts. Then Int(C) has
semibiproducts and is distributive as an SMC. The canonical functor N¢ : C — Int(C)
preserves semibiproducts.

Proof. By Theorem 3, Ng) : K(C) — IntR(C) preserves semibiproducts. Hence
K(Ng(c)) preserves biproducts. Since Hg(c) : R(C) = {KK(C) and @ : ] IntR(C) —
K Int(C) are equivalences, they preserve biproducts. Hence @ o &(Ng(c)) © Hga(c) pre-
serves biproducts. By the definition of these functors, @ o R(Ng(c)) © Hg(c) is equal to
K(Ng(c))- Hence Ng(c) : C — Int(C) preserves semibiproducts.

4.2 The Structure Theorem

Let TSMCg, be the sub 2-category of TSMC whose 0-cells are traced distributive
SMCs with semibiproducts and whose 1-cells preserve semibiproducts. Let CptClg,_
be the sub 2-category of CptCl whose O-cells are distributive compact closed cate-
gories with semibiproducts and whose 1-cells preserve semibiproducts. By Theorem 4,



Int(C) is a CptCl,_-object and N¢ : C — Int(C) is @ TSMCg,-morphism. Hence
NG 1 CptCI(Int(C), D) — TSMC(C, D) is restricted to a full and faithful functor

N¢; : CptCl,, (Int(C), D) — TSMCe,(C, D)

for C € TSMCg, and D € CptCl,,_. As in the proof of the biadjunction Int 4 U [19,
14], there is F’ : Int(C) — D such that N;(F’) = F forany F € TSMC(C, D). Here F’
is defined by F’(A*,A”) = FA* ® (FA™)* and F'(f : (A*,A7) — (B*,B")) is defined
by

FA*®(FAY) —2! . FA*®FB-8(FB ) ®(FA)"

(mtoF fom)®l

FB*®FA-®(FB-)*®(FA")*

= 1®€

———> FB*®(FB)"9FA ®(FA")* —————= FB*®(FB7)*.
Theorem 5. (Int, N) is a left biadjoint of the forgetful functor CptCl,_ — TSMCeg,.

Proof. We show that R(F’) preserves biproducts. By the definitions of functors Pgp) :
KK(D) = K(D)and @ : K Int(C) — K INtK(C), we see K(F’) = Pap) o K((RF)") o D.
Here (}RF)’ makes sense since }(D) is a compact closed category when D is a com-
pact closed category. Since Pgp) and & are equivalences, they preserve biproducts.
By Lemma 4, (R F)’ : Int(R(C)) — K(D) preserves semibiproducts and especially
K((s F)’) also preserves biproducts. Hence (F’) preserves biproducts. This is equiv-
alent to the preservation of semibiproducts by F’. Then, as in [19, 14], we see N, is
essentially surjective on objects and full and faithful.

Lemma 4. For a traced distributive SMC C with biproducts and distributive compact
closed category D with biproducts, F’ : Int(C) — D preserves semibiproducts.

Proof. The canonical seminatural transformations
0:F (A" A)e((B",B) s F AL A)eF(B",B): ¢
are represented by (a) and (b)

¢ |Zoo Zn ¢ 00| Zoo Zo1 Z1o Zn1

0 |Zoo Zor Z1o Zna Zyolidz, O Zoo lidz, 0 0O O

(a) Zyo Idz00 0 0 O (b) Zo1| O 0 (C) Zn | 0 0 O O
Z;20 0 0 0 idg, Zip| 0 O Zp| 0O 0 0 O
Z11| 0 idg, Z;n | 0 0 0 idg,

via isomorphisms F’(A*,A") & F’(B*,B™) = Zy ® Z3; and F’((A*,A7) @ (B*,B")) =
Zoo®Zo1®Z10DZ11 Where Zgg = (FA+)®(FA7)*, Zo1 = (FA+)®(F Bf)*, Z10 = (F B+)®
(FA7)*and Z;1 = (FB*)®(FB7)*. Then #o#" = id and & o8 is represented by (c). Hence
6 and ¢ are seminatural isomorphisms since (c) corresponds to F’(id¢a: a-) ® id(e+ 5-)).



5 Application to Gol Interpretation of MALL

We apply semibiproducts in the categories constructed by Int to Gol-style interpreta-
tion of the multiplicative additive linear logic (MALL for short) [6]; its proof system
is described in Appendix B. The interpretation given here extends the multiplicative
fragment of categorical Gol interpretation [3, 11] with additives. 4

In Section 5.1, we introduce the matrix construction 8 that adds small biproducts to
a given category. Roughly, an object in 8(C) is a set-indexed family of C-objects, and
morphisms between such families are matrices of sets of C-morphisms. This construc-
tion sends traced SMCs to traced distributive SMCs with biproducts.

Category Int(8(Pfn)) is a compact closed category with semibiproducts. In Sec-
tion 5.2, we give an Int(8(Pfn))-object ¢ equipped with equality ¢ = U* and isomor-
phisms U QU = U and U & U = U. With this structure we give an interpretation of a
MALL proof I7 + Ay, - - -, Ac as an Int(8(Pfn))-morphism [/7] : | — UK, where T/
is the k-fold tensor of . This interpretation is sound with respect to cut eliminations.

We then introduce a token machine that computes denotations of weighted proofs
(Section 5.3); a weight is a decoration of &-rules in a proof, and it tells the direction to
proceed to the machine. We then show that the contents of the morphism [[Z7] (which is
a matrix of sets of partial functions) consists of the denotation [/7],, of 17 by the token
machine, with w ranging over all possible weights on /7 (Section 5.4).

5.1 Adding Small Biproducts
We first give the matrix construction, which adds small biproducts to a given category.

Definition 5. For a category C, we define the category B(C) by the following data:

— object: a family A = {Aj}iqa Of C-objects indexed by a set |A|
— morphism: ¢ : A — B is a |A| x |B|-indexed family of sets of C-morphisms {¢; j C
C(Ai, Bj)lieiajeig- The identity morphism on A is

o ({ida) (i = )
'd""{ o (%)

and the compositionof ¢ : A — Band ¢ : B — C is defined by
Woplik=1go flIAjeBl.geyjkA f € gij} (i € |ALk € [C]).
The small biproduct of a family of B(C)-objects {A }ica: is given as follows:

B al=> Al (@A.)(m = (A).

leA leA leA

The matrix construction preserves traced symmetric monoidal structures.

4 Our interpretation eagerly applies cuts to the denotation of proofs; the original Gol suspends
the application of cuts until the execution formula is applied.



Proposition 9. Let C be a traced SMC. Then B(C) is a traced distributive SMC with
biproducts.

We equip 8B(C) with the following symmetric monoidal structure: the unit is {l}.c1 and
the tensor product of A and B is {A; ® Bj} jicaxie. Thetraceof ¢ : B® A - C®Ais
given by tl’é’c(cp)i,j = {tr’B*ik,Cj(f) | 3k € |ALT € @k} (i € 1Bl j € [C]). Itis easy to
show that the tensor product of B(C) distributes over biproducts.

5.2 Gol Interpretation of MALL Proofs

We next extend the categorical Gol interpretation of MLL to MALL. Let Pfn be the
traced SMC of sets and partial functions [11]. We set-up an Int(8(Pfn))-object U with
two isomorphisms and one equality:

USU=U, UdU=1U, U =u

then interpret a MALL proof I7 + A, ..., Ak as an Int(B(Pfn))-morphism [Z7] : | —
UK. We note that the above isomorphism can be weaken to retracts.

The object 2 and the above isomorphisms are given as follows. We fix two bijec-
tions[-,-1: Nx N = Nandc : N+ N = N, then define a B(C)-object U to be the
N-fold copy of N, that is, |U| = N and U; = N (i € N). There are two isomorphisms
f:UeU —>Uandg: U®U — U defined by

¢ o2 Jidu) (v = c(x) _Jety=1xx1)
=109  (otherwise) © 900 =\ 0 (otherwise) -

These give rise to an Int(B(Pfn))-object ¢ = (U,U) such that U* = U and two
isomorphisms:

a=foft: UdU - U, m=gegt: USU - U.

Note that a~! = a* and m~* = m*. Below we write ¢j : U — U for @i = @ o ti1.

We move on to the interpretation of proofs. We identify a context consisting of
k formulae and Z/®¥. The interpretation employs the compact closed structure (unit
nu 1l > UUand couniteqy : U U — |; see [19] for their definition) and the
semibiproduct structure on Int(8(Pfn)):

[AXAll = nu
[Cut(iTo, I11)] = (I" ® ey ® 4) o ([L1o]l ® [/111)
[Ten(ITo, IT)] = (' @ M ® 4) o ([/1o]l ® [/711))
[Par(/D)] = (I" ® m) o [IT]
[Perm,(I1)] = f, o 171 (f, is @ morphism corresponding to o)
[ANd(Io, I1)1 = (I" ® @o) o [ITo]l + (I" ® 1) o [/11]]
[Or(IN] = (@i ® ) o [LU1].
In the above definition + in And-rule is the canonical enrichment given by semibiprod-
ucts on Int(B(Pfn)).

Proposition 10. If a cut elimination in 7 yields 777, then [Z1] = [I1'].



5.3 The Token Machine for Weighted MALL Proofs

We define a token machine that computes denotations of weighted proofs in [23]. A
weight assigns left or right to each &-rule in a proof, and it tells the direction to pro-
ceed to the token machine. Since a proof can have different weights, the token machine
may compute different denotations of a proof depending on the weight. We formulate
a weight as a mapping w from the set of occurrences of &-rules in I7 to {0, 1}, which
denotes left and right.

For a proof I7 and a weight w of 77, we define a machine whose state is a triple
(A,n,7) or (A,n,]) where A is a formula in /7 and n is a natural number. Our presen-
tation is from [21]. The transition rules of the machine are shown below. There, we
distinguish the same formulae that appear in different places by superscription, and we
treat contexts I" and 4 as formulae for simplicity. The expressions 0 and n stand for
c(inl(n)) and c(inr(n)) respectively.

L _FTLA FALAY CFALL AL
FA AL F 19,40 FAS - A

(o is a permutation)
(r%n,1) = (I',n, 1)
(%0, 1) = (440, 7)
(rn,1) = (I%n, )
(@tn,l) = (4°%n,])
(An.]) = (A%n7)
(A*,n, ) = (A.n, 1)

(A.n. 1) = (Ahn, 1)
(A4,n,1) = (A,n, )

(A2.n. 1) = (ALn, 1)
(AL.n. 1) = (AL N, )

~ FIL A FB,AY ~ FI'YL A B
FIC A®B,A° I-FO,Ag)B

(o0, 1) = (I'%n, 1)

(r.n, 1)~ (4n,1) (A®B,A.1)~ (A1)
@°n, M- (44n,1) (A®B,n 1)~ (B,n,1)
rtnl) - I%n ) (Anl)~ (A®B,n )
(@in )= (@%nl) (B.nl)- (A®B,nl)

(rn 1) = (%0, 1)
(ApB.,M,T) — (A,n,T)
(ApB.,n.T) — (B,n,T)
(A.n.]) — (ApB.N.])
(B.n, 1) = (ApB.n. )

1 2 1 2
g w@=0 -Th el ey =1
(r°n, 1) - (T*n7) (r°n, 1) ~I?%n7)
(r,n.l) +~(%n,l) (rzn.l) +~%n1)
(A&B,n, 1) — (A,n,1) (A&B,n, 1)~ (B,n,1)
(A,n,]) — (A&B,n, |) (B,n,]) — (A&B,n, )

FATY FB, It
" FA®B, IO  +FAeB, IO

(r°n,1 > @hn1 (r°n, 1) ~@hn1

(rn,l) > @%n) (rn,l) ~@I%n)

(AeB,n, )= (AN, 1) (A®B,n, 7))~ (B,n, 1)

(A,n,]) — (A®B,n,|) (B,n,]) — (A®B,n,|)



This machine is essentially the same as the one given in [23], with a minor difference
that tokens are not altered when passing through &, &g, ®1-rules. This is because our
token machine is defined so that it corresponds to our categorical interpretation given
in Section 5.2 (c.f. Proposition 11). Especially, how it passes tokens depends on our
choice of retracts f : UsU — Uandg: U®U — U. For example, if we take another
retraction f : UoU —» U

an.2n + 1} (y = ¢(x), x = inr(x’))

{An.2n}  (y = c(x), x = inl(x"))
fx, =1{
’ { ¢ (otherwise)

then we still have Proposition 11 by changing the definition of &-rule as follows.

'L A 2B 'L A 2B
- I gs . W&=0 - I rgs . WE&=1D
Eri, n, T; - Er(l) n, T; Erg n,Tg - EF(Z’ n,T;
r-,n,| - (I,n, | r<,n,| - ({,n, 7
(A&B,n, 1)~ (A,2n,1) (A&B,n,17) - (B,2n+1,1)
(A,2n,]) = (A&B,n,]) (B,2n+1,]) — (A&B,n,])

It is straight forward to modify our proofs of Proposition 11.

For a proof IT + Ag, ..., Ax and a weight w of 77, we define a partial function [17],, :
kN — KN (here kN is the k-fold coproduct of N) by

[7]u(i.n) = {(j’ m (A1) S (A m. 1)

undefined (otherwise)

where (Aj,n, T) =* (Aj,m, ) means that the many-step — transitions from the initial
state (Aj, n, T) terminates at (Aj, m, ).

5.4 Calculation of Weights from Indices

We show that the categorical Gol in Section 5.2 compiles the computation of the token
machine over a proof and all possible weights on it.
From the equation

Int(B(PN))(I, U) = B(Pn)(USK, USK) = NK x Nk — 2Pin(aLD

every interpretation of a proof /7 determines a family {[Z71+ n-C PFN(KIN, KIN)} repk n-en
of sets of Pfn-morphisms. We write ||77]] € N¥ x NX for the set of indeces giving non-
empty sets, that is, |[77]| = {(n*, n7)| [Z7]+n- # 0}. The categorical interpretation [/7]
is a compilation of the denotations of 77 with all the possible weights on it. We can
actually compute the index (n*, n~) from w such that [/7],- - contains the denotation
of IT with weight w by the token machine.



For a proof I7 + Ay, . .., Ax with a weight w, we define a relation |77],, ¢ NK x N¥ as
follows:

[ AXa lw = {((n,m), (M, n))In,m € N}
| Cut(lo, IT)lw = {(n"m", n"m7) | 3i, j € N.(n"i, n"j) € [[lolw, (jm", im") € |IT1]w}
| Ten(Io, IT)lw = {(n*[i", j71m*, n7[i7, j~1m))|
(n*i*, n7i7) € [olw, (J*m*, j~m7) € |[T1|w}
[Par(IT)lw = {(n*[i*, J*1, [, JDI™T§7, n7i7j7) € [Tlw)
|Permy (D)l = {(a(n), a(M))I(n*, n7) € [T}

{{(rﬁ, N DI(N*i, 0 j) € olw} (W(ANd) = 0)

| And(ZTo, IT1)|w {(n*1, ™ PI(n*i, n™]) € I[Ta]w} (W(ANd) = 1)

{(in*, Jn7)I(in*, jn7) € [Molw)
{@n*, jnO)I(n®, jn7) € [ITalw).

| Oro(IT)lw
| Orl(H)lw =

where we write a list of natural numbers by nin; - - - ng. Hence for n = nyn,---ng and
m = mym; - - -m;, a concatenation nimis a list nyn, - - - nximymy - - - m,.

Definition 6. A weight w of 17 is well-behaved when |77|y, # ¢.

Proposition 11. (1) For any proof 77, 77|l = Uw.weight of 17 M7 lw-
(2) For any proof I7 with a well-behaved weight w and (n*, n™) € |I1|,,, we have

L7 e v = {7 Tw}-

Corollary 1. The set {[/I]w|w : well-behaved weights of 7} is an invariant under cut
eliminations.

6 Redated Work

In recent studies on the axiomatic / categorical quantum mechanics, compact closed
categories with biproducts and dagger structure are employed [2, 24, 25]; the dagger
structure is an axiomatisation of adjoints of linear maps. Among such studies, our work
is strongly influenced by Selinger’s result on CPM construction [25]. Selinger showed
that for a dagger-biproduct dagger-compact closed C, the dagger-Karoubi envelope of
CPM(C) has biproducts. CPM construction may be regarded as the realisation of the
computation with bidirectional information flow, which is reminiscent to Int construc-
tion. This observation is the starting point of this paper.

One of the potential application field of this work is the geometry of interaction
(Gol) [7-9]. In [3], Abramsky, Haghverdi and Scott captured the underlying categorical
structure of Gol, and presented a passage from Gol to combinatory algebras. In [11],
Haghverdi and Scott gave another categorical analysis of Gol | that treats the concept
of execution formula. Extending Gol with additives was considered in Gol 11 [9], and
later more elementary approaches, such as Mairson and Rival’s context semantics [23]
and Laurent’s token machine [21] (which also covers exponentials) are proposed. In
particular, Mairson and Rival’s context semantics for weighted proofs is almost the
same one that we gave in Section 5.
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A An Example of a Traced Distributive SMC C with Biproducts
such that Int(C) does not have Biproducts

We show that Int(8(Pfn)) does not have biproducts (see Section 5 for the definition of
B(Pfn)). Note that B(Pfn) is a traced distributive smc with biproducts. Let ({A*}, {A™})
and ({B*},{B7}) be Int(8(Pfn))-objects such that A* and B* and A~ and B~ are finite
sets and |A*| > |B*| and |A7| > |B~|. We suppose Int(8B(Pfn)) has biproducts and we
write ({Cr}ie.,{Cj‘}jEJ) for the biproduct of ({A*},{A™}) and ({B*},{B~}). Then there
should be following bijection.

PPIN(X"+A™, AT+ X)) +Pin(X* +B7,B* + X)) =P| > Pi(X" +Cj,C/ +X°)

iel,jed

for any sets X* and X~. Because of cardinarity, | and J and C;" and Cj‘ should be finite
sets. Hence we have

(@ +x + L)X 4 (b* + x~ + 1)) = Z (c +x +1)X ) (%)

iel,jed

for any natural number x*, x™ where a*, a”, b*, b™, ¢ and c; are cardinarities of A",
A-,B*,B7,C/and Cj‘ respectively.

Lemma5. Thereareip € | and jo € J such that ci’; =a' and C,=a.
Proof. By letting x* = 0 in (), we have

TienjeaC+ X+ D% @+ x+ 1) + (0 X+ 1)

xlflﬂlo (@r+x+1)* - x!mo (@ +x+ 1) by (+)
_ (bt x 1) L
—1+>C||£nwm—l (a >b)
Since ( )
- cT>a
(Cr+x +1)5 ~ U
xom @+ X+ 1T L G=a),
0 (cj<a)
there is jo such that c,=a. Similarly, by letting x~ = 0 in (x), we have
i el jea(Ci + 1)) i (at+ 1)) 4 (bt + 1)+07) i
X+|Lnoo (a++ 1)(x++a*) - X+Loo (a++ 1)(x++a*) y (*)
. (b++ 1)(x*+b’) ~ ~
Sl @ e - @ > bha by,
Since
(6 + o (a)
im — — ={(at+ 1457 ct=a"),
X+t —o00 (a++ 1)(X +a7) ( o) EC:"’ < a+;

there is ig such that c% =a'.



We show (=) implies contradiction. By (x), both | and J can not be empty sets. If
[l x J| = 1 then the RHS of () is (a* + x~+ 1)**&) by this lemma, that is less than the
LHS of (x). Hence |I| > 2 or |J| > 2. However, if |I| > 2 then

@t + x + D)X 4 (4 x4+ 1))
1= lim -
X 00 (@t + x~ + 1)x+a)
i Zielies(E X+ 1)6ce)
xow o (at+ xm+ 1))
2(x™+ 1))

im = =2,

x—oo (@ + X~ + 1))

v

if |[J] > 2 then

1< fim (@* + x~ + )X ) 4 (b 4+ x~ + 1)X+0)
Xt 00 @+ +x + 1)0x+a)
lim Ziel,jeJ(Cr"' X+ 1)(X++CI)
xtooo (@t + XT+ 1)xa)
@+ x+ 1)) 4 @t x+ 1)

lim
Xt 00 (@++ x~+ 1)x=a)

> 1.

v

Hence Int(8(Pfn)) does not have birproducts.

B Multiplicative Additive Linear Logic

Here we give a short description of MALL [6]. The set of formulae is defined by the
following BNF:

(Formul)) A:=a|a" |ApA| A A|A&A | A A.
We extend the negation to all formulae as follows:
@ =o' (@) =a
(ApB)* = A*®B*, (A®B)"=A'pB",
(A&B)' = A'® B, (A®B)'=A'&B".
The inference rules are given as follows:

__(axiom) I+ T,A I+ A+, 4 (cut) nvr
Axa + A, A+ Cut(r,Ir') v I, 4 Perm,(IT) + o(I)

IIvT,A I71+B,4 ®) II+T,A,B ©)
Ten(i,17) + [,A®B, 4 Par(il) + I, ApB ¥

II+AT (@0) I1+B, I
O FrA®B,T ¥ On{l)rAeB,T

II+T A II'+T,B
And(I7,IT") + T, A&B

(&) (®1)



C Proofs

(This part will be removed in the final version)

On the Definition of Biproducts

We compare the definition of biproducts in Definition 1 and the one in [18], which is
given in terms of the invertibility of certain canonical maps in bicartesian categories.

Definition 7. [18] A category C has H-biproducts if it is bicartesian such that X) the
canonical morphism ?; : 0 — 1 is invertible, and Y) the following canonical natural
transformation is invertible:

mag = [(ida, 0),(0,idg)] : A+ B - AXB

where 0 is the zero map defined by Oag =?g o (?1)2ola.

Proposition 12. A category C has H-biproducts if and only if C has a zero object and
binary biproducts in the sense of Definition 1.

Proof: (if) In this part, the symbols (—, =), 71, 72, [, —], t1, 12 denote the tupling,
projections, cotupling and injections associated to & 4 4 + &. Category C is clearly
bicartesian and the canonical morphism ?; : 0 — 1 is idg. We therefore show that the
canonical natural transformation ma g is invertible. Since C has a zero object, we have
w10ty = mp oty = 0 (below we proved 71 o ¢ = 0).

Al Ly Al ® A2 2 A2
|

!Al l !A1®idAz
v

000k —5h
?AZ

ida,

Then the canonical natural transformation is equal to the identity map on A @ B:
Mag = [(id,0),¢0,id)] = [{7r1 0 11,2 0 11), {m1 0 12, M2 0 12)] = idpeB .

Therefore C has H-biproducts.

(only if) Let C be a bicartesian category satisfying Condition X and Y. In this part,
the symbols (-, —), 71, 7> denote the tupling and projections of binary products, and
[-, -], ¢ ¢ denote the cotupling and injections of binary coproducts. We show that the
coproduct functor + : C x C — C is also a right adjoint of 4. We define the unit of
this adjunction by 65 = m;\}ﬁ\ o(id,idy : A - A+ A, and counit (=projections) by



pag=momag:A+B— Aand ijsznzomA,B:A+B—> B. Then we have

paA©da =T 0Mapo© m;,lA o (ida,ida) = ida.
Paa© OA = 72 0 Maa 0 My o (idp, ida) = ida.
(PAB + Pap) © OA+B = (1 0 MAg + 712 0 MAB) © Matg A, g © (idasg, idA:B)
(naturality of m™1)

71 - -
Mpp © (710 Map X 2 0 M) 0 (idasB, ida:B)

-1

Mag © {71 0 MaB, T2 © MaB)
-1

= Mpp 0 (71, 72) © MaB

=id.

We next show that p o ¢; = id and p’ o t, = id. We only show the former.

pagotr =moMmapgoty =mo(ida, 0) =ida.

Proof of Proposition 2 and 3

Proposition 2-1 Let C be a category with binary biproducts. We define 0o g and 0, 5 by

Oas= A—>A®B->B, 0,z= A—~Ba®A->B.
We also define a binary operator + on C(A, B) by
f +g=1[id,id] o (f, Q).
Lemma6. Forany f : A— B,wehave Ogco f =0acand f o Oca = Ocg.

All squares below commute by naturality:

A—>AaC—>C C—>CaoA—>A
fl f@!dc \lec Idcl IdC|G)f lf
V ¥
B O BaC ”2 C C 7 CoeB Tz> B

Hence we obtain Ogc o f = 0ac and g o Ogc = Ogp.
Lemma 7. We have Oap = 0) .

We have Og .o f = 0) c and f oOf 4 = O g forany f : A — B. Then the above equation
is immediate.

Lemma 8. We have (rr2, 1) = [t2, t1].
We have
m10 [to,u1] = [r10t2, w1 001] = [0/,id] = [0, 712 0 t2] = 72 © [11, 2] = 2.

Similarly we have 5 o [z, t1] = m1. Hence [t2, t1] = (72, 71).



Lemma 9. We have ([a, b], [c,d]) = [{a, ¢), (b, d)].
We calculate the first and second projections of the r.h.s.:
m 0 [(a,¢),(b,d)] = [a,b], 72 0 [(a,c),(b,d)] = [c,d].
Hence we obtain the equation in question.
Lemma 10. We have (id, 0) = ¢4, (0, id) = 1.

We have
(id,0) = (w1011, mp 0 11) = (M1, M) 0 L1 = 3.

Similarly we have (0, id) = ¢,.
Lemma 11. We have (0, t1) = 1o 0 ¢t1 and {0, t2) = ¢ o ¢5.
From Lemma 9 and 10, we have
[0, ¢2).€0,2)] = ([0, 0], [t1, c2]) = 0, id) = ¢2.
Therefore iz 011 = {0, ¢1) and 1 0 1o = (0, 12).
Lemma 12. The following morphism:
[[2.c20 1] 020102] : (A®B)®C —» Ae (BaC).
is the inverse of the following associativity:
a={m,mom),momn):A®d(BoC) - (A B)aC.
There is a canonical inverse of a:
al=(mom,(mon,m)): (A&B)&C —» Ad (BaC).
We inspect its contents by composing injections:

atou o =(id,(0,0)) = (id,0) = 13
altouo=(0,u)=1oy
at o1z =(0,(0,id)) = (0,12) = 12002,
Therefore we obtain
a ™t = [, 120 t1], 12 0 12].
We are now ready to prove that C is commutative-monoid enriched. Below we show
that the morphism 0 and the binary operator + form a commutative monoid.

f +0 = [id, id] o (f,0) = [id, id] o (id,0) o f = [id,id] 0 ¢y 0 f = f,

0+ f = [id,id] o (0, f) = [id,id] o (0,id) o f = [id,id] 0tz 0 f = f.



f + (g +h) =[id, id] o (f,[id, id] o (g, h))
= [id, id] o (f, [id, id] o (g, h))
= [id, [id. id]] o (f.<g. h))
= [id, [id,id]] ca™ o @ o (f, (g, h))
= [[id, id], id] o ((f, g), h)
=(f+g)+h.

We next show that — o h and h o — are both monoid homomorphisms. From Lemma
6 we have 0 o h = h o 0 = 0. Next, by definition of + we have

(f+g)oh=]Jid,id] o (f,gyoh =[id,id] o {(f oh,gohy=foh+goh,
ho(f +g)=[h,h]o(f,g)=[id,id]o(h®h)o(f,g)=hof+hog.
Proposition 2-2 (if)

[Fi1, Fio] o (Fmry, Frro) = Figo Frg + Fep o Forp
(F enriched) = F(ip o 1 + 12 0 712)
=id.
(Fr1, Frrp) o [Fua, Fio] = [(Fry, Frra) o Fuy, (Frry, Fro) o Fio]
= [(Fry o Fuy, Frrp o Fu), (Frrp o Fip, Frrp o Fig)]
(F enriched) = [(id, 0, {0, id)]
(Lemma 10) = [ig, ¢2]
=id.

(only if)

F(f +g) = F[id, id] o F(f,g)
(Canonical iso) = FJid, id] o [Feq, Feo] o (Fmr, Frro) o F(f,Q)
=[Fid,Fid] o (Ff,Fg)
=Ff+Fg
FOpg = FmoFyy
=m0 (Fmy, Frp) o [Fug, Fio]l o tg
(Canonical is0) = o 0 11

= OraFs.

Proposition 3-1 Category & C has binary biproducts, hence is canonically enriched by
Proposition 2-1. Since the functor He : C — & C fully faithfully embeds C into & C,
the canonical enrichment can be restricted to C by the embedding. This enrichment can
be explicitly described using the isomorphism Heag) 1 C(A, B) = & C(HcA, HeB) on
homsets:

(Oc)ag = Hé(lAB)((ORC)HcA,HCB), f+co= Hé(lA,B)(Hc(A,B)f +ac Heap)9),



and by expanding the definition of H and the canonical enrichment, we obtain
(Oc)ag =miowz=mou, (f+cg)=1[id,id]o(f,g),

that is, the equations defining the canonical enrichment for binary biproducts in Propo-
sition 2 also determine that for binary semibiproducts.

Proposition 3-2 (if) The functor R F : R C — & D is enriched by Proposition 2-2.

F(f +¢ 9) = F(Hg{ag(Honp f +ac Heap)9))
(naturality of H) = Hppa pey (R F(Hom f +ac Hona))
(& F is enriched) = Hen rpy (8 F(Hoap f) +a0 & F(Hons9))
(naturality of H) = Hpea pey (Horars) F f +40 Horars) FQ)
=Ff+pFg.

(only if) We show the equations in Definition 4. First, note that

idoid = (ideid) o (id®id)
= [u1, t2] 0 (71, m2)
= [id, id] o {t1 o 71, 12 © 7o)

=110 +Lp O .
Therefore we obtain

[Fu1, Fio] o (Fry, Fria) = F(tq 0 1) + F(i2 0 2)
(F enriched) = F(11 0 711 + 13 0 72)
— F(ida @ idg).

For the other equation,
(Fra, Frg) o [Fuy, Fro] = ([F(m1 0 1), F(m1 0 2)], [F (2 0 1), F(rr2 0 12)])
(F enriched) = ([idra, O], [0, idra])
= (my o (idra @ idFg), 2 © (idFa @ idFB))
= (my,72) o (idpa ® idFR)
= (idra @ idrB).

Remaining proofs can be found at

http://www.kurims.kyoto-u.ac. jp/ naophiko/paper/app.pdf



D Remaining Proofs

Proof of Lemma 1
From the distributivity, we have 0a g ® Oc.c = Opgcpec. Therefore

trKB(OA®C,B®C) = trg,B(OA,B ® Occ)
(superposing) = Oap ® trf; (Occ)
(bilinearity) = Oap.
We move to trg o(f + @) = trg 5(f) + trg 5(9). First, we have (for each i € {1,2})
i =(mi®idc) o [L1®idc, o ®idc] : (A1 ®C)® (A2 ®C) - A ®C. 1)
Proof:
mi

(— ® C preserves biproducts) = 7 o (1 Q idc, m2 ® idc) o [t1 ® idc, 12 ® idc]
= (mi ®idc) o [t1 ® idc, 12 ® idc].

Second, we have
(tri a(1), trg g(f2)) = trg gep([t1 @ idc, 12 @ idc] o (1, f2)). (2)

Proof: We calculate the first and second component of trﬁ,BeB([q@idc, 1p®idc]o(fy, f2)).

7 o try gop([t1 ® idc, 2 ® idc] o (f1, f2))
(naturality of trace) = trﬁyB((ni ®idc) o [11 ® idc, 12 ® idc] o (f1, f2))
(Equation 1) = tr§ g(m; o (f1, f2))
= trg,s(fi)

(where i € {1,2}). From this, we conclude Equation 2. We now prove the lemma in
question.

tr g(f) + try 5(0)
(definition of +) = [idg, ids] o <tr§ 5(f), tr 5(0))
(Equation 2) = [ids, ids] o tr§ g([t1 ® idc, 12 ® idc] o (., 0))
(naturality of trace) = trg g(([idg, ids] ® idc) o [t1 ® idc, 2 ® idc] o ¢, 9))
= tr§ g([([idg. ids] © t1) ® idc, ([idg. idg] o t2) ® idc] © (f,9))
= tr§ g([idssc. idssc] © (f,9))
= tryg(f + Q).



Proof of Lemma 2

In this proof we omit the annotation of objects on trace operators.

(1) We have
tr(f) = tr[ Z (idg ®¢) o fij o (ida®m;))
1<7j<2
(Lemmal) = " tr((ids@u)o fij o (idaom;))
I<ij<2
(sliding) = > tr(fij o (ida®(m; 0 1))
1<ij<2
0 (j#1)
(ﬂ'j ot = {Id (j = I)): Z tr (fii) .
1<i<2
(2) We have

tr(f) = tr[ > (wida) o fij o (x; ®idA)]

1<i,j<2

(Lemma 1) = Z tr((u ®ida) o fij o (r; ® idn))

1<i,j<2

(naturality of trace) = Z sotr(fij)or;.

1<i,j<2

From this, we conclude that the matrix representation of tr(f) is (

tr(fyg) tr(f12) )
tr(fa1) tr(f2) J

Proof of Lemma 3

Let f = (fi1, f12, f21, f20) : A — By @ B; be an Int(C)-morphism where each compo-
nent fij is in Int(C)(A, (B;, Bj‘)). This morphism corresponds to the following matrix

f11 f12

of C-morphisms (
f1 f22

). Similarly, the tuple g = [[911, 912, 921,922]] : B1® B2, —» C

with gij € Int(C)((B, B;),C) corresponds to the matrix (gﬁ gz) (note the order of



021 and gi12). The composite g o f in Int(C) is the trace of the following C-morphism:

(C*®0)o (g®A*) o((Bi®B3)®0c)o(f®C7)o(A*®0)

Ct®o o[I®A g ®A
C*®0’ “\gneA gnoA

f29C f»®C™ 0 At®o

EB B+®0) (fn@C fo®C- )O(A+®(r 0 )
((C+®(r) (@ueA) (C*®a)o (921®A))0
e

C*®0)o(92®A7) (C*®0) o (922 ®A")

(Bi®o)o(fu®C)o(A*®0) (Bj®0) o (fo®C7) o (A*®0)
(Bf®@o)o(f2®C)o (A+®0')(B+®0') (fo®C) o (A*®0)

where h is the morphism whose matrix consists of the following elements:

hj = (C* @) 0 gy ©A) 0 (B 80) o (fyy ©C ) o (A" ©.7)
+(C"®0)0(92®A)o(B;®0)o(f;j®C7) o (A" ®0).

Therefore

triiia;%i(h) = Z triifﬁi(hij) = Z gij o fij.

1<i,j<2 1<i,j<2

Thus we obtain (fi;» o [[9i]] = X gij o fij.
We next calculate the composition of h : C — Aand f = (f11, f1o, f21, f2)) 1 A —
B1 @ By in Int(C). The composition is the trace of the following morphism:

(B B+)®0') o(f®C)o(A"®0)o(h®(Bi®B3))o(CT®0)

B+®O' f11®C f12®C o
B+®O' f19C” f®C~

(%

(A A+®(r)o(h®OBl h®OB_)O(C+6®O—C+?®O’)
((B*w) (flu®C) (B} 8 ) o (fo®C ))o
(B;®0) o (f2®C7) (B;®0) 0 (f2®C")

(

=h

(A*®0)o (h®B) C*o®o0) 0
(A*®0)o(h®B;)o(C"®0)
where hjj = (Bf ® o) o (fj®C ) o (A*®0) o (h® Bj‘) o (C* ® o). Therefore we obtain

A M) = tr(hqa) tr(hiz)\ [ fuaoh fipoh
C®(B;©B3).(B{®B;)eC- - tr(h21) tr(hzg) - fg]_Oh f220h ’

This matrix corresponds to the tuple { fij o h). Hence we obtain ;) o h = (fij o h).



Proof of Proposition 5

We show that the tupling, cotupling, projections and injections satisfy Condition B-1.

mo(f,g) = [[id,0,0,0]]  «f,0,0,9)
=idof +000+000+00¢g
= f.
(we omit the proof for 7, o (f,g) = g)
[f.gl o = [[f,0,0,9]](id,0,0,0)
=foid+000+000+Qgo0
= f.
(we omit the proof for [f,g] o2 = Q)
(f,gyoh=(f,0,0,ghoh
= {foh,0,0,g0h)
=(foh,goh).
ho(f,g)=ho[[f,0,0,d]]
=[[ho f,0,0,hoq]]
=Tho f,hog]
[[id, 0,0, 0]] o id, 0,0, 0)
idoid+0+0+0
id
(we omit the proof for 5 o 1, = id)
(f om,gom) =(I[f,0,0,0]],0,0,[[0,0,0, g]]»
= [[(f,0,0,0),0,0,(0,0,0,g»]]
=[tpo f,e200]

1011

Here 0 = [[0, 0, 0, 0]].

Proof of Theorem 3

That Int(C) has semibiproducts is already proved in Proposition 5. We show that N¢
preserves semibiproducts. Below we just write N for Nc. We have seen that NO is a
zero object in Int(C). Next, we have (below we write 0 for [[0, 0,0, 0]])

(N71, Nm2) o [Neg, Neo] = N7y, 0,0, Nr2)) o [[Neg, 0,0, Neo]]
= {[[Nid,0,0,0]],0,0,[[0,0,0,Nid]]»
= NideNid

[Ne1, Neg] o (N7g, Nma) = [[Neg, 0,0, Nep]] o {N7g, 0,0, N2
= N1 o Nzrp + Neo o Nrp
=(uom+tipom)®l
=Nid.



Therefore N preserves semibiproducts.

Proof of Proposition 10

First, we note that

(11, fi2, for, T2 = [[f13, T3, 1o, T2]1.

In particular, ¢ = 7 fori = 1,2.
We only consider the case where the cut elimination happens on an &-rule and
@g-rule.

[Cut(And({11, IT5), Oro(IT))]
= (I'® ey ® 4) o (IANA(I11, 112) ] ® [Oro(I7)1)
=(I®ey®4) o ((I'®ai1) o /) + (I ® 2) o [1121)) ® ((a1 ® 4) o [I11))
(tensor products preserve semibiproducts)
=('®ey®4) o ((I'®ai) o [/11]) ® (a1 ® 4) o [111) +
((I'® @) o [IL21) ® (a1 ® 4) © [/11)))
=(I®ey®d)o(Il'®ar®ar®4) o (U] ® [U1]) + (I' ® a2 ® a1 ® 4) o [I12] ® [IT]))
=(I'®(ey o (a1 ® 1)) ®4) o (Il @ UT1) + (I ® (es © (a2 ® 1)) ® 4) o (1121l ® [I11)
= (& (ou o (U (] 0 1)) @4) o (L] & [171) +
(I'® (0 o (U ® (a3 0 02))) © 4) o (1121 © [171) +
(@joag=joa caoy =moy=id,ayca;=1,0a caoy =moi =0)
= (I'®ey ®4)o ([IIL] & [T])
= [Cut(I7y, IT)] .

Proof of Proposition 11

In order to prove Proposition 11, we introduce coherence =, < N2 x N2 for each
formula A.

Definition 8. For a reflective relation Z c X x X, we define =<, —, ~c X x X by
XXyex=yva(xZy)
X~YOSXEYAXZY
X—ye-(x2y)

Definition 9. For a formula A, we define a reflective relation =, c N? x N2 by

- (mZ,(ab)yen=arm=b
- (nm) Z,.(a,h) & (m,n) <, (b, a)

= (In,K1,Tm, 1T) Cagp(a, c1, b, d7) iff
(n,m) Za@ b) A (k1) Zg(c.d)



= (In,Kk1,Tm, 1T) Zppp(fa,cl, [b,d7) iff
(n,m) ~a (a,b) v (k,I) ~g (c,d)
or
(Tn.K1,Tm, I1) = (fa, 1. b, d1)
= (n,m) Cpep(@ b) if
(n,m) = (k1) A (a,b) = (C,d) A (k,I) ~a (c.d)
or
(n.m) = (k.D A (a.b) = (c.d) A (k. 1) ~& (c.d)

or
(n,m) = (a,b)

= (n,m) Cpgp(@ b) iff (M, n) <piqp.(b,a)

We can extend (-)* to all formulae
(n,m) Za.(a,b) & (m,n) <, (b, a).

This is consistent to the extention of the negation of the MALL since we have:

~ — o~
— (AL T —A

Caeey = Calpp:

Caor = Catent

ey = Zates:

C(AeaB)l = CaeBt
For a k-tuple of formulae Ag,---, Ax and k-tuples of natural numbers n, m, a, b, we
write (N, m) Zp, .. o (2, b) when

Zap-
(ni, mi) <, (a, bi) foreach 1 <'i < k implies (n, m) = (&, b).
We define (n, m) <, .. a (& b) by the negation of (n,m) Zp .. o (a,b).
(n, M) <p, .. o (& b) & Vi.(ni,m;) <, (ai, bi).
Proposition 13. Let I7 + A4, -- -, A, be a MALL proof. For (n, m), (a, b) € ||11],
(n.m) Cp, 4 (@b

Proof. We prove by the induction of 7.
o AX+ A At
For (nm, mn), (ab, ba) € || Axa |,

(n,m) <a(a,b) A (M, n) <. (b,a) & (n,m) <,(a,b) A (n,m) Ca(a,b)
= (n,m) = (a,b)



° CUt(Ho,Hl) F1,4
Let (n*m*, n"m~) and (a*b*, a~b~) be elements of || Cut(/7o, I11)|| such that

(n"m*,nmm7) < (a"h*,ah).
From the definition of || — ||, there are natural numbers i, j, p, g such that

(n*i,n7j) e il (jm*,im) € [4]]
(a"p,aq) € |Illoll  (gb*, pb7) € |lIT4]|

We show (i, j) <a(p, a): If (i, J) —~a (p, ) then (], i) <a.(9, p). We have
(jm+’ Im_) xAJ-,A(qb-'—’ pb_)

since (m*, m~) =< ,(b*, b™). Then by the I.H., (], i) = (g, p). This contradicts to (i, j) —~a
(p.g). Hence (i, j) <a(p. q).

Since (n*,n7) <, (a", a’), we have (n*i,n"j) <,(a"p,a q). Then by the I.H.,
(i, j) = (p,q) and we see (n*,n") = (a*,a”) and (m*, m") = (b*, b").
. Ten(Ho,Hl) FILA® B, 4

For
(NI, j71m™, n7[i7, j71m7) € || Ten(ITo, 1)l
and
(@'Tp*.q"1b", a[p~.q71b") € || Ten(Zlo, IT)ll,
such that
(N, JHIme, [, 71mT) < asea(@7TPT, 9710, @77, q77b7)
we have
(i",i7) —a(p*,p)
or
(%) —s@.a)
or

=phit=pLjt=0% =0
For the first case, since (n*, n™) =<(a*, a”), we see
(n*it,n7iT) =< (a"pt,ap)

and by the I.H., (i*,i7) = (p*, p7). This contradicts to (i*,i~) —a (p*, p~). The second
case is similar. Hence it = p*,i- = p7, j* = q*, j- = q~ stand. Then by I.H., we have
(n*,n7) =(a",a’) and (m*, m") = (b*, b7).

e Par(IT) + I', ApB

Let (nTi*, j*1,n7Ti~, j°1) and (a"[p*,q*1,a [p~,q"1) be elements of || Par(i7)|| such
that

(NI LT, 1) <raes(@TPT, 971, @7 Tp7,q70).



By the definition, this is equivalent to
(N7, 0TI T) X pap(@prat @ pran).
Then by the 1.H.,
(Nt nTiTj) = (@"pTg”.apg)
e Perm,.(I7)
For (o(n*), (7)), (o7(@"), o(b7)) € || Perm,.(11)|],
((n"), (7)) Xpy(o(@), o(b7)) = (0", n7) < (a", b7)
= (n",n7) =(a", b))

e And(/1o, 1)
For (ni, n™J), (@*p, a~q) € || And(I1o, I11)l, if

(N"i, 7)) X pep(@p.aq)

then from the definition of =<,¢ g and || And(IZo, I71)||, there are two cases:

p.a=q

V

r.p

i=7,j=

or
’

a=q.

’

i:K’j:j_/’p:

©

For the first case,
(n*i,n7j) = pep(@'D, @70)
= (n",n) =< (@, a)A®]) Caep(P.0)
= (n*,n7) <@, a) A, j) Za(p,q)
= (0", ") <@, a7) A (j 1) <a@, p)
= (n",n7) =(a", a’) A (ji) = (. p)

The second case is similar. o
e Oro(/7) + A® B, I': For (n*i, n™j), (" P, a™q) € || Oro(Z7)Il,

(N1, 7)) <, aep(@P. @70 = (0%, n7) <p(@", @) A (0, J) <pep(P.0)
= (n*,n7) <@ a7) A, ) <a(p,q)
= (n",n7) =(a,a)A(]j)=(p,q)

e Ory(I1) + A® B, I": Similar to Ory.
Corollary 2. Let IT be a proof of MALL. For every (n*, n™) € ||1]|,
(/7w

is a singleton or the empty set.



Proof. We show by the induction of 77. We only prove the case of Cut rule. We have
[Cut(Z7o, 1)+ e - m- = feut(f, @) | 3i, j. f € [ITollnvi,n-j A 9 € Tl jmeim-)
where
cut : Pfn((k + )N, (k + 1)N) x Pfn((h + 1)N, (h + 1)N) — Pfn((k + h)N, (k + h)N)
is given by
cut(f, 9) = triy, sy (KN @ o) © (KN @ @) o (f @ hN) © (KN @ 07 )
If there are i, j and p, q such that

Af € [[Tollwin-j 39 € [Mlljmeim
due I[HO]]Wp,n’q dve |[H1]]qm+,prrr

then
(n"i,n7j), (n"p, n"q) € [Tl
and
(Jjm*,im7), (qm", pm") € ||[774]l.

By Proposition 13, we have (i, j) Za(p, d) and (j, i) Za. (g, p). Hence (i, j) = (p, g) and
Cut(I1y, I1y) is a singleton or the empty set.

We write W(I7) for the set of weights of /7.

Proposition 14. For a weighted MALL proof (17, w) and (n*, n™) € |I1|,, we have

) = UWEW(H) 17w
(@) UIw e [Tne

Proof. We prove (1) and (2) simultaneously by the induction of 7.

o AXa

(1) By the definition.

Q) [IAXallnmmn = {onn} = {[AXalw} Where o : N+ N — N+ N is the swapping map.
e Cut(I1p, IT71)

1)

| Cut(ITo, IT1)lw {
WeW(CU(To,1T1)) WeW(CU(To. 1)

e (i) € Unewry ol
ntm*, n"m) 3, A0k n /= S weWllho)
{ |G ey e,

{(n+m+’ o) ‘1 - (n*i, 7 j) € o) }

ot e e (0T, NT) € |[olw
(n"m", n"m )'Ell, J‘(jm*,im*) c |H1|W}

b (jmtimr e )
= || Cut(Z1o, IT1)||



(2) For (n*m*, n"m™) € | Cut(1y, I11)|w, there is i, j such that
(nJri, nij) € |H0|W (jer’ Imi) € |H1|W

By the definition, [Cut(/1o, IT1)]w is cut([Io]w, [[T1]w). By the L.H., [[To]lw € [ITo]ln+in-j
and [IT1]w € [IT1]ljme im-- Hence

[Cut(TTo, IT1)]w = cut([ITolw, [IT1]w) € [Cut(TTo, IT1)rme .n-rv
e Perm,.(I7)
1
Perme (M= | (o) a(m) (0", m) € 1T}

weW(Perm, (7)) weW (Perm,(17))
(e |H|W}

weW(I7)

{(O‘(W), o(n)

= {(e(n®), () [(n*, n7) e 11711}
= || Perm,(I7)I|
(2) For (o(n), o(n7)) € I |w
[Perm, (I1)}w = 6, o [[T]w © 6, € 6 0 [T n+ - © 65 = [T o(ney.()

where 6,- is the permutation of coproducts of N following o.

oTen(Ho,H]_)
@
|Ten(170,171)|w
weW(Ten(I1o,I11))
. o (NI NTIT) € [Tolw
= (TS I, T TIm) ey s
weW(TQHo,Hl)){ (7 ) € by

ot o )

(n+|t n__i_) € UWEW(HO) [ Tolw }
(J+mt ]7m7) € UweW(Hl) 11|
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The case w(And) = 1 is similar.
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e Ory(I7) : Similar to Ory.
Corollary 3 (Proposition 11).

(1) For any proof 77, IT71] = Uweightof 17 1/ w-
(2) For any proof 11, well-behaved weight w of 77 and (n*, n™) € |I1|,, we have
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Proof. (1) is exactly (1) in Proposition 14.
(2) From Proposition 14, we see {[I7]w} € [[{]ln- n-- Then by Proposition 13, [I7]n.n-
is a singleton set and the inclusion is equality.



