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ADHESIVE AND QUASIADHESIVE CATEGORIES *

STEPHENLACK ! AND PAWEL SOBOCINSKI?

Abstract. We introduce adhesive categories, which are categories with struc-
ture ensuring that pushouts along monomorphisms are well-behaved, as well
as quasiadhesive categories which restrict attention to regular monomorphisms.
Many examples of graphical structures used in computer science are shown to
be examples of adhesive and quasiadhesive categories. Double-pushout graph
rewriting generalizes well to rewriting on arbitrary adhesive and quasiadhesive
categories.
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INTRODUCTION

Recently there has been renewed interest in reasoning using graphical methods, partic-
ularly within the fields of mobility and distributed computing [15, 21] as well as applica-
tions of semantic techniques in molecular biology [4,6]. Research has also progressed on
specific graphical models of computation [20]. As the number of various models grows,
it is important to understand the basic underlying principles of computation on graphical
structures. Indeed, a solid understanding of the foundations of a general class of models
(provided byadhesive categorig¢stogether with a collection of general semantic tech-
niques (for example [23]) will provide practitioners and theoreticians alike with a toolbox
of standard techniques with which to construct the models, define the semantics and de-
rive proof-methods for reasoning about these.

Category theory provides uniform proofs and constructions across a wide range of
models. The usual approach is to find a natural class of categories with the right structure
to support the range of constructions particular to the application area. A well-known
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example is the class of cartesian-closed categories, which provides models for simply
typed lambda calculi [19].

In this paper we shall demonstrate that adhesive categories have structure which al-
lows a development of a richeneraltheory of double-pushout (DPO) rewriting [14].
DPO graphrewriting has been widely studied and the field can be considered relatively
mature [8, 13, 22].

In DPO rewriting, a rewrite rule is given as a sdanr- K — R. Roughly, the intuition
is thatL forms the left-hand side of the rewrite rule forms the right-hand side ari,
common to both andR, is the sub-structure to be unchanged as the rule is applied. To
apply the rule to a structui@, one first needs to find a matth— C of L within C. The
rule is then applied by constructing the missing pagsl¥ and arrows) of the following
diagram

L<~K—R

L1
C<~—E—D

in a way which ensures that the two squares are pushout diagrams. Once such a diagram
is constructed we may deduce tleat—> D, that is,C rewrites toD.

DPO rewriting is formulated in categorical terms and is therefore portable to structures
other than directed graphs. There have been several attempts [9, 11] to isolate classes of
categories in which one can perform DPO rewriting and in which one can show that
such rewriting grammars satisfy useful properties. In particular, several axioms were
put forward in [11] in order to prove a local Church-Rosser theorem for such general
grammars. Additional axioms were needed to prove a general version of the so-called
concurrency theorem [16].

An important general construction which appears in much of the literature on graphical
structures in computer science is the pushout construction. Sometimes referred to as
generalized union [9], it can often be thought of as the construction of a larger structure
from two smaller structures by gluing them together along a shared substructure.

One can think of adhesive categories as categories in which pushouts along monomor-
phisms are “well-behaved”, where the paradigm for behaviour is given by the category of
sets. An example of the good behaviour of these pushouts is that they are stable under
pullback (the dual notion to pushout, which intuitively can often be thought of as a “gen-
eralized intersection”). The idea is analogous to that of extensive categories [3], which
have well-behaved coproducts in a similar sense. Since coproducts can be obtained with
pushouts and an initial object, and an initial object is “well-behaved” if it is strict, one
might expect that adhesive categories with a strict initial object would be extensive, and
this indeed turns out to be the case.

Various notions of graphical structures used in computer science form adhesive cate-
gories. This includes ordinary directed graphs, typed graphs [1] and hypergraphs [11],
amongst others. Indeed, it turns out that any elementary topos is adhesive, although this
shall be proved elsewhere [18]. The structure of adhesive category allows us to derive use-
ful properties. For instance, the union of two subobjects is calculated as the pushout over
their intersection, which corresponds well with the intuition of pushout as generalized
union.
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The notion of adhesivity is too strong for several relevant examples. These examples
motivate the study ofjluasiadhesiveategories. As a topos is adhesive, so a quasitopos is
quasiadhesive [18]; a fact which has guided our terminology. Roughly, instead of focusing
on the behaviour of pushouts along arbitrary monomorphisms, quasiadhesive categories
restrict attention to pushouts alonggular monomorphisms. Quasiadhesive categories
are shown to encompass several categories of interest to computer scientists, including
the categonspecof algebraic specifications and algebraic specification morphisms.

Adhesive categories can be seen as a degenerate quasiadhesive category, namely one
whereall monomorphisms are regular. While the theory of quasiadhesive categories gen-
eralises the theory of adhesive categories, we believe it is nonetheless useful to study
the stronger property of adhesivity because of its simplicity; helpful when dealing with
examples which do not require the extra generality.

This paper is an expanded version of the extended abstract [17]. It extends this earlier
version with full proofs, some new results about adhesive categories and a more complete
treatment of the relationship between adhesive categories and HLR-categories. It also
introduces the class of quasiadhesive categories, foreshadowed in [17].

We shall consideadhesive grammarandquasiadhesive grammara/hich are DPO
grammars on, respectively, adhesive and quasiadhesive categories. We prove the local
Church-Rosser theorem and the concurrency theorem without the need for extra axioms.
We shall also examine how adhesive and quasiadhesive categories fit within the previously
conceived general frameworks for rewriting [9, 11]. Many of the axioms put forward
in [11] follow elegantly as lemmas from the axioms of adhesive categories.

Adhesive and quasiadhesive categories, therefore, provide an abstract setting in which
it is possible to define a theory of DPO rewriting. They are mathematically elegant and
arguably less ad-hoc than previous approaches.

Structure of the papetn 8§81 we recall the definition of extensive categories. The notion

of van Kampen (VK) square is given in 82. VK squares are central in the definition of
adhesive categories which are introduced in 83. In 84 we state and prove some basic
lemmas which hold in any adhesive category. In 85 we show that, in adhesive categories,
the subobjects of any object form a distributive lattice, with the union of two subobjects
constructed as the pushout over their intersection. Quasiadhesive categories are motivated
and defined in 86. We develop double-pushout rewriting theory in adhesive categories in
87 and offer a comparison with High-Level Replacement Categories in §8. We conclude
in 89 with directions for future research.

ConventionsThroughout the paper we assume that the reader is familiar with basic con-
cepts of category theory. We adopt the convention in diagrams of usually not writing
labels for identities, arrows to terminal objects, arrows from initial objects and (binary)
coproduct coprojections. When we do need to name coprojections, we asdi; to

refer to, respectively, the first and the second coprojection, letting the context determine
exactly which coproduct is discussed.
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1. EXTENSIVE CATEGORIES

We shall repeatedly use basic properties of pushouts and pullbacks, and in particular,
the following well-known lemma, sometimes referred to as the pasting lemma. Since
pushouts and pullbacks are dual, there are two versions of the lemma.

Lemma 1.1. Given a commutative diagram:

k
—

\

O+—>
O——w
TM<+——Mm

—

k
—
S

u w

e Pullback version- If the right square is a pullback then the left square is a pull-
back if and only if the whole rectangle is a pullback.

e Pushout version If the left square is a pushout then the right square is a pushout
if and only if the whole rectangle is a pushout.

In the remainder of this section we recall briefly the notion of extensive category [3].

Definition 1.2. A categoryC is said to beextensivevhen

(i) it has finite coproducts
(ii) it has pullbacks along coproduct coprojections
(i) given a diagram where the bottom row is a coproduct diagram

m n

X z Y
Lo
A A+B B

the two squares are pullbacks if and only if the top row is a coproduct.

The third axiom states what we mean when we say that the copréduBtis “well-
behaved”: it includes the fact that coproducts are stable under pullback, and it implies that
coproducts are disjoint (the pullback of the coprojections is initial) and that initial objects
are strict! It also implies a cancellativity property of coproducts: given an isomorphism
A+ B = A+ C compatible with the coprojections, one can construct an isomorpBism
C. For an objecE of an extensive category, the lattiSeb(Z) of coproduct summands of
Z is a Boolean algebra.

This third axiom is actually equivalent to requiring certain canonical functors to be
equivalences of categories (Proposition 1if, This is sometimes taken to be the def-
inition of extensive categories; apart from elegance, it has the added advantage of not
requiring pullbacks along coprojections.

Tan initial object is said to betrict precisely when any arrow with the initial object as its codomain is an
isomorphism.
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Proposition 1.3. Given a categor{, the following conditions are equivalent for all ob-
jectsA andB:

(i) the functorC/Ax C/B — C/(A+ B), which forms the coproducts of morphisms in
C, is an equivalence of categories;
(ii) in a commutative diagram

X—2 57+ 0y
(A
A A+B B

the top row is a coproduct diagram if and only if the squares are pullbacks;
(i) (when C has pullbacks along coproduct coprojections) the functor

C/(A+B)—C/AxC/B
given by pullback along the coprojectioAs— A+ B andB — A+ B is an equiva-
lence of categories.

The following is a simple lemma about pullbacks in extensive categories; it states that
pullbacks commute with coproducts.

Lemma 1.4. Suppose that is an extensive category and that diagraparid (i) below
are pullbacks irC.

f f fi+f
AL—3B A —2op AL+A 2 B 1B,
gll lul gzl JUZ g1+gzl lUHUz
C1T1>D1 CZT}DZ ClJrCZWDl-FDZ

(i) (i) (iii)
Then diagramiii) is a pullback inC.

Proof. Diagrams i) and i) can also be seen as pullbacks in, respectivel§D; and
C/D5. Diagram(iii) is then the image of the two pullbacks under the equival€yd®; x
C/D2 — C/(D1 + D2) of Proposition 1.3, part (i). It is a pullback since equivalences
preserve limits. 0

2. VAN KAMPEN SQUARES

In this section we work in a catego@ywith pullbacks. The definition of adhesive cat-
egory is stated in terms of something calledsa Kampen squaravhich can be thought
of as a “well-behaved pushout”, in a similar way to which coproducts can be thought of
as “well-behaved” in an extensive category; essentially this means that they satisfy some
of the properties of certain pushouts in the category of sets.
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The name van Kampen derives from the relationship between these squares and the
van Kampen theorem in topology, in its “coverings version”, as presented for example
in [2]. This relationship is described in detail in [18].

Definition 2.1 (van Kampen squareA van Kampen (VK) squaie a pushout as in (VK1)

m_—~C v
N e,

&DA A/dm/ ~
D

(VK1)

os}

(VK2)

which satisfies the following condition, for any commutative cube (VK2) of which (VK1)
forms the bottom face and the back faces are pullbacks: the front faces are pullbacks if
and only if the top face is a pushout. (Another way of stating the “only if” condition is
that such a pushout is required to be stable under pullback.)

Another, equivalent, way of defining a VK square in a category with pullbacks is as
follows. A VK square (VK1) is a pushout which satisfies the property that given a com-
mutative diagranti), the two squares are pullbacks if and only if there exists an oBject
and morphisms

/ 2 f/ C//
A/ g>D/<n BI A/(n{ C/ >B/ m}/ \Nf
a d b a b A B
I A G

(i) (i) (iii)

so that the squares (i) are pullbacks anglii) is a pushout.

By apushout along a monomorphisse mean a pushout, as in diagram (VK1) above,
in whichmis a monomorphism.

A morphismmis said to baegular monomorphism when it is an equalizer

of two morphisms. (It follows easily from the universal property of equalizers that any
equalizer is a monomorphism.) Themifin diagram (VK1) is a regular monomorphism,
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we have a pushout along a regular monomorphism, while if it is a coprojection then we
have a pushout along a coprojection.
A crucial class of examples of VK squares is provided by:

Theorem 2.2. In an extensive category, pushouts along coproduct coprojections are VK
squares.

Proof. If m:C — Ais a coprojection, sa§ — C+E, then the diagrams (VK1) and (VK2)
have the form

/C

c_ C/+E’\ /
C+E/ \B l b
f+E\B+/ /c\f

C+E B

fJ}‘B /

(i) (ii)

+
m

where the unlabelled arrows are coprojections.

If the top face is a pushout then we may take B’ + E’, it then follows thah =b+e.
The front right face of the cube is then a pullback, using extensivity. The front left face
is a pullback using the conclusion of Lemma 1.4; it is constructed by “adding together”
two pullbacks, namely the back right face of the cube and the pullback of the identity on
E ande:E' — E.

Conversely, suppose that the front faces are pullbacks. Then, as the bottom row of the
following diagram

E—C+E ——Z+—FB

| e b

E—>C+EﬁB+E<—B

is a coproduct diagram and all the squares are pullbacks, we may deduce that the top row
is a coproduct diagram, thatZs= B’ + E’. Thus the top face of the cube is a pushoui]

We have the following important properties of VK squares:

Lemma 2.3. In a VK square as in (VK1), ifnis a monomorphism themis a monomor-
phism and the square is also a pullback.
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Proof. Suppose that the bottom face of the cube

is VK. Then the top and bottom squares are pushouts, while the back squares are pullbacks
if mis a monomorphism. Thus the front faces will be pullbacks: the front right face being

a pullback means that is a monomorphism, and the front left face being a pullback
means that the original square is a pullback. O

There is an alternative way of defining a VK square which involves requiring a certain
functor to be an equivalence of categories. This is akin to the alternative way of presenting
the main axiom of extensive categories (see Proposition 1.3).

Definition 2.4. Given a spai <™ C — B, letC/A x¢/c C/B denote the category with:

— objects: commutative diagrams, as illustrated below, where both squares are pull-
backs;

nf v
A/ ¢ CI N B/

R

— arrows: given two such diagrams, as illustrated below, an arrow is a piple
A — A" q:C —C"andr:B — B’ so thata’p = a, cq= candb'r = b, while
pm =m’'gandf’q=rf’.

\i \i

A<;C

Composition and identities are obvious.
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For a morphismu: U — V we shall writeu* : C/V — C/U for the functor given by
pulling back alongu. Now, suppose that we have a pushout diagram as below.

AyC\f‘B
N

Then the functore* andg* induce a functor
Pb:C/D — C/Axc,cC/B

which takes an arrowd : D" — D and gives the object o /A x¢,c C/B obtained by
taking the rear faces of the cube (VK2). One constructs the cube by taking pullbacks, first
in order to construct the front faces and then the back faces. It is easy to verify that this
definition defines the functor

On the other hand, i€ has pushouts (or pushouts along monomorphisms, if we assume
mto be a monomorphism) we can define a functor

POC/AXC/CC/BHC/D

as follows: starting with the back faces of diagram (VK2) we construct the pushanit of
and f’ and obtain a unique arrod/: D’ — D given by the universal property of pushouts.

Proposition 2.5. Pb is right adjoint toPo.

The compositdPoPb is given by pulling backl : D’ — D and then forming a pushout;
thus the counit of the adjunction is invertible if and only if, in the cube, if the vertical faces
are pullbacks then the top face is a pushout; in other words, if the pushout (VK1) is stable
under pullback. On the other hand, the unit of the adjunction is invertible if and only if,
whenever the back faces are pullbacks, and the top (and bottom) faces are pushouts, then
the front faces are also pullbacks. We may summarize all this as follows:

Proposition 2.6. For the pushout diagram (VK1), the following conditions are equivalent:

(i) Pbis an equivalence;
(i) Pois an equivalence;
(iii) diagram(i) is a VK-square;
(iv) the pu:zhout is stable under pullback, and the funetois essentially surjective on
objects?

Remark 2.7. It is important to consider what underlying conditions are required of a
category forPb andPo to exist.

2A functor F : C — D is said to beessentially surjective on objectghen, for every objecD € D, there
exists an objedt € C such thaFC = D.
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(i) Condition (i) of the proposition makes sense without assuming all pushouts, and
could be taken as the definition of van Kampen square when not all pushouts are
assumed to exist. Furthermoremifin diagram (VK1) is a monomorphism, theo
will exist provided that pushouts along monomorphisms do so, and the proposition
will hold in that generality;

(i) Condition (ii) makes sense without assuming all pullbacks, however, arbitrary pull-
backs alongn andg in the square (VK1) must exist f&b to exist; recall that we
make no assumptions abaut

We can put a preorder on monomorphisms into an oljjexftan arbitrary category by
defining a monomorphisia: A — Z to be less than or equal to a monomorphisnB — Z
precisely when there exists an arrewA — B such thatoc = a. We shall denote such
a preorder bySub(Z). A subobject (0fZ) is an equivalence class with respect to the
equivalence generated by this preorder. For example, subobjeattane subsets while
subobjects irGraph are subgraphs. Let: A— D be a morphism along which pullbacks
of monomorphisms exist, and lgt : Sub(D) — Sub(A) be the resulting functor. A right
adjoint tog*, if it exists, is calledvg. Even if Yy does not exist, it may exist partially:
given a subobjedC of A, we write V4(C) for a subobject oD for which D’ < ¥4(C) if
and only ifg*(D’) < C.

Lemma 2.8. In a VK square (VK1) withma monomorphism = Vqy(m).

Proof. Letd : D’ — D be an arbitrary monomorphism, and form the cube

d
D%

in which the top and bottom squares are pushouts and the remaining faces are pullbacks.
Observe thag*(d: D’ — D) isa: A — A. Now D’ < B if and only if i’ is invertible,

while g*(D’) < C if and only if T is invertible. But the top face is both a pushout and a
pullback, sax is invertible if and only ifrY is invertible. Thus: B — D has the universal
property ofvg(m:C — A). O

3. ADHESIVE CATEGORIES

We shall now proceed to define the notion of adhesive category, and provide various
examples and counterexamples.

Definition 3.1 (Adhesive category)A categoryC is said to beadhesivef

(i) C has pushouts along monomorphisms;
(i) C has pullbacks;
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(i) pushouts along monomorphisms are VK-squares.

Remark 3.2.
(i) By defining VK-squares as in Proposition 2.6 (i) we could leave out the assumption
of pushouts along monomorphisms, but the existence of such pushouts would then
be a consequence (see Remark 2.7 (i));
(i) Similarly, by defining VK-squares as in Proposition 2.6 (ii) we could drop the
assumption of arbitrary pullbacks, but arbitrary pullbacks would then be a conse-
quence (see Remark 2.7 (ii));

Just as the third axiom of extensive categories (Definition 1.2) ensures that coprod-
ucts are “well-behaved”, it is the third axiom of adhesive categories which ensures that
pushouts along monomorphisms are “well-behaved”. This includes the fact that such
pushouts are stable under pullback.

Since every monomorphism Betis a coproduct coprojection, argktis extensive,
we immediately have:

Example 3.3. Seis adhesive.

Observe that the restriction to pushouts along monomorphisms is necessary: there are
pushouts irSetwhich are not VK squares. Consider the underlying set of the 2-element
abelian grouf¥, (the argument works for any non-trivial group). In the diagram

ZzXZz

/ TI
Zo ZZ
\ .
Zp

1</ \1

1

both the bottom and the top faces are easily verified to be pushouts and the rear faces are
both pullbacks. However, the front two faces are not pullbacks.

Even with the restriction to pushouts along a monomorphism, many well-known ex-
tensive categories fail to be adhesive.

Example 3.4. The categorie®os Top, Gpd andCat are not adhesive.
Proof. Write [n] for the ordered sef0 <1 <...n—1}. The pushout square

%2

o]
2 — 3]

in Posis not van Kampen, since it is not stable under pullback along the[&ap [3]
sending O to 0 and sending 1 to 2. THssis not adhesive. The same pushout square,
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regarded as a pushout of categories, shows@hats not adhesive. For the case®pd,
one simply replaces the poge} by the groupoid withn objects and a unique isomorphism
between each pair of objects.

Finally consider the categoiop of topological spaces. A finite poset induces a finite
topological space on the same underlying set: the topology is determined by specifying
thaty is in the closure ok if and only if x <y. Applying this process to the previous
example yields an example showing tiap is not adhesive. O

Since the definition of adhesive category only uses pullbacks, pushouts, and relation-
ships between these, we have the following constructions involving adhesive categories:

Proposition 3.5.

(i) If C andD are adhesive categories then s€is D;

(i) If Cis adhesive then so af2/C andC/C for any objecC of C;
(iii) If Cis adhesive then so is any functor categ¢yC].

BecauseSetis adhesive, part (iii) of the proposition implies the following.
Corollary 3.6. Any presheaf topoBX, Sef is adhesive.

In particular, the categor§raph of directed graphs is adhesive. IndeedZifs adhe-
sive, then so is the categoBraph(C) = [ = -, C] of internal graphs irC.

Part (ii) implies that categories of typed graphs [1], coloured (or labelled) graphs [5],
ranked graphs [15] and hypergraphs [11], considered in the literature on graph grammars,
are adhesive.

As a consequence, all proof techniques and constructions in adhesive categories can be
readily applied to any of the aforementioned categories of graphs. In fact, more generally,
we have:

Proposition 3.7. Any elementary topos is adhesive.
This is somewhat harder to prove than the result for presheaf toposes; the proof can be
found in [18].

Part (ii) of Proposition 3.5 also allows us to construct examples of adhesive categories
which are not toposes.

Example 3.8. The categonBet. = 1/Setof pointed sets (or equivalently, sets and partial
functions) is adhesive, but is not extensive, and therefore, is not a topos.

Proof. In the category of pointed sets, the initial object is the one-point set 1. Since every
non-initial object has a map into 1, the initial object is not strict, and so the category is
not extensive [3, Proposition 2.8]. O

4. BASIC PROPERTIES OF ADHESIVE CATEGORIES

In this section we prove several simple lemmas which hold in any adhesive category.
Lemma 4.1 describes the relationship between adhesive categories and extensive cate-
gories. Lemmas 4.2, 4.3, 4.5, 4.6 and 4.7 shed some light on pushouts in adhesive cate-
gories.
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Lemma 4.1. An adhesive category is extensive if and only if it has a strict initial object.

Proof. In an extensive category the initial object is strict [3, Proposition 2.8]. On the
other hand, in an adhesive category with strict initial object, any arrow with domain O is a
monomorphism. Consider the cube

/

0
X“{
r 0

/
A/t B

ST

A+B

in which the bottom square is a pushout along a monomorphism, while the back squares
are pullbacks since the initial object is strict. By adhesiveness, front squares are pullbacks
if and only if the top squares is a pushout; but this says that the front squares are pullbacks
if and only if the top row of these squares is a coproduct (Z=X+Y). d

As explained previously, there are adhesive categories which are not extensive — for
instanceSet, (Example 3.8) which doesn’t have a strict initial object. Conversely, there
are many extensive categories which are not adhesive; for insRog:dop and Cat
(Example 3.4).

The following two lemmas are used extensively in the literature on algebraic graph
rewriting. Indeed, they are usually assumed as axioms (see [9] and §8 below) in attempts
at generalizing graph rewriting. They hold in any adhesive category by Lemma 2.3.

Lemma 4.2. Monomorphisms are stable under pushout in any adhesive category.

Lemma 4.3. In any adhesive category, pushouts along monomorphisms are also pull-
backs.

The following definition introduces the notion of pushout complement [14], which is
vital in algebraic approaches to graph rewriting.

Definition 4.4. Letm:C — Aandg: A— B be arrows in an arbitrary categomn (s not
assumed to be a monomorphism).

C

o

A B

m W

D

A pushout complememf the pair(m,g) consists of arrows : C — Bandn: B — D
for which the resulting square commutes and is a pushout, as illustrated in the diagram
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above. We shall sometimes refer to pushout complemenmtoabmorphismshis refers
to pushout complements of pair#,g) wheremis a monomorphism.

The following lemma is a crucial ingredient in many applications of graph rewriting.
It has also been assumed as an axiom [11] in order to prove the concurrency theorem (cf.
Theorem 7.11). It is important mainly because it assures that once an occurrence of a left
hand side of a rewrite rule is found within a structure, then the application of the rewrite
rule results in a structure which is unique up to isomorphism (cf. 87). In other words,
rewrite rule application is functional up to isomorphism.

Lemma 4.5. Pushout complements of monomorphisms (if they exist) are unique up to
isomorphism. In other words, given two pushouts along a monomorghiasillustrated
below, there exists an isomorphigm B — B’ such than'd = nand$f = f’.

f f
— —

W

U?w

C C
g g
A A

Proof. Using Lemma 2.8, both andn’ have the universal property &f;(m), and so we
haven=n’ in Sub(D), meaning that there is an isomorphi$mB — B’ such thatY¢ =n.
The fact thath f = f/ follows becaus@’ is a monomorphism. O

O——
=

g g

The following lemma will be used in Section 8 to show that adhesive categories are
high-level replacement categories:

Lemma 4.6. Consider a diagram

|

in which the marked morphisms are monomorphisms, the exterior is a pushout and the
right square is a pullback. Then the left square is a pushout, and so all squares are both
pullbacks and pushouts.

k
—

\"

O<+———w

r
—
s

w

T<——<m

u
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Proof. This amounts to stability of the exterior pushout under pullback alen® — F.
We illustrate this in the diagram below, where we leave the identity morphisms unlabelled.

CILJ/LQ\\I(IB
BN
NN

PN

@

O

The following lemma is of a similar nature (the difference between the diagrams of
Lemma 4.6 and Lemma 4.7 is that different morphisms are assumed to be mono) and was
used in [24]; the proof is straightforward and similar to the proof of Lemma 4.6.

Lemma 4.7. Consider a diagram

A—K B E

IR
C——D——F
in which the marked morphisms are monomorphisms, the exterior is a pushout, the right

square is a pullback, and morphisis,u andw are monomorphisms. Then the left
square is a pushout.

The following lemma shows that all monomorphisms in adhesive categories are regu-
lar.

Lemma 4.8. Monomorphisms are regular.

Proof. Givenm: A — B, construct the pushout ofi with itself:

B
L

—C

ny :

3
W >

Sincem is a monomorphism, the diagram above is also a pullback (Lemma 4.3). Itis
now easy to show thanh is the equalizer oh; andny. Indeed, suppose we're given a
morphismp : X — B such thath;p = nyp. Using the pullback property, there exists a
unique morphisni : X — A such thamh= p. O
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The following lemma is an easy corollary of the former, but we include a simple direct
proof.

Lemma 4.9. Adhesive categories are balanced. That is, a morphism which is both a
monomorphism and an epimorphism is an isomorphism.

Proof. Suppose that : A— Bis both a monomorphism and an epimorphism. Because it
is an epimorphism, the diagram

f

W <— >

f
— B

11
- B
is a pushout. Sincé is a monomorphism, using Lemma 4.3 we can conclude that it is
also a pullback, but this implies théatis invertible. O

5. ALGEBRA OF SUBOBJECTS

Recall that the monomorphisms into an objédbrm a preordeSub(Z), and that a
subobiject refers to an equivalence class with respect to the resulting equivalence relation.
Thus the subobjects &f organise themselves in a poset. Subobietdrsection(resp.
union) refers to the meet (resp. join) in this poset. If a poset has both (binary) meets and
joins we say that it is &attice, a lattice isdistributivewhen the meets distribute over the
joins.

Here we shall demonstrate that, in adhesive categories, the union of two subobjects can
be constructed as the pushout over their intersection. This provides further evidence of
how pushouts behave in adhesive categories, as well as making more precise the intuition
that the pushout operation “glues together” two structures along a common substructure.
As a corollary, it follows that in an adhesive category the lattices of subobjects are dis-
tributive.

Let C be an adhesive category, aAd fixed object ofC. ThenSub(Z) has products
(=intersections), given by pullback @. It has a top object, given b¥ itself. If C has
a strict initial object 0, then the unique map-9Z is a monomorphism, and is the initial
object ofSub(Z).

Theorem 5.1. For an object Z of an adhesive categdty the categonySub(Z) of sub-
objects of Z has binary coproducts: the coproduct of two subobjects is their push@ut in
over their intersection.

Proof. We shall show how to form binary coproducts (=unionspub(Z). Leta: A— Z
andb: B — Z be subobjects aZ, and form the intersectioAN B — Z, with projections
p: ANB— Aandq: ANB — B; and now the pushout

ANB % B

p| v

A——C
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in C. Letc: C — Z be the unique map satisfyirgy = a andcv = b. We shall show that
is @ monomorphism, and so thais the coproducAUB in Sub(Z) of A andB. Suppose
then thatf,g: K — C satisfycf = cg. Form the following pullbacks

LSk, M ™k™ M N ™y 2N,
fll lf lfz Qll lg lgz Illl \Lml lllz
A—>C+—B A—C+y—B L1 —2 K 2 1

o e

N21 72 M2 45— N2

and note that each of the following pairs are the coprojections of a pushout, hence each
pair is jointly epimorphic:(l1,12), (my,mp), (M1, M2), and(mp1, mp2). We are to show

that f = g; to do this, it will suffice to show thatm, = gm; and fmp = gnp; we shall

prove only the former, leaving the latter to the reader. To showfthmt= gmy it will in

turn suffice to show thatmymy; = gmymy1 and fmgmg 2 = gmynyo.

First note thatifil1; =cufily1 =cflily1 =cgliliy = cgmm s = cugim 1 = agimy 1, SO
that f1l11 = g1my1 sincea is monic; thusfmymyy = flylig = ufilig = ugimip = gmmpa
as required.

On the other handbfali2 = cvhliz = cflaliz = cghliz = cgmms = cugims =
agimy2, so by the universal property of the pullbagk B, there is a unique map:
Ni» — ANB satisfying ph = 012 and CIh = fol12. Now fmumye = flolio = violio =
vgh= uph= ugim» = gmymy», and sofm; = gmy as claimed. As promised, we leave
the proof thatf m, = gy, to the reader, and deduce tHat g, so thatc is monic. O

Since pushouts are stable it follows that intersections distribute over unions:
Corollary 5.2. The latticeSub(Z) is distributive.

Proof. It is easy to verify that the front and back faces of the cube below are pullbacks.
Because the bottom face is a pushout, we use adhesivity in order to conclude that the top
face is a pushout, which in turn implies thian (BUC) = (ANB) U (ANC).

ANBNC
anBE | Tanc
\,L /

AN(BUC) l
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6. QUASIADHESIVE CATEGORIES

The notion of adhesivity is too strong for some relevant examples, and therefore, it
is useful to study weaker notions. In this section, we introduce the class of quasiad-
hesive categories. Quasiadhesive categories have well-behaved pushouteguiad
monomorphisms, that is, only such pushouts are required to be VK-squares.

Definition 6.1. A categoryC is said to bequasiadhesivé
(i) C has pushouts along regular monomorphisms;
(i) C has pullbacks;
(iii) pushouts along regular monomorphisms are VK-squares.

Since regular monomorphisms are monomorphisms, the class of quasiadhesive cate-
gories includes the class of adhesive categories. In fact, we have that

Proposition 6.2. Adhesive categories are precisely the quasiadhesive categories in which
every monomorphism is regular.

The conclusion of the Proposition 6.2 raises the question of whether it is useful to
study the stronger property of adhesivity when quasiadhesive categories are strictly more
general. We believe that the answer is positive due to the added simplicity of not having
to consider regularity when it is not required.

Although quasiadhesive categories are strictly more general than adhesive categories,
the categories mentioned in Example 3.4 still fail to be quasiadhesive: in each case the
pushout in question is actually the pushout of two regular monomorphisms.

Just as an adhesive category is extensive iff it has a strict initial object (Lemma 4.1),
we have:

Lemma 6.3. A quasiadhesive category is extensive if and only if it has a strict initial
object.

6.1. FROPERTIES OF QUASIADHESIVE CATEGORIES

It will be useful to examine the properties of regular monomorphisms in quasiadhesive
categories. First, recall some basic facts about regular monomorphisms which hold in any
category.

Proposition 6.4. The following hold in any categorg:

(i) if mnis a regular monomorphism amdis arbitrary them is a regular monomor-
phism;
(i) if Chas pullbacks then the class of regular monomorphisms is stable under pullback.

An important property of regular monomorphisms in quasiadhesive categories is that
the composite of regular monomorphisms is a regular monomorphism; this is not the case
in general (non-quasiadhesive) categories — for example it is not trGatin Another
crucial property which holds in quasiadhesive categories is that regular monomorphisms
are stable under pushouts.

SRecall that a regular monomorphism is one that is an equalizer of two morphisms.
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Lemma 6.5. The following hold in any quasiadhesive categ@ry

(i) regular monomorphisms are stable under pushout;
(ii) regular monomorphisms are closed under composition.

Proof. (i). Suppose that diagrama)below is a pushout and thatis a regular monomor-
phism.

Thenm is the equalizer op andq, obtained by constructing the pushout illustrated as
the back left face of diagrani). Now there exists a (unique) morphigmA’ — A such

thattp = ida andtq = ida.* It follows that p andq are regular (for instance is easily
checked to be the equaliser ofiichnd pt). Hence we are able to complete the cubebin (

so that all faces are pushouts. Indeed all except possibly the front right face are pushouts
along regular monomorphisms, hence VK squares, hence pullbacks. Since the bottom
square is VK, it follows that the front right face is also a pullback, which impliesriligt

the equalizer of ands.

(ii). Recall from the proof of Lemma 4.8 that if a pushout of a morphism with itself is also
a pullback then the morphism is a regular monomorphism. Nowm, ahdn are regular
monomorphisms, form the pushouts in

n
—
P

13

T<-0<— W

-

t
—
u

W

0Zwe >
ol e
QM= 0O

and use the fact (i) that regular monomorphisms are stable under pushout to deduce that
all four squares are VK, hence pullbacks, and so that the composite square is a pullback,
and so finally thahmis the equalizer ofr andws O

One also has the closure properties shown for adhesive categories. In particular:
Proposition 6.6. Let C andD be quasiadhesive categori&san arbitrary category, and
C an object ofC. Then:

(i) Cx D is quasiadhesive;
(i) C/Cis quasiadhesive;

4Thusp andq are said are split monomorphisms; a morphism is said to be a split monomorphism precisely
when it has a left inverse. It follows easily that such a morphism is mono and, moreover, regular.
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If moreoverC has equalizers then also
(i) C/Cis quasiadhesive;
(iv) the functor categoryX,C] is quasiadhesive.

Proof. We rely on the facts that pushouts and pullbacks are constructed pointwise in all of
the above cases, the class of regular monomorphis@siB is the product of the regular
monomorphisms of andD, the regular monomorphisms 6f/C coincide with those of

C. We use the hypothesis thathas equalizers to ensure that the regular monomorphisms
of C/C and[X,C] are formed as ilC. O

We can also say something about the subobjects in quasiadhesive categories.

Proposition 6.7. Given any two regular subobjects in the category of subobfeate?),
their coproduct is calculated as the pushout over their intersection. In general, however,
there seems to be no reason why the resulting subobject should be regular.

6.2. EXAMPLES

Binary relations. A simple, yet important, example of a quasiadhesive category is the
categoryBRel of binary relations. The objects of this category are injective functions
m: E —V xV, whereE,V are arbitrary sets and x V denotes the cartesian product of
V with itself. Morphisms are commutative squares

f
E—E>E/

| [

VXV ———V' xV'.
fy x fy

Computer scientists may be familiar with this category in another guise, that is, the cat-
egory of graphs without edge identities; or in other words, graphs with at most one edge
from one vertex to another. More formally, the categBRel is easily seen to be equiv-
alent to the categor®r where the objects are the clagév,E) | ECV xV } and the
morphisms are ordinary graph homomorphisms.

It is routine to verify thatBRel is complete and cocomplete, inded®Rel is a full
reflective subcategory @raph, the category of “ordinary” graphs and graph morphisms.
Limits are calculated pointwise, and a consequence, a mddRéhis a morphism where
both fg and fy are injective. Regular monomorphismsBiRel are easily characterised
as precisely the graph monomorphisms which reflect edges, or more abstractly:

Proposition 6.8. A monomorphism is regular iBRel iff the corresponding square of
monos is a pullback diagram.

Notice that a simple corollary of Proposition 6.8 is tigRel is not a topos, since
in toposes every monomorphism is regular. For the same reasons, it is not adhesive
(Lemma 4.8). Indeed, we shall demonstrate a simple counterexample of a pushout along
a mono which fails to be VK, let 1 denote the object0l x 1 (the discrete graph on one
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vertex) and let 1denote the object 3+ 1 x 1 (the complete graph on one vertex). Then
clearly, the diagram below is a pushout along a monBRel, but it is not a pullback.

1
N
v v
N
1,

Lemma 6.9. BRelis quasiadhesive.
Proof. See Remark 6.15. d

Algebraic specifications.Here we shall consider the categ&pec[9] of algebraic spec-
ifications and algebraic specification morphisms. We begin by recalling the definition
of Specas given in [9]. First we recall a simple notion of multi-sorted signature for an
algebraic specification.

Definition 6.10. A signatureX = (S P.domcod) whereS s a set of sortsP is a set

of operator symbolsgom: P — S* is a map giving each operator symbol a possibly
empty string oveSandcod: P — Sgives each operator a sort. An operatoe P with
dom(o) = ...5, andcod(o) = sshall be writtero : s ... s, — S. A signature morphism
f:2y— %3 consistsofamapk: S — S andfp: Py — Py sothatgivero:s;...5, — S

we havefp(0) : fs(s1)... fs(sn) — fs(s). Let Sig denote the category of signatures and
signature morphisms.

Fixing a particular signaturk and a seX = | Js.gXs Of variables for each sosof Z,
one constructs the set of all terms of each sarith variables fromX, denotedTs (X)s,
in a standard way.

Definition 6.11. An equation is a pair of ternts, t, € Ts(X)s, denoted; =tp. A positive
conditional equation is an expression of the fam - -- A e, = € whereey,. .., ey, € are
equations.

A signature morphisnf : 35 — %3 induces a mafiz,(X)s — Tz, (X) 14, @lso called
f, in the obvious way. This map clearly extends to equations, so that given positive
conditional equatioe of sortswe have a positive conditional equatib(e) of sort fg(s).

Definition 6.12. An algebraic specificatioB= (Z, E) consists of a signatuand a seE
of positive conditional equations ovEr An algebraic specification morphisim S — S
consists of a signature morphisin: Zo — 23 so that for everg € Eg we havef (e) € E;.
Algebraic specifications and their morphisms form the cate§psc

An algebraic specification morphism is injective if and only if the underlying signature
morphism is injective — which is the same as saying the underlying functions on the sets
of sorts and operators are injective. An algebraic specification morphis§ — S is
strict if, given an arbitrary positive conditional equatigmwe havef (e) € E; thene € Ey.

Proposition 6.13. The classes of regular monomorphisms and strict injective morphisms
in Speccoincide.
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The reader is directed to [9, Fact 6.3.6] for details of how pushouts are constructed in
Spec Roughly, one constructs a pushout pointwise on the sorts and operators of the signa-
ture, as well as the equations. Pullbacks of arbitrary morphisms are similarly constructed
“pointwise”.

Lemma 6.14. Speds quasiadhesive.

Proof. See Remark 6.15. O

Remark 6.15. We have omitted the proofs of Lemmas 6.9 and 6.14. While it is possi-
ble to prove the VK property directly for pushouts along regular monos using only the
descriptions of pushouts, pullbacks, and regular mond@&Rel and Speg the resulting
proofs are tedious and unenlightening. Moreover, it turns out that both the examples fit
into a general framework of quasiadhesive categories [18], making such proofs unneces-
sary.

7. DOUBLE-PUSHOUT REWRITING

Here we shall recall the basic notions of double-pushout rewriting [14, 22] and show
that it can be carried out within an arbitrary quasiadhesive category. In the quasiadhe-
sive context, we work with regular monomorphisms; recall that if we happen to be in an
adhesive category, every monomorphism is regular.

Definition 7.1 (Production) A productionp is a span

Lk DR 1)

in C. We shall say thap is left-linear whenl is a regular monomorphism, atidear
when bothl andr are regular monomorphisms. We shallf&tlenote an arbitrary set of
productions and lep range overP.

In order to develop an intuition of why a production is defined as a span, we shall
restrict our attention to linear production rules. One may then conKidera substructure
of bothL andR. We think ofL andR as respectively the left-hand side and the right-hand
side of the rewrite rulep. In order to perform the rewrite, we need to matclas a
substructure of a rede®. The structurek, thought of as a substructure lof is exactly
the part ofL which is to remain invariant as we apply the ruleto

Thus, an application of a rewrite rule consists of three steps. First we must match
as a substructure of the red€x secondly, we delete all parts of the redex matched by
L which are not included ifK. Thirdly, we add all ofR which is not contained i,
thereby producing a new structube The deletion and addition of structure is handled,
respectively, by finding a pushout complement and constructing a pushout.

Definition 7.2 (Gluing Conditions) Given a productiorp as in (1), amatchin C is a
morphismf : L — C. A matchf satisfies thgluing conditionswith respect tg precisely
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when there exists an objeetand morphismg : K — E andv: E — C such that

LK

fl lg

is a pushout diagram. (In other words, there exists a pushout complemgnt pin the
sense of Definition 4.4.)

Definition 7.3 (Derivation) Given an objec€ € C and a set of productionB, we write
C—>p ¢ D for a productionp € ? and a morphisnt : L — Cif (a) f satisfies the gluing
conditions with respect th and (b) there is a diagram

L+ KR
| oel
C<E—D

in which both squares are pushouts.

The objectE in the above diagram can be thought of as a temporary state in the middle
of the rewrite process. Returning briefly to our informal description, it is the structure
obtained fronC by deleting all the parts df not contained irK. Recall from Lemma 4.5
that if | is a regular monomorphism (that is, gfis left-linear) thenE is unique up to
isomorphism. Indeed, i is a left-linear productiorC —>, D andC —>p, ¢ D’ then
we must havéd = D'. This is a consequence of Lemma 4.5 and the fact that pushouts are
unique up to isomorphism.

Definition 7.4 (Adhesive and quasiadhesive grammaws)quasiadhesive grammas is
a pair(C,P) whereC is a quasiadhesive category aRds a set of linear productions. If
C is in fact adhesive, we calh anadhesive grammar

Assuming that all the productions are linear allows us to derive a rich rewriting theory
on quasiadhesive categories. Henceforth we assume that we are working over an arbitrary
guasiadhesive grammé&.

7.1. LocAL CHURCH-ROSSER THEOREM

As we shall explain in section 8, adhesive and quasiadhesive categories naturally fall
into the framework of high-level replacement categories. In particular, we get the local
Church-Rosser theorem [9, 16] in the setting of quasiadhesive or adhesive grammars.

Before presenting this theorem we recall briefly the notions of parallel-independent
derivation and sequential-independent derivation. The reader may wish to consult [5] for
a more complete presentation.

Definition 7.5. A parallel-independent derivatiois a pair of derivations

c >py,fy D1 and C—> P2, f2 D2
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as illustrated in diagram (2) which satisfy an additional requirement, namely the existence
of morphismg : L; — Ez ands: L, — E; which render the diagram commutative, in the
sense thator = f1 andvis= fo.

R1<—K1 L2(7K2*>R2
h g ¢ h

1 { o \ m l 2 z (2)
D1y —E1 Ez 7 D2

Definition 7.6. Similarly, asequential-independent derivatidhustrated in diagram (3),
is a derivation
C_‘>P17f1 Dl_‘>p2,fé D

where there additionally exist arrows: Ry — Ez ands' : L, — E; such thatw;s' = f}
andvar’ = h;.

L1<7K1 LZ%KZHRZ
f]_ gll m th (3)

\41 E3 w3 D

If the underlying category has coproducts and given a pair of productions

[ [
P1= L1<LK1L>R1 and P2 = L2<LK2£>R27
we may construct a production

Pripe= Litlai ™2 Ktk HAR 4 Ry

Note that ifl; andl, are regular monomorphismig,+ |> need not even be a monomor-
phism, and similarly for; andr,. If this is required one could further suppaSeto be
extensive, in which case the coproduct of two regular monomorphisms would indeed be
a regular monomorphism.

The statement of the theorem below differs from those previously published in the
literature in that we do not need coproducts to establish the equivalence of the first 3
items.

Theorem 7.7(Local Church-Rosser)The following are equivalent:

(1) C—=>p,,1, D1 and C—>, 1, D2 are parallel-independent derivations

(2) C—p,, 1, D1and Dy — .8 D are sequential-independent derivations

(3) C—=>p, 1, D2and D, —>, ¢ D are sequential-independent derivations.
If moreoverC has coproducts then we may add the so-caflachllelism theoremwhich
states that item (4), below, is equivalent to the above three items.

(4) C—=>>p,1py (11,1, D is @ derivation.
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Proof. (1)=(2): LetC —>p, 1, D1 andC —=>p, 1, D2 be parallel-independent (see
Definition 7.5 and associated diagram) derivations. Form the pullfhabklow.

E1<iG L1<LK1 Lll%lKl K1L>R1

v{ Jeg rl ng rl (1 Iil 5‘} lt

C«y, B2 Er —|—92— Ko E; «e— Sl o Ko Ky —ko—s Z —ess E3
vzl llz Vzl (%) < (€3] llz rzl . lw3

CoyyBies Lo CoyBies L2 Re 7+ Ea5>D
(i) (ii) (iii) (iv)

The two regions itfii) are pushouts [cf. diagram (3)]. Combining the two diagrams gives
(i) , with k; andky obtained by the universal property @f and satisfyingemk; = g; and
erko = go. Regions (1), (), andkj are pushouts by Lemma 4.6, and one now goes on to
construct(iv) by taking successive pushouts.

The sequential-independent (see Definition 7.6 and associated diagram) derivation
C—=>p,. 1, D1 —F>p, ¢4 D may now be constructed with the pushout squares below.

L1<I—1K1L>R1 L2<ILK2£>R2
| |
A
Ep «&— G —&+ E3 E; <&1— G —&> B4
A SN
C Ei5pDa D1 -Es .+ D

(2)=(1): Suppose th&@ —>, 1, D1 andD1—|>p2,fé D are sequential-independent
derivations. Form the pullbadk) below.

|
Fi>E3 K]_LR]_ K1L>R1 K1—1>L1
| |
ell | b v o @ | 6|
= o D, Kz —gp—|— E3 Koz -k F —&3+ E3 Ko ko= F —e2+ Eo
S N R
LZ?Elvl)Dl LZ?ElWDl R2T>E474>D2
(v) (vi) (vii) (viii)

The two regions irfvi) are pushouts [cf. diagram (3)]. Combining the two diagrams gives
(vii), with k; andk obtained by the universal property @f and satisfyingesk, = ¢, and

erk; = g1. Regions (1), (), andkj are pushouts by Lemma 4.6, and one now goes on to
construct(viii) by taking successive pushouts.
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The parallel independent derivatio@s—>p, 1, D1 andC —>, 1, D> may now be
constructed with the pushout squares below.

L1<|LK1rH1R1 LZ&KZLRZ
| |
N
E><e2— F —&3 E3 Ej <a1— F —es» By
I A
C B Db D1~ B3 5 D2

In fact, the proof that (B>(2) remains valid more generally in the context of left-linear
productions, but the proof of the converse requires linearity.

The proof of (13=(3) is similar.

To prove (1¥(4), we first note that, in a quasiadhesive category with coproducts, the
objectsC andD obtained in(iii) and(iv) can be obtained as the pushoutgik) and(x)
below.

11+
Ly+ Lo <2 Ky 4Ky Ki+Kz % R+ R,
[fl-fZ]l l[kl-,kZ] [kl,kz]l l[thz]
C——G G————D
(ix) ()

Starting with parallel-independent derivatidbs—>p, ¢, D1 andC —>p, 1, D2, we
construct diagramgiii) and (iv) from which, using the translation outlined above, we
get diagramgix) and (x), which in turn amount to a derivatio —>, ,p, f,.1,] D-
Similarly, starting with a derivatio® —>p, | p, f,.f,) D, we obtain diagranix), from
which we obtain diagrariii) . This gives us enough data to conclude Bat—>p, 1, D1
andC —>, 1, D> are parallel-independent. O

7.2. CONCURRENCY THEOREM

The original concurrency theorems were proved for graph grammars [7] and later gen-
eralized to high-level replacement categories (cf. §8) in [11] which satisfy additional ax-
iom sets, there called HLR2 and HLR2*. Roughly, the concurrency theorem states that
given two derivations in a sequence, together with information about how they are related,
one may construct a single derivation which internalizes the two original derivations and
performs them “concurrently”. Moreover, one may reverse this process and deconstruct a
concurrent derivation into two related sequential derivations. Here we state and prove the
concurrency theorem for quasiadhesive or adhesive grammars without the need for extra
axioms.

We shall first need to recall the notions of dependency relation, dependent derivation
and concurrent production.

Definition 7.8 (Dependency Relation)Suppose thap; and p, are linear productions.
A dependency relatiofor (p1, p2) is an objectX together with arrows: X — Ry and
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t : X — Ly for whichry, s, t, andl, can be incorporated into a diagram

s t
rp / |2
Kl — R1 h,l fé L2 — Kz (4)
g’lE/ e é/g/z
/
— D v 2

in which all three regions are pushouts.

Definition 7.9 (Dependent Derivation)Consider a derivatio@ —>p, t, D1 —=>p, 1, D
as illustrated ir(i) below

X
W N,
I r I r Ki =R N1 Lo +— Ko
L1+ Ky =Ry , LeKe=R gl Ve 1o
A N le v E———D+——E
CqorB—F—Die——BwxD e g 2 e
By ——Dis——E

(i) (i)
and a dependency relatiof for (p1, p2). The derivation is said to b¥-dependenif
his= f,t and there exist morphisnes : E; — E; ande, : E;, — E; satisfyinge;g; = o1
andexd, = gz, and if moreover the unique map: D’ — D, satisfyingdh; = h; and
df) = f, also satisfieslw; = wie; anddv, = voe; (see(ii)).
Definition 7.10(Concurrent Production)Given a dependency relatiotfor (p1, p2), the
X-concurrent production fx pz is the span

oy
C/ ¢ P/ S D/

obtained by taking the bottom row of the following extension of diagram (4)
S X t
SN

I ry I2 r2
Le—Ki=R [, LcK=R
1

il ot e N\ 2/ %l + |n
C +E] D E,—D
1 ﬁ 2
d\P//\/

vi w5
in which T and t are pushouts afhé a pullback.
An X-concurrent derivation G—>p,., p, D is @ derivation whergy;x po is anX-
concurrent production.
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Theorem 7.11(Concurrency Theorem)

(1) Given an X-dependent derivation-&4>p, 1, D1—>p, 1, D there exists an X-
concurrent derivation G—>p, . p, D

(2) Given an X-concurrent derivation &>, .., D, there exists an X-dependent
derivation C—>p, 1, D1—=>p, 1, D.

Proof. (1). Suppose that we have &¥hdependent-derivation, as illustrated in the solid
part of the left diagram below

X Vv P »p
y \\t‘ £/ /u’ b
lo 2
L1<—K1*>R1 (iii ) L2<—K2—>R2 N /
fl: (i) (i) \ / (iv h, 2 E Vl
7] v, e u
f1 C’ V- E1 W D} \/2— E2 Wo> D’ ha 14
: | W >
c: (vi) d (vii) dl (viii) éf (ix) d D’l Vo
pe g g = N /
C S E1 wy D1 V2 E w,’ D o p, M

in which (iii), (i)+(vi), (ii)+(vii) , (iv)+(viii), (v)+(ix), (i), and(iv) are pushouts, so that
also(vii) and(viii) are pushouts. Fill in the dotted parts of the diagram to obtain further
pushoutgi), (v), (vi), and(ix).

By Lemma 4.2 bottw} andV, are monomorphisms, and now by Lemma 4.3 both
(vii) and(viii) are pullbacks. Consider the cube, above right, in which bottom and front
left faces are the pullbacKsii) and(viii), and the remaining faces are constructed so as
to be pullbacks. Since the bottom face is also a pushout, so is the top face. Similarly,
since the front left face is a pushout, so is the back right face. Combining the top and
back right faces of the cube with regiof8) and(ix) yields anX-concurrent derivation
C—"pixpc D-

(2). Suppose that we have Xaconcurrent derivatio® —>p, .., D, as illustrated
by the solid part of the diagram below left.

AN AN

|
Ly <2 Ky 3 R, Ll%KleRl LzéKZBRz

hy
\ / f/ g‘l h/ g‘/ hl
i H] w om0t Nk
/ D

C' - Ef —w— D} +—v,—— E, wy D/
el e w4 M) & (v [d
i d C«——FEq; ... R o
A G By oDy B D

We construct pushoutd) and(iii) and obtainv; andws, using the universal properties.
It now follows that(i) and(iv) are also pushouts. Now construct the push@ytsince
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(ii)+(v) and(iii) are pushouts, there is a unique mapE, — D1 so that(vi) is a pushout
and (jii)+(vi) equals(ii)+(v). The diagram on the right now provides the required
dependent derivatio —>, .y D1 —=>p, 4,11 D. O

8. RELATIONSHIP WITH HIGH-LEVEL REPLACEMENT CATEGORIES

High-level replacement categories [9-11] or HLR-categories encompass several at-
tempts to isolate general categorical axioms which lead to categories in which one can de-
fine double-pushout graph rewriting and prove useful theorems such as the local Church-
Rosser theorem and the concurrency theorem.

Definition 8.1 (HLR-categories) A categoryS with a class of morphism&/ is an HLR-
category if it satisfies the following axioms:

(1) pairsC +— A — B with at least one of the arrows i have a pushout;
(2) pairsB — D « C with both morphisms i have pullbacks;

(3) M is stable under pushout;

(4) M is stable under pullback;

(5) finite coproducts exist;

(6) if mandnare inM thenm+nisin M.

(7) pushouts of morphisms i are pullbacks;

(8) pushout-pullback decomposition holds: that is, given a diagram

A—k>B>#>E

I
C— D F

if the marked morphisms are i, the whole rectangle is a pushout and the right
square is a pullback, then the left square is a pushout.

Lemma 8.2. An adhesive category with a strict initial object is an HLR-category, with
M the class of monomorphisms.

Proof. This follows immediately from Lemmas 4.1, 4.2, 4.3, and 4.6. O

Similarly, quasiadhesive categories can be seen as HLR-categories:

Lemma 8.3. A quasiadhesive category with a strict initial object is an HLR-category,
with 9 the class of regular monomorphisms.

Proof. Immediate by Lemmas 6.3 and 6.5, in addition to the “quasi” versions of Lem-
mas 4.3 and 4.6. O

In both Lemma 8.2 and 8.3, the strict initial object is needed only to guarantee exten-
sivity, which in turn is needed only in order for axioms (5) and (6) to hold.

The axioms listed above are enough to prove the local Church-Rosser theorem (cf.
Theorem 7.7), buhot the concurrency theorem (cf. Theorem 7.11). To prove the latter,
extra axioms had to be introduced in [11], such as the conclusion of the following lemma.
Interestingly, it is almost the dual of the main axiom of adhesive categories.
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Lemma 8.4 (Cube-pushout-pullback-lemma [11]§5iven a cube in which all arrows in

the top and bottom faces are monomorphisms, if the top face is a pullback and the front
faces are pushouts, then the bottom face is a pullback if and only if the back faces are
pushouts.

Proof. Since the front faces are pushouts along monomorphisms, they are also pullbacks.
If the bottom face is a pullback, then the back faces are pushouts by stability of the
pushouts on the front faces. Suppose conversely that the back faces are pushouts; since
they are pushouts along monomorphisms, they are also pullbacks. One now simply “ro-
tates the cube”: since the front right and back left faces are pushouts, and the top and
back right faces are pullbacks, it follows by adhesiveness that the bottom square is a

pullback. O

Clearly, one can prove a version of Lemma 8.4 for quasiadhesive categories by re-
placing monomorphisms with regular monomorphisms. An HLR-category which has the
conclusion of Lemma 8.4 as an additional axiom is sometimes referred to as an HLR2-
category [11]. It is immediate, therefore, that any adhesive category with a strict initial
object is an HLR2-category =monomorphisms) and similarly, that any quasiadhesive
category with a strict initial object is an HLR2-categofM (=regular monomorphisms).

The strongest axiom system for general rewriting is enjoyed by the so-called HLR2*-
categories [11]. These are HLR2-categories which, additionally, have the conclusion of
Lemma 4.5 as an axiom, that is, pushout complements of monomorphisms are, if they
exist, unique up to isomorphism. Finally, they satisfy an axiom known as the twisted-
triple-pushout condition. We believe that this axiom does not hold in arbitrary adhesive
or quasiadhesive categories, although it does hold, for instance, in any topos. Indeed, it
is possible to extend the definition of adhesive and quasiadhesive categories in a natu-
ral way so that the twisted-triple-pushout-condition holds. We treat the adhesive version
of the lemma below, the reader will obtain the quasiadhesive version by replacing ev-
ery occurrence of ‘adhesive’ with ‘quasiadhesive’ and ‘monomorphism’ with ‘regular
monomorphism’.

Lemma 8.5. If C is adhesive and, additionally, all pushouts are stable under pullback
thenC satisfies the twisted-triple-pushout condition: that is, given a diagram

+— G

(i) (iii ) h

k

{
Mé¢—— Tt m

f

O——>

| «——H

p q

(ii)

m<——

g

with k, | andm monomorphismsg(j) is a pushout whefi)+(ii) a pushout(ii) a pullback,
(i) a pushout and, h forming a pullback ofjgandqv.

Proof. First note that, using Lemma 4.@)+(ii) is a pullback. Using the pullback version
of Lemma 1.1 it follows thafi) is a pullback. It is easy to verify théii) is a pullback.
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Consider diagranfiv) below. By assumption, the front right face is a pullback, while
the front left face igi)+(ii), a pushout.

(iv) V)

Furthermore, the leftmost half of the bottom facgiis which is, by assumption, a pull-
back. We obtairX and morphisms; : X — C andx; : X — H by taking the pullback
of | :C — D andv:H — D. We can now complete the diagram with an obj&Gtand
morphismsa: A’ — A, r: A — X ands: A’ — G so that the back left face and the top face
are pullbacks. Using adhesivity, the back right face is a pushout.

We obtain diagranfv) by “cutting off” the bottom left corner of diagrartiv). The
front left face is(i), the front right faciii) , which is, by assumption, both a pushout and
a pullback. The bottom and back right faces are pullbacks, since they were constructed as
such in diagrantiv). To see that the back left face is commutative, noteltheat= gka=
gus= vhs= vxr = Ix1r and use the fact thatis a monomorphism. It is also a pullback,
using the pullback version of Lemma 1.1. Using the fact that arbitrary pushouts are stable
under pullback, we can conclude that the back left face is a pushout. Summarizing, we
have assumed that the front right face is a pushout and deduced that both the back left and
right faces are pushouts. It follows from the pushouts version of Lemma 1.1 that the front
left face, (i), is a pushout. O

Finally, the following lemma has been used by Ehrig atiahig in their work on rewrit-
ing via borrowed contexts [12]. Here we prove that it holds in any adhesive category. A
quasiadhesive version of the lemma can be obtained in the obvious way.

Lemma 8.6. Given diagrami{) below with the marked morphisms monomorphisms,

f
A%CLE

o]

suppose that the left square is a pushout and the exterior is a pullback. Then the right
square is a pullback.
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Proof. Suppose we have an obje¢tand morphismst : X — D andf3 : X — E such that
goa = IB. We will show that there exists: X — C such thank = a; then pk= 3 follows
sincel is a monomorphism, while uniqueness follows simde a monomorphism. We
begin by constructing the following cube by taking pullbacks.

Now gga; = qag = |Bd’; but the diagram in the statement of the lemma is a pullback,
so there is a unique morphism X; — A such thamh=a; andpfh=Bg'.

Note thatmoz = a;m = mhm, and using the fact thatis a monomorphisngz = hni
(*). We shall use the fact that the top face of the cube is a pushout to derive the existence
of the required morphism. Indeed, we havgf’ = faz = fhn where we used (*) to
derive the last equality. Thus we get a unigueX — C such thakg = fh andkn = a5.

It remains to show thatk = a. Indeed, we havakd = nfh= gmh= ga; = ag’ and
nkr = na, = an’. Using the fact thag/ andr’ are jointly epimorphic yields the required
equality. O

9. CONCLUSIONS AND FUTURE WORK

We introduced the notions of van Kampen (VK) square and adhesive category, as well
as the more general quasiadhesive categories. VK squares are “well-behaved pushouts”,
and a category is adhesive when pushouts along monomorphisms are VK. Adhesive and
quasiadhesive categories are closely related to extensive categories.

Double-pushout (DPO) rewriting can be defined in an arbitrary adhesive category. We
introduced adhesive grammars, which are adhesive categories with a set of linear produc-
tions. Adhesive grammars have sufficient structure for the development of a rich rewriting
theory. In particular, we proved the local Church-Rosser and the so-called concurrency
theorem within the setting of adhesive grammars. We have also shown that adhesive cat-
egories satisfy many of the axioms [9, 11] which were proposed in order to prove these
theorems. Thus, we have arrived at a class of categories which supports such a theory of
DPO rewriting, however, we believe that adhesive categories are mathematically elegant
and less ad-hoc than previous proposals.

In order to back this claim and to further develop the theory of adhesive categories, we
have demonstrated a number of useful properties. For instance, subobject union is formed
as a pushout over the intersection, and subobject intersection distributes over subobject
union. We have provided some closure properties which allow the construction of new
adhesive categories from old. Any elementary topos is adhesive, but there are examples
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of adhesive categories which are not toposes. Adhesive categories include many well-
known notions of graph structures used in computer science and are instances of HLR2-
categories [11].

We believe that adhesive categories will be useful in the development of specific graph-
ical models of computation and the development of semantic techniques for reasoning
about such models. The rewriting theory needs to be developed further, with, for exam-
ple, the construction of canonical dependency relations from derivations [11].

Another direction for future work is to examine whether adhesive categories have
enough structure so that groupoidal relative pushouts [23] can be constructed in cospan
bicategories over adhesive categories. Such cospan bicategories provide a way of under-
standing graphs in a modular fashion and will provide a general class of models which
should include bigraphs [20] as examples. Some progress in this direction has already
been achieved [24].

The second author would like to thank Vladimiro Sassone for many discussions in the early stages
of this project. Thanks also go to the anonymous referees for reading early drafts and providing
many valuable comments and suggestions.
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