⋆ π

⋆

π

1

2

1 2

Abstract.

1 In tro duction

c o or dinators

tile mo del giangi@di.unipi.it

ugo@csl.sri.com

A Tile-Based Co ordination View of

Async hronous -calculus

activity tiles c o or dination tiles

Meto di e Strumenti p er la

Pr o gettazione e la V erific a di Sistemi Eter o genei Connessi me diante R eti di Comu-

nic azione CONFER2 COORDINA

Dipartimento di Informatica, Universit` a di Pisa,

Computer Science Lab oratory

, SRI International , Menlo Park,

Tiles are rewrite rules with side effects, reminiscent of b oth

Plotkin SOS and Meseguer rewriting logic rules. They are well suited for

mo deling co ordinati on languag es, since they can b e comp osed b oth stat-

ically and dynamical ly via p ossibl y complex synchroni zatio n and work-

flow mechanisms. In this pap er, we give a tile-based bisimi lari ty seman-

tics for the asynchronous -calculus of Honda and T okoro and prove it

equiv alent to the ordinary semantics. Two kinds of tiles are provided:

and . Activity tiles sp ecify the basic in-

teractions sequential pro cesses are able to p erform, without consideri ng

the op erational environment where they live. Instead, co ordinati on tiles

control the global evolution of programs.

Research supp orted in part by CNR Integrated Pro ject

; and Esprit W orking Groups and . The second

author is on leave from Dipartimento di Informatica, Pisa, Italy .

GianLuigi F errari and Ugo Montanari

Co ordination is considered as a key concept for mo deling and designing hetero-

geneous, distributed, op en ended systems. It applies typically to systems con-

sisting of a large numb er of software comp onents, indep endently programmed

in different programming languages, which may change their configuration dur-

ing execution. Changes may b e due to the external addition/deletion of software

comp onents and sites, or to the transmission of programs and resource references

made p ossible by op erating systems and languages supp orting mobility .

Co ordination languages (see e.g. [2, 7]) provide the constructs to define con-

figurations and interaction proto cols, but they assume as given the software

agents b eing co ordinated. Hence, systems are designed and develop ed in a struc-

tured way

, starting from the basic computational comp onents and adding suit-

able software mo dules called . This approach has several adv antages.

In fact, it increases the p otential reuse of b oth software agents and co ordinators

with usually acceptable overheads. Moreover, it provides a simple but p owerful

technique to reason ab out and prove prop erties of systems: induction on their

structure.

The main aim of this pap er is to present an approach to co ordination based

on the [11, 12, 13]. Tiles have b een used for co ordination formalisms b

3

3

′

′

− →

⊗

flat π

π

π

π

π

π

a

s s

s

s b

s a mobile

names pr o c esses

higher or der

tiles

initial c onfigur ation final c on-

figur ation effe ct

trigger

observations

input output interfac e

In general, tiles are also equipp ed with pro of terms which distingu ish b etween se-

quents with the same configurations and observ ation s, but derived in different ways.

Suitable axioms for normalizin g pro of terms are also provided [11, 12 , 13]. Normal-

ized pro of terms actually mo del concurrent computations. Here we consider only

tiles, i.e. without pro of terms, since we are only interested in interleavi ng semantics.

equipp ed with flexible synchronization primitives [20, 4]. Adv antages of the tile

mo del with resp ec t to standard op erational mo dels of co ordination languages are

generality and formal foundations. Also it enables to comp ose systems b oth stati-

cally and dynamically

, sp ecifying p ossibly complex synchronization and workflow

mechanisms.

In this pap er, as a case study

, we consider the asynchronous -calculus [6,

14]. The -calculus [19] is one of the b est studied examples of pro cess

calculi, namely calculi in which the comm unication top ology among pro cesses

can dynamically evolve when computation progresses . In the -calculus, mobility

is achieved via the comm unication of rather than of , as happ ens

in so called pro cess calculi (e.g. [24]). The -calculus has b een used

to mo del ob jects [25], higher order comm unication [23] and also higher order

configuration languages [22]. The asynchronous -calculus is a v ariant of the

-calculus where emission of messages is non-blo cking.

W e now shortly intro duce the tile mo del. It is based on certain rewrite rules

with side effects, called , reminiscent of b oth SOS rules [21] and rewrite logic

rules [18]. Also related are SOS contexts [16]. T o match SOS notation as much

as p ossible, here a tile has the form

and states that the of the system evolves to the

pro ducing an . However the rewrite step is actually p ossible

only if the sub comp onents of also evolve pro ducing the . Both trigger

and effect are called , and mo del the interaction, during a computa-

tion, of the system b eing describ ed with its environment. More precisely

, b oth

system configurations are equipp ed with an and an , and

the trigger just describ es the evolution of the input interface from its initial to its

final configuration. Similarly for the effect. It is convenient to visualize a tile as

a two-dimensional structure (see Fig.1), where the horizontal dimension corre-

sp onds to the extension of the system, while the vertical dimension corresp onds

to the extension of the computation. Actually

, we should also imagine a third

dimension (the thickness of the tile), which mo dels parallelism: configurations,

observ ations, interfaces and tiles themselves are all supp osed to consist of several

sub comp onents in parallel.

Both configurations and observ ations are assumed to b e equipp ed with op-

erations of parallel and sequential comp osition (represe nted by infix op erators

and ; resp ect ively) which allow us to build more parallel and larger com-

p onents, extended horizontally for the configurations and vertically for the ob-

serv ations. Similarly

, tiles themselves p ossess three op erations of comp osition :

′

4

4

⊗ ∗ ·

Fig. 1.

c o or dinate se quential

c omp osition

tile lo gic

r ewrite rules auxiliary

agent gr aphs

A tile.

While tiles can b e considered as a generalizati on of SOS inference rules, their alge-

braic structure is new. Larsen contexts [16 ] are analogous, but their algebraic struc-

ture is limited to ordinary terms and not axiomatized.

s

s a b effect initial output

interface

final output

interface initial input

interface

trigger

interface final input

configuration final initial

configuration

parallel ( ), horizontal or ( ), and vertical or ( ) com-

p osition. If we consider tiles as logical sequents, it is natural to define the three

op erations via inference rules called rules (see Definition 6).

The op erations of parallel and sequential comp osition are self explanatory .

More interesting is the op eration of co ordination: the effect of the first tile acts

as trigger of the second tile, and the resulting tile expresse s the synchronized

b ehavior of b oth. Thus horizontal comp osition mo dels in a sense the dynamic

creation of co ordinators . Computing in a consists of starting from a set

of basic tiles called (and from a set of tiles which dep end

on the version of the tile mo del at hand), and of applying the comp osition rules

in Definition 6 in all p ossible ways.

A tile logic also can b e seen as a double category [10] and tiles themselves

as double cells. The categorical interpretation [11, 12] is useful since it makes

the mo del more general (configurations and observ ations can b e arrows of any

category), allows for universal constructions (e.g. a tile logic is the double cat-

egory freely generated by its rewrite rules) and suggests analogies with fruitful

concepts of algebraic semantics, like institutions. However, the tile mo del is pre-

sented here in a purely logical form.

In this pap er, configurations and observ ations are certain acyclic graphs

called . They are a small extension of term graphs [5], in that they

may lack ro ots. T erm graphs are like terms, but two term graphs may explicitly

share some of their subterms. Thus in a term graph it is in general not allowed to

copy the shared subterms to make the two terms disjoint, since this would yield

a different term graph. An axiomatization of term graphs (which can b e easily

extended to agent graphs) in terms of gs-monoidal theories has b een recently

prop osed by Corradini and Gadducci [8, 9], and it is rep orted in the App endix.

′

′

′

′

′ ′

Fig. 2.

1

2 1 2

:= ( )

Input Open

Input

Input e input e ,a,b

\ | \

| \ |

|

− − − − − − − − − →

Graphical representation of the rules and .

a.nil a a .nil a

a.nil a.nil a a .nil

a .nil , a ν, a ν a.nil a.nil , a ν

π

π

e M e , a, b

ν

Agent graphs have imp ortant adv antages over ordinary syntactic terms for

represe nting configurations with shared, p ossibly b ound names. In fact, b ound

names can b e simply mo delled as different, shared subterms which consist of the

same constant. F or instance, the two different CCS agents ( ) ( )

and ( ) could b e represented by the two term graphs

:= := and := , while, as terms, they would

b e identified. Another way of expressing this remark is that in agent graphs the

handling of b ound names (with the asso ciated mechanisms for alpha conversion

and for generating new names in mobile calculi) can b e fully delegated to the un-

derlying logic, while explicit mechanisms are needed in the case of terms. As we

think it is clearly shown by the -calculus case study in this pap er, the combined

use of tiles and agent graphs frees mobile calculi from complex name b o okkeeping

and its unpleasant consequence s, like infinitely many names, infinite branching

and the need for sp ecialized versions of bisimilarity .

Tiles and agent graphs are also particularly well suited for the co ordination

approach. In fact the separation b etween software agents and co ordinators can

b e reflected in the structure of rewrite rules. In this pap er we distinguish two

kinds of rules: activity rules and co ordination rules. Activity rules describ e the

evolution of software agents, and they do not consider the op erational context

where agents live. As a consequence, they have no (i.e. empty) trigger, but

only effect. Instead, co ordination tiles define the b ehaviour of co ordinators: they

determine the evolution of software agents inside their op erational environment

by taking co ordinating actions in resp onse to actions of software agents.

As an example of an activity rule for the asynchronous -calculus, let us

consider the rule which mo dels a message entering the system.

( ) !( ) ( )

The same rule is shown in graphical form (wires-and-b oxes notation) on the left

side of Fig2.

output output

e

a

b e

e

a

a

b

e

a

b

.

!

M input e

e

b a

.

!

M e

e

b a

′

:= ( )

Open

Open

′

′

′

′

′

′

′

′

′

′

Definition 1.

2 Agen t Graphs e output e ,a,b ,a

− − − − − − − − − − − →

{ } { }

→ new

one

agent gr aphs

(many-sorte d agent gr aphs) e input e a, b

M e , a, b e

e e

M

input

a b

e e a b

e output e , a, b , a, b

e, a, b ν e , a, b

e output e , a, b , a, b

e, a, b e , a, b

e, a, b ν

e , a, b

e output e , a, b , a

π

K

Σ f f s w p

In this rule the trigger is the empty graph. The initial configuration is the

agent graph with one v ariable and no ro ot, which just discharges (creates?) the

v ariable. The effect is the graph := ( ) and the final configuration is

the graph ( ). The initial interface of the effect is v ariable , which mo dels

the sequential dep endence of the present rewriting (event) from the previous

events. In fact the effect replaces in the output interface with a new event .

Messages (resp. input observ ations) are represe nted by means of a symb ol

(resp ) of the signature, with three v ariables: the current event, the sub ject

and the ob ject.

This rule mo dels the case in which the incoming message has names

as sub ject and ob ject. In fact, the input constructor creates v ariables and .

Other (co ordination) rules are used to instantiate sub ject, ob ject or b oth. Notice

that identifiers , , and we use in the description ab ove have a purely lo cal

scop e. The only name sharing mechanism b etween two configurations or tiles is

via explicit comp osition. F or instance, the fact that sub ject and ob ject are new

can b e determined on the ab ove rule purely by insp ection.

As an example of a co ordination rule, let us consider the rule which

mo dels the extrusion of a name while a message is leaving the system.

( )

:= ( )

:=

In this rule the precondition (trigger) is := ( ) , an agent

graph with ro ots and v ariables . The application of the rule

causes the transformation of the initial configuration := into the final

configuration (i.e. the restriction is removed) and the creation of effect

:= ( ) . Notice that while the trigger of the rule has as b oth source

and target an event and two actions, the effect has only an event and action

as source. Thus the effect creates a new name, which is clearly “the same” name

(following the wires) which o ccurred restricted in the initial configuration.

The pap er is organized as follows. Section 2 intro duces agent graphs, and the

op erations of parallel and sequential comp osition on them. Section 3 presents

the tile mo del, in the simplified version needed in the pap er, while Section 4

describ es the asynchronous -calculus. Section 5 defines a tile rewrite system for

it, and outlines its equiv alence with the ordinary semantics of Section 4.

In this section we intro duce , on which is based the data stucture

we use for mo deling configurations and observ ations. Agent graphs are similar

to term graphs [5, 3, 8, 9], have a nice algebraic structure and can b e finitely

axiomatized essentially as gs-monoidal theories [11, 12, 8, 9]. W e follow a style

of presentation similar to [3].

Let us consider a set of sorts, a

many-sorted signature containing symb ols of typ e : and of typ e k k

–

–

–

∗

′

′

′

→ ∈ ∈

→

→ ⊓ ⊔

{ } { →

→ → → }

→ {

}

→ { }

→

→ { }

→ { } names

agent gr aph

r o ots

variables

typ e

1 1

1 3 4 3

1 2 1 2 1 1 1 1

2 3 2 3 3 1 4 2 1 1 2 3

1 1 3 3 3 1 4 2

3 4

1 1 2 1 1 1 1 2 2

1 1 2 1 1 p ϵ w s K w , ϵ K ϵ

V n

G S, r t, v ar

S n

f n , . . . , n n n p n , . . . , n

r t G

n n

r

v ar G

S

S v

V

G u w

G u w

G u w u w G

G S, r t, v ar

S

K a, b Σ f a

b, g b a, h a ba, p ϵ a n , n , n , v a

r , n , v , v b G b bba S, r t, v ar S r v , p n , n

h n , n , n g n , n f v , n f v r t r v ar v , v , v

G G

G

G b bba r v , p h g n , n , n f v , n f v

n n

f s w

G ba bba r v , r h g n , n , n f v , n f v

T ba bba r v , r h g f v , f v

: , b eing and , with the empty string. F urthermore let

b e a totally ordered infinite set of sorted , a name b eing denoted by

and similar letters. An is a triple = ( ) where:

is a finite set of sentences, which are assignments of the form :=

( ) or of the form := , or terms of the form ( ),

with the obvious restrictions among symb ol typ es and name sorts. In ad-

dition, every name must b e assigned at most once and no cycles (with the

obvious meaning) must b e present;

is a list, without rep etitions, of all the of , i.e. the names which

app ear as left memb ers of assignments of the form := . Ro ots are usually

denoted by or similar letters;

is a list, without rep etitions, of the of , v ariables b eing b oth

all the names which are not assigned in and p ossibly other names which

do not app ear in . V ariables are usually denoted by or similar letters.

The ordering of ro ots and v ariables must resp ect the ordering in . F urthermore,

agent graphs are defined up to isomorphic renaming.

Given an agent graph , let (resp. ) b e the string of sorts of the ro ots

(resp. v ariables). Then can b e seen as an arrow of . W e write

: and call and the source and target of resp ectively .

W e need a concise term-like notation for represe nting agent graphs. Given

an agent graph = ( ), we actually replace all names which are left

memb ers of an assignment and which also o ccur exactly another time in .

F or instance, given the set = of sorts, the signature = :

: : : and the typ ed names : and

: , let : = ( ) with = := ( ) :=

( ) := ( ) := ( ) := ( ) , = ( ) and = ( ).

Notice that, given the signature and the typ e of , all the names of are

univo cally typ ed. The term-like notation for is as follows:

: = := ( ( ( ) )) := ( ) := ( ) .

Notice that if we consider as standard the names in the lists of ro ots and

v ariables, isomorphic renaming is restricted to the names which are neither ro ots

nor v ariables, in the example only and . F urthermore, in this case an agent

graph is fully sp ecified when its typ e and its set of sentences are given, since the

length of its list of v ariables can b e recovered from its typ e.

If we restrict agent graphs to signatures with symb ols : only

, we

obtain term graphs. Notice that in this case our notation is consistent with the

ordinary record notation for terms and substitutions, and coincides with it when

no names are left b esides ro ots and v ariables. If this is not the case, the term

corresp onding to a term graph can b e simply obtained by anyway executing the

replacements sp ecified by the assignments. F or instance given the term graph

: = := := ( ( ) ) := ( ) := ( )

we obtain the tuple of terms

: = := := ( ( ( )) ( )) .

Notice however that the same tuple of terms corresp onds to different term

′

Definition 2.

Theorem 3.

i i

u

u k k

u,w

u,w k i k i i k i k

u

u k k k k k

u

u

{ }

{ }

| | | |

→ →

→ { } → { }

→ { }

→ { }

∇

∇ → { }

→ {}

→ →

→ ∪ \

→ →

→ ∪ ⊓ ⊔

⊓ ⊔

1 1 2 1 1 1 1

1 1 2 1 1 1 2

1 1 1

1 1

1 +1 + 1+ 1 +

1 1 +1 1 2

1 1 1 1 2 2 2 2

1 2

1 2

2

1 2

1 2 1 2 1 2

1 1 1 1 1 1 2 2 2

2 2 2

1 2 1

2 1 1 2 1 2 1 2 1 2 1 2 r v , r h g n , n , n f v

r v , r h g f v , f v , n f v

G

u k w i

f s w p ϵ w Σ

f s w r f v , . . . , v p ϵ w p v , . . . , v

id

id u u r v , . . . , r v

ρ

ρ uw w u r v , . . . , r v , r v , . . . , r v

uu u r v , . . . , r v , r v , . . . , r v

ϵ u .

G u w S , r t , v ar G w z S , r t , v ar

v ar r t

G G S

S r n σ

G G

G G u z S σ S S, r t , v ar

G u w S , r t , v ar G u w

S , r t , v ar

G G G

G G u u w w S S , r t r t , v ar v ar atomic

gener ators

identities

p ermutations

duplic ators

dischar gers

se quential c omp osi-

tion

p ar al lel c omp osition

(se quential and p ar al lel c omp osition of agent gr aphs)

se quential c omp osition

p ar al lel c omp osition

Every agent gr aph c an b e obtaine d

by evaluating an expr ession c ontaining only atomic agents as c onstants, and

se quential and p ar al lel c omp osition as op er ators.

graphs. F or instance the term graphs

:= := ( ( ) ) := ( ) and

:= := ( ( ( )) ( )) := ( ) b oth corresp ond to the same

term as .

Particularly interesting are the following agent graphs which are called .

Assume = and = , then:

: for every : and : in

: = := ( ) and : = ( ) ;

:

: = := := ;

:

: = := := := := ;

:

: = := := := := ;

: !

! : =

W e now intro duce two op erations on agent graphs. The

of two agent graphs is obtained by gluing the list of v ariables of the first

graph with the list of ro ots of the second, and it is defined only if their typ es

are equal. The instead is always defined, and it is a sort of

disjoint union where ro ot and v ariable lists are concatenated.

Given two

agent graphs : = ( ) and : = ( ),

let us take two instances in their isomorphism classes such that =

and that no other names are shared b etween and . F urthermore, let

b e the set of clauses in of the form := and let b e the corresp onding

name substitution. The of and is the agent graph

; : = ( ).

Given two agent graphs : = ( ) and : =

( ), let us take two instances in their isomorphism classes such that

no names are shared b etween and . The of and

is the agent graph : = ( ).

The following theorem is an easy extension of a similar result proved in [8, 9]

for term graphs.

(decomp osition of agent graphs) op

1 1 3 3 3 1 4 2

(trs)

trs

trs

3 The Tile Mo del b a a b a a

op

op

h v

h v a

b

h

v

h v

h v

h v

a

b

→ { }

⊗ ⊗ ∇ ∇ ⊗ ⊗

⊓ ⊔

− → → →

→ →

R ⟨ ⟩

⊓ ⊔

R

R ⟨ ⟩ R

− →

Theorem 4.

GS

AG

Definition 5.

Definition 6.

R

G

G b bba r v p h g n , n , n f v , n f v

id p h g id f f

Σ Σ

Σ Σ

Σ Σ

Σ

Σ Σ

K

Σ Σ s t s u w t y z

Σ a u y b w z

Σ s t a b

u w y z

Σ , Σ , R R

Σ Σ

Σ , Σ , R

s t gs-monoidal the ories

The agent gr aphs on the signa-

tur e ar e the arr ows of the opp osite gener ate d

by (i.e. with the opp osite typ es for e ach symb ol).

agent the ory on

tile mo del

flat

(tile se quent, tile r ewrite system)

horizontal vertic al

- tile se quent

initial c onfigur ation

final c onfigur ation trigger effe ct

initial

input interfac e initial output interfac e final input interfac e final

output interfac e

tile r ewrite system

r ewrite rules

(tile lo gic)

entails tile se quents

F or instance the agent graph of our previous example can b e represe nted

as:

: = := ; ( ( ( ) )) := ( ) := ( ) =

(( ( ; ; ( ); ; )); ) (! ; ) ! .

The following theorem, which is also an easy generalization of a result by

Corradini and Gadducci [8, 9], gives a characterization of agent graphs in terms

of . A gs-monoidal theory is a logical theory similar to, but

weaker then, the algebraic theory of terms and substitutions.

(characterization of agent graphs)

gs-monoidal theory ( )

W e call (in short ( )) the theory of agent graphs on the

signature . In the App endix we give the finitary axiomatization of gs-monoidal

theories presented (in the one-sorted case) in [11, 12, 8, 9].

W e now describ e the basic features of the , in the version where b oth

configurations and observ ations are agent graphs. Our presentation follows [12],

but is made simpler, since the tile sequents we have here (which could b e called

sequents) have no asso ciated pro of term. However in the following we will

call them simply tile sequents.

Let and b e two (many

sorted) agent signatures, called the and the signature resp ec-

tively

, on the same set of sorts .

A is a quadruple , where : and :

are agent graphs on , while : and : are agent graphs on

. Graphs , , and are called resp ect ively the , the

, the and the of the tile. T rigger and effect are

called observ ations. Sort strings , , and are called resp ectively the

, the , the and the

.

A is a triple , where is a set of

- sequents called .

A can b e considered as a logical theory

, and new sequents can b e

derived from it via certain inference rules.

Let = b e a . Then we say that

the class of the obtained by finitely many applica-

tions of the following inference rules

′

′

′

′

′

′

′

′

;

;

0 0 0 1

1 0 1 1

0 1

′ ′ ′

′ ′

⊗

⊗

′

′ ′ ′

′ ′ ′

′

′

R

AG

R

AG

R

R

R

R

R

R

R

R R

R R

AG

AG u

w

u,w

w u w u

u,w

w ,u

w u w u

w ,u

− → ∈

− → ∈

→ ∈

− → ∈

→ ∈

− → ∈

− → − → ∈

⊗ ⊗ − − → ⊗ ∈

− → − → ∈

∗ − → ∈

− → − → ∈

· − → ∈

− − → ∈ − − → ∈

− − → ∈ − − → ∈

⊓ ⊔

− → s t R

s t

s u w Σ

id s s a u w Σ

id id id

α s t, α s t

α α s s t t

α s t, α s t

α α s s t t

α s r, α r t

α α s t

ρ ρ id ρ ρ id

ρ id ρ ρ id ρ .

Σ

Σ

ρ

α s t

s b uw a

b

a

b

h

s id

id v

a u a

a w

a

b a

b

a a

b b

a

c c

b

a

b

a

b a

b

a a

b b

,

u,w u,w ρ

id w u

,

u,w w ,u id

ρ w u

,

u,w w u ρ

id u,w

,

u,w w u id

ρ w ,u

h

v

,

u,w

a

b b asic rules:

gener ators

h-r efl v-r efl

c omp osition rules:

p-c omp

h-c omp

v-c omp

auxiliary rules: (p ermutations)

initial c onfigur ation first

effe ct observation

se c ond

( )

( )

: ( )

=

( )

: ( )

=

;

( )

= =

=

( )

= =

= ; ;

( )

= =

=

;

= =

= =

Basic rules provide the sequents corresp onding to rewrite rules, together with

suitable identity tiles, whose intuitive meaning is that an element of ( ) can

b e rewritten to itself using only trivial trigger and effect. Similarly for ( ).

Comp osition rules provide all the p ossible ways in which sequents can b e com-

p osed, while auxiliary rules are the counterpart of the atomic p ermutation graphs

discussed ab ove for agent theories.

F or instance a tile denoted by consists of a horizontal p ermutation on the

(notice the character 0 as the upp er index) of the tile,

and of the inverse p ermutation on the (notice the character 1

as the upp er index). The remaining sides are identities, and similarly for

the other p ermutation tiles.

The role of p ermutation tiles is to p ermute the names on one vertex of the tile

(the initial output interface in the example), still mantaining the same connec-

tions b etween the adjacent agent graphs. F or instance, given any tile =

with and having as target and source resp ectively

, the comp osition π

3

2

trs w ,u

′

′ ′

′ ′

0

fn bn

0

0 1

;

1 4

1 2 3 4 1 2 3 4

Definition 7.

AG AG

AG

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

4 The Async hronous -calculus

∗ · ∗ − − →

− →

R ⟨ ⟩

≡ ⊆ × R

≡

− → R − →

≡

∼ ⊓ ⊔

|

≡

| s

,

w ,u b u,w a

ρ b

u,w w ,u

u,w w ,u uw

ρ

ρ

h v

b h h

b h

a

b a

b

b

t

(tile bisimilarity).

tile bisimulation

tile bisimilarity

structur al c ongruenc e id ρ α id α s ρ t

s ρ ρ b

s b ρ ρ id

ρ ρ

ρ ρ ρ ρ ρ ρ ρ ρ

Σ , Σ , R

Σ Σ

s t s, t Σ

α s s β t t

s t

π π

a, b, c . . .

P , Q, . . .

G, H , . . . M

P M G P P ν aP

M ab

G a b .P τ .P G.

a b .P ν b P b P

P P P

α

( ) ( ) pro duces the tile = ; . Here two p er-

mutations have b een intro duced, but the connections b etween the two involved

agent graphs, represente d by the comp osition ; ; ; , are still the same

as ; , since ; = .

It is easy to see that, by horizontal and vertical comp osition of the basic p er-

mutation tiles, it is p ossible to obtain p ermutation tiles with arbritary

p ermutations , , and on the four sides, provided that ; = ; .

It is straightforward to extend the notion of bisimilarity to deal with our

framework.

Let = b e a . A symmetric

equiv alence relation ( ) ( ) is a for if,

whenever for generic elements of ( ), then for any sequent

= entailed by there exists a corresp onding one = with

. The maximal tile bisim ulation equiv alence is called , and

denoted by .

Notice that this notion of bisimilarity is more general than the ordinary one,

since it applies to pairs of system comp onents which are incomplete, while the

ordinary notion applies only to closed agents.

The asynchronous -calculus [14] is a v ariant of the -calculus [19] where there

is no output prefixing. W e assume an infinite set of channel names and,

following [1], we distinguish b etween pro cesses (or agents) , sequential

pro cesse s or guards and messages . The syntax of the calculus is

sp ecified by the following grammar:

::=

::=

::= ( ) !

In ( ) and ( ) the o ccurrences of are binding with scop e . W e

assume the standard notions of free names, b ound names and substitution and

we denote with ( ) (resp. ( )) the names free (resp. b ound) in .

Pro cesses are defined up to a . This is the smallest

congruence such that:

1. pro cesses which differ by -conversion are equiv alent;

2. is asso ciative and comm utativ e and is its identity;

( )

′ ′ ′ ′

0 0

bn fn

α α

H T

H T fn

bn fn

T able 1.

|

|

|

|

|

|

|

|

|

′

′

′

′

′

′

′ ′ ′

′

Definition 8.

τ τ

ab ab

ab

a b α

α

α

α α

α

∉ | ≡ |

≡

≡ |

− → ∩ ∅ − →

∼

⊓ ⊔

∼

− → | − →

− → − →

− →

− →

− → ∉

− →

− → ∩ ∅

| − → |

≡ − → ≡

− → a P P ν aQ ν a P Q

ν a ν b P ν b ν a P

G G G

α

α τ ab a b ab

α

π

S P S Q

P P α Q Q Q P S Q

π

G

π asyn-

chr onous bisimilarity

Co or dination and Names.

c o or dination language

( ) ( ) ( ) [ ]

( ) ( )

( )

=

( )

( )

( )

( ) ( ) =

( )

Lab elled transition system with early instantiati on τ τ .P P sy nch ac a b .P P c/b

in a b out ab

open

P P a b

ν bP P ν

P P a n α

ν aP ν aP

comp

P P , α Q

P Q P Q cong

P Q Q Q Q P

P P

3. if ( ) then ( ) ( );

4. ;

5. ! ! .

T able 1 illustrates the structural rules of the op erational semantics with early

instantiation. The actions are sp ecified as follows

::= ( )

The notions of free and b ound names are naturally extended to actions .

W e now present the bisimilarity semantics for the asynchronous -calculus.

A symmetric relation on pro cesse s is a bisimulation if ,

, and ( ) ( ) = implies and . Let the

b e the maxim al bisimulation.

Recently

, Amadio, Castellani and Sangiorgi [1] provided several alternative

definitions of bisimilarity for the asynchronous -calculus, which differ in the for-

mulation of the input clause, and proved them all equiv alent to the asynchronous

bisimilarity .

Sequential pro cesses are autonomous entities and

are at the source of any activity

. Hence, sequential pro cesse s can b e seen as soft-

ware comp onents p ossibly distributed over a network. In this p ersp ec tive, pro cess

combinators define the . However, in the -calculus (b oth

synchronous and asynchronous), syntactic pro cess combinators (i.e. parallel com-

p osition and restriction) are not the only language features which are relev ant π

1 n

1 n a a

a a fn fn fn

′ ′

′

≡

′

′

′

1

1

1

1

1 1 1 1

1

| ∪

≡

≡

≡ | | | | |

∼

∼ n

n

n

n

k n m m

n

t

H T

5 A Tile Rewrite System for the Async hronous -calculus fr e e names

interfac es

abstr act

pr e or der tr e e walk

Sorts.

event

P Q P Q

π

G std

std G

G std G a , . . . , a

a , . . . , a G std

std G std Gσ

σ G G std G std G

std G

G std G λa . . . . λa .G

a , . . . , a G G

G

P

P ν a . . . ν a G . . . G b c . . . b c

G , . . . , G , . . . ,

π

e

e

e for defining configurations. In fact are used to this purp ose, since

they sp ecify the of pro cesses . Therefore the result of the op eration of

parallel comp osition heavily dep ends on which are the homonymous p orts of the

comp onents (since ( ) = ( ) ( )).

This idea of viewing the free names as the sp ecification of the comm unication

interface leads to a more abstract representation of -pro cesses, and in particular

of sequential pro cesses.

Given any sequential pro cess , we assume the existence of a function

which returns an sequential pro cess ( ) such that

( )( )

for a suitable ordering of the free names of . W e want to b e

inv ariant under substitution (i.e. ( ) = ( ) for any free name substitu-

tion ) and under structural equiv alence (i.e. if then ( ) = ( )).

F or instance could b e defined by first selecting a standard representative

of the equiv alence class [ ] and then writing ( ) = , where

are the free names (and of ) listed according to the order of

their first o ccurrenc e in the of the abstract syntax tree of the

sequential pro cess .

It is now easy to see that for any pro cess we have an equiv alent pro cess of

the form

( ( ) ( ) )

where are abstract sequential pro cesse s and are suitable

tuples of names.

The aim of this section is to show how the framework provided by the tile mo del

can b e applied to study co ordination disciplines for distributed mobile systems

sp ecified in the asynchronous -calculus.

In what follows we intro duce the comp onents of the tile rewrite system, i.e.

sorts, horizontal signature, vertical signature and rewrite rules. While the total

numb er of rules will b e infinite, finitely many rules will suffice to describ e the

evolution of any pro cess.

W e will then show the coincidence of our notion of bisimilarity with

the bisimilarity semantics of [14]. T o allow for a concise statement of the

prop erty

, we will constrain the initial configurations to b e sequential pro cesses .

However any pro cess b ecomes a sequential pro cess when prefixed by a “start”

action.

The first sort, , lab els a single name in every agent graph represe nting a

configuration, and this name is shared by all sequential pro cesse s and messages.

Its role is to sequentialize all the activities, since here we are mo delling the

interleaving version of the calculus. The symb ol we cho ose, , is reminiscent of

the word , since the only name of sort can b e considered a name generated fn ( )

| | h

G

G

G

v

a

b

b

e

− →

− →

− →

− →

− →

− →

− →

− → action

Horizontal Signatur e.

V ertic al Signatur e.

R ewrite Rules.

activity c o or dination a

ϵ e a e a

Σ

A ϵ e a Ag ent

M ϵ e a a M essag e

ν a ϵ Restr iction

A G

Σ

input e e a a I nput

output e e a a O utput

tau e e T au

s t

a

s t

a

e

e n

n n

n by the last transition and corresp onding to the last event. The second sort, , is

reminiscent of , and the names of this sort will corresp ond to names of the

calculus. Thus, we remind, symb ols of a many sorted signature for agent graphs

on our two sorts are arrows from , or into strings of ’s and ’s.

The symb ols of are as follows.

: ( )

: ( )

: ( )

where we have symb ols for all abstract sequential pro cesses .

The symb ols of are as follows.

: ( )

: ( )

: ( )

T o match the SOS notation as closely as p ossible, from now on

a tile will b e represente d as

F ollowing the SOS convention, the antecedent (trigger) will b e omitted

when it is the empty agent graph.

Since configurations and observ ations of rules are agent graphs, we will use

for them the notation develop ed in Section 2. W e denote a name of typ e just

as , rather than as . Moreover we do not want to sp ecify explicitely ro ot and

v ariable names. T o this purp ose, we add a term !( ) for every name of the

graph which is not a ro ot, but which is not used in any assignment. If is a

v ariable, we sometimes omit it completely

. In this way the set of assignments

just sp ecifies a partial ordering, whose maxima (resp. minim a) are ro ots (resp.

v ariables). Moreover, when a v ariable is assigned to a ro ot, we often use the

same name as b oth ro ot and v ariable name, and we just write this name instead

of the assignment. Also we assume some total ordering of names, but we do not

really need to sp ecify it. In fact, due to the presence of p ermutation tiles in the

logic (see Def.6), tiles with all the p ossible orderings will b e generated anyway ,

no matter what is the ordering of names in rewrite rules, and thus the set of

generated tiles will b e the same.

There are two kinds of rewrite rules: rules and rules.

Activity rules describ e the evolution of a sequential pro cess and they dep end on

the sp ecific structure of the pro cess. Instead, co ordination rules co ordinate the

evolution of sequential pro cesses inside the op erational environment.

1

1 n

n

′ ′

′

′

′

′ ′

′

1 n

1 n

a

1 n

1 n

a a a a

a a

a

a a a

a a

a

A ctivity Rules.

′ ′

′

′ ′

′ ′

′ ′

′ ′

′

′

′ ′ ′ ′

′

′

:= ( )

:= ( )

1 1 1 1

:= ( )

1 1

1

1 1 1 1

:= ( )

1 1

1

:= ( )

Input Output

Input

Output

Tau

Tau

Synch

Synch

0

0

0

− − − − − − − − − →

− − − − − − − − − − − − →

− → | | | | |

− − − − − − →

| − → | | | | |

− − − − − − − − − →

|

| − → |

− − − − − − − − → e input e ,a,a

e output e ,a,b ,a,b

τ

k n m m

G G

G e tau e ,

m m

k

τ

k n m m

G G

G e tau e , ,b,c

m m

k

τ

G e tau e ,a,a

G a e M e , a, a

M e, a, b e , a , b

τ

τ

G

G ν a . . . ν a G . . . G b c . . . b c

A e , , . . . , A e , ,

A e, M e , b , c , . . . , M e , b , c ,

a ν, . . . , a ν.

G bc ν a . . . ν a G . . . G b c . . . b c

A e , , . . . , A e , ,

A e, , M e, b, c M e , b , c , . . . , M e , b , c ,

a ν, . . . , a ν.

G a a b .ν c c d . bc

G a aa ν c c d . a c .

A e, a , M e, a, a A e , c , M e , a , c , c ν, a

G c c d .

a a

W e first present the and rules for messages. They

mo del messages entering and leaving the system.

( ) !( ) ( )

( ) ( ) !( ) !( ) !( )

W e now intro duce the activity rules for sequential pro cesses . W e have a rule

(without trigger) for every p ossible mov e of a sequential pro cess, and for every

p ossible synchronization of a sequential pro cess and of a message. W e employ

two inference rules.

The first inference rule, called , creates a tile for every p ossible move

of a sequential pro cess .

( ) ( ( ) ( ) )

( ) implies

( ) ( )

( ) ( ) ( )

:= :=

The second activity tile, called , describ es the reception of messages.

( ) ( ( ) ( ) )

( ) implies

( ) ( )

( ) ( ) ( ) ( )

:= :=

As an example let us consider the sequential pro cess

( ) = ( ) ( ( ) )

and the transition

( ) ( ( ) )

The corresp onding tile is:

( ) ( ) ( ) ( ) := ! ( )

with ( ) = ( ) .

Notice that while the transition and the rule ab ove lo ok similar, they are

actually very different, in that the names o ccurring in the transition are global,

while those in the rule are just used in the linear notation for it. Thus if we

rename the free names and in the transition, we obtain a different transition,

while if we rename them in the rule, provided we keep the same ordering b etween

them, we obtain the same rule. Moreover, if we change the order, we obtain a

tile which differs from the previous one only by comp osition with p ermutation

tiles.

′

′

′

′

Prop osition 9.

:= ( )

:= ( )

:= ( )

:= ( )

( )

′

′

′

′

′

′

′ ′′

′′ ′ ′′ ′

′′

′

− − − − − − − − − − →

− − − − − − − − − →

− − − − − − − − − − − →

− − − − − − − − − − − − → e input e ,a,b ,b

e input e ,a,a

e output e ,a,b ,a

e output e ,a,b ,a,b

std G e input e , a, b

e, b e , a, b

e input e , a, b

e e , a, b a

e output e , a, b , a, b

e, a, b ν e , a, b

e output e , a, b , e , a, b

e, a, b, e e e , a, b, e e

e

e e

G

A

G

Co or dination Rules.

input

c omp

F or any given se quential pr o c ess , the r ewrite rules

ne e de d to entail al l the tile se quents having as initial c onfigur ation ar e

finitely many.

Input Obj. Inst.

Twin Input

Open

Event Output Sharing

Input Object Instantiation

Input

                                                                                                                      Input Twin

Input

Input Subject Instantiation Input

Object Instantiation II Input

Twin Instantiation Twin Output

Open

Event Output Sharing

x Output

Sharing x Event Subject Object Event Twin Event

Extruding Action Twin Action Extruding

x y Input Sharing x Subject

Instantiated Object Instantiated Subject/Object Instantiated Twin

Twin Instantiated y Event Subject Object

Event Tau Sharing

W e have the following rewrite rules.

( )

:= ( )

!( )

( )

:= ( )

:=

( )

:= ( )

:=

( )

:= ( )

:= :=

The first rule, , having an trigger, must

b e synchronized with an rule. It links the ob ject of the message created by

the rule to a name existing in the system. Similarly

, the second tile

identifies sub ject and ob ject of a created message. Besides those two, we

need more rules to cover all the cases: ,

(when the sub ject is already instantiated),

. W e have also a rule . W e do not show these

rules since they are very similar to the first two.

The rule has already b een commented in the Intro duction. The last

rule, , has an extra event name in the trigger, which

is identified with in the initial and with in the final configuration. This

rule corresp onds directly to the rule in T able 1. Here we have several

other sharing tiles and all of them allow for some trigger to b e transmitted

unmo dified as effect, but sharing some name. More precisely

, we have

, where b esides can b e , , or

, or .

Similarly we have , where can b e empty ,

, , ,

and also ; while can b e , or . Fi-

nally we have . W e do not show all these rules.

While there is an infinite numb er of activity tiles, it is p ossible to show the

following finiteness result.

(finiteness)

The pro of relies on the fact that in every reachable configuration at most

those abstract sequential pro cesses can app ear, which corresp ond to syntactic

subagents of . Thus only a finite numb er of activity tiles can apply .

n

1 2

1

1 n

1 n

′

′

′

′

′ ′

6 Conclusion fn

fn fn fn fn

                                                                                                           fn

Prop osition 10.

a a

a a

1 1

1 2 1 2 1 1

1 2

1 1 2 1

1 1 1 1

1 2

1 1 1 1

1 1

1

;

1 1 2 2 1 2

1 2 t

m

n h

k

m H T m

G m a a h t G n a a k

α

h

k n m m

G G m m

k

v

α

O ρ

H T

t

∼

{ }

{ } ∪ { } \

{ } \

∼

{ } ∼ { }

⊓ ⊔

− →

⇔

→

⇔

≡ | | | | |

{

}

⇔ ⇔

⇕

⇔ − →

− → ⇕

⇔

⇔ ⇔ ∼

∼

L et ,

, , and

. Then

if and only if

wher e and ar e abstr act se quential pr o c esses.

a , . . . , a G

b , . . . , b G F G G c , . . . , c F G

d , . . . , d F G

G a , . . . , a G b , . . . , b

A e, a , . . . , a , c , . . . , c A e, b , . . . , b , d , . . . , d

G G

P P

P P α

P

H Σ H ϵ u u

e P H

P ν a . . . ν a G . . . G b c . . . b c

H A e, , . . . , A e, , M e, b , c , . . . , M e, b , c ,

a ν, . . . , a ν

P H P σ H ρ

σ ρ σ

P

α O Σ

P H P P

ρ H H ρ α O

P H ρ

P H P H P P

H H

π

W e now prove the coincidence of our notion of bisimilarity with the bisim-

ilarity of [14].

(tile semantics vs. SOS semantics) = ( )

= ( ) = ( ) ( ) = ( )

= ( )

( ) ( )

( ) ! ( ) ! ( ) ( ) ! ( ) ! ( )

W e now briefly outline the pro of of Prop osition 10.

1. W e define a “fully typ ed” version of the transition relation where

rememb ers all the free v ariables of and where an extended lab el

contains all these v ariables. bisimilarity in the fully typ ed L

TS coincides

with bisimilarity in the ordinary L TS.

2. W e establish a direct corresp ondenc e b etween pro cesses and those agent

graphs on having typ e : , where contains only an o ccurrence

of sort . W e have iff

( ( ) ( ) ) and

= ( ) ( ) ( ) ( )

:= := .

W e show that implies ; for every injective substitution

, where p ermutation is the pro jection of on the ordered set of names

actually present in . W e establish also a similar corresp ondence b etween

extended lab els and certain agent graphs on .

3. W e show that if then we have in the fully typ ed L

TS iff

for every p ermutation we can entail the tile ; , with and

. The two equal p ermutations are created by the p ermutation tiles.

Permutation tiles are needed in order to ”twist the wires” while simulating

SOS pro ofs in the tile mo del.

4. W e show that if and , then we have that iff

.

In the pap er we have shown a version of the tile mo del particularly well suited

for defining co ordination mo dels of systems with b ound names, extrusion and

generation of new names. As a case study

, we have also presente d a tile-based

semantics for the asynchronous -calculus of Honda and T okoro and proved

it equiv alent to the ordinary bisimilarity semantics. An adv antage of the tile

approach is the full comp ositionality of the underlying logic, which is able to

handle computations of (nonclosed) system comp onents as they were new rewrite π

π π

π

7 Ac kno wledgmen ts

References

On Bisimulations for the Asynchr onous

-c alculus

Co or dination Pr o gr amming: Me cha-

nisms, Mo dels and Semantics

Equational T erm Gr aph R ewriting

Zer o-Safe Nets, or T r ansition Synchr onization Made

Simple

Pr o c. P

ARLE

R app ort de R e cher che 1702

Co or dination L anguages and Their Signific anc e Com-

munic ations of the ACM

An Algebr aic Pr esentation of

T erm Gr aphs via Gs-Monoidal Cate gories

1. R. Amadio, I. Castellani; D. Sangiorgi ,

. CONCUR’96, LNCS, 1996.

2. J. Andreoli, C. Hankin, D. Le Metayer (Eds),

, Imp erial College Press, 1996.

3. Z.M. Ariola, J.W. Klop, , F undamenta Informat-

icae 26, 207–240, 1996.

4. Bruni, R. and Montanari, U.,

, to app ear in Pro c. Express’97, Santa Margherita, Septemb er 1997.

5. H.P

. Barendregt, M.C.J.D. v an Eekelrn, J.R.W. Glauert. J.R. Kennaway

. M.J.

Plasmeijer, M.R. Sleep, T erm Graph Reduction, , Springer LNCS

259, 141–158, 1987.

6. G. Boudol, Asynchrony and the -calculu s (note), ,

INRIA Sophia-Antip ol is, May 1992.

7. N. Carriero, D. Gelenter, .

, 35(2), 97–107, 1992,

8. A. Corradini, F. Gadducci,

, submitted for publicati on. Av ailabl e

at http://www.di.unipi .it/ gadducci/pa p ers/a ptg.ps, 1997.

rules sp ecifying complex co ordinators. Another innov ative asp ect is related to

the use of agent graphs, a simple extension of term graphs, for representing

configurations and observ ations: no global names exist in the system, but just

op erators for sp ecifying name sharing among contiguous sequential pro cesse s,

and rules for controlling the b ehavior accordingly

. All the name handling issues,

including alpha conversion and new name generation are thus delegated to the

underlying logic.

The case study in the pap er concerns the asynchronous -calculus, but, due to

our co ordination viewp oint, its only constructs relev ant for our mo del are parallel

comp osition, restriction and name sharing. Thus we are confident that the same

approach (in particular the notion of abstract sequential pro cess) applies to all

the calculi with similar configuration structure.

Since we wanted to adhere as much as p ossible to the Honda-T okoro presen-

tation of the asynchronous -calculus, we used very simple co ordination mech-

anisms. In particular we delegated to activity rules also the synchronization of

sequential pro cesses . Thus the observ ations of our rules always contain at most

one constructor (symb ol) of the vertical signature. However in general triggers

and effects of co ordinators can b e arbitrarily complicated, and their agent graphs

can sp ecify complex causal dep endencies (workflows) b etween tasks to b e exe-

cuted by sequential pro cesse s or by other co ordinators.

W e would like to thank Andrea Corradini and F abio Gadducci for their help

with the basic definitions of graphs and tiles, and Carolyn T alcott for several

interesting discussions on related issues.

π

50

96

App endix: Gs-Monoidal Theories

Here the interested reader may find the axiomatic definition (taken from [11,

12, 8, 9]) of gs-monoidal theories. They are similar to the ordinary algebraic

(Lawvere) theories [17], the differences b eing the extended signature and the

missing naturality axioms for duplicators and dischargers. Gs-monoidal theories

are monoidal theories, since the naturality axiom of p ermutations holds instead.

A 2-Cate goric al Pr esentation of T erm Gr aph R ewriting

Cat́ egories Structuŕ ees

On the Algebr aic Appr o ach to Concurr ent T erm R ewriting

The Tile Mo del

Tiles, R ewriting Rules and CCS

An Obje ct Calculus for Asynchr onous Communic ation

R eview of the Elements of 2-c ate gories

Comp ositionality Thr ough an Op er ational Semantics of

Contexts

F unctorial Semantics of Algebr aic The ories

Conditional R ewriting L o gic as a Unifie d Mo del of Concurr ency

A c alculus of mobile pr o c esses

Information and Computation

A Structur al Appr o ach to Op er ational Semantics

Semantics of Higher Or der Co or dination L anguages

Pr o c. COORDINA

TION’96

Expr essing mobility in pr o c ess algebr as: first-or der and higher-or der

p ar adigms

Plain Cho cs A cta Informatic a

-c alculus semantics for obje ct-oriente d pr o gr amming languages

Pr o c. T

ACS’91

9. A. Corradini, F. Gadducci, ,

Pro c. CTCS’97, Springer LNCS, to app ear, 1997.

10. C. Ehresmann, : I and I I, Ann.

´

Ec. Norm. Sup. 80, Paris

(1963), 349-426; I I I, T op o. et Ǵ eo. diff. V, Paris (1963).

11. F. Gadducci, , PhD The-

sis, Universit` a di Pisa, Pisa. T echnical Rep ort TD-96-02, Department of Computer

Science, University of Pisa, 1996.

12. F. Gadducci, U. Montanari, , T echnical Rep ort TR-96-27, Depart-

ment of Computer Science, University of Pisa, 1996.

13. F. Gadducci, U. Montanari, , in Pro c. 1st interna-

tional workshop on Rewriting Logic and Applicati on s, J. Meseguer Ed., ENTCS 4

(1996), pp.1-19.

14. K. Honda, M. T okoro, , In:

M. T okoro, O. Nierstrasz, P . W egner, Eds., Ob ject-Based Concurrent Computing,

Springer LNCS 612, 21–51, 1992.

15. G. Kelly

, R. Street, , Lecture Notes in Math-

ematics 420, 75–103, 1974.

16. K.G. Larsen, L. Xinxin,

, in Journal of Logic and Computation, vol.1, n.6, 1991 (conference version

in Pro c. ICALP’90, Springer-V erlag , LNCS 443, 1990).

17. F. W. Lawvere, , Pro c. National

Academy of Science , 1963, pp. 869-872.

18. J. Meseguer, , The-

oretical Computer Science , 1992, pp. 73-155.

19. R. Milner, J. Parrow and D. W alker. (parts I and

I I). , 100:1–77, 1992.

20. U. Montanari and F. Rossi, Graph Rewriting and Constraint Solving for Mo delli ng

Distribu ted Systems with Synchronizati on , in: Paolo Ciancarin i and Chris Hankin,

Eds., Co ordinatio n Languages and Mo dels, LNCS 1061, 1996, pp. 12-27. F ull pap er

submitted for publicati on.

21. G. Plotkin, , T echnical Rep ort

DAIMI FN-19, Computer Science Department, Aarhus University

, 1981.

22. M. Radesto ck, S. Eisenbach, ,

in , Springer LNCS 1061, 339-356, 1996.

23. D. Sangiorgi .

. PhD Thesis CST-99-93, University of Edinbu rgh, 1992.

24. B. Thomsen. , , 30, 1993.

25. D. W alker. . In

. Springer V erlag, 1995.

A

′ ′

′ ′

′ ′ ′ ′

⊗ ⊗

⊗ ⊗

0 1

0 1

0 1

0 1

0 1

0 0 0 0 0 0 0

Definition 11.

Definition 12.

Definition 13.

GS

GS

This article was pro cessed using the L T

E

X macro pack age with LLNCS style

⟨ ⟩

→

→ ∈

⊓ ⊔

⟨ ⟩

⟨ ⟩ → ×

⊓ ⊔

⊗

⊗

→ ∈

→ ∈

→ →

⊗ ⊗ → ⊗

∈

→

→ →

→

∈

∇ → ⊗

∈

→

∈

⊗ → ⊗

⊗ ⊗ ⊗

→

⊗ ⊗ ⊗

⊗ ∇ ∇ ⊗ ∇ ⊗ ⊗

∇

∈

∇ ⊗ ∇ ∇ ∇ ⊗ ∇ ∇

∇ ⊗ ⊗

∈

⊗ ⊗

→ → ∈ ⊓ ⊔

G G G G

G G

G G G

G

S

S

S

S

n

n n

n,m

n m

n m n m n m,p n m ,p n,p m

n m n m n m n m n n,m n

, ,n n, n

n n n n n n n n,n n

n n n n n,m m ,n n m

m,q n,p

G O , A , δ , δ O A

a, b, . . . f , g , . . . δ , δ A O

G

id O A δ id a δ id a a a O

O

id δ δ

Σ S, δ

S δ δ , δ S

Σ

Σ

, ,

n m n m

f n m S

f n m Σ s n m, t n m

s t n n m m

n

id n n s n m, t m k

s t n k

n

n n n n

n

n, m

ρ n m m n

s t s t s s t t

id s s s id

s n m

id id id ρ id ρ ρ id

id ρ id

ρ id ρ ρ id

n, m, p

id id ρ

id id ρ ρ id id

n, m

s t ρ ρ t s

s n m , t p q S

(gr aphs) gr aph

obje cts arr ows

sour c e tar get r eflexive identity

with

p airing monoidal

(hyp er-signatur es) hyp er-signatur e

(one-sorte d gs-monoidal the ories)

gs-monoidal the ory

gener ators sum

identities c omp osition

duplic ators dischar gers

p ermutations

c oher enc e

natur ality

A is a 4-tuple : , are

sets whose elements are called resp ectively and (ranged over by

and ), and : are functions, called resp ectively

and . A graph is if there exists an function

: such that ( ( )) = ( ( )) = for all ; it is

if its class of ob jects forms a monoid; it is if it is reflexive

with pairing and also its class of arrows forms a monoid, such that , and

resp ect the neutral element and the monoidal op eration.

A = is a set of op-

erators , and a function = : I l N I l N, where I l N is the set of

underlined natural numb ers.

Given a hyp er-signature ,

the asso ciated ( ) is the monoidal graph with ob jects

the elements of the comm utativ e monoid (I l N 0) (where 0 is the neutral ob ject

and the sum is defined as = + ); and arrows those generated by the

following inference rules:

( )

:

: ( )

( )

: :

:

( )

I l N

:

( )

: :

; :

( )

I l N

:

( )

I l N

! : 0

( )

I l N

:

Moreover, the comp osition op erator ; is asso ciative, and the monoid of arrows

satisfies the functoriality axiom

( ); ( ) = ( ; ) ( ; )

whenever b oth sides are defined; the identity axiom ; = = ; for all

: ; the monoidality axioms

= = ( ); ( )

! =! ! = ( ); ( )

! = = = = =

for all I l N; the axioms

; ( ) = ; ( ) ; =

; ( ! ) = ; =

for all I l N; and the axiom

( ); = ; ( )

for all : : .