Description and Verification of Mobile
Processes with Graph Rewriting Techniques

Barbara Konig









Lehrstuhl fur Informatik I1
der Technischen Universitat Munchen

Description and Verification of Mobile Processes

with Graph Rewriting Techniques

Barbara Konig

Vollstandiger Abdruck der von der Fakultét fiir Informatik der Technischen
Universitdt Miinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. R. Bayer, Ph.D.
Priifer der Dissertation: 1. Univ.-Prof. Dr. Dr.h.c. J. Eickel

2. Univ.-Prof. T. Nipkow, Ph.D.

Die Dissertation wurde am 17.12.1998 bei der Technischen Universitat Miinchen
eingereicht und durch die Fakultat fiir Informatik am 30.4.1999 angenommen.



Abstract

The aim of this thesis is to describe the semantics of a process calculus by
means of hypergraph rewriting, creating a specification mechanism combining
modularity of process calculi and locality of graph transformation. Verification
of processes is addressed by presenting two methods: barbed congruence for
relating processes displaying the same behaviour and generic type systems,
forming a central part of this work.

Based on existing work in graph rewriting we compare various methods of
hypergraph construction—the set-based and the categorical approach (Ehrig),
graph expressions (Courcelle) and a name-based notation—and concentrate on
the decomposition of a hypergraph into factors.

The hypergraph-based process calculus features higher-order communica-
tion and mobility of port addresses while its graph syntax allows an intuitive
graphical representation. We demonstrate the expressiveness of our calculus by
encodings of the A-calculus and the m-calculus.

Verification of processes is supported by a generic type system, forming a
framework which can be instantiated in order to check a property (e.g. ab-
sence of deadlocks, confluence, privacy). The type system satisfies the subject
reduction property, has principal types and allows automated type inference.

The rather complex type of a process is again a graph, which enables us to
use techniques of graph construction introduced earlier. The key idea is, that
there exists a graph morphism from each process into its type. Labelling a type
with lattice or monoid elements (e.g. the number of messages attached to a
port) allows us to encode properties of a process into its type and to employ
the information for verification.
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Chapter 1

Introduction

1.1 Describing Mobile Processes with Hypergraphs

The aim of this work is to introduce a specification method (called SPIDER)
for mobile processes, which is based on hypergraphs. It combines features of
higher-order process algebras [San92, Tho95] and of graph rewriting. Graph
rewriting is an intuitive formalism well-suited for the specification of complex
structures and their dynamic behaviour [Hab92, Laf90, KLG93, JR90]. Re-
placing a connected subgraph by another graph is a strictly local operation
without any influence on the rest of the graph. Yet graph rewriting often lacks
modularity since it is difficult to decompose a set of rewrite rules into modules.

Process algebras and other calculi on the other hand are strong in modu-
larity issues. Interacting components are found by common names, rather than
by adjacency. (The concept of identifying interacting components by adjacency
seems to be also natural and can be found in the A-calculus [Bar84] and in
Boudol’s v-calculus [Bou89].)

We attempt to preserve, in our calculus, both features: locality and modu-
larity.

SPIDER adopts basic concepts of the A-calculus (such as abstraction and
application), while the string notation is replaced by hierarchical hypergraphs
with expressions attached to hyperedges. This reflects a natural perception of
a distributed system, where interconnected components are part of a multi-
dimensional structure. No global port or channel names are needed.

The two versions of representing interconnected structure, which we will
call graph-based and name-based, both have their merits. It is part of this work
to show that both notations can be converted into one another, so that it is
possible to exploit the advantages of both.

While name-based notation is very common, attempts to describe processes
by graphs are less widespread, so it is necessary to explain, in more detail,
the reasons for this notation. We will now summarize the main features of
hypergraph represention for processes:

Visualization: One obvious strength of graph representation is, of course, vi-
sualization. There are several approaches to simplify programming by
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allowing the programmer to specify and view components in a graphi-
cal way. Especially in concurrent programming graphical representation
arises very naturally. Although it would be, in my opinion, a mistake to
simply equate the terms “graph-based” and “graphical”, most types of
graphs come with an intuitive and suggestive graphical depiction.

Various Representations: As already stated above, there are several meth-
ods of graph construction and graph rewriting: the set-based approach,
the categorical approach, graph expressions, and a name-based notation,
which is used in most process calculi. We will see that these approaches
have different advantages but can easily be converted into one another.

Therefore the various graph representations give us the possibility to view
a structure from different angles and to choose whatever representation
is appropriate.

Fusing of External Ports: There is one feature of graph notation which can-
not be simulated in process calculi where fusing of ports is described by
name substitution (another case is the Fusion Calculus [PV98], where fu-
sion of ports is realized by an equivalence relation). In these calculi a
process cannot connect two external ports to which it is attached, a con-
cept which is entirely natural and desirable in many cases. We will show
later how this can easily be achieved in graph notation.

Concepts from Graph Theory: We will show in this work how concepts
adopted from graph theory play an important role in the analysis of re-
active systems. Concepts like adjacency, morphism and isomorphism can
be used to analyze and verify programs.

Imposing Additional Structure: Since, in the set-theoretic representation
of graphs, each component (process, message, port) is an object of its
own (having a unique name), it is easy to impose additional structure,
i.e. to introduce labels that were not conceived at the beginning. This is
especially important for our type system where a graph is annotated with
additional information in order to check certain properties.

Since perfect solutions seem to be rare, there is also a price one has to
pay for the benefits mentioned above. Our graph notation introduces a certain
overhead since the interface of a process has to be specified explicitly on each
hierarchy level.

1.2 Generic Type Systems

It is the aim of the second part of this thesis to propose a general framework for
the generation of type systems checking invariant properties of processes. We
will propose a generic type system for our graph-based calculus. Specialized
type systems can then be generated by instantiating the original system. We
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show the subject reduction property, the absence of runtime errors for well-
typed processes and the existence of principal types and of a type inference
algorithm.

This part of our work is based on the observation that different type systems
for process calculi [PS93, NS97, Aba97, Kob97] have similarities and could be
integrated into one single system.

Types will also be represented by graphs and the main idea is that there
exists a graph morphism from each process into its type. So if a property is
preserved by inverse graph morphisms, (e.g. the absence of circles, necessary
for deadlock prevention) and if this property is valid for the type, it is also
valid for the process and—because of the subject reduction property—for all
its successors. If a property is preserved by inverse graph morphisms it is, of
course, not necessarily preserved by graph morphisms, so not every process
satisfying a certain condition is actually well-typed.

In order to make the type system more powerful, each type graph can be
labelled with lattice elements, which can be used to derive more information
about processes. It is, however, necessary to define, how these lattice elements
behave under morphisms. This is described by a type functor mapping graph
morphisms onto join-morphisms in lattices. An extension of the type system
will use monoids instead of lattices.

Since our formalism relies on graphs and morphisms, it is sensible to describe
graph rewriting respectively graph construction by means of category theory,
as opposed to more constructive descriptions. This will simplify the definition
of the type system, the treatment of lattice respectively monoid elements and
the following proofs.

We see the following advantages in describing both processes and types by
graphs:

e since both have the same structure, the inference of properties of a process
from its type is rather intuitive

e it is more convenient to add additional labels or structures (e.g. arrows
between arbitrary nodes) to a type represented by a graph than to a type
represented by a term

e recursive types, essential for typing processes, can be described by cycles
in a graph (see also [RV97, Yos96))

1.3 Summary of this Work

We give abstracts for the chapters to come:

2 Methods of Hypergraph Construction We investigate various methods
of hypergraph representation and construction, the first being the set-
based notation. This is simply the representation of graphs by means
of sets of nodes and edges. We will define the notions of morphism, of
isomorphism, of factorization and of graph context.
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For some proofs and applications, set-based notation turns out to be too
constructive in nature. We will thus introduce the categorical approach
(also called algebraic approach) which regards hypergraphs as the objects
of a category. New hypergraphs are constructed using co-limits.

Another equivalent, method is the representation of hypergraphs by graph
expressions. The algebra of hypergraphs is described by sorts, function
symbols and a set of equations. The operations on graphs used in this
algebra turn out to be useful for the compact description of graphs.

In order to bridge the gap between graph-based and name-based descrip-
tion of processes, we will describe a way of presenting graphs based on
node names. This notation is useful for the translation of process calculi
(e.g. the m-calculus) into our calculus.

While all methods of describing graphs do already exist, we add extensions
specific to our problems and give translations from one notations into the
other.

3 Process Calculi: An Overview We give an overview over existing process
calculi (such as CCS, the m-calculus, HOmr, CHOCS, CHAM) and explain
how they differ from or have inspired the graph-based calculus SPIDER.

4 The SPIDER Calculus: Syntax and Semantics We present the syntax
and operational semantics of the SPIDER calculus. Every SPIDER ex-
pression is essentially a hierarchical hypergraph. The semantic rules are
grouped into rules of structural congruence and reduction rules. The main
reduction rules are the replication of a process and message reception.

SPIDER was designed as an asynchronous calculus containing two forms
of mobility: mobility of port addresses and mobility of entire processes.
That is we can send port addresses as well as processes as the content of
a message, which leads to dynamic reconfigurations of the process graph.

5 Extended Example: Mail Delivery System This chapter is intended for
demonstrating the features of SPIDER and for familiarizing the reader with
the new notation.

In order to demonstrate the usefulness of mobility we model a mail de-
livery system with routers and client processes and show how to realize
registering of new clients and how to enrich messages with routing infor-
mation.

6 Bisimulation and Proof Techniques It is often desirable to regard pro-
cesses modulo a bisimulation equivalence. This equivalence abstracts from
the internal structure of a process and focuses on the interaction of a pro-
cess with its environment.

We demonstrate how to define bisimulation equivalence in SPIDER and
show how to adopt known proof techniques to SPIDER. Bisimulation is
known to be undecidable, but there is a collection of methods, called
bisimulations up-to, making proofs possible in some cases.
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7 Comparison with other Formalisms We show that SPIDER is able to
simulate well-known calculi, such as the A-calculus or the m-calculus. In
order to do so we first define what it means for a calculus to be simulated
by another.

Furthermore we show two alternative versions of the SPIDER calculus,
one based on the algebraic approach and the other on the name-based
notation, the latter being an intermediate step in the encoding of the
m-calculus into SPIDER.

8 Generating Type Systems This chapter is concerned with the type sys-
tem for SPIDER, as described above. We present a new kind of type system
based on the following idea: types are graphs and if a process can be typed,
then there exists a morphism from the graph representing the process, into
1ts type.

First, we introduce the theory of lattice-ordered commutative monoids, of
which lattices are only a special case. Then we give a type system based
on lattices, i.e. type graphs are labelled with lattice elements.

We extend this type system by using lattice-ordered commutative monoids
as label sets, which enables us to actually count. This type system is
more powerful in some ways but introduces additional complications. So,
in order to keep everything manageable, we only give this type system for
a restricted calculus without higher-order communication.

For both kinds of type systems we can prove the subject reduction prop-
erty (types do not change during reduction), the existence of principal
types and automatic type inference. Both type systems are generic, i.e.
they can be instantiated in order to show specific properties of a process.

We end this chapter by comparing the two type systems with each other
and with standard type systems for the m-calculus and show in which
cases they coincide.

1.4 Dependency Graph of the Chapters and Sections

We now give a graph describing the dependency of the chapters and sections
of this work (see figure 1.1). If there is a path from x to y, this means that
section/chapter y relies on definitions, propositions or other important parts of
section/chapter x.

1.5 Remarks on Notation

Now we introduce some notations which will be used throughout this work:

Strings: Let A be any alphabet. A* denotes the set of all strings of elements
of A. If s € A* then Set(s) C A denotes the set of all elements in s. |s]
denotes the length of s, while s1 o s5 denotes the concatenation of strings
s1 and sg. € represents the empty string.
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25 83 |84

71 |72] 73] |74 8.5

Figure 1.1: Dependency graph of the chapters and sections

A%, denotes the set of all duplicate-free strings of elements of A. That is
Ajpi={s € A" | |s| = |Set(s)[}.

Let s = ay...a, € A* where a; € A and let iq,...,4, € IN with m >
max{ii,...,i,} > 1. Then

L8)iy.in = @iy ... 04,
s\i1...0p == aj ...a;

where {j1,..., 7k} = {1,...,m}\{i1,...,in} and j; < jo < ... < j. That
is we remove the i1-th, io-th, etc. element from s.

Now let B C Set(s). We define
S\B = S\il .. ’Ln

where {i1,...,in} = {i | a; € B, i € {1,...,m}. That is we remove all
elements contained in B from s.
Mappings: Let f: X — Y be a mapping from a set X into a set Y.

If X' C X, f|lx : X’ = Y denotes the mapping whose domain is restricted
to X'. And if f(X) C Y’ CY then f]¥' : X — Y’ denotes the mapping
whose range is restricted to Y.

We often extend f to a mapping f : X* — Y™ without explicitly men-
tioning it. If z1,..., 2, € X we define f(z1...2,) = f(z1)... f(zn).
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Equivalence Relations: Let R be an equivalence relation on the set X, i.e.
R is reflexive, transitive and symmetric. [z]r with x € X denotes the
equivalence class of z, i.e.

[z]r :={y |y € X,z Ry}

The quotient X/R is the set of all equivalence classes.



Chapter 2

Methods of Hypergraph
Construction

Hypergraphs form the foundation of the syntax of the SPIDER calculus. They
are a generalization of directed graphs, where each edge is associated with an
arbitrarily long string of nodes. Another feature of our hypergraph model is the
existence of a special string of nodes, called “external nodes”. These external
nodes are useful for assembling hypergraphs.

Unlike in string rewriting where there seems to be one standard approach
to describe and modify strings, there are several equivalent concepts in graph
rewriting. We will consider in more detail the following four approaches:

The Set-Based Approach: a hypergraph consists of edge and node sets and
of mappings connecting edges with nodes.

The Categorical Approach: we will show how hypergraphs and hypergraph
morphisms can be regarded as a category.

Graph Expressions: hypergraphs can also be represented by terms in an al-
gebra. We give a signature and a set of equations.

The Name-Based Notation: we will relate hypergraphs to the name-based
notation of structures used in most process algebras.

These concepts have different strengths and weaknesses and, depending on the
problem we are working on, it is often appropriate to switch to another model
or to use several approaches together. Examples will appear later in this work.

A very important concept in graph theory is that of isomorphism, i.e. we do
not want to distinguish graphs having the same internal structure, but different
internal names.

We will furthermore focus on methods of hypergraph construction, i.e. we
will show how to concatenate hypergraphs. Having established what graph con-
struction means, the definition of graph rewriting is obvious: in a hypergraph
which is constructed of several subgraphs, one of them the left-hand side of
a rewrite rule, we just replace the left-hand side by the right-hand side and
assemble the new graph in the same way as the old one.

12
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We then compare the methods of decomposing or factorizing hypergraphs
in the four approaches and show that they are all equivalent. That is we can
translate one method into another and obtain results which are the same up to
isomorphism. Furthermore we will show that there are basic graphs, consisting
of one edge only, which form the prime elements of a factorization, i.e. a
factorization into basic graphs is unique up to isomorphism.

2.1 Set-Based Approach

This is the most obvious approach to describe graphs and graph construction
(for a slightly different presentation see [Hab92]). Its advantages are its direct
and constructive nature. However, proofs in this notation tend to get rather
clumsy quite soon. Furthermore we do not want to distinguish graphs of the
same structure, i.e. isomorphic graphs. In this approach we have to explicitly
construct equivalence classes of graphs, whereas in other approaches the concept
of isomorphism arises more naturally.

2.1.1 Basic Definitions

A hypergraph consists of nodes and edges just as directed graphs. The difference
to ordinary graphs consists in the method of connecting edges with nodes. Every
edge posesses a string of nodes of arbitrary length. If we only use strings of
length two, we obtain directed graphs.

Another feature of hypergraphs is a string of external nodes, which are used
to attach hypergraphs to one another. Their purpose will be clarified in the
rest of this chapter.

Definition 2.1.1 (Hypergraphs) Let Z be a fixed set of edge sorts and let
L be a fixed set of labels.

A simple hypergraph G is a tupel G = (V, E, s, z,1) whose components have
the following meaning;:

e V is a set of nodes

e I is a set of edges or hyperedges which is disjoint from V'

e s: FE — V* maps each hyperedge to a string of source nodes

e z: F — Z assigns a sort to every hyperegde

e [ : E — L labels the hyperedges
A hypergraph or multi-pointed hypergraph H = G[x] is composed of a simple
hypergraph G = (V, E, s, z,1) and a string of ezternal nodes x € V*.

The class of all simple hypergraphs with labels L and sorts Z is called

G(Z, L), while the corresponding class of hypergraphs is denoted by H(Z, L).
O
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Similar definitions for hypergraphs are given in [BC87, Hab92]. In [Hab92]
the author distinguishes source and target nodes of a hyperedges. Furthermore
there are two strings of external nodes: the begin-nodes and the end-nodes. We
follow the argumentation in [BC87] which says that this notation can normally
be converted into the one in definition 2.1.1 by concatenating the source and
target strings as well as the begin and end strings.

One reason for using the notation in [Hab92] would be to demand that no
end node is used as a source node and that no begin node is used as a target
node. This restriction is useful in some cases but has the grave disadvantage
that not every subgraph of a restricted hypergraph satisfies this condition.

Edge sorts are important to distinguish edges representing processes, mes-
sages or variables. The label, on the other hand, contains the process descrip-
tion, the message content or the name variable.

Notes and Abbreviations:

Components of a Hypergraph: The components of a hypergraph H are de-
noted by Vi, Em, Si, zm, lig, xm. The set of all external nodes is called
EXTy := Set(xu)-

E} :={e € En | zu(e) = z} denotes the set of all edges of sort z.
Source Nodes: Let e € Efy. We define SOURCE(e) := Set(sp(e))

Cardinality: The cardinality of a hyperedge e € Ey is defined by: card(e) :=
|sg(e)]. The cardinality of a hypergraph H is card(H) := |x#|.

Internal Nodes: All the nodes in Vy\EXTy are called internal and an in-
ternal node v € Vy that is not in the range of sy is called isolated.

Redefining External Nodes: Let H := G[x]| be a hypergraph. We define
HX'l:=G[X]if X' € V&.

Removing Edges: Let E' C Eg.

We define Glg := (Vg, E', sqlers 2¢lery la|pr). And if H = G[x] we define
Hlp = (Glp)[x]-

As mentioned in the introduction, graphs have the great advantage of posess-
ing an appealing visual representation, which makes it easier to grasp some
concepts.

We will use the following graphical notation for hypergraph nodes and edges:
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Graphical Notation:

source nodes

Node o Edge E] leL zeZ
Z

External nodes will be labelled (1), (2), (3), ...

Sometimes graphs are easier to draw if
we attach nodes above and below edges.
They are ordered from left to right, nodes
above precede nodes below:

In the rest of this work we will often map hypergraphs onto other hyper-
graphs, while at the same time preserving their structure. Mappings preserving
the structure of an object are a widespread concept in mathematics and are
ordinarily called morphisms or homomorphisms.

Definition 2.1.2 (Hypergraph Morphism) Let R C L x L be a reflexive
and transitive relation on the set of labels.

Let G,G' € G(Z,L) be two simple hypergraphs. A hypergraph morphism
¢:G — G’ (wrt. R) consists of two mappings ¢p: Eq — Egr, ¢v: Ve — Vo
satisfying for all e € Fg:

dv(sale)) = se(op(e))  zale) = za(dp(e)  lale) Rla(¢n(e))
A morphism ¢ is called a

monomorphism <= ¢y, ¢p are injective
epimorphism <= ¢y, ¢p are surjective
isomorphism <= ¢y, ¢p are bijective

We write ¢ : G[x] — G'[X'] if ¢y (x) = X’. In this case ¢ is called a strong
morphism. We define card(¢) := |x/|. O

From now on we omit the subscripts in ¢ and ¢y if they can be derived
from the context. If we do not indicate otherwise, the relation R of a morphism
is always the identity.

Notes: Let ¢ : G — G’ and ¢ : G’ — G” be two morphisms wrt. R. Then the
morphism v o ¢ consisting of ¥y o ¢y and Yg o (where o is the composition
operator on mappings) is also a morphism wrt. R. Note that this is only true
because of the transitivity of R.

Furthermore the reflexivity of R yields an identity morphism idg : G — G
for every simple hypergraph G, consisting of idy,, and idg,.
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There are several notions of isomorphism, simple hypergraphs as well as
multi-pointed hypergraphs can be isomorphic. We also define isomorphism of
families of morphisms.

Definition 2.1.3 (Isomorphism) Let G, G’ be simple hypergraphs. G is iso-
morphic to G' (G =g G’) if there is an isomorphism ¢ : G — G’ (wrt. R). We
will write G = G’ if R is the identity on L.

Two hypergraphs G[x|, G'[X'] are called isomorphic, if there exists a strong
isomorphism ¢ : G[x|] — G'[X/] (wrt. R).

Let (¢1)icq1,...n}> (Vi)icqi,....n) be two families of morphisms where ¢; : G; —
G and ¢’ : G} — G. They are called isomorphic wrt. R

(Bi)icqn,...ny =R (Vi)ieqn,...n}

if there exists an isomorphism ¢ : G — G’ (wrt. R) such that Vi € {1,...,n}:
P o pi = ;. m

It is our aim to work with isomorphism classes of graphs, i.e. with abstract
graphs rather than with concrete graphs, as far as possible.

Some Special Graphs:
We call a hypergraph discrete, if its edge set is empty.

m with m € IN denotes a discrete graph of (1) (m)
cardinality m with m nodes where every o
node is external.

O s O
m denotes a discrete graph with m nodes ~ 7
and with an empty string of external m nodes

nodes.

,_ . . @ (n)
H := z,(l) is the hypergraph with exactly
one edge e, where ly(e) = I, zg(e) = z,
SH(e):XH, ‘XH| =n, Vg = EXTy. it is Z
also called basic graph.

The following type of morphism will be needed later in this work, especially
in chapter 8.

Definition 2.1.4 (Nice Graph Morphisms)
A strong morphism ¢ : H — H'is called nice if (Vy\EXTy) C Vi \EX Ty
and ¢|gx7, is injective. O

We now concentrate on the main purpose of this chapter and show how to
compose and decompose hypergraphs. We start by defining an embedding (see
also [BC87, Ehr79]) which is a special kind of morphism. The main idea behind
an embedding is the following: if there is an embedding n : H ~— H' then H
can be considered as a “part” or factor of H'. Note that only the images of
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external nodes of H' are allowed to be in contact with the rest of the graph. n
is injective on any other part of H' except the external nodes.

Definition 2.1.5 (Embedding) Let G[x],G'[X'] € H(Z,L) be two hyper-
graphs. A hypergraph morphism 7 : G — G’ is called an embedding of G[x]
into G'[x/] (written n : G[x] — G'[Y]) if

e 77 is edge-injective, i.e. ng is injective
e If v,v" € Vg with v # ¢/, then n(v) = n(v') implies v, v’ € Set(x’)

e Let v € Vi and let n(v) € SOURCE(e) with e € Eqg\n(Eg) or n(v) €
Set(x’). This implies v € Set(x)

If there is an embedding 1 : H — H' we call H a factor of H'. O

It turns out that the composition 1’ o  of two embeddings n : H — H’,
n' : H »~— H" is again an embedding.

A hypergraph can consist of several factors which are expected to form a

kind of partition of the graph. These factors only overlap in the images of their

external nodes.

Definition 2.1.6 (Factorization) Let n; : G; — G, i € {1,...,n} be mor-
phisms and let x € V¢, xi € V.. Furthermore let v; € Vi, v; € Vi, €; € Eg,,
ej € Eg; and

milei) =njlej) = i=j, & =c¢; (2.1)
ni(vi) =ni(v;) = (=4, vi=v;
V v € Set(xi),vj € Set(x;)) (2.2)
ni(v;) € Set(x) = v; € Set(xi)
Eq¢ = U Eg, (2.4)
i=1

It is straightforward to show that n; : G;[x;] — G[x] are embeddings. (1;)icq1,....n}
is called a factorization. a

Any set of embeddings, whose ranges overlap only in the images of the
external nodes, can be extended to a factorization.

Proposition 2.1.7 (Extending Embeddings to a Factorization) Letn; :
H, — H,ie{l,...,n} be embeddings such that the sets n;(Ep,) are pairwise
disjoint and n;(Vu\EXThH,) NUj_; ;2 Vi, =0 for everyi € {1,... n}.

Then there exists an embedding Np41 : Hpy1 — H such that n; : H; — H,
ie{l,...,n+ 1} is a factorization.
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Proof: We define a hypergraph H,; with:

B, = Ea\|Jm(En,)
=1
Vi = | J SOURCE(e)
EGEHn+1
SHoy = SH|By,,,
lHn+1 = ZH|EHn+1

And choose any x g, ., such that Set(xm,,,) = Vi,,,. Furthermore let n,,1(e) :=
eifee Ep, ., and n,41(v) :=vifv e Vg, .

It is straightforward to check that (1;)ic(1,.. n41} 18 a factorization.

Note that 1,41 is, by no means, unique. O

Example of a Factorization: Consider the following hypergraphs
H,Hy, Hy, H3. Because of the edge-labels there is only one choice for em-
beddings n; : H; — H, i € {1,...,n} (Images of external nodes are marked
black.). (1i)ieq1,...,3) is one of many possible factorizations of H.

@ @ 2

T
(A J(B

S

o)
(@]

S

O O
@) 3 @ @
If we remove the second external node of Hs from the string x g, and make
it internal, the corresponding embeddings 71,172,713 still form a factorization,
since the image of this is not connected to anything except the image of Hj.
If we make any other node internal, however, the result is not a factorization
any more, since condition 2.2 is violated.

Figure 2.1: Example of a Factorization

Note: For the sake of simplicity, we will assume in all the examples in this
sections, that all edges have one single, common edge sort. From now on,
the edge sort is represented by the form of the line surrounding the edge (e.g.
dashed or dotted). We see in the next section that edges with edge sort var
(edges representing variables) are surrounded by a line with long dashes.

It is quite obvious that the factorization of a hypergraph is by no means
unique. We will show later in proposition 2.2.20 that there are basic hyper-
graphs corresponding to primes, and that a factorization into basic hypergraphs
is actually unique.
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2.1.2 Quotient Graphs

One way to construct a new graph (a quotient graph) out of other graphs is to
define an equivalence relation on the nodes and hyperedges of the graphs and
to collapse them according to the equivalence. That is, we join the graphs and
merge all edges and nodes related by the equivalence.

Our definitions are slightly complicated by the fact that the node and edge
sets of the hypergraphs need not be disjoint. Therefore we have to keep track
of the origin of each node or hyperedge and pair them with a natural number,
indicating the original graph.

We could omit this if we would demand that all node and hyperedge sets
are disjoint, an assumption we do not want to rely on.

As it turns out, arbitrary equivalences do not always yield well-defined re-
sults. Therefore we will restrict our equivalences:

Definition 2.1.8 (Consistent Equivalence Relations) Let Gy,..., G, be
simple hypergraphs, let ~y be an equivalence on [ J;. .. n}(VGH i) and let ~p
be an equivalence on Ucqy, oy (Ea;, 1)

~y,~p are called consistent iff Ve; € Eg,, e; € Eqg;, i,] € {0,...,n}

(ei,1) =g (ej,5) = card(e;) = card(e;), zq,(e;) = 2 J( i),
lg;(ei) =g, (e5) and (sg, (i), 1) =v (sg;,(€;), )

where (s, i) ~ (s',j) <= [s|=|s'| AVEE{L,....[s|}: (Is]k, i) = ([5']k,J) O
Note: We will often write = for either ~g or =y .

Definition 2.1.9 (Quotient Graph) Let Gy, ..., G, be simple hypergraphs
and let &y, ~p be consistent equivalences as defined above. We will now define
the quotient graph G := Gy ...G,/~.

G = ((JVe,. )/~ (U (Ea, 1)/ =, 56, 26 1)
=0 =0
with
SG([(ei’ z)]%};) : [( I_SGi(ei)Jh Z)]%V s [( LSGi(ei)Jﬂw Z)]%V if card(ei) =m
ZG([(eivi)]%E) = sz‘<ei)
la(l(eii)]xg) = lai(ed)

Since =y, ~p are consistent, it is ensured that G is well-defined.
We can define canonical projection morphisms p; : G; — G with (p;)y (v) :=

[(Uﬂi)]%\ﬂ (pZ)E(e) = [(672.)]%13
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Example of a Quotient Graph: In the following example we will, for
once, not only label the hyperedges, but also give names to the nodes
and hyperedges of the graph G.

V10 Voo Quotient:
ey & [Vivaws] ., [V2Vals
— 1 e .
e (A )
S [ea] [eres]

G!

For G the equivalence e; =~ e3, v1 & v3 & v5, V2 & vy4 IS consistent. Its
quotient is formed by merging the equivalent components.

Note: Any surjective morphism ¢ : G — G’ can be characterized—up to
isomorphism—Dby an equivalence ~ on G such that G’ 2 G/~ and ¢ is the
projection of G into G’.

2.1.3 Hypergraph Construction with Context Graphs

The process of replacing a hyperedge with a hypergraph of the same cardinality
is quite intuitive, but somewhat tedious to define.

There are several possible definition, we use the concept of the quotient
graph to define substitution of variables.

Definition 2.1.10 (Substitution and Contexts)

We assume that the set L of edge labels contains an element var. Let
X = {x1,...,2,} be a set of variables where each variable z € X has sort
sort(xz) € IN.

A context graph C(z1,...,x,) = G[x] is a hypergraph where, for every
i € {1,...,n} there is exactly one edge e; labelled z; and of edge sort var and
where card(e;) = sort(x;).

Let

Hy = Gl[Xl]a---,Hn = Gn[Xn] S H(LUX)

be hypergraphs with sort(z;) = |x;|.
Let ~ be the smallest equivalence such that for all i € {1,...,n}

(sc(ei), 0) = (xi, @)
We define
C(Hy,...,Hy,) = ((G\{e1,.--,en})G1...Gpn/=)[X]

where x' := po(x) if po is the projection of G\{e1,...,e,} into the quotient
graph.



2.1 Set-Based Approach 21

C(z1,...,xn) (or C for short) is called an n-ary context. It is called discrete
if it only contains edge labels z1, ..., z,. O

What we are, in fact, doing in the definition above is the following: we
remove all edges in G labelled z; and add an isomorphic copy of G; for every
edge. Afterwards we connect the nodes in y; with the source nodes of the
deleted edge.

Example Context: For the following context C' it holds that H =
C(H, Ho, H3) (see figure 2.1).

L)

— _J _J

L\% C<xq Yo X3 >

(2)

Lines with long dashes indicate that these edges have edge sort var.

When we draw a graph of the form C(Hj,...,H,) it might be desirable
to indicate the structure of the original context C. In order to do so we draw
the context C' with all its edges and put the graphs Hi,..., H, into the edges
originally labelled x1, ..., z,.

Note that this is purely a notational convention and is not identical with
hierarchical hypergraphs introduced in chapter 4.
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Note: Let C(z1,...,x,) be a context graph with m; := sort(x;). Then

C(z1,...,xn) = Cvary, (z1), ..., var,, (Tn))

2.2 Categorical Approach

The main idea behind category theory is to define objects with respect to their
relations with other objects, and not by their internal structure, as we have
done in the previous section.

Since this can be done not only in graph theory but also in many other fields
of mathematics (e.g. algebra, lattice theory), category theory is a meta-theory
capturing the properties these different fields have in common.

Compared to the set-theoretic approach the categorical approach to graph
representation leads to non-constructive definitions. Its application lies mainly
in proofs since it makes assertions about the existence of morphisms with cer-
tain properties. In this way it relieves us from the burden to construct every
morphism by hand and to show its properties “manually”.

The treatment of graphs as objects of a category and the double-pushout
approach for graph rewriting are introduced in [Ehr79].

We will only use a few concepts from category theory which we review in
the following section (see also [Cro93]).

2.2.1 Introduction to Category Theory

The first step is to define what a category actually is. It turns out that it is a
very general mathematical structure.

Definition 2.2.1 (Category) A category C consists of the following compo-
nents:

e A class obj(C) of entities called objects.
e A class mor(C) of entities called morphisms.

e Two operations src and tar assigning a source object src(¢) and a target
object tar(¢) to every morphism ¢ € mor(C).

(Notation: ¢ : src(¢) — tar(¢))

For every object A there is a morphism id4 : A — A, the identity mor-
phism.

Two morphisms ¢,1 are composable if src(¢) = tar(¢). The composition
is denoted by ¢ o ) : sre(v) — tar(d).

The morphisms satisfy the following properties:

idtar(¢)o¢ = ¢ (25)
¢Oidsrc(¢) = ¢
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Furthermore composition is associative, i.e. given morphisms ¢, v, ( with

tar(¢) = sre(v), tar(¥) = sre(()
(Co)op = Co(hog) (2.7)

|

Note that while often morphisms are expected to be mappings preserving
some kind of structure, in this definition we do not demand any such thing.
We do not even require them to be functions at all. In practice, however,
and especially in our case, the morphisms of a category very often satisfy this
property.

Ezxamples: Typical examples for categories are the category Set, which contains
sets as objects and functions mapping sets onto sets as morphisms, and the
category Rel, which contains relations instead of functions. In both cases we
use the usual composition operator.

It is not difficult to check that also the class G(Z, L) of simple hypergraphs
forms a category with the hypergraph morphisms. H(Z, L) is a category with
the strong morphisms, the embeddings or the nice morphisms.

Definition 2.2.2 (Isomorphism) Let C be a category and let ¢ € mor(C)
with ¢ : A — B. ¢ is called isomorphism if there exists a morphism ¢ : B — A
such that ¢ o ¢ =ida, poy = idpg.

In this case A and B are called isomorphic. O

If we regard the category of strong hypergraph morphisms ,this concept of
isomorphism in category theory coincides with the isomorphism of graphs from
definition 2.1.2.

If we step up one level we may decide to regard categories as the objects
of a very large category. In this case we need some kind of mapping between
categories, taking the place of morphisms. This mapping is called functor:

Definition 2.2.3 (Functor) A functor F : C — D between categories C and
D is specified by:

e An operation mapping objects A € 0bj(C) onto objects F(A) € obj(D).

e An operation mapping morphisms ¢ : A — B in C onto morphisms F'(¢) :
F(A) — F(B) in D. (We will also denote F(¢) by Fy).

F satisfies the following properties:

F(ida) = idpa
F(pov) = F(¢)oF(¢p) if ¢ and ¢ are composable
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We will now start to define the notion of a co-limit, which is a method of
defining new objects out of known objects and morphisms. The new object is
determined only by its relation with other objects.

Every co-limit construction starts with its input: a diagram.

Definition 2.2.4 (Diagram) Let C be a category. A diagram D in C consists
of objects Ay,..., A, € 0bj(C) and of sets of morphisms M;; C mor(C), i,j €
{1,...,n} where M;; contains morphisms of the form A; — A; in C.

Let D, D' be two diagrams with objects A, ..., A, respectively A},..., A
and morphism sets M;; respectively Mily where each morphism ¢;; € M;; is
bijectively mapped onto a corresponding morphism ¢;j. D, D' are called iso-
morphic if there are isomorphisms 1; : A, — A; such that 1; o ¢} ;= ¢ij 0 for

every pair ¢;j, ¢};. O

Given a diagram consisting of objects A1,..., A, and morphism sets M;;
we attempt to construct a new object A and new morphisms ¢; : A; — A in
the following way:

Definition 2.2.5 (Co-Limit) Let Aj,..., A, € 0bj(C), together with mor-
phism sets M;; € mor(C) (where M;; contains morphisms of the form A4; — A;)
be a diagram D in the category C. The co-limit of the diagram consists of an
object A and of morphisms ¢; : 4; — A, i € {1,...,n} satisfying the following
conditions:

o For every ¢;; € M;;: ¢j0 ¢ij = ¢;

e For any object A’ and morphisms ¢ :
A; — A’ satisfying ¢ o ¢;; = ¢; for ev-
ery ¢;; € M;; there is a unique morphism
¢ : A — A’ such that 1 o ¢; = ¢/ for every
ie{l,...,n}.

We define lim D := (¢1, ..., ¢n). O

The idea behind the second condition is to take the object A that is, some-
how, the “smallest” or initial object satisfying the first condition.

If the diagram consists of two morphisms ¢1 : B — Bi, ¢ : B — By then
its co-limit is called a pushout.

It is not always obvious if a co-limit actually exists. But if it exists it is
unique up to isomorphism. We can even state that isomorphic diagrams have
isomorphic co-limits.
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Proposition 2.2.6 (Isomorphism of Co-Limits) Let D, D' be isomorphic
diagrams with objects Ay, ..., A, respectively Al ..., Al, and isomorphisms ; :
Al — A;. Let ¢; + A — A respectively ¢, : A, — A’ be their co-limits.

Then there exists an isomorphism ¢ : A" — A such that ¢; o p; =1 o ¢l.

Proof: Since A’ is the co-limit of D and there are morphism ¢; o ¢; : A, — A
with (¢; 0 ;) 0 ¢} = ¢j 0 dij 0 Pi = i 0 ;.

The properties of a co-limit imply that there exists a morphism v : A — A
with ) o ¢} = ¢; o 1.

In the same way we conclude that there exists a morphism 1) : A — A’ with
Y o ¢; = ¢l o (¢;)~! which is equivalent to ¢ o ¢; o 1; = .

By substituting ¢} in the equation 1 o ¢; = ¢; o 9; by 1’ o ¢; 0 1); we obtain

Yo ogioth =0y

Since 1); is an isomorphism this is equivalent to 1) o)’ o ¢; = ¢;. But according
to the properties of a co-limit there is only one morphism with such a property,
ie. Yoy =1idy.

Similarly we can show that v’ o ¢ = id 4. Therefore 1) is an isomorphism.
O

We will now give an alternate definition of the quotient graph from sec-
tion 2.1.2 in terms of category theory.

Proposition 2.2.7 (Quotient Graph) Let Gy, ..., G, be hypergraphs and let
~y,~p be equivalence relations as defined in definition 2.1.9.
Then G := Gy...Gp/ =~ is defined up to isomorphism by the following
property:
e There are morphisms p; : Gi — G such that (e;,i) ~g (ej,]) implies
pi(ei) = pj(e;) and (v, i) =y (vj, ) implies p;(vi) = p;(vy)

e For any hypergraph G’ with morphisms p,, : G; — G’ satisfying
(€:,9)
(vi, )

it follows that G is defined and that there is a unique morphism ¢ : G — G’
such that ¢ o p; = p.

Q

Pj(es)
()

(e5,5) = piles)

ir1) RE
i) ~v (vj,5) = pi(vi)

Q

Proof: The existence of projection morphisms p; is clear (see note after defi-
nition 2.1.9).

Let G’ be a hypergraph with morphisms p} : G; — G’ satisfying the con-
ditions above. For e € Eg,v € Vi we define ¢(e) := pl(e;) if e = p;(e;) and
¢(v) == pi(v;) if v = pi(vi).

We will now show that ¢ is well-defined: by definition of the quotient graph
and the projections p;(e;) = pj(e;) is equivalent to (e;,i) ~g (ej,j). This
implies p(e;) = pj(e;). In the case of nodes the proof is analogous.

With the definition of ¢ is follows immediately that ¢ o p; = p}.
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It is left to show that ¢ is unique. Let ¢ : G — G’ be another morphism
with these properties. Let e € Eg. e is an entire equivalence class, i.e. e =
[(ei,1)]~p = pi(e;) for some i. Therefore ¢'(e) = ¢'(pi(ei)) = pi(ei) = ¢(e). For
any v € Vg ¢'(v) = ¢(v) follows in an analogous way. O

We can now immediately state the following corollary:

Corollary 2.2.8 Let Gy, ...,G, be a hypergraph and let ~, ~' be two consis-
tent equivalences on Gy,...,Gy such that ~'C~. Let p; : G; — G/ ~ and
p;: G; — G/~ be the projection morphisms.

Then there exists a morphism ¢ : G/ ~'— G/~ such that ¢ o p, = p; for
ie{l,...,n}.

2.2.2 Graph Construction

We now show how category theory can help to construct new graphs and how
factorization can be expressed in this setting.

Our idea is to give a construction plan (similar to the context defined in
section 2.1), only we want the construction plan to be a diagram in the category
of hypergraph morphisms. We now introduce a construction mechanism even
more general than the context from definition 2.1.10. Later, we will demonstrate
the connection between these two methods.

Definition 2.2.9 (Graph Construction) Let C be the category of hyper-
graph morphisms. Let n; : G;[xi] — G[x], i € {1,...,n} be embeddings and
let ¢; : Gi[xi] — Gi[x}], i € {1,...,n} be strong morphisms.

Let D be a diagram consisting of the morphisms 7; : G; — G and ¢; : G; —
G,.

Now let ¢ : G — G', 0, : G; — G' (and pon; = njo¢; : G; — G') with
i€ {1,...,n} be the co-limit of D, if it exists. We define

n

Qi) = b)) G [x] 0[]

i—1
iy (¢ismi) = (o.01,---,m))

G X1 — G [o(X)]

If the G;[x;] have the form m,; there is only one (canonical) choice for the
strong morphisms ¢; and we define:

QGilxilm) = Qi)
=1 i=1
(GIXAm) © ... @ (Gl ) == (1,m) © ... @ (dn, 1)
hm?:l(G; [X;]v 771) = (¢7 7717 SRR 777;)
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Since co-limits do not always exist, it is not, at first sight, clear if the graph
construction mechanism defined above, will always yield a result. Thus we will
now show, how the co-limit can be constructed “manually” and that it always
exists. Furthermore since we are interested in factorizations, decomposing an
existing graph, we will show that factorization are preserved by the co-limit.

Proposition 2.2.10 (Graph Construction and Quotient Graphs)

Let ¢; : Gi[xi] — Gi[x}] be strong morphisms and let n; : Gi[xi] — G[x] be
embeddings where i € {1,...,n}.

Let =~ be the smallest equivalence on G,GY, ..., Gl satisfying:

Vo € Vg, + (6i(vi),4) = (ni(vi), 0)
Vei S EGZ- : (¢Z(€Z),l) ~ (m(ei),O)

Let G':= GG} ...G)/~ and let ¢ : G — G', n} : G; — G’ be the corresponding
projections. Then

(¢a 77/17 s 777:7) = lim?:l(¢i7 771)

That 1is, the co-limit is always defined.

Proof: Since = is the identity on hyperedges it is obviously consistent and
therefore G’ is defined.

With proposition 2.2.7 it follows that G’ satisfies the conditions of a co-limit
of the n; and ¢; and therefore

(¢7 77/17 s 777;1,) = hm?:l(gi)u 772)
Od

Now we show that factorizations are preserved by co-limits, i.e. if the n; are
a factorziation, the 7, are a factorization as well.

Proposition 2.2.11 (Graph Construction and Factorizations)

Let (.1, -, my) == Hmily (¢i, ms) with m; © Gi[xi] — GIx], ¢i + Gilxi] —
Gilxil-

If the m; are a factorization of G[x| then the n; : GixX;] — G'lo(x)], i €
{1,...,n} are a factorization.

Proof: See appendix A.1. O

Notation: If there is only one embedding 7, we will write ®(Hy,n;) instead of
iy (H1,m).
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Example: We give embeddings (1, (2, (3 for the factorization example
(figure 2.1) in the previous section.
(G:4—D,(:2—D,(:2—Dand H= (H,,(1)® (H, () ®
(Hs, (3)-

777777777 (@) (g) my= 2
! m1=4‘ S / ””””””” Z
1 o ‘74.%) o !
G
) o /\O PP | —
D | mg =2 |
©) OX>O T
4 o (2) b

The (; can be regarded as some kind of construction plan showing how
to connect the graphs Hi, Ho, H3. If two nodes are mapped onto the
same node in D by the (;, this indicates that the corresponding nodes
of the H; are to be glued together.

We will now define a kind of graph construction we will use very often: Let
H,J € H(Z, L) with card(H) = card(J) = m. Furthermore let ( : m — m be
a strong morphism. We define HOJ := (H,() ® (J,(). That is we attach H,J
at their external nodes.

Now we are going to show that the co-limit used for graph construction
can be regarded as some kind of building block which can be used to construct
new co-limits. It turns out that merging two matching co-limits yields a new
co-limit. Co-limits can be merged in various ways:

Proposition 2.2.12 (Combination of Co-Limits) Let n; : H; — H, ¢; :
H; — H],n.:H — H' and ¢ : H — H' with

(¢7 77/17 v 77741) = hm?:l((ﬁu 772)

(A) , co-limits = + co-limit: H; >J"—’ H
/. !/ N {/
Let ¢ : H; — H;' and let ([I) 0

(@sm -+ ) = lmily (¢5,77) | ,

Then

(@ 0 dnfcomf) 2limiy (o din) @ @
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(B) [1], + co-limits = co-
limit:
Ho— i H

Let ¢ : Hl — H! and let

==
=
S

(¢,/7 77/1,7 EERR) 77;7{) = hm?:l(gb; © ¢i7 7h)

. y 7
with ¢ : H — H", n! - H!' — H". Hy n: " 0"

Then there exists a strong morphism
¢ H — H" such that ¢ = ¢’ o ¢ ’
and ([.?

((;5/7 nila s 777;;) = 11m?=1(¢;7 77;) I_’Il’ ’>J—i—> H’ !

Now let Nij - Hij — Hi, gﬁij . Hz‘j — Hz{j’ 771/‘]‘ . Hz{j — Hz/ and (f)Z : Hi — Hz/

that in this case consists of m co-limits.)

(C) , co-limits = + co-limit:

Letn;: Hi — H, i€ {1,...,m} and let
(QS’ 7737 s 7777/71) = hm;’il(gbza 77z)

Then

(o, 77; o 77117 e 7772 o n;rmm) = hmie{l,...,m},je{l,...,m}(d)ija ni © ﬁij)
Hy i Ho— i H
@ @ @

I

(D) , + co-limits = co-limit:

Letn; : H; — H and let

(s m1s - s M) = iMyegy oy 1<j<n, (Digs i © Mij)

with m;; © Hj; — H' and ¢ : H — H'. Then there exist embeddings
i+ Hi — H' such that n;j = nj on; and

(¢7 7737 <o 7777/1) = hmzil(¢la 772)
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Hy i Ho— i H
q L 9 [2] |

1)
Cij
Proof: See appendix A.1 |

Assume that we have several graphs Hi,..., H,,, each constructed by the
help of a co-limit. These graphs are then combined to form a new graph H.
The following question arises: Can we describe H with only one co-limit instead
of a hierarchy of co-limits? The following proposition details how this can be
done.

Proposition 2.2.13 Let (;; : my; — D; and ¢ : m; — D, i € {1,...,m},
Jj € {1,...,n;} be embeddings with m; = card(D;) and let H;; be hypergraphs
with mi; = card(H;j).

We define

(¢7£17"'7£m) = hm?ll(D’L’Cl) Nij = gloglj

It follows that
m n,;
(QR(Hijs Gij)s Gi) = X (Hij,mig)
i=1 j=1 i€{1,..,m}je{l,mi}
Proof: Let HZ = ®;LZ:1(HZ],CZ])
Since card(D;) = card(H;) = m;, it follows that there are canonical strong
morphisms ¢; : m; — D; and

(¢7 €17 cee ’fm) = hmﬁl(ﬁbu Cl)

Let
where the v;; : mj; — H;; are the canonical strong morphisms. Since the v;
are strong, the ¥; o ¢; : my — H; are also strong morphisms, in fact they are

the canonical strong morphisms.
Let

(¢/7 517 v 7€;n) = hm?il(wz o ¢i7 CZ)
This is exactly the co-limit defining H, i.e. § : H; — H and ¢/ : D — H.

Proposition 2.2.12 (B) implies that there exists a strong morphism v : D" —
H such that 1o ¢ = ¢’ and

(Vi, &1, -5 &) = HmiZ (&, 13)
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It now follows with proposition 2.2.12 (C) that

(¥, €10 €11y & © Gy ) ZiMGep1 iy jeqt,.na} (Vi & © Cij)

which is equivalent to H = @,cq1 my 1<j<n, (Hijs mij) since nij = & o Gij.

mj——i—= DD @
W, Y, U
H,JHZ—H—~ H, Sy

If D; 2 m; in the propsition above, matters are easier:

Corollary 2.2.14 Let (;; : my; — m; and ¢ - m; — D, i € {1,...,m},
Jj€{1,...,n;} be embeddings and let H;; be hypergraphs with m;; = card(H;;).
It follows that

®® Hij, Gij), Gi) = ® (Hij, Gi o Gij)
=1 j=1 ie{1,....m},je{1,...,n;}

Proof: It is easy to check that, in this case, that (§)ic1,...m} = (ief1,...m}- O

We will now describe the decomposition of a context into smaller contexts,
which is the inverse of proposition 2.2.13.

Proposition 2.2.15 Let ¢; : m; — D, i € {1,...,n} and let
a:{1l,...,n} —=A{1,...,k}, l1,...,lx €N

Furthermore let & : my — 1,3, @ € {1,...,n} such that &; is surjective and
for all j € {1,...,k}, i1,i2 € a~1(j) it follows that

v € Vmil,’l)g € Vmizv §i1 (Ul) = &2 (UQ) = <i1 (Ul) = CiQ (UQ) (2'8>

Then there are embeddings n; : 13— D, j € {1,...,k} such that

n

k
® ® Hivfi)v”j)g®(ﬂi,@)

i=1 ica=1()) i=1
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Proof: We define n;(v') := (;(v) if v/ = &(v). The n; are well-defined, since
the & are surjective and because of (2.8).

Since 1;(&i(v)) = Gi(v) it follows that n; o § = ¢;. With corallary 2.2.14 the
proposition follows immediately. O

Note that there are other possibilities for decomposing a co-limit.

We will give one more lemma, simplifying co-limits, which will prove to be
useful later in this work.

Lemma 2.2.16 Let H; = m; where mj; € IN. It follows that

QH;, )= Q) (Hi, i)
i=1 i=1,ij

where (j : mj— D and D 1is a discrete graph.

Proof: We will show that

n

H:= @ (HiG)

i=Lij

is the co-limit of ¢1,...,¢n, (1, .., (n.
Let

(¢7 M- Mj=1 415 - - - 77771) = hm?:l,i;éj(qz)iy CZ)

We define n; : Hy — H with n;(xu;) = ¢(¢j(Xm;)). Obviously n;0¢; = ¢o(;.

Furthermore let (;AS :D — H, ;- Hy — H such that M0 ¢; = qgo ;. Since
H is the co-limit of ¢;,m;, i € {1,...,7— 1,74+ 1,...,n} it follows that there
exists a unique morphism ¢ : H — H with Yoo = (ﬁ and 1 omn; = 7; for
ie{l,....j—1,7+1,...,n}.

Y(i(xm,) = (D¢ (Xmy)) = O(& (Xmy)) = 7 (5 (xmy)) = 715 (x21,)

And therefore v o n; = 7);.
Now H satisfies all conditions of a co-limit of ¢1,...,¢n,C1,. ..,y (see def-
inition 2.2.5). O

2.2.3 Connection with the Double-Pushout Approach

We will now give the categorical view to graph-rewriting. We will introduce
the well-known double-pushout approach, which is also often called algebraic
approach, and characterize it with the notation defined above. For more details
see [Ehr79].

Definition 2.2.17 (Double-Pushout) Let r = (L, R) be a rewrite rule with
card(L) = card(R) = n. There exist strong canonical morphisms ¢y : n — L
and ¢p:n — R.
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Furthermore let H, H' be two hypergraphs. We write H — H' if there exists
an embedding 7 : n — K such that

H=®(L,n) and H' = ®(R,n)

@ 0
I~ n—" R

N, N Ny

H - LlJH K LIJH,‘H’
0

Note that the graph K, representing the part of H that is not affected by
the rewriting step, is, in most cases, not discrete.

Since in our case, we prefer to work with discrete graphs, this having a
closer resemblance to factorization in groups or monoids, we will assume in
the following sections that for any expression ;" ;(H;, ¢;) the embeddings ¢; :
m; — D map into a discrete graph D.

Therefore we will define graph rewriting in a slightly different way: H — H’
if and only if there exist embeddings (, ' into a discrete graph and a hypergraph
K such that

H=(L,¢)® (K,(') and H' = (R,() ® (K, (')

Any set of embeddings into a discrete graph is a factorization which will be
called a discrete factorization.
Both definitions are equivalent.

2.2.4 Co-Limits, Factorizations and Contexts

We have now introduced three methods for constructing respectively decom-
posing graphs: factorizations, contexts and co-limits. Now we show how they
are related and how they can be converted into one another.

We first compare factorizations with co-limits:

Proposition 2.2.18 (Co-Limit < Factorization)
Let (i :my — D, i€ {1,...,n} be a discrete factorization and let Hy, . .., Hy,
be hypergraphs with m; := card(H;). We define:

(¢’ nm,... 77771) = lim’zr'L:l (HZ7 é-z)

Then (n:i)icq1,...ny with n; : Hy »— H is a factorization of H.

Ifn; - Hi— H, i € {1,...,n} is a factorization of H it follows that there
exists a discrete factorization (; : my — D and a strong morphism ¢ : D — H
such that

(¢7 m,... 77771) = hm?:l(Hh CZ)
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If the x g, are duplicate-free, the discrete factorization ((;)ieqi,....n} 95 unique up
to isomorphism.

Proof: See appendix A.1. a

We now demonstrate, as promised above, how a hypergraph can be uniquely
decomposed into basic graphs, corresponding to the prime elements of a factor-
ization. Let us first define the notion of basic graphs:

Definition 2.2.19 (Basic Graphs) The class B of basic graphs contains all
graphs of the form z,(S5). O

It is now our task to show that every hypergraph allows a factorization into
basic graph and that this factorization is unique up to isomorphism.

Proposition 2.2.20 (Factorization into Basic Graphs) For every hyper-
graph H there is a discrete factorization ¢; : m; — D, i € {1,...,n} and basic
graphs Hi, ..., H, such that H = Q7" | (H;, ().

Let
n n
Q) (Hi, &) =r Q)(H, ¢)
i=1 i=1
where (Ci)icq1,...n}> (G icqr,...k} are discrete factorizations and the Hy, ..., Hy,
Hi,...,H are basic graphs.
Then n = k and there exists a permutation o : {1,...,n} — {1,...,n} such
that

Hi = Hyg
for every i and

(Gie(,...n} = (Cogi))ie1, .n}

Proof: Since every hypergraph H has a factorization n; : H;, — H, i €
{1,...,n}, where all H; are basic graphs, it follows with proposition 2.2.18
that there exist embeddings ¢; : m; — D such that H = Q" , (H;, ;).

Now we assume that there are two factorizations
(Gi)ieq,....,ny and (C;(i))ie{l,...,n}

Let (4’7 ms,.-. 77771) = hm?:l(HZ? CZ)7 ((z),? 77/17 ce 777;9) = hmf:l(H1/7 Cz/)

Then (i)ieq1,...ny and (7;)ief1,....k} are both factorizations of H into basic
graphs. Since Fy is the disjoint union of the n;(Eq,) respectively n.(Ey) and
both H; and H] consist of only one edge it follows that n = k. '

Let e; be the only edge of H; and let €} be the only edge of H].

Furthermore let Ey = {e!,...,e"} such that the only edge e; of H; is
mapped onto e, i.e. n;(e;) = €. If n; := card(e’), z; := zg(e;) and I; := Iy (e?)
it follows that H; = (2i)n, (L).



2.2 Categorical Approach 35

We define a permutation o : {1,...,n} — {1,...,n} with
j=ali) <= () =¢
It follows that
card(e’a(i)) = card(n;(i)(e;(i))) = card(e) = card(n;(e;)) = card(e;)
In the same way we can show that

iy (eay) B lm(e:) =i
ZH (e:x(i)) = zm(ei) = 2
This implies H; = H,(;) and that there are isomorphisms ¢; : H; — H, ! @)
with ¢;(e;) = e’a(i) and n; = 17;(2.) o ¢;.
Therefore
(Mi)ieq1,...ny =R (nfy(i))ie{l,“.,n}

and since the x g, are duplicate-free it follows with proposition 2.2.18 that

(Ci)ie{l,...,n} = (C;(i))ie{l,...,n}
a

This proposition strongly resembles the factorization of a number into primes
or the representation of a vector in terms of base vectors.

Graph construction with co-limits and with contexts is essentially the same.
Both methods can be converted into one another:

Proposition 2.2.21 (Co-Limit < Context) Let(; :m; — D,i€ {1,...,n}
be a discrete factorization and let

n

Clx1,...,mp) = ®(vm“mi (), Gi)

i=1

For all hypergraphs Hy, ..., H, with m; = card(H;) it follows that

i=1
Let C(x1,...,20),C'(x1,...,2,) be contexts with holes of cardinality mq,

«vvy My If both satisfy (2.9) for all Hy, ..., H, with m; = card(H;) it follows
that
Clzy, ..., xn) 2 CNxy,. ..y 2p)
And for all contexts C(xy,...,xy) with holes of cardinality my, ..., m, there
is a discrete factorization (; : my — D, i € {1,...,m} such that

n

Clxy,...,xpn) = ®('Uarmi (i), )

i=1
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Proof: See appendix A.1. O

Since graph construction by context or by co-limit is basically the same we
can define construction of hypergraph morphisms (as an extension of hyper-
graph construction) as follows:

Definition 2.2.22 Let ¢; : H; — J;, i € {1,...,n} be strong morphisms and
let C' be a context with holes of cardinality card(H;),...,card(Hy). Then
there exists, according to proposition 2.2.12, (B) a strong morphism from
C(Hy,...,Hy,) into C(Jy,...,J,). This morphism is denoted by C{¢1, ..., ¢n).
O

2.3 Graph Expressions

This section is based on material from [BC87] where graph expressions are
introduced.

The idea is to represent hypergraphs by terms and to define isomorphism by
means of algebraic laws. This approach leads us into the well-known field of sig-
natures, algebras, terms and algebraic equations. Graph rewriting corresponds
to the substitution of subterms.

But there is a price we have to pay: the loss of locality. Given a graph
expression we cannot, at first sight, decide which edges and nodes are adjacent.
As a consequence, deciding wether there is a morphism from one expression
into another, based only on the graph expression, seems to be very difficult.
Furthermore changing the labelling function of a graph involves taking apart
the entire expression.

First of all we describe the following signature:

Definition 2.3.1 (Graph Expression) Let Z be a fixed set of edge sorts and
let L be a fixed set of labels.

A graph expression is a term composed of elements of the following signa-
ture: for every n € IN there is a sort n. We define the following constant and
function symbols:

Constants: 0 of sort 0

1 of sort 1
(z,0), of sort n foralln € N, l € L
Function Sum: ©®,,, of sort m,n — m+n
Symbols: Node Fusion: 05, of sort n — n for all n € N and
all equivalence relations 6 on {1,...,n}

Redefinition of External Nodes: o, , of sort n — p
for all n,p € N and all mappings

a:{1,...,p} = {1,...,n}
Furthermore expressions may contain variables with sorts in IN. ]

In a well-formed graph expression the sort of the function symbols can be
computed if the sorts of all variables and constants are known. Therefore we
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will omit sort indices in the future and write @, 05 and o, instead of @y, 1, 051
and 0 p-
We will now define the operations corresponding to the function symbols:

Definition 2.3.2 (Graph Operations)

Sum: Let G1, G2 be two simple hypergraphs. (We will assume that their node
and edge sets are disjoint. Otherwise we take isomorphic copies of G; and
G2). We define:

G1 Gy = (VGl UV, Eg, U Eg,, 56, U say, 26 U 2Gys lGl @] lGQ)
If H; = Gj[xi], © € {1,2} we define:
Hy @ Hy == (G1 @ G2)[x1 0 x2]

(Note that the operation @ is commutative on simple hypergraphs but
not on multi-pointed hypergraphs.)

Node Fusion: Let H = G[x] be a hypergraph with n = card(H) and let § be
an equivalence on {1,...,n}. We define:

05(H) := (G/~)[p(x)]
where =y is the equivalence on Vi generated by

{(Dxdis i) 11 (0,5) € 63

and ~p is the identity on Fp. Furthermore p is the canonical projection
of G into G/ ~.

Redefinition of External Nodes: Let H = G[x].
Furthermore let a: {1,...,p} — {1,...,n}. We define:

It is now not difficult to convert a graph expression into a hypergraph:

Definition 2.3.3 (Graph Expressions — Hypergraphs) We will define a
mapping val. that assigns a hypergraph in H(LU X)) to every graph expression.
It is defined inductively as follows:

vale(0) := 0, vale(1) := 1, vale((2,0)n) := zx(l), vale(T) := var oy ()

Let uq, us be graph expressions. We define:

vale(ul S5 ug) = vale(ul) @ ’UCLle(UQ)
vale(%(ul)) = eé(vale(ul))
vale(oa(u1)) = oa(vale(ur))
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Example: We regard the hypergraphs Hy, Hy, Hs in figure 2.1. They
can be described by graph expressions in the following way:

Hy = wvale(oa, (0s5,(As @ Dy)))
Hy = vale(aa2 (952 (BQ b Cl)))
Hs = wal.(E>)

where ¢; is generated by {(2,5),(3,4)} and oy : {1,...,4} — {1,...,7}
with a1(1) =1, 1(2) = 3,1(3) =6,01(4) = 7 (a1 (2) = 4 is also a valid
choice).

dy is generated by {(2,3)} and ag : {1,2} — {1,2,3} with as(1) =
1,a2(2) =2 (or aa(2) = 3).

We will now give a set of equations (which first appeared in [BC87]) and will
find out that hypergraphs are in fact its initial model. That is, the algebraic
equations are correct and complete.

Proposition 2.3.4 (Algebraic Properties of Graph Operations) The fol-
lowing equation schemes generate the equivalence on graph expressions. They
are correct and complete: w ~p v if and only if val.(u) =g vale(v).

Let u,v,w be graph expressions.

(z:0n ~r (2,0 (2.10)
where z € Z, 1,I' € L with [R'.

ud(wdw) ~p (UBV)Dw (2.11)
05(0a(u)) =R Tacp(u) (2.12)
O’id(u) ~R U (2'13>
where id is the identity function on {1,...,n}.
0505 (w)) ~p 6y(u) (2.14)

where v is the equivalence generated by 6 U ',
Oa(u) ~p wu (2.15)
where A = {(i,i) | i € {1,...,n}} is the trivial equivalence.
oa(u) ® oy (v) ~p og(vdu) (2.16)
where

a:{l,...,p} — {1,...n}
o {1,...,p} {1,...n"}
B:{l,....,p+p'} — {1,...n+n'}

) N n' +a(i) ified{l,...,p}
with B(i) = {a’(i—p) ific{p+1,....p+p'}

!
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O5(u) ® 05 (v) ~p 6Oy(udv) (2.17)

where 0 is an equivalence on {1,...,n}, &' is an equivalence on {1,...,n'} and
7 is the equivalence on {1, ... ,n+n'} generated by 5U{(n+1i,n+j5) | (i,5) € §'}.

Os(udl) ~p oa(0y(u)) (2.18)
where 0 is an equivalence on {1,...,n + 1} such that (i,n + 1) € § for some
i€ {l,...,n}. Furthermore

y=6N{1,....,n} x{1,...,n})
a:{l,...,n+1} = {1,...,n}

N_ L wisn
where a(j) = { P ifi—ntl
05(0a(u)) =R 0a(fas)(w)) (2.19)
where § is an equivalence on {1,...,n}, a: {1,...,n} — {1,...,n} and a(d)

denotes the equivalence generated by {(o(i), () | (i,5) € 5}
oa(05(uw)) =r op(0s(w)) (2.20)
where o, B: {1,...,p} — {1,...,n} and (a(i), B(i)) € & for alli € {1,... p}.
u®0 ~p u (2.21)

Proof: See [BC87], theorem (3.10). O

As in proposition 2.2.21 in the previous section we will now show how to
convert a co-limit construction into a graph expression and vice versa.

Proposition 2.3.5 (Graph Expression < Context) Letg(x1,...,z,) bea
graph expression without hyperedges of the form (z,1), and let

Clx1,...,xn) :=vale(g(x1, ..., 2p))

For all graph expressions gi,...,gn with card(vale(g;)) = sort(x;) it follows
that

Cvale(g1), - - . ,vale(gn)) = vale(g(g1,---,9n)) (2.22)

Let Clxq,...,xn),C{(x1,...,2,) be contexts. If both satisfy (2.22) for all g1,
<oy gn with card(vale(g;)) = sort(x;) it follows that

Clxy, ... ,wp) 2 C 21, .., 70)

And for all contexts C{x1,...,xy) there is a graph expression g(z1,...,xy)
such that

Clz1,...,xn) Zvale(g(z1,...,2n))

Proof:
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o valc(g(x1,...,zpn))(vale(g1), ... ,vale(gn)) = wvale(g(g1,...,9n)) can be

shown by a straightforward structural induction on g(x1,...,z,).

e We assume that C(z1,...,2,),C'(x1,...,x,) are contexts and both sat-

isfy (2.22) for all gi,...,g, with card(vale(g;)) = sort(z;) =: m;. It
follows that

Clx1,...,xn) = Cvale(x1),...,vale(xy)) Zvale(g(zy,. .., xn))
> Cvale(x1), ... vale(xn)) = C 1, ... 20)
e Let C(xy,...,x,) be a context. We will now construct a graph expression

g(x1,...,xy) such that C{x1,...,2,) Zvalc(g(x1,...,Ty)).
This is described in [BC87], proposition (3.6).

Example: In the previous section we have shown how to describe the
hypergraph H from figure 2.1 in the form C(Hy, Hy, H3).

The graph expression corresponding to the context C(z1,za,x3) is
a(ls(z1 ® z2 @ x3)) where

sort(x1) =4, sort(xze) =2, sort(xsg) =2

0 is generated by {(3,4), (3,8),(1,5), (2, 7)} and o : {1,2} — {1,...,7}
with a(1) =1 (or a(1) = ) nd «(2) =3 (or a(2) =4 or «(2) = 8).
@

0@ e @ QO 3
SAL IR r——

Cw LT e, a8

(3) (4) ___________ (8)(2) )

val e(X]_EB Xo & X3) C<xg % X3 >

The dashed lines indicate the equivalence classes of §.

Notation: We define the following abbreviations:

e Let 41,...,7, be natural numbers and let H be a hypergraph with

card(H) = m > max{iy,...,in}.
Oiyin(H) :=0o(H)

where o : {1,...,n} — {1,...,m} with a(j) := ;.
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That is the former i;-th external node becomes the j-th external node
and all other external nodes are hidden.

e Let 4,7 be natural numbers and let H be a hypergraph with card(H) =
m > max{i,j}.
0;;(H) :=0s5(H)
where ¢ is the smallest equivalence on {1,...,n} satisfying i 4 j.

That is the i-th and the j-th external node are merged and the rest of the
hypergraph stays unchanged.

2.4 Name-based Notation

From our point of view an expression in a process calculus is just a graph of in-
teracting processes and messages. Many papers (see e.g. [MPW89a, MPW89b,
Mil80]) contain graphical representations of processes suggesting such a view.
In their syntax, however, the connections between processes, i.e. the chan-
nels, are not represented by a graph but by common names. We will show the
correspondence between structures created by names and graphs.

Describing hypergraphs with the help of names seems to be very intuitive,
especially if there is a meaning associated with the names.

Since we use terms and algebraic equations most of the disadvantages of
graph expression mentioned in the previous section (especially the loss of local-
ity) apply here as well. Furthermore we are burdened with the additional task
of keeping track of free names.

Our name-based graph terms describe only hypergraphs whose external
strings do not contain duplicates, since this is the approach used in all papers
about process calculi. If we try to describe aribitrary hypergraphs, problems in
graph rewriting pop up (see example at the end of this section).

Definition 2.4.1 (Name-based Graph Terms) Let N be a set of names.
A name-based graph term h has one of the following forms:

Empty Graph: 0

Node: [a],a € N

Edge of sort z, labelled I: (z,l)[ay...a,], 2€ Z,l € L, ay,...,a, € N
Parallel Composition: hi|hs

Node Hiding: (va)h;

where h1, ho are again name-based graph-terms.
We define the set of free names of a term h inductively as follows:

fn(0) = 0
fn(lal) = {a}
fn((S)ar...an)) = {a1,...,an}
fn(halhg) = fn(h1) U fn(he)
fr((va)hy) = fn(hi)\{a}
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A closed name-based graph term is of the form h[t] where h is a name-based
graph term and t € fn(h)gf is a duplicate-free string which contains exactly
the names in fn(h). The cardinality of h[t] is defined by card(h[t]) := |t|]. O

Our notation may trigger the suggestion that graph terms of the form h
correspond to simple hypergraphs. In simple hypergraphs every node can still
be made external, while in graph terms the set of external (i.e. free names) is
already fixed and the string ¢ only indicates their order.

Notation: Let s,t be duplicate-free strings of names where Set(s) C Set(t),
n :=|s|, m:= [t|. (st :n>— m is an embedding with

Coot([xnli) = [Xm]; = [s]i=[t];

It is quite obvious that (4 © (st = (oo

Definition 2.4.2 (Interpretation of Name-based Graph Terms)
Let h[s] be a closed name-based graph term where n :=|s|. We define:

e val,(0]) :=0

e valy([alla]) :=1

o valy((ha. .. [hn)[t]) := Qg (valn(hilti]), Grit)
where t; := t\(fn(h1|...|hn)\fn(h;))

e wab(en) = { S L

where ( is the projection of m + 1 into oy, (m + 1) with m := |s|.

o valyn(((2,DIED[H) = @ (2(1), Grat)

Example: We give a name-based graph term which corresponds to the
hypergraph H in figure 2.1. The first step is to assign names to the
nodes of H:

€y

b h = (vb)(ve)(vd)(
T % PR
[ A ][ B ]E C ] cd] | (B)[ab] |
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As we have indicated above, name-based graph terms can only describe hy-
pergraphs where the string of external nodes contains no duplicates. Everyone
of these hypergraphs, however, has a representation in terms of name-based
graph terms.

Proposition 2.4.3 (Construction of Name-based Graph Terms) Let H
be a hypergraph, where x g contains no duplicates, i.e. xg € (VH):‘lf. Then there
exists a closed name-based graph term hlt] such that H = val,(hlt]).

Proof: See appendix A.1. |

There are two kinds of components we would like to substitute in name-
based graph-terms: free names and entire terms. Terms are always substituted
for an edge labelled with a variable. We will now define these two kinds of
substitution

Definition 2.4.4 (Substitution in Name-based Graph Terms)

Substitution of free names: Let i be a name-based graph term and let s, ¢ €
N* be duplicate-free strings of names with |s| = [t|. We define h[s/t]
inductively as follows: Let subst[s/y : N — N such that subst(s/([t]:) =
|s]i and subst(sy(a) = a if a ¢ Set(s).

0s/t] == 0
[al[s/t] = [subst(syy(a)]
((9ar...am])[s/t] = (S)[substisg(ar...am)]
(halh2)[s/t] = ha[s/t]|ha[s/t]

(va)h)[s/t] =

(va)(h[s/t])
(va)(h]s\i, t\i])
(wb)((h[b/a])[s/t])

if a & Set(s) U Set(t)
if LtJZ =a
if 3i:|s]i =a,|t]i # a and

b ¢ Set(s) U Set(t)U fn(h)

Substitution of terms: Let h[t], h'[t'] be two closed name-based terms. We
define A[t](h'[t']/x) with:

(z,D)[a1...am] otherwise

(R[] /@) [ha (W) /)
= (va)(h(W'[t')/))

IR [E) /) = (R(R[t']/2))[E]
O(W[t)/) = 0
[al(h'[t)/x) = a
(2, Dlar - - an])(WH]/2) = {h[al"'“m/f] if | = 2,2 = var
{ ) h
{ )



44 2 Methods of Hypergraph Construction

We now present equations relating equivalent terms. Later we will show
that these equations are correct and complete for the algebra of hypergraphs.

Proposition 2.4.5 (Equations for Name-based Graph Terms) The fol-
lowing equation schemes generate the equivalence on name-based graph terms.
Two closed terms h[t], h'[t'] are equivalent wrt. the following equations if and
only if val,(h[t]) =g val,(W'[t']).

Let h, hi, ho, hg be name-based graph terms.

(z,D[t] ~=r (z,)[t] if IR (2.23)
hilhy =~gr halhy (2.24)
hi|(halhs) =~pgr (h1]h2)|hs (2.25)
hlo ~p h (2.26)
(va)0 ~rp 0 (2.27)
(va)(vb)h ~pg (vb)(va)h (2.28)
(va)hi)lhe  ~r (va)(hilhs) if a & fn(hs) (2:29)
(walh ~n (WB)(hlb/a)) if b & fr(h) (2.30)
[allfa] ~r [a] (231)
(z,D)]a1...apll[a;] ~r (z,0)]a1...a,] (2.32)
and for closed terms:
h(s] ~g (h[s'/s])[s] if |s| = |8'|, §' is duplicate-free (2.33)
Proof: See appendix A.1. The proof makes use of proposition 2.4.6. O

In order to show the proposition above we introduce a normal form for
name-based terms. Since every term has a normal form it is sufficient to prove
the completeness result above for terms in normal form, which will considerably
simplify the proof.

Proposition 2.4.6 (Normal Form of Name-based Notation)
A name-based graph term is in normal form if it has the form

((vby) ... (wbn)((z1,11)[@11 - - - a1y ] | -« | By b)) [@mi - - G,y ] |
[er] |- | Tex])[dr - . di] (2.34)
and
ANC=0, BNnD=0, AUC=BUD, |B|=n, |C|=k
where
A {aij|i€{1,...,m},j€{1,...,ni}}
B = {blie{l,...,n}}
C = {¢|lie{l,....k}}
D = {d;|ied{l,...,l}}

For every graph term hlt] there is a graph term h'[t'] in normal form such that
hlt] ~— W'[t'].
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Proof: See appendix A.1. O

Let A = {a1,...,a,} be a finite subset of N. In the following we will use
(vA)h as an abbreviation for (vaj)...(va,)h.

Analogous to hypergraphs we can now define n-ary name-based contexts
hlt){x1,...,z,) which contain exactly one edge (var,z;)[t;] for every z;, i €
{1,...,n} and no other edges.

That is, an n-ary name-based contexts has the form

hlt] ~ (vA)((var,xz1)[t1] | ... (var,z,)[tn])
Substitution in contexts is defined as follows:
Rlt|(hi[t1], ..., haltn]) := Rlt](h1[t1]/z1, - - ., hnltn]/2n)

(see the definition of substitution in definition 2.4.4).

And now we will give, as in the previous sections, the transformation of
name-based terms with variables into contexts. That is, at least for graphs
whose strings of external nodes do not contain duplicates, graph construction
by co-limits and graph-construction with name-based contents is equivalent.

Proposition 2.4.7 (Context < Name-based Notation)
Let h[t](x1,...,z,) be a name-based context and let

Clx1,...,xn) :=valy (h[t](z1, ..., 2))

For all closed name-based terms hy[t1],. .., hyp[tn] with |t;| = sort(z;) it follows
that

C(valy,(hi[t1]), ..., valy(hp[tn])) = val, (h[t](h1[t1], - .., halta])) (2.35)

Let C{x1,...,xn),C'(x1,. .., xy,) be contexts. If both satisfy (2.35) for all hy[t1],
oy hpltn] with |t;| = sort(x;) it follows that

Clxy, ..., wp) 2 C' (21, .., 70)

And furthermore, for all contexts C(x1,...,x,) there is a name-based con-
text hlt|{(x1,...,x,) such that

Clxy, ..., xn) Zval,(h[t](z1,...,z,))
Proof:

e The following equation

valy (ht){z1, ..., zn))(val, (hi[t1]), . . ., val, (hy[tn]))
>~ waly(h[t](hi[t1], .., haltn]))

can be shown by structural induction on hA[t] in a straightforward way.
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e We assume that C(x1,...,xy,),C (x1,...,2,) are contexts and both sat-
isfy (2.35) for all hi[t1],..., hnlts,] with |t;]| = sort(x;) =: m,.

Let 51,...,8, € Nc’l‘f with |s;| = m;. It follows that

Clx1,...,xn) = Clval,((var,x1)[s1]), - .., val,((var, x,)[sn]))
>~ wal, (h[t]{(var, z1)[si], . . ., (var, x,)[sn])
>~ Ovaly((var, z1)[s1]), - - ., val,((var, x,)[sa])) = C {21, ..., Ty)
o Let C(xy,...,x,) be acontext. According to proposition 2.4.3 there exists

a closed name-based graph term h[t] such that C(x1,...,x,) = val,(h[t])
and h[t] contains exactly one occurrence of the edge labelled z;, i.t. h[t]
is a context.

Corollary 2.4.8 Let hlt], hi[t1],...,hy[tn] be name-based graph terms where
h[t] is a context with holes of cardinality |t1|, ..., |tn|. It follows that

valy (h[E](h[t1], .. ., hnftn])) 2 valn (R[E]) (e [t1], - . ., hulta])

We now discuss our choice of representing only graphs with duplicate-free
strings of external nodes: it is clear that representation of graphs which have
duplicates in their external nodes is no problem, we just have to extend the syn-
tax of a name-based term h[t] and to allow duplicates in ¢. It will be necessary
to change definition 2.4.2, but that is not the real problem.

Problems, however, will arise in graph rewriting. Let us examine the fol-
lowing rewriting rule, consisting of a left hand side L and a right hand side
R.

1) @ (1,.2)
O O

<
i R

We assume that both edges have sort &. Converting the rule into name-based

notation yields
((©, A)[ab])[ab] ::= ((©, B)[aa]) aa]

Applying the rule above to the graph H yields the follwing reduction, fusing
the two external nodes:

1 @ H (1.2 H’

?‘\?\\9
A L c ] B J[ cC

)




2.4 Name-based Notation 47

In name based-notation

H
H/

12

val, (((©, A)lab] | (0, C)[ab])[ab])
val, (¢, B)aa] | (©, C)[aa])[aa))

1

and we can observe that this reduction is not local, i.e. it also affects the edge
labelled C'. Therefore construction of graphs or graph rewriting cannot simply
be modelled with contexts and the equivalent of proposition 2.4.7 would not
work.

Thus we will refrain from duplicates in the external nodes. Since this no-
tation is mainly useful for the comparison of our calculus with other process
calculi (e.g. the m-calculus) and there are no duplicates in these calculi, no
problems will arise.

2.5 Comparison of Hypergraph Construction Meth-
ods

In the previous sections we have introduced four methods of hypergraph con-
struction: contexts (definition 2.1.10), co-limits (definition 2.2.9), graph ex-
pressions (definition 2.3.1) and name-based graph terms (definition 2.4.1). And
then there is the concept of factorization of hypergraphs (definition 2.1.6).

In propositions 2.2.18, 2.2.21, 2.3.5 and 2.4.7 we have shown that these
construction methods are basically the same. We have given the following
transformations:

Factorization
n:H;—H
Graph Expression Co-Limit Name-based Terms
g0 s ey X)) ¢;my—D h[t]< %, .., %>
Context
C< Xy 5w %>

For arbitrary graphs there is a one-to-one correspondence between contexts, co-
limits and graph expression, i.e. the transformations are bijective. The same
holds for contexts, co-limits, graph expression and name-based terms in the
case of graphs with duplicate-free sequences of external nodes. In all four cases
the construction methods yield—together with graphs Hy, ..., H, of the correct
cardinality—a canonical factorization n; : H; — H, 1 € {1,...,n}.

The main contribution im this chapter is the development of a new categor-
ical graph construction mechanism (definition 2.2.9) and the transformation of
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the different methods of graph construction into one another. To our knowledge,
there is also no consistent treatment of a name-based representation of hyper-
graphs, although the issue is implicitly contained in many papers on process
calculi (e.g. [Mil90]).



Chapter 3

Process Calculi: An Overview

Research in programming language has seen the development of several dif-
ferent programming paradigms: functional, imperative, logic, object-oriented
and distributed or concurrent programming. (Note that the concepts of object-
oriented and distributed or concurrent programming are orthogonal to the other
paradigms, i.e. there is e.g. object-oriented, imperative or functionial, concur-
rent programming).

These paradigms possess underlying calculi or machine models, clarifying
their key ideas, forming the basis of their semantics and serving as a starting
point for research.

Process calculi, describing processes communicating by message passing,
claim to be the adequate model for concurrent and distributed programming.
But let us first review the underlying models of other programming paradigms:

Functional Programming: the A\-calculus [Bar84, Bar90, HS86] is considered
as the standard calculus for functional programming, representing the
essence of the functional programming paradigm, by term rewriting and
substitution.

Its defines, in a nutshell, the meaning of function abstraction and applica-
tion, as well as of free and bound variables. There are several approaches
of giving a denotational semantics to the A-calculus (see [Sto77] as well
as the references cited above).

Another important area of research is the development of type systems for
the A-calculus, guaranteeing the normalization property, i.e. termination
of reductions for every well-typed expression [Bar90].

Imperative Programming: the Turing machine, representing a von-Neumann-
computer with linear memory, executing a program dependent on the
content of the tape.

The theory of Turing machines has introduced important concepts, such
as effective computability and complexity theory [Rog67, BDG88, Pap94].

Logic Programming: logic programming is, like functional programming, a
declarative style of programming. It is based on first-order logic, namely

49
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on Horn clauses, which give it a firm basis in a very well-known area of
logic [Apt90].

In concurrent and distributed programming there is a diversity of calculi
trying to model the essence of this programming paradigm. Common concepts
and ideas, however, are visible. The rest of this chapter will deal with process
calculi, introduce key ideas and describe what benefits for programming can be
gained by research in this area. Concerning this matter, we will concentrate on
bisimulation equivalence and type systems. Both concepts will appear in this
work in connection with the SPIDER calculus.

It is left to mention, that some process calculi claim to be adequate models
for object-oriented programming [MPW89a]. There is a large amount of work
dealing with calculi for object-oriented programming [AC96]. In many cases
these calculi are very similar to process calculi with an added construct for
records (see also [AC96]).

3.1 Introduction to CCS

Among the first and one of the most sucessful process calculi to be proposed was
CCS (Calculus of Communicating Systems) by Robin Milner [Mil80, Mil90]. It
describes processes signalling on common channels. In contrast to other process
calculi which will be described later in this chapter, communication in CCS does
not involve the sending of values, processes or addresses, but only the exchange
of signals. (There is, however, an extension, called value-passing CCS [Mil80].)
Despite these limitations, CCS has full computational power.

We will now introduce the syntax and semantics of CCS: we assume that
we have a set of labels L = {a,b, ¢, ...}, representing actions. Elements of L are
used as input prefixes, while elements of L = {a,b,¢, ...} are output prefixes.
We define a = a. 7 represents the silent (internal) action.

Furthermore let X be a set of variables. A CCS process p is either a

Variable: z € X

Prefix: a.p where a € LUL U {7}

Summation: p; + po

Parallel Composition: p; | po

Restriction: (va)p where a € L

Relabelling: p[f] where f : L — L is a bijection (with f(a) := f(a))
Recursion: rec x.p, x € X

Dead Process: 0

where p, p1, p2 are again CCS processes. «.p is a process that can perform the
action a and behave like p afterwards. p; + po can either behave as p1 or po.
p1 | p2 represents p; and py acting in parallel, while (va)p acts like p where
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actions a and a are prohibited. In p[f] the actions of p are relabelled by f. And
rec x.p is the fixed-point of the equation z = p. The dead process 0 denotes
inaction.

In order to describe operational semantics we give a labelled transition se-
mantics (see [Plo81]).

(CCS-ACT) ap S p

(67 / &4 /
(ccssumny —2L 7R cos-sumz) — 227 P2
p1+p2 — Py D1+ D2 — Py

a a s B
(ccs-como)y LR PP oyl
p1 | p2 — P | P

Qs @
(CCS-COMI) L (CCS-COM2) L R
p1|p2 — Py | pe p1|p2 = p1| Py

Qo
(CCS-RES) p—D if o ¢ {a,a)}
(va)p = (va)p’
p=yp plrec z.p/x] 5 pf
(CCS-REL) e (CCS-REC) i
p[f] =" ] rec r.p —p

p[p’/x] denotes the substitution of 2 by p’ in p. It may involve renaming of
bound names in order to avoid capture of the free names in p’.

3.2 Reduction Semantics and the Chemical Abstract
Machine

As an alternative to the labelled transition semantics presented above, Gérard
Berry and Gérard Boudol proposed a different style of semantics with their
chemical abstract machine (CHAM) [BB92]. This has initiated a new trend in
defining the operational semantics of process calculi.

The key idea is to define structural congruence of processes a priori. E.g.
p1 | p2 is expected to “behave” just like po | p1. In labelled transition semantics
this fact can be expressed only after the introduction of bisimulation equivalence
or similar equivalence relations. Berry and Boudol introduced the metaphor of
a suspension of molecules which can be transformed by heating and cooling
rules. In this case p; and po are allowed to float around and change places.

In a more conventional way, we can say that there is a rule of equivalence
p1 | p2 = p2 | p1. Since this allows communicating processes to reach each other
and communicate locally, labelled transitions are not necessary anymore.

We will introduce a new, unlabelled reduction relation —. This new form
of semantics is often called reduction semantics and is equivalent to labelled
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transition semantics, i.e. in the case of CCS p; — py if and only if p; — ps. We
will, however, leave out the relabelling operator, since it does not really fit into
reduction semantics. Furthermore we will drop the summation operator, in or-
der to facilitate the semantics. (It is, however, possible to integrate summation
into reduction semantics, see e.g. [San92)).

CCS now looks as follows:

Rules of Structural Congruence:

pilp2 = p2lp1 pil(p2lps) = (pilp2)lps pl0=p (va)0=0
(va)(vb)p = (vb)(va)p ((va)p1)lp2 = (va)(pilpe) if a & fn(pz)

(va)p = (vb)(p[b/a]) if b & fn(p) rec x.p = plrex x.p/z]

p=yp P1L =D, P2 =ph
ap=ayp p1|p2 =07 | ph
p=p p=yp

rec x.p = rec x.p’

Reduction Rules:

p1—>p/1
p1 |p2 —>p’1 |p2

aplap —pl|p

p—p q=p,p—p, v =¢
(va)p — (va)p' qg—d

where fn(p) C L is the set of all free labels in p, i.e. all labels that are not
hidden by the operator v. Furthermore p[b/a] denotes syntactic substitution of
names (with renaming of bound names in order to avoid capture of b).

By many reduction semantics is considered to be more natural and has
the advantage that reduction can take place locally. In more recent works on
process calculi [Mil92, San92] this form of semantics is actually dominant.

3.3 Mobility in the m-Calculus

We will now introduce the polyadic m-calculus [MPW89a, Mil92, Mil91] by
extending the reduction semantics of CCS. The main additional feature of the
m-calculus is mobility of port addresses, i.e. communicating processes will not
only exchange signals but tuples of labels or names. The receiver process is
then able to use these names for future communications. This means dynamic
changes in the process and communication structure.
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The syntax of CCS is changed as follows: input prefixes will now have
the form a(x1,...,2,) where a,z1,...,2, € L and x; # z; if i # j. Output
prefixes have the form aa; ..., a,, where a,aq,...,a, € L. In the mw-calculus no
difference is made between names and variables representing names. (n =1 for
every prefix yields the monadic m-calculus as described in [MPW89a]).

The only change in the reduction semantics is that

aplap —pl|p

is replaced by

a(z1,...,zn).plaar...an.p — plai/x1,...,an/z0) | D

Let us further mention that in the m-calculus recursion is usually replaced by
replication, i.e. there is a syntactic construct !p where p is a w-calculus process.
And the former rule of recursion respectively fixed-point expansion is replaced
by

'p —!plp
Replication is as powerful as recursion and in this case has the added benefit

that variables representing processes are unnecessary.

Furthermore the sum operator seems to be less essential than other operators
and is left out in some versions of the m-calculus (see e.g. [Mil92]). This paper
deals with the encoding of the A-calculus into the 7-calculus and thus ensures
that the m-calculus without sum still has full computational power.

There are two phenomena that can occur in the m-calculus but not in CCS:
the sending of a name out of its scope or into another scope where scope denotes
the part of a term where the name is bound. The handling of scope extrusion
und intrusion will also be of interest in higher-order calculi.

Scope Extrusion: a name is sent out of its scope, e.g.
a(z).p | (vb)(ab.p’) = (vb)(a(z).p | ab.p) — (vb)(plb/2] | p')

ifb ¢ fn(p)

Scope Intrusion: a name is sent into the scope of the same name. This is
dealt with as follows:

ab.p | (vb)(a(z).p') = (ve)(ab.p | a(z).(p[e/b])) — p | (ve)(p'le/b][b/=])

if ¢ & fn(p)

In both cases the rules of structural equivalence take care of the correct han-
dling of the expression. In the case of labelled transition semantics, these two
phenomena demand a careful choice of rules.
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3.4 Higher-Order Communication—Static and Dy-
namic Binding

In the previous section we have described the mobility of port addresses. An-
other form of mobility is higher-order communication, i.e. the ability of pro-
cesses to send other processes.

One way to realize this would be to change the communication rule to

ap.p’ | a(z).p” — p' | p"[p/x]

Let us now observe what happens if a process is sent out of the scope of one of
its free names: let b € fn(p), b € fn(p”) then:

(wb)(@p.p') | a(z).p" = (wb)(@p.p’ | a(z).p") — (wb)(p" | p"[p/])

That is, just as in the case of scope extrusion above, the scope of b is extended
and the names in p stay bound as before. Therefore this concept is also called
static binding and it is the binding mechanism of the higher-order w-calculus
(HOm) by Davide Sangiorgi [San92].

This is, however, not the only way to define a higher-order calculus. The
labelled transition semantics of CHOCS by Bent Thomsen [Tho89b, Tho95] is
defined in such a way that the expression above would reduce in the following
way:

(vb)(ap.p) | a(z).p" = (wb)p' | p"[p/x]

which means that the names of p are taken out of their scope and rebound in
their new context (dynamic binding).

Let us mention that our presentation of the higher-order m-calculus was
somewhat superficial. In addition to the feature described above, it is also
possible to parametrise and instantiate processes and to communicate port ad-
dresses as well as processes.

3.5 Bisimulation and Proof Techniques

We will now present bisimulation and barbed congruence, two equivalence re-
lations which relate processes showing the same behaviour toward the envi-
ronment. Both equivalences have strong and weak version, where the strong
version demands that processes coincide after every step, while the weak version
allows that one process may perform several steps while the equivalent process
only performs one step.

It is more convenient to define bisimulation equivalence in labelled transi-
tion semantics, so we will start with this semantics and move on to reduction
semantics later.

Bisimulation: Let R be a symmetric relation on CCS expression. We call R
a strong bisimulation if

pRq, pSp = 3¢ :q>5d, P Rq
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where o € LU L U {7}. That is if p can perform an a-step, ¢ can match this
and both resulting processes are equivalent wrt. R.

Two processes p, g are called called strongly bisimilar (p ~ q) if there exists
a strong bisimulation R such that p R q.

This definition seems to be too strong rather often since it attempts to
match even internal actions of the processes. Thus we obtain weak bisimulation
if we replace the condition above by:

pRq, pSp = 3¢ :¢5" 2 D¢, P Rq ifaeLUL
pRqg, p-p = 3¢:q¢5"¢, P R{
And, as above, two processes p, q are called called weakly bisimilar (p ~ q)
if there exists a weak bisimulation R such that p R q.

In CCS, bisimulation, although undecidable, still has some interesting propo-
erties. Slight modifications of the definition above (see [Mil90]) turn bisimilarity
into a congruence, which is very important in practice: when we want to replace
a process with another, maybe more efficient, process, it is important to check
if the resulting systems behaves as before, and normally it is not sufficient to
check if isolated processes behave the same. If bisimilarity was a congruence,
however, this proof could be straightforward.

Furthermore we can give a set of algebraic equations describing strong bisim-
ilarity, such that the equations are complete for important subsets of CCS.
There are, e.g. equations corresponding to the laws of structural congruence or
the expansion law linking parallel combination and summation. An instance of
the expansion law would be: let p := a1.p1 + a9.p2, q := (1.q1 + P2.q2. Then

pla~ai(pi|q) +a(p2]q) +061.(p| q1) + Bo-(p | g2) + 711 + 112 + 721 + 722

g ifog=0; .
where 7;; 1= { ]Sz 9 othérwif é . As you can see the expansion law shows
some similarities to the multiplication of sums.
Because of this algebraic representation, some process calculi are also called

process algebras.

Let us now turn to another way of defining bisimulation, i.e. barbed bisimu-
lation [San92, MS92b]. It tackles two problems at once: first it gives an accept-
able solution for calculi with reduction semantics, second it defines bisimilarity
such that it is a congruence in any case.

We will first define the notion of barbs. A process p has a barb a (p | a)
if there exists a process p’ such that either p — p’ or p — p’. It is, of course,
possible to define barbs without labelled transition semantics. Furthermore
p | a if there exists a process p’ such that p — p’ | a.

Barbed Congruence: A relation R on processes is called a strong barbed
bisimulation if

pRqg, pla = qla (3.1)
pRqgp—p = 3¢d:9q—d, PV R{
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And p, g are called strongly barbed-bisimilar(p~q) if there exists a weak barbed
bisimulation R such that p R gq.

p,q (p ~ q) are called strongly barbed-congruent if for every context C":
Clpl~Clq].

~ (the weak version of barbed congruence) is defined analogously, we only
have to replace (3.1) and (3.2) by

pRqg, pla = qla(31)
pRqg,p—p = 3¢d:¢q—"¢, P Rq (32)

In practice, it is rather hard or even impossible to prove bisimilarity of
processes on the basis of this definition. The hard thing is the quantification
over all contexts. It is therefore necessary to prove a context lemma in order to
reduce the number of relevant contexts [San96].

Another technique simplifiying bisimulation proofs is the concept of bisim-
ulations up-to. A relation R on processes is called a weak barbed bisimulation
up-to strong barbed congruence if if satisfies (3.1’) and

pRqgp—p = q-"¢, p ~R~ ¢

Every R defined in such a way is a weak barbed bisimulation.

The main idea with bisimulations-up-to is to factor out annoying and less
important aspects of the proof. Weak barbed bisimulation up-to weak barbed
congruence, however, is not necessarily a weak barbed congruence, a counterex-
ample can be found in [MS92a].

Apart from to strong bisimulation, there are other “up-to relations” which
can be used, such as bisimulation up to context, up to expansion or up to
almost-weak bisimulation [MS92a].

3.6 Comparison of Calculi and Full Abstraction

When working with calculi, it is often an interesting question, if they can be
translated into one another, i.e. if there is an encoding © : A — B of calculus
A into calculus B.
It is necessary to impose some condition on O, e.g. we can demand that all
reductions of an expression in A are matched by its encoding (see chapter 7).
Another desirable property of encodings is full abstraction, i.e. we demand
that

prRaq <= O(p) =B O

where ~ 4 and ~p are bisimilarities or other suitable behavioural equivalences.

Important results in this direction are the encoding of the higher-order -
calculus into the m-calculus [San92] and the encoding of the A-calculus in the
m-calculus [Mil92, SW98], in CHOCS [Tho89b, Tho95] or in the blue-calculus
[Bou97| (see below).
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3.7 Synchronicity and Asynchronicity

Up until now communication in the presented calculi has always been syn-
chronous, i.e. both communication partners have to rendez-vous. On the syn-
tactic level, asynchronicity can be obtained very easily: we demand that the
only possible continuation of an output prefix is the dead process, i.e. if we have
a process of the form a.p or aay . ..a,.p it follows that p = 0. These processes
can also be regarded as messages.

That is synchronous sending aa; . .. a,.p can now only be represented by its
asynchronous version aay ... a,.0 | p.

Saying that an asynchronous calculus is simply a subcalculus of a syn-
chronous calculus is, however, not correct. It is expected, that in an asyn-
chronous calculus input action cannot be observed from the outside. E.g. in
the case of barbed bisimulations there are only barbs for output actions, which
leads to a different notion of bisimulation [ACS96].

3.8 Graph Calculi

Graph-based description of process calculi are widespread, they are mainly used
for visualization purposes [Mil94, Mil90].

Describing the semantics of processes by graph rewriting is common in re-
lated areas: there are, for example, the description of actors by graphs [JR90],
interaction nets and interaction combinators related to linear logic[Laf90, Laf97],
A-grammars specifying concurrent languages and systems [KLG93, Loy92], a
graph notation for concurrent combinators [Yos94] or the specification of the
behaviour of petri nets by hypergraph grammars [Rei80].

The idea of describing the semantics of a concurrent or distributed program-
ming language with a graph grammar semantics, similar to our approach, can
also be found in [BS93].

In [Tae96] the graph transformation model is expanded in order to describe
parallel and distributed graph transformation.

3.9 Type Systems

While in CCS and in the monadic m-calculus, no process can ever run into
runtime-errors, this is not true for the polyadic w-calculus and other calculi.
Therefore simple type systems—often called sort systems—ensuring the free-
dom of runtime errors were introduced [Mil91, Gay93].

These type systems were extended in order to handle polymorphism and
recursive types [Vas94, Tur95] or to verify more complex properties of processes
such as input/output capabilities [PS93|, security and privacy issues [Aba97],
absence of deadlocks [Kob97] or confluence [NS97]

For more details on type systems see chapter 8.
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3.10 Other Process Calculi

This overview can necessarily not deal with all existing process calculi. We give
a structured enumeration over important calculi and mention important work:

First-Order Calculi:
CCS (R. Milner) Calculus of Communicating Systems [Mil80, Mil90,
Mil89]
CSP (C.A.R. Hoare) Communicating Sequential Processes [Hoa85]

Petri Nets [Rei85] Petri nets are modelling the execution of actions wrt.
pre- and post-conditions (a representation of Petri nets by hyper-
graph grammars can be found in [Rei80]) [Rei85]

Mobile Calculi:

m-calculus (R. Milner) [MPW89a, MPW89b, Mil91]

Higher-order m-calculus (D. Sangiorgi) Mobility of port addresses and
processes with static binding [San92, MS92b, San96]

CHOCS (Bent Thomsen) Calculus of higher-order communicating sys-
tems: Mobility of processes with dynamic binding [Tho89a, Tho89b,
Tho95]

Join Calculus (C. Fournet and G. Gonthier) process calculus, based
directly on the chemical abstract machine [FG96, FGL196]

Fusion Calculus (J. Parrow and B. Victor) extension of the m-calculus
with a different concepts of scopes [PV98]

Blue Calculus (G. Boudol) [Bou97] higher-order calculus, extension of
both A- and m-calculus, an early version was the y-calculus [Bou89]
Foundations of Process Calculi:
Action Structures (R. Milner) framework for different calculi based on
interactions with the environment [Mil96, Mil93]

Interaction Categories (S. Abramsky) Models processes in terms of
category theory where processes are represented as morphisms and
interfaces are represented as objects [AGN95]

Calculi with additional Features:

Distributed Calculi (J. Riely and M. Hennessy) Calculi modelling lo-
cations, movement of processes or threads to another location and
failure of locations [RH97, RH9S].

Spi Calculus (M. Abadi) a calculus which describes encryption of mes-
sages, useful for modelling security protocols and privacy [Aba97,
AGIT]

Object Calculus (M. Abadi, L. Cardelli) [AC96]



Chapter 4

The SPIDER Calculus: Syntax
and Semantics

4.1 Syntax

We will now describe the syntax and semantics of the graph-based calculus
SPIDER. It is an asynchronous calculus featuring higher-order communication
and mobility of port addresses.

A SPIDER expression is simply a hypergraph, consisting of two different
types of edges: processes and messages. The nodes of a hypergraph are meant
to represent ports.

Messages are always connected to a certain port—the port they are sent
to—and are labelled with their content, which is again a SPIDER expression.

Processes are either waiting for messages, which means they are labelled
with a process abstraction, detailing the behaviour of a process upon receipt of
a message. Or they are labelled with a replication operator, meaning that this
process can create copies of its content at will. They can also be labelled with a
variable, which indicates that they will be replaced by an entire process graph
in the course of message reception.

Definition 4.1.1 (SPIDER expression) Let X be a set of variables and let
Z = {proc,mess,var} be a set of edge sorts.
The class S of all SPIDER expressions is the smallest class satisfying:

e Every element of S is a hypergraph.

o IfHy,...,H, € Sand C(xy,...,x,) is adiscrete context with z1,...,z, €
X and sort(x;) = card(H;) it follows that

(Context) C(Hi,...,H,)€S

o If H €S with n:= card(H) it follows that

(Message) messy,(H) €S, where m > 1
(Process with Replication) proc,(!H) e S

59
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(Process with Process Abstraction)
procy (Akx.H) € S,  where m < card(H), k€ {1,...,m}
(Process with a Variable)

proc,(x) € S, where z € X, sort(x) =n

Labels of the form 'H, Apx.H or x are also called process descriptions.
free(H) C X is the set of all variables occurring in a SPIDER expression H,
which are not bound by an abstraction A,zx. O

The set of all processes is denoted by Py (i.e. Py := E¥°) and the set of
all messages is denoted by My (i.e. My := Ep*).

The last node of a message (if it exists) is also called its send-node, i.e. the
node it is sent to. Let e € Ey. We define sendy(e) := (su(e))card(e)-

If there is no free variable x in H, then Ayz.H can be abbreviated to A;.H.

In the following we will use the name “node” and “port” interchangeably,
since our use of nodes corresponds to the concept of a port in process calculi.

4.2 Graphical Representation

SPIDER has an intuitive graphical representation which we will use extensively
in the rest of this work. The components are represented as follows:

Port O
Process @) O source ports
5s source ports

Message ? ? ?send p
. H |

Process Abstraction
A Kk X. H

Replication Operator |
' H

The name SPIDER for the calculus was chosen because of the resemblance
of an expression with a spider net with many spiders (i.e. processes) in it.
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4.3 Semantics
We will now define substitution of variables H[J/z] in the entire expression.

Definition 4.3.1 (Substitution of Variables) Let H,.J be SPIDER expres-
sions and let z be a variable with sort(z) = card(J). We define H[J/z| induc-
tively as follows:

(C(Hy,...,Hy))[J/x] = C(Hi[J/x],...,Hp[J/x])
messy,(H)[J/x] = mess,(H[J/x])
. J ife=y
proca(y)lJ/e] = { procy(y) otherwise
proc,(\H)[J/x] = proc,(\(H[J/z]))

procy(A\py.H) ifz =y
procaOwy-(H[I/z])) it o £ y,y & free(J)
proc,(A\py.H)[J/z] = procy, (Apz.((Hprocy(2)/y])[J/x]))
ifx#£y,y€ free(J),z & free(H)U free(J),
n = sort(y) = sort(z)

a

In the spirit of the Chemical Abstract Machine (CHAM) [BB92] we now
define rules of structural congruence for SPIDER, i.e. expressions are considered
to be equivalent if they have the same structure and if they can be converted
into one another by simple renaming of variables (a-conversion).

Definition 4.3.2 (Structural Congruence) = is the least equivalence sat-
isfying:

Rules of Structural Congruence:

Hy =H,
(C-MESS) messy(H1) = mess, (Ha)
H1 = H2
(CPA) e T ) = e 1)
H, =H,
(C-REPL) proc,(!Hy) = proc,(!Hs)

(C-a) procy(Apx.H) = proc,(Apy.(H[proc,(y)/x]))
ify & free(H), sort(x) = sort(y) =m

C%JC,, H;, = J;, iG{l,...,’l’L}
C(Hl,...,Hn>EC/<J1,...,Jn>

(C-CON)




62 4 The SPIDER Calculus: Syntax and Semantics

where H,H,,J; € S,n € N,z € X, 51, 55 are process descriptions and C' is
a context with n holes where the i-th hole has sort card(H;) = card(J;).
a

The rules of structural congruence are equivalent to the following rules,
where = is also defined on process descriptions:

H1 = H2
)\nm.Hl = )\n.fL'.Hg

H1 = H2
!H1 E'HQ

(C-PAY) (C-REPL’)

(C-a’) Mgx.H = M\gy.(H[procm(y)/z])
if y & free(H), sort(x) = sort(y) =m

H=>=_H

(C-CONY = =m—

Table 4.1: Alternative rules of structural congruence

We will make use of the alternative definition in chapter 7 where we compare
different calculi.

We now define a redex, i.e. a process with a message attached to one of its
nodes. Let S be a process description and let J be a SPIDER expression. A
redex Red®™" (S, J) in graphical notation is of the following form:

(D) (k) (m) (m+1) (m+n)
O O O

A

Red”™"(8,J) := (procm(S),(p) ® (messni1(J), Car)

where

(p-m—-m+n, (y:n+l1l—-m+n
with CP(Xm) = LXernJl...m and CM(XnJrl) = LXm+nJm+1...m+nk-

We are now ready to give the reduction semantics of the calculus:

Definition 4.3.3 (Reduction Semantics) Let — be the least relation satis-
fying
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Reduction Rules:

(R-MR) Red*™"(\pw.H,J) — H[J/z] if m +n = card(H),
card(J) = sort(x)

(R-REPL) proc,(\H) — proc,(\H)OH if n = card(H)

(R_CON) C<H1,,Hl,,Hn> —>C<H17aHz/’H7/l>

J=HH—-H H =.J
J—=J

(R-EQU)

where H,J,H',J' € S and k,m,n € N and z € X and C is a context with a
hole of sort card(H). 0

The two basic rules of reduction are (R-MR) and (R-REPL) (see figure 4.1).
(R-MR) describes the reception of a message mess,+1(J) by a process
procy, (Agz.H). The message can be received if its send-port is identical with
the k-th port of the process. The content J of the message is substituted for x
in H and the entire graph H is embedded into the existing graph. Note that
the n ports which are attached to the message are taken over by H and are
merged with the n last ports in xg. This corresponds exactly to the mobility
of port addresses which can also be found in the m-calculus.

(R-REPL) describes the replication of a process, i.e. it can create arbitrarily
many copies of its content, which are still attached to its string of external ports.

Definition 4.3.4 (Bad Redex) We say that a SPIDER expression H contains
a bad redex if it has either a factor Redy . n(Ax2.J1, J2) where m+n # card(Jy)
or sort(z) # Ja or a factor proc,(!J) where n # card(J). O

We will now give an alternative description of reduction which will facil-
itate some proofs. Our aim is to show that the reduction semantics remains
unchanged if we use only binary contexts in (R-CON) and allow the application
of (R-EQU) at most once.

Proposition 4.3.5 If H — H' it follows that there exist a binary context C
and process graphs Hi, Ho such that

HEC<H1,HQ> H/EC<H1,H2>

and Hy "2 g1 or gy BEEPD

Proof: We proceed by induction on the reduction rules:

e In the case of (R-MR) and (R-REPL) we have H — H’ and can choose the
context var,(x1) ® varg(xz) where n := card(H) and Hy := H, Hy := 0.
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Figure 4.1: Message Reception and Replication
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e In the case of (R-EQU) the proposition follows immediately with the
induction hypothesis and the transitivity of =.

e In the case of (R-CON) we have H — H' where
H=C(Hy,...,H,) H =C(Hy,...,H],..., Hy)
and H; — H]. The induction hypothesis implies that
Hi = D(J1,J2) H=D(Jj,J2)

(R—M
—

R) (R—REPL)

and J; Jyor J o — 1.

It follows with propositions 2.2.13 and 2.2.15 that there exist contexts
C, D such that

C<I’1, .. -,xi—17D<yl»Z/2>,$i+1a s ,I’n>
C<y17D<$1, ey Li—1, Lj415 - - - ,ﬂfna?/2>>

12

Therefore

H
H =

(Jj,D(Hy,...,Hi 1, Hi\q,...,Hy, Jo))

(J,D(Hy,...,Hi—1, Hiy1, ..., Hy, Jo))

Il
-~ S

C
C

and J; — J]’~.

4.4 Example: Client-Server-Interaction

Server :=
!

A 11X )
O

Figure 4.2: A simple database server

We model the following client-server interaction: A client sends to a server
a database query with a return address. The query is itself a process, able to
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process the database content and to filter the desired information. The server
(see figure 4.2) will replicate itself, in order to be able to process other queries,
and will then receive the query process and insert it in such a way that the
query process is able to receive the database content (see figure 4.3).

In the first step the server creates a copy of itself according to (R-REPL).
Both processes (the server and its copy) are still attached to the same port.
Then the copy receives a message attached to the very same port whose content
is the query process. (R-MR) states that the redex is replaced by the hypergraph
inside the process, which means that, in this case, the port attached to the
message is taken over by the second port of the hypergraph. At the same time
the content of the message is substituted for the variable x.

Since this example is there to give a first glimpse onto SPIDER we do not
further specify the database content, the query process or the client.

| (Client

)]
o

””””””””” o
Mx [ L ¥ | [ Client

%) DB Content : [

'
|
N R

1

[Server] [DB QueryProcess] [Client]

]

Figure 4.3: Client-Server interaction
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In order to emphasize the ports of a hypergraph H in a process abstraction
Arx.H which are merged with the ports attached to the message, they are filled
with gray.

An extended example (mail delivery system) can be found in chapter 5.



Chapter 5

Extended Example: Mail
Delivery System

5.1 Informal Description

We will now show how SPIDER’s features can be exploited in order to specify a
Mail Delivery System.

Imagine several processes who want to communicate with one another. A
communication structure connecting these processes shall be developed. It is
not the aim of this chapter to describe virtual connections between processes,
i.e. a scenario where there is a link between each pair of processes. The aim is
to model a communication structure closer to reality by describing a physical
net of components and by specifying the routing information we need to reach
a certain process in the net.

Every process has a binary mail address. The mail addresses are organized
hierarchically. For every binary string being a prefix to more than one mail
address there is a process acting as a router for this prefix. A mail sent to mail
address “100” for example is first sent to the topmost router who passes it on to
the router representing “1”. From there it is sent to the router “10” who finally
passes it to the receiver process. Such a hierarchical structure is depicted as a
hypergraph in figure 5.1. The processes labelled P are the actual receiver and
sender processes having access only to the topmost router. The process marked
grey has the mail address “100”.

The set of all mail addresses is partitioned into domains. There is a local
administrator for each domain, handling requests such as the entering and leav-
ing of processes participating in the mail system. A process leaving the system
gives up its mail address and sends a message containing its mail address to
the local administrator. A process entering the system sends a request to the
administrator and receives a reply with a free mail address if available.

We can see that we have to use SPIDER’s ability to send ports. Later we
will see that higher-order communication is also very helpful.

In the following sections we will implement a router and an administator
and will show how a message can be enriched with routing information. We
will also specify a protocol for processes wishing to enter or leave the system.

68
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Y ¥ ¥ 1%

oo [or ) (0]

Figure 5.1: A hierarchical communication structure

5.2 Routers and Routing Information

Routing information and routers depend on one another. If we use another kind
of routing information we need another kind of router which can interpret this
information correctly. Messages with routing information are called mails.

A router is a process of cardinality 3 (see figure 5.1). It receives mails on
its first source port and sends them on its second or third port depending on
the routing information. It is depicted in figure 5.2.

AL m. o (1)

O @)
@ O
@) <£ <£ 3)

Figure 5.2: A router as a SPIDER expression

Because a router is not only used once but several times we use a replication
operator !. Prior to receiving a mail a router has to duplicate itself in order
to be available afterwards. (The ability of a router to replicate itself not only
ensures its constant availability, but also solves the bottleneck problem, since
there can be several routers acting concurrently.)
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After replication a message is received and its content is substituted for
m. This content has to be a process graph which ensures that the rest of the
message is passed to the correct destination.

Let me state this more clearly: we will code both the content of a mail
and its routing information into a SPIDER expression. Let content € S be the
actual content of the mail and let a € {0, 1}* be the mail address of the recipient.
mri(content,a) is the corresponding message with routing information. It is
defined as follows:

mri(content,e) = content, where ¢ is the empty string

. mri(content,a)

a € {0,1}*, mri(content,0a) := !

mri(content,a)
a € {0,1}*, mri(content, la) :=  cerd
@
1 @
A mail with content content and routing information to the mail address
“100” is shown in figure 5.3.

I
|
|

content
send |
ol o 1
M@
| o
@O @
' send

o &
D @

Figure 5.3: Mail with routing information to mail address “100”

Let us see what happens when we send this mail with routing information
to the topmost router in figure 5.1. The reductions that result in the arrival of
the content of the message are depicted in figure 5.4. Only the relevant parts
of the communication structure are shown. Note that the routing information
diminishes during reduction and in the end only the mail content is left.

A process has to be able to send its mail address to another process. When
sending the routing information as an expression it is convenient to treat the
content as a formal parameter. A process therefore sends a process abstraction
as a mail address which the receiver can use to insert a content and send it
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content

(R-REPL) SO A N s)
i ;

(R-REPL)
—

(RMR)
—

o

Figure 5.4: Routing of a message
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back to the address. Such a process abstraction of cardinality 2 is depicted
in figure 5.5 for a process with mail address a. It is also called an address
abstraction.

(D

)

Figure 5.5: Address abstraction representing the mail address a

Figure 5.6 shows a process receiving a mail address via its first input port
and afterwards sending content to this very mail address.

| b

JR¥L: @ content |
el
| omied)

| d |
1NN

: @) B @

3 @ RIS

,,,,,,,,,,,,,,

Figure 5.6: Process replying to a mail address
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5.3 Local Administrators

We can establish domains of processes by grouping processes with the same
prefix of their mail addresses. Every domain has a local administrator handling
requests from processes who want to leave or enter the system. An administra-
tor has cardinality 3. It receives leaving requests on its first port and entering
requests on its second port. The third port is connected to the topmost router.

If a process wants to give up its mail address and leave the system it sends
a message with its address abstraction to the administrator. Attached to the
message is a source port which was the connection of the process to the mail
system.

There might be several such messages waiting at the first source port of
the administrator. The administrator replicates itself, receives one of these
messages and waits for an entering request with a reply port attached to it.
To this reply port it sends the free mail address with its corresponding source
port. Attached to this message is also a port which establishes a connection to
the topmost router.

A local administrator is depicted in figure 5.7.

admin := | Q@
ALb.
om @ @
Ay

Figure 5.7: Local administrator for a domain of processes

Administrators are added to the communication structure of figure 5.1. The
resulting mail system is shown in figure 5.8. The processes are grouped into
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domains according to the first digit of their mail addresses. All the participants
of the mail system know the first source port of the administrator in order to
be able to send a leaving request. The second source port could be connected
to potential participants not yet connected to the system.

Figure 5.8: Communication structure with administrators

A process who wishes to leave the system has to obey the following protocol:

e It sends a message with its address abstraction to the first port of the
local administrator.

e Attached to the message is the port via which the process has received
the mails. The process must not retain any connection to this port.

A process wishing to enter the system must proceed as follows:

e [t sends a message with dummy content to the second port of the admin-
istrator, signalling its request.

e Attached to the message is a reply port on which it listens out for the
reply which contains the address abstraction for its new mail address.

e The reply also brings a port to which the process attaches itself in order
to receive mails and a target port which connects the process with the
topmost router and enables it to send mails to other participants of the
system.
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5.4 Possible Extensions

e What happens if there are more potential participants than mail
addresses?

We can always enlarge the communication structure by inserting a router
at the place of a participating process. The router then has to announce
the availability of its two mail addresses to the local administrator.

¢ What happens if a former participant keeps its mail address
instead of giving it back?

In our current scenario this situation can happen. But we might specify
a router which creates a new port every time a new process is inserted.
This effectively keeps the former participant from receiving mails which
are not meant for it.



Chapter 6

Bisimulation and Proof
Techniques

6.1 Barbed Congruence

We now show how to incorporate a very important concept of process calculi into
our formalism: the notion of bisimulation (for more information on bisimulation
in process calculi see section 3.5).

Structural equivalence, as defined in chapter 4 is much too fine-grained for
most purposes. We do not want to distinguish processes showing the same
behaviour with respect to their environment. The following notion of barbed
congruence is close to a definition of Davide Sangiorgi in [San92, MS92b]. We
will modify it slightly in order to avoid complications in the rest of this chapter.

It is important that this relation is a congruence. This gives us the possibil-
ity to replace a process with an equivalent process in a larger context, without
changing the behaviour of the entire system.

We assume that we can only distinguish processes by checking their com-
munication abilities (“black-box view”). Therefore we will define the notion of
active ports.

Definition 6.1.1 (Active Ports) Let H be a SPIDER expression. We say
that H outputs on the k-th port or respectively that | x |r is an active output
port iff there exists a message ¢ € My such that sendy(q) = |xm k. We say
card(q) is the cardinality of this active output port.

And we say that H expects input on the k-th port or respectively that | x ]
is an active input port iff there exists a process p € Py such that (g (p) = A\ix.J
and [sp(p)]i = | xu k- We say that card(J) — card(p) is the cardinality of this
active input port (= cardinality of the expected message). O

(Note that in the definition above an input/output port may have several
cardinalities. This, however, can lead to runtime errors which can be detected
by a type system (see chapter 8). In a well-typed SPIDER expression, a port
can have only one cardinality.)

In asynchronous calculi we are not expected to be able to observe if a process
is expecting input (for more details on bisimulation in the asynchronous -
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calculus see [ACS96]). Thus we will only distinguish processes by their output
capabilities.

We are now ready to define weak barbed congruence. While the following
definition of weak barbed congruence is very intuitive, it turns out that it can be
very hard to prove anything with respect to this definition. Therefore the rest
of the chapter will be devoted to proof techniques which can greatly simplify
our proofs.

Definition 6.1.2 (Weak Barbed Congruence)
A relation R is a weak barbed congruence on SPIDER expressions iff

e R is an equivalence

e H R J implies card(H) = card(J)

H; R J; for i € {1,...,n} implies
C(Hy,...,Hp) RC(J1,...,Jn) (6.1)

for every discrete n-ary context C(x1,...,z,) with holes of cardinality
card(Hy), ..., card(Hy).

e H R Jand H — H'implies the existence of an expression J’ with J —* .J/
and H R J'

H R J and H outputs on the external port | x| implies that there exists
an expression J' with J —* J', J' outputs on |x]r and H R J'.

Two SPIDER expressions H,J are called weakly barbed congruent (H =~ J) iff
there is a weak barbed congruence R such that H R J. O

It is not difficult to show that = is also a weak barbed congruence. Note also
that since R is reflexive, (6.1) holds also for non-discrete contexts C(x1, ..., xy).

Note: The definition above does not quite match the definition of barbed bisim-
ulation in Sangiorgi’s work [San92, MS92b|. The last condition should actually
read:

e H R J and H outputs on the external port |x|r implies that there exists
an expression J' with J —* J’ and J’ outputs on | x|.

This means that our definition is stronger and it is not quite clear if both
definitions coincide. We chose the definition above since it is easier to handle
and since it enables us to prove the =-part of proposition 6.3.4. And since
bisimulation is not the main objective of this paper, we consider it appropriate
to keep matters clear and manageable.

We will now conduct our first step to simplify proofs for the weak barbed
equivalence. The main point in this case is to avoid the transitivity of R.
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Proposition 6.1.3 Let R C S X § be a reflexive and symmetric relation on
SPIDER. expressions and let R* be its transitive closure. Furthermore:

e H R J implies card(H) = card(J)
e H; R J; forie {1,...,n} implies
C(Hy,...,H,) R ClJ1, ..., Jn)

for every discrete n-ary context C{xy,...,x,) with holes of cardinality
card(Hy), ..., card(H,).

e H R J and H — H' implies the existence of an expression J' with J —* J'
and H R J'.

e H R J and H outputs on the external port | x| implies that there exists
an expression J' with J —* J', J outputs on |x|r and H R* J'.

Then R* is a weak barbed congruence.
Proof: R* can be characterised in the following way:
HR'J < dneN, Ky,...,. K, € S:HRK|  R...RK, RJ
o If H R* J then card(H) = card(Ky) = ... = card(K,) = card(J).

o If H; R* J;, i € {1,...,n} it follows that there are process graphs Kij,
ie{l,...,n}, j€{1,...,m;} such that

HRK'R..RK™R.J

Since R is reflexive we can choose the KZJ such that m; = ... =m, =:m.
It follows that

C(Hy,...,H,) R* C(K}{,...,K)YR* ... R*C(KP" .. K"

n

R* CUJ1,...,Jn)

e We will show that H R* J, H — H' implies J —* J', H R* J by
induction on n where n is the number of R-steps between H and .J: the
case H R J is obvious. If H R* K R J and H — H’, the induction
hypothesis implies that K —* K’ and H' R* K'. By induction on the
length of K —* K’ we can show the existence of J’ with J —* J' and
K'RJ'.

e We will show again by induction on n that if H R* J and H outputs on
the k-th port then there exists an expression J' with J —* J', J" also
outputs on the k-th port and H' R* J': The case H R J is obvious.

If HR" K R J and H outputs on the k-th output port, the induction hy-
pothesis implies that K —* K’, K’ outputs on the k-th port and H R* K'.
We know (see above) that there exists a J' with J —* J  and K’ R J'.
Since K’ outputs on the k-th port it follows that J' —* J” J” outputs
on the k-th output port and K’ R* J” which implies that H R* J”.

a
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6.2 Garbage Collection

In this section we present a first application of barbed congruence: we show
that garbage, i.e. edges and nodes that have no connection to external ports,
can be removed from a process graph without changing its behaviour. This fact
will be also needed in the proof of proposition 6.3.4.

Definition 6.2.1 (Garbage) Let H be a SPIDER expression such that H
H' ® Gy where card(Gpy) = 0. Then Gy is called garbage of H.

o

We now show that removing this garbage yields another process which is
weakly barbed congruent to the original process.

Proposition 6.2.2 (Garbage Collection) Let H be a SPIDER expression with
H = H' & Gy such that card(Gy) =0. Then H ~ H'.

Proof: We define
R={(KeoGyg,K®Gy)|K €S, card(Gg) = card(Gy) =0}

It is obvious that R is reflexive and symmetric and that H R H'. We will now
show that all conditions of proposition 6.1.3 are satisfied:

o If K Gy R K & Gy with card(Gy) = card(G ;) = 0 then
card(K & Gg) = card(K) = card(K & G )
o Let K®Gy — H'. Then either H' = K' @Gy and K — K'. In this case
KoG; - K oGy RH.

If on the other hand H' = K ® G and Gg — G’ (and thus card(GYy) =
0) then K ® Gy —-° K ® Gy R K © G;. Since R is symmetric it follows
that K & Gy R K @ G,

o Let KZ-QBG% R K&BGS and let C(x1,...,z,) be a given context. It follows
with propositions 2.2.13 and 2.2.15 that there are contexts C'(y1, ..., Yn+1)
and C"(z1,...,z,) with

CKy®GYy,....,K,©G}) = C(Ky,...,K,,C"(GYy,...,G%))
ClKy@GY,....K,eG%) = CKy,...,K,,C"(GY,....,G"))

With proposition 2.2.13 we can show that
C(Ky,...,K,,G)=C(Ky,...,K,,0) &G
if card(G) = 0. It follows immediately that
CKi®GYy,....K,®oG%) RC(K,® Gy, ... K, ®G")

o Let K Gy R K& Gy and K ® Gy outputs on the k-th port, then, of
course, K outputs on the k-th port and the same is true for K & G ;.

a
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6.3 Normal Bisimulation

Bisimulation proofs can be much more complicated than the proof of proposi-
tion 6.2.2. The main problem is the great number of contexts we have to deal
with. But, as it turns out, we do not need to consider arbitrary contexts. Only
messages received from and sent to the exterior are really important. This is
similar to the bisimulation equivalence based on labelled transition semantics.

Furthermore we consider bisimulation up-to-context. That is, as in propo-
sition 6.1.3 there is a stronger relation R on the left side and a weaker relation
R on the right side of an implication.

Definition 6.3.1 Let R C §x S be a symmetric relation on SPIDER expression.
We define

R:={(C(Hy,...,H,),C{J1,...,J,)) | Cis a n-ary discrete context, H; R J;}
a

Proof: Immediate with proposition 2.2.13. O

Lemma 6.3.2 (Properties of fi) Let R be a symmetric relation. Let H;, J;
be SPIDER expressions with H; R J; and let C' be a discrete n-ary context with
holes of cardinality card(Hy), ..., card(H,). Then

C(Hy,...,H,) R C(J,...,Jp)

For the following definitions we need two special contexts: Rj , , (repre-
senting a process x1 receiving a message x2) and Dy, ,, (representing a process
sending a message o, where x; is the rest of the process).

@» & (M (M1 (m+n)

Rimn<X, %> =0 % 7 %

o K m @
L B T e e I 1
Dk,m,n<X:]_1X2> -_C - Xg - J(i Xg .

We are now ready to define the notion of normal bisimulation.

Definition 6.3.3 (Normal Bisimulation) A relation R on SPIDER expres-
sions is a normal bistimulation iff

e R is reflexive and symmetric

e H R J implies card(H) = card(J)
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e H R Jand H — H' implies the existence of an expression J' with J —* J’
and H' R J'

o If H R J and H = Dy n(H',mess,1(Mpy)) where H', My € S then
there exist K’, Mg € S such that

!

=

R
messp+1(Mpg) R messpy1(Mg)
—* Dk,m,n<K/, messp+1(Mg))

(If H outputs a message on the k-th port, J can output an equivalent
message, and the rest of the expressions is also equivalent.)

e If H R J and |x]x is an active input port (of cardinality n) in H then
J —* K such that for every pair messp+1(M) R mess,4+1(N):

Rk,m,n <H7 m655n+1(M)> R Rk:,m,n<Ka messp+1 (N)>

where m := card(H), n € N.

(If H expects a message on the k-th port, H and J behave the same if
they receive equivalent messages from the environment.)

Two SPIDER expressions H, J are called normally bisimilar (H ~y J) iff there
is a normal bisimulation R such that H R* J O

Proposition 6.3.4 Barbed congruence and normal bisimulation are identical,
i.e. for every H,J € S:

H~J < H=~yJ

Proof:

=: Let H =~ J. We will show that the conditions of definition 6.3.3 are satisfied
for R ==. Since = is a bisimulation it is easy to see that it satisfies the
first three conditions of definition 6.3.3. The fifth condition is satisfied
since & is a congruence by definition. We will now check the fourth
condition:

Let H = Dy n(H', messy1(Mp)) where card(Mp) =: a.

We define the following context C'(z1):
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Aoni2 Y-

(777

I i/% @

@)
@ ® @ ) (n) (n+1) (2n) (2n+1) (2n+2)
(m+1) (m+n) (m+n+l)  (M+2n)(m+2n+1)

Since H =~ J, we conclude that also C(H) ~ C(J). Since in H a message
of content My is sent to | x|k, C(H) can perform a reduction where the
process on the right hand side receives this very message. It is easy to see
that the resulting process has the form H' & mess,+1(Mpg) =: H.

Since H'@mess,1(Mp) outputs on the (m+2n+1)-th port we conclude
that C'(J) —* J ~ H and J also outputs on the (n+2n-+1)-th port. This
works only if at some time in the reduction process a message is received
by the right hand process in C'. This implies that

C(J) —* C(Dpmn(K,messpi1(Mg))) — K & messp1(Mg)
—* K ®messpi1(Mg) = J

It follows that

C(J) —* C(Dpmn(K,messpi1(Mg))) =" Dk7m7n<K',messn+1(MK)>>
— K ®messpi1(Mg)

Since H' @ messp+1(Mp) = K' @ messp+1(Mg) and = is a congruence
it follows that

) = 01..man(H' @ messni1(Mp))
o1..man(K' @ messpy1(Mg)) = H @ o-(messyi1(Mg))

o(H') ® messpi1(My) = Omant1..mrone1(H @ messpi1(Mpg))
~ 01 min(K' @ messpi1(Mg)) = o-(H') ® messp1 (M)

H' & o-(messp+1(Mp)

Q

With proposition 6.2.2 it follows that H' ~ K’ and mess,+1(Mpy) =~
messp+1(Mg).

«: Let R be a normal bisimulation. We will show that R is a weak barbed

congruence with the help of proposition 6.1.3.

e R is symmetric since R is symmetric.
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e H R Jimplies H= C(H,,...,H,) and J = C(Jy,...,J,) for some
context C(x1, ..., xy,). It follows that card(H) = card(C{x1,...,xy,)) =
card(J).

e [t follows immediately with lemma 6.3.2 that H; R J; implies
C(Hy,...,H,) RC{Jy,....J,)

e Let HRJ, (H=C(Hy,...,H,), J=C{Jy,....,J,), H R J;), H
outputs on xg.
Then there is a process p of C, labelled x; with [sc(p)]; = [x] for
some j and H; outputs on | x|, i.e. Hi = Djm, n,(H}, messn,+1(Mp,)).
Since H; R J; we conclude that

Ji =" Ki = Djm; n, (K], messn, 4 1(Mg,))

with H/ R K and messp1(Mp,) R messp+1(Mk,).
It follows with lemma 6.3.2 that H; R K; and that

H=C(Hy,...,H)) RCUy, ..., Ji1,Ki, Jig1,...,Jn) = K

Furthermore J —* K and since Kj; is active in the j-th output port
and [sc(p)]; = [x]k it follows that K is active in the k-th output
port.
o Let H R J, (H=C(Hy,...,Hy), J=C(J1,...,Jn), Hi R J;), and
let H — H’'. We have to show that J —* K and H' R K.
There are two cases:
— The reduction takes place in one of the H;, i.e. H; — H£ In
this case the properties of R assure that J; —* K; and H, R K;.
It follows with lemma 6.3.2 that

C{J1,...,Jn) =~
ClJy, .. Jict, Koy Jig1,.... ) R C(Hy,... Hy)

— The reduction takes place in H = C(Hq, ..., H,) and H; receives
a message of H;. H; expects an input on | x g, |, and H; outputs
on |xg,|r;- That is

H;= ij,mj,n<HJ’-, messpt1(Mmp,))

We assume that C' has edges e;, e; with lc(e;) = x4, lo(ej) = x;
and [sc(ei)]r, = [sc(ei) ;-

We can show that there exists a context C'(x1,...,x,) (with
mj + n; = sort(z;), m; = sort(z;) and sort(x;) = sort(y;) if
[ #i,7) such that

C<1171, LR J:j—l7 Dk]-,mj,n<l'jaxn+l>a $]'+17 e )xn>

= Cx1,. o, Tic1, Riemy n{Tis T 1)y i1, -+« 5 T
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This implies that

H = C'(Hu,...,Rg,m;n(Hi, messp+1(Mp,)), - - -, HJ", oo Hy)
Since H; R J; and H; outputs on [ x|, it follows that J; —* K;
where Kj = Dy m; n (K, messy11(Mg;)) and

H R K;
messy1(Mp;) R mess,i1(Mk;)

Since H; R J; and H; expects an input on | x|, it follows that
J; —* K; such that

Ry moin(His messni1 (M) R Ry m, n(Ki, messp i1 (Mg,))

Therefore

*

J — C<J1,...,Ki,...,Kj,...,Jn>

= C<J1, ey Ki7 con 7ij,mj,n<K]/'7messn—l—l(MKj))’ ey Jn>
C'{Ji,..., Ry, omjn (K, messn1(ME;)), - - ,K;, ey In)
H

=

6.4 Example: Simulating Replication

We now show the usefulness of normal bisimulation by simulating the replication
operator. This actually means that the replication operator is not necessary in
order to obtain full computational power in a higher-order calculus. This result
is not unexpected, and a similar result was shown for the fixed-point operator
by Bent Thomsen in [Tho95] for the calculus of higher-order communicating
systems CHOCS.

The corresponding expression in the A-calculus is the paradoxical combina-
tor Y.

It is, however, sensible to keep the replication operator in order to facilitate
programming and in order to retain full computational power when we restrict
SPIDER to its non-higher-order fragment.

We will need the following context:

(€ (m)  (m+1)
Q
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Furthermore:

@ (m) (m+1)
o .. O o

[ | W maw

Z 1= Aoy X YoH) = 1 Tt
m M Bine1 <H, Zp>
o 0 e
T || ® @
”
S — 0
® T e . Zm
(. x
where m := card(H).
And the only reduction Y,,(H) can perform is
W )
Bie1 <H, Zp>'
Y (H) — e = (HoY,(H) el

Proposition 6.4.1 (Simulating Replication) Let H be a SPIDER ezpres-
sion with m = card(H).
Yo (H) = proc,(1H)

Proof: In order to show that Y;,(H) = proc,,(!H) we have to show that the
reflexive and symmetric closure of

R :={(Yn(H) ®n,proc,,('H)) | n € N}

is a normal bisimulation.

The first two conditions are obvious and the last two need not be checked
since none of the processes contains any active ports. So only the third condition
remains: for the reflexive part of R this is obvious.

IfY,,(H)®n — (HOY,,(H))®n + 1= HO(Y,,,(H)®n + 1) it follows that
procy, (\H) — HOproc,,(1H) and

HO(Y,,(H) ®n+1) R HOproc,,('H)
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Finally, the case proc,,(!H) — HOprocy,('H) is nearly analogous:

Yiu(H) ® 7 — HO(Y,,(H) @ n+ 1) R HOproc,,(\H)



Chapter 7

Comparison with other
Formalisms

7.1 How to Compare Calculi

In this chapter we will relate SPIDER to important calculi, like the A-calculus
and the w-calculus. We will encode expressions from these calculi into SPIDER.
To be able to show that such a translation is in some way “correct” we need
a notion of what it means that a translation is preserving the semantics of
a calculus. The following definitions are inspired by G. Boudol [Bou89] and
appear, in a similar form, also in [PS93].

Definition 7.1.1 (Strong (Weak) Simulation)

Let A= (A,—4), B= (B,—p) be two calculi (or transition systems) where
A, B are sets of expressions and — 4, —p are reduction relations. Furthermore
there are equivalence relations =4,=p and we demand that in both calculi

there is the rule
r=2,y=y, z—y

:c’—>y’

Let a,a’ € A, b,b' € B. We say that B strongly simulates A if there exists
a mapping A : B/ — A with B’ C B such that:

Vae AJbe B : Ab)=4a (7.1)
b=plt = A(b)=4AW) (7.2)

b—pb = A®) —aAD) (7.3)

Ab) »ad = FVeB :b—-pl, A(Y)=4d (7.4)

A is weakly simulated by B if we replace — 4, —p by —7%, —% in the definition
above. O

It is possible to gain simulations out of existing simulations:

Proposition 7.1.2 (Transitivity of Simulation)
If A can be strongly (weakly) simulated by B and B can be strongly (weakly)
stmulated by C' then A can be strongly (weakly) simulated by C.

87
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Proof: Straightforward by composition of the A-mappings. O

Let us now consider a special case where we can show simulation with a
mapping © : A — B instead of a mapping A : B — A. Note that the
conditions given below are less general than the conditions in definition 7.1.1.

Proposition 7.1.3 Let A, B be calculi as defined in definition 7.1.1. And let
O : A — B be a mapping satisfying:

O(a) = O(d) <= a=ad (7.5)
a—aad = ©O(a) »pO(d) (7.6)
Oa) »pb = 3FdeA:a—sd, O(d)=pt (7.7)

Then A can be strongly simulated by B.

Proof: Let B := ©(A). Since ©|F is a bijection from the equivalence classes
of A into the equivalence classes of B’ (see condition 7.5) there exists a mapping
A: B — A with
b=p Vo= A(b) =4 A(b/)
O(A(b)) =p b foreverybeB
A(B(a)) =4 a foreveryac A

This immediately implies (7.1) and (7.2).
We will now show that the other two conditions of definition 7.1.1 are sat-
isfied:

(7.3) Let b —p b'. We define a := A(b) with O(a) = b. It follows that
O(a) —p V. (7.7) implies that there exists a a’ such that a — o’ and
O(a’) = b'. Furthermore A(b) =4 d.

It follows that
Ab)=4a—d =4 A®D)

(7.4) Let A(b) — o/. With 7.6 it follows that
b=p O(A(b)) — O(d)
If we define b’ := ©(d’) it follows that b — b and A(O(a')) =4 d'.
a

When dealing with process calculi it is also desirable to compare the in-
put/output capabilities of two related expressions and make sure that they are
the same.

Normally it is expected that the translation is fully abstract, i.e. that it
preserves the semantical equivalences of the different calculi. That is if ~ 4,
~p are the semantical equivalences (e.g. some sort of bisimulation or barbed
congruence) we expect that

b~plt < A(b) ~4 A(Y)
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We will now assume that in both calculi the semantical equivalence is weak
barbed congruence. In order to be able to define barbed congruence in a calculus

A we will assume that there are n-ary contexts c4 such that c4(ai,...,a,) € A
if it is defined. We assume that if ca(ai,...,a,) € A is defined and a; = a ,
i€ {l,...,n}, then ca(a},...,al) is also defined and

cala, ..., an) = calay, ..., ay)

Furthermore we assume that each expression a is associated with a set of
active ports actives(a). Where a = o' implies actives(a) = actives(a’).
Now it is possible to define weak barbed congruence as in definition 6.1.2:

Definition 7.1.4 (Weak Barbed Congruence for Arbitrary Calculi) Let
A = (A, —) be a calculus with contexts and active ports as defined above.
A relation R is a weak barbed congruence on A iff

e R is an equivalence

e a; Ra) forie{1,...,n} implies
calay,...,an) Rcaldl, ..., al) (7.8)
for every discrete n-ary context c4. Furthermore if c4{aq,...,ay) is de-
fined then ca(al,...,al) is also defined.

e a R a and a — a implies the existence of an expression a’ with a —* a’

and a R a'

e a R d and if act € activey(a) then there exists an expression a@’ with
a' —*a', act € activeg(d') and a R @'

Two expressions a,a’ are called weakly barbed congruent (a ~ a') iff there is a
weak barbed congruence R such that a R a’) O

We will now investigate what conclusions can be drawn from a simulation
A concerning full abstraction.

Proposition 7.1.5 Let A : B' — A be a mapping describing the simulation of
calculus A by calculus B. Furthermore let = 4,~p be weak barbed congruences
on A respectively B.

We extend A to contexts such that for every context co of A there is a
context cg of B such that A(cp) = ca. And

A(CB<b1, c. ,bn>) =B A(CB)<A(Z)1), NN A(bn»

(if one of both sides is defined) and there is a bijection f with activep(b) =
flactive 4 (A(D))).
It follows that
bap b = A(b) =4 A(Y)
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Proof: Let b ~p /. This implies that there exists a weak barbed congruence
Rp with b R b'. We define

Ra:={(a,d")|3b,b :b Rg b, A(b) =a, A(Y)) =d}

e R, is reflexive because of (7.1). And since Rp is symmetric and transitive
it follows that also R4 is symmetric and transitive.

o Let A(b;)) = a; Ra a, = A(b)) with b; Rp b,. Let ca be a context in A
where cq(ay,...,an) = ca(A(b1),...,A(by)) is defined. With the condi-
tion above it follows that there is a context cp in B satisfying A(cp) =a
cq. It follows that A(cp(bi,...,bn)) =a Alcp)(A(b1),...,A(b,)) and
cp(bi,...,by) is defined.

This implies that cp(b],..., ) is defined and since Rp is a weak barbed
congruence it follows that

cp(br, . ba) R ep(bl,.... b))

Furthermore

calay, ... an) = calA(by),...,A(by)) =4 Alcp(by,...,bn))
Ra A(cp(by,...,0,)) =a ca(Ab),...,Ab))) =caldl,...,al)

o Let a = A(b) Ra A(V) = o' with b Rp V' and let a — a and thus also
A(b) — a. It follows with 7.4 that b —* b and A(b) =4 a.

Since Rp is a weak barbed congruence it follows that b’ —* Y and b Rg V.
(7.3) then implies that o’ = A(V) —* A(Y) and a Ry A(b) Ra A(Y).

e Let a = A(b) Ry A(V) = o with b R b and let act € actives(a) =
active A(A(D)). This implies that f(act) € activep(b).
It follows that b’ —* ', f(act) € activeg(h') and b Rp b

It follows with (7.3) that o’ = A(Y) —* A(Y) with a = A(b) Ry A(V).
And since active(A(V)) = f~ (activeg(b')) it follows that

act € actives(A(b)

7.2 The )M-Calculus

7.2.1 Informal Comparison

The original idea behind SPIDER was to combine the A-calculus with concepts
from graph rewriting in order to describe concurrent programs only by graph
syntax, functional abstraction and application.
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Since the semantics of SPIDER is based on lazy evaluation it is sensible to
compare it with the lazy-evaluation semantics of the A-calculus. Its syntax is
as follows:

FE:==x ‘ \x.FE ‘ (ElEz)

Renaming of bound names, i.e. a-conversion, leads to equivalent expressions.
That is A\z.E =, \y.E[y/z] if y does not occur free in E. The reduction rules
are the following:

Rules of Structural Rules:

E=,F Ey\ =F|, E; =F)

(CAa) —p—p— (CAAPPL) (E\E») = (ELE})
E=F
(C-A-ABSTR) \e.E = M\x.E'

Reduction Rules:

E, — Ej
(E1E2) — (E1Es)

(R-A-0) (M. Es) — Ei[Ey/z]  (R-A-APPL)

E\=E|, Es = E) By — Es

(R-\-EQU)

We assume that F1[Fsy/z] denotes the syntactical substitution of by Fs in Ej
(with change of bound variables in order to avoid capture of free variables in
E»).

The set of all A-expressions will be denoted by A.

Some elements of the A-calculus reappear in SPIDER with the gravest changes
being made in the application of a function to a parameter. Instead of only
two expressions (FjFEy) there can be any number of connected processes and
messages in a hypergraph. We can say that processes play the role of functions
while messages play the role of parameters. The processes and messages are
linked via ports (the nodes of the hypergraph).

Whereas an abstraction Az.F in the A-calculus has access to only one pa-
rameter, a process can receive a message from any port at any time. The
number k in the process abstraction A\px.H indicates at which port the process
is listening. Another difference to the A-calculus is the fact that ports can be
attached to a message, which are taken over by the receiver allowing it to gain
access to even more messages. The port via which a message is received does
not get lost but is available afterwards as well.

In the A-calculus it is immediately obvious how to replace a substring by an-
other string. In a graph-based calculus it is necessary to introduce a mechanism
for the construction of graphs, as we have done in chapter 2.
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Unlike in the A-calculus, which is confluent, there are two forms of nonde-
terminism which can occur in SPIDER:

e Several messages might be waiting at one port. A process listening at
this port nondeterministically receives any of them.

e Several processes might be listening at the same port. If a message arrives
at this port any one of the processes will receive it.

Consequently SPIDER is not confluent any more. In section 8.3, however, we will

present a type system which will guarantee confluence for typed expressions.
We will now introduce two ways of encoding the A-calculus into SPIDER.

Although both simulate lazy evaluation, they are different in their approach.

7.2.2 Encoding the A-Calculus into SPIDER, Version I

In the A-calculus a function substitutes a parameter and so becomes the result.
That is there is no real output. In this spirit we will give an encoding of the
A-calculus into SPIDER.

In section 7.2.3 we will follow a different approach, that respects the para-
digm of process calculi. That is a function is simulated by a process which
receives its parameters and outputs the result as a message.

The mapping @%\ desribed in the following encodes every A-expression into
a SPIDER expression of cardinality 1 (see figure 7.1). On this one external port
a message, i.e. the parameter, is expected. This message is expected to bring
along a port attached to it, from which the next parameter is to be received.
This port is also called the continuation.

o (1)
(1)
1 _
00 = .
@ L iei(Ez)f
i ONEE) =
A X (Mo @) Rl
O}(AXE) = T ey
A(AXE) — = OEy)
NG -

Figure 7.1: Encoding the A-Calculus into SPIDER, Version I

(For the meaning of the long dashed lines see the explanation at the end of
section 2.1.)

Proposition 7.2.1 The A-calculus can be strongly simulated by SPIDER.
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Proof: Our aim is to define an inverse translation A} : A — S and to show
that it satisfies the conditions of definition 7.1.1.

By induction on the length of the reduction we can show that if ©} (E) —* H
then H = H' @ m where m € IN and H' is equivalent either to (a) or (b) in

the following figure, where Hy, Hy, ..., H, also have form (a) or (b) (for some
n € IN).
<f(1) (a <f(1) (b)
CHn O Hp
7777 send  lsend

AMX (Do )

S
H
%

We define
AL(H) = { )\:C.IA%\(HO)Ai(IHl) L AL(H) %f H: has form (a) )
xAY(Hy) ... A\(H,y) if H' has form (b)
We can show by induction that
ONB1[Ez/2]) = OX(E1)[OX(E2)/x]
ANHJI/z]) = ANH)[ANI)/2]
AL(OL(FE)®n) = E
VHImecN:0 AL(H)®en = H
We will now show that the four conditions of definition 7.1.1 are satisfied:
(7.1) because of A} (OY(E))=E
(7.2) By induction on the (alternative) rules of structural congruence of SpI-
DER (see table 4.1).
(7.3) Let H— H'.
According to proposition 4.3.5 it follows that
H=C{h,J) H =C{J],J)

and J; MMP g

This is only possible if H has form (a) and H' has the following form:
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It implies that
AN(H) = Az AL (Ho)AN(HY) ... AL (H,)
—  AN(Ho)[AN(H:) /2] AX(Hy) ... AX(Hy)
= AX(Ho[Hi/z]))AX(Ha) ... AX(Hy)
AH)

(7.4) Let A}(H) — E’. We have to show that H — H' such that A} (H) = E'.

>
Sy

e We will first show that By = Fy = ©O1(E;) = ©1(FEs) (by induction
on the rules of structural congruence)

e Then it can be show that £ — E’ implies O} (E) — ©1(E’)®1. This
can be done by straightforward induction on the reduction rules.

Therefore O} (AL (H)) — ©1(E') ® 1 and

H=03A\H)en— 0 (E)on+1:=H

where AL (H') = E'.

7.2.3 Encoding the A-Calculus into SPIDER, Version II

The encoding above is correct in the sense defined in section 7.1, but it has
one weakness: it is hard to combine encoded A-expressions with other SPIDER
processes. If we regard an encoded expression as a black box, we see a process
which only receives but never sends messages. Its interaction with the envi-
ronment is thus rather limited, especially in our asynchronous case where the
reception of a message cannot be observed. Since there are no active ports to
observe, we have problems with full abstraction.

What we want to do now is create functions receiving their parameters and
sending the reult as a message. We will define the following two operators.

. .e:z:pr (x € Id, expr € £), a SPIDER expression of cardinality 2, which
can receive an expression, substitute this expression for z in expr and
send the result of the substitution.

e @, a process description which receives a function on its first port, a
parameter on its second port and which will insert the function such that
it receives the parameter and outputs the result.
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Ax]H = Mg @ = Mf| @

)\1X. o (1
— =

(2)—0(
@) é>

Figure 7.2: Operators for abstraction and application

The operators .expr, @ are defined in figure 7.2.

We use the operators to define the encoding depicted in figure 7.3. It takes
a A-expression and maps it onto a SPIDER expression of cardinality 1. Note
that ©%(F) is active in its output port if and only if E is of the form A\z.E’.

S

O (AXE)

O EE,) = |

© (1)

Figure 7.3: Encoding the A-Calculus into SPIDER, Version 11

Proposition 7.2.2 The A-calculus can be weakly simulated by SPIDER.

Proof: By induction on the length of the reduction we can show that if
©3(E) —* H then H = H' & m where H' either has form (a), (b) or (c)
in figure 7.4 (where the expressions H; have form (a) or (b)).

We can define an inverse mapping A%\ for every SPIDER expression H with
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,,,,,,

Figure 7.4: Encoded A-expressions

©%(E) —* H:
A3 (Hy) ... A3 (Hp) if H has form (a)
A3(H) =< (. A2(H0))A2 (Hy)...A%(Hy,) if H has form (b)
A3 (Ho)[A3(Hy)/x)A3(Hy) ... A3(Hy,) if H has form (c)

We can show that

OLEL[Ez/x]) = O)(E1)[O5(E)/x]
AJ(H[J/z]) = AJ(H)[A3(])/x]
A2©E)®n) = E

VHImeN:H —* O3(A3(H))@m
Now we will show that all four conditions of definition 7.1.1 are satisfied.
(7.1) Obvious since A3 (O3(E)) =E

(7.2) By induction on the (alternative) rules of structural congruence of Spi-
DER.

(7.3) Let H— H'.
According to proposition 4.3.5 it follows that
H = C<J1,J2> H/ = C<J{,J2>

and Jp M_ME) Ji.

There are two cases:
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e H has form (b) and the reduction is the reception of the message
.Ho. Then H' has form (c¢) and

AX(H) — A3(Ho)A(Hy)/a|A3(Ha) ... A3 (i)
= A(Ho[H, /) A3(Hy) . .. A} (Hy) = A3(H)

e H has form (c) and the reduction is the reception of the message Hj.
Then

AZ(H') = A3(HolHy/a))A3(Hy) ... A3 (Hy)
= A3(H) A3 () [) A3 (Hy) ... A3 (H )
- M)

(7.4) Let A2(H) — E'. We have to show that H — H' such that A2 (H') = E'.

e We will first show that By = E; = 0}(E;) = ©}(E») (by induction
on the rules of structural congruence).

e Now we can show that F — E’ implies O} (E) —2 ©}(E’) & 2. This
can be done by then by straightforward induction on the reduction
rules.

Therefore ©} (A3(H)) —* ©}(E') & 2 and

H=0\A2H)en—0}(F)en+2:=H

Furthermore A%(H') = E'.

7.3 SPIDER with Graph Expressions

In chapter 2 we have shown that there are alternative representations of hy-
pergraphs, e.g. graph expressions. When we represent SPIDER expressions in
this notation, it is useful to have a representation of reduction rules in this
approach.

We will now introduce an equivalent version of the SPIDER calculus, based
on the graph expressions.

Syntaz: A SPIDER expression can be represented as a graph expression g where
g has the form

Process with a Variable: procy,(x) where x € X, m = sort(x)
Process with Replication: proc,,(!g)

Process with Process Abstraction: proc,,(A\pz.g) where m < card(g), k €

{1,...,n}
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Message: mess,(g) where n > 1

Sum: g1 & g9

Redefinition of External Nodes: 0,(g)
Node Fusion: 6;5(g)

where g, g1, g2 are again SPIDER expressiond represented as graph expressions.

As in definition 4.3.1 we can define substitution of variables by terms as
follows:

Definition 7.3.1 (Substitution of Variables) Let g,¢’ be SPIDER expres-
sions represented as graph expressions and let card(g’) = sort(z).
We define g[g’/x] inductively as follows:

(91 @ g2)lg' /2] = g1lg' /2] ® galg’ /7]
oa(9)lg'/z] = oalgly'/z])
05(9)lg'/x] = 05(glg’/x])

proca(y)lg'/a] = {irocn(y) :)ftlgie;vvgiJse

messn(9)lg'/z] = messn(glg'/z])
proca(lg)lg' /] = proc.(Yglg'/x]))

proce O (ol 1) (@)
1) procn(Aey.(gly'/2])) iz £ y,y & free(d
proeny g 2] = 4 proc, vz (gl /)

if x #y,y € free(J),z & free(g) U free(g’)
O

The operational semantics of the SPIDER calculus based on graph expres-
sions is given in figure 7.5.

Proposition 7.3.2 The algebraic calculus above can be strongly simulated by
SPIDER.

Proof: We will define a mapping © 4 which takes an algebraic SPIDER expres-
sion and converts it into an ordinary SPIDER expression:

©a(9) = wvala(©4(9))
OU(g1 @ g2) = O4(g1) ®O(g2)
©4(0s5(9)) = 05(O%4(9))
Oh(oal9)) = 0a(©4(9))
Oalprocm(lg)) = procm(1©4(g))
Oy (procy(Akr.g)) = proc,(Ar.©4(g))
)

= messn+1(04(9))
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Rules of Structural Congruence:

91 = 92
C-A-PA
( ) ALT.g1 = ApT.g2

(C-A-REPL) -2=%_ (cacoN) H==92
‘g1 =92 g1 =92

(C-A-a)  Anz.g = Any.(glproca(y)/z])
if y & free(g), sort(x) = sort(y) =n

Reduction Rules:

(R-A-REPL) procy(lg) — ca(0s(proc,(lg) & g))

(R-A-MR)  01..m+n(Ok man+1(procm (Xiz.g1) & messny1(g92))) — g1(g92/]

h=g,9—4,9 =W g—9
(R-A-EQU) Y (R-A-0) ool9) = oald)
g—9 g1 — g}
R-A-6 R-A-&
( ) 05(g9) — 05(9") ( ) g1® g2 — g1 D g2
where

J is the transitive closure of {(i,m +1i) |1 <i < m}

a:{l,....,m} —{1,...,2m} with a(i) := i mod m

Figure 7.5: The SPIDER calculus based on graph expressions

It is left to show that © 4 satisfies the conditions of proposition 7.1.3. This
proof is more or less analogous to the proof of proposition 7.4.3 in the following
section. O

7.4 SPIDER in the Name-based Notation

In the name-based notation it is only possible to describe hypergraphs without
duplicates in the sequence of external nodes.

Let S, € S be the class of all SPIDER expressions, which contains only
hypergraphs H where xg does not contain any duplicates, i.e. all graphs can
be represented in the form H = val, (h[t]) where h[t] is name-based graph term.

We will first make sure that S, is closed under reduction. It is also important
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that any hypergraph in S, containing a redex can always be described as the
composition of the redex and of a graph in §,,.

Proposition 7.4.1 (Subcalculus S,,) Let H € S,,. If H — H' then

o There exists a binary context C{x1,x2) where xc 1is duplicate-free and
SPIDER expressions Hi, Ho € S,, such that
R-MR R-REPL
Hl(—>)H{ Hl(—>)H{
H = C<H{7H2>

o H' cS,, ie. S, is closed under reduction.

Proof: According to proposition 4.3.5 there is a binary context H = C(H1, Ha)

(R-MR) _, (R-REPL)
such that Hy © — * Hj or Hj —

H, is not necessarily an element of S,,.

We will regard the non-discrete context J(z1) := C(vary,, (x1), H2) where
mq := sort(x1). With proposition 2.1.7 and its proof it follows that there exists
a factorization 1y : vary,, (x1) — J, n2 : Jo — J such that Jo € S,,.

Propositions 2.2.18 and 2.2.21 imply that there exists a context C'(y, y2)
such that J(xz1) = C'(vary, (1), J2). Thus

H >~ J(H,) = C'(Hy,J2) H' = J(H{)=C'(H},J5)

H{ and H' = C(Hj, H2). However

and H; — Hj.
H' € S, follows immediately since S, is closed under graph construction
with contexts C' where x¢ is duplicate-free. O

Now that we know that a name-based subcalculus is closed under reduction
we can define its syntax as follows:

Syntaz: A name-based SPIDER expression can be represented as a name-based
graph term h[t] where h has the form

Process with a Variable: (z)p[t] where z € X, |t| = sort(z)
Process with Replication: (!h[t'])plt]

Process with Process Abstraction:
(Agz.h[t']) p[t] where [t| < ||, k€ {1,...,]t|}

Message: (h[t'])a[t] where [t] > 1
Parallel Composition: hq|hso
Node Hiding: (va)h

where h, hy, ho are again name-based SPIDER expressions and ¢, ¢ are duplicate-
free sequences of names.

As in definition 4.3.1 we can define substitution of variables by terms as
follows:
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Definition 7.4.2 (Substitution) We define A[t][h'[t']/z] inductively as fol-
lows:

W /2] = (A2
(o | m)[[)/2) = (R[] | halh[F])/2]
(aH]/a] = (a)(AHE)/a])
(@rhlleys = { 3L Se sy

h[)[R'[t'] /%)) as]
(R[] [ [t']/x])) p[s]
(Aey-hlt])pls] ifz=y
(Aey-(RIE[R[E]/2])) pls] iz #y,y & free(q)
(Aey-((A[E)[((2) pu])[u] /y]) [W[E']/2])) ps]
if v £y,y € free(J),z & free(g) U free(q’)

(A sDIA[E] /2] ==
(R psDIR[E]/2] =

((ey-hlt]) pls)) 1] /2]

a

The operational semantics of the SPIDER calculus based on the name-based
notation is given in figure 7.5.

Proposition 7.4.3 The name-based calculus above can be strongly simulated
by SPIDER.

Proof: We will give another set of reduction rules (reduction relation ~») and
show that this calculus can be strongly simulated by SPIDER.

But first we have to prove that the new reduction rules are equivalent to
the old rules. After showing

h~h = hlt] = W[t
hlt] — B'[t'] = h~ KW[t/t]

by induction on the reduction rules ((R-N-CON’) additionally needs induction
on h) it follows immediately that

h[t] — W [t'] <= h[t] ~ K'[t']
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Rules of Structural Congruence:

hy[t1] ~= ha[t]

(C-N-CON) bl = halta)

ha[t1]
)\nx.hl [tl]

h1 [tl] = hQ[tQ]

(C—N—PA) 'hl [tl] E'hg [tg]

(C-N-REPL)

halta]
)\nZE.hQ [tQ]

(C-N-a)  Agz.hlt] = My (R[] [((y) p[s])[s]/x])
if y & free(g), sort(z) = sort(y) = |s|

Reduction Rules:

(R-N-REPL)  (‘h[s])p[s] — (‘hls])p[s'] | h[s'/s]

(Akx.hi[s1])plar ... am] | (ho[s2))alam+1 - - - @minak]
(A — (nlhalso)/x)lan -t/

h1 — b} h— 1
(R-N-PAR) - (RN-RESTR) -~ oo
h— 1
(RNCD T —wTT
(R—N—EQU) hQ[t2] =h [t1]7 hl[tl] - hll [tll]v hll [t,l] = hIQ[tIQ]

halta] — hy[ts)]

Figure 7.6: The SPIDER calculus in the name-based notation

Reduction Rules:

(R-N-REPL’) - (("h[s]) p[t)[t] ~ ((h[s]) p[t] | hls'/s])[¢]

, (()\kx.hl[sl])p[al - am] | (hQ[SQ])M[am+1 NN am-i—nak])[t]
(R-MR) ~> h((n[hals2/2])ar - - amen /I
where t = ay ...amyn
hi[ti] ~ hi[t;]

(RRCON) R i], Rty ~ AT ) BT FalE]

halta] = halt1], halta] ~ RY[th], R1[EY] = ho[th]

(R-N-EQU’) YA




7.5 The m-Calculus 103

We therefore define the mapping ©y which takes a name-based SPIDER
expression and converts it into an ordinary SPIDER expression:

On(hlt]) = wal, (O (h)[t])

O (hilhg) = Oy (h1)|O(h2)
On((va)h) = (va)Oy(h)
On((R[t)p[t]) = ('On(h[t])r[t']
On((Mz-h[t)p[t']) = (Mz.On(h[t]))p[t]
On((ht)m(t']) = (On(R[t])m[t']

Proposition 2.4.5 and induction on the hierarchy levels imply that h[t] = h'[t']
if and only if On(h[t]) = On(R[t']).
With proposition 2.4.7 it follows that

On(h[t)(ha[ta], - . ., hn[tn])) = ON (R (ON(hi[t1]), . .., On(hn[ta]))  (7.9)
We can show that O satisfies the three conditions of proposition 7.1.3:

(7.5) By induction on the rules of structural equivalence and with

We have to show that Oy (h[t]) = On(K'[t']) implies h[t] = B'[t']. This
can be done by induction on A[t] with the help of proposition 2.4.5. (For
SPIDER we will use the alternative set of rules of structural congruence).

(7.6) By induction on the reduction rules and with equation (7.9).
(7.7) By induction on the reduction rules and with propositions 7.4.1, 2.4.7.

It is now not difficult to show that the alternative reduction rules are equivalent
to the original reduction rules. O

7.5 The m-Calculus

Milner’s m-calculus [MPW89a, MPW89b, Mil92, Mil91] is a calculus describing
communicating systems which models mobile processes being able to send port
addresses. The m-calculus is a widespread and thoroughly analyzed paradigm
describing concurrency and communication.

In the previous sections we have shown that higher-order functions of the
A-calculus can be modelled in SPIDER. We will now encode the asynchronous
polyadic m-calculus without sum into SPIDER. We will use a slight variant of
the m-calculus in order to simplify our proof.

pu=0]|(va)p|aay,...,an | a(x1,...,zy).p | p1lp2 | Ip

where a,aq,...,a,,x1,ldots, x, are taken from a fixed set of names.

The set of all free names in a process p will be denoted by fn(p). We
will translate SPIDER expressions with the help of name-based graph terms
introduced in section 2.4. We have shown in section 7.4 that name-based SPIDER
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Rules of Structural Congruence:
(C-m-COM)  pilpa =p2lpr  (C-m-ASSO)  pi(p2lps) = (p1lp2)lps
(C-m-RESTR1) (va)0=0 (C-m-RESTR2) (va)(vb)p = (vb)(va)p
(C-m-RESTR3)  ((va)p1)lp2 = (va)(p1lp2) if a € fn(pz2)
(C-m-0) plo=p  (C-m-RENL) (va)p = (vb)(plb/a]) if b & fn(p)

(C-m-REN2)  a.(x1,...,20).p = a.(Y1, -, Yn)-PY1 - - Yn/T1 ... Tp]
ifyi,...,yn & fr(p)

Reduction Rules:

(R-m-COMM)  a(z1,...,2,).p|Gay...an — plai...an/x1 ... 2]

(R-m-REPL) !p —lplp

p—p p—p
R-m-PAR) — 2P R-7-RESTR
( YT ) o= war

g=pp—p.,p=q
(R'W'EQU) q — q/

Figure 7.7: m-Calculus, Operational Semantics

can be strongly simulated by the original SPIDER calculus. We encode the -
calculus into name-based SPIDER, the rest follows with the transitivity of strong
simulation.

Let < be a total order on the set of all names. Let p be a process in the
m-calculus. Then fn, is a duplicate-free string, ordered according to <, of all
names in fn(p).

05(p) := (O7(P)I[s]all- - ITLs)m])ls]

where s is a duplicate-free string with m := |s|, fn(p) C Set(s) and where O/,
is defined inductively as follows:

9;(291 Ip2) @;(P1)|@;r(p2)
Ox((va)p) = (va)OL(p)
O’ (0) 0
@ﬂ(dal, R am) = (O)M[a1 e ama]
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o(lp) = (102" (p)plfn)
O(a(xy,...,1pn).p) = (/\k.@frnpxl"w"(p))p[fnp} where | fnplr =a
The following partial mapping AZ “inverts” ©3:
AZ(ht]) := (Ax(h))[s/t]
where

= Az(h)|Ax(h2)
= (va)Ax(h)

Il
o

Ap+10a1 ... 0n

3
—
-
IS
—
S N e N N N N
I
[em)

Ar((*h[s]) = 1AZ- 4 (h[s])
Ar((Ag-h(s))plar...am]) = ar(xy...2p) AL ImTLEn(plg])
where z1,...,z, are fresh names
and n :=|s| —m

Proposition 7.5.1 (Simulation of the w-calculus) The w-calculus can be
strongly simulated by the name-based SPIDER calculus wrt. the encoding Al.

Proof: Let N’ := {h[t] | Az(h[t]) is defined} be the part of the name-based
SPIDER calculus which simulates the 7-calculus.
Furthermore we define 7 := (va)[al|...|(va)[a]

n times
We can show by induction on p that

p=p = ©5(p) =650
AL(O%() = pls/t]
Furthermore if A/'[t'] := ©2(AZ(h[t])) then there is a natural number n such
that (h/|n)[t'] = h[t] (proof by induction on h[t]). That is ©2 (A2 (h[t])) and h[t]
are equivalent up to isolated ports, if AZ(h[t]) is defined.
We will check that the four conditions of definition 7.1.1 are satisfied.

(7.1) Obvious since AL(OL(p)) =p

(7.2) Can be shown be induction on the rules of structural congruence of the
name-based SPIDER calculus.

(7.3) We have to show that h[t] — A'[t] implies AS(h[t]) — AS(R'[t']). We
will additionally show that h — A’ implies A, (h) — Ar(h).

Both can be shown by induction on the reduction rules.
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(7.4) We have to prove that if AZ(h[t]) — p’ there exists a name based expres-
sion A'[t'] such that h[t] — A/[t'] and AZ(KW'[t']) =p'.

We can show by straightforward induction on the reduction rules of the
m-calculus that p — p’ implies ©7(p) — OL(p") | [a1] | ... | Jai] | 7 for
some natural number n and where aq,...,a; € fn(p).

Now let p — p’ and h[s] := O%(p), W[s] := O(p').

h=05@) | Tlshl ] [Tls)m]

@) [ Tlsil |- [ Tlslm] [ Tar] | ... | Ta] | 2
= 0| s

—

N
LsJal o I Tlslm] | 7
where m := |s| and {1,...,a;} C fn(p) = Set(s).
Ths implies that h[t] — (h'|n)[t].
If As(h[t]) — p’ we define

hifta]l = Oz (A% (R[t]))

holta] == O3(p)
It follows that hlt] = (hi|n)[t], hi[t1] — (h2|m)[te] for natural numbers
n,m.
Therefore

h[t] — (ha|n +m)[ts] =: K'[t']
and A3 ((haln Fm)[ta]) = p/.



Chapter 8

Generating Type Systems

Type systems are an important tool for programming since they allow us to
check for runtime-errors and verify programs, revealing, for instance, security
problems.

In many cases a type is meant to represent a set of objects, e.g. the integers
or the booleans. But this is not the view we will take here. Actually a type is,
in our case, a partial behaviour description of a process that allows us to infer
certain properties of a process, one of them being absence of runtime errors.
We now summarize the requirements for types in process calculi:

Verification: a type makes assertions on the behaviour of a process. It is
however not necessary that every process showing this very behaviour
actually has a type. Therefore it is not uncommon to design type systems
for properties that are undecidable. The point is to capture as many
meaningful processes as possible.

Subject Reduction Property: types stay invariant under reduction in the
calculus, i.e. if a process has a type T then all its successors have this
type as well.

Compositionality: the type of an expression can be derived from the types
of its subterms. This property normally manifests itself in the fact that
there is a typing rule for every syntactic construction.

There are two more properties often associated with type systems but which
are not necessarily satisfied by all of them. Our type systems will, however,
satisfy them.

Principal Types: if several types can be assigned to one expression, there is
one most general type, called the principal type. That is every other type
of the expression can be derived from the principal type by some simple
operation (e.g. substitution, in our case: hypergraph morphisms).

Type Inference: there is an algorithm which takes an expression as input and
assigns a type to it, if one exists. That is, typing is effectively computable.

Normally we expect the algorithm to output the principal type of an
expression.

107
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There exists a large theory of type systems for the A-calculus (see e.g.
[DM82, Bar90]). One aim of these type systems is to guarantee strong nor-
malization for A-terms.

In [Mil91] Milner introduced a type system, which was actually called a sort
system, for the polyadic 7-calculus. A corresponding sort inference algorithm
was proposed by Simon Gay [Gay93]. Unlike in the A-calculus or in the monadic
m-calculus, reductions in the polyadic 7-calculus can actually lead to runtime
errors, which are detected by the sort system. Milner’s sort system was extended
by recursive types and polymorphism [Tur95, VH93, Vas94] in order to be able
to type meaningful processes. While arbitrary recursive types in the A-calculus
are meaningless since they allow the typing of all expressions (see [Urz95]), they
are essential for the typing of processes. For example, a process emitting its
own address—a very common case—can only be typed by recursive types.

Examples of type systems checking other properties than the absence of
runtime errors can be found in [PS93], where the input/output capabilities of a
port are controlled, and in [Aba97], where security in communication protocols
is enforced. In both cases, ports are associated with lattice elements, in the first
case the lattice contains the elements + (input capabilities), — (output capabil-
ities), £ (input and output capabilities) where + < + and — < =+, whereas in
the second case it contains the elements Secret (secret channel), Public (public
channel) and Any (any channel) where Secret < Any and Public < Any.

There are other specialized type systems checking confluence properties
[NS97] and the absence of deadlocks [Kob97].

As far as we know there is no type system that takes a more general approach
and provides the framework for a type system based on arbitrary lattices and
parametrized typing rules for the basic components of a process calculus, i.e.
processes and messages. Our contribution is to propose a generation method
for type systems, i.e. in our case designing a type system for a certain property
only involves filling the parameters of the typing system.

In the following section we will introduce a generic type system for SPIDER,
show that it satisfies all the properties of type systems mentioned above, but
will leave open some parameters, namely the actual lattice and methods of
assigning type information to hyperedges. In a second step we will extend the
type system and replace lattices with lattice-ordered monoids.

Since our process calculus is based on graphs, the type of an expression
will also be a graph. As it turns out, graphs are very useful for the following
reasons:

Recursive Types: in a graph notation recursive types can be represented by
cycles in a graph. This relieves us of inserting extra rules for recursive
types into our system. This approach is, for example, also taken in [RV97].

Labelling: since in a graph it is possible to explicitly represent ports, pro-
cesses and messages, it is easy to superimpose additional labelling. We
will, among others, design a type system where it is necessary to assign
lattice elements to arbitrary pairs of ports. Doing such a thing for types
represented as terms seems to be rather difficult to us.
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Morphisms: it will turn out that there exists a process graph morphism from
an expression into its type. So, if a property is preserved by inverse graph
morphism, and this property is true for the type graph, it is also true for
the process graph and (because of the subject reduction property) for all
its successors.

Furthermore the existence of such a morphism provides an intuitive method
to show what has gone wrong if the type inference algorithm does not suc-
ceed.

8.1 Motivation

We introduce the features of the type system by giving an example concerning
security issues in process communication.

Suppose we have a process which communicates with two types of partners
via different ports: first, ports for secret communication, and second, ports for
general communication. Not only does a process have to check that no secret
information is passed to general communication partner, but it also has to make
sure that no port via which secret communication is conducted, is passed to a
general communication partner.

We now assume the following situation: the set of external ports of an
expression is partitioned into two subsets: the set of public and the set of secret
ports. Both can be used to exchange messages with the outside but the process
is not allowed to send a message with a secretport attached to it to a public
port.

Consider the following SPIDER expression. We will assume that the first
external port is secret and that the second external port is public.

Secret  Public

@ @

—_————-— (*1’) ””””” (é} 77777 3 :/// ’T T T\\\\\j ,T\
? ? Ax. | @@ O

Reducing this expression we obtain the following steps:
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o -
T T Secret Public
- 5 5 ] (2
-0 .
1) (2 (3 ' ! R-MR
rury M @ @ @ 1 7777777 ‘

As we can see, this expression violates the conditions imposed on it, i.e.
a secret port is sent to a public port, a fact not visible at first glance. The
question is: is it possible to decide statically (before runtime) if an expression
might run into problems? Our solution is the following: we will compute a
type for each expression which does not change while the expression is reduced,
and which, at the same time, captures the relevant structural properties of an
expression.

Our basic requirements for types are the following: types are hypergraphs
and an expression can be mapped onto its type by a graph morphism. Fur-
thermore a type can contain extra annotation, not to be found in the original
expression.

We now proceed and motivate types in a very intuitive, constructive way.
Later we will formalize our approach and give non-constructive methods of
typing. These non-constructive methods will be better suited for proving the
central theorem of a type system: the subject reduction property, i.e. a theorem
that says that types do not change while an expression is reduced. But for now
we choose a rather informal approach.

We first assign labels to the edges and sub-expressions of our expression.
This is just for convenience, so that we can find the edges again in the type
graph.

We will now transform the hierarchical process graph into a flat graph,
introduce additional content-edges, representing the contents of messages, and
fold the resulting type graph in such a way that it respects the subject reduction

property:
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(1 )]
o @ ’T T T T

T [ ean| o
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AL O @ (3)

T\J

e Our first step in constructing a type graph is to simply take the edges of
the “outer level” and to annotate them. Annotation, in this case, simply
means that we draw arrows from ports attached to a message to the send-
port of the same message. Thus, if an arrow from a secret to a public
port appears, this indicates a violation of our conditions. We obtain the
following graph:

Looking at the reduction of the expression, it is, of course, obvious that
this graph does not correspond to our requirements, namely the subject
reduction property. It is intuitively clear that the other levels of the
expression have to be integrated into the type graph as well. We are,
however, not interested in constructing just another hierarchical graph,
but a flat graph, respecting the fact that the levels can merge during
reduction.

Our next step is to introduce edges that represent the content of a mes-
sage. These kinds of edges do not exist in ordinary SPIDER expressions.
We draw them with dotted lines and assume that the last node (in the
string of nodes associated with the edge) is the port, the message is sent
to. The cardinality of such a content-edge will be the cardinality of the
content incremented by one. The edge(s) representing the context can
thus be attached to the ports of the content-edge.

In this case only the message with the label A has an actual content:
the edge B. This edge is attached accordingly which yields the following
graph:
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e Our next step involves finding a way to encode the process abstractions
A1 and Ajx into the type graph. Each process abstraction will be rep-
resented by a message-edge and by a content-edge, whose send-ports are
the receiver port. The message-edge connects the receiver port with the
ports, which are going to be attached to the ports brought by an arriv-
ing message. And the content-edge connects the receiver port with the
ports connected to the variable, the content of the arriving message will
be substituted for.

In the case of the first process abstraction A\; (which is denoted by the
label C') the content edge is quite trivial and will be connected to nothing
save the receiver port. The message-edge however will be connected to the
receiver port and to another port, symbolizing the port that the message
brings with it.

In the case of the other process abstraction Ajz (denoted by the label
F) it is the other way round. The message-edge is quite trivial, but the

content-edge is connected to the ports which correspond to the ports of
the edge labelled .

The additional edges are labelled with the letter of the corresponding
process abstraction.
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Note that we have drawn messages, but have not annotated them (by a
broad arrow). This is because these messages can be considered as virtual,
simply representing messages which are yet to come.

e We have now almost finished adding edges. In the final step we will now
add an edge labelled GG, representing the process with the variable z, and
a message- and a content-edge labelled D, representing the corresponding
message. Since this is now again a real message, we add the annotation,
i.e. a broad arrow between ports.

e Is this the type graph we are looking for? The answer is no and can be
motivated rather easily. The following type graph is derived from the final
graph in the reduction sequence, by simply annotating it:

5 5 (%) /\(%)
i

It is our intention that there exists a strong morphism, preserving the
annotions, from this graph into the type graph. (What it formally means
to preserve annotations we have not yet defined.) But there is no way to
define such a morphism. This fact is no surprise since we have neglected
one important feature of the calculus: during message reception previously
distinct ports may merge. That is, it is now our task to find sets of ports
which might be merged during the reduction process and to actually fuse
them in the type graph.

Some consideration reveals two simple rules for merging ports (and, at
the same time, hyperedges):
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— If two message-edges are sent to the same port these messages are to
be merged (and all of the ports attached to them are to be merged
in the correct order)

— If two content-edges are sent to the same port these messages are to
be merged (and all of the ports attached to them are to be merged
in the correct order)

We will add a third rule whose intent will not be clear now, but will be
revealed in the following sections:

— If two process-edges are associated with the very same string of ports,
they are also to be merged.

It seems clear that this process has to be executed several times, before
all relevant edges are merged.

We will now compute the sets of edges in the type graph, which are to be
merged. Edges which we will now fuse are denoted by the same letter.

It now becomes clear why it was necessary to insert dummy edges repre-
senting the process abstractions. These dummy edges are now essential
to ensure that the correct ports are merged.

The folding process (which can actually be desribed by a surjective mor-
phism) yields the following result:
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This is now the final type graph and it has all the desirable properties.
It also contains, as annotation, an arrow leading from the first (secret)
external port to the second (public) external port, which means that a
secret port is sent to a public port, thereby violating our conditions on
secrecy.

Note that in all other cases (second external port is secret, or both external
ports are public) the process graph would have been well-typed.

8.2 Lattices, Monoids and Type Graphs

We have stated above that we want to associate components of a process graph
with lattice elements, describing e.g. their input/output capabilities or their
security status. The first idea is to associate type graphs with an additional
labelling of the ports, that maps each port onto a lattice element. As it turns
out, this approach is not sufficiently general. Sometimes we might want to
associate a lattice element with a pair of ports or even with a hyperedge. E.g.
in the example in section 8.1 the labelling function for a graph G was [ : Vé —
{true, false} where l(v1,v2) = true indicates that there exists an arrow from
v1 to va.

We solve this problem by associating only one lattice element to every hy-
pergraph. This works because the set of all mappings assigning labels to ports
can also be regarded as a lattice if we consider pointwise order.

Later we will extend our type system to work with monoids. One example
where this is needed is a type system which guarantees upper bounds for the
number of messages attached to each port. When composing a type it is not
appropriate to take the supremum of two numbers, we actually have to add
them. It turns out that we need lattice-ordered commutative monoids. Since
lattices, at least lattices with bottom elements, are only a special case of these
monoids we will concentrate on monoids and only mention simplifications for
the case of lattices.

The following definitions are from [Bir67, Cro93|
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8.2.1 Lattice-Ordered Commutative Monoids

Definition 8.2.1 (Lattice) A lattice is a partially ordered set (or poset) (I, <)
such that every finite nonempty subset F' of I has a greatest lower bound or
infimum (A F) and a least upper bound or supremum (\/ F).

(We define a Ab:= A{a,b}, aVb:=\/{a,b}.) O

If (I, <) has a smallest element it is called bottom (L), the greatest element,
if it exists, is called top (T).

J_::\/(Z) T::/\@

Ezxample: The subtype relation in most programming languages is a lattice
if all types have a common supertype.

Definition 8.2.2 (Lattice-ordered Commutative Monoid)

A lattice-ordered commutative monoid (l-monoid) is a tuple (I, +, <) (I for
short) where I is a set, + : I x I — I is a binary operation and < is a partial
order which satisfy:

e (I,+) is a commutative monoid, i.e. + is associative and commutative
and there is a neutral element 0 with Vae I :0+a=a

e (I,<) is a lattice.
e Fora,b,cel: a+ (bVe)=(a+b)V(a+c)

a

Every lattice with a bottom element L (I,V, <) is a lattice-ordered com-
mutative monoid where L is the neutral element. And an l-monoid (I, +, <) is
called a lattice if 4+ and V coincide.

Definition 8.2.3 (Residuated l-monoid) Let I be an l-monoid.
Let a,b € I. The residual a — b is the smallest x (if it exists) such that
a<zx+b. Iis called residuated iff all residuals a — b exist in [ for a,b € I. O

If I is a group where —a denotes the inverse of a, a residual a — b is the
same as a + (—b).

Definition 8.2.4 (Idempotency) Let I be an l-monoid.
An element a € I is called idempotent iff a + a = a. O

In a lattice all elements are idempotent.

Examples: We will give some examples for l-monoids:

e The integers with the usual <-order and sum form a residuated l-monoid.
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e The positive integers form a residuated 1-monoid where + is integer mul-
tiplication and
a<b <= (adivides b)

In this case the supremum is the smallest common multiple, the infimum
is the greatest common divisor and the residual of a and b is [a + b]
(divide a by b and take the smallest integer which is greater or equal than
the result).

e The set Int,—the integers with infinity (co) and minus infinity (—oo)—
forms a residuated l-monoid where < is the usual order on the integers
and + is integer summation with

—o0 if x # oo

VrelIntyn:00+x:=00, —00+42x:= .
00 otherwise

Supremum and infimum are the usual maximum and minimum. For in-
tegers a, b the residual is a — b = a + (—b). Otherwise we obtain

(—00) —x = —00, T —00=—00
B oo if x # (—00)
oTmE = { —o00 otherwise

z—(-00) = —oo0 otherwise

{oo if 2 # (—o0)

e Let I be a residuated l-monoid with residuals a —b. Then {a|a € I,a > 0}
(the positive cone of I) is also a residuated l-monoid where the residual
of a,bis (a —b) V0.

o Let (I,+, <) be a residuated I-monoid and let S be an arbitrary set. Then
{S — I}, i.e. the set of all functions from S into I is also a residuated
l-monoid (sum and residuals are taken pointwise).

o Let (I,+,<) be a residuated l-monoid and let n € IN. Then I™ with
pointwise order is also a residuated l-monoid (sum and residuals are taken
pointwise).

e Let (I,+, <) be an l-monoid with a smallest element L. We define a®b :=
(a+b)VaVvb. Then (I,®, <) is an l-monoid with neutral element L. For
monoid elements a; € I, j € J it follows that

> 4 <Da
jedJ jeJ

if the index set J contains more than one element. If J = () it follows that

EE:CM‘ZIO Z;i,::€£)aj

jed jed

If 4+ equals V, i.e. if I is a lattice, the operations @ and V coincide.



118 8 Generating Type Systems

Proposition 8.2.5 The following laws hold in a residuated I-monoid I. Let
a,b,cel.

Monotonicity: a<b = a+c<b+c (8.1)
<b = a—-c<b-c (8.2)

b>c = a—-b<a-c (8.3)

Residuals: a < (a—0b)+b (8.4)
(a+b)—b < a (8.5)

Proof:

(8.1) Since a < bit follows that aVb = b. Thus b+c = (aVb)+c = (a+c)V(b+c)
which implies that a + ¢ < b+ c.

(8.4) Straightforward with the definition of a — b.

(8.4)
(8.2) (b—c¢)+c > b>a. a—cisthe smallest z with  + ¢ > a. Therefore
a—c<b-ec

(8.4)
(83) (a—c)+b>(a—c)+c > a. a—bis the smallest z with z + b > a.
Therefore a —c < b —c.

(8.5) (a+b)—bis the smallest = such that a +b < x+b. Since a satisfies this
inequality as well we obtain (a +b) — b < a.

Definition 8.2.6 (I-monoid Morphism) Let I, I’ be l-monoids. A mapping
t: 1 — I'is called I-monoid morphism (or monoid morphism) if for all a,b € I:

a<b = tla) < t(b) (8.6)
(0) = 0 (8.7)

tla+b) = tla)+t(b) (8.8)

m

The composition of two monoid morphisms is again a monoid morphism.
Since composition is associative and identity morphisms exist, the l-monoid
morphisms form a category M.

In the case where + equals V, law (8.8) implies (8.6), i.e. in this case a
monoid morphism coincides with a join-morphism preserving L.

8.2.2 Type Graphs and Type Functors

As described above, type graphs will be arbitrary, non-hierarchical hypergraphs,
where each graph G[x] is associated with an l-monoid element a. Every type
graph has the form G[x, a]. We do not work with one single l-monoid but there
will be one l-monoid for every type graph.
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Type functors map type graphs onto their corresponding l-monoids and
describe how l-monoid elements are tranformed by morphisms.

We will now use a few concepts of category theory, for a short introduction
see section 2.2.1

Definition 8.2.7 (Type Functor and Type Graphs) Let
F:G(Z L) — M

be a functor from the category of simple hypergraph morphisms G(Z, L) into
the category of l-monoid morphisms M.

Then F is called a type functor.

A type graph T = GJx,a] consists of a hypergraph G[x] and a monoid
element a € F(G). O

Notation: We also write Fy instead of F(¢) (F' applied to a morphism ¢). Let
H = G[x] be a hypergraph and let a € F'(G). Then Hla] := G[x, al.

Example: Let F' be a type functor that maps every graph G to a
lattice consisting of all labellings of the form a : V& — Ints where
(Intso,V,<) is a lattice. Let ¢ : G — G’ be a graph morphism. We
assume that a’ := Fy(a) where

a @)= a(v) if v € Vg
¢(v)=v’

If we regard the l-monoid (Int, +, <), one possible type functor is, e.g.,
J with @’ := Jy(a) and

a @)= Z a(v) if v € Vg
¢(v)=v’

Type graph morphisms are expected not only to preserve the graph struc-
ture, but also the order in the underlying monoid.

Definition 8.2.8 (Type Graph Morphisms) Let F' be a type functor and
let ¢ : G[x] — G’[X'] be a graph morphism. Let a € F(G), a’ € F(G') and let
0 € {=,<,>}. We say that ¢ is a (F,0)-morphism from G|, a| into G[x',d’]

¢ Glx,a] 25 G, d]
lff F¢(a) 9 a’. O

The category of type graph morphisms with respect to a type functor F is
called 7F.
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Example: The following morphism ¢ (the two hyperedges labelled A
are mapped onto the corresponding hyperedge on the right hand side) is
a (F,=)-morphism (and a (J, =)-morphism for the numbers in brackets).
F, J are the two functors from the previous example, where F' takes the
supremum of monoid elements and J adds them up.

Note that 0 is the empty sum and —oo (the bottom element) is the
supremum of the empty set.

1 2 @ (@
1?‘ $4 ?7 1(1)? <57(11) ?-oo(O)
TCA J[A )

Al B |T

Our method of graph construction can also be applied to type graphs.

Definition 8.2.9 (Constructing Type Graphs) Let F' be a type functor.

Let ¢; :m; — D, i€ {1,...,n} be a discrete factorization. Furthermore let
T; := Gi[xi, ai] be type graphs with [x;| = m;.
We define

n

Gl == Q)(Gilxi), &)

=1

Let n; : Gi[xi] — G|x] be the corresponding embeddings. We define a :=
Sy Fy,(ai). Then

n

®(Tz‘,Q‘)F = Gx, d]
i=1

a

Note: We can now easily define the construction of type graphs for other graph
representations: let C' be an n-ary context and let T1,...,T, be type graphs.
Then

n

C<T1a oo 7Tn>F = ®(Th Cz)F

i=1
where ((;)ieq1,....n} is the unique factorization with

n

Clxy,...,xpn) = ®(Uarmi(xi)a Gi)

=1

(see proposition 2.2.18).

Note: Let F be a type functor such that F(G) is a lattice for every graph G.
Then G|y, a] is the co-limit of

F< F,<
{i : mi[J_] — D[J_] and gbl : mi[J_] —= Gi[xi,ai]

in the category of type graph morphisms.
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This is not true if F'(G) is not always a lattice. Consequently type systems
based on monoids are more difficult to handle than type systems based on lat-
tices. Therefore we will start with type systems based on lattices in section 8.3
and deal with the other variant in section 8.4.

Example: We define T10pTy := C(T1,T2)r where C{xy,19) =
procy(z1)0procy, (x2) with n = card(Ty) = card(T3).

If we construct TOpT” with T, T from the example above, the result is
(the numbers in brackets denote the labelling of 70 ;7"):

L @ 1 2
AN R S I R
A LA ] Al

B | T

})(Tli/%) 7(12) 7(7) 0(0)
A

A JlA LA LB

Note that the co-limit in the category of (J, <)-morphisms would be (at
least in this case) identical to TOpT".

T

Definition 8.2.10 (Isomorphism of Type Graphs) G[x,a] and G'[x/,d]
are called isomorphic
G[X: a] =r G/[le a/]

if there exists an isomorphism ¢ : G[x] — G’[x/] with Fy(a) = a/. We write
Glx,a] <r G'[X,d
if Fy(a) < d.

~

< is reflexive and transitive and
Glx,a] <r G'Y,d], Glx,a] >r G'IX,a/] = Glx,a] 2F G'IX,d]
Od

Just as we can construct new graphs with a context, we can also pack
together morphisms 1, ..., 1, in order to form a morphism C(¢1, ..., 1,) (see
definition 2.2.22). We now demonstrate that this kind of construction is also
feasible for (F,#)-morphisms.

Lemma 8.2.11 (Composition of Type Graph Morphisms)
Let 1, ...,y be (F,0)-morphisms and let C be a discrete context with holes
of cardinality card(yy), ..., card(iy,). Then

C{1,...,¢n) is also a (F,0)-morphism (8.9)
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Proof: Let v¢; : Gi[xi, ai] — Gi[x},a;] and let ¢ := C{(¢n,...,¢n)F with

Q;Z) : C<G1[X1]a s an[Xn]> - C<G,1[X;]’ R GlTL[X"fL])

such that 7} o 1; = 1) on; where

ni: Gilxil — C{Gilxal,- - Gnlxal)
n: Gilxil — C(GhxAl, - Ghlxa))

are canonical factorizations for i € {1,...,n}
It is left to show that v is a (F,#)-morphism:

FT/J( Z Fyi(ai)) = Z Fw(Fm(ai)): Z Fn;(Flﬁz(al)) 0 Z an(ag)

1<i<n 1<i<n 1<i<n 1<i<n

a

With the proposition above we can show another important property of <
Lemma 8.2.12 (Properties of 2) 2F is preserved by substitution, i.e. if
T; <p T! forie{l,...,n} then

C(Ty,...,T,) <p C{T!,...,T")
for any discrete context C' with holes of cardinality card(Ty), ..., card(T,).

Proof: There are (F,<)-isomorphisms ¢; : T; — T/. With lemma 8.2.11 it
follows that there is a strong (F, <)-morphism

b =CWr,... ) C(Th,..., Ty — C{T1,..., T

Since the ; are isomorphisms and v is constructed as described in propo-
sition 2.2.12, (B) by a co-limit and is therefore unique it follows that 1 is an
isomorphism and therefore

C(Ty,...,T,) < C(T},...,T.)
O

We need a method of converting each process graph into a type graph. This
is done by a linear mapping, which is linear in the sense defined below. This
mapping is one of the parameters of the type system, i.e. we do not fix it a
priori. In the following section we define conditions having to be satisfied by
such a linear mapping in order to be acceptable for the type system.

Proposition 8.2.13 (Linear Mapping) Let F' be a type functor. We define
a function A which maps basic graphs of the form z,(l) onto type graphs, i.e.
A(zn(l)) = T with card(T) = n. Furthermore Hy = Hy for two basic graphs
H1,H2 implies A(Hl) %JF A(HQ)
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We expand A to arbitrary hypergraphs in the following way:
A(C{Hy,...,Hy,)) :=C(A(Hy),...,A(Hp))F

where Hy,...,H, are basic graphs. A is well-defined, i.e. H = H' implies
A(H) =p A(H'), and is called a linear mapping wrt. F. Furthermore

A(C{Hy,...,Hy,)) :=C({A(Hy),...,A(Hp))F
for arbitrary hypergraphs Hy, ..., H,.
Proof:
o We will first show that A(H) is well-defined:

— We will first consider the case where C(H;) = H is a basic graph.
We have to show that A(H) = C(A(H1)).

Since H;p is also a basic graph and since factorization into basic
graphs is unique (proposition 2.2.20) it follows that Hy; = H and
C(x1) = varegracm)(w1). Thus

A(H) =F A(Hy) =p C(A(Hy))

— Let C(Hy,...,Hy,) = C'(H{,...,H}) where C,C" are discrete con-
texts and the Hy,..., H,, H{,..., H; are basic graphs.
Proposition 2.2.20 implies that n = k and there exists a permutation
a: {l,...,n} — {1,...,n} such that H,; = H for every i and
C<JL‘1, ce ,$n> = C/<£Ca(1), ey xa(n)>.
It follows that

C(A(Hy),...,A(Hy,)) =p C'(A(Huy),---, A(Haw)))
~p C'(A(HY),...,A(H)))

e We will now prove that A satisfies
A(C{H, . .., Ha)) = CLA(HY), ., A(H,))p

even if Hy,..., H, are not necessarily basic graphs. Every H; has the
form C;(H1, ..., Him,) where C; is a discrete context and Hji, ..., Him,
are basic graphs.

We define N, :=>"" | m; and

C<J}1, Ce ,mxn) = C’(Cl<x1, .. .,I'Nl), ey Cn<an71+1, Ce. 7$Nn>>
and C is also a discrete context
A(C(Hy,...,H,)) =p A(C(Hy1,...,Himys- s Hoty ..., Hym,,)
A(Hi1), ..., A(Hipmy )y oo s A(Hpt), -« oy A(Hpm, )V F

(
{
> C{CUH{A(H1), - .., A(Him))) Py -y Col A(Hp1)s - o, A(Hpm,) ) F) F
(A(H1), ..., A(Hn))F

Il
B
Q2

I
=
Q
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a

If we draw a parallel between the factorization of graphs and the represen-
tation of a vector as a linear composition of base vectors, the proposition above
has its equivalent in the fact that a linear mapping between vector spaces is
determined uniquely by the images of the base vectors.

8.3 A Type System Based on Lattices

We now present the first version of the type system, which enables us to type
higher-order communication, detects runtime-errors and produces type graphs
labelled with lattices. With this type system, we are able to check a few inter-
esting properties of SPIDER expressions, namely input/output capabilities and
secrecy in communication.

8.3.1 The Type System

In this section we assume that there is a fixed type functor F' such that for
every simple hypergraph G F(G) is a lattice with a smallest element L.
Furthermore we assume that the set of Z of edge sorts contains at least
the elements proc, mess, cont, representing “process”, “message” and “message
content” and that the set L of edge labels contains the dummy element <.

Definitions: We will define z, := 2z,(<¢). The subsets of the hyperedge set
Ep of a type graph containing processes, messages or message contents are
denoted by Pp := E¥'°, My := EJs Cop := Ef™. For ¢ € Cop we define
sendr(c) == |sr(c)] card(c)-

Furthermore there is a basic mapping A satisfying the restraints specified
in table 8.1.

Definition 8.3.1 (True Type Graphs) G is a true graph if it satisfies:

Vpi,p2 € Po: sa(p1) =sa(p2) = p1=0p2 (8.10)

Yqi,q2 € Mg : sendg(q1) = sendg(q2) = q1 = q2 (8.11)

Vep,c0 € Cog: sendg(cr) = sendg(c2) = c¢1 = ¢ (8.12)

T = G|x,al is called a true type graph iff G is a true graph. O

In a true type graph T there is, for every port v, at most one message m
and at most one content ¢ such that sendy(m) = v and contp(c) = v. Thus we
can define unique partial functions sendp and conty on Vi with sendrp(v) :=m
and contp(v) := c.

Condition (1) of the linear mapping makes sure that equivalent processes
have the same type. Conditions (2) and (3) are utilized in lemma 8.3.8 and in
proposition 8.3.9 where invariance of type under substitution is shown.
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(1) H,=Hy, = A(Hl) =r A(HQ)

(2) A(procp(z)) =p A(procy(y)) if sort(x) = n = sort(y)

(3) A(proc,(S)) =r A(procy,(S[H/x])) for every process graph H with
card(H) = sort(x) and for every process description S ¢ X.

A(messn(S)) =g A(mess,(H[H'/x])) for process graphs H, H' with
card(H') = sort(z).

(4) There is a strong morphism
F7S
¢ : procy[L] == A(proc,(S))
for every n € IN and every process description S.
(5) There is a strong morphism
F<
¢ :01,..n(Onntkr1(mess, ® contyyq))[L] —= A(mess,(H))

where n € IN, H is a process graph and k := card(H).

o1,..n(Onntkt1(mess, @ contyyy)) has the following form

® O @
j::: ,,,,, A

I ! send

This means that a message is represented not only by a message but
also by another hyperedge (drawn with a dotted line) attached to the
send-port representing the content of the message.

Table 8.1: Conditions for the linear mapping

Conditions (5), (8.11) and (8.12) are necessary because of the mobility of
ports and processes in SPIDER. They will have the effect that ports which
might be merged during reduction, are already merged in the type graph. This
ensures the subject reduction property (see proposition 8.3.11).

Conditions (4) and (8.10) are less central and could be discarded without
harm. We will, however, need them in the type system based on monoids. Thus
we will introduce them now in order to facilitate comparison of the two type
systems.

Now we present the typing rules of this type system. Note that two param-
eters of the type system are still not fixed: the functor F' (see definition 8.2.7)
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and the linear mapping A (see proposition 8.2.13).

Definition 8.3.2 (Typing Rules) A type environment of G is a set E con-
taining assignments of the form x : 7., where each z occurs at most once.
Ng : My — G[e] is an embedding where m, := sort(x) and G is a true graph.
E\z denotes the set F without assignments of the form x : 7,.
A process graph or process description has a type of the form E,T where
E is a type environment for G and T = G[x,a]. We write E,T F5 . S (or
E,T I S for short). 7

The following rules describe how a type can be assigned to an expression.

(TL-VAR) E,GNz(xmy),a]lFzifz:n, € E

E.G[x,alF H
E,.G[x,a| F'H

(TL-REPL)

E,Go(Gi(Xmy)), ai) - Hy, ¢ :my— D, ¢: D — G[x]
Ea G[Xa V ai] - ®?:1 (H’Lv CZ)

(TL-CON)

(TL-PROC) E,G[x,alF S, ¢: A(proc,(S)) Rl G|x, a
E, G[x, a] - procy(9)

F.<
(TL-MEss) _E.GIX alF H, ¢: A(messa(H)) == Glx, d
E,G[x,a] - mess,(H)
if 3c € Cog : sg(c) =X o | x|n

E\x U {x : Ux},G[x,a] FH
E,G[|x]1..m;a] - Az H
ifd¢g € Mg, c€ Cog, p € Pg :
56(q) = X matminks sa(c) = 1z(Xmy) © [X]&s 5¢(P) = [X]1..m

(TL-PA)

a

The rules were constructed with two purposes in mind: first if £,T - H,

then there exists a morphism ¢ : A(H) U5 7. And second, the subject reduction
property is satisfied, i.e. the type stays invariant under reduction.

The morphisms in the preconditions of (TL-PROC) and (TL-MESS) (and
of course also rule (TL-CON)) are there to ensure the existance of ¢. The
conditions in (TL-MESS) and (TL-PA), demanding the existance of certain
hyperedges, are central for subject reduction property. They ensure that ports
that might be merged during reduction, are already merged in the type graph.

8.3.2 Subject Reduction Property

We now concern ourselves with one of the central properties of type systems: the
subject reduction property, which basically says that the type of an expression
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does not change during reduction. That is if E,T + H and H —* H' it follows
that E,T + H'. Note, however, that H' might have “more” types than H, i.e.
the inverse implication is normally not true.

We will first prove a few simple, but useful, lemmas:

Lemma 8.3.3 If E,G[x,a] - H then card(H) = |x|.

Proof: By induction on the typing rules. O

Lemma 8.3.4 Let S be a process description.
If E,G[x,a] S and a < b then E,G[x,b] F S.

Proof: Straightforward by induction on the typing rules. O

Lemma 8.3.5 (Weakening Law) Let E,G|[x,a] - S and let E C E' where
E' is a type environment. It follows that E',G[x,a] F S.

Proof: Straightforward by induction on the typing rules. O

Lemma 8.3.6 Let E,G[x,a]l S and let x & free(S).
It follows that E\z,G[x,a] F S.

Proof: Straightforward by induction on the typing rules. O

In the following proofs it will sometimes be necessary to “reverse” the typing
process, i.e. to find out which rules were used in order to type an expression.
While this reversal is unambiguous in the case of the rules (TL-VAR), (TL-
REPL), (TL-PROC), (TL-MESS) and (TL-PA), it is not so obvious in the case
of (TL-CON). We will therefore need the following lemma:

Lemma 8.3.7 Let E,G[x,a] - Qi (H;i, () where ¢; : m; — D.
It follows that there is a strong morphism 1 : D — G|x] such that

E,G[Y(ni(xm;)), a] - H;
Proof: See appendix A.2.1. O

We will now investigate how types behave under substitution and alpha-
conversion:

Lemma 8.3.8 Let E,T + S such that y & free(S) and {x : n,} € E where
sort(x) = sort(y) = n. It follows that

E\x\yU{y :n.}, T+ S[procy(y) /x|

Proof: By induction on the typing of H and with condition (2) of the linear
mapping. O
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Proposition 8.3.9 (Substitution)
If E\x U{z : .}, Glx,al = S and E,G[nz(Xm,),a] = J then

E,G[x,a] - 5[J/x]
Proof: We proceed by induction on the typing of H:
(TL-PROC), (TL-MESS)

e S = procy(x): in this case it follows with (TL-VAR) and (TL-PROC)
Nz (Xmy) = X- And since S[J/x] := J it follows that

E,G[x,a| F S[J/x]

e S = procy(y) where x # y. Since x & free(proc,(y)) it follows
with lemma 8.3.6 that (E\z U {z : nz})\z,G[x,a] - S. And since
S[J/z] .= S and (E\x U {x : n,})\x = E\z it follows that

E\z,G[x,a| - S[J/x]

The rest follows with lemma &8.3.5.

o S = proc,(S’) or S = mess,(H): the proposition follows with the
induction hypothesis and condition (3) of the linear mapping.

(TL-REPL) immediate with the induction hypothesis.
(TL-CON) with lemma 8.3.7 and the induction hypothesis.
(TL-PA) S = A\py.H. There are the following cases:

e y = z: in this case S[J/z| := S and as in the case S = procy(y)
above the proposition follows with lemmas 8.3.6 and 8.3.5.

o y & free(J): immediate with the induction hypothesis.
o yc free(J),z & free(H) U free(J), i.e.

(Aey-H)[J/x] := Apz.(H[procn(2) /y))[J /]
Since E\z U {x : 0.}, G[x, a] F A\g.H it follows with (TL-PA) that
E\z\yU{z:n,} U{y:ny},Glxox',a - H

Lemma 8.3.8 implies that

E\z\y\z U {z :n,} U{z:n,},Glx o X a] b Hlproc,(z)/y]
With the induction hypothesis and lemma 8.3.5 it follows that

E\zU{z:my},Glxox' al = (Hlprocn(z)/y])[J/2]

And (TL-PROC) implies that

E,G|x,a] b Agz.(H[procy(2)/y])[J/x]
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a

We will now undertake the first step in order to prove the subject reduction
property and show that equivalent expressions have the same type:

Proposition 8.3.10 (Equivalence)
Let H be a process graph with E,G[x,a] = H. Furthermore let H = H'.
Then E,G[x,a] - H'.

Proof: By induction on the rules of structural congruence. For (C-a) use
lemma 8.3.8 O

The subject reduction property is the main result in this section. It states
that during reduction the type of an expression stays invariant.

Proposition 8.3.11 (Subject Reduction Property)
Let E,T+H and H —* H'. Then E,T + H'. Furthermore H contains no
bad redexes.

Proof: See appendix A.2.1. a

8.3.3 Type Inference Algorithm

The following algorithm will compute the principal type of a process. We will
specify first what “principal” means in this context.

Definition 8.3.12 (Principal Type) E,T is called a principal type of S if

e K, THS
~ F< . ~
o If ¢ : T = T it follows that ¢(E), T+ S

e If E/,T' + S then there exists a morphism ¢ : T B 77 such that
S(E) = E.

a

That is, the principal type is the smallest type of an expression. We will
show later that if an expression has a type, then it also has a principal type.

We now show how to construct type graphs. One important concept, which
is be exploited here, is the modularity of the type system, i.e. a type of an ex-
pression can be computed out of the types of its subexpressions. The algorithm
basically proceeds as follows: we compute the types of the subexpressions, at-
tach them accordingly by forming a quotient graph (see definition 2.1.9) and
then fold the resulting type graph as described in proposition 8.3.13. The fold-
ing is necessary since the building of a new type graph out of true type graphs
does not always yield a true type graph.
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Proposition 8.3.13 (Folding Type Graphs)
Let T = G|x,a] be a type graph. Folding a type graph works as follows: let
~ be the smallest equivalence such that:

p1,p2 € Pg, sa(p1) =sa(p2) = p1=~p2
mi,me € Mg, sendg(mi) = sendg(mz) = my ~mg
c1,¢2 € Cog, sendg(c1) = sendg(c2) = c1 = ey
If =~ is consistent we define

FOLDp(T) = (G/ z)[FOLDT(X), Froppr(a)]
where FOLDT = FOLD® : G — G/~ is the projection of G into G/ =.

(1) FOLDpE(T) is the “smallest” true type graph into which exists a
morphism from T. That is, FOLDp(T) is a true type graph and for

. . F< .
every true type graph T' with a strong morphism ) : T ES g it follows
that FOLDp(T) is defined and there exists a unique strong morphism

¢: FOLDgp(T) D57 such that

$o FOLDT =)

(2) Let T = G[x, a] be a type graph and let ~ be the equivalence defined
as above. Furthermore let ~'C=. Let p: G — G/~ be the projection of
G into G/~'. It follows that

FOLD® =~ FOLD%” op
(8) Let T =p C(T1,...,T,)F be a type graph and let i € {1...,n}. Fur-
thermore let T" =2p C{(Ty,...,T;—1, FOLDp(T;), Ti41, ..., Tp)p. It fol-

lows that
FOLDp(T) =p FOLDF(T’)

FOLDT = FOLD™ o Clidr,, ... idr, ,, FOLD" idy, ., ... idy,)F
Proof: See appendix A.2.1. a
We first specify the algorithm and prove its correctness afterwards.

Algorithm 8.3.14 (Type Inference Algorithm)

Input: a process description .S, a natural number m indicating the cardinality
of S, an environment E with embeddings 1, : my — G for all z € free(S)
and a lattice element a € F(G).

Output: a morphism ¢ : G — G’, a string x’ € V%, and o’ € F(G’) such that

$(E),G'[X,a ]+ S

The mapping (¢, x’,a’) = W(S,m, E, a) is defined inductively as follows:
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Variable: S =z
Return (idg,Nz(Xmy),a) if ¢ :ny € E, ny : myxy — G and idg : G — G is
the identity.

Replication: S =!H
Return W(!H, card(H), E, a)

Process: S = proc,(S’)
Let (¢,x,a) == W(S',n,E,a) where ¢ : G — G’ and let ~ be the
smallest equivalence on P[xp,ap| := A(proc,(S)) and G'[x’,a’] with
(Ixpli,0) =~ (|X']:,1) i € {1,...,n}

Let G := (PG")/ =, let pp : P — G be the projection of P into G and let
par : G' — G be the projection of G’ into G.

Return (FOLDSopgrop, FOLDS (pp(xp)), Foppé (Fop(ap)VEy,, (a)).

Message: S = messp+1(H)

Let (¢, x',a") := W(H, m, E,a) where m := card(H), ¢ : G — G’ and
let ~ be the smallest equivalence on M[xas, aps] := A(messp+1(H)) and
G'[X',a'] with

(Lsar(contar(Ixarni1)) )i 0) = (X' Ji 1) i € {1, n+ 1}

Let G := (MG’)/%, let pas : M — G be the projection of M into G and
let por : G’ — G be the projection of G’ into G.

Return (FOLD%opgro¢, FOLDC (par(Xar))s Frop pe (Fpas (anr)VFp, (a'))).
Process Graph: S =H = Q);" ,(H;,(;) where {; : m; — D and ¢ : D — H.
We define ag := a and Ejy := E. Furthermore
(#is X3, a;) = W (H;, card(H;), Ei—1,a;-1)
where ¢; : G;—1 — G; and
Ei:={z:¢ion, " |z:ns ' € Ei1}

We define x} := (¢n o ...0 ¢ix1)(xi) € V& . Let = be the smallest
equivalence on D, G, satisfying

(L¢i(xmi)]5:0) ~ (Ixils, 1) g € {1, mi}

Define! G := (D°G,)/~ and let pp : D — G and pg, : Gn — G be the
projections into G.

Return (FOLDGopGno¢n0. .01, FOLDG(pD(XD)), Fronpe(Fpe, (an))).

f H = G[x] we define H° := G.
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Process Abstraction: S = \pz. H

Let G := G @ m,” and let pg : G — G, pm, : mx? — G be the corre-
sponding projections.

Furthermore let (¢, X', a’) := W(H, card(H), pc(E)\zU{x : pm, }, Fp,(a))
where ¢ : G — G'.

We define P[xp] := procyr, M[xu] := messpi1, Colxco] := contory(z)41-

Let = be the smallest equivalence on G’, P, M, C'o satisfying:

(Ixplis1) ied{l,...,m}
(xair2) ie{l,...,n}
(Ixar)n+1,2)
(L
(L

Q

XColiy3) 1 € {1,...,sort(z)}
XCOJsort (z)+1> 3)

Define G = (G'PMCo)/ ~ and let per : G' — G be the projection of
G'[X'] into G.

Return (FOLD%opgrogopa, | FOLDC (per (X)) |1...m: F

rorpé (Fpg (@)

The type inference algorithm fails if a quotient graph or a fold operation is
undefined. O

We will now show that the algorighm above has the following property: if
an expression has any type at all, the algorithm computes its principal type.

First we show that the result of the algorithm is a type of the expression
(in the case where qg’ = idg), and that every type which can be derived from
the result by a morphism, is also a type of the expression.

Lemma 8.3.15 Let (¢, x',a’) := W(S,m,E,a). It follows that Fy(a) < a

Proof: Straightforward by induction on S. O

Proposition 8.3.16 (Correctness of the Type Inference Algorithm) Let
(¢, X,a) :=W(S,m, E, a) where ¢ : G — G and let

le é[f(v A] F< G/[Al’ Al]
Then
(¢' 0 d)(E),G'[X, ]k S
Proof: See appendix A.2.1. O

We will now show that if an expression has a type E, T, then the algorithm
yields a result. And furthermore, there exists a morphism from the result into
ET.
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Proposition 8.3.17 (Soundness of the Type Inference Algorithm)
Let B,G[X,a] - S and let ¢ : G S G with B = o(E) and Fqg(a) < a then

(QZ)’ X/7 a,) = W(S’ ’X’7E7 a)

(where ¢ : G — G') is defined and there exists a morphism
v G a] =5 Gl
such that qAS =)o .

Proof: See appendix A.2.1. a

The type inference algorithm computes the principal type of an expression,
if it exists:

Proposition 8.3.18 (Principal Types) Let E, CA}[)A(, alF S.

Let X := free(S), my := sort(x) and let G := P, cxmx (i.e. G is a
discrete hypergraph with ) .y m. nodes). Furthermore let n, : my — G be
the canonical projections into G.

We define E :={x :ny | x € X}. It follows that

(¢, x',d") :=W(S,|x|, E, L)
where ¢ : G — G’ is defined and that ¢(E),G'[X, d] is the principal type of S.

Proof: According to lemma 8.3.6 we can assume that E is of the form {z : 7, |
x € free(S)}.

We have to show that there exists a morphism ¢ : G — G such that gg(E) =
E. We define ¢(n;(xmy)) := flz(Xm,) where z : 7, € E. It is straightforward
to check that 55 is well-defined.

The rest is straightforward with propositions 8.3.16 and 8.3.17. a

8.3.4 Verification with the Type System

We will now show how to exploit the type system for verification purposes.
That is, for every typed expression H, there is a morphism from A(H) into
the type of H. So if the type satisfies a certain property which is closed under
inverse morphisms, A(H) satisfies this property as well.

Proposition 8.3.19 Let E,T + H. This implies that there is a morphism
v:AH) =T

Proof: See appendix A.2.1 a
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Proposition 8.3.20 Let F' be a type functor and let A be a linear mapping.
Let P be a predicate on SPIDER expressions and let () be a predicate on type
graphs. P,(Q satisfy

Q(A(H)) = P(H) (8.13)

o: T ST Q) = QT) (8.14)

i.e. Q is closed under inverse (F,<)-morphisms.
Then E, T+ H and Q(T) imply P(H') for all H —* H'.

Proof: The subject reduction property (proposition 8.3.11) implies E, T + H’
for every H —* H'.

If E,T+ H' it follows with proposition 8.3.19 that there exists a (F, <)-
morphism ¢ : A(H') — T. Since Q(T) and @Q is closed under inverse morphisms
it follows that Q(A(H')) which implies P(H’). ]

A type system for checking a predicate P thus consists of a type functor F,
a linear mapping A and a predicates () on type graphs as defined above. That
is TS = (F, A, P,Q).
8.3.5 Composing Type Systems
Let T'S; := (F;, A;,Qs, P;), i = 1,2 be two type systems. We define

F(T) = Fi(T)x Fy(T)

A(H) = G[X, (alu CLQ)] if AI(H) gF G[X? (11] and AQ(H) %JF G[X7 CLQ]

That is we demand that the linear mappings map equivalent process graphs
onto type graphs of the same structure.
We define

Qn(Glx, (a1,a2)]) = Q1(G[x,a1]) A Q2(GIx; a2])
Qv(Glx; (a1,a2)]) = Q1(G[x,a1]) vV Q2(G|x, az])

It is easy to check that

TS/\ = (F,A,Q/\,Pl/\PQ) and
TS\/ = (F,A,Q\/,Pl/\PQ)

are also type systems, checking the conjunction respectively disjunction of P;
and PQ.
8.3.6 Examples

The lattice will contain mappings of the form a : lef — I or a: Ep — I where
I is a lattice. The type functor F' has to satisfy

Fy(a)(s) = \/ als) ifs eV}
$(s)=s'
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in the first case and

Fy(a)(e) = ale) ife’ € Ep
¢(e)=¢’
in the second case. It is straightforward to verify that both are indeed type

functors.
In the following examples we will assume a linear mapping A with

A(procy(S)) := P|xp,ap| where P[xp| := procy,
A(messn(H)) = M]lxm,an] where
M[XM] = Ul,...,n(en,n—l—k—i-l(messn @ COntk—i—l))

That is the graph structure of A(H) is fixed. Only the lattice elements will
vary.

Avoiding Run-Time Errors

We set k := 0 and take the trivial lattice I = {0}. In this case the mapping
A is constant, i.e. ap = 0 and apr = 0 where A(proc,(S)) := Plxp,ap],
A(messy(H)) = M[xum,anm| (see remark above). We get a standard type
system, that only types process graphs without runtime errors.

Applying this type system to the example in section 8.1 yields the type
graph on page 113 without any extra labels or arrows.

Input/Output-Capabilities

We want to ensure that some external ports are only used as input ports and
that some are only used as ouput ports.

We choose k =1, I = {1, in, out, both} where | < in < both and L < out <
both, i.e. inV out = both.

The mapping a is defined in the following way:

{ in if S=XN.H

ap(lxprli) = 1 otherwise

ant(beacls) = out ifi=n
MAULXM i) = 1 otherwise

an([cont(|xarln)]i) = L

where A(proc,(S)) := P[xp,ap], A(mess,(H)) := M[xnr, an].
We want to ensure that H will never reduce to a process graph H' where a
message is sent to | xg]i. The corresponding predicate @ is:

Q(Glx, a]) := (a(|x]:) < in)

If, on the other hand the type of H satisfies

Q(Glx,al) := (a([x]i) < out)
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we can conclude that H will never reduce to a process graph H’ where a process
listens at | xm];-

Applying this type system to the example in section 8.1 yields the following
principal type graph:

bc}fﬁT both
- b out

I
[ N
‘ ‘ [
I
|
\

That is the second external port is only used as an output port and the first
external port is not used for any input/output-operations at all.

A more sophisticated version of this type system is presented in [PS93].
There is, of course, a trade-off between generality and the percentage of pro-
cesses which can be typed: e.g. in this case our type system can type fewer
processes than the type system introduced in [PS93], which can partly be ex-
plained by the very general nature of our type system and partly by the fact
that the type system in [PS93] does not have principal types.

Secrecy of Message Contents

We assume that there exists a subset SECRET C S of SPIDER expressions
which are to be considered secret and which are not to be communicated to the
outside.

Because of restraints of the type system we have to assume that

H=H'l Hc SECRET = H' ¢ SECRET
H[H'/z]) € SECRET <= H € SECRET
Vx,y € X with sort(z) = sort(y) =n:
procy(z) € SECRET <= proc,(y) € SECRET

Our lattice is the set of all mappings a : Cop — {sec, pub} where pub < sec.
The mapping ajs has the following form:

sec if H e SECRET

pub otherwise

ant(cont([xarJu)) = {

where A(mess,(H)) :== M[xn,ap] (see remark above).
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We want to make sure that H never reduces to a process graph H’ which
contains a message labelled with a secret content and sent to an external port.
The corresponding predicate @ is:

Q(Glx,al) == (Vie{l,...,card(H)} : a(contc(|x|i)) = pub)

We investigate again the example from section 8.1 and assume that the
content of the message on the left is considered secret and that all messages
labelled 0 are considered public. This yields the following principal type graph:

o sc - pub

That is, no secret message is sent to an external port.

Secrecy of External Ports

We assume that the external ports of a process graph can have different levels
of secrecy. They might either be public or secret. Both sorts of ports can be
used to send or receive messages, but it is not allowed to forward a secret port
to a receiver listening at a public port.

We choose k = 2, I = {true, false} where {true, false} is the boolean lattice
with false < true.

The mapping a has the following form:

ap(lxrli;[xl;) = false
b dy) = { e BT
an(lcont(|xnrln)]i) = false
where A(procy(S)) := Plxp,ap]|, A(messp(H)) = M[xm,am] (see remark

above).
Let H be a process graph and we assume that the sets SEC and PUB form
a partition of {1,...,card(H)}. If the type of H satisfies

Q(G[x,al) := (Vi e PUB,j € SEC: a(|x]i, | x];) = false)
it follows that no message, with secret ports attached to it, is ever sent to a

public port.

In section 8.1 we demonstrated the construction of a type graph for this
type system.
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8.4 A Type System Based on Monoids

We will now present another type system that is, in some ways, more advanced,
since it allows us to handle monoids instead of lattices making it possible to
count.

Restrictions: We will, however, make an important restriction and drop
higher-order communication. That is during this chapter we demand that mes-
sages are always labelled 0. As a consequence we drop all variables z € X and
will abbreviate \,,x with \,.

Furthermore we demand that all expessions are in the subcalculus S,, (see
section 7.4). That is, we restrict ourselves to the part of SPIDER into which the
m-calculus can be coded (see section 7.5).

Discussion of Problems: Taking l-monoids instead of lattices leads to some
drawbacks. We have already mentioned the first: construction of type graphs
can not, any more, be represented as a co-limit of (F, <)-morphisms.

A second problem arises since we might have negative numbers. In the
example in the introduction chapter, we constructed the type graph in two
steps: first attach all parts and fold them afterwards (these two steps were
integrated into one in the type system based on lattices). If we look at this
issue closely we find out that we need two kinds of monoid operations: in the
first step it is ordinary summation, but in the folding step we have to make sure
that the monoid label of every components does not decrease, otherwise the type
system would be useless for verification purposes. This, however, can happen
if we use the ordinary summation for folding and if we work with negative
numbers. As it turns out, we need the operator @ with a®b:= (a+b)VaVb
(defined in the introduction) for the folding process.

So we actually need two type functors: one, which we will call F' and which
is used for type construction, and the other one, which we will call J and
which is used for folding type graphs. We cannot demand that F|, J satisfy the
equivalent of condition (3) in proposition 8.3.13, i.e. normally

FOLD;(C{I,...,Ta)r) #r FOLD,;(C(11,..., FOLD (T;),...,Ta)F)

since for many monoids and type functors this property is not satisfied.

So, instead of mixing the two phases of type graph construction and type
graph folding, as we have done in the previous chapter, we now first construct
the type graph and fold it afterwards. This has some disadvantages, especially
for the compositionality of types, but we do not see any other way to do this.

8.4.1 The Type System

We will now assume that there are two type functors F and J.

A type graph G[x,a] consists (as before) of a hypergraph G[x] and of a €
F(G).
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We will use the same definitions of true type graphs as in the type system
based on lattices. But for the linear mapping A we change conditions (4) and
(5) to

(4) If P[xp,ap] := A(proc,(9)) it follows that P[xp] = procy,

(5) If M[xa,an] = A(mess,(5)) it follows that either M[xas] = messy or
Mixm] = o1,..n(0nntk+1(messy, @ contyy1)). (This has to be handled
consistently within a type system.)

Conditions (4) and (5) will be needed in the proof of proposition 8.4.8 (subject
reduction property for (R-MR)). Actually they are no real restriction since
relations between ports can always be modelled by extra monoid elements.

Definition 8.4.1 (Compatible Type Functors) Let F,.J be two type func-
tors.

F,J are called compatible, if for every graph G, F(G) = (I,+,<) and
J(G) = (I,®,<) where (I,+,<),(I,®, <) are l-monoids with a® b := (a+b) Vv
a Vb (see section 8.2). Furthermore in (I, +, <) the residual 0 — a is defined for
every a € I and I has a smallest element L.

Furthermore

Jy < Fy if ¢ is an injective morphism (8.15)
Jp > Fy  if ¢ is a surjective morphism (8.16)

Let #1,...,1, be nice (J, <)-morphisms (nice hypergraph morphisms are de-
fined in definition 2.1.4) and let C be a discrete context with holes of cardinality
card(¢y),...,card(yy,). Then

C{Yn1,...,¢%n)F is also a (J, <)-morphism (8.17)

a

In section 8.4.6 we will present a pair of compatible type functors.
Since G4 = Fy if ¢ is an isomorphism the relations <y and < coincide.

Notes: We will need a few abbreviations which we will define now: Since
we do not work with higher-order message passing any more, a redex can be
described by

Redj, ynn(S) := Redy mn(S,0)

Furthermore we define
(Glx,a])” :==G[x,0 — d

We will now introduce the typing rules of the type system based on monoids.
It differs from the type system based on lattices in that it is more construc-
tive and that the type environment F is missing. The type environment is
unnecessary since we have excluded expressions with variables.

Again, parameters of the type system are the functors F,G and the linear
mapping A.
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Definition 8.4.2 (Typing Rules) Let F, G be compatible type functors and
let A be a linear mapping as defined above.

A type of a process graph or process description S consists of a (not neces-
sarily true!) type graph 7. We write T II—%F’G S or T I S for short.

The following rules describe how a type can be assigned to an expression.

(Ta<) TS T <T
= TS
TWwH, TOpT 25T
(TM-REPL) )
TIHH
T H

(TM-PA) o1 m(TOpA(Red mn(M-H)) ™) IF M. H

(TM-MESS) A(mess,(0)) IF mess,(0)

J,<
A(proc,(S))0pT I+ proc,(S)

Tk Hy, i€ {1,...,n}
C(Ty,..., Tp)r F C(Hy, ..., Hy)

(TM-CON)

a

The intuitive meaning of some of the rules can be informally explained as
follows:

(TM-REPL) In order to type !H with T' it is necessary that the type graph
can be folded into itself, in order to ensure the subject reduction prop-

erty. Because of the idempotency of lattice elements this condition is not
necessary for (TL-REPL).

The existence of a hypergraph morphism from 707 into T is clear, it is
left to check that it is a (J, <)-morphism.

(TM-PROC) Here, the problem with the negative numbers surfaces again.
Since the external nodes of T' might be labelled with negative elements, it
might be the case that the labels of A(proc,(S)) are decreased. For the
purpose of verification it is, however, essential that there is a morphism

A(proc,(S)) 75 A(procy,(S))OpT. The side condition is there to ensure
the existence of this morphism.

(TM-PA) In this rule we subtract the labels of the redex (or at least the
labels of the external nodes) from the labels of 7. By doing so we take
into account the fact that parts of a graph are removed during reduction.
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Note: Let T I H. Since we assume that H is in the subcalculus &, i.e. every
hypergraph inside of H has duplicate-free sequences of external nodes we can
conclude, by induction on the typing rules, that xr is also duplicate-free. We
need this fact for proposition 8.4.10.

Definition 8.4.3 (True Type) Let S be a process graph or a process descrip-
tion. We say that S can be typed by the true type TT

TT+ S
if T'T is a true type graph, T'IF S and there is a (J, <)-morphism ¢ : T — T'T.
O
8.4.2 Subject Reduction Property

In this section we assume that there are fixed compatible type functors F,.J
and a basic mapping A.

Lemma 8.4.4 If T' I+ H then card(H) = card(T).

Proof: By simple induction on the typing rules. O

As in the previous chapter we need some way to unravel the typing of an
expression and to retrace our steps. In the case of (TM-<), (TM-REPL), (TM-
PA), (TM-MESS) and (TM-PROC) this is easy. But in the case of (TM-CON)
ambiguity appears. The following lemma is essential in unravelling the type of
a process graph. It corresponds to lemma 8.3.7.

Lemma 8.4.5 LetT |- C(Hy,...,Hy). Then there exist type graphs T1, ..., T,
such that

T, - H
T Sp CT,....T)r

Proof: Let H =2 C'(Hj,..., H],) such that C' is a discrete context and Hj,...,
H], are basic graphs. During the typing of H a type graph T is assigned to
each basic graph H/.We define a linear mapping with

sy T it J = H
" | k[0] with k := card(J) if J is any other basic graph

By induction on the typing of H we can show that B(H) <p T. And further-
more it follows with (TM-CON) that B(H) I H.
If we define T; := B(H,;) it follows that 7; IF H; and

g

As in the previous chapter (see proposition 8.4.6) we have to check that
equivalent process graphs have the same type.
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Proposition 8.4.6 (Equivalence) Let Hy, Hy € S with Hy = Hs.

T+ Hy < T I+ Hy for any type graph T.

This implies immediately TT - Hy <= TT + Hs for any true type graph
TT.

Proof: See appendix A.2.2. |

It is now our aim to show that no type contains bad redexes and that the
type is invariant under reduction. In the case of replication this is not very

difficult, because of the precondition T0pT 25 7 in rule (TL-REPL).

Proposition 8.4.7 (Replication) Let TT + H. If H contains a subgraph of
the form proc,(!K) then replication is defined, i.e. n = card(K).

(R-REPL)

Let H — H'.

TT+ H'.

It follows that H' has the same type as H, i.e.

Proof: Let T IF H such that there is a (J, <)-morphism ¢ : T'— TT.
It follows with proposition 4.3.5 that H = C(Hy, He), H' = C(H], H2) and
1 (R-REPL) H{. In this case H; = proc,(!K) and H| = proc,(!K)OK.
Lemma 8.4.5 implies that there are type graphs 71,7 with T; IF H;. It is
left to show that T} I+ Hj.
It follows with (TM-PROC) and (TM-REPL) that

H

T\ >p A(proc,(1K))OTk I+ proc, (1K)

and Tk IF K. Furthermore there is a morphism ¢ : T 0Tk = Tk.
Since A(proc,(!K))OT is defined we conclude n = card(Tk) = card(K).
(TM-CON) implies that 7" := A(proc,(\K))0Tg 0Tk I+ proc,(!K)OK.
Since ¢ is a nice morphism it follows with (8.17) that there exists a (J, <)-
morphisms ¢’ : T — T.
It follows that 1 o ¢’ : T’ IE . O

In the case of message reception it is more difficult to prove the subject
reduction property. The main reason for these difficulties is the fact that the
folding of a type graph into a true type graph is done at the very end of the
typing process. Typing a process after message reception, however, causes
adjustments deep inside the typing process. These adjustments include the
merging of ports which are fused during the folding.

In the case of message reception 1" I+ Redy, y, n(Ax.H ) does not imply T' I- H.
And in the case of I- local arguments (showing that 7' Redy, y, n(Ag.H) implies
T + H) are not sufficient and we have to take a global view on the whole typing
process.

Proposition 8.4.8 (Message Reception) Let TT + H. If H contains a
redex

Red := Redy, yn (M. K)

then message-reception is defined, i.e. m +n = card(K).

(R-MR) _, , , ,
Let H' — 7 H'. It follows that H' has the same type as H, i.e. TT + H'.
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Proof: See appendix A.2.2. O

Proposition 8.4.9 (Subject Reduction) Let TT + H and H —* H'. Then
TT + H'. Furthermore H contains no bad redexes.

Proof: Straightforward with propositions 8.4.6, 8.4.7 and 8.4.8. |

8.4.3 Type Inference

The type system presented in this section is of a more constructive nature than
the type system presented in section 8.3. Only the rules (TM-REPL) and (TM-
PROC) are non-constructive and may require the additional use of (TM-<). For
the existence of principal types we therefore demand that the sets

(T'eTy | T SpT, TOpT 25 17}
(T' € Ty | T Sp T, nj0] 25 7

contain a smallest element wrt. < r for every type graph 7. These smallest
elements are denoted by R(T) respectively P(T).

If this smallest element is computable, the type inference algorithm corre-
sponds exactly to the typing rules.

As mentioned above, compositionality of types is only true for I+ and not
for k. This is unfortunate, but we did not find any elegant solution for a more
compositional type system.

8.4.4 Verification with the Type System

We now show how to exploit the type system for verification purposes. Note that
in the proof of the following proposition we utilize the fact that the sequence
of external nodes of a type graph does not contain duplicates.

Proposition 8.4.10 Let T I H. This implies that there is a morphism

J,<

AH) =T

This implies immediately that if TT &= H, then there also exists a morphism
A(H) 2= 17

Proof: We consider the following cases:

(TM-MESS) If T IF messy(0), then clearly T' =r A(mess,(0)) and there is
a nice (J, <)-morphism (the identity morphism) id : A(mess,(0)) — T.
(TM-PROC) If T IF proc,(S), then T' = A(proc,(S))OrT" and there exists

. J,< . . . .
a morphism 1 : n[0] D5 71 Since x1 is duplicate-free, it follows that 1
is a nice morphism.
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It follows with lemma 8.2.11 that
Clid, ) : A(proca(S))Dpn[0] 25 A(proc,(S)) 0T’
where A(proc,(S)) =p A(proc,(S))0pn]0].
C(id,) is again a nice morphism.
TM-CON) If T I+ C{(Hy,...,H,) where Hy,..., H, are basic graphs, it fol-
grap
lows with lemma 8.4.5 that there exist type graphs 71, . .., T;, with T; IF H;
and C(Ty,...,T,) <p T.
We have shown that for basic graphs H; there exists a nice morphism
J,<
v A(H;) == T;.
Lemma 8.2.11 implies that

Clibr,. .. ) CUHY, ... Hy) 25 C(Ty, ... T <p T

a

Proposition 8.4.11 Let F,J be a pair of compatible type functors and let A
be a basic mapping.

Let P be a predicate on SPIDER expressions and let Q) be a predicate on type
graphs. P,(Q satisfy

Q(A(H)) = P(H) (8.18)
¢o: T — = QT = Q(T) (8.19)

i.e. Q is closed under inverse (J, <)-morphisms.
Let H be a representative. Then TT + H and Q(TT) imply P(H') for all
H —* H'.

Proof: The subject reduction property (proposition 8.4.9) implies TT + H' for
every H —* H'.

If TT + H’ then there exists a (J, <)-morphism ¢’ : A(H') — TT. Since
Q(TT) and Q is closed under inverse morphisms it follows that Q(A(H")) which
implies P(H'). O

A type system for checking a predicate P thus consists of a pair of compatible
type functors (F,.J), a linear mapping A and a predicates ) on type graphs as
defined above. That is TS = ((F,J), A, P, Q).

8.4.5 Composing Type Systems

We will now show that the conjunction and disjunction of predicates checked
by type systems can also be checked by a type system.
Let T'S; := ((F;, Ji), Ai, Qi, Pi), i = 1,2 be two type systems. We define
F(T) = F(T)x Fx(T)
J(T) = J(T) x Jo(T)
A(H) = G[x;(a1,a2)] if A1(H) =p, G[x,a1] and Ay(H) =g, G[x; a2]
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That is we demand that the linear mappings map equivalent process graphs
onto type graphs of the same structure.
We define

QA(G[x, (a1,a2)]) = Q1(G[x,a1]) A Q2(GIx, az])
Qv(GIx, (a1,a2)]) = Q1(G[x,a1]) V Q2(Glx, az])

It is easy to check that

TS/\ = ((F,J),A,Q/\,Pl/\Pg) and
TS\/ = ((FvJ)7A7Q\/7P1/\P2)

are also type systems, checking the conjunction respectively disjunction of P;
and P».

8.4.6 Compatible Type Functors

We will now give an example for I-monoids and compatible type functors which
will be needed for our examples and which will be used in the rest of this section.
Let (I,4, <) be an arbitrary residuated l-monoid with a smallest element L
and let £ € IN. For any type graph T we define F(T') as the set of all mappings
from V:ﬁ into I.
Let a:VE—1,¢:T — T, s €VE. We define:

Fy(a)(s) = ) als) (8.20)

Jo(a)(s) = P als) (8.21)
$(s)=5

where a ®b:= (a+b)VaVb.
We will now check that F,J satisfy the conditions of definition 8.4.1:

(8.15) For any set I with |I| <1 it follows that >, ;i > @, 1.

Since ¢ is injective there is at most one s € Vrﬁ for every s’ € Vqlf, such
that ¢(s) = s’. Therefore

Fyla)(s) = Y als)= @ als) = Js(a)(s)
¢(s)=s' p(s)=s'
(8.16) For any non-empty set I > . ;i < P,

Since ¢ is surjective there is at least one s € lef for every s’ € Vqlf, such
that ¢(s) = s’. Therefore

Fyla)(s) = Y als) < @ als) = Jy(a)(s)

#(s)=s' P(s)=s'
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(8.17) Let ; : T; 25 T! with T; = Gi[xi, ail, T} = G}[x}, a}]. Furthermore let
C' be a context and let n; be the embedding of T; into C(T},...,T),).
Let ¢ := C(41, ..., 1y) and let 1} be the embedding of T into C(T7, ..., T}).
Let s' € V£, S =7 1(s), Sl = (n))71(s), Si :==n; 1 (S) = ;1 (SY).

k
o Let s’ € <U1<i<n ng(EXTTi/)) . Since the 1); are nice morphisms it
follows that there is exactly one sg € Vi such that ¢(sg) = s’. There-
fore S = {sg}. And since the v; are nice morphisms the mapping
Yils, = Si — S! is injective.

Therefore
Tp( Y Fyla))(s) = ai(si)
1<i<n 1<i<n s;€S;
> Fyg(a)(s) = a;(si)
1<i<n 1<i<n pl(s))=s" ;(s;)=s}
= Z (17,(87,) = Z Z az(sz)
1<i<n (n;ow)(si)zs’ 1<i<n s;€S;

o Lets' e (U}(VT]{ \EXTr,))*. Because of the properties of embeddings

and nice morphisms it follows that S; = 0, S = 0 for j # . It
also follows that  has only one element and that (n;)|s;, (17;)] g, are

injective.
Therefore
Jp( D Fa))(s) = Ju(Fy(a))(s') = €D ailsi)
1<i<n $i€8;
Y Eyu(@)(s) = Fy(y(a)(s) = @ ailsi)
1<i<n $i€S;

e For any other s’ € Vv we have S; = S/ = () for every i. If S =0 we
obtain

Jo( Y Fpla)(s) =L<0= Fyy (T, (ai))(s)

1<i<n 1<i<n

If S # 0 we get

Jo( Y Fpla)()=@o=0= 3 Fy(Jy(a))(s)

1<i<n seS 1<i<n

We will now show under which conditions the requirements for the existence
of principal types and for type construction given in section 8.4.3 are satisfied:
We assume that in both monoids (I,+, <) and (I,®, <) the sets {a’ | ' >
a,a’ +a’ = a'} respectively {a' | a’ > a,a’ ® a’ = d’} have a smallest element.
These smallest element are denoted by a™ respectively a®.
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That is we demand that every element has an upper bound which is idem-
potent. In the l-monoid of integers with co and —oo these upper bounds are as
follows:

a ifa=<0

at=<0 if —co<a<0 a® = .
oo ifa>0

—o0 fa=-—-x {
00 ifa>0

That is R(T') and P(T) of a type graph T can be defined as follows:

—t .
R(G|x,a]) := GJ[x,d’] where d'(s) := { ﬁ@ if Set(s) < Set(x)

a(s otherwise

(s)
P(Glx,al) = GIx,d] where a'(s) ;:{ “E%VO if Set(s) € Set(x)

s otherwise

=

8.4.7 Examples

We now present various type systems useful for the verification of mobile pro-
cesses. These type systems are of different quality, i.e. the percentage of correct
process which can be typed varies. While in the type system checking conflu-
ence there is hardly any loss of information, mapping a process graph into a
type in the type system checking the absence of vicious circles, may result in
the creation of circles not present in the original process graph.

In the following examples we will assume a linear mapping A with

A(procn(S)) := P|xp,ap] where P[xp| := procy
A(messn(0)) = M|[xn,ap]| where M|xps] := messy,

andap:VIQCHIandaM:VA’}HI.

That is the graph structure of A(H) is fixed. Only the monoid elements and
k € IN will vary. Note that in contrast to the type system based on lattices we
do not demand content-edges since we dropped higher-order communication.

We will apply the type systems in this section to the following two examples,
(A) demonstrating mainly message reception and mobility of port adresses,
and (B) demonstrating unlimited replication of messages. We will type the
first process in either of the two reduction sequences.
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Example (A):
S (1) (2
Cf\ | ? ************ ?
A D@ B A (D@ B 4 S J
Hoe e PR Y Y (RMR)
1 @ 1) (2
e
A @ (?) @ || - RMR)_ |
Example (B):
QO (1)
0 (1) 0 0 1)
? (R-REPL) 9
| —_— |
0 0
«y
-mTIIIs ﬁ\
L0 0
(R-REPL) | ¥ (R-REPL)
= ‘ﬁfff(\jfff\‘ 3 _—= 'R
oMY :riﬁéﬁil

Avoiding Run-Time Errors

We set k := 0 and take the trivial monoid I = {0}. In this case the mapping
A is constant, i.e. ap = 0 and ap = 0 where A(proc,(S)) := P[xp,ap],
A(messp(0)) := M[xar,an]. We get a standard type system, that only types
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process graphs without runtime errors, i.e. no typed process contains a bad
redex (see definition 4.3.4).

For a detailed comparison between this type system and standard type
systems for the m-calculus see section 8.6.

If we type the examples (A) and (B) above, we obtain the following type
graphs (before folding)

(A)

and after folding

Bounded Number of Processes/Messages

We want to check that there are at most K processes (messages) in a process
graph. We choose [ as Int., (the integers with co and —oo, see the examples of
l-monoids above) and set k := 0, i.e. every type graph is associated with only
one integer. We define

ap =

aprnr = 0
if we want to count processes and

ap = 0

ay =
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if we want to count messages. A(proc,(S)) := Plxp,ap|, A(mess,(0)) =

M[XM) aM] .
Furthermore we define

Q(G[x, a]) = (a < K)

Since the number associated to a type graph can only become greater when a
(J, <)-morphism is applied, it follows that @ is closed under (J, <)-morphisms.

Applying this type system to the example process (A) yields the results 2
for the number of processes and 1 for the number of messages. The latter result
is quite interesting since it can only be obtained by the subtraction mechanism
in typing rule (TM-PA).

In the case of example (B) the results are 1 for the number of processes and
oo for the number of messages.

Bounded Number of Messages at one Port

We want to check that there are at most K messages waiting at a certain
external port | x]n, n € N i.e.

P(H) := ({q € My | sendu(q) = |xu]n}| < K)

We choose I as Ints, and set k := 1.

ap(|lextp|;) = 0 for any i
1 ifi=n
an(letu i) = { 0 otherwise

where A(proc,(S)) := P[xp,ap], A(mess,(0)) := M[xa, an].
Furthermore we define

Q(GIx,a)) == (a(lx]n) < K)
It is left to show that @ is closed under inverse (J, <)-morphisms: Let
¢:Glx,a] — G'[xX,d]

such that Jy(a) < o and Q(G'[X',d']). It follows that K > a'(|xX']n) =
Ds)=1x ] @v) = alx]n)-

Applying this type system to the examples yields the following results (we
will not present the typing process in detail):

(A)
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That is, in the case of example (A), the type graph correctly states that
there is at most one message attached to any port at any time. Furthermore no
message is ever sent to the first external port. In example (B) the precondition
of rule (TM-REPL) leads to the label co at the external port, which is quite
true, since the process is able to generate infinitely many messages.

Minimum Number of Messages at one Port

This time we want to check

P(H) := ({q | sendn(q) = (xu)n}| = K)

We only have to change the underlying monoid (7,4, <) from the previous
example to (I,+,>). The basic mapping A stays the same and @ is modified
to

Q(G[x, a]) = (a(lx]n) = K)

Applying this type system to the examples yields the following results:

In the case of (A) there is no guaranteed number of message attached to any
port. The leftmost port is even labelled —1 which means that it can take away
messages without replacing them by new ones. In the other example (B) the
type system correctly states that there is always at least one message attached
to the port.

Starving Processes

In a process graph H a starving process listens out for a message on an internal
port. But all other hyperedges attached to that port are also processes waiting
for a message via the same port. It is clear that such a message will never
arrive.

We will present two versions of type systems preventing such a situation.
The first one is as follows: We will use as monoid a pair of integers from Ints
and set k := 1. Furthermore we define our partial order to be (aj,as) C
(bl,bQ) <~ (a1 < b1> VAN (CLQ > bg).

N (1,0) if S=XN.H
ap(lextpli) = {(0,1) otherwise

ap(lextar];) = (0,1) for any ¢
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where A(proc,(5)) := P[xp,ap], A(messy(0)) := M[xn,anm].
Furthermore

Q(Glx,al) == (Vv € Vg\Set(x) : if (a1,a2) = a(v) then (a; >0 = ay > 0))

That is we demand that if there is a process waiting at a certain port, there
is at least one other hyperedge attached to it, which seems to be a reasonable
approach. Because of the folding of type graphs information might get lost.

Applying this type system to the examples yields the following results:

(A) L |

SR 5% B
B 1 TN S

I ) I ;

In case (A) the type system fails for the two leftmost ports. No starving
processes can appear on any of these ports, but the type system cannot confirm
this fact. The predicate @ is satisfied for (B) which is not very surprising, since
there are no listening processes at all.

The second version of the type system also prohibits starving processes, but
this time our approach is less direct: we demand that the number of processes
waiting at one port is smaller or equal than the number of the rest of the
hyperedges.

We will use the Int,, as monoid and set k := 1.

1 it S=M.H
—1 otherwise

erlleatel) = {

ap(lextar];) = —1 for any i

where A(proc,(S)) := P[xp,ap], A(mess,(0)) := M[xnm,an].
Furthermore

Q(Glxa]) := (Vv € Ve\Set(x) : a(v) <0)

Applying this type system to the examples yields the following results:

(A)
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The first version of a type system checking for starving processes failed on
(A), but fortunately the second version works and @ is satisfied. The same is
true for example (B).

Since for both type systems there exist process which can be typed by it but
not by the other system, the best results can be obtained by the disjunction of
the two systems.

An even more convincing type system can be obtained by performing the
disjunction on the level of node labels and not on the level of entire predicates.

Blocked Messages

A blocked message is a message sent to an internal port where the rest of the
hyperedges attached to that port are only messages whose aim is the very same
port. Blocked message are never received by a process.

By using slightly different verions of the linear mapping A we can use the
same type systems as for starving processes, in order to avoid blocked messages.
The respective predicates () stay the same.

In the first case we set:
ap(leat];) = (0,1)

,0) ifi=n
1) otherwise

ap(lext];) = {E(l)’ )

Again in the case of (A) the result of the type system is not really satisfying:
the two leftmost ports never have blocked messages attached to them, their
labels, however, do not satisfy (). The result is correct for the rightmost port
to which indeed a blocked message is attached at the end of reduction. (In this
case this is not grave since it is an external port.)

In example (B) there are no blocked messages by definition since there is
still a process attached to the same port. The type system confirms this fact.

And in the second case:

ap(lext];) = -1
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1 ifi=n
—1 otherwise

apy(lext];) = {
Applying this type system to the examples yields the following results:

(A)

I

In the case of (A) the type system yields exactly the desired results: only
the rightmost port may have blocked messages attached to it. For example (B),
however, the type system gets the wrong result: it does not guarantee absence
of blocked message. Here the first variant of the type system succeeded and the
second did not.

8.4.8 Confluence

Our aim is to identify confluent processes with the help of a type system. As
already mentioned in section 7.2, SPIDER is not confluent. The reason for this
are overlapping redexes, i.e. several messages are sent to one port or several
processes are listening at one port.

We will now show how to avoid overlaps destroying the confluence of the
calculus:

Proposition 8.4.12 Let H be a SPIDER expression satisfying:
o Ifq1,q2 € My and sendp(q1) = sendp(qa) then
— either q1 = qo
— or card(q1) = card(q2) =1 and lg(q1) = lg(q2)

o If p1,p2 € Py, lu(p1) = ey, J1, lu(p2) = My Jo and |sp(p1)lk, =
Lst(p2) ]k, then

— either p1 = ps
— orcard(py) = card(ps) =1, k1 = ke =1 and Jy = Jo

If furthermore H — Hy and H — Hs, then either Hi = Hy or there exists an
expression H' with Hy — H' and Hy — H'.

Proof: There are the following cases:

e the two redexes in H do not overlap, i.e. H = C(K1, K9, K3), K1 — KJ,
Ky — K} and

Hl = C<K{aK27K3>
H2 = C<K1,K5,K3>

Then we define H' := C(K1{, K, K3).
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e the redexes overlap. Since the messages and processes satisfy the con-
straints above it follows that H; = Hs.

a

Now we will define a type system that ensures the property defined above.
As a monoid I we take the set of all mappings from (S/=) x N into Int (with
pointwise summation and pointwise partial order).

Let H be a process graph and let f := a(v) € {(S§/ 3 x N — Ints}.
f([mess,(0)]=,7) = m means intuitively that there are m messages qi, ..., Gm
with|sg(g)]i = v. f([procn(S)]=,i) = m means that there are m processes
P1,-- -, pm With lg(p;) = S and [su(pi)]i = v.

That is, we keep track of all hyperedges that can be attached to a port. The
linear mapping is more complex than the linear mappings defined above, but
since for every node v only a finite number of tuples are mapped by a(v) to a
value different from 0 it is still effectively computable.

The linear mapping A is defined as follows:

enlbanllil=g) = { o Bp S proen(S) 1=
1 if H =mess,(0), i=j
0 otherwise

anr(xar)i)((H)=,j) = {

where A(proc,(5)) := P[xp,ap], A(mess,(0)) := M[xn,anrs]. Furthermore
we define

Q(Glx,a]) = (VveVg:

(@(0) ([procn, (v i)l k) =1 > 1 A

() ([proca, Oy Ha)l— k) = 1 > 1
= ni=ngs N ki=ko N HH=Hy A

(h=l=1V n=ny=1)

a(v)([messn, (0)]=,m1) =11 =1 A

a(v)([messn, (0)]=,ng) =: 1y > 1
= ni=ny A (li=l=1V n=ny=1))

It is straightforward to check that Q(A(H)) implies that H satisfies the con-

ditions of proposition 8.4.12. Furthermore @ is closed under inverse (J, <)-
morphisms.

Proposition 8.4.13 (Confluence) Let T - H, H —* Hy and H —* H,.
Then there exists an expression H' such that Hy —* H' and Hy —* H'.

Proof: By induction on the number of reduction steps. O

Another type system ensuring confluence for the m-calculus is described in
[NS97].

Applying this type system to (A) yields the following labelling (see below for
which nodes vy, vg, v3,v4 stand). We assume that A; is the process description
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of the leftmost process and that As is the process description of the rightmost
process.

a(vi)([proci(A1)l=,1) = 1 a(vs)([proci(A42)]=,3) = 1
a(vy)([procs(A2)]=,2) = 1 a(vs)([mess3(0)]=,1) = 1
a(vy)([mess3(0)]=,3) = 1 a(vs)([mess2(0)]=,1) = 1
a(ve)([procs(Ag)]=,1) = 1 a(vy)([mess3(0)]=,2) = 1
a(vg)([mess2(0)]=,2) = 1 a(vy)([messa2(0)]=,1) = 1

a(vy)([mess2(0)]=,2) = 1

Note that the equivalence class [messa(0)]= contains two elements. @ is
satisfied and thus the process in example (A) is confluent. This is not very
surprising, since, in fact, there is only one possible sequence of reductions.

In the case of example (B) we get the labelling

a(v)([proci(!mess1(0))]=z,1) = 1
, 1

a(v)([mess1(0)]=,1) = o©

which also satisfies (). The function value oo is compensated by the fact that
the corresponding message has cardinality 1.

8.4.9 Avoiding Deadlocks

We will first investigate processes being incapable of performing any further
reductions. One of the reasons is good-natured, i.e. the process is merely
waiting for input or output operations. The other two cases can be considered
as a deadlock and we will propose a type system for avoiding such deadlocks.

Proposition 8.4.14 (Deadlock) Let H be a process graph with a non-empty
edge set such that there is no process graph H' with H — H'. Then at least one
of the following conditions is satisfied:

(1) There is a message waiting or a process listening at an external port. This
case is good-natured.

(2) There is an internal port where all edges connected to it are either messages,
sent to this port, or processes listening at this port.

That is there is a port v € Vg with at most one hyperedge attached to it
such that either
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o if there is an edge e € Ep with |sy(e)|; = v then zg(e) = mess and

i = card(e)
e if there is an edge e € Er with |sp(e)|; = v then zp(e) = proc and
lg(e) = A J.
(8) There is a vicious circle, i.e. a sequence vg,...,v, = vg € Vi such that

for every pair v;,v;y1 there is

e either a message q with sendg(q) = v; and |sp(q)]; = viq1 for some
jed{l,... card(q)}

o or a process p with L(p) = \.Q, L5 (p) )k = vs and |51 (p)); = vi1
for some j € {1,...,card(p)}

Proof: We will traverse the hypergraph H with the following algorithm and
show that either condition (1), (2) or (3) will occur. We start with D := ()
and let e be an arbitrary edge of H.

& D:=DuU{e}

There are the following cases:

zr(e) = mess: Let v := sendg(e)
e v is an external port = (1)
e the only edges attached to v are messages sent to v = (2)

e there is a message ¢ with [sg(q)]; = v, j < card(q). There are
two cases:

geD = (3)
q € D: take ¢ as the new e and continue with <&

e there is a process p with [sg(p)]; = v. There are the following
cases

la(p) =!J or ly(p) = Aj.J: then reductions are possible (either
(R-REPL) or (R-MR)), which is a contradiction

lH(p) =MNJy k#j,peED = (3)
lg(p) = A\i.J, k # j, p &€ D: take p as the new e and continue
with &
zp(e) = proc: If lg(e) =!J reductions would be possible which is a con-
tradiction. We can therefore conclude that lg(e) = Ag.J. Let
v:=|sm(e)]x
e v is an external port = (1)
e the only edges attached to v are processes listening on v — (2)

e there is a process p with |sg(p)|; = v, j # k. There are two
cases:

peD = (3)
p & D: take p as the new e and continue with <&

e there is a message ¢ with [sg(q)]; = v. There are the following
cases:
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j = card(q) that is sendp(q) = v. This is a contradiction since
a reduction by rule (R-MR) is possible.

j # card(q), ¢ € D = (3)

Jj # card(q), q € D: take q as the new e and continue with <&

Since Ep is finite and D increases in every step, the algorithm will always
terminate. O

Condition (1) cannot be considered as a deadlock, the process is just blocked
since it is waiting for an external communication partner. Condition (2) cor-
responds to the existance of blocked messages or starving processes, while (3)
can be checked as follows:

Absence of Vicious Circles

We want to avoid circles as described in (3) in a process graph (this is the first
step to avoid deadlocks). We set k := 2 and I is again the integers with co and
—o0 and the conventional <-relation.

We define:

ap(lextp]s, lextp];) { L it S=N.H,j#i

0 otherwise

1 ifi=n,j#n
anm(lexta]i, extar];) = {0 othelrvvis‘(ye?é

where A(proc,(S)) := P[xp,ap], A(mess,(0)) := M|[x, an].
Furthermore:

Q(G[x,al) == (Bvo,...,vn =vg € Vgt a(vi,vip1) > 1, 0 < i < n)

Another type system ensuring deadlock freedom for the w-calculus is de-
scribed in [Kob97].

Applying this type system to the examples yields the following type graphs:

(

where in the case of example (A) an arrow labelled x from node v; to node
vy indicates that a(vi,v2) = z. On all other pairs, a has value 0. The arrows
created by processes have a black tip, while the arrows created by messages
have a white tip. Since there is no circle of arrows we can guarantee that the
expression will never generate a vicious circle.

Things are much less complicated for example (B): there are no arrows at
all and therefore there is no danger of a vicious circle
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8.5 Transformation of Type Systems

We will now show that both type systems presented in this work are equivalent
when they overlap. That is we will show that if a process without higher-order
messages can be typed in the first system it can be typed in the second system
as well. On the other hand if the monoid in the second system is, in fact, a
lattice, we can show that typings are equivalent for non-higher-order processes.

In this section we impose the following restrictions on the linear mapping

A:

Glx,a] := A(proc,(S)) = G[x| = proc,
G[x,a] := A(mess,(H)) = G[x]

Il

01,...0(Onnik(mess, ® conty))

where n € IN, H is a process graph and k := card(H).

All example type systems based on lattices satisfy this condition. And all
example type systems based on monoids can easily be converted in order to
satisfy it.

8.5.1 Conversion Lattice — Monoid

We now show that every type which can be assigned to an expression by the
rules of the type system based on monoids (TL-*) can also be assigned to it
by the rules of the type system based on monoids (TM-x). This is, of course,
only true for expressions satisfying the restraints imposed in section 8.4, i.e. for
process without higher-order communication belonging to the subcalculus S,,.

In the following proposition we will exploit the fact that a lattice is always a
lattice-ordered commutative monoid where summation of two elements is equal
to their least upper bound.

Proposition 8.5.1 (Lattice — Monoid) Let S be a process description or
process graph in S, without variables whose messages are all labelled 0.
If E,G[x,a] V4 S it follows that G[x,a] F . S.

Proof: See appendix A.2.3. a

8.5.2 Conversion Monoid — Lattice

We now show that the conversion works also in the opposite direction, at least
under certain circumstances. We assume that the monoids F(G) in the type
system are, in reality lattices, i.e. the sum operation corresponds to the supre-
mum or least upper bound.

We will show that in this case, every expression having a type in the system
based on monoids has a type in the system based on lattices as well, even with
an arbitrary type environments F.

Proposition 8.5.2 (Monoid — Lattice) Let S be a process description or
process graph in S, without variables whose messages are all labelled 0.



160 8 Generating Type Systems

We consider a type system where the linear mapping A satisfies the con-
straints of the type system based on lattices and where the monoid operations
in F(G) = (I,+, <) coincide with the suprememum, i.e. + =V = ®.

If @[)2, al I—%RF S it follows that for any environment E for G:

B,G[x,a) 55 S

Proof: See appendix A.2.3. O

8.6 Comparison of Type Systems: SPIDER « m-Calculus

In this section we assume that there is a fixed type functor F.

We will now show that simple types with recursion for the asynchronous n-
calculus (for the semantics of the m-calculus see section 7.5) can be translated
into a SPIDER type and vice versa. The following type system corresponds
more or less to the type system presented in [PS93] (without keeping track of
input/output capabilities).

In the m-calculus types or sorts are normally represented by terms with a
fixed-point operator pux. This representation is not suited for our translation
and we will therefore assume that a type in the m-calculus is a potentially
infinite tree with only finitely many subtrees (for conversion of a term into a
tree and vice versa see e.g. [PS93, Urz95]). The leaves of such an infinite tree
are labelled with variables from the set A.

We can compose n type trees tri,...,tr, to another type tree

ti=[try,... try]

by creating a new root and and regarding the old root nodes as the sons
of the new root. a € A is a variable representing a type tree. We define
card([try, ..., try]) :=n.

In the following I' is a set of type assignments of the form a : t where t is a
type tree and a is a name in the w-calculus. If a : ¢t € I" then I'(a) := t.
The typing rules are

I'kp I'kgq
Tn-NIL) T'HO Tn-PAR) ————
(Tr-NIL) (Tr-PAR)
I'kp Ta:trkp

L(a) = [tr1,...,try] T,xpitry,...,zpm i trp b p
L'ta(xy,...,xm).p

(Tr-IN)

I'(a) =[T(a1)...,T(am)] TkEp
I'aay...am.p

(Tr-OUT)
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We will also write I' =7 p if it is not clear which type system is under consider-
ation.

The type system for the m-calculus satisfies the following properties:
() Tkp, p=p = THY

(2) Tkp, p—p = I'kyp
(Subject Reduction Property)

(3) ap:try,...;ap:trpbEp = by:itry,....by :try Eplbi/ay, ..., bn/ay]
(Substitution Law)

(4) Tkp, 2¢T =T,a:trtp
(Weakening Law)

We will now show how to translate a type graph into a type tree:

Definition 8.6.1 (Type Graph — Type Tree) Let G be a true graph and
let o be a function mapping the nodes in {v € Vg | #g € Eg : 2¢(q) =
mess, sendg(q) = v} (i.e. all nodes that are not in the range of sendg) onto

type trees.
Let v € V. We define:

[TreeS (v1),...,TreeS(v,)] if 3¢ € Eg : 2a(q) = mess,
Treel (v) := sq(q) =v1...v5v

o(v) otherwise

8.6.1 SPIDER — mw-Calculus

We will now show that if the SPIDER version of a m-calculus expression is
typable, then the original expression is typable in the type system for the -
calculus. For SPIDER we will use the type system based on lattices since it makes
the proof easier to handle. Note, however, that neither the type environment F
nor the lattice element a do have any influence on the construction of the type
of the m-calculus expression.

We need the encodings introduced in sections 7.4 and 7.5: ©p transforms
a SPIDER expression in name-based notation into an ordinary SPIDER expres-
sion and AL transforms a SPIDER expression in name-based notation into a
m-calculus expression.

Proposition 8.6.2 Let E,G|[x,a] F On(h[t]) and n :=|x|. It follows that
luli : Treeg (L), .- [uln : Treeg ([x]n) F AZ(S)

where u is a duplicate-free string with |u| = n and o is an arbitrary substitution
as defined in definition 8.6.1.

Proof: See appendix A.2.4. a
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8.6.2 m-Calculus — SPIDER

We will now show that if there exists a type for a m-calculus expression, there
exists a type environment and a type graph such that the encoding of the
expression into SPIDER can be typed as well.

We will assume that the linear mapping A satisfies the properties specified
at the beginning of section 8.5.

In the proof of proposition 8.6.4 we well construct the type graph of an
encoding of a w-calculus expression by forming quotient graphs. The following
lemma will tell us under what conditions these quotient graphs are defined and
how they relate to the set of type assignments I'.

Lemma 8.6.3 Let Gy,...,G, be true graphs (where all content-edges have car-
dinality 0), let ~ be an equivalence on the nodes of the type graphs and let the
o; be mappings satisfying

vi € Vg, v5 € Vg, (viy1) ~ (vg,5) = TreeUGii(vi) = Treegjj (vj) (8.22)

Then there is a smallest consistent equivalence ~ containing ~ such that
Gi...Gy/= is a true graph.
Let p; : G; — G1...Gy/ = be the i-th projection into the quotient graph.
We define o(pi(vi)) = 0i(v;). Then o is well-defined and:
TreeSt-Gn/*(p;(v;)) = TreeS (v;)

o

for all v; € Vg, .

Proof: See appendix A.2.4. a

If a m-calculus expression can be typed, we can construct a corresponding
type graph and a type environment, which types the encoding of the m-calculus
expression into SPIDER.

Proposition 8.6.4 Let I' - p and let t be a duplicate-free string such that
fn(p) = Set(t) C Set(T).
Then there ezists a true type graph Glx,al, a type environment E and a
mapping o such that
E,G[x;a] @N(@;(p))

and TreeS (| x]i) = T'(|t]s).

Proof: See appendix A.2.4. O
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Conclusion

In this work we presented a specification method SPIDER for process calculi
based on hypergraphs and hypergraph rewriting. There are several approaches
to hypergraph construction: the set-based approach, the categorical or algebraic
approach, graph expressions and a name-based notation. We have shown that
these methods of graph construction are equivalent and can be converted into
one another. This enables us to choose a suitable representation for a process
graph for every problem.

We introduced barbed congruence for SPIDER and presented proof tech-
niques for facilitating proofs of barbed congruence. Furthermore we investi-
gated the connection between the A- and the m-calculus and SPIDER, and we
demonstrated how to encode A-expressions and m-calculus expressions into SPI-
DER.

A central part of this work is the generation of type systems for our process
calculus. Types are also graphs and we attempt to conserve information about
the process in its type by labelling the type with lattice or monoid elements.
The type system is parametrized in the sense that the assignment of lattice or
monoid elements to type graphs is not fixed and can be instantiated according
to the property which is to be checked.

We presented two versions of the type system: one is based on lattices and
can type processes with higher-order communication, the other one is based on
monoids, of which lattices are only a special case, but excludes higher-order
communication. We have shown how to verify interesting properties such as
absence of deadlocks, confluence or data security with the help of the type
system.

When typing a process, information often gets lost, i.e. not all processes
without deadlocks are actually typable by the corresponding type system. Fu-
ture work could therefore involve the improvement of the type system, changing
it in order to type as many processes as possible. This might be achieved by
combining type systems and temporal logic.

Another area of research would be the closer combination of bisimulation
and type systems. There are type systems, e.g. checking privacy in process cal-
culi [Aba97], that yield results of bisimulation equivalence for processes. That
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is, proving the bisimilarity of processes can be achieved by finding a type in a
corresponding type system.

A related line of research is the definition of barbed congruence wrt. to a
type. That is, we demand that congruent processes have the same type. It
would be interesting to investigate how this combination of barbed congruence
and our system could contribute to the verification of processes.

It would also be desirable to expand SPIDER into a full-fledged program-
ming language and to test the type system in “real life”. SPIDER as a real
programming language would require additional syntactic constructs for easier
programming, a graphical user interface for “drawing” processes and an efficient
implementation. A distributed implementation could be achieved with the dis-
tributed graph rewriting system by Boris Reichel [Rei98]. This work describes
efficient execution of graph rewriting in a multi-processor environment.

The main contribution of this thesis is the supplying of graph rewriting
and graph construction techniques for the specification of the semantics of a
mobile process calculus, and the development of generic type systems for the
verification of processes.



Appendix A

Proofs

A.1 Methods of Hypergraph Construction

Proposition 2.2.11 (Graph Construction and Factorizations)

Let (¢7 77/17 A
Gilxil

If the n; are a factorization of G[x

{1,...,n} are a factorization.

1) o= Hmiy (dg,m;) with m;

Gilxi] — Glx], ¢i @ Gilxi] —

| then the . : Gi[x)] — G'lo(N)], i €

Proof: In the following we will assume that G’ is constructed as a quotient
graph with an equivalence ~ as described in proposition 2.2.10.

e Let > be the smallest relation on

for all v; € Vg, : (¢i(vi),17) >
for all e; € Eg, : (¢i(es),q) >

G,GY, ..., G} satistying:

(mi(vi),0)
(mi(ei), 0)

Since ~ is the reflexive, symmetric and transitive closure of > it follows

that
(vi,1) = (v5,7) <=
(v,0) ~ (v/,0) <=
(vi,1) = (v,0) <=

e We will now show that 1} : G%[x}]
of definition 2.1.6:

Ed

Ik : (vl,i) (>0 <)
Ik : (v,0) (Qo>)

Ik : (v),0) (>o0<)f o (v,0)

)

k

— G'[¢p(x)] satisfies the four conditions

(2.2) Let n;(v;) = n;(v;). This implies that there exists a natural number

k with (v],1) (>0 <) (v}, )

k = 0: it follows immediately that i = j, v =

k — k+1: Let

. We proceed by induction on k:

/
Uj.

(v, d) (Bo <)t (v,1) = (&r(w), 1)

>
<

(13 (v;), )

(m(vi),0)
,3) = (v}, 4)

(0 (v5),7)

165
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A Proofs

With the induction hypothesis it follows that

i =1,v; = v, (Case A) or v, € Set(x}),v] € Set(x;) (Case B)
And since (7;) is a factorization it follows that

I =j,uy=v; (Case C) or v; € Set(x;),v; € Set(x;) (Case D)

This leads to the following four cases:

A+C = i=j, vi=v; = ¢i(v) = ¢j(vy) = v}

A+D = v = ¢i(vs) = opl(v) = v] € Set(x;) = Set(x;) and
v; = ¢5(v;) € Set(x;)

B+C = v € Set(x;), vj = ¢;(vj) = ¢u(v) = v) € Set(x;) =
Set(x)

B+D = v € Set(x)),v; = ¢u(v) € Set(x)),v; = ¢(vj) €
Set(x)

(2.1) The proof for (2.1) is quite similar to the proof of (2.2) and there
is only the case A+C to consider.

(2.3) Let nj(v) € Set(¢p(x)). It follows that there exists a v € Set(x)
such that n}(v)) = ¢(v). Since 7, and ¢ are projections into the
quotient graph, this implies that there exists a natural number k
such that (v},4) (>0 <)f o> (v,0).

We will show that v} € Set(x;) by induction on k:

k = 0: That is (v,0) = (7;(v;),0) < (¢ (vs), ) = (v}, 4). Since n; is an
embedding and v € Set(x) it follows that v; € Set(y;) and thus
v; = ¢i(vi) € Set(x;)-

k—k+1: Let

(v,0) (Bo<)fitor (vji)=(gi(vi), i)
> (1i(vi),0) = (n;(v;),0)
g (¢(v)),3) = (v, 4)

The induction hypothesis implies that v, € Set(x}).
We will now assume that v} ¢ Set(x). It follows that v; ¢
Set(x;) and since n;(v;) = n;(v;) and (7;) is a factorization we
conclude that i = j,v; = vj. Thus vj = ¢;(vj) = ¢i(vi) = v; €
Set(x;) = Set(xj) which is a contradiction.
(2.4) Egr = U1 mi(Ee) U ¢(Eg). We have to show that ¢(Eg) C
Uiy U;(EG;)-
Since the 7; form a factorization it follows that Eq = |J;, n:(Egq,)
and thus

n n n

$(Ec) = | omi(Ea,) = |Jni(¢i(Ee,)) < | ni(Eay)

i=1 =1 i=1
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a

Proposition 2.2.12 (Combination of Co-Limits) Let n; : H; — H, ¢; :
H;, — H|,n,:H — H' and ¢ : H — H' with

(¢7 77/1’ R 777;) = hm?:l(gi)iv Th')

(A) , co-limits = + co-limit: Hi >—r|"—’ H
Let ¢}, : H] — H!' and let
— (R 0

(¢, n1 .. ) = lmiy (¢, m;)
Then

(8 0l o) 2y (B0 dim) @ @

(B) , + co-limits = co-
limyt:
Ho i H

Let ¢, : Hl — H! and let

(QZ)//v 77/1/’ R 77;;) = lim?:l((ﬁ/i o ¢i7 772') q‘? q)

with ¢" : H — H", ! - H' — H". ', ! , vy
H>—i—H ©

Then there exists a strong morphism
¢+ H — H" such that ¢"" = ¢' o ¢
and

=

| ¢
(¢/7 771/, - ,"7;;) = hm?:l (¢;7 77;) I_’Ila ’>J‘i”—> H, y

1

N

- - —— ——

Now let m;; + Hij — H;, ¢ij : Hij — Hlfj, ngj : H{j — H] and ¢; : H; — H]
with (i Migs - - Mhy,) = U3 (Gijomij) (E € {1,...,m}, 5 € {1,...,n;}). (Note
that in this case consists of m co-limits.)

(C) , co-limits = + co-limit:

Letn, : Hi — H,i€{1,...,m} and let

(¢a 7717 < 777';n) = hmgl (¢27 772)

Then

(D75 0 Mts -+ 705 © Moy) = NiMie (1 mdseqa,..mi} (i Mi © i)
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IS
(D) [1], + co-limits = co-limit:
Let n; : Hy — H and let
(sm1s - s M) = iMyegy iy 1<i<n, (Dijs M © Mij)

with nij « H{; — H' and ¢ : H — H'. Then there exist embeddings
n;+ Hi — H' such that n;; = n; o nj; and

(D11, - - - 1y,) == g™ (g, 1)

Hij n‘i Hi ni H
i @ ¢

Cij

Proof: Let H = G[x], H' = G'[X'], H; = Gi[xi] and so on. We will now give
proofs for the four cases above.

(A) We assume that there are morphisms ¢ : G — G, v¢; : G — G such that
Yom =10 (¢odi) = (Yiod;)od;.

It follows with co-limit that there ex- ([I)
ists a unique morphism ¢’ : ¢ — @G such
thatw:w’o@w’ong:wiodi. G, IIl .G1
And it follows with co-limit that there

exists a unique morphism ¢ : G — G
such that ¢’ = " o ¢/, ¢; = " ol which (R
implies that 1" o ¢/ 0 p =)' 0 p = 1. "
It is left to show that ¢ is in fact unique: G‘
let ¢ : G” — G such that 1 o ¢ o ¢ = 1,
Y on! = ;. This implies that 1) = (o
¢')og, (bod')on;=1oniod;=1;o0d;.
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Since ¢’ is unique (co-limit ), it follows that 1 o ¢’ = /. And since
furthermore P on) =1 and " is unique (co-limit [2]), it follows that
1 =", That is ¥” is unique.

(B) We define (¢, 7;) := lim?_, (¢, 7}) where ¢ : G’ — G, 7; : GY — G.
It follows with the proof above that
(60 ¢, 1) 2= limiy (& o ¢i,7;) = (&, 1)
This implies that there is an isomorphism 7 : G — G” such that ¢ ogop =

(b”v ¢ © ﬁl = 77;/
We define ¢ :=1o¢: G — G" and (¢',n)) 2 lim], (¢}, 7))

(C) We assume that there are morphisms LZAJ G — G, Pij G;j — @ such that
o (m- o nij) = @Z}ij o ¢z] This implies that (1/) o 771') 0 Nij = Y,Z)Z'j o qbl]

6 Mg Mg
q 1 e 2 o \

It follows with co-limit | 1 | that there exist unique morphisms ¢, : G} — G
such that 1; o ¢ = 1) o m;, ;0 ;= 1.
And it follows with co—limi‘E that there exists a unique morphism 1 :
G' — G such that 1 0 ¢ = 1, ¥ o = tb; which implies that 1 o7 onj; =
Vi omj; = ij.
It is left to show that v is unique: let ¢ : G — G be a morphism such
that @Eongongj = 1ij, &oqﬁ:i&.
It follows that (¢) o n}) o 77£j =y, (Yonl)og;=1o(pon)= b o M.
Since the 1; are unique (co-limit ) it follows that ¥ on} = v;. And
since furthermore ¢ o ¢ =1 and ¢ is unique (co-limit ) it follows that
Y =1

(D) We define (¢,7;) := lim!"_ (¢4, 7;) where ¢ : G — G, ; — G.
It follows with the proof above that

(&, 0 miy) = Nimyeqy m} jefi..n: (Digsmi © i) = (¢, m45)

This implies that there is an isomorphism v : G — G’ such that 9 o¢ = ¢,
P 0 Mij © Ny = i
We define 7, := ) o 7j;. and (¢, n,) = Umj", (¢;, 7;).
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Proposition 2.2.18 (Co-Limit < Factorization)
Let (i :my — D, i€ {1,...,n} be a discrete factorization and let Hy, . .., Hy,
be hypergraphs with m; := card(H;). We define:

(¢a ms.-- 77711) = hm?:l(Hh Cl)

Then (n:i)ieq1,...ny with n; : Hy — H s a factorization of H.

Ifnp; : Hy — H, i€ {l,...,n} is a factorization of H it follows that there
exists a discrete factorization (; : m; — D and a strong morphism ¢ : D — H
such that

(¢7 m,... 777n> = hm?:l(Hu CZ)
If the xm, are duplicate-free, the discrete factorization ((;)ieq1,....n} 5 unique up
to isomorphism.

Proof:

o If (¢, m1,...,mp) :=lim}"(H;, ;) then (n;) is a factorization according to
proposition 2.2.11.

e Let n; : H; — H be a factorization, we will now construct the correspond-
ing discrete factorization (; : my — D where m; := H;:

Let D be a discrete hypergraph with

Vp == Vu\ U i (Va,\EXTy,) and xp := xu
i=1

We define
Gi(Xm;) = mi(xH,)

Since (n;) is a factorization it follows that xp,ni(xm,) € V5.

Let « : D — H (where t(v) := v for v € Z

Vp) be the canonical morphism of D into m;>——+—= D
H.

We now show that (¢,m1,...,7n) = (R |

lim?zl(Hi, Q)
Let 0 : H; — H', ¢ : D — H' be mor- H ||I H
phisms with 7} o ¢; = ¢ o (. ! Y
\‘\H,
N
We define a strong morphism v : H — H' with

v € Vi, P(v) = { Z’((Uv)z) i :;i(evz";b: v

e € Eg, ¥(e) :=ni(e;) if ni(e;) = e
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clearly satisfies 1) o = ¢ and 1 o n; = . We now show that
G y i =1

1 is well-defined: there may be a conflict in the definition of ¢ (v) if
ni(v;) = v € Vp. In this case it follows with the definition of Vp that
v; € EXTy,. Let w; € Vi, such that ¢;(w;) = v;. It follows that

ni(vi) = mi(gi(wi)) = ¢ (Gi(wi)) = ¢ (1(Gi(wy)))
= &' (mi(G(wi))) = ¢(v)

1 is unique: Let ¢ : H — H’ be another morphism with ¢ o ¢ = ¢ and
tomn; =mn} and let v € V.
If v € Vp then ¥(v) = ¥(t(v)) = ¢(v) = ¥((v)) = ¥(v). And if
v = ni(v;) then ¥(v) = Y(mi(vi)) = nj(vi) = P(mi(vi)) = ¥(v). An

analogous argument can be applied to the edge set.
Therefore ¢,n1,...,n, is the co-limit.

o Let n; : H; — H be a factorization of H where the xp, are without
duplicates.

Let ¢ : m; — D be a discrete factorization constructed as described
above, and let ¢ : m; — D be another discrete factorization such that
there exists a strong morphisms ¢’ : D’ — H' satisfying

(¢/7 M-y nn) = hm?:l(Hz) Cz/)

We show that (¢}) = ().

First we prove that Vp = ¢/(Vp/) and that ¢'|” : D’ — D (the restriction
of the range of ¢’ to D) is an isomorphism:

— Let & be the equivalence for the construction of @', (H;, (}) defined
in proposition 2.2.10. Because of the special form of the morphism
¢i (¢i - my — H; and x g, is without duplicates) it follows that

(’U,O) ~ (’U,‘,i) < E|’wi S Vmi : Czl(wi) = vi,gzﬁi(wi) =V
(v,0) = (v',0) <= wv=1

— Since ¢'(v) := [(v,0)] it follows immediately that ¢, is injective.

— ¢'(Vpr) € V/,: We assume that ¢/(Vp) € Vp, i.e. that there exists
a v; € Vg, \EXTpy, such that ¢'(v) = n;(v;). This implies that
(v,0) =~ (v,4). It follows that there exists a w; € Vi, such that
v; = (/(w;) € EXTy, which is a contradiction.

— ¢'(Vpr) 2 Vp: Let v € Vp C Vg, ie. either v € ¢'(Vp/) or v €
ni(EXTh,).
In the second case it follows that there is a v; € EXTp, such that v =
n;(v;) because of the definition of D’ and since (1;) is a factorization.
Thus there exists a w; € Viy, such that v; = ¢;(w;) and therefore

v =mni(vi) = mi(di(wi)) = ¢ (¢i(wi)) € (Vi)
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= ¢'(xp) =xH = XD
It follows that (¢ ¢f)(Xm;) = (1i © $i) (Xm;) = 1i(x#,) = Gi(Xm,;) because
of the definition of the (;.
Since ¢’ o ¢! = ¢; and ¢'|” : D' — D is an isomorphism it follows that

(Gi) = (¢)-

a

Proposition 2.2.21 (Co-Limit < Context) Let (; : m; — D, i€ {1,...,n}
be a discrete factorization and let

n

Clx1,...,Tn) = ®(varmi (x:), G)

i=1

For all hypergraphs Hy, ..., H, with m; = card(H;) it follows that

i=1
Let C{x1,...,x,),C{x1,...,2,) be contexts with holes of cardinality mq, ...,

my. If both satisfy (2.9) for all Hy, ..., H, with m; = card(H;) it follows that

Clxy, ..., wp) 2 C 21, .., 20)

And for all contexts C(x1, ..., x,) with holes of cardinality mq, ..., my there
is a discrete factorization ¢; : my — D, i € {1,...,m} such that
n
Clz1, .. an) = Q) (varm, (2:),¢)
i=1
Proof:

e We first define a transformation © that maps every n-ary context
C(xy,...,x,) with holes of cardinality mq,...,m, onto a discrete fac-
torization ¢/ : m; — D.

Let D be a discrete hypergraph with Vp := Vo and xp := x¢. Lete; € E¢
be the edge labelled z;. We define a factorization ((}) := ©(C(x1, ..., zy))
where 7;(Xm;) := sc(ei).

According to definition 2.1.10 C(Hy, ..., Hy) is defined as DH; ... H,/~
where = is the smallest equivalence such that

(Lxm; Ji,7) =~ ([sc(ei) )i, 0)

where lg(e;) = ;. This is equivalent to

(L¢i(Xmi)Jl7 Z) ~ (LCZ((Xmi)Jh O)
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which corresponds to the equivalence generated by

(¢i(vi), i) = (¢j(vi),0)

for every v; € Vip,.

Since this is the equivalence used in the proof of proposition 2.2.10 it
follows that

n

C(Hy, ..., Hy) = Q) (H;, )

i=1

e Now let (; : m; — D, i€ {1,...,n} be a given discrete factorization and
let

n

Clxy, ..., xn) = ®(Ua7“mi (x:),G)

i=1
We define (¢}) := ©(C(z1,...,xy,)) and it follows that

n n

®(varmi(xi), CZ) = C<x17 s ,$n> = ®(Hlv Cz,)

i=1 i=1
It follows with proposition 2.2.20 that (¢;) = (¢}) and therefore

n

C(Hy,...,Hy) g@(Hi;Ci)

i=1
for hypergraphs Hy, ..., H, with card(H;) = sort(x;) = m;.

e We assume that C(z1,...,2,),C"(x1,...,z,) are contexts with holes of
cardinality my, ..., my. Both satisfy (2.9) for all Hy,..., H, with m; =
card(H;). Then

n

Clxy,...,xn) = Clvarm, (x1),...,0arm, (x,)) = ®(varmi(:ci),g})

i=1
> C'varm, (1), ..., varm, () =2 C{x1, ..., 2p)
e For every context C(x1,...,zy), () := O(C{xy,...,2,)) is a a discrete
factorization satisfying:
n
Clar, ... wn) = Q) (varm, (), &)
i=1

a

Proposition 2.4.3 (Construction of Name-based Graph Terms) Let H
be a hypergraph, where xp contains no duplicates, i.e. Xy € (VH)jlf. Then
there exists a closed name-based graph term hlt] such that H = val, (hlt]).
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Proof: According to proposition 2.2.20 there is a discrete factorization (; :
m; — D, i€ {1,...,n} such that

=1

where 21,...,2, € Z, l1,...,l, € L.

Let v1,...,v, be the string of all nodes of D which are not contained in
Uie{l,...,n} Gi(Vim; ). Furthermore let v : Vp — N be any injective mapping. We
define:

hit] = ((vu(Vo\EXTD))
(Cz1, 1) [ Ocma DT [ -+ - [z 1) [14(C1 (X )]
| TuCo)T |- | Ti(er)))
[u(xD)]

Let m := card(D) and we assume that Vp = {wi,...,wi} where yp =
w1 ...Wn.
We can show with proposition 2.2.13 and with definition 2.4.2 that

vala (v (VDA EXTp)R)) (s . .. wn)]) = @ (valy(hlu(w - .. wg)]), )

where ¢ 1k — D, (([xk]i) = wi, t' == p(wy ... wg).
We define

pi = p(Glam)) =0\ | falhy)\fa(hi)

=1
It follows with definitions 2.4.2 and 2.4.4 that
U(Lln(h[t]) = ®((®(®(valn((zl7 ll)[l“])? Cui>—>t;)7 Ct2>—>t’) ® ®(17 Cu(vi)>—>t’))7 C)
i=1 i=1

Corollary 2.2.14 and lemma 2.2.16 then imply that:

n n

valn(ht]) 2 @) (valn((2i, ) [al), € © Gumrr) 2 QY(21)im (1), € © Guirr)

=1 i=1

It is left to show that {; = ( o (;—: We assume that (;(|xm;];) = w;. This
implies that |u;|; = p(w;) = |t'];. Thus

Qi (Dxms 1)) = C(Dxac ) = wj = Gi(Dxams 1)

Proposition 2.4.6 (Normal Form of Name-based Notation)
A name-based graph term is in normal form if it has the form

((wb1) ... (wbn)((z1,01)[@11 - - - @1y ] | -« | By Im)[@mi1 - - - G| |
[er] | oo | Ter]))[dr - . di] (2.34)
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and it follows that

ANnC=0, BnD=0, AUC=BUD, |Bl=n, |C|=k

where
A = a5 lie{l,...,m},je{l,...,n;}}
B = {b|ie{l,...,n}}
C = {ci|lie{l,... k}}
D = {d;|ie{1,...,l}}

For every graph term hlt] there is a graph term h'[t'] in normal form such that
h[t] ~— W'[t'].

Proof: We will first show that
(va)h ~p hif a & fn(h) (A.1)
2.26 2.29 2.27 2.26

This holds because (va)h (:R) (va)(h|0) (:R) h|(va)o (:R) h|0 (:R) h

Now let h[t] be an arbitrary name-based graph term. We will transform it
into a term in normal form in the following steps:

e First move all hiding operators of the form (ra) to the very left with
(2.29). It might be necessary to change a into some other name with
(2.30) first.

This leads to an expression of the form (2.34). We will now ensure that
the rest of the conditions is also satisfied.

e BN D = () is true in any case since D is the set of free names in h and all
names in B are hidden.

e Then eliminate all b; ¢ AU C with (2.28) and (A.1). It follows that
AUuC=BUD.

e Now eliminate all duplicates in the b; with (2.28) and (va)(va)h ~g (va)h
(because of (A.1)). This leads to |B| = n.

e Then eliminate all ¢, with ¢, = a;; with (2.32) (and of course (2.24),
(2.25), i.e. commutativity and associativity of |). This implies ANC = {.

e Now eliminate all duplicates in the ¢; with (2.31) (and (2.24), (2.25)) and
it follows that |C| = k.

a

Proposition 2.4.5 (Equations for Name-based Graph Terms) The fol-
lowing equation schemes generate the equivalence on name-based graph terms.
Two closed terms h[t], h'[t'] are equivalent wrt. to the following equations if and
only if valy, (h[t]) =g val,(h'[t']).
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Let h, hi, hs, hs be name-based graph terms.

(D1~ (=0 fIRY
hilhe ~p halh

hi|(holhs) =g (h1lh)|hs 2.25
hlo ~p h 2.26
(va)0 ~p 0 2.27

(va)(vb)h ~p
((Va)h1)|h2 ~R

(va)h =~p

[a]l[a] =~r
(z,D)[a1...an]|lai] ~r

and for closed terms:

va)(hilhg) if a & fn(he)
V%?)(h[b/if]) if b fn(h)

a

(2.23)
(2.24)
(2.25)
(2.26)
(2.27)
vb)(va)h (2.28)
(2.29)
(2.30)
(2.31)
(2.32)

~—

z, a1 ... an]

his) ~r (h[s'/s)[s] if |s| = ||, ' is duplicate-free (2.33)

Proof:

Correctness: In order to show correctness we have to prove that hlt] ~g h'[t']
implies val,, (h[t]) =g val,(h'[t']) by induction on the equation rules.

Completeness:

e We will now show that the proposition holds for graph terms in
normal form.

Since every graph term can be converted into normal form (propo-
sition 2.4.6) this implies completeness for arbitrary graph terms. In
detail: Let val, (h[t]) Zr val,(h'[t']) and let h,[t,] respectively Al [t]]
be the normal forms of h[t] and h'[t’]. Since val, is correct it follows
that

valy (hnltn]) =g val, (ht]) 2g val, (K [t]) =g val, (b, [t])
Since the proposition holds for terms in normal form it follows that
hnltn] ~r bl [t,] and thus hlt] ~g K'[t'].

e We will now assume that h[t] and A'[t'] are in normal form (see
proposition 2.4.6). That is they have the form

hit] = ((vb1)...(vby)(
(2’1, ll)[an oo alm] ’ e ‘ (Zm, lm)[aml ces amnm] ’
(Cfl ‘ e ‘ [Ck~|))[d1 . dl]
W) = (b)) (B
(21, 1)) ]a}; - ..a'lnll] o,z ) al g "a;“'"in ]
[T ] Tep ) - dy]
Since [ is the cardinality of valy(h[t]) and !’ is the cardinality of

valy, (h'[t']) and both are isomorphic it follows immediately that [ =
I



A.1 Methods of Hypergraph Construction 177

e With definition 2.4.2 and corollary 2.2.14 (compare also with the
proof of proposition 2.4.7) we can show that

val,(h[t]) =g ((2i)n; (1), ¢ 0 Gi) @ (k, ¢ 0 Co)

®-

@
Il
—_

((2i)n; (L), C 0 G) lemma (2.2.16)

I
BINE

3

valn(K'[t]) =R Q=) (1), ¢ G) @ (K, Mo )

©
Il
S =

3

~p Q). 0¢)  lemma (2.2.16)

=1
where
Ci = Cllﬂ...aimi>—>d1...dlbl...bk
CI = < !’ / d/ d/ / b/
% ail...aim;>—> 1---dyby by,
CO = CC1...Ck>—>d1...dlb1...bk
r !
CQ = o d, i, b,

¢ is the projection of 14+ n into o1_;(1+n) =: D and ¢’ is the pro-
jection of I’ + n’ into o1y (I' + n') =: D".

e Since both co-limits above describe factorizations of isomorphic graphs
it follows with proposition 2.2.20 that m = m’ and there exists a per-
mutation « : {1,...,m} — {1,...,m'} such that

(CoGieqr,.m} = (¢ 0 Guy)iet,...m)

This implies that there is an isomorphism ¢ : D — D’ such that
po(o( = C,OC&(iy
Since ¢ is an isomorphism and [ = [’ it follows that also n = n'.
Furthermore it follows that (z;)n,(l;) =g (z;(i))n/ (_)(l’a(i)) which im-
plies that z; = z;(i), l; Rl;(i) and n; = nfx(i).
e We define
_ W [di ifief1l,....1}
Vo — N sl that (L) = { 1 H0E e
d; itied{l,....l}
!, , !/ / , s . 7 9 9
W5 Vi = N such that (¢ (vl = {3025 B
We define u := p/ogop~! which is a bijection from {d1,...,d;, by, ..., by}
into {d},...,d},,b},..., 0}

e Furthermore let

Bi) =j <= ¢(C(Ixrnliti) = ¢ (Dxn Jrj) (A.2)
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Since ¢ is an isomorphism a non-external node (| Xi+n|i+:) of D is
mapped onto a non-external node ¢'(|xv4n|r+;) of D'. Thus f is
well-defined and bijective.

Now we will show that u(d;) = d} and that u(b;) = b/ﬁ(i)'
u(di) = ' (6(C(xa4nli))) = 1'(é(Lxp]i)) = 1 (Ixp Ji)
(¢ (xrn) = d;

ub) = ' (S(C(Dasnlir))) = 1/ (" (Ixven Ji460))) = Vs

Furthermore we can show that

We will show this for the first case only. The proofs for the other
cases are rather similar.

aj; = d, <= Ci(b(mijj) = | X14n]r
B (G mils) = CDanls)

@ ¢ (G ([Xmag J5)) = ¢ (Ix14n]7)

¢’ inj.
= C</>f(i)(b<mo¢(i>Jj) = | Xl4nl)r <= a’a(i)j =d,

Now we will show that u(a;;) = afl(i)j.

a;i; is either d, or b, for some index r. It follows that

u(d,) =d] } ,
) = r =a .. A3
u(a ]) { u(br) — b;?(r) aa(z)j ( )
It follows that w is a bijection of the set A := {a;; | i € {1,...,m},j €
{1,...,n;}} into the set A" := {a;j lie{l,...,m'},je{l,...,n}}}.

With definition 2.4.6 it follows that
Al+k=n+l=n"+1'=|A|+F

And since |A| = |A'] it follows that k = k.
u is a also bijection from A U {ci,...,¢;} into A" U{c},..., e}
And since u(A) = A’ it follows that there exists a permutation ~ :

{1,...,k} = {1,...,k'} with u(¢;) = c;(i).

That is we have functions mappings the names of h[t] bijectively
into the names of A'[t']. With (2.24), (2.25), (2.28) and (2.33) we
can show that h[t] ~p h'[t'].
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A.2 Generating Type Systems

A.2.1 A Type System Based on Lattices

Lemma 8.3.7 Let E,G[x,a| - Q7 (H;, () where §; : m; — D.
It follows that there is a strong morphism 1 : D — G[x| such that

E, GW’(W(Xnu)% CL] - H;

Proof: We will first concentrate on the case where all graphs H; are basic
graphs, i.e. either of the form proc,(S) or mess,(H). We will proceed by
induction of the typing rules and assume that all graphs denoted by the letters
B; or B;; are basic graphs.

(TL-PROC), (TL-MESS) If E,G|x,a] - @ ,(B;,¢;) follows with typing
rules (TL-PROC) or (TL-MESS), we can conclude that n =1, {; : m; —
m; and therefore E,G[x,a] F B;. Furthermore ¢ : m; — G[x] is the
canonical strong morphism.

(TL-CON) We assume that E, G[x,a] - @I, (Bi,s;) =: H with ; : k; — D.
The typing of H was done with rule (TL-CON) as follows:

Ci mj — D, ¢ D — G[X]v E7G[¢(Q(Xmi)))ai] F H;
We assume that H; = @', (Bjj, ¢;j) where the B;; are basic graphs and

Gij : my; — D;. With the induction hypothesis it follows that there are
strong morphisms v; : D; — G[é((i(xm;))] such that

B, G[i(Gij(xmy;)), a] & Bij

With proposition 2.2.20 it follows that there exists a one-to-one correspon-
dence between the B; and the B;;, i.e. there are mappings a1, a2 : N — IN
with

B; = Baj(i)as(i)
k;

(§i)ie{1,...,n}

Mea, (3) a2 (4)

(a1(i) © Cau(i)as(i))ie{1, .0}

I

where the &; are generated by the co-limit in figure A.1 (see also
proposition 2.2.13). There exists an isomorphism ¢ : D — D’ such that
pog = fal(z‘) © Cal(i)ag(z‘)-

Now we regard the situation in figure A.1, : Since

¢(Ci(xm;)) = 9i(¥i(Xm;))
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Figure A.1: Co-limit constructing the embeddings &;

it follows that there exists a strong morphism ¢ : D" — G[x].
And

¢(¢(§z (in ))) = 77/)(6041(2') (Cozl(i)ag(i) (Xmal(i)a2(i) )))
Do (1) (Car ()az (i) Xma, (o))

And it follows that E, G[(1 0 $)(si(x1,)), al - B;.

We will now prove the proposition for decomposition into arbitrary graphs
(which are not necessarily basic).

We assume that E,G[x,a| - @;",(H;,¢) = H where ¢; : m; — D
and the H; can be decomposed into basic graphs in the following way: H; =

®?;1(Bij7 Qj), i.e.

H

Il

® (Bij, &i © Gij)

ie{1,....m},je{l,...,n;}

where & o (;j : mj; — D'. The §; is computed as described in proposition 2.2.13

(see also figure A.1, )
It follows now that there exists a strong morphism ¢’ : D’ — G[x] such that

E, G (&i(Cij(xmy))): a] b Bij

This implies with (TL-CON) that E, G[Y'(&(xp,)),a] = H;.

We define ¢ := 1)’ 0 . Then it follows that 1(Ci(xm;)) = ¥ ((Ci(xm;))) =
W' (&i(Di(xmy))) = ¥ (& (xp;)) and thus

Ev G[gb(Ci(Xmi))? a] tH;

Proposition 8.3.11 (Subject Reduction Property)
Let E,T+ H and H —* H'. Then E,T + H'. Furthermore H contains no
bad redexes.
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Proof: According to proposition 4.3.5 there are process graphs Hp, Hy and
embeddings &1, & such that:

H =~ (Hy,&)® (Hy, &)
H = (H},&)® (Hy, &)

and H, Y gror gy A g

Because of proposition 8.3.10 and lemma 8.3.7 it is sufficient to show that
E,G|x,a] - Hy implies E,G|x, a] - Hj.

(R-REPL) In this case we assume that Hy = proc,(!J), Hy = proc,(!J)0J
and
E,G|x,a] F proc,(\J)

By unravelling the typing of proc,(!J) we find out that
E,G[x,alFJ

Furthermore there is a strong (F, <)-morphism from A(procy,(!J)) into
Glx,a]. This implies with lemma 8.3.3 that n = |x| = card(J), i.e.
replication is defined.

Let ¢1,(2 : n — n and ¢ : n — G[x] be the canonical strong morphisms,
ie. ¢(Ci(xn)) = ¢(C2(xn)) = x. It follows with (TL-CON) that

E,G[x,aV a] - (procy, (1), 1) @ (J, G2) = proc, (1J)0J
where a V a = a.

(R-MR) In this case we assume that H; = Red := Redj, y n(Apx.J1, J2), H] =
J1[J2/x] and
E,G|x,a] F Red

We have
Red = (procy (Arx.J1), (1) @ (messpi1(J2), ()

where(; :m - m+nand(e:n+1—m+nwith(i(xm) = [ Xm+n]1..m
and C2(Xn+1) = [Xm+nlm+1. mink-
It follows with lemma 8.3.7 that there are strings xar, xp € V3, a1,a2 €
F(G) and ¢ : m + n — G[x] such that:
E,G[xp,a1] + procy(Apx.Jp)
E.G[xm,a2] F  messpi1(J2)
xp = ¢(Ci(xm))

xv = ¢(C(xn+1))
a, = a1Vas

This implies that x = xp o [Xar]1..ns [X0r]nt1 = [XP]k-
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By further unravelling the typing of the redex we obtain:

E\w U{z:n.},Gx1,a1] - Jy
EaGHXIJl...m,al] H )\k.’L’Jl
E,G[|x1]1..m,a1] F procy,(Agx.Jq)

where LX1J1...m = XP-

Furthermore there is a strong morphism ¢, : A(proc,(Agz.J1)) L=

G[xp,a1] and there are hyperedges ¢ € Mg, C € Cog, p € Pg with
56(q) = X1 mtt.mink, s6(€) = Ne(Xmy) © [X1]k> 56(P) = [X1]1...m-
And it follows that

E, G[XQ, CLQ] H JQ
E,G[xum,az] F mess,t1(J2)

where ¢y @ A(messny1(J2)) s G[xa,az2] is a strong morphism and
there exists a ¢ € Cog such that sg(c’) = x2 0 [ XM nt1-

We will now show that

E\zU{z:n:},G[x,a] F J; (A.4)
E,Gne(xmy),a] F J2 (A.5)

In this case it follows with proposition 8.3.9 that
E,G[x,a] - J1[J2/x]

e We will first show that y = x1. Since it is clear that | x |1 .m = xp =

[X1]1...m it is left to show that | X |m+1. .m+n = [X1]m+1..m+n-
Let ¢’ be the one message in mess,1+1(J2).

SG(¢M(QI)) = ¢M(Xmessn+1(J2)) = XM

Furthermore [sq(¢n(¢))nt1 = [xmlntn = [xple = Dale =
|sG(q) |n+1. This implies that sendg(édar(q')) = sendg(q) and there-
fore ¢pr(q’) = ¢ since G is a true graph. And it follows that

X mttemin = XMl = [5a(on(d))]1.n
= LSG(Q)Jl...n = LXlJm+1...m+n

e We will now show that 7, (xm,) = Xe-
This is straightforward since x2 = [s¢ () |1..n, Nz (Xmy) = [Sc(¢)]1..n

and [sG(c)]nt1 = [Xuln+1 = [xPlk = [xalk = [sa(c)|ns1. Since
G is a true graph it follows that ¢ = ¢’ and also x2 = [sg(¢)]1..n =

Lsa(e)]1..n = M2 (Xmy)-
e And we have shown that card(J2) = |x2| = card(my) = sort(z).
e Furthermore card(J;) = |x1| = |x| = m +n. Since a = a; V ag it is

obvious that a1 < a, as < a and thus (A.4) and (A.5) follow with
lemma 8.3.4.
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a

Proposition 8.3.13 (Folding Type Graphs) Let T = G[x,a] be a type
graph. Folding a type graph works as follows: let = be the smallest equivalence
such that:

1,02 € P, sa(p1) =sa(p2) = p1~p2
my,mg € Mg, sendg(mq) = sendg(msa) = m1 = msy
c1,c2 € Cog, sendg(c1) = sendg(ca) = c¢1 ~co

If =~ is consistent we define
FOLDp(T) := (G/~)[FOLD" (x), Frorpr (a)]
where FOLDT = FOLD® : G — G/~ is the projection of G into G/ =.

(1) FOLDg(T) is the “smallest” true type graph into which ezists a
morphism from T. That is, FOLDp(T) is a true type graph and for

every true type graph T’ with a strong morphism 1 : T ES gy follows
that FOLDp(T) is defined and there exists a unique strong morphism

¢: FOLDp(T) 25 T' such that

o FOLDT =

(2) Let T = GJx,a] be a type graph and let ~ be the equivalence defined
as above. Furthermore let ~'Cr. Let p: G — G/ &' be the projection of
G into G/=~'. It follows that

FOLD® =~ FOLD” op

(8) Let T =p C(T1,...,T,)F be a type graph and let i € {1...,n}. Fur-
thermore let T" =2p C{T1,...,T;—1, FOLDp(T;), Ti41, ..., Tp)p. It fol-
lows that

FOLDp(T) 2p FOLD#(T")

FOLDY = FOLD™ o Clidy,,...,idr, ,, FOLDY idr, ., ... idr,)F

Proof:

(1) It follows immediately with the definition of ~ that FOLDp(T) is a type
graph. Now let ¢ : T S 7 bea strong morphism such that 7" is a true
type graph.

We define ¢ : FOLDp(T) — T’ such that

=

=

g/
I

Y(v) if v e Vp
Y(e)ife € Er

RN
—~
o
g/
I
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It is straightforward to show that ¢ is well-defined and unique. And it
follows immediately from the definition of ¢ that ¢ o FOLDT = 1.

It is left to show that ¢ is a (F,<)-morphism: let T" = G|x,a], T' =
G'[x/,a'] and FOLDp(T) = (G/=)[FOLD" (x), FroLpr(a)]
Fy(Froppr(a)) = Fyoporpr(a) = Fy(a) < d

(2) Let &®'C~, ' := G/ ~' and let ~ be the equivalence used to construct
FOLDY".

e ~ can be constructed in the following way: ~¢ is the equivalence on
Vgl and Egl and
V1 ~i41 V2 <= U1~ U2
V (31,92 [sar (@) = lsar(@2)]; N a1 ~i q2)
V deq, eo I_SG’(Cl)Jj = I_SG/(CQ)J]‘ N 1~ CQ)
P1L~vit1 D2 = pr~gp2 VOV [sqr(p)li ~i [sar(a2) i
G ~itl @2 = @ ~ip1 @2V sendgr(q1) ~i sendgr(q2)
€1 ~itl €2 = 1 ~ip1 ¢ V sendg (1) ~i sendgr(co)
where v1,v2 € Vg, p1,p2 € Por, 1,92 € Mgy, c1,c2 € Cogr.
And ~= Ufio ~j.
In the same way we can define a sequence ~, =1, ... of equivalences
with ~= [J;2, ~;.

o Let p1,p2 € Pg, q1,q2 € Mg, c1,c0 € Cog. We will now show that

p(p1) ~p(p2) == p1=p (A.6)
p(q) ~plee) <= a=@ (A.7)
pla) ~ple2) = amc (A.8)

= Induction on ~j;:
If p(q1) ~o p(ge) it follows that p(q1) = p(g2) and therefore g1 ~'
g2 which implies ¢; ~ ¢2. The same is true for p(p1) ~o p(p2)
and p(c1) ~o p(cz).

If p(q1) ~i+1 p(g2) it follows that either p(q1) ~; p(g2) (induction
hypothesis!) or there exist 7, 25 € Mg UCoq such that 2 ~;_4
x5 and there is a j such that |sq(z})]; = sende (p(q:)), ¢ €
{1,2}.

Since p is surjective, there exist x1,z2 € Mg U Cog such that
p(x;) =}, i € {1,2}. It follows with the induction hypothesis
that x1 =~ xs.

Furthermore

p(lsc(xi)lj) = Ufser(x7)]j = sender (p(gi)) = p(senda(gi))

and thus [sg(x;)]; = sendg(¢;) where ~'C~. This implies
q1 ~ qo with the definition of ~
The other cases can be handled in a similar way.
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< Induction on ~;:

If g1 =0 qo it follows that ¢ = g2 and therefore p(q1) = p(q2)
which implies p(q1)sim(g2). The same is true for p; ~y p2 and
C1 =0 C2.

If ¢1 ~iy1 @ it follows that either ¢; ~; g2 (induction hypothe-
sis!) or there exist x1,x2 € Mg U Cog such that x1 ~;_1 z2 and
there is a j such that |sg(z1)]; = senda(q:), @ € {1,2}.

It follows with the induction hypothesis that p(z1) ~ p(z2).
Furthermore |sqr(p(x;))]; = sendq(p(qi)), ¢ € {1,2}. This

implies p(q1) ~ p(g2) with the definition of ~.
The other cases can be handled in a similar way.

e We will now define a morphism ¢ : (G/~')/~— G/=: let v € Vg,

e € Eg

P(lp()]~) = [l~  (lple)]~) = [e]~

With (A.6), (A.7) and (A.8) it follows that ¢ is well-defined and

bijective. Therefore FOLDS =~ FOLD%' o p.

(3) Follows immediately with (2).

Proposition 8.3.16 (Correctness of the Type Inference Algorithm) Let

(¢3, X,a) == W(S,m, E,a) where gZ; :G — G and let

Then

Proof: By induction on S. We will use the notation of algorithm 8.3.14.

Variable: straightforward
Replication: straightforward with the induction hypothesis

Process: (¢, X, a) := W (proc,(S'),n, E, a) where

¢ = FOLD®opgod:G— G
X = (FOLD® opp)(xp) = (FOLD® o par)(x)
@ = Fpoppa(Fpplap)V Fp, (a'))

Let
F.< Aprar a1

¢ : Glx,a) == C'[X,d]



186 A Proofs

Since F&’OFOLDGOpG/ (CL,) < FQS’OFOLDG(FPP(CLP) V FPG’(G’/)) = FJ)(CAL) <a

it follows that

¢ 0o FOLD% o per : G'Ix, d] 25 &/ [¥, @]
And the induction hypothesis implies that

(¢ o FOLDS o per 0 ¢)(E), G'[¥, ] - S’

Since (¢ o FOLDS opp)(xp) = ¥’ and F:,
that

oFOLDSGopp (ap) < @ it follows

¢ o FOLD® opp : A(proc,(95)) K= G'IY,a]
That is ¢’ 0o FOLDC o pp is the morphism ¢ in rule (TL-PROC), and thus

(¢ 0 9)(E),G'[X, ] - procy(S')

Message: (¢, X,a) :== W(mess, 1(H),n+ 1, E,a), m := card(H) where

¢ = FOLD®opgmod:G— G
X = (FOLD®opy)(xu)
a = Fpoppe(Fpy(an)V Fp,(d))

Let
A F

¢ Glv.a) =5 GV,
We define {4, := (¢/ o FOLD® o per)(x'). Since Flyoporntop,, (@) <
Fyoronpe Fpa(an) V Fpg, (a') = Fy(a) < @' it follows that
¢ o FOLD% o per : G'Iy,d'] 25 GV G, ]
And it follows with the induction hypothesis that
(¢ o FOLDS o pey 0 ¢)(E), G [}, &) F H

Since (¢ o FOLD%opy)(xn) = ¥’ and F-,
that

oFOLDCopy, (arr) < d' it follows

¢ o FOLDC o pyy : A(messni1(H)) 25 G[v,d]
And it follows with the properties of ~ that

[s¢v (cont e ( LX'J n+1))]1..m
= (¢ o FOLD o par)(Lsar(contar(xa fs1)) J1..m)
= (¢ o FOLD® o per)(x') = & (Xc)

If we take @' o FOLDS¢ o pps as the morphism in typing rule (TL-MESS)
and contg ([ X' |nt1) as the element of Cog, it follows that

~ A~

(¢, 0 ¢)(E)), élb?? &,} = messpi1(H)
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Process Graph: (¢, x,a) := W (H, card(H), E,a) where

¢ = FOLD%opg, odno...¢1:Go— G
Y = (FOLD®opc)(xc)
o = F

FOLDCopg,, (an)

Let e

¢': Gx,a] == G'[Y,a]

We define ¢; := ¢/ o FOLDS 0 pg, 0 bno...dis1, X := ¥i(xi). And with
lemma 8.3.15 it follows that Fy, (a;) < d’, i € {1,...,n}. Thus it follows
that

Vi Gilxi, ail s G, d)
it follows with the induction hypothesis that
(i 0 i) (Ei), &', @] - H;

where (1); 0 ¢;)(Ei) = (¢' 0 9)(E).
We will now show that qg’ o FOLD%" o pc can be used as morphism in
typing rule (TL-CON). It follows with the properties of ~ that:

(¢' o FOLD" 0 pc 0 (i) (Xm;) = (¢ 0 FOLD" opg,)(x})
= Fy,(xi) = X
(¢' o FOLD" opc)(xc) = ¢ (%) =¥

(TL-CON) implies that

(¢ 0 d)(E),G'Y.d |+ H

Process Abstraction: (&,X,d) = W(Agz.H,m, E,a) where

b = FOLDéopG/o¢oszG—>é
X = LFOLD ope)(X')1.m
a = F

!
FOLDCop,, (a')

Let e
¢ Glx,al == G'[Y,d]

We define Xy, = (¢ o FOLD opgr)(x'). And since FyoporpGopg, (a) <
a' it follows that

¢ o FOLDC o pey : G'[ ) =5 'R, &)
It follows with the induction hypothesis that

(¢ o FOLDS o pey 0 8)(pc(E)\z U {2 : pm,}), G'[Xe, &) - H
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and therefore
(¢ 0 )(E)\x U {z : ¢' o FOLDC 0 pgr © ¢ 0 pm, }), G' (X' - H

Furthermore there are projections pp : P — G, py : M — G, pco : Co —
G. Let p be the only process in P, ¢ the only message in M and ¢ the
only content-edge in Co. It follows with the properties of the quotient
graph that

se:((¢' o FOLD® o pp)(p)) = ¢' o FOLD® o pp)(xp)
= (¢ o FOLD 0 p)(IX'J1..m) = X = X'
s¢r((8/ 0 FOLD® o par)(q)) = (¢' o FOLD o pas) (xr)
= (é/ o FOLDG OpG’)(b(/Jerl...ernk) = I_)A(/G/Jerl...ernk
se:((¢ o FOLD® 0 pc)(c)) = ¢ o FOLD o pc)(xco)
= (¢ o FOLD% 0 pgr © ¢ © pm,.) (Xmy) © [
If we take ¢’ o F~OLDG opgr as the morphism in typing rule (TL:PA) and
use (¢'o FOLD%opp)(p), (¢'oFOLD opys)(q) and (¢ o FOLD%opc,)(c)
as the respective hyperedges it follows that

(&' 0 d)(E),G'[{,d]| - M. H

Proposition 8.3.17 (Soundness of the Type Inference Algorithm)
Let B,G[x,a]F S and let ¢ : G S G with B = &(E) and Fy(a) < a then
(¢, X' ') == W(S,[X|, E, a)
(where ¢ : G — G') is defined and there exists a morphism
v G, a) S Gl
such that qAﬁ =)o .

Proof: We will proceed by induction on S

Variable: W (z, sort(z), E,a) is always defined and we set 1) := .

Replication: Let £, G[Y,a] F'H. Tt follows that E, G[Y,a] - H and the induc-
tion hypothesis implies that (¢, x’,a’) := W(H, card(H), E,a) is defined
and that there exists a morphism ¢ : G'[X/, d] 55 G[x, d] such that

b=109.
Process: Let E,G[R,a] F procy(S'). It follows with (TL-PROC) that
E,G[x,a]  S" and the induction hypothesis implies that (¢, x’,a’) :=
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F<

=

W(S', n, E, a) is defined and that there exists a morphism ¢ : G'[X,d] =
G[Y, a] such that ¢ =1 o ¢.

It is obvious from the algorithm that n = |x/| and therefore G := (PG")/ ~
is defined.

Since (TL-PROC) implies the existence of a morphism ¢p : [xp,ap] K=
G[Y, a] where P[xp,ap] := A(proc,(S’)), it follows with proposition 2.2.7
that there is a morphism .

P1:G— G
with ¢ = 11 o per and ¢p = 11 o pp.

And 1 implies that FOLDp(G) is defined and that there exists a mor-
phism B R
Yo : FOLD(G) — G

with 41 = 49 0 FOLDC.

G [0) G P G FOLD_ |

It is left to show that

¥ : FOLD(G)[FOLD® (pp(xp)), Fyoy pe (Fpp (ap) V Fyg, ()

iEyel

This is true since

Yo(FOLD% (pp(xp))) = tr(pp(xp)) = dp(xp) = %

F¢2(FFOLDG(FPP(GP) v Fpgl(a/))) = F1/11 (FPP(aP) \% FPG/(a/))
= F¢P(ap)\/F¢(a’)§d\/&:d

Message: Let E, G[x, a] - mess,11(H) and let m := card(H). It follows with
(TL-MESS) that E,G[Y/,a] F H and the induction hypothesis implies
that (¢, x/,d") := W(H,card(H), E,a) where ¢ : G — G’ is defined and

that there exists a morphism ¢ : G'[x/, d/] R G[Y, @] such that ¢ = Pog.
Furthermore (TL-MESS) implies that there is a morphism

éar : Mxar, an) 5 G[x, a]

where M([xar,an] = A(mess,1(H)), and that there exists a ¢ € Cog
such that sz (c) = X" o [XJns1. That is

S ([snr(contar([Xar nt1))]1..m)
= |selconte (X nt1)|1.m) = [sg(e)1m =X
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Let G := MG /=~ be the quotient graph. It follows with proposition 2.2.7
and the existence of v, ¢ that there is a morphism

¢1:é—>é

with ¥ = ¥y o pgr, dpr = Y1 0pur.

And (1) implies that FOLD(G) is defined and that there exists a mor-
phism B
¥y : FOLD(G) — G

with ¢ = 99 0 FOLDC (see figure above). It is left to show that
Py FOLD(G)[FOLDG(pM(XM))v FFOLDG (F;DM (aM) v FPG/ (a/))]
Fi< ~Nrao4
- G[Xv CL}
This is true since
Po(FOLD (par(xnr))) = X =v1(par(xnr))
du(xnm) =X

F¢2(FFOLDG(FPM(QM) v chl(a,))) = F¢1 (FPM(CLM) v Fpgf(a/))
= F¢M(CLM) \Y F¢(a’) <ava=a

Process Graph: Let E,G[)Z,&] F & (H;,¢) where ¢; : my — D and let

ép : D — G[x]. Tt follows that E, G[op(Ci(xm,)), a] - Hi.

We define ¢_1 := <2> and ¢g := idg and will now show by induction on %
that (¢4, si,a;) := W(H;, card(H;), E;—1,a,—1) is defined and that there

exist morphisms

Wi+ Gilxss ai] 25 Gl (G Oomy)), )

such that ;1 = ;0 ¢; for 1 < i < n.

1 = 0: Define g := ¢
1 — 1 + 1: Because of the existence of ;1 and since

Yi—1(Fi—1) = Yi—1(pi—10...0¢0)(E) = (ﬁ(E) =F

it follows with the outer induction hypothesis that (¢;, x;, a;) is de-
fined and that there exists a morphism

F,S A ~
Vi : Gilxi, ail == Glép(Gi(xm,)). al
such that ;1 = ; o ¢;.
Furthermore v, (x;) = (¢¥n © ¢n o ... 0 ¢it1)(Xi) = Yi(xi) = ép(Gi(Xm;))-
This implies with 2.2.7 that G[X,d] := (D°G,)/ ~ is defined and that

there exists a morphism ¢’ : G — G such that ¢’ opg, = 1, and ' opp =
¢p.
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G—%;/GOJL &% % R, . g FOD__
\w/

And (1) implies that FOLD(G) is defined and that there exists a mor-
phism

¢": FOLD(G) — G
with ¢/ = ¢" o FOLDC. Tt is left to show that

" : FOLD(G)[FOLD (pp(xD)), Froppe (Fye, (an))] == G[%, @]
This is true since

W (FOLD® (pp(xp))) = ¢'(pp(xp)) = én(xp) = X
Fi/}”(FFOLDG‘(FPGn (an))) = F1/1I(FPGn (an))
= Fy,(an) <a

Process Abstraction: Let E,G[x,a] + M\pz.H. Tt follows that F\z U {z :
.}, GIR o Xo, ] + H.
Furthermore there are ¢ € Mg, ¢ € Cog, p € Pp such that sp(q) =
X0 © Xk 5a(c) = nz(Xmy) © [X] &> 5a(p) = X-
We can show with the properties of graph construction (prop081t10n 2.2.7)
that there exists a morphism ¢ : G — G such that Y opg = (;S and
¢ ©Pmy = Nz-
Since (pg(E)\z U {z : pm,}) = E\z U {z : n,}, it follows with the
induction hypothesis that (¢, x’,a’) := W(H,card(H),pc(E)\x U {z :
Pmy | Fpi (@) is defined and that there exists a morphism

¥ ) =5 Gl o Ko.d)
Let G be the quotient graph. It follows with the the existence of the hy-
peredges q, ¢, p above and with proposition 2.2.7 that there is a morphism

Y G— G
with ¢ = 9" opar, sa(p) = V' (xp), sa(@) = ¥ (xum) and sia(c) = ¥’ (xco)-

G‘G—’GJP—’GA_’G FOLD

(RS
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And (1) implies that FOLD(G) is defined and that there exists a mor-
phism B R
V" FOLD(G) — G
with ¢/ = ¢ o FOLDC.
It is left to show that

4"« FOLD(GI[FOLD% (06 (X)) ]1..m> Fropp pes (Fpes ())]) == GlRX0, 0]

This is true since
" (LFOLDC (per (X' N)1.m) = 9" (FOLD%(xp)) =4/ (xp)

= salp) =X
Fw”(FFOLDG(Fpgl (a,))) = Fw/(Fpgl(a/)) = Fw(a') <a

Proposition 8.3.19 Let E, T+ H. This implies that there is a morphism

v AH) ST

Proof: We will proceed by induction on the typing of H:
(TL-PROC), (TL-MESS) immediate

(TL-CON) Let

n

E,Glx,al - Q) (Hi, G)

i=1

such that there exists a strong morphism ¢ : D — G[x] and
E, G[¢(CZ(Xm1))7 ai] +H;

It follows with the induction hypothesis that there are strong morphisms

F7§
Yi : A(H;) == G[(Ci(Xm;)), ad]
GIR,a] :== A(H) = & (A(H;), () (see figure). Because of the existence
of the ; and ¢ it follows witAh the properties of the co-limit that there
exists a strong morphism ¢ : G[x| — G[x]| with ¢ on; = 1; and o ¢ = ¢.




A.2 Generating Type Systems 193

Let Gy[Xi, a;] :== A(H;). Tt follows that

n n

Fy(a) = Fy(\/ Fy.(@) = \) Fy (@) < \/ a=a

i=1 =1 i=1

and therefore

A.2.2 A Type System Based on Monoids

Proposition 8.4.6 (Equivalence) Let Hy, Hy € S with H; = Hs.

T Hy < TIF Hy for any type graph T'.

This implies immediately TT - Hy <= TT + Hy for any true type graph
TT.

Proof: We proceed by induction on the rules of structural equivalence. We
have to take into account application of rule (TL-<).

(C-PROC) Let H; := proc,(S;), i = 1,2 and let H; = Hs. Furthermore let

T |- Hy; where A(H;)OpT’ T and T IF S1. Since S; = 95 it follows
with the induction hypothesis that 7" I+ S5.

According to condition (1) of the linear mapping it follows that A(H;) =
A(H,). And lemma 8.2.12 implies that A(Hy)OT' = A(H,)OT' <p T.
And therefore T' I+ Hy

(C-MESS) Let H; := mess,(0), i = 1,2 and let T I+ Hy where A(Hy) < T.
Since Hy = Hj it follows that A(H;) = A(H2) and typing rule (TM-<)
implies T I Ho.

(C-PA) Let \y.Hy = A\g.Hy and let T' |- A\ . Hy. It follows that

T >p 01 m(T'DA(Red), mn(A-H1))7)

with T" |+ Hy. Since Hy = Hs it follows with the induction hypothesis
that T I H,.

Since Redj, pm n(Ai-H1) = Red, m n(Ai-H2) it follows that

A(Redk,m,n(Ak-Hl)) =p A(Redhm’n()\k.Hg))

It follows with lemma 8.2.12 that

o1...m(T'OA(Redy mn(Ak-H2)) ™)
Sp 0'1..‘m(T/DA(Redk,m,n()\k-Hl)_) zp T

and therefore T' IF \.Hs.
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(C-REPL) Let |H, =!H, with T IFH; where TOpT 25 T. Typing rules
(TM-REPL), (TM-<) imply that 7" I+ H; where T” <p T. The induction
hypothesis implies that 7" |- Hy and therefore T IF! Hy.

(C-CON) Let H; = J;, i € {1,...,n} and let C be a context with holes of
cardinality card(H,),...,card(Hy). Let T IF C(Hy,..., Hy,).

With lemma 8.4.5 it follows that T; I H; and C(T1,...,T,)F 2F T. The
induction hypothesis implies that T; IF J; and therefore

C(Th, ..., T - Cli, ..., Jn)
With (TL-<) it follows that T'I- C(Jy,...,Jy,).

Rule (C-a) can be omitted since it has no meaning in the restricted calculus.
g

Proposition 8.4.8 (Message Reception) Let TT - H. If H contains a
redex

Red := Redy, s n (A2 . K)
then message-reception is defined, i.e. m +n = card(K).

(R'MR) / / ; /
Let H — 7~ H'. It follows that H' has the same type as H, i.e. TT + H'.

Proof: Let T IF H such that there is a (J, <)-morphism ¢ : T — T'T.

If H contains a subgraph of the form Red := Redj, y, (A K<) then H has
the form C(Red, H) where C is a discrete context.

Thus H' =p C(K, H).

e By unravelling the typing of H it follows with lemma 8.4.5 that T’ > F
C(Tr,T)r where Tg IF Red and T' I+ H.

By further unravelling the typing it follows that
Tr > R{A(procy, (M. K)Opo1. m(TkOpA(Red) ™), A(messp+1(0))) p

where Tk IF K and

D (k) (m) (m+1) (m+n)

-
R< Xy, %> = X X \
1 2 Lilij Lizii

e It follows that C(Tk,T)r I H'. In the rest of this proof we will show
that there exists a morphism C(Tx,T)r IS5 T
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o After some transformations (see proposition 2.2.13) it follows that

Tr >p E'(Tk, A(Red) ™, A(Red))p =: Th

where
® (m) (m+1) (m+n)
( N N ‘ B
X X: X:
(R 17 D 27 D 37 J

e We will now show that there exists a (F, >)-morphism (!)
Y : Tr — Tk OpA(Red)[0]

It is sufficient to show that there is a (F,>)-morphism from T, into
TKDFA(Red) [J_] .

Let
T]/% = GR [XlRa a,R]
Tk = Gklxk,ax]
A(Red) = GRed[XRed> @Red]

T = G[[X[,a]] ::TKDFA(Red)[O]

Let ; :m+n>— m+n+in =:D be the embeddings corresponding to
the context E’ such that

Tr =r (Tk,G1) ® (A(Red) ™, G2) ® (A(Red), G3)

That is Vp 1= {v1,..., Vman, W1,...,Wn}, XD := V1 ...Vmin, CQ(XK) =
Let

m:Grlxx] — Grlxz]
12 : GRed[XRed] = GRIXE]
13 : GRed[XRred) — GRIXR]
be the corresponding embeddings into Gr[x;], let ¢; be the canonical
strong morphisms and let ¢ : D — GRrlxg|.

We will now show that there exists a strong morphism

Y : GRIXR] = Gk [XK]OFGRed[X Red]

such that Fy(a’z) > ay.

There are obviously embeddings 7} : Gx[xk] — Grlxs] and 7y = nj :
GRed|XRed] — Gr1[x1]. Furthermore there is a strong morphism ¢’ : D —
G[[X[] with gZ5,(’l)1 ... 'Um—i-n) = XI, ¢’(w1 L. ’wn) = LXIJm—I—l...m-‘rn-
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Since 7} o ¢; = ¢ o (; it follows with the properties of a co-limit that
there exists a strong morphism ¢ : Ggr[xr] — Gr[xs] with ¥ o ¢ = ¢' and
Yo =mn;.

Furthermore

Fylar) = Fy(Fy(akx) + Fp(0 —ag) + Fy(ar))
= Fﬂll (aK) + Fné(() — (IR) + FTIQ(GR)
(8.4)
= Fﬂi (ar) + Fné((o —ar)+ar) > Fn’l (ak) + Fﬂé (0) =ar

Since 1 is a (F,>)-morphisms it follows immediately with lemma 8.2.11

that C(¢,id)F is also a (F, >)-morphisms.
Since C(1,id)  is surjective and therefore Jo(y iqy . = Fop,id)p» it is also
a (J,>)-morphism.

)
o 1 : Tx — TxkOpA(Red)[0] =: Tt is a (F,=)-morphism. It follows with

lemma 8.2.11 that C(n1,id)F is also a (F,=)-morphism.

And since C(n1,id)F is injective and therefore Gy, gy, < Foin idy, it
is also a (J, <)-morphism.

e We now have the following situation:
TR c<T,T> C<T.,T>

\
@ C<FoLD',id @

C<y id>
Km jid> o
@ ! FOLD ~ T l

C< TK , >
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where TF = FOLDJ(T[).

Let ~ be the equivalence used to construct FOLDT®. The surjective
morphism 1 : Tr — 717 can be characterized by the equivalence =/
and it follows with conditions (4) and (4) of the linear mapping that
~/'C=. It follows with condition (2) in proposition 8.3.13 that FOLD™r =
FOLDTr o4,

And it follows with condition (3) in proposition 8.3.13 that

FOLDCTr T — pOLDCTr ) o C{FOLD™®,id)
= FOLDCTrr o C(FOLD™ id)p o (1), id) p

o It is left to show that
p = FOLDTr e o C{FOLD™ id)p : C{Ty,T)p — FOLD,(T)

is a (J, <)-morphism.

Let T = G[x,a] and C(T1,T)r = G X}, a)). Since C(¢,id)p is a (J,>)
morphism it follows that

Jp(ar) < Jo(Jeyiap (@) = JFOLDC<TR,T>F(G) = JroLpr(a)

And p o C(n1,id) is the morphism folding C(Tx,T)F into the true type graph
FOLD;(T). And since there is a (J, <)-morphism from FOLD ;(T) into TT
(proposition 8.3.13, condition (1)) it follows that 77+ C(K, H). O

A.2.3 Transformation of Type Systems

Proposition 8.5.1 (Lattice — Monoid) Let S be a process description or
process graph in S, without variables whose messages are all labelled 0.
If E,G[x, d] '_fl,F S it follows that G[x,a] F¥ . S.

Proof: Let E,G|x, a] I—ﬁ,F S. We will show by induction on S that there exists
a type graph G[x, @] such that G[X, a] H—M ra S and there exists a morphism

n NI~ A F,S

¢ : G[x,a] == G[x,d]

Replication: If FE,G[x,a] +jp!H it follows with (TL-REPL) that
E,G[x,a] l_fl, 7 H. And the induction hypothesis implies that there exists
a type graph é’[f(, a) such that @[)2, a II—%EF H and a morphism

$: Gl al =5 Glx, a]

= G[x,a]. We will now show that there is a (F, <)- InOI‘phlSHl
T T: Let ( : n — n be a strong morphism. Since 1707 -
() ® (T, ¢) we obtain the following commutative diagram:

Let T :
TO

el
gbA —
(T,
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It follows that

F¢>(F771 (d> V Fy, (&)) = F¢>0771 (&) v F¢OT]2 (d)

And it follows with (TM-REPL) that
GIx, a) FY p ot H
Process: If E,G[x,d] '_ﬁ,F procy,(S) it follows with (TL-PROC) that

E,G|x,a] I—i 5. And the induction hypothesis implies that there exists
a type graph G[Y, @] such that G[¥, a] IF%RF S and a morphism

A A F’S
¢ : G[Xa (Z] - G[Xa a]
(TM-PROC) implies that
@[)2, al = A(procn(S))DFCA?[)Q, a) “‘%F,F proc,(S)

We define P[xp,ap] := A(procn(S)). Let pp : Plxp] — G[X] and Pe
G[x] — G[x] be the projections into G.

Since E, G, a f‘,[ZL FF procy(S) it follows that there is a morphism
F?S
¢p : A(procn(S)) —= G[x, d]

The existence of S;AS and ¢p implies with proposition 2.2.7 that there exists
a morphism 1 : G[X] — G[x] such that ¢ = opes and ¢p =9 o pp.

It is left to show that v is a (F, <)-morphism:

Fy(@) = Fy(Fyp(ap) V Fpy (@) = Faplap) V Fy@) <aVa=a

Message: If E, G|, a I—ﬁ}F mess,(0) it follows with (TL-MESS) that there
exists a morphism

¢ A(messp+1(0) Rl G|x, a

And (TM-MESS) implies that A(messp4+1(0)) l—%F’F messp+1(0) :
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Process Graph: If E, G|, a '_fl,F Qi (H;, ) where ¢ : my — C.
It follows with lemma 8.3.7 that there exists a morphism ¢¢ : C — G[x]
such that E, G[pc(ni(xm;)), a] l—th H; and x = ¢c(xc)-

The induction hypothesis implies that G; [Xi, G Il—% rr Hi and there exist
morphisms

A ~ F7§
¢i : Gi[Xi, i) == Gloc(ni(xm;)), a]
(TM-CON) implies that

i=1 i=1
m A_, C

It is now left to show that there

exists a morphism from G[x] into L|Ji

G[x]): Let ¢ : C — G[x] and let @
n; : Gilt:] — G[X] be the embed- AN

dings into G‘[)Z] Furthermore let G X|]

v 1 my — G’Z[)@] be the canonical
strong morphism. It follows that

N
G[x]
¢i(Vi(xm;)) = ¢i(Xi) = oo (Gi(Xmy))

Thus ¢; 0Y; = ¢c o (; and it follows with the definition of graph construc-
tion (definition 2.2.9) that there exists a morphism

¥ : GIX] — Gl

with ¢ on; = ¢i, Yo ¢ = ¢
Furthermore Fy(a) = Fy (Vi) Fy,(a:)) = Vio, Fg, (@) < Vo a=a, ie.

v Glva) 2 Gy, dl

Process Abstraction: If £, G[x,a] - A\yz.H, it follows with (TL-PA) that
E\e U {z :na}, Glx o xo,al Fi p H

Let n := |x|, m := |xo|- Since (TL-PA) demands the existence of a
message, a process, a content-edge and because of the restrictions on A
in this section it follows that there exists a morphism

¢r : R[xr] — G[x o xo]

where R[xr,ar] = A(Redj pmn(A-H)) and sg(conta(|x]k)) = Nz (Xmy)-
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The induction hypothesis implies that G’[)Z, al II—% pr H and that there
exists a morphism

" A A ~ F?S
¢ : G[x,a] = G[x o xo, 4]
It follows with (TM-PA) that

G[%, @] = o1,...m(GX, a]O(R[xR. ar]) ") W g p M H

Let my : GIX] — GIxX], m2 : Rlxr] — G[X] be the canonical embeddings
into G[x]. It follows with the definition of graph construction (defini-
tion 2.2.9) that there exists a morphism

¥ G[X] — G[X]

with ¥ oy = ¢, 1 omy = ¢g. It is now left to show that ¢ is a (F, <)-
morphism:

Fw(d) = FTZJ(F”H (&)\/F”Il (L—aR)) = Fy, (d)\/F¢2 (L—GR) = F¢1 (CAL)\/L <a
In a lattice, it holds that L — z :=min{y |z Vy > L} = L.
a

Proposition 8.5.2 (Monoid — Lattice) Let S be a process description or
process graph in S, without variables whose messages are all labelled 0.

We consider a type system where the linear mapping A satisfies the con-
straints of the type system based on lattices and where the monoid operations
in F(G) = (I,+, <) coincide with the suprememum, i.e. + =V = &®.

If G[x, l_%F,F S it follows that for any environment E for G:

E7 GA[>27 d] l_ﬁ,F S

Proof: Because of + =V = @ for every F(G) = (I,+, <) it follows that F' is
compatible with itself.

We will show by induction on S that if G[y,a IF% rr S and there is a
morphism

n FyS N[ A A
d) : G[X7a] - G[X7a]
where G is a true type graph it follows that there exists an environment E for
G with A
E.G[%,a Fip S
Replication: If T |- .1H it followswith (TM-REPL) that G[y, a] -} ,|H

where G|x, d] <T.If there exists a morphism ¢:T K GIX, a] such
that G is a true type graph, ¢ is also a (F, <)-morphism from G[x, a| into
G[x, al.

The induction hypothesis implies that E, G[Y, d] I—EL » H and thus (TL-
REPL) implies that

E,G[%,a] F] p'H
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Process: If Gy, ”_%F,F procy,(S) it follows with (TM-PROC) that
G'[X, d] ”_%F,F S with

T = A(proca(S))OG'[x,d'] and T < G|y, d]

Let pp : A(procy(S)) K Glx,a] and pgr = G'[X/,d] s G[x, a] be the
corresponding projections.

If there is a morphism ¢ : G[x, a] by G[R, @] such that G is a true type
graph, it follows that ¢ o per : G'[x/, d'] Lty GIx, d).

Then the induction hypothesis implies that E, G [X,a) F% - S. And with
(TL-PROC) and the existence of pp it follows that

E,G[X,d] F5 p proca(S)
Message: Let A(mess,11(0)) II—%F’F messp+1(0) and there is a morphism

¢ : A(messp1(0)) == G[x,

such that G is a true type graph and where M [y s, aps] := A(mess,11(0)).

It follows that sa(conts(|X]nt1)) = d(sm(conty ([ xar)nt1))) = b(e) =

Since E, Gle, a] F} 1 0 (see (TL-CON)) it follows with (TL-MESS) that
E,G[X,a] - mess, 1(0)

Process Graph: If G[y,d] H—%F,F R (Hi, ¢) where ¢ : m; — C and
oo : C — G[x] it follows with lemma 8.4.5 that there exist type graphs

G, ai] with Gili, ai] WY 5 o Hy and @7, (Gili, ail, &) < Glx, al.

Let ¢; : Gi[xi, ai] Rl G[x}, a] where X} := ¢;(xi) be the projections into
G|[x, a] and let ¢; : m; — G;[x;] the canonical strong morphism.

Furthermore let ¢ : Glx,al K GI[R, a). Tt follows that dog; = Gy[xi, ai] s
G[Xi,a] where X; = ¢(¢i(x;)). The induction hypothesis implies that
E,G[xi,a) F4 p H;.

We conclude that

o(9c(xc)) = ox) =

X
P(dc(Gilxm)) = S(Bi(¥i(xm;))) = d(i(xi)) = X

With rule (TL-CON) and the morphism ¢ o ¢¢ : C — G[X] it follows that

i=1
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Process Abstraction: If G|y, d] II—JX{F Arx.H it follows that G'[x/, d/] II—%F H
such that

(G ' |DA(Redy, nn (M- H)) ™) < Glx, ]
where R[XR,ar| := A(Redy mn(Ax.H)). Let

01

F<
op:G'Y,d] == Glxoxo,a
F<

¢r: Rlxr] — Gxo° xo

Let ¢ : Glx,a] =5 G[x, . Tt follows that dogp : G'[\,a'] =5 Glxox0. 4]
where x¢ := ¢(xo0). It follows with the induction hypothesis that

E\zU{z:1,},G[XoRo,a] - H
where 1, : 0 — G.
There is a morphism
2 Fi< Ara &
¢oor: R[xr] == G[X o Xo

The properties of A ensure that R contains a process p’ € Pr, a message
¢ € Mg and a content ¢’ € Copg such that

sr(0) = |xBJ1.m
SR(qI) = {XRJm+1...m+nk
sr(c) = contr([xJr) o [srlk = €0 |xr]k

We will now set p := ¢(¢r(p)), ¢ := d(¢r(q)), ¢ = d(¢r(c')) and show
that these hyperedges of G satisfy the conditions of typing rule (TL-PA):

sa) = 5a(3(r(1)) = d(dr([XRI1.m)) = X

~ ~

sala) = sa(0(dr(d)) = d(Or(IXRIm+1.mink)) = Xo o [Xk

sa(e) = sa(d(or(c))) = d(dr(e o [xrlk) =€ o [X]k = Me(Xmy) © [X]k
This implies that

E,G[x,al s p H

A.2.4 Comparison of Type Systems: SPIDER « m-Calculus
Lemma A.2.1
E, Glx, al = ©n((((5)[t])[t]))
= [t Treed (IxJ1)s - [t Treed (Ix)n) = AL((S)a[t])
implies
E,GX,d'] = On(((S)[t[])
= ¢ TreeG (X 1), [ ]n s TreeG (X ) B AR((S)2[t])
if n:=|t| = |t'|, Set(t) = Set(t").
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Proof: Let E,G[x/,d'] F On(((S)[t)[t'])-
We have
On(((S)ED[E']) = @(On(((S2) N[, Getr)

And lemma 8.3.7 implies that there exist x € V%, a € F/(G) such that

E, G[x;a] F ONn(((S2)[t)1t])

Furthermore there exists a strong morphism ¢ : n — G[x'] such that y =

(Gt (xm))- It follows that |x|; = [X']; <= [t]: = [];.
The precondition implies that

[t] : Treeg ([x]1), - [t]m  Treeg ([x)m) F AL((S)a[t])

and by reordering the type assignments it follows that

[#')1: Treed (1X' 1), s [¢']n s Treeg (X' Jn) F AZ((S)at])

Proposition 8.6.2 Let E,G[x,a] - On(h[t]) and n = |x|. It follows that

luly : Treeg ([xJ1), - Luln : Treeg (Ix)n) = A%(S)

where u is a duplicate-free string with |u| = n.

Proof: We will now show by induction on h that

E,G[x,a] - On(ht])
= |t]1: Treeg(bdl), R A Treef(ijn) = AL(h) (A.9)

If we can show this, the proposition follows immediately with A%(h[t]) =
AL (h)[u/t]:

o If £, G[x,a| F h[t] it follows that
[t]1 = Treed (LxJ1), .- [thn : Treeg (Ix)n) = A%(R)
And with the substitution law (3) it follows that
L)1 s Tree (1)), Lufn s TreeS (xJn) F AR/

We will now prove (A.9) by induction on h:

Empty Graph: Let h:=0. Then A/ (h) :=0, On(0[¢]) = 0.
Let E,G[e,a] - 0. And it follows with (T7-NIL) that

I'ko0

where I' is the empty type assignment set, since 0 is always typable.
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Node: Let h:= [a]. Then A’ (h) :=0, On([al[a]) = 1.
Let E,G[x,a] F 1 with |s| = 1. And it follows with (T7-NIL) that
a:TreeS(|x]1)F 0

since 0 is always typable.

Message: Let h = (0)ps]a1 ... an+1]. Then
AL (h) :==api1(ar,. .. an)
On(hlay...ant1]) = mess,+1(0)

Let E,G[x,a] F mess,+1(0). (TL-MeSS) implies that there exists a mor-
phism
F<
A(messn+1(0)) —= G[x, d]

We will now show that TreeS (| x|ns1) = [TreeS(|s]1),. .. TreeS (| x]n)]:

Since M[xnr,an] := A(mess,+1(0)) contains a message ¢ with spr(q) =
X it follows that sp(¢(q)) = x which implies

Treeg (IxIn+1) = [Treeg (Ix1). .- -, Treed (LxJn)]

If we define T' := a; : TreeS(|x]1), ... ans1 : TreeS (| x| ni1) it follows
that I'(ap+1) = [['(a1),...,T(ay)] and with (T7-OUT) we conclude that

I'Fa,fia;...ay

The rest follows with lemma A.2.1
Replication: Let h = (I/[t'])[a1 ... am]. Then
Y () =1 (1)
On(hla ...am]) = proc, (10N (R'[t']))

Let E,G|x,a] b proc,(1©x(R'[t'])). It follows with typing rules (TL-
PROC) and (TL-REPL) that E, G[x,a] F ©n(F'[t']).

Now the induction hypothesis implies that
a1 : TreeS(|x]1), .. -, am : TreeS (| x|m) F A%-am (B[]
And with (T7-REPL) it follows that

a1 : TreeS(|x]1), ..., am : TreeS (| x|m) FIASam (B[]

The rest follows with lemma A.2.1
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Process Abstraction: Let h = (Ag.A'[t'])pla; ... an]. Then
AL(h) = ag(xy ... 2p) AL ImTLTn (1))
where n = |t| —m
On(hlay ...an]) = proc,(Ax.ON (R'[t']))

Let
E,G[x,a] - procy, (M. ON(K[t]))

It follows with typing rules (TL-PROC) and (TL-PA) that
E\zU{x :n.},Glx o xo0,a] F On(R'[t])

and there exists a message ¢ € Mg with sg(q) = xo0° | x]k-
Now the induction hypothesis implies that

ar = TreeS (|x]1), ..., am : TreeS (| x|m),
z1:TreeS ([xol1), ... xn : TreeS (| xo)n) F AW @mTin (p![{'])

Let
D = ap:TreeS([x]1),. . am : Treed(|s]m),
1 : Treeg ([xo1),- - xn : Treeg ([xo)n)

And since sg(q) = xo0 o | x] it follows that

Treeg ([x]k) = [Treed (Lxol1). - .. Treeg (Lxo]n)]
and therefore I'(ay) = [['(z1),...T'(zy)].
It follows with (T7-IN) that

ay : TreeS(|x)1), .- -y am : TreeS ([ x)m)
Foag(zr,. .., xy) AL 0TI (BlE))

The rest follows with lemma A.2.1

Parallel Composition: Let h = hy|hy. Then
A% (h) := A% (h1)| A% (he)

On(hlt]) = (On(M[t1]), Ctymt) @ (On(h2[t2]), Crpot) = H
where t1 := t\(Set(t2)\Set(t1)) and ta := t\(Set(t1)\Set(t2)).
Let n := [t|, n; := |ti].

Let E,G[x,a] = H. It follows with lemma 8.3.7 that E, G[x;,a;]
On(hi[t1]) where ¢ : n — G[x] is a strong morphism such that x; =
¢ (Gt (Xn))-
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The induction hypothesis implies that
[ti]1 s TreeG ([Xil1)s s [tiln, - TreeG ([Xiln,) F A (hi)
Furthermore
xili = Xl = [8(Gomt (X)) 15 = [00xn) I
S GOy = bl = = [t
And with the weakening law (4) it follows that
[t]y: Treeg ([x]1), .- [t]n s Treed ([x)n) = A%(Rs)
And (Tw-PAR) implies that
[t]1: TreeS ([x)1)s -, [tn s TreeS ([xn) b AL(h1)| A (hg) = AL (h1|hs)
Hiding: Let h = (vb)h'. Then
AL (h) = (vh) AL (R)

_ | ®wal, (W[t ob]), Crotop) if b€ fr(h)
On(hlt]) = { valy, (W'[t]) otherwise
Let E,G[x,a] F ©n(h[t]). We will now distinguish the following two

cases:

e be fn(h), n:=|t|
In this case On(h[t]) = @(On (K[t 0 b]), () where ( is the projection
of n+ 1 into o1_,(n+1).
It follows with lemma 8.3.7 that E,G[x/,d'] F On(h'[t o b]) where
¢ :n — G[x] is a strong morphism such that x’ = ¢(¢(xn+1)) which

implies |x|; = [x]: if i € {1,...,n}.
The induction hypothesis implies that

[t)1 : Treeg ([x)1), .- [thn s Treeg (Ix)n), b Treeg (1X Ins1)
= AL(R)

It follows with (T7-RESTR) that

[t]1 = Treeg ([x)1), .- [thn s Treeg ([x]n) F (W) AL (R)

e b fn(h), n:=|[t.
In this case O n (h[t]) = On(K'[t]) and therefore E, G[x, a] F O (h'[t]).
The induction hypothesis implies that
[t] s Treed (Ix1)s- - [thn s Treed (IxJn) = AL(R)

With the weakening law (4) it follows that

[t TreeS (Ix)1),-- - Lt)n s TreeS (Ix|n),b: B F AL(K)

where (3 is a new variable.

And it follows with (T7-RESTR) that
[t]1 = Treed (LxJ1), - [thn « Treeg (Ixn) = (VD) AL ()
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a

Lemma 8.6.3 Let Gy,...,Gy be true graphs (where all content-edges have
cardinality 0), let ~ be an equivalence on the nodes of the type graphs and let
the o; be mappings satisfying

vi € Vg, 05 € Ve, (0i,0) ~ (v),§) = Tree§i(v;) = Treefjj (vj) (8.22)

Then there is a smallest consistent equivalence ~ containing ~ such that
Gy...Gy/= is a true graph.

Let p; : G; — G1...Gy/ = be the i-th projection into the quotient graph.
We define o(pi(v;)) := 0i(v;). Then o is well-defined and:

Treefl ~Gn /e (pi(v;)) = Treefi (v;)

for all v; € Vg, .

Proof:
o We will first show that (v;,4) ~ (vj, ) implies TreeS (v;) = Treegj (v5):
Let ~p:=~ and let =1~} be the smallest equivalence satisfying

Vke{l,...,card(p;)} :

(Lsc:(pi)]k, @) =k (Lse; (Pi) ks 3) = (Pis i) Rk (5, J)
(sendg, (4:), 1) =k (sendc;(q;),7) = (@i, t) Rt (45,7)
(sendg, (i), 1) =, (sendg,(cj),j) = (cii) =g (¢5,7)
(gi,%) =k (45,5) = ([s6,(@)]1:1) =i (Lsa;(45) )i, 5)

where p;,qi,¢i € Eq,, za,(pi) = proc, zg,(q;) = mess, zg,(¢;) = cont.

It follows that ~= (J;2, ~i.

We can easily show by induction on k that (v;,i) ~j (vj,j) implies
TreeSi(vi) = Treefjj (v5).

Furthermore if (g;,) =~ (g;,7) it follows that
card(q;) = card(Treefj (sendga,(q:)))

= card(TreeCC;;? (sendg,(qj))) = card(q;)

e We will now define the operation cuty where k € IN.

cuto(tr) = ]
cutpr1([tre, ... trp]) = Jeutg(tri),. .., cutg(try,)]
cutpi1(a) = «

That is cut reduces a type tree to its upper k levels.

By induction on k£ we will show that
cuty,(TreeS (pi(vy))) = cutk(Treeng (vi))

Then the equality holds also for entire type trees.
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k = 0: obvious
k — k + 1: there are two cases:

— If TreeS (pi(v;)) = a it follows that o(p;(v;)) = a which implies
that al(vz) = a. And thus TreeSi(v;) = o

— If cut(TreeS (pi(vi))) = [try, ... ,trn] it follows that there exists
a message ¢ in G with sg(q) = sop;(v;). This implies that there
exists a message ¢; in G with sg, = s;jouv;, pj(sjov;) = sop;(v;)
and p;(qj) = q. |sj| = |s| = n.

Since p;(v;) = p;(vj) and therefore (v;,7) ~ (vj,7) and
Treeg (pi(vi)) = Treeg (p;(v)))
= [TreeS (pi(lsi)h),- -, Treed (pi([51]n))]

it follows that

cutk(Tree (pi(vi)))
= [eutr—1(TreeG (pi([s;]1))),- -, cutr—1(Treed (pj(1s;]n)))]

Ind.h ,
=P [cuty_ 1(Treegj ([sj]1)), ..., cuty— 1(Treegj(szJn))]
= cutk(TTeea ' (v;)) = cuty(Trees (i)
O
Lemma A.2.2 Let I' F p where ©r(p) = (5)z[t] with n := |t|. Let t' be a
duplicate-free string such that Set(t') = Set(t) C Set(T).

E.Glx,alF On(©OL(p) A Vie{l,...,n}:TreeS(|x]i) =T(|t])
implies that there exists a type graph G'[x',d'] and a type environment E’ with
E, G, d|FOn©L(p) A Vie{l,...,n}: Treed (X' ]:) = T(|¢']:)

Proof: We can show by induction on p that © 5 (0% (p)) = @(ON(OL(p)), o).
We define G’ := G, @’ := a and X’ is defined such that

XJi=Ixli <= []i=1[t];
Since ¢ : n — G[x'] and ¢(¢s—p(xn)) = X it follows with (TL-CON) that
E,G'IX,d] - On (85 (1))

Let ¢ be a fixed natural number. Then there exists a natural number j with
|t']; = [t];. Therefore

Treed ([X']i) = Treeg (Ix];) = T([t];) = T(1#']:)
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Proposition 8.6.4 Let I' - p and let t be a duplicate-free string such that
fn(p) = Set(t) C Set(I).

Then there ezists a true type graph Glx,al, a type environment E and a
mapping o such that

E,G[x,d) - On(0%(p))
and TreeS (|x]i) = T'(|t]s).

Proof: The environment F will contain only embeddings of the form 7, : 0 —
G and all content-edges in G have cardinality 0. We proceed by induction on

p:
Dead Process: I' - 0. Then ¢t = ¢ and Oy (05(p)) = 0.
We define G|y, a] := 0[L], E := 0.
It follows with (TL-CON) that E, G[x,a| - 0.

Parallel Composition: I' F p;|ps which implies that T" F p;.

GN(@;'O?I ’p2)) = (@? (p1)7 Ct1>—>t) ® (9? <p2)7 Ct2>—>t)
where t1 := t\(Set(t2)\Set(t1)), ta := t\(Set(t1)\Set(t2)), n; == |t;|, n =
t].
It follows with the induction hypothesis that there exist F;, G;[x;, a;] such
that
E;, Gilxi, ai) F On (0% (p;))
and Treegi(injj) = F( LtZJj)

We will define an equivalence ~ on GG1, Gy with
(x1]i,0) ~ (Ix2l;,1) <= [t1)i = [t2];
— Ct1>—>t(LXn1Ji) = Ctth(LanJj))

Since |t1]; = |t2]; implies I'(|t1];) = ['([¢t2];) it follows that | x1]; ~ |s2];
implies Treed! (|x1):) = T([t1):) = T([t2);) = TreeS2 (| xal)-

It follows with lemma 8.6.3 that G := G1G2/~ is defined and G is a true
graph. Let p; : G; — G be the projections into the quotient graph.

Let x € Vg with [x] = n and [xJ; = pi(lxili) <= [t = Lti)x.
It follows that

Treed (Ix)y) = TreeS (i xilw)) = Treedi (L)) = T(Lti)r) = T([t]5)
It follows with proposition 8.3.18 that

pi(Ei), GIpi(xi), Fp; (a:i)] - On (O%(pi)

Because of the special form of the embeddings in F; (only embeddings of
the form p, : 0 — G) E :=p1(E1) U (2(E») is always defined.
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If 9 : n — GJx] is the canonical strong morphism it follows that
d(Ctyot(Xny)) = xi. With the weakening law (lemma 8.3.5) and (TL-
CON) it follows that

2

E, G[X’ \/ FCtth(ai)] + 8N(®;(p1 |p2))
=1

Since G'1, Gy contain only content edges of cardinality 0, the same is true
for G.

Replication: I' F!p which implies I' F p.
O (07" (1p)) = proc (10 (O5™ (1))
With the induction hypothesis it follows that
E,G[x.a] - O5(67" (p))
where TreeS (|x]i) = T'(|fnp)i). (TL-REP) implies that

E,G[x,a] F1ON(O,, (p))

Let P[xp,ap] := A(proc,(!On(©n,(p)))). Let ~ be the smallest equiv-
alence with (|x];,0) ~ (Ixpl;,1) for j € {1,...,|x|}.

P[xp] is equivalent to proc, and we define op(|xp]i) := TreeS(|x]s).
Therefore the preconditions of lemma 8.6.3 are satisfied and it follows
that G := GP/~ is defined and that G’ is a true graph. Furthermore let
o’ be the resulting function.

Let pg : G — G’ and pp : P — G’ be the projections into the quotient
graph. We define X' := pc(x) = pr(xp).
And

Treeg) ([X']i) = Treeg (pa(|x)i)) = TreeG([xJi) = T(Lfnpli)
It follows with proposition 8.3.18 that
pa(E), G'IY, Fyg ()] HON(O7™ (1))
And because of the existence of pp it follows with (TL-PROC) that
PG(E), G'X', Fyo (@) V Fyp (ap)] F proca(1On (07 (1))
The rest follows with lemma A.2.2.

Restriction: Let I' - (vb)p which implies T', b : tr = p. We will now distinguish
the following two cases:
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e be fn(p). Then

ON(O7((h)p)) = ®(ON (07" (). €)

where ( is the projection of n+ 1 into 01, ,(n+ 1) and n := |¢|.
With the induction hypothesis it follows that

E,Gx,a] - On (0% (p)

where Tree
'(b).

We define G'[x/, d] := ®(G|x, al,¢) and let p : G[x] — G’[X'] be the
embedding of G into G’ and let ¢ : o1 _n(n+1) — G'[x/] be the
strong morphism created by the co-limit.

It follows with proposition 8.3.18 that

G(lxJs) = T(|t)) fori € {L,...,n} and TreeC (| xJns1) =

p(E), G [p(x). Fyla)] F O (07" (p)
Since p(x) = ¢(¢(xn+1)) it follows with (TL-CON) that
p(E),G'IY, Fyla)] F ©(On(0F"(p)),¢)

and Treeg/(Lx'Ji) = Treeg(bdi) =T'([t]:)
e b¢ fn(p). Then

On(O7((vD)p)) = On(O% (D))
And with the induction hypothesis it follows that
E.G[x,d] + On(0%(p))
where TreeS (| x|:) = T'(|t];) for i € {1,...,n}.
Input Prefix: Let I' - b(z; ... 2,).p which implies that
oz itry,...,zp i trp, B p

and T'(b) = [tr1, ..., tr,]
Let m :=|fn,|. And let k be a natural number such that | fn, |, = b.

@N(@in” (b(z1...2p).p)) = procm()\k.@N(@ﬁnpxl"'x” ()
It follows with the induction hypothesis that
E,G[x © x0,a] F On (07" (p)

where |x| = m, |xo| = n, TreeS(|x]:) = T(|fnp):) fori € {1,...,m} and
TreeS(|xo]i) = tri fori € {1,...,n}.
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We define
Plxp,ap] = procy[Ll]
Mxn,apn] == messpi1[L]
Colxco,aco] = conty[L]

Let ~ be the smallest equivalence on G, P, M, Co satisfying

()i, 0) ~ (Ixplis1) ied{l,...,m}
(Ixo)i,0) ~ (Ixarli2) i€ {1 S}
(ks 0) ~ (Dxarnt,2)
(IxJ#, 00~ (Ixcol1,3)
and let
op(lxpli) = TreeS(|x];) ifie{1,...,m}
om(Ixa)i) = trpifie{l,...,n}

The preconditions of lemma 8.6.3 are satisfied and it follows that G’ :=
GPMCo/~ is defined and that G’ is a true graph. Furthermore let ¢’ be
the resulting function.

Let pg : G — G, pp: P — G, py : M — G, pco, : Co — G be the
projections into the quotient graph. We define x’ := pa(x), X{ := pa(Xo)-

It follows with proposition 8.3.18 that

pa(E), G'Ix 0 Xb, Fpe ()] F O (01777 ()

The projections of the process, message and content-edge in P, M respec-
tively Co satisfy the conditions of rule (TL-PA). Therefore

PG(E), G'IY Fye (@) V Fyp (ap)] F Ax Oy (077" (1)

And because of pp it follows with (TL-PROC) that
p6(E), G'IY', Fyg ()] F procm (A Ox(OF"" " (1))

Furthermore lemma 8.6.3 implies that

Treeg, (1X'):) = Tree§ (IxJi) = Treed (1xJi) = T(Lfnp)i)
The rest follows with lemma A.2.2.

Output Prefix: Let ' - baj . ..a, which implies that I'(b) = [['(a1), ..., (a,)].
On (0%t (hay .. ay,)) = mess,i1(0)

We define
Glx,a] := A(messp+1(0))
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Let ~ be the identity on G, i.e. (v,0) ~ (V/,0) <= v ="2".

o(lxli) = T(a)ifie{l,...,n}

The the preconditions of lemma 8.6.3 are satisfied and it follows that
G’ := G /= is defined and that G’ is a true graph. Furthermore let o’ be
the resulting function.

Let pg : G — G, be the projection into the quotient graph. We define
X' :=pa(x). It follows with (TL-MESS) that

E,G'X, F,,(a)] F mess,41(0)

for any type environment FE.

Furthermore lemma 8.6.3 implies that

TreeS (|x']:) = TreeS (| x]:)

{F(ai) ifie{l,...,n}
C(ai),...,T(an)] =T() ifi=n+1

The rest follows with lemma A.2.2.
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