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Chapter 1

Introduction

Coordination is a relatively recent field, considerably inspired by concurrency the-
ory [83, 85, 91]. Coordination languages and models [90] are based on the philoso-
phy that an application or a system should be divided into the parts that perform
computations, typically components or services, and the parts that coordinate the
results and resources required to perform the computations. The coordination
aspect focuses on the latter, describing how the components or services are con-
nected. In this thesis we study a specific class of coordination models, namely
synchronous, exogenous, and composable models, and we exploit implementation
techniques for such models in distributed environments. Our work concentrates
on the Reo coordination model [8] as the main representative of this class of coor-
dination models.

We motivate our work using a simple example of a web-based system, de-
picted in Figure 1.1. In this example a phone- and an Internet-based service can
be used to book two distinct hotels. The layer performing coordination connects
these services, represented by the mesh of blue clouds, and describes when each
service is allowed to communicate and how the data should be transferred. A

- -— =y

- — =y

Figure 1.1: Decentralised coordination of web services.
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14 CHAPTER 1. INTRODUCTION

possible incarnation of the coordination layer is to allow either either the phone-
or the Internet-based services to book a hotel at any given time, giving priority to
the phone when both services try to book a hotel simultaneously, and to alternate
the hotel that is booked. Many other alternative behaviours exist for our booking
example.

In this thesis we target coordination models that are: (i) synchronous in the
sense that the communication between elements is performed atomically in a per-
round fashion, (ii) exogenous because the components or services are not aware of
the coordination, which is described orthogonally, and (iii) composable since the
behaviour of the coordination layer can be completely described from its compo-
sition of smaller building blocks. In our booking scenario, synchrony allows us
to express, for example, that a request for booking a hotel using the phone-based
service can only be sent if one of the hotels can receive this request. In Figure 1.1
we emphasise the composability aspect using multiple clouds, each providing its
own contribution for the global behaviour. Furthermore, the existence of edges
between the clouds reflects our choice of a concurrent model for execution, where
each cloud is regarded as an independent thread of computation that communi-
cates only with its connected clouds.

In this thesis the Reo coordination model is studied in detail. Reo is a channel-
based coordination language with a graphical notation, introduced by Arbab in
2001 [7], wherein complex connectors are built out of a simple set of primitive
connectors. Compliant with our target, Reo is synchronous, exogenous, and com-
posable, yielding an expressive and intuitive coordination model. The Reo model
is currently being used to specify coordination patterns and concurrent systems.
More specifically, Reo has been used in a variety of different areas, such as sys-
tems biology [36], service oriented computing [82], mashups [79], business pro-
cess modelling [17, 103], model driven development [20], and multi-agent sys-
tems [12]. Reo has also been extended to include, for example, timed behav-
iour [13], probabilistic and stochastic models [21, 23, 88], quality of service [15],
resource bounds [81], and reconfiguration [35, 72, 71, 77, 76]. Several tools have
been developed to edit, verify, simulate, and execute Reo systems [16, 41, 75, 37].
However, little effort has been spent so far on its (distributed) implementation as-
pects.

Current engines that execute Reo [37, 16] allow the coordination layer to run
only in a single thread of execution, although the components can execute in par-
allel or on a distributed platform. Furthermore, due to the synchrony aspect these
engines only support small systems, and do not scale. To address these limita-
tions, our approach to implement Reo-like models makes a tradeoff between pre-
compiling the possible behaviour and calculating it at runtime. Furthermore, we
exploit the fact that different parts of a connector can execute concurrently, and
identify parts of the system that can execute independently of each other.
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Implementations of most models of concurrency and coordination typically
involve synchronisation constructs. These constructs are either explicit, allowing
the users of a model to specify their own tailor-made synchrony, or implicit. This
thesis supports the development of implementations that provide implicit syn-
chronisation constructs, as well as the ones that, like Reo, support user-defined
synchrony. Our work contributes to the field of coordination, in particular to Reo,
by improving existing approaches to execute synchronisation models in three ma-
jor ways:

1. by supporting decoupled execution and lightweight reconfiguration;
2. by increasing performance using constraint satisfaction techniques; and
3. by improving scalability by identifying synchronous regions.

We explain each of these three contributions in more detail below. Throughout
this thesis we support our statements both in theory and in practice. We give for-
mal arguments that show the correctness of our approach with respect to existing
models, and present tools and benchmarks that confirm our claims.

Decoupled execution and lightweight reconfiguration

In this thesis we present the Dreams framework, a distributed framework for com-
positional synchronous coordination models. The Dreams framework is based on
the actor model [1] and creates an actor for each building block of the coordination
model. Each actor consists of a concurrent thread of execution that communicates
asynchronously with other actors. We introduce a distributed protocol that allows
actors to reach consensus about data exchange, and performs the actual commu-
nication of data. We developed a prototype Dreams engine to test this protocol,
using an actor library for the Scala language [57].

Reconfiguring an instance of a coordination pattern consists of changing some
of its parts. The Dreams framework assumes not only that the underlying coordi-
nation model is compositional but also that it evolves in a stepwise manner. The
stepwise development combined with the decoupled execution of actors provide
the necessary conditions for inexpensive reconfiguration, allowing systems that
are expected to be reconfigured frequently to do so in an incremental way, with-
out requiring the full system to be changed. Reconfiguration of a small part of
the system is independent of the execution or behaviour of unrelated parts of the
same system.

Coordination via constraint satisfaction

Computation within the Dreams framework evolves in a stepwise manner. In each
round, descriptions of the behaviour of all building blocks are combined and a
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coordination pattern for the current round is chosen. In the case of the Reo coor-
dination language, its present models do not come with an efficient (distributed)
implementation technique. Hence, we develope a new semantic and executable
model for Reo based on constraint satisfaction. A Reo connector is seen as a set
of constraints, based on the way the primitives are connected and on their current
state.

We identify the four main concepts that characterise coordination in Reo, viz.
synchrony, data-awareness, state, and context dependency, and describe these
concepts using logical constraints. Our approach is shown to be consistent with
existing Reo models. We apply available constraint satisfaction techniques to de-
rive a more efficient implementation of Reo. Specifically, we developed an initial
implementation using a SAT-solver to search for possible solutions, and compared
its performance with an existing Reo engine. The results strongly support the idea
that constraint satisfaction offers an appealing approach to implementing coordi-
nation languages.

Scalability

Our stepwise approach to coordination is the first factor to contribute to the scal-
ability of the Dreams framework. Implementations that require the knowledge of
all future actions, such as those based on a precomputed automaton, do not scale,
since finding all possible behaviour for all possible states of a concurrent system,
even when possible, can be very expensive and space inefficient. For example, the
number of states generally doubles for every buffer in a connector, assuming all
states are reachable. In our approach infinite state spaces are excluded.

The coordination mechanism should be able to scale up to coordinate a large
number of entities, possibly by exploiting multiple CPU cores or multiple com-
puters across a network. Considering the behaviour for each round at a time is
not enough to achieve this level of scalability, because of the complexity of com-
bining the behaviour of all entities. We improve scalability by identifying regions
that can execute independently, thus achieving truly decoupled execution of con-
nectors.

As mentioned above, we create an actor for each building block involved. The
resulting actors are organised in a graph structure, where edges represent com-
munication links. We identify independent regions of the graph of actors, referred
to as synchronous regions. Actors from each synchronous region can agree on the
coordination pattern to be executed at each round without considering the be-
haviour of the actors outside of this region. Consequently, the constraint problem
representing the behaviour at each round is smaller and more easily solved. We
identify these synchronous regions by recognising that some primitive connectors
have asynchronous behaviour, according to our formal characterisation of asyn-
chronous behaviour.
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The prototype Dreams engine that executes Reo connectors is based on con-
straint satisfaction and exploits the existence of synchronous regions. We com-
pared compilation and execution times of our engine against a centralised engine
for Reo, obtaining promising results for Dreams. The separation of a single con-
nector into independently executing sub-connectors also allows for a more flexible
framework for development and concurrent reconfiguration of larger coordina-
tion specifications.

Organisation of the thesis

This thesis describes a series of developments that culminated in the Dreams
framework, using the Reo coordination model as the main case study. We start
by motivating the need for our distributed approach, and by providing context in
the coordination field. We then develop more efficient implementation techniques
using constraint satisfaction techniques, and introduce a distributed protocol that
can make local decisions to advance the coordination of larger systems.

Chapter 2 — Dataflow-oriented coordination models. ~We describe two coor-
dination languages, Reo and Linda, and present some of their models. We give
an overview of existing formalisms used in the field that can be used in our dis-
tributed framework. The Reo coordination language, described in this chapter, is
explored in more detail throughout the thesis.

Chapter 3 — A stepwise coordination model. The stepwise coordination model
focuses on aspects of coordination relevant for the Dreams framework. The co-
ordination behaviour is described using a state-based formalism that we call be-
havioural automata. In these automata, labels represent atomic actions, and their
composition is based on the composition of atomic actions. We also encode the
models presented in Chapter 2 as behavioural automata.

Chapter 4 — Connector colouring & animation. We describe the recent connector
colouring (CC) semantics of Reo, which we consider better suited for distribution
than other semantic models. The CC semantics motivated the development of the
Dreams framework and is described in this thesis as an instance of behavioural
automata, providing insight for some of the choices made in Chapter 3. We also
introduce connector animation as an extension of connector colouring that is used
to visualise the dataflow of distributed Reo connectors.

Chapter 5 — Constraint-based models for Reo. In this chapter we represent
coordination using constraints to develop an efficient implementation of the Reo
coordination model using existing SAT-solving and constraint satisfaction tech-
niques. Constraints represent possible coordination patterns, composition of Reo
connectors is achieved by adding conjunctively their constraints, and solutions
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to the constraints represent atomic actions that the system can perform. A com-
parison between a prototype implementation using a SAT-solver and another ex-
isting Reo engine based on connector colouring indicates the advantage of using
constraint-solving techniques for coordination. We also present correctness proofs
with respect to previous Reo models, and make an extensive comparison of exist-
ing Reo models and implementation approaches.

Chapter 6 — Dreams framework. The Dreams chapter describes coordination
as an activity in a system of actors, where each actor is associated with a be-
havioural automaton, and actors communicate with their neighbour actors us-
ing asynchronous messages. We exploit the combination of the actor model with
the behavioural automata to partition the system of actors into synchronous re-
gions. Actors within a synchronous region reach consensus before communicat-
ing data values, while data exchanged between synchronous regions can be sent
asynchronously. We formalise the correctness of this approach, and illustrate the
intuition behind our approach using Reo.

Chapter 7 — Implementing Dreams  This chapter describes the implementation
details of the Dreams framework. We define how actors communicate with each
other, and describe the distributed protocol introduced in Dreams. To illustrate
the protocol, we show traces of the execution of some Reo connectors in our dis-
tributed framework. We also show how to use Dreams to deploy a connector in a
distributed network, and we compare its performance against the performance of
a centralised Reo engine. The Dreams engine is integrated within an existing Reo
toolkit [16].

The main contributions of this thesis result from two main observations re-
garding the implementation of synchronous coordination models in a distributed
environment. First, there is no need to pre-calculate all future behaviour at com-
pile-time: shifting part of this computation to run-time increases scalability and
eases reconfiguration. Second, not all communication in a synchronous system is
performed synchronously. By identifying parts with asynchronous communica-
tion we can restrict the synchronisation process to smaller parts of the coordina-
tion layer, thereby improving the overall performance of the coordination engine.



Chapter 2
Dataflow-oriented coordination models

2.1 Introduction

In a survey of coordination languages [10], Arbab distinguishes three different
approaches to coordination: a data-oriented, a control-oriented, and a dataflow-
oriented approach. The main goal of most data-oriented approaches is to provide
a mechanism to guarantee consistency among shared data. The code for coordi-
nation and computation can be combined, without losing the separation of these
two concerns. In control-driven approaches the separation of coordination and
computation is more explicit. The main focus of control-driven approaches is the
processing or flow of control, and often the notion of a data value is not even
required. Finally, dataflow-oriented approaches sit between data- and control-
oriented approaches, managing who can communicate, where data flow, and what
data values are sent.

The most relevant work in this thesis results from an effort to implement a
distributed engine for the Reo [8, 9] coordination language. The coordination
survey mentioned above refers to Reo as a dataflow-driven coordination model.
An earlier survey by Arbab and Papadopoulos [90] also classifies Manifold [28],
a predecessor of Reo, as a dataflow-driven coordination model. The implemen-
tation approach taken in this thesis fits within a general dataflow-driven view of
coordination languages.

In this chapter we describe different coordination languages and explain data-
flow-driven aspects later in this thesis. We start by describing two important se-
mantic models for Reo followed by two similar semantic models for Linda. In
Chapter 3 we will introduce the so-called stepwise coordination model to capture
our view of dataflow-driven models, and we will present encodings of each of
the coordination models described in this chapter into the stepwise coordination
model.

In this thesis, the Reo coordination language plays a more relevant role than

19
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the other concrete models, as we use it as our main case-study for our distributed
implementation. We emphasise the Reo coordination language, since it is the
main motivator of the work developed in this thesis. We describe Reo in §2.2. We
describe the Linda coordination language in §2.3, be it less detailed Linda [54] is
probably the first and definitely the best known coordination model, categorised
in the surveys mentioned above as a data-oriented coordination model.

As Arbab and Papadopoulos indicate, the separation of data-driven vs. con-
trol-driven coordination is not a clear cut one. For example, data-driven coordi-
nation languages can be used in application domains where the data control the
execution of the components, and vice-versa. Dataflow-driven approaches sit be-
tween control- and data-driven approaches, hence their separation is also not very
clear. We continue to explore the dataflow-oriented aspects of Linda in Chapter 3
by presenting an encoding of Linda into the stepwise model, which follows a typ-
ical dataflow-driven approach.

Contribution This chapter takes the first step toward the main goal of this thesis:
an efficient distributed implementation of a synchronous coordination model. The
implemented model, called the stepwise coordination model, is described in the
next chapter. In this chapter we present existing coordination models that can be
encoded into the stepwise model. Furthermore, the stepwise model leaves some
aspects partially unspecified, which depend on the concrete model being encoded
into the stepwise model.

2.2 Reo

Reo [8, 9] is presented as a channel-based coordination language wherein com-
ponent connectors are compositionally constructed out of an open set of primitive
connectors, also simply called primitives. Channels are special primitives with two
ends. In this thesis we use a fixed set of primitives to illustrate the Reo language,
although user defined primitives are also possible. Being able to compose connec-
tors out of smaller primitives is one of the strengths of Reo. It allows, for example,
multi-party synchronisation to be expressed as a composition of simple channels.
Ends of primitives are regarded as ports. In addition, Reo has a graphical notation
that helps to bring some intuition about the behaviour of a connector, particularly
in conjunction with animation tools, which we will cover in more detail in §4.6.

Most Reo-related tools are being integrated in a common framework known as
Eclipse Coordination Tools (ECT) [16]. The tools included in the ECT framework
comprise a Reo editor, an animation generator, model checkers, editors of Reo-
specific automata, QoS modelling and analysis tools, and a code generator.

The behaviour of connectors is described in terms of dataflow through the
channels and the nodes connecting them, along with the synchronisation and mu-
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tual exclusion constraints they that impose. Components attached at the bound-
ary of a connector either attempt to write data to or read data from the ends of
the channels that they are connected to. The connector coordinates the compo-
nents by determining when the writes and takes succeed, often by synchronising
a collection of such actions. Data flow from an end of a primitive to an end of
another primitive to which it is connected, thus synchronising the two ends. A
primitive decides, possibly non-deterministically, whether data is accepted or of-
fered on an end based on the dataflow on its other ends and its state. In principle,
data continue to flow like this through the connector, with primitives routing the
data based on their internal behavioural constraints and the possibilities offered
by the surrounding context. Primitives are executed by locally synchronising ac-
tions or by excluding the possibility of actions occurring synchronously. These
‘constraints” are propagated through the connector, under the restriction that the
only communication between entities occurs through the channels. Consequently,
the behaviour of a system depends upon the combined choices of primitives and
what possibilities the components offer, none of which is known locally to the
primitives.

This section discusses the Reo language as follows. We start by giving a gen-
eral description of Reo in §2.2.1 to introduce the main concepts, the visual nota-
tion, and some motivating examples. We follow this general description by two
automata models that give a precise and formal semantics to Reo. In §2.2.2 we
present the constraint automata model, which emphasises how the value of data
can affect the dataflow. In §2.2.3 we present a more recent model that focuses on
how the availability of dataflow can affect the behaviour, known in the Reo com-
munity as context dependency. Later in Chapters 4 and 5 we present two more
approaches to describe Reo.

2.2.1 General description

‘Reo connectors are constructed by composing more primitive connectors. Each
primitive offers a variety of behavioural policies regarding synchronisation, buff-
ering, lossiness, and even the direction of dataflow. Communication with a prim-
itive occurs through its ports, called ends: primitives consume data through their
source ends, and produce data through their sink ends. Source and sink ends cor-
respond to the notion of source and sink in directed graphs, although the names
input and output ends are sometimes used instead. Primitives are not only a means
for communication, but they also impose relational constraints, such as synchroni-
sation or mutual exclusion, on the timing of dataflow on their ends. The behaviour
of such primitives is limited only by the model underlying a given Reo implemen-
tation. For the purpose of this thesis, we do not distinguish between primitives
such as channels used for coordination and the components being coordinated.
Typically, the ‘coordinator” has more control over the choice of the behaviour of
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primitives, whereas component behaviour is externally determined.

We present a description of Reo’s semantics in terms of general constraints.
The first thing to note is that the behaviour of each primitive depends upon its
current state.! The semantics of a connector is described as a collection of possible
steps for each state, and we call the change of state of the connector triggered by
one of these steps a round. Dataflow on a primitive’s end occurs when a single
datum is passed through that end. Within any round dataflow may occur on some
number of ends. The semantics of a connector is defined in terms of two kinds of
constraints:

Synchronisation constraints describe the sets of ends that can be synchronised
in a particular step. For example, synchronous channel types typically permit
dataflow either on both of their ends or on neither end, and asynchronous channel
types typically permit dataflow on at most one of their two ends.

Dataflow constraints describe the data flowing on the ends that synchronise. For
example, such a constraint may say that the data item flowing on the source end of
a synchronous channel is the same as the data item flowing on its sink end; or that
there is no constraint on the dataflow, such as for a drain which simply discards
its data; or it may say that the data satisfies a particular predicate, as in the case of
a filter channel.

Connectors are formed by plugging the ends of primitives together in a one-
to-one fashion to form nodes. A node is a logical place consisting of a sink end,
a source end, or both a sink and a source end.? We call nodes with a single end
boundary nodes, represented by o, and we call nodes with a sink end and a source
end mixed nodes, represented by e. Data flow through a connector from primi-
tive to primitive through nodes, subject to the constraint that nodes cannot buffer
data. This means that the two ends in a node are synchronised and have the same
dataflow—behaviourally, they are equal. Nodes can be handled transparently by
using the same name for the two ends on the node, as the synchronisation and
dataflow at the two ends is identical.

We now give an informal description of some of the most commonly used
Reo primitives. Note that for all of these primitives, no dataflow is one of the
behavioural possibilities.

!Note that most Reo primitives presented here have a single state.
2Generalised nodes with multiple sink and source ends can be represented using binary mergers
and replicators [22, 37].
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Replicator It replicates data synchronously from a to b
and c. Thus, data flow either at all ends or nowhere, and
the values of the data at the ends b and c are the same as
the value at the end 4. An n-replicator behaves similarly,
replicating data synchronously from its source end to all of
its n sink ends.

Merger It copies data synchronously from a or b to ¢, but
not from both. Thus data flow on the ends a4 and ¢ (and
not on the end b) or on the ends a and ¢ (and not on the
end b), where the values of the data are equal on both ends
where data flow. When both alternatives are possible, the
decision of which dataflow alternative occurs is made non-
deterministically at each round.

LossySync Data flow from a to b, if possible and data flow
at a is always enabled. If data flow at a, dataflow at b is also
possible, in which case the data that flow at ends a and b are
equal.

SyncDrain It acts purely to synchronise ends a and b, thus
data flow at the end a if and only if data flow at the end b,
and there is no constraint on the values of the data.

FIFO,; It has two possible states: empty or full. When the
state is empty it can receive a data item from a, changing
its state to full. When the state is full it cannot receive any
more data, but it can send the data item received previously
through b, changing its state back to empty.

We now present two examples of connectors to illustrate Reo’s semantics, us-
ing the primitives introduced above. We start with a simple example of an exclu-
sive router, and afterwards present a more complex example that coordinates the
control flow of two components.

2.2.1. EXAMPLE. The connector in Figure 2.1 is an exclusive router built by com-
posing two LossySync channels (b-¢ and d-g), one SyncDrain (c-f), one Merger
(h-i-f), and three Replicators (a-b-c-d, e-j-h and g-i-k). The constraints of these
primitives can be combined to give the following two behavioural possibilities
(plus the no-flow-everywhere possibility):

e ends {a,b,c,d,e, f,h,j} synchronise and a data item flows from 4 to j,

e ends {a,b,c,d, f,g,i,k} synchronise and a data item flows from a to k. O
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Figure 2.1: Exclusive router connector.

The merger makes a non-deterministic choice whenever both behaviours are
possible. Data can never flow from a to both j and k, as this is excluded by the
behavioural constraints of the Merger h-i-f.

For our second example of a Reo connector, we denote the exclusive router us-
ing a node notation ®, depicted in Figure 2.1. Each exclusive router node needs to
have exactly one channel pointing towards the node, which will be connected to
the end a in the figure. It also needs to have two channel ends pointing away from
the node, that will be connected to the ends j and k in the figure. Furthermore, we
may define the exclusive router node to have more than two channel ends point-
ing away from the node. We omit the details of the generalisation of the connector
here, which will be presented later in Figure 5.5. We also represent nodes with
multiple sink and source ends, that can be constructed using binary mergers and
replicators [22, 37]. The second example is one of the workflow patterns defined
by Van der Aalst [99], where the execution of two components is synchronised by
what he describes to be a synchronising merger. The Reo connector can be seen
as a precise formalisation of the textual description by Van der Aalst.

2.2.2. EXAMPLE. The synchronising merge connector controls the execution of two
components A and B such that either A executes, or B executes, or both execute
and the connector synchronises on the completion of A and B. The components A
and B are represented by boxes with a source end on the left side, and a sink end
on the right side. We assume that each of these components receives a signal that
triggers its execution via its source end, and that it returns a signal on its sink end
after its execution is complete.

One of the main differences between this connector and the exclusive router
connector is that the synchronising merge connector contains stateful channels,
namely four FIFO; channels. The behaviour of the synchronising merge connector
depends on the state of its FIFO; buffers. O

The expected behaviour of the connector, involving the flow of data on ends i,
0, and on the ends of A and B, is as follows. Initially, only the source end i can have
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Figure 2.2: Synchronising merge connector.

dataflow, causing one or both of the components to start executing, and changing
the state of two of the FIFO; buffers to full. After this, the only possible behaviour
is to wait for the components that started to execute to finish and output a signal
each. In the same step the sink end will have dataflow, and the two FIFO; buffers
will become empty. The two exclusive routers on the right forward the data from
the components A and B to exactly one of the connected synchronous drains. A
simple node would not work in place of either of these exclusive routers because
only one of the three central FIFO; channels can have data at any given time, thus
a substitute node can never replicate the data into both connected drains. An
animation for this connector can be found online.’

Consider, for instance, the following possible scenario. Initially all the FIFO;
channels are empty, and data is available at the node i. The component A is ready
to receive data, but not the component B. Data can then flow from i to the leftmost
buffer, to the top exit of the exclusive router node, to the component A, and also
to the uppermost buffer. Data cannot flow to any of the other two central FIFO;
channels because this would require B to receive data, which contradicts our orig-
inal assumption regarding B. After this step the top and the leftmost FIFO; chan-
nels become full. In the next step the component A can output a value, the upper-
most SyncDrain receives the data from A and the upper FIFO;, the data from the
upper FIFO; also flow through node o. Finally, the long SyncDrain at the bottom
receives data from both ends. After this round all FIFO; channels become empty
again.

Shttp://reo.project.cwi.nl/webreo/generated/syncmerge/frameset.htm
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2.2.2 Constraint automata

Constraint automata (CA) formalise the behaviour and the dataflow in a Reo con-
nector that controls the interaction of a set of anonymous components. Baier et
al. [22] show that constraint automata can serve as a computational model for
Reo, using a coalgebraic semantics for Reo connectors that assigns to a connector
a relation over infinite timed data streams.

In this section we describe constraint automata and their composition. The
composition will be used later in this thesis in two ways. First, the next section de-
fines the encoding of the constraint automata model in our behavioural automata
model. The composition of the behavioural automata thus obtained from con-
straint automata is based on the composition of constraint automata. Second, in
Chapter 5 we use constraint automata to show compositionality of the constraint-
based model for Reo.

Constraint automata use a finite set of port names N ={xq,..., x4}, where x;
is the i-th port of a connector. When clear from the context, we write xyz instead
of {x,y,z} to enhance readability. We write ¥; to represent the data value flowing
through the port x;, and use N to denote the set of data variables {X1,..., %},
for each x; € N. We define DCx for each X C N to be a set of data constraints
over the variables in X, where the underlying data domain is a finite set D. Data
constraints in DCys can be viewed as a symbolic representation of sets of data-
assignments, and are generated by the following grammar:

g u= tt | ¥=d | g1Vg | g

where x € N and d € D. The other logical connectives can be encoded as usual.
We use the notation @ = b as a shorthand for the constraint

@=dAb=d)V..V@=d, AND=d,),
withD = {dy,...,d,}.

2.2.3. DEFINITION (CONSTRAINT AUTOMATON [22]).

A constraint automaton (over the finite data domain D) is a tuple A = (Q, N,
—,Qo), where Q is a set of states, \ is a finite set of port names, — is a subset of
Q x 2N x DCyr x Q, called the transition relation of A, and Qy C Q is the set of
initial states. <
We write ¢ X—‘g> p instead of (gq,X,g,p) € —. For every transition g X—‘g> p, we

require that g, the guard, is a DCx-constraint. For every state g € Q, there is a

.. 2ltt
transition § — 4.

We define CAS C 2N % DC A to be the set of solutions for all possible labels
of the transitions of constraint automata. That is, X|g € CASif X = {x1,...,x,},
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Figure 2.3: Constraint automata for the LossySync and the FIFO; channels.

-~ . " X|g' g
g = A X; = v;, and there is a transition g i> q’ such that g satisfies ¢’. We call

X
each s € CAS a constraint automaton step. We interpret each transition q ﬁ) p as

follows. When the automaton is in state g, it is possible to have dataflow at all the
ports in X, while excluding flow at ports in '\ X. The data flowing through the
ports X must satisfy the constraint g, and the automaton evolves to state p. Thus,
in constraint automata synchronisation is described by the set X and dataflow is

@
described by the constraint g. For every state g € Q, the empty transition g ﬁ> q

is present for technical reasons, namely, to simplify the definition of the product,
below. For clarity, we normally do not display the empty transitions when depict-
ing constraint automata in our figures.

2.2.4. EXAMPLE. Most primitives presented in §2.2.1 are stateless, which means
each of their corresponding constraint automata has a single state. The LossySync
channel is formalised by the automaton A; = (Q, N, —, Qp) with one state and
three transitions, depicted in Figure 2.3, where:

Q={q}, N={ab}, Q={q}
- ={(g.att.q), (305,73 =5,9), (4,2, tt,q) | 0

2.2.5. EXAMPLE. The FIFO; channel, depicted as a constraint automaton in Fig-
ure 2.3, has, besides the empty state, multiple states full(d). The FIFO; channel
is formalised by the automaton Ar = (Q, N, —, Qo) where:

Q = {empty} U {full(d) |d € D} — ={(empty,b,b=d,full(d))|d € D}
N ={b,c} U{(full(d),c,¢c =d, empty) |d € D}
Qo = {empty} U{lg. @ ttq) [q€Q} 0
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Composition

Common port names correspond to the places where connectors are joined. Note
that Reo connectors can only be composed by connecting source ports to sink
ports, such that each port is connected to at most one other port. Therefore, when
composing two constraint automata .4; and A, representing two Reo connectors,
we require that common ports must be source ports in one connector and sink
ports in the other. However, the constraint automata model does not distinguish
source and sink ends, and the restriction is only required for Reo connectors.

2.2.6. DEFINITION (PRODUCT OF CONSTRAINT AUTOMATA [22]).
Let A; and A be two constraint automata, where A; = (Q;, N;, —, Qq,;) fori €
{1,2}. The composition of A; and A; yields the constraint automaton

Ar > Ay = (Q1 x Q2, N1 UN2, —, Qo X Qoj2) s
where the transition relation — is given by the condition below.

X1UXz|81/82

(71,92) (p1,p2) iff
X X
n &)1 P1,92 &2 P2, and X; ﬂN2:X2ﬂN1 <

The requirement X; NN, = X, NN states that the steps X1 g1 and X5 |g7 can only
be combined into a new transition in the automaton .4; > A, when they agree
on the firing of all of their common ports in these transitions. lLe., for all ports
x € N1 NN, itholds that x € X; & x € X».

2.2.7. EXAMPLE. Recall the constraint automata of the LossySync and the FIFO;
channels presented in Example 2.2.4 and in Example 2.2.5, respectively. Observe
that the two automata share exactly one port, the port b, which is a source port
in the LossySync channel and a sink port in the FIFO; channel. The composi-
tion of these two constraint automata yields A > Af, depicted in Figure 2.4.
The transitions with labels a|tt and ¢|¢ = d result from the combination of the

@
transition ¢’ Ol g, for some state g’ € {g,empty} U {full(d) | d € D}, of one

. .. altt cle=d
of the automata with a transition t = ¢ — g or t = full(d) —— empty of

the other automaton. This reflects that ¢ can be performed ‘independently’ of the
other automaton. On the other hand, the two other transitions correspond to the
combination of a transition with dataflow from each automaton, which can be
understood as “the two transitions must synchronise”. O

The automaton Ay < A presented in Example 2.2.7 exhibits a property that is of-
ten undesired in Reo. The self transition a|tt of the state (g, empty) is a transition
where data is lost by the LossySync channel, disregarding the fact that the FIFO;
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Figure 2.4: Composition of the constraint automata Ay and Ar.

channel is empty and can receive data. The constraint automata model is not ex-
pressive enough to take into account the availability of the FIFO; channel, and to
remove the undesired transition. When a model takes into account the availability
of data flow in each port, we say the model captures context dependency. The Reo
automata model described in the next subsection is an example of a model that
captures such context dependency.

2.2.3 Normalised Reo automata

We now describe a simplified variation of the Reo automata model [29], intro-
duced by Bonsangue et al. around four years after the CA model, with the main
purpose of capturing context dependency, a feature missing in the constraint au-
tomata model. Later in this thesis we show how this model can be used by our
distributed framework, by encoding it into our behavioural automata model. The
main difference between Bonsangue et al. and our presentation is that they use
boolean algebra over port names to describe constraints over the context, while
we use sets for the same purpose. Hence we refer to our model as normalised Reo
automata (RA). Furthermore, Bonsangue et al. assume that the product of automata
is defined for automata with disjoint alphabets, achieving synchronisation via an
explicit operation that ‘combines’ two ports. We will assume that products share
the names of the ports that synchronise, to make it easier to relate to the constraint
automata model.

The notion of context dependency was initially introduced in Reo at its incep-
tion, but was formalised first by the connector colouring model, which precedes
the Reo automata model. We describe the connector colouring model in this thesis
in more detail in Chapter 4. A more exhaustive overview of context dependency
in Reo can be found in [37], and in the thesis of Costa [41], where he presents a
similar automata model that captures context dependency for Reo. Costa intro-
duces the intentional automata model to support the ideas behind the connector
colouring model, which he also introduces in his thesis. Similarly to constraint
automata, in intentional automata ports that synchronise are not removed after
composition, hence it requires a larger state space than the presentation of Reo
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automata by Bonsangue et al. where these ports are discarded. Costa also gives
a precise formalisation of the hiding operation of ports as intended initially [19].
We do not consider this in this thesis because it does not influence the distributed
implementation of connectors.

Recall the constraint automaton Aj <1 Af from Example 2.2.7. To avoid the
undesired behaviour where data is lost when the FIFO; buffer is empty the con-
straint automata model is extended to capture context dependency, by adding
explicitly the context information to the transitions. Two important examples of
‘Reo primitives that could not be represented in the CA model are:

Context-dependent LossySync This channel loses data written to its source only
if the surrounding context is unable to accept the data through its sink; otherwise
the data flow through the channel. This corresponds to the initial intention of the
LossySync channel [8].

Priority merger This is a special variant of a merger that favours one of its sink
ports: if dataflow is possible at both sink ports, it prefers one port over the other.

The Reo automata model, when compared to the constraint automata model,
abstracts away from data and introduces guards to capture the context in which
a Reo primitive is evaluated. In normalised Reo automata we assume that the
product of automata synchronises and hides ports with shared names, following
the convention of the Reo automata model, and the context is described by sets
of literals. When possible, we keep the same notation as in the Reo automata pa-
per [29], while trying to preserve the naming notation of the constraint automata
model.

Normalised Reo automata use a finite set of port names N' = {xy,..,x,} as
in constraint automata. A guard g is a set {ay,...,a;} of literals derived from N,
where a; € {x;,%;} and x; € N. We denote the set of all literals of N as Lty,
and X = {X1,...,%n}, where X = {x1,...,xn } is a set of ports. Observe that ¢ €
N UN. A guard represents which ports have data available to flow, and which
ports cannot have data available. The extra knowledge about the (im)possibility of
dataflow expressed by the guards characterises the context dependency modelled
by the Reo automata model. As for constraint automata, we often write ay ... g
instead of {ay,...,a;} and g1 > instead of g1 U g».

2.2.8. DEFINITION (NORMALISED Reo AUTOMATON [29]).

A normalised Reo automaton over an alphabet N is a triple A = (Q, N, —) where
Q is a finite set of states, and — is a subset of Q x Lty x 2N % Q called the transi-
tion relation of .4, such that for each (g,¢, X, q") € — the context property X C g
holds.* <

4The original definition of the Reo automata model by Bonsangue et al. refers to the context prop-
erty as reactivity property, and also includes a uniformity property, which they use to distinguish between
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Figure 2.5: Normalised Reo automata of the context dependent LossySync, the
priority merger, and the FIFO; primitives.

We write g g‘—X> q’ as a shorthand for (g, ¢, X, q') € —. Informally, a normalised

Reo automaton over an alphabet AV is a non-deterministic automaton with transi-
tion labels RAS = Lty x 2V (Reo automata steps) that obey the context property.
The intuition is that for each label ¢|X € RAS the ports in X have dataflow when

the context respects g. For example, the transition g ﬂa—) q’ can be read as “the
automaton can evolve from g to 4’ by having dataflow on a4 when the context is
ready to have dataflow on a and the context refuses dataflow on b (for the current
round)”. The context property reflects the fact that a port can have dataflow only
when the context is ready to accommodate it.

2.2.9. EXAMPLE. In Figure 2.5 we present the normalised Reo automata A, A'p,
and A'f, of the context dependent LossySync channel, the priority merger, and the
FIFO; channel, respectively. The normalised Reo automata of all Reo primitives
presented in this thesis possess the context property. Furthermore, Bonsangue et
al. show that this property is preserved by composition as defined below. O

Composition

The composition of normalised Reo automata that we present here is slightly dif-
ferent then what Bonsangue ef al. define [29], because we do not require that
the alphabets of the two automata are disjoint, and we require all guards to be
normalised. Compared to their approach, our definition of the product of Reo
automata also captures the synchronisation of shared variables and the normali-
sation of transitions, since we consider normalised transitions only. We introduce
two auxiliary concepts used in the definition of the composition of normalised

‘Reo automata and a more general automata, and to show some theoretical results such as the fact that
the Sync channel behaves as the identity.



32 CHAPTER 2. DATAFLOW-ORIENTED COORDINATION MODELS

Reo automata: (1) the set of unsatisfiable guards for a state g, denoted by 4¥, and
the (2) compatibility of two guards g1 and g», denoted by g1 ™ g2.

Given a state g of a normalised Reo automaton A = (Q, N, —), we define the
set of satisfiable guards of g as follows:

guards(q) = {g | 1 £5 ¢'. 2.1)

We now define the set g* of all unsatisfiable guards based on guards(q):

q" ={a - a, | quards(q) = {g1,..,gn} ,Vic1n 2 € &}, (2.2)

where for any x € N, ¥ = x. Therefore the set of all unsatisfiable guards con-
sists of all possible combinations of the negations of literals from each reachable
transition.

A remark is in order regarding the correctness of our definition of g* with
respect to the definition of g* presented in the original paper by Bonsangue et al.
[29]. Let (-)° be a function that maps guards to logical formulee in disjunctive
normal form:

{a11~~-a1m1,...,anl---anmi}o = (aHA---Aalm])\/...\/(anml/\~~/\anmi),

where each a;; is a literal and 1, m;,i € IN. Let g* = —(guards(q)°) be the definition
of g* in the original formulation of Reo automata [29]. We prove that the two
definitions of g%, i.e., §* as defined above and g*, are equivalent. Before relating g*
to g* we establish an auxiliary result.

2.2.10. LEMMA. Let { a;[1<i<n1<j<m } be a set of literals. Then

A(Ter) = v{ A

i=1 \ j=1 i=1

1§j§mi}-

Proof. We proceed by induction on n. The base case when n = 1 is trivial. As to
the induction step, using the distributive laws for A and V:

AN (V}H:H “U) = Nitq (V;ﬁ:il “U’) N (V]r-n:”fl ﬂn+1,j)
= VAL ay [ 1< < mid A (V2 asa)
=V (VAN a4 | 1< <mi} Aagaag)
= Vit (VANZ aij Adygap [ 1 <G <my})
=V{ANL aijAapgap | 1<) <m,1 <k <myq}

:V{/\?:Jrllal]|1§]§ml} O

Based on Lemma 2.2.10 we have the following.
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2.2.11. PROPERTY. g7 = (g%)°.
Proof. Suppose guards(q) = {g1, ..., §n}, and let g; = a;1 - - - ajy,,, for i € 1..n. On
the one hand, by the definitions and the De Morgan laws we have:
nomi nmj
g" = —(guards(q)°) = -\ Nay = AV ay

i=1j=1 i=1j=1

On the other hand, by the definition of (-)° we have

(4")° = \/{/n\“i ﬂiegi} = V{;\aij‘1<j<mi}

i=1 i=1

because a; € g; if and only if 4; = a;; for some j where 1 < j < m;. Now the
property follows directly from Lemma 2.2.10. O

Finally, we define the compatibility of two guards g1 and ¢ in N U N, written as
g1 &2, as follows.

970 = 9N CN AVaegg-aé¢ 9.

The first part of the definition of g1 7 ¢» states that g; and g» cannot expect the
context to negate the same port, i.e., X cannot occur in both guards, for any x € N.
When X appears in both guards then they cannot rely on each other to give ‘reason’
for the absence of dataflow on the port x, an issue explained in more detail in
Chapter 4. The second part simply states that if a literal and its negation both
occur in g and g» they cannot be compatible. We use g* and ™ in the definition
of the product of normalised Reo automata, presented as Definition 2.2.12.

2.2.12. DEFINITION (PRODUCT OF NORMALISED /Reo AUTOMATA).

Let A; = (Q;, N;, —;), where i € {1,2}, be two normalised Reo automata, and let
s = N1 NN, the set of shared ports over which A; and A, must synchronise. The
product of the two automata is

A Ay = (Q1 X Qo, N1 UN, =),

and the transition relation — is given by the following conditions, where we write
¢\ s to denote the guard g after removing all the literals in s.
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s | X1 X .
(g, q2) 282X )y i

|X |X: —~
7 LU P, 92 25, P2, &1 g2, and X4 NN, = X, NN (2.3)

(0.p) Z5 @ p) if

185, 4,8 eqt,g g, and XNN; = @ 2.4)

88'1X ;

(@.p) = (ap) if
p g|—X>2 p.g ept,g™g, andXNN, =0 (2.5)
<

Condition 2.3 in Definition 2.2.12 is very similar to the composition of con-
straint automata in Definition 2.2.6. The main differences are (1) the shared ports
s are removed from the label, (2) the guards must be compatible by not sharing any
atom of the form ¥, and (3) the data constraints do not play any role. The Reo au-
tomata model disregards data constraints to focus on context dependency, but the
data constraints can be added orthogonally. The conditions (2.4) and (2.5) repre-
sent the transitions build from only one of the original automata. In the constraint
automata model the same goal was achieved by assuming an ‘empty” transition

q % g for every state g of every constraint automaton. In the normalised Reo
automata model we add conjunctively to each guard g another guard ¢’ € g* that
confirms that no transition of the other automaton is ignored.

2.2.13. EXAMPLE. We now present the product of the Reo automata A} and A}, of
the context dependent LossySync and the FIFO; channels depicted in Figure 2.5.
The product of these two automata is given by A} 1 A}, presented in Figure 2.6.
When compared to the constraint automata of the LossySync and the FIFO; chan-
nels, presented in Example 2.2.7, we find two main differences. First, the port b is
hidden in the final system because it is a shared port of A} and A}. Second, and
most importantly, the behaviour changes in the sense that there is no transition
that loops around the state (g, empty). In the constraint automata model of this
connector, this self transition corresponds to the possibility of data flowing on a
and being lost by the LossySync channel. Note that empty” = {b}. Therefore the
|

transition ¢q e, g of the context dependent LossySync cannot be included in the
resulting automaton because for the guard b we do not have ab ™ b, more specif-
ically abNb ¢ N, as required by the condition (2.3) of Definition 2.2.12. That is,
the automaton A}, while empty, requires that the port b must have dataflow when
data is available.

O
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Figure 2.6: Composition of the Reo automata A} and A}.

2.3 Linda

Linda, introduced by Gelernter [54], is seen by many as the first coordination lan-
guage. We describe it using two different semantics, and show in the next chap-
ter how it can be modelled in our distributed framework. Linda is based on the
generative communication paradigm, which describes how different processes in a
distributed environment exchange data. In Linda, data objects are referred to as
tuples, and multiple processes can communicate data using a shared tuple-space,
where they can write or read tuples, as depicted in Figure 2.7.

action

Shared
tuple-space

action

Figure 2.7: Communication between processes and a tuple-space in Linda.

Communication between processes and the tuple-space is done by actions ex-
ecuted by processes over the tuple-space. In general, these actions can occur only
atomically, that is, the shared tuple-space can accept and execute an action from
only one of the processes at a time. There are four possible actions, out(t), in(s),
rd(s), and eval(P), explained below.

e out(t) — Denotes the output of a tuple (data value) t from a process, to be
stored in the shared tuple-space. Note that ¢ can be stored multiple times,
that is, the shared tuple-space is modelled by a multi-set.

e in(s)—Denotes the removal of a tuple  from the tuple-space and the sending
of t to the process, where s and t are related by a binary match relation. We
describe the match relation in more detail below.

e rd(s) — Similar to the in(s) action, except that the tuple ¢ is not removed
from the tuple-space.
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e eval(P) — Denotes the creation of a new process P that will run in parallel
with the other processes. In the literature [54, 90, 33] each process P is also
referred to as an active tuple, as opposed to passive tuples that represent data
values.

More specifically, we write s and t to range over tuples, and we define each
tuple to be a sequence of parameters, generated by the following grammar, where
X ranges over a set of variables.

t o= vE]D‘X|t,'t

We denote by Tuple the set of all tuples generated by the above grammar. Each
parameter can be a data value v from a domain ID (an actual parameter), or a
variable x (a formal parameter). The interaction between processes and the tuple-
space is based on a pattern-matching relation between tuples. We say t matches s
if t has only ID values, and there is a substitution y whose domain is the set of free
variables of s, such that t = s[y], where s[y] denotes the tuple s after substituting
variables in s according to y. We write ¢ y-matches s when t matches s and t =
s[].

Several variations of Linda were introduced later, such as Java’s popular im-
plementation JavaSpace of Jini [51], and the Klaim language [26], which considers
multiple distributed tuple-spaces. Other implementations of Linda can also be
found in widespread programming languages such as Prolog [97], Ruby (Rinda),’
Python (PyLinda),6 C++ (CPPLINDA),” Smalltalk [95], and Lisp [47]. Individ-
ual tuple operations in Linda-like languages are atomic, but they do not provide
the global synchronisation supported by Reo. In the remaining of this section we
formalise Linda using the Linda-Calculus[43], and give both course-grained and
fine-grained operational semantics for the Linda-Calculus.

The Linda-Calculus

We use the Linda-Calculus model, described by Goubault [43], to give a formal
description of Linda, studied also by Ciancarini ef al. [33] and others. The Linda-
Calculus abstracts away from the local behaviour of processes, and focuses on the
communication primitives between a store and a set of processes. Processes P are
generated by the following grammar.

P:=ActP | X | recX.P | P[P | end (2.6)
Act == out(t) | in(s) | rd(s) | eval(P) (2.7)

Shttp://ruby-doc.org/stdlib/libdoc/rinda/rdoc/index.html
Shttp://code.google.com/p/pylinda/
"http://sourceforge.net/projects/cpplinda/
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The first case Act.P represents the execution of a Linda action. The produc-
tions X and recX.P are used to model recursive processes, where X ranges over
a set of variables, and P[P is used to model local non-deterministic choice. We
assume that Linda processes do not have free variables, i.e., every X is bound by
a corresponding recX. Finally end represents termination.

We model a Linda store as a multi-set of tuples from Tuple. We use the @ oper-
ator to denote multi-set construction and multi-set union. For example, we write
M=tot={tt}and M® M = {|t,t,t,t[}, where f is a tuple and {Js, t[} denotes
a multi-set with the elements s and ¢.

A tuple-space term M is a multi-set of processes and tuples, generated by the
grammar M == P | t | M & M. We adopt the approach of Goubault and provide
an operational semantics for the Linda-Calculus.

We present a set of inference rules that give the operational semantics of the
Linda-Calculus. The relation match € Tuple x Tuple, described in the beginning of
this section, represents the matching of two tuples, and P[] denotes the process
P after replacing all of its the free variables according to the substitution . We
also write y = P’/ x to denote the substitution of x by the process P’

2.3.1. DEFINITION (ITS-LINDA). The interleaved transition system for Linda is de-
fined by the inference rules below.

M®eval(P).P — Mo P@ P (eval)
M@ out(t) P — MO P Dt (out)
M@rd(s).P @t — M@ P[y| @t if t y-matches s (rd)
M@ in(s). P&t — M@ P[y] if t y-matches s (in)
M@ PlrecX.P/X] — M@ P’
M recX.P — Ma P’ (rec)
M@®PIP — M@P (left)
M@ PIP — Mo P (right)
M®end — M (end)
We use ITS to denote the above transition system. <

The semantics described by the interleaved transition system for Linda follows
a coarse grained approach, and assumes that every two actions must occur in an in-
terleaved way, but never simultaneously. A fine grained approach assumes that
multiple actions can occur at the same time. We augment the interleaved tran-
sition system for Linda with an additional inference rule that captures the fine
grained alternative as follows.
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2.3.2. DEFINITION (MTS-LINDA). The multistep transition system for Linda is de-
scribed by the ITS-Linda semantics augmented with the following inference rule.

M; — M, M, — M, (par)
Ml@MzﬁMi@Mé P

We use MTS to denote this new transition system. <

Consider the following sequence of transitions of a tuple-space term in the
Linda-Calculus, illustrating the sending of data between two processes.

rd (42, x).P(x) @ out(42,43).end @ in(42, x).P'(x)

— rd(42,x).P(x) & end @ in(42, x).P'(x) & (42,43) (out)
— rd(42,x).P(x) & in(42,x).P'(x) & (42,43) (end)
— P(43) @ in(42,x).P'(x) @ (42,43) (rd)
— P(43) @ P'(43) (in)

This simple example illustrates how the communication of processes is modelled

in Linda. We use the notation P(x) as syntactic sugar to denote a process P where
the variable x occurs freely. In the first step the process out(42,43).end writes
a tuple (42,43) into the tuple-space, and in the second step the process end is
dropped. In the third step the process rd (42, x).P(x) requests a tuple whose first
element is 42, and reads the tuple (42,43). The use of the action rd instead of the
action in results in a non-destructive read, that s, the tuple (42,43) is not removed
from the tuple-space. The use of the destructive read in is performed in the forth
step, removing the tuple (42,43) from the tuple space.

In this chapter we presented existing models for coordination, namely for Reo
and Linda, focusing in synchronisation and in dataflow constraints. To avoid de-
scribing our approach to distribute all of these models, we will introduce in the
next chapter a more general model, the stepwise coordination model. We will
show how to instantiate each of the models described in this chapter into the
stepwise model, which captures only the relevant concepts of our distributed ap-
proach.



Chapter 3

A stepwise coordination model

3.1 Introduction

In this thesis we study the distributed implementation for a class of coordination
languages, in particular the Reo coordination language. Having presented some
concrete coordination models in Chapter 2, we take a step back and present a
more abstract model that focuses on the aspects of coordination relevant for dis-
tributed implementation. We call this model the stepwise coordination model, where
the coordination behaviour is described by a state-based formalism which we call
behavioural automata. The goal of the stepwise coordination model is to justify the
assumptions required by the Dreams framework, which is largely independent of
all the specific semantic models mentioned for Reo. The Dreams framework is
described later in Chapters 6 and 7. Also, we want to accommodate several ex-
isting concrete models that can be implemented in the Dreams framework. For
example, the constraint automata model for Reo can naturally be formulated in
the stepwise coordination model, by considering each transition in the stepwise
coordination model to correspond to a specific dataflow in a Reo connector. Our
model can also capture other aspects of coordination, such as context sensitivity,
and does not require the assumption of a finite state space.

The stepwise coordination model serves as the basis for an implementation.
The presentation of the model borrows ideas from the Tile model [53, 14], distin-
guishing evolution in time (execution of the coordination system) and evolution
in space (composition of coordination systems). The key aspects of the stepwise
coordination model are composability of the coordination process and the atomicity
of the execution of actions.

Composability We say a model is composed if it results from the composition
of smaller building blocks. However, not every composed model possesses the
property of composability. The composability property holds for a model based
on a set of attributes of interest: a model is composed if it allows the attributes

39
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of interest of a composed model to be derived as a composition of the attributes
of interest of its building blocks. In the present setting, the attributes of interest
concern where and which data flow.

Atomicity Coordination occurs in discrete steps, called rounds. Each round re-
quires the consensus of a number of building blocks to be performed atomically.

We postpone the discussion of how the notions of composability and atomicity
relate to similar notions in the literature until §3.7.

We start by briefly describing the main concepts underlying the stepwise coor-
dination model, and how the model will be used. The stepwise model is an exoge-
nous coordination model, that is, we distinguish the elements being composed—
the components—f{rom the part coordinating the communication of these—the
coordinator. See Figure 3.1(a). In the stepwise model, the behaviour of a system
is described by behavioural automata. We take a bottom-up approach and start
by describing atomic steps and concurrency predicates, the core ingredients of be-
havioural automata, before presenting the full definition of behavioural automata
and its composition operator.

The stepwise model is composed because the behavioural automaton of the co-
ordinator can be composed of more primitive behavioural automata. We represent
this composition by the binary operator - > - . In Figure 3.1(b) we give a graphical
representation for a possible definition of the coordinator as the behavioural au-
tomaton b, resulting from the product of simpler behavioural automata, denoted
by b] > bz > b3.

Coordinator b

(Component Cn

(a) (b)

Figure 3.1: Diagrams representing (a) a system where n components are attached
to a single coordinator with behavioural automaton b, and (b) a more fine grained
representation of the coordinator, whose behavioural automaton is given by the
product by < by > bs.

A behavioural automaton consists of a labelled transition system where labels
are atomic steps, and each state has an associated concurrent predicate that guides
the composition of atomic steps. More precisely, we say a behavioural automaton
is a tuple

<Qr L, —, O> ’
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where Q is a set of states, L is a set of labels, -=C Q x L x Q is a transition rela-
tion, and O : Q — CP maps each state to its observation in CP, which stands for
‘concurrency predicates’ over labels and will be used to guide the composition of
behavioural automata. We will define atomic steps and concurrency predicates
based on labels of transition systems from L. The afomicity aspect is captured by
the labels of behavioural automata transitions. A label represents a step in the
system that has to be performed atomically. The composition of behavioural au-
tomata is based on the composition of labels and on concurrency predicates, as we
explain later.

Organisation of the chapter We provide some preliminaries in §3.2 where we
introduce our notation and recall the definition of labelled transition systems. We
define labels, atomic steps, and concurrency predicates in 3.3, and present be-
havioural automata in §3.4. We discuss some practical consequences of our model
in §3.5, namely locality properties and how to group similar atomic steps. In £3.6
we describe the instantiation process of concrete coordination languages as be-
havioural automata, including the encoding of constraint automata in §3.6.1, the
encoding of normalised Reo automata in §3.6.2, and the encoding of the two se-
mantics for Linda-Calculus in §3.6.3. We wrap up with some discussion and con-
clusions in §3.7 and §3.8, respectively.

3.2 Preliminaries

We consider the coordination of a system as a set of constraints over the exchanges
of data observed on a given set of ports and their flow between these ports. A port
is an abstraction of a variable or an object that produces, consumes, or transports
data, used to communicate values between elements of a coordination system. We
assume a global set of ports, written as IP, and for each x € P we write X to denote
the data value flowing through the port x in a specific round.! We write ID to
represent a global (possibly infinite) data domain. Given a set of ports P C IP, we
define P = {X | x € P} to be the set of values ¥ € ID that flow through the ports in
P. A set of ports is often referred to as an alphabet.

Notation 24 denotes the powerset of A. f : A — B is a function with domain
A and codomain B. A — B is a partial mapping from A to B, and is a shorthand
for A — (14 B) where 1 = {L}. We write {a; — by,...,a, — b,} to denote a
partial map m in A — B, where a; € A, b; € B, m(a;) = b;, and m(a) = L for
a € A\{ay,...,a,}. We also use the shorthands {ay,...,a, — by,...,b,} and

1In the setting of automata models for Reo one can interpret the set IP as the set N of port names,
presented in Sections 2.2.2 and 2.2.3.
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{a; = b;}!_; to denote the partial mapping {a; — by,...,a, — b, }. For a partial
mapping m : A — B, we write dom(m) to denote the elements in A for which m
is defined, and codom(m) to denote the set B. For a pair of mappings m, m,, we
write my 7 my to denote that Vx € dom(my) Ndom(my) - my(x) = my(x), and say
my and my are compatible.

We represent the evolution over time of a coordination system by a labelled
transition system (LTS) with an observation function of states, where the labels of
the transition relation range over a set Lb, and its states have observables in a set
Obs. The labels denote steps performed by the coordination system, while obser-
vations denote properties of each state that we use later to compose behavioural
automata.

3.2.1. DEFINITION (LTS). A labelled transition system over the labels Lb and the
observations Obs is a tuple (Q, Lb, Obs, —, O) where:

e (Qis a set of states,

e Lbis a set of labels,

Obs is a set of observations of states,

O : Q — Obs is an observation function, and

e — C Q x Lbx Qis a transition relation. <

An example of a labelled transition system is the classical non-deterministic
automaton, where the labels of each transition are taken from some alphabet Lb,
and each state has an observable value of true or false, indicating whether the state
is final or not. The stepwise coordination model we propose is a refinement of an
LTS, where labels correspond to possible atomic executions of the system, and ob-
servations are conditions required to compose LTS’s, represented by concurrency
predicates, both notions defined below.

3.2.2. EXAMPLE (ALTERNATING COORDINATOR). We present a toy example of an
alternating coordinator to illustrate the concepts introduced so far. The alternating
coordinator is represented by AC in Figure 3.2(a). It receives data from two dif-
ferent data writers Wi and W,, and sends data to a reader R. The components
W1, W, and R are connected, respectively, to the ports a, b and ¢ of the alternating
coordinator. The alternating coordinator describes how data can flow between
the connectors, and coordination is specified by the labelled transition system de-
picted in Figure 3.2(b). Each transition of this labelled transition system represents
a possible step in time of the coordinator AC, describing how the ports 4, b, and
c can have dataflow. Initially, the coordinator is in state gy, where only one step
can be performed. This step consists of reading a value w from W through a and
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sending it to the reader R through c, while reading and buffering a value v sent
by W, through b. Note that if only one of the writers can produce data, the step
cannot be taken, and the system cannot evolve. In the next state, 41, also only one
step is possible. In this step, the value v is sent to the reader R, and the coordina-
tor returns to state go. The arrows between states (——>) represent the transition
relation —. In both states there is the possibility of allowing the concurrent ex-
ecution of other automata, provided that this execution does not interfere with
the current behaviour. The conditions of when other automata can execute con-
currently are captured by the observation function O, represented in the diagram
by squiggly arrows () from the corresponding state. We will continue the
example later. O

O(q0) O(q1(v))
(0o
s2(v)
f v,w) = read w from a, read v
(a) (b)

from b, and write w to ¢
Figure 3.2: Alternating coordinator (a), and its behavioural automaton (b).

s1(

sp(v) = writevtoc

3.3 Atomic steps and concurrency predicates

The key ingredients of behavioural automata are atomic steps and concurrency
predicates. Each label of a behavioural automata has an associated atomic step in
the set AS, which captures the aspects such as the ports that have flow and the
data flowing though them, and each state has an associated concurrency predi-
cate, which describes which labels from other systems executing in parallel can be
performed independently. We start by describing atomic steps and then introduce
concurrency predicates.

3.3.1 Labels and atomic steps

An atomic step is an abstraction of a basic action that a system can perform. The no-
tion of an atomic step plays a fundamental role in the definition of a behavioural
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automaton. We assume a global set of labels L for behavioural automata, a global
set of atomic steps AS, and a global function & : L — AS that associates each label
to an atomic step. Recall also that IP is a global set of ports and D is a global set of
data values. We characterise the composition of labels based on their atomic steps,
and define the composition of behavioural automata based only on the composi-
tion of atomic steps and on concurrency predicates. An atomic step is defined
over a set of ports P C IP, and describes which ports can have dataflow, and how
data on different ports relate to each other.

3.3.1. DEFINITION (ATOMIC STEP). An atomic step over the alphabet P is a tuple
(P, F,IP,OP, data) where:

e PCP isasetof ports;

e F C P isthe flow set;

e [P C F is aset of relevant input ports;

e OP C F isaset of relevant output ports;

e IPNOP =@ relevant input and output ports are disjoint; and

e data: (IPUOP) — D is a data function. <

The flow set F is a set of ports that synchronise, i.e., that have data flowing in the
same atomic step. The sets IP and OP represent the input and output ports of the
atomic step that have dataflow, and whose values are considered to be relevant
when performing a step. Ports in F but not in [P or OP are ports with dataflow,
but whose data values are not relevant, that is, they are used only for imposing
synchronisation constraints. The data values that flow through the relevant ports
are given by the data function data. We distinguish IP and OP to capture the
notion of data dependencies that we use in the Dreams framework, and we do
not relate these sets with source or sink ports. The intuition is that input ports
are matched against output ports from elsewhere, and every input port must be
given a value by a matched output port or an explicit environment function. Later
in this chapter we explore the use of input ports and output ports to capture data
dependency in more detail.

Notation We write AS[P] to denote the set of all atomic steps over the ports in
P, and L[P] to denote the set of all labels ¢ such that «(¢) C AS[P]. We use AS and
L as shorthands for AS[IP] and L[IP], respectively. For simplicity, we write a; ... a,
instead of {a1,...,a,} in the definition of atomic steps when the intention is clear
from the context.

Consider the example of a set of labels with flow on the ports a,b,c and x,y,
whose intended behaviour is to receive data, natural numbers say, from 4, b and c,
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and to produce data through x and y. Furthermore, the data value produced on x
should be the maximum of the data values obtained through a and b, if available,
and data should flow from c to y directly. If x does not produce data values then
there is no dataflow. The relevant input and output ports are therefore defined
as IP = {a,b,c} and OP = {x,y}, respectively. We choose the flow set to be
F = IP U OP, and assume that P is a set of ports containing at least F. Finally, we
define the data domain ID to be IN, and the data function data[vy, v5, v3] as follows:

data[v,v,v3] = {a — v1,b +— vy, ¢ — v3,x — max(vy,v2),y — U3} 3.1)

where max is the standard maximum function on IN. We characterise these labels
by the set S of their associated atomic steps as follows.

S = {<P,F,IP,OP,datlZ[Ul,Uz,Ug]> € AS ‘ 0U1,02,03 € ]D}

The set S reflects that data flow from 4 and b to x, and from c to y. Using the
notation z for the dataflow on a port z we can represent the set of atomic steps
over a set of ports P as

%:=max(@b) and 7:=¢C

concisely describing the choice of the data values, max(a, b) and ¢, flowing on x
and y in terms of the dataflow on a, b, and c.

Composition of labels

Let « : L — AS be a mapping from labels in L to atomic steps in AS, and let
01,4, € L be two labels. We assume to be given a binary composition operator ®
on the set of labels L, such that certain properties hold for a(¢; ® ¢;), described
below. We also write a(¢1) ® a(/2) to denote the atomic step a(f1 ® ¢7).

Composing ¢; and ¢, can be intuitively understood as “what is the step for a
system where part of it can perform ¢; and another part can perform ¢,”. Such a
composition may not always be possible. Hence, @ : L> — L is a partial mapping.
Moreover, for technical convenience, we require @ to be associative and to have
an identity element, denoted by id| . Thus, (L, ®) is assumed to be a commutative
partial monoid (L, ®).> Below we will require for two labels ¢; and ¢, in L with
atomic steps a(¢1) = (P, F,IPy,OPy,datay), x(ly) = (Ps, F,IP;, OP,, datay), the
composition ¢; ® £, to be defined (but not necessarily exclusively) if the alphabets
Py and P, are disjoint. We say ¢1 and ¢, are incompatible if {; @ {» is undefined,
which means that /; and /¢, cannot be performed simultaneously. If /; and ¢, are
compatible, then a (¢ ® ¢;) = (P, F,IP, OP,data) satisfies:

2Not to be confused with partially commutative monoids, or partially trace monoids, where comn-
mutativity is partial [80].
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e PC PLUP; e FCHUF;
o [P C (IP1 UIPz)\(Opl @) OPZ); e OP C OP1 UOP,; and
e datay " datay; e data = datay U data,.

Based on these conditions we require the identity to be id|_to be such that a(id| ) =
(2,0,0,0,D). We introduced the notation m; > my in §3.2 to represent that the
values of the common domain of mappings m; and my match. The requirements
on the sets IP and OP reflect that when composing two atomic steps, the input
ports that have an associated output port are no longer treated as input ports
(since the dependencies have been met), and the output ports are combined.

3.3.2. EXAMPLE. Consider three labels /1, ¢, and ¢3 with atomic steps a({;) = s;
defined below, where ID = IN and where we write abc instead of {a,b, c}, etc.

s; = (ab,ab, a,b,{a,b— 3,5})
sy = (bc, be, b,c,{b,c — 5,7})
s3 = (cd, ¢,D,¢c,{c+— 6})

It is possible to define ® such that s; ® s, = (abc,abc,a,bc,{a,b,c — 3,5,7}).
An alternative definition can also yield sy ® s, = (abc,ac,a,c,{a,c — 3,7}). In
the alternative definition we ignore the flow of data on b after the composition,
because it has become internal. However, s, ® s3 has to be undefined, because
their data functions are not compatible: {b,c + 5,7} 7 {c — 6}. The opposite
holds for the composition s; ® s3, which has to be always defined because ab N
cd =Q. O

3.3.2 Concurrency predicates

We introduced atomic steps associated to labels of behavioural automata by a
function «. We now introduce concurrency predicates to represent observations of
states by a function O. The intuition is that labels from two systems can be exe-
cuted together (composing their steps using ®), but they can also be executed in
parallel, independent of each other, using the concurrency predicates to control
when a label from a system can be interleaved with those from the other system.
Recall that we assume a global set of ports IP, a global set of labels L = L[IP], and
a global set of atomic steps AS = AS[P].

3.3.3. DEFINITION (CONCURRENCY PREDICATE). A concurrency predicate is a set of
labels in L. We write CP to denote the set 2& of all concurrency predicates. For
C € CPand ¢ € L, we write C(¢) to denote ¢ € C. <
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For a given state g, an observation function O, and a label /, the concurrency
predicate O(q)(¢) can be understood as “the label ¢ from another behavioural au-
tomata can be executed”. The name “concurrency predicate” reflects the main
goal of these observations: concurrency of systems. More specifically, the concur-
rency predicate describes when two systems can execute independently, by listing
for each state the set of labels that do not affect the choice of the next transition.
The composition of concurrency predicates is simply the intersection of sets, i.e.,
the composition of two concurrency predicates C; and C; is C; N Cy. Unlike the
composition of labels, the composition of concurrency predicates is total, i.e., any
two concurrency predicates can be composed.

The motivation for introducing concurrency predicates is twofold. First, it cap-
tures a similar notion from various Reo models: the constraint automata model
assumes that every state has the transition @, tt (Definition 2.2.3), and the Reo au-
tomata model uses the condition g* when composing automata (Definition 2.2.12).
We believe that this separation between steps and concurrency predicates is more
natural than assuming the existence of specific steps to make the composition be-
have as expected. Second, by making explicit a condition that describes when
steps can be executed concurrently, we do not need to globally evaluate the coor-
dination constraints. Hence, certain labels can be executed locally in a distributed
environment independently of other systems running in parallel.

Notation In most of the following examples it is enough to define the observa-
tion of a state based on the atomic steps of the labels of other systems. For these
cases, we introduce a notation to quickly define a concurrency predicate consist-
ing of all labels that do not have dataflow in a set of ports Py. We write cp(Pp) to
denote the concurrency predicate

cp(Py) = {¢|a(¢) = (P,F,IP,OP,data) , PyNF = D} . (3.2)

Example

Recall the running example of the alternating coordinator from 3.2 on page 42. In
Figure 3.2(b) we described each label and observation informally. In Table 3.1 we
define each of these textual labels as atomic steps and concurrency predicates. In
all transitions, the alphabet P is always {a, b, c}, and the observations only allow
steps where none of the known ports has flow.

When composing two behavioural automata, the composition of labels is used
to combine all possible pairs of labels from the two automata, and the concurrency
predicates are used to include all labels that can be executed independently. In
the next section we study in more detail labelled transition systems where labels
have associated atomic steps and states have associated concurrency predicates,
assuming a possible definition for the composition of atomic steps.
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Labels Atomic steps States Ccp
s1(v,w) — (P,abc,ab,c,{a,b,c— w,0,w}) q0 - cp(P)
s2(0) = (P, ¢ D,¢c,{c—v}) q1(v) — cp(P)

Table 3.1: Atomic steps of the labels and concurrency predicates of the states of
the alternating coordinator, where v, w € D.

3.4 Behavioural automata

Labels describe each round of the dynamic behaviour of a system. Recall that
we assume a global set of ports IP and a global data domain ID. We now assume
also a global set of labels L = L[IP] with atomic steps AS = AS[PP], and with a
composition operator ®. Let a be the function that associates labels to atomic
steps. We refine the definition of LTS introduced in §3.2, using labels from L in the
transition relation and concurrency predicates from 2\ as observations. We call
the resulting labelled transition systems behavioural automata.

3.4.1. DEFINITION (BEHAVIOURAL AUTOMATA). A behavioural automaton of a sys-
tem over a set of ports P C P is a labelled transition system

(Q,L[P],—,0),

where L[P] is the set of labels over P, — C Q x L[P] x Q is the transition relation,
and O : Q — 2% is the observation function that maps states to concurrency
predicates. <

Note that we omit set of possible observations with respect to Definition 3.2.1 of la-
belled transition systems, because it is always CP = 2L. The set CP is fixed because
of the assumption of a global set of atomic steps AS. Similarly, we do not include

the functiona : L — AS. We also use the notation q; EN g2 denoting (g1, ¢, q2) € —.
The observation function O returns a concurrency predicate for each state g, such
that for any label ¢ from another behavioural automata, O(q)({) = true means
that £ € O(yg), that is, £ can execute while the current behavioural automaton is in
state g. We will investigate the local execution of a behavioural automaton further
in this section, exploring properties of the observation function.

Note that no assumption is made regarding the cardinality of the state set Q,
the set of ports P, and the transition relation —. On one hand, assuming a finite
world brings us to finite automata models, where we can formally verify a large
class of properties. On the other hand, we can also assume a black box scenario,
where the set of states, ports, or relations is not provided a priori, or even sce-
narios where these are calculated and given on demand as the system evolves.
This perspective has the advantage of allowing the execution of systems that are



3.4. BEHAVIOURAL AUTOMATA 49

not completely specified. We choose to allow infinite sets of states, ports, and
transitions. Composition can be performed in a stepwise fashion, that is, we can
calculate the possible transitions from the current state resulting from composing
a set of behavioural automata, considering only the transitions from the current
state of each of the behavioural automata involved in the composition. We refer
to a subpart of a behavioural automaton that contains only the states, transitions,
and observations that involve a given state, called the frontier, defined as follows.

3.4.2. DEFINITION (FRONTIER). Letb = (Q, L[P], —, O) be a behavioural automa-
tonand g € Q a state of b. We define b], = (Q',L[P], =, O’) to be the behavioural
automaton restricted to the state g, called the frontier of b at g, where

e O ={g}u{q |30 95 ¢}

A
o >'={(g4q)q9—4}
o« O =0]0Q. 4

Note that the composition of frontiers, defined bellow, will be again a frontier.
The operator | denotes the standard restriction of functions. It is possible to define
a trace of a behavioural automaton as a sequence of atomic steps, to consider all
traces of a behavioural automaton for a given state, yielding the language accepted
by a behavioural automaton, and setting the stage for the notion of bisimulation.
We will not do this at the abstract level of a behavioural automaton. Instead, we
work out these details for more concrete models below, where more is known
about the definition of atomic steps.

3.4.1 Product of behavioural automata

We now describe the composition of behavioural automata based on the com-
position ® of labels and on the concurrency predicates associated to states via the
observation function O. This composition mimics the composition of existing Reo
models [22, 37, 29].

3.4.3. DEFINITION (PRODUCT OF BEHAVIOURAL AUTOMATA).
The product of two behavioural automata by = (Qq,L[P;],—1,01) and b, =
(Q2,L[P,], =2, O03), denoted by by > by, is the behavioural automaton (Q; X
Qo,L[P; U], —, O), where — and O are defined as follows:

= = {0 L)) lp v g t=tene4 1LY (63
U {{ma @) 1pS1p, e 0:a)] (34)
U {((ea)t(v ) la 5240 € Ou(p)} (3:5)

O(p,q) = O1(p)NO2(q) for p€Q1,9€ Q2 (3.6)
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<

Case (3.3) composes all possible combinations of transitions from —; and —,
reflecting both behavioural automata executing in parallel. Cases (3.4) and (3.5)
cover the situation where one of the behavioural automata performs a step ad-
mitted by the concurrency predicate of the other. Finally, case (3.6) defines the
composition of two concurrency predicates, given by their intersection.

The empty behavioural automaton ({g}, D, ®, O), where O(q) = L, is denoted
by Oga. It is an identity of the operator > up to isomorphism, defined below. The
isomorphism captures the fact that the state names can differ. We formalise the
properties of Ogp in Proposition 3.4.5.

3.4.4. DEFINITION (ISOMORPHISM OF BEHAVIOURAL AUTOMATA).

Given two behavioural automata by = (Qq, L[P;], —1, O1) and b, = (Qy, L[], —2
,Oy) we say that by and b, are isomorphic, written as by ~ by, iff P; = P, and there
is a bijection f : Q1 — Q> such that:

° g 4 g’ if and only if f(q) 5, f(g"); and

e O1(9) = O2(f(9))- <

3.4.5. PROPOSITION. We have that Ogp D b ~ b and b <1 Oga =~ b, for every be-
havioural automaton b. O

3.4.2 Example: lossy alternator

Recall the behavioural automaton AC of our running example of the alternating
coordinator, illustrated in Figure 3.2, whose atomic steps were formalised in Ta-
ble 3.1. The alternating coordinator has two source ports, a and b, and a sink port
c. Data is received always via ports a and b simultaneously, and sent via port c,
alternating the values received from a and b. We now imagine the following sce-
nario: the data on a becomes available always at a much faster rate than data on
b. To adapt our alternating coordinator to this new scenario, we introduce a lossy-
FIFO; connector LF and combine it with the alternating coordinator, yielding a
variation of the alternating coordinator LF <1 AC.

Recall the definition of cp : IP — L given by Equation (3.2), on page 47. The be-
havioural automaton for the lossy-FIFO; connector is depicted in Figure 3.3, and
its atomics steps range over the set of ports {a,a’'}, where 4 is an input port and
a’ is an output port.” Recall also that the alternating coordinator ranges over the
set of ports {a,b, c}. We depict the interface of both of these connectors on top of
Figure 3.4. After combining the behavioural automata of the two connectors, they

3This lossy-FIFO is also known in the literature [8] as the shift-lossy FIFO;.
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pla,a)

where:
s3(v) = (ad',d’,a’,@,{a’ — v})
s4(v) = (ad',a,D,a,{a — v})

pla,a)

Figure 3.3: Behavioural automaton of the lossy-FIFO connector.

become connected via their shared port a. The new variation of the alternating
coordinator can then be connected to writers and readers by using the ports a,b
and c, as depicted at the bottom of Figure 3.4.

a
a a }
>—é,i§—> B
b

11/

Figure 3.4: The sink and source ports of LF, AC, and their composition.

Intuitively, the lossy-FIFO connector receives data from the source port 2’ and
buffers its value before sending it through port a. When the buffer is full it can also
receive data from a’, and the content of the buffer is replaced by the new received
value. The connector resulting from the composition LF >1 AC is formalised in
Table 3.2 and in Figure 3.5. The flow sets of the atomic steps of the labels s1 (v, w),
$2(v), s3(v) and s4(v) are, respectively, abc, ¢, a’, and a’a. The set of known ports in
this example is always P = {a’,a,b, c}. Let O be the observation function of LF,
and O ¢ be the observation function of AC. The observation function O} puqac
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® s1(u,v) s2(w)
s3(y) 1 (P,d'c,a’,c,{d',c — y,w})
s4(2) 1 (forz # v) €
s4(v) | (P,abc,ab,c,{a,b,c — v,u,v}) 1

LF Orr(empty)  Opp(full(v')) AC | Oac(q0) Oacl(q1(v))

s1(v,w) false false s3(v) true true
s2(v) true true sa(v) | false false

Table 3.2: Atomic steps of the composition of labels from LF and AC (top), and
verification of the concurrency predicate for each label (below).

for LF > AC results from the intersection of the observations of the states of each
behavioural automaton, and corresponds precisely to the concurrency predicate
cp(a’,a,b,c). Each state in LF 1 AC uses two names, the first is the name of a
state from LF, and the second is the name of a state from AC. For simplicity, we
colour two of the states in grey in Figure 3.5 to represent that these two states that
are closely related to their nearest state, and therefore not completely specified.
The main difference between a grey state and the state right next to it is the value
v in full(v). We only draw a few transitions to these disregarded states, to help
to understand the role of these states, without cluttering the diagram with several
similar transitions.

From the diagram it is clear that some transitions originate only from the LF
or the AC connector, while others result from the composition via the operator ®.
One can see that the transitions s, (v) and s3(w) can be performed simultaneously
or interleaved; simultaneously because s;(v) ® s3(w) is defined, and interleaved
because Orr applied to any of the states of LF contains s(v) and Oxc applied to
any of the states of AC contains s3(w). The possible execution scenarios of these
atomic steps follows our intuition that steps ‘approved’ by concurrency predi-
cates can be performed independently. The steps s1(u,v) and s4(w) can be taken
only when composed, and their composition exists only when the values v and w
match.

3.5 Locality and grouping of atomic steps

We introduce the notion of locality as a property of behavioural automata that
allows ports from different behavioural automata to have always dataflow through
them. Recall that we assume the existence of universal sets of ports IP, labels L,
and atomic steps AS.
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v

cp(a’,a,b,c)  s3(v)

Figure 3.5: Behavioural automaton for the composition of LF and AC.

3.5.1. DEFINITION (LOCALITY OF BEHAVIOURAL AUTOMATA).
A behavioural automaton b = (Q, L[P], —, O) obeys the locality property if, for any
port set P’ such that PN P’ = @, the following condition holds.

Ve L[P']-Vge Q-le O(). <

Any two behavioural automata with disjoint port sets that obey the locality
property can therefore evolve in parallel in an interleaved fashion. Let b = by < b
be a behavioural automaton, and ¢ a step from b;. We say ¢ is a local step of b if

(91,92) 4 (91,95) is a transition of b and either q; 5 gy and £ € Oy(q2), or

g0 £>2 g5 and ¢ € O1(q1)., In the behavioural automaton exemplified in Figure 3.5,
the local steps are exactly the transitions labelled by the steps sp(w) and s3(v).

3.5.2. PROPOSITION. Let b = by <t by 1 by be a behavioural automaton where b; =
(Qi, L[P], =4, O;), for i € 1.3, and assume the locality property from Definition 3.5.1
holds for by, by and bs. Suppose Py N P3 = @. Then, for any step {1 € L[P;] performed
by by and qo € Qo it holds that

ty € Ox(q2) = ¢y isalocal step of .

Proof. Observe that < is associative, up to the state names, because the composi-
tion of labels ® is associative. From Py NP3 = @, {1 € L[P], and from the locality
property in Definition 3.5.1 we conclude that Vg € Qs - ¢; € O3(q). Therefore, for
any state g3 € Qg and for a state g, € Q; such that /; € O,(q2), we have that
l1 € Oz(q2) N O3(g3). We conclude that /1 € O, where O’ is the observation
function of b, < b3, hence a local step of b. m]

Proposition 3.5.2 has a practical consequence. Consider a composed system
by > -+ > by where the locality property holds for each b;. Whenever b; can
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perform an atomic step it is sufficient to check the concurrency predicates of its
neighbour systems, i.e., the behavioural automata with shared port sets.

The product of behavioural automata presented in §3.4.1 captures the data-
flow on the relevant ports of a global behavioural automaton. However, when
composing two behavioural automata b1 and b, into b = by < by some informa-
tion regarding internal ports of b might be abstracted away, since it is relevant to
by or by, but not for b. For a centralised implementation where only the global
behaviour is important this abstraction is adequate. In our distributed implemen-
tation of Dreams we need to find a global behaviour b, and for each transition
labelled by ¢ in b we need to find a corresponding transition labelled by ¢; in by
and by ¢, in by, such that {1 ® ¢, = {. The underlying coordination models of our
distributed implementation guarantee that we can always recover the atomic step
of each component from a global atomic step. We now explore in more detail the
process of recovering the atomic steps for each component.

Letb = by > --- < by, where b = (Q,L[P],—,O) and b; = (Q;, L[Pj], =, O;).
A simple approach to recover the information about each of the original atomic
steps is to assume the existence of a projection function that is built during the
composition of by, . .., by, which maps each of the labels ¢ in the transitions of b to
a set of atomic steps ¢4, . .., £, such thateach ¢; isalabel of b;and £ = {1 ® - - - ® £;,.
For the implementation we go further and, instead of calculating a transition ¢ for
the current round, we calculate a group -y of labels that differ only on the data
values being transferred, using the knowledge about which ports are input ports
(IP).

In each round, our implementation calculates a group of labels y with atomic
steps with the same sets of known ports, flow ports, input ports, and output ports,
which differ only on their data functions. This group is indexed by an assignment
of data of the input ports, that is, the type of -y is

7v:(IP— D) — L[P] (3.7)
where 7 fulfils the condition

Vm :IP — D - a(y(m)) = (P, F,IP,OP, data),

for some fixed F, OP, and where data — m.

The projection of 7 to the behavioural automata by, ..., by, yields n groups vy, ...,
¥n such that 7y; : (IP; — D) — L[P;] is characterised as follows.

Vm:IP —- D - oc('yi(m rpl)) = <Pi,Fﬁ Pi,IPﬁ Pi,OPﬂ Pl-,data rpl>
and y(m) =y1(m [ P1) ® -+ @ yn(m | Py).

Recall the notation for the compatibility of maps introduced in the beginning
of this chapter, where m; > mj holds when the values of m; and m;, coincide for
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the common domain. The intuition for these conditions is that each - is a group
of atomic steps that share the same ports, parameterised on the values flowing on
their input ports. If the set IP = @, then 7y can be regarded as a single label.

3.6 Concrete behavioural automata

The stepwise coordination model describes the coordination behaviour as a be-
havioural automaton. A behavioural automaton is an abstraction of concrete co-
ordination models that focuses on relevant aspects to the execution of the coordi-
nation model. As we will argue, Reo and Linda can be cast in our framework of
behavioural automata. Therefore, both Reo and Linda coordination models can
be seen as specific instances of the stepwise model described above. For a concrete
coordination model to fit into the stepwise model, we need to define:

1. labels in the concrete model;

2. the encoding « of labels into atomic steps;
3. composition of labels; and

4. concurrency predicates for states.

We start by encoding the constraint automata and the Reo automata mod-
els as behavioural automata. Later, because of its relevance in the coordination
community as one of the first coordination languages, we also encode Linda as a
behavioural automaton.

3.6.1 Constraint automata as behavioural automata

Recall the constraint automata model (CA) for Reo described in the previous chap-
ter. A constraint automaton A is a tuple (Q, N, —, Qp) with a set of states Q, a set
of port names N/, a transition relation —, and a set of initial states Q. The transi-
tion relation is a set of triples in Q X 2N x DC N X Q, where each transition label is
a pair X|dc that associate a set of port names X to a dataflow constraints dc. Each
of these pairs X|dc has a set of solutions in CAS = 2V % DCy, whose elements
are written as X|(A_; X; = d;) such that X = {x,...,x,} and g = A, X; = d;
is a data assignment that satisfies dc. The CA model assumes a finite data domain
D, and that data constraints such as tt, @ # d, ora = b stand for simpler data
constraints that use @ = d and the operators A and V.

The encoding of the constraint automaton A = (Q, N, —ca, Qo) is the be-
havioural automaton

[Alca = (Q LIN], —Ba, O)

with LIN], —ga, O, and the composition of labels as follows:
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LossySync D> FIFO,
altt ﬁ_:i
B> ﬁ full(d)
clc=d
att  pa=bad=b At

Figure 3.6: Product of the constraint automata for LossySync and FIFO;.

e L = CAS, and « is defined as:

“(XU\?:l J/C\l = dl) = <N/X/®/X/ {xi = di};l:1> .

X X|g'
e We have g i)gA q' for X|g € LIN]ifg i>CA q' and g satisfies g’
e Let cas; = X;|g; be a solution for a label from a constraint automaton with
ports N;, where i € 1..2. Then

(X1UX2)|(g1 Agz) if X ﬁN2:X2ﬁN1 A gl/—\gz

casy @ casy = .
! 2 { 1 otherwise

where g1 7 g7 if for every shared port x € X1 N Xy and foranyd € D, x =d
satisfies g1 iff x = d satisfies g.

e O(q) = cp(N) forevery g € Q. Recall that cp(N) = {¢| a(¢) = (P, F,IP,OP,
data), Py N F = @}, introduced in Equation (3.2).

3.6.1. EXAMPLE. We recall from Figure 3.6 the constraint automata A; and Af
for the LossySync and the FIFO; channels presented in Example 2.2.4 and Exam-
ple 2.2.5. Let .AL = <QL,NL, —1, Q1> and .Ap = <QF,NF, —2, Q2> The encoding
of Aj, into behavioural automata is given below, and depicted in the top part of
Figure 3.7.

[Arlca = (Qr, LINL], =1, Or)
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where

QL= {q} Np={a,b} O
(

)
s1(v) =ab|(@=vAb =) s2(v) = al(@=v)

Similarly, the encoding of A into behavioural automata is given below, and
depicted on top of Figure 3.7.

[[AFHCA = <QF/ L[NF]/ CP/ —F, OF>
where

Qr = {empty} U {full(v) |v € D} Of(q) = cp(NE) forq € Qf
Neg={b,c} s3(0) = b|(b=10) s4(v) =c|(E=0)
—F = {(empty,s3(v),full(v)) |v € D} U {(full(v),ss(v),empty) | v € D}

The product of the constraint automata for LossySync and FIFO; is presented
on the bottom of Figure 3.6. The composition of [Ar]cp > [Ar]cp yields the
behavioural automaton depicted in the end of Figure 3.7, where

s1(v) ®s3(v) = ab|(@=vAb=0v),and
so(w) @ s4(v) = ac|(@=wAC=0). O

As expected, the behavioural automaton of the composition depicted in Fig-
ure 3.7 is equivalent to the encoding of the constraint automata A; > Ap, de-
picted in Figure 3.6, where each transition in constraint automata is split into sev-
eral transitions in behavioural automata, one for each solution of the data con-
straints.

Discussion The product of the two behavioural automata presented in Exam-
ple 3.6.1 is equivalent to the product of the two associated constraint automata,
presented in Example 2.2.5 in the previous chapter, with respect to the atomic
steps of the labels of the automata. We expect this equivalence to hold in general,
but we do not give a formal proof. The atomic steps associated to the labels of
behavioural automata in our encoding assume all ports with dataflow are out-
put ports, since the constraint automata model does not capture the direction of
dataflow. An existing implementation of the CA model [22, 16] uses a variation
that adds memory to the state, and introduces the notion of dependencies be-
tween ports, which is similar in spirit to our use of input and output variables.
In this implementation data constraints are not used when deciding the coordi-
nation patterns to be executed, and a notion of dependency between ports guides
the decision of which data flows in the connector.
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[ALlca P [Arlca
52(w) i
b —>|empty full(v)
A ()
s4(0)
s2(w) so(w)

s2(w) @ s4(v)

Figure 3.7: Composition of [A}[ca and [Ar]ca, for any v, w € D.

3.6.2 Reo automata as behavioural automata

The encoding of normalised Reo automata as behavioural automata follows the
same reasoning as the formulation of constraint automata, presented in the pre-
vious subsection. Furthermore, labels in the encoded behavioural automata cor-
respond to the labels of the original Reo automaton, because we consider nor-
malised transitions and there are no data constraints.

Recall the normalised Reo automata model (RA) described in §2.2.3. A nor-
malised Reo automaton A is a triple (Q, NV, —) with a set of states Q, a set of
port names N, and a transition relation —. The transition is a set of triples in
Q x RAS x Q, where Q is the set of states and RAS = At x 2V is a set of pairs
consisting of guards written as sets of atoms, and sets of port names. A detailed
definition of guards can be found in §2.2.3. We use the name RAS to refer to Reo
automata (atomic) steps.

We define an encoding [-]gra : RA — BA from Reo automata to behavioural
automata, and the composition of atomic steps such that the composition of the
encoded behavioural automata coincides with the encoding of the composition
of Reo automata. Note that we do not show soundness or completeness of the
encoding.

The encoding of the normalised Reo automaton A = (Q, N, —ga) is the be-
havioural automaton:

[Algra = (Q,LIN], —Ba, O)

with L[N, —ga, and O as follows:
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Context dependent LossySync < FIFO,
b|b

T\
O=r AN g ™

cle

ala

/_\

,empt ,full
(o) — (g Dl

aclc

Figure 3.8: Product of the normalised Reo automata of the context dependent
LossySync and FIFO; channels.

e L = RAS, and « is defined as follows.

a(¢|X) = (N, X,0,0,0)

e We have g él—)iBA q ifg §|—)i>RA q.

e Let ras; = X;|g; be a label from a normalised Reo automaton with ports N,
wherei € 1.2, and let s = N7 NN5. Then

gng\Sg | Xle\s if Xy ﬂNQ =X ﬂ./\/l N &1 /_\82
L otherwise.

ras| @ rasy = {
e O(g) ={g|XeL|XNN =0,3¢ € 4" g7 g} Recall that from Equa-
tion (2.2) that
#_ = - o glxX
q =A{ar-an[{g1,.-., &}t = {817 == '}, Vicr.n - a; € &i}.

We recall from Figure 3.8 the normalised Reo automata A} and Af for the
context dependent LossySync and the FIFO; channels presented in Figure 2.5.
Let A] = (Qr, N, —1) and Ar = (Qr, Nr, —2). The encoding of A} into be-
havioural automata is depicted in the top part of Figure 3.9, and given as follows.

[AL] ca = (QL AS[NL], =1, O1)
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where
Qu={q} No={ab} —r={@s1,9),(q52.9)}
s1 =ablab sy =ab|a
Or(q) ={g|XelL|XnNN,=0,3¢ eq* - g7 ¢}

Similarly, the encoding of Ar into behavioural automata is depicted also on
the top part of Figure 3.9, and given by

[Arlca = (Qr, ASINF], —F, OF)
where
Qr = {full,empty} N ={b,c}
s3=Dblb s4=clc
—r = {(empty, s3, full), (full, sy, empty)}
Oulg) = {8IXeL[XNNp=0,3 €q* g7 g'}

The product of the normalised Reo automata for the context dependent Lossy-
Sync and FIFO; channels is depicted at the bottom of Figure 3.8. The composition
[ALlga > [Ar]ga of the corresponding encodings into behavioural automata
yields the behavioural automaton depicted at the bottom of Figure 3.9, where

s1®s3 = ala,and
SH®sq4 = aclac

Note that full® = b, s, = ala, and Nr = {b,c}. Therefore s, € Op(full) because
{a} N {b,c} = @, and a ™ b. Similarly, s; € O(full). As expected, the resulting
behavioural automaton resembles to the encoding of the constraint automaton
A > Ap, depicted in Figure 2.6.

3.6.3 Linda as behavioural automata

Linda [54], described in §2.3, is a purely asynchronous language where coordi-
nation is performed by managing a single tuple-space, and components send re-
quests to read or write data. We described two possible approaches for modelling
Linda: (1) a coarse grained approach that assumes that actions can occur only in an
interleaved fashion, and (2) a fine grained approach that considers that two com-
ponents can read or write at the same time (in the same atomic step), subject to
data availability and exclusion constraints. These two approaches correspond to
the semantics given by the interleaved transition system (ITS) and the multistep
transition system (MTS) for the Linda-Calculus described in §2.3.

We define two encoding functions, [-]|15 : ITS = BAand [-]jy1s : MTS — BA,
from Linda tuple space terms under the semantics given by the interleaved tran-
sition system and the multistep transition system, respectively, to behavioural au-
tomata. Furthermore, we define the composition of atomic steps that preserve
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[AL]ra > [Ar]ra
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Figure 3.9: Composition of [A] ]z, and [Ar]ga-

the respective semantics. In both cases, we encode each Linda process P as a
behavioural automaton, and we create a special behavioural automaton that de-
scribes the multi-set of available tuples. The diagram in Figure 3.10 depicts the set
of behavioural automata resulting from the application of the encoding functions
to a Linda tuple space term, where b; is the behavioural automaton corresponding
to a process P;, and bstore is the behavioural automaton that represents the set of
available tuples. The edge between each b; and b, reflects the synchronisation
of ports caused by the actions of Linda over tuples.

Figure 3.10: Outline of the behavioural automata for the tuple space term P; ®
Py T.

We do not address the action eval(P), for a Linda process P. The intuitive
semantics of eval(P) is the creation of a new process P that runs in parallel. In
our setting, this corresponds to have a system described by the behavioural au-
tomaton b = bsgore D4 by D4 - -+ D b, that evolves to b >a by, 1, where b, is
the behavioural automaton for the newly created process. However, we make the
distinction between reconfiguration of a system, provided by the composition op-
erator, and the evolution of a system, described by the execution of a labelled tran-
sition system. Behavioural automata describes only the evolution process, and the
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reconfiguration is achieved via the composition operator <, which is dealt with
orthogonally. Therefore, we consider only actions that change the state of the sys-
tem in time, and we do not consider the eval(P) action because it is regarded as a
reconfiguration of the system. We redefine the possible actions to be generated by
the following grammar.

Act == 1in(t) ’ out(t) | rd(¥) (3.8)

Let Act = {a|a € Act} and TAct = {1, | a € Act}. A port 7 is regarded as a
dual port of 4, and flow of data on a port 7, represents the flow on the ports a and a
simultaneously. The intuition is that the encoding of processes yields behavioural
automata whose ports are actions in Act; the encoding of tuples yield behavioural
automata whose ports are dual actions in Act; and the composition forces actions
and dual actions to synchronise, i.e., to occur simultaneously. We define the global
set of ports to be IP = Act U Act U TAct, and define @ = a. The encodings for the
fine- (ITS) and coarse-grained (MTS) approaches are defined below.

Notation We write M (X) to denote the multi-sets over X, which is a shorthand
for the functions of type X — IN, mapping each element from X to a natural num-
ber. We also write @ for both multi-set construction and union, A(a) to denote the
number of occurrences of a4 in a multi-set A, and a € A to denote that A(a) > 0.

ITS to BA

Let M = PL®---® P, ®T be a tuple space term (§2.3). In turn, let T = t; ®
-+ @ty and m > 0. We define the encoding of M into a behavioural automaton
as follows.
[Mlirs = [Pilirs - - < [Pullyrs > [T]irs

Hence, encoding M boils down to encoding Linda processes P; and the Linda
tuple space T. The tuple space and the processes are each encoded separately
into a different behavioural automaton. Recall that match is a binary relation over
tuples such that a tuple ¢t matches a tuple s if ¢ has only ID values, and there is
a substitution 7y whose domain is the set of free variables of s, and t = s[y]. We
say t y-matches s when t matches s and t = s[y], and we write P[] to denote the
process P after replacing all of its the free variables according to the substitution
Y.

In both encodings of components and Linda tuple spaces we define labels L as
ports, that is, L = IP = Act U Act U TAct, and its encoding as atomic steps by the
function & defined below.

#(a) = (P, {a, et} ,D,2,0) ifa € ActUAct,{act} = {a,a} N Act
| (P, {a},0,0,0) ifa € TAct
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The composition of two labels a1, a; € L is defined as follows.

Taet  if {al,az} ¢ TAct N\ a1 = ay

4 ®ay =
188, {J_ otherwise,

where {a} = {ay,a2} N Act. The tuple space is used to enforce every action a
performed by an actor synchronises with the corresponding action 7 in the tuple
space encoded as a behavioural automaton. The definition of ® replaces every
pair of ports with dataflow a and @ by a new port with dataflow in 1,.

We now encode a Linda process P as the behavioural automata

[[P]]ITS = <QP/ L/ —Pp, O>
with components as defined below.
e The set of states Qp is given by Qp = reach(P), where

reach(out(t).P) = {out(t).P} U reach(P)
reach(rd(s).P) = {rd(t).P} U (U {reach(P[y]) | s y-matches t})
reach(in(s).P) = {in(¢t).P} U (U {reach(P[y]) | s y-matches t})
reach(PIP") = {PIP'} Ureach(P) U reach(P")
reach(end) = {end}

e The transition relation — p is given by the following conditions.

out(t).P’ outlh), pr if te Tuple
d
rd(s).P’ % P'ly] if s y-matches t
in(s).P’ inft), P'ly] if s y-matches t
PP, = P if P> P
PP, = Py if P, P

e O(q) = TAct for every state g.

We now define the encoding of a Linda tuple space T as:

[Thirs = (Qr, L, —1,0)
with components as defined below.

e Qr = M (Tuple)
e The transition relation — 7 is given by the following conditions.

M%M@t if te& Tuple
—
t@Mﬂt@M if s matchest

in(s)

toM M if s matches t
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e O(g) = TAct for every state g, as in the encoding of Linda processes.

Note that the input and output ports of the atomic steps obtained with «, in-
troduced in §3.3.1, are always the empty set, that is, the data value flowing on the
ports is not relevant, since the name of the port uniquely identifies the data. Alter-
native approaches to implement the encoding into behavioural automata that use
the data values are also possible, but less transparent. Furthermore, the encoding
we propose is compositional, since we encode each process and the store with their
own behavioural automaton, such that the product of the automata yields the be-
haviour of the tuple space term. It would be simpler, although less interesting, to
encode the tuple space term directly as a behavioural automaton, and ignore the
composition of atomic steps.

3.6.2. EXAMPLE. Recall the example presented in §2.3 of a sequence of transitions
of a tuple space term in the Linda-Calculus. We present below a simplified version
of this example. The labels on the right represent the names of the rules applied
at each transition of the Linda-Calculus.
rd (42, x).P(x) @ out(42,43).P’

(out) — rd(42,x).P(x)® P’ & (42,43)

(rd) — P(43)® P @ (42,43)
This examples illustrates the exchange of data between two processes. The corre-
sponding transitions in the encoded behavioural automaton are presented below.

[rd (42, x).P(x)]js < [out(42,43).P'] 15 < [D] 75

Tout(42,43)
—_—

[rd (42, ).P(x)]yrs > [P'] >4 [(42,43)]

s [P(43)]7s b [P'] 0 [(42,43)] 0

Observe that we assume an initial empty tuple space, which is encoded as
[2]i1s- A more careful analysis shows a one-to-one correspondence between the
interleaved transition system and the labelled transition system of the behavioural
automaton, which we do not elaborate in this thesis.

Trd (42,43

MTS to BA

Let M = Py @ ---@ P, ®T be a tuple space term, and let T = t; & -+ @ ty,
as before. We define the encoding of M into a behavioural automaton using the
multistep semantics as follows.

[MImts = [Plmrs B2 - - - < [Palmrs > [Tlwrs
We encode M by encoding the Linda processes P; and a Linda tuple space T. As

before, the tuple space and the processes are each encoded separately as a be-
havioural automaton. We define labels as pairs

L=2x M(Act)
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such that the first element denotes the presence of the tuple space T, while the
second denotes a multi-set of actions that are performed simultaneously, which
was not possible in the interleaved semantics. The mapping « into atomic steps
simply regards the multi-sets of actions as a sets:

a(b,as) = (P,as,D,0,D)

The composition of labels is defined below, and describes two main cases. In
the first case none of the labels is performed in the presence of the tuple space,
hence the multi-set of actions are simply joined. In the second case one of the
multi-set of actions is performed in the presence of the tuple space T, say as;.
Then we require as; to perform only dual actions or T-actions, and we also require
each action from one of the multi-sets to have its dual in the same proportions in
the composed multi-set. The composition yields only the corresponding T actions,
as defined below.

(false,as; @ asy) if —by A by
(true, {T, — n | a € Act,asi(@) = n,asj(a) = n})
ifi,je {12} Ai#£jA
b; A —|b] AVa € Act-
(a & as; Nas;(a) = asj(a))
1 otherwise

(b1, as1) @ (by,asp) =

Note that we assume that either as; or as; has the tuple space, and thus can per-
form dual actions, but never both at the same time. This assumption is a con-
sequence of allowing only one tuple space in our Linda programs. The above
definition for the composition of labels enforces actions and their duals to 'syn-
chronise’, replacing them by an action in TAct. The multi-set representation of
actions allows more than one action to synchronise in a single atomic step.

We now follow the same steps as with the fine-grained semantics for Linda by
defining the encoding of a Linda process P as follows:

[PlmTs = (Qp, L, —p, O)

with components defined below.

e The set of states Qp is given by Qp = reach(P), defined for the encoding of
ITS into behavioural automata.
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e The transition relation — p is given by the following conditions.

out(t) P! (false,out(t)—1)

P (falsexd(t)—1)

r’ if te Tuple

rd(s) P'[y] if s y-matches t
in(s).P/ Yelsein(B1), P'[y] if sy-matches t
plp, —>—— P if P> P
plp, —>—— P} if P, 5P
P1DP2 (false,as1®as;) Pé lf P, (false,asy) Pll A
P, (false,as;) P

Note that the above conditions are very similar to the conditions for the
encoding of —p in the interleaved transition semantics of Linda, with the
only difference that the atomic steps are now (singleton) multi-sets of ports
instead of a single port.

e O(q) = {(b,as) | dom(as) C TAct}, which means it is always possible to
execute T actions without considering all processes.

For a Linda tuple space T we define

[Thirs = (Qr, L, —1,0)
with components as defined below.
o Qr = 2M(Twle) a5 in the encoding of the ITS.

o The transition relation — 7 is given by the following conditions.

<true,out(t)»—>1> .
M-——S Mot if teTuple
<tr1¢e,rd(s)Hl> .
t&M ———— t®&M if smatchest
<true,in(s)»—>1> .
teM ————> M if s matchest

The above transition relation is the same as the corresponding transition re-
lation for the encoding of the ITS, using singleton multi-sets as labels instead
of the corresponding action.

e O(q) = {(b,as) | dom(as) C TAct} is the same as for the encoding of pro-
cesses.

The resulting encoding of the tuple space term M into a behavioural automa-
ton yields the same behaviour as the multistep semantics of the Linda Calculus
without the eval action, but we choose to not provide any proof to support this
claim.
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3.7 Related concepts

In this chapter we present a stepwise coordination model based on behavioural
automata. This model represents our view of a dataflow-driven coordination sys-
tem, following the categorisation of Arbab [10]. Each transition in a behavioural
automaton represents the afomic execution of a number of actions by the coordina-
tion system. The behaviour of a system in our stepwise model is described by the
composition of the behaviour of its sub-systems running concurrently, each with
its own behavioural automaton. Furthermore, we allow the data values exchanged
over the coordination layer to influence the choice of how components commu-
nicate with each other as well. We now present a brief discussion about how the
three main concepts that underlie our stepwise model—atomicity, composability,
and dataflow—are viewed in the computer science community. The goal of this
limited survey is to clarify the differences between these three concepts and other
similar concepts that are sometimes interpreted as being synonymous. Further-
more, it explains in what sense our stepwise coordination model is (and is not)
synchronous and composable, and how (and how not) it uses the dataflow infor-
mation.

Atomicity. The notions of atomicity, synchrony, and transactional execution have
been frequently used in similar settings, with similar, although different, mean-
ings. Atomicity is usually associated with a sequence of instructions that are guar-
anteed to execute atomically, i.e., without being interleaved with interfering in-
structions. Achieving atomicity typically involves solving a locking problem: how
to protect shared resources to guarantee that only a single thread or process has
access to it at a given time. Mutexes and semaphores provide common solutions
to achieve atomicity [42]. Synchronisation provides a restricted sense of atomicity,
and it is associated with the notions of causality and time. We interpret synchro-
nisation as synchronisation of actions, and two actions synchronise if they occur
at the same time. Note that true synchrony is not possible in distributed systems,
because there is no way to guarantee that two actions in different computers are
performed at the exact same time. Action synchronisation captures the main idea
underlying process synchronisation [44] and data synchronisation [49], whose distinc-
tion in the literature simply reflects that the execution of different processes must
evolve at the same time, or that multiple copies of the same data must be kept
coherent. Finally, atomicity is known in the database community in the context of
transactions, where actions can be rolled back when necessary.

Our stepwise coordination model is synchronous in the sense of atomicity as
explained above. A set of actions (also referred to as a set of steps) S executes
atomically if no other action can interfere in between the time when the firsta € S
starts to execute and when the execution of all of the actions in S is complete.
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Other actions can still occur in the same time frame, as long as they do not interfere
with the actions in S. The synchronisation of two or more actions yields a new
action, obtained by applying a composition operator ®.

Composability. Composability is closely related to concurrency and distribution.
We first clarify the distinction between distributed and concurrent systems. Dis-
tribution involves the execution of a coordination system at multiple locations,
where locations can be computers, networks, but also CPU’s. Concurrency de-
scribes how to approach a given problem using independent and communicating
threads of execution. A non-concurrent program executes its instructions sequen-
tially. Clearly a concurrent program does not have to be distributed across mul-
tiple locations. Furthermore, a program executing in a distributed network does
not have to be concurrent either. A non-concurrent program can be executed in
a distributed network using mechanisms that involve replication and guarantee
consistency of the state of different replicas (e.g., to provide redundancy for fault
tolerance, or to exploit special resources available at only specific locations). Thus,
concurrency can be seen as a means to have more effective distribution, that is,
distributed implementations typically gain from being concurrent.

We now describe what we mean by composability. The systems studied in this
thesis have an underlying abstract model representing their coordination. Having
an abstract coordination model facilitates the proof of interesting properties, such
as correctness or deadlock freedom, and helps us to reason about the behaviour
of the coordination system. A composable coordination model is constructed out
of building blocks that can be analysed independently. The composition of the
building blocks describes how they interact with each other. But are implemen-
tations of a composable coordination model always concurrent? No. Although
a composable coordination model can describe its behaviour using simpler con-
current composable blocks, its implementation can still require a (partially) non-
concurrent execution. Note that the components or services being coordinated can
execute concurrently. The coordination model we present in this thesis describes
a concurrent description of a concurrent model which, at first sight, seems to re-
quire a non-concurrent execution, due to its synchronisation constraints (but, in
fact, it does not).

Dataflow networks and dataflow analysis. Important research on dataflow net-
works can be found in Kahn's seminal work [66] about Kahn Networks (KN) and
in Kok’s work about the semantics of dataflow for parallel computation [73, 74].
Kahn introduced KN’s back in 1974 to model how processes, executing in se-
quence or in parallel, transform infinite streams of data, using atomic data tokens
as the smallest unit of data being transferred. Kok presents two fully abstract
semantics for a class of dataflow nets introduced by Kahn, emphasising on their
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compositionality aspects. Dataflow models and Kahn networks can be viewed
as specialised channel-based models with respect to Reo that incorporate some
basic constructs for primitive coordination, as discussed by Arbab [8]. The di-
luted notion of local time in Reo, which is used to express atomicity and order-
ing of events, differentiates otherwise ‘equivalent behaviour’ of networks in other
dataflow models that lead to the Brock-Ackerman anomalies [31].

The field of dataflow analysis studies the execution of programs as a series of
transformations of the program state by performing code statements. A simple
overview of dataflow analysis can be found, for example, in the book of Aho et
al. on compilers [3]. A general approach is to relate the possible states before and
after each statement, referred to as the inputs and outputs, by a transfer function.
Multiple predecessor statements can be connected to the input, in which case they
are combined by a meet operator, assuming a meet semilattice over a set of values
D. Multiple successors can also be connected to the output, in which case the data
is replicated. Furthermore, they assume that the set of all transfer functions has
an identity function and is closed under composition. In this setting it is possible
to identify properties of dataflow schemas, and prove the implication of these
properties on the correctness, precision, and convergence of a dataflow algorithm.
This relation between inputs and outputs of statements is closely related to the
notion of data constraints in the context of coordination, using a compositional
model. However, this thesis focuses on synchronisation constraints and does not
exploit this direction.

3.8 Conclusions

We defined the stepwise coordination model to capture the characteristics of the
models that can be used by the Dreams framework. The stepwise coordination
model abstracts from the definition and composition of labels, and imposes general
properties over atomic steps associated with transportation labels and their com-
position. Each of the concrete models defined in Chapter 2 is formulated as an
instance of a behavioural automaton.

By defining and composing labels only in the concrete models, we focus on the
properties provided by behavioural automata which, under certain assumptions,
allows aspects other than synchronisation and data to be incorporated in our dis-
tributed framework. As an example, we have presented how to incorporate the
notion of context dependency (§3.6.2). Other aspects like time [13], quality-of-
service guarantees [15], resource bounds [81], or probability [21, 23, 88], can be
used in the Dreams framework as well. Note that each label has an associated
atomic step, but the opposite does not necessary hold, with the exception of the
identity atomic step which we assume to have a special identity label.

The encoded behavioural automata from automata models for Reo are closely
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related to its original semantic models, but this is not the case for Linda. We kept
a compositional approach in our encoding of Linda as behavioural automata to
allow the execution of Linda in our framework over multiple locations, possibly
deploying each Linda process and the tuple space in a different location. Alterna-
tively, we could have encoded a tuple space term M = Py @ --- ® P, & T simply
by considering the labelled transition system presented in §2.3, and disregarding
the composition of the resulting behavioural automata. The specific encoding of
each label as an atomic step is not relevant, because in this alternative approach
atomic steps never need to be composed. The downside of such an approach is
the loss of concurrency, making it less interesting in the context of this thesis.



Chapter 4

Connector colouring & animation

4.1 Introduction

Connector colouring (CC), introduced by Clarke et al. [37], further developed in
Costa’s Ph.D. thesis [41], and extended by Arbab et al. using the tile model [14],
provides a semantics for the Reo coordination language [8] which improves its
preceding semantics in three main aspects.

1. It is the first semantic model of Reo introducing a precise notion of context
dependency, as explained in §2.2.3 when describing the Reo automata model.
We recall this notion below.

2. It is more intuitive, in the sense that it exploits Reo’s graphical notation,
marking each part of a Reo connector with a ‘colour” describing its be-
haviour. The intuition provided by the graphical representation of connector
colouring is further explored by the animation framework that we describe
later in this chapter.

3. Itis better suited for distribution. The main support for this claim are the for-
mal properties of the main composition operator, namely associativity, com-
mutativity, and idempotency. Furthermore, in previous (automata) models
for Reo, the composition of a pair of connectors c; and ¢, yields a new con-
nector c3 that discards ¢; and c¢; as individual parts of the new connector, and
considers only the new global behaviour. Instead, the connector colouring
semantics describes the new behaviour of ¢; and c; after their composition.

The need for a context dependent semantics for Reo has been motivated and
explained in §2.2.3. We recall the basic ideas behind Reo in §4.2, presented in de-
tail in §2.2. Using a context dependent semantics, we distinguish two different
kinds of absence of flow: (1) the possibility of not having dataflow, and (2) the need
to have no dataflow. This distinction allows the definition of behaviour where

71
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the absence of flow can be either imposed or required. For example, the context-
dependent LossySync is a synchronous channel with a source and a sink end, such
data can either be transferred between these two ends or lost after flowing through
the source end. However, the channel does not lose data non-deterministically,
but it allows data to be lost if the sink end cannot have dataflow. On the other
hand, an empty FIFO; channel always imposes the absence of dataflow on its sink
end. The composition operator defined in the connector colouring semantics re-
quires all absence of flow to have at least one end imposing its absence, extending
the expressive power of its preceding semantics.

Motivated by the second and third contribution mentioned above, we devel-
oped in joint work with David Costa a compositional animation framework based
on connector colouring. The results are explained in detail in Costa’s thesis [41],
and are more briefly explained in this chapter. The goal of our animation frame-
work is to automatically derive visual animations to help the developer of Reo
connectors understand the precise behaviour of his/her own connectors. Our
process of generating animations was incorporated in a visual editor for Reo by
Christian Krause [16]. These tools and the animations of some Reo connectors can
be found online.

Contribution to the thesis Although we presented Reo and its formal semantics
in §2.2, we dedicate a chapter for connector colouring and animations because
of the relevance of the connector colouring in the remainder of the thesis. The
connector colouring focuses on the possible behaviour for a single round of Reo,
and preserves the information regarding the behaviour of each of the primitives
in the connector. These two factors make connector colouring suitable as a basis
for a distributed implementation and motivated the development of the Dreams
framework.

We encode the connector colouring model as behavi