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Most conventional approaches to parallel programming ased on some basic kinds of syn-
chronized mechanisms and related models of concurrendyotoshared variables, message
passing, and remote procedure calls. Whereas these pasadigfice to program parallel ap-
plications, they hardly provide abstractions adequatgfogrammers or language designers.
Hence, parallel programming using these models becomiesigeand error—prone. Another is-
sue is that most modern software engineering methods amditees exploit component-based
software architectures usually designed using some ebjeatted approaches, which require
specific support for concurrency and/or distribution otwafe components and architectures.
Programming languages based on a formally defgwatdination modelnd encompassing a
notion of autonomous software componentsagents are emerging as an effective paradigm
for designing parallel systems. In this paper we describébtisic ideas behind some research
in the field of coordination models and languages for desgind controlling the software
architecture of parallel applications.

1 Introduction

For several years programming has been synonymous for sequential pntigggm
the very idea of algorithms was based on the concept of instruction sequblores
sequential programming became a research topic when system programmers realized
that an operating system could be better designed and built as a collectiwtheef i
pendent cooperating processes. This idea gave birth to the concept ofreoh puo-
gramming languages able to express interactions among independent toeads.

With the introduction of distributed systems, the scope of cortiigettings be-
came broader. The absence of shared memory as well as the presence of significant
communication latencies, communication errors, and possible systemdesteity
added a lot of complexity to concurrent programming. Traditional caeotpro-
gramming languages are based on three basic kinds of mechanisms and cdingspon
models of concurrent programming: shared variables, message passingmatd r
procedure calls. Whereas these paradigms suffice to program distribstedsy
they hardly provide adequate abstractions. Hence, programming usiseg itiodels
becomes tedious and error—prone. These problems as well as the requirefnents o
open systems with dynamically changing configurations make progranmuondgls
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with suitable abstractions inevitable.

Gelernter introduced a fourth basic model caltggherative communicatioh*
Concurrent languages based on this concept initiated the research azadiha-
tion. Today, the interaction between active entities is typically investigatestbas
the notion of coordination, and by introducing a variety of non—eotional comput-
ing models.

This paper presents a perspective on current research issues in coordiration m
els and languages. It has the following structure: Sect.2 introduceslsasigecon-
cepts concerning coordination. Sect.3 defines our notions of coordimatidels and
languages. Sect.4 puts in a design perspective coordination and softtegmiion.
In Sect.5, we discuss some relevant coordination languages. In SectiGweuar
conclusions.

2 Whatis coordination

Coordination as the key concept for modelling concurrent systemsdesgied in a
wide range of publications. Due to its fundamentality, this nokias a lot of facets it
covers. In the scope of this paper we see coordination from the vietpfalesigners
of programming models and languages. The following quotationsdntre some
important issues within this respect.

Here, coordination is:

e ‘“the additional information processing performed when multiple, commect
actors pursue goals that a single actor pursuing the same goals vadyddra
form.” 16

e ‘the integration and harmonious adjustment of individual work edftowards
the accomplishment of a larger go&f”

e “the process of building programs by gluing together active pie€es.”

As can be seen, coordination is concerned with managing the communication
which is necessary due to the distributed nature of a system, withxgiression of
parallel and distributed algorithms, as well as with all aspects of the csitigoof
concurrent systems. In an effort to give a concise definition, we need toedefi
number of notions:

Agent Agents are active, self-contained entities performing actions on their ewn b
half.

Action Actions by agents can be divided into two different classes:
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1. Inter—Agent actions.These actions perform the communication among
different agents. They are the subject of coordination models.

2. Intra—Agent actions.These are all actions belonging to a single agent,
like e.g. internal computations. In the case of specialized interface agents,
intra-agent actions may also comprise communication acts by an agent
outside the coordination model, like primitive I/O operationsrerac-
tions with users.

Configuration We call a collection (or a system of) interacting agents a configura-
tion. Configurations usually have some structure, that istfievare architec-
ture of the system of agents.

Coordination Coordination is managing the inter—agent activities of agents collected
in a configuration.

3 Coordination models and languages

Coordination of agents can be expressed in terms of coordination modklaran
guages. In the following, we try to clarify these two different noto For coordi-
nation models we prefer the following intuitive definitiot& coordination model is
the glue that binds separate activities into an ensenfble.’bther words, a coordi-
nation model provides a framework in which the interaction of indigicagents can
be expressed. This covers the aspects of creation and destruction of agemtsi-co
nication among agents, spatial distribution of agents, as well as syrz#tion and
distribution of actions over time.

A more constructive approach to describe coordination models is tafidédre
components out of which they are built:

1. Coordination Entities.
These are the building blocks which are coordinated. ldeally, these are th
active agents.

2. Coordination Media.
These are the media enabling the communication between the agents. Also, co-
ordination media can serve to aggregate a set of agents to form a configurati

3. Coordination Laws.
These laws describe how agents are coordinated making use of the given coor
dination media.

A coordination model can be embodied in a (software) coordination arclhigectu
or in a coordination language. Examples of coordination architectureseaciieht—
server architecture, the software pipeline, or the blackboard: Softwarparants
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are arranged in some special, well-defined structures that enact specific cooperatio
protocols. Usually parallel programmers implicitly design a softwanehitecture
using low—level communication primitives. Due to this rather ititgiapproach to
software design, there is the need for high—level coordination lamguagsimplify

the implementation of such systems.

A coordination languagés “the linguistic embodiment of a coordination modél.”
Thus, a coordination language should orthogonally combine twaetapdne for co-
ordination (the inter—agent actions) and one for (sequential) computgkie intra—
agent actions). The presumably most famous example of a coordinatidel 80
the Tuple Space in Linda which encountered several linguistic embothrilen C—
Linda or FORTRAN-Linda, both on workstation networks and on nvassparallel
architectures.

4 Coordination as software integration

Open systems are systems in which new active agents may dynamically joetand |
leave, i.e. evolving self-organizing systems of interacting inteltiggents®’ More
precisely, open systems can be defined as being composed of software components
which areencapsulatedndreactive 2> Components are called encapsulated if they
have an interface that hides their implementation from clients; they aeddallbe
reactive if their lifetime is longer than that of the atomic interactiang.(messages)
which they execute. The fundamental property of open systems is théty &bdope
with incremental adaptability, where encapsulation captures spatial increitydnyal
controlled propagation of local state changes and reactiveness enables tengporal ev
lution by incrementally executing interactions.

A related important notion is the one open distributed systemst is defined
in the ISO reference model of open distributed processing (RM—GBR)the RM—
ODP definition,distributed systembave to cope withremotenes®f components,
with concurrencythelack of a global stateandasynchronyof state changes. In ad-
dition, open distributed systenase characterized byeterogeneityn all parts of the
involved systemsautonomyof various management or control authorities and orga-
nizational entitiesgvolutionof the system configuration, anmdobility of programs
and data.

ODP identifies the following properties of systems capable to deal héthibove
characteristicsOpennesfor new kinds of systemdntegrationof heterogeneous sys-
tems flexibility with respect to system evolutiomodularityof system structurded-
erationfor combining separate systems to compound onestrandparencyof dis-
tribution and heterogeneity.

The requirements of open distributed systems on programming modelsecan
characterized by the notions of heterogeneity in the following senses:
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1. Heterogeneity of hardware.

Open distributed systems may consist of computers of various archéectur
from different vendors, with different data representations and capedilifur-
thermore, there may be very different interconnection media and topolagies
cluding dial-up lines, different types of local area networks, and evenfigpeci
interconnections in tightly coupled systems like parallel computers.

As a result, coordination models for open distributed systems caslyobn
specific data representations or communication structures.

2. Heterogeneity of software.

Computers in open distributed systems of course run different opgrsyis-
tems, like MS-DOS, various UNIX-flavours, or some special systams&in-
frames, depending on their hardware platform. Also, programming &yesl
in use may vary depending on the purpose of every system in use, rdraying
Cobol for business programs, over Fortran in numerical processinfpiot€xt
processing or Prolog for knowledge based applications.

Consequently, coordination models trying to integrate such systanmsot be
bound to specific language interfaces or communication protocols.

3. Heterogeneity of configurations over time.

Besides the different kinds of the involved systems, the most chaligipgop-

erty of open distributed systems is their dynamic nature. Examplestare si
ations in which additional machines will be brought into the systeiad;up

lines connect and disconnect, new machines replace older ones, new operating
systems or communication protocols have to be integrated etc.

Thus, agents in an open distributed system must be allowed to appear-and dis
appear completely on their own behalf. This forbids coordination models t
rely on specific (central) units or to make use of communication schemes based
on static connections or specific identifiers (addresses).

Hence, composition of open distributed systems by modelling theaictien of
encapsulated and reactive components, covers concurrency aspects of the more gen-
eral notion ofsoftware compositiowhich has recently emerged as an independent
research are&®

4.1 Open object systems

Encapsulation and reactiveness as central requirements of agents in open systems
directly leads to object—based modelling. Objects are by their very natereiofer-
active systems. They can not (completely) be described algorithmically keettarys
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interact while computing. Hence, specification of object—based systemereirtly
incomplete and hence reflects opennéss.

The RM—ODP model which conceptually provides the basis for commercially
available systems uses object—-based modelling too; also because ofrtipagbri
object properties of encapsulation and reactiveness. RM—ODP focuses on interac-
tion between objects based on the client/server architecture: “They (objectsiigmb
ideas of services offered by an object to its environments, that is, to difessts.”3
In RM—ODP, coordination between objects takes place via centralized instaaces, s
calledtraders which are repositories of service type definitions, used to identify o
fered and requested services.

Presumably the most prominent commercial system for open, object—based sy
tems is the Common Object Request Broker Architecture (COREA)s central
component, the Object Request Broker (ORB) acts as a trader in the sense-of RM
ODRP. Like other traders, the ORB provides references to server objects witiabe
of dynamically changing configurations may quickly turn into void (“diargy’) ref-
erences causing problems in open configurations.

Another well-known commercial system is Microsofdbject Linking and Em-
bedding(OLE). It is a set of so—calledomponent objectfor advanced document
processing. It is based on the Component Object Model (C®Myhich provides
a binary interface standard between possibly heterogeneous applicationmeortgpo
Like with CORBA, new interfaces can be introduced at runtime to a sfieglform
of a trader, calledomponent object librarfCOL).

Today, client/server architectures are seen as the current intermediate step on
the way from mainframe—oriented to collaborative (peer—to—peer) congptitidev-
ertheless, service—oriented communication is an important paradigm fordigen
tributed systemS and must hence be captured by coordination models. But because
client/server communication is restricted to the exchange of requestgaipdy other
communication forms like e.g. for group communication can not be mediaitie-
guately. Hence, coordination models for open systems need to be more ganeral i
their applicability.

Generative communication as initially introducedtris based on an abstractly
shared data space, sometimes also cdiladkboard in which data items can be
stored (“generated”) and later retrieved. This kind of communication motetin
ently uncouples communicating agents: a potential reader of some data gsmato
have to take care aboutit (e.g. as with rendezvous mechanisms) untilytwealls to
read it. The reader even does not have to exist at the time of storirgaftér point
directly leads to the other major advantage of generative communicationsagent
able to communicate although they are anonymous to each other.

This uncoupled and anonymous communication style directly contriboitibe
design of coordination models for open systems: uncoupled commumicatables
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to cope with dynamically changing configurations in which agents mowenaporar-

ily disappear. Anonymous communication allows to communicate wittnowwk
agents. Hence it allows communication with incomplete knowledge abegtttem
configuration which is a crucial demand of open systems. Due to this faatlieoo
nation models based on generative communication are superior to messagg pass
or trader—based schemes because these both rely on knowledge about a receiver’s o
server’s identification.

Based on this observation, the LAURA modkhas been developed in order to
introduce generative communication into the RM—ODP model. In LAURgents
using and offering services share a so—calledvice space Here, offer and re-
guesforms are matched by LAURA's service type system which replaces RM—ODP’s
trading function. This model introduces uncoupled and anonymous coioation
into RM—ODP, but it does not help to overcome the rather restrictivermamication
scheme of request/reply pairs. Hence, a general—purpose coordinatiorfonagen
systems needs further improvements.

4.2 Coordination requirements for open object systems

As we have seen so far, open (distributed) systems impose speciakraguais over
coordination models in order to achieve functionality as well as abstrectioited to
cope with very large and complex systems. In the following, we inyat& properties
necessary to fulfil those requirements.

We have identified the following group of properties beregessaryor building
open distributed systems. Primarily, the requirements of heterogemeitdynamics
are reflected here.

Dynamics It is a central requirement of open distributed systems to allow agents to
enter or leave a configuration at any time. Hence, coordination laws must not
rely on the existence of specific agents.

Decentralization As a consequence of dynamics, it must be possible in a cordination
model to specify an agent’s behaviour in a separate program. By definition
of open distributed systems, there is no overall compile time. Henceyst m
be possible to program new agents during the runtime of an alreasiynexi
system.

This property not only requires a certain degree of dynamics in the ic@diah
model. Moreover, it forces a particular implementation to be "open—ended” in
order to allow new agents to enter a running system.

GenerativenessWith generative communicatioqfmeanwhile also known ascou-
pled communicationas introduced so far, all communication is performed
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by generating and consuming separate entities, usually contained in a specific
computational space. (In the original wotk the tuple space of Linda served

for this purpose.) The existence of separate communication entitieseenabl
the modelling of communication in open distributed systems, because it
couples communication from the existence of specific agents: Communicatio
may simply be performed by generating a communication entity and puittting
into the computational space. This allows agents to enter and leave an open
system whenever they want without prohibiting their ability to caimimate.

Furthermore, generativeness enables reasoning about the communication of a
specific configuration, because it is solely based on the state of the cammun
cation entities involved in it.

Interoperability The necessity of coordinating agents which are programmed in dif-
ferent languages and operating on different platforms requires that catotin
models, and especially their linguistic embodiments, must not relyropep-
ties of specific programming languages or communication media like dzga ty
or their representations.

4.3 Coordination requirements for scalable systems

By identifying the following group we reflect the aspects of open ithisted systems
concerning scalability to significantly large sizes. Although such systould be

built with coordination models lacking the properties listed beltwytare essential
in order to build really large but still maintainable systems.

Homogeneity A model suited for coordinating large systems must be as simple as
possible. Hence, all agents should be modelled in a uniform way.

Hierarchical Abstraction For the purpose of really large systems, it is vital to di-
vide the overall configuration into smaller subconfigurations. Henaapgt
be possible to treat entire configurations like single agents in & mostract
coordination level. This requirement unifies the notions agent and coafig
tion, enabling agents to be composed out of multiple agents. Addltjothis
property enables communication based on groups of agents.

Encapsulation In order to maintain a well-defined, consistent state it must be possi-
ble for a configuration to be protected from undesired interactionsagémts
outside.

Separation of Concernslinter—agent actions have to be cleanly separated from intra—
agent actions in order to distinguish between the concerns of coordiration
one hand and of computations on the other.
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Rigorous SemanticsThe model should be based on a rigorous formalism in order
to allow reasoning about the interactions to be coordinated. Formal Semant
should also offer a basis for automatic optimizer tools, which are atdrloit
the different features of different hardware available in heterogeneotesrsys

5 Sample coordination languages

We will now present some existing coordination languages. Therefaradantify
their coordination entities, media, and laws. We also discuss thedbditit for soft-
ware integration purposes by evaluating them against the requirerdenttfied in
the previous section.

5.1 Linda

The Linda coordination model has been introduced to incorporate thefdgmer-
ative communicatiort! In Linda, processes (the coordination entities) communicate
by writing or reading tuples (in the mathematical sense; consisting af tata items

like numbers and strings) into the so—called “tuple space”. The basic ooiation

acts are creating a tuple (by thetoperation), and reading or removing tuples from

it (by the readandin operations). Synchronization is performed by letting processes
wait until a suitable tuple to be read has been inserted into the tupte sf-urther-
more, new processes can be invoked by putting active tuples into treespate (by

the evaloperation) which are in turn evaluated. Active tuples produce resuibsnim

of passive tuples to which they are converted on termination of their atatipn.

Typically, in the tuple space the main coordination law defines hovetugle se-
lected to be read from the tuple space itslef. The potential reader specifieplateem
for a tuple he wishes to obtain. The tuple space performs a matchéargtam in or-
der to find an appropriate tuple. Both tuples and templates may consist af éelils
(values) and formal fields (placeholders for specific data types). A tuplehest
given template if the arities of both correspond and if each actual field matckes on
of the same type and value or a formal field of the corresponding type.

Although it is not provided by current implementations, the Lindadel itself
allows dynamic and decentralized concurrent systems. Linda is of coursatiemer
and it also enables interoperability on the basis of simple data typegtheibuilding
blocks for tuples. The separation of concerns between computation andradaoadi
is achieved in an orthogonal way, because the tuple space operations can btwadded
any given language without interferences with other language properties.

Because Linda fulfils all of these properties, it is a possible moddbddding
open distributed systems. Unfortunately, Linda fails being homeges by intro-
ducing active and passive tuples, templates, and a tuple space. The driguteal
model neither provides hierarchical abstractions nor encapsulation, becatesésth
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only one global tuple space. Hence, distributed systems based on Lindéeme
open or encapsulated, but not both.

For making Linda completely suitable for integrating open distédwsystems,
we have recently introduced the Objective Linda coordination métielere, tuples
are replaced by encapsulated objects. Object matching is performed based on ob-
jects types and interfaces. Objective Linda provides hierarchies of object spates
a matching-based mechanism for relating object spaces to each other. A formal se-
mantics for Objective Linda as well as its application to component-basatigiar
programming has been presented recettly.

5.2 ActorSpaces

The actor model unifies objects and concurrehygtors are autonomous and concur-
rently executing objects which operate asynchronously. Actors may sesdgesso
each other. In response to receiving a message, an actor may take the foligweisg t
of actions: It may send messages to other actors, it may create new actors, agd it m
specify its own new behaviour (state) to be used when processing thanoeming
message.

In the ActorSpacemodel? coordination entities are the actors, whereas the coor-
dination laws are stated in terms of pattern—directed message passinggrider of
a message directs it to a set of receiving actors by denoting a pattern whitthbdeas
matched by the receivers. So, ActorSpaces serve as the coordination medisagcting
passive containers for actors, providing a context for matching patteractors and
their attributes.

ActorSpaces are dynamic, because the creation of new actors and ActorSpaces
is allowed in the model. It is also possible to implement decentralizatiecause
actors and ActorSpaces can be realized as self—contained entities. Unfortunately, A
torSpaces are not generative, because communication is based on messages which
have no observable state. This leads to semantical problems with messages sen
actors which might not yet exist or may already have left a system, a phlermm
which has also been described elsewhere.

The ActorSpace is quite homogeneous, because there is only one kindiof act
whereas communication is always based on terms of ActorSpaces. It is also possi
ble to overlap or even nest different ActorSpaces which in turn enables tiggndes
of large systems using hierarchical abstractions. The latter is strereghbecause
ActorSpaces protect the actors they contain because their visibility toutisele is
determined by properties of the ActorSpaces. So, it is possible to achimapsula-
tion.

The concerns of computation (the intra—agent actions) and coordinatien (t
inter—agent actions) are separated in a very simple manner: Computatioplés i
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mented inside the actors themselves while communication is describedrig ¢ér
ActorSpaces only. Formal semantics for ActorSpaces have already been developed,
SO reasoning about coordination in ActorSpaces got a rigorous foondati

5.3 Oblig

Oblig ® has been introduced as a scripting extension to Modula 3 rather than as a
coordination model. Nevertheless, it has some interesting features ednitfast the
ActorSpacesnodel introduced above.

In Oblig, multiple sites contain objects and threads as their coordmatitities.
These sites can communicate over a local or even world—wide network. Aq Obl
site corresponds to an address space, objects contain data in form ofdtegiast
threads perform communication. Threads and objects can move across siéss. Sit
communicate via globally known name servers which provide locationgif@n
object names.

Every action performed by an Oblig computation (such as method invocation,
delegation, object updating or cloning) is performed on a per—objecs.b&bliq
provides no abstractions for dealing with groups or sets of objectscd{¢hreads
(special ones acting as so—called “execution engines”) can be seen as active agents
whereas there is not really a notion of configuration: In Obliq onlgtelkical sites
and the whole system of participating sites. As a result, it is implest build hier-
archical abstractions. Furthermore, it is also difficult to identify cowtion media;
name servers, sites, object interfaces, and communication channels plajethis ro

Synchronization can be performed on a per—object basis, too. Operations on
objects can be synchronized by monitor-like constructs, namely muttlakéon and
condition variables. Deadlocks caused by recurrent method invocations @ledvo
using the notion of self—inflicted operations which circumvent thecty mutual—
exclusion protection.

Oblig’s coordination laws are based on communication channels whichiare in
tially set up using the name servers. This allows new agents to enter a@ eativ
figuration simply by registering them at a name server. This enables delcaadr
programming. But as a valid channel is needed for communication, it isSsilgle
for a specific agent to leave a configuration at any time he wants to, so dymam
is prohibited. Additionally, communication in Oblig is not generatibecause it
is based on remote method invocation. As a consequence, there are probllems wi
agents eventually leaving a configuration.

Oblig isn’t homogeneous, because the notions of passive objects arethotads
are separated, causing the necessity of introducing synchronizationumsétrthe
Oblig language. The encapsulation of objects is performed in two integestys.

On one hand is Oblig’s lexical scope which introduces the necessityalfcahandle
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in order to access an object. On the other hand, it is possible to implencapsn
lation explicitly by so—called “protected objects”.

Because Oblig computations are performed by sequences of method calls, both
local computations and remote invocations are performed in a unified mddner.
fortunately, this prohibits the separation of concerns between conmputatd coor-
dination purposes. The lexical scope which is basically used by Obligetations
enables to simply introduce distributed semantics based on the nofisites, loca-
tions, values, and threads. But due to the currently experimental sfadisiq, there
already are no formally given semantics, yet.

5.4 Embedding Java in a coordination model

The Java programming language recently attracted manifold interest afarplat
for software integration purposes, especially with open distrib(gegl Web-based)
systems. Although Java includes some mechanisms for concurrencygldumeted
on monitors and critical regions, it can be combined with a higher leaidioation
model to support related component techniques. In fact, we have recentlyuoed
a coordination language kernel called J&dahich extends Java with Linda-like co-
ordination primitives.

Jada has been introduced to design object-oriented applications dexirirer
the WWW, however, especially for applications which need support fe-aked
coordination, workflows, and logically distributed transactionsaJdadtoo simple
because it is based on singleton tuple transactions, whereas in several ogsasipr
mers need to test, delete, or replace multisets of tuples. Several otherppajestie
a similar goal using a similar technology.

Interestingly, the idea of combining Java with Linda-like cooation has been
pursued by some important software industries. In fact, both SansSpace$ and
IBM’s TSpaceg* provide mechanisms for distributed persistence and data exchange
for code written in Java. Their basic coordination medium consistsabfrlltiple
tuple spaces. In JavaSpaces, a tuple is callesh#ny, defined as typed group of ob-
jects. An entry can be written in a JavaSpace, to be later searched or deleteduyy look
operations. JavaSpaces support a transaction mechanism to build atdtipterop-
erations across multiple JavaSpaces. Moreover, active objects can ask a JavaSpace
to notify when an entry is written that matches a given template. The actuld-imp
mentation of JavaSpaces is part of the Jini software architeétli@paces exploit a
similar coordination model; however such a system has been developgdusia-
tional database management system as support for tuple spaces, so it isnctaarly
suited for applications where data management is an important issue.

12



6 Conclusions

Parallel as well as concurrent programming is typically performed usingaduhd
low-level constructs like message passing, shared variables, or rernogelpre calls.
Those constructs hardly provide adequate abstractions, making theuctios of
large parallel software systems tedious and error-prone. The research eoesddf
nationstudies interaction between active entitesgents aiming at the provision of
suitable models for managing the complexity of such systems.

In this paper we identified and discussed the notioroafrdinationitself, as well
as ofcoordination modelandlanguages We investigated the role of coordination
as a paradigm for software integration in concurrent systems, focosiogen dis-
tributed (e.g. Web-based) systems. Here we discussed the importarigeasand
of component-based software architectures, and we identified requiremectefo
dination models suitable for those systems. Finally, we discussad soordination
models and languages and their suitability for open distributed systems
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