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Abstract: The drawbacks of programming coordination activities directly within the applica-
tions software that needs them are briefly reviewed. Coordination programming helpsto separate
concerns, making complex coordination protocols into standalone entities; permitting separate
devel opment, verification, maintenance, and reuse. The IWIM coordination model is described,
and aformal automata theoretic version of the model is developed, capturing the essentials of the
framework in a fibration based approach. Specifically, families of worker automata have their
communication governed by a state of a manager automaton, whose transitions correspond to
reconfigurations. To capture the generality of processesin IWIM systems, the construction is
generalised so that process automata can display both manager and worker traits. The relation-
ship with other formalisations of the IWIM conception of the coordination principle is explored.
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1 Introduction

Themassively parallel systemsthat can be built today require programming modelsthat
explicitly deal with the concurrency of cooperation among large numbers of entitiesin
asingle application. Today’s concurrent applications typically use ad hoc templatesto
coordinate the cooperation of their components, and this is symptomatic of a lack of
proper coordination frameworks for describing complex cooperation protocolsin terms
of simple primitives and structuring constructs.

In most real applications, thereis no paradigm in which we can systematically talk
about cooperation of active entities, and in which we can compose cooperation scenar-
ios such as client-server, workers pool, etc., out of a set of more basic concepts. Con-
sequently, applications programmers must deal directly with the lower-level communi-
cation primitives that instantiate the cooperation model of a concurrent application.
These primitives are generally scattered throughout the source code, interspersed with
non-communication application code, and the cooperation model never manifestsitself
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in atangible form. Thusit is not an identifiable piece of source code that can be de-
signed, developed, debugged, maintained, and reused, in isolation from the rest of the
application. Thisinability to deal with the cooperation model of a concurrent applica
tion explicitly, contributes to the difficulty of developing working concurrent applica-
tions containing large numbers of actively cooperating entities.

Despite the fact that the implementation of complex protocolsis often the most dif-
ficult part of adevelopment, the end result istypically so nebulousthat it cannot be rec-
ognized as acommodity in its own right. This makes maintenance and modification of
the cooperation protocols much more difficult than necessary, and their reuse next toim-
possible.

The two most popular models of communication within highly concurrent applica-
tions are shared memory and message passing. |n the shared memory model, interproc-
ess synchronisation primitives play the dominant role, with interprocess communica-
tion subordinate, whereas in the message passing model, interprocess communication
is dominant, and synchronisation subordinate. The latter makes the message passing
model somewhat more flexible than the shared memory model and, therefore, it is the
dominant model used in concurrent applications. However, both paradigms are too low-
level to serve as a proper foundation for systematic construction of cooperation proto-
cols as explicit, tangible pieces of software.

Such observations have led in recent years to an upsurge in activity in so-called co-
ordination frameworks and languages. An early survey is [Maone and Crowston
(1994)] which characterisies coordination as an emerging discipline. Various approach-
es with roots in eg. the actor model [Agha (1986)], or in logic programming [ Shapiro
(1989)], were instrumental in establishing coordination as an independent discipline.
See [Ciancarini and Hankin (1996), Garlan and Le Metayer (1997), Papadopoul os and
Arbab (1998), Ciancarini and Wolf (1999), Porto and Roman (2000), Omicini et al.
(2002)] for representative contemporary work. A number of higher level perspectives
have emerged. Among these are the tuple based approaches such as Linda [Gelernter
(1985), Carriero and Gelernter (1989)], and by contrast, the connection control based
approaches amongst which we find the IWIM (Ideal Worker Ideal Manager) model. It
iswith this model that this paper is concerned.

The rest of this paper contains the following. In[Section 2] we survey the IWIM
model informally. With this motivation covered, in [Section 3] we devel op atheoretical
automaton-based model for IWIM, whichwe call the IWIM systemsmodel. Thisisde-
veloped gradually, asit isafairly complicated construction, aiming to reflect the essen-
tials of IWIM in acredible manner. The underlying ideais that families of worker au-
tomata perform their tasks under the supervision of a manager automaton. Change of
state of the manager corresponds to reconfiguration, whereupon a different family of
worker automata shoulders the burden. Thisbasicideaiselaborated to enable arbitrar-
ily complex hierarchies to be modelled. Although our model is reasonably involved, it
falls short of trying to capture everything about IWIM or any specific implementation
of the IWIM idea, such asisto be found in the formal specification of the MANIFOLD
language [Arbab et a. (1993), Bonsangue et al. (2000)]. In particular we abstract away
from the ability of workers to continue with internal actions on their own, which in the
full IWIM model they can do irrespective of the attentions of any manager. One prin-
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cipal purpose of thiswork could be seen as exploring the viability of fibration based ide-
asin the arena of reconfiguration problems.

In [Section 4] we discuss how the instantaneous reconfiguration aspect of our
IWIM systems can be generalised to model the asynchronous event based reconfigura-
tions characteristic of real IWIM frameworks. In[Section 5] we show how the model
of Arbab, de Boer and Bonsangue [Arbab et al. (2000a)], a model featuring aspects of
reconfiguration, can be expressed by IWIM systems; and in [Section 6] we show how
the moddl of Katis, Sabadini and Walters [Katis et a. (2000)], a significantly different
theoretical account, can also be captured within IWIM systems. These two enterprises
support the other principal purpose of thiswork, whichisto explore how the IWIM idea
may be formalised in amanner that vividly highlights the special nature of the relation-
ship between managers and workersin IWIM, and to compare such aformalization with
models that do not do so. One aspect of IWIM systems not covered in this paper isthe
issue of their algebraic properties. The highly structured IWIM systems model has a
rich algebraic theory. However an in depth account would almost double the size of this
paper; see[Banach et al. (2002)]. [Section 7] concludes.

2 ThelWIM Mode

In this section we review the generic coordination framework known asthe |deal Work-
er Ideal Manager (IWIM) model [Arbab (1995), Arbab (1996), Arbab et al. (1998)].
The basic concepts in the IWIM model are processes, events, ports, and channels. A
processisablack box with well defined ports of connection through which it exchanges
units of information with the other processes in its environment. A port is a named
opening in the bounding walls of a process through which units of information are ex-
changed using standard /O primitives such asread and write; we assume that each port
isused for the exchange of information in only one direction: either into the process (in-
put port) or out of the process (output port).

The interconnections between the ports of processes are made through channels. A
channel connects a port of a producer process to a port of a consumer process. Inde-
pendent of the channels, there is an event mechanism for information exchange in
IWIM. Eventsare broadcast by their sourcesinto their environment, yielding event oc-
currences. In principle, any process in an environment can pick up a broadcast event
occurrence. Inpractice, usually only afew processes pick up occurrences of each event,
because only they are tuned in to the relevant sources.

The IWIM model supports anonymous communication: in general, a process does
not, and need not, know the identity of the processes with which it exchangesinforma-
tion. This concept reduces the dependence of a process on its environment and makes
processes more reusable; it also makes the protocols governing such communication
more reusable.

A processin IWIM can be regarded as a worker process or a manager (or coordi-
nator) process. The responsibility of aworker processisto perform atask. A worker
process is not responsible for the communication that is necessary for it to obtain the
proper input it requires to perform its task, nor isit responsible for the communication
that is necessary to deliver the results it produces to their proper recipients. In general,
no processin IWIM isresponsible for its own communication with other processes. It
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is always the responsibility of a manager process to arrange for and to coordinate the
necessary communications among a set of worker processes.

There is always a bottom layer of worker processes, called atomic workers, in an
application. In the IWIM model, an application is built as a (dynamic) hierarchy of
worker and manager processes on top of thislayer. Asidefrom the atomic workers, the
categorization of a process as aworker or a manager process is subjective: a manager
process proc that coordinates the communi cation among anumber of worker processes,
may itself be considered as a worker process by another manager process responsible
for coordinating the communication of proc with other processes.

InIWIM, achannel isacommunication link that carries asegquence of bits, grouped
into units. A channel represents areliable, directed, and perhaps buffered, flow of in-
formation in time. Here, reliable means that the bits placed into a channel are guaran-
teed to flow through without loss, error, or duplication, and with their order preserved;
and directed meansthat there are awaystwo identifiable endsin achannel: asource and
asink. Once achannel isestablished between a producer process and a consumer proc-
ess, it operates autonomously and transfers the units from its source to its sink.

If we make no assumptions about the internal operation of the producer and the
consumer of a channel ¢, we must consider the possibility that ¢ may contain some
pending units. The pending units of achannel c are the unitsthat have already been de-
livered to c by its producer, but not yet delivered by c to its consumer. The possibility
of the existence of pending unitsin achannel givesit an identity of its own, independent
of its producer and consumer. 1t makesit meaningful for achannel to remain connected
at one of its ends, after it is disconnected from the other. The full details of the IWIM
model codify a number of variations on this theme, but for our purposes, a channel will
stay alive aslong as one end or another is connected to a process.

Worker processes have two means of communication: via ports, and via events.
The communication primitives that allow a process to exchange data through its ports
are conventional read and write primitives. A process can attempt to read datafrom one
of itsinput ports. It hangsif no datais presently available through that port, and con-
tinues once datais made available. Similarly, aprocess can attempt to write datato one
of its output ports. It hangsif the port is presently not connected to any channel, and
continues once a channel connection is made to accept the data.

It is worth mentioning at this point that the interaction of all the ideas sketched in
the preceding paragraphs conspires to make the notion of port quiteintricate, asthefor-
mal models of subsequent sections show. The fact that an individual port p belongsto
a specific worker (which may also be engaged in management activities, but none in-
volving p), but has its connectivity controlled by a different process, whose interest in
p may wax and wane depending on the state of the computation, requires careful mod-
elling to ensure that there are ‘no bits left dangling’. Thus various aspects of a port’s
functionality end up attached to different parts of the formal model, the whole being
subject to a number of carefully constructed invariants.

Besides reading and writing over ports, a process proc can also broadcast an event
etoall other processesin itsenvironment by raising that event. Theidentity of the event
etogether with the identity of the process proc comprise the event occurrence. A proc-
ess can also pick up event occurrences broadcast by other processes and react to them.
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Certain events are guaranteed to be broadcast in special circumstances; for example, ter-
mination of a process instance always raises a special event to indicate its death. Our
formal model in the rest of the paper will be quite limited in that we only model recon-
figuration events. Even then, for simplicity, the modelling will be synchronous, a defect
we address | ater.

A manager process can create hew instances of processes (including itself) and
broadcast and react to event occurrences. It can also create and destroy channel con-
nections between various ports of the process instances it knows, including its own.
Creation of new process instances, as well asinstallation and dismantling of communi-
cation channels are done dynamically. Specifically, these actions may be prompted by
event occurrences it detects. Each manager process typically controls the communica
tions among a dynamic family of process instances in a data-flow like network. The
processes themselves are generally unaware of their patterns of communication, which
may change in time, according to the decisions of a coordinator process.

In our formal model, again for reasons of simplicity, we eschew the full generality
of these concepts. Our process networks will turn out to be statically defined, though
the execution trajectory through this stucture will be dynamically determined. Assuch
they may be viewed as the static unwinding of an implicit but more succinct syntactic
specification of dynamic behaviour, and the unwinding enables us to restrict discussion
to the semantic level alone, awelcome simplification.

3 IWIM Automata

In this section, we distil the essentials of the ideas just described, to create the model
which will serve as the basis for the semantics of IWIM in the rest of the paper. We
build the model up in two steps. The first is based on a fibration-inspired strategy, to
reflect the way that IWIM events tear down and rebuild interconnections between fam-
ilies of processes. Accordingly, elementary IWIM automata will have in the base a
manager automaton, describing how the manager part of an elementary IWIM system
moves, and above each state of the manager automaton, there will be a collection of
worker automata, connected together according to the prescription contained in the
manager state. The various worker collections are then integrated into a single elemen-
tary IWIM system using an ‘above’ relation describing how workers relate to states of
the manager, a construction inspired in essence by the Grothendieck construction. As
aresult of this, each configuration of the overall automaton can be projected down onto
the relevant state of the manager in the manner of afi bration’.

The capacity of IWIM systems to reconfigure themselves via events that provoke
managersinto reconfiguration activities, is here modelled by mappings of certain work-
er moves (that represent the raising of the event) to manager moves (that represent the
reception and processing of the event, resulting in reconfiguration). Unlike genuine
IWIM systems, thisis a synchronous activity in our model, but we will show in Section
4 that the asynchronous aspects can be recaptured within our framework.

[Fig. 1] illustrates in pictures what we have just described in words for elementary
IWIM automata. It shows a collection of worker automata { A, B, C, D, E, S sitting

1. The projection oriented nature of fibrations explains why we say ‘above’ and not ‘below’, cf.
Proposition 3.4 and Proposition 3.8 below.
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above amanager Man, forming an elementary IWIM system. The statesof Mani.e. {l,
m, n}, each map to communication networks consisting of directed graphs of ports and
channels. The ports of these networks correspond bijectively to input and output ports
in the workers, who are ignorant of whence come their input messages and where their
output messages are destined. Input ports are shown solid, while output ports are hol-
low. Furthermore these bijections in large part mimic the substructuring of individual
portsin IWIM into their private and public parts. Also, following these bijections up to
the workers reveals which workers are above which management states. Note that
worker B is above more than one management state. This means that when Man makes
atransition from | to m, B is unaffected and continues to work as before. Attached to
each channel is a queue of messages, illustrated for just one channel for | in the figure.
Some of the channels can be external, such asthe external input channel for statel, and

Fig. 1: A manager Man with some workers above it. Broken vertical lines show the
correspondence between worker and manager ports, bijective for each manager state.
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the external output channel for n; these allow connection to and exchange of informa-
tion with the outside world. Note however that external input can only take place when
| isthe current management state, and external output can only take place when nisthe
current management state. The management transitions must specify what happensto
the message queues. These are mapped by additional dataillustrated by y in the figure
and merged into the destination queues.

Worker C shows a typical worker output transition; there are similar worker input
transitions. The port of worker S showsthat ports are really quite general purpose con-
ceptsin IWIM, able to accomodate several incoming and outgoing channels. Worker S
itself can be seen as providing a serialisation service for B, C, D. Worker D shows a
reconfiguration event transition. Thethick line from the transition to the manager illus-
trates that the atomic transition label rec is mapped to the manager transition from mto
n. Inthis manner the workers can provoke reconfigurations implemented by the man-
ager.

In the second step of the two step strategy for building our IWIM system model,
the elementary IWIM system construction just described is generalised to take account
of the more flexible nature of real IWIM systems. Now, processes may manifest both
manager and worker roles, worker processes may enjoy the attentions of more than one
manager, and manager processes may enjoy the benefits of more than one worker. To
copewith this, we define IWIM worker-manager automata as asynchronous products of
individual worker and manager automata. Also the relation connecting workers and
managers becomes global. In this manner we get unrestricted IWIM systems. The pre-
viously mentioned properties continueto hold. In particular, configurations of an unre-
stricted IWIM system can be projected down onto configurations of their mangers.

Let usillustrate all thisin another figure. [Fig 2] shows four worker-manager au-
tomata, W, X, Y, Z. These are drawn as rectangles with the dashed horizontal line rep-
resenting the division between the worker and manager facets, the manager facet being
uppermost. The worker structure is suppressed in all cases, and the fact that the man-
ager parts of W and X are empty is intended to indicate that these automata are atomic
workers, with trivial manager facets. The arrows emanating from manager states point
to the worker facetsunder their control. [Fig 2] illustratesthat (almost) completely gen-
eral management relationships are permitted between worker-manager automata. In
fact the only restriction is that an automaton’s manager facet cannot manage it's own
worker facet. Of coursein realistic settings, the kind of contorted and cyclic dependen-
ciesoccurringin[Fig. 2] do not really arise. Far moreplausible, areregularly structured
hierarchies with atomic workers in the bottommost layer.

3.1 Elementary IWIM Systems

Definition 3.1 AnIWIM manager automaton isatriple (M, m;, R), where M is a set of
management states, m; € M is an initial state, and R is a set of reconfiguration transi-
tions. These components are further stuctured asfollows. Each management state mis
itself the name of a pair (P, C,y), where P,,, is a set of port names, and C,,is a set of
channel names. There are two partial functions S, ty, : Cy = Py Which map channels
to source and target port names, whenever s, or t,, are defined. They satisfy dom(s,)
w dom(t,) = C,, i.e. each channel is connected to at least one port — channels not in
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dom(s,,,) are called external input channels, and channels not in dom(t,,)) are called ex-
ternal output channels; channelsin both dom(s;,;) and dom(t,,,) are called internal chan-
nels. In areconfiguration transition, written m-r-> n, ther is shorthand for a partia in-
jection on the channel names ,, : Cy, — C,,. Also for each management state m, we
have an identity transition m-id,-» min which the x, ,, partial injection is atotal iden-
tity.

The above definition characterises states of the manager automaton as connection net-
worksinwhich the ports do not have aunique orientation (asinput or output ports). Dif-
ferent states m, n may refer to the same connection network. Reconfigurations identify
some channels of the source state with some channels of the target.

Definition 3.2 AnIWIM worker automatonisatriple (I, O, A), where | isaset of input
ports, O isaset of output ports, and | and O aredigoint. A= (K, Init, Tr) is an autom-
aton with states &, of which Init e Sisaninitial state, and Tr ¢ & x Act x S isatran-
sition relation, where Act isa set of actions of the form in?v or out!v or rec. Inthefirst
two kinds of action, in € |, out € O, and we assume that there is a global alphabet of
values Val containing v. Inthelast kind, rec isjust a name (intended to be the name of
a reconfiguration transition as in Definition 3.1). Where convenient below, we will
write transitions using the notation a -inv-> b or a -out!v-> b or a -rec-> b. We define

Fig. 2: A schematic illustration of a network of worker-manager automata. Arrows
from manager states to other automata show the ‘above’ relation of the system. N.B.
The fact that Y manages Z and Z also manages Y is |l egitimate in the WIM model.
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Try={a-inn->be Tr}, Trog={a-outlv->be Tr}, Trr={a-rec->be Tr}, sothat Tr =
Try U Trg U Trg, the union being evidently disjoint. Additionally we define Rec={rec|
a-rec-> b e Tr} the aphabet of reconfiguration events of the worker.

So far, workers are automata of afairly standard kind. Now we show how workers and
managers are glued together.

Definition 3.3 Anelementary IWIM system (Man, Wor) consists of an |WIM manager
automaton Man, an elementary workforce Wor, and ancillary data to be described be-
low. Wor isaset of worker names together with amap wor, which yieldsfor each work-
er we Wor, an IWIM worker automaton wor (w). Furthermore we have:

(1) Thereisarelation ™ between Wor and the management states of Man. We write
w*mto say that a worker w is above a management state mif the pair isin the re-
lation.

(2) If aworker w is above a management state m, then thereisamap ry,, from therec
actions of wor(w), into reconfiguration transitions m-r-> n of Man.

(3) For each management state m € Man, there is a total bijection Ay, : Py, = 1Oy
where 1O, is the digoint union of all of the input and output ports of all workers
above m; i.e |Om: @k/\m{i | ie IWOI’(k)} b U’)k/\m{o | [OXS OWOT(k)}'

(4) Associated to each channel ¢ € C,;, (where mis a management state), there is a
queue of messages which we write c:[ug, Uq, ... ]. Eachu;isinVal. The front of
this queueis ug.

A configuration of an elementary IWIM system (Man, Wbr) consists of :
(1) astate mof Man;
(2) asetests={ax|ace Syor), ke Wor} of states a, one for each worker k;

(3) asetgs={c:q.|c:0c=C:[ug, Uy, ... ], ce Cpn, ne M} of queues of messages c:[up,
Uy, ... ] onefor each channel of each management state.

Notethat inthe above, ests may equivalently be viewed as the range of afunction which
maps each worker to one of its states, so that a is formally an ordered pair. Since we
are overwhelmingly concerned with the states and how they change, we will not use the
more cumbersome functional apparatus. Similar remarks apply to gs though here some
of the indexing information is routinely suppressed.

A configuration of an elementary IWIM system (Man, Wor) isinitial iff: misinitial,
the a are also al initial, and the queues associated with all channels are empty.

A transition of an elementary IWIM system (Man, Wor) in state (m, ests, gs) isone
of the following six kinds:

(ENVI) The environment adds a value to the input end of a queue whose source end
is not attached to any port (an external input channel’s queue).
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c¢ dom(sy) ,
ce dom(t,) ,

OSrest = AS—{C:[ ..., U]}

m—m,
ests —> ests,
05— OSreq U {CI ... , Uy, U}

The environment removes a value from the output end of a queue whose
target end is not attached to any port (an external output channel’s queue).

ce dom(ty) ,
ce dom(sy) ,
OSeq = 05 —{C[u, Uy, ... ]}

m—m,
ests —> ests,
05— Qe U {CUy, ... T}

A worker automaton performs an input on one of itsinput ports, removing
the front element from an input queue attached to the port, of which there
must be at least one.

k*m, a € ests, g -i?u-> by,
AP) =1 € lwor(y » tml©) =P
estsest = ests—{ay} ,

OSrest = G5 —{C:[U, Uy, ... I}

m—m,
ests —> estSoq U {Dg |
0s— OSreg Y {C:[Uy, ... ]}

A worker automaton performs an output on one of its output ports, adding
avalue to the end of any output queue attached to the port, of which there
must be at least one.

k*m, a € ests, a -olu-> by,
Am(P) = 0 € Oyor(k) »

@ #0ut={d| syd) = p} ,
estSeq = ests—{ay} ,

OSrest =0s—{d:[ ..., Uyl | d e Out}

m—>m,
ests —> estSeq U { by}

as— OSrest YV {d:[ ..., Ugpy U] | d e Out}

A port performs aforwarding action, removing the front element from

an input queue attached to the port and inserting (a copy of) it to all output
gueues attached to the port, of which there must be at least one.

11
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tm(©) =p,

@+ O0ut={d | sy(d) = p} ,

OSet =0s—({c[u, ug, ... U {d] ..., Ud,nd] | de Out})

m—m,

ests —> ests,

gs— OSrest Y {C:[Ug, ... I} U{d[ ..., Uy, Ul | d € Out}

NB. The above notation is intended to include the case that c € Out,
whereupon the front message of ¢'s queue is moved to itstail.

(REC) A worker automaton k; performs arec action g, -rec-> by, provoking are-
configuration m-r-> n of the elementary IWIM system, given by the function
Meam: The manager automaton makes atransition to the new state. Worker
automaton k, completesitstransition. Worker automata other than k. who are
above both the old and new manager state remain as before. Worker automata
above the old but not the new manager state go into suspension. Worker au-
tomata not above the old but above the new manager state are awakened. The
gueues of channels above the old manager state which are reassigned via
the channel reconfiguration data are moved according to that data, being
merged with the existing queues at target channels and leaving the queues
at originating channels empty. The queues at other channelsremain as before.

k"m, a € ests, a -rec-> by,
Neam(rec) =m-r->n=ym,: Cp— Cy,
eqsfeﬂ = egs_{akr} ’
Osge ={C:0c| c € Cppy, c€ dom(ymp)} w {diqq|de Cp, d e rmg(xmn)}
OSrest = OS— OSye »
dsgom ={C:[] | c€ Cpp, €€ dom(xmp)}
USmerge = {d:0cd | €10, € € Cpyy, € € dOM() ),
d:dg, Xmn(€) =d € C,, d e mg(xmn),
Ocd € Merge(qc, dg)}

m—n,
ests — estseq U { by}
0S— OSrest Y USgom Y USmerge

Thistransition system has some features that deserve comment. Note firstly that input/
output and forwarding activities are completely decoupled. For thisreason it makeslit-
tle sense for the manager to connect up a port to use simultaneously as a broadcasting
device, and as an input device to the relevant worker, since the input messages and for-
warded messages are necessarily digoint. Thus since even forwarding ports haveto be-
long to someworker, itisbest toinvent special purpose dummy workersjust for the pur-
pose, such asworker Sin [Fig. 1].

A second issue concerns the creation and destruction of processes. IWIM isentire-
ly virtuous regarding matters of life and death: there is no murder, only suicide. The
most that managers can accomplish is anasthesia. When a reconfiguration transition
takesaworker out of the current configuration because that worker is not above the new
current management state, the worker sleeps, because being above the current manage-
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ment stateisahypothesisof all six transition types. When the current management state
once more becomes one which the worker is above, it wakes and is able to participate
in worker transitions again. It isthe worker’s own responsibility to enter a state out of
which no transitions emerge if it wishesto die.

Thirdly there arises the issue of queue management during reconfiguration transi-
tions. We have elected to merge assigned queues with existing ones (for given source
and target ports) as representing an abstraction of the potential presence of severa in-
dependent queues from the source to the target. The latter would require a more com-
plex notion of reconfiguration transition than we wish to get embroiled in.

Let EConfs(Man, Wor) be the set of all configurations of (Man, Wor). Equipping it
with thetransitionsjust described makesit into atransition system. Weregard thistran-
sition system as unlabelled, it being the case that the kind of step involved is always de-
ducible from the pair of configurations in question.

A run of (Man, Wor) is, in the normal manner, a sequence of contiguous transitions
of EConfs(Man, Wor), starting with an initial configuration:

(m, ests, gs) — (M, ests’, gs’) — (M”, ests”, gs”") —> ...

Let Mngr(Man, Wor) be the set of manager states of configurations in EConfs(Man,
Wor). These are given by afunction ern, 5, where en,,o(m, ests, gs) = m. The set Mn-
gr(Man, Wor) can be equipped with transitions derived from the (REC) transitions of
EConfs(Man, Wor). Thus to the transition (m, ests, gs) —> (17, ests, gs) corresponds
the Mngr(Man, Wor) transition ern,,5,(m, ests, gs) —> emyan(nT, ests, ), i.e. m—> ',
(we regard these transition as unlabelled too). We also add an identity transition m —>
m to each manager state in Mngr(Man, Wor).

Now although a particular worker may be above several manager states, making
problematic the definition of a projection from the static structure of the elementary
IWIM system to its manager, the same is not true of the set of configurations of the el-
ementary IWIM system and itstransition system, EConfs(Man, Wor), asit relatesto the
set of manager states. In EConfs(Man, Wor), some specific manager state alwaysindex-
es any worker state that forms part of a configuration, and so we obtain the following
result.

Proposition 3.4 Let (Man, Wor) be an elementary IWIM system. Let EConfs(Man,
Wbr) be the associated transition system and Mngr(Man, Wor) be the corresponding set
of manager transitions. Then thereis a projection:

I1, : EConfs(Man, Wor) — Mngr(Man, Wor)
which maps states by:

(m, ests, gs) > M= enan(m, ests, gs)
and which maps (REC) transitions by:

(m, ests, gs) —> (7, ests’, )
—>
M—> M = eNy,an(M, estS, gS) —> enyan(NT, ests’, as))
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and which maps (ENV1), (ENVO), (IN), (OUT), transitions to identity transitions:

(m, ests, gs) —> (M, ests’, gs)
N
m—m

Proof. Obvious. ©

3.2 Unrestricted IWIM Systems

The previous section captures the essence of the process by which an individual man-
ager automaton manages a group of worker automata. However the IWIM model does
not restrict worker management to asingle layer. Managers may themselves be workers
managed by others, in time honoured hierarchical fashion. We model this here by al-
lowing managers to themselves acquire aworker facet. Theresult is effectively aprod-
uct of the two preceding constructions.

Definition 3.5 An IWIM worker-manager automaton is the asynchronous product of
an IWIM worker automaton (I, O, A) as in Definition 3.2, and an IWIM manager au-
tomaton (M, m;, R) asin Definition 3.1. That isto say, an IWIM worker-manager au-
tomaton is of the form (I, O, A)®(M, m;, R), where (I, O, A) is called the worker facet
and (M, m;, R) is called the manger facet. The set of states of the worker-manager au-
tomaton is & x M, with initial state (Init, m;), and there are two kinds of transitions:
worker transitions, for example (a, m) -w-> (b, m), wherea -w-> bisatransition of (I, O,
A) (and the manager facet m remains unchanged), and manager transitions, for example
(a, m) -r-> (a, n), wherem-r-> nisatransition of (M, m;, R) (and the worker facet are-
mains unchanged).

Thefollowing is evident.

Proposition 3.6  An IWIM worker-manager automaton for which the worker facet isa
single (initial) state IWIM worker automaton with empty transition relation is strongly
bisimilar to an IWIM manager automaton. Also an IWIM worker-manager automaton
for which the manager facet isa single (initial) state IWIM manager automaton whose
port and channel sets are empty, and with transition relation consisting of just the oblig-
atory (in this case empty) identity function, is strongly bisimilar to an IWIM worker au-
tomaton.

Inview of this, we can refer to IWIM worker-manager automatawith trivial worker fac-
etsas pure mangers, and to IWIM worker-manager automatawith trivial manager facets
as pure workers.

Now that individual automata are capable of both worker and manager behaviour,
we can define an unrestricted IWIM system as a community of automata where the
manager facets of individual automata manage their individual workforces drawn from
the same community, and the worker facets of individual automata each do their jobs
coordinated by one or more manager facets, since we place no restriction on the number
of bosses any poor labourer might have. 1n keeping with the best industrial practice, no
worker is ever his own manager (no selfdetermination — no one sets their own salary,
nor signs off their own expense claims). Since the moves of the whole system are the
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moves of the individual elements, we need no additional restrictions beyond the no self-
determination rule and the restrictions that apply to elementary IWIM systems, to have
consistency.

Definition 3.7 An unrestricted IWIM system WM is a set of IWIM worker-manager
automaton names called WM, asubset I nitial\yy, < WM, together with ancillary data de-
scribed below. There are three maps. worman, wor, man, where for each wm e WM,
worman(wm) isan IWIM worker-manager automaton, wor (wm) isitsworker facet, and
man(wm) isits manager facet. We write m,,,, to say that state mis a state of a facet of
automaton wm, the facet intended being clear from the context; formally my,,, is an or-
dered pair, just asbefore. The states of aworker-manager automaton wm are thus writ-
ten (ay,m, Mym), Whereaisthe state of the worker facet and misthe state of the manager
facet.

Moreover, other aspects of the notation for elementary IWIM systems acquire ad-
ditional subscripting to indicate what part of the unrestricted IWIM system they refer
to. Thus we have P, for the set of port names of state m of the manager facet
man(wm) of wm; likewise C,, - is the corresponding set of channel names.

There is a binary above relation  where wm'”m,,,,, means that the worker facet
wor (wn) of automaton wim'’ is above state m of the nontrivial manger facet man(wm) of
automaton wm. The no selfdetermination rule implies that whenever wm'”m,,,, then
wn = wm. Theworkforce{wmy, ..., wm,} of automatawhoseworker facets are above
states of the manager facet of wm is refered to as an elementary IWIM subsystem of
WM, and is an elementary IWIM system in the sense of Definition 3.3 when we disre-
gard the manger facets of the workers and the worker facet of the manager. ThusIOy,
isthe set of input and output ports of the workforce above m,,,,. Specifically for an el-
ementary IWIM subsystem:

(1) Theaboverelationisinherited from the global one, and we will assume henceforth
that no automaton is above the unique state of atrivial manager.

(2) Thereisamap ryyyam,, Of therec transitions of worker facetsinto reconfiguration
transitions of the corresponding nontrivial manager facet.

(3) Thetotal bijection property of manager portsto workforce input/output ports holds
viaamap Ay Prn = Omun

(Note that the no selfdetermination rule is consistent with the asynchronous product
structure of the transitions for worker-manager automata. Otherwise some r'ynpm,m
could force moves of wm that were worker and manager moves simultaneously.)

Let WM be an unrestricted IWIM system. Then we define WM*={wme WM | wm
has a nontrivial manager facet} .

A configuration (sts, gs) of an unrestricted IWIM system consists of

(1) asetsts={(aym Mym | Wme WM} of states (aym, Mym) one for each automaton
in WM;

(2) asetgs={c:q;|ce Cpy,,,» 3 a* (AQum Mum) € St} of queues of messages c:[ug, Uy,
... ] one for each channel c e Cp,,,, of each management state m,, of each non-
trivial manager facet man(wm).
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As before, these configuration components are really the ranges of suitable functions.
A configuration (sts, gs) of an unrestricted IWIM system WM isinitial iff: all states
in stsareinitial in both facets, and all channel queuesin gs are empty.

Let (sts, gs) be a configuration of an unrestricted IWIM system WM. Then we can

define the manager part of (sts, gs) to be mpan(sts) = {Mym | 3 &wm * (@wm Mam) € StS,
wme WM.

A transition of an unrestricted IWIM system WM in configuration (sts, gs) is one
of six kinds, patterned after elementary IWIM system transitions:

(ENVI) The environment adds a value to the end of an external input queue.

c e V{dom(Syy,) | Munt € Tman(StS)}
c e dom(ty,,.) » Mym € Tman(Sts) ,
OSrest = A5 —{C[ ..., Un]}

sts—> sts,

0S— OSreq W {C[ ..., Up, U]}

(ENVO) The environment removes a value from the end of an external output queue.

ce U{dom(tny,.) | My € Tman(S9)}
c e dom(sy,,) » Mym € Tman(sts) ,

OSrest = as—{c:[u, Uy, ... ]}

sts—> sts,

0s— OSreg Y {C:[Ug, ... ]}

(IN) A worker facet of an automaton performs an input on one of itsinput ports,
of which there must be at least one.

KMy, Mym € Tman(Sts)

(34 M0 € S5, (34, 1) 120 (B, 1)
MrP) =1 € IWor(k) » tnn(©) =P
StSregt = Sts—{(a MW} ,

OSrest = as—{c[u, Uy, ... ]}

Sts —> Stsreg U { (DK, N}
0S—> OSregt W {C:[Uy, ... I}

(OUT) A worker facet of an automaton performs an output on one of its output
ports, of which there must be at least one.

(& N € sts, (ay, Ny -otu-> (by, ny) ,

@ #0ut={d|3I Myn € Tnan(Sts), P * K Mym,
Mnurn(P) = 0 € Owor (ks Smunl(d) = P}

StSyeqt = Sts—{ (4 N} .

OSrest =0ds—{d:[ ..., Ugp] | d e Out}

sts —> Stsyeqt U { (Do N} »
gS—> OSregt W {d:[ ... , Ugp, U] | d e Out}
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(FOR) A port performs aforwarding action.

KTy s Mt € Tmnan(StS) 5 oy (€) = P,
&+ 0ut={d|3 mym e Tpan(sts), p* K Mym,

Amum(P) =0€ Owor (k) Smam(d) = P}
OSrest = 05— ({C:[u, Uy, ... [} w{d[ ... ,ugp,l | de Out})

sts—> sts,
as— OSrest Y {C:[Ug, ... I} U{d[ ..., Ugp, U] | d € Out}

NB. The above notation is intended to include the case that c € Out,
whereupon the front message of ¢'s queue is moved to itstail.

(REC)  The worker facet of automaton k; performs arec action g, -rec-> by,
moving to state by, and provoking reconfigurations of all the elementary
IWIM subsystems managed by manager facets above a current state
of which k; sits. All these manager facets move to their respective new
management states. The queues of the channels managed by these manager
facets are mapped via the channel reconfiguration data for their particular
manager facet.

D # RMman = {Mym [ Mym € Tman(Sts) © K My}
(akr' Wkr) € sts, (akr! n‘kr) -rec-> (bkr! rnr(r) )
Rman = { Mwm | Mam € Tman(Sts) * k"Mym,
M AmumT€C) = Mam 1> Mym = Xmiymium - Crum = Crmt
StSrest = Sts— ({ (A M)} L
{ Gowme Mum) | (@ume M) € StS, Mym € RMppaa})
StSpost = { (b, M)} U { (@wm M) | (@ Mym) € StS,
Mym € RMman, Mwm € R