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ABSTRACT

The drawbacks of programming coordination activities directly within the applications soft-
ware that needs them are briefly reviewed. Coordination programming helps to separate con-
cerns, making complex coordination protocols into standalone entities; permitting separate
development, verification, maintenance, and reuse. The IWIM coordination model is de-
scribed, and aformal automata theoretic version of the model is devel oped, capturing the es-
sentials of the framework in a fibration based approach. Specifically, families of worker
automata have their communication governed by a state of amanager automaton, whose tran-
sitions correspond to reconfigurations. To capture the generality of processesin IWIM sys-
tems, the construction is generalised so that process automata can display both manager and
worker traits. IWIM systems possess alarge number of algebraic properties, arange of which
are described. The relationship with other formalisations of the IWIM conception of the co-
ordination principle is explored.
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1 Introduction

The massively parallel systems that can be built today require programming models
that explicitly deal with the concurrency of cooperation among large numbers of en-
titiesin a single application. Today’s concurrent applications typically use ad hoc
templatesto coordinate the cooperation of their components, and thisis symptomatic
of alack of proper coordination frameworks for describing complex cooperation pro-
tocolsin terms of simple primitives and structuring constructs.

In most real applications, there is no paradigm in which we can systematically talk
about cooperation of active entities, and in which we can compose cooperation sce-
narios such as client-server, workers pool, etc., out of a set of more basic concepts.
Conseguently, applications programmers must deal directly with the lower-level



communication primitives that instantiate the cooperation model of a concurrent ap-
plication. These primitives are generally scattered throughout the source code, inter-
spersed with non-communication application code, and the cooperation model never
manifestsitself in atangibleform. Thusit isnot an identifiable piece of source code
that can be designed, devel oped, debugged, maintained, and reused, in isolation from
therest of the application. Thisinability to deal with the cooperation model of acon-
current application explicitly, contributesto the difficulty of developing working con-
current applications containing large numbers of actively cooperating entities.

Despite the fact that the implementation of complex protocols is often the most dif-
ficult part of a development, the end result is typically so nebulous that it cannot be
recognized as acommodity in its own right. This makes maintenance and modifica-
tion of the cooperation protocols much more difficult than necessary, and their reuse
next to impossible.

The two most popular models of communication within highly concurrent applica
tions are shared memory and message passing. |n the shared memory model, inter-
process synchroni sation primitives play the dominant role, with interprocess commu-
nication subordinate, whereas in the message passing model, interprocess communi-
cation is dominant, and synchronisation subordinate. The latter makes the message
passing model somewhat moreflexible than the shared memory model and, therefore,
it is the dominant model used in concurrent applications. However, both paradigms
aretoo low-level to serve as aproper foundation for systematic construction of coop-
eration protocols 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 [Malone and Crowston
(1994)] which characterisies coordination as an emerging discipline. Various ap-
proaches 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), Pa-
padopoul os and Arbab (1998), Ciancarini and Wolf (1999), Porto and Roman (2000),
Omicini (2002)] for representative contemporary work. A number of higher level
perspectives have emerged. Among these are the tuple based approachessuch asLin-
da[Gelernter (1985), Carriero and Gelernter (1989)], and by contrast, the connection
control based approaches amongst which we find the IWIM model. It is with this
model that this paper is concerned.

Therest of thispaper containsthefollowing. In Section 2 we survey the [WIM model
informally. With this motivation covered, in Section 3 we develop a theoretical au-
tomaton-based model for IWIM, whichwe call the IWIM systemsmodel. Thisisde-
veloped gradually, asit isafairly complicated construction, aiming to reflect the es-
sentials of IWIM in acredible manner. The underlying ideaisthat families of worker
automata perform their tasks under the supervision of amanager automaton. Change
of state of the manager corresponds to reconfiguration, whereupon a different family
of worker automata shoulders the burden. Thisbasic ideais elaborated to enable ar-
bitrarily complex hierarchiesto be modelled. Although our model is reasonably in-



volved, it falls short of capturing everything about IWIM or any specific implemen-
tation of the IWIM idea, such asisto be found in the formal specification of the
MANIFOLD language [Arbab et al. (1993), Bonsangue et a. (2000)]. In particular
we abstract away from the ability of workersto continuewith internal actionson their
own, which in the full IWIM model they can do irrespective of the attentions of any
manager. Our main purpose could be seen as being to explore the viahility of fibra-
tion based ideas in the arena of reconfiguration problems.

In Section 4 we describe some algebrai ¢ properties of our IWIM systems. These are
based primarily on the categorical ideas of pullbacks and pushouts, suitably interpret-
ed inthe present context. A number of variations on these ideas are possible, and we
consider anumber of them. The completeness of the algebraic constructions offered
turns out to be arelatively straightforward issue and also receives some attention. In
Section 5 we discuss how the instantaneous reconfiguration aspect of our IWIM sys-
tems can be generalised to model the asynchronous event based reconfigurations
characteristic of real IWIM frameworks. In Section 6 we show how the model of
Arbab, de Boer and Bonsangue [Arbab et al. (2000a)], a theoretical model featuring
aspects of reconfiguration, can be captured within IWIM systems; and in Section 7
we show how the model of Katis, Sabadini and Walters [Katis et a. (2000)], asignif-
icantly different theoretical account, can also be captured within IWIM systems.
Section 8 concludes.

2 ThelWIM Model

In this section we review the generic coordination framework known as the Ideal
Worker 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 processis a black box with well defined ports of connection through
which it exchanges units of information with the other processesin its environment.
A port isanamed opening in the bounding walls of a process through which units of
information are exchanged using standard /O primitives such as read and write; we
assume that each port is used for the exchange of information in only one direction:
either into the process (input 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 processto a port of aconsumer process. Inde-
pendent of the channels, there is an event mechanism for information exchange in
IWIM. Events are broadcast by their sources into their environment, yielding event
occurrences. In principle, any process in an environment can pick up a broadcast
event occurrence. In practice, usualy 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 exchanges infor-
mation. This concept reduces the dependence of a process on its environment and
makes processes more reusable; it also makes the protocols governing such commu-
nication more reusable.



A processin IWIM can beregarded asaworker process or amanager (or coordinator)
process. The responsibility of aworker processisto perform atask. A worker proc-
ess is not responsible for the communication that is necessary for it to obtain the
proper input it requires to perform its task, nor is it responsible for the communica-
tion that is necessary to deliver the results it produces to their proper recipients. In
general, no process in IWIM is responsible for its own communication with other
processes. It is always the responsibility of a manager process to arrange for and to
coordinate the necessary communications among a set of worker processes.

Thereis always a bottom layer of worker processes, called atomic workers, in an ap-
plication. Inthe IWIM model, an application is built as a (dynamic) hierarchy of
worker and manager processes on top of thislayer. Aside from the atomic workers,
the categorization of a process as aworker or amanager processis subjective: aman-
ager process man that coordinates the communication among a number of worker
processes, may itself be considered as aworker process by another manager process
responsible for coordinating the communication of man with other processes.

In IWIM, achannel isacommunication link that carries a sequence of bits, grouped
into units. A channel represents a reliable, directed, and perhaps buffered, flow of
informationintime. Here, reliable meansthat the bits placed into achannel are guar-
anteed to flow through without loss, error, or duplication, and with their order pre-
served; and directed means that there are always two identifiable ends in a channel:
asource and asink. Once achannel is established between a producer processand a
consumer process, it operates autonomously and transfers the unitsfrom its source to
itssink.

If we make no assumptions about the internal operation of the producer and the con-
sumer of achannel ¢, we must consider the possibility that ¢ may contain some pend-
ing units. The pending units of a channel ¢ are the units that 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 anidentity of itsown, independ-
ent of its producer and consumer. It makesit meaningful for achannel to remain con-
nected 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 viaevents. 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 data from one
of itsinput ports. It hangsif no datais presently available through that port, and con-
tinues once data is made available. Similarly, a process can attempt to write data to
one of itsoutput ports. It hangsif the port is presently not connected to any channel,
and continues once a channel connection is made to accept the data.

A process proc can also broadcast an event eto all other processesin its environment
by raising that event. Theidentity of the event etogether with theidentity of the proc-
ess proc comprise the event occurrence. A process can also pick up event occurrenc-
es broadcast by other processes and react to them. Certain events are guaranteed to



be broadcast in specia circumstances; for example, termination of a processinstance
awaysraisesaspecia event to indicate its death. Our formal model in therest of the
paper will be quite limited in that we only model reconfiguration events. Even then,
for simplicity, the modelling will be synchronous, a defect we address |ater.

A manager process can create new 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, aswell asinstallation and dismantling of commu-
nication channels are done dynamically. Specifically, these actions may be prompted
by event occurrencesit detects. Each manager processtypically controlsthe commu-
nications 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. As
such they may be viewed asthe static unwinding of animplicit but more succinct syn-
tactic 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. Thefirst isbased on afibration-inspired strategy, to
reflect the way that IWIM events tear down and rebuild interconnections between
families of processes. Accordingly, elementary IWIM automatawill havein the base
amanager automaton, describing how the manager part of an elementary IWIM sys-
tem moves, and above each state of the manager automaton, there will be acollection
of worker automata, connected together according to the prescription contained in the
manager state. The various worker collections are then integrated into a single ele-
mentary IWIM system using an ‘above’ relation describing how workers relate to
states of the manager, a construction inspired in essence by the Grothendieck con-
struction. Asaresult of this, each configuration of the overall automaton can be pro-
jected down onto the relevant state of the manager in the manner of afibration.

The capacity of IWIM systems to reconfigure themselves via events that provoke
managers into reconfiguration activities, is here modelled by mappings of certain
worker moves (that represent the raising of the event) to manager moves (that repre-
sent the reception and processing of the event, resulting in reconfiguration). Unlike
genuine IWIM systems, thisisasynchronous activity in our model, but we will show
in Section 5 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



above a manager Man, forming an elementary IWIM system. The states of 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 hollow. Furthermore these bijectionsin 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 | inthefigure. Some of the channels can be external, such asthe external




input channel for statel, and the external output channel for n; these allow connection
to and exchange of information with the outside world. Note however that external
input can only take place when | is the current management state, and external output
can only take place when n is the current management state. The management tran-
sitions must specify what happens to the message queues. These are mapped by ad-
ditional dataillustrated by x 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 shows that ports are really quite general purpose
concepts in IWIM, able to accomodate several incoming and outgoing channels.
Worker Sitself can be seen as providing a serialisation service for B, C, D. Worker
D shows areconfiguration event transition. The thick line from the transition to the
manager illustratesthat the atomic transition label rec is mapped to the manager tran-
sition from mto n. In this manner the workers can provoke reconfigurations imple-
mented by the manager.

In the second step of the two step strategy for building our IWIM system model, the
dementary IWIM system construction just described is generalised to take account
of themoreflexible 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 cope with this, we define IWIM worker-manager automata as asynchronous prod-
ucts of individual worker and manager automata. Also the relation connecting work-
ersand managers becomesglobal. Inthismanner we get unrestricted IWIM systems.
The previously mentioned properties continue to hold. In particular, configurations
of an unrestricted IWIM system can be projected down onto configurations of their
mangers.

Let usillustrate al thisin another Figure. Fig 2 shows four worker-manager autom-
ata, W, X, Y, Z. These are drawn as rectangles with the dashed horizontal line repre-
senting the division between the worker and manager facets, the manager facet being
uppermost. Theworker structureis suppressed in all cases, and the fact that the man-
ager partsof X and Y are empty isintended to indicate that these automata are atomic
workers, with trivial manager facets. The arrows emanating from manager states
point to theworker facetsunder their control. Fig 2illustratesthat (almost) complete-
ly general management rel ationships are permitted between worker-manager autom-
ata. Infact the only restriction is that an automaton’s manager facet cannot manage
it'sown worker facet. Of coursein realistic settings, the kind of contorted and cyclic
dependencies occurring in Fig. 2 do not really arise. Far more plausible areregularly
structured hierarchies with atomic workers in the bottommaost layer.

3.1 Elementary IWIM Systems

Definition 3.1 AnIWIM manager automaton isatriple (M, m;, R), where M isa set
of management states, m; 0 M isan initial state, and Risaset of reconfiguration tran-
sitions. These components are further stuctured as follows. Each management state
misitself the name of a pair (P, Cy,), Wwhere P,,,isaset of port names, and C,,isa



set of channel names. There are two partia functions s, t,,: C,, - Pp, that send
channels to source and target port names where they are defined. They satisfy
dom(s;,) U dom(t,) = Cy, i.e. each channel is connected to at |east one port — chan-
nels not in dom(s,,) are called external input channels, and channels not in dom(t,,)
are called external output channels; channelsin both dom(s;,,) and dom(t,,,) are called
internal channels. In areconfiguration transition, written m-r-> n, ther is shorthand
for apartial injection on the channel names X, : Cry, » Cp,. Also for each manage-
ment state m, we have an identity transition m-id,;-> min which the x,, , partial in-
jection is atotal identity.

The above definition characterises states of the manager automaton as connection
networks in which the ports do not have a unique orientation (as input or output
ports). Different states m, n may refer to the same connection network. Reconfigu-
rations identify some channels of the source state with some channels of the target.

Definition 3.2 An IWIM worker automaton is atriple (I, O, A), where | is a set of
input ports, disoint from O aset of output ports; and A= (K, Init, Tr) isan automaton
with states &, of which Init 0 Sisaninitial state, and Tr 0 S x Act x Sisatransition
relation, where Act is a set of actions of the form in?v or out!v or rec. Inthefirst two
kinds of action, in O I, out O O, and we assume that there is a global alphabet of val-

Fig. 2



ues Val containing v. In the last kind, rec isjust a name (intended to be the name of
areconfiguration 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
Try={a-inv-> b O Tr}, Trg ={a-outlv-> b O Tr}, Trg = {a-rec-> b O Tr}, so that
Tr =Tr; O Trg O Trg, the union being evidently disjoint. Additionally we define Rec
={rec|a-rec-> b 0 Tr} the alphabet of reconfiguration events of the worker.

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

Definition 3.3 An elementary IWIM system (Man, Wor) consists of an IWIM man-
ager automaton Man, an elementary workforce Wor, and ancillary data to be de-
scribed below. Wor is a set of worker names together with a map wor, which yields
for each worker w O Wor, an IWIM worker automaton wor (w). Furthermorewehave:

(1) Thereisarelation”™ between Wor and the management states of Man. We write
w"m to say that a worker w is above a management state mif the pair isin the
relation.

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

(3) For each management state m O Man, there isatotal bijection A, : Py - 10y,
where 10, isthe digoint union of al of theinput and output ports of all workers
aboven i.e 10,= Eianfi 11 Olyorgyl B Hyapd 010 0 Opergol-

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

A configuration of an elementary IWIM system (Man, Wor) consists of:
(1) astatemof Man;
(2) asetests={ay|ay D Styor(x), K Wor} of states a one for each worker k;

(3) asetgs={cq; | c:qc = C:[ug, Ug, ... ], c O C,, n O M} of queues of messages
C:[ug, Uq, ... ] onefor each channel of each management state.

Note that in the above, ests may equivalently be viewed as the range of a function
which maps each worker to one of its states, so that g is formally an ordered pair.
Sincewe are overwhel mingly 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 arealso all initial, and the queues associated with all channels are empty.

A transition of an elementary IWIM system (Man, \Wbr) in state (m, ests, gs) is one
of the following six kinds:

10



(ENVI)

(ENVO)

(IN)

(OUT)

(FOR)

The environment adds avalue to theinput end of a queue whose source end
is not attached to any port (an external input channel’s queue).

¢ O dom(sy) ,

¢ O dom(t,) ,

OSrest = GS—{C[ ..., Upl}

m—m,

ests —> ests,

0S— OSeg U {C[ ... ,u,, U]}

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

¢ O dom(t,) ,

¢ O dom(sy) ,

OSrest = Gs—{C[U, Uy, ... ]}

m—m,

ests —> ests,

0s—> OSrest 0 {C:[y, ... 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, g O ests, g -i?u-> by,

Am(P) =1 U lworky » tm(©) = P,

estseq = ests—{ay} ,

OSrest = Gs—{C:[U, Uy, ... ]}

m—m,

ests —> estSeq 0 { by}

0s—> OSrest U {C:[Uy, - I}

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 O ests, ay -olu-> by,

Am(P) =0 U Opor(k) -

¢ Out={d|sy(d)=p},
eStSeq = ests—{ag} ,

OSrest = 9S—{d:[ ..., Uy ] [ d O Out}
m—m,

ests —> estseq U { b

gs— OSrest U {d:[ .. , Ugpy Ul [ d O 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 al output
queues attached to the port, of which there must be at least one.

11



(REC)

tm(C):p,
G¢ Out={d|sy(d)=p},

OSrest =0ds—({c[u, ug, ... [} O{d:[ ..., ugp,l |d 0 Out})

m—m,

ests—> ests,

as— OSrest U {C:[Uy, ... 1} O{d:[ ..., Ugp, Ul [ d O Out}

NB. The above notation is intended to include the case that ¢ [0 Out,
whereupon the front message of ¢'s queue is moved to itstail.

A worker automaton k; performs arec action a -rec-> by, provoking a
reconfiguration m -r-> n of the elementary IWIM system, given by the
functionry Ay, Themanager automaton makesatransition to the new state.
Worker automaton k, completesits transition. 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 automata not above the old but above the new manager
state are awakened. The queues 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 channels remain as before.

k"m, a Oests, a -rec by,
MNeAm(réC) =m-r->n=Xmn,: Cp - Cp,
estSyeq = €sts—{a} ,
OSge = {C:QC | cO Cma cO dom(Xm,n)} 0 {d:qd | d0 Cnv d0 mg(Xm,n)} ,
OSrest = OS— OSgel »
ASgom = { €[] | ¢ O Crpp, ¢ O dom(X )}
OSmerge = {d:0cq | €:0c, € U Cy, € O dom(Xm p),
d:qq, d 0 Cp, d T ING(Xmn)»
Ocd U merge(q, dg)}

m—n,
ests—> estseq 0 {Di} .
0S— OSrest U OSdom L OSmerge

This transition system has some features that deserve comment. Notefirstly that in-
put/output and forwarding activities are completely decoupled. For this reason it
makes little 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 forwarded messages are necessarily disjoint. Thussince even forward-
ing ports have to belong to some worker, it is best to invent specia purpose dummy
workers just for the purpose.

A second issue concerns the creation and destruction of processes. IWIM isentirely
virtuous regarding matters of life and death: there is no murder, only suicide. The
most that managers can accomplish is anasthesia. When areconfiguration transition

12



takes a worker out of the current configuration because that worker is not above the
new current management state, the worker sleeps, because being above the current
management state is a hypothesis of al six transition types. When the current man-
agement state once more becomes one which theworker isabove, it wakesandisable
to participatein worker transitions again. It isthe worker’s own responsihility to en-
ter 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 queuesfrom the sourceto thetarget. Thelatter would require amore com-
plex notion of reconfiguration transition than we wish to get embroiled in.

Let EConfs(Man, Wor) be the set of al configurations of (Man, Wor). Equipping it
with the transitions just described makes it into a transition system. We regard this
transition system as unlabelled, it being the case that the kind of step involved is al-
ways deducible 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 aninitial 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 a function erg,,,, where e, ,(m, ests, gs) = m. The set
Mngr(Man, Wor) can be equipped with transitions derived from the (REC) transitions
of EConfs(Man, Wor). Thus to the transition (m, ests, gs) —> (nT, ests, gs) corre-
sponds the Mngr(Man, Wor) transition ert,,4,(m, ests, gs) —> eTty,a(M, ests’, gs), i.e.
m—> m’, (weregard these transition as unlabelled too). We also add an identity tran-
sition m—> mto 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
dementary IWIM system and its transition system, EConfs(Man, Wor), as it relates
to the set of manager states. In EConfs(Man, Wor), some specific manager state al-
ways indexes 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,
Wor) be the associated transition system and Mngr(Man, Wor) be the corresponding
set of manager transitions. Then there is a projection:

Me: EConfs(Man, Wor) — Mngr(Man, Wor)
which maps states by:
(m, ests, gs) 1- M= eT4y(M, ests, gs)

and which maps (REC) transitions by:
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(m, ests, gs) — (M, ests, gs)
I

mM—> M = €T (M, ests, gs) —> emy,an(NT, ests, gs)
and which maps (ENV1), (ENVO), (IN), (OUT), transitions to identity transitions:
(m, ests, gs) —> (M, ests,, gs)

[—

m—m

Proof. Obvious. ©

3.2Unrestricted 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 allowing managers to themselves acquire aworker facet. Theresult iseffec-
tively a product 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) asin Definition 3.2, and an IWIM manager
automaton (M, my, R) asin Definition 3.1. That isto say, an IWIM worker-manager
automaton is of the form (I, O, A)O0(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-man-
ager automaton is &t x M, with initial state (Init, m;), and there are two kinds of tran-
sitions: worker transitions such as (a, m) -w-> (b, m) where a -w-> b is atransition of
(1, O, A) (and the manager facet remains unchanged), and manager transitions such
as (a, m) -r-> (a, n) wherem-r-> nisatransition of (M, m;, R) (and the worker facet
remains unchanged).

Thefollowing is evident.

Proposition 3.6 An IWIM worker-manager automaton for which the worker facet
isasingle (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 is asingle (initial) state IWIM manager au-
tomaton whose port and channel sets are empty, and with transition relation consist-
ing of just the obligatory (in this case empty) identity function, is strongly bisimilar
to an IWIM worker automaton.

In view of this, we can refer to IWIM worker-manager automata with trivial worker
facets as 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 acommunity of automata where the man-
ager facets of individual automata manage their individual workforces drawn from
the same community, and the worker facets of individual automata each do their jobs
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coordinated by one or more manager facets, since we place no restriction on the
number of bosses any poor labourer might have. In 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 moves of theindividual elements, we need no additional restric-
tions beyond the no selfdetermination rule and the restrictions that apply to elemen-
tary IWIM systems, to have consistency.

Definition 3.7 Anunrestricted IWIM system WM isaset of IWIM worker-manager
automaton names called WM, a subset I nitial\yy, O WM, together with ancillary data
described below. There are three maps: worman, wor, man, where for each wm [
WM, worman(wm) is an IWIM worker-manager automaton, wor (wm) is its worker
facet, and man(wm) is its manager facet. We write m,,, to say that state mis a state
of afacet of automaton wm, the facet intended being clear from the context; formally
mymisan ordered pair, just as before. The states of aworker-manager automaton wm
arethuswritten (a,, Mym), Where aisthe state of the worker facet and misthe state
of the manager facet.

Moreover, other aspects of the notation for elementary IWIM systems acquire addi-
tional 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 (wm) of automaton wi' is above state m of the nontrivial manger facet man(wm)
of automaton wm. The no selfdetermination rule implies that whenever wm' my,
then wm' # wm. The workforce {wmy, ... , wm,} of automata whose worker facets
are above states of the manager facet of wmisrefered to asan elementary IWIM sub-
system of WM, and is an elementary IWIM system in the sense of Definition 3.3
when we disregard the manger facets of the workers and the worker facet of the man-
ager. Thus 1Oy, isthe set of input and output ports of the workforce above my,
Specifically for an elementary IWIM subsystem:

(1) Theabove relation isinherited from the global one, and we will assume hence-
forth that no automaton is above the unique state of atrivial manager.

(2) Thereisamap rynyam,, Of the rec transitions of worker facets into reconfigura-
tion transitions of the corresponding nontrivial manager facet.

(3) The tota hijection property of manager ports to workforce input/output ports
holdsviaamap Ap,,.. - P = 1Omynr

(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* = {wm O WM | wm
has a nontrivial manager facet}.
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A configuration (sts, gs) of an unrestricted IWIM system consists of:

(1) asetsts={(awym Mym |WwmO WM} of states (ayym, My onefor each automaton
in WM;

(2 asetgs={cq.|cUCpy,,, Dae (@yn Mym O sts} of queues of messages
C:[up, Uy, ... ] onefor each channel ¢ O Cy,  of each management state m,,,, of
each nontrivial manager facet man(wm).

Asbefore, these configuration componentsarereally the ranges of suitablefunctions.

A configuration (sts, gs) of an unrestricted IWIM system WM is initial iff: al 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 T n(sts) = { Mym | Caym * (@wm Mym) &
sts, wm 0 WMW#} .

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

(ENVI1) The environment adds a value to the end of an external input queue.

¢ 0 L dom(Syyyp) | My OT man(St9)}
¢ O dom(ty,,.) » Mym OT man(sts) ,
OSrest = G5—{C[ ..., Unl}

sts—> gts,

0s— OSeqt O {C[ ..., Up, U}

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

¢ 0 LI{dom(ty,e) | My O ran(St9)}
¢ O dom(sm,) » Mym OT man(sts) ,
OSrest = 05— {C:[u, Uy, ... T}
sts—> gts,
as— OSregt U {C[Uy, ... I}
(IN) A worker facet of an automaton performs an input on one of itsinput ports,
of which there must be at least one.

KMMym » Mym BT man(sts) ,

(ay, ) O sts, (ay, ny) -1?2u-> (by, ny) ,
Aryr(P) =10 Lnor () » tmu(©) =P
StSrest = StS—{ (8 MW}

OSrest = G5 —{C[U, Uy, ... ]}

Sts—> Stspeg U { (b, N}
as— OSregt U {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.
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(B4 1) 885, (3, 1) -0l (by 1y

[z Out={d| Omym OT man(sts), p * K*mym,
Amum(P) = 0 0 Opor (k) Smam(d) = P}

Sty = S5 { (@ T}

OSrest =0s—{d[ ..., Uyl [ d O Out}

Sts—> Stspeg U { (b, N}
gs— OSrest U {d:[ .. , Ugpy Ul [ d O Out}

(FOR) A port performs aforwarding action.

KAy s My O man(SS) 5ty (€) = P
B¢ Out={d| OMym 0T man(sts), p * K*Mym,

Amyr(P) = 0 0 Oyor (ks Smun(d) =P}
OSrest = 05— ({C:[u, Uy, ... ]} O{d:[ ..., ugp,] | d O Out})

sts—> &S,
gs— OSrest U {C:[ug, ... I} O {d:[ ..., Ugp, Ul [d O Out}

NB. The above notation is intended to include the case that ¢ [J 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.

¥ RMpan = {Mym | Mym OT man(Sts) © K "My}
(& M) O sts, (ay,, my,) -rec-> (b, my)
RNman = { Mwm | Mym OT man(sts) © K "mym,
M Amarm€S) = Muym =1 My = Ximumtwm - Crmum = Crwnd
e = S5~ ({ (A, M)} O
{ (@ywm Mym) | (@wm Mym) O sts, Mym O RMypan})
StSp0st = { (0 M)} 0 { (@ M) | By My) D S,
Mym 5 RMman, fwm U RNman}
ASgel = {0 | € 0 Crrypye © 0 AOM(Kiy g M J R} O
{d:0ig | d T Crrypyy & I MG X ) Mo & R, N 0 R}
OSrest = 0S— OS¢ »
OSgom =1{C:[] Ic O Cn\Nms clO dom(xn\/\/m,nwm)’ Mym 0 RMpan}
OSmerge = {d:0eq | €:0c, € O Cryypyry © 0 dOMX 11y,
d:dg, d O Cryyre A 8 MIX mym i
rTl\NI“I’] D Rmmana nwm D ananr
Oeg U merge(qe, dg)}

StS—> StSreqt U StSpogt »
0S— OSrest U OSgom [ OSmerge
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The remarks made following the elementary IWIM subsystems transition system de-
scription apply with equal or greater force here. Thusall transitions have hypotheses
that ensure that any active worker is being actively managed by being above at least
one current mangement state. Also there is no murder, only anasthesia and suicide.
Moreover, reconfiguration events simultaneously affect all mangers who might be
managing a particular worker facet. The structure of the model ensuresthat they can
al do this without adversely interfering with each other.

Let Confs(WM) be the set of all configurations of WM. Equipping it with the transi-
tions just described makes it into a transition system.

A run of WM is a sequence of contiguous transitions of Confs(\WWM) starting with an
initial configuration:

(sts, gs) — (sts, gs) —> (sts’, gs') —> ...

Let (sts, gs) be a configuration of WM. Let Mngrs(WM) be the set of manager parts
of configurations in Confs(\WM). It can be equipped with transitions derived from
those of Confs(WWM). Thus whenever (sts, gs) —> (stS, gs) is a (REC) transition of
Confs(WM), there is a Mngrs(WM) transition Tt,a,(Sts) —> Tian(Sts). We also add
an identity transition Ti,,4,(Sts) — T4y,an(StS) to each manager part in Mngrs(\WWM). As
previoudly, al of these transitions are unlabelled.

It will now not be surprising that despite the greater complexity we have here, the
projection that we had in Section 3.1 can be recovered.

Proposition 3.8 Let WM be an unrestricted IWIM system. Let Confs(WWM) be the
associated transition system, and Mngrs(WWM) be the associated manager parts tran-
sition system. Then thereis a projection:

M : Confs(WM) — Mngrs(\WM)
which maps states by:

(Sts, 0S) 1 Thpan(sts)
and which maps (REC) transitions by:

(sts, gs) — (sts, aS)

l—
Tinan(StS) — Tpan(StS)
and which maps (ENV1), (ENVO), (IN), (OUT), transitions to identity transitions:

(sts, gs) — (sts, G8)

[N
Thnan(StS) — Tiyan(StS) = Thpan(Sts)
Proof. Obvious. ©

In the remainder of the paper we will be concerned only with unrestricted IWIM sys-
tems, and will henceforth just refer to them as IWIM systems.
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4 Algebraic Properties of IWIM Systems

The relatively clean structure of IWIM systems gives rise to a number of algebraic
properties. In this section we describe a selection of these from among the large
number of possibilities. We start by defining suitable notions of homomorphism for
worker, manager, and worker-manager automata, and move on to pullback and
pushout contructions using them; these being things focused on automata them-
selves. We repeat the exercise for weakened notions of homomorphism, for reasons
that become clear when we subsequently consider contructions focused on IWIM
systems. Finally, we consider completeness.

4.1 Contructions Centred on Automata
We start with the most obvious constructions.

Definition 4.1 (Worker Homomor phisms) Letworq = (I, Oq, Ay = (Sty, Inity, Trq))
and wor, = (I, Oy, Ay = (S, Inity, Try)) be worker automata. A worker homomor-
phism f,, : wor; — wor, is given by the functions: f,, : &t; — S, (overloading the
namef,),and$ : 11 - I, K: O - Oy, whered and k are bijections, f,,(Inity) = Init,,
and whenever there isatransition of the form a -inv-> b or a -out!v-> b or a-rec-> b
in Tr4, then we have atransition f,(a) -¢(in)?v-> f,,(b) or f,(a) -k(out)!v-> f,(b) or
fu(@) -rec-> f,(b) respectively in Tr,. The worker homomorphism f, : wor; — wor,
is said to be injective, surjective, bijective etc., iff the set function f,, : 4 - S, has
(any of) these properties. Below we will normally save on notation by assuming that
the bijections ¢ and k are strict identities.

Definition 4.2 (Manager Homomorphisms) Let man; = (Mq, my 5, Ry) and man,
= (M2, m 5, Ry) be manager automata. A manager homomorphism f;, : man; - man,
isgiven by thefunctions: f,, : M; — M, (overloading thistimef,,), and the set of func-
tions {fy, mpy fnme | M O M4}, such that fi,(my 1) = my 5, and all the following hold:

*  whenever f,(my) = m, then if my mapsto (Pp,,, Cpyy,) and mp maps to (P, Cry,)
then f, m,p : Pmy — Pm, is @ bijection, which further restricts to bijections be-
tween rng(sy,) and rmg(sy,), My(ty,) and rg(ty,,); and fy mc @ Cmy » Cryisa
bijection, which further restricts to bijections between dom(sy, ) and dom(sy,),
dom(ty,) and dom(t,,); and that:

fnmPoSmy = Smpofmmc @A fymyp oty =ty o fyymc

*  whenever my -r-> ny isatransition of Ry given by Xm, n, : Cryy —» Cp, then we
have atransition f,(my) = my -r-> ny = f(n) of Ry given by Xy, n, * Cry, = Chyye
such that fy, m,c restricts to a bijection between dom(Xm, n,) and dom(Xm,,n,),
and f, n,c restricts to a bijection between mg(Xy, n,) and rmg(Xm,,n,); and that:

fm,nlC ° Xmyg,ng = Xmp,n, © fm,mlc

The manager homomorphism f,,, : man; — man, issaid to beinjective, surjective, bi-
jective etc., iff the set function f,, : M; — M5 has these properties. Below we will
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normally save on notation by assuming that the family of bijections {fy, mp, fnmc |
mU M4} actually consists of strict identities.

Definition 4.3 (Wor ker-M anager Homomor phisms) Letwmy = (14, 01, A)) O (My,
my 5, Ry) and wmy,, = (I, Oy, Ag) (M, my 5, Ry) be worker-manager automata. A
worker-manager homomorphism (f,, f,) : wm; — wm, consists of a worker homo-
morphism f,, acting on the worker facets, and amanager homomorphism f,, acting on
the manager facets. Also the worker-manager homomorphism (f,, f,,) : wm, — wm,
issaid to beinjective, surjective, bijective etc., iff the component worker and manager
homomorphisms both are.

Definition 4.4 (Worker Pullbacks) Letworq = (I, O, A; = (&3, Inity, Trq)), wor, =
(1,0, Ay = (S, Inity, Tro)), and wor* = (I, O, A’ = (', Init’, Tr")) be worker automata.
Letf,:wor; — wor® andf,, »* : wor, — wor® be two worker homomorphisms. We
define the worker automaton wor = (I, O, A = (S, Init, Tr)), the worker pullback of
wor; and wor, with respect to f,, ;+ and f,, 5+, asfollows.

S = W,l'_l(S‘n) x fw,z'_l(s.n) where ™" =1, 1(Sty) N fy22(Stp)
Init = (Inity, Inity)
Tr = {(aq, &) -in?v-> (by, by) | (a9, &), (by, by) U &,

aq -inA-> by O Try ), @ -inA-> by O Trp 3 O

{ (a1, ap) -out!v-> (by, b)) | (a1, @), (by, bp) O K,
aq -out!v-> bl 0 Trlyo, dy -out!v-> bz O Trzlo} a

{(ag, ap) -rec-> (by, b)) | (ag, @), (by, bp) O K,
a, -rec-> bl 0 Trl,R’ ay -rec-> b2 O TrZ’R}

Evidently the above is consistent, and there are projections f,,; : wor — wor; and
fw2 - wor — wor, that respectively delete the wor, aspects and wor ; aspects from wor
in the expected way.

Definition 4.5 (Manager Pullbacks) Let man; = (M4, m 1, Ry), man, = (Mg, my ,,
Ry), and man’ = (M’, m; +, R) be manager automata. Let f 1+ : man; — man’ and
fm.2* - man, — man” be two manager homomorphisms. We define the manager au-
tomaton man = (M, m;, R), the manager pullback of man; and man, with respect to
fi.1° and fy, o+, asfollows.

M = fip (M) X fy o (M) where M™ = 15(M9) N fi (M)
m = (my 4, M o)

(m, m)OM O (my, my) mapsto (P, Cpy) in man iff
('my mapsto (P, Cp,) in man, and
m, maps to (P, Cy) in man, and
i, 12(M) = fim 2(Mp) Maps to (P, C) in man”)

R = {(my, mp) -r-> (ng, np) | (My, M), (N, np) O M,
my -r->ny O Ry, mp -r-> ny O Ry}

(my, mp) -r-> (N, npy) OR Ox (M, mp), (N, np) = Xmy,ng = Xmp,ny
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Note that this generates identity reconfigurations on (my, my) as identities on Cy, in
the appropriate way. Also the aboveis consistent, our notationa saving coming into
its own in the mapping of states of man to port-channel networks and their reconfig-
urations. There are also projections fy, 1 : man - man; and f; o : man - man, that
respectively deletethe man, aspectsand man, aspectsfrom man in the expected way.

Definition 4.6 (Worker-Manager Pullbacks) Letwmy = (I, O, A)) (Mg, m; 1, Ry),
wm, = (1, O, Ap) 0 (Mg, m; 5, Ry), andwm’ = (I, O, A) O (M°, m; +, R') be worker-man-
ager automata. Let (f,, 1°, fy 1°) - wmy — wm” and (f,, 2*, T 2°) : Wm, — wm'” be two
worker-manager homomorphisms. Then we define the worker-manager automaton
wm= (I, O, A)O (M, m;, R), the worker-manager pullback of wm; and wm, with re-
spect to (fy 1%, fn 1°) and (fy, 2*, T 2), as the asynchronous product of the worker pull-
back of f, 1+ and f,, o* acting on the worker facets, and the manager pullback of fy, 1+
and f;, »* acting on the manager facets, in the natural manner. Inevitably we have pro-
jections fyy 1 - wm — wmy and fy,, o : wm — wm, that act in the expected way.

We move now to the pushout constructions. In order to avoid cumbersome technical
details, we assume that henceforth all the unionswe mention aredisjoint, soitisclear
for each element of such a union, which component it arisesfrom. Asisusual inal-
gebraic discussions, we can always arrange for unions to be digoint by choosing ap-
propriate (set theoretically) isomorphic variants of the structures we consider.

Definition 4.7 (Worker Pushouts) Letworq = (I, O, A; = (S, Inity, Try)), wor, =
(1, O, Ay = (S, Inity, Try)), and wor® = (I, O, A" = (X, Init’, Tr)) be disjoint worker
automata. Letf,, 1+ wor® — worj andf,, >+ : wor” — wor, be two worker homomor-
phisms. We define the worker automaton wor = (I, O, A= (&, Init, Tr)), the worker
pushout of wor; and wor, with respect to f,, 1+ and f, »*, as follows.

S =S, 0,/~, where ~, isthefinest equivalence relation generated
by the propositions a; = f, ;+(@") Of, »*(@) =a, 0 a; ~, a
and we write [a],, for the equivalence class containing a

Init = [Inity],, = [Inity],,

Tr = {[a]y -inA~> [b]y, | [a]y [bly O &, a-in->b 0O Try O Trp} O
{[al,, -out!v-> [b],, | [a]y, [b]y O &, &-out!v-> b O Trio0 Trz,o} O
{[al,, -rec-> [b]y, | [aly, [Pl O &, a-rec>b O Trip 0O Trz,R}

Evidently the above is consistent, and there are homomorphisms f,, ; : wor; — wor
and f,,» : wor, — wor that identify wor, aspects and wor, aspects inside wor in the
expected way.

Definition 4.8 (Manager Pushouts) Let man; = (M4, m; 1, Ry), many = (My, my ,
Ry), and man’ = (M’, m; +, R) be manager automata. Let f 1+ : man" - man, and
fm2* : man” - man, be two manager homomorphisms. To save on notation we will
assume that the bijections {fy, 1° mp, fn 1°mc [ M O Mg} and {fy, 2* mp, fn2° me |
m [ My} arestrict identities as previously. We define the manager automaton man =
(M, m;, R), the manager pushout of man; and man, with respect to f; 1+ and f,, >+, as
follows.
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M = M; O My/~, where ~, isthe finest equivalence relation generated
by the propositions my = fy, 3+(m") Ofy o*(M) =mp 0 My ~; My
and we write [m],, for the equivalence class containing m

my = [my 4]y =[m 2l

[M,OM O [m],, mapsto (P, Cy) in man iff
(mmapsto (P, Cp) in man, or
mmapsto (P, Cy,) in man, (or both) )

R = {[mlp -r-> [Nl | [, [Nl OM, m-r->n 0O Ry O Ry}

[Mlp -r-> [N OR OX [y [l =
0 Xmyny if m O[mly, ny O[N]y, my-r->ng ORy oF
U X,y if my O [m]py, np O[N]y, Mp-r->ny DRy
(or both)

Note that this also generatesidentity reconfigurations on [m],, asidentitieson C,,,in
the appropriate way. Evidently the above is consistent, and there are homomor-
phisms fy, 1 : man; — man and f, » : man, — man that identify man; aspects and
man, aspects inside man in as expected.

Definition 4.9 (Worker-Manager Pushouts) Letwmy = (1, O, Aj) (Mg, my 5, Ry),
wm, = (1, O, Ap) 0 (Mg, m; 5, Ry), andwm’ = (I, O, A) O (M°, m; +, R') be worker-man-
ager automata. Let (fy, 12, Ty 1) - wm' — wmy and (f,, 2*, Ty 2°) - wm® — wmy, be two
worker-manager homomorphisms. Then we define the worker-manager automaton
wm = (I, O, A)O(M, m;, R), the worker-manager pushout of wm,; and wm, with re-
spect to (fy, 1% fry.1°) and (fy, 2, fyy 2°), as the asynchronous product of the worker
pushout of f,, 1> and f,, »* acting on the worker facets, and the manager pushout of f;, 1+
and fy, 5+ acting on the manager facets, in the natural manner. Inevitably we have ho-
momorphismsf,y, 1 : wmy - wmand f,;, o : wm, — wmthat act in the expected way.

Asfar asthey go, the above constructions work well. There’s a snag however when
we come to try to utilise them within the context of an IWIM system. There, the fact
that homomorphisms identify the manager interconnection structures ‘ on the nose’
conflictsin pullback/pushout situations with the properties demaded of theA,, - and
FwiriAmarm fUNCtions of the IWIM system. We will seethisin detail below. We conse-
quently introduce alternative constructions that work better in this regard, based on
the idea of asynchronous products that we have seen already.

Definition 4.10 (Asynchronous Worker Homomorphisms) Letwor; =(1, 0, A; =
(St4, Initq, Try)) andwor, = (1, O, Ay = (S, Init,, Tr,)) beworker automata. An asyn-
chronous worker homomorphism f,,, : wor, — wor, existsiff thereisafunction fy,, :
S, - S, such that whenever there is atransition (of any kind) fromato bin Try,
then there is atransition from f,,(a) to f,,(b) (and not necessarily of the same kind)
in Tr,. The asynchronous worker homomorphism is said to be injective, surjective,
bijective etc., iff the set function f,, : Sy -» S, is. Notethat we have adopted imme-
diately astrict identity perspective on theinput and output channels, optimising away
the hijections that would otherwise be needed.

22



Definition 4.11 (Asynchronous Manager Homomorphisms) Let man; = (M,
my 1, Ry) and man, = (M, m; 5, Ry) be manager automata. An asynchronous manager
homomorphism fy, : man; — man, existsiff thereis afunction f,,, : M; -~ M, such
that whenever there is atransition from mto nin Ry, then there is a transition from
fam(mM) to fa,(N) in Ry. The asynchronous manager homomorphism is said to be in-
jective, surjective, bijective etc., iff the set function f,, : M; - My is.

Definition 4.12 (Asynchronous Wor ker-M anager Homomorphisms) Let wm, =
(I, 0, AT (Mg, m; 1, Ry) and wmy, = (I, O, Ay) 0 (Mo, my 5, Ry) be worker-manager
automata. An asynchronousworker-manager homomorphism (fy, fam) : WMy — wimy
consists of an asynchronous worker homomorphism f,,, acting on the worker facets,
and an asynchronous manager homomorphism f,,, acting on the manager facets. The
asynchronous worker-manager homomorphism (f,,, fan) : WM — wim, is said to be
injective, surjective, bijective etc., iff the component worker and manager homomor-
phisms both are.

Definition 4.13 ((L eft and Right) Asynchronous Worker Pullbacks) Letworq =
(1, O, Ay = (], Inity, Try)), wor, = (I, O, Ay = (Sy, Inity, Try)), and wor® = (1, O, A’
= (&, Init", Tr*)) be worker automata. Let fy,1° @ wory — wor® and fy, »* - wor, —
wor* be two asynchronous worker homomorphisms. We define three kinds of worker
automata all denoted wor = (1, O, A = (], Init, Tr)), namely the left, right, and arbi-
trary (i.e. with chosen initial state) asynchronous worker pullbacks of wor, and wor,
with respect to f,, 1 and f,, o+, asfollows. (Here as below, we economise on notation
by using wor for al three types of automata, the left and right versions being of by
far the most interest and thus highlighted in the definition’s name; the context or other
supplementary remarks, will clarify which isintended in each individual case).

S = aw,l'_l(S.m) X faW,Z'_l(S.n) where ™" = an,1°(St) N fau22(S2)

Init = (Inity, ap) O S for aleft asynchronous pullback
= (a4, Inity) O S for aright asynchronous pullback
od s for an arbitrary asynchronous pullback

Tr = {(ag, &) -inA-> (by, ay) | (a3, @), (by, ) U K, @ -inNv-> by OTrq,} O
{(al, az) -in?v-> (al, bz) | (al, az), (al, b2) 0, dy -in?v-> b2 O Tr21|} 0
{ (a1, a) -out!v-> (by, ay) | (a4, @), (b, ) 0 K, ag -out!v-> by T Trqy o} O
{ (a1, a) -out!v-> (a4, by) | (a1, @), (a1, by) 0 &, ay -out!v-> by [ Trp o} 0
{(ag, ap) -rec-> (by, by) | (ag, &), (by, b)) O &,
aj -rec-> by 0 Trq g, ap -rec-> by 0 Trp g}

Note that the choice of initial state is not canonically determined because of the rel-
atively undemanding notion of homomorphism that we are using. Even the left and
right asynchronous pullbacks are not themselves unique without further conditions;
eg. the choice of theinitial state for the left asynchronous pullback is not unique un-
less fawyz"l(faw,f(l nity)) isasingleton. Analogous considerations apply for the right
asynchronous pullback. Note furthermore that while input and output transitions are
inherited individually from Trq and Tr,, rec transitions are only inherited if they
match up in both Try and Tr,. Thisisfor later convenience.
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The asynchronous pullback worker automata wor possess partial asynchronous
worker projection homomorphisms 1, 1 : wor — wor and Tt » : Wor — Wwor,, and
given in the case of Tt 1 by:

T, 1((@1, @) = a1

Ty 1((1, @) -iNA-> (by, @y)) = ap -inv-> by whereay -inv-> by O Trq
Ty 1((21, @) -out!v-> (by, ay)) = a4 -out!v-> by where a; -out!v-> by 0 Try o
Ty 1((2g, @) -rec-> (by, by)) = a; -rec-> by whereag -rec> by 0 Try g

with the Tr, based input and output transitions of wor being outside the domain of
Thy,1- 1he definition of 1t > is symmetric.

The partial projections 1y, 1 and T, », though partial on the static description of wor,
extend to total projections, T, 1* and T, »*, from runs of wor to runs of wor; and
wor, and given for 1, 1* by:

Ty 1* ([trang, trany, trany, ... ]) =

0 T a(trang) =2 Ty 1*([trang, tran,, ... ]) if trang O dom(Ty, 1)
O Ty 1* ([trany, trany, ... ]) otherwise

where the tran; are the individual transitions of the run. Symmetrically for 1, »*.

Thereis of course the special case of this construction where wor” is a one-state au-
tomaton with a self-loop, the result being called an asynchronous worker product
automaton. This has adistinguished initial state, namely (Init,, Init,).

Definition 4.14 ((L eft and Right) Asynchronous Manager Pullbacks) Let man;
= (Mg, my 1, Ry), man, = (Mp, m; 5, Ry), and man’ = (M*, m; «, R’) be two digjoint man-
ager automata. Let f,p 5+ - man; — man’ and f,, >+ - man, — man” be two asynchro-
nous manager homomorphisms. We define the manager automata man = (M, m;, R),
theleft, right, and arbitrary (i.e. with choseninitial state) asynchronous manager pull-
backs of man; and man;, with respect to f;, 1+ and f,, »*, asfollows.

M = am,l'_l(M.n) x fam,z'_l(M.n) where M*" = fam1:(M1) 0 fam 22 (M)

m, = (m 1, mp) OM for aleft asynchronous pullback
= (my, m; 5) OM  for aright asynchronous pullback
oo™ for an arbitrary asynchronous pullback

(m, m)OM O (my, my) mapsin man to

(P(mL mp) C(mly mz)) = (Pm’]_ i Pm,2' Cm’]_ ] Cm’2) iff
(my mapsto (P, 1, Cry 1) in man; and

M, maps to (Pm,z, Cm,z) inmans, )

R = {(my, mp) -r-> (ng, mp) [ (my, mp), (ng, mp) OM, mq -r->nq O Ry} U
{(my, mp) -r-> (Mg, ny) | (Mg, My), (Mg, Ny) O M, my -r-> ny 0 Ry}

(my, mp) -r-> (N, Mp) DR EX (g, my), (g, mp) = X,y B 1 1My -r>n O Ry
(Mg, M) -r-> (Mg, N)) UR OX (g, my),(my, np) = 'de1 B Xmyn ifMp-ron ORy
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Note that we need digioint unionsin the definitions of Py 1) and Cimy ) as oth-
erwise thereisarisk that the source or target function of some ¢ U Cpy, m,) might be
ambiguous. Note also that theidentities come out correctly without extrawork. The
same considerations as for workers also pertain to the initial states here; thusthein-
itial state for the left asynchronous pullback is not unique unleﬁsfamlz-‘l(famyl-(m 1)
isasingleton, etc.

Because all manager automaton states are stipulated to have at least an identity self-
trangition, there are total asynchronous worker projection homomorphisms Tty 4 :
man - man; and Ty, > : Mman - many, given for T, 5 by:

Tm,1((Mg, Mp)) =My

T 1((My, My) -r-> (N, Mp)) =My -r->ny wheremy -r->ng O Ry
Thm, 1((Myg, My) -r-> (My, Np)) =My —idm1-> m; wheremy, -r->n, O Ry

(and symmetrically for 1, 5). It now goeswithout saying that T, 1 and Tt o extend
to runsin the predicted manner.

Equally obvious is the degenerate case of a one-state man’, giving rise to the asyn-
chronous manager product automaton with distinguished initial state (my ;, m »).

Definition 4.15 ((Left and Right) Asynchronous Worker-Manager Pullbacks)
Let wmy = (l, O, Al)D(Ml' m|’1, Rl)’ wn, = (l, O, Az)D(Mz, m|’2, Rz), and wm’ =
(1,0, A)O(M’, m +, R) be worker-manager automata. Let (fy 1%, fam 17) - Wy —
wm’ and (fyy, 2, fam,2*) - WM, — wm' be two asynchronous worker-manager homo-
morphisms. Then we define the worker-manager automatawm = (I, O, A)C1 (M, my,
R), the left, right, and arbitrary (i.e. with chosen initia state) asynchronous worker-
manager pullbacks of wimy and wmy, with respect to (fy, 1%, fam 1°) and (fay, 25 fam 2°),
asthe asynchronous products of: the (Ieft, right, arbitrary) asynchronousworker pull-
backs of the worker facets with respect to f,, 1+ and f,, o+, and the (left, right, arbi-
trary) asynchronous manager pullbacks of the manager facets with respect to f;y, 1
and f,p, 2*, in the natural manner.

Theinitia state and projection properties of asynchronous worker-manager pullback
automata are inherited naturally from those of their constituents. Thusin the case of
the latter, there are partial asynchronous worker-manager projection homomor-
phisms (Thy, 1, Ty, 1) - WM — Wimy and (T, 2, Thy 2) - WM — Wi, such that for (1, 1,
T,y 1), al transitions except worker transitions of the form ((ay, ay), (my, my)) -act->
((a1, by), (my, my)), where act is a non-rec action of Tr,, are in dom((Tyy 1, Ty, 1))
and symmetricaly for (T, 2, Thm 2)-

Obviously we also have in the expected way the degenerate case of a one-state wn',
giving rise to the asynchronous wor ker-manager product automaton with distin-
guished initial state ((Inity, Initp), (M 1, M 5)).

Definition 4.16 ((L eft and Right) Asynchronous Worker Pushouts) Let worq =
(1, O, A1 = (S, Inity, Try)), wor, = (I, O, Ay = (S, Inity, Tro)), and wor® = (1, O, A’
= (&, Init’, Tr%)) be digoint worker automata. Let fy, 1 : wor® — wory and fy, »*
wor® - wor, be two asynchronous worker homomorphisms. We define the worker
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automatawor = (I, O, A= (S, Init, Tr)), the left, right, and arbitrary (i.e. with chosen
initial state) asynchronous worker pushouts of wor; and wor, with respect to fy, 1*
and f,, »*, asfollows.

S =8 08,/~m, where ~,,isthefinest equivalence relation generated
by the propositions a; = fy,1+(@") Ofyy27(@) =2y 0 a3~y @&
and we write [a],,, for the equivalence class containing a

Init = [Inity],, for the left asynchronous pushout
%z [Inity],, for the right asynchronous pushout
ogd s for an arbitrary asynchronous pushout

Tr = {[a]ay -IN-> [B] oy | [@law [Olaw O S, @-inv->b O Try ) O Try 3 O
{[a]aw -out!v-> [b] 4 | [l qys [Dlaw O S, @-out!v-> b O Try o O Trp o} O
{[a]aw -rec-> [b]aw | [a]an [b]aw 0 S! a-reco> b0 Trl,R 0 TrZ,R}

Note that this time we have exactly two canonical choices for intia state, namely
[Inity],y and [Inito],,. The'arbitrary’ possibility isretained for completeness' sake.

Evidently there are (total) asynchronous worker homomorphismsf,, ; : wory — wor
and f,, » : wor, — wor that identify wor; aspects and wor, aspectsinside wor in the
expected way. These aso have extensionsf,, 1* and fy, »* to runs.

Just as for pullbacks we have degenerate cases. When wor® is the empty worker au-
tomaton, and f,, 1+ and f,,, »* are empty maps, we get the left, right and arbitrary
asynchronous sum worker automata. Note though, that despite the fact that they
congtitute a very natural limiting case, asynchronous sum automata are not terribly
useful in themselves. Since the state space is the disjoint union of the two compo-
nents, whichever component contains the nominated initial state will contain al of
the subsequent dynamics of the sum, and the other component becomes a usel ess by-
stander asits states are not accessible from the first component without some element
of pushout-like gluing.

Definition 4.17 ((L eft and Right) Asynchronous Manager Pushouts) Let man; =
(Mg, my 1, Ry), man, = (Mg, my 5, Ry), and man” = (M°, my +, R’) be digoint manager
automata. Let f,p 1@ man’ — man; and fy, »* - man” - man, be two asynchronous
manager homomorphisms. We define the manager automata man = (M, my, R), the
left, right, and arbitrary (i.e. with chosen initial state) asynchronous manager
pushouts of man; and man;, with respect to f;, 1+ and f,, o+, asfollows.

M = M, 0OMy/~,, where ~,, isthefinest equivalence relation generated
by the propositions my = f,, 12(m") Ofy, 2+(M) =mp O My~ My
and we write [m],,, for the equivalence class containing m

m = [m 1]am for the left asynchronous pushout
%z [my olam for the right asynchronous pushout
od ™ for an arbitrary asynchronous pushout

[m]am oM 0O [m]am mapsto (P[m]am’ C[m]am) =
(H{PL MO [Mlan}, B{CHIMO [mlg})
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R = {[Mlam -r-> [N]am | [M]am, [N]am M, m-r->n 0 Ry O Ry}

[Mlgm -r-> [Nlan DR O _
XiMlam[Mam = ] Xmyng '_f My O [M]am, Ny O [N]am, My -r->ng DRy or
U X,y if mp O [M]gm, N O [N]gm, Mp -r-> Ny O Ry
[Mgm -id-> [Mlg DR O
Ximlam{rlam = 19mlam * Clmlam > Clmlam

We need disjoint unions in the definitions of Ppny, and Cpy, . exactly as before.
Note also the reconfiguration transitions X{pj,..inj. ©f the pushouts are just the
reconfiguration transitions of the components, seen as partial injections on Cyyy, .
However in this instance, unlike for the preceding manager constructions, we must
add explicit identities on the states, as they do not arise naturally otherwise.

Asin the previous case, we have exactly two canonical choices of initial state. Also
therearetotal asynchronous manager homomorphismsf,, ; : man; - manandfyy, 5
man, - man that identify man, aspects and man, aspects inside man as expected,
and which also have extensions f,, 1* and f;, »* to runs.

Definition 4.18 ((Left and Right) Asynchronous Worker-Manager Pushouts)
Letwmy = (I, O, A)) O (Mg, my 1, Ry), wmy = (I, O, Ap) O (My, m; 5, Ry), and wm' = (l,
O, A)O(M’, m +, R') be worker-manager automata. Let (fay 1%, fam 1°) - WM’ — wmy
and (fay 2%, fam2*) - W' — wm, be two asynchronous worker-manager homomor-
phisms. Then we define the worker-manager automaton wm= (I, O, A)J (M, m;, R),
theleft, right, and arbitrary (i.e. with chosen initial state) asynchronous worker-man-
ager pushouts of wmy and wm, with respect to (fyy, 1%, fam 1°) and (fay 2°s fam 2°), asthe
asynchronous products of: the (left, right, arbitrary) asynchronous worker pushouts
of theworker facetswith respect tof, 1+ andf,, o, and the (left, right, arbitrary) asyn-
chronous worker pushouts of the manager facets with respect to fy, 1+ and f, o0, in
the natural manner. Inevitably we have asynchronous homomorphisms (f,y, 1, fam 1)
wmy — wmand (fyy, 2, fam 2) - WMy — wmthat act in the expected way.

One natural application for an asynchronous pushout, is that of imitating sequential
composition of automata. If oneidentifiesasuitable‘final’ state of automaton A with
theinitial state of automaton B, and formsthe | eft asynchronous pushout, nominating
the initial state of A asthe initia state of the pushout, then the pushout automaton
admitsarun that reachesthefina state of A to continue oninto B. However thisidea
isnot completely robust. If theinitial state of automaton B hasin-transitions and the
final state of automaton A has out-transitions, the run may eventually return to the
initial state of B and continue back into A once more. A more bulletproof way of
modelling sequential composition will be discussed below.

We now give constructions that we call condensations. They can be seen as special
cases of the asynchronous pushout constructions.

Definition 4.19 (Worker State Condensation) Letwor = (I, O, A= (S, Init, Tr))
be a worker automaton, and let 8,, be an equivalence relation on &t. We define the
condensed worker automaton wor/8,, = (I, O, A8, = (S8, [Init]g,, Tr/8,,)), where
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[Init]g, isthe equivalence class of Init under 6,, and Tr/8,, isgiven by a-act-> b I Tr
iff [a]g, -act-> [b]g, L Tr/B,.

Thus the state condensation simply goups states together and the transitions are
mapped to transitions from the source equivalence class to the target one. It is not
hard to see this as (isomorphic to) a special case of the asynchronous worker pushout
of two copies of wor, wor 1 and wor ,, with respect to awor " and asynchronous homo-
morphismsfy, 1+ - wor® — wory and fy, »* - wor® — wor,, whose structure we sketch
next (though the direct construction is easier to comprehend).

The states S of wor® are pairs (ay, a) such that a; 6,, a,. The mapsfy, 1 and f,, »*
aretheleft and right projections on these pairs. Theinitia stateis (Inity, Inity). Tran-
sitions are inherited componentwise in the usual way.

Definition 4.20 (Manager State Condensation) Let man= (M, m;, R) beamanager
automaton, and let 6,, be an equivalence relation on M. We define the condensed
manager automaton man/6y, = (M/6y,,, [m]g_, R/8y), where [m]g_isthe equivalence
class of my under 8y, and R/6, is given by m-r-> n O Riff [mlg -r-> [n]g, O R/B,
Above each [m]g_ in M/6;,, we have the port-channel network:

(Piig,: Cimlo) = (E{PmImO[mlg}, B{CpnImO[mg})

where we insist that the union operations are digjoint as previously. Furthermore
each transition [m]g_-r-> [n]g  of R/By, correspondsto the reconfiguration partial in-
jection:

X[m]em’[n]em = Xm,n ifm-r-n0dR

As above, thereis no difficulty in interpreting this asisomorphic to an asynchronous
manager pushout construction, and in harmony with that observation, we notethat we
must explicitly add identity reconfiguration transitions in the form:

[Mle,, -id- [mlg,, = iGnmyq, - Cimig, — Cinis,
to make it into awell defined manager.
For determinism reflecting relations 8y, i.e. ones such that:

m, m O [m]g , n,n" O [n]g , m-r->n,m -r'->n 0R
O

m=m,n=n,r=r" or mzm,nzn, r#r’

thereisan aternative construction of someinterest, which however isnot isomorphic
to aspecia case of asynchronous manager pushout.

Definition 4.21 (Deter minism Reflecting M anager State Condensation) Let man
= (M, m;, R) be amanager automaton, and let 6, be a determinism reflecting equiv-
aence relation on M. We define the determinism reflecting condensed manager au-
tomaton man/p8y, = (M/p6y,, [M]g,, RioBpy), in which M/, = M8y, [my]g,, is the
equivalence class of m; under 6,,, and R/,6,, is given by the equivalencem-r->n O R
iff [mlg,, -R-> [n]g, U R/pBy, wherer = DnEr [m-r>nOR mO[mlg ,n0[n]g },
i.e. we accumulate all reconfiguration transitions between statesin [mlg and [n]g  to
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build atransition of R/p8y,. Aboveeach[m]g_inM/,0,, we have the port-channel net-
work:

(Pimig,: Cimie) = (E{PmImO[mlg}, B{CpnImO[mg})

where we need the union operationsto be digoint asalways. Furthermore each tran-
stion[mlg_ -R-> [n]g,, Of R/p6p,, corresponds to the reconfiguration partial injection:

Ximle,[nle, = D{Xm,n [mO[mlg,, nO[nlg }

which are well defined by the determinism reflecting property. This time, the re-
quired identities come for free, asis easy enough to see.

The alert reader may be wondering why not, instead of insisting on the determinism
reflecting property, to define atransition [mlg, -R-> [n]g, we did not simply consider
acollection of individual transitions m -r-> n 0 R that made the union definition of
X[mlgy, [l unproblematic. For given [m]g_ and [n]g_, one could have taken the set of
these| posa bilities asthe family of transtlonsfrom [m]em to[n]g,. Theanswer tothis
will come below.

Definition 4.22 (Worker-Manager State Condensation) Let wm = wor Oman =
(1,0, A= (&, Init, Tr)) O (M, m;, R) be aworker-manager automaton, and let 6, and
6, be equivalence relations on &t and M respectively. Then we define the condensed
worker-manager automaton wnv(8,,6,,,) = wor/8,,[0 man/6,, as the asynchronous
product of the condensed worker automaton wor/6,, and the condensed manager au-
tomaton man/Qy,.

Definition 4.23 (Deter minism Reflecting Worker-Manager State Condensation)
Let wm=worOman = (I, O, A= (S, Init, Tr)) (M, m;, R) be aworker-manager au-
tomaton, and let 8,, and 6;,, be equivalence relations on St and M respectively with 6,,
determinism reflecting. Then we define the determinism reflecting condensed work-
er-manager automaton wnv,(6,,6,,) = wor/6,,0 man/,8,, as the asynchronous prod-
uct of the condensed worker automaton wor/6,, and the determinism reflecting con-
densed manager automaton man/y6y,.

The preceding completes the description of our automata-centred notions. We note
that these featured at times digoint unions and at other times normal ones, and we
consider here the significance of thetwo different kinds. While mathematically there
isno specid significance one way or the other, the two types of union having slightly
different theoretical properties, the difference becomes more acute if we suppose that
we are dealing with mathematical models of actual computing systems. In the real
world distinct systems have a tendency to retain their distinct identities unless one
takes active steps to obscure them. This makes digoint union the more natural no-
tion. However one can understand conventional union as arising from adigjoint un-
ion via the identification, under a partial equivalence relation, of distinct copies of
‘the same thing’. Thisisjust a pushout in Set. In the real world one would have to
construct some aparatus in order to implement the identification, but in general this
isfeasible. Itison thisreading of conventional union (i.e. thetacit assumption of the
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existence of the requisite partial egquivalence relation), that the rest of this paper
should be understood.

4.2 Contructions Centred on Systems

The next definition enables two IWIM systems to be brought together into one, and
to work alongside one another.

Definition 4.24 (Asynchronous Product of Systems) Let WM4, WM, be disjoint
IWIM systems. We define the asynchronous product IWIM system WM OWM,, as
follows. Its set of automaton namesis WM OWM,. Similarly, all the other compo-
nents are given by (digoint) unions. Thus wormang = worman, Oworman, ; o =
MO rp=r0r,; Ag =M 5. A configuration of WM, OWM, is of the form
(sts, O stsy, g, 0sy), which, because of the disjointness of WM, and WM, can be
decomposed into a configuration (stsy, gs;) of WM, and aconfiguration (sts,, gs,) of
WM,. Among these configurations, theinitial configurations are those configurations
(sts 108ts; 2, 051 1005 ) of WM WM, built out of initial configurations (sts 1,
gs; 1) of WM, and (sts 5, gy o) of WM. Finally, the dynamics of WM1 [JWM, is eas-
ily given by the following rules:

(stsy, Gs) — (stsy', 0sy') ; (stsp, Gsp) aconfig of WM,
(stsy O stsy, gs1 L1 asp) — (stsy' O stsy, s’ 01 0sy)

and

(stsy, gsp) aconfig of WMy ; (stsp, Osp) — (Stsy, 0Sy)
(sts10stsy, s 0 dsp) — (sts Ustsy', gs100sy)

We see that the transitions of the asynchronous product are the individual transitions
of the component systems interpreted in the context of the product system. The two
components thus evolve independently of one another. This property leadsto atotal
surjective relation between pairs of runs of WM, and WM, and runs of WM O0WM,
given by arbitrarily interleaving the steps of the run of WM, and the run of WM,. The
states of thetwo runsarejust combined in unionin the obviousway. Thusif we have
for WMy: (stsy, gs1) — (sts¢', gs1') — (st81", 051") —> ..., and for WM, we have:
(stsy, gsp) — (Stsy, 0sy') —> (stsy”, 0sy") —> ... , then one possible interleaving
yields for WM{OWM,: (sts;Osts,, gs10ags,) —> (stsy' O stsy, gs;'d gsy) —>
(sts'O stsy', 03’0 0sy’) — (sts'O stsy”, 93’0 gsy") —> ... . One consequence of
this structure is that the converse relation, from runs of WM OWM, to pairs of runs
of WM, and WM, isapair of projections, given by simply striking out all WM, steps
and portions of state/queue sets to get the WM, run, and striking out all WM steps
and portions of state/queue setsto get the WM, run.

Corresponding to the product notion we have asum notion. Thisisless pointlessthan
the corresponding notion for automata for reasons indicated bel ow.

Definition 4.25 (L eft and Right Asynchronous Sum of Systems) Let WMq, WM>
be digoint IWIM systems. We define the the left and right asynchronous sum IWIM
systems WM <0 WM, and WM 0> WM, respectively, exactly aswe do asynchronous
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products, except for the initial configurations. Instead, an initial configuration of
WM, <0WM; isof theform (sts; 1 [0 5, g 1[0 ) with (sts; 1, s 1) initia in WM;,
while an initial configuration of WM [1>WM,, is of the form (01O sts; 5, 100 »)
with (sts; o, g5y o) initia in WM.

Given the decoupled way that the dynamics of the two components in WM, <0WM,
and WM, O>WM, (and in WM, O WM, also) evolve, it is clear that in WM, <dWM,
the WM, component is inactive, since the WM, component of an initial configura-
tions of WM, O>WM, is O and consequently remains O throughout any run. In
WM, O0>WM,, the roles of WM, and WM, are reversed, and it is WM, that is useless.
What makes the definitions of WM, <O0WM, and WM [0>WM, (and to an extent
WM, OWM, also) not purposeless, is the fact that by using constructions from the
preceding subsection on the automata in the asynchronous sum or product, the inac-
tive part may be nontrivially coupled to the active one. For thisto work in awell de-
fined way we need to check appropriate conditionsfor each of the constructions. The
rest of this section states, in the form of a series of propositions, sufficient conditions
under which application of these various constructions keeps an IWIM system well
defined. As one might imagine when working with sufficient conditions, these are
not unique, and we restrict ourselves to relatively straightforward ones not requiring
fixed point constructions, in keeping with the rest of the paper.

First we need some notation. Let R be arelation from Ato B, i.ee RO A x B, and
D OA, EOB. Then we define:

D €«s R=R-DxB
Rpr E=R-AXE

Proposition 4.26 (Worker-Manager Pullbacksin Systems) Let WM bean IWIM
system, and let Wiy = (l, 0O, Al) O (Ml, m|,1, Rl) and Wi, = (l, 0O, A2) O (Mz, m|’2, R2)
be worker-manager automata of WM. Let wm® be another worker-manager automa-
ton, and (f,, 1°, T 1) - Wmy — wn', (f, 2, f 2*) - wm, — wm’ be two worker-manager
homomorphisms. Let wm= (I, O, A)OJ(M, m;, R) be the worker-manager pullback
of wmy and wm, with respect to (f,, 1+, f, 1°) and (f,, 2, Ty 2*) with attendant projec-
tions fyym 1 - wm — wmy and fyy, 5 - wm - wm,. Suppose the following hold:

(1) Fori#j {12}, wm" My O Wy .
(2) Fori#j0O{1,2}, = W My for any mJ M;.
(3) ForiO{1,2}, wn™my, O fe(m) OM™".

(4) For (my, mp) O M, WMy yymy = WM Ay o, and
fm']_' o rwrr{"m]_,wm1 = fm,Z' °© rwm'"rm,wmz

Then WM* = (WM —{wmy, wmo}) O {wm} with ancillary data given by:

o= (fwmg, wmngl < N B (Ml,wm1 0 M2,Wm2)) O
(W Wy | WA g, 1 (L, 21} 0

{wm ™ (my, M)y | (Mg, Mp) O M, Wi Ay, WMoy}
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A = (Myywmy O Maymy) <A & (IO, = 10umy) U
{M (@) =10 O 1Oym | Agyyy(P) =10 O 10y, 1 O {1, 2}} O
{)‘*(ml, mz)Wm(p) =io 010y | (M, mp) OM, pO Pmlwml = P,mwmz,
Ay (P) = Mrrpary(P) = 10 0 10}
r* = ((Recy O Recy) <1 (Ryywm O Rowmy) O
{1 Wi (F€C) = My 1> Ny |
Mwm At (FEC) = My 1> Myyy, 1 0{1, 2}} O
{r* wmas (my, mp)um(F€C) = (Mg, Mp)yym -r-> (N, Ny |
wirt A, (€)= M wmy ==> Ny
Mt Ao, (€)= M2y =T N2
fn,2° (M wmy 1> Nwme) = T 2 (Mo =1 N2 i)}

Initialyy« = (sts*, gs*)
where
sts* = (sts—INIS) O {(Initym, M)} if stsn INISZ D
O sts otherwise
gs* = (gs—INIQ) O {d:[] |[dTO Cpy it if stsn INIS£DI
O gsotherwise
and where INIS= {(Initym,, My wme)s (NIt M wm)} s
INIQ={d:[]d D Cpy 1, U Cry o »
Initialyy = (sts, gs)

isawell defined IWIM system.

Proof. It issufficient to check four things. First, that ~* iswell defined. For thiswe
observe that replacing wm ',y with wn™*m,,,.y iswell defined since (2) guaran-
tees that wm' can never be wmy. Likewise, replacing wm'~my,,m, and wm'my,,, by
wm'™* (my, my),m for pairs (my, my) iswell defined since (2) guarantees that wm' can
never be wm, or winy, (3) guarantees that any My, OF Mpyym, below wm' gets paired
in the construction of the manager pullback, and (4) guaranteesthat wm' isabove one
of Myym, OF Mpyym, iff it is above the other.

Second, that A* isabijection. For this we see that replacing Aqy,,,.(p) =0 O 10,y
by the correspondingio O 10,,,,,iswell defined since (2) guaranteesthat wm' can nev-
er be wm; or wny, (1) guarantees that at most one of them is above wn, and the pull-
back construction guarantees that 10y, = 1Oy, Likewise, mapping A* (| my),m(P)
to io U IOy whenever both Ay, (p) and Ay, (P) Map to it is sound since (2)
guarantees that wm' can never be wmy or wmy, (3) guarantees that any my,, or
Mowm, DElow wm' gets paired, (4) guarantees that wm' is above one of My, or
Mym, Iff it is above the other, and the pullback construction guarantees that My,
and My, (@nd hence (my, my),,m) have the same port channel network. (N.B. Inthe
definition of A* weused thenotation ... A & (10, =10,m,)) O.. withtheobvious
interpretation, for emphasis. Similarly below.)

Third, r* isafunction. On the one hand, any rec transition of wor(wm) comes from
rec transitions in wm; and wim, exactly one of which will have an ryymany,,,, image
by (1); so mapping the wor (wm) transition in the same way under r* sy, e 1S Well
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defined. On the other hand, by (3) any rec transition of awm' above any my,, is
above an m that form§ apair (ml,. my) in the. pullbapk. By (4) Fhe fm,.l' © M/ Amy wing
and fiy 2 © My Amg e, IMages of this rec transition will coincide in wm'; therefore we
get aunique (My, Mp)ym -r-> (N1, No)ywm reconfiguration transition in wmto which to
map the rec transition in wm'.

Finally, if theinitia state of either of wmy, wmy, isin the sts component of Initial\y,
then the wm; in question must either have a nontrivial manager facet, or be above
SOMe My yyyy With win' [ WM, by the conditions for initial configurations. Insuch a
case the sts* component of Initial\yy« must contain the (Inityy, M m) state of wm
to satisfy the same conditions; otherwise not. For the initial queues, we merely re-
place any queues belonging to wmy, wm, with ones for wm as required. ©

Proposition 4.27 (Worker-Manager Pushoutsin Systems) Let WM be an IWIM
system, and let Wiy = (l, 0O, Al) O (Ml, m|,1, Rl) and Wi, = (l, 0O, A2) O (Mz, m|’2, R2)
be worker-manager automata of WM. Let wm® be another worker-manager automa-
ton, and (fy, 1°, f 1) - WM™ — wmy, (f,, 2, fy 2*) - wm’ — wmy, be two worker-manager
homomorphisms. Let wm= (I, O, A)O (M, m;, R) be the worker-manager pushout of
wmy and wm, with respect to (f,, 1°, f 1+) and (f,, ¢, T 2*) with attendant homomor-
phisms fym, 1 - wmy — wmand f, > - wm, — wm. Suppose the following hold:

(1) Fori#jU{1, 2}, wn My b Wiy iy

(2) ForizjU{1,2}, » wmy"myy, forany mQ M;.

(3) Fori,jO{1,2}, my, mp 00 [ml, OM, W my oy = W Ay and
fmio My Amg wm = fm,j ° rwrn”\mz,wm

(4) Recq = Rec,.

Then WM* = (WM —{wmy, wmo}) O {wm} with ancillary data given by:

o= ({wmg, wpt 9N B (Mg ymg O Moywmy)) O
(W™ g | WA, | 041, 2} O

{wm ™ M m [ (M B M, (Wm0 wm'*myy,)}

M = (M 0 Mawme) <A & (104 = 10um)) O
{V* 1y (P) = 10 0 100 | Ay (P) = 10 T 10y, 1 0{1,2}} O
{)\*[m]m,wm(p) =io O IOy | [M]y, O M, p a PmNm, _

)\mNm(p) =io 010y, 1 O{1, 2}}

r* = ((Recy U Recy) <1 P (Ryywm, U Rowmy)) U

L Wi (F€C) = My 1> Ny |

FwmiAm (F€C) = My =r=> My, i 0 {1, 23} O
{r wm [ mam("€€) = [M i m == [r_ﬂm,wm |

I’Wm/\mNm(reC) = I’T\Nm -r-> an'P 10 {1, 2}}

Initialyy« = (sts*, gs*)
where
sts* = (sts—INIS) O {(Inityym, my wm)} if stsn INIS# O
0 sts otherwise
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as* = (gs=INIQ) U {d:[] |dU Cpy it if stsn INIS2£DI
0 gsotherwise
and where  INIS={(INityym,, M ), (Nitym, M}
INIQ ={d:[]1d D Cpy 1y & Crry st
Initial\yyy = (sts, g9)

isawell defined IWIM system.

Proof. There are four things to establish. First, that ~* iswell defined. Neither of
wim, or wim, is above the other by (2). Thereforeit is sufficient to replace wmym' .y
with wm™miy,. Likewise replacing wm' A myyym, or W' Ay, by wmi A [m]
iswell defined since (2) ensures that wim' can never be wmy or wm, and (3) guaran-
tees that whenever wn is above some My, OF Moy, contributing to [m],, then it
isaboveall suchmO [m],.

Second, that A* is a bijection. We see that replacing Ay, () = io O 10, by the
corresponding io O 10, is well defined since (2) guarantees that wm' can never be
wmy or winy, (1) guarantees that at most one of them is above wnv, and the pushout
construction guarantees that Oy = 10y, Likewise, mapping A* . . (P) toio [
|Opny Whenever A, () maps to it for some My U [M]y wm is sound, since (2)
guarantees that wm' can never be wm, or wimy, (3) guarantees that wm' is above all
Mymy O [M] i wm OF none of them, and the pushout construction guarantees that all of
them (and hence [m],, ) have the same port channel network.

Third, r* isafunction. On the one hand, any rec transition of wor(wm) comes from
arec trangition in either wmy or wm, (or both), and for exactly one of these will an
Nwmnwr D€ defined by (1). By (4), the sets of rec events of wor (wmy) and wor (wimy)
are equal, so that a rec event of wor(wm) will be in the domain of either
making the definition of r* sy, . (réc) unambiguous. On the other hand, any rec
transition of awm' above any m,,,, either ends up above a singleton [m], in wm, in
which case the replacement of rwm,\mmi(rec) BY I At [ mum(T€C) 1S immediately
unambiguous, or not. If not, we know by (3) that all the erAmNm(rec) map viafy,;
to the same wm reconfiguration transition [m], wm -r-> [N] i wm Making the replace-
ment unambiguous also. Finaly, for the initial configurations, the argument isasin
the previous proposition. ©

It is clear that in the preceding constructions some fairly demanding condition have
to hold. For greater flexibility with pullbacks and pushouts, we now consider their
asynchronous anal ogues.

Proposition 4.28 ((L eft and Right) AsynchronousWorker-Manager Pullbacksin
Systems) Let WM bean IWIM system, and let wmy = (1, O, A) 0 (M1, my 4, Ry) and
wm, = (I, O, Ay) 0(My, my 5, Ry) be worker-manager automata of WM. Let wm’ be
another worker-manager automaton, and (f,, 1°, fam 1°) - WMy — wi', (f 20, fam 2°)
wm, — wm'" be two asynchronous worker-manager homomorphisms. Let wm =
(1,0, AOM, m, R) bethe left or right asynchronous worker-manager pullback of
wmy and wim, with respect to (fyy 1°, fam 1°) @nd (fy 2% fam,2*) With attendant projec-
tions fyym 1 - Wm - wimy and fam 2 - wm — wmy,. Suppose the following hold:
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(1) Fori#jO{1,2}, wm" My Cb Wy .

(2) Fori#j0{1,2}, - wny"myy, for any mQ M;.

(3) ForiO{1,2}, wm mymy, O fopi(m) OM™".

(4) Fori#jO{1,2}, wmm y Ch wn“(’\rqm.

Then WM* = (WM —{wmy, wmp}) O {wm} with ancillary data given by:

o= (fwmg, wmngl S A B (Mg gy O Mo ywmy)) O
(WP Tty WA O {1 23} O

{wm ™ (Mg, Mp)ym | (My, M) 0 M, (W, OF WY MMy}

A = (MmO Maym) €A B (I0ym, = 10ymy) O
A (P =10 O 1Oy | Agy,y(P) =10 O 10y, 1 0 {1, 2}} O
{N (my, mo)urn(P) = 10 0 1Oy | (Mg, mp) OM, p O Pry, 8 Py
(W My, A, (P) = 10 T 1Oyy OF
WM A Moymps )\mZsz(p) =i0 O I10ym)}
r* = ((ReCl O R&z) g9r p (R].‘Wml O R2,sz)) O

{r*wn-{\*mwm(rec) = I’T‘(Wm -r-> n'WrTf |
My (T€C) = My =F-> My, 1 0{1, 24} O

{r* wmas (my, mp)um(F€C) = (Mg, Mo)yym -r-> (N1, M)y |
Fwirt A, (F€6) = M yymy =T=> Ny ywmy} O

{r* wmas (my, me)um(F€C) = (Mg, Mo)yym 1> (Mg, N2)yym |
Mt Ao, (F€C) = M wmy =T N2y}
Initialyy« = (sts*, gs*)
where
sts* = (sts—INIS) O { (Initym, My wm)} if stsn INIS# 0
O sts otherwise
gs* = (gs—INIQ) U {d:[] |[dU Cpy it if stsn INIS£DI
O gsotherwise
and where  INIS= {(Inityy,, My wme)s (NIt Mwm)} s
INIQ={d:[]d D Cpy 1, U Criy syt »
Initialyy = (sts, gs)

isawell defined IWIM system.

Proof. Asusual there arefour thingsto establish. First, that ** iswell defined. Nei-
ther of wmy or wm, is above the other by (2). Therefore it is sufficient to replace
Wy y With w™miy . Likewise, replacing wim' A my,, - by wm'* (my, mp)yym
for all m, suchthat (m;, my,) isastate of man(wm) iswell defined since (3) guarantees
that any My, OF My, below wn' gets paired in the construction of the manager
pullback.

Second, that A* is a bijection. Given a management state (my, M),y Of wm, then

with the definition of ™, A* (i ), becomes the disjoint union of Ay, and

35



)\m2me' This succeeds since (3) guarantees that any management states my,,,, or
Mpym, With nonempty communication network get paired, and (4) ensures that the
families of workersabove any my,,, and my,,,, are digoint, so that the disjoint union
of the bijections is a bijection. Also by (1) at most one of wm,, wm, is above any
My, SO that replacing any io O 10, intherange of Ay, .(p) by the corresponding
io O 10,m generates no problems.

Third, r* isafunction. By (1) again, for at most onei [ {1, 2} doesrymany, EXist.
Thus defining the r* sy, iMage of arec event accordingly issound. Also, given
some (My, Mp)yym, replacing the rypyamy,, OF ManyAmpuy, iMage of rec by the recon-
figuration transition (M, Mp)yym -rec-> (N, Mo)yum OF (My, Mo)\um -rec-> (Mg, No)\yym re-
spectively, is well defined because (4) ensures that exactly one of these cases exists
(thus making Ir*yyas (my, mp)wm SINGlE valued). Finally for the initial configurations,
the argument is asin previous cases. ©

Proposition 4.29 ((L eft and Right) Asynchronous Wor ker-Manager Pushoutsin
Systems) Let WM bean IWIM system, and let wmy = (1, O, Aj) 0 (M1, my 4, Ry) and
wmy, = (I, O, Ay) 0 (My, my 5, Ry) be worker-manager automata of WM. Let wm’ be
another worker-manager automaton, and (fy, 1°, fam 1°) - wWm' — wmy, (fay 2% fam 2°)
wm" - wm, be two asynchronous worker-manager homomorphisms. Let wm =
(I, 0, AO(M, m;, R) be the left or right asynchronous worker-manager pushout of
wmy and wm, with respect to (fyy 1°5 fam 1°) and (fy, 2, fam 27) With attendant homo-
morphisms fayy, 1 wm - wmy and fyy 2 - wm — wm,. Supposethefollowing hold:

(1) Fori#j {1, 2}, wn My Ch Wy .
(2) Fori#j0{1,2}, » wny"myy, forany mO M;.
(3 Km|mO[m]g, OM, (W' myy, or wm' my)} < 1.

Then WM* = (WM —{wmy, wimp}) O {wm} with ancillary data given by:

~o= (fwmg, wmgt < B (Mg iy O M ) O
{wm™ gy | WMy, | 0 {1, 23} O
{wm ™ [Mam | [M]am O M, (Wmmyy, or wim'my,,)}

((Ml,wml O M2,Wm2) AP (|me1 = |me2)) O
{)\*mwm(p) =ioO10ym| )\mwm(p) =joO [Owm» i0{1,2} 0
D oo™ =10 010y 1My 0M, Ay (5) = 10 0 [0y
PO BB{Poyn IMO (M i D11, 211}

)\*

r* = ((ReCl O R&z) g9r p (R1|Wm1 O R2,sz)) O
L Wiy (F€C) = My 1> Wy |
Mt (FEC) = My 1> Myyy, 1 O0{1, 2}} O
{r wm s [ amwrn(€C) = [Mlam wm —r->.[n] amwm |
rwm{,\mm(rec) = Mym 7> My |1 0 {1, 23}
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Initialyy« = (sts*, gs*)
where
sts* = [ (sts—INIS) O { (Inityym, My} if stsn INIS# DO
O sts otherwise
as* = (gs=INIQ) U {d:[] |dU Cpy it if stsn INIS2£DI
0 gsotherwise
and where  INIS= {(Inity,, My wme)s (NIt M wm)} s
INIQ={d[][dOC nye
Initial\yyy = (sts, g9)
isawell defined IWIM system.
Proof. Asusual there arefour thingsto establish. First, that ~* iswell defined. Nei-
ther of wmy or wmy, is above the other by (2). So it is sufficient to replace wmym' .y

with wm™*m',,y; and to replace wim' A myyym, or W My, With wm!* [m] 5, i, fOr
the [m],,, that contains my or M.

My, 1wmy m ,Zwmz} !

Second, that A* isabijection. We replace theindividual bijections )\mlwml and )\mZ\Nmz
by aggregates of them, A* 4y, @ process which leaves none out because every state
in M, O M, enters some equivalence class or other in M, and causes no overlap of
aggregated codomains by (3), preserving bijectiveness. Also by (1) at most one of
wmy, wim, is above any m'y,y, So that replacing any io 0 10, in the range of
Ao (P) DY the corresponding io [ 10,,,, generates no problems either.

Third, r* isafunction. By (1) again, for at most onei [ {1, 2} does rymany, EXist.
Thus defining the r* ey, iMage of arec event in agreement with that case is
sound. E_q_ual ly, substituting the P Ay OF T Ampwm, IMage of somerec event b_y
the transition [M] 3 wm -1-> [N]am wme Where the latter comes from my, -r-> nyy, via
M Amny isuniquely defined, because for any wnm' thereis only one m,,, for which
P Amm, exists by (3). Finadly, for the initial configurations, the argument isasin
the previous cases. ©

The preceding results illustrate that various pullback and pushout constructions act-
ing on automata can be placed in the context of systemsto givewell defined algebraic
operations on systems. However what has been described does not exhaust the pos-
sibilities. One could aways imagine different ways of plumbing up the *, A*, and
r* data, especialy if other useful properties obtained in the system.

On adifferent tack, one could consider a hybrid notion of homomorphism for work-
ers, which while insisting that input, output, and rec transitions mapped to input, out-
put, and rec transitions respectively, did not insist that the datafor these corresponded
exactly. Thiswould yield the opportunity of using the pair of valuesinvolved, to label
atransition of the worker facet of ayet other notion of pullback or pushout.

More intriguingly, since the worker and manager facets of aworker-manager autom-
aton are as independent as they are here, one could consider hybrid constructions on
automata featuring say an asynchronous pushout on the manager facets and a (not
asynchronous) pullback on the worker facets. Given the variety of component con-
structions that we have hinted at above, alarge number of potential system level con-
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structions can be contemplated this manner, and we leave their further investigation
to the enthusiastic reader.

We turn now to the remaining automaton level constructions and examine their sys-
tem level consequences.

Proposition 4.30 (Worker-Manager State Condensation in Systems) Let WM be
an IWIM system and let wm=wor Oman = (I, O, A= (&, Init, Tr)) O (M, m;, R) bea
worker-manager automaton of WM. Let 8, and 6,,, be equivalencerelationson & and
M respectively and let wv/(6,,6,,) = wor/6,,d man/6,, be the corresponding con-
densed worker-manager automaton. Suppose the following holds:

(D Km{mO[mlg,, [mlg, 0 M6y, (Wwm"mym)}| < 1.
Then WM* = (WM —{wm}) O {wm/(8,,,6,,)} with ancillary data given by:

~o= (fwmb <~ e M) O {wim/(8,,8,)* My [ wmtmtyy} O
{wm~*[mlg | [mlg, O M/6p, wmAmyg}

* = (M <Ap 10y
{N 1 (P) =10 O 10wny(a,,6,0) | Ay (P) =10 U 10y} U
{N* (g, (P) =10 010y | [Mlg, 0 M/Bpn, A, (P) =10 010y,
PO B{Pryy, MO [, }}

r* = (Rcsrp RO
{1 (84,0 Mt (T€C) = My 1> My |
iy (T€C) = My =1 Ny} O
(P wmtr* (g, 6 (F€0) = (Mg, wrv(6,,61) 7> Mo wrv(6y,6r) |
Ay (T€0) = My ~F->
Initialyy« = (sts*, gs*)
where
sts* = (StS— |N|S) O {(|nitwrw(ewyem), m ,Wm/(ew,em))}
% if stsn INIS# O
0 sts otherwise

as* = 3 (as=INIQ) T {ct[] |d U Crp e, eyt
% if stsn INIS£0
O gs otherwise
and where INIS= {(Inity,, m wm)},
INIQ={d:[] [d O Cpy i}
Initial\yyy = (sts, g9)

isawell defined IWIM system.

Proof. Mostly thisisasimple adaptation of Proposition 4.29 so we will bebrief. The
definition of ~* is unproblematic. For A*, (1) assures bijectiveness of the A* em(p)
terms, while the A* ; .(p) terms are bijective since wm and wnv/(6,,,6,,) have the
same input and output channel sets. Alsoit iseasy to prover* isafunction. For the
initial configurations, we replace wm components by wv(6,,,8,,) components if re-
quired. ©
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Proposition 4.31 (Deter minism Reflecting Wor ker-M anager State Condensation
in Systems) Let WM be an IWIM system and let wm=wor Oman = (I, O, A= (S,
Init, Tr)) O (M, m;, R) be a worker-manager automaton of WM. Let 6,, and 6,,, be
equivalence relations on & and M respectively and suppose that 8y, is determinism
reflecting. Let wn/(6,,,6,,) = wor/6,, [0 man/,8;, be the corresponding determinism
reflecting condensed worker-manager automaton. Suppose the following holds:

(D) KmlmO[mlg , [Mlg,, O M8y, (Wi myy}| < 1.
Then WM* = (WM —{wm}) O {wnm/,(8,,6,,)} with ancillary data given by:

M= (fwmk <A B MOy WITVo (8, 81) ™ My [ WYy} O
{wm™*[mlg, | (Mg, T M/o8p, Wi mym}

AN =M <Mp IOy, O
{N i (P) = 10 O 1Oy (6,,61) | Aty (P) = 10 0 1Oy} U
{\* (e, (P) =10 0 10y | [Mlg T M8, Ay () = 10 010y,
p O U{Pmy,ImO[mlg }}

r* = (Rec €«rp RO
{7 (BB it (€C) = My 1> 1y |
Furmtrrtan('€0) = Myt 1> My} O
L i~ i v, 0,6 ("0) = (Mo, wvo@uen) R (Mg, we(ewen) |
erTT"rTWm(reCS = Mym -1-> Ny
rdr={r|m-ro-n0OR mO[mlg , [Mlg, [ M/p6p,
nO[n]g,, [N]g, 0 M/s8p}}

Initialy« = (sts*, gs*)
where
sts* = 1 (sts— INIS) O { (INityry,(8y,8,)0 M wwmio(Bu,6m))}
% if stsn INISz0O
O sts otherwise
C]S* = (qS_INIQ) 0 {d[] |d g Cm|,WmD(9W,em)}
% if stsn INISz0O
O gs otherwise
and where INIS= {(Inity,, m wm)},
INIQ={d:[] [d O Cpy it
Initialy = (sts, g9)

isawell defined IWIM system.
Proof. Thisisamost identical to Proposition 4.30 and is omitted. ©

Incidentally, Proposition 4.31 solves the riddle posed after Definition 4.21, i.e. why
not defineatrangition[m]g_ -R->[n]g  asany set of transitionsm-r-> n J Rthat makes
the union definitions of Plmiey[nle, and X[me, [nle, SOUNd. The answer isthat without
acanonical choice for the transition [mlg_ -R-> [n]g, , there is no canonical way to
make I win[mig, wn,(a,0,) | MO & function.
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We end this subsection with three almost trivial but useful constructions. The first
merely gluesthe free end of an external output to the free end of an external input, to
make anew internal channel. The second, removes a tuple from the partial injection
on channels in a reconfiguration transition; and the third augments the domain and
range of the partial injection on channels in areconfiguration transition with a fresh
tuple; enabling the benefits of thefirst construction to be felt after areconfiguration.

Proposition 4.32 (External Channel Pipingin Systems) Let WM bean IWIM sys-
temand let wm=wor Oman = (I, O, A= (S, Init, Tr)) 0 (M, m;, R) be aworker-man-
ager automaton of WM. Let m 0 M be amanager state of man, which mapsto (P,
Crm)+ SUPPOSE{ Cgj, Coo} L Cpyy,,, that ¢ is an external input channel, and that ¢, is
an external input channel. Let ¢, be fresh. Then WM* = (WM —{wm}) O {wm*},
given below, isawell defined IWIM system.

wm* = wor O man* where
man* = (M, m;, R*) and mi- (Pp,» Cmyr)
where Cp,,, * = (Cpyy = { Ceir Ceo}) 0 {Cio} and
Smume = {Ce0} < Smum) U {Cio 1= Smyum(Ce0)}
b = ({Cei} < Sy 0 {Ci0 1= tm(Ceid}

Proposition 4.33 (Restricted Reconfiguration in Systems) Let WM be an IWIM
system and let wm = wor Oman = (I, O, A = (&, Init, Tr)) O (M, m;, R) be aworker-
manager automaton of WM. Let my,, -r-> Ny, O R be areconfiguration transition of

WMWith r = Xm o am - Ciwm = Crune SUPPOSE further that X m,o i Cmam) = Crwn
Then WM* = (WM —{wm}) O {wm*}, given below, isawell defined IWIM system.

wm* = wor 0 man* where
man* = (M, m;, R*) and
R = (R={Mym > Nym = Xmumnum - Cmwm = Crumt) U
{m\Nm -r*-> nWm:X*mNm,nwm:
Xrmwmnwm ~ {Cmum '~ Crwed * Cran = Crvas?

Note that the restricting operation can be applied unconditionally (assuming thereis
atuple to remove in the first place). Even with an empty resulting X m,num there is
gtill atransition r* to act as target for any needed rypny,, function.

Proposition 4.34 (Extended Reconfiguration in Systems) Let WM be an IWIM
system and let wm = wor Oman = (I, O, A= (&, Init, Tr)) O (M, m;, R) be aworker-
manager automaton of WM. Let my,,-r-> nym O Rbe areconfiguration transition of
wmwithr = Xm o Crm = Crune SUppose further that ¢, O Cpy - @lthough
Crrem 3 9OM(X i1y nia» @0 Cpy, O Cpy@though ey O ran(Xmyn i) - 1 NEN WIM*
= (WM —{wm}) O {wm*}, given below, isawell defined IWIM system.

wm* = wor 0 man* where
man* = (M, m;, R*) and
R = (R={Mym > Nym = Xmumnum - Cmum = Crumt) B
{mNm -r*-> Mym == X*m/vm,nwm:
Xmwmnam H {Cmum 1= Crud * Crnrn = Crvnat }
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4.3 Completeness

In this subsection we consider a question converse to those dealt with hitherto, i.e. to
what extent can an arbitrary IWIM system be assembled from more primitive com-
ponents using the operations already described. Now intuitively, an arbitrary worker-
manager automaton wm = wor [Jman can be seen (up to isomorphism) as an asyn-
chronous pushout of p-wor and p-man, where p-wor isapureworker containing wm's
worker facet, and p-man is a pure manager containing wm's manager facet. This
thought allows usto pull apart an arbitrary entanglement of worker-manager autom-
atainto what are effectively digoint elementary IWIM subsystems. Theseinturncan
be built up out of smaller primitives, and this provides the basis of our compl eteness
result.

To cope with the requirement that an asynchronous worker pushout only workswhen
the | and O channel sets are exactly the same, we define an (I, O)-pure manager to be
aworker-manager automaton in which the worker facet isaone state automaton with-
out transitions, but equipped neverthel esswith input and output channel sets1 and O.

Proposition 4.35 (Worker-Manager Pull-Apart in Systems) Let WM bean IWIM
system and let wm = wor Oman = (I, O, A = (&, Init, Tr)) O (M, m;, R) be aworker-
manager automaton of WM. Let p-wor be a pure worker with worker facet wor, and
p-man be an (I, O)-pure manager with manager facet man.

Then WM* = (WM —{wm}) O { p-wor, p-man} with ancillary data given by:

N*

{wm} s~ M) O{p-wor™*my | wm' 3 O
{wm' ™ my an | M O M, wimAmy,
M <Ap 10)0
{M* t(P) =10 0 10p yor | Atyy(P) =10 010} O
{N . ran(P) = 10 O 10y | p O Py MmO M, wid Amy
Amum(P) =10 T 10y}

)\*

r* = (Rcsrp RO
{r* p_WorA*me(reC) = mwmr -r-> n'Wm |
Pty (T€C) = My -1=> Wy} O
£ Wit~ M-y (T€C) = My an =1 Np-man O R
L Amum(T€C) = Mym =1=> Nyt
Initialyy« = (sts*, gs*)
where
sts* = D(sts—INIS) O
0 {(nitpwor, M pwor): (NIt man, M pman)}
if stsn INISz0
O sts otherwise
as* = 1(as=INIQ) U {ck[] |d U Cry o}
% if stsn INISz0
O gs otherwise
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and where INIS = { (INit,ym, My},

INIQ={c[]|d 0 Cry, }.
Initialyy = (Sts, g)

isawell defined IWIM system.

Proof. Thisis straightforward when we realise that the trivial worker and manager
facetsintroduced by this procedure are not above or below anything else. ©

Proposition 4.36 (Worker-Manager Pull-Apart Reconstruction in Systems) Let
WM be an IWIM system and let wm=wor Oman = (I, O, A= (S, Init, Tr))O(M, m,,
R) be a worker-manager automaton of WM. Let WM* be obtained as described in
Proposition 4.35. Let wm' be aworker-manager automaton with trivial manager fac-
et, trivial worker facet but with sets of input and output channels (I, O). Suppose
(faw,1® fam,2%) - wm’ — p-wor and (fy, 2%, fam2°) : WM™ — p-man are the obvious two
asynchronous worker-manager homomorphismsthat identify theinitial statesin cor-
responding facets in the expected way. Then WM** | the asynchronous worker-man-
ager pushout of (fay 1% fam 1°) and (fay, 2*, fam 2*) exists, and is set theoretically isomor-
phic to WM.

Proof. It iseasy to check that conditions (1)-(3) for the applicability of the construc-
tion in Proposition 4.29 are satisfied so that the asynchronous worker-manager
pushout exists. Furthermore, the claimed isomorphism is easy to see since the only
nontrivial equivalence classes of states contain just an initial state, and the unique
state from the other component. ©

In this manner, an arbitrarily complicated IWIM system can be decomposed into
what are effectively elementary IWIM subsystems, the reverse of this procedure giv-
ing us arecipe for rebuilding the desired system from such components. Inturn such
an elementary subsystem can be built up from trivial one-state or one-transition com-
ponents. Since elementary subsystems are basically tree-structured, there will be a
variety of waysto do thisin awell founded way, so we will not go into details. This
supports our claim that the techniques discussed here, with the addition of suitable
lower level techniques for building elementary subsystems, are complete.

5 IWIM Systemswith Delayed Reconfigurations

Now we tackle the problem of the asynchronous nature of true IWIM system event
processing. Asnoted previously, this can be captured within our framework. The ba-
sicideaissimple. Weintroduce fresh pure worker automata, delay automata, whose
job is to buffer the reconfiguration events generated by the worker facets of the au-
tomata of the original model on their way to the relevant destination manager facet.
The way thisis done isto change the rec events of the original model into rec mes-
sages to the delay automata, who then subsequently raise the required event. Since
buffering isalready implicit in the message queues used by worker facets, and further
buffering can be achieved by retaining information in automaton states, there are a
number of ways one can imagine of implementing such anidea. In the one we will
follow, the workers each acquire an extra output port through which to send rec mes-
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sages instead of raising rec events. Connected to these extra output ports, are chan-
nels leading to delay automata, one per manager facet in charge of the worker. This
ensures that the rec messages are broadcast asynchronously towards each relevant
manager. (Because event processing takes place simultaneously by all managers be-
low aworker, we need to ensure that each delay automaton is above only one man-
ager. To ensure the correct separation of concerns between automata it is easiest to
introduce delay automata on aper per wm'*m,,, tuple basis.) Upon receipt of therec
message, the delay automaton rai ses the corresponding event with the manager.

Assuming that some particular worker facet is above k manager facets, the behaviour
of the original system can be recovered as long as there is aways the possibility of
performing the following 2k+1 step sequence of the new system instead of arec tran-
sition of the original system, in amanner uninterrupted by other system transitions:

(1) theworker facet transmits the relevant rec value through its extra output port
onto the n delay channelsleading to the n delay automata corresponding to then
manager facets above which it sits,

(2;) delay automaton i receives the rec value from delay channel i, recording it in
its state,

(3;) delay automaton i performs arec transition causing manager facet i to perform
the required reconfiguration.

This sequence of steps preserves the property that all delay channels remain empty
except between steps (1) and (2), which is correspondingly consistent with enabling
them to be executed without interruptions.

On the other hand, if we consider that the execution of these steps can indeed be in-
terrupted, as alowed by the asynchrony inherent in the fragmenting of a single tran-
sition into several, other outcomes become possible. Since the original system had
only synchronous reconfigurations, it provides no definition of what might happen
should a reconfiguration be attempted nonatomically, and any evolution consistent
with the semanticsis permissible. For example, acontext dependent notion of recon-
figuration can be created by having delay automataraise different reconfiguration ac-
tions in manager facets, depending on what reconfigurations intervened between the
receiving of some particular rec value from a worker, and the raising of the corre-
sponding reconfiguration event in the manager; the information to manage this being
kept in adelay automaton’s state, suitably managed through intervening reconfigura-
tions. And depending on what policy is adopted for the introduction and behaviour
of the delay automata, different policies for the handling of pending events become
possible. Moreover being themselves workers, delay automata can be woken and
suspended during reconfiguration transitions, further tuning this aspect.

One canonical possibility for dealing with reconfigurations that attempt to interleave
other reconfiguration actions, is to enforce a strict sequentialisation policy. Thiscan
be done by ensuring that once a rec message arrives at a delay automaton, the only
thing the delay automaton can then do is to raise the corresponding event, ignoring
further inputs till it has done so. We call this arrangement the standard asynchroni-
sation of an IWIM system, and we now present the technical details.
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Suppose WM is an IWIM system with the usual notations, i.e. typical automaton
name wm mapping to (I, O, A = (&, Init, Tr)) O (M, m;, R), with manager states m
mapping to networks (Ppy,,.., Cm,)» @d reconfigurations mym -r-> Nym = Xmumnwm -
Crvm — Crune @nd with ancillary data given by wim' ™ mym, Ay TwmiAmam:

The standard asynchronisation of WM, which we call here WM*, has the set of au-
tomaton names WM* = WM O {A.wm'.mwm | wm”m,}. We assume al of these
A.wm'.m.wm names are fresh, and introduce for each A.wm'.m.wm name, for future
convenience, fresh port, channel, and input and output port namest:

Awm'.mwmg , Awm'.mwm, , Awm.mwmy, , Awm'.mwm , Awm,

If wmmapsto (I, O, A= (&, Init, Tr))O (M, m;, R) in WM, in WM*, wm maps to (I,
O*, A* = (&, Init, Tr*))O (M, m;, R*).

Theinput ports | of the worker facet of wmremain unchanged. However for the out-
put ports we have O* = O [0 {A.wm,}. The worker facet automaton wor (wm) itself
is given by the same state space S, initial state Init, and:

Tr* =Tr, 0 Tro 0 {a-Awmy!rec b |a-rec> b 0 Trg}

This ensures that rec messages can be sent over A.wmj, to all delay automata
Awm.m'.wm'. To ensure that these are handled properly, we examine the manager
facet of wm.

In the manager facet man(wm), the state space M and initial state m; remain un-
changed. State m however maps to the communication network (P*p, . C*, )
where:

P* mam = Priwm & 1A.wm'.mwmg, A.wm’.mwm | wim A my,b
C* mum = Cmam 0 {AwWm . mwmyy, | wm'Amy})

S* tmum = Smam D {A-Wm.mwimy, 1— Awm’'.mawmyg | wm' A my, b
™ = tmgm O {AWM .mwmy, 1 Awm.mawimy | wim'Amy, o

Finaly, if Mym-r-> Nym = Xmumnum - Cmam = Crum 1S @ réconfiguration transition of
R, there is a corresponding transition of R* given by X* . num © S mam = € num
WhEre X* mm nwm = Xmwmnwm | NEErPreted as a partial injection on C* -

Standing between the worker and manager facets of the preceding automata, are the
delay automata themselves. A delay automaton name A.wm'.m.wm maps to a pure
worker given by:

(I A wmy. mwm On.wm mwnm An it . mwm =
(Stawnt.mwm INita wir mawme TrAwm.mam) D ({ ¢}, ¢, 0)

Here:

I A wrrt mowm = LAwn . mawmy | wim' Amy,}

1. Thelast of theseisnot an error.
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while Op i mwm = . The worker automaton Ap ym .mwm IS given by the state
space:

SA wm . mwm = ReCumy B {INitA Wi mwmd

and the initial state Initp yny.mwm iS the one named as such. The transitions of
Ap wirt.mwm are given by:

Tt Ay mawm = L INIEA wiy . mawm -A-wim' . mawmyrec-> rec | rec O Regyy} O
{rec -rec-> Inity . mwm | rec O Recyym}

where we have abused notation alittle by allowing rec to name the state reached by
inputting a rec message (not to mention its original use as event name), hopefully
without causing confusion. It isnow clear that the delay automaton inputsarec mes-
sage coming from the original worker, and then provokes arec reconfiguration event
in the manager at alater point.

To connect al this together, we give the above relation, which is:
Ax = A O {AWM . mwm™ my,, | wim A mgd
and the A*,, - bijections which are:

A i = Amam & {A WM . mwmyg - Awm; | wm'Amyk O
{Awm' . mwmy - Awm'.mwimy | wim' A my,

Note how in the first line of the above the original worker’s output port A.wm', is
shared by as many managers asit has, each controlling an individual queue to a sep-
arate A.wm'.mwm delay automaton.

Finally the r* p ywmy mwmm,m fUNctions are given by:
I At manr™ mun(T€C) = Mym =1-> Ny
iff A (FeC) = Mym 1> Ny,

It is now clear that this construction has the properties indicated informally above.
Thus whereas in WM, aworker wm' above a manger state m,,,,, can perform the step
a-rec-> b simultaneously with each implicated manager’s performing the appropriate
Mym ~F-> Ny (DECAUSE I'yryam,, MaAPS rec to Mym ~r-> Nyy), in WM*, wm' can no
longer do this directly. Instead it passes a rec message to A.wm'.m.wm viaasingle
a-A.wm'ylrec-> b action which causes rec messages to be broadcast onto al relevant
channels A.wm'.m.wmy,. If such achannel was previously empty, then A.wm'.mwm
can swallow the rec message by performing an Init iy mwm -2-Wm'.mwm?rec-> rec
input from the same channel. This obtains by the fact that ports A.wm', and
A.wm'.mwmy are connected via A.wm'.m.wmyy, since A*,, - connects A.wm', to
Awm'.mwmyg = s* - (AwnT.mwm,), and also connects t* - (A.wm'.mwm,) =
A.wm'.mwmy to Awm'.mwm. SINCe I'* A iy mwm* mym MapRs the only available
A.wm'.mwm transition rec -rec-> Inita yny mwm t0 the reconfiguration my, -r-> Ny,
it follows that when A.wm'.m.wm performs rec -rec-> Inita ywny mwme it Provokes the
desired reconfiguration My, -r-> Ny, Thusif Awm'.mwm, wasempty at the outset,
the simulation of one manager’s reconfiguration by a delayed but uninterrupted se-
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quence of stepsisavailable. Evidently when several managers need to react, conse-
guent on the same original atomic reconfiguration, similar simulations can also be
constructed. These simulations may also be interleaved with other actions, provided
none of the other actions ‘ beat the sequence to the tape’, where the ‘tape’ istheinvo-
cation of arec step mapped by ar* A iy mwm*mam tO @ change of configuration of
the manager wm, while the manager remainsin the original state m. Examplesof oth-
er actions that can safely be interleaved in this manner are ordinary 1/O actions, and
reconfigurations not involving any of the automata involved.

Proposition 5.1 The construction just given isidempotent, in the sensethat applying
it n more times to WM* results in a system WM*_.-* which can simulate an atomic
reconfiguration of WM that involves k managersin 2k(n+1)+1 uninterrupted steps.
The straightforward if tedious proof rests on the observation that in WM*, the only
worker above m,,, capable of provoking areconfiguration is a A.wm'.m.wm, so that
the next application of the construction replaces each A.wm'.m.wm'’s rec steps by a
three step sequence etc. Thusiterated application of the construction exemplifiesthe
fact that a chain of buffersis behaviourally equivalent to a single buffer.

6 TheArbab, de Boer, Bonsangue M odel

In this section we show how the model proposed by Arbab, de Boer and Bonsangue
in[Arbab et al. (2000a)] (seealso[Arbab et a. (2000b)]), henceforth the ABB model,
can be subsumed within our framework. Inthe ABB model, thereisafamily of com-
ponents. Each component is atransition system similar to one of our worker autom-
ata, and it has accessto a set of channel endsto which it is connected. A component
may output values along channel source ends (eg. ©) to which it is connected, and
may input values from channel sink ends (eg. c) to which it is connected. The state
transitions for these actions are of the form a -clv-> b and a -c-> b respectively, and
these are the only kinds of action that components may perform. The dynamic recon-
figurability of ABB systems comes from the fact that they can alter their set of con-
nected channel ends by sending and receiving channel end identities along the chan-
nelsthemselves. Thusif acomponent possesses channel endsc, d, it may relinquish
possession of d by atransition like a -c!d-> b; likewise a -c!d-> b relinguishes posses-
sion of d. Likewise possession of d or d can be gained by a-c?d-> b or a-c?d-> b. It
istacitly assumed that since channels are point to point connections, once a compo-
nent has relinquished possession of a channel end, it will no longer attempt to use it
until it has received it once again from some other component. Channels themselves
are queuesinthe ABB model, just asthey arein ours, and when achannel end, d (re-
sp. d) say, becomes detached from the component to which it was previously connect-
ed by being output along channel ¢ say, no inputs over d (resp. outputs over d) can
take place until the relevant message has been consumed by the component connect-
ed to the sink end of ¢, whereupon d (resp. d) becomes available to that component
for communication purposes. Output and input transitionsin which achannel end is
respectively transmitted or received are called reconfiguring output and input transi-
tions.
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We will now describe the mapping of afamily of ABB componentsto a correspond-
ing IWIM system. Note that since channels are not created dynamically in the ABB
model, the complete set of channels that figure in an execution of an ABB system is
known at initialisation time, and given an ABB system, we call this complete set of
channels CH. From this we create the five digoint alphabets:

CHi = {Chi | chd CH}
CH, ={chy | ch O CH}
CH; ={chg | ch O CH}
CHt = {Cht | chO CH}
CHCh = {Chch | chd CH}

Let C, ... C,beafamily of ABB components. For each C; we construct atransition
system K; asfollows. Let C; be (&, Init;, Tr;, r;) where &; is a set of states of which
Init; isaninitial state, Tr; isatransition relation containing transitions a -out!v-> b or
a-inv-> b (within, out 0 CH), and r; istheinitial value of the dynamically changing
set of channel ends possessed by C;. By the remarks above we can assume that CH
={ch|for somei,ch Or;orch Or}. For simplicity we will assume that each end
of each channel in CH isin somer;.

Now we set K; to be the transition system given by (S*, Initj*, Tr;*), where the set
of statesis j* = S O newSY;, with Inity* = Init;, and Tr;* is given as follows (also
implicitly defining the fresh states newS;). Each transition a -out!v-> b or a-inv-> b
of C; wherev isnot achannel end yieldsatransition a -out,!v-> b or a-inj-> b of K;.
Moreover each reconfiguring output a -out!ch-> b of C; isreplaced by two transitions
a-out,!ch,-> ab -rec(out,!ch,)-> b, where ab isafresh statein newSt; and rec(out,! chy)
is a reconfiguration action where the intention is to simulate the detaching of the
channel end ch, from the component in amanner that will be made clear below. Like-
wise if the channel end being detached is ch rather than ch, K; will contain the se-
quence a -out,!ch;-> ab -rec(out,!ch)-> b. A similar arrangement holds for reconfig-
uring input transitions a -in?ch-> b or a -in?ch-> b. We have respectively a -in/2chy->
ab -rec(in;?ch,)-> b and a -inj2ch;-> ab -rec(in?ch;)-> b.

For technical reasons, it is not sufficient to work with just the K;. Given K;, let 6,2
be afinite directed path through the transition system of K; (i.e. afinite sequence of
contiguous transitions of K;), starting at state a. Let K;2 be the transition system de-
termined by the set of paths: {672 | 672 is a path through the transition system of K;
starting at a, and if 8,72 contains a rec transition, there is only one and it is the last
transition of 6,%}.

Given a 6;*2, let 6;2 be the result of erasing from 6, all non-rec transitions (so the
transitions listed in 6,2 will not be contiguous, neither will they necessarily mention
a). Let @(6,"®), ¢(6;%) denote the fina state reached by such a 6,"2 or 6,2, Define
0,2={6;2 | 6" is a path through the transition system of K; starting at a}; conse-
quently ©;2is partially ordered by the prefix relation. We write 6,", 8;, ©; to denote
ei+|nlti, eilnlti1 eilnlti_ Let:

M =[O i O{1... n}}
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The rest of the construction will proceed by recursion on the structure of M, whichis
again partially ordered by the prefix relation. We construct a pure manger automaton
pm, whose space of statesis M, and above each m 0 M, there will be a collection of
pure worker automata crafted from the K;2 transition systemsz.

Thebasecaseism=[]x[]x...x[]. Abovethismwe have the collection of purework-
erspwill fori O{1 ... n}, where pw;ll isgiven by (CH;ll, CH;ll, K", with CH;!
= {ch;| ch 0 CH;, ch O} and CHul = {ch, | ch, O CH,, ch O r;}. Notethat Init; =
@([1) (with the understanding that [] is the empty path through K;).

The manager state m mapsto (P, C,) where:

Py ={chs|chs 0 CHg,chOr;} O {ch|ch, OCH,chOr}
Cm={che | {chs, ch} n PO}

and the s, t,, maps function in the way we would expect, i.e. s;,(chg,) = chy and
tm(chen) = chy. Thelink between the manager and the workersis also unsurprising:

Am={ch 1= ch | ch, O CH;ll} O {chg 1~ ch, | chy O CH;ll}
pwitlAm
completing the base case.

Now suppose that m = (8, ... 6,)) and suppose M’ = (6; ... 6;' ... B,)) where §;' =
6,@[3; -rec(out,!ch,)-> by], and where the transition &, -rec(out,!ch,)-> b; isaK;- im-
mediate successor reconfiguring transition to the last onein 8;. The manager statem
which mapsto (P,,,, Cyy) is transformed to m' which mapsto (P, C,y) where:

Py = Pm—{chg}
Cry = {Chey [ {chg, chy} n Py # O}

and the sy, ty mapswork as expected, i.e. Syy(chg) = chy and ty(chgy) = chy. 1t now
makes sense to define the manager reconfiguration transition m-r-> m' as the partial
injection

Xmnt © Cm = Ciy
which is the maximal identity function on C,, n Cy.

Suppose that above mwe had the n pure workers pwjei [j O{1...n}}. Thenabove
m' wewill also have n pureworkers. For j # i, pw;™ will continue to be above nv and
the reconfiguration transition m -r-> mf will leave it in the same state as it was. For
thecasej =i we haveinstead the pureworker pw; o = (CHiiei', CHoiei', Ki‘p(ei')) where:
CH;% = CH;®
CHyi = CHyi* —{chy}

and so we can summarise the above map for m' as:
{pw & | pw®rm, j O {1 ... n} —{i}} O {pw®rm}

2. Since there is only one nontrivial manager, we suppress the ‘pn’ tags for convenience.
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The Ay mapis:
Am = Am—{chs 1> chg}
and we have that:
I owenm(rec(outy!chg)) = m-r->

which completes the piece of the recursion for the case of arec(out,!ch,) reconfigu-
ration. If we consider instead rec(out,!chy), rec(in?ch,), rec(in;?ch;) reconfigurations,
the above is modified respectively by:

CH;® = CH;®% —{ch} ; CHy® =CHy% ;
P =Pm—{ch} ; Cry = {chey [ {chs, ch} n Py 2 0}
Ay =Am—{ch; 1> ch}

CH;% =CH;% ; CHG® = CHy® O {chy} ;
Py =P O {chsg} ; Cpy ={che [{chs, ch} n Py 20}
Ayt = A O {ch, 1 cho}

CHy% = CH®% O {ch} ; CHy® = CHy% ;
P =PmO{ch} 5 Coy={chy [{chs, ch} n Py # 0} ;
Ay =Am O {chy 1 ch}

together with the obvious consequences. Since the ABB system enjoys the property
that a component cannot give away achannel end that it is not connected to and nei-
ther doesit ever receive achannel end that it already possesses, it readily follows that
the set operations above are nonnull.

Beyond these there are the expected identity transitions on states of M of course,
which completesthe construction. Thuswe have cut up the original ABB systeminto
acollection of pieces that can be reassembled as an IWIM system, in order that the
|atter is able to achieve the same effect as the original system. Infact it is easy to
convince onself that the IWIM system constructed from a given ABB system by the
above technique is able to simulate it in the sense that non-reconfiguring inputs and
outputs correspond bijectively, while reconfiguring inputs and outputs correspond to
sequences of two stepsin the IWIM system, thefirst to receive or transmit the channel
end identifier, the second to provoke the desired reconfiguration via the manager.

7 TheKatis, Sabadini, Walters M odel

In this section we consider amodel proposed by Katis, Sabadini and Waltersin [Katis
et al. (2000)], henceforth the KSW model, and show how it too can be subsumed
within our framework. Inthe KSW model, the main entity of interest is the CP au-
tomaton. A CP automaton G = (G, X, Y, A, B, dg, 91, Yo, Y1), consists of a directed
graph G = (Gg, G1) where Gy is the set of nodes and G, is the set of arcs, together
with four maps:

00:G1 - X;01:G1-Y; Yo:A-Gg; V1:B - Gy
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These work asfollows. The arcs of the graph represent transitions of the automaton,
whose states are the nodes. The sets X and Y are input and output al phabets respec-
tively. Thusthemapsdy: G; — Xandd;: G — Y describewhichinput letter atran-
sition of the graph consumes, and which output letter it produces. Since both maps
are total, each transition involves both input and output. We will write a CP autom-
aton transition as:

s-(ind, arc, outd)-> t

where s and t are states, arc is the arc carrying the transition, and ind, outd are the
input and output data. (In [Katis et a. (2000)], the authors also admit null elements
in both X and Y alphabets, to aid abstraction and to represent the absence of genuine
communication during a step.) Communication is synchronous, thus when two CP
automata communicate, the symbol output by the producer of the communication, is
simultaneously input by the consumer of the communication. Most emphatically,
there are no queuesin the model: communication in thismodel isabove all asynchro-
nisation mechanism.

The sets A and B (called the in-condition and out-condition respectively in [Katis et
a. (2000)]), are to do with initialisation and finalisation, though in a slightly non-
standard manner. Specifically, the yp-image of A isthe set of entry pointsinto the CP
automaton, i.e. initial states, and the y;-image of B is the set of exit points, i.e. final
states, of the automaton — except that when CP automata are combined in the appro-
priate way, then subsets of entry or exit points may be identified, leading to aricher
gamut of possibilities parameterised by partitions of yg(A) and y;(B).

CP automata are endowed with a number of algebraic operations, which construct
more complex CP automata out of simpler ones. Wewill model the KSW formalism
by mapping CP automatato IWIM systems, and then showing how the CP automaton
algebraic operations can be reflected in constructions on the corresponding IWIM
systems.

Let G = (G = (Gp, G1), X, Y, A, B, 0, 01, Yo, Y1) be a CP automaton. We build an
IWIM system corresponding to G, and consisting of a pure manager and a pure work-
er. The pure manager pm has one-state « which mapsto ({p, pg, {chs, ch}) with
s, (ch) = ps and t, (chy) = p; (and with s, (chy) and t, (chg) undefined). The state « is
initial and the only transition of the manager is the identity. Clearly the manager’'s
structure is independent of G.

Thepureworker pwis({p},{po}, (S, Init, Tr)) where thetransition system Tr iscon-
structed thus. For each G transition s -(ind, arc, outd)-> t, Tr contains the two step
sequence s -p;7ind-> arc -p,loutd-> t ; this makes it clear that & = Gg 0 G4 (we will
tacitly assumethat thisunion isdigoint). Regarding Init, we can choose any state 5,
inyg(A) to be Init. Thus the mapping from CP automatato IWIM systemsisin gen-
eral oneto many. Inreality of course, examples of CP automata that represent com-
plete systems typically have unique initial states, reflecting the often observed fact
that most real systems start in awell defined condition. The plurality comesin useful
when component CP automata are combined to form the a larger system. We will
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comment on this further below. More generally, yo(A) and y;(B) are sets of states of
the pure worker pw.

Our basic construction is nearly complete. All that remainsisto note that the A map-
ping is given by:

)\0 (pS) = po ’ >\0 (pt) = pi
that the above mapping is given by:
pw’e pm
and that since there are no rec actions in the worker, the r map is empty.

Note the following invariant of the generated IWIM system: regardiess of G, thereis
exactly one pure worker, one one-state pure manager, one external input channel, one
external output channel, and yg(A) and y;(B) can be identified with sets of configura-
tions of the pure worker.

We can easily see that whatever the initial state of the given CP automaton, we can
find an IWIM system from among the possibilities constructed, with the same initial
state; and which furthermore simulates it in the sense that the execution of a CP au-
tomaton transition inputting x and outputting y, corresponds in the IWIM system to
the input from the input queue of x and the output onto the output queue of y, in that
order. (The aternative order leads to an equally acceptable construction.) Note that
inthe IWIM system these are comunications with the environment.

We now move on to constructions on CP automata and how these are reflected in the
corresponding IWIM systems; the principal ones that we must consider are binary
combinators. We will subscript with the name of the relevant automaton to disam-
biguate when notations would otherwise clash.

Communicating Parallel Composition. Let G = (G =(Gp, Gy), X, Y, A, B, 006,01 6.
Yoo Y,6) and H = (H = (Ho, Hy), Y, Z, C, D, 9o, 01 4, Yo Y1,1) be CP automata
Then the communicating parallel composition of G and H, written G [H, is the CP
automaton:

G = (GB = (Gg x Ho, G ={(g, h) |9 0 Gy, h T Hy, 016 (9) =9 (N}),
X, Z,
AxC,BxD,
906 m (9, h) =09 (9), 016 (9. h) =014 (h),
Yoo B =Yoe X YoH  YLG® =VYLG X YiH)

This definition makes clear the statement above that communication is synchronous
in the KSW model. Theinput and output labels on an arc (g, h) of the combined sys-
tem are 0y (9) and 04 4 (h) respectively, while the very existence of the arc is pred-
icated on the condition 0; () = dg w4 (h), which supports the interpretation that arc g
output and arc hinput the same symbol. Thisisthe only notion of communicationin
the KSW model.
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We model the communicating parallel composition of G and H at the IWIM system
level as follows. Suppose WM is an IWIM system representing G, and WMy, is an
IWIM system representing H. We assume that both WM and WM, each have apure
worker, pwg and pwy respectively, a one-state pure manager, pmg and pmy respec-
tively, an external input channel chy  and chy |, respectively, an external output chan-
nel chs g and ch y respectively, that yg (A) and y; g (B) can be identified with a set
of states of pwg, and that yg 14(C) and y; (D) can be identified with a set of states of
pwy. The IWIM system WM we seek can be generated from WMg and WMy, as
follows.

Thereis the usual one-state pure manager pmg g as above. The corresponding pure
worker pwg g = { P}, {Po}, (Sgm: INitgm. Trem)) isbuilt from pwg and pwy by de-
fining Stg g = Sg x Sy, Initg = (Initg, Inity), and for Trg g, whenever we have a
pair of transitionsin Tr of theform s; -p;7ind-> arcg ¢ -p,!val-> tg, and apair of tran-
sitionsin Try of the form s -p/val-> arcg 1y -p,!outd-> tyy, we form the Trg g transi-
tions (sg, S4) -pANnd-> (arcg g, arcg 1) -Poloutd-> (tg, ty). Itisclear that this proce-
dure only succeeds because of the special structure of the transition systems Trg and
Try. We can now identify yp g (A x C) with states corresponding to yg g (A) %
Yon(C), andy; g (B x D) with states corresponding to y; (B) % y; 1(D); and therest
of the data for the IWIM system WMg g is routine.

It is obvious that WM is able to simulate G (H in a straightforward manner pro-
vided WM can simulate G and WM, can simulate H.

Parallel Composition without Communication. Let G = (G = (Gg, G1), X, Y, A, B,
006 91,6 Yoe Yr,e) and H = (H = (Ho, Hy), Z, W, C, D, 9o, 01 1, Yo Y1,4) be CP
automata. Then the noncommunicating parallel composition of G and H, written G x
H, isthe CP automaton:

GxH=(GxH=(GyxHg Gy xHyp),XxZ YxWAxC,BxD,
90,6 xH (9, ) =06 (9) X (h), 01,6 x 1 (9, h) =016 (9) * 01 (M),
Yoo xH =YoG X YoH » YL.GxH = VY16 X YLH)

This noncommunicating parallel composition still features synchronous communica
tion, but thistime of pairs of datavalues.

We model the noncommunicating parallel compositionof Gand H at the IWIM sys-
tem level thus. Let WMg and WMy, be IWIM systems representing G and H' respec-
tively. We assume that WM and WMy, have pure workers, pwg and pwy, one-state
pure managers, pmg and pmy, external input channels chy  and chy 1y, external output
channels chs  and chg , that v ¢ (A) and y; ¢ (B) can beidentified with aset of states
of pwg, and that vy 1(C) and y; 14(D) can be identified with a set of states of pw.
Then we proceed as follows to construct WMg « -

Thereisthe usual one-state pure manager pmg x y as above. We build a correspond-
ing pure worker pwg x 4 = ({ P}, {Po}, (St x Hy INitg x s Trg x 1)) from pwig and pwiy
by defining S« y = Stg X Sy, INitg  y = (Initg, Inity), and for Trg x y, Whenever we
have apair of transitionsin Trg of the form s; -p7indg-> arcy g -p,!outdg-> tg, and a
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pair of transitionsin Try of the form s -p;7indy-> arcy y -p,!outd,-> tyy, we form the
Trg x y transition pair:

(Se: SH) - Aindg, indyy)-> (arcy 6, arcg, n) -Po! (0utd, outdy)-> (g, ty).

We can now identify yg g x (A % C) with states corresponding to v g (A) * Yo 1(C),
andy; g x (B x D) with states corresponding to y; ¢ (B) % y; 4(D); and the rest of the
data for WMg &  is routine.

It is obvious that WM x  is able to simulate G x H in a straightforward manner
provided WM can simulate G and WM, can simulate H.

Up to now, the in-conditions and out-conditions of the component CP automata have
played a passive role; the next construction remedies this.

Restricted Sum. Let G = (G = (Go, Gl)v X, Y A B, OO’G, 61'0, yO,G7 yl,G) andH =
(H = (Ho, H1), X, Y, B, C, dg 4, 81 14, Yo, Y1) be CP automata. Then the restricted
sum of G and H, written G + H, is the CP automaton:

G+H = (G+H=(Gy+Hg/~z where~ is the finest equivalence
relation generated by y; (b) ~ Yo () (and we write
[g]g for the equivalence class containing g), G, + Hy),
X, YA C,
00G+H =006 *OoH, 016+H =016+ 01,
Yo +H =YoG: YLG+H = YL,H)

(Asexpected, the sources and targets of thearcsin G, + H4 are the equivalence class-
es of the corresponding sources and targets in Gg and Hy.)

Let WMg and WMy, be IWIM systems representing G and H respectively. We as-
sumethat WMg and WMy have pure workers, pwg and pwy, one-state pure managers,
pmg and pmy, external input channel's ch; g and chy iy, external output channels chg
and chg 1y, that yo (A) and y; (B) can be identified with a set of states of pwg via
mapsywoc - A - S Y - B - S, and that v 1(B) and y; 1(C) can be identified
with a set of states of pwyy viamapsyyon : B - Sy, Yo - C -~ Sy, We proceed
as follows to construct WMg 4 .

Thereisthe usual one-state pure manager pmg + y as above. We build a correspond-

ing pure worker pwg . 4 = ({ i}, {Po}, (Sg + p: INitG + 1, Tr + w)) from pwi and pwiy
by defining:

S+ = S5 + Sy / ~g Where ~g isthefinest equivalence relation
generated by Yy (D) ~& Ywo,H(D) (and we write
[s]g for the equivalence class containing s)
|nitG +H = [lnitG]B
Trg 4 = {[sls P> [tls | [Sle, [l O S, s-pv-> t O Trgy O Tryg } O
{[sls -po!v-> [t | [S]es [tls O S s-po!v-> t O Trg o O Try o}

That thisworks asdesired is conditional on the observation that in both pwg and pwy,
the states picked out by Yo 6, Yw1,G» Ywo,H: Ywi,H &€, SO to speak, ‘ Gg-states' and not
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‘arc-states’. This can be assured by choosing Yo 6, Ywi,c: YwoH: YwiH 1O b€ Yo,
Y16+ YoH: Y1, 1N the base case construction, whereupon it evidently persists through
the binary combinator simulations we have described, and enables us to formally
identify Yo + 1 = Yo With a set of states of pwg 4y ViaYwog+H ‘A - Sg+n =
Ywo / —s and toidentify y; g 4 4 = Yy With aset of states of pwg + y ViaYyi g +H
C - Sg+H =Ywn/ ~s Withthisconfirmed, the construction of S + Sy / ~ re-
sultsin a glueing of s -p;?ind-> arc -p,!outd-> t sequences only at their ends, and it
then becomes easy to see that the given recipe gives us an IWIM system WMg ,
capable of simulating the CP automaton G + H, if WMg simulates G and WM}, sim-
ulates H.

Two points deserve comment. Firstly, [Katis et al. (2000)] speak of the need to ‘ad-
just’ the in-conditions or out-conditions of a CP automaton in order to make it fit for
some particular purpose. More than anything else thisis an indication that these in-
terconnection aspects of the automaton are really properties that belong more to the
interconnection mechanism itself, than to the automata involved.

Refering back to our IWIM system scenario, we have recognised this, and reflected
it in the design of our various IWIM system pullback and pushout operations, in
which the intermediate worker-manager wm' was outside the system being manipu-
lated, i.e. wm’ (and its attendant homomorphisms) parameterise the operation itself,
and do not form part of the entities being operated on.

Secondly if, following [Katis et al. (2000)], weintend the restricted sum to model se-
quential composition, the construction of WM .. 1y, though faithful to the CP autom-
aton G + H, suffers from the weakness pointed out in Section 4, namely that if afinal
state of G has out-transitions, and a corresponding initial state of H has in-transi-
tions, then arun may wander from G toH and then back into G. The IWIM system
paradigm offers more flexibility here, allowing the expression of anirreversible tran-
sition from G to H. We describe the details, resulting in the construction of an IWIM
system WM* ; ,  that simulates G + H in a different way.

Suppose in Gy + Hg / ~g above, there are k of the equivalence classes that are non-
singletons, i.e. there are k classes that glue at least one element of Gy to at least one
element of Hg (the remaining classes just containing individual elements outside the
ranges of y; (B) and yp 4(B)). Call them:

Ve, e (D)als [Ywa 6 (0)2] - [Yina,c (D]
Now partition each of [y g(b)1] --- [V, (D)l into two subsets each:

[Ywr,c(0)1lc = [Ywi,c(®)1] N Go and [yw1,c(M)1ln = [Ywa,c(0)1] N Ho

[ywl,G(b)l.(j;B =[Yw,c(Od N Gy and [Yuac(O)dn = [Ywa,c (O N Ho

all nonempty by our assumptions. Replacingin Sg 4+ the [Yy1,6(0)1] - [Viva,c (D)W
by the [Yu1,6(D)le: [Ywe.c (0@ alH - [Ywa.c(P)de: [Ywe,c(P)H is tantamount to gen-
erating a new equivalence relation, which we call B+, on the state space Sig + S.
Thisisthe finest relation generated by the two families of clauses:
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(Yw,6(0) ~& Ywo,H (D) = Ywo,H(C) ~B Yu1,6(C) ¥V w1,c(D) ~& Ywi,c(C))
(Ywo,H(0) ~& Yw1,6(0) = Yw1,6(C) ~& Ywo H(O) T¥ woH(0) ~& YwoH(C))

Now we define:

S6+H=(Se+H —{[Yw,c(0)1] - [Ywrc(O)d}) O
{[Ywr.c(®1le: [Ywi,cO)1lH - [Ywi,c(Odes [Ywa,c (D)}

|nit*G +H = [lnitG]B*

TG4 1 = {[er P> [ | [Foer [ O S s-pv-> t O Trgy O Ty} O
{[sle* -Po!V-> [t | [Slge [ter O S, s-pplv->t O Trg o O Try o} O
{[sle- -rec> [tle: | = Yuw1,6(b) = Ywopn(b) =t, b [ B}

By distinguishing the G fromthe H components of the glueing states, we are ableto
introduce rec transitions from one to the other. All of these rec transitions are above
the unique state of the pure manager, and all map to the identity reconfiguration on
the corresponding port/channel network ({ps, pg, { chs, ch}). Since the pure worker
remains above this state when such arec transition is executed, itsrec transition com-
pletes and the run continuesin the H component; however thistime there is no way
back to the G component, eveniif there arein-transitionsto theinitial state of H used,
and out-transitions from the final state of G reached.

This all works adequately, but is still open to the criticism that pure worker pwg, its
useful life over when the locus of control moves into the pwy part of the system, re-
mainsalive, though defunct, preventing itsresourcesfrom being reused. Inareal sys-
tem, it would be garbage collected releasing its resources for other activities. Equal-
ly, ademand driven implementation might well not create the pwy part of the system
until it was needed. Our IWIM system model enables us to express these aspects
though we will not go into all the formal details. Hereisthe general idea.

We split the state of the pure manager into two; and (a modified) pwg is above the
new initial state, while pwy is above the other state. There isareconfiguration tran-
sition from the former to the latter, whose data is the identity reconfiguration on the
port/channel network ({ps, pi}, {chs, ch}). The modification to pwg entails adding
the [yw1,c(0)1l --- [Yw1,c(P)ilc States described previously to its state space, and then
adding rec transitions to a typical [yy,c(b)jlg state from each of its comprising
Yw1,6(D); states. These rec transitions map to the reconfiguration mentioned above.

It is clear that the behaviours of the resulting system are as follows. The manager
startsin itsinitial state; consequently the modified pwg is active. It executes until it
reachesay, g (b); state and proceedsto performthey,g ¢ (b); -rec-> [y, 6 (b)jlg tran-
sition. This maps to the reconfiguration step of the manager, and because pwy is
above the new manager state, the modified pwg |eaves the system configuration and
pwy joinsit, starting initsinitial state.

This story holds up if H has a unique initial state. If not, an unwinding technique
similar to that used in our ABB system simulation must be employed.
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Furthermore, the nontrivia state space now introduced for the manager has conse-
quences for all the combinators. A product-like construction must be used on the
manager statesfor the communicating and noncommunicating parallel compositions,
while a sum-like construction, involving the introduction of reconfiguration transi-
tions must be used for the restricted sum. We leave the fascinating detailsfor the mo-
tivated reader.

8 Conclusions

In the preceding sections we have introduced a formal model for capturing some of
the essence of the IWIM concept in an automata based framework. Sincethekey idea
in IWIM isthat manger processes exercise some degree of control over their subor-
dinate workers, expressing this in a theoretical framework inevitably leads to some
complexity, and we have seen this reflected in the constructions we have described.
Despite this, the model that emerges enjoys a selection of appealing properties, rang-
ing from the projection results of Section 3, to the various algebraic constructions
presented in Section 4, which as we said, contains a by no means exhaustive list of
such possibilities.

Part of the reason for these appealing phenomena rests in the fact that the design of
the model was tacitly undertaken in a manner in sympathy with categorical impera-
tives— though no explicit mention was made of categorical concepts aside from the
naming of constructions in Section 4 — a strategy which was conducive to the fos-
tering of relatively elegant structural properties. Still it is by no means the case that
such categorical properties are the only ones of practical interest, as the more ad hoc
constructions of Sections 5, 6 and 7 made abundantly clear. Regarding the latter it
is noteworthy that despite the emphasis on agebraic structuresin the KSW model, to
capture the KSW ideasin our own model, we were not able to make use of the alge-
braic combinators we spent time describing in Section 4. One observation sufficesto
make clear why thisis not in hindsight unexpected.

Consider communicating parallel composition. The most appealing way to model
this using the techniques from Section 4, isto pipe the output of the first worker into
the input of the second. This idea gives a system that behaves as expected. Never-
thelessthereis a problem when one wishes to form the restricted sum of such acom-
municating parallel composition with another system. What arethefinal states of the
parallel composition that one can glue to the other system? They are, unfortunately,
pairs of final states of the communicating components, implicit in configurations of
the system, but not explicit in the static description of the system without unwinding
it (essentially this unwinding is what the ad hoc construction given for communicat-
ing parallel composition accomplishes). So the obvious way of modelling the alge-
braic operators of the KSW theory (which are combinators on the static descriptions
of KSW systems), as combinators on the static descriptions of the translated compo-
nents, does not succeed. In particular we cannot translate communicating parallel
compositions of KSW systems into networks of communicating IWIM subsystems.
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Thisisaconsequence of the fact that the KSW model isaglobal state model, i.e any
state of aconfiguration is precisely one of the states occurring in the static description
of the system. This does not happen in the ABB model, nor in ours, because in both
cases the states of runtime configurations, are more complicated structures built out
of the states mentioned in the static description of the system. For such systems,
which (let us face it) give a more natural account of typical distributed systems with
their defacto distributed global state, the notion of sequential composition, one of the
objectives of the sum construction, isanon-trivial issue. Concerning such systems,
sequential composition is: either ignored completely; or is a feature that becomes
available only after a substantial investment of theoretical effort (to perform the re-
quired unwinding); or in practical scenarios, requires the use of a serviceable distrib-
uted termination algorithm. Petri nets (see eg. [Best et al. (2000)]) is awell known
formalism that exhibits the same characteristics.

Thefact that we were able to simulate other formal approachesto IWIM in our mod-
e, means that we gain the capability of inheriting results obtained in these models,
inours. One particular instance that comes to mind concerns the deadlock avoidance
results proved under suitable conditions for the ABB model in[Arbab et al. (2000a)].
Another concerns the algebraic operations considered in the context of the KSW
model in [Katis et al. (2000)], which helped to stimulate the devel opment of the al-
gebraic properties of ours. Regarding the latter, we have not confronted the normal
guestionsthat arise concerning the coherence of combinationsthe various operations,
commutativity, associativity, and so on. However, recognising that our models are
built using elementary set theoretic machinery, we do not anticipate problems provid-
ed we are prepared to take results up to set theoretic isomorphism.

The juxtaposition of conventionally inspired algebraic properties with the more ad
hoc constructions appearing directly afterwards, illustrates that the agendas of alge-
braand of system design cannot always be relied upon to coincide. While the former
can give a useful perspective at a high level of abstraction, more specialised ‘ bricol-
lage' is often needed to accomplish desired lower level goals while expending no
more than areasonable amount of effort. To put it another way, perhaps more clearly,
the way a system can be decomposed as recommended by a particular suite of alge-
braic primitives, may well not coincide with the way that the same system can be de-
composed respecting ‘ application level concerns' . Theformer are normally designed
with genericity in mind, while the latter can exploit specific (and usually crucia) fea-
tures of the application to achieve a much more natural account for the system in
question, even if the techniques utilised do not generalise to arbitrary systems. Itis
no more than alittle ironic that in this paper, this point has been illustrated by con-
sidering the naturally arising generic algebraic primitives of one model, and consid-
ering the question of how these might best be expressed using the naturally arising
generic algebraic primitives of another model. More generaly it illustrates that rely-
ing on some fixed set of algebraic or other tools, and ignoring the tighter properties
that specific systems enjoy, restricts expressivity.

Finally we observe that coordination models different from the IWIM one, and in
particular the global state tuple based approaches, must neverthel ess embody the ca-
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pacity for disentangling management from worker aspects, so readily done for
IWIM, evenif only implicitly. The challenge of extracting this structure from so dif-
ferent looking starting points remains an intriguing issue to explore in future publi-
cations.
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