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Abstract

Darwin is a general purpose structuring tool of use in building complex distributed
systems from diverse components and diverse component interaction mechanisms. It is in
essence a declarative binding language which can be used t® dafirarchic
compositions of interconnected components. Distribution is dealt with orthogonally to
system structuringThe language allows the specéiion of both static structures and
dynamic structures which evolve during executibine central abstractions managed by
Darwin are components and services. Bindings are formed by manipulating references to
services.

The paper describes the operational semantics of Darwin in terms ofcileulus,
Milner’s calculus of mobile processeRhe correspondence between the treatment of
names in thetrcalculus and the management of service references in Darwin leads to an
elegant and concisecalculus model of Darwis’ operational semanticéhe model has
proved useful in guing the correctness of Darwin implementations and in designing
extensions to Darwin and reasoning about their behavithe paper discusses the
reasons why other formalisms fail to capture elegantly the system structuring concepts on
which Darwin is based.

1. Introduction

Our research is concerned with the provision of sound and practical means for the construction
of distributed systems. It has resulted in the development ofgcoation languages as a
means of describing and subsequently managing system strudterdanguages we have
developed have in common the notion of a component as the basic element from which
systems are constructed. Complex components are constructed by composing in parallel more
elementary components and as a result, the overall structure of a system is described as a
hierarchical composition of primitive components which at execution time may be located on
distributed computerd.hese primitive components have a behavioural description as opposed

to a structural descriptioheir behaviour is usually speeifl in a conventional sequential
programming language.

The initial work on system structuring resulted in the CON&@Ikit [1] which contained a
simple confjuration languagerhis language was limited in that it could only be used to
specify confgurations of primitive components which were written in a special purpose
programming language and which could interact byedfiset of communication primitives.
The CONIC confjuration language allowed the dhfiion of system structures which were
fixed at system instantiation time but which could be mexdiby an external cogjfiiration
manager The manager was responsible for ensuring the safety of changes it Thade.
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successor to CONIC was developed in the context of the REX projetig]confguration
language permitted components to be implemented in a range of programming languages but
still limited component interaction to axéid set of communication primitive$he REX
configuration language allowed a programmer to specify arbitrary changes to the initially
specifed system structurelhese changes could result in inconsistent and unsafe system
structures. The confguration languages of both CONIC and REX had a centralised
implementation.The confguration description was elaborated at a single node which then
issued commands to instantiate and bind components on remote nodes.

Darwin[3] is the latest in this line of cogfiration languages. Darwin is a declarative language
which is intended to be a general purpose tool which can be used gucerdystems from
diverse components using diverse interaction mechanisms. It is currently being used in the
context of the Regis system[4] which supports multiple interaction primitives and with
ANSAware[5] which uses remote object invocation for component interaction. Darwin allows
the description of both static structuregefi during system initialisation and dynamic
structures which evolve as execution progresses. It does not support the arbitrary change
operation incorporated by REX but allows interaction with external management agents. In
contrast with its predecessors, CONIC and REX, Darwin has a distributed implementation
which permits the concurrent elaboration of a system. It allows physical distribution to be
specifed completely orthogonally to logical structure. In common with a number of similar
systems][6,7,8], REX and CONIC permitted distribution only at the top-level of the system
configuration description.

The goal that Darwin be general purpose requires that there should be a clear and well
specifed division of responsibilities between Darwin and the primitive components it
configures.The goal that Darwin should be capable of concurrent evaluation demands that
there must be a clear and unambiguous spatifn of Darwins operational behaviour against
which implementations can be validatéée have attempted to satisfy both these requirements
by modelling Darwin in theecalculus[9], Robin Milneis calculus of mobile processes.The
reasons for choosing this formalism are discussed in the concluding sections of th€hmaper
remainder of the paper provides an introduction to both Darwin and-¢h&ulus and then
outlines how Darwin is modelled in tirecalculus and demonstrates how this model can be
used to prove some properties of Darwin agunfations. In later sections, the paper describes
how more advanced features of Darwin concerned with dynamiaqyooetion are modelled
without invalidating the properties demonstrated for the basic mdbel.paper concludes

with a critical evaluation of the work.

2. Darwin

A distributed program consists of multiple concurrently executing and interacting
computational componentypically, a program consists of a limited set of component types
with multiple instances of these typdd%ie task of describing a program as a collection of
components with complex interconnection patterns quickly becomes unmanageable without
the help of some structuring tool$he confguration language Darwin provides such a
structuring tool. Darwin allows distributed programs to be constructed from hierarchically
structured confjuration descriptions of the set of component instances and their
interconnections. Composite component types are constructed from the primitive
computational components and these in turn can begcwedl into more complex composite
types. In the following, Darwin examples are taken fromAative Badge[1l0] system
implemented by one of the authors in the Regis programming environment using hardware
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from Olivetti Research Laboratories in Cambridgetive Badges emit and receive infrared
signals which are received/transmitted by a network of infrared sensors connected to
workstationsThe system permits the location and paging of badge wearers within a building.

2.1 Components and Services

Darwin views components in terms of both the services they provide to allow other
components to interact with them and the services they require to interact with other
componentsThe component of Figure 1 provides one service (depicted ligaifi circle)

and requires two external services to support that service (the empty ciftiesdervice
provided is badge command execution. Commands are issued to a badgeftisseternal

beeper or to illuminate its status LEDEhe Darwin component interface spesation
specifes the set of services required and provided by a component together with types of these
services (enclosed in angle brackets).

component comexec {
output comexec require trace <event bstatus>;
command output <port smsg>;
provide command <entry comT repT>;

trace }

Figure 1 - Component T ype

By convention in the Regis system, thestfiword of the type speaiftion is the interaction
mechanism class which has been used to implement the service. For examptend
acceptsentry calls with a request of tymmmTand a reply ofepT To execute a command, it is
necessary to it locate a badge. Consequenthe command execution component requires
thetrace service. Location information in the badge system is an event stream where an event
represents a change of badge location. Consequémglynteraction mechanism for trace is
eventand the data type of each evenbssatus Similarly, to execute the command once the
badge is found, the component must send a message to the sensor fAdtevoekjuirement

for this service is represented by output which uses the Regis port message transmission
primitives. When used withANSAware[5], the angle brackets contain the names of IDL
specifcations. Note that the componeasimexeaoes not need to know the names of external
services or where they may be found. It may be implemented and tested independently of the
rest of the badge systefiVe call this property context independence. It permits the reuse of
components during construction and simeéifreplacement during maintenance.

2.2 Composite Components

The primary purpose of the Darwin capfration language is to allow programmers to
construct composite components from both basic computational components and from other
composite componentsThe resulting program is a hierarchically structured composite
component which when elaborated at execution time results in a collection of concurrently
(potentially distributed) executing computational component instances. Darwin is a declarative
notation. Composite components are mkdi by declaring both the instances of other
components they contain and the bindings between those components. Bindings, which
associate the services required by one component with the services provided by others, can be
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visualised as lling in the empty circles of a component with the solid circles provided by
other component3.he composite component of Figure 2 controls the interface to the network
of infrared badge sensor

component sensornet(int n) {
4 t ) provide sensin <port smsg>;
sensorne require sensout <port smsg>;

array P[n]:poller;
) sensout inst
M:mux;
D:demux;
forall i:0..n-1 {
inst P[i] @ i+1;
bind
sensin P[i].output -- M.input[i];
D.outputli] -- P[i].input;
}

. J bind

M.output -- sensout;
sensin  -- D.input;

Figure 2 - Composite Component T ype

Each requirement (empty circle) in this example is fpoid (hamedoutpu) to send messages

to, and each provision f&d in circle) is aport from which a component receives messages
(namednput). Bindings between requirements and provisions are declared by the Daravin
statement. For example, the output of epoler component is bound to an input of the
multiplexer componeniM by the statemenbind P[i].output -- M.input[i]. Requirements
which cannot be satisfil inside the component can be made visible at a higher level by
binding them to an interface requirement as has been done in the example for muMplexer
requiremenbutputwhich is bound t@ensoutSimilarly services provided internally which are
required outside are bound to an interface service provisiosemgin--D.input.

The Darwin compiler checks that bindings are only made between required and provided
services with compatible types (in the example that the provided and required seryiog use
message passing and that the message tymesiy Where necessarthe compiler infers the

type of interface objects which are not explicitly typEdeforall construct of Figure 2 is used

to declare an array gfoller instances and their bindings. Instance arrays may be multi-
dimensional, tharray declaration is used to specify the dimensions.

Eachpoller component is located on afeifent workstation and controls a multi drop RS232

line of infrared sensorshe poller component requires a service to output badge location
sighting messages and provides an input on which to transmit command messages. In general,
many requirements may be bound to a single provided service. Howetkis case each

poller instance output is bound to a separate input port to allow the multiplex comigbtzent
identify the sensor network in the outgoing message. Pollers are distributed by the expression
inst P[ij@ i+1 which locates each instan&di] on a separate machimnel. The integer
machine identiéirs are mapped to real workstations by the runtime system.
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From the example, it can be seen that components may be parameterised and that parameters
can be used to determine the internal structure of composite components. In this case the
parameter determines the number of poller instances. In addition to replication, Darwin
supports conditional comfuration.

So far we have described how the Darwin cguafation language may be used to describe
static structures of component instances. Before examining more advanced features which
permit the description of dynamic structures we will show how this basic subset of Darwin is
modelled in thatw-calculus.

3. T-calculus

The t-calculus[9] is an elementary calculus for describing and analysing concurrent systems
with evolving communication structure. In this pgpee use the simple monadic form of the
calculus as described in the following.

A system in thatwcalculus is a collection of independent processes which communicate via
channels. Channels or links are referred to by name. Names are the most primitives entity in
the calculus, they have no structufbere are an infite number of names, represented here

by lowercase letters. Processes are built from names as follows:

action termsA:: %Z. P Output the name along the link named then

execute proced’

x(y).P Input a name, call iy, along the link named and
then execut® (binds all free occurrences pin P).

termsP:: A+ +A Alternative action(n=0) , execute one dh. When

n = 0 the sum is written @@ and means stop.
P, 1P, Composition,P; andP, execute concurrentlirhe
operation is commutative and associative.

(vy) P Restriction, introduces a new namevith scopeP
(binds all free occurrences pin P).

IP Replication, provide any number of copies ofitP
satisfes the equatiohP = P | !P. Recursion can be
coded as replication and so need not be included as a
separate method for building processes. Recursion
will be used when it makes examples clearer

Computation in thet-calculus is expressed by the following reduction rule:

(. +xX(Y).Py+.) | (. +x2Py+ ) - P {Z/y} |P,.

Sendingz along channet reduces the left hand sideRg | P, with all free occurrences gfin
P, replaced by. The following is a simple example of applying the reduction rule:
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x2.0|x(y).y(s).0 - z(s).0.

For reasons of conciseness, in the remainder of the paper we will omit the stop process.0 in an
agent and write (s) in place ofz(s).0.

4. Modelling Darwin in the tecalculus

Our purpose in modelling Darwin in the-calculus is to provide a precise operational
semantics for the languagé/e wish to demonstrate that elaboration of Darwin goméition
programs result in the required set of primitive component instances and set of intercomponent
bindings at runtime. Furthewe wish to demonstrate that this elaboration process is correct
when concurrently executetihe model should defe precisely that which is the responsibility

of the Darwin program and that which must be carried out by the componentgiceahfy

the Darwin program. For simplicityn the following, the types of Darwin services and type
discipline for binding is ignored. In the concluding section, we discuss how the model may be
simply extended to capture the notion of service type in Darwin.

4.1 Requirements, Provision & Binding

In this section, an interpretation in thecalculus is given for each of the Darwin syntactic
constructs concerned with requiring, providing and binding servidis. these, we can
examine the operationalfe€t of binding a simple comfuration which has no hierarchic
structure.

Darwin T-calculus

def

PROV (p,s) <
where

S - service reference

X - location at which s is required
p - access name

F(p(X).Xs)

provide p;
REQ(r,0) € r(y).yo
where
o- location at which service is required
y - name of service provider
o r - access name
requirer;

def
I P BIND (r,p) = rp

C . where
r - name of requirement

bindr -- p; p - name of provision

Figure 3 - provide, require & bind
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From figure 3, it can be seen that the declaration of a provided semaggle p, in Darwin is
modelled in there-calculus as the age®ROV(p,s)which is accessed by the nampend
manages the serviseThe servicesis simply the name or reference to a service which must be
implemented by a component. Darwin is not concerned with how the sersiteplemented,

it is concerned with placing where it is required by clients of the servitee agenPROV

thus receives the locationat which the service is required and seststhat location. Since

there may be more than one client of the service, the BfEDVis defned to be a replicated
process (!) which will repeatedly send out the service reference each time a location is
received.

The declaration of a required serviceguire r, is modelled by the ageREQ(r0) which is
accessed by the nameand which manages the locatiorat which the service is required.
Again, Darwin is not concerned with how a client component uses a service, it must ensure
that a reference to the service is placed at some location in the client compbedREQ

agent receives the access name BR®OVagent and sends the locatiorto that agentA
requirement in Darwin may only be bound to a single service and so theR&gf@aends out

the locationo precisely once.

The binding construct in Darwin is modelled by Bi&ID agent which simply sends the access
name of thPROVagent to thd&REQ agent. It should noted that agents or processes it the
calculus cannot be directly named, instead agents are accessed by named étitmnglk.

Darwin names instances of components, these names are only used to qualify the names of the
service they provide or requirgo illustrate this, the simple Darwin cogdiration of fgure 4 is
translated into the-calculus.

A
rO

inst
A:Client;
B:Server;
bind
A.r -- B.p;

Figure 4 - Client Server confi guration

Each primitive component is represented by an agent which is a compositiorP&f@vand
REQagents which manage its service requirements and provisions and the agents widch defi
its behaviourA primitive component is simply a component which has no Darwimetkfi
substructure of componeniBhe Sever component type ofdure 4 is represented by the
calculus agent:

Server (p) = (vs) (PROV (p,s) | Server'(s)) .
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in which Sewer represents the user implemented behaviour oSt#mwer component which
realises the services Similarly, theClient component type is represented by the agent:

Client(r) € (vo) (REQ(r, 0) |Client (0)) .

The confguration of fgure 4 can thus be representeddcalculus by the parallel composition
of aClient, Sever andBIND agent:

(va,, bp) (Client (a,) | Server (bp) | BIND (a,, bp)) .

The instance namés and B are used only to qualify and thus rename the requirenagiot
provision p of the Client and Sewver component typesThe expression above is a precise
translation of the Darwin cowfuration of fgure 4. Howeverto demonstrate that the model is
correct, it must be shown that the client instafzaeill get the service reference provided by
the server B when the cogfiration program is executed. Substituting thenitedns forClient

and Sewner and dropping the quoted user defl behaviour agents since they play no part in
the binding process threcalculus description ofdure 4 becomes:

(va, bp) ((vo) REQ(a,, 0) | (vs) PROV(bp, s) | BIND (a,, bp)) .
Substituting the defitions of fgure 3 forREQandBIND:
= (va, bp) ((vo) (a, (y).yo) | (vs) PROV(bp, S) |arbp) .
Applying the reduction rule for the communication al@ang
- (vbp) ((vo) 6p0| (vs) PROV(bp, s)) .
ExpandingPROV(using!P =P | !P) to spin of one replica:
= (vb,) ((vo)byo] (vs) (b, (x).xs|PROV (b, s))) .

Finally, applying the reduction rule for communication albgy

- (vo, s, bp) (os] PROV(bp, S)) .

The expression describing the client server system thus reduces to an expression which sends
the services to the required locatioa in parallel with thePROVagent and of courseerver

andClient’. Before the client can use the service it must perform an input aitjpossible

def

definition for Client’ would be:Client' (0) = o(x).Client". The system:

(vo, s, bp) (os| PROV(bp, s) | Client' (0) | Server' (s))
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then reduces to:
- (vs, bp) (PROV(bp, s) |Client"{s/x} |Server'(s))

which is the desired result of an instance of the server component executing in parallel with a
client component in which every occurrence of the local namas been replaced with the
names, the reference to the required service. In practice, a Darwin implementation can
compute the number of requirements bound to a provision and so the number of replicas of the
agent PROV is known. Consequenilythe confguration process can terminate and the
resources it uses can be recovered. It should be noted the model described permits binding and
instantiation to proceed concurrentyomponents which try to use a service will be blocked

until they are bound to that service (i.e.. they must input the service referencgiaatiin

4.2 Composite components & Interface binding

So far we have described how primitive components and the provision, requirement and
binding of services are modelled in trrealculus As outlined in section 2, complex systems
are specitd in Darwin as a hierarchic structure of composite components. Composite
components are degd by declaring both the instances of other components they contain and
the bindings between these internal component instafites.interface to a composite
component is defed in the same way as for a primitive component. It is a set of provided and
required servicesThese interface requirements and provisions are bound to internal
requirements and provisions as depictedgarg 5.

(, ) component C {
C A provide g;
require h;
P inst
g ATL:
B:T2,
bind
B g--A.p;
r B.r -- h;

Figure 5 - Composite Component

Interface requires and provides are modelled im#tbalculus as agents which both require and
provide a servicéAn interfaceprovide requires binding to a service internal to the composite
component and provides that service extern@lynilarly, an interfacerequire provides a
service internal to the component and requires to be bound to an externally provided service.
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Figure 6 depicts these situations together withttoalculus agent used to model interface
requires and provides.

T-calculus for interface agent

def

VAR(mp, mr) =
where

m, - access name for require sidenof
my, - access name for provide sidenof
X - name bound tay.

y - location service required at.

m, (9.1 (m, () %)

Figure 6 - Interface agent

The interface agentAR initially waits to receive the nameon channein,. It is then reduced
to a process which repeatedly receives a naorechannein, and sends it to the channeit

initially received.We will define an agenASSand observe in the following that binding to a
provision reduce¥AR agents tPASSagentsThe PASSagent repeatedly receives a nanos
channeim and sends that name to charmel

PASS(m,n) £ 1 (m(y).ny)

Figure 7 examines the situations in which interface agents are bound to internally provided and
required servicesol simplify the equations, the agents representing internal component
instances are not showAs mentioned above, binding an interfgmevide to an internal
provide results in theVAR agent being reduced to RASSagent which forwards binding
requests on to theROVagent representing the interqmabvide. Binding an internatequire

to an interface require results in tREQ agent being reduced to the binding request,

where o is the location where the service is required. Binding many requirements to an
interfacerequire results in a set of binding requests in parallel withvhR agent.When the

VAR agent is bound to a provision and reducedRA%Sagent, these requests are forwarded to
the provision as shown below:

mo | PASS(m, n) =mo | m(y).ny | PASS(m, n)
- Nno | PASS(m, n) .
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Darwin T-calculus
Binding an interfac@rovide to an internal
provide.
A VAR(gp, g, |PROV(ap, S) |BIND(gr,ap)
P =g, (x).1(g, (¥).xy) |PROV (a,,s) |g,a,
- 1(9,(y).a,y) [PROV (&, s)
=PASS(g,, a,) | PROV (a,, s
bind g -- A.p (9p:2,) | (2, )
Binding an internatequireto an interfaceequire.
REQ (b,, 0) |VAR(hp, h,) | BIND (b,, hp)
@ =b, (y).y0 [VAR(h, h) [Bh,
- hpo|VAR(hp, h,)
bind B.r -- h
Binding many internal requirements to an interfg
require reduces to:
hpo, | ... [hpo, |VAR(hp, h,)
forall i:1..n
bind BJ[i].r -- h

4.3 Intra-component interface binding

Figure 7 - Hierarchic binding

ce

In addition to binding interfaceequires andprovides to internal requirements and provisions,

they may be bound to each other to form binding only or connection components as depicted in

figure 8. These connection only components are useful fonideficonnection patterns such as
perfect-shute and, in addition, they may form the base case of recursivehedefiructures.

Although it may seem that a provision is being bound to a requirement in contravention of the
rule that binding is always from requirement to provision, in fact we are binding the internal

names of interface entities, which have the opposite sense to their externalTiteesesntra-

component bindings reduce BASSagents which forward binding requests through the

component (fiure 8).
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Darwin T-calculus

Binding an interfac@rovide to an interfaceequire.

g h VAR(g,, 9,) [VAR(h, h,) | BIND (g,, h)
~ 1(9, (¥)-Fipy) [VAR(h . h,)
component D { =PASS(g,, hp) [VAR(h,, h)
provide g;
require h;
bind g -- h;
}

Binding many interfacerovides to an interface
requirereduces to

a(i)
h PASS(gpl, hp) | ... |PASS(gpn, hp) |VAR(hp, h,)
forall i:1..n
bind g[i] -- h;

Figure 8 - Intra-component bindings

4.4 Program elabor ation example

In the previous subsections;calculus agents have been defl for each of the Darwin
syntactic constructs for declaring components, services and bindings. In addition, the results of
combining these agents in the ways permitted by Dasvgrammar has been determinés

can now ascertain thefe€t of elaborating complex cogfiration speci@iations and check that

the correct result is obtained. In particuléris necessary to demonstrate that complex
configurations reduce to a system of primitive component instances in which service
references have been correctly placed where they are requilmnedcorrectness of the
elaboration process must be independent of the order of component instantiation or binding
actions since elaboration of Darwin programs typically takes place in a distributed setting.

In the following, we demonstrate the elaboration process for Darwin programs by an example.
The next section, establishes a correctness condition for elaboration and shows informally that
it is satisfed in therrcalculus model for DarwinThe Darwin specifiation for the example is

given in Figure 9.The system consists of a composite component connected through a
connection only component to a server component.
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System

\. J
component Mclient { component Conn { component System {
require m; provide g ingt
inst requireh; M:Mclient;
A:Client; bind C:Conn;
B:Client; g--h; D:Server;
bind } bind
m -- AT, M.m -- C.g;
m -- B.r; C.h--D.p;
} }

Figure 9 - Elaboration example

To show that elaboration occurs correctie must show that the service nasmqaovided by
serverD is sent to the two locations; & 0, , where it is required. Firstlysing the results for
hierarchic binding of requirements fromgdire 7, we can show that tNelient component will
reduce to the followingr-calculus expression which consists of two binding requests and the
agent representing the interface requireme(d@mitting primitive component agents as usual):

def

Mclient(m) = (vo,, 0, mp) (mpol|mp02|VAR(mp, m)) .

Using the results for intra-component binding frogufe 8, the compone@onnis expressed
below:

def

Conn(g, h) % (vh) (PASS(g,, h) [VAR(h  h)).

The primitive componen$ewer is as defied in section 4.1 with the omission $éwver
which represents its behaviour:

def

Server (p) = (vs)PROV (p,s) .

The Systemcomponent is simply a composition of the above components and the agents
representing the bindings between these components.
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def .
System = (vmr,gp, h,, p) (Mclient (m,) |Conn(gp, h,) | Server (p) |mrgp|ﬁrp)

Initially, we will reduce the composition dclientandConnand then compose the result of
this reduction witlSewner. The subexpression is:

(vmr,gp, h,) (Mclient (m,) |Conn(gp, h,) |mrgp) .
Substituting foMclient
= (vm, 9p h,) ((vo,, 0, mp) (mpol|mp02|VAR(mp, m)) |Conn(gp, h,) |mrgp) .

The composition of the binding}rgp with VAR(mp, m.) reduces toPASS(mp, gp) (see
figure 8).The composition of the requests o, and m,0, with this PASSagent transforms

these requests 0,0, and 9,0, respectively (as shown in section 4.2). DroppingRA8S

agent, since it plays no further part in the elaboration process, and substitutingiitierdefi
Connthe above expression reduces to:

- (vg,, h,,04,0,) (9,0, 18,0, (Vhy) (PASS(g,, hy) [VAR(h, h))) .

The requestsy 0, and 9,0, are transformed again RASSto give (again dropping the
PASS:

- (vhp, h,,0,,0,) (ﬁpol|ﬁp02|VAR(hp, h)) .
Composing this with th8ewer agent and substituting its dafion:

(vhp, h,, 0,, 05, P) (ﬁpol|ﬁp02|VAR(hp, h.) | (vs) PROV (p,s) | h,p) .

The composition ofh,p with VAR(hp, h,) reduces toPASS(hp, p) . This PASSagent

reduces the binding requesﬂgol and ﬁpo2 to po, and po, respectively Discarding the
PASSagent gives:

(voy, 0, p) (PO, | PO, | (vs) PROV (p, s))

As described previously in section 4.1, spinninf aifpies of the replicated ageRROV
reduces the expression to:

(voy, 0, p,s) (0;8|0,5| PROV (p,9)) .

This is of course a system which sends the service saonne two locations; & 0,, where
it is required.
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4.5 Correctness of Program Elaboration

From the example of the previous section, it should be apparent that a Darwguadtiofin
program speciéis a set of tree structured directed acyclic graphs in which the leaf vertices are
requirements and the root vertices are provisigisgices at intermediate levels of a tree are
interface provisions and requirementse arcs represent the bindings between requirements
and provisionsThe example of §jure 9 can be represented by a single tree since there is a
single provided service. Figure 10 depicts the general case for guratibn which provides a
single services. Confgurations which provide multiple services simply consist of multiple
trees of the form shown ingfire 10.

REQTr;,0) %’ARpl,fﬁ
iP1

00
IiPi+1

~er
/---/ y PROV(p,.9

Figure 10 - General Confi guration Graph

VAR(PnI'n)

The correctness condition for elaborating a Darwin goindition is thus:
If there is a path in the cogfiration graph from the requirement
REQ(rj, oj) to a provisionPROV(pp, s) then elaboration should result in

the bindingojs.
To prove this, we must demonstrate that the following system prod&mes

REQ(rj,oj) |rjp1| . |VAR(p;, ;) |F;ip; 41| ... wherei: 1..n-1
.. |VAR(p,, 1) |rnpp|PROV(pp, S) .

From fgure 7: REQ(rj,oj) |rjp1 - P;0

and from fgure 8: VAR(p;, 1)) [F,p;,, - PASS(p;, p;, 1)

From section 4.2: P,0; | PASS(p;, P, 1) — PnO; | PASS(p;, p;, ;) Wherei: 1..n-1.
Similarly: VAR(p,, r,) |rnpp -~ PASS(p,, pp)

and Pn0; | PASS(p,, py) — PL0; | PASS(p, P) -

Dropping thePASSprocesses, the system becomes:
Ppo; | PROV(pp, s) - ojs| PROV(pp, S) .
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The aboverr-calculus model of Darwin elaboration is an abstract spatibn of the
distributed elaboration algorithm implemented in the Regis system. In Regis, asynchronous
message passing is used to send the locations at which service references are required to the
providers of servicesThese messages are forwarded by processes representing interfaces. In
the Regis implementation of Darwin elaboration, tA&SS and PROV processes are
implemented by a single elaboration manager process per comp@ieen. component
parameters are substituted and conditional gardtion guards evaluated, the number of
bindings managed by these processes can be computed and the elaboration computation car
thus be terminated. In threcalculus model, we have chosen to ignore the det&h8Sand

VAR process termination.

In addition to transmitting locations towards the provider of a service (left to riglgurefi
10), the Regis implementation transmits service references back towards requirements since in
many cases this can reduce the amount of remote communications.This behaviour is captured

by the trcalculus model since the systeASS(q, p) | PROV (p,s) has equivalent
communication behaviour to the syst&ROV (q, s) | PROV (p, s) . When composed with

either go or po both systems reduce these binding requestsstdn the above proof, we
could thus substitutd®ROV processes folPASS processes which models the backward
transmission of the service references.

The Darwin compiler cannot statically detect two categories of incorrect bindihgse
incorrect bindings can thus occur during elaboration. It is instructive to compare the behaviour
we can determine from the-calculus model with the behaviour we observe in the Regis
implementation for these situationshe frst category is simply the situation where a
requirement is not bounds noted in section 4.1, this simply causes the component containing
that requirement to be blockebhe more interesting binding error is depicted in Figurénl

which a requirement is bound to a cycle of interface entities.

——

Figure 11 - Cyclic binding error

While the simple case of cyclic binding depicted gufe 1L can be statically detected, the
general case cannot be statically detected when separate compilation, parameterisation and
conditional confyuration are taken into accoufhe t-calculus model of the system ofjdire

11 is:

REQ(r.0) |rg, | VAR(g, 9,) 15, [VAR(h, h) |hg,
- 9,0|PASS(g,, h)) |PASS(h, g,)
~ Ry0| PASS(g,, h)) |PASS(h, g.)
- 9,0|PASS(g,, h)) |PASS(h, g.)
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As shown above, the system reduces to a system which continuously circulates the binding
request.The behaviour observed in early versions the Regis system was that elaboration
manager processes continuously circulate binding messHgeurrent version detects the
error and raises a runtime exception.

5. Extending the basic model

In the previous section, we have described how the basic features of Darwin, concerned with
binding, instantiation and hierarchgire modelled in thewcalculus. In the following, we
demonstrate how the features of Darwin concerned with describing dynamic structures and
open systems binding are modelled in the framework of the basic miduelsection
concludes by brigfl outlining the way component interaction mechanismsintio the
framework of the model.

5.1 Lazy instantiation

Darwin provides two mechanisms for describing dynamic structures which can evolve at run-
time as opposed to static structures which arenel@fat instantiation/elaboration timEne

first of these is lazy instantiation in which the component providing a service is not instantiated
until a user of that service attempts to access the sefWieecombination of lazy instantiation

with recursion allows the description of potentially unbounded structures as shown in the
example of fyure 12.

component lazypipe {

H :.-‘ T ™ provide input;
: ! require output;
prev nextO—@ input E ingt P
output ' output : H:filter;
A A — d T:dyn lazypipe;
lazypipe bind
1% input -- H.prev;

H.next -- T.input;

H.output -- output;

T.output -- output;
}

Figure 12 - Lazy instantiation example

The program of §ure 12 generates a pipelinditier components. Initially a single instanide
of thefilter component is instantiate@ihe nextrequirement of this instan¢¢is bound to the
input provision of the instanc& (H.next -- Tinpu®) which is again a pipelin€l is not
immediately instantiated since it is declared lazy by the keywgnd When theH instance
attempts to access the service provided thrdugputthe instantiation of is triggered along
with the bind actions for the requirementsTafi.e.. T.output -- outpyt The pipeline ofilter
instances is thus extended as required.

Lazy instantiation is modelled by using a dummy provision to which the clients of a server are
initially bound.This dummy provision, in response to a binding request, returns the name of a
prefix which triggers instantiation of the lazy instance and its associated bindings. For
example, consider the system @fuiie 4 with lazy instantiation of the server component e.g.
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inst

A:Client;

B: dyn Server;
bind A.r -- B.p;

Therttcalculus model for this system becomes:
(va, bp, d) (Client(a,) | PROV(d, bp) | bp(y). (bpy| Server(bp)) | a,d)
in which theClientis bound to the dummy provisiahThis reduces to:
- (vbp, 0) (obp|CIient'(o) | bp(y). (bpy|Server(bp)))

whereo is the location at which the client requires the service as in section 4.1. Note that
instantiation of theSewer component is guarded by the pxeﬁp(y) and that the binding

returned to the client is the name of this prelin a more complex system, the pxefiould

also guard the binding actions for the requirements of the lazy instantiated component. In
addition, the component may have more than one provision which triggers instantiation, in
which case the prefibecomes a sum of alternative actiofsdeal with lazy instantiation, the
Client must perform a more complex action than simply inputting the binding by the action

o(x) as described in section 4The Client must decide if the binding is to a lazy service and
if so perform what is in &tct a rebindThusClient’ becomes:

def

Client'(o) = o(x).LAZY(x,t, f)| (t.x0.0(x).Client" ftClient") .

The agent. AZY outputs the signal true) (or falsef) depending on whether or nohames a

lazily instantiated service. Detftion of this agent is not trivial since nameshealculus are
primitive entities which have no structure. Consequebfy Y must maintain therite set of

all names which refer to services and tinédiset of all names which refer to lazy services to
make a decisiorAdditionally, we need to extend thecalclus defied in section 3 with the

match operator originally de#d in [9].A more satisfactory solution, and one which closely
models the Regis implementation, is to give service hames a structure and encode the lazy
property in this structuré his can easily be achieved in the polyamcalculus[1] but it is

beyond the scope of this paper

It should be noted that the introduction of lazy instantiation has not changed the elaboration
model described in the previous section since lazy services are simply represen®iRRy a
agent which does not in any wayeat elaboration and binding.

5.2 Direct dynamic instantiation

Lazy instantiation permits a structure to evolve according teea fpattern. Direct dynamic
instantiation permits the daftion of structures which can evolve in an arbitrary way
course, much less of the runtime structure is captured in the Darwin program. In practice, we
have found that dynamic instantiation can be used in a way which balandbiitfy at run-

time with the advantages of retaining a structural description. Figure 13 is an example from the
Active Badge system of the implementation of the component depictegune fl.A badge
component is created to deal with each new request receivambrbgxec This badge
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component deals with locating the physical badge, reserving the nearest sensor to transmit the
infrared command and implements a protocol to ensure that commands are reliably executed.
The mastercomponentM is responsible for creating badge components. It has a requirement
for a dynamic instantiation serviceyf) which passes a single parameter of typp@s shown

below in the Darwin interface spec#ition formaster

component master {
require create <dyn int>;

The mastes requirement is satisfil in the con§uration program of ure 13 by binding it to

the component typbeadgeprefixed by the keywordyn. i.e.M.create --dyn badge Note that

in figure 13, bindings are speeifi for the component tygedgerather than for instances of

this type as is usualhese type speatfibindings serve to de the environment in which the
dynamically created instances lmddgewill execute.The interfaces for dynamically created
components types may only usefully declare a requirement for services. Since dynamically
created instances are essentially anonymous, it would not be possible within Darwin to declare
bindings to services they provide. Dynamically created components may provide services,
however access to these services is achieved by passing service references in messages tc
form bindings dynamicallyl hese bindings cannot be captured by the Darwin program.

component comexec {
require trace <event bstatus>;

comexec\ output <port smsg>;
provide command <port comT>;

output inst

M:master;
dommand S :sensoralloc;
bind

M.create -- dyn badge;
¥ badge.trace -- trace;

alloc badge.sensor -- S.alloc;

S badge.output -- output;

sensoralloc badge.command -- M.newcom;
\_ J command -- M.command;

master

Figure 13 - Direct dynamic instantiation example

Dynamic instantiation is modelled in thecalculus by #2R0OVagent which supplies the name

of the instantiation servic&his instantiation service triggers one of the copies of a replicated
processAs an example of modelling dynamic instantiation, we will again use the client-server
system of fyure 4 and modify it so th&lient components can be created through the service
d:

provide d <dyn>;
inst B:Server;
bind
d -- client;
client.r -- B.p;
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Therttcalculus model for this system is shown beldotie PROVagent will return the nanma
in response to a binding requéstlient which performs the actian will cause a new replica
of the Client component to be instantiated together with its associated bind action. In general,

the action would benx wherex represents the vector of parameters for the newly instantiated
component.

(vb,, d, m) (Server(b ) | PROV (d, m) |1 (m.(vr) (Client(r) | rb.)))

Dynamic instantiation does not change the basic model of section 4. It is represented by a
PROVagent which is treated and bound in the same way asRi®@Yagents. Note that the

way in which a component is instantiated, statically or dynamjcdtgs not change the
definition of that component.

5.3 Open systems binding

It is intended that systems implemented using Darwin interwork with external systems in an

open systems environment. Darwin, as described sbdara closed namespace which would

not permit services implemented inside a system to be externally accessed. Consequently
Darwin has the facility both to export service names into an external namespace with an
associated external name and to import names from an external namespace.

component badgeman {
export
f badgeman h where @ "badge/where",

L where location @ "badge/location",
trace @ "badge/trace",
command @ "badge/command";
trace inst

input location

locate S:sensornet(3);
L:locate;
C:comexec;

C bind
sensornet D) trace where —- L.where:
output > - L. o
command location -- L.location;
trace -- L.trace;
comexec

command -- C.command;
o % S.sensout -- L.input;
C.output -- S.sensin;
C.trace -- L.trace;

Figure 14 - Exporting services

The example program ofgire 14 combines treensorneandcomexecomponents described

earlier with docatecomponent to construct the badge system management 3éngeserver

exports a set of services with associated external names (in quotes). Exports are bound to a
service provided internally (e.gvhere -- L.whee). Darwin components may also import
external services. For example, the statenenort w@”badge/whee”, would return a
reference to thevhere service exported by an instancebafdgeman Internal requirements

may be bound tamports.
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Modelling the Darwinexport construct inT-calculus is reasonably straight forwarthe
Darwin statemengxport e @ nis modelled as follows:

EXPORT(e, n) € (vo) (REQ(e, 0) | o(x).REG(n, X)) .

The EXPOR agent consists of &®EQ agent in parallel withREG The REG agent
encapsulates the details of registering the service in a hameserver with the external name

When a provided service is bound to the export, the resulting biraingill reduce the
EXPOR agent toREG(n,s) Exports behave in the same way as requirements during binding
and elaboration.

The 1-calculus model foimport i @ nis complicated by the fact that we do not wish
elaboration of all or part of a Darwin program to be suspended while an external service
reference is fetched from a nameser@msequent|ythe definition of IMPORT uses the lazy
instantiation mechanism described in section 5.1. Requirements are initially bound to a
dummy provision.

IMPORT(i, n) € (vd) (PROV(i, d) | d(y). (3y | (v2) LUP(n, 2) | Z5).PROV(d, 9)))

An attempt to use the service represented byMIRORT agent triggers theUP agent which

looks up the reference to an external service with the maiwhen it gets the service name,

LUP performs the actiorzs which enables the ageRROVto return the service nansen
response to binding requests. Imports behave in the same way as provisions during binding and
elaboration.

5.4 Component interaction

Components interact or communicate using the bindings to services computed by the
elaboration of the Darwin programhe binding patterns established by Darwin are many-to-
one in that one or more requirements for a service may be bound to the provider of that service.
However for some component interaction mechanisms, further binding may be reqinied.

is not part of Darwin and may be treated orthogonally to the elaboration model developed in
the foregoing. Howevethetr calculus may be used to model this additional binding process.

——20
— =

N eventref
enable(Eclass)
event wait(info)
announce(Eclass,info) disable()

Figure 15 - Event interaction mechanism
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An example of extended binding is found in the the Regis event distribution mechanism which
allows the provider of an event service to transmit information to many receivers as shown in
figure 15.This requires a one-to-many binding which is constructed by the event mechanism
using the Darwin many-to-one binding. Darwin gives each client of the event service the name
of that services. To enable the receipt of event information messages, the client sends the name
of a private channg} to the event servicesy) together with the event class the client is
interested inThe event service maintains a set of the private channel names of enabled clients.
It then uses this set to send information message (with the selected eveiliictdagsto

clients. Component interaction mechanisms may thus easily extend the binding supported by
Darwin.

6. Discussion & Conclusions

In the introduction, we identdd two objectives for the-calculus model of DarwinThey
were frstly, that it should clearly specify the division of responsibilities between Darwin and
the primitive components it cogfires and secondlihat it should provide a clear spewdfion

of Darwin’s operational behaviaur

The basic model developed in section 4 has little impact on the internal structure and
behaviour of primitive componentShey may be concurrent and distributétiey are only
required to supply the names or references of services and accept bimtdisgdustrates
clearly the separation between cgnfiation and computation/communication in systems
constructed using Darwin. Components requiring services needed to be extended to
accommodate lazy instantiation. In this situation, components requiring services must perform
a rebind action. Howevethe model clearly spea# the binding and instantiation actions
taken by Darwin. Section 5.4 demonstrated that the basic many-to-one binding patterns
established by Darwin can easily be extended by additional binding actions taken by
component interaction mechanisms.The model does not make any assumptions about the way
instantiated primitive components interadte have deliberately not considered in any detail

the modelling of component interaction mechanisms. Howeaene of the communication
mechanisms supported by the Regis system have been modelled in detaittalitidus[12].

These interaction models do not impact the cumétion of Darwin programs but rather their
runtime behavioutWe can thus modularise our reasoning about Darwin/Regis programs or
indeed any distributed system using Darwin for guftion support.

Section 4 described a general model of the elaboration of Darwin programs. It demonstrated
that for correct congurations this elaboration resulted in the correct bindings between
primitive components requiring services and those providing them. In addition, the model
could be used to examine the behaviour of incorrect ganaiions. The fact that this
behaviour agrees with that observed in an implementation gives some additiortsremnin

the validity of the model. Section 5 showed that the Darwin features concerned with dynamic
configuration and open systems binding could be easily modelled without disturbing the basic
elaboration algorithmThis has given us conténce in the design of these features. Further
extensions can be tested against the criteria that they do not adveiesetiyoattomplicate
elaboration. Work is currently in progress to provide the ability to manage group
communication abstractions in the Darwin setting and to cater for component migration.

We have chosen to ignore two major aspects of the Darwirgooation language in arriving

at the tecalculus model.These are ffstly, component parameterisation and secgnthig
concept of service type supported by Darwin. Component parameters can determma the fi
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structure of a system through the conditional and replicator constWbiie these could be
modelled directly irnrecalculus the resulting model is clumsy and obscures the intuitions that
can be obtained from the current modéle have found it more convenient to consider
parameter substitution and the resulting conditional guard and replicator evaluation as a phase
(similar to macro expansion) which occurs before concurrent elaboration. Sectiony2 briefl
described the way service types can be associategratide andrequire. Darwin supports

static checking to ensure only bindings between compatible requirements and provisions are
allowed. Service types can be modelled using the conceptst @ndsorting provided by the
polyadictecalculus, but unavailable in the simple monadic form offtlsalculus used in this

paper However the main reason for ignoring these two aspects of Darwin is that they do not
directly impact the concurrent behaviour of Darwin programs, which is the primary focus of
the paper

One of the major bengdi of this work in using the-calculus to model Darwin has been our
increased understanding of the role and nature of gqroafion languages. Initiallywe
attempted to defe the semantics of the CONIC system using the CCS[13] and CSP[14]
formalisms.While its was possible to reason about the behaviour of the set of communicating
processes resulting from the elaboration of a gondition program, we were unable to
develop a satisfactory model for the elaboration process itself. It now seems clear that this was
due to the inability in these formalisms to describe evolving or dynamic structures. However

at the time, CONIC supported only the défon of static structures and it did not occur to us

to think of elaboration as a computation requiring the mobility of processes or channels. In
fact, the CONIC system did not treat channelsrasdlass objects which could be transmitted

in messages and the elaboration process was sequé&éhgatequirement that Darwin be a
general purpose cogfiration language led us to develop a more general model for binding
which involved the management of service referenths.requirement that the elaboration
process be distributed meant that these service references must be freely transmitted between
processes in messages. Milner[15] stresses the fundamental importance of naming or reference
in concurrent computation and considerstifealculus as the beginnings of a tractable theory

for reference. It is consequently not surprising that Darwin, a language primarily concerned
with reference and binding, can be elegantly modelled im-tedculus, demonstrating in this
instance, an encouraging conyence between the development of the theory of concurrent
computation and the practice of constructing concurrent and distributed systems.
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