User-Server Communication in MSG:
An Example of Abstraction and Refinement
William R. Bush
Center for Research in Computing Technology
Harvard University
February 1982
TR-27-81

1. Introduction

The construction of large software systems is recognized as an expensive task. At Harvard we have been
investigating a programming methodology that substantially reduces the cost of the design, implementation, and
maintenancef largesystemsThebasictechniquenvolvesspecifyingatanabstract levelanaccurateclearmodel of
the desired behavior, and definirgjinements that are used tivansform the model into an efficient, executable
program. Such an approach is particularly economical wiiamiby of programs is being produced, that is, when a
single specification is used to produce a number of different running versions (for example, a compiler that will run
on, andproducecodefor, severalifferentmachines)The modelneedonly bedefinedonce,anda newversiononly
requires some new refinements. Our methodology is discussed in [Overview], and the tools for controlling and
automatingherefinementprocesswithout which the methodologywould be unmanageablarediscussedn [PDS].

To test our technique and to develop our tools, we have implemented a network interprocess communication
facility calledMSG. Designedor the NationalSoftwareWorks[NSW], MSG supportsjatagrarﬁ andvirtual circuit?
communication between processes on various hosts on the ARPA network. MSG is a serious test for us because it is
moderately large and complex, and because it is a program family. We have written an abstract model and have
investigated refining it to UNIX and TENEX. General descriptions of MSG, our model, and its refinement can be
found in [Model] and [Refinement].

Thisreportdocumentshemodelingandrefining of apartof ourMSG systemlt is afairly lengthyanddetailed
exampleof anapplicationof ourmethodologyUnderstandinghepartof MSG beingmodeledandthehost-dependent
mechanisms used in the refinements is necessary to comprehending this example. Consequently, information about
these subjects is also presented.

2. The Problem

An instanceof MSG runsasaservemproces®n eachhostofferingits servicesMSG routesmessagebetween
its clientuserprocesseandotheruserprocessesn otherhostsonthenetworkvia MSGinstance®nthosehosts.This
documents notconcernedvith theultimateuser-process--user-processnmunicatiorserviceprovidedby MSG, but
rather with an aspect of the implementation of that service -- the user-process--server-MSG interprocess
communication discipline -- the means by which user processes request service from MSG and by which MSG
responds (see Figure 1).

All MSG activity is stimulated by user processes through the invocation of various MSG primitives.
(Throughouthis documentiser-servecommunications describedrom thepoint of view of theuserprocess.These
primitives all have the form of function calls (see [MSG]). A simple example is

VWhoAm ( Thi sProcess);
which getsfrom MSG its namefor the userprocessTheimplementatiorof this primitive call becomesrequessent

from theuserprocesdo MSG for the"WhoAml" serviceandtheprocessiamesentfrom MSG to theuserprocessn
response.

1. A datagrarmis anisolatedpacketof data(unrelatedfrom the communicatiormedium’spoint of view, to
other packets) sent from one communicating entity to another, with no guarantee of delivery.

2. A virtual circuit is anegotiatecconnectiorof indefinite durationestablishedetweertwo communicating
entities over which a stream of data may be sent.



Not all primitives are so simple. In particular, there is an interesting and important class of primitives that
involve interaction with remote user processes. Two such primitives are
SendSpeci fi cMessage( Sent Message, Dest Process,
SendSi gnal , SendDi sposition,
SendTi ner, SendHandl i ng);

and
Recei veSpeci fi cMessage( Recei vedMessage, Sour ceProcess,
Recei veSi gnal , Recei veDi sposition,
Recei veTi ner, Recei vedHandl i ng);

which, respectivelysendamessagéo andreceivea messagérom aremoteprocessTheimportantcharacteristiof
suchprimitivesis thatthey cantakeanindefiniteamountof time to complete Requiringtheinitiating procesgo wait

until contactis madewith theremoteprocessiia MSG overthe networkis too restrictive-- theuserprocessnustbe

allowed to continue while the primitive completes. User-server communication is made considerably more complex
by this requirement -- one MSG primitive call becomes two incidents of user-server interaction (one on invocation,
one on completion). MSG primitives that cause two such incidents are said tqenelatg events.

The major problems that MSG user-server communication behavior raises are, for abstraction,
» modeling the interprocess communication mechanism in a simple, general way, and

» modeling the user-server argument passing protocol, particularly for primitives that create pending
events,

and, for refinement,
« refining the interprocess communication mechanism straightforwardly and efficiently.
Solutions to these problems are presented in the remainder of this document.

3. The Abstract M odel

Our MSG implementation has three basic levels (see Figure 2) -- a functional spec?’f((aatitgh-level
definition of MSG behavior), an abstract model (a host-independent program for an idealized machine, derived by
transforming the functional specification), and concrete host-dependent implementations (executable programs,
produced from the abstract model).

At the level of the functional specification, user-server communication (from the point of view of the user
process) simply consists of function calls (the primitives described in the preceding section are examples). Through
refinement these calls are expanded into an interprotasg with MSG. This section describes the abstract model
of the user-server dialog, using an idealized interprocess communication mechanism. Further sections describe the
refinements that transform the abstract dialog into concrete forms that use real interprocess communication
mechanisms.

3.1. The Abstract I nter process Communication M echanism

An interprocessommunicatiormechanisnis thebasicrequirementor all user-serveinteraction.Unlike the
implementers of a concrete implementation, who use a predefined mechanism provided by a host operating system,
we had to design an idealized abstract mechanism before we could proceed with the abstract model. (Thus itis in
generalvith abstractiorandrefinement- identify anddesignthenecessargbstracprimitives,designandimplement
the abstract system, and finally provide concrete realizations of the abstractions.) The design requirements of the
abstracmechanisnweregeneralityandsimplicity. An abstractmechanisnthatis too specificrequiresfunctionality
notpresentn actualones A mechanisnthatis too complicateds difficult to comprehen@ndanticipategeatureshot
available in all actual targets.

Ourabstractmechanisnis bothgenerabndsimple.lt consistof avirtual circuit, calleda channel, established
by negotiation between entities wishing to communicate, and over which data may be sent and received. Once

3. The form of the functional specification is precisely that found in [MSG].



establishedachannetanbeusedo transporarbitrarydata.No assumptionaremadeaboutthetransportingnedium,
so that in fact we use channels to model server-server network communication as well as user-server interprocess
communication.

There are four channel operations: OPEN establishes a channel connection with another entity, SEND sends
data, RECEIVE receives data, and CLOSE terminates the connection. Out of these basic operations we construct all
user-server communication. The two operations that appear in the refinements discussed here are

SEND( dat a, channel)

and
RECEI VE(dat a, channel)

The data argument is unrestricted and can be a pointer (in which case the object pointed to is sent or
received)pralist of objects(in whichcaseheobjectsn thelist aresentandreceivedn order).Thechannel
argument indicates which open channel is to be used. Both SEND and RECEIVE block until a matching
RECEIVE or SEND occurs.

3.2. The Abstract Dialog for Simple Primitives

With these basic operations we can implement the user-server dialog. For simple MSG primitives, such as
WhoAml, the dialog is relatively straightforward. Over a channel to MSG, the user process must

* SEND the name of the operation to be performed,
» SEND a list of primitive-dependent arguments, and
* RECEIVE a list of primitive-dependent results.
Each primitive invocation is transformed from a procedure call to such a dialog.

In our methodology transformations are rewriting rulesgarites, that replace one syntactic pattern with
anotherthe patterngossiblycontainingpattern-matchingariables Transformatioris justoneaspecbf refinement,
which alsoinvolvesaugmentingandreplacingabstractdataandprocedurelefinitionswith concreteones butit is the
technigue we will primarily employ in these examples.

We could,for eachMSG primitive, definearewritethatwouldrefinethatprimitive fromits abstracprocedure
call form to a series of channel operations. Instead we transform each specific call into a generalized call and then
refineall generakalls,usingasinglerewrite,into channebialogs thusencapsulatinghedialogin onerewrite,sothat
changes to the dialog involve only that one rewrite.

For example, the rewrite that takes the WhoAml primitive from its specific to its general form is
WhoAn ( $pnam
<->
MSGSi npl ePrimtive("WwoAM", < > < $pnam >);

Rewrites are indicated by the <-> operator, with the pattern to be matched preceding the operator, the replacement
pattern following the operator, and match variables prefaced by a $. The arguments to MSGSimplePrimitive in the
replacemenpatternarethe nameof the particularMSG primitive to be performedthelist of argumentd$o besentto
MSG (which is empty in the WhoAml case), and the list of arguments to be received frorfi M@Gesult of
transforming an instance of a WhoAml call such as

WhoAm ( Thi sProcess);

is thus
MSGSi npl ePrimtive("WoAm ", < > < ThisProcess >);

MSGSimplePrimitivas thentransformednto thenecessarghannetialog. Thesinglegenerabdialogrewrite

4. The language of these examples is EL1 [ECL], in which < and > delimit lists of objects.



MSGSi npl ePrim tive($Operati on, < ?SendLi st >, < ?ReceivelList >)
<->
BEG N
SEND(< $Qperation, ?SendList >, MSGChannel);
RECEI VE(< ?Recei veLi st >, MSGChannel);
END;

Exemplar 1: Smple Dialog
The?is similarto $ -- a$ variablematchesxactlyoneitem, while a? variablematchesanynumber(includingzero).

The result of applying the general dialog rewrite to the above instance of the generalized WhoAml call is
BEG N
SEND( < "WhoAmM " >, MSGChannel);
RECEI VE(< Thi sProcess >, MsCGChannel);
END;

Exemplar 2: Abstract WhoAml

3.3. The Abstract Dialog for Pending Event Primitives

The user-server dialog for primitives that create pending events, involving two separate incidents of
interaction, is considerably more complex than that for simple primitives. Such primitives cannot simply be refined
into channel operations. There are four distinct aspects of pending event primitive refinement:

« thetransformatiorof specificprimitive callsinto onegeneraform (muchthesameasthatfor simple
primitives);

« thetransformatiorof thegeneraktall into thefirst interactionwith MSG -- thestartingof the primitive
(this transformation is similar to the dialog rewrite for simple primitives);

« thespecificatiorof thegeneratoutinethathandleghesecondnteractiorwith MSG-- thecompletion
of the primitive; and

« the specificatiorof thedatastructurenecessaryo managehe pendingeventfrom startto completion.

The basic goal of these refinements is to define reasonably completely the pending event user-server
communication discipline without obscuring it with implementation details and operating system peculiarities.

3.4. Specific Primitive Call Transformation

The transformation of specific primitive calls to a general form is very similar for simple and pending event
primitives, and the motivation for doing so is the same -- isolate the complexity of the dialog (for pending event
primitives, the start of the dialog) in one rewrite. The motivation is even stronger in the case of pending event
primitives, where the dialog is more complicated.

Examples of the specific-to-general-form rewrites for a pair of primitives that send and receive messages are
SendSpeci fi cMessage( $nsgarea, $pnam $signal, $disp, $dt, $sphndl)
<->
MSGPendi ngEvent Primitive(" SendSpeci fi cMessage”,
< $nsgarea, $pnam $dt, $sphndl >,
< >,
$di sp, $signal);

and
Recei veSpeci fi cMessage($nsgarea, $srcnam $signal, $disp, $dt, $sphndl)
<->
M5GPendi ngEvent Prinmitive(" Recei veSpeci fi cMessage”,

< $dt >,
< $nsgarea, $srcnam $sphndl >
$di sp, $signal);

Exemplar 3: Specific Receive



Thefirst threeargumentso MSGPendingEventPrimitivarethe sameastheargumentso MSGSimplePrimitivgthe

primitive namethelist of arguments$o besent.andthelist of argumentso bereceived) Thetwo additionalarguments
arethedispositionof thetransactionsetduringthedialogandindicatingits succes®r failure, andthesignal,usedin

managing the primitive. In the above examples, for SendSpecificMessage the send list consists of: $msgarea, the
message to be sent; $pnam, the name of the destination process; $dt, the timeout interval after which, if the message
hasnot beensent,the primitive shouldbe abortedand$sphndl the specialhandlingthe messagshouldbe given, if

any (usedfor messagsequencingnderrorrecovery) For ReceiveSpecificMessagie sendlist consistof $dt, the
timeoutinterval,andthereceivdist consistof $msgareahe messagebsrcnamthenameof thesendingorocessand

$sphndl, the message’s special handling.

The result of transforming the ReceiveSpecificMessage instance
Recei veSpeci fi cMessage( Recei vedMessage, Sour ceProcess,
Recei veSi gnal , Recei veDi sposition,
Recei veTi ner, Recei vedHandl i ng);

is thus
MSGPendi ngEvent Primiti ve(" Recei veSpeci fi cMessage”,
< Recei veTi ner >,
< Recei vedMessage, SourceProcess,
Recei vedHandl i ng >,
Recei veDi sposi tion, ReceiveSignal);

Exemplar 4: General Receive

3.5. Pending Event M anagement

Thecomplexityof thedialogfor pendingeventprimitivesis dueto theindefinitedelaybetweerthestartof the
primitive and its completion. An option available to the user process when it starts such a primitive is that it block
while waiting for the primitive to completelf thisoptionis choserthedialogbecome®ssentialljthe sameasthatfor
simpleprimitives.Butif theuserproces®lectsto continueexecutiorwhile the primitive is beingprocessetty MSG,
then information about the transaction must be kept by the user process, and the user process must be prepared to
completethe primitive whenMSG notifiesit thatresultsareathand.Additionalinformationmustalsobe exchanged
by the user process and MSG when the primitive is started, to allow them mutually to manage the transaction. One
data structure is used to hold this information and is called a signal.

The signal data structure is defined to be

Si gnal Type <-
Struct ur e( Bl ock: Bool ean,
Noti fier:Stimulus,
| D: Pendi ngEvent | D,
Resul ts: Poi nter);?®

The first two fields of SignalType are set by the invoker of a primitive. They consist of a boolean, Block, indicating
whether the process should block until the primitive completes, and a user processestmmilﬁesr, with which

MSG can notify the user process that the primitive is ready to be complBhedother two fields are filled in at the
start of the dialog. They consist of a unique identifier for the transaction, ID, supplied by MSG (allowing the user
processfor exampleto identify andhaveMSG cancela particulartransactiorfrom amonga setof pendingones)and

the list of results, Results, that are to be received when the primitive completes.

5. The abstracdatatype Structure(refinedto an EL1 STRUCT)definesa recordtype with namedcompo-
nents, and the abstract data type Pointer (refined to an EL1 REF) is an unrestricted pointer.

6. The type of stimulus is host-dependent. A typical example is a software interrupt channel.

7. Accordingto [MSG] page2-28 a signalmustbe: distinguishabletestable and process-localExamples
givenare:block/unblock,completionflag (possiblyusingthe dispositionfield), softwareinterrupt,andflag

plus softwareinterrupt.Our signalsaredistinguishablevia the uniquePendingEventiDandaretestablevia

the disposition field.



At any one time, a number of pending event primitives may be incomplete, requiring that a set of associated
signals be maintained. Thus each user process has a

Pendi ngEvent Set <- Set ( Si gnal Type);

We need not concern ourselves now (at the level of the abstract model) with how Set is implemented. At some point
PendingEventSaetill berefinedinto someconcretaepresentatiosuchasanarrayor alinkedlist, butthatwill occur

at a much lower level of refinement (see [Refinement] for a discussion of set refinement). Similarly, we can use the
three abstract set operations

Insert EIn S
Renmove E From S;
ForEach EIn S Do ... End;

without having the details of their implementations intrude on our abstract program, making the set behavior of
PendingEventSet explicit and clear.

3.6. TheFirst Part of the Dialog

Thefirst partof theactualuser-servedialogconsistf the startingof the primitive -- therequesfor service.
This involves sending arguments to MSG and having their correctness verified, and performing pending event
management (storing various items of information about the pending event). In detail (given a channel between the
user process and MSG) the steps are:

» SEND to MSG the name of the operation to be performed;

* SEND to MSG the list of primitive-dependent arguments;

* SEND to MSG the pending event signal;

» RECEIVEfrom MSG adispositioncodeindicatingwhetheror nottheargumentsentareacceptable;
« if the arguments are unacceptable then exit;

« if the user wants the primitive to block until completion, then RECEIVE from MSG the list of
primitive-dependent results and exit;

* save the list of primitive-dependent results to be received upon completion;
« add the pending event to the set of incomplete ones; and
* RECEIVE from MSG the unique identifier for the pending event.

Thesestepsareimplementedn thegeneralewrite of MSGPendingEventPrimitive.he purposeof therewrite
is to embodycleanlytheaboveverbalspecificationwhile providinga goodbasisfor laterhost-dependentfinement.



MSGPendi ngEvent Pri miti ve( $Oper ati on,
< ?SendLi st >,
< ?Recei velLi st >,
$Di sposition, $Signal)
<->
BEG N
SEND( < $Qperation, ?SendList, $Signal >, MsSGChannel);
RECEI VE(< $Di sposition >, MSGChannel);
I sArgunent Error ($Di sposition) =>
LogError ($Qperation, $Disposition);
$Si gnal . Bl ock =>
BEG N
RECEI VE( < ?Recei veli st, $Disposition > MSCGChannel);
END,
$Signal . Results <-
Al | ocat e( Sequence(Pointer) OF
?Recei veli st, $Di sposition);
Insert $Signal In PendingEvent Set;
RECEI VE(< $Signal .1 D >, MsSGChannel);
END; &

Exemplar 5: Sart Pending Event

Theresult of applying this rewrite to the above instance of the generalized ReceiveSpecificMessage call (see
Exemplar 4. General Receive) is

BEG N
SEND( < " Recei veSpeci fi cMessage”, ReceiveTi ner, ReceiveSignal >,
MBGChannel ) ;
RECEI VE( < Recei veDi sposition >, MsGChannel);
| sArgunent Err or (Recei veDi sposition) =>
LogError (" Recei veSpeci fi cMessage", ReceiveDi sposition);
Recei veSi gnal . Bl ock =>
BEG N
RECEI VE( < Recei vedMessage, SourceProcess,
Recei vedHandl i ng, Recei veDi sposition >,
MSGChannel ) ;
END,;
Recei veSi gnal . Resul ts <-
Al | ocat e( Sequence(Poi nter) OF
Recei vedMessage, SourceProcess,
Recei vedHandl i ng, Recei veDi sposition);
Insert ReceiveSignal In Pendi ngEvent Set;
RECEI VE(< Recei veSignal . 1D > NMsGChannel);®
END;

Exemplar 6: Abstract Receive

8. In EL 1 the construct P=> Q means"if Pistruethen evaluate Q and exit the enclosing block”. The construct
Allocate(T OF C1, C2) creates an object of type T with components initialized to C1 and C2 and returns a
pointer to the object. The abstract datatype Sequence (refined to an EL 1 SEQ) definesavariable-length array
type.

9. MSG will be blocked in the SEND corresponding to this RECEIVE until the RECEIVE is done,
thereby keeping MSG from possibly finishing the pending event before the list of resultsis set up
and the pending event has been inserted into the pending event set.



3.7. The Second Part of the Dialog

Thesecondoartof theuser-servedialogis the completionof the pendingprimitive -- obtainingtheresultsof
therequestedervice.Thisconsistof receivingdatafrom MSG andperformingpendingeventmanagementn detail
the steps are:

« determine which pending event has completed,;
» remove the pending event from the set of incomplete ones; and
* receive the arguments in the pending event’s receive list.

Thesestepsareembodiedn asinglecompletionroutineto which controlpassesvheneveMSG indicateghat
a primitive is ready to be completé?i.
Pendi ngEvent Conpl eti on <-
EXPR()

BEG N

DECL E: Si gnal Type
LI KE Fi ndEvent ToConpl et e( Pendi ngEvent Set) ;

Rermove E From Pendi ngEvent Set ;
RECEI VE(E. Resul ts, MSGChannel ); 11

END;

Exemplar 7: Complete Pending Event

The refinement goals are the same here as for the first part of the dialog -- to encode cleanly the verbal specification
and to provide a useful foundation for host-dependent refinement. In fact, host-dependent refinement of
PendingEventCompletion consists of defining FindEventToComplete and refining RECEIVE.

4. The UNIX Implementation

Given the abstract model, the only major refinement needed to produce a host-specific running system is the
transformatiorof theabstracthannelmechanisninto theinterprocessommunicatiormechanisnof thetargethost.
Otherrefinementarenecessarysuchasthosefor setsputtheyarerelativelystraightforwardaresuppliedby aglobal
library, and are applied later in the refinement pro&%ss.

ForUNIX, thechannetefinementis straightforwardsincethe VAX UNIX virtual circuit mechanisnflUNIX]
is almost identical to our abstract channel mechanism (see Figtire 3).

4.1. Transforming the Dialog

The basic difference between channels and UNIX virtual circuits is that channel SENDs and RECEIVES
operateonlists of objectswhile virtual circuit readsandwritesoperateon singleobjects?“Thisdifferenceis resolved
(for simple dialogs and the first part of pending event dialogs) by two recursive rewrites that transform SEND and
RECEIVE lists into sequences of writes and reads,

10.Theroutinecanbethoughtof asaninterrupthandler althoughits precisenatureis ahost-dependergsue.
11. Note that Resultsalwaysincludesthe disposition,which indicatesthe ultimate succes®r failure of the

transaction.

12.Figure2isin factsimplified -- the UNIX andTENEX refinementgonsistof two refinemenisetsthatare
appliedserially, the first specific(to specificpartsof the MSG system,suchasuser-servechannelrefine-

ments)andthesecondjlobal(suchassetrefinements)Ultimately the systenis refinedto arestrictedsubset
of EL1 (called SPECL)thatcanbetranslatednto Ada or compileddirectly (we arecurrentlydevelopinga

family of SPECL compilers).

13.In this regard,becauseirtual circuits arefundamentallynoregeneral they area distinctimprovement
over Rand ports, our previous target mechanism.



SEND( < $Argunent, ?Remai nder >, MSGChannel)
<>

[
write(MSGSocket, $Argunent);

SEND( < ?Remai nder >, MSGChannel ) ;
[1;
and
RECEI VE( < $Argunent, ?Remai nder >, MSGChannel)
<->

[l
read( M5GSocket, $Argunent);

RECEI VE( < ?Remai nder >, MsSGChannel);
1
and by two rewrites that terminate the recursive process (removing the residual SEND and RECEIVE),
SEND(< >, MSGChannel) <->[] |];

and
RECEIl VE(< >, MsGChannel) <-> [| |];

MSGSocket isthe virtual circuit realization of MSGChannel. The special symbols|[| and || are not part of the rewrite
result, but instead enclose sequences of statements to be inserted in-line (surrounding such sequences with BEGIN-
END pairs, in contrast, for example, would cause the BEGIN-END pairsto be inserted as part of the rewrite result).

The result of applying these rewrites to the abstract model level WhoAml instance (see Exemplar 2: Abstract
WhoAml) is
BEG N
write(MSGSocket, "WhoAM ");
read( MSGSocket, Thi sProcess);
END;

and to the ReceiveSpecificM essage instance (see Exemplar 6: Abstract Receive) is

14. Channelsand virtual circuits also differ in three other waysthat pose low-level problems-- read and write
1) take a third (length) argument, 2) do not handle pointer objects, and 3) do not automatically handle vari-
able-length objects. Thefirst problemis solved by supplying the third argument, for exampl e read(M SGSock-
et, obj, LENGTH(obj)). The second is solved by dereferencing pointer objects, for example write(MSG,
VAL(obj), LENGTH(VAL(abj))). Thethird, only aproblem with read, is solved by using "recordmode” on the
virtual circuit and implementing a variable-length-read function that constructs variable-length objects.



BEG N
write(MSGSocket, "ReceiveSpecificMessage");
write(MSGSocket, ReceiveTiner);
write(MSGSocket, ReceiveSignal);
read( MsGSocket, ReceiveDi sposition);
| sArgunent Error (Recei veDi sposition) =>
LogError (" Recei veSpeci fi cMessage"”, ReceiveDi sposition);
Recei veSi gnal . Bl ock =>
BEG N
read( M5GSocket, Recei vedMessage);
read( M5SGSocket, SourceProcess);
read( MsGSocket, Recei vedHandl i ng);
read( MSGSocket, Recei veDi sposition);
END;
Recei veSi gnal . Resul ts <-
Al | ocat e( Sequence(Pointer) OF
Recei vedMessage, SourceProcess,
Recei vedHandl i ng, Recei veDi sposition);
Insert ReceiveSignal In PendingEvent Set;
read( MSGSocket, ReceiveSignal.ID);
END;

4.2. Pending Event Completion

The refinement of pending event completion for UNIX isrelatively simple (because of the nature of virtual
circuits) and has three aspects.

First, the routine PendingEventCompl etion (see Exemplar 7: Complete Pending Event) must be invoked
whenever an event isto be completed. Since avirtual circuit can be made "asynchronous”, so that activity on it causes
an interrupt, an asynchronous virtual circuit is set up to effect completion (a distinct virtua circuit, since only
completion activity should cause an interrupt), and PendingEventCompl etion is made the interrupt handler for that
virtual circuit.

Second, PendingEventCompl etion must determine which pending event is ready to be completed
(FindEventToComplete must be elaborated). Thisis done by having MSG send, as the first completion item, the
PendingEventI D of the event to be completed, and then having FindEventToCompl ete search PendingEventSet for the
proper event.® In particular, FindEventToComplete is refined into

Fi ndEvent ToConpl et e( Pendi ngEvent Set )
<->
BEG N
DECL Conpl et el D: Pendi ngEvent | D;
read( MSGConpl et i onSocket, Conpl etel D);
For Each E I n Pendi ngEvent Set
Do E.ID = ConpletelD => E End;
END;

which returns the event to be completed.

Third, the RECEIVE, in PendingEventCompletion, of the Results must be made to work on avirtual circuit.
Here, asfor thefirst part of the dialog, aRECEIVE of alist (or sequence) of objects must be converted into a sequence
of reads. The RECEIVE thus becomes

15. An alternate approach would be to have one virtual circuit for completion per event. This approach has
two disadvantages -- the overhead of opening and closing avirtual circuit for every transaction, and the prob-
lem of the restriction of one asynchronous socket per process (which could be circumvented by having one
special permanent asynchronous socket in addition to the many transitory per-transaction synchronous virtual
circuits)



RECEI VE( E. Resul ts, MSGChannel )

<->
FOR | TO LENGTH(E. Resul t s)
REPEAT
read( MSGConpl eti onSocket, E.Results[l]); 16
END;

5. The TENEX Implementation

Channel refinement for TENEX is considerably more complex that for UNIX, because TENEX does not have
a close analog to the channel mechanism. Instead, TENEX processes communicate via shared memory [TENEX-
System] (see Figure 4).

A possible refinement approach would be actually to implement, using shared memory, the abstract channel
primitives SEND and RECEIVE, which would simply copy their arguments to and from a shared page. The abstract
model would not be affected. The objection to this approach is inefficiency. Each matched SEND-RECEIVE pair
would necessitate freezing the sending process and awakening the receiving one.

Fortunately, it happens that numerous SENDs and RECEIV Es can be collapsed into asingle transfer of shared
memory data. The cost of this approach, however, is substantial divergence from the abstract model dialog. We have
chosen, despite the cogt, to pursue this optimization (it follows closely the user-server discipline of the MACRO-10
MSG implementation [TENEX-MSG]). Currently, with our methodology such optimizations must be performed and
verified by hand, but it is one of our goals to have tools that will aid in the optimization and verification process.

5.1. Transforming the Dialog

MSG primitive arguments are passed between a user process and M SG via argument blocks placed in shared
memory. Each primitive call hasits own type of argument block, arecord data structure containing asitsfields the
individual arguments to the primitive. For example, the WhoAml primitive uses the argument block type

WhoAM Ar gurrent Bl ockType <-
St ruct ure(pnam ProcessNane) ;

and the ReceiveSpecificM essage primitive (the arguments of which may be seenin Exemplar 3: Specific Receive) the
argument block typel’

Recei veSpeci fi cMessageAr gunent Bl ockType <-
Structure(dt:Interval,
msgar ea: MessagePoi nter, 1
srcnam ProcessNanePoi nt er,
sphndl : Handl i ngCodePoi nt er,
si gnal : Si gnal Poi nter);

8

Each primitive call instance creates its own copy of the proper argument block and assigns to each field of the block
the appropriate primitive argument.

After the user process has set up the argument block for a primitive, it must notify MSG that it wants the
primitive performed. Due to the nature of TENEX shared memory and interprocess interrupts, MSG residesin the
same processtree asits client user processes, running as a process superior to its clients. This enablesthe user process
tointerrupt MSG and vice versa, and allows M SG to freeze the user process and read and writeits memory. Thuswhen
the user processdesires serviceit causes asoftwareinterrupt in MSG, passing a pointer to the relevant argument block.
M SG then freezes the user process, uses the argument block pointer to get arguments from and put argumentsinto the
argument block, and, when done, thaws the user process. (For a pending event primitive, if Signal is blocking then
MSG will keep the process frozen until the pending event completes.)

16. See note 14.

17. The astute reader will notice that the disposition argument to ReceiveSpecificMessage is not in its argu-
ment block. It is passed in the Results field of ReceiveSignal.

18. The primitive call results (the ones that will be filled in when the primitive completes) must be pointer
objects, so that they will be available outside the scope in which the argument block is declared.



For simple dialogs, the rewrite that sets up the proper argument block and causes an interrupt in MSG is

BEG N ?Body END DerivedFrom

MSGSi npl ePrimtive($Operation, < ?SendList >, < ?ReceiveList >);
<->

BEG N
DECL Argunent: Pointer LIKE

Al locate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist);

I nvokeMSG( Ar gunent ) ;

END;

This rewrite effectively replaces the abstract model dialog (see Exemplar 1: Smple Dialog) with a TENEX-
specific dialog. Central to thisresult isthe DerivedFrom pattern qualifier, which causes the transformation history of
relevant blocks to be examined. It serves two functions. It guarantees that the rewrite will only be applied to blocks
with the correct ancestry (in this case, abstract model simple primitive dialog blocks), and it supplies the match
variables from the earlier transformations (here, the transformations of the generalized calls).

The!! prefix operator is not part of the rewrite result but rather causes its argument to be evaluated at
refinement time. Thus GetArgumentBlockTypeFromOpCode produces, at refinement time, based on Operation, the
proper argument block type.

The result of applying the simple dialog rewrite to the abstract model level WhoAml instance (see Exemplar
2: Abstract WhoAml) is
BEG N
DECL Argunent: Pointer LIKE
Al | ocat e( WhoAm Ar gunment Bl ockType OF Thi sProcess);
I nvokeMSG( Ar gunent ) ;
END;

The pending event dial og rewriteis more complex, involving pending event management. Thisrewrite, heavily
optimized for TENEX, is derived from the abstract model dialog (see Exemplar 5: Sart Pending Event). The stepsin
the derivation are presented in an appendix.



BEGA N ?Body END Deri vedFrom
MSGPendi ngEvent Pri mi ti ve($Qperati on,
< ?SendLi st >, < ?ReceivelList >,
$Di sposition, $Signal)
<->
BEG N
DECL Argurent: Poi nter LIKE
Al l ocate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist, $Signal);
$Si gnal . Resul ts <- $Disposition;
$Si gnal . Bl ock =>
BEG N
I nvokeMSE Ar gunent ) ;
I sArgunent Error ($Di sposi tion) =>
LogError ($Operation, $Di sposition);

END;
Insert $Signal In PendingEvent Set;
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
BEG N

Rermove $Si gnal From Pendi ngEvent Set ; 1°
LogError ($Qperation, $Disposition);
END;
END;

Theresult of applying thisrewrite to the ReceiveSpecificM essage instance (see Exemplar 6: Abstract Receive)

BEG N
DECL Argunent: Pointer LIKE
Al | ocat e( Recei veSpeci fi cMessageAr gunent Bl ockType OF
Recei veTi ner, Recei vedMessage, SourceProcess,
Recei vedHandl i ng, ReceiveSi gnal);
Recei veSi gnal . Results <- Recei veDi sposition;
Recei veSi gnal . Bl ock =>
BEG N
I nvokeMSG Ar gunent ) ;
| sArgunent Er r or (Recei veDi sposition) =>
LogError (" Recei veSpeci fi cMessage", ReceiveDi sposition);

END;
Insert ReceiveSignal In PendingEvent Set;
I nvokeMSG Ar gunent ) ;
| sArgunent Err or (Recei veDi sposition) =>
BEG N
Rermove Recei veSi gnal From Pendi ngEvent Set ;
LogError (" Recei veSpeci fi cMessage"”, ReceiveDi sposition);
END;

END;

5.2. Pending Event Completion

The nature of TENEX pending event completion refinement islargely determined by the asymmetric superior-
inferior relationship between MSG and the user process, and by the memory sharing method of communication.

19. The Remove is necessary because of the Insert preceding the InvokeM SG. The Insert must precede the
InvokeM SG so that the PendingEventCompletion interrupt routine will find the event in PendingEventSet in
the case of immediate completion. If there is an argument error, PendingEventCompletion will not be acti-
vated.



MSG’snaturalcontrolovercompletion(it alwaysinitiatescompletionjustastheuserprocesslwaysinitiatesrequests
for service) is manifest in the refinements.

In particular MSG freezegheuserprocessputsresultsin theargumenblock, andcauses softwareinterrupt
in theuserprocessThe PendingEventCompletiomutine(seeExemplar7: CompletePendingEven) is theinterrupt
handleron the softwareinterruptchannektimulatedoy MSG. The userprocessakesno partin datamovementThe
RECEIVE in PendingEventCompletion is meaningless and is therefore removed.

FindEventToCompleteustbe elaboratedbut, not needingo doa RECEIVE, it is simple.lt mustonly scan
PendingEventSet for the event that MSG has completed -- for the one with a "Complete” dis%?osition.
FindEventToComplete becomes

Fi ndEvent ToConpl et e( Pendi ngEvent Set )
<->
For Each E I n Pendi ngEvent Set
Do | sConpl ete(E. Results) => E End,

6. Observations?!

Theuserpartof theuser-process--server-MSfterprocessommunicatiordisciplineis only onesmallpiece
of the MSG system. The purpose of this document is to give a detailed example of our abstraction and refinement
methodology, not to document our MSG implementation. Nor is its purpose to survey applications of our
methodology. The level of abstraction of this example is basically that of host independence. Nothing in our
methodologyis anymoreor lesssuitedto a host-independenével of abstractiorthanto anyotherlevel. Indeed;t is
natural for a system to have many levels of abstraction. In MSG, for instance, set and queue refinement occur after
host-dependent refinement; with more powerful tools, one can imagine an abstract model above the level of the
abstract model presented here.

OurMSG implementatioris notatrivial systemTheabstracmodelconsistof severbasicmodulesoneof
globaldefinitions)containingin total about5000linesof EL1 code.Therefinementgor our prototypesystem(which
runsunderthe ECL interpreter)consistof twelve modulesthreeof globaldefinitions)containingabout2000lines of
code.Our methodologyprovideduswith aquitenaturalmeansf compartmentalizingyothvertically (with levelsof
abstractionandhorizontally(with modules)thedevelopmentf thesystemCrucialto themethodology'successre
proper tools for supporting the refinement process -- tools for automatically producing a concrete system, for
incrementallyrederivingpartof the system(allowing rapid debugging)andfor aidingrefinementdevelopmentith
appropriate analysis.

Our methodology does not automatically result in good programs. Since it is flexible and powerful, it can be
used to produce obscure, inefficient, and erroneous programs. On the other hand, it makes it easier to write clear,
efficient, and easily maintained programs.
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Appendix: The TENEX Optimization

This appendix presents the sequence of transformations necessary to produce an optimized pending event
dialog for TENEX (given the TENEX shared memory interprocess communication mechanism) from the abstract
model dialog. Currently we must perform and verify such transformations by hand, but we are planning to produce
toolsthat will aid this process. Note that the object we are transforming isitself atransformation. Note also that some
of the steps are accompanied by corresponding changesin MSG.

Step One

The pending event dialog rewrite for the abstract model (see Exemplar 5: Sart Pending Event) is our starting
point.
MSGPendi ngEvent Pri niti ve( $Oper ati on,
< ?SendLi st >,
< ?Recei velLi st >,
$Di sposition, $Signal)

<->
BEG N

<la> SEND( < $Qperation, ?SendList, $Signal >, MsSGChannel);
<1b> RECEI VE(< $Di sposition >, MSGChannel);
<lc> I sArgunent Error ($Di sposition) =>

LogError ($Qperation, $Disposition);
<1ld> $Si gnal . Bl ock =>

BEG N

RECEI VE( < ?Recei veli st, $Disposition > MSCGChannel);
END,;

$Signal . Results <-
Al | ocat e( Sequence( Poi nter) OF ?Recei velist, $Disposition);
Insert $Signal In PendingEvent Set;
RECEI VE(< $Signal .1 D >, MSGChannel);
END;



Step Two

Move <1d> to the beginning of the block, duplicating <1a-c> on both branches of the conditional.
Preconditions: 1) <1d> must not depend on <la-c>; 2) <1d>, when moved, must not affect <la-c>. Met: 1) only <1b>
could have any effect (<1a> has no relevant side effects), and it only modifies $Disposition, which is independent of
$Signal; 2) manifestly true.

BEG N
$Si gnal . Bl ock =>
BEG N
SEND( < $QCper ation, ?SendList, $Signal >, MsGChannel);
RECEI VE(< $Di sposition >, MSGChannel);
| sArgunent Error ($Di sposi tion) =>
LogError ($Operation, $Di sposition);
RECEI VE( < ?Recei veli st, $Disposition > MSGChannel);
END;
SEND( < $Qper ation, ?SendList, $Signal > MsGChannel);
RECEI VE(< $Di sposition >, MSGChannel);

<2a> | sArgunent Error ($Di sposi tion) =>

LogError ($Oper ati on, $Di sposition);
<2b> $Signal . Results <-

Al | ocat e( Sequence( Poi nter) OF ?Recei velist, $Disposition);
<2c> Insert $Signal In PendingEvent Set;

RECEI VE(< $Signal .1 D >, MSGChannel);
END;
Step Three

Move <2b-c> above <2a>, inserting their inverses before LogError in <2a>. The inverse of <2b> can be
ignored since the value of Resultsisirrelevant after <2b>. Theinverse of <2c>isaRemove. Preconditions: 1) <2b-c>
must not depend on <2a>; 2) <2b-c>, when moved, must not affect <2a>. Met: 1) <2a> has no relevant side effects;
2) manifestly true.

BEG N
$Si gnal . Bl ock =>
BEG N
SEND( < $Operation, ?SendList, $Signal >, MsSGChannel);
RECEI VE( < $Di sposition >, MSCGChannel);
| sArgunent Er r or ($Di sposi tion) =>
LogError ($QOperati on, $Di sposition);
RECEI VE( < ?Recei veli st, $Disposition > MSCGChannel);
END;
<3a> SEND( < $Operation, ?SendList, $Signal >, MsSGChannel);
<3b> RECEI VE(< $Di sposition >, MSCGChannel);
<3c> $Si gnal . Resul ts <-
Al | ocat e( Sequence(Poi nter) OF ?Recei veList, $Disposition);
<3d> Insert $Signal In PendingEvent Set;
I sArgunent Error ($Di sposi tion) =>
BEG N
Renmove $Si gnal From Pendi ngEvent Set ;
LogError ($Oper ati on, $Di sposition);
END;
RECEI VE(< $Signal .1 D >, MsSGChannel);
END;



Step Four

Move <3c-d> (moved in Step Two) before <3a-b>. Preconditions: 1) <3c-d> must not depend on <3a-b>; 2)
<3c-d>, when moved, must not affect <3a-b>. Met: 1) manifestly true; 2) $Signal issentin <3a>and modifiedin <3c>,
but the Resultsfield of $Signal isused only locally, not by MSG (this observation is based on a knowledge of MSG).

BEG N
$Si gnal . Bl ock =>

BEG N
<4a> SEND( < $QCper ation, ?SendList, $Signal > MsGChannel);
<4b> RECEI VE(< $Di sposition >, MSGChannel);
<4c> | sArgunent Error ($Di sposi tion) =>

LogError ($Oper ati on, $Di sposition);

<4d> RECEI VE( < ?Recei velLi st, $Disposition > MSCGChannel);

END;

$Signal . Results <-
Al | ocat e( Sequence(Poi nter) OF ?Recei veList, $Disposition);
Insert $Signal In PendingEvent Set;

<4e> SEND( < $QOperation, ?SendList, $Signal >, MsSGChannel);
<4f > RECEI VE(< $Di sposition >, MSGChannel);
<4g> | sArgunent Error ($Di sposition) =>

BEG N

Renmove $Si gnal From Pendi ngEvent Set ;
LogError ($Oper ati on, $Di sposition);
END,;
<4h> RECEI VE(< $Si gnal . | D >, MsSCChannel ) ;
END,



Step Five
Convert <4a-d> and <4e-h> into the common form

BEG N
SENDX . ..);
RECEI VE(. ..);
I sArgunentError(...) => NOTH NG
RECEI VE( . ..);
END;

I sArgunmentError(...) => <expression>;

Preconditions: 1) ISArgumentError must be repeatable; 2) <4d> and <4h>, in the common form, must not affect
<4c> and <4g>. Met: 1) IsArgumentError has no relevant side effects; 2) the $Disposition received in <4d> will not
cause an argument error (this observation is based on a knowledge of MSG).

BEG N
$Si gnal . Bl ock =>
BEG N
BEG N
SEND( < $Oper ation, ?SendList, $Signal >, MSGChannel);
RECEI VE(< $Di sposition >, MSGChannel);
I sArgunent Error ($Di spositi on) => NOTHI NG
<5a> RECEI VE( < ?Recei velLi st, $Disposition > MGChannel);

END,;
| sArgunent Error ($Di sposi tion) =>
LogError ($Oper ati on, $Di sposition);
END,
$Si gnal . Resul ts <-
Al | ocat e( Sequence( Poi nter) OF ?Receivelist, $Disposition);
Insert $Signal In PendingEvent Set;
BEG N
SEND( < $QOperation, ?SendList, $Signal >, MsSGChannel);
RECEI VE(< $Di sposition >, MSGChannel);
I sArgunent Error ($Di spositi on) => NOTH NG

<5b> RECEI VE(< $Si gnal . | D >, MSGChannel ) ;
END;
| sArgunent Error ($Di sposi tion) =>
BEG N

Renmove $Si gnal From Pendi ngEvent Set ;
LogError ($Qperation, $Disposition);
END;
END;



Step Six
Convert <5a> and <5b> into the common form

$Si gnal . Bl ock =>
RECEI VE( < ?Recei veli st, $Disposition > MSGChannel);
RECEI VE(< $Si gnal . | D >, MsSCChannel ) ;

Precondition: the preceding statements in the block must not affect the $Signal.Block in the common form.
Met: $Signa is unmodified (SEND and Insert have no relevant side effects).

BEG N
$Si gnal . Bl ock =>
BEG N
<6a> BEG N

SEND( < $Operation, ?SendList, $Signal >, MSCChannel);
RECEI VE(< $Di sposition >, MSCGChannel);
I sArgunent Error ($Di sposi tion) => NOTHI NG
$Si gnal . Bl ock =>
RECEI VE( < ?Recei velLi st, $Di sposition > MsSGChannel);
RECEI VE(< $Si gnal .| D >, MSCChannel ) ;
END;
| sArgunent Er r or ($Di sposi tion) =>
LogError ($QOperati on, $Di sposition);
END;
$Si gnal . Resul ts <-
Al | ocat e( Sequence(Poi nter) OF ?Recei veList, $Disposition);
Insert $Signal In PendingEvent Set;
<6b> BEG N
SEND( < $Qperation, ?SendList, $Signal >, MsSGChannel);
RECEI VE(< $Di sposition > MSGChannel);
I sArgunent Error ($Di sposi tion) => NOTH NG
$Si gnal . Bl ock =>
RECEI VE( < ?Recei velLi st, $Disposition > MSCGChannel);
RECEI VE(< $Si gnal .| D >, MSGChannel );
END;
| sArgunent Error ($Di sposi tion) =>
BEG N
Renmove $Si gnal From Pendi ngEvent Set ;
LogError ($Qperation, $Disposition);
END;
END;



Step Seven
Replace <6a> and <6b> with TENEX argument block creation and M SG invocation.
BEG N
$Si gnal . Bl ock =>
BEG N
DECL Argunent: Pointer LIKE
Al locate( !! Get Argunent Bl ockTypeFr onOpCode( $Oper at i on)
OF ?SendLi st, ?ReceivelList, $Signal, $D sposition);
I nvokeMSE Ar gunent ) ;
I sArgunent Error ($Di sposition) =>
LogError ($Qperation, $Disposition);
END;
<7a> $Si gnal . Results <-
Al | ocat e( Sequence(Poi nter) OF ?Recei veList, $Disposition);
<7b> Insert $Signal In PendingEvent Set;
<7c> DECL Argunent: Pointer LIKE
Al locate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist, $Signal, $D sposition);
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
BEG N
Renmove $Si gnal From Pendi ngEvent Set ;
LogError ($Qperation, $Disposition);
END;
END;

Step Eight

Move <7c> above <7a-b>. Preconditions; 1) <7c> must not depend on <7a-b>; 2) <7c>, when moved, must
not affect <7a-b>. Met: 1) $Signa is a pointer (automatically dereferenced on assignment to the record structure it
pointsto) -- the free $Signal and the $Signal in Argument both point to the same object, so the assignment in <7a> is
reflected by both $Signals; 2) manifestly true.

BEG N
$Si gnal . Bl ock =>
BEG N
DECL Argunent: Poi nter LIKE
Al locate( !'! Get Argunent Bl ockTypeFr onOpCode( $Oper at i on)
OF ?SendLi st, ?ReceiveList, $Signal, $Disposition);
I nvokeMSE Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
LogError ($Oper ati on, $Di sposition);
END;
DECL Argunent: Pointer LIKE
Al locate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist, $Signal, $D sposition);
<8> $Signal . Results <-
Al | ocat e( Sequence(Poi nter) OF ?Recei veList, $Disposition);
Insert $Signal In PendingEvent Set;
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
BEG N
Renove $Signal From Pendi ngEvent Set ;
LogError ($Oper ati on, $Di sposition);
END;
END;



Step Nine

Observe that the only Resultsitem for TENEX is $Disposition, and modify <8> accordingly. Precondition:
?PReceivelist must not be referenced through $Signal. Met: it is not referenced either here or in
PendingEventCompl etion.

BEG N
$Si gnal . Bl ock =>
BEG N
<9a> DECL Argunent: Poi nter LIKE

Al locate( !'! Get Argunent Bl ockTypeFr onOpCode( $Oper at i on)
OF ?SendLi st, ?ReceiveList, $Signal, $Disposition);
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
LogError ($Oper ati on, $Di sposition);
END;
DECL Argunent: Pointer LIKE
Al locate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist, $Signal, $D sposition);
<9b> $Si gnal . Resul ts <- $Di sposition;
Insert $Signal In PendingEvent Set;
I nvokeMSE Ar gunent ) ;
I sArgunent Error ($Di sposition) =>
BEG N
Rermove $Si gnal From Pendi ngEvent Set ;
LogError ($QOperati on, $Di sposition);
END;
END;

Step Ten

Duplicate <9b> after <9a>. Precondition: Results must not be referenced in the remainder of the block. Met:
Results is not used by MSG in InvokeM SG (this observation is based on a knowledge of MSG).

BEG N
$Si gnal . Bl ock =>
BEG N
<10a> DECL Argunent: Pointer LIKE

Al locate( !! Get Argunent Bl ockTypeFr onOpCode( $Oper at i on)
OF ?SendLi st, ?ReceivelList, $Signal, $D sposition);
<10b> $Signal . Results <- $Di sposition;
I nvokeMSE Ar gunent ) ;
I sArgunent Error ($Di sposition) =>
LogError ($Qperation, $Disposition);
END;
<10c> DECL Argunent: Pointer LIKE
All ocate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist, $Signal, $D sposition);
<10d> $Si gnal . Resul ts <- $Di sposition;
Insert $Signal In PendingEvent Set;
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
BEG N
Renove $Signal From Pendi ngEvent Set ;
LogError ($Oper ation, $Di sposition);
END;
END;



Step Eleven

Move <10a-b> and <10c-d> to the head of the block, reducing them to one instance. Preconditions: 1) <10a-
b> and <10c-d> must not depend on $Signal .Block; 2) <10a-b> and <10c-d>, when moved, must not affect
$Signal.Block. Met: manifestly true.

BEG N
<11> DECL Argunent: Pointer LIKE
All ocate( !! Get Argunent Bl ockTypeFr omOpCode( $Oper at i on)
OF ?SendLi st, ?Receivelist, $Signal, $D sposition);
$Si gnal . Resul ts <- $Di sposition;
$Si gnal . Bl ock =>
BEG N
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
LogError ($Oper ati on, $Di sposition);
END;
Insert $Signal In PendingEvent Set;
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
BEG N
Renove $Signal From Pendi ngEvent Set ;
LogError ($Operation, $Di sposition);
END;
END;

Step Twelve

Remove $Disposition from <11> (sinceit is also contained in $Signal). Precondition: When MSG modifies
$Signal .Results such modifications must be reflected in $Disposition. Met: $Signal.Results and $Disposition are
pointers to the same abject, and only the object pointed to is modified (this observation is based on a knowledge of
MSG).

BEG N
DECL Argunent: Pointer LIKE
Al locate( !! GetArgurent Bl ockTypeFr omOpCode( $Oper ati on)
OF ?SendLi st, ?Receivelist, $Signal);
$Si gnal . Resul ts <- $Di sposition;
$Si gnal . Bl ock =>
BEG N
I nvokeMSG( Ar gunent ) ;
| sArgunent Error ($Di sposi tion) =>
LogError ($Oper ati on, $Di sposition);
END;
Insert $Signal In PendingEvent Set;
I nvokeMSG Ar gunent ) ;
| sArgunent Er r or ($Di sposi tion) =>
BEG N
Renove $Signal From Pendi ngEvent Set ;
LogError ($Oper ati on, $Di sposition);
END;
END;
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