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ABSTRACT

Synchronization code is necessary to control shared access of an abstract data object in
a parallel-processing environment. This thesis explores an approach in which a
synchronization property can be specified in a high-level nonprocedural language, and an
implementation for the specified property can be synthesized algorithmically. A problem
s pecification language is introduced in which synchronization properties can be expressed in
a structured but natural manner. A method is then presented for synthesizing an
implementation. An intermediate form, calied a solution specification, is first derived,
representing an abstract solution to the problem. The derivation of the solution
specification accomplishes the transformation of the specification from nonprocedural to
procedural form. The solution specification can be translated directly into a source
language synchronization mechanism, such as a monitor.

Specifications for common synchronization properties, such as the readers-writers and
bounded buffer problems, are expressed in the problem specification language.
Corresponding implementations are then synthesized for these problems. In addition, the
derived solution specification can be used in analyzing the soundness of the original
" problem specification with respect to criteria such as freedom from deadlock and starvation.
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Chapter 1

‘Introduction and Bfa';okgroufhcf
1.1- Goals of the thesis

_ Thls thesls is concerned wlth the problem of synchromzmg accesses by concurrently

executmg processes on a shared data object Overall the thests has two ma]or goals One is
to design a htgh -level language in whlch synchromzanon propemes can be specnfted in a

nonprocedural form. The other is to devise a method for translating such specrfrcattons

into actual source language:code that implements the specified properties. -

The rehabnltty of computer soﬂware has recewed a great deal of attention in recent
years. The reasons are both economic and intellectual Rapld advances in hardware

EREIIRS R P

technology have dramatlcally decreased the cost of hardware relattve to software as well as

expanded the range of complex computer apphcattons for whlch new software is requnred

oyt o : S

As a result the cost of producmg and mamtammg soﬂware has beoome more than ever a

ma Jor concern. Since testing and debuggmg mcorrect programs consume a Iarge share of
total softwate costs, methods for mprovmg the rehabtltty of software are increasingly
important from an economic viewpoint. At the same time, the intellectual dtfftculty of

producing high quality software has become more generally appreciated. The study of how

to produce compiex yet reliable software systems represents a fertile area for research.
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One productive approach in this area has-been the study of language support to
enhance software reliability. The range of current. work in E’ff;‘"’a is quite broad, as
illustrated by [LDRS77). A particular aspect of this ap’;’rroacn ‘that‘has received wide
attention has been the idea of abstract data types [Lis#].-lsnguage support far abstract
data types grves programmers a facthty for rmplementmg data abstractions analogous to the

;" V

capabrhty provrded by procedures for functlonal abstractlons. Fouowmg a methodology

usmg data abstractlons has been found to be a stgmftcant ard in producmg rehable

software.

A number of languages have heendeveleped. and ‘in-many. cases: implemented, that
lnclude mechanisms supporting the concept of abstract data typec (eg [Lls77]. [Sha77],
[Ges77]). Because of a lack of facilities in these languages for creatton of multrple
concurrent processes and mterprocess commumeatton, their range of programs until recently
has been restrlcted to smgle—process computatrons However it is obvrous that many of the
kinds of apphcatrons for which the rehabnhty provrded by data abstractions are needed.
such as operating systems, require such mu!trprocessmg apabrhties In mtroducing facilmes
for concurrency and interprocess commumcation tnto these languages. It is necessary to do
S0 in a manner that maintains the phrlosophy and methodology that such Ianguages

support.

This thesis explores a particular approach:to a-key problem.in this area. The issue is
the proper synchronization mechanism for a language that supports an abstract data type
mechanism. Specifically, it is assumed that objects of abstract types in the language are

shared among different processes and can be accessed concurrently. This means that some
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sort of synchronization mechanism is required te regulate these concurrent accesses.
Synchronization may be required both:to ‘maintain. the internal consistency of the objects

- and to implement higlver<level scheduling decisions.

The approach taken here mvolves spec:fying synchromzatlon properttes in a

hlgh Ievel nonprocedural Ianguage, end obteintng automancally an implementatton for the

specified property. Synchromzmg concurrent accesses to data can be a complex, error-prone
task. .Since the:reliability of programs that accessishared data depends:upon the correctness
of the synchrenization, it is highly:desirable that: the synehmmzatimmeif be implemented
as reliably as possible. If a specification language ¢in be developed that is' powerful enough
to express: synchronization: properties of ‘interest, and for which implementations: can- be
synthesized automaticaily without too:much effort, them: it can-be:incorporated into.a source

language that supports data abstractlons Programs in the source Ianguage can specnfy

b FE BRI

synchromzatton properues nonprocedurally ata htgh level, and the comptler can produce

i T

the actual code usmg the synthests algomhm Thts would be a very attracttve altemattve to

sedve wylio s o

the range of synchromzatton mechamsms currently avathble some of whtch are surveyed in

RS A

the next section.
1.2 S8ynchronization mechanisms

Whenever concurrent processes share access to common resources it is necessary that

L RS T 0y

accesses by different processes be coordmated The purpou of synchromzatton code in the
broadest sense, is to bring about this coordination. One kind of coordination involves

limiting the combinations of simultaneous accesses aliowed on a resource. That is, it is
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© sometimes mecessary for certain accesses to exciude others from taking place at the same
time. This may be because the resource can :inhereritly support-only a limited number of
concurrent Faccesses. For instance, a éhyskzl:dwicgfweﬁata card reader must be devoted
to a smgle process at a time. Alternatively, the nature of the accesses may be such that
éertam kmds of acccsseg performed concurl;ently wol;id lead ‘tro mconsistent results. such as

the case of two slmultaneous updates toa database.

When certain accesses are prevented from occurring immediately, provision must be
made for these deferred accesses eventually to take place.. This is another aspect of
coordination that must be handled by the synchronization code.: Not only must a
mechanism exist for deferring accesses. Decisions must be made as to when deferred

accesses should occur, and these accesses must be activated in some way.

In 'workm;g on synchromzatlon problems ‘it has been fouﬁd th;t writing
synchromzauon code is a conceptually dlfﬁcult taskk more dnfﬁcult in g?neral than ‘wntmg
;v»equemlal programs. Thls dnmculty arises from the ;\on-mtumve‘ nature of many problems
that »arise in synchronization, and the covnbinat;:fial problemilasioﬁiated with different
possible sets of concurrent accesses on a resource. Therefore, several gencrat:ons of
synchronization mechanisms have evolved;  reactihg -to the: increasing. .complexity - of
concurrent programming applications, and to the resulting need for better, more

well-structured synchroniiation mechanisms.
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Originally, concurrent . processes wnm&m;catedthmugh ~common. shared storage.
Access to this common storage was lumuy%ton@kdvby,"bckf,; which . were set prior to
accesses and reset afterwards. Setting a lock was accomplished: by means of an: indivisible
- "test and set”’ instruction, -usually implemented .in: hardware: - This: mechanism: was quite
unstructured, and certainly did net:provide: great-confidence in:its reliabitity. In addition,
locking protocols:involved:"busy waiting", satbata:pro&ss prevented from performing an
access because of an already set lock was forced to perform’ essentially: useless computation
while waiting for the lock to be reset. With the advent of multiprocess time:sharimg

systems, this became unacceptable.

An important step forward was the development of tise semaphore:mechanism [Dij68),
on which two. operations are possible. Qperatiots P-avcomplishes a “test-and decrement”
instruction, similar to setting a lock. -However, the mﬁlttof‘an.um&eu{uh’feest" is to block
the given process and place it on a quéue associnted with the semaphore.  This eliminates
the need fofbusy waiting. Operatidn V. increments the semaphore and dequeues a process
from the associated queue. With processes communicating via semaphores and using just
these two :operations, nearly”all common synchronization problems can be solved. In
addition to solving the busy waiting problem, semaphores, uniike locks, car be required to
be fair. This means that service is granted in such a way that a:givetv process is not kept

waiting indefinitely while an-arbitrary number of other processes proceed.
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A complete geﬁention of alternative mechanisms then'appund, ill of them in some
.way variations on the semaphore comcept. The propesed alternatives were designed to
improve somewhat on the power of the semaphore mechanism. A difficulty common to
semmaphores and these alternative mechanisms:became apparent, however. They are at too
low. a level, comparable to gofo statements in the area of control structures. While

sufficiently powerful - to - solve -synchronization problems, -they do not provide the

programmer with enough structure to make these solutions easy to construct and reliable in

operation.

Recent emphasis on "structured programming” [Dij72a] and language constructs
suitable for producing reliable software has resulted in a.new genetatmn of synchronization
mechanisms. Many of these new constructs attempt to internalize well-structured disciplines
developed for the use of semaphore-style mechanisms, in much the same way that the while
statement internalizes a structured style of writing'lnops.originally developed using goto
statements. Among the noteworthy mechanisms in this group are @nditional critical regions
(Bri72] and monitors [Hea74], both of which embody'the idea of accessing shared data only
in indivisible segments of code. Both also seek to relate the scheduling mechanism for
' def:erred accesses directly to properties of the shared data as another step to,wa:d(«bett‘er
structure. More recent alternatives have attempted -to improve further on these mechanisms.
For example, serializers (Hew77] have drawn on experience with the use of monitors to

build even more structure into the mechanism, and thereby correct certain perceived

- deficiencies in the monitor construct.
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It is certainly easier to program solutions to non-trivial synchronization problems
using these well-structured mechanisms than with‘ semaphores or the like. However,
schhronization remains an area of great complexity, and thus unreliability, in any large
concurrent system such as an operating system or database management system. There is
still a large conceptual gap between one’s understanding of a synchronization problem and
the code one must write to solve it. This has motivated recent work whose goal is to allow
the expression of synchronization problems in a more natural form, and in some cases, to
obtain automatically an implementation for the specified property. Some of this work, and

its relationship with this thesis, is discussed in the next section.
1.3 Specifications and synthesis

Originally, synchronization problems were expressed simply in natural language. The
informality of such descriptions was a contributing factor to the unreliability of the
"solutions” proposed, as well as a source of controversy over just what a problem description
"really” meant. After the widespread acceptance of semaphores, many problems were
expressed via a representative program using semaphores. The circularity inherent in such
a description is obvious, since the sollutions to the synchronization problems also used code
involving semap.hores, and the distinction between “problem” and “solution” became
negligible. More importantly, the expression of a synchronization problem at the level of
actual code, while bridging the gap between specification and program, left the same gap
between people’s intuitive understanding and the specification. The "correctness” of

specifications remained problematic.
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A number of informal arguments -abowtthe. correctness.-of; an:ajgorithm or the
meaning of a mechanism have relied on the notion.of "state” to.reason indicectly a_boﬁt;;he
effect of synchronization code (eg. [Hab72l, {Bri72), [Owi7]). This—sagpmsh.vas.umd by
Hoare in censtructing farmal proof rules for .menitors in -{Hea74)..- However, such-an
approach does not really formalize .the meaning .of -synchronitation code and
synch.r.oniza._ﬂon,.groblems themselves, but only in their relation to aprogramor system as a
whole. Issues of medularity make it desirable to-formally specify:synchronization ‘behavior

in isolation from the procedures being synchronized.,

Recent efforts to create structures thro;ngh which ‘to express "synchroniza'tion problems
include [Rob75), [Owi76] and [Gri76] [Gri?6) sontains in addition-a system for synthesizing
solutions from the specification language automatically. However, in all these cases what
can be éxpressed is ot a synchronization problem it@f, but rathcr the abstract solution to
the problém. “This is an improvement over a "speciﬁcation'i iﬁ the f&m of a céﬁc?et:e
program using semaphores, but it still does not allow the specnﬁauon of a synchromzanon
problem independent of its solution. In order to do so, it is necessary to have a
nonprocedural language for describing synchrm:utwn behavmr that is independent of

notions of how to implement that behavnor

Path expressions [Cam74] are a nopprocedural language for expressing
- -synchronization problems. In addition, unpbmentmom can be derived direct'ly from path
expression specifications. Path expruﬁms reprasent the most-nearly comparable work to
this thesis, .both in overall goals am-i. in basic approach. A .discussion ,aﬂd. evaluation of

path expressions will be deferred until the approach of the thesis has been fully presented.
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A comparison of this approach with that of path expressions is presented in Section 8.4.

‘[Gre75] iﬁtroduces a theory and notation for describing system behavior, including
synchronization behavior. This theory involves the notion of events, over which a time
ordering relation is defined. The notation introduced in [Gre75] is very general, in keeping
with the abstract level at which events are discussed. The specification language used in

this thesis represents one approach toward refining and structuring that notation.
1.4 Overview of the thesis

The view of synchronization taken in this thesis is illustrated in Figure L1, which
illustrates the sequence of events involved in accessing a synchronized shared resource.
This view shares with a number of other recent approaches the importance of
encapsulation. The unsynchronized resource to be shared and the synchronization
mechanism for that resource are encapsulated into a 'single "synchronized resource” module.
The details of the coordination between the two are hidden from the outside world, which

can only access the resource through this higher-level module.

The distinguishing features of the approach here concern the structure imposed on
synchronized accesses of the resource. As indicated in the figure, every acce.ss involves a
certain fixed sequence of events. The process wishing to make an access first communicates
this desire to the synchronization mechanism, and this is denoted as the "request” for the
access. When the synchronization mechanism permits the initiation of the access on the
actual resource, the "enter” event occurs. The termination of the access is communicated to

the synchronization mechanism in the "exit" event.
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Figure I1.I. Accessing a synchronized resource

\
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unsynchronized synchronization
resource mechanism
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& —_—
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The specification language of this thesis is designed to describe propertiés concerning
the time order of these abstract events. Chapter 2 presents this language, both its syntax
and semantics, and includes a number of examples of its use. The synthesis of an
implementation for the specified property is described in Chapters 3 through 5. Chapter 3
describes the abstract solution specification structure, in which events are implemented by
abstract notions called “gates”. The algorithm .for deriving an equivalent solution
specification from a problem specification is presented in Chapter 4. Chapter 5 explains the
implementation of a solution specification in actual code, where the abstract gates are
replaced by procedures of a monitor. Several examples of complete synthesis for well-known
synchronization problems are presepted in Chapter 6. The detection of certain types of
erroneous specifigations, those that permit deadiock and starvation, is discussed in chaptgr 7.

A summary and evaluation of the thesis is contained in Chapter 8.
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Chapter 23

The Problem Spesifioation Language

2.1 Introduction

Th.e‘_ focus of this chapter is on the language used for expressing synchronization
constraints on _accesses to an abstract data object. . .Before the. langgage itself can_be
_presented, however, it is necessary to "set. the. scene” in-terms of .exactly what kmdef data
“abjects are being \tr__eint,ed. what the nature of accesses :to these. objects is, and :thgt; kind of
synchronization of these accesses is possible. These issues are discussed. in. the first-two
sections of this chapter. Then an overview of the language is presented, including some
motivation. Thisb dVerr;ieW should make it easier to uﬁd‘erstair;a the kfo“o{ving two sections,
Whichifo;';haliy define the sy;nt)a;(’ and ’se'rin.antric's df' tﬁe language, réSpectiVei;; Th; ?éhapter
con’c‘ll"lcies’ with ‘some examples of usmg the lajmg;nge' to expresscommon syncl;fbﬁiiﬁtic;n

problems.

2.2 Data abstractions and synchrenization

The data objects with which »thi; thesis is concerned.are of the sort that are handled
in a Janguage suppaorting the notion of abstract daa types, such .as CLU([Lis77)) or
Simula([Dah72)). A data object in one of these languages is strongly.typed, which is to say
that its data type is an integral part of the object, and represents.a severe restri,c.tionfon how
the object can be used. In particylar, there is associated with the abstract data type a set of

_basic procedures, or operations, An object of the type can only be accessed through. these



-18 -

operations, or through higher-level procedures-that- themselves make use of the operations.
Furthermore, it is only these opgn't;ignsx that are allowed to-manipulate the lower-level

representation of the abstract object.

In general, an abstract obj:ect can be either mutable or immuﬁbh. An object is
mutable if it has state, so that its behavior can change over time. l‘r‘hmﬁtablebbje‘t’ts' do not
have state, and once they are created théy‘ are fixed fof all time. Thus they are nét useful
for communication between parallel processés, and corisequently are not “of great interest

-with reéard ‘to ‘synchronization. The data objects treated throughout this thesis: are

generally mutable.

An operation of a data type whose objects are mutable can have the function of
creating an object of the type with some (possibly parameterized) initial state, of accessing
the object’s state without modifying it, or of accessing and updating the state. Assignment
of the object to a variable is not considered to be an operation on the object, but instead

constitutes a (temporary) binding of the variable to the object. See [Sch78] for a more

detailed discussion of the sematitics of a bnguage such as CLU. -~

Synchronization is considered here to impo'e' a cornstraint .On the otﬁerwi;e
_unconstrained time ordering of accesses to an individual data object. By this model, the
ordering among accesses to different objects is completely uniconstrained, except for the
. mormal sequencing order within each individual - process. - This means that if
synchronization is required among actesses to several objects, then these objects must be

coflected together into a single composite object, with the synchronization applying to this
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new higher-level object. It is important to keep in mind that it is the accesses on an object
itself, not on any particular variable that happens to be bound to that object, that are of
interest. Concurrent processes that share access to a dat:a object presumably employ
different variables for the purpose of referring to it, but it is over the total set of all these

accesses that synchronization is required.

This thesis will not be concefned at all with the exact mechanism by which there come
to be concurrent processes, or with how such processes gain joint access to a shared data
object. It is not important whether‘b the processes represent concurrent‘ users of a
time-sha rin‘g system, or are created from one process by some sort of fork-join mechanism in
the language. Nor does it matter if the shared object resides in some form of central library
to which all processes have access, or if a reference to the object must be explicitly passed to
each one. The issue of synchronizing accesses fo an object by concurrent processes is
independent of such concerns, and the work here applies regardiess of how th?se issues are
handled. The important point is that there are processes executing in parallel that
concﬁrrently access the shared object. Consequently constraints must be put on the time

ordering of accesses to the data object, and this is the purpose of the synchronization.

A basic assumption in the approach of the thesis is that the units upon which
synchronization should be performed are the basic operations of the abstract data type. It is
felt that the type's operations are the right level at which to impose synchronization
constraints. 6nly these ‘operations are allowed to access and manipulate the more concrete
data representation of the abstract object, and so it is here that decisions by the implementer

of the abstraction as to what pattern of accesses is necessary to maintain internal consistency
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make sense. The centralization of these .pperations in:a type module (such as a CLU
cluster) permits a single expression of constraints to cover-all -accesses of the object. Since
- the language ensures that all> accesses to the object are made through the basic type
operations, the discipline required for synchronization-can be enforced aniversally, which
would not be true necessarily if higher-level procedures were chosen for synchronizing. On
the other hand, to the user of an abstracnon these operatlons are basic and the details of
their implementation ar;e unknown (and in fact can be changed wuhout hlslher knowledge)
Synchronization constraints at any lower levelr ‘|re: kmvolvmg code internal to these
operations, therefore would not be meanmgful to the user. It is exactly at the level of the
basic operations of a data abstractxon that the two vxewpomts of the implementer and of the

user can and should be resolved in a smooth interface. This is true for the synchronization

component of the interface just as much as for the data component.

A very strict division is assumed between the synchronization and data accessing
functions involved in accessing a shared data object. This is ft;and: on the philosophy that
the task of synchronization belongs in a separate language construct, whose soie function is
synchronization. The operations of the abstract ‘data type, on the other hand, should be
completely unconcerned with this synchronization, and written assuming that
synchronization exists that is sufficient to prevent anf conflicts between concurrent
' operation activations. Synchromzanon is taken to be umform across all objects of the same
type, reflecting the belief that a type consists not only of data accessing opefatlons but the
synchronization on them as well. That is, all objects of a given type are synchronized in the

same way. This means that the same (sequential) implementation of a data type and its
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operations can be used with different synchronization constraints, perhaps embodying
alternative scheduling policies or maintaining different levels of consistency, to create

different data types.

2.3 The guardian model of synchronization

The model of synchronization that I use assumes there to be an abstract protection
mechanism that conceptually surrounds each abstract data object on which accesses must be
synchronized. (Recall the picture given in Figure .l.l.) This mechanism ensures that the
encapsulated synchronization mechanism, which I call the guardian of the data abstraction,
monitors all communication with the ovbject, in a similar manner to the "secretary” concept
proposed in [Dij72b]. Through this monitoring, the guardian is able to maintain the
synchronization state of the resource, an abstract representation of the history of accesses to
the object. (This is to be contrasted with the "data state” of the abstract object, which ;s the
state explicitly manipulated by the operations accessing the object.) The guar;lian uses the
synchronization state information to temporarily block any process attempting an access that
the guardian deems to be unsafe given its current state. The blocked process is allowed to
proceed when the synchronization state has changed in such a way that the accéss can safely

occur.

Accessing an abstract data object consists of invoking a procedure implementing one
of the operations of the type to which the object belongs. A given procedure activation
generates three distinct events that the guardian includes in the synchronization history of

the abstract object. The first event occurs when the guardian first receives notice of the
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invocation of the given praocedure by the userprmess. I term this the request event for the
given procedure activation,:.A request event can be. likened to. the act of “taking a number”
in a crowded bakery, and represents the very first externally visible occurrence: associated

with the particular procedure activation.

The next event occurs when the process actually gams access to the object by

begmmng execution of the mvoked procedure I call thas the enter event for the activation.

g s
E

It is thls event that often must be delayed by the guardlan untll it can safely occur. Once it
has occurred the process may be assumed to be executmg the body of the procedure No
Sk o

assumptrons can be made asto the relatlve execution speeds of dtﬁerent actlvatlons

- When the process has completed execution eof.the procedure;: it indicates this fact ta the
' guardian and exits from the resource. This is the-exit event; the last event involived in the
activation. F requently it is the exit event: for one activation that triggers:a delayed enter

event for some other activation. S

This model of synchronization, of course. was»not Zconceived in a vacuum. It is the
result of a careful study of the kinds of synchronizm:on propertles that appear in the
hterature which presumably reflect the nature of real-woﬂd concerns. Procedure entry and
exit are natural concepts to use, since the basis of ntany synchronization problems is
specrfying which combinations of procedure -activatipns -can-_be- allowed to execute
concurrently. Clearly the solution af such prebleros requires that a record be kept of which
procedure activations are currently executing, that is.to spy, which-activations have entered

but not exited. . Another large class of synchronization properties, constituting what are
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usually regarded as “scheduling” preperties, involve decisions as:to which of a collection of
processes each waiting to execute some procedure is allowed to proceed first. In order to
-~ deal with such properties, it is important to. keep ‘track of what activations have been
requested, hence the need for request events. - My investigation of synchronization problems
has failed to discover any other distinguished events associated- with:operation activations
that are as fundamental as these three. Since this model appears adequate for capturmg -
synchronnzntlon properties J of .mterest thece seems to be no need for usmg a more
complicated one. The exemples at tne end‘of ’this chapter, \;vritten in the problen\

specification language that is based on the guardian model, testify to its generality.

The guardian model assumés that the set of all-events concerning a particular data
object is totally ordered. That is to say, while many-procedure activations can be executing
concurrently, only one reqtrest, enter, or exit event associated with a given object can occur
at a time. Thns total ordermg property is comparable to the fact that the arnval ordering”
for any partlcular actor in [Hew73] is total, and rehes ultxmatelf on sorne sort of “arbiter”

mechanism for each data object.
2.4 Overview of the language

The purpose of the problem specification is to express, in a clear and concise manner,
an imposed constraint on che temporal order of accesses to abstract data objects ’of a
particular type. To facilitate this goal, the language for expressing the specification has
been designed to be as general as possible, subject to the requirement that it be compatible

with the guardian synchronization model. That is, the guardian model paradigm of
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- request - enter - procedure body execution - exit:forms the:basis of the language, but
beyond this, the compiete. freedom: of first-order -predicate calculus ‘with equality and
ordering among integers is available. - Because of ‘the: power .of ‘predicate. calculus, any
~ meaningful synchronization constraint .that" ‘operates: on the-level of the time ordering of

individual events can be ex;pmmd .

Thns powér in fact, permlts speclﬁt:eatxonﬂs»ttt be written ttut must be jttttged errorieous.
Such an invalid speaflcauon may, for mstan;e, phd a ‘constratnt on the ctrctxmstances
. under which a particular request event can occur, whtch would be tncompattble with the
guardian model. For certain kinds of erroneous spec;ttﬁttt;rt;, the mvaltdtt’yvcan be
discovered in attempting to apply the synthesis aigorithm presented in Chapter 4 The
detection of other undesirable properties, namely deadlock:and starvation, can take place

after the synthesis is performed, and this is the subject of Chaptes 7.-

A specification is written for an abstract data type. and is mtended to apply

itr R A

independently to every object of that type The specnflcatlon expresses a constraint on the
ordering of accesses to the object, and represents the only such constraint. This means that
any ordering of events that is consistent with.the specification is valid, and in particular
that procedure activations are allowed to execute in paraliel unk§ constrained otherwisg by

the specification.
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The distinctive elements of the specification language concern events and their
ordering in time. Time ordering between events is embodied in the "temporally precedes”
relation, which is denoted by the infix symbol * = ", and which is adapted from [Gre75).
This relation is a strict partial order, transitive and anti-symmetric. The parallelism in a
compufation prevents the ordering from being total, but the set of events associated with
accesses of a particular abstract data object is assumed to be totally ordered, as explained

previously.

Each activation of a basic operation on a given abstract data object is identified by
the name of the procedure being called and the activation number. Procedure activations
are numbered uniquely for each data object according to the (total) ordering of the request
events associated with the activations. The convention used here is that activation numbers
are written as subscripts to the procedure name. The sixth activation of procedure p (i.e.

the activation associated with the sixth request for p) therefore is denoted "pg".

A particular event associated with an access is denoted by adjoining to the procedure
activation formula the event type (request, enter, or exit) as a superscript. For example, the
exit event associated with procedure activation pg is denoted "pg®"." Every event belongs

to an event class, eg. the p*™" event class consists of the events p;*™*', po"™*', etc.

Activation numbers appearing in a specification can be any integer expressions, with
important special cases being integer constants and variables. Constant activation numbers
can be used to refer to a specific event of a particular class, such as the first one in a

history. Variable activation numbers are more generally useful, though, since they allow
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reference to a general member of ;m event class. ‘In the absence of explicit quantification,
activation number ‘varidbles are assumed’ to be universally' quantified. This ts a usefal
convention, permitting a specification that refers to event p;*™'*", for exampie, to represent a
constra'int on the enter event of eny activation of procedure p. The use of expressions as

activation numbers allows a specification to deal with related activations, such as p; and

Pi.f-

It is possible, but not necessary, to include the arguments to procedure activ;‘nions. If
not included, they are assumed to be unimportant, and the specification applies to any
‘activation of the particular procedure. Including the arguments-to an activation can be
useful for constraining these arguments in-some way; and thereby limiting the applicability
~ of the specification to those activations whouirgdmenu‘meet the ednstr;aint. The identifier
of the process making the procedure activation can-be uséd s éne of thie arguments of the
procedure, so that if the ﬁentity of the particular process is important, it can be included in

. this way.

The actual abstract data object on which the synchronization is being performed is not
included as an explicit argument to any of the-procedures operating on it. - In this re'spect.
this kind of specification resembles the "state machine™ specifications used ~By Parnas for
- specifying the behavior of the operations of an abstract data type (see [Par72), eg.). It can
be assumed that operations are called by a me;hanism such‘ as the "d_ot" notation of Simula
([Dah72]), by which operation p on abstract object X Qith argun;ents a ana biis called via
the statement "x.p{a,b)”. A spxifidtion referring to operatioﬁ p fﬁight list arguments a and

b explicitly, but no reference would be made to object x. The specification would implicitly
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As an exémple of a specification expressed in this language, consider the following

expression, which also appears as example | in Section 2.7:
(pienhr ‘=> qjentw). o) (piexit = qjenhr)

This specification refers to two procedure activations, p; (the i-th activation of procedure p)
and 9 (the j-th activation of procedure q). Variables i and j appear free in ti1e expression
and therefore are universally quantified, and since no constraints are placed on the
arguments to the procedure activations, the specification in fact applies to any activations of
procedures p and q.. T he specification states that if the enter event for ] is preceded by the
enter event for p;, then it is also preceded by the exit event for the same activation of p.
That is, a currently executing activation of procedure p (on a given objeét) excludes a
subsequent activation of procedur'e q (on the same object) until the activation of p is
combleted. Notice, though, that concurrent activations of p and q are allowed, as long as

the activation of q begins (i.e. enters) first.
2.5 Syntax of the language

This section presents the syntactic rules for well-formed specifications. The notions
identifier and. arithmetic expression are assumed to be basic. An arithmetic expression is a
series of one or more identifiers and/or integer constants separated by the usual arithmetic
operations. The other notions are defined in terms of these two and each other. In each

rule the concept being defined appears in italics:
(1) A procedure name is an identifier.

(2) A term is an arithmetic expression.
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(3) An activation number is a term.
(4) An activation name is a procedure name, subscripted with an activation
Anumber.
(8) An activation expression is either an. agtwatm ‘name, ar.an acuvauon name
followed by a left pa renthesis, folbwed by one or more terms separated by
commas, followed by a right parenthesns o
(6) An event type is one of the eloments of the set: {request ; énter., exit}.
(7) An event expression is an activation expression superscripted with an tjv?nt
type. , o L :
(8) An ordering clause is an event expression followed by the symbol =
followed by another event expression, - '
(9) An arithmetic relation is one of the elements of-the set .
. Relei{=,=® , <,>,£,2

(10) An argument constraint is a term followed by in arithmic:fehtion followed
by another term. ’
(1) A clause is either an ordering clause or an arguinent constraint.
(12) A specification is defined by: |

(a) A clause is a specification.

(b) If S is a specification, then (— S) is a specification.

(c) If S| and Sy are specifications and op is an element of the set

| Op=in,v, 2,8, -
then (S| op So) is a specification.
(d) If S is a specification and i is-an identifier, then V i (S) and 3 i (S) are

specifications.

The "argument constraints” defined in rule (10) may refer to the activation pumbers
and/or to the arguments to the activations (which are the “terms” in rule (5)). They may not
refer to the actual abstract data object in quesnon however since it does not appear as an

explicit argument to any of the procedures. In fact a general rule is that the arguments of
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procedure activations to which predicates may refer are limited to immutable objects, such
as integers. The interpretation of a relation on a mutable object would depend upon the
point in time at which the relaﬁon is taken to apply, and might itself require
synchronization on the given object. Rather than becoming involved in questions such as
these, | choose to limit the predicates on activation arguments to immutable objects. This

restriction does not appear to be severe.
2.6 Semantics of the language

The definition of the language whose syntax has been formally defined in the
previous section can now be comf;leted by means of a formal definition of its semantics.
The purpose of the language is to express synchronization properties, that is, to constrain
the order of accesses on an abstract data object. The semantics of the Iangu‘a‘ge therefore
can be defined Iby specifying the collection of access histories that are valid with respect to
any given specification in the language. This is accomplished by defining a predicate
Valid(h, s), which decides for any history h and specification s whether h is a valid history

with respect to the constraint expressed in s. First, however, it is necessary to define the

concept of a history, and to restrict the concept to histories that are physically possible.

The first step in this process is to define the notion of "event”. An event is a 5-tuple

<p, t, X, 0, a>, such that:
(1) p € P, the set of basic operations of all types.
(2) t € ET, the set of event types, where ET = {request, enter, exit}.
(™ x € Ob, the set of all data objects in the system, and p is a basic operation for

the type of x. X is the data object on which the access is taking place.
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{4} n e N°, the set of positive integers. n represents the activation number.
(5) a is a vector [ay, .., 8L where.gach element a;€: Qb.: a-is the vector of

arguments top. ,
The typés of the objects aj, ..

must matchvthe types of the parameters to

« s A,

A partially ordered set of evvrents forms a computation history, provided that the partial
order fulfills the condition that each obj«t history is totally ordered. An object history for
data objec‘t z is a subset of a computation history, consisting of all events <p. t, X, n, a> in
' the‘ computation history such that x = z. All events in an object history are on the same
data object, so that the third component x of each event tuple can be eliminated, and each
element of an object history is simply a 4-tuple <p, t, ﬁ, a>. Throughaut the rest of this
section, we will be concerned exclusively with object histories, though the' simple term

- “history” will be used.

Since the events in a history are totally ordered, the history may be considered to be a_
sequence of events. A sequence over a domain D can be defined as either the empty
sequence [ ], or else the result of adding an elément d € D to the end of a sequence s, which

is given by the expression "add(s, d)".

Not all histories are actually possible. In order to define what class of histories are
possible, some further definitions are required. An event class for a data type dt is a pair
<p, t>, where p e P and t € ET, and p ns a basig opcratmn Qtrfudata typt; dt. The set of
occurrences of an event class <p, t> in a history b is.a.set. of pairs of the form <n, a>, where

n is an activation number and a is a vector of argu‘ment's, such that an event of the form
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<p. t, n, a> occurs in history h. Formally, this is given by Occurrences(h, <p, t>), where:
Occurrences([ ], <p, t>) = {}
Occurrences(add(h, <pps tp Ny a>), <p, t>) =
if (p = pj A t =t then Occurrences(h, <p, t>) U {<n, a>}
else Occurrences(h, <p, t>)
With the aid of these definitions, we can now define when an history is possible. The '
predicate Possible requires a request event to precede the corresponding enter event, which
in turn must precede the corresponding exit event. Also the ordering of request events for

a given procedure must determine the numbering of invocations.

Possible({ ]) = TRUE
Possible(add(h, <p, t, n, a>)) =
Possible(h) A
((t = request A Occurrences(h, <p, request>) = {<i,a,> |1 < i<n}) Vv
(t=enter A <n,a>€ Occurrenées(h, <p, request>)) Vv
(t = exit A <n, a> € Occurrences(h, <p, enter>)))

A few more definitions are required before the validity of a possible history with
respect to a specification s can be defined. An event expression is a 4-tuple <p, t, exp, v>,
where p € P, t € ET, exp is an arithmetic expression, and v is a vector of arithmetic
expressions, possibly empty. (The concept of arithmetic expression can be defined fornvally
in the obvious manner.) Let the set of arithmetic relations Rel = {=, #, <, >, <, 2} and the set

of logical binary operators Op = {A, Vv, D, #]. Then the set of event expressions in a

specification s is given by Evexp(s), which is defined in the obvious manner:



Evexp(el ==lg2) - { e ,122}7
Evexp(expj rel expg) = { }, for rel € Rel
Evexp(—~s) = Evexp(s)

Evexp(sy op s9) = Evexp(sl) u Evexp(sg), forop eOp
Evexp(3 x (s)) = Evexp(s)
Evexp(V x (s)) = Evexp(s)

An mterpmauon is a mappmg f from expressnons to data objects that preserves the

meamng of all constants and operauons That is:

() f maps every constant express:on to the correspondmg oonstant object
eg. f() =1 O o o )
(2) f is consistent with every operation,

eg. flexpy + expo) = flexpy) + flexps).. -
(3) f maps a vector of expressions intb:the corresponding vector of objects,

eg. f(<exp|. - s KPp) = d?(cxpf). iy ﬂ!xpm

An event e and an event expsessxon ee match under an mterpretanon f if e and ee are
of the same event class, and f maps the activation number express:on and parameter vector
: expressuon (unless the latter is empty) of ee to the corresponding eomponents of e. Formally,
Match(e ee, f) is deflned as:

Matcn(<pl. t, N, a>, <po, t2‘. exn. v>, f) -
(P =P A (tj=ty) A (flexp) =) A (v =[]V f(v)=a).

The validity of a history with respectAto a speaflcatnon s can now be defined by a
predmate VYalid. The definition of Valid recurswely determines when a htstory is vahd
with respect to a specification. For a hlstory to be ﬁhd the ns'evnous hlstoey conslstmg of

all but the last event must first be valid. Furthermore the last event in the history must
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satisfy the specification for all interpretations under which the event matches some event

expression in the specification.

Whether or not an event added onto a valid history satisfies a specification under an
interpretation is defined by another predicate Sat. The definition of Sat for a complicated
specification is basically just a matter of breaking down the structure of the specification, by
removing each logical operator and applying it t§ the recursive applications of the
definition, until one reaches the level of a simple clause. Satisfaction of an argument
constraint is determined solely by how the components of the clause are embodied by the
given interpretation, not by the event in ;;uestion. Whether an event satisfies an ordering
clause depends upon whether the event matches one of the event expréssions in the clause
<under the interpretation. If the event matches the first event expression under the given
interpretation, then it is necessary that no event matching the second event expression
occurs in the previous history. If the event matches the second event expression, though,

then some event matching the first event expression must occur in the history.

Formally, if h is a possible history and s is a specification, then h is valid with respect
to s if and only if Valid(h, s), where:

Valid({[ ], s) = TRUE
Valid(add(h, e), s) = Valid(h, s) A
' V (ee, f) (ee € Evexp(s) A f is an interpretation
N Matchle, ee, f) D Sat(h, e, s, )

The predicate Sat(h, e, s, f) determines whether event e added to history h satisfies
specification s under interpretation f. It is defined by the following equations, giving all

possible cases for specification s:
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Sat(h, ¢, (<py, tj, eXpy, V> =D <Py, ty, €XP3, Vi3), ) =
(Match(e, <py, tj, expp v, ) O ... :
((vo =[] A <flexpy), fivg)> ¢ Occurrences(h, <pg, t3>)) V
(vo =[] AV a(diexpg)a> ¢ Occurrences(h, <py; t2>)))
N (Match(e <p2, to, expz. v2> f) :> ,
(v = 1A <f(exp,) ﬂv|)> € Occurrences(h, <p2, t2>)) v
(v =[] A Fa{<Hexpy, a5 € Ocetirrencesth, <py. t>))
Sat(h, e, expy rel expo, f) = (Kexp,) rel. ;‘tj(e&pa))..‘iab&i €Rel o
Sat(h,e, ~s,f) = - Sat(h e, s, f) '
Sat(h, e,slopsz.f) - Sat(h e, 5, f) op Sat(h e.sz.f), foropeOp
Sat(h, e, 31 (s), ) = I mSatlh, e, slmyi), 1) S
Sat(b, e, Vi(s), f) = v.m Satth, e slmiil §

The notation s{m/i] in the last two equations represents the expression resulting from

substituting m for all free occurrences of i in s.
2.7 Examples

This section presents a series of ex;mplefng the qsepf_f the problem specification
language. These examples have been chosen with two criteria in mind. First, together they
iltustrate the range of features that the language offers. Second, they specify realistic and
representative properties, covering a significant portion of the classic synchronization

" problems that appear in the literature.

Example 1: Exclusion
(Pj?M” =3 qjonlor) S (Ploxﬂ=q;ntw) )
This specification has been discussed previously in Sectnon 24. It states that an activation

of procedure p excludes a subsequent activation of procedure q until the activation of p is
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Example 2: Mutual exclusion
ity . o0 \ it te
(pi.ll = qj.ﬂ O') | v (rqj.ll = Pi.ﬂ ') | | |
This specification is similar to example I, except that it is symmetric between procedures p
and q. That is, an activation of either p or q excludes any-cobicurrerit-activation ofthe

other.

Exawmple 3 Readers-w;iters property
| ((writei'""f = writej'“"'): > (writei"it = ua‘lfitej';‘"’)) /\
((write,*" => read,*™*") v (feadk"" => write,*"'*"))

. The so-called readers-writers property concerns two operations, "fead” and "write”. It states
that activations of "read” exclude thiose of "write™’ and. that an activation of "write” excludes
all other activations. of -either opefétion. This - has been re-shaped ‘into- an instance of
example 1 (an activation of "write” excludes all other activations of "write”), and an instance
of example 2 (activations of “read” and "write” mutually exctude one another). By
combining this specification with an instance of example 4, giving one qf the operations
priority over the other, or of examplerb, requiring an equal-ériorit;y first-come-first-served
discipline, one can obtain any of' the classic versioﬁs of the readers-writers problem (as

found, for example, in (Gre75)).

Example 4: Priority
(piwquost = qj-ntov) o) (Pionlu ,:,,anggr)

This specification gives priority to activations of procedure p over those of procedure q. It
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does this by requiring tna_t so long as the activation of q has not yet entered, theh any
_ activation of p that has been requested must enter first, regan'.ﬂess of whether the request

event for p came after the request event for the acttvatton of q This is an example of a

scheduling property makmg use of a request event

Example 5: FCFS scheduling .. .. S AT

(B =5 g™ = (p*™*" = q™)
This specification represents an alternative to giving either of a palr of operatlons prlonty
over the other. lnstead it requlres a strict frrst-comrﬂrst-served d:scnphne between them. by

E

statmg that whichever activatnon is requested fu'st is the one to emef ﬁrst.

Example 6: LCFS scheduling . .

(pyrervest = p:f'W') A (pyreemst = ™). > (p™ = p™¥)
Here another alternative scheduling policy, though probably a:less likely one, is specified.
This Tlast-come-first-served™ property requires that of all the requested and pending

activations of a given operation p,.the one most recently requested:is allowed to enter.

Example 7 Operatmn pamng

' (a onter bJ'""') o (c enter = dj"'"')
This specnﬁcauon requnres that whichever order occurs between the entry of an actltratnon of
"a” and one of "b", the same order must hold for the correspondlng actnvetlms of “c” and
"d", respectively. Illustrated is the use of the same activation number fer activations of

different procedures, i for procedures "a" and °c”, and § for progedures "b” and "d”. The

. specification could be used for a data type in which operations 2 and b conflict, in the sense
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of updating the same part of the abject’s state;as do operations ¢ and d, If operations a
and ¢, taken as a pair, update the state consistently, and operations b and .d do likewise,

then the constraint spécified here might be necessary to prevent an inconsistent update.

For example, in [Esw76], an example is given for which,the operauom have the
following meanings:
a: X = x+10;
b: x 1= x2;
Cy = y+0;
diy = ye2;
If the predicate (x = y) is the criterion for consistency-of the data object, then this would be

part of the specification required. (Other constraints.also.would be necessary.)

Example 8: Producer-consumer (singlrerl':(t‘uffer)

. (deﬁioiit = remiont;a;) A ‘(}e‘minit ..__.., depi;I‘OMor)
The "producer-consumer” problem is that producers and consumers must alternate in
depositing and removing emss,aggs,-resp‘ectiveiy,;m a shared buffer. This means that each

deposit, represented here by an activation of procedure  ldep”, must. 'precede the

. corresponding removal, or activation of procedure “rem’. On.the other hand,.the removal

must take place before the next deposit can occur. This. specification again illustrates the
use of the same activation number, for a,c_tiva;iongn{;wogi_j_f;‘egen; procedures, as well as the
use of an expression ("i+1") as an activation number. Notice that this specification could be
rewritten so as to make the relationships between activlavt}mkl;umb;ers more explic.it t;y

means of predicates on the activation numbers:
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=) D> (ep™ = rem *™)’ A*{mj‘“‘# dep,i"™™*"
“This specification is exactlj equivalent to the original; it makés'no différence whether such

.
[SSEINE 1

relationships are represented explicitly or imphicitly. ~ = 7

Exaniple 9: Bounded buffer R

(depi"‘“ = remi'“"') A (remi““ = depi,N'""') N

| (dep,” ™ = dep; ") A (remi"" => rem; ,;""*"
This example is a generalization of the pteﬁous one, in that the activation hu‘mbq of the
dep®™*" event has been changed from isl to i+N, for some integer N.~ The specification is
for the same problem, except that the size of the buffer is now N. This means that up to N
messages can be deposited in the buffer before fiffing it, so thit up to N successive “dep”
operations can be aflowed before”crie has to wait for a “remi™ operation. The last two
clauses state that the individual “dep” activations must be mutually fquQsjyg and execute in

first-come-first-served order, as must the individual "rem” activations.

Ex?uiple 10: Intervening activation

(™ = pj-um) > @k (p™=> g™ A g™ =5 p o) .
This specificati;::n represents a weaker property that is implied by the producer-consumer
constraint of example 8. It requires that between any two ctivations of procedure "p" there
must be an activation of procedure °q". This shows the use of an existential quantifier in a

specification to require a particular kind of event to-occur at a given point-in the history.

Example 11: Threshold of requests

Viik £i)n(i<k+«N) D (Piw =,(p£,,.,»
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This specification places a threshold of N request events for activations of procedure "p”
before the first one can execute. Since this applies to any value of k, the result is that
whenever an activation of procedire "p” is currently executing, there must be at least N

processes that are waiting on requests to execute "p".

Example 12: E:fclusion on a restricted class of accesses

(Pi(a)ﬂ“" = qj(a)onhv) ) (pi(a>cxiQ = qj(a)enhr)
This specification is identical to example 1, except that a parameter has been given to each
of the two procedure activations. By providing the same identifier as the argument to both
activations, this specification conveys the information that the arguments to the two
procedure activations are equal. Therefore the exclusion constraint expressed by this

specification is restricted to activations with equal parameters.

Example 13: Predicate locks

Ca,b) A (pjla)™™" =>.qj(b)"“") > (pjfa)™ = qj(b)'""')
This specification again represents a restriction of the exclusion constraint of example 1.
Here, though, the restriction is represented by a general predicates C on the parameters to
activations p; and 9j: This suggests how a simple version of the concept of “predicate I’ocks"
might Be specified. A specification of this form can be used to state the syﬁchronization
constraint, as long as the predicate C for which exclusion is required is known ahead of

time.
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For example, suppose that the abstract data abj;eg.m;ﬁrhir.bamadnm fptand "q"
-operate is-a hjerarchically organized database. . The databsse consists of a collection of files,
-each of which in furn consists of a oflection.of- recards.; Fle‘ahﬁprcdmﬁ:mighe express the

relation that records a and b are elements of the same file T herefore, procedure "p” would

exclude procedure "q" only when they were operating on records in the same file.

The general notion_ of “predicate lacks® was iniroduced : in [Esw76]l The more
compljcated versions. of,x.hc,.lconcépt - discussed. .there wounld require more complex

specifications.

'Example 14: Disk h.ead scheduliﬁg
’ «a;&ﬁh}'i___.,, a, ™) > (;iixn;,ay-m;)) A
((a (X2 = a, (kI =5 2, (x2)™N) A
(aj(x3)""”"' = ay (x)"™ = aj(xB)”'");A ,
(X0 =4 (™) -~
~ 3n) (@ (X0 => a " =» 2, (xI)™)) A
((x0 < xl < x2 NA(x2<x3.v x3<xl)) v
(x0>x1>x2 A(x2>x3 v x3>x1))
> (a;(x2)"™*" = aj(x3)"9'ﬁ"))
The final,exa;zxple is the "disk head scheduler” problem; which appears in. [Hoa74], among
other places. The problem is to schedule disk accesses so as to minimize average waiting
time. The way this is done is to have the disk head sweep in one direction, accessing each
tréck it encounters for which an access has been requested, until no more requested tracks

~ remain in the direction in which it is sweeping. The head then reverses direction and
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sweeps back, again accessing requested tracks as it encounters them. The essential idea is
that at any given point, the next track to be accessed is the one closest to the currently

accessed track in the direction currently being swept.

The specification for this problem concerns four activations of an access procedure "a"
on a disk, with the parameter (x0, xl, x2, or x3) representing the number of the track being
accessed. ‘The constraint expressed is that of the two activations (a; and aj) x;equested
during the time that another activation (ak) is executing, the activation allowed to execute
first is the one accessing the track nearest to the track currently being accessed (track xI) in
the direction currently being swept. The direction is indicated by the inequality between xO0,
the track that most recently accessed, and x1. Track x2 is accessed before track x3 either
because it is closer to track x! (either x! < x2 < x3 or xl > x2 > x3), or else becaus_e it is in the

right direction and x3 is not (x3 < xI < x2 or x3 > xI > x2).
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 Chapter 8

The Solution Specxfication |

3.1 Introduétion

There is a vast conceptual distance separati‘né, ~oh the one hand, a problem
specification -written .in' the language desctibed in Chiipter 2, ‘and on the other, the
synchronization code that-impilements the specification.’ This is:because the specification is
Ca ﬁomprocedural, -requirements-oriented - expression - of: what should happen with no
indication of the means by which this behavior shouid be realized: ' Determination of the
procedural mechanism, that is how to accomplish the desired Fon;traint on the time order of
accesses, requires a fundﬁamental‘ traAnbskft;r‘rﬁation m conce;ts.' Once this defermination has
been made, there are still a number of details that need to'be worked out, but the remaining
work is basically that of ‘the back: end of “a -compiler, translating from an intermediate
language into ‘actual code {though the target code in. this case is still-in a high-level

language, not machine language).

I have chosen to split the deri\}ation process into two stages. The first stage is the
transformation from procedural to nonprocedural form. I:t can ‘be described Qithout
reference to the exact details éf particular sc»ur:cej blanguage c@strugu. The second stage
construcﬁ a-n actual rimplemcntation. The‘ int?rnQd;;té forh inté which the problem
spéciﬁcation is transformed byv thé_first stage is ca“ed. the’ ;solu;ion .?peciﬁcation. This
chapter presents an informal descripﬁén of solﬁtion specifitgations, followed by a formal

definition of their semantics. The method for transforming a problem specification into an
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equivalent solution specification is the:subject ?C.Qgggpter 4, The translation of the solution
specification into synchromzanoncode ls tre;tedm Chapéer 5

Section 3.2 presents the "basic™ structure of the solution specnflcatnon. which is only a
first approximation to the actual structure. The basic structure descrlbedxls ‘q’-u|te snmple
and elegant, and-in. fact the solutions s0 many-synchronizstion.problems can be expressed
‘within it. Uaforwnetely.j,this:sgmple uiu&umheks sufficient -expressive power for certain
. important classes of problems. For this:reasen, it is‘necessary:fo augtuernit the-basic:structure
with.additional features, which are decsibed. in: Sestion: 3.3; . The formal semantic definition

of the solution specification appears in Section 34, . e
3.2 The basic solution epooifioefioo struoﬁre

The structure of the solution specification, as of the: problem specification, is- dictated
to some extent by-the guardian synchronization. madel.. That is, the solution specification
must coptain features corresponding to.those events associated with pracedure activations
that the guardian model distinguishes. Beyond this, there js-some cheoice as to-how rigid-a

structure to impose on the solution specnﬁcanon Smoe the soluuon spec:ﬁcauon is an
R

intermediate form between the problem specmcanon and the generated oode the degree of

i

flexnbxhty represents to some extent where it lses on the spectrum between these two

;i:,_:é. -

structures. A very general solunon specnﬁcatlon structure correspondmg to the generahty of
the problem specn’u:atlon language would repfesent a decmon that the soluuon specmcanon
be relatively close to the problem specnfucauon The pnee pmd for thls generalsty would lie

s)‘,."-' DL

in the dlfflculty of translatmg such a solutm specnﬁcanon into target code
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The alternative choice made here is for the solution specification to have a rather
rigid structure. This means that, as indicated in the introduction to this chapter, the
fundamental transformation takes place in deriving the solution specification from the

problem specification.

‘The basic structure of the solution specification is for each guardian to consist of a
collection of gates through which processes accessing the abstract data object must pass.
The use of the term “gate” is taken from [Rob75), though the concept as used in this thesis
differs somewhat from the one introduced there. Specifically, the guardian for an object of
abstract data type t contains a gate for each event class of t. This means that for each
operation p of the abstraction, there are gates p"“"'s', p°""', and p"“. Each event
associated with an object corresponds to the passage through a gate in its guardian. For a
process to access the data object by activating procedure p, the process first must pass

through the p"°® gate, then through the p®™®' gate. At this point it executes the body of

procedure p, after which it must pass through the p*" gate.

Each passage through a gate by a process produces a (concepfually instantaneous)
change in the state of the guardian. Because of the total ordering on the events associated
with an object, the gaté passages for a particular guardian are totally ordered. The
ordering of processes passing through any single gate is first-come-first-served. This means
that unless a specification explicitly requires a particular scheduling policy for activations of
a given operation, the default policy assumed is first-come-first-served. The order of sgrvice
among different gates of a guardian is assumed to be fair, in the sense that processes at

different gates have equal chances of being chosen for service. That is, a requirement in
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the implementation is that-a process-canmot:starve because: of fack of attention- from the

_-sclhreduling mechanism.

Gates for request and exit event classes ase uncpndltlonal, L) tﬁat processes cannot be
blocked in passing through these gates. A gate for an enter event c!ass is eepdltlonal
however. Associated -with each enter gate:there is;some condition on the guardian state.
This condition must be satisfied in order for the process: making the activation to pass
through the gate. If a process attempts to pass through an enter gate whose condition is
-not satisfied, then the process is blocked, and ‘must wait untit the condition becomes ‘true

before proceeding through the gate.

Schematically, then, an activation of operation p on a data object is implemented by
the abstract program below Since gate passages represent events whlch are totally ordered,
the abstract code representing each gate can be consndered an mdivnsnble operation.

preet. update guardlan state

P

°"e". wait until entry condition is sa"iisﬁed.

then update guardian state
executé body of operation p

p*. update guardian state

It would appear that to represent a given solution specification, it would be necessary to
specify for each operation p the specific entry condition on gate p*™e", and the particular
updates to the guardian state accomplished in each of the thiree gates. In fact, the form

chosen for the synchronization state of a data object defines a priori the nature of the

updates within all gates.
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The history of a data object, and of the guardian for the object, consists of the totally
ordered sequence of events associated with all accesses of the object in the entire
computation. The state of the object represents some abstraction from the history that is
sufficient for predicting its future behavior. An alternative way of saying this is the
definition in [Gre75] that a state is an abbreviation for a class of histories. The
synchronization state of the object is the synchronization component of the state, which is

sufficient for the prediction of its future synchronization behavior.

The decision made here is to express the synchronization state of an object as the
number of events that have occurred at each gate of its guardian. The notation used is
that count(g) denotes the number of events at gate g. So count(p"*3*®!) is the number of
activations of procedure p that have been requested, whether or not those requests have
been granted; count(p®™*') is the nuhber of activations of p that have entered, whether or

not they have exited; and count(p™") is the number that have exited.

This decision has a number of ramifications. The implications for the expressive
power of the solution specification are discussed in the next section. The decision to use
counts forms the basis for the method of deriving a solution specification from a problem
speciﬁcation, as will be apparent in the description of the derivation algorithm in Chapter
4. With respect to the basic strugture of the solution specification, it means that in the
schematic abstract program representing an activation of operation p, each update to the
guardian state now can be defined to be simply incrementing the proper count. The

abstract program therefore becomes:
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: p"ﬁ“!": incremen teouﬁt(p”-‘"‘")sb’yl ST e et
™" wait ungil entry, condition is. satisfied.. .
then increment count(p"*") byl

" execute body of operatlon p
p*™*: increment count(p™}by 1

That is, the ‘update to the synchromzauon state withm each gate consists srmply of

incrementmg the count of events at that gate by I (T he quantlty coum(g) is snmllar to, and

in fact can be implemented by, the eventcount notion mtroduced in [Ree??])

This means that the representation' of a partieula:r sohmon specmcauon can consist
simply of the entry condition on :gate p onter, for each operation p of the abstract type Each
entry condition on the synchromzatron state must take the form of a predlcate on the counts
of gates. The other (non-enter) gates in the soluuon specrﬁcatlon are mdncated lmphcrtly by

the appearance of quantmes of the form count(g) mthin the entry mndrttons

For example, consider an abstraction wlth one operatm op Suppose that the
synchronization constramt for this abstractlon requlres actnvatlons of op to be mutually
exclusive, that is, at most one activation is allowed to’ be executmg at a time. Then the
solution specnﬂcatnon for the abstraction can be expressed by statmg the condmon for gate

op*™*" to be

count(op'“"') = eount(op"‘")

This is a shorthand way of saying that the abstract pmgram for accessmg an abstract data

object via operat:on op is:
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reques!: increment count(op™™**') by 1|

op
op®™*": wait until count(op®™*) = couitit{op™",

then increment count{op™*) by 1~ -
execute body of operationop- ¢~

op

. increment count(op®™) by |

As a sgc_bnc_l example, consider anabstrac;mnw:th two operations f and g. Assume
that an activation of operation f is allowed to begin execution only if no activations of g
have been requested and are waiting. Also, let an activation of g be able to enter ‘only if
exactly one activation of f is actively being executed. Then the solution specification for
" this abstraction consists of the two entry conditions:
For gate {*"". count(g"‘“‘"*)-eount(g‘“") -
For gate g™ count(ferier) - count(f"“) -1
~ In other words, the following are the abstract F;rbg}a.rh's'fbr"ict‘ivatit)ﬁs of f and g:
Abstract program for f:

fre*=!. increment count(f*****!) by |

feMer. wait u'nt:il“cdiii\:t’(g"“““‘) -count(g'm').
then increment count(f™*)by I .

execute body of operation f

% increment count(f**") by !



Abstract program for g:
g™ increment count(g"™*™).by |
g*"'*": wait until count(f*'*’} - count{f*™) =1, -
then increment count(g®™*) byl

execute body of operation g

g

. increment count(g**") by I

3.3 Additional features of the solution specification

As indicated in the introductjgn to thi; ch;pter. thevpa‘sitﬁ:ﬂsrtruqurej pres_entgd thus f;r
for the solution specification lacks sufficient power for expressing solutions to a wide class of
synchronization problems. Two new featurgs must bc added to, this basic structure in order
to achieve the required expressive pawer. These addmonalfeaturc;, which are the subject
of this section, provide the ability to save and use_previous st;;g,;,i;r\formgugn, and the
ability to use properties of parameters to operauon a;tiv.atiops. ,Tpe first to be stcussgd is

the use of previous state information.

In the previous section, the sync_htoqiuﬁon state ,wa‘sf_ggﬁnq:.i as some abstraction from
the history of a data object containing sufficiert infermation. for:the prediction of the future
synchronization behavior of the object. Unfortunately, the counts of all event classes do not
provide sufficient information. Sometimes it is néc;mry to kndw not only how many events

of each class have taken place previously, but in what order certain of these events occurred.
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There are a number of advantages to using integer-valied counts to represent the
synchronization state. As illustrated in the previous section, it makes the abstract state
update within each gate of the guardian particularly simple. As a result, the actual
lmplementatlon of a solutlon speclflcatton ‘m terms of a source language synchromzatron
mechamsm which is the subject of Chapter 5 can. be both sumple and efflclent This

efncrency is 1mportant in ensurmg that the synchromzanon code ttself does not stgmﬁcantly '

M

affect the concurrency of the computatlon The use of counts is also |mportant in terms of

the algorlthm presented in Chapter 1 for denvmg a solutlon speaflcatlon from a problem

1 3 ‘\’
sleeytie vty S :
e l

SPElelcatlon For these reasons, it is deslrable to remedy the lack of expresslve power in a
. R (AR T TR E L P 2

way that does not sacrlfrce the advantages of ustng counts of events as the basxc form of the

synch ronization state.

The way to accomplish this is to add to the basic sofutien ‘Specification structure the
ability to save the synchronization state at the time of an event. The state of the guardian
then includes not only the current synchromzatlon state but also each prevnous state that
has been saved Condttlons on enter gates can be expressed :n terms of both the current
synchromzatron state and any mformation saved from prewousstates ‘All the mformatton
that is lost by abstractmg from the complete sequence of events within the hlstory to the
counts of event classes can be regained by using the state at the time of prior events as well
as .the current state. Basically the reason for this‘is that vahen it is necessary to know
whether sorne particular event e; has pre‘ceded»some other event eo in the preceding
sub—history, this information can be obtained by comparing int‘ormation in the states when

€| and e occurred with the current state and/or each other. In Chapter 4 it is explained
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‘how previous state information is derived to express properties for which the current state

is insufficient.

A notational extension is needed to represent prevrous state rnt‘ormatrdn Unless
indicated otherwise, quantitres appearmg in a condmon represent bcurrent state»vAalues
When a quannty is meant to represent a vatue rn the state at some prevrous event. the
notation “e g” appended to the quantrty is employed where g .; the namerof some gate
This means that the quantlty refers to the state saved just prior to the most recent event
occurr ing at gate g. For example the number of activations of p that had been requested at
the point at which the most recent exit event for procedure q has occurred is denoted
[count(p™s*st) o q"'"] Notice that since the state is saved just before the mdtcated event, a
quantity such as [count(q**") e q**"] does not inciude the q*** event actually occurring at the

point at which the state is saved.

As an example of a solution specificntion that uses prev‘lipusstete information, consider
an abstraction with two operations u and v. Suppdse that‘it.ts desired not only that
activations of operation u be mutualty exclustve, but that between any two successive
activations of u, an enter event for operatron v must occur. Thts can be expressed by the
condition

count(u*™*") = count(y®™) A [count(v""") . u“"] < count(v'""')

ee’  The second conjunct of the condition says that eount(v"“") must increase

for gate u
between the exit event for the most recent activation of u and the trme the next activation

of u is allowed fo enter. The corresponding abstract program for an actrvatton of u is:
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request,

u increment count(u™*s!) by |

enter,

u™e". wait until count(u®™®) = count(u®™) A

[count(ve™®") @ u®™*] < count(ve™e"),

then increment count(u®™*") by 1

execute body of operation u

exit, onlor)
. ’

u save the guardian state, in particular the quantity count(v

and increment count(u®*") by |

Each event at gate u®™®" uses the value of count(v®™*") saved at the most recent u** event

in its entry condition.

As before, a solution specification is represented simply by the entry conditions that
apply to all enter gates in the guardian. The state information that must be saved is not
listed explicitly. Instead it is indicated implicitly by the appearance of quantities of the form

[count(ec) e gl, where ec is an event class and g is a gate, within entry conditions.

There is another aspect of information that is lost by abstracting from the history of
an object to simply the count of eve'nts in each event class. The history is a sequence of
events, each of w‘hich is described not only by its event class, which is to say the opera:ion
name and event type, but also by the vector of parameters passed to the operation. All
information concerning the values of these parameters is lost when considering only the
counts of event classes. For instance, it may be necessary for activations of an operation to
be mutually exclusive only if an integer parameter of each activation is non-negative. Such

a property can be expressed in the problem specification language of Chapter 2, but not in

a solution specification with the structure presented thus far.
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The solution is to "qualify” gates in the solrtion. specification. A gate is qualified by
the attachment of some predlcate on t‘he parﬁmeters of thc associsted pr&edure’ activation.
Only if the parameters of an actlvatnon satisf] the predmte does the process making the
 activation pass through that gate. An unquahfled gae;;whwh.applae;:to;#mlvauons of
the given procedure may be corisidered to be simplf*: speclﬂ caseof a qualmed gate, with

a qualifying predicate that is identically TRUE for all parameter values

Some neQ ;uota;tion is needed in order to refer to’g‘ates. Anv unqual;i‘ﬁed gate, as pefore,
is indicated simply by the event class it is in, such as the p*™*" gate. A qualified gate is
denoted by appending the qualifying predicate to the procedure activation cxpréssion.‘ The
rotation used is similar to that employed’ in set theory, with a vertical bar used to separate
~ the predicate from the activation expression. Therefore, {p(v) | C(v)I™* denotes a gate in
the p°™®" everit class that is qualified by the predicate C on thie  vector ‘of parameters v to

procedure p.

As an example, consider the following situation. Let an abstraction have one
operation h, taking a single integer parameter x.‘. "Le.t afl activations of h with non-negative
parameter values be mutually exclusive. Then the solution specification contains the
condition

count(Th(x) | {x 2 0)1**) « count([h(x) | (x 2 O™
for gate [h{x) | (x 2 0)*™*  This means that ‘the-gates for both the H*™ and h*** event
classes are qualified with-the predicate (x 2 '0), and that any activation of h whose
parameter does not satisfy this predicate need net pass through these gates. That is, the

abstract program for an activation of h with parameter X is:
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"9t increment count(h"*™**) by |
h*™*": if x 2 0 then ) ‘ |
wait until count({h(x) | (x 2 0)I°*") = count([h(x) I(;( 2 0)]""); |
and then increment count([h(x) | (x 2'6)*™*") by 1 '
execute body of operation h with parameter x
h*® if x 2 0 then o ,
| increment count(lh(x) | (x 2 0)?'“) by 1

Since gate h'*™*! is not qualified, all activations must pass through it, regardless of their

parameters.

Allowing only one qualifying prediééte for én’ event ;l;ss would be overly restrictive.
It may be necessary to maintain counts of several different subsets-of events in an event
class, where each subset is disti.ngu"ished by a different predicate on the opefation
parameters. These subsets may em.\te_r: be disjbi;vt or ‘?Yé?“p. ’ Also, different entry
conditions may be required for different subsets of the total set of activations of an
operation, and again these subsets may- be disjoint. or overlap.- It is therefore necessary to
generalize the above structure by allowing more than-one gate for each event class. Each
gate in an-event class is distinguished by a different qualifying .predicate, and each gate of
an enter class may have a different entry-condition as well.-When there. is more than one
gate for an event class,-a process passes through exactly that set of gates whose qualifying
predicates are satisfied by the parameters of the activation. it is making. These gate
passages are assumed to all occur in parallel. It is this simultaneous passage through a

subset of the gates in an event class that implements the abstract notion of an event.



-85 -

The implementation of each event class by a ‘whole: set -of. gates is'a fundamental

change in the structure of the solution specifiation lt is perhaps ‘best understood by

sy 1%
SIRII¢

looking at the new abstract. program for an acuvauon of operatlon p wnth parameter vector
v:

p""""': in parallel for all gates g in event class P e ;

......

. then increment count(g) by | )
p*™*": in parallel for all gates g in event class p""" |
if v satisfies the qualifying predicate of g,

then wait until the entry condition of g is satnsﬁed.

‘and then increment eount(g)'byl |
execute body of operation p
p*"*: . in parallel for all gates g in event class p**",
ifv sansfles the quahfymg predlcate of g,

‘then increment eount(p"") by 1

Since the events in an object -history are totally ordered, each event must be an
indivisible operation. This meansthat all gute passages makiugap an event occur, at least
in a conceptual sense, in paraliel and simulaneously.  In-particalar; it means that a process
‘may not pass through afi enter gate unless it:can pass through all of the enter gates for the
‘given event class whose qualifying predicates are satisfied by its parameters.: Only when ali
the entry conditions on these gates are satisfied may: the:enter event, in the form of the

parafiel passage through' all:these gates, take place. |
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As before, the processes that are blocked at a given enter event class are queued up in
FIFO order. However, they need not be unblocked in this same order. Each process in the
queue is waiting on one or more conditions, depending upon which qualifying predicates on
gates apply to the activation. The process that proceeds. first is the one closest to the front
of the queue for which ali entry conditions are satisfied. This may not be the one at the
head of the queue, since 'that process may be waiting at a different set of gates than other

processes further back in the queue.

It is important that the distinction between qualifying predicates and conditions on
gates be clear. A qualifying predicate can be attached to a gate of any event class; and
represents a constraint on the parameters of the associated procedure activ:;\tion. If the
predicate is satisfied for a particular activation, then the process making the activation
passes through the gate, while if it is not satisfied, the process bypasses the gate. A
condition, on the other hand, applies only to an enter gate. This condition is on
synchronization states, the current state and perhaps also one or more previous states. If the
condition is true, then the process may pass through the gate. If it is not, then the process

becomes blocked, and must wait in a queue for the condition to be true.

As an example of a solution specification employing muitiple gates, consider the
abstraction discussed above with one operation h. Assume now, though, that h takes two
integer parameters x and y. As before, activations of h for which parameter x is
non-negative must be mutually exdusive. In addition, though, we want activations "for
which parameter y = 5 to be excluded whenever there is an gctivation currently executing

for which y > x. The solution specification for this example consists of the following two
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cond i:t ions:
For gate [h(x,y) | (x 2 0)F'™". PR
count(th(x.y) | (x 2 0)I*™*) « count(lh(x.y). | (x 2.0)]),
For gate [h(x,y) | (y = 5)I™*":

countilh(x )1 (y > ™) = count@hixg} | (y > T

- These conditidfri\sv:r'equire two gatés with en.try conditions for event class h*™*, with
qualifying predicates (x 2 0) and (y = 5). There must begatesm both the h*"** and h***
event classes to maintain counts for the qualifying predicates (x.2 0) at.l._d,(_y_ > x). The

abstract program for an activation of -h with parameters X and. y.consists of:

N
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heavest. jncrement count(h™®*s!) by |

h°"'°'_: in parallel, .
if (x 2 0), wait until
count(lh(x,y) | (x 2 0)J°™*") = count([h(x,y) | (x 2 0)I**"),
and if (y = 5), wait until
' count(lh(x,y) | (y > x)I*™*") = count([h(x,y) | (y > x)I*"),
and then in parallel,
if (x 2 0),
increment count([h(x,y) | (x 2 0)1*™'*") by 1
and if (y > x),
increment count({[h(x,y) | {y > x)I*"'*") by 1
execute body of operation h
h* in parallel,
if (x 2 0),
increment count([h(x,y) | (x 2 0)J**") by 1
and if (y > x), R

increment count([h(x,y) | (y > x)I**") by 1
That is, if both qualifying predicates (x 2 0) and (y = 5) are satisfied for an activation, then
both entry conditions must be simultaneously satisfied before its enter event. If only one
qualifying predicate is satisfied, 'then only the entry condition corresponding to that
qualified gate must be true. If neither predicate is satisfied, then the enter event can occur

without delay. In any of these casgs, count{lh(x,y) | (y > x)I*™e") is incremented if and only

if (y > X).
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" 8.4 Semantics of the solution specification

Thu-s far, the discussion in this chapter has relied on an informal, intuitive idea of the
meaning of the solution specification. This section presentsthe formal definition of the
semantics of solution specifications. As was the case fo: the probiem specification language,
i' whose fofmal definition was presented in Section 28, the :semantics of the solut_ion
specification structure are defined by specifying which histories are valid with respect to any

particular solution specification.

A qualification is a predicaté ona véctor of pargmeters. The domain of qualifications
is denoted Q. One particular element of Q is the predicate that always returns TRUE. By
considering this special predicate to be the qualification associated with what until now has
been called an “unqualified” gate, we are ab; to cons:der all gagg; to be qualified. So, a
gate is a pair <ec, q>, whase first component: ec is an eveat class and whose second

component q is a qualification.

A state is a function from gates to non-negative integers. A state maps each gate into
the count of the number of passages through it. ‘A condition isa predicate on a set of states.
If the condition refers only to the current state, then the argument to the condition is a
singleton set containing only the current state. When a condition refers to previous states as

well, each of these states must also be in the set.
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A solution specification consists of a set of gates, and a condition on each one of these
gates. (It is simplest to take the view that a solution specification assigns each request and
exit gate, and every enter gate not explicitly given an entry condition, the condition that is
identically TRUE.) The set of gates in solution specification ss is given by the expression
Gates(ss). For every gate g € Gates(ss), the condition assigﬁed to g in ss is given by
Cond(ss, g). The set of previous states that the condition on gate g in solution specification

ss refers to is given by PrevStates(ss, g).

A history is valid with respect to a solution specification if. for each event in the
history, every solution specification condition that applies to the event is satisfied at the
poin; in the history at which the e;/ent occurs. (Actually, only enter events have non-trivial
conditions, but for the sake of uniformity, it is easier to define the concept in terms of all
events in the history) To define this formally, it is necessary to have functions that map
historiés into states, i.e. into functions from gates into counts. The function CurSt maps an
object history, the sequence of events associated with a given object, into the current state of
that object. Recall that an object history is either the empty sequence [ ], or else is obtained
by adding an'event onto some other history. An event is represented by a four-tuple of the
form <p, t, n, a>, where p is the operation name, t is the event type, n is the activation

number, and a is the vector of arguments. The definition of CurSt is:
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CursSt{[)) = Nfec,q).0
-CwStadd(h, <p, 1, n, 835) = N (ec,q). (if <p, t> =ec N-gla)
then.. (CurStthXes, @) + 1)
eise CurSt(h)ec, q)) -
The notatien used ﬁere is taken from A-calculus. Tha:fgmwh; "N x, y).-E" represents the

function of arguments x and y whose body-is given.by F.

The function MosRecSt (Most Recent State) map.s:'jah obpct hlstory and a gate into thé
state of an object at the time.of the most recent.event at that gate:.
MosRecSt([ ], <ec,q>) = A {ec,q) 0
MosRecSt(add(h, <p, t, n', a>), <ec, g>) = jf <p,t> =ec A.qla)
- -then .CurSt(h)
* else MosRecSt(h, <ec, g>)
The Cl;rrent state-after history h becomes the most recent state for any gate that applies to

the event added onte h.

It is now possible to formally define the valiidiftj" of a history h with'respect to a
solution specit;ication ss. This is gi;'en By ValidSS(‘:, ss), >where:
Valid$S([ ], ss) = TRUE
ValidSS(add(h, <p, t, n, &>), 35) - Varlidrssi(!‘i.‘s's‘)m/\
v (e, q) (<ec, g> € Gates(ss) N ec = <p,t> N q(a)
| D SatSS(h, ss, <ec, q>)
SatSS(h, ss, <ec, q>), defined below, is a predicate that determines whether the state

represented by history h satisfies the condition in solution specification ss for gate <ec, g>.
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Therefore, the definition of ValidSS simply states that a history is valid with respect to a
solution specification if it was valid before the last event occurred, and if the history

satisties the conditions for all gates that apply to the last event.

The predicate SatSS is easy to define. A'history satisfies a condition simpiy if the
current state plus the relevant most recent states of the history satisfy the condition. Recall
that the condition on gate g in solution specification ss is given by Cond(ss, g), and that this
condition is simply a predicate on a set of states. 'Formally, then,

SatSS(h, ss, g) = C(States),
where C = Cond(ss, g)

and States = {CurSt(h)} U {MosRecSt(h, g') | g’ € PrevStates(ss, g)}

~ The subject of the next chapter is the method for deriving an equivalent solution
specification from a problem specification. Section 4.6 justifies the method presented. This
justification relies on both the formal definition of the problem specification language given

in Section 2.6, and the formal definition of the solution specification in this section.
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Chapter 4

Derivation of the Solution Specification

4.1 Introduction

The subject of this chapter is the algorithm for analyzing a problem specification and
deriving from it an equivalent solution specification. There are two aspects to the
construction of a solution specification. Identifying the gates required in the solution
specification is relatively straightforward. This simply involves identifying the event classes
appearing in the problem specification. For qualified gates to be identified correctly,
however, this must be done after all argument constraints have been incorporated into the

ordering clauses of the specification, as explained in Section 4.5.

Constructing appropriate conditions to attach to the gates associated with enter event
classes is the formidable task. The algorithm for constructing these entry conditions is the
subject of this chapter. As explained in Chapter 3, the set of conditions on all enter gates is
sufficient to represent the complete solution speéiﬁcation. The other gates in the solution
specification and the saving of previous state information are indicated implicitly by the

quantities appearing in the entry conditions.

In constructing a condition for an enter gate, the basic strategy employed is to
determine, in terms of the synchronization state, what distinguishes points in a computation
at which an event at that gate should or should not occur. "Should occur” here can be

interpreted formally as satisfying the predicate Sat, which was defined in Chapter 2, relative
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to the given specification. In nraking this determination, it is necessary to corrsider all
relevant subsequences -ef : hisgories. ;peciﬁcal!ys those. sybsequences containing the events
mentioned explicitly in the specification. Each of these wbsequmcee. or “orderings”, can be
classified as either valid or invalid with respect to the specification.: ¢’ each ‘point in an
ordering at which an event occurs at the gate m questlon |t is posuble to charactenze the

!

synchromzatlon state. These mdmdual characteruanons can then be combmed

applop'l iately, based on the vahdny of the ordermgs to form an ovetall condmon for the

gate.

The pa:ragraph abave summarizes the main phase of ‘the derivation algorithm.  The
result-of this phase, which is presented fuily.in Section 4.2, is the derivation ‘for each gate of
a "preliminary condition™. For cases where the correct condition -for.a gate‘can be expressed
solely in terms of the current state, the prehmmary condmon is correct. When this is not so,
the prellmmary condmon can be refmed by n(eratmg orfer another phase of the algorlthm
This phase, whlch is presented in Sectlon 43 uses mformatlon saved at prevrous states m

the ordermgs as well as the current state. Secuon 11 contams an example of applymg the
algon ithm of Secnons 12 and 4.3. The one other aspect of the elgomhm is some mltlal
processmg desngned to make the specufrcanon sultable for analys:s. Secuon 4.5 descnbes thls
processing, in which argument constraints are mcorporated into the speclflcauon so that the
transformed specification consists entirely of ordering clauses. ‘The algorithm is summarized
in its entirety in Section 4.6, and there a justification-is-presented for why it works. The Tast’
section- of this -chapter, Section 4.7, -discusses ‘the class of:: specifications f(;r which the

| algorithm fails.
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An important feature of the approach to be presented is a property that I call
extensibility. This means that the algorithm can be applied to each conjunct in a problem
specification individually. If the specification s is of the form

S|NAS9 N . A s,
then for each conjunct s; of the specification, the algorithm derives one or more conditions
for gates in the solution specification. For each gate, the condition required for the entire
specification s is simply the conjunction of the conditions obtained separately from the
conjuncts s;. This property can be proved in terms of the formal semantic definitions of the
problem specification language and the solution specification. Informally, it is true because
each conjunct in a specification represents a separate constraint that must be met by any
valid history, so that the overall specification represents a set of constfaints, all of which
must be met. If each constraint is implemented by a different set of solution specification
conditions, then the joint overail constraint must be implemented by conjoining all these
conditions. This is because an event may validly occur only if it does not violate any of the
individual constraints. For this reason, the analysis of specification s can take place on each
relatively simple conjunct separately, rather than on the entire, more complex specification.

With regard to any reference in this chapter to specification s, the reader should understand

that s can represent a single conjunct that is being analyzed individually.



-66 -
4.2 The derivation algorithm = -

This- secti;m ‘de:scribes the esséncc of the dcrivatioq algorithm. .k |s »asspmvchtha'; the
problem specification consists exclusively of ord_ering inforn;ation. in that all clauses, as
: defiqu in Sec;ion 25, are orderipg clauses qf the form g_ej == ,52), wt!gre_ events elra:nd €9
refer ¥o procedure acti‘»va’tions for which arg‘um:ems‘arg”m;t iis;evc‘l.’ That i.s to say, thgrc are
no afgument constfaint clauses, nor ire arguments exphc:tlyglven for an'y pro;edurg
activations. The conditions derived for the solutiqn ségc{ﬁcatﬁqn in this phase of the
algorithm refer only t§ the current synchronization state, and not to any previous states.
When any of_ thg preliminary conditions dgri»veid-b‘y‘ thi; phase‘is ipadequa;e, then previous
state information must be used in order to refine it. The method for qung so is pfesen.tgd

in the section following this one.

The algorithm' is presented here on a step-by-step basis. Each step first is described as
it works on a general specification s, and then illustrated dn a particufar specification. The
specific example used bfor illustration purposes is example 4 from Sectioi 2.7, which will be
denoted here as specification s;: |

p;lenst = qj"“" > p* = (Ij'm'-
As discussed in Chapter 2, the effect of this specification is to give executions of procedure

p priority over those of procedure q.
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Given a problem specification 5. the figst step in deriving the equivalent solution
specification is to identify Evexp(s), the set of event expressions.appearing. in s. Infermally,
this set can be constructed simply by noting which event expressions are contained in.the
specification. The recursive definition.of Evexp(s), which was presented.in Secfion 26 and
is repeated in Figure 4. -below, can be. used te formally construct ;Evéxp(s) for any
specification. For the éxample specification,

EVCXP(SD -' {plr.qu.ﬂ' piéth' Qj'"h'}-

Once Evexp(s) has been constructed, the, next step. is to construct the set of possible
time orderings among the events represented by these expressions. Suppose a history
contains events that correspond te the event expressions .in —.the specification. Formally,
using the definitions of Section 2.6, this means that there ns some interpretation mapping
-the event expressions in -Evexp(s)-into.a subset of the events in.the history. Then whether
or not the history. satisfies the specification. under_this. interpretation depends upon the
order among exactly these events. To analyze all.possible 'histor;es that involve events
corresponding to the expressions in the specification, it is sufficient to analyze all possible

subsequences of these events: A subsequence of events. in a history.is called a sub-history.

Figure 4.1. Definition of Evexp(s)
Evexp(expj rel expy) = { }, for rel € Rel
Evexp(—s) = Evexp(s)
Evexp(s; op so) = Evexp(s;) U Evexp(so), for op € Op
Evexp(3 x (s)) = Evexp(s)
Evexp(¥ x (s)) = Evexp(s)



" Since ‘each relevant event is represented by an *‘évem*éxpfe’:’sim ﬁhppﬁri‘ng in
specification s, the sub-histories of interest correspond to-the possible sequences of the
expressions-in Evexp(s). Each sequence of évent ‘expressions that' ‘reﬁrcsgrits‘a" possible
sub-history is called an ordering. Every history containirig events represented by the event

expressions of Evexp(s) corresponds-to exactly one of the oraerings.

If the size of Evexp(s) is n, then therc are n! éefmutatms of thésé n events, ’but not all
of the corresponding sequences are necessamy posslble time orderings. To be a possible
ordering, a sequence must obey the basic constraint

Uy Wy g eMer oy e

for every procedure activation ug,. For e‘xam‘ﬂe. consider a case where

Evexp(s) = {x,"owest, x_snter, _onil, o reqast y o8 5p™.
While there are 720 permutations of these Sik-&vents; only 20 sequences represent possible
‘time orderings. An additionat 'constr.aint*tha‘t must be‘riiet by any ﬁrdériﬂg'-iﬁ that

| (M <n) D (u, T =y T,
since the numbering of procedure actiﬁtio”ns‘is based oh’ the order of the respedﬁe request
~ events. Thus, for a specification in which x; oot yiid X, ,I"""" both appear, x{"‘“"‘ must
precede xi*l"“""' in evéry ordering. These constraints are exactly the ones embodied in thc
predicate Possible defined in Section 26. Rulmg out all oi‘deﬁngs that are impbsiiblé
corresponds to restricting attentio;a to object histories that a;e; pos;gbleaccording to ‘t:hit

definition.
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Formally, the construction of the possible orderings among the elements of Evexp(s)
can be carried -out in two stages. The first stage consists of generating all permutations of
the elements of Evexp(s). Then every permutation that violates one of these basic

constraints is eliminated.

For the example specification s;, Evexp(s;) contains three events, as already noted.
Although there are six permutations of these three events, only three are possible time
orderings, since the other three violate the constraint that pi"’“"'" = p;*""*". These three

possibie orderings are:

n Pirequest = Pienier - qj,m.,
(2) pyeovest = qjenler — pi.m.,
(3) qjen'ev = pirequesl = piem.,

That is, in any possible history in which there are events corresponding to the three event

expressions in Evexp(sy), these events must occur in exactly one of these three orders.

Once the possible orderings of the events associated with specification s have been
constructed, it is necessary to sepafate them into two classes. Those that satisfy the
specification s are termed wvalid orderings, while the rest are invalid. Validity of an
ordering with respect to a specification s can be determined ‘by simply evaluating the
formula s. In this evaluation, either TRUE or FALSE is substituted for each 'expression of
the form (e; => eo), depending upon whether or not event e; precedes event ey in the given
ordering. Since it is assumed tl;at by this point the specification consists entirely of

ordering information, the result of this evaluation must equal either TRUE or FALSE.
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The ordering is valid when the formula-evaluatés to TRUE, and' invalid when it is FALSE.
- In terms-of the'formal semaaties of the prableny specification lamgirage: presented in Chapter
"o 2 this -corresponds - to:. eviluating "the ‘predicate -Sat for- an ofherwise valid ‘history ‘that

contains the given ordering as a sub-history under an arbitrary interprétation.

For the example, substitution of ordering (i)-into specificatior 5 yields the formula
: ‘-‘TRURﬁmﬁ; SRy
which evaluates to TRUE. "Substituting ordering (3 into-s; results- in the formula -
FALSE D FALSE,
which also evaluates to TRUE. Orderings (1) and(3) are therefore both valid with respect
to sl.‘ Substituting ordering (2) into s, however, ylelbds o 7;
. TRUED> FALSE ) |

which is FALSE, so ordering (2) is invalid.

In describing the next soep-of the algorithm, somé defirtitions are meeded. A prefix of
a sequence is slmply any initial subsequence A specnal case is the empty sequence whlch is
a preﬁx of every sequence Any two sequences have a un;;ue longcst matcldng prefx whnch
they share. Gnven two dlﬂ‘erent ordermgs of n events, there isa umque k, where 0 < k <n,
nsuch that each of the ﬁrst (k - l) events in the two ordermgs are ldem:cal, and the k-th

events differ. The shared preﬁx of length (k - l) is the longe:t matchmg preﬂx of the two

+ orderings.
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1t is necessary to compare each invalid ordering with all of the ,vaﬁ-d* orderings in turn.
- In each:case, there will be a longest ma&ching;:pmftxftlnt»d‘eatwo,'orﬁcm»gsz'share,'which
:may be the empty saquemﬁe; Of all these longest matching prefixes, we ‘choose the one with
the greatest length. If this prefix is of length (k - 1), then the k-th event (more precisely, the
k-th event expression) in the invalid ordermg is the offendmg event of that ordermg The
offendlng event is the one at whlch the invalid ordermg first goes wrong . in “the sense of
vnolatmg the gpeuﬁcauon Thaf is, it is at thlsrpomt in the hlstory that the Sat, prédncate is
first violated for the specmcanon. Assuming that the offendmg event is in an enter évent
| class, a con;int;c;n must be attached to the gate for that event clgss in the solution
specnflcatlon o that the SatS$ predlcaté vft')r the solutnon speafn;:atm; is ’also vnolated at tius

pOll‘I[.

If the offending -event in the invalid -ordering is .not an. eater event, then the
specification is illegal, in that it does not agree. wieh; the basic..guardian model being
employed here. According to the model, only enter-events: can be conditional and so be
delayed from immediately taking place. If a specifm?knpﬁea that some request or exit
event should be delayed, then it represents a. property that. is incompatible with.this model.
" Such a specification cannot.be analyzed by the method presented here. (These cases are

discussed in section 4.7.)

Returning to the example specification §), orderings (i} and (3) have aiready been
shown to be valid, and ordering (2) to be invalid. For orderings (I) and (2), the longest
“matching prefix consists of the sequence of length one whase:-only element is p;"*%™** for

orderings (2) and (3), the longest matching prefix is the.empty sequence. The longest prefix
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of ordering (2) that matches some valid ordering is therefore the one-element sequence
[p;"*™**']. The offending event-in (2) is the event immediately following this prefix, namely
qj'""'. Thus a condition is required on the gate for the 4*"'*" event class to prevent this

invalid ordering.

In the general case, a cﬁnditio;\ r;xust be derived for each event class that contains ;n
offending event in one or more mvahd orderings. When this ;:ondiuon is placed on the
gate for that event class in the solution gspecxﬁation it must prevenz any sub -history
corresponding to one of these mvalld ordermgs. but allow any of the valid ordermgs as
sub»-histories. The derivation of the cendltion requlres the state, ie. the synchronizatton
state of the object, to be charactemed for each mvahd ordering at the point at which the
offending event occurs, 5o long as the offending event belongs to the given event class. The
method for characterizing the state is exphined below. A-disjunction of these state
characterizations is formed, to be denoted here as D, D; represents a general state
+ characterization of when the occurrence of an event fn the gi\;m event class would fail to
satisfy the specification. Similarly, the ~§tate must be characterized for each valid ordering at
the point a¥ which an event in the cﬁu occurs.. The disjunction of these characterizations is
denoted D,, which is a general characterization ofwhen the occurrence of such an ev?nt

would satisfy the specification.

The expression given by the formula (Dy A (~ Di» represents a preliminary possibility
for the condition required in the solution specification. The term (= D;) guarantees that the
expression is strong enough to exclude every invalid ordering. Conjoining the term D,

aids in the simplification of the formula. Since any conditions that are trivially true in all
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orderings of interest appear both in D,.and in Dy, mhscondmom cancel out in the
conjunction of D, with the negation of D;: These:conditions may:arise from the f.acf,‘fo’r‘
instance, that at the point just before an event in the p*™* class occurs, it is a!x;wa-ys true that
count(p"¥**!) > count(p*™*), since there is at least one activation (the one under
consideration) for which the request event, but not the enter event, has occurred. Thus,
this clause is a component of every -state characterization, whether ‘~the‘orderin§ is valid or
invalid. The conjunct D, guarantees that the negation of this clause is eliminated from the

condition.

The preliminary condition given by (D, A ‘(- D)) is knowﬁ to be at least as strong as
the condition required, since the term (~ D;) excludes ali invalid orderings, i.e. all histories
with sub-histories corresponding to an invalid ordering. ‘The condition must be tested
against all‘the valid orderings, however, td check that it is weak enough to allow all of them
as sub-histories. - This checking is accornpl';ﬁhéii ‘by-'determining that the condition is
satisfied at the point at which the appropriate event occurs 'gn*each valid ordering. If the
condition is satisfied at all these points, then the condition is correct, and the task is
completed. If this is not so, then the condition is too stiong; in=that it rules out some
ord;erings that are valid according to the specification. When- this -happens, steps must be
taken to refine the condition by weakening it:appropriately.  This weakening process wili be

described in the next section.
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In characterizing the synchronization: state of the:object:at a peint in an ordering, the
~ ordering must be considered to represent-a subrhistory: that isi;embedded within: some
possible history. Except for what can be deduced from-the erdering-itself, nothing can be
assumed abowt the history or about the interpreaﬁm; by. whicl the event. expressions in. the
ardering are mapped into the, events in the history.- T bm:;m;;hem&euba{ary; number of
 events in the histery preceding the .sub-history,-snd - between. any -two. events..in the
sub-history. It is known, however, that the history:is-possible. Also, the. history can be
assumed to be compatible with the solution specification structure, since if it is not, thén-tbﬁ

algorithm cannot succeed in any case (see Section 4.7).

The characterization of the state therefore. relies entirely on;the other events in the
sub-history represented by -event expressions .in-the:ordering. - Since: the characterization
involves actual events.in.a history, rather than the event expressions in an ordering, each
event expression. conceptually..is-replaced by a real-event, sa.that every 'variable within an
expression is- replaced by an actual -value. ;Siaee'-,tmemapmationufor making these
replacements is -arbitrary, however, nethmgm be-assumed: about the values. All that is
known is that for any given history and interpretation, there is some particular value for
each variable. For this reason, in the state characterization each :variable is. existentially
quantified. ‘That is, every state characterization formula is-of the form-.

3 (i, 0 i) (S),

where {i}, ..., iy} is the set of variables‘appearing free in formula S.
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The body S o~f the state ch'a_racterization formula consists of plaéing bounds .on the
counts of event classes, based on which of these events occur before aﬁd after the point at
which the chal;acterizatiﬁn is beiﬁg made. It is assdhiéci thaf it;he characteﬁiation isv made
just bé‘ore the enter e/\)eﬁt of interest b&curs. 50 tilaf tﬁi7s> event'itse'if’ ;ﬁaS not yet tai(en place,
but every preceding event has occurred. The characterization contains a cliauAse

. o
corresponding to each event in the ordering, that iys, to each element of Evexp(s). For each
ee Evéxp(s), the count of the event clags cént#ining e is given either-aulowe:" bound if eb
occurs prior to this point in the ordering. dr a.n:!'ﬁppér bound ;if e occurs subsequen‘t to this

point. The bound in either case is the invocation number of e.

For example, let.e be the event expression x,*™*". If evens g;m?”'f; occurs prior to the
enter event in the ordering being considered, then the state characterization contains the
conjunct

count(x"‘"’)Z m.
The reasoning is that if x,*™*" has already occurred, vt’hen so have each of x;*™*" for (I < k
< m), so that count(x*™*") is at least as great as m.i .The count im‘ay be greater than m, as
other events in the x*™e" class may have takeh‘place in between event X' and the

current point, but it is not less than m. On the other hand, if xm'“"' occurs after the point

1

at which the characterization is made, then the clause becomes instead

count(x*™*") < m.

If X,°™*" has not yet occurred, then neither has X ™" for any k > m, so that count(x*"™*")

must be less than m. Again, other x*™¢" events may occur in between the point of the

enter

characterization and X s SO that the count may be less than (m - 1), but it is certainly



-7 -
less than m.

This method of state characterization relies on a first-come-first-served scheduling
discipline at each gate. That is, it assumes that any history occurring prior to event x,*™*"
contains exactly

enter

, X2 enlor]

X

[xlenhv or s Xye]

as the subsequence of events occurring at the x*™*' gate. This scheduling policy is built
into the structure of the solution specification, and so it may be assumed that if a correct
solution specification can be derived for a specification, then it must fit this structure.
There are specifications with which this first-come-first-served scheduling policy is not
compatible, and the derivation algorithm ~failsrto derive a solution specification in such

-~

cases. This point is discussed more fully in Section 4.7.

Since every state characterization formula is of the form
3 (i w0 iy (S
the construction and manipulation of the formulas D, and D; must make use of logical
properties of existentially quantified expressions. Because of the negation of D; in the
preliminary condition, universally. quantified expressions .must also be manipulated. A
summary of the important logical properties used for simplifying these formulas appears in
Figure 4.2. Properties (El) through (E6) are equivalences applicable to existentially
quantified expressions, and properties (Al) through (A6) are their dual forms for universally
quantified expressions. (Ql) and (Q2) apply to formulas involving both types of quantifiers,

and (D1) and (D2) are the distributive laws for A and V.
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Figure 4.2. Logical properties of quantified expressions

(E2) 3 G,j) (AG) A B() @ 3i(AG) A 3jBG)
(E3) 3 (i) (AG) 3 (A1)

(E4) ~(3i(S) @ Vi(=8)

(E5) Ji(x2i n y<i) @ (x>y)

(E6) 3i(x <i) # TRUE

(A2) V(i) (AG) v B()) o Vi(AG) v Vj(BG)
(A%) ¥V (i,)) (AG)) @ Vi(Ai))

(A4) = (Vi(S) @ 3i(~9)

(AB) YVi(x<i v y2i) @ (x<y)

{AB) Vi(x 2i) L] FALSE

(O 3i(S) A Yi(-9) « FALSE
(Q_Q)]i(P/\S)/\Vi(QV—'S) - 3i(P/\Ql\S)
(DD ((x A y) v 1) « ((xvinvaz)
(D2) ((x v y) A 2) o (xAnzvVvynna)

Let us return to the example for an illustration of the above discussion. Recall that

the offending event in the invalid ordering is qj°"'°'.'and so a condition must be derived for

enter enter

the q gate. In ordering (1), the event q;°"" is preceded by events p,"%**! and p;"™",

and has no events following it. Therefore, the state characterization ¢; is:
3 (i,j) (count(p™®**H) > i A count(p®™*) 2 i A count(q®™*") < j),
where the first two terms in the body-are obtained from the events preceding qj'""’, and the

last term from the fact that qj"""' itself has not yet occurred at the point at which ‘the

enter request

characterization is made. In ordering (2), the event 9 is preceded by p; and

enter

followed by p;*™™", so the state characterization ¢y is:

3 (i,j) (count(p™®*) > i A count(p*™*) <i A count(q®™*") < j).

enter request enter

~ In ordering (3), f precedes both p; and p;°"", and the state characterization c; is:
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3 (iyj) (count(p™™*™), <.i A..count(p®™*). i 'rf\;mt(q"“")s,}).f

These individuailk,;gagagtéfila!;géc;g can now /be combined to. form the terms :D>v and
D;. The disjunction for the valid ordenng3 Dv?s equal to (c; V ¢cy), or
3 (ig) (eount(q""") <A
((couut(p"q”f‘f) 2i A count(p™*) 2 i) v
: '(i:aunt(p““*f‘_"). < in count(p*™*) < i))). |
The disjunction for the invalid orderings D; is simply cg, so that (~ D;) becomes
V (i) (count(p™®™) <i v count(p*™*) 2 i v count(q*™*") 2 j).
3 (cqgnt(qf'“") <j A
 {(count(p™***) 2 { A count(p*™) 2 i) Vv
(count(p™ ™) <i A gou;tt(pf“‘") <i)) A -

v (i,j) (count(p"‘““s') <i Vv count(p“") 2i v eount(q'""') 2 ).

This formula can be simplified. Since the terms invelving i‘and j are independent in
both of the quantified expressions, they can be separated, using ‘logical properties (E2) and
| (A2) from Figure 4.2. This yields the formula: - -
3 i ((count(p™® ™) 2'i A count(p*™*) 24) v
(count(p™®**) < i A count(p®™™) <i)) A
3 j (count(@®™™) < A
(v j (countig™*) 2 ) v

Vi (count(p" ™) <1 v count(p*™™) 2 i)).
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By distributivity property (D2), this is equivalent to
(3 i ((count(p™™*™) 2 i A count(p®™*) 2 i) v
(count(p""”‘") <i A count(p ey i) A
3j (count(q"'"') < J) A
v J (count(q"‘"') 2 j»
v
(3 i ((count(p™®**™) 2 i A coim’tr(p'""') 2i) v
(count(p"™®*™) < i A count(p"’"’)- <i)) A
3j (count(q"’"’) <j) A
Vi (count(p"““"‘) <i Vv count(p""") 2 i).
The first disjunct i‘s simply FALSE, snn;:e it contains the con]uncuon‘of
3"j (coulit(q;“"') < j) | |
and |
V j (count(g*™*) 2 ) .
This means that the formula reduces to the second dlSJunCt
3i ((count(p"""‘") 2i A count(p"‘“') 2 1) v
(count(p"“"'") <i N count(p’""’) < |)) A
3j (count(q‘"'") < J) A
| Vi (count(p""""’) <i v count(p"'"') > l)
- Each of the first two con]uncts slmphfxes to TRUE, (1] 'the entire formula -reduc_es to
Vi (count(p"""‘") <i Vv count(p"‘"’) 2 i),
which is equivalent to |

count(p™®**!) < count(p*™*")
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by property (A5). Using the a priori fact that count(p™™**™) > count(p*™¥), the preliminary
condition can be simplified finaflyeo: - -~ . 7 oo
. count(p™ V) . count(p*™).

To determine whether the prelirrttttgry condmon lls indeed correct and not overly
strong, it is necessary to test it at the appropri,ate! pomt irr each of the valid orderings. The
valid orderings are (1) and (3). At the point of event 5;’"" m each of these orderings, the
condition | : | .

count(p"“"") - count(p"'"')
is satisfied, showing that it is weak enough to permlt both vahd orderings. Because of the
conjunct (= D)) in the condmon it is guaranteed to be strong er;ough to prevem the mvahd

ordering. Thenefore it is exactly the condmon requtred for gate q ", and a correct

solution specification has been constructed.
4.3 Use of previous states

In the example presented m the last sectlon. the current state alone was sufﬂclent to

) e T } R
derive the condition requ:red in the solutlon speclﬁcat:on The purpose of this section is to
explain the method employed when thls is not the case, and ohe Or more previous states

must be used as well. Informatnon from prevaous states is used to refine a preliminary

" condition that is too strong 0 that one or more vahd ordertngs do not satlsfy nt
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An overly strong: preliminary céndméwris‘ weakened by disjoining one or more terms
to it. The new. condition that résults is-strictly weaket' than' the preliminary condition, since
it is the disjunction of the preliminary condition and other terms. ‘All valid  orderings that
satisfy the preliminary condition therefore automatically satisfy the ngvy condition. The
purpose of thc‘weakéning te(rp';s is itg i;'lcludg“tvhg‘ remammg \:(ailidV ordgring;} as yell. For
this réason the analysis 'for éonstruct'mg a anlll;gni‘r;gt term c;n disgcga\r;lﬁ ﬁth‘e‘ Qall.igl or;;erings
satisfying ¥he p?elimiﬁary com;lition. Only ‘tlyzekremair:ung’ %lalidv ‘t‘)‘rrd’e»rfmgs‘ not’perr_nit.tefi by
the prelinﬁnary conditioﬁ need be considered, abng Awit‘!rm' ;ll iﬁvalid or@erings for \;lhich tﬁe

event in question is the offending event.

Each weakening term shares the pm‘p'er’t'y with the preliniinary condition that it is at
least strong enough to exclude every rinvalid ordermg Therefore, allu that negd b,e, :checked
for each weakening terh is which varlidn orderépgs th;t _ha;lé ;hus/far’beén excluded are
permitted By the given term. The mett;od ‘trem.)ina}tes when ttge ;oﬁdition‘ i; wegkenéd so

that all valid orderings are allowed, or else when no further weakening terms can be

" constructed.

In deriving a weakening term, it is mecessary first to find some event that precedes the
enter event in question in each ordering being coqsidered, ie ;ll of the valid orderings not
satisfying the preliminary condition plus all of tge invalid rorderings in which the enter
event is the offending event. This event méy be il;kany‘ event class, and is not limited to
enter eventsi Once such an event is found,'the weakeﬁiﬁg term is constructed in much the
same way as the preliminary condition, but using state characterizations at this previous

event. The state is characterized at the point of the preceding event in each of these
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orderings (but not in any of the other valid orderings). Notice that each of these
characterizations, rather than involving ordinary counts of event classes, concerns quantities

of the form [count(ec) @ g], i.e. counts of event classes saved at the event at gate g.

At this point the characterizations from the valid orderings are disjoined to form a
new expression D', and the characterizations from the invalid orderings are disjoined. to
form D;. The forrﬁula (D, A (.-1 Di')) is constructed and used as a weakening term by
disjoining it to the preliminary conditic;n to form a new condition. Tﬁis new condition is
tested to determine whether the valid orderings excluded by the preliminary condition are
allowed as a result of the weakening term. If all these orderings are pérmitted by the

weakening term, then the new condition constitutes the solution specification condition.

lf there are still some valid orderings not allowed, then the process is repeated on the
valid orderings still excluded. Here, however, each characterization refers to both the
current state and the previous state. That is, each characterization involves both current
counts and counts in the previous state. The weakening term (Dv’ n (- Di')) is formed in
the same way. This term is again tested on the excluded valid orderings, and disjoined to

the condition if it is satisfied by any of the excluded orderings.

For example, consider the specification
(Pi"“ = pjonior) 5
Ik (p,™ = q, "™ = pjcntor)'
When the preliminary coﬁdition is formed for gate p*™*', it is found not to satisfy the valid

ordering
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() p™ = g N ==>?ij.
A weakening term must ‘tirerefore be: constructed for - this ordering. - The two invalid
orderings are | |
@ p™ ”‘-“-"?j’m"‘ = q "M
) q M= p =>pj‘“'" e
in both of which the offending event is pj’“"’.” The-thie event that precedes pj"'"' in each
of these three orderings is p;"*". The state charatterization at this event in eich of the
three orderings is: |
¢ 3G, j k) (lcount(p*™) e p™™ ] <ii A [count(ti‘""' )e p*™™ <k
A {eount(p®™*) @ p* M < j) -
o 3, j, k) ([count(p®™™) @ p*™1 <i A [count(@®™*") @ p*M] < k
A- [count(p*™*) & p**] «'j)
cg: 3 (i, j, k) ([count(p®™™) @ p™" <i A m_[qount(q"‘"') ep™2k
n [cou‘||t(1f7)f"'")"c p"'“]‘< j) |
However, the formula (D’ A (=~ D;")) give;t by |
gnE- (c2 v cs))

is equivalent to FALSE, which is obviously useless as a weakening term.

Therefore, it is necessary to form new' characterizations of both the current and
previous states. These are gi\)en by: | . |
o 3G, j k) (céunt(p"‘“) 2i A count(q®™*") 2 k’ N count(p"““') <j
N [count'(p"‘") e p* ™ <i A [count(q*™*) u" p':’;“] <k

A \[com"(ponhr) @ poxH] < j)
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Co 3, . K) (count(p*™) 2 i veountig™*) < k; A count(p*™™) < |
N [count(p™)-e -éi’“ls i A dcount(@*) ap* Pl <k . -
A [count(p*™) e p™*) < j)
ca 3 (i, j. k) (counttp™) 2.i- reountig™¥) 2 &- A count(p*™*) < j
n [count(p“@)f.: P <tAk0lm(q““") ep™) 2k
A {cou&l(p""")tp: P - o
The new weakening term Dy’ A (2 Dy} js oquabte
| o A= (e’ V)

which simplifies to ' : NS

P""l
which does satisfy ordering €1).. As a result, thesolution specification condition is given by

count(q®™) > [count(q*™*) »

disjoining this term to the preliminaty condition.. - .

If neither of the Qeakening terms obtained as a result of a given previous state is
sufficient to include all of the réma‘inin}g 'o'rderi’hé;.rtben.another previous event must be
found and the entire weakening process is repeatéd using the state at that event. Since this

may involve using the next-to-most recent, etc. event at a particular gate, a notational

extension is needed to refer to such qua‘ntities. such as [count(ec) ee g], etc.

The idea behmd the method is to fmd some property that distmgulshes the valid

orderings from the invalid ones. Unless the speclﬁcation is one that v:ohtes the underlymg
model, it is always possnble to fmd such a property A vahd ordermg that cannot be

dlstmgunshed on the basis of the prehmmary condmon must differ from an invalid
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ordering by the exact ordering of previous events, ;raehcr than: by their absolute number.
At some previous event, then, certain other events must have occurred in the valid ordering
but not in the invalid ‘one or vice versa. Usmg the state at tﬁat point allows thé two to be
distinguished from each other Usmg only the pré\;lou; state av“;‘;s a we#kemng term to Be
constructed that involves only the re!auonshlps amongl quantmes at that prevnous event.
When thns is not sufficient to dnstmgulsh a" valld ordermgs then charactermng both t’he

current and the previous state permlts relat:ons to be formed between current and prevuous

quantities.

The weakening process is repeated until-one of-two things happens. If every valid
ordering is allowed, by either the preliminary condition.involving the current state or else
by a weakening term involving some previous state as well, then a correct solution
speciﬁ?aﬁon condition is thereby obtained. If instead, ohe or rhore ;rglid orderingsrare still
disaliowed, and no event can be found that precedes the enter event in qvu’esti'o’n in both tﬁe
disallowed valid ordering(s) ’and all the in;alid ordex:ivﬁg’s. tﬁen the algorithm fails in

constructing a condition. A discussion of situations in which the method fails wili be

postponed until Section 4.7.
4.4 An example using a previous state

This section contains an example of applying the algorithm as it has been presented in
Sections 4.2 and 4.3. The example chosen is ong for which the current state is insufficient
for expressing the solution specification conditions, and previous states must be used. The

specification to be analyzed here is example 7 from Section 2.7, to be denoted so:
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(ai.m.f =3 bjonhv) " (ci.n‘." =d j'“"')

The first step in the derivation process ‘is to identify th? $et of event expressions in the
specification. The set of event expressions in this cise is given by
_ Eyexp(sg) _ {‘i'""", sj.nt;;; cinnt;v’ d onhv} |
The next step is to construct all pbssible orderings among these event expressions. In this
ex;nmple there are no twé evénis “associated wﬁh thg saryne’ proc‘edur‘e»activation (such as

p;****! and p;*™*"), nor are there two request events for the same proced'ure (such as

_request

Pi and p,,;"*™**'). Therefore any of the 24 permutations of the four events in

Evexp(so) represents a possible ordering among them. These 24 orderings are listed in

Figure 4.3 and numbered for the sake of future reference. ‘

Each of the constructed orderings is tested against the specification to dgterming
whether it sati.r;fies the specification and is theref;ore vatifl.‘ or fails to satisfy if and is
invalid. For example, in ordering (6), (a;*"*" = bj'""') and (c*"* = dj"'"')_are. both
FALSE, so that specification so evaluates to the expression - |

| FALSE # FALSE,
which is equal to TRUE. Ordering (6) therefore satisfies the specification. When the
specification is evaluated for each of the first 12 orderings, it evaluates to TRUE. showing

each of these orderings to be valid. Each of the last 12 orderings causes s to evaluate to

FALSE, though, 50 that these orderings are invalid.
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Figure 4.3. Possible orderings for specification sy
') a.enier = b'anter = c_entor = d.entor

! J ! J
(2) aienler = cienier =3 bjenter — djentor

(3) a.enlev = cienter = djenter = b.entgy

: j

(4) bjenter P aﬁ"te' = d_anler = C-'M"
I J 1

(5) b_enter =d ‘enter = a"’""" = c.gn'.r
J J i i

(6) bjen!ev =3 djcntsr = cientar Y ai.nt.y

(7) C~°’n'" = d.enler = a_enier = b_enter
f J 1 ]

(8) C_entev = a'enler = d.entar == b'enhr
1 i ] J

(9) c.enter avemer = b.enter = d,e’“"

(10) djen'er = Cien!er — bjenter = aiem"

enfer enter enter enter

(12) djenter = bjgntev — al'enter = Cientg'
(13) a‘enier = b_enter = d.enter = c'emer
) ! J J i
enter ent nter nt
(14) a, = d; o bje o =  omter

(15) a_anter = d.enter = C-m'e' = b.ontgr

(16). bjenter = aieniev = Cientor = djentgy

a7 bjenter = cienler = djentev = aiant.y

(18) bjenter = cienter = aienter ___; djentey

enter enter enter enter

o, enter enter enter enter

(21) c‘-"'""" = bjen!er = aienter = djent.y

(22) djenfev = cientev = aientov = bj.may

(23) djenter = aienter =Y cienter R bj.m"

‘24) dJeMer = a‘eniév = bjenter => ci.n(gr
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The offending event in each invalid ordering can' be identified: by comparing the
ordering with. all the valid orderings to determine ‘at what point: the invalid ‘ordering first
fails to satisfy the specification. For example, mvah;ior&enngﬂﬁmatches Valia nrdering
(I) as far as the first two events are concerned. Smee this is the longese preﬁx that does
match the prefix of some valid ordering, the next event in (13) namely dJ"'"’, is the
offending event. When this is done for each of the l2 mvahd orderings, |t is found that the

offending event is d.*™* in ordermgs (13) through (IS), "'"' in (lG) through (18) b enter in

J
(19) through (21), and a;*™*" in (22) through (24).

A condition is needed for each of the four enter gites‘ mentloned in"the Asnecificatibn.
Here the condition for the a®™* gate will be derlved To determme the condmon for thls
gate, it is necessary to characterize the state at event al"'"' in each of the l2 valid ordermgs
as well as in each of the orderings in which it is the offending event, namely (22), (23), and
(24). The characterizations one obtains for all of theee_nrderinge. using the characterization
method described in the previous section, are Iisted:in; Figure 44, with characterization c;

applying to ordering i.

The formula that is obtained from disjoining the ch;raqierieaugns ¢; through cjo is
given by | |
3 (iyj) (count(@*™*) <i A
((count(b®™*") < jn count(c*™e") > i) v
(count(®*™*) 2 j A count(d®™) 2 j) v
(count(c®™*) <i A count(d®™*") < j.

This formula is D, which represents a characterization of when the occurrence of such an
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Figure 4.4. State characterizations at event a,*™*"

Valid orderings

<
co: 3 (i,j) (count(a
¢y
g

C52

CGZ

C7:
C 8:

Cg:

entor) <i

3 (i,j) (count(a

3 (i,j) (count(a®™*) < i-

3 (i) (count(@™"*) < i
3 (i,j) (count(a®™*") < i

3 (ij) (count(a®™*") < i

3 (i,j) (count(a®™*) <i -

3 (i) (count(a®™*) < i

3 (i,j) (count(a®™*") < i

¢io: 3 (i) (count(a®™*") < i

¢y 3 (ij) (count(a®™") <

clé: 3 (i,j) (count(a®™*") < i

Invalid orderings.

c2é: 3(iy) (count(a®"*") <i

ozt 3 (i) (count(a""")j <i

Co4 3 (ij) (count(@®™*") < i

count(b*™*") < j

count(b®™*) <.f- A “count(c*™*) < i
» count(b*¥*") <

‘c.ou ﬂl(bf""f) : ?.. J

count(b*™*) 2 j
count(b*™*) 2 j
count(b*®™*") < i
count(b*™*) <
count(b*™*") < j
count(b*"*") 2 |
cou’m‘(bom‘.r) > j.

count(b*™*") 2 j

count(b®"'*") < j
counts™®) < |

count(b*™*") <

A count(c®™*) < i

A count(c®™) < i -

A count(c™™) < i 7

A_count(c™'™) <
A count(c®™*) 2 |
A count(c*™*) 2 i
A count(c®™*) 2 i
A count(c®™*) 2
A count(c™™) 2 i

count(c®™*") 2 i

>

A count(c®™*) < i

A count(c™™) 2 i

A count(c®™*) < i

A count(c®™*) < i

count(d*™*) < j)

count(d*™*) < j)

- count(d®™*") < j)

,_coufn(t(d""") < J) ‘

count(df“"') 2 j)

count(d®™*) 2 j)

: coumkdonhr) > J)

count(d*™*) < j) .

count(d*™*") < j)

~count(d*™*) 2 j)

count(d*™*") 2 j) -

' count(d*™e) > j)

. count(d*™*) 2 j)

count(d*™") 2 j)

count(d*™*") 2 j)
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event satisfies the specification. The du;unctnonof €99:.C3 and Coq i Di‘,;;epgrg%ser’\t:ipgr% a
general characterization of when occurrer;ce would not satisfy the specification. This
- formula is equal to: s ; T IPTUCT R

- (i) counta®™*) < i A count®*™*) < j A count(@™*) 2 j). - .
The body of “this “expression. comtains the ‘three':eonjuncts “thit “appear fn all three

characterizations, whereas count(t*™¥) is greater thati of equal fo 1 in €0, But fess than i in

koD

the other r(Wo; o that these terms cancel out. '
The' preliminary condition that one obtains then is given by (BV:A-(H'D.‘.». which
equals
30 (countla®™™) <A
((count(5%™) < in 'é('i\;llt‘(ém) 2 v |
Ai(couurtt.(b:'"'k‘"’) > jN eoum(d""") 2j v
 (count@™) <1 A countd®) < ) A
V (ij) (count(a®™*) 2 i v count(b*™") 2 v count(d**") < P
The terms involving i and j in the univer‘silyly"huimiﬁed ex‘pnssion‘ can be separated,

applying Iogicai brdpei'ty (A2) from Section 12Thisresults in the formula
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3 (i) (count@™®) <i A
{(count(®*™*) < j A count(c™¥) 2 i) v
(count(b"“")é j A count(d*™*).2 j) v
(count(c*®™®) <i A count(d*™) < j)) A

(Vi (count@™*) 2 i) v

V j (count(b®*") 2 j v count(d®™*") < j).
Using distributivity, this can be expanded into

(3 (i,j) (count(@®™*) <i A
((count(b*™*) < j A count{c*™*") 2 i) v
(count(p®™*) 2 j A count(d™™*) 2.j) v
{count(c*™*) <i A count(d**) <) A

Vi (count(a®™*) 2 i))

v o

(3 (i,j) (count(a®™*) <i A
((count(b*™*") < jn ‘couAm(c‘"‘“"') 2i) v
(count(b""’.') 2.‘jj A céunt(d‘“"') > J) v
(count(c"“") <i A coﬁnt(d“"’) < j») :/\

Vj (count(b'""') 2 j v cbunt(d"‘"*) < j)
The first disjunct reduces to FALSE, due to the conjunction of
3i (coun;(a;';'") < i)

and its negation. This leaves the formula
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3 (i,j) (count(a®™™) <’ /&

(tcount(b*™*) < j A count(c™™or) 1) v

(count(b*™*) 2 j A count(d*™*'y 3 j) v

(count(c®™*) <i A count(d™*) < ) A

V j (count(5*™) 2 j-v- count(d™*) < ).
This can be simplified to | '

Vj (count(d*™*) 2 j v count{d™*") <j),
or simply

-count(b®™*7) 2 count{d*™")

using logical property (A5). This i§ the préfliminafy conditien in simplified form. However,
when one checks this condition against each of the valid orderings, one finds that there is
one ordering, namely (7), that violates the condition. - This means that th?,preliminary

condition is too. strong, and must be weakened sufficiently so as to permit ordering (7).

It is at this point that the weakening method described in Section 4.3 must be
employed. An event must be found that i)recedes 5;""". fhe énter event in question, in
ordering (7) as well as in each of the invalid ordefings for wﬁich ai""" is the offendiqg
eveﬁt. those being (22), (23), and (24). The ﬁngle e&ent ;hat occurs before a,-"“" in all these
orderings is dj“"'. Thus, an attempt is rmade to fmd a ;ofi;ditio‘tl"at this event tﬁ;t

distinguishes the valid from the invalid orderings.
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The state characterization at. dj"‘"' in ‘ordering (7) is given by:
3 (i,j) ([Count(a®™*) e 4™ < i A [count{b®™*)a d*™*T<j A
[count(c™™®) @ d*™) 2 i A [count(d*™®) e d*™*'] < j).
Since all q(x‘antitie# refer to the state at the d*™*event, the notation “e d*™*"" is used on all
counts. This becomes the term Dv', the disjunction of previous state chara;terizgtions for
_ valid qrdefings. The charactefiiatiqt; fore;ch of orderings (22), (23), and (24) is the same,
namelyr V‘ | | | |
3 (i,j) ([count(a®™*") @ d‘""'] <i A [count(p*™ ™ @ d*™ ] <j A
[count(c®™®") @ d*™] <'i- A [doant(d*™)'e d*™] < j),
so the disjunction of characterizations D/ is equal to. this as well. The proposed weakening
term is given by (D, A (=~ D), which equals |
3 ([count(a'"‘;') e d'“"’] <i) A [c_oulpt(b'“'f" e ‘f'""'] <j /\.
[count(c®™*") @ d*™*"] 2 i A [count(d'f"') . fl'“"'] <j) A
V (i,j) ([count(a™*) e d-n«v]g i‘: v [c()_l;llt(b"t‘.;) @ d;""']:z iv
[count(c'"“') ed™*]>i v [cwni(éi'"“') e d"""] Z > |
Sirhplifying. this fo‘rmula becomes
3 i (lcount(a®™*) @ d*¥] < i) A [count(c®™™) e d*™*] 2 i),
which reduces to
[count{a®"*") e d*"*] < [count(c*™*") ¢ d*™*"]

by logical property (E5).
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When this conditian is tested in .ordering (7); it is found to.be satisfied. T herefore,
this term is disjoined: ta.the preliminary condition-to:obtain-the final solutien specification
condition:

coun;(b"‘"') > coung(df,'"") % Lcouat(qf'"") Y d'""'](, (Mg(g‘“'_,")! df'}"’]_

-

The method illustrated in deriving the condmon for gate  aswter

must be apphed agam
for each of the other gates b*™e", ¢ , and d"‘"’ Diie to the symmetry of the specnﬁcauon

these derivations are completely isomorphic.

4.5 Incorporating argument constraints

The previous sections have presented the method for derivmg a soiution spec:flcatlon
from the plobiem specnﬁcatlon under the assumption that each clause in the specnflcation is
an ordering clause of the form e = e2. for some‘ew‘fents Q, and e2 When a specification
also contains other clauses in the form of argument consiramts, these constraints must first
be incorporated into the ordering clauses of the specification before the aigorithm described

previously can be used.

To simplify the discussion, it will be assumed thai argument.constraint clauses appear
" only as conjuncts in the hypothesis of an implication. A speciﬁation that does not satisfy
this condition can be -transformed ;i,oto ‘an equivalent one. that does as follows: Any
specification can be put into conjunctive normal form (CNF) by well-known techniques of
first-order logic. Each conjunct (which is analyzed scparaiely. as explained previouily) then
consists of a series of disjuncts, some of which may be argument oonsti'aint clauses and at

least one of which must be an ordering clause. The general form of such a conjunct is



therefore:
Nyv-Ng V.. .v::N,jv V. vQ,
- where each N; is a (possibly negated) argument constraint clause and each O; is a (possibly
negated) ordering clause,and-j. > 0-and -k 2 1. - This ¢4t -be tramsformed, using the tautology
(xDy) » (=xVy) into:
(ENAENY AL ACNY (o,v vok)
in thns way, a" of the argument constraint clauses of the specmcanon, some in ncgated form,

are brought into the hypothesls of the implication, whlle all ordermg clauses are in the

pEE ’ PR
R L TR

' conclusnon of the lmphcatxon Z
An argument constraint clause caninvolve either. invocation number variables or
arguments to procedure activations.. When a clause involves invocation number vari'ables,
it simply represents a constraint on those variables appesring in .ﬂ\e‘speeiﬁ'catmawfhis
constraint must be incorporated into every state charactesization. Otherwise, the clause can
- beignored .in the other steps.of the derivation process. -

Poowiooo oo

As an example, consider the‘;ﬁrrst conjunct ofthe Valternative‘ pfbduce£1onsumer
specnﬂcatmn of example 8 in Chapter 2: | "

- (| - J) > (dep st => remj"“")
The clause (i = j) is ignored for the moment, and the ordermg ch;s; is‘anablyzed by the
regular method. Of the two orderings possible on the two-events in the conjunct, the
ordering (dep,”" = remj"""’)z is valid; while the other: ordering (remj"‘"" => dep;*™") is
not. The offending event is clearly:-'}anj'-’-"»", and a condition must be constructed for the

enter

rem®™®" gate. The state characterization at event rem.*™*" in the valid ordering would be

J
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3 (i.j)v(count(rem""") <j N count(dep“"_) 2 i),
except that here the clause (i = j) must be added as a conjunct of the characterization,
giving: L : e
3 (i) (count(rem®™*) < j A count(dep”™@)21 A (i = )

This expression represents D,,.

For the invalid ordering, the state ‘cvharactteryi-z‘at‘itl);ﬁ’ at event ;remj"""t" ’allso must incfude
the clause (1 = J) This formula is: - | |
3 (l,j) (count(rem®™*") < j /\Lcounl(dep""') <x| I\ (| - j»

which constitutes the formula D;. The preliminary condition is D /\( D. ) or:

| 3 (i) (count{rem®™*) < | A count(dep®™ ) 2 i\ (i = j)) A

V (i) (count(rem*™*') > j v count(dep®™) 2 1. v (i » })).
‘When this condition is simplified, it reduces to:
~count{rem*"*') < count(dep®™), - .

which is the condition on the rem*"*:gate required in the w&uﬁen specification.” This same
condition is obtained when analyzing the specification

|  tep " o rem o,
in which the same property is :spgcified. with the equality betweéﬁ the linvocation numbers

of the two activations indicated iniplicitly.

~This illustrates the generat technique for ‘handling refational ¢lauses that invoive
invocation numbers. As it shows, sich clauses are integrated in asreiatively simple manner

into the method previously given for constructing a solution specification, since they simply
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represent additional information that must be included in each state characterization. For
predicates on arguments to procedure activations, the matter is not quite so simple. The rest

of this section is devoted to discussing how to handle such clauses.

An additional assumption tha\.t will be made concerning relations involving the
arguments to proéedure activations is that all such relations are made explicit. An exarr;ple ‘
of an implicit relationship is a specification involving two procedure activatioﬁs pi(x) and
qj(x). Here the implicit relationship is that of equality of the arguments to the two
activations. This can 4be made explicit by changing the argument of 9 to some new
identifier y, and adding the predicate (x = y) as a hypothesis of the specification. The
situation would be handled in a. similar manner if the argument to q were not x but

instead (x+1) or any other function of x.

Argument coﬁstraint clauses are incorporated into the ordering clauses of a
specification by qualifying all affected procedure activations. Once a clause has been
incorporated by means of qualification, it can be eliminated from the specificatioﬁ. so that
the result of the qu'aliﬁcation ph;se of the algorithm is to transform the specification into
one involving only ordering clauses. After this transformation has .beén accomplished, the
specification contains some procedure activations that are qualified. Qualified activations in
a specification result in a solution specification containing qualified gates. Specifically, a
qualified gate is required in an event class for each event expression in that class appearing
in the .specification and invelving a qualified activation. The conditions required on all

enter gates in the solution specification, qualified or unqualified, can be derived by the

method already presented. In the derivation of these conditions, the qualifying predicates
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on procedure activations are transferred to the associated gates. ‘Both the enter gates for
-which conditions -are sonstructed, and the. gates-on. ‘which - counts are taken, may be

~ qualified.

. The general form of a qualified procedure-activation is::-
P iClv, tp o st

.- where v is the vector of jparameters .téwoeedméteﬁxaﬁm p;and :C is some predicate
involving these parameters and- adso: possibly some new variables t) through t, that do:not
appear in the specification. (The use.of these "new” variables is explained below.) The
-qualifying predicate C represents-an implicit restriction on the universal quantification of
the invocation number i in: the expression, restricting. i to 'those invocition numbers for
which the corresponding activations satisfy condition C. This means that this event

expression can only represent events whose arguments satisfy predicate C.

Each clause that invelves only the argument to a’ sing:k procedure activation is
. incorporated into the specification by attaching the clause t0-the given activation as a
qualifying predicate. For example, lelteut be the: vector of arguments to: procedure p, and vo
be the vector of arguments to procedure q. Consider the following specification, where C; is
a predicate only involving v; and-Co isexmw only-involving vy
({Clvp A Colvy) D
(pyvp"™™! = qilvo)™) >-p(wP™er =5 qilvI*™*))

~ Predicate C; can be. incorporated into.the specification by qualifying procedure activation
pj» S0 that p,(v) becomes |

fpyvp I Clvpl
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Predicate Co can be incorporated by. qualifying activation q; to
qu‘ voll Gﬁ(@l L
This transforms the speciti_ea_tian itself to:
(Ipylvp Loyl = {qifvo) I ColrgdP™®) D
(Ipilvp) | CvPI™™" => [q(vg).} Colvol™*).
The meaning of this specmcauon is that any activation of p satlsfymg quallfyrng predicate

St
¢ and any activation of q satlsfylng 02 must obey the orderlng constramt glven. but other

activations of these operatlons need not. Thrs is exactly "tzhe»meamng of the orlglnal
specnftcatlon If Cl(vl) and C2(v2) are both true then the events must satlsfy the ordermg
constramt in order for the hlstory contammg«thoee eventt to be vahd lf elther of the
quahfymg predlcates is not true, then“ the hlstoryi is valtd accordmg to the specrflcatlon

regardless of the order among the events.

In deriving a solution specification for this specification, ithere: must be gates with
qualifying predicate C((v)) in the p"*®** and p*™*" event classes, and a gate with qualifying
predicate Co(vo) in the ¢*™*" event class. The entry candtttons ;n the solutton speetﬁcation
are derived just as if the activations were ttlnqlna:l'iﬁed except that the enter gates for which
the conditions are derrved and the gates‘ on whleh counts are’ taken, must be qualified
appropriately. Wlthout the argument constraint predlcates, this specmcatlonwotlld be S|
the example analyzed in Section 42 where the condmon

cotmt(p"“"‘") 4co/unt(p‘""')

entev

was derived for gate q Wnth the predlcates mcluded in the specnﬂcatlon the same

analysis results in the condition
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count((p(vy) | ClvpI*®**) = count(fp(v)) 1 ClvpP*™*"),
for the qualified gate [q(vo) | C2(§72-)T”‘f'. That is, the qualification Cy(v;) on activation
pi(v}) results in qualifying the gates p™®**! and p*™*, on whtich the counts are taken, with
enter

this same predicate. The qualification Co{vo) on activation Qj(Vz) is attached to the q

gate for which the condition is derived.

A predicate involving arguments to more than one procedqre activation -is converted
into a conjuﬁtt;on of aiffefent predicates, éach of whicﬁ only involves the arguments fo a
single activation. This is accomplished by parameterlzmg the ongmal predlcate in terms of
Asome nev;r variable t. Once this is done, then the same method of qualnfncatlon as dlscusscd
above can be used. For example, the predicate (x - y), where X and y are arguments to
different procedure activations, is transformed into the two predlcates (x =t) and (y = t).
Each of these two predicates is then incorporated into the specification by using it to qualify

the appropriate activation.

As a result, the specification
(x = y) > |
((pylx) =t = g (y)"‘"’) > (p,(x)"’"' = g (y)"‘"'))
is transformed into
((x=t) A (y-t)) >
(pi(x)*aest = qj(y)""") 2 (p,(x)'""' = qj(y)"‘"'))
by parameterizing the predicate (x = y). Incorporating the two predicates (x = t) and (y =¢)

into the appropriate procedure activations further transforms the specification into
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(Ip;(x) | {xmp))roaoest = {qyty) (y=0r™™) >
([pi(x) | (x=t)*™*" => lyr Hy=opntery.
Since: this is again simply specification s; ‘withr qualifying :predicates on the procedure
activations, the resulting solution specification contains condition:
“oount{ipéx) | (x=1)1"*) = cout(ip(x)-|-(x=t)]**"*),

for the qualified gate [q(y) | (y=t)]*™*".

The meaning of this solutlon specrfrcatlon is the followmg For whatever value of tis
equul to param'eter* ¥ of an activation of opererlm c{,‘ the enter ‘event for that actrvatlon
passes through the gate [q(y) I(yct)]"‘"' The condmon for that gate is grven by o

count([p(x) I (x-t)]"““‘") count([p(x) I(x t)]"'"’)

for this same value of t. Therefore, the gate [q(y) | (y-t)] actuaﬂy represents an entire set

v
-

of gates, one for each value of t, which is to say each possrble value of y

.
. An argument constraint predicate can aiways be parameterized into several predicates,

each of which involves only the arguments to one procedure activation. In fact, many such
ways of parameterizating a given ;;redicate are possible. For reasons having to:do with the
implementation that are discussed in Chapter 5 it is desirable that at most one of the new
parametenzed predrcates be a non- functlonal relaktlondbetween the kactlvatroln' paremeters
and the parameterizing varrable(s) and furthermore that this possrbly- non-functlonal

relation apply to the arguments of the activation whose enter event is the offendmg event.

This restriction can always be followed in practice.
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Once a predicate Has been parameterized, the resulting -pnedicates then can be used to
qualify the corresponding procedure activations. When all- predicates have been so
incorporated, the specification .consists entirely of. ordering clauses involving qualified
procedure activations. This specification can. be analyzed by the :method presented

- previously, resulting in- a'solution specification t&ﬂﬁinmg:qutW%gw.
4.6 Justification of the derivation method

Both the problem specnfication Ianguage and the solution spec:ficatlon structure have
been defined formally in terms of a common basis the valldity of histories This means

that the equwalence of a problem speciflcation and the solution specnﬂcation that is derived

g

from it can be discussed in terms of the same set of histones»b’eing valid with respect to
each. Rather than attempt a formal proof of correctness for the denvatlott method thls
section will present an informal justification of the method. The justification will rely,
however, on the formal definitions given for validity of histories. Thecomplete derivation
algorithm is presented in Figure 45, with the individual steps numbered for ease of

reference throughout this section.

In discussing the validity of histories with respect to both problem specification s and
solution specification ss, we can refer to the definitions of the predicates Valid from Chapter

2 and ValidSS from Chapter 3. They are repeated here-
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Figure 4.5. Derivation of solution specification ss from problem specification s

(1) Transform s into a logically equivalent specification in which all argument constraint
clauses are in the hypothesis of an implication and all ordering clauses are in the
conclusion.

(2) Parameterize each predicate on the arguments to more than one procedure activation
into two or more predicates, each of which applies only to the ‘arguments of a single
activation.

(3)  Incorporate each argument constraint clause that applies to the arguments to a
procedure activation by qualifying each appearance of that activation using the given
clause as the qualifying predicate. The result is a transformed specification, to be denoted
s’ Specification s’ consists entirely of ordering clauses on qualified events, except possibly
for clauses involving invocation number variables only, appearing in the hypothesis of the
implication. These clauses are ignored until step (8).

(4) Construct the set Evexp(s) consisting of all event expressions, including qualifying
predicates, that appear in s'. The set of (possibly qualified) event classes associated with
these event expressions represents the set of gates required in solution specification ss.

(5)  Construct all possible orderings of the elements of Evexp(s’), by generating all
permutations of this set and then eliminating all those that are not possible.

(6) Evaluate specification s’ for each ordering, denoting each ordering that evaluates s’ to
TRUE as valid, and each that evaluates it to FALSE as invalid.

(7) For each invalid ordering, find the longest matching prefix that it shares with some
valid ordering, and identify the event following this prefix in the ordering as the offending
event. If the offending event is not an enter event, then the specification is regarded as
erroneous, and the algorithm terminates without being able to derive a solution
specification. '

(8) For each enter gate (either qualified or unqualified) that applies to the offending event
in at least one invalid ordering, characterize the state at each event to which the gate
applies that appears in a valid ordering, and disjoin these characterizations to form D,.
Also, characterize the state at each offending event in an invalid ordering to which the gate
applies, and disjoin these characterizations to form D;. Any clauses in s' constraining
invocation number variables must be included in each state characterization.

(9) For each enter gate for which step (8) is carried out, form the preliminary condition
given by (D, n —(D;)). Test whether this condition is satisfied at every event to which the
gate applies that appears in a valid ordering. If so, then the preliminary condition is the
condition for that gate in solution specification ss. If not, then proceed to step (10).
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(10) Find. an event that precedes. the: given: enter event in-every valid ordering that. is
excluded by the condition so far, and aiso in every invahd ordermg whose offending event
~ applies to the given gate , Gt e 4 S :

(n Characterize the state at each of these pomts and form disjun&iﬁn# D,’ and D; of these
characterizations analogous to those formed in step (8)

(12) Tes{ all valid ordemgs suil a:ckxdedxo dmnmntwhnch samfy ‘theterm: (Dv ~ (D)
If at least one such ordering does satisfy this term, disjoin the term to the current condition.

(3) If some orderings still de: not 'satisfy the condition, ther repéat steps (If) and (12) but
using the characterﬂaﬂensbom fortmfﬁrmmwmd” at thépnvious event o

(14) Repeat steps (10) thruugh «13) until either all va!id orderings satisfy the condition or the
weakening term'in step'(I2), o no previoifs everit can ‘be found' ift ‘step-(10).- If the former,
then the condition formed by disjoining’the pretiminary ‘conditiol ‘anid N the weaketiing
terms from step (I2) is correct and is attached to the gate in solution specification ss. If the
latter then the meehod fnls to: dermé‘a sokm&! tpadﬁaﬁowﬁlr ﬁmb&m speciﬁcatm 5.



- 105 -

Valid({ ], s) = TRUE
Valjd(add(h, e),s) = Valid(h,s) n _
V (ee, f) (ee € Evexp(s) A f is an interpretation
N Matchle, ee, f) D Sat(h, e, s, f)

Validss((] ss) = TRUE
ValidSS(add(h, <p, t, n, a>), ss) = ValidSS(h, ss) A
V (ec, q) (<ec, > € Gates(ss) A ec = <p, t> N q(a) -
D> SatSS(h, ss, <ec, q>)

It is straightforward to compare these two definitions. They are both recursive formulas in
which the basis case is the empty history [ ] and yields a value of TRUE. Also, both of the
terms for the inductive case, which is add(h, e), are a conjunction of the given predicate
applied to history h, and some term involving h and the last event e. Therefore, by
recursion induction ([McC62]), the two definitions are equivalent if and only_ if these last
terms are equivalent for all histories h and all events e = <p, t, n, a>. That is, it must be the
case that

V (ee, f) (ee € Evexp(s) n fisan interpretat'ion A Match(<p, t, n, a>, ee, f)

D> Sat(h, <p, t, .n, a>, s, f) |
if and only if
V (ec, q) (<ec, @> € Gates(ss) N ec = <p, t> A g(a)
D - SatSS(h, ss, <ec, g>).

The first term requires predicate Sat to be true for all interpretations under which the event
matches an expression in the specification. The second one states that for all gates in the
solution specification "matched” by the event, predicate SatSS gs true. These two terms must

be equivalent for problem specification s and solution specification ss to be equivalent, in
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the sense that they allow the exact same subset of possible object-histories to be valid.

’ iyt = N [ RIS S
. S e A% L A Yrager bila g
it ¥ 7 Ny B N P LN S

Steps (1) through (3) of the-dérivation-meéhad trihsferi the original specification s

o A g, a ﬁ}g— ‘j P2y
into a new SPGCiﬁCﬂtion s "To justify this tnnsformation it must be shown that

specifications s and s’ are equivalent with respect to the' valmty preﬂici!‘e"Vahd which

,,,,,,,,,

really means wrth respect to the sattsfaction predrcate Sat. Step (l) in which all argument

RN I S A

',constralnt clauses are brought into ‘the hypothesis of an implmtion simply involves

- properties of firsorder J0gic: St (2% In which predieiees amghfgjémwdmerem

Dooesst ol

activations are parkmetérised;‘is alio athemsticA P Stuightforwird. .« -~

To Justlfy step (3) let us look at the transformation that it accomphshes We start

T 4 R il

from a specrficatron of the form QV) :> ’l- where Q is a qualifymg predrcate on some

syt e ‘ RS MR §_; SERTE L

pararneter vector v and ‘l ls some speclﬁatton mvolvtng only ordenng clauses. According

to the deﬁnitton of Sat,

Sat(h e, ij) 3 ’l' f) (Sat(h, e ij). f) > Sat(h e, 3, f))‘

gz a—x‘ﬁ =

Furthermore Q must be some combination of arithmetic rehtions, which are lnvanant

i

under the Sat predicate, since

Sat(h, e, expl rel expz, O - (ﬂexpl) rel ﬂexpg))

LY

This means that if the interpretation of v by f ntuf“m the quaﬁfying predicate Q, then the

ordermg specnficatton ‘I must be sattsﬁed by event e ancl hmory h under mterpretauon f.

lf Q_ is not satrsﬂed by the mterpretauon of v by f then it does not matter whether ’l is

vaiEninyene 3L G oniee

satisﬂed under f since the overaIl speciﬁcauon is nti:ﬂed regardleu This is exactly the

IS AT R

result of qualrfymg the appropriate procedure utiuuon in s, tvith predicate Qon v. The

iMalis g

constmnt represented by § must be satisfied only if the quaﬁMng predicate itself is
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satisfied. - Therefore, the transformation resukling frem step.(3) is consistent with preserving
the meaning of the specification; and the-value:returned by the Sat ‘predicate is; the same

when applied to the transformed specification s’ as to the original 5. 1«

- The:next steps -of the-algorithm construict the possible.orderings of the events for
which  the specification -contains : expressions. These orderings -represent sub-sequences

- within general histories. The»ﬁistgryzia;mm;mdgriag is embedded is assumed (o.be

-otherwise valid - with ‘respect 2o the: specification:..For; thiv.reason; an--invalid..orderings

- resnl eoashistory that is‘not valid, while:aivalid ardering‘maintainethe -validity of the

overall history. Therefore, a condition-that disiigguishes:the- valid -from ‘the. invalid

orderings is required to distinguish all valid histories from invalid ones.

- Step (4) of the derivation-algorithe consists ﬁi;;th.e construction. of the set Evexp(s) of
~event expressions in the- specification. - This-can-be-accomplished by using the forraal
.definition .of this set in Chapter 2.. The gates sequired .in the.selution. specification are
- exactly the gates associated-with this set of event expressions. If the specification refers to a
certain set of qualified event classes, the solution: specification.must contain exactly this set of
gates, since it is these classes of events that the:guardian must keep track: of in order to

implement the specified constraint.

- In.step (5) all passible orderings among -the elements of Evexp(s’) are constructed.
. Each ordering actually represents a sub-sequence of a “history;. containing. exactly those
events .that are represented by the event expressiona-in:s’.under some interpretation. -Since

there is no restriction.-at all on the quantification, the Tange of- the interpretation is the
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~complete set of all interpretations.: This means that: the ‘orderings: together -constitute the
‘entire class of possitile sub~histories that tonsist: of the events: repriesented-in the: specification

under any interpretation; TECwem Ll e Tty Tage DOs0TORATIe G S0t T

An ordering is considered possible unless (@) there is some procedure activation whose
enter event precedes, its request.event, or whuse exit event precedes its enter event; or (b)
“there are two request events for the same procedure:such that the imvocation number of the
earlier one is greater thah the invocation-number-of the: later ore-under all:interpretations.
This step correspends to:the ‘rahittihn’cbfsthgw of :\Valid:'to- histories satisfying
‘predicate Possible, which-embodies these same restrictions. -

st

In Step (6), ?ach ;}dekrirl\gx is used to evaluate speciﬁcatiﬁﬁ s' bg‘esulting in“a
classification~of each ordering: as either valid or invalid. Sinice: the: implicit interpretation by
“which the event expressions correspond-to actual events-is unrestricted, an ordering is valid
“only if, under ‘any interpretation ‘Whatsoever, €ach event in it satisfies the specification. An

invalid -ordering, on ‘the other -hand, represeits a subhistory  whicth under some
interpretation does not-satisfy the specification: -This is equivatent to the definition of the
Valid predicate, where for a history to::be ‘valid, each event in it must satisfy the

specification for all interpretations.

The identification of the offending event for ‘each ivalid -ordering in:-step (7) is
straightforward. The validity of a histaé'y”with respect (o2 ‘spacification is defined: in terms
of each successive event in the “histery satisfying thie Specification. “Since the histery in

which the ordering is embesided is valid- otherwise, the first' event it which an' invalid
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ordering fails to match some valid ordering is the "offending” one. All events preceding
this one must satisfy the specification according to the predicate Sat. The definition of the
validity of a history with respect to a solution specification similarly is in terms of each
event satisfying the solution specification conditions. This means that the offending event
must be the point at which SatSS is first not satisfied, and therefore a condition must exist

that is violated here.

Step (8) requires the state to be characterized at each point representing either a valid
or offending occurrence of an event of the given (qualified) event class. As described in
Section 4.2, this characterization is made by existentially quantifying all variables and
putting bounds on the counts of all gates involved in an ordering. The existential
quantification of variables signifies the fact that the event expressions correspond to actual
events under some unknown interpretation, and that every variable is therefore replaced by
some unknown value. Each bound on the count of passages through a gate is either a
lower or upper bound depending upon whether the event at that gate precedes or follows
the point at which the characterization is made. If event xm‘""' precedes this point, then

®Me") is presumed to be at least m, while if x_*™* follows this point, then

count(x
count(x®"®") is presumed to be less than m. For an event involving a qualified activation, it

is the count of the appropriately qualified event class that is bounded.

This characterization is accurate because the scheduling at each gate is
first-come-first-served. According to the solution specification structure, two activations
L]

whose parameters satisfy the same set of qualifying predicates must pass through exactly the

same set of gates. Since the queue for each event class is FIFO, these activations must
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proceed in first-come-first-served arder.  The rest of the state characterization. method
simply involves lmroduaug the existential -quantification : on- mvocaﬂon number. values

explicitly, and mdudmg any exphut ‘constraints: on these: vajues that may appear as clauses

in s’

The characternza‘uon that is forme-d» forAeach ordérmg représenﬁ the rﬁﬁst genéral
expxémon possible of the current state following the occurrence of a sub-history
corresponding to-the givenordering. - Nothing -is. kssumed: about: the rest of the history
except .what can be deduced directly. from.the events. in-the ordering itself.. All unknown
values in the formula ate existentially quantified,-so the formula simply states that there
exist some values for which its boedy is-true. Fhat is-to say, there exists Some interpretation
causing a sub-history to:correspond to this ordering. —Thcfefog. :B¢.~‘thg¢disjtmaion'of the
characterizations from all the valid orderings, represents: the: most- general expression of
when an event in the. given qualified: class. can:ivalidly oceur.  Using the formal semantic
definitions of Sections 26 and 3.4, it is the most general characterization of CurSt(h) for
histories h which, when “fellowed. by: some event ¢ .in the given  class, satisfies the
specification s’ (by the definition of: Sat) for amy intespretation f. . Similarly, D;, the
disjunction of the characterizations from- ajl the i;walig orderings, represents the most
general expression of when such an event. cannet: validly occwr. . This means that it is the
most general characterization of CurSt(h) for histories that under some interpretation do not

satisfy the -Specificatio'n' when followéd by an event in the class.
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The preliminary condition formed by (Dv N -(Di)) in step (9) represents an attempt to
incorporate all histories with which an event of the given class satisfies the specification for
all interpretations, and to rule out ali those with which it does not. It is the conjunction of
two terms, one of which is the negation of D,, the expression of when the event caﬁnot
occur. For this reason, it is guaranteed to be a strong enough condition to exclude all
invalid orderings, and therefore all histories that do not satisfy the Sat predicate for the
specification. Thereforé. no history that does not satisfy Sat will satisfy SatSS for the
solution specification containing this condition for the given gate. Testing the condition
against all valid orderings determi.nes whether or not it is weak enough to allow all histories
satisfying Sat. If so, then it is the correct condition, in that it causes exactly the correct set
of histories to satisfy the SatSS predicate as well. If not, then there are some ‘histories that

satisfy Sat but would not satisfy SatSS if ss contains the given condition.

Progressively weakening the condition allows more histories to satisfy satss. This
weakening is accom‘plished by répeating steps (10) through (13) using érevious states, each
time disjoining the resulting terms to the previous condition if ihey allow more valid
orderings to satisfy the condition. The weakening term constructed from the first
application of steps (ll) and (I2) involves only quantities in the previous state. If this is
found in step (I3) to be not sufficient, then repeating steps (l) and (12) allows a term to be
constructed that involves relations between quantities in the previous state and those in the
current state. Since each weakening term is of the form (Dv' N -(Dl-')), just as the

preliminary condition is, no invalid orderings can become allowed as a result of this process.

By choosing each time an event that precedes the given point in all remaining valid
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. orderings- stili not aliowed by the conéifion, the weakening terms constructed: have a good
chance of including most if not'alt of the remaining valid erderings.’ Therefore, steps (10)
through (13) in practice rarely: need to be repeated more than enwce or twice: -Evéntually, aif
valid orderings must be included, unless the ‘algorithim. fails tue to-an inability to find a
previous state in step’ {I0) to use in construeting’ new weakening terms. ffSpei;i"fic:tions‘ for
which: this the algorithm faifs are the subject-of the:last section- of this chapter.
4.7 Failure of the derivation algorithm
The structure of the solution specification is ‘flexiBle emoligh t6 éxpress the solutions to
a large class of synchronization problems. Hewever; certaity Teatures do Himit somewhat the
range of synchronization constraints that €an be expféssed. The sohition specification
structure is less general than ‘the problem -specification unghage, “so- that” for some
specifications the derivation algorithm lS unable to construct equwalent solution

specifications. As noted in Section 4‘2 this sometimes is mamfested by finding the

k] ,”i

of‘fendmg event in an ordering to be other than an enter event. Smce this would imply a

o

ondmon on a request or exit gate, such a spec:ﬁcation is mcompatiblc with the solution

Aartl YIiils

specmcation structure that only places condmons on enter gates The algorlthm therefore

fails whenever an invalid ordermg is found for which the offendmg event is not an entcr

St

event.
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The -other manifestation. of incompatibility. with:athg:—,,s;ructure; -of the solution
specification is -an fsnability:,to-;;ﬁndt sufficient previous statgs..at which terms can be
constructed -to- weaken conditions. An. example of suck an. mcompatsble specification - is the.
"last-come-first-served” (LGFS) scheduling specification. of: Example 6 in-Section 2.7

7 (Pireqwst = pjreqp?gl ‘_’?’Pj.gh’):» -9 (p3 onter ﬁonlov)
When. the derivation algorithm. is-applied. to.this specificagion; .the following .preliminary
condition:is first constructed for gate p*™*":
~ count(p™ ™) = count(p*™*) + 1.
This condition .is found not to be satisfied -by ane of-the events: occurring in a valid
ordering, however,-namely pj"-'"' in the-valid ordering
‘P:i"qu:',"r ___% P }requcst =3 qunlov = p;onlu

" This must be distinguished from the offending event p*'“"' in the invalid ordering

| et = ! = p Y ey penir
on the basis of previous state information. Since these orderings differ only in the identity
of which of the two p""" events occurs firstu and tneu |dent|ty|s not reﬂected in any
predlcate on the parameters of the trvo actltv;tlrnns 1t is obv:ous that the two cannot be
dtstmgulshed. ln applymg the algonthnt, there are two prevrous events at which posnble
weakening tertns can be constructed: the most recent,. and ner(t-to-most recent, p"""'St events.
However, the state characterizations for the two ordermgs are |denncal iin each ca1se,
resulting in potential weatk.ening terms th.att ere identic;llyA FALSE and thus not useful. Asa

result, the derivation ends in failure, since no other possible weakening terms are available.

g f
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. The reason for tﬁe*failuré:of‘ the aigerithm: on: this specificition: is that the property
specified requires: two different activations to-be distinguished; not-on the basis of their
parameters, but simply By their idémtity. A-sohition speeification ‘condition for this
. constraint would- have to depend-'on not ‘only the numbér of previous eévents, 'which would
involve the current Qﬁéﬁrbﬂinﬁm state, or even thé ordér of these events, since this
information can ahways bé obtained from prévious stite informaition; as expliined imSection
3.3. Instead, the constraint relies on distinguishing the: iléntity' of two different activations.
However, since there is no parameteﬁrdiiedprope?qﬁr%hlch to distinguish the two
activations, the: structure of the-solution specification requiréd“that' the’ activations pass
through the same gate or set of gates for the p***' event class in FIFO order. The
requirement in the specification :of ‘non-FIFO scheduling-is in direct contradiction with the
solution specification’ structure. This is' why the: derivationi' algorithey cannot possibly |

succeed in deriving a solution specitication for this specification.

Syncﬁromzauon constraints such as the LCFS sp?uﬁanon that rely on the ldentlty of
particular events are rather unusual in practlce and thelr mcompanbihty with the soluuon
specnﬁcauon structure IS' not ternbly dnstressmg A second kmd of lncompaublhty. though
is demonstrated by a very commonly desired property. the flrst-come-ﬁrst-served (FCFS)
specmcanon of Example 5 in Section 2.7: o

| (pluquost = anqu.si) - (P enter = qjonhr) |
This specification, somewhat surprlsmgly, is also one for whach the derlvatlon of a solution
specification fails. The reason is that this synchromzanon cﬁr.iﬁtraln’t cannc;t be lmpleménted

using one queue for each event class and one entry condition for each queue. An
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implementation .using the serializer construct appears in [Hew?7) for a FCF_S scheduling
‘property on two operations “read” and "write", but this relies on the two operations sharing
the same: queue, though with different entry conditions. ‘A monitor implefentation was
devised in an unpublished note [Bro76], but here again the two operations shared a single

queue, with one of the 'operationi using a sécéhd:ﬁsﬂiia'ri quelfn as ‘well,

The reason that a solution specmcatlon énnot be ﬂoonsvtru;:{tefc‘l ‘for this property is that
it x;would be necéssary té ;ave mforméﬁon at‘ayl ‘prer-ibot‘Js statue thatls #r:ll':ntrarlly far back in
the history. The solution speciﬁcation structure allows states to be saved at the mo;t recent
-event at a gate, lfa»nd by extension, at the nextto'mest récent, etc.: However, the FCFS
constraint requires that €ach eriter event use inférinatioh- from: the point in the history- at
which the corresponding request everit toek place, which may be arbitrarily far back. That
is, the condition for- enter events: by different’ processes. must involve information saved at
previous statesindividually applicable to each process. Specifically; fet

-{@m(cc) pr’iﬁm e predvesy
. be a quantity that for any particular activation of operation p represents the value of
count(ec) saved at-its request event. ‘Then the-conditions on gates p*™* and q;“‘9' could be
cxpressedfa.s:‘
P [count(q"*®**!) private @ p”“"“aia- count(q*™'*)

entor

q [count(p"**"*") private e q"****] count(p"'"’)

That is, there must be as many q'“t" events at the time of a p"‘,"' event as there were

request

q events when the given activation of p was requested.
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The use of this kind of information that is “private® to' each process appears in
[Owi76] to specify solutions to synchronization problems. - Intérestingly, the LCFS property
can also be expressed with the use of privateninfesmat.iqa. - The. cpndmonm gate p’""'
becames:

(count(p'*™**).- [count(p"***) private-e p****'P =
(count(p®™*") - [count(p*™*") private @ p"****])
In ‘other words, avll réquests fof P smcethns act:i‘v‘a’tid;l;'of ;p»‘v.vahs requestedmust first be

fulfilled.

~ The solution specification can.only save states at 3 “fixed” distance back from the
current state, where- "fixed” is:relative to the. number of events at a gate.  Information
| privately saved by each process must be saved at states arbitrarily far back in the history.
Without such privately. saved. information: the solution: specification- structure is unable to
express certain properties, including the rather straightforward FCFS praperty. This must
be considered a weakness of the solution specification and:therefore of the synthesis method.
However, it is nevertheless true that: most. specifications are compatible with. the solution
- specification structure, . so that- tm«deﬂvaﬁm;«aigomhm .dess  succeed :in oonstmctmg
equivalent solution specifications in most cases. The next chapter describes the last stepm

the synthesis for these cases, the implementation of the: solution-specification i T&t:tual code.
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Chapter 5

The Source Language Iplementation

5.1 Introduction

"The derivation of an equlvalent solutton speaﬁcatxon from Q problem specnfrcatlon
usmg the a!gonthm presented in Chapter 4, constitutes the major conceptual task mvolved
in -synthesnzmg actual synchromzation code. The denved ’solutton specuflcatlon is a
procedural representanon of the same ordering constramt that is 'expressed non- procedurally
:by the problem specmcat»on The fmal step in the synthesis is nmplementmg the solutlon
specnflcatlon m terms of an appropnate sourt:e Iatngha%e .sym:hromum(m mechamsm “The

translation from solution speciticatton ’to source Ianguage is the subject bf this chapter. and

while relatively straightforward, it is not completely obvious for all cases.

The:structure of the solution specification is general enough for it to be translated into
any one of a wide range of source language synchronization. mechanisms. For purposes of
explaining and illustrating .‘ghe,,translati;oh; techmque.ﬂ\enmmtor construct of Hoare
([Hoa74)) will be used throughout the thesis. An implementation-using an alternative
high-level ;ynchroni,zqtion,‘mer.hani‘srp. such as conditional critical- regions ([Bri72]). or
serializers ((Hew?77]) would be quite similar. If a Jawer-level mechanism such as semaphores
([Dij68)) is preferable, then an algorithm given:in [Hoa74).can be used to further transiate

the monitor implementation given here into semaphore cade.
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A fundamental assumption of the medel-used here is that all synchronization for a
data object takes place through a single centralized mechanism associated with that object.
This does not cause any problems with an implementation in terms of monitors, or any of
the other constructs cited above. However, it does make the solutimspetifféanon structure
somewhat incompatible with situations in which a data object is distributed throughout
some decentrahzed system and where |t is desnrable for the synchroniutton control s:mllarly
to be distributed. The structure of the solunon specnflcation does not give much ald in
dectdnng how to perfotmr the message passing requxred In a dismbuted system to xmplement
the synchromzanon constramt For centrahzed synchromtatton mechamsms such as
‘monitors, though the |mplementauon is not too dnfﬂcult as wﬂl be demonstrated once the

momtor construct uself has been mtroduced m the next sectlon

iR B S

5.2 Monitors

The monitor is a synchronization mechanism that was first described by Brinch
‘Hansen in [Bri73] and defined more formally by Hoare inmnﬂﬁ It grew out of the
"secretary” concept proposed by Dijkstra in [Dij72b]: A monitor is’an extension of the class
construct of Simula [Dah72], with-one impoftant difference. ‘A’ mionitor; like a Simula class,
oonsists of some local data and a collection of procedures for mahiputiting that data. The
major difference is that executions of the procedutes of a monitof are mutuilly exclusive, In
order to protect the integrity of the local data. Processes’ Attempting toncurrent executions
of a monitor’s procedures must wait to'gain exclusive access tothcm&titof This waiting is
defined by Hoare to be fair, and can be assumed to follow a first-come-first-served

discipline.
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Monitors also contain features for explicit process synchronization. As defined by
Hoare, this takes the form of a condition data type, which represents a FIFO queue of
waiting processes. Two operations are defined on a condition for qﬁeuing and dequéuing
processes: "wait", which causes the process executing the operation to enter the queue; and
"signal”, which dequeues the process at the head of the queue, if any. Both operations cause
the process executing the operation to relinquish possession of the monitor. A process on a
queue that is dequeued via a “signal” operation by some other process regains possession of
the monitor. It resumes execution of the monitor procedure it was executing at the point
immediately following the "wait” operation that it performed. An additional operation

"queue” returns a boolean value, indicating whether any processes are on the queue:

The notation used here will be based on the language CLU [Lis76] rather than the
Simula-based notation introduced by Hoare. Thus, a "wait” operation on condition variable
c is written

condition§wait(c);
rather than
c.wait;

as in [Hoa74).

Hoare advocates associating informally with each condition variable a boolean
predicate on the local data of the monitor. This predicate indicates what condition on the
monitor state a process on the queue is awaiting. Making this association aids in proving
properties of monitors. As indicated in the next section, this association makes condition

variables suitable for representing the entry conditions in the solution specification being
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5.8 The basio monitor implementation

A comparison of monitors with 'the - solution :specification’ sthlcm‘re discussed in
Chapter 3 reveals a close correspondence between features of-one: and-the other. The local
data of a monitor is sufficient for representing: the state information required in a solution
specification, since this state information can be represented: by a gollection .of integer-valued
quantities. A conditien variable in a monitor is a FIFO queue of waiting processes, and as
advocated by Hoare, has associated with it-informally a hooiehﬁfpredidate on the monitor
data. These are exactly the features required for conditions associated 'with enter gates in a
solution specrﬂcauon Passage through a set of gates assoaated with a grven event class
_ must be mdlvnslble and produce a state change in the system Momtor procedures hre rdeal
‘fo‘r implementing gates, in that they manipulate the local data of the monitor, and because
the enforced mutual exclusion on their executions makes them indivisible ‘opera_tions.
Monitor procedures can take parameters, which is important since the behavior of ‘gates

sometimes depends on the arguments to the associated procedure activation.

It should be emphasized here that the monitor is being used to implement only -the
synchronization code, not the abstract data type as a who!e The monitor was originally
conceived in [Hoa71] to lmplement a shared data abstractron ltself Crmcrsm of the momtor
construct has appeared in some recent techmcal hterature (eg [Hew77]. [Had77] [Jam77])
The basis of this criticism has been that the use of monitors to lmplement abstract data

types leads to such problems as reduced concurrency, hck of modularity, and a potential for
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deadlock through hierarchical monitor calling. As used here, however, the monitor is
employed within a data abstraction, for the sole purpose of implementing the
synchronization code required by the operations of the abstraction. The monitor procedures
are kept small in size, so that their use does not significantly affect the degree of
concurrency possible. Modularity is enhanced by implementing the synchronization code
separately from the abstract data operations. Since lower-level abstractions are called from
the bodies of the operations, not from the synchronization code, the problem of hierarchical
use of monitors is avoided. (See [Blo78] for the advocacy of a similgr discipline in the use

of monitors.)

~The monitor for a data type contains three procedures for each operation p of the
type. These procedures represent the three event classes associated with p, and are named
p_request, p_enter, and p_exit. It i; necessary that the procedures of the derived monitor be
called at the proper points within the data abstraction operations, in order to ensure that
the monitor is used properly and the synchronization constraint is embodied in the data
abstraction. Tﬁe form that operation p must take is illustrated below in Figure 51. The
identifier "m" is the name of the constructed monitor, and v is the vector of parameters to

operation p. This vector of parameters actually must be passed to the monitor procedures

only for implementations involving qualified gates, as explained in Section 5.5.

The monitor implementation of a "basic” solution specification that involves neither
previous state information nor qualified gates is straightforward. Recall that the abstract

program for an activation of operation p of the data abstraction in such cases is given by:
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Figure 5.1. Monitor calls within operation p-
Cp=proe..; . :
call m.p_request(v);
—call mp_enter(e) . -
. {body of p)

call m.p:exitiwy
end p;

P increment count(p™™ ) by 1

enter,

P wait until entry. conditic

jon s satisfied, -

then increment count(p*™*) by 1

execute body of operation p

p**": increment count(p***) by |

. For eac‘thﬁantity of the form count(ec) that appursm one ormore entry conditions
in the solution specification, there is a corresponding variable of type integer in the monitor.
This variable is initialized to O,Vam(i‘ is incremented by Vl'irxl-'titewprd:;edﬁfe”that reﬁrésems

. event class ec.

An alterpative implementation could employ instead a ;eparate variable for each
quantity of the form (countiec;) - countlerg)). since 2 conditiom almost always cancerns. the
difference between. (wo counts.. The.implementation. chasen. here. is. somewhat. simpler. for

purposes of explanation. It does, however, incur the possibility of integer overflow, since

e, e e 4%

IR O S ATTT TR S SN S TE A st
each variable is constantly increasing over time. Although techniques can be used to avoid
overflow by dynamiéally exténding the précisit;n rdf‘-im'egers, the alternative rﬁig_ﬁt be

preférable in practice. -
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For each enter gate with an entry condition in the solution specification, the monitor
contains. a . condition varjable.  The _bou;éan . predicate in!o};mall:y; ;assaciated with this
variable is exa‘zt.ly,.thetsamq.as.\"the entry gqu'i,tjon,iwjthanne;ach;;gqantigyi_of the form count(ec)
replaced by the corresponding variable. Let the condition variable corresponding to gate

p°™*" be pentry, and denote the predicate associated with it as C.,. Then the first statement

pren

- in procedure p_enter is

} if (= Cp) then cbndit'i.on*ﬁ;ait(pentr).');{:end; -

Whenever control of the monitor is relinquished, it is necességg to gheck»the:pr,eg%‘icatgs
associated with all condition variables on which processes are queued. If one or more of
these predicates are satisfied, then a sngnal opermon ‘is! performed on one of the
conditions. The condmon)to be SIgnalled must be chosen in a fair manner, so that no
process starves because the condition on which it is queued is never chosen for signalling.
This can be accomplished by using a variation of Dijkstra’s "guarded commands™ {Dij75] to
implement a new kind of statement called a “chioice” Statément. Changing Dijkstra’s
notation so as to distinguish choice statements from ordinary ‘ff stitements, a  choice
statement looks like:"

choose
BII Sl;
B22 52;
Bn:‘ S
end;

where the number of guarded commands n 2 1 The meaning of this statement is the

following: The “guards” B, are simply boolean expréssions. If one or more of these guards
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are true, then one of the true guards B.i is (li‘m—deter_minitely)‘ ‘selected  and the

i
statement and Dijkstra's version. The mettiod for makinig the seléction’ between severa¥irue

corresponding stitement s, ‘is executed. There are two important differences between this

guards is unspecified but mustb? fair. Also, if hone of the guards is ‘true,” then the
statement is simply skipped. |

If the condition variables in the monitor are pentry, qentry, etc. ‘with corresponding

P .

boolean predicates C etc,, then the following choice statement must ippear at the end

p Cq
of every monitor procedure:
choose -
' conditionfqueue(pentry) A Cy: condition$signakpentry);
pondition’queuer(qemry) A Cq: condiriontsigm!(qentry),

end;
This ensures fthat whenever one or mere waiting processes can be degugqed. due to the
satisfaction of the predicates on which they are waiting, one of thém will in fact be
dequeued. The fact that the predicates in the guards include the conjunct of the form
condition§queue(pentry) ensures that the condition that is signalled does in fact have a
waiting process. As long as the w&tim is made fairly, the monitor will be a faithful

implementation of the solution specification.

A property of the monitor construct that is used here is that a procéss that is dequeued
from a condition variable via a "signal” operation gains possession of the monitor ahead of
any process that is attempting ta call a monitar procedure. This ensures that a process that

has been waiting for an entry. condition to become satisfied is allowed to proceed as soon as
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the condition is in fact satisfied, and is not overtaken by a later-arriving process. This
property is necessary for the faithful implementation of the FIFO scheduling that is part of

the solution specification structure.

In practice, it is often possible to optimize the signalling statement by eliminating some
of the options in the choice statement. The basis for such eliminations is that the
corresponding guards cannot possibly be satisfied at the given point in the monitor, due to
the rest of the monitor code. In t;act. for many simple examples, at most one guard in the
choose statement can ever be true at any given point. However, in general the analysis
required to perform this optimization is difficult. Rather than becoming im;olved in the
details of when a given option can or cannot be eliminated, the simple-minded
implementation of always testing all conditions will be used here. (In practice, it might be
simpler to make a separate procedure. internal to the monitor for this signalling code. Each

of the regular monitor procedures could then call on this internal procedure.)

An optimization that can be made easily is the elimination of unnecessary monitor
procedures. If no reference is ever made to the quantity count(p®***!) or count(p®*"), then

the body of the corresponding procedure is empty. The procedure itself, along with the call

to it within the data abstraction operation p, then can be eliminated. Similarly, if there is

enter onlor)
’

no entry condition associated with gate p°™'*’, and no reference to the quantity count(p

then procedure p_enter can be eliminated.
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. As a concrete example of a monitor

ation, comsider the . following
.specification: . . .. o .
(™™™ = g™ > (™ =2q"™N) A
«qjonler = plonhr) > ( qj.m = Pl.,...,»
There are two clauses. one gwmg operanon (p pnonty over opentlon q the other excludmg
new activations of operanon p durmg active execui:ons of operauon q The solutlon
'specmcauon for this example consists of the condmons e B R
For gate q‘""'; coum(p"""‘“) - mnt(poalu) :

For éete p“'A""':4 co'lrlrlitr(q'"“:")".i @n{(q'iﬂ)

The monitor implementation of this solution specification  containg.. four integer
variables, representing count(p™™**), count(p*™*"), count(q®™"*).and count(q®™). These
variables are named pr, pn, qn, and gx, respectively.. Each variable must.be initialized teo.0,
and incremented by 1 in the corresponding -monitor. procedure.~ There are two-condition
variables, pentry and qentry, for the entry conditions on gates p*™* and q*™*. The
predicates arssociated wnth these conditiorl vamblesarethe analogues m :termr“of monitor
vanables to the solunon specnflcation emry cor;duaons (pr = pn) for qentry and (qn - qx)
:foa ‘pentry. The monitor "ex” that is obtamed for thls“ example appears in Figure 52 The
monitor procedures p_exit and q request have been ehminated as unnecessary Operauon P
of the data abstraction must call monitor procedurer ex p_requesr and ex. p_enter (m that

" order) before executmg its body, whlle openuon q must call procedure exq enter before

executing its body, and ex.q_exit afterwards.
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Figure 5.2. Monitor for example
€xX = monitor;
pr. pn, qn, qx: integer;
pentry, gentry: condition;

p.request = procedure,
pri= pi‘ + L
choose . — »
' condztwniqueue(pcntry) N qn = qx: condition$signal(pentry);
conditionSquene(gentry) A pr = pn: conditionfsignalgentry);,
end; ; N ’
~end p_request;

p_enter = procedure,
if gn = qX then cond;t:ontwalt(pcntry) end;
pn:=pn.s kL
choose
conditionfqueue(pentry) A qn = qx: condition$signal(pentry);
condition§queue(qentry) A pr = pn: conditionlslgnal(qentry)
end; C
end p_enter;

q-enter = procedure,
if pr = pn then condmontwalt(qentry)ﬂ end
gn:=qn+ 1 S ,
choose
., conditionfqueue(pentry) N gqn=qx: copduwnﬁggml(pemry)
conditionf§queue(gentry) A pr = pn: conditwn’ngnal(qentry)
end,
end q_enter;

q_exit = procedure;
qx ==gx + [;
choose Ce e : ‘
condmontqueue(pentry) A gn = gx: condition$signakpentry);
conditionfqueue(gentry) A pr = pn: condition8signal(gentry);
end,; '
end q_exit;

pr, pn,qn,qx := 0,0, 0, 0;
end ex;
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5.4 Previous state information

When a solution specification contains references to quanititiés riot onlyin the current
state but also in previous states, these quantmes must be mmﬁﬁ&iﬁiﬁ th! 'iﬁonitdr in a

different manner. Specnfncalll. a separate momtor vanable u req&ured for each quantity of

the form "[counf(a:) o gl ‘where g is some glte "ﬂlif’ﬁrlaﬂé of Ety”pe integer saves the
current value of the variable representing couat(ec) in the monitor procédure corresponding
to gate g. That is, it is set in the procedure representing gateg:ﬁyl&g:mng to it the
current value of the variable repthiﬁg coQﬁ«x). it can beuseéil’lfhe boolean
predicates assoc?itediyvfﬂi* cmdmon V;r@!es:h themwﬁyis’:avaﬁabk that represents

a quantity in the current state.

Consider example 7 from Chapter 2, the speaﬁcauon for opeﬁtm pmrmg
( enter _.o bjonhV) - (conhv =>djonhv) Ry :t.:,-—‘-:'

The derivation of the solutiofi specification for this eka

overall solution specification is:

For gate a®™*":

(count(b""") > count(d"'"')) v ([count(a"'"') . d"'"'] < [count(c“"')’. d'“"'l)

For gate boahr S LmI e s et cUnERTY T |
(count(a®™*") 2 count{c®™")) v ({count(b®™*) e c*"*7] < [count(d™")-¢ c*™"))
For gate c*™*".

(count(d®™*") > count(b®*™*)) v ([count(c®™*) e b"“'] < [count(a®™*) e b"‘"'])

For gate d*™*":
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(count(c®™™®") 2 count(a®™®")) v ([count(d®™*') e a®™*')) < [count(b®™®") @ a°"'*"])

Since the entry ‘conditions do not involve any requesi or exit gates, only four procedures are
needed in the monitor, one for each enter event .class. Each of the operations a, b, ¢, and d
must call the appropriate monitor procedure prior to executing its body. The variables an,
bn, cn, and dn can be used to represent the current counts of the four enter event classes.
In addition, eight other variables are needed to save the values of counts in previous states.
Variable amrd, for example, represents the count of gate a*"*" saved at the most recent
d®™®’ event. This variable is set in monitor procedure d_enter to the value of an, which
represents the current value of count{a®™e"). Similarly, variable cmrd represents the count

®Me" saved at the most recent d®™°" event. The predicate for the condition variable

of gate ¢
aentry on which procedure a_enter performs a wait operation is:
bn 2 dn v amrd < cmrd.

The predicates for the other condition variables bentry, centry, and dentry are analogous.

The complete monitor appears in Figure 53.
5.5 Qualified gates

The remaining issue to be handled is the implementation of qualified gates, which
arise in a solution specification from the presence in the problem specification of predicates
on the arguments to procedure activations. Recall from Chapter 3 the abstract program for

an activation of operation p in a situation involving qualified gates:
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Figure:5.3, Monitor for operation pairing example, - - ...

pairs = monitor;
amrd, cmrd bmrc dmrcAzntegef o
., amrh, cmrb, bmra, dmra;.integer; .
- aentry, bentry centry, dentry condiuon,

N

M:';{_% . o
a enter = procedure

if (bn < dn . amrd 2 cmrd)zm candition$wait(aentry); end;
an:=an+1;
~bmra :=bn;
dmra = dn;
_choose |, | Ty
) condmonSqueue(aentry) A (bn 2dnv amrd < cmrd) conditwnts:gnal(aentry)
, conditionfiqueugbentry) A {an 2 cn v bmrc < donic). andition§signalibentry); - -
condmoniqueue(centry) Adn 2 b v cmrb < amrb): cendumlsignal(cemry);
conditionfqueye(dentry) A (cn 2:an.vdgua « brara): eon aldentry); .
end;,
end a_enter;

b_enter = procedure;
if (an <cn A bmre 2 dmrc) then condmoniwait(bentry) end
bn:=bn + I; , : ,
amrb := an;
~ cmrb = cn;
~ choose ‘ '
condition§queue(aentry) A (bn 2 dn V.amrd < cmrd): condition$signadaentry);.
condition§queue(bentry) A (an 2 cn v bmr¢ < dmrc): condition$signalbentry);
conditionfqueue(centry) A (dn 2 bn V cmrb < amrb): mdition3sngnal(centry)
conditionfqueue(dentry) A (cn 2 an Vv dmra < bmzak o, Kdentry), -
end; ’
end b_enter;

 c_enter = procedure
if (dn < bn A cmrb 2 amrb) then conditian$wait(centry); md,
cn:=cn + |; -
bmrc := bn;
dmre := dn;
choose -
candatwnkqueue(aemry) A (bn > dn v amrd < cmrd)- conduion!sngnal(aentry),
conditionfqueue(bentry) A (an 2 cn v bmre < dmrc): condition$signal(bentry);
conditionfqueue(centry) A (dn 2 bn v cmrb < amrb): cordition8signal(centry);
conditionfqueue(dentry) A (cn 2 an V dmra < bmra): condition$signaKdentry);
end,
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end c_enter;

d_enter = procedure;
if (cn < an A dmra 2 bmra) then condition§wait(dentry); end;

dn :=dn + |; )
amrd := an;

cmrd := cn;

choose

conditionfqueue(aentry) A (bn 2 dn v amrd < cmrd): condition8signal(aentry);
conditionfqueue(bentry) A (an 2 cn v bmrc < dmrc): condition$signal(bentry),
condition§queue(centry) A (dn 2 bn v cmrb < amrb): condition8signal(centry);
conditionfqueue(dentry) A (cn 2 an v dmra < bmra): condition$signal(dentry);
end,; '
end d_enter;

an,bn,cn,dn:=0,0,0,0;

amrd, cmrd, bmrc, dmrc := 0, 0, 0, 0;

amrb, cmrb, bmra, dmra := 0, 0,0,0;
end pairs;



g
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request,

: in_parallel for all gates g in event class.p“""“',

p
if v satisfies the qualifying predicate of g,

then increment count(g) by I -

enter,

P . in parallel for all gates g in event class p"‘"’,

if v satisfies the qualifying predicate of g,
then wait until the entry condition of g is satisfied,
and then increment count(g) by 1

execute body of operation p

P

. in parallel for all gates g in event class p™,

if v satisfies the qualifying predicate of g,
then increment count(p®**) by I |
How this a.bstract program is implerﬁented in a monitor depends to some extent upon the
nature of the qualifying predicates. In all cases, though, it is necessary that each of the
monitor procedures p_request, p_enter, and p_exit take the same vector of arguments as the
data abstraction operation p itself does. This aliows the monitor procedures to test the
qualifying predicates on the arguments, thereby determining which gates.apply to an
operation activation. Each monitor procedure implements the entire set of gates for the

given event class.

Qualified request and exit gates are easier to implement than qualified enter gates.
Since these gates consist only of incrementing integer variables, it is merely necessary to test
the qualifying . predicate before incrementing. The simplest case involves a predicate
concerning only the arguments to the associated data type operation. A qualified count, like
an unqualiﬁeci one, is represented by an integer variable initialized to 0.  The update to this

variable is preceded by a test of the qualifying condition, and is only made if the condition
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is true. For example, let the qualifying predicate be Q(v), i.e. the quantity to be updated is
something like count([p(v) | ij)]‘”‘“). If x is the monitor variable representing this
qualified count, then the update statement in procedure p_exit is

if Q(v) then x:=xsl; end,;

There may be more than one qualified gate for an event class, in which case a
separate state variable is required for each gate. The update of each state variable x; must
be preceded by a test of its corresponding condition Q;. Because more than one of these
conditions may be simultaneously satisfied, it is important that the tests be made in a series
of statements of the form

ifQ‘-(v) then x; = x; + 1 end,
rather than in one statement such as

ifQ‘l(v) then x| = x| +1
elseif Qo(v) then xg = X9 + 1
elseif ... end,

that could only increment one variable at most.

' A qualifying predicate may be parameterized, and so involve not only the arguments
to the associated operation, but also a parameterizing variable t. (There actually may be
several parameterizing variables ti., but they can be combined into one composite variable t
= <tj, .., t;;>.) For each possible value of t there is conceptually a separate gate, which means
there must be a separate quantity in -the state. For example, suppose tha.lt a solution
sprettication contains a quantity of the form count(p(v) | Qfv, _t)]"‘“). If the parameterizing

variable t were of type integer and could only take values from a restricted range, say | to
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100, then this quantity could be implemented by -an array with: that' subscript range. The
n-th element in-the array-would represent the quantity eoiint({lp(v) |:Glv, WiI*").

In general of course, vanable t is not necessanly an mteger. and it is impossible to

’.*A k
o

know ahead of time all possible values for t. The same ldea can be used in the
implementatien, though; by employing an abstraction: that.captuies:this same effect.: The

parameterized type “counss{F]", where T represents: the type-of 1, contiins ‘counts for all

possible values of £, at-least conespiually, These counts are:zit:set to:0linitially when a new

object. of type-¢ountsiT] is created, and the count: cdrresponding tona: particalar value.ty is

incremented by the operation "incr” with t as argument.

In the actual implementation of the type counts[T ]. the count for any partlcular value

,..\, vio o 3ET

of t is created and added to the object of type counts[T] only as it becomes needed The

L

implementation of this type in a Iangua.ge wnth dynamgc agrgys such as CLU is

straightforward. However, the dynamic creation of counts-as they are needed is an

R - i P L PR T R
- implementation detail; users of the type can.ignore this and use thé abstract conception of

all counts that are needed being created as part of the object initially.

" For the purpose of translating a-solutioh Specification into a monitor, each state

variable répresenting a qualified count whose predicate is p#fametérized by variable t'must

be lmplementea by an object of type ‘countslTI A “¢reate” operatnon for this object is

required in the initializatién code of the monitor. The' ' qualifying predicate ‘must take the

form’ qf"é"'fdnéﬁdﬁh elation between variablé t dnd’the- arguments of the procedure

activation, ie. the qualified quahtity must be of the Torm count(fp(v) 1 t = V)M, It is
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always possible to parameterize a predicate so that at most one activation is non-functionally
related to the parameterizing variable t. This activation should be chosen to be the one for
whose enter event the condition is derived. This means that only one value of t can apply
to any given activafion, and so only one count needs to be incremented. Incrementing the
proper count is accomplished by the statement

; counts[T I8incr(cou, f{v))

where T is the type of t and cou refers to the object of type counts[T].

There must also be an operation “get”, analogous to the “fetch™ operation on arrays, by
which the count for any particular value of t can be retrieved. This operation is used
within the predicates for conditions associated with parameterized enter gates, as e'xplained
below. The quantity

count([p(v) | (t = Rv))I*")
in a solution specification entry condition is implemented by the operation call
counts[T J8get(pexitcounts, f(v)), |

where the object referred to by variable pexitcounts represents count([p(v) | (t = f(v))]***).

Qualified enter gates are more complicated to implement than other types of gates.
Not only must a quantity of the form count([p(v) | Q{v)I"™*") be updated, but first some
entry condition must be satisfied, which means that waiting must be'implemented. - The
simplest case is when there is a single qualified gate for the event class, and where the
qualifying predicate is ohly on the parameters to operation p. Then there is a single
~ condition variable “cond”, just as for an unqualified enter gate. The wait operation on

"cond” is preceded by a test of the qualifying predicate Q{v) as well as the associated
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predicate C:

if Qfv) n (= C) then condition$wait(cond); end;

When an enter event class contains more than one gate, each with a different
qualifying predicate and entry condition, then there must be a separate condition variable
for each possible subset of gates whose qualifying predicates may be satisfied by an
activation. The boolean predicate assotiated with each condition variable consists of the
conjunction of the entry conditions on all gates in the subset of gates to which the condition
variable corresponds. An unqualified gate, of course, applies to every activation, so if there
is an unqualified gate, its condition must be part of every predicate. In cases where two
qualifying predicates are contradictory, or where one implies another, some subsets of gates

will be impossible and can be eliminated from consideration.

For example, assume a solution specification contains the following entry conditions:

For gate p’""': count(a®™e") - count(b®™*")

For gate [p(v) | QI(v)I*"e".. count(a"*!) = count(a®"'*")

For gate [p(v) | Q2(v)I*™*": count(b®*") = count(c*™*")
Assuming that predicates QI and Q2 are not contradictory, and that neither one implies the
other, then there must be four separate condition variables. These must cover the
activations satisfying neither QI nor Q2, both QI and Q2, and either one but not the other.
The unqualified gate applies to all four cases, of course. Let variables ar, an, bn, bx, and ¢n
représem the quantities count(a"™®**) count(a®™*), count(d*™*"), count(b™"), and
count(c®™*"), respectively. The predicates associated with the condition variables are then

c0:. an = bn
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cl: an=bn A ar=an
€2: an =bn A bx =cn
¢3: an=bn AN ar=an A bx=cn
The code invblving these variables at tﬁe beginning of monitor procedure p_enter(v) is:

if Q2Av) A QIv) A (an=bn Vv ar=an VvV bx = cn)

then condition§wait(c3);

elseif Q2(v) A (-~ QKv)) A (an = bn Vv bx = cn)
then conditionfwait(c2);

elseif (- Q2Av)) A Qlv) A (an =bn Vv ar # an)
then condition$wait(cl);

elseif (an = bn)
then condition$wait(c0); end;

it QI and Q2 are contradictory, then condition c3 may be eliminated, while if one implies

the other, then either cl or c2 is not needed.

A qualifying predicate on an enter gate .that. involves a parameterizing variable t
presents the mdst difficult implementation problem. Since this construct actually represents
a separate gate for each possible value of t, a separate condition variable is needed for each
possible value of variable t. To implement this, what is required is something like an array
of conditions, but with a dynamic range, so that new conditions can be created and added to

it.

The implementation uses a type called “conditions[T]". An object of this type contains
an object of type condition for each value in its domain. The initial domain of the object
returned by the “create” operation is empty. In general, the domain consists of the set of

values of t that have been explicitly added by means of the "add” operation. The "add”
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operation creates a new condition only if one does not yet exiit for 'thelgiven-\i‘alue of t, so
that subsequent calls on add with the same value of t have ﬁo ‘effect. The predlcate
associated with each condition is parameterized by the associated value of t, and so is of the
form Cp(t). Notice that while the exact set of conditions s determined dynamically by the
"add” operations, the form of‘ihé'prédi’cate for each oni is flxed, eiccpt for the value of the

parameterizing variable t.

The first step in implementing gargrpaeglydentqgatu gst,ocombmeall the enter
gates in the event class into all possible combkmtioglﬂm#mﬁying predicates. If
there is an unqualified gate for the event class, then its entry coh&ition becomes a conjunct
of the parametenzed condmon C (t) thﬁ t;wcn 1:1: Zl;:dl;;dug}lq(non parametenzed)
qualified gates, then the same analysis as to possiblce 3u§)sg§s ;gfsat;;fle? ga,tg%rgpustﬁbe ,rjggde ;
as was discussed above and illustrated by the example involving predicates Q; and Qo. As
before, there must be a condition representinig’ each possible subset of gates through which a
given procedure activation’ fay ‘pass. * Sihce thére‘éré"paratﬁeteﬁzed" gates ‘this requires a
separate object of** typé* conditioHslT] “for - eall combination of 'gates ‘including a
paraiieterized ' gaté. "Thé rermaifilig discussion focuses on a smgleobject of type

Sg Ry

conditions{TJ, but notés how to generalize to'casés involVing miny such objects.”

Given an enter gate qualified by some predicate parameterized by variable t, the
~ relation R* betwéen' variable t-and paramieter Veitor v of thé operition being’ qualified may
or may not'be a fanction. T it'is a funttion, the'qailifying predicate tikes the form t = f(v). ~
The condition on which to-possibly wait is then found by calling the “get™ operation on the

object ‘conds of type conditionsIT] with argument f(v). Thé “gét™ operition, similar to the
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"get” operation oﬁ counts[T}, retrieves the condition corresponding to the value of its second
argument. T he code for waiting in the monitor "enter” procedure is therefore:
if (- Cp(f(v))) then condition$wait(conditions[ T l8get(conds, f(v))); end;
To guarantee that the 6bject conds does in fact contain a condition for the associated value
of t, the statement
con;iitions[T]Sadd(conds. f(v));

is used to add the appropriate condition to the set of conditions in object conds if it is not
already there. This operation must érecede the waiting statement, a fact | that can be

ensured by'placing it at the beginning of the “enter” procedure.

An optimization that is possible is to only add the condition to conds if a “wait” is
actually performed. -That is, insu'ead of locating the "add” operation at t.he beginning of the
monitor procedure, instead it can be placed inside the then clause 61‘ the if statement
immediately preceding the “wait”. In addition, after the process finishes waiting on the
condition, i.e. after being signalled, the condition created may no longer be needed. If no
other processes are waiting on the condition, then it could be deleted from object conds.

These .optimizations would increase efficiency by keeping the size of conds as small as

possible. However, they will not be performed in the examples here.

Note that in certain situations, the range of possible values of the parameterizing
variable t may be quite limited. If this is so, then it might be more efficient to add all
possible values to the domain of conds initially, and eliminate the need for adding (and
deleting) new conditions dynamically. This optimization, however, relies on extra

information that is not contained in the specification but would have to be supplied in
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addition by the specifier. In an actual system, this might be accompiishe’d ‘by having the -

system interact with the user to find ot about the range of vatues of 2 given parameter.

In order to signal the conditions contained in an object of type oonditjons[T]. the type
must have an iterator "domain” for accessing one by one (in an unspecnﬁed order) all vatues

of t for which conditions exist. By nteratmg through these values. all conditions on whach
proce‘scs may be wamng are tested The code for sngnallmg that appears at the end of
each momtor procedure is:

for t:T in condrtnons(T]Sdomam(conds) do
if condztton!queue(condmons['l‘ ]Sget(conds t)) A Cp(t)
then condition¥signakconditions[T Jiget(conds, t)); end;
. L R T T R X £ T T A
end; '
This serves to signal a procéss on any of the condition queues in conids whose predicates-are
true” “Where there are $everal different “Objects” of type" conditiond{T1 due to different”
combinations of gates with satisfiable qualifying predicites; thew'this iust be generalized so

that the conditions contained ih aff of them are ‘tested %tid" signidMed: (Notice that if the

optimizatiorf ‘mentioned earlier “of ‘déleting* iiineedéd tonditions were applied, then the
implementation of the "domtain® iteritor would have to funiction correctly in a situation in
which conditions could be defeted ‘while the iterator was uspendied due to a “signal™

operation.)

‘For an exarﬁple to illustrate’ the above discussion, stippose - that “the " solution
specification cofisists of the following p&rar‘r‘ne‘teri’iéﬂ entry condition:
For gate [p(y) [y s 1 =p)pner
" countla(x) Ft < I*™y% cotintllqtcl I 6" t)?“')
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where variable.t is an integer. Then the parameterized quantities count({g(x) | (x = t)}*™*")

and count(lq(x) | (x = )]*") would be implemented by objects of type countslinteger], as
explained previously, named qentercounts and qexitcounts. They are created conceptually
containing counts for all possible values of t, with all counts initialized to 0, and are

updated by "incr” operations in procedures q_enter and q_exit, respectively.

An object pentry of type conditims[iﬁteger] cani be used to hold the conditions
required. The predicate corresponding to the condition for any tj is given by
countslintegerliget(qentercounts, to) = countslinzegerl§get(qexitcounts, ty)
~ Conditions are added to pentry by the statement
conditionslintegerladd(pentry, y+l)
appearing at the start of monitor procedure p_enter, which takes the same parameter y as
operation p. The waiting in procedure p_enter then is accomplished by a wait on the
appropriate condition, retrieved via a “get” operation:
if countslintegeriget(qentercounts, y+1) # countslintegerliget(gexitcounts, y+I)
then condition$wait{conditionslintegeridget(pentry, y+1); end;
The signalling code at the end of each monitor procedure is:

Jor tinteger in conditionslintegerl#domain(pentry) do
if condition§queue(conditionslintegerl8get(pentry, t)) A _
counts[integerget(qentercounts, t) = countslintegerl¥get(qexitcounts, t)
then condition§signalconditionslintegerliget(pentry, t)); end;
end;

The overall monitor for this example appears in Figure 5.4.
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- Figure 5.4. Monitor for functiomal-parameterized example
parafun =monitor; |

gentercouints, gexitcounts: countslinteger};
pentry: conditions[integer];

q.enter = procedure(x:integer);
counts(intégerifinerigentércounts, x);
for tinteger in condxt:ons[znteger]fdomam(pentry) do
if condmonﬁqueue(condtttons[inzeger}iget(pentry, A
T doumtslintégir Bgetiq ey, O i esumsimtegeriiger(qexitcounts, t)
then condition$signaKconditionslintegerliget(pentry, t)); end;

end,
end q_enter,

q_exit = procedure(x:integer);
counts(integerincr(qexitcounts, x); e
for tinteger in cond|tmns[mt¢gerlidomam(pemry) do

if conditionfquenelcon
counts(integerliget(qentercounts, t) = cwnts[inuger]!get(qcmtcounts, t)
then' tonditiorksigmaKeonditiohstinteger iy Y, t); end;
end;
end q_exit;

p_enter = procedure(y:integer),
cond|t|ons[znteger]£add(pentry. y+l) '
if countslintegertigetigentercounts; y+1) # countslintegeriigetigexitoounts, y+1)
then condmonfwaxt(condmons{mtegerkget(pentry, yd) md
for tinteger in coriditionstiv Aty o
if conditionfiqueue(conditionslintegerliget(pentry, t)) A
counts[integerh@eﬂﬁéﬁmﬂﬁ’ﬁi couritslintegeriger(gexitcounts, t)
then condition$signakconditionslintegerget(pentry, t)); end; :

end,
end p_enter;

gentercounts := cauntsiinteger ficreate();

qexitcounts := countsfintegerlcreate() .

pentry := conditionslintégeribcreate();
end parafun; :
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If the relation R(t, v) that qualifies an gnmg?te is_not functional, then the enter event
must wait until-the entry condition repres:‘egtgd t;y predicate Cp(t) is satisfied for all values
of t such that R(t, v) is true. That.is, the entry condition for an activation of p with
argument vector v is given by the formula.

Vit (R{t v) 2. Cpt)).
This is considerably more complex thar:the entry condition Gp(f(t)), for the case where the -

relation between t and v was of the functional form t = f{v), as discussed above. -

As discussed abov:e'{;/ir; cbnnéctioﬁ with parameterued tjualifﬁng predicates that are
fubrkuctions, information a;bodt the range of poss:blevalues of the parameters could be used to
optimize the implementation. Suchmformatlon would make  a much 1gre'ater difference here
where the predicate is 3_nonfunctional relation. In the absence of such information, which
. would have to be supplied by the user maddmon ;a the specification, the ,in}plemgntation
to be presented here must work und.gr, the assumption that the.range of possible values of
each payarﬁeter is infinite. The re,sulg is 2 severe penalty in both complexity and efficiency. .-
It will be noted where user-suppliegi Fange mfmtm could, be used to simplify and

optimize the implementation.

An assumption is made here that the predicate Cp(t) is ir‘iitially. true for all values of t
That is, it is assumed to be something like
count({q(x) | (x = OF™) = count(lglx) | (x = OI°),
rather than . |

count(lq(x) | (x = )" > count(lq(x) | (x = t)]."fif). .

If this were not the case, and assuming there are.an infinite number of possable values of t
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satisfying predicate R(t, v), then the entry condition
VIRELY) 3 C)

could never be satisfied, since there would always be some values of t (in fact, an infinite
" number) not satisfying the body of the quantified formuli: ‘Here is ohe example of where
information as to the range of possible values of t would be helpful, since in fact t might
assume only a small number of possible vahies. “Iii the absénce of an explicit range,
however, the range must be assumed to be’ infiriite. - Analysis to déternine what subset of
the range couid satisfy the relation ARwis qlearly beyro‘r‘td‘_tt‘nre‘ scopeo}f this work. 'The
assumption made: Héfe appears to bé satis:fied for all cases c;f lnterest.such as the Aisk head

scheduler discussed in Chapter 6, and therefore not to be limiting.

In implementing a solution specification in which' an'enter ‘gate is qualified with a’
nonfunctional parameterized predicate, we again iise the type conditionsiT1 The type T by
which this type is parameterized, however, is not the type of the parameterizing véria"ble t,
but rather the type of the argument vector v, or more precisély of sorme sub-vector of V.
The specific sub-vector ctiosen ‘consists of exactly those tomponerits of v that ‘are involved
in relation R, which can be determined by syntactic inspection of R. The type of this

sub-vector will be denoted "vtype™.

Because of the solution specification structure, thet® must be a 'sepérafe condition
variable for each subset of gates that eoﬁidi‘ipply' to a given activation. ‘If processes making
different activations pass through the same subset of gates, then they must do so in’ FIFO
order. This is implentented by haviﬁg"tﬁe processeswait ‘on the same condition, thus

ensuring FIFO order. “n‘general, two activations plv;) aidl p{vo) wait oh the same sabset of
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gates when

Vit (R(t, vp) « R(t, vo))
Ideally, this formula should determine whether two activations wait on the same condition
variable. However, the logical pow.er necessary to perform this analysis in general is beyond

the scope of this thesis. Here again, information about the range of parameter values could

overcome the problem.

The implementation therefore makes a simplifying assumption, which is that two
activations of an operation pass through the same set of gates only if the sub-vector of
components involved in relation R are equal for the two activations. When the argument
vectors to different activations share the sub-vector to which R refers, though possibly
differing in other components, then they must pass through the exact same set of gates.
This means that in the implementation they must wait on the same condition. For this
reason, there is one condition for each value of the. sub-vector of arguments involved in
relation R. What is assumed here is that two activations with different sub-vectors always
pass through different, through possibly overlapping, subsets of gates, so that in the
implementation they can wait on different conditions. This assumption is true for the disk
head scheduler of Chapter 6, for instance, and where the relation R is sorﬁething like

t <X,
where x is one of the arguments in v. This is because if two values of x are unequal, then
there exists some value of t that is less than one but not the other. An example of where
the assumption breaks down is if R is of the form

t = absolute_value(x),
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since x and (-x) satisfy this relation for the exact same set of values of t.

The object conds of type condmons[vtype] ls _dlfferent from the cqrrespondlng object _

Yr WEIETTIAGG

of type conditions[T] in the case of a functional relation. 'As before, the object is created -
init‘i(‘aAllly empty, anq condmons are added toit Qynamica“y m the momtor "enter" procedure
prior to the code for waiting. However, since the predicaee aesociaeed witn:eaeh cfondition‘
in conds is of the form o
VYR Y) D Cof,

it is necessary also to maintair a‘record of thése valués-of the parameterizing variablé t that
have occurred, sifice these are the values for iﬁtiﬂﬁfﬁ {0 ﬁhkﬁﬁy ‘asmmptlbh is initially
true, may have bécome Talse. THis is ccoinplishéd by savtn‘g the"set of ‘all relevant values
initially created ‘as the empty Set. Elements are ddded to The sét by the "insért™ dperation.
An “insert” operation must be performed in ‘each ‘mofiftot procedure in which quantities
involved in the pi"edica"t’e"Ci;(t) are liiiditeﬁ; “There’is also’ an ftéritor "elements” for

accessing the elementsof-the set.” =~~~ T

As was the case mentloned earher for tyge condmom{'l" ], mformauon from the user as
to the range of possible values of t would permit an optimization to be performed with

respect to the object tset If the range is relatlvely small, then a“ relevant values can be

R i1 -’t..,

mserted into the set beforehand Thns would ehmmate the need to dynamncally insert

R

: . “ w
R ity £

£y div

values. Note that another optimization mentioned in connection with conditions[T], that of
deleting elements when no longer needed\,k_c’anno@ 'jI‘)eapplie(_! to tset, since any value of t that

has occurred may be relevant and must therefore be saved.
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The code in procedure p_enter(v) for testing and waiting on the condition in object
conds is given by:

Jor T in set[Telements(tset) do
if R(t, v) A (= Cp(t)) then
condition§wait(conditions{vtypelfget(conds, v)); end;
end,

This code implements waiting on the entry condition-
Vt(R({,v) O Cp(t)).
The required condition is added to conds by the statement
conditions{vtypel§add(pentry, v);

at the start of the monitor procedure.

Notice that the “elements” iterator may be suspended in the middle of execution due to
the execution of a "wait". While it is suspended, new values of t may be added to tset by
other monitor procedures. The iterator must be implemented so as to function correctly in

such a situation.

Signalling at the end of each monitor procedure is complicated. The signalling code
must iterate through all values of z (a sub-vector of v) in conds, for each one testing
- whether its predicate is true by iterating through all.v-alues of t in tset. This code involves
an iterative loop within an iterative loop, with a “signal® operation performed at the
completion of the inner loop if all va-lues of t for which R(t, z) are true satisfy the predicate
Cp(t). (We take the liberty of saying "R(t, z)" rather than "R(t, v)°, since z contain; all the

components of v that are involved in R.) The code is of the form:
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for 1:vtype in conditions[vtypeRdomain{conds) do _
if condition¥queue(conditions{vtypel§get{conds, z)) then
ok:boolean := true; e
JSor tT in set{T}elements(tset) do

L EREDACCO B
ok := false; end;
if ok then condttiontsignal(cmditioﬁ[vtybelgﬁ(md& z)); end;
end, Som oy At ’
end;

The boolean variable ok keeps tl";“!";?f w:hether/ thepregmte _Qp(t) is true for all values of
| t for which R(t, z) is satisfied. If ok ls still true after the end of the inner loop, then
V(R z) O Cp(t)). |

is true for the given value of 2, and thérefore the cohdition should be figniife&.‘;ﬁotiéé';that
if there is a process waiting on the condifion queuié'fof 7, there must be'at least oné value of
t for ‘which R{t, 2) Is trué, bécaiise otherwise thére would hive been no reason for the
process to have performed a "wait™. As before, in a situation in which there is more than
one _objgc_t: pf type conditionsg}']!; \ther cong[t_i_gn; in_each such object must be tested and

signalled by code of the above form.

" As an exampie, consider asolutionspeciﬁcation consisting of the condition:
For gate Tp(y) I &y Surmn; e
oountf[q(;i [{x = )]*™ory’o coum(l'q(x) Hx = o)

where variable t is an integer. Then as in the ﬁ‘rev‘i'i&*)s‘eiample. count([q(x) [ (x = ™"

and count(lq(x) | (x = )I*") are implemented by objects of :ty'pé; countslinteger], named

gentercounts and qexitcounts, respectively. An object pentry of type conditionslinteger] is
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involved in relation R. An cbject’ toet of‘tmmpf}halds tﬁe.*vahm of t, to which
values are added by the statement ; | h

in monitor procedures q_enter and G #xit. ‘The:owde for watung in procedure p-enter is
given by

Jfor tinteger in setlm{ega]klements(tset) L
if y<t A counts[intcgcr]tget(qemercounts, t) *
countslinteger Bgetiqexitcounts, t)

th€7l R e o ST S I
condition!wait(conditiom[mugalga(pem}y. v)); end;

As before, the required condition is added to pentry at the start of the p_enter procedure by
the operation

| condmms(lutegzr]hdd(pentry. 7):

The sngnallmg code at the end of each monitor proudure is:
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for zinteger in conditionslintegerdomatii(pentryy éo'
* if omdisionSqueueicondtionsintegeritgeipansy, &) then
ok:boolean := true, _
Jor tinteger in set[mtcger]telemcnts(tset) do
if <t A countsinrégéralgetitércounts, t) =

~cnuntslintegeriig alqenitepunts, £). -
then ok := false; md;

end;

if ok then condilion!siénik o rI

try, 2)); end;
end; '

Sen

end;

The monitor for this example appears in Figure 55.

T

A number of examples of the translatnon techniques discussed here appear in Chapter

Lpllrms :;'» D Tel hat “i"‘"" it ;-1' B

- 6. These examples actually mustrate thc entire synthws process, starting w:th prablem '

specnflcatlons of the type descnbed in Chapter 2, proceedmg to the construction of
Y(\‘

equivalent solution specnﬁcat:ons via the method presemed in Chapter 4, and finally

translatmg these solution specnftcanons into momtors as dlscussed in thls chapter 7In
particular, the last' example of Chapter 6, the "disk head scheduler”, illustrates the

implementation of qualified gates involving parameterized predicates.
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Figure 5.5. Monitor for nonfunctional parameterized example

paranon = monitor,

gentercounts, gexitcounts: counts[integer];
pentry: conditions[integer];
tset := set{integer];

q_enter = procedure(x:integer);
counts(integerincr(qentercounts, x);
setlintegerl§insert(tset, x);
Jor rinteger in conditionslintegerl#domain(pentry) do
if condition§queue{conditionsfintegerliget(pentry, z)) then
ok:boolean = true;
Jor tinteger in setlintegerl§elements(tset) do
if z<t A countsfintegeriget(qentercounts, t) =
countsfintegerBgetigexitcounts, t)
then ok := false; end;
end;
if ok then condition§signal(conditionslintegerlget(pentry, 2)); end;
end;
end,
end q_enter;

q_exit = procedure(x:integer);
countsfintegerBincr(qexitcounts, x);
setlintegerlRinsert(tset, x);
Jor rinteger in conditions(integerl#domain(pentry) do
if conditionfqueue(conditionslintegerlget(pentry, z)) then
ok:boolean = true;
Jor tinteger in set{integerlielements(tset) do
if 7 <t A countslintegerlget(qentercounts, t) =

countslintegerget{qexitcounts, t)
then ok := false; end;
end; )
if ok then condition$signal{conditionslinteger Bget(pentry, z)); end;
end,
end,;
end q_exit;

p-enter = procedure(y:integer);
conditionslinteger}add(pentry, y)
for tinteger in set[integerlielements(tset) do
if y<t A countslintegerBget(qentercounts, t) =
countslintegerlget(gexitcounts, t)
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then condition$wait(conditionslintegerliget(pentry, v)); end;
end; .
for zinteger in conditionslinteger$domain(pentry) do
if condztwniqueue(cond|t|ons(lm¢galimtr.x, z)) Lthen
ok:boolean := true; SN
Jor tinteger in set[integcr]lelemnts(tset) do .
if T<t A countslintegerget(qentercounts, t)

counts[lmegengxucounB. t)
then ok := false; end, )
end,;
zf ok then mndamus;gpafgcmdnmnsbm,ganget(gemrx. z)) end;
end;
end; . i
end p_enter;

gentercounts := countg[wtegﬁ‘}kreate()'
gexitcounts := counts[integeri§create();
pentry := condntnonshnteger]‘create()
tset := setlintegerlcueate(); .

end paranon
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Chapter 6

- Complete Examples of Synthesis

6.1 Introduction

This chapter bresents a ser.ies of examples of the complete syntﬁesis method. Each
example starts with a problem specification, and derives an equivalént §olution specification
via the method presented in Chapter 4. This solution specification is then translated into a
monitor implementation in the manner outlined in Chapter 5. The examples chosen for
this chapter are problems that commonly are addressed in technical literature on

synchronization. These are the bounded buffer, two different versions of the readers-writers

problem, with writers’ priority and alternating priority, and the disk head scheduler.
6.2 Bounded buffer

The ﬁrs.t example in this chapter is the specification of example 9 from Section 2.7, the
"bounded buffer”. The problem specification given in Chapter 2 is repeated here, to be
denoted bb:

(depi"‘“ = reml_enlor) A (remi"‘“ = dePhN.M") A

(dep;™™* => dep; ;™) A (rem,”" = rem, ,*"*"). |
The specification bb consists of four oonjuncts, and the solution specification is constructed
by analyzing each conjur;ct separately. Since each individual conjunct is quite simple, the
. analysis is straightforward. For purposes of reference, the four conjuncts are denoted bb,

bb2, bbz, and bb*.
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The first conjunct to be analyzed is bby, ~ |
(dep™ =5 rem™®). i
This conjunct specifies that the i-th "deposit” activation must finish before the i-th "remove”
activation can start. This constraint ensures that no attempt lsevermadetoremove 'é
message from the buffer before it has been deposited in. Since thgge are no argument
constraints in the conjunct, the first step.in the analysis is the identification of which event
expressions are mentioned. The set of event expressigns. in the conjunct is. guten by

- Evexplbby) = {dep;"™, rem™*7.

_ The hext step is to construct the possible orderings among the events represented in
the set Evexp(bb;). With just two such events, onlytwoordermgs are possnble
e ™ s remen T
(2) (rem*™*" => dep,*")
In evaluating whether each is valid or invalid, it is obvious that the first is va-lid. while the
second is not. Eqdalil'y obvious is the fact the the offendmg eventin oréermg(2) must be
the first event, namely rem ™", This mearis that a sokition specification condition must be

derived for the rem®*™* gate.

Characterizing the state at each event in the rem*™" e\e'gnt‘ class,. one obtains
characterizations.¢; and cg for event ,remi'"‘"vi‘n_ordering_s (1) and (2), respectively:
¢ i (countidep™) 2 i A countirem™*") < i)
g 3i (count(dep™) <i A countirem*™™) <i)
. :
With only one valid ordering, the disjunction of valid ordering characterizations D,, is

simply ¢;. Similarly, the d-isjunction.of invalid ordering characterizations D; is co. The
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preliminary ct;ndition, given by (D, A (= D;)), then becomes
Ji (count(dep"“) 2i A count{rem®™®) <i) A
Vi (count(dep™™) 2 i v count(rem*™*) 2 i),
which reduces to
i (count(dep"“) 2 i > count(rem®™*")).
The quantified variable i can be eliminated, resulting in the simplified formula
count(dep®™ ™) > count(rem®"*"),
. When tested, this condition is found to satisfy the single valid ordering, ordering (1),

showing it to be the correct condition obtainable from conjunct bb;.

Each of the other three conjuncts can also be analyzed quite éasily. The second
conjunct is bbo,
(remi""“ = dep;, ™",
This prohibits more than N consecutive "deposit™ operations without at least one “remove”
operaﬁon. preventing overflow of the buffer. The set of event expressions for this conjunct
is
Evexp(bby) = {rem,***, dep; N
The two possible orderings are:
(1) (rem** => dep;,N°"*")
(2) (dep; """ = rem,**")

Of these, the first is valid, while the second is invalid, with the offending event in (2) being

enter nter

dep; N*" - A condition must be derived for gate dep®
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The state characterizations for event dep;;\;"™ in orderings {1) and (2); respectively,
are given by ¢; and co: R S e -
¢ 31 (countlrem*™2 i Aeoumfdep"""’) < i+N).
o 3i(count(rem®™) <i A count{dep*™) < i+N),
The preliminary condition, (D, A (=~ D)), is equai tO'(éf K

T i (comnitirem®™) 2 i A~ coint(den®™ Y < 1N) A’

V i (count(rem™) 21 V' count(dep™®) 2 isN),
which simplifies to B
 count{em™) > count(dep™*y - N.
This is the correct solution specification condition forconjunct b;bz.ﬁyotice that variable N
in the above formulas is treat?d as a constant, since it is the parameter to the gb}sﬁ;c_:t da;a

type itself. Far this reason, it is not quantified and. cannot be eliminated as variable i is.

The last two conjuncts are identical,’ excépt that ‘bby applies to operation "dep” and
‘bby to operation” “rem". * Therefore, Whatéver condition “is obtilved ‘froni bbby for gate

enter

dep applies in corresponding form for rem®™* due to bby. The constraint specified by

~ each is that activations of the gimupentluh“mnst bé mutuaily exchlsi\;e and must proceed

in first-come-first-served order. This prevents interference by coricurtent activations of the

same operation manipuﬁting the nmelocal data; and guarantees that messages are

. deposited and removed in the proper order. 'Fot-cohjunct bb,,
Evexploby) = {dep"™, Bepiy ™).

The two possible orderings are: | S

(D (dCPi“* = dePg.l“")
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(2) (dep;,;*™ => dep,*™*)
Ordering (1) is valid, but 42} is not. . The offending. mm (2) is dep; 4 snter <o a condition

is required for gate dep*™e"

The State characterizations for- event dg&,,” i, orderings- (1) and (2), respectively,
aregivenbyandcy: . L et Tl
cogg A4 gggnng@@'fi‘) ?,1 A, countidep™™) < ish)
. 3 Licountdsp™) .} 0 connidep™T) <
: The preliminary condition, (D, A (= Di)),u gim_gpy_,kﬁ\ (ﬂcﬁ)‘ s iran

3i (count(dep™) 2 i A. ¢

This reduces to simply .

€ Mal(dep PR At .

which is the correct solution specification. sonditios

correct condition for bb1 is

count{rem*™*) - count(rem*™®)

for gate rem®™*", '

The overall solution specnﬁcanon for spedimmn bb is amuucned by conpmmg for

GRS SR Hg %yl %,*‘;a RS e Py Fu P TR i [T
each gate the condmom obwned sepauuly fm the individml eonjuucts. Thls obtams

the followmg overall conditm
For. gﬁte dep""' o
' oount(rem ') > eount(dep"*") N A eult(dep""') -mnt(d:p"‘")

. N
iW AT ,e{; HENPERLITS EA T
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For gate rem*™*":

count(dep®™) > count{rem™*) A count(rem*™*)’= count(rem"*")

The monitor to implement this solution specification must have four integer variables,

"), count(dep®™),

depn, depx, remn, and remx, to'Tepresent.the quahtities cotnt{dep®
count(rem®™®’), and count(rem*™®). There also must be two condition va’rial;ies', depebtry
~and rementry, corresponding to theentfy ‘conditions - for ‘gates dep®™* and rem®™*’,
respectively. The boolean predicites associated with these conditions are

depentry: remx > depn - N: A depn ‘= depx

rementry: depx > remn Aifemn % ‘Ferhx |
Since the request events for the two operations are not used in‘the specification, there is no
need for procedures to implement the corresponding gates. The monitor for the bounded
buffer is presented in Figure 61. Since the intention is for ‘the monitor to be contained
within the type module for the abstract type buffer(N), the Viridble N inside the monitor is

bound to the parameter of the type.
6.3 Writers’ priority database

The second example in this chapter is a probiem that was iptrodt{qceﬂ@ﬂin}[Cou?l]., The
data abstraction in quéstion is # ditz;baﬁe, on whig:h_ two qpex_'rationusuare defined: “read™
accesses the database wnthout cl‘l;n‘ging it a¥ all, am;.l "'wr;lte" «upda.tes the d‘;:tabase: | In orrde‘r”
to ensure consistent accessing and updating, these two opera,tioqs must obey the
"readers-writers” property embodied in example 3 of Sectton 2‘77 In ;gl:iitipn. the scheduling

" policy desired is for activations of operation “write” to have absolute priority over those of
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Figure 6.1. Monitor for bounded buffer

bb = monitor;
“depn, depx, remn, remx: integer;
depentry, rementry: condition;
dep_enter = procedure; )
if (remx < depn - N v depn = depx) then condmontwalt(depentry). end;
depn := depn + I;
choose _
conditionfqueue(depentry) A remx > depn - N A depn = depx:
condition¥signadepentry),
condzuoniqueue(rememry) A depx > remn A remn = remx:
condition$signaKrementry);
end;
end dep_enter;

dep_exit = procedure;
depx := depx « |;
choose
condition§queue(depentry) A remx >depn - N A depn = depx:
condition8signaKdepentry),
condition§queue(rementry) A depx > remn A remn = remx:
conditionfsignaKrementry);
end;
end dep_exit;

rem_enter = procedure;
if (depx < remn V remn = remx) then condition$wait(rementry); end;
remn := remn + I;
choose
conditionfqueue(depentry) A remx > depn - N A depn = depx:
condition§signaKdepentry),
condition§queue(rementry) A depx > remn A remn = remx:
condition$signaKrementry);
end;
end rem_enter;

rem_exit = procedure;
remx := remx + I;
choose
conditionfqueue(depentry) A remx > depn - N A depn = depx:
condition§signaKdepentry),
conditionfqueue{rementry) A depx > remn A remn = remx:
condition$signaKrementry);
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end;
end rem_exit;

depn, depx, remn, remx := 0, 0, 0, 0;
end bb;
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operation “read”, in order to ensure that each "read” operation accesses the most current
version of the database. Therefore, to the “readers-writers” specification of example 3 must
be added an instantiation of the priority specification embodied in example 4 of Section 2.7.
The overall specification is the following, to be denoted wpdb:

((writei'"'" = writej'“"') o> (w_ritei"‘“ = writej'""')) n

((write,”" = read; ™) v (read,"™* = writei'"t")) N

(write;" ™" = read ™) > (write,"™" =5 read,*"")

The specification contains three conjuncts to be analyzed. Of these, the third conjunct
has aiready been treated in detail in Section 4.2, with the names “p” and "q" used for the
operations instead of "write” and “read”. By the analysis in that section, this conjunct
contributes the condition

count(write"™™**) » count(write®*")

to the gate read®™®".

The other two conjuncts of the specification remain to be analyzed. They will be
referred to as wpdb; and wpdby, respectively. The first conjunct wpdb is
((write;*"*" = writej‘“"') ) (writei““ = writej""")).
As with the bounded buffer example, there are no argument constraints in this or any other
conjunct. The set of event expressions contained in the conjunct is
. Evexp(wpdb)) = {writei"'"', writei““. writej"'"'}. _
There are three possible orderings among these thfee events:

(1) (writei'""' => write.-"‘"' => writej"'"')

(2) (writej"'"’ = writei"'"' = writei"'a)
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(3 (wnte onter % wntej‘""' = wnte ""')

When ordermg (l) is subsmuted mto the conjunct wpdb'. the result is the formula (TRUE >

TRUE) or snmply TRUE so that ordermg (l) is vakd Ordenng (2) ls also vahd since it

evaluates wpdb; to the formula (FALSE > FALSE) Wthh s:mlhrly reduces to TRUE

Ordering (3) subsututed into wpdbl evaluates to (TRUE > FALSE) or FALSE so that

ordering (3) is invalid.

Comparing invalid ordermg (3) with the valid ordermgs (1) and (2), the longest

matchmg preﬁx is the one-element sequence [wmei""'ﬁ, matchmg ordermg (l) The

offending event in (3) is therefore the event foilowmg thls preﬁx, which is wnte "'"' Thls’

]
means that a condition must be derived for the wrlte“"' gate

The state must be characterized at the point-of_each event in the write®™* class that

either occurs within a valid ordering or is the offending event in an-invalid -ordering.:

There are five such events, write-"‘"' and writej""" in each of the two valid orderings )]

uuuuuuuu

characterization at event wnte Oﬂhv

in ordermg (l) as cln- o T

¢ 3 (0, j) (count(write™) < i A count(w;;te'"‘") <j A eount(wrlte“") <i)
i 3 G, j) (count(write"™*) 2 i A coum"(w}iie"’“"";)";'j ")\ count{write™®) > i)
coir 3 j) (count(write® l}"“") <i A count(wnte"'“') <j A count(wrlte"") <1)

coi: 3, j) (count(wme""") <i A count(wnte""")> j A eount(wrlte“") < i)

o3 30 )) (count(wnte’”'")>| A count(wnte’“"') < J n eoum(wnt ity ¢ ) :
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The four characterizations. from the valid orderings are disjoined to form'Dv:

3 (i, j) ((count(write®™*") < i A count(write®™®) < i) v count(write®™*) < j)
Since there is only one invalid ordering, the disjunction of the invalid .ordering
characterizations D; is simply c3,. The preliminary condition is given by (D, A — (D))

3 (i, j) ((count(write®™®") <i A count(write®™) < i) v count(writ.e'“"-’) <)) A

v (i, j) (count(write®®) <i v count(write**") > jVv count{write®™®) 2 ).

T his reduces to
V i (count(write®™) <i v count{write®®) > i),

which in turn simplifies to

count(write®*") = count(write®™").
When this condition is tested for both write®™® events in each of the two valid orderings, it

is found to be satisfied in all cases, showing that it is the correct condition.

The other conjunct in the specification is wpdbo:
((write,”™ = read;*™*") v (read, "™ => write;*"*")).
The set of event expressions contained within wpdb, is given by
Evexp(wpdbo) = {writei"'"’, writei"‘“, readk"‘"', readk"‘“}.
There are six possible orderings of these four events:
m writei"""' = writei"‘i' => raqk“"’ = readk““
(2) read, ™" = readk"‘“ => writei"'"' =3 writei"‘“
3) writei““" = readk"'"’ = writei"‘“ = readk"‘“
(4) write;*™*" = read, *™*" => read; " => write;*"

(5) read; *™*" => write,"™" => read, """ = write,"*
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(6) ready *™* = write,*¥* == vorite,** = ‘fead, *=

i ’a\,.,

When wpdb2 is evaluated for each of these ordermgs. the retults for ordenngs () and
‘:(2) are (TRUE v FALSE) and (FALSE v_ TRUE) mpeqnvdy mh of whlch equals
TRUE This means that ordermgs ()] andu (2) are vahd ‘For a.ch of the otbcr four
ordermgs thc resultmg formula is (FALSE v FALSE), whmmh\ FALSE. showmg each'

Vs S Wik

of these ordermgs to be mvahd

The next step is‘to identify meéﬁendmg"cvm‘fnacﬁoﬁﬁe four invalid orderings.
Both orderings (3) and (4) match valid ordering (I) as far as the ?irit’é\?glt,wntel‘““' “The
. offending event in each is the sécond"é¥ent, Whicht 3/ BOE cases is read; *"'*. Similarly,
orderings (5)}and (6) bath imatch orderifig (2] as fut-ai the Hirst Bvihe: FEAE, ™, & that the
offending event i#f-each casé ‘is’ wﬂw““"ﬁé’m #ent i thé Bidering. Soliition

specification conditions must be derived for two gates, read‘“"' and yme""" o

R A T

In order to derive fhe condition fof gate Tead ™ it s neclisiry to characterize the
state at certain events in the read™® class. The events iff iﬁeths:oocurrmg in valid
orderings are the ;r"eadk“"' events m}ordeﬂugs(l)“hn& &YWﬁHthevmu in tbe
gk " s W "Derioting these

class are the occurrences of readk"‘"’in

PR R

characterizations as ¢j,.ié5; et theyare: ~
G 3G © (count(write®™™) > i ‘A count(write™®) =i A
“cout(read™™) K A countlread ). B)'
| Copt TG K) Coount{wiRe™™) < iiA eoint(wmb"'}
 countrad i < ¥ A conntlread™h exy -
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3 3G, k) (count(write®™*) > i A count(write®™™) <i A
count(read®™®) <k A count(read®™®) < k)
gt 3G, k) (count(write®™®) > i A count(write™™) <i A
count(read®™*) <k A count(read®™™) < k)
The two disjunctions are given by Dy, = (¢, V ¢9,), and | = (c3, V 4, )
D,:3 (i, k) (((count(ﬁrite'""ﬁ 2i A count{write®™) 2 i) v
(cohnt(write'""’) <i A count(write®™) <i)) A
count(read®™®) <k A count(read®™®) < k)
D;: 3, k) (count(write®*) > i A count(write®™®) <i A

count(read®™®) <k A count(read®™®) < k)

The preliminary condition is formed by the expression (D, A (~ D;)),
3 (i, k) {(((count(write®™*") 2 i A count{write®™) > i) v
(count(write®™*) <i A count(write®™™) <i)) A
count(rad'"";) <k A count{read®™ ™) <k) A
¥ (i, k) (count{write®®) <i v count(write®™ > i v
count(read"“'.'-) 2k v count(read™®) > k).
This can be simplified to
V. i (count(write®™*) <i v count(write®*) > i),
which in turn is equivalent to
count(write®™®") = count(write®™).

. This condition satisfies both valid orderings (I) and (2). and so is correct.
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Because of the symmetry of the specification wpdbe, agdsthergfpre of the orderings,
the derivation of the condition for gate write®*-is completely isomorphic to the above
derivation. Rather than repeat essentially the same derivation, I will simply state the result,
that the condition for gate write®™*" as a result of this conjunct is

count(read®™®") . count(read®").

The overall solution specuﬁcatlon for specnflcatlon wpdb is constructed by conjoining
the conditions from the mdmdnal con_;uncts The compostte condmons are:
For gate read®™*":

count(wnte""“'*‘) count(wnt ortery A coum(wnte""") count{write®*)

g

For gate write‘"f": '

count(write™) » count(write™) A countiread™") = count(read”"")

In the monitor into whici\ thlssolutnon spxlflcatlonis &anshted,;thcre must be integer
variables wr, wn, wx, rn, and rX, representmé count(wme"‘"‘") count{write*™*"),
count(write®*"), count(read"’"'). and count(read"”) respectlvely "There must also be
condition variables wrnteentry and readentry correspondu;;»t;s yth,e conditions in the solution
- specification. Their associated boolean predlcatu are o

readentry: wr =wn A wn = wx

writeentry: Wn = WX A I =rX
Notice that count(read"™**!) does not appear in the solutlon specnﬁcatlon 50 that no
variable is needed for it, and thus a prdcédu& read_rquat is not required. The resulting

monitor appears in Figdre 6.2.

Ty i ek RREGNR L

- 5T
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Figure 6.2. Monitor for writers’ priority database

wpdb = monitor;
Wr, wWn, WX, In, rx: integer,
readentry, writeentry: condition;

write_request = procedure;
wr=wr + |
choose et
condztwn'queue(mawy) A pgp- vm, A wn = wx:
cond;ttontsignal(mﬁmzry).
conditionfqueue(writeeatry) A wn =wx A m =rx;
conditionsignaKwriteentry),
end; Gl Ay
end write_request; '

write_enter = procedure;
if wn = wx V rn * rx then mdmmwwut(wrkemtry). end;
wn = wn + |;
choose
conditiontqueue(radenn'y) A Wr=Wn A WN=WwX:
condition$signaKreadentry);
conditionfqueue({writeentry) A wn = wx A In = rx:
condition$signakwriteentry);
end;
end write_enter;

write_exit = procedure;
WX ;= wx + |;
choose
condition§queue(readentry) A Wr=wn A wn = wx:
conditionSsigna¥readentry);
'~ conditionSqueue(writeentry) A Wn = wx A m =rx:
conditiondsignaKwriteentry);
end;
end write_exit;

read_enter =~ procedure;
if wr # wn V wn # wx then condition$wait{readentry); end;
m:=masl
choose ' :
conditionfqueue(readentry) A Wr = wn A wn = wx:
condition$signalreadentry);
condition§queue(writeentry) A wn =« wx A rn =rx:
condition$signawriteentry),
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end;
end read_enter;

read_exit = procedure;
rx = rx + 1
choose .
conditionfiqueue(readentry) A wr =wn N wn = wx:
condition§signal(readentry),
conditionfqueue(writeentry) A wn = wx A rn =rx:
conditionysignal(writeentry);
end;
end read_exit;

wr, wn, wx, rn, trx := 0,0, 0,0, 0;
end wpdb; '
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6.4 Alternating priority database

The next example is a variation of the previous one. Again the data abstraction is a
database, with operations "read” and "write” obeying the "readers-writers™ property. In this
case, though, the relative priority of the two operations is to alternate, so that in a situation

in which activations of both operations are being continually requested, the result is that

- first a single “write” activation executes, then all waiting "read” activations, then the next

"write”, etc. This scheduling policy is the one followed by the readers-writers example in

[Hoa74], and is referred to as the “fair database” in [Gre75).

The specification for the "alternating priority” database is given by:
((write;*™*" => writej""") > (writei"‘“ = writej""")) A
(write;** = read; *™") v (rudk"‘“ = writei""")) A
((write;*™e" = readj'“'“’" => write;”") > (readj"'"' => writei‘l"“"))- A
((writei'“""" = readj""""' =5 writei'""') o
im (radj"""'" = writem"“ => rmdj""")).

The first two conjuncts express the “readers-writers™ property and are the same as for the
previous example wpdb. The analysis of the previous section need not be repeated here.
The last two conjuncts state the “alternating priority” property. The third conjunct apdbg
requires a “write" activation to wait to enter until all "read” activations that were requested
during the execution of the pfevious “write” have done so first. The fourth conjunct apdby
prevents an activation of "read” from entering until an activation of “write” has exited,

assuming that there is at least one "write™ that is waiting at the point at which the “read” is

requested. This prevents new “read” activations from continually entering. Solution
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specification conditions must be derived Tor these two cenjuncts

The first conjunct to be analyzed is apdby:
((write,*™"" = readjm"'ﬁiwrltei““)' 5"(r€idjm = write; ,*"*"))
The set of event expressions in the coRjunct'is’

Evexp(apdb,) = {write;***", write,"", write; |****, read "%, readj"""}‘.

i+l j
With these five events to be ordered, there are eightéén possible orderings. They appear in

Figure 63,

When each of these orderings ls used to evaluate the Wﬁatim apdbg, ;)rderings m
through (15) are found to be valid, while orderings (IG%’through"(:I&) are invalid. Since
ordering (16) matches ordering (1) through the first three events in each, the offending event
in (16) is the fourth event write;,**". Each of the other two invalid orderings (I7) and (18)
matches orderings (1) through (3) as far as the fifrst tWo events, 30 the offending event in

each is the third event, also write; l""" This means that a condition must be found for

1+

" gate write®™*",

enter

The characterization of the state at the point of the offending event write; |°" in

orc%ering (16) is givgn by:
3 (i, j) (count(write®™*) 2 i A count(write"“") <(i+) A gount(yvrite""') 2i A
count(read"* ™) > j- n ct-mng(mci"‘f") < j).
The characterizations ‘for orderings (l‘f) ;ﬁd (!8) are identical, ngfnely

3G, ) (count(write®™®) > | A count(wriu‘f“") <(i+1) N count(wf!';e°‘“) < in

count(read™™*!) > j A count(read®™*) < j).



Figure 6.3. Possible orderingszf_o,r apglb,_ L

(l) wnte enter = readjw =) writg “" = m}m =2 Hmtei,]

(2) write,*™* = readj""“'" = mdj""' => write,™ => write; ;"""

(3) write; ™= =5 read, ™™™ = riad P b White], = write,"" |

(4) write; ™" = write;™ = read """ =y read ™ =3 write; "

(5) write,®™*" => write;”™* = mdfmwm o o read ™™
(6) write,*™* => write;"™ => write, " = ;qdl'""“’ = read;"™">
(7) read "™ = read; "™ =5 write,™ = writa®™" = write; ;"

(8) read;"*** = readj""" = write;*" = wrium => write,”"

i
(9) read; J""“"' => write,*™* => readj""' = wme‘ = write; l"'"' ‘
(lO) read j"""‘" =» wrltei“'"' =5 read j write' d => write,”*

(1) readj"""'" = wmc""" = wriacm"'" =5 mdj"'"' => write; oxit

(!2)read"""'"=>wnte"""=?wrium -awmei"“=>md“"' - '

J J

(13) readj""“'“ =5 write; ™ =5 write, ¥ @mdf‘"’ => write M"""

© (14) read ¥ = write, " wuaqﬂ'? = write; ,,*" aswj
(15) wntei""f" = write; 4 erler —» wmg jw = mdj”"'

(16) write,*™* = readf"““':pwn% = wﬂu,.,"‘" 2 read"

(17) write; -f=)de """"%df""‘!m& =—'M'ea(l'l

(18) write, "™ =» read ™™= =» write) [~ =» regd ™" = write,"™*
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The disjunction of these two characterizations is equal to D;:

Dy: 3 (i,j) (count(write™) o i A cuntiread™ > | A couit(read®™*) < .

The state also. must be characterized. for ﬂennwrmi'!"i"mdwme, 4T in each of
the 15 valid orderings. ‘This means tmmmmmmmmm be formed.
However, many of -the cﬁ'ara;aeﬁmioni for different otde?ingsafendtmlul In fact .thgre
are only nine distinct characterizations, which are Il;sted"liére-\ - '

(a) 3, j)r(count(wnte""') 2i A count(write‘éi“k(n ) A count(wrlte"") 2inNn

| ’ coum(read"““"') > j A count(read"“") 2 j) c |

(b) 3(1 JJ) (count(wnte""") >| A coum(\;rnte'“’") (I “ l) n coum(wrlte"‘") Zi AN
coum(read""""') > A eoumt(read"'"') < j)

(©) 3(,j (count(wme'“"') 2iaA. nount(wrlte""") <liel) A mg;(write"") 2i N
couut(read"““'“) <j A Mm@"""} -

(d) 36, j)(couat(wﬁté'"“')« A countiwrite®™) < (i-s 1) A count(write™) <i A
‘Count{read”™ ™) 2 j ‘A countiread™* 3 R

(e) 3 i, ])(coum(wme"!"')n A colmt(ivrité"’“') <*§i l) A mht(write""') <i AN

’ count(read""‘"‘#f’ iA wunt(ré&”"") < ])

s §\‘."“»{ g e

(f) 3 (l, ﬁ (co;tnt(wrlte’""') <i A cbunl’(wnte"‘"’) <ie) A count(wnte‘ M) i A
count(read™®**) 2 | A count(read*™*) 2 j) |

(g) 3, j) (count(write®™®) 2 i A count(write®™®) < (i +1) A count(write®™) <i A
-count(read""""') 2 j A count{read®™*) 2 j)

(h) 3 (i, j) (count(write®™*) 2 i A count(write®™™) < (i + 1) A count(write™) <i A

count{read"™®*®*!) 2 | A count(read®™*) < j)



-1713 -

(i) 3 (i, j) (count(write®"®") > i a count(write‘“"’) <(i+ I) ) count(write"‘“) <i A
| count(read"™™**) < j A count(read®™*) < j)
The disjunction of these nine chardcterizations is D, which reduces to:
Dy 30, j) ((count(write®™*) 2 i v count(write®™™) <i) A

(count(read"**!) > jVv count(read®™®) < i»

The preliminary condition is (D, A (- Di»-
| 3 (i, j) ((count(write"‘"’) 2i v count(write®™™) <i) A
(count(read™™**) 2 j v count(read®™*) < j)) A
V (i, j) (count(write®"*") = i v count(read™™**) <j v count(read*™*") 2 j),
which when simplified reduces to:

count(read™™**) = count(read®™*").

This condition must be tested for both write‘“."' events in each of the fifteen valid
orderings. In doing so, it is discovered that the coadition is not satisfied for the following
events:
enter

write; in orderings I3 and 14

write; 1""*" in orderings 5, i, 12 and I3

An event must be found that precedes each of these events, as well as the offending
event in each of the invalid orderings. The only such event is readj"““‘". The state is
therefore characterized at this event in each of the orderings in question. In ordering (5),

the characterization at event readj”""'" is:
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3 (i, j) ([count(write™*) @ read"***] 2 j
[count(write*™*) @ read™ ™™ < (i s I) A~
[count{write™) @ read™ ™™} > | A
[count(read™ ") o read"™**®} < | A
[eo‘um(réd‘“"')c read" ™).« §)
In each of the other valid orderings in question, it is:
3, j) ([count(wnte'“"') e read""""‘) <i A
[count(wnte "'") . md""""‘] (; o) A
[count(write* '"') e md""‘""] <i N
[coum(read"‘”"‘)- read""'"“] <j A
[count(read*"™) e read"™"™*] Y
This means that the formula D,’ is given by the disjhn;t@ of these two, or:
| D" 3 (i, j) lcountiwrite®™*) g read™ ™) 2 j A
[countiwrie™ ) ¢ read™™™] > i) v
([count(write*™*") @ read™™*] <i A
[count(write®™™) @ read™ ™) <) A
[count(write®™*") @ pead™ ™ < (1 + 1) A
[count(read"“”"') . read"““"] <qn
[count(read"'"') . read""""’] < J)

. The characterization at readj"""’" in uch of the three invahd ordermgs is the same,
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34, ) (oonntlwrite?™) @ sead P 2.i:n

This formula is therefore Dy. The weakening term s fermed by D’ A{~ D).
3 (i, j) (lcount(write®™") o md'*""] 2in
. (@it(wrne"‘)omd"'“’]> l) v
| ([eonnt(wrihe""") . rud"“""]
[eount(wme"') ® md"""] < i) A

o [eount(wrm"'"') creld"'“'“] < (i A l) "

\/ (Lj)«hulmw
IMMQMZ &,y o

When snmphﬁed this reduces to:
4 o [eounl(wmt""') e read""“"] - Eeull("m!"‘) . '“dml
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This weakening term is tested in each of the six events in valid orderings for which
the preliminary condition is not satisfied. It is found that the weakening term is satisfied in
each case. Therefore, disjoining the weakening tefm to the preliminary condition obtains
the correct condition. The condition for gate write®%r from:conjunct apdbs, is:

count(méﬂm‘»)ﬁ-'oouﬁmt v

[count(write®™*) @ read™™**'] « [count{write™") ¢ read™ ]

This condition makes sense mtumvely The ﬁrst dis]unct states. that there are no
unfulifilled requests for activations of "read”. The second uys that the most recent request
event for “read” took place at a pomt at whlch no activation of “write” was active.

Therefore, a "read” actlvatlon is a!lowed to proceed ahead of the next waiting “write”

activation if it was requested durmg the previous write activation.

There remains conjunct apdb to analyze:
((write, "% = radj"“"l"*# write,*"*) >
3 m (read ;™ = write, ™ 2= read{*"*))
Unfortunately, the analysis of -this conjunct is -even more ‘complicated than that of the
previous conjunct, owing to’ the: fact that there are 30 possitsle orderings of the 5 events
contained within it. These wmdélngsfin'ﬁstea in ‘Pigure 6.4
Rather than g0 through the deta:ls of the derlvatlon. the complete process will simply
be summarized. Of the 30 ordenngs. the ordermgs nu;tbered (n throuéh (23) are found to
be valid. Orderings (24) through (30) are invalid, with the offending event in each being

read,*™*". A condition must therefore be derived for gate read®™®. When the preliminary
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Figure 6.4. Possible orderings for apdby

'§)) readj"““‘s‘ => writei"‘“’"‘t = writei'""' = writem"‘“ => read j"'"' '
(2) read j"““"" = writei'"'"‘s' = writei'“"' =) readj"“" = writem"“
(3) read," st = write, Vet = readj"'"' => write;*™*" = write,,*™"
(4) read,®"**' = read j'""' = writei"""'" = writei"'"' = writem"“
(5) read et = writei"""’""l = writem”‘" = writei'“"' = readj"'"'
(6) read.*vest — writem"‘-' = w[itei’"‘“‘" = writei"'"' = readj"""
(7) read;"*vest = writem""it = writei""“‘" => read "™ = writei"‘"'
(8) read;reavest — write;"*%**! = write ! =» readj""" = write;*"™*"
(9) read.*vest — read j"‘"' = writei'"‘“"'t = writem"‘it = writei"'"'
(10) read j""""" => read j"‘"' = writem”‘“ =3 writei'"‘“"t = writei"'"'
(1)) readj""""’l = write,,** = read """ => write,""™**! = write,*™*"
(12) read j’““f‘ = writei"""’s' = readj"'"' =) writem"“ = writei'""'
(13) write,*** => read."*%**! => read *™*" =5 write;"*™**! = write,*™*" -
(14) write, ** => readj""""" => write,"* ™! = readj""" => write,*"*’
(15) write_ *** = readj"""“t => write;"* "' => write,*"*" = readj"'"'
(16) write ** => write;"*"** = write,*"*" = readj"“"'" = readj"'"'
17) writei'"‘“'" = _writem““ = writei"“" = readj""""" => read j"'"'
(18) write;"**** = write,"™* => write_,*** = read j"'”f' = read j'“"'_
(19) writei"""‘”' = writei"'"' => read """ = writem"“ = readj"“‘,'
(20) writei"“"“' = writei"‘"' = readj"““'" = radj"'"' = writem"“
(21) writei""“"' => read > = writei"'"' = writem"“ => read *™*"
(22) write;" ™! = read, ™ => write,,*™ = write,*"*" => readj"'"'
(23) write; %" => read,"*®*! = write *"* = readj""" => write,*"*’
(24) write,"* ! = read "™t = readj"'"' => write * => write,*"'*"
(25) writei’“‘"'" = r&dj"“"'" = read j""" =) writei"'"' = writem““
(26) writei""""‘ = readj"""'" => writei"'"' = mdj"‘"' => writem““ ‘
(27) writei"""'" = writem"" = readj"""‘" = writei"'"' = readj"""
(28) write;"*™**' => write, *" = read j'"""" => readj"'"' => write,*™*"
(29) write, *™ = write,”* ™ = readj""“'" => write;*™* = read onter
(30) writem"‘“ = writei""""t =) readj"“"‘" = radj"'"' =p writei"""

(S oy apy TR SSapu N

ey G
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condition is formed, it reduces to FALSE. This is the extreme case of an overly strong

condition, -in thar none of the 2 vahd orderings u allowed

The onl;, evezn:t that precedes radi""“' m all 0. orderi;ngw%s -ready’ "“""‘ The
weakening term obtﬂmﬁ by corisidering the state at event readi alone is:
[count(wnte"“""') e md""“"‘] [eount(wme""") e md"“""’l
This condition is-satisfied by vatid- ordermgs ) through (20), but not (2!7 through (23).
This means that the cham:teruations of both the currem sme and the prev:ous state at
+ read;"*™**! must be:used at thie same:time to obtain :nothe mkating term for these three
orderings. The weakemng term obtamed s L -
[cwnt(\mze““) . md"‘"“‘] <aouwt(\mn’"‘)

which is satisfied by each of the ordermgs (21) through (23) e

The solu__t.ion' specif_ica;;gn, condmon for ;qge' md""" _from_thisconjunct is therefore
the disjunction of the two weakening terms:
[count(write™***!) ¢ read"* ™) « [eogmt(writgf‘*f") e read"™™**] v

(fcount({write) o read™"**1] < count{write®™*)).

Agam thls condition makes mtultive sense. The ﬁrst dtsjunct states that no actnvatuons
of “write" were reguested but . wamng at the point.at Wieh ,;he “read™ undq ;pnstderatlon
was requested. The second says that some activation of wfte has exlted smce the point at

which this read was requesed One of these must. be maebefore thg mq can enter.
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The overall solution specification for specification apdb is given by the conjunction of
the individual conditions obtained for each of the four conjuncts:
For gate read*™*":
(count(write®™*") = count(write®™)) A
((lcount(write™™*sY) @ read"™**!] . [count(write*™*) @ read“‘"""]) v
(lcount(write™") @ read™™**!] < count(write®™")))
For gate write®™®":
(count{write®™*") = count{write®)) A
(count(read®™™") = count(read®™*)) A

((count(read™™**) = count(read®™*")) v

([count(write*™*") @ read"*™**] = [count(write®") @ read"™**'))).

The monitor implementation of this solution specification requires three variables wr,
wn, and wx, to represent the current values of count(write™™**), count(write®"*"), and
count(write®™™), and three variables rr, rn, and rx, to represent the values of
count(read"™*%) count{read®™*"), and count{read®®). In addition, three variables are
required to save values at a previous state: wrrr for [count(write™™**) @ read™™**'}, wnrr
for '[count(wr‘ite"“"') @ read™™**'] and wxrr for [count{write®™®) @ read™**'] The values
of these variables are set in the monitor procedure read_request corresponding to gate
read™™**! by saving the values of the variables representing the corresponding current
quantities. For instance, variable wrrr, ii'epresenting [count{write™™**) @ read"™™**'], saves
the value of wr, which represents count(write™™**). The two Ot;ndition variables, and their

associated predicates, are:
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readentry: wn = wx A (Wff = wnir V wxrr <wx)
writeentry: wn = WX A =tk A (fr=rn V wnrr = wxrr)

The monitor that is obtained appears in Figure 65.
6.6 Disk head scheduler.

The final example of this chapter is the “disk head ‘scheduler™ problem. Actually, the
specification used here is a simplification of the actual disk headscheduﬁng :st'peciﬁcation
that appears as Example 14 in ‘Section z?f""fﬁ‘e réaf ‘disk head scheduler keeps the disk

head sweeping in one directitn uftil all requestéd-dcdésses in that direction have been

made, then reverses the directibn and repeats. Accmses iré made as the requested tracks are
. encountered in the sweep, 5o’ that the next track to'bé accessed is the ‘One that is closest to
the currently accessed track in the direction being swept. The simpiification here involves
d:sregardmg the dlrecuon in whlch the d|sk head ls swupmg We amply wish that the
next track to be accessed is closest to the currently accessed track of an reques:e;i tracks in a
‘ gnven dlrecnon The requlrement that, the dlsk head Sweep. contmuously in.qne direction
untll no further accesses have been requested in that dr_ui':ection is omitted Thls allows the
specnfucatlon to. be consuderably slmphﬁad (thwgh it Mvmgoduces the posslbnhty ot

starvation, as noted in Chapter 7).

We assuime' here that accessing a disk tHck is accomplished by means of an operation
named "a® on the “disk” ditd type. This operition takes a single parameter x of type
"track -no", giving the value'of the track number béing ‘accessed. ‘Activations of “a” must be

mutually exclusive, since only one access can occur at a time. The first conjunct of
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Figure 6.5. Monitor for alternating priority database

apdb = monitor; -
Wr, Wn, WX, IT, I, IX: infeger;
WITT, WNTT, WXIT: integer,
readentry, writeentry: condition;

write_request = procedure;
wr:=wr+|;
choose
conditionfqueue(readentry) A .
wn = wx A (wrrr = wnrr V wxrr < wx):
condition$signaKreadentry);
conditionfqueue(writeentry) A
WRn=WX A Im=rx A (Ir=rn V wWnrr = wxrr):
condition§signaKwriteentry);
end,
. end write_request;

write_enter = procedure;
ifwn=wx Vrm#rx & (Ir#r A wnrr # wxrr)
then condition$wait(writeentry); end;
wn = wn + [
choose
conditionfqueue(readentry) A
wn = wx A (wrrr = warr V. wxrr < wx):
condition$signaKreadentry),
condition$queue(writeentry) A
Wn=WX A rn=rX A (IT=rn V wWnrr = wxrr).
condition$signaKwriteentry), '
end,
end write_enter;

write_exit = procedure;
WX = WX + [;
choose
conditionfqueue(readentry) A
wn = wx A (WrTr = wnir V WXIT < WX):
condition¥signaKreadentry);
condition$queue(writeentry) A
Wn=wx AN m=rx A (Ir=m V wnrr = wxrr):
condition$signaKwriteentry),
end, ‘
end write_exit;



4z

S . - T

- 182 -

read_request = procedyre;
Ir:=1r+
WITT = WI; ;
WNIT = WN; T T
WXIT = WX; e :
choose Lo
conditionfqueue(readentry) A
WR = WX A (WITT = WNIT V WXIT.<MX) -
condition$signaKreadentry);
condition$queue{writeentry) A :
WN=WX A rn=1% A-(r =rm ¥ m-wxrr)

condizionfsignakwriteentry -
end; e
end read_request; e B e

read enter - procedurr. o
if wn = wx V (wrrr # warr A wxrr 2 wx)
then condition$wait(readentry); end;
m:=rn+l
choose '
conditipndqueue(readentry) A.
WN = WX A (WITF.» WAIT V wm<wx):
conditionfisignaKreadentry);
condition§queue(writeentry) A
WNn=WX A m=3x A{rrm mr-wxrr)

conditionfsignakwriteentry);
end; Coe e ,
end read_enter; - e

read_exit = procedure;
rx =rx + 1,
choose
condition§queue(readentry) A
_WR = WX A (WITTr = warr V. wxsr <.wxx-
condition$signaKreadentry),
conditionfqueue(writeentry) A .
WR=WX A =¥ A-(rrmre Vv wmtr-wxrr)
_condition§signakwriteentry);
end; o -
end read_exit;

wr, wn, wx, rr, rn, rX := 0,0,0,0,0,0; .
WITT, Wnrr, wxrr, := 0, 0 0;
end apdb;
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specification dh specifies this mutual exclusion, and the second specifies the scheduling
policy desired: -

«amtnhv =3 an-ntor) o) (amuit =3 anollhr» A

((a;(x2)reavest = a (XD™* = a,(x2)*"*") A |
(a(x3) " => a, (x)™* = a,(x3p*™*") A
(X1 <x2<x3 Vv xl>x2>x3) D
(a;(x2)*™*" = a (x3)*"*").
The analysis of the first conjunct has been carried out already in Section 6.3, where the
~ same property was specified for operation “write” as part of the “readers-writers™ property.

Here we will consider the scheduling property conjunct dho.

First, the argument constraint predicate (xl < x2 < x3 v xl > x2 > x3) must be
incorporated into the conjunct. The predicate alrﬁdy appears in the hypothesis of an
implication. It can be incorporated by pargme.terizing it and then qualifying the
appropriate procedure activations. The parameterized form of the predicate is

(xl=u) A (x2=t) A (u<t<x3 Vv u>t>x3)
This means that activation a(xl) must be qualified with the predicate (xl1 = u), activation
ai(xz) with the predicate (x2 = t), and activation aj(x3) with the predicate (u <t <x3 vV u >

t > x3). The transformed specification then becomes:
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© (agx2) | (x2 = 01" = [ (x1) | (xhe )P =2, 0x2) § (2 = OF) A
([a;(x3) | (u <t <x3V u > £ > X3 = [a, (x]) | (x] = u)"™*
= taj(xs;) o<t <x8.vust> @™y .
> ([la;(x2) | (x2 = t)]‘f" = [‘j(f?‘) [{u <t < x3Vu >t> x3)Jenter),

Now that the argument constraink information. has beeh' ficorparated into the conjunct
by means of qualification, the fanilyﬁam “proceed -riormally. There are five events
mentioned in the conjunct:

- Evexpidhg) = {fa;(x2) +(x2 = )*¥*, .{a,(x2) {4x2 m )1, :fay (xb¥ | (x1 = u)]**",
[3(x3) 1 {u <t < X3V us> t > x00™, a3} Hu <t < xI vt x3)e]
There are 30 possible orderings amotig these-five ewents. cRather than list adl .30 of them,
only the two mvahd ones are gnven hete: |
(l) [a i(x2) | (x2 = t)]"“"'" = [a(x3) I(u < t < x3 Vu> t > x3)]"""‘"
[ak(xl) | xl = u)]"" =0 (x3)|(u <t< x3 vusts> x3)]""" =>
- [a(xzmxz-c)r"" -
(2) [a;(x3) lu<te x3 Vust> x3)]"°"'" = [a,(xz) l(x2 - t)]""“'"] =
fa, (xD) | (x1 -u)]”“t =>[a(x3)l(u <t<xSVu >t>x3)]""" =
‘ [a(x2)l(x2-t)]““" o
The offendmg event in each is [a (x3) I(u it< x3 v ust >‘ x3)]""" Th:s means that a

condition must be derived for gate [a(x) I (u < t <XxVvu>t> x)]""" Smce the state

. characterization is the same at the point of the offending event in both orderings, this

characterization becomes the term Di‘
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3 (i J k) (countfalx) | (¢ =0 2 k A
count{fa(x) | (u <t <x Vu >t > )T 25 A comist(liix) | (x = OF™H) > j A
count{fa(x) | (u <t <X vou >t 5 0™ A countliitx) | (x = Y1) < i)

The term D,, bemg the dnsjuncnon of 23 charactenutlons. u qulte comphcated
~ However, when the expressnon (D N (- D )) is oonstructed the formuh can be s:mphﬂed

cqnsnderably The result of the snmphﬁation is to amve at the followmg prehmmary

w3 RESSREES Tl 3 .
BRI S

condition:
V i (count(fa(x) | (x = OF*™*) <i v count{fa(x) | (x = O]"™*) 2 i).

This is equivalent to the-even simpler - |
count(lalx) | (x =

This condition -is found to satisfy all the valid: erderings, and theérefore is correct as it

.= conntfinx)| (‘l;aj)M;\:wz.-; .

stands.

The overall solution‘s‘peciﬁcation for speuﬁcaum dhoonslsts of the rfoll‘owingr éafe
conditipnx '
For gate a*™*". count(a®™') =.count(a®*)
For gate [a(x) j{lu <t <xvu> t > x)P
") » count{fa(x) } (x = )]"™*)

count(fa(x) | {x = t)J™
wb!réwis&sepam‘dmm corresponding to
the most recent 2" event. ;.

A monitor must now be constructed to implement this mlmbnlpedfum
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The monitor must contain three procedures . a_request, a_enter, and a_exit, to
correspond to the: three. event classes. - Since’ there are: qualified gates. in’ the selution
- specification, each -of the monitor precedures musttake the same pa_nmlétef K &3 operation a.
There must be variables an and ax to represent count(a®™*) and eount(a““'). respecuvely
In addmon, there must be a loal vanabie u of typ“ew\t;ack_no, the same type as' parameter t
representmg the value of the parameter of the most recent call on procedure- a_exit. This

vanable should be initialized to an approprme value wch as the mlnimum possnble track

number.

In order to implement the parameterized counts, thege:must be.two objects atreq and
atent of type countsftra¢k _nol to hold:she vildes of -conntlalx)-}{x = 0I**s) and
count(fa(x) | (x = )*"*)-for all. values of x. -Procedure :a_request: incoements a_count in
atreq, and procedure a_enter increments a count in atent. Each of these objects must be

created in the initialization code for the monitor.

The qualifying predicate on the p*™* gate
Uct<x. vastsxy .- 7
is a non-functional relation. The entry coiiditions must be-implemented by anobject aentry
of type conditionsftrack_no]}, thar~:bolds #he canditions for_ all:relevant values of x. A
. condition for'a given value of x:is.added to aentry:by an "add™ operation at the start of
procedure a_enter. The predicate assocnated with: the' tondition:for value t is glven by
an = ax:A cntdgnthmﬂﬁ mentshgetintant; ¢),
combining the predicates associated with the unqualified and qualified gates. It is also

necessary to have an object “tracks” of type set{track_no] to maintain the set of relevant
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track numbers. Elements are added to track by "insert” operations within procedures

a_request and a_enter. The resulting monitor appears in Figure 6.6.
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Figure 8:6. Monitor for disk head scheduler
dh = monitor;

an, ax: integer;

u: track_no;

atreq, atent: counts{track_no};
aentry: conditions{track_no};
tracks := set{track_no};

a_request = procedure(xtrack_no),
counts{track_nol8incr(atreq, x);
set(track_no)insert(tracks, x);
Jor ztrack_no in conditions{track_no}domain(aentry) do
if condition$queue{conditionsitrack_noliget(aentry, z)) then
ok:boolean := true;
Jor ttrack_no in settrack_nolelements(tracks) do
if luct<z vust>z) A
, (an = ax v countsitrack_no}iget(atreq, t) =
counts{track_noliget(atent, t))
then ok := false; end,
end; :
if ok then condition$signakconditionsitrack_nolget(aentry, 2)); end;
end,
end; .
end a_request;

a_enter = procedure(x:track_no);
conditions[track_nol$add(pentry, x);
for ttrack_no in setltrack_nolfelements(tracks) do
if conditionfqueue(conditionsitrack_no}#get(aentry, x)) A
(an = ax Vv counts{track_noMget{atreq, t) » countsltrack_noj$get(atent, t))
then conditionwait(conditions{track_no}get(conds, v)); end;
end,
an:=an+ L
countsltrack_nol8incr(atent, x);
set{track _nolBinsert(tracks, x);
Jor ztrack_no in conditions{track_no}#domain(aentry) do
if conditionfqueue(conditions(track_nolget(aentry, z)) then
ok:boolean := true,
for ttrack_no in set{track_nolelements(tracks) do
if u<t<z vust>z) A
(an = ax Vv counts(track_noMget(atreq, t) =
counts{track_nol$get(atent, t))
then ok := false; end;
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end, ,
if ok then condiiiontsignal(conditions[track_no]kget(aentry, 1)); end;
-end;
end,
end a_enter;

a_exit = procedure(x:track_no);
ax:=ax +[;
u = X;
Sfor rtrack_no in conditions(track_nol§domain(aentry) do
if condition§queue(conditionsitrack_nol#get(aentry, z)) then
ok:boolean := true;
for ttrack_no in setltrack_nol§elements(tracks) do
if W<t<z Vus>t>z) A
(an # ax Vv counts[track_nol§get(atreq, t) =
counts(track_nol§get(atent, t))
then ok := false; end;

end;
if ok then condition$signal{conditions{track_nol#get(aentry, 2)); end,;
end, , '
end,;
end a_exit;

an, ax :=0, 0;
u := track_nofmin();
atreq := counts{track_nolfcreate();
atent := countsftrack_nolcreate():
aentry := conditions[track_no}§create();
tracks := set[track_nol§create();

end dh; .
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Chapter 7

Detecting Erroneous Specifications

7.1 Introduction

The flexibility of the problem specification language makes it possible to specify a
wide variety of synchroni;ation constraints. Unfortunately, this ﬂexibility also permits
erroneous specifications to be constructed. Certain kinds of errors in specifications can be
detected in attempting to derive equivalent solution specifications. As noted in Chapter 4, if
a specification constrains when in a history, say, a request event can occur, this results in an
invalid ordering being found in the derivation algorithm for which the offending event is
of type request. Since this is erroneous, in that the underlying model requires events other
than enter events to be unconditional, the derivation algorithm detects this error and fails

to construct an equivalent solution specification. -

There are other kinds of erroneous specifications, however, for which equivalent
solution specifications can be derived. These specifications are compatible with the
underlying model, but the synchronization constraints they specify display certain forms of
undesirable behavior. Two such forms of behavior are the potential for deadlock and
starvation. Deadlock results from a situation being overconstrained, so that each of a set of
waiting processes is prevented from proceeding by the preseﬁce of all the rest. Starvation
means that the constraint that is specified may be too rigid, in that certain processes are

pre;rented from proceeding indefinitely.
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A problem specification that manif@ one af these forms of behavior .results in the
derivation -of a solution.specification that does likewise. FHowgver: the: formn of the solution
speci.fication makes the analysis required to detect these erroneous behaviors much more
tractable than for the problem specification itself. This chapter prueﬁtsalgomhms for
performing such analysis. They can be used, once 3 sehion specifcation has been derived

from a problem specification, as a check on the soundness of the original specification.

By the argum: in Chapter 4 justifying the derivation algorithm, the set of histories
aliowed by a derived solution specification is exactly equal to the set allowed by the original
problem spetificition.  This reans that a potential for ‘deadlock’ or starvition cannot be
introduced inito the solution specification by the derivation itself, since if: this were possible,
then there would have to be one or more histories valid with réspect to the problém

specification but not to the solution- specificition.  Rather; sinte the sofution specification

i

corresponds exactly to the problem specification in ié‘_te’r'ﬁ‘;ii.""ahy-paehtiai for

" For example, a potential for deadiock would be reflected by thie existerice in a valid
history of request events for which' the correspondinig énter events could nevet ‘satisfy the
specification.  Assume the existetice of such-# history &Rd icé ‘validity with nsbéci' toa
solution specification. Then' this'same history must bé valid with’ réspect to’ the problem’
R specification, and the entér events must fail to satisfy the probleni specification, as well. Of

. course, the reverse is similarly true. Thus tfie solution specifiéation must coritain exactly the
samevpotential for deadlock as the problem specification. In a sifhilar waj, starvation

implies that there are valid histories in which the request and enter events for a particular
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operation activation are separated by an arbitrary number of other. request-enter event.
pairs. For a problem specification and 3, solution specification ithat are valid with respect to

exactly the same set of histaries, starvation in one implies starvation, in the other.

Since the solution specifiéationis state-oriented, it lsa convement form on which to
perform the ‘analysis for these propertm‘l"he solutionspecnﬁcatlon can be used vio

determine under what‘ conditioﬁs, if any; deadlockand starvanon are" possnble ‘Such a"’
possibility, though arises due to the ongmal pmbhm spedﬁcatm, and it is there that a

correction must be made

7.2 Deadlock detection

In a survey paper (Hol72]).0n the subject, desdlock is. define

which one or more processes in a system are. biack

can never be satisfied.” In the context of this thm deadlock arises when a problem
specﬂfication overconstrains the order of events in certain situations so as to prevent any of
a group of requested accesses from ever oocurrmg “The entryoondinom in the derived
solution specification form a basis fﬁr chancwuingpowbiet;adlock utuauons in terms of
the synchronization state of the object. If deadlock” is unpoalble. then each such'

~

characterization can be proved to lead to 2 contradiction.

The p;oblem of de'adlqck:,deteq'iqn ha: mmm f:myextmsivelx particularly for
operating systems>(e.g. [Hav68], [Hab69]) and da;abag!;mqni (ICha'Ml) | The bulk of this,
work has used a common scenario for deadlack: Each process in a collection of concurrently

exécuting processes holds exclusive access to one or more scarce resources, and is blocked
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because of a request for resources held by other processes in the collection. The scarce
~ resources are commonly viewed as devices in the case  of operating systems, and locks in
database systems. Unfortunately, shared abstract data objectsare not really similar to
peripheral devices, »which are serially reusable and must be fpwngd' by one process at a
time. Nor is the database paradigm ot; settmg am‘ii rclessisng locks onparts of the database
very applicabie to most situations involving data abstractions. Blocking of processes
competing for acsess' to an apstrsgt data ob;ect more oﬁen resuks from ’calgs Jon,particu_lar

operations of the abstraction, rather than the subcomponents of the data object they access.

Closer to the mark, from this point of view, is the work by Holt ([Hol7l], [Rob75]).
Using a Petri net-based model, qut vieﬁs a system as a set of states with transitions
betwéeh them. \i"Vithfth‘is‘ approach, a process is "blockéd® in"'a staté’ when' there is‘ no
transition it can make to-another state. Deadiotk resilts from a process being blocked in all

reachable states of the system. The approach to be desttibed in this section is similar.

4 TheA solqtion specification into_s\,r,bich “,'9 :speciﬁqtim is trggsfomed is a convepient
form on which to pgrform ‘fi_eadlock analysxs The comrol pomts gt whlch processes can be
blocked are the enter gates, and thecondltlons the processes are awaiting to become
unblocked are the corresponding entry conditions. Adeadlock correspondsto one or more
processes waiting a; each of one or moi'e gates, on conditions that can never'become true.
(It is assurhed throughout that ali cperation activatioiis terminate, so that processes can

deadlock only via the synchronization ‘code itself)
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For example, consider a data abstraction with two operations p and q. Suppose that
in deriving the solution specification from the problem specification, it is discovered that a

enter

condition for passing through the p®"*' gate is

count(q"""**!) - count(q*™*").

enter

Now suppose also that a condition for the q*"* gate is

count(p"®**) = count(p*™*").

enter and

Obviously then, whenever there is a process waiting at each of the two gates p
q°"'®", these two processes are deadlocked. Each prevents the other from proceeding and
thereby enabling the condition that it itself is awaiting. This means that the original

problem specification is in error, in that the constraint it expresses prevents either activation

in the given situation from ever proceeding.

In the general case, a necessary but not sufficient condition for a collection of processes
to deadlock over access to a shared data object is for each of these processes to be waiting at
an enter gate for a condition to be satisfied. Whether or not this situation is a potential
deadlock depends on whether the conditions on which the processes are waijting can be
enabled by subsequent events associated with the shared object caused by other active
processes. The idea behind the deadlock analysis &hnique to be described here is to
characterize the synchronization state Of, the object a.t a potential deadlock point, a point at
which processes are waiting at enter gates. This characterization then contains sufficient
information for determining whether the entry conditions can be enabled by other active
processes, or whether the waiting processes themselves prevent the conditions from ever

becoming satisfied, in which case the situation represents a deadiock.
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'Each potential deadlock situation is distinguished by the subset of enter gates in the
system at -which one of more processes are waiting. The terminology used here is that an
operation is blocked if there are processes waiting at the assocnatedeater gite to execute it.
If there are n operations defined on“an abstract datatype,then there are (2" - 1) bpotential
deadlock situations.‘since any su.bset of the operatlom may be blocked.except the empty
subset. An empty set of blocked opermons could not. of course, répresent a deadlock

situation.

A complication arises from the use of qualified gates in solution specifications. When
there are two or more entér gate!_n;fo: a particular operation, wiﬁthva different qualifying
predic:;te on each, the easiest point of view to take is that they behaye like gates controlling
completely different operations. In the context of deadlock analysis, it is simplest to consider
two qualifications of ‘an opéritioﬁ p, [p{v) | Q,(v)l and Iﬁ(v)"’lA Qz(;")]. as if ‘they were
separate operations p; and po, since each distinct qualification of p c'a;ti‘indepe'ndéht!y be
blocked, just as different operations can. The catch is that the qualifying predicates Q; and
Qo may not be independent, and if, for exatri“pk, Q“.) Qa.then whenever (ﬁ(v) fQv)lis
blocked, [p(v) | Qofv)] must be as well. In general, however, it is not always possible to
determine when one qualified ‘class is a subset of another. 'M(vays A'treating different
qualifications of an operation as separate operations i a conservative ipproach which is
guaranteed nof to overlook any potential case ofdeadlock Throughout this chapter,
therefore, when reference is made to a data abstraction having n operations, the reader
should understand that the intention is for different qualifications of an actual operation to

be treated as separate operations.
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It is straightforward to characterize a situation in which an operation is blocked. If

enter

C(p) is the condition for gate p*™*’, then the condition of operation p being blocked is
expressed by the formula B(p):
(= C(p) A count(p™**Y) > count(p®™*") A count(p*™*') = count(p***).

That is, when p is blocked, there are no active executions of p, but one or more activations

have been requested and are waiting because the entry condition C(p) is not satisfied.

Assume that the potential deadlock situations are numbered |, 2, ..., 2" - 1), and let Wi
be the set of blocked operations in situation i. Formula U; will denote the characterization
of the synchronization state of an object in situation i, by expressing the fact that all
operations in W, are blocked. ‘

U; = ABp)IpeW).
If U; is equivalenf to FALSE, thel_'l_ there is a contradiction in the information in the
formula. This means that the potential deadlock situation is impossible, and that a
condition on which an activition of one of the blocked operations is waiting ‘must be
satisfied. If U; is not equivalen; to FALSE, then it represents a chaﬁcterization of the

circumstances under which the situation can occur.

For a potential deadlock situation that is possible, the formula U; can be used to
deten;mine whether or not the situation in fact represents an actual deadlock. This
determination can be made by checking whether any of the conditions on whicﬁ blocked
opérati'ons are waiting involve operations that are not blocked in the given situation. If
not, then the conditions can never become satisfied, and the situation in fact does represent

a deadlock. If one or more conditions involve non-blocked operations, however, then there
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is not a deadlock, since a subsequent event involving one of these operations can “unblock”
the situatien and enable one of the waiting processes. - At the very worst, such an event may
. change the situation to a different pofential deadlock situation; to be analyzed: separately.
Therefore, it is sufficient to fiid a single non-blocked operation: that ‘is invelved in the

waiting conditions to disprove deadiock-for & given situation:

As an exémple of ;Seadlﬁck analysﬁs, consider the solution sﬁecificition for a writers’
. priority database given in Section 63. - Since thére aré two opefations, “read™ and “write",
there are three potential deadlock situations--protesses-waiting: only at the read*™™*" gate,
only at the write®™™ gate, and at both gates. In the-first situation, W(l) = { read }. The
description of this situation U is given by the "blocked” condition on the "read™ operation,
B(read):

(count(write™™*®) = count(write®™*) v count(write®™") » count(write™)) A

counf(nad;"“-"') > count(read®™?)’ A count(read®™*) « count(read®™).

The condmon on whlch read acnvatlons are wamng mvolves events assocnated wnth

TS C NS

the non-blocked operation "write”. T his is not an actua! deadlock sntuauon, smce the read

activations themselves are not causing the blockmg This does not necessanly meaﬁ that
the processes blocked at the read*™® gate -will eventuaily procéed: There may-exist histories
in which these processes are blocked forever, i.e. they may face the possibility of starvation
(see the next section). What the analysis here shiows is that circumstances exist, involving
possible future events associated” with operation "write”, that make :unblocking of -these
processes possible. Their being blocked need not be a permanent condition for all possible

histories.



The second situation is when only: “write” is: blotked, i.e. W(Z) = { write }.- The
description here is Uy = B(write): |
(count{read®™¥) = count(read®™) v count(write*™*) = count(write™")) A
" count{write"*est) 5 count(wg‘ite’“‘") A conntwrite™*) = count(write®™"),
which can be simplified to
count({read*™'*) #.count(read™™ n
coun_t(write"""_")s count(write®'*) A munt(wrim = count{write®™").
Since the blocking condition involves the non-blocked -operation "read”, this is also not an

actual deadlock.

The third potential deadlock situation for the abstract object mvolves waiting raders

. and writers, so that W(3) = { read write } This situatton is chanctenud by Uy = (B(wnte)

A B(read)):

(count(read™*")  count(read™) v eount(wme"‘"') = eount(wrlte"‘")) A
éount(wnte"""‘“) > oount(wrnte""") A &un«Mu‘“") - oonnt(wnte"") n
(count(mite""") * count(write™*) v count(write®*) = eount(wrnte"")) n
count(read"™*) » countiread®™ ) n coumt(read™*) « count(read* ).

Here there is a contradiction, between the first disjunctive clause on the one hand, md the

third and last eonjuncts on. tivé other.. This reduces thie formula: to FALSE, proving the

 situation to be impossible. Since this disposes of ‘all. three potential deadiock- situations,

deadlock is proved to be impossible for this abstraction.



- lm -

As a second example, consider the: bounded -buffer example analyzed: in' Section 6.2.
Once again, there are two operations, and therefore three patential deadlack situations for
this abstraction. The first is: when-only operation “rem”™is:blocked, $o tmzw_(a:-»{ rem }.
This is describede;bt:&efonhtih«ﬂ;-*ﬂkun)& I CIAE E EEAT
(count(dep®™) < count(rem*™*") v count(rem*™*") » countirem®™) A
count(rem™ ") >.count{rem*¥) A couitirem™) « count(rem*™),
| which reduces slightly toc .~ N ST
. .countidep”™) S commt(rem®™!*). A . -
count(rem™™**!) 5 count(rem*™*) A count(rem*™*) » eount(rem"‘;).% o
Since the formula is not equlvalent to FALSE, the sntuanon is posslble However. the

Sy B R

condmon on whlch rem” acnvatnons are waltmg, namely

T

count(dep"“) < count(rem'“'")

involves operauon dep that is ot blocked in the situation. Thls means that the condmon

I'r i ¥ . tT \ &*1; } .
need not be prevented from ever bemg sansﬁed and so thu does not represent an actual
deadlock N

The sécond situation is when only:"dep™ s blocked; anl 'W(2)- = {dep }. The
characterization of this situation is givenby Uy = Bldeph=- =« - v 7
©(count{rens®?) < count(dep¥™*).-:N- v: colintidep™) weoimides™™) A

which simplifies to:
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count(rem®") < count(dep"'"’) -N A
count(dep*s!) > count(dep®™*) A count(dep""") = count(dep®™*).
This formula also is satisfiable, but once again, the waiting condition involves a
non-blocked operation,_ in this case "rem”. This means that the potential for deadlock is

averted.

The third inactive situation involves boﬁr "dep” and “rem” being blocked. W, = {
dep, rem }, and Uj = (B(rem) A B(dep))

(count(dep®™™) < count(rem*™®) v count(rem®™®") = count{rem™%)) A
count(rem™™**!) > count(rem*™*) A count(rem*™*) = count(rem*™*) A
(count(rem®®) < count(dep""") -N v eount(dep"‘"') > count(dep“‘“)) N
count(dep"“"‘") > count(dep"“") n count(dep"“") - count(dep"‘“).

For any value of N > 1, this formula reduces to FALSE, since it implies that |
count(dep®'*") = count(dep***) < count(rem*"*") =
| count(rem*™) < count(dep*™*") - N.
Therefore, the situation is impossible. In conjunction with the previous analysis of the

other two situations, this means that no deadlock is possible for the “buffer” type.
7.3 Starvation detection

A related problem to deadlock is the notion of starvation. Starvation means that while
a process that is waiting to access an object is not necessarily blocked permanently, a pattern
of accesses exists that prevents the process indefinitely from proceeding. The opposite of

starvation is fairness, which indicates that every process is guaranteed eventually to have its
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request for access fulfilled. A method analogous to that used for deadlocks can indicate a
large class. of possible starvation situations, specifically those that are independent of

parameter values.

Unfortunately, not all starvation possibilities can be easily detected. For example, the
disk head scheduler example of Example 14 in Section 2.7 is star\}ation-free. but the
simplified version analyzed in Section 65 is not. The fairness of the former specification
depends upon (1) the ra‘nge of track numbers being bounded, and (2) the set of track
numbers being well-ordered. The proof that these are sufficient conditions for fairness
involves non-trivial properties of well-ordered sets. In general, properties related to
activation parameters, specifically to predicates qualifying gates in the solution specification,
involve analysis that is too complex for the relatively simple starvation detection method
outlined here. Such properties do not cause similar problems for deadlock analysis, since
there the issue is simply whether any activations of an operation can proceed under any
circumstances. Starvation analysis must determine whether an arbitrary activation
eventually can proceed under all circumstances. This means that interactions among
different activations of an operation become more important. For those starvation
possibilities that can be detected by the method to be presented, the same approach fo
qualified gates is taken as for deadlocks. Differeﬁt qualifications of an operation ar.e treated

as distinct operations, and each is analyzed independently for starvation.
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' The motivation for the starvation analysis presented below is as follows: For a process
to starve, it must be kept waiting indefinitely at the enter gate for some operation. Since
the synchronization mechanism itself js fair in scheduling activations whose entry conditions
are satisfied, this can only happen if the condition on which the process is waiting is never
allowed to be satisfied, due to the presence of other operation activations. (As before, all
operation activations are assumed to terminate.) Therefore, it must be possible for processes
executing other operations of the data abstraction to overtake the waiting process.
"Overtaking” refers to the fact that even though the given process is waiting at an enter
gate, processes making other activations whose request events occur later proceed through

their respective enter gates ahead of it.

If operation q cannot overtake operation p, Fhen whenever an activation of p is
blocked, eventually all activations of q that were requested prior to the request for p must be
completed. Under circumstances in ivhich the activation of p starves, therefore, no
subsequent activation of q can proceed either. Thus the first step in the starvation analysis
for a particular operation is to determine which other operations of the abstract data type
can and cannot overtake it. The characterization of a starvation situation then state; that
the given operation is blocked, and that no “non-overtaking™ operations are cu;'rently active.
This characterization reduces to FALSE if there is a contradiction in the situation, meaning

that starvation is impossible.



. Formally. the method of analysns for each operauon pis the followmg As before, B(p)
denotes that p is blocked: e TE MR e e T : ‘
| (" C(P» N COIInt(P“W') > count(p"‘“’) l\ oount(p"“’) - mnt(poxd) T

For all q = p. construct the formula T(q. p) glven by o

B(p) A Clg) A (count(q"""') > countlg"™®).

This formula mdncates ‘under what cnrcumstanees a proc;ss ex;cutmg operatlon q‘ can
overtake the process blocked at gate p""" i.e. when there are requested activations of q and
the entry condmon for qis sansﬁed It T(q. p) is other than false. then it is poss:ble for anA
activation of qto overtake the wamng activation of p Therefore nothlng can be assumed
about operation q in a starvation situation for p. If T(q. p) reduces to FALSE, howkev'er.

then this overtaking. cannot occur, and a process. waiting .at p‘ﬁ?‘uﬂl cause a_process
| subsequently arriving atvq"""_.toﬁbe-bloc;_ad -as- well. This means that .no activations of q-
can be active in a starvation situation for p. Thewvmmﬂp)#mﬂ@mdb’
Coﬂjomwg to B{p) the farmula

count(q*'*) = count(q™)
for each q for. which T(g, p) is FALSE. - That is, .
. S(p) = A{count(q®™*) = count(q™™) | T(g, p).= FALSE) A~ B(p).

This indicates that since q.cannot overtake p, eventually no executions of. q will be active.
If S(p) is FALSE, then starvation of processes attempting to execute p is.impassible, in that
the hypothesized starvation situation for p contains a omtradktion. Otherwise, S(p)

characterizes a possible starvation situation.
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Again, consider the writers’ priority database ;s an example. The condition for gate
write®™*" js
(count(read®™*") = count(read®®) A count(write®™®") = count(write®*")),

so the blocked condition for operation “write” is B(write):

(count(read®™®") = count(read®™) v count(write®™*") = count{write®*")) A

count(write"*®*%!) 5 count(write®™*") A count(write®™*") = count{write™").
The condition C(read) is given by

count{write"*%!) = count{write®*") A count(write®™*") = count(write®*").
This makes the overtaking condition T(read, write):

(count(read®™®") = count{read®™™) v count(write®™®") = count(write™*)) A
count(write® ) 5 count(write®*) A count(write®™®") = count(write®?) A
count(write™™*®!) = count(write®*") A count(write®*") = count{write®) n

count(read™™**) > count(read®™®").
Since the second and fourth clauses contradict each other, the formula reduces to FALSE.
This means that the clause
count(read®™®") = count(read®**)
is conjoined to B(write) to form S(write), the starvation condition for operation "write™

(count(read®™*) = count(read™™) v count(write®*") eount(write"‘“).) A

count(write™®*®) > count(write®™*) A count(write®™*) = count(write™) A
| count(read®™*") = count(read®™").
This formula in turn is FALSE, since the last two conjuncts together contradict the first

disjunctive clause. Starvation of writers is therefore impossible.
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-If a similar analysis is performed for the "Yead™ operation; Bifead) is constructed as:
(count(write"™?**) = count(write®™®) v count{write®™*") » count(write**")) ‘A’
count(read ") 5 count{rexd®™™) A counit(read™ ™) = count{read®*). .
The condition of "write” overtaking "read”, T{write, read) is then formed: |
(count(wﬁte""""“)'* ootiht(ﬁrite"""—)*\i count{write™*).= count(write®™*)) A
count(read™ ™y 5 count(rexd®™) A countiread®™ ¥« count(fead®) A
cou.nt(read"""')-count(read"‘") A count{write®™*) < countiwrite®™*) A
count(write®™™) > count(write*™*). -
This formula is not identically FALSE, however, so that operation "write” can indeed
overtake "read”. This meins that the starvation-condition S(read) is simply equal to the
" blocked condition Blread): Since S(éadyis ot FALSE, starvation 6T réaders is indeed a
possibility, as expected, and can take phce under the ciféumstances given by:
(count(write™*s!) - count{write®™*) v ~count{wrie™® 2 count(write®™)) A
count{read™ ™} 5. count{read®™™™): A" douant{read™) « count{read®™?), -
That is, as long as there are activations of "write” that are either requested and pending, or

active, then requested activations of "réad” imay starve. -

- .
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. Summary and Evalalition

8.1 Summary of the thesis

This thesis has explored one appmch to the problem of. specifying sypchronization -

properties and symhesmng source language code 1o implement. them..- The approach taken

ization, which. was -

has depended on a basic model of abstract data objects and. synchro
described in Chapter.2. The principal features of this quel are:
(1) Every dataob;ect 1s strongly.typed, and any access of the 1’"’.’“t must be viaa
basic operation of the type of theobjed. = = o _ ‘
~(2) Certain points in. time, called. events, are. distinguished in a computation
: hlstoryllwolvmg “‘msqda given data gbject. In particular, there are -
three types of events request events, which denote pracesses making. kmwn
thelr wish to gain access to. the objaa; enter evem;. which_denote swoesstully
gaining access; and exit events. which denote relinquishing access.
(3) The temporal precedence relation among events associated thh a gwen data
Object is a total ordenng relation. TR 9O B o
‘(4) The functmn of synchmnintioa is to eon:tfamA in cemtn ways the time
ordermg relation on a data object. in parucuhr the occurrence of enter events
within the total ordering. "rhis’ funmuomngml 't the ‘m.‘ni.‘.é of the
. operations by which processes access the ohject. and therefore can and should |

" be implemented separately from those operanom.

: =
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(5) Individual synchronization- constraines exist for each object in the system.
Furthermore, a SYnebronization constraint-is assoriased with a data type, and

applies independently to each object of that type.

Using this model as a basis, a specification lauguagewas described in Chapter 2 for
expressing-synchromiation propetties of a’ostnctﬁﬁtipe!? A’hideation was' deviséd for
denoting events, ‘and the: Wfix “¥yibol a‘mw for “the- timé “ordering relation.
Specificationis express coristraints o this Telation Vi predicate’ ciituhis fofmiita involving
the time ordering between universally quantified’ evmtexpresﬁoﬁ& “The quantification |
causes the constraiit-to apply to-all evérits of a given chiss in & history. By explicitly stating
the arguments to procedure invocations Invﬂvadhasﬁeciﬁution and t’i"sii'.i‘g‘“";-’)redicatevs to
constraitr these arguments; a contraint ‘on the ‘= refation cant' bé made to sc‘é’i:tmely apply
to & sub-class of events.” The formal semaiitiés ‘of this ‘ipetifieation Tahguage consisted of
defining the' validity of histories with respect to &' 1:veﬁ§pédﬁcatidnl&number of
exiinples of the usé of the language to' express synchronization ¢onstraints appeared at the

end of Chapter 2. -

To synthesize source language code implcmencing the specifications, it was found to be
: TN E upm Al JEI0E 8 o L o

(e

desirable to use an intermediate form. This form, called the solution specification, was

POy

described in Chapter 3. It is an abstract representation of tl}g;pl}{f@\tO a specification that

Fiti

is procedural in nature but independent of the particular construct used for implementation.
SRl R TS TV E DO A | AR RPN LTINS Bt SRR T R SN

A solution specificaiion consists of a collection of gates, which are abstract implementations

of event classes. Synchronization constraints are mantedbyattgchmg conditions on

the synchronizétion state to gates for enter event classes. Processes are only allowed to pass
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through gates when the corresponding conditions are satisfied. The semantics of a solution
specification, as of the problem specification, were defined in terms of the validity of
histories. Translating a solution specification into an implementation using a
synchronization construct such as a monitor is quite straightforward, as explained in
Chapter 5. Therefore, the difficulty in synthesis is deriv;ing the solution specification from

the problem specification.

This derivation was the subject 6f Chapter 4. Besides simply identifying which gates
are needed for a specification, this consists of constructing appropriate conditions on the
synchronization state to associate with enter gates in order to implement the specified
constraint. The construction of these conditions is accomplished by an algorithm tha.t can
be broken into several phases. First, constraints on the arguments to atétivations are
incorporated into the rest of the specification by a technique called “qualification™. Once
this has been done, all possible orderings of relevant events are formed, and each ordering
is identified as either valid or invalid with respect to the specification. The syn.chronization
state at particular events in both valid and invalid orderings is characterized, and these
characterizations are combined to form a preliminary condition. This condition is tested
among the valid orderings; it either succeeds in satisfying them all and is therefore correct,
or else it fails in one or more cases, and must be weakened by disjoining to it one or more
other terms. These weakening terms are derived in much the same way as the preliminary
condition, except that a smaller class of orderings is used, and the characterizations involve

synchronization states saved at previous points in the orderings.
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‘ Cha;irer 6 - presented sevéral examples “of “commonly addressed “synchronization
problems, which are specified ‘and’ then synthesizetl By’ the ‘approach Hescribed. These
examples certaihly do not constitute & compilete tést of an spproach, but they do represent a
fairly broad range of the kinds of sjnthronizatibét ‘Propetties found to bé of real interest.
The topic ‘of Chapter 7 was' the'snalysis ‘of 4 synchronization’ Corfstraint for possible
deadlock and starvation. The so'lution‘speciﬁcation i a convenient form en Which ‘to
perform this analysis Algonthms were presented that for any glven spectflcatlon can

dlsprove the pOSSlblhty of certam funds of deadlock or starvat:on. or deﬂve the condmons

under whlch they can take phce

8.2 The specificatioh language
3 SEFR

There are a numher -uf wais of evaluat:ng the specnflcauon Ianguage descnbed mr
Chapter 2. The example specnﬁcaums in Secuon 27 attes}tqto its power to express a wnde
range of synchromzatron propemes The derivanon method dnscussed ln Chapter 4 andv
further illustrated by the examples of Qhap_terﬁ demonstrates its suitability as an input
language for the aynthesis algorithm ;l'\wro other relawd crrteria are especially important
though subjecnve in nature: the constmctability of the language, how easy lS lt to write

specrflcanons and its comprehensibtlity, how easy is it to under;tand specmcatlons

L WIS Y G T

" Within. the framework of the modél of ‘synchronization tipori“which the language is
based, the language itself IS quite coftvenient' for wiitif  synchironization “specifications.
Since all of the standard logical operators of preditite calkculus can be-used, and formulas of

arbitrary complexity constructed, any constraint on time ordering can be expressed. T hese
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specifications are relatively easy to write and to understand, since each logical operator has
a natural interpretation. The extensibility of the language permits a complex specification
involving many constraints to be expressed as a conjunction of individual clauses, each one
specifying a single constraint. This feature, illustrated by the different versions of the
readers-writers problem considered in Chapter 6, enhances both constructability and

comprehensibility.

There may exist grounds for criticizing the language based on disagreements with the
underlying model. For example, consider the choice of which points in time to be
designated as events. Each of the three event types request, enter, and exit has a un_iform
meaning, and each is necessary for expressing a wide class of synchronization properties.
Properties concerning exclusion of operations involve enter and exit events, and scheduling

properties use request and enter events.

'Disagreement may exist, however, over whether these three types constitute a sufficient
set. In particular, assume that some operation p may be blocked from proceeding, not
initially before the activation begins, but rather at some point in the middle of execution.
That is, suppose p performs a certain amount of computation, then must wait for some
synchronization condition to be satisfied, after which it completes execution with some
further computation. There is no straightforward mechanism in the model (and therefore
the language) for denoting this “intermediate” event. Such a situation must be handled by
splitting operation p into two subsidi:.nry operations pl and p2, which when executed serially

constitute the whole of operation p. The intermediate point within p is represented by the

exit event for pl and request event for p2. The condition on which it may be blocked is an
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entry conditien for gate p2*™*".

Whlle this may not be considered an aesthetxcally satlsfymg solutlon to the problem it

S

can be justlfled The event types request emer. and exit were ::bgten in part because they’ ‘
possess a umform mterpretanon mdependent of the meaniné of the partlcuhr operatlon If 5’
a new event type intermediate were employed, its meaning (the intermediate point at which
the operation may pause) necessarily wbuld be operation-dependent. Mbseover, a single
intermediate event type would not be sufﬂciemforhmdlmgbp«aﬂonsthat may be
blocked at more than one intermediate point. For the sake of generatity, theft, it would be-

necessiry to have an unbounded number of event types interrirediate-1, intermediate-2, ...

RS Y

Whatever such an approach might gain in cons jlitf of the aniguage would surely be
lost in reduced comprehensibility. The sollition cidsen”instéad of sphitting the operation p-

into component segments pl, p2, etc. seems at least as satishactory. *

* There is another important aspect of the spetificatioi language uséd here. That is the
ability -to use synchronization spetif.ﬁiioﬂs.’ﬂohg‘ﬂth “the bodiés of the operations, to
prove properties 6f ‘the data abstractions. One Xind of proof is of the {serial) correctniess of -
an operation, with the synchironization “specificition used fo show that alt 'possibly
interfering operation activations are = exclutled ' ffom concurrent “execution. The
synchronization speciﬁeation also can be used to dembnstrate that céttain types of éxception -
handling are unnecessary. An example is the bouhded buffer #petification amalyzed in
Section 6.2, by which it can be‘shown” that an activation ‘of the 'rem" ‘operatioh ‘never

. operates on an empty buffer.
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One limitation of the specificat.ion language is an inability to refer to the state of the
abstract data object to which a specification applies. Thefe are good reasons for restricting
the language in this way, as ex;ilained in Chapter 2. It is also true, at least theoretically,
.that any state information can be expressed [interms of events in the history. However,
capturing state information via histories can make the specification of certain p.roperties
rather awkward. For example, the disk head scheduling specification of Example 14 in
Section 2.7 could be simplified significantly if reference could be made to whether the disk
head is moving up or down (at thi; point at which a certain event occurs). This limitation,
however, does serve the purpose of maintaining a clean separation between the

synchronization aspect of the data abstraction and the actual operations.
8.3 The synthesis method

The method for synthesizing synchronization code from specifications was presented in
Chapters 4 and 5. The justification of the alg:rithm for deriving a solution specification,
and a discussion of cases for which it fails, is presented at the end of Chapter 4. Failures of
the algorithm really reflect an inability of the relatively rigid solution specification. to
capture certain synchronization properties of interest. For example, the algorithm fails on
the first-come-first-served specification because this property cannot be implemented using a
~ separate queue for each operation of the abstraction. On the whole, though, and
particularly with the use of qualified gates to capture parameter-related properties, the

solution specification structure is able to express the solutions to almost all synchronization

-problems that can be specified in the problem specification language.
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The monitor implementation of the:solution specification is relatively straightforward
in:most cases. The exceptian to-this is the handling:of parameterived gates using:the types
couts{T] and conditions[T1 . Thé implenentation: of -parameterized enter gates in
particular; especially ‘where the qualifying predicate i3 not -a. functiona! relatien,; becomes
quite complicated. As noted i Chupter-§, ‘a: certiiin -awount of simplification’ would be
possible if the user were to supply the: fange of ‘valued that et ‘parameter could assume.
This information could also be used o preventithedecreuse in expressive power that results
froeru' having to make certain assémplions about the-solution specification comditions -in

L

order to construct a correct implementation:

Chapter 6 contains a small set of examples in which implementations are completely
synthesized from problem specifications. In fact, a considérably dirger wumber of examples
have been worked out, mcludmg all of thc speaﬁcanons presemed as examples in Secnon

e

2.7, with the exceptxon of thm explncntly cnted in Chapter 1 as fanlures The method

T)*‘t i £ 3.}'

appears to sausfactonly synthesue lmpiemematlons for a wnde chss of specnfxcauons except

SRR TRN TIATFELTY Ny B4 ”B p 2%

for those propernes for whsch solutmn spec:ﬁatms ammt be obulned as notcd above

“Two other measures of the synthesis fiethod are impartatt-to discuss here.  The fivst
of these, the ‘practicality of the  sywthesis algérithm, appears ‘opén to question. In the
derivation of the solution specification,-all> pessible orderifigs of- the ‘event  expressions
contairted in"the specification must be donsidered, and’ since n éveits may have as many as
n! orderings, the algorithm is necessarily exponential: In i less-formal-sense, the practicality
is weakened by the complexity of ‘some -of the steps. of* the ‘slgerithm,  particularly theose

requiring a logical simplification of formulas. Compensating somewhat is the fact that the
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formulas involved are of a restricted form. Therefore, a small cpllection of special-case
simplifications, such as those appearing in Figure 4.2, rather than the 'power of a
general-purpose logical simplifier, would probably be sufficient for implementing a system
based on the method proposed here. Also, the ability to analyze each conjunct of the

specification separately helps reduce the overall complexity.

Still, improvements in the algorithm Aare required to make it practical in, say, a
compiler. The algorithm as it stands can be used manually by a person to implement a
synchronization constraint expressed 'in the specification language, or to informally check a
hand-coded implementation. Further work, as discussed at the end of this chapter, is

needed to automate the algorithm.

With respect to the other measure of evaluation, the efficiency of the synthesized
source code, the metﬁod can be judged to be quite respectable. There are certain
inefficiencies that necessarily result from the use of a relatively fixed structure. Two aspects
of the fixed structure here are particularly restrictive. One is the use of separate condition
variables for different enter gates, which prevents Vthe queuing of processes waiting to
execute different operations on a common queue. The other is the derivation of a single
entry cond-ition applicable both initially when a process first attempts an access and

subsequently when testing whether to allow the deferred access.
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As a result, the synthesized monitor for the "aiternating priority database™ example of
Section 6.4 is awkward compared to the rather elegant monitor coded by hand to solve the
same problem in [Hoa74]. Much of this awkwardness, however, is due to the simple-miﬁded
implementation of testing for possible signalling all condition variable§ at the end of each
monitor procedure. As indicated in Chapter 5, optimization of the sighalling statements by

eliminating provably unsatisfiable options is often possible.

On the whole, synthesized implementations approach hand-coded ones in terms of
efficiency for a large class of problems. The fact that all synchronization code manipulates
only integer-valued quantities, and that entry conditions always consist of linear equalities or
inequalities of such quantities, keeps the implementations efficient. The effiéiency can be
enhanced if other obvious optimizations are applied to the results of the straightforward
synthesis, such as using a single variable for a quantity of the form

count(ecl) - count{ec2),

rather than two separate variables for the two different counts.

Where the efficiency of the synthesized code becomes unacceptable is in cases
involving parameterized gates, such as the disk .head scheduler of Section 6.5. ln.order to
accommodate the structure of the solution specification, the parameterized types counts(T]
and conditions[T] must be employed to implement what amount to entire arrays of counts
and conditions. Here, the fixed structure of the synthesized implementations becomes a real
barrier to an efficient implementation, since "good” implementations of such properties make
use of special mechanisms such as priority queues. With the exception of parameter-related

properties, though, the performance penalties paid for most specifications seem to be within
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8.4 Comparison with path expressions

As noted in the introductory chapter, the work on path expressions (ICam74), [Hab75),
[Flo76]) most nearly matches this thesis in terms of overall goals. In evaluaﬁng the thesis,
then; it is instructive to compare it with the path expression work to see to what extent each
meets these shared goals. In terms of this comparison, the path expression language is
restricted to its original description in [Cam74) Later versions have added successively
more features to the language, with questionable results. The original language simply
contains the basic features that make path expressions analogous to fegular expressions,

; ", the alternation operator “ , °, and the repetition

namely the sequencing operator
operators "{ .. ]” and “path .. end". The analogy with regular expressions embodies the

basic philosophy underlying path expressions.

The approach both of this thesis and of path expressions is to constrain the ordering
relation on accesses to some shared abstract data object. Access of _tﬁe abstract object is
limited to a collection of basic operations associated with‘the type of the object, and so each
language specifies a subset of possible object histories involving these operations to be
~ valid. For path expressions, activations of the operations are treated as units, while this
thesis has denoted three particular points in time associated with each activation as events,

and deailt with these events rather than the activation itself.
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The pathexpression . approach’ is to-specify ‘a global constraint for the complete

sequence of accesses represented by the overall hlstory The specnflcatms of thls thesns.L

J{ LRI eed

the other hand, represent local constraints for mdmdual opennon activations; because the
activations invelved in #3pecification are quatitifiéd; the tonstraints apply *inamaué‘ny to
each activation in the history. My:intuition ‘i§ that lotkl- conistraiits‘aré intveremly simpler,
both to construét and  to comprehend, and that people st transiaite giobal-constraints into

locat ones to understand them. This is'a’ subjective judgetent, however. =~

ML L

The path expresslon Ianguage uses as basnc nouom the concepts of mutual excluslon.

»!
SN

sequencmg and concurrent repetltlon These areata hngher levet than the more pnmmve

temporal ordermg relauon =. Use of such higher-levei concepts facnhtates the expressnon
= B

of propertles that are based closety on them For example the mders—wnters property.
appearing as Example 3 in Section 2.7 in the form
((writei""" = \yritej’“"') o) (wﬂeei";* =# \;ariite;"")), A
((write”™ =5 rexdy ™™ v {ma‘i"'*-a wri:ei"“'h
can be specified by the path expression -
path { read }, write end.
T:he'ga'm in tomprehensibility and constructability is obvious.

However the same result can be achaeved by usmg some sort of macro facnhty wnth the

2

Ianguage of this thesns For example, MUTEX(p, q) oould be employed a a sborthand
abbreviation for the mutual exclusion specification of Example 2 in Section 27:
(pio:ii == qjonhr) Vv (q.jui' =3 Pioahf).

and the readers-writers property then could be expressed as
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MUTEX((write, read) A MUTEX(write, write).
Such a macro facility would also be useful in identifying specifications for which
implementations have already been derived in the past, thus eliminating replication of

previous effort.

The use of higher-level concepts as basic to the pith expression language has the
disadvantage that properties not closely related to these basic ones can be rather difficult to
specify. For example, consider the writers' priority database example analyzéd in Section
6.3. There the property was specified by adding to the readers-writers specification above
the following conjunct, giving priority to operation "write” over “read™

(writei’““"s' = readj"“") o (writei""" = rmdj"'“").

The’path expression specification for the same example appears in [Cam74] as:
path readattempt end
pathk requestread, { requestwrite } end
path { openread; read }, write end
where
réadattempt = begin requestread end
requestread = begin openread end
requestwrite = begin write end
READ = begin readattempt; read end
_ WRITE = begin requestwrite end
There is quite a lot of extra effort involved in adding the single property of priority to the

readers-writers specification, and in terms of comprehensibility it leaves much to be desired.
Even more discouraging is the fact that giving priority to "read” over “write" is done in a
slightly different manner. Little wonder; then, that in the next version of patﬁ expressions,

appearing in [Hab75), priority becomes another pre-defined operator in the specification
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language.

The languages. of both this thesis and path expressnons chnm thie' virtue of
extensibility, meaning that further constraints snmply can be added onto previous. ohes
without changing the existing specification. As the above example iliustntq;; thlsunot
quite true of path expressions, since the addition. of the writers’ priotity property requires a
change in the expression o£the mgiers-wi;gr;; pragerty -as well.. In this fhesis, new

constraints can always be conjoined. o existing ones.

The writers’ pnonty database example also xllustrates the fact that with path

expressions new operatnons sometlmes must be invemed for tﬁé speCIficﬁtlon of desnred

- Ehd i

properties. In this thesxs thls is also true, but here* |t is hmued to the smgle category of

breaking an operatlon into senal ‘sections of code in between wh:ch ‘the process executlng

3 }ff::&:.z (RS R

-----------

within operations must be handied in the sam@”iiy.ihfiét. M&f’. i may also be

necessary to construct a new operation whose only purpose is to call an exustmg one such as

. “»_ rrrrr

"requestwrite” in the example. Other example&vm bpth [an?;; nd [Hab75] contain

numerous other such “hidden" operatlons used n - vatious < ways W general a clean

. TyEey ot T
separauon of synchromzauon code from the data abstracuon operatmns ‘themselves seems

ERRTEL S . oAy

les&feasibkwuhpathexp;mqu T N R
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" The final comparison with respect to the specification languages themselves is that
path expressions contain no facility for expressing properties that involve the parameters of
operation activations. The only way to handle such properties would appear to be for the
~ operation body to call different hidden procedures based on the satisfaction of different
predicates by the. parameters. Pa}h expressions could then express synchronization
constraints on these hidden procedures. There is no straightforward mechanism, however,

as there is in the language of the thesis.

The main thrust of the dis?ussion in this section so far has been that the specification
language of this thesis is superior, particularly in terms of criteria such as C(.mstructability
and comprehensibility, to the path expression language. With respect to synthesis, however,
theré is no question that the path expression approach is better. A simple recursive
algorithm in [Cam74] can automatically implement any constraint specified by path

expressions in terms of semaphores and integer counters.

In general, there is a tradeoff between expressive power of a specification language,
and relative ea;se of synthesizing implementations from it. Because the path expression
language is d;:signed around a few built-in properties such as mutual exclusion, “canned”
implementations of these properties can simplify the task of synthesis. The greater
generality of the language of this thesis results in a far more difficult synthesis problem. It
is interesting that in later versions of the path expression language ([Hab75), [Flo76)),
additional features are added to increase the expressive power. Thes_e‘later papers do not
include automatic implementation algorithms, and the problem of synthesis would appear

far more difficult for thesé more complicated versions of the language.



8.6 Future work. *

There are a number of areas in which the work of this thesis could be extended in the

future.h Generally, the specification language itsell‘ seems sound as it stands, with the

possrble excepnon of the mab:laty to refer to the data state of the resource. wluch is an issue

that should be mvestngated Further work is also needed on usmg specmcanons in provmg

properties of data abstractions.

As noted in Chapter 5, mformatron about the range of values of certam parameters
would be very helpful in constructm; nmplementanons ol‘ argument-related propertles An
automated system couid mteractlvely ask for this informatlon from the user. However lt
could also be supphed as part of the orlgmal speaﬁcauoa, :f the specnfxcanon language were

extended to handle it. .

The synthesis method described™ here’ can” only be Viewed "¥s “a startifig point for
pursumg this general approach The syntheslsfalgomhm is very compllcated and while

' thrs is dxctated to some extent by the generahty of the speclﬁcatlon lapguage. the complexuy

almost certainly could be reduced perhaps dramatxcally, by loolung at alternanve strategles

o S

One area that could particularly ‘enefit from a different dpproach’ i§ the use of
qualified gates for argument-rélatedpropemesAsmlﬁcafed‘“aﬁove’m Section’ 83, the
implementations resufting from siich cases afé ufizccéptably inéfficient. Tt is unreasonablé to
have to perform a detailed search i determining the state ‘Varfable io"be‘upﬁated or the

condition on” which to wait. A changé i the basit solution speciicat

probably be necessary to achieve acceptably ‘effitient ‘Whpleritentatiofis of argument-related
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properties. Unless some alternative were found, it might be better to eliminate
argument-related predicates from the specification language entirely, even at the cost of

reducing the power of the language.

The use of information private to each process, as discussed in Section 4.7, represents
one possible direction for extending the power of the solution specification. Private
~ inf;:wrmation would permit each process to look back in the history to a point whose state is
important only to that process. This would increase the range of applicability of the
derivation algorithm. Of course, adding this feﬁture to the solution specification requires
modification of the algorithm so that such information can be derived. This issue would

have to be investigated.

An alternative to private information would be a more flexible solution specification
structure. As noted in Section 8.3, the ability to employ different queuing straéegies and to
have different entry conditions for a gate depending upon context would add expressive
power to the solution specification. Again, the impact on the derivation algorithm would

have to be considered.

Another idea that might bear exploring is the use of more powerful data types than
simple integers in both the solution specification structure and the source code
implementation. Specifically, sequences of events may be a more natural concept by which
to translate properties from history-theoretic to state-theoretic terms. One potential difficulty
is the fact that there is no theory of sequences as rich as number theory, and no good

analogue for sequences to the < relation on integers, which is so basic to the synthesis
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algorithm.  Also, the problem of source:level optimizations, which has. been addressed

briefly in the thesis, would become much more serious. .

A limitation of the work here that has been mentioned earlier is its ae.p‘endence’ on a

centralized synchronization mechanism for each data abjest. This limits its applicability in

situations where data objects may be distributed. widely axound a system of geographically
distant processors. It would be intéresting to explore to what extent this centyalized-control
bias is built into the underlying. model, and see what problems. have ta be overcome in

devising an implementation suitable for distributed systems.

"~ An interesﬂting'ﬁ'bﬁlem' growing out of the Epproachhere is whether or not
synchronization constraints for an abstract data type can be derived automanca“y from the
_i‘_mplvementat'ioqﬁgf the:itype_. vaiously,;qgggi?ggyfych as whether one operation should
have ’pl;igr.it_y@ over another can only be decided by a person, smce there is no inherent
reason o choose ane prioriy cheme over ancier, Howerr, th cade implementing the
* aperaions of a type pusibly augmene by some interna) conteny reqinement fr the
lower-level reéresentation of objects of the type, can provide enough _,Ji%r;l,fqr{p'_oaf;op; lo
determine many classes oi" synchronization constraints. Which operations must be mutually
. exclusive of each other can often be determined by anaiyzmg the manipulation of shared
variables used in the implementation of the type. A number of ‘techniques ‘employed in
optimizing compilers can also be used: Heuristics such as dead ‘codé elimination and
~ dependencies in the ordering of operations. Success in investigating this area could lead to

the partial elimination of the need for synchromzatloncode itself.
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Of all the areas open for future work, however, the most obvious is the need to
implement in an actual system a method such as the one described in this thesis. Many
ideas look good on paper, only to founder when actually put into practice. A certain
amount of system design has been done on paper, in order to help determine the feasibility
of the system. Nothing has been actually run and tested, however, and only an actual

implementation ultimately can be convincing.as to the feasibility of automatic synthesis of

synchronization code.
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