CONTROL STRUCTURES
FOR PROGRAMMING LANGUAGES

. . by

David A. Fisher

Computer Sclience Department
Carnegie-Mellon University
Pittsburgh, Pennsylvanla
May 1970

Submitted to Carnegie-Mellon University
in partial fulfillment of the requlrements
for the degree of Doctor of Philosophy

This work was supported by the Advanced Research Projects
Agency of the Office of the Secretary of Defense (SD-146).



ii

Abstract

The research reported here is ﬁhe result of an
jnvestigation of several aspects of the control structure of
programming languages. By control structures w& mean’
programming environments or operations which specify the
~ sequencing and ihterpretation rules for programs or parts of
programs. This dissertation attempts to demonstrate the
thesis: complexity diminishes and clarity increases to a marked
degreg if algorithms are described 1n a language in which
appropriate control structures are primitive or easily

expressible.

A number of control structures extant 1n programming
languages and systems are catalogued and then used as a guide
to develop a programming language which has a controi extension
facility. This language has not only the mechanical
necessities for control extensions, but also has primitive
control operations for sequential processing, parallel
procgssing, alternative selection, monitoring, synchronization,
and relatlve continuity. These operations are the source of
the clarity of control descriptions because they span out
conceptual notibn of control and because they can be easlly

composed to form other more specialized control structures.
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The thesis is demonstrated by using the control description
language to give formal descriptions of itself, the simulation
language Sol, and a varilety of specific control structures.
Some nonstandard control structures (including a
nondeterministic control called sidetracking, the continuously
evaluating expression, and a multiple sequential control) are
invented to further illustrate thé thesis. It i1s also shown
that the use of nonstandard controls in:some cases leads
naturally to efficient implementations.

The most extensive exﬁmple given uses the sidetrack
control for parsing context-free languages. Beginning with a
simple breadth first search recognitlon process, it is refined
by the incorporation of appropriate control structures. Minor
additions are then made to permit parsiﬁg, translation, and
error correétion. It is also shown that hybrid recognizers
which merge several well known syntax analysis techniques can
be easily built and an implementation of the sidetrack control
which achieves the time bounds of Earley's parsing algorithm 1s

1

also given.

This investigation has only scratched the surface, but it
is hoped that it has contributed to the understanding of
control, illustrated the simplicity and clarity that can result
from a conscious examination of control, and demonstrated the

large, but unrealized, potential for variability in_control;
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I. INTRODUCTION

"There is one important difference between ordinary logic
and the automata which represent it. Time never occurs in
logic, but every network or nervous system has a definite
time lag between the input sighal and the output
response. A definite temporal sequence 1s always 1nherent
in the operation of such a real system."

— John von Neumann [vN 56]

This dissertation is an investigation of several aspects
of the control structure of programming lanwuares. The various
control mechanisﬁs used within current‘programming languages
are examined, several alternative views of control are -
discussed and a formal mechanism‘for describing the control
structure of programming langueges is developed. A number of
nonstandard control structures are introduced to illustrate the
insight and simplification_a conscious examinetion of control
can provide in a Variety of problem areas. The major intent of
this effort is to acquire a better understandiog of control., In

addition, in a few cases implementation techniques are

examined.

Despite the many studies concerned with the formal description
of various aspects of programming languages, control structure_
(with the exception of isolated cases dealing with speeific'
controls, usually parallel processing) has been'iargely‘
irnored. There have been‘several proposals for describing data
structures [Mc 64] [St 671, operatérs [Le 66] [GP 67] and

syntax. Compiler-compilers [BM 627 [Fe 66] [Ch 65] and'formal



lansuages for describing languames [NN 66] [B& 66] [Str66] have
also been proposed (see also [FC 68]). Gorn [Go 61], in fact,
identifies thirteen different kindg of specification languages.
More recently there has been considerable interest in
extensible lancuages [Jo 69] [Ir 69] [Be 69] [Ma 69], that is,
- languages within which the user can modify the language to
tailor it to his own needs. |

Yet in al}_éhc above'investigations there is no explicit
concern with the control étructure»qf lénguages. In each case
either sequentlal processing and/or subroutines are téken as
the giVen ¢ontrol structures and‘all programs are composed from
these. Indeed, much more can be said and tools can be provided
for descfibing a broad class of interesting repgimes of control.
This dissertation hopes to deéonstrate that the study of
confrol can simplify and illuminaté some areas, and that the
use of appropriate control structures can produce élarity'of
expression without loss of efficiency.

By control structufes we mean programming environments or
operations which specify the Sequencing and interpretation
rules for programs and pafts of programs. Thus, the control
structure of a lansuage might include a general rule fof the
evaluation of expressions (e.g. all arguments are to be
evaluated and then the operation applied to the resulting:-

values of some of its arcuments to determine which of the



dthers.are to be evaluated). The general rule fér‘statements
mipht perscribe that they are to be executed one at a time in
the lexicographic order of the program description, but control
operations such as the unconditional transfer and iteration

statehents violate this general rule.

We intend our definition of control structure to include:
not only sequencing, but the lack of sequencing rules or even
the'indeterminané& of the.desired'sequencing. Consequently,
parallel processing and néndeterministism are also control
structures. It may be necessary to process two parts of a
progrém sequentially, their proéessing order may not matter,
or it may be that they can be processed in either order but not
concurrently. It may be necessary to process only one éomponent,
with. one being indeterminant until the other has been
processed. These are all examples of control structures. A
definition of control, however, does not give insight into the
implications and applications of COnfrol.

We begin our investigation of control structures by
exanining the control structures of programming languages. For
the majority éf available languages there are Jjust four'controi
mechanisms: sequential processing, iteration, subroutine
control, and the conditional. Within these basic éontrblw
structures there are minor variations which arise from the-

restrictions on and interaction of the given control



capabilities. It may or may not be possible to enter into the
middle of an iterative statement from outside, subroutines'may
or may not be recursive, Variations also arisekin the way
control interacts with the environment. For example, the
interaction of lexicographic and dynamic scope, énd‘the use of
control to evaluate parameters 1s accompanied frequently by '

shifts in environment.

'1A few 1angqé@es‘have'control'structures in addition to %
those mentioned. Algol—60; for example, has céll by name '
procedure parameters which have several useful interpretations
each peneralizing to a different control structure. Pure Lisp
(i.e. Lisp without the program feature), on the other hand, has
only recursion and a cenditional'operation, and 1llustrates how

little in the way of control 1s necessary for a complete system.

Other control mechanlisms have appeared in the litereture,‘
not as the control structure of programming languages, but as
implementation techniques for compilers‘and operating systems.
Coroutinés first appeared as a technique for implementing
Cobol compilers [Co63a]. Most operating syetems use some form
of pseudo-parallel processing. Jevwill be examining a few of

these,



One nust, however, be careful not to assume that the
contrél structures which are found in current programming
languages or software systems are the only useful controls or
even constitute the general form of useful control structures.
The control structures above reflect the.sequential control of
the machines on wﬁich they are implemented. Even the discrete
simulation languages, which were deslgned to simulate parallel
activities, have no parallel processiné control structufe.
Instead they have a pseudo-parallel contrbl.in which the
programmer can'épecify_thé intérleaving of éeﬁeral sequential

processes.

Any attempt to identify useful control structures éhould
not be restricted to the examination of programming systems. It
is quite possible that control mechanisms which‘would be useful
and desirable in programming, languages have not been provided
in current systems because of . limitations in hardware; software
or both, We will iook for the control structure of various
active componénts of ﬁhe real world. Control structures which |
have proven useful in the real world may also be useful in
programming systems, and any attempt to ‘modei’éccurately the
real world requlres the facility to simulate these control

structures.



Once a number of control structures have_béén identified,
wé can begin to develop a facllity for describing control. A -
look at the means for describing otper languagefstructurés will
give us some perspective on the problém. One approach would be
to design an eclectic.languagé which draws’tbgether all the
control structures which we are able to catalogue, in effect a
union of the control structures of other languages.vThere are a
number of problems with this approach. Such a language might be
a supermarket thsing all'the avallable known forms of‘control,

but lack the descriptive power to describe any new forms of

control.

Regardless of the conﬁrol structures providéd within a
languare, applications will arisé in which other control
structures are desired. At the time a language 1s designed one
cannot foresee a}l applicatiohs to which it will be put.
Consequently, it is'impossible to build into a lanpguage in
advance a fixed set of control structures suiltable to all
applications. A similar problem occurs with data strucfures
[St 671, but the problem is more severe for control. Data are
objects within the environment provided by a lahguage, and
operators are provided to modify, interrogate and compose them.
Within a given languace the primitive data structures cén be
used to simulate the desired structures (although not
necessarily efficiently). Lists can.be used to represent

vectors; vectors can be used to represent arrays. Control



structures on the other hand are an integral paft of the
programming, environment. Rather than having objects which can
be manipulated within the environment they provide a regime
which governs the way in which the program will be evaluated.
For most lanpguages t%e'only way of dombinihg-control‘structures
is by embédding (i.e. subroutines and nested loops).'Control
struétures which are not primitive to the given language can be
sirmulated only by simulating a new brogramming environment,

that is, by writfﬁg an inﬁerpretef.

Because control is Strongly eﬁtwihed ﬁith the-programming:
environment of a language, thé'control descriptién facility
must be concerned with all aépects of the prograﬁming |
environment. The other major componeht of a programming
environment mipght be called the environmehtal data strﬁcture,
the block.structure'of Algol [Na 63], for example. Formother
components; such as procedure parameters and the rules for
passing them, it is-not clear whether they should be considered
as conﬁrol or data. It does not really matter. The point 1is
that if there is a formal means for describing the‘exterhal
syntax of a language and a correspondihg internal representation
for every program Qf that lanpuage, a formal means for
describing the data structures and operators of the languare,
and a formal means for describing the control structure of the

lanruare, then the combinatlion of these should provideba



éomplete description of the lanpuapre. In this view, the control
structure encompasses all aspects of a language not embraced by

the data or syntax.

lIn addition to their iimitations on generality, there‘are
two other problems which result from eclectic lanpuages:
inefficiency and inflexible nbtation. Languages such as PL/1
[PL 66] and Formula Algol [PIS66] which have incorporated
several data structures into one system have been costly in ~«o=
both time and space.vAlthough any program uses only a small
subset of the facilities of the language, it must pay the
overhead for the unused generality. This situation could be
somewhat remedied if the user were able to specify that éubset
which he is using, and 1if, thefeafter, the compiler could

restrict 1itself accordingly.

As the number of primitive components of a 1ahguage
increases, notatlons must be provided to differentiate between
~them. The language APL [Iv 62] has a large number of pfimitive
operations and many infix operator symbols to represent them,
but this represents a change in quantity rather than form.
Experienée'with APL has shown that the large number or
operators is an inconvenience onl& in the initial learning of
the language and that these operators pfovide conciseness of

expression once learned.



The situation is différént with control strﬁctures.
The environmental control structure 1s the overall processing
scheme for programs. Geherally, only one such scheme 1is
required for a given programming task. ‘Consequently, there
are few requirements fof explicit reference to the control
structure. Most references are implicit, and those which
are not -usually'use only functional notation."Functional
notation has been used to specify subroutine calls, coroutine
calls;'and:calls on nondetefministic procedures; but since
only one type of call'is pfovided'in a glven environnent,
there 1is no conflictAin diétinguishing which is intended.
¥hen several cohtrol structures are available in the same
‘enVironment, specifications must beéome explicit and the |
functional notation alone is no longer sufficlent. Thus
conciseness and clarity of expreséion, some of the advantages
from using control structures well sﬁited to é task, can

be lost.

The above problems point out two different goals for
describing a programmiﬁg 1anguage or more particularly its
control structure. One goal would be to provide the user of
the language with a description from which he could determine:
what can or cannot be done éaSily within the language,’what>ﬁ9f
the various notations of the language mean, what types ofwobjecﬁs

can be manipulated and how, the scopes of names and values, and
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the reiationships between the processeé described. The Algol-00
report [Na 63] 1s an example of a description of this type.
This kind of descriptibn is useful to the user}because it does
not hide important features of the language in the mechanism of.
an,implementation,and; 1f unambiguous, is useful to the
ihplemcntor because it does not confuse the properties of the
language with the properties of a particular_implementgtion
scheme. |

The other'goal isjto'givé a description which indicates
how progfams of the ianguage gén be proceésed, and provides
techniques for tﬁe efficient mechanization of the various
componenﬁs of the laﬁguage. Efficfency is'of critical
importance in the use of digital computers. Most descriptions
of reél procgramming Systems émphasize this goalf The t;anslator
for a language is a formal unambipuous procedural description
of that language.'Unfortunately, in too many cases it is the
only complete description. With littlé difficulty one can find
languape féatureé whiéh were determined by the implementation |
and not by the needs of the‘applications for which the

language was intended.

These are both important goals and .they are not entirely
independent. The approach here, however, will be to provide a
descriptive facility which permits languase and control

structure descriptions which are independent of their
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mechanization. For control structures this means that the
description facility, a programming lanpuage itself, will have
an environment in which the desired control structdres can be
formed by compoéition of the primitive controls of the
description lanﬁuageh-To do this tﬁé;control structure must be
reduced to objects which can be manipulated within the .
description language. Thus, expressing control as objects in -
the environment of the description language has no effect on

where the control resideslin the language being;, described.

- The primitive control operations are Simplef than most of
the control structures to be described. There will be six types
of control operations, onefrefiecting each of the functions in
control structure: sequentlal processing, parallel processing,

testing, monitoring,'syndhronization, and relative continuity.

The kind of descriotion whjch we would like to give for
any language 1s exemplified by Lisp [Mc 60]. Perlis expressed:
" this  view and ‘its importance in'his Turing lecture [Pe 677

", ..1ts description consciously reveals the prover
components of language definition with more clarity than
any languacse I know of, The description of Lisp includes
not only its syntax, but the representation of its syntax
as a data structure of the language, and the -~ -
representation of the environment data structure also as a
data structure of the lanpuage. Actually the description
hedges somewhat on the latter description, but not in any
fundamental way. From the foregolng descr:ptlons it
becomes possible to give a description of the evaluation
process as a Lisp proprram usine a few primitive functions.
While this comnleteness of description is possible with
other languages, it 1s not generally thought of as part of
their defining description.
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"Wwhy 1is 1t so important to glve such a description? Is
it merely to attach to the language the elegant property
of 'closure' so that bootstrapping can be orvanized° ’
Hardly. It is the key to the systematic construction of
prorrarmming systems capable of conversational computing.,

If we

are fo get a thorough understanding of any

progremming language, we must have a clear representation of

its evaluation process., What is the source of the clarity‘and

‘elegance of the Lisp description? There are several and wve will

point out three we think important: the programs and

environmental data structure can be represented as data within

the language, the interpreter was written so that its control

structure 1s the same as the control structure of the program ’

being interpreted, and the language has very few primitive

components whether syntax, data or control. In our language for

describing
structures
(interhal)
the Vienna

structures

control we have attempted to emulate these. LiStw,

are provided for representing the abstract

syntax and a set notation similar to that used in

report [LLS68] is used to represent the data

(including those of the environment)n Clar*ty in the

description of a'control structure 1is achleved by a programming

convention., The number of language components which must be

described 1s entirely a function of the language belng

described and should affect only the extept of the description

and not the complexity.
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Thus far we have emphasized our desire to provide 1aﬁguage
descriptions which are not clouded by particular implementation
techniques. In those cases wherefwg wish to describe efficlency
- technlques or implementation strategles we will replace all or
ié part of thé above descriptions with descriptions which use oﬁly
y those controi and data structures available in éome spggial
environment, |

"Also impoft;nt is whét is_added'to our understanding of
control and how thils 1nflﬁences ouf ability to copé with other
problem areas. Can the use of contfol structures bettqr sulted
to a programming task simpiify.that ﬁask and expose the' -
‘significant problems‘ih'that ﬁrqblgm? We think so, ané‘tq
support thils Vie’fit, we will examine several task areas with 1fe;péct

to control.

The view of control found in most programming lénguages,
the view that processes are essentiallv sequential, is _
~ characterized by ‘the multiple sequential control. environment
which contains most of the common control structures of high
level languages. This environment provideé a chénce to ibok at
the problems which arise with several QOntrol strﬁctufes in one
environment énd, because the control en?ironment is sihilar fo
that of a sequential machine, to'compare how control structure

affects storage allocation pollicies,
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Two control structures of our own invention illustrate
some of the advantages resulting from conscious examination
of the control structure for a problem, A control structure
called sidetracking is applicable to problem areas involving
nondeterministic procedures, and will be looked at in the
context of parsers for context-free languages. Within this
framework, a common nonprocedural notation (BNF) is used to
describe the syntax. An interpretation of that description
as sidetrack control is used to provide a recognizer for
the language; and a sequential implementation of the control
is used to achieve the time bounds of Early's algorithm
in a form which was itself chosen to correspond to a convenient
external notation. The difference of form enables a simple

argument for the time bounds required by the method.

Another control structure, the continuously evaluéting
expression, is as its name implies, an expression which
is conrntinuously evaluated, Whenever its value is required,
the output is accessed directly without additional
computation., Owne advantage in looking at this control
structure is that it does not conform to the usual sequential
view of control. A look at common programming tasks with
this control in mind reveals a number of places where it
seems quite natural. The result is that one gets a different
perspective on the task., Because the continuously eval=

uating expression 1is so wunlike most controlg.



15

we encounter, some effort will be spent to develop an efficient

method for implemeﬁting it with sequential control,

Finally, é number of other nonstandard control structures
will be suggested.‘One.of particular interest is a form of
delayed execution which cah be used to'transférm the sidetrack
representation of a2 recognizer.into a translator. Because the
notation used for this translétor 1s the same as that for
describing the syn;ax (intérnal and‘external)vof the control
descripﬁion language, this.control structure togethér with the
initial self description of the 1anguage forms a closed

bootstrap system not only for the interpretation but_also for

the translation,
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1I. REVIEY OF CONTROL STRUCTURES IN PROGRAMMING LANGUAGES

"The study of forms of control and scheduling in languages
and computer systems has not recelved the attention it
deserves" — Peter Wegner [We 68]

There 1s very littleAiiterature which deals directly with
control, The design and implementation of programmlng
1anguages'ha$ been a.naJOﬂ concern to cdmnuter scienCe, but the
problems of contro& structure have been largely 1gnored. Each
language has an environmental control structure and a-*ew |

control operations, but these are usually an integral part of

the language and are unalterable. T 3

The reasons for this may include the fact that thé l
primitive coﬁtrol structure of a sequential single p?ocessér
digital computer 1s sufficlent to simulaté any othér'égntrol
structure. Consequently, there is limited incentive to develop
other control structures, The réwards from using more coﬁplex
or other control structures are largely in clarlity and
coriciseness of exoression and in programming ease,
which are difficult to quantify. As Perlis [Pe 67)] puts it
"Programmers should never be satisfied with languages which
pernit them to ovogran everything, but to program nothing. of

interest easily." The control structures of programming
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languages have not kept pace-with the increased flexibility in

syntax and data.

A. THE SEQUENTIAL MACHINE, We begln by examining the control
structure of a single orocessor machine. The ooly enVironmentél
control structure is sequehtial control; a general processing_
rule in which the instructions_of a~given progrem are arrahged
in sequence and processed in‘the.order of ﬁhat Sequenee;'Also,
at least on the earliest mechines,vthcwe are Just thfee control
operations. The control operations nrovide a means to violate
the sequential processing rule, There is some form of
conditiona; whose successor iS‘determined by the value of e
variable., Often the coﬁditionallcauses instructions to be‘
skipped‘depeoding on ‘the variable value, The controiltfanefer
or branch operation'permits one fo specify the next 1ostruc£ion
explicitly.'Because this successor may occur eaflier in the
given instruction sequence, the transfer can be used.to'program
loops, and in conjunction with the conditionaL can be used to_

1imit the number of iterations the loop will be executed.

The third control operation’is primarily a data operaﬁion.
It allows the content of stOrage'cells to‘be dynamically
altered. Because we afe dealing with von Neumann>machines;
machines in which the data and insﬁructions are kepf in the
same storage, the data operatlons can be used.to modif&_the

instruction sequence itself. This has been acclaimed as one of
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the major sources of power of the digital computer, yet it is a
technique seldon usedvin modern machines except for the initial
loading and translation or programs. In the eariier machines 1t
was widely used but today the facllity is unavallable in-ﬁost
high level languages and its use 1s generally'considered bad
coding practice in machine and assembly 1anguéges. We will look
for the causes of this change. | |

.As frequently used patterns of instructions were .
identified, single instructions were pretided te replace those
patterns and thereby increase the conciseness, claritv and
efficiency of programs. One goal of this thesis is to identify
other useful control structu”es by repeating this act of

specilization on more complex}patterns of_instructions.

Why was instruction modi*icat*on used° In many instances
with iterative (loop) control it 1s necessary not only. to -
execute a sequence of instructions repetively, but also to make
"systematic changes to the data addresses at each iteration,vln
~later mechines.this function»was_provided by 1index registers
wﬁich allowed the addresses in instructions to specify’enly'the
base address of a vector of storage and each time the
instruction is executed the address is augmented by the'content

of the index register.
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Instruction modificaﬁion Was also usefui whén a séquénce
of instructions appeared several places 1n a program. Economy
of storage was gained by storing these subsequénées only once
and transferring control to them eabh'time they were fequired.
To retﬁrn control to the pointvof call it wasvnecéssary; before
each transfer to the sequehce; to alter the last instruction of
the séquénce to be a transfer to the point of call. Later
machines had subroutine call instructions which transfer
control and also r;tain what would have been the next

instruction address, and subrout*ne return instructions which

cause a t:ansfer to the retained address,

It can be argued that the ﬁeed for 1n$truction ’
modification‘has been éliminated by the 1ncorporatioﬁ-of.an'
execute instruction into the inStruction set of some ﬁachineé
(the execute instruction causes ité operand to be exeéuted_as
if 1t were an inétruction). A clésér examination of the use‘of
the exécute instruction, however, reveals‘thét ité use 1n |
‘practice is ﬁot to cause the executioﬁ of a cohputed ‘
instruction but to select among alternative instructibné.(i;é.
it 'is the 1ndirect addressing'and not'the instruction
modification ability which is used). The execute instruction,
for éxample, is sometimes used to implement Algol call by name
parameters., For this purpose each actual call by name ﬁarameter
1s vlewed as a (or several) subroutine which is eValﬁatéd .

whenever the corresponding formal parameter name is encountered
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in the procedure body. The execute instruction is used to
select among the various actual parameter expressions (often
by executing a variable whose value 1is a call onvthe

appropriate subroutine),

The abllity to modify'instructions dynamically-ﬁésvused
for only a few purposes (e.g. indexing, subroutines) and as
special instructions for these purroses were introduced the
need for dynamic modif 1cation of instructions was eliminaced.
The value of dynamic instruction mogification was not from a -
direct requirement, but froh its simplicity:ahd gene”aiity‘
which made 1t a natural buildinv block for other frequent1V»
used patterns of inst"uctions. The usefulness of the go to
statement is quite similar and as wlll be seen in the_next
section, specilization of the.usés‘éf go to's have, if;not

eliminated, at least diminished the ‘need for a go to.

Pre T e

B. THE GO T0 STATEMENT. The go to can also be used td build a
-number of control structures. Ve have seen how it (or the
control transfe") is used to form loons ‘and for callinw and
~exiting subroutines., In most nropranninv languares some type of
iterative contfql structure, DO loops in Fortran [Ba 57] and
for statements in Algol [Na 63], is available, Subroutines are
- called using functional notation and the return is iwplicitly

specified as the successor of the last instruction oP each
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routine. Since special control structures are provided for
iterative and subroutine control, the go to is no longer
required for these functions.. o |

It has been argued that the 3_ to should be eliminated
from programming 1anguaoes. Dijkstra [Di65a] [Di68a] argues on
aesthetic grounds, primarily elegance, elarity of exnression
and ease of conveyinv infovmation' erlis [Pe 68] on grounds of
enabling and simplifying program proofs. Because control
structures such-as iterative and subroutine control are less
geheral that the go fto their'special propérties can be useo.to
advantage (e.g. a push down stack implementation of ' |
subroutines). Thus we would,ado efficient_implemehtation as

" an additional advantage to eliminating go gg's.’A

Some of the more common uses oP the go to can be .
eliminated as follows. Any g” to which leads backward without
forming a loop can be eliminated by reording the program,., Any
one which leads backward and forms a loop (with a.condiéional)
can be replaced by a statement of the fofﬁ do x Eﬁilé‘y where y |
1s the condition, When two ai EQ'S lead forward to the same
point then each of them términates a‘sequenoe of instructions.
These iﬂ to's can be eliminated by ﬁaking these‘sequéhces be "
alternatives to a conditional statement. In any case Bohm and

Jacopini [BJ 66] have shown that only compositicn, a
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conditional, and an iterative control are necessary to
describe any computation (1.e. they are equivalent to a

Turing machine).

If requirements of ease, clarity, or Simplicity are
important then Bohm and Jacooini's constructions are useful
'only when sequential, iterative, and subroutine control are
natural for the task at hand., This may not always be the
oase."If coroutinés were réquirod (but not giyen-as‘prim—‘
itives) then tho elimination of go to's would make the sim-
ulation of the'coroutineé less elegant, proofs would not
pe simplified, and the possible imposition of a stack (i.,e.
subroutine) environment on coroutines would most likely make
them less efficient, We believe that contfoi transfer state-
mohts should be‘eliminated from programming languages; but
only when their elimination does not make the desired control

-structures less efficlent or mofe difficult to use,

C. PROGRAMMING LANGUACES --lGENERAL'CHARACTERIZATIONU Most

programming languages reflect the machines on which they are
implemented. Their primary control is sequential. In addition
there is usually some form of iteratiye, subroutine, and
conditional control and a go to operation. The iterative
controls vary in the form of the termination condifion

(e.g. exhaustion of a list, or the value of a Boolean exﬁres-

sion becoming true and when the termination condition is
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tested.e Algol [Na 63] testslbefore each iteration uhile
Fortran [Ba 57)] tests after each iteration. A significant
property of subroutines'is whether they may be recursively
defined and/orkcalled. Recursion will be discussed in

section D of this chapter.

Sequential control means that programs consist of
sequences of statements which are evaluated in the lexico-

.

graphic order of thelr sequence in the program text. State;'
ments represent actions and.modifications toutbe»envinqnment
which are eualueted for thelr side ef’ects. There must

also be value producing structures called - expressions. These
two classes of evaluation are. re*lected in other control
structure. In Algol there are both function desigrators
(value producina subroutine expressions) and procedure |
statements, There are also conditional expressionsvand

condltional statements.,

D. RECﬁRSION. Recursion is not just anlextention of the
subroutine concept, but an important control structure in
its ‘own right., Recursive control was first introduced to
programming languages in IPL [Ne 61] to facilitate thev
description of processes which involved many similar levels
of control, In IPL-V the redursive control is’sunerimposed
on a‘sequential (statement structured) machine. Pure Lisp

[Mc 60], on the other hand, has recursion (as expressions)
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and a conditional (expression) as its only control.

There are several reasons.why some languages permit
recursion while others do not: 1t may relfect a'feeling that.
recursion is (or is not) a natural way to describe certain

processes, 1t may be a reflection of the'storage'policy, or
.possibly some combination of'these. In 1list processing len%
guages the data (i e. lists) have recursive structures and
consequently it 1s convenient to describe processes recur=
sively. The availabilizy of recursion in 1ist and string
langueges,(e.g. Lisp, IPL-V, Snobol) may be a reflection of
their storage policles, 1In these lahguages the programs‘
are represented in the same forﬁ as the data (i.e, ae lists
or Strings). In Fortran the relative stcrage eddreeses'for
daﬁa are fixed at compile time‘and recursion is prohibited.
Because the storage need be alloceted only once, Fortraﬁ.
savesiprocessing time by excluding recursion, vDid the lack
of a need for recursion:permit an‘efficient storage policy,
or did the desire to use a particular storage policy exciﬁde

a useful mechanism (i,e. recursion)?

Recursion does not necessarily mean .less efficieht storage
policies, A dynamic storage allocation scheme commonly used
for Algol will in some cases requilre 1ess'spacevfor a’compuf
tation than would the corresponding Fortran program.‘ Aigoi

permits recursion and each procedure (and possibly block)
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is alloéated space as 1t is entered, Thus, more processing
time is required than with a fixed allocation schene, but
because a procedure 1s éllocated space only if it is called v
and then only for the duration of that call, the séme storage
can be used by severalfprocedufes at different times. Again
it may have,bgen the availability of such_a mechaniém‘that
led to the inclusion of recursion in Algol, or 1t may be N
that a desire to include recursion'dictafed a dynamic
allocation policy: One caée in which a storage alioéétion
policy makes recursion available without additiongl coét‘is
in multiprogramming systéms ﬁhich use reentrant code ‘ |
(1.e. one copy of a procedure 1s'$hared by several programs
each with their own copy of the data). The reentrant
proverty requires that the data be allocéted independent

of the brogram, and that datsa addressesicannot be fixed at
compile time. Consequently, run ﬁime allocation 1is
necessafy and the incremental cost, if ény, to allow

recursion is snall,

H

E. CORQUTINES Coroutines are a speclalized control for
situations in which the natural division éf a procesé into
subtasks is not hierarchical., There are at least three:
views of coroutines which yleld the éame étructﬁre: mutual
subroutines, procedures with Q&E'storage,_and Symmetrical_
control. The mutual subroutine view is convenient when

using coroutines but gives little insight into the mechanisms
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involved. In this view coroutinés allow each of several
procedures to be written so that each procedure calls_éll the .
others as if the others were subroutlnes. For example,

a parser and a lexical analyéer might act as coroutines.
The parsér would be ﬁritten as i1f the lexical analvzef were
a subroutine which returns the next lexical quantity when-
ever called, where the calls can occur anywhere within the
parser. The analyzer would be written as if the parser
were a subroutine which disposes of a lexical quantity,
with calls on the parser at any convenient points within
the analyzer. This 1; esﬁentially the view of coroutines

given by Conway [Co 63a] although his.specific Intent was

to give an 1mplementation‘technique for Cobol compillers.

Procedures with ouwn variables, variables which retain
their valﬁes between»calls,'prqyide”the same facility as |
coroutines, The own varlables are used not only to retain
the values of local data for the procédure, but also to
retain the state of prdcessing within the procedure so that
processing can continue from that point at the»ngxt call, |
This is very inconvenient in a language 1ike Algol beéause
the only mechanism for returning is to label each return
‘'point and provide a switeh which séleéts'émong those labels.,
This means that the return points cannot_be embedded in
expressions, procedure parameters, or even withih.fgg

statements.
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Pr0gramé are simplified by separating them into logical-
ly disJoint parts and describing each paft separately,vusual-
ly in the forﬁ of subroutines. ‘Some problems,.howevef, do
not have suchhaﬁhierarch;calvstructufe. They (e.g. translators)
may instead require several interdependent stages of pfo—
cessing,: Knuth [Kn 68] gives‘ﬁwo control ﬁechanisms which
may be ‘applicable to these fésks; the multipass algorithm
in which’tﬂe stag?s of processing ére done to complgtion |
one at a time, and the corpﬁtinevwhidh allows the execution.
of the varlous stages tolbe interleéved. This view of
coroutines emphasizes the syﬁmetric relation it establisheé

between the précessing stages, -

Regardless of the point of'view, any implementation of'~ %
coroutines is such that at eaéh point of call, the cailing
routine is suspended and the calléd routine is resumed at its
last point of call. The advantage of fheicoroutine as a
control structure is that each of several processes can be
described as a principal (vs. subroutine) routine with ‘
minimal concern for the interface with other procésées.

Contrast this with\subroutines'which achieve the same

!,’/!,
result using own variables,

Coroutines as descrlbed above are sometimes called
explicit coroutines to distinguish them from the pseudo-

parallel or implicit coroutine found'in many simulation
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languages (see section H of this chapter). The property

shared by the explicit and implicit coroutines 1s Interleaved

execution with only'one~prqoessuactive'at a time.

¥, PARALLEL PROCESSING A parallel proceséing control

‘structure is one in which several vaths of control can be
active at the same time. There have been a number of
proposals for specifylng parallel processing, most in the
form of opérators: It should be made clear at this point that
when we speak of parallel processing (or any other control
structure), we are referring to its virtual structure and
not how 1t might be implemented, This is consistent with
the view of parallel processing proposed by Gillf[GiFSB].

In fact, he points out the conceptual simllarity betﬁeen
time sharing (a users view) and parallel processing. .Yet

he defines time sharing as interleaved sequencing (the
implementer's view) of independent programs to achieve
better utilization of resources, ‘Thus the control structure

is dependent on our point of view; time sharing may be

elther a parallel or an interleaved control,

Conway [Co63b] ihfroduced the fork operation which
permitted parallel paths of control to be formed and the join
operation which allowed a single control path to proceed .
only when all forked paths reach a common point, Operaﬁiohe

which would establish parallel paths and later terminate
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them without rejoining were used in CL-II [CL 63]. Similar

operations in the form of fork and quit were proposed by

Dennls and Van Horn [DV 66] and in the form gtaert and halt by
Wirth [wi 69)]. Gosden [Go 66] distinguishes between these two
kinds of forking, suggesting and when the paths rejoin and
igzig when they do not. Most of these proposals have baen for‘
use in assembly and operating systems, and it has even been

suggested that they be used in Algol [An 65].

These proposals have attempted to add parallel operators
to a serial environment rather than forming a parallel envir-
onment. It has been shown [Fi 67] that the ability of
processes to be processed in parallel is a nontransitive
relation. That is, if W and-X lcan be processed in parallel
and so can X and Y, it does not follow that W and Y can be
processed in parallel, Vhen we assnme that all processes
(or statements) are)sequéntial in the order given unless |
explicitly specified as parallel, then processes_which can
be executed in parallel can be given only by specifyingievery
parallel pair of procésses. More convenient notations such
as the do together [Op 65] are inadequaté to describe all
parallelism., The do together allows a se£ of statements to
be executed in parallel and then rejoined into a single

path of control.
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W: W~ F(V): aA W Y
X: X = G(V):

Y: Y = HW);

Z z'*-uwxy \ X z
A. SERIAL PRO.GR;AM . B FLOW DIAGRAM WITH FORK AND JOIN

Figure II-A, nontransitivity of parallelism

Consider the program'ip figufévfI~Aa.where v, W, %, U,
and z and varlsbles and f, g, h, and i are functions. The-
potential paralleliém in?ﬁhis program can be giveh with
forks and joins as shown in figure II-Ab, but it éahnot be
described with the do todether. If W and X are done together
then X and Y can be done together only by doing X together
with the sequence (W,Y), but then Y and Z can be done together
only by doing Z together with the sequence (W,Y), and this 1is
1mpos$ib1e since W must precede Z.‘ If 1t is assﬁméd that all
.procésses can be processed in parallel unless explicitly
‘specified as sequential, then-oniy a covering relation need be
given because the réquiremenf that processes be sequentially

processed is a transitive relation.

The lack of success in the above efforts may be in_paft

due to theilr attempting to provide é general facllity for
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deécribing parallel processing rather than a parallel control
structure appropriate to some task area. We know of only one
language, Sol, with a parallel control structure, but there
are a number of languages which achleve a potential for
parallél processing through distributive operators which
apply to multiple component data structures. Most hotable
of these 1is APL (Iv 62] which includes both vector and
matrix operations, S | |

Sol [Kmsuaj,[xmshbj 1s a simulation language with
parallel processes resembling Algol procedures. The processes

are described independently and coordinated by wait until

statements which suspend a process until given conditilons
(on global variables) occur and by wait statements which

delay processes for given (simulated) time intervals,

A discussion of parallel processing would not be complete
without mentioning‘some of the more unusual parallel machines.
The mbst cbmmon parallel system coﬁfiguratioﬂ 1s the multi-
processor, 1l.e. severél central processors with a shared
-storage. We will look at two other arrangements, the Solomon
[SBM62] and the Holland [Ho 59] machines. The Solomon
computer has a single sequential control unit, but the‘opera—‘
tions are distributed over an array of processing units. These
processing units have theilr own local memory and can,communicate

with their four near nelghbors, Opérations are broadcast from
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the confrol unit to the processing units so that the machine
operates in a lock~step fashion with each processor either
executing or ignoring tﬁe broadcast operatiop at each step.

A Solomon machine with 64 processing units per control unit
and some additional 1ndexing capablility within each process-
bing unit 1s being built as Illiac-IV [I1 66]; The‘Holland
machine also has processors arranged io an- array, but instead
of a central control each processor has its own control. |
Each processor in the Holland machine is- very limited in

both operations and storage 80 that more complex operations
are built using several processors some which serve only as

data transfer paths,

G. SYNCHPONI?ATION AND MONITORING It 1s sometimes necessary

for various control paths to cormunicete. Any mechanism

which is used to guarantee harmony in a2 communication will

be called synchronization. In well structured sipuations
where the paths to be synchronized'are known when the progranm
is described the igif can be used.. In other cases. the
requirement 1is for mutuai exclusion from data or critical
sections of code which can be processed by oply'one control
path at a time. One solution to this problem [DV 66j uses two
" operations, lock and unlock. The Llock has one argument, a
datunm, and allows the processing'to continue only when it .
successfully changes a lock bit associated with the datum from

‘the reset to the set state. The operation is indivisible,
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that is, 1f two lock operations are executed simultaneously
then they will act as 1f one and then the other were executed.

The unlock resets the blt.

Nutual exclusion occurs wnenever only one process at a
time can execute a given sequence of 1nstrucfions. mhe
assoclated sequence of 1nstructions which can be executed by

only one process at a time is called 2 critical section. We

'have already seen how mutual exclusion can be guaranteed

using the ggg& and unlock operations. A mutual exclusion
facility has been proposed for Algol [Wi 66] in the form of
shared procedures. Only one instance of a shared procedure
can exist at a time and'any attempt to call a shared procedure
when another call 1s in progress‘will be delayed until the
other call is completed. Mutual exclusion is eohieved'in

Sol [KM6ha] [XM64b] by the ggigg and release operations

which apply to facilities (i e, SOL data structures) and

?guarantee that only one orocess has control of. the facility

between the seize and the corresponding release._

Mutual exclusion 1nvol§es two mechanisms:' indivisibility
and nonbusy waiting. Indivisibility is neceSSary so that
the availability of a critical section cen be determined
and marked "unavallable" before another process can even
determine its availability. Dijkstra [Di65b] and Knuth

[Kn 66] have given a programmatic solution to this problem
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without.using indivisible‘operations. Their algorithms
require that each process cyclically test the availability of
the critical section. These algorithms, however, lack the
second meéhanism rgquired for mutual exclusioh, the nonbusy
wait. By a nonbusy wait 1s meant any mechanism which apparent=-'
ly cyclically tests a condition, but does so withoﬁt drawing
on the normai processing capabilities, Nonﬁuéy waits are
mechanized in two ways: by special dediéated ﬁroceséors
(é.g; hardware raﬁit 1nterfupts)’of by having‘thé process
which makes the'conditidn frue trigger resumption of the
waiting process (this method is detalled in chapter III).

The indivisablllty guarantees that only one process can
simultaneoﬁsly enter a critical sectidn,while the nonbusy

| wait guarantees that other procésses waiting_to enter the

critical section will not waste processing capability.

The nénbuéy walt is an example of monitoring, 1ﬁ'this
case for the avallabllity of a critical sectlon. Most
machines provide a'hardﬁare monitoring facility in the form
of interrupts. The conditions include abnormal arithmetic
indications, erroneous machlne conditions, ahd'requests'rrom

’

peripheral and real time devices,

Operating systems often pro#ide both monitoring and
testing operations for completion of tasks and availability

of resources, A difference between hardware interrupts
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and monitoring is theilr effect on other processes. when a
hardﬁare interrupt condition occurs, nonmonitoring processes
"are interrupted (i,e. suspended) while the interrupt process
~i1s executed., Monitoring on the other hand neéd have no
direct effect on the process being monitored. Alternatively,
_ hardware interrupts can be viewed as monitors with the
additional property that their'associaté& proceéses 6§erate
in a different tige frame than other proéessés. In
partiéular ﬁhe process asséciated with an intérrupt can be
carried to completion between any two cohsecutive}éteps of
other processes (this view isideQeléped further in

section II-L).

The semaphore tHa 67],tDi68b],[Wi 69] offers a more
_elaborate mechanism for synchrohization. Semaphores ére
variables which take on integer values. Two operations,

P and Vv are the only operations appllicable to Semaphores.
The operation P(s)»decrements.the VAIue of seméphore s by
one and vermits processing to be continued Ohly'when thé
resulting value is.nonnegative, otherwisé the-process walts
until a v(s} 1s performed. V(s) increments the value of
the semaphore by one and if the fesulting value is non-
positive resumes one of the processes halted by previoué
P(s) operations. Two pfocesses can communicate by
initilizing a semaphore to O. The sending brocess executég

a P operation, and the other responds with a V. For
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mutual éxclusion a semaphore 1s assoclated with each critical
section., At any given time,outside P or V, the semgphore
will contain the differénce between the number of processés
which can simultaneogsly enter the critical section and the
number currently in or attempting to enter the critical
section, Each process performs a P.operation before enter-

ing & critical section and a v upon exit,

H. PSEUDO-PARALLEL PROCESSING Discrete simulation lan-

guages [TL 66] brovide an élmost,parallgl control environ-: -
menﬁ. The world to be simulatgd is.viewed as eilther a
collection of activitiés, loglcally distinct time éonsuming
processes,lér as a collection of événts, instantaheous

‘ happenings corresponding to cﬁanges in the state of the
system. The activities to be Simulated are often cbﬁcur—
rent, but the languages (except Sol) forde the user to
specify their interleaving exﬁlictly in évserial environ-
ment., Simula [DN 66], for example, has activitigs'which
take a form sihilar to Algol proéedures. Activitigs can

be created Independently of theirbexecutibn so that several
can exist at the same (subroutine) level, Partially |
processed activitles can be suspeﬁded.and later reSumed; but
they cannot be run simultaneously.. Instead they must be
scheduled and managed_in‘a qpéﬁe; No explicit operatioﬁs;are
required for synchronization or mutual exclusion in this

pseudo~parallel ehvironment because thesé functions can.be
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achieved'through appropriate queué management., In practice
this means it is difficult to determine from a program wﬁere
synchronization and mutdal.exclusion wéne réquired. Other
discreté-simulationilanguagés'ﬁave:similarﬂseQuential Job

| schedulers for:.either activities or events.

Like coroufines; a set of pseudofparallel processes
are executed in an interleaved mapner,}ahd thus 5ave'béen
called'imblicit cp}outineé;' Recall that (explicit) co-
routines were viewed as,syﬁmétric subrdutines. Reynolds
[Re 697 proposed a pseudo-parallel control in.ﬁhe fofm of
label variables, A label vériable holds a value which is

“a static cépy of the state of a process. If the étate of

a process-1s assigned to a label variable then neither
fubther-execution of the pfocess hor resumption of the copy
which is the value of the labgl, will effect the content

of the label. This can be cohtrasted with element variables
in Simula whicb cannot be copied and hold the dynamic state
Qf ﬁ process. Reynolds‘also shows that label variables can
be used in an implementation of coroutines and finite path
nondeterministiec algorithms.

A

I. NONDETERMINISTIC PROGRAMS Thé solution of many probiems

can be represented as a search tree in which each terminal
node 1s a potential solution. The task is to traverse this‘

tree beginning at the root and to find a solution node.
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Ideally, a nondeterministic control structure would be a
sequencing mechanlsm which would at each cholce pbiﬁt (1.e.
nonterminal node) always select the correct branéh (or

possibly all branches) which'leadlto solution nodes.

Floyd [F167a) uses three operations for nondetermihistic
algorithms. The choice function selects a value (1déa11§ the
correct'valué) from a given seﬁ. Algorifhms are wriﬁten which
pérmi€ paths to be traverséd'leading to a failure or no
solution., When such a'path 1s iéénfified, failure 15'
executed; when a solution 1s~f§und‘§uccess is executed.‘ The
operatiohs are mechanized using an exhaustive "depth fifst"v
search procedure called backtracking. The algofithm is
executed making some one cholce at each choice point, When
a‘failﬁre is ehcountered, the aigoriﬁhm'backs up,‘resébring
211 variables, to the last choice point for which all cholces
have not yet been exhéusted and makes another éhoice. Note
that this method does not guarantee a sdlutioh when the

search tree 1is 1nfinite.

‘Fikes [F1 68] proposed a nondeterministic language which
had a select function similar to choice and a eondition
statement which 1s used to gilve Boolean»constraint expressions
whose value must be true. This provideé a convenient way -of
stating nonprocedural solutioﬁs.té pfoblems with compiex

constraints. A program to find two distinct digits, = and y,



whose sum is fifteen night be given as:
~condition (x«select(0,9))<(y+select(0,9)) & x+y=15;

This statement -says, in effect, §91¢°t an integer = 'in the
range 0 to 9 and an integer y  in the range 0 to 9 such ‘
that = is less than ¥ and the'sﬁmﬂof*é and 'y iS<15;j, |

in Fikes mechanizetion; e;varieble is defined.by.each
call of the select fnnction.(;For each of these:yériables
there is a list of tne valuee‘over which the variable can
range. The value returned by a call on select will be |
the name of the varlable therebv defined. In the above
example, the first call on aelect would create a variable
31 whose range is the 1nterers 0 tnrough 9, and would return
the name 31 which would then be assigned to =, The other
call on select would create a sinilar variable 32 and return

the name Sz which would be ass*vned to fy.'

When a condttzod,statement is encountered the Boolean
expression is evaluated., If the resultin? value 1s true
then no further action is taken. If the resulting value
is false then.no solution exists, If the value 1s an expres-

sion containing the names of variables, thenvtbat‘expfession
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'beoomes a constraint on those variables., In the exampie above,

the value of the.aondition statement would be the expression:

sl<s2 & Sl+82=15
Thus, the interpretation of‘a’program produces a set of
variables with their associated ranges and a set of.Booleah‘
constraints on those variables. Various problen solving
methods can then be applied to deduce the values of the
variables.‘ For example, the constraint SI<32 eliminates 9
from the range of 31 and 0 from the range of 52 "« The
constraint §,+5,=15 restricts the range of both variabios to
the interval 6 through 9. A case analysis using the resulting
ranges, range (S ) =6 37 8 and range (S,)= 6,7,8,9, and the
combined constraints yields the two solution pairs (6, 9) and
(7,8).

J. OTHER CONTROI STRUCTURES IN PROGRAMMING LANGUAGES When-

ever theavailablétAlanguages are illsuited to a given taék,
new languéges[are inyented. This usually means that addi-
tional data or oontrol structures are requlired. If only a
new type of data 1s required the new data could bo embedded
in an existent language. 'Iﬁ general, howetef, new data are

introduced because their structure is sipgnificantly different
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from what is available, Consequently, the sequencing
mechanisms satisfactoryvfor the old data will not be satis-
factory for the new data, In algebrailc langueges iterative
control is established by counting cecause the deta (1.e.
vectors and arrays) are of fixed eize and addressed by
position.‘ Strinvs could be introduced into these languaées,
but the positional control which is easy to implement would
be clumsy in use.. With strings the,interest is in manipu-
1ating-patterns rather than integer counters, Languages
like Snobol [FGP6U4] and Comit [CQ 62] have strings as their
primitive data structures. The control structure is such
that one is always sequencing strings and making.replace-v

- ments dependent on and determined.by the patterns satisfied
by the substrings encountered. ‘in'iist languages [Mcréo]
the date are seen as having two compqnents, the firet list
element and the rest of the 1ist‘which is itself a list,
Consequently, 1list languazes tend to have a recursive VA

control structure. .

Landin [La.66] attempts to eliminate explicit .
sequencing (or at least unnecessary sequencing) in Iswim by
using mcre structured'Statements. Primery among these 1is
the where which has a statement as its left-hand argument
and a definition local to_that statement as its right-hand
argunent. The 1ldea 1s to use ekpressions in preference to'-

statements, to use where instead of local assignments, and to
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use mult ple valued functions and parallel assignment state_
‘ments in preference to nultiple use of single valued func-
tions and simple assignment statements. Judicious applica-
tion of these rules yilelds programs without explicit |
sequencing or assignments. By eliminatinv sequencing which
is not cruclal to a2 computation Landin hopes to obtain more
transparent programs. Although the goal was not the same,
the CPL language’ [BBP63] has many of the Iswim constructs.
There 1is a where clause which permits local variable
definitions, a result of expression:which permits local
function-definitions,‘and a simultaneous assignnent. The
simultaneous assignment has a.1ist of variables as its
left-hand arguments and a list of exoressions as its right=-
hand arguments. The expression ‘values are assigned to the
varlables on'a one for one baSis;such that the assignments
occur simultaneously. That is,»aiiivariables and eXpnes-
sion values are determined befofe any assignments are'ﬁade.
The exchange of two variables d'éhaﬁb oan be written as_
a,b + b,a (Interestingly, a, procedure to exchange the
values of‘two arbitra"y variables cannot be. written in

Algol).

The first control structuﬁe examined’above (section
IT-A) included a means to modlty and conpute instructions,
In Formula Algol [PI 64] [PIS66] a symbolic'representation

of expressions can be manipulated“so that expressions can
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beAmanipulated so that expressions can not only be evaiuated
but be the object of & computation. This is useful for
problems where mixed symbolic and numeric computations arilse,
The ability to mix the computation of expressions and their
evaluation does not require a capability for modifying
programns within the language. In fact, a capsbility'fer'""‘
progran modification is available in some list processing
(e.g. Lisp) and string (e.g. Snobol) languages but not in
Formula Algol. In Formula Algol programs cannot be modi“ied
or computed, but instead expressions (i.e. data structures)
are computed_as the values of jzzg variables, These-expres#

sions can then be evaluated by the eval operator,

The generator as used in IPL-Vv[Ne 61] is enothe;Arerm
of'repetitive control strueture, A generator 1is a precess
which produces a sequence ef outputs and applies to each a
speéi’ied process. The Algol for statement can be viewed as
a generator in which the" for list specifies the sequence oP
values to be generated and the “ody of the for statement is
the specified process, The feature of "the generator which
distinguishes it from "equivelent" process composed fr;m‘

a conditional and &. go te (e.g. the Algol descriptions of
for list elements in section 4.6.,4 of the Algol report a
[Na 63], 1is that the environments of the generator and the

specified process are independent and not hierarchially _’ 

defined. Both the generator and the specified process are
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ineccessible by the other. The sequences of Algol statements
(in section 4.6.4 of the Algol report), which are purportedly
equivalent to _i;ystatements, include labels which should be
1naccessib1e within the body of the 1;2 statement, If one of
the more liberal 1nterp”etations [(XKn 67] is given to j;z 4
statement (i.e. some of the arguments to a for statement ‘are
call by value), then iocal variablee rnust be used to geperate
tﬁe.successive vglges of the control variable, but these
variabies are also inaccessible from the body of the for
statement., Generators can usually be terminated at eny
iteration: In IPL-V each 1teration produces alBoolean value
which if false terminates the éenerator, and in Algolla‘fgg
statement can be terminated by a go EE which exits the igg

body.

K. CONVERSATION AND OTHER NONPROGRAMMING CONTROL An attempt

to identify and classify control structures should not be
restricted to programming'systems.' It is quite possible that
control relations which might be useful and desifable 1n“
proéramninp systems have not been provided in current com-
puting systems through limitations in hardware,. so’tware or
both, We will look for control relat*ons among the active
corponents of the'real world. Relations which have proven
useful in the real ﬁorld may also be useful in programming
systems, and an& attempt to model accuratelykthe real werld‘

requires the facility to simulate these controls,
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Conéider the relation between two individuals in a
conversation. With a cursory examination we might conclude.
that first one and then ﬁhe other participant becomes active
in an interleaved fashion where only one 1s active at a time,

This 1is similar to the 6oroutine.

A cloéer look at a conversatién reveals that'althdﬁéﬁ'
the speaking may occur in an interleaved fashion, the noné |
speaking participéd& monitofs and pfocesses the message con-
currenﬁ with the other's spéakiqg and indeed may interfupt
it. Thus, we might view each participant as three process:
8 message generator, a message pfbcessor, and a monitoriﬁg

process,

Let.G, P and M comprise one participant in a conversa-
tion and g, p and m the other where G and g aré message
generators, P and p are message proceséors, and M and m are
monitors. When G 1s active we expect that p will be active
to interpret the message generated by G, that g will hdt 5e
act;ve, and since g is inactive that P Wili be inacti?e. |

Both M and m'should be active monitoring G.

When G wishes to pass the conversation to g, G may
resume P and suspend 1tself,  Process m will then resume g .
upon discovering the abnormal condition on the message

generated by G. The condition might be the termination of a



b6

question or the pause after G went inactive. Alternatively,
we could argue that G only suspends itself and does not
resume P, that P is resumed by M upon discovering output from

&

If M discovers an abnormal condition (such as an improper
construction) when mdnitoring'G, then M,will interrupt'G s0 |
that G can make another attempt. That is, M.will suspendvG
and then resume Gf;t 2 difféfent point. On the other hand, if
m discovers an abnormal condition when monitoring G, m cannot

interrupt G directly, but will resume g.

We noted earlier that G and g are active in an inter-
leaved fashion., Now we see that G énd p, £ and p, and P and
p generally act in an 1nterieaved fashion., G and p (or g
and P) are active at the same time. This relation of simul-
taniety is a form bf parallel routine; Since M and m are
always active they are parallel routines relative tvone
another and relatiﬁe to any other process whenever the other
process 1is active. | | |

;

The above description of a gonversation points out the
inadequacy of English for this purpose. Some sort of
graphical representation-1is suggested. Several candidatea
have appeared'in the'literature (e.g. Petri's nets [Pe 66]‘6r

Dennis's program graphs [De 68]) but these devices were
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designed to describe’data flow rather than'contfol flow, A
graphical device for describlng cohtrol flow will be intro-

- duced in chapter VI.

Another relation wﬁich does not occur in the conversa-
tionai example becomes apparent 1if we look at a manufac=-
turing»process. The felatioﬁ between a machine and 1ts
operator, or befween the operator and his foreman is one'of
subordination. Qn; processlis initliated by, performs:a
task for, and is terminated before a second process; If the
subofdinate process 1s pérforméd within an inactive périod
of the process which created it (i.e. the operator i; ihactive
after initiating a machine operation aﬁd until that opera-
tion 1s complete) then we have the concept of the subroutine.,
When this conditién does not hold we have anothervexaﬁple of
parallel routines but with an additional subordinatioﬁ |
property. The above’is a d&namic interpretation of sub-
routines. Alternativgly‘one could take a static view énd
argue that theAaction of the machine o?erator is not é.sdbu
routine beéause it has = pptential for parallel procesg%pg

whether used or not. -

“Several of the control structures we have examined can
be viewed as relations. By a relation we mean a predicate.
deéignating the properties which obtain only among two or

more processes, . We have ldentified a subordinate rélation
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in which‘a process exists for and}during the course of another
procéés, an interleaved relation in which one and then another
of a group of processés ﬁecomes activé but no two are active
sinmultaneously, a concurrent relation in which processes aré
simultaneously actiye. ‘We have seeh these control structures
in_progfamminglanguages in the form of sﬁbroutines, coroutines,
and parallel routines; which have properties of subordinatioh,
interleaving, and ‘concurrency, but not in their moét general

”fo‘m, probably because they were never 1solated as prdcesses.

L. SUMMARY OF CONTROL STRUCTURES We have seen a variety of

control st“uctures, some of which were viewed as time
dependent relations between processes. A first step in better
understandihg these relations is to observe that they are in
- fact relations and not, as their names imply, catagories of
routineS'or processes, The conventional view that the
éontrol structure can bé described by monadic predicates such
as subroutine, coroutine and parallél routine 1s not adequate..
Our view proposes that the préfikes sub~, co- and parailel-
describe relations among, processés rather than a property of

:

a single procéss,

Many control structures can be described by the relations
‘which obtain among processes (dyadic or polyadic predicates),
but the complexity and more importantly the'(possibiy data

dependent) variations 1n these relations with respect to time
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makes this approach unattractive. This'difficulty can be
eliminated by describlng the actions necessary to create the
relations rather than the relations phemselves. This approach
is used to develop the multiple sequentiai control 1nv

chapter IV,

The multiplé'seQuential environmenﬁ is composed df
procésses each of which has a sequential control structure
" of its own and may‘have a vériety bf controlsvrelative to
‘thé other processes. Althoﬁgh this envifohment is sufficient
fbr describihg most of the common controlvstructures of
programmingllanguages and an ﬁnlimited variety of related
control structures, there are‘a number of controls which
do not fit thisvmodel. Monitoring, for example, requires

a continuous operation which is'not provided by sequential

cpntrol.

A_conﬁrol which is cldsely related to monitoring is
tha£ a combinatorial (hardware circuit) logic. Here there
are'a numbér of simultaneous asynchronous_processes vhich
intuitively are continuously active and can be'tﬁought ;f
as instantaneous relative to the steps of the sequential
machine control. Two control structures.ére involved.
One, the continuous processing control resembling that of .

an analogue computer, contrasts with the discrete step

sequential control of the digital cormputer. The second
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control is the instantaneous effect achieved by performing
continuous operations between the steﬁs of the sequentlal
control. The relation between the analogue (l.e. parallel
continﬁous) and the digital (i.e. disérete sequential)
machine control has been discussed 1n.the.11terature and
techniques for automatically generating sequential represen-
tations of continuous parallel processes [Pa 67] and |
parallel représentatidns of sequentiaily Aeécribed processes

[Be 66],[?1 67] have,beeh déveloped.

Petri [fe 66] shows that if both the existance of an
upper bound on the spéed of signals and the existance of
~ an upper bound:on the density with which information can be
stored are teken as postulateé, then the theory of automata
is incapable of representing the‘actual physical flow of in-
formation in the solution of a recursive problem, Iﬁstead‘
he proposes'a theory of discrete objJects which can be com-
bined only by finite techniques,.and no metrics are assumed
for either time 6r space but rather time'is 1ntroduced as’a
strictly local relation.between states. In particulér; he
introduces switchlng networks called nets iﬁ which the n;des
are nonmetric switching elements and the connections between
them, called locations, represent the state. Time 1s then
only the temppral succession of changes in the (discrefe)
values of locations as Iimposed by the definifions of the

switching elements, He goes on to show that communication
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(or synchronization) can be temporally established between

arbitrary asynchronous automata.

It is convenient'to view time a$ a continuum which is
dividedlinto discfete 1htervals corresponding po the steps of
a computation. . State changes within the course‘of a2 process
occur only'at the points of time which ﬁark the end of thesé
intervals, ‘Other'processes which appear to be instantaneous
relative to a give;vpro¢ess can then be introduced by |
choosing ;ts state change ﬁoints in such a way that they alli
lie on a single ihﬁerval (1.e. between two consecutive
state change points) of the given process., In light of
Petri's wofk, however, the assumption of a time continuum'is
erroneous for real_automata, and the'process‘of choosing
smaller-and smaller intervals can not be repeated indefinite-
"~ ly. Thus we willltake'the alternative view_that time 1is

-defined only by the sequence of state changes. A process A

will be called continuogs'relative'tb another process B if

and only if communication 1s establlished between A and B in
such a way that state changes in B are temporarlly delayed
. - ’ f

~while the entlre action of A isicarried to completion.

We do not pretend to have covered all control structures
or even all those of programming languages, but have attempted
to 1llustrate the many varleties of control and the signifi-

cance of variations in these for particular tasks. - These



controls provide a representatlve sampie which illustfates
the'limited facilities for altering and combining control‘

in most current programning 1anguage§; the importance of
control structures in revealing the transparency of programs,
and the influence of data on the appropriate control for a

task.

M. CONTROL DEFINITION FACILITIES Other than the work

-

reported here welknow of oniy_one other.investigation of
control structures in progrémm;ngllanguagés. Leavenworth -
 [Le 681 has propoéed a method for programmers to define
their own control structures. ZThis 1s done by selecting a
machine with a.small set of state components as a base
language., ‘The user can then extend the contfol structure
of this 1anguage'through.opératidns which alloW him to
‘modify the state directly. -That 1s, the base‘language is‘
" described by means of the abstract machine which iﬁterprets
the language and new control sfructufes are introduced by
writing functions whiéh transférm the statevof this abstract
machine, B

Thé base language 1is Similar ﬁo Lgndin's Iswim [La 66]
and has only a conditional, recurslon, thé where clause |
(in the form: let x=e ), and state accessing and installation

functions as its primitive controls. Consequently, any.new'
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control structure must be descrioed in terms of recursive

and conditional controls acting on data structures of stored
machine states. This»makes theolanguage a convenient vehicle.
for describing scheduling,algorithmsvand other implementation
strategies for varilous oontrol structures. However, a limited
ability exists to give control descriptions which convey the
1ntended 1nteroretation of a control structure (e.g. a
scheduling algorithm which has the same effect as a parallel
control structure can bevdeocribed but 1t will not}cohvey,a

concept of concurrency).

Leavenwofth's system is 11lustrated by a nondeterministic
oontrol which uses Floyd's backtrack primitives [F167a). In
contrast to Floyd's implomentaﬁion, LeavenWorthAviews the
choice function as a generator of multioly defined méohines.'
The description of the backtrack primit*ves then becomes a |
. problem in simulatind parallel computations on a sequential
(or recursive) machine, The control structure thus obtained _
is a pseudo-parallel implemehtation_of nondeterministic

control.

| In a more recent oaper.[Le 6917, Leavenwofth has exteodod
these ideas and given several -additional exambles;'AThe go to
operation ' is implemented as an assignment to the staté of the
interpretative machine. Two loop (i.e. iterative) confrol'.

structures, explicit and implicit coroutines, and nondeter-
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The one other languége which deals directly with control
is PPL [St 68] [St 69]. Several control mechanisms are
proposed including parailel processing, continudusly'evalua-
ting expressions (see chapﬁer IV}, control structure macros,
1nter?upts, and traps. The specific means 6f incorporating
these tools into the language are not entirely resolved.

The general idea (éxcepﬁiﬁg:continubusly evalﬁating exprés-
sions)Ais that»the‘programmihg'environment 1s composed of
‘many sequential procésseé,with a capabllity for controlling

interfaces among them,
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"Our experience with the definition of functions should
have told us what. . to do: not to concentrate on a complete
set of defined functions at the level of general use, but
to provide within the language the structures and control
from which efficient definition and use of functions
within programs would follow. -— A.J.Perlis [Pe 67]

The controi structure of‘a programming ianguage“is often
an Integral part of the eﬁvifonment prdvided by that iéngaége.
A facility'for'déscribihg cbhtfol must include an abi;ity tp
deal with the environmenﬁai stfucture;éf languages. ihe
abstract machine'Whidh interprets programs of a 1angﬁage,
prévides a description of the environment‘(béth data and '1
control) for that language; Contfol operators could bg,
described within a:Ianguage in a manner'similar to funétions,
but this does not enable one»té get at the encloéing qontrol
regime impqsed by the’ianguage. . Instead tpere mﬁst be a way to
modirthhe interpreter'for the ianggage, and this in turn
requires é formal specification of the internal machine
representation for programs of the language and of the machine

which interprets those representations.

Any compller of course brovides a precise description of a
language. The,: purpose, however is to speclify an efficiéﬁb

implementation forzexecuting programs of the‘language on some
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given object machine. An implémentation is the totality of
| thingS.necessary to execute a program of arlanguage or to
_ process some control structure. The undérstanding of a control
structure that one derives from an implementation 1is depehdent
on the control strucﬁure of the 1anguage in which the -
implementation 1is describéd. " If an implementation is given ih
the assembly language of some»méchine, then it conve&s'a method
for mechanizing the éontrol on that and similar machines; If
the implementatioﬁ is giveﬁ in a higher levei 1anguage:but'in a
- language which has only seéﬁgptial,_Subrbutine, and goﬁditional
control, then the impleméntation may convey a strategy fo#
mechanizing the control on anybmachine having those cQﬁtrdls.
There are, howevern, many useful‘and ipteresting proper?;gs;pf
control structures which cannst be described ih termsléf #he
control structures available in most programming langﬁéges. Ir
parallel processing 1s described fhrough its inexact simulatidn
in terms of sequential processing,'subroutine, and conditional
controls by means of some scﬁedulihg algorithm, then'we‘might
come to understand'pérallel processingvas a particular |
interleaved execution of sequential processes aﬁd might iearn
how to implement parailel.processing on a sequential m;chine,
but the ldea of concurrent exeqution would nét be conveyed.
Concurrency is'a-concept which cannot be composed from -

sequential primitives.
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Our desire here 1s to provide a set of primitive contrcl
stfuccures which include not only sequential processing but
\ also concurrency, nonbusy waiting, and cther control concepts
which cannot be described in terms of sequential, sﬁbroutine,
and conditioncl control. 1In fact, 1n order to describe these
control operations we will have to use a language (i.e. |
English) in whicﬂ these concepts are meaningfﬁl. We will
however give another description of these control structures
in terms of sequeﬁ%ialvccntrol'to show how they might be
implemented on a sequentiaiimgchihé. By chosing primitive
control structures which encompass ideas of concurrency,
nonbusy walting, and indivisibility, we hope to be able to
give formal descriptions of other control structures which
are clearer, more concise, and more ciosely resémble their
descriptions in English thaﬁ would their description in
other formal languages which hévé only sequential, condi-
tional and recurslve control., We would like to give
formal definitions of control structures which corréépcnd
to our iIntutive view of the control and without necessafily
providing an implemeptétion for the control on a sequential
machine, ’

Control descriptions should bfovide only the informa-
tion necessary to understand the control and should restrict
the imolementation on any real machine as little as nossible.

The efficiency of any implementation derived from the
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descripﬁion should be limited only by the generallity of the
control structure which was described and the properties of

. the object machine. That is, the description pf a control
should be only as general or restrictive as the contfol being
described and should not impose other constraints by virtue
of the means of descriptibn. 'Implementations for particular
classes of machiﬁes can of course be given within the same
formal language by restricting the set of control primitives

used for the descfﬁption.

The desire to provide cohtrol descriptions which
correspond to our intuitive vieﬁ of the control father than
de§cr1ptions which provides mechanism which achieve the same
effects in other ways, does not rule out description by
composition of more primitive concepts, but it does require
that the set of primitives used in tﬁe descriptions not
only span the space of control structures commonly found
in programming languaées but also include primitives which
might be used in a natural lahguage description.

All contrql strhctures must be available with in the
description language either directly or b& composition. In
fact, because control descriptions will often take the form
of an 1nterpreter; the 1nterpreteré will be written in such
a way that the dynamlec control structure of the interpretér'

is always the same as the control structure of the program
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being interpreted. If parallel pathsiare called for in a
program then parallel paths will be called in 1its interpreter
. to execute the respective program paths, If a coroutine is
célled in a program, it will be intefpreted by a coroutine
within 1ts interpreter. 1In shqrt, when any control action

is called for in a program, a similar action will be carried

out as part of the interpretation process forAthat programn,

'.In many cases* the cOntr&l structure 1s implicit in
the syntax of the language'aﬁd is unalterable by the user.
Few control structures are pféQided in most languages and
there is little capabllity for combining them to create
other controls. This si?uation is desirable in problem
oriented languages because it provides an environmental
structure suitable to a pafticular task area and makes the
constant parts of the control 1mylicit in the notation _
(and in the implementation); Although the control struc-
tures available in a given language are few, the number of
useful control structures ié large. The task area before us,
that of‘describing control, requires a méans to coﬁbine
controls and a set of primitive control structures which
can be used in combination to describe an& other control

structure.

An Interpreter will have the same control structure és<

the program 1t interprets, but will not use the same primi-
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. tives to construct those controls, In the program the
control structure will appear as control operators or
. implicitly as part of the environmental structure, while
in the interpreter they willl be forméd by composition of

the control primitives.

The choice for the control primitives was indicated in
chapter II where we saw only a few functions underlying
control. 1) There must be'means to specify a necessary
chronological ordering among processes and 2) a means to
specify that processes can bélprocessed concurrently. There
must be 3) a conditional for selecting alternatives, U4) a

means to monitor (i.e. nonbusy waiting) for given conditions,
5) a means for making a process indivisible relative to

other processes, and 6) a means for making the execution of
a process continuous relative to other processes, A

“primitive control Qperation will be provided for each of

the above six functions.

Is this set of control operations necessary or4suffi-
clent? This depends on what we mean by necessary and §uffi-
cient, If we take the conventional view ‘that the semantics
of a programming language is an implementation of that
language, then we must conclude that not all of these
operations are necessary. in fact, 2s will be shown in

section III-I, all these controls can be implemented in
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terms of sequential, recursive, and conditional control. This
view of semantics holds that each control structure is a black
- box having some effect on the outside world. To derive the
semantics of a control from its description one first looks
inside the black box to determine what 1ts effect ﬁill'be on
the outside world and then takes those effects but not the

manner in which they are achieved as the semantics.

Here we take An aitérﬁative view that both the effects
and the manner in which théyvare achieved are important.
This view requires that ﬁhe primitives with which we describe
a control structure not be restricted to some small set (e.g.
sequential machine controls). Many aspects of the primitive
control structures proposed here can be given in terms of
sequential primitives, but the totality cannot. We see no
obvious way to describe one of these primitive control

operations in terms of the others without loss of some _
essential ingredient of their intended interpretation (e.g.

primitives which are not described by programs). For example
a language for numeric computation might take the sine

function as a primitive, Certalnly, it is understood that
the'operation will yield the sine of 1its érgument to only
some finite precision, but to define the sine by a power
series approximation would only detract from the clarity of

the language definition.
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The system proposed here for describing control is é
programming language and as such must not only have opera-
tions for composling control structures, but must also have
data structures and operations, an enclosing environmental i
data and control structure, and a syntax. In each of these
areas we have attempted to keep the laﬁguage simple. The

design follows.

A. DATA STRUCTURES AND OPERATIONS The daﬁa with which an
1nterpreﬁer must deal are rebresentions of the programs it
interprets. 1In addition it mﬁst be able to cope with the data
structures (including the envifonmental data structure) of

any language it interprets. The latter requirement imposes a
need for a data definition facility within the language.
Ideally this facility would include a capability for struc-
ture definition, for naming the struétures and tﬁeir component
parts, the rules of combination, copy and erasure for both
the structure and conﬁent. These goals were proposed in the
first Turing lecture [Pe 67]. Probably the most extensive
proposal along these lines is a thesis [St 67] 1n.which
descriptor formulae are used to describe data structures.
These descriptors contain enough information to determine

the predicates, selectors, constructors, and storage alloca-

tion policies for the data.

Because our primary concern is control and not data we
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will take a simpler approach of providing a single but
geheral composite data type which can be used to represent
other data structures., These composite data will be called

constructs, In addition we introduce a countably infinite

class of elementary objects called atoms. These two classes
of objects are similar to the composite and elementary

objects respectively, as used in the Vienna report [LLSGB].
Constructs are composed of parts which are themselves either
constructs or atoﬁs. The domponents of a construct are
uniquely named by objects fin fact atoms) called selectors.
Familiarity with the objects (ELLSS§j chapter 2) used in the
Vienna report 1s assumed and only the following two points of
difference between those objects and the constructs used here

are pointed out.

Constructs have an identify*independent of their struc-

ture and consequently the concept of copy is meaningful in
our system., Using the notation of the Vienna report, instead

of the condition (Vs)(s(A;)=s(A,)) = A=A, where A, and A

1 2
are_conStructs and the s's are selectors, we have the weaker
condition A1=A2=> (V;)(S(Al)=s(A2)). Thus obJjects correspond
to structural eduivalence classes of constructs. This
distinction 1s made because in programming systems it is.

convenlent to both copy obJects and retain the identity of

objects after thelr structure or content has been modifieé,-
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A direct consequent of distinguishing between a construct
and its copy is that there 1s then no need to restrict
constructs to finite nesting. The total number of components
which comprise the substructure of a construct must be finite,
but because constructs have an identity independent of their
structure, a construct may appear as one of its own components.-
Succesﬁive application of selectors to a construct will not
necessarily lead'to an atom after some finite number of

.

applications.

Several functions are définéd on these data. A selection
fuﬁction, select(s,c) ylelds that part of construct e named by
selector s or if none exists then the atom SELECTERROR. The
constructor function uo(sl,vz,'...sn,vn) where n>0, forms a new
construct which has for each 0<i<n, the value of v, as 2 part
and ﬁhe valué of 8, as the corresponding selector. The
operation u(c,sl,vl, "‘sn’vn) where n>0 allows incremental
changes to be made to a construgt.'Eor O0<i<n the value of v, is
substituted for that part of construct e named by_selectqr éi,
or if ¢ had no part named 8, then part v, is added to ? ﬁifh 8
as the selector. The value ofvthe_pperation ¢ will be the
construct ¢. Note that for allbsélectors 8, constructs e, and

objects v:

select(s,u(c,s,v)) = v
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Atoms willl be used as tokens to represent objects whose
substructure is of no concern., There is a unique atom
assoclated with each identifier of the concrete (external)
syntax. Selectors must be atoms., The atoms for the
identifiers TRUE and FALSE are taken as the Boolean values.
The predicate atom(x) ylelds TRUE if the value of z 1is atomic
and FALSE otherwlse, Depending on whether x and y are the same
objects or different the operation =(x,y) wriltten xzy y;elds
TRUE Or FALSE reséectively; .The equivalence operation, =,
applies to constructs as wéil as atoms, Since it is an
identity test copy(x)zx 1is FALSE'for any construct x. The
syﬁbol Z is used to designate the nonequivalence operation.
Real numbers are also atoms. Other relational and arithmetic

operations will be 1ntrodu¢ed as needed.

Programs can be represented‘(internally) as lists.v Liéts
are data structures with two parts, a head which is any »
arbitrary object and a taill which is elther itself a 1list or
the terminator N¥IL. Lists will bé‘represented as_consfructs
with two parts named # and T? A list of two elehents @ and y
can be formed by Wo(H,2,Tyuo(H,y,T,NIL)). The operati;ns
gelect(H,xz), Select(T,x), and uo(H,x,T,y) correspond
respectively to the Lisp [Mc 60] operations ear(z), edr(z), and
econs(x,y). Programs will usuaily be represented as lists_with
an operation as the head and the list of arguments as the fail

where arguments have the same form,
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B. PRIMITIVE CONTROL OPERATIONS Throughout the control .

description language (hereafter called CDL) no distinction is
made‘between statements and expressions, that is between parts
of programs which are executed for the changes they make in the
environment and those which are executed for the values they
produce. There will be only one class called expressions which
will always have a value (which may be ignored) and can have
side effects (i.e. can cause change in the environmeﬁtal
context of the computatiqn). Initially we will represent all
programs in the_functional'form f(xz,xg, ...xn) where f 1s an
operator and the xi's are ekpres;ions fof the arguments. Each
program will be an expression which 1s either an operator
foilowed by a 1list of arguments which are themselves expressibns

or an atom which referené¢es the environment.

Sequential processing. The sequential processing control

operation, seq;,causes its arguments to be evaluated in the
order given from left to right in such a way that the evaluation
of an argument willl not begin until the évaluation of all
arguments to its left is complete. The value éf thé‘right most
argument will be taken as the value of the entire expr%ssion.
The sequential processing operation will be used to indicate
that the arguments must be evaluated in order of their left to

right listing.
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Parallel processing. The parallel processing control

operation, par, causes 1its arguments to be evaluated
independently (i.e. in parallel) as if each had its own
processor, No assumptions are made about the relative speeds
of these processors, So there are no guarantees cohcern;ng the
chronoiogical order of their side effects. The effects can,
howevey be controlled by synchronization of the parallel
control paths. The value of the right most argument will be
taken as thebvalue of the entire expression and will be emitted
after all argumenés have béen evaluated. The parallel
‘processing operation will Se used to indicate that the argu-
ments can be processed concurrenfly; that the processing
order is of no concern. If within any argument control 1is
‘passed to another routiné and not returned, the parallel
operation will not be completed. The establishment of parallel
paths has no effect on the environmental data structure of a
program., In particular, copies of the environment are not made

for each path, so that they must share the same global

variables and define their own local variables.

As a general rule we will favor the use of the pa?a;lei
processing operation over the sequentlal processing opération
to avoild specifylng an unnecessary order which can restrict the
choice of implemeﬁtation. On the other hand, we must be care=-
ful not to require a (pseudo) parallel implementation of parallel

described controls when 1t is not indicated. If a control is
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described using the parallel operation but no syhchronization
arises among the various paths then the interpretation should be
that'the arguments can be evaluated concurrently, sequentially
in any. order, or in any interleaved fashion. Any order

convenient to an efficient implementation is satisfactory;

The conditional. The conditional operation, condq has an even

number of arguments, Beginning with the left most argument,
every'bther argumeht will bé evaluated in:order from left to
right until one havingvvaldeéTRbEﬁis encduntered. The argument
immediately to the right of the 6ne with value TRUE will then be
eVaiuated and its value taken as the value of the entire
expression. If none of tHe odd numbered arguments has ﬁalue"TRUE
then the value of the conditional will be UNDEF and none of the
even arguments will be evaluated; With the exception of the

default case this operation is the same as the Lisp conditional

[Mc 601].

Monitoring. The monitoring opération,.monitop{s;c,r,vﬂekp),
provides for nonbusy waiting. The left most four arguments will
be evaluated in parallel énd will be evaluated only once. The
value of & should be a selector, the valué of e a constrﬁct, the
value of »r a binary relational operator, and the value-of“v can

be anything. The monitor operation has the effect of cyclically
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testing the condition r(select(s,c),v). When that condition
becomes TRUE then the testing will be terminated and the
expression exp will be evaluated. No assumptions are made
about the relative speeds of the processor‘which evaluates the
expression exp and the processor whi?h evaluates the program
which caused the condition to become TRUE. Any time the value
of the conditlon becomes TfUE‘it will be detected by the monif
tor but the monitor may téke_arbitrary long time to respond.
The value returned by a monitor operation is the process which
is apparently cycfically tésting the condition, and is returned
as soon as the testing cycie (actually a nonbusy wait) 1is

initiated.

There are two ways in which a monitoring process can be
terminated: the value of the conditionrbecomes TRUE or the
operation unmonitor(p) 1s»executed where p 1s the monitoring
process. The expression which is the right-most argument to
monitor will be evaluated if and only'if the condition becomes

TRUE before an unmonitor 1is executed.

Note that the mqnitor-dperation computes a value and then
tests for the condition that that valuékls related to éhe value
of a spedifiéd variable, The monitor operation will prove use=-
ful for describing interrupts and wait unﬁil conditions. If,
for example, we wanted to monitor for the value of an arbitrary
expression becoming TRUE the monitor operation could be usea to

detect all changes in the variables of the expression and the
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expression reevaluated only when the values of those varlables
change. One interesting generalization of monitors is the

continuously evaluating expression discussed in chapter VI,

Synchronization., The operation syneh provides a number of

equivaient functions: synchronization‘of parallel or inter-
leaved processes, nutual exclusion, and indivisibility of
operations. The eynch operation takes three arguments., The
left most argument is evaluated first and its value must be

a construct. The'second afgument is an expression which will
be evaluated only when no 6ther synch operation is e?aluated
its second argument for the same constfuct (1.e. the value 6f
the first argument). The third argument is an expression which
will be evaluated in all other cases. The value of the entire
expression is the value of whichever argument is evaiuated. If
several synch operations are executed simulﬁaneously then

exactly one will have its second argument evaluated. In no

case does the synch operation cause waiting.

Thé eynch operation can be ﬁsed for mutual exclusidn to
guarantee that only one process at a time executes a critical
section of a program or simultaneously modifies a dat&é. Synech
also provides for the relative indlvisibility of operations
because for all synch operations with a given value of their.
first argument, executlon of the second argument cannot be

simultaneous or 1nterleaved;(1.e. they are indivisiblé rela-

tive to the construct which is the value of the‘first,argumenﬂ.
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Continuous processing., A process 1s continuous (see definition

in section II-L) relative to a given process if and only if
all ectiens of the process occur between two consecutive steps
(1.e. state changes)'ofﬁthe given process. We wlll extend
this definitioh in light of our parallel processing environment,
The continuous processing control operetion cont{exp) causes
the evaluation of the expression exp to be continuous with
respect to all control paths which are parallel to the control
path which executes the cecont operation (providing they them=
selves are not in‘the midst of a eont operation)., Because
continuous processing operetions ean be embedded, meny levels
of relative continuity can occur. These roughly approximate
the priority levels found in some eperating systems. An
interrupt eontrol can be formed by embedding a monitor within
the argument for a cont operation. Continuously monitoring
will be conﬁinuous (this is unnecessary because the monitor
will detect any change in the condition regardless), but
rather means that when the condition becomes TRUE the trigger-

ing of the evaluation of the monitor expression and the

evaluation of that expression will be continuous. .
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C. SYNTAX It is at times convenient to refer to the various‘
representations of programs and the states in the interpretation
of pfograms. For this purpose the following definitions are
made. A program is a data structure which describes the actions
necessary to accomplish a given task. Programs may be |
represented in several forms. The two forms of concern here are

the concrete syntax, the external physical embodiment as strings

of symbols, and the abstract syntax, the representation as

lists, atoms and constructs for processing by the interpreter.
A context-free gramma£>Will be_used‘to describe both the
concrete syntax and the abstract syntax. This notation is
.formalized in chapter V. Here it will be p;esented by example.
The notation for the concdrete syntax differs from the Backus-
Naur Form (BNF) used in the Algol-60 report [Na 63] only in that
here strings of upper case letters represent terminals, and any
character preceded by a $ represents that character as a

terminal symbol. The‘productions:

sexp = id $( apl $)

| pexp
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a simple expressioh (sexp) is either the7extern§1

represeﬁtation of an identifier (id) followed by the external

representation of an actual parameter list (apl) enclosed in

parantheses, or is the éxternal representation of a primitive

expression (pexp). Within each alternative of a nonterminal,

concatenation of the component parts 1s indicated by

Juxtaposition of their symbols.

The

say that
internal
internal

internal

abstract syntax takes a similar form. The productions:
sexp = id apl 1
| pexp | |
a simple expression is either a list whose head is the
representation of an identifier and whose talil is the

representation of an actual parameter list, or is the

representation of a primitive expression. Within each

alternative of a nonterminal, list formation with the component

parts 1s

indicated by juxtaposition of their symbols. Strictly,

the right most symbol of an alternative is taken as the tail of

the 1list

formed from the other symbols in the order given., If

an alternative contains only one symbol then no list is formed.

By combining the alternatives in the two grammars bn a one

for one basis, their cbrrespondence can be specified. The first

alternative of:

sexp = 1d $( apl é) # id apl

I_pexp # pexp

says that the internal representation corresponding to any
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simple expressidn of the form identifier followed by an actual
parametér list enclosed in parantheses, 1s the list having the
internal representation of that identifier as its head and having
the internal representaﬁion of that actual parameter list as its
tail. In the concrete syntax the nonterminals id, capid, and
symbol are assumed to répresent lower case identifiers, upper
case identifiers, and special characters respectively. In the
abstract syntax they represent the corresponding‘atoms. The
nonterminal empty represents the null string in the concrete

syntax‘ahd-has no meaning in the abstract syntax. In the

abstract syntax no distincﬁiqn is made between 1id and capid.

The initial syntax for CDL programs is given in figure
III-A. The same notation will be used when introducing syntactic

- #
extensions and when describing the syntax of other languages.

Programs have a recursive form with each level either an atom or
an operator followed by a list of arguments where the

operator and arguments are themselves expressions. An atomic
-expression indicates a reference td the part of the environment
with that name. The inclusion of a colon (:) after - an actual
pérameter ihdicates that the value of that parameter is'a list
and that each element of thét list 1s to be treated as an actual
parameter in the order given. That is, if the value of u is a
list of three elements a, b, ¢ -and the values of x, y, and z are

respectively a, b, and ¢ then for most operations f,

.--—u.-.—————————————..—.-—-—————.—————.——u—————--—u—.———-—_——-——_—————-—._—

* When the concrete and abstract syntax specifications for an

alternative are ldentical, the # is omitted and only one of
the spoc1flcat10ns is aiven.
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f(u:) = f(x,y,z). Exceptions arise because some operations
(including most control operations) act on the values of those
exbressions. Binary infix operators have Iversonian [Iv 62]
precedence (i;e. they have no hierarchy and are right

associative).

program = exp
exp = exp2

| exp2 biop exp # biop exp2 exp NIL
exp2 = sexp_‘ o |

sexp = pexp

| pexp $( apl $) . # pexp apl
| pexp $[ apl $] # pexp apl
pexp = 1d
| $( exp $) ~ #:exp
apl = exp # exp'NIL
| exp $: # $: exp NIL
| exp separator apl # exp apl
| exp $: separator apl # $£ exp apl

separator = $, | $; _
~blop = relop | $+ | $-}| $x | $/ | ...
relop = $= | $Z | $< | &> | ...

Figure III-A, initial syntax.
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D. ENVIRONMENTAL DATA STRUCTURE Convenience and clarity in

writihg programs 1is the main concern in picking the
environmental data structure. Here an Algol-like structure in
which local definitions can be made to override any global
definition for the same selector was chosen. The scopes of
identifiers (selectors) are as in Algol-60 [Na 63] determined by
the lexical structure of programs and not by theilr dynamic '
nesting (i.e. routine call structure). Each local
environment will be a construct in which each identifier there
defined names a pa}t. Oné additional part, the immediately
global environmént, willjgeﬁincluded in each local environment.
The immediately global enviédnment is the local environment at
the time the now local environment was created, and may be
selected with the name GLOéﬁZ.'The operation ref(s,env) selects
the most local occurrence of selector & in the environment env.
exp = exp2 WHERE sdef WHERE exp2 sdef NIL
| exp2 WHERE $[ deflistv$] WHERE exp? deflist
deflist = sdef sdef NIL

| sdef $; deflist sdef deflist

Sk SR ¥ T Tk

sdef = 1d $= exp VAR id exp NIL

Figure ITI-B, syntax for scope.

The operation wherele,d) is used to specify the scope of
" local environments. The where operation establishes a new local
environment containing the parts defined in d and‘thén evaluates

the expression e in the context of that environment. The d is a
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1ist of definitions. One form of definition is var(s,e) which
defines the name s (a variable) to have an initial value which
is the value of expression e. Notationally we borrow from

Iswim [La 66] and use the form e where d to mean wherefe,d).
Syntax extensions for where and variable definitions are shown

in figure III-B,

E. ENVIRONMENTAL CONTROL STRUCTURE The environmental control

structure 1s in the form of processes., A process is a dynamic
instance of a routine., A Static picture of the progress of a

control path within a procéss.is recorded in 1ts activation

record. The activation record has two parts, the environnent
in which the process 1s operating and the state of progress of

a control path within the process.

The e?aluation of each operation constitutes a new process.
Consequently, as each operation is encountered within a process,
further processing of a control path within the process is
suspended while the operation is performed. If that operation '
is defined by a program then the process which is the dynamic
instance of that program to perform thls operation will have in
its global environment a part named cALLER which is an;
activation fecord describing the suspended state of the control
path in the calling process. When the operation is éompieted,
control is returned (l.e. transfered) to the calling process by

the operation ypgturn(v,ar) where the value of v becomes the
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value of the called operation and ar is the activation record
for the calling process., References to the parts'of an
activation record yield the current value of the parts of the

local environment of the associated process.

F. EXTENSION FACILITIES The first extension facility permits

the definition of new functional operations in the form of
routines. A routine, like a procedure or subroutine in most
programming languages, represents a class of procésses all
having the same péﬁgrammatic.description. When a routine is
éalled, a process 1s creatéd‘to carry out the actions of that
routine in the context of a given set of values, the actual par-
ameters, A routine definition has the form routine routine(f,z,
e) where f is an atom which names the operation, z is a list of
formal parameters (i1.e. selectors used in the local environment
of any process for the routiFe to name the values of the actﬁal
parameters), and e is an expression called the body of the rou-
tine. The actual parameters of a call on a routine are evalu-
ated in parallel and theﬁ associated with the formal parameter
names to form the local environment in which the body of the
routine will be evaluated. fhe pairing of the formal parameter
names with the values of the actual parameters is as féllows.
Beginning with the left most formal parameter name and the left
most actual parameter value énd mdving to'the right, they are
paired on a one for one basis, To accommodate routines with

variable numbers of parameters, the left most formal parameter

name may be followed by a colon (:) to indicate that the
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actual papa.ﬁeterd remaining after pairing are to: ~
be formed into a 1list and that 1list palred with the right most

formal parameter nane,

Routines are called like subroutines, that 1s the calling
process 1s suspended, a process which is an instance of the
routine_is created, the values of the actual parameters of the
call are placed in the 1oca1 environment of the process to be
referenced by the corresponding formal parameter name, and the
execution of the ﬁew prdceés,is begun. ~The termination of the
process however.can be controlled by the return operation.

For example, the processlfo; a routine may act as a subroutine
by returning to its caller, as a coroutine by.calling a dummy
routine which then returns to the processes caller, or as a
parallel routine by establishing parallel paths, one which
returns and one which continues processing. When the evalua-
tion of the body of a routine 1s completed without encountering
a return operation, the assoclated control path is terminated
and no return is made. Because the most common form of

return will be to the caller with the value of the expression
for the body as value (i.e. a subroutine return) this form is

given an abbreviated representation in the concrete syntax.

The syntax for routine definitions is given in figure III-C,

The second extention facility permits changes to the
interpretation rules for programs. It permits changes to the

environmental control structure by defining changes in the
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machine which interprets the language. When an expression is
processed by the interpreter, the interpretef must evaluate and
examine the operator to determine the interpretation of the
arguments. For functional operations the arguments will be
evaluated and the appropriate operation applied to the reéulting
values. For control and other environmental operations unusual
interpretations may be giveﬁ to some of the arguments, they may
not be evaluated (e.g. some of the arguments for the eond and
syn;h operations) ?r they may be evaluated according to special
rules (e.g. the first four argumenté to the monitor operation

and all arguments to the where operation).

To specify the interpretation of an operation as if the
specification were part of the underlying interpreter, three
things are necessary: we must be able to reference the
expressions for the actual parameters of the call, to reference
the local environment of the call, and to callKupon the
underlying CDL interpreter as 1f it were a routine. Formal
parameter names written in uppercaée letters will be used to
indicate that it is to be paired with the expression for‘the
actual parameter rather than the value of the actual payameter
and that the actual parameter is not to be evaluated. The local
environment of the process which called any routine can be
obtained by referencing the variable CALLER. The operatién
eval(exp,e) is\defined and has the same effect asbexecuting the

expression exp in the context of environment e (a routine for
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the eval function is given in section III-H). We can then
contract (i.e. write down the terms and conditions) for the
interpretation or evaluation rules which are to be applicablé
for some given scope, and then contipue programming within the

context of those rules. Thus, a capability for contract control

structures which can be defined for a given context and then

used as the environmental control structure throughout that

scope 1s provided. Control extensions also allow language

extensions for particular task areas to have not only a concrete
syntax which makes‘the cénsfant control for that task implicit,
but to have an interpreter ﬁhique to theltask and to take
advantage of the constant features. This can be contrasted with
macro extensions which allow implicit external specifications

but do not permit the economies of constancy to be realized in

the interpretation.

There are a few system variables which are useful in
describing control structures and can be referenced as global
variables by any expression. The selector PAT?S names'the number
of nonterminated control paths currently in the system, ACTIVE
names the number of active (i.e. nonmonitoring) control paths,

i

and SELF nanes the current local environment.
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sdef = id $( fpl $) body # ROUTINE id fpl body NIL

| 1d $( $) body # ROUTINE id NIL body NIL
‘fpl = fpname # fpnamé NIL

| fpname $: # $: fpnahevNIL

| fpname $, fpl # fpname fpl
body = $= $= exp # exp

] $= exp # RETURN exp CALLER NIL
fpname = id .

| capid # capid NIL
pexp = $[ condlist $] # COND condlist

| capid o # QUOTE capid NIL

| $$ symbol 4 QUOTE symbol NIL
condlist = exp?2 $+ exp # éxp2 éxp_NIﬂ

| exp2 $+ exp $; condlist # exp2 exp condlist

Figure III-C, additional syntax.

Additional primitive operations which have not been defined
are quoie(x) which returns its (unevaluated) argument as its
value and eopy(x).which makes a copy of the value of =, If the
value of x is a construct then the value of copy(x) will be a
new construct having the same named parts as does‘the value of
x. If the value.of x is an atom the value of ecopy(z) will be
that same atom. Syntax specifications for quote and a
convenient nptation for conditional expressions (borrowed froﬁ

Lisp) are also given in figuré ITI-C.
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The syntax specifications are not a part of the CDL, but
are madelin a metalanguape and are used either to define
the internal representafion of programs so that an interpreter
can be described, or‘fo‘extend the concrete syntax of the CDL
for claritonrbconvenience in writing control descriptions.
However, there is 6n chépter V) an interpreter for the syntax
specifications which could be used to_maké the syntax

specifications into an extension facility within the language.

G. SOME EXAMPLES A few‘examples of routines which will be

useful later are given to illustrate the language and
particularly the control extension facilities. The operation
ref(SJenv).WhiCh is used to referenceé the most local occurrence
of selector & in the'environment env has already been defined.
A relatéd operation asgn(s,enﬁ,v) ﬁhich replaces that vaiue

is also useful.” A definition of asgn 25 a routine follows:

asgn(s,env,v) = [select(s,env)ZSELECTERROR > par{u(env,s,v); vl;
select (GLOBAL,env)ZSELECTERROR + ‘

asgn(s,select (GLOBAL,env),v)];
The following notation will be used for ref and asgn:
exp = sexp $+ exp2 $« exp # ASGN sexp exp2 exp NIL

| sexp $+ exp # ASGN sexp SELF exp NIL

eXp? = sexp $+ exp? # REF sexp exp2 NIL
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The ref operator (-)}has higher precedence than the othe?}bihary
| operatoré, but less functional application, The "o" will
be read aé."of" and can be used to form a'compound selector.

The expression HeTe+Tez, forvexample,lis read Hof T éf T of X

and references,the third element of list zx.

A 1iS£ of an arbitraty nﬁmber of elements can be built

using the routine Zi{st with the elements as arguments.
list(x:) = x;

The routine cons forms a 1ist of the values of the gi§en
argumehts, but with the value of the lagt argument as‘the tail
of the 1ist. This 1s a generalization of the cons Qpération of
Lisp [Mc 60] such that consfz) = é énd cons(ml,xz, ceo ) s
cons(xz,cons(xz, ...xn)...)) wherevn32. The definition'follows.

cons(x,y:) = [y=NIL » x;}TRUE > Po(H,x,T,cons(y:))];
The routine not produces the complement of a,Booleén value,
not(x) = [x » FALSE: TRUE » TRUE];
'~ We now describe some nonprimitive.cohtrdl operationé. The
parallel distribut;on control operation pdist(exp,id,x) creates

a list from‘the successive values of the expression exp applied

to each element of the 1list which is the value of z. The
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identifier id is local to each evaluation of exp and has as its

value the associated element of list =x.

pdist (EXP,ID,x) = evpd(x) where [ e=caller;
| evpd(x)=[x=NIL + NIL; TRUE -

cons(eval(exp,uo(GLOBAL,e,id,H-x)),evpd(T'x))]j;

The paraliel application control operation papp(exp,id,x)
is similar but dogg not form a 1ist, The value of papp is the
value of exp applied to the right most element of the list
which 1s the value of . ‘4 | '

papp(EXP,ID,x) = evpa(x) where [ e=caller;
evpa(x)=[xzNIL + UNDEF; ‘
Tex=NIL + eval(exp,uo(GLOBAL,e,id,H+x)); TRUE »

par[eval(exp,u,(GLOBAL,e,id,Hex)); evpa(Te+x)]11];

An operation for sequential application sapp(exb,id,x) is
_defined below, Note that the only'difference between the papp
and sapp operatlons is the single occurrenées of par and gar.
‘'The eapp operation 1s similar to the IPL-V generator (spe
section II-J) except that sapp lacks the capability for

termination at each iteration.

sapp(EXP,ID,x) = evsa(x) where [ é=ca11er;
evsa(x)=[xZNIL + UNDEF; | | -
Te x=NIL » eval(exp,uo(GLSBAL,e,1d,H-x)); TRUE -
seqleval(exp,u,(GLOBAL,e,1d,Hex)); evsa(T+x)11];
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An iterative loop expression of the form wuntil e do exp
will cause the expression exp to be executed repetitively as
long as the value of e¢ is TRUE. The expression e¢ will be
evaluated before each iﬁeration and will not be evaluated until
the previous iteration (if there is a previous) 1s completed.
‘Because untildo tests Sefore each iteration it is similar to the
' for while of Algol. A monitoring expfession of the form
when g*c ¢ e, then e, where $ is a relational opératbr will
yileld the value of e, but only after the value of the condition
s'c¢éi becomes TRUE. The éxpressions.S, ¢, €3, and éz will

each be evaluated 6nly once.,

untildo(C,EXP) = evud() where [e=caller;

evud()=[eval(e,e)>UNDEF; TRUE+seq[eval(exp,e); evud()]]];
when(s,c,RELOP,v,EXP) ==

monitor(s,c,relop,v,return(eval(exp,caller),caller));

The syntax:for untildo and when is given below:

‘exp = UNTIL exp,; DO exp, # UNTILDO exp, exp, NIL
WHEN sexp $° exp2 relop exp,; THEN exp:

# WHEN sexp exp2 relop exp, expz NIL

Two other list operations which will be useful are
member(z,y) which looks for an occurrence of ¥ on list y and

push(xz,y) which pushes z onto the head of y. The latter
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operation is similar to cons except that after a push operation

y will reference the new llst while after a cone, y referenced

the old list. Member and push can be described as routines.

member(x,y) = [y=ENIL+FALSE; xsH+y+TRUE; TRUE»member(x,T-y)];

‘push(x,y) = ﬁ(y,H,x,T,cons(z,Toy)) where z=He.y;

H. THE INTERPRETER The routine eval 1s an interpreter for any

progran of the CDL; eva;(exp,env) evaluates the expression

in the context pf‘the envifonment env according to the current
extension of the CDL interﬁretation‘ruleé. Thus for any
expression the value of eval(e,self) will be the same as the
value of e regardless of the current evaluation rules. Eval is

given as a routine in figure III-D.

If the expression exp 1s atomlc then it is used as a
selector to reference the environment env. Otherwise it is
split into two parts, its head which 1s an operation and its
tail which is a list of expressions for the arguments. The
opefation is evaluated and called f, the arguments are
unraveled (i.e. each argument which represents a seque?ce of
arguments 1s elevated so that éach of its elements becomes an
element of the argument 1list) and called x, The unraveling
produces a list of the expressions for the actuai paraméters,

having each actual parameter which was not followed by a colon
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as an element. Arguments followed by colon stand for several
arguments and are evaluated, each element of the resultiﬁé list
is quoted, and the quoted values are taken as elements of the
list of actual parameter'expressions. The value of f should be
either an atom naming a primitive operation or a list which

represents a routine.

If‘f is an atom it is compared to each of .the selectors for
the primitive operations which have special interpretations for
their arguments. These include only seq, econd, monitor, synch,
cont, return, where and qubtg._if one of these is found then
the arguments are treated accordingly. For the other primitive
operations the arguments are evaluated in the context of the
calling process and used as actual parameters to call the

operation within the context of the interpreter.

If f is nonatomic then 1t must ge a routine. Routines are
lists of four elements: ROUTINE, env, fpl; and exp where env 1is
the local ehvironment in which the routine was defined, fpl is
the list of formal parameter names, gnd exp 1s the expression
for the body of the routine. A new local environmeﬁt is formed
and the expression for the body of the routine is evaluated in
the context of that environméhtd The local environment cdntains
an activation record for the caller; and a global environment
which is the environment of the routine definition. The remainder
of the local environment consists of the actual parameter§ named

by the formal parameter names,
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Four auxiliary routines: ravel, evdef, pp, and interp, are
used in defining the interpreter., These are glven if fiéufe
III-E. The routine ravel(x,e) evaluates, unravels, and quotes
any expression on list z which represents several actual
parameters. The routine evdef(d,e) ﬁakes a single definition in
the local environment e where d may be either of the definition
types, VAR for variables or ROUTINE for routines. The
expression for the initial value of a varlable is‘evaluated at
the time of definition 15 the context of the global environment
of the definition.” The body of a routine is saved together with
the local environment e, so that at each call on the routine,
the body can be evaluated with e as the global environment.

The syntax for definitions is given in}figure IITI-B and III-C.
The parameter passing routine pp pairs the values of the actual
parameters apl with the formal parameter names fpl in the given
local environmenf lenv of a process gnd evaluates the actual
parameter when indicated. The interp routine 1s used to form
the activayion record for the caller whenever a routine is |
called, The activation record has two parts, the local
environment of the caller and the state (i.e. activation record)
of the interpreter for the caller. Note that interp doés not
return to its caller, this is because the return will be made by

eval when a return operation is encountered (see figure III-D).
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The description of thelinterpreter as a routine 1s Intended
tdyclarify the details of the interpretation of programs in the
control description 1anguage and to illustrate how interpreters
are described within the language. The definition of ewal also
shows the relation between controi structure definitions and the
1nterpfeter. For example, a parallel conditional operation
which evaluates the first of each palr of arguments in parallel
and takes as the value of the expression the value of the
second argumént of the palr whose first argument was TRUE,_céuld
be added to the eJaZ routiﬁe.by adding another case when f is
atonmic (see figure III-D).._The code to be inserted ﬁight appear

{

as:

f=PCOND = seq[papp[[eval(H+y,CALLER)
Veeval(H+Te+y,CALLER) J3;y;x]; v] where v=UNDEF;

On the other hand, thls same operation can be made available
within the language, for any given scope, and without modifying
the interpreter by the following definition:

pcond(X:) = seq[papp([eval(Hey,e)
Veeval(HeTe+y,e)]);y;x]; v] where v%UNDEF;

Thus it is seen that the effect of a control definition is to
temporarily add a new primitive operation in the underlying

interpreter.
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I. IMPLEMENTATION STRATEGY FOR SEQUENTIAL MACHINE The control

description language can be of practical value for experimenting
with control structures only if it 1is implemented on some real
machine, that is, it haé a description in the language of some
sequential machine. We have given a description of the
interpreter (section IIi—H) which could be transliterated into
any given language providing the given language has the data and
control structures used in the CDL description of the
interpreter. What is needed then is a description of the CDL

data and control structures in terms of the data and control of

the given sequential language.

The CDL data structures can be readily implemented with
lists. Usiﬁg the terminology of Lisp, a CDL construct can be
represented as either an association list (i.e. a 1list of pairs)
or as a‘property list (i.e. a 1list on which every other element
is an attribute, or selector, and the other elements are the
associated values). Many languages have lists as primitive data
structures and in any case methods for their implementation on
sequential méchines are well known (see [Mc 60] or [Ne 611]).

: P )

Each of the primitive control operations of the CDL must be
déscribed in terms of the control structure of a sequential
language. This will be done by aésuming a sequential language
which is syntactically identical to CDL but has only sequential

control structure. This language will then be extended to
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include routines which have the same effect as the primitive
cDL control structures., To be more explicit we assume that the

given language has the sequential processing control operation
seq, a conditional, recursive subroutines, and a return opera-
tion. It 1s assumed that there can 5e only one path of control
at a time, but the explicit use of the return means that is not
necessary for control to pass among routines in a strictly
hierarchical manner. Consequently local storage for'all rou=-
tines cannot be allocated in a single stack. 'Finally, we
assume that the processes (activation records for routines)

can be treated as data (otherwise the return operation would

be meaningless). 1In particﬁlar the'selectcr CALLER will be
used to reference the process~j which called the process in

which CALLER is used. The sequential implementation follows.

Two global variables queue and n will be defined. Queue
is a 1ist which is used to hold those processes which would be
currently running were it not that there can be only one path of
control at’a time. Each element of the queue is a 1list of the
form (myp) where p 1s a routine which has made a call but not
yet been returned to, and m is the number of levels of the
continuous processing operation, cont, in which the‘cali was
embedded. The queue willvbe arranged so that entries at the
greatest level of cont embedding will be at the top. The
variable n holds the number of levels of continuous operapions

in which the currently running process is embedded. ,Thé syétem
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variables PATHS and ACTIVE will also be kept as global variables

of the interpreter.

A couple of routines for managing the queue will be useful.
The routine q(m,p) will be used to queue the process p at m
levels-of eont operation embedding. Among processes with the
same value for m the queuing order will be first-in-first-out.
The ¢ routine is given below.
q(m,p)'= seq[ ACTIVE+active+1; PATHS+paths+l;

QUEUE+q2(1list(m,p) ,queue)]
where q2(x,q) = [qQ=NIL - list(x);
HeHegq<Hex = cons(x,q);

TRUE -+ cons(He<q,q2(x,T+q))];

The ung routine removes the first éntry from the head of
the queue and returns control to its process. If the Queue is

empty then all processing is complete.

unq() == [queue#NIL + seq[ACTIVE«active-1; PATHS<«paths-1;
N<He+Hequeue; QUEUE<Tsqueue; return(UNDEF,p)]

where p=HeTelHequeue ];
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Parallel processing. A seéuential imﬁlementation can now be
given for each of the CDL control primitives, The first
operation is the parallel processing operation par. The
arguments to par may be evaluated in any order, but if any one
of them is temporarily suspended (e.g. by execution of a
monitoi operation) that suspension should not prevent the
continued evaluation of the other arguments. Thus, the

routine will sequentially queue up processes to evaluate each
of its arguments. These processes will share access to four
variables wl, vZ,‘rtns andAp. A list of the evaluators for the
arguments which have been éueued but not yet returned a value
is kept in wl. A 1list of the values returned by the right most
argument 1is kept in »l. The number of returns to be made from
par is kept in rtne; this will normally be one unless some
arguments return more than one value. The varliable p contains

the process which called par.

The routine evpar (see definition below) acts as the
evaluator for each par argumént. Each call on evpar__“‘ ;
sequentially: 1) adds itself to the iist of evaluatofs wly 2)
for the right most argumeht Fhe argumenﬁ‘is evaluated énd added
to the value 1list vl or for any Qtﬁer argument the eﬁaluation
of the argument is delayed (i.e. queued for later prééeésing)
while evpar is applied to the remaining arguments; 3) when

the evaluation of an argument returns a value then its evaluator

is removed from wl or if 3t is not on w? (i.e. this was
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not the first value réturned by the argument) then the number of
par returns rins is incremenﬁed; ) if all arguments have
retufned at least one.value then rtng returns are made to the
process p in such a way that every value returned by the right
most argument 1s returned to p at least once. The fork routine
is used to create pseudo-parallel control paths in a sequential
environment; it sequentially: l)tqﬁéues its caller for later
processingy 2) evaluates its argument in the contéxt of its

"caller; and 3) conpinues the processing of a queued process.

ggg(X:)==evpar(x)vﬂgg£g
[ wl=NIL; v1=NIL; rtns=1; b=ca11er;
.evpar(x)==seq[ WL<«cons(self,wl);
[T+x=NIL » VL<cons(eval(Hex,p),vl);
TRUE - seq[fork[gvpar(T-x)];'eval(H-x,p)]];
WL+par2(wl) Egggg}parZ(y)=
[y=NIL » seq[RTNS<«rtns+l; NIL]; HeySself > T-y;
TRUE + cons(Hey,par2(Tey))1; |
[Wl=NIL ~» Eggil’rtnszo gg.
seq[RTNS+rtns-1; [Tev1ZNIL » VL<Tevl];
fork[return(val,p)]] where val=Hevl;
unq( )73

-

fork(EXP)==seq[q(n,caller); eval(exp,caller); unq( )11;
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Monitoring. The monitoring operation monitor(s,c,r,v,exp)

provides a capability for nonbusy waiting. The evaluation of
an expression exp 1s initiated when the value of a given vari-
able s+*c 1is related to a value v by the relation »r, The monitor
operation can be implemented by associating a construct of
monitor processes with each construct which is not local to the
interpreter (i.e. which can be monitored by the user). The
monitor list will be a2 part of the monitored construdt and can
be referenced by the selector MONPART. For each part & of a
construct o which'is being‘monitoréd the value of g*MONPARTec
will be a list of the procésses monitorihg the value of seec.
The monitor routine, providing the condition r(se+e,v) is not
already TRUE, willl add a new monitor process to the list
s*MONPART+ce, All monitor processes on a list s<MONPARTe+c will

be executed whenever the value of se+c changes.

The routine monitor(s,c,r,v,exp) evaluates the arguments
s,é,r, and v only once. If the condition r(s*e,v) is TRUE,
then the process which calleé monitor is queued for later pro-
cessing, the expression ex? is evéluated in the context 6f the
process which called monitor, and then control'is passed to
another queued process, If the condition r(s+e,v) 1s not TRUE
then a monitor process is_crééted and added to the 1is£ at
soMONPART-c and a list of &,e, and the monitof process ié re-
turned as the value of the monitor routine. The mdnitér process

- 1s represented by a list of the form (r,v,exp,e,m) where e is

the context for the evaluation of exp and m is the number of
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levels of cont operations in which the call on monitor wWas

eﬁbedded.

where mon2()==sed[q(n,caller);gggl(exp,caller);unq()];
TRUE + seq[[8,MONPART«c=ZUNDEF » u(MONPART c,s,NIL)J;

s *MONPART.c+cons(p,s+MONPART.c) ;

PATHS<+paths+l; list(s,c,p)]
where pélist(relop,v,exp,caller,n)]

where relop=[yEUNDEF+r;TRUE»yj where y=eval(r,caller);

The routine ﬁnmonitar(k}'terminates the monitofing process
x, where x was returnéd by a cdll on monitor, by removing the
process from the appropriate monitor list. The process z is of
the form (s,e,p) where p is or was an entry in the list

8 *MONPART e,

(Hex) *MONPART «HeTex))
where unm2(x,y)=l:yENI'L'-> NIL;
Hey=x » seq[PATHS<+paths-1; Tey];

TRUE + cons(Hey,unm2(x,T-y)];

All changes to the values of variables must ultimately be
made by the operation yu. Thus it is only necessary to test.

" monitor conditions when a y operation is performed fof the user
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(i.e. all operations which do not act on variables local to the
interpreter). The routine u will make the assignments to the
specified variables and will also evaluate the monitor.
conditions associated»wifh each of those variables. If any
monitor condition is TRUE, the monitor procéss will be removed
from the monitor list, énd the monitor expression will be queued
for later evaluation. Because some of the expressions which are
queued during a y routine may' be embedded in more cont
operations than was the p call, it is some times necessary to

requeue the p routine.

u(e,x:) = [x=NIL - séq[req(); cl;
TRUE - seq[mu2(Hex,HeT+x); u(c,TeTex:)]]
where mu2(s,va1)=oeq[u<c,s,val);
[s *MONPART+cZUNDEF + sapp[mu3(y:);y;s*MONPART.c]]]
where mu3(relop,v,exp,e,m)=
[relop(val,v) » seqlmul();eval(exp,e); unq()]1]
ﬂgggg_muh()==seq[PATHS+paths—l; a(m,caller);
return(UNDEF,CALLER-caller)];

req()=[queueZNIL » [n<H.H.queue - seQEQ(n,caller);Aunq()jj];
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Synchronization. The operation syneh(e,x,y) quarantees that for
any construct ¢ only one process Ean be be executing the
critical section x: If a synchioperation is exééuted on a
construct for which a synech operation is in progress then y and
not 2 will be executed. This operatién can be implemented by
associating a Boolean’variable with each construct which is not
local to the interpreter. The variable will be called SYNCHPART
and will be FALSE only when a‘critical section is‘being executed
and TRUE otherwise. Because the expression y may include a call
on synch(e,z,y), the execution of y will be delayed until other
queued processes (hopefully'ipcluding the critical section

associated with e) have been executed.

-t o v

VAL+eval(x,caller);
» SYNCHPARTe«c+«TRUE] where val=UNDEF;
TRUE -~ seq[delay(); eval(y,caller)]

where delay()==seqlq(n,caller); unq()]];

Continuous processing. The continuous processing operation

cont(xz) guarnatees that evaluation of the expression x will
occur between two consecutive steps of any process which is
embedded in fewer cont operations. Wé have associated with each
process a count of the number of cont 1evels in which it is
embedded and then have executed the processes in strict

accordance with this count (i.e. higher count processes are’

.
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executed first). All that is then required by the cont routine
is to increment the count for thé€ current process‘by one; to
evaluate the expression ¥, and to fhen decrement the count to
its former value. When the count is decremented‘it may be
necessary to queue the proceSs which called coﬁt because other

queued processes will then be at a higher level of .cont

embedding.

cont (EXP) = seq[N+n+l; VAL+eval(exp,caller); N«n-1; req(); val]

where val=UNDET;

One further routine is needed. We assumed that those
constructs which are not local to the interpreter have two
special parts MONPART and SYNCHPART. Consequently, a uo() routine

is needed for their initilization.
HQ(X:) = u(uo(MONPART,uo(),SYNCHPART,TRUE),X:);

The above descfipfions of the control opefations in terms
of sequential control afe intended to show only how they might
be implemented on a sequential machine and should not be taken
as definitions of the control Qéérations.wNeither.do these
descriptions provide the most efficient implementétion (e.s. if
the monitor processes on a monitor 1iét were ordered by the-
value of i}then the number of conditions tested when a u
operation is executed could be reduced). But they do gi;e'the

general form of a sequential implementation.
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J. EXPERIENCE WITH AN IMPLEMENTATION OF CDL A progfamming Sys-

tem [Le 70] based of the Control Description Language was imple-
mented of the B5500 during the summer of 1969.' This system is
written in Algol, follows the strategy suggested in section J

of this chapter, and is interpretive;

The primitive data structures (including constructs'and
1ists) are built from simulated 23 bit words having a U bit
data type field and a 19 bit relative address field. Succes-
sive 1list elements are kept 1n‘spcc¢ssive simulated words with
exceptions indicated by a Spgcial data type l%nk whicp“pd;nts
to the continuatién of the lisﬁ;v A link to the maximﬁmfﬁ
address value indicates the epd of a list.v Simulateg_yérdgu
are kept two per Algol rqai Qariable in dynamic own éfr;yé. _
Garbage collection involves a double copy of the storage which
is in use. This operation compacts the in use portion of
storage into a contiguous area and attempts to eliminate links

by making lists contiguous.

The result of this implementation were both discouraging
and -encouraging. On the negative side the implementétion
consists of approximately 1500 Algol statements and is 4diffi-
cult to follow. The lack of clarity in the implementation is
a direct result of restricting ourselves to the Algol control
structure, It is necessary within the CDL interpreter to set
aside the state of the interpretation when monitor proces;es

become TRUE, when cont operations are encountered, and when
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parallel paths are established, and these can occur when the
interpreter is embedded in several levels of routine calls,
;Algol has no provision for setting aside its stack environment
and therefore Algol procedures cannot be used as CDL routlnes,
That is the interpreter requires a pseudo-parallel control
structure which Algol does not have, Thus; the system was
implemented with all local storage for the interpreter kept in
the simulated words under the control of the garbage collector
instead of in Algol warlables which would be managed by the
stack hardware. For the same reason, the interpreter is
written using only one Algol procedure level. When routines
are needed they are given Algol statement labels and called

by first saving a return label and then executing a go te to

the desired routine.

Because we were unable to take advantage of the Algol stack
and instead had to explicitly manage the storage in own arrays,
there is also a significant degradation in the executibn times
of CDL programs as compared to similar programs written in Algol.
a (decimal) order of magnitude might be expected because the
systemAis interpretive but the first experiments showed closer
to four orders of magnitude, A large portion of this time was
attributable to our inexperience with list processing in a
paged environment. With some changes in the storage management
and garbage collection the'processing timé was reduced by a
factor of 50. Experiments with the resulting system havé shown

an additional factor of 20 to be attributable to the explicit
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storage management,

Three consequences of implementing the system directly in
Algol were an opaque program, excessive processing times, and
difficulty 1n making changes to the system at the Algol level.
As it turns out the B5500 1s not in fact an Algol machine with
respect to control structure. The B5500 is avmultiprogramming
Algol machine and as such has provision for a form of pseudo-
parallel controi (i.e. the stack can be set aside and later
recovered). The B5500 version should be reimplemented by first
extending Algol to include operations which set aside Algol
stacks and later recover them. The CDL interpreter can then be

implemented directly using procedures as routines,

Despite the speed, éxperience with the use of the system
has been encouraging. The system was implemented as an
interactive system wlth the interpreter executing expressions
directly from consoles as well as from stored programs. A
sidetrack pafser was written in the system and required about
50 minutes of connect time for‘loading and initial debugging.
This parser then provided a syntax extension facility which was
used in conjunction with the control extension facility to |
implement a subset of APL, This latter effort produced a usable
(vector only) subset of APL and required a total of 20 man-

hours (not mine) for the implementation.
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K. THE CONTROL STRUCTURE OF SOL The Sol language will be used

to show how existing programming languages are described using
the control description facility. Sol is particularly useful
for this purpose because it contalns a large number (twenty) of
control operations ranging from a sequential statement
structure resembling that of Algol to parallel processing ahd
interrupt controls. In Knuth's and McNeley's paper "A Formal
Definition of Sol" [KM64b] the external syntax for Sol is given
in BNF notation and the semantics in English. Here we have
translated those English déscriptions into CDL. The syntax is

given in figure III-F at the end of this sectlon.

Each Sol program or model conslists of a set of processes
which are executed in parallel. Initially each process has one
transaction (i.e, control path), Whenever all transaétions are
walting for some cohdition or for a specified amount of
simulated time then the simulated time clock time for the model
is increased to the minimum time minwaittime for which any
transaction i1s waiting. When any transaction executes a stop
statement the simulated time clock is stoped and the simulation

1s complete,

s01(GDL,PL) = seql papplevpres(1l,p:);p;pl]l;
until stop do when activez0 then TIMEe.genveminwaittimel;
stop = FALSE;

minwaittime = 0;



107

There is a single global environment shared by all proc-
esses, It contains any global varlables defined 1n the ﬁodel

and the variable time which is the simulated time.
genv = evdecl(gdl,uo(TIME,0));

An important characteristic of Sol is that a number of statis-
tics are gathered'during a simulation. Thus, for each process
the number of transactions ﬁotrans, the name of the process
name, a list of the local declarations pdl, and the list of
statements for the process el are kept. The initial trans=
action for each procéss is executed beginning at the firét
statement of the process and such that initially the transe-
action is not waiting, 1§ not interrupted, has a local environ-
ment consisting of the local definitions of the process and

the variable priority which contains the priority of the trans-
action for resolving conflicts when several transactions
simultaneously requests the same resource, The table of

statement labels is that of the process.,

evpres(notrans,name,pdl,sl) == evtrans(T-sl,0,0,o;

evdecl(pdl,u,(GLOBAL,genv ,PRIORITY,0)),Hess1)
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Each transaction_has a list of statements next to be
executed, the next simulated time waittime for which 1t is
waiting, the time inttime when the tfansaction was last
interrupted, the number of times noints it is currently
interrupted, a local environment env, and a tabie of statement
labels labtab. Statements are executed sequentially untll the
end of the statement list (i.e. mext=NIL) 1s encountered at the
highest procedure level, but only when the transaction is
neither interrupted nor waiting for a simulated time. Each
statement is executed by making.its successor be the next
statement and then evaluating the current statement in the

context of the transaction interpreter evtrans.

where evtrans(next,waittime,inttime,noints,env,labtab5==
evprocedure(next,env,labtab) where |
evprocedure(next,env,labtab)=
(g_r_._p_;__l__ next=NIL do when NOINTS+selfz0 then
seq[NEXT+«T+next; eval(s,self)] where s=Henext)

where [

Note that the block structure of the Sol interpreter
conforms to the dynamic structure of Sol models with statements
local to procedures, procedures local to transactions,

transactions local to processes, and processes local to models.
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The Sol control operations take the form of statements and
are defined below, Statement labels are ignored in the
evaluation.

label(ID)=UNDEF;

The start statement new transaction to label causes a new

transaction to be formed. The new transaction has the same
process and a local environment wﬁich i1s identical to the
transaction which executed the newtrans. The new transaction
is neither interrupted‘nor waiting. Execution within the new
transaction begins at the given label label. The newtrans
routine also increments the nuﬁber of transactions notrans for
the assoclated prbcess. This latter operation requires mutual
exclusion because several newtrans processes could be in

progress simultaneously.

newtrans(LABEL ==par[ return(UNDEF,caller);
exclusive(findenv(NOTRANS),NOTRANS«notrans+l);
evtrans(evgo(label,labtab),0,0,0,e,labtab)]
where e=copy(env); '
exclusive(x,EXP)=excl( ) where [p=caller;
ex¢l( )=synch(x,eval(exp,p),excl( ))1;
findenv(name)éfe(caller) vhere fe(x)=

[select(name,x)=SELECTERROR+x; TRUE+fe(GLOBALex)J;
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The cancel statement cancel causes transactions to "die
There is also an imélied cancel statement at the end of each

process.
cancel( )=NEXT¢NIL;

The replacement statement var <« exp replaces the value of
the variable var by the value of the expression exp. Var may be

the reserved Sol identifier priority.
replace(VAR,EXP)=varsenv+eval(exp,env);

The wait statement wait exp causes the transaction to be
delayed for the value of exp rounded to an integer units of

simulated time.

walt (EXP)=seq[WAITTIME«TIME genv+max(0,round(eval(exp,env)));

until walttime<TIME.genv do when NOINTSe.self=0 do

[waittime>TIME-genv >
seq[exclusive(findenv(MINWAITTIME),MINWAITTIME«
mingreaterthan(waittime,minwaittime,TIME.genv));
when TIMEsgenvZTIME.genv then UNDEF]]];
mingreaterthan(x,y,z)g[x>z + [y>2z » min(x,y); TRUE - x];

TRUE +[y>z + y3 TRUE-»z]];
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The walt-until statement wait until exp causes the

transaction to be delayed until the value of exp becomes TRUE.
The condition is tested once for each increment of the simulated

time.

waituntil(EXP)=until eval(exp,env) do

when TIME.genvZTIMEsgenv then UNDEF;

The enter statement enter store, exp 1s a request for the
value of exp rounded to an integer units of storage space from
store. The transaction remains at.this statement until the
requested storége is available and all other transactions of
greater or equal priority whicﬁ have been waiting for storage
space have been sérviced. Because of the strict servicing order
a list of requests in the order to be serviced is kept with each
store as req. Whenever space is allocated or released statistics
are gathered. The TOTALOCCUPANCY of a store is tofal number of
space—time units of the store which have been used. The MAXUSE
of a store is the maxihum storage units inuse during any time
interyal. Each element of the request queue fbr a store contains
the requesting transaction trans and the amount amt of space

requested.
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enter(STORE,EXP)==séq[exclusive(store'genv,
'REQ-store-genv+q(uo(TRANS,caller,AMT,round(eval(exp,env))),
REQestoresgenv))
where q(x,y)=[y=NIL » 1list(x);
' PRIORITY »env>PRIORITY+ENV+«TRANS«Hey -+ cons(x,y);
TRUE + cons(Hey,q(x,Tey))];
allocate(store-genv)];
allocate(store)==[exclusive(store,
[REQestoreZNIL - [CAPACITY-storeleUSE-store+émt +
seq[[et>0 » par[TIME.store«TIME«.genv;
| | TOTALOCCUPANCY-store«TOTALdCCUPANCY-stofe+
INUSE+«storexet;
MAXUSE-store+méx(MAXUSE-store,INUSE-store)]]
where et=TIME-genv-TIME+store; |
INUSE+store<INUSE+storetamt;
REQe+store«T+REQestore; TRUE]]
where amt=AMT+.H<REQe¢store]) -
par[return(UNDEF,transaction); allocate(store)]]

where transaction=TRANS<H+REQe+store;
/ .
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The leave statement Zeave'store,_exp'returns the rounded

value of exp units of space in store.

leave(STORE,EXP)==seq[exclusive(store-genv;
REQ-store-genv+cons(ug(TRANS,caller,AMT,
~ AMT,-round(eval(exp,env))),REQ+store-genv));

allocate(storee«genv)];

The seize statement seize facility; exp 1s a request for
the use of the facilit& facility. The transaction remains at this
statement until the requested facility is available and all
other transactions of greater or equal priority or control
strength which have been wailting for the facility have been
serviced. Because of the strict Service order a list of requests
is kept with each facillty as req. Each element of the request
queue for a facility contains the'requesting transaction
and the control strength esy The control strength of a request
is given as the rounded value of exp. Whenever the control
strength of a request is gréater ﬁhan the control strength of
the request which current controls a facility, an interrupt will
oceur sé that the request of higher strength can continue ahead
of the transaction which has control of the facility. A record

is kept of the time at which a facility changes from nonbusy to
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selze(FACILITY,EXP)=exclusive(facility+genv,seq[
[REQ~facility-genvENIL+CHANGETIME°facility°genv+TIMé-genv;
TRUE -+ interrupt([csgCS-H-REQ-facilityogénv + global;
TRUE = TRANS-H'REQ-fécility-genv])
where interrupt(trans)=exclusive(trans,
seq[[NOINTSetrans=Q@ -+ INTTIME.trans+<TIMEegenv];
NOINTSetrans«NOINTSstrans+1])];
REQe facilityegenv+q(yu, (TRANS,zlobal,CS,cs),
_ . REQefacilityesgenv)
where q(x,y)=[ysNIL » list(x); |
¢s>CSeHey + cons(x,¥); .
(cs=CS+*Hey)a (yZREQefacilityegenv)a
(PRIORITY «env>PRIORITY ¢ENV+ TRANS +Hey)
> cdns(x,y);A
TRUE » cons(H+y,q(x,T+y))]])

where cs=round(eval(exp,env));

The release statement release facility allows a transaction
to release a previously seized facility. If there are no
further requests for the facllity the time it has been 1In use

is added to the TOTALTIMEUSED for the facllity.

release(FACILITY)=exc1usive(facility°genv,seq[
REQ-facility-genv*T°REQ-facility'geny; .
[REQe+facilitysgenvzNIL » TOfALTIMEUSED-facilityogenv+
TOTALTIMEUSED. faci1itygenv+ )

(TIME +genv-CHANGETIMEsfacility-genv);
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TRUE + exclusive(trans,seqfl
[NOINTSetransz1l =+ WAITTIMEetrans+
WAITTIMEstrans+(TIMEsgenv-INTTIME«trans)];
NOINTS+trans+NOINTS+trans-1])
where trans=TRANS+<He¢REQe+facilityegenv]]);

The go to statement go to labellist, exp causes control to
be transferred to a specified label. If n isrthe rounded value

th

of the expression exp then the label is the n label on list

"labellist or if n is zero control will continue in sequehce.

goto(LABELLIST,EXP)=[n#0+NEXT+evgo(getnth(n,labellist),labtab)]
where [n-round(eval(exp,env)),
| getnth(n,x)=[nz1+Hex; TRUE»getnth(n-1, T-x)]],
evgo(label,labtab)=[label=H+labtab + HeTelabtab;
TRUE + evgo(label,T+Tslabtab)];

The stop statement stog causes the simulation to terminate.
stop( )=STOP+TRUE;

R procedure 1s a subroutine used to save coding.
Parameters are not allowed. There are local and global
procedures and global procedures cannot refer to local

variables. A go to may'not lead out of a procedure.

procedure(ID)=evprocedufe(T-idoenv,
[id+envzidegenv + u, (GLOBAL,genv); TRUE » env],
Heldsenv);
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A routine evdecl is used to make all declarations. Real and
integer variables are initialized to 0. Stores have a fiiéd
capacity CAPACITY, a queue REJ of requesting transactions a
time TIME which 1s the last simulated time at which the store
changed from empty to nonempty, the amount INUSE of the store
which 1is currently in use, the maximum value MAXUSE of INUSE
over a simulated time interval, and a running total
TOTALOCCUPANCY of the space—time utilization of the store.
‘Facilities have a queue REQ of requesting transactions, a time
CHANGETIME which is the last time at which the facility went
from nonbusy to busy, and TOTALTIMEUSED which is the total amount
of simulated time for which the facility has been bpsy. Monitofed
variables must be previously declafed and cause the value of the
variable to be printed whenever it changes. The procedure body

is associated with the procedure name in the current environment.

evdecl(dl,env)=sapp[[H'déﬁEAL -+ papp[ﬂ(env,item,o);item;T;d];

Hed=INTEGER = papplu(env,item,0);item;Td]; |

Hed=STORE » papplp(env,Hex,no (CAPACITY ,HeTe+x,REQ,NIL,
TIME,0,INUSE,0,MAXUSE,0,TOTALOCCUPANCY,0)) ;x;T+d];

Hed=FACILITY » papp[u(env,item,u,(REQ,NIL,CHANGETIME,O,
TOTALTIMRUSED,0)) ;item;Ted];

Hed=MONITOR - papp[cént(evmon(item));item;T-d]

where evmon(item)==par[return(UNDEF,caller);

when itemeenvZitemeenv then

par[print(item,itemeenv); evmon(item)]];

Hed=PROCEDURE » u(env,T+d:)7];d;d1];
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The two portlons of Sol which we have not described are

the input—output and the evaluation of expressions. The input-—
output operations will be omitted because they do not influence
the control structure. The expressions are a subset of the CDL
expressions so we will use the CDL expressions and will evaluate
them using eval. There are however a few predicates*unidue to
Sol and these are defined below. The expressioné id busy,and

id not éggg are used to interrogate the status of a facility <d.
The. expressions id full, id not full, id empty, and id not empty

are used to test the current usage of a store.

busy(facility)=REQe+facility#NIL;
full(store)=INUSE+store=CAPACITY.store;

empty(store)=INUSE«storez0;
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solmodel = BEGIN globaldecllist $; processlist END $;
# SOL plobaldecllist processlist NIL
processlist = prcsdesc # prcsdesc NIL
| presdesc $; processlist # prcsdesc processlist
prcsdesc = PROCESS id $; statement # id NIL statement NIL
| PROCESS id $; BEGIN prcsdecllist $; statlist END
# id precsdecllist statlist NIL
statlist = statement cptail # append(H-statement,chptail).
append(Testatement ,Tecptail)
| 1d $: statlist |
# cons(id,T.staﬁlist,H-staﬁlist) Testatlist
| IF exp THEN statement cptail |
# append(Hestatement,Hecptail)
| list (IF,exp,append(Testatement ,Tecptail))
Tecptall
| IF éxp THEN stateﬁent, ELSE statement, cptail
# append(H.statement,,Hestatement,,Hecptail)
list(IF,exp,append(T-statement1,T-cptail))

append (Testatement,,T+cptail)

cptail = empty - # NIL NIL
| $; statlist . # statlist
statement = simpstat # NIL simpstat NIL
| BEGIN statlist END - # statlist
| $( statlist $) ’ # statlist

where append(x,y:)=[T.yZNIL -+ append(x,append(y:));

x=NIL + y; TRUE -+ cons(Hex,append(Te.x,y))];

Figure III-F, Sol syntax.
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simpstat = NEW TRANSACTION TO label # NEWTRANS label NIL

| CANCEL | # CANCEL NIL

)

| 1d $« exp REPLACE id exp NIL

| WAIT exp WAIT exp NIL

| WAIT UNTIL exp WAITUNTIL exp NIL

| ENTER id ENTER id 1ist(QUOTE,1l) NIL

ENTER id $, exp ENTER 1id exp NIL

LEAVE id LEAVE id 1ist(QUOTE,1) NIL

LEAVE id exp NIL

.SEIZE id SEIZE id 1ist(QUOTE,0) NIL

l
I
| LEAVE id $, exp
I
l

SEIZE id $, exp

SEIZE id exp NIL
| RELEASE id RELEASE 1d NIL
| GO TO 1label GOTO 1ist(label) 1ist(QUOTE,1) NIL
| GO TO labellist $, exp GOTO labellist exp NIL
labellist = label label NIL
| label $, labellist label labellist

label = 1d ia

T JR M Jx Fk I IJx I JRh I I} T® T I Ik

globaldecllist = declaration declaration NIL

| declaration $; globaldecllist # declaration globaldecllist
declaration = vardecl | facilitydecl | storedecl

| monitordecl | proceduredecl
prcsdecllist = processdecl o # processdecl-NIL

| processdecl $; prcsdecllist # processdecl presdecllist
processdecl = vardecl l proceduredecl | monitordecl

simpstat = STOP # STOP NIL

| id # PROCEDURE id NIL

Figure III-F continued, Sol syntax.
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vardecl = INTEGER itemlist # INTEGER itemlist
REAL itemlist # REAL itemlist
facilitydecl = FACILITY itemlist # FACILITY itemlist
storedecl = STORE storelist # STORE storelist
storelist = number item #‘list(number,item) NIL
#

number item $, storelist list (number,item) storelist
monitordecl = [MONITOR itemliéﬁ # MONITOR itemlist
proceduredecl = PROCEDURE id $; statement

# PROCEDURE id statement NIL

€XP T 4o ~ (see figures III-A,B,C)

PEXP = .. - " (see figures III-A,B,C)
| id BUSY # BUSY id NIL
| 1id NOT BUSY # NOT 1ist(BUSY,id) NIL
| 1d FULL | # FULL id NIL
| id NOT FULL # NOT 1ist(FULL,id) NIL
| i@ EMPTY # EMPTY. id NIL
| 1@ NOT EMPTY # NOT 1ist(EMPTY,id) NIL

Figure III-F continued, Sol syntax.
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CHAPTER IV -

MULTIPLE SEQUENTIAL CONTROL

"WJe do not really have a way of describing control, so we
cannot declare its regimes." — A.J.Perlis [Pe 67]

The multiple sequential control 1s a genefalization of the
subroutine, coroutine, and pseudo-parallel control found in
programming languages. Like these control structures wﬁich
reflect the sequential processing capabilities of the underlying
machihé by dealing with only one control path at a time, the
multiple sequential control is biased toward sequehtial

processing.

A. SEQUENTIAL PROCESSING 'The main component of the multiple

sequentialvenvironment is the process. The process 1s an active
entity which represents an activation of é routine. ’In

this respect it 1s similar to the processes of CDL. Processes in
the multiple sequential environment however, can have only one
control path. Because there is onlybone path of control pér
process it is meaningful to talk about a process as an element
which can be controlled within the system. In the previous
chapter an activation record represented a static instancé in
the progress of a control path within a proéess together'with
the dynamic state of the environment bf that process. Here an
activation record will be used to represent the dynamic ﬁrogreés

of a process. Thus an activation record will change over time
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and contains the current state of the unique control path for
the process as well as the current state of the environment of

the process.

Processes can be graphically represented by diagrams which
depict the progress of thelr execution. Each process 1is
represented by a box and is assumed to have a finite lifetime.
Time progresses from top to bottom within a process box with the
top bar representing the moment at which the process was created
and the bottom bar representing the moment of termination.
Execution of a process takes place in discrete steps along a
line drawn from top to bottom in a process box. The line is
viewed as discontinuous and composed of a finite number of

points. The entire life of a proéess is represented thus:

process created

intermediate stéps

process terminated

Figure IV-A, process diagram.

We have seen (chapter II) that subroutine, coroutine, and
other forms describe relations between proéesses. The process
diagrams can be used to 1llustrate these relations. A liné‘_’

segment drawn downward between two points in a process box
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indicates that the processing step at the source (upper) point
must be processed before the step at the destinétion(lOWér)
point. When similar dependencies exist between points in
different processes they will be connected by a directed line.
If process B acts as a subroutine to'process A the relation can

‘be deplcted as follows:

L____;____é;__~4>————“’*~—_
\\\\\ 4

\\\\5

Figure IV-B, subroutine relation.

From the diagram in figure IV-B it can be seen that the
entire duration of process B 1ls between two consecutive steps of
process A, It can also be seen that no concurrent processing
occurs between processes A and B. If A and B acted as coroutines,
the diagram would take a differeng form‘as shown in figuré Iv-C.
Here,cohtrol is passed baék and forth between the two routines.
Process B might be called a subordinate coroutine to process A
since the life of B is bounded by two steps of A, but unlike the

subroutine the two steps are nonconsecutive.

Other coroutine relations are possible. Process A for

example could have begun before process B, act as a éoroutine to
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WT\T
I

Figure 1IV-C, subordinate coroutine.

process B, and then terminate before process B. More than fwo
processes can act as coroutines. A three process coroutine
relation is shown in figure. IV-D where the process pairs A-B and
B-C each have a coroutine relation. Because A is created before
B and also terminates before B théy‘do not hold a subordinate

relationship."Process C is however subordinate to process B.

L }——1,. L t+——T.

/

Figure IV-D, double coroutine without subordination between™
A and B or between A and C.
The double coroutine has two coroutine palrs in which one
process (B) is a member of both pairs. Coroutine environments in
which control is passed among several processes which are not

palr-wise coroutines are also pbssible. Such an arrangemeht is
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shown in figure IV-E. There 1s also a cyclic relation which can
occur among processes. Essentially the cyclic relation_sé&s that
the order of creation of a set of processes is the same as the
order of termination. For a two process environment elther the
subordinate or the cyclic relation holds., In figure IV-D the
processes A and B are cyclic while process C 1is subordinate to B.
For more than two processes the subordinate and cyclic relations
are mutually exclusive but it may be that neither holds. In
figure IV-E the three processes are cyclic with A first, B
second, and C last,while in figure IV-D the three processeé are

together neither subordinate or cyclie.

|

< /

"f’_ﬁﬁ,,——a»~“”"’”1”,,nf*”’é7”’

\

Figure IV-E, cyclic triple coroutine.

B. INTERFACE OPERATIONS The directed lines between processes

determine the relations between the processes. They also suggest
a set of operations for generating these relations. There 1s an
endless variety of relations which we can have among processes,
but there are few varieties of interprocess line segments in fhe
corresponding process diagram. Consequently there might be one

operation corresponding to each type of interface befween
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processes. Returning to figure IV-B we see two types of
interfaces (labeled a and b). The type"d'interface causes one
process (A) to be suspended, anotherAprocess (B) to be created,
and execution of the latter process to be begun. The type "s"
interface causes one process (B) to be terminated and the
execution of another (A) to be resumed. In figure IV-C the type
9" and"b' interfaces are apparent, but thefe is an additional type
Wﬁinterface which causes one process to be suspended and

another to be resumed.

The words which we have been using to describe these
interfaces (create, suspend, resume, and terminate) can be
formalized as operations which combine to form the interfaces.
First let us describe the 1nterpreter for such a sysﬁem. Fach
process willl have its own interpreter. Each interpreter will be
concerned with three aspects of processes: their processing
status fwhether suspended, resumed or terminated), their current
point or step of processing, and the current state of the
associated environment. Each processing step has an associated
expression or statement which is to be evaluated at that point
and which we will call an instruction. The next processing step
will be represented as a list of instructions with the next one
as the head of the list. The environment (eny) provides the

context for all processing within a'process.

The interpreter for a process returns a representation of

the process (actually the local environment of the interpreter)
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to the interpreter's caller; and whenever the status of the
process is prpsymep then the interpreter will sequentialli
evaluate the instructions. The interpreter for a process will be
terminated when the status of the process becomes TERMINATED.
The multiple sequential interpreter is described in figure IV-F

where meeval evaluates a single instruction.

1 msinterﬁ(status,next,enVJ==par[return(self,caller);
until  status=TERMINATEL do
when STATUS-self # SUSPENDED then
[statuSERESUMED + seq[NEXT«Te+next; mseval(inst,env)]
where inst=Henext]]

where mseval(inst,env)= ... 3

Figure IV-F, multiple séquential interpreter.

The interface operations can then be described as routines.
For definiteness we Will say that the routines of which a
multiple sequential process is an instance are represented by
lists whose heads are the formal parameter specification and
whose taill is the instrucﬁion list. The ereate operation then
has a multiple sequential routine as its first argument and a
list of actual parameters to that routine as the remaining
arguments. Create establishes é new suépended process with 1its
own interpreter.'The particular mechanism for parameter passing

ppr is of no concern.
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create(r,x:)=msinterp(SUSPENDED,Ter,pp(Her,x,us( )))

where pp(fpl,apl,lenv)= ... ;

Terminate(p) permanently halts the execution of p
instructions of process p at the completion of any instruction
already in progress. This 1is mechanized by setting the status of
p to TERMINATED and allowing the interpreter for p to terminate
1tself’.upon discovering the status. Suspend makes the specified
process temporarily inactilve (SUSPEHDED) providing the process
is not already terminated. Reéume continues the processing of a.

suspended process.

terminate(p)=STATUS «p«TERMINATED;
suspend(p)=[STATUS *pZTERMINATED - STATUS+p+SUSPENDED];

resume(p)=[STATUS*p=SUSPENDED -+ STATUS+p<«RESUMED];

The varilous types of interface can now be described using
these operations. Returning to the process diagrams we assume
that any interprocess line segment represents an interface which
was generated by the process at the source of the directed line,
Thus acfivafe creates a process and then resumes that process
without effecting the status of the generating process. A
subroutine call suspends the generating process and activates a
new process, An intermediate coroutine return suspends the
calling process and resumes the specified process; and a
terminal return terminates the returning process and resﬁﬁés
the specified process. The latter three operations generate type

' R
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a, ¢ and b interfaces respectively as7shown in figure IV-C.

activate(r,x:)=resume(create(r,x:));
call(r,x:)=seq[suspend(caller); activate(r,x:)];
coreturn(p)=seq[suspend(caller); resume(p)l;

termreturn(p)=seq[terminate(caller); resume(p)];

Thé interface operations are illustrated in figure IV-G.
Notice that the use of the aetivate, suspend, and resume
operations permit the creation and control of multipie
simultaneously active sequehtial‘processes. Parallel paths can
be terminated by a lone terminate. It may also be necessary to
provide parameter passing capabilities with all the interface

operations.

\
call —

| ~ 1
A coreturh / B M c
S"‘/ susfﬁhd | - -

/r¢ i e —— -

4ermihate

/

Figure IV-G, interface operations.

The description of the intermediate coroutine interface
given here can be contrasted with a description of a coroutine
interface in the CDL using the primitive control operatioﬁé.

directly. Within each process the symmetry is emphasized with
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the interface appearing as a subroutine call from the source
process and a subroutine return to the other process. Thds, we
do exactly that in the description: the coreturn is accomplished
by making a subroutinéélike call on a dummy procéss which

terminates (returns) to the coprocess.

coreturn(p,x);=return(x,b);

The procesé diagrams represent processes or instances of
routines. That is, they represent the dynamic control relations
which are established for some specific execution of the.
associlated routine. If the interface operaﬁions appear within
the arms of a conditional then the control relation can &ary
from execution to execution. Again we see that 1t is not
meaningful to describe routines by monadic predicates like sub-,
co-, and parallel-. Instead we should deal with the interface
operations which generate the relations; and in cases for which
certain interprocess relations are. guaranteed to remain invarient,
we nay describe them‘using péiyadic predlicates which encompass

the processes or routines involved.

C. STACK AND QUEUE STORAGE The more general a system,the less
efficient must be its implementation. Consequently, when special
properties are observed in a control environment we look for
efficient implementations which take advantage of those
properties. Two classes of relations among processes-were“seen

in the process»diagrams. One class described the sequencing
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among the processes and included subroutines, coroutines, double
coroutines, and multiple process coroutines. The other ciéss of
relations were concerned with the relative lifetimes of the
processes and included the subordinate and cycllic relations.

The relative lifetime of processes 1s the same as the relative
lifetimes of their storage so that we can look for savings 1n

storage management when the subordinate or cyclic relations hold.

It has become common practiceto allocate the local storage
for subroutines in a stack. That is, a contiguous area of memory
is provided for the subroutine sﬁorage as shown in figure IV-H.
The first process is allocated in region A. If A then creates
process B as a subroutine then storage for B is allocated
immediately above A. And if B calls C as a subroutine then
storage for C is allocated above B, When processing of C is
completed and C makes a terminal return to B, the storage for C
is released and can be reallocated to other subroutines (D)
called by B. When B is completed its storage is released and can

be reallocated to other subroutines (E) of A,

There are several reasons for using this first in, last out
mechanism. It provides a simple means of dynamically ailoéating
the memory with only a single pointer marking the boundry'
between the allocated storage and the available space. Only
those processes which have been cfeated but not yet terminated
take storage space, and recursive routines which require ééveral

- processes which are instances of the same routine to exist
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simultaneously can be accommodated without further mechanism.

A programming environment with only subroutines has the
property that for any pair of processes in that environment,
either the subordinate relation holds (one is created before and
terminated after the other) or the two processes are time-
wise disjoint (onevis terminated before the other is created).
It 1is qdite possible that these relations hold even without a
subroutine environment. This is also the only requirement for
stack allocation. The requirement could be restated as: storage
for all processes will be allocated at the tép of the stack when
the process is created, and it must be guaranteéd that every

process 1s at the top at the time it is terminated.

/’ﬂ'f/%////////
-

B %

NANAN

storage ——>

\\&\\\\\\\\

SO AN NN \\x\\\\\\\\\

time —>»

Figure IV-H, stack allocation.
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For coroutine“ and parallel routine environments the
stacking property cannot in general be guaranteed, but méy exist
in specific situations. If these can be detected elther
automatically or are noted by the programmer then stack
allocation can be used. One such example is the macro generator.
Programming languages sometimes have provision for syntax
macros. A macro assoclates a name with a string of characters.
Whenever that name is encountered the associated string is
substituted for the name (péssibly with provision for parameters).
Such a system is described in [S£r65]. When, as is usually the
case, the final string is being fed to a translator it may be
convenient for the macro generator and the translator to act as
coroutines. If the recognition of a macro name is made the job
of the translator and the macro generator is a routine which
successively emits the symbols of a macro definition then the
stacking requirements hold. Returning to figure IV-H, A might
represent the storage for the translator and B, C, D, and E the
storage to generate four specific macros. When A encounters the
call on macro B, B is called as a céroutine from A, and when
within the coroutine interchange between A and B, A détects an
occurrence of macro C then A will call C as a coréutine.
Processing between A and C will continue until C is completed
then processing between A and B will be resumed. Thus all other
processes act as coroutines with A but it is guaranteed that if
the existance of any two processes 1is overlapped then one 1is
created before and terminated after the other. The stack étorage

model is applicable.
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Other specialized allocation policies may be useful in
other applications. If one were simulating active entities with
fixed (feal) lifetimes, a process might be used to represent
each such entity. Although the processes might be created and
terminated at various times throughout the'simulation and thelr
interactions may be very complex, the fixed real lifetime
guarantees that the ordcr of creation is the same as the order
of termination (the cyclic property mentioned earlier). This
suggests a queue (first 1ﬁ,first out) storage mechanism. For
this purpose the memory can be viewed as cyelic. Such an
allocation scheﬁe-is illustrated in figure IV-I where the

processes A, B, C, D, and E are allocated iﬁ that ofder.

v

B
vz

storage

‘Figure IV-I, qheuo etorege ;llocetieﬁ}
In a real programming situation we do not expect things to
be as simple. The major routines might be cyclic for example,
but each of them calls subroutines. In such a case the .

subroutine stack areas for each major process could be allocated
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cyclically. More likely an environmenf will be almost cyclic or
almost subordlnate. In such cases the queue or stack couid be
used and exceptions taken only when the offénding conditions
occur. If for example a system can be managed with a stack
except that once in a while a procesé not on top terminates, it
may be worthwhile to use a stack and when a process not at. .the
top of the stack terminates then mark it terminated but do not

release the storage until it comes to the top.

D. SEMAPHORES We now take a closer look at the semaphore

introduced in section II-G. The semaphore is a device to limit
the number of processes simultaneousiy executing a critical
section of program or simultaneously using a datum. The
semaphgre has an integer value which at any time is the
difference between the number of ﬁrocesses which can
simultaneouély enter the critical section and the number of
processes (including those in the critical section) wanting to
enter the critical section. This is a slight generalization of
the semaphore presenﬁed in [Ha 67]:[Di68a],[w1 69] in that here
the number of processes simultaneously in a critical section can
be greater than one. This may be useful when the semaphore is
associated with the pool for some resource and 1s iﬁitialized to

the slize of the pool.

Before entering a critical section, each process executes a
P operation on the associated semaphore. The operation p(sem)

wlll decrement the value of the semaphore sem Dby one and
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continue processing only if the resulting value is nonnegative.
Otherwise the process 1s suspended until another process“v
completes the critical section. When a process'completes a
critical section, it executes a Vv operation oh the assoclated
semaphore. The operation v(sem) will increment the value of sem
and 1f there are processes walting to enter the critical section
will then resume one of them. The managehent of the waiting
processes 1s by an unspecified booking scheme. The existence of
the booking routines book(p,sem) which books the process p for
later processing in the critical section associated with
semaphore sem and unbook(gem) which unbooks one process waiting

for the critical section associated with Sém; is assumed.

The semaphore operat;ons described above are in the context
of a multiple sequential environment and can be described in CDL
with the aid of some of the interface operations. The semaphore

is represented by a construct with a VALUE part.

p(sem)=evp(sem,caller) where evp(sem,x)=
synch(sem,
[(VALUEssem«VALUE+sem-1)<0 + par[suspend(x); book(x)],

evp(sem,x));

v(sem)=synch(sem,
[(VALUE+sem«VALUE+.sem+1)<0 - resume (unbook(sem))],

v(sem));
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The CDL definitions point out the two major ingredients of
the P and V operations. First is their indivisibility with
respect to other operations on the same semaphore. Thus the most
global operation in the definitions of P and V is synch. The
second ingredient is the nonbusy waiﬁing provided by the
suspension of any process which cannot gain immediate access to
the critical section and the later resumption of that process
when the section becomes available. Note however that waiting
necessary because of the indivisibility of the Pand V

operations is a busy wait (the third argument to synch).

The ‘P and V operations can be described in the context of
the CDL parallel environment without resort to the multiple

sequential operations.

p(sem)=[when VALUE:sem>1 then synch(sem,
'[VALUE-semzl + par[VALUE.sem+VALUEesem-1; FALSE];
TRUE + TRUE], '
TRUE)

+ p(sem)];
v(sem)=synch(sem,VALUE* sem¢VALUE *sem+1,v(sem));

Here the value of sem“represents the number of processes which
may enter the critical section at any given time and is never
negative, For mutual exclusion the value of gem will be

zero for section busy or one for section available. Synah was
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again used to make the P and V operations 1lndivisible with
respect to a given semaphore, but the nonbusy walting is
provided by the when which monitors for a nonzero value 1n eem,
If these operations are used for resource allocation they can
be extended to permit multiple simultaneousvallocations by
adding an additional positive integer parametgr to both rou-
‘tines and using the value of that parameter instead of.each

occurrence of one (1) in the above CDL descriptions,

E. OPERATING SYSTEMS Operating systems are large complex

programs which are seldom wholly understood by elther theilr
users or their implementers. Operating systems act as a bridge
‘between radically diffefent machines. On the one side, the
real machine has a hierarchy of memories with various speeds,
capacitlies, and addressing characteristics and usually only a
serial processor with only sequential, conditional, and possi-
bly interrupt control faciliﬁies; On the other sidejis an
ideal machine with multiprogramming capabilities, virﬁuai'
memories with uniform characteristiecs, and virtual devices.

corresponding to the logical requirements of the system.

What often happens in practice is that the description of
the operating system is ad hoc. The function of the bridge‘and
its parts get distributed throughout the system. The task of
implementing an operating system 1s further complicated because
the various subtasks which must be dealt with (managenent of

the various physical and logical resources of the system)act as
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parallel or pseudo=parallel routines and have no hlerarchlcal
structure sulitable to subroutines, Consequently the impiement-
er for any subtask must be directly concerned with the interface
between his and all other subtasks and the ramifications of his
actions throughout the rest of the s&stem. When the concep-
tually useful control structures are recreated at each inter-
face in terms of the sequential control primitives, each
interface tends to have its own 1idiosyncrasies and there is

no practical way to predict the total effect of any control

Iinterface.

Alternativély one might first create an overall environ-
ment in which the control structures suited to the descrip-
tion of an operating system are primitive. This control en-
vironment must include parallel or pseudo-parallel processing
capacilities and means for interfacing and synchronizing the
parallel processes., With a set of precisely defined controls
sulited to the task (and no undercutting of these controls by
direct reference to their underlying sequential implementation),
each subtask should have minimal concern with the interface
_ and the.effects of any routine should be limited by the

control structure and not pervade the entire systen.,

Machine languages have remained the primary vehicle for
writing operating systems., Thils is understandable for two
reasons, First, an important objective in operating system:

deslgn is efficiency and this can be gotten by going directly
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to the underlying machine without intervening software.
Secondly, the advantages offered by high level languages ére
primarily in the complexity which can be dealt with as a unit
(i.e. arrays, files, and lists for data and subroutines and
loops for control)., These advantageé are ‘lost for control when
the control structure of the task is in conflict with the
control structure of the language. In fact the imposition of
high level sequentially oriented control (subroutines and
iterative loops) on an essentially parallel task can at best
only confuse the 1ssues. We should not discard high level
languages as tools for bullding operating systemg but rather

should use high level languages with sultable control,

We are not prepared to suggést a specific language for
operating systems, but the desire for both parallel processing
and efficlency suggests a multiple sequential contrél. The
multiple seQuential control provides a form of parallel pro-
cessing and can be implemented relatively efficlently on a
sequential machine. A number of (possibly all) multiprogramm-
ing operating systems have used some form of multiple sequential
control'but in many cases have not clearly separated it out
from the control structure of the underlying machine, One
operating system in which there is a strict use of a multipie
sequential control with well defined interfaces is the "THEY.
multiprogramming system [D168b]; In thils system each systen
function and each user program is a process, Parallel prée‘

cesses are synchronlzed using the P and V operations on’



141

semaphones. The system was built in a hilerarchical manner
so that concern with the physical properties of the procéssor,
memories and devices 1s required at only the lowest levels and

at the higher levels one sees only the virtua} machine.
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CHAPTER V.
PARSING AS A PROBLEM IN CONTROL

The task of writing recognizers‘and parsers for context
‘ free languages will be taken as an example of how an explicit
concern with control structure can simplify and lend insight
to programming tasks. As we will see later, the control
structures used for parsing are useful in several prdblem
areas., Parsing, however, has some speclal properties which
permit an efficient impleméntation of these control structures,
The general approach to a ﬁrogramming task in terms of its
control structure will be: gilven a task area 1) find a
control structure which ié well suited to that task; 2)
assocliate with that control structure a concrete syntax
(notation) which makes the constant parts of that control
implicit; and 3) find an efficlent implementation for that

control in terms of some given controls.
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A. TERMINOLOGY The following terminology will be used in our

discussion of recognizers. A language 1s a set of strings over

a finite set of terminal symbols. A context-free grammar 1s a

formal device for specifying which strings are in a language.
The grammar uses another set of symbols, the nonterminals, which
can be thought of as namlng syntactic categories. The grammar
is specified by a finite set of rewriting rules called produc-
tions, Each production specifies that some nonterminal, the
left hand side of the production, may be rewritten as a string,
the right hand side of the production. If several right hand
sldes are assoclated with a nonterminal then they will be

called alternatives of that nonterminal. The strings which can

be formed by successive application of the rewriting rules to

2 nonterminal are called derivatives of that nonterminal. Any

derivative which contains only terminal symbols 1s called a
terminal derivative. The honterminal whose terminal derivatives
are exactly the strings of the language is called the root of

the grammar. For examples of productions see section IIIfC.

B, A NONDETERMINISTIC CONTROL Productions provide a generative

description of a context-free language. To obtain a string of
the language we begin with an alternative of the root as the
first derlivative., For any nonterminal in that derivative we
substitute one of 1ts alternatives and repeat this process

until no nonterminals remain. The purpose of a recognizer is

- m
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the opposite: given a terminal string, determine ifr 1t is in
the languape. We mnay élso (as with a parser) be interested 1n
the derivation which produces the string., The obvious method
is to begin with the root and successively apply the productions
to produce the given string. When substituting for a non-
terminal we must choose that alternative of the nontermlnal
which will ultimately oproduce the desired string. Thus we

have a nondeterministic control structure which given a grammar
and a terminal string, will (beginning at the root) succes-
sively apply the productions and at each substitution always
make the correct choice so that ultimately the terminal

derivative formed will be the given string.

C. SIDETRACKXING Since we cannot implement such a control

structure on any real machine or with any deterministic contrél
primitives, we will replace it with a deterministic control
structure which achleves the same effect. The first step 1s

to systematize'the substitution process. At each step we will
replace the left-most nonterminal of a nonterminal derivative,
This gives a unique order to the productlons used to derive a
terminal string, For any step of the derivation process, the
string of terminal symbols to the left of the left-most
nonterminal symbol of the current derivative must exactly matph
some head of the given string. The problem is to choose an
alternative of the 1eft~host nonterminal which will guaragtee .

this condition throughout the derivation, Because the decision
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cannot be made immediately we will take all choices. That is,
we will establish parallel paths of control, one for each choice.
These paths will then continue the derivations 1n parallel

until a derivative is encountered for which the string of ter-
minal symbols to the left of.the left-most nonterminal‘is not
identical to some head of the given stfing. All such control
paths will be terminated. Thus, all (and only) those deriva-

tions which terminate in the given string will be completed.

This control structure will be called sidetracking in
contrast with the backtrack control examined in section II-I.
The backtrack primitives could be applied to this.task so that
the a2lternatives would have been selected one at a time instead
of in parallel. Both of these methods can get into trouble
with left recursive grammars, grammars in which some nontermis
nal has a nontermlnal derivative with itself as the left-most
symbol. When the backtrack choice function chooses this
alternatlive it will continue to do so indefinitely. For the
sidetrack control it means that some derivations will continue
indefinitely. If we further require ﬁhat parallel paths in
the sidetrack control operate in a somewhat uniform rate so
that progress ié eventually made on all paths, then we guarantee
that if there is a derivation it will be found (this 1is a
breadth first search as opposed to the depth first search witﬁ
backtracking). Actually, we will impose a stronger condiﬁion

that all paths which do not ultimately lead to a solution will
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eventually terminate (i.e. even in cases of left and rigﬁt
recursion, no path will continue indefinitely). This condition
can be guaranteed but the explanation will be postponed until

we give an implementation.

Let us look at the progress along any one control path.
At any step in thé derivation only those terminals at the
head (or left most end) of the alternative to be applied need
be compared to the given string since all symbols to the right
of the substitution will have been matched at the previous
step. Thus, at each,stép we-compare the terminal string (if
any) at the head of the alternative to the head of some tail
of the given string. If they match then they are removed from
the head of the given string and the current derivative (for

this control path only).

With this control structure the grammar for a context-
free language can be interpreted as a program which recognizes
terminal strings of that language. The grammar consists of a
set of productions each of which will be Iinterpreted as a
routine. The nonterminal at the left hand side of the produc-
tion is the namé of the routine, the right hand side 1is the
body. Each routine has a single parameter which 1s a string
of terminal symbols., The functlion of a routine is to determine
whether any initial ségment‘of the given string is a terminal

derivative of that nonterminzl and if so to return_fhe remainder
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of the string after removing that initial segment.

The alternatives to a productlion indicate parallel paths
of control within the body of the routine for a nonterminal,
The symbols which comprise an alternative are processed in
order from left to right. When a terminal symbol 1is encoun-
tered it is compared to the first (left most) symbol of the
given string. If they differ, the control path:is termlnated.
If they are the same the first symbol is removed from the given
striﬁg and processing continues in order. When a nonterminal
is encountered a subroutine call is made on the routine for
that nonterminal, If this call finds an instance of the non-
terminal at the head of the given string it will returh the
remainder of the string and processing will continue. When
the processing of an alternative is completed, the remaining

terminal string is returned to the calling routine.

x=A]|BxC

Figure V-A, production language program

The above grammar for language x uses capital letters to
represent terminal symbols and lower case letters to represent
nonterminals. The alternatives are separated by "|". The
interpretation of the above grammar as a program which
recognizes strings of'languége X, 15 i1llustrated by translit-

erating it into the Algol-like program in figuve V-B where
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Anderson's gﬁg operator [An 65] is used to separate statéments
which can be processed in parallel and the EQLE operation

is used to terminate control paths. These should be considered
as equivaleﬂt programs, both recognizing strings of language x,
.both employling the same control structure, but having different
syntax. The strings of langhage x are all of the form BiACi
where 1i0. In the program below halt indicates termination of
the control path executing the halt, head extracts the first

symbol from a string, and tail returns the rest of a string

after the first symbol 1s removed.

string procedure x(s); string s; value s;

parallel begin if head(s)='A' then x:=tail(s) else halt end

and begin if head(s)='B' ‘then s:=tail(s) else halt;
s:=x(s);

if head(s)='C" then x:=tall(s) else halt end;

Figure V-B, ALGOL-~Like language program.

D. MULTIPLE PARALLEL RETURN Although routines for nonterminals

can be called as subroutines, the subroutine return will not
suffice, The body of a routine may have several parallel
control paths and thereforevcan have more than one successful
completion. Thus there can be several returns to the same point
of call. To maintain these separate paths after their return
to avoid confusion among theh, returns will be made to coﬁies

of the calling processes instead of the processes thémselves.
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We have a multiple parallel return which preserves paraliel

control paths beyond their return from a process.

The above example shows the advantage of making the .
repetitive parts of programs implicit in the syntax. Recog=-
nition is a very restricted problem area and consequently can
use a coﬁpact notation. The notation of figure V-A also
restricts the generality of the language since all the control
operations if, parallel, sequential processing, halt ﬁhich were
available in the ALGOL-like language are accessible only in the
restricted forms required for recognition. Because the control
environment is more restricted, more efficient implementations

should be possible,

E. PRODUCTION LANGUAGE SYNTAX The production language for

describing context-free grammars can now be viewed as a
programming language., A formal description éf the control
structure for that language can be given by the machine which
interprets a representation of programs in the language. The
dbncreﬁe syntax and corresponding abstract syntax for the
prpduction are given 1in figure V-C. The abstract syntax for

a grammar is a éonstruct'with one element for each nontermiﬁal.
The element for‘a nonterminal is named by the symbol for that
nonterminal while the value represents thé right hand side of
the production and is a list of the alternatives. Each

a2lternative is a list of the elements which must be‘concatenated
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to form that alternative., Terminal symbols are represented by
a list of two elements, QUOTE and the symbol 1ﬁse1f. Non-
terminals are represented by a single list element, the symbol
jtself. The variable g in figure V-b is assumed to be ini-
tialized to an empty construct. The representation of the
program in figure V-A for example could be formed by the
following CDL expresslon:
p(eg,X,11st (11ist(11ist (QUOTE,A));
1ist(1ist (QUOTE,B),X,11ist (QUOTE,C))));

grammar = production #g

| production grammar # g
production = id $= altlist # (u(g,id,altlist))
altlist = alt # alt NIL

| alt $| altlist # alt altlist
alt = pexp # pexp NIL

| pexb alt # pexp alt .
pexp = 1id # 1d

| capid # QUOTE capid NIL

] $$ symbol # QUOTE symbol NIL

Figure V-C, syntax for production language

F. INTERPRETER FOR SIDETRACK CONTROL An interpreter for the

sidetrack control used as a recognizer is given in figure V=D,
The recognlzer has three parameters, a grammar g represented as

in figure V-C, the nonterminal »r which is the root of that
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grammar, and the string & to be recognized. Initially, the
recognizer has two parallel control paths., The first (1ine 1)
calls on the routine production to find an Instance of the root
at the head of &. Whenever one is found the value of v 1s set
to TRUE. The second control path (line 2) monitors the many
paths which may be generated in the recognitlion process untll
all have terminated and then returns with the value of v. The
variable v (line 3) is initially set to FALSE. The routine
production looks for all instances of derivatives of the non-
terminal p at the head of the string s and whenever one is
found, returns the remainder of the string and control to its
caller. Production provides the sidetrack control (line 4) by

establishing parallel control paths for each alternative of p.

recognize(g,r,s)==§ar[seq[production(r,s); V<TRUE];
when pathszl then return(v, caller)]
where [v=FALSE; |
production(p,s)==papplalt(a,s,caller);a;p+gl;
alt(a,s,ar)==[az=NIL -+ mpret(s,ar);
atom(Hea) - alt(T-a,production(H°é,s),ar);
H*H*a=QUOTE » [H+T+HeazH+s + alt(T+a,T+s,ar)]]];

mpret(v,ar)==

W 0O N O U = Ww N

return(v,u;(STATE,STATE-ar,GLOBAL,copy(GLOBAL-ar)));

" Figure V=D, sidetrack recognizer
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The routine alt processes a single alternative, a. ”If a
is null then (line 5) all elements of the alternative have been
processed and the current string e is refurned to the origiﬁal
caller, ar, Because there may be seﬁéral paths of control
returning to ar, this return constitutes the multiple parallel
return., If the first element of aq is atomic (line 6) then 1t
is a nonterminal and production 1is called to find an instance
of that nonterminal; if found then processing of alternative a
will continue with the string returned by prQ&uction. If the
first element of a is a terminal symbol then (line 7) it is
matched to the first symbol of the string s; if they are the
same then processing of the alternative cohtinués at the next
element. Control paths are terminated in line 7 whenever a
terminal symbol does not match and in line 1 whenever a suc-
cessful derivatlion is found. The environment of the calling
process 1s copled (lines 7,8 ) when the multiple parallel
return (line 5) to prevent conflicts in the values of variables

from several returns.
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parse(g,r,s)==par[V*H°production(f;s);
when pathszl then return(v,caller)]
where[V=FALSE;
production(p,s)==papp[a1t(a,NIL,s,caller,UNDEF);g;p-g];
alt(a,tree,s,ar,x)==[azNIL + mpret(cons(self,s),ar);
atom(Hea) =+ seql i+production(H-a,s);

.alt(Tea,cons(Hex,tree),Tex,ar,UNDEF)];

® =N oM F oW N

HeHea=QUOTE + [HeTeHeazHes»alt(T+a,tree,T+s,ar,UNDEF)]]];

Figure V-E, sidetrack parser

The corresponding interpreter for parsing is given in
figure V-E. Each node in themparse tree 1is representéd by the
local environment of the process which initiated the return
from the assoclated alternative, In each such environment (in
fact all alt process environments) is a 1list ¢ (called tree) of
parse trees for the nonterminals of that alternative. These
lists are kept in reverse order and are bullt as the alternative
is processed from left to right. The multiple parallel return
(1ine 5) returns the parse tree as well as the remainder of the
string. Whenever the string is parsed as a derivativé of the
root,'the value‘of v is replaced (line 1) by the parse tree.
The parse tree for each production 1s initiated (line 5) to a
null list and whenever a nonterminal within an alternative is
identified (line 8), 1t is added to the head of the parse tree
(line 7). “
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G. AN EFFICIENT IMPLEMENTATION The recognizer as described in

figure V-D requires time and space proportional to an expo-
nential in the length of the string being recognized. For each
string position there is a possibility of multiplying the
nunber of cbntrol paths by a constant proportional to the
number of alternatives. If in the recognition process every
nonterminal routine were called to look for an occurrence of
that nonterminal at every string position, there would be only
pxn calls on nénterminal routines where p is the number of‘
nonterminals in the grammar and n is the length of the given
string. Consequently, we expect several calls on a nonterminal
routine for a given string position, though these occur from

different control paths,

This suggests an implementation strategy which is
applicable to any control having routines which may be called
several times with the same arguments. For each call on such

a routine the value of the arguments and the returned value (we
assume no side effects) will be saved with the routine. If a
subsequent call 1s made on the routine with identical arguments
then the value from the first call will be returned without
reevaluat;ng the routine. The merit of this method depends on
the relative costs of recording and looking up the arguments
versus reevaluating the routine., If the potential arguments to
a routine can be ordered such that the argument at any gi;en

call always succeeds or is identical to the arguments of the
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previous call (i.e., calls with identical arguments are cius-
tered) then the look up time 1s reduced to a constant and
only one argumenf-value pair need be remembered at a time,
This could be extended to remember any constant number of
previous arguments., Note also that it 1s not necessary to
know the ordering on the arguments, but only that there 1s an

order.,

The slidetrack control does not have this property, but for
any trial derivation (control péth) the calls on each non-
terminal rout;ne will be 1in the order of the sﬁring positions
from left to right. Multiple calls with the same string
position will be clustered aﬁd willl occur only for instances of
left recursion in the grammar. Consequently, the ordering
property éan be imposed on the entire collection of control
paths by synchronizing their processing to the string position.
That is, no control path wlll progress beyond a given string
position until all other paths have completed thelr processing

at that position.

This change is shown in figure V-F, Because the string
position is the same for all active processes, one global copy
is kept and the string 1is no 1ongef an explicit parameter for'
the production and alt routines. There 1s also no need (line
5) to return the remaining string. Whenever a control pagh'

encounters a terminal symbol (1line 7) it waits until the
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string vosition is stepped for all control paths, A global
control path (line 2) updates the string position whenever

all paths are waliting. Not only are the calls on each non-
terminal procedure clustered, but all calls for a given

string position (except nonterminals having the empty string
as a derivative) will occur before any return from a call at
that string position. Thus, instead of saving the value
returned by the first call and returning it to all subsequent
callers, we willl save the return points (activation records)
for the subsequent callers.and when a value is later.returned
by the process for the first'callef it will be passed to the
others. A list of callers for the current string position
(and the string position itself) 1is kept with each production
of the grammar. The list is then passed along for processing
by the alt routine instead of a single caller. The save routine
is used (line 4) to add return points to the current 1list of
callers (arl). Save returns TRUE only for the fipst;callmon

a honterminal routine at each.stfing position. Becaﬁsg Several
prodesses may simultaneously attempt to add to an ari; save
(1ine 8) uses a synch operation to guarantee mutual exclusion
when adding to the list. Note ﬁhaé this implementatiéh caﬁ
handle left redursion in the grammar without an 1nfinite
regression. A similar implementation i1s given by Irénsq,

[Ir 63], but he does not permit left recursion.

There 1s still a possibility for exponentlal gfowth,
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H. COMPUTATION OF TIME BOUNDS The above implementation is a

variation on Earley's parsing alporithm [Ea 68] and achiéves

his times. The significance of Earley's algorithm 1s that it
achieves in one algorithm the best times for several classes of
grammars. Previously these times were achleved only by special‘
algorithms for each case. The algorithm will parse for any
context-free grammar in time>proportiona1 to n3, for unambiguous

grammars in time proportion to n% and for some classes

including LR(k) grammars in time proportional to n.

Let4n be the length of the string to be parséd, p be the
total number of nonterminals in the grammaf, m be the number
of nonterminal symbols in the fight hand side of all productions,
and a be the number of alternatives in the grammar, By
constant we mean independent of n, p, m, and a. The time for
parsing can be computed by replacing each llne of the program
(figure V-G) by the time for one execution of.thét line and
then multiplying by the number of times the llne is executed,
With the exception of.lines 2, 4, and 5 all lines require only
constant time. The'number of times a line 1s executed is
complicated by the multiple parallel return which can cause
the latter portion of a line to be executed several times for
each execution of the earlier part. This can be corrected
by reassociating constant.time computations with other parts of
the algorithm. In line 6 the constant time required after a
multiple return from production will be associated with )

the line 5 return for the alt process which made the return.
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This search however requires time proportional to the string

length,

| The method used here keeps a separate copy of the
alternative for each starting string position. The 1list of
callers then contailns at most one element and all and only
duplicate returns will be saved on the same list. Thus, 1t is
sufficient to associate with each position of the copled
alternative, the string position and parse tree at the last
return to'that position. These changes are incorporated in the
program of figure V-G which differs from figure V=-F only in
line 4 and line 6. A copy of each alternative is made (line 4)
as processing is begun of a new alternative and string position,
Continuation of processing for an alternative after return from
a nonterminal within that alternative 1s determined (line 6)
by the continue routine., Continue checks whether a return would
create identical alt processes (same position in the grammar,
same starting string position, and same current string position).
If not processihg of the alternative continues., Otherwise the
current parse tree and an ambiguity indicator, AMBIGUOUS, are
pushed onto the parSe tree of the duplicate alt process,
Note that any sﬁch duplibate indicates that there is an

ambiguous parse for some head of the given string,
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because the number of. alt procesées associated with each
nonterminal call can be multiplied each time a nonterminél is
encountered in the right hand side of its alternatives. If the
grammar is linear (all alternatives contain at most one non-
terminal) then the number of alt processes for the body of

one call on a nonterminal routine can be at most prbportional
to n and the total time'for recognition or parsing proportional
to pnz. The alt processes are the intermediate states 1n the
processing of a nonterminal routine, one for each alternative
and one for each return from a nonterminal call within an
alternative. If in the recognition process every nonterminal
routine were called for every string position and for each of
these calls, every state (alt process) were entered for every
string position, the total number of states would be only mn2
where n is the string length and m is the number of nonterminal
calls in the bodies of nonterminal routines. There must be

identical alt processes;

Duplicate alt processes can be eliminated by recording the
returns at each string bosition and checking at each return fo
see if a return has already been made to that position at the
current string ppsition,and for ultimate return to the same list
of callers. Care must be taken in how this is done. One means
would be to.associate with each string position and nonterminal
in the body of routines a 1i§t of arl's returned from that
nonterminal at that string position. At each return the |

appropriate list could be searched, for an identical return list.
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grammars, LR(k) grammars are bounded state,

I. HYBRID RECOGNIZERS Regardless of the implementatlon the

sidetrack and multiple parallel return controls can be used in
forming recognizers and parser. The only fundamental property
of the routine for a nonterminal is that they return once for
each instance of the nonterminal at the head of the given string
(that is, that they make the multiple parallel return). Thus
some or all of the nonterminal routines could be replaced by
other routines which perform the same funcﬁion. If the pro-
cessing 1is left-to-right in the string (as with our implemen-
tation), for example, then some of the nonterminal categories
which are operator precedence éould be replaced by callg on an

N

operator precedence recognizer [F1 63]. The implication of this

is that hybrid recoenizers can be buillt merging several well

known syntax analysis techniques. An obvious simple case of

this technique which 15 used in most translating systems is the
lexical analyzer which 1s called as a coroutine and.uses more
efficient methods that are avallable for processing the more

complex syntactic categories.

The technique for building hybrid recognizefs wiil be
1llustrated by combining the sidetrack recognizer of figure V-D
wilth a simple}precedence recognizer, ‘We will assume that any
special processors to be used within the sidetract récogniier
will be described in the CDL. Thus, we need only extend %he

alt routine of figure V-D so that the default case (i.e. the



161

In line 4 the constant time required before the execution of
the parallel application papp will be assoclated with the
process which called production, elther parse in line 1 or alt

in line 6.

The parse routine<wiil be executed only once and the loop
in line 2 cycles once for each string position, so the time
associated with parse is proportional to n. The routine
production (counting only from the papp call) will be executed
at most once for each production and each starting string
position (pn times) because all duplicate calls were elimi=
nated by the save routiﬁe. The papp call in line 4 coples a
production and therefore requifes time proportional to the slze
of a production (h/p). The total time assocliated with the
production routine is then mn. Because the continue routine
guarantees no duplicate alt processes the number of calls on
the alt routine can be at most one for each nonterminal in the
right hand side of the grammar, each starting string position,
and each current striﬁg position (total calls proportional to
mnz), Nonfinal alt processes (lines 6 and 7) require constant
time, The time for a final alt process (line 5) will be
proportional to the length of the caller list, that is the
number of calls on a given production at a gliven string
position which will be at most one for each occurrence of the
production in the right hand side of the grammar (m/p) and
each assoclated starting poéition (n). Only one call in m/a

calls on alt will be final, so the total time for 1ine 5 1s
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3

man3/p and the time of alt is mn2+man /p. Summing the times for

parse, production, and alt the total time to parse a string is

at most proportional to n+mn+mn2

+man3/p ~ man3/p.

If the grammar 1s unambiguéus then each return (line 5)
will cause a new alt process to be formed 'so that the total
number of returns throughout the parsing of a string can be no
greater than the number of alt processes (mn2). -That is, the
total time for final alt prdcesses is provortional to mn2, the
total time for alt processes 1s mn2+mn2, and the time for
parsing 1is n+mn+mn2+mn2 ~ mnz.

If there 1s a constant bound b at each string position on

the number of alt processes for a given position of the grammar

then the grammar is called bounded state. The number of alt

processes at each string position will then be at most bm and
will be bmn for all string positions. Only bm alt processes at
a string position means there can be only bm/p returnvpoints on
a caller list., The time for nonfinal alt processes 1s then
proportional to the number of nénfinal alt processegr(bmn) and
the time for final alt processes is the product of tﬁ; ndmber of
final alt pr;cesses ( bmn(a/m) = ban ) and the time for‘each,
the time for the multiple parallel return (line 4). The time
for the return 1s proportional to the length of the caller list
(on/p), so the time for'aZt_processes is bmn+b2amn/p and the

total time for parsing is proportional to n+mn+bmn+b2amn/p z

bzamn/p. It turns out that, except for certain right recursive
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string" it 1s necessary only to execute the productions begin-
ning at the root. For each occurrence of a nonterminal some
alternative of that nonterminal must be generated. Now however
the proper choice can be determined by the parse tree for the
concrete syntax. The interpretation of the abstract syntax for
any given alternative follows: The abstract syntax for an
alternative is a list of simple expresslons in the CDL. These
expressions are to be each evaluated and the resulting values
'"conS'dﬁ together in the order given to form the corresponding
"terminal string". When evaluating the expressions, names of
nonterminals will.be encountered (as atoms), these reference the
representation for the corresponding nonterminal in the parse
tree of the string of the concfete language. The generation

of the representétion for any alternative should be delayed
until it is known that that alternative will appear 1in the
final parse tree of the concrete language string, that is, until

the return for the call on the root routine is méde.

For 2 translator both the concrete syntax and the abstract
syntax for a nonterminal form the body of the routine for that
nonterminal. Fach alternative is a list. The earller elements
on an alternative list are either atoms standing for nonterm-
inals or quoted atoms standing for terminal symbols., The later
1ist elements are expressions of CDL. The two sections of an
alternative are separated by the atomic list element "#",

As with parsing, the elements of the alternative lists afé-

executed in order from left to right, but the return from the
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théy are removed from the stack (lines 5 and 8). The resulting

output string is the post-fix representation.

As a specific example of a hybrid recognizer consider the

sidetrack recognizer for Boolean expressions of Algol-60:

Boolexp = simpbool | ifclause simpbool ELSE boolexp
simpbool = implication | simpbool $= impliecation

implication = boolterm I implication $ boolterm

!

boolterm = boolfactor | boolterm $v boolfactor

boolfactor = boolsecondary~| boolfactor $ boolsecondary
boolsecondary = boolprihary I $7 boolprimary

where ifelause and booZprimary‘are also described for the side-
track recognizer.v The Boolean expression of Algol could be
recognized by the precedence recbgnizer if the Boolean secondary
is taken’as the operands to which the blnary operators apprly.
The hybrid recognizer 1s formed by rewriting the above produc-

tions in the following form:

boolexp = simpbool | ifclause simpbool ELSE boolexp
simpbool = pr(NIL,s,BOOLSECONDARY ,u, ($z,1, $2,2, $v,3, $,0))

boolsecondary = boolprimary | $1 boolprimary

It should now be clear that any special purpose recognizer
could be substituted for nonterminais within a sidetrack
recognizer. The only problem of concern occurs when the )

syntactic catepgory to be replaced is not terminal rélative to
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case in which the next element 1s neithef a terminal or non-
terminal symbol) 1is interpreted as a call on a CDL routiﬁe.
The revised alt process 1s shown 1f figure V-H, Recall that
the expression eval(x,self) causes the evaluation of the
expression x by the CDL interpreter in the contéxt of the

current environment.

alt(a,s,ar)==[a=NIL + mpret(s,ar);
atom(Hea) + alt(Te+a,production(H+a,s),ar);
HeHea=QUOTE + [HeT+HeazHes + alt(Tea,Tes,ar)];
TRUE + eval(Hea,self)];

Figure V-H, extension for hybrid recognizers.,

-The pfecedence recognizer (shown in figure V-I) has four
parameters: a etack used to temporarily hold operators untll an
operatdr of lower precedence 1s encountered, the string & to be
recognized, the name opnd of the syntactic catagorles of the
operands to be recognized, and a precedence table pt which for
each operator contains a numeric precedence (high values for
strong binding, lowvvaiues for weak binding). For the
precedence recognizer in figure V-I we assume that all the
operators are binary. That is, this recognizer will recognize
strings of the form: x'= opnd | x bop x
where bop 1s the set or binary operators and opnd is the form
of the operands. The recognitlon of opnd may require the“full

sidetrack recognizer.-
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pr(stack,s,opnd,pt) ==
seq[ S<«production(opnd,s);
"until (H-s)<pt=UNDEF do
seqfuntil (stack=NIL)v ((Hess)spt>(Hestack)pt) do
STACK«+Testack;
S«production(opnd,s)];

until stacks=NIL gg

STACK+Testack;

O 0O ~N ol = ow N

mpret(s,caller)];

" Flgure V-I, precedence recognizer,

Because the precedence recognizer 1is béing used as a
recognizer it could be replaced by a simpler routine of the
form: |

pr(s,opnd,pt)==seq[ S+procuction(opnd,s);

until (Hes)+pt=UNDEF do
. S+production(opnd,Tss);

mpret(s,caller)];

If we are interested oniy in recognition then the precedence is
of no consequence and the operator stack is not needed. The
form in figure V-I, however, indicates how the precedence
recognizer can be converted to a parser which will output a
representatioh of the expression as a post-fix string. To
obtain the post-fix representation it is only necessary to
output.(i.e. form them into a 1list) the operands as they éré

recognized (lines 2 and 6) and to output the operators when
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the special recognizer, that 1is, the special recognizer 1s

not capable of recognizing all the constituant nonterminéls of
the replaced syntactic category. For the lexical analyzer this
was not the case, but with the Boolean expression the non-
terminal boolsecondary could not be recognized by the precedence
recognizer., Consequently, the sidetrack recognizer was called
from within the precedence recognizer to recognlze occurrences
of boolsecondary, and because the sldetrack calls might return
seﬁeral times (i.e. multiple parallel returns) for each call it
was necessary (line 9 of figure V-I) to make a multiple parallel

return from the precedence recognizer,

J. AN EXTENSION USING A DELAYED EXECUTION CONTROL The notation

used here for describing a context-free grammar is simllar to

the notation used in chapter III to desgribe the synﬁax of the
CDL. The difference belng that there wve simultaneousiy described
two grammars (1.e. the concrete and the abstract syntax) in

order to specify their correspondence. We would like an inter-
pretation of the syntax specifications which would not only

give the correspondence between the concrete and abstract

syntax, but would also act as a translator which when given a
string in the cpncrete language would emit the corresponding

representation in the abstract syntax.

The abstract syntax 1s specified by a generative grammar
whose primitive operations (cons instead of concatenate) are

those of the CDL. Consequently, to generate a "terminal
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syntax = syndef ‘ # g

Sk

| syntax syndef g

abstract = pexp pexp NIL

syndef = 1d $= altlist # (u(g,id,altlist))
altlist = alt # alt NIL
| alt $| altlist # alt altlist
alt = concrete $# abstract # concrete $# abstract
| concrete alt # concrete alt
concrete = 1id '# ia
| capid # QUOTE capid NIL
| $$ symbol # QUOTE symbol NIL
#
N

| pexp abstract pexp abstract

Figure V—J;,syntax for syntax specifications.

translate(g,r,s,e)==par[V+H-production(r,s);
EEEE paths=1l then return(generate(v),caller)]
where [v=FALSE;
production(p,s)==papp[a1t(a,NiL,s,callef);a;p-g];
alt(a,tree,s,ar)==[H-éE$# » return(cons(self,s),ar);
atom(Hea) - alt(T-a,cons(list(H'a,H-x),tree),Tox,ar)
| where x=production(H+a,s); |

HeH+azQUOTE + [H+TeHeazHea > alt(Tea,tree,Tes,ar)]];

\O o (2NN 6 )} s W n |l

generate(alt)=seq[papplu(lenv,Hex,generate(H+Tex);x;TREE-alt];

-t
o

cons(pdist[eval(x,lenv);x3;TeAcalt]:)]

-
=

where lenv=yu,(GLOBAL,e)];

Figure V-K, interprefer for translator.
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parse now occurs when the "#" is encountered. This return acts
to delay execution until the root is parsed., This returé then
is not only a multiple parallel réturn but also a coroutine -
return. If the returned node of the parse

tree is in the parse tree when the root is recognized then it
will be resumed to generate the corresponding representation
prescribed by the abstract syntax. Processing of an alternative
beyondiﬁhe "4" takes place in two steps. First, each of the
returned coroutines are again called to generate the correspond-
ing representation for the nonterminals appearing in this
alternative., These representations are then paired with thelr
nonterminal name in the local environment of the alterﬁative.

In the second step the rest of'the alternativé is evaluated

as if it were a list of arguments to a cons routine.

The syntax for syntax specifications is given in figure
V-J. The syntax for the nonterminal pexp was gi?en in
figures II-A and III-C., The interpreter for the abstract syntax
of the syntax speéifiéation language 1s'given in figure V=K,
This interpreter is in fact a translator for the deseribed
language. The interpreter of figure V-K differs from the
parser of figure V-E only in the additlional call on generate
(1ine 2) to builld the répresentation in the abstract syntax, the
return (line 5) ffom a nonterminal process upon encountering an
"#" instead of NIL, and the palring of the nonterminal name with
its parse tree (line 6). The parameter e to translate (1£ne 1)

is the globallenvironment off the grammar.
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the control path should not terminate when the match fails, but
should wait until all other paths fail (if they do) and then try
some corrections and continue processing. The change required

for line 7 of figure V-D follows:

HeH*aZQUOTE » [H+T*H+a=H+s > alt(T+a,T*s,ar);

TRUE -+ when activez0 do correctionl]];

This control structure will cause an error correction on
each failure path exactly when all paths have encountered an
error. Consequently, at,any'point within the recognition, if
some active path has made n corrections.in its history, then all
other active paths will also ha&e encountered n errors and
corrected n erroré while all waiting paths will have encountered
n+l errors and correct the first n of them. This means that the
first récégnition of the given string will have the feweét
possible number of corrections which could be used to convert
the given string into a correct string. One aspect of this error
correction control whiéh differentiates 1t from most othérs is |
that this control permifs corrections’ to bé made anywhere
(including to the left) within the given string and not just at
the right mqst position beycnd which all paths fail. Also,
because it is associated with a recognizer for any context-free
language it is not dependent of the properties, of aﬁy particular
grammar (e.g. identification of statement boundries to limit the

context of errors in sequential languages).
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K. ERROR CORRECTION For a recognizer to be of practical value

it must not only be able to recognize a correct string, 6ut must
be ablevto detect errors‘in the stfing and continue the
recognition process beyond the errors. Again the approach will
be to first determine the control structure appfopriate for
error correction and to then look for specific error correction

techniques within the context of that control.

How do we detect errors when recognizing strings? From the
sidetrack recognizer in figure V-D we see that an error in the
given string will causerall'the ﬁarallel control paths of the
recognizer to terminate. That is, failure occurs when all
control paths terminate withouﬁ completing the recognition. Some
one of these paths would have continued to the correct
recognition had not the string had an error. Thus, the control
structure for error corrections will permit the string to be
corrected on the path which will lead to a corredt recognition

and should continue that path beyond the point of error.

Therevis of course no way of knowing what the programmer
intended when he wrote a syntactically incorrect string, so the
control structure should continue all the failuré paths with one
or several trial corrections on each path. In the sidetrack
recognizer all failure paths terminate when a terminal symbol of
the grammar fails to match the symbol at the current string

position (see line 7 of figure V-D). Thus, for error recovery
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What error correction methods should be used? Because
the failures occur when a symbol of the grammar fails toAmatch
a symbol of the given string, we mipght suppose that the symbol
of the given string was in error (i.e. it should not be present).
Thus, correction might be the expression aZt(a,T-s,ar) which
deletes the current symbol from the given string and continues
processing. Alternatiﬁely, we might suppose that a symbol (in
fact the current symbol of the grammar) is missing from the
given string and contlnue processing wlth the giﬁen string at
the next position of the grammar. Conditién would then be the
expression aZt(T?a,a,aq). ‘Our persdnal preference 1s to try
both of these corrections in parallel, That is, we try both
deleting a symbol from the givén string and inserting a new
symbol into the given string. This also means that if two con-
secutive failures occur the trial corrections will include not
only a double deletion and a double insertion, but also replace-
ments (i.e. insertion and deletion at the same'péint). The
point to be made 1s not that any particular correction scheme is
best, buf‘that with aﬁ error correction control structure many

different schemes can be tried.

Next we might ask 1f this correction control can be embedded
in a recognizer which 1s implemented with Earley's algorithm
instead of the full sidetrack control. The answer is no., To
achlieve Earley's time bounds we requlred that the qlt processes
be processed in order 6f the string position. The above éontrol

resumes processing'on all paths regardless of the string
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position, This may explain why most error correction schemes

do not make corrections to the left of the string positibn
which causes the last remaining path to fail., If we restrict
the correction control in this manner (i.e. continue processing
only at the right most column at which a fallure 1s found) then
the correction control can also be implemented within the
context of Earley ; aléorithm. Actually, this restriction is
not as severe as 1t might appear., First, in our grammars the
tefminal symbols represent units with semantic meaning (e;g;
'1dentifiers rather than characters; or eveh expressions‘in the
case of hybrid recognizers) so that each correction has semantic
as well as syntactic siénifiéance. Secondly, single isolated
errors willl be processed the séme régardless of the restriction;
whille paired errofs will still be corrected in one of the
several possible ways (e.g. with the restriction a left paren=-
thesis without a corresponding right parenthesis would be
corrected by inserting a right parentheéis while Qithout the
restriction it would also be corrected by deleting the left

parenthesis).

There are other advantages to error correction in a
control é¢ontext in which similar return states are merged. When
error correction is necessary durlng a recognition the number of
possible corrections which will produce a correct -string using
a minimum number of changes may be quite large. Because retﬁrn

states are merged we can detect ambiguities (see line 11 of

figure V-G), If an'anbiguity arises from insertion of several
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CHAPTER VI
.CONTINUOUSLY EVALUATING EXPRESSIONS

The continuously. evaluating expression can be viewed as
an analogue device which continuously meters the value of an
expression. Once the expression 1s activated 1t acts as if it
were evaluated continuously. If the value of any free varlable
of the éxpression changes then the value of the continuously
evaluating expression 1s immediately recomputedvto reflect the

change.

A. SOME USES AS AN EXPRESSION Such a control structure 1s

needed for monitoring in programming languages. Monltoring
facilities have been variously referred to as "when", "wait
until”, and "on condition”., Each argument to a monitor
operation is a rudimentary form of continuously evaluating
expression. In any case, each‘of the above requires ar
continuously evaluating Boolean expression to monitor éome

! '
condition and trigger the designated response when the

condition becomes true,

Expressions used as Algol call by name parametefs can
also be viewed as continuously evaluating expressions, where
the actual parameter defines the cbntinuously evaluating
expression in the environment of a brocedure call and each
occurrence of the corresponding formal parameter name_within

the procedure body references the current value of the expression,



178
the frequency at which the condition must be tested.

Alternatively, the expression might be reevaluated only
when the value of one of 1ts free variables changes. An
evaluator for this interpretation of continuousiy evaluating
expression 1s glven in figure VI-A where v is a 1list of the
free variables, exp 1s the expression to be evaluated, env 1is

the environment of the evaluation, and t 1s an expfession
which is used to terminate the continuously evaluating

expression. The routine évcee returns once 1hitia11y and
then once for each change in one of the free variables of

the expression exp.

evcee(v,exp,env,t)== until eval(t,env) do
par[return(eval(exp,env) caller);
monitor(pdist[1ist(x,env,$Z,x*env);x;v]: )],

_Figure VI-A, reevaluate on change.
The routine evcee might be called using the form:
X « cont(evcee(v,exp,env,t));

where x 1s a varlable always containing the current value of
the continuously evaluating expression and the operation cont
is used to guarantee that reevaluation of the expresslion can

be completed between any two consecutive steps of the calling

program.
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C. A TREE REPRESENTATION The method proposed here represents

the continuously evaluating expression as a tree and borrows
from both of the above methods. The tree for the expression
(a-b)x(a=-c)+5 where a=3, b=3, and ¢=2 is shown in figure VI-B.
Each terminal node i1s either a constant or a free variable of
the continuously evaluating expression together with its

value. Each nonterminal node of the tree 1s a pair having an
operator of the expression and a value obtained by applying
the assoclated operation to the vaiues of 1ts descendént nodes.
The value at the root node is the value of the continuously

evaluating expression.

When changes occur in the.values of the free variables
of a contiﬁuously.evaluating expression, the new value can
be computed by propagating the change up the tree from the
terminal node whose value changed. It is not necessary to
reevaluate every node, in fact the number of expfessions to
be evaluated will be proportional to the logarithm of the
number of operators 1nvthe expression. If the initial tree
is as shown in figure VI-B and the value of b is changed to
zero (0) then the change will be propagated as shown in

figure VI-C,

Several changes can occur simultaneously»in the values of
terminal nodes 1) when a varlable appears more than once within
the continuously evaluating expression such as variable a in

figure VI-B; 2) when the language permits simultaneous assign-
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jts ancestor nodes need not be reevaluated. Thus, 1f changes
are propégated in ordér of tree level, that 1is all chang;s at:
the ith‘level from the root are processed before any at the
_1—18t level, transient changes and other changes which do not
alter the value of the value of the expression will not
propagate to the root node. Figure VI-E shows the same changes
as figure VI-D but with propagation by level. Strictly, the
propagation order need only be such thatAall descendants of a

node are reevaluated before that node.

N oy &
\
o

0' -"1 '0
A2 c.2 A2 B.3 AL2 c.2
(a) - Figure VI-D, sequential propagation. - (b)

If an expression is eQaluated each time its value is
used then there will be unnecessary computétion whenever a
value is used several times without intervening chahges in the
values of the variables of the expression. On the other hand,
'if an expresslon 1s evaluated each time the values Of-its'.

variables change then there 1s unnecessary computation whenever
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nents such as b,e+c,b meaning exchange the values of b and ¢}

and 3) whcn several aosirnments ocecur within one "instruction

+.5 : ‘ . +.8
AN | 4
x.0} 5.5 X,3 5.5
T T~ T T~
-.,0 -1 -.3 —-.1
A3 B3] A3 c.2 A3 B.O| - |A.3 c,2
’ Figure VI-B, t‘ree' form; | Fiéurg‘:VI-C«, ch&née prop&gatiop.

When several termfnél node values have changéd, the order -:
of propagation becomes important. Considef an initial tree és
shown in figure VI-B. If the variable a is assigned the value
2 then.the éree might be updated by first propagating the
change from the left a node (figur¢ VI-Da) énd then from the
right a node (figure VI-Db), This>order 1htroduce$va trahsient

change in the value of the root node and the value of the

expresslon.,

Changes need be propagated only as long as they cause the
value at each node to ghange. If any descéndant of a node
changes then 1t is necessary to reevaluzte that node, but if

that reevaluation does not change the value of the node then
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The possibility of race conditions arises when a
continuously evaluatihg expression has side effects which
change the value of the varlables to the expression.
Generally, continuous evaluation would be restricted to
expressions without side effects or the side effects although
present would not be continuous. For a given control environ-
ment rules can be given to provide for discrete times at
which the side effects occur. In Algol the slde effects
produced by the evaluation of call by name paraméters are
effectiveronly at those times when the value of the parameter
is féferenced.. That 1s, the actual parameter can be viewed
as a continuously évaluating expression, but the side effects
of any evaluation become effecti&e only at the time the value
of the expression is referenced. In hardware the periodic
clocking of information into reglsters provides the same

functilon,

B. SOME IMPLEMENTATIONS There are several ways in which the

continuously évaluating expression might be implemented., One
method 1s that commonly used to implement Algol call by name
paraﬁeters: reevaluate the expression each time its value is
used, This method can 2lso be used for monitoring in single
control path environments becguse interrupts can only occur at
discrete points in a computation. Even in machine lahguages,
the hardware interrupts become effective only at the comple-
tion of instructions. 1In higher level languages the

"instructions" will generally be more complex and thus reduce
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different single symbols at the same point then the amblguity
can be resolved by restating the correction as an insertion of
the nonterminal of which the inserted terminals were an example,
Because processing is by string position rather than by the
number of corrections, the number of correctlons in the history
of a control path will vary. When ambiguous recognitions

arise from alternative corrections, however, they can be
resolved in favor of the path with the fewest (if they are

different) corrections in its history.
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the values of variables change several times without interven-
ing use of the value 6f the expression. Consequently, tﬁo
conditions will be required before changes will be propagated
through the tree of a continuously evaluating expression: 1)
at least one of the terminal nodes nust have changed value since
‘the expression was last evaluated; and 2) there must be a
request for the cdrrent value of the expression. Whgnever the
value of a free varilable of the expressibn changeé, the tree
for the expression will be marked to indicate that a change
has Qccurred but the change will no£ be propagatéd. ,All
changes since the last value request will be propagated when
the next value request is generated.' If a variable changes
several times between requests'fbr the valﬁe, only the latest
chagge will be propagated, If several requests for the value

occur between changes, the same value is used over and over.

+.5 ' 1 +.S
x,0 5.5 x,0 5,8
-, o -.0 -, - .0
A2 8.3 A2 c.2 A2 8.3 A2 c,2

(a) Figure VI-E, propagation by lével. " (b)



183

With each ﬁonterminaanode of the tree will be associateé

an indicator which, when set, indicates that the node must be
reevaluated. When the value of a free variable of a continuous-
1y evaluating expression changes, the indicators for the direct
ancestors of the terminal nodes for that varlable will be set.,
The nonterminal nodes will be ordered so that each node precedes
its ancestors, for example,the increasing numeric order of

nédes as shown in fipure VI-Fa,.

(a) - » Figure VI-F, order of nonterminal nodes. . (b)



184

D. COMPILATION OF TREE FORM EXPRESSIONS Code for a sequen-
tial machine can then be complled to propagate changes. For
each node 7 the following code where node a is the ancestor of

node 7 willl be complled:

Test(1): if (indicetor on node 1 is not set)
then go to test (i+l);
Compute(i): reset indicator for node 1:
compute value for node i
if value of node i 1s unchanged
then o to test(i+1);
~set indicator for node aj

go to test(1+l);

Figure VI—G,‘compiled sequential code.

Execution begins at teet(1) and is completed at test(ntl)
where n 1s éhe number of nonterminal nodes in the tree., If the
computation of node i causes a change and'a=i+1, then there 1is
no need to set the indicator for node a and immediately test
it. That is, for each node i for which a=i+1, such as node 6
in figure VI-Fa, the last two lines of code above can pe
replaced by: go Eg‘qémpute(a). The latter savings can be
maximized by numbering the nonterminal nodes so that each node
1 which has a.nonterminal descendant will always have node i+1
as one of its descendants. The descendant of node £ which is
assipgned Z+1 should be.that descendént whose value 1is mqst |

likely to change. For example, the tree in figure VI-Fa might
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be renumbered as shown in figure VI-Fb.

The propagation of changes . . described fequires that
the indicator for each nonterminal node be tested. 1In some
machines this can be done economically by storing the indica-
tors as bits left-to-right in a word and using a leading '
one's detector to determine the first one set. Alﬁernatively,
one might keep an ordered 1list of the nodes needing reeval-
vation instead of an indicator for each nonterminal node, When
the value of a node changes 1ts ancestor will be added to the

list.,

The method proposed here will be of vélue only if the
Qalues of variables of a‘continuously evaluating expression
change infrequently relative toArequeéts for the values'of the
expressiony or if the time for the computations bypassed when
changes are propagated 1s greater on the average than the time
required for the additlonal bookkeeping. The latter will be
the case 1f the operations assoclated with nonterminal nodes are
compafatively lengthy, such as matrix or vector operations. 1In
other céses, the bookkeeping costs can be reduced by combining
several operations to form a single complex operation, a binary.
tree of sums might be formed into a single node having a suﬁ—
mation operator., In some cases, the root node might be the
only nonterminal node, but the method couid still be used to

advantage 1f several variable changes occur between requeéts

for the value of the continuously evaluating expression
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containing those variables, or 1f several value requests occur

between changes in the values of the varilables.

E. CONTINUOUSLY EVALUATING SYSTEMS There is no need to
restrict the node of a continuously evaluating expression tree
to simple operations. They might also be expressions or
programs. These expressions or programs could contain monitor
operations which would serve to delay propagation'within certain
brancheé of the tree until prescribed conditions arise. Once
branches have a provision for delay it becomes meaningful for
nodes to'have side: effects (i.e. to change the environment).
Loops can also appear within the continuously evaluation

expression tree,

This more general view of continuously evaluyatling expres=-
sions cah be taken at the environmental control structure for
describing whole systems. The tree nodes are then the constit-
uent partS‘bf the system while the connecting arcs afe data
flow paths and indicate the interdependencies among the various

parts of the systenm.
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The control regime of our language for describing control
has neither the concurrént processing blas of the‘continﬁously
evaluating expressiﬁn or the-sequential processing bias of
most programming languages. Instead both parallel processing
and sequential processing a;e used as they conform to our con-
ceptual view of the control structure. Rather than finding a
representation of a control in terms of parallel networks or 1n
terms of sequential step by step processes, the problem is fo
isolate our conceptual view of the control. This means that in
developing a control structuré appropriate to a task area one
must look for solution methods for problems in that area with-

out the initial imposition of a particular control regime, and

then abstract the control structure from thbse methods.

The formal device proposed here for describing control 1is
a language iﬁ which one describes the méchine which interprets
a control structure either directly or by extension. This
device differs in two important ways from similar facilities
for the formal description of the semantics of programming
languages. First, 1t includes 2 set of primitive control
operatiéns which, as far as we have been able to determine,
constlitute a basis for the mechanisms underlying contrdl
structures. Second,. alfhough our formal description of
2 language is an interpreter for the language, we take a-
different view of the semantlecs for a language and therefore

ascribe a different meaning to the interpreter.
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CHAPTER VII

JFURTHER STUDY AND CONCLUSIONS

.This investigation has been a first look at control
structures. The control structure of a programming language is
“its sequencing or interpretation rules and as”such provides
a programming environment which encompasses any task within that
language. A control regime influences our approach to problems,
it establishes a2 view point and an}envifonment for attacking
problems within the context of that view. Many languages 1limit
us to single step by step processes whiéh reflect the under-
"lying sequential machines., This may force awkward simulations

of nonsequential processes on us.

If the primary control structure of a ianguage were the
continuously evaluating expresslon, then our view would be one
of combining continuous simultaneous computing mechanisms into
circuits which represent the desired computation, (This is a
world view shared by the hardware circuilt designer.) If the
programming environment were a multiple sequential controi theﬁ
one wouid naturally divide a task into several semi-inéependent
processes, eich.ofwhich is thought of as a number of sequéntial
steps. This division may differ from the hierafchical divisions
of most current languages because with the multiple sequential
control 1t 1s Just as natural to divide albng an axis (coroutine

structure) perpendicular to hierarchical (subroutine) strdcture.
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Formal languages used for describing interpreters of
languages have themselves been programming languages with the
standard control Structures:‘ sequential control, a c¢ondltional,
iteration, and recursion. Consequently, the interpreter is a
device which simulates a glven control structure or language in
terms of the sequential primitives. 1In fact there 1s an implic~
it assumption when one says that an interpreter provides the
semantics of a language. Namely, the semantics of a lénguage
is its béhavior when viewed as a black box, The interpreter
describes the semantics by giving a formal explication of what
that behavior will be in each case, but not necessarily how

it is accomplished.

Our view of semantics includes not only the behavior which
can be 6bserved but thg‘way in which that behavior is achileved..
If a language has a parallel processing capabllity then we
would claim that no interpreter which simulates that language
using sequential control can provide an adequate deSériptionA
of the language. That 1s, no pseudo-parallel scheduling
algorithm will ever convey the idea of concurrency to the
reader of that description. Concurrency is not a concept which
can be composed from the sequential processing primitives,
and so a description of éontrol structures which involves

concurrent execution can be given only in languages which have

some form of concurrent executlon.
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Carrying this view further, the semantics of a language 1is
taken to include not only the effect of any program of thé
language when viewed as a black box, but also the means by which
that effect is achieved. This 1mposes a programming convention
when describing the interpreter for a language: the interpreter
will be written so that whenever a program calls for a control
action, the same control action will be carried out in the
interpreter as part of the interpretation process. The control
structure of the interpreter will for each program be the same

as the program being interpreted.

The value of a formal.device for describing control comes
not from the device in isolation, but in combination with
facilities for describing.other Ianguage components. In this
thesis the goal has been the investigation of confrol structures
in their own right. Other descriptive facilities have been
introduced only as required. Even so we had to introduce a meta-
system for describing syntax and to use a general purpose data

structure in lieu of a data definition facility.

.Oné obvious area for further research is in extensible
languages. A practical means for extending the control structure
of a language as well as the data and syntax could have a
significant impact on the usefulness of extensible languages.
Current extensible languages either lack facilities for
extending control or permit extension only in the form ofié”

sequential interpreter for the desired control. Qualitive
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changes in languages arlse from the 1ntrodu¢tion of new envir-
onmental control structures. If the desired control is

similar to what is available then there is little value in
change, but if 1t is much aifferent (L1.e. nonsequential control)
then 1t must be simulated using sequential control whether in

an extensible language or soﬁe other language. Thus, there is
1ittle value with respect to control tb a user of most proposed -

or available extensible languages.

The importance of data and syntax should not be underrated.
Arguments for variability in data structures similar to those
for control can also be given, In fact, the approach in lan-
guage design should probably be to first determine the data
structures sulted to a task and then let them dictate the sequen-
cing rules. On the other hand, it may be that the facilities
for data definition have themselves been biased by a view what-
ever the sequencing rules they will be essentially sequential.

A reexamination of data definition fécilities may be worthwhile,

Another hope for extensible languages is that formal
machine independent specifications of languages will lead to
greater portability of languages from machine to machine.
Another kind of'portability may be posSible when a language
includes control extension facllities: efficient implementa-
tions for controls and optimizing (or debugging, or verifying)
interpreters can be transferred among languages as control .

extensions as long as the languages share the same controls.
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The study of control and of means for incrementally
extending control is important for parsimony in both progfamming
languages and their implementations. Control structure tends to
be invariant over large sections of programs and.therefore
notations can be used within the language to make the constant
parts of the control implicit. An ability to modify and extend
the control means that the interpreter can also take advantage
of the donstancy in control to provide more efficient
implementations. This process is aided by explicit specification
6f cases where exeéecution order is of no concern so that an
actual order can be determined by the interpreter on economic
grounds, rather than by the user as anJhrbitrary choice, and by
structured descriptions (although not always hiefarchical) of
the control and interpretation which allow changes to be made
without starting over each time a new fechnique is to be added.

Some examples of this procedure were seen in chapter V.

There 1s nothing sacred about the form of our device for
describing control, the choice of primitive control operations,
or the various views taken of control. There are, however, some
general fules which can be suggested: any facility for
describing control shoﬁld have an environmental control
structure of its own which permits the descriptions to be
decomposed into logical units (remembering that the logical
structure is not necessarily hierarchical)$j the set of
pfimitive control operations should provide at least the

functions of those proposed herej and it should be possible to
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take several alternative views of control and thereby get

different perspectives of a problem,

This dissertation has attempted tokdeﬁonstrate our thesis:
complexity diminishes and clarity increases to a marked degree
if algorithms are described in a language in which appropriate
control structures are primitive or easily expressible.
A number of control structures extant in prbgramm%ng -
languages and software systems are catalogued and then used
as a gulde to develop a programming language which has a
control extension facility. >This language not only has the
mechanical necessities for control extension, but also has
primitive control operations for sequential processing, par-
allel processing, alternative selection, monitoring, synchro-
nization, and relative continuity. These operations were the
source of the clarity and simplicity of the control descrip-
tions because they spaﬁ our conceptual nétion of control and
because they can be easily composed to form more speclalized

control structure.

The thesis was demonstrated by using the control descrip-
tion 1anguage_to give formal descriptions of 1tself, the -
simulation language Sol, and a variety of specific control
structures. Some nonstandard control sfructures (including
'sidetracking, continuously evaluating expressions, and multiple
sequential control) were invented to show the clarity and“.‘

simplification which can result from a conscious examination
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of control. It was also shown that the use of nonstandard
controls in some cases (e.g. parsing and continuously evalu-

ating expressions) leads naturally to efficient lmplementation,

This investigation has only scratched the surface, but 1t.
is hoped that 1§ has added to our understanding of control,
1llustrated the clarity and simplification that can result from
a consclous examination of control, and demonstrated the large,
although unrealized, potential for variabllity in control. 1In
concluslon, we would like to point out a few candidates : for
other useful nonstandard controi structures., The fuzzy control,
filters, and reversible subroutines outlined below have not
been fully worked out, but suggest lines for furthef work and

may be of philosophical interest.

Fuzzy control. The fuzzy set [Za65a],[Za65b] is an imprecise

collection of objJects whose imprecision arises from there being
no sharply defined boundarles, Instead fuzzy sets have grades

of membership between full membership and nonmembership. Such

things as "bald men)' "numbers much greater than iOf and

"Algol-1like languages" are fuzzy sets.

Many probléms dealt with in machines and in the real world
involve fuzzy concepts in the above sense. The artificial
intelligence area employs fuzzy "algorithms" to select
heuristics appropriate to a task. The heuristics themselées

are often 1mpreclse, although they may be made artificially
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precise to incorporate them into programs. The "algorithm"
for parking an automobile is fuzzy; it must deal with a
number of fuzzy sets including the dimensions of the parking

place and the position of the car.

The fuzzy control structure is then a control which
permits the execution of programs which are incompletely
specified because they employ fuzzy sets in thelr description.
Such a control would require a representation of fuzzy sets.
When operations are encountered, the paths to be pursued may
be determined by the value of a fuzzy set, that 1s,no precise
decision can be made. In the latter sense the fuzzy control
1s similar to nondeterministic control where each of several
paths must be pursued because the selection criterion 1s not

available at the time the decision must be made.

The difference between fuzzy control and a nondetermin-
istic control such as backtracking is that the fuZzy control is
not expected to produce a precise result, Thus, although many
control paths must be pursued the cost of each can be reduced
by approximating the computation instead of carrying each out
in detail. A fuzzy control structure might interpret an itera-
tive loop as follows: determine the approximate effect of a
single 1lteration of the loop, determine approximately the

number of iterations, and then multiply these to obtaln an

imprecise description of the effect of the loop.
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Fuzzy control could be used for program composition and
debugging in a2 conversational computing situation. Duriﬁg the
composition and debugging phases parts of a program may be
imprecisely deflned or missing entirely. Some conversational
systems [Iv 62],[MPV68] éxecute incomplete programs until an
undefined item 1s encountered; that |
item must then be defined before processing can continue from
that point. With a fuzzy control structure an approximate
specification of the effects of the undefined itemvcould be
supplied, or the item might be ignored entirely (possibly with
warning to user). Even if a program has been cohpletely
Specified, a fuzzy control structure can be of value for de-
bugging problems which arise from the loglcal comﬁlexity of a
program and not from the computational complexity of individual
steps. Yet the costs of a debugging run are determined primari-
ly by the computational complexity of the individual steps.
Consequently, the fuzzy control will permit the logic of a
program to be checked without incurring expvense for computa-
tions whose results are not important to the task at hand

(i.e. debugging).

. An iImportant ingredient in making the fuzzy control
effective is feedback. 1In parking an automobile one uses very
impreclise calculations to determine the direction and distance

to move at each step, but there 1s constant visual feedback and

once in a while feedback from a bumper touching in front or in

back or from a tire touching the curb. In the debugging
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situation the user can limit the fuzziness of aompﬁtations and

gulde the selection of alternative paths for analysis,

It can also be argued that fuzzy control processes occur
in the brain. Von Neumann [vN 58] argues the importance of
numerical procedures in the brain and the high precision
arithmetic that would be required. The necessity for numeric
procedures results from the requirements for-constancy of
temperature and pressure and chemical isostasy'in various parts
of the body. With methods similar to those used in computérs
ten to twelve decimal digits preéision in computations would be
required to adequately reduce the errors multiplied by the many
logical levels of a computation., He also points out that data
transmission frequencies in the brain make such precisions
implausible, Data is transmitted by periodic or nearly periodic
tralns of pulses and thls suggests arstatistical behavior with
high reliabllity but low precision. We would add that it also
suggests a pipeline system in which loglcal depth of a
computation could be great but because the data varies on a
nearly continuous basls the changes at any given stage of the
pipeline are minimal. Also since it 1s a system with constant
feedback, extremely fuzzy calculations can be used with
direction and magnitude of changes determined by the feedback
. rather than precise prediction of effects. The above must
remain an exercise in fuzzy thinking until we have a more

concrete handle on fuzzy control structures.
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Filters. A filter is,a device which is placed between>two
other systems to limit the flow between them, A person ét a
‘console might place a filter (in the form of a programn) between
himself and the standard console handling system to intercept
any system-to-user signals which are not currently desired or
which can be processed by a constant algorithm without direct
intervention by the user., A filter in the other direction
would be a program which talks to a console without passing

all the user requests on to the underlying system.

Filtering is also an important characteristic of operating
systems. An operating system intercepts the many machine
interrupts and passes along oniy those of direct concern to the
user. In multiprbgramming systems the operating system also
isolates each user from the other so that in many cases each

program acts as if 1t were the only program in the system.

Reversible subroutines., Some unusual classes of subroutines

have been suggested [RF 65] in the context of a single address
machline whlch can execute instructions in a forward or backward
direction. When a sequence of instructions 'is: executedyeither
the gilven 1nstrgctions or their conjJugates can be the inter-
pretation. It 1s then possible to write palindromic subroutines
whose 1nstruction;pattern is the same whether viewed in the
forward or backward directlon, reversible subroutines whose
transpose (reverse execution) is its own inverse, and Hefﬁitian

subroutines which are identical to their transposed conjugate.
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These can be classified as little more than Curiosities.

If examples could be readily found their value would be
questionable, but in practice even the simplest examples must
be contrived. The major difficulty is that many instructions
either do not have conjJugates or ére not very useful when
executed in reverse., This is particularly true for assignment
and control operations, for they have neither conjugates nor
useful backward interpretations. Both the assignment and go
to cause an 1rredoverable loss of 1nformation (previous value
of the vafiable and location gf the go to) and therefore have
no conjugate. As for backwafd execution: what possible
meaning can be associated with'programs which first use the
value of a variable and then assign the value? Or, how can
the arms of a conditional be meaningfully processed before the

condition is examined?

A useful system which can run programs backwards 1s
Balzer's XDAMS [Ba 69]. This system 1s used for debugging and
keeps a history tape of all changes to memory and of all trans-
fers of control, These changes in memory and control are then

used to generate views of the program as it runs either back-

ward or forward.
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