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PREFACE

This volume records in part the technical material
presented at the 1965 Fall Joint Computer Confer-
ence. Contained in this publication are the formal
papers selected from a record number of contri-
butions submitted to the Technical Program Com-
mittee. No attempt has been made to incorporate
the material presented at panels and tutorial sessions
of the Conference, nor have the invited papers
presented on the final day of the Conference been
included. The Conference Committee hopes that a
subsequent volume will emerge to catch the living

 spirit of such deliberations.

Still, the size of this volume is large, just as the
scope of the Conference is broad. This is, in part,
deliberate, since the Conference attempted to provide
the opportunity for professional communication on
every level. Recognizing the increasing degree of
specialization in the hardware and software fields,
the Technical Program Committee added a third
information channel to the Conference to. focus
attention on management and applications. These
sessions dealt with questions of marketing and eco-
nomics as well as applications in the scientific and

humanistic fields. Thus to the orientation in hardware
and software was added the direction of applications
and management in the disciplines that are concerned
with information processing.

The most distinctive feature of this Conference,
however, must be the five “discuss-only” sessions
for which preprints were available before the Con-
ference. Hopefully, new dimensions were added to
the papers through a searching examination of the
material on the floor of the Conference. We regret
that we cannot record the results and evaluate the
technique.

The real and permanent contribution of the 1965
Fall Joint Computer Conference is still the technical
material presented in this volume. The credit goes
to the authors with greatful appreciation of the role
of the Technical Program Committee and . Session
Chairmen who engineered the structure. Behind
them are the contributions of many others who, as
members of the various committees, made the Con-
ference possible. ‘

ROBERT W. RECTOR, General Chairman
1965 Fall Joint Computer Conference
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UNIVERSAL PROGRAMMING LANGUAGES AND PROCESSORS:
A BRIEF SURVEY AND NEW CONCEPTS

Walter H. Burkhardt
Computer Control Company, Inc.
Framingham, Massachusetts

INTRODUCTION

Progress in any field depends on the materializa-
tion of new ideas. But before this is possible, these
ideas have to be found, investigated, developed and
adapted to the changing world.

In computing, i.e., the use of computers for the
solution of problems, new ideas are available every-
where, although the implications behind them and
the influence on the state-of-the-art are generally
not very well understood. Therefore it is often diffi-
cult to separate the wheat from the chaff.

But even valuable ideas are not always useful and
welcome. That is especially the case when the basis
for them is not adquately prepared. To know which
ideas are useful at present, it is necessary to evalu-
ate the state-of-the-art to determine how develop-
ments in the field will proceed. There are other rea-
sons. One might be to give the nonspecialist a fast
orientation; another is to readjust the basis in a fast
growing and changing field.

The last decade brought a tremendous gain in
overall computer power and for a unit outlay as
well. Therefore, it is not too surprising if many old
values have to be changed and new ones appear.

The advent of computers gave a very useful tool
for the solution of many tasks for which the stat-

ment of the problem was given in a fixed mathema-
tical form. This is due to the special nature of com-
puters, with the memories, the circuit logic, and
electronic switching elements having easy adapta-
tion to mathematical problems and to a tremendous
bulk of knowledge in the form of mathematical for-
malism.

There are now on the one side machines with
more or less special features for the solution of par-
ticular problems, and on the other the problems,
given sometimes in a self-contained formulation,
sometimes in only a vague and inexact form, and
ranging over the whole spectrum of life, science,
and society. The medium to combine both is known
as programming. This function consists of mapping
a solution given to the problems on the machine,
but now better defined as dividing the problems
into elementary task-components and translating
them into terms of the machine.

In this paper, the interface between the problems
and the machines will be discussed with emphasis
on the tools for the solutions—the programming
languages and processors. '

Statement of Problem

The application of computers for solving prob-
lems in technical, scientific, and commercial fields
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has been very successful. But progress is hampered
by the fact that the machines accept primarily only
their own special language, on digital computers
composed of number sequences. These sequences
are mostly long chains of zeros and ones—which is
rather unintelligible to humans and quite different
from the languages in which the tasks are and can
be easily described.

Possible Solutions

There are two possibilities for solving the diffi-

culties made by the gap between the languages of

machines and the languages of problems. One solu-
tion would be to adapt the languages of the ma-
chines by developing machine languages more gen-
eral and closer to the problems encountered, the
high-level language computers, the other one would
be to adapt the problems to the machines. This is
done presently with intermediate languages, be-
tween machines and problems, which are easier for
people to use than contemporary absolute machine
languages.

High-Level Language Computers. This would mean
to develop a machine which could communicate in
a higher language. Suggested rather early, and at-
tempted to implement-to some extent (for example,
in the SEAC machine,! this idea could give an ele-
gant solution to the problem. Therefore perhaps it
is revived in newer designs,>® and it is even sug-
gested to use a language of the ALGOL-type* as
machine language.* In addition to the drawbacks
due to the insufficiencies of contemporary program-
ming languages (and these are the only candidates
at present for high-level machine languages) there
are several factors opposed to such a development.

The arguments of high cost for circuitry and re-
strictions to the applications area are mainly based
on the economic feasibility of such designs. But
with an advent of very cheap components and as-
sembly methods, these restrictions could change in
the future.

The arguments of altering bases must be taken
more seriously. The development is neither fixed on
the problem side nor on the machine side.

Development on the Problem Side. To illustrate
this point a simple example might be taken. In ap-

*A similar step in this direction is sometimes attempted
in microprogrammed machines with some higher-level lan-
guage implemented in memory in a semifixed manner.

plications to commercial problems a basic function
is certainly sorting, which is used over and over
again. So it would seem natural to include a ma-
chine operation for sorting in the repertoire of such
high-level commercial machines. But what tech-
nique of sorting® should be implemented? The
best technique to be selected depends on the data
formats and on the machine configurations so that
selecting only one technique is not very feasible.
But inclusion of several different techniques is
highly unlikely. This example will show the diffi-
culties for only one task function. The overall re-
quirements complicate the situation so much that
no reasonable solution is in sight.

Development on Machine Side. Many opinions
state the view that the development on the machine
side is now fixed.® But this belief seems prejudiced
and premature. For example, in the near future
memory hierarchies (let’s say a memory of 128-
word diode storage with 50 nanoseconds and 2048
words thin film or thin wire with 200 nanoseconds
and back-up storage of 32,768 words at 600 nano-
second cycle time. Behind these might be bulk core
storage, drums, disks and tapes) could give a user
more computer power (according to the principle of
limited resources) than the more conventional re-
cent design; or mastery of parallel execution fea-
tures, etc. Although this argument affects mainly
the internal design of a possible high-level language
machine, it complicates the picture and eliminates
many suggestions for solutions. The potentialities
for a standard machine (or assembly) language
are impeded too by this aspect.

Solutions by Intermediate Languages. The solution
by intermediate steps between problem and machine
languages via programming was at least in the past
the most successful one. It can easily be seen that
the closer to the problem the steps are taken, the
more powerful and quickened the solution will be.
So the region between problems and machines con-
tains software levels of differing machine and prob-
lem independence.

Efficiency of Machine Use. Whenever a pro-
gramming language is different from actual low-lev-
el machine language, questions concerning the effi-
cient use of the hardware are apt to arise. These
seem to be of greatest importance on slow and ex-
pensive machines. Linearly extrapolated, the em-
phasis on these questions is decreased to 2 percent
when relating a machine with 0.5-miscrosecond cy-
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cle time in 1965 to one with 25-miscrosecond cycle
time in 1951 at the same price. Interestingly, the
highest requirements for run-time optimization
with compilers are imposed on hardware which is
inadquate for the intended problem solutions (e.g.,
optimization in FORTRAN II on the 704 and in
ALPHA on the M20® for the solution of difficult
partial differential equations). With the need for
faster computers® and a decline in prices for hard-
ware, as in the past decade, these efficiency ques-
tions are bound to diminish and perhaps to dis-
appear altogether.

Hierarchy of Programming Languages. Different
hierarchies of programming languages are already
proposed,® where the criterion is the machine con-
figuration concerned. Of course, many other charac-
teristics could be chosen for classification of pro-
gramming languages, but the one here presented in
respect to machine independence seems to be most
interesting. A good measure for the level is the de-
gee of declarative freedom for the user. Therefore
on the lowest level would be the absolute machine
.languages and with more declarative possibilities
gradually increasing up to the problem level of
declarative languages as follows:

Absolute’ machine lan-

No declarative freedom
guages (machine level) - -

No specification of names
and locations necessary

Assembly languages

No detailed machine
commands necessary

Procedural languages

Problem oriented
languages

Language elements from
problem but command
structure procedural

Specification languages, Description of relations
augmented by seman- in the problem, freedom
tics of procedure

Declarative languages
(problem level)

Description of the prob-
lem, freedom of proce-
dure and solution

The levels from absolute machine language to
procedural languages are very well known from the
literature of recent years. (Sometimes in the past,
procedural languages like FORTRAN, ALGOL and
JOVIAL were incorrectly denoted as problem-
oriented languages.) Examples for problem-oriented
languages are found in APT, COGO, Simscript, etc.!!
The block-notation languages'? for analog-hybrid

simulation on digital computers are examples of aug-
mented specification languages. Semantic content is
there defined by the fixed meaning of the block
names (in MIDAS!® they are the operations and the
operands by means of the successor specification).
Recently an example for another use of a specifica-
tion language in an applications program was pub-
lished!* where Backus-Naur-Form specification was
adopted. As can be expected, the experience reported
stresses the improved facilities (compared with con-
ventional programming languages) in programming,
check-out, and incorporating changes into the pro-
gram over conventional programming languages.
Perhaps the first example in declarative languages,
although not on the level designed by the term today,
was the dynamic analysis langnage DYANA.'® Some
other approaches are described in a recent paper.'®

Translation among Programming Languages. All
programming languages above the actual machine
language impose the necessity for translation to that
language. This task is done by a translator, compiler
or assembler, hereafter called a processor.

Two different aspects have to be distinguished
concerning the translation of programs:

1. Translations horizontally on one level
2. Translations vertically to other levels

Obviously, all translations can be regarded as com-
posed of these two possibilities to various degrees.
The requirements for the practicability of translation
are: :

e The rules for the connections of elements in
the languages (the grammars or syntaxes).

e The elements of the languages (the dic-
tionaries).

e Their respective relations in both languages
as well.

1. Translations. Horizontally. Horizontal transla-
tions of programs among different programming
languages of the same level are in general not possi-
ble. The reason is, that the results of one operation
(in extended sense) in a program in source lan-
guage (the language of the input) may determine
the kind of operation to be used next in the pro-
gram, and that often the target equivalent of a
source language item is not available. The criterion
for translatability is that all operations in the
source language can be translated separately into
the target language (the language of the output) in
respect to power and extend. Translatability from
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one source language A to a target language B gives,
however, no indications for translatability from B
to A. Whenever some operations are not translat-
able, they may be simulated, e.g., interpreted at run
time. Because. of the huge number of redundant op-
eration parts involved, interpreted programs run
normally orders of magnitudes slower than compar-
able translated ones on the same machine.

2. Translation Vertically. Vertical translation of
programs is divided in (a) upward and (b) down-
ward translation.

(a) Upward translations impose generally the
same requirements as those detailed for horizontal
translations. A special case governs the upward
translation or previously downward translated pro-
grams. Contrary to some opinion,'” no relevant in-
formation for the execution of a program is lost in
the translation process, only the redundant. There-
fore, if the translation algorithm is given, all peces-
sary information can.be retrieved from programs,
that had been translated before, to build a fully
equivalent program on the former level.

(b) Downward translations are normally not dif-
ficult, because the languages on the higher levels are
so designed as to give a specific and determined
target equivalent on the lower level for each source
language element.

Now, by the mechanical transformation of the
program (a description of a problem or its solution)
into representations of other levels with or without
intermediate levels (e.g., DYANA — FORTRAN II,
FORTRAN II— SAP704, SAP704— 704) not
more solutions of a problem are obtained, but only
different representations of the program. Therefore,
with regard to problem considerations, all different
representations of one program (e.g., diagrams aug-
mented by text, DYANA, FORTRAN II, SAP and
704), and all programs giving the same results for
the same sets of data, are said to be equivalent. A
similar relation is given among specification lan-
guages or notations.'® Continuing this thought, most
efficiency questions, grammar and syntax peculiari-
ties and details, though interesting and necessary for
the development of the transformation processors,
are definitely unimportant and sometimes even unde-
sirable for the solution of a task in applications
programming.

Experience with High-Level Programming Lan-
guages. The aspects of the historical development of
high-level programming languages (with regard to

machine independence) are described in detail
elsewhere.!! It might be stressed that FORTRAN
was not the first high-level language of algebraic
type but had forerunners in Rutishauser’s algebraic
language on the Ermeth in Zurich and in Lanig and
Zirler's language on Whirlwind in MIT. Even
MATH-MATIC for the Univac I, a commercially
available machine, was earlier. But the small UI (a
decimal and alphanumeric machine with only 45
instructions) did not really necessitate and justify a
high-level algebraic language; this was later re-
quired with the more complex machines of von
Neumann-type, like the 704.

The advantages of high-level programming lan-
guages are more apparent the more the considered
languages are independent from the machines.
These advantages are:

1. Easier learning and use than lower-level lan-
guages, because they are less complicated,

2. Time savings in programming of solutions
for problems,

3. Time savings in debugging and correcting
possibilities for slightly different problems,

5. Higher machine independence for transi-
tion to other computers, and otherwise for
compatibility with hardware,

6. Better documentation (compatibility

- among programs and different program-
mers,

7. More powerful structuring in terms of
problem.

Points (1), (2), and (3) were stressed in the
past and found most important.’®* Nowadays (4)
and (5) receive more attention and in the future
(5), (6), and (7) may become the dominant ones.

It is interesting to note that points (1) through
(4) have been similarly known to engineers for
decades for the solution of problems in formal in--
stead of numerical notation.

Most astonishing is the large number of programs
still written in a low-level language.2’ This can only

‘be explained by a steep information gradient be-

tween the knowledge in the field and the applica-
tion programmers, or better, their managers.

Development of New High-Level Programming
Languages

Introduction. The development of new high-level
programming languages, at least in the past, has
been more evolutionary than revolutionary. So the
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step from FORTRAN to ALGOL brought with it
these advantages in order of their estimated impor-
tance:

o Chained logical decision sequences

e Block structure of program parts

e Free notation format

e Lifting of various machine restrictions
(i.e., number of subscripts in variables,
modes of expressions, etc.)

Unfortunately, due perhaps to the ambiguities
embedded in ALGOL and its definition, the gain
from switching over to ALGOL programming from
FORTRAN is considered marginal. Despite all the
efforts in the past, less than 10 percent of all pro-
grams for scientific and engineering applications
are coded in ALGOL?* — which is not a striking
triumph for a successor to FORTRAN.?! Similar-
ly, less than 5 percent of the programs in the same
area are coded in FORTRAN IV — what can be
cautiously described as failure of the new facilities
incorporated in FORTRAN IV over FORTRAN
II. The use of a programming language by applica-
tions programmers has to be the measure for its
success. If one is not sufficiently used, a program-
ming language is certainly as dead and obsolete as
Mayan or Babylonian and perhaps of just academic
interest.

Requirements for a New High-Level Programming
Language. Several important design criteria — often
violated even in recent designs — have to be
stressed:

Close Relationship to the Problems in the De-
sired Area. This allows the user a concise and pow-
erful description of the processes and concepts.

Uniqueness. Each item in a correct program has
to have one unique and defined meaning. This is
required by all compatibility reasons.

Simplicity and Clearness of Notation. The lan-
guage has to be developed and designed with a pro-
gramming notation for ease of learning, use and
handling of the language in the intended problem
area. (Of course, that does not exclude a formal
and rigid definition of the language. But such a de-
finition should hardly ever be imposed upon a
user.) Requirements for readability and intelligibil-
ity are included here. This point of convenience has
to be the main criterion for the standardization of
programming languages. Admittedly, generally one
proposed standard is better than another, if it is

more convenient for the user.

Completeness. A good programming language
should be able to handle all occurring tasks within
its designed scope, without need for using means
from outside. Good counter-examples are the miss-
ing string-handling facilities in FORTRAN and the
input/output part in ALGOL 60.

Segmentation. For the practical application of
programming languages to large problems, efficient
segmentation features are desirable so that parts of
problems can be handled independently.

Compatibility with Existing Programming Lan-
guages. In addition to compatibility in other res-
pects, one is important in regard to the already ac-
cumulated knowledge of problem solutions (the
program libraries). These libraries consist of two
parts—one created by the present user working with
the language and the other developed elsewhere or
earlier with other languages. The first part requires
elements in the language to build up and use older
programs and program parts in new connotations;
the second demands some means for translation or
interpretation of old libraries.

Development Possibilities. There are three ways of
developing a new programming language:

e Cleaning up and refining existing lan-
guages;

e Elaboration and combination of known
useful features;

e Development from the basic require-
ments of a problem area.

All three methods were used in the past either sepa-
rately or combined.

Proliferation and Solutions. The application of
computers with high-level languages to different
problem areas causes a proliferation of program-
ming languages according to the vernaculars in the
application fields. There are two different possibili-
ties:

1. If single programming languages are to
be developed close to the vernaculars, then
some incompatibility will exist between
these.

2. On the other hand, if an intermediate lan-
guage somewhere in the middle between
problems and machines will be accepted as
the programming standard, then much
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more effort has to be spent on defining the
problems to the computers.

The historical. development of progress in the
computer field favors the first alternative, while
computer manufacturers and operations managers of
computer installations try to hold to the second one.
Possible solutions to the dilemma might be found
in:

(a) Inclusion of language elements of neigh-
boring problem areas into programming
languages presently in use or being devel-
oped, or opening the borders to that area;
for an intermediate language with the
scope of an UNCOL? but on a higher
level or as a subset of a universal pro-
gramming language.

(b) Development of universal programming
languages.

(c) Development of universal processors.

Universality in this respect is meant to comprise
at least the elements of two really different problem
areas (not vertical combinations or notations).?

Several proposals for the first of these solutions
(inclusion of language elements) are already re-
ported. Of these, BEEF?* and ALGOL-Genius* are
both designed to combine a programming language
for algorithmic with one for commercial procedures.
More - ambitious in this respect is the NPL-
SHARE?* language to combine in addition the ele-
ments of real-time and command languages.

It is most noticeable that software systems (lan-
guages and processors) developed upwards from the
machines by combinatinn of existing elements do
not tend to please many users. Despite the desirabi-
lity of larger extended systems, there are always us-
ers who do not need the new scope and are unwill-
ing to pay for the clumsiness and complication due
to inadequate design.

. Other development possibilities going from a

fixed base are found in the features of open-ended
systems. To some extent at present, the combining
of languages of two areas results in at least a partial
universal programming language.

UNIVERSAL PROGRAMMING LANGUAGES
Definition

A universal programming language can be de-
fined as a complete set of elements to describe the

problems and solutions in all problem areas. If such
a language can be developed, the design require-
ments will be the same as for a single high-level
programming language (see the requirements listed
above), but much more valid.

Mathematical Definition and Development.

It is easy to define mathematically the design and
development of a universal programming language
in general.

The complete set S; of all equivalent programs*
pi for the solution of problem k in one area is
given by

Si = Uipixs
Then the operation 3 selects from this set a program,
maximal in respect to power of problem description
Dy = 8 Uipirs

Now all maximal programs of one problem area form
a new complete set Sk:

Sk = Uk 8 Upars
From this new set, operation vy extracts the language
elements and operations for the given area to form
the language for the problem area Gj:

G;i = y Uk 8 Uipus
For the generalized and universal programming lan-
guage A,, the complete set Si, generated by U,, of
all languages G1 has to be considered, combined and
integrated by the operation A to give

Ay = A Ury Ux 8 Uipirs

As may be recognized, the operations, 8, vy, and
M\ are very complex and difficult, but the most seri-
ous drawback seems to be the large extent of the
various sets required. But this is the only way for
development, be it by methods of evolution via
open-ended languages or by revolution via problem
analysis and then language determination (as given
by an example in reference 28.

Old Proposals

The problem of proliferation of programming
languages was recognized rather early especially in
respect to the effects on processor production.??2?
So UNCOL, a universal computer-oriented language
was proposed as- an interface between high-level
programming languages and computers. Due to the
open-endedness on both sides of problems and ma-
chines, such a scheme cannot easily be designed on
the basis of a fixed language. On the other hand, 30
examples for this scheme are known as notations,

*See “Translation among Programming Languages” above.
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e.g., the prefix notation.?® But this design level
seems to be inadequate for a satisfactory solution to
the problem.

A similar restriction is imposed on the well-
known flow-chart notation to be used as a universal
programming language, or even as a programming
language. (Recent rumors suggest flow charts to be
used on oscilloscope terminals for on-line program-
ming.)

Design Possibilities

As mentioned in the .section on Solutions, there
are two possibilities for the design of universal lan-
guages. One is a conventional approach with open-
ended languages and processors so that the users
will develop gradually the required high-level pro-
gramming languages in the interesting problem
areas. Then from time to time the now achieved
status of a system should: be re-evaluated and re-
shaped to avoid and eliminate inefficiencies and ob-
solescence. So gradually the best language for a
problem area will mature. As soon as there are
enough languages developed for different problem

areas, then the design of a universal one can be en- -

visaged.

The more direct method suggested by the mathe-
matical definition is to investigate the nature of the
problems, depict the elements for description and
solution, and combine these into a high-level pro-
gramming language. This method was used to de-
velop the new programming language BEST for
commercial applications.?® The reported five years
of labor seem relatively high, but the rewards justify
the effort to eliminate all the inadequacies and
inconsistencies which arrive at the fire-line with
programming languages, designed by mutual con-
consent at conference tables.

UNIVERSAL PROCESSORS
General Requirements and Notation

Definition and Feasibility. A universal processor
can be defined as a program for transformation of
all programs from all required problem areas into
all required target languages. The extent of such a
processor is dependent on the definition of the re-
quirements of the problems and of the machines.
Processors which accept programs in a number of
different programming languages are well known.%!
But no successful experience (aside from the proj-
ects outlined below could be found for easy com-

bining of different target languages. This is cer-
tainly no accident, as will be stressed later. The target
language area poses heavier and more stringent re-
quirements on processors than the source language
area where it is possible to easily combine several
compilers for different languages (but for the same
machine) into one system and to invoke the one
momentarily required by control cards (e.g., in
IBSYS.** The difficulties for the target language
arise mainly because of a third language parameter
in a processor, its own language, i.e., the one in
which the processor is written or the language of
the machine on which the processor has to run.

Design and Implementation. At the source language
side of a processor, besides the simple IBSYS con-
cept, a higher degree of integration could be ob-
tained by (1) accepting mixtures of statements of
different languages, perhaps with indicators as to
which languages they belong; and (2) accepting the
elements of different languages intermixed. This
requires that incompatibilities among the languages
are removed. - (For example, the definitions of iden-
tifiers in FORTRAN and COBOL are incompati-
ble, with blanks having no meaning in FORTRAN,
but used as separators in COBOL.) So it is proven
that a fairly universal programming language cannot
be developed by simply combining useful features
from different other languages.

If only a restricted universal processor can bé
developed, then by feeding a copy of it to itself a
desired less-restricted one could be produced auto-
matically.

General Notation. A processor can be defined as a
function (f) for transformation of a program given
in one language into that of another. The parameters
of this function f are then:

a) Source language of programs to the processor;
B) Target language of programs from the processor;
v) Own language of the processor;
&) Variables for measuring the efficiencies;
€ ) A variable for the method used in the processor;
etc. :
So the processor can be designated by f(«,B,7,9.¢,
S

Transformation of Programs by Processors. A source
program is, for example, a given set Vy of (i) state-
ments (s;) in source language A4 for the solution of
problem 1 and similarly a target program can be
defined:
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P, = Vlm(A)
P’y = Vusk(B)

as source program
as target program in language B

The application of the transformation function gives
the relations:

Vikse(B) = fVusi(A) for languages separate
translatable only on
the program level

requires a different
transformation al-
gorithm

for languages separate
translatable on
block level; (a block
is defined as the set
Vmsm(A)

for languages separate
translatable on the
statement level

for languages separate
translatable on the
language level

= VugSi(A )

= V1ifVimsn(A)

= V1ifSi(A )

= Vwsi(fA4)

Simplified Notation. The most interesting and im-
portant questions with processors are concerned
with the function of changing the language repre-
sentation of programs, (especially by translating
them to actual machine language). Therefore, if no
regard is given to other than the language param-
eters, the function is reduced to

f=1(4,B,0).

Of course, the other parameters cannot be com-
pletely ignored, but they depend on other variables.
(Measured efficiency of a processor depends on the
methods used, while efficiency requirements are
functions of hardware speeds and costs again, etc.,
so other parameters are omitted here.)

Now a new symbol for a processor is introduced:

A

B

It designates a processor translating from source
Language A into target language B and is itself
written in (its own) language C. Sometimes a label
as a name for a processor will be used and inserted
into the empty space at the left side of the symbol.
Where one language parameter in the following is

not specified or pertinent, the space for it is left
empty.

Examples of the New Symbol

F, is a FORTRAN compiler writ-
SAP ten in SAP, translating from
SAP FORTRAN to SAP

is a SAP assembler given in 704

machine language and translat-
704 ing from SAP to 704 machine
04 language

N is a NELIAC compiler translat-
709 ing from NELIAC to 1401 SPS
and running on the 709

is a precompiler translating into
the source language (e.g., for
error checking in programs) and
running on machine with lan-
guage L3.

Mode of Processor Use. Basically two different
modes of processor use can be distinguished: tran-
slative and interpretive.

1. Interpretive Mode. The interpretive mode of
processor use is characterized by the handling of
data and source statements at the same time, ac-
cording to the diagram:

data

v
source

program ————{>|processor —1>

T

results ;

2. Translative Mode. The translative mode is
characterized by the processing of source program
and data at different times, at compile time and at
run time, respectively:

source |p—————ai>>|
program processor
] at compile time
data L target
program
at run time
)
results




It must be understood that the execution of the
target program at run time is itself considered again

as interpretation,

UNIVERSAL PROGRAMMING LANGUAGES AND PROCESSORS

— DATA 1
— DATA 2
SOURCE :
- PROGRAM 1+ [ -
RS DATA N
SOURCE |
PROGKAM 2 Y Y P
] > PROCESSOR
) - {RESULTS 2
SOURCE :
PROGRAM N [
| RESULTS N
4. For Real-Time Translative:
DATA 1
SOURCE OBJECT
PROGRAM 1 P PROCESSOR Jrmea PROGRAM 1 RESULTS
DATA 2
SOURCE L
PROGRAM 2 | ) ==
_
PROGRAM 2 | RESULTS 2
SOURCE |
PROGRAM N [ | DATA N |
OBJECT R
] PROGRAM N >] RESULTS N

9

In real-time concurrent processing, the schemes
would look like
3. For Real-Time Interpretive:
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General Use of Processors. The general use of proc-
essors is given by feeding (designated by the simple
arrow —) a program into the processor to receive
(designated by the double arrow %) the program
in another representation:

is the translation process of a program from source
language L. to target language L2 by a processor
running on a machine with language Ls.

A more interesting case is that the program fed
to the processor can itself be a processor. When it
is written in its own-source language it is according
to:

Here it is explained that a processor written in its
source language can be translated to any other lan-
guage for which a processor exists. From this pros-
pect was derived the old requirement that each pro-
cessor should be written in its source language. On
the same process is based nowadays the production
of assemblers for new machines. Details on that
method will be explained later.

When the processor is written in its own-target
language, this gives:

This is the ancient method of processor construc-
tion by writing it in its target language. So it is
possible to build up on already available processors.
An example of this is the old FORTRAN compiler
written in SAP and translating to SAP, which is
then translated by the SAP assembler into 704 ma-
chine language, but it needed the SAP assembler in
the translating process from FORTRAN to 704
code.
Restrictions on the Parameters. The variables in
the transformation function f (A4,B,C) of a pro-
cessor are certainly not independent even among
themselves. The following functional relations
among the language parameters are interesting. Pre-
vious mention has been made of the relation be-
tween the target and the own language of a proces-
sor. Another, but not a very stringent one, governs
the relation between source language elements and
their target language equivalents.

It will now be assumed that the relations can be
defined and the variables separated. Several cases
are then distinguished:

1. The source language parameter A is
independent of the other ones, so that
no functional relation is given there:

A #+ hi(B); A # he(C).

2. The target language variable B de-
pends not on the source or on the own
language:

B+# hs(A4); - B# hi(C).

3. Both source and target language are
not related to the own language (but
might depend on each other):

A F# he(C); B £ ha(C).

4. All language parameters are independ-

ent among themselves.

The design of universal processors will now be
investigated according to these restrictions.

Universal Processors. Universal Processors can
be designed under the restrictions of the previous
paragraph and will be treated in the same order.

1. A scheme for a universal processor limited by
restriction (1) could be derived as follows. If the
processor is not dependent with the source language
either on target or on the own language, then the
source language part could be made exchangeable.
As soon as one processor with this characteristic
would be available, processors for all different
source languages could be constructed running and
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translating for the same machines. By transforming
another processor with the same characteristic ac-
cording to:

processors could be written in all languages for
which exchangeable definitions exist, and then tran-
slated to the designated machines. The task of writ-
ing 2m X n processors for n languages and m ma-
chines (there are only m X n processors if the pos-
sibility of translation of programs on one machine
for running on another machine is excluded) is now
reduced to the writing of 2m processors or m, re-
spectively) for the rn machines and of n language
descriptions for the »n source languages.

2. The case where the target language is consid-
ered independent of source and own language is
even more interesting. Then target language des-
criptions for the machine could be developed and
inserted into the processor to give a scheme for
processors to translate for all machines.

Applying the same principle to the translation of
processors could give a universal processor with any
desired target and own language requirements:

N3 Nr
N3 —> — L2
G\ /N

The' requirements for a universal processor system
would now be to write n processors for n source
languages and m target language definitions for m
machines. These n processors would be written pre-
ferably in a high-level language (N3) for which a
processor with the same characteristics for exchange-
able target equivalents has been given already.

3. The case that source and target language are
independent from the own processor language (al-

though they may depend on each other, case 1)
would give a very powerful and general system. By
the application of the scheme to itself, any desired
own language and so a rather general universal pro-
cessor scheme could be obtained:

The implementation requirements would now be
to develop: one processor with removable source
and target language equivalent parts in two copies,
and the definitions for each pair of source-target
languages, giving m x n definitions if they are de-
pendent on each other (case 1) or m + n defini-
tions if they are independent (case 2).

4. When all language parameters are independ-
ent, then we have the most general universal proces-
sor scheme. Of course, this brings not more solu-
tions than could already be obtained in case 2. The
requirements here would be to have one processor
with the desired characteristics and m + n descrip-
tions of source, target, and own languages.
Discussion. The schemes  for universal proces-
sors described in the preceding section are outlined
on the assumption that the language parameters of
processors are independent of other variables and
among themselves, at least to a certain degree.
Some relationships among source, target and own
language are known. But up to now it was never
proved or disproved that perhaps they could be sep-
arated, and if so, under what conditions. It can be
seen, for example, that between source and target
language only a simple connective relationship ex-
ists, but the requirements then imposed on the own
language were not yet evaluated.

The area of source languages is now fairly well
understood, although the techniques are still not in
the best conceivable state; much work is left to be
done; some is going on and progressing satisfactori-
ly. But knowledge of the others is very insufficient
and incomplete.

Many investigations in the past-were dedicated to
the theory of automata. However, most results from
these investigations are too general or of too low a
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level to be of great value to present-day computers
with their variety of special hardware features. Only
in the recent past some work was performed on
models of more contemporary machines.2®

As long as actual computers are not well under-
stood there will not be much hope for very success-
ful development of useful universal processors.

The following section describes the various re-
ported projects for automated processor production
and compares these to the described scheme of uni-
versal processors.

Projects for Universal Processors

General Scheme and Survey. All literature un-
covered in recent years regarding projects for pro-
posals on universal processors fit into the same gen-

eral scheme. There is always input I, consisting of a
processor or its description, or the description of
the source language. Input II is sometimes missing
(in some cases of a processor description for 1), or
consists of specifications of the target language, and
of a source program in interpretive cases in addi-
tion to that.

INPUT Il

\

INPUT | > SUPER |

| PROCESSOR ouTPUT

The different elements for input and the obtained
output are summarized in Table 1.

Table 1.

Project

Input 1

Input II

Resulting Processor

Special Features

High-level and spe-
cial language use.

Processor written in high-
level or special processor
writing language

Processor in low-
level language

High-level languages ap-
plied to processor con-
struction

UNCOL

Processor in UNCOL to
translate to UNCOL

Processor for UN-
COL on designed
machine

Reduction in number of
processors required

CLIP-JOVIAL Processor in high-level — Processor in low-  “Boot-strapping”

language level for original
language

NELIAC Processor in high-level — Same as above Same as above
language

XTRAN Processor in high-level Target machine Processor in low-  Exchangeability of target
language (with connec- macros level for designated language equivalent
tors?) language

SLANG Processor in SLANG —  Target language de- Same as above Generation of target
POLMI scription to generate equivalents from a de-

the equivalents scription
TOOL Processor in TOOL Library of macros Same as above Translation for new ma-

chines

Syntax method

Language specification in
terms of M

Source program in L

Target program in
M

Interpretive processor ac-
cepting language L speci-
fication

TGS 1. Language specification 1. Macros for M Same as above Interpretive processor
L with'  extensive descrip-
tions and specifications
2. Generation statement 2. Source program Processor in M
tables for selection
Meta A Description of language — System written in specifi-
L in terms of M cation languages
Meta B Description of language List of target equiv- Same as above System in specification
L with connectors alents (macros) language separable for
given source and target
languages
Applicative Description of L in Ap- Machine definition Same as above Same as above with Ap-
Expressions plicative Expressions in Applicative® Ex- plicative Expressions as

pressions

specification language
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Two different approaches can be distinguished,
one starting with a processor or the description of a
translation process and the other starting with defi-
nitions for the source language. The processor-
based projects are generally the older ones, thus re-
flecting the progress in the field.

Processor Based Projects

1. High-Level or Special High-Level Language
Use. To gain the advantages of programming using
high-level languages (see Introduction “Experience
with High-Level Programming Languages”) in the
construction of processors, projects based on this
were tried rather early and often abandoned im-
mediately. The main reasons were the inadequacies
of high-level languages of those days (mainly FOR-

TRAN and ALGOL) for processor descriptions,
and unfamiliarity with the new technique. To al-
leviate the difficulties special high-level languages
were developed.®®® The scheme here is working
like:

However, the gains by these projects for the con-
struction of universal processors can be considered
marginal, because the original number of processors
required is not reduced and, in addition to that, one
processor for the high-level description language is
required for each machine. This scheme is reported
only for the sake of completeness and because it is
used heavily in other projects.

2. UNCOL. In this project the first suggestion
for a system of some sort of a universal processor
was given.>2® It calls for an intermediate language
(see “Old Proposals” above) together with the
appropriate processors. The requirements are here
reduced to m + n processors for n languages and
m machines, instead of m X n (without translation
of programs to run on other machines). For each
source language a processor has to be written in
UNCOL translating into UNCOL and then for each
machine one translating into machine language.

In the production process the processor (written
in UNCOL) for the source language is translated
by a processor from UNCOL to machine language:

U > LZ — LZ
u L2 U

All programs then written in source language Ni
are translated by this new processor, running on
machine with language L., into programs in UNCOL.
These programs are then finally translated to ma-
chine language L. by the translator from UNCOL
to machine language L. (already required above):

N U
u L2

3. CLIP-JOVIAL. Very similar to both the UN-
COL and high-level language project is basically the
CLIP-JOVIAL approach. Several different versions
are reported, one without intermediate language and
another, more advanced, with it.% The diagram for
the simpler version looks like:

N, N, Ny
N2 L2 N2

Practically, the high-level language scheme where
the source language is used for description with:

Ny the CLIP language (a dialect of AL-
GOL 58 with additional features for
table packing, string handling, storage
overlapping, and local and global
declarations)

N: assembly language

L, 709 machine language
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The more advanced version uses an interesting
“bootstrapping” method for adapting the processors

Ny N3 N, N2
Ny —>— > No—— XM, >—
N2 N2 N2
2

td different machines:

N, L, N,
L, — XM, > M,
L L) M, L
| N N, Lo M,y
—»X—)—- Ly — Mo —>»— M2
L2 (L2) M2 L2
L3 Ny

M3 L3
NZ Nl L4 N|
o M4 —— L4 ——— M4 > M4
The parameters are given according to the table: )
JOVIAL l INTERMEDIATE | cLIP I 709-A | 2000-A ' ANFSQ-A I MILITARY-A | 709 l 2000

M3 ! M4

ANFSQ ‘ MILITARY

with the indication of -4 after a computer name
standing for assembly language for that machine,
and the computer name alone standing for its ma-
chine language. The parameters (L:) enclosed in
parentheses indicate the insertion of the appropriate
target language equivalents for the intermediate lan-
guage N: and the patching up for it.

A processor is written in CLIP to translate from
source to intermediate language and is itself tran-
slated by the CLIP processor into intermediate lan-
guage. For each machine, a processor is now writ-
ten for translation from intermediate .to. assembly
language of that machine. With these processors,
the former processor is translated into assembly lan-
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guage, and the target equivalent in intermediate
language is exchanged for the one in assembly lan-
guage. At last, the resulting processors are translat-
ed by the assemblers to the appropriate machines.

A universal processor scheme requires:

e One processor for each source language
written in CLIP and translating to the inter-
mediate language;

e One processor for each machine to translate
from intermediate language to assembly lan-
guage, the target equivalents for the inter-
mediate language for patching up in the
insertion;

e One CLIP processor for the intermediate
language (and the assemblers for the differ-
ent machines).

The main difficulty here is to design an intermedi-
ate language in a fixed form for many source lan-
guages (e.g., the UNCOL concept, see Section IIC).

4. NELIAC. In NELIAC likewise the high-level
language is used for the programming of the proc-
essors.® The most interesting feature here is the
bootstrapping scheme to obtain the processors for
different machines.’” In the original version on the
U460 (Countess), about 20 percent of the processor
was handwritten and in machine language inserted
into the processor (indicated by Nc¢/s60), after com-
pletion of writing the processor in its source
language.

In the notation, symbols for the original names are
retained as follows:

N¢ Nrog
NELIAC for the Countess  NELIAC for the 709

The NELIAC-Countess processor was produced
with the patched-up processor:

Nc N¢ Nc
460 460 460

This version was used in the production of the pro-
cessors for the B200, the CDC 1604, IBM 704 and
the 709 machines according to the diagram for the
709:

For each machine, two different versions of the
processors have to be written, one in the NELIAC
language for the Countess and the other in the
NELIAC language for the desired machine.

The procedure is to write a processor for a
source language to a target language in a high-level
language for which there is.a compiler running on a
machine. This processor is first translated to run on
that machine. Then the processor is written in its
source language and translated to its proper ma-
chine by the one already obtained. This process is
the direct equivalent of the old assembler produc-
tion method, which has been writing the assembler
for a new machine first in an assembly language of
a running machine and then translating it to run on
this machine. The assembler was then again writ-
ten, but in its source language and translated by the
already obtained assembler to run on and translate
for its proper machine.

5. XTRAN. To adapt the processors for differ-
ent source languages, the XTRAN system?' accepts
those written in a simplified version of ALGOL ’58
with string handling facilities (XTRAN language)
and the set of the macros for the particular ma-
chine. Two different sets of macros are used, one is
machine-independent of the three-address type (as
an intermediate language) and the other consists of
the macros of an actual machine in assembly or ma-
chine language. The XTRAN system translates the
processor for a source language into the machine-
independent macros, accepts the definition of these
macros in terms of the machine-dependent ones,
and then replaces the former with the latter:

Ny Ly, R N

L), R(N3) > =—»XTRAN — X N3
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The requirements for a scheme of universal proc-
€ssors are:

e One processor for each source language
written in XTRAN (L)

e One set of machine-dependent macros
for each machine

e The XTRAN system
-’ N, N

'Nzl

~ 7
Of course, the building up of the target equivalents
from a machine description is usually a very diffi-
cult task, if in general possible at all. And the POL-
MI language might not be definable in a fixed set.
Therefore, it is not surprising that no further expe-
rience with this system is yet reported in the litera-
ture.

The requirements for a universal processor
scheme using this system are:

e One processor written in SLANG-

N\

In this case, the universal processor scheme would
require:

e One processor written in TOOL for
each source language.

e One library of target equivalents for
each machine (presumably with appro-
priate connectors).

As can be seen, this scheme is very similar to the

> —>

Unfortunately no experience is published yet for
this system. This might be due to unsatisfactory
performance for the macro setup.3®

6. SLANG. The SLANG system® is very simi-
lar to XTRAN, but is more ambitious to generate
by itself the macros from a definition of the target
machine. The SLANG compiler accepts in addition
to that a description of the processor in SLANG-
POLMI, designated by S :

S, B

SLANG

POLMI for each source language.
e One description for each target machine.

7. TOOL. A peculiar system was reported in
TOOL.*® It translates processors written in the
TOOL language for other machines. The target
equivalents for a new machine are extracted from a
library file. So the automated translation of proc-
essors given in TOOL designated by 7', to different
machines is handled. Generally, processor notation
gives:

é Ny N T,B N,
N X T,8(Lsy) L__. TooL X 800 —» N X L3z

method from SLANG. Without further details this
scheme was reported to be working satisfactorily
and to be running on the H800 and H400.

Description Based Projects

The Syntax-Directed Method. The reported proj-
ects use a syntactic description of the source
language*!*? and are compiling interpretively:

P, S

{ro.sem} — X —= pm
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The reason for the requirement of interpretive
mode here lies in the fact that the different lan-
guage parameters of a processor are interwoven, but
already to a much lower degree than in straightfor-
ward processors.

The requirements for a universal processor
scheme here are that the syntax description be sep-
arable from the super-processor and that one des-
cription be developed for each source-target lan-
guage pair.

TGS — The Translator-Generator-System. An
ensuing development to the syntax-directed method
is given by the translator-generator-system TGS,*3:44
using macro concepts like the XTRAN prOJect (see
paragraph on XTRAN above).

This scheme accepts as input besides the program
to be translated:

1. A sort of Backus-Naur-Form definition of
the source language.

2. A table for macro description and code se-
lection for the target language.

3. The generation strategy tables for the des-
cription of the linkage between source and
target definitions.

The super compiler consists of five parts working
subsequently on the source program. Most interest-
ing among them are:

1. A syntactic analyzer for the source pro-
gram to convert some piece of input string
into an internal representation (a tree form
is used);

—> CL-| A7090 —> — 7090 =
7090

A universal processor scheme based on this proj-
ect would require:

e One BNF definition for each source
language

e One table for macro description and
code selection for each target language

e One generation strategy table for each
source-target language pair

Metalanguage Compiler Direct. Likewise derived
from the syntax directed method? this project uses
a metalanguage description of a source language in
terms of the semantic target equivalents as basic

2. A generator phase translating the internal
representation into an n-address instruc-
tion form, depending on syntactic context;

3. An optimizer phase for source and target
program optimization, eliminating invari-
ant computations out of loops and common
subexpressions (thus being source-lan-
guage-dependent to a certain degree) and
assigning special registers (thus being ma-
chine-dependent to a certain degree).

4. A code-selector phase driven by the code-
selector table to produce symbolic machine
code.

The translation process looks like this:

{0 50, o, M, s} —= 105X —> o)

Most important is the endeavor to achieve an ob-
ject code optimized to a rather high degree at the
cost of great difficulty in the description of the
code selection. In addition to that, the algorithms
seem to be source- and target-language-dependent
(in respect to algorithmic languages containing
expressions and loops, and to machines possessing
special registers, both in a given form).

For the production of the system, a bootstrap
technique is used, starting from the algebraic lan-
guage Lo (the language of the CL-I system* in
which the system was originally written:

{Peo— 1604-0} {plo)} {DlcXA— 1509}

I.-o Lo Lo CXA
7090 - 7090 e———a (]604) L 1604

1604 1604 1604

-A -A -A

elements of the language on the problem side.*” This
description is then compiled by the metalanguage
compiler into a processor written in the target equiva-
lents of the metalanguage compiler:
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The metalanguage compiler was originally written
in its ‘augmented specification language and com-
piled by itself:

S L
{S(L_, M, )}—-» Mz M2
’ MZ MI

Since no machine was available to accept the meta-
language specification, this translation was done
initially by hand. The target equivalent for M; and
M, are normally rather far different from operations
and elements found on actual computers. Therefore,
they have to be interpreted in terms of those for
execution.

{s (LK), R (K, M) ]> M,

A universal processor scheme requires here:

e One description for each source lan-
guage

e One set of target equivalents for each
machine plus the target equivalents of
new basic semantic elements in a new
source language

e The metalanguage compiler

One special aspect of this method has to be
stressed. By the design process of a source language
in terms of the basic semantic elements, these ele-
ments can be separated in a form in which they are

{S(L,K),R(K,M) } E

Requirements for a universal processor scheme
are here:

e One metalinguistic description for each
source language '

e One set of target equivalents for each
machine and set of basic semantic ele-
ments of each source language

e The metalanguage compiler

Metalanguage Compiler Indirect. Based on the
previous project a method more machine-independ-
ent can be proposed, using the macro principle.
Here the basic semantic elements of the source lan-
guage would be separated from the source language
description and referred to by connectors, These are
then inserted or executed to obtain translative or
interpretive mode. The production of a processor
would be accomplished according to:

S,R L
M2 —— M3
; M,

required for the development of a universal pro-
gramming language (see “Mathematical Definition
and Development” and “Design Possibilities”
above). .

Applicative Expressions. Another proposal for a
universal processor project could use Applicative
Expressions*® and would be very similar to the
method described above. Both source and target
language would be described in Applicative Expres-
sions with connectors used for the correct interplay.
Although this scheme might be more general, it
seems to introduce many redundancies and to com-
plicate the description, as the examples in reference
48 prove. The process would be:

S,R
B
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The requirements for universal processors in this
instance are similar to those in the preceding para-
graph.

Discussion

All reported projects try to gain some power for
the construction of processors in the direction of
universal processors. There are basically three dif-
ferent starting points:

1. The own language for the processor
2. The source language of the processor
3. The target language of the processor

The first point is stressed by all methods to al-
leviate the specifications of the processor to various
degrees from the use of a high-level language for
explicit writing the processor to the syntax table
specification in TGS.

The complete definition of a source language can
specify at the same time a recognizer for programs
written in that language. This characteristic is used
in the description-based projects.

Techniques for the target language specification
to use a processor on different computers were at-
tempted rather early as they were important to the
development of software in the variety of different
computer designs. But, as far as can be seen, the
obtained results are still very far from a satisfactory
solution to the problem—if it is possible to find
even a fairly general solution. Unfortunately no de-
tailed experience with the XTRAN and TOOL
projects is reported.

Several interesting methods are used for boot-
strapping, i.e., the adaption of a processor to a spe-
cial computer mechanically. They range from the
old assembler construction method used in NELI-
AC to rather elaborate and sophisticated ones, as in
TGS. Of course, the whole subject needs much
more effort to develop the techniques for a fairly
general universal processor scheme or to prove that
the plan is not possible and to state the conditions
and new insights into the problems will certainly
bring much more progress than was achieved in the
past. This paper is intended to serve as a basis for
such a development.

Appendix
Explanation of Symbols

A for designation of the source lan-
guage of a processor

B for designation of the target lan-
guage of a processor
C for designation of the own lan-

gauge of a processor

B(M) description of a target machine
D(L) description of the language L
E : designates Applicative Expres-

sions

f(e,B,y,6,€, . ..) processor function

f(A,B,C) processor function with regard to
the language parameters

G(L,M) connective relation

K connectors

L; with / as a number designating a
language parameter

M macros

N similar to L;

P(L) program in L

R a list

S(L,M) language specification of syntax
type for source language L and
target language M

U as language designator for UN-
COL ,

U,V as a set operator in respect to k

X a processor '

A a processor with source language
D C A, target language B, own lan-
B guage C and name D

{ } the braces are used to combine
some input other than a single
processor or program

- simple arrow for designating the

> feed-in to a processor
double arrow for designating the
output from a processor
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DIGITAL SIMULATION LANGUAGES: A CRITIQUE AND A GUIDE

John J. Clancy and Mark S. Fineberg
McDonnell Aircraft Corporation
St. Louis, Missouri

FOREWORD

The field of digital simulation language, although
barely ten years old, has shown a remarkable
growth and vigor. The very number and diversity of
languages suggests that the field suffers from a lack
of perspective and direction.

While claiming no expertise in the writing of so-
phisticated compilers, the authors believe a relative
unconcern with implementation details permits a
wider objectivity in matters of format and structure.
Competence to speak on these aspects is claimed on
the basis of extensive analog, hybrid and simulation
language experience.

In Locke’s words, “everyone must not hope to be
. . . the incomparable Mr. Newton . .., it is ambi-
tion enough to be employed as an under-laborer in
clearing the ground a little, and removing some of
the rubbish that lies in the way to knowledge.”!

INTRODUCTION

The appellation “digital simulation language”
unfortunately has been appropriated by two quite
distinct fields: simulation of discrete, serial proc-
esses, as typified by the GPSS and. SIMSCRIPT
languages; and simulation of parallel, more or less
continuous systems, as typified by the MIDAS or

23

DYSAC languages. The scope of this paper is limit-
ed to the latter.

This field of what might be called parallel lan-
guages has enjoyed a vigorous growth since its in-
ception ten years ago. New languages are appearing
at frequent intervals, but it appears the effort is
scattered, and perhaps needs to be channelized. The
authors have applied themselves to providing a
measure of needed direction and perspective.

BRIEF SURVEY OF THE FIELD
History

Since Selfridge’s article appeared in 1955,2 the
field of analog like simulation languages for digital
computers has grown at a rapid rate. Brennan and
Linebarger®* have provided an excellent review and
analysis of the history of the field; their surveys are
summarized and somewhat augmented below.

Lesh,® apparently inspired by Selfridge’s work,
produced DEPI (Differential - Equation ~Psuedo
Code Interpreter) in 1958. Hurley® modified  this
language for the IBM 704 (DEPI 4), and then in
conjunction with Skiles” wrote DYSAC (Digitally
Simulated Analog Computer). This line of develop-
ment has continued at the Universities of Wiscon-
sin and Colorado under Professors Skiles and. Ride-
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out, resulting in the BLOC languages (MADBLOC,
HYBLOC, FORBLOC and COBLOC) .5*

Stein and Rose, in addition to generating
ASTRAL, (Analog Schematic Translator to Alge-
braic Language) in 1958, have provided the theoret-
ical and practical background needed to write a
sorting routine, i.e., an algorithm to deduce the
proper order of problem statement processing.!
This feature, although overlooked by many authors,
is one of the keys to a useful language. This point
is detailed below.

In 1963, Gaskill et al,'? wrote an excellent simu-
lation language, DAS (Digital Analog Simulator).
The program unfortunately suffered from a rudi-
mentary integration algorithm and the lack of sort-
ing.* MIDAS®® (Modified Integration DAS), writ-
ten by Sansom et al at Wright-Patterson Air
Force Base, supplied the necessary improvements
and met with unprecedented success. (Approxi-
mately 100 copies of the program have been dis-
tributed.) The success of MIDAS is explainable by
two facts: the integration routine and sorting fea-
ture make it extremely easy to use and MIDAS was
written for the widely used IBM 7090-7094. The
authors of MIDAS have now offered another entry,
MIMIC,* which is implemented by a compiler pro-
gram and provides symbolic labelling, logical con-
trol capability, and freedom from the block-oriented
programming. MIMIC is not without faults, particu-
larly in the areas of data entry, but seems destined
for the same general acceptance as MIDAS—and
deservedly so.

One of the most significant developments has
been computer manufacturer interest in simulation
languages. Scientific Data Systems has led the field
in this respect, having proposed DES-1 (Differen-
tial Equation Solver) in 1962.!5 DES-1 has been
modified extensively in the succeeding years, and
now offers one of the best formats and one of the
most variegated operator lists;'® SDS has always
promoted the language as part of a total computer
system which provides analog type I/0 and pro-
gramming for a digital computer.

In late 1964, IBM entered the field in a small
way with PACTOLUS, by R. D. Brennan.!” Appar-
ently, PACTOLUS was intended to have only mod-
est computational capabilities and to contribute
primarily as an experiment in man-machine com-
munication. In this respect, the objectives of PAC-

*It should be noted that Gaskill considers neither point of
particular significance.

TOLUS are similar to those of DES-1, although
the latter also attempts to be as powerful a compu-
tational tool as possible.

PACTOLUS was written for the IBM 1620, and
brought simulation to a previously untapped au-
dience of small installations. The popularity of
PACTOLUS is rivaled only by that of MIDAS, if
indeed it has a rival.

More recently, R. N. Linebarger of IBM has an-
nounced DSL/90 (Digital Simulation Language for
the 7094 class computer).!® This language is a sig-
nificant advance over PACTOLUS as a computa-
tional tool and offers many format improvements.

The above are only a few of the languages; many
others have appeared. Table 1 shows a list of simu-
lation languages, along with some important charac-
teristics of each. This table is the result of a rather
diligent search, but certainly is not comprehensive.
Much of the material has been taken from a survey
given by Clymer.1® '

Trends

The present trend in the field is towards exten-
sion of the power and utility of the programs. More
efficient execution has been recognized as a goal,
and the compiler approach to implementation has
gained increased acceptance. The provision of more
complex operators and more advanced algebraic
capability represents an effort to increase the utility
of the programs for less analog-oriented applica-
tions. These trends are in the right direction, but
efforts have been scattered, and perhaps need to be
channelized.

Another major step has been recognition of the
importance of the man-machine interaction. As
was mentioned, this has been the primary message
carried by the PACTOLUS program, and has long
been the concern of the DES-1 designers. The
SCADS? program has been used on-line at Carne-
gie Institute of Technology and the Aerospace Cor-
poration is using EASL? through a terminal to an
IBM 7094. The authors agree wholeheartedly with
this stress on man-machine interaction, and are
aware of the real import this communication has
for the future of digital simulation.

Areas of Use

Simulation languages have been written for two
more or less diverse reasons: to provide analog



Table 1. History of digital simulation languages.

Author’s Integration
Name Source of Name Date  Author(s) Affiliation Computer Routines AncestorSorting Remarks
— S 1955 R. G. Selfridge USNOTS IBM 701 Simpson’s —— No The Adam of this genealogy
Inkoyern Rule :
DEPI Diff. Eq. Psuedo 1957 F. Lesh Jet Burroughs 4th Order SelfridgeNo Expanded and improved Selfridge’s work
Code Interpreter Propulsion 204 Runge-
Lab Kutta
DIDAS . DIgital Differential 1957 G. R. Slayton Lockheed- IBM 704 Euler _— Simulates a DDA
Analyzer Simulator Georgia
ASTRAL Analog Schematic 1958  Stein, Rose Convair IBM 704  Runge- —— Yes Isaiah, the voice that crieth in the wilderness.
TRanslator to and Parker Astronautics Kutta A precursor of the modern languages. Sorting
Algebraic Language and compiler implementation were original with
ASTRAL, and remained advanced features until
very recently.
DEPI-4 DEPI for the 1959 1. R. Hurley Allis- IBM 704  4th order DEPI No First language to use float point hardware, and
IBM 704 Chalmers Runge- thus eliminate scaling problems.
Kutta
DYANA DYnamics ANAlyzer 1959 T.J. General IBM 704  Euler _— Mechanical system dynamic analyzer
Theodoroff Motors ’
Research
Lab
BLODI BLOck DIagrammed 1961  Kelly, Bell Labs IBM 704 None —— No Block simulator for signal processing devices
Compiler Lochbaum, and 7090
and
Vyssotsky
DYSAC Digitally Simulated 1961 J. J. Skiles Univ. of CDC 1604 4th order DEPI-4 No The prophet with honor only in his own coun-
Analog Computer and J. R. Wisconsin Runge- try. Significant improvement of DEPI-4, partic-
Hurley Kutta ularly in format. The program was specific for
a relatively little used computer, which prob-
ably caused its undeserved lack of wide ac-
ceptance and use outside the University of
Wisconsin.
DYNASAR DYNAmic Systems 1962  Lucke, General IBM 704  Adams- —— Yes Useful innovation was variable step size inte-
AnalyzeR Robertson Electric- and 7090 Moulton gration algorithm.
and Jones Evendale 4 point \ .
predictor-
corrector
Variable
integr.

step-size
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PARTNER

DAS

JANIS

DES-1

DIAN

WIZ

COBLOC

FORBLOC

HYBLOC

MADBLOC

MIDAS

SIMTRAN

Proof of Analog
Results Through
Numerically
Equivalent Routine

Digital Analog
Simulator

Differential
Equation Selver

Digital ANalog
Simulator

COdap Language
BLock Oriented
Compiler

FORTRAN compiled
BLOck Oriented
Simulation Language

HYbrid computer
BLOck Oriented
Compiler

MAD Language
BLOCk Oriented
Compiler

Modified Integration
AS

1962

1963

1963

1963

1963

1963

1964

1964

1964

1964

1964

1964

R. F. Stover

R. A. Gaskill Martin-

Orlando
R. G. Byrne  Bell Labs IBM 7090 Euler —— No
M. L. Scientific SDS 9300 Choice of —— No
Pavlevsky Data five
and L. Levine Systems
Farris and Towa State IBM 7074 Euler —— No
Buckhart Univ.
J. E. Buchanan U.S. Naval ? 4th order ASTRALYes

Avionics, Runge-

Indianapolis Kutta-Gill
Janoski and Univ.of CDC 1604 Choice of DYSAC Yes
Skiles Wisconsin three

ally No)
W. O. Vebber Univ. of Any ma- Trapezoidal DYSAC No
- Wisconsin  chine FOR-
TRAN
compiler

J. R. Hurley Allis- IBM 709, 4th order DYSAC No

Chalmers 7090, 7094 Runge-

and Univ, Kutta

Honeywell IBM 650
Aeorn. Div. and

Trapezoidal
or Euler retains
H-800/1800 paral-
lelism

IBM 7090 IBM 7090 DYSAC No

of Wisconsin

L. Tavernini  Univ. of
Colorado

Harnett, Wright-

Sansom and  Patterson

Warshawsky AFB

W. J. Henry  Weapons
Research
Establish-
ment —

Australia

IBM 7090 Trapezoidal DYSAC No

IBM 7090- 5th order DAS Yes
7094 variable

step predic-

tor corrector
IBM 7090 —— DAS Yes

—— No but Used extensively at Honeywell. Parallel nature

retained by predicting variables around a feed-
back loop, rather than sorting.

Major contributions to the format of block-
oriented languages. Widely used in the Martin
Company.

FORTRAN flavor

Excellent language. Part of a computer system

that includes a special, analog type console.

Chemical Engineering Simulations

ASTRAL’s only known direct descendant.

Logical building blocks (gates, flip-flops), etc.

(Option- provided.

Easily modified since FORTRAN used. This ap-
proach could lead to machine independence.

Simulates hybrid computer.

MAD (Michigan Algorithmic Decoder) state-
ments.

The Moses of the story, that led digital simula-
tion to the verge of the Promised Land. Very
widely distributed, modified and discussed.

Though not used on-line, the program’s struc-
tured for such use in the future.
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PACTOLUS River in which

ENLARGED

MIDAS

PLIANT

MIMIC

UNITRAC

DSL/90

SCADS

EASL

SADSAC

SLASH

- 1964
King Midas washed
off the golden
touch,
_— 1964

Procedural Language 1964
Implementing
Analog Techniques

No meaning, Ex 1965
post facto, Sansom
claims, MIMIC is

MIDAS InCognito

UNiIversal
TRAjector Compiler

1965

Digital Simulation 1965
Language for the
IBM 7090 class

computers

Simulation of 1964
Combined Analog

Digital Systems

Engineering Analysis 1965
and Simulation
Language

Seiler Algol Digitally 1965
Simulated Analog
Computer

Seiler Laboratory 1965
Algol Simulated

Hybrid

R. D. Brennan IBM

Research
Lab

G. E. BlechmanNAA-

R. L.
Linebarger

F. J. Sansom

W. C. Outten

Syn and
Wyman

J. C. Strauss
and W. L.
Gilbert

L. Sashkin
and
S. Schlesinger

J. E. Funk

J. E. Funk

S&ID

IBM
Develop.
Lab.

Wright-
Patterson
AFB

Martin-
Baltimore

1BM
Develop.
Lab.

Carnegie
Tech

Aerospace
Corp.

U.S. Air
Force
Academy

U.S. Air
Force
Academy

IBM 1620 2nd order MIDAS Yes
Runge-
Kutta

IBM 7090 Same as MIDAS Yes

MIDAS

IBM 7090 TrapezoidalJANIS No

IBM 7090- 4th order MIDAS Yes
7094 Runge-
Kutta.
Variable
step size
IBM 7094 ? FOR- Yes
TRAN

IBM 7090- Choice of PLIANTYes
eight

CDC G-20 An algo- PART- No
rithm uniqueNER

to SCADS.

A four

point meth-

od similar

to Runge-

Kutta.

4th order
Runge-
Kutta.
Variable
step size.

IBM 7094 MIDAS No

Burroughs 5th order MIDAS Yes
B-5000 and variable step
B-5500 predictor-

corrector

Burroughs 5th order SAD-

B-5000 and variable step SACK

B-5500 predictor-
corrector

Yes

Mainly an experiment in man-machine commu-
nication. Widely used as a simulation tool.

Enlarged component set of MIDAS and added
plotting routines.

Build own FORTRAN blocks.

Improvements over MIDAS include: compiler
implementation, logical elements, improved al-
gebraic capability, and logical control.

Stylized differential equation input format. Free
format.

Powerful, flexible simulation tool. Advanced

(Option- format ideas include free format capability.
ally No)

Uses the same scheme for parallel operation
as PARTNER, i.., an extrapolation method.
SCADS was used on-line at Carnegie Tech.

Used on-line through a terminal. FORTRAN
statements are permitted in line.

Essentially MIDAS, but written in ALGOL.
Significant feature is handling of discontinuities
by interrupting integration routines when switch-
ing occurs.

Gives an ALGOL program control of SAD-
SACK for parametric studies, plotting optimiza-
tion, etc.
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check cases, and to solve differential equations (in

other words, replace an analog computer). MIDAS,
ASTRAL and PARTNER? were written primarily
for the first reason; DAS, the DEPI family, DES-
1, and PACTOLUS, apparently for the second.
Another, perhaps more important, use has not been
stressed by any of the authors, i.e., providing the
best digital computer language for a hybrid prob-
lem. Since an analog computer is a parallel device,
and no amount of mental calisthenics can make it
appear serial, it is clear that a parallel digital lan-
guage is the only solution to the parallel-serial di-
chotomy in hybrid programming.

FUNDAMENTAL NATURE OF SIMULATION
LANGUAGES

Views Proposed

As noted above, simulation languages have prolif-
erated at an amazing rate in the last few years.
Each new language comes equipped with its own
format and structural idiosyncrasies, which general-
ly reflect the creator’s reading of the essence of sim-
ulation languages. These analyses might be classed
as: analog computer simulator, block diagrammed
system simulator, and differential equation solver.
When the concepts are considered in detail, it is
evident that all these views miss the point to some
extent.

Analog Computer Simulator: Some simulation
languages, as noted previously, were written specifi-
cally to simulate an analog computer. The purpose
was to provide an independent check of the analog
setup. Most of the authors state, however, that the
resultant programs were used profitably for problem
solving—in other words, the analog was bypassed.

Simulating the analog computer generally results
in an operator (or statement) repertoire which re-
flects the fundamental physical limitations of analog
computer elements. Examples of this phenomenon
abound; one might mention the limitation on the
number of summer inputs, different elements for
variable and constant multiplication, and the lack
of memory.

In short, the logical culmination of this concept
is a system neither fish nor fowl, with many dis-
advantages of both analog and digital programming.

Block Diagrammed System Simulator: The over-
whelming majority of authors state that their lan-
guage (or program) was designed to simulate sys-

tems that can be represented by block diagrams.
(Of course, an analog computer is such a system, so
the opinion outlined in the previous subsection can
be seen to be a sub-set of this view). By and large
this opinion is justified, since many problems of
interest are easily expressible in block form. How-
ever, if the problem is given simply as a set of ordi-
nary differential equations, reducing the equations
to a block diagram is a tedious, error-prone proc-
ess. Even if a block-diagrammed system is con-
sidered, more often than not some of the blocks
contain differential equations; an example is the
airframe equations in a control loop.

Differential Equation Solver: An opinion some-
times expressed is that simulation languages should
be designed to solve ordinary differential equations.
From what has been said, this view has some merit.
Unfortunately, two problems arise. First, in control
system simulation, transfer functions and non-
linearities are not conveniently expressable in equa-
tion form. There is also a certain loss of familiarity
with the system when blocks are completely elimi-
nated. Second, the concept overlooks other impor-
tant problem areas, e.g., sampled data systems,
where the problem is stated in difference equation
form.

A More Correct Approach

It is seen, then, that all these views regarding the
fundamental nature of simulation languages are too
narrow and confining. Is there an “essence” (in the
metaphysical sense) which is common to all, yet
not so comprehensive as to be meaningless? Paral-
lelism, the apparent parallel operation of a serial
digital computer, may be an all-inclusive, rational
statement of the essential nature.

All languages extant have taken their format and
structural cues from analog programming and ana-
log operators. Assuming the action was rational, and
not an empty exercise in dialectical synthesis, this
fact provides a clue to a valuable overall view of
simulation languages. The analog computer is, of
course, a parallel device.

As it happens, this is the way most of the world
is structured. Representing physical phenomena
with a serial digital computer is an artifice; useful,
but nevertheless an artifice. The analog computer
has achieved such success and generated such at-
tachment largely because of the close analogy exist-
ing between the computer and the physical world.
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Obviously, then, if physical systems must be rep-
resented with a serial digital computer, the machine
should be made to appear parallel. This is in fact
what has been done in simulation languages, and, of
course, the success is manifest. Difficulties have
arisen, though, because “pseudo-paralle]” devices
in the past been modeled too closely on the analog
computer. If the notion of parallelism is correct,
the best parallel device must be sought.

The importance of this concept cannot be over-
stated. It is not merely a convenient catch-all to
include all previous efforts, but has real conse-
quences for the future of simulation languages. A
programmer if he is to “think paralle]” must be
freed from the chore of ordering problem state-
ments. Such freedom is available if a sorting algo-
rithm, as first proposed by Stein and Rose, is used.
Alternatively, an extrapolation scheme, as used in
PARTNER and SCADS, achieves the desired paral-
lelism, but at a cost in storage and execution effi-
ciency. The languages incorporating sorting or ex-
trapolation are true parallel languages and provide
the designer with a parallel device to represent his
parallel physical system. It is always treacherous to
be dogmatic, but on this point it seems clear that a
language without sorting (or its equivalent) is sim-
ply another, perhaps slightly superior, method of
programming a digital computer, and is in no way a
parallel system simulator.

FORMAT

Present Format Inadequacies

Perhaps the most important consideration in de-
signing a simulation language is the utility of the
input format. A good, flexible, natural appearing
format would encourage wide usage, facilitate train-
ing, and reduce errors. All existing formats are
much too arbitrary and generally reflect both the ar-
tificialities of digital computer modes of thought,
and the physically determined inadequacies of ana-
log elements.

Under digitally derived restrictions, one might
mentation the exaggerated importance given to col-
umn position in a statement, the need for commas
and decimal points where unnecessary for clarity,
and the requirement for a specific, arbitrary order
of arguments within a statement.

Analog inadequacies have been mentioned; they
appear as restrictions on the number of inputs to an

element, poor logical and memory features, and ru-
dimentary labelling capability. (This latter is a cu-
rious anachronism, since even the most primitive
digital computer assemblers permit symbolic labell-
ing). Some formats, notably ASTRAL, were based
directly on a specific analog computer and may be
expected to have certain deficiencies. In others, e.g.,
MIDAS and PACTOLUS, no real attempt was
made to simulate an analog computer yet the im-
plied hardware limitations are nonetheless present.

As a consequence of the poor format, operational
difficulties are found to stem from trivial clerical
errors, such as dropping commas or decimal points,
or having input statements in the wrong order.
These difficulties are increased by the multiplicity
of primitive operators, and the consequent need for
large complex networks to represent algebraic state-
ments. The artificialities also tend to make the lan-
guage more difficult to learn, or having been
learned, to retain all the esoteric details. (The re-
tention of these details might seem a small matter
to the “professional” programmer, but is a real con-
cern to the occasional user.) Modern computers
with character handling ability and high execution
speed can free the programmer from this sort of de-
tail, with very little penalty in increased compila-
tion time.

General Format Rules

There is now a large fund.of experience in the
design and utilization of parallel languages, and
some general, somewhat dogmatic, statements can
now be made about format. On a very general level,
these could be reduced to two rules: The format
should be both “natural” and ‘“non-arbitrary.”
These rules require some amplification.

“Naturalness:” The input problem statement
should be as close as possible to the normal, ac-
cepted method of problem statement. The question
in the designer’s mind should be: if I were prepar-
ing a problem for my own future reference and ex-
planation to others, how would I state it? The an-
swer to such a query would naturally vary with the
type of problem.

If a parallel control system is to be analyzed, the
problem would most naturally be stated in a block
diagram, wherein each block represented a more or
less complex operator such as gain, limit, hysteresis,
transfer function, etc.

If, however, a set of differential equations is to
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be studied, it is a great deal of wasted effort to for-
mulate the problem in block form. The process is
conducive to error and really adds nothing to the
understanding of the problem.

It is imperative that the input statement, the
cards presented to the digital computer, should
match as closely as possible the normal, natural
statement of the problem. Of course, there are fun-
damental limitations, notably the fact that super-
scripts and subscripts are normally used while the
card punch must work on one line. However, much
can be done, and actually has been done to “natu-
ralize” format, especially in the APACHE* and
UNITRAC? programs.

To reiterate, the input statement should be flexi-
ble enough to match the natural form of diverse
problems; block diagram and differential equation
types have been mentioned. Many problems: arise
that are really combinations of these classes, e.g.,
an airframe in an autopilot loop. The format should
natually be capable of stating each problem area in
its normal form.

Non-Arbitrariness: Arbitrary formats, more than
anything, have limited the utility of parallel lan-
guages. One commonly finds early enthusiasm for
the idea of parallel languages, and then disenchant-
ment when the “format gap” between the idea and
its implementation is fully appreciated. In many
facilities, where digital computer turn-around is
measured in days, the trivial errors caused by the
complex, - arbitrary format extend a problem’s
check-out time to unacceptable periods.

However, this is not a fundamental problem;
surely parallel languages can be written to eliminate
most of these difficulties. It seems that few authors
have given much thought to minimizing arbitrari-
ness in their concern for other aspects of the lan-
guage. This is seen clearly in the early work of Sel-
fridge and Lesh, where the root idea of parallel lan-
guages was the main subject of study. Unfortunate-
ly, examples are still apparent: Many outstanding
contributors, in their understandable enthusiasm for
man-machine interaction and efficient implemen-
tation, have been satisfied with adopting earlier
format ideas and have neglected the ramifications
of a good, clear, non-arbitrary input statement.

*The APACHE?4 program is not really of the genre under
consideration here. The program takes differential equations
and generates an analog wiring diagram and static check.
However, the format considerations are nearly identical to
equation solving languages, and the APACHE authors have
produced an input format worthy of study.

A few obvious requirements are discussed below:

(a) A “free format” statement capability, i.e.,
statements can appear anywhere on the
card. This is available in the UNITRAC
and DSL/90 programs, and should elimi-
nate much of the frustration produced by
coding or key punch slips.

(b) The ability to enter numerical data in any
convenient form, e.g., 200.0 might be
written 200, 200.0, 200., 2E2, 2.0E02, etc.

(c) The ability to use either literals in a state-
ment (Y = 4X) or the option to symbol-
ically label constants (Y = KX). In the
latter case, the constant would be specified
in the normal fashion. (K =4 or K =
4., etc.)

(d) The ability to label quantities in a sensible,
problem related fashion, and use this label
to specify the variable without reference to
an arbitrary block number. The latter label-
ing method could be retained for meaning-
less intermediate quantities. It should be
noted that the need for problem related
labeling was one of the first lessons learned
by software designers and is now available
with virtually all assemblers.

Complexity of Format

An open question at this time is the allowable
degree of complexity in the input format statement.
The trend in new languages appears to be away
from the simple, analog type blocks to statements
reminiscent of FORTRAN.

Table 2 shows an “algebraic capability” scale,
with some of the languages distributed along it. At
the lower end, one finds a very primitive capabili-
ty, which can represent any algebraic statement,
albeit in an extremely awkward form. Fortunately,
no one has been.inspired to implement this sort of
language. (This is not to say such codes-are useless;
a primitive language is generally the intermediate
representation in a compiler program.) Moving up
the table, the next stage is basic mathematical oper-
ators modeled by and large on analog computer
components. DAS and MIDAS are good examples
of this class. Here, there is some advance from a
“minimum vocabulary” and a great deal of flexibil-
ity is available, particularly for block oriented sys-
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Table 2. Algebraic Capability Scale.
(listed in order of decreasing capability)

Description

Statements in any form —
understandable by the engineer

Nested sum of products and —_
any functions or operators

Nested sum of products and operators

Nested sum of products and certain
functions (a la FORTRAN)

MIMIC

Examples

DSL/90, UNITRAC

Typical Statement

dy/dt = y sin w t + x2

Yo = 5,¥ =0, w =20

Z = (XY -+ KISIN WT)*ERF
(L*N) - INT ((A + B) *C) K2

Y: ADD (X,MPY (B,ZSIN)(U)))
Y = X * Y *(SIN(A + B))+K*M

Nested sum of products DES-1 Y = X *(C1 4+ C2 - C3*(C4-C5))
Single level sum of products — Y = K1*X*X + K2*Z + K3*K4 - K5
Coefficients on inputs to block operators S%TS%L’ DEPI, NO4 = PO1*NO1 + PO2*NO2
Basic mathematical operator (a la analog) DAS MI: S1, 12
MIDAS S1: K1, 12, M3, K5

Primitive operators, the minimum —_ Ml: S1, 12
necessary, with the minimum inputs S1: K1, 12

S2: S1, K3

12: K1

tem representation. However, programming is awk-
ward for algebraic type problems.

The next stage provides coefficient setting on all
inputs to blocks of the type discussed above.* As
on an analog computer, only constants can be mul-
tiplied by the input variable.

A natural extension of coefficient setting is, of
course, variable multiplication at element inputs,
the next step up the table. (Division is also as-
sumed permissible here.) This stage has not been
implemented, probably because the transition to the
next stage is so evident.

In this stage, exemplified by DES-1, nesting of
sums of products (and quotients) is allowed, i.e.,
any level of parentheses is permissible. A flexible
statement is provided, although no functional rela-
tionship (sin, exp) can be imbedded in the sum of
products.

This lack is provided at the next stage, now
available in the DSL/90 and UNITRAC languages.
Here, an input statement very similar to FOR-
TRAN is available; a limited number of functions
may be used in the statement.

It might seem odd that a MIMIC type language,
which allows only operators in the statement, should
be set above UNITRAC or DSL/90 which permit
functions. However, since function generators can
be considered as operators, this format is extenda-
ble downward, and further allows operations like
integration and limiting to be imbedded in the in-
put statement.

Moving now to the top, the next stage provides a

*It is seen here that the evolutionary movement up the
table is not in strict chronological order. ASTRAL and
DEPI preceded DAS and MIDAS.

synthesis of the two below, allowing both operators
and functions to appear in the nested sum of prod-
ucts. The allowable function list would be open
ended and at the user’s discretion. No published
work provides this capability. At the very top, and
really hardly in sight, is the capacity to accept any
reasonable problem statement understandable to the
engineer.

There certainly are objections to considering up-
ward movement on the table as cvolutionary, with
the implied value judgment concomitant to that
view. The authors would agree that a powerful alge-
braic capability, although very useful for some
tasks, must at the present state of the art carry with
it increased complexity and arbitrariness. The tool
may prove too powerful for many users and lead to
confusion and errors. Further, many users prefer the
block approach and with excellent reasons.

However, all fears can be allayed, since regard-
less of the available complexity, lower level state-
ments are possible by simply limiting the size and
complexity of the more powerful statement. A close
examination of Table 2 will show that any of the
formats are easily derived by restricting the extent
of those above.

Diagnostics

In general, program error diagnostics should be
extensive and specific. Each card containing the
error, and only that card, should be printed, along
with a specific comment on the trouble. Alterna-
tively, diagnostics could be printed immediately ad-
jacent to the erroneous statement, as the source lan-
guage is being printed. Closed algebraic loops
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should naturally be printed separately from format
errors.

It is expected that improved format will reduce
this sort of error, but some are sure to appear and
rapid checkout requires good diagnostics.

Diagnostics and corrections to the program must
be permitted in the source language to free the pro-
grammer from the details of debugging at the ma-
chine code level. For hybrid work it is essential
that such source level debugging and modification
be permitted on-line through a console typewriter
or similar unit. Extremely rapid compilation is of
course necessary to make this economical.

On-line debugging and modification has been
explored more fully in an earlier article by the
authors.? The particular framework in point was a
huge multiprogrammed digital computer with ana-
log type terminals (one might say a large scale
multiprogrammed PACTOLUS, or a time shared
DES-1). With such a system and a parallel lan-
guage, the advantages of analog computers (paral-
lelism, intimate man-machine communication)
and digital computers (accuracy, repeatibility) are
both apparent. The language employed with this
system must permit clear diagnostics and simple
modification at the source level to retain the analog
virtues of simple communication and rapid modifi-
cation.

STRUCTURE
Integration with Software System

As is well known, all modern software systems
contain many languages; one might mention FOR-
TRAN, assembly language, ALGOL and COBOL.
These languages are generally under the control of a
monitor or executive program, which calls programs
to compile (or assemble) various source programs
into machine code. Usually subprograms can be
written in any of the source languages, and a com-
plete program linked at load time.

The parallel language should come under this or-
ganization, and be available along with FORTRAN
and the rest, as the optimum source code for a par-
ticular class of problems. In this way, and using the
subprogram feature, each problem area could be
written in the best language for a particular task;
say, parallel language for the differential equations,
FORTRAN for the arithmetic, and machine lan-
guage for chores such as masking, character han-
dling, and Boolean operations. ‘

Extension Capability

In order to remain useful in the face of continu-
ously expanding user requirements, any language
must be able to grow with needs. When a parallel
language is examined with the intent of increasing
capability without organizational disruption, it is
seen that expansion should take the route of adding
operators or functions. Expansion must, of course,
fit neatly into the total software system, i.e., the
other languages and the executive program, as out-
lined above. Since a common subroutine format is
already available with the other languages, any sub-
routine, written in any source code, could be used
by the parallel language programmer and be called
simply by using the subroutine name as an opera-
tor.

Augmenting the operator set must be made very
simple and obvious so the average user, unfamiliar
with normal digital techniques, can exploit the ex-
tension feature without recourse to a systems or
maintenance programmer.

User-Oriented Organization

The language should be designed to easily match
the capabilities of diverse programmer levels. Basic
subsets, such as primitive operators, algebraic state-
ments, etc. should be made available to the less so-
phisticated programmers. These subsets should be
capable of integration and mixed use by the more
highly skilled user. Also, elements of a more com-
plex nature (e.g., serial operators) should be
available to the expert, but not a matter of concern
for the novice. Thus, a structure is required that
will permit the novice to learn a mimimum subset
and then advance, if he wishes, to the use of an ex-
tremely complex and powerful simulation language.
(Or looking at it yet another way, there should be
open and closed shop versions; the various open
versions upwardly compatible with the closed shop
version. )

In sum, there seems to be no need to restrict the
language’s use to a particular programmer level, if
the initial design is done in a systematic manner.

IMPLEMENTATION

Regardless of format and structure, the language’s
effectiveness will depend entirely on the quality of
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the implementation, This aspect has recently been.a
major interest area, and the concepts are becoming
rather well developed.

In general, a program that produces machine
code is a necessity for efficient execution. MIMIC
and SCADS, compilers, directly achieve this, while
DSL/90 and ASTRAL generate a FORTRAN deck
which can then be compiled into an object program.
This latter approach, (if 2 good FORTRAN com-
piler is used), can produce efficient code by ex-
ploiting the considerable efforts expended by FOR-
TRAN designers. There are certain applications,
particularly those with small machines, where an
interpreter program makes more sense, but general-
ly a compiler seems the best route. This is detailed
more fully below. First, an examination of the
trade-offs involved in writing a compiler program
for a parallel language.

Compiler for Diffefent Applications

As was mentioned, there are three major usage
areas for parallel languages: analog check cases, dif-
ferential equation solving, and the digital protion of
a hybrid problem. The relative weights given to
compiling and execution times vary with the partic-
ular application.

Analog Check Cases: This usage is generally on
a single job basis, i.e., the program is compiled and
run once and then discarded. Since the object pro-
gram is never used again, only the sum total of
compiling and -execution time for one run need be
minimized. In fact, this minimization is hardly a
point. to stress, since analog check cases would
probably represent a small total of a digital facili-
ty’s work load.

All Digital Simulation: If the language is to be
used for this application on a “load-and-go” ba-
sis, minimization of the total time is of prime im-
portance. On the other hand, if production pro-
grams are the expected rule, execution time is the
quantity to be minimized.

Hybrid: Here, the requirement for an efficient
object program is a vital consideration, and real
sacrifices can and must be made in compiling effi-
ciency.

As a general rule, compiling time should never
be minimized at the expense of input format, and
only as a last resort should format be sacrificed for
decreased execution time. This latter seems a re-
mote possibility, but it is easy to see compiling

time increased in the interests of simpler program-
ming,.

Different Computers

If this language is to achieve the general usage
typical of FORTRAN, some thought must be given
to implementation for diverse computers. It is point-
less to design a system workable only for a CDC
6600-6800 or the top of the IBM 360 line. Similarly,
it is a waste of effort to aim at implementation solely
for a PDP-8, DDP 116 or SDS 92. The large ma-
chines obviously should have the full language, i.e.,
all subsets, and be provided compiled versions. For
the smaller machines, two approaches are possible.
The basic subsets could be compiler versions, thus
providing efficient programs although only for small
problems and at a modest language level. Alterna-
tively, the complete system could be run in an inter-
preter mode, sacrificing time, but permitting the
use of a very powerful tool on a small machine.

REQUIRED FEATURES

Along with implementation, the operational fea-
tures of the language (the programmer’s bag of
tricks) have been a major concern of language de-
signers. This section does not aim to be all-inclu-
sive; probably some of the “required” features have
not been invented yet. The requirements can be
subdivided into two classes: structural or logical
features, and the types of elements or operators.
Sorting is not discussed, since it is assumed that all
modern parallel languages will be so equipped.

Structural Features

1. Logical Control: Logical control over
program structure and execution is of para-
mount importance. DES-1, being sequen-
tial, easily incorporates this feature by the
use of “IF” statements similar to FOR-
TRAN. MIMIC, a true parallel language,
still provides decision capability with the
“logical control variable.”

In substance, statements or operators are
serviced or bypassed as a function of prob-
lem variables. So long as the by-passing
is done in the true digital sense (non-ex-
ecution), and not the analog sense (execu-
tion, but no use made of the outputs), a
substantial time savings is realized.
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Logical control is quite important. With-
out it a parallel language yields no more
than a hyper-accurate and hyper-repeatable
analog computer; some of the best features
of the digital computer, decision capability
and memory, are unused.

Multiple Rates: This important provision,

. available in DES-1, minimizes execution

time by servicing slowly changing variables
only as required. Generally speaking, mul-
tiple rates increase the effective bandwidth
of the simulation program. This has real
import for hybrid work.

The multiple rate option is clearly a part
of logical control capability. In this case,
sections of the program are not executed at
every pass, but unlike full logical control,
the bypassing is not under control of a pro-
gram variable.

Macro Capability: The macro capabilities
of modern assemblers should be availa-
ble to the parallel language programmer.
Using this feature, prototypes of often used
problem sections could be coded with un-
specified parameters, and then subsequent-
ly used as integrated units. Macros would
obviate repetitious coding of identical
loops or problem areas, e.g., parallel sec-
tions of control systems that are identical
in structure.

Subprograms in Other Source Code: In a
normal digital computer operation, there is
always a large library of routines available
to the programmer. These programs should
be easily incorporated within the parallel
language. If expansion is implemented as
suggested (see Extension Capability), not
only would the entire library be available,
but the programmer with digital training
could use whatever language desired for
particular problem areas. For example, log-
ical or Boolean operations would be most
easily handled in machine language.

Repetitive Operation - and Memory: It
should be. possible to repeat runs, as on a
repetitive analog computer, with new par-
ameters calculated from previous runs.
This implies two further requirements:
function storage, and algebraic calculations
between runs.

Elements

In this section, the normally found operators, e.g.
summers, multipliers, etc., are taken for granted.
No attempt has been made to be comprehensive;
however, those discussed are considered important
and/or relatively rare in present languages.

1. Integrator: An accurate, efficient integra-
tion method is the sine qua non of digital
simulation languages. Apparently no firm
conclusions have been reached as to the
best algorithm; the number of schemes
tried is almost as large as the number of
languages (See Table 1). As an example of
the dynamics of this situation, note that
Sansom, having used an excellent method
(4 point variable step predictor-corrector)
in MIDAS, changed to another (modified
Runge-Kutta) in MIMIC.

DES-1, DSL/90 and COBLOC permit a
number of integration options, ranging
from simple Euler integration to complex
Runge-Kutta and Adams-Bashford al-
gorithms. This variety does allow the user
to select a.scheme which is adequate for
the required execution time, but presup-
poses considerable knowledge of numerical
techniques on the part of the programmer.
This presupposition defeats in large part
the basic idea, i.e., the simplicity and ease
of use, even for relatively untrained people.

In sum, it appears at this time that the
debate is hot on integration methods, and
more experience is still required. Parenthet-
ically, it might be said that an objective,
thorough comparison of the various op-
tions would be a real service to the field of
digital simulation.

2. One Frame Delay: This element delays
its input by one integration interval. It
should be available for the sophisticated
user to selectively “desort” the program
list. COBLOC and DSL/90 presently have
the option of sort/no sort, but if the no
sort option is required in only one small
area, much care must be taken in the other
sections to insure proper operation. The
one frame delay is also quite useful for
representing sampled data systems or mem-
ory functions. -
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3. Hysteresis or Backlash: This element is

not easily constructed from standard analog
type elements, but represents a trivial task
for the digital computer.

Limited Integrator: Again, no easy chore
from the standard elements, and no real
effort for the digital computer. MIMIC
presently has a limited integrator element
which is used in conjunction with a stand-
ard integrator.

Transfer Functions: These operators are
used extensively in control system design
and the like, and are simply constructed
from analog type elements. However, the
very frequency of their use suggests they be
made available as integrated general-pur-
pose units.

In addition to the programming time sav-
ings, execution time can be saved, since
the integration algorithm required for a
closed loop transfer function is much sim-
pler than a comparably accurate routine for
open loop integration.

Far greater savings are possible by using a

difference equation algorithm. This. meth-
od requires only one computational step of
the same size and complexity of a single
integration. Compare this with the n inte-
grations required for a transfer function
with nth order denominator, when pro-
grammed by normal analog methods.
Print Operators: Very often, in checkout
and operation, it would be helpful to force
a print (number or words) at an arbitrary
point in the program. The operator would
be similar to a “snapshot” print, but would
be under the control of problem variables.
As a trivial example, consider the printing
of “OVERLOAD” when an analog check
case variable exceeds 100.

. Parallel Logic: The operators of interest

here are the normal digital units found on
most modern analog computers. (AND
gates, flip-flops, counters, shift registers,
etc.) These elements are presently availa-
ble in the MADBLOC, COBLOC, and
MIMIC languages. Their inclusion is es-

sential to provide a digital check for a

modern analog computer problem. When
solving differential equations, such units
are also useful for simple logic and storage.

For the higher level logic of the type nor-
mally associated with general-purpose
digital computers, machine language sub-
programs, as discussed above, are more
useful.

8. Linkage Elements: For hybrid program-
ming, elements or labels for analog to digi-
tal converter (ADC) and digital to analog
converter (DAC) components must be
provided. ADC’s could be handled simply
as another parameter input to the problem.
These could be realistically labeled and
then identified somewhere in the program
listing, e.g., ALPHA = ADC1. DAC’s
could also be easily handled; for the digital
program they are merely elements with one
input and no output. Sorting these ele-
ments presents no difficulties: ADC’s would
be treated exactly like constants; DAC’s
would be sorted like any other element
which has an input.

9. Hybrid Integrators: Since variables trans-
ferred to the analog computer are usually
held for an entire frame, an effective half
interval time lag results. Thus, integrators
generating quantities destined for the ana-
log must account for this lag phenomenon.
Those integrators in a purely digital loop
must, of course, neglect this extrapolation.
Therefore, different integrator types, easily
distinguishable and easily specified, must
be provided for the two requirements. It is
entirely possible that the sorting routine
could automatically make the necessary
distinctions by tracing back from a DAC
to integrators not isolated by another inte-
grator. An alternate procedure is the addi-
tion of an extrapolation calculation to each
DAC element. However, this approach
costs both storage and execution time.

CONCLUSIONS

Digital Simulation languages have made a real,
and probably permanent, impact on the fields of
both simulation and computer programming. As has
been pointed out, there are more or less serious
faults in all existing languages. The success of the
approach is, however, evidenced by the undeniable
acceptance, utilization and enthusiasm for simula-
tion languages, regardless of the difficulties at the
present phase of development.
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It is the authors’ hope that the conclusions and
recommendations proposed herein will add signifi-
cantly to the utility of simulation languages, and
the field will enjoy even further growth and accept-
ance.
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AUTOMATIC SIMPLIFICATION IN FORMAC
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INTRODUCTION

Simplification is a central and basic operation in
the manipulation of mathematical expressions. In-
deed, much of the tedious algebra that plagues
scientists and engineers involves the time-consum-
ing application of simplifying transformations to
unwieldly mathematical expressions. It seems ob-
vious, conceptually, that some simplifying transfor-
mations can be applied “automatically” to arbitrary
expressions. However, there are transformations
that require special handling; they simplify some
expressions and complicate others. -

FORMAC, an acronym for FORmula MAnipula-
tion Compiler, is an experimental programming
system currently available as a Type II program
from IBM. It is a tool for programming the IBM
7090/94 to perform tedious mathematical analysis
on complicated mathematical expressions. The
FORMAC language contains, as a subset, FOR-
TRAN 1V; hence, FORMAC provides the capacity
for performing both nonnumeric and numeric calcu-
lations in the same program. The FORMAC lan-
guage is described thoroughly in increasing amounts
of detail in references 1, 2, and 3. The details of
FORMAC implementation are presented in ref-
erence 4.
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The remainder of this paper is divided into four
sections: Historical Background, The Role of Sim-
plification in the FORMAC System, Simplification
Transformations, and The FORMAC Simplification
Algorithm.

HISTORICAL BACKGROUND

A “SIMPLIFY” routine was written as early as
1959 as part of the Dartmouth Mathematics Proj-
ect. It is the most complex routine reported in ref-
erence 5. During the same academic year, Edwards®

-and Goldberg” explored the possibilities of automat-

ic simplification in the context of -electrical circuit
analysis. A LISP coded simplification package was
central to Goldberg’s work. Within the next two
years Maling® discovered that simplification was
essential to the LISP differentiation effort and
Hart® developed “SIMPLIFY,” a LISP function for
simplification. In 1963 Wooldridge!® completed
another LISP simplify program, which was written
to be used on-line in a time-sharing environment.
In April of 1964 the experimental FORMAC sys-
tem completed systems test and became operational.
It included a comprehensive simplification capabili-
ty. In November 1964 the FORMAC system was
released as a Type III program.
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The FORMAC AUTomatic SIMplification rou-
tine (AUTSIM) presents several contrasts to pre-
vious efforts:

1. None of these efforts is part of a compre-
hensive mathematical-expression manipula-
tion system, nor are they as ambitious as
AUTSIM.

2. The LISP coded efforts are recursive.
AUTSIM is essentially nonrecursive; al-
though the basic scan is controlled by a
push-down store, the simplification trans-
formations do not employ recursion.

3. With respect to his own effort, Wooldridge
(reference 10, page 31) observes, “There
is no doubt that a large proportion of the
time spent simplifying is devoted to re-
peating simplifications already done.”
AUTSIM is designed to avoid redundant
simplifications. This is a fundamental as-
pect of the AUTSIM scan and the entire
FORMAC object time system.

THE ROLE OF SIMPLIFICATION
IN THE FORMAC SYSTEM

The FORMAC programming system consists of
three parts—a programming language, a preproces-
sor, and a set of object time routines. In this sec-
tion we discuss the relationship of automatic sim-
plification to the FORMAC programming system.

The FORMAC programming language is a prop-
er extension of FORTRAN IV and contains 4 de-
clarative statements and 15 executable statements in
addition to the full FORTRAN IV language. FOR-
MAC also introduces additional symbolic mathema-
tical operators from which symbolic expressions can
be composed. The language statements are summar-
ized in Table 1, and the list of operators that may
be used to compose symbolic expressions is dis-
played in Table 2. These additions to the FOR-
TRAN 1V language permit the user to conmstruct
and manipulate symbolic mathematical expressions
at object time. The statements listed under 2b in
Table 1 provide an interface with the FORTRAN
program logic and with FORTRAN numeric capa-
bilities. The form of generated symbolic expressions
can control the logic of program execution. Symbol-
ic expressions can be evaluated and the numeric re-
sults used in FORTRAN-coded, numeric calcula-
tions.

COMPUTER CONFERENCE, 1965

The FORMAC preprocessor scans through a
FORMAC source program and converts the FOR-
MAC language elements into FORTRAN IV state-
ments. Among these are many calls to FORMAC
object time routines. In addition, the preprocessor
creates a prototype for each symbolic expression
that occurs explicitly in a FORMAC command.
This prototype is used by the object time routines

Table 1. Summary of FORMAC Language Exten-
sions to FORTRAN 1V.
1. Four Declarative Statements

ATOMIC  declare basic variables, which name

themselves.

DEPEND  declare implicit dependence rela-
tions.

PARAM declare parametric pairs for SUBST
and EVAL.

SYMARG declare subroutine arguments as

FORMAC variables; flag program
beginning.

2. Fifteen Executable Statements
(a) statements yielding FORMAC variables

LET* construct specified expressions.

SUBST* replace variables with expressions.

EXPAND* remove parentheses.

COEFF* obtain coefficient of variable or of
a variable raised to a power.

PART partition expressions into terms, fac-
tors, exponents.

ORDER*  specify sequencing of variables with-

in expressions.

(b) statements yielding FORTRAN variables

EVAL* evaluate expression.

MATCH*  compare two expressions for equiva-
lence or identity.

FIND* determine dependence relations.

CENSUS count words, terms, or factors

(c) miscellaneous statements

BCDCON  convert to BCD form from internal
form (prepare symbolic expres-
sions for output with FORTRAN
“WRITE” statement).

ALGCON*  convert to internal form from BCD

form (facilitates input of symbol-
ic expressions with FORTRAN
“READ” statement).

*These commands called AUTSIM.
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AUTSIM  control arithmetic done during auto-
matic simplification.

ERASE eliminate expressions no longer
needed.

FMCDMP  symbolic dump

Table 2. FORMAC Operator Set.

+ EXP
— (unary LOG (natural
internally) logarithm)
* SIN
/ (external only) COS
** (power, 1) ATAN (arctangent)
FAC  (factorial) TANH
(double
DFAC factorial) 1 (delimiter)
COMB (combinatorial) DIF (differentiation)

to generate the required expression when the corre-
sponding FORMAC command is executed. Consid-
er the segment of a sample FORMAC program rep-
resented by statements 1 and 2, below.

1. LET U =
2. LET X

(1 + Z)**N
(1 + Z)**M - U + Z**5

Il

- These two statements cause the prototype expres-
sions- 1p and 2p to be constructed by the preproces-
SOr:

1p. (1 + Z)**N
2p. (1 + Z)**M — U + Z**5

When the call statement, generated by statement 1
during preprocessing, is executed at object time, the
symbolic variable U is defined as the name of the
newly generated expression (1 + Z**N. This is ac-
complished by scanning the prototype expression
which the preprocessor constructed for (1 + Z)**N
and replacing the variables Z and N by their current
values, Let us suppose that Z is a symbolic variable,
i.e., it is either the name of a symbolic expression
or it may be an ATOMIC variable. In either case
its value is symbolic. N, on the other hand, is a
FORTRAN variable. Its value is numeric. Then the
generated expression for 1p will be like 1p, only Z
and N will have been replaced by their current val-
ues. If the value for Z is W-1 and for N is 2, then U
names the generated expression 1g. Similarly, if the
value for M is 3, then—after execution of statement
2—X names the expression 2g.

Ig. (1 + W — 1)*#2
2g. (1 + W=1)**%3 — (1 + W= 1)*%2
+ (W = 1)%%5

Note that both these expressions require simplifica-
tion. The extent to which they may be simplified is
unknown at compile time. Moreover, the degree to
which the FORMAC user understands (when writ-
ing the program) just which simplifications will be
applicable to these expressions depends on the com-
plexity of the logic of the program in which they
are embedded. For example,

(1 +Z)y*M-U

will cancel if the current values of M and N are
equal; however, the values of M and N may be de-
termined by quite complex program logic. We see
that in a mathematical formula manipulation sys-
tem, organized as FORMAC is, an object time sim-
plification capability is essential. (The expressions
being manipulated may be far more complex than
in the above example!) Moreover, that capability
must be, to as great an extent as possible, automat-
ic.

The FORMAC object time system is composed
of many subroutines. The command level routines
which - correspond to the FORMAC executable
statements are the basic object time routines. These
in turn call a number of service routines. The auto-
matic simplification routine, AUTSIM, is the most
important service routine. Each command which is
starred in Table 1 calls AUTSIM at least once.

The role played by AUTSIM in the FORMAC
object time system is not unlike that envisaged by
the Dartmouth Mathematics Project.> Their SIM-
PLIFY routine was designed to serve a threefold
purpose:

(1) The answers produced by other programs may appear
in a far more complicated form than necessary, and then it
is desirable to simplify them.

(2) It may be desirable to simplify a given formula before
applying one of the other routines.

(3) It is a program that attempts to reduce formulas to a
canonical form. Such a form is particularly useful, for
example, when we try to find out whether two formulas
represent the same function or not.

Purpose (1) is relevant to FORMAC; the result
of an EXPAND (see Table 1) may require the col-
lection of like terms in a sum. There is an addition-
al aspect which is worth noting. The design of the
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algorithms for the basic FORMAC commands was
simplified by the assumption that AUTSIM would
clean up expressions after manipulations had been
performed. It was not necessary to rule out a fast,
simple algorithm for a particular manipulation sim-
ply because it produced a more complicated expres-
sion than necessary. Moreover, the inclusion of
code in the algorithm to eliminate redundant expres-
sion elements and to clean up expressions, would
have lead to a proliferation of redundant code
throughout the FORMAC object time system.

Several FORMAC command algorithms are
greatly simplified by the assumption that the
expression they receive is already simplified and in
p-canonical form (to be defined later). This is
close to the intent of purposes (2) and (3) above.
Note, however, that in purpose (2) the Dartmouth
investigators were also concerned about the success
of their algorithms on a given expression if it were
unnecessarily complicated. The concern was not as
significant ‘in the design of FORMAC algorithms,
but then the FORMAC design goals did not include
symbolic mathematical manipulations for which
complete algorithms do not exist.

The AUTSIM algorithm itself makes use of the
applicability of purpose (3). Collection of like
terms in a sum of like factors in a product is depen-
dent upon the assumption that such terms or factors
will be in a nearly identical form.

Since AUTSIM is at the iterative heart of the
FORMAC object time system, it is important to
consider just how fast the algorithm is.

An example is provided in reference 11. The
FORMAC system was used to generate expressions
of interest to the astronomer. The computer (IBM
7094) required 18.67 minutes to generate the first
27 iterates. It is estimated that to do this work with
any reliability would require 60 years by hand.
AUTSIM is called 2,975 times during execution of
this program. Note, this does not mean that every
time AUTSIM was called it changed the input
expression. If the expression was already simplified
no simplification was performed. This also holds
for subexpressions which have been simplified pre-
viously (see Fig. 1). No doubt, many of the calls in
the above example resulted in very little actual sim-
plification. But this is a mark of a well-designed
simplification algorithm; it must not perform re-
dundant simplifications.

We have seen that an automatic simplification
algorithm is essential to the successful operation of

the FORMAC system. Moreover, once the decision
has been made to include an automatic simplifica-
tion algorithm in a formula manipulating system,
the design of the other object time algorithms is
simplified in two ways: one can make definite as-
sumptions concerning the form of expressions
which are to be manipulated; and, the form of the
manipulated result need only be mathematically
correct (it may contain redundant or unnecessary
subexpressions which the automatic simplification
routines will remove).

SIMPLIFICATION TRANSFORMATIONS

As intuitively obvious as the need for it may be,
simplification is a difficult class of expression
transformations to define. Even to a human en-
gaged in the manipulation of complicated or
lengthy expressions, it is frequently not obvious
which transformations constitute actual simplifica-
tions of an expression. The confusion is compound-
ed by differences of opinion. Wooldridge!® acknowl-
edges this aspect of the problem by referring to his
program as one “which performs ‘obvious’ (non-
controversial) simplifying transformations.” Confu-
sion may also arise from the failure to make a dis-
tinction between “simplified” form and “intelligi-
ble” form. Frequently, these are not equivalent.
Consider the expression

C \/ 24
DE (2DF + C)

It is in some sense simplified, yet for the engineer
it may be more intelligible in the form:

D\/ 4 = ¢ \/___A____
C E (F + C/2D) E (F + ¢/2)

with ¢ C/D. An engineer may spend weeks
or months massaging a simplified mathematical
expression. His goal is to arrange the expression so
that the relationship between the crucial variables
becomes transparent or intelligible to the human
observer. The adequacy of the result is highly de-
pendent upon human perception of mathematical
relationships. Yet the expression is already simpli-
fied. Like terms and factors have been collected in
sums and products; evaluation of strictly numerical
elements has been performed; various redundant or
extraneous elements have been removed. Although
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INITIALIZE
POINTERS TO
EXPRESSION

SIMPLIFICATION
TRANSFORMATION

YES

APPLICABLE

CURRENT
WFF ALREADY
SIMPLIFIED

YES

SO AS TO
SIMPLIFY
THIS WFF

PERFORM

UPDATE POINTERS

TRANSFORMATION
(CALL LEXICO

SO As TO IF NECESSARY)
SKIP UPDATE POINTERS
THIS WFF SET AABITS

UPDATE POINTERS NO

J

IS
SIMPLIFICATION
FINISHED

Figure 1. Flow diagram for AUTSIM subroutine.

we have no better definition to offer of intelligible
form and simplified form, we maintain that the dis-
tinction is significant. It is well to note that even
though the FORMAC simplification algorithm is
central to the operation of the FORMAC system,
code (written in the FORMAC language) designed

to reduce expressions to a particular intelligible
form is imbedded in many FORMAC user pro-
grams,

If the mathematical context within which simpli-
fication is to be performed is suitably uncomplicated,
there exists a canonical form for all permissible
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expressions. For example, there is a canonical form
for polynomials in n variables. The existence of
such a form can greatly simplify the design of a
simplification algorithm.® In polynomial manipulation
systems,!>!® simplification is simply the reduction of
polynomials to canonical form. The problem of
designing a simplification algorithm becomes that of
reducing expressions to the canonical form. How-
ever, in FORMAC it is possible to generate expres-
sions which when simplified are equivalent but not
identical. The fact that, in FORMAC, expansion of
expressions is performed only under user option
indicates one way in which this can occur. FORMAC
will not expand the expression (a + b)2 to yield
a® + 2ab + b? unless such expansion is specifically
requested by the programmer. A second example of
equivalent expressions is provided by the equation

e¥ — e T
tanh (x) = W

The automatic application of expansion to all
expressions or the automatic replacement of tanh
(x) by its equivalent would make possible the re-
duction to a canonical form in these two cases.
However, the intelligibility of the expressions being
manipulated would be greatly impaired. Indeed, the
automatic expansion of expressions would frequent-
ly produce the opposite result from that desired by
the user. As a result, the FORMAC simplification
transformations establish at best a pseudocanonical
(p-canonical) form. As will become evident, this p-
canonical form makes additional simplifications
possible. It also establishes a structural context
which can be assumed for all automatically simpli-
fied (“autsimmed”) expressions; thus it reduces the
complexity of the other FORMAC expression ma-
nipulation algorithms.

Expression transformations that are candidates
for inclusion in a simplification algorithm can be
categorized in many ways. There are transforma-
tions that contribute directly to the establishment of
a p-canonical form. Several transformations embody
basic mathematical laws such as the associative,
commutative, and distributive laws. There are
transformations which are “naturals” and transfor-
mations which should be placed under programmer
option. Still others, employ basic arithmetic or
functional identities. AUTSIM performs transfor-
mations that fall into each of these categories. It
should' be noted, however, that no attempt was

made to incorporate trigonometric identities in the
FORMAC simplification process. Since the catego-
ries indicated above are not mutually exclusive,
there is no need to discuss them all. Our discussion
of simplification transformations is partitioned as
follows: natural transformations, transformations
which apply the distributive law, transformations
which embody associativity and commutativity, and
mathematically undefinable expressions.

In the paragraphs which follow the mathematical
transformations are defined in the FORTRAN no-
tation. Letters from the beginning of the alphabet
represent arbitrary mathematical expressions. As
such, they are often referred to as “well-formed
(sub) formulas,” or “wffs.” The transformations
which AUTSIM performs are labelled with letters
of the alphabet.

Natural Transformations

Consider the following transformations:

(a) 0**A—0 A#0
(b) 1**A—>1
(c) A**0—>1 A=0
(d) A**1—>A

—-A**N if N is an odd integer
(e) (-A)**N= A**N if N is an even integer
(f) -(-A)—>A

(g) EXP(LOG(A)) - A.
(h) LOG(EXP(A)) > A
(i) —(3*A*(-B)*C*(-D)) - (=3)*A*B*C*D

n n
(j) = A;=3 A Where Ax = 0
i=1 i=1
j#Fk
m m
11 BJ—)II Bj
i=1 i=1 where Bx = 1
i#k
m
(k) 1I B;—0 where k exists

j=1 such that Bx = 0

These are “naturals.” They are transformations
which one usually performs automatically when ma-
nipulating a mathematical expression. FORMAC
also performs these transformations automatically.

A less clear-cut but natural type of transforma-
tion is the evaluation of nonarithmetic operators
with constant arguments. For example,

X + SIN (1.4) > X + 0.98545
or
Y/FAC (5) - Y/120
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However, in some applications it is desirable to re-
place such expression elements with the proper
numeric value; in others, it is not. The FORMAC
solution to this quandry is to give the programmer
control over the automatic evaluation of these
expression elements. He has four options from
which to choose: (1) all functions are automatical-
ly evaluated, (2) only the integer-valued functions
(FAC, DFC, and COMB) are evaluated, (3) only
the transcendental functions (**, EXP, LOG, SIN,
COS, ATAN, TANH) are evaluated, or (4) no
functions are evaluated. The first option is the de-
fault option.

Transformations that Apply the Distributive Law

Two types of “simplification” utilize the distri-
butive law; these are expansion of a product of
sums and primitive factoring. Some examples fol-
low:

1. A*(B + C) - A*B + A*C

2. A¥*(B+ C)*(B-C) + A*C**2 >
A*B**2 — A*B*C + A*B*C — A*C**2
+ A*C*%2 —> A*B*%D

3. (B + C)**3 — B**3 + 3#B#*2+C +
3FBHCH*Y + C*+3

4. A*X + B*X + C*E*X + D*E —
(A + B + C*E)*X + D*E

(1) is a simple example of expansion. (2) is an
expression which requires expansion as an inter-
mediate step toward complete simplification. (3)
illustrates multinominal expansion. (4) is an exam-
ple of primitive factoring (the coefficient of a sin-
gle variable, X, has been “factored” out of part of
the expression).

Neither expansion or factoring should be applied
automatically by a programming system. As in ex-
ample (2), expansion may, for a given expression,
provide the key for further simplification. However,
there are expressions for which it inhibits simplifi-
cation. Consider

(A + B + SIN(X))*(A -B)
= A? - B? + A*SIN(X) ~B*SIN(X).

If this expression is divided by A + B + SIN(X),
only in the expanded form will cancellation occur
automatically, since FORMAC cancels explicit fac-
tors but does not perform factorization to uncover

them. Since only the global context of the expression
manipulation will in general indicate if expansion or
coefficient gathering will lead to desirable results,
these transformations are not included among the
transformations performed by AUTSIM. The FOR-
MAC commands, EXPAND and COEFF, provide
these transformations under programmer option.

Transformations that Embody Associativity and
Commutativity

The associative and commutative laws for + and *
contribute in a fundamental way to the behavior of
mathematical expressions. A basic design goal for
any simplification algorithm (for a mathematical
structure for which these laws hold) must be to in-
corporate these laws as naturally as possible. As
shall be obvious in a moment, these laws have im-
plications for the internal representation of FOR-
MAC expressions, the FORMAC mathematical op-
erator set, and the p-canonical form for expressions
—mnot to mention the simplification transforma-
tions.

The associative and commutative laws are as-
sumed to hold for any expression which is generat-
ed or manipulated in FORMAC. There are three
transformations included in the FORMAC system
that establish associativity and prepare the way for
the sorting of operands. Such sorting implements
the FORMAC assumption that all expressions are
commutative. - These three transformations which
affect the structure of the internal FORMAC p-ca-
nonical form, are listed below under (1) and (2)
and in the next paragraph under (script 1). (Note:
(1) and (2) are not performed by AUTSIM.)

1. A~-B—> A + (-B).
2. A/B—> A*B**(-1).

Transformations (1) and (2) are analogous and
accomplish analogous results. The binary inverse
operators — and/ are replaced in one instance by a
unary — and in the other by a binary**. Under trans-
formation (1), the expression A + B—-C + D-E
becomes A + B + (-C) + D + (-E); under (2),
A*B/C*D/E becomes A*B*C**(—1) *D*E**(-1).
The net effect of both transformations is the same,
however. The scope of the main operator (+ or *)
is made explicit in the expressions and, hence, so is
the assumption of associativity. This is an important
characteristic of the FORMAC p-canonical form.
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Moreover, commutativity of either operator can
now be relaized simply by rearranging the well-
formed formulas (operands) of the operator. These
two transformations are performed in FORMAC by
the expression translator, which takes expressions
written in FORTRAN infix form and translates them
to the internal FORMAC form.

p q
) —> A 0 B;

j=1 k=1

where
S
Ai - @ Cm,
m=1
q=p 'f'S—l,B1=A1,...,Bi—1=A1—1,
Bi=Cy, ..., Bits—1 = Cs, Bizs = Aj+y,

, Bq = Ap, and O is either 3, or TI.

The transformation (I) must be included in the
automatic simplification algorithm. It is not sufficient
to include it only in the expression translator. The
FORMAC substitution capability may substitute a
sum for a single operand of a sum. Since both
expressions are already in internal form, the trans-
formation (/) must be applied by AUTSIM in order
to maintain the p-canonical form.

An important consequence of associativity and
commutativity is the fact that like terms in a sum
and like factors in a product may be combined.
This is accomplished in FORMAC by imposing a
specific linear order on the operands of these com-
mutative operators.

The linear order is designed so that operands
which can combine are equal. Hence, collection of
like operands is accomplished by a twofold process:
the operands are lexicographically ordered and
those operands which will cancel are combined as
they are sorted together.

That portion of AUTSIM which orders and com-
bines operands is called LEXICO . (lexicographic
ordering). This routine is distinct from Autsim
proper, because the scan required for sorting is no-
ticeably different from that needed to perform the
operator-operator transformations that make up the
bulk of the AUTSIM routine. Lexicographic sorting
accomplishes two things. In addition to the collec-
tion of like factors in a product and like terms in a
sum, it contributes to the establishment and mainte-
nance of the p-canonical form.

Examples of the type of combining which one
might like to perform follow:

A-A—-0

S*A+ (-5)*A->0

5*A+ (2)*A->3*A
(A+B)*C+ (-A+B)*C—>2*B*C

Notice that all of these involve “factoring,” the in-
verse of expansion. In general, they can be repre-
sented by A; *B + A, *B + ... + Ay *B - (A
+ ... +As) *B. While it would seem optional to
apply such a “factoring” operation in all cases, the
following difficulties arise if no restrictions are
placed on the A;:

1. In general, factoring of an arbitrary sum (Aj
+ ...+ Au) would require recursive use of AUT-
SIM and LEXICO, since it would create a new sum
of arbitrary characteristics which would have to be
simplified and sorted. This is not a major difficulty,
but we hoped to avoid such recursion.

2. Finding B might be difficult if both B and A;
are products. Consider how to factor something like:

A*B1*Bo*As + Bi*As*Ba*As + B1*A*As*Bs
— (Al*A4 + Az*A4 + Az*A3)*B1*B2.

The coefficient of a term like B1*Ax*B2*A4 is quite
ambiguous when it stands alone. For example, does
it represent B; occurrences of A2¥*Ba*A4, or Bi*As
* A4 occurrences of B»? If one is told that the A; are
parameters and the B; are variables, then one can
say that the term represents A2*A4 occurrences of
B:*Bs. However, LEXICO does not have such infor-
mation. It would have to determine what the sym-
bolic coefficient of a term is by considering all the
terms in the sum. This could be done by obtaining
the greatest common divisor of all the terms. The
symbolic coefficient of a term would then be taken
to be the result obtained by dividing the term by the
greatest common divisor. Thus, LEXICO could per-
form the transportation illustrated above. However,
the resulting expression would often not be in the
form desired by the FORMAC user.

3. Consider the expression
(A +B)*C+D) + (A-B)*(C + D)
+ (A + B)*(C-D),

in which combining of like terms could produce
either 2*A*(C + D) + (A + B) * (C - D) or
(A + B) *2*C + (A-B) * (C + D).

Clearly, the major difficulty of cancellation in
sums is the determination of which expressions are
“coefficients.” The difficulties which can arise in
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the case when “coefficient” is a partially ambiguous
concept are pointed out in (2), while (3) is an ex-
ample of a case in which it is completely ambigu-
ous as to which expressions are coefficients and
which are not. In order to eliminate such ambigui-
ties while still retaining a useful capability, cancel-
lation was limited to combining numeric coeffi-
cients of like symbolic expressions.

In the case of cancellation in products, we wish
to combine exponents, Notation removes nearly all
of the ambiguity corresponding to the coefficient
difficulty in sums, since base and exponent are
readily distinguishable in most cases. However,
problems can still arise; for example,

(A**B) **C*A**D*A** (B*E) * (A**C) **B
= (A**B)**C*A**(D + B*E)*(A**C)**B
= (A**B)**(C + E)*A**D*(A**C)**B
= (A**B)**(2*C + E) * A**D

This ambiguity is resolved by the presence of a trans-
formation in AUTSIM which establishes the p-
canonical form for nested exponents so that

(o ((Ar**AR) *¥*Ag) .. 5% A)) —
ArF*(Ag*As* . . | Ay).
(m) (A**B)**C — A**(B*C).

Because transformation (m) is performed, LEXI-
CO can combine all factors with identical bases,
giving a powerful cancellation ability. The expres-
sion above is reduced through a sequence of trans-
formations to

A ** (2*B*C + B*E + D).

While performing cancellation in products by com-
bining exponents, LEXICO may create sums which
had not previously existed, and which must be
simplified. This could have required recursive use
of AUSTIM and LEXICO. If the transformation
(LOGA; + LOGA; + ... + LOGA, —» LOGA;*

* An) were also performed by LEXICO,
these two transformations could lead to an arbitrary
depth of recursion. Hence, to avoid recursion, that
LOG transformation was omitted from AUTSIM
and steps were taken to make possible the simplifi-
cation of the exponent sums by a simple, one-level
use of LEXICO and no use of AUTSIM. Some of
these steps will be described in the discussion of
general flow and techniques of LEXICO. As is often
the case, however, hindsight is much clearer than
foresight. It appears that a recursive LEXICO would
have resulted in both a faster and a more compact

simplification package than the tricks used to avoid
recursion in the experimental IBM 7090/94 FOR-
MAC system.

In addition to transformation (m), there are sev-
eral transformations included in the FORMAC sim-
plification procedure for one reason: they contri-
bute to the reduction of expressions to a p-canoni-
cal form which extends the simplification possible
via combination.

There are three transformations that contribute
to the cancellation of like terms in a sum.

(n)-(A+B+C)—>-A-B-C

(o) A+ LOG(B:*...*Bs) + C—> A + LOG(B:)
+....+LOG(Bs) +C

(p) LOG(A**B) - B*LOG(A)

The last two transformations, (o) and (p), prepare
for the collection of logarithmic terms in a sum. For
example,

LOG(A) + LOG(B*A**(-2))
LOG(A) + LOG(B) + LOG(A**(=2))
LOG(A) + LOG(B) + (-2)*LOG(A)

Lexicographic ordering, accompanied by collapsing
of like terms can then produce the simplified result,
- LOG (A) + LOG (B). The transformation (n)
is a trivial application of the distributive law. It
makes possible the reduction A + D — (A + B) —
(A+D-A-B—> (A-A)-B+D—--B +D.
Two transformations perpare the way for the collec-
tion of like factors in a product, transformations (m)

and (q).
(@) (Ar* ... *Ap)**C - A**C* ... *A**C.

The FORMAC p-canonical form is further reflected
by these transformations. Factors of a product are
maintained as distinct bases raised to powers; they
are not gathered together as products (of those bases
which have equal exponents) raised to that power.
The form (A1*Az) **B; * (A2*As*A4) **Bs * (Ar*
A4)**(*—- Bl) becomes A1**B1 * A2**B1 * A2**B2
* As**By * Agt¥By * A**(— By) * Ag**(— By).
Then LEXICO can sort and collect like factors
producing

A**(B; + . Bz) * Asg**By * Ad**(—B; + B2).

Mathematically Undefined Expressions

There are three mathematically undefined expres-
sions which may be introduced into FORMAC ex-
pressions. These are
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1. 0**(—a)
2. LOG(0), and
3. 0**0.

(a is a positive number),

In FORMAG, the first two expressions are evaluat-
ed as they would be by FORTRAN; i.e., each is
replaced by 0 and a suitable message written on the
output listing. The third expression is left intact so
that the programmer may substitute a variable or
expression of his own choice for it. These are
neither consistent nor aesthetically pleasing solu-
tions. Alternative approaches to this problem will
be discussed in a later paper. It is the intent of the
authors to publish a subsequent paper that will con-
tain flow diagrams with sufficient detail to simulate
the AUTSIM algorithm. In such a context, it will
be possible to consider adequately the ramifications
of various additions and changes to the AUTSIM
algorithm.

THE FORMAC SIMPLIFICATION
ALGORITHM

This section is an introductory description of the
FORMAC automatic simplification algorithm.
There are three subsections: FORMAC Internal
Expression Representatation, Details of the AUT-
SIM Scan, and The Organization of LEXICO.

Details of Expression Representation

Any mathematical expression manipulation sys-
tem must operate on expressions interpretively,
since the form of an expression may change con-
stantly as it is manipulated. An efficient internal
coding for mathematical expressions is essential.
There are two well-known notations for mathemati-
cal expressions: commonly used infix, and classical
Polish notation. The unwieldiness of infix notation
and the difficulties and inefficiencies it presents for
algorithm design are well known. The use of prefix
Polish notation overcomes many of these problems,
and “Cambridge” Polish, introduced in reference 14,
provides space and algorithm economies not pro-
vided by classical binary Polish.

“Delimiter Polish” is the form used to encode
mathematical expressions in FORMAC. This can
be thought of as classical Prefix notation, permit-
ting unary, binary, and variary operators. Of the
arithmetic operators, only “+” and “*” are variary.
The scope of range of a variary operator is defined

by a delimiter, “]”. Hence, the Polish string + A B
C D ] represents the expression A + B + C + D;
the Polish string

+ A * BC] D 5]

represents the expression A + B*C + C + 5;
and the Polish string

+ A * BCD5]]

represents the expression A-+ B * C * D * 5.

The introduction of the variary operators makes
meaningful the application of transformation I to a
Polish string; hence, the implementation of both
associativity and commutativity is simplified by
this notation. Moreover, fewer symbols are required
to represent a sum of product; less space is required
for the internal representation of expressions.

The entire FORMAC operator set is displayed in
Table 2. The differentiation operator requires a fur-
ther word of explanation; it is also variary. In de-
limiter Polish,

DIF f x 1] represents At

dx
86
P?x0yodz ().
Note that, for the sake of clarity, the power operator
** will be represented by the symbol “1” in de-
limited Polish expressions.

and DIF fx 2y 1z 3 ] represents

Details of the AUTSIM Scan

Governing Operators. The key to the basic scan of
the AUTSIM routine is the decision process that
determines whether a “simplifying” transformation
is applicable to that part of the expression currently
being scanned. This decision process is based on
the concept of governing operators. Every operator
acts upon or governs its operands, and each opera-
tor (with the exception of the outermost) is gov-
erned by a higher level operator. In the example

* A + BC] D]

the outermost operator is the * which governs the +
operator. Or in other words the + operator is gov-
erned by the *. The applicability of most simplifi-
cation transformations can be determined from a
simple transfer table based upon the juxtaposition
of governing and governed operators.

Contextual Checking. For some of the transforma-
tions it is necessary to do extra contextual checking
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to eliminate unnecessary or unwanted applications
of the transformation. There are essentially three
types of context which may be checked before
applying a transformation:

1. The first type of checking tests for a speci-
fic pattern of operands or operators. For
example, the simplification of T -BK is
only done if k is an integer, but the po ssi-

ble applicability of the transformation is

recognized by the combination of the
and the - sign.

2. A second type of context checking tests to
see if the governed subexpression has al-
ready been simplified.

3. The final type of checking tests the system
switches to determine if the transformation
should be performed. The evaluation of
nonarithmetic operators with constant ar-
guments is an example of this type of
checking, since it is done only if the prop-
er switches are set. In some cases the con-
textual information is discovered before it
is needed. This contextual information is
associated with certain operators such as J,
COMB, and * through flags which indicate
the status of their operands.

Certain transformations are not applied when first
recognized by the transfer table. These transforma-
tions are delayed until the governed subexpressions
are simplified. This is done for two reasons. First the
transformation may disappear when the subexpres-
sion is simplified. For example, the transformation
(EXP(A))**B — EXP(A*B) is delayed because A
might be the expression LOG C in which case (EXP
(LOG C))**B — C**B. This reduction could not
occur if the transformation were not delayed. The
second reason is that an unnecessary intermediate
growth in expression size results if certain size-in-
creasing transformations are not delayed. An exam-
ple of this type of transformation is the transforma-
tion (As* . .. *Ap)**C = A**C . .. Ax**C. It
is easy to see that the size of the right-hand expres-
sion is greater than that of the left-hand one since the
exponent occurs n times. If the product is simplified
before applying the transformation, then the number
of replications of C is less than or equal to the num-
ber required for the transformation acting on an un-
simplified product. :

The AA Bit. The fact that an operator and its oper-
ands have been simplified is indicated by the AA

bit (Already AUTSIMed bit). In the delimiter Pol-
ish notation the AA bit is indicated by a dot over
the operator. However, constants and delimiters do
not have an AA bit. For example, in the expression

+ A *BC51 ™ A -1]

the subexpression *BCS5] is simplified as indicated
by the dot over the *. There are AA bits on B and
C, the operands of the *, since in some instances
the lead * can be removed by a transformation but
the operands are still simplified. If the expression was

LOG *BCS5]
then this can be transformed to
+ LOG B LOG C LOG 5]

and B and C would remain simplified and require
no further simplification.

The AA bit has an addition function. It indicates
that a subexpression has already been scanned for
transformations, so only transformations which in-
volved the lead operator of the expression are still
applicable. The AA bit prevents the scan for trans-
formations from oscillating indefinitely.

The FORMAC command subroutines do not re-
set the AA bit on expressions they manipulate, un-
less they actually alter the expression so that it is
no longer simplified. Then, the AA bit is reset on
the expression but not on those wifs of the expres-
sion which have not been changed. In this manner,
the entire FORMAC object-time system operates to
minimize redundant simplification.

The Scan Pointers. As the expression is scanned,
the location of the governing and governed opera-
tors constantly changes. The current governing and
governed operators are determined by the two scan
pointers P and C. The pointer C points to the sym-
bol which is currently being scanned. The pointer P
points to the operator which governs the current
symbol. Consider an example. Suppose that the scan
is currently looking at the following expression
fragment.

PC

N

..+ EXY] %3 Z2W] 5] ..

The current symbol is the first * operator. The
AUTSIM transfer table shows that no transforma-
tion is done for + * so the scan pointer must be
moved. The AA bit on the first * indicates that no
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transformations remain in that operand so that the
scan moves to the next operand. The C pointer is
updated to point to the second operand under the
operator,

P C

7 7

oo+ *XY 1% 3 Z2W] 5] ...

Now the current symbol is the second * operator.
As before, no transformation can be applied so the
scan pointer is moved. However, in this case the
product is not simplified so it must be scanned for
possible transformations. Therefore, the scan pointer
moves to the next symbol, the J operator. But the §
is governed by the * operator so the pointer P must
be moved to the new governing operator. After the
scan pointer is moved the expression looks like this:

PC
O

..+ *XY] %] Z2W] 5. ..

The scan pointers continue to move in this fashion.
After a transformation is performed the pointers
must be updated so that they will be properly posi-
tioned to continue the scan. At each step in the
scan the current operand of the current governing
operator is simplified before the next operand is
scanned. This method of scanning means that the
current symbol pointer, C, oscillates back and forth
along the delimiter Polish string as the expression
is simplified.

The Push-Down List. In the example above, the
pointer P was moved from the + to the second *
when the second product was being simplified. Af-
ter that simplification is completed, the C pointer
will have returned to the * and the AA bits will
have been set.

C

7
... ¥XY] * § Z2wW] 5]
But the P pointer must be reset to the operator
which governs the *, namely the + operator. There-
fore, whenever the scan pointer is moved to scan an
operand, it is necessary to save a pointer to the old
governing operator and any flags associated with it.
This information can then be used to reset P to the
+ operator. Since each operand is in itself a well-
formed expression, a natural method for saving the
current status of an operator is to make the AUT-

SIM routine recursive. However, for reasons of effi-
ciency, the AUTSIM algorithm uses a push-down
list (PDL) to save the simplification and scan sta-
tus. The top entry on the PDL always indicates the
current governing operator so that the P pointer is
just another name for this entry.

LEXICO and Expand. Two major departures are
made from the AUTSIM scan in order to perform
large transformations, The first of these, LEXICO,
is described in detail in the next section. The sec-
ond major departure is under control of the
EXPFLAG. If it is set on either a * or { operator,
then the expand algorithm is invoked to remove
parentheses. ,

We have seen that the AUTSIM scan is essential-
ly oscillatory in nature under the control of a push-
down store, a current symbol pointer, and AA bits.
A systems level flow diagram for AUTSIM is pro-
vided in Fig. 1.

The Organization of LEXICO

The general flow of the LEXICO subroutine is
displayed in Fig. 2. There are three major blocks in
LEXICO: the COMPARE routine, the COMBINE
routine, and the CLEANUP section. Although con-
siderations of efficiency led to an intermixing of
the code, the routines are most easily understood as
separate entities. The remainder of this section will
treat each of these blocks. The requirements placed
on each unit, the motivation for imposing these re-
quirements, and the manner in which these require-
ments are met are discussed.

The COMPARE Routine. Because the internal
FORMAC representation is not designed specifical-
ly for sorting, a special sorting list (BWFF) is con-
structed from the input sum or product which is
being sorted. Each subexpression under the + or *
is handled separately and the sorting list is built up
as each of the sub-wif’s is sorted against the sub-
wif’s already on the sorting list (see Fig. 2). The
heart of the sort is the routine which compares the
sub-wif being sorted (AWFF) with the i*® sub-wif
on the sort list (BWFF(I)). We shall discuss the
criteria for a sorting order and sketch the actual
sorting order employed by LEXICO.

(a) Criteria for a Sorting Order. The descrip-
tion of the comparison routine would be difficult to
understand without a description of the sorting or-
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Figure 2. LEXICO flow diagram.
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der which it is supposed to implement. The particu-
lar sorting order used in LEXICO was chosen to
meet a wide range of requirements.

The first requirement of a method of sorting is
that the sorted result be unique. That is, the result
of the sort does not depend on the original order of
the subexpressions it sorts. In this case, the sort

yields a linear or total ordering. If the comparison
of any two expressions gives a definite ordering for
these two expressions and if this ordering is transi-
tive, then the ordering is total. If this were the only
requirement, expressions which are represented by
linear strings of symbols, could be sorted by the
left-to-right comparison used in dictionaries. All
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that is needed for this technique is a linear ordering
of the possible symbols, similar to that given to the
letters of the alphabet (“alphabetical ordering™).
However, LEXICO must “combine” similar
expressions; e.e., it must perform cancellation. This
imposes the requirement that expressions which can
be combined by cancellation should have almost
identical ordering properties, so that, during the

sort, the routine will compare them with one another

and realize that cancellation is possible.
Specifically, the following classes of expressions
must have nearly dinetical sorting characteristics:

1. explicit products that differ only by a constant
(numeric coefficient, e.g., * A B C Ki] and
* A B C K are numbers;

2. a nonproduct expression and a constant mul-
tiple of that expression, e.g., SI X and * SIN
X Kil;

3. a negative expression and the product of that
expression and -1, e.g., —=SIN X and * SIN X
~1Jor * ABC-1]and - * A B C];

4. exponentiated expressions that differ only in
their exponents, e.g., I X Yand § X + W Z]
or{+ ABCOSY]2and{ + A B COS Y]
Qor EXP + XY — D] and EXP ATAN Q;

5. an expression and that expression raised to a
power, e.g., SIN + X Y] and § SIN + X Y]
* ABCl

Note that since we have no unary operator denoting
the multiplicative inverse, we avoid the problem
analogous to (3) for exponents.

Combining depends upon recognizing these spe-
cial cases. They involve differences in top-level
structure; the only information required concerning
the lower-level structures is whether or not they are
identical. It would have been possible to design a
routine that checked for these special cases on the
top level, and used a simple dictionary ordering to
compare subexpressions of the terms or factors it
was sorting. For example, if the minus sign (-)
came after all variables in the linear ordering of
symbols, it would be possible to design a routine in
which A and -A sorted almost identically as terms
in a sum (and hence could be canceled) but in
which EXP(A) and EXP(B) sorted closer together
than EXP(A) and EXP(-A). However, it was de-
cided that the sorting order would be based on lev-
els and would be consistent on all levels. That is,
identical functions (sums, products, and exponenti-
ated wifs are considered functions in this sense)

would be compared on the basis of their arguments,
and the arguments would be compared in exactly
the same way as arbitrary terms in a sum or factors
in a product. Thus, to compare (COS(A) and COS
(B), the routine would note that the functions were
the same and then compare the arguments A and B
exactly as it would have if they were terms or fac-
tors to be sorted.

The above sorting specifications are clear cut. In
addition to these, however, there were two less
well-defined requirements placed on the sorting or-
der. Since automatic simplification is performed on
all expressions in the system, and in particular on
all expressions that are to be written out, a criterion
of intelligibility was imposed. That is, within the
limits of the other requirements we felt that the or-
dering induced by LEXICO should produce output
that is in some sense“understandable” to the pro-
grammer. It should produce expressions which are
similar in appearance to ones which the program
user might write—given the limitations of the char-
acter set and printing techniques available. To
achieve this goal without sacrificing the require-
ments of the internal p-canonical form, a double
approach was taken. The sorting order itself was
designed to be as “understandable” as possible, and
a way of modifying it prior to output (the ORDER
command) was included in the system. )

The final requirement was that the ordering
sould be as “simple” as possible. This served the
double purpose of making it understandable to the
user and as easy to implement as possible. AUT-
SIM is the most active major subroutine in the
FORMAC system. Every expression created is sent
through AUTSIM at least once, and often several
times. AUTSIM may call LEXICO many times in
the process of simplifying a single expression. Thus
efficiency is a prime consideration in the design of
LEXICO. Any increase in the speed of LEXICO
produces a noticeable increase in the system’s per-
formance. In this context, the suggestions made by
Martin® may prove quite significant.

(b) The Sorting Order. With these requirements
in mind, we now consider the sorting order. Sym-
bols other than +, *, J, and - are linearly ordered in
the following manner. Atomic variables come be-
fore all other symbols, and are ordered among
themselves by the numerical value of the core loca-
tion of their symbol-table word. Since the symbol
table for each routine is placed in core with the
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variables in alphabetic order and with arrays in
standard FORTRAN order, this results in varia-
bles defined in the same routine being sorted in
straightforward alphabetical order by name, with
array elements in their normal order. However,
variables defined in different routines sort accord-
ing to the placement of their defining routines in
core, which means the actual order in which varia-
bles are sorted is dependent on the order in which
subroutines are loaded.

Immediately following the atomic variables in
the linear ordering of symbols are the operators in
the order SIN, COS, ATAN, TANH, EXP, LOG,
FAC, DFAC, COMB, DIF. This ordering is arbi-
trary and is determined by the bit patterns assigned
to each operator in the internal expression coding.
Following the operators are the constants. Constans
are ordered among themselves by their numerical
value. The algebraically smaller of two constants
preceeds the larger one. Since all constants in
expressions have been coverted to the same mode
(rational or floating point) by AUTSIM, there is
no possibility of comparing constants of differing
mode.

As may be noted, the symbols +, *, {, and —
are not compared with other symbols. Instead they
cause the scan routine to compare subexpressions of
the expressions AWFF and BWFF (I) and use that
result as the final comparison. Only if all indicated
comparisons result in identical matches, does the
fact that a +, *, J, or — appeared directly influence
the result of the sort. This is done in order to meet
the constraint that items, which can combine with
one another, sort together.

Once the sorting order has been specified and
understood, the structure of the comparison routine
becomes quite clear. The routine represented by the
COMPARE diamond in Fig. 2 is basically two
leveled. The lower level is a routine that performs a
straightforward comparison of the two expressions
it receives as arguments. As output, it indicates the
relative ordering of the two expressions. The upper-
level routine sends parts of expressions to the lower
level, and uses the finromation returned to deter-
mine if expressions can be canceled or combined. It
then passes control as indicated in the flow chart.

The COMBINE Routine. The COMBINE routine
consists of a basic cancellation routine and an arith-
metic routine. Cancellation is accomplished by sev-

eral small routines that perform the various tasks
needed for cancellation in sums and products. Under
sums the routine adds the coefficients of the two
terms and produces a new term with the sum as
coefficient. This is made somewhat more complex by
the problem of determining the true coefficients. The
routine must act as if explicit coefficients of 1 and —1
occurred instead of implicit occurrences; e.g., as if
* ABC] were *ABC1], -A were *A —1] and — *
ABC] were *ABC -1].

Other difficulties can arise in finding the constant
coefficients of an expression. The numerical coeffi-
cients of products appear as the final constant before
the delimiter (since all products under sums have
been put into canonical form). But, because the
expressions are in Polish notation, it is possible that
a constant appearing in that position may be the
argument of a preceding function. This is difficult to
check in the case of rational constants which may
appear in the form . . . Ky Ks -1 ... under a
product. In this case, given a product ending in the
string . . . Ki Kz -1], it is possible that either K,
or both K; and § K, —1 are arguments of preceding
functions and not coefficients.

If the constants to be combined are rational-
mode constants, arithmetic must be performed by
special routines which add fractions and produce a
reduced fraction. Finally, if the result is either O, 1,
or -1, LEXICO must duplicate the AUTSIM trans-
formations involving such coefficients (e.g., delet-
ing the entire produce in the case of 0, or deleting
the constant and prefixing the expression with a mi-
nus sign in the case of -1). This was done in LEX-
ICO for efficiency as LEXICO could easily check
for such results at the time of the addition, while
UTSIM would have to make an entire rescan. This
does, however, result in duplication of code in the
two routines as they are currently written. This is
an example of the old problem of space efficiency
versus time efficiency.

Combination in products requires the addition of
exponents. Since exponents may be arbitrary
expressions, the resulting sums must in turn be sort-
ed and simplified. This is done by permitting the
product cancellation routine to use the rest of LEX-
ICO in a pseudorecursive fashion. Whenever it is
necessary to cancel exponents, the expressions in-
volved are modified so that the first expression (the
one on the product sorting list) is no longer a well-
formed formula in internal form. Instead, its expo-
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nent is transformed into a sorting list of the type
used for sorting sums. The comparison and sum
cancellation routines are then used to sort the terms
of the second exponent onto the sorting list, per-
forming cancellations where possible. If the expo-
nent is not a sum, then only a single use of the sort
and combine routines is needed. However, if the
exponent is a sum, then the sort and combine sec-
tion is used once for each wff under the plus, and
the plus is discarded because the sort list is already
a sum. Of course, since one section of the routine is
being called by another section, care must be taken
to preserve and restore the status of all internal
switches and registers that are modified. When all
factors in a product have been sorted and all expo-
nent cancellations have been completed, it is up to
the cleanup section to take the modified expressions
and restore them to normal form. This may involve
further simplification, as the exponent which finally
remains may be either O or 1.

The arithmetic routines are called upon to do
almost all the arithmetic required in LEXICO. These
include the routines that are needed for computing
the constant term in a sum and the constant coeffi-
cient in a product and the routines for cancellation.
Basically, these routines perform addition and multi-
plication of floating-point and rational-mode con-
stants. The floating-point package is straightforward,
with standard checks for overflow and underflow.
The decision to implement rational mode was made
after the system design had been frozen. In particu-
lar, it was impossible to add any new operators since
many routines had been coded making explicit use
of the originally defined operator set. Thus, it was
necessary to represent fractions in the form *K; {
K2 ~1 rather than by a binary rational constant oper-
ator, RC Ki K. This introduced several complica-
tions for the LEXICO scan.

The rational-mode arithmetic package is more
complicated than the floating-point package. Multi-
plication requires two integer multiplications, and
addition requires three multiplications and one ad-
dition. The major difficulty arises in controlling
overflow. In the experimental 7090/94 FORMAC,
both the numerator and denominator are limited to
integers less than or equal in magnitude to 236 -1,
Thus, with a moderately large denominator, it is
very easy to have a numerator overflow.

In particular, it is possible to create intermediate
results that require double-precision arithmetic, al-

though the final results are small enough to be rep-
resented by single-precision fractions. Therefore,
the rational arithmetic routine contains a double-
precision, fixed-point add routine, in addition to a
routine that employs the Euclidean algorithm, for
reducing fractions to lowest terms.

The CLEANUP Routine. The cleanup action of
LEXICO converts the sort list form of the expres-
sion (BWFF) back to normal FORMAC internal
form. Several transformations are performed in the
process of reconstructing the expression. The order
of the items on the BWFF list is inverted and a
simplified sum or product is created. If the result is
a product, the parity bit is tested to determine if
the product has a negative sign. If parity is nega-
tive, the minus sign is included in the constant if it
exists. The minus operator is inserted preceding the
product, if there is no constant factor. If the sort
list is empty and there is no constant, then a sum is
replaced by 0 and a produce is replaced by + 1, or -
1. If the product or sum has only one argument,
then the operator (* and +) and its delimiter are
not appended and the single wff is returned.

SUMMARY

The central role of simplification in the FORMAC
programming system and the general approach
pursued in implementing the FORMAC automatic
simplification algorithm have been described. It
has been shown how the universal application
of associativity, commutativity, and properties
of the additive and multiplicative identityelements
(0 and 1) in conjunction with the establishment
of a p-canonical form can produce “simplified”
expressions. In addition, the need for placing
application of the distributive law under program-
mer option has been indicated. The basic principles
employed in the organization of the simplification
algorithms (AUTSIM) have been presented in de-
tail. In particular, the role of governing relation-
ships between operators, the need for additional
contextual information, the movement of scan
pointers and the organization of the sorting routine
(LEXICO) has been indicated. The importance of
an already simplified flag is completely eliminating
redundant simplification has been stressed.

This paper has. introduced the FORMAC ap-
proach to the automatic simplification of mathema-
tical expressions. A subsequent paper is planned in
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which the simplification algorithm will be pre-
sented in complete detail.
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THE NEW BLOCK DIAGRAM COMPILER FOR SIMULATION
OF SAMPLED-DATA SYSTEMS

B. J. Karafin
Bell Telephone Laboratories, Incorporated
Murray, Hill, New Jersey

INTRODUCTION

The block diagram compiler known as BL@DI
was put into use at Bell Laboratories in 1959 and
reported in the Bell System Technical Journal in
1961.! The compiler has been completely rewritten
to provide substantially increased flexibility. The
new program is called BLODIB.

BLODI

BLODI was written to aid in the simulation of
sampled-data systems. It accepts as input a descrip-
tion of a sampled-data s ystem block diagram writ-
ten in the BLODI language. It produces, as output,
a machine language program which will simulate
the described system. The major asset of BLODI is
that the language corresponds very closely to an en-
gineer’s block diagram. It is easily learned and used
even by people with the most superficial knowledge
of computing techniques.

The systems with which the compiler can deal
are combinations of sampled-data circuits, ie., of
blocks that accept pulses as input and yield pulses
as output. These pulses vary in height, but they all
occur at multiples of a fixed clock time. Thus the
systems the compiler accepts are digital in the stric-
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test sense of the word. The blocks comprising the
system perform the only functions a digital comput-
er can perform, namely, accept a number as an in-
put, operate on it, and produce a number as an out-
put.

Continuous systems that are sufficiently band-
limited may also be simulated. However, a sam-
pled-data system must be designed whose output
pulses would correspond to the sample values of the
desired system. This is easily done if there is a
highest system frequency, and if it is practical to
have a sampling rate higher than twice this highest
frequency. For systems that do not meet these re-
quirements, approximations must be made if the
system is to be simulated using BLODI. Techniques
and computer programs®® are available at Bell Lab-
oratories which produce efficient sampled-data ap-
proximations to a wide class of continuous transfer
functions. These programs are even capable of pro-
ducing punched cards suitable for BL@DI input.
The important point here is that BLODI makes no
pretense of being a continuous system simulator.
The transformations and possibly approximations
necessary in simulating a continuous system with a
discrete system are left to the engineer.

It should be clear that BLODI is not a digital
imitation of an analog computer. In its most normal
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mode of operation, it permits the user to go directly
from a block diagram of a sampled-data system in-
volving transfer functions, etc., to the object simu-
lation program without explicitly considering the
underlying differential equations. A myriad of pro-
grams exist that do try to make the digital comput-
er behave like an analog computer.®® These block
diagram compilers are built around an integrator
block; the diagrams they accept are not so much
system block diagrams as they are block representa-
tions of analog computer programs. BLODI is sys-
tem oriented. In a paper describing BLODIB
applications,® simulation of a vocoder is discussed.
In that problem the interest is in system perform-
ance and optimization. The system is so large and
so complicated that asking for the differential
equiations is an unrealistic question. The system is
simulated using digitized speech as input data. The
output is also digitized speech which is listened to
and subjectively judged.

The BLODI language is used to describe the sys-
tem block diagram. Each block of the block dia-
gram is represented by one list, i.e., by one
punched card. (If the description of the block is
lengthy, it may spill over onto more than one card.)
The coder chooses block types from a dictionary of
about 40 types. This dictionary includes such
blocks as delay lines, amplifiers, transversal filters,
rectifiers, cosine generators, function generators,
etc. Table 1 shows the type dictionary. The list for
each block specifies its type, a name assigned by
the coder, parameters associated with it, and the
names of the blocks to which the signal from the
present block is connected. An example of a block-
specifying list is

RAISE AMP 13.7, QUANT, SUM/3

The block named. RAISE is an amplifier with a
gain of 13.7. It feeds a block called QUANT and
the third terminal of a multi-input-terminal block
called SUM. (The various inputs to multi-input-ter-
minal blocks are specified by a slash followed by
the terminal number.) It should be noted that the
user need specify only one half the connection ma-
trix, namely the outputs. The compiler internally
fills out the matrix and reports unusual circum-
stances by way of diagnostics.

One of the most pleasant features of the language
is the fact that the order of appearance of the var-
ious lists in a circuit description is immaterial. The
blocks may be described in any order; the compiler

analyzes the connection matrix and internally orders
the blocks for processing.

Figure 1 is a skeleton form of a PCM television
transmission scheme’ involving quantization with
error feedback. Consider the BLODI description of
this system which is given below.
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Figure 1. Transmission scheme involving quantization with
error feedback.

INPUT INP 5,,501,1,,,12,H1

H1 FLT 2,1,-0.502,1.0, SUMM/1
SUMM ADR QUANT, NOISE/2
QUANT QNT '8,120,200,280, (etc.),
H2, NOISE/1

NOISE SUB FBDEL
FBDEL DEL 1, F
F AMP -0.96,,SUMM/2
H2 ACC 0.502,,0UTPT
PUTPT ouUT 5,,501,1,,,12

END

Each line of the above represents one block of the
system diagram of Fig. 1. For each block the left
hand column contains the name assigned the block,
the center column specifies the type of the block,
and the right column specifies the parameters and
output connections. Strictly speaking, INP and
OUT are not functional blocks. They specify points
in the system were samples are read from and
written onto designated tape units respectively.
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END is also not a type; it specifies the end of a cir-
cuit description.

In the example we again point out that the proc-
ess is one of a system simulation. Both the input
and output are tapes of digital television picture
data.

BLYDIB

Using the BLODI language as a foundation, a
new compiler, BLODIB, has been written. The new
compiler provides a language that is more flexible
and a programming system that is more complete.
Whereas the old compiler offered a fixed source
language and produced object programs of one rigid
structure (main programs all of whose arguments
were explicitly numeric), BLODIB offers the engi-
neer some of the generalities available to users of
general purpose programming systems.

With the new compiler, simulation programs (the
result of BLODIB compilations) are more like the
programs produced by other more general compil-
ers. For example, the user may now choose to have
the simulation run in either the integer or floating
point mode. (The old program ran only in the in-
teger mode.) Furthermore, simulation programs
may now have symbolic parameters, the values of
which can be supplied at run time and varied to fa-
cilitate optimization routines and collections of
families of data. Most important too is that simula-
tion routines may now communicate with other
programs in the computational environment. These
features ‘open the way for many new applications,
some of which are discussed below.

The source language also has new flexibility and
offers new potentialitis. The changes impart roughly
the same flexibility to BLODI as MACR® FAP
does to FAP. Along the providing features to make
the coding of simulation problems more convenient
and less tedious, the new program gives the user
the ability to write higher-level, specialized, simu-
lation languages using BL@DI statements as atomic
blocks.

The compiler itself has a new structure. BLODIB
is actually a preprocessor coupled with a library of
high-level macro definitions. This structure pro-
vides general flexibility, lends itself more readily to
changes and additions, and is somewhat less depen-
dent on particular monitor systems and machines.

For purposes of discussion, BLODIB can be

thought of as providing the capabilities for system
simulation coding that is

e evolutionary,

e compatible, and

e modular.
Each of these categories will be discussed separately.

Evolutionary Programming ( SUPERs )

It may happen that several interconnected BLODI
blocks are required to realize a single functional
block that will be used many times, perhaps with
several different values for some group of parame-
ters. What is called the SUPER facility of BLODIB
essentially permits the programmer to draw a line
around such a group of blocks, to name it, and to
use it thereafter as if it were a basic block. Figure 2
shows the block diagram of what can be thought of
as a rectangular integrator. To define a SUPER to
realize this function, coding of the following form
is given to the compiler as part of the source de-

scription.

INT MACR@ INCYON

INPUT MIP 1, INTRV

INTRV AMP 1.0 E-5,,SLOW

SLOW DEL 1,SUMM/1

VALUE BAT INCON, DELAY, SUB/1
DELAY DEL 1, SUB/2

SUB SUB SUMM/2

SUMM ADR RECT

RECT ACC 1.0,,9UTPT

OUTPT MOT
END

After defining INT in this way, it can be used as if
it were a basic block type with one parameter (the
initial value). (In the example the integration in-
terval, which corresponds to the sampling period, is
10%.)

We digress to point out that although BLODIB is
not primarily an analog computer simulator, the
preceding definition of a rectangular integrator
shows that the compiler has at least as much power
to tackle analog computer problems as some com-
pilers that are so oriented. An example of such a
compiler is DAS*, which uses rectangular integra-
tion and a fixed time base.

Since a SUPER may be used as a basic block af-
ter it has been defined, it can be used in the de-
scription of a more complicated SUPER. A trival
example is shown where the previously defined INT
block is used in the definition of a new super that
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Figure 2. A BL@DIB rectangular integrator.

rectangularly integrates the weighted sum of four
inputs.

SIN MACRO W1, W2, W3, W4, INCON
IN1 MIP 1, WGHT1
IN2 MIP 2, WGHT2
IN3 MIP 3, WGHT3
IN4 MIP 4, WGHT4
WGHT1 AMP W1,,SUM/1
WGHT2 AMP W2,,SUM/2
WGHT3 AMP W3,,SUM/3
WGHT4 AMP W4,,SUM/4
SUM ADR INTEG
INTEG INT 1,INCON,0UT
oUT M@T

END

In BLYDIB, SUPERs may be nested to an al-
most arbitrary number of levels. Since each SUPER
is very nearly an independent circuit description, a
BLODIB program can be thought of as an ordered
sequence of circuit descriptions. Each circuit possi-
bly contains one or more of the previously defined
circuits one or more times. The last circuit is of
course the one to be simulated. Coding can thus be
thought of as an evolutionary process. The pro-
grammer builds up a “super-BLODI” language fea-
turing blocks that are commonly used in his appli-
cation.

Compatible Programming (Subroutines)

BLODIB offers the user the facility to write sim-
ulation programs that can coexist, communicate,
and interact with other programs in the computa-
tional environment. The user is provided with a

staecment that closely resembles the FORTRAN
SUBROUTINE statement. With this facility the
programmer has the ability to write a BLODI pro-
gram, i.e., a circuit description, with some parame-
ters, such as amplifier gains or quantizer decision
levels expressed as variables, specifying them as
symbolic names rather than as numbers. At the be-
ginning of the program, the programmer tells the
compiler that what follows is to be a subroutine
with the name he specifies and that the variables in
the list he writes must be supplied when the subrou-
tine is called. A typical opening statement of a
BL@DIB subroutine source program might appear as
TEST

SUBR (GAIN1,GAIN2,SHIFT),

where test is to be the name of the subroutine and
GAIN1, GAIN2, and SHIFT are variables whose
values shall be specified by the calling program, and
which are used somewhere in the circuit description
or standard BLODI program that follows. State-
ments involving the variables might appear as

AMP22 AMP
COUNT ACC

GAIN1,SHIFT,0UTP3
GAIN2,2,0UTP4

The program that is produced is a subroutine struc-
turally identical to subroutines produced by other
compilers such as FORTRAN. Its parameters may
be varied. It can be loaded along with other pro-
grams. It can receive parameter values, and it can
transmit and receive data.

Futhermore, the ability to use floating point arith-
metic is simulation programs enhances the com-
patibility of those programs with numerical analysis
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routines, almost all of which are written in the
floating point mode. (It hardly seems necessary to
state that the use of floating point arithmetic almost
completely eliminates the scaling difficulties inher-
ent in many simulation techniques. )

The simplest application of the subroutine fea-
ture is the case in which one wants to simulate a
system repeatedly for a range of values of a param-
eter(s). For this case one codes the simulation pro-
gram as a subroutine with a variable parameter(s).
The subroutine is then used in conjunction with a
main program, written in some general purpose lan-
guage, that calls the simulation subroutine with var-
ious values for the parameter(s) of interest. The
main program can obtain the parameter values from
some internal array, by reading cards, or perhaps
receiving them from a remote console at which the
engineer is stationed.

Iterative system design schemes can be imple-
mented using the subroutine facility. Situations arise
where one has to optimize a group of parameters
associated with a complicated system. The solution
of such a problem might involve the following steps:

1. Make an initial guess of values of the vari-
ables.

2. Simulate the system using those values.

3. Use the results of the simulation to calcu-
late new values for the variables.

4. Return to step (2) unless the new values
are within a given neighborhood of the last
values.

To implement such a procedure one writes a sim-
ulation subroutine and loads it along with the nec-
essary analysis and design programs. A main pro-
gram will probably also be necessary to handle con-
trol.

Unfortunately, many problems of parameter op-
timization require human intervention commonly
known as eyeballing and knob-twiddling. This
points up another reason why it is so important for
the simulation program to have the ability to com-
municate with other routines. The era is almost
upon us in which men at remote stations will have
the capability to interact with the computer. Simu-
lation seems supremely suited for man-machine in-
teraction.

Another use of the subroutine feature is to allow
simulation programs to function as analysis pro-
grams. At Bell Telephone Laboratories, a program
used to design sampled—data filters presents, as

part of its output, a plot of the impulse response of
the designed filter. Instead of using residue calcula-
tions based on the continuous analog of the filter,
the response was obtained from a BLODIB-produced
subroutine which simulates the actual sampled-data
filter. The circuit is excited by a single pulse and the
resultes of the simulation are plotted and presented
as part of the output.

To sum up this discussion, simulation programs
can now be written to be compatible with other
kinds of programs, opening the way for a great
many diverse functions.

Modular Programming

This feature allows the user to write simulation
subroutines in the BLODI language that structurally

‘resemble simulation blocks. This facility allows

what can be thought of as modular programming. A
basic simulation program can be thought of as a
piece of hardware with sockets. Various subsystems
are coded, and the main system is run with a select-
ed group of subsystems plugged into the sockets.

Among other things, modular programming al-
lows the user to effect structural changes. Suppose
there is a very complicated system to be simulated,
and suppose there is a block whose function one
would like to change for each of three simulations.
Perhaps one would have this block a transversal fil-
ter for one simulation, a quantizer for a second, and
perhaps nothing, a wire, for a third. In the main
circuit description the block in question might have
a type called MOD. Three modules would then be
coded, each of type M@D, one a filter, one a quan-
tizer and one a wire. One then runs three different
simulations, loading a different module each time.

An important point here is that the main system
need be compiled only once. This main piece of
software is never changed. New elements are merely
plugged into the sockets to test various design
schemes.

Modular programming makes it possible for one
to build a library of simulation modules in much
the same way as a library of numerical functions sub-
routines is built. The feature aids in producing
complete simulation systems for major projects such
as, for example, vocoder research. '

CONCLUSIONS

BLODI has proven to be an efficient and easy to
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use tool for the simulation of a class of systems
that:
1. involve a relatively smooth flow of data
(signal) into and out of the system, i.e.,
the system does not process samples in a
complicated order;
2. can be represented in terms of the pulse
circuitry that has been described;
3. and that, once depicted as digital system
block diagrams, contain blocks that usually
change state at each sampling instant.

For this class of problems the compiler produces
machine language programs that are as efficient as
those produced by professional programmers. (For
example, in the course of the algorithm for ordering
the blocks for processing, the compiler searches the
connection matrix, attempting to save store and
fetch operations.)

A new program, BLODIB, has been written and
described, which is based on the BLODI language.
BL®DIB is coded for the IBM 7094 II under the
control of the Bell System VII monitor and 1/9
system. To use the system under another monitor
would involve only changes in the 1/9 and interac-
tion with the macro assembler. Changes in the 1/90
are identical to those that were necessary for the
original BL@DI, which were carried out successful-
ly at many computer (7090) installations. This new
program offers many new features but suffers no
degradation in object program efficiency or ease of
usage. The new features change the nature of the
compiler from a language translator to a full pro-
gramming system. The new program is particularly
suited for

1. building higher-level BL@DI languages by
defining block types from combinations of
blocks,

2. interative simulation procedures,

3. coding of large, flexible, modular, simula-
tion systems, and ’

4. the use of simulation programs as subrou-
tines for more complex procedures.
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Table 1. BLOD1B Type Dictionary.

Block
Type Function Output
DEL Fixed Delay Yk = Xk—1
VLD  Variable Delay Ve = Xle—a2
ACC Accumulation Yk = Xx T Piyr—1
) ( p=2)
FLT Transversal Filter yi = Jperi—Fr—Ips
=0
AMP Amplifier y = pi®
4
ADR  Adder y = 3xt
i=1
SUB Subtractor y = xt—x%
4
MAX  Maximum y = max x*
’ i=1
4
MIN Minimum y = min x¢
i=1
MPR  Multiplier y = xx?
DIV Divider y = xt/x?



CLP
CLN

SCL
FWR

BAT
CoS
GEN

WNG

ONT
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Positive Clipper y = NG }

PLX > P1
) . _Jxx>p

Negative Clipper Y= pll;xlg pl}

. . — X, X <p:
Symmetric Clipper y { p1, x| > p
Full Wave y = ||
Rectifier
Battery y=x+p

2wk
Cosine Generator yx = pscos(7+ pz)

Function Generator y= pi;i = 2,...,pt
the sequence of par-
ameters repeated
cyclically from sec-
ond to last.

Pseudo-vondon noise
from Gaussian dis-
tribution with
standard deviation
Di1.

p1 in the number of
representative lev-
els. The representa-
tive levels are ps,p4,

Noise Generator

Quantizer

., p2r1. The decision levels are

LQT
SQT
SMP

HLD

CNT

DTS
FLF

Sampler

BRI /.79 2 TRPEP

D2p1-1.

. . X
Linear Quantizer y= (‘p—)munded up. P1.
1
Square Root

y=vx
_ §x one sample out of ps
{pg otherwise
p1 specifies an in-
itial phase.
yr = xit where x2 was
the last control
sample to exceed
the threshold, p:.
Output is active level
every nth time input
exceeds a threshold
and a passive level
the remainder of
the t}m%.
. _fxh x> pa
Double Throw Switch y { % otherwise.
Flip-flop Output has a low
state output until

Sample and Hold

Counter

the input exceeds an
upper threshold. An
upper state output
is then maintained
until the input is
below a lower
threshold, etc.

If the input exceeds
trigger level, the
output is the pulse
level for the next
d samples, where d
is a parameter for
pulse length. The
output is a quies-
cent level if none of
the last (d-1) sam-
ples exceeded the
trigger level.

Lists up to three input
signal under control
of a fourth signal
and a threshold.

Reads data from tape
for input.

Writes data on tape
for output.

Writes output samples
into a buffer area in
the computer mem-

ory.

PLS Pulser

PRT  Printer
INP

ouT
BOF

Input
Output
Output Buffer

FIP  Integer to float-

ing point conver-
sion
Floating point to
kuteger conversion
Microfilm plotter

Fop

MIC Plots up to three

signals on a linear
plot under control
of a fourth input
and a threshold.
MIP  Input to SUPER
MOT Output from SUPER

In the above yx = y(kT ) where T is sampling period
x4 = x*(kT) where x¥(¢) is the ith input

to the block
The superscript is missing for blocks with only one
input, while the subscripts are neglected for blocks

with no dependence on the past. p; is the jth para-
meter of the block.






TWO-DIMENSIONAL PROGRAMMING*

Melvin Klerer and Jack May
Columbia University
Hudson Laboratories

Dobbs Ferry, New York

A new user-oriented programming system for

the purpose of facilitating the programming and -

analysis of well-formulated problems has, been de-
signed and implemented at Columbia University,
Hudson Laboratories. This system consists of a
standard Flexowriter modified to construct two-
dimensional mathematical expressions and a new
programming language.

The typing and language rules are quite flexible,
unrestrictive, and easy to learn. Typing errors are
easily corrected by backspacing and overtyping or
by pressing a special “erase” key. Subscripted and
superscripted arithmetic expressions can be typed
conveniently. Arbitrary-sized summation, product,
integral symbols, and other mathematical symbols
can be constructed from elementary strokes or
formed automatically by selecting the desired sym-
bol from an accessory console keyboard.

We attempted to meet the following criteria:

1. There should be less human effort: by this
we mean fewer instructions (therefore fewer
errors), less total time spent in coding, less

debugging, and less high-level thinking

necessary to solve the problem;

*This work was supported by the Office of Naval Re-
search and the Advanced Research Projects Agency.
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2. The system should be easy to learn (and
therefore subject to universal use);

3. It should be adaptable to a wide range of
problems and applications; and

4. 1t should produce a final product that is
better than the “old-fashioned” product.
In other words, not only should the object
program be cheaper to produce but it
should run faster than programs obtained
using present compilers.

Figure 1 is an example of what one research
scientist brought to us for computation and illus-
trates what we mean by a well-formulated prob-
lem. A is a function of all the other variables and,
except for x and y, all are input parameters. When
this is coded—regardless of whether we use FOR-
TRAN, ALGOL, or any other system—the program-
mer must be careful that the argument of the square
root does not become negative, and that the denom-
inator of the function to be integrated does not be-
come so small as to cause overflow.t

Figure 2 shows the corresponding source lan-
guage statement as typed on our input device in our
language.

+A system which will automatically make such analyses
and take appropriate actions is under development by the
authors.
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Figure 2.

Our Flexowriter has been modified so that the
platen may be revolved by keyboard control. One
presses the subscript key for the subscript position
and the paper moves up half a line; similarly, the
paper moves down half a line by pressing the super-
script key. A typewriter device with this particular
facility is not particularly new. As indicated in the
references, announcement of the intention to con-
struct such a machine was made as far back as July
1958 by two independent groups, one working at
Los Alamos,!! the other at Lincoln Laboratories,*
and pioneer work in this field has been done by Mark
Wells at Los Alamos.!%13

Our system permits the construction of symbols
of arbitrary size besides allowing the use of other
conventional mathematical forms such as implied
multiplication, subscripting without the use of arti-
ficial conventions, subscript notation to denote a
logarithmic base, and superscripting as in cos™'x
and cos 2x. Arbitrary-sized integrals, summation sym-
bols, or parentheses may be typed by combining basic
strokes—horizontal and vertical bars, diagonals in
both directions, and upper and lower semicircles as
shown in Fig. 19. These basic strokes have been
designed to interlock with each other. Symbols need
not be symmetric nor well composed. Figure 3
illustrates some of the poorly formed symbols that
are recognized correctly by our system. The strokes
may be typed in any order. For instance, one may
type part of a summation sign, then type part of the
argument and go back to type more of the sum or
part of the limits. Restrictions are of a minor nature;
for instance, there must be enough room above and

Sl

below the summation symbol to type the upper and
lower limits.

Figure 4 is a photograph of a page from Hilde-
brand’s book” on numerical analysis, illustrating his
prescription for solving linear equations. We chose
this as a good example of a well-formulated problem
for compytation. We would not call this an algorithm
because it contains an inherent ambiguity. Note that
the last equation has to be computed for i taking on
the value of » first and then n — 1,.n — 2, etc., down to
i = 1. When j = 1 in the first equation, the sum
becomes the null set.

Figure 5 is the corresponding program for the
solution of a set of n linear equations in » un-
knowns as written in our programming language.
The maximum value of n has been arbitrarily set at
20. It can be noted that the body of the typescript
is a fairly reasonable transcription of the text indi-
cating double subscripts, etc. In the last formula our
loop is programmed backwards, but we did not
have to worry about the fact that the summation’s
upper limit can be less than the lower limit—the sys-
tem automatically takes care of this consideration.

Figure 6 shows a truncated continued fraction as
typed for computer input.

One question usually asked after we demonstrate
our system to a visitor is: The system seems fine
for the novice but will it be a useful tool for the ex-
perienced senior programmer? Our answer is yes.
The language allows the expert to write long com-
plex statements that are not possible with most
presently operational compilers. Figure 7 illustrates
a program written by one of our senior program-
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NUMERICAL SOLUTION OF EQUATIONS 431

tical with ¢,. Each succeeding element above it is obtained as the result
of subtracting from the corresponding element of the ¢’ column the inner
product of its row in A’ and the x column, with all uncalculated elements
of the x column imagined to be zeros.

The preceding instructions are summarized by the equations

J=1

al = a, — alal; G2y, (10.4.4)
[av z a,,‘a,,] <y, (10.4.5)
1
=z [r. 2 ,,,r,‘] (10.4.6)
* k=1
and T =c — Z abTs, (10.4.7)
k=it1
where ¢ and j range from 1 to n when not otherwise tricted.t It is
seen that ‘he process d=~ 1 by (10.4 7\ is iden*’ *h the “°
solution’ the Gar ‘on, wh’ terr
(103 °
T
Figure 4.

mers. Except for the initialization, it is a one-state-
ment algorithm for computing prime numbers.
Note that two variables are stepped; one variable is
incremented by 2 with no explicit upper limit while
the other variable is stepped by 1 (an increment of

1 is assumed if a BY clause is absent) until a
terminating condition is satisfied. In this case the
condition involves the use of the incremented varia-
ble, but, in general, the condition does not have to
depend upon the incremented variable and may be a
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MAXIMUM n=20,
READ n.
READ Aij FROM J=1 TO n AND i=1 TO n.

READ C1 FROM 1=1 TO n.

S-l
FROM j=1 TO n AND 1i=1 TOn |IF 13§ THEN O‘ij=- AiJ- aikukj OTHERWISE a‘lJ=
k=

FROM 1=1 TO n COMPUTE 4=

[y
)
e

Aif; %)y

11

FROM i=n BY -1 UNTIL i<l COMPUTE X,;= v, ~- o X
k=11
PRINT 1 {2}, X; FOR 1=1, 2, ..., n.  FINISH,
Figure 5.
READ z,
x=1+ z
1 - Z
2 4+ z
3 - z
24 Z
5 - Z
2+ 2
7-—=
2 + 2-
9
PRINT z, x. FINISH,
Figure 6.

function of parameters unknown at compile time.
Another feature of our “implied loop” is that the
index i is tampered with inside the loop. Also,
FROM clauses may be located anywhere in a state-
ment as long as they make sense. The first FROM
clause is performed most often; only when its UN-
TIL condition is satisfied does the next FROM
variable become incremented. Apart from computer
memory size there is no restriction to the number

of FROM or FOR clauses allowed.

The use of IF conditional clauses and PRINT
FORMAT statements is shown in Fig. 8. This
program computes moving averages of every 10 data
points and prints out a cumulative average every
20 points. We may see that multiple replacement
operators can be used within a statement. The UNTIL
condition on the FROM loop is satisfied by the read-
ing of a particular data point from a punched card.
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DIMENSION P=1000. J=1. PRINT J, PJ=3‘

FROM 1=1 UNTIL FRACTIONAL PART 2— =0 IF P12>P THEN 1=3, J=j+1 AND PRINT J, P =P FROM P=5 BY 2 TO INFINITY.
1

FINISH,

Figure 7.

A=B=1=J=k=0.

FROM =1 UNTIL X=99999 READ X, COMPUTE A=A+X, BeB+X, 1=1+1, J=341,

(IF k=0 PRINT v{3}, X{ .2} AND k=1 OTHERWISE k=0 AND PRINT v{3}, , x{4.2}),

A
IF 1=10 PRINT FORMAT 1, v, B/10 AND COMPUTE 1=B=0, IF jJ=20 PRINT FORMAT 2, ¥ AND COMPUTE J=0.

FORMAT 1 AFTER A TOTAL OF xxx POINTS THE MEAN OF THE LAST TEN POINTS IS xxxx.xx.

FORMAT 2 AND THE AVERAGE OF THE WHOLE SET IS xxxx.xX.

FINISH,

Figure 8.

Punched input card format is free field with blanks
separating each datum. As many data points as de-
sired are allowed on each card and the number may
vary from card to card without the need for any
defining information. The range of IF statements
may be delimited by parentheses. OTHERWISE or
ELSE clauses may be absent. Additional IF clauses
may be nested within other IF clauses and may be
put after THEN or ELSE clauses. The parentheses
around the IF k£ = 0. . . clause cause the program to
go to the IF i = 10. . . clause in either case; if the

parentheses were not present then the program would

test IF i = 10 only if £ +# 0.

There are several ways to print answers on the
highspeed printer. A standard PRINT A statement
will cause the value of 4 to be printed in floating
point style. 4 may be an expression and may con-
tain a replacement operator. The PRINT vy {3},
X {4.2} will cause y to be printed as a 3-digit integer
and X to be printed with 4 places to the left of the
decimal point and 2 places to the right. Finally, one
may mix numerical results with literal messages by
using a PRINT FORMAT statement and a FOR-
MAT image. The PRINT FORMAT statement lists
the expressions whose values are to be printed, while
the FORMAT image contains the text with the posi-
tion and size of the results denoted by groups of
lower case x’s. When the magnitude of a number is
unknown. one lower case y will cause the result to

be printed in floating point style. Figure 9 shows the
output of this program.

Whenever it is easily possible to determine the
size of an array by inspecting a program there
should be no need to specify its dimension explicit-
ly. Inspection of Fig. 10 indicates that the X array
will require 500 locations and so the program auto-
matically assigns 500 locations to X at compile time.
Currently there is no analysis of space requirements
at run time, so these decisions are made by the
compiler. Figure 10 illustrates a program to com-
pute the mean and standard deviation of a group of
numbers. This also shows how comments are insert-
ed—Dby putting them between braces.

Figure 11 shows semiautomatic dimensioning. In
this correlation program, the number of points will
be decided at run time but it is known that there
will never be more than 500. It is certainly easier
to specify a “maximum value” for one variable and
let the system do the clerical work than to specify
the same dimension for a number of arrays (X, Y,
and A). Finally, one may also dimension arrays
directly using a DIMENSION statement as shown
in Fig. 12. Here the size of the arrays is not ob-
vious so a DIMENSION statement is needed.

For systems of this type there is always the inher-
ent possibility of ambiguity. For example, since we
allow both double subscripts and implied multiplica-
tion, 4;; in Fig. 13 may mean either 4 as a function
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1 2145,32
2 9012.45
3 128,73
4 2373,38
5 6308,75
6 9523,54
7 7520,75
9 6280,40
16 6479,01
AFTER .A TOTAL OF 10 POINTS THE MEAN OF THE LAST TEN POINTS IS 542g,32
11 7063,57
12 6312,47
13 245,12
14 1840,23
15 6105,85
16 3084,12
17 1754 ,95
is 8578,44
19 3328,49
20 6650,17
AFTER A TOTAL OF 20 POINTS THE MEAN OF THE LAST TEN POINTS [S 4495,34
AND THE AVERAGE OF THE WHOLE SET IS 4941,83
21 2130,11
22 8365,77
23 2238,01
24 7543,25
25 3658,91
26 375.75
27 92,14
28 9825,16
29 5247,36
30 . 6327,01
AFTER A TOTAL OF 30 POINTS THE MEAN OF THE LAST TEN POINTS IS 4580,35
31 2238,47 .
32 9510,42
33 5514,03
34 2584 ,45
35 3275,28
36 3544,75
37 258,14
38 6325,02
39 3514,75
40 258,14 .
AFTER A TOTAL OF 40 POINTS THE MEAN OF THE LAST TEN POINTS IS 3699,34
AND THE AVERAGE OF THE WHOLE SET IS 45850,84
41 6325,02
42 68%4,14
43 267,14
44 4874 ,14
45 . 9235,41
46 6732,44
47 5602,14
48 2478,46
49 3879,96
50 9520,41
AFTER A TOTAL OF 50 POINTS THE MEAN OF THE LAST TEN POINTS IS 5546,90
81 8762,28
52 357,79
83 6854,42
54 2398,75
Figure 9.

of two independent indices, i and j, or A as a func-
tion of one index, the expression, i times j. Also, since
the argument of a function does not have to be delim-
ited by parentheses, the interpretation of “SIN 4 COS
B” is ambiguous. Is the argumen tof the “SIN” “4
COS B” or just “A”? If the expression is interpreted

as (SIN A4)X(COS B)-—which seems reasonable—
does this mean that if no parentheses are present to
delimit an argument, then the appearance of another
function name will delimit the argument? If so,
then “SEC TAN-! (4/2B)” would be “SEC of
nothing times TAN™! (4/2B).”
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READ S { IDENTIFICATION } .

READ Xi FROM i=1 TO 500,
EOO
X
1
Y = =1 .
500

PRINT FORMAT 1, S, Y, o.

FORMAT 1 THE MEAN OF GROUP xx IS xxxx.xx WITH A STANDARD DEVIATION OF y.

FINISH.

Figure 10.

MAXIMUM n=500.
READ n,

READ Xi, Yi FROM 1=1 TO n.

n=-1
A= E X4 Y4 4p FOR =0, 1, seey D=1,
i=]

WRITE TAPE A, 2, 2, n.

FINISH.

Figure 11.

DIMENSION A=100, B=100.
READ K, €.
LOG K K
FROM 1=1 TO _—eT COMPUTE A, =B, AND PRINT 1, Ai’ By.

FINISH.

Figure 12,
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X=Aij°

Y=SIN A COS B.

A

_ -1
Z=SEC TAN 55

A=CSCH™Y A - L.

D=C0S3""2¢ - 3.6 eX.

up? 4+ I,

E=L0G 5

2k+1

Figure 13.

For the next statement we might ask whether the
argument of CSCH'is 4 or 4 — L. For the following
statement we would want to know whether or not
M is within the summation. The system’s interpre-
tation of the last three statements is also of inter-
est. (w and e are interpreted as 3.14159. . . and
2.71828...) Immediately after the source program
is read, the system’s interpretation is listed on the
high-speed printer in a linear, FORTRAN-like, inter-
mediate language. The output resulting from Fig. 13
is shown in Fig. 14. This shows that A;; is interpret-
ed as a two-dimensional array but another context
may yield a more appropriate interpretation. Y is in-
terpreted as the product of SIN 4 and COS B. The
argument of the secant is interpreted as TAN™!
(A/2B). The variables L and M are interpreted to
be outside the argument of the CSCH™! and the sum,
respectively. The next statement is interpreted in the
FORTRAN manner and is not (4/2B) but.(4/2)B.
The argument of the TAN~! in statement 3 is inter-

preted as A/(2B), because it was originally typed
using displayed division rather than a slash. Statement
7 shows that the exponent, 3n — 2 has been moved
from its location adjacent to the COS to its proper
place for computation. Statement 8 shows how the
base of a log is treated. After the “LOG to the base
10” of the argument is taken, that quantity is divided
by the “LOG to the base 10” of the base. We empha-
size that each particillar intefpretation is a function
of the local context in which it is actually used. In
our opinion, an immediate response to the user re-
turning the system interpretation is of great utility in
resolving many ambiguous forms.

The single variables on our keyboard include the
entire uppercase alphabet, 12 lowercase letters and
16 Greek letters for a total of 54 variables. This may
be doubled because a letter typed in red is considered
different from the same letter typed in black. If 108
variables are not enough one may define other var-
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THIS IS THE WAY WE INTERPRET YOUR STATEMENTS, [IF ANY ARE INCORRECT PLEASE RETYPE THE STATEMENT CORRECTLY,

A00001 X3A SUB (1,4

A00002 Y=SIN(A)#COS[B)

A08003 ZsSECIARCTANIILA]/2«B) )]

A00004 ASARCCSCHIAl=L

A00005 B3SUM WITHIN [100,Ix1) OF [A SUB (1]eB SUB [I]]sM
A00006 CsA/2%B

A00007 Ds(COSIT)] RAISED TO [3wNe2)-3,6%E RAISED TO (X}
A00008 E=LOG{4*P RAISED TO {2))/LOGI2#K+11+1IPI]/[2)])
FINISH,

Figure 14.

iables by a SPECIAL VARIABLES statement as trick used to show functional relationship while sav-

shown in Fig. 15. However, if it is desired, extra ing memory space. Comment braces are put around
variables may be constructed without the need for the subscript of F so that the sums are not stored
predefinition by appending a red superscript to a in an array. The system’s interpretation is shown in

variable, as in AMAX, This figure also illustrates the Fig. 16.

SPECIAL VARIABLES TEMPERATURE, PRESSURE.

READ AMAX | TEMPERATURE, PRESSURE.
V=(C x TEMPERATURE + K x PRESSURE) AMAX,

V=C + TXEXMXPXEXRXAXTXUXRXE = K + AMAX,

10
FM= ZXiJ FOR 1=1, 2, 3, ..., 50,
J=

PRINT F,

Figure 15.

Another example of the use of comments is indi- duction program to calculate the power spectrum of
cated in Fig. 17. This is a segment of an actual pro- a filtered signal. The part shown in the figure com-
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THIS IS THE WAY WE INTERPRET YOUR STATEMENTS, 1IF ANY ARE INCORRECT PLEASE RETYPE THE STATEMENT CORRECTLY,

A00001 DIMENSION TEMPERATURE,PRESSURE

A00002 READ AMAX, TEMPERATURE»PRESSURE

A00003 Ve [C#TEMPERATURE+K#PRESSURE ) *AMAX

A00004 VEC+THEWMAP*E*RwASTwU#ReE~KsA RAISED TO (Mwa#X)

A00005 FsSUM WITHIN [10,J%43 OF (X SUB (1,J)) FOR 131,2,3,,,,250
A00006 PRINT F

FINISH.

Figure 16.

FROM 1=0 TO M COMPUTE C1=C1+XX1. FROM 1=0 TO M-1 COMPUTE Xy=

Xi41e

READ TAPE XM,2,2,1 AND COMPUTE XM=XM-S. STATEMENT 2. FROM j=N-M TO N LOOP TO STATEMENT 3.

FROM 1=0 TO M COMPUTE C1=C1+XX1.

2
STATEMENT 3. FROM 1=0 TO M COMPUTE C,=—S—— C,.

FROM 1=0 TO M-1 COMPUTE X=X

341 ° M=M-1,

M1
{ FINITE COSINE SERIES TRANSFORMATION OF C; FOR1=0 TOM V,=At {:CO + 2 E (ZJ cos ‘%11 + Cy COS 1w ]}
J=1

= —or_ =
k=2M, Dp Cos -5~ FROM p=0 TO M, Dp Dk-—p

FROM p=M+1 TO k.

LOOP TO STATEMENT 4 FROM r=0 TO M, p=W=0,

FROM 1=1 TO M=1 COMPUTE p=ptr, (IF pdk THEN p=p-k) AND WeWHC, D 0* V. =0t(CorawsCy, COS ). STATEMENT 4,

{ SMOOTHING THE SPECTRUM OPTION A HANNING OR OPTION B HAMMING }

{ OPTION A }

IF OPTIONAB=0 THEN E=.5 AND F=.25 OTHERWISE { OPTION B} E=.54 AND F=.23.

U0=E(V0+V1). FROM i=1 TO M-1 COMPUTE U1=EV1+F(V1_1+V1+1). UM-E(VM_1+VM).

Figure 17.

putes a correlation function and its cosine transforma-
tion. For clarity the actual “book” formula is printed
in red (the color is immaterial) and put between the
comment braces. An experienced programmer would
realize it would be highly inefficient to compute COS
ijmM a total of M? times. Since M, i and j are integers
and cosine is a periodic function, the same numbers
would constantly repeat themselves. Thus, the pro-
gram, which is listed below the comment, gives the
correct answers, but the computation is done in a

much more efficient manner, and the comment serves
as documentation.

With regard to machine code efficiency, it is
always difficult to pick unbiased examples. Howev-
er, our experience has led us to believe that in gen-
eral our object programs are very efficient. Our
symbol recognizer, translator and compiler make for
a complex software system and there is no escaping
the fact that it would be a substantial task to code
our system for another machine. Because we were
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interested in machine-efficient object programs
we made no attempt to make our coding techniques
machine-independent. However, it is possible to
simplify the task of recoding for another system.
One may just recode the symbol recognizer and
translator parts, i.e., up to the point where the
FORTRAN-like intermediate language is produced.
Thus these parts can be considered to be a pre-
processor for an existing FORTRAN-like compiler.

We have become convinced that the voluminous
programming instruction and operating manuals
usually encountered are rarely necessary. Thus we
are trying to explore how concise one can make a
- system reference manual without impairing its prac-
tical utility. Presently we are using a manual con-
sisting of one sheet of stiff 8% x 11-inch paper
printed on both sides, as shown in Figs. 18 and 19.
As yet, we do not have enough experience with it to
know whether we want to increase the size of this
one-sheet manual; yet it is hard to envisage its
ever growing to a size larger than two or three dou-
ble-faced sheets.
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REFERENCE
Vocabulary List

ABS CARD ELSE LN READ TAN
ABSOLUTE CARDS END LOG RETURN TANGENT
AND COMPUTE  EOF LooP REWIND TANH
ARCCOS CONTINUE EQUALS MAXIMUM  ROUND TAPE
ARCCOSH  COS EXP MESSAGE  SEC THE
ARCCOT COSECANT FILE MINUS SECANT THEN
ARCCOTH  COSH FINISH OF SECH TIMES
ARCCSC COSINE FOR OR SIN T0
ARCCSCH  COT FORMULA  OTHERWISE SINE TOP
ARCSEC COTANGENT FROM PAUSE SINH TRUNCATE
ARCSECH  COTH GO PERFORM  SLEW TYPE
ARCSIN csc HEADING  PLOT SPECIAL UNTIL
ARCSINH  CSCH 1F PLUS SQRT UPPER
ARCTAN CYCLE INFINITY PRINT STATEMENT VARIABLE
ARCTANH  DIMENSION LABEL PROCEDURE STOP VARIABLES
BY DIVIDED  LINE PROGRAM  SUBROUTINE WITHIN
CALL 0o LINES PUNCH SWITCH WRITE

A period denotes the end of a statement or the end of an
implied loop.

Corrections can be made by overtyping or by pressing the
control key ERASE when positioned over the error.

The initial value of all variables (including subscripts
is assumed to be 0 unless defined.

Each program must be terminated by the statement END OF
PROGRAM. or FINISH.

More than one statement per typing line is acceptable.

To continue a statement beyond the maximum typing length
for one line, press the TAB button and at least one
carriage return.

Names of variables with more than one character should be
defined by a SPECIAL VARIABLES statement before use.

A comma or the word AND may be used to separate computable
statements.

FROM =1 TO 10 COMPUTE A;=B,+Cis3, C;=A;,

X AND D =SIN LD

Examples of Acceptable Forms

The letters E, F, G denote an arithmetic expression, e.g.,
E may denote the expression A + 2B + i, otherwise a single
variable is meant. Braces { } denote a choice of forms.

Square Brackets [ ] denote those forms that are optional,

F Note: The horizontal extension
F of the lower limit equation and
upper limit expression should
not exceed the corresponding
= arms of the sum symbol. The
operand of the sum should be
outside the symbol.

\/ E
DIMENSION A=(N, M),

This indicates that A is an (N+1) by (M+l) array
DIMENSION B=40, 2=30, Q=(10, 50).
SPECIAL VARIABLE([S J=DIMENSION
SPECIAL VARIABLES TEMPERATURE, HUMIDITY, PRESSURE, COUNT,
LBJ=(14, 200), ay=(10, 15),
UPPER is used in the same manner as DIMENSION AND SPECIAL
VARIABLES except that the indicated variables are stored
in upper memory.
UPPER C, WEIGHT=56, K=(20, 30).

1, 3=

A, Ao A, A
1% Py fer Np

MANUAL

Subscripted variables need not be dimensioned when used iIn
forms such as: . o

€1) A;5=B3Q; 5 FOR 3=0(2)20 AND iz=1 TO 5
or

(2) MAXIMUM n=10, K=15

A33%B;Q; 5 FROM 3=4,5, ..., K WITHIN i=0 BY 3
UNTIL .

or 4 30
(3) A= Bi P= C
, :

=1 i,5=0 I

=
< G
etc.]

FROM izE TO G (Unit steps assumed)
FROM
FROM
FROM i=E TO INFINITY

FROM i=E [BY F] {yyI9} (3

Note: Any number of dots per-
missable but no extra spaces
before terminating comma. The
difference between the first
two numbers specifies the in-
crement in the first FOR form.

FOR i=1, 2,...,5
FOR j=5(10)55

FOR 120,.5,444,7.5

FROM or FOR forms can be used either to begin or end a
statement.
Ai=iBi FROM i=1 TO 10.

FROM i=1 TO 10 COMPUTE Ai=iBi'

10 = =
[s]¢} [UNTIL] = LooP [ ] = CYcLE [ ]

DO STATEMENT 5 FROM J=1 TO 10. .
This indicates that all statements up to but not including
5 will be executed, (No two LOOP statements should term-
inate at the same statement number. Otherwise, any number
of LOOP procedures within or external to other LOOP
procedures is permitted.)

FROM=WITHINZAND
FOR ¢=0,5,4..,90 WITHIN r=1 TO 10 AND o¢=1 TO S5 LOOP TO
FORMULA 6.
The loop to be performed most often is the first onej; the
least often is the last.

READ = READ CARD = READ CARDS

READ Ai FROM i=1 TO A;>15.
Card Format is free field; number of data points may vary
from card to card and may be in either fixed or floating
point form. .

READ X. (only one card is read, one datum per card)

READ Ai' Bi+1 FROM i=E UNTIL Ai=93.6“3. (Only one set Ai’

Bi+1 per card.)
READ A; FOR i=0(1)105. (Any number of Ai's per card,)
Data may be punched into cards in the following forms:
2 -2 1,596 +3,213 -~4,60 2.78T2(=2,78x%10 ]
2.787-20=22.78x1072) 2.78E-3{52.78x1073]
Each datum should be separated by at least one blank space

and the value should be within $10*76 and not exceed nine
significant digits.

e —————————————————————————————————
e ———————————— e e et

Example
Cm-l. D=15, E=3, Fad. Gm2.  Mel. MAXIMUM p=20,
FROM n=1 UNTIL & COMPUTE B_=5-n. READ n.

PERFORM Hy=r FOR rel UNTIL re5. READ A;, By FROM 1=0 TO n.

n

o ) e

1=0

4

1= PRINT X. FINISH,

PRINT A.
FINISH,

Figure 18.

Three Alternate Formulations Of The Same

DIMENSION x=20, y=20.

a=0, READ .

FORMULA 1, READ x, yo.
a=a+l. IF agw GO TO FORMULA 1.
Swan0, STATEMENT 1. fea, P=l.
STATEMENT 2, PePxgyg, Beptl.
IF Bsw THEN GO TO STATEMENT 2.
S=S+Px AND ama+1,

IF wa GO TO STATEMENT 1.

PRINT S, END OF PROGRAM.

Problem

MAXIMUM W=20

READ W, p=0.

FROM X=0 TO W READ uy, vy«

DO FORMULA 3 FROM X=0 TO W.
o=l,

FROM YmX TO W COMPUTE o=ouyvy.
p=pHuy o,

FORMULA 3. PRINT p,

END OF PROGRAM,
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PRINT X,Y,2, PRINT Y§ FOR i21,2,...,N.

FROM i=1 TO N PRINT Aj.

PRINT Y; (A.B).
A and B are integers between 0 and 9. Y¥; will be printed
in fixed point output, A significant figlres to left of
decimal point, B significant figures to yight of decimal
point. PRINT Y;(3.2), Y;(4), v§(4.), ¥;00.2)

PRINT Yi (A.B.C).
(Pringed as above except that the number is first divided
by 10C to change its range.)

PRINT A, B(4.2), €(C0.1.,1), D, (Maximum of 8 variables)

PRINT LABEL = LABEL = HEADING = PRINT HEADING
Only symbols available on the printer are to be used,
maximum of 15 characters per label, maximum of 8 labels
separated by commas.

LABEL A, COUNT, 3X, Z1A, , SIGMACX), TEMP,,

Messages on the printer or typewriter are printed using
the following forms:

PRINT MESSAGE ... or TYPE NEGATIVE SQUARE ROOT.
SLEW N (Printer paper spaced N lines)
SLEW [TO] TOP (Paper will advance to top of page)

IF F = G THEN GO TO STATEMENT 1.
IF F = G GO TO STATEMENT 1.
IF F =G THEN 8 = C + E.
IF F = G THEN READ... .
ELSE &
IF F =G THEN ., . . (OTHERWISE) { GO TO }

COMPUTE, .4

E
IF F = G THEN [CONTINUE] {OTHERWISE} { GO TO 1
COMPUTE. ..

Examples of multiple conditions:
COMPUTE ...
READ a
IF =5 OR G<H OR SIN 9i>82 THEN{C=D
GO TO FORMULA 3
CONTINUE

OTHERWISE

IF P=G AND H>e/2 AND ...
IF U=0 OR (G=r SIN & AND HgCuw) ...

GO = GO TO
GO TO STATEMENT 20

Comments (non-computable statements) are entered between
{ } symbols.

FROM i=1 TO 10 READ Xi {READ VALUES}.,
Y{i,j)=i+12j.
Use of the next forms eliminates the necessity of using
"DO" or "LOOP" statements. Computable sub-statements
within an implied loop are separated by a comma or AND.
FOR i=1(1)50 AND j=0 BY 2 UNTIL Y>2000 READ xij
COMPUTE Y=2Xi’j AND PRINT Y. ’
FROM i=1 TO INFINITY READ Xi, IF Xi#O COMPUTE Y=Y+Xi,
n=n+2 OTHERWISE GO TO STATEMENT 1.

Superscripts that are red are used to form new characters
rather than being inteTpreted as exponents, The following
is a short program to determine the maximum absolute value
of a set of positive numbers X., The memory cell used by
XMA§=is set to 0 if not previously defined,

| (red)

© rd
AX rhen XM )x; |

FROM i=1 TO 100 1¢ |X;|>x"

In the following tape commands L is the number of. elements
in the array V, T is the tape number and P is the controller
(plug) number.

READ TAPE V, T, P, L. The first L elements of the tape
record is read into locations V, to Vy ;.

WRITE TAPE V,, T, P, 5. (Locations V,-V, are written on
2 27%
tape)
REWIND T, P, RWD T, P,
WRITE END OF FILE T, P,
IF END OF FILE P THEN ...

EOF T, P,
IF EOF P GO TO .,.

In the following example Y is the variable to be plotted,
X is the "independent index" (i,e. Y=£(X), Azthe minimum
value of X and B=the maximum value of X.

FROM i=1 TO 565w,

PLOT Y, X, A, B, PLOT 23, i, 0, 1

Figure

EXAMPLES

A,
1 .
READ A;, COMPUTE Y=7FAX AND PLOT Y, i, -1, I

FROM i=1 UNTIL Y>1.

IF a>k COMPUTE x=(a-K)A , Y=Bjjx+C,T

AND PRINT Y, a, T, k OTHERWISE COMPUTE x=2ak,
Y¥=B;:x+CoT4 AND PRINT Y, a, T, k FROM a=l TO n

WITHIN T=2 BY .01 UNTIL 3 AND FOR k=0(5)90.

FROM i=1 TO 10 AND j=1 TO 10 READ A

COMPUTE Bij=Aij+Xi+Yj AND PRINT Aij

FOR r=1, 2, ..., 10 AND FOR 6=-7n(,01)n

0
COMPUTE S,=rsIN2e, C.= ./ r cos-le , A=T, = i TANC. 1798,

130
s Bigs X3, Y5 i, 3.

f=1
LoG ¢
Vp= 2 AND PRINT 1, 8, V., A. )
¢=1 A +"'£BEF
1o

G

IF (XgY AND y<0) og |42-v/¢| > (x-¥>2 THEN
svle=X =
COMPUTE Txy-ycs-?) AND W=(YT, )Y€ AND PRINT W, Txys X ¥

FROM y=2k+3 BY .01t UNTIL W>5800 AND FROM X=1 TO 100
OTHERWISE GO TO STATEMENT 2

To _define a procedure within a program:

SUBROUTINE
* {Brocepure ) (Name).

R R R TER R ERY
R R R R R R R R R R R
ssescsvssecrsesevrsnesssRETURN G ceeaesseasecascacososcnnancns

eessersensscssecssensccsscrsecscecessRETURN Goccnecnannoanns

teveesesseens o [END[(Name) ] [SHBROUTANET 1,

The name of a subroutine can be an alphanumeric string of
any length but must begin with an alphabetic character and
cannot be identical to any item in the vocabulary list.

As many RETURN's as desired may be inserted to branch out
of the subreutine back to the main program. The END state-
ment is optional. It is preferable that all procedures be
typed at the end.of the program., If this is done precede
the subroutine by the statément: STOP. However, if it is
desired to define a procedure inside the main program then
in some manner the program should "jump over" the procedure.

To call a procedure:
.e. CALL (Name) [ZYBROUTI

r-=-° ==
1 1 !
] 1 t
t ' 1
| E—— -
r--a - [ |
[ [ f\x./ﬂ i ]
' 1 ' ' | d v 1
1 l 1 1 ) I
(TT\ I Lo -






MICROPROGRAM CONTROL FOR THE EXPERIMENTAL SCIENCES

W. C. McGee and H. E. Petersen
IBM Systems Research and Development Center
Palo Alto, California

INTRODUCTION

In many areas of the experimental sciences, in-
creasing use is being made of general-purpose com-
puters to control experimental apparatus and to rec-
ord data from experiments. In most such applica-
tions the problem exists of connecting the apparatus
to the computer so that data and control informa-
tion may flow between the two. The problem is
usually solved by placing a controller between the
computer and the external equipment (Fig. 1). In
this position the controller serves two functions:

(a) It provides a suitable electrical and logical
interface between the computer and the
external equipment; and

(b) It provides detailed control of the external
equipment, thus leaving the computer free
for other work.

The design of a controller for a particular set of
external equipment and a particular computer pres-
ents no serious obstacles. Traditionally, controllers
are implemented from flip-flop registers, logic ele-
ments - (AND, OR, NOT, etc.), and occasionally
small memories for data buffering. Timing di-
agrams are drawn showing the levels and pulses re-
quired at the controller’s terminals, and the logic

77

Efn‘al‘ Controller
Equipment
. i >

Figure 1. General control system.

Computer

elements are then interconnected to give the con-
troller its proper terminal characteristics. The de-
sign process is essentially no different from that
conventionally used in designing computers, except
of course that a controller is usually not as compli-
cated as a computer.

Although the conventional design process is
straightforward, it has the inherent disadvantage
that it must be repeated for each new configuration
of computer and external equipment. In the experi-
mental sciences, the number of such configurations
is increasing rapidly, and it is quite possible that
progress in this area will be limited by the time and
cost to develop the requisite controllers by tradi-
tional methods. The situation would be materially
improved if there were a single design schema
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which was sufficiently general to accommodate a
wide variety of computers and external equipment,
and which could be quickly and easily particular-
ized to meet the requirements for specific controll-
ers. One design schema which appears to approach
this goal is microprogram control.

In microprogram control, the functions of the
controller are vested in a microprogram which is
stored in a control memory. The microprogram is
- made up of microinstructions which are fetched in
sequence from the memory and executed. The mi-
croinstructions control a very general type of hard-
ware configuration, so that merely by changing the
microprogram, the functions available in the con-
troller can be made to range between wide limits.
In addition, instead of the multiple, parallel logic
elements found in conventional controllers, the mi-
croprogrammed controller requires only a single,
central element to perform all logic and arithmetic.
The microprogrammed controller thus has a poten-
tial cost advantage over the conventional controller.

The microprogrammed controller concept has
been used to implement the IBM 2841 Storage
Control Unit, by means of which random access
storage devices may be connected to a System/360
central processor. Because of its microprogram im-
plementation, the 2841 can accommodate an unusu-
ally wide variety of devices, including two kinds of
disk storage drive, a data cell drive, and a drum.
The 2841 thus provides an instance of the effective-
ness of the microprogrammed controller concept in
minimizing the effort that must go into . controller
design.

In this paper we will attempt to extend and gen-
eralize the microprogrammed controller concept, as
embodied in the 2841 Storage Control Unit, to
yield a more general controller design schema which
would be suitable for use in the experimental
sciences. We will first describe the basic concepts
of the microprogrammed controller, and then de-
scribe how such a controller might be applied to a
control problem typical of the experimental sciences,
namely, the control of a CRT for scanning bubble
chamber firm.

THE MICROPROGRAMMED CONTROLLER
CONCEPT

The functions of a microprogrammed controller
are expressed in a microprogram which is stored in

a control memory. The microprogram is com-
posed of microinstructions which are read out of
the control memory, one at a time, decoded, and
executed. The microprogrammed controller is thus
primarily a sequential device, in contrast to the
conventional controller in which different opera-
tions usually proceed in parallel.

The microinstructions of a microprogrammed
controller control a simple yet general hardware
configuration. This hardware must be capable of
storing small amounts of data, performing simple
arithmetic and logic operations on these data, and
accepting and transmitting data and control signals

- to the attached equipment. The general structure of

one possible configuration meeting these require-
ments is shown in Fig. 2. The controller is organ-

Lﬁ_l ] [m]-—-[el | aw
B J J« l *T

Figure 2. General structure of microprogrammed controller.

ized around a set of three data buses, A, B, and D;
an arithmetic and logic unit (ALU); and a set of
registers, R1, R2,...,Rn. Two of the data buses
(A and B) provide input data to the ALU, and the
third (D) receives the output of the ALU. The
ALU is capable of performing simple arithmetic
and logic operations on the input data, such as add,
subtract, AND, OR, etc. The registers provide the
sources of data to be operated on and also serve as
destinations for the results. In general, any two reg-
isters specified by the microinstruction may provide
the input data, one of them being connected to the
A bus and the other to the B bus. The result of the
ALU operation may then be returned, via the D
bus, to any specified register (including one of the
source registers, if desired). The registers, buses,
and ALU are all the same width, which may be
chosen to match the requirements of the control ap-
plication. For example, a bus width of 8 bits (+
parity) appears to be a good choice for a wide
class of applications.

Microinstructions are divided into fields, each of
which has a specific function. To control the data
flow in the configuration of Fig. 2, four fields
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would be required: CA, CB, COP, and CD. Field
CA determines which register will be connected to
the A bus; field CB determines which register will
be connected to the B bus; field COP determines
what operation the ALU will perform on the A-bus
and B-bus data; and field CD determines which reg-
ister the ALU results will be sent to. Each of these
fields can be made large enough to handle the maxi-
mum number of variations required. For example,
by using 4 bits for the CA field, one can specify up
to 16 different sources for the A bus.

R3 §

CA CB COP CD

R1 R2 ADD

To illustrate, suppose it were desired to add the
quantity in register R1 to the quantity in R2 and
place the sum in register R3. This could be accom-
plished with the following microinstruction: *

The structure of Fig. 2 provides for the manipu-
lation of data already in the system, but provides no
way of introducing data into the system. In general
there are two ways of accomplishing this. One is by
providing external connections to some of the regis-
ters, as will be described below; the other is by pro-
viding input directly from the microinstruction it-
self. In particular, one of the B-bus sources can be
defined to be the “constant” field CK of the mi-
croinstruction. Whenever this source is specified in
the CB field, the contents of the CK field in the
same microinstruction will be gated onto the B bus.
This technique is especially useful for introducing
increments to counts (e.g., + 1) or certain bit pat-
terns to mask off portions of data bytes. For exam-
ple, to increment the quantity in register R1 by 4,
the following microinstruction could be used:

<

CA CB COP CD CK

R1 CK | ADD | RI

The registers of a microprogram controller fall
naturally into three groups: a control group, in in-

*The fields of the microinstruction are shown symboli-
cally; in practice they would contain equivalent binary codes.

put group, and an output group. To illustrate this
grouping, a slightly more detailed schematic of a
microprogrammed controller is shown in Figure 3.

The control registers are those registers required
for general controller operation, i.e., without regard
to the particular device or devices being controlled.
For example, registers must in general be provided
to hold intermediate results of ALU processing.
These registers are designated TMP in Fig. 3.
Another set of registers (CHI and CHO in Fig. 3)
is provided for data to be transmitted to and from a
general-purpose computer. These registers could,
strictly speaking, be placed in the input and output
register groups, so that the computer would assume
the same status as any other device connected to the
controller. Communication with a general-purpose
computer is sufficiently stereotyped, however, that
the registers required to effect this communication
can be properly viewed as part of the control group.

A third type of register in the control group is
the status register, designated ST in Fig. 3. Each
bit of a status register indicates the (binary) status
of some portion of the controller or device being
controlled. A status bit may in general be set or re-
set from an external source (e.g., the computer
channel, to signify that the CHI register is ready to
be sampled); or from the microprogram itself. For
the latter purpose, a CS field is provided in the mi-
croinstruction whose - decoded value designates a
particular status register bit and the value to which
the bit is to be set. This provides the controller
with the ability to “staticize” certain conditions ex-
isting at one time so they may be used to condition
operations at a later time. An important example is
the condition “D=0,” i.e., whether or not the out-
put of the ALU is zero. A certain value in the CS
field will cause a 1 or a O to be set into a certain
status register bit, according as D=0 or D+#0 on
that microinstruction step. In addition to condition-
ing later operations of the controller itself, the sta-
tus registers may of course be used to condition the
operation of external equipment, and as such pro-
vide one of the sources for external equipment con-
trol.

To illustrate the function of the CS field, suppose
register R1 contains a count of the data bytes: re-
ceived from the external equipment. Each time a
byte is received, the count is to-be decreased by one
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Figure 3. Basic microprogrammed controller.

and the resulting value tested for zero. When the
value goes to zero, bit 1 of the status register is to
be set to 1. This can all be accomplished with the
following microinstruction:

\
R1 1)
i

CA CB COP CD CK

R1 | CK | SUB (D=0)—>STI

~—

(O

The second group of controller registers, the in-
put group, provides a place to hold data coming
from the equipment being controlled. In many cases
these data will take the form of binary voltage lev-
els which will be held by the external equipment
until sampled by the controller and perhaps later
caused to change. In such cases the registers need
not be flip-flop registers but simply terminals which
can be connected to the A or B bus. In other cases,
it may be necessary, because of timing or other
considerations, to buffer the input into flip-flop

registers. In these cases, gating control must gener-
ally be provided by the controller and/or external
equipment.

The third and final group, the output group, con-
sists of flip-flop registers where the controller may
deposit data to be used by the external equipment.
The output of these resigters may be taken directly
to the external equipment as binary levels, or may
be transferred, through suitable gating, to external
registers. Normally, the output registers need be
connected only to the D bus. Under certain condi-
tions, however, it may be convenient to bring the
output register data back into the system, and so A-
bus connections are in general provided for the out-
put registers.

The setting of status register bits under micro-
program control provides the basic mode of con-
trolling the external equipment. In some cases it is
convenient to augment this facility with control bits
taken directly from the microinstruction. This is
the principal purpose of the CX field. When a mi-
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croinstruction is read out of control memory, the
bits of the CX field are not decoded as are the
other fields, but are instead used directly in the ex-
ternal equipment. For example, the microinstruc-
tion might, by virtue of the 1 in the CX field, cause
the gating of a quantity into an input register.

i\
) 001000

I
CS CcX

CA CB COP CD CK

The CX field may also be used to extend the fa-
cility provided by the CK field for introducing ar-
bitrary constants into the external equipment. Un-
like constants from the CK field, any constants in
the CX field would not enter the bus structure, but
instead would go directly to the external equipment.

Since the microprogrammed controller is a se-
quential device, a key characteristic is the method
used to get from one microinstruction to the next.
One could, for example, have a conventional “pro-
gram counter” which contains the memory address
of the instruction currently being executed, and
which is either incremented by one or is respecified
to an arbitrary value (in case of a branch) to ob-
tain the address of the next instruction. For micro-
programs, a more efficient procedure is to specify
the address of the next instruction in every instruc-
tion, whether branching may occur or not. By this
means, branching does not take a separate step, but
may be performed on the same step as some other
operation. Further, successive instructions may be
located anywhere in control memory relative to one
another, providing greater flexibility in the sharing
of common sequences of microinstructions among
different control functions.

In the microprogram controller we are de-
scribing, the address of the next instruction is nor-
mally determined by the CN and CL fields. The CN
field contains the high-order n-1 bits of the n-bit
address of the next microinstruction; and the CL
field determines which of a number of sources will
be used to supply the low-order bit of the address.
Two such sources, of course, are simply a “zero”
and a “one,” so that the location of the next mi-
croinstruction may be arbitrarily specified. Thus,
the microinstruction

0179 ©

CA CBCOPCD CK CI CN CL CS X

specifies that the next microinstruction is to come
from location 179 X 2 + 0 = 358. Other sources
which can be specified in the CL field include single
bits of the status register. The microinstruction speci-
fies that the next microinstruction is to come from
location 179 X 2 + 0 = 358 if ST1 =0, or from
location 179 X 2 + 1 = 359 if ST1 = 1, thus effect-
ing a two-way branch on the value of bit 1 of the
status register.

0 | 179| STI

CA CB COPCD CK CJ CX CN CL CS

By providing additional fields in the microin-
struction to designate sources for other bits of the
next-instruction-address, a capability of performing
four-way, eight-way, etc., branching may be ob-
tained. For simplicity, only two-way branching is
assumed. However, we do provide a more general

facility for using any input or calculated quantity as

the address of the next instruction. Specifically, if
the CJ field of the microinstruction is 1, the next
address will not be obtained from the CN and CL
fields as described in the preceding paragraph, but

instead will be taken from the A bus. Thus, whatev-

er register is gated onto the A bus by the coding in
the CA field, that register’s contents will be taken
as the address of the next instruction. This facility

provides a versatile many-way branch which is use-

ful in command decoding and function generation.

For example, suppose a code has been operated on

arithmetically, and the result, which represents the
starting address of the microprogram corresponding
to this code, has been left in register R1. The cod-
ing will perform the desired branching.

R1 1| —| —

CA CBCOPCD CK CJ] CN CL Cs CX
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In the examples considered above, the microin-
structions are shown performing only a single func-
tion. In actual use, a single microinstruction will in
general perform a number of functions, within the
constraints imposed by the microinstruction format.
Thus, a single microinstruction will in general per-
form an arithmetic or logic operation (fields CA,
CB, COP, CD, and possibly CK); set a status regis-
ter bit (CS field); set external lines (CX field);
and select its successor (CN and CL fields).

The performance of the system described above
is obviously very dependent on the speed of the
control memory in providing microinstruction se-
quences, as well as the speed of the circuits being
used. In general we can assume that the circuits are
fast enough that the memory will be the limiting
factor. Thus, for high performance, a very high-
speed memory is required. However, it is not neces-
sary that the control memory be an ordinary
read/write memory. What is desired is that the
memory be capable of being read very rapidly but
that writing may take place fairly slowly.

In many applications even manually changing the
contents of the memory might be suitable, since it
is possible to rapidly change from one element of a
program to another by branching without shifting
in large blocks of a new program. This means, then,
than any fast-read, slow-write memory that is eco-
nomical might be used. For several years, the litera-
ture in computer technology™® has described many
such memories in which data can be changed in a
period of minutes or at most hours, whereas the
data reading times may be as short as a few tenths
of a microsecond. In general, such “read-only”
memories have shown savings in cost over their
read/write counterparts in the same performance
range. Should this cost picture change, read/write
memory can be used though adequate consideration
must be given to the system and operational advan-
tages that apply to each.

By using the control memory as described, we
very much limit the data storage capability of the
system as described thus far. At least two simple
alternatives are ‘available to provide such a capabil-
ity. One is to attach a conventional random-access
memory directly to the controller bus structure, us-
ing one or more of the controller’s registers as the
“memory address register” (i.e., to hold the address
of the location to be read or written); and one or
more of the controller’s registers as the “memory

data register” (i.e., to hold the words read from or
written to memory). Reading and writing opera-
tions would then be effected by appropriate micro-
program sequences, much as any other external de-
vice is controlled.

The second alternative to providing storage capa-
bility is simply to use the memory of a general-pur-
pose computer attached to the controller through
the computer interface which is provided in the
controller design. This method is especially appeal-
ing if the computer has input-output “channels”
which can operate independently of the main pro-
cessor, since in this case the controller can com-
municate with computer memory without interfer-
ing with the main computer program. Given such a
facility, the controller we have described can per-
form many functions normally considered to be in
the computer’s domain, such as limit testing, func-
tion generation, data assembly, etc.

APPLICATION TO PEPR

To illustrate the basic concepts of microprogram-
ming, we would like in this section to describe
briefly a typical control application and the manner
in which a microprogrammed controller might be
configured and programmed to handle the job. The
application we have chosen for this purpose is the
PEPR® film scanning application. PEPR is a com-
puter-controlled CRT scanner used to automatically
measure bubble chamber tracks which have been
recorded on film. The PEPR cathode ray tube defo-.
cuses the electron beam into a short Inie segment
whose angular orientation and location can be inde-
pendently controlled by the system. Thus, a short
line of light is controlled in angle and position on
the face of the CRT and swept for a short distance
under system control. When this line of light falls
on one of the film tracks, a photomultiplier tube
responds and the position of the beam is recorded
as the time of arrival of the photomultiplier  re-
sponse. This is accomplished by starting a counter
at the same time the line starts to move and remem-
bering the count value when response occurs. These
count values and the associated angle are sent to
memory where subsequent processing will occur.
The angle of the line is changed and scan repeated
until the entire range of angles specified has been
examined. A similar scan in another small area of
the film is then initiated until, after approximately
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500 such cells have been examined, the entire pic-
ture has been scanned.

In controlling this scan, the system must specify
the coordinates of the cell center, the range of angles
to be covered, and a few other factors such as sweep
speed, line length, etc. The generation of the line by
the CRT requires a special focusing system and cur-
rents that are non-linear functions of the angle @
of the line. These nonlinear focusing currents func-
tions M(®) and N(P) must also be supplied by
the system.

A possible configuration for the PEPR system
is illustrated in Fig. 4. The principal elements in
this configuration are:

j
i
e e

= ' Output S |
O‘_—OFILM{ —— nfr Computer ~ |
- Input 9 J
PMT | i I
1 Do
TED *l

Figure 4. PEPR system schematic.

(a) Scan Table. The scan table contains the
cathode ray tube and associated beam
control circuits; the film transport equip-
ment; the optics equipment, including the
photomultiplier tube and circuits; and the
data acquisition registers.

(b) Computer. The computer provides overall
direction for the scanning, and performs
the logic and arithmetic necessary to cor-
relate isolated “hits” from the scanner into

“tracks.” Although not shown, the com-.

puter configuration would include certain
standard peripheral items, including a mag-
netic tape unit for recording system. output,

(c) Controller. The controller provides de-
tailed control of the scan table, in response
- to commands from the computer.

Under program control, the computer may issue a
command to the controller to initiate a scan of a

designated cell on a bubble chamber photograph.
The controller responds by issuing the proper sig-
nals to the scan table, receiving signals from the
scan table, converting these signals into meaningful
data, and relaying these data back to the computer.
Command parameters which are available to the
computer include

(a) The coordinates of the scan cell center.
(b) The length of the flying line.

(c) The effective excursion of the flying line
on a single sweep.

(d) The range of angles to which the flying
line will be oriented on successive sweeps.

Data returned to the computer includes

(a) The angle at which one or more hits were
detected.

(b) The interpolation count representing the
location of each hit.

(¢) The identification of which track element
detector (TED) detected the hits.

For the sake of illustration, we will assume that
the controller responds to three different commands
from the computer, as follows:

1. Accept Parameters. When the computer
issues this command, it follows the com-
mand immediately with a single set of scan
cell parameters, i.e., coordinates of scan
cell center, line length, etc. For simplicity,
we assume that the entire set is transmitted
each time the command is given, and al-
ways in a fixed order. These parameters
will then be in effect until the next set is
transmitted.

2. Start Sweep. Using the parameters pre-
viously supplied, the controller initiates a
sequence of sweeps, each sweep being
made at an angle one degree greater than
the previous sweep. This continues until
the final angle is reached, or until a hit is
detected at some angle. In either case, the
controller then sends an appropriate inter-
rupt signal back to the computer.
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Figure 5. Microprogrammed controller for PEPR scanner.

3. Send Data. This command causes the con-
troller to transmit to the computer the re-
sults of the last-detected hit, i.e., the hit
angle, interpolation counts, etc. Again for
simplicity, we assume the entire set of data
is transmitted each time the command is
given and always in the same order.

The computer uses these commands to control
the scanning operation. When data is received from
the controller via the “send data” command, the
computer must make any ncecssary coordinate con-
version, consolidate redundant data and correlate
track data from different cells, The result of this
processing and control are track coordinates which
are then recorded on magnetic tape. This data tape
is later processed by a general-purpose computer to
do the physics calculations.

A microprogrammed controller to perform the
above-described functions is shown in Fig. 5. Since

the majority of parameters and data values are . . .
bits or less, we assume a register-ALU-bus width of
. . . bits. The functions performed by the ALU in-
clude addition, subtraction and “no-operation,” the
latter being used when it is desired to just move a
data byte from one register to another.

The control registers include a single “tempo-
rary” register; two channel registers for communi-
cation with the computer; and a single status regis-
ter with bit assignments as follows:

STO Not used

ST1 End of sweep; set by scan table

ST2 Hits obtained on sweep; set by scan table
ST3 Controller request; set by controller

ST4 Channel request; set by computer

ST5 Final angle reached; set by controller

ST6 Channel acknowledge; set by computer
ST7 Controller acknowledge; set by controller
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Bits ST 2 and STS5 are also used directly to initiate
interrupts in the computer.

The input group consists of 8 sets of input termi-
nals of 8 bits each. Six of these (B1 through B6)
are connected to interpolation counters, while the
remaining two (T1 and T2) are connected to the
TED indicator logic. The input terminals are con-
nected through control gates to the A bus.

The output group contains 10 registers of 8 bits
each. Eight of these registers hold parameters for a
given scan cell and are directly connected to the ap-
propriate external device:

Register Parameter

XY1, XY2, XY3 Cell center coordinates X, Y (12

bits each)
F Focus correction
CO , Interpolation Counter Open Gate
CC Interpolation Counter Close Gate
S Sweep Speed (Amplitude)
L Line Length

The remaining two registers, ®I and ®F, hold the
initial and final angle, respectively. These registers
are not connected to external equipment, but are
included in the output group for convenience. All
registers in the output group may be connected
through control gates to the A bus, the B bus where
specified, and to the D bus.

The control memory for this application requires
a capacity of at least 256 words and a word length
of at least 54 bits. The format of the microinstruc-
tion word, together with the various values which
may be assumed by its fields, is shown in Fig. 6.
Except for the CX field, the meaning of the various
fields is exactly as described in the preceding sec-
tion. For the present application, the CX field
would be divided into four subfields:

(a) CX1 provides a one-bit signal to the scan
table to start a sweep.

(b) CX2 provides a one-bit signal to gate the
CXM and CXN fields (see below) of this
microinstruction into a pair of external

registers, which in turn drive DAC’s in
the scan table.

(¢c) CXM and CXN are each 9 bit fields, con-
taining the values of M and N, respectively,
corresponding to a given angle.

The intent of placing M and N into the CX field is
to provide a very rapid means of supplying new M
and N values on each sweep repetition, as descirbed
next.

The operation of the controller is depicted in the

- flow charts of Fig. 7. The corresponding coding is

given in Fig. 8. In its quiescent state, the controller
sits in an endless loop waiting for the computer to
issue a command. The controller expects one of
three commands, as follows:

Command Code

Accept Parameters 00000001
Start Sweep 00000010
Send Data 00000011

When the presence of a command is detected, the
controller adds a constant to the command to obtain
the address of the next microinstruction. This mi-
croinstruction in turn branches the controller to the
sequence corresponding to a given command.

In the “accept parameters” sequence, the con-
troller simply waits for the computer channel to
transmit successive 8-bit bytes. As each byte is
transmitted, the controller deposits it in the ap-
propriate register in the output group.

The “send data” sequence is similar, execept that
the controller places the contents of successive in-
put-group registers on the channel and each time
waits for the computer channel to acknowledge.

In the “start sweep” sequence, the controller exe-
cute a microprogram loop, with each traversal of
the loop corresponding to a different sweep angle.
On each traversal the controller performs the fol-

lowing steps:

(a) Places the current angle (®I) on the A
bus and branches to the corresponding
location. In locations O through 179 are
stored 180 microinstructions which are
identical except for the values in the CXM
and CXN fields. These values correspond
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MICROINSTRUCTION CODING FOR PEPR CONTROLLER

Field

CA |cB | cop |cp |ck et JeN fel |cs CX1 CX2 CXM CXN
G112 [@ |6 |[O) | {6 |@ m o ® )
0 |o |[NoP| O |0 |uweNjo |0 |NOP DIRECT
Xyl |@F [ ADD | xv1 |1 [useA|1 |sT1 | 1573 OUTPUT
xy2 [TMP| suB | xv2 |2 2 |sT2 | (D=0)+5T5 T0
xy3|ck | = [xv3|3 3 | — | 1517 INTERFACE
F F |4 4 |s14

co co |5 5 |s15

cc cc |6 6 |st6

s s |7 7 |

L L

¢1 ¢1

¢F @F

T™P T™P [(to (to

CHI ~  |225) 127)

- CHO

BI

B2

B3

B4

B5

B6

T

T2

Figure 6. Microinstruction coding for PEPF controller.

(1) Indicates not defined
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Figure 7. Flow chart of microprogram for PEPR controller.

contains M (80) and N(80).

(b)

Transmits the appropriatt M and N to
external registers; subtracts ®F from ®I
and sets STS5 to 1 if the result is zero,

ie., if ®I = ®F.

(c) Increments the current angle by one de-
gree; tests STS and branches accordingly.
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(d) Assuming STS = 0 (i.e., ®I = OF), trans-

mits a start sweep pulse to the scan table.

(e) “Waits” for end of sweep.

(f) Tests for hits on the sweep and branches
accordingly.

Assuming no hits were detected, step (f) would

branch back to step (a), and the loop would be re-
peated. If hits were detected, the controller would
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MICROPROGRAM FOR PEPR CONTROLLER

location CA CB COP CD CK CJ CNCL CS CXI CX2 CXM CXN Remarks
2

IDLE LOOP

200 M 1= 1o {=10 |200stalo |o |o

201 CHI{CK | ADD | TMP| 2020 | 202/ 0 |0 0 |o

202 T™P| — | — o |—-1J1 |=|=10 0 |o

203 - - - 0 - 10 208/ 0 | O 0 0 Branch to
"Accept"

204 - |- |- 0 |- |0 |23%f{0]o0 0 o Branch to
"S"oﬂ'"

205 - = |- 0 |- {0 238|110 0 |{o Branch to
"Se!‘d"

ACCEPT PARAMETERS

208 - | = |- 0 |— |o |208|sT4]0 0o |o

209 CHI| 0 [NOP|[XY1|{~ |0 |210/0 [1»s77|l0 |oO

210 - - |- 0 [~ |0 [210{sT4]0 0 |o

211 CHI| 0 |NOP|xY2|— {0 |212{0 [1»s17]/0 O

212 - |- |- 0 |- |0 |212|sT4{0 0 |0

213 CHI| 0 |[NOP|xy3|— lo |214]0 |1»s17]/0 |0

214 - |- |- 0 |— |0 |214|sT4] 0 0 |o

215 CHI| O {NOP|F |— [0 [216{0 [1»sT7|0 |0

216 - |- |- 0 |— |0 |216|sT4|0 )

217 CHI| 0 |NoP|co |- |o |218]0 [1»s17l0 |0

218 S - 0 |— |0 |218|sT4]0 0o |o

219 CHI| 0 |[NOP|cc |- |0 [220]0 [1»sT7{0 |oO

220 - = = 0 |— |0 [220{sT4|0 0 |o

221 CHI|O0 |NOP|S |— |0 |222]0 [i»s17]0 |oO

222 - |- |- 0 |— |0 |222|sT4|0 0 |0

223 CHI |0 [NOP{L |—= |0 |224[0 f1»sT7]/0 |0

224 - = |- 0 |— |0 |[224|sT4|0 o |o

225 CHI {0 [NOP [dI |- [0 2260 [1»5T7]|0 |oO

226 - = |- 0 |— |0 |[226lsT4]0 o |o

227 CHI {0 [NOP |¢F |— |0 |200/0 |1»5T7|{0 |0

(1) Means field value is immaterial,

(2) Value shown is 2 times actual value, so that next address may be obtained by adding CN and CL.

Figure 8. Microprogram for PEPR controller.

simply branch back to the idle loop. The fact that
ST2 was set to 1 would indicate to the computer
that hits were present. Note that the current angle is
one greater than the angle at which hits were de-
tected, and to compensate for this the angle is de-
cremented by one as it is transmitted back to the
computer in response to a “Send data” command.

If, on step (c), STS indicated that the final angle

had been reached, the controller would transmit a
start sweep pulse to the scan table (to cause the fi-
nal angle to be swept) and then return to the idle
loop. The condition of ST5 would indicate to the
computer -that the final angle had been reached,
while that of ST2 would indicate the presence or
absence of hits at the final angle.

Once hits have been detected or the final angle
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(continued)

89

location @CA CB COP CD CK CJ CNCL C5  CXI CX2 CXM CXN Remarks

START SWEEP

230 d)l - |- 0 |- 11 - 1—-3j0 0 0 — | = |Branch to
MN Table

231 - |- |- 0 [—|o |200f{0 |0 0 [0 |~ |- [Hits

232 ¢1 lck |ADD | I {1 |0 |234fsT5|0 |0 |O |- |-

233 (not used)

234 — = |= {o |=1o |2lofo {1 |o |- |- ¢I¥$F

235 - |- |- 0 |- |0 |200]0 |0 1 [0 | = |- |OI=¢F

236 - = |- 0 |— |0 |23sisT1|oO 0 |0 |- |-

237 - = |- 0 {— |0 |23]sT2|0 o {0 | = |-

SEND DATA

-239 Bl |0 [NOP| CHO 0 |240{0 [1=ST3]{0 |O | — |-

240 - |- |- 0 |— [0 |240{sT6] 0 o (o |- |-

241 B2 | 0 |{NOF| CHO|— [0 |[242{0 [1»ST3|0 | O - |-

242 - |- |- 0 |~ |0 |242|5T6{0 0 {0 |—= |=

243 B3 | 0 |NOP| cHO|— {0 |244]0 [1»sT3|O0 |O | — |-

244 - |- |- 0 |— |0 |244|sT6] 0 o [0 | - |~

245 B4 | 0 |NOP| cHO|— [0 |246}0 [1»sT3]0 |O | — |-

246 T 0 |— |0 |246|sT6}0 o o |- |-

247 B5 | 0 [NOP| CHO|— |0 |248/0 [1-57T3|0 [0 | — |-

248 - |- |- 0 |— |0 |248|sT6|0 0o fo |- |-

249 B6 | 0 |NOP| cHO|— |0 |250|0 [1-ST3{0 O |~ |-

250 - |- |- 0 |— |0 |250(sT6]0 0o [0 |- |-

251 n | o |Nop| cHOl— |0 |252]0 [1»sT3|{0 (O | — |-

252 - |- |- 0 |~ |o |252{sT6{ 0 o |o | - |-

253 12 | 0 [NOP| cHO|— [0 |254]0 [1>ST3]0 [0 | — |-

254 S 0 |- |o |254{sT6{0 0o [0 |- |-

255 ¢I [CK |SUB | CHO|1 |0 |200{0 [1»ST3|0 [0 | — |-

MN TABLE

0 o1 |OF |sus [ 0 |- 232[0 (%R lo |1 |[MO)N©O)

1 M(1) [N(1)

2 M(2) |N(2)

179 M(Q179) N(179)

has been reached, the controller returns to its quies-
cent state to await further commands. The comput-
er may at this point request data; or it may trans-
mit new parameters; or, it may cause scanning to
resume at the angle one greater than that at which
hits were last obtained, simply by issuing a “start
sweep” command.

In the PEPR application, the cycle time of the
control memory would ideally be selected so that
the loop time of the controller exactly matched the
sweep time of the scan table, ie., so that neither
device waited for the other. According to Fig. 7,
the controller executes six steps in the loop. Thus, a
sweep time of 10 microseconds would require a con-
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trol memory cycle of no greater than 10/6 = 1.67
microseconds. Such cycle times are readily available
with current technology.

REMARKS

In this paper we have described a different ap-
- proach to controller design, whose salient aspect is
the use of microprogram sequence in place of con-
ventional wired logic. The implications of micro-
programmed control can perhaps be better under-
stood by considering briefly the similarities and
differences between two kinds of controllers for the
PEPR application: the microprogrammed controller
we have just described, and a controller implement-
ed in the conventional manner.

From the standpoint of the hardware (registers,
gates, etc.) required to hold the data coming from
the scanner and computer, the two kinds of con-
troller appear to be roughly equivalent. For exam-
pl, the conventional controller would have to have
two registers for holding the current and final an-
gles, a counter for incrementing the current angle,
and a comparator for comparing the current angle
against the final angle. In the microprogrammed
controller, the corresponding hardware is to be
found in two registers for holding the current and
final angle; and an ALU for decrementing and test-
ing the angle. The specific manner in which this
“common” hardware is controlled, of course, is
much different in the two kinds of controllers.

Another significant difference i§ in the manner
in which the M and N functions are generated. In a
conventional controller this would be accomplished
with a nonlinear function generator, whereas in the
microprogrammed controller, the function is stored
directly in control memory. The latter is obviously
an advantage if it is ever necessary to modify the
function.

Another difference is found in the generality of
the ALU in the microprogrammed controller, A
conventional controller would not be built with
more arithmetic capability than absolutely required
by the application, whereas the microprogrammed
controller, through its very simple ALU and data

flow characteristics, has theoretically unlimited ari-
thmetic capability. The possibility therefore exists
of extending the controller’s functions (e.g., adding
or subtracting constants to data as they are trans-
ferred to or from the computer) without loss of
time or additional cost.

We have provided a detailed discussion of one
application, but several others are immediately ap-
parent. Control of any CRT scanner would be simi-
lar to the PEPR scanner. In other data collection
systems, counters, pulse height analyzers, telemetry
converters, etc., may all serve as sources of input
data. The controller output registers may be used
for a variety of external control purposes as well as
data sources for display and printing devices. A
wide and dynamic range of control can be provided
by a single hardware complex by means of the “per-
sonality” provided by the control program. The
simultaneous control of different experiments, for
example, would be possible simply by incorporating
separate programs within the control memory.
While communication line switching and exchange
and multiple data channel control are potential ap-
plications, preliminary analysis has indicated that
expansion of some of the baisc concepts presented
may be desirable.

The microprogrammed controller appears to offer
significant advantages in design simplicity and flex-
ibility, with respect to both the functions performed
(as determined by the microprogram) and the par-
ticular equipment to be controlled (as determined
by the input/output register configuration). For
this reason, we feel that the approach is well suited
to the laboratory environment, where changing re-
quirements must be accommodated with a mini-
mum of confusion and cost.
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PICOPROGRAMMING: A NEW APPROACH TO INTERNAL COMPUTER CONTROL

B. E. Briley
Automatic Electric Research Laboratories
Northlake, Illinois

INTRODUCTION

The central processors of conventional computers
may be roughly divided into two sections, an arith-
metic section, which performs operations analogous
to arithmetic upon representations of numbers, and
a control section, which produces essentially a se-
quential group of gating pulses to accomplish the
desired manipulation in the arithmetic section.

The arithmetic section lends itself admirably to
- modularization because of its repetitive structure. It
is relatively easy to design and diagnose. The con-
trol section, however, has stoutly resisted similar
treatment because it conventionally consists of an
ensemble of special logic arrangements which dif-
fer, and, therefore, do not lend themselves to modu-
larization on a logic level, This section is more dif-
ficult to design, and if the control malfunctions, an
attempt at self-diagnosis by a typical machine
may be roughly compared with asking an insane
psychiatrist to analyze himself.

Described herein is a new approach to the design
and realization of a control section which is modu-
lar by nature, simple to design and diagnose, and
flexible to a unique degree.

CONVENTIONAL CONTROL SECTIONS
Wired In

A conventional control section decodes an in-
struction to ascertain which of a prewired set of
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control pulses must be dispatched to the arithmetic
unit. In addition, it performs certain housekeeping
duties, such as incrementing the instruction location
counter.

Most of the housekeeping is performed for all
instructions, and the housekeeping hardware is
shared by them for economic reasons. Similarly,
like portions of different instructions are often real-
ized with the same piece of equipment. This design
technique is very desirable from the point of view
of economics, but it makes the machine more prone
to total failure if a single element malfunctions.

The conventional control is totally wired in, ren-
dering it quite inflexible. Any afterthought altera-
tion of the instruction set requires a “soldering
iron” approach.

Microprogrammed

The microprogramming approach is a definite
step forward in increasing the flexibility of a ma-
chine. A microprogrammed control section utilizes
a macroinstruction to address the first word of a
series of microinstructions contained in an internal,
comparatively fast, control memory. These microin-
structions are then decoded much as normal instruc-
tions are in wired-in control machines, to initiate
production of (in general) a sequential series of
pulses to control the arithmetic section.!

The microinstructions are generally relatively
weak, but the macroinstructions, calling upon sub-
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routines of microinstructions, can be quite power-
ful.

Since these subroutines are alterable, the nature
of macroinstructions is very flexible, limited only
by the microinstruction capabilities which are,
however, fixed by wiring. )

Unfortunately, the portion of the control which
handles the microinstructions suffers the same lack
of modularizability as the totally wired-in system.

PICOPROGRAMMED
Philosophy

Consider the control wires passing between the
control section and the arithmetic section; these
might number 100 in a machine of moderate size.
If the signals which appear on these lines are exam-
ined during the execution of a typical instruction, it
will be found that relatively few are activated. Fur-
ther, for most instructions, the number of pulses
which are produced on any one line is quite small
(there is, of course, a small class of cyclic instruc-
tions typified by SHIFT N, which require long
trains of pulses; these will be discussed separately).

Understanding the picoprogramming technique
requires the recognition of a correspondence be-
tween the pulse-programming requirements of a
control section and the capabilities of a memory
element known as MYRA.2 A MYRA memory ele-
ment is a MYRiAperture ferrite disk which, when
accessed, produces sequential trains of logic-level
pulses upon 64 or more otherwise isolated wires.
The relative width and timing positions of the
pulses on the various wires are trivially adjustable,
not only with respect to other pulses on the same
wire, but with respect to pulses on the other wires
associated with the same disk.

Thus, each memory element is capable of directly
providing the gating pulses necessary to execute an
instruction. A picoprogrammed system, then, con-
sists essentially of an arithmetic section and a mod-
ified MYRA memory. A macroinstruction merely
addresses an element in the MYRA memory; whea
the element is accessed, it produces the gating sig-
nals which cause the arithmetic unit to perform the
desired functions. In addition, it provides gating
pulses which fetch the operand (if needed), incre-
ment the control counter, and fetch the next instruc-
tion. Thus, the housekeeping is distributed upon the
disks, so that each instruction is essentially inde-
pendent of the others.

No clock is needed because each disk, as it com-
pletes its switching, causes the next instruction to
be obeyed (i.e., the next (or the same) element to
be addressed). Thus, the machine is not synchro-
nous. On the other hand, it does not have the gener-
ally accepted earmarks of an asynchronous machine.
Therefore, a new term has been coined to categor-
ize this species of system: Autochronous (or self-
timed).

As a consequence of autochronous operation, if
the driving mechanism for a particular disk should
fail, the machine will halt upon attempting to obey
the corresponding instruction, rather than continu-
ing to perform incorrect calculations as might a
clocked machine when an instruction malfunctions.

It will be seen that the picoprogramming scheme
may be viewed as a logical extension of a micropro-
grammed system, but on a more basic level. The
required instantaneous levels on all the gate leads
may be considered as bit values of a picoinstruction
which has a word length equal to the number of
gate leads. Picoinstructions are stored at constant
radii upon a MYRA disk, in the proper order to
perform the desired task. The advantages of the
MYRA element are that the picoinstructions are
automatically accessed in sequence (without the ne-
cessity of a picoinstruction counter), and successive
one’s or zero’s in the same bit position are automat-
ically “slurred” together, so that, for example, two
successive one’s produce a pulse of duration twice
that of a single one preceded and succeeded by
zero’s. Thus, race conditions and static hazard diffi-
culties are easily avoided.

Advantages

The advantages of a picoprogrammed system are
as follows:

1. Tailorability: Since the instructions are
in effect memory elements they can be
plugged in anywhere, and only their ad-
dress (order code) changes; a wide range
of instructions (greater than the number
which the system can accommodate) can
therefore be offered. Thus, for example, a
customer could choose any 64 of perhaps
200 available instructions. This produces
about 1.6 x 10% combinations (in practice,
since some software, e.g., an assembler, is
usually desired, a standard nucleus of in-
structions might be provided, and the free-



PICOPROGRAMMING: NEW APPROACH TO INTERNAL COMPUTER CONTROL 95

dom of choice would be somewhat re-
duced; even so, it should be possible to of-
fer a range of machines extending from
highly bit-manipulative to highly compu-
tational with the same mainframe).

2. Post-Alterability: As a corollary to item 1,
a machine in the field can be altered easily
if the customer decides later that his original
choice of instruction set is no longer opti-
mum.

3. Graceful Failure: Because each instruc-
tion is independent, the failure of one will
not affect others. Thus, catastrophic (noth-
ing works) failure should become a rarity.

4. Diagnosable: Because of item 3, it should
nearly always be possible to successfully use
some diagnostic routine. In addition, the
unique modularity of the control section
makes localization of a control failure easy.

5. Easily Designed: Disk wiring follows di-
rectly from the required timing diagram.

6. Housekeeping Processes: May take place
anytime during the instruction execution,
allowing optimum sequencing.

THE MYRA ELEMENT
General

A brief description of the operation of the
MYRA element is in order. Already applied as a
semiconventional memory element,?> where its natu-
ral propensity to produce sequential trains of
pulses is, to some degree, circumvented, this ability
is instead capitalized upon in the picoprogramming
approach.

When a step of voltage is applied across a drive
winding passing through the central aperture of a
square loop apertured ferrite disk in the proper re-
manent flux state, a current ramp will result, and a
propagating flux change wave will nucleate at the
central aperture, and propagate outward at a uni-
form velocity. As this wave traverses a portion of
material singly looped by a conductor, it produces
across the conductor an emf which, in a properly
proportioned and constituted disk, is large enough
to drive logic circuits directly. This voltage pulse is
proportional in temporal length to the physical
length of the looped portions of the disk. Its posi-
tion in time relative to other looped portions of the
disk is likewise related directly to the relative phys-

ical positions of the looped portions as shown in

Fig. 1.2
THICKNESS: 0,060" | | I |
WIRED CODE: O1100100(ith bit of 8 picoinstructions) tq

DRIVE LINE

OUTPUT

PROPAGATING /
FLUX CHANGE
WAVE t=tq

MYRA DISK SHOWING ONE

PICOPROGRAMMED WINDING

Figure 1. MYRA disk showing one picoprogrammed wind-
ing.

When the disk is reset by a drive and current
in the opposite sense, a flux change wave in the op-
posite sense nucleates at the center (as before) and
propagates outward, producing an emf in the oppo-
site sense at the outputs of each looping conductor.
If, as is usually the case, the logic elements driven
are sensitive to only one polarity of input voltage,
they will react only to the train of pulses produced
during say, set, and not to their mirror image about
ground produced during reset. However, other
windings can produce the proper polarity during
reset and be ignored during set. Thus, the reset time
is not wasted, for useful pulses differing from (or
identical with) those during set can be produced.
This is somewhat analogous to playing both sides of
a phonograph record.

Pulse widths as brief as 250 ns can be produced
directly, and 125 ns pulses are obtainable from a
disk with phased radii. The output impedance of
the disks is less than 10 ohms, so that many gates
may be driven without buffering, and even coaxial
cable can be driven directly.
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System Considerations

Many instructions require a waiting period in the
midst of their execution (e.g., for an operand fetch
from memory). It is easily possible to accommo-
date such delays between the set and reset of a disk.

Instructions also differ in their total time of exe-
cution. While it is possible to force all instructions
to occupy the same time (dictated by the length-
iest), it is more efficient to allow differing execu-
tion times. This is effected by making use of disks
which either physically or operationally differ in
dimensions; the operationally small disks are of the
same physical dimensions, but are only partially
switched.

WORKING PROTOTYPE

General Description

A feasibility model prototype dubbed PUPP
(Prototype Utilizing Picoprogramming) was con-
structed. Its instruction repertoire includes:

1. ADD add contents of addressed mem-
ory location to contents of accu-
mulator.

2. STR store contents of accumulator in
addressed memory location

3. SFT

(a) Right shift contents of accumulator
one binary place to the right
(b) Left shift contents of accumulator
one binary place to the left

4. SKP skip next instruction on non-zero
accumulator

5. PCH punch (on paper tape) contents
of accumulator

6. NOP perform no operation, proceed to
next instruction

7. HLT cease activity

Only a four instruction repertoire can be accom-
modated at once, one of them necessarily HLT.
Each instruction is implemented in a single plugga-
ble circuit card as shown in Fig. 2 and the instruc-
tion cards are completely interchangeable; the same

Figure 2. ADD instruction card.

instruction in a different location performs in ex-
actly the same fashion, the only difference being
that its order code (i.e., its address) changes.

HLT is a special case: the address corresponding
to its order code is an empty location. When an at-
tempt is made to access .an empty location, all ac-
tivity ceases, and the machine halts. The cessation
of activity is quite literal because of the absence of
a clock.

All flip-flops in the system are of the set-reset
variety. Thus, the double rank instruction location
counter requires four timed pulses for address in-
crementation; similarly, the accumulator is double
rank. Thus, the system would be considered four-
phase if a clock were used.

Memory is provided by flip-flop registers. The
word length is a modest four bits, but the control
signals are essentially identical with those necessary
for a-full size machine.

Instruction Implementation

The implementation of a typical instruction,
ADD, will be discussed.

The pulses which this and all instructions must
provide are those necessary for housekeeping, that
is, incrementing the instruction location counter,
fetching the next instruction, and providing a pulse
which causes the next instruction to be obeyed (ad-
dressed). (See Fig. 3.) -
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Figure 3. Pulse trains produced by one picoprogrammed MYRA disk to execute ADD (250 ns/division).

In addition to the above, there are some house-
keeping pulses which are unique to the picopro-
grammed implementation; among these are the sus-
tainers, which are logically combined with a test
pulse to assure the health of the driving circuits in-
dependent of the remanent state of the accessed
disk. Normally, an accessed disk will always be in
the proper remanent state to provide a relatively
high impedance to the driving circuit, If, however,
a malfunction (e.g., a power failure) should upset
this arrangement, a driving circuit might attempt to
switch an already-switched disk, and endanger it-
self; to prevent this, a narrow test pulse is first ap-
plied, then, if the device is in the proper state, the
sustainer pulse sustains the drive; otherwise the
drive ceases with no damage done. A SET COM-
PLETED and RESET COMPLETED pulse is also
provided to inform the circuitry that the disk has
finished setting or resetting, respectively.

Each instruction disk must, of course, provide
pulses (in addition to housekeeping) which are
unique to it; these are shown in Fig. 3 for ADD.

This timing diagram, which in a conventional
sequential circuit control design would mark the
beginning of the design problem, marks instead the
completion of the picoprogramming design prob-
lem. This is true because the timing diagram is es-
sentially identical to a cross-section of a wired
disk, with a correspondence between time and radi-

al position, and voltage and axial position of the
wire.

It is, of course, understood that a control wire
which performs some function such as Clear Accu-
mulator will loop some portion (or portions) of all
those disks which require clearing of the accumula-
tor. Since only one disk can ever be in the act of
switching, oring is performed by this common wire;
this wire plays the same role as a sense wire in a
conventional core memory, except that it fails to
loop all memory locations (in general). .

In Fig. 2, the windings for the ADD instruction
can be seen. The two multiple turn windings are the
drive windings, one used for setting, the other for
resetting. These are the only multiple turn windings
necessary. Note how few of the radial sets of aper-
tures are populated with wires.

The instruction card is constructed with the
heavy current drivers upon it to minimize the areas
of high-current loops. This has the added advan-
tage of making each instruction autonomous with
respect to failure because any component on the
card can fail without disturbing the rémainder of
the machine.

The disks could be driven on a matrix basis
(though, of course, not by coincident current), but
the economic saving would not be significant, the
noise problem could become severe, and the locali-
zation of failure advantage would be lost.
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Results

PUPP has logged over 3,000 hours of successful
operation running a Markov Chain program at
speeds not less than 200,000 instructions per sec-
ond, and up to 300,000 instructions per second.

Complete interchangeability of instructions is
demonstrably realized and electrically as well as
physically smaller disks are successfully employed.

Self-induced noise is a non-existent problem;
instruction cards reside comfortably beside logic
cards. ;

Forced air cooling is used in the instruction card
area.

A later instruction card design is shown in Fig. 4.

Figure 4. Improved instruction card.

Cyclic Instructions

There is a relatively small class of instructions
such as Multiply, Divide, Shift N, etc., which are
cyclic in the sense that the same sets of pulses must
be made available repetitively. These instructions
can be handled most easily by a set of three disks
per instruction. The first (Set Up) disk performs
the set-up functions, indexing, fetching the oper-
and, placing it in the proper register, and setting
certain count flip-flops; it then addresses the sec-

ond disk. The second disk performs one cycle of the
operation, decrements an operation counter and
tests for completion of the operation; this is the
Cycler Disk. This disk readdresses itself if the test
indicates that the operation is incomplete; when the
disk has cycled a sufficient number of times to
complete the operation, it addresses the third disk.
The third, or Clean Up, disk performs the remain-
ing housekeeping operations: fetching the next in-
struction, etc. In addition, it performs any opera-
tions necessary for, and unique to, the completion
of the instruction.

One disk could suffice for realization of a cyclic
instruction, but it would require extensive inhibi-
tion logic to prevent the start-up and clean-up
pulses from occurring during the cyclic portion of
the operation, etc.

FUTURES

Picoprogramming should be applicable to a wide
range of computer sizes because of its mix of ad-
vantages. It should make a stored program approach
feasible for very small systems because of its eco-
nomic advantages; it should substantially tilt the
rule-of-thumb balance between the costs of a
processing unit and its control in such systems. Its
flexibility and diagnostic advantages should make it
attractive in rather large systems as well, particular-
ly in multiprocessor arrangements.
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INTRODUCTION

The SCM COGITO-240 is an electronic desk
calculator which makes use of one sonic (magneto-
restrictive) delay line as its primary memory element.
Some 480 bits of information are held in the delay
line circulation pattern. These are represented in a
Pulse-No Pulse code; the insertion of a pulse into,
or its emergence from, the delay line at a particular
moment indicates the value one for the correspond-
ing information bit. The absence of that pulse rep-
resents the value zero. For a memory unit of this
type it is convenient to recirculate information at a
rate which is of the order of 10% bits per second.
Thus a convenient value for the delay time of the
line, and for the time of one complete recirculation
of the stored information, is about one-half milli-
second. v

In the development of the COGITO design it
proved preferable to make use of a rate of handling

of information, as for example in the performance

of an arithmetic operation, which is substantially
smaller than the 10 bits per second recirculation
rate, One reason for this preference is as follows:

99

The circulated information bits compose 120 “char-
acters” of 4 bits each. (Most of these are deci-
mal digits.) These form three ‘“visible” registers
called K (for “keyboard”), Q (“quotient”), and P
(the double-length “product”) register. Associated
with each of these is a storage register of equal
capacity, which is not displayed. Many of the oper-
ations of the calculator involve the transfer of the
content of one register to another; from one visible
register to another or from a visible to a storage
register or conversely. These operations are facili-
tated by increasing the time of handling of each bit,
hence the time in which it is conveniently available
for such exchange processes, to cover the period in
which all possible exchange partners pass through
the delay line circuitry. The use of precession in the
COGITO memory was, in part, motivated by this
facilitation of the transfer operations.

It proved possible to provide the COGITO mem-
ory with a precession pattern which divorces the
rate of information handling in arithmetic processes
from the bit transmission rate of the delay line, and
thereby to permit choosing each of these rates to fit
the convenience of its associated circuitry. It is the
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purpose of this report to describe that precession
pattern and also several simpler patterns which pro-
vide some, but not all, of the desired properties.
Many details of the system chosen were motivated
by unusual aspects of the COGITO design and are
not likely to be of widespread interest. They are not
discussed here.

TIMING CHAIN SYNCHRONIZATION

A series of flip-flops, the timing chain, serves to
count the successive one-microsecond-long time
intervals in which successive information bits are
delivered to and received from the delay line. The
timing chain is driven by a free-running oscilla-
tor, the “clock.”

If the delay line were to be used merely to recir-
culate without change the 480 bits of stored infor-
mation, then the task of the timing chain would be
merely that of subdividing one “memory cycle”;
that is, the period of time required for one recircu-
lation of the stored information. That is, in fact,
the task of an early part of the timing chain which
serves to distinguish one from another of approxi-
mately 480 “clock periods” into which a memory
cycle is divided. By reason of the precession system
a longer period of time, called a “machine cycle,”
becomes significant. The later part of the COGITO
timing chain serves to count the 60 memory cycles
in each COGITO machine cycle.

In a delay line memory of this kind there arises a
problem of synchronization; that is, of ensuring that
information-bearing pulses emerge from the delay
line in an accurately controlled phase relationship
with the clock oscillation. A straightforward way of
ensuring synchronization is to impose rigid control
on the frequency of the oscillator and on the delay
time of the line, and to adjust one or the other of
these parameters so as to bring about the desired
phase relationship. As a measure of the necessary
rigidity of control it may be noted that in a ma-
chine like COGITO a long-term drift in either
parameter of 0.1 percent would be intolerable.

Hindall' has described a method of synchroniza-
tion which obviates the need for rigid long-term
stability of these parameters. He uses a delay time,
and therefore also a memory cycle length, which is
substantially longer than the time required for the
insertion of the entire body of stored information
into the delay line. In each memory cycle a “marker
pulse” which is distinguishable (for example, by

greater magnitude) from the information pulses is
set into the line before the insertion of the stored
information. After the entire block of stored infor-
mation has been received from, and reinserted into,
the delay line there occurs a “silent period” in
which no further information is received from the
line. During the silent period the clock oscillator is
disabled; that is, its oscillation is suppressed. The
emergence of the marker pulse from the delay line,
somewhat later, marks the end of the silent period
and brings about the release from inhibition of the
clock oscillator. The timing of the succeeding activ-
ities is controlled by the now-enabled clock.
These succeeding activities are: the insertion into
the line of a new marker pulse, the receipt from and
the reinsertion into the line of the pulses represent-
ing stored information, the disabling of the oscillator
for the following silent period, etc.

COGITO makes use of a method of synchroniza-
tion which is distinguished from that of Hindall in
that the marker pulse does not differ from the in-
formation pulses in magnitude or the like. Rather it
is recognized as the marker pulse by reason of its
emergence from the delay line during a silent peri-
od. That is, the first pulse to emerge after the clock
has been disabled is accepted as the marker pulse
and terminates the period of inhibition of the clock
oscillator. v

The silent period provides a convenient reference
point for the description of the memory cycle. In
the following the term “memory cycle” will be used
to refer to a period of time which begins in one,
and ends in the next succeeding, silent period.

With either the Hindall or the COGITO method
of synchronization the oscillator frequency and the
delay time of the line may, without harm, drift
gradually; the duration of the silent period will
change continuously to accommodate these drifts. (It
must not, of course, be allowed to shrink to zero.)
The possibility of continuous change in the length
of the silent period, consistent with the desired syn-
chronization, arises from the suppression of oscilla-
tion of the clock. During the silent period all phase
relations from the previous memory cycle, in which
a marker pulse and the block of information pulses
were inserted into the line, are forgotten. After the
silent period the phase of oscillation of the clock is

‘determined by the time of emergence of the marker

pulse and is thus consonant with the times of emer-
gence of the information pulses. Although these two
methods of synchronization provide tolerance of
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gradual changes in the two parameters discussed, a
sudden change in either, that is, a substantial
change occurring within one memory cycle, would
still lead to malfunction. Fortunately, such sudden
changes are much more easily prevented than are
long-term drifts.

PRECESSION PATTERNS

In a simple recirculating memory using the CO-
GITO synchronization the duration of the memory
cycle is equal to the delay time of the line, together
with its associated circuitry, since each pulse is

%
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reinserted into the line simultaneously with its emer-
gence. The word “simultaneously” must not be
interpreted very literally, since the time of traversal
of the associated circuitry is substantial. More pre-
cisely: the recognition of an emerging pulse permits
the introduction into the line of a pulse which is of
well-standardized magnitude, duration, and phase
with respect to the clock oscillator. Figure 1 shows
the simple recirculation without precession of a
marker pulse and a group of information pulses,
with the emergence and reinsertion shown as
“simultaneous” in this conventionalized sense.

-
I/igigh

MARKER

2T

MARKER

Figure 1. Recirculation without precession.

One-half of the 480 bits of memory held in CO-
GITO, called “V-bits,” represent the numbers
held in the 3 visible registers while the remaining
240 bits, called “S-bits,” form the storage regis-
ters. One S-bit and the corresponding V-bit
form a “bit-pair.” It proves convenient to handle
the two bits of a pair together, for the most part,
and to make them available for manipulation over
periods of time considerably longer than a few mi-
croseconds. A simple way in which that can be
done is illustrated in Fig. 2. The information bits
which emerge from the delay line in the first mem-
ory cycle are named ’

sl,vl,s2,v2,...,s239, v239, s240, v240

in the order of their appearance following the
marker pulse. The first two bits, s1 and v1, form
one bit-pair; the following two another pair, etc.
As the first two bits emerge they are captured in
two flip-flops, S and V respectively, and are not
simultaneously reinserted into the delay line. The
following 478 bits are reinserted immediately upon
emergence. Following the insertion of bit v240, the
bit (s1) held in S is inserted, and after it the bit

(v1) is inserted into the line from flip-flop V. Only
then is the clock oscillator inhibited in order to be-
gin a silent period. The marker pulse which
emerged immediately before s1 was not reinserted
immediately but was inserted only at the time of
emergence of the second information bit, v1. In
that way the introduction of a gap between the
marker pulse and the first information bit is avoid-
ed. In the second memory cycle the information bits
emerge in the sequence

s2, v2, 83, . . ., v239, 5240, v240, s1, vl

and the first two bits, s2 and v2, are captured in S
and V and are held for later reinsertion in the same
way as the first pair was earlier, etc. It will be seen
that in each memory cycle the sequence of 240
bit-pairs is cyclically permuted and that after 240
memory cycles the original sequence has been re-
stored.

Figure 2 has been drawn so as to emphasize
another feature of this simple precession pattern:
the duration of the memory cycle is greater by two
clock periods than that shown in Fig. 1. It is also to
be noted that the “early part” of the timing chain
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Figure 2. A one-group precession pattern.

must now distinguish 482 rather than only 480
clock periods following the appearance of the mark-
er pulse. Atypical activities occur in the first two
and in the last two of these.

In the system of Fig. 2 each V-bit is held in
flip-flop V throughout one memory cycle (perhaps
excepting. the silent period) and is available there
for: leisurely manipulation, and one S-bit is simi-
farly held in S. After one machine cycle, consisting
of 240 memory cycles, all information bits have
thus been held and the original bit-configuration
has been restored. It did not prove convenient to
use in COGITO a machine cycle quite so long as
240 memory cycles (about one-eighth of a sec-
ond) and therefore a slightly more complex preces-
sion pattern was considered.

A further classification of the information-bits
held in- the COGITO memory must now be de-
scribed. Most of these bits represent the decimal
digits which constitute numbers held in the various
registers. Each decimal digit is represented by four
bits, called t1, t2, t3, t4 in order of increasing sig-
nificance. (A simple 1,2,4,8, BCD representation is
used.) It therefore proves convenient to organize all
other information held—decimal point positions, plus
or minus signs, etc.—in similar 4-bit characters.
Thus the entire body of stored information may be
divided into 4 equal parts; a group of 120 bits (60

bit-pairs) which are t1-bits, 120 t2-bits, etc. The
transfers of numbers from one register to another
respects this separation into four groups; in such
a transfer a tl-bit always remains a tl-bit, etc.
Thus it proves convenient to separate the body of
stored information into four parts, and to intro-
duce a precession within each part separately. Such
a precession pattern is shown in Fig. 3.

To reflect the separation into four groups the 480
bits held in memory are renamed as follows. The
120 t1-bits are called

s'1, v'1, s'2, v12, . . .,s'60, v160.

Similarly the group of t2-bits carries the superscript
2, etc. In the first memory cycle (of a machine cycle)
these 480 bits emerge from the delay line in the order
named: the 120 t1-bits follow immediately after the
marker pulse, then the t2-bits, etc. The first informa-
tion bit, s'1, is copied into flip-flop S and is not im-
mediately reinserted. Then the second bit, v!1, is
copied into flip-flop V and a marker pulse is inserted
into the line at this time. (It is the first pulse inserted
since the silent period.) In the following 118 clock
periods the remaining bits of the t1-group are rein-
serted immediately upon emergence. Then, however,
when the first bit of the second group, namely s%1,
emerges from the line it is exchanged with the content
of flip-flop S. That is, the emerging bit is set into
flip-flop S while the prior content of S is returned to
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Figure 3. A four-group precession pattern.

the delay line. In the next clock period the content
of flip-flop V, namely v'1, is set into the line and the
bit v21 is placed in flip-flop V. The remaining bits of
the second group are then reinserted as they emerge.
Similarly, the first two bits of the third group are
exchanged with the contents of flip-flops S and V
and the rest reinserted, and similarly during the emer-
gence of the fourth group. After the emergence and
reinsertion of the last bit of the fourth group (v*60),
the contents of flip-flop S and V are inserted into the
delay line in two further clock periods in the same
way as has been described for the simpler precession
pattern of Fig. 2. The bits thus returned to the line
are s*1 and v*1 respectively.

As can be seen in Fig. 3, the operations just de-
scribed result in a cyclic permutation of the 60
bit-pairs of each group separately—together with a
rightward displacement of the entire pattern in the
same way as in Fig. 2. After one machine cycle,
consisting of 60 memory cycles, the original config-
uration has been restored. During that machine cy-
cle each V-bit has been held in flip-flop V, and
each S-bit in S, for one-fourth of one memory
cycle (with the neglect of the silent period).

In the discussion above attention has been direct-
ed to the circulation and precession of the bits of
information held in storage in a delay line. The
possibility that the value of an information-bit

may have changed by reason of an inter-register,
or an arithmetic operation, etc., has not been men-
tioned. Each of the symbols used, such as v'l,
should, however, be understood to represent merely
the name of a variable which may change its value
from time to time by reason of activities not de-
scribed.

The precession pattern illustrated by Fig. 3 fails
to provide one essential feature of COGITO. Each
V-bit (that is, each bit of a “working register”)
upon being picked up into flip-flop V must be
provided with opportunity for leisurely interaction
with the fourth bit to precede or succeed it in occu-
pancy of flip-flop V (that is, the corresponding
bit in another register, with which it may be in-
volved in arithmetic manipulation.) For this reason
a bit which has been held in V for a quarter of a
memory cycle (called a “bit period”) is not, in
fact, returned to the precession pattern as has just
been described. Instead, it is set into a 4-flip-
flop shift register in which it remains easily accessi-
ble for 4 additional bit periods, that is, for an addi-
tional one memory cycle. A bit which is held in
storage in flip-flops in this way may be changed
in value in any one of these 5 bit periods. After
this holding period the (possibly modified) V-bit
is returned to circulation as illustrated in Fig. 4. By
reason of the general precession the time for rein-



104 PROCEEDINGS — FALL JOINT COMPUTER CONFERENCE, 1965

CLOCK " ’
OSCILLATOR

PULSES
EMERGING

A O0OM0000 O0N¥000rnn

EMERGING S'3 V'3 s'4 via \ \vieos' V' s'2 gap $%3 V%3 s% \ \vBost v4 s%2 gap

!NFO<
BIT$ INSERTED

sl4 v

vieo s't v s'2 vz s'3 gap 524j V460 S v41 s%2 v42 s43 gap

JERNENNRNERE

PULSES  INSERTED % ﬂ ﬂ%\%ﬂ r_l ﬂ ﬂ ﬂ ﬂ

\\

Figure 4. COGITO precession pattern (shown for third mem-
ory cycle of a machine cycle). The information bits are
shown as ambiguous, pulse present or absent.

sertion of the bit which has been held out of circu-
lation for an additional memory cycie is immedi-
ately before, rather than after, the_ clock period in
which the bit held in S is reinserted. In the clock
period following the reinsertion of the S-bit no
pulse is set into the line, thus the bit pattern shown
in Fig. 4 has one-clock-period-long gaps there.
The “bit value” shown with these gaps is zero. The
omission of four bits from the pattern shown in
Fig. 4, which is otherwise like that shown in Fig. 3,
can be understood as arising from the fact that at
each moment four bits are held out of circulation in
the flip-flop shift register.

CONCLUSION

These examples illustrate the considerable flexi-
bility of delay line storage systems provided with
simple precession patterns. It seems likely that sim-
ilar techniques will prove helpful in many situations
in which the desired rate of handling of data is
smaller than that convenient for a delay line memo-

Iy.
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AN ASSOCIATIVE PARALLEL PROCESSOR
WITH APPLICATION TO PICTURE PROCESSING*
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INTRODUCTION

In recent years, a number of hardware associative
memories had been designed and experimentally
verified.»? These memories allow simultaneous
comparison of all stored data to external data. Data
may be read from, or wriften into, comparing
words. These memories, acting as peripheral de-
vices to conventional computers, have been studied
for application to various tasks described in ref-
erences 1 and 2. The concept of “associative proc-
essing,” i.e., simultaneous transformation of many
stored data by associative means, has been de-
scribed previously.®#% This processing mode showed
promise in a variety of tasks, but was not efficient
when peripherally controlled by a conventional
machine. Novel machine organizations were re-
quired to fully exploit the potential of these tech-
niques for solving poorly structured nonnumeric
problems, at which present-day machines are not
efficient.

This paper describes a novel Associative Parallel
Processor (APP), having an associative memory as

*The work repored here was supported by AF Rome Air
Development Center, Griffiss Air Force Base, N.Y., under
Contract AF 33 (602)-3371.

an integral part of the machine