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PREFACE

This volume provides the permanent record of the Technical Program
of the 1963 Fall Joint Computer Conference.

In organizing the program, specific attention was directed toward pro-
viding a broad cross-section of material which covered all aspects of the
field and reversing the trend toward concentration on software apparent
in the past few Conferences. The accomplishment of this goal is exhibited
by the large number of papers eontained herein, encompassing hardware,
software, systems, and applications. In addition, a group of papers pre-
sents specific proposals for the application of computers to important social
problems.

The volume contains the full text of the 55 papers. selected for pres-
entation and discussion at the Conference. It represents the culmination
of much hard work by many people—in particular, the authors, to whom
we are indeed grateful for their contributions; the Technical Program
Committee, session chairmen, panelists, and reviewers who put together
the program; and the entire Conference Committee whose untiring efforts
made the Conference possible.

JAMES D. TuPAC
Conference Chairman
1963 FJCC
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AN EXPERIMENT IN NON-PROCEDURAL PROGRAMMING

Jesse H. Katz and William C. McGee
TRW Computer Division
Thompson Ramo Wooldridge Inc.
Canoga Park, California

1. INTRODUCTION

Computer processes have traditionally been
specified by means of procedural languages.
That is, a computer program is generally ex-
pressed as a sequence of steps.

Three reasons can be cited to explain why pro-
grams are written in a step-by-step fashion.
First, digital computers themselves, for reasons
of economy, operate sequentially and thus re-
quire step-by-step directions called instructions.
Thus, in the early days of computers, programs
written at the machine language level were—of
necessity—one hundred percent procedural. The
methods of machine language programming un-
doubtedly had an impact on the specification of
the higher-order languages developed subse-
quently (e.g., ALGOL, COBOL, FORTRAN),
with the result that these higher-order lan-
guages are also largely procedural.

A second reason for writing programs as
sequences of steps is that many computer proc-
esses are inherently sequential; i.e., certain
things must be done before other things are
done. This is particularly true of numerical
processing.

Third, we use step-by-step programming in
many cases simply because we find it easier to
think of a process as a sequence of steps, re-
gardless of whether the process is truly sequen-
tial or not. In this way, we limit to a manage-
able number those things which must be kept
in mind at any one time.

The extent to which procedural languages are
now ingrained makes it certain that they will be
with us for many years to come. But the per-
petuation of these languages—to say nothing of
their proliferation—is not without disadvan-
tages. The major disadvantage is the difficulty
of specifying computer processes in a manner
which is independent of the computer on which
they are to be carried out.

As a simple example, consider the evaluation
of the expression
y=ax+b

On a one-address computer, the machine lan-
guage procedure for this process might be ex-
pressed as follows:

CLA X
MPY A
ADD B
STO Y

On a three-address computer, the procedure
would be quite different:

MPY A/X/TEMP
ADD TEMP/B/Y

Clearly, the procedure for this process is
strongly machine dependent.

The more sophisticated languages like
ALGOL and FORTRAN overcome problems like
the one illustrated above by admitting the non-
procedural specification of certain arithmetic
processes. In FORTRAN, the process is ex-
pressed simply as

Y=A*X+B
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Such statements imply an ordering of the oper-
ations to be carried out (i.e., that dictated by
the rules of algebra), but are properly classed
as non-procedural since the procedure for carry-
ing out the required operations is not explicitly
stated.

By means of such non-procedural specifica-
tions, large parts of a computer process can be
stated in an entirely non-procedural way in a
language like FORTRAN, if one is willing to
construct sufficiently long and complex expres-
sions. However, most computer processes also
require operations which cannot be expressed
non-procedurally in a language like FORTRAN.
The main culprits are conditional operations,
i.e., operations which are dependent on values
of input data, and input/output operations.

With such problems in mind, workers in data
processing theory have been giving increasing
attention to non-procedural programming lan-
guages. A non-procedural programming lan-
guage may be defined as one in which a com-
puter process is expressed solely in terms of the
results of the process, rather than in terms of a
procedure by which the results are to be pro-
duced. In engineering terms, the non-procedural
language allows the programmer to define the
final state of the computer as a function of its
various possible initial states.

Since machine language will remain largely
procedural, at least in the foreseeable future, a
non-procedural language implies the need for a
mechanism for transforming a non-procedural
specification into a machine language program.
Such a mechanism will be similar in function to
current compilers; but because its input will
differ fundamentally from that of current com-
pilers, this mechanism might be better termed
a procedure-writer. The essential feature of the
procedure-writer is that the production of a
step-by-step procedure is taken completely out
of the hands of the programmer. As a conse-
quence, the procedure-writer is free to develop
procedures which are most appropriate to the
computer which will execute them.

With this introduction, we shall now discuss
a completed phase of a corporate sponsored re-
search project being carried out in the TRW
Computer Division of Thompson Ramo Wool-

dridge Inc. The aim of this research project is’
to explore techniques for developing machine-
independent software. As a manufacturer of
computers, TRW is faced with a major problem
common to the industry: the need to repeat the
development of software for each newly de-
veloped computer. We feel that by bringing to
bear the techniques of automatic programming
on software programs themselves, the time and
cost of developing new computers and their
attendant software can be cut significantly.

As part of our investigation, we have selected
a typical software item, a conventional symbolic
assembly program, and have derived a non-
procedural specification of this process. For a
non-procedural language, we turned to the In-
formation Algebra, which was developed by the
Language Structure Group of the CODASYL
Development Committee.! Although intended
primarily as a theoretical development, the In-
formation Algebra proved quite adequate as a
non-procedural programming language. The
specification of the assembly program will be
discussed in Section 3 of this paper, but first we
shall describe the fundamental concepts of the
Information Algebra itself.

2. BASIC CONCEPTS OF THE
INFORMATION ALGEBRA

An essential feature of the Information Alge-
bra is the manner in which the data involved in
a process are represented. For each property
in the process, a property value set is defined
which contains all the possible values which the
property can assume. For example, if employee
number is a property, its value set might con-
sist of the integers between 1 and 100,000. A
coordinate set is then defined as the set of all
properties involved in a process. For example,
a coordinate set might consist of the properties
employee number, employee age, and employee
sex.

A property space is defined as the set of all
points which can be found by taking one value
from the value set of the first property, one
value from the value set of the second property,
and so forth, up to and including one value from
the value set of the last property in the coordi-
nate set. For the coordinate set (employee num-
ber, employee age, sex), such a point might be
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p = (12345, 43, M), where 12345, 43, and M are
values from the value sets of employee number,
employee age, and sex respectively.

Obviously, in all but trivial processes there
will be a very large number of points in the
property space. In our example, if the prop-
erty value sets for employee number, age, and
sex contain 100,000, 100, and 2 values respec-
tively, the property space will in fact contain
(100,000) (100) (2) = 20 million points.
Equally obviously, not all of these points will be
involved in a given processing. One of the major
contributions of the Information Algebra is to
give us a way of referring to and manipulating
sets of points in the property space.

The above method for representing data is
quite abstract. It does not, for example, say
anything about how data points would be stored
in a computer memory or on magnetic tape; or
how they would be organized to take advantage
of data redundancy or irrelevancy. It is this
abstraction, in fact, which makes the Informa-
tion Algebra a promising candidate for a
machine-independent data processing language.

The principal function of data processing is
to create output files from input files. In the
Information Algebra, a file is represented as a
set of points in property space and is called an
area. The creation of output files from input
files is equivalent to transforming one or more
given areas (i.e., the input files) into one or
more new areas (the output files). Unlike ac-
tual data processing, however, this transforma-
tion does not in any way depend on the sequence
of operations, and it is sometimes helpful, in
fact, to regard the transformatiens as occur-
ring simultaneously.

To express these transformations, a number
of operators or functions are provided. One
such function is the function of areas (FOA),
defined to be an operator which associates one
and only one value with an area. For example,
if an area A of the property space of the pre-
vious example has been established, then a func-
tion of this area f(A) might be defined which
sums the values of age for each point in the
area and divides the sum by the total number
of points in the area. In other words, the func-
tion computes the average age of the persons
in the file represented by area A.

In addition to representing files, areas of
property space can be used to represent group-
ings within a file. In the illustration, it might be
desired to group the points in area A such that
all points in one group have age values between
0 and 4, all points in another group have age
values between 5 and 9, and so forth. This
facility is provided by a glumping function
which partitions A into subsets of points called
elements in such a way that an element contains
all points in A having identical values for the
given glumping function. The entire set of ele-
ments is called simply a glump and is denoted
G(g, A), where g is the glumping funection and
A is the area.

One of the purposes of glumping funections is
to define areas (elements are areas) which can
then be operated on with a function of areas to
define new areas in the property space. The
FOA used for this purpose is called a function
of a glump (FOG). The FOG creates a new
area by defining a point in property space (not
necessarily a different one) for each element in
a glump. This area is denoted

A’ =H(g, A)

where A is the original area, g is the glumping
function for that area, and H is the function of
a glump which creates the new area. The points
of the new area are defined by stating the values
which each property in the coordinate set is to
take on for each element in the glump. Since
glump elements are areas, these values are
stated as functions of areas. For a coordinate
set with k properties q4, qu, . . . , Qx, the function
of a glump is written generally as

q{:fl

gt =1,
H= '

q¥ = fx

where the f;,i =1, 2,..., k, are functions of an

area, and the notation
qf =1 i=12...,k

means that property q; is to take the value as-
signed by f;.
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The function of a glump affords a way of
defining a new file from a single file. In many
applications, however, a new file is to be created
by simultaneously considering the data in two
or more files. For such situations, the Informa-
tion Algebra introduces the area set, an ordered
set of areas (A;, Ao, ..., Ay). The areas in an
area set need not be disjoint (i.e., non-over-
lapping), but usually are. With such a set of
areas, one can envision a process which selects
a point from area A, then selects a point from
A, and so forth until a point has been selected
from each area. The set of points selected by
this process is referred to as a line, and the
points in the line are ordered since the areas in
the area set were ordered.

One can now envision this process being re-
peated, e.g., selecting the same points as before
from A, through A,_;, but a new point from
A,. This new set of points defines another line.
Similarly, other lines may be defined, until all
possibilities have been exhausted. If the areas

contain m,;, m,, ..., m, points respectively, a
n

total of_|_|1mi lines can be formed.

Out of the totality of lines intersecting an
area set, one can now envision a selection proc-
ess in which only those lines meeting a certain
condition are selected. The set of lines so se-
lected is called a bundle, and the condition for
selection is expressed in a bundling function.
The bundling function is a special case of a
function of lines (FOL) which in general asso-
ciates a single value with a line (in the same
way that an FOA associates a single value with
an area). The bundling function is called a
selection FOL, because it can associate only two
values with any line: true or false. The lines
in a bundle are those lines for which the asso-
ciated bundling function is true. All lines for
which the bundling function is false are disre-
garded. As will be seen later, the purpose of
the bundle is to associate points in different
areas.

In many processes it is desired to associate a
single new record with each occurrence of
matching records from two or more input files.
In the Information Algebra, this is accom-
plished with a function of a bundle (FOB). An
FOB creates a new area by defining a point in

property space for each line in a bundle. The
area is denoted

A’ =F (b, Ay A, ..., Ad)

where b is the bundling function, the ordered
set (Aq, Ay, ..., A,) is the area set over which
b is defined, and F is the function of a bundle
which creates a new area. The points in the new
area are defined in a manner similar to the way
points are defined in a function of a glump; the
difference is that the functions which assign
values to the various properties of the coordi-
nate set are now functions of lines instead of
functions of areas:

rai=1

=1
F=1

ai = fx

In the next section the various functions of
the Information Algebra will become clearer, as
we see how they are put to use in specifying an
Assembly Program.

3. APPLICATION OF THE INFORMATION
ALGEBRA TO AN ASSEMBLY PROGRAM

To illustrate the application of the Informa-
tion Algebra to software processes, we have
selected a symbolic assembly program as a test
device. Our assembler is a “subset” of the
familiar SAP assembler used with the IBM
704/709/7090 family of computers; and for
illustration purposes we shall assume that as-
sembly is to be performed for machines in this
family. In specifying this assembler, we have
held its features close to the minimum so that
we can concentrate here on the essentials.
Nonetheless, all the necessary facilities for sym-
bolic assembly are provided, including the auto-
matic incorporation of subroutines from a sub-
routine file.

The symbolic instructions acceptable to this
assembler are of two kinds: machine instruec-
tions and pseudo instructions. The former con-
sists of instructions carried out by the computer
(e.g., CLA, ADD, STO) ; while the latter con-
sists of the following: BCD, BSS, DEC, LIB,

OCT, ORG, REM, and SYN. Figure i1 sum-



AN EXPERIMENT

IN NON-PROCEDURAL PROGRAMMING 5

Pseudo Type of Data Type of Date Effect on
Instruc- Function in in "Iocation
tion location Field Address Field Counter"
BCD Provides for assembly blenk, BCD count: dec- +n, where
of one to nine words of symbol imal integer *n = 1,2,...,9
BCD informetion. High- BCD data: alpha-
order digit of address numeric charac-
field specifies number ters
of words set aside.
BSS Reserves number of blank, decimal +n
words specified in symbol integer
address field.
DEC Provides for assembly blank, decimal +1
of one decimal word. symbol number
LIB Provides for ineorpor- symbol blank +n
ating & subroutine from
subroutine file. Symbol
in location field iden-
tifies subroutine,
OCT  Provides for assembly blank, octal +1
of one octal word. symbol number
ORG Sets "location counter” blank decimal set tor
to value specified in number
address field.
REM Provides for comment blank (extended none
in program. address field)
alphanumeric
characters
SYN Sets symbol in location symbol symbol % none
field “equal" to sym- decimal
bolic address in address integer

field.

Figure 1. Summary of Pseudo Instructions.

marizes the functions of the pseudo instruc-
tions, including their effect on the “location
counter”; and shows the types of data accept-
able in their respective location fields and ad-
dress fields.

3.1 Properties and Areas

The coordinate set of properties required for
this problem is illustrated in Figure 2. The i
property in the coordinate set is designated q;.
The general role of the several properties is as
follows:

(1) q, is a sequence number associated with
each symbolic instruction in the input
program and the subroutine file. This
property supplies the information which
is normally supplied by the order in
which symbolic instructions are fed to
the assembler.

(2) q. through q;; correspond to the fields in
a symbolic instruction, namely : location,
operation, indirect address indicator, ad-
dress base, address modifier, tag, decre-
ment, remarks, BCD count and BCD
data. The latter two fields are relevant
for the BCD instruction only.

(3) q;» is a subroutine identifier associated

with each symbolic instruction in the
subroutine file.

(4) qy3 is the binary location associated with
each word produced by the assembler,
and q;4 is the binary word itself.

(5) qi5 is an error indicator, for printing
errors on the side-by-side listing.

(6) qi6 through qy5 are “intermediate” prop-
erties, required in establishing the in-
termediate areas.

An interesting sidelight to the selection of
the coordinate set of properties for this problem
is the generalized approach which one is vir-
tually forced to take in defining the “entities” of
the process. For example, the binary output of
an assembler usually takes the form of a series
of records, each containing a “load address” and
a number of binary words to be loaded into con-
secutive locations, starting at the load address.
Such an approach is obviously machine-de-
pendent, since the format of the output record
is strongly influenced by the peripheral equip-
ment which is available to the assembler (and to
the loader which loads the object program for
execution). A preferable approach, therefore,
is to define the binary output “records” simply
as pairs of values, consisting of a load address
and a binary word to be loaded at that address.
The process of combining such records into a
suitable physical record can then be left to the
mechanism which translates the non-procedural
specification into a running assembly program.

Also illustrated in Figure 2 are the input and
output areas used in the specification of the
assembler, together with an indication of the
relevance or non-relevance of each property to
these areas. Relevance is indicated by an X,
and non-relevance by the symbol Q.

The input areas are the symbolic input file A;;
and the symbolic subroutine file A.. A third
area A, which defines the mapping of symbolic
operation codes into binary operation codes,
may also be viewed as an input file. The rules
for this mapping could have been buried in the
specification, but have been isolated in this
manner to make the specification as independent
as possible of the computer on which the object
programs are to be run.

The purpose of the assembler is to transform
the input areas A; and A., with the help of the
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AREAS
PROPERTIES PROPERTY VALUE SETS M s A
FILE FLE EQUVALENTS PROGRAE LsTING

q, =SEQUENCE NUMBER L2 X X 4] 1] X
6, =SYWBOLIC LOCATION blank,symbol X X N Q X
1,=SYMBOLIC OPERATION 3 aiphabetic characters X X X Q X .
1, =SYMBOLIC INDIRECT ADORESS INDICATOR blamk, * X X 1] Q X
4, =5YMBOLIC ADDRESS BASE biank, symbol, decimal number, octal sumber, X X n 1] X
q;=$MoLE ADORESS MODIFIER blank, = decinal intagw X X 4] Y] X
4, =5YMBOLIC TAG blank, 0,1,...7 X X 4] 1] X
1, =SYMBOLIC DECREMENT blank, decimal integer X X e 1] X
9, =REMARKS 47 sighmameric caraciers X X n N X
1,=SYNBOLIC BCD COUNT ) 12,8 X X Q [o] X
2,,=SYMBOLIC BCD DATA 54 iphammeric charsciars X X Q Q X
,,=SUBROUTINE 10 symhol 0N X N n [4]
4, =BINARY LOCATION 15 bits [¢] Py Y] X X
1, =BINARY WORD Jbis [13 n X X X
4,,~ERROR CODE E 1] 0 n 1] X
,=COUNT 1 12 0 1] n 1] n

[ 12 0 n n 0 n
4,7 AUXILIARY SEQUENCE MUMBER 12 4] 0 1] n 7

Figure 2. Properties and Areas for Assembler Specification.

information in area A;, into two output areas:
A,, which is equivalent to object program output
of an assembler; and A;, which corresponds to
the side-by-gside listing usually produced by an
assembler. Our goal, then, is to derive two ex-
pressions which define each of the output areas
in terms of the input areas; that is, we seek
expressions of the general form

A4 =1 (Al, Az, A3)
A5 — f2(Al, Az, A:;)

As might be expected, the functions f, and £f, are
quite complicated. To simplify the notation, we
have introduced a number of intermediate areas.
In general, each intermediate area is a function
of one or more previous intermediate areas.

3.2 Summary of Assembly Process

The process by which the intermediate areas,
and eventually the final output areas, are cre-
ated is outlined below. The referenced equa-
tions are those in Appendix I.

(1) An area is constructed which consists of

those LIB instructions in the original
symbolic program whose location fields

(2)

(3)

contain mutually distinet symbols. This
area is then used, in conjunction with
the area representing the symbolic sub-
routine file, to mark each valid LIB
instruction with the memory require-
ment of its corresponding subroutine.
Invalid LIB instructions, i.e., those with
multiply-defined symbols and those for
which no corresponding subroutine
exists, are marked as errors. See egs.
(1), (2), (3).

The symbolic instructions in the main
symbolic program are re-sequenced to
allow for the insertion of library sub-
routines. (We shall return to this par-
ticular operation in Section 3.3 and
show in detail how it is accomplished.)
The symbolic instructions belonging to
the selected subroutines are also re-
sequenced, so that they can be merged
with the main program. The union of
these two sets of instructions thus rep-
resents the “full” symbolic program.
See egs. (4), (5), (6).

The BCD instruction gives rise to a vari-
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able number of words in the object pro-
gram, according to the number supplied
in the address field of the instruection.
The next step, then, is to re-sequence the
symbolic program to leave room for
words generated by the BCD instruc-
tions. See eq. (7).

(4) We next strip the symbolic program of
REM, LIB and SYN instructions, since
these instructions produce no words of
code in the object program. A new prop-
erty, “auxiliary sequence number,” is in-
troduced to record the re-sequencing.
The auxiliary sequence number is then
further adjusted to reflect the “expan-
sion” caused by BSS instructions. Fi-
nally, with the aid of the ORG instrue-
tions, the auxiliary sequence number is
mapped into binary location; the ORG
instructions are then stripped from the
program. See egs. (8), (9), (10).

(5) The program, as it now stands, and the
set of (stripped) SYN instructions are
operated upon to produce a symbol table.
All instructions whose location fields con-
tain multiply-defined symbols are marked
as errors. Also, any SYN instruction
whose location field contains an undefined
symbol is marked as an error. See egs.
(11), (12), (13).

(6) All object program words generated by
BCD, DEC and OCT instructions are de-
veloped. See egs. (14), (15).

(7) The set of machine instructions in the
program is then partitioned into two sub-
sets: those with symbolic addresses and
those with non-symbolic addresses. The
two classes of machine instructions are
translated separately. Any instruction
whose location field contains an undefined
symbol or whose symbolic operation is
invalid is marked as an error. The two
output files, i.e., the side-by-side listing
and the object program, can now be
formed merely by taking the union of
appropriate areas developed along the
way. See eqs. (16), (17), (18), (19).

3.8 One Equation in Detail

The specification of the entire assembly proc-

ess can be expressed by a set of nineteen equa-
tions. These are given in Appendix I.

At this point we shall discuss one of these
equations in detail, so that greater insight might
be gained into the methods of the Information
-‘Algebra. In step (2) of Section 3.2 it was
explained that the main symbolic program must
be re-sequenced to allow for the insertion of
library subroutines. The expression for this
operation is eq. (4) of Appendix I, namely,

Ay = Hs3(qy, F2(B3)) U L(B;)
where
B3 —= (QI:I < Q1:2, A’h AS) s

F, = (Q1,7 = qi6:1) ;
and

H; = (q; =4q: + 3 iy, q; = Qs
i=23,...,11,15)

The components of this expression are as fol-
lows:

(1) The area A;g represents the symbolic pro-
gram. Each valid LIB instruction con-
tained in the program has been marked
with the memory requirement of its cor-
responding subroutine (property dqie);
and each invalid LIB instruection has
been marked as an error.

(2) The area A; represents the subset of Ag
which consists of valid LIB instructions.

(3) The expression B; stands for a bundle
which is formed by joining every point
in A; to every point in Ay, and selecting
only those lines for which the bundling
funection (q;. < q;:2) is “true.” In this
case the bundling function means that a
line is selected only if property q; (se-
quence number) in the first area of the
bundle (A;) is less than property q
(again sequence number) in the second
area (Ay). By this means we “associate”
each instruction in Ag with «ll LIB in-
structions with lower sequence numbers.
This is illustrated in Figure 3, in which
the letters A, B, C, D, E, F, G stand for
instructions with monotonically increas-
ing sequence numbers and C and E are
LIB instructions. Note that instructions
D and E are associated only with C; F
and G are associated with both C and E;
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(4)

(5)

/ I', (B, kSUBSET OF A,

\
\

\
\,
\
\
\

u, F, (B, )}SUBSET OF A,

Figure 3. Formation of Typical Intermediate Area.

while A, B and C are 1‘10t associated with
any LIB instruction.

The function F, maps each line in the
bundle into a point in a ‘“product area”
in accordance with the definition
F, = (Ch; = q6:1)

This simply means that the property qi-
(count 2) for every point in the product
area is given the value of the property qi¢
(count 1) for the point in the first area
(A;) on the corresponding line. The re-
maining property values for the points in
the product area are, by convention, sim-
ply copied from the points in the second
area (A,) on the corresponding lines. The
result is one or more copies of each in-
struction having ‘associated” LIB in-
structions, with each copy holding “count
1” of an associated LIB instruction (i.e.,
the memory requirement of the corre-
sponding subroutine).

The product area is now glumped by the
glumping function q;, meaning that all
points having the same sequence number
will be in the same element. Thus, in
Figure 3, F’ and F” will be in the same

F. (B, XPRODUCT AREA

element, G’ and G” will lie in another ele-
ment, and D’ and E’ will occupy separate
elements by themselves. The elements
of this glump are then mapped into a new
area, one point per element, by the func-
tion of a glump Hj, as follows:

Hyi = (¢ =@ + 3 @1, 91 = Qs
i=23,...,11,15)

By means of this expression, each point
in the new area is assigned values for
properties q;, 9s, . . . , 411 and q;5. By con-
vention, the values of all other properties
become null. Essentially, the new area
contains a single point for each original
instruction having at least one preceding
LIB instruction, but now having a se-
quence number equal to the old sequence
number plus the number of words re-
quired for all subroutines called by pre-
ceding LIB instructions.

(6) Finally, the area A, must also include
I, (Bs). This expression simply repre-
sents the complement of the intersection
of the bundle B; with A, i.e., all instruc-
tions having no preceding LIB instruc-
tions (A, B and C in Figure 3), and hence
for which no sequence number adjust-
ment is required. The desired area A, is
then the simple union of I, (Bs;) and the
function of a glump Hs.

4. CONCLUSIONS

The original Information Algebra report’
made it clear that the Information Algebra is a
powerful language which provides for a concise
formulation of those processes which we term
“business data processing.” The work we have
just described suggests that the Information
Algebra is applicable to a much broader class
of computer processes. In particular, its sue-
cessful application to the specification of an as-
sembly program suggests that it might be suit-
able, with some minor extensions, as a software
programming language.

Perhaps the most encouraging aspect of this
exercise is that we were able to specify precisely
a computer process without any assumptions as
to the computer on which it would be executed.
Nowhere, for example, were we required to
postulate input or output devices, media, or
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formats. Similarly, we were able to sidestep
completely the problem of the general organiza-
tion of an assembly program (e.g., whether it
is a “one-pass” or “two-pass’ process), which
is generally established by such computer char-
acteristics as core size and the types and num-
ber of peripheral devices available. Our specifi-
cation, in short, is strictly machine-independent,
and could be rendered with equal facility into
a suitable procedure for any computer.

It might be noted that our example does have
machine-dependent aspects; however, these are
a result of the process being specified rather
than the specification technique. An assembly
program by definition produces object programs
for a specific computer, and the characteristics
of this computer will unavoidably show up in
the specification. In particular, the machine
instruction format of the computer, and to a
corresponding degree, the format of input sym-
bolic instructions, are implicit in the specifica-
tion of the assembler. This is quite a different
type of machine dependency than the one we
are concerned about, and in no way detracts
from the machine-independency of the assembly
process per se. With suitable generalizations,
machine-dependent aspects of the former type
can presumably be eliminated.

Of some concern to us was the fact that in
developing the non-procedural specification, we
were not able to avoid thinking in a step-by-step
fashion. A little reflection, however, assured us
that we were simply unable to adequately com-
prehend all parts of a complex process at once,
and were using the same kind of “thought par-
titioning” which a mathematician uses in using
two shorter expressions when a single longer
one would do. To convince ourselves that this
was indeed the case, we attempted to construct
a single expression for each of the files produced
by the assembly process by simple substitution
of the constituent expressions. This was aban-
doned when the expression became longer than
a standard desk, but not before we assured our-
selves that it could in principle be done.

Only one major difficulty was encountered in
using the Information Algebra, that being the
difficulty of mapping a single point into a set
of points, where the number of such points and
the values associated with each are derived

from the values associated with the given point.
For such operations, it appears that an “inverse
function of an area” might be a useful extension
to the algebra. Except for minor notational
difficulties, the Information Algebra otherwise
proved to be quite adequate.

A problem of major concern which lies ahead
is how a non-procedural specification is to be
used to produce running programs. Two basic
approaches might be used. In the first, the
non-procedural specification would be intro-
duced directly into the computer (with ap-
propriate code transliteration) and executed
interpretively. Such a process appears to be
grossly inefficient with present computers, but
might be feasible in computers with extensive
facility for parallel operations.

The second approach, and probably the more
practicable, is to translate the non-procedural
specification into a machine-language program
with a “procedure-writer” program. From the
abstract nature of a non-procedural specifica-
tion, it is clear that such a procedure-writer
would have to know a great many details about
the computer for which it is writing procedures
(programs). To keep the procedure-writer
itself independent of the object computer, such
details should be introduced as input param-
eters rather than being buried in the procedure-
writer. It is equally clear that in addition to the
object program, the procedure-writer will also
have to generate “human-procedures,” i.e., pro-
cedures for using the program. The approach is
illustrated in Figure 4.

Since non-procedural specifications are ma-
chine-independent, it is clear that the same
specification can be introduced repeatedly to
the procedure-writer, each time with details
about different object computers, to produce
different programs and usage procedures for
each of the object computers.

OBJECT
USAGE
COMPUTER PROCEDURES

DETAILS
NOM-PROCEDURAL. / \ GBIECT
PROGRAM COMPUTER

SPECIFICATION PROGRAN

PROCEDURE
WRITER

Figure 4. Operation of Procedure Writer.
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Finally, since the procedure-writer itself is a
computer process, it can be expressed in non-
procedural form and introduced to an existing
procedure-writer to produce a procedure-writer
for any other computer.

The price paid for machine-independent com-
puter process specification, of course, is in the
complexity of the procedure-writer. With such
rapid advances in the art of compiler construc-
tion, however, the procedure-writer appears
technically feasible in the near future. When it
is, a long step toward the goal of machine-
independent programming will have been taken.

APPENDIX I: Assembly Program
Specification

Let the symbolie input file A; be partitioned
into two subsets A;@ and A;®), consisting of
LIB instructions and non-LIB instructions re-
spectively. Thus

A(ll) = G(as, Ay) ] a = “LIB”
and
AP = A, N (A(ll))

Let Ag denote the set of LIB instructions
whose location fields contain mutually distinct
symbols. Then

Ag=Fi(By) (1)
where F; is the identity FOB;
Bi = (Go:1 = Qae A Quen = 1, Hi (g2, AT), AP ) 5
and
Hi=(@w=q,aq6=31)
Note that the complement of the intersection of

B, with A% consists of all LIB instructions with
multiply-defined location fields.

By considering the symbolic subroutine file
A, jointly with Ag, one can construct the area
A; which represents the LIB instructions
marked with the memory requirement of the
subroutines which they call. Thus

A; = H,(q;, F1(By)) (2)
where
By = (qua:1 = Qa:e, As, Ag)
and
H2= (QfZQi,l= 1’2’-0-’11’(11’6:21) ’

Note that each point in the complement of the
intersection of B, with A; represents a LIB in-
struction for which there is no subroutine in the
symbolic subroutine file.

We now designate by Ag an area containing
the following: the original symbolic program
with valid LIB instructions marked with the
memory requirement of corresponding subrou-
tines, and with invalid LIB instructions marked
as errors.

Ay=AP UA; U¥ (1, (B U
F.i(1,1:(By)) (3)
where
‘ F; = (a5 =“E”)
and “E” stands for “error.”
Joint consideration of A; with A; enables us
to construct A, which represents the original

symbolic program re-sequenced to allow inser-
tion of library subroutines.

Ay = Hy(qy, Fu(B3)) UT.(By) (4)
where
Bs = (q1:1 < Quzey As, Ay
Fy = (417 = Que1) 5
and
H=@O=u+3qa,q=q,
i=23,...,11,15)

Let A" designate the subset of A, consisting
of valid, re-sequenced LIB instructions. Then
A(sl) = G(qs¢q1s Ag) | afa = “LIB"¢Q
Operating jointly on AY and A,, we construct
an area A,, which represents subroutine in-
structions selected by LIB instructions and

which are re-sequenced for insertion in the
main program.

Ay = Fa(d21 = Quzeo, Ay , Ay) (5)
where
Fs = (af = qu:1 + Quze, Qe = Q)
The area
Au - A9 U AIO (6)
now represents the “full” symbolic program.

Next, we further re-sequence this program to
accommodate ‘“‘expansion” of BCD instructions.
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Thus, we get
Ay = H,(ay, F4(Bs)) UL:(By) (7

where

B: = (d1:1 < Quz2, Gqs, Agy) | a, = “BCD"» An);

Fi = (qfs = Qo1);
and

Hi=(@=a+32(as—1),0=q

i=23,...,11,15)

The symbolic program is next “stripped”-of
REM, LIB and SYN instructions, which pro-
duce no object program code; an “auxiliary
sequence number” is introduced to record the
new sequencing. It will be seen, during the next
several mappings, that this property will be
transformed into the final binary location. Let
AY, A® and A designate the subsets of
A, consisting of SYN, REM and LIB instrue-
tions respectively. Then

AR =G(an Aw) | o = svre;
A} =G(as Ar) | = mEw-;
A(132‘ =G(qs Ay2) | @ = “LIB"}

and
3 .
A =ALN(UAR)’

i=1
represents all other instructions in Aj,. The
“stripped” symbolic program A;; may now be
written as

Ay = Hy(q3,F: (B;)) UF5 (1, 15(B;)) (8)
where

3
Bs = (d1:1 < Quzey .L_J_IA(llz), Agé)) ;
H5: (q;qui: 1,2y -°"11’q1’8:q1—2 1);

F;= (dis = q1:1)
Note that A and A® above are components
of the side-by-side listing.

Next, the auxiliary sequence number is ad-
justed to take into account the BSS instructions.
Thus

Ays = He(qs, F(Be)) U I3(Be) (9)
where
Be = (q1:1 < qu:2, G(q3, Ays) | a, = “BSS”) A);

Fo = (aie = 95:1) 5

and

Hy= (qi’: i, i=12...,11,

afs = Qs + = (qis—1))

The symbolic program is next stripped of
ORG instructions, and binary locations are sup-
plied for all others. Designating by A% and
A® the subsets of A,, consisting of ORG in-
structions and non-ORG instructions respec-
tively, we have

A = G(Q3, A14>iqs=“ORG”;
AR = AL n AR
and can write
Ay = Hi(q:, F2(Br)) U Fs(1, Ii(By) (10)
where
B; = (q11 < qi:2, AR, A®);
F; = (ais = Q5:1, Qiy = Qs:1);
H; = (q'1 = Qi, 1= 1’2’ LY 11; dis
= qu(max{qr}) + qs — max{qy} — 1);
and
Fs=(@is =k — 14 qisa, qis = Q)
where k is an arbitrary origin. Note that A}
is a component of the side-by-side listing.

We now take the first step towards the
creation of a symbol table and construct Aie,
which represents all instructions in A;; U A%
whose location fields contain mutually distinect
symbols.

AIG = FI(Bg) (11)

where
Bs = (@21 = Q22 A Qusan

=1 A o1 = “D”, Hi(qz, Ais U AY), Ajs U AR
and “b” indicates “blank.” Note that all in-
structions in A;; U A with multiply-defined
symbols in their location fields will belong to

the complement of the intersection of B; with
A;s U AY.

Next, the symbol table A;; is constructed
with g. the symbol and q,; the corresponding
binary location.

A =AY U FyBy) 12)
where
By = (Qs1 = q2:2, AfY, AR);
Fy = (Q5 = Q2u1, Qs = Q32 + Q1)
AR = G(as, A)|a=rsYn";
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and
AR = Ak N (AR’
Each point in the complement of the intersec-
tion of By with A{} represents a SYN instruc-
tion whose address field symbol cannot be
matched with the location field contents of any
point in A®.
The area
Az = Ay U Fu(1, Li(By)) U Fy(1, Ii(Bs)) (13)
where
Fl() = (Q{s = Q — (q2:1 — “b”) — C{E,))
represents the program of A;; U AY{) with
error codes supplied. Note that G (qs, Ax)| qs=
«gyn» 1S a component of the side-by-side listing
and that the binary location for these instruc-
tions is @, as required.

It is convenient at this point to consider A
partitioned into six subsets as follows:

AfY = G(qs, Aw)|a-—-BcD";
AR = G(gs, A) |oy-Bss;

AR = G(qs, Aw)|a—DEC";
AfY = G(qs, As)|a—ocT";
AR = G(as, Aw) |a-syn";

AQ = Awn (C’J A§2>

=1

and

which represents machine instructions.

" The expanded and translated BCD instruc-
tions can be written as

8
A, = Fu(l, AY) 'U1 F® (quy > j, AR (14)
=

where
Fu = (qis = afth)
and the FY j = 1, 2,
of FOB’s as follows:
F=@=aqu+ja=91=23,. 11,
Qs = qua + J,qle = aqf) j=1, 2, ..., 8
The translated DEC and OCT instructions
can be written as
An = Fu(1, AR U AR) (15)

, 8 constitute a class

where
Fi = (@Qis = ¢5:1)

It is now convenient to regard the machine
instructions A{® as partitioned into two sub-
sets A{Dand A®) the former having symbolic
addresses and the latter non-symbolic addresses.

AR = G(g1, AR) | a—eve{ v })
where V., is the property value set of the second
property, viz., symbolic location; thus V.,—
{“b”} represents the set of all possible symbols.
And

AR = AR N (AR)’

Making use of the file of symbolic operation
codes with binary equivalents A, we can now
represent the translated machine instructions
with non-symbolic addresses by

Ay = Fu(Bu) U Fis(1, I3(By)) (16)
where
10 = (Qz:1 = Qs:2, As, A§Ss));
Fi = (s = quat D Que @ Qrio D Qso
@ (Qus:z + Qoo — (U2 = “*’) — Q5.0);
and
Fi; = (Qf«; =0, qis = “E”)
Above it is assumed that qy4.; is the “skeleton”
machine instruction, into which bits are merged
according to other components of the symbolic
instruction. The character “*” in Fy, is the

symbolic representation for “current value of
location counter.”

Making use of the symbol table, we can repre-
sent translated machine instructions with sym-
bolic addresses by

Ay = Fi(Bn) U Fis(1, Ii(Bu)) a7
where
Bu = (qs1 = Qa3 A Q22 = Qs:3, As, Ay, AfR)
and
Fis = (@is = Quea © Qa:s © qQris D Qs
@ (qus:2 + Ge:3))
Finally, we can write expressions for the

side-by-side listing A; and the object program
A,

A = AR UAD UAR U AR U AR
UAjp UAy U Ay U A, (18)
A, = Fu(qua # 2, As) (19)
where

Fp=@i=91=1,2, , 11, 15)
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APPENDIX II: Summary of Notation

Symbol

G(gi; An) Igi =c

H;
(i

Meaning
ith area

complement of A; with re-
spect to property space

it subset formed in a parti-
tion of A,

it" bundle

complement of intersection of
B; with i** area in area set

ith funection of a bundle
identity function of a bundle

it function of a bundle in a
class of functions of a bun-
dle

glump element which is sub-
set “of A, consisting of
points for which glumping
function g; equals ¢

i function of a glump
it property

it property in j* area of des-
ignated area set. (This no-
tation differs from that in
the Information Algebra
report insofar as the sub-
script meanings are inter-
changed. We consider the
revised notation more con-
venient.)

k
qg:j)

qf
max {q;}
q; (max {q;})

Vv,

i

fy<f>1f;

“b”
“E”
Q

REFERENCE

k™ component of q;; where
the value of q;,; is a vector

ith property, with a newly as-
signed value

maximum value of q; in desig-
nated area

q; for the point with maxi-
mum q; in designated area

property value set of it prop-
erty

point set union

point set union of areas A,

AQ, .., AlD
point set intersection
logical AND
belongs to
concatenation operator
OR operator

if f, true, take value of f;;
otherwise take value of f;

“blank”
“error”

irrelevant property value

1. An Information Algebra. Phase I Re-
port—Language Structure Group of the

CODASYL Development

Committee.

Communications of the ACM, April, 1962.






SIMULATION OF AN ASSEMBLY OF SIMPLIFIED
NERVE CELLS ON A DIGITAL COMPUTER

R.E. Sears and S. M. Khanna
IBM Federal Systems Division
Bethesda, Maryland

INTRODUCTION

A digital computer program simulating an
assembly of simplified nerve cell models has
been developed for an IBM 709 Data Process-
ing System. The design of the program and
the experiments performed with it were under-
taken in order to develop techniques for simu-
lating large assemblies of cells, and to study
the network response when selected cell param-
eters are varied. This paper describes the com-
puter program and some of the experimental
results obtained from the program.

The Unit of the Network—Simplified Cell
Model

The cell model used in the experiment is
illustrated in Fig. 1. Impulses arrive at a given
cell from other cells or input wires via the
synapses. The effect of each impulse is summed
in the cell, and this summed synaptic effect
decays with time at a rate determined by the
decay constant of the cell, Fig. 2. The accumu-
lated synaptic influence in a cell is compared
to the current threshold value for that cell. If
the threshold value is exceeded, the cell fires
and sends impulses to all its connecting wires.
After firing, the cell goes into a refractory
period, during which the cell is cleared of all
accumulated synaptic effect, and its associated
threshold is raised to a high value. The thresh-
old returns to its normal value over a period
of time determined by the cell refractory period
constant, Fig. 3.

15

é Inputs From Other Cells

O‘/Vuriablc Transmission At Synapses

Cell With Summation In Time, Threshold
And Refractory Period

() Nodal Point

Propagation Delays On The
Connecting Wires

O
Q
Cells To Which Cell B Is Connccted

Figure 1. Cell Model Used in the Simulation, Showing

Inputs to Cell (B) and Outputs from Cell (B). (For

Simplicity Only Five of the Eleven Interconnections Are
Shown.)

Communications between the cells in succes-
sive layers is via the synapses. The synapses
used in the program have an initially minimum
transmission value. Each successive impulse
arriving at a synapse increases its transmission
until a maximum value is reached.

Network O'rgcinization and Properties

The network organization used in the simula-
tion is illustrated, in simplified form, in Fig.
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8 Decay Constant = 0.8

Fractional Decay

.
20

Figure 2. Simulated Cell Decay—Fractional Change of
Cell Contents with Time.
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Figure 3. Simulated Refractory Period—Change in
Cell Threshold with Time After Cell Has Fired.

4. Only symmetrically connected networks
have been used with the symmetry and the
layer arrangement selected primarily to sim-
plify the experiments. Each cell in any layer

Input Wires

First Layer
of Cells

Second Layer
of Cells

Figure 4. A Part of the Network Showing Intercon-

nections of an Input Wire (A) and of a Cell (B).

(For Simplicity Only Five of the Eleven Interconnec-
tions Are Shown.)

connects to and interacts with several adjacent
cells in the next lower layer. The cells in the
last layer connect to the output wires.

Impulses arriving on the input wires affect
the cells in the first layer, first eliciting no re-
sponse from the cells. Then, as the synaptic
transmission increases in strength, some cells
in the first layer fire. As the excitation is re-
peated, the stimulus affects layers deeper and
deeper in the network and, in time, the output
wires. Thus, stimulus repetition creates a path
of activity in the network which starts in the
first layer, goes towards the lower layers, and
ends at the output wires.

The network used by the program consists
of 80 input wires, 800 cells in 10 layers of 80
cells each, and 80 output wires. Each cell re-
ceives impulses from 11 synapses, making a
total of 8,800 synapses in the network.

Basis of Simulation—*“Simulated Clock”

In actual nerve nets, excitation sequences are
essentially parallel events; many cells may be
excited at any one time. Since a digital com-
puter is a sequential machine, parallel opera-
tions must be transformed into a series of
sequential operations that occur during some
artificial unit of time. Therefore, the simula-
tion program is based around the concept of a
unit clock-step. All time-dependent functions,
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cell decay, cell refraction, and the connecting
wire delays, are represented in terms of clock-
steps. The computer is then able to perform
parallel operations by stopping the clock at each
time step. The actual duration of any clock-
step is variable and is dependent on the number
of cells fired, and the number of impulses in
the network. After all the necessary operations
for a unit clock-step are completed, the clock
is stepped to a new value (Fig. 5). All time-
dependent functions are then adjusted so that
they correspond to the new time value. Because
the clock-step is a quantized unit of time, the
time-dependent functions are represented as
step functions rather than as continuous funec-
tions.

Principles of Simulating Cell Functions

The principles of simulating the cell fune-
tions are illustrated in Fig. 5. Impulses arrive
at the synapses at different times, due to the

Synapse Registers in preceding layer which connect to cell register

propagation delays of the connecting wires.
In any one clock-step, only one impulse arrives
at any one synapse and this results in synaptic
transmission to the cell to which the synapse
is connected. The value transmitted is depend-
ent on the history of excitation of that synapse.
Initially, the transmission value in each
synapse register is set to a specified minimum.
Each impulse arriving at the synapse increases
the transmission by adding a specified number
to the value in the synapse register, but a limit
is placed on the maximum transmission value
beyond which no increase takes place.

In any one clock-step, a cell can be affected
by up to 11 synapses. Synaptic effect is summed
linearly to the current contents in the cell, and
this sum is stored in the cell register. At each
clock-step, the contents in the cell register are
compared with the contents -of that cell’s
threshold register, which contains the current
firing threshold for the cell. If the contents in

Sum Synaptic
Effect In Cell

Compare Cell Contents
With Threshold Value

* \l V V p Cell Fires _Does Not|Fire
Decay Register Clear Cell
N @@@ z Decay 5
> < Cell Value
@ Cell @ Decay Cell Raise Threshold
= @ @ < Contents ‘
No hold Threshold
Synapses
xceeded, Register
/ Set Refractory Register
Raise 4
Yes Threshold Lower ‘
Raised
Threshold Place Impulse In
Set Shift Register
Threshold
Refractory
=
ister Positions
smme

Nodal Pomr t

Shift Register Right

One Position

1 2 3 4 H

Check Threshold Value

Raised

Normal

86 85 84 83 82 8l 82 83 84 85 86
Synapees to eleven cells in the next layer

“$$é¢¢ééé

Synapse Registers To 11 Cells In Next Layer

Lower Raised Threshold

Sequence Of Operations During Any One
Clock Step

82 83 84 85 86

Figure 5. Block Diagram Showing the Principles Used In Simulating the Cell Functions.
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the cell register are less than the cell firing
threshold, the cell does not fire and its contents
are decayed by replacing them with a smaller
number obtained from the cell decay table by
a table lookup operation. If the contents in
the cell register exceed the cell firing threshold,
the cell fires and several operations®are per-
formed:

o The cell register is cleared.

e The cell firing threshold is raised by plac-
ing a large predetermined value in the
threshold register. This value is decreased
on each succeeding clock-step until it
reaches its normal value, thereby simulat-
ing the cell refractory period. During this
period of time, the value of the cell thresh-
old is determined by the contents of the
threshold refractory register.

o A “one” impulse is placed in the first posi-
tion of the shift register. The shift regis-
ter is shifted right one position at each
clock-step. Thus, the “one” impulse ap-
pears at different positions of the shift
register during succeeding clock-steps,
thereby simulating the delay of the con-
necting wires. Connected to each position
of the shift register, except the first posi-
tion, are the synapse registers which con-
tain a synaptic transmission value and the
address of the cell that receives the
synaptic value. Impulses are sent to the
synapse register if the ‘“one” impulse ap-
pears in the position to which they are
connected.

The program consists of six main routines
illustrated in simplified flow chart form in Figs.
6 through 11.

Input to the Program

The input to the program consists of the ex-
perimental parameters and the stimulus. (The
experimental parameters are discussed in the
next section.) The stimulus, an input pattern
in punched card format simulating the output
of sensors, is specified by defining the input
wires to be excited and the sequence of excita-
tion. Stimuli characteristics, such as amplitude
distribution, time duration, time sequences,
etc., are represented by proper placement of
impulses (punches) in the input pattern. The
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Figure 6. Simulation Program Initializing Routine.
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igure 7. Simulation Program Network Excitation
Routine.
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Figure 8. Simulation Program Synaptic Transmission
Routine.

stimulus is applied to the network in one of
two selectable modes: finite and continuous.
The finite mode repeats the stimulus a specified
number of times. The continuous mode repeats
the stimulus until the network saturates. The
network is considered to be saturated when
the total number of fired cells has not increased
in 10 consecutive clock-steps. The stimulus used
by the simulation program consisted of a maxi-
mum sequence of 36 parts, each part corre-
sponding to a clock-step. There may be a maxi-
mum of 70 input wires excited in each part.
Stimulus sequences longer than 86 are obtained
by repeating the stimulus.

Output of the Program

The output of the simulation program is a
printout consisting of four parts:

e The parameters used in the experiment
are printed in column format with the
parameter name at the top of each column,
Fig. 12. The number in each column is
the value used in the experiment. The
experimental parameters consist of:

A. RUN—indicates the experiment series
number.

J—
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Send Impulse I

S S —

Figure 9. Simulation Program Cell Firing Routine.

B. CELLS

(i) THRES—indicates the threshold
setting at which a cell fires.

(ii) DECAY—an integer value indi-
cates the number of clock-steps that
elapse before the contents of a cell de-
cay to one-half their value. A decimal
value indicates the fraction by which
the contents of a cell decay at each
clock-step. (During the course of the
experiments the method of simulating
cell decay was modified to provide a
smoother cell decay action. The method
of one-half decay per specified number
of clock-steps was removed and the
rate method was installed by using a
cell decay table.)
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Figure 10. Simulation Program Clock-stepping Routine.

C.

E.

F.

SYNAPSE VALUES—

(i) INITIAL—indicates the initial
transmission value of the synapse.

(ii) MAX—indicates the maximum
transmission value.

(iii) DELTA—indicates the increment
in synaptic transmission per impulse.
(iv) SAVE—indicates by YES or NO
whether a previous experiment’s sy-
naptic values are saved or not.
THRESHOLD RISE 2 EXP—indicates
the number (2" form) with which the
cell threshold is multiplied at the be-
ginning of the cell refractory period.
This number also indicates the time
duration of the cell refractory period
in clock-steps.

INPUT REPEATS—indicates the
number of times the stimulus is to be
repeated.

CLOCK-STEPS—indicates the number
of clock-steps during which the experi-
mental record was made.
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Figure 11. Simulation Program Control Routine.
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Figure 12. Computer Printout Showing Divergent Re-

sponse with No Cell Refractory Period.
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G. CELLS FIRED—indicates the number
of cells that fired at least once during
the experiment.

o The stimulus printout presents in pictorial
form the stimulus used in the experiment.
The horizontal heading corresponds to the
80 input wires. The vertical heading corre-
sponds to succeeding clock-steps, 1 to 11.
An X indicates the presence of an im-
pulse. For example, in Fig. 12, the stimu-
lus consists of 11 active parts which oper-
ate in the following manner: At clock-step
1, input wires 21 to 60 receive impulses.
From clock-steps 2 to 11, the input wires
do not receive impulses. At clock-step 12,
input wires 21 and 60 will again receive
impulses if the stimulus is to be repeated.
Thus, this stimulus indicates that the input
wires will be excited every 12th clock-step.

e The cells fired during the experiment
printout presents in pictorial form the cell
activity within the network. The hori-
zontal heading, 1 to 80, corresponds to the
cell numbers. The vertical heading, 1 to
10, corresponds to the layer numbers. An
X indicates that a cell has fired at least
once during the course of the experiment.

e The time course of excitation of output
wires printout presents in pictorial form
the output wire excitations as a funection
of time. The horizontal heading corre-
sponds to the 80 output wires. The verti-
cal heading corresponds to succeeding
clock-steps, 21 to 46 in Fig. 12, An X
indicates the presence of excitation on an
output wire.

Ezxperiments

The purpose of the experiments was to in-
vestigate the responses of the network to dif-
ferent kinds of inputs, and to observe the effect
of changing selected experimental parameters
on the response. The responses obtained may
be divided into two very general classes defined
as: the divergent response, in which the total
number of fired cells is more at the output layer
compared to the input layer; and the convergent
response, in which the number of fired cells
is less at the output layer. Figures 12, 13, and
14 show examples of divergent activity while

Figs. 15 through 22 show examples of con-
vergent activity.

In experiments with divergent response the
effect of simultaneously exciting 40 input wires
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Figure 13. Computer Printout Showing Divergent Re-
sponse with Cell Refractory Period of 1 Clock-step.
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Figure 14. Computer Printout Showing Divergent Re-
sponse with Cell Refract_ory Period of 2 Clock-steps.
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Figure 15. Computer Printout Showing Convergent Re-
sponse with Cell Refractory Period of 4 Clock-steps.
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Repetitive Input with 61 Input Wires Excited and Cell

Figure 16. Computer Printout Showing Response to

Repetitive Input with 40 Input Wires Excited.

on the output response is shown in Figs. 12
through 14. The variable used in this set of
experiments is the cell refractory period. An
input is applied only once at clock-step 1 and
an output response first appears at clock-step
21. In Fig. 12, the output response lasts for a

period over 20 clock-steps before ultimately
dying out. As the duration of the refractory
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Figure 19. Computer Printout Showing Response to Moving Repetitive Input
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Figure 21. Computer Printout Showing Response to Moving Repetitive Input with 40 Input Wires Excited.
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period is increased, the interval between the
cell firing increases, Figs. 12 to 14, until in
Fig. 15, no spreading in output response is
observed. This output activity at first sight
may appear to be “reverberatory” (in which
also a single excitation leads to multiple re-
sponses). However, the multiple responses in
these experiments are not caused by any posi-
tive feedback, but are due to the large variety
of transmission paths and delays.

In experiments with convergent response
the effect of the time-dependent properties of
the input was investigated. The response of
the network when exposed to a repetitive input
is shown in Fig. 16. The output is a series of
responses repeating at the input repetition rate.

The effect of varying the cell threshold on
the response is shown in Figs. 17 and 18. The
response pattern in Fig. 18 is spread over a
period of time. This comparison illustrates that,
to maintain simple stimulus response relations
(of the type shown in Fig. 17), the parameter
selection is fairly critical. Once these param-
eters are found, a simple relation between the
input and output is observed for a variety of
input patterns and their repetition rate. The
problem of the critical parameters is largely
due to the small number of interconnections
between cells (eleven in this series), and is
virtually eliminated in the later experiments
by increasing the connections.

When the input sequence of excitation is
sequential as shown in Figs. 19, 20, 21 and 22,
a similar sequential output is obtained. A com-
parison of Figs. 20 and 21 shows that above
a given speed of the input stimulus movement
the output appears to be continuous.

SUMMARY AND CONCLUSIONS

This paper describes some preliminary tech-
niques used in the simulation of an assembly
of 800 cells on an IBM 709 computer. In the
present experiments approximately 34 of the
core storage was used. These and later experi-
ments with a new program indicate that the
total number of simulated cells is limited to
about a thousand cells, when the cells have all
the properties described in this paper. The
simulated running time (average) per input
pattern was approximately two and a half min-
utes. To achieve this speed, all multiplication,

division, or more complicated functions had
to be replaced by the speedier table lookup
procedures. The experimental parameters, in-
put stimuli, and the network responses ob-
tained in some of the experiments are shown.
Emphasis is placed on responses under non-
reverberatory conditions which are characteris-
tic of the peripheral nervous system.

As a first step toward making a model of
the peripheral processing in the nervous sys-
tem, it was necessary to determine the problem
involved in simulating assemblies of simplified
models of nerve cells on a digital computer.
The techniques reported are in their infancy
and require a great deal of work to improve
the accuracy of description and to include more
properties of the biological cells. It is encour-
aging, however, to be able to simulate as many
as a thousand cells reasonably accurately for
studying models of peripheral processing.
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CYCLOPS-1: A SECOND-GENERATION
RECOGNITION SYSTEM®

I'. Marrill,¥ A. K. Hartley,t T. G. Evans,i B. H. Bloom,$§
D.M.R. Park,§ T. P. Hart,§ and D. L. Darleyt

1. OPERATING THE SYSTEM

CYCLOPS-1 is a recognition system pro-
grammed for a general-purpose digital compu-
ter, the PDP-1. It uses no special-purpose
hardware. The three principal modes of opera-
tion of the system are (a) pattern input, (b)
input identification, and (c) scene analysis.

(a) Pattern Input

The visual pattern to be analyzed by the
system is drawn on the face of the computer
CRT display scope by means of a light pen.
This mode of input is particularly well suited to
a system, such as the present one, whose aim
is to demonstrate, and experiment with, prin-
ciples of pattern recognition. In a production
system, the emphasis will turn. to the scanning
of hard copy or of photographic transparencies.
CYCLOPS-1 has been designed with this aim in
mind. This means, in particular, that the
temporal information, i.e., the information
about the order in which the elements of the
pattern are drawn, is not used by the system in
any way (See Section 2).

The light pen is shown in Fig. 1. Its use is
as follows. As soon as the system has been
put into pattern input mode (this is done by typ-
ing a command on an on-line typewriter), a
raster of points is displayed on the scope. If the

Figure 1. Pattern being drawn on scope.

tip of the light pen is now put on or near the
surface of the scope, the raster vanishes (the
program has found the light pen), and a little
cross is displayed opposite the tip of the pen.
If the pen is moved with the tip touching the
surface of the scope, the cross remains under
the tip. If the pen is withdrawn from the sur-
face of the scope, the raster will reappear and
the pen may be repositioned.

As the operator holds the light pen, his index
finger rests on a small switch. When the tip of
the pen is on the scope, the operator may write,
i.e., leave a trace behind on the scope, by push-

*This work was supported by Air Force Cambridge Research Laboratories under Contract AF 19(628)-227.
7Bolt Beranek and Newman Inc., Cambridge, Massachusetts.
1Bolt Beranek and Newman Inc., and Massachusetts Institute of Technology. [Now at Air Force Cambridge Re-
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ing this penswitch (see Fig. 1). No trace is
left when the penswitch is released. Anyone
can learn to write or draw with the pen in a
few minutes.

The pen-tracking program determines the
position of the pen every 20 milliseconds. When
the operator writes by pushing the penswitch,
the successive pen locations are entered into an
“input table” and remain displayed on the scope.
(This table represents the input to the recogni-
tion part of the system.) Pen locations are
given as (X, y) coordinates, each coordinate hav-
ing an accuracy of 10 bits. The patterns are
thus drawn on a matrix containing slightly over
1,000,000 cells.

(b) Input Identification

The program may be commanded from the
typewriter to assign the pattern currently on
the scope to one of 36 categories (26 letters
and 10 digits). The letter or digit is typed
out on the typewriter. If the program is unable
to perform the identification, a question mark
is typed out.

Examples of characters recognized by the
system are given in Figs. 2 and Fig. 3. In Fig. 2
we see the same character in different posi-
tions, size, slant, and style. Four characters
differing in identity are shown in Fig. 3.

2]

Figure 2. Four examples of the numeral 4 recognized by

Figure 3. Four characters differing in identity recog-
nized by the system.

Input identification proceeds in two stages:
first, a line-forming stage, in which the individ-
ual points are formed into line segments; sec-
ond, the identification itself. These two stages
are discussed at greater length in Sections 2
and 3, below.

(c) Scene Analysis

The program may be commanded from the
typewriter to analyze a complex scene which
has been drawn on the scope. Such a scene
may consist of known items, i.e., shapes which
have been defined as being significant (the al-
phanumeric characters); and of other items,
some of which may be significant to the viewer
but not to the system, and some of which may
be merely background “noise”. An arbitrary
number of known items may be present simul-
taneously; they may be of different sizes and
orientations; they may overlap, or be inside of
each other; they may be superimposed on an
arbitrary backgound.

An example of a scene to be analyzed by
CYCLOPS-1 is given in the topmost frame of
Fig. 4. The analysis of this scene consists in
giving the identity, location, and size of each
known item. The output of the program is

presented in two ways. On the typewriter, the

identity, location, and size of each item are
typed out. The location is given by the (x, y)
coordinates of the centroid of the item; the size
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Figure 4. A “scene” analyzed by the system. The input

is given in the top frame. The results of the analysis

are shown in the bottom four frames (further informa-
tion is also typed out by the typewriter).

is given as one of three categories: large,
medium, and small. (Other descriptions of
position and size could readily be implemented.)
On the scope, each of the known items which
has been found is brightened in turn (see four
bottom frames of Fig. 4).

Thus, the scene in Fig. 4 generates the fol-
lowing printout:

al 34,140 med
hl 321,243 sml
cl —228, —180 med
bl 157, —187 med

By means of scene analysis the system is
capable of finding items which may be difficult
to find by eye. Thus, the scene shown in the
first frame of Fig. 5 is analyzed as shown in
the remaining frames.

Figure 5. A more difficult “scene”. The input is shown
in the first frame, the analysis in the remaining frames.

2. LINE-FORMING

The first stage of processing deals with the
formation of line segments. The input to this
stage consists of a table of (%, y) coordinates
of points, each point being specified by 20 bits.
The system assumes nothing about the order
of points in this table. It does not know which
points go with which others to form line
segments, or, for that matter, whether there
are any line segments present, or even which
points are near which other points. The table
may be randomized prior to the line-forming
stage without affecting the output.

The attempt has been made to design the
line-forming program so that, in general, its
output agrees with what the human eye sees.
Thus, in Fig. 6 we see exactly two line seg-
ments: one fairly straight segment, and one
looped segment. The line-forming program,
given this input, will generate the same two
line segments.

More formally, what is required of the line-
forming program is the following: (a) to as-

.
.
.
.
.
.
.
.
.

.
o

Figure 6. Illustration of line-forming by system (see
text).
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sign each point in the table to some line seg-
ment (where a line segment is a set of points
with certain continuity properties) or to none
at all; and (b) within each set of points as-
signed to a line segment, to order the points in
the “natural” order, as seen by the eye. (Each
line segment allows two natural orderings, de-
pending on the sense in which arc length is
taken to increase; the program picks one of the
two arbitrarily.)

The formation of line segments proceeds in
three stages: triplet formation, triplet chaining
and segment connecting. To form a triplet, we
select a point and try to find two nearby points
which are on opposite sides of, and approxi-
mately colinear with, the original point. The
chaining process begins after all possible trip-
lets have been formed. Two triplets are joined
provided they have two common points in the
proper order. For example, the triplets abc
and bed will form the segment abed. This
segment may be extended by combining it with
other triplets according to the same rule. When
the current segment cannot be extended any fur-
ther, the process is repeated with the remaining
triplets. Chaining terminates when no segment
can be extended further.

Quite often the line segments created in the
above process will not continue across inter-
sections. For example, the letter X might con-
sist of four segments. We examine the behavior
of the segments in the vicinity of the end
points, looking for pairs of segments which are
reasonably close together, have the same curva-
ture and slope, and which would meet if ex-
tended. If two segments are found which satisfy
this criterion, they are connected.

3. IDENTIFICATION: HYPOTHESIS
GENERATION AND TESTING

The identification process operates on the
line segments found in the line-forming stage.
Identification may be understcod in terms of
two subprocesses, hypothesis-generation and
hypothesis-testing, as illustrated in Fig. 7.

The process operates as follows: An hypoth-
esis concerning the nature of the input (e.g.,
that it is the letter Q) is generated for input
to the hypothesis-tester. If found acceptable,
the hypothesis becomes the output of the sys-

LY
ENTER

GENERATE NEW

NO MORE PRINT
HYPOTHESIS RIN
ABOUT THE INPUT | HYPOTHESES ?
Hi
UNACCEPTABLE | TEST HYPOTHESIS,| ACCEPTABLE | PRINT
H, U
B i

Figure 7. Flow-chart of the identification process
(after line-forming has occurred).

tem. If found unacceptable, a new hypothesis
is formed and tested.

In the present system, the hypothesis-genera-
tion scheme is entirely straightforward; the
hypotheses are simply tested in a predetermined,
fixed order.

The hypothesis-testing scheme, on the other
hand, is considerably more complex. Consider
the following simple example. Suppose the
hypothesis-generator generates the hypothesis
that the input pattern consists of the digit one,
(specifically, let us say, that variety of the digit
one which consists of a single stroke). How
might we test this hypothesis? If the input
consists of a one and of nothing else of signifi-
cance, then there must be one very predominant
line segment (minor ones representing noise
may also be present). Let us see if that is the
case. If so, we are on the right track. If not,
the hypothesis must be rejected. Now, if there
is one predominant line segment, it must be,
roughly speaking at least, straight. Let us see
whether it is. If so, we are still on the right
track. If not, we must reject the hypothesis.
Now, if our predominant line segment is more
or less straight, it must also be approximately
vertical. If not, we must reject the hypothesis.
If so, we can, with the utmost confidence, ac-
cept it. This is precisely the technique used by
the program to test the hypothesis in question.

An hypothesis-testing program consists of a
series of questions about characteristics of par-
ticular segments in the pattern, of the relation-
ships between the segments, or of the pattern
as a whole. In the hypothesis described above,
for example, we asked questions about the
following segment characteristics:
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1. The predominance coefficient of the line
segments in the pattern. (This coefficient
is defined as the ratio of the arc length of
the segment to the total arc length of all
segments.)

2. The straightness coefficient of a segment.
(This coefficient is defined as a ratio of
the straight-line distance between the end
points of the segment to the arc length
of the segment.)

3. The orientation of the segment. (This is
defined as the angle made with the posi-
tive x-axis by the straight line connecting
the ends of the segment.)

CYCLOPS-1 has forty-two such segment and
pattern characteristics available to the hypoth-
esis. Two more examples are:

4. Intersections between segments i and j.
(Find the locations of all intersections be-
tween line segments i and j. The two seg-
ments need not be distinct. Thus, one
may ask for the intersections of a line
segment with itself.)

5. Inflection Points. Find the locations of
inflection points on the designated line
segment.

The hypothesis-testing programs, written in
the vocabulary of characteristics of the pat-
tern, constitute the definitions of the items
known to CYCLOPS-1. To define a new item,
that is, to enlarge the recognition repertoire of
the system, it is necessary to do two things: (a)
write and add to the system an hypothesis-test-
ing program for the item in question and (b)
add the name of this program to the list of
hypotheses. These tasks are easily performed
by someone familiar with the language. To add
a new item, say square, to the system would
require about two hours for programming and
check-out.

The running time of the system is not pro-
portional to the number of hypotheses. There
are two reasons for this: first of all, a large
portion of the running time is spent in the line-
forming stage, and is therefore independent of
the number of hypotheses; secondly, certain
characteristics requested by the hypothesis-
testing programs require a great deal more
processing than others; the values of these

time-consuming characteristics are remem-
bered rather than recalculated. Thus, if in
testing hypothesis H;, we ask for intersections
between segments i and j, we remember the
results. Now, assume H, is rejected; if in the
process of testing another hypothesis H, we
again ask about intersections between i and j,
these intersections are automatically looked up
by the intersections program, and are not re-
calculated. Hence, the incremental time re-
quired for testing a new hypothesis may be
quite short.

The total time taken to identify an item varies
greatly, depending primarily on the number of
points involved. The identification of the items
shown in Figs. 2 and 3 took between three and
twelve seconds each.

4. SCENE ANALYSIS

The process of scene analysis differs only
slightly in outline from the process of input
identification. The principal difference lies in
the hypothesis-testing programs. In the case
of input identification, the program hypoth-
esizes that the input, in toto, belongs to a cer-
tain category, i.e., consists of a known item,
with perhaps a small amount of noise added.
In the case of scene analysis, the program hy-
pothesizes only that, somewhere within a back-
ground of arbitrary nature, there is a given
known item. This latter type of hypothesis we
have called a super-hypothesis. Whereas a hy-
pothesis-testing program merely answers “yes”
or ‘“no”, a super-hypothesis-testing program
answers “yes” or “no”, and if “yes”, gives the
segment numbers of the line segments making
up the known item found.

The process of scene analysis proceeds as fol-
lows. The first super-hypothesis is tested. If
the answer is “yes”, the segment numbers of
the item are saved, and the line segments in
question are withdrawn from further con-
sideration; the same super-hypothesis is then
tested again. Only when the answer is “no”,
do we turn to a new super-hypothesis. When all
super-hypotheses or segments have been ex-
hausted, the analysis process ends.

The super-hypotheses are written in the same
language as the hypotheses, but are appreciably
more complicated. Thus, whereas the hypoth-
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esis-testing program for the letter A takes
half a page of coding, the super-hypothesis-
testing program for A takes a page and a half.
The scheme of this latter program, by way of
illustration, is roughly as follows:

1. Look for all approximately straight seg-
ments slanting up to the left.

2. Look for all approximately straight seg-
ments slanting up to the right.

3. Find pairs of segments, with one member
from 1 and one from 2, such that mem-
bers of a pair are nearly the same length,
and have their topmost points close to-
gether.

4. Look for more or less straight lines that
are approximately horizontal.

5. Compare the segments found under 4
with the pairs found under 3. If a situa-
tion is found in which the end points of
the third segment are reasonably close
to mid-points of the other two, return with
“yes” and the appropriate segment
numbers.

The running time of a scene analysis is con-
siderably longer than that of simple identifi-
cation and varies greatly, depending on the
number of points and the complexity of the
scene. The analysis of the scene shown in Fig.
4 took about one and a half minutes.

5. DISCUSSION

A great deal of research in pattern recogni-
tion has been concerned with the classification
problem!!l2}: given a number of classes (the
alphabet, for example) and an input, one is
required to assign the input to one of the classes.

The classification model of pattern recogni-
tion fails whenever there is more than a single
item in the field of view (see, for example, Fig.
4). If there is more than one item, the problem
is no longer to classify the input, but to dis-
tinguish the meaningful material from the back-
ground. In human perception the field of view
contains a rich assortment of overlapping items,
superimposed on complex backgrounds. CY-
CLOPS-1, with its hypothesis-generation and
testing nature, is not bound by the limitations
of the classification model. This has been
demonstrated by the scene analysis capability
of the system.

A rather different approach to the decomposi-
tion of overlapping line drawings using figure
descriptions expressed in a list-processing lan-
guage, is contained in Evansi3l, Earlier work
in pattern recognition involving some decom-
position of a figure into parts, not for the sepa-
ration of overlapping figures but as part of a
pattern classification procedure, is found in
Grimsdale et al.l*] and Shermanis!,

There are several extensions to CYCLOPS-1
that may be mentioned as future research goals.
The scene analysis capability of CYCLOPS-1
is two-dimensional, but could be extended to
handle, three-dimensional scenes. Roberts’ié!
work in the recognition and analysis of three-
dimensional objeets is applicable.

It would be desirable to replace the scope
and light pen mode of input with an optical
scanner. A compatible optical scanning tech-
nique, employing the PDP-1 computer has been
demonstrated by Rudloe, Deutsch and Marill!7i,
and would be suitable to the present system.

It would be possible to incease the efficiency
of the system by introducing more sophisti-
cated hypothesis-generation schemes. Two
techniques bear investigating: (a) If the sys-
tem is to be used to read English text, the hy-
pothesis-generation scheme should be made to
reflect the statistical structure of English. (b)
In any event, if, during the operation of the
system, one or more hypotheses have been re-
jected, a great deal of analysis will already have
been done on the input. This analysis should
suggest the next hypothesis to test. In short,
new hypotheses should be suggested by charac-
teristics already discovered in the input.

Finally, one would wish to investigate ways
in which a system of this type may be made to
learn from examples. The work of W. Teitel-
man!® may be particularly applicable in this
connection.
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SIMULATION OF A TURING MACHINE
ON A DIGITAL COMPUTER

Robert W. Coffin,* Harry E. Goheen,** and Walter R. Stahl***

I. INTRODUCTION

The theory of algorithms relies heavily upon
the conceptual and theoretical usefulness of the
Turing Machine.'V Recent work by Trakhen-
brot® has given further support to the hy-
pothesis that “all algorithms can be given in
the form of functional matrices and executed
by the corresponding Turing Machines.” Such
a statement does not immediately suggest that
all problems should be reduced to their equiva-
lent Turing Machine, but the implication is
clear that if certain problems, recognizable as
algorithms, do not lend themselves to a solution
in a formal logic structure, they may be reduced
to a Turing scheme using a suitable strategy.
Examples of such problems are revealed in the
work by Lusted and Stahl® in the problem of
medical diagnosis and by Stahl and Goheen®
in simulation of the operation of biological cell
systems.

For years the practical value of the Turing
Machine has been discounted because there is
widespread belief among mathematicians that
a Turing Machine always requires a tape of
infinite length and that there is no assurance
that a particular algorithm will achieve a stable
solution in a finite length of time. These mis-
conceptions probably stem from the fact that
the Turing Machine invariably enters the dis-
cussion of complex, self-organizing automata

in which these conditions might exist. Further-
more, the work of A. M. Turing ®’ preceded the
growth of modern electronic technology by
several years, consequently to implement a
Turing Machine as a physical device, at that
time, would have been an impractical and costly
undertaking.

The authors and their colleagues have found
that simulation of the Turing Machine on a
Digital Computer is a useful and practical tool
not only for problem solving and validation of
algorithms but also for teaching students the
fundamentals of programming. This paper will
describe the digital program by which a gen-
eralized simulation of the Turing Machine has
been accomplished.

II. PRELIMINARY CONSIDERATIONS

If there are M configurations corresponding
to the Q-levels of the Turing Machine each re-
quiring m bits, and if the Turing Machine
requires an alphabet of size N, each symbol
requiring n bits, we shall need a list of MN
strings which we call machine quintuples. A
machine quintuple will consist of :

(a) m bits identifying a Q-level,

(b) n bits identifying a symbol of the
alphabet,

(c) m bits designating the next Q-level,

*Chief Programmer, Dept. of Automatic Data Processing and Biomathematics, Oregon Regional Primate Research

Center, Beaverton, Oregon.

**Professor of Mathematics, Dept. of Mathematics, Oregon State University, Corvallis, Oregon.
*** Associate Scientist, Dept. of Automatic Data Processing and Biomathematics, Oregon Regional Primate Research
Center, Beaverton, Oregon, and Associate Professor, Dept. of Mathematics, Oregon State University, Corvallis, Oregon.
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(d) 2 bits designating the next motion
(either Left, Right, or Place),

(e) n Dbits designating the symbol to
replace the symbol represented by (b)
at the current location in the Turing
tape.

In the descriptive language of the Turing
Table, the last (m 4 2 + n) bits represent the
(i, j) entry of the Turing Table, where i and j
are given in (a) and (b) of the quintuple. The
list of quintuples will require a maximum of
2MN (m + n + 1) bits. As a practical matter,
Turing Tables are rarely “saturated,” i.e., the
entire matrix filled with non-zero entries, how-
ever the maximum bit requirement :

2MN (m+n+41) =A (1)
is an important program design eriterion.

To provide for rapid and intelligible inter-
pretation of a processed Turing tape, it is
desirable to limit the magnitude of the Turing
alphabet to those alphabets of available input-
output devices. It is important to note that this
restriction is one of convenience since, in binary
form, a symbol is limited only by the allow-
able n. If a Turing Machine requires a large
alphabet it would be necessary to numerically
precode the alphabet, or alternatively, use a
two-for-one notation.

In addition to (1) a portion of the total
available memory must be used to store the
Turing tape. If this memory allocation is b
bits, then the maximum possible length of the
Turing tape will be the parameter:

[b/n] =B (2)

If the total number of bits in the memory of
a specific computer is S, and the simulation
program requires s bits, we have the following
inequality which defines the maximum com-
bination of the Turing Machine and tape that
can be processed.
A+B<S—s (3)
In addition to (3), there is another restric-
tion imposed upon the simulation program. We
denote by r the time used in passing from one
quintuple to the next. If an algorithm requires
T quintuple cycles for solution, we have the fol-
lowing inequality in which C denotes the time
available for the processing of the algorithm.

£ AN

rT<C {(4)

The inequalities (3) and (4) are viewed as
general restrictions upon the magnitude of
Turing Machine which can be simulated on a
particular computer.

III. STRATEGY OF SIMULATION

The simulation of a machine in a digital com-
puter requires two major routines that are
logically distinct from each other.® The first
of these routines serves to receive and interpret
external notation and generate the “compiled
logic” of the device to be simulated. Whether or
not this routine is a true compiler, in the sense
of current usage of the word, depends upon the
logical complexity of the simulated device and
the corresponding notation required to fully
describe its function. The logic of the Turing
Machine -is quite simple and completely em-
bodied in the construction of the quintuple
which in turn is determined by the author of
the Turing Machine. Therefore the builder
is required only to make the notational transla-
tion of externally coded quintuple statements
into machine language. To distinguish between
a true compiler and the routine that generates
the “compiled logic”, we shall henceforth refer
to the latter as the “builder” routine.

The essential steps of the builder routine are

outlined below.

1. Read quintuple card.

HALT card? Yes, go to 14.

STOP quintuple? Yes, go to 12.

Extract (Q, S,Q, M, S).

Convert Q-s to binary.

Assign movement code.

Form function: (Q,M, S).
-Form identifier (Q, S).

Store identifier and function.

Update storage.

Gotol.
. Insert stop code for function.
Go to 8.
14. Exit Builder.
Each quintuplet is punched on a separate card
in the format

QS QM S for example
i

i0A1iIRB

e I R Al

bt ek ek
B A el
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where 10 A is the Turing Matrix identification
pair and 11 R B is the function triplet.

The only exception to this format is the
special stop card with the format:

QS STOP

We have chosen to use a special stop code
for three reasons. First, the special stop code
makes it possible to distinglish between a nor-
mal halt and an error in the Turing Machine.
Secondly, it is far more economical of computer
time to make a simple, one-step test rather than
go through three, multi-step tests to determine
the (Qi, Sj, Qi, P, Sj) quintuple. Finally, the
special stop code-and the natural stop quintuple
are theoretically equivalent.

The quintuple deck is terminated with the
halt card:
HALT

The dimensions of the Turing Table are de-
termined by the builder. The row dimension is
equal to the largest defined value of Q, and the
column dimension is equal to the number of
different symbols defined in the quintuple list.
It must be noted that the quintuple notation
makes the determination of the dimensions un-
necessary except for purposes of arraying the
matrix on a line printer or other device.

Since the speed of the builder routine is lim-
ited by the speed of the card reader there is
time for nonessential checking for mispunched
cards. The inclusion of three such checking
features has proved to be very helpful in riddiné
quintuple decks of gross errors. The first and
most valuable check is dependent upon an al-
phabet definition card that is read immediately
prior to the first quintuple card. A short routine
generates a check list consisting of all of the
defined symbols which can legally occur in the
quintuple deck. Then as the quintuple cards are
read, each symbol is checked against the defined
alphabet. In the event an undefined symbol
appears, the illegal symbol and the card contain-
ing the error are typed out with an error mes-
sage. The error routine keeps a list of the ad-
dresses where the incorrect cards should be
located, and the builder proceeds to the next
card. After the HALT card is detected the pro-
gram stops and allows the operator to insert

the corrected cards in the card hopper. Upon
restarting, the program will translate the cor-
rected cards and store the corresponding entries
in their original order. Similar checks are made
to detect illegal movement and non-numeric
symbols in the Q state, with identical proce-
dures for error recovery.

After the building is complete, before any
simulation can take place, a Turing tape must
be loaded into memory. The Turing tape is
punched on one or more cards, and each symbol
is checked against the original alphabet list.
If an illegal symbol occurs in the Turing tape,
an error message is typed and the reader
routine halts. Upon restarting, the corrected
tape is read, checked and stored.

The second part of the program is called the
“driver” routine which operates on an element
of compiled logic, provides functional continuity
between elements, and hence forces the simula-
tion. In the ideal case, no part of the driving
routine performs any function except to operate
on an element or provide continuity between
elements, however, the timing restriction will
certainly have to be included in the driver
routine and is considered to be an allowable
artifact. Other artifacts may be justified for
purposes of demonstration or instruction but
are undesirable burdens on the simulation since
time is at a premium and each artifact must
consume time on every quintuple cycle. Clearly,
any artifact that causes the driver routine to
amend itself or alter an element of compiled
logic is unallowable.

The following outline shows the essential
steps of the driver routine.

1. Extract symbol from Turing tape.

2. Merge symbol with previous Q-level (from
step 7).

Find funection corresponding to (Q, S).

Is function a STOP? Yes, go to 14.
Substitute function symkbol in Turing tape.
Move Turing tape “window”’.

Extract next Q-level.

Has time been exceeded? Yes, go to 10.

Go to 1.

10. Type time warning.

11. Halt.

WP T W
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12. Insert new time restriction.

13. Gotol.
14. Output final Turing tape.
15. Halt.

The step which consumes the largest segment
of time in the “Driver” is the table lookup to
find the next function triplet, (step 3). The
time required for this search can be greatly
reduced if we take advantage of the natural
tendency of Turing Machine authors to group
important Q-levels together. Thus, the prob-
ability of finding the next quintuple in a close
proximity to the current quintuple is much
higher than finding it at a great distance. After
a check is made against the current quintuple, a
flutter search is used in which the search begins
with the next entry forward of the current
quintuple and then shifts to the last entry
preceding then to the second entry forward and
so forth until the required quintuple is located.
It is important to note that the order in which
the quintuples occur is important only to the
efficiency of the algorithm but does not influence
its logical operation.

IV. SAMPLE ALGORITHMS

The first problem is to detect the change of
pattern in a strip of contrasting white and black
segments as shown in Fig. 1(a).

[ I =l

Figure 1(a).

[N I =l
AAAABBBAAABBAAABBB

Figure 1(b).

CC N W W m)
AAAABAABAABABAABAA
Figure 1(c).

To code the pattern as a string of symbols we
simply assign the letter A to the white segments
and the letter B to the black segments, and in
both cases make the number of letters propor-
tional to the length of each segment as shown in
Fig. 1(b). The problem is to write an algorithm
in Turing notation that will operate on this
coded string in such a way that only the points
at which the pattern changes are marked. The
desired solution is shown in Fig. 1(c). This is
logically equivalent to generating a unit pulse
based upon a criterion of wave height or
frequency.

The Turing Table for this algorithm is shown
in Fig. 2, and is a simple 3 X 3 matrix with 2
null entries.

X A B
Ql [2R%| = -
Q2 |2P%|2RA|3R8B
Q3 |3P*x|2RB|3RA

Figure 2.

The strategy is to proceed from the left * to the
right passing from Q1 to Q2 when either an A
or B is encountered. If an A is seen, control
stops in Q2 until a B is seen. The first B is
retained and control goes to Q3 where succes-
sive B’s are replaced by A’s until an A is seen.
The first A is replaced by a B and control passes
back to Q2 which begins the algorithm again.
If a B is seen as the first symbol, the same type
of procedure is followed except control goes im-
mediately to state Q3.

Fig. 3 shows the complete input deck as it
appears before the start of a run.
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*AB

| % 2R A

2 % STOP

2 A 2R A

2 B 3R B

3 % STOP

3 A 2R B

3 B 3 R A

HALT

*AAAABBBAAABBAAABBBx%

END TEST
Figure 3.

The first card is the alphabet definition card
consisting of the three legal symbols: *, A, and
B. Following the alphabet card is the seven-
card Turing program which is terminated with
a HALT card. The coded test string shown in
Fig. 1(b) is next, followed by an END OF
TEST card.

Fig. 4 shows the sequential operation of the
Turing Machine. The current quintuple is

*AAAABBBAAABBAAABBB* [681,%) (802,R,*)
(092,A) (002,R,A]
[892,A] (002,R,A)

[802,A) [062,R,A)

*ﬁAAABBBAAABBAAABBB*
*AﬁAABBBAAABBAAABBB*
*AAﬁABBBAAABBAAABBB*
(602,A]) (062,R,A)
(0982,8] [063,R,8B]
(003,81 [603,R,A]
[993,8) (063,R,A)

a
*AAAABBBAAABEAAABBB*
A
*AAAABBBAAABBAAABBB*
A
*AAAABABAAABBAAABBB*

A
*AAAABAAAAABBAAABBB*
A

*AAAABAABAABBAAABBB* [903,A] [092,R,B]
A
*AAAABAABAABBAAABBB* [602,A) (002,R,A]

’ A
*AAAABAABAABBAAABBB*
A
*AAAABAABAABBAAABBB*
A

(992,A) [802,R,A]
(602,81 (003,R,B]
(993,8] (803,R,A]
(893,A] [002,R,B]
[e62,A) (002,R,A]
(@92,A] (902,R,A)
[092,81 (063,R,B]
(e¢3,8) (083,R,A]
[pe3,8) (083,R,A)
[093,*] sTOP

*AAAABAABAABAAAABBB*
A
*AAAABAABAABABAABBB*

*AAAABAABAABABﬁABBB*
*AAAABAABAABABAABBE*
*AAAABAABAABABAA@BB*
*AAAABAABAABABAAB:B*
*AAAABAABAABABAABA%*
*AAAABAABA’ABABAABAAe
“RUN COMPLETE N
Figure 4.

shown at the right side of the tape. The delta
symbol under each line shows the next symbol
to be viewed by the “window”.

In this example the Turing tape is printed at
the completion of every quintuple cycle con-
sequently the “window” is shown to move only
one symbol per line of output. Such an exten-
sive output is desirable only for short, illustra-
tive examples since an algorithm may involve
many thousands of cycles for solution.

The second algorithm is a popular child’s
problem in which a number of boys and soldiers
are to be transported across a river in a row
boat. The boat is capable of holding one or two
boys, or one soldier, but not one boy and one
soldier. The basic solution strategy is a simple
five step algorithm as follows:

1. two boys across river

2. one boy back

3. boy out, soldier in, soldier across.
4. boy back

5. gotol.

When all of the soldiers are across the river,
the algorithm reduces to a back and forth shut-
tle involving only boys with a net gain of one
boy per two river crossings. The problem can be
coded in an interesting manner with symbols
representing the various objects involved.

G 1is a grassy spot on the river bank,

W isthe water,

F is a seat in the row boat,

B is a boy,

S is a soldier,

% is the left bank of the river,

= is the right bank of the river

= is the tape end marker symbol

— is an intermediate symbol used to

denote movement of the boat.

A sample configuration is shown in Fig. 5(a)
with the solution configuration in Fig. 5(b).

At the beginning all of the boys and soldiers
are on the right side of the river with the boat
at the right bank. In the final string, all of the
boys and soldiers have been transported to the
left side and the boat is at the left bank.

Figure (6) shows the Turing program in
quintuple form required to process any such
input configuration.
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In addition to the standard solution al-
gorithm, all contingencies are anticipated such
as the presence of only one boy, or the absence
of soldiers.

#GGGGG%WWFFLISBBSSG# Because of the number of quintuple cycles

involved it is not practical to show the test
string after each cycle, however, figure 7 shows

Figure 5(a). every second cycle.

Note that the “window” appears to take a two-
symbol jump between lines.

V. DISCUSSION

The ,sample algorithms were run on a ma-

chine with a cycle time of 8 microseconds

#BSSSB%FFWW IGGGGGG# (SDS 920). The limiting factor, as mentioned

above, is the time involved in finding the next

quintuple in the total list. Since the efficiency is

Figure 5(b). influenced by the order in which the quintuple

deck is organized, the question arises whether

or not it is possible to obtain an optimum order-

ing. Generally, this would be quite unlikely

since an optimum order is dependent on the

input string which may be composed of a

random group of symbols. However, if quin-

tuples, containing symbols which are used in

conjunction with each other, are placed to-

gether in the input deck, the efficiency can prob-
ably be improved.

auu
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In the Boys and Soldiers algorithm we
achieved a speed of 3,000 quintuple cycles/sec-
ond by ordering the deck row-by-row as it
appears in a Turing Functional Matrix. By
rearranging some of the cards, particularly in
Q-levels which deal with the left and right
movement of the boat, we were able to increase
the speed to about 3,300 quintuple cycles/sec-
onds. In the opposite direction, we tried to
arrange the deck in such a way that we pro-
duced a very inefficient operation and were able
to reduce the speed to slightly less than 1,000
quintuple cycles/second. By shuffling the cards
like a bridge deck, we obtained about 2,100
quintuple cycles/second.
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It is not surprising that the row-by-row
ordering is quite efficient since a Turing pro-
grammer normally adopts a row-by-row strat-
egy in solving a problem, consequently the
probability is high that significant quintuples
Figure 6. will be grouped together. Experience with a
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fGOGAWFFIBSB S

A
#GGGAWWFFIIBSBY
a
#GGGIWWFFIIRSBY
a

#GGGWNFFIIRSBE
A
fGGGRWNWFFIIBSBS
A
#GGGXWWFFIGSBY

IGGG%NHFFHGSQ'
tccczuwFanscl
occc:uwagncscl
lccczuﬁ-sxcscl
lscczuﬁ-ancsc!
OGGGZNBBSNGSGO
0666%“28“&686#
OGGG%BéBHHGSG'
lcsczsewwucsct
occc%cgwwxcscl
mcnérsuw:zcsc'
onnégrswwﬂcsc'
occaérsuu:csca
incn%Féwwxcsc'
lncngfnwxcsno
0ncs%hfsuxcsc0
0nnn;u?32xcsc0

FOGRAIF=WIGSG?
A

(901,6]
(002,G]
(083,wW]
(ee3,r]
(9003,2)
[005,S)
[(006,s]
(006,)
(o07,F)
[o08,8]
(012,-1
[009,~]
(oo8,u]
(009,¥]
[612,8]
[009,8)
(013,81
(014,61
(016,F]
(016,¥%1
[020,%1
(022,F)
{021,8)
(019,€)

Figure 7.1.

(002,R,C)
(e02,R,0C)
(093,R, W]
(003,R,F)
[00s,R,L])
1005,R,S)
toos,L,S)
teo6,L,r)
(o07,L,8]
(eps,L,-]
[e12,R,-]
[009,,8]
(008,R,4)
(012,R,8]
[009,L,4%)
(oos,t,B]
[014,L,F]
[016,R,3]
(o16,R,F]
[o19,L,ul
to22,L,8]
[o21,n,u)
{019,R,8)
[020,k,=)

$GSGXWB-WIRGGH
‘GSGXHB-élBGG‘
'GSGZHﬁBF'BGGl
‘GSG%MHB?'BGG‘
‘GSGZNHF:IBGG‘
'GSGZHWF€OBGGO
‘GSG%“HFF!?BG!
'GSG%NNFFH:BG‘
'GSG%NHFFQGBG'
lGSG%WWFFHGéG‘
lGSG%NHFBﬁGGG'
'GSG%NNSBHGGG'
lGSG;HBfBHGGG'
lGSG%ﬂBeHEGGG'
'GSG%NB§WHGGGl
'GSG%ﬁ-BWHGGG'
'GSG%@-BNRGGG'
'GSG%BBﬁHHGGG’
'GSG%?BWWHGGG‘
'GSG%?BHHHGGG‘
'GSQ%FBNHKGGG'
OGSS%gBNHHGGG'
lGSB%F-EWBGGG'

#GSR%F-BWIGGGH
a

[o19,F]
[(822,-)
(020,-]
[019,4)
(923,8]
(026, 4]
(824,061
[(825,¢])
[00s,B)
[006,G)
(006,F]
(007,%)
[(p09,w)
{012,8]
(009,8]
(0pg,B]
[012,-]
(909,-]
(008,%]
[014,%]
[016,%)
(016,81
(019,81
[p22,-]

Figure 7.2.

[021,R,-)
(022,L,-)
(020,R,B8]
(023,L,4)
[82,R,F]
(82%,R, #]
(e2s5,L,8)
(ee3,p,m)
(005,R,G)
(006,L.6)
(007,1,8)
(608,R, W)
(012,R,B]
(009,L,W)
(00s,,8)
(009,L,-)
(012,R,-)
(909,L,B)
(013,R,%)
(01s,L,%)
(016,R,%)
(016,R,B)
(020,R,-)
(022,L,-)
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1GGB W F=-BLGSGY
166 %'GFBHCSC'
‘GGB%HNFQBGSG'
OGGB%HNF?EGSG'
'GGB%HHFF‘SSG'
'GGB%NHFFO@GG!
!GGB%HHFF'%GCO
'GGB%K“F?'BGG‘
‘GGBZHG-S'BGG‘
’GGB%H?-S'BGG'
'GGB;HFSﬁOBGG'
'GGBIH?SNOBGGO
'GGB:FfSHOBGG'
'GGB%FeNNIBGGI
'GGB%F?“W'BGC'
'GSB:FSNH'BGG'
'GGB;F?NN'BGG'
'GGB%FFHHOBGG'
'GgﬂiFFNw‘RGG'
fGSGgBFHHOBGG'
‘GSG%B?“HOBCG'
‘GSG}BfFH'BGG'
‘GSGﬁwaH'BGG'

A
1GSCWLBFV#RCGH
A

to22,-1]
021,-)
1019,
[02s,1)
(925,1]
(026,S]
{027,14]
1026,F]
(008,F)
012,-]
fo1g,-]
{oos,v]
(011,%)
{012,8]
(010,F1
(013,F)
[015,F)
(015,8]
[017,8]
[018,F)
(016,%]
(021,v}
t022,8]
[020,F)

Figure 7.3.

022,L,-)
(021,R,F)
(023,1,7)
(025,R,x)
(026,R,¢]
(027,L,6)
027,L,¢
(626,L,F)
(11,1,-)
(012,R,=]
(10,L,S)
(008, R, K]
(012,R,F)
(10,1,¥)
(008, L,F)
(013,R,F)
(015,1,F)
(015,L,8]
(918,R,G)
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Figure 7.4.
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'GSB'%BUHEGGG# (008,+#1 [013,R,#]
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'GSB%?FHWKGGG# (014,#) (631,L,%]
lGSﬁ%FFHWHGGG# (¢31,s1 (e31,L,S]
3€SB%FFHHMGGG' [(p32,#) STOP
ﬁUN COIPLETE
Figure 7.5.

particular algorithm would certainly indicate
an efficient input order. However, it is an in-
teresting characteristic of a Turing program
that it will run to solution regardless of the
input order of the instructions. The authors
know of no other programming language in
which this is true.

VI. CONCLUSION

The value of the simulation of a Turing Ma-
chine is two-fold. First, the simulation repre-
sents a practical means of solving algorithms
in their most fundamental form, that is, in a
basic language which is independent of both
computer and computer language. Secondly,
for non-numeric problems the processing rates
are found to be competitive with the more con-
ventional ecomputer languages.
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THE ROPE MEMORY-A PERMANENT STORAGE DEVICE

P. Kuttner
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INTRODUCTION

A powerful way of increasing the capability
and flexibility of digital computing systems is
through the use of permanent storage mem-
ories. Such memories are also known as read-
only memories or NDRO electrically unalter-
able memories. As an example of the applica-
tion of a permanent memory, consider a com-
puter used for control purposes. Generally,
such systems are physically small, relatively
inexpensive, and are not required to perform
a variety but rather a restricted category of
computations. The problem of program and
constant input and storage in such systems is
considerable. Permanent memory can satisfy
the input and storage function required in such
a system in an inexpensive manner. It can,
furthermore, be packaged in such a manner as
to minimize volume requirements; in any event,
the volume occupied by the store for such an
application is less than that required for tape
or other inputs. In both large and small scale
computers, permanent memory can be used for
the storage of supervisory routines, input/out-
put function routines, and, in the case of the
rope memory, performing logic.

The rope memory is a true permanent storage
device in that the information content of the
memory is fixed by construction; any changes
in the information content require that the
device be rebuilt or exchanged. Memories in
which data can be altered by replacing a change-
able data element are classed as ‘‘semi-perma-
nent memories”. While this distinction may be
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logically tenable, it will not be considered in
this paper: the changeability being considered
here as simply a special case of rebuilding.
Rope memories have been used in a number of
computing systems; the use of a rope memory
in a computer being designed by the M.LT.
Instrumentation Laboratory for the Apollo
space craft was announced recently.!®

The emphasis of this paper is on rope mem-
ories. The relation of a rope memory to a con-
ventional read/write memory can only be based
on the question of whether or not a permanent
storage device can be used in a particular appli-
cation. In order to place the properties of rope
memories in their proper place in the class of
permanent storage devices, some other tech-
niques of this type will be discussed. (No com-
parison will be attempted with permanent
memories based on optical or photographic
principles.) These other techniques have re-
ceived more attention up to now; the discussion
to follow is based on the belief that ropes merit
similar attention, all the more so since they
give the opportunity for a greater range of
applications.

REVIEW OF SOME PERMANENT
MEMORY SCHEMES

Before entering on a discussion of rope mem-
ories, we shall briefly describe various other
permanent memory schemes, the description of
which will help in placing the information con-
cerning rope memories into proper perspective.
The permanent memory schemes to be described
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below are 1) capacitative type, 2) electromag-
netic coupling type, and 3) permanent magnet
twistor type. These memories have in common
the following features:

1) They are organized in a linear select mode.

2) Each storage element stores one bit of in-
formation.

3) Output signals are of the order of a few
millivolts.

4) The information state of the memories
can be changed by a relatively uncompli-
cated procedure, i.e., by changing cards
which form the basis of information
storage.

5) Access is random

6) Some batch fabrication techniques are
possible.

At the conclusion of the discussion concern-
ing rope memories, we shall return to these
pcints and examine them in the light of the
behavior of rope memories.

Capacitative Typet 11.14. 20

Schematically, this memory can be repre-
sented as shown in Figure 1. A voltage pulse
directed along any one of the horizontal word
lines will be detected on a sense line if that line
is coupled to the word line by a capacitor ; other-
wise, no pulse will appear on the sense line. An
interrogation pulse applied to a word line causes
all bits of that word to be read out in parallel.

The word and sense lines are etched on sep-
arate printed circuit boards. These boards are
then oriented in such a manner that the word
and sense lines are orthogonal. A metallized
card insulated on both sides by a layer of mylar
is sandwiched in between these boards. If a
hole is punched in the card at the position where
a word and sense line intersect, a small (about
1 pf) capacitor is created, thus coupling the
sense to the word line corresponding to a “1”
bit. The absence of a hole makes capacitative
coupling between the lines impossible. Writing
is thus accomplished by punching holes in the
metallized card in a pattern in accordance with
the information to be stored. The metallized
card itself is grounded. Memories of this type
have been reported to operate at 5 mec rates,
with outputs of about 1 mv for storage capacity

SR

/\\/’

WORD LINES ARE HORIZONTAL
SENSE LINES ARE VERTICAL

Figure 1. Schematic representation of the capacitative
permanent memory.

of 10% bits. Worst case analysis of noise con-
ditions shows that a S/N ratio of 10:1 is attain-
able.

The techniques for fabricating memories of
this type are evidently suited to batch processes
that should yield relatively inexpensive stores.
Mechanical alignment is a problem that must
be considered in the design of this type memory.
The information state of the memory can be
changed by changing the punched metallized
cards.

Electromagnetic Coupling Type?

This particular technique is based on the fact
that the mutual inductance between two con-
ductors having a fixed geometrical relationship
is a function of the medium separating them.
If an alternating current, I, is caused to flow
in one of a pair of one-turn coils, an output will
be generated across the terminals of the second
coil which is proportional to M, dI/dt. The
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induced emf in the second coil can be reduced,
for a constant geometry, by inserting a shield-
ing material between the coils. Thus, for
example, the insertion of a copper plate of
0.04 mm thickness between two coils of 6.5 mm
diameter separated by a distance of 0.75 mm
causes a 23 db reduction in the induced emf.
Binary information can thus be stored as the
absence or presence of shield between the coils
and can be detected as the absence or presence
of an induced emf.

The primary coil is the excitation coil; the
secondary coil is the sensing coil. Since excita-
tion coils and sensing coils can be connected
in series as shown in Figure 2, it is possible
to manufacture arrays of coils by printed circuit
techniques. The excitation coils are etched on
one board, the sensing coils are etched on a
second board. The orientation of these two
boards relative to one another is such that the
long axes are orthogonal. Each row of excita-
tion coils represents one word, the sensing coils
represent bits. The system is word organized.

Storage of information is effected by sand-
wiching a prepunched, insulated metal card be-
tween a pair of boards containing excitation
and sensing coils. Holes are punched at the in-
tersection of sensing and excitation coils at
positions which are to store “1” bits. At posi-
tions which are to store “0” bits, no holes are
punched. The relative outputs have already
been discussed above. Mechanical alignment is

SENSING

INFORMATION
PLANE

DRIVE
PLANE

S

Figure 2. Electromagnetic coupling type permanent
memory construction.

extremely critical here, since the holes must
have a very definite geometrical relationship
to the sense and excitation coils in order not to
affect the mutual inductance. Again, stored
information can be changed by exchanging
cards. A memory of this type is reported as
operating at 1.5 me. Excitation currents used
were 200 ma. Outputs are not explicitly re-
ported but can be computed to be about 50 mv
without taking attenuation into account. Worst
case S/N ratios at the amplifier output are re-
ported to be 30 db.

Permanent Magnet Twistor Type? 5- 7. 10

The twistor is employed in a novel manner
in this type of memory. Information is not
stored in the twistor, but rather as the absence
or presence of permanent magnets. Associated
with each twistor element, there is a permanent
magnet whose function is to generate an ex-
ternal field which will inhibit the twistor from
switching if that element is to store a “0” bit.
Alternately, if the twistor element is to store
a “1” bit, it is not to be inhibited from switch-
ing, hence no permanent magnet is associated
with it. Those twistors inhibited from switch-
ing will not change state on being interrogated;
those twistors not inhibited will switch from
cne remanent state to the other upon being in-
terrogated. It is thus necessary to follow up
each interrogation pulse with a reset pulse.

In constructing a permanent magnet twistor
type memory, the first step is to enclose twistor
wires and their returns within mylar tape. This
assembly is then bonded to solenoid mounting
boards. The solenoids themselves are prepared
by photoetching. The permanent magnets are
a nickel-cobalt alloy, and are formed on a card
either by photoetching or electrodeposition.
Some 2,816 permanent magnets (bits) can be
deposited on a card having an area of 55 in?,
giving a density of about 52 bits/in2. The
twistor wires and tape are continuous; the
assembly of wire, tape, and solenoid boards is
folded concertina fashion into a stack. Provi-
sion is made to guide the magnet card into
proper registration with the solenoid board.
(It is easy to imagine that alignment problems
are critical here, especially in view of the fact
that twistor elements may interact if spaced too
closely together.) Memories with capacities of
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1.44 X 106 bits have been reported, with an
operational cycle of 5 psec. Drives required
are 2.0 amperes for the solenoids. Outputs
shown for a 4,096 word module are 4 mv for
“ones” and 0.8 mv for ‘““zeroes”, with a switch-
ing time of about 2 usec.

THE ROPE MEMORY?® 6 8 15, 21

Principle of Operation

To illustrate the principle of operation of
rope memories, suppose that a rope is to be
constructed using 2 cores. It must be possible
to select each core uniquely. For purposes of
selection, each core is threaded by a selected set
of n out of 2n inhibit lines. All cores are also
threaded by a common set and reset line. Ini-
tially all cores are in the same remanent state.
Two inhibit registers are used for the purpose
of selecting a given core. One of the registers
stores the address of the core to be selected,
the other register stores the complemented
address of the core. These are the D and C
registers respectively. Associated with each of
the 2n bits in the registers is a driver which is
enabled if the bit is a “1”; one driver is con-
nected to one inhibit line. The set line is enabled
simultaneously with the inhibit lines; the set
and inhibit pulses are of equal amplitude but
opposite polarity. The amplitude of each pulse
is greater than the switching threshold of the
core. The polarity of the set pulse is such that
in the absence of any inhibit pulses it will
switch a core fully. The polarity of the inhibit
pulses is such as to prevent a core from switch-
ing—the inhibit pulses will drive the core
further into saturation.

The selected core is not threaded by any of
the enabled inhibit lines and is thus switched
by the set pulse. During this phase of the opera-
tion (ecalled the selection phase), the cores act
as null decoders?!. Referring to Figure 3, we
see that the core will be set if, and only if, none

of the threaded Dn cor Cn line drivers is en-
abled. Hence,
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The reset pulse is of the same amplitude as
the set and inhibit pulses. Its polarity is such
that it will reset the core that was set during
the selection phase of the rope memory operating
cycle. During the read phase the core output
obtained as a consequence of the application of
the reset pulse is used to generate the informa-
tion pattern. At the end of the reset pulse, all
cores are again in the same remanent state.
This selection scheme is also known as the
Rajhman switchis,

Each core may store m bits; this requires the
use of m sense lines. Information patterns are
generated by threading a sense line through a
core if the bit to be stored is a “1”; otherwise,
the core is bypassed by the particular sense
line—these lines correspond to “0” bits as no
output will appear across them when the core
is reset. The sense lines are common to all
cores; a given sense line will thread those cores
wherein a “1” is to be stored in the bit position
represented by that sense line and will bypass
those cores wherein a “0” is to be stored in the
bit position represented by that sense line.

Figure 4 illustrates the wiring scheme for a
rope memory of eight words (n=3). In the
illustration each core stores a three-bit word.
The information stored is the address of the
word storing it. For a rope consisting of eight
cores, there are six inhibit lines; three of these
are associated with the direct register, the other
three lines are associated with the comple-
mented register. Assume that the data stored
in word 010 is to be read out. The operation is
as follows:
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INHIBIT REGISTERS
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Figure 4a. Rope Memory Wiring Scheme.
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Figure 4b. Timing Diagram for Rope Memory
Operaticn.

1) 010 is stored in the direct inhibit register.
101 is stored in the complemented inhibit
register.

2) During the selection phase, the set line
and the drivers corresponding to “1” in
the registers are enabled.

3) Core 010 will be set since none of the en-
abled inhibit lines thread it.

4) During the read phase, the reset line is
enabled and the information stored in the
word is transferred to the output register
via the sense lines.

The wiring pattern of the inhibit lines can
be generalized as shown in Table I. (The LSB
of the address is taken as k=0.)

TABLE 1
k™ bit of
address D Cx
0 threads does not thread
1 does not thread threads

Rope Organization

Rope memories may be organized in two dif-
ferent ways. The m bits stored by a given core
may be considered as the m bits of one word.
Alternately, each of the m bits stored by a given
rope will be referred to as the “one-core-per-
ferent words. These two ways of organizing a
core will be referred to as the “one-core-per-
word” and “one-core-per-output bit” modes of
storage respectively. Regardless of the organ-
ization, the bits stored by any one core are read
out in parallel.

A rope organized on a one-core-per-word
basis is a random access memory. It is possible
to subdivide the m bits stored per core into n
equal parts of n bits each so that a core may
be considered as storing m/n words of n bits
each. This requires that one of m/n sets of
sense lines be selected to read out the proper
information; for example, if 256 cores are to
store four words each for a total of 1024 words,
the address must be 10 bits long, eight to select
the proper core and two to select the proper
one of four words.

A one-core-per-output bit organization re-
quires that the rope be read out sequentially in
order that the bits of a word appear in proper
order. While this mode of operation is possible,
it is not extremely desirable. For one thing, the
time elapsed to fully read out a word becomes
somewhat prohibitive: given a cycle time of
8usec and a k-bit word, 8k usec would elapse
before one word is fully read out. For another
thing, the number of bits that a core can store
is necessarily related to its inner diameter since
this is the factor limiting the number of lines
that may be threaded through it. Typically, a
core having an I.D. of 0.140” can have 128 sense
lines threaded through it. This number of sense
lines is certainly adequate for a rope organized
on a one-core-per-word basis; it is not necessar-



50 PROCEEDINGS—FALL JOINT COMPUTER CONFERENCE, 1963

ily adequate for a rope organized on a one-core-
per-output bit basis.

Rope Memory Characteristics

A prototype rope can be seen in Figure 5a.
Figure 5b shows a packaged unit. This rope
consists of 256 cores, each of which stores four
16-bit words. The storage elements used in this
rope are 26 maxwell bobbin cores made of 1
mil 4-79 Molybdenum Permalloy. The inner
diameter of the bobbins is 0.140”. If driven by
ramps having a slope of 400 ma/psec, the out-
put of the rope is of the order of 200 mv, with
an absolute S/N of about 9:1. (See Figure 6—
Damped Operation.) The switching times of
the cores are somewhat less than 2 psec; but

Figure 5a. Prototype Rope Memory Storing 256 Words,
64 Bits per Word.

Figure 5b. Rope Memory Package Capacity:
256 Words, 64 Bits per Word.
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Figure 6. Undamped and damped mode of operation.

since peaking occurs at 2 psec after the start
of the ramp, the cycle time is 8 usec. The values
of resistance and inductance of various lines are
tabulated in Table II.

TABLE II
Line | Resistance Inductance
Set 2 ohms 11 sh
Inhibit 2 ohmg 7 ph
Sense 10 ohms 12 uh

These data are suggestive of the performance
of a rope memory. Various factors pertaining
to rope memory operation are discussed below.

Drive Currents—It is possible to drive ropes
with either square pulses or ramps as men-
tioned above. Owing to the large inductance
of the selection and sense lines, a fast rise time
pulse makes the L di/dt term large, which in-
troduces 1) considerable back voltage, 2) air
coupling noise. While a ramp increases the
cycle time of the memory, it 1) introduces rela-
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tively little back voltage, 2) decreases air cou-
pling noise, 3) gives greater uniformity of core
outputs.

The constraints placed on the various drive
currents are relatively minor:

1) Each of the set, reset and inhibit pulses
must exceed the switching threshold of
the core.

2) The amplitude of the inhibit pulses must
be greater than or equal to the amplitude
of the set pulse.

3) The set pulse may not start before or end
after the inhibit pulses, and must ter-
minate before the reset line is enabled.

There is no requirement that the set and in-
hibit pulses have the same shape: in fact, it is
possible and desirable to apply essentially DC
on the inhibit lines; the set pulse may be either
a square wave or a ramp, as long as the other
constraints are met. The desirability of DC on
the inhibit lines will be discussed below in the
section on noise cancellation. The reset pulse
ought to be a ramp for the reasons advanced
above. The relation of the core output to the
ramp pulse is shown in Figure 7.

Since the selection scheme associated with
rope memories is such that one and only one
core is not inhibited from switching during the
selection phase and only that core is reset dur-
ing the read phase, the core may be overdriven
in order to increase operating cycles. This will
also increase the core output. Clearly, power
consumption is increased too.

No general statement can be made regarding
the amplitude requirements of the various

RESET PULSE

V max
CORE OUTPUT

10% OF Vmax

Figure 7. Relation between the core output and th:z
ramp used to generate it.

pulses. As is true in regular coincident current
or linear select memories, not all rope memories
are made with the same type of core and the
magnitude of the threshold switching field is
clearly a function of the core used. One vital
tradeoff appears in choosing a core for a rope
memory: the storage capacity, the required
drive currents, and the output voltage are a
function of core size. The storage capacity and
the required drive currents are directly pro-
portional to the inner diameter of the core;
hence, the drive currents increase as the num-
ber of bits to be stored increases. It thus be-
comes axiomatic that for a given required
capacity the smallest core making the memory
manufacturable is to be selected as the storage
element.

Outputs and Noise Cancellation—The output
of a particular rope for given drive conditions
was given above. This magnitude output is
typical for the given slope and memory capac-
ity. The memory capacity governs the output
insofar as the length of the sense lines, and
hence their attenuation, varies in direct pro-
portion to the number of cores common to a
set of sense lines.

Noise problems in rope memories can be
rather severe. Fortunately, there are two very
simple methods by which noise can be mini-
mized to give S/N ratios of about 10:1. Be-
fore discussing these schemes, the causes of
the noise in the rope will be discussed.

In the first instance, noise is introduced in
the sense lines due to the air coupling between
the sense lines and the drive lines. This com-
ponent is proportional to L di/dt. Secondly,
during reset time the (2»—1) unselected cores
are driven into saturation. This contributes an
amount of noise which is proportional to

1, d¢k
(2»—1) 0t
between the remanent and saturation points of
the core. This noise can be many times the
output of the selected core.

where ¢, is the flux excursion

The air flux coupling can be reduced by
doubling back the sense line causing it to re-
turn at its starting point. This doubling back
minimizes the area in which coupling can occur.
The noise flux can be cancelled by providing
sense line cancellation and/or by leaving the
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inhibit lines on during the read phase as is
suggested in Figure 4b, i.e., by using essentially
DC. Noise line concellation is provided in such
a manner that one-half of the unselected cores
threaded by a given sense line are threaded in
a sense opposite to that which is given to the
remaining half of the linked unselected cores.
This will, in the worst case, leave one noise
output uncancelled. Clearly, each sense line
will have a unique cross-over point. Leaving
the inhibit lines on during the read phase of
the cycle does not interfere with the resetting
of the selected core; it will, however, minimize
the d¢i/dt term. This mode of operation is
defined as ‘“damped”. The outputs of a rope
in the damped and undamped modes of opera-
tion are shown in Figure 6.

Rope Storage Elements and Speeds—Basical-
ly, two types of storage elements can be used in
rope memories: bobbin cores and ferrites. The
ferrites may be either square loop or linear.
The advantage in using bobbin cores is that
they require lower drives than ferrites, are
relatively insensitive to large variations in the
thermal environment, and give higher outputs
per unit of area due to their higher flux density.
Ferrites offer a wider opportunity for experi-
menting with different geometries and reduc-
ing parts of the manufacturing technique to a
batch fabrication process®.

The ropes we have manufactured have been
made with bobbin cores exclusively in order
that they might meet required environmental
specifications. It is possible to operate bobbin
cores in a temperature range extending from
—70°C to +150°C. Using bobbin cores, we
feel that the cycle times can at best be reduced
to 6 usec without resorting to overdriving.
Using linear ferrites in novel geometries, cycle
times of 2-4 usec are attainable.

Rope Memory Applications

The function of data storage is common to
all permanent memories. The data to be stored
may typically consist of programs, constants,
supervisory routines or abstracts; e.g., a capac-
itative memory developed by the Academy of
Sciences of the USSR is used to store abstracts

L. . . .
of scientific literature!4. Rope memories are

clearly capable of performing these functions.

The decision to use or not to use rope memories
in these applications must then be based on
such factors as cost, immunity to environment,
speeds, selection techniques, and circuit re-
quirements.

The rope has a built-in feature which is lack-
ing in other types of permanent memories and
which gives it a flexibility that extends its use-
fulness considerably. The rope is essentially
a coding switch, and may thus be used to per-
form logic and lookup functions in a very ef-
ficient manner.

The use of ropes to perform logic (micro-
programming) is straightforward and has been
discussed by Walendziewicz in his paper on
the Burroughs D210 Magnetic Computer?!. In
that computer, ropes are used both to perform
logic and as fixed storage devices. The com-
puter itself is used as a control element in
various space and missile applications. Yii??
has proposed and put into practice a scheme
whereby every minterm in a Boolean function
is represented by a core in a rope, and a wiring
table is generated by negating the function and
then applying De Morgan’s Theorem. Using
Yii’s scheme, complements of the inputs are not
always required.

The use of a rope memory as a dictionary
in automatic language translation has been pro-
posed®. If a source word is encoded in a stand-
ard six-bit code, the encoded source word will
automatically select one core which can be made
to store the target word. This overcomes the
necessity for conducting a search. In this ap-
plication, the D and C lines represent the en-
coded source word and its complement. If in
addition to the target word, the complemented
target word is also wired into the cores, the
rope may serve as a two-way dictionary, e.g.,
Russian-English and English-Russian.

Rope memories can be used to effect informa-
tion retrieval and association. For information
retrieval purposes, a rope could operate in the
one-core-per-word mode. The descriptors can
be encoded in binary format. The binary coded
descriptor then uniquely addresses a given core
(or cores, in the case of multiple entries). Each

core in turn stores the location of the required

document. Content addressing can also be real-

ized with rope memories by interchanging the
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role of the sense and inhibit lines. The sense
lines corresponding to bits used as the associa-

tive criteria are driven during the selection

phase of the cycle. The particular combination
of sense lines will cause all those cores storing
information in accord with the search bits to
be switched. During read time the addresses
of all cores so switched can be determined by
linking each core to a detector.

ROPE MEMORY MANUFACTURE

Rope memory manufacture is unique in that
1) no batch fabrication techniques are possible
at the moment, 2) with the exception of the
set, reset, and inhibit lines, there is no regular
wiring pattern, 8) the test of the final assembly
must establish that all cores are-within speci-
fication at the end of the manufacturing process
and that the information wired into the rope
is correct.

Up to the moment, we have used only dis-
crete cores as storage elements in rope memories.
In the near future. we hope to be able to pro-
duce storage elements on a batch basis, using
ferrites in conjunction with thick magnetic
films?.

The main labor involved in the manufacture
of a rope memory is in the wiring. This process
has been automated to the fullest extent possible
in order to reduce unit costs and to minimize
the chances for human error. Rope memories
are manufactured in modules of 256 or 512
cores. Initially, the set, reset, and inhibit lines
are wired in. At this stage, the rope is tested
to see that these lines were wired in correctly.
This is done by driving each core in turn with
a single turn winding and monitoring the out-
put on the inhibit lines to determine whether
or not a given inhibit line threads the core.
After the rope passes this test, it is obvious
that each core can be selected properly. The
next step consists of wiring in the sense lines.
For each sense line, there are as many thread,
no-thread decisions as there are cores in the
rope. All the thread, no-thread decisions for a
sense line for 256 cores are encoded on a 90-
column card. This card is used not only to gov-
ern the wiring phase of the manufacturing
process, but also to test the correctness of the
wiring. After each sense line is inserted, each
core is addressed in turn and its output moni-

Figure 8. Sense line tester.

tored across that sense line. The output is
compared to the information stored on the 90-
column card. The sense line tester is shown in
Figure 8. (The details of the manufacturing
equipment and processes are the subject of a
paper presently being prepared by the personnel
responsible for its design.)

At the completion of the memory assembly,
the rope is tested again. This final test consists
of again testing each sense line as described
above and/or reading out each word (core) in
turn and comparing the wired word output
against the desired word output, which is also
stored on a 90-column card. Each rope is also
tested to insure that the outputs of the whole
assembly of cores are consistent with one an-
other; i.e,, that the cores meet their specifica-
tion. This latter test is the third test that the
cores are subjected to: they are first tested in
a “raw” state to determine if they meet speci-
fications, and they are again tested after mount-
ing on the assembly matrix prior to being wired.

Packaging techniques are primarily depend-
ent on the connector type used. Generally, ropes
should be pluggable, which demands that a rug--
ged connector be used. The choice of the con-
nector is dependent on the size of the rope (256
or 512 cores) and the maximum number of
sense lines. Our experience with packaging
cores suggests that there are no difficulties in
encapsulating a complete rope to protect it
against environmental stresses.

ROPE MEMORY SYSTEM

As mentioned above, a number of rope mem-
ory systems have been built and placed into
operation. A rope presently being designed and
constructed is outlined in block diagram form
in Figure 9. The purpose of this section is to



54 PROCEEDINGS—FALL JOINT COMPUTER CONFERENCE, 1963

briefly outline the approach used in the design
of this system.

STORAGE CAPACITY

The description of the rope memory system
under construction is as follows:

256 words, expandable in modules of 256 words.

Maximum number of bits per core: 64.
Provision will be made for storing up to four words per core.

ADDRESS INPUT

Either serial or parallel. Only “true” address needs to be furnished.

An eight-bit address input is required if one core stores one word.
If cores store four words, a ten-bit address is required.

INFORMATION OUTPUT
STANDARD LEVELS
CYCLE TIME

POWER REQUIREMENTS

0 and -6 volts.
8 psec.

uration.
MECHANICAL

Either serial or parallel.

115 v AC, 60 cycles. Actual power will depend on memory config-

19” rack mount. Minimum height including power supply: 21”.

Rope memory will be interchangeable.

VERIFIER

A built-in verifier will allow each word to be addressed manually

so that word content can be verified. Provision will be made for
testing the memory under worst case drive conditions.

ADDRESS
INPUT

l

ADDRESS
REGISTER

4
DRIVERS

MEMORY

SET [

RESET —»

SENSE AMPLIFIERS

v

OUTPUT

Figure 9. Rope memory system.

The eight-bit address of the core to be selected
is the input to the rope memory system. The
complement of the address is generated inter-

nally. If four 16-bit words are to be stored per
core, giving a total storage capacity of 1024
words, the address must consist of ten bits: the
eight low-order bits select the core, the re-
maining two bits are used to identify which of
the four words stored by that core are to be
read out.

Inspection of Figure 9 shows that no decod-
ing circuits are necessary to select a core. All
the information required for selection is con-
tained in the address and its internally gen-
erated complement.

Selection may be accomplished in one of three
different ways: 1) by having one driver asso-
ciated with each of the direct and complemented
address register bits and enabling those drivers
whose corresponding bit position in the register
is a “1”; 2) by using eight drivers and steer-
ing the current through the appropriate inhibit
lines by means of switches controlled by the
address register; 3) by using sixteen switches
and activating eight of these to switch the
proper inhibit lines from a zero level to a DC
level able to generate the proper inhibit signal.
The system under construction uses the last
mentioned scheme. In addition, a set and reset
driver are provided. The only restriction on the
inhibit currents is that their amplitude be
greater than that of the set pulse during the
time the set pulse is turned on; no restrictions
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are placed on the inhibit current waveforms.
A damped mode of operation is used.

The output is fed into a flip-flop shift register.
If four words are stored per core, the selected
word will be gated to the output register by
using the information contained in the addi-
tional two bits of the address.

The block diagram of a memory system uti-
lizing an electromagnetic coupling type perma-
nent memory3? is shown in Figure 10. The
block diagram has been simplified for compari-
son purposes.. A system of this type is inher-
ently faster than a rope memory system since
it depends on a coupling response proportional
to di/dt and not on the switching time of a
magnetic core. Since the output is dependent
on di/dt, the rise time of the current pulse
must be carefully controlled; in the rope system
such careful control is not required as explained
above. The input to that system is a nine-bit
code. Six bits are used to select one of 64 chan-
nels. The remaining three bits are used to
select one of eight words stored per channel—
this corresponds to selecting one of four words
stored per core in the rope memory system.
There are 41 bits per word. The selection is
accomplished by fragmenting the input as
shown, and decoding each of the three segments

2
BITS SENSE
> | DECODER CINE
B SELECTOR
6
BITS
2| DECODER
l MEMORY
CHANNEL J’
SELECTOR
(DRIVER)
| SEJEE
BIT
oscgoea Ll SEINE
SELECTOR
SENSE
AMPLIFIERS [® QUTPUT

Figure 10. Electromagnetic coupling type permanent
memory system.

in order to select the proper word. The address
must be decoded as in any linear select scheme,
a step not necessary in the rope memory system.

Due to the unique selection scheme employed
by the rope memory and the fact that the toler-
ances on the inhibit drivers are very loose, to-
gether with the relative simplicity of the sense
amplifiers due to the high output levels of the
cores, the component count in such a system
can be reduced by from 309 to 50% as com-
pared to systems using other permanent mem-
ory schemes.

SUMMARY OF CHARACTERISTICS

A summary of various characteristics of the
permanent memory schemes considered is given
in Table III. Unfortunately, certain critical
data is available only for the rope memory, and
while it can be guessed what the comparable
data is for other memory types, a comparison
made on such a basis cannot be considered ob-
jective. For example, no data is available on
the cost per bit of the various memory types
discussed, nor is power consumption mentioned.
In the rope memory, both cost per bit and power
consumption are a function of core type used.
Generally, as the flux is increased (for bobbin
cores) both price and power consumption in-
crease. Within limits, the cost per bit of a rope
memory is the same as the cost per bit of a
coincident current memory. Power require-
ments have been discussed above. Storage den-
sity in rope memories is between 500 and 800
bits per cubic inch.

The cycle times of all but the capacitative
type memory appear capable of some improve-
ment. As mentioned above, the use of linear
ferrites as storage elements should make it pos-
sible to operate rope memories with a cycle time
of 2-4 usec. With regard to peripheral circuitry
necessary to operate the various memories, the
rope offers the greatest simplicity due to its
unique selection scheme.

By adopting special packaging techniques,
the addition of a limited number of data words
is feasible in rope memories. Information can
always be deleted by shorting out the unwanted
core with a single-turn winding; up to ten new
words can probably be put into a 256 core rope
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TABLE III
SUMMARY OF CHARACTERISTICS
Permanent Changing Automatic Bits Per
Memory Data Mechanical | Cycle Mag- Reset Storage |[Addressing
Type Feasible?| Alignment | Time Output { netic}| Required Access Element
ROPE NO Not 6-10 100- | Yes Yes Random 64 Null
applicable| psec | 200mv depending| decoder
on core
CAPACI- YES Critical 200 1mv No No Random 1 Linear
TATIVE psec Select
EM COU- YES | Critical |1 psec| 50mv* | No No Random 1 Linear
PLING Select
PM YES | Critical |5pusec| 4mv |Yes Yes Random 1 Linear
TWISTOR Select

* This valuz is computed and does not take attenuation into account.

to replace information deleted in this manner.
While the other schemes allow wholesale altera-
tion of information, the ease with which this
can be done must be somewhat tempered by the
mechanical alignment which is critical.
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A 300 NANOSECOND SEARCH MEMORY

C. A. Rowland and W. O. Berge
Univac Division of Sperry Rand, St. Paul, Minn.*

SUMMARY

This paper describes a 24 digit, 128 word,
transistorized magnetic thin film search
memory with a 300 nanosecond read cycle time.
With further improvement such a memory
could work with a 100 nanosecond cycle time.
A search or associative memory is one in which
an input word is compared simultaneously with
all stored words; an output is produced on all
words that differ from the input word. Varia-
tions of this memory permit search between
limits by setting up a “don’t care” condition
for some of the stored bits; however, the em-
phasis in this paper is on the equality search.

The writing system described is capable of
doing a complete rewrite of all 128 words in
13 milliseconds; much faster writing systems
are possible. Applications are in sorting, cata-
loging, information retrieval, translation, and
searching.

INTRODUCTION

A search memory is one in which an input
word is compared simultaneously with all
stored words. In a conventional memory one
word line is selected and driven while all digit
lines are driven and the word lines are sensed.
A search may be made for equality or a limited
type of between limits search may be made.
The search memory described here utilizes thin
films of cobalt-iron and of nickel-iron (Permal-
loy). The cobalt film acts as the memory ele-
ment and the Permalloy film acts as the sensor.

*Sponsorship of this work was under the Bureau of Ships.
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The coercivity of the cobalt film is not so high
that transistor writing circuits are out of the
question. A search of all 128 words can be com-
pleted in 300 nanoseconds. Writing is relative-
ly slow and must of course be done one word at
a time; approximately 13.6 milliseconds are
required to write all 128 words in the particular
model described here. Writing times of 4
microseconds/word are feasible.

Theory of Operation

The search memory described here utilizes
BICORE non-destructive readout memory ele-
ments. The BICORE element is a sandwich of
a high coercivity cobalt-iron film, and a low
coercivity permalloy film. Such a film pair has
been described in various publications.l 2 3. 4
The demagnetizing field of the high H, film
(cobalt) biases the low H, film (Permalloy) to
one of two saturated conditions. If the applied
read field aides the demagnetizing field of the
high H, film a small signal will be produced by
the low H. or sensing film. A pictorial repre-
sentation of the operation is shown in Figure 1.

A small transverse field aids in producing
rotational high speed switching of the sensor
or low H,. film. The read bias field (mostly
transverse) can be adjusted to optimize the
“1” to “0” ratio. The total read field must be
small enough so that the data film does not
creep (i.e., gradually demagnetize) and it must
be large enough to produce fast switching of
the sensor film. The following are the approxi-
mate parameters of the film elements used:
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Figure 1. Theory of operation.

Cobalt
Permalloy Iron
Thickness 2500 A° 2500 A°
Coercivity 1.1 oe 30 oe
Anisotropy 5.0 oe 40 oe
Shear Field 2.0 oe 4.4 oe

The optimum read bias field and read drive
field are interrelated and are a function of the
rise time of the read drive pulse. It was found
experimentally that the best results for a 24
digit search memory were obtained with a
transverse bias field of about 5 oersteds and a
read drive pulse producing about 4 to 7
oersteds longitudinal drive with a 10 nano-
second rise time. These conditions result in a
fast rotational switch of the Permalloy film.
The magnitude of both the transverse bias field
and the longitudinal read field is less than 25%
of the magnitude of the cobalt film coercivity;
this is well below the creep region for the data
film (cobalt).

In order to produce a satisfactory non-coin-
cidence to coincidence signal ratio for a 24 digit

search memory in which all digits are examined

simultaneously it is desirable to use two NDRO
or BICORE memory cells per bit. The second
or dummy cell is always set to produce a small
output and thus is used to cancel a small output
from the active cell. In order to produce an
output for both 1’s and 0’s in the case of anti-
coincidence it is necessary to have a comple-
ment non-complement memory. The use of a
complement non-complement memory permits
the search memory to be set to produce an
anticoincident (large) signal for either a “1”

input or for a “0” input. Also particular bits
of a given word may be set to a “don’t care”
condition where neither a “1” or “0” input pro-
duces an output, i.e., both cells produce a small
output; an ignore word condition may be set by
producing an output for both 1’s and 0’s for one
or more of the digits. The “don’t care” condi-
tion is useful for searching between limits.
The “don’t care” condition may be stored as
mentioned or it may be obtained by not pulsing
the digits where “don’t care” is desired. A
type of between limits search may be made by
examining the high order digits and ignoring
the low order digits. Then, a hit on 01011XX
would indicate that the numbers producing the
hit were greater than or equal to 01011XX but
less than 01100XX.

A total of four BICORE memory cells are
required for each bit of memory. An arrange-
ment of memory cells for one bit of search
memory is shown in Figure 2. The digit lines
are the driven lines and the word lines are the
sense lines. The dummy cells are always set to
produce a small cancelling output. For an
equality check one of the active cells is set to
produce a large anticoincidence signal and the
other is set to the complement and thus pro-
duces a small output. If the input word being
searched for contains a “1” in a given digit
the “1” line for the digit is driven and the “0”
line is not driven. Then if a stored word con-
tained a “1” for this digit a negligible output
would be produced from this digit for this par-
ticular word; however, if the stored word con-
tained a “0” a large output would result when
the “1” digit line was pulsed. Because of the
good anticoincident to coincident signal ratio
one anticoincident signal is roughly 4 times the
amplitude of 24 coincident signals so that
amplitude discrimination in the sense ampli-

________

/MRECTION OF READ
BIAS FIELD

“DuMMY CELLS

*f" DIGIT LINE:

" DIGIT LINE
DIRECTION OF
MAGNETIZATION

DIRECTION OF READ
ULSED FIELD

[
TO SE&SE AMP

Figure 2. Arrangement for one bit including comple-
ment non-complement feature.
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fier is relatively simple. The search takes place
on all words simultaneously and a sense ampli-
fier is required for each word.

Physical Characteristics

The magnetic thin film memory elements are
.085 inches in diameter and are spaced on .07
inch centers. The word and digit lines follow
a zig zag path as indicated in Figure 2. These
lines are ".021 inch wide over the films and
.012 inch wide between the films. The drive
and sense lines return under the .006 inch glass
substrates on which the films were deposited.
Each film substrate contains 32 x 24 films; thus
16 substrates are required for a 128 word, 24
digit search memory. Eight substrates are
placed on each of two memory arrays. One
memory array is shown in Figure 3A; each
array is 434 in. by 1114 in. overall without the
wiring fanouts and 714 by 1334 in. overall with
the fanouts. Figure 3B shows a closeup of the
array and one substrate not aligned.

The characteristic impedance of the digit and
word lines are approximately 50 ohms. The
propagation velocity is approximately 4 inches
per nanosecond.

Figure 3A. Memory array.

Figure 3B. Close up of memory array and one sub-
strate.

In order to provide a means of providing read
bias field, write bias field and an erase field, two
bias coils surround the two layers of substrates
and the two memory arrays. These coils are
perpendicular to each other so both direction
and magnitude of the bias field can be con-
trolled. The bias coils are single layer etched
coils having 10 turns per inch. The overall
dimension of the bias coils are 614” X 1334” X
%6” and 7%// X 13%// X 5/8”'

The following circuit elements are required
for the 128 word, 24 digit search memory :

48 Digit Read Drivers
48 Digit Write Drivers
128 Sense Amplifiers
Word Write Circuits
Bias Circuits for Erase, Write, and
Read

Address Encoding
Address Decoding
Read Control
Write Control

Figure 4 shows: (1) a module containing one
digit write driver (48 required), (2) a module
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Figure 4. Photo of memory circuit modules

containing a complement and a non-complement
read driver (24 required), (3) a module con-
taining a sense amplifier (128 required), (4)
a word write pulse generator (8 required), and
(5) a module containing a word write switch
(16 required). Figure 5 shows the complete
128 word search memory including all associ-
ated logic circuits. The complete search
memory measures 26 in. X 24 in, X 7 in.

Digit Circuits

The read driver must be capable of supply-
ing 0.3 amp. pulses with less than 10 nano-
seconds rise time and 30 nanoseconds duration
into a 50 ohm load and be capable of operating
at any repetition rate up to 10 megacycles. The
write digit driver must supply a 2 amp. pulse
of about 2 microseconds duration into an R-L
load of approximately 2 ohms and 3 micro-
henries “average” inductance at a 10 kilocycle
rate; the inductive load is mainly the average
of the inductance of the read transformer which
saturates during the write pulses.

The digit circuits and interconnections are
shown in Figure 6. The read driver contains

Figure 5. Photo of complete Search Memory.

SEARCH DIGIT CIRCUITS

READ

FAN N EQUIV LOGIC 2

e v QUTPUT 300mMa BALANCED
INTO 50 OHMS

FAN IN 172
OUTPUT 2 AMPS INTO
3 OHMS

Riveann L

Figure 6. Schematic of digit circuits.
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three stages—a grounded emitter PNP stage
followed by an NPN grounded collector stage
followed by a PNP grounded base stage. The
read driver is not designed to be on 1009 of the
time; to prevent damage due to accidental turn
on of the read driver, capacitors C; and C. and
resistor Ry are chosen so that no damage to the
driver results from accidental turn on. The
write driver is an NPN saturated inverter fol-
lowed by a complementary Darlington circuit.
The —12 clamp voltage on the first inverter and
the size of R- determine the approximate digit
write current.

The digit lines are floating so that when
reading, the capacitive coupling between the
digit lines and the word lines will be roughly
balanced out. The digit and word lines cross
the films on top and return underneath with
the read pulse being positive going on top and
negative going underneath. The fact that the
capacitance between the lines at the top cross-
ing and at the bottom crossing is approximately
equal produces a nearly balanced condition.
Since the word and digit lines are parallel over
the films it is also necessary to balance out the
inductive coupling; the dummy line is con-
venient for balancing out this inductive cou-
pling between the digit lines and the sense lines.

Word Write Circuit

The word write circuitry consists of a diode-
transformer matrix, 8 pulse current generators
and 16 saturating switches. Each intersection
of the word write matrix is included within a

SEARCH WORD WRITE

| |
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Y e
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Figure 7. Matrix arrangement for word-write.
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Figure 8. Word-write circuits.

sense amplifier module. Figure 7 shows the
matrix arrangement. For writing into the word
lines the current required is 2 amps. into a
resistive load of 0.6 ohms.

The current-pulse-generator circuits and the
switeh circuit used for generating word write
current are shown in Figure 8. A 4:1 current
step up transformer is used at each matrix
intersection so it is necessary for these circuits
to generate and switch 0.5 ampere to produce 2
amperes of write current. The pulses used
have a duration of 2 microseconds. A diode
AND circuit is included on the inputs to the
pulse current generator and the switch; these
AND circuits are used for address translation
and to inject the 2 microsecond write pulse.
The current generator is similar to the digit
write driver in that an inverter with a clamped
output is used to drive a complementary Dar-
lington pair of transistors. The switch circuit
is simply a PNP grounded emitter stage fol-
lowed by an NPN grounded emitter stage.
Capacitor C; is used to prevent damage to the
pulse current generator by accidentally leaving
the circuit on 100 % of the time.

The write circuits for this model were de-
signed to write in one direction only for simplic-
ity and because there was no emphasis on writ-
ing speed. The writing is accomplished in the
following manner:

(1) First all cells are erased by a large cur-
rent (about 6 amps.) through each of the
bias coils. This sets all cells to produce
a small output so that all bits are set
to the “don’t care’” condition.
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(2) The erase field is removed and a write
bias field is applied by sending about 2
amperes of current through each bias
coil in the same direction as the erase
current.

(3) Then writing is accomplished by apply-
ing write currents to one word at a time
by turning on one word write switch, one
word write driver, and either the com-
plement or non-complement write driver
for each of the digits. The fields applied
by the digit and word lines are each 24
of that necessary to write. The bias field
is —14 of the field required to write.

The writing system described here is rela-
tively unsophisticated in that the whole memory
must be rewritten each time a change is made.
Schemes to selectively alter one word can be
devised. With the circuits used here having
very little emphasis on writing speed, an erase
requires 0.5 milliseconds, 0.3 millisecond is re-
quired to establish the write bias, and writing
each word requires 0.1 millisecond. The total
write time for 128 words is 13.6 milliseconds.
Selective writing at 4 microsecond intervals
is feasible with circuits designed to operate at
the higher duty cycle.

Sense Amplifier

The sense amplifier must have the following
capabilities:
1. A very good common mode rejection.

2. Ability to discriminate one anticoincident
signal from 24 coincident signals.

3. Ability to recover from 24 anticoincident
signals in 100 nanoseconds.

The circuit used is shown in Figure 9. To
provide common-mode rejection the input is
through a common-mode transformer into a
differential amplifier. A finer balance is ob-
tained by adjusting the variable resistor on the
input to the amplifier. The second stage of the
sense amplifier has enough dynamic range for
24 anticoincident signals. This stage feeds into
a back-to-back backward diode circuit which
rectifies the signal and attenuates the large
signals. Because the signal is bipolar and be-
cause the backward diode circuit is fairly
symmetrical very little bias shift is en-
countered. The backward diode circuit feeds
an emitter follower which is followed by the
final inverter stage. The memory output pulse
is provided for the anticoincident case although
it would be more desirable to provide an out-
put for the coincident case; an output for the
coincident case can be provided by using the
sense amplifier output to inhibit a strobe by
using a 2-input logic AND circuit.

Waveforms

Figure 10 shows typical outputs at three dif-
ferent points on the sense amplifier: (1)
Clipped output of 2nd class A stage, (2) In-
put to the 3rd stage emitter follower, and (3)

Rl RI2 Ri4 3RIE

WORD WORD
WRITE WRITE
INPUT  QUTPUT

R —bl ca ouTRUT
| L @cm s

= RI3 RIS

INPUT 5 MILLIVOLT
OUTPUT LOGIC LEVEL FAN OUT |

Figure 9. Sense-amplifier schematic.
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Figure 10C. Outputs from sense amplifier.

Sense amplifier output. The outputs are shown_
for the following conditions: (a) matched, (b)

one mismatch, (¢) 2 mismatches, and (d) 24

mismatches. Ringing on some of the word lines

prevents operating at the maximum rate of 10

megacycles. However, with a little more im-»
provement operation at this rate will be pos-

sible.

Applications

Applications of search type memories are in
sorting, cataloging, information retrieval,
translating, and searching. A specific applica-

tion is in radar track correlation. A search
memory can compare a radar return with all
the tracks stored in one search time which may
be as fast as 0.1 microsecond. Automatic ab-
stracting is another specific application for
search type memories. In this case the search
memory is used as a dictionary that contains
a list of key words. The contents of the docu-
ment are compared with this dictionary and if
any of these key words are found in the docu-
ment, they are placed in an abstract.

CONCLUSION

The BICORE thin-film memory cell is a
practical device for making search or associa-
tive or content addressable type memories.
With presently available transistors a complete
search on all words may be completed in 300
nanoseconds and with reduction in ringing of
the word lines a 100 nanosecond cycle time
should be realized.
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INTRODUCTION

The use of thin magnetic film memories for
high speed computers has been well established.
More recently, efforts have been made to adapt
thin-film memory elements for operation in a
phase script mode by using drive fields at two
different frequencies to switch and read the
state of the memory element. The resulting
memory system is uniquely suited for operation
in a parametron computer where information
exists as a phase state rather than an ampli-
tude state.

Work by E. Goto at the University of
Tokyo,'V and a disclosure by W. E. Proebster
of IBM 2 illustrate some of the techniques pro-
posed. An alternating field, at half the sub-
harmonic frequency of the parametron machine,
is applied in the transverse direction. The
simultaneous application of an appropriately
phased sinusoidal field in the easy direction, at
twice the frequency of the transverse field, will
cause the magnetic vector to creep to the op-
posite state, or remain in its initial state, de-
pending on the phase of the easy direction field.

WRITING OPERATION

If two si.nusoidal and orthogonal magnetic
fields at frequencies f and f/2 are simultane-
ously applied to the film, the resultant applied
field

67

> > >
H g H easy —+— Htransverse

creates an imbalance that is able to switch the
magnetic vector by ecreeping. Operation in this
mode has the inherent limitation that many RF
cycles are required to change the state of the
magnetic film, resulting in a long write time.
This was a major drawback in the “dual-fre-
quency” operation utilizing ferrite cores, al-
though the magnetic principles involved were
somewhat different.®

It would be desirable to cause ﬁ to cross the
switching threshold in one direction and to re-
main well below the threshold when it is re-
versed. This may be accomplished by increasing
the amplitude and asymmetry of the transverse
field, perhaps by adding some second harmonic
in such a way as to cause a flat part on one half
cycle and a peak on the other. However, there
is still a problem of specifying and controlling
tolerances of the creep threshold, as yet a re-
quirement beyond the state of the magnetic film
art.

In addition to these problems, there are seri-
ous circuit complications with the use of a sinu-
soidal word field in a dual-frequency memory.
An economically feasible system requires some
sort of matrix selection scheme for the word
lines. Eariy ferrite core dual-frequency memo-
ries'® required one word driver per word—a
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prohibitive expense for a large (>1,000 words)
memory. A row-column selection system allow-
ing linear select operation would be more desir-
able. The circuitry to provide sinusoidal word
currents for such a matrix is very complex.

A new technique has been developed by the
writers which utilizes appropriately timed uni-
polar pulses applied in the transverse direction.
These are at the same rate as the accompanying
sinusoidal field applied in the easy direction.
This technique has the advantage that the
pulses may be shaped and timed (Figure 1) so
that the trajectory of the applied H-vector in
the H;-H. plane has only one crossing point on
the switching threshold curve as may be seen
from Figure 2. This eliminates undesirable
creeping. The obvious additional advantage is
that, since only uni-polar pulses are required in
the word line, simple row-column selection cir-
cuits (commonly used for a linear select
memory) are suitable. Since pulses of only one
direction are supplied to the word line, only one
line isolation diode per word is required.

A major advantage of the new mode is that
creep phenomena are not required for writing.
Rotational switching occurs within the dura-
tion of one uni-polar word pulse. This elimi-
nates one major drawback of previous dual-
frequency memories—limited speed writing.

READ OPERATION

For sensing the state of the memory element,
only the field in the transverse direction is
applied. This operation is similar to that found

\
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Figure 1. Unipolar H; Pulse and Sinusoidal H,.
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Figure 2. Locus of Applied Field During Write Cycle

ﬁ
with Unipolar H,.

in conventional film memories. The read field
may be the same uni-polar pulse required for
writing. On the rise of the transverse field, the
magnetic vector rotates clockwise or counter-
clockwise, depending on the direction of mag-
netization of the film (Figure 3). On the fall
of the field, it returns to its original position.
The flux change produces an output signal as
in Figures 4a and 4b. It may be seen that,

CIRCUMFERENTIAL
EASY DIRECTION

SEGMENT OF
CYLINDRICAL
THIN FILM
ELEMENT

Figure 3. Derivation of Readout Signal.
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Figure 4b. Phase S2ript Readout Waveforms.

depending on the state of the film (1 or 0), the
two outputs will be mirror images of each other.
Since a train of uni-polar pulses is applied for
readout, a train of pulse pairs at the same PRF
appears on the readout line. It may be readily
seen that this waveform contains phase infor-
mation which may be used to lock a parametron
operated as a sense amplifier.

It should be noted that this technique is
equally suitable for the various physical forms

of thin-film memory elements, i.e., films de-
posited on eylindrical wires with either an axial
or circumferential easy direction, or on a flat
film array. It is also noteworthy that this tech-
nique of operation preserves the inherent capa-
bility for NDRO operation since the read field
is applied only in the transverse direction, and
if it can be kept below the worst-case creep
threshold of the film, nondestructive readout
may be obtained.

One design requirement of the memory ele-
ment is a certain degree of NDRO capability,
since a finite time is required to lock a para-
metron sense amplifier to the desired phase. If
creep, due to a transverse field, is possible, it
must be such that the output signal is available
for a sufficient number of read pulses (typically
10-20) to allow the sense amplifier parametron
to lock into the required phase state.

USE OF COMMON PARAMETRON FOR
SENSE AMPLIFIER AND DIGIT DRIVER

A major advantage of this type of memory is
the potential use of a single parametron for
both the sense amplifier and the digit driver.
The operation is as follows: the flux change
caused by the word current flowing in the word
line at read time causes readout signals to ap-
pear on the sense line either in ‘“one” phase or
“zero” phase. These are then fed by an appro-
priate matching network to a parametron oper-
ating as a sense amplifier. When properly
clocked, this readout signal forms the “seed” to
lock the sense amplifier parametron and allow
it to build up to steady-state with the phase of
the readout signal. This parametron may be
designed so that it ecan supply sufficient current
into the digit line to automatically rewrite (in
conjunction with applied word current which
is simultaneously present) the information
which had been read out. This action yields
automatic read-restore operation, i.e., any read
cycle automatically becomes a read-restore
cycle, greatly simplifying the memory organiza-
tion and giving, in essence, the system equiva-
lent of NDRO operation without stringent
creep and threshold requirements on the film
memory element. However this technique poses
practical problems because of a phase difference
between readout signal and required digit cur-
rent.
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Japanese workers ®) had considered the above
technique in early dual-frequency core memo-
ries; however, it was not commonly practiced
because the optimum phase angle for the digit
current normally developed by the parametron
was different from that of the memory readout
locking signal, and a phase correction was
necessary. Separate parametrons for the digit
driver and the sense amplifier, coupled by buffer
parametrons to absorb the phase error, were
usually employed.

The use of a single word current source,
switched under address control to the various
word lines (as used in a linear selection
memory), allows a very simple arrangement to
provide the phase correction. The uncompen-
sated phase angles of the various signals may
be seen in Figure 5. Notice that the funda-
mental component of the readout signal is at
90° phase angle (Figure 5d) with respect to
the normal buildup phase of the parametron
(Figure 5a). This is in the worst possible phase
for locking the parametron and minimum sensi-
tivity would result.

The readout signal must, therefore, be
shifted by 90° before it appears as a “seed”
signal for the parametron. While it is possible
to shift the phase of each readout signal or of
each writeback digit current, a much simpler
arrangement is to apply the phase correction to
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Figure 5. Timing Relations for Read-Out Phase Cor-
rection.

the word current itself. This may be accom-
plished by delaying the burst of unipolar pulses
used for readout by the necessary amount (25
nsecs at 10 me) to compensate for the 90° phase
shift. This has the effect of shifting the sense
output 90°. The burst of word pulses for the
write operation is supplied without the 25
nsec delay. This is preferable to operating on
the digit currents since only two word current
sources are necessary; one with the correct
phase for read and a second with the correct
phase for write, while a phase fixup in the digit
circuitry would be necessary at each digit plane
in the memory.

MEMORY STACK DESIGN

Considerations of demagnetizing fields and
their effect on the threshold characteristics of
the memory element led to the use of a cylindri-
cally-oriented permalloy plated wire. To pro-
duce the plated memory elements, a 10-mil
beryllium-copper substrate is electroplated in a

continuous process with a 10,000 A coating of
cylindrically-oriented permalloy. The H. of the
plated wire (in the cylindrical direction) is
approximately two oersteds. The transverse
loop shows an H, of approximately four oer-
steds, with good closure of the loop to satu-
ration.

Memory organization with a cylindrical easy
direction requires that the word current gen-
erates an axial field. An efficient approach is
an array of very small solenoids of the type
developed previously for the Rod  memory.®
The memory stack thus consists of planes of
encapsulated solenoids stacked together, with
the plated wires inserted into the solenoid aper-
tures, and connected end to end in an appro-
priate noise-cancelling arrangement. The plated
wires themselves become the digit lines. Read-
out is obtained from, and digit drive is applied
directly to, the plated wire lines.

The small diameter of the memory element
(0.01”) requires ~ 60 ma/oe for generation of
a circular field (digit), which is easily provided
by cylindrical thin-film parametrons.(® The
word solenoids require approximately 15 ma/oe
to generate the transverse field. Figure 6 is a
diagram of the stack arrangement, and Figure
7 is a photograph of a stack of 512, 26-bit words.
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The word lines are selected on a row-column
basis, both ends of the lines being switched. To
reduce loop inductance in the word line, a con-
nection to the far end of the word line at the
last solenoid is brought back directly under all
solenoids of the same word. This places the row
end of the word line close to the column end.

The sense-digit line must be treated as a
transmission line, and phase errors resulting
from reflections must be considered. With a
conventional pulse memory, the sense line is
normally terminated in its characteristic im-
pedance. In this case the line has a resistive
input impedance. An unusual advantage results
from the use of parametrons as digit drivers.

Since the digit current is truly sinusoidal, the
line then may be treated on a single frequency
basis rather than considering all spectral com-
ponents of a pulse. The far end of the line may
be short-circuited and a standing wave deliber-
ately set up on the line. Since the line is short
compared -to the wavelength at 10 megacycles,
the standing wave ratio is low (approximately
1.1:1). Thus, only a 10% difference exists be-
tween digit current in the near and far ends of
the line. This has been shown to be within
acceptable limits. The spatial current distribu-
tion is such that the current has the same phase
angle everywhere on the line. This tolerance is
perhaps more iniportant than that of amplitude.

Since the line now has no terminating resist-
ance to be driven, only sufficient power to over-
come line losses is required. This greatly re-
duces (by an order of magnitude) the power
necessary from the digit driver and allows the
use of a simple parametron for this purpose.
The inductive input impedance of the shorted
line is tuned out with a capacitor, therefore a
resistive load is presented to the parametron.

An interesting sitvation occurs when the
digit line is driven in the manner described
above. With reference to Figure 8, one may see
that the digit current circulates in a loop, i.e.,
in the upper segment of the line, it circulates
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Figure 8. Digit Drive and Sense Output Polarity Rela-
tions on Sense-Digit Line.
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in one direction, and in the next segment of the
line, it circulates in the opposite direction. This
causes opposite directions of the magnetic vec-
tor for storage of a “one” and a ‘“zero” on
adjacent pairs of plated wires. This is desirable
if the input transformer for the sense-digit
parametron is a differential transformer (re-
quired to reduce common mode noise). With
reference to Figure 8, one sees that correct
sensing of the output signal occurs and no com-
pensation is necessary for the fact that the
direction of a “one” (or ‘“zero”) alternates for
“odd” and ‘“‘even” words, as a result of the
balanced sense-digit line.

Digit-plane to digit-plane coupling is often
a source of difficulty in fast memories. A high
degree of cancellation of this type of coupling
is obtained in two ways: by sufficient spacing
between adjacent digit planes and also by con-
necting the lines in such a way that the total
flux induced in one line by the current in the
other tends to cancel.

Four different line configurations (shown in
Figure 9) are used in such a way that any pair
of the four are non-interacting. By using
groups of these four configurations, interaction
occurs only between lines separated by four
spaces, greatly reducing the effect. Each digit
line, in turn, is balanced so that capacitive noise
from the word lines is also cancelled by the
differencing action of the parametron input
transformer.

Another very unique advantage with the use
of sinusoidal signals for driving and sensing is

PLATED WIRES

SENSE AMPLIFIER-DIGIT DRIVER
PARAMETRON

Figure 9. Non-Interacting Digit Planes.

the complete absence of pattern sensitivity for
transformer coupling. A sine wave burst, the
wave form of the sense signal and the digit
current, may be passed through a transformer-
without level shift since there is no de-base line
component generated. This allows much
greater freedom in the use of transformers for
coupling in and out of the stack, greatly im-
proving isolation and reducing ground noise.

MEMORY SYSTEM DESIGN

Figure 10 is a complete block diagram of the
memory. In the interest of improved speed and
since the actual word currents are pulses rather
than sine waves, conventional row and column
decoding to ‘a matrix of saturated transistor
switches is used. Diode logic is used to decode
the addresses which are developed by para-
metron flip-flop registers driving phase-to-de

converters.
y
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J ]
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Figure 10. Block Diagram of 512 Word, 26 Bit/Word
System.

Since only one word line at a time is ener-
gized, the read-write current source is simpli-
fied ; the pulse current required is on the order
of 100 ma at a 10 me PRF. Figure 11 illustrates
the system techniques of generating the read
and write word trains with appropriate 25 nsec
delay to allow optimum phase fixup for reading.
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The digit parametrons are special, cylindrical
thin-film parametrons, pumped at 20 me (10 me
subharmonic) and operated in such a way as to
produce approximately 100 ma pp of digit cur-
rent in the line. The digit parametron also
operates as a sense amplifier and is part of a
three-parametron chain which forms the input-
output register. Figure 12a is a schematic
representation of the digit circuit.

For readout, it is necessary to insure that the
sense output is the only locking signal present.
This is conveniently done by cancelling the in-
put signal from the Beat I parametron by ap-
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Figure 12a. Sense Amplifier-Digit Driver Parametron
Schematic.
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LOAD 0"
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Figure 12b. Sense Amplifier-Digit Driver and Input-
Output Register Logical Diagram.

TO DIGITLINE

propriate logical gating, as shown in Figure
12b.

If a “write only”’ command is to be executed,
information is loaded into the register element
at the appropriate time to cause the digit driver
parametron (Beat II) to be at steady-state in
the proper phase when the write word current
is turned on.

Figure 13 is a detailed timing diagram for
the memory.

The basic memory cycle is five microseconds
to be compatible with the 200-kc data rate of
the parametrons described in a companion
paper.®)

CONCLUSIONS

The principles of a new technique for using
a thin magnetic film as a phase-script memory
element have been presented. The use of cy-
lindrically-oriented permalloy plated wire re-
sults in a simple, inexpensive memory element,
with many design advantages.

Departures from previous phase-script mem-
ory techniques are the use of transverse
switching with a umi-polar word pulse of the
same PRF as the sinusoidal digit drive for fast
writing. This eliminates the necessity for mag-
netic “creeping” and long write times previ-
ously encountered in other phase-script mem-
ory systems. The use of the uni-polar waveform
for the word pulse eliminates the need for a
word pulse PRF half that of the digit current,
makes a simple row-column linear-select matrix
possible, and allows generation of phase-script
readout based on the fundamental harmonic
component of the complex sense signal which
may be used to lock a parametron operated as
a sense amplifier. By a simple system artifice,
an unfavorable phase relation between the
readout sense signal and the required digit
current may be corrected and an automatic
read-restore cycle obtained by the use of a
common parametron for the sense amplifier
and digit driver.

The design of a 512 word (26 bits/word)
memory has been described. The use of small
multi-turn solenoids encapsulated in planes and
assembled in arrays to form the memory stack
allows reduction of word currents to moderate
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levels allowing simple transistor circuitry to
be used. Diode logic has been used for the word
decoding to achieve higher speed. It is entirely
possible that an all-parametron address decod-
ing could be utilized at the expense of speed.

Considerable sophistication has been shown
necessary in the design of the sense-digit line,
but the single frequency operation of this line
allows many simplifications over conventional
pulse memories.

It is believed that concepts leading to a low
cost, moderate speed, yet highly practicable
thin-film memory, that is ideally suitable for
parametron computing systems, have been pre-
sented.
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LAMINATED FERRITE MEMORY

R. Shahbender, C. Wentworth, K. Li, S. Hotchkiss, and J. A. Rajchman
RCA Laboratories
Princeton, N. J.

I. INTRODUCTION

This paper describes a random access mag-
netic memory consisting of a monolithic sheet
of ferrite with embedded conductors made by
a simple batch fabrication technique: lamina-
tion of ferrites. Its tightly packed elements
with closed flux paths of only two to three mils
in equivalent diameters are the smallest yet
realized by any technique, This smallness is
being exploited for high speed. Cycle times
as short as 100 nanoseconds have been demon-
strated. The smallness of the elements leading
to modest drive requirements of only a few
tens of milliamperes combined with the inher-
ently low cost “integrated” batch fabrication
technique opens the possibility of low cost
memories of very large capacities: tens or hun-
dreds of millions of bits. A significant cost
reduction for the whole memory system is pos-
sible because this type of “integrated” mag-
netic structure lends itself particularly well
to be integrated with integrated semiconductor
driving and sensing circuits.

A few general remarks may help to set the
subject in perspective within the fast advancing
art of computer memories. The usefulness of a
digital computer depends to a large extent on
the speed and storage capacity of its random
access memory. In general, the maximum
attainable capacity decreases with increasing
speeds.! Capacities in the range of a few mil-
lion bits at a cycle time of a few microseconds
have been obtained with ferrite cores.

Recently, the feasibility of a 100 ns cycle
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time, i.e., 10 Mcps repetition rate, ferrite sys-
tem was established? and microferrite mem-
ories with a cycle time of 375 ns are com-
mercially available.? These results have ex-
tended the usefulness of the well established
ferrite technology to high speeds which were
the original goals motivating much of the
efforts with thin magnetic metallic films. The
result in the case of ferrite is obtained by
miniaturization of the element and the density
of appropriate “printed” microsceopic windings.
Impulse or partial switching is used in addition
to miniaturization to further reduce the mag-
netic size of the storage element below its
physical size. In a sense, the laminated tech-
nology presented here is a culmination of our
recent efforts® 3 to reduce the element size by
providing a single means of making small ele-
ments and 21l necessary windings.

Elements with closed magnetic paths can
provide a relatively higher ratio of sense volt-
age to drive current than open flux path ele-
ments. Furthermore, there are no limitations
to geometrical shapes due to demagnetizing
effects, and there are no fringing fields limit-
ing packing density. To obtain some of these
benefits with thin film technology, paired
patches are resorted to in many of the more
recent approaches.4

The successful development of integrated
magnetic structures with elements having
closed magnetic flux paths includes the aper-
ture ferrite plate, the FLEA permalloy sheet,$
and the waffle iron memory.” It is believed that
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the laminated ferrite memory is a further step
in this integration providing smaller elements
at much lower cost.

The paper describes the fabrication methods,
the results obtained with the magnetic struc-
tures and some speculations on the possibility
of integrated semiconductor drives.

II. ORTHOGONAL ARRAY STRUCTURE

The laminate technology permits a great
flexibility of geometries of the windings. The
simple orthogonal winding structure shown in
Fig. 1 is particularly suited for high speed and
is described in detail in this paper. In this
structure two orthogonal sets of conductors,
an X-directed set and a Y-directed set, are em-
bedded in a sheet of square loop ferrite. The
conductors are electrically insulated from one
another by ferrite. Each cross-over point, be-
tween an X and a Y conductor, is a storage
location. For high speed the array is operated
using impulses switching in a word organized,

’—\ [0

.0005
1 {0004
===—_%‘ o ]
0025 _ —L.OOZ
00

Figure 1. Laminated Array Structure.

two cross-overs per bit mode, analogous to the
word organized two cores per bit® mode of
conventional arrays. The word current (read-
write) is applied to an X-winding, and the Y-
windings are used for both digit and sense.

The experimental arrays fabricated to date
have a capacity of 256 crossovers (128 bits
equivalent to 16 words of 8 bits each). The
overall thickness of the ferrite laminate is
approximately 5 mils and the conductor spac-
ing, for both the X and Y conductors, is 10 mils.
The conductor cross-sectional dimensions are
approximately 2.5 X 0.7 mils.

III. MEMORY FABRICATION
TECHNOLOGY

The basic operations involved in the fabrica-
tion of a laminated memory array are: “Doctor
Blading,” “Laminating and Sintering,” and
“Conductor Screening.”

1. Doctor Bladed Ferrites

The “doctor blading” technique (DB for
short) for fabricating sheets of ferrites con-
gists of preparing a slurry of the desired fer-
rite powder and appropriate organic binders.
The slurry is spread in an even layer on a glass

Figure 2. Doctor Blading Ferrite.
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substrate by the sweeping action of a blade,
called a “doctor blade,” held at a constant dis-
tance above the glass surface as shown in Fig.
2. The sheet is air dried and peeled off the
glass surface.

The 60-cycle hysteresis loops for toroids of
the same composition fabricated conventionally
(dry pressing) and by DB, and fired simultane-
ously are shown in Fig. 8. The saturation flux
for both types of cores is essentially the same.
The coercive force for the DB cores is some-
what higher than that for the dry-pressed
cores, when both are fired under the same con-
ditions. However, by modifying the firing
schedule for the DB cores, the resulting char-
acteristics are the same as those of dry-pressed
cores. The pulse behavior of DB cores is again
essentially the same as that of dry-pressed
cores (equal switching coefficients).

2. Laminated Ferrites

Monolithic structures with embedded con-
ductors are fabricated by laminating together

Figure 3A. Hysteresis Loop of Pressed Ferrite Core.

Figure 3B. Hysteresis Loop of Doctor-Bladed Ferrite
Core.

the required number of sheets. This is accom-
plished by pressing green sheets together at
moderate pressures and temperatures which
are not too critical. A simple hydraulic press
with heated platens is adequate for this pur-
pose. The ferrite sheets are sandwiched be-
tween two aluminum blocks as shown sche-
matically in Fig. 4, and placed between the

P4

0n

i
REGISTRATION PINS
FERRITE LAYERS

OPTICALLY POLISHED
MYLAR snénms

*  ALUMINUM PLATES

Figure 4. Laminating Jig.

heated platens of the press. Pressure is applied
for a few minutes after the block temperature,
as monitored by a thermocouple, has stabilized.
The laminated sheets are next sintered in a
controlled temperature furnace.

Multiple lamination was tested with many
layers. For example, a sample in which a total
of 60 sheets, each of 2.5 mils thickness, was
successfully laminated and fired. Fig. 5 shows
a micrograph of a section through the sample
which contains an 8 X 8 matrix of embedded
conductors whose ends can clearly be seen. In-
spection of the micrograph shows a uniform
ceramic body with no delamination marks.
Magnetic testing of this and similar samples
in which the flux is switched across the lami-
nating plane leads to the same results as when
the flux is switched in the plane of the original
doctor bladed ferrite sheets. In other words,
a truly uniform isotropic material is obtained.

Experiments with dimensional stability were
made using sheets 57 X 10” and thicknesses
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Figure 5A. Thick Laminate.
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Figure 5B. Thick Laminate.

varying from 0.1 to 10 mils. It was found
that properly sintered samples cut from these
sheets could be relied on to have all their di-
mensions within =5 per cent. Better tolerances
were obtained under special conditions. For
example, the sample of Fig. 5 had spacing
between conductors as shown in Fig. 6. It is
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Figure 6. Dimensions of Thick Laminate.

seen that variations in spacings are only +=0.5
mils for a nominal spacing of 0.025”,

3. Conductor Screening

The technique developed for forming conduc-
tors as an integral part of a “green” ferrite
sheet is similar to the familiar “silk sereening”
process. A photo-formed metal mask is laid
on a glass substrate and a paste consisting of
the required metal powder and a binder is
squeegeed through the mask onto the glass
substrate. The mask is then removed leaving
the required conductor pattern on the glass
surface. Ferrite is doctor bladed on the glass
substrate over the conductor pattern. When
peeled off the glass the ferrite sheet contains
the conductors intimately embedded in it and
flush with its surface. Similar ferrite sheets
with conductors, or spacer sheets without con-
ductors, are then laminated, as described above.
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On firing, the conductors sinter along with
the ferrite.

Conductor dimensions as small as 1.3 X 0.5
mils in cross section shown in Fig. 7, with a
resistance of 2 ohms per inch, have been ob-
tained. For most of the arrays tested, the con-
ductor cross section is 2.5 X 0.7 mils, shown
in Fig. 8, and their resistance is 3 ohms per
inch.

IV. ORTHOGONAL ARRAY FABRICATION

A number of experimental arrays 16 X 16
were made. The orthogonal array structure,
as shown in Fig, 1, is fabricated by laminating
three sheets of doctor bladed ferrite in the
order shown in Fig. 9. The top and bottom
sheets, with a “green” thickness of approxi-

Figure 7. 1.3 x 0.7 Mil Conductor Section.

Figure 8. 3.0 X 0.8 Mil Conductor Section.
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Figure 9. Laminate Details.

mately 2.5 mils, contain conductors spaced 13
mils apart.

The center sheet is 0.5 mils thick and con-
tains no conductors. Sixteen. mil diameter
holes are gang punched in each sheet in the
patterns shown in Fig. 9. The rows of holes
are used as access to the embedded conductors.
The corner holes are used for registry during
assembly and match the pin locations in the
laminating jig of Fig. 4. After sintering, the
ferrite laminate shrinks to the dimensions
shown in Fig. 1 (overall thickness approxi-
mately 5 mils, conductor spacing 10 mils).

Interconnections to the embedded conductors
are provided via the plastic film with etched
conductors shown in Fig. 10. The conductors,
spaced on 10 mil centers, overhang the plastic
film and are positioned over the access holes.
They are then manually soldered in place. Fig.
11 shows a 16 X 16 array mounted on a printed
circuit board ready for testing. Fig. 12 is a
magnified X-ray photograph of an array. Fig.
13 is a partial cross section showing some of
the embedded conductors which shows the
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Figure 10. Interconnecting Conductors.

Figure 11. 16 X 16 Array Mounted for Test.

monolithic nature of the ferrite without any
trace of the lamination.

V. OPERATING MODE

The memory is word organized and two
crossovers per bit are used. In this mode all
bits of a selected word are subjected to the
same read-write current pulses. The best digit
drive techniques? found consist of applying a
unipolar digit pulse to either one or the other
of the two crossovers of a bit in time coinci-
dence with the write pulse. In other words,
if the two crossovers of a bit are labeled A
and B, crossover A is digited with say a posi-
tive pulse to write a binary “1” and crossover

IOMILS (TYPICAL)

Figure 12. Magnified X-Ray Photo of Array.

Figure 13. Micrograph of Partial Cross Section of
Array.

B is digited with a positive pulse, also, to write
a binary “0.”

Sensing is differential in that the output
sense voltage obtained during the read is the
difference between the two voltages induced
along the digit sense windings linking the two
crossovers of a bit. Different polarities of volt-
age correspond to the two binary states.

Because of the orthogonal disposition of
word and digit conductors, word read-write
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currents switch flux along a selected word con-
ductor that does not link the digit conductor.
A digit pulse applied to a digit conductor in
time coincidence with a write pulse switches
a component of flux mutual to both the word
and digit conductors at the corresponding
crossover point. The application of a read
pulse switches this mutual flux and induces a
sense voltage in the digit winding. The polarity
of the induced sense voltage is determined by
the polarity of the applied digit current.

Operation of a bit may be visualized with
the aid of the vector diagrams shown in Fig.
14. The flux switched by the word write cur-
rent in the vicinity of a crossover point may
be represented by the vector ¢,. The magni-
tude of this vector is proportional to the flux
contributing to the bit operation. The direction
of this vector is normal to the plane of the flux
itself, and using the right hand rule convention,
is in the direction of the current establishing
the flux. The application of a digit current in
time coincidence with the write pulse causes
the vector ¢, to tilt to ¢, in the direction of the
digit current, i.e., to have a component in the
digit direction, as shown in Fig. 14.

/QiSIT -SENSE

I READ l ﬂ
- ~—READ-WRITE
I WRITE l l H
I DIGIT
A B
e
|
% 4
“I" STATE
A B
4" <—f—-—»¢n ¢,,, m——'ﬂ
%
“0" STATE

Figure 14. Flux Vector Diagram.

Application of the word read current re-
verses the flux vector ¢, to the position ¢, re-
sulting in a sense output. Increasing the ampli-
tude of the digit current relative to the write
current increases the tilt angle and correspond-
ingly the sense output. The amplitude of the
digit current is limited by its disturbing effect
on the stored information.

VI. SYSTEM ANALYSIS

The high speed performance of the orthog-
onal array structure may be predicted from
the known ferrite characteristics and some
simplifying assumptions. Starting with the
switching equation?:

Ts (H—H() == Sw

where T, — switching {ime
H — applied magnetic reversing field
H. = coercive field of ferrite used
S, = switching coefficient of ferrite used

An estimate of the required word writing cur-
rent may be made. For optimum operation the
write current magnitude is adjusted to com-
pletely switch along the perimeter of the word
conductor and partially switch beyond. From
the switching equation the optimum write cur-
rent I is:

S
I, = 2« R(,[ T+ H]

where 2 R, = cross-sectional perimeter of the
word conductor.

The amount of inelastic flux partially
switched by the word write current per cross-
over (flux vector ¢, in Fig. 14) may be esti-
mated by assuming an inverse relationship be-
tween flux switched and switching time. In
other words, if B, is the remanent saturation
flux of the ferrite, then the flux B partially
switched by I, at a radius r is:

B =K
r

The proportionality constant K is determined
from the condition that at
B = B..

The total inelastic flux switched by I, per
crossover is:

r—_—RO,
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R
B.. R
Pw = Kl _f le‘ = KIB, Ln R,

0

where R = outside radius to which flux is
switched
1 = spacing between conductors

The back voltage V., induced on the word
drive line per crossover due to the write cur-
rent switching the inelastic flux from —¢, to
+¢w, and assuming a peaking factor of 2, is:

v 2(2¢v) -

w — TN
For the sample assumptions, the back volt-
age V.. due to the elastic flux switched by the
word write current is:

44, 1—S
T. S
where S — squareness ratio of the ferrite de-

fined as the ratio of the reman-
ance flux to the saturation fiux

Vwe -

The digit current causes the flux vector ¢,
(Fig. 14) to tip through an angle 4, which for
small 4, is:

p ot
I“'
The flux contributing to the sense output is:
Id
(;bs = ¢w tan 6 ~ ¢w _I

The expected sense output voltage V. due
to the switching of the flux ¢. by a read cur-
rent I, from ¢, to a neutral state (assuming
the same peaking factor of 2) is:

V 2¢- Ir . 25]5\‘: ItlIr

T I, T T. I
The value of digit current I,, at which dis-
turb effects are initiated is determined by the
coercive force of the material. For this digit
current to disturb stored information it must
switch flux linking the word conductor. The

minimum path length P along which this occurs’

is defined by the conductor dimensions and
their separation:

P — 2w + 4t + 2d

where w = conductor width
t = conductor thickness
d = separation between conductors

The disturbing digit current is given by:

Idm cc H(P

Digit current values greater than I, may be
used if a slight disturb in sense outputs can
be tolerated. This is especially true in a system
where the sense outputs are bipolar.

The back voltage induced on the word line,
per crossover, due to the read current 1. switch-
ing both inelastic and elastic flux is:

I.
Vr — (V\\ + V\w) _I'—

w

To the above must be added the resistive drop
in the conductor to compute the required driv-
ing voltage.

For the ferrite selected for the laminated
memory,? and for 100 nanoseconds cycle time,
the following values may be used in the pre-
ceding equations:

H. 1 oersted

0.3 X 10—% oersteds-seconds
103 Gauss

30 x 10—° seconds

0.7

2.5 mils

0.5 mils

Hp

I [ O [ T A

+ & W

5 mils
%

1.75 mils
0.4 mils

10 mils

Substituting these values in the above equations
leads to

=
I

— o
I

I, = 132 ma

¢w = 3.6 X 10—2 maxwells
V, = 4.8 X 10—2 Volts

Iiw = 16 ma

Assuming a read current of 300 ma, and a digit
current of 20 ma, the sense output and back
voltage per crossover are

Vs 8.3 X 10—3 Volts
V. 1.56 X 10—! Volts
The characteristics of the digit-sense wind-

ing may be estimated by computing L, the
distributed inductance per crossover, and C,
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the distributed capacitance per crossover, in
addition tc the crossover capacitance. These
quantities are:

R
Lc fL]LnE
A W1
Ce-g+x
where
« = small signal relative permeability of
ferrite
¢ — relative dielectric constant of ferrite
A =— w? = crossover area between a word

and a digit conductor

The characteristic impedance Z,, and delay
per bit r, for the sense digit line are approxi-
mately given by :

Z, = \/—% ohms

ra = VLC seconds

For the ferrites used in the laminated mem-
ory and at frequencies compatible with 10 Mcps
operation, the following values may be used:

0.

ra = 1.4 % 1011 geconds/bit

w = 100
e = 10
leading to:
L = 3 10— Henry
C = 6.6 X 10—* Farad
Z, = 214 Oth

VII. EXPERIMENTAL DATA
A. Ferrite Composition

The composition selected for the high speed
laminated array is the same as that in use for
the previously developed high speed ferrite
memories.2- 3 The switching coefficient for this
material is 0.3 oersteds-microseconds, the co-
ercive force is 1.0 oersted, the Curie tempera-
ture is 100° C, and the squareness ratio is 0.7.
The magnetic characteristics achieved with this
material using doctor blading and laminating
techniques are identical to those of convention-
ally processed toroids.

With different materials other operational
characteristics could be obtained. For example
power requirements can be very low using a

switchable ferrite with low coercity, e.g., half
an oersted. Also, recently developed wide tem-
perature range material could be used.?

B. Array Operation

Three basic pulse programs are used to evalu-
ate the performance of an array. These are:
1. Alternate “One-Zero” read-write.
2. Alternate “One-Zero” read-write with
disturbs.
3. Mixed “One’s and Zero’s” read-write with
disturbs.

These programs are provided by a set of
transistor drives (described in detail in refer-
ence 2) triggered by commercially available
10 Mecps logic building blocks. The read-write
and digit pulses are of adjustable amplitude,
30 nanoseconds wide at the base with a maxi-
mum repetition rate of 10 Mecps.

Fig. 15 shows the circuit layout used to test
the array operation. Individual words are con-
nected to the read-write drivers, and digiting
is accomplished via the resistors connected to
the sense-digit lines. A sense output trans-
former with a 1:1 turns ratio (10 turns on
each side) wound on a ferrite bead is used to
obtain the difference signals. The reactance of
the transformer is considerably higher than
the impedance to ground presented by the
sense-digit lines for 16 X 16 arrays. Thus the
shunting effect produced by the transformer

SENSE

m OUTPUT

Figure 15. Memory Array Test Schematic.
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in series with the undigited side on an applied
digit pulse is negligible.

1. Alternate “One-Zero”’ Read-Write

In this program an alternating pattern of
“One. and Zero” is cyclicly written into, and
read out of the memory bit at a cycle time of
100 nanoseconds and a repetition rate up to
10 Mcps. Fig. 16 shows the pulse program used

""";“‘1 | ] | | | | | |

wd | | I T T T 17
P 1L 1 ] ] L
1, i 1 { ! _—

30I\t] ﬂ [30 ns
20 ns

DETAIL OF READ-WRITE PULSES

T VARIABLE DOWN TO i0O ns

Figure 16. Alternate One and Zero Pulse Program.

and Fig. 17 shows oscillograms of the voltage
developed at the sense output terminals. under
constant drive conditions and at three different
repetition rates: 0.5, 2.0, and 7.2 Mcps. The
“one” and “zero” outputs are shown super-
imposed at the lower repetition rates. Inspec-
tion of Fig. 17 shows that the sense voltage
is independent of repetition rate. The operat-
ing current levels and sense outputs are:

Read Current: 370 ma
Write Current: 220 ma
Digit Current: 21 ma
Undisturbed Sense Output: +=9 mv

Back Voltage (including IR drop) per cross-
over = 340 mv

2. Alternate “One-Zero” Read-Write with
Disturbs

In this program an alternating pattern of
“One and Zero” is cyclicly written into the
memory bit. Each write operation prior to
reading is followed by the application of dis-
turb pulses aimed at destroying the stored
information. Fig. 18 shows the pulse program
and Fig. 19 shows oscillograms of the voltage

READ SIGNAL-I r—WRlTE PICKUP

READ S(GNAL—l ;——WRITE PICKUP

READ "0"

TIME=50ns /cm
SENSITIVITY=100 mV/cm

Figure 17. Sense Output Voltages at 0.05, 2, and 7.2
Mcps (Pulse Program of Fig. 16).

developed at the sense output terminals for the
same current drive levels as above.

The disturbed sense voltages are =6 mv; a
decrease of 3 mv due to the digit disturbs.
Experimentally it was determined that 3 X 108
disturb pulses produced no additional disturb
effects as compared to only 100 pulses.

3. Mixzed “One-Zero” Read-Write with Dis-
turbs

The pulse program described under Item 2
above is not the most pessimistic. A further
deterioration of the sense signal occurs if the
following pulse program is applied: a large
number of ‘“one’s,” each followed by disturbs

in the “one” direction, is written and read from
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Figure 18. Alternate One and Zero with Disturbs Pulse Program.

READ SiGNA‘L

WRITE PICKUP

TIME: 50 ns /cm
SENSITIVITY : IOOmV/cm

Figure 19. Sense Output Voltages with 10 Meps Dis-
turbs (Pulse Program of Fig. 18).

the bit; this is followed by a single zero, which
is then disturbed in the “one” direction. This
zero is then read out and the output voltage
recorded. The mirror image of this program
is then applied, and a “one” read out and re-
corded. The program is shown in Fig. 20, and
Fig. 21 shows oscillograms of the voltage de-
veloped at the sense output terminals for the
same current levels as above. The sense volt-
ages obtained are =5 mv. Comparing Figs.

SWRITE

17, 19, and 21, a progressive decrease in output
voltage is noted. It is felt that the pulse pro-
gram of Fig. 21 represents a sufficiently strin-
gent test so that a memory array that yields
the acceptable output of Fig. 21 under the con-
ditions of the test will perform satisfactorily
in a computer under random conditions.

C. Uniformity of Fabricated Arrays

‘'The uniformity of the electrical and magnetic
characteristics of laminated arrays is obvi-
ously of importance in determining the feasi-
bility of the fabrication process. The meas-
ured electrical resistance of 32 (2 X 16) em-
bedded conductors in a recently fabricated
sample have a total variation of 0.2 ohms (15
conductors have a resistance of 0.7 ohms, 11
conductors have a resistance of 0.8 ohms, and
the remaining 6 conductors have a resistance
of 0.9 ohms). Fig. 22 shows the superimposed
sense output signals obtained from the same
bit position in eight successive words. Approxi-

’ ISR SR NN DR B N
O NN SR SR R DS l e
13‘|' ; T _'; ‘! T )\I[ } T‘ME
i H ! | !
READ | E | | |
BIGIT »~DISTURB BURST
-1 | . ) | L —rive
i 50 CYCLES -—

Ip— - o g

L. E-J."*J‘-.;_-__’ TIME

50 CYCLES

TIMING AND DISTURB BURSTS SAME AS IN FIG. I3
SENSE OUTPUT OBSERVED UNDER THE HEAVY READ PULSES

Figure 20. Mixed One and Zero with Disturbs Pulse Program.
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WRITE PICKUP

READ SIGNAL

TIME : 50 ns/cm
SENSITIVITY : Q0O mv/cm

Figure 21. Sense Output Voltages with 10 Mcps Dis-
turks (Pulse Program of Fig. 20).
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Figure 22. Superimposed Sense Outputs frem Corre-
sponding Bit of Eight Words.

mately 80 per cent of the 128 bits in the array
have acceptable outputs above a certain arbi-
trary minimum while the remaining bits could
possibly be used, but would present undue sys-
tem difficulties. The non-uniformity in output
is attributable entirely to a non-uniform con-
ductor cross section, and reasonable care in the
fabrication of the conductors should provide
the required uniformity.

D. Propagation Characteristics of Sense-Digit
Line

The experimentally determined characteris-
tics of the sense-digit lines in a laminated array
are summarized in Table I. This data is ob-
tained by propagating a pulse along a line con-
sisting of the series connection of 16 sense-
digit conductors in an array. The total em-
bedded conductor length is 3.32 inches. This is
equivalent to 332 bits spaced 10 mils apart.
The 16 word conductors in the array are
grounded as shown schematically in Fig. 23.
The characteristic impedance of the line is
experimentally determined from the condition
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Figure 23. Long Bit Sense Digit Line.
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Figure 24. Pulse Propagation Characteristics.

of minimum reflection. The delay per bit is
computed from the total delay between the
peak of the output pulse and that of the input
pulse, shown in Fig. 24, divided by 332, the
number of equivalent bits on the line. The
pulse attenuation is due to two factors: the
attenuation «dc due to the series de resistance
of the line (measured value of 10 ohms), and
aac due to the losses in the ferrite reflected
as an equivalent ac line resistance. As can be
seen in Table I, the ac losses exceed the dec
losses.

TABLE 1
Z, = 200 ohms
eac = 5.7 X 103 db/bit
ade = 1.2 X 10—2 db/bit

3.3 X 10— gec, bit

Ta

VIII. FUTURE DEVELOPMENTS

The fabrication techniques described.are ob-
viously applicable to the fabrication of a large
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Figure 25. 5 Mil Spacing X-Ray.

class of ferrite devices and systems with inte-
grated windings. The memory arrays fabri-
cated and tested have not been especially op-
timized. For example, higher bit packing densi-
ties can be achieved quite readily. Fig. 25 is
an X-ray photograph of an array with 5 mil
conductor spacing. The advantages to be
gained from this tighter packing is a reduction
in back voltages, in propagation delays, and
in signal attenuation. A further decrease in
bit spacing, down to a few mils, is possible with
the small cross sectional conductor dimensions
shown in Fig. 7. The reduction in conductor
cross section will result in a reduction in drive
current requirements without a deterioration
in sense output. For memories of short word
lengths, say 20 to 30 bits, a thicker ferrite
laminate may be used to advantage to give
higher sense outputs with correspondingly
higher back voltages.

Conversely, long words are readily realized
by reducing the laminate thickness. This re-
duces both the sense output and signal attenua-
tion.

For relatively slow speed operation, say a
one microsecond cycle time, the required drive
currents are under 50 ma as has been experi-
mentally verified. The sense output is approxi-
mately one millivolt. The low drive currents

and the relatively high sense outputs are well
matched to the capabilities of integrated elec-
tronic circuitry. Word drivers, triggered by
address decoding trees, can be fabricated and
assembled as integrated arrays. Similarly, in-
tegrated sense amplifiers may be built to detect
the binary signals . The physical structure and
physical dimensions of a laminated arrays are
also well suited for interconnection to arrays of
integrated semiconducting elements. Combin-
ing laminated arrays with integrated electronic
circuitry promises to result in a substantial
cost per bit reduction over the present state
of the art. This in itself will make economical
random access ferrite memories with capacities
in excess of 107 bits. The expected cycle time
of these memories will be predominantly deter-
mined by the characteristics of the integrated
semiconducting circuits and may conceivably
be less than 0.5 micreseconds.

IX. CONCLUSIONS

The results presented in this paper show con-
clusively that the techniques described are well
suited for the low cost fabrication of memory
arrays of micro size at exceptionally high pack-
ing densities. The physical and electrical char-
acteristics of these arrays may be tailored to
meet all important aspects of digital random
access memories, including high speed (100
nanosecond cycle), large capacities (in excess
of 107 bits), nondestructive read-out, wide tem-
perature range operation, etc. The drive re-
quirements and sense outputs for these arrays
as well as their ease of fabrication place them in
a favorable position with respect to other in-
tegrated magnetic arrays, e.g., FLEA mem-
ories, twistor memories, thin magnetic film
memories, or the waffle iron memory.
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A LARGE CAPACITY CRYOELECTRIC MEMORY
WITH CAVITY SENSING*

L. L. Burns, D. A. Christiansen, and R. A. Gange
RCA Laboratories, Princeton, N. J—Walnut 4-2700

This paper describes a cryoelectric high speed
Continuous Sheet Memory (CSM) with 16,384
bit locations and complete cryotron addressing
matrices. This memory is of the coincident cur-
rent, random access type. The entire memory
plane is fabricated via vacuum deposition tech-
niques and is contained on a 2 inch by 2 inch
substrate. In addition to a planar density of
10,000 bits per square inch, and complete cryo-
tron decoding trees, the memory contains a
novel sense structure in the form of a geometri-
cal cavity. In addition to other advantages, the
new cavity sense eliminates the major align-
ment problems. In one type of organization,
each substrate or memory plane may be re-
garded as comprising the n™ bit of 16,384
words; all n bits of a word may be read out in
a parallel manner. Thus a word length is equal
to the number of memory planes. This number
of planes is at the discretion of the designer.
The continuous sheet memory structure with
decoding matrices and cavity sense offers a
potential means toward the physical realization
of a high speed random access memory of a
capacity beyond a billion bits with present day
technology. Since all present day computers of
general utility are memory limited, the com-
plexity of the mathematical operations per-
formed by these computers is restricted by the
size and/or access time of the memory. This
restriction is indicative that large capacity high
speed memories will play a major role in future

computers. Many studies have been made of
possible techniques that can be utilized for high
speed, large capacity random access memories.
These techniques have been in the areas of mag-
netics, semiconductors, and superconductivity.
Microminiature magnetic cores, magnetic metal
sheets, and deposited magnetic film show high
promise toward the realization of a high speed
random access medium capacity memory of
about 107 bits, but do not appear to show pro-
mise toward large capacity memories of the
order of 10° bits. Semiconductors, including
transistors and tunnel diodes, also indicate a
similar capability toward high speed memories
of medium capacity. The present art of transis-
tors is indicative that a very large array of the
latter would be costly and cumbersome. Tunnel
diodes are two terminal devices and have a rel-
atively complicated memory cell structure. In
addition such memories suffer an unavoidable
delay due to the high amplification necessary
because of signal attenuation; the latter is
proportional to the number of words in the
memory. A semiconductor device which has
been proposed is the cryosar. This device is
a two terminal element and awaits future de-
velopment. In the area of superconductors, film
cryotrons and persistors do not appear to offer
the potential toward realizing a very large ca-
pacity memory of the order of 10° bits. The
former has a relatively small bit density and
registration difficulties; reasonably high uni-

*This work was supported in part by Rome Air Development Center, Griffiss Air Force Base, Rome, New York,

under Contract AF30(602)-2722.
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formity is required and its relatively large
power dissipation in large arrays places an up-
per bound on the number of cryotrons which
may be utilized with present day technology. In
addition, an inherent gain problem exists. A
major disadvantage of the persistor is the in-
complete shielding which exists between the
sense and drive lines. Thus arrays of only
limited size can be made. A two-hole memory
cell described by J. W. Crowe in 1957!2 was
anticipated to hold high promise towards the
realization of a high speed large capacity
memory until it was found that the two-hole
cell had an inherent uniformity problem due to
the strong dependence of the critical field on the
nature and edges of the holes. The continuous
sheet memory eliminates the holes of the two-
hole memory cell and with the cavity sense
geometry represents perhaps the first realistic
solution towards the physical realization of a
practical high speed random access memory
with a capacity in excess of a biilion bits. This
CSM with cavity sense eliminates the major
registration problems encountered with present
memory packing densities of 10,000 bits per
square inch. In addition, the cryotron decoding
matrices are an integral part of the CSM
structure. Interrogation of the memory results
in negligible power dissipation and no half-se-
lect noise has been observed. Present forms of
the CSM have a signal-to-noise ratio of about
20:1 and low drive current requirements.

SUPERCONDUCTIVITY

The phenomenon of superconductivity was
discovered in 1911 by the Danish physicist
Kamerlingh Onnes. Three years after Onnes
succeeded in liquefying helium, while attempt-
ing resistivity measurements on metals in the
new temperature range of 4.2 degrees K, he
found that the resistance of mercury completely
disappeared. Onnes labeled the new phenom-
enon ‘‘superconductivity”. Materials which
have been observed to exhibit this property
have been called ‘“superconductors”. The tem-
perature at which the superconductive state
manifests itself is called the “critical tempera-
ture”. Many superconductors have been dis-
covered since 1911 with critical temperatures
falling between .07 degrees K and 18.5 degrees
K for a molybdenum-niobium and noibium-tin
mixture respectively.

Soon after the discovery by Onnes, it was
found that the superconductive state could be
destroyed by an external magnetic field, the
lowest value of which is called the “critical
magnetic field”. In addition, Onnes, while ex-
perimenting with powerful electromagnetics,
found superconductors to have a “critical cur-
rent”. In 1916, Silsbee hypothesized that the
destruction of the superconductive state by a
critical current passing through a specimen
occurred when the magnetic field associated
with that current was equal to the critical field.
The Silsbee hypothesis is now known to apply
only in specific cases. It was thought that a
superconductor was in essence an ‘“‘ideal” con-
ductor until Meissner and Ochsenfeld discov-
ered that a pure superconductor will expel all
the magnetic field from its interior as it passes
from the normal to the superconducting state.
This implies perfect diamagnetism.

The application of an external magnetic field
thrcughout the transition of a multiply con-
nected superconductor from the normal to the
superconducting state will result in flux being
trapped in the vacancies of the superconductor;
upon the removal of the magnetic field, per-
sistent “screening” currents will be established
(about the voids) supporting the trapped flux
which exists through the voids. In general, flux
may be trapped when the superconductor con-
tains impurities, vacancies, and/or normal
regions. The depth to which the screening cur-
rents substantially exist is called the “penetra-
tion depth”.

THE CONTINUOUS SHEET MEMORY

Much insight may be gained into the CSM
by first briefly discussing the two-hole memory
cell whose configuration is illustrated in Fig. 1.
The cell consists of a lead (Pb) film with two
“D” shaped holes. A strip exists over and is
insulated from a superconducting bridge which

MEMORY
PLANE DRIVE

Figure 1. Two-Hole Memory Cell.
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separates the two holes. A sense line exists
beneath the bridge. A critical magnetic field
is made to exist in the region between the bridge
and the strip due to a current of sufficient mag-
nitude in the latter. The critical field causes the
bridge to change from the superconducting to
the normal state permitting the magnetic field
to link the bridge. The removal of this current
causes the flux which links the superconducting
bridge to be trapped in the two holes. The re-
moval of the current gives rise to persistent
currents (about the holes) which support the
trapped flux. Readout is accomplished by ap-
plying a current in the strip of a polarity
opposite to that which previously existed so
that the magnetic field of the read current con-
structively adds to the stored magnetic field.
The magnitude of the magnetic field of this cur-
rent is such that when constructively added
with the stored field produces a resultant field
of a magnitude sufficient to cause the bridge to
assume the normal state. Asthe bridge assumes
the normal state, the applied magnetic field
links the sense line, and gives rise to a sense
pulse indicating the presence of a stored “1”.
In a similar manner, flux of a polarity opposite
to that which previously existed is trapped in
the two holes subsequent to the removal of the
read current. Note that this constitutes the
storage of a “0”. The readout is therefore de-
“structive. Assuming a “0” to be stored, the
magnetic field of a read current will destruc-
tively add with the stored field causing a result-
ant magnetic field of insufficient magnitude to
switch the bridge. The superconducting bridge
prevents the applied field from linking the sense

FLUX OF
.~ PERSISTENT

(T3~ oy CURRENT
n'f:0

7

PERSISTENT

_ __—_\(EURRENT
0
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\/SENSE SIGNAL
MEMORY OPERATION

Figure 2. Operation of Two-Hole Memory Cell.

line, and no sense pulse is observed. Fig. 2 il-
lustrates a read-write cycle together with the
stored current and sense pulse wave forms of
the two-hole cell.

The two-hole cell can be arranged to function
in an orthogonal coincident current mode as
illustrated in Fig. 3. A major disadvantage of
this cell is that the magnitude of applied mag-
netic field necessary to switch the bridge is
strongly dependent on the shape and edges of
the holes implying an inherent uniformity
problem.

The continuous sheet memory eliminates
the uniformity problem while retaining the ad-
vantages of the two-hole memory. Figure 4
illustrates a single cell CSM without cavity
sense consisting of a superconducting tin film,
a lead sense line, and lead drive strips. The
latter are orthogonal to, and insulated from one
another, and are insulated from the storage
plane over which they pass. The sense line is
beneath the storage plane, and is oriented diag-
onally to and directly under the intersection of
the drive lines. Coincidence of the “X” and “Y”’
drive currents at the intersection of the drive
strips produce magnetic fields which when vec-
torially added, produce a field of a magnitude
sufficient to switch the region of storage plane
beneath the intersection. In a manner similar
to that of the two-hole memory, the region be-
neath the intersection of drive strips returns
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Figure 3. Persistent Current Memory Cell.
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Figure 4. Continuous Sheet Memory Cell.

to the superconducting state forcing the flux
linking it to be trapped in the storage plane.
Upon removal of the drive currents persistent
currents are established which support this
flux. If subsequent drive currents are polar-
ized so0 as to have their magnetic fields construc-
tively add to that of the persistent currents
stored in the tin film, the magnitude of the
resultant field near the intersection at which
the drive currents are coincident will be suf-
ficient to cause the region of storage pllane be-
neath the intersection to assume the normal
state, and a voltage will appear across the sense
line. If the drive currents are polarized so as
to have their magnetic field subtract from that
of the stored current, the net field acting at the
region of film beneath the aforementioned in-
tersection will be of a magnitude insufficient to
cause the onset of the 'resistive state of this
region and no voltage will appear across the
sense line.

Of particular interest is the remarkable
shielding ability of the storage plane. Theoret-
ical estimates? indicate that for a storage plane
whose thickness is equal to the penetration
depth, the field on the surface of the storage
plane in proximity to the sense line is less than
1 percent of the field which exists at its other
surface. 'The superconducting storage plane’s
remarkable shielding of the drive signal from

Figure 5. 100 Bit Memory Plane.

the sense circuit has been experimentally veri-
fied. In addition, early experiments on the con-
tinuous sheet memory* have indicated that the
cell-to-cell drive current uniformity can be held
to within 1 percent. These experimental data
are typified by tests announced by L. L. Burns
et al. in their paper at the ONR symposium in
1960 on a CSM containing 100 bit locations
with 10 “X” and 10 “Y” lines (10 X 10 array).
This is shown in Fig. 5. In essence, the 10 X 10
array consisted of a superconducting tin film,
a zig-zag sense line, and “X” and “Y” super-
conducting lead (Pb) drive lines. As . with the
single continuous sheet memory cell, the drive
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FULL READ-WRITE CYCLE
AND CORRESPONDING SENSE
OuTPUT

READ -WRITE CYCLE SHOW-
ING HALF-SELECT DRIVE AND
ZERO SENSE SIGNAL

NOTE?ONE MICROSECOND PER DIVISION
AMPLITUDE OF DRIVE PULSES 50 mo
AMPLITUDE OF SENSE OUTPUT 03mv

Figure 6. Waveforms for 100 Bit Memory Plane,

lines are orthogonal to and insulated from one
another. Both sets of drive lines are insulated
from the tin storage plane. The zig-zag sense
line is beneath the storage plane and is oriented
diagonally to and directly under each drive line
intersection. The drive currents and sense volt-
age waveforms for the 10 by 10 array are as
shown in Fig. 6. Drive current amplitudes of
30~-80 ma and sense voltages between .8 and 8
millivolts were reported.#

The major disadvantage of the zig-zag sense
line is that its length becomes prohibitively
large with increasing memory size. The zig-zag
sense line si about 20 feet in length for a 16,384
bit memory plane with a packing density of
10,000 bits per square inch; a length of sense
line of this order of magnitude necessitates a
delay between the onset of the memory read
currents and the ensuing memory sense output
pulse of about 30 nanoseconds. In addition, the
excessive inductance of a zig-zag sense line of
this order of magnitude tends to reduce the
amplitude of the sense output voltage. The fol-
lowing paragraphs describe a cavity sense
structure which eliminates the aforementioned
disadvantages of the zig-zag sense line.

The cavity geometry offers the potential of
very large high speed memory structures not
before possible with existing technology.

The continuous sheet memory with the cavity
sense structure consists of a storage plane, a
“sense tongue” and “X” and “Y” drive lines.
The latter are orthogonal to, and insulated
from one another, and are insulated from the
memory plane. The sense tongue is beneath

the memory plane. Both the sense tongue and
memory plane films are electrically connected
along one edge and together they constitute the
cavity geometry. If the drive currents are po-
larized such that their magnetic fields construc-
tively add to that of the stored currents, the
resultant magnetic field which exists at the
region of memory plane beneath the intersec-
tion at which the drive currents are coincident
will be sufficient to destroy the superconducting
state of this region; as a consequence, a change
of the flux occurs within the cavity beneath the
aforementioned intersection. The time varying
magnetic and electric fields give rise to a sense
pulse at the output tabs. Fig. 7 depicts a three
dimensional illustration of the cavity structure.

Figure 7. Memory with Cavity Sensing.

A CSM 4 X 4 array with cavity sense was
designed and tested. Fig. 8 illustrates this
array. Over 60 such memories have been fab-
ricated and tested with the accumulation of
extensive experimental data. Fig. 9 shows typ-
ical memory drive currents and cavity sense
output waveforms.

Fig. 10 is a photograph of the 16,384 bit
continuous sheet memory with cavity sense and
cryotron addressing matrices. Interrogation of
a given cell is achieved via the introduction of
drive currents at the input nodes of the “X”
and “Y”’ selection trees subsequent to the exist-
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Figure 8. 16 Bit Test Sample.
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Figure 9. Oscilloscope Photographs of Drive and Sense
Signals.

ence of control currents to the cryotrons of
these trees. The selected cryotrons in either
tree maintain a resistance in all but the desired

i

Figure 10. 16,384 Bit Memory with Cryotron Address
Matrix.

(superconducting) paths, thereby causing coin-
cidence of the “X” and “Y” drive currents over
the storage planes at the intersection of the
two selected paths. Analysis indicates that for
a separation of drive strip to memory plane
of 3000 Angstroms and a tin cryotron gate
thickness of 5000 Angstroms with unity cross-
ing ratio, a time constant of the selection tree
of about .5 usec may be realized. Fig. 11 depicts
5 levels of a seven-level decoding tree.

The 16,384 bit memory was fabricated via
multilayer vacuum deposition techniques.’ A
total of 16 masks were used in the 26 step

MEMORY
CELLS

NOTE :=
FOR SIMPLICITY ALL CONTROL (ADDRESS) LINES ARE NOT SHOWN.
CRYOTRON GATES ARE SHOWN BY DARKENED AREAS.

Figure 11. Cryotron Tree.
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evaporation. The evaporation masks were 2 mils
thick and were fabricated via a photoetching
process ; the distance between the mask and the
43 mil thick 2” X 2” substrate was about 5 mils.
The width of the memory drive lines was 5 mils
and silicon monoxide was used for the insula-
tion. Figures 12, 13, and 14 are photographs
of the vacuum system with mask changer used
for the fabrication of this 128 X 128 array.
Figure 15 illustrates an exploded view of the
memory plane with the decoding hardware and
cavity sense structure. Figure 16 is a photo-
graph of the apparatus used for the testing of
the 16,384 bit memory plane. Figure 17 is a
block diagram of the electrical interconnection
of this apparatus. Currents of approximately
500 ma were used to address the cryotrons of
the selected trees. Drive currents of about 120
ma were used to interrogate the memory cells
with an overall selection tolerance of about
20 percent. Sense voltages of about one milli-
volt were observed.

CONCLUSIONS

Large capacity high speed computer mem-
ories containing upwards of one billion (109)

"”'“Tl
i
an

Figure 13, Evaporator Number 2 Showing Masking

Arrangement.

Figure 12, Evaporator Number 2.

Figure 14. Cryotron Tree Mask.
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Figure 15.

Exploded View of 16,384 Bit Cryoelectric
Memory Plane.
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Figure 16. Test Station.
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Figure 17. Memory Testing Apparatus.

bits are demonstrated to be feasible with the
techniques described. For many years stper-
conductivity has been considered to be the only
known phenomenon that could possibly be used
for building really large high speed memories.
The work described has shown that indeed
superconductivity does hold this promise. A
modest beginning has been made in the con-
struction of operable planes containing 16,384
memory positions and 508 cryotrons in the
associated X and Y selection trees. The prin-
cipal advantage of superconductivity over mag-
netic techniques has been shown to be realizable
in practice, i.e., the perfect shielding effect of
a superconducting plane does, in fact, com-
pletely eliminate half select noise from un-
selected cells thus allowing the construction of
very large memory arrays. Only mechanical
restrictions on how large an area can be evap-
orated uniformly coupled with limitations in
registration of successive evaporation mask
patterns limit the size of memory arrays.
Planes containing over one million bits are con-
templated for the near future.

Cavity sensing of the stored information pro-
vides an elegant means of memory readout and
greatly simplifies the construction of the re-
quired evaporation masks. Tests and measure-
ments have shown that time delay effects are
also reduced by cavity sensing while the mag-
nitude of the available sense output voltage is
not significantly affected.
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FIXED, ASSOCIATIVE MEMORY USING EVAPORATED

ORGANIC DIODE ARRAYS

M. H. Lewin, H. R. Beelitz, and J. A. Rajchman

RCA Laboratories
Princeton, N. J.

INTRODUCTION

The use of fixed or read-only memories to
store permanent or semi-permanent data. has
been widely treated in the literature.! Associa-
tive or content-addressable memories, discussed
more recently,?2 provide the important capabil-
ity for rapid parallel searching and retrieval of
stored information. A fixed, associative memory
can be used in applications requiring storage of
encyclopedic data which must be searched at
very high speed. Large capacity stores such as
library and other catalog search files, language
translators and medical diagnostic tables, as
well as small stores such as code converters,
computer program memories and other real-
time search files, may be of this type.

A magnetic realization of a fixed, content-
addressed memory was discussed by Goldberg
and Green® in May 1961. An interrogation

1 An extensive bibliography on fixed memories can be
found in the survey paper by D. M. Taub, “A Short
Review of Read-Only Memories,” Proc. IEE (British),
vol. 110, No. 1, pp. 157-166, January 1963.

2 A comprehensive bibliography on associative memo-
ries can be found in the survey article by A. Corneretto,
“Associative Memories,” Electronic Design, Vol. 11, No.
3, pp. 40-55, February 1, 1963. A set of three papers
on associative memories is published in Proe. Pacific
Computer Conference, Cal. Tech., Pasadena, Calif., pp.
96-130, March 15-16, 1963.

3 J. Goldberg and M. W. Green, “Large Files for In-
formation Retrieval Based on Simultaneous Interroga-
tion of All Items,” Proc. Symposium on Large Capacity
Memory Techniques for Computing Systems (book),
edited by M. C. Yovits, published by Macmillan Co.,
N. Y., pp. 63-77, May 23-25, 1961.
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routine to resolve multiple responses in this type
of file was described by Frei and Goldberg* in
December 1961.

The work on which this paper is based began,
first, with the realization that a symmetrical
diode matrix exhibits the basic retrieval prop-
erties of an associative memory and, second,
with the development of techniques to fabricate
diode arrays by vacuum evaporation of organic
films.5 ‘One result of this investigation- already
published,® was a very efficient algorithm for
retrieval of multiple “matches” from a file of
this type.

SYMMETRICAL DIODE MATRIX

Consider the diode array shown in Fig. 1. It
is composed of w word lines (rows) and b pairs
of bit lines (column pairs) and therefore stores
w words, each b bits in length. At every row
and column-pair intersection is a diode, one of
whose terminals is connected to the word line.
A ““0” is stored by connecting the other terminal
of the diode to the right column of the pair.
Connecting the diode to the left column indicates

4E. H. Frei and J. Goldberg, “A Method for Re-
solving Multiple Responses in a Parallel Search File,”
IRE Trans. on Electronic Computers, Vol. EC-10, No.
4, pp. 718-722, December 1961.

5A. Sussman, “Rectification in Evaporated Thin
Films of Copper Phthalocyanine,” Joint Symposium in
Thin Films, Electrochemical Society, Pittsburgh, Pa.,
April 14-18, 1963.

6 M. H. Lewin, “Retrieval of Ordered Lists From a
Content-Addressed Memory,” RCA Review, Vol. XXIII,
No. 2, pp. 215-229, June 1962.
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Figure 1. Diode Associative Array.

a “1” stored. Thus, the pattern of connections
determines the information stored in the array.
Every row is returned, through a resistor R, to
a common voltage source V. For sufficiently
large R and V, it sees a relatively constant cur-
rent source looking into R. Each of the columns
is terminated with either a driver or a sense
amplifier. A given column-pair (bit) is driven
with a “0” if the left column is grounded while
the right column is connecteéd to a voltage source
E,. Alternatively, one drives a “1” by reversing
these conditions. Thus, pairs of bit lines are
always driven with complementary signals. The
sense amplifiers may be either voltage or current
amplifiers, both of which are illustrated in Fig.
1. Ry may be considered as the input impedance
of a voltage amplifier. V,, the voltage to which
the input of a current amplifier is returned, is
the maximum forward drop across a memory
diode conducting a current V/R. A positive
sensed voltage v or positive sensed current i
indicates a “1” sense signal. No sensed voltage
or current denotes a “0”’. To keep the discussion
general, assume each sense signal is amplified
by a separate sense amplier (two per column-
pair). Under some conditions a single sense am-
plifier per sensed digit may be adequate. A
difference amplifier for each pair of sensed
columns can also be used.

One can divide the matrix into two parts:
n; bits driven (inputs) and n. bits sensed (out-
puts), where n; + n. — b. In Fig. 1 the left
portion is driven while the right portion is
sensed. (Note that every row is the output
terminal of an n;-input diode AND gate.) As-

sume, for a given set of inputs, only one row
develops a relatively positive (“1”) voltage
(i.e., it is selected). All other rows are clamped
to ground (inhibited) and each of their currents
V/R is steered to ground through at least one
conducting diode connected to a grounded
column wire. Those sensed columns which are
coupled via diodes to the selected row will also
be driven positive. Alternatively, one can say
that the V/R current for the selected word is
steered to split among those of its diodes which
are connected to sensed columns. (Note that
each sensed column is the output terminal of a
diode OR gate. The number of inputs to the
gate whose output terminal is the left (right)
column is equal to the number of words which
store a “1” (“0”) in that bit position.) Thus,
the pattern of sensed voltages or currents will
correspond to the pattern of diode connections
between the selected row and sensed columns.
Such an arrangement can be used as a decoder-
encoder combination or as a fixed memory. In
the first case, one is translating from an n,-bit
code to an n.-bit code. In the second case, the
n, bits are the address of an n.-bit word stored.
More generally, this array can be used as a
content-addressed memory as is explained
below.

The important property of such a matrix is
the symmetry or reversability involved. For
example, one can reverse input and output roles
(i.e., drive the bits on the right side and sense
those on the left side) to obtain an n.-bit to
n;-bit decoder-encoder. In fact, any column-pair
can be either driven or sensed—that is, serve
as an input or an output. Thus, in the general
case, any arbitrary number of bits, scattered
in any manner among the b bit positions, can
be driven while the remaining bits are sensed.
The fact that this yields a content-addressable
memory can be made clear with a simple ex-
ample. Suppose one asks for retrieval of all
words (assume there is only one, to begin with)
which answer the following specification: “0”
in the 1st place, “1” in the 4th place, “1” in the
8th place, etc. All of the column-pairs in the
positions designated above are driven with
polarities corresponding to the specified bits
(tag bits or descriptors). All unspecified digit
line pairs (i.e., the 2nd, 3rd, 5th, etc.) are
sensed. Thus, sensing a pair of columns cor-
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responds to a “don’t care” or “@#” specification
for that bit. (The interrogation word for this
case is 0001000106 . . . ) Clearly, for the most
general associative memory, each pair of bit
lines must be terminated in a combination
driver-sense amplifier which can be switched
between “drive” and ‘sense” in accordance
with the specification for that bit in the inter-
rogation word. Circuits developed for this
purpose will be described later.

When the drivers and sense amplifiers are set
up corresponding to the interrogation word
given, the selected word line assumes a rela-
tively positive voltage while all others remain
nearer to ground potential. The pattern of
sensed voltages or currents corresponds to the
pattern of diode connections for the selected
word, so that all the other bits in the word
answering the description given are read out
simultaneously.

MULTIPLE-MATCH READOUT

More generally, more than one word is se-
lected by a given specification and all must be
read out in some ordered fashion. This problem
is common to all physical realizations of associa-
tive memories. There are, broadly, two solu-
tions to the problem. One involves incorpo-
rating: in the memory array, appropriate cir-
cuits to allow for sequential activation and
readout of selected words. The other involves
manipulation of the interrogation word, out-
side of the array, in such a manner that all
selected words are isolated and read out in
sequence. This latter method has proven very
well suited for use with the diode matrix. An
algorithm has been developed® which requires
no modifications of the basic memory array
and yet retrieves all selected words in less than
two memory cycles per word. This is true,
independent of the total number of words
stored in the file and independent of the num-
ber of bits per word.

The interrogation algorithm relies on the
fact that two columns per bit are available for
sensing. If the memory is driven so that only
unique selections occur, only one column per
bit need be sensed, since the output signals of
any column-pair will always be complementary
(i.e., 0, 1 for a “0” stored; 1, 0 for a “1”

stored). The first use of sensing both columns
of a bit is simply to detect when no word stored
answers the description given. If there are no
words selected, all rows are clamped to ground.
Thus, a 0, 0 detected at any sensed column-pair
gives this indication immediately. If a multi-
ple-selection is made, as is usually the case,
more than one row assumes a relatively positive
voltage. If all words selected (isolated) have
the same bit in a given position being sensed,
the sense signals for that bit are similar to those
detected for a unique selection of one of these
words. One can say that the sense signals are
“reinforced” or stronger in the multiple-selec-
ticn case. More often, however, some of the
words selected have a “1” stored in a particular
sensed position, while the others have a “0”
stored there. In this case, both columns of that
bit are driven positive, or carry a positive sense
current (i.e., 1, 1 detected), since each is
coupled through at least one diode to a se-
lected row. One can say that an “x” has been
sensed in this case. -

The ability to detect the above conditions,
coupled with the fact that any bit can be either
driven or sensed, allows one to efficiently re-
trieve all words selected. Combination driver-
sense amplifiers, controlled by external logic
inputs, are used. The interrogation routine
is based on the fact that, as one converts sensed-
“x” bits to driven bits, smaller sets of words are
selected. In this manner, we have, with appro-
priate external logic, made successive interroga-
tions eonverting sense amplifiers (sensing “x”’)
to drivers and drivers to sense amplifiers so that
all words originally selected are isolated and
read out individually. The interrogation  se-
quence is generated based on a set of rules by
which the interrogation pattern for a given
cycle depends on the pattern and the sensed
results of the previous cycle. One effectively
generates a “decision tree” in this manner.

This :lgorithm is described in detail in the
paper® referred to earlier. Included in the paper
is a detailed flow chart for generating the inter-
rogation sequence, a comparison of this routine
with other published work dealing with the same
problem, a complete per-digit logic design for
mechanizing the routine and a proof that re-
trieval of m words always takes exactly 2m—1
memory cycles, independent of the number of
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words in the memory or the number of bits per
word. Since the paper deals primarily with
the logic of the routine, applicable to any physi-
cal realization which allows “column-pair sens-
ing” and simultaneous activation of all selected
word lines, no specific mention is made of fixed
memories or diode matrices. (A cryogenic im-
plementation is described only as an example.)

One point to note is that, while some physical
realizations would require a word-driver per
word to achieve simultaneous activation of all
selected (or “matched”) word lines, the diode
array described above automatically furnishes
this without the need of word-drivers. (I.e.
every selected row develops a positive voltage
which directly couples to sensed columns via its
diode pattern.) This is a fundamental reason
why the algorithm is particularly well-suited
for a fixed memory configuration of the type
discussed above.

EVAPORATED DIODE ARRAYS

A large diode matrix serving as a fixed, as-
sociative memory is economically feasible only
if sizeable arrays of diodes can be fabricated at
sufficiently low cost. A new technique for con-
structing integrated arrays of thin-film diodes
has recently been described.®? It embodies
vacuum evaporation of an organic semi-
conductor, copper phthalocyanine. Diodes fab-
ricated by this technique were used experimen-
tally to implement the associative memory
concept considered here.

A multiple organic diode card is shown in Fig.
2. Each 4”7 % 4”7 x .020” board holds 128 diodes
which are distributed around the outline of the
dark phthalocyanine inner square. All diodes
have a common cathode, connection to which
is made at any corner of the card. (Diode
polarities for all of the experiments described
are the reverse of those given in Fig. 1.) The
card shown can be used to store one 128-bit
word, with the common cathode conductor being
a row wire of the matrix. A set of n such cards,
completely interconnected, comprises an n-word,
128-bit-per-word, memory. Two etched wires
per diode form the anode connection, “fanning
out” to the card edge. These allow connection
of a given diede ancde to both of its associated
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column wires. Information can be written in

Figure 2. Evaporated Organic Diode Card.

by breaking the appropriate anode connections
in any of a number of ways such as, for example,
by punching a series of small holes in the card.
The card pattern shown was chosen to allow a
relatively small area for the evaporation of the
diodes, in order to insure the desired uni-
formity of characteristics.

The static characteristic of a typical evapo-
rated thin-film diode is shown in Fig. 3. With a
diode area of 3.5 mm?, the voltage drop is ap-
proximately 1.5 volts at a forward current of
2 ma. Its rectification ratio is approximately
105,

Iv/DIV. ——>

Figure 3. Copper Phthalocyanine Diode Characteristic.
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Each diode consists of a three-layer sandwich,
the middle layer being copper phthalocyanine
and the outer layers being metal anode and
cathode electrodes. Since the diode is such a
thin element, its equivalent parallel plate or
“case” capacity is large, being typically, for
the area given above, approximately 50 pf.

EXPERIMENTS
a) Peripheral Electronics

The circuit design of the peripheral elec-
tronics system which was constructed to exer-
cise and test various embodiments of the diode
associative memory was largely conventional
(primarily using RCA 2N404 transistors). The
apparatus consists of all the logic and the com-
bination driver-sense amplifiers for implement-
ing the search routine® for a memory word
Jength of 10 bits. Display of retrieved words,
memory cycle count and driven or sensed states,
for each bit, are included.

The requirement of a combination driver-
sense amplifier controlled by external logic in-
puts, resulted in a somewhat novel design. A
schematic diagram of the circuit is indicated
in Fig. 4. When in the “drive” state, it can
furnish the memory with up to 0.5 amps at
ground potential. This would allow the circuit
to drive a 1000 word (100 bit per word) diode
associative array. It is also capable of detecting
10 pa of signal current when in the “sense”
state and strobed (CP, is the strobe pulse).
The circuit will switch between ‘“drive” and
“sense”, as demanded by the input signal f;, in
0.5 microseconds. The function table shown in
the figure relates the circuit state (drive or
sense) to the logic input states. Two such
circuits are required per column pair.

b) 500-Bit Diode Matrix

A small, conventional-diode array, con-
structed as a 50 word, 10 bit-per-word manually-
alterable memory, served as initial experimental
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Figure 4. Driver-Sense Amplifier Circuit.
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verification of the basic idea of a diode associa-
tive memory and of the electronic mechanization
of the interrogation routine. Various patterns
of information were written into the array by
manually changing the pattern of diode con-
nections.

A number of tests were made with this
matrix. These include the lexicographic order-
ing of the entire memory contents and a large
number of searches using a wide variety of
input descriptor patterns. (Descriptors are in-
serted using a bank of toggle switches.) For
each test series, the interrogation routine can
be manually stopped along and monitored or
can proceed automatically at a maximum rate
of 100 ke (10 microsecond cycle time). The
total number of cycles required for each re-
trieval was monitored by a counter and could
be compared with the predicted count.

¢) Organic Diode Array

Fig. 5 is a photograph of a stack of organic
diode cards, each of the type shown in Fig. 2,
which was successfully operated as a small test
memory. Although each board contained 128
diodes, only 10 bits on each card were used for
the tests because of the limited amount of pe-
ripheral electronics which was then available.

Figure 5. Organic Diode Test Memory Stack.

The diode cards are mounted in a metal frame
with specially-designed “finger”’ connectors used
for each card. Column wires running down the
outside of the card stack are soldered to the
finger connectors and provide the required card-
to-card interconnection. The information stored
is determined by the pattern of connections to
these column wires. This allowed one to change
the information stored without removing the
cards and was convenient for the tests made.

Various search and retrieval tests were per-
formed with the organic diode memory. In
general, the experiments duplicated those per-
formed with the conventional diode matrix.
They demonstrated the feasibility of using thin-
film organic diode arrays as digital elements.

CONCLUSIONS

The purpose of this paper has been to explain
the associative properties of a symmetrical diode
matrix, including the applicability of a very
efficient interrogation algorithm to resolve
multiple-matches, and to describe experiments
which verify these concepts and which, in addi-
tion, utilize arrays of new thin-film diodes.
Clearly, the physical realization of this type of
diode matrix can be in many forms and may
well involve other diode array fabrication
technologies, including those now developing in
the semiconductor industry.
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GENERALIZED MULTIPROCESSING AND
MULTIPROGRAMMING SYSTEMS

—Status Report—

A. J. Critchlow
IBM Corporation
San Jose, California

1.1 DEFINITIONS

In this paper, the following definitions have
been followed :

1. Multiprogramming—the time-sharing of
a processor by many programs operating
sequentially. Many programs are avail-
able and in memory but only one pro-
gram is actually being executed at a given
time. Control of object programs is pro-
vided by a supervisory control program.
Thruput is highest when many programs
can be interleaved to use hardware most
efficiently. In general, the time required
to complete a selected program will be
increased over single program operation.
Multiprocessing—independent and simul-
taneous processing accomplished by the
use of several duplicate hardware wunits.
Specifically, duplicate logical and arith-
metic units are assumed, although sys-
tems with separate input-output chan-
nels can also be said to be multiprocessors.
Note that “processors” do not include
storage units while ‘“computers” do.
(Table 1.2.2)

3. Scheduling—is the determination of the
sequence in which job programs will use
the available facilities. Scheduling as-
signments are based on the availability
of all required facilities, the priority of
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the job program and the relative prior-
ities of other programs. Scheduling
algorithms aim to optimize performance
of the system with respect to chosen goals.

4. Allocation—is the assignment of partic-
ular facilities: core memory, tapes, disk
files to a job program.

5. Interrupt and Trapping are considered

synonymous. Both mean the ability, pro-
vided by hardware, to monitor particular
conditions in the system during execution
of all other operations and to provide an
alarm signal which can interrupt a proc-
essor to obtain required action. Pro-
gram interrupts or Intentional interrupts
are really branching operations which
sometimes use the alarm signal hard-
ware.

1.2 BACKGROUND
1.2.1 Development of Multiprogramming

Multiprogramming is expected to be more
efficient than single-program operation because
facilities are used which would be idle other-
wise. It is necessary that the control cost of
multiprogramming be less than the increased
output of useful work if a net gain in efficiency
is to be achieved.

The first approach to multiprogramming was
to select or match two or more programs so
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that better utilization of facilities was obtained.
Scientific programs, in general, provide a heavy
load on the processor and a light load on
peripheral equipment. Business data process-
ing tends to load peripherals in order to pro-
duce the sorted data and output of printed
reports required. Combining these two types of
operation uses facilities more effectively. Codd
(1) reports timing improvements of 2 to 1 when
multiprogramming mixed program sets.

An added complexity is introduced, however,
because both programs may need the same
facility simultaneously, so one of them must
wait. In more complex operations with many
programs and perhaps more than one processor,
the sequencing of operations becomes quite dif-
ficult.

At first the programs to be run together were
assembled onto one magnetic tape with se-
quencing information included on the tape so
the two programs were, in effect, just one large
program. Running programs this way is ef-
ficient if all the programg are production pro-
grams which can be run on a regular schedule.
When one program must be altered or deleted,
it is necessary to reassemble the program tape
at a considerable time cost.

When control of multiprogramming opera-
tion is turned over to an executive program and
there are suitable hardware provisions for in-
terrupt, memory protection, priority control,
ete., it is possible to write each program as
though it alone is being run. The multipro-
gramming sequencing, queuing and input-op-
eration task is handled by the Executive pro-
gram. Efficient operation requires that many
programs be available ready to run so that the
Scheduler or Sequencer program will have
several possible choices to maximize operational
efficiency. (Table 1.2.1)

An example of the dynamic scheduling of
many programs to run together on the same
system is worked out in section 4.2.2.

Communication between programs is neces-
sary so that branching to subroutines can be
accomplished. One solution is to have a “com-
mon” area of memory for subroutines used by
several programs. A more flexible method
utilizes a “universal” symbol which is rec-
ognized by the supervisory program. The
supervisory program maintains a table of ad-
dresses for subroutines and supplies the re-
quired address when signalled by use of the
“universal” symbol request.

Table 1.2.2—Classification of Functional Types

Data Instruction Input-Output Switching Storage
System Processor Processor Processor Central Processor Ref.
CDC 3600 Computation Computation ousekeeping Multiple Gates Storage Mod. 3
Module Module (over- Module or Data (& Registers on (8 prs of 16,384
lapped memory Channel Storage Module |wds. ea. (access
operation) overlapped)
Burroughs Computer Computer Input/Output Crosspoint [Memory Module 4
D-825 Module Module Control Modules [Switch Matrix (overlapped
Automatic I/0 [(4 X 16) Bus operation) (16
xchange Cross- [Allocator of 4096 wds. ea.)
bar Switch (64 (priority basis)
idevices)
[Pilot-Multi- Primary Secondary IFormat Computer |Communicate Primary Storage, | 29
ple Computer {Computer Computer (I/0 Trunk thru Primary Secondary Stor-
System IControl) Storage jage, 3rd Storage
Gamma 60 (a) Arithmetic Program ranscoder Data Distribut- )Central Store 7
Unit Distributor ing Channel &
(b) General Data Distributor Data Collection
Comparator Channel
(c) Logical (parts of the Central
Unit central program Program & Co-
& Coord-Unit) lordination Unit
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1.2.2 Growth of Multiprocessing (Table 1.2.2)

By definition, the Princeton machine designed
by Burks, Goldstine and von Neumann (2) in
1946, will be called a “conventional processor”
or uni-processor. This was a parallel machine,
with a hierarchy of memories which could be
accessed sequentially.

In the IBM 701, the input-output equipment
was controlled directly by the processor. All
timing of tape gap times, card feed delays, etc,,
was controlled by the computer.

Data Channels (1/0 Channels)

Data channels were a considerable improve-
ment. As described in section 3.2, they made
possible the simultaneous operation of periph-
eral equipment and the central processor.

Separate I/0 Processors

Next on the trail to multiprocessing is the
use of a completely separate Input-Output Proc-
essor with its own memory. Noteworthy
among those in daily use is the IBM 1401 which
is used with a high percentage of the 7090-94
installations. Many of these are used as off-
line computers with the only means of com-
munication a reel of magnetic tape. Others are
directly cable-connected and provide editing,
data conversion, peripheral control and com-
munication control functions.

Multiple Computers

Multiprocessing has come to fruition with
such systems as the multiple computer CDC-
3600 (3) and D-825 systems (4). These sys-
tems were designed as multiprocessors and
have the flexible coupling and control provisions
necessary (sections 3.0, 4.0, 5.0).

Possible Future Steps

The next step may be in either of two direc-
tions or a combination of the two. Networks of
processors all controlled by the same control
unit have been proposed and partially designed.
Solomon (5) and the Holland (6) iterative net-
work are examples. They appear to have ad-
vantages in large matrix or relaxation problems
where many computations can be carried on
in parallel. As many as 2000 parallel proces-
sors have been proposed.

Another possibility is an extension of the
modular unit approach of the Gamma 60 (7)
to a multiprocessor system in which specialized
Add-Compare Units, Multiply Divide Units,
Edit Units, Logical Operation Units, Shift
Units, ete., would efficiently perform one serv-
ice. Problems of loading and scheduling are
critical in the success of such a system. A very
large number of problems is required to pro-
duce a good statistical mix so units can be
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